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This thesis investigates the interaction of gaseous media in gravitationally-bound
groups and clusters of galaxies; in particular, X-ray data are examined for the presence
of ‘wakes’ of material created by the movement of galaxies within clusters.

Theoretical models assume galactic wakes to be formed by one of two principal
mechanisms: either the interstellar medium (ISM) of a galaxy is stripped by the
ram pressure of the surrounding intracluster medium (ICM), causing X-ray-emitting
material to trail out behind the galaxy; or the mass of the galaxy causes ICM gas to
be accreted into a Bondi-Hoyle accretion wake. The effect of environment upon the
physical characteristics of wakes is a key question explored in this thesis.

A statistical, objective method is developed to search for wakes. The first systematic
search for wakes in a cluster is made using data on the nearby, richness class 0 cluster
Abell 160, acquired using the ROSAT satellite. This work reveals that a significant
population of cluster galaxies appear to be associated with wake-like features; the
most probable wake detections imply that their parent galaxies are on inward-bound
orbits. A ‘radial bias’ model is proposed to explain this observation, noting that
galaxies moving on elliptical orbits will spend a greater time away from the cluster
centre than near it, and hence will be able to enhance their ISM through internal
astrophysical processes, before having this material stripped as they fall towards the
centre. Once past the centre, however, wakes cannot be formed through ram pressure
stripping as the galaxies have not had time to replenish their gaseous content, and
hence the brightest wakes are likely to be those accompanying galaxies on inward-
radial orbits.

The search for wakes is subsequently extended to a sample of five Hickson com-
pact groups and four more clusters of galaxies, using data from the ROSAT archive.
No definitive populations of wakes are identified in these serendipitous environments,
although the physical properties of several strong individual wake candidates are ex-
amined and their probable formation histories discussed.

Galactic environment is studied further using data from the ROSAT All-Sky Survey
(RASS). The accuracy of these RASS data is investigated and it is concluded that
such data can only marginally differentiate between the environments of galaxies.
The X-ray luminosities of the galaxies in the five Hickson compact groups and three
clusters — AWM 7, Abell 160 and Abell 2634 — are measured and the probable origin
of the majority of their X-ray emission is determined to be X-ray binary stars.

Values of the X-ray luminosity, ICM temperature and galactic line-of-sight velocity
dispersion of the ten groups and clusters are obtained and compared with each other
and with values from the literature. Careful fits are made to two-parameter plots of
these data and it is found that the resulting relationships agree well with the values
of other investigators. In particular, differences between samples of compact groups
and clusters are identified and discussed.
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Chapter 1

Introduction

1.1 Preamble

Galaxies are observed across a broad range of environments, from single galaxies
in the field through interacting binary galaxies to small groups and large clusters.
This thesis sets out to use X-ray data from a selection of compact groups and larger
clusters of galaxies in order to investigate the phenomenon of galazy wakes within
these environments.

Clusters of galaxies are observed to contain hot, tenuous gas which emits at
X-ray wavelengths. As galaxies move through this medium, wakes of material are
produced trailing behind them. These X-ray wakes provide information about the
galaxies’ motions in the plane of the sky. Thus, combining observations of X-ray
wakes with galaxy redshifts, which indicate the speed of the galaxies in the line of
sight, allows a three-dimensional dataset of the galaxies’ velocities to be constructed.
Such datasets may then be used to study the dynamics of galaxies in clusters, and
help to differentiate between models of the distribution of galactic orbits in a model
gravitational potential.

Data from the ROSAT X-ray astronomy mission are analyzed, using an objective,
statistical wake search method developed during the course of this thesis. Potential
wake features are measured and their properties compared to theoretical predictions.

Furthermore, the overall environments of the galaxies and wakes — their host groups
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or clusters — are compared with each other and with data from the literature.
This chapter introduces briefly groups and clusters of galaxies (Section 1.2), their
constituent galaxy populations (Section 1.3) and the intracluster media which help to

generate galaxy wakes (Section 1.4). An outline of the work presented in this thesis

is given in Section 1.5.

1.2 Groups and Clusters of Galaxies

Clusters of galaxies are the largest gravitationally bound systems in the Universe. The
majority of galaxies are observed to reside in systems comprising a few to hundreds
of members, where their motion is governed by the overall gravitational potential
(Figure 1.1). Groups of galaxies are essentially clusters with fewer members: approx-
imately half of all galaxies may exist within bound groups (Tully 1987).

Groups and clusters are dynamically younger than galaxies (Binney & Tremaine
1987). In many systems, galaxies are still falling towards the centre of the group or
cluster for the first time and, in general, galaxies will have completed only a few or-
bits since the system formed. Furthermore, galaxies occupy a much greater fractional
volume of a cluster (~ 1072) than stars do of a galaxy (~ 107%?). Galaxy interac-
tions are therefore much more frequent than stellar collisions or close encounters, and
subsequently play a more significant role in group/cluster evolution than do stellar
encounters in galactic evolution.

The radial distribution of galaxies in a cluster is difficult to determine accurately,
since the galaxies are discrete points rather than being a smooth surface brightness
distribution, and also because the system is generally not in dynamical equilibrium.
Furthermore, dark matter is now thought to dominate groups and clusters: mass-
to-light ratios for the Coma and Perseus clusters, for example, are of order 50 times
greater than values derived for the cores of elliptical galaxies (Kent & Gunn 1982;
Binney & Tremaine 1987). The overall shape, mass and extent of clusters are therefore
often better determined using X-ray observations of the hot gas that fills the clusters’
potential wells, and is their dominant baryonic component (White & Fabian 1995).
These intracluster media (ICM) typically have temperatures of 1-10 keV and the
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clusters have X-ray luminosities of ~ 0.5 — 50 x 10** erg s=! (White, Jones & Forman

1997).

Figure 1.1: Optical image of 30 arcmin? of sky centred on the Coma cluster. Almost all
the objects visible are galaxies orbiting within the gravitational potential of this rich, well-
studied, nearby (2 = 0.022) cluster. The image is centred on 13"00™ 427°59’ (J2000.0).
Image reproduced from the Digitized Sky Survey.

Groups of galaxies may be identified optically through the observation of en-
hanced number densities at a given redshift but, owing to the small numbers involved,
this method is prone to errors. If extended X-ray emission from the hot gas of a group’s
potential well is observed, however, it may be concluded that the group’s galaxies are

bound gravitationally (Binney & Tremaine 1987). The inter-galactic medium has
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been studied across a range of group types, from small compact groups (see below) to
larger, loose groups of galaxies (e.g. Mahdavi et al. 1997; Helsdon & Ponman 2000).

Some groups of galaxies have a particularly high number density (although their
membership appears to average approximately five); these compact galazy groups con-
tain galaxies separated on the sky by just a few galactic radii. Hickson (1982) derived
a sample of 100 such systems — Hickson compact groups (HCGs) — based upon three
criteria of group membership, isolation and mean surface brightness. Temperatures
for the inter-galactic medium in HCGs detected by the ROSAT satellite fall within the
range 0.3-1.1 keV; X-ray luminosities range from 1.9 x 10%! erg s7! to 1.1 x10* erg s™*
(Ponman et al. 1996). Five HCGs are examined in this thesis to extend the range
of galactic environments scrutinized as far as possible; in addition, the proportion
of galaxies undergoing some form of interaction is much higher in compact groups

than other environments (Mendes de Oliveira & Hickson 1994), and it is instructive

to compare the frequency of the wake phenomenon in groups and clusters.

1.3 Galaxies in Clusters

Systematic differences between field and cluster galaxy populations have been quan-
tified over many years (see e.g. Hubble & Humason 1931; Oemler 1974). In general,
there is a higher early-type (ellipticals and lenticulars) galaxy fraction in clusters, and
a higher late-type (spirals and irregulars) fraction amongst field galaxies. One possi-
ble explanation for this morphology-density relation (Dressler 1980) is that galaxies in
clusters interact with their environment and thereby change morphology. Such inter-
actions appear to be common for giant galaxies (Irwin ef al. 1987; White et al. 1991;
Bohringer et al. 1995), for which they have been modelled in some detail (Balsara,
Livio & O’Dea 1994; Stevens, Acreman & Ponman 1999). Theoretical investigations
into the evolution of dwarf galaxies in cluster environments also favour conditions

which could lead to morphological changes, including the formation of wakes (Mori &

Burkert 2000).
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1.3.1 The Interstellar Media of Galaxies

The term interstellar medium (ISM) is used to refer to the gas, dust, magnetic fields,
electrons and protons and other ions observed between the stars in a gravitationally-
bound stellar system (Binney & Merrifield 1998). The ISM constitutes only a small
fraction of any galaxy’s mass, but galaxies of different morphological type are observed

to have significantly different ISM in terms of structure.

1.4 The Intracluster Medium

Clusters of galaxies are observed to contain hot, tenuous gas which emits X-rays at
temperatures 7' > 10" K — the intracluster medium (ICM). An X-ray image of the
ICM of the Coma cluster is shown in Figure 1.2. The principal mechanism produc-
ing this X-ray emission is thermal bremsstrahlung (free-free) radiation (Feynman,
Leighton & Sands 1963). The inter-galactic media of groups and the intracluster me-
dia of clusters have X-ray luminosities ranging up to ~ 10** erg s7! and ~ 10%* ergs™*
respectively (Forman & Jones 1990). As already noted, the mass of the ICM is at
least several times greater than the luminous mass of a cluster’s galaxies, and so the
majority of this gaseous material must be primordial. Observations do reveal, how-
ever, that a significant number of heavy element ions, such as O, Si, S and Ne, are also
present in the ICM; it is likely that these heavier elements originated in galaxies and
have entered the ICM via the activity of supernovae, or through a stripping process
as a galaxy’s ISM interacts with the surrounding ICM. It is this ISM/ICM interaction

that plays a central role in the production of galactic wakes.

1.4.1 ISM/ICM Interactions and Galaxy Wakes

Galaxies in groups and clusters can undergo a variety of interactions with their en-
vironment. For example, galaxies may interact with each other, leading to enhanced
starburst activity and/or eventual merging (Schweizer 1982). They may also have
material removed by tidal stripping via interaction with the system’s gravitational

potential (Mamon 1987). Finally, a galaxy’s ISM can interact with the inter-galactic
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Figure 1.2: X-ray surface brightness contours of the Coma cluster’s intracluster medium
imaged with the ASCA X-ray astronomy mission. Each circle represents the area covered by
each of 14 separate observations; the diameter of each circle is 30 arcminutes. The greyscale

shows model temperatures fitted to the data. Image reproduced from Honda et al. (1996).

medium of the group or cluster.

Information about a galaxy’s motion with respect to its parent cluster is contained
in the products of ISM/ICM interactions. In particular, ‘wakes’ of X-ray-emitting

material can form behind moving galaxies through two key mechanisms: either gas
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can be focussed through Bondi-Hoyle accretion (Bondi & Hoyle 1944) into an accretion
wake; or a galaxy’s ISM can be removed to form a wake trailing behind the galaxy via
the process of ram pressure stripping (Lea & de Young 1976). Bondi-Hoyle accretion
wakes extend over the greatest lengths behind slow moving, massive galaxies in low
temperature clusters, although they are likely to be longer-lived and brighter in richer
clusters (Sakelliou 2000). Wakes formed by ram pressure stripping are more likely to
be observable in galaxies with young stellar populations residing in poorer (cooler)
clusters and groups, although galaxies infalling into rich clusters are also good wake

candidates (Stevens, Acreman & Ponman 1999).

1.5 Qutline of the Thesis

The remainder of this thesis is arranged as follows. Chapter 2 discusses the dynam-
ics of galaxies in clusters and the theoretical motivation behind the observational
results presented in later chapters (Section 2.1). Galaxy wakes are also introduced
(Section 2.2), and an objective method used to search for and detect such wakes is
developed (Section 2.3).

The wake search method is applied to a specially-acquired dataset of the poor
cluster Abell 160 in Chapter 3. The analysis, Section 3.3, reveals a population of wake-
like features to be present in this cluster; these results are discussed and a possible
interpretation is given in Section 3.4.

Chapter 4 extends the search for wakes from Abell 160 to nine other compact
groups and clusters, spanning a broad range of physical size, to attempt to quantify
how the group or cluster environment affects the wake phenomenon. The nine objects
are introduced in Section 4.2. Compact galaxy groups are studied in Section 4.3 and
clusters of galaxies in Section 4.4. Overall conclusions are made for this work in
Section 4.5.

Global properties of groups and clusters — their temperatures, optical and X-
ray luminosities and velocity dispersions — are compared and discussed in Chap-
ter 5. The optical-X-ray luminosity relationship is studied in Section 5.2.1. The

effect of environment on galaxies in clusters is investigated in Section 5.2.2 using data
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from the ROSAT All-Sky Survey. Three further relationships between the obser-
vational properties of groups and clusters are examined in Section 5.3. The X-ray
temperature-luminosity relationship is introduced in Section 5.3.2; Section 5.3.3 fo-
cuses on the velocity dispersion-X-ray luminosity relationship; and Section 5.3.4 looks
at the temperature-velocity dispersion relationship for the ten groups and clusters
studied in this thesis. Results of this chapter’s work are discussed in Section 5.4.

A brief overall conclusion to the thesis is given in Chapter 6. Note that a value for
the Hubble constant of Hy = 50kms™! Mpc™ is used throughout this thesis. Other
physical and astronomical numbers utilised in the course of this work may be found

in Appendix C.



Chapter 2

Galaxy Dynamics and the Search
for Wakes in Clusters

Galaxies in clusters can undergo a variety of interactions with their local environ-
ments. For example, one galaxy may collide with another, leading to enhanced star
formation or starburst activity and possibly eventual merging (Schweizer 1982; Bin-
ney & Tremaine 1987). Interaction with a cluster’s overall potential can lead to the
most loosely-bound galactic material being stripped into tidal tails (Mamon 1987).
Two hydrodynamical media — a galaxy’s interstellar medium (ISM) and the cluster’s
intracluster medium (ICM) — may also interact to produce a number of phenomena,
including ‘wakes’ of gaseous material emitting X-rays and trailing behind the galaxy
as it moves through space. Such structures provide information on galactic motions
in the plane of the sky which is not available from other observations.

This chapter examines how observations of galaxy wakes may be applied to the
dynamics of clusters, and describes the physics behind wake formation and their
observable properties. An objective method for searching systematically for galaxy
wakes is also introduced. Observations or detections of single wakes in clusters do not
form a sound basis for a dynamical analysis: an impartial, statistical analysis of the
X-ray observations is required in order to quantify the number and nature of wakes.

Section 2.1 discusses the dynamics of galaxies in clusters and details how wakes

can be used to differentiate between otherwise ambiguous dynamical models. Galaxy
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wakes themselves are discussed in Section 2.2, where Section 2.2.1 presents the physics
behind current understanding of wake formation, and a brief survey of previous wake
observations is made in Section 2.2.2. The statistical method used in this thesis to

search for and detect galaxy wakes is introduced in Section 2.3.

2.1 Galaxy Dynamics in Clusters

If galaxies in a group or cluster are bound together gravitationally, the system’s mass
(and mass-to-light ratio) can be computed by studying the positions and velocities of
the member galaxies since the kinematics of the galaxies are governed by the grav-
itational potential of the cluster as a function of radius, ®(r). Conventional mass
estimators (Binney & Tremaine 1987) combine photometric data on the galaxies’ po-
sitions on the plane of the sky with spectroscopic observations of their line-of-sight
velocity components (Kent & Gunn 1982).

Assuming the system to be spherically symmetric it is possible to derive the
projected number density of galaxies, and their line-of-sight velocity dispersion, as
functions of projected radius, N(R) and o),s(R) respectively. These quantities may
then be compared to dynamical models with different distributions of galactic orbits
which could, in principle, allow study of the formation and evolution of the system
owing to the long dynamical ‘memories’ that the true galaxies retain (Merrifield 1998).

It is not possible, however, to use the observable quantities N(R) and o.s(R)
to solve uniquely for ®(r), as varying the ratio between tangential and radial orbital
motions leads to whole families of consistent solutions (Binney & Mamon 1982). This

ambiguity is summarized by the anisotropy parameter,
Biry=1-2 (2.1)

where 0, and o, are the tangential and radial velocity dispersions at system radius 7;
N(R) and 01,s( R) are insuflicient to solve for both ®(r) and &(r).

The potential ®(r) can be measured independently in order to remove this am-
biguity. Measuring the temperature and density profiles of the ICM from X-ray data
allows a unique solution to be found for the ICM’s potential (Eyles et al. 1991). An
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alternative method is to analyze the optical images of background galaxies behind
a cluster: the gravitational lensing distortions caused by the cluster’s mass also al-
low a measurement of ®(r) (Tyson, Wenk & Valdes 1990). These two methods are
not readily applicable to poor clusters, however, where X-ray emission is weak and
gravitational distortions are small.

Another technique invoked to measure ®(r) is that of using an additional kine-
matic constraint on a cluster’s orbital distribution. For example, one possible con-
straint is based upon the observation that the shape of the line-of-sight velocity dis-
tribution (LOSVD) depends on the distribution of the galaxies’ orbits (Merritt 1987).
This application is similar to its use in stellar dynamics (e.g. Kuijken & Merrifield
1993), although clusters are not generally completely relaxed and hence significant
variations in the LOSVD can be caused by substructures such as a small, infalling
group.

An alternative approach is to study ICM-ISM interactions where the observable
kinematic constraint is provided by the observation of galaxy wakes leading to
knowledge of the galaxies” motions on the plane of the sky. An objective method for
observing galaxy wakes is developed below; here, their application to galaxy dynamics
is explored in a little more detail.

A ‘projected anisotropy’ parameter, B(R), can be defined analogously to the true

anisotropy parameter, 3(r), in equation (2.1):
o2

B(R)=1 - é; (2.2)
o2 and o} are the projected tangential and radial RMS velocities on the plane of the
sky. The projected anisotropy may be estimated from a cluster’s member galaxies’
projected orbit directions via observations of the galaxies’ wakes. If a galaxy’s wake is
assumed to divulge its host galaxy’s direction of motion on the plane of the sky, it is
possible to observe directly the distribution of projected orbit directions as a function
of projected radius, P(©, R), where O is the angle between the galaxy’s direction
and its projected radius vector (i.e. the vector linking the galaxy to the centre of the
cluster; see Figure 2.3 below).

It is possible to relate the quantity P(@, R) directly to B(R), for example by
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assuming a functional form for the plane-of-sky velocity distribution (POSVD) at a
given R, such as

F(on, vr) = F(vk/a® + v3/b), 2.3)
where @ and b are arbitrary constants (Merrifield 1998). The distribution of observed
O-values, P(0), may be found by transforming the coordinates {vg,vr} to plane-of-

sky polar coordinates to derive

v1—-B
- 2m(1 — Bcos? Q) (2.4)

P(0)

Parameter B may then be estimated by fitting equation (2.4) to the observed P(©)-
distribution (at a given R).

Differentiation between models of possible orbit distributions is then achieved by
applying the above fitting procedure. For example, a fundamental difference between
models lies in the relative numbers of galaxies residing on tangential and radial orbits.
This may be parametrized by the quantity fr, which represents the fraction of galaxies
on tangential (as opposed to radial) orbits when either of the conditions 7/4 < © <
3n/4 or br/4 < © < Tm/4 is satisfied for ©. Integration of equation (2.4) leads to an

estimator of B for a particular value of fr:
B =1 - tan? <ng> ; (2.5)

this is an unbiased estimator for B for the POSVD form represented by equation (2.3)
but the method is applicable to a wide range of physically plausible models (Merrifield
1998). Furthermore, B is readily determined by observing wake directions and is not
unduly affected by a few poorly-determined ©-values.

A generalised application of this method to known dynamical models is beyond
the scope of this thesis; a brief discussion of this topic is presented below and the
method has been applied to the Michie/truncated singular isothermal sphere model
(Michie 1963) by Merrifield (1998).

Dynamical models of galaxy clusters are defined by a distribution function, f,
which quantifies the number of galaxies at each point as a function of position and
velocity, i.e. as a phase-space density (Appendix A; see also Binney & Tremaine 1987).

For a spherical system, the distribution function may be shown to depend upon the
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energy, £, and angular momentum, J, at each point by application of Jeans’ theorem
(Appendix A).

A model is fully specified by f(E,J) and ®(r), the model cluster’s gravitational
potential. It is then possible to compute observable quantities such as o1,s(R) and
the projected number density N(R) as well as the new estimator B(R). It is found
that even significantly different models result in very similar kinematics in terms of
projected number density and line-of-sight velocity dispersion (Merrifield 1998) but
that f?(R) can differ markedly; in addition, the projected anisotropy B(R) is well
estimated by B(R).

Thus, obtaining distributions for B allows some potential models to be ruled
out for a given dataset. For example, if a cluster has an isotropic distribution then
fr = 0.5; this may be estimated as fT = 0.5 £ 0.5/v/ Nyake for Nyaie measured wake
directions. If an anisotropic distribution with B= 0.7, for instance, is found to be a
better model for a given cluster, then a sample of Ny.ke ~ 50 wake directions would
rule out the isotropic model at the 3o-level.

As detailed below, no such systematic survey of clusters for large numbers of
galaxy wakes has been attempted to date. Observations of even poor clusters could,
however, enable much more precise conclusions to be drawn as to which dynamical
models best fit galaxy clusters. In order to attempt such a project, it is necessary to
understand the physics behind wake formation and to develop a reliable method for
detecting wakes in X-ray data. These topics are considered in the remaining sections

of this chapter.

2.2 Galaxy Wakes

The physics behind the observed structure of galaxy wakes is summarized in Ap-
pendix B where equations (B.1)-(B.7) form the basis for any study of gaseous inter-
actions in clusters (e.g. Gunn & Gott 1972; Balsara, Lea & de Young 1976; Balsara,
Livio & O’Dea 1994; Stevens, Acreman & Ponman 1999; Mori & Burkert 2000). The
following subsection presents an elaboration of this fundamental physics in order to

explain the wake formation phenomenon.
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2.2.1 Theoretical Formation of Wakes

The intracluster medium (Section 1.4) interacts with a galaxy’s gaseous content in
a number of ways: ICM-ISM interactions are complex and different phenomena will
certainly affect each other. Some galaxies will emit strong galactic winds driven by
starburst activity (e.g. see Section 4.3.5); the majority of the thermal and kinetic
energy in such winds is most probably in a hot (~ 107 K) low density component
(Strickland & Stevens 2000) which may reduce the strength of any ram pressure wakes
(see below) formed in such galaxies owing to the winds’ efficiency at transporting
energy out of their hosts.

Material will be removed from a galaxy through ram pressure stripping if the

ram pressure exceeds the galaxy’s internal gravitational force, i.e. if

GMOng
gv 2.6
3T’0 ’ ( )

PICMU{Z’al >
where prom is the ICM’s density, v, is the galaxy’s velocity with respect to the ICM
and My, ro and pgo are core values for the galaxy’s mass, radius and gas density. Such
a mechanism is likely to be most efficient for dwarf galaxies (Mori & Burkert 2000) as
they will have smaller escape velocities than other systems, but ram pressure stripping
will occur whenever (2.6) is satisfied. X-ray features such as wakes and plumes are
seen behind a large variety of galaxies, and many of these features may be explained
by ram pressure stripping (Sakelliou 1998).

The stripping process is complicated by mass replenishment of a galaxy’s inter-
stellar medium through stellar evolution (most significantly via supernova winds). For
instance, galaxies on radial orbits will undergo alternate phases of gas accumulation
and stripping (Takeda, Nulsen & Fabian 1984). Detailed, 2D hydrodynamical mod-
els predict complex dynamical structure in such feedback scenarios (Balsara, Livio &
O’Dea 1994) and material being stripped episodically from the edges of galaxies in
discrete events (Stevens, Acreman & Ponman 1999).

A basic parameter used in such models is the fraction of gas retained by the galaxy.
If this is close to zero and nearly all the gas has been stripped by the ICM, a prominent
bow shock is often seen in front of the model galaxy, the galaxy’s central density

does not become high enough for star formation to occur, and emission-weighted
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temperatures for the galaxy and ‘tail’ regions are comparable to the ambient cluster
temperature (Stevens, Acreman & Ponman 1999). The dynamics are more complex
when a significant fraction of the gas is retained: material accumulates in the centre
of the galaxy allowing dense streams to be stripped away, leading to the formation
of potentially-observable tail-like structures. Kelvin-Helmholtz instabilities (Mori &
Burkert 2000) develop at the boundary where stripping occurs. Emission from the
galaxy itself also becomes significant in models where mass is retained.

An alternative mechanism for wake formation is that of Bondi-Hoyle accretion
(Bondi & Hoyle 1944) whereby ICM material is deflected and accreted gravitationally
behind a galaxy moving through a cluster. Wakes arise because particles in the ICM
are affected by the gravitational attraction of the galaxy. An accretion radius, Ra,

may be defined (Hunt 1971) such that

2 a
Ry = Giwg L. (2.7)
vgal

for a galaxy of mass M, = 10'* Mg moving at a typical velocity of vz = 300 kms™?,

the accretion radius is By ~ 100 kpc and material may therefore be accreted from a
significant volume of the cluster.

The accretion rate is

2
4 = me(GMe) pes. (2.8)

v
gal
where ap., is the finite density of the ‘accretion column’ (Bondi & Hoyle 1944).

Values of « lie in the range 0.5 < @ < 1 (Hunt 1971); for a typical ICM density of
p~ 15 x107% kg m™ (Jones & Forman 1999), the accretion rate will be of order
10 Mg yr~L

Thus the basic model for wake accretion involves a small accretor (a galaxy)
moving through a gaseous medium, such that the gas flow is governed by the accre-
tor’s gravitational attraction and the relative accretor-medium velocity. The most
favourable conditions for the formation of Bondi-Hoyle accretion wakes are slow-
moving, massive galaxies in low-temperature clusters, where wakes up to ~ 20 kpc
in length may form (Sakelliou 2000); richer, hotter clusters can harbour smaller-scale

wakes which are likely to be brighter and have longer lifetimes (Sakelliou 2000).
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In summary, the galaxy-ICM interactions which are most likely to result in ob-
servable wake-like features involve galaxies with young stellar populations that are
rapidly replenishing the ISM. Galaxies in cooler clusters or groups with relatively low
cluster surface brightness will have the highest-contrast, most-observable wakes. Rich
clusters are less likely to harbour galaxies which retain their ISM, although galaxies

infalling into rich clusters may also be good wake candidates.

2.2.2 Current Observational Evidence for Wakes

Wake-like structures trailing behind galaxies have been observed only in a few limited
cases to date and, in general, these are specifically associated with relatively nearby
and well-known objects. David et al. (1994) observed a ‘cooling wake’ behind the
dominant galaxy in the NGC 5044 group, presumably caused by the galaxy’s motion
with respect to the local intergalactic medium. The X-ray tail of the Coma cluster
giant elliptical galaxy NGC 4839 is seen to be pointing away from the centre of the
cluster (Dow & White 1995); the galaxy may be the cD component of a subcluster
falling into the main cluster’s potential.

One particularly fine example of a wake is that of the Fornax elliptical galaxy
NGC 1404 (Figure 2.1), which shows an X-ray tail pointing away from its cluster’s
centre (Jones et al. 1997). MS86 in Virgo shows a strong tail or plume of hot gas
apparently being stripped from the galaxy by ram pressure (Forman et al. 1979;
White et al. 1991; Rangarajan et al. 1995). The plume has a temperature of AT ~
0.8 keV which is comparable to the emission of M86 itself but much lower than that
of the surrounding Virgo cluster (k7' ~ 1.9 keV). Colina & Borne (1995) observed
X-ray ‘tails’ in the emission from the colliding elliptical galaxy pair NGC 4782/4783
(3C 278). The two-sided radio jet 3C 278, associated with NGC 4782, is observed to
be deflected in the same direction as its host galaxy’s tail; models indicate that this
bending of the jet is probably caused by ram pressure exerted by the hot gas in the
companion galaxy NGC 4783 (Borne & Colina 1993).

Sakelliou, Merrifield & McHardy (1996) observed a wake-like feature associated
with the wide-angled-tailed (WAT) radio galaxy 4C 34.16, using the ROSAT High
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Figure 2.1: An optical image of the Fornax cluster galaxy NGC 1404 with ROSAT PSPC
isointensity contours superimposed. Jones et al. (1997) conclude that gas is being stripped
by ram pressure from NGC 1404 as it falls towards the central, brightest cluster galaxy,
NGC 1399 (off the image to upper right). Figure reproduced from Jones et al. (1997). The

image extends approximately 18 arcminutes on each side.

Resolution Imager. Its radio lobes are bent symmetrically into a broad C-shape and
the X-ray wake is observed between them, strongly suggesting that both the formation
of the wake and the bending of the jets are caused by the galaxy’s motion through the
ICM. Observations of a sample of 43 WAT galaxies in Abell clusters indicate that they
are moving relative to their clusters’ centres and hence may be the dominant galaxies
of sub-groups currently infalling into the cluster proper (Sakelliou & Merrifield 1998).

Wakes have not been observed near all these galaxies but they are likely to be strong
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candidates for positive wake detections (Section 2.2.1).

2.3 Detecting Galaxy Wakes

In order to begin to apply detailed galaxy dynamics to galaxy wakes it is necessary to
detect and measure tens of wakes in a given cluster (Section 2.1). It is straightforward
to ‘observe’ apparent wakes in X-ray data — see, for example, the smoothed HRI
image of the small compact group HCG 015 (Figure 4.1), which clearly shows a
wake trailing behind the brightest galaxy. It is not, however, possible to quantify
the association of X-ray excesses across a field with particular galaxies unless some
objective method is applied: this is illustrated, for example, in Figure 4.10 which
shows an HRI image for Abell 2162 with cluster galaxies superimposed. It is likely
that some of this emission is from foreground and background point sources, while
other regions are probably substructure or noise associated with the ICM itself.

It is necessary, therefore, to develop some objective criterion for assessing the
probability that any given ‘wake’ is a true association rather than a chance superpo-
sition. Furthermore, even if it is not possible to decide unequivocally whether some
particular feature is real, it is important to be able to show that there are too many
apparent wakes for them all to be coincidences, i.e. a statistical analysis needs to be
applied to any results.

Section 2.3.1 is concerned with developing an objective method; the statistical

results obtained are introduced briefly in Section 2.3.2.

2.3.1 The Objective Test and the Search Parameters

The test adopted to meet the requirements noted above is based upon measurements
of the X-ray counts in adjacent and overlapping regions around each galaxy in a given
cluster, and the statistical relations of these counts to comparable regions around
random, ‘blank’ areas in each cluster. Firstly, for each cluster galaxy it is necessary
to detect the most significant wake-like emission that might be associated with it. A
range of radii outwards from the centre of the galaxy are therefore chosen in which to

search for a wake. For each set of parameters counts are measured between an inner
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radius, 71, and an outer radius, r,, and average background values are computed from
specified regions beyond r3. This is shown schematically in Figure 2.2. Reasonable
values for r; and ry are calculated approximately using the cluster’s distance and

taking its ICM density into account, since these two quantities will have the greatest

effect on detectable wake length.

Q
B

‘wedge
annulus’

Figure 2.2: Sketch of the definition of the 45° ‘wedge annuli’ regions around each galaxy,
in which counts are measured. The regions are rotated in ten degree increments such that

40 separate counts are obtained around each galaxy between any given (rq,r2).

Values greater and less than these initial radial parameters are also employed
in order to ensure that any reasonable wake-like features will be included in the
succeeding statistical analysis. The inner radius cannot extend down to the galaxy’s

position as the counts thus obtained could include emission from central AGN, etc.
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This inner radius is limited more practically by the point-spread function of the High
Resolution Imager on the ROSAT mission: the overall spatial resolution of the HRI
is approximately 1.7 arcseconds.

In each adopted annulus, a search is made for the most significant emission feature
by taking a wedge with an opening angle of 45 degrees, rotating about the centre of
the galaxy in 10 degree increments, and finding the angle that produces the maximum
number of counts in the intersection of the wedge and the annulus. The contribution to
the emission in this wedge from the surrounding ICM is subtracted by calculating an
average local background between two radii greater than ry, centered on the galaxy
and each comparison region at the same cluster radius; details of the comparison
regions used are given below. Values for the radii of the background regions are
given for each individual group or cluster in Chapters 3 and 4. Both the brightest
wedge count and the background count are obtained in units of counts/pixel?, which
may straightforwardly be converted to counts/arcsec?. Thus a value for the brightest
‘wake’” flux, fuake, is obtained for the galaxy in question.

Note that there will be a gradient in the ICM X-ray emission and hence subtract-
ing a uniform background value for all wedge annuli could produce spurious wakes on
the cluster centre side of each galaxy; for an ICM distribution which approximates to

the relation

___picm(0)
PICM(T') = m, (2-9)

where prem(0) is the central cluster gas density and Reore 1s the cluster core radius, this
inward radial bias amounts to at most ~ 4% for typical count parameters (e.g. see
Chapter 3). No such spurious wake populations are observed in the datasets studied
in this thesis (see also Chapter 4); indeed, the significant population of wakes detected
in Abell 160 appear to point away from the cluster centre, an opposite effect to that
expected if the cause was the ICM’s radial distribution.

Spurious ‘wake’ features will be detected in datasets if there are significant posi-
tional errors in the optical positions of the galaxies. In order to minimize this problem,
care is taken to ensure that the optical positions used are as accurate as possible, with

errors ideally an order of magnitude less than the radii used to search for wakes. It
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is also noted that elliptical X-ray haloes will be registered as ‘wakes’ with this search
technique — the method can only be applied statistically to populations of cluster

galaxies and should not be relied upon to identify individual wake features.

cluster centre

position of galaxy

Figure 2.3: Schematic diagram to show the geometry of a galaxy, its wake and the cluster

centre used to define angle ©. The dashed line is the projection of the wake through the

position of the galaxy.

To provide a diagnostic as to the nature of a wake, its direction on the plane
of the sky, O, is also recorded. This angle is measured relative to the line joining
the galaxy to the cluster centre, so that |©| = 0° corresponds to a wake pointing
directly away from the cluster centre, while |©| = 180° indicates one pointing directly
toward the cluster centre (Figure 2.3). In general it is assumed that the cluster has
approximately spherical symmetry, and there is then no physical information in the
sign of ©. Note that an additional ‘wake angle’ is also used in Chapters 3 and 4: the
wake profile angle ¢ is used to produce wake profile plots (see e.g. Figure 4.6) because
these ¢ angles may be compared directly to the X-ray images presented in this work.

The significance of this strongest wake feature then needs to be assessed. This
task is accomplished by repeating the above procedure using ncomp = 100 comparison

points for each galaxy at the same projected distance from the cluster centre, but
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at randomly selected azimuthal angles. Fewer comparison regions are used for some
galaxies in certain clusters (and in particular the groups) in order to avoid overlap
between regions which would adversely affect the statistical analysis detailed below;
the specific values for ry, ry, the background regions and neemp, are given for each
object in Chapters 3 and 4.

The comparison points are chosen to lie at the same distance from the cluster cen-
tre as the galaxy to which they refer so that the properties of the ICM and the amount
of vignetting in the ROSAT image are directly comparable between all regions. As
noted above, counts in ‘background annuli’ are also acquired; all these counts are
averaged together in order to obtain a value for the background to be subtracted from

the counts in each wedge region.

2.3.2 The Rank Statistic k&

The comparison regions and real data are then sorted by their values of fyake, from
faintest to brightest, and the rank of the galaxy (i.e. the position of the real data in
this ordered list), Rankga, computed. The statistic

Rankgal

2.10
Ncomp + 1 ( )

k =

is then calculated. Clearly, if all the apparent galaxy wakes are spurious, nothing
would differentiate these regions from the comparison regions, and & would be ex-
pected to be uniformly distributed between 0 and 1. For significant wake features, on
the other hand, the distribution of k& values will be skewed toward k ~ 1.

Analyzing datasets using this k statistic approach allows an accurate value for the
fraction of galaxies hosting wakes to be obtained, but the method is clearly affected
by selection effects and the choice of sample galaxies to which it is applied. Perhaps
most importantly, the sensitivity and resolution of the ROSAT satellite only allow
detection of the brightest wake features, and interpretation of results must take this
into account. Strong candidate wake features discovered with this method can be
studied further (see later chapters); in particular, their sizes, fluxes and luminosities

can be estimated and their host galaxy’s properties noted.
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The k statistic is the basis for the analysis of the X-ray data for each group or
cluster. Further studies of specific objects, or sub-samples of galaxies within a cluster,

are undertaken in particular cases and detailed in the following chapters.



Chapter 3

Wakes in Abell 160

3.1 Introduction

Observing the X-ray emission from individual cluster galaxies is quite challenging,
since they are viewed against the bright background of the surrounding ICM. Sakel-
liou & Merrifield (1998) used a deep ROSAT observation to detect the X-ray emission
from galaxies in the moderately rich cluster Abell 2634 (see Chapter 4). They showed
that the level of galaxy emission is consistent with the expected X-ray binary content
of the galaxies, and hence that there is no evidence for surviving ISM in this rich
environment. In poorer cluster environments, however, there is evidence for surviv-
ing interstellar gas, and for the stripping process itself — as shown by the objects
discussed in Chapter 2. Given the difficulty of detecting such faint wakes against the
bright background of the ICM, it is quite possible that this phenomenon is widespread
amongst galaxies in poor clusters. This possibility is intriguing, since wakes indicate
the direction of motion of galaxies on the plane of the sky, and it has been shown
that this information can be combined with radial velocity data to solve for both the
distribution of galaxy orbits in a cluster and the form of the gravitational potential
(Merrifield 1998, and Section 2.1). The existing isolated examples do not reveal, how-
ever, how common wake formation might be amongst cluster galaxies: although the
observed wakes might represent the most blatant examples of widespread on-going

ISM stripping, it could also be the case that these galaxies are in some way excep-
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tional. For example, the galaxies with detected wakes might have merged only recently
with their current host clusters, and are having their ISM removed during their first
passage through the denser part of the ICM.

In order to obtain a more objective measure of the importance of ram pressure
stripping in poor clusters, and the frequency with which it produces wakes behind
galaxies, it is necessary to look at well-defined samples of cluster members within
specific systems. A selection of clusters with a broad range of richness classes is
examined in Chapter 4; in the current chapter a detailed study is made of one cluster
which is a strong candidate for harbouring wakes.

The cluster Abell 160 provides an ideal subject for this study. Its richness class of
0 makes it a typical poor system, where the ICM present will interact with the galaxies’
ISM to form wakes but where the cluster gas density is still sufficiently low that
usable wake signal-to-noise ratios can be obtained with the ROSAT instrumentation
in practical integration times (see Section 3.2.2). It lies at a redshift of z = 0.045,
and hence at a distance of 270 Mpc, which is sufficiently close to allow galactic-scale
structure to be resolved in its X-ray emission and corresponds to a size scale of ~
79 kpc arcmin™!. Furthermore, its Bautz-Morgan class (Bautz & Morgan 1970) of III
means that it contains a number of comparably luminous galaxies, and one might hope
to detect ISM emission most readily from such a sample. Its Rood-Sastry classification
(Rood & Sastry 1971) of C means that its members are concentrated towards the
centre of the cluster: galaxies lying in the cluster core, where the ICM density is high,
will tend to form the brightest wakes through ram pressure stripping.

The remainder of this chapter presents the first systematic analysis of the X-
ray emission around galaxies in a cluster in an attempt to understand their three-
dimensional dynamics. Section 3.2.1 describes the redshift data used to define the
sample, and Section 3.2.2 discusses the X-ray observations. The results of applying
the wake analysis method developed in Chapter 2 are presented in Section 3.3. A

discussion of the interpretation of these results is made in Section 3.4.
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Table 3.1: ROSAT HRI observations of Abell 160.

Observation Start Date Observation End Date Number of Used OBIs® Total Time (s)

1996 Dec 30 1997 Jan 19 14 36965
1997 Jul 01 1997 Jul 30 8 16501
1997 Dec 30 1998 Jan 07 10 16943

SOBI=ROSAT OBservation Interval.

3.2 Observations

3.2.1 Optical Data

Pinkney (1995) obtained redshifts for the 94 brightest galaxies in the field contain-
ing A160 using the MX multi-object spectrograph on the Steward Observatory 2.3 m
telescope. These positions and redshifts form an almost complete, independently-
defined set of galaxies, providing an objective sample of cluster members for this
study. Figure 3.1 shows the resulting velocity distribution. The central, brightest
cluster galaxy has multiple nuclei (Tonry 1985) and contains a twin-jet, wide-angle-
tailed radio source (O’Donoghue, Owen & Eilek 1990). There are 91 galaxies within
8,000 km s™! of the twin-jet source (vry = 13,173 £ 100 km s ~!); some of these
form a background cluster detected at approximately 18,000 km s~!. After further
eliminating galaxies outside the field of view of ROSAT’s HRI, a sample of 35 cluster
members is available in which to search for X-ray emission. This subsample, high-
lighted in Figure 3.1, has a line-of-sight velocity dispersion of 560 km s™!, directly

comparable to other poor clusters.

3.2.2 X-Ray Observations

Abell 160 was observed with the ROSAT HRI in three pointings (1997 January and
July, and 1998 January) for a total integration time of 70.4 ksec. A log of these
observations is given in Table 3.1. The data were reduced with the ROSAT Standard
Analysis pipeline, with subsequent analysis performed using the IRAF /PROS software

package.
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Figure 3.1: Histogram showing the distribution of velocities of galaxies in the field of
Abell 160. The range in velocities for galaxies considered to be cluster members, and which

are in the field of view of ROSAT’s High Resolution Imager, is marked with solid bars.

Point sources detected in the three X-ray observations were used to examine the
registration in relation to the nominal ROSAT pointing position. A Digitized Sky
Survey image of Abell 160 was employed to provide the optical reference frame. The
second observation set was shifted ~ —0.9 arcseconds east and ~ 1.7 arcsec south,
and the third set was shifted ~ 0.3 arcsec east and ~ 1.8 arcsec south. Registration of
all three sets of observations was then within 0.5 arcseconds of the optical reference,
tied down to five sources. A greyscale image of the merged X-ray dataset is shown in
Figure 3.2, where the different symbols indicate the positions of different subsamples
of galaxies based upon optical luminosity, as described in the figure’s caption.

The centroid of the diffuse X-ray emission in this image was calculated by inter-
polating over any bright point sources, and projecting the emission down on to two
orthogonal axes. Fitting a Gaussian to each of these one-dimensional distributions

then gives a robust estimate for the centroid of the emission. This procedure yielded

a location of
Q90000 = 01 13™ 05°

52000.0 = +15° 29/ 48”

+ 43 arcsec,
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Figure 3.2: Greyscale ROSAT HRI image of Abell 160, smoothed using a Gaussian kernel
with a dispersion of eight arcseconds. The positions of the 35 cluster galaxies with measured
redshifts studied in this paper are marked with symbols such that the optically-brightest 15

are marked with ‘4’ and the fainter 20 with ‘=". These subsamples are discussed more fully

later in the text.

which was adopted as the cluster centre for the subsequent analysis.

3.3 Data Analysis and Results

The analysis method developed in Section 2.3.1 was applied to the confirmed cluster
members using IRAF software packages and the merged, unsmoothed Quick Position-
Ordered Events (QP) ROSAT datafile. It is important to select values for the pa-

rameters ry and ry (see Section 2.3.1) carefully in order to include all likely wake
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emission but to avoid accumulating counts from the ‘background’ sky or the galaxies
themselves. Scaling the wakes previously detected in other clusters to the distance of
Abell 160, enhanced X-ray emission may be expected at radii r < 8arcsec, equivalent
to a galaxy distance of approximately 10 kpc. Owing to the small number of galactic
wakes known to date, counts were accumulated a radii greater than r = 8 arcsec,
although it is noted that theoretical simulations of both Bondi-Hoyle accretion wakes
and ram pressure stripped wakes predict wake lengths of at most ~ 20 kpc (Stevens,
Acreman & Ponman 1999; Sakelliou 2000). In order to exclude, as far as possible,
emission from any faint central AGN component in the galaxy, only emission from
radii r > 3arcsec was used in subsequent analyses.

Balsara, Livio & O’Dea (1994) found wake-like structure in high resolution, 2-
D hydrodynamic simulations with a scalelength of ~ 2 arcseconds at the distance of
Coma; in the poor environment of Abell 160 wakes should be longer as their formation
is predicted to be dominated by ISM stripping. The results in the annulus 3 < r <
8arcsec are presented here; counts in annuli with larger inner and outer radii were
also performed but did not improve the statistical results described below. Local
backgrounds for each galaxy region and the respective comparison regions were derived
by averaging the counts between radii 25 < r < 60arcsec, centred on each count
region. The radial distribution of the cluster’s ICM will cause the X-ray counts to
vary over these background regions; analysis of the A160 data suggests this variation
is at most ~ 15% of the pre-background subtraction X-ray counts. As noted in
Chapter 2, this effect will create a small bias in the wake results to higher numbers
of wakes apparently pointing towards the cluster centre; the results discussed later in
this chapter are not measurably affected by this bias.

Figure 3.3 shows the distribution of the k statistic for both the complete sample
of 35 galaxies and the subsample of the 15 brightest galaxies. The full sample of A160
galaxies yields a reduced chi-squared value of x? = 1.617 when fitted by a uniform
distribution, which is approximately a 3¢ deviation; the probability of obtaining x* >
1.617 for 34 degrees of freedom is only ~ 5.1 x 1073, The full sample has (k) = 0.628
and the subsample of the 15 brightest galaxies yields (k) = 0.741; indeed, selecting
subsamples of the 20 or so optically-brightest galaxies always gives (k) > 0.7 and the



CHAPTER 3. ABELL 160 30

distributions are clearly skewed towards £ = 1. It is thus apparent that significant

wake-like excesses are detected in these data.
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Figure 3.3: Histogram of the values of the k statistic derived both for the complete sample of

35 cluster members (dashed line) and for the subsample of the 15 brightest cluster members

(solid line).

Kolmogorov-Smirnov tests (Press et al. 1992) were performed to compare the k
statistic results to a uniform distribution. Figure 3.4 presents these test results for
the complete sample of galaxies as well as the brightest 15 subsample. The figure’s
annotation gives the values of the K-S statistic, d, which is simply the greatest dis-
tance between the data’s cumulative distribution and that of a uniform distribution
(shown as the straight line in each plot), and prob, which is a measure of the level
of significance of d. The probability of the detected features arising from chance is
less than 3.5 x 10™* for the bright sample and 3.8 x 1072 for the entire sample of 35
galaxies: it is clear from Figure 3.4 that the more luminous galaxies do not follow a
uniform distribution in k-space.

At the suggestion of a referee, the same analysis has been performed on 70.4 ksec

of ‘blank field’ data, extracted from the ROSAT Deep Survey, which encompasses
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Figure 3.4: Plot of the cumulative distributions of the Kolmogorov-Smirnov test for the
whole sample of 35 cluster galaxies (top panel) and for the subsample of the 15 optically-

brightest galaxies (bottom panel). d and prob are explained in the text.

~ 1,320 ksec of HRI pointings towards the Lockman Hole (see e.g. Hasinger et al.
1998). Searches for wake-like features around 35 random positions across this HRI
field have been made, using comparison regions for each ‘galaxy’ as defined above. The
analysis applied to this Deep Survey ‘blank field’ data yields a mean value for the k&
statistic of (k) = 0.48, indicating that the results are uniformly distributed in k-space
and that we do not detect ‘wakes’ in this comparison field. Indeed, assuming a uniform
distribution for k, the fit to the data has a chi-squared value of x? = 1.015, implying
that the values of & are uniformly distributed to high precision. Furthermore, a K-S
test applied to this data shows that there are only small deviations from a uniform
distribution. Figure 3.5 shows a histogram of this blank field data (top panel) and
the cumulative distribution for the K-S test (bottom panel).

In order to investigate the nature of the wake-like excesses in the A160 data,

the distribution of their directions on the sky is considered. Figure 3.6 shows the



CHAPTER 3. ABELL 160 32

10

0 —

L ook

@

O

£

o]

z ¢} N
o~ F 4
ob v o Vb

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
k—statistic
- L A L I L L | L | Tt T T T [ LA L |

c o KS test: d=0.126; prob=0.607 |

28 ©o

1

3

2

5 <@L B

B S

2

o

2 <

Bof ]

=)

E

3 9L 4

°® o
o oatN TS W SRS THNVUS ST S R WSS SR S S i | ET SR | - PR | PRSI | S It { 3

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
k- statistic

Figure 3.5: (top panel) Histogram of the k statistic results for the 35 positions in the blank
field. (bottom panel) Kolmogorov-Smirnov plot for these pseudo-galaxies, confirming that

the results do not differ significantly from a uniform distribution.

directions of the strongest wake-like features found using the k statistic analysis for
all 35 cluster members. The lines on this figure represent the wakes and their lengths
are drawn proportional to wake strength.

The azimuthal distributions of the counts found in some of the highest-ranked
wakes are shown in Figure 3.7. These profiles each have a single peak at a par-
ticular wake angle, ¢, which may be used to gain some insight into the observed
luminosities of these features; their probable physical significance is discussed further
in Section 3.4. Note that the wake angle is here defined such that 0° corresponds to
north on the sky and the angle increases counter-clockwise; the definition of |©] used
for the interpretation of cluster dynamics is given in Section 2.3.1 and Figure 2.3.

The wake profiles show wakes for these four galaxies to be statistically significant
with a mean net count of ~ 5. Count values were obtained by summing over the

annular arc (between three and eight arcseconds from the galaxy with an opening
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Figure 3.6: Directions of the wake-like features found for the 35 cluster galaxies in Abell 160.
The positions of the galaxies are marked by crosses and the lines represent the wakes. Length

of line is proportional to wake strength (as determined by the & statistic). The centre of the

cluster is also shown for reference.

angle of 45°) at the value of ¢ which has the greatest number of counts arcsec™

measured. A Galactic HI column density towards A160 of 4.38 x 10%° cm™? (Stark et
al. 1992) was used in PIMMS together with an ICM temperature of k7" ~ 0.86 keV to
calculate X-ray fluxes. This value for the temperature of A160’s ICM is used because
it is one of the pre-calculated PIMMS Raymond-Smith model temperatures and falls
within the range of temperatures given in the literature for the cluster (see e.g. White,
Jones & Forman 1997). The X-ray fluxes have a mean of 1.7 x 10~ erg cm™? s™!. The
1

wake fluxes then translate into X-ray luminosities in the range (1 — 2) x 10%%erg s~

(see below).

Figure 3.8 shows the distribution of apparent wake angles as a function of the
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Figure 3.7: Azimuthal distributions of the counts around four galaxies for which & >
0.9. Here the azimuthal angle (with respect to the parent galaxy) is defined such that 0°
corresponds to north on the sky and the angle increases counter-clockwise. The values of &

for each galaxy are noted in the panels.

galaxies’ radii in the cluster, for different strengths of wake as quantified by the k&
statistic. For low values of k, where the ‘wake’ is almost certainly a noise feature, the
values of |O] are randomly distributed between 0° and 180°. But for values of k > 0.7,
which are unlikely to be attributable to noise, there is only one wake pointed at an
angle of |®| > 135°. If the distribution of wake directions was intrinsically isotropic,
the probability of finding only one of the 12 most significant wakes in this range of
angles is only 0.01. Given the a posteriori nature of this statistical measure, its high
formal significance should not be over-interpreted. Nonetheless, there is an apparent
deficit of wakes pointing toward the cluster centre: this observation will be discussed
further in Section 3.4.

In order to investigate the properties of wakes and galaxies in Abell 160 more fully,

Figure 3.9 plots optical luminosity for each galaxy, Lp, against X-ray luminosity of
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Figure 3.8: Scatter plot of the projected angle |©| for the 35 brightest wedge features as a
function of distance from the cluster centre. Larger point sizes reflect greater values of the

k statistic found for each galaxy, as given in the key to the figure.

each associated ‘wake’, L}, for the seven objects with & > 0.7 within 10 arcminutes
of the cluster centre. Note that errors are not shown for the Lp values (the standard
errors plotted for the wake X-ray luminosities dominate any error analysis).

Given the large errors encountered in determining wake X-ray luminosities from
this ROSAT data, it is difficult to conclude that any correlation exists between a
galaxy’s optical luminosity and the X-ray luminosity of the brightest wake feature,
although Figure 3.9 appears to show that the X-ray wake luminosities are independent
of galaxy optical luminosity and approximately constant. It is not possible to identify
a dominant wake formation mechanism from this analysis, although the method may
be used successfully with future, more sensitive, datasets. For example, a good corre-
lation between Lg and L§**¢ may be expected for wakes formed through Bondi-Hoyle
accretion, as the accreting mass (the galaxy) is observed to be very well correlated
with the stellar mass for late type galaxies through the Faber-Jackson relationship,

and Lp is proportional to the stellar mass. A correlation for wakes formed by ram
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Figure 3.9: log Lp — log L}?k¢ plot for the seven A160 galaxies with k& > 0.7 within 10
arcminutes of the cluster centre. Note that the optical luminosity (Lpg) refers to the galazy

and the X-ray luminosity (L¥2¢) to the ‘wake’.

pressure stripping, on the other hand, may be weaker since this mechanism also de-
pends upon a range of other factors (e.g. the ISM replenishment rate). Five of the
seven galaxies with prominent wake features have Ly ~ 10'° L, or greater, while only
15 of the 35 cluster galaxies have comparably high optical luminosities. The probabil--
ity that such a distribution of galaxies with wakes and high optical luminosities has
occurred by chance is only ~ 5 x 1073, increasing confidence that these features are
genuine wake detections. The sample of galaxies is still rather small, however, and so

these results cannot be over-interpreted.

3.4 Interpretation

Significant excesses of X-ray emission, apparently offset from the host galaxies, are
seen in the A160 data. But before exploring the possible astrophysical meaning of

such features, more commonplace explanations must be ruled out.






