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Abstract

We present an analysis of 55 giant elliptical galaxies residing in the centre of clusters
and groups to investigate the origin of H, molecular gas centrally located in these galaxies.
Using Chandra X-ray data and IRAM 30m CO line surveys, we report a sharp threshold
for the detection of molecular gas when the central cooling time or entropy index of the
hot atmosphere falls below ~1 Gyr or ~35 keV cm?, respectively. This shows a direct
relationship between the molecular gas and the local state of the intracluster gas, which
is found to always exceed the amount of detected molecular gas within the field of view
of the telescope. These findings point to thermal instability in the hot atmosphere as
the origin of the observed molecular gas. We compare our results to the predictions of
precipitation models where thermal instabilities are triggered when the minimum of the
cooling to free-fall time ratio (teoo1/te) is less than some constant. For our sample, we find
this constant to be ~25. We find these models to be inconsistent with observations as the
effects of continual AGN outbursts on the ICM do not lead to the large fluctuations in
central gas density and cooling time implied in these models. Consequently, we find that
the teoo1 threshold forecasts CO emission more reliably than the min(te,/tg) criterion as
applied in this study. We conclude with a discussion of the stimulated feedback model that
includes the important physics of thermal instability and the uplift of low entropy gas by
buoyantly rising X-ray cavities supported by a growing number of ALMA observations.
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Chapter 1

Introduction

Understanding the origin and fate of molecular gas in elliptical galaxies (ETGs) is vital to
our understanding of star formation, which is a major factor in driving the evolution of
galaxies. Large galaxy surveys such as the Sloan Digital Sky Survey (SDSS) (York et al.,
2000) firmly established the bimodality in the color distribution of local galaxies which
can be approximated as the sum of two Gaussians representing the so-called “blue cloud”
and “red sequence” (Baldry et al., 2004). The blue cloud generally consists of star-forming
spiral galaxies while the red sequence is mostly made up of non-star-forming elliptical
galaxies (Strateva et al., 2001). Several studies have explained this bi-modality as a result
of the rapid transition of galaxies from the blue cloud to the red sequence attributed to
an abrupt cessation of star formation (Baldry et al., 2004; Faber et al., 2007; Thomas
et al., 2005). Star forming regions in galaxies have been observed to correlate precisely
with regions of abundant molecular Hy (Leroy et al., 2008), and the lack of star formation
is generally believed to be largely due to the lack of its primary fuel, molecular gas. Thus,
the story of galaxy evolution from the blue cloud to red sequence is, to a large degree, a
story of what happened to the molecular gas in galaxies.

Among the largest reservoirs of molecular gas are found in the most massive elliptical
galaxies known. These giant ellipticals, known as brightest cluster galaxies (BCGs), occupy
a unique position at the center of the gravitational potential well of galaxy clusters. BCGs
situated in clusters with atmospheres that have central cooling times significantly less than
the Hubble time would be expected to accumulate cold gas in a process called “cooling
flow” (Fabian, 1994). Several early studies searched for molecular gas in cluster cooling
flows resulting in Hy upper limits of ~ 103719 M, (Bregman and Hogg, 1988; Grabelsky and
Ulmer, 1990; McNamara and Jaffe, 1994; O’Dea et al., 1994) and one detection in NGC1275
of the Perseus cluster (Lazareff et al., 1989; Mirabel et al., 1989). Using the IRAM 30m
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and JCMT 15m telescopes and a selection of newly discovered optically luminous systems
found by the ROSAT ALL-Sky Survey (Crawford et al., 1999), a breakthrough came about
in the detection of molecular gas in the central galaxy of sixteen (Edge, 2001) and four
(Salomé and Combes, 2003) cooling flow clusters. Since the publication of those papers,
a number of clusters with molecular gas have also been observed (e.g Edge priv.comm,
2016, Salomé et al., 2011). Although the reservoirs of molecular gas observed in BCGs are
massive, they account for less than 10% of the mass expected from unsuppressed cooling
(Edge and Frayer, 2003). Therefore, cooling must be regulated by heating processes, and
observations show that radio-mechanical feedback from the active galactic nuclei (AGN)
hosted by the BCG is the most plausible heating mechanism. In response to the cooling of
the ICM, the AGN launches radio jets that inflate buoyantly rising cavities, which dissipate
heat back to the surrounding atmosphere via sound waves and shocks resulting to a long-
lived heating/cooling balance (see reviews McNamara and Nulsen, 2007a, 2012; Fabian,
2012). Essential to this balance is the potential role that accretion of molecular gas plays
in the formation of the AGN feedback loop, as it directly connects the ICM with the AGN
outburst responsible for quenching its cooling (Pizzolato and Soker, 2005; Gaspari et al.,
2012). More recently, with the Atacama Large Millimeter Array (ALMA) interferometer,
observations of molecular gas within BCGs now resolve their spatial and velocity structure
revealing their clumpy distributions (McNamara et al., 2014; Russell et al., 2014; David
et al., 2014; Russell et al., 2016a,b; Vantyghem et al., 2016). With a growing sample of
objects observed with telescopes with higher sensitivity and resolution, the future prospect
in understanding the nature of molecular gas in galaxies looks promising.

In this thesis, we investigate the origin of molecular gas in giant ellipticals centrally
located in clusters of galaxies. Several studies have shown that cold gas in cluster cores
is highly correlated with the properties of the intracluster medium (ICM). Systems with
nebular emission and recent star formation have been preferentially detected with low
central cooling time (< 1 Gyr) and entropy index (< 30 keV ¢cm?) (Cavagnolo et al., 2008;
Rafferty et al., 2008; Voit and Donahue, 2015). While a convincing theoretical explanation
for these thresholds remains elusive, a possibility that has recently been gaining support is
thermal instability in the hot atmosphere that occurs when the cooling to free-fall time ratio
(teoor/ts) falls below ~1 (Cowie et al., 1980; Nulsen, 1986; McCourt et al., 2012). Broadly
referred to as “precipitation models”, these models proposed that thermal instability is
breached when min(teoo/tg) < 10 (McCourt et al., 2012; Gaspari et al., 2013; Singh and
Sharma, 2015; Prasad et al., 2015). Alternatively, this threshold may lie in the range
~4-20 (Voit and Donahue, 2015) or ~1-20 (Li et al., 2015). These models predict the
condensation of hot gas when min(te.o/tg) falls below a certain threshold where some of
this cold gas sink toward the black hole fueling AGN feedback, while others might form



stars and molecular clouds (Pizzolato and Soker, 2005; Gaspari et al., 2012; Li et al., 2015).
Motivated by recent ALMA observations of CO emissions (McNamara et al., 2014; Russell
et al., 2014; David et al., 2014; Russell et al., 2016a,b; Vantyghem et al., 2016) revealing
molecular gas that are either being lifted, or condensing, in the wakes of rising X-ray
bubbles, McNamara et al. (2016) proposed an alternative model where low entropy gas
becomes thermally unstable when it is lifted to an altitude where its cooling time is much
shorter than its infall time, teoo/t1 < 1.

Motivated by these considerations, we present an analysis of 55 giant elliptical galaxies
situated in the cores of clusters and groups from which 33 are detected with molecular
gas. We investigate the plausibility of thermal instability as the origin of cold molecular
gas observed in cluster cores. Throughout this paper, we have assumed a standard ACDM
cosmology with €, = 0.3, Q) = 0.7, and Hy = 70 km s~' Mpc~'.



1.1 Clusters of Galaxies

In the concordance model (ACDM) for cosmology, a rapid exponential expansion of space
in the early universe amplified primordial quantum fluctuations from which the large scale
structures of the cosmos we observe today originated. With baryonic matter following the
gravitational potential of dark matter, regions of differing densities developed structures
hierarchically leading to the formation of the cosmic web: a vast-foam like structure com-
posed of sheets, walls, and filaments separated by immense voids. In the nodes of this
cosmic web, virialised galaxy clusters constitute the largest objects observed.

This section reviews the key properties of galaxy clusters. Section 1.1.1 discusses the
main components of clusters. Section 1.1.2 describes self-similar scaling relations that
provides baseline expectations for various properties of a cluster. I then discuss the cluster
hot atmosphere in Section 1.1.3. A brief discussion regarding the deficit of cold gas expected
from classical cooling flow models is given in Section 1.1.4, and the heating mechanisms
that alleviates the symptoms presented by the cooling flow problem in Section 1.1.5.

1.1.1 Basic Properties

Forming the largest gravitationally bound structures in the Universe, galaxy clusters have
total masses ranging from 10'* to greater than 10'® M, and contain roughly hundreds of
galaxies spread over a region of a few Mpc across. Velocity dispersion measurements of
these galaxies imply mass that only accounts for roughly 3% of the mass needed to keep
the galaxies gravitationally bound together. A single luminous galaxy with mass greater
than 10'2 Mg, called the brightest cluster galaxy (BCG), is often found in the minimum
of the cluster potential.

Referred to as the intracluster medium (ICM) the space between the cluster galaxies
is filled with hot, dilute plasma that accounts for roughly 13% of the total cluster mass.
The mass of this hot atmosphere ranges from 10'® to 10** M, and emits most of its energy
in the X-ray at luminosities in the range 10** — 10%¢ erg s=!. X-ray emission from galaxy
clusters were first detected via rocket and balloon-based detectors and then with the Uhuru
X-ray satellite (Gursky et al., 1972). Since then, hundreds of galaxy clusters have been
observed by a long line of satellites: Finstein, ROSAT, ASCA, XMM-Newton, and Chandra
to name a few. The ICM is emitting X-rays that is thermal in origin with temperatures
at 107 — 10® K. The hot gas forms a hydrostatic atmosphere when the temperature and
density distribution reflect the gravitating mass.



The bulk of the cluster mass budget is composed of dark matter. It accounts for
84% of the cluster total mass and non-baryonic in composition according to the Big Bang
nucleosynthesis theory, which requires the fraction of baryonic matter to be roughly 10%
of the total gravitating mass in the Universe.

1.1.2 Cluster Scaling Relations

Self-similar models for clusters refers to descriptions of cluster properties if cluster forma-
tion is driven entirely of dark matter, gravity, and dissipationless collapse from cosmological
initial conditions in an expanding universe. These models provide baseline expectations
for various properties of a cluster from which we can compare with observations. Starting
with the self-similar assumption for the density profiles of dark matter and intracluster
gas, the following relations are obtained (Voit, 2005):

M
p X 3

M 2/3 1/3
7o X T o< M**p
, O(;" = M, T*?p1/? (1.1)
g 2 1/2

LxxT

M, < M xeLp

Lx o< p,M,T"/?

for dark matter density p, cluster mass M, scale radius r, characteristic temperature T,
gas density p,, gas mass M, and X-ray luminosity Lx.

1.1.3 Intracluster Medium

The hierarchical structure formation in the Universe suggests that in the evolution of the
intracluster medium, 25% of the gas originated from the stars of the member galaxies
while the remaining 75% is primordial intergalactic gas accreted by the cluster. The intr-
acluster plasma consists primarily of hydrogen and helium that is almost entirely ionized
(Mushotzky and Loewenstein, 1997). Heavier elements, at ~1/3 of solar abundance, con-
tribute roughly 1% of the total mass of the ICM. At virial temperatures of 10" — 10® K, the
intracluster gas is almost entirely ionized. Moreover, the temperature is consistent with
measurements of galaxy velocities such that T oc 02 where o, is the line of sight galaxy
velocity dispersion (Mushotzky et al., 1978).



The ICM radiates primarily in the X-rays. The dominant continuum emission mech-
anism is thermal bremsstrahlung (free-free) emission at X-ray wavelengths. Thermal
bremsstrahlung emission is produced when a free electron is accelerated in the Coulomb
field of an ion. Below temperatures of 3 x 107 K, X-ray emission from the hot gas is
dominated by the recombination lines of iron, oxygen, silicon, and other elements. For
example, two important discrete line emissions that significantly alter the shape of the
X-ray spectrum are the Fe K and L lines at 6-7 keV and 1 keV, respectively. The total
power radiated by the ICM is given by

L= /nenHA(T,Z) dv (1.2)

where n, and ny are the electron and hydrogen densities and A(T,Z) is the cooling function,
which incorporates the contribution of the important processes of X-ray emission mentioned
above.

The ICM can be assumed to be in hydrostatic equilibrium. The sound crossing time
in the hot atmosphere is ~10% yr for a typical cluster with virial radius of 1 Mpc and
virial temperature of 10® K. This is significantly less than the age of the cluster, which
can be estimated to be roughly the Hubble time. Since the sound-crossing time defines
the time-scale on which deviations from the pressure equilibrium are evened out, the gas
can be in hydrostatic equilibrium where the temperature and density distributions reflect
the gravitational potential. In a spherically symmetric system, hydrostatic equilibrium is
given by

1dP  GM(<R)
pgdR R?
for gas density p,, pressure P, and mass M(< R) enclosed within the radius R of the
intracluster gas. The gas pressure can be related to the gas density using the ideal gas law

(1.3)

,ngBT
HINH
where n is the number density of gas particles and u is the average mass of gas particles

in the units of protons. Under these assumptions, the gravitating cluster mass can be
calculated using

P = nkgT = (1.4)

M(<r) =

kpTr® (d1 din T
Br( P T ) (1.5)

G pmy, dr dr

That is, total cluster mass can be computed by measuring the radial profiles of temperature
and gas density.



1.1.4 Cooling Flow Problem

The hot gas at the center of clusters are radiatively cooling in X-rays. Absent a heating
mechanism to compensate this continual loss of energy, it is radiated on a timescale of

t _ Ethermal _ § nkB’]:‘
ol T T Iy 2 nenpA(T,Z)

This is the thermal energy of the gas divided by the energy lost per unit volume. Within
the central ~100 kpc region, gas density rises from 0.01 to 0.1 cm™3. At these densities, the
cooling time in the central regions can drop below 1 Gyr. This is much less than the age
of the cluster leading to a “cooling flow”, where gas slowly flows inwards to maintain the
central pressure as the energy is radiated away (Fabian, 1994). As the gas radiatively lose
energy by cooling, its density increases to maintain pressure balance with the surrounding.
This results to a slow inward flow of material as the overlying gas replenish the condensing
gas at rates of 100-1000 My, yr~—!. Therefore, over the lifetime of the cluster, the central
cooling region of galaxy clusters should be teeming with newly formed stars or harbor large
reservoirs of cooled gas. However, observations in the optical and UV wavelengths reveal
star formation rates of only 1-100 Mg yr~! (Johnstone et al., 1987). Similarly, evidence
found for cooled gas in cluster cores fall orders of magnitude below the expected quantities.
The search for cooled gas covered a broad range of temperatures:

e soft X-ray emission (Peterson et al., 2003).

e ionized gas at 10°° K (Ov1 in UV ; Bregman et al. (2006)).

e ionized gas at 10* K (Ha in optical ; Crawford et al. (1999)).

e neutral gas at 10*> K (21 cm hydrogen line ; O’Dea et al. (1998)).

e warm (1000—2500 K) molecular hydrogen (NIR vibrational lines ; Edge et al. (2002)).
e cold (20 —40 K) molecular gas (CO lines ; Edge (2001); Salomé and Combes (2003)).

Among these gas components, it was found that cold molecular gas, with masses of 10? —
10* Mg, far outweighs all others. Nonetheless, observations of star formation and cooled
gas did not find quantities anywhere near the levels predicted by unimpeded cooling flow.
Therefore, there must be a heating source that is balancing the radiative losses of the
intracluster gas. The most promising means of such a heating mechanism has emerged to
be the central active galactic nucleus (AGN) residing in the cluster core.
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1.1.5 Heating Mechanisms

The lack of evidence for the predicted levels of classical cooling flow in cluster cores suggests
a source of heating to suppress the observed rates of ICM cooling. Any successful heating
mechanism must be sufficient to offset the cooling flow losses, which are on average 10* —
10* erg s~!. Several heating mechanisms such as mergers and supernova explosions may
contribute to heating but have been found to be too feeble to balance cooling losses in
general. Thermal conduction, the transfer of heat by collisions of particles from the hot
outer to the cold inner regions, may be able to prevent radiative cooling for clusters with
cooling time above 1 Gyr (Voigt and Fabian, 2004; Voit and Donahue, 2015). Thermal
instability; however, cannot explain the large fraction of clusters with very short cooling
times. Chandra and XMM-Newton observatories have shown that active galactic nucleus
(AGN) residing at the center of galaxy clusters are pouring large quantities of energy
into the hot atmosphere. In the standard picture, radio jets from the central AGN inflate
buoyantly-rising cavities into X-ray atmosphere, which subsequently drive turbulence, weak
shocks, and sound waves in the intracluster gas (see review McNamara and Nulsen, 2007a).

Figure 1.1 shows the interaction of the central AGN on the surrounding hot atmosphere
of four systems. The AGNs in these systems operates under a radiatively inefficient feed-
back and is referred to as mechanical mode, emitting most of their energy kinetically in
the form of radio jets, which inflates bubbles in the atmosphere. The kinetic power in the
jets can be estimated from the work done inflating the cavities, which is the product of
the volume of the cavity and the surrounding pressure divided by the age of cavity (refer
to Section 2.5 for more details). Measured cavity power ranges from 10?2 to 10%° erg s71,
which has been found to scale roughly linearly with the luminosity of cluster cooling re-
gions, suggesting the sufficiency of AGN output to balance ICM radiative cooling (Rafferty
et al., 2006; Fabian, 2012). The duty cycle, which is the fraction of time that a system
possess cavities inflated by its central AGN, has been observed to be at least 60-70% (Dunn
and Fabian, 2006; Birzan et al., 2012). This suggests that atmospheres of cooling clusters
are undergoing almost non-stop energy injection by the AGN.

While accretion from the hot phase is able to provide enough fuel on average to power
low-luminosity radio jets (Allen et al., 2006), it is insufficient to power the most power-
ful jets (Rafferty et al., 2006; Hardcastle et al., 2007; McNamara et al., 2011). Instead,
accretion from the cold phase can provide enough fuel for powerful outbursts (Pizzolato
and Soker, 2005). Under this framework, the product of residual cooling of the ICM is
connected with the energetic outburst of the AGN.



RBS 797 50 kpe

NGC 5044

Figure 1.1: Chandra X-ray images showing the cavities on the intracluster atmosphere inflated by the
central AGN. Image is adopted from Fabian (2012).



1.2 Origin of Cold Gas

1.2.1 Thermal Instability

In this section, we briefly describe the motions of gas parcels in a stratified atmosphere to
begin our discussion of thermal instability as the origin of cold in the intracluster atmo-
sphere.

In a hydrostatic atmosphere, take a parcel of gas at radius r away from the cluster
center and denote its gas density as p(r). If this parcel is incompressible and is displaced
to a lower height r — h where the ambient density is p(r - h), then it feels a buoyancy force
equal to

Fbuoyancy = g[p(r - h) - p(r)]v (16)
where V is the volume of the gas parcel. By Newton’s second law (force is equals to mass
times acceleration) applied on this parcel of gas and Taylor expansion to approximate the
density difference on the right side of the equation, we obtain

d*h
Fbuoyancy - p<r)v_2
dt (1.7)
dp _ plr—1) — plr)
dr h

Using the equations in 1.7, equation 1.6 simplifies to a second order differential equation,
— ——=——h=0 (1.8)

where the initial density p(r) was relabeled as py assuming that the gas is incompressible.
In hydrostatic equilibrium, pressure decreases with height with the rate of decrease being
in proportion to density. In other words, dp/dr < 0 from which equation 1.8 has an
oscillatory solution with frequency v given by

| gdp

What this means physically is that when an incompressible parcel of gas is displaced
downwards in a hydrostatic atmosphere, its density is lower than the surrounding and
feels an upward force to maintain the pressure-gravity equilibrium. As it rises upward, its
inertia causes is to go beyond the equilibrium level upon which it becomes surrounded by
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lower density gas. It then feels a downward force, and the parcel of gas oscillates about the
equilibrium level with frequency N, called the stratification or Brunt-Vaisala frequency.

The intracluster atmosphere can be assumed to be in a state of quasi-hydrostatic equi-
librium. By the discussion above, density perturbations in the intracluster atmosphere
should then oscillate about their equilibrium position, where density perturbation is zero,
at the Brunt-Vaisala frequency. However, in contrast to the discussion above, gas in the
intracluster atmosphere are compressible. A parcel of gas cools on a timescale of t ., and
free-falls on a timescale of tg. As it loses energy by cooling, its density increases and falls
towards the center of the gravitational potential and seek a level from it can maintain the
pressure-gravity balance with its surrounding. If t... is significantly less than the tg, it is
cooling much faster than gravity is able to move it to its equilibrium level. By the time
it reaches an equilibrium level corresponding to its density when it was just about to fall,
it would have cooled significantly and raised its density higher requiring an equilibrium
level deeper into the cluster’s gravitational potential. On the contrary, when t..o is signif-
icantly greater than tg, density perturbations in the hot atmosphere oscillate about their
equilibrium at the Brunt-Vaisala frequency, and runaway cooling is expected not to occur.

As shown by the arguments of Nulsen (1986) and simulations of McCourt et al. (2012),
thermal instability is guaranteed when the ratio of the cooling to free-fall time satisfies
teool/t S 1. When the thermal instability criterion is breached, density perturbations
form overdense blobs that cools to low temperatures and decouple from the hot atmosphere,

some of which may form stars or molecular gas (Cowie et al., 1980; Nulsen, 1986; Pizzolato
and Soker, 2005).

1.2.2 Precipitation Models

Tracers of cold gas have been shown to be highly correlated with the properties of the
surrounding hot atmosphere. In Figure 1.2, color gradient (an indicator of on-going star
formation) and Ha luminosity (indicator of ionized gas at 10* K) are plotted against the
central cooling time and entropy index of the surrounding hot gas, respectively. Systems
with cold gas is preferentially observed in systems when the central cooling time falls below
1 Gyr (Rafferty et al., 2006) or when the central entropy index is less than 30 keV c¢m?
(Cavagnolo et al., 2008). These thresholds show that cold gas is directly related to the
local state of the surrounding hot gas suggesting that its origin involves the cooling of the
hot atmosphere. This points to thermal instability as the origin of the cold gas.

A set of models called “precipitation models” have proposed that thermal instability
in a cooling atmosphere occur when the cooling to free-fall time ratio is less than ~10.
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Figure 1.2: Left: Color gradient vs. cooling time at 12 kpc (Rafferty et al., 2006). Right: Ha luminosity
vs. central entropy (Cavagnolo et al., 2008).

When min(teo/tg) < 10, cold gas condenses and increases the accretion rate of the AGN.
A large accretion rate causes the AGN to release strong jets and overheat the surrounding
atmosphere driving min(teo1/tg) above 10. This heating phase suppresses the condensation
of cold gas without eliminating the molecular gas completely. This slows down condensation
of cold gas causing the accretion rate of the AGN to fall. Subsequently, the hot atmosphere
slowly cools, restarting the cycle of cooling and heating. The interaction between the ICM
and AGN described above exhibit a “hysteresis cycle”.

In general, a system with hysteresis is characterized by two aspects: “lagging” and
path-dependence (Morris and et al., 2017). Lagging refers to the delayed output of a
system in response to its input. Path-dependence refers to the state of the system being
independent of its input alone. That is, in order to determine the state of the system, we
must also look at the history of the input (the path the input followed before it reached
its current value). A brief example will illustrate these concepts more clearly. Consider
a thermostat that controls a furnace. The furnace is either on or off. The thermostat
allows us to set the temperature (input) and the thermostat will turn the furnace on or off
(output). The thermostat is programmed such that when we set the target temperature to
Ttarget, the thermostat turns the furnace on when the temperature drops below Tipger — 2°
C and off when it exceeds Tapget +2° C. Suppose we wish to maintain a comfortable room
temperature of Tiarger = 20° C. Then whenever the temperature of the room is < 18° C or
> 22° C, the thermostat will turn furnace on or off, respectively, causing it to cycle between
heating and cooling. There is a delay in changing the state of the furnace in response to
the current temperature as the thermostat is only programmed to switch the furnace on or
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off when it is outside the range of 18° C < T < 22° C. Suppose we know that the current
temperature is 19° C. Will this be sufficient to determine whether the furnace is on or off?
The temperature can arrive at 19° C following two different paths. If the temperature in
the immediate past was <19° C, then the furnace must be on for the temperature to arrive
at 19° C. However, if the temperature in the immediate past was >19° C, then the furnace
must be off for the temperature to arrive at 19° C. That is, just knowing the instantaneous
value of the input is not sufficient to predict the instantaneous output. In general, for a
given input to a system with hysteresis, there is a spread of possible output.

In precipitation models, when the cooling of the ICM is suppressed (characterized by
an increase in teool/te), there is a delay of 1-2 Gyr before molecular gas is depleted by
star formation ((Li et al., 2015)). Consequently, some systems with min(teoo/tg) > 10 are
observed with cold gas. Moreover, at a given value of min(te.e/ts), it is not possible to
determine whether the systems is in a cooling or heating phase. For example, the system
could arrive at min(teoo/tg) = 15 through a heating phase as a result of a strong AGN
outburst fueled by cold gas whose condensation was made possible when min(teoor/tg) <
10 in the immediate past. Alternatively, the system could arrive at min(teoo/ts) = 15
through a cooling phase after a strong AGN outburst that drove min(teoo/tg) > 15 in the
immediate past.

As a result of the hysteresis cycle, instead of a sharp threshold, systems with cold gas
is preferentially observed when the ratio of cooling to free-fall time is within a range of
values: 4 < min(teool/tg) < 20 (Voit and Donahue, 2015) and 1 < min(teoo/tg) < 20 (Li
et al., 2015).
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1.2.3 Uplift Models

In the previous sections, the observed correlation between cold gas in cluster cores and
the properties of the surrounding hot atmosphere has pointed to rapid cooling of the hot
intracluster gas as the origin of this cold gas. However, new observations of molecular gas
in the center of galaxy clusters taken with the Atacama Large Millimeter Array (ALMA)
suggest a more complex picture than rapid cooling in the hot atmosphere. Motivated by
these observations, (McNamara et al., 2016) proposed the “stimulated feedback” model
where cold gas condenses from lower entropy gas that is lifted outward from the cluster
core by X-ray cavities. In this model, a parcel of gas is lifted to an environment where it
is prone to thermal instability; that is, an altitude where its cooling time is shorter than
its infall time, teoor/t1 S 1.

ALMA observations at the cores of PKS0745-191 (Russell et al., 2016b) and 2A0335+096
(Vantyghem et al., 2016) reveal molecular gas distributed in long filaments. These filaments
trail X-ray cavities as shown in Figure 1.3, suggesting an outflow of gas in the wakes of
the cavities. In addition, the observed line-widths of these cold gas are narrow as shown
in Figure 1.4, implying that these cold gas clouds have not had enough time to respond to
their gravitational environments and instead formed largely in-situ (Russell et al., 2016b).
Molecular gas with narrow observed line-widths appearing to trail X-ray cavities have also
been observed in a growing sample of BCGS observed with ALMA (David et al., 2014; Mec-
Namara et al., 2014; Russell et al., 2014, 2016a; Tremblay et al., 2016). These observations
are consistent with the molecular gas condensing in the wakes of X-ray cavities.

Alternatively, Voit et al. (2016) have proposed a model that divides the hot atmosphere
into two regions in which thermal instability can ensure to produce cold gas. One region is
situated in the center of the cluster and extends out to where the minimum of the cooling
to free-fall ratio occurs. In this region, the entropy is constant and the hot atmosphere
is prone to cooling instabilities. Outside this region, hot gas needs to be lifted to higher
altitudes for thermal instabilities to occur, consistent with the stimulated feedback model.
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Figure 1.3: Left: Chandra X-ray image of the hot atmosphere of PKS07451-191. The box corresponds to
the region covered by CO emission detecting molecular gas. Right: Chandra X-ray image of 2A0335+096
overlaid with white contours showing Ha emission, the ionized skins of molecular gas. Images are adopted
from Russell et al. (2016b) and Vantyghem et al. (2016).
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Figure 1.4: Total spectra of PKS0745-191 in CO(1-0) and CO(3-2) for 6 arcsec x 6 arcsec and 4 arcsec
X 4 arcsec regions, respectively. Image is adopted from Russell et al. (2016b).
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1.3 Objectives of this Thesis

In this thesis, we investigate the origin of molecular gas observed in giant elliptical galaxies
centrally located in galaxy clusters. Previous studies have pointed to the cooling of the hot
atmosphere as a plausible origin of cold gas by utilizing observational tracers of cold gas
such as blue excess emission (indicator of star formation) and Ha emission (indicator of
ionized gas at 10* K). However, as discussed in Section 1.1.4, the amount of cold molecular
gas far outweighs all other gas components detected at temperatures below 10° K combined.
Moreover, cold molecular gas can be related to important properties of a cluster core. Cold
molecular gas is the primary fuel for star formation (McNamara et al., 2011; O’Dea et al.,
2008). If accretion from the cold phase fuels the AGN in cluster cores, then cold molecular
gas plays an important role in AGN outburst. Thus, a scenario in which cold molecular

gas originates from the cooling of the hot atmosphere connects the cooling ICM and the
AGN.

This thesis will investigate the plausibility of thermal instability and precipitation mod-
els using CO emission as an observational indicator for cold molecular gas. CO emission
is the most accessible and widely used tracer for molecular gas. The bulk of the cold
molecular gas is composed of Hy. Because it is a diatomic molecular with identical nu-
clei, it possesses no permanent dipole. Meaning that for all practical purposes, the cold
molecular hydrogen is invisible to emission. Fortunately, cold molecular gas in these envi-
ronment contains heavier elements at the level of a few atoms per 10* Hydrogen nucleon.
The most abundant of these are Carbon and Oxygen, which combine to form CO under
the conditions prevalent in molecular clouds. Unlike, molecular hydrogen, CO has a weak
permanent dipole moment. It’s ground rotational transition has a low excitation energy
(5.53 K), which makes it easily excited even in cold molecular clouds.

We present an analysis of 55 giant elliptical galaxies situated in the cores of clusters and
groups from which 33 are detected with molecular gas. Chapter 2 describes the sample and
the steps taken in the analysis of Chandra X-ray data to measure properties of the ICM
and derive cluster mass profiles. Literature sources of molecular gas mass estimates and
other relevant quantities such star formation rates and cavity energetics are also discussed.
Section 3.1 and 3.2 explores the cooling time and entropy threshold for the observation
of molecular gas. Section 3.3 points to thermal instability as the consequence of these
thresholds. Section 3.4 and 3.5 compares our results with predictions of precipitation
models by examining the reliability of the min(teo/tg) criterion for thermal instability
and investigating the effects of AGN outburst on ICM properties. Section 3.6 discusses
the connection between AGN feedback and molecular gas. We conclude with a discussion
of uplift models motivated by ALMA observations in Section 3.7.
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Chapter 2

Analysis

To investigate cooling of the hot atmosphere as a plausible origin of cold molecular gas in
cluster cores, properties of the intracluster gas needs to be measured. Section 2.1 describes
the data sample. Section 2.2 describes the steps taken to reduce and analyze Chandra
X-ray data to measure properties of the X-ray emitting intracluster medium. Sources of
molecular gas mass measurements and how raw CO line intensities are converted to mass
are described in Section 2.3. To investigate the viability of precipitation models, free-fall
times are measured from mass profiles as shown in Section 2.4. Finally, cavity energetics
and star formation rates are taken from literature and described in Section 2.5 and 2.6,
respectively.

2.1 Sample

The sample comprises of 55 central dominant galaxies for which we have obtained CO sur-
veys from three sources: Edge (2001), Salomé and Combes (2003), and a number of clusters
that were observed since the publication of those papers (Edge priv.comm, 2016). Samples
in these publications were based on systems that have been observed for Ha emission or
have substantial mass cooling rates. From these sources, the sample was constructed by
choosing systems with available X-ray data from the Chandra Data Archive. Our final
sample consists of 33 systems detected with CO emission and 22 without detection. The
derived molecular gas mass of our sample is in the range ~ 103~!* M. It has been found
that molecular gas mass observed in BCGs is correlated with Ha luminosity (Edge, 2001;
Salomé and Combes, 2003), and is evident in our sample as shown in Figure 2.1. In the
figure, note that all systems detected in CO are also shining in Ha. However, detection in
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Ha does not guarantee detection in CO. The inferred molecular gas were derived mostly
from the observed CO(1-0) transition with exception of three systems (A85, A1991 and
Cygnus-A) derived from CO(2-1) and the upper limit for RXJ1347.5-1145 derived from
CO(3-2). Cluster and BCG coordinates were taken from Hogan et al. (2015) and are sum-
marized in Table A.1. Furthermore, properties of the X-ray observations are shown in
Table A.3.
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Figure 2.1: Molecular gas mass vs. Ha luminosity for our sample. Black symbols denote systems observed
with CO emission while blue symbols denote upper limits.
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2.2 Cluster X-ray Properties

We begin with the X-ray analysis of our sample in Section 2.2.1 by applying the data
processing steps recommended by the Chandra X-ray Center (CXC). In Section 2.2.2 we
use projected profiles to quant