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Abstract

We generate a suite of idealized two-body X-ray cluster merger simulations with
which we study the impact of mergers on the properties of relaxed X-ray clusters.
We identify a common dynamical progression which typical merger events proceed
through and use simulated Chandra observations to identify observable transient
structures in surface brightness, temperature and entropy which emerge in the pro-
cess. These simulated observations are also used to determine when the systems would
appear relaxed under reasonable observational circumstances. This time is compared
to other, more quantitative measures of a system’s apparent dynamical state, all of
which are compared to the time when the system formally relaxes to a virialized or
hydrostatic state. The effects of mergers on observable X-ray and Sunyaev-Zel’dovich
(SZ) observables are then explored and the contribution of merger events on scaling

relations generated from these quantities examined. We conclude that mergers are
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likely not capable of accounting for the observed scatter in these relations. We then
examine the effects of mergers on the morphology and structure of compact cool cores
(CCCs) observed to be present in the majority of X-ray clusters. We find that merg-
ers can warm CCC systems, potentially transforming them (either transiently or for
extended periods) into two additional morphologies: extended warm core (EWC) and
compact warm core (CWC) systems. These morphologies segregate in all scaling re-
lation planes in a way which is qualitatively consistent with what is observed. Lastly,
we find that mergers do not efficiently mix the intracluster medium (ICM). Mergers
between systems which initially possess central metalicity gradients (as CCC systems
generally do) produce remnants with metalicity gradients very similar to those of the
parent systems. Together, these results pose a significant challenge to a popular hy-
pothesis in X-ray cluster studies: that mergers are responsible for producing extended

core systems.
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Chapter 1

Introduction

Human beings are blessed with an exceptional capacity to imagine that which is
not immediately apparent to their senses. This ability to contemplate the “unseen”
enables us to ask questions which range beyond the satisfaction of our immediate
needs for food and shelter. It enables us to wonder what is beyond the next hill,
beyond the horizon or beyond vast uncharted oceans — even beyond the air of our
atmosphere.

Perhaps out of instincts of self preservation, this ability has evolved to expresses
itself spontaneously when we are challenged by the unknown. This gives rise to curios-
ity; a state in which we compulsively seek to resolve confusions which arise from these
challenges. In so doing, we ultimately transform uncomfortable ignorance into notions
which we can confidently understand and use to manipulate our circumstances. We
are also social creatures and seek ways to express our understandings within struc-
tures of language and to find commonality in the similar expressions of others. The
resulting discourse and process of discovery leads to more refined and penetrating
questions, with our persistent curiosity pulling us forever along into realms of the
unknown.

Ancient humans were born, lived and died under the rising and setting Sun,
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the rotating heavens and the changing seasons. Such rhythms set the timetable by
which harvests had to be performed and signalled the arrival of hostile weather. As a
result, a visceral and intimate cultural relationship to the night sky emerged early in
our development. From this relationship and the understanding generated from the
curiosity it inspired, the science we now know as astronomy emerged.

With such a long and central role in the world’s cultures, astronomy has rapidly
grown to encompass a vast body of knowledge. Originally merely the study of the Sun-
Earth-Moon system, visible planets and stars, a dizzying and ever expanding zoology
of physical phenomena are now the subject of its study: stars of many uarieties
(e.g. white dwarfs, red giants, blue super giants and variable stars), accompanying
solar systems of planets and rocky debris, clusters of stars (e.g. young open clusters
and old globular clusters), luminous clouds produced from the birth or death of stars,
and giant clouds of cold molecular gas from which they all ultimately originated. It
has also spawned a field of scientific study which attempts to account for the large
scale structure, dynamics and history of the universe as a whole — physical cosmology.

In 1922, the last paper refining the dominant cosmological model at the turn
of the 20" century — the “Kapteyn Universe” — was published (Kapteyn, 1922, see
Fig. 1.1). In this model, the universe was static and consisted of an oblate spheroid
of stars ~ 4 x 10? light years in size, with the Sun and it’s solar system sitting
a mere 2 x 10® light years from the preferred location of its centre. However, a
radical alteration of this picture was forced in 1923 when Edwin Hubble discovered
that the mysterious nebulae that we now call galaxies, are actually distant “island
universes” of many billions of stars, existing unto themselves and outside of this
distribution. Furthermore, he also discovered that (with few exceptions) galaxies are
rapidly receding from us at a rate proportional to their distance from the Milky Way.
This was the first solid evidence that the universe is expanding and ended our belief
in a static universe.

We now know that galaxies are themselves arranged in even larger structures:
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Figure 1.1: Two images comparing leading cosmological models from the turn of
the 20" century and from the turn of the 21% century. The top panel, illustrating
“Kapteyn’s universe” (Kapteyn, 1922), is a map of stellar isodensity contours (the
scale in pc is provided along the bottom; the figure spans roughly 20kpc) of the
largest structure then known. The bottom panel illustrates the largest structures now
known. It presents the projected distribution of galaxies produced in the Millennium
simulation (Springel et al., 2005) for a box spanning ~ 4 x 10°kpe (~ 20000 larger
than Kapteyn’s universe — although this simulation is intended to represent only a
patch of a spatially unbounded universe). In the center is a rich galaxy cluster,
sitting at the convergence of several filaments which thread between large voids in
the distribution.
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filaments, walls, voids and the largest bound objects in the universe — clusters of
galaxies (see Fig. 1.1). Continuous progress has been made since Hubble’s discovery
of the large and distant nature of galaxies and we can now study their distribution
out to distances reaching nearly the limit of the observable universe'. The tools for
measuring the large scale structure and dynamics of the universe (e.g. large scale
galaxy surveys, precision observations of the cosmic microwave background) have
become so powerful that we are said to be living in the “era of precision cosmol-
ogy”. Present indications are that the universe becomes homogeneous and isotropic
at very large scales (> 100 Mpc). In addition, the universe is spatially unbounded
(i.e.  extends infinitely in all directions) and its expansion is presently accelerat-
ing. To explain these and many other observations (e.g. elemental abundances, the
cosmic microwave background), a highly successful cosmological model has emerged.

Fig. 1.1 depicts the dramatic change which has taken place in our understanding
of the universe since 1922. Whereas the Kapteyn Universe placed us at the center
of a finite, relatively small and static spheroid of stars, contemporary cosmological
models position us in no preferred place or time in a spatially infinite and evolving
universe. In a span of time covering merely one healthy human’s life, our perspective
on nature (and our relationship to it) has been radically, permanently and profoundly
changed.

How has this transformation come about? The story is often told as a series
of giant conceptual leaps involving recognizable names such as Nicolaus Copernicus,
Galileo Galilei, Tycho Brahe, Johannes Kepler, Issac Newton and Albert Einstein.
In reality, these individuals (brilliant and remarkable though they may be) stand-out
merely as beacons of progress upon a sea of many minds, whose persistent efforts

provided the context for timely insights. The road that has permitted the dramatic

IDue to the finite speed of light and the finite time since the Big Bang, there is a fundamental limit
to the distances we can observe. Everything within this limit is said to lie within the “observable
universe”.
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leaps in our knowledge has been paved by the efforts of many unacknowledged people
through the careful consideration of seemingly innocuous inconsistencies in the dogma
of their time.

The difficulties involved in making confident statements about complicated phe-
nomena operating beyond the immediate access of our senses force us to work pre-

dominantly in this mode. In the words of Issac Newton (from Opticks):

To explain all nature is too difficult a task for any one man or even for
any one age. ‘Tis much better to do a little with certainty and leave the
rest for others that come after, than to explain all things by conjecture
without making sure of any thing. -

Due in part to the pace by which our understanding has grown, we have hardly
even begun to appreciate the consequences of our changed perspective. Despite this
and the broad and detailed success of modern cosmology, astronomers are compelled
to continue refining their models of the universe. Unexplored or unexplained phenom-
ena often go unnoticed within broadly successful fields of study and even a cursory
examination of the history of scientific pursuit reveals the regularity with which new
insights emerge from unanticipated directions.

This thesis is an attempt to contribute to this tradition of scientific discovery.
It is a careful examination of the consequences of mergers on galaxy clusters using
a more simplified approach than typically implemented for such studies. Although
our model will prohibit us from addressing many interesting aspects of X-ray cluster
mergers, we shall gain a great deal of experimental control and confidence that our
initial conditions faithfully reflect the observed properties of the specific systems we
wish to study. In short, we shall “do a little with certainty and leave the rest for
others that come after”.

First however, what are galaxy clusters and why are they merging?
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1.1 Hierarchical structure formation

The cosmic microwave background (CMB) is a radiation field which permeates the
universe and consists of the photons which were present when the universe suddenly

became transparent at the “epoch of recombination”?.

Ever since the first analysis
of data from the Cosmic Background Explorer (COBE, Smoot et al., 1992) it has
been known that this field is extremely uniform with temperature fluctuations (which
roughly correspond to density fluctuations) on the order of only AT/T ~ 107°. This
indicates that the universe was extremely homogeneous roughly 3 x 10° years after the
Big Bang. However, when we observe the present-day universe there is cons;ierably
more structure than this. How did the transformation occur?

Because gravity is a purely attractive force, small perturbations in a density field
sufficiently large to resist the restorative forces of acoustic oscillations can only be
amplified by its influence. This leads to a “gravitational instability” (first identified
by Jeans , 1902) whereby small positive fluctuations in the field grow to form bound
objects. Modern models of large-scale structure formation apply this mechanism to
an early spectrum of primordial density fluctuations, reproducing observations of the
present-day universe with remarkable success.

However, such a model is not complete without accounting for the initial con-
ditions of the system in a sensible way. Presently, the most successful account of
the origin of primordial density fluctuations is provided by the inflationary model,
first proposed by Guth (1981). In this model, the universe experienced an early
(t < 10733s) non-adiabatic phase transition which drove an exponential expansion of
space. During this epoch, quantum fluctuations are believed to have generated den-

sity inhomogeneities which become diluted and stretched to enormous scales by rapid

In the universe’s early history, the baryonic material of the universe existed as a hot ionized
plasma. Once the universe had expanded sufficiently for this plasma to cool to ~ 2.5 x 10K, its elec-
trons abruptly recombined with protons and alpha particles to yield an unionized (and transparent)
gas of hydrogen and helium.
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expansion. This scenario accounts for several problems in the standard Big Bang
model (e.g. the flatness problem, the horizon problem, and the observed absence
of magnetic monopoles). Furthermore, because fluctuations which happened earliest
should have become stretched and diluted the most, it predicts an initial density field
with more power on small scales and a power law spectrum of the form Ap/p oc r™"
with n ~ 1.

Following inflation, the universe continued to expand. Under these circumstances,
the onset of gravitational instability is delayed to a degree inversely proportional to
the density contrast of the perturbation. Starting with the spectrum of density per-
turbations predicted by inflation, small systems (like galaxies and groups of galaxies)
overcome expansion and collapse first, with ever larger systems collapsing at ever
later stages of the universe’s evolution.

Such a scenario manifestly involves, at all times and on all scales, the assembly
of objects through the repeated accretion of smaller systems. This process is called
“hierarchical structure formation” and it is the paradigm within which the most
successful modern theories of cosmological structure formation operate. Within this
picture, galaxies formed early in the history of the universe (~ 0.5 Gyr after the Big
Bang) and have since collected into larger structures — galaxy groups and clusters.

The largest of these are expected to have been assembled recently through several

merger events of smaller clusters.

1.2 Galaxy clusters and the discovery of the intr-

acluster medium (ICM)

When viewed at optical wavelengths, galaxy clusters appear to be collections of
hundreds or thousands of galaxies (see Fig. 1.2) orbiting around their mutual centre

of mass (for good reviews of the study of galaxy clusters, see Sarazin, 1988; Mulchaey
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Figure 1.2: The galaxy cluster A2029 as seen at optical wavelengths (on the left, from
the Digital Sky Survey) and at X-ray wavelengths (on the right, from Chandra).

et al., 2004). However, several discoveries have revealed that a great deal of a galaxy
cluster goes undetected in such observations.

The first of these was made by Zwicky (1933) who found, through velocity dis-
persion studies, that galaxy clusters must consist of considerably more mass than
what is implied by the light from their galaxies. Now known as dark matter (and
generally believed to consist of an as yet unidentified particle which does not couple to
the electromagnetic force), this unseen mass constitutes ~ 90% of a galaxy cluster’s
mass. We now know that most of this material exists as a great halo within which
the galaxies of the cluster are embedded.

Another undetected component of galaxy clusters revealed itself to us between
the years of 1966 and 1971 when engineers were able to place primitive X-ray detectors
into orbit® and detect emission from the Virgo, Coma and Perseus clusters (Byram

et al., 1966; Fritz et al., 1971; Meekins et al., 1971; Gursky et al., 1971a,b). In

3The atmosphere is opaque to X-rays making it necessary to study astrophysical X-ray sources
using space born instruments.
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1971, Cavaliere et al. (1971) suggested that all galaxy clusters may be sources of
X-ray emission and subsequently, the first all-sky X-ray survey (conducted by the
Uhuru satellite) found this to be true.

What is giving rise to the X-ray emission from galaxy clusters? Initially, several
processes were explored, the three most popular being: thermal bremsstrahlung from
a hot diffuse plasma, inverse Compton scattering of CMB photons by relativistic
electrons, and a hypothetical population of X-ray luminous stellar sources. As the
available observational resources and techniques improved, it soon became apparent
from the spatial extent and spectral properties of the emission (most notably, the
ubiquitous presence of a 7keV FeXXV emission line), that thermal bremsstrahlung is
the mechanism responsible. We now understand that the X-ray emission from galaxy
clusters (referred to as X-ray clusters when discussing their X-ray properties) is due
to a hot, diffuse and enriched intracluster medium (ICM; T, ~ 108K, n ~ 10~*cm ™!
and Z ~ 0.3Z), which fills the system, constitutes ~ 90% of its baryons and is
bound by its dark matter halo. For a comparison of a galaxy cluster’s appearance in

optical and X-ray bandpasses, see Fig. 1.2.

1.3 The ICM — modern observational perspective

Early progress in our understanding of the ICM was driven by improvements in
observational resources and this trend has continued to the present date. Following
Uhuru, several satellites were placed in orbit with ever expanding and improving ca-
pabilities. The Finstein satellite (operating from 1978 to 1981) for instance was the
first true X-ray imaging platform and the first instrument to offer a guest observer
program to the general community. This lead, among other things, to the first de-
tections of galaxy clusters at cosmological distances (z = 0.1 to 0.75; Henry et al.,
1979).

The 1990s were dominated by three observatories. Launched in 1990, ROSAT had
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an effective collecting area 3x larger, and detectors 6x more sensitive, than FEin-
stein and was the first imaging X-ray telescope to perform an all-sky survey. The
Japanese Advanced Satellite for Cosmology and Astrophysics (ASCA), with energy
resolution 10x better than all predecessors and a wide bandpass (0.1 — 10keV) made
significant contributions towards measuring the spatially varying temperature struc-
ture of clusters. Lastly, BeppoSAX had a very wide spectral coverage (0.1 —300keV)
and made important contributions to the study of non-thermal X-ray emission from
clusters.

We are now in an era driven by the discoveries of two new advanced Xeray ob-
servatories: Chandra and XMM. Deployed by the Space Shuttle Columbia in 1999,
the Chandra X-ray Observatory provides arc second spatial resolution (comparable
to the capabilities of many great optical observatories), a large collecting area and a
wide bandpass (0.1 — 10keV). Launched the same year, the X-ray Multiple Mirror
(XMM-Newton) observatory provides 6x the collecting area of Chandra and greater
high energy sensitivity at a wider band-pass (0.1 — 15keV), although with poorer
spatial resolution (15”).

The capabilities of these instruments are complimentary, and the result has been
the detection of many new phenomena at work in X-ray clusters (e.g.  bubbles
being inflated in the cores by AGN jets, shocks and “cold fronts” from the disruption
of merging systems, surface brightness edges due to bulk motions in cluster cores;
see Fig. 1.3). High resolution spectroscopic imaging from these observatories has
provided dramatic evidence of ongoing mergers in several systems. As a result, we
now know that the intracluster medium of merging clusters can express a variety of
complicated transient features including cold fronts (Markevitch et al., 2000), shock
fronts (Markevitch & Vikhlinin, 2001) and the “sloshing” of cool cores in their dark
matter potentials (Markevitch, Vikhlinin, & Mazzotta, 2001; Dupke & White, 2003).
Significant progress in our understanding of the global structure of the ICM has also

resulted, due primarily to accurate measurements of deprojected temperature profiles
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for many systems.

1.4 The ICM — modern theoretical perspective

The utility of galaxy clusters as tools for studying cosmology and the history
of structure formation is well established. Furthermore, sizable samples of clusters
extending to high redshift will soon be available from wide field X-ray and Sunyaev-
Zel’dovich (SZ) surveys, greatly expanding their importance and ensuring that they
will feature prominently in these pursuits throughout the foreseeable future._

Often implicit in such studies is the assumption that clusters are in equilibrium.
However, recent Chandra and XMM observations routinely reveal evidence of recent
merger activity in clusters. Such observations have stimulated several theoretical and
computational studies devoted to understanding the impact of mergers on clusters.
Bialek et al. (2002), for instance, have shown that cold fronts can be produced through
the disruption of cold cores during mergers while Motl et. al. (2004) have shown that a
significant fraction of a merging cold core can avoid shock heating, contributing to the
assembly of the remnant’s cold core. Furthermore, Rowley et al. (2004) have shown
that smooth accretion and mergers lead to different evolutions in a system’s X-ray
luminosity and temperature. Combined with the results of O’Hara et al. (2006) who
suggest that all clusters may exhibit departures from equilibrium due to the lingering
effects of their past merger activity, it becomes clear that we must understand the
impact of merging in accounting for the observed properties of clusters; even the
seemingly relaxed ones.

Most studies of cosmological structure formation are conducted with the use of
sophisticated smoothed particle hydrodynamics (SPH) or adaptive mesh refinement
(AMR) simulation codes. These algorithms are capable of solving for the gravita-
tional and hydrodynamical evolution of arbitrary distributions of gas and/or dark

matter. To simulate clusters in a way which accurately includes the effects of sub-
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Figure 1.3: New phenomena being discovered and studied by Chandra and XMM. Top
left panel: a comparison of the X-ray surface brightness (in red) to a projected mass
map (in blue) of the near-axis X-ray cluster merger known as the “Bullet Cluster”.
Top right: Chandra X-ray surface brightness map of A2142 illustrating a surface
brightness edge due to an on-going merger. Bottom left: an X-ray temperature map
(temperature increases from blue, to red, to yellow) of A754 as measured by Chandra.
The two white arrows mark merging galaxies. The distributed cold region towards
the top is referred to as a “cold front”. Bottom right: the active core of the Perseus
cluster as seen by Chandra. Jets from an active galactic nucleus are inflating the dark
cavities and driving acoustic ripples into the ICM.
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structure and large-scale tidal effects, large-scale “cosmological simulations” are often
performed with relatively low-resolution. Bound structures within such a simulation
are identified and used to set initial conditions for smaller-volume/higher-resolution
simulations of the cluster environment.

Because cluster evolution is mediated by so many processes acting over extremely
large ranges of density and size, many approaches have been followed to optimally
perform this task. For instance, because gas dynamical calculations are so computa-
tionally expensive, simulations concerned primarily with the dynamics of substructure
often include only the effects of dark matter in their calculations. This permi#s larger
volumes and density contrasts to be accurately modelled, with gas dynamical physics
sometimes included in post processing using semi-analytic models. For studies of the
ICM, cosmological simulations generally include a gaseous component to properly
account for complicated shock heating processes which are of central importance to
shaping its structure. The results of such a simulation are illustrated in Fig. 1.4.

Cosmological simulations such as these have the advantage of being capable of
self-consistently rendering many aspects of cluster formation: the effects of shock
heating as gas collapses from large distances onto a complex network of dense struc-
tures, dynamical heating due to a diversity of orbiting substructure, rotation induced
by torques from large scale structure, etc. . However, the successes of this approach
have been so dramatic that its disadvantages have been marginalized. For instance,
it is a well hidden fact that they predict the conversion of far too much gas into stars
(~ 20% versus the observed value of~ 5%). This is known as the “over-cooling”
problem and likely has important consequences for the accurate modeling of cluster
cores. Furthermore, their predictions for scaling relations formed from X-ray proper-
ties such as luminosity and temperature (L, and 7)) do not exhbit as much scatter
as observations (Kay et al., 2006). One possible avenue by which such discrepancies
with observations arise is through processes which are active on scales smaller than

the resolution reached by the simulation. Such “sub-grid” processes are often omitted
g
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Figure 1.4: The distribution of various components (dark matter, stars and gas) or
ICM properties (temperature, entropy and metallicity) for a simulated galaxy cluster.
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(e.g. AGN) or included through crude and highly uncertain semi-analytic recipees

(e.g. feed back from star formation).

1.5 Aims of this study

Determining the detailed effects of a single merger on a cluster evolving in a cos-
mological environment can be greatly complicated by the presence of extant substruc-
ture, subsequent mergers and smooth accretion. Simulations of idealized two-body
cluster mergers provide an alternative approach and, given the fact that most«lusters
obtain much of their mass through significant mergers (Cohn & White, 2005), are not
a significant departure from cosmological simulations. They allow control of the ini-
tial structure and orbits of the interacting systems and facilitate the investigation of
not only the obvious short-term effects of the event, but more subtle long-term effects
as well. They also simplify the interpretation of specific merger observations which
typically involve only two dominant components.

Several authors have explored cluster mergers in this way (see Roettiger et al.,
1993; Schindler & Mueller, 1993; Pearce et al., 1994; Roettiger et al., 1997, for pio-
neering studies). Among recent studies, Gomez et al. (2002) have constructed a suite
of idealized merging systems of 4:1 and 16:1 mass ratios to study the effects of mergers
on the stability of central cool cores. The initial conditions for their clusters were cho-
sen to have gas core radii of 7, ~ 250kpc and the dark matter in their simulations was
distributed according to a King model. Ricker & Sarazin (2001, RSO1 hereafter) have
studied mergers between idealized systems with cuspy dark matter profiles. Since the
focus of their study was on the luminosity and temperature “boosts” which a merger
system experiences upon impact of the cluster cores, they did not include the effects
of cooling in their simulations. Lastly, Ritchie & Thomas (2002) have analyzed a set
of simulations incorporating cooling and star formation for idealized merging systems

constructed with cuspy dark matter profiles. Their initial conditions primarily exam-
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ine systems with long cooling times and core radii of 7. ~ 100kpc, although three
cases represent systems with short cooling times and small core radii (r. ~ 50kpc).

However, it is now known that clusters have cuspy dark matter profiles and that
the majority of observed systems possess compact cores (r. ~ 50kpc, Peres et. al. |
1998; Edge et al., 1992) with cooling times short enough to be of significant impor-
tance to their structure. Hence, a comprehensive study of cluster mergers utilizing
initial conditions faithful to our contemporary understanding of a typical cluster’s
structure while including the important effects of cooling has not been performed.
Given the wide ranging applications of cluster studies, the importance of mergers to
understanding the structure of the ICM and the wealth of detailed cluster merger
observations requiring interpretation, a thorough revisit of the issues introduced by
cluster mergers would be of great utility.

In this thesis, we will present an analysis of a suite of SPH simulations of isolated
two-body mergers between idealized clusters constructed to possess realistic compact
cool cores. With this study we seek to provide a conceptual foundation for subsequent
studies to be conducted in a full cosmological context. Our approach utilizes insights
provided by recent high resolution observations of clusters to motivate the initial
conditions for a set of nine hydrodynamic simulations (incorporating the effects of
cooling and star formation) involving a representative range of mass ratios and impact
parameters. Such an approach is not capable of addressing many issues involved with
the formation and evolution of galaxy clusters, but is particularly well suited to the
questions we will focus on.

Through this study, we shall see the power which appropriately simplified yet
highly focused numerical experiments can provide, even when applied to phenomena
extensively studied with more elaborate methods. We shall demonstrate how simpli-
fied approaches can uncover hidden problems in the conventional wisdom of mature
fields of study, generating possibilities for new discoveries to follow.

In Chapter 2 we will present the details by which we have constructed our merger
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simulations. In Chapter 3 we will examine the dynamical evolution of our systems and
the transient structures formed from their ICM during the interaction. In Chapter 4
we study the evolution in the global properties of our systems and draw conclusions
regarding the influence of mergers on the scatter in scaling relations formed from
these properties. In Chapter 5 we will examine the effects of mergers on the structure
and morphology of X-ray cluster cores. Lastly, in Chapter 6 we will discuss the
conclusions of our study, its consequences for our models of structure formation and
briefly discuss directions for future examination.

In all cases we will assume a cosmological model defined by a Hubble eonstant
of Hy=T75 km/s/Mpc, matter density of Qy = 0.3, dark energy density of {2, = 0.7,
and baryon density of €, = 0.02 (all densities are in units of the critical density,

pe = 3H2 /87 G where G is Newton’s gravitational constant).



Chapter 2

Simulating mergers between

relaxed X-ray clusters

Abstract

We describe our method of constructing idealized clusters and placing them on re-
alistic orbits. Our initial conditions are chosen so that our clusters resemble relaxed
clusters with cool compact cores observed by Chandra and XMM. We use the results
of published dark matter simulations to ensure that our simulations sample the most
interesting, theoretically plausible, range of impact parameters and progenitor mass
ratios. In future chapters we will be interested in when our simulated mergers would
appear relaxed under reasonable observational circumstances. We briefly describe
in this chapter our method of generating simulated Chandra observations for this
purpose.

We run our simulations with GASOLINE (Wadsley, Stadel, & Quinn, 2004), a
versatile parallel SPH tree code with multi-stepping. We include the effects of radia-
tive cooling, star formation and minimal feedback from supernovae in our simulations
but the effects of feedback from active galactic nuclei (AGN) are omitted. It is impor-
tant to note that we do not include the effects of magnetic fields, pressure generated
from cosmic rays or conduction and that our choice of algorithm is not well suited
to modelling the effects of turbulence. The relevance of each of these processes is

not well established (theoretically or observationally) and we can only provide the
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caveat that some of our results are susceptible to change once we have the resources
to properly model them (although, see Markevitch et al., 2003; Fabian et al., 2003, for
references suggesting that neither conduction nor turbulence are relevant in cluster
cores).

In this section we describe how our clusters are initialized, how we set up pairs of
clusters to form a merging system and the numerical methods and code parameters

of our runs.

2.1 Cluster initial conditions

The structure of a merger remnant is likely to depend sensitively on the initial
structure of the interacting systems (Gomez et al., 2002) making it important to
implement realistic initial conditions for the gas and dark matter properties of our
clusters. We follow the analytic prescription of Babul et. al. (2003) and McCarthy
et. al. (2004) to produce systems which conform with recent theoretical and obser-
vational insights into cluster structure.

The dark matter density profiles of our systems follow an NFW-like form (Navarro,
Frenk, & White, 1996; Moore et al., 1998) given by

DM\T) = Ps 2.
o) = IR L+ () >0

with a normalization given by ps, a central asymptotic logarithmic slope chosen to be
3 = 1.4 and scale radius r, selected to yield a concentration ¢ = Rag/7s = 2.6 (we will
use Ra throughout to indicate the radius within which the mean density of the system
is A times the critical density, p. = 3HZ/87G; Raoo = 1785kpc, Rsoo = 1166 kpe and
Rooot = 180kpc initially for our primary systems). This dark matter distribution

would yield ¢ = 4.5 if fit by Eqn. 2.1 with # = 1 and is consistent with results from
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cosmological N-body simulations (Eke et al., 2001).

The initial density and temperature profiles of the clusters are set by requiring
that (1) the gas be in hydrostatic equilibrium within the halo, (2) the ratio of gas
mass to dark matter mass within the virial radius be Q4/(,, —€2), and (3) the initial
gas entropy* scale as S(r) o< ! over the bulk of the cluster body.

Our choice for the initial gas distribution is motivated by the fact that we are
interested in studying “typical” systems which correspond to the most likely pre-
interaction configuration for merging clusters. Estimates in the literature suggest
that the majority of observed clusters (70-90%) possess dense, cool, compaet cores
with short cooling times (Peres et. al. , 1998). Recent Chandra observations reveal
that these systems exhibit power-law entropy profiles of the form S(r) oc r*0=13
beyond the central 10kpc, over a wide range of mass scales (Donahue et al., 2005).
We note that our choice for the form of the initial density profile conforms not only
with these observations but also with the results of high resolution cluster simulations
(Lewis et al., 2000; Voit et al., 2003).

We normalize the entropy profiles such that the temperature of the ICM at R,;, is
half the virial temperature. This also approximately matches cosmological simulations
(Lewis et al., 2000; Loken et al., 2002) and observations (De Grandi & Molendi, 2002).
Finally, for practical purposes, we start our systems with small, constant, low-entropy
(10 keVem?) cores. The cores, however, evolve to equilibrium power-law distributions
quickly (~ 0.5 Gyr) and well before the clusters begin interacting significantly.

Particle realizations are initialized using the ZENO package of J. Barnes. Gas
particles are distributed spherically and assigned temperatures according to the model
described above. The dark matter velocity distribution is taken to be isotropic and the
distribution function of particle energies calculated by solving the Abel integral equa-

tion (Binney & Tremaine, 1987; Kazantzidis, Magorrian, & Moore, 2004). Previous

4We use the standard proxy for entropy given by S = kT/ng/ % with ne and T representing the
electron density and temperature of the gas.
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cluster merger studies have been initialized with Gaussian distributions resulting in
systems which subsequently evolve significantly from their initial conditions (RS01).
Our approach initializes the system very close to equilibrium, ensuring that our in-
teracting systems accurately maintain our desired initial conditions until they collide.
To illustrate the results of this proceedure, we present the initial conditions of our
primary systems 2 Gyr after the beginning of our simulations in Fig. 2.1.

Negative values for the dark matter energy distribution function are avoided by
truncating our clusters (dark matter and gas) smoothly beyond the virial radius (Ry;)
with the function p(r) oc (r/Ryir )Y exp(=[(r — Ryir)/ Rsm]?), where 7 is set to ensure a
continuous first derivative for p(r). Beyond the point where the gas pressure reaches
that of the intergalactic medium (IGM) (we choose Pigy = (%pe kT1am)/(pmu)
with Tign = 3 x 10° K), we surround our systems with a dynamically negligible uni-
form gaseous medium of pressure P;gy. This is done mainly to confine small numbers
of high-velocity gas particles occasionally produced during our simulations. Without
this external medium, these particles would adiabatically expand to unrealistically
low densities and temperatures and pose numerical difficulties for the code.

In this study we examine mergers between systems set to have mass ratios of
1:1, 3:1 and 10:1. In what follows we shall distinguish the two interacting clusters
by identifying the most massive 10'°M, system as the primary system (with mass
M,) and the smaller incident system (with mass M) as the secondary. For our equal
mass mergers, we arbitrarily choose one system as the primary with no effect on our
results due to the symmetry in such cases. All positions and velocities are measured
relative to the centre of mass of the primary system.

The virial mass of the primary system is set to 10'®M, in all cases and the
secondary systems have virial masses of 101 My, 105 M, and 10 M. These
values are larger than Moy, which takes the values 7.5 x 1014 M, 2.4 x 10 M, and
7.8 x 10'3 Mfor the three systems. We shall, however, refer to the systems by their

virial mass rather than Msy. The circular velocities of the halos at Ragg (Vaoo) are
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Figure 2.1: Initial conditions of our primary systems after 2Gyr of evolution and
relaxation (i.e.  shortly before the systems begin significantly interacting) in our
equal-mass head-on merger. Clockwise from the top left, each panel illustrates the
temperature (black is the radial mass-weighted temperature and red is the projected
spectrally-fit temperature), density (black is the dark matter density and red is the
gas density), bolometric surface brightness and entropy of the system.
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1340 kms™!, 920kms™!, and 630 km s~ respectively.

2.2 Initial kinematics

The problem of initializing the kinematics of idealized merging clusters has been
faced by several authors (e.g. Ritchie & Thomas , 2002, RS01). Whereas previous
studies have initialized orbits based on analytic arguments, our initial conditions
are motivated by analysis of the orbital properties of substructure in high-resolution
cosmological dark matter simulations. =

We construct orbits for our systems which produce specified radial and tangential
velocities for the secondary system (v, and v, respectively) when its centre of mass
reaches the virial radius of the primary (R,;.). For each of the three mass ratios we
study, we examine three orbits selected to produce a typical value of v,(R,;) and
to cover a significant range of the transverse velocity vi(Ry;,) giving rise to mergers
found in cosmological dark matter simulations.

In an N-body study of halos merging onto rich clusters, Tormen (1997) find that
the average velocity of an accreting secondary system is v(Ry;) = (1.1£0.1)V,(Ryir),
where V, is the primary system’s circular velocity. In another study, Vitvitska et
al. (2002) (see also Benson, 2005) examine the distribution of secondary subhalo
velocities moving within the virial radius of massive halos. They find that the total
velocities of accreting systems (i.e. those with negative radial velocities in the range
r = 0.8-1.2R,;,) relative to the primary are distributed normally. They report mean
infall velocities of (v) ~ V. (independent of mass), consistent with Tormen (1997).
They also find that tangential 2-dimensional rms velocities (o) decrease with the
secondary mass, ranging from o, = 0.4V, for 1:1 mergers to o, ~ 0.67V. for 10:1
mergers. It is important to note that these statistics likely include systems making
secondary or tertiary encounters with their primary. The orbits of such systems have

likely been rendered more isotropic, making these tangential dispersions upper limits
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for substructure accreting for the first time. To produce systems which will merge
fully within a reasonable amount of time, we have chosen to examine three values of
v;/V, which roughly span the lower half of the Vitvitska et al. (2002) distribution.
Specifically, we construct orbits to produce v, (Ryir) = 1.2V, (Ryir) (slightly higher but
consistent with the mean velocities cited above) and v,/V,. = 0, 0.15, and 0.4. Unlike
in the rest of this study, we define the virial radius here by an overdensity A = 100,
corresponding to the threshold used by Vitvitska et al. (2002). Doing this for mass
ratios of 1:1, 3:1 and 10:1 produces nine simulations which constitute the basis of this
thesis. =

Throughout our analysis we shall refer to three coordinate axes; z and y will
denote directions in the plane of the initial orbit and z the direction orthogonal to
this plane. To properly capture the initial effects of the encounter as the outermost
envelopes of the systems make contact and the interaction shocks begin to form, we
initialize our clusters separated along the x axis so that their smoothly truncated
envelopes barely touch (i.e. separated by slightly more than the sum of their virial
radii). As a result, the initial conditions we have outlined above must be imposed at
a time part way through the run when the centre of mass of the secondary system
crosses the virial radius of the primary. To determine the initial velocities which yield
these conditions, we first approximate the systems as point masses and analytically
determine the initial conditions which yield the desired constraints. To account for
the extended, tidally deforming mass distributions, we then iteratively refine these
orbits with low-resolution dark-matter-only simulations.

Table 2.1 lists the parameters relevant to the initial conditions of our runs in-
cluding the centre-of-mass separation of the secondary from the primary (r), initial
tangential and radial centre-of-mass velocities of the secondary relative to the primary
(v; and v, ), the time of virial crossing (t,, using the virial radius Ryq9), and the centre-
of-mass distances of closest approach (7min). As a test of the validity of our orbits

we have compiled the spin parameter and dark matter triaxial shapes for our final
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combined systems. We compute the spin parameter from \ = J|E|'/2/GM>/? with J
being the total angular momentum, F the total energy and M the total mass of the
remnant, all integrated within Rogp. We compute the triaxial axes ratios at R (de-
noted ¢o00 and sqg0) following the approach of Dubinski & Carlberg (1991). All are
in reasonable agreement with accepted distributions from cosmological simulations

(Barnes & Efstathiou, 1987; Jing & Suto, 2002).

2.3 Numerical methods

To compute the hydrodynamic forces between gas particles, we use GASOLINE
in its default configuration (Wadsley, Stadel, & Quinn, 2004): we use the Benz
arithmetic-asymmetric implementation of the SPH momentum and energy equations.
The gas quantities are smoothed over 32 particles, the Courant time step parameter is
set to 7. = 0.4, and the viscosity uses the standard Monaghan formulation of viscosity
with @ = 1 and 8 = 2.

The gravitational forces are calculated with a tree that uses an opening angle
§ = 0.8. Each particle trajectory is integrated on its own time step At;, which is

1/2 with tolerance

related to the particle’s acceleration a; by the criterion At; < n(e/a;)
parameter 7 = 0.2. The gravitational softening uses spline kernel interpolation, and
the spline softening length is set to a constant value of € = 10kpc for all cluster
particles. This ensures that gravitational forces in the core are well resolved.

Radiative cooling allows for the formation of resilient dense gaseous cores. In
some cases it can also dissipate significant amounts of the thermal energy deposited
in the centres of merger remnants, further stabilizing them. Since we are acutely
interested in the evolution of these regions in this thesis, the inclusion of cooling in
our simulations is necessary.

We focus our analysis on radii 7 > 40 kpc ~ 0.03Rs00 and have sought to ensure

that we accurately model the behaviour of the system in that range. This is because
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the precise nature of very central regions of the observed compact cool cores is still not
well understood. The temperature floors observed in their centres (Peterson et. al. ,
2003) indicate the presence of a source of heating whose nature is still highly uncer-
tain with several candidate mechanisms presently being considered (e.g. heating from
AGN, conduction and turbulent mixing to name only a few). There is also evidence of
other complex phenomena occurring in the central 40 kpc, such as multiphase cooling
and ongoing star formation (Jaffe et al., 2005; Egami et al., 2006). These processes
cannot be realistically captured with SPH simulations such as ours. In light of these
issues, we shall compute “central” quantities at 40 kpc and shall exclude the-central
30kpc ~ 0.025Rsqp of the system from integrated quantities such as globally averaged
temperatures.

For our simulations we use a cooling function appropriate to a primordial gas.
However, typical clusters have metallicities of Z ~ 0.3Z;, (where Z is the solar value)
and by omitting heavy element line emission, we are underestimating the cooling rate
of material with temperatures 7' = 10°-10" K. A very small fraction (< 1%) of the
gas mass in our systems exists at these temperatures; most of the mass has 7' = 107
108 K. Additionally, this discrepancy has a negligible effect on the dynamics of our
simulations. All subsequent analyses (e.g. producing X-ray surface brightness maps)
are computed assuming a more realistic Raymond and Smith model (Raymond &
Smith, 1977) compiled for a metallicity of Z ~ 0.3Z¢.

We include star formation in our simulations using an algorithm which turns cold
and dense gas into collisionless star particles, using a recipe similar to that of Katz
et al. (1996) and Stinson et al. (2006). We first select gas particles which are capable
of forming stars on the basis of four eligibility criteria: the gas must be dense (ng >
0.1 cm™3); it must be either cool (7' < 3 x 10* K) or cooling (dT'/dt < 0); its flow must
be converging (V - ¥ < 0); and the particle must be Jeans unstable. Once selected,
star formation produces star particles with a probability p = 1.0 — exp(—c. XTI/t form )

where the star-formation efficiency is taken to be ¢, = 0.1. We set tsm, to the
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maximum of the cooling time and the dynamical time, unless the particle is already
cool (T < 3 x 10*K) in which case we always set it to the dynamical time. If the
particle is chosen to form stars, a new star particle is created with 1/3 of the mass of
a full-sized gas particle.

Star formation and supernova explosions go hand in hand. The energy released
by the supernovae is injected into the surrounding intracluster medium as follows.
At every timestep, we consider each star particle in the simulation and based on
its age, determine the associated supernovae rate. The total energy released by the
supernovae over the course of the timestep is then injected at a steady rate to the
surrounding gas particles over the timestep. The star formation and feedback recipe
we use is similar to that described in Stinson et al. (2006), except that we do not
disable radiative cooling during feedback, and stellar winds which release mass from
intermediate-mass stars are not included. This is a “minimal” feedback scheme, since
the energy is quickly radiated away and the feedback does not impact the evolution
of the ICM in any meaningful fashion.

Finally, we note that our chosen mass resolution models the initial conditions of
a 10'°M,, system with 217441 dark matter and 211914 gas particles, where about
70% of the particles in each species are within Ryp. The dark matter particle mass
is 4.4 x 10° M, and the initial gas particle mass is 5.9 x 10°M,. In test runs, we have
found that the cooling rates of isolated clusters are not robust until there are ~ 100
particles within the “cooling radius” (i.e. the radius within which tcoor < trHubbie;
R, ~ 150kpc for our simulations). With our initial conditions, the central core
(r. ~ 50kpc) of a 10'° M, system is initially resolved by ~ 240 particles, and its
cooling radius by ~ 6300 particles.
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2.4 Simulated observations

In the following chapters we will wish to know when our systems would look
relaxed under reasonable observational circumstances. For this reason as well as to
determine the observability of features in the projected mass, temperature and en-
tropy maps presented in Figs. 3.1 to 3.9, we have created mock Chandra observations
of our simulations. To create these we generate 325 projected X-ray maps ranging
from 0.5 keV to 7.0keV in 20 eV intervals using the Theoretical Image Processing Sys-
tem (TIPSY). This package takes the SPH outputs from our GASOLINE simlllations
and produces smoothed projected X-ray surface brightness maps with the appropri-
ate variable SPH kernel applied individually to the flux represented by each particle.
To these we add a three component X-ray background (following the prescription
of the Quicksim XMM simulation package) consisting of an extragalactic power-law
component (Chen et al., 1997) and two thermal components of 10°K and 10%°K
modelled with a Raymond and Smith plasma (Raymond & Smith, 1977). Generally,
each image would then be multiplied by a energy-dependent radially varying effective
area. However, we are interested in the detectability of extended features at z = 0.1
and our merging systems rarely fit within the Chandra field of view (FOV) at such a
redshift. For this reason, we simulate a “mosaic” mode for our simulated observations
using constant but energy dependent effective areas, area averaged over the Chan-
dra FOV. An unvignetted and spectrally flat particle background is then added with
normalisation 3.5 x 1072 cts arcmin~2s~! keV~!. The resulting images are convolved
with an azimuthally symmetric energy dependent PSF taken from the on-axis PSFs
specified by version 2.23 of the Chandra CALDB. The result is converted to a photon
flux at a redshift of 2 = 0.1, quantized with a Poisson distribution, and co-added. We

use an integration time of 50 ks.
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2.5 Chapter summary

We have presented the details by which we have constructed a suite of 9 idealized
two-body X-ray cluster mergers which incorporate the effects of radiative cooling,
star formation and associated SNe feedback. Our approach confidently ensures that
we have initialized our systems to accurately reflect the observed structure of relaxed
clusters with compact cool cores. We have used the results of published cosmological
dark matter simulations to ensure that the orbits we construct for our systems cover
the most interesting and plausible range of impact parameters and mass ratios.

We would like to reiterate that our simulations do not incorporate the physical
processes associated with magnetic fields, pressure from cosmic rays or thermal con-
duction nor do we adequately model the effects of turbulence. The influence of these
processes on clusters remain contentious issues and we can not make any confident
predictions at this point regarding their effects on our results.

In the following chapter we shall use these simulations to examine the morpho-

logical and dynamical evolution of X-ray cluster mergers.



Chapter 3

Dynamical evolution and emergent

transient structures

Abstract

We find that all mergers evolve via a common progression. We illustrate this progres-
sion in the projected gas density, X-ray surface brightness, SZ, temperature, and gas
entropy maps of our simulations. Several different classes of transient “cold front”-
like features can arise over the course of a merger. Each class is distinguished by a
distinct morphological signature and physical cause. We find that all of these classes
are present in Chandra and XMM observations of merging systems and propose a
naming scheme for them: “comet-like” tails, bridges, plumes, streams and edges. In
none of the cases considered do the initial cool compact cores of the primary and
the secondary get destroyed during the course of the mergers. Instead, the two rem-
nant cores eventually combine to form a new core that, depending on the final mass
of the remnant, can have a greater cooling efficiency than either of its progenitors.
We quantify the evolving morphology of our mergers using centroid variance, power
ratios and offset between the X-ray and the projected mass maps. We find that the
centroid variance best captures the dynamical state of the cluster. It also provides an
excellent indicator of how far the system is from virial and hydrostatic equilibrium.
Placing the system at z = 0.1, we find that all easily identified observable traces of
the secondary disappear from a simulated 50 ks Chandra image following the second
pericentric passage. The system, however, takes an additional ~ 2 Gyr to relax and
virialize. Observationally, the only reliable indicator of a system in this state is the
smoothness of its the X-ray surface brightness isophotes, not temperature fluctua-
tions. Temperature fluctuations at the level of AT /T ~ 20%, can persist in the final
systems well past the point of virialization, suggesting that that the existence of tem-
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perature fluctuations, in and of themselves, do not necessarily indicate a disturbed
or unrelaxed system.

In this chapter we present the general dynamical progression and eventual relax-
ation of an X-ray cluster merger and describe the transient phenomena which manifest
in the process. Since many of the phenomena we study have low surface brightnesses,
we utilize synthetic observations to delineate realistically observable phenomena from
those which are not.

In Section 3.1 we qualitatively describe the evolution of our cluster _nergers
through a generic sequence of states and introduce the transient structures formed
in the process. In Section 3.2 we examine the evolution of several measures of our
mergers’ apparent degree of disruption to determine when our systems would ap-
pear undisturbed under reasonable observational circumstances. In Section 3.3 we
assess the degree to which our apparently relaxed merger remnants are formally so.
In Section 3.4 we examine in further detail the different transient structures which
form during a merger, describing their properties and the processes which drive their

creation. Finally we summarize the chapter in Section 3.5.

3.1 Qualitative evolution

In what follows we present a qualitative account of common elements in the dy-
namical evolution of typical cluster mergers. A series of stages which mergers generi-
cally progress through will be identified and the evolution of the system’s physical and
observable properties described. In the process, several classes of transient structures
will be introduced. This discussion is kept brief and is intended to provide a context

for the discussion of the observability of substructure and relaxation which follows
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in Sections 3.2 and 3.3*. For those seeking a more detailed description, a specific
discussion of each class of transient structure can be found afterwards in Section 3.4.
All quoted times are measured from t,, the moment at which the secondary system

traverses Rogg of the primary.

3.1.1 Evolutionary stages

All of the simulations we have studied proceed through a similar evolutionary
sequence involving five distinct stages: a pre-interaction phase, first core-core inter-
action, apocentric passage, secondary core accretion, and relaxation. Several impor-
tant times during this progression which we shall refer to throughout our analysis are
listed in Table 2.2.

Initially, our systems are constructed to possess small core radii (r. ~ 50kpc,
measured from B-model fits), low central entropies (S = 10keVem? at 10kpc) and
strong central positive temperature gradients. The low-density outer atmosphere
of each system becomes distorted during pre-interaction through tidal forces and
compression, adiabatically raising the temperature of material between and producing
a short-lived bridge in surface brightness joining them. As the cores continue to
accelerate upon approach, a pair of shock fronts materialize and are driven towards
each core, heating and compressing them briefly. The effects of this interaction reaches
its maximum strength at tqosest= 0.5 — 0.8 Gyr when the cores reach their closest
approach. The system’s temperature and luminosity increase sharply for ~ 400 Myr
at this point. Cooling of gas to a cold (T' < 2.5x10* K) state or to stars is subsequently
quenched for 2 — 3 Gyr in most cases but is merely suppressed in the off-axis 10:1
interactions. Meanwhile, the primary system’s projected central positive temperature

gradient is strongly reduced and its core radius increased. A detailed analysis of these

tReaders are invited to peruse relevant digital movies detailing the evolution of various system
properties over the course of the simulations at http://astro.phys.uvic.ca/~babul/Merger Paperl
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phenomena is presented in following Chapters of this thesis.

In every case (including the head-on collisions) some part of the secondary’s cool
core survives its first encounter with the primary core, forming a single clump and
large cool stream of stripped material in off-axis cases and strings of one or more
clumps in head-on cases. |

At tepo = 1.2 — 2.5 Gyr the disturbed secondary core reaches a maximum sep-
aration of 1.2-1.7 Mpc from the primary core. The surviving portion then returns
for another encounter with the primary, reaching a second pericenter at tucerete=
2.2 — 4.8 Gyr. In Table 2.2 we see that the time elapsed until either of these stages
generally correlates with the mass ratio and impact parameter of the interaction,
presumably due to the declining efficiency of dynamical friction. Second pericentric
passage marks the beginning of an extended period of several Gyr during which ma-
terial dispersed from the secondary core accumulates onto the core of the primary
system. Although a small portion of the secondary core can survive the resulting dis-
ruption and experience tertiary encounters with the primary, there are no realistically
observable traces of it following taeerete in any of the cases we have studied®. For this
reason, our systems are considered to be evolving as a single merger remnant from
tacerete ONWards.

In a study of the orbital parameters of cluster substructure in a cosmological
context (including gas but not cooling), Tormen et al. (2004) similarly find that
the gaseous component of secondary systems becomes disrupted shortly after second
pericentric passage. They also present simple analytic models for predicting the time
and distance of first pericentric and apocentric passages. Our simulations compare
well to their model predictions, supporting the consistency of our initial conditions
with the orbital properties of substructure in cosmological simulations.

Following the accretion of the secondary core, the resulting remnant proceeds

SHigher impact parameters than probed by our simulations, although atypical, could result in
longer lived distinct secondary cores.
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through a period of relaxation. It appears undisturbed under reasonable observational
circumstances in simulated Chandra observations by t,...= 4.4 — 7.8 Gyr but past
this time, continues to evolve until the end of our simulations: recovery of the core’s
central temperature decrement is still proceeding (see Chapter 5for more details)
as well as accretion of both dark matter and gas dispersed beyond the Rygo radius
during the merger. The system sustains a virialized state within Rsgo after ¢y and
hydrostatic equilibrium at Rsoo after thyaro (see Section 3.3).

Following t.osest, short-lived structures in the system’s distribution of X-ray sur-
face brightness, SZ signature, temperature and entropy arise. In Figs. 3.1 te 3.9 we
present projected gas surface density/X-ray brightness, temperature/SZ and entropy
maps of each of our simulations near several of the times discussed above. In what
follows we shall use these figures to present the progression of these structures (both
physical and observable) as they arise and dissolve.

Readers may find it useful to refer to movies of our simulations! while

reading the following subsections.

3.1.2 Evolution of head-on mergers

Our head-on mergers evolve in a distinctly different way from our off-axis mergers,
with even their qualitative evolutions exhibiting strong dependences on the mass ratio
of the systems. We thus isolate the account of their evolution from that of the off-axis

cases.

Physical state

In our equal mass head-on merger, two near-planar shocks are produced shortly
before t.oses: and are driven into and through each core (in good agreement with
RS01). They subsequently exit the system as two symmetric hemispherical fronts.

Due to the confining geometry of this situation, material initially in the cores of
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Vt/Ve=0.15

Vt/'Ve 0.40

Figure 3.1: Maps of the gas surface density for our 1:1 simulations, projected along
an axis normal to the plane of the orbit (3 Mpc on a side). White contours are X-ray
surface brightness isophots from simulated 50ks z = 0.1 Chandra observations (3x
to 48x the background stepping by factors of 2). Times depicted are t.osest—200 Myr
(where £ sesiis the time of first pericentric passage), teiosest+100 MyT, tap, (Where ¢gpois
the time of first apocentric passage), tacerete+100 Myr (where £ycererels the time of the
second and usually the final pericentric passage) and f,eq, the time when system
appears relaxed. All times are measured relative to ¢, (the time when the secondary’s
centre of mass first crosses Ryg of the primary)!.
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Vt/Ve=0.15

Figure 3.2: Maps of the projected “spectroscopic-like” temperature (Mazzotta et al.,
2004) maps for a 0.5 Mpc thick slice (3 Mpc on a side) passing through the centre of
our 1 : 1 simulations. Contours depict the SZ effect (for the entire simulation volume
along the line of sight) and represent log(y) = —5.5 to —4 in increments of 0.257. The
times represented are the same as Fig. 3.1.
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Vt/Ve=0.15

Vt/Ve=0.40

Figure 3.3: Entropy maps for a 0.5 Mpc thick slice (3Mpc on a side) through the
centres of our 1 : 1 simulations’. The times represented are the same as Fig. 3.1.
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Vt/Ve=0.15

Vt/Ve=0.40

Figure 3.4: Maps of the gas surface density for our 3:1 simulations, projected along
an axis normal to the plane of the orbit (3 Mpc on a side). White contours are X-ray
surface brightness isophots from simulated 50 ks 2 = 0.1 Chandra observations (3x to
48 x the background stepping by factors of 2). Times depicted are t.osest—200 Myr,
teosest 100 MyT, tupo, tacerete100 Myr and treq;. See Figure 1 caption or Table 2 for
a brief definition of the timescales. All times are measured relative to the t, when the
secondary’s centre of mass crosses the virial radius of the primary for the first timef.
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Vv/Ve 0.00

Vt/Ve=0.15

Vt/Ve=0.40

Figure 3.5: Maps of the projected “spectroscopic-like” temperature (Mazzotta et al.,
2004) maps for a 0.5 Mpe thick slice (3 Mpc on a side) passing through the centre of
our 3 : 1 simulations. Contours depict the SZ effect (for the entire simulation volume
along the line of sight) and represent log(y) = —5.5 to —4 in increments of 0.25. The
times represented are the same as Fig. 3.4.
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Vt/Ve=0.40

Figure 3.6: Entropy maps for a 0.5 Mpc thick slice (3 Mpc on a side) through the
centres of our 3 : 1 simulations’. The times represented are the same as Fig. 3.4.
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Vi/Ve 0.00

Vt/Ve=0.15

Vt/Ve=0.40

Figure 3.7: Maps of the gas surface density for our 10:1 simulations, projected along
an axis normal to the plane of the orbit (3 Mpc on a side). White contours are X-ray
surface brightness isophots from simulated 50 ks z = 0.1 Chandra observations (3x to
48 x the background stepping by factors of 2). Times depicted are tclosest—ZﬁO Myr,
tetosest 100 MyT, topo, tacerete 100 Myr and tyeq,. See Figure 1 caption or Table 2 for
a brief definition of the timescales. All times are measured relative to the ¢, when the
secondary’s centre of mass crosses the Rog radius of the primary for the first timef.



’.

Chapter 3: Dynamical evolution and emergent transient structures 44

Vt/Ve=0.40

Figure 3.8: Maps of the projected “spectroscopic-like” temperature (Mazzotta et al.,
2004) maps for a 0.5 Mpe thick slice (3Mpe on a side) passing through the centre
of our 10 : 1 simulations. Contours depict the SZ effect (for the entire simulation
volume along the line of sight) and represent log(y) = —5.5 to —4 in increments of
0.257. The times represented are the same as Fig. 3.7.
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Vt/Ve=0.40

- Figure 3.9: Entropy maps for a 0.5 Mpc thick slice (3Mpc on a side) through the
~ centres of our 10 : 1 simulations’. The times represented are the same as Fig. 3.7.
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the merging systems remains in relatively high density structures during the impact.
From tgpsest t0 approximately t,,,, much of this material occupies an expanding disk
oriented normal to the axis of the merging systems’ motion and a filament of dense
clumps strung between the remnants of the two cores, both of which are clearly visible
in Fig. 3.1. In Figs. 3.2 and 3.3 we see that this material is cold (7" ~ 1.0keV) and has
low entropy (S ~ 10keVem?). At approximately tocerete it Teaccretes to the remnant
core having radiated most of the thermal energy generated by the impact. As a
result, the system’s core returns to a state of cooling twice as efficient at converting
the hot ICM into stars and condensed gas (T' < 2.5 x 10°K) as the primary-prior to
the merger. Although equal mass head-on mergers are predicted to be rare in CDM
models of structure formation®, this supports the findings of Motl et. al. (2004) who
find that mergers can act as a means of constructing actively cooling cores. We will
study this in more detail in Chapter 5.

Comparing Fig. 3.1 to Fig. 3.4 we can see that reducing the mass of the secondary
to a third of the primary’s dramatically changes even the qualitative behaviour of
a head-on collision. Although two shocks are still produced, the one leading the
secondary’s motion is much more significant to the system’s evolution. As Figs. 3.5
and 3.6 show, the bow-shaped geometry of this shock (again, in good agreement with
RS01) displaces the material of the primary core forward and laterally. The result is a
conical shell of cool (T ~ 3keV) moderate-entropy (S ~ 150 keVem?) gas, entrained
by the remainder of the secondary core at its apex. This structure surrounds a bubble
of hot (T ~ 10keV) high-entropy (S ~ 550keVem?) gas. These figures also illustrate
how the low pressure region created in the wake of the secondary’s motion is quickly
and convectively filled by this displaced material. Material displaced most laterally

reaccretes first, flowing in through the back of the secondary’s wake. Material initially

SHowever, they are not without observational precedence; RXCJ0532.9-3701 (Finoguenov et al.,
2005) has boxy isophots and a cloverleaf morphology in entropy, much like our relaxing equal mass
head-on merger
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displaced more forwardly is dragged in behind afterwards. Upon returning to the
core, this material experiences additional shocking, resulting for example in the high
temperature (T ~ 9.5keV) region seen to the left of the core shortly after tucerete in
Fig. 3.5.

In the 10:1 case, the secondary core penetrates the primary core and deposits
nearly all the kinetic energy of its gaseous component into the core of the primary.
The result is a large (~ 500 kpc) bubble with an expanding shell of cool (T' ~ 3.5keV)
low-entropy (S ~ 70keVem?) material filled with hot (7' ~ 7keV) moderate-entropy
(S ~ 180keVem?) gas. In Fig. 3.8 the initial formation of the bubble after t.oses:
is illustrated. This bubble lasts for ~ 1.5 Gyr and is carried forward to a radius of
~ 750 kpc by the momentum of the collision. Its final extent can be seen in Figs.
3.8 and 3.9. Shortly before 4, it stops moving and expanding, collapses into a low

entropy stream and accretes back to the core by taccrete-

Observable state

Following the procedure detailed in Section 2.4 we have produced simulated Chan-
dra observations and overlaid their contours onto the projected gas surface density
maps presented in Figs. 3.1, 3.4 and 3.7. This allows us to determine which dis-
tributed features have sufficiently high surface brightnesses to be detected under rea-
sonable observational circumstances. We have also generated SZ maps and overlaid
their contours on the temperature maps presented in Figs. 3.2, 3.5 and 3.8. Since
these maps do not include the effects of instrumentation, we cannot comment in de-
tail on the detectability of low surface brightness features through SZ observations.
We place our faintest contours at a level of logy = —5.5 (67 = —17uK at 30GHz,
McCarthy et al., 2003) to approximate the depth to which the next generation of 57
imaging instruments will reach (e.g. —10uK for SZA at 30GHz, Knox et al., 2004).

The resulting SZ limit is a good match to the system extent realistically observable
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by Chandra.

In the 1:1 case, we can see in Figs. 3.1 and 3.2 that both the expanding disk
and filament of disturbed core material created in the impact and discussed above
are reasonably observable through X-ray observations. Comparing these figures we
can see that the remnant’s X-ray isophotes are extremely boxy while the SZ contours
are significantly more regular and much less elliptical (this is a trend that we ob-
serve in all of our simulations). Complicated temperature and entropy variations are
seen throughout the duration of the merger, with small ~ 100kpc scale variations
(AT /T ~ 15%) remaining at t,eqq- -

In the 3:1 head-on case, Figs. 3.4 and 3.5 illustrate that the extended features
generated in this merger following t.ses: are similarly observable as in the 1:1 case.
However, we can see that at tueerere there are large extended low surface brightness
features that escape detection by Chandra. Complicated temperature and entropy
variations, distinctly different from those observed in the 1:1 case, emerge after ¢,ccrete
and persist until the end of the simulation. The temperature fluctuations present at
trelaz are more significant (AT /T ~ 20%) and spatially irregular than in the 1:1 case.

Lastly, Figs. 3.7 and 3.8 illustrate the observability of extended structures formed
in our 10:1 head-on merger. We can see from these that the large expanding bubble
formed from the collision is not detectable when it reaches its largest extent at Z4p,.
Furthermore, the system looks quite regular in both X-ray and SZ at t,ccrete, although
small but significant irregularities in the central X-ray isophotes persist for ~ 2 Gyr
afterwards. Temperature and entropy fluctuations are present throughout the merger
with the bubble formed from the core material dominating the temperature and
entropy distributions after tsest. Significant fluctuations in temperature (AT/T ~

20%) are present at trear, with little change occurring between t,ccrete and treiaz-
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3.1.3 Evolution of off-axis mergers

In all of the off-axis simulations we have studied, several distinct classes of tran-
sient structure are formed when the secondary (and sometimes primary) system’s
core becomes disturbed. Interestingly, the qualitative evolution of these structures
is remarkably independent of impact parameter and mass ratio over the ranges we
have studied. Furthermore, their properties are consistent with those of “cold fronts”
observed in niany Chandra and XMM observations (Markevitch et al., 2000). Cold
fronts are contact discontinuities between regions of bright, dense, cold gas and faint,
hot, rarefied gas. These regions are observed to be in near pressure equilibriﬁm with
the surrounding ICM and the jumps in temperature across their interface imply mildly
sonic or sub-sonic velocities.

Several authors have studied simulations of merging clusters illustrating that the
ram pressure disruption of cold low entropy cores during mergers can account for
these features (Bialek et al., 2002; Heinz et al., 2003; Mathis et al., 2005). Once
removed from the dark matter potential confining it, stripped gas lags behind its
dark matter and galactic components, adiabatically expanding and cooling until it
establishes pressure equilibrium within the resulting merger remnant.

Our simulations confirm these results. In what follows we will give a qualitative
account of our off-axis mergers’ evolution through a series of transient structures
and discuss their observable properties. We shall find that there are many points
when several classes of structure resembling cold fronts can be created. Additional
details can be found in Section 3.4 where each of these classes will be studied in detail
and new mechanisms involved in the production and evolution of cold fronts will be

presented.
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Physical state

In all of our 1:1 and 3:1 off-axis mergers, ram pressure stripping causes both the
primary and secondary cores to develop “comet-like” head/tail morphologies in gas
surface density, X-ray surface brightness, temperature and entropy during their first
pericentric passage. In the 10:1 cases, this is true only for the secondary core. In all
cases, this morphology starts ~ 100 Myr before t.,ses: and ends shortly before t4,,
with a typical duration of ~ 0.5 Gyr.

Upon reaching apocentric passage, several extended structures in the system’s
distribution of temperature, entropy and gas density have evolved. In FTgs. 3.1
and 3.4 we see that a bridge connecting the surviving portions of the primary and
secondary cores has formed in the 1:1 and 3:1 cases (see Section 3.4.1). Several
long and roughly radial outwardly moving plumes of cool (7" ~ 3keV) low-entropy
(S ~ 60keVem?) material have also formed (see Section 3.4.2). These features are
not obvious in the system’s gas density or surface brightness maps, but are evident
in the temperature and entropy maps presented in Figs. 3.2, 3.3, 3.5 and 3.6. All of
these structures are essentially absent in our off-axis 10:1 mergers.

Following t4p,, material displaced as plumes from the primary and secondary cores
stops expanding away from the system and begins returning towards the remnant core.
At taeerete, the secondary core returns for its second (and last) pericentric passage
of the system. After this, plume material begins accreting to the remnant core as
collimated high velocity (~ 1000 kms™!) streams of material (see Section 3.4.4). At
this point, evidence of a secondary core has been destroyed and these features are
not associated with an apparent merging system. Stream material is generally shock
heated as it accretes to the remnant core. These streams occur even in our 10:1 cases
and are visible in the temperature and entropy maps presented in Figs. 3.2, 3.3, 3.5,
3.6, 3.8 and 3.9 as narrow and radially oriented cold low entropy structures following

tacerete- When they accrete directly to the remnant core, these streams lead to multiple
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Figure 3.10: Displacement of the centre of mass of gas within the central 150 kpc from
its dark matter centre of mass (smoother, lower-amplitude red curve) and the mass-
averaged velocity of the same material in the direction of that displacement (the more
erratic blue curve) for the late stages of each of our simulations. Vertical dashed lines
correspond to Laeerete and Lrerqr. The increased activity between these two timescales
is primarily the result of the gas core being disturbed by the secondary’s gas core
during the second and typical the final pericentric passage, and by the ensuing cold
stream. Values across the top indicate the transverse velocity at ¢, depicted by each
column while text on the right indicates the mass ratio depicted by each row.
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discontinuities, or “edges” in the system’s central surface brightness distribution (see

Section 3.4.5).

Observable state

Elongated and curved disturbed cores have been observed in several systems
(e.g. A85, A1758, and A2256) and are frequently attributed to the disruption of
accreting systems due to ram pressure stripping. We observe this for only a short
duration (g 0.5 Gyr) following tcesest in all of our off-axis mergers. Prior to teosest,
this morphology does not manifest. At t,p,, longer lived elongated tails are%created
but the ejection mechanism is not ram pressure stripping (see Section 3.4.2).

In Fig. 3.1 we see that the bridge formed after t,ses; in our off-axis 1:1 mergers
remains visible in our simulated Chandra observations until destroyed at t,ecrere- The
material forming this structure is not stripped from the central core but from the
region just outside the initial cooling radius. Hence, it is of intermediate entropy
(300 — 500 keVem?) and temperature (~ 6.5keV). No strong pressure gradients arise
across it, as shown in the SZ maps in Fig. 3.2.

The bridges formed in our off-axis 3:1 mergers remain detectable for only 1.0 Gyr
following tejosest, or roughly until ¢,,,. As in the 1:1 cases, the entropy of the bridge
material is of intermediate entropy (200 — 400keVem?) and temperature (~ 4.5keV)
and exhibits no strong pressure gradients.

In Figs. 3.1 and 3.4 we also see that the plumes generated from the disturbance of
the primary and secondary cores are observable in the 1:1 cases but only marginally so
in the 3:1 cases. Figure 3.7 shows that in the 10:1 cases, although the system appears
disturbed after t.,sest, N0 extended features exist with sufficient surface brightness to
be detected.

At toeerete, Very significant temperature fluctuations (AT /T ~ 20%) are present

in all cases and persist until well after ¢,.,.. Because the accreting streams retain
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angular momentum from the merger and do not readily mix with the remnant, they
produce spiral structures in the remnant’s temperature and entropy distribution which
are visible in our temperature and entropy maps at t,eiqz-

Because the SZ signature is proportional to gas density (p,) rather than the pf]
dependence of the X-ray surface brightness, extended low density features tend to be
washed-out in the SZ maps. Despite this, we can see that our SZ maps indicate that
the bridges formed in the 1:1 and 3:1 mergers remain above our nominal SZ threshold.
At tre10e , When accreting streams leave the X-ray surface brightness elongated in these
cases, the SZ maps look significantly more regular with only the 1:1 v;/V, = 6215 case

looking comparably disturbed to its X-ray surface brightness.

3.1.4 Core oscillations

In several of the cases we have studied, we find that the central (r < 0.5Rs500)
ICM of our merger remnants oscillate with respect to their dark matter distributions.
In the discussion of the evolution of disturbed morphology and relaxation which
follows, there will be several instances when these oscillations will be relevant. Such
oscillations have been discussed by several authors in attempts to account for “edges”
observed in the central surface brightness of some clusters (see Section 3.4.5 for more
details and references).

In Fig. 3.10 we present the displacement of the centre of mass of the densest
central 150kpc of our remnant gaseous cores relative to the centre of mass of the
densest central 150 kpc of dark matter. To differentiate oscillating modes from the
influence of substructure passing through the core in this calculation, we also present
the mass averaged velocity of the gas in the direction of this displacement’s vector.
Displacement due to coherent oscillations will be accompanied by positive velocities
until peak displacement when the velocity turns around and becomes negative, re-

turning to zero when the displacement does. The displacement of the core due to the
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arrival of substructure is revealed by increases in the displacement at times of small
or negative radial velocity. There are several instances of significant core oscillations
following tacerete Stimulated by the second pericentric passage of the secondary core.
They generally last until ;04

We have performed this calculation for material within 50 kpc as well. On these
scales we observe no oscillations larger than the softening length (10kpc) at times
when oscillations are present on 150kpc scales. Hence, gas in the central regions
of our remnant cores (where cooling is most rapidly taking place) remains tightly
coupled to the dark matter potential with the surrounding material constituting the
oscillation seen on 150kpc scales. It has been hypothesized that energy from bulk
oscillations in the potential of the core due to displacements of the gas from the dark
matter could act as a source of heating for compact cool cores (Markevitch, Vikhlinin,
& Mazzotta, 2001). Our analysis suggests that although oscillations may occur on
150 kpc scales, the actively cooling gas on 50kpc scales can remain strongly coupled
to the dark matter. In such cases, oscillations in the potential may not be affecting
cooling. Further study is required to determine if this is the case for oscillations
stimulated through close encounters by secondary systems with mass ratios of only a
few percent, such as those studied by Tittley & Henriksen (2005).

All of these calculations determine the motion of the gaseous core relative to
the dark matter core. We have checked to see how the dark matter core is itself
moving within its halo. For our 1:1 cases, we find that on both 150 and 50kpc
scales the dark matter cores remain stationary relative to the centre of mass of the
system following t,eerere. However, the dark matter cores of our 3:1 and 10:1 mergers
experience significant motions about the system’s centre of mass until well after ¢,¢q5.
The oscillations we observe between the gas and dark matter on 150 kpc scales are
thus a result of the dark matter core orbiting the centre of mass of the system. As the
gravitationally dominant dark matter core moves, the gaseous component is dragged

behind it but with a lag due to the extra pressure it experiences. The result is an
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oscillation between the two components as the dark matter core moves in its orbit.
On 50 kpc scales, baryonic material dominates the potential of most of the gas and the
dark matter can follow it since it is not subject to pressure. As a result, oscillations
between the gas and dark matter do not occur on these scales.

Following t,cerete, the gaseous and dark matter cores of our 1:1 merger remnants
rapidly become concentric by t,en.. A few displacements of the core position with
respect to the dark matter are apparent but these are generally accompanied by nega-
tive radial velocities indicating that they afe a product of the accretion of substructure
onto the core. -

The cores of our 3:1 merger remnants all experience bulk oscillations between their
gaseous and dark matter components following tucerere. In the head-on and v,/V, =
0.15 cases, the amplitude of these motions are 100 kpc and 150 kpc respectively with
velocities reaching 400 kms™!. These motions last for ~ 1 Gyr and end immediately
before t,eiq,. In the v,/V, = 0.4 case, a series of 4 core oscillations occur beginning at
tacerete With amplitudes as large as 50 kpc and velocities of 175 — 250 kms™'. They
are of much shorter duration (~ 0.5 Gyr) and are finished by ¢4z

Some part of the dark matter cores of the secondary systems in our 10:1 mergers
remain intact in near circular orbits within 50kpc of the remnant’s centre until the
end of our simulations. This is not surprising since the sinking timescale due to
dynamical friction is the longest. As a result, we measure small amplitude (< 20kpc)
oscillations in our 10:1 merger remnants. These motions are most coherent in the

head-on case and involve bulk velocities of < 100 kms™!.

3.2 Evolution of disturbed morphology

With the general evolution of merging systems accounted for, we now discuss
the timescales by which evidence of the merger event disappears. Determination of

the degree to which a cluster is disturbed has generally taken three approaches in
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Figure 3.11: Evolution of the centroid variance computed from the X-ray surface
brightness maps in the z (line of sight) and z (orthogonal) projections (thin red
lines and thick blue lines respectively). Horizontal dashed lines indicate the range of
centroid shifts observed by O’Hara et al. (2006) while vertical dotted lines indicate
(from left to right) t,, teosest s tacerete and treqe. Centroids are computed within
1.2Mpc (roughly the initial Rsop of the primary). The centroid statistic traces the
qualitative evolution of the merging system very well. The statistic takes on its
maximum values when the system is in its most disturbed state and typically, it falls
off between fccrete and tre1qr as the system recovers. Over the course of the merger,
the statistic spans the entire range of values found by O’Hara et al. (2006) in an
analysis of 45 clusters.
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observational studies: visual inspection, measurement of displacements of the X-ray
peak from the X-ray or mass centroid of the system, and power-ratio analyses of
the system’s X-ray surface brightness. In this section we shall apply each of these
approaches in turn to establish when our simulated merger remnants would return to
apparently undisturbed states. In the section which follows, we shall compare these

timescales to more formal and physical measures of the system’s dynamical state.

3.2.1 Simulated observations

In evaluating the effectiveness of quantitative measures of our remnants"dynam—
ical state, we shall use as a fiducial the time when our systems appear relaxed under
reasonable observational circumstances. We determine this time by visual judgement
of our simulated Chandra observations and of the uniformity of their isophotes; a
process we facilitate by generating unsharp masked images with smoothing kernel
sizes of 1.5” and 15” (Chatzikos et al., 2006). This is all done in projections normal
to the plane of the orbit. Substructure is likely most identifiable in this projection
and thus, this measure represents a conservative upper limit on the time when the
system would look disturbed. We have studied how our results change if evaluation
is performed in z-projections and find that the systems tend to look undisturbed as
much as 2 Gyr earlier.

Generally speaking, evidence of substructure disappears first from the simulated
images, then from the unsharp masked images and finally in the structure of the X-ray
isophotes. The delay between the dissolving of substructure in the images and the
regularization of their isophotes can take several Gyr and varies significantly from
case to case. Since the isophotes are the most sensitive measure, the system will be
said to appear relaxed at t,.q, when all isophotes brighter than 6x the background
level (i.e. all but the faintest in Fig. 3.1, 3.4 and 3.7) appear regular by visual

inspection. These times are tabulated in Table 2.2.
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In one case (1:1 head-on), minor complications arose during this procedure. Al-
though the simulated observations appear regular and relaxed by t ~ 3.8 Gyr, their
isophotes remain significantly boxy until ¢ ~ 4.4 Gyr. Some evidence of this boxy
morphology lingers until the end of the simulation making a clear determination of

traian difficult.

3.2.2 Centroid shifts

The apparent displacement of a system’s core from the centre of the system has
been used as a measure of dynamical disequilibrium by several authors and has been
implemented in several different ways. For instance, Mohr et al. (1993) quantify X-ray
centroid shifts (w,) using the offset of a system’s X-ray surface brightness peak from
its surface brightness centroid (integrated within a projected radius ;). They argue
that systems for which w, is dependent on 7, are dynamically young. For a sample
of 46 FEinstein observed clusters, they obtain an average value (w,) = 62kpc with
71% of systems having w, > 0 at a 30 or greater significance. These results generally
conform with more recent results of Kolokotronis et al. (2001) who find (w,) = 83kpc
for a sample of 22 ROSAT observed systems.

We have chosen to quantify the centroid variance of our systems using the method
employed by O’Hara et al. (2006). This approach determines the offset between the
X-ray peak and centroid as a function of r, < Rso and assigns to w, the RMS of
the resulting profile. We determine this profile by computing the centroid within a
circular aperture of size 1, = Rspo and then reducing its size by 5% until it reaches
rp < 0.05R500. We have experimented with various details of this procedure and find
that it is essential to exclude the bright central core if the statistic is to detect subtle
distortions. Hence, we excise the central r, = 30kpc when computing centroids (but
retain it when we compute the position of the peak).

In Fig. 3.11 we plot the time dependence of w, measured in this way for each of



Chapter 3: Dynamical evolution and emergent transient structures 59

our simulations in  and z-projections. The evolution of this quantity in y-projections
is very similar to its evolution in the z-projection and is omitted to clarify the plot.
We also indicate the range of typical values observed by O’Hara et al. (2006) in their
study of 45 ROSAT observed clusters (w, = 0.008 R5pp to 0.07Rs00, with 5 extreme
points excluded) as well as the times of several important stages in each system’s
evolution.

As a product of our idealized initial conditions, all of our systems start with
values of w, less than the lower bound of the observations. In off-axis cases, it
immediately begins to increase in z-projections as the cores slowly move apart in
projection. This effect grows more significant with increasing v;/V, as we would
expect. In z-projections, no increase occurs until ~ ¢, when the body of the secondary
enters the Rsop ~ 1.2 Mpc aperture used for our calculations. In the off-axis cases, the
statistic for the z and z-projections are virtually indistinguishable following ¢josest- In
the head-on cases, the signal is much lower when the merger proceeds along the line
of sight. Typically, the statistic drops sharply when the primary and the secondary
are close together, as in the line-of-sight/head-on case and more generally at tosest
and tgeerete- This is due to the fact that the centroid shift in all the apertures is nearly
the same. In detecting disturbances, the centroid variance method depends on the
displacement varying as the aperture is reduced and successively more distant surface
brightness fluctuations are excluded from consideration.

Our 1:1 mergers evolve to values of w, much larger than those observed for a
duration of ~ 4 Gyr. During this time, the system is a distinct binary and is not
representative of any of the systems present in the O’Hara et al. (2006) catalogue.
Following tacerete,; W, declines rapidly and reaches a roughly constant level near the
minimum observed value ~ 1Gyr before t,¢q,. In our v,/V, = 0.4 case, there is a
subsequent rise at late times due to a late accretion of material. It is likely that
the strength of this rise would not be as significant in a system hosting realistic

substructure where the effect of late accreting material from multiple mergers would
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Figure 3.12: Time evolution of the displacement between the X-ray peak and the cen-
troid of the projected mass maps in the z (line of sight) and z (orthogonal) projections
(thin red lines and thick blue lines respectively). Horizontal dashed lines indicate the
mean and maximum centroid shifts measured by Smith et al. (2005) (normalised by
Rs00 of our system) while vertical dotted lines indicate (from left to right) t,, teosest
tacerete A0d Lreiq0. In the case of massive (1:1) mergers, the statistic behaves like w,
and tracks the morphological evolution of the system over the course of the merger.
For moderate and minor mergers, the statistic remains high well past f,¢,, although
the system is close to being virialized for ¢ > {,¢4,. This signal is entirely due to
low-mass remnant dark matter substructure that keeps jiggling the mass centroid.
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tend to cancel their individual effects. For this reason, we will consider the system
to have relaxed according to this measure ~ 1Gyr prior to t,eq, in this case but
acknowledge that more study is required to understand clearly the role long lasting
substructure has on w, in realistic environments.

In the 3:1 cases we see a similar rise after ¢, to values greater than the maximum
observed but lasting for a much shorter duration (~ 2 Gyr). Following tasccrete, Wa
oscillates erratically amongst the highest values observed by O’Hara et al. (2006).
It slowly declines to the minimum observed value by the end of the simulations in
the head-on and v;/V, = 0.4 cases but remains high in the vy/V. = 0.15 case. The
cause of this slowed or absent decline in w, following tqecrete 1S @ sustained shift of the
centroid in the central 0.5Rs09. This is due to oscillations in the remnant’s central
dark matter distribution.

Lastly, our 10:1 cases are disturbed to high levels of w, for ~ 4 Gyr following t,
and for ~ 1 Gyr following tgcerete in the vy /V, = 0.4 case (due to the reduced disruption
of the core). They oscillate just above the minimum observed value otherwise.

Thus, our systems appear exceptionally disturbed to our centroid variance mea-
sure for ~ 4 Gyr between tosest and tacerere When they generally appear as two dis-
tinct clusters. Immediately following tseerete for our major/moderate (1:1 and 3:1)
mergers and ~ 2 Gyr after t.sest for our 10:1 mergers (when the systems appear as
single remnants), our simulations all exhibit values of w, similar to the maximum
observed by O’Hara et al. (2006) (with the natural exception of the head-on cases in
z-projections). In 3:1 cases, w, remains high until well past t,eq,. Our equal mass
and 10:1 mergers quickly relax to levels comparable to the minimum values observed
by O’Hara et al. (2006). Referring to Table 2.2 we can see that for a cluster observed
at 2 = 0.1, most 10:1 mergers occurring before z ~ 0.5 will have evolved past t,ccrete
and will thus yield w, ~ 0.01Rs00. This fact combined with the expectation that
most clusters should have experienced such an event naturally explains the observed

minimum of this statistic.
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We have also computed this statistic for SZ maps (wsz) of our systems. We
find that the evolution of wgyz is nearly identical to that of w,, with both producing
very similar maximum shifts and periods during which w, is significantly higher than
0.1Rs500.

Another approach to measuring centroid shifts has been implemented by Smith et
al. (2005) who measure the shift between the peak in the X-ray surface brightness and
the centre of projected mass of the system (Ar), as determined from weak lensing
maps. For a sample of 10 clusters, they find (Ar) = 55kpe (~ 0.045Rs0 for our
systems ) with 70% of their systems having Ar > 0 at a 30 or greater significance.
In Fig. 3.12 we present the evolution of this statistic for our simulations. Again, we
plot only z and z-projections due to the similarity of results in y and z-projections.

Examining Fig. 3.12 we see that for the 1:1 mergers, this statistic drops pre-
cipitously after tueerere (similarly to w,) and sustains similar values after t,eq,. For
the 3:1 mergers however, there is a long lived late time shift in z-projections which
does not reach maximum amplitude until ¢,¢,, and does not reduce to Ar ~ 0.01Rs09
until shortly before the end of our simulations. A similar but even longer lived shift
persists in our 10:1 mergers which fail to sustain Ar g 0.01R500 for more than 0.5 Gyr
in any projection for any case. These sustained shifts are due to central dark matter
oscillations (see Section 3.1.4).

Given the relatively high frequency of 10:1 myergers and the long duration of their
impact on Ar, we expect that few systems should exhibit Ar < 0.045R500 (the mean
value for our 10:1 v;/V, = 0.15 merger after t,.,,) and therefore, it is surprising that
Smith et al. (2005) find any systems consistent with Ar = 0. However, if projection
effects are considered, it may be that some or all of the 3 systems to which they assign
relaxed morphologies using this statistic are being seen with their X-ray peak merely
in projection against their centre of mass. Alternatively, long lived substructure from
multiple past minor mergers may compete against each other in their influence on the

centre of mass, reducing its overall offset from the X-ray peak. Further study of this
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statistic and its efficacy as an indicator of disturbed systems in a full cosmological

context is clearly necessary.

3.2.3 Power ratio morphology

The use of surface brightness moment decomposition for quantifying the degree
to which systems appear relaxed was first introduced by Buote & Tsai (1995) and has
since been utilised in several observational (Buote & Tsai, 1996; Jeltema et al., 2005)
and theoretical studies (Thomas et al., 1‘998; O’Hara et al., 2006). This method uses
power ratios (P, /FPy) computed from moments of the system’s surface brightﬁess dis-
tribution; ¥(z), where 2’ = (R, ¢) is in polar coordinates. Following the procedure of
Jeltema et al. (2005, JO5 hereafter), we have applied this procedure to our simulations

computing power ratios from

Po(R) = [aoIn (R)]? (3.1)

P(R) = (a2, +b2,) (3.2)

2m2 R2m

where a,, and b,, are moments of the distribution given by

am(R) = /RI<RE(Q:’)(R’)'” cosm¢’ d*a’ (3.3)

bm(R) = /R /<R2(x’)(R’)’” sinmg’ d*a’ (3.4)

These statistics are usually normalised by Py (i.e. expressed as P,/ Fp), a measure of
the total luminosity of the system.
We have studied the effects of removing the central cores of our simulated clusters

when computing these statistics. We find this to be particularly necessary when the
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system is only subtly disturbed. At such times, the contribution of any persisting
structure in X(z) to Eqns. 4 and 5 becomes overwhelmed by the bright and centrally
concentrated cores of the merging systems. When we exclude the central cores from
our calculations of P, we find a significant increase in amplitude and scatter. For the
discussion which follows, we have computed power ratios with the central 30 kpc ~
0.025R500 excised. We have confirmed that there is little effect on our conclusions if
this radius is reduced to 15kpc or increased to 50 kpc.

In Fig. 3.13 we plot the time evolution of P,/ Py, P3/ Py and P/ Fy in a 0.5Mpc
z-projected aperture for each of our mergers. Buote & Tsai (1995) find that model
systems with power ratios identically equal to zero can be assigned significant values
(a few times 1077 for P3/ P, for instance) when realistic noise is added to simulated X-
ray images. Based on their analysis of an observed sample of clusters, J05 found that
median noise contributions resulted in values for Py/ Py, P3/ Py and P;/ Py of 7.5x1078,
1.9 x 1078, and 9.4 x 107 respectively. We indicate these levels in the plot. The
plot illustrates that in the absence of noise, the values of the power ratios for the
mergers are typically well below the median noise levels, except when the systems are
in their most disturbed state. In practise, the values assigned to a relatively relaxed-
looking cluster will be highly dependent on the quality of the individual observation.
In fact, the lowest values of Py/Py quoted by J05 are a factor of ~ 10 below the
median noise levels. In what follows we shall loosely refer to the median noise levels
reported by JO5 as the “observable levels” of each statistic. We will treat these levels
as a reasonable fiducial when determining the point at which our systems would be
judged as undisturbed by this approach.

The evolution of P3/FPy and P,/ P, is very similar; the latter behaves more or less
like a scaled version of the former. In the approach to the first pericentric passage
at teosest; Doth power ratios experience a brief sharp spike which exceeds observable
levels in all cases, though just barely in the 3:1 and 10:1 mergers. This is followed

by a climb to a plateau or a broad peak, during which time the signal remains at or
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Figure 3.13: The time evolution of the X-ray surface brightness power ratios com-
puted within a 0.5 Mpc aperture in the z-projection, the projection in which the
merger-induced disturbances are the most apparent. Dotted horizontal lines depict
the median noise levels for the observational sample analysed by Jeltema et al. (2005)
for (in descending order) P/ Py, P3/Py and P/ Fy. Dash-dotted black, thick red and
blue lines correspond to P»/ Py, P3/Py and P,/ P, respectively. Vertical dotted lines
represent (from left to right) ¢,, taosest, Lacerete @A tre. The power ratios can easily
pick out the very short-duration highly disturbed states but for the most part the
amplitudes tend to be comparable to or less than the median noise levels for the J05
sample of clusters. See also Fig. 3.14.



Chapter 3: Dynamical evolution and emergent transient structures 66

below the observable levels except in the 1:1 case, and a fall-off at ~ t4cerete = 1 Gyr.
The amplitudes of the initial spike and of the plateau/broad peak are correlated
with the secondary’s mass, with the most massive merger generating the greatest
signal. There does not appear to be any clearly discernible correlations with impact
parameter. Once the signal falls below observable levels after the second drop, it
remains so for the duration of the simulation under all conditions.

The evolution of P/ P, is different from that of P3/Fy and Py/Fy. Like the latter
two, the signal briefly spikes above the noise level at toses¢ but rapidly drops below.
It exceeds the noise level again at tseerete for < 2 Gyr and then generally only=for the
mergers with mass ratios greater than 3:1. (At 3:1, the second spike just exceeds
the observable level). Afterwards, it stabilises at values far below observable levels,
changing very little after ¢,.q,. For the major/moderate (1:1 and 3:1) mergers, P»/F,
settles at ~ 10~® while our 10:1 mergers, the power ratio hovers at values of about
~107°.

In their study of the redshift evolution of power-ratios, JO5 find that between
z = 0.5 — 0.9 (their high-2 sample) and 2z < 0.5 (their low-z sample), the P3/F,
and P,/ P, ratios show statistically significant declines while the P / Py ratio shows
no significant change. Furthermore, observed values of P»/F, are confined to a range
more narrow than P3/P, or P;/F,. Our simulations reproduce these trends but
with a much lower normalisation. Further study is required to understand if this
discrepancy is a product of noise effects or our idealized initial conditions and lack of
cosmological substructure. Since P,/ P, is the power ratio most sensitive to the large
scale ellipticity of the system, it would be interesting to determine if more realistic
triaxial initial conditions would produce a similar narrow range of near constant final
P,/ Py but with a higher normalisation comparable to that observed. As it stands,
our results suggest that the power ratios are most sensitive to gross disturbances such

as those that arise early in the merging process.
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Figure 3.14: Plot of P,/ Py vs. P/ P, for our simulations measured at different time
snapshots over the course of the merger, within an aperture of 0.5 Mpc. The data of
Jeltema et al. (2005) is plotted in blue with our simulations plotted as red triangles,
green squares and black circles for x, y and z projections respectively. This com-
bination of power ratios yields a signal above the median noise level of JO5 sample
(shown as horizontal and vertical lines) only when system is caught in the short-lived
highly disturbed state. It is most sensitive to disturbances induced by highly off-axis
mergers and least sensitive to line-of-sight mergers.
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Correlations between different power ratios have generally been used to identify
disturbed systems and to study the evolution of cluster substructure. Here, we focus
our attention on the P;/Py,-P3/Py plane. In Fig. 3.14, we present a comparison
in this plane between the observations of J05 and our simulations computed within
apertures of 0.5 Mpc. Results computed in z, y and z-projections are presented with
red triangles, green squares and black circles respectively. In Fig. 3.14, we can see
that the observed trends in normalisation, maximum amplitude and scatter are well
reproduced, though our measurements cluster at values of Py/ Py and Py/ P well below
the observations. These two power ratios return values above the observable levels
only during the highly disturbed phases of the merger, and during the initial stages
of the off-axis mergers.

We have also examined the distribution of points in the P,/ Py-P3/ Py plane, where
the power ratios are computed within a larger aperture of radius Rspp ~ 1.2 Mpc.
With the exception of some reduction in the scatter, the results are very similar to
those presented in Fig. 3.14

Finally, we also applied the power ratio analysis to total projected mass and SZ
maps to examine the efficacy of this approach to measuring substructure through
weak lensing and microwave observations. The results were indistinguishable from
the X-ray results, with amplitudes of the P3/ Py and P,/PF, for the projected mass

maps being lower.

3.2.4 Comparison of disturbed morphology measures

We have examined several methods of determining the dynamical state of galaxy
clusters. In Figs. 3.11, 3.12 and 3.13 we present the time evolution of w,, Ar and
P,./Py. In each case we indicate the moment when the isophotes of our simulated
50ks z = 0.1 Chandra observations appear undisturbed as a fiducial reference for the

sensitivity of each approach.
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We find that while the centroid shift and power ratio approaches are both capa-
ble of identifying highly disturbed systems or systems with significant, well-defined
substructures, the w, is more sensitive to subtler disturbances and its time evolution
tracks the visual appearance as well as the dynamical state of the merging system
quite well. The amplitude of the power ratios is relatively low when the system is
not highly perturbed (for example, the analysis barely registers 10:1 mergers) and
appears to be highly susceptible to noise in the X-ray images. More study is required
to understand in exactly what way realistic noise affects the sensitivity of the P;n /Py
statistics. -

Our experiments with the Ar statistic introduced by Smith et al. (2005) suggest
that it is very sensitive to long lived substructures and oscillating modes in the dark
matter haloes of merger remnants. The statistic yields a signal even when dynamically
the system is within 2% of being relaxed as defined by our virial indicator (see Section
3.3 and Fig. 3.15). However, it is likely that our idealized mergers are exaggerating
this sensitivity. More study with cosmological simulations which include a proper
account of halo substructure should be conducted to determine exactly how effective
Ar is relative to centroid shift and power ratio measures.

In summary, for clusters at z = 0.1, the eye is remarkably adept at identifying
disturbed morphologies in deep Chandra images but quantitatively, we find that the

centroid variance, w,, is the most effective measure of a system’s dynamical state.

3.3 Relaxation

Is a system which appears undisturbed actually in a relaxed state? This is com-
monly assumed to be the case in studies which have selected compact cool core systems
with regular and symmetric isophotes to represent equilibrium systems. However, all
clusters are a product of mergers and even though their dynamical timescales are

short (~ 1.5 Gyr at Ray), the timescales by which bound substructures become dis-



Chapter 3: Dynamical evolution and emergent transient structures 70

rupted and dissolve into the accreting halo can be much longer, as illustrated in the
preceding sections. As a result, a merger remnant can take significant lengths of time
to reach a proper equilibrium state, perhaps even longer than the typical interval
separating merger events.

In practical terms, the point at which a system appears undisturbed depends on
the state of the system’s baryonic component whose signatures of disturbance can be
diluted by observational limitations. Furthermore, the gaseous component is subject
to disruptive gas dynamical forces which do not act on the dynamically dominant
dark matter component, perhaps erasing evidence of substructure faster than=it loses
dynamical relevance. Hence, it is natural to suspect a discrepancy between when a
system appears relaxed and when it is formally so.

In this section we will quantify the relaxation of our merger remnants by studying
their recovery towards a virialized and hydrostatic state of equilibrium. We shall
compare the timescales by which they do this to the point at which the system
would look relaxed under typical observational circumstances. We shall find that our
systems typically achieve a virialized state approximately when they appear relaxed
but continue to exhibit deviations from hydrostatic equilibrium at the level of 10—20%

until the end of our simulations.

3.3.1 Virialisation

To study the virialisation of our systems we employ the scalar virial theorem (see
Collins, 1978; Spitzer, 1978; Binney & Tremaine, 1987, for good reviews) which states

that

1d*1
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Figure 3.15: Time evolution of the virial parameter computed over a volume of radius
Rs00 (thick red) and Rago (blue) for the gaseous component of our simulations. The
evolution of the gas virial parameters for these two volumes is very similar. The
horizontal dashed lines indicate our 2% virialisation criteria. The vertical dotted
lines indicate fyeerere and trerqr for each case. If we define the system to be relaxed
when the virial parameter drops to and remains at |V/| < 0.02, then the gas component
typically relaxes halfway between t,cereteand trejaz-
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where T'= K + U is the sum of the system’s kinetic (K) and thermal (U) energies,
W = Zi\il F‘, .77 is the ‘virial’, and I is the system’s moment of inertia, all computed
within a specified volume. The term denoted by S = S, 4+ Sy is a surface pressure
term integrated over the bounding surface of the volume, with contributions S, and
S, due to the gaseous and collisionless (dark matter and stellar) components given

by

g, = — 7{ PrdA - (3.6)

Sq = —%pdafl dA (3.7)

where P = nkT is the pressure of the gas with a number density n and temperature T’
and o4 and pg denote the velocity dispersion normal to the surface and mass density
of the collisionless component.

Averaged over an interval in which the system is periodic (or instantaneously
for a steady state system), the left side of Eqn. 3.5 vanishes. Furthermore, when
integrated over the entirety of an isolated system, S becomes zero and Eqn. 3.5 takes

its popular form

2T + W = 0. (3.8)

It is commonly taken for granted that W represents the gravitational binding
energy of the system but it must be emphasised that this is strictly true only when
computed over the totality of an isolated system. In general, W is not equivalent to

the gravitational binding energy within 7.
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Figure 3.16: Same as Fig. 3.15 but depicting the virialisation of the dark matter
component of our simulations. The dark matter component typically relaxes slightly
later than the gas component and the oscillations in V' damp out more slowly. Also,
the central regions of the systems relax faster than the full cluster.
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In Figs. 3.15 and 3.16 we present the temporal dependence of the virial disequi-
librium parameter (Ricker, 1998) for the gaseous and dark matter components of our
evolving merger remnants following taeerete (When the system can be considered to
be a single remnant). (Although the baryonic component’s contribution to the virial
parameter of the total system is negligible, it is interesting to see if the observable
gaseous component virialises on the same timescales as the dark matter component.)

This virial parameter is defined as follows:

2T

V=1 — = 3.9
TWr 3 a4

where T, W and S are time averages computed to account for the fact that the
canonical form of the virial theorem presented in Eqn. 3.8 holds only when the
quantities in Eqn. 3.5 are averaged over an interval in which the system is periodic.
This is done using a dynamical time t4,, = \/m (where A is the over density
being considered) for quantities involving the collisionless component and the local
isothermal sound crossing time t;. = TW for quantities involving the gaseous
component. Although the system may not be strictly periodic over these timescales,
we have confirmed that the term involving I in Eqn. 3.5 contributes negligibly during
the period we present in figures 3.15 and 3.16. Following RS01, we select the moment
of virialisation to be when the system sustains a value of |V| < 0.02.

Overall, we find that the virial parameters for the gas and the dark matter track
each other’s general trends although the oscillations in the gas virial parameter tend to
be of slightly lower amplitude and damp more quickly. As a result, the gas component
typically relaxes (i.e. the gas virial parameter drops to and remains at [V/| < 0.02)
earlier than the dark matter component. There is not much difference in the relaxation
time of gas within Rsop and Rggo. On the other hand, the dark matter distribution

within Rgoo relaxes earlier than the full cluster.
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In more detail, our 1:1 mergers all virialise by #,¢q,. The gaseous component
generally virialises ~ 0.5 Gyr before the dark matter component which virialises
almost exactly at t..q, in all cases. Thus, the system is virialized approximately
4.5-5.5 Gyr (or 3-4 dynamical times) after the secondary initially crosses Rag of the
primary (in good agreement the findings of previous studies, e.g. Roettiger et al.,
1997). The virialisation of our 3:1 mergers proceeds similarly to our 1:1 mergers
for the dark matter. In the 10:1 case, the gaseous component within Rsgo achieve
virialisation at or well before our 1:1 and 3:1 mergers: immediately after t,ccrete i
the off-axis cases and well before in the head-on case. Within Ryqg, however, gur 10:1
gaseous components reach virialisation much later (~ 2Gyr) than our 1:1 and 3:1
cases. The dark matter behaves similarly. Within Rso the system is virialized at
or before t,¢qr While within Rsqy, the system never reaches our virialisation criteria.
In these cases, the system sustains a state where V, oscillates with an amplitude of
~ 5% until the end of our simulations. The retarded onset or absence of virialisation
within Rggy for our 10:1 mergers is a result of late infall of material dispersed beyond

Roygo during the merger.

3.3.2 Hydrostatic equilibrium

Another independent measure of the equilibrium status of our merger remnants is
the dynamical criterion of hydrostatic equilibrium. For a pressure supported medium

in a gravitational potential, hydrostatic equilibrium implies

aP _GM(<r)

- 5 (3.10)

Given that X-ray derived mass determinations of clusters assume that this condi-

tion holds, its validity following mergers is of significant importance. Recent studies
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have found evidence suggesting that clusters for which hydrostatic equilibrium can
be accurately assumed are rare but no consideration has yet been given to whether
systems can fail to be in hydrostatic equilibrium while appearing undisturbed. In
Fig. 3.17 we plot the evolving hydrostatic disequilibrium parameter of our merger

remnants following t,.crete given by

~1dP
P dr

He14 2 dar
=TT

(3.11)

The evolution of hydrostatic disequilibrium for our systems all follow the same
qualitative pattern. Shortly before tycerete, at both Rso0 and Ragg, they experience
significant positive excursions in H as the secondary core accretes to the remnant core.
Following this, H is seen to oscillate with damped amplitude in each case with the
oscillations at Rygo lagging in phase behind those at Rsq9 by ~ 0.5 Gyr. The phase of
these oscillations is generally such that at Ryg, a period of positive H lasting ~ 2 Gyr
with an amplitude of 10 — 20%, occurs at or shortly after t,ccrere- At Rsgo, slightly
lower amplitude (typically ~ 10 —20%) and less coherent oscillations persist until the
end of our simulations.

Regular disruptions of hydrostatic equilibrium such as those depicted in Fig.
3.17 could translate into discrepancies in X-ray mass measurements obtained from
methods which assume the validity of Eqn. 3.10. We shall examine this issue in
more detail in Chapter 4 where we will discuss the effects of mergers on global cluster

observables and scaling relations.

3.3.3 Comparison of apparent and formal states of relaxation

In Section 3.2 we found that our merger remnants generally appear relaxed

through centroid (our preferred method) and power ratio measures once the isophotes
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of our simulated 2z = 0.1 Chandra observations appear undisturbed at t,¢qz.

In Table 2.2 we list the times at which our systems are formally virialized (tyiriar;
measured for the dark matter) or in hydrostatic equilibrium (¢py4r0; taken to be when
the system sustains |H| < 0.15) at Rsp0. Our systems are generally virialized (both
the gas and dark matter) within Rso at or near t,.;,, while late accretion of material
renders the system somewhat less virialized (5% versus our 2% virialisation criterion)
at Rogo in our 10:1 mergers at t,.q,. We also list the redshifts at which the secondary
would have to cross Rag of the primary in order to be seen in each phase at redshifts
of z= 0.1 and z = 0.5. We can see from this how unlikely virialised or hydrostatic
clusters should be at z = 0.5.

We thus find that our merger remnants are generally virialized at or shortly
(< 2Gyr) after appearing relaxed to visual inspection. However, even at this time
merger remnants are adiabatically oscillating, exchanging energy between thermal and
kinetic components. They are in hydrostatic equilibrium only at the 10-20% level at
this time and sustain this level of hydrostatic disequilibrium with little change after

appearing relaxed.

3.4 Transient Structures

Our simulations reveal that the phenomena generally referred to as “cold fronts”
consist of several classes of transient structure formed by the disruption of compact
cool cores in off-axis mergers. Previous theoretical studies of cold-front production
have focused primarily on the disruption of the secondary’s core but our analysis
reveals that both cores can be involved. Several other transient phenomena such as
core surface brightness discontinuities and oscillations are naturally formed in the
process as well. In this section we shall discuss in more detail the processes driving
the formation of these structures, noting where possible the occurrence of each in

presently published observations of cluster mergers.
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3.4.1 Bridges

At two points during a cluster merger, luminous bridges connecting the interact-
ing systems can be formed. In the first, the outer atmospheres of the merging clusters
become compressed on the incident side of the collision during preinteraction. The
resulting increase in gas density and temperature between the systems leads to en-
hanced surface brightness between the two systems and the formation of a luminous
bridge. This effect is short-lived (~ 0.5 Gyr in the 1:1 cases, less in others) but has
been observed in several systems including A399/401 (Sakelliou & Pohman, 2004)
and A1750 (Belsole et al., 2005). B

As discussed in Section 3.1.3, material stripped by ram pressure from the inter-
acting clusters becomes dispersed, forming comet-like tails which trail their surviving
cores following t..sest- Due to the density gradients of the systems they are passing
through and the scaling of ram pressure with the density of the flowing material, this
process is more efficient on the side of each core incident to the collision. As a result,
overlapping enhancements of stripped material form behind each core, producing a
luminous bridge which joins the two systems.

Following t..sest;, material from these regions moving in the plane of the orbit
is driven together. It becomes particularly concentrated in a curved planar feature
oriented normal to the plane of the orbit. As a result, the surface brightness of this
bridge is most bright and concentrated in z-projections. In z-projections it is not
discernible and in y-projections it is significantly wider and more diffuse. The cores
of both clusters appear disturbed at these times, distinguishing this process from the
one acting during preinteraction.

The dependence of the brightness and shape of the bridge could be used as a useful
cue when interpreting the orientations of observed merging systems. In A1758 (David
& Kempner, 2004) for instance we see an excellent example of a system apparently

exhibiting a post-interaction bridge. The two merging systems in this case (A1758N
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Figure 3.18: The left panel of four plots shows entropy maps for our 3:1 v;/V, = 0.15
simulation illustrating the ejection of two distinct “plumes” (labelled A and B) of low
entropy material from the primary core in response to the pericentric passage of the
secondary. The first is triggered by the shocks that precede the secondary, and the
second by negative pressure gradients in the wake behind the secondary. The right
panel of plots illustrates the ejection of a plume (labelled C) from the secondary at
apocentre in the same simulation. The plumes eventually evolve into streams and
most of the ejected low entropy material flows along the streams into the primary
core. Each frame above is 1.5 Mpc on a side and is a z-projection of a 0.5 Mpc thick
slice.
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and A1758S) both have disturbed cores and there is an obvious bridge connecting
them. The width of the bridge is more than 1.2 Mpc suggesting that the system may
be significantly inclined to the plane of the sky. Other systems exhibiting similar
morphologies include A1644 (Reiprich et al., 2004), A754 (Henry et al., 2004) and
A115 (Gutierrez & Krawczynski, 2005). '

3.4.2 Plumes

In Section 3.1.3 we noted that in all of the off-axis cases we have studied, out-
wardly propagating collimated plumes of primary and secondary core matérial are
produced between tsest and topo. Several mechanisms are involved in the production
of these structures, a few of which have been discussed previously in the literature.
Mathis et al. (2005) provide a good summary of theoretical research involving the
disruption of cold cores. Their work supports the claims of Heinz et al. (2003) who
illustrate the important influence of ram pressure stripping during the disruption
of merging cluster cores. However, they emphasise that other processes are likely
essential to the formation of cold fronts.

Our study confirms and expands upon this claim. Although ram pressure is
certainly important for the disruption of both clusters, it is primarily only responsible
for the stripping of material roughly beyond Ras00 ~ 500 kpc (moderately high entropy
material). It does not lead to the prominent low entropy radial plumes produced in
our simulations. In our simulated Chandra images, the period during which ram
pressure stripped material is bright enough to produce an observable “comet-like”
surface brightness feature is brief (~ 0.5Gyr) and occurs only at or shortly after
terosest- A disturbed merging system spends most of its time at or near apocentric
passage. In our simulations, material stripped by ram pressure has dispersed and is
no longer apparent in surface brightness by that point. Bright features of displaced

core material are produced primarily by other mechanisms during this longer lived
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phase.

In Fig. 3.18 we illustrate the production of three low entropy plumes generated
from the cores of the primary (Fig. 3.18a) and secondary (Fig. 3.18b) with a series
of entropy maps covering the evolution of our 3:1 v;/V, = 0.15 simulation during first
pericentric passage (Fig. 3.18a) and apocentric passage (Fig. 3.18b). In these figures,
the secondary enters from the bottom left and passes underneath and near to the core
of the primary.

In Fig. 3.18a we see that two plume-like structures (labelled “A” and “B”) are
produced from the primary core. The one labelled “A” is produced on the side youghly
opposite from the point of closest contact with the secondary core at tosest. This
feature is generated from material which has become confined in a narrow structure
by the convergence of the shock as it passes the primary core. This behaviour is
produced by refraction of the shock due to the decline in the primary core’s sound
speed into the centre.

The other two plumes (“B” and ’C’ in Fig. 3.18) are produced through distinctly
different means. In the off-axis simulations we have studied, short-lived but strong
negative radial pressure gradients can be generated near the cores of the interacting
clusters, leading to the ejection of low entropy material into the outer regions of the
merger remnant. Since these gradients are often very localised, the ejection tends to
be highly directional leading to the formation of large outwardly flowing collimated
plumes. Since the process is adiabatic, the ejected material retains its low entropy
and eventually reaccretes to the core of the remnant. This occurs as low entropy
streams of high velocity material over an extended period lasting well after tuccrete
(see Section 3.4.4).

Two mechanisms generally conspire to make this happen: the sudden release of
compressive forces due to changes in the relative radial motion of the systems and the
presence of low pressure regions in the direction toward which material is dispersed as

a result. After pericentric passage, the primary’s core is rapidly compressed and the
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wake of the secondary’s motion creates a large low pressure region on the incident side
of the collision. Low entropy material from the primary’s core becomes ejected back
along the secondary’s path as a result, forming plume “B”’ which reaches a radius of
~ 800 kpc in this case.

The secondary core is subject to these mechanisms at ¢,,, when it turns around
and returns to the primary core. The decline of ram pressure at that time results
in the release of compressive forces and the strong negative pressure gradient of the
primary at such radii provides a low pressure region for the secondary core’s material
to disperse towards. These mechanisms are assisted by a gravitational “sling-shot”
effect resulting from the lag of the secondary’s gas core behind its dark matter halo, as
noted by Bialek et al. (2002). This lag is due to the additional pressure experienced by
the gas but not the dark matter. The net result of these processes is the displacement
of a significant portion of the surviving secondary core’s material outwards to its tidal
radius. This material is then efficiently stripped away by tidal effects forming plume
'C’ depicted in Fig. 3.18b. As a result, the plume formed from the secondary after
apocentric passage assumes the morphology of a trailing tidal tail (Toomre & Toomre,
1972). More specifically, it has a shape which is curved in the same sense (from tail
to core) as the orbit (see Fig. 3.18b). As the system passes apocentre, this structure
precesses until it is oriented radially with the primary core. Plumes ejected from
primary cores at tgosest are confined by the pressure gradients of the secondary’s
wake and do not share this shape nor evolution.

The symmetry of our 1:1 off-axis mergers means that all of the processes discussed
above act on both cores equally to create a pair of symmetric plumes. They connect at
tacerete forming an “integral” shaped structure. Its curvature is much more pronounced
in the v;/V, = 0.4 case. Comparing Figs. 3.3 to 3.6, we can see that the plumes formed
from the secondary cores are quite similar between the 1:1 and 3:1 cases. However,
in the 3:1 cases the plumes formed from the primary core reach much smaller radii.

The compressive forces generated in our 10:1 simulations are far less significant
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than in the 1:1 or 3:1 cases resulting in a much less significant plume of primary core
material following t.esest- Furthermore, the resulting pressure gradients are far less
localised and result in a broader and less collimated displacement of material. By
tapo, all of the material of the secondary beyond 300 kpc has been completely stripped
and dispersed into the outer regions of the system. Part of the core survives until
tacerete though, generating a small but undetectable plume after t,p,.

Several examples of observed systems exhibiting these morphologies exist includ-
ing A1758 (David & Kempner, 2004) and A2744 (Kempner & David, 2004). These
systems possess disturbed accreting cores with curved shapes. In both cases,.the au-
thors suggest that they are products of ram pressure stripping but this interpretation
is not consistent with our simulations in either case: their large projected separations
from their primary cores and their shape suggest they have ejected plumes similar
to plume 'C’. A1758N appears to have passed in front of A1758S from east to west,
transited apocentric passage and is ejecting a plume of material as it returns back to-
ward A1758S. The A1758N plume is curved in the sense expected from such an orbit.
A plume from the core of A1758S is apparent but lacks the same curved appearance.
This may mean that A1758S is the more massive of the systems and has a plume
such as plume “B” depicted in Fig. 3.18a, or that projection effects are distorting its
appearance.

A more secure example of a plume being ejected from a massive primary system
such as plume “B” can be seen in A1644 (Reiprich et al., 2004). As noted above,
this system has a significant bridge joining the interacting systems. It appears to
be at or near apocentric passage and the bridge’s lack of curvature, the absence of
curved plumes and the thickness of the bridge suggest that the system’s orbit is highly
inclined. Although the temperature map is cut-off near the main system to the south
west, there is a strong suggestion of an elongated cold region similar to plume “B”
seen in a y-projection. As we would expect from such an orientation, this feature is

nearly collinear with the bridge.
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Another good example of a system which appears to have had a plume of primary
core material ejected by a merger is A2744. Kempner & David (2004) suggest that
this system is a 4:1 merger and should compare well to our 3:1 off-axis cases. We
conclude from the structure of the bridge joining the interacting systems and the shape
of the secondary’s plume that this system is near apocentric passage and significantly
inclined. The left-handed orientation of the secondary plume’s curvature suggests that
it has passed behind the primary in a north western direction and is now travelling
towards us near apocentric passage. Consistent with this interpretation we find a
cold region to the south east of the primary, where the secondary would have.entered

the system, ejecting a plume from the primary’s core.

3.4.3 Induced core rotation

Due to the initial gas density gradients of the systems, the ram pressure acting on
the cores as they pass each other is differential in off-axis cases. This induces torques
on the gaseous components of each system causing them to rotate. Generally, the
result is two co-rotating cores lasting from .55 to the second pericentric passage at
tacerete When the coherence of this motion is disturbed. Remarkably, the release of the
pressure gradients which lead to plume “B” in Fig. 3.18a applies enough torque on
the primary core in our 3:1 v;/V, = 0.15 case to cause the core to counter-rotate. This
is the only instance in which we witness such counter rotation and more exploration
of orbital and mass ratio parameter space is needed to understand how often this
occurs.

As a result of its induced rotation prior to apocentric passage, our secondary
cores have prograde rotations when they eject the material which form the tidal tail

plumes discussed above. This enhances the efficiency of the process.
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Figure 3.19: Different time snapshots of the radial velocity maps (mass weighted)
for the gaseous component in the 3:1 v;/V. = 0.15 simulation showing the collision
of a high velocity stream (labelled B) with the remnant core. In this specific case,
the primary and the secondary cores merged at t,eerete= 2.5 Gyr. Stream B consists
of low entropy material that was originally part of the secondary core but shorn off
during the course of the merger. Also shown is a stream feature (labelled A) that is
not readily apparent in the surface brightness map but which corresponds to a stream
associated with returning material originally ejected from the primary core during the
creation of plume ‘A’ (see Fig. 3.18a). Each frame here is 3.0 Mpc on a side and is a
z-projection of a 0.5 Mpc thick slice.
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3.4.4 Streams

The plumes of material removed from the cores of merging clusters discussed in
Section 3.4.2 collect into large collimated structures. Because of the reduced entropy
of this material, its buoyancy is low and it ultimately accretes onto the remnant core
after the remainder of the secondary core does so at tuecrere- As a result, long lived
(~ 2 Gyr) high velocity (v ~ 1000 kms™!) structures form in the cores of the remnant
before the system relaxes. We distinguish these structures from plumes because they
are inwardly propagating high velocity structures of low (generally undetectable) sur-
face brightness and are not associated with an apparent merging core (the seCondary
having been accreted and its observable presence destroyed at taccrete)-

In Fig. 3.19 we present a series of radial velocity maps for our 3:1 v;/V, = 0.15
simulation illustrating the interaction of two low entropy streams (labelled “A” and
“B”) with the remnant core. The secondary core accretes from the top right at
tacerete= 2.5 Gyr in this case and the stream formed from its disruption (labelled “B”)
follows it from the same direction. Another inwardly radial (but unapparent in surface
brightness) feature (labelled “A”) can be seen on the opposite side of the system in
these frames. It is a long lasting stream formed from plume “A” identified in Fig.
3.18a.

Large scale bulk motions with velocities similar to these streams were observed in
the cores of merger remnants in the cosmological AMR simulations of Motl et. al. (2004).
These authors raise concerns that such motions preclude the existence of actively cool-
ing cores. In our simulations, high velocity structures in the core remain highly colli-
mated and completely disrupt cooling of the core in only one case (3:1 v;/V. = 0.15).
Even in this extreme case, cooling resumes on rapid (~ 300 Myr) timescales once the
stream finishes its accretion. This takes ~ 2Gyr. In all other 1:1 and 3:1 off-axis
cases we have studied, the high velocity streams possess enough angular momentum

when they accrete to miss the region of active cooling. In the 10:1 cases, the stream
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does not significantly disrupt cooling even when it does interact directly with the
remnant core. In Chapter 5 we will examine in more detail the effect these streams
can have on the final structure of a merger remnant.

The low entropy streams formed in the 1:1 off-axis cases are highly collimated and
accrete quickly soon after t,..rete. In all cases, some portion of the streams are visible
until t,eerete When their appearance becomes disrupted by the second interaction of
the cores. In the v;/V. = 0.4 case, the accreting streams form a large low entropy
spiral which evolves into a ring roughly 1Mpc in diameter by t,eq. (see Fig. 3.2).
This structure then slowly dissolves, disappearing ~ 2 Gyr after forming.

The secondary cores in our 3:1 mergers become more significantly disrupted after
terosest than in the 1:1 cases. As a result, material stripped from the secondary core
becomes dispersed over a larger volume. Furthermore, it accretes slightly later than
tacerete and over a longer period. The streams are barely observable in our simulated
Chandra observations for only a ~ 300 Myr following t,cerete-

Streams such as these have low surface brightness and are best observed in the
temperature structure of clusters. They should manifest as cold fronts oriented ra-
dially to the primary core with no obvious secondary core being present. There are
several examples of observed systems like this. In A576 for instance, Kempner &
David (2004) note a “finger” of cool gas which extends to the northwest of the system
from its core. In A2255 (Sakelliou & Ponman, 2006) there is a distinct cool region
to the southeast of the cluster core which is not associated with an obvious peak in
X-ray brightness. Finally, in A2034 (Kempner et al., 2003) there is a large diffuse
tail of relatively cool gas extending towards the south of the cluster centre with no

obvious X-ray peak associated with it.
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2.6 Gyrs

2.8 Gyrs

Figure 3.20: Surface brightness maps of our 3:1 v;/V,. = 0.15 simulation showing the
formation of 2 “edges” associated with the accretion of the secondary (labelled A)
and the stream of low entropy material that follows the secondary (labelled B). The
first “edge” is weak feature that moves outward in radius and disappears soon after
tacerete- The second “edge” is more well-defined and remains stationary during the
accretion of the stream material, a process that can last for ~ 0.5 Gyr. We do not see
any examples of “edges” produced by core oscillations, nor do we find evidence for
significant core oscillations in our simulations. Each frame shown is a z-projection
0.5Mpc on a side.
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3.4.5 Edges

The enhanced spatial resolution of Chandra has revealed that the central regions
of several clusters exhibit “edges” in their surface brightness as a result of large and
localised gas density gradients. Among these are RXJ1720.1+2638 (Mazzotta et al.,
2001), A496 (Dupke & White, 2003) and A1795 (Markevitch, Vikhlinin, & Mazzotta,
2001). Systems with several of these features have also been found including A576 (?)
which has at least 2 within 50kpc and ZW3146 (Forman et al., 2002) which has 3 at
r ~ 20, 45 & 170kpc. Attempts to account for these features have generally invoked
bulk motions of cold core material with respect to its surrounding ICM. Explored
mechanisms capable of driving such motions include the activity of jets from central
AGN (Fabian et al., 2005) or gravitationally induced motions due to small passing
substructure (Markevitch, Vikhlinin, & Mazzotta, 2001; Tittley & Henriksen, 2005).

Occasionally when the streams discussed in Section 3.4.4 accrete to the centre of
the remnant, an interface forms between it and the stationary core. Significant and
abrupt jumps in density, temperature and pressure can result accompanied by a jump
in surface brightness reminiscent of observed edges.

In Fig. 3.20 we show the evolution of two such edges following t,ccrere for our
3:1 v;/V, = 0.15 simulation. As the secondary core accretes to the primary core in
this case, it does so on the top right side. This leads to an expanding edge (labelled
“A”) which starts at a radius of 120kpc and disappears 0.3 Gyr later at a radius of
210kpc. The stream which follows the accreting secondary core gets deflected towards
the bottom of the core by this structure, forming a more significant edge (labelled
“B”) at a radius of 40 kpc which lasts for 0.5 Gyr.

In Section 3.4.4 we noted several systems which show evidence of streams of
radially collimated material. In two of these, A576 and A2034, there are obvious
edge features present. In the case of A576, these edges are aligned properly with the

orientation of the stream to be a produced by it. In the case of A2034, the edges are
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apparently on the opposite side from the stream. In our simulations, multiple streams
are typically produced by a single merger. It may be that an unseen stream (possibly
produced by the same event which generated the observed stream) is responsible for
the observed edge in this case. It may also be that the observed stream is passing in
front of or behind the core before making contact with it.

No obvious edges are produced in our simulations by core oscillations. Edges
produced through the accretion of streams are distinct, long lived (~ 500 Myr) and
can yield multiple edges (such as those seen in A576) simultaneously. The last of these
properties is difficult to account for through core oscillations but naturally explained

as a product of accreting streams.

3.5 Chapter summary

Using the simulations presented in Chapter 2, we have studied the dynamical

evolution of typical X-ray cluster mergers. The findings of this chapter are:

e Following a detailed qualitative analysis, we have identified a generic progres-
sion for typical cluster mergers. The stages of this progression are: (i) pre-
interaction, (ii) initial closest approach, (iii) apocentric passage, (iv) accretion
and disruption of the secondary core and (v) relaxation. To facilitate compar-
ison and interpretation of observations, we describe in detail the interactions
associated with the gas components of the two merging systems during each of
the stages and quantify the times at which these stages arise relative to the be-
ginning of the merger. We also show gas density, X-ray surface brightness, gas

temperature, SZ and gas entropy maps at different points during the mergers.

e Moderate and massive mergers tend to run for 4.5-5.5 Gyr, while minor mergers
last for up to ~ 2 Gyr longer (in good agreement with the trend identified by

Tormen et al., 2004). This duration is the elapsed time from the point when
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the secondary’s centre of mass crosses Ry of the primary (the beginning) to
the time when the gas distribution in the final system has relaxed and nearly
returned to virial/hydrostatic equilibrium (the end). Typically, off-axis mergers

run longer than head-on mergers.

e In simulated 50ks Chandra observations (assuming z = 0.1), all easily identi-
fiable substructure generated by our merger events disappear during the sec-
ondary’s second pericentric passage of the primary core. However, the system
takes an additional ~ 2 Gyr for its isophots to appear relaxed. Temperature
fluctuations are not necessarily a reliable indicator of the system’s dynamical

state.

e We find that following the merger, the resultant system settles into virial equilib-
rium sooner than into hydrostatic equilibrium. In many cases, the final cluster
exhibits oscillations that result in instantaneous deviations from hydrostatic
equilibrium by as much as 15% for as long as 7 Gyrs after the beginning of the
merger. We also find that generically complex patterns of entropy and temper-
ature fluctuations, at the level of AT/T ~ 20%, can persist in the final systems
well past the point when the systems appears relaxed. Based on our findings,
we suggest that temperature fluctuations of this order, without any other cor-
roborating signatures of ongoing merger, should not be interpreted as evidence

of a highly disturbed system.

e We find that in none of the cases considered are the initial cool compact cores
of the primary and the secondary destroyed during the course of the mergers.
Instead, the two remnant cores eventually combine to form a new core that,
depending on the final mass of the remnant, can have a greater cooling efficiency
than either of its progenitors. We will discuss this behaviour in more detail in

Chapter 5.
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e While the large scale coherent displacements between the dark matter and gas
components in the merging system are not uncommon, they do not trigger any
obvious surface brightness discontinuities. Within the central 50 kpc, the gas
and the dark matter remain tightly coupled to each other. We do not see any

evidence of core oscillations or of any associated heating.

e We investigated the efficacy of three measures used to quantify the degree to
which observed clusters are disturbed. These are (i) centroid variance, (ii)
power ratios, and (iii) X-ray surface brightness/projected mass displacement.
We find that the centroid variance is the best of the three. It best reftects the
state of the cluster as determined by visual examination. It also provides an
excellent indicator of how far the system is from virial and hydrostatic equilib-
rium. The power ratios are very sensitive to noise and once this is factored in,
they provide an unambiguous signal only when the system is highly disturbed.
The X-ray/mass displacement are extremely sensitive to weak but long-lived

perturbations in the dark matter distribution caused by low mass mergers.

e During the course of the merger, we find a variety of transient features arising
and disappearing in the projected temperature, entropy and surface brightness
maps, most of which resemble “cold fronts” observed in recent Chandra and
XMM observations. While “cold fronts” are generally associated with the dis-
ruption of the secondary’s core, we find that they can be caused by several
different mechanisms. The resulting features can potentially be distinguished
based on their morphological properties. Interested readers are referred to Sec-
tion 3.4 for examples of clusters whose recently published X-ray images show
examples of the different types of transient structures. We propose the following

classification scheme based on their origin and appearance:

— “Comet-like” tails: Ram pressure strips the outer atmospheres of sec-



Chapter 3: Dynamical evolution and emergent transient structures 94

ondary systems forming very brief (~ 0.5 Gyr) comet-like morphologies for
both cluster cores (except the primary in 10:1 mergers). This morphology

is observable only between first pericentric and apocentric passages.

— Bridges: Ram pressure disperses core material from both cluster cores in
1:1 and 3:1 cases. A luminous moderate-entropy bridge resulting from the
convergence of the two resulting regions of dispersed material is produced.
This structure remains observable in 50ks Chandra exposures at z = 0.1
until secondary core accretion in our 1:1 mergers and until apocentric pas-
sage in our 3:1 mergers. The morphology of this structure could be useful

as a cue for determining the inclination of observed merger systems.

— Plumes: Pressure gradients produced by the secondary’s motion at t.,sest
and t,y, can lead to the ejection of significant amounts of the primary
and secondary cores’ gas. This material forms large collimated plumes
of low-entropy material. At apocentric passage, material ejected in this
way from the secondary’s core becomes tidally stripped and adopts the
morphology of a trailing tidal tail. The majority of observed disturbed
merging cores likely owe their appearance to this process, rather than ram

pressure stripping.

— Streams: Low entropy streams form from these plumes and accrete to the
centre of the remnant following the second pericentric passage and dis-
ruption of the secondary core at t,ccrete. 1This material remains collimated
and typically has enough angular momentum to avoid a direct impact with
the remnant core. This mitigates the concerns of Motl et. al. (2004) who
suggest that high velocity structures formed in mergers may prevent the
formation of compact cool cores. These streams may also play an impor-

tant role in fuelling the activity of central AGN in clusters.

— Induced core rotation: Off-axis mergers subject the gaseous cores of both
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merging clusters to torques which induce rotation. In one simulation (our
3:1 v;/V. = 0.15 case), the resulting rotation of the primary’s core is retro-
grade to the secondary’s orbit. In all cases, the coherence of this rotation
is completely disrupted by the disruption of the cores during second peri-

centric passage.

— FEdges: Streams can accrete directly onto the core of the remnant, gener-
ating strong “edges” in surface brightness and gradients in temperature
and density. The resulting features are similar to several cold front sys-
tems whose morphology had previously been attributed to AGN-activity

or motion of the gaseous core within its dark matter potential.

In the following chapter we will use this understanding of the dynamical pro-
gression of mergers to interpret the evolution of a merging system’s observable global

X-ray and SZ properties.



Chapter 4

Effects on X-ray and SZ scaling

relations

Abstract

We use the suite of simulations presented in Chapter 2 to examine global X-ray and
Sunyuev-Zeldovich (SZ) observables for systems of merging relaxed X-ray clusters.
The time evolution of our merging systems’ X-ray luminosities, temperatures, total
mass measures, SZ central Compton parameters and integrated SZ fluxes are pre-
sented and the resulting impact on scaling relations examined. In all cases, and for
all parameters, we observe a common time evolution: two rapid transient increases
during first and second pericentric passage, with interceding values below their ini-
tial levels. This is in good qualitative agreement with previous idealized merger
simulations (e.g. Ricker & Sarazin, 2001), although we find several important differ-
ences related to the inclusion of radiative cooling in our simulations. These trends
translate into a generic evolution in the scaling relations as well: a rapid transient
roughly along the mass scaling relations, a subsequent slow drift across the scatter
until virialization, followed by a slow evolution along and up the mass scaling re-
lations as cooling recovers in the cluster cores. In none of the scaling relations we
have examined with observations sufficient for comparison (the L, — T,, M; — Ty,
and M; — L) is this drift sufficient during typical events to account for the observed
scatter. In addition, the scatter in the limited available observations of the y, — L,
plane is too large to be accounted for by our mergers. Lastly, we examine the X-ray
SZ proxy proposed by Kravtsov et al. (2006) and find that the tight mass scaling
relation they predict remains secure through the entire duration of a merger event,
independent of projection effects.
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It has been known for some time that clusters obey simple and relatively well
defined power-law scalings between many of their globally integrated or averaged
properties (e.g. temperature, X-ray luminosity and mass). Due to their proven
utility in cosmological studies (see Voit, 2005, for an excellent review), their use as
constraints on theoretical models of galaxy formation (Babul et. al. , 2003) and the
significant discrepancy between observations and simple early theoretical expectations
(e.g. Kaiser, 1986; Markevitch, 1998), these relations have received a greatrdeal of
scrutiny in recent years.

Significant progress has recently been made towards reconciling theoretical ex-
pectations for these relations with observations (e.g. Voit et al., 2005). As a result,
attention is now being diverted towards accounting for their observed scatter. One
significant early step towards this goal was made by McCarthy et. al. (2004, M04
hereafter) who illustrated that the position of systems relative to the mean observed
L, — T, and M, — L, relations correlates with the system’s central entropy, and
hence the morphology of a system’s core. Specifically, they found that systems with
compact cool cores (CCCs; classically identified as “cooling flow” systems) and low
central entropies tend to lie on the high-luminosity /low-temperature sides of observed
distributions while systems lacking compact cool cores (NCCs; classically identified
as “non-cooling flow” systems) and possessing elevated central entropies lie on the
low-luminosity /low-mass sides. Recently, O’Hara et al. (2006) have demonstrated
that these two populations exhibit similar scatter in these planes when their cores
are removed during analysis. This suggests that variations in core properties are pri-
marily responsible for the scatter in observed scaling relations and that clusters of all
morphologies exhibit similar deviations from equilibrium due to past merger activity

(this is supported by the results of Chapter 3).
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These results are corroborated by Balogh et al. (2006) who find that variations
in dark matter structure and uncertainties in cosmological models can not account
for the scatter in L, — T, or M; — L, scaling relations, suggesting that variations
in the minimum level of core entropy due to differences in heating and/or cooling
efficiencies of core material are responsible. Little speculation is made regarding
the physical origins of such efficiency variations but they suggest that mergers are
not likely the source, sighting qualitative observations made by authors of previous
theoretical merger studies that mergers generally drive systems to evolve parallel to
observed scaling relations. This lies in stark contrast to the work of Smith et al, (2005)
however, who use strong lensing measurements and high resolution Chandra obser-
vations to illustrate a correlation between the degree to which local cluster cores are
disturbed and their variance from the mean M; — L,, M; — T,, and L, — T, scaling
relations.

Hence, several unresolved issues regarding the role of mergers in shaping the
scatter in observed cluster scaling relations persist. Furthermore, scaling relations
involving the integrated Sunyuev-Zeldovich (SZ) properties of clusters, although pre-
viously considered (McCarthy et al., 2003), have received significantly less attention
than those involving mass, X-ray luminosity and temperature. With the impending
availability of large and statistically significant datasets of SZ observations, a careful
examination of the effects of mergers on SZ scaling relations is warranted.

In this chapter we will use the set of simulations presented in Chapter 2 to
examine the effects of mergers on cluster scaling relations (see RS01 for a particularly
good study of some of the issues addressed in this chapter).

In Section 4.2 we present the temporal evolution and scaling relation of our sys-
tems’ X-ray luminosity and temperature, examining the effects of various temperature
measures and of core excision on the behaviour of these quantities. In Section 4.3
we examine the effectiveness of hydrostatic mass estimates, its isothermal #-model

implementation and the M; — T, and M; — L, scaling relations which are obtained
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from them. In Section 4.4 we study the evolution of our systems’ SZ properties (both
central Compton parameters and integrated SZ fluxes), examining the effectiveness
of the B-model approximation often implemented by observers as well as the most
relevant scaling relations which can be constructed from them. In Section 4.5 we
examine the effects of mergers on the X-ray SZ proxy recently proposed by Kravtsov
et al. (2006). Finally, we summarize the most notable results of the chapter in Section

4.6.

4.1 Some comments regarding the frequeney of
mergers

In this chapter we seek to understand the role which mergers are likely playing
in shaping the statistical properties of clusters as studied through observed scaling
relations. It is important to note however that our simulations certainly are not

uniformly represented in these statistics.
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In current theories of hierarchical cluster formation, the likelihood of merger
events is expected to have a strong dependence on the mass ratio of the interacting
systems. Equal mass mergers are expected to be exceptionally rare, 3:1 mergers
common and 10:1 mergers ubiquitous (Cohn & White, 2005). Although there is
evidence that equal mass mergers have occurred (e.g. the Cloverleaf cluster studied
by Finoguenov et al., 2005), they are exceptionally rare and we include them in
this study primarily for completeness. All clusters should have experienced mergers
similar to our 10:1 mergers. For these reasons, when considering the effects of mergers
on scaling relations, we will primarily be concerned about the effects of 3:1 gnd 10:1

events.

4.2 Luminosity and Temperature

In this section we present the details of how we compute global luminosities and
temperatures for our simulations. We shall find that the temperatures of our merger
remnants scale in accord with observed mass scaling relations, but that the luminosity
does not. Excising the cores of our clusters improves this discrepancy. We will then

illustrate the consequences of this for the L, — T, scaling relation.

4.2.1 Luminosity

A cluster merger leads to transient increases in both X-ray luminosity (L,) and
temperature (7}) which can pose significant problems for cosmological studies (Ran-
dall et al., 2002). In their study, RSO1 found that after an initial transient increase at
the time of first pericentric passage, the luminosity of the system drops to a fraction
of its initial value with a second smaller peak ~ 2 Gyr later when the secondary core
returns from apocentric passage. These sharp transient increases in L, can translate

into a skewing of the high-mass end of mass functions derived from observed X-ray
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Figure 4.1: Bolometric X-ray luminosities (L,) measured within Rs(¢). The thin
blue curve traces the evolution of the system with the central 0.1 Ry excised from
consideration (i.e. “core corrected” luminosities) while the thick red curve traces the
evolution with this region included (i.e.  “uncorrected” luminosities). Thick hori-
zontal dashes indicate the initial bolometric luminosities scaled by the change in total
mass within Fsg from initial to final states using the observed M; — L, scaling rela-
tion of Reiprich & Bohringer (2002). Vertical dotted lines indicate (from left to right)
the times ¢, (virial crossing), t.esest (first pericenter), tyeerere (second pericenter) and
treiar (the moment our remnants would appear relaxed to a 50ks Chandra exposure
at z = 0.1). Black text around the boundary indicates the mass ratio and wv;/V,
depicted by each panel.
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luminosity functions and mass luminosity scaling relations. This can translate into
a upward bias in og of as much as 20% and a downward bias in €2, of comperable
extent.

In Fig. 4.1 we present in red the temporal evolution of the bolometric X-ray lu-
minosities of our simulations integrated within the varying radius Rsep(t). Although
detailed comparisons to RS01 are complicated by the fact that we are not integrating
over the entire simulation volume, we see a similar double peaked evolution in lumi-
nosity to what is noted in their work. Furthermore, we find a similar trend in the
reduction of the final remnant’s luminosity with impact parameter. -

There is however one notable and generic feature of our simulations not present
in RS01: a persistent increase in luminosity after ¢,¢,,. This increase follows the
relation L,(t) = Ly(treiaz) exp (at) where a = 0.08 — 0.14. We also plot, in blue on
this figure, the evolution of each system’s luminosity with the central 0.1Rsq, excised.
These curves (and an examination of the evolving surface brightness profiles of our
simulations) reveal that most of this change is arising from increases in the surface
brightness of the system within this excised region. This is a result of increasing cen-
tral gas densities arising primarily from cooling and (to a lesser extent) the accretion
of material, dispersed to large radii during the interaction, reaccreting to the center
of the system.

Also plotted on Fig. 4.1 are horizontal dashes indicating the bolometric lumi-
nosities that we would expect if our remnant systems evolved to states which preserve
the observed M, — L, scaling determined by Reiprich & Bohringer (2002). We use
the total mass integrated within Rsgo for this purpose. For the total luminosity (in
red) we see that our remnant systems generally manage to recover their expected
values by the end of the simulation in head-on cases. However, the luminosities of
our off-axis merger remnants are systematically lower (by 16 — 50%); see table 4.1)
than expected from the observed mass scaling relation. This discrepancy generally

increases with impact parameter.
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Figure 4.2: Temperatures (7, ) measured within Rsy(t) using several techniques dis-
cussed in the text. Emission weighted temperatures (7,,) are illustrated with red
curves, spectrally fit temperatures (Type.) with black curves, and “spectroscopic-
like” (T, computed according to Mazzotta et al., 2004) temperatures with blue
curves. The thick magenta lines are spectrally fit temperatures with the cool cores
(r < 0.1Ryy) excised. Horizontal dashes indicate spectral temperatures scaled from
their initial values using the observed M; — T, scaling relation of Sanderson et al.
(2003). Vertical dotted lines indicate (from left to right) the times ¢, (virial cross-
ing), teiosest (first pericenter), tocerere (second pericenter) and tyeqe (the moment
our remnants would appear relaxed to a 50ks Chandra exposure at z = 0.1). Black
text around the boundary indicates the mass ratio and v;/V, depicted by each panel.
Note that the vertical scale changes for each mass ratio.
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Luminosities computed with the central 0.1Rsq0 excised (in blue) are more suc-
cessful at preserving the observed mass scaling relation. The discrepancies of the final

luminosities from these scalings are only 3 — 28% (see table 4.1) in these cases.

4.2.2 Temperature

Recently several authors have raised concerns thgt traditional methods of com-
puting ICM temperatures in theoretical studies may be introducing systematic biases
during comparisons to observations (Mathiesen & Evrard, 2001; Gardini et al., 2004;
Mazzotta et al., 2004; Vikhlinin, 2006). This bias is introduced because the ICM
of both theoretical and observed systems is not isothermal and the methods used to
compute representative temperatures have been fundamentally different.

Most theoretical measures of temperature are computed through one of a variety
of possible weighted averages while observational temperatures are obtained from fits
of plasma models to observed spectra. The most widely used theoretical measure has

been the emission weighted temperature computed from

o JADNETdv

= TAT)n2dV L

where A(T) is the emissivity of the ICM and n, its electron density. More accurate
but similarly convenient and computationally inexpensive “spectroscopic-like” weight-
ings have recently been proposed by Mazzotta et al. (2004) and Vikhlinin (2006).
From comparisons to hydrodynamic simulations, Mazzotta et al. (2004) find that the

weighting
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with a = 0.75 gives results in much better agreement to temperatures obtained from
simulated Chandra observations. In their analysis, they typically find T; to be lower
than T,,, by 20—30%. This relation is calibrated from mixtures of isothermal plasmas
of two temperatures, with variations of Ty from spectral fits being less than 10%.

The weighting of Vikhlinin (2006) is somewhat more complicated but more accu-
rately takes into account effects on 7, introduced by instrumental variations and
metallicity dependent line emission. They find a very similar power law scaling
(o = 0.79 for Chandra) as Mazzotta et al. (2004) for continuum contributions but sig-
nificant spatial variations may exist between the two measures, particularly ig cluster
cores which are dominated by low temperature line-emitting gas. However, we are
only interested in globally averaged temperatures in this work, which are dominated
by continuum emission from hot gas. Under these circumstances, very little difference
is expected between these measures and so we shall presently focus our attention on
the simpler method of Mazzotta et al. (2004).

Our systems constitute mixtures of gas covering an extremely wide range of den-
sities and temperatures, naturally raising concerns that the weightings determined
for Ty, by Mazzotta et al. (2004) and Vikhlinin (2006) may breakdown occasionally
during the interaction. To check this we have also computed spectrally fit temper-
atures (Typec). To produce this measure we compute integrated spectra over the
Chandra bandpass (0.7-7keV with 20eV resolution) and fit isothermal plasmas to
them. This is done via x? minimization weighted by the photon flux of each spectral
bin. The instrumental response of Chandra is included in this analysis as well as
galactic absorption at a level of Ny = 2 x 10®c¢m 2.

In the analysis of RS01, the emission weighted temperature of the system remains
relatively constant, interrupted only by a pair of transient increases commensurate
with the increases in luminosity discussed above. These transient increases occur dur-
ing first and second pericentric passages, when the cluster cores are shock heated and

compressed. As their systems relax, they recover to slightly higher emission weighted
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Figure 4.3: X-ray temperatures (spectrally weighted) plotted against bolometric lu-
minosities for our simulations (both integrated within Rsq) and compared against
observations. Red four and blue five point stars indicate the states of the system at ¢,
and t,eq, respectively. The red vector indicates the evolution from t, to ¢ osess While
the blue vector illustrates 3 Gyr of evolution following t,¢... The magenta line tracks
the evolution from t.psest t0 trelar (generally 4-5Gyr) during which the system is
visibly disturbed. Green crosses indicate the remnant state necessary to preserve the
observed mass-scaling relations. Black points are the observed catalogue of Horner
(2001) with squares and triangles denoting compact cool core and non-compact core
systems and open and filled points indicating apparently disturbed and relaxed sys-
tems respectively, following the approach of McCarthy et. al. (2004). Dashed lines
are our fiducial analytic entropy injection models (S, = 10,100,300, and 500 keVem?,
increasing with decreasing luminosity). Black text around the boundary indicates the
mass ratio and v,/ V. depicted by each panel.
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temperatures in equal mass events and to approximately the initial temperature in
3:1 cases.

In Fig. 4.2 we present the temporal evolution of the three temperature measures
discussed above, integrated within Rso(t) for our simulations. In all cases we witness
the familiar double peaked behaviour noted by RS01. We additionally observe the
trend noted by RS01 that the amplitude of the initial peak decreases with impact
parameter while the relative strength of the two peaks becomes more similar.

The amplitude of these peaks is significantly higher for the emission weighted
approach than for all of the other measures, suggesting that the transient ipcreases
determined by RS01 (who present emission weighted temperatures) are significantly
overestimated. This further suggests that the influence of transient temperature in-
creases on measures of og determined by Randall et al. (2002) are overestimated.

As expected, Ty and Ty, are systematically lower than T¢,, at all times. Initially,
this difference is small (~ 3%) but at late times it can be as much as ~ 10%. Given
that T}, produces results in very good agreement (less than 5% difference at all times,
in all cases except 500 Myr during first pericenter in the 1:1 near-axis cases where we
see a 20% difference) with T, throughout our merger interactions, we conclude that
the methods of spectrally weighted temperature averages developed by Mazzotta et al.
(2004) and Vikhlinin (2006) are indeed very robust during the complicated evolution
of a cluster merger. We shall use our spectrally fit temperatures for the remainder of
our analysis however, unless otherwise stated.

Given that there is such a persistent offset between the emission weighted tem-
peratures and the spectrally fit temperatures, the normalization of theoretical tem-
perature scaling relations generated with this approach are likely too high. This has
important implications for cosmological studies utilizing emission weighted tempera-
ture functions as well.

In Fig. 4.2 we place thick horizontal dashes to indicate the spectral temperature

the final remnant would have if it were scaled from the initial temperature by the
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observed M; — Tx relation of Sanderson et al. (2003). We see that immediately
following t,e142, the system is significantly cooler than this scaled value. Late increases
evolve according to Ty(t) = Ty(treiaz) €xp (at) (with @ = 0.01 — 0.03), taking the
system in all cases to roughly the observed mass-scaled temperature by the ends
of our simulations. Of the three temperature measures, 7., produces results which
most often and most significantly fail to yield the mass-scaled result, suggesting that
previous theoretical studies of the L, — T, and M; — T, relations which have employed
T.., as a temperature measure, have exaggerated the scatter in this relation introduced
by mergers. In Table 4.1, we list the discrepancies of our remnants’ temperatures from

the observed mass-scaling relation.

4.2.3 L, — T, relation

In Fig. 4.3 we present the evolution of our systems in the L, — 7, plane. We
illustrate the evolution from the initial state (red 4 point star) to tgesest Wwith a
red arrow and the evolution for 3 Gyr following t,e4. (blue five point star) with
a blue arrow. In each case, the final L, and T, scaled from their initial values by
the observed mass scaling relations of Reiprich & Bohringer (2002) and Sanderson
et al. (2003), are illustrated by a green cross. Magenta lines track the evolution of
the system from tgosest tO treiaz, While the system appears significantly disturbed
(an interval of 4 — 5 Gyr, except for the 10:1 v;/V, = 0.4 case which takes 7Gyr to
appear relaxed). This format will be used for all the scaling relations we subsequently
present.

It has been known for some time that variations in the structure of the central
regions of clusters contribute significantly to the scatter in both luminosity and tem-
perature mass scaling relations. For this reason, and out of a desire to obtain the
tightest relations possible (usually for the purposes of obtaining mass functions for

cosmological studies), authors (e.g. cite) have typically presented “core-corrected”



Chapter 4: Effects on X-ray and SZ scaling relations 110

observations for studying the L, — T} relation. It has been shown by M04 however
that there is very interesting structure in the L, — T, plane which correlates with
the morphology of the cores when the central regions are retained for analysis. To
explore the consequences (and possible contributions of) mergers to this structure,
we use the “uncorrected” catalogue presented by Horner (2001) for comparison of
our results to observations (presented in black on Fig. 4.3).

On Fig. 4.3 (and most subsequent scaling relation plots) we have also placed
dashed lines depicting theoretical mass scaling relations for a set of fiducial analytic
entropy injection models for systems with various minimum entropies. These models
are computed following the procedure of McCarthy et al. (2003) with the following
exceptions: we use the mass-concentration relation from the Millennium Simulation,
the baseline entropy profile of Voit et al. (2005), and assume a bias My (< Rago)/M(<
Rowo) = 0.99,/€,. Four lines (of decreasing luminosity at constant temperature
respectively) are plotted for core entropies of 10, 100, 300 and 500 keVem?. In Babul
et. al. (2003) it was found that the 300 keVem? model best fits the mean relation of
the data. This model is thus indicated with a thicker line type and we shall consider
it to represent the mean relation of the data in all discussions which follow.

Fig. 4.3 illustrates an evolutionary progression which we will generically find
(with occasional important differences) in all the scaling relations we present in this
paper. Initially, the red vector illustrating the evolution from initial conditions to
the maximum disturbance at t. g runs roughly parallel to our fiducial models,
supporting similar findings in previous merger studies. The magenta line (tracing
4—5Gyr of evolution while the system is significantly disturbed) then illustrates the
second transient increase in these quantities during second pericenter. It also illus-
trates the increase in the significance of this event with increasing impact parameter.
Also during this time, the system migrates slightly across the dispersion in the scal-
ing relations. Once second pericentric passage has passed and obvious substructure

dissolved, the blue vector illustrates that the systems once again evolve parallel to the
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Figure 4.4: Total masses within Rso(f) computed from our simulations. The total
mass is plotted as a thick black curve, the hydrostatic equilibrium mass (computed
from Eqn.4.4) is plotted as a red curve and the isothermal F-model mass (computed
from Eqn.4.8) is plotted as a dashed blue curve. Vertical dotted lines indicate (from
left to right) ¢, (the time of virial crossing), teesest (first pericenter), taeerere  (sec-

ond pericenter) and t,eq.

(the moment our remnants would appear relaxed to a

50ks Chandra exposure at z = 0.1). Black text around the boundary indicates the
mass ratio and v;/V, depicted by each panel.
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mass scaling relations. This occurs as cooling leads to denser, more luminous cores
and material dispersed by the interactions reaccretes to the system centres, deepening
their gravitational potentials and increasing their temperatures.

The initial conditions we have chosen place our primary systems on the high
luminosity side of the scatter in the L, — T, plane, where systems with compact
cool cores are typically found (M04). In Section 4.2.2 we found that mergers tend to
evolve to states which preserve the observed mass-temperature scaling relation but in
Section 4.2.1 found that they create remnants which are under luminous with respect
to the observed mass-luminosity scaling relation. In Fig. 4.3 we see the conseguences
of these trends: off-axis mergers tend to push typical compact cold core systems
towards the low-luminosity side of the observed L, — 7" relation.

In our off-axis 1:1 cases (which we must emphasize, are rarely observed and ex-
pected to be exceptionally uncommon) our mergers are able to drive systems to states
which cover the majority of the scatter in this plane. However, in the more common
(vet still rare) situations represented by our 3:1 mergers, states represented by our
fiducial entropy injection models with entropies higher than S = 300 keVem? are not
reached, not even transiently. Our 10:1 mergers fail to reach the mean relation of the
data under any circumstance.

When this plot is generated utilizing emission weighted temperatures, the full
dispersion of the observations is covered by both our 1:1 and 3:1 mergers. It is now
well established that this temperature measure is not viable however, so this does
not represent a means by which to account for the observed scatter. Instead, it
further emphasizes the importance of computing proper spectral temperatures when
comparing theoretical models of X-ray clusters to observations. Furthermore, not
only should the normalization of past temperature scaling relations generated with
the emission weighted measure be viewed with some scepticism (as argued in Section

4.2.2), the scatter should be as well.
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Figure 4.5: Isothermal (-model masses plotted against spectrally fit temperatures
for our simulations (both integrated within Rs) and compared against observations.
Red four and blue five point stars indicate the states of the system at ¢, and t,¢jq, Te-
spectively. The red vector indicates the evolution from ¢, to f.psst While the blue
vector illustrates 3 Gyr of evolution following ¢,c... The magenta line tracks the
evolution from fpsest 10 trerar  (generally 4-5 Gyr) during which the system is vis-
ibly disturbed. Green crosses indicate the remnant state necessary to preserve the
observed mass-scaling relations. Black points are the observed catalogues of Horner
(2001) and Reiprich & Bohringer (2002) with squares and triangles denoting com-
pact cool core and non-compact core systems and open and filled points indicating
apparently disturbed and relaxed systems respectively, following the approach of Mc-
Carthy et. al. (2004). Dashed lines are our fiducial analytic entropy injection models
(S, = 10,100,300, and 500 keVem?, increasing with decreasing luminosity) with the
masses reduced by 30% to account for the bias in the isothermal 3-model approach.
Black text around the boundary indicates the mass ratio and v;/V. depicted by each
panel.
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Figure 4.6: Isothermal -model masses plotted against bolometric luminosities for
our simulations (both integrated within Rsg) and compared against observations.
Red four and blue five point stars indicate the states of the system at ¢, and ,¢,, re-
spectively. The red vector indicates the evolution from ¢, to t.pses; While the blue
vector illustrates 3 Gyr of evolution following f,¢,,. The magenta line tracks the
evolution from f.jpsest tO trear  (generally 4-5Gyr) during which the system is vis-
ibly disturbed. Green crosses indicate the remnant state necessary to preserve the
observed mass-scaling relations. Black points are the observed catalogues of Horner
(2001) and Reiprich & Bohringer (2002) with squares and triangles denoting com-
pact cool core and non-compact core systems and open and filled points indicating
apparently disturbed and relaxed systems respectively, following the approach of Mc-
Carthy et. al. (2004). Dashed lines are our fiducial analytic entropy injection models
(S, = 10,100,300, and 500 keVem?, increasing with decreasing luminosity) with the
masses reduced by 30% to account for the bias in the isothermal $-model approach.
Black text around the boundary indicates the mass ratio and v;/V. depicted by each
panel.
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4.3 Mass

To date, all catalogues of cluster masses involving significant sample sizes have
been compiled from X-ray observations. The methods used are thus not direct (such
as with lensing measures) but are inferred from temperature and surface brightness
profiles using methods which may be highly susceptible to systematic biases, partic-
ularly during a merger. These approaches generally assume that the system can be

described as being in a state of hydrostatic equilibrium; a condition given by

LdP GMy(<r)

pg —(—i? - T2 (43)
This yields a mass profile of the general form
P dl dlogT
M(r) = —ET(r) 1 dlogpy(r) | dlogT(r) (4.4)

_Gump dlogr dlogr

where G and k are Newton’s and Boltzmann’s constants respectively, T'(r) is the
temperature profile of the system, p the mean molecular weight, m, the mass of the
proton and py(r) the gas density profile. In Chapter 3 we examined the evolution of

a hydrostatic disequilibrium parameter given by

—1dP

p
H=14 "2 4 _ 4.5
T r2GM(< ) (45)

and illustrated that few clusters should satisfy the condition of hydrostatic equilibrium
to better than H = 15%. How does this affect masses obtained from Eqn. 4.47
In Fig. 4.4 we present (in red) the evolution of the mass of our systems within

Rs00(t) computed directly from our simulations using this relation. For comparison,
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the actual total mass is presented as well (thick black). We can see from this plot that
despite the limited validity of the hydrostatic equilibrium condition, masses computed
from Eqn. 4.4 after t.o; (When the system appears as a single undisturbed remnant)
successfully reproduce the system mass to within ~ 5%, with a slight systematic bias
towards higher values.

To implement Eqn. 4.4 to measure cluster masses without additional assump-
tions, accurate measurements of py(r) and T'(r) must be made. The observational
challenges of doing so have been considerable but with the increasing availability
of high quality Chandra observations, significant progress has recently beeg made.
Vikhlinin et al. (2006) for instance have presented a method of gas density and tem-
perature deprojection which they have demonstrated to be accurate to a few percent
(Nagai et al., 2006).

Presently however, statistically representative Chandra catalogues of sufficient
size to study mass scaling relations are not available. For this reason, we shall use for
comparison the catalogue of Reiprich & Bohringer (2002) who report masses within
Rs00 measured from ROSAT and ASCA observations. These authors measure masses
assuming that their observed systems are in hydrostatic equilibrium but make the
further assumptions that the gas is isothermal and that it’s density profile follows a
parameterized form given by the f-model. For an X-ray surface brightness profile

given by

So
(1+ (7”11/746)2)3[3_1/2

Sx(rp) = (4.6)

the gas density profile of an isothermal gas is given by
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_
pe(r) = (1+ (T/Tc)z)gﬁ/z (4.7)

Under these assumptions, fitting Eqn. 4.6 to the surface brightness profile yields the
logarithmic derivative of the density profile, producing the following relation for the

total mass within Rsgg

3BkT; Rsoo (Rsoo/Tc)
G;me 1 + (R500/’I"c)2

Mp(Rs00) = (4.8)

Temperature and 3-model fits in the results presented by Reiprich & Bohringer (2002)
are fit to the flux which extends to the observed radius of the system (with the
central 0.1Ry excised for the temperature fits). The observed radius is generally
comparable to Rsoo which is the radius we use to generate the isothermal S-model
masses (computed from Eqn. 4.8) we present in Fig. 4.4 (in blue).

From this figure we can see that the isothermal S-model systematically under-
estimates the mass of our systems by 25 — 40%. This result is in good agreement
with the findings of several other authors (e.g. Hallman et al., 2006; Rasia et al.,
2006). The general trends in the scaling relations should not be affected much by
this bias, but the normalization will be. This could have significant implications for

cosmological studies conducted with isothermal 3-model masses.

4.3.1 M; — T, relation

In Fig. 4.5 we present the evolution of our isothermal f-model masses against
temperature and compare them to the observed temperature catalogue of Horner
(2001) and mass catalogue of Reiprich & Bohringer (2002). We follow the same

format here as for Fig. 4.3. Red four and blue five point stars indicate the system’s
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state initially and when it appears relaxed at t,eq,. The red vector indicates the
evolution from t, to tuesest and the blue vector shows 3 Gyr of evolution following
trelaz- The magenta line traces the evolution of the system between tgosest and treiqa,
when the system looks visibly disturbed. Green crosses indicate the S-model masses
of our remnants scaled from their initial values by the actual change of mass within
Rs00, and their temperatures similarly scaled by the observed M, — T, scaling relation
of Sanderson et al. (2003). Dashed lines indicate our fiducial entropy injection models
(with the entropy minimum increasing with temperature at a constant mass). For
this plot, we have reduced the masses of these models by 30% to reflect the downward
bias in isothermal 3-model masses found in Section 4.3. When we do so, we find a
good agreement between our fiducial models and the observed catalogue.

First, we see that there is a considerably smaller degree of scatter (in both the
observations and our fiducial models) in this plane compared to what is seen in the
L, — T, plane. This is not a surprise given the strong correlation we expect between
these quantities: it is the depth of the potential (which is set by the mass) which
determines the virial temperature (and hence, X-ray temperature) of the system.

Next we see that the qualitative evolution of our mergers in this plane follows a
very similar pattern to what is seen in the L, — 7T, case: two transient increases in
both quantities at tosest and taeerete Which take the system roughly along our fiducial
mass scaling relations, followed by a period of relaxation during which the system
slowly evolves upward along the scaling relation but offset to some degree across its
scatter. In both planes, the initial transient tends to pull the system towards the low
temperature side of the scatter (away from the side preferentially occupied by NCC
systems).

There are interesting differences between the evolution in the L, —7, and M, —T,
planes however. Most notably, our mergers occasionally (in the head-on and v;/V, =
0.15 1:1 and 3:1 cases) spend very brief (¢ < 0.5 Gyr) periods outside of the bounds

of our fiducial models, at the very limits of the scatter in the observations. These
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periods correspond to those in Fig. 4.4 during which we witness strong failures of the
isothermal S-model at capturing the total mass of the system. We also see a couple of
brief (t < 0.5Gyr) excursions to the high temperature side of the observations after
tacerete and before treq, in the 1:1 off-axis and 3:1 v;/V, = 0.15 cases. These are not
seen in the L, — T, plane. This highlights the vulnerability of isothermal g-model
mass estimates to the effects of mergers and the spurious contributions to scatter in
the scaling relations likely being introduced by its use.

Such rare differences aside, our simulations suggest that mergers have a similar
effect on the scatter of the M; — T, plane as on the L, — 7T} plane. Our (excep‘tionally
rare) 1:1 off-axis mergers produce relaxed states which spread across the majority
of the scatter in the observations while more common 3:1 and 10:1 mergers do not
create states which reach the side of the observations preferentially inhabited by NCC
systems.

Recently, Balogh et al. (2006) have studied the M; — L, and M; — T, scaling
relations, paying attention to the scatter introduced by variations in dark matter halo
concentrations and formation epochs. They find that, although reasonable variations
in these properties can account for the observed scatter in the M; — T, plane, they
can not do so for the observations in the M; — L, plane.

Variations in dark matter halo concentrations are a product of system-to-system
variations in formation histories, which regularly consist of several merger events.
The fact that our simulations generally remain well within the scatter of the M, — T},
plane lends support to the claims of Balogh et al. (2006) that mergers do not produce
significant scatter beyond their effects in driving variations in formation time and

concentration.
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4.3.2 M; — L, relation

In Fig. 4.6 we present the evolution of our isothermal #-model masses against
luminosity, following the same format as Fig. 4.5. Once again we see the same
qualitative evolution witnessed in the L, — T, plane: two transients at tosest and
tocerete followed by a period of relaxation during which the system evolves up the
mass scaling relations. Furthermore, we see the same brief failures of the S-model
mass estimates seen in the M; — T, plane, which drive the system briefly (< 0.5 Gyr)
outside our fiducial analytic models.

The scatter in this plane is much larger and it is immediately obvious that our
simulations fail to produce states of sufficiently low luminosity to account for the
observations in this plane. There is a hint that our systems evolve towards the low-
luminosity side of the observed scaling relation, but only briefly (< 0.5Gyr) and
during the extreme disruptions generated during the head-on cases. In the more
common off-axis cases, the system tends to evolve away from this side of the scatter

when significantly disturbed.

4.4 Sunyaev-Zeldovich effect

Quite some time has passed since the original realization that the spectral signa-
ture of inverse Compton scattering of the cosmic microwave background (CMB) by
the hot ICM of galaxy clusters could be detected as a temperature increment in the
CMB and used as a probe of the ICM’s structure (Sunyaev & Zeldovich, 1970, 1972).
Known as the thermal Sunyaev-Zeldovich (SZ) effect, the observational challenges
involved in its detection have been significant, making reliable data slow to emerge.

Several sensitive large-area SZ surveys will soon be available however and due to
the near absence of redshift dependence on the mass-limit of the SZ effect’s detectabil-

ity, catalogues of tens of thousands of clusters will soon be available as an incredibly
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powerful tool for studying cluster evolution and cosmology. The potential for mergers
to introduce biases in these catalogues has a similar, but likely less severe potential
to introduce systematic uncertainties into the analysis of these datasets (Majumdar
& Mohr, 2003). Furthermore, because the SZ effect is dependent on a line of sight
integral involving a single factor of density (rather than the p* dependence of emission
studies), SZ observations of mergers will be useful as a complimentary tool to X-ray
emission observations for determining the structure of the ICM.

The magnitude of a system’s thermal SZ signature as a function of position on
the sky (denoted by 0) is typically quantified by the Compton “y-parameter” given
by

y(0) = 2L / P.(7) dI (49)

MmeC

where the integral is of the three dimensional pressure P,(7) = n.(7)kT'(7) at position
7 and is performed along the line of sight through the system.

Compton parameters through the centre of the system (# = 0; denoted y,) are
commonly reported for systems. In Fig. 4.7 we plot the time evolution of y, for each
of our mergers, measured in the z-projection. Four lines are illustrated in each case:
the red curves are y, computed directly from our simulations and the blue curves
are from an isothermal (-model fit to each output. This is done for comparison
to observations which regularly assume this structure for observed systems when
converting SZ decrements into values of 1,. Thick lines are for values generated from
integrating through the entire system, while thin curves are generated with the central
30kpc of the system excised from the integration.

Whether the central core is excised or not, we can see from this plot that initially
the S-model (blue curves) does an excellent job of capturing the value of y, integrated

directly from the simulations (red curves). However, when the core is included in
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Figure 4.7: The evolution of central Compton parameter (y,) as a function of time for
our simulations. Results computed assuming an isothermal S-models are shown in
blue while direct integrations of our simulations are in red. Thin lines are generated
from integrations which excise the central 30 kpe of the system, while thick lines are
from integrations through the entirety of the system. Horizontal dashes represent the
final values expected from the mass scalings derived from our fiducial models (see
Section 4.2.1). Vertical dotted lines indicate (from left to right) ¢, (the time of virial
Ccrossing), teesest (first pericenter), tacerere (second pericenter) and f,ejq, (the moment
our remnants would appear relaxed to a 50ks Chandra exposure at z = 0.1). Black
text around the boundary indicates the mass ratio and v;/V, depicted by each panel.
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Figure 4.8: The evolution of integrated SZ fluxes (S, D%/ f,) computed within Raso
for our simulations as a function of time. Results computed assuming an isother-
mal [-model are shown in blue while direct integrations from our simulations are
shown in red. Horizontal dashes represent the final values expected from the mass
scalings derived from our fiducial models (see Section 4.2.1). Vertical dotted lines
indicate (from left to right) ¢, (the time of virial crossing), tuesest (first pericenter),
Lacerete (second pericenter) and t,eq, (the moment our remnants would appear re-
laxed to a 50ks Chandra exposure at z = 0.1). Black text around the boundary
indicates the mass ratio and v;/V, depicted by each panel.



Chapter 4: Effects on X-ray and SZ scaling relations 124

v,/v,=0.40
T T T T T l
0.001 u £ }{4 _
T T E’f a1
s = 7 L
—+ _ - d -
4 1 bd 11:1
e
e
4 1 - i
. /
! g3
0.0001 - = - L7 =
0.001 == g o =
o2 1 1 13:1
T 1 i
0.0001 |- - + =
0.001 4 »% 4 4
T E’f o I ]
s 7 L N %
1 - 71 ]
1 b 1 1101
e
+ -/ [ 4 4 i
D4
0.0001 L L~ .
v ¥ 7,7 | ¥ ]
A A 1 1 Lol 7 3]

10
Temperature [keV]

Figure 4.9: Evolution of the SZ Compton parameter (y,) plotted against temperature
for our simulations (both integrated within Rsy) and compared against observations.
Red four and blue five point stars indicate the states of the system at ¢, and ¢,¢,, re-
spectively. The red vector indicates the evolution from ¢, to f.yss; while the blue
vector illustrates 3 Gyr of evolution following ¢,¢,,. The magenta line tracks the
evolution from fopsest 10 trejqr  (generally 4-5Gyr) during which the system is vis-
ibly disturbed. Green crosses indicate the remnant state necessary to preserve the
observed mass-scaling relations. Black points are the observed catalogue of Horner
(2001) and Benson et al. (2004) with squares and triangles denoting compact cool core
and non-compact core systers, following the approach of McCarthy et. al. (2004).
Dashed lines are our fiducial analytic entropy injection models (S, = 10,100,300, and
500 keVem?, increasing with decreasing luminosity). Black text around the boundary
indicates the mass ratio and v;/V, depicted by each panel.
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Figure 4.10: Evolution of the integrated SZ Compton parameter (S,, integrated
within Ry500) plotted against temperature (integrated within Rsp) for our simula-
tions and compared against observations. Red four and blue five point stars indicate
the states of the system at ¢, and ¢4, respectively. The red vector indicates the
evolution from ¢, to f.sese While the blue vector illustrates 3 Gyr of evolution fol-
lowing t,¢14;. The magenta line tracks the evolution from ¢y psest t0 trerae  (generally
4-5 Gyr) during which the system is visibly disturbed. Green crosses indicate the rem-
nant state necessary to preserve the observed mass-scaling relations. Black points are
the observed catalogue of Horner (2001) and Benson et al. (2004) with squares and
triangles denoting compact cool core and non-compact core systems, following the
approach of McCarthy et. al. (2004). Dashed lines are our fiducial analytic entropy
injection models (.S, = 10,100,300, and 500 keVem?, increasing with decreasing lumi-
nosity). Black text around the boundary indicates the mass ratio and v;/V, depicted
by each panel.
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Figure 4.11: Evolution of the SZ Compton parameter (y,) plotted against bolometric
luminosity (integrated within Rsgg) for our simulations and compared against obser-
vations. Red four and blue five point stars indicate the states of the system at ¢, and
trelar Tespectively. The red vector indicates the evolution from ¢, to t.esest While the
blue vector illustrates 3 Gyr of evolution following t,.... The magenta line tracks
the evolution from t.psest t0 trerar (generally 4-5 Gyr) during which the system is
visibly disturbed. Green crosses indicate the remnant state necessary to preserve the
observed mass-scaling relations. Black points are the observed catalogue of Horner
(2001) and Benson et al. (2004) with squares and triangles denoting compact cool core
and non-compact core systems, following the approach of McCarthy et. al. (2004).
Dashed lines are our fiducial analytic entropy injection models (S, = 10,100,300, and
500 keVem?, increasing with decreasing luminosity). Black text around the boundary
indicates the mass ratio and v;/V, depicted by each panel.
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Figure 4.12: Evolution of the integrated SZ Compton parameter (S,, integrated
within Ry50) plotted against bolometric luminosity (integrated within Rsg) for our
simulations and compared against observations. Red four and blue five point stars
indicate the states of the system at ¢, and ,¢,,; respectively. The red vector indicates
the evolution from ¢, to tyesess While the blue vector illustrates 3 Gyr of evolution
following t,eiq,. The magenta line tracks the evolution from tgpsest t0 lrelar (gen-
erally 4-5 Gyr) during which the system is visibly disturbed. Green crosses indicate
the remnant state necessary to preserve the observed mass-scaling relations. Black
points are the observed catalogue of Horner (2001) and Benson et al. (2004) with
squares and triangles denoting compact cool core and non-compact core systems,
following the approach of McCarthy et. al. (2004). Dashed lines are our fiducial
analytic entropy injection models (S, = 10,100,300, and 500 keVem?, increasing with
decreasing luminosity). Black text around the boundary indicates the mass ratio and
v;/ V. depicted by each panel.
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the integration (thick curves), a rapid discrepancy grows between the direct and (-
model results. The [-model remains nearly constant while the direct integration
rises significantly until ¢.ses;, when the primary core is disturbed. After tqeerete (OF
continually since tqoses in the off-axis 10:1 cases which do not significantly disturb
the primary core), the values of y, obtained directly from the simulations resume
their rise relative to the #-model values.

Examining the evolution of ¥, with the central 30 kpc excised, we see that the -
model does an excellent job of capturing the correct result through the entire duration
of the event. This illustrates the extent to which the values of y, computed directly
from the simulations are sensitive to variations in the core’s structure. Since 30kpc is
much smaller than r, for almost all systems, and the f-model will treat regions within
r. as homogeneous, variations in this region will tend to be diminished by the S-model
approach. This can be clearly seen in the S-model integrations which do not excise
the core (think blue line): they trace the curves generated with the core excised (thin
blue line) with a near constant offset of ~ 75 — 95%, while the direct integration
exhbits significant fluctuations much larger than those affecting the values computed
from the [-model.

These properties of the f-model approach to determining v, have both positive
and negative consequences. On the one hand, reducing the sensitivity of y, to regions
whose structure is not well understood and whose evolution is affected by stochastic
effects generated by central AGN should lead to much tighter scaling relations. This is
useful for cosmological studies where measures which accurately characterize the total
mass of the system are desired. On the other hand, the sensitivity of this measure to
the structure of the central 30 kpc could provide useful insights to help us understand
the uncertain structure of cluster cores and the processes active within them.

We have also placed thick dashes on Fig. 4.7 to represent the expected mass
scaling (Yo.2/Yo1 = (M2/M;)%, with a determined to be 0.93 from our fiducial models,

since adequate empirical measures are not yet available) of y, from its initial values.
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This is performed for the -model results which include the central core. We can see
that the expected mass scaling of y, is recovered in each case to within 30%, with a
systematic tendancy for y, to fall inreasingly below this value with increasing impact

parameter.

Integrated Compton parameters can also be formed from Eqn. 4.9 according to

0
Yint(< 0) = 27r/ y(6")0" do’ (4.10)
0

-

However, SZ measurements are usually expressed in terms of frequency dependent

flux densities which are given by

Su = ju(x)yint (411)

where x = hv/kT is a dimensionless frequency and j, is a function which describes

the spectral shape of the SZ distortion. This function is given by

. _ 2(kTomB)® .
ko) = 222 1, (0 (412
where
fole) = (er —1)2 (tanh(a:/Q) a 4) LALey

To facilitate comparisons to observations, which are performed at many different

frequencies and for systems at various redshifts, we remove the frequency and distance
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(redshift) dependencies from our computed flux densities by reporting the quantity
S,D%/f,.

In Fig. 4.8 we present the evolution of our merging systems’ SZ flux integrated
within a projected radius of Rps0. Once again we illustrate two quantities in each
case, the integrated SZ flux computed directly from the simulations and from an
isothermal S-model (in the z-projection in both cases). We see that the isothermal (-
model successfully tracks the actual value, with a slight and persistent underestimate
of ~ 10—35%. In addition, we have placed thick dashed lines to indicate the expected
mass scalings of S, from its initial values (S,2/S,1 = (My/M;)*, with o detgrmined
from our fiducial models to be 1.63, once again, because adequate empirical measures
are not yet available). We see that this SZ measure recovers the mass scaled values
far better than ,.

In all our simulations the evolution of both S, and y, follows the familiar pattern
seen for L,(t), T,(t) and M,(t): a rapid rise that begins shortly before t.psest, @
subsequent drop to values below the initial state, a second (but substantially weaker)
peak at tyecrete, a slow decrease until t,.,, and then a final rise continuing to the
end of the simulation. Radiative and adiabatic cooling (arising from an expansion of
the core) results in a significant reduction from the initial value following tsccrete. As
active cooling reestablishes in the remnant cores, the system’s integrated SZ signature
begins increasing.

For the remainder of this section, we shall examine the scaling relations con-
structed from these quantities and the X-ray temperature and luminosity. Observa-
tions for comparison to our simulations are still very sparse however, and we present
these plots for completeness and to establish theoretical expectations for understand-

ing larger data sets, once they become available.
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4.4.1 SZ-T, scaling relations

The scaling behaviours of g, and S, with T, are presented in Figs. 4.9 and 4.10
following the format of our previous scaling relation plots: blue four and red five point
stars mark the system’s state at t, and t,¢qr respectively, while red vectors illustrate
the system’s evolution from ¢, to teses: and blue vectors mark 3 Gyr of evolution
following t,eiqz. In this case however, we use the heterogeneous catalogue of massive
systems presented by Benson et al. (2004) for our observational comparison (black

points).

4.4.2 SZ-—L, scaling relations

In Figs. 4.11 and 4.12 we present the evolution of our simulations in the y, — L,
and y, — T, planes, following the same format as in Section 4.4.1. In the y, — L,
plane we immediately see the strikingly small variation in the mass scaling relations
of our fiducial models, independent of S,, first predicted by McCarthy et al. (2003).
Our simulations also show that in all cases, following t,ear (blue five star point) our
systems return to this relation and evolve along it. During the initial disturbance
from t, to tuosest however (red vector), the system tends to evolve away from this
relation towards higher luminosities. Curiously, a significant fraction of the systems
in the Benson et al. (2004) catalogue lie to this side of the relation.

In Fig. 4.12 we find that the degeneracy in the SZ—L, mass scaling relations
with K, is broken, with both our fiducial models and the observations exhibiting
significantly more scatter. Once again however, the initial transient tends to take the
system away from the mass scaling relations towards higher luminosities, with the
system evolving to the low luminosity side of the plane at ¢,¢4, (blue five point star).
Following t,e4., the system generally evolves back towards the high luminosity side
of the relation (there are three exceptions: the 1:1 and 10:1 v,/V, = 0.4 cases and 3:1

v;/V, = 0.15 case, as seen in the y, — T3 plane).
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Without a statistically representative sample of lower mass systems, it is not
possible at this point to draw any specific comparisons between our simulations and

the observations in these planes however.

4.5 The X-ray Sunyaev-Zeldovich proxy

Lastly, we have examined the evolution of the X-ray proxy for SZ fluxes intro-

duced by Kravtsov et al. (2006). This proxy is given by

Y,(< R) = M,(< R)T, (4.14)

where M, is the gas mass within R and T, is the X-ray temperature measured within
R. In Fig. 4.13 we present the evolution of Y, integrated within Rso as measured
directly from our simulations (red) and our isothermal S-model fits (blue; in the 2-
projection in all cases). The evolution of this quantity is (as expected) very similar
to that of the integrated SZ flux with a similar underestimate of ~ 15 — 25% by the
isothermal [-model from actual values. We have once again placed thick dashes to

indicate the expected mass scalings from initial values.

4.5.1 M; —Y, relation

In Fig. 4.14 we present the scaling of the X-ray SZ proxy with total mass.
Astonishingly, we find that our system remains well confined within the 8% scatter
bounds of the mean relation determined by Kravtsov et al. (2006) at all times. There
is a slight tendency for the final remnant to be moved towards the high-Y; side of the
relation with a slow evolution back to the mean relation in the 10:1 cases.

We present results for only the z projection in Fig. 4.14 but have confirmed that

the system remains within the 8% scatter bounds at all times in all projections.
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Figure 4.13: The X-ray SZ proxy (Y, = M,T,) for our simulations as a function
of time. Thick red curves illustrate values integrated directly from our simulations
while thin blue lines are computed according to Kravtsov et al. (2006). Horizontal
dashes represent the final values expected from the mass scalings derived from our
fiducial models (see Section 4.2.1). Vertical dotted lines indicate (from left to right) ¢,
(the time of virial crossing), tuesest (first pericenter), tyeerere (second pericenter) and
tretaz (the moment our remnants would appear relaxed to a 50ks Chandra exposure
at z = 0.1). Black text around the boundary indicates the mass ratio and v;/V,
depicted by each panel.
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Figure 4.14: Evolution of the X-ray SZ proxy (Y;) introduced by Kravtsov et al.
(2006) plotted against total mass for our simulations (both integrated within Rs).
Red four and blue five point stars indicate the states of the system at t, and ¢,¢,, Te-
spectively. The red vector indicates the evolution from ¢, to t.yss; while the blue
vector illustrates 3 Gyr of evolution following ¢,¢,,. The magenta line tracks the
evolution from f.jpsest 1O trerqr  (generally 4-5Gyr) during which the system is vis-
ibly disturbed. Green crosses indicate the remnant state necessary to preserve the
observed mass-scaling relations. Black text around the boundary indicates the mass
ratio and v;/V, depicted by each panel.
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4.6 Chapter summary

Building on the results of previous authors (most notably, Ricker & Sarazin,
2001), we have identified a generic evolutionary sequence for the SZ properties and
X-ray luminosity, temperature and mass measures of X-ray cluster mergers. In all
the cases we have studied (which we believe represent a significant range of cluster
merger initial conditions), these properties exhibit large increases during core-core
interactions at topsest and taeerete With an intervel'ling drop from initial values due to
the expansion of the primary system in response to the initial core-core interaction.
Our systems then experience a subsequent rise in all quantities following t.r;m due
to the reestablishment of efficient radiative cooling in the remnent cores, lasting for
the remainder of the simulations.

Because of this common evolution in the global properties we have studied, merger
systems tend to evolve in a generic way in scaling relations constructed from them:
there is an initial transient which evolves roughly along the mass scaling relations,
followed by a drift across the relation until ¢,¢4,, after which the system quiescently
evolves along the mass scaling relation.

Only in the cases of our off-axis equal mass mergers are states produced which
can account for the scatter in the observed X-ray scaling relations. We argue that
such mergers are extremely rare however and should not have a significant effect on
the statistical properties of the population. Our more common 3:1 and 10:1 mergers
fail to generate states which can account for the observed scatter in almost all cases.
Generally, these mergers can push relaxed clusters to the median position of the
observed scaling relations, but not past it (not even transiently).

Several other, more specific findings of our study, include:

e The luminosity integrated within Rspo(t) recovers the observed mass scaling
relations only in the head-on cases. As mergers are moved off-axis, the remnant’s

luminosity becomes steadily less than expected from the observed mass scaling
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(discrepancies are 16 — 50%). This discrepancy is still present but is reduced to

levels of 3 — 28% if the central regions (r < 0.1Rsq0) are excised.

e We have studied the evolving temperatures of our mergers using 3 tempera-
ture measures: emission weighted temperatures (7., ), the “spectroscopic-like”
average presented by Mazzotta et al. (2004) (Ty) and isothermal fits to inte-
grated spectra (Tspe). We find that T, is higher than the other two measures
at all times and that T, produces results which agree with Ty to within 5%
at nearly all times. We thus confirm the utility of this method for generating

globally averaged temperatures from massive simulated clusters.

e 7., yields remnant temperatures significantly in excess of what is expected from
the observed mass scaling relation while the other measures recover the observed
mass scaling result in all cases to within 15%. This should lead to significantly

less scatter in theoretical L, — T, relations computed with T or Typec.

e The temperature spikes following first and second pericentric passage (at tosest
and tgcerete TeSpectively) are 15 —40% larger for the T,,, measure than the other
two methods. This suggests that the estimates of the effect of merger-driven
temperaure spikes on mass functions determined from temperature scaling re-

lations utilizing T¢,, (e.g. Randall et al., 2002) have been exagerated.

e As a consequence of the mass scaling behaviours of L, and 7}, head-on mergers
ultimately move systems along the observed L, — T, scaling relation while off-

axis mergers scatter systems towards lower luminosities.

e Despite the fact that systems do not satisfy the condition of hydrostatic equilib-
rium to better than 15%, masses determined from assuming that the condition

applies are accurate to approximately 5%.

e Isothermal 3-models track the evolution of the actual mass of the system before
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the interaction and while appearing relaxed afterwards, but with a systematic

underestimate of 25 — 40% supporting the findings of several previous studies.

e Adjusting the masses of a set of theoretical models (which account for the
observed scatter in the L, — T, and SZ scaling relation planes) downwards by
30% sucessfully accounts for normalization of the observations in the M; — T,
and M; — L, planes (which have been compiled using this mass measure). Our
mergers remain well within the bounds of these models (except for a few small
discrepancies in head-on cases, which last less than 0.5 Gyr) in both planes. In
the M; — T, plane, this represents a significant fraction of the observed.scatter,
but not in the M; — L, planes. This lends support to the findings of Balogh
et al. (2006) who claim that the scatter in the M; — L, plane is too large
to be accounted for by variations in cosmology, formation time, dark matter

concentration or mergers.

e The isothermal [-model effectively reproduces the actual results for the SZ
observables y, and S,(< Rase) (with slight underestimates of X% and X%
respectively). Theoretical mass scaling relations are reproduced in all cases to
within X%. There is a slight bias towards being low compared to the mass

scalings which increases very weakly with impact parameter.

e Remarkably little scatter is expected in the y, — L, plane (McCarthy et al.,
2003) and we find that mergers preserve this tight relationship except during
periods of exceptional disturbance. During this time, the core’s density can be
reduced and the system’s luminosity increased (due to the enhanced densities
and temperatures generated by the event). This has the effect of displacing
systems to the right of the relation where many of the systems observed by
Benson et al. (2004) are found. This may suggest that many of their systems are

significantly disturbed, which might be expected given the high temperatures
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of the systems they have examined.

e We have also examined the “SZ proxy” introduced by Kravtsov et al. (2006). It
evolves similarly to y, and S, and preserves the expected mass scaling relations

as well.

e Regardless of projection effects, the SZ proxy of Kravtsov et al. (2006) obeys
their reported mass scaling to within 8% over the entire duration of all our

merger events.

We conclude that the full dispersion in none of the scaling relations we have
studied (with the exception of the M; — T, plane) can be produced from simple two
body mergers between common relaxed compact cool core systems. However, some
displacement across each plane does occur and this is driven primarily by changes in
the structure of our cluster’s cores. Thus, the outer (i.e. 7 > 0.1Rgq) structure of
clusters which are not experiencing obvious significant mergers are preserved by such
events. This is satisfying in light of recent observations suggesting that the outer
structure of clusters exhibit a universal structure once scaled appropriately.

We find however that mergers are altering the structure of compact cool cores
(although not sufficiently to account for the observed range of system properties) and
we shall explore the details of these effects and the processes driving them in the next

chapter.



Chapter 5

Effects on compact cool cores

Abstract

We use the simulations presented in Chapter 2 to examine the effects of mergers on
compact cool core (CCC) systems. We find that mergers can drive the system into
two additional states: extended warm core (EWC) and compact warm core (CWC)
states. In off-axis mergers, the initial interaction of the cores does not generally
disturb the primary from its initial CCC state. However, in 1:1 and 3:1 off-axis
cases, the accretion of a stream of low-entropy material formed from the core of
the secondary can significantly disrupt the CCC morphology of the system. In only
two cases (1:1 v;/V. = 0.4 and 3:1 v;/V. = 0.15) do long lived EWC morphologies
result however. More generally, CWC states are generated and in cases where EWC
states are produced, the core returns to a compact state much more rapidly than it
regains its cool temperatures. Thus, mergers naturally account for the CWC systems
seen in recent Chandra observations. Furthermore, the morphological segregation
identified by McCarthy et. al. (2004) in scaling relations and in the 8 — r. plane
are qualitatively produced (although, to reiterate the results of Chapter 4, the full
scatter in these planes is not generated). Lastly, we find that mergers have very little
impact on central metalicity gradients. Together, these findings pose a significant
challenge to the common belief that extended core systems (which generally lack
enhanced central metallicities) are a product of cluster mergers.

The latest generation of X-ray telescopes have revolutionized our understand-
ing of the intracluster medium (ICM) of galaxy clusters but yet one of the oldest
observations of the field remains poorly understood. As significant sample sizes of

X-ray clusters initially became available, it was quickly realized that two distinct
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populations could be identified from the shape of a system’s X-ray surface brightness
profile (Jones & Forman, 1984; Ota & Mitsuda, 2004): one with highly peaked central
surface brightnesses (compact cores; r. ~ 50kpc) and one with flat central surface
brightnesses (extended cores; r. ~ 150 kpc). It has since become accepted that high
and centrally peaked gas densities are primarily responsible for the central surface
brightnesses of compact cores while extended cores possess lower and more constant
central gas densities.

As a consequence of the p? dependence of the ICM’s emissivity, radiative cooling
should be significantly more relevant to the structure of compact cores. This asser-
tion is supported by observations which have indicated that compact cores (classically
referred to as “cooling flow” systems) tend to host central positive temperature gra-
dients (De Grandi & Molendi, 2002), low central entropies (McCarthy et. al. , 2004)
and radiative cooling rates which should release their thermal energy on timescales
(the “cooling time”; ., hereafter) much shorter than a Hubble time (Allen, 1998).
Extended cores (classically referred to as “non-cooling flow” systems) on the other
hand tend to have flat central temperature profiles, elevated central entropies and
cooling times in excess of a Hubble time.

Within the context of specific physical models, cooling-flow systems were once
believed to host bulk radial flows of cold gas as a result of the loss of pressure support
arising from their short cooling timescales. Great observational progress has been
made since the launch of Chandra and XMM and cluster cores are now understood
to be more complicated than this. As a result, the terminology of this field is in
flux. To render the results of our study clearly, we propose the adoption of new
nomenclature for describing the morphology of X-ray cluster cores. In Section 5.3.1
we will illustrate that compact core systems can be divided into two classes, yielding
three distinct cluster populations: compact cool core (CCC) systems, compact warm
core (CWC) systems and extended warm core (EWC) systems. Under this naming

convention, classical cooling flows will generally be classified as CCC systems and
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non-cooling flows (or extended cores) as EWC systems.

Despite great progress in understanding the structure of cluster cores, the origin
and precise nature of the bimodality in surface brightness core radii still lacks a clear
and definitive explanation. Several hypotheses have been proposed to account for
these populations, with three being particularly persuasive.

First, it has been known for a decade that radiative cooling and shock heating
during accretion are not sufficient to account for the observed structure of X-ray
clusters. McCarthy et. al. (2004) (M04 henceforth) have developed a model in which
entropy injection (possibly due to galactic outflows or early AGN activity) dwing the
protocluster phase establishes a spectrum of minimum entropies for clusters leading to
variations in cluster core cooling efficiencies. Reasonable amounts of such additional
entropy (~ 200 keVcm?) and radiative cooling account for the normalization and
scatter in the observed L, — T, and M; — T, relations while obeying observed cold
gas constraints. MO04 also illustrate how clusters receiving little entropy injection
quickly evolve to states resembling CCC systems as a natural consequence of radiative
cooling. Systems receiving higher levels remain in long lived NCC states. Although
not stated explicitly in their discussion, systems evolving to CCC states in this model
would then be stabilized through several possible feedback processes (Voit & Donahue,
2005; Nusser et al., 2006).

Second, the entropy injection required to account for the structure of extended
cores may have occurred more recently through interactions of active galactic nuclei
(AGN) with the ICM. Such interactions have been observed in the cores of several
systems where jets from AGN are seen to be actively inflating large high-entropy
cavities (or “bubbles”). Typically, such interactions are localized to the central ~
50kpc  of a system but in a few instances, much larger outbursts reaching to ~
200kpc have been observed (McNamara et al., 2005). Such cases are rare in the
local universe and unlikely to transform a compact core into an extended core, but it

is possible that repeated events during earlier epochs when AGN activity is observed
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to be more active could. There is evidence to support this hypothesis (Nusser et al.,
2006). Perhaps the most compelling is the study of ROSAT-observed groups presented
by Croston et al. (2005) which strongly suggests that AGN do indeed significantly
heat group-scale systems.

Lastly, mergers offer a compelling means by which to transform compact core
systems into extended core systems. It has been a tacit belief for some time that
extended core systems are a product of merger interactions but the issue has received
remarkably little detailed consideration. This hypothesis is primarily based on early
anecdotal observations that few compact cores exhibited disturbed morphologigs while
the limited number of studied extended core systems tended to be disturbed (Edge,
Stewart, & Fabian, 1992; Buote & Tsai, 1996). However, with improved instrumen-
tation and larger sample sizes, there are now several examples of disturbed compact
core systems (e.g. A2204, Sanders et al., 2005), including ones presently undergoing
significant mergers (e.g. A2142, Markevitch et al., 2000), as well as extended core
systems lacking any evidence of having been disturbed at all (e.g. RXCJ0043.4-2037
& RXCJ0532.9-3701, Finoguenov et al., 2005).

Despite such concerns, the merger-origin hypothesis for extended core systems
is appealing on theoretical grounds. The presently favoured hierarchical clustering
paradigm for structure formation predicts that large objects are formed through regu-
lar accretion of smaller subclusters with each observed system representing the prod-
uct of a unique history of many such events. This process is seen to be active to
the present epoch with recent Chandra and XMM observations routinely detect-
ing evidence of significant recent or ongoing mergers. With as much as 10 ergs of
initial kinetic energy, mergers are energetically capable of significantly modifying the
structure of a system’s ICM through the shocks they produce. Furthermore, the wide
variety of individual accretion histories may lead naturally to a range of remnant
states like that described by M04.

Recent studies that have investigated cluster mergers in a context capable of
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testing the merit of this scenario have yielded inconclusive results. In the influential
study of Ricker & Sarazin (2001, RS01 hereafter) for instance, some evidence for the
flattening of central density profiles due shock heating from mergers is presented.
However, since the focus of their study was on merger induced luminosity and tem-
perature “boosts”, they did not include the effects of cooling (which are known to
be important to the structure of compact core systems) and they present relatively
little detailed analysis of their remnant cores’ structures. Gomez et al. (2002) and
Ritchie & Thomas (2002) have constructed suites of idealized merging systems but
their conclusions regarding the stability of compact core systems to mergers gconflict.
Gomez et al. (2002) find that systems with initially short cooling times will likely
reestablish their structure while Ritchie & Thomas (2002) find that compact core
systems are completely disrupted in equal mass and near-axis 8:1 mergers. In both
cases however, the initial conditions of their merger systems differ significantly from
our contemporary understanding of compact core systems.

In this chapter we establish criterion for quantifying the evolving morphology of
merging systems (Section 5.3.1) and present their evolution through three distinct
morphological states (Section 5.3.2). We then relate the occurrence of these states
to changes in the structure of the system’s core (Section 5.3.3). After considering
the morphological segregation mergers induce in observed scaling relations (Section
5.3.4) we then consider the mixing effects of mergers on metalicity gradients (Section

5.4). Finally, we summarize the chapter in Section 5.5.

5.1 Consequences of our coarsely sampled initial
conditions

In Chapter 4 we performed an extended Press-Schechter analysis of merger rates

to argue that our 1:1 mergers are expected to be extremely rare, our 3:1 mergers
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uncommon but of statistical significance and our 10:1 mergers extremely common.
For these reasons, when considering the effects of mergers in the context of statistical
properties of cluster populations, we are primarily concerned with the effects of 3:1
and 10:1 events.

We will find in later sections that the structure of cluster cores following mergers
is the result of a delicate balance between shock heating and radiative cooling. In
particular, we shall illustrate in Section 5.3.3 the important role stream accretion
plays in setting the entropy of our merger remnant’s cores. The efficiency of this
process depends sensitively on many factors. These include the mass and density of
material present in the stream (which depends on the initial mass of the secondary and
the initial orbit, which determines in a complicated way, the details of the stream’s
structure) and the velocity it carries to the remnant core (which also depend on
the initial orbit and the secondary mass, which determines the degree of dynamical
friction experienced by the secondary).

The impact parameters and mass ratios of our simulations were selected to rep-
resent the most interesting range of situations exhibited by dark matter substructure
in cosmological simulations. However, these ranges are sampled very sparsely by our
simulations. As a result, we can not perform a systematic analysis of many items
discussed in this chapter. We shall merely seek to reveal the general processes most
relevant to establishing the structure of cluster cores following mergers. Many details

will have to be left open to future study.

5.2 A cautionary note regarding central core struc-
ture

In SPH cluster simulations, cooling converts hot gas in the centre of the system

into dense cold gas which is then (when star formation is included) transformed
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into a collisionless stellar medium. As a result of the finite timescales involved in
transforming cold gas into stars, a multiphase interface forms between dense cold gas
and hot rarefied gas at the center. It is well known that multiphase interfaces of
this sort are poorly treated in SPH simulations which incorporate cooling (Ritchie
& Thomas, 2001; Marri & White, 2003). The result is a quasi-adiabatic flow which
drives compressional heating as hot material collects several kernel radii outside of
the multiphase interface. This leads to artificially suppressed densities and enhanced
temperatures and entropies in the cores of our systems. These effects appear initially
within a couple smoothing kernel sizes of the multiphase interface at r ~ 3kpc but
their influence slowly propagates outwards.

To ensure that these effects do not influence the system beyond the 40kpc radius
where we are seeking to accurately model our systems, we have evolved our systems
in isolation at both our nominal resolution and with 4x its mass resolution. After
4 Gyr we find that the results of these two resolutions agree to within 10% in density
and temperature outside of 30 kpc.

Although our simulations are run for 12 Gyr, such numerical concerns are sig-
nificant only while a core is dense and its cooling timescales very short. In each
of our simulations, the cores of both systems become sufficiently disturbed by the
interaction to alleviate this problem and periods of active cooling are restricted to
durations shorter than 4 Gyr. Thus, the influence of such numerical effects should
remain restricted to radii < 30kpc, marginalizing concerns for our study.

There is however one other unwanted effect in our simulations associated with
our inclusion of radiative cooling: a steady rise in central temperatures. This rise is
a product of deepening central potentials as cooling converts cool gas into stars in
the centres of our systems. This builds a dense pressureless stellar core and permits
gaseous baryonic material to migrate inward, lowering the system’s central potential
and raising its temperatures as a result.

Since the effect of these rising central temperatures is to suppress central temper-
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ature decrements, timescales of the recovery of warm core to cool core morphologies
are likely exaggerated in our simulations, leading to systematic biases in our analy-
sis. It is critical to note however that the direction of this bias is always the same:
towards overestimating the longevity of warm core morphologies. It is unlikely that
these effects have a significant impact on the accuracy by which we generate extended

core systems however.

5.3 Analysis

In this section we present our methods of classifying the evolving morphologies of
our simulated mergers. To minimize biases in comparisons to observations, we closely
follow the methods of classifying clusters employed in observational studies.

We shall find that as our mergers progress, they exist primarily in one of three
states: compact cool core (CCC), compact warm core (CWC) and extended warm core
(EWC) morphologies. In the sections which then follow, we shall discuss the temporal
evolution of our mergers through these three states and relate their occurrence to the

structure of the cores of our merger remnants.

5.3.1 Classification of Morphological States

We seek to determine how our evolving merger systems would appear to an ob-
server: at which points they would manifest as a compact or extended core system,
if they would appear to have been significantly affected by radiative cooling based
on their entropy and projected temperature profiles, and whether they would exhibit
evidence of merger activity under typical observational circumstances. To do so we
have developed a classification scheme based on easily observable properties of the

system.
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Figure 5.1: Central temperature decrement (AT /T) plotted against core radius ()
for each output of our nine simulations in three orthogonal projections. Cuts in
core radius and AT/T wused to classify the morphology of our systems are shown
with dashed lines. Systems with/without strong central temperature gradients and
compact cores are labelled in blue and red respectively while extended core systems
with/without strong central temperature gradients are in magenta and green respec-
tively. Each population is further subdivided into systems showing obvious evidence
of substructure (open circles) and systems with none and regular isophots (solid).
Systems in states so highly disturbed as to be indescribable by a 3 model have been
omitted. Black text around the boundary indicate the mass ratio and v;/V, depicted
by each panel.
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Surface brightness and projected temperature profiles

We first classify our systems according to the shape of their surface brightness
and projected temperature profiles. To classify surface brightness profiles, we utilize
the simple 3-parameter 3-model commonly employed in analysis of observations. This
model characterizes the azimuthally averaged surface brightness profile of a system

at a projected radius 7, by the equation

2o

Ee(rp) =
(1 + (TP/TC)z)

35=173 (5.1)
where r. is the profile’s core radius, [ characterizes its asymptotic logarithmic slope
at large radius and Y, its normalization. We exclude the central 7, = Rezeise =
30kpc from this analysis and have verified that varying Reyeise from 20 to 50kpc has
a minimal effect on our results and does not influence the conclusions of our study.
At a redshift of 2 = 0.1, 30kpc corresponds to 17”; comparable to the size of the
ROSAT PSF (~ 15”). Since this is the instrument used to obtain the data against
which we compare our results (and the data’s median redshift), removal of this region
should not introduce significant biases during our comparisons to observations.

To characterize the apparent temperature structure of the cores of our merging

systems, we measure a central temperature decrement (Ar) given by

T; — Theak
AT __ _inner pea 5.9
Tpeak ( )
where Tinner is the average spectrally fit temperature measured for material within
projected radii 7, = Reycise — 0.1Ra00 of the cluster’s X-ray peak. The radius 0.1 R0

roughly corresponds to the cooling radius for compact core systems and observed
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Figure 5.2: Central entropy (Si) plotted against central temperature decrement
(AT/T) for each output of our nine simulations in three orthogonal projections (fol-
lowing the same format as Fig. 5.1). The cut in AT/T used to classify the morphol-
ogy of our systems is shown with dashed lines. Systems with/without strong central
temperature gradients and compact cores are labelled in blue and red respectively
while extended core systems with/without strong central temperature gradients are
in magenta and green respectively. Each population is further subdivided into sys-
tems showing obvious evidence of substructure (open circles) and systems with none
and regular isophots (solid). Systems in states so highly disturbed as to be indescrib-
able by a # model have been omitted. Black text around the boundary indicate the
mass ratio and v;/V, depicted by each panel.
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Figure 5.3: Central cooling time (Zco0,40) plotted against central entropy (Syo) for
each output of our nine simulations in three orthogonal projections (following the
same format as Fig. 5.1). The cut in AT/T used to classify the morphology of
our systems and the 5 Gyr cut used by Sanderson et al. (2006) to divide short from
long cooling times are shown with dashed lines. Systems with/without strong central
temperature gradients and compact cores are labelled in blue and red respectively
while extended core systems with/without strong central temperature gradients are
in magenta and green respectively. Each population is further subdivided into systems
showing obvious evidence of substructure (open circles) and systems with none and
regular isophots (solid). Systems in states so highly disturbed as to be indescribable
by a # model have been omitted. Black text around the boundary indicate the mass
ratio and v;/V, depicted by each panel.



Chapter 5: Effects on compact cool cores 151

projected temperature profiles (Piffaretti et al., 2005; Sanderson et al., 2006; Pratt
et al., 2006) which exhibit cool cores generally have suppressed temperatures within
this region. Tpeqr is measured for material in the range 0.1/ to 0.2R300. This range
corresponds roughly to the region over which observed projected temperature profiles
exhibit peak temperatures and universally flat temperature gradients. Hence, Ar
measures the gradient of the temperature profile within our cluster cores.

It has been noted that projection effects can have a significant influence on the
surface brightness structure and projected temperatures of a merging system (Ritchie
& Thomas , 2002). For this reason, we consider three orthogonal projectiong for our
computations of ., and AT/T: two in the plane of the orbit along the line initially
connecting the systems (x) and in the direction of initial tangential velocity (y) and

one normal to the plane of the orbit (z).

Apparent dynamical state

Each projection for each system is also classified into instances where it would
exhibit no substructure and regular isophots to an observer, significant substructure,
or so much substructure as to render the system indescribable by a 8-model (generally
due to the close proximity of the secondary or brief but extreme distortions). We re-
fer to these situations as undisturbed, disturbed and strongly disturbed respectively.
Classification is performed through visual inspection of simulated 50ks Chandra ob-
servations for each output, in each projection. This is done following the procedure

detailed in Chapter 2.

3 dominant morphological states

In Fig. 5.1 we present a AT /T —r. plot for our nine simulations. All three projec-
tions are displayed for each of the 120 outputs (spanning 12 Gyr in 100 Myr intervals)

of our simulations with instances of undisturbed and disturbed morphology indicated
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by filled or open circles respectively. Since instances of strongly disturbed morphology
can not be assigned meaningful core radii, they are omitted from this morphological
discussion. Such instances are generally rare and their exclusion does not represent
a significant omission, although it is important to keep in mind that this exceptional
class does manifest occasionally at early stages of the interaction.

By making cuts in r, and AT/T in this plane (indicated by dashed lines) we
separate four potential populations: two compact core populations with and with-
out strong central temperature decrements (blue and red points respectively) and
two extended core populations with and without strong central temperature decre-
ments (magenta and green points respectively). For our cut in r. we have selected
100 kpe, which corresponds approximately to the unpopulated region of the observed
r. distribution reported by Ota & Mitsuda (2004) separating compact and extended
core systems. For our cut in AT/T we use 15% (the data of Piffaretti et al. (2005)
permit the range AT/T'~ 0.15 — 0.6). Henceforth, we shall identify systems with
AT/T> 0.15 as “cool core” systems and systems with AT/T'< 0.15 as having “warm
cores”.

With each interval of our simulations classified in this way, we see that few in-
stances of extended core morphologies exhibit central temperature decrements. Look-
ing carefully at those circumstances which do, we find that in all cases it is a result of
one of two effects. In some instances, a shock or cold substructure passing through the
vicinity of the core can generate localized temperature structures which masquerade
as temperature decrements to our algorithm. In other cases, hot material displaced
from the regions surrounding the core can return through the low pressure wake of
the secondary creating a wave of inwardly flowing warm material, generating the ap-
pearance of a temperature decrement. The system is obviously undergoing a merger
in nearly all of these cases, although the primary system is sufficiently intact to fit a
[-model to its surface brightness.

Exceptional instances such as these aside, we see that throughout the duration of
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a merger interaction, an observer would classify the system as existing predominantly
in one of three states: as a compact cool core system (CCC) with a temperature
decrement, as a compact warm core system (CWC) with a weak or absent central
temperature decrement or as an extended warm core (EWC) system without a tem-
perature decrement. In each case, the system may or may not also possess obvious
substructure and/or disturbed isophots, meaning that members of each class could
be found which appear to be disturbed or undisturbed.

We have also plotted in black on Fig. 5.1 r. data from the statistically repre-
sentative observed sample of Sanderson et al. (2006). We find in the observations as
well that the cool extended core part of this plane is not occupied. The qualitative
agreement between the regions of this plane occupied by this observed sample and

our simulations is encouraging.

Cooling, central entropy and morphology

Compact core systems tend to possess central positive temperature decrements
and low central entropies while extended systems are observed to be warm with
elevated central entropies. To illustrate the extent by which these trends are upheld
during and after our simulated mergers, we present in Fig. 5.2 (with the same format
as Fig. 5.1) a plot of A against central entropy (measured at 40kpc, denoted Syp)
for our systems. This figure clearly illustrates that, regardless of the dynamical state
of the system, cores lacking central positive temperature decrements possess elevated
levels of central entropy. With few exceptions, systems with Syo > 50keVem? have
warm cores.

It has recently been noted by Sanderson et al. (2006) that systems lacking cool
cores can have short cooling times (t.0 < 5 Gyr). In Fig. 5.3 we can see that very few
instances of compact cores (both CCC systems in blue and CWC systems in red) have

cooling times greater than this level. Cooling times in excess of 5 Gyr are almost
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exclusively expressed in extended core systems, but not all extended core systems
express cooling times greater than 5 Gyr. Thus, although the presence of a compact
core does not imply the presence of a cool core, it nevertheless implies short cooling
times and thus illustrates the importance of radiative cooling in establishing their
structure and evolution. The appearance of an extended core morphology generally

(but not necessarily) implies a long cooling time.

5.3.2 Temporal Evolution of Morphology

To see how our simulations’ morphologies progress through these thre€ states,
we present the temporal evolution of r. and AT/T in Figs. 5.4 and 5.5. In both
cases, a black curve traces the system’s evolution as seen in the z-projection with
coloured points plotted (following the format of Fig. 5.1) to indicate each interval’s
morphological state. These curves change very little when viewed in y-projections and
differ only at early times in the z-projection due to the apparently close proximity
of the two cluster cores prior to interaction. To clarify the plot, we show only the

z-projection.

Core size

Considering Fig. 5.4 first, we see that in all cases the system starts as a compact
core system (by construction) and experiences a period of increased core size following
teosest- In the on-axis cases, this lasts (with varying amplitude) until roughly t,ccrete-
In the off-axis cases there is an interval from tupsest tO facerete during which the
system returns to a compact core state. This indicates that the initial interaction of
the cores fails to disrupt the primary system to an extended core state in any of our
off-axis mergers.

Following tgcerete; most of our merger remnants are in, or nearly in, extended core

states. They subsequently evolve back towards their initial core size with only the
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Figure 5.4: The temporal evolution of core radius (r.) for our simulations. Black
curves illustrate r.(¢) and coloured points indicate the morphology (following the for-
mat of Fig. 5.1) of the system measured in the z-projection. Systems with/without
strong central temperature gradients and compact cores are labelled in blue and red
respectively while extended core systems with/without strong central temperature
gradients are in magenta and green respectively. Each population is further sub-
divided into systems showing obvious evidence of substructure (open circles) and
systems with none and regular isophots (solid). Systems in states so highly disturbed
as to be indescribable by a 3 model have been omitted. The cut in 7. used to clas-
sify the morphology of our systems is shown with dashed lines. Vertical dotted lines
indicate (from left to right) t,, tcosests tacerete aNd treae for each case. Black text
around the boundary indicate the mass ratio and v;/V, depicted by each panel.
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Figure 5.5: The temporal evolution of the central temperature decrement (AT /T)
(following the same format as Fig. 5.4). Black curves illustrate A () and coloured
points indicate the morphology (following the format of Fig. 5.1) of the system mea-
sured in the z-projection. Systems with/without strong central temperature gradients
and compact cores are labelled in blue and red respectively while extended core sys-
tems with/without strong central temperature gradients are in magenta and green
respectively. Each population is further subdivided into systems showing obvious
evidence of substructure (open circles) and systems with none and regular isophots
(solid). Systems in states so highly disturbed as to be indescribable by a 3 model have
been omitted. The cut in AT/T used to classify the morphology of our systems is
shown with dashed lines. Vertical dotted lines indicate (from left to right) £,, teosest,
Lacerete and lrerqr for each case. Black text around the boundary indicate the mass
ratio and v;/V. depicted by each panel.
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3:1 head-on and v;/V, = 0.15 cases spending significant amounts of time in extended
core states. The 3:1 head-on case formally recovers a compact core by the end of the
simulations while the 3:1 v,/V, = 0.15 case yields a remnant with r. ~ 140kpc fol-
lowing tacerete and evolves very little afterwards. In Section 5.3.3 we will discuss why

this system evolves so differently.

Temperature decrement

Considering Fig. 5.5, we see that our systems begin with strong central tempera-
ture decrements (by construction). In the head-on cases, the temperature deerement
is erased in the 3:1 and 10:1 cases but remains above A = 0.10 at all times in the 1:1
case. In the head-on 10:1 and 3:1 interactions, the system quickly develops a negative
central temperature gradient after t.,ses;. Examining the dynamical evolution of these
cases in surface brightness, temperature and entropy (Figs. 3.1 to 3.9) we see that the
secondary core fully penetrates the primary core in these cases, allowing the shocks
generated in the event to heat the entire core. In the 1:1 case, the merging cores
inelastically collide and remain in very dense structures following t.,ses;. This has
the dual effect of reducing heating efficiency and increasing cooling efficiency. These
effects lead to a counterintuitive result: the 3:1 and 10:1 head-on mergers ultimately
heat the primary core more efficiently than the 1:1 head-on merger.

In the off-axis cases, the primary core’s temperature decrement is generally
present during the period from tgpsest t0 tacerete- This indicates that the first in-
teraction of the cores in off-axis cases does not heat them to warm states. In all
cases except the 10:1 head-on and v;/V, = 0.4 merger we see a significant decline in
AT/T after taeerete- In the 1:1 and 3:1 cases, this decline is precipitous. In Chap-
ter 3 we described the formation of long lived streams of material stripped from the
secondary cores which accrete onto the core subsequent to tuecrete- It is during the

accretion of these streams that we see AT/T declining. The 3:1 v,/V. = 0.15 case
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produces the stream most disruptive to the primary’s core and we see the most severe
decline in AT/T after tyecrete in this case. In Section 5.3.3 we will examine this

process in more detail.

Evolution through 3 distinct states

Our clusters begin (by construction) as CCC systems with small core radii and
strong central temperature decrements. We have chosen this initial configuration
because it is the natural convergent state for a relaxed cluster in the absence of
feedback and representative of the structure of a large fraction of clusters= In the
context of hierarchical clustering, such systems are well understood: they are systems
which have remained undisturbed long enough for vigorous radiative cooling to have
produced a central temperature decrement and high central gas densities.

However, following a merger we find that the system can exist in one of two other
states. These states are generally not produced after first pericentric passage. Only
in the 3:1 and 10:1 head-on cases, where the secondary core completely penetrates
the primary’s, is the system immediately transformed from its initial CCC state to
a EWC state. In the off-axis 1:1 and 3:1 cases, the core becomes enlarged following
second pericentric passage at tgeerete and the temperature decrement highly reduced
or destroyed. In the cases where the largest and warmest cores are produced, most
of this transformation occurs during the accretion of the stream formed from the sec-
ondary’s core. Following t,¢jqz, core radii and temperature decrements generally begin
returning towards their initial values. In all cases except this one, the compact core
reestablishes itself faster than it returns to a cool state, and recovery thus proceeds
with the system in a CWC state. The only exception to this is the 3:1 v,/V, = 0.15

case which maintains a large warm core following %,¢q, -
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Figure 5.6: Mass deposition rates (stars plus gas colder than 2.5 x 10*K) as a function
of time for each of our simulations. Red lines track material initially in the primary
system, blue dashed lines material initially in the secondary, and thick black lines the
total. Vertical dotted lines indicate (from left to right) fuosest, Lacerete and trejqr for
each case. Black text around the boundary indicate the mass ratio and v;/V, depicted
by each panel.
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5.3.3 Effects of entropy and cooling timescales on remnant

core structure

Having established the progression of our mergers from CCC to EWC and CWC
states, we now seek to understand what properties of a core’s structure are principally
responsible for establishing the rate at which our clusters evolve back towards CCC
states.

The rate of radiative cooling is certainly a principle factor. To provide a physi-
cally motivated metric of the cooling status of our merging systems’ cores, we have
computed the rate at which baryonic material is condensing into cold gas (deﬁned
to have T' < 2.5 x 10*K) and stars. In Fig. 5.6 we plot three lines for each of our
simulations indicating the mass deposition rates of material originating from the pri-
mary (red curve) or secondary (blue dashed curve) as well as the total of both (thick
black curve). We quantify these mass deposition rates (denoted as M ) by determining
the total mass of condensed baryons in each output and then compute its temporal
derivative. In each case we consider all of the material in the interacting system
rather than merely isolating material cooling in the core. This is done to reduce
noise emerging from the sensitivity of the temporal derivative to small substructures
passing in or out of the core. At all times well over 90% of the condenced material
lies within the cooling radii of the interacting systems or the final remnant, where all
of the condensed material is formed. Furthermore, it is important to note that since
we do not include the effects of AGN heating in our simulations, these cooling rates
are not meant to represent accurate star formation rates for clusters. Our use of M
is purly as a diagnostic of the central cooling activity in our simulations.

In each case, the initial behaviour of this plot is the same: our systems are
initialized in a static state which, after a quick rise in mass deposition rates for
both primary and secondary systems, evolves to a state of steady cooling lasting

1—2Gyr before t psest- At teosest ~ 3 Gyr the cores reach their closest approach and
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Figure 5.7: The temporal evolution of central entropy (Sy0). For the 3:1 cases, ma-
terial identified to end-up within 100 kpe of the remnant center is depicted by the
blue, red and black lines with material originating from the primary in red, from the
secondary in blue and the mass weighted sum in black. Percentiles in each frame de-
pict the fraction of this material which originates from the secondary. The line with
coloured points depict the central entropy of the system (at 40kpc) as well as the
morphological state of the system as seen in the z-projection (following the format
of Fig. 5.1). Blue and red points depict compact core states with cool or warm cores
respectively and magenta and green points depict extended core states with cool or
warm cores respectively. Open points depict systems which are visibly disturbed in
our simulated Chandra images and solid points systems which appear relaxed. Ver-
tical dotted lines indicate (from left to right) t,, teosests tacerete and treqr for each
case. Black text around the boundary indicate the mass ratio and v;/V, depicted by
each panel.
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Figure 5.8: Radial profiles of the cooling timescale (t.; thick lines) and sound
crossing timescale (g,,; thin lines) of our simulations. The initial profiles of the
system are in blue, the profiles for the system at f,..,,; (when the system appears
undisturbed to 50ks Chandra observations at z = 0.1) are in magenta and the final
remnant state is in red. Black text around the boundary indicate the mass ratio and
v;/ Ve depicted by each panel.
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the mass deposition rate is instantly reduced. In all head-on cases, mass deposition
is terminated for ~ 2 Gyr after which it begins to recover subsequent to fscerete ~
5—5.6 Gyr. Although mass deposition is similarly reduced in the off-axis cases, there
isa1l—2 Gyr delay before it reaches a minimum at tgcerete ~ 6 Gyr. Following this,
mass deposition is reduced for ~ 2 Gyr. It is terminated in the 1:1 cases but merely
reduced to 20% or 50% of its pre-interaction value in the 3:1 or 10:1 cases respectively.
Subsequent to reaching a minimum rate, it slowly resumes.

Why do some systems recover towards their initial cooling rates while others do
not? Surprisingly, the 1:1 head-on merger is the case which most effectively reestab-
lishes it’s mass deposition rate, returning to nearly twice the pre-interaction value
of the primary, while the most off-axis 10:1 merger (which one might expect to dis-
turb core cooling the least) recovers barely half the primary’s pre-interaction rate.
Furthermore, all the 3:1 mergers and the 1:1 v;/V, = 0.4 cases have similar cooling
rates at late times, but very different morphologies. Other factors besides the in-
tegrated cooling rate of the cores must be involved in setting our merger remnant’s

morphologies.

Entropy

In the absence of (non-adiabatic) heating, radiative cooling reduces a material’s
entropy. This can potentially raise its density and/or lower its temperature. In
concert, this can move a system towards a CCC state. Hence, entropy plays a central
roll in the evolution of our system from EWC or CWC states to CCC states. We
present its evolution in Fig. 5.7 where we plot the central entropy of our evolving
systems and for the 3:1 cases, the evolution of material destined to constitute the
central 100kpc of our remnant cores. We do this to illustrate the relative heating of
primary and secondary material. Only the 3:1 cases are shown because the secondary

systems are too disrupted in the 10:1 cases to illustrate our point, and the symmetry
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in the 1:1 cases trivializes such discussions.

Examining the evolution of the central entropy of the system first, we find a
slightly different evolution between the on-axis and off-axis cases. In the on-axis
cases, the impact of the secondary core is immediately followed by a large peak and
in the 1:1 case, a period of erratic oscillations. Large sustained peak values are reached
in the 3:1 and 10:1 cases before t,cerete, With a subsequent decline. This behaviour is
more pronounced in these cases than in the 1:1 case due to the higher penetrability
of their bow shocks through the primary core. In the equal mass head-on merger the
shocks produced are nearly planar which keeps low entropy material confined in dense
structures at the center, reducing the efficiency of shock heating and increasing the
efficiency of cooling. In the 3:1 head-on case, the bow shock leading the secondary
displaces material laterally and can penetrate to the core of the primary, depositing
more of its initial kinetic energy in the lowest entropy material of the primary core.
This displacement of the primary core’s material also reduces its density, strongly
reducing its cooling efficiency and increasing the efficiency of entropy production.
This occurs in the 10:1 case as well but the reduced kinetic energy of the secondary
results in less heating of the core.

In off-axis cases, a slight increase is seen after t.,s.ss but generally very little
increase in core entropy occurs due to the initial core interaction. It is after t,ccrete,
when the stream formed from the disruption of the secondary core begins accreting,
that the bulk of the central entropy increase occurs. In Chapter 3 we showed that the
3:1v;/V, = 0.15 case produces a high velocity stream which disrupts the primary core.
It is because of this stream that this case produces the highest sustained remnant core
entropy of all our simulations. In the 10:1 cases, the secondary core is more highly
disrupted and fails to accrete as coherently as the 3:1 cases. It is for these reasons
that very little core entropy increase is seen in the 10:1 off-axis cases. Subsequent
to the peak entropy produced shortly before t,.,, in the off-axis cases, the entropy

slowly declines in the 1:1 and 3:1 cases and stays constant near its initial values in
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the 10:1 cases.

Examining the evolution of material which eventually constitutes the final rem-
nant cores in the 3:1 cases, we find a qualitatively similar evolution in the on-axis
and off-axis cases. Since most of this material originates in the actively cooling cores
of the initial systems, its entropy is initially dropping quickly. At tgesest, cooling is
stopped and both the primary and secondary material becomes slowly heated until
tacerete (in the v;/V, = 0.4 case, the primary material remains at a constant value
indicating that cooling in the primary core has been quenched). After a lag follow-
ing tacerete, both the primary and secondary core material experience very dramatic
increases in entropy. In the v;/V. = 0.15 case, we see that the secondary material
(which constitutes nearly half of the final remnant core) becomes more significantly
heated than the primary material during the stream accretion phase. Even though
this material originated in a denser structure, most of its heating was produced while
in disturbed, low density structures where entropy generation is more efficient.

Stream accretion is significant in our 1:1 and 3:1 off-axis mergers and in each case,

is the mechanism by which most of the final core material’s entropy is generated.

Cooling timescales

Cooling can reduce the core temperature, but must it do so? Inour 1:1 v;/V, = 0.4
and 3:1 v;/V, = 0.15 cases we see that similar peak entropies and cooling rates result
after treqe, but Fig. 5.5 illustrates that the recovery of the cool core is proceeding
differently.

Imagine a parcel of gas radiatively cooling. As cooling proceeds, it reduces the
parcel’s entropy on the cooling timescale, too oc STT~1. If it is in a dynamically
disturbed state, its temperature can drop only if the cooling timescale is sufficiently
short with respect to its local dynamical time, tgy, = \/37r—/16ﬁp-c (where A is

the over density of the system, relative to the critical density, within the parcel’s
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radius). If ¢eoo > tayn, it merely becomes compressed as it falls to the center, leading
to increased densities as it loses entropy but not decreased temperatures. Once the
system becomes relaxed, the temperature can then fall on timescales governed by the
cooling time.

In Fig. 5.8 we present these timescales for each of our systems at its initial
state (blue), when it appears undisturbed at ;.4 (magenta), and in its final state
(red). We can see that relatively little change occurs in the dynamical time between
these intervals, with ¢4, increasing as power laws over the entire region of the core
in all cases. The cooling time however, which initially increases as a power law, is
significantly higher and flat in the cores of several of our 1:1 and 3:1 cases.

At all times, we see that teo > tiyn. As a result, cooling can not lower the tem-
peratures of the cores until it has returned to a stable state of hydrostatic equilibrium.
In Chapter 3 we examined how a system returns to hydrostatic equilibrium following
a merger. At Rsoy we found that the system returns to within 10% of hydrostatic
equilibrium at tjy4ro, generally 0.5 — 1.0Gyr following the system’s apparent relax-
ation at t,eqe. Examining this behaviour at Ras09 we find that the system returns to
within 10% of hydrostatic equilibrium a little sooner and generally within 0.5 Gyr of
trelax. Hence, even though cooling may become reestablished at (or shortly before)
trelaz, it generally does not begin to lower the core’s temperature until afterwards. In
Fig. 5.5 we can see that the central temperature decrements of all our remnants are
increasing after this point (the 1:1 and 3:1 v;/V, = 0.4 cases experience slight dips
after t,eae due to the accretion of unobservable substructure). Prior to this time,
cooling can drop the central entropy of the system and lead to increased core densities
however. This process contributes to the faster recovery of the core’s compact state
compared to the recovery of its temperature decrement.

Thus, we expect the temperature decrements of our cores to increase significantly
only after tar = trelaz + teoot (tretaz). In the 1:1 v,/V, = 0.4 and 3:1 v;/V, = 0.15 cases,

central cooling times have become high and roughly constant following ¢sccree. In the
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1:1 v;/V, = 0.4 case, tar is roughly at the end of our simulations while in the 3:1
v;/V, = 0.15 case it is several Gyr after. Thus, despite similar core entropies and
mass deposition rates at t,ejqq, we witness different recoveries of AT/T' in these cases:
slow in the 1:1 v;/V, = 0.4 case but almost nonexistent in the 3:1 v;/V, = 0.15 case.
Differences in central cooling time are responsible for this difference which, given
the similar central entropies of these systems, arise from the discrepant temperature

structures of their cores.

5.3.4 Morphological segregation in scaling relations .

Scaling relations between mass, X-ray temperature and luminosity are powerful
tools for studying the processes that shaped the structure of the ICM. It has been
known for some time that a significant fraction of the scatter in these relations is due
to variations in the core properties of clusters, with outer cluster regions exhibiting
significantly more uniformity. This has been supported by recent observational studies
(O’Hara et al., 2006; Sanderson et al., 2006; Pratt et al., 2006). For this reason, and
because the generation of mass functions from these scaling relations has been a
significant motivator of their study, past studies of scaling relations have generally
been conducted with the central cores of systems excised.

It has been shown by M04 however that there is interesting structure in these
relations which correlate with the core properties of clusters. In their study, M04
use the ACC catalogue of Horner (2001) to compare their analytic entropy injection
model to published Chandra and XMM temperature profiles, classifying them by the
presence or absence of central temperature decrements. They further separate these
systems into classes showing evidence of significant or little substructure. Despite
the small number of published Chandra and XMM temperature profiles available to
them at the time, they found that these classes clearly (but not necessarily distinctly)

segregate in both the L, — 7T, and 3 — r. planes.
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In Chapter 4 we have examined the evolving global properties (including X-
ray temperature and luminosity) of our simulations, as well as the scaling relations
generated from them. Having identified when our systems appear in states without
central cool cores (EWC and CWC systems), we now examine how they segregate
in these planes. In Chapter 4 we found that the evolution in the L, — T}, M; — L,,
M, —-T, SZ — L, and SZ — T, planes were quite similar and we find the same for
morphological segregation in these planes as well. For this reason we will examine
only the L, —T, relation here (with the caveat that very similar qualitative statements
can be made about the other scaling relations listed above) as well as the 3 —z, plane

examined in MO04.

The L, — T, plane

In Fig. 5.9 we present the positions of our systems in the L, — T, plane, at each
time and in all three orthogonal projections, when they appear as EWC (green) or
CWC (red) systems. The initial and final states of the systems are indicated with
blue four and five point stars respectively. We also identify incidences of apparently
disturbed (open symbols) and relaxed (filled circles) morphology as well. These are
compared against the observed catalogue of Horner (2001) (in black) for which we
similarly differentiate systems with cool cores (squares) from those without (triangles)
as well as instances of relaxed morphology (filled symbols) from disturbed morphology
(open symbols).

This plot reinforces what was found in Chapter 4: the low-luminosity side of the
L, — T, scaling relation can not be populated with the mergers we have studied. Fur-
thermore, the off-axis 1:1 and near-axis (head-on and v;/V, = 0.15) 3:1 mergers pro-
duce the greatest displacement across the scaling relation from the initial conditions.
We find that systems with warm cores can populate the entire range of the scaling

relations between our S, = 10keVem? and S, = 300keVem? fiducial models, but
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Figure 5.9: A plot of L, against T} illustrating the location of warm core systems in
this plane. Extended warm core (EWC) systems are in green and compact warm core
(CWC) systems are in red, with filled symbols and open symbols denoting systems
which appear relaxed or unrelaxed (respectively) to simulated 50ks Chandra obser-
vations of the system placed at z = 0.1. Three orthogonal projections along x, y, and
z are shown (see Section 2.1 for definitions). Black points are the observed catalogue
of Horner (2001) with triangles and squares indicating cool core or non-cool core
systems following the procedure of McCarthy et. al. (2004) (again, open and filled
symbols indicate noticeably disturbed or relaxed systems). Black text around the
boundary indicate the mass ratio and v;/V, depicted by each panel.
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Figure 5.10: A plot of 3 against r. illustrating the location of warm core systems in
this plane. Extended warm core (EWC) systems are in green and compact warm core
(CWC) systems are in red, with filled symbols and open symbols denoting systems
which appear relaxed or unrelaxed (respectively) to simulated 50ks Chandra obser-
vations of the system placed at z = 0.1. Three orthogonal projections along z, y, and
z are shown (see Section 2.1 for definitions). Black points are the observed catalogue
of Horner (2001) with triangles and squares indicating cool core or non-cool core
systems following the procedure of McCarthy et. al. (2004) (again, open and filled
symbols indicate noticeably disturbed or relaxed systems). Black text around the
boundary indicate the mass ratio and v;/V, depicted by each panel.
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that relaxed EWC systems are not found below a fiducial model of S, ~ 200 keVem?.
We have similarly examined the other scaling relations discussed in Chapter 4 and

find the same qualitative behaviour of our systems’ morphologies in all cases.

The 3 — r. plane

In Fig. 5.10 we present the positions of our systems in the § — 7. plane, at each
time and in all three orthogonal projections, when they appear as EWC (green) or
CWC (red) systems. The initial and final states of the systems are indicated with
blue four and five point stars respectively. We also identify incidences of apparently
disturbed (open symbols) and relaxed (filled circles) morphology as well. These are
compared against the observed catalogue of Horner (2001) (in black) for which we
similarly differentiate systems with cool cores (squares) from those without (triangles)
as well as instances of relaxed morphology (filled symbols) from disturbed morphology
(open symbols).

We can see from this plot that 5 and 7. express a clear correlation in the obser-
vations and that our mergers naturally reproduce some of its features. In particular,
the observations show a significant increase in the dispersion of 3 as 7. increases and
our simulations remain well confined to the high 3 side of this scatter. At the largest
core radii, the dispersion becomes more narrow and our simulations remain well con-
fined to the region occupied by the observations. Our systems are always obviously
disturbed when occupying this region of the plane and several observations in this
region are disturbed as well.

The low-/3 side of the observed dispersion, at large core radii, is not significantly

populated by our simulations however.
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Figure 5.11: A plot comparing the initial and final metalicity gradients of our sim-
ulations. Initial profiles of the primary are shown with thick red lines and the final
remnant profile is shown with a thick black line. The final distribution of material
originating in the secondary is shown with a thin blue line. In all cases, the metalicity
profiles of our systems are initialized to have the metalicity profiles observed by De
Grandi & Molendi (2002).
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5.4 Metalicity gradients

It is a well established fact that extended core systems tend to lack metalicity
gradients (with mean amplitudes of 0.1 —0.2Z) while CCC systems routinely exhibit
centrally peaked metallicity gradients within 0.2R;g9, often reaching central values
which approach solar metalicity (De Grandi & Molendi, 2002). Anecdotal evidence
suggesting that extended systems tend to be preferentially disturbed has been used
to claim, as a result, that mergers effectively mix the ICM.

To examine this hypothesis, we have initialized our systems to. have the metal-
licity profiles presented by De Grandi & Molendi (2002) and examined the r?asulting
metalicity profiles of our merger remnants. We present these results in Fig. 5.11
where the initial metalicity profiles of our primary systems are presented in blue and
the final metallicity profiles of our remnants in red.

It is clear from this figure that mergers do not efficiently mix the material of
the initial systems. This makes sense given the fact that the enhanced metalicity
is initially tied to the lowest entropy material in the clusters. This material is not
preferentially heated above the entropy of the surrounding material and thus, remains
the low entropy material constituting the remnant. Once the system relaxes, the low-
entropy/high-metallicity material sinks to the center of the system due to a lack
of buoyant support, reestablishing a central metalicity peak with a slightly lower

amplitude and broader distribution.

5.5 Chapter summary

We have proposed a scheme for classifying the morphology of clusters based on
the surface brightness and temperature profiles of their cores and illustrated how
these states naturally emerge in the context of hierarchical clustering. Specifically,

we find:
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e Systems exist in three dominant morphologies: those with compact cores and
central temperatures which are cool (CCC systems) and warm (CWC systems)
and extended warm core (EWC) systems. Each population can appear in both

undisturbed and disturbed states.

e In on-axis mergers, the primary’s initial CCC state becomes transformed to a
EWC state in 3:1 and 10:1 cases soon after the impact of the cores. This is
due to the penetration of the secondary core through the primary core in these
cases. In the 1:1 head-on merger, the collision of the cores is inelastic and they
subsequently evolve in much higher density structure, decreasing the efliciency
of heating and increasing the efficiency of cooling. Surprisingly, the 1:1 head-
on collision is the case which most rapidly and completely recovers its CCC

structure.

e In off-axis mergers, the initial interaction of the cores does not disturb the
primary core from it’s CCC state. The accretion of a stream of low entropy
material formed from the disruption of the secondary’s core is the dominant
source of heating in these cases and leads to EWC states in the 1:1 v;/V, = 0.4

cases and 3:1 v;/V, = 0.15 cases.

e Our 3:1 v;/V, = 0.15 simulation is the case most effective at producing a sus-
tained EWC state. However, even this case does not produce central entropies

or core sizes large enough to account for most observed EWC systems.

e Once disturbed to a EWC state, systems recover their compact cores more
rapidly than they recover their cool temperatures. Thus, mergers naturally
account for the CWC systems observed in recent Chandra and XMM obser-

vations.

e The morphological segregation in scaling relations noted by McCarthy et. al. (2004)

is qualitatively reflected in the results of our mergers: EWC systems preferen-
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tially lie towards the low-luminosity /high-temperature side of the scatter in the
L, — T, plane. As noted in Chapter 4 however, the typical cluster mergers we
have studied (3:1 and 10:1 cases) do not produce systems with sufficiently high

central entropies to account for the most underluminous EWC systems.

e In the f—r. plane, several trends in the observations can be naturally accounted
for by mergers, but some can not. In particular, mergers populate the high-3
regions occupied by observations well, but low-3 extended core systems are not

typically produced.

-

e Mergers do not efficiently mix the ICM. Mergers between systems which ini-
tially host central metalicity gradients produce merger remnants with metalicity
gradients only slightly reduced in central amplitude and slope than the initial

systems.

Our results thus pose a significant challenge to a long held hypothesis in the study of
X-ray clusters: that extended core systems are the product of cluster mergers. They
suggest that several rare merger events are required to transform a relaxed CCC
system into a EWC system and that even under such circumstances, we would expect
EWC systems to host central metalicity gradients. These requirements are at odds

with observations of cluster metallicities.



Chapter 6

Concluding remarks

This thesis has been an examination of several aspects of X-ray cluster mergers
using idealized two body simulations. This approach has the advantage over cosmo-
logical simulations that we can be confident that our systems accurately represent
the structure of observed systems, particularly in the central regions. To use this ad-
vantage, we have focused particularly on the impact of mergers on the core structure

of the parent and remnant systems. Several findings have resulted.

6.1 The dynamical state of clusters

Our simulations do not include the spectrum of substructure present in a realistic
clusters. Nevertheless, we find that even our 10:1 merger remnants deviate 10 — 20%
from hydrostatic equilibrium for sustained periods following their apparent relaxation,
allowing us to confidently conclude that no cluster should be assumed to satisfy this
condition to better than this degree. It is reasonable to conclude that the visible
regions of an apparently relaxed cluster are virialized however. Remarkably, total
masses computed assuming the validity of this condition should generally be good to
5% when applied to apparently relaxed systems for which accurate temperature and

density profiles are available.
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6.2 Transient structures

A broad array of transient phenomena are formed from the ICM of merging
clusters. With the improved spatial and spectral resolution, energy coverage and
collecting area provided by Chandra and XMM, these structures are now observed
regularly in systems previously thought to be single relaxed systems. We have shown
in this thesis that a careful interpretation of these phenomena can provide a great deal
of information about the initial state of a merging system. This thesis summarizes
only our first most rudimentary steps towards understanding the processes which
transform the ICM during mergers. More study involving simulations which include
the full cosmological context of merger events and instrumental effects should equip
us with many new tools for probing the structure and physical processes active in the

ICM of X-ray clusters.

6.3 Scaling relations

Scaling relations are powerful tools for constructing mass functions for cosmolog-
ical studies. However, it has been known for some time (and we have illustrated in
Chapter 4) that variations in core properties induced by mergers (and likely other
processes, such as AGN) contribute significantly to the scatter in both X-ray and SZ
properties. This is undesirable for cosmological studies (motivating many authors to
exclude the central regions of clusters from their analysis) but likely affords an oppor-
tunity to understand the processes which shape cluster cores. Such processes include,
but are not restricted to, the effects of mergers, AGN and various other processes
(such as preheating) which may have contributed to modifying the central entropy
(and hence, morphology) of cluster cores.

Keeping the cores in our analysis, we have examined scaling relations between

luminosity, temperature, mass and SZ properties. In most cases, we find that relaxed
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states which cover the full dispersion in the scaling relations can only be achieved
through extremely rare equal-mass, off-axis mergers. Somewhat more common 3:1
mergers are rarely able to generate systems (neither transiently nor as relaxed rem-
nants) which account for the dispersion in the observed scaling relations.

We have initialized our systems to represent common compact cool core systems
observed by Chandra and to represent a significant range of orbital properties found in
cosmological dark matter simulations. As a consequence, our systems should represent
a significant range of typical cluster merger events. A natural question to ask however,
is whether systems with initially higher central entropies could be driven by mergers
to states which account for the dispersion in the scaling relations.

Such a scenario is effectively a multiple heating event scenario in which a system’s
central entropy becomes elevated (either by a previous merger event or AGN activity)
and then additionally heated to states which single mergers between relaxed systems
can not generate. This is appealing on the grounds that mergers involving heated
cores will generate lower densities and stimulate less radiative cooling, tipping the
balance between heating and cooling towards heating. Furthermore, previously heated
cores will have lower densities, increasing the efficiency of entropy production.

Although possible, we believe that such a scenario is not plausible. We have
found that 3:1 mergers between relaxed systems are merely able to move a system to
the best fit median relation in most of the scaling relations we have studied. It would
presumably require an additional merger of comparable extent to move the system
the rest of the way across the relation. To have a significant effect on the statistics of
the population, this would have to occur regularly, but it requires the compounding
of two very rare events.

One possibility which requires additional study however, is that merger events
may occasionally stimulate subsequent AGN activity. There are several stages during
the evolution of our mergers when gaseous material becomes driven towards the cores

of our systems. These times generally occur during the interactions of the merging
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cores (at teosest OT tacerete) O during the accretion of the streams generated from the
disruption of the secondary’s core. During these times, low angular momentum from
the primary system which is stationary with respect to the central black hole could
be perturbed towards the center of the system. This may provide a natural means of
generating multiple heating events in close succession (and thus reproducing the full
dispersion of the scaling relations) within the framework of hierarchical clustering.

Impending observational progress should contribute significantly towards resolv-
ing these issues. We have shown that isothermal 3-model masses, besides being sys-
tematically low by as much as 40%, likely also contribute significantly to the_scatter
in mass scaling relations. These effects are difficult to reliably account for. Improve-
ments in X-ray mass estimates which have been demonstrated to be feasible with
Chandra (but only on a limited sample so far) will greatly simplify analysis and
interpretation of these relations once they have been applied to a large representative
sample of clusters.

Furthermore, improvements in available SZ catalogues will be extremely valuable.
Our fiducial models predict very little scatter in the y, — L, plane and our simulations
find that only during periods of significant disruption (particularly in off-axis cases,
which affect y, very little but increase the system’s luminosity) should the system
deviate significantly from the mass-scaling relation. In the observations reported by
Benson et al. (2004) however, there are several systems on the high-luminosity side
of the predicted relation. We do not see an obvious way to account for this. If the
discrepancy is not due to systematic uncertainties which are not accounted for in
the reported uncertainties, then this suggests that these systems may be significantly
disturbed. This may not be too surprising given the fact that the observations in this
catalogue are all of very hot (and massive) systems, which are particularly prone to

merger activity.
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6.4 Cluster morphologies

Cooling should naturally drive systems to states with low central entropies, and
compact cool cores (CCC systems). However, we have illustrated that merger events
can yield two additional morphologies: EWC systems (with warm extended cores
and high central entropies) and CWC systems (with compact cores but a range of
elevated central temperatures). Mergers of relaxed CCC systems do not generically
yield systems with EWC morphologies for extended periods of time. When they do
(such as our 3:1 v;/V, = 0.15 case) it is due to elevated central entropies generated
primarily during the accretion of low-density streams of material created from the
disruption of the secondary core.

Thus, the notions of compactness, coolness, and active cooling are related but not
as simply as once thought. As noted by the observations of Sanderson et al. (2006)
(and supported by our simulations) compact cores need not be cool nor actively cool-
ing. Such trends can all be accounted for by merger activity. Once a merger remnant
evolves sufficiently to look relaxed to Chandra, it typically recovers its compact core
more quickly than its core cools. Hence, we must thus be careful when thinking that
compact implies cool, although cool should generically imply compact.

The central entropy of a system correlates well with each of these properties
however. CCC systems have low central entropies, EWC core systems high central
entropies and CWC systems a distribution of central entropies which generally lie in
an overlapping range in between. This naturally explains the observed morphological
segregation in the scaling relations noted by McCarthy et. al. (2004). The present
work adds to their findings the fact that even for a recently disturbed system, it’s
position in the L, — T, plane (and it’s core morphology) is primarily a product of its
central entropy. The fact that our mergers do not efficiently produce EWC states is
thus a result of the fact that they do not sufficiently heat, and thus raise the central

entropy, of cluster cores.
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How then are systems with high central entropies (Sio > 150keVem?) and large
surface brightness cores (r. > 150kpc) produced? Merger induced AGN heating such
as that suggested above? Significant outburst such as those observed by McNamara
et al. (2005) could potentially heat the cores of a disturbed system to EWC states but
even MS0735.6+7421, the largest AGN outburst yet observed, still has a significant
metalicity gradient. It would appear that neither AGN outbursts nor mergers are
able to sufficiently erase a metalicity gradient once it is established. How then do we
reconcile the lack of metalicity gradients in observed EWC systems with our results?

It may be that mergers yield more mixing than our simulations suggest. _SPH is
an inherently non-diffusive algorithm and handles turbulence poorly. Alternatively, it
may be that the observed spectrum of cluster morphologies are a product of processes
active early in the system’s evolution. We find that near equal mass mergers are more
efficient at producing heated cores and at early epochs, such events (between much
lower mass systems than we study) are expected to be more common. Systems having
experienced a greater proportion of such events may have altered star formation
histories as a result, yielding the observed differences in metalicity profiles observed
between compact and extended core systems. Clearly, further investigation is required

to enable us to select between competing possibilities.
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