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Introduction

ONE of the most crucial problems of present-day astrophysics concerns the
thermodynamical evolution of the baryonic, ordinary matter. Heating processes

play a fundamental role in galaxies, groups and clusters, struggling in an intricate
but fascinating dance with its antagonist, cooling. The majority of baryons in the
universe appears to reside in the form of an almost fully ionised gas, a plasma with
temperatures over ten million degrees and densities below one particle per cm3. Quantum
mechanics tells us that such plasma looses thermal energy, emitting photons, mainly due
to bremsstrahlung, recombination and line excitation. Unopposed radiative cooling would
lead to the cooling catastrophe; the denser, central regions of virialised systems cool faster,
loosing partial pressure support and inducing a subsonic inflow of gas from the peripheral
zones toward the nucleus. The increment of gas density causes a further increase of
radiative cooling. This vicious circle leads to unobserved cooling rates up to hundreds
solar masses per year, in the most massive systems. At the centre of galaxies, groups
and clusters, the huge accumulation of monolithically condensed cold gas would produce
unrealistic surface brightness peaks and star formation rates. This is the cooling flow
problem. Since every important baryonic structure, like molecular clouds, stars, dust and
planets, will later rise from the hot plasma crucible, it is crucial to find and understand the
counterbalancing process, i.e. heating.

The last-generation (X-ray) telescopes, Chandra and XMM-Newton, have provided a
striking hint to the solution of the cooling flow problem. We now see the spectacular
and powerful interactions of the supermassive black hole, residing at the centre of the
active galactic nucleus (AGN), with the surrounding medium, in the form of buoyant
bubbles, shock cocoons, metals dredge-up, turbulence, jets and nuclear outflows. Even if
from an energetic point of view the AGN is capable to balance radiative losses, numerous
questions are far to be settled. In primis, what is dominant engine of heating? How can the
AGN energy couple to the interstellar/intracluster plasma? How can the galaxy, group or
cluster maintain a state of quasi thermal equilibrium for several Gyr? What is the original
feedback process that generates the wealth of observational features? Why do we observe
extended (filamentary) and nuclear cold gas, even in the presence of strong heating?

With the present Thesis, I intend to deeply investigate the previous questions, focusing
on the solution of the cooling flow problem, i.e. dramatically quenching the cooling
rates for several Gyr without destroying the cool-core structure. The main theoretical
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2 Introduction

hypothesis is that the dominant feedback process should be mechanical and anisotropic,
originated from massive subrelativistic AGN outflows. The natural self-regulation may
be provided by linking the property of the cooling gas to the injection of feedback energy.
This central idea will be severely tested via three-dimensional hydrodynamic simulations,
carried out via the state-of-the-art Eulerian code FLASH, substantially modified and
upgraded to study astrophysical phenomena, as outflows, shocks, cooling, turbulence,
thermal instabilities, and multiphase gas.

The Thesis is organised as follows.

• In Chapter 1, I first review the key properties of the hot plasma, residing in the
majority of the cosmic virialised structures, as clusters, groups and ellipticals.
I focus on the theoretical background essential to understand what is a classic
cooling flow. The second part describes instead the observational evidences of real,
quenched cooling flows.

• In Chapter 2, I present an essential review on the cooling counterpart, heating.
The attention is mainly given to the various manifestation of AGN feedback in hot
halo systems, including buoyant bubbles, shocks, jets/outflows, but also transport
processes as conduction and turbulence.

• In Chapter 3, I describe the entire numerical methods, necessary to carry out the
simulations via the FLASH code. After a brief introduction on hydrodynamics,
I introduce the AMR grid structure and how the Euler equations are solved (PPM
scheme). I discuss then, in detail, the key implementation of radiative cooling, AGN
outflows, the self-regulation, stellar evolution and the initial condition setup.

• In Chapter 4, I begin to present the results of the simulations on (mechanical) AGN
feedback in galaxy clusters, after a brief overview of these systems. The ultimate
aim of the investigation is to solve the cooling flow problem, at the same time
avoiding overheating and reproducing fundamental features, as cavities, shocks and
metal inhomogeneities. As in the next Chapters, I present an in-depth discussion
of the merits and flaws of all models, with a critical eye toward observational
concordance.

• In Chapter 5, I continue to analyse the 3D simulations on massive AGN outflows,
self-regulated by cold and and hot accretion, this time in a typical galaxy group.
I present the best models dynamics and observables, thoroughly discussing the
properties of the feedback self-regulation.

• In Chapter 6, I close the range of tested hot halo systems, studying the self-regulated
AGN outflows also in (isolated and massive) elliptical galaxies. It is important to
solve the cooling flow problem on every scale. In fact, in less bound objects, the
feedback seems to have more dramatic consequences. Particular attention is given
to the generated X-ray features.

• In Chapter 7, I test the idea that multiphase gas is the direct consequence of the
AGN feedback. The recurrent outflows may induce substantial turbulence, leading
to nonlinear thermal instabilities, with the condensation of the hot phase into cold

M. Gaspari PhD Thesis



Introduction 3

filaments and clouds (as suggested by observations). The cold phase may become
later the fuel for the feedback engine, explaining the previously assumed (and
preferred) cold accretion mode.

• In Chapter 8, I conclude the Thesis, highlighting the key findings on solving the
cooling flow problem through mechanical AGN feedback. I focus, in particular,
on the consistency with the latest observations, the fundamental characteristics of a
successful feedback and the limitations of my models. Finally, I lay the bases for
future developments.

M. Gaspari PhD Thesis





Chapter 1
The Cooling Flow Problem

AFUNDAMENTAL gap in the current understanding of the formation and evolution
of virialised cosmic systems, such as galaxies, groups and clusters, concerns the

thermal and dynamical evolution of the baryonic component.

In the standard ΛCDM cosmological scenario the ordinary, baryonic matter, in the
form of gas, collapses in the dark matter potential wells (see also Chapter 4). The adiabatic
compression due to the gravitational infall heats the gas to temperatures up to 107−108 K,
near the virial temperature, forming a hot atmosphere of ionised gas in quasi hydrostatic
equilibrium, with densities around 10−4 − 10−2 cm−3. This simple mechanism, driven
only by gravity, applies to the massive halos of galaxy clusters down to the scales of
isolated galaxies. However, in a later stage, the process known as cooling determines
the final state of the baryons. The interstellar, intergalactic or intracluster medium (ISM,
IGM, ICM) represents in the end the crucible where several fundamental astrophysical
structures emerge and continue to form: cold and molecular clouds, small and giant stars,
and tiny planets like the Earth.

In the present Chapter, I review the key properties of the hot gas, fundamental
requirement in order to understand the theoretical novel work presented in Chapters
4-7. In the following Sections, generality will be pursued as much as possible, with
emphasis on the understanding of pure and quenched cooling flows. Hot plasma is in
fact a common characteristic among cosmic systems, dominating in clusters, groups and
massive ellipticals. Each introduction in Chapters 4-6 serves, instead, to highlight the
differences between these systems.

1.1 Hot Gas

The hot atmosphere of cosmic systems - hereafter implying clusters, groups and massive
ellipticals - is constituted of a nearly fully ionised plasma, mostly hydrogen and helium
fully stripped of their electrons; heavier elements have retained only a few of their
electrons. Electromagnetic radiation plays a key role: in such hot medium quantum
mechanical interactions induce the plasma to emit X-ray photons, thus reducing the
internal energy and temperature; in one simple word: cooling. Cooling is one of the

5



6 Chapter 1. The Cooling Flow Problem

two main actors at the centre of this work, together with its antagonist, heating.

As a good general approximation, the hot plasma can be considered optically thin,
i.e. the radiation escapes without interacting with the gas. We are thus allowed, on
large scales, to study the plasma with magneto-hydrodynamics (e.g. through numerical
simulations), avoiding the complex radiative transfer equations. On small scales, the
radiative processes can be studied separately.

The X-ray emission from ionised atoms can be very complex. Fortunately, it is
well described by the coronal approximation (Elwert 1952; Mewe 1999), i.e. when an
optically-thin plasma is in collisional equilibrium (as in the solar corona). This means that
recombinations precisely balance collisional ionisations, a condition which is eventually
achieved if a plasma remains undisturbed for a long enough period of time. Once
the balance is determined, the X-ray spectrum can be calculated considering the single
radiative processes.

Over 107 K the main emission mechanism in the hot gas is thermal bremsstrahlung,
the deceleration of the free electrons in the Coulomb field of an ion. The total power
per volume (or emissivity) radiated by bremsstrahlung is given by εbr ≈ 10−27 ne ni T 1/2

erg cm−3 s−1, where ne and ni are the electron and ion (hydrogen) number density, and T is
the electron temperature. Note the strong dependence of this emission on the gas density
(∝ n2), a crucial factor in cooling flows. In addition to bremsstrahlung, bound-free and
two-photon emission are also a significant source of continuum radiation.

Below 107 K (≈ 1 keV) the dominant radiative mechanism is discrete line emission
by several atomic processes: collisional excitation, radiative recombination, dielectric
recombination and resonant excitation. Several codes have been developed to calculate
the resultant spectrum, considering all the relevant elements (e.g. MEKAL – Liedahl et al.
1995; APEC – Smith et al. 2001). Despite the complexity of transitions, there are only
a few prominent features in the emission (see Figure 1.1), such as hydrogen and helium
bumps (T ≈ 104 and ≈ 105 K), or the Kα line of the Fe XXVI at 6.9 keV and Fe XXV at
6.7 keV. Other hot gas elements worth mentioning are O (VII and VIII), C (VI), S (XXVI
and XXV), Si (XIII and XIV), Mg (XI and XII), Ne (X and IX), and N (VII).

The total radiative emissivity can be finally reduced to a very convenient form:

εtot = ne ni Λ(T,Z) , (1.1)

adopting an analytical cooling function Λ(T,Z) (erg cm3 s−1), which depends both on gas
temperature and abundance, as shown in Figures 1.1 and 1.2. Typical values of metal
(iron) abundances are ∼ 0.3 Z� in the ICM/IGM, raising to about a solar value at the
centre of galaxies. The metal enrichment indicates that the gas is not totally primordial,
but it has been reprocessed probably through an early population of stars (via supernovae
and stellar winds).

M. Gaspari PhD Thesis
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Figure 1.1. Contribution of the different elements to the total radiative cooling function for solar
abundance elements (from Boehringer & Hensler 1989).
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Figure 1.2. Total radiative cooling function for an optically thin plasma in ionisation equilibrium,
varying the metallicity (Z/Z�; from Boehringer & Hensler 1989).
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8 Chapter 1. The Cooling Flow Problem

Fig. 6. The cooling time as a function of radius for a sample of relaxed clusters as
measured with Chandra. If left undisturbed, all plasma within 100 to 200 kpc would
have su!cient time to cool. Figure adapted from Voigt & Fabian (2004).

resolution spectrometers, RGS observations resolve emission lines from each
Fe L charge state (Fe XXIV through Fe XVII) and therefore can place crucial
constraints of the amount of gas present between temperatures of 0.4 and 4
keV.

The initial application of the standard cooling flow model to a high resolution
X-ray spectrum is shown in Figure 8 (Peterson et al. 2001). The top panel
shows the spectral prediction between 5 and 35 Å. Emission lines are expected
from Fe L ions in roughly equal strength between 10 and 18. Particularly
prominent are emission lines from Fe XVII and 15 and 17 Angstroms. These
emission lines are produced primarily from plasma between 300 and 700 eV
and represent the last major emitting ion before a cooling plasma would cool
to sub-X-ray temperatures.

High resolution spectroscopic evidence for lack of cool gas has been docu-
mented in a number of clusters (Peterson et al. 2001; Tamura et al. 2001a;
Kaastra et al. 2001; Sakelliou et al. 2002; Tamura et al. 2001b). Characteristi-

32

Figure 1.3. Radial profiles of the cooling time for a sample of 16 typical cool-core clusters (from
Voigt & Fabian 2004).

1.2 Cooling Time

The fundamental scale in order to understand the thermal evolution of the plasma is the
cooling time, defined as the enthalpy1 divided by the energy lost per unit volume:

tcool ≡ 5/2 nkbT
n2Λ

≈ T8

Λ−23 n−2
tH , (1.2)

where tH is the age of the universe (13.7 Gyr), kb the Boltzmann constant, T8 is the
gas temperature expressed in units of 108 K, Λ−23 the cooling function in units of 10−23

erg cm3 s−1, and n−2 the gas number density in units of 10−2 cm−3. The densest gas at the
centre of virialised systems has thus sufficient time to cool. In galaxy clusters tcool can be
less than 500 Gyr, while in groups or elliptical galaxies it can drop even below 10 Myr.

We can also define a cooling radius, such as the radius at which the cooling time equals
the Hubble time: tcool(rcool) = H−1

0 . Typical values approach a few 100 kpc for ‘cool-core’
clusters, as shown in Figure 1.3. It is interesting to note that the profiles display the same
radial dependence, suggesting there may be no trend in terms of old and young cooling
flows.

1.3 Pure Cooling Flows

At this point, we possess all the elements to properly define a classic pure cooling flow
(see also Sections 4.3.1, 5.3.1, 6.3.1 and 7.3.1, for the detailed dynamics). Inside the
cooling radius (∼ 10−100 kpc), the hot gas is able to cool in a short time compared to the
age of the system, if not balanced by some kind of heating. The loss of thermal energy

1It is more appropriate to use the enthalpy over thermal energy, because the gas is also compressed as it cools,
effectively raising the heat capacity, cv ≈ 3/2, by a factor 5/3.
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Fig. 4. The standard isobaric cooling-flow model. The model is produced by sum-
ming collisionally-ionized X-ray spectra within a temperature range such that the
relative amount of luminosity per temperature interval is a constant. This model
predicts relatively prominent iron L shell transitions between 10 and 17 Å that arise
from a wide range of temperatures. In particular, Fe XVII which is emitted between
500 eV and 1 keV has strong emission line blends at 15 and 17 Å.

23

Figure 1.4. The standard multiphase cooling flow model (from Peterson & Fabian 2006).

reduces the gas pressure (Eth = cvP), leading to a slow inflow. Given the subsonic nature
of this so-called cooling flow (tcool is always longer than the free-fall time), the process
can be considered in quasi hydrostatic, pressure equilibrium. Therefore, the cooling gas
drops in temperature and rises in density, further decreasing the cooling time (Equation
1.2; tcool ∝ T β/n, where −1/2 ∼< β ∼< 1/2).

The vicious circle induces huge mass cooling rates, reaching a saturated steady-state
after a few cooling times (when the adiabatic compressional heating of the inflow starts
to have a relevant impact). The mass deposition rate2 Ṁ, due to cooling, can be roughly
estimated from the X-ray luminosity, assuming the energy lost in time is given by the
variation of thermal energy plus the PV work done on the gas as it enters rcool (i.e. the
variation of enthalpy3, when the process is isobaric):

Ṁ =
2
5
µmp

kbT
Lc ' 118

Lc,44

T7.6
[M� yr−1] , (1.3)

where Lc is the X-ray luminosity4 within rcool (in units of 1044 erg s−1), and T the gas
temperature at rcool (in units of 4×107 K). Predicted values of Ṁ range from a few M� yr−1,
for massive elliptical galaxies, to several hundreds M� yr−1 for rich clusters (Fabian 1994;
Peres et al. 1998). Even without relying on deep observations, we can already suspect
that rates of 1000 M� yr−1 are likely unrealistic and overestimated.

A more accurate modelling of a pure cooling flow includes matter cooling out over
a range of radii, with a spectrum of densities and temperatures. Such more advanced
model is known as isobaric multiphase cooling flow (e.g. Peterson & Fabian 2006). From
Equation 1.3 it is straightforward to infer that the variation of the X-ray luminosity in
respect of temperature is

dL
dT

=
5
2

kbṀ
µmp

. (1.4)

Since for a spectral line dL(ν) = neniΛν(T ) dV , the line contribution to the X-ray
2Accretion rate is a misleading term given that not all the gas flows in the nuclear region far from rcool.
3H ≡ EthV + PV = 1

γ−1
kbT M
µmp

+
kbT M
µmp

= 5
2

kbT M
µmp

, where µ is the gas molecular weight (≈ 0.61), M the gas mass (density
times volume, ρV = n µmpV), mp the proton mass, and γ is the adiabatic index (= 5/3 for a monoatomic gas).

4Typical values are ∼ 10% of the total luminosity: ∼ 1042 − 1044 erg s−1.
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1.7. The riddle of central cool cores 39

1.7 The riddle of central cool cores

1.7.1 The cooling flow model

The road from the discovery of hot gas in clusters to the cooling flow hypothesis
was rather short. Indeed simple calculations of the cooling time (tcool, Eq. 1.11)
in the centers of clusters like Perseus, revealed that tcool was probably less than
the Hubble time (Cowie & Binney, 1977; Fabian et al., 1977). These authors
suggested that in the absence of a compensating heat source, the core gas should
cool and condense at the cluster center. Thus, the centers of all cluster with
tcool < H!1

0 became known as cooling flows, even though there was no evidence
for either cooling or flowing. Very strong support to this scenario came with the
surface brightness profiles obtained by Einstein and ROSAT . Sharply peaked
surface brightness profiles (Fig. 1.18, left panel) suggest that the gas density is
rising steeply towards the centers of some clusters and therefore that the cool-
ing time becomes shorter. The luminosity Lcool ! LX(r < rcool)

3 associated to
the cooling flows is a significant fraction of the luminosity of the whole cluster
(Fabian et al., 1994; Peres et al., 1998). The large fraction of clusters showing a
surface brightness peak (Peres et al., 1998) indicates that cooling flows are com-
mon phenomena.

The first systematic evidence of some cooling in the cores of these clusters

Figure 1.18: Comparison of the X-ray surface brightness between a cool core
cluster (A478: on the left) and a cluster without a cool core (the Coma cluster:
on the right). Although the luminosities of the two clusters are approximately
the same - within a factor of two - the X-ray emission from the cool core cluster
is much more peaked.

3The cooling radius, rcool is defined as the distance from the center at which the cooling
time is equal to the Hubble time: tcool(rcool) = H!1

0 .

Figure 1.5. X-ray surface brightness distribution of a typical cool-core (A478; left) and non-cool-
core cluster (Coma; right). The two systems have comparable total X-ray luminosity, rescaled to
be viewed at the same redshift (from Allen & Fabian 1997).

luminosity is

L(ν) =
5
2

kbṀ
µmp

∫ Ti

0

Λν(T )
Λ(T )

dT , (1.5)

where Ti is the initial temperature. The previous Equation, in conjunction with atomic
physics, allows to reproduce the global X-ray spectrum, as shown for instance in Figure
1.4. However, the recent spectral observations (Section 1.4.3) have demolished the classic
cooling flow model, which fails to predict several low-energy X-ray lines of the hot gas
in clusters, groups and galaxies.

The multiphase cooling flow was historically introduced to solve the problem of too
sharply peaked surface brightness profiles predicted by the single-phase model, due to
the strong central gas mass accumulation (emissivity is ∝ n2). To obtain the best-fitting
SBx profiles (see Figure 1.5), an inhomogeneous multiphase cooling flow with Ṁ(r) ∝ r
is required (Fabian et al. 1984). Nevertheless, distributed cooling can not alter the total
- huge - cooling rates. Moreover, the observed spatial distribution of cold gas and star
formation is more consistent with the single-phase model, but at levels that fall orders of
magnitude below the predictions.

1.4 Quenched Cooling Flows

The previous pure cooling flow scenario, although simple and elegant, is wrong. The
problems related to the classic cooling flow are numerous, and can be summarised in one
basic statement: the hot plasma is allowed to cool too much. In this Section, I focus on
the general appearance of real hot atmospheres in cosmic systems.

What we actually observe in the universe are quenched cooling flows, tightly
associated with cool-core systems. The majority of observed cosmic systems (e.g. Sarazin
1986; Fabian et al. 1991; Peres et al. 1998; Bauer et al. 2002) resides in this category,
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Fig. 7. The average temperature in radial bins for a sample of relaxed clusters
of galaxies as measured with Chandra. The temperature and radius are scaled to
r2500. A typical cluster shows a clear decline in the average temperature at the
center, which is in agreement with many spectroscopic studies over the previous
two decades. Figure is adapted from (Allen et al. 2001c).

cally, gas appears to be missing at near a third of the maximum temperature.
This phenomena has also been documented in elliptical galaxies. Xu et al.
(2002) found that Fe XVII and Fe XVIII was present in the nearby ellipti-
cal galaxy, NGC 4636. O VII, however, was not detected and has not been
detected in any galaxy, group, or cluster core.

A more detailed analysis of the nature of the cooling flow problem is found in
Peterson et al. (2003). A sample of 14 clusters were analyzed in a uniform way
to demonstrate that the cooling flow problem manifests itself at a fraction of
the maximum temperature in the center. In this sample it is shown that hot
clusters (5-10 keV) generally only show evidence of Fe XXIV-XXII emission
and no other Fe L charge states. Intermediate temperature clusters (2-5 keV)
show evidence for Fe XXIV-Fe XIX emission, but no Fe XVII and Fe XVIII.
The coolest clusters and groups (less than 2 keV) show evidence of the entire Fe

33

Properties of galaxy groups 31

Fig. 8.— Temperature profiles in the logarithmic and linear scales of r500. Temperatures are scaled by T2500. Despite the large scatter at
small radii, the temperature profiles outside of 0.2 r500 are generally similar. The thick solid line in the linear plot is the universal temperature
profile (also projected) derived from the simulations in Loken et al. (2002). We simply used T2500 to replace T0 in Loken et al. (2002). Good
agreement can be seen even though the normalization is not adjusted. The thick dashed line is a simple linear fit to the data (see §5).

Fig. 9.— Mean temperature profile of groups (black circles) and the 1-! scatter in dotted lines. The solid line is the best-fit from equ. 6.
The dashed line is the mean temperature profile of 1-3 keV systems from Borgani et al. (2004) simulations. The data points in red triangles
are the mean temperature profile from LM08 on 48 kT > 3.3 keV clusters at z = 0.1 - 0.3. Note the mean temperature TM defined in LM08
is computed by fitting the profile with a constant after excluding the central 0.1 r180 region. It should be smaller than T2500 as T2500 is
emission-weighted within r2500. Nevertheless, it is clear that the group temperature profiles are more peaky than those of clusters around the
center.

Figure 1.6. Azimuthally averaged temperature (in keV), normalised to r2500, for a sample of
galaxy clusters (left; from Allen et al. 2001) and groups (right; from Sun et al. 2009), observed
with Chandra. See also Figure 6.2, for the profiles of elliptical galaxies.

meaning that (reduced) cooling flows must be common and long-lived.

1.4.1 X-ray Surface Brightness

The first indicator of an active moderate cooling flow is the peaked surface brightness
profile, where the cooling time is usually very low (10 − 100 Myr; see Figure 1.5). As
previously noticed real density profiles do not present the dramatic cusp predicted by the
classic cooling flow model, retaining a moderate slope especially in the inner few kpc
(log n ∼> −1; Fig. 4.4). A minority of systems, named non-cool-core objects, does not
even show the peaked SBx, suggesting that cooling is in great measure shut off by some
kind of violent process (likely cosmological merging).

It is worth noting that at the centre of the group or cluster potential well typically
resides a massive elliptical galaxy (BCG, cD), probably due to dynamical friction. The
gravity of these galaxies can marginally increase the influence of the cooling flow, and
thus the peak of SBx, in the inner ∼ 10 kpc.

1.4.2 Temperature Profiles

The second key characteristic of gas cooling is the central positive gradient in the
temperature profiles5. Inside rcool, where the cooling time is less than the age
of the system, the temperature declines6, flattening around 1/2 − 1/3 of the virial
temperature, Tvir (see Figure 1.6). A pure cooling flow model would instead show central
temperatures collapsing well below this floor (Chapters 4-7). Again, plasma cooling

5This observational (projected) temperature is extracted from the observed X-ray spectrum, in circular annuli centred
on the emission peak.

6The decline at intermediate radii is also caused by the flattening of the gravitational potential, and thus a reduced
adiabatic compressional heating.
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12 Chapter 1. The Cooling Flow Problem

seems substantially quenched for several Gyr by some kind of process; at the same time
the cool core must remain intact, as shown by the majority of observed cosmic systems,
especially in the nearby universe.

1.4.3 Cooling Rates

The third systematic evidence for severely quenched cooling flows is the aforementioned
spectroscopic analysis, mainly carried out by Peterson and collaborators (2001, 2003,
2006). If the gas cools from Tvir down to zero K, then the isobaric multiphase cooling flow
spectrum (Fig. 1.4 and Eq. 1.5) would show prominent iron L-shell transitions between 10
and 17 Å, in particular Fe XVII (15 − 17 Å) which traces the cold gas with temperatures
between 3.5−8×106 K (at the boundary of the soft X-ray band). Other important cooling-
flow lines worth mentioning are Fe XXV, tracing the gas with T ∼< 1 − 5 × 107 K, O VIII
(T ∼ 2 × 107 K), and O VI (T ∼ 5 × 105 − 106 K, in the UV band).

The great resolution of the Reflection Grating Spectrometer (RGS) of XMM-Newton
has provided striking data in the last decade, clearly confuting the classic cooling flow
model (Sec. 1.3). As shown in Figure 1.7, there is a strong deficit of observed emission
lines (blue curve) linked to the cold gas, especially with temperatures below 1/3 Tvir. The
absence of cold gas at T < 1 keV was even reported by lower resolution instruments
(David et al. 2001; Molendi & Pizzolato 2001).

Based on all these observations (Peterson et al. 2001, 2003; Oegerle & Hill 2001;
Bregman et al. 2001, 2005, 2006; Xu et al. 2002; Tamura et al. 2003), it is nowadays clear
that cooling flows in clusters, groups and massive galaxies must be reduced by at least
one order of magnitude with respect to the simple classic expectation.

This can be regarded as the fundamental cooling flow problem.

There is no reason to differentiate all the single cooling flow problems in different
bands (soft X-ray, optical, etc.), as historically done. The cause of the problem is simply
one: the hot gas is allowed to cool excessively, at least 10− 20 times more than observed!

1.4.4 Cold Gas

Another spectacular evidence of quenched cooling flows are the observations of cold gas
and star formation, both deeply interwoven (see Chapter 7 for further details).

A distinguishing characteristic of cool-core systems is the presence of warm, optical
line-emitting gas (Hu et al. 1985; Heckman et al. 1989; Crawford et al. 1999; Jaffe et al.
2005; Hatch et al. 2007), typically observed at Hα (6563 Å; other relevant lines are Si
VI, S XI, O VI). Such warm gas exhibits either a nuclear or filamentary morphology,
extending up to tens kpc from the centre (see third column in Figure 1.8), in several
clusters, groups and ellipticals. The filaments are often filled with dust, injected by stellar
evolution and highly emitting in the IR band (O’Dea et al. 2008). The Hα gas correlates
with several properties of the cool core, as the cooling rate and entropy (McDonald et al.
2010, 2011a), strongly suggesting that its origin is tied to the cooling flow and thermal
instabilities (Chapter 7), over alternative ram-pressure stripping and galaxy interaction
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Fig. 11. The same as the previous figure, but for a sample of intermediate mass clusters.

[176] have argued that the ICM is nearly isothermal at a given radius and any departure from this is due solely to
azimuthal variations. Buote et al. [49] and Kaastra et al. [150] have argued, however, that nearly a factor of two range
of gas temperatures exists at any radius.

X-ray cavities have been discovered in a number of X-ray imaging observations. The cavities are presumably ex-
cavated by cosmic rays produced in outbursts by the central radio source [171]. These cavities are important in the
study of cooling flows for a number of reasons. First, they represent direct empirical evidence that the cores of cluster
have been disturbed. The work done by expansion of the bubbles assuming all the energy is deposited in the cooling
flow is within a factor a few to the value required [27]. Second, they are relatively intact and coherent tructures in-
dicating the level of suppression of thermal transport processes possibly by a magnetic field. Therefore, they provide
a source of external energy to the ICM and detailed study will eventually give us a complete picture of the transport
of that energy.

Figure 1.7. Real observed spectra (blue curves; RGS-XMM) versus the standard cooling flow
model (green); the red curve is an empirical model where emission from the standard cooling flow
model is allowed to be adjusted in specific temperature ranges. Clearly, some of the cooling-flow
predicted lines (e.g. Fe XVII at ≈ 15 Å) are missing from the observed spectrum, in particular the
emission associated with the cold gas (T < 1/3 Tvir). From Peterson & Fabian (2006).
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Fig. 4.— Continued.
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Abell 0085

Abell 0133

Abell 0478

Abell 0496

Fig. 4.— Multi-wavelength data for the 21 clusters in our sample with NUV (GALEX, XMM-

OM) and Hα (MMTF) data. From left to right the panels are: 1) MMTF red continuum

image, 2) Unsharp masked CXO X-ray image, 3) MMTF continuum-subtracted Hα image,

4) GALEX/XMM-OM NUV image. The horizontal scale bar in all panels represents 20 kpc.

The X-ray and red continuum images are on the same scale, and the Hα and NUV data are

on the same zoomed-in scale. The square region in the X-ray panels represents the field of

view for the zoomed-in Hα and NUV panels.

– 19 –

Ophiuchus

Sersic 159-03

Fig. 4.— Continued.

suggesting that modifications to the star formation law (i.e. altering the IMF), or alternative

physical mechanisms entirely, may be needed to explain the observed NUV/Hα ratios.

In Figure 6, we also show the NUV/Hα ratios for several different processes, including

continuous star formation (described by Kennicutt 1998). Using models from Starburst99

(Leitherer et al. 1999) we age a burst of star formation from 1–20 Myr in order to see the

evolution of the NUV and Hα flux. These models assume a metallicity of 0.4Z⊙ and a

Kroupa IMF (Kroupa 2001) with α = 3.3. The NUV/Hα ratio is quite sensitive to the IMF

assumed, but the overall trends remain the same. As the massive stars die off, the UV/Hα

ratio increases rapidly. This scenario is promising, since several clusters have NUV/Hα

ratios above the value predicted by Kennicutt et al. (1998) and there are very few physical

mechanisms that can produce such ratios. In this scenario, star formation took place in a

burst as gas crosses Rcool and the NUV/Hα ratio is a direct indicator of the time elapsed

since this burst. If this is indeed the reason for the high UV/Hα ratios, we would expect

higher resolution UV data to show age gradients along the length of any filaments. This

trend was not seen in Abell 1795 (McDonald & Veilleux 2009), although there was a slight

offset between the UV and Hα emission which made quantifying a gradient difficult. An

alternative explanation for the high NUV/Hα ratios is the dependence of this quantity as

a function of Hα surface density (Meurer et al. 2009). For star formation in regions with

low Hα surface brightness (i.e. UGCA44) the UV/Hα ratio is a factor of ∼5× higher than

Figure 1.8. Multi-wavelength data for a sample of cool-core clusters (from left to right column):
red continuum (MMTF), unsharp mask X-ray image (CXO), Hα (MMTF), and NUV (GALEX).
The horizontal scale bar represents 20 kpc. Note the extended filamentary cold/warm gas in the
third column. From McDonald et al. (2010).

models.

The Hα gas probably represents the tip of the iceberg, tracer of the actual cold gas at
T ∼< 104 K, in the form of molecular hydrogen. The latter is quite difficult to estimate,
indirectly revealed through CO emission (which is typically calibrated in our Galaxy).
For instance, molecular masses in cool-core clusters are in the range 109 − 3 × 1011 M�
(Edge 2001; Salomé & Combes 2003). If we naively apply the pure cooling flow model,
we obtain cold molecular masses well over several 1012 M� (for clusters; see Chapter 7),
essentially forming a new massive elliptical galaxy!

1.4.5 Star Formation

Another piece of evidence for the reduced cooling rates comes from the lack of star
formation, which is strongly tied to the evolution of the cold (molecular) gas. This
phenomenon is more evident in massive elliptical galaxies at the centre of clusters and
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smaller than ṀS . The observed trends between cooling time and
IR luminosity and between ṀS and the IR SFRs are consistent
with the hypothesis that the cooling ICM is the source of the gas
which is forming stars. Using a nearly identical approach to the
X-ray analysis, Rafferty et al. (2006) found a similar trend using
optical-UV SFRs. Star formation in these systems is generally
not heavily obscured, and the SFRs are approaching and in some
cases agree with the cooling upper limits, ṀS . This is consistent
with the results from X-ray spectroscopy (e.g., Kaastra et al.
2001; Tamura et al. 2001; Peterson et al. 2001, 2003; Peterson &
Fabian 2006), which suggests that most of the gas with a short
cooling time at a few keV does not cool further. Sensitive, high-
resolution X-ray spectroscopy should soon detect the cooling at
the level of star formation in the Fe xvii lines if this picture is
correct (e.g., Sanders et al. 2008). Our fraction of gas which does
cool is a mean number and could be affected by our H! selection,
but we believe the use of a complete X-ray sample will allow this
effect to be quantified. Nevertheless, this number could provide
a constraint on the efficiency of feedback models that prevent the
bulk of the ICM from cooling. If star formation is the ultimate
sink for the cooling gas, then the fraction of the few keV gas
which does cool all the way down should be comparable to the
ratio SFR/ṀX, which we find to be roughly a few percent. This
fraction is comparable for all the clusters. This suggests that the
reheating mechanism (whatever it is) is very effective over a
range of size scales and operates nearly all the time (i.e., with
a short duty cycle; see McNamara & Nulsen 2007; Peterson &
Fabian 2006 for reviews).

8.2. Alternative Energy Sources

We have proceeded with the assumption that the IR emission is
solely due to star formation. Here we examine whether there are
reasonable alternative sources of energy for this emission. First, we
consider the hot gas, since dust mixing with the gas can be heated
and become a source of mid-IR radiation (Dwek 1986; Dwek et al.
1990). We then consider cosmic rays and other heat sources.

The hot gas is potentially a rich energy source which could
heat the dust. A consequence of such heating is the energy loss
from the gas, which means the gas will cool, perhaps even ex-
acerbating the cooling flow problem. It offers a solution to the
problem seen in the X-ray spectra of cool core clusters in which
gas is observed to cool down to only about 1 keV but no lower
(Peterson et al. 2001, 2003; Tamura et al. 2001). The tempera-
ture profiles in clusters mean that the coolest gas is at the smallest
radii, so if there is nonradiative cooling of gas at those radii, for
example, due to mixing with cold dusty gas, X-ray spectra of the
whole core would imply a cooling flow going down to just 1 keV
and appearing to stop, more or less as observed. This can be seen
as ‘‘the missing soft X-ray luminosity’’ problem (Fabian et al.
2002). What is meant by missing soft X-ray luminosity is the
emission missing from a complete cooling flow when it appears
from X-ray spectra to stop at, e.g., 1 keV.

Figure 11 shows the missing soft X-ray luminosity for our ob-
jects plotted against the IR luminosity as open circles. This was
obtained by fitting the spectra with a cooling flow model which
has a lower temperature limit of 1 keV. The missing soft X-ray
luminosity is then the rate of energy release as that gas cools fur-
ther to 0 K in some nonradiative manner. There is a correlation,
but the normalization misses by about a factor of 5. This means
that on average there is 5 times more LIR than needed to account
for nonradiative cooling of the gas below 1 keV.

Better agreement can be obtained by increasing the lower fit-
ted temperature above 1 keV, but in that case the mass cooling
rates rise from the more modest rates comparable to ṀS in Fig-
ure 10 to the higher, pre-XMM-Newton/Chandra values of ṀI .
This is just because LIR is similar to Lcool, the luminosity of the
cooling region in the core (i.e., where the radiative cooling time
is less than, e.g., 5 Gyr), which is shown by the filled circles in
Figure 11.

The result is that if dust mixing in hot gas is the only source of
IR emission, then we have to face cooling rates much higher than

Fig. 10.—X-ray-derived mass deposition rate upper limits vs. estimated SFRs.
The filled circles correspond to maximum mass deposition rates, ṀI , if heating
is absent, and the open circles refer to ṀS , the mass deposition rate consistent
with the X-ray spectra. The dashed line indicates equal star formation and mass
deposition rates.

Fig. 11.—X-ray luminosity emitted with the cooling radius (a fiducial radius
where the radiative cooling time is 7.7 Gyr, corresponding to a redshift of 1) is
shown by filled circles vs. the Spitzer IR luminosity. The expected (missing) lu-
minosity emitted below 1 keV by a continuous cooling flow operating from the
cluster virial temperature to 0 K is shown by the open circles. If mixing with dusty
cold gas causes the rapid nonradiative cooling of the intracluster gas below 1 keV,
then this luminosity could emerge in the mid-IR.
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Fig. 10.— Left: Color vs. cooling time at 12 kpc (Rafferty et al. 2008). Right: Hα luminosity

vs. central entropy (Cavagnolo et al. 2008). Young stars and line emission nebulae are only

seen in BCG’s with short central cooling times, or, equivalently, low central entropies.

The origin of this threshold is unclear. Voit et al. (2008) and Voit (2011) have suggested

it appears when gas becomes thermally unstable in the competition between radiative cooling

and thermal conduction. Sharma et al. (2011) suggested that for thermal instability to grow

and for cooling gas to condense into stars, its growth time must also be shorter than about

10 free-fall times. Other clues to its origin may be gleaned from the red BCGs lying below

tcrit. These systems are usually offset from the X-ray centroid and may not be accreting gas,

or perhaps they are quenched by AGN feedback (Rafferty et al. 2008). Whatever its specific

origin may be, the threshold links cooling atmospheres to star formation.

Many have suggested that the cold gas and star formation in BCGs are merger debris

or stripped material from donor galaxies (e.g., see Sparks et al. 1989). While this may be

true in some cases, it would account for the prevalence of star formation in cooling cores and

the star formation threshold with great difficulty. The cores of clusters are largely devoid

of galaxies with gas and star formation (Best et al. 2007), and BCGs in cooling flows are

the only nearby population of ellipticals that experience significant levels star formation. In

the extreme, they harbor > 1010M⊙ of molecular gas (Edge 2001). No known population

of galaxies is able to donate molecular gas at this level. The most gas-rich spiral galaxies

in nearby clusters contain ∼ 109M⊙ or less of molecular gas, and such a galaxy plunging

through a cluster would release most of this gas into the ICM before it arrived at the BCG

Figure 1.9. Left: cooling rate upper limits versus estimated SFRs (from O’Dea et al. 2008). The
filled circles (higher points) correspond to the pure cooling flow rates, while open circles are the
cooling rates consistent with the X-ray spectroscopic analysis. The dashed line indicates equal SF
and cooling rates. Right: colour versus cooling time (at 12 kpc) for a sample of 46 BCGs (from
Rafferty et al. 2008).

groups – BCGs (Johnstone et al. 1987; McNamara & O’Connell 1989; O’Dea et al.
2008). Common results indicate that SFRs are about 30-100 times smaller than the mass
deposition rates inferred from the pure cooling flow model, and 3-10 times the cooling
rates consistent with the X-ray spectra (SFR ∼ 1 − 20 M� yr−1; O’Dea et al. 2008), as
shown in Figure 1.9 (left). The previous fact implies also that only a fraction of cold gas
transforms into stars (SFR efficiency ∼ 10 − 30%).

Star formation, like cold gas, is almost certainly being fuelled by cooling flows. A
strong relationship between the X-ray cooling times and SFRs has been resolved by
Chandra, discovering a clear sharp threshold (Rafferty et al. 2008; Cavagnolo et al. 2008):
whenever tcool ∼< 50 Myr massive elliptical galaxies (BCGs) show a UV/blue-light excess
(Fig. 1.9, right), a sign of substantial star formation. This demarcation also corresponds
to an entropy threshold of about 30 keV cm2, where the onset of Hα emission and radio
activity strikingly appears (see Fig. 7.2; Cavagnolo et al. 2008). The simulations presented
in Chapter 7 provide a natural explanation for this threshold.

Note that galaxies in a less dense environment suffer a more severe cooling flow/star
formation quenching (e.g. Ferreras & Silk 2000; Trager et al. 2000; Graves et al. 2009;
Jeong et al. 2009), moving the system to the quiescent red part of the colour-colour
diagram (Temi et al. 2009).

As a concluding remark, the stifled cooling and star formation rates are also
particularly manifest in the sharp exponential cut-off of the galaxy luminosity function
at the bright end (Benson et al. 2003; Balogh et al. 2006; Croton et al. 2006; Faber et al.
2007; Cattaneo et al. 2008, 2009; see also Section 4.1).
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16 Chapter 1. The Cooling Flow Problem

This Section concludes the description of the key properties of idealised and real
cooling flows, without pretending to be totally comprehensive. For further insights, I
suggest the excellent reviews provided by Fabian (1994), Peterson & Fabian (2006),
McNamara & Nulsen (2007), and Böhringer & Werner (2010). The next logical step
is to find out why we do not observe classical cooling flows in the universe.
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Chapter 2
Heating Mechanisms

WHAT is the main antagonist of cooling flows?

“Although in principle the cooling could instead be balanced by sources of heat, we
show below that this is neither physically nor astrophysically plausible, nor it is consistent
with observations of cooler, X-ray line-emitting gas” (Fabian 1994).

As inferred from this quote (from the seminal article on cooling flows), during the
90s and before, cooling was considered the central protagonist in the thermodynamical
evolution of cosmic systems. Besides the lack of direct evidences, the known heating
mechanisms (e.g. conduction, cosmic rays, star formation) would cause the gas to become
thermally unstable, leading to overcooling or overheating. A key missing element was
the idea of a feedback self-regulation. In contrast to the above statement, I believe that
heating is physically plausible. In fact, as nature teaches us every day, cooling is always
balanced by some kind of heating process on certain spatial and temporal scales, restoring
a stable (quasi) thermal equilibrium. The second law of thermodynamics - entropy can
never decrease - even indicates that heating is favoured over cooling1.

It may be possible for non-radiative cooling to proceed near the canonical
rates without revealing X-ray line emission through gas-phase mixing, differential
photoelectric absorption, or high metallicity inclusions in the hot gas, leading to rapidly
unresolved cooling (Fabian et al. 2001a). Sensitive searches, in optical, infrared, and
radio bands, for the permanent repository of the cooling material have severely restricted
this possibility, if not ruled it out entirely. Nowadays, it is also clear that stellar supernova
heating alone is insufficient to prevent the gas from cooling and forming stars (Borgani
et al. 2002, 2004; Tornatore et al. 2003; Piontek & Steinmetz 2011). Thus, the massive
black hole lurking at the centre of galaxies, groups and clusters becomes the natural
suspect to provide the heating required to quench cooling flows (Binney & Tabor 1995).

In this Chapter, I review the main heating mechanisms, with emphasis on the feedback
due to the active galactic nucleus (AGN) and its key observational evidences, which seem
ubiquitous among all virialised systems (differences are instead explored in Chapters 4-6).

1Based on energy conservation, we can write ρT dS/dt = H −L, where S is the gas specific entropy (erg K−1 g−1),
H and L are the heating and cooling rate per unit volume, respectively. If dS ≥ 0 (isolated system), thenH ≥ L .
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4 Fabian et al

Figure 3. Matching X-ray and optical images of the core of the Perseus cluster Left: Chandra composite (from Fig. 2, but without subtraction of the mean
at each radius); Right: optical from Blackbird Observatory (see text for details). The images are 11.8 arcmin from N to S. NGC 1272 is the bright elliptical
galaxy 5 arcmin WSW of NGC 1275.

Figure 4. Joint Chandra and XMM image.

and are trapped at some radius, in this case at about 220 kpc. Per-
haps they become neutrally buoyant there due to mixing with sur-
rounding gas, or the magnetic structure (possibly azimuthal there;
Quataert et al 2008) traps them. There also seems to be an overall
structure at and just within that radius to the W, possibly due to mo-
tion of the core relative to the outer cluster gas (see e.g. Churazov
et al 2003).

The two X-ray surface brightness dips to the SW of the trough
(Figs 9 and 10), which we identify as rising bubbles, have volumes
of approximately 104 kpc3 each, corresponding to about twice that
of the current inner bubbles.

The bay to the South may result from the accumulation of
Southward rising bubbles in analogy to the Northern trough. It has a
sharp, curved Northern edge and the interior is hotter than the outer
parts (Fig. 11). Perhaps there has been some mixing and heating
taking place between the relativistic and thermal intracluster gases.
It lies much closer to the nucleus of NGC1́275.

The evolution of rising bubbles in cluster gas has been stud-

Figure 5. Surface brightness profile in the 0.5–7 keV band to the West of
the nucleus of NGC 1275.

ied and simulated by many authors (e.g. Diehl et al 2008; Liu et
al 2008). Bubbles blown by a jet are not Rayleigh-Taylor unsta-
ble because the upper surface of the bubble is not at rest relative
to the hot gas above them. The expansion of the bubbles means
that the hot gas continuously flows around them. The growth time
of the Kelvin-Helmholtz instability is comparable to the flow time.
Whether they break up or not depends on the amplitude and scale
of velocity perturbations in the hot gas. The stability of a large gas
bubble rising through liquid has been studied by Batchelor (1987).
Rising air bubbles in water can be surprisingly large. The scale size
of disruptive perturbations depends on surface tension (which in

c� 0000 RAS, MNRAS 000, 000–000

Figure 2.1. Chandra composite image in the 0.5-7.0 keV band of NGC 1275 (1.4 Ms; from Fabian
et al. 2011), the galaxy at the centre of the Perseus cluster.

2.1 AGN Bubbles

In the last decade, the new generation XMM-Newton and Chandra telescopes have
radically changed the panorama of the evolution of hot gas in cosmic systems. High
resolution X-ray images show clear evidence of the interaction between the hot gas and
the active galactic nucleus in galaxy clusters (e.g. Perseus; Fig. 2.1), groups (e.g. NGC
5044; Fig. 2.2) and ellipticals (e.g. Cygnus A; Fig. 2.3). Other spectacular examples are
Hydra A, M87, A2052, A2597 and Centaurus.

The supermassive black hole, residing at the centre of AGNs, can easily provide
enough energy to offset the radiative losses. For a typical black hole mass of MBH ≈
109 M� (e.g. Ferrarese & Merritt 2000; Gebhardt et al. 20002), an amount of energy
EBH ≈ 0.1 MBHc2 ≈ 2 × 1062 erg could in principle be injected in the surrounding gas.
This is a sizeable fraction of the whole energy radiated away by the intracluster medium
in a massive cluster lifetime, and is significantly larger than the binding energy of the
interstellar medium in a typical elliptical galaxy or group (Egal ≈ Mgal σ

2, where Mgal and
σ are the galaxy mass and velocity dispersion, respectively):

EBH

Egal
≈ 2 × 10−4

( c
σ

)2

∼> 100 , (2.1)

using the common relation MBH ≈ 2 × 10−3Mgal (Häring & Rix 2004), and assuming
σ ∼< 400 km s−1.

The most visible manifestation of AGN heating are certainly underdense bubbles
(e.g. Boehringer et al. 1993; Blanton et al. 2001; Finoguenov & Jones 2001; Jones et al.
2002; Rafferty et al. 2006; McNamara & Nulsen 2007; Finoguenov et al. 2008; Rafferty

2The current record is held by NGC 4889, with MBH ∼ 2 × 1010 M�; McConnell et al. 2011.
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FIG. 3.— ACIS-S3 unsharp masked image of NGC 5044 in the 0.3-2.0 keV
band.

Beyond the central cavities and filaments, there are two edges
toward the south-east and one toward the north-west (see Fig.
2). The spectral analysis presented below (see §6) shows that
all of these edges are cold fronts and not shocks (i.e., the gas
interior to the fronts is cooler than the surrounding gas). The
innermost cold front located 30 kpc toward the south-east was
noted by Gastaldello et al. (2008) based on the earlier Chandra
observation. Another cold front is also visible toward the south-
east in Fig 2 with more of a spiral pattern and extends approxi-
mately 50 kpc toward the south. A corresponding spiral shaped
cold front is also seen in Fig. 2 toward the north-west. This
spiral feature is more obvious in the surface brightness analy-
sis presented below. Cold fronts are commonly found near the
central dominant galaxy in clusters and may be due to merger
induced sloshing of the central galaxy (Markevitch & Vikhlinin
2007; Ascasibar & Markevitch 2006). However, the two-arm
spiral pattern in NGC 5044 is more similar to the AGN inflated
”hour glass” shape feature observed in NGC 4636 (Jones et al.
2002; O’Sullivan, Vrtilek & Kempner 2005; Baldi et al. 2009).
The origin of the cold fronts in NGC 5044 will be discussed
in more detail below. The full complexity of the X-ray mor-
phology of NGC 5044 is best revealed in the unsharp masked
image shown in Fig. 3. This image shows the full extent of the
X-ray cavities and the enhancements in the surface brightness
around the cavities. There are also several larger and weaker
depressions in the unsharp masked image beyond the cavities
identified in Fig. 3. It is obvious from Fig. 3 that the cavi-
ties occupy a significant fraction of the total volume within the
central 10 kpc.

3.2. Radio Morphology
NGC 5044 was recently observed by the Giant Metrewave

Radio Telescope (GMRT) at frequencies of 235, 325 and
610 MHz as part of a sample of groups (Giacintucci et al.
2009a). Previous higher frequency observations of NGC 5044
only detected a compact radio source with a flat spectral index
consistent with a core-dominated source (Sparks et al. 1984).
The GMRT observation at 610 MHz shows the presence of
extended emission toward the south-east with a total flux of
8.5 mJy (see Fig. 4).
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FIG. 4.— GMRT 610 MHz contours overlayed on the raw 0.3-2.0 keV ACIS
image. The beam size is 18!! by 13!! and the lowest radio contour is shown at
3! = 0.2mJy/b.

The two off-set peaks in the 610Mhz radio image visible in Fig.
4 suggest that the 610 MHz radio emission arises from within
a torus shaped region with the axis of the torus in the plane
of the sky. This figure also shows that the cool gas in the SE
filament appears to be threading the center of the torus. This
behavior is very similar to that seen in numerical simulations
of buoyantly rising AGN inflated bubbles which develop into
torus-like structures with cool gas from the center of the cluster
being dredged up in their wakes (Churazov et al. 2001; Gardini
2007; Revaz et al. 2008). This phenomenon is observed in the
eastern arm of M87 (Forman et al. 2007) and in the dredging up
of H " filaments behind AGN inflated bubbles in the Perseus
cluster (Hatch et al. 2006).
The radio emission at 235 MHz is much more extended than

the emission at 610 MHz and there is little overlap between the
two frequencies (see Fig. 5). The lack of any detected emission
at 610 MHz in the same region as the 235 MHz emission in-
dicates that the radio spectrum must be very steep with a spec-
tral index of " >" 1.6. The absence of any 610 MHz emission
in the 235 MHz radio lobes implies that the radio spectrum
of the lobes must be fairly flat (" <

" 1.6). There are two sepa-
rate extended components in the 235 MHz observation. One of
the components originates at the center of NGC 5044, passes
through the southern cavity and then bends toward the west just
behind the SE cold front (see Fig. 6). The bending is probably
due to the streaming of gas behind the SE cold front. Beyond
the SE cold front, the radio emission sharply bends toward the
south, possibly due to the effects of buoyancy. While the cav-
ities in NGC 5044 have a nearly isotropic distribution, Fig. 6
shows that all of the extended radio emission lies to the south
and south-east. Fig 6. also shows that no radio emission is
detected in most of the X-ray cavities.
The GMRT observation at 235 MHz shows that there is a

second detached radio lobe toward the south-east (see Figs. 5
and 6). The north-western edge of the this radio lobe coincides
with the SE cold front, suggesting that the relativistic material
in the lobe was produced by an earlier radio outburst

Figure 2.2. Chandra ACIS-S unsharp masked image of the galaxy group NGC 5044 in the 0.3-2.0
keV band (from David et al. 2009).

et al. 2008), which rise buoyantly in the hot atmosphere, dissipating their mechanical
energy via weak shocks and turbulent wakes. The fairly common presence of X-ray
cavities with bright cold rims, often coincident with lobes of radio emission connected
to the core by a radio jet (e.g. Figure 2.3), indicates that AGNs inject energy in the
hot atmosphere in kinetic form and as relativistic particles, although the quantitative
significance of the latter is difficult to estimate (Dunn et al. 2005; Gitti et al. 2010).

The mechanical energy output of the AGN outburst can be roughly estimated through
its enthalpy (assuming a reversible process), the sum of internal energy and the work
required to inflate it (Dunn & Fabian 2006):

Ecav = H =
γ

γ − 1
PV ≈ 2.5 − 4 PV, (2.2)

where P and V are the pressure and volume of the bubble, while the adiabatic
index ranges from 4/3 (relativistic plasma) to 5/3 (non-relativistic plasma). Since the
pressure confining an expanding cavity decreases as it expands, Eq. 2.2 is generally an
underestimate. The cavity power is then given by Pcav = Ecav/tage, where the bubble age
can be associated either with the local sound speed (tage = R/cs, at a distance R from
the system centre) or the buoyancy velocity3 (tage = R/vb, when the bubble is old and
detached from the core).

Several investigations (Bı̂rzan et al. 2004; Dunn & Fabian 2006; Rafferty et al.
2006) have shown that the AGN power associated with the cavity formation (Eq. 2.2)
is comparable to the the core X-ray luminosity, in a large sample of cool-core systems
(e.g. Figure 2.4). Although this energetic balance is only a necessary, but not sufficient,

3The buoyancy velocity is vb ≈
(

2gV
D πr2

)1/2
, where g is the gravitational acceleration, r the bubble radius, and D = 0.75

the drag coefficient. This velocity is retrieved equaling the buoyancy force, Fb = gV (ρamb −ρcav), with the ram pressure
(drag), Fd = 1/2 D πr2 ρamb v2

b, where ρamb and ρcav are the ambient and bubble density (Churazov et al. 2001).

M. Gaspari PhD Thesis



20 Chapter 2. Heating Mechanisms
– 5 –

Fig. 2.— Left: Cygnus A, 6 cm VLA radio image (Perley et al. 1984). Right: Chandra

X-ray image of Cygnus A. The AGN and radio hotspots are visible in both images. Complex

structure, including cavities and the cocoon shock can be seen in the X-ray image (Smith

et al. 2002).

little gas is actually cooling to low temperatures. Several mechanisms that could heat the

gas and prevent it from cooling have been suggested over the years, including heating by

dynamical friction (Miller 1986a), thermal conduction from the hot outer atmospheres of

clusters (Rosner & Tucker 1989; Bregman & David 1988), and AGN (Pedlar et al. 1990;

Tucker & David 1997; Soker et al. 2001; Binney & Tabor 1995). However, absent persuasive

observational evidence, these mechanisms were not widely embraced.

X-ray images taken with the ROSAT observatory of the Perseus and Cygnus A clusters

(Boehringer et al. 1993; Carilli et al. 1994) were the first to show that radio AGN inter-

act strongly with the hot atmospheres surrounding them. Cavities and other filamentary

structures were seen in the atmospheres of both clusters in the vicinity of the central ra-

dio sources, and structure was found shortly thereafter in the atmospheres of other nearby

clusters (Sarazin et al. 1995; Rizza et al. 2000).

With its great leap in spatial and spectral resolution, the Chandra X-ray observatory

revealed cavities, shock fronts, and cool filaments in the vicinity of the central radio sources

in nearly every cooling flow cluster it has observed. These remarkable structures serve as

gauges of radio jet power. Their utility as such has led to the understanding that cooling

atmospheres in clusters and essentially all massive giant elliptical galaxies are regulated by

AGN feedback. Noting the close association between the radio lobes and X-ray cavities in

Hydra A, McNamara et al. (2000) pointed out that the cavity volumes and their surrounding

pressures can be used to measure the mechanical energy output of the jets through the pV
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Figure 2.3. Top: Chandra X-ray image of the elliptical galaxy Cygnus A (Smith et al. 2002).
Bottom: 6 cm VLA radio image of Cygnus A (Perley et al. 1984).

requirement for a heating scenario to be successful, it strongly suggests that the heating
process often manifests itself generating bubbles in the hot medium. Cavities can be
easily created by directional input of energy, such as jets or collimated outflows, making
spherically symmetric form of heating less appealing as major players in solving the
cooling flow problem. The relationship between the jet radio luminosity and the cavity
power, although with large scatter, further supports this scenario (Pcav ∝ L0.7

radio ; O’Sullivan
et al. 2011a). It is worth noting that not all the bubbles are filled with radio emission
(‘ghost’ cavities), a possible sign of electron ageing or simply indicating a different origin
linked to non-relativistic outflows (as assumed in this Thesis).

Cavities are difficult to detect, thus we are biased towards young and powerful
systems. Typical surface brightness depressions are 20-40% compared to the level of
the surrounding gas. The zoology of cavities is extremely variegated. They are usually
found in pairs of elliptical shape, vary enormously in size: from radii smaller than a few
kpc in elliptical galaxies (M87; Forman et al. 2007) to the giant bubbles of radius 100
kpc found in the galaxy cluster MS0735.6+7421 (McNamara et al. 2005). Energies can
vary from ∼ 1055 to 1061 erg in rich clusters. Cavity systems are often surrounded by cold
rims, open arms, filaments and sheets (e.g. Forman et al. 2005, 2007; Fabian et al. 2006;
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derived to date are very close to the inferred total star formation
rates for a number of objects (e.g., A1835). If this star formation
scenario is to survive, future deep X-ray observations of these
objects (with Constellation-X, for example) should detect this
cooling gas.

4.4. Quenching Cooling Flows

We have demonstrated that, in many systems, the net ICM
cooling (condensation) rate is in rough agreement with the total
star formation rate. However, we have not dealt with the question
of what maintains the bulk of the ICM at X-ray temperatures,
preventing it from cooling out at the expected classical rates
(typically!10Y100 times the star formation rates). AGN heat-
ing, through cavities, shocks, and sound waves, has emerged as
the favored mechanism to prevent this massive cooling in cool-
ing flows. To investigate whether AGN cavities are power-
ful enough to balance the radiation emitted by the ICM, we plot
in Figure 6 the cavity power of the central AGN against the to-
tal radiative luminosity of the intracluster gas within the cool-
ing radius (minus the luminosity due to net cooling, given in
Table 2). This plot supersedes Figure 2 of Bı̂rzan et al. (2004),
to whose sample we have added deeper X-ray data and 14 new
cavity systems, most of which lie in the upper half of cavity
powers.

Remarkably, most of the systems in our sample have cavity
powers sufficient or nearly sufficient to balance the entire radi-
ative losses of the ICMwithin the cooling radius. The remaining
systems may require other forms of heat to offset cooling com-
pletely, such as thermal conduction (Voigt & Fabian 2004). How-
ever, we note that the time-dependent nature of AGN feedback
does not require that cooling is always balanced by heating. It is
possible that those systems that do not currently balance are in a
cooling phase and will be entering a heating phase soon. Inter-
mittent heating and cooling would allow for cooling and star
formation at observed levels.

In Figure 6, a number of systems lie well above the 4pV line
and even above the pV line, implying that their cavities likely
representmore energy than required to balance cooling. These sys-
tems, many of which possess supercavities and shocks extend-

ing beyond the cooling radius, have enough energy to quench
cooling and to contribute to cluster preheating. An example is
MS 0735.6+7421, themost powerful such outburst know to date.
The AGN in this cluster has dumped ~13 keV per particle into
the ICM (including the energy of the shock; McNamara et al.
2005). The cavities alone have enough energy to quench cooling
15 times over. This amount of energy, even if distributed only

Fig. 5.—Left:Net cooling rate fromXMM-Newton (open symbols) andFUSE data ( filled symbols) vs. the star formation rate.Right:Net cooling rate from ourChandra
X-ray analysis vs. the star formation rate. The symbols are the same as those in Fig. 2. The diagonal lines denote different ratios of the cooling to star formation rate.

Fig. 6.—Cavity power of the central AGN vs. the X-ray luminosity of the
ICM inside the cooling radius that must be offset to be consistent with the spec-
tra (LICM " LX # Lcool). The symbols and wide error bars denote the values of
cavity power calculated using the buoyancy timescale. The short- and medium-
width error bars denote the upper and lower limits of the cavity power calculated
using the sound speed and refill timescales, respectively. Different symbols
denote different figures of merit: circle: well-defined cavity with bright rims;
triangle:well-defined cavity without bright rims; square: poorly defined cavity.
The diagonal lines denote Pcav " LICM assuming pV; 4pV; or 16pV as the total
enthalpy of the cavities.

GROWTH OF BLACK HOLES AND BULGES IN CDGS 227No. 1, 2006

Figure 2.4. Cavity power versus X-ray power radiated within the cooling radius, for 33 galaxies
at the centre of quenched cooling flows (from Rafferty et al. 2006).

Baldi et al. 2009), possibly linked to uplifted gas and thermal instabilities (Chapter 7).

With deeper observations, the frequency of observed cavities increases, suggesting
that the AGN cycle (called ‘duty cycle’) shall be very short or almost continuous (see also
the simulations in Chapters 5-7). For instance, the detailed analysis of Dunn & Fabian
(2006) indicates an AGN cycle greater than 0.7. Some rare system displays small radio
lobes without the presence of X-ray cavities (e.g. A2063, A2204).

Note that the bubble generation is just one part of the actual heating, but not the whole
feedback story, including the jet/outflow mechanical source, and subsequent shocks and
turbulence propagation (as tackled in the next Sections). In fact, in some system, the
cavity Pmech alone is not able to balance radiative losses. Furthermore, simple bubbles
thermally inflated ex abrupto (Churazov et al. 2001; Brüggen & Kaiser 2002; Dalla
Vecchia et al. 2004; Omma et al. 2004) tend to quickly fragment, due to Kelvin-Helmoltz
and Rayleigh-Taylor instabilities, unlike observed ones. On the contrary, bubbles inflated
by outflows are more stable and similar to observations (see Chapters 4-6), a signal that
cavities may be just one of the side effects of the feedback process.

2.2 AGN Shocks

Whenever the AGN feedback injects a large amount of energy in the surrounding cooling
plasma, especially through outflows or jets, a typical hydrodynamic feature appears:
a shock. A shock is simply the transition layer where the plasma properties vary
dramatically, forming a clear discontinuity, both in density and temperature, given by
the famous Rankine-Hugoniot conditions:

T2

T1
=

(γ + 1) − (γ − 1) ρ1/ρ2

(γ + 1) − (γ − 1) ρ2/ρ1
, (2.3)
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FIG. 4: Deep ! 500 ks Chandra X-ray image (blue) and Very Large Array 330 MHz radio image (red) superposed
with the Hubble Space Telescope visual image of the galaxy cluster MS 0735+7421. The giant X-ray cavities, filled
with radio emission, are surrounded by a cocoon shock clearly visible in the Chandra image as an elliptical edge. The
box is roughly 800 kpc by 800 kpc.

F. Weak Shocks and Giant Cavities

In addition to the cavity enthalpy, shocks driven by the AGN outburst may contain a large fraction of
the energy released, thus working to heat the ICM. Such shocks have been long predicted by numerical
simulations [32, 95, 114] but are di!cult to detect since they are relatively weak (with Mach numbers
! 1 " 2) and are seen in projection against the cooler, brighter gas in cluster cores. We also note that to
establish these surface brightness discontinuities as shocks one must measure an increase in temperature in
the so-called “post-shock region”, as the ICM is heated by the passage of the shock . Usually the existing
images are too shallow to rule out, e.g., the possibility that these features are cold front edges, due to gas
sloshing [e.g., 137]. Besides a very few examples of strong shocks (e.g., Centaurus A, with Mach number !8,
[56, 130]), only recently elliptical surface brightness edges, consistent with arising from weak shock fronts
driven by the cavities as they initially expanded, have become to emerge in deep Chandra exposures of bright
clusters and groups. Beautiful examples of cocoon shocks are visible in the Hydra A cluster [147, 164] and
in the NGC 5813 group [183], see left panels of Figure 1.

The recent discovery of giant cavities and associated large-scale shocks in three clusters (MS 0735+7421
[147], Hercules A [163], Hydra A [164]) has shown that AGN outbursts not only can a"ect the central regions,
but also have an impact on cluster-wide scales possibly a"ecting the global properties of the ICM and the
cluster scaling relations. In particular, the giant cavities discovered in the galaxy cluster MS 0735+7421

Figure 2.5. Deep Chandra X-ray image (blue) and VLA 330 MHz radio image (red), superposed
to the HST optical image of the galaxy cluster MS0735.6+7421 (from McNamara et al. 2005); the
box is large 800 kpc.

with typical temperature jumps T2/T1 ∼ 20 − 30%. At this layer, the entropy shows
also a positive jump, meaning that a shock is always associated with irreversible heating:
∆Q ' T∆S , where the entropy jump ∆S is proportional to the cube of the shock strength
(δP/P; Landau & Lifshitz 1959). Therefore, the role of shocks can not be neglected in
the AGN feedback cycle.

AGN shocks expand almost isotropically, with typical elliptical cocoons enveloping
the radio-lobe cavities. Radiative losses are negligible on the short shock timescales
(see below), while magnetic fields are dynamically insignificant in the ISM/ICM. Surface
brightness discontinuities are very difficult to detect, since the observed shocks are seen
in projection and only slightly supersonic, with Mach number (v/cs ∼ 1.1 − 1.8), except
for rare cases (like Centaurus A with Mach 8 and NGC 3801 with Mach 4). A beautiful
example of cocoon shock has been found in MS0735.6+7421 (McNamara et al. 2005;
see Fig. 2.5), with Mach ∼ 1.3. The shock energy corresponds to several PV per cavity,
meaning that Eq. 2.2 is just a lower limit of the feedback energy input.

The fact that we do not observe strong shocks in the majority of systems, even when
the AGN outburst is powerful, should not be a surprise. Let us consider a simple spherical
thermal explosion in a singular point, also known as Sedov problem. Using only the
laws of Newton, we can write d(MṘ)/dt = 4πR2 P, where M = ρV and R are the mass
and radius of the shocked expanding shell and P the pressure generated by the feedback
explosion (P = E/(γ − 1)V , with V = 4/3 πR3 and γ = 5/3). Solving the differential
equation through a power-law function and knowing that the medium sound speed is
cs ≈ 1.5×104 T 1/2, we obtain the Mach number of the shocked shell as a function of time,
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CAPITOLO 3. HEATING REVIEW

muoversi lungo traiettorie laminali, già osservate in laboratorio per i gas con
basso numero di Reynolds. In secondo luogo, alcune bolle paiono coerenti per-
sino lontani dall’AGN, suggerendo cosı̀ qualche meccanismo di soppressione
delle instabilità sulle loro superfici (viscosità?).

Entrambi gli argomenti non sono privi di difetti. Ad esempio, i filamenti so-
no circa 103 volte più densi dell’ICM circostante e potrebbero rimanere laminari
anche se l’ICM fosse turbolento; inoltre altri meccanismi, a parte la viscosità, po-
trebbero cancellare le instabilità. Tuttavia gli argomenti a favore della viscosità
sembrano essere più consistenti; essa non può essere quindi scartata a priori.

É interessante il fatto che, se la viscosità è dell’ordine del valore Braginskii5,
allora la lunghezza scala di dissipazione delle onde acustiche è:

L ∼ 26 λ2
10 n0.02 T−2

4 kpc, (3.1)

dove λ10 è la lunghezza d’onda in unità di 10 kpc, n0.02 la densità elettronica in
unità di 0.02 cm−3 e T4 la temperatura in unità di 4 keV (Landau & Lifshitz).
Ciò significa che gran parte della dissipazione ha luogo esattamente dove ne
abbiamo bisogno, ovvero al centro dei cooling core.

Le prime simulazioni di questo meccanismo furono compiute da Ruszkow-
ski & Brüggen nel 2004, i quali mostrarono numericamente che questo modo
di heating produce abbastanza dissipazione, distribuita spazialmente, a livello
comparabile con il cooling radiativo suggerito da Fabian (et al.) nel 2003. Altre
proprietà degli shock deboli simulati sono consistenti con le osservazioni: ad
esempio, il numero di Mach è tipicamente sopra l’unità. A sostegno di questo
meccanismo vi sono inoltre le osservazioni del pattern di interferenza che nasce
dagli outflow bipolari degli AGN (McNamara, 2005).

Figura 3.2: Immagine a 3 colori (a sinistra) e delle onde sonore (destra) del cluster
Perseus, ottenute con il telescopio a raggi X Chandra.

5il coefficiente viscoso per un plasma non magnetizzato è: η0 � 630(kT/8 keV )5/2 g cm−1 s−1
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Figure 2.6. Unsharp mask image of the Perseus cluster; 0.3-7.0 keV Chandra band (from Fabian
et al. 2006). Buoyant bubbles, weak shocks and ripples are clearly visible.

after a few algebraic steps4:

Mach ' 3.6 × 10−5
(

E
ρ

)1/5

T−1/2 t−3/5 . (2.4)

For typical values of the ICM (T ∼ 108 K, n ∼ 10−3 cm−3) and a range of injection
energy of ∼ 1055 − 1058 erg, the Mach number drops below 2 (weak shock regime) in just
∼ 0.1 − 1 Myr. Most of the observed bubbles have an age ∼ 10 − 100 Myr, implying the
associated Mach should be always very mildly supersonic (a similar argument applies to
the bubble rims, explaining why they do not usually appear hotter than the surrounding
medium). In conclusion, it is statistically difficult to observe very young and thus strong
shocks (or bubbles). The previous simple calculation, even without including the PV
work, demonstrates that AGN shocks are an essential - even primary - ingredient of the
feedback heating required to quench cooling flows (Chapters 4-7).

Together with shock cocoons (e.g. McNamara et al. 2005; Nulsen et al. 2005a,b;
Blanton et al. 2009; Randall et al. 2011), in a few deeply observed systems (like Perseus;
Fabian et al. 2006) several disturbances are detected in the surface brightness, interpreted
as concentric sound waves (or very weak shocks). These sonic ripples (Figure 2.6) have
pressure amplitudes ∼ 5 − 10%, with a period 107 yr. The dissipation of the sound
waves could generate in principle additional heating in order to sustain the cooling flow
(Ruszkowski et al. 2004a,b). Whereas weak shock heating depends on the cube of the
shock strength (pressure amplitude), sound wave heating is proportional to the square
of the wave amplitude (Landau & Lifshitz 1959), making it more effective on larger
scales. Unfortunately, the dissipation process is poorly understood (Sec. 2.5), because the
amount of viscosity (and associated conduction) is yet unknown5, although its presence

4The differential equation to solve is: 3R3Ṙ + R̈R4 = 9E/4π(γ − 1) ρ, which has a power-law solution R = Atα, with
α = 2/5 and A = (225 E/16π ρ)1/5. Differentiating R(t) leads to the shell velocity and thus Mach number.

5For example, the viscosity coefficient for an unmagnetised plasma is on the order of the Spitzer value: µ ≈
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may be suggested by the stability of bubbles and filamentary structures. Nevertheless,
sonic ripples in the temperature and density profiles are again a typical phenomenon of
AGN activity, probably originated from the repeated (or altered) bipolar jets/outflows.

2.3 AGN Jets and Outflows

Although the most visible features of AGN heating are buoyant bubbles and shocks, the
real origin of the feedback is probably the mechanical input associated with jets and/or
outflows. This is also the fundamental thesis of the present work, that I will confute or
validate through several hydrodynamic simulations.

From an observational point of view, there is widespread evidence for the existence
of jets and outflows originating from the galactic nuclei, possessing a great amount of
mechanical energy on kpc scale. Most of the AGN cavities appear inflated by two
bipolar jets, which are strongly visible in the radio band due to synchrotron radiation (see
Fig. 2.3). The anisotropic dredge-up of cold metal-rich gas via entrainment also support
the AGN outflow scenario (Kirkpatrick et al. 2009; Gitti et al. 2012).

The formation and original composition of jets/outflows near the black hole is still
matter of extensive debate. The most popular mechanism was proposed by Blandford
& Payne (1982). Energy and angular momentum are magnetically extracted from the
accretion disc, by the B-field lines anchored to the disc. The ejected mass removes angular
momentum and allows material to fuel the black hole, independently of viscosity; the flow
radial velocity can in fact be written as v = f B/4π ρ + ω × r, where the second term is
the rotational velocity ( f is the ratio of the constant mass flux to magnetic flux). At
large distances from the disc, the toroidal component of the magnetic field accelerates the
light particles (the so-called ‘magnetic tower’; Figure 2.7, left), forming two collimated
relativistic jets.

MHD outflows may be dominated initially by relativistic electrons or Poynting flux
(e.g. Nakamura et al. 2008), however the large ratio between mechanical jet power and
synchrotron luminosity (> 100 − 1000) implies that jets are governed on large kpc scales
by heavy particles. This is another reason why our feedback simulations are based
on massive outflows (see Binney 2004; Soker & Pizzolato 2005 for related insights).
Moreover, relativistic radio jets strongly decelerate within a few kpc from the AGN, due
to the entrainment of ambient gas (especially in Fanaroff-Riley I sources; e.g. Giovannini
2004; Croston 2008).

AGN radiation may be the other (complementary?) mechanism able to generate
massive subrelativistic outflows. One of the main radiative processes may be Compton
heating, given by (per unit volume)

HC = C
ρ (TC − T ) LAGN

4πr2 , (2.5)

where LAGN is the radiative AGN luminosity (with radiative efficiency typically η ∼> 0.1),
with a Compton temperature TC ≈ 2 × 107 K (Sazonov et al. 2004), and C the

1.8 × 103 (kT/5 keV)5/2 g cm−1 s−1 (Braginskii 1958).
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TABLE 3

Fraction of Flux

Flow Fluxa
A/I

(%)

A/II

(%)

B

(%)

C

(%)

D

(%)

Outflow .............. chE!!!!!!!!! Biz
b/4! 0.13 0.00 0.00 3.14 0.53

h""v2=2#vzi 0.14 0.00 0.00 8.99 0.69

h#p="# $ 1#vzi 0.27 0.00 0.00 1.21 0.21

Inflow ................. chE!!!!!!!!! Biin
c/4! 0.03 0.03 0.05 1.0 0.22

h""v2=2#vini 29.11 29.25 28.34 28.29 28.19

h#p="# $ 1#vini 30.99 31.13 30.15 34.94 30.20

h" vini 39.42 39.60 41.45 24.96 40.40

a The energy and enthalpy flux passing through z % 50 is azimuthally averaged and is integrated over
5 & r & 30, while that of the inflow is integrated inside the sphere R % 2:2.

b The subscript z indicates the vertical (z) component of a vector.
c The subscript ‘‘in’’ indicates the ein component of a vector where ein % $"er cos $' ez sin $# is a unit

vector, sin $= cos $ % z=r, and er is the radial (r) component of a unit vector.

Fig. 3.—Perspective view of magnetic field lines in phase I of model A. Thick red (or thin white) lines indicate magnetic field lines that are anchored to the
innermost (somewhat outer) zones at "r; z# % "1; 1:5# ["r; z# % "56; 10#]. Thick green lines denote the streamlines of velocity vectors integrated from
"r; z# % "8:5; 7#, whereas the color bar indicates the velocity. The light-blue shaded region indicates the isovolume of the density (" % 0:025"0). Accumulated
toroidal fields emerging from the disk produce a magnetic tower, thereby driving an MHD jet. Jet material is surrounded by toroidal magnetic fields, whereas
poloidal (vertical) fields dominate inside the jet.

the density increases by a couple of orders of magnitude. The
gas temperature drops there to a level below 105 K. In this low-
temperature region, line driving accelerates the outflow to the ve-
locity up to 4000 km s!1, which is significantly higher than the
velocity of the thermal outflow in run A.

The outflow collimation is very strong for run C, where X-ray
heating is the smallest. The gas is siphoned off within a very nar-
row channel along the pole. In this case, the fraction of the com-
putational domain occupied by the inflow is the largest. The shape
and size of the sonic surface reflect the fact that runs A and B
are similar to one another, but they both differ significantly from
run C.

To quantify the properties of the inflow and inflow/outflow
components, we computed three radial mass rates as functions of
radius: (1) the net rate

Ṁnet(r) " 4!r2
Z 90

#

0#
"vr sin # d#; $20%

(2) the inflow rate

Ṁin(r) " 4!r2
Z 90

#

0#
"vr sin # d# for vr < 0; $21%

Fig. 1.—Comparison of the results for runsA, B, andC (left, middle, and right columns, respectively). Top row:Maps of logarithmic density overplotted by the poloidal
velocity. For clarity, the arrows are plotted with themaximumvelocity set to 1000 km s!1.Middle row: Maps of logarithmic temperature overplotted by the direction of the
poloidal velocity. The solid curve in the bottom left cornermarks the position of the Compton radius corrected for the effects of radiation pressure due to electron scattering
(see eq. [19] in the main text). Bottom row: Contours of the Mach number. The length scale is in units of the inner disk radius (i.e., r 0 " r/r& and z0 " z/r&).

PROGA698 Vol. 661

Figure 2.7. Left: accumulated magnetic field lines (red and white), emerging from the accretion
disc, produce a magnetic tower; the toroidal field component is able to accelerate a collimated jet
(from Kato et al. 2004). Right: radiatively-driven outflow; temperature map (103 − 107 K) with
the velocity field overlaid, in a box of ≈ 7 pc (from Proga 2007).

process constant6. Even without using the radiative transfer equations, through which
LAGN decreases due to absorption, I note that this type of feedback requires very high
luminosities (> 1045 − 1046 erg s−1, typical of quasars), plus a very dense impacting
medium (n > 104 cm−3). Another flaw of the model is that it produces a thermal isotropic
blast, usually overheating the core of the system. Finally, where T > TC (like in galaxy
clusters), the Compton process induces cooling, and not heating.

A more appealing outflow mechanism is associated with radiation pressure, linked
to electron scattering and dusty gas (with some large opacity κ; cm2 g−1). In fact, the
wind shock will likely lose energy due to cooling, conserving only ram pressure (King &
Pringle 2007). The generated pressure gradient can be written as

∇Prad =
κ ρ

4πr2

LAGN

c
. (2.6)

The geometry of these outflows is controlled largely by the radiation field: a brighter
disc/central object produces a more polar/equatorial wind (e.g. Proga 2007; Figure 2.7,
right), driven vertically by the disc radiation and radially by the central source photons.
Nevertheless, on large kpc scales the outcome is again the production of subrelativistic
massive bipolar outflows. Therefore, our analysis does not require to distinguish between
the entrained (radio) jet and radiative wind scenario, as long as both produce a mechanical
anisotropic feedback. In future, I plan to focus on the detailed accretion and entrainment
process (Chap. 8).

It is worth noting that the radiative mode could likely play an important role at high
redshift7 (z ∼> 2), given the increasing number of quasars; on the contrary, in the local

6C = (4σT /3mec2)(3kb/2µmp) cm2 g−1 K−1, where σT is the Thomson cross section, c the speed of light, me and mp

the electron and proton mass, kb the Boltzmann constant, µ ≈ 0.61 the gas molecular weight.
7Assuming momentum balance, LEdd/c = GMgal Mgas/r2, it is easy to show that Eddington-limited quasars may

reproduce the Magorrian relation: LEdd ∝ MBH ∝ (σ2r) (σ2r)/r2, thus MBH ∝ σ4. This fact suggests that the radiative
mode may have a fundamental role at early times in shaping the primordial galaxy.
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Fig. 8. Top: [OIII]!5007 emission line morphol-
ogy of MRC0316-257 at z = 3.13 with con-
tours showing the 1.4 GHz morphology. Bottom
left: velocity map. Color bar shows the rela-
tive velocities in km s!1, contours indicate the
1.4 GHz morphology. Bottom right: maps of
the line widths, color bars show the FWHM
in km s!1, contours indicate the 1.4 GHz mor-
phologies. North is up, east to the left in all
images.

Fig. 9. Top: [OIII]!5007 emission line mor-
phology of MRC0406-244 at z = 2.42 with
contours showing the 1.4 GHz morphology.
Top right: [OIII]!5007 emission line morphol-
ogy with contours showing the line-free rest-
frame optical continuum. Bottom left: velocity
map. Color bar shows the relative velocities in
km s!1, contours indicate the 1.4 GHz morphol-
ogy. Bottom right: maps of the line widths, color
bars show the FWHM in km s!1, contours in-
dicate the 1.4 GHz morphologies. North is up,
east to the left in all images.
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Fig. 10. Top: [OIII]!5007 emission line mor-
phology of TXS0828+193 at z = 2.57 with
contours showing the 1.4 GHz morphology. Top
right: [OIII]!5007 emission line morphology
with contours showing the line-free rest-frame
optical continuum. Bottom left: velocity map
of TXS0828+193. Color bar shows the rela-
tive velocities in km s!1, contours indicate the
1.4 GHz morphology. Bottom right: maps of
the line widths, color bars show the FWHM
in km s!1, contours indicate the 1.4 GHz mor-
phologies. North is up, east to the left in all im-
ages.

bubble. However, if we only use clouds with relatively smooth
internal velocity gradients, in particular the blue (northern)
bubbles of MRC0316-247 or of MRC0406-244, we find inter-
nal velocity gradients of "120!300 km s!1, corresponding to dy-
namical time scales of a few #107 yrs, which is consistent with
the dynamical time scales estimated from the velocity gradients
along the radio jet axis.

5.5. Kinetic energies

In Sects. 5.2 and 5.3 of Nesvadba et al. (2006b), we applied
two methods to estimate the injection of kinetic energy into the
outflows:

(1) A strict, but presumably not very precise lower limit, based
on the observed ionized gas mass, the bulk motion, v, and
the turbulent motion, ", i.e., E = 1/2m(v2 + "2).
Velocities and line widths are taken from the kinematic maps
shown in Figs. 8 to 10 and thus represent the local values
for each spatial resolution element. We discarded the very
broad lines near the center of the galaxy, which we believe
are largely due to overlaps between the red and the blue bub-
ble. Within each bubble, line widths are larger than the ve-
locity changes, so that they give a fair representation of the
intrinsic line widths within the spatial resolution of our data.
Since we neglected the likely presence of other gas phases,
as well as uncertainties related to projection, this can only be
a conservative lower limit. We do not assume pressure equi-
librium, but that velocities are dominated by ram pressure.

(2) An energy estimate based on the assumption that the ion-
ized gas is being entrained and accelerated through adiabatic

inflation of a bubble of hot overpressurized material, which
follows, e.g., Dyson & Williams (1980), and which yields
Ė = 1.5 # 1046 r2

10v
3
1000n0.5 erg s!1. r10 indicates the size of

the emission line nebulae in units of 10 kpc, v1000 the veloc-
ity in units of 1000 km s!1, and n0.5 the ambient gas density
of the warm interstellar medium prior to being swept up by
the bubble in multiples of 0.5 cm!3. This approach is highly
idealized given the complexity of the turbulence and bulk
motion observed and expected from hydrodynamical simu-
lations of radio jets (e.g., Krause 2005; Saxton et al. 2005;
Gaibler et al. 2007; Sutherland & Bicknell 2007), but may
serve as a rough analytical surrogate to more detailed esti-
mates. We used the velocity maps shown in Figs. 8 to 10 to
estimate the total velocity o!sets between bubbles, and set
the expansion velocity in each bubble to half the total value.
Values for individual galaxies are given in Table 6.

Although our estimates of velocities and line widths are precise
to 10!20%, each approach is based on a set of very simple as-
sumptions. While this is appropriate given the observational dif-
ficulties of high-redshift studies, it does introduce astrophysical
uncertainties that will make each estimate precise to factors of a
few only.

Applying method (1) to our present data set, we find en-
ergy injection rates of 3 # 1043 erg s!1 and 1.3 # 1044 erg s!1

for TXS0828+193 and MRC0406-244, respectively, for mass
estimates without extinction correction. This represents a very
conservative lower limit on the energy injection rate. If us-
ing extinction-corrected mass estimates instead, we find energy
injection rates of "2 # 1045 erg s!1 are required for both
galaxies with ionized mass estimates, MRC0406-244 and
TXS0828+193. (Individual values are given in Table 6.)

Figure 2.8. Velocity map of MRC0406-244 (left) and TSX0828+193 (right), retrieved from [O
III] lines (from Nesvadba et al. 2008).

universe mechanical feedback is probably driven by entrained (magnetically-driven) radio
jets, with radiatively inefficient AGN sources (see Merloni & Heinz 2008). Another
possibility is that they may be complementary processes. For instance, we do not observe
a clear correlation between the AGN radio core luminosity and X-ray losses, implying
that the radio jet is not a necessary requirement for the mechanical feedback process.

In the last decade of observations several research teams have provided an increasing
number of evidences that support the existence of mechanical massive AGN outflows.
Unfortunately, most of the times we can not directly resolve the central pc/kpc region,
where the core of the outflows resides. The best available method in order to study AGN
outflows is via blueshifted absorption lines in different bands: UV and X-ray (e.g. George
et al. 1998; Crenshaw et al. 1999, 2003; Kriss et al. 2003; Risaliti et al. 2005; McKernan
et al. 2007; Cappi et al. 2009, 2011; Pounds & Reeves 2009; Tombesi et al. 2010a,b,
2012), optical (Nesvadba et al. 2008, 2011), and 21-cm microwave (Morganti et al.
2005, 2007). High-energy bands tend to capture the fast and light component of the
outflow, with velocities up to 0.1c and mass rates around a fraction or few M� yr−1.
On the contrary, in low-energy bands, like in optical, is observed the slower molecular
component, with v ∼< 1000 km s−1 and high outflow mass rates over 10−100 M� yr−1 (see
Figure 2.8), a strong indication of substantial entrainment. These lines usually originate at
pc/kpc distance from the nucleus, showing conical outflows with narrow opening angles,
sometimes consistent with precession.

2.4 Self-regulation and Thermal Balance

A healthy heating model must be tightly entangled with the cooling of the hot atmosphere,
in the so-called feedback loop. Failure to meet this key requirement implies overcooling
or overheating of the core at some point of the evolution, besides accidental coincidences
(like mergers). In fact, for most of the heating mechanisms without feedback, the effect
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of excess heating is to increase its dominance over cooling, and vice versa, making the
balance unstable.

In order to prevent significant gas cooling, the feedback process must be activated
with a frequency not greatly different from 1/tcool, where the central cooling time usually
remains below few 108 yr for clusters (Voigt & Fabian 2004; Sanderson et al. 2006; Mittal
et al. 2009) and even lower for elliptical galaxies or groups; tcool ∼ 1.5 × 107 yr for NGC
4636 (Baldi et al. 2009). Another evidence for the self-regulation is that atmospheres with
larger X-ray cooling luminosities host more powerful AGNs (Fig. 2.4).

On the other hand, the presence of central temperature drops, abundance gradients8,
low cooling times, and the observations of modest cold gas reservoir in the core (Chapter
1), suggest that heating should not exceed cooling by more than ∼ 10%, even in the most
powerful outbursts (e.g. MS0735.6+7421, with 1062 erg). This (quasi) thermal balance
appears rather strict, continuing over several Gyr of evolution9.

The previous two requirements for a successful heating are the foundations of my
theoretical investigation. In several works the thermostat assumption is often considered
as a one-way process. However, the feedback heating must preserve the cool-core
appearance in the majority of clusters (e.g. Peres et al. 1998; Mittal et al. 2009), groups
and ellipticals (Sun et al. 2005, 2007). A spatially concentrated heating, while very
efficient in stopping the cooling process, often generates negative temperature gradients,
contrary to the observations (Brighenti & Mathews 2002b, 2003). Instead, the heating
process is surprisingly ‘gentle’, as remarked by the soft flattening of the central entropy
profiles (Voit & Donahue 2005), and by the survival of negative metallicity gradients.
Note that, in less bound objects, the AGN feedback seems to have a stronger impact on the
previous properties (possibly inducing the deviation in the self-similar scaling relations).

The best candidate for a feedback loop is certainly the central supermassive black hole.
For instance, since the buoyancy timescale of the inflated bubbles is usually lower than
the cooling times (Rafferty et al. 2008), the rapid AGN activity seems capable to avoid
runaway cooling. Although the dynamics is certainly complex, cooling and infalling
cold gas may drastically increase the accretion rate in a few dynamical times (< 1 Myr),
boosting the AGN heating and restoring the thermal balance, until a new moderate cooling
flow occurs again. Such idealised 1D loop is very efficient, however, the coupling of the
AGN energy with the surrounding medium and the degree of thermalisation is far more
complicated, as also shown by the feedback simulations in Chapters 4-7.

As a concluding remark, it is quite astonishing how the thermal balance is strictly
maintained in the majority10 of cosmic systems, considering that the feedback energy
comes from a nuclear region smaller than a needle compared to the whole Earth!

8Cool cores usually present a negative metallicity gradient, implying that there should be no rapid mixing between
the central and external regions (> 100 kpc).

9At higher redshift, strong (Perseus-like) cooling flows appear even more quenched, showing a declining cold gas
nebular emission (Samuele et al. 2011); see also Chapter 7.

10A minority of systems, ∼< 30%, displays a non-cool core, with a flat temperature gradient; they are usually very
perturbed, associated with a merger event. We can not exclude, however, that an extreme AGN outburst has recently
modified the radial profiles.
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2.5 Transport: Conduction and Turbulence

Transport properties in the plasma of cosmic systems are currently very difficult both
to model and to estimate. In the absence of magnetic fields, the transport properties
would be governed by Coulomb collisions, with electron mean free path11 λe ≈
0.2 (T/107 K)2 n−1

e pc (and very similar for the ions). The mean free path determines
the thermal conduction of the plasma, i.e. the natural transport of heat from the reservoir
of hot gas toward the cold gas regions. The heat flux can be written as

q = − κ∇T , (2.7)

where the thermal conductivity κ for a plasma is usually given by the Spitzer (1962)
value, which can be expressed in terms of the electron number density ne, mass me and
temperature Te (Cowie & McKee 1977):

κS = 1.31 ne λe

(
kbTe

me

)1/2

≈ 5 × 10−7 T 5/2 [erg s−1cm−1 K−1] . (2.8)

Thermal conduction in very hot clusters may play a significant role in preventing gas
from cooling (e.g. Voigt & Fabian 2004), assuming that the conductivity occurs at or near
the Spitzer value (Eq. 2.8). However, for the inner cooler parts of clusters and in the
regime of groups (below 5 × 107 K), the effective conductivity required to halt cooling
is certainly insufficient (see Figure 2.9). Another fundamental problem is that thermal
conduction is drastically reduced in the presence of a magnetic field: κ = f κS, where f
can easily drop below 0.1 − 0.01 when the magnetic field is tangled on the very small
scales (thus conduction depends only on the coherence length scale of the field; Chandran
& Cowley 1998). The suppression factor f is yet very poorly determined.

Turbulent motions in the interstellar/intergalactic medium can certainly help
conduction, raising the level of gas mixing. The turbulent conductivity can be expressed
as κturb = nekb (Cdyn L vL), where Cdyn is a constant of order unity (Cho & Lazarian 2003).
Assuming a reasonable turbulent scalelength L ∼ 20 kpc, plus a subsonic turbulent
velocity vL ∼ 0.1 − 0.5 cs, and fixing the cooling time to 1 Gyr, a rough estimate of
the turbulent conductivity in galaxy clusters is (Voigt & Fabian 2004)

κturb ∼ 4 × 1013 T7.7 ∼ 5 κS (T−3/2
7.7 ) , (2.9)

where the temperature is expressed in units of 5 × 107 K. Therefore, as also pointed out
in Figure 2.9, turbulence may considerably increase the thermal conductivity, or at least
sustain the conductivity with f ∼> 0.3 (Narayan & Medvedev 2001). Similar reasonings
apply also to the degree of viscosity, tightly associated with conduction.

The transport processes may be far more complex12. The ratio of the (electron)
Larmor radius is incredibly small compared to the electron mean free path: rL/λe '
10−10 ne T−3/2

7 B−1
µG, where the temperature is expressed in units of 107 K and the magnetic

field in µG13. This means that the plasma particles are tightly tied to the magnetic
11The logarithm of the associated impact parameter has an average value ln Λ = 29.7 + ln n−1/2(T/106 K) ∼ 38.
12Plasma instabilities, like firehose, mirror and gyrothermal, may additionally alter the heat flux; in future the

ISM/IGM may prove to be as complex as the solar wind!
13The typical magnetic field strength in the IGM/ICM is a few µG (e.g. Bonafede et al. 2011).
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Fig. 17. The coefficient of electron thermal conduction that would be required to balance X-ray cooling in the cores of a sample of clusters of
galaxies. These data are derived by measuring a mean temperature and density as a function of radius and calculating the conduction coefficient to
cancel radiative cooling. Each color is a different cluster and each point is a measurement at various radii. The lines are prediction for the magnetic
field free conduction coefficient of Spitzer [231]. It is unclear what to expect for the effective conductivity in a cluster of galaxies with a complex
magnetic field topology (see text), but it would probably be below the Spitzer value. These results probably indicate that the conduction is not strong
enough to cancel cooling by itself, but the value required curiously happens to be within an order of magnitude of the canonical value.

from in the Perseus cluster are seen in Hydra A [170]; A2052 [28]; Centaurus [100]; M87 [268,113]; A2597 [171,68]
and many more [27,82,83].

Sometimes outer bubbles are seen (the NW one in the Perseus cluster was first seen in images from the Einstein
Observatory, [95,35] which are considered to be ghost lobes. Synchrotron and other losses have depleted the population
of radio-emitting electrons to the extent that they are not detectable in the radio (particularly not at high frequencies)
yet the other electrons, protons and magnetic field in the cavities still exclude the X-ray emitting thermal gas. Weak,
low-frequency radio emission pointing at the outer bubbles in the Perseus cluster supports this hypothesis [102] (Fig. 18).

The bubbles discussed so far have radii from about 1–15 kpc. Recently, giant bubbles of radius 100 kpc have been
found; 100–200 kpc from the centers of the Hydra-A nucleus [192] and in MS0735.6+7421 [173], and some bubbles
with little energy (e.g. [29]). The minimum energy of a bubble can be estimated from its volume V and surrounding
pressure P as Ebubble =PV . If the interior pressure is entirely relativistic in gas with a ratio of specific heats of 4/3 then
Ebubble =4PV . The energies are significant for typical bubbles [27] and exceed 1061 erg for the giant bubbles (Fig. 19).

7.2.2. The simple theory of bubbles
Bubbles from radio sources were first predicted by Gull and Northover [129] and studied analytically before the

Chandra/XMM-Newton era by Churazov et al. [61,62] (see also [226]) and simulated by Heinz et al. [132]. They
are inflated by jets from the nucleus and typically form in pairs either side of the nucleus and seemingly attached
to the nucleus. If a jet of power L steadily inflates a bubble of radius R then, after an initial supersonic phase and
assuming radiative losses are negligible, the bubble expansion with time t follows from the conservation of energy as
Lt = PV ! PR3. Thus R ! t1/3 and the expansion speed of the bubble vbubble ! t"2/3. The bubble is of much lower
density than its surroundings so is buoyant and rises at a velocity close to the local gravitational free-fall value vgrav.

Figure 2.9. The effective conductivity required to halt X-ray cooling in a sample of cluster cores,
based on the observed density and temperature profiles (from Voigt & Fabian 2004). Each colour
is a different cluster, with measurements at several radii. The black lines denote either the Spitzer,
κS, or the turbulent conductivity, κturb.

field lines, making transport extremely anisotropic and temperature gradients unstable.
When temperature increases in the direction of gravity, as in the cluster outskirts,
the magnetothermal instability (MTI; Balbus 2000) tends to make the B-lines radial,
promoting the radial heat flux. On the other hand, in cool cores, where the temperature
gradient is positive, anisotropic conduction makes the atmosphere subject to the heat
flux driven buoyancy instability (HBI; Quataert 2008). HBI reorients the B-lines in
the direction perpendicular to gravity (and ∇T ), thus suppressing thermal conduction.
However, turbulent motions seem again to play a key role in randomising the magnetic
fields and restoring high levels of conduction (Ruszkowski & Oh 2010, 2011).

The exact strength of turbulence is yet poorly known and is expected to vary
throughout the evolution of the cosmic system. In general, turbulence should not be so
strong to cancel typical observed structures, such as radio lobes, optical cold filaments,
and metallicity gradients (Rebusco et al. 2005). Recent attempts have been made to put
constraints on the turbulent velocities from the width of the lines in RGS spectra (Sanders
et al. 2011). Upper limits ranging from 200 km s−1 up to 1500 km s−1 were found in a
sample of 62 clusters, groups and elliptical galaxies. Turbulence seems therefore typically
sonic or subsonic. The origin of turbulence is linked to galaxy motions14 and minor/major
mergers at large radii15. In the core, turbulence is very likely driven by AGN outbursts,
as shown in the next Chapters. Very recently, de Plaa et al. (2012) have measured the
turbulence through line widths and resonant scattering in two famous groups with evident

14The gas behind galaxies, moving at supersonic velocities, forms a wake, which may heat the surrounding cooling
plasma via dynamical friction and weak shocks. However, the efficiency of conversion is usually very low (see
Faltenbacher et al. 2005), unless adopting a large viscosity.

15A major merger can release up to 1064 erg, however the tiny cool core, with high central pressure, is usually shielded
from such huge disturbances.
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AGN outbursts, placing rather stringent constraints: 320 < vturb < 720 km s−1 (NGC
5044) and 140 < vturb < 540 km s−1 (NGC 5813). Overall, turbulence represents another
interesting observational test for AGN feedback models.

Given all the previous uncertainties and strong assumptions, the heating linked
to thermal conduction will be neglected in the present work. There are two other
fundamental reasons to believe that conduction is not the key process governing the
heating of cooling flows (although it may help the dissipation of energy in the hotter
systems; Brighenti & Mathews 2002b). First, thermal conduction and turbulent heat
diffusion involve no evident feedback mechanism, without a clear link between heating
and radiative cooling rates16. Second, conduction presents a serious fine tuning problem.
If the primordial gas starts out isothermal, then either the gas cools in which conduction
is not able to stop it (T 5/2 dominates over ∇T ), or conduction is efficient and there is no
cold gas (∇T ∼ 0). Thus, how are initially generated the positive temperature gradients
of cool cores? Why are rich clusters so ‘smart’ to fix the conductivity to 0.3 κS, while
poor ones over 0.9 κS? Future specialised investigations are required to assess the detailed
(secondary?) role of conduction.

This Section concludes the description of the main properties of the heating processes,
the majority of them linked to the central active galactic nucleus. In this work, I intend to
test the idea that the massive mechanical outflows are the original source of the feedback
mechanism, capable to stifle cooling flows. In order to accomplish this task, my method
of investigation is based on three-dimensional hydrodynamic simulations, with a large
spatial and temporal range.

16The absence of feedback applies also to several past unsuccessful heating models, such as mergers and dynamical
friction.
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Chapter 3
Numerical Methods

THE PRESENT Chapter is entirely dedicated to the computational engine, which allowed
to properly carry out the astrophysical investigation on AGN feedback. The main

purpose of the code is to solve the equations of hydrodynamics, with the required
astrophysical source and sink terms, employing various advanced numerical methods.

The numerical implementation, testing and development of the code represent a key
and massive part of the present Thesis. In the following Sections, I intend to tackle and
explain only the major properties of the developed numerical structure. I foresee in fact
that the usual reader should be more interested in the physical and astronomical results
(Chapters 4-8), rather then pure computational complexities. Although a substructure
of the investigation, numerics remains the hearth of this work. Thus, I recommend to
assimilate the basics of computational fluid dynamics through the following exemplary
text books: in first place Toro (1997) and LeVeque (1998), but also Fletcher (1991), Laney
(1998) and Roache (1998).

My preferred method of investigation is to entirely avoid using the basic code as a
black box. After learning all the details of the basic modules, I have tested and upgraded
them, plus I have developed several new physical modules, such as: astrophysical initial
conditions, plasma radiative cooling, self-regulated AGN outflows, supernovae and stellar
winds, static gravity, black hole accretion, cold mass dropout, and Gaussian perturbations.

3.1 FLASH code

The original code, chosen for the present research, is FLASH (version 3 and 4, which are
very similar1). FLASH is a modular code, designed to allow users to configure their initial
and boundary conditions, change algorithms, and implement new physics. It is based
on a block-structured adaptive grid, placing resolution elements only in the regions of
interest. In addition, FLASH uses the Message-Passing Interface (MPI) library to achieve
portability and very high scalability on a variety of high-performance parallel computers
(HPC).

1FLASH was first developed by the DOE NNSA-ASC OASCR Flash Center at the University of Chicago.
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32 Chapter 3. Numerical Methods

FLASH was originally designed to attack some of the most challenging computational
astrophysical problems, namely type Ia supernovae, classical novae and X-ray bursts
(first described in Fryxell et al. 2000). The code solves the fully compressible, reactive
hydrodynamic equations, using an advanced Godunov-type solver (PPM). State-of-the-
art modules for the equations of state and thermonuclear reaction networks are also
included. It is beyond the scope of the work to describe the entire FLASH capabilities
(e.g. magnetic fields, particles, cosmology, conductivity, self-gravity). We will thus
focus on the key numerical pillars, i.e. hydrodynamics, the Eulerian grid and the novel
implemented physics.

3.2 Hydrodynamics

It is really amazing that most of the conventional matter in the Universe can be treated as
a fluid. On some spatial or temporal magnification level the fluid approximation seems
to perfectly describe the dynamics of the system: hot diffuse medium, cold clouds, stars,
dust, even the universe (see the Friedmann equations) and ... traffic jam!

A fluid is simply an idealised concept to model complex reality, in which the matter
is described as a continuous medium, with some macroscopic properties that vary as a
function of position, x, and time, t (like density, velocity, energy). More precisely, we
can adopt the continuum approximation only when the system is collisional. That is, one
assumes that the scale over which these quantities are defined is much larger than the
mean free path of the individual particles, λ. At the same time, the control volume (∆x)
must be much smaller than the macroscopic lengthscale L on which fluid properties vary:

λ << ∆x << L . (3.1)

The case we want to study involves one of the most common astrophysical conditions,
i.e. a very hot and diffuse gas, almost fully ionised, also known as plasma (locally charged,
but globally quasi neutral). The mean free path for the plasma electrons (very similar
for the ions), due to Coulomb collisions, can be written as λe ≈ 0.2 (T/107 K)2 n−1

e pc
(Spitzer 1962). For ISM/ICM conditions, λe is on the order of the pc/kpc scale. Typical
simulations consider a box of few Mpc, thus allowing the usage of the hydrodynamic
equations. The common presence of typical hydrodynamical features in the ISM/ICM,
such as shocks, indicate that the mean free path may be even lower due to the strong
interactions of the charged plasma particles with the magnetic field (instabilities, trapping,
etc.; the solar wind is a striking example). A non-collisional gas system, e.g. in very
hot and rarefied regions, must instead be treated via the general collisionless Boltzmann
equation, following the evolution of the particles distribution function in the phase-space,
f (x, p, t) dx d p, similarly to galaxies dynamics (Binney & Tremaine 1988).

The three equations of hydrodynamics simply represent the conservation of the
fundamental flow quantities (per unit volume), i.e. mass, momentum and total energy.
In conservative form, the equations for an inviscid flow, without any source term (right
hand side), are known as the Euler equations:
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∂ρ

∂t
+ ∇ · (ρv) = 0 (3.2)

∂ρv
∂t

+ ∇ · (ρv ⊗ v) + ∇P = 0 (3.3)

∂ρE
∂t

+ ∇ · [(ρE + P) v
]

= 0 (3.4)

where ρ is the gas density, v the total velocity, E the specific total energy (internal and
kinetic, E = e + 1/2 v2), and P the pressure. The three conservation equations can be
retrieved by using basic principles and the Gauss theorem2. They can also be written in
compact form as

∂U
∂t

+
∂F(U)
∂x

= 0 , (3.5)

where U = (ρ, ρv, ρE) are the so-called conserved flow quantities - adopted also by
FLASH - and F(U) the fluxes along the three directions. A more rigorous derivation
should involve taking the moments of the collisional Boltzmann equation (the gas is made
of particles, but we can actually observe only macroscopic average quantities).

Using the Lagrangian derivative, D/Dt = ∂/∂t + (v · ∇), we can notice that these
equations express the amount of advection (v · ∇) and compression (∇ · v) in the three
flow quantities. In fluid dynamics, the system feels an additional (isotropic) force, due the
gradient of pressure, which modifies the momentum and energy Equation (3.3 and 3.4,
respectively).

In order to close the system of equations, the pressure is obtained from the internal
energy and density through an equation of state (EoS). The adopted case in the present
work is the common and simple gamma-law EoS given by

P = (γ − 1) ρe , (3.6)

where the adiabatic index is γ = (1 + cv)/cv (with cv the specific heat at constant
volume), hereafter assumed equal to 5/3 (non-relativistic monoatomic gas). In the more
general case, the specific heat, and thus γ, should depend on the degrees of freedom and
composition of the gas.

The temperature T is finally computed from P = ρe/cv = ρ kT/µmp (ideal gas),
using the previous EoS and a fixed mean atomic weight. In this work I usually3 assume
a composition of the plasma given by solar mass fractions: H ≈ 0.71, He ≈ 0.265,
and metals Ztot ≈ 0.025. Therefore, the mean atomic weight of the entire simulated
plasma is µ ' (2 H + 0.75 He + 0.5 Ztot)−1 ≈ 0.61. The gas number density is then
n = ρ/µmp = ne + np ∼ 2.2 np, where ne and np are the electron and ion number densities
(µp ∼ 1.35 and µe ∼ 1.13).

The Euler equations are impossible to solve analytically, even in the simple 1D case.
They are in fact highly nonlinear partial differential equations (PDEs). The hydrodynamic
PDEs are hyperbolic, meaning that they possess only real eigenvalues and thus wave-like
solutions. If a disturbance is made in the initial data of a hyperbolic system, then not

2To obtain the first equation: M =
∫
ρdV ⇒ ∂M

∂t =
∫

∂ρ

∂t dV =
∫
ρv · dS = −

∫
∇ · (ρv) dV .

3Slightly altering µ, e.g. diminishing Z, does not change the results.
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Figure 3.1. Hydrodynamic equations are hyperbolic partial differential equations: two
characteristics (in one spatial dimension), C1 and C2, delimit the subdomains of dependance
and influence of a point P in the space-time (using the Lagrangian approach). For fluids, the
characteristic speed a is the sound speed, cs.

every point of space feels the disturbance at once (perturbations have a finite propagation
speed4, i.e. the sound speed5 cs; see Figure 3.1). They travel along the characteristics
of the equation, which are curves along which the PDE becomes an ordinary differential
equation (ODE), in the x - t plane. On the contrary, a perturbation in the initial or boundary
data of an elliptic (like the Poisson equation) or parabolic PDE (like the heat equation) is
felt at once by essentially all points in the domain.

The next step is therefore finding a numerical discretisation, constructing a
convergent6 and stable7 numerical solver and, through the raw power of (parallel) high-
performance computing, retrieving the numerical solutions. The only additional data
required are values at the boundaries of the domain and at the initial time (t = 0).

3.3 The Eulerian AMR grid

Since we want to tackle complex astrophysical high-energy problems, such as AGN
outflows, shocks, turbulence, mixing, and instabilities in the plasma properties, the most
accurate numerical approach is the Eulerian discretisation. In the Eulerian approach we
consider the flow quantities U at fixed locations, or more precisely, over control volumes
(the domain is discretised like a grid; see Figure 3.2, left). In the Lagrangian approach we
follow instead U flowing with a fluid element, i.e. a particle (the numerical particle usually
represents an ensemble of real particles, like in SPH8 codes; see Figure 3.2, right). The

4This property is extremely useful for the numerical integration and discretisation, since we can divide the system
in several subdomains of influence.

5The sound speed is defined as c2
s = ∂P/∂ρ (with respect to adiabatic change); for an ideal gas the adiabatic sound

speed results c2
s = γ P/ρ = γ kbT/µmp, thus cs ≈ 1.5 × 104 T 1/2.

6Convergence implies that the numerical solution approaches the exact solution, as the step ∆x→ 0.
7Stability means that the numerical solution is robust against numerical noise, avoiding spurious oscillations.
8Smoothed-particle hydrodynamics.

M. Gaspari PhD Thesis



Chapter 3. Numerical Methods 35

!"#$"#$%%

!

!"#$"%#&"%''()*''+,-.$&"%'/&.0

12.$.'&)'"'$"%#.'34'5&44.$.%6'0"7)'&%'02&82'0.'8"%'43--30'62.'.(3-,6&3%'34'
"'4-,&5*'12.'603'93)6',).4,-'"%5':.)6';%30%'3%.)'"$.<

=> +,-.$&"%'(&.0
!"#$%&'()*+')$,$*'-).(".'(*%'$)/)0 &'#$%*,1)23"4)5'3"6%*,1)
*'-.'(7*8('1).('$$8(')0 7*)2%9'&)3"67*%"#$:);+')*'-."(73)
6+7#<'$)"2)*+'$')=87#*%*%'$)%$)*+'('2"(')2"33"4'&)>,)
.7(*%73)*%-')&'(%57*%5'?

?>'!"#$"%#&"%'(&.0

Q
t

> # #
@"33"4)*+')6+7#<%#<)$,$*'-).(".'(*%'$)/)7$),"8)23"4)73"#<)
4%*+)7)238%&)'3'-'#*:)A#)7)47,1)*+%$)B.7(*%63'C)7..("76+)%$)
%#)*+')$.%(%*)"2)D'4*"#%7#)&,#7-%6$1)4+'('),"8)2"33"4)*+')
>"&,)8#&'()*+')76*%"#)"2)'9*'(#73)2"(6'E$F:

;+')*'-."(73)6+7#<')"2)*+')=87#*%*%'$)%$)2"33"4'&)>,)-'7#$)
"2)*+')B6"#5'6*%5'C)"()BG7<(7#<%7#C)&'(%57*%5')

DQ
Dt

!"#$"%#&"%''()*''+,-.$&"%'/&.0

!"#$%&'( *+' 6+7#<' "2)7)238%&)=87#*%*,)))))))))))))))7*)7)3"67*%"#)

HF I83'(%7#)5%'4?
6+7#<')%#)=87#*%*,)/))%#)%#*'(573) *1)

( , )Q r t

( , ) ( , )Q Q r t t Q r t

r

7*)3"67*%"#))))?

JF G7<(7#<%7#)5%'4?
6+7#<')%#)=87#*%*,)/)%#)*%-')%#*'(573) *1)
4+%3')238%&)'3'-'#*)-"5'$)2("-))))))

*")

( , ) ( , )DQ Q r r t t Q r t
Dt t

Q v Q
t

t tr

r r r

D v
Dt t

@3%(.86&(.A'''
!"#$"%#&"%'
B.$&("6&(.'

!"#$"#$%%

!

!"#$"%#&"%''()*''+,-.$&"%'/&.0

12.$.'&)'"'$"%#.'34'5&44.$.%6'0"7)'&%'02&82'0.'8"%'43--30'62.'.(3-,6&3%'34'
"'4-,&5*'12.'603'93)6',).4,-'"%5':.)6';%30%'3%.)'"$.<

=> +,-.$&"%'(&.0
!"#$%&'()*+')$,$*'-).(".'(*%'$)/)0 &'#$%*,1)23"4)5'3"6%*,1)
*'-.'(7*8('1).('$$8(')0 7*)2%9'&)3"67*%"#$:);+')*'-."(73)
6+7#<'$)"2)*+'$')=87#*%*%'$)%$)*+'('2"(')2"33"4'&)>,)
.7(*%73)*%-')&'(%57*%5'?

?>'!"#$"%#&"%'(&.0

Q
t

> # #
@"33"4)*+')6+7#<%#<)$,$*'-).(".'(*%'$)/)7$),"8)23"4)73"#<)
4%*+)7)238%&)'3'-'#*:)A#)7)47,1)*+%$)B.7(*%63'C)7..("76+)%$)
%#)*+')$.%(%*)"2)D'4*"#%7#)&,#7-%6$1)4+'('),"8)2"33"4)*+')
>"&,)8#&'()*+')76*%"#)"2)'9*'(#73)2"(6'E$F:

;+')*'-."(73)6+7#<')"2)*+')=87#*%*%'$)%$)2"33"4'&)>,)-'7#$)
"2)*+')B6"#5'6*%5'C)"()BG7<(7#<%7#C)&'(%57*%5')

DQ
Dt

!"#$"%#&"%''()*''+,-.$&"%'/&.0

!"#$%&'( *+' 6+7#<' "2)7)238%&)=87#*%*,)))))))))))))))7*)7)3"67*%"#)

HF I83'(%7#)5%'4?
6+7#<')%#)=87#*%*,)/))%#)%#*'(573) *1)

( , )Q r t

( , ) ( , )Q Q r t t Q r t

r

7*)3"67*%"#))))?

JF G7<(7#<%7#)5%'4?
6+7#<')%#)=87#*%*,)/)%#)*%-')%#*'(573) *1)
4+%3')238%&)'3'-'#*)-"5'$)2("-))))))

*")

( , ) ( , )DQ Q r r t t Q r t
Dt t

Q v Q
t

t tr

r r r

D v
Dt t

@3%(.86&(.A'''
!"#$"%#&"%'
B.$&("6&(.'

Figure 3.2. Left: in the Eulerian approach we consider the flow quantities U at fixed locations,
or more precisely, over control volumes. Right: in the Lagrangian approach we follow U flowing
with a fluid element, i.e. a particle.

Eulerian approach seems to be better to describe supersonic flows, because it can naturally
follow discontinuities, taking advantage of the integral formulation of the Euler equations
applied to several control volumes (Equation 3.7).

The FLASH code adopts the Eulerian - grid - discretisation. It is practically
impossible, however, to obtain a very high resolution, ∆x, and large dynamical range
in the three-dimensional (3D) case. The Millennium simulation, one of the biggest (N-
body) computations, used 10 billion elements, with a computational time of a couple of
months (using the entire Garching Supercomputing Center). This means that along one
direction the relative grid resolution would be just ∼ 2000. Even assuming 2563, we count
already 17 millions of elements, which is substantial for HPC computations. For all the
previous reasons, the entire 3D domain can not be entirely resolved, in order to achieve a
dynamical range of 103 or more. The solution to this problem is simply zooming only in
the region of interest, for example where the gradient of a flow quantity (density, pressure)
varies substantially. The zooming method is called adaptive mesh refinement (AMR).

The default AMR method of FLASH is based on PARAMESH (MacNeice et al.
2000), which uses a block-structured AMR scheme similar to others in the literature
(see the classic article of Berger & Colella 1989). The fundamental data structure is
a block of cells arranged in a logically Cartesian fashion, implying that each cell can
be specified using a block identifier (processor number and local block number) and a
coordinate triple (i, j, k), where i = 1 ... nxb, j = 1 ... nyb, and k = 1 ... nzb refer to
the x, y, and z-directions, respectively. Although a spherical grid can be indexed in the
same manner, in the present work I preferred to use rectangular blocks with typical size:
nxb = nyb = 8 or 16, and nzb = nxb/2. Having fixed blocks, instead of refining on a cell-
by-cell manner (like ENZO or RAMSES code), drastically increases the performance of
the load distribution on parallel processors (using also the Morton space-filling curve;
Warren & Salmon 1993), although the global domain tends to be slightly more refined.

The complete computational grid consists of a collection of blocks with different
physical cell sizes, which are related to each other in a hierarchical fashion using a tree
data structure (Figure 3.3). The blocks at the root of the tree have the largest cells, while
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Figure 3.3. The block-structured adaptive mesh of FLASH (in two dimensions: nxb = 8, nyb = 4).
Block children can be refined only by a factor 2, compared to the parent block.

their children have smaller - refined - cells. Three rules govern the establishment of refined
child blocks. First, a refined child block must be 0.5 as large as its parent block in each
spatial dimension. Second, a block children must be nested, i.e. the child blocks must fit
within their parent block and can not overlap one another. Therefore, in d dimensions a
given block has either zero or 2d children (in 3D it is called octree, 23 = 8). Third, blocks
which share a common boundary may not differ from each other by more than one level of
refinement (see Fig. 3.3). Whenever a block is marked for refinement or derefinement, the
adaptive grid executes (monotonic) interpolation or averaging of the data, respectively.

Each block contains nxb × nyb × nzb interior cells and a set of guard cells. The guard
cells contain boundary informations needed to update the interior cells, obtained from
physically neighbouring blocks, externally specified boundary conditions, or both. The
number of guard cells depends on the interpolation schemes and the differencing stencils
used by the various physics units (usually hydrodynamics). For our adopted hydro-
algorithm, the PPM (see Section 3.3), four guard cells are required in each direction.
PARAMESH also enforces flux conservation at jumps in refinement, as described by
Berger & Colella (1989), thus conserving U at machine precision.

In most of the simulations we decided to use a number of concentric fixed grids
in cartesian coordinates, centred9 on the supermassive black hole (SMBH). In fact, we
require often a dynamical range of 4096 - 8192, simulating scales from hundreds pc to
few Mpc. Since we are more interested in the cool core of the cluster, group or isolated
elliptical galaxy, the resolution in this region needs to be the highest possible. Typical
numbers of refinement levels are lmax = 10 (the minimum level is instead 4 or 5). Note that
the grid resolution is simply given by h = nxb × 2lmax−1 (typically h = 8 × 210−1 = 4096);
thus, the spatial resolution in one of the three directions is ∆x = Lx/h, where Lx is

9The exact location of the system centre is in the cell corner.
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the box size along the x-direction. The finest, inner grid has a resolution in the range
∆x = ∆y = ∆z ∼ 0.1 − 2 kpc (specified in each Chapter). In general, grids of every level
extend radially for about 40-50 cells, with the (cubical) shell linear size doubling among
adjacent levels. This ensures a proper resolution of shocks, waves, cavities and turbulence
generated in the core by the AGN outflows.

The previous refining method is arguably the best strategy in order to cover the huge
spatial scales (pc to Mpc) and at the same time integrating the system for seven or more
Gyr. With this method the few millions of grid cells are usually integrated in ‘reasonable’
massively-parallel HPC times (a high-resolution production run10 can take up to 50,000
total hours, over 1024 CPUs).

Finally, the 3D box in the majority of the simulations extends slightly beyond the
virial radius, R104 (for the cluster ∼ 2.6 Mpc and for the group ∼ 870 kpc), or the galaxy
outskirts (∼ 150 kpc). I usually simulate the z ≥ 0 half-space with reflecting boundary
condition at z = 0, setting elsewhere outflow conditions (∇U = 0) with inflow prohibited
(the box is big enough that boundary disturbances do not interfere with the cool-core
dynamics).

3.4 Numerical Solver: PPM

The pure hydrodynamic equations (with no source terms; Eq. 3.2-3.4) are solved via a
finite-volume scheme, named the piecewise parabolic method (PPM; first described by
Colella & Woodward 1984). Classical numerical schemes usually rely on simple finite-
difference methods, i.e. taking advantage of the Taylor expansion11. For instance, the
simple linear advection equation (∂U/∂t + c′s ∂U/∂x = 0, with c′s > 0 a constant sound
speed) can be solved in a stable way using a forward time derivative and a backward space
derivative: (Un+1

i −Un
i )/∆t+c′s(Un

i −Un
i−1)/∆x = 0, where the upper/lower indexes indicate

as usual the temporal/spatial states.

On the contrary, finite-volume methods do not try to discretise the Euler differential
equation (Eq. 3.5) at given points in space, but they take advantage of the more rigorous
integral form over some control volume ([x1, x2] × [t1, t2], in one spatial dimension):∫ x2

x1

U(x, t2) dx =

∫ x2

x1

U(x, t1) dx +

∫ t2

t1
F(U(x1, t)) dt −

∫ t2

t1
F(U(x2, t)) dt . (3.7)

Therefore, the flow quantities represent now cell-averaged values12, over each volume
V = ∆x ∆ y ∆z.

A fully detailed description of the PPM, even adopting just the present direct Euler
approach, is clearly beyond the scope of this work (I refer the reader to the seminal
article of Colella & Woodward 1984). Nevertheless, it is worth to understand the main

10The simulations were run mainly on the IBM P575 Power 6 (SP6) at CINECA supercomputing centre, and on the
Pleiades supercluster at the NASA-Ames base; see also PhD Production.

11The Taylor expansion of a function f around a point a is: f (x → a) = f (a) + f ′(a) (x − a)/1! + f ′′(a)
(x − a)2/2! + O(x3), where the last term is the order of approximation.

12The (1D) spatial average is given by 〈U〉i = 1
∆xi

∫ xi+1/2

xi−1/2
U(x) dx.
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PPM: Godunov method: inteuler, twoshock!

!! For PPM, compute left and right states by averaging over 
characteristic region (causal region for time step !t) 

!! Average left and right regions become constant regions to 
be feed into Riemann solver (twoshock). 

Figure 3.4. An example of parabolic approximation within discrete cells. The left and right states
will serve as input values for the Riemann problem (see next Figure).

methodological steps, in order to get a solid overview of the key numerical properties of
this famous solver.

The procedure for updating the initial conditions can be divided into two separate
parts: the reconstruction step and the solution step. Since the values of the flow
variables are not known at any given point in space, it is necessary to reconstruct the
requisite point values at the zone interfaces from the zone average values. Therefore,
the code performs an interpolation based on a cubic polynomial (fourth-order), with the
correct average values, in order to obtain the right and left interface quantities. For
instance, in the case of uniform zoning, the interpolated density at the right interface
is ρn

i+1/2 = (−〈ρ〉ni+2 + 7〈ρ〉ni+1 + 7〈ρ〉ni − 〈ρ〉ni−1)/12. Any non-monotonic behaviour in the
interpolation can lead to unphysical oscillations in the solution and it must be prevented
by modifying the slope via the classic van Leer (1979) monotonicity constraint. It is now
possible to construct a parabola which passes through the two interface values and the
single zone average value (e.g. Figure 3.4).

The interface values and parabolae calculated above are only preliminary, because they
need to be modified in the regions where the flow is not smooth. The first modification
is performed in regions near contact discontinuities. In order to prevent these sharp
structures from spreading diffusively as they propagate across the grid, the interface
values are altered to provide steeper slopes within the relevant zones. Second, because
of the self-steepening mechanism in shocks and the low dissipation in PPM, shock fronts
tend to become too narrow, frequently less than a zone wide. When this situation arises,
unphysical oscillations develop behind the shock, and a procedure, know as flattening, is
used to provide a sort of extra dissipation13.

After the reconstruction stage, the second main procedure is the solution step, which
updates the conserved variables to the new time step, via the time-averaged interface
fluxes (see Equation 3.7). One of the major difficulties is certainly finding the most
accurate fluxes. The fluxes are thus computed by solving the Riemann (or shock tube)
problem at each zone interface. The PPM is in fact a higher order version of the method

13This method is much more effective in stabilising shock waves than the more traditional approach of using an
artificial viscosity (see ZEUS code; Stone & Norman 1992). Typically, shocks are spread over only one to two grid
points, and in most cases, post-shock oscillations are virtually nonexistent.
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3.1.6. Solution to RiemannÏs Problem for Gamma-L aw Gases
The next step is to solve RiemannÏs problem at each zone interface using these e†ective left and right states. The general

solution consists of one wave (shock or rarefaction) moving to the left, a second wave traveling to the right, and a contact
discontinuity in between. A typical example of RiemannÏs problem is shown in Figure 16. We make one approximation in
constructing the solution, namely, that the two waves propagating to the left and right are both shocks. This approximation,
which is accurate to third order in the size of the entropy jump across the wave, will produce a small error at rarefactions.
However, rarefactions quickly spread over many zones, so the entropy jump from one zone to the next is usually quite small.
This approach leads to a much more efficient solution, since it avoids the need for logic to determine which formulae to use for
a given wave and also avoids the use of the rarefaction formulae, which contain fractional powers and are therefore expensive
to compute.

We begin by describing the solution to RiemannÏs problem for the simple case of a gamma-law gas. In the following section
we include a description of a method that can be used to treat a general EOS. The following shock jump equations can be
derived from the integral form of the gas dynamics equations. For a shock moving to the left,
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The superscript * denotes the postshock state, while the subscripts l and r correspond to the preshock states of the two waves.
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The values of P* and u* must be identical for both waves. Any di†erence in the two values would lead to additional waves
being generated. Therefore, equations (68) and (69) represent two nonlinear equations with two unknowns (P* and u*), which
can be solved by standard numerical techniques.

FIG. 16.ÈSample Riemann problem starting from shock tube data. Top: Initial discontinuity at t \ 0 located at Bottom: Self-similar evolution of them
i
.

discontinuity for t [ 0, showing the locations of the head of the rarefaction the foot of the rarefaction the contact discontinuity and the shockmhd, mft, mcd, msh .
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being generated. Therefore, equations (68) and (69) represent two nonlinear equations with two unknowns (P* and u*), which
can be solved by standard numerical techniques.

FIG. 16.ÈSample Riemann problem starting from shock tube data. Top: Initial discontinuity at t \ 0 located at Bottom: Self-similar evolution of them
i
.

discontinuity for t [ 0, showing the locations of the head of the rarefaction the foot of the rarefaction the contact discontinuity and the shockmhd, mft, mcd, msh .Figure 3.5. The Riemann problem starting from a shock tube data. Left: initial density
discontinuity at t = 0. Right: self-similar solution of the problem, showing a rarefaction
(ξft → ξhd), a contact discontinuity (ξcd), and a shock wave (ξsh). From Fryxell et al. (2000).

developed by Godunov (1959), which originally represented the variables as piecewise
constant within each zone (first order accuracy).

The previously calculated zone interface and average values are essential for defining
the effective left and right input states of the Riemann problem (see Figure 3.5). In the
simple first-order Godunov method the left and right states are the zone average values (i
and i + 1). PPM has instead reconstructed a parabolic distribution of the flow quantities.
By tracing back the domain of dependence via the characteristics (Fig. 3.1), it is possible
to find where the parabolic distribution should be integrated, and finally retrieve the left
and right state for the Riemann problem.

Solving the Riemann problem is then straightforward, because it exists an analytical
solution. The general solution consists of one wave (shock or rarefaction14) moving
to the left, a second wave traveling to the right (shock or rarefaction), and a contact
discontinuity in between. A typical example of the Riemann problem is shown in Figure
3.5. The previous three hydrodynamical features appear only in nonlinear problems and
are fundamental elements of all astrophysical (highly compressible) plasmas.

The piecewise parabolic method is ideally third order accurate in space, however
the practical implementation reduces slightly its accuracy. Nevertheless, PPM is still
considerably more accurate and efficient than most second-order algorithms. The PPM
hydro-solver is finally executed along each separate three-dimensional direction, also
known as dimensional splitting (Strang 1968). Reversing the order of the integration
(x − y − z and then z − y − x) provides second-order accuracy in time. I preferred the split
method, over the unsplit formulation, because it is rather faster and still very robust.

The (necessary) stability condition of PPM is analogous to most explicit
hydrodynamical solver, also known as Courant-Friedrichs-Lewy condition (CFL; Courant
et al. 1928). In three dimensions, the CFL limiter on the numerical time step is given by

14A rarefaction is a smooth nonlinear transition between the left and right state (with infinite solutions). In a
rarefaction, the characteristic curves diverge from a single point in the space-time. On the contrary, shock waves
(jumps in density and entropy) are described by convergent characteristics.
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24.1. HYDRODYNAMICS TEST PROBLEMS 273

Figure 24.2: Comparison of numerical and analytical solutions to the Sod problem. A 2D grid with six
levels of refinement is used. The shock normal is parallel to the x-axis.

Figure 3.6. Comparison of the numerical (points) and analytical (line) solutions to the shock tube
(Riemann) problem. The 2D grid has six levels of refinement. Note the high accuracy and stability
of the hydrodynamic solver of FLASH, the PPM. From Fryxell et al. (2000).

the minimum among all points of

∆tcfl = C min
(

∆x
|vx| + cs

,
∆y
|vy| + cs

,
∆z

|vz| + cs

)
, (3.8)

where C < 1 is the Courant number (typically ∼ 0.2 − 0.3 or less, with strong flow
perturbations). The simple foundation of this condition is that informations have a finite
travelling speed. If a wave is moving across a discrete spatial grid and we want to
compute its amplitude at discrete time steps of equal length, then this length must be
less than the time for the wave to travel to adjacent grid points. In essence, the numerical
domain of dependence must include the analytical domain of dependence (defined by the
characteristic curves; see Fig. 3.1).

Overall, the high resolution and accuracy of PPM are obtained by the explicit
nonlinearity of the scheme (and through the use of the previous smart dissipation
algorithms). For all these reasons PPM is particularly well suited to describe
discontinuities, such as shocks and contact discontinuities, at the same time properly
following the smooth flow regions (check the numerical shock tube test of FLASH in
Figure 3.6 compared to the analytical solution).

The Roe and Lax-Friedrichs solvers were also tested, with various slope limiters (van
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Leer, minmod, MC, Toro). They perform rather well for smooth flows, but not for a
powerful jet ignition, producing unstable results also with low CFL numbers (C < 0.1).
On the contrary, the HLLC solver (Toro 1997) is very stable also for higher CFL numbers
(∼ 0.5), with a decent description of shocks and contact discontinuities (second order). In
the end, results with both methods are comparable, with PPM being more accurate, while
HLLC faster and more manageable. In the present investigation I preferred nevertheless
accuracy over speed.

3.5 Radiative Cooling

In the next Sections I describe the entirely new implemented modules, which add
fundamental physical capabilities to FLASH. The Equations 3.2-3.4 do not possess any
source or sink term (right hand side), and they include only the pure advection and
compression of the gas. The usual computational strategy to include source/sink terms
is known as splitting technique. First, we integrate the Euler partial differential equations
with the PPM, and then we integrate the ordinary differential equation linked to the source
term (using the flow quantities found in the PPM step). This method is only first order
accurate. In order to further improve the coupling, I implemented a second order accurate
temporal evolution in the splitting scheme, alternating the order of the integration of the
hydrodynamical (H) and source terms (S) as follows: H-S-S-H.

The main physical module, in order to study cooling flows, is certainly radiative
cooling (sink term added to the energy Equation 3.4). The interstellar, intergalactic or
intracluster medium emits radiation mainly in the X-ray band due to Bremsstrahlung
(T ∼> 107 K) and line emission (104 − 107 K; see Section 1.1 for more details). Assuming
collisional ionisation equilibrium, the cooling sink term can be modelled with a defined
cooling function Λ(T,Z). It is computationally efficient to use an analytical fit to the
Sutherland & Dopita (1993) tabulated values for a fully ionised plasma (Fig. 3.7). The
temperature floor is set at 104 K, justified by the reionisation from stars. The total radiative
losses are also proportional to the electron and ion number densities (Sec. 1.1):

L = − ne ni Λ(T,Z) = − ρ2

µeµim2
p

Λ(T,Z) . (3.9)

The cooling function depends also on the gas metallicity. Hereafter, we assume that
the abundance of all the heavy elements in solar units is the same as the iron one15.
Although not strictly true, this has a negligible effect on the cooling process. In most runs
we set a fixed metallicity of Z = 0.3 Z� for clusters (Tamura et al. 2004) and Z = 1 Z�
for groups/ellipticals (Rasmussen & Ponman 2009). In the more advanced models, we
follow self-consistently, via an advection tracer, the variable abundance linked to stellar
evolution (Section 3.8).

In most of the simulations, in particular when the cold gas dropout is enabled
(Sec. 3.5.1), a second-order Runge-Kutta (RK2) explicit solver is enough16 to properly

15As customary, the iron abundance is calculated with respect to hydrogen mass: [Fe/H] = log Z, in solar units.
16I tested also the fourth-order explicit Runge-Kutta scheme, without finding any significant improvement. Implicit

schemes, like Crank-Nicholson, are instead very inaccurate, although ‘allowing’ a larger ∆t.
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Figure 3.7. Implemented radiative cooling function Λ(T,Z) for an astrophysical plasma in
collisional ionisation equilibrium, as a function of (iron) metallicity [Fe/H] = log Z, in solar
units. From Sutherland & Dopita 1993.

integrate the cooling ODE at each spatial point:

En+1/2
th = En

th +
∆t
2
L(En

th) ,

En+1
th = En

th + ∆tL(En+1/2
th ) , (3.10)

where Eth = ρe = cv kbρT/µmp is the thermal energy density, and Ln+1/2 is the emissivity
retrieved from the first half time step (note that the density ρ is constant during this
integration). In order to properly couple the hydrodynamics with the cooling term we
need to add another time step limiter, ∆tc ∼< tcool = 2.5 P/ |L|, which can significantly slow
down the computation (it is usually a few times lower than ∆tcfl).

When studying the entire multiphase gas without any dropout term (Chapter 7), a more
rigorous prescription for the cooling solver is required. This is especially important in
order to follow the formation and growth of thermal instabilities, producing cold clumps
and filaments in the ICM. In the splitting framework, it is actually possible to avoid the
use of implicit or explicit solvers (for the ODE step associated with cooling). The new
temperature T n+1 can be computed from the old temperature T n by exactly evaluating the
following integral (at each grid point):∫ T n+1

T n

dT ′

Λ(T ′)
= − (γ − 1) µ

kbµeµimp
ρ∆t . (3.11)

A practical way to compute the integral is to split the integration interval into two parts:
one from T n to Tref and the other one from Tref to T n+1, using an arbitrary reference value
(see Townsend 2009). This leads, after few mathematical steps, to

T n+1 = Y−1
[
Y(T n) +

T n

Tref

Λ(Tref)
Λ(T n)

∆t
tcool

]
, (3.12)
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where tcool is the cooling time17, and Y is an evolution function defined as

Y(T ) ≡ Λ(Tref)
Tref

∫ Tref

T

dT ′

Λ(T ′)
. (3.13)

The temperature T n+1 can be exactly computed if the reciprocal of the cooling function is
analytically integrable. Thus, we decompose the cooling function into a large number of
piecewise power-laws in logarithmic temperature intervals

Λ(T ) = Λk

(
T
Tk

)αk

, Tk ≤ T ≤ Tk+1 , (3.14)

and precompute at initialisation the constants of integration for each interval. The integral
in Eq. 3.13 can be computed analytically using this power-law decomposition of the
cooling function. The only effort in retrieving T n+1 comes from finding the correct interval
in which the argument of Y−1 resides (Eq. 3.12).

Besides being exact (only in the ODE step) and thus very accurate, this method is
also slightly faster than either explicit or implicit methods18. Finally, the error from the
piecewise power-law approximation is negligible, because the number of the temperature
intervals can be made very large (matching the tabulated Sutherland & Dopita values),
without large memory requirements.

3.5.1 Cold Gas Dropout

When interested only in the hot gas dynamics (adopting the simple Runge-Kutta solver),
we numerically handle the very cold clouds by using a dropout mass sink term (added to
Equation 3.2): S drop = − q(T ) ρ/tcool. This is a convenient scheme to remove the cold gas
(T ∼< 105 K) from the numerical grid, at constant pressure, without altering the calculated
cooling rate (Brighenti & Mathews 2002b). The dimensionless coefficient q(T ) is defined
as q = 2 exp[−(T/Tq)2], thus dropout becomes significant19 when T ∼< Tq ' 105 K. On the
other hand, the physical evolution of the entire multiphase gas, without dropout, requires
at least a better solver, like the exact method, plus high resolution in the regions of hot
gas condensation.

As previously done, we are always using the splitting method for adding the sink
terms, i.e. first solving the homogeneous PDE hydro-equations and then integrating the
ODE associated with the dropout term: dρ/dt = S drop. Expanding the cooling time,
tcool, and properly centring the variables, leads to the the following discretisation for the
dropout ODE (using the second-order centred derivative):

ρn+1 = ρn

(
1 +

µ

2.5 kbµeµimp

qn+1/2 Λn+1/2ρn

T n+1/2 ∆t
)−1

. (3.15)

17Here using just the internal thermal energy, instead of the enthalpy 2.5P.
18We have compared explicit calculations, setting a strong limiter (< 0.1 tcool), with runs based on the ‘exact’ solver.

Tests were carried out in idealised conditions (e.g. an isolated cooling cylinder or sphere) and simulating a short pure
cooling flow evolution. We obtained similar results (like the cold mass and time of collapse).

19In our tests, we do not see any significant difference in the hot gas evolution or in the total cooling rates, as long as
Tq ∼< 106 K. The warm gas below 107 K is in fact very unstable and tends to rapidly cool toward the floor temperature,
due to the strong line emission.
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The dropout term, as any source step, has a time limiter condition associated. Using
the dropout ODE equation, we find that the relative density decrement, D = 1 − ρn+1/ρn,
is linked to the following timescale: tdrop = [D/(q (1 − D))] tcool. It is evident that the
dropout limiter is tightly correlated with the cooling limiter, η tcool. Limiting the variation
of internal energy has the consequence to directly reduce the dropped mass, quantitatively:
D = η q/(1 + η q). In order to smoothly couple the hydro-solver to the sink terms, a
reasonable limiter is η = 0.4; since the maximum value of q is 2, the dropout decrement
will never exceed ≈ 45% per time step (it is usually much lower).

In passing, I note that the numerical cooling rates (Ṁcool) are simply given by the
dropped cold gas. When the dropout is disabled, the cold gas (T ≤ 5 × 105 K) is tracked
inside the domain at each time step, providing Ṁn

cool = (Mn
cold − Mn−1

cold)/∆t.

3.6 AGN Outflows

Motivated by the widespread observational evidences found in different bands (see
Section 2.3 and references therein), I intend to understand, through the present work, the
exact role of AGN outflows in solving the cooling flow problem. More specifically, I will
adopt purely mechanical AGN outflows, which are considerably massive, subrelativistic
and collimated. In considering massive slow outflows, we are implicitly assuming that the
relativistic radio jet entrains some mass (Mact), or in a similar way, that the jet is highly
relativistic on pc scale, but rapidly decreases to subrelativistic velocities within few kpc
from the black hole (Giovannini 2004; Croston 2008). Another possibility, highlighted in
the previous Chapter, is the generation of mechanical massive outflows via the radiation
emitted by the AGN (Proga 2007). The latter scenario, more likely happens at higher
redshifts (z ∼ 2), due to the increasing number of quasar-like objects in the universe.

The AGN injection can be carried out in two different ways, which nevertheless
produce similar results. In both models the kinetic power of the jet20 is given only by
the mass outflow rate and jet velocity:

Pjet =
1
2

Ṁjetv2
jet . (3.16)

For most of the presented runs I apply injection of purely kinetic energy and associated
momentum (Mjetvjet; added to Eqs. 3.3-3.4) directly in the domain, i.e. in the active
outflow region with mass Mact, motivated by the entrainment scenario. The size of this
region will be specified in each Chapter (4-7); typical values are djet ∼ 1 kpc (width) and
zjet ∼ 1 kpc (height), in line with observations of the more massive outflow component.
Note that a slightly smaller or larger active region does not drastically alter the global
feedback evolution21. The mass outflow rate, per each time step ∆t, is then roughly
estimated as

Ṁjet ∼ Mact

∆t
. (3.17)

20Hereafter, I use the term ‘jet’ and ‘outflow’ interchangeably, meaning a central anisotropic ejection of mass, without
referring specifically to the relativistic radio jet.

21The same can be said for more sophisticated implementations, like smoothing the injection region with a truncated
Gaussian.
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Using the jet power (Eq. 3.16), it is straightforward to retrieve the outflow velocity:

vjet =

(
2Pjet ∆t

Mact

)1/2

. (3.18)

Apart from few computations, the jet velocity is usually aligned with the z-axis
(cylindrical jets). Simulations with conical outflows (with half-opening angle up to 25
degrees; see also Sternberg et al. 2007) have a similar impact on the global properties of
the flow. In fact, the pressure of the surrounding plasma collimates the outflows within
few tens kpc (see Brighenti & Mathews 2006). Larger outflows become instead almost
isotropic, leading to a bad self-regulation (inhibiting accretion; Sec. 7.3.4).

The second (less used) method is based on the physical assumption that the original
AGN jet is not resolved by the grid. We thus inject flux of momentum, mechanical
energy22, and also mass via the numerical boundaries at z = 0 (or taking advantage
of the block guard cells). The total cross-sectional area of this ‘nozzle’ is typically
Anoz = (2∆x)2, where ∆x is the highest resolution. This injection method tends to evacuate
less easily the regions perpendicular to the jets, however, it requires the specification of
one of the two key jet parameters, either Ṁjet or vjet. Note that it is also very important to
limit the time step according to the jet velocity, in addition to the CFL condition.

In the first case, the outflow mass rate is assumed Ṁjet = ρjet Anoz vjet, with jet density
ρjet about 1/10 of the initial central gas density, and therefore

vjet =

(
2Pjet

ρjetAnoz

)1/3

. (3.19)

In the second case, vjet ∼ few 104 km s−1, consistently with absorption-line observations
(e.g. Crenshaw et al. 2003; Tombesi et al. 2012), and thus Ṁjet = 2 Pjet/v2

jet. This choice
of the velocity usually generates reasonable mass outflow rate values, around few M�
yr−1. It is worth noting that very massive (and slower) outflows tend to carve a more
visible channel in the medium, while relatively lighter (and faster) jets release most of
their energy in the central region, producing strong shocks and bigger bubbles.

The jet fluxes are again parallel to the z-direction (and opposite when simulating the
two bipolar outflows). In a couple of models (Section 7.3.4) I tested also jet wobbling,
with variable inclination (θ) and azimuthal angle (φ): the location of the nozzle remains
fixed in space, but all three velocity components (e.g. vx = vjet sinθ cosφ) vary randomly
with time, within a specified solid angle.

For the sake of completeness, I tested runs where the outflows are continuously
generated or possess a fixed frequency and duration. This type of heating usually returns
wrong results, due to the several artificial parameters and lacking any kind of self-
regulation. Finally, I note that injecting only thermal energy at the centre of the system
typically leads to the destruction of the cool core (see also Brighenti & Mathews 2002b).

22The thermal energy of the jet is set to be negligible.
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3.7 Accretion and Self-regulation

The AGN outflow injection, previously described, is deeply interwoven with the accretion
model, which provides the self-regulated feedback mechanism. It is beyond the scope of
this work to study the detailed accretion very near the black hole. The goal of our study is
instead to study the effects of (large-scale) outflows on the ISM/ICM evolution. Massive
black holes in nearby X-ray bright ellipticals likely accrete gas through a radiatively
inefficient mechanism. ADAF models naturally predict outflows and jets (Narayan &
McClintock 2008), which might provide the mechanical feedback I study here.

Ideally, we would like to numerically resolve a region with size a few Schwarzschild
radii, RS ≈ 3 × 1014 (M/109M�) cm ∼ 10−5 RB (where RB is the usual Bondi radius; see
below). This is currently not feasible for 3D simulations aimed to investigate the effect of
the feedback on kpc and Mpc scales. Because the direct calculation is impractical, we are
left to rely on a sub-grid prescription to estimate the accretion rate. Therefore, the exact
quantitative of material that is considered ‘accreted’ must be taken with caution and only
as a rough approximation.

Because of the previous (not easily quantifiable) uncertainties I prefer to not assume
any sophisticated subgrid modelling for the accretion process. As customary done in
accretion theory, the jet power is taken proportional to the accretion rate Ṁacc (or better,
to the accreted rest mass energy per unit time):

Pjet = ε Ṁacc c2 , (3.20)

where ε is the mechanical efficiency23, which is a free parameter of our models in the
range ∼ 10−4 − 10−1. The frequency and strength of the feedback events will strongly
depend on ε. It is likely that the efficiency depends on the ratio between the actual
accretion rate and the Eddington rate, i.e. ṀEdd ≈ 22 (MBH/109M�) M� yr−1 (Churazov
et al. 2005; Merloni & Heinz 2008). However, given the uncertainties in estimating the
accretion rate, I prefer to assume a constant ε. It is worth noting that we can absorb the
uncertainty in the actual accretion rate into the efficiency parameter ε. If only a fraction f
of the gas considered accreted in the simulation falls into the black hole, the real efficiency
could be indeed rescaled to ε/ f .

The next step is to find the feedback. The best self-regulation, as shown in the next
Chapters, is achieved when the accretion rate is linked to the cooling rate, usually in a
spherical region near24 the AGN (r0 ∼ 5 − 10 kpc). We call this model cold feedback:

Ṁacc = Ṁcool(r < r0). (3.21)

In the more advanced simulations r0 is discarded, assuming that the cooled gas
(dropped at radius ri) goes into free fall and accretes onto the black hole in a free-fall
time, given by

tff =

∫ 0

ri

dr√
2 |φ(r) − φ(ri)|

, (3.22)

23Note that the mechanical efficiency is different from the usual radiative efficiency (η ∼ 0.1), and typically a few
orders of magnitude lower.

24The majority of the cold gas is in any case generated at the very centre.
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where φ is the gravitational potential (see Section 3.9). I also impose that the infalling
gas must have a low angular momentum, less than vc(∆r) ∆r (circular velocity times the
minimum radial grid size), even if most of the cooling gas does not present a large angular
momentum, also during a typical AGN simulation. The cold mass reaching the centre at
a given time step defines the new accretion rate, which triggers as usual the AGN outflow.

The second self-regulated accretion model is called hot feedback, which is based
on the theory of Bondi (1952). Any strong gravitational field, in particular linked to
SMBH, can attract large amount of surrounding gas, mostly hot. In 1952, Bondi found an
analytical solution to the steady radial accretion problem of the gas on a central attractor
at rest:

Ṁacc = ṀB ≡ 4π (GMBH)2 ρ0

c3
s,0

, (3.23)

where ρ0 and cs, 0 are the constant density and sound speed at the boundaries (infinity),
respectively. In practice, the boundary conditions can be taken at a few Bondi radii, the
region of BH influence: RB = GMBH/c2

s, 0 ≈ 19 MBH,9/T0,7 pc, where the black hole mass
is expressed in units of 109 M� and the temperature in 107 K. The first problem with the
Bondi formula is that the profiles of the system vary with the radius. A reasonable choice
seems to take ρ0 as the volume-weighted (hot) gas density calculated within r ∼< 5 kpc,
and cs,0 as the mass-weighted sound speed in the same region. Our assumed SMBH has a
mass of 3 × 109 M�.

The Bondi radius (∼ 50 pc for cluster or ∼ 80 pc for groups), is usually smaller than
our resolution limit, so I refrain to attach a strict physical meaning to ṀB. Moreover, the
Bondi theory requires rather strict assumptions: the flow must in fact be steady, adiabatic
and without angular momentum. Although almost all feedback studies employ the Bondi
theory to estimate the instantaneous BH accretion rate (e.g. Springel et al. 2005; Cattaneo
& Teyssier 2007; Sijacki et al. 2007; Puchwein et al. 2008; Booth & Schaye 2009; Dubois
et al. 2010), I believe that it does not represent properly the complex reality. Beside
complications such as turbulence, (slow) rotation and magnetic fields (see Krumholz et al.
2005, 2006; Mościbrodzka & Proga 2008, 2009; Narayan & Fabian 2011), which can
easily change the accretion rate by a factor of a few with respect to the classic value, the
central ISM can be prone to thermal instabilities. The dusty multiphase gas can drastically
change the nature of the accretion process. In fact, in the presence of a cooling flow the
mass inflow rate at some small radius should be determined by the gas cooling process,
rather than the BH gravity.

The third model for the accretion rate, used only in the multiphase gas simulations
(Chapter 7), is based on the central inflow rate. Without discriminating between hot and
cold gas, the quantity of accreted material is estimated as the inflow through a ‘spherical’25

surface very near the centre (r ∼ 500 pc). Each cubical cell i containing a piece Ai of the
spherical surface, contributes Ṁacci = ρivri Ai to the accretion rate only if the radial velocity
vri is negative (inflow). The accreted gas mass, Ṁacci∆t, is then removed from the same
zone26, along with the related momentum and total energy (BH sink terms).

25More specifically, this region corresponds to the cells surrounding the very central 8 zones, where the bipolar
outflows are injected.

26This method has the advantage to prevent unphysical voids; the accretion and sink terms are tightly linked on a
cell-by-cell basis, as we do not compute spherical averages of these terms.
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3.8 Stellar Winds and Supernovae

The core of the system needs to be modelled in the more realistic way possible, in order
to study the competition of heating versus cooling. At the centre of clusters and groups
often resides a large massive elliptical galaxy (the BCG or cD galaxy), whose SMBH
should be the dominant thermostat of the whole feedback process. From a historic point
of view, the heating linked to stellar evolution - via stellar winds (SW) and supernovae Ia
(SNIa) - was considered the first possible candidate to halt the cooling flow. It became
soon clear that this process is too weak, orders of magnitude lower than the radiative
losses (e.g. Borgani et al. 2002, 2004; Tornatore et al. 2003; Piontek & Steinmetz 2011).
Moreover, stellar heating does not present any kind of evident feedback loop, required for
a proper self-regulation.

We decided to include stellar evolution, first, to check if it is totally negligible or has
a marginal influence in the heating process. More importantly, it pollutes the ISM/ICM
with metals (mainly iron), incidentally a great tracer of the anisotropic outflow activity. In
addition, it is an essential element in driving the evolution of the isolated galaxy, governed
only by internal processes. Studying the exact local star formation mechanism will be
not investigated here. In fact its study requires, not only very high resolution (at least a
fraction of the Jeans length) and self-gravity, but also sophisticated numerical techniques
to follow the dynamics of single stars, like sink particles (see Federrath et al. 2010). It
thus sufficient here to adopt a smooth injection of mass, metals and energy, directly linked
to the stellar density ρ∗, since our resolution will be always greater than 150 pc, reaching
∼ 2 kpc in the cluster runs (a mature SNIa remnant has typically a size of ∼< 40 pc).

The stellar density profile, ρ∗, is retrieved from a de Vaucouleurs’ surface brightness
distribution, SB = SB0 exp[−7.67 (r/r1/4

e − 1)], which fits well the profile of ellipticals
and bulges. An excellent analytical approximation is given by Mellier & Mathez (1987):

ρ∗ = ρ0 r−0.855 exp (−r1/4), (3.24)

where the central density is ρ0 = M0/16πa3, with a = re/7.674 and M0 ' 1.65 × 104 M∗,t.
The total stellar mass M∗,t and the effective radius re of our typical simulated elliptical are
∼ 3.4 × 1011 M� and ∼ 10 kpc, respectively (similar to NGC 5044; Buote et al. 2004).

The mass source term, added to Eq. 3.2, is simply governed by the stellar density and
the specific rate of mass loss:

S stellar, ρ = α ρ∗. (3.25)

In the coefficient α (s−1) resides the entire physics of stellar evolution, based on stellar
winds and SNIa (Brighenti & Mathews 2002a; Mathews & Brighenti 2003): α = α∗+αsn.
The mass loss source term is governed mainly by the evolving stars, α∗ (e.g. the current
mass loss for NGC 4472 is ∼ 0.15 M∗,t/(1011 M�) M� yr−1). The basic assumption is that
gas ejected from evolving giant stars as winds or planetary nebulae eventually becomes
part of the hot phase. We consider a mass loss rate from a single burst stellar population
with Salpeter initial mass function (IMF) and age t, varying as (Mathews 1989)

α∗ ' 4.7 × 10−20 (t/tn)−1.3 , (3.26)

where tn ≈ 13 Gyr is the galaxy age (results are not sensitive to the adopted tn). For other
power-law IMFs, α∗ varies inversely with the stellar mass-to-light ratio.
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The specific mass loss rate from SNIa is given by

αsn ' 3.17 × 10−20 rIa(t) (Msn/M�) γB , (3.27)

where Msn ≈ 1.4 M� (the Chandrasekhar mass) and the mass-to-light ratio in the B band
γB is typically around 8. The supernova rate (in SNu27) is a critical parameter for the
chemical enrichment of the system. The current rate of SNIa has become more defined
thanks to recent observations, placing it on a level of rIa ∼ 0.06 (t/tn)−s SNu (Mannucci
et al. 2005; Greggio 2005; Greggio et al. 2008). Unfortunately, the past evolution of this
rate is not well constrained, and a reasonable value appears s ∼ 1.1; the adopted rIa results
in iron abundances consistent with observations (∼ 1 − 2 the solar value; Humphrey &
Buote 2006). Evolutionary flow solutions with s > 1.3, although granting a substantial
heating at high redshift (Ciotti et al. 1991), produce iron abundances far in excess of those
observed today, unless the iron is preferentially removed by selective cooling.

The second key term linked to stellar evolution is the energy source (added to Eq. 3.4),
assuming that the entire SW and SNIa energy becomes thermalised on subgrid level:

S stellar, e = αρ∗

(
e0 +

1
2
|v − v∗|2

)
, (3.28)

where the mean gas injection energy is e0 = 3kbT0/2µmp, with T0 = (α∗T∗ + αsnTsn)/α.
The SN temperature is simply retrieved from the injected total thermal energy by a SNIa,
Esn ≈ 1051 erg. The stellar temperature is instead proportional to the stellar velocity
dispersion σ∗, i.e. T∗ = (µmp/kb)σ2

∗. The stellar velocity dispersion is calculated by
solving the Jeans equation for a spherically symmetric, isotropic stellar system. It is
worth noting that, while the mass loss is governed by the stellar losses, the heating is
dominated by the energy injection of SNIa, Tsn > T∗. Finally, the last term in Equation
3.28, ∝ |v − v∗|, represents a drag on the flow, which is generally negligible if the flow is
subsonic (the mean stellar velocity is v∗ ∼ 0 for non-rotating galaxies).

As previously mentioned, stellar feedback will result insufficient to quench cooling
flows in groups and clusters, and only marginally relevant in an isolated galaxy. On the
other hand, it is extremely interesting to follow the metal enrichment and evolution (in
some simulations it is used also for computing the cooling function). Again, we take as
reference for the metallicity the iron content (Sec. 3.5), which is consistently calculated
by solving a passive density advection equation:

∂ρFe

∂t
+ ∇ · (ρFev) =

(
ZFe,�
1.4

α∗ +
yIa

Msn
αsn

)
ρ∗ , (3.29)

where yIa = 0.744 M� is the supernova iron yield and the stellar wind ejecta are assumed
to have solar abundance ZFe,� ' 1.83× 10−3 (by mass). In the diagnostic maps, I prefer to
plot the usual fractional abundance ZFe = 1.4 ρFe/ρ, in solar units (1.4 is the ratio of the
total mass to hydrogen mass at solar abundance).

As a concluding remark, note that the assumption of smooth injection made for the
previous stellar source terms (see also Mathews & Baker 1971; Loewenstein & Mathews
1987), clearly breaks down within the very nuclear region. A mature SNIa remnant would

27The number of supernovae in 100 years, expected from stars of total luminosity (in the B band) 1010 L�,B.
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have a size of ∼ 40 pc, if the external medium has number density ∼ 0.1 cm−1 and
temperature ∼ 107 K. Stellar winds from orbiting stars likely generate long tails of warm
gas, several tens of pc in size (Mathews 1990; Parriott & Bregman 2008; Bregman &
Parriott 2009), giving rise to inhomogeneities. These intrinsic complexities, along with
the lack of merging as possible source of gas, hamper a proper semi-analytical modelling
of the ISM in the central ∼< 100 pc.

3.9 Initial Conditions and Gravity

In the present work we study the effect of feedback on the 100s pc − few Mpc scales,
integrating the system for 7-10 Gyr. Several feedback schemes are only able to delay
excessive gas cooling for 1-2 Gyr before failing, and therefore it is fundamental to
investigate the very long-term behaviour of heated flows. On the other hand, it is
extremely expensive to carry out fully cosmological simulations with such high dynamical
range. Fortunately, major mergers, which can drive additional turbulence and heating, are
also rare with timescales much longer than the core cooling times (e.g. Fakhouri et al.
2010). Overall, I preferred to focus on the physics of the AGN feedback, assuming a
totally relaxed system, while leaving the study of secondary28 effects, linked to more
realistic environments, to later works.

In Sec. 3.2, we examined the setup of the grid and the whole computational box. I
now explain the setup of the physical initial conditions. Assuming a relaxed system, with
static potential, we use spherical hydrostatic equilibrium as the approximated initial state:

1
ρ

dP
dr

= gdm(r) + gcD(r) , (3.30)

where the total gravitational acceleration gtot is due the dark matter halo and the cD
galaxy potential (dominating in the central ∼< 20 kpc). The self-gravity of the gas is
negligible, compared to the previous contributions. There are two ways to retrieve the
initial conditions. In the first one (used mainly for the cluster runs), we take advantage
of the known gravitational potential, i.e. the famous NFW dark matter profile (Navarro,
Frenk & White 1996):

φdm = − GMvir

rs f (c102)
ln(1 + r/rs)

r/rs
, (3.31)

where c102 = Rvir/rs is the concentration at overdensity 102 (≈ 6.6 for the cluster; ≈ 8.7
for the group), and f (c102) = ln(1 + c102) − c102/(1 + c102). We always adopt a ΛCDM
cosmological universe with density parameters ΩM = 0.27, ΩΛ = 0.73, and Hubble
constant H0 = 71 km s−1 Mpc−1. The virial mass is taken Mvir = 1015 M� (for the
cluster) and Mvir = 4 × 1013 M� (for the group/elliptical). The gravitational acceleration
is obviously gdm = − dφdm/dr. The gravity of the massive elliptical is provided instead by

gcD = − GM∗(< r)
r2 , (3.32)

28Cool cores may survive major mergers (e.g. Burns et al. 2008), implying that the central AGN feedback is needed
regardless of the cosmological evolution.
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where M∗(< r) = M∗,t γ(8.58,w) and w = 7.67(r/re)1/4 (γ is the incomplete Gamma
function; see Mellier & Mathez 1987). Note that gravity requires two additional source
terms in the momentum and energy Euler equations, i.e. ρgtot and ρgtotv, respectively.

The next step is finding a convenient fit to the observed temperature profile (K). For a
typical galaxy cluster (A1795; see Figure 4.4, black dotted line):

Tcluster = 2
T0

1 + [ra/(r + rb)]
, (3.33)

where T0 = 4.3×107 K, ra = 35 kpc, and rb = 10 kpc. For a typical galaxy group/elliptical
(NGC 5044; see Figure 5.3, black dotted line), a good empirical fit is

Tgroup =


 1
0.78 + 1.02 r1.5

kpc

+
r1/3

kpc

1.8


−1/3

+ Tcut

 107 , (3.34)

where the radius is expressed in kpc and Tcut = − 0.12 exp(−rkpc/1.5). The T fit and the
total gravitational potential allow to finally retrieve the gas density profile, integrating
numerically the hydrostatic Equation 3.30:

ρi = ρi−1 exp
[
− Ti − Ti−1

Ti−1/2
+

µmp

kbTi−1/2
gtot, i−1/2 (ri − ri−1)

]
, (3.35)

with ρi=0 the density normalisation fixed by the baryon fraction at the virial radius,
fb ∼ 0.15 (for clusters) or fb ∼ 0.11 (for groups).

The second method consists instead in adopting both the observed temperature and
density fit, calculating then the pressure (P = nkbT ), to finally obtain the gravitational
potential via Eq. 3.30. For instance, I use several times the following electron number
density (cm−3) fit for the elliptical/group NGC 5044 (Figure 5.3):

ne, group =
0.09
r0.55

kpc

1
1 + (rkpc/9.5)1.05 +

0.0025
1 + (rkpc/30.5)3 . (3.36)

Once we obtained all the initial radial profiles of temperature, density and gravitational
acceleration, it is straightforward to linearly interpolate the profiles in the numerical 3D
box, and then to compute the derived quantities, such as pressure and internal energy.
Finally, the initial total velocity is set to zero in the entire domain.

3.9.1 Gaussian Perturbations

When studying the details of the flow, such as the thermal instabilities and filamentary
multiphase gas, spherically symmetric initial conditions are too idealised. To start the
system in a more natural configuration, in the more advanced simulations (Chap. 7), I
perturbed the initial density and temperature profiles, initiating the formation of cold
filaments and clouds. Depending on the model parameters, such features can develop
even in the early stages of evolution, before the AGN has become very powerful.

The fluctuations leading to the thermal instability can be produced by the turbulence
associated with cosmological mergers. It is beyond the scope of this work to study such
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Figure 3.8. Example of a Gaussian random field with white noise power spectrum (here only
1283), which is used to perturb the initial density and temperature profiles.

effects. Here, it is sufficient to adopt a simple Gaussian random field with a white noise
power spectrum of gas density. Using dispersion relation and direct simulation, McCourt
et al. (2012) and Sharma et al. (2012) demonstrated that thermal instability does not
depend on the range of the driving modes in Fourier space. Moreover, in the late stage
of the evolution, the density fluctuations are governed by the AGN jets and associated
turbulence, losing memory of the initial imprint.

I generate initial conditions using IDL. First, I initialise a complex stochastic field
(10243) in the k-space, with amplitude of each mode given by

W ∝ k−1, (3.37)

where k = (k2
x + k2

y + k2
z )1/2. The above prescription ensures that the ‘3D’ power spectrum,

which is ∝ W2 k2, remains constant, i.e. is described by a white noise spectrum. Second,
the above amplitude is combined with a Gaussian random field:

[Re(W(k)), Im(W(k))] = [G(u1)W, G(u2)W] (3.38)

where G is a function of a uniform random deviate u1 or u2 that returns Gaussian-
distributed values. This method guarantees that the phases are random. I also impose
cutoffs at kmax = 1024/4 and kmin = 3 (in units of 2π/L, with L the box size). The high-k
cutoff is introduced in order to avoid spurious numerical effects. Third, I compute inverse
Fourier transform of W(k) to obtain W(x, y, z), and normalise it by the mean of its absolute
value 〈|W(x, y, z)|〉. Finally, I superpose the normalised fluctuations (e.g. Figure 3.8) onto
the initial density distribution ρunp:

ρ(x, y, z) = ρunp(x, y, z)
(
1 + ξ

W(x, y, z)
〈|W(x, y, z)|〉

)
, (3.39)

where ξ = 0.3 is the chosen amplitude of the initial perturbations. The new temperature
distribution is computed from the new density assuming isobaric fluctuations.
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Chapter 4
AGN Feedback in Galaxy Clusters

THE PRESENT Chapter opens the second part of the Thesis, i.e. the presentation of
the theoretical and numerical results on the mechanical AGN feedback, which is

supposed to quench cooling flows in every virialised system with a hot gas halo. In the
first two Chapters, I reviewed and commented the current state of the general cooling
flow problem and the observational evidences for a self-regulated heating, tightly linked
to the central active galactic nucleus. In the third Chapter, I explained the numerical
setup, methods and implemented physics, required to study the complex thermodynamical
competition between heating and cooling.

This Chapter is entirely dedicated to the role of massive AGN outflows in controlling
the evolution of the plasma in the environment of galaxy clusters. In the previous
Chapters, we did not focus extensively on the differences between cosmic systems.
Therefore, before analysing in depth the numerical results, it is worth to define better
the main properties of the chosen system for the first set of simulations, i.e. a cluster
of galaxies. For more details on the subject, I refer the reader to the excellent reviews
of Sarazin (1986), Rosati et al. (2002), Voit (2005), Borgani & Kravtsov (2009), and
Böhringer & Werner (2010). The results of this Chapter are also presented in Gaspari et
al. (2011a).

4.1 Galaxy Clusters Overview

Modern cosmology has reached fundamental milestones. A wide range of observations
support one evolutionary scenario, the ‘concordance model’. The universe appears
geometrically flat, implying that its total energy density is very close to the critical
density (Ω ≈ 1), needed to close the universe. The cosmos appears governed mainly
by two components. About 23% of the energy resides in the form of non-baryonic non-
collisional matter, also known as dark matter (DM). Since it does not emit any kind of
electromagnetic radiation, the presence of dark matter is revealed only by gravitational
interactions (via dynamical and lensing studies). The second, more dominant (ΩΛ ≈ 0.73)
component, dark energy, is even more mysterious: its negative pressure is responsible for
the current acceleration of the expanding universe. Only a minor fraction of the whole
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54 Chapter 4. AGN Feedback in Galaxy Clusters

Figure 4.1. Large scale structure of the universe (dark matter only), recreated via the massive
N-body Millenium simulation (from Springel et al. 2005). Left: the filamentary cosmic web over
several 100s Mpc, containing galaxies, groups and clusters, separated by void regions. Right: a
zoom of the central heavily clustered region.

universe (Ωb ≈ 0.045) is in the form of ordinary, baryonic matter. This mere 15% of the
total amount of matter (Ettori & Fabian 1999) is extremely variegated, mainly composed
by the hot diffuse plasma, and to a lesser extent by the colder gas and stars (see references
in the reviews quoted above).

Clusters of galaxies have a special place in the previous ΛCDM cosmological
framework. They are the largest matter aggregates within the large-scale structure that
have collapsed under their own gravity. A step back. When the universe was still
young, 360,000 years after the supposed Big Bang (z ∼ 1100), at the recombination of
hydrogen, the cosmos is overall homogeneous and isotropic. Very small perturbations
are present, probably due to quantum effects linked to a strong inflationary period.
After the recombination, these small linear perturbations are amplified via gravitational
instability and the dominant matter component, dark matter, starts to collapse in nonlinear
overdensities. Assuming that the DM is non-relativistic (cold), the first structure to form,
due to larger perturbation amplitudes, reside on the smallest scales. Larger structures,
such as groups and clusters, form in a later stage, via merging of smaller halos (known
as hierarchical clustering; see Figure 4.1). The ordinary, baryonic matter follows the
evolution of the dark matter: the primordial gas falls in the deep DM potential well (well
described by a NFW profile – Eq. 3.31), is gravitationally shock-heated and thus forms
the ubiquitous hot plasma, studied in this work. The cold gas and stars of the galaxies
condense, in general, from this hot cauldron, albeit the process is complex and variegated.

Galaxy clusters, on the top of the cosmological hierarchy, are therefore a precious
source of information about the cosmological scenario (Borgani & Guzzo 2001). Since
they are also the most luminous objects, due to the massive gas radiative emission in the
X-ray band (Lx ∼ 1044 − 1045 erg s−1), they are optimal laboratory to observe and to study
the baryonic physics, including AGN feedback.

The marked characteristic of clusters is that they are the largest gravitationally bound
objects in the universe, which are closely approaching dynamical equilibrium. In fact, the
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crossing time for a galaxy in a cluster with radius R is rather short compared to the cluster
age:

tcr =
R
σv
≈ 1

(
R

1 Mpc

) (
σv

103 kms−1

)−1
[Gyr] , (4.1)

where σv is the velocity dispersion of galaxies (from the virial theorem, typically
∼ 103 km s−1). Thus, for clusters that formed at z ∼ 1, galaxies may have experienced
a few orbits, in particular in the inner regions (< 1 Mpc). A rich cluster typically
contains hundreds of galaxies, which contributes only to few percent to the total mass,
Mtot ∼ 1014 − 1015 M�. The baryon fraction (∼ 0.16, down to ∼ 0.14 for poor clusters) is
instead dominated by the intracluster medium (ICM), which shines copiously in the X-ray
band. Another key property of clusters is that they are relatively young. The observations
indicate that clusters formed relatively recently compared to the single galaxies (z ∼ 1,
i.e. ∼ 7 − 8 Gyr). Therefore, they allow to determine several fundamental cosmological
parameters, such as the density parameters, the baryon fraction and the amplitude of the
mass fluctuations, σ8 (see the review of Borgani 2006). However, it is worth noting that
rich clusters are relatively rare, with a spatial number density of ∼ 10−5 Mpc−3. Poor
clusters and groups are instead the most common building blocks of the universe (see
next Chapters); the number density of galaxies is in fact ∼ 10−2 Mpc−3.

The fraction of elliptical, S0 and spiral galaxies depends on the cluster density and
classification1. Nevertheless, near the centre of the cluster the fraction of elliptical and
spheroidal galaxies increases (culminating with the central BCG), while spiral galaxies
tend to disappear. The luminosity function of galaxies n(L) (the number of galaxies in
the luminosity range [L, L + dL]) is well approximated by the Schechter functional form,
i.e. n(L) = N∗/L∗ (L/L∗)−α exp(−L/L∗), where L∗ ' 2 × 1010 L�, α ' 5/4, and N∗ is the
number of galaxies with L > L∗. This function has a theoretical interpretation based on
the simple self-similar collapse of structure formation (Press & Schechter 1974).

Galaxy clusters shine also in the radio band, with the source either linked to single
galaxies (e.g. Fanaroff-Riley I and II) or to a more diffuse halo. Regarding the former, we
already know that the radio and X-ray emission are often correlated (Chapter 2), with the
AGN cavities often filled by the radio emission produced by the collimated relativistic jet
(see Figure 4.2). The extended radio sources, although rather uncommon, present instead
various morphologies: very wide (∼ 1 Mpc) and regular, decentralised and irregular
(relic), or a mini halo surrounding the central massive elliptical. The radio emission is
associated with the synchrotron process, due to the interaction of relativistic electrons
with the magnetic field (few µG). Its power spectrum is well represented by a power-law
distribution. In the ICM, the lifetime of the relativistic electrons is relatively short, mainly
due to synchrotron and inverse Compton emission: τ ∼ 108 yr (Sarazin 1999). Therefore,
assuming an effective speed (random walk with Alfvén speed) of ∼ 100 km s−1, the
previous time is not sufficient for the particle to travel Mpc distances (reaching at most
∼ 10 kpc), and some kind of reaccelerating mechanism is required (AGNs, mergers?).

The ICM can be observed also through its effects on the cosmic microwave
background (CMB). This is possible via the thermal SZ effect (Sunyaev & Zeldovich

1The most common is the richness classification by Abell (in 1958), i.e. the count of galaxies brighter than m3 + 2
(where m3 is the magnitude of the third brightest member). Other classifications involve the morphological type of the
members (e.g. Rood-Sastry).
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Figure 4.2. The massive galaxy cluster A1795, observed by Chandra, with the 3.6-cm radio
emission overlaid (from Fabian et al. 2001b).

1972), i.e. the distortion of the CMB black body spectrum due to the inverse Compton on
the photons that travels the hot plasma. The magnitude of the temperature distortion is
proportional to the Compton parameter:

∆T
TCMB

∝ y =

∫
kbTe

mec2 neσT dl , (4.2)

where Te and ne are the electron temperature and number density, σT is the Thomson
cross section and l is the line of sight. The SZ effect, which is independent of redshift,
is a valuable tool to retrieve several cluster properties, such as the mass and distance
(combined with the X-ray emission analysis).

The X-ray properties of the ICM have been amply highlighted in Section 1.1. Here I
just recall that the ICM is a typical astrophysical collisional plasma, very hot (T ∼ Tvir ≈
2 − 10 × 107 K) and diffuse (n ∼ 10−4 − 10−2 cm−3). In this energy interval the radiative
cooling is mainly due to free-free bremsstrahlung emission (ε ∝ n2T 1/2), with the plasma
being fully ionised. On average abundances in the ICM are ∼ 0.3 Z� (Tamura et al. 2004),
slightly increasing at the centre2. The most commonly detected lines are Fe, O, Si, S, Mg,
Ne, N and C.

The sound crossing time in the ICM is about

ts ≈ 6 × 108
(

D
1 Mpc

) ( T
108 K

)−1/2

[yr] (4.3)

where D is the cluster diameter. This time is particularly short compared to the age of
the cluster, thus, only as a first-order approximation (neglecting the cool-core turbulent
region), the ICM may be assumed in hydrostatic equilibrium. The total mass can therefore

2Non-cool-core clusters, usually associated with mergers, tend instead to show a flat abundance gradient.
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Figure 5. Composite plots of entropy profiles for varying cluster temperature ranges. Profiles are color-coded based on average cluster temperature. Units of the color
bars are keV. The solid line is the pure-cooling model of Voit et al. (2002), the dashed line is the mean profile for clusters with K0 ! 50 keV cm2, and the dashed-dotted
line is the mean profile for clusters with K0 > 50 keV cm2. Top left: this panel contains all the entropy profiles in our study. Top right: clusters with kTX < 4 keV.
Bottom left: clusters with 4 keV < kTX < 8 keV. Bottom right: clusters with kTX > 8 keV. Note that while the dispersion of core entropy for each temperature range
is large, as the kTX range increases so does the mean core entropy.
(A color version of this figure is available in the online journal.)

Our temperature profiles were created using a minimum
number of counts per annulus criterion. One can therefore ask
if the length of an observation or the number of bins in the
temperature profile correlates with best-fit K0. K0 versus the total
used exposure time for that cluster and K0 versus the number
of bins in the temperature profile are, respectively, shown in the
bottom left and right panels of Figure 4. We do not find trends
with K0 in either comparison.

As expected, we do not find any systematic trends with the
profile shape, number of bins fitted in K(r), exposure time, or
number of bins in TX(r) that would significantly affect our best-
fit K0 values. Thus, we conclude that the K0 values discussed
in this paper are, as intended, an adequate measure of the core
entropy, and that any undetected dependence of K0 on the profile
shape or radial resolution affect our results at significance levels
much smaller than the measured uncertainties.

4.4. Power-law Profiles

Equation (4) is a special case of Equation (5) with K0 = 0,
meaning that the models we fit to K(r) are nested. A comparison
between the p-values (shown in Table 5) of each cluster’s best-fit
models shows which model exhibits more agreement with the
data. In addition, for each fit in Table 5 we show the deviation in
units of sigma, !K0 , of the best-fit K0 value from zero. In Table 4,
we also show the number of clusters and the percentage of the
sample that have a K0 statistically consistent with zero at various
confidence levels. Table 4 shows that at the 3! significance
level, !10% of the full ACCEPT sample has a best-fit K0 value,
which is consistent with zero. Moreover, the fact that there
is a systematic trend for a single power law to be a poor fit
mainly at the smallest radii suggests that nonzero K0 is not
random.

Figure 4.3. Observed entropy profiles for varying cluster temperature ranges (see colour bar, in
keV unit – from Cavagnolo et al. 2009), compared to a pure cooling model (solid line; note that at
larger radii this profile coincide with the self-similar scaling, i.e. K ∝ r1.1 – Voit et al. 2002).

be retrieved by the density, ρ(r), and temperature, T (r), profiles of the ICM:

Mtot(r) = − kbTr
Gµmp

(
d log ρ
d log r

+
d log T
d log r

)
. (4.4)

providing a typical cluster mass estimate in the range 1014 − 1015 M�.

A commonly used fit to the gas surface brightness (and thus density) profile is known
as the β-model (Cavaliere & Fusco-Femiano 1978):

SBx ∝
1 +

(
b
rc

)2−3β+1/2

, (4.5)

where b is the projected distance from the centre, rc is the core radius, and β =

µmpσ
2
r/kbT , with σr the one dimensional velocity dispersion of galaxies3. Except for

the central cool-core peak, the β-model is rather consistent with observations4. Finally,
the ICM temperature profiles show in the majority of cases (cool-core clusters) the typical
positive gradient, with central cooler temperatures about 1/3 of the virial one (see Section
1.4 for further insights). At large radii, the temperature appears also to decline by more
than 50%, although measurements are quite uncertain in very low-density regions.

I conclude this overview by noting that, assuming a self-similar cosmological collapse
governed only by gravity (see Kaiser 1986), all cosmological systems should follow
specific scaling relations5, among the most notable ones: Lx ∝ T 2, Mtot ∝ T 3/2, Lx ∝ M4/3

tot ,
and K ∝ T (with K = kbTn−2/3

e the entropy parameter). The self-similar relations can be
simply understood through the virial theorem: Ekinetic = − 2Epotential ∝ GMtot/R. During

3The gas and galaxies densities are related as ρ ∝ ρβgal.
4However, note that the β-model is derived under the strong assumptions that the gas is isothermal, plus the

underlying cluster potential follows a King model (King 1962).
5The fiducial scaling radius is usually taken as the radius where the overdensity factor is δ ∼ 200 − 500 the critical

density, which is always smaller than the virial radius.
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the collapse the potential energy of the ICM is converted into internal heat, and thus
T ∝ Mtot/R ∝ M2/3

tot . In reality, other key physical processes, as cooling and heating,
cause the thermodynamical properties to deviate from a pure gravitational self-similar
collapse (Borgani et al. 2008 for a review), in particular within r ∼< 0.1 Rvir. For instance,
Figure 4.3 shows the clear excess of entropy in the core, which can not be explained by
gravity (and cooling) alone, requiring again a substantial underlaying heating process. As
tackled in Chapter 5, lower mass halos tend to break more evidently the self-similarity
(Fig. 5.2), possibly due to the relatively stronger effect of AGN feedback and cooling.

4.2 Simulation Setup

We are now ready to investigate via 3D hydrodynamic simulations the role of self-
regulated AGN outflows in quenching the cooling flows. I recall briefly the main
motivations and goals (Chapters 1-2).

Active galactic nuclei can easily provide enough energy to the gas to offset the energy
lost by radiation. High resolution X-ray images show indeed clear evidence of AGN-gas
interaction in several clusters (e.g. Boehringer et al. 1993; Blanton et al. 2001; Finoguenov
& Jones 2001; Jones et al. 2002; McNamara & Nulsen 2007), especially in the form of
cavities and weak shocks. Moreover, there is widespread observational evidence, based
on blueshifted absorption lines, for massive mechanical outflows originating from the
galactic nuclei (Crenshaw et al. 1999, 2003; Kriss et al. 2003; Morganti et al. 2005, 2007;
Risaliti et al. 2005; McKernan et al. 2007; Nesvadba et al. 2008; Pounds & Reeves 2009;
Cappi et al. 2011; Tombesi et al. 2012). Motivated by these investigations, I argue that a
realistic feedback should possess the following key characteristics.

• Mechanical, because most of the outflow internal energy is quickly radiated away
on sub-pc scales (high-density regions).

• Anisotropic, in the form of bipolar and highly collimated outflows.

• Subrelativistic, the outflow/jet has decelerated on kpc scales due to substantial mass
loading (entrainment).

• Self-regulated, the AGN should react to the environmental conditions, either via hot
or cold accretion, at least on scales of a cooling time.

The main objectives of the computed AGN feedback models are the following.

• Quenching cooling rates, at least ∼< 10% of the classic cooling flow (no overcooling).

• Preserving the cool-core structure, without destroying the observed temperature and
density profiles (no overheating).

• Resembling quasi thermal equilibrium for 7 or more Gyr (galaxy clusters formed in
relatively recent times).

• Reproducing the main observational X-ray cluster features, such as buoyant bubbles,
shocks, metals uplift, and turbulence.
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It is worth noting that we adopt multigrid, 3D hydrodynamic simulations to fully
capturing the intrinsically chaotic and turbulent nature of cooling flows. It is in fact
essential to allow a realistic description of all instabilities, which in turn strongly influence
the outflow evolution. 1D or 2D axisymmetric simulations may provide instead very
different and biased results, due to the imposed geometry.

I emphasise that the scheme for the generation of jets and their connection with the
black hole accretion (Chap. 3) is kept, on purpose, as simple as possible, due to numerical
limitations. The attempt to investigate in depth subjects like the BH growth is beyond the
scope of the work. Here, we focus on the large scale effects of feedback, with the aim
of solving the cooling flow problem for several Gyr. The computed models and results
will be critically tested, highlighting the positive and problematic aspects of the proposed
feedback, with particular attention to the comparison with observational constraints.

In Table 4.1 are summarised all the numerical details of the simulations carried out
with FLASH, including the type of feedback (Sec. 3.7), the efficiency, the jet width
and height (djet × zjet), and other relevant properties (see Chapter 3 for the details of
implementation). As usual, the hydrodynamic equations are solved via the split PPM
solver (Sec. 3.2). All galaxy cluster computations use the RK2 solver for radiative
cooling (Z = 0.3 Z�), with cold gas dropout enabled (Sec. 3.5). The outflows are always
cylindrical, usually injected inside the domain, according to the entrainment scheme
(Equation 3.18). When zjet = 0, the jet is instead injected through the internal boundaries,
assuming ρjet about 1/10 of the initial central gas density (Sec. 3.6).

4.2.1 Template: Abell 1795

In order to study the feedback in a realistic environment, I adopt the well-observed cluster
Abell 1795 (Tamura et al. 2001; Ettori et al. 2002), as template for the simulations. Being
A1795 a rather typical, relaxed (Buote & Tsai 1996), cool-core massive (Mvir ∼ 1015 M�)
cluster, all the presented results should be relevant for any object in this category. The
short central cooling time, tcool ∼ 4 × 108 yr (Ettori et al. 2002), assures that this cluster
should host a strong cooling flow in absence of feedback. Recent X-ray observations
place an upper limit to the radiative cooling rate Ṁcool ∼< 30 M� yr−1 (Peterson et al. 2003;
Bregman et al. 2006), which is a key constraint for the success of a heating model.

As usual, we start the calculations with the hot gas in spherical hydrostatic equilibrium
in the potential well mainly dominated by the dark matter halo. The cD galaxy does not
provide sufficient heating, via SNIa and stellar winds, and does not change the results
of the cooling flow in a cluster environment. It is nevertheless important for the metal
enrichment, tracer of the AGN outflows. Using the fit to the observed temperature profile
(see Eq. 3.33), we recover the density radial profile ρ(r), assuming a gas fraction of 0.15 at
virial radius (Sec. 3.9; dotted lines in Figure 4.4). The initial conditions are not perturbed.

The computational rectangular box extends slightly beyond the cluster virial radius,
Rvir ∼ 2.6 Mpc. We simulate only half cluster with symmetric boundary condition at
z = 0, setting elsewhere outflow conditions with inflow prohibited. The maximum number
of refinement levels is 9 (with basic blocks of 8 × 8 × 4 points). The finest, inner grid has
a resolution of ∼ 2.7 kpc (see Section 3.3 for further details).
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Table 4.1. Parameters and properties of the most relevant galaxy cluster simulations.

Model Feedback Efficiency ε Jet width × height (kpc) Injection Notes

cl-CF no AGN heating - - - -

cl-C5m4 cold 5 × 10−4 2.7 × 6.8 entrainment self-regulated

cl-C1m3 cold 10−3 2.7 × 6.8 entrainment self-regulated

cl-C1m3L cold 10−3 2.7 × 17 entrainment self-regulated

cl-C5m3 cold 5 × 10−3 2.7 × 6.8 entrainment self-regulated

cl-C5m3L cold 5 × 10−3 2.7 × 17 entrainment self-regulated

cl-C5m3S cold 5 × 10−3 2.7 × 0 nozzle self-regulated

cl-C1m2 cold 10−2 2.7 × 6.8 entrainment self-regulated

cl-C1m2L cold 10−2 2.7 × 17 entrainment self-regulated

cl-C5m2 cold 5 × 10−2 2.7 × 6.8 entrainment self-regulated

cl-I20 intermittent - 2.7 × 6.8 104 km s−1 cycle 20/200 Myr

cl-I10 intermittent - 2.7 × 6.8 104 km s−1 cycle 10/100 Myr

cl-I01 intermittent - 2.7 × 6.8 104 km s−1 cycle 1/10 Myr

cl-v2e3 continuous - 2.7 × 6.8 2 × 103 km s−1 continuous

cl-v6e3 continuous - 2.7 × 6.8 6 × 103 km s−1 continuous

cl-v1e4 continuous - 2.7 × 6.8 104 km s−1 continuous

cl-B1m1S Bondi 10−1 2.7 × 0 nozzle self-regulated

Radiative cooling (Z = 0.3 Z�): Runge-Kutta (2nd), plus cold mass dropout (T ∼< 5 × 105 K; r0 ∼ 10 kpc).

Supernovae Ia & stellar winds: cD galaxy (M∗ ≈ 6 × 1011 M�; re ≈ 8.5 kpc).
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4.3 Results

I start describing the results for various flows, exploring a large set of feedback
parameters. The suite of simulations described here is used to thoroughly explore the
outflows parameter space in order to bound the region of successful models.

4.3.1 Pure Cooling Flow [cl-CF]

As a reference flow, I first calculated a pure cooling flow (cl-CF), with no AGN feedback,
shown in Figure 4.4. As expected, both density and (mass-weighted) temperature profiles
steepen in the central region, an effect caused by radiative losses and the consequent
subsonic gas inflow. In ∼ 1 Gyr the calculated profiles disagree with the observations of
A1795, although not by a great extent. It is interesting, however, that the logarithmic slope
in the core region of the model temperature profiles at late times is very close to 0.4, which
Sanderson et al. (2006) found to be typical in the central region of cool-core clusters. The
(partial) similarity between the temperature distribution in the cooling flow run and real
clusters, where heating is currently preventing gas cooling, put severe constraints on the
feedback process: it should not greatly perturb the T profile shaped by radiative cooling.
This is a demanding requirement (Brighenti & Mathews 2002b, 2003).

After few Gyr, the flow reaches an approximate steady state. The bolometric X-ray
luminosity slowly increases with time, from Lx ∼ 1.5 × 1045 erg s−1 at t = 0, up to
∼ 2.3 × 1045 erg s−1 at t = 7 Gyr. The growth of the gas density in the cluster core is
responsible for the increase of Lx.

It is interesting to investigate the global energetic budget. The internal energy within
Rvir decreases by ∼ 5×1061 erg (that is, of about 1%), while the potential energy drops by
∼ 4 × 1062 erg, considering both the hot gas remaining in the grid and the cooled gas at
the centre of the cluster. The kinetic energy is ∼ 2 × 1058 erg and is therefore negligible.
Thus, energy is radiated away (Erad ∼ 4.5 × 1062 erg in 7 Gyr) mainly at the expense of
the potential energy.

The gas cools in the very centre and is removed from the computational grid by the
dropout term. The cooling rate increases with time, reaching ∼ 250 M� yr−1 at the end of
the calculation, a blatant discrepancy with observations (Tamura et al. 2001; Ettori et al.
2002). This is the main cooling flow problem (Chapter 1), the focus of this work.

4.3.2 Cold Feedback: ε = 5 × 10−4 [cl-C5m4]

I start now illustrating the results for the outflow feedback models, where the mechanical
energy of the jet is linked to the cooled gas mass (within r ∼ 10 kpc). In Figure 4.5, I
show the relevant properties for the model named6 cl-C5m4, with mechanical efficiency
ε = 5 × 10−4. The width and length of the active region are 2.7 and 6.8 kpc, respectively.

The cooling rate, although reduced with respect to the cooling flow model cl-CF, is
still too high (Ṁcool ∼ 75 M� yr−1 at the end of the simulation, 7 Gyr). The mass-weighted

6The codename of each run follows in general this logic: system-feedback-parameter.
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Figure 4.4. Evolution of the cooling flow model (cl-CF; no AGN feedback). Top panel: gas
cooling rate versus time. Middle and bottom panels: temporal evolution of the gas (electron)
number density and mass-weighted temperature profiles. The profiles are displayed at 15 different
times, as indicated in the lowermost panel. Observational data of A1795 is shown with filled
circles (Tamura et al. 2001, XMM-Newton) and filled triangles (Ettori et al. 2002, Chandra).

temperature and density profiles (in spherical shells) are similar to those of model cl-CF,
with only a little temporal variation; the weak outflows perturb only slightly the T profiles.

In the right column of Figure 4.5 are shown the physical characteristics of all jet
events; the quantities refer to the half-space z ≥ 0 considered in our simulations. In
this model, the outflows are activated frequently, because their relatively low mechanical
power can not prevent the cooling for a long time.

In the top panel of the right column is plotted the cumulative (mechanical) energy
injected by the jets. At t = 7 Gyr, Ejet ∼ 1.5 × 1062 erg has been injected in the ICM. Jets
become more frequent at late times, because of the slow secular decrease of the central
cooling time, a result of the slight predominance of radiative losses over heating. At the
end of the simulation, more than 2 × 1011 M� have cooled and dropped out of the hot
phase. Clearly, if all the cooled gas were accreted on the central black hole, as we have
assumed in our simple feedback scheme, the final black hole mass would result far in
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Figure 4.5. Evolution of AGN feedback model cl-C5m4 (ε = 5 × 10−4). The plots in the left
column are analogous to those in Figure 4.4. In the right column are shown the temporal evolution
of the total kinetic energy injected by the outflows, the instantaneous outflow power and velocity,
and the mass cooled in a single time step. These quantities are calculated for the half-space z ≥ 0.

excess to that of real black holes. We could formally avoid the problem of the excessive
black hole mass by assuming that only a fraction of the cooled gas actually accretes on it
with a higher heating efficiency. For instance, this model would be identical if we assume
that only 1% of the cooled gas is accreted by the central black hole and the efficiency is
increased to 5×10−2. This degeneracy means that the present model is too simple to allow
a proper investigation of the black hole growth.

In the remaining panels are displayed the power, velocity and mass cooled (within
10 kpc) during each jet event. Typically, the gas is ejected with vjet ≈ 104 km s−1 and
power Pjet = 0.5 Mactv2

jet/∆t ≈ 1046 − 1047 erg s−1. The quantity ∆Mcool, shown in the
bottom right panel (Fig. 4.5), represents the mass cooled within 10 kpc during a given
time step, and it has typical values few 108 M�. We note that the Eddington luminosity,
LEdd ≈ 1.5 × 1038(MBH/M�) ≈ 1.5 × 1047 erg s−1 for a 109 M� black hole, is close to the
mechanical power of a typical outflow.
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In summary, model cl-C5m4 (ε = 5×10−4) resembles a pure cooling flow model, with
a cooling rate still too large and must therefore be rejected. The next logical step is to
increase the mechanical efficiency ε, in order to reduce the mass of the cooled gas and
check if more powerful outflows perturb the variable profiles in an acceptable way.

4.3.3 Cold Feedback: ε = 10−3 [cl-C1m3]

Model cl-C1m3, with ε = 10−3, is not shown here and the results are just briefly described.
This run shows good temperature profiles, moderately peaked density, and a cooling rate
of ∼ 30 M� yr−1 at t = 7 Gyr, marginally acceptable. The cooling rate for t ∼< 2 Gyr,
however, is < 10 M� yr−1. Evidently, a low efficiency feedback is able to suffocate the
cooling flow for several Gyr. Only at late times (t ∼> 6 Gyr) the cooling rate becomes too
high. This result emphasises the importance of calculating a model for many Gyr to check
the long-term thermal evolution. With respect to model cl-C5m4, the jet events are more
separated in time, especially at early times, consistently with the low cooling rate at that
epoch. The total amount of the energy transferred to the ICM is similar to that for model
cl-C5m4, being the whole feedback process self-regulated.

4.3.4 Cold Feedback: ε = 5 × 10−3 [cl-C5m3]

Increasing the efficiency to ε = 5× 10−3 generates a successful model (cl-C5m3), which I
discuss in more length (see also Section 4.4 for the detailed analysis of the flow dynamics).
The cooling rate (Fig. 4.6) is very low at any time, Ṁcool ∼ 5 M� yr−1, a value fully
compatible with the current observations (Ṁcool ∼< 30 M� yr−1; Peterson et al. 2003;
Bregman et al. 2006).

The density and temperature radial profiles for t ≥ 1 − 2 Gyr are always in good
agreement with those observed in A1795. Both the ICM density and temperature vary
with time, following the outflow cycles as expected, but the cluster always conserves the
status of ‘cool-core cluster’, even though gas is essentially not cooling. The shock waves
generated by the outflows (Sec. 4.4) are not strong enough to significantly heat the gas and
perturb the global T positive gradient, although small amplitude ripples are seen in the
profile, corresponding to weak shocks associated with the jet propagation. These waves
are visible up to a distance of ∼ 400 kpc.

In this model the AGN feedback is triggered less frequently, and only about 50
jet events occur. The duty cycle is ∼ 6% (of total time). The total energy injected,
∼ 1.25 × 1062 erg is again of the same order as in the previous simulations, and the
average outflow power and velocity are thus larger. This energy must be compared with
the total energy radiated away, ∼ 1.1 × 1062 erg (again calculated in the half-space). Not
surprisingly, the two energies are on the same order. In fact, if the gas density distribution
is similar to that of the standard cooling flow model, then the energy radiated away is
also similar. Thus, the energetic balance to stop cooling requires that the AGN provides
an energy ∼ 1062 erg. In the strong events the power of the outflows often exceeds the
Eddington luminosity. While the latter is not strictly relevant in this context, the large
power might indicate that we are overestimating accretion, due to limited resolution.
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Figure 4.6. Evolution of model cl-C5m3 (ε = 5 × 10−3). Plot description same as for Figure 4.5.

It is instructive to examine the evolution of the energetics in the cluster core region
(r ≤ 50 kpc), the most perturbed by the AGN feedback. After each AGN outburst, the core
kinetic energy increases on average by ≈ 8 × 1060 erg (with the most powerful outbursts
depositing ∼> 2 × 1061 erg), which is comparable to the thermal energy content in the
core region (∼ 1.5 × 1061 erg). However, the kinetic energy generated by an outflow is
dissipated in only ∼ few × 107 yr. Thus, most of the time the thermal energy dominates
over the kinetic energy. Following the dissipation of the kinetic energy, the thermal energy
also rises, because of shock heating. Finally, a large fraction of the thermal energy gained
by the AGN outburst is transformed in potential energy, as a consequence of the quasi-
adiabatic cooling due to the ICM expansion.

In order to understand the effect of the cD galaxy (gravity and heating), I have run
model cl-C5m3 with and without its contribution. As expected, being the galactic gravity
dominant only in the inner ∼ 20 kpc, the basic results (cooling rate, variable profiles and
injected energy) are similar to Figure 4.6.

M. Gaspari PhD Thesis



66 Chapter 4. AGN Feedback in Galaxy Clusters

Figure 4.7. Evolution of model cl-C1m2 (ε = 10−2). Plot description same as for Figure 4.5.

4.3.5 Cold Feedback: ε = 10−2 [cl-C1m2]

When the efficiency is further increased (ε = 10−2, model cl-C1m2 in Figure 4.7), the
overall results are very similar to those of cl-C5m3. Again, the jet heating generates
fluctuations in the temperature which seem to exceed those observed now in A1795. The
time-averaged profiles (not shown), however, agree very well with the observations. At
almost any time this model would be classified as a cool-core cluster.

The number of jet activations during the 7 Gyr of evolution is further reduced, with
only a few bursts occurring within the first several Gyr. The total energy generated by
the feedback is ∼ 1.5 × 1062 erg, again an acceptable value considering that the total
‘available’ BH energy is around 1.8 × 1062 erg (EBH ∼ 0.1 MBH c2, with MBH ∼ 109).
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Figure 4.8. Evolution of model cl-C5m2 (ε = 5 × 10−2). Plot description same as for Figure 4.5.

4.3.6 Cold Feedback: ε = 5 × 10−2 [cl-C5m2]

The present model (cl-C5m2, ε = 5 × 10−2; Fig. 4.8) clearly demonstrates the flaws of
a too powerful feedback, albeit the total energy generated by the AGN is, once more,
approximately the same as in all other models. The mere 11 AGN outbursts, occurring
during the 7 Gyr evolution, are now very violent, with powers typically larger than 1049

erg s−1, and velocities approaching the relativistic regime (right column in Fig. 4.8). As
expected, the gas cooling is essentially zero, but the shock heating is too strong and the
central temperature too high for most of the time (overheating). With such an efficient
feedback, cool-core clusters would be a rarity, in contrast to the observational evidences.

4.3.7 Cold Feedback: ε = 10−1 [cl-C1m1]

A mechanical feedback with ε = 10−1 (an implausibly large efficiency, but cl-C1m1 has
been calculated for pedagogical reasons) soon erases the initial cool core and the system
would show a flat temperature profile thereafter (apart an intermittent mini cool core,
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∼ 10 kpc in size, associated with the central galaxy and expected also in non-cool-core
clusters; Brighenti & Mathews 2002a; Sun et al. 2007; Sun 2009). In passing, I note that
the ubiquitous presence of these galactic-scale cool cores poses very strict constraints on
the nature of the AGN feedback, which can not deposit a large amount of energy in the
region near the central black hole.

4.3.8 Summary of Cold Feedback

In Sections 4.3.2-4.3.7 I have illustrated the global features of the cold feedback models,
in order to check whether and when non-relativistic outflows are a tenable mechanism
for AGN feedback, able to shut off the gas cooling and at the same time preserving
the cool-core appearance, i.e. T (r) and n(r). To summarise the main results, I find that
the efficiency must be in the range 10−3 − 10−2 in order to generate successful models.
Outflows must be relatively infrequent and powerful. The total energy necessary to
considerably quench gas cooling for 7 Gyr of evolution is about 1.5 × 1062 erg, not
surprisingly on the same order as the energy radiated away. However, the energetic
balance feedback energy ≈ energy radiated away does not guarantee the success of a
particular model (see models cl-C5m4 and cl-C5m2, for instance). Instead, it is crucial
how this energy is communicated to the ICM, with the appropriate time-scales and power.

4.3.9 Intermittent or Continuous Feedback

I now illustrate the results when the jets are intermittently activated at predetermined times
(cl-I...) or by assuming a continuous outflow (cl-v...).

In run cl-I20, outflows are generated every 200 Myr by setting vjet = 104 km s−1

inside the active region, for a time of 20 Myr each. The results are shown in Figure
4.9, rightmost column. The general features of this model are similar to those of run
cl-C1m3. The cooling rate is very low for the first ∼ 3 Gyr and then increases slowly
up to ∼ 80 M� yr−1 at t = 7 Gyr. The variable profiles remind those of a pure cooling
flow calculation, especially at late times. This model is acceptable for the first few Gyr.
However, the central gas density slowly grows with time until radiative cooling prevails
over heating, causing the cooling rate to surpass the threshold of acceptability. The total
energy injected by the outflows is ∼> 2 × 1063 erg, a much larger value than in successful
simulations adopting the cold feedback, like cl-C5m3. This huge amount of energy can
not come from a single black hole of typical mass ≈ 109 M�.

Some of the problems of model cl-I20 can be cured increasing the frequency of the jet
events as shown in run cl-I10 (third column in Fig. 4.9). This model generates outflows
every 100 Myr, each one lasting 10 Myr. Their velocity is the same as in run cl-I20.
Although the gas cooling rate is much reduced up to t = 5 Gyr, it rapidly increases in the
last 2 Gyr. The temperature and density profile gradients become too steep after ∼ 1 − 2
Gyr, becoming very similar to those of model cl-CF. While these global properties would
make this model acceptable, the required total energy is again ∼ 2 × 1063 erg, a value
difficult to justify.

A better model can be obtained increasing the frequency of the AGN feedback even
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Figure 4.9. Evolution of continuous and intermittent models cl-v6e3, cl-I01, cl-I10 and cl-I20,
from left to right. Plot description same as for Figure 4.4.

further. Model cl-I01, second column from the left in Figure 4.9, illustrates a run with
outflows activated every 10 Myr (similar to the outbursts frequency estimated in the
Perseus cluster; Fabian et al. 2006), each one persisting for just 1 Myr. As in models
cl-I10 and cl-I20, the velocity is fixed to 104 km s−1. Only a very small amount of gas
cools, and the variable profiles resemble again those of a classic cooling flow. The total
feedback energy, ∼ 1.6 × 1063 erg, is still inconveniently large.

The first column of Figure 4.9 shows the outcome of a simulation in which the
feedback is always active. Here the outflow velocity is set vjet = 6000 km s−1 (model
cl-v6e3). This is clearly an extreme model, calculated mainly for pedagogical reasons.
The ICM in the centre is continuously heated and transported to large radii, and almost no
gas is able to cool. The central density rises secularly and it is possible that some cooling
would occur, had we evolved the cluster for a longer time. The temperature profiles agree
very well with the observations, with a flattening due to shock heating visible in the inner
∼ 10 kpc. Another unpleasant feature of model cl-v6e3, besides the excessive injected
energy, is that the continuous outflow forms a very long tunnel in the ICM, where it
propagates without inflating any cavity.

We have experimented the effect of varying the outflow velocity in continuous
feedback simulations (not shown here). Increasing the outflow velocity to vjet =
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104 km s−1 (model cl-v1e4) leads to a negative temperature gradient in the inner ∼ 10
kpc, with T (0) ∼ 5 × 107 K, which may be in contrast with the observations of Sun
(2009). Conversely, with a reduced jet velocity vjet = 2 × 103 km s−1 (model cl-v2e3; not
shown) the gas cooling can not be halted and the model resembles a pure cooling flow.

In summary, it is possible to find partially successful models using a continuous or
intermittent feedback, but it is difficult to justify the large amount of outflow energy
required or the extreme character of a continuous jet, when we clearly see the signature of
intermittent/variable jets in the different generations of X-ray cavities (Fabian et al. 2000;
McNamara & Nulsen 2007; Wise et al. 2007).

4.3.10 Role of the Jet Size

Finally, I address how the results depend on the size of the jet active region. I increased
its length to ∼ 17 kpc (the width being the same as before, 2.7 kpc) and calculated
several models varying the efficiency. I do not show figures for these runs, but only
briefly discuss their essential properties. Overall, the results are very similar to those
described in the previous Sections dedicated to cold feedback. When the efficiency is
ε = 10−3 (cl-C1m3L), the cooling rate grows steadily with time, reaching Ṁcool ∼ 80
M� yr−1 at t = 7 Gyr. The temperature and density profiles resemble those for run cl-
C1m3 (shorter jet), although they are slightly smoother for r ∼< 20 kpc, as expected, since
the outflow shocks are generated at the tip of the source region (z ∼ 17 kpc). The run
with ε = 5 × 10−3 (cl-C5m3L) has excellent attributes, with very low Ṁcool ∼< 10 M�
yr−1 at any time, and smooth profiles in very good agreement with those observed for
A1795. Finally, we find that high efficiency ε = 10−2 still generates an excellent model
(cl-C1m2L), with very little cooling and very consistent density and temperature profiles,
where a small temperature bump at r ∼ 30 kpc, due to the jet shock, is sometimes visible
in the mass-weighted radial profile.

At the other extreme, we run a model (cl-C5m3S) in which the jets are generated by
imposing a mass, momentum and kinetic energy flux through a small nozzle (2.7 × 2.7
kpc2) at the centre of the boundary plane z = 0. This scheme, does not directly change
the ICM velocity, but the hot gas is pushed from below by the outflow, which enters the
grid at z = 0 (see Sec. 3.6). With efficiency ε = 5 × 10−3, the same as model cl-C5m3,
we find that the cooling rate is again acceptable (Ṁcool ∼< 10 M� yr−1), with a moderate
increase near the end of the evolution. The temperature profiles often show a positive
central gradient in agreement with the observations of A1795, although sometimes with
a sharper central temperature peak in the inner ∼ 10 kpc. Given the similar results to
cl-C5m3, we did not pursue the search of the best model using this outflow generation
method, by fine tuning the efficiency or other parameters.

We conclude that moderately varying the size of the source region or the method of
injection does not drastically alter the previous results (Sections 4.3.2-4.3.7), in particular
when the feedback is driven by cold gas accretion.
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4.3.11 Bondi Feedback: ε = 10−1 [cl-B1m1S]

Given the uncertainties in the real accretion mechanism, it is worth to investigate a more
gentle feedback. As previously discussed, the cold feedback mechanism in galaxy clusters
tends to show a rather explosive behaviour, with super-Eddington peaks, perhaps due to
the excessive accretion rates. For instance, in model cl-C1m2 the most powerful jets imply
accretion rates of ten times or more the Eddington rate ṀEdd ∼ 60 M� yr−1 (assuming
MBH ≈ 3×109 M�). The outbursts with super-Eddington values may not be very common
for AGN (see the theoretical arguments of King 2009) and yet, according to the results
based on cold feedback, we need fast and energetic outflows, which imply accretion of
large gas masses, to shut down the gas cooling.

Therefore, at this point it is worth trying a different approach to mitigate this too
explosive behaviour. The Bondi accretion theory (Bondi 1952), although highly idealised
with respect to the complexity expected in real accretion systems (thin or thick discs,
ADAF, etc.), has been widely used to estimate accretion rates onto SMBH. However,
in presence of a standard cooling flow the ‘unperturbed’ gas is not at rest as in Bondi
theory. The accretion rate on the central black hole should then be determined by the ICM
inflow rate and should be proportional to the cooling rate, which in turn is determined
by the global physical conditions of the ISM/ICM. Thus, the Bondi rate should not be
particularly relevant if the gas cooling rate is large.

Despite this theoretical considerations, our resolution is still very far from capturing
the real central accretion engine (few tens of Schwarzschild radius) and we have to base
the triggering mechanism on mean large-scale values. In this sense, it is interesting to
calculate a model in which the AGN feedback is linked to the accretion rate estimated
via the Bondi’s formula: ṀB = 4π (GMBH)2 ρ0/c3

s,0 (Sec. 3.7). Note that the accretion
increases when temperature drops and density grows, or better when the entropy (∝
T/ρ2/3) is falling off. Therefore, also Bondi models are sensitive to gas cooling, but
in a more gentle and moderate manner. If such a small accretion rate is sufficient to halt
the cooling, then this model is self-consistent.

In a sample of nine X-ray bright elliptical galaxies Allen et al. (2006) estimated typical
Bondi accretion rates ṀB ≈ 0.01 M� yr−1. For galaxies at the centre of rich clusters
the Bondi rates are not expected to greatly exceed these values. Therefore, the Bondi
feedback model should operate in an opposite regime compared to the previous cold
feedback models. In particular, we expect a quasi-continuous AGN activity of moderate
intensity.

There is no clear way how to choose the averaging region in order to calculate the
Bondi boundary conditions (ρ0 and cs,0). From a numerical point view, it seems better to
take the average over several cells, at the same time avoiding a too extended7 region (∼> 10
kpc), choosing therefore a radius of ∼ 5 kpc.

The results for the Bondi model (cl-B1m1S) are shown in Figure 4.10. The T profiles
and the cooling rate are consistent, the latter exceeding the observational limits only after
∼ 6 Gyr. The density profile seems instead slightly too peaked, but only in the central 10
kpc. The activity of the AGN is continuous and moderately weak, with a quite steady jet

7This way the feedback loses the proper self-regulation and the runs show at some point the cooling catastrophe.
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Figure 4.10. Evolution of the Bondi model (ε = 0.1; cl-B1m1S), with the outflows injected from
the grid boundary at z = 0. The panels description is the same as for Figure 4.5, except for bottom
right panel showing the Bondi accretion rate.

power, in the range 2 − 3 × 1044 erg s−1. The total injected energy is ∼ 7 × 1061 erg. In
fact, the Bondi accretion rate does not vary much, ṀB ∼ 4 − 8 × 10−2 M� yr−1, slightly
larger than the estimates by Allen et al. (2006). It is important to note that the mechanical
efficiency, producing this rather acceptable model, is very high ε = 0.1, and thus difficult
to justify. Typical values are in fact lower than 0.01 (Merloni & Heinz 2008; La Franca
et al. 2010).

Another relevant riddle for Bondi models is the absence of frequent jet-inflated
spherical cavities (similar to previous continuous models). The continuous AGN activity
(with mean velocity vjet ∼ 7000 km s−1) carves a narrow tunnel of about 50 kpc in length,
although its density contrast with the environment is large only for z ∼< 20 kpc (and not
particularly evident in the X-ray surface brightness maps).
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Figure 4.11. Best model cl-C5m3; logarithmic slices of electron number density (cm−3) through
the x − z midplane (kpc unit), with the velocity field overlaid. The colour scale is given by the bar
at the top, while arrows length normalisation varies. Times are indicated at every top right corner.

4.4 Dynamics of Best Model [cl-C5m3]

In this Section, I discuss the dynamical evolution of the outflows for one of the best
models, cl-C5m3 (ε = 5 × 10−3, cold feedback). Contrary to the almost steady, and not
variegate, evolution of Bondi model, the density and temperature maps (through the x − z
midplane) show significant temporal variations. Note that in this Section we are analysing
physical quantities, while the right comparison with observations should be done through
emission-weighted ones. I expand on this in Section 4.5.

The first self-regulated outflow is triggered at t ∼ 160 Myr (see Fig. 4.6), with a
velocity vjet ∼ 2 × 104 km s−1, mechanical power Pjet ∼ 1.3 × 1048 erg s−1 and total
injected energy of ∼ 4.5 × 1060 erg. The large jet power is due to our adopted feedback
method, where outflows last only while gas is cooling to low temperatures. This implies
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Figure 4.12. Best model cl-C5m3; logarithmic slices of the gas temperature (K) through the
midplane. See Figure 4.11 for other details.

that the AGN is active only for few time steps (typically ∆t ≈ 105 − 106 yr), since the
jet promptly stops the gas cooling in the central region. During a single time step large
masses of gas can cool (also a result of the coarse resolution used), therefore the energy
ε ∆Mcool c2, corresponding to the cooled gas mass ∆Mcool, results in a large, and perhaps
exaggerated, instantaneous outflow power.

In Figures 4.11 and 4.12 are presented the density and temperature slices through
the x − z midplane for the first two AGN outbursts. At t = 170 Myr (panels a), after
∼ 10 Myr since the jet started, an ellipsoidal cavity with major (minor) semiaxis of about
15 (10) kpc has been carved, surrounded by a shell of shocked gas, whose density is
about twice the ambient density at nearby locations. The temperature of the shocked gas
is ∼ 108 K, about three times that of the unperturbed ICM. Therefore the young cavity,
expanding approximately at the sound speed is surrounded by a weak, hot rim. The cavity
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Figure 4.13. Best model cl-C5m3: mass-weighted temperature radial profiles for the six times
shown in the upper two rows of Fig. 4.12.

has a relatively low8 density contrast with the environment, ∼ 3 − 5. Outside the cavity
shock the ICM is still slowly flowing in, as a classical cooling flow. The mass-weighted
temperature profile (Figure 4.13) shows a spike at r ∼ 30 kpc, with a fractional increase
∼ 60%.

The cavity expands, increasing its ellipticity, and at t ∼ 180 Myr (panels b) has
approximately a cylindrical shape, extending up to z ∼ 100 kpc, with a radius ∼ 15 kpc.
The bubble is filled with hot (∼> 2 × 108 K) gas raising along the z-axis at about its sound
speed. The density contrast is again 3 − 4. A very weak ‘pear-shaped’ shock surrounds
the cavity. The density gradient along the post-shock region, with denser gas closer to the
equatorial x−y plane, makes the low−z part of the shock detectable, while at large distance
from the centre the low density contrast likely prevents the shock detection (see also the
X-ray brightness map in Figure 4.14). The physical temperature jump across the shock
for z ∼< 25 kpc is only ∼ 25% and increases slightly at large z. The structure qualitatively
reminds the one observed in the elliptical galaxy NGC 4636 (Finoguenov & Jones 2001;
Baldi et al. 2009). In the temperature radial profile (Fig. 4.13) the weak shock and heated
gas are visible as a small bump ∼ 25% in amplitude, located at 10 < r < 70 kpc.

The cavity lengthens and narrows 20 Myr later, while the backflow generates a dense,
relatively cold filament protruding in the cavity (e.g. Gardini 2007; Mathews & Brighenti
2008a). As for the previous times, in most of the cluster volume the ICM is inflowing as
in a standard cooling flow, and the averaged profiles agree very well with those observed
for A1795; after 40 Myr since the powerful AGN outburst, the cluster fully restored the
‘cool-core’ appearance it had at the beginning of the calculation. A very small amplitude
ripple (∆T/T ∼ 10%) is visible in the temperature profile at ∼ 100 kpc, as the integrated
effect of the elongated weak shock.

At t = 250 Myr (panels c), the filament reaches z = 100 kpc, while the cylindrical

8We lack the effect of relativistic protons, whose pressure is likely to be relevant in expanding the cavity (Mathews
& Brighenti 2008a,b; Ruszkowski et al. 2008; Guo & Mathews 2010).
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(subsonic) outflows in the - now almost disappeared - cavity reaches z ∼ 250 kpc. The
temperature ripple moves forward at the sound speed and slowly weakens.

At t ∼ 350 Myr (panels d), the cavity disappears while the dense, relatively cold
filament formed by gas formerly at the centre and lifted at large z by the jet motion, is still
clearly visible. The inner part of the filament, at z ∼< 40 kpc, reverses its velocity and starts
to fall back toward the centre. This is reminiscent of the kinematic of the emission-line
filaments observed in the Perseus cluster (Hatch et al. 2006). The outer region around the
z−axis is instead still slowly flowing out. This moment marks a new phase in the cluster
lifecycle. The fallback of relatively dense gas preludes the next cooling/feedback event,
which occurs at t ∼ 450 Myr. The feedback cycle starts again in a qualitatively similar
way.

At 465 Myr (panels e), a new cavity is formed, at first of approximately spherical
shape centred at z ∼ 25 kpc, radius ∼ 20 kpc and high density contrast (50 − 80). The
almost spherical symmetry of the cavity is caused by the inflow along the jet axis, whose
ram pressure slows down the expansion along that direction. The shock, already weak
(Mach number ∼ 1.5) is also nearly spherical, with radius ∼ 35 kpc. Note that, at this
time, the outflow has a mechanical energy of ∼ 8 × 1060 erg, while the cavity has roughly
∼ 5 × 1059 erg (with the usual 5/2 PV). Thus, most of the mechanical energy is not used
to form the cavity.

Again the temperature profile shows the signature of the young AGN outburst with a
strong peak for r ∼< 50 kpc, approximately the location of the shock along the z−axis. A
very weak ripple, vestige of the first jet event, is visible at r ∼ 400 kpc.

At t = 500 Myr (panels f), the cavity shape is strongly affected by the backflow and
the density contrast lowers. The weak shock (M ∼ 1), slightly elongated in shape, is now
located at a distance of ∼ 100 kpc, much further away than the cavity. Within r ∼ 100 kpc
the cluster atmosphere is slowly moving outward (with velocity in the range 200 − 500
km s−1). Being the motion very subsonic the density profile changes very slowly. The
outflow is decelerating and in ≈ 100 Myr reverses its direction approaching the dynamics
of a classical cooling flow. Thus, the ICM in the cluster core undergoes cycles of slow
contraction and expansion, following the rhythm of the AGN activity, in a global quasi
thermal equilibrium.

The cylindrical outflow with average velocity vz ∼ 300 km s−1, remnant of the previous
AGN outburst, is still present, and extends beyond z = 200 kpc. At the same time the
inflowing gas in the lower part of the filament is effectively preventing the cavity from
expanding or raising buoyantly above z ∼ 50 kpc.

Finally, in the bottom row of the map collection (panels g, h and i) are shown few
snapshots at later times. As the cycle of feedback proceeds the flow develops a more
turbulent character. In panels g are shown the maps at t = 3 Gyr. The cavity, generated
at t ∼ 2.91 Gyr, is distorted by the ascending backflow and by falling gas in the filament
along the z−axis. As a result it acquires the shape of an asymmetrical torus. As in the
previous aftermaths of the jet episodes, the ICM is flowing inward in most of the cluster
volume, and is deviated outward along the z−direction when it reaches r ∼ 20 kpc.

Panels h illustrates the cluster during a quiescent period (t = 3.5 Gyr), just before a
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Figure 4.14. X-ray surface brightness maps for best model cl-C5m3 at various times. The x-axis
is horizontal, while the z-axis is vertical (kpc units).

jet is triggered. The density distribution is very smooth and the cluster appearance is that
of a standard cooling flow (see also the profiles in Fig. 4.6). A large, slightly overdense
region around the z−axis is falling toward the centre with velocity varying between 50
and 500 km s−1.

Finally, in panels i is shown the density distribution at t = 6.5 Gyr, again in an epoch
long after an AGN outburst. The density is smooth in the core region, while showing some
variation for r ∼> 50 kpc. On the contrary, the velocity field is chaotic and very subsonic;
it promotes mixing of the metals produced by the SNIa exploding in the central galaxy
(see Section 4.5.2). Few streams of moderately overdense gas are falling from large radii
r ∼> 100 kpc with velocity ∼ 300 km s−1.
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Figure 4.15. Emission-weighted temperature maps, projected along the y-direction, for model
cl-C5m3 at various times (see also Figure 4.14).

4.5 X-ray Observables

The x − z cuts through the centre of the cluster are very useful tools to investigate the
intrinsic dynamical evolution of the flow variables, like density, temperature and velocity.
However, in astrophysical studies we are commonly limited to observations based on the
surface brightness (SB) in a certain spectral range (in our case mainly the X-ray band). In
theory we should mock every aspect of the observation, from different atomic emissions
to instrument response (e.g. Heinz et al. 2011). Due to our limited resolution, it is here
sufficient to just integrate the emissivity or emission-weighted quantity along line of sight
(y-direction) in an energy range of the X-ray band ∼ 0.5 − 10 keV (similar to Chandra).
I developed a parallel code that is able to interpolate every slice of the data cube (recall
there are 9 different levels) and then perform the above-mentioned integration, in order to
obtain more precise SBx maps. With these maps we can test further the observability of
our models and, in the lack of real ones, just make predictions that could be in the near
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Figure 4.16. Best model cl-C5m3: X-ray surface brightness and emission-weighted temperature
1D cuts (of Figs. 4.14 and 4.15), through z = 25, 50, and 50 kpc, at 465, 500, and 3000 Myr,
respectively.

future verified or falsified. We also test common assumptions regarding gas hydrostatic
equilibrium, taken in many observational analysis, but that seem too restrictive.

4.5.1 Cavities and Shocks

We begin investigating the detectability of faint features, like X-ray cavities and shock
waves, generated by the AGN outflows. In Figure 4.14, I show the X-ray surface
brightness maps for run cl-C5m3, at the same times shown in Figures 4.11 and 4.12.
The emission-weighted temperature map is displayed in Fig. 4.15. X-ray depressions are
clearly seen at t = 180, 465, 500 and 3000 Myr. Evidently, subrelativistic, massive,
collimated outflows can generate cavities with typical diameters of 15-40 kpc. The X-
ray bubbles are often surrounded by bright rims of shocked gas. Relatively weak waves
are present at large distance from old cavities, both features being generated by the same
AGN outburst.

To better quantify the brightness perturbations produced by the outflows we show in
Figure 4.16 the profiles along the x−direction at t = 465, 500 and 3000 Myr, taken at
z = 25, 50, and 50 kpc, respectively. The sharp jumps at x ∼ ± 30 kpc (t = 465 Myr),
where the cavity shock increases the brightness by a factor ∼ 2.5 would be manifestly
visible in the X-ray image. The relative central depression (the cavity) is indeed brighter
than the same region before the jet activity. The emission-weighted temperature map

M. Gaspari PhD Thesis



80 Chapter 4. AGN Feedback in Galaxy Clusters

reveals that the cavity region is markedly hotter (by ∼ 80%) than the nearby ICM, which
is not commonly observed. This is a consequence of the most explosive outflow events.

The maps and profiles at t = 500 Myr show a weak cavity centred in y ∼ 30 kpc,
with radius ∼ 20 kpc. This cavity is also slightly hotter than the surrounding gas. At
this time the most interesting feature is the weak shock located at a radius ∼ 100 kpc:
the Mach number is ∼ 1.1, in excellent agreement with observations of shocks driven by
AGN (Blanton et al. 2009). The surface brightness profile shows a clear front at the shock
position and the emission-weighted temperature jumps of ∼ 10%.

At t = 3 Gyr, another weak cavity, again ∼ 20 kpc in radius, is present. The brightness
depression is only ∼ 10 % and the temperature is higher than that of the ambient by the
same percentage.

To summarise, our best models presented in Section 4.3, with relatively powerful and
infrequent outflows, are able to reproduce several features observed in AGN heated cores.
In particular they usually inflate underdense buoyant bubbles, with the most powerful
events tending to generate strong shocks that substantially heat the surrounding ICM (at
least in the early stage of inflation).

4.5.2 Iron Enrichment and Mixing

It is expected that directional outflows would generate metal inhomogeneities through the
ICM. Iron is the most relevant and easily measured element, being produced mostly by
SNIa, which are still exploding in the giant elliptical at the centre of clusters. The same
outflows, however, generate turbulence and bulk motions, which in turn tend to stir and
mix the ICM, restoring homogeneity and erasing abundance gradients.

I present here a brief analysis of the emission-weighted iron abundance evolution for
the best model cl-C5m3. We model only the Fe-enrichment produced by the SNIa (and
stellar winds) occurring in the central galaxy, in the time interval 6.7−13.7 Gyr (Sec. 3.8).
Since we neglect the iron produced by the SNII and other cluster galaxies, we are not in
the position to investigate the complete chemical evolution of the system. Instead, we are
interested here in quantifying the abundance anisotropies caused by the AGN outbursts.
The iron density is implemented in the code as a passive tracer of the flow (Equation
3.29).

In Figure 4.17 I present the ZFe maps at three different late times. Note that the
background (black) is zero, but in reality should be around 0.3 Z�; here we are just
interested in the contrast. At 3 Gyr (first panel), the abundance is highly asymmetric.
A powerful jet event has recently occurred (see Fig. 4.6), and therefore the metals created
in the central elliptical galaxy (within few kpc) are transported out along the z−direction
up to a distance of 150 − 200 kpc. This is an unmistakable mark of the presence of a
powerful AGN outflow. In fact, I suggest that iron abundance can be used as a reliable
tracer for any AGN jet-outflow activity, instead of common entropy maps. At the centre,
the abundance is about 0.4-0.6 Z�, while further away along the jet axis the contrast is
∼ 0.1−0.2. This kind of feature is supported by recent deep Chandra observations carried
out by Kirkpatrick et al. (2009, 2011). They produced Fe-maps showing the enrichment
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Figure 4.17. Emission-weighted iron abundance maps (Z� unit) for model cl-C5m3, at three
different late times.

of gas along the jets of Hydra A, a quite massive galaxy cluster. It is striking that our
simulated maps resemble those observations also in a quantitative way. Other authors
(Rasmussen & Ponman 2009; O’Sullivan et al. 2011b) have found a similar behaviour in
different systems dominated by AGN activity.

At 3.5 Gyr (second panel), we observe a period of relative quiescence and so the now
dominating (AGN-induced) turbulence and vorticity promote the iron diffusion. At the
centre, the new iron cloud associated with the cD galaxy is clearly detached from the
older ejected material, the latter now covering a more uniform area. The iron diffusion is
more evident at 6.5 Gyr (third panel), again in a moment of quiet, where the iron is very
diffuse, with a low enhancement of 0.05 − 0.1 Z�.

In the end, we can affirm that in a single cycle the iron abundance passes from a
phase of high asymmetry along the jet axis, when the outflow has recently turned on, to a
phase of turbulence and mixing, in which spherical symmetry is almost restored. The iron
becomes spread within few 100 kpc, just as observed; without the influence of an AGN
such material would be instead confined near the effective radius of the central galaxy.

4.5.3 Hydrostatic Equilibrium

In this Section, we investigate the effect of the perturbations generated by the AGN
outflows on the mass determination using X-ray observations (through Equation 4.4).
A standard method to estimate galaxy cluster mass profiles is to assume spherical
symmetry and to calculate the gravitational mass using the hydrostatic equilibrium
equation (e.g. Vikhlinin 2006; Buote et al. 2007 for two recent compilations). When
the flow velocity is much lower than the sound speed, the hydrostatic assumption is fully
justified.

It is well known that in real clusters turbulence or large scale motion can
systematically bias the mass estimate by ∼< 20% (Rasia et al. 2006; Nagai et al. 2007;
Mahdavi et al. 2008; Piffaretti & Valdarnini 2008). Therefore, it is interesting to
investigate how much the flow perturbations generated by the AGN feedback affect the
mass measure.
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COLD

BONDI

Figure 4.18. Mass profiles for model cl-C5m3 (top panel) and cl-B1m1S (bottom panel),
calculated using the hydrostatic equilibrium equation at times separated by 0.5 Gyr (cl-C5m3)
or 1 Gyr (cl-B1m1S), with the exact mass profile superposed (red-dashed line).

Here, I quantify the discrepancy between the estimated and real gravitational mass
for a model adopting the cold feedback scheme and one assuming the more quiet Bondi-
like feedback. I have calculated the averaged density and emission-weighted temperature
profiles in shells of progressively increasing width, from 10 kpc in the centre up to 100
kpc at large radii. These profiles, inserted in the hydrostatic equilibrium equation give
the estimated mass profile. This procedure is not perfectly accurate: we should have
‘observed’ our simulations with specific softwares like X-MAS (Gardini et al. 2004;
Rasia et al. 2008) or XIM (Heinz et al. 2011) to properly compute the averaged profiles.
However, it is not the purpose of this analysis to thoroughly investigate this topic and our
approximation is sufficient to make our point.

The calculated mass profiles at various times, as well as the exact mass profile (red
line), are shown in Figure 4.18 for model cl-C5m3 (top) and cl-B1m1S (bottom). In
run cl-C5m3 the powerful outflows, although unable to significantly perturb the thermal
state of the cluster (which always preserves the cool-core appearance), are effective in
disturbing the quasi-hydrostatic equilibrium present in the pure cooling flow model. This
results in a typical error in the mass determination of a factor 2-3. Most likely, the
estimated mass is lower than the real mass, and the discrepancy is larger in the region
r ∼< 100 kpc, where the feedback affects the ICM the most.

In the Bondi model cl-B1m1S, instead, the outflows are 3-4 orders of magnitude
less powerful and, despite the fact that they are continuously generated, they seem
rather innocuous for the dynamical state of the ICM, and the hydrostatic equilibrium
approximation is safe. The computed mass profile agrees very well with the real profile,
with a slight discrepancy only visible for r ∼< 20 kpc. Of course, the weak, continuous jets
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present in this run are incapable to generate cavities, hence it is likely that real clusters
undergo at least few stronger AGN outbursts, after which the dynamics of the ICM would
be similar to that described for model cl-C5m3.

In summary, we expect that for clusters where X-ray cavities and/or shocks are
present, the total mass estimated through the assumption of hydrostatic equilibrium might
be in error by a factor of ∼ 1.5, occasionally the error could be as large as a factor of 2-3.
Conversely, with gentler continuous outflows generated by the accretion rate predicted
by Bondi theory, the estimated and the real mass are in excellent agreement, with errors
always below 8% (see also Guo & Mathews 2010).

4.6 Discussion

In the present Chapter, I have presented several moderate resolution simulations of the
interaction between AGN outflows and the ICM in massive galaxy clusters. The purpose
of these calculations was to investigate if a purely mechanical and anisotropic AGN
feedback is able to solve the cooling flow problem (Chapter 1): the dearth of cooling
gas in cool-core clusters with short central cooling times.

The necessity of covering a large range of spatial (kpc up to 5 Mpc) and temporal
scales (fraction of Myr up to 7 Gyr), at the same time exploring the entire parameter
space, limited the resolution of the very inner accretion region. Hence we are forced to
link the feedback to some large-scale mean quantity, like ∆Mcool or ṀBondi, which may
lead sometimes to an overestimate of accretion and thus stronger instantaneous outbursts.
Nevertheless, gas accretion onto the SMBH and the sub-pc origin of jets/outflows is still
obscure, in particular the amount of entrained and shocked gas. In the end, our simplified
scheme seems one of the few efficient ways to test AGN feedback on galaxy cluster scales.

4.6.1 Comparison with other Feedback Models

In the field of theoretical AGN feedback, most of the work done in the past (Brüggen &
Kaiser 2002; Brighenti & Mathews 2003; Ruszkowski et al. 2004a; Dalla Vecchia et al.
2004; Brüggen et al. 2005; Sijacki et al. 2007; Brüggen & Scannapieco 2009; Mathews &
Brighenti 2008a,b) has focused mainly on the creation of artificial off-centre bubbles. This
scenario is valid only in the limit where the narrow and light relativistic (radio) jet does not
entrain mass, thermalising the ICM only at the hotspot, with the subsequent inflation of a
cavity (either due to thermal or cosmic ray pressure). However, as noted in Chapter 2, the
ratio of the inferred (cavity) mechanical power to the jet radio power overcomes a value
of 100-1000, suggesting that the process inducing the feedback needs to be massive, as
assumed throughout this Thesis (see also Binney 2004; Soker & Pizzolato 2005 for related
arguments).

Another difference with the present study is that we employ a momentum-driven
heating, instead of a pressure-driven heating (pure thermal injection). As we have
seen, purely kinetic feedback changes the whole dynamics. Loosely speaking, the
healthy property of a jet feedback is that it can gradually thermalise the mechanical
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energy along its path. Intermittent bubbles are naturally created, but this shocked and
expanding gas is just one element of the heating process9: the bow shock, the cocoon
with entrained gas, the mixing through turbulence and vorticity are all fundamental gears
of the machine, everyone dominant at different phases of the evolution. Moreover,
artificial (hydrodynamical) bubbles become rapidly unstable; on the contrary, a few
studies (e.g. Sternberg et al. 2007) showed that jet-inflated bubbles should stay intact
for over 40 Myr, thanks to the continuous vortex formed inside.

It is difficult to compare our work with other kinetic jet simulations (Reynolds et al.
2001, 2002; Ruszkowski et al. 2004a; Omma et al. 2004; Zanni et al. 2005; Brüggen et al.
2007; Sternberg et al. 2007), because most of them do not implement radiative cooling
and an initial cool-core state. Additionally, these simulations last only for few 100 Myr
and are not suited to study the cooling flow problem, without the long-term evolution.

Two interesting investigations, carried out in this direction, are those of Brighenti
& Mathews 2006 and Cattaneo & Teyssier 2007. In the first one, as many
previous studies, the jet velocity and power in the 2D computations were set by-hand
following observational estimates. We have seen (Section 4.3.9), that in imposing such
predetermined conditions, the mechanical feedback is not properly linked to the cooled
mass or lower gas entropy (in quantity and time). The results are models with temperature
and density profiles similar to a pure cooling flow or with high cooling rates.

In Cattaneo & Teyssier (2007), their hybrid thermal/kinetic injection is self-regulated
by Bondi accretion (for 12 Gyr), but after a relatively weak outburst of ∼ 1045 erg s−1

the profiles do not present the cool-core appearance (flat temperature), although their
considered cluster is ten times less massive. Also our successful Bondi model, with
same ε, is able to prevent the cooling catastrophe, but we stress again that the mechanical
efficiency required seems too high (∼> 0.1). On the other hand, in Cattaneo’s model the
majority of injected energy is again thermal, and not kinetic (e.g. the jet velocity is quite
low, ∼ 1.4 × 103 km s−1), frequently leading to the the classic overheating problem.

Dubois et al. (2010) expanded the previous model in a cosmological resimulation.
Even if they focused on the BH growth history, they found Bondi outflows can prevent
very peaked density profiles, despite the presence of negative temperature gradients at
various times10. Another main difference with our simulations (and thus some results)
is probably the cosmological context. We calculate a fully relaxed cluster, while they
analyse a 1:1 merging event. In any case, I underline the fact that all these results give one
clear indication: AGN outflows are a key component of the feedback in galaxy clusters.

The last comparison is the one with Vernaleo & Reynolds (2006). They implemented a
self-regulated jet mechanism similar to our boundary injection scheme. Their simulations
present very different results from our analysis. After few hundreds Myr (with every
AGN model) the cooling becomes catastrophic11: > 2000 M� yr−1. The problem of the
creation of an unidirectional channel and subsequent deposition of energy is a difficulty

9Usually, most of the mechanical energy is not used to form the cavity (see previous Sections).
10The central negative/flat T gradient seems a poorly understood (numerical?) feature that afflicts most of the

cosmological simulations, especially in pure cooling flow runs, and varying among different codes (SPH vs. Eulerian;
see Borgani et al. 2004; Borgani & Kravtsov 2009 for further insights).

11Their fiducial pure cooling flow simulation is difficult to understand, showing an exponential catastrophe after 200
Myr, with Ṁcool > 5000 M� yr−1, instead of the typical asymptotic behaviour around 300 − 500 M� yr−1.
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found also in our outflow models, however it is solved by the AGN feedback itself on the
long term, i.e via the driven turbulence and chaotic motions, which are able to fragment
the jet symmetry and to increase the isotropisation of the feedback energy.

4.6.2 Cold Feedback

In the present Chapter, I covered a wide ‘zoology’ of triggering mechanisms, varying the
mechanical efficiency and injection method.

In the first series of models, I linked the power of the AGN outflows to the cooling rate
(the cold feedback; Sections 4.3.2-4.3-8), the latter being calculated as ∆Mcool/∆t, where
∆Mcool is the mass of gas cooled within the region r ∼< 10 kpc in a single time step ∆t.
It is clear that the energy of a single jet event depends also on the numerical resolution
through the CFL stability condition (Eq. 3.8). Lower resolution calculations, with larger
∆t and thus larger ∆Mcool, tend to generate more powerful outburst events.

Although the total kinetic energy injected at a given time rests on the integrated cooled
mass (which is only weakly dependent on the resolution), and can in principle vary among
different models (through ε), I find, somewhat surprisingly, that it is insensitive on the
efficiency and always about 2−3×1062 erg, a value comparable to the total energy radiated
away. Evidently, the assumed self-regulation mechanism is very effective. However, the
total injected energy is only a necessary requirement.

One astrophysically important result of these calculations is that the effect of the
feedback crucially depends on how the mechanical energy couples to the ICM energy.
When the efficiency is low and the outflows are frequent and relatively weak (models cl-
C5m4 and cl-C1m3), the gas cooling proceeds at a rate much higher than the limit allowed
by observations. Conversely, when ε ∼> 0.01 (models cl-C5m2 and cl-C1m1) the cooling
rate is reduced to a value fully consistent with the observational constraints. However, the
ICM in the core is drastically overheated and the temperature and density profiles do not
resemble those of a typical cool-core cluster.

Only cold feedback models with efficiency in the range 5 × 10−3 ∼< ε ∼< 10−2 are
able to reduce the cooling rate to acceptable values preserving at the same time a central
positive temperature gradient. Moreover, these models generate cavities and shocks,
another important requirement that a plausible heating scenario must satisfy. Notice that
also observational data (Merloni & Heinz 2008; La Franca et al. 2010) suggest an average
AGN mechanical efficiency ∼ 5 × 10−3.

As pointed out before, other more ad-hoc types of feedback (not directly linked to
cooled gas), like intermittent or continuous schemes with fixed velocity (Sec. 3.4.9),
present a pure cooling flow appearance, in the former case, or a too high total energy
injection, in the latter. These models are not totally disastrous and show some good
features, but in the long term they are not satisfactory.

It is worth now to analyse the riddles linked to these models. Adopting a severe
critical point of view, successful cold feedback models may present two difficulties. First,
gas often cools and accretes onto the black hole at a rate above the Eddington limit, a
fact which make them unpalatable (King 2009), but not impossible (especially at higher
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redshift, see for example Szuszkiewicz 2004; Ghosh et al. 2010). Several authors think
that BHs grow mainly through the quasar-like phase, that is through radiative accretion at
early times (e.g. Hopkins et al. 2006). Thus, our accretion rates could be overestimated,
considering that the black hole mass should not increase much in the entire simulation
time; on the other hand, note that SMBH masses can reach few 1010 M� at the centre of
clusters (McConnell et al. 2011). The present resolution does not permit to track the exact
amount of accreted material on sub-pc scale. Hence, it is probable that only a small part
of ∆Mcool falls onto black hole, and the other is just entrained or ejected by the outflow.

It might be possible that the real efficiency has higher values (instead of 5 × 10−3

adopted in the successful simulations). For example, let us follow this consideration
and define the inflow rate as the sum of the real BH accretion rate and the gas outflow
rate: Ṁin ≡ Ṁacc + Ṁout. If η ≡ Ṁout/Ṁacc, then the jet power Pjet ≡ εrealṀaccc2 =

εrealṀinc2/(1 + η). Thus, we can say that the mechanical efficiency adopted in the
simulations could be ε = εreal/(1 + η). A mean η can be retrieved as ∆Min/∆Macc − 1.
Now, assuming a small BH mass variation in 7 Gyr of 0.1 MBH (that is ∆Macc ' 3 × 108

M�), and noting that for model cl-C5m3 ∆Min = ∆Mcool ' 3×109 M�, then clearly η ∼ 9.
With this in mind, the real efficiency may be εreal = (1+η)ε ∼ 10ε = 5×10−2. In addition,
we can estimate ∆Mout ' 2.7× 109 M� and, with a duty cycle of 10%12, the mean outflow
rate results in a few M� yr−1. From here we can check the entrainment (or ‘mass loading’):
λen = Ṁact/Ṁout, where Ṁact is the outflow rate in the active region. Taking a mean value
of 103 M� yr−1, the entrainment results to be λen ∼ 102 − 103.

Regarding entrainment, in this first series of 3D simulations we just focused on the
global consequences of massive outflows on the thermal and dynamical ICM evolution
on large scales. We assume that the outflow is momentum-driven with negligible thermal
energy. The detailed process of generating the entrainment is here not addressed. One
possible explanation is given by Soker (2008), whose model forms slow massive wide
jets.

Summarising, in order to induce a smaller BH growth, in one of our best models, we
have to assume massive outflows with a rate ∼ 9 times the accretion rate. The ratio η is
not well constrained, but for example Moe et al. (2009) give values around 10. Nowadays
nobody knows how much gas is really loaded by the original jet, but ∼ 102 − 103 seems
reasonable (Cattaneo & Teyssier 2007 adopted 100 for example). In future, this could
be another observational constraint for our numerical models. I conclude that the high
‘accretion’ rates in the successful simulations can be easily reduced, introducing a higher
(real) efficiency and considering that only a fraction of ∆Mcool falls onto the BH, while
the other part is ejected and entrained.

The second flaw in cold feedback models may be that the initial stage of cavity
inflation heats the surrounding ICM perhaps too much: soon after jet ignition the
temperature inside the bubble rises to high value (∼ 108 K), and the ICM is substantially
shocked. On the other hand, observations (Fabian et al. 2000; McNamara et al. 2000;
Blanton et al. 2001, 2003; Nulsen et al. 2002; Fabian et al. 2003, 2006) suggest that the
bubble inflation should be gentler, in order to produce rims of gas cooler than the ambient
medium. Again, the present resolution does not permit an accurate and detailed study of

12Therefore a single jet event has ∆Mout ∼ 107 − 108 M�.
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this and other kind of features (like cold filaments; see instead Chapter 7). Certainly, a
direct cause of the violent behaviour is that the injection energy in a single time step is
substantial. As shown in Chapter 7, this will be avoided adopting higher spatial resolution
and smaller ∆t, and thus smaller ∆Mcool and blowing instant power (still solving the
cooling flow problem).

We can also argue that observations are usually seeing bubbles at a late time, well after
their generation, and this could explain lower temperature and SBx jumps (see also my
argumentation in Section 2.2). In fact, of the three cavities analysed in Figure 4.16, just
the newly born one shows sharp contrasts, while the others are older and hence feebler.
Moreover, during the whole simulation we see also bubbles created in a gentler way by
the weaker outbursts (∼< 1046 erg s−1).

4.6.3 Hot Bondi-like Feedback

To circumvent the above-mentioned explosive behaviour, I changed completely direction,
calculating models where the accretion rate was linked to the Bondi rate. Contrary to cold
feedback models, this prescription generates a continuous feedback of moderate power
(typically few 1044 erg s−1). In order to be efficient and to quench the cooling flow, such
non-explosive jet power must be sufficiently steady. Our resolution is far above the Bondi
radius (∼ 50 pc), thus we have to rely again upon mean large-scale quantities. In this
case we must stay as close as possible to the BH, avoiding the simplest case of a few
cells, because of numerical fluctuations. With a fairly small ρ0 and cs,0 averaging radius,
∼ 5 kpc, the power seems rather steady and the model successful: cooling rate are low,
profiles follow observations, and energies are contained. However, also Bondi models
present serious riddles (see next Chapter for a more detailed analysis).

A flaw of successful B1m1S model is that it does not naturally generate X-ray cavities.
Instead, the continuous outflows carve a narrow and long tunnel along the z-axis. Again,
the continuous jets, with ram pressure almost equal to gas thermal pressure, are highly
disrupted by turbulence, especially in central regions. Hence, the fragmentation of a
feeble jet may produce generations of gentle detached bubbles, which rise buoyantly, even
in continuous feedback models. I propose that any kind of relatively strong (subsonic)
turbulence can indeed disrupt a moderate-power jet. For example, Morsony et al. (2010)
and Dubois et al. (2010) tried to start the simulation with a cluster atmosphere in
non-hydrostatic equilibrium, i.e. following a real cosmological evolution (local density
fluctuations, merging, etc.), and they found a fragmentation of the AGN jets, helping the
deposition of energy in the inner core.

The main problem of Bondi feedback is that we are not theoretically justified to use
it. In fact, Bondi (1952) theory requires several critical assumptions: the flow must be
adiabatic and steady, without any initial angular momentum or subsequent perturbation.
The fact that, to a certain degree, Bondi self-regulation works, can be mainly ascribed to
ṀB being inversely proportional to the gas entropy, thus somewhat linked to the cooling
gas, although not as strictly as in the cold feedback mechanism.
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4.6.4 Best Models Comparison

It is interesting to find other important differences (or similarities) in successful models
with cold or hot feedback. The latter displays low velocities on the order 6 − 7 × 103

km s−1, a value consistent with line-absorption observations (Crenshaw et al. 2003 for a
review). Explosive cold feedback models tend to show also higher velocities, in a few
events reaching ∼ 105 km s−1, more similar to a fast jet than an outflow wind (but still
consistent). Both models have reasonable final injected energies, below an idealised BH
total energy with mass 109 M�: EBH ∼ 2 × 1062 erg.

Apart from cavities and shocks (previously discussed), our models produce other
significant predictions, which are comparable to X-ray observations. Iron abundance
maps play a relevant role in tracing the outflow activity. The metals, produced mainly
by SNIa in the cD elliptical galaxy, are easily transported along the jet-axis up to 150-200
kpc, creating an unmistakable asymmetry, when the AGN is very active. The observations
by Kirkpatrick et al. (2009, 2011) and O’Sullivan et al. (2011b) confirm this behaviour.
In the period of quiescence, turbulence and bulk motions dominate the scene, smoothing
and almost restoring the homogeneity. This phenomenon could be another constraint in
choosing between continuous (Bondi-like) models or not: the steady AGN activity would
be manifest via the marked metals asymmetries.

Finally, another striking diversity is the clear departure from hydrostatic equilibrium
in cold feedback models, due to their more explosive nature. On the contrary, in Bondi
runs, the mean fluctuations are very contained with errors below 8%. The consequence is,
in the first case, a less precise mass determination using Equation 4.4, as found by other
observational works (Rasia et al. 2006; Nagai et al. 2007).

I conclude pointing out that the gaps of cold feedback models, may be replenished
by the features of Bondi feedback, and vice versa (especially for cavities). An intriguing
solution may be a complementary scenario, in which few energetic AGN outbursts (like
in model cl-C5m3), perhaps triggered by accretion rates close to the Eddington limit,
are superposed or alternated to the weak activity induced by Bondi prescription. The
first explosive mechanism may create large spheroidal bubbles, as those observed in real
clusters, while the second quasi-steady outflow may be the sustaining pillar of the heating
machine.

So far we have investigated the AGN feedback only in galaxy clusters. Despite
the previous riddles, purely mechanical AGN outflows seem good candidates to uphold
the wild and frenetic ‘dance’ between heating and cooling. We need now to test this
successful scenario also in different environments, such as galaxy groups (Chapter 5) and
ellipticals (Chapter 6). In Chapter 7, I tackle in depth the whole multiphase gas evolution
(again in a galaxy cluster); for now, it is better to focus on the hot phase and the central
cooling flow problem. I refer the reader to Chapter 8 for the final bullet conclusions of
the whole investigation, including the main points discussed throughout this Chapter.
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Chapter 5
AGN Feedback in Galaxy Groups

THE MECHANICAL self-regulated feedback mechanism must be valid in every
cosmological system, solving the cooling flow problem in a similar efficient and

consistent way. In the present Chapter, I extend the previously successful AGN heating
model, based on massive mechanical outflows in galaxy clusters, to the environment of
galaxy groups. At first sight, it might seem a trivial task. Galaxy groups appear just
rescaled versions of galaxy clusters, having a mass one or two orders of magnitude lower;
the self-regulated feedback should thus display the same behaviour, simply with rescaled
outflow powers. However, this is not what happens. From an observational point of
view, there are in fact various indications that groups deviate from the self-similar scaling
relations. A less bound system will feel more severely the consequences of the AGN
heating, even if rescaled. Galaxy groups are not scaled-down versions of clusters.

As in the previous Chapter, I first provide, in the following Section, a brief overview
of the properties of galaxy groups in the universe, with emphasis on the differences
with galaxy clusters. We will then tackle the main results of the three-dimensional
hydrodynamic simulations, involving the competition of mechanical outflows versus
radiative cooling in these lighter systems. Further details on groups can be found in the
comprehensive review by Mulchaey (2000). The results of this Chapter are also presented
in Gaspari et al. (2011b).

5.1 Galaxy Groups Overview

Remarkably, most of the galaxies in the universe reside in small groups, up to 70% in
the nearby zone (Geller & Huchra 1983; Mulchaey 2000). Nevertheless, relatively little
attention has been devoted to groups with respect to their ‘big brothers’, galaxy clusters.
Based on the hierarchical cosmological ΛCDM model (Sec. 4.1), galaxy groups should
play the role of main actors, as the common building blocks of the universe.

Groups, with typical total masses around few 1013 M�, are thus a key class of objects,
containing a significant fraction of the overall universal baryon budget and being a nursery
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Figure 2. Left: GMRT 610 MHz contours overlaid on the unsharp masked 0.5–2.0 keV Chandra image (same as in the top right panel of Figure 1). The beam size is
14!! " 14!! and the lowest contour is shown at 3! = 0.15 mJy beam#1. Right: GMRT 235 MHz contours overlaid on the smoothed 0.5–2.0 keV Chandra image. The
beam size is 14.!!4 " 13!! and the rms noise is 170 µJy beam#1. The contours are spaced by a factor of 2 starting from the lowest level of 0.45 mJy beam#1. In both
panels, the cross indicates the position of the radio core. North is up and east is left.
(A color version of this figure is available in the online journal.)

spectrum from all events lying in the annulus 1–3 arcmin from
the group emission peak and fitting these spectra separately with
an absorbed apec model. We find good agreement between
the three XMM-Newton cameras (kT = 1.25+0.02

#0.02 keV for
MOS1, 1.21+0.02

#0.02 keV for MOS2, 1.23+0.01
#0.01 keV for PN, with

a value of 1.23+0.01
#0.01 for the combined fit), whereas there is a

discrepancy of about 0.1 keV with the Chandra measurement
(kT = 1.32+0.01

#0.01 keV). However, this is consistent with the
systematic cross-calibration uncertainties (David 2009). Due to
the systematic offset, we analyzed Chandra and XMM-Newton
data separately. In particular, we present here the results obtained
by the analysis of XMM-Newton spectra only because they
comprise most of the counts.

4.1. Azimuthally Averaged Projected Temperature and
Metallicity Profiles

We produced projected radial temperature and metallicity
profiles by extracting spectra in six circular annuli centered
on the peak of the X-ray emission. The annular regions are
described in Table 1. The data from the three XMM-Newton
cameras were fitted simultaneously to an absorbed vapec
thermal plasma model, where O, Si, S, and Fe are treated as free
parameters with the Ni abundance linked to the Fe abundance
and the Mg and Ne abundances linked to the O abundance. The
best-fitting parameter values and 90% confidence levels derived
from the fits to the 360$ annular spectra are summarized in
Table 1.

The azimuthally averaged projected temperature profile
(Figure 3, left) shows a positive temperature gradient at small
radii, with temperatures increasing up to %1.5 keV at a ra-
dius of %50 kpc. This behavior is similar to that observed
in other groups (e.g., Gastaldello et al. 2007; Finoguenov

Table 1
XMM-Newton Projected Spectral Analysis

No. kT Mg, Ne, O Si S Ni, Fe "2/dof
(keV) (solar) (solar) (solar) (solar)

1 0.80+0.01
#0.01 0.42+0.06

#0.05 0.40+0.04
#0.04 0.71+0.10

#0.09 0.35+0.02
#0.02 1430/786

2 1.06+0.01
#0.01 0.08+0.07

#0.07 0.28+0.04
#0.04 0.48+0.09

#0.09 0.25+0.01
#0.01 820/653

3 1.30+0.01
#0.01 0.00+0.06

#0.00 0.51+0.07
#0.06 0.52+0.13

#0.12 0.39+0.03
#0.02 935/638

4 1.40+0.06
#0.05 0.14+0.20

#0.06 0.40+0.10
#0.09 0.60+0.18

#0.16 0.29+0.05
#0.04 1000/578

5 1.47+0.06
#0.04 0.00+0.14

#0.00 0.48+0.12
#0.11 0.52+0.20

#0.20 0.29+0.05
#0.04 1258/600

6 1.48+0.06
#0.06 0.00+0.02

#0.00 0.57+0.09
#0.09 0.55+0.17

#0.17 0.22+0.03
#0.03 10273/1178

Notes. Results of the XMM-Newton spectral fitting in concentric 360$ annular
regions in the 0.7–3.0 keV energy range using the absorbed vapec thermal
plasma model and fixing the absorbing column density to the Galactic value
(NH = 3.31"1020 cm#2). The temperature (in keV) and abundances (in fraction
of the solar value; Anders & Grevesse 1989) are left as free parameters. Error
bars are at the 90% confidence levels on a single parameter of interest. The first
column indicates the number region. The delimiting radii are: reg.1: 0–15 kpc
(0!!–55!!); reg.2: 15–28 kpc (55!!–100!!); reg.3: 28–42 kpc (100!!–150!!); reg.4:
42–56 kpc (150!!–200!!); reg.5: 56–70 kpc (200!!–250!!); reg.6: 70–126 kpc
(250!!–450!!).

et al. 2007; Rasmussen & Ponman 2007; Sun et al. 2009),
although we do not observe the typical decline in tem-
perature at larger radii. Previous ROSAT observations of
HCG 62 indicate a temperature decline beyond %120 kpc
(Ponman & Bertram 1993), so our result is consistent with the
earlier literature.

The azimuthally averaged projected abundance profiles
(Figure 3, right) do not show strong gradients, but are instead
relatively flat around values of %0.5 solar for both Si and S,
and %0.3 solar for Fe. We were able to constrain O only in the
central region, with a value of %0.4 solar.

Figure 5.1. The X-ray bright galaxy group HCG 62 observed by Chandra (0.5-2.0 keV), with the
GMRT 235 MHz radio emission overlaid (from Gitti et al. 2010).

for massive (early-type) galaxies. In fact, galaxy groups usually1 possess 20-80 galaxies,
in a virial radius Rvir ∼ 1 Mpc. The demarcation line between massive groups and poor
clusters is not very clear and thus the classification may sometimes vary among authors2.
Galaxy groups seem to contain relatively more spiral and young galaxies, compared to
rich clusters, with this fraction decreasing in more compact systems (Hickson 1982).

Einstein observations confirmed the initial claims for X-ray detections of galaxy
groups by telescopes of the 70s, such as Uhuru, Ariel 5 and HEAO 1 (see Mulchaey 2000
and references within). Galaxy groups are X-ray sources, with diffuse extended (50-500
kpc) emission similar to that of rich clusters, but with lower luminosities, ranging from
1041 erg s−1 up to several times 1043 erg s−1, with temperatures Tvir ∼ 3× 106 − 2× 107 K.
At the centre of luminous groups (Lx > 1042 erg s−1) usually resides a massive elliptical
or S0 galaxy, coincident with the X-ray peak of emission (e.g. NGC 2563, HCG 62 –
Fig 5.1). The X-ray morphology becomes more irregular at lower luminosities, lacking a
central dominant galaxy (e.g. HCG 16, HCG 90). In groups, the X-ray emission seems
less extended, compared to clusters, usually covering ∼ 0.2−0.5 Rvir (Helsdon & Ponman
2000).

The X-ray emission mechanism is a combination of thermal bremsstrahlung and line
emission from highly ionised trace elements (Fe, O, Si, etc.). This hot gas is called
intragroup medium (IGM), in analogy with the intracluster gas (ICM; see Section 1.1
for the details on the X-ray emitting plasma). To first order, we can use the hydrostatic
isothermal model to describe the X-ray surface brightness profile (Eqs. 4.4 and 4.5). The
typical β parameter of groups is ∼ 0.5, somewhat lower than the cluster value ∼ 0.65

1A nice example is the Local Group, including our Galaxy and about other 40 galaxies, with both elliptical and
spiral types.

2For example in optical band, Hickson (1982) defines a group based on the criteria of population, isolation and
compactness (compared to the brightest group member).
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X-ray Groups 23

Figure 6: Logarithm of the X-ray temperature versus logarithm of X-ray lumi-
nosity for a sample of groups (circles) and clusters (triangles). The data are taken
from the same sources cited in Figure 4. The solid line represents the best-fit
found by Wu et al (1999) for the clusters sample (using an orthogonal distance
regression method). The observed relationship for groups is somewhat steeper
than the best-fit cluster relationship.

Figure 5.2. X-ray temperature versus X-ray luminosity for a sample of groups and clusters (from
Mulchaey 2000). The scaling relation for groups is steeper than the cluster best-fit (solid line),
possibly due to the effect of AGN feedback.

(Mulchaey 2000), one of the many indications that non-gravitational heating has played a
more important role in low-mass systems.

Another important factor in groups is the gas metallicity, since the emission at lower
temperatures (T < 107 K) is dominated by line cooling (mainly line excitation or
radiative recombination; Figs. 1.1 and 1.2). The most important features in the X-ray
spectra of groups include the K-shell transitions of carbon through sulphur and the L-
shell transitions of silicon through iron. Particularly important is the Fe L-shell complex
(7 × 106 − 2 × 107 K). Unfortunately, spectral observations of the IGM are very difficult
to carry out and metallicities are still an open issue. Nevertheless, abundances vary
significantly, from very low values (Z ∼ 0.1 − 0.2 Z�; Mulchaey et al. 1993) up to
solar values (Z ∼ 1 Z�) at the centre of the group, where the massive elliptical resides
(Ponman & Bertram 1993; Rasmussen & Ponman 2009). Since the fraction of the stellar
mass to gas mass is larger with respect to clusters, it is not trivial to explain the low
abundances. One solution may be based on the gas ejection due to galactic (and AGN?)
winds, especially in smaller and lighter groups3.

It is known that galaxy groups, and to a lesser extent clusters, do not exactly follow
the global scaling relations predicted by self-similar models (e.g. Kaiser 1986; Evrard &
Henry 1991; Osmond & Ponman 2004; Voit 2005; Vikhlinin 2006). Groups are indeed
not perfect scaled-down versions of clusters. Helsdon & Ponman (2000) and Mulchaey
et al. (2003) found a steeper4 slope in the Lx − T relation (Lx ∝ T 4; see Figure 5.2).
However, if groups are sampled at sufficiently large radii, excising the cool core, some
X-ray scaling relations (e.g. Lx − T , Lx ∝ σ4, T ∝ σ2) become flatter and more similar
to the relationships followed by clusters (Osmond & Ponman 2004; Sun et al. 2009),

3Since the escape velocities of groups are comparable to those of individual galaxies, material that is ejected from
galaxies may also escape the group.

4Even galaxy clusters do not follow perfectly this scaling relation, showing Lx ∝ T 2.5−3.
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yet with a large scatter below T ∼< 107 K. On the other hand, systematic differences
between groups and clusters exist, with the former having clearly lower baryon fractions,
fb ∼ 0.1, and flatter entropy profiles (Finoguenov et al. 2005; Voit 2005; Borgani et al.
2008; Sun et al. 2009). Moreover, groups have velocity dispersions of ∼ 200−500 km s−1

(comparable to that of galaxies). For this reason, some processes are more (merging) or
less (ram-pressure stripping, galaxy harassment) relevant than in clusters. For instance,
the merging timescales for the brightest group members are typically a few tenths of a
Hubble time (Zabludoff & Mulchaey 1998). Therefore, by the present day some groups
(∼ 20%) have likely merged into giant ellipticals, yet conserving the extended X-ray halo
(fossil groups).

The discrepancies between the observed scaling relations and the predictions of self-
similar models, and especially the systematic differences between groups and clusters
quoted above, can be explained by the presence of non-gravitational heating, acting during
or after the gravitational collapse. In lower mass systems the same amount of energy per
unit mass has a stronger effect. This is a key point for the mechanical AGN feedback
problem investigated here.

As in clusters and elliptical galaxies, many galaxy groups display the typical
signatures of cooling flows (a most notable example being NGC 5044). Interestingly,
the analogues of clear non-cool-core clusters on the group scale have been rarely detected
(Johnson et al. 2011), implying that cooling has a key role in shaping the group appearance
over its entire life. In fact, the central radiative cooling time is usually shorter than in
massive clusters (tcool ∼< 10 Myr), with a sharply peaked X-ray surface brightness.

A recent large sample of X-ray groups is presented in Sun et al. (2009). Gathering 43
objects with Chandra data, they confirmed the existence of a general temperature profile
(De Grandi & Molendi 2002; Voit 2005; Leccardi & Molendi 2008). The group profiles
are slightly steeper than those of clusters for radii ∼> 0.15 R500. In the inner cool core,
the scatter in the T profile is significant: the majority presents positive gradients (with the
central T dropping even by 50%), while few are approaching a flat temperature profile
– a possible signature of a heating cycle. The previous authors produced also the radial
profiles of entropy, which should retain the thermal history of the gas. They confirmed
previous works (Ponman et al. 1999, 2003; Finoguenov et al. 2002), suggesting deviations
in the entropy from the self-similar relation (K ∝ r1.1; K ∝ T ), showing a clear flat core,
and an excess relative to massive clusters.

I conclude this overview remarking that the observational features linked to the AGN
feedback, such as buoyant bubbles inflated by the bipolar radio jets (Fig. 5.1), weak
shocks, metals uplift and turbulence are widely present also in galaxy groups (Buote et al.
2003; Allen et al. 2006; Morita et al. 2006; Jetha et al. 2008; Gastaldello et al. 2009;
Randall et al. 2011; Gitti et al. 2012). I refer to Chapter 2 for the observational details on
AGN feedback. Here I stress only that the continuous relation between the AGN power,
associated with the cavity formation, and the core X-ray luminosity (Nulsen et al. 2007)
is even more evident in the group environment, strongly suggesting that some kind of
directional energy input, like collimated outflows, is again required.
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Table 5.1. Parameters and properties of the most relevant galaxy group simulations.

Model Feedback Efficiency ε Jet width × height (kpc) Injection Notes
gr-CF no AGN heating - - - -
gr-Bc1m2 Bondi 10−2 1 × 2 entrainment self-regulated
gr-Bc5m2 Bondi 5 × 10−2 1 × 2 entrainment self-regulated
gr-Bc1m1 Bondi 10−1 1 × 2 entrainment self-regulated
gr-Bi1m3 Bondi 10−3 1 × 2 entrainment cold timing
gr-Bi1m2 Bondi 10−2 1 × 2 entrainment cold timing
gr-Bi5m2 Bondi 5 × 10−2 1 × 2 entrainment cold timing
gr-Bi1m1 Bondi 10−1 1 × 2 entrainment cold timing
gr-C5m5 cold 5 × 10−5 1 × 2 entrainment self-regulated
gr-C1m4 cold 10−4 1 × 2 entrainment self-regulated
gr-C5m4 cold 5 × 10−4 1 × 2 entrainment self-regulated
gr-C1m3 cold 10−3 1 × 2 entrainment self-regulated
gr-I510l intermittent - 1 × 0 nozzle cycle 5/10 Myr; 10−5 PEdd

gr-I510m intermittent - 1 × 0 nozzle cycle 5/10 Myr; 10−4 PEdd

gr-I510h intermittent - 1 × 0 nozzle cycle 5/10 Myr; 10−3 PEdd

gr-BEth50 thermal (Bondi) 5 × 10−3 1 × 0 nozzle 50% Eth

gr-BIO10 InOut (Bondi) 10−3 1 × 0 nozzle fin = 0.1
gr-BIOen40 InOut (Bondi) 5 × 10−3 1 × 0 nozzle fin = 0.3, ηload = 40
gr-BIOen80 InOut (Bondi) 5 × 10−3 1 × 0 nozzle fin = 0.3, ηload = 80

Radiative cooling (Z = 1.0 Z�): Runge-Kutta (2nd), plus cold mass dropout (T ∼< 5 × 105 K; r0 ∼ 3 kpc).

Supernovae Ia & stellar winds: cD galaxy (M∗ ≈ 3 × 1011 M�; re ≈ 10 kpc).
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94 Chapter 5. AGN Feedback in Galaxy Groups

5.2 Simulation Setup

The key objectives of the present simulations are the same as those required for galaxy
clusters (Section 4.2). The main focus always involves trying to solve the cooling flow
problem, drastically quenching the cooling flow and at the same time preserving the cool-
core appearance (Sun et al. 2005, 2007). In the (isobaric) pure cooling flow scenario, for
typical X-ray luminosities ≈ 1043 erg s−1, the predictions of Fabian (1994) indicate very
high cooling rates of several tens M� yr−1.

Again, I think that AGN outflows are a very promising mechanism to simultaneously
explain the quenching of cooling flows (and star formation), the deviation of scaling
relations from self-similar laws and the presence of X-ray cavities and weak shocks,
also in the intragroup medium. I recall that the motivation of massive outflows resides
in the entrained-jet scenario (Giovannini 2004; Croston 2008) or in the widespread
observational evidence of disc winds seen via blueshifted absorption lines (Crenshaw
et al. 2003; Morganti et al. 2005, 2007; Nesvadba et al. 2008, 2011). In particular, we
put here under the microscope the two previous best accretion models, the cold feedback
versus the Bondi prescription and check if they are so dissimilar or not.

As anticipated, the impact of this type of heating is much more evident in less bound
systems. We can thus speculate that gentler outflows are more appropriate to regulate the
thermodynamic evolution of the IGM, while the strong explosive outbursts, effective in
clusters, should easily overheat the group.

In Table 5.1 are summarised all the numerical details of the hydrodynamic simulations
carried out with FLASH, including the type of feedback (Sec. 3.7), the efficiency, the
jet width and height (djet × zjet), and other relevant properties (see Chapter 3 for the
details of implementation). As usual, the hydrodynamic equations are solved via the
split PPM solver (Sec. 3.2), although I tested also the unsplit HLLC and Roe solver. All
the galaxy group computations use the RK2 solver for radiative cooling (with Z = 1 Z�;
Rasmussen & Ponman 2009), and cold gas dropout enabled (Sec. 3.5). The outflows
are always cylindrical, usually injected inside the domain, according to the entrainment
scheme (Equation 3.18). When zjet = 0, the jet is instead injected through the internal
boundaries, assuming ρjet about 1/10 of the initial central gas density (Sec. 3.6).

5.2.1 Template: NGC 5044

I choose NGC 5044 as the template for a typical X-ray bright group of galaxies: all the
presented results should be relevant for any object in this category. NGC 5044 was one
of the first cool-core groups observed, due to its high X-ray brightness, with low redshift
0.009 (see Buote et al. 2003; Gastaldello et al. 2009; David et al. 2009, for recent Chandra
and XMM data). The estimated X-ray bolometric (0.1 − 100 keV) luminosity is around
2 × 1043 erg s−1, with a virial mass of ∼ 4 × 1013 M�. The large scale morphology is very
smooth and nearly spherical, despite a little disturbance in the form of a south-eastern
cold front.

On the contrary, the core (∼ 10 kpc) has been strongly perturbed by recent outbursts
from the central AGN. The group presents many small radio-quiet cavities with a nearly
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isotropic distribution and moderate mechanical power (∼ 1042 erg s−1; see Fig. 2.2). The
two biggest cavities at larger radii (10 − 20 kpc) are instead filled with radio emission at
235 MHz (David et al. 2009); the associated mechanical power seems to be able to balance
radiative losses. The NGC 5044 X-ray image also shows several cold filaments coincident
with Hα and dust emission, indicating a physical connection between the various gas
phases (Gastaldello et al. 2009). The GMRT observation (610 MHz) reveals the presence
of extended radio emission with a torus-like morphology, threaded by the largest filament
(probably cold material being uplifted from the centre).

The cooling time of the hot gas within the central 2 kpc is just ∼ 4 × 107 yr. In
the absence of feedback, a pure cooling flow model predicts tens of M� yr−1, while
observations suggest the cooling rate is at least an order of magnitude lower, less than
a few M� yr−1 (Tamura et al. 2003; David et al. 2009).

This galaxy group consists of a luminous giant elliptical galaxy (NGC 5044)
surrounded by a cluster of ∼ 150 low luminosity dwarf galaxies, mostly of early type.
We choose to model the elliptical galaxy with a de Vaucouleurs profile, with stellar mass
M∗ ∼ 3.4 × 1011 M� and effective radius re ∼ 10 kpc (Buote et al. 2004).

As previously done, we start the calculations with the hot gas in spherical hydrostatic
equilibrium in the potential well generated by the total system mass. At variance with
the cluster runs, I use both the well-observed T (r) and n(r) (Buote et al. 2003, 2004,
see the dotted lines of Figure 5.3) to calculate the total gravitational potential, under the
assumption of hydrostatic equilibrium. At the virial radius the gas fraction is ∼ 0.11, a
reasonable value for X-ray bright groups (Mathews et al. 2005).

The computational rectangular 3D box in all the following models extends slightly
beyond the group virial radius, R104 ≈ 870 kpc. We simulate the z ≥ 0 half-space with
symmetric boundary condition at z = 0, while elsewhere is imposed outflow condition
with inflow prohibited. The set of 10 grid levels (basic blocks of 8×8×4 points) guarantees
a resolution in the finest inner grid of ∆x ≈ 488 pc.

5.3 Results

In the following Sections, I describe the results of the 3D hydrodynamic simulations
based on self-regulated AGN outflows in an exemplary galaxy group, lasting at least 7
Gyr. The positive results of similar simulations for rich galaxy clusters (Chapter 4) are a
strong motivation for a further in-depth analysis of this mechanical feedback mechanism
in lower mass systems, exploring different types of self-regulation and parameters. Some
of the main features of highly unsuccessful - but pedagogical - models are covered in the
previous Chapter.

5.3.1 Pure Cooling Flow [gr-CF]

As a fiducial model for the galaxy group environment, I ran a simulation without AGN
feedback, i.e. a pure cooling flow (the heating linked to stellar evolution shows again
negligible effects). The results are shown in Figure 5.3.
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96 Chapter 5. AGN Feedback in Galaxy Groups

Figure 5.3. Evolution of the cooling flow model (gr-CF; no AGN feedback). Top panel: gas
cooling rate versus time. Middle and bottom panels: temporal evolution of the gas (electron)
number density and mass-weighted temperature radial profiles, respectively. Chandra and XMM-
Newton observational data of NGC 5044 are represented by star and cross points (Buote et al.
2004), filled circles (Buote et al. 2003); open circles indicate ROSAT data (David et al. 1994).

The flaws of the classic cooling flow model are clearly depicted in this evolution
(gr-CF). Both the density and (mass-weighted) temperature radial profiles steepen
considerably in the central region: the radiative losses induce a subsonic inflow of gas,
increasing the emissivity in a vicious circle. This trend is relatively more evident and
faster in the galaxy group, rather than in the cluster. After just 1 Gyr the cooling rate
has already approached a quasi-steady state, with an asymptotic value ∼ 25 M� yr−1.
This is the clearest discrepancy with observational data and one of the main failure of the
standard cooling flow scenario.

The other two main observables, T (r) and ne(r), are also clearly inconsistent in the
inner ∼ 15 kpc. Very cold gas, down to 105 K (which is soon dropped out), concentrates
in the nucleus and generates unobserved gradients. A typical signature of such a strong
cooling flow is also the temporal increase of the bolometric X-ray luminosity: from
∼ 1.9 × 1043 erg s−1 up to ∼ 2.6 × 1043 erg s−1 at 7 Gyr.
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Figure 5.4. Evolution of Bondi (classic) feedback models with different efficiencies (the latter
being the isothermal start). The panels show the same quantities as in Figure 5.3.

It is interesting to investigate the global energetic budget, because the common
(misleading) sense would probably associate the irradiated energy with, mainly, the drop
in internal energy. However, the internal energy within Rvir decreases by ∼ 7 × 1058 erg
(that is, by less of 1%), while the potential energy drops by ∼ 6×1060 erg, considering both
the hot gas remaining in the grid and the cooled gas at the centre of the group. The kinetic
energy stays always around ∼ 1057 erg, thus negligible. The conclusion is that energy is
radiated away (Erad ∼ 6× 1060 erg in 7 Gyr) mainly at the expense of the potential energy
of the IGM. This behaviour was less evident in the cluster, but still present.

In order to test the effect of numerical resolution on the cooling flow results, I
calculated a cooling flow simulation with a resolution three times higher: the results are
almost identical to the lower resolution run described above. Therefore, with the adopted
resolution our models are in the convergence limit.

5.3.2 Bondi Feedback: ε = 5 × 10−2 [gr-Bc5m2]

I begin to analyse the results of the simulations with AGN feedback turned on, starting
from the two best Bondi models. Then I discuss, from higher to lower efficiencies,
computations displaying worser results, alternating the continuous and hybrid (Sec. 5.3.3)
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Figure 5.4. Continued. Outflow properties for the (classic) Bondi feedback models. From top to
bottom row: total injected kinetic energy (in the half-space), outflow power, outflow velocity, and
associated cold efficiency (see text). The label ×10 means that the units in the ordinate axis have
been multiplied by a factor of 10.

types feedback. The order is dictated by the flow of the discussion and comparison, rather
than being strictly sequential (the same applies to the description of figures).

Despite our resolution is far5 from capturing the Bondi radius (tens of pc) and despite
the fact that the radiative cooling is important in the central region, Bondi accretion can
display the properties of a ‘thermostat’. The Bondi rate is indeed proportional to K−3/2

(where K ∝ T/n2/3 is the entropy parameter), thus feeling the cooling of the hot gas,
although not as strictly as in the cold feedback mechanism.

The first retrieved good model has efficiency ε = 5×10−2 (gr-Bc5m26; second column
in Figure 5.4), using the injection in the active region. The overall Bondi feedback

5The averaging zone for the Bondi boundary conditions is ∼ 2.5 kpc.
6As previously done, I name a simulation according to the system-feedback-parameter (usually the efficiency; in

this case Bc means the classic continuous Bondi prescription).
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is gentle and moderate, with rates that are always sub-Eddington (∼ 10−3 − 10−2 the
Eddington rate) and supported by observations (Allen et al. 2006). The mean cooling
rate (first panel) is well below 10% of the pure cooling flow, with only a transient peak
(Ṁ ∼ 3.5 M� yr−1) at 1.5 Gyr. An important feature for a successful continuous feedback
is the stability in time. The moderate power stays around Pjet ∼ 1044 erg s−1 (fifth
panel, in the continued Figure 5.4), without strong variations, which allows to balance
the instantaneous cooling rate in an efficient way.

The mass-weighted temperature profiles (T (r); third panel) are in agreement with the
observations in the nucleus of the group, with a smooth and almost flat curve. In the outer
regions tiny acoustic oscillations are present, while between 10-30 kpc the continuous
injection of energy tends to slightly overheat this region, especially at late times. The
electron number density profiles (ne(r); second panel) also show little variation from the
initial observed ones, an indication that the gas is not drastically accumulating in the core.

The final injected energy is relatively low, ∼ 1.8 × 1061 erg (3.6 × 1061 erg for the
bipolar outflow; fourth panel), compared to the total ‘available’ BH energy 1.8 × 1062 erg
– roughly estimated as EBH ∼ 0.1 MBH c2, with MBH = 109. This is a typical feature of
galaxy groups, in contrast to the high input energies of massive clusters, whose models
can exceed the above quantity.

It is worth noting that I tested several initial conditions and concluded that the
dynamics and results of our feedback models are, overall, not distorted by relatively
different initial temperature and gravity profiles. For example, in Figure 5.4 (fourth
column), I started the computation with an isothermal profile (∼ 1.35× 107 K), retrieving
the density structure from a theoretical NFW7 plus the galaxy deVaucouleurs potential.
After the first Gyr of pure cooling flow, the Bondi feedback (ε = 5 × 10−2) is again very
effective in quenching the cooling flow and at the same time preserving the cool core
appearance.

A possible riddle for continuous models remains the absence of frequent jet-inflated
cavities. The continuous AGN activity (mean vjet ∼ 104 km s−1; sixth panel) carves a
narrow tunnel of ∼ 30 kpc in length, although its density contrast with the environment is
large only for z ∼< 10 kpc (and not particularly evident in the SBx maps; Sec. 5.4).

5.3.3 Hybrid Feedback: ε = 5 × 10−2 [gr-Bi5m2]

In a self-regulated (subgrid) mechanism we have to face substantially two problems. The
first one is how much power to link to the feedback, while the second one is the right
timing, i.e. when to turn on and off the heating machine.

In the following simulation (Figure 5.5, third column), I link the activation of the AGN
heating to the gas cooling, but use the standard Bondi rate for the gas accretion onto the
black hole. In other words, an outflow is generated when ∆Mcool , 0, with the mechanical
energy linked to ṀB in the usual way. This feedback scheme tries to reproduce a self-
regulated intermittency of the outflows (classic Bondi models can only be continuous),
with cycles of inactivity corresponding to moments of high hot gas entropy. In fact, when

7The NFW parameters are c102 ' 6.6 and Mvir = 4 × 1013 M�.
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Figure 5.5. Evolution of Bondi hybrid models (cold timing) with increasing efficiencies, from left
to right. The description of the plots is the same as for Figure 5.4.

the gas begins to cool, it will usually start to flow towards the central black hole.

Following this prescription, the temperature profiles are a bit more consistent with
the observational data, especially at intermediate radii. Although the jets are intermittent,
their frequency is high, a condition that grants the quenching of cooling rates (Ṁ ∼ 0.5−2
M� yr−1). The density profiles do not depart from the cool-core status, without a strong
steepening (central values ∼ 0.1 cm−3).

Bondi accretion rates are almost identical to gr-Bc5m2, with the total energy injected
in 7 Gyr slightly reduced: Ejet ∼ 1.5 × 1061 erg. The average jet power is also a factor
∼ 1.3 less, Pjet ∼ 5.5 × 1043 erg s−1.

This model clearly solves the problem of jet-inflated cavities in the IGM. The outflows
duty cycle8 is roughly 80-85 per cent (in the whole computation). The pattern is not very
regular, in fact the cycle is more frenetic between 2 and 5 Gyr, when the central gas has
been heated efficiently. Every time the jet (with velocities usually vjet ∼ 8 − 10 × 103 km
s−1) turns on again, a bubble of small size (10 − 15 kpc) is generated and observed in the
density map. Note that after a period of quiescence the subsequent injection produces a

8The common duty cycle retrieved by observations can be quite different from our numerical estimates, because
the definition of an ‘active’ AGN highly depends on some luminosity threshold (in the X-ray, radio, etc.) and on the
properties of the sample.
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Figure 5.5. Continued. Outflow properties for the Bondi hybrid models (cold timing). The
description of the plots is the same as for Figure 5.4.

peak in the power, promoting the above mentioned cavity inflation through shock heating.
The side effect consists in more evident perturbations in some T profiles (e.g. 3 and 7
Gyr), however still compatible with typical galaxy group observations.

Finally, during runtime I calculated, at every time step, the efficiency (εc) that the
cold feedback mechanism would have (last panel in Fig. 5.5). The result is striking: on
average, the two schemes are almost coincident with εc around 10−3, except for few short
time steps, in which the cold feedback requires a 100 per cent efficiency (because the
cooled mass is almost zero).

5.3.4 Bondi Feedback: ε = 10−1 [gr-Bc1m1]

I begin now to describe models from higher to lower efficiencies, alternating again
continuous and intermittent Bondi methods (Figures 5.4 and 5.5, respectively).
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The following simulation is very computationally expensive, because the (continuous)
outflow velocity rises often over 2 × 104 km s−1. It is shown in Figure 5.4, third column.
The cooling rate is quenched to a fraction of M� yr−1 after just a few Gyr. The total
injected energy is 3 × 1061 erg (about 1.5 times greater than that of the intermittent
counterpart, next model gr-Bi1m1). The consequence of this high energy deposition is
a progressive steepening in the temperature gradient, with a moderate spike in the inner 4
kpc, where the jet is always active. During some time steps the outflow reaches 5 × 1044

erg s−1, a quite strong power for Bondi accretion.

The compared efficiency analysis (last panel) shows that a cold feedback triggering
could not even be possible in 20-30 per cent of the evolution, because it would break the
unity threshold. In the other periods, it would be associated with a value around 2.5×10−3.

5.3.5 Hybrid Feedback: ε = 10−1 [gr-Bi1m1]

The following run (Fig. 5.5, fourth column) is another computationally expensive model,
which touches the limit of acceptability in the parameter space, for Bondi models. The
timing is again associated with the cold gas. The cooling rate is very similar to the
precedent continuous model (gr-Bc1m1), within the reasonable range Ṁ ∼ 0.5 − 1.5
M� yr−1, declining at late times. The density profiles are optimal, not altered from the
initial data. Temperatures start to feel the strong outbursts, which have sometimes power
in excess of 1045 erg s−1 (with velocity larger than 2 × 104 km s−1). In fact, at later times
the central gas is heated up to 107 K, during some event.

The associated cold efficiency has a common trend around 2.5 × 10−3, but with many
oscillations after 3 Gyr, reaching easily unity. Notice that these moments last very few
time steps, after which εc resets to lower values (in contrast to a first impression of the
tight plot).

5.3.6 Bondi and Hybrid Feedback: ε = 10−2 [gr-Bc1m2, gr-Bi1m2]

When the efficiency is lowered to ε = 10−2 (gr-Bc1m2), the heating provided by the
feedback is considerable (∼ 8× 1060 erg). This decreases the cooling rate down to at least
30-40 per cent of that of the pure gr-CF (Figure 5.4, first column). The profiles are close
to the observed data, thanks to an always continuous outflow with velocity 4− 5× 103 km
s−1 and power 4 − 5 × 1043 erg s−1.

The intermittent simulation, gr-Bi1m2, is very similar to the continuous evolution
(see Fig. 5.5, second column), except that, initially, the system is permitted to cool.
Without this early opposition, the outflows - with same power - can not halt the cooling
so efficiently like in the previous case. The feedback finds an equilibrium only at 4 Gyr,
while at later times it will slowly increase, on the contrary of a reasonable self-regulated
model.

The associated efficiency of a cold feedback model would be near 10−4. In fact, we
will see that the correlated cold feedback model will produce an almost identical outcome,
i.e. weak heating (Fig. 5.6, second column).
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5.3.7 Bondi and Hybrid Feedback: ε = 10−3 [gr-Bc1m3, gr-Bi1m3]

As a template for a typical weak model, a simulation with Bondi efficiency of 10−3 (gr-
Bi1m3) produce a cooling rate, which is identical to a pure cooling flow run: Ṁ ∼ 25−26
M� yr−1 (Fig. 5.4, first column).

The only clue for the presence of AGN heating is that the profiles do not suffer a heavy
decline with time, even if they posses a remarkable steep gradient (T down to 4 × 106 K).
The outflow is always continuous (the model is identical to gr-Bc1m3), with a very low
velocity around 1000 km s−1 and a power often under 1043 erg s−1. There is no possibility
that this model will become intermittent at any time, due to the constant central cooling.

5.3.8 Cold Feedback: ε = 5 × 10−5 [gr-C5m5]

The results presented in the previous Sections for the Bondi accretion models suggest
that, compared to galaxy clusters, groups require lower efficiencies, at least a factor of
10. Therefore, I start illustrating the cold feedback mechanism for the lowest adopted ε
and then moving to more efficient outflows. Here we still use the entrainment injection
method. In Chapter 4, we concluded that the size of the jet and the type of injection do
not change drastically the evolution of the feedback.

As shown in the first top-left panel of Figure 5.6, the cooling rate for model gr-C5m5
settles on a steady value around Ṁ ∼ 10 M� yr−1. This rate is obviously unacceptable,
although reduced to the ∼ 50% of the pure CF model value. With such a low efficiency,
the shell-averaged, mass-weighted temperature and density profiles become only slightly
modified by heating, and present the excessive accumulation of gas near the centre, typical
of the cooling flow model. In the centre, the temperature is T ∼ 5.6×106 K, with electron
number densities ne ∼ 0.18 cm−3.

The outflows, have a typical power of Pjet ∼ 4 − 5 × 1043 erg s−1 and velocity of
vjet ∼ 3 − 4 × 103 km s−1. The total injected mechanical energy is in fact quite low,
Ejet ≈ 6 × 1060 erg, and the outflows are almost continuous, incapable to stop the cooling
flow. Given the rare period of inactivity, the ‘duty cycle’ is ∼ 95 per cent.

At the end of the simulation 6×1010 M� have cooled and dropped out of the hot phase.
The vast majority of gas cools at the very centre. If all the cooled gas were accreted onto
the central black hole, as I have simplistically assumed in this scheme, the final black
hole mass would result about an order of magnitude greater than the expected one. In
principle, we could avoid the problem of the excessive black hole mass by assuming
that only a fraction of the cooled gas actually accretes on it, with a higher mechanical
efficiency (see Section 5.3.14).

5.3.9 Cold Feedback: ε = 10−4 [gr-C1m4]

As anticipated, the next step is to increase the efficiency, in order to find a more suitable
heating power. In the following model (gr-C1m4), where the efficiency is increased by
a factor of 5, ε = 10−4, we obtain in fact a jet power of ≈ 1044 erg s−1 and velocity
oscillating around 5 × 103 km s−1 (Fig. 5.6, second column). However, the cooling rate is
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Figure 5.6. Evolution of the cold feedback models with increasing efficiencies, from left to right.
The description of the plots is the same as for Fig. 5.4.

only slightly reduced to 6 − 7 M� yr−1 and radial profiles tend to be similar to the ones of
previous model. The difference is that now the curves decline at 6 kpc, instead of 10 kpc.
Evidently, the outflows deposit their energy in more inner zones.

We conclude that, even if the total injected energy reaches almost 1061 erg, at this
stage the cooling flow is not quenched in a successful manner. This is also underlined
again by the almost continuous presence of the outflows.

5.3.10 Cold Feedback: ε = 5 × 10−4 [gr-C5m4]

At 5 × 10−4 (gr-C5m4), we finally recover a successful heating evolution. As in previous
computations, at early time (first Gyr) the radiative cooling prevails over the outflow
mechanical heating and the cooling rate reaches a peak of 4 M� yr−1. However the long-
term evolution presents different intriguing results. After 2 Gyr the system becomes much
more turbulent and chaotic, inducing a reasonable amount of mixing, that permits the gas
circulation and reheating in a very efficient way, also in the 5 kpc nucleus.

As shown in the third column of Figure 5.6, the temperature in that region is almost
constant, with values close to those observed for NGC 5044 (T ≈ 8 × 106 K; Buote
et al. 2003; David et al. 2009). This very important quality is shown also by the density
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Figure 5.6. Continued. Outflow properties for the cold feedback models. Same description as for
Fig. 5.4 (in the last row is now shown the associated Bondi efficiency).

curves: a gradual flattening of the central profile is seen throughout the entire evolution.
It is striking that the 7 Gyr (black) profile is practically superposed to the initial fit. At
that time (redshift zero) the cooling rate is ∼ 2 M� yr−1, about 7% of the pure CF run,
a significant suppression which brings the value of Ṁ in reasonable agreement with the
observations (Buote et al. 2003; Tamura et al. 2003; David et al. 2009).

The shock waves generated by the outflows, with power usually between ∼ 2−5×1044

erg s−1, are not strong enough to significantly alter the global positive temperature
gradient, although small amplitude ripples are present. These waves correspond to weak
shocks associated with the jet propagation and are visible up to a distance of ∼ 300 kpc.
They are not so evident as in galaxy clusters because the power involved here are two or
three orders of magnitude lower. In fact, the total jet energy is 1.8 × 1061 erg. The gas is
typically ejected with vjet ∼ 104 km s−1.

Furthermore, an important difference between clusters and groups is the duration of
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each event. In cluster models, a duty cycle of 0.1 was quite usual, because the very short
super-Eddington bursts could stop instantly the cooling flow, with the consequence of
perturbed profiles, near the ignition time. Here, our estimated duty cycle is roughly 0.85.
Therefore the situation is reversed: successful cold feedback models in groups require an
almost continuous heating, with short pauses of tens Myr.

Notice that the Eddington luminosity, LEdd ≈ 1.5 × 1038 (MBH/M�) ∼ 1047 erg s−1 (for
a 109 M� black hole), is far above the regime of the current model. In fact, the accretion
rate oscillates between 10−3 − 10−2 the Eddington rate. As shown in Section 5.3.12, an
Eddington jet can easily erase the cool-core structure of the group.

In summary, the analysed behaviour of gr-C5m4 seems to be similar to the quiet Bondi
feedback. In the bottom panel I have calculated, at each time step, the associated Bondi
accretion rate and the required εB to ideally reproduce the same instantaneous mechanical
energy. As a remarkable result, a Bondi efficiency of ∼ 5× 10−2, especially after 2 Gyr, is
retrieved from this analysis. Only in a few events, the cold mechanism detaches from the
regular regime of Bondi, because of its intrinsic impulsivity. Nevertheless the similitude
is quite evident and indeed, if we compare the outcomes of both models (cf. gr-Bi5m2;
Fig. 5.5, third column), they appear deeply connected also in a quantitative manner.

5.3.11 Cold Feedback: ε = 10−3 [gr-C1m3]

Increasing the efficiency by a factor of 2 generates another positive model, with some
features approaching the borderline of a violent disruptive heating. In fact, with a jet
power up to 1045 erg s−1, the cooling flow is perfectly stifled, asymptotically decreasing
to a fraction of M� yr−1 after a few Gyr (Fig. 5.6, fourth column). The beginning of the
violent regime is quite evident in the radial profiles, which now tend to oscillate in a large
∼ 50 kpc region. Overall, the cool core is preserved, but the temperature indicates some
overheating in the nucleus at later times.

With our adopted active region, during a few outbursts, the jet velocity becomes
greater than 105 km s−1, while the outflow mass rate is several tens M� yr−1, as in all
previous cold feedback models. This is a clear indication that at higher efficiencies we
will approach a relativistic regime and a catastrophic heating9. The equivalent Bondi
efficiency for model gr-C1m3 is sometimes 0.5 or more, difficult to justify.

The total injected energy of gr-C1m3 is similar to the previous successful model, an
indication of a good self-regulation during the global feedback process. This energy can
be compared with the total energy radiated away, ≈ 1.38 × 1060 erg (in the simulated
half-space z > 0). Interestingly, the present heating provides more energy than that lost
by radiation (Erad ∼ 1.4 × 1060 erg). Notice that, in every described model, the total
outflow energy (for the full-space system) is about an order of magnitude lower than the
available BH energy (∼ 1.8 × 1062 erg). The evolution of the energetics is very similar
to the description presented in the previous Chapter. The core kinetic energy increases
after every intense AGN outburst, but it is soon dissipated and transformed into potential
energy through the expansion of the IGM.

9I will not show here results for ε > 10−3; see the previous Chapter for the analogous cluster model.
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Figure 5.7. Evolution of intermittent and inflow-outflow models (with or without mass loading).
The description of the plots is the same as for Fig. 5.4.

5.3.12 Intermittent Feedback

In this series of models we want to decouple the simulation from the self-regulation
engine, in order to control some important AGN outburst parameters. For example, it is
interesting to fix the frequency of the outflows. In Section 4.3.9, I found that intermittent
outflows, with jets activated every 10 Myr, are marginally acceptable, and can reasonably
inhibit gas cooling. I thus test a fixed AGN cycle of 10 Myr, with every event lasting 5
Myr. This AGN activity agrees with the observations of acoustic ripples in Perseus cluster
(e.g. Fabian et al. 2006).

In the models described in this Section I do not insert an ad-hoc velocity, but retrieve
its value from setting a constant power, here taken equal to 10−4 PEdd, thus Pjet ∼ 4 × 1043

erg s−1 (model gr-I510m). Unlike the previous runs, I use now the nozzle injection
method, with resulting constant velocity ≈ 7000 km s−1 (the efficiency is irrelevant).

With the previous fixed power and intermittency (Figure 5.7, first column), the cooling
rate is less than a few M� yr−1, for several Gyr, and shows a slow increase after 4.5 Gyr,
up to 4 M� yr−1. The density radial profiles are almost superposed to the observations,
becoming slightly flatter at later time. Thus, like in Bondi models, the radiative cooling
is significantly reduced by the simulated heating process. It is visible a spike in the inner
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Figure 5.7. Continued. Outflow properties for the intermittent and inflow-outflow models. Same
description as for Fig. 5.4, except that the bottom row shows now the accretion rate.

few kpc, while at radii greater than 10 kpc the fluctuations from initial T (r) are almost
zero. As expected, shock heating seems slightly more vigorous in the nucleus when the
outflow is injected through the boundary, while more effective at intermediate radii, when
the entrainment method is adopted.

In this type of intermittent models it is not granted that the feedback produces evident
cavities. In fact, with a cycle of 5-10 Myr the head of the jet cocoon almost touches the
backflow tail of the last bubble. Thus, we expect that with a duty cycle greater than 50
per cent the jet becomes practically continuous.

Keeping the same cycle scheme (5-10 Myr), but increasing the power by a factor of 10
produces a typical explosive simulation (gr-I510h; not shown). The temperature profile
becomes very steep, with a negative gradient, as soon as the outflow ignites, destroying
the entire cool core and generating a plateau in n(r). The cooling rates are obviously zero,
a typical sign of heating catastrophe (overheating).
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On the other hand, a model with a much reduced power (4 × 1042 erg s−1; gr-I510l)
shows Ṁ ∼ 12 M� yr−1, after just 1 Gyr. Generated bubbles are quite stable and,
being slowly inflated, show cold rims in the early phases. Nevertheless, the density and
temperature profiles resemble those of a classic cooling flow, with less peaked gradients.

We can conclude that, even with fixed intermittency, an acceptable AGN feedback
model should not approach the Eddington regime (as proposed in some analytical works,
e.g King 2009), at least in galaxy groups, where a strong burst can easily wreck the
delicate thermodynamic structure of the core.

I also tested several types of intermittency, keeping the same jet power of acceptable
model gr-I510m. However, these models must be rejected. In fact, when each outflow
event has a duration of 1.0, 2.5 or 3.3 Myr (not shown), the intermittent feedback becomes
quite ineffective in halting the inflowing cold gas: the central gas density slowly grows
with time until radiative cooling prevails over heating, causing the cooling rate to surpass
the threshold of acceptability. For example after just 1 Gyr, with 3.3 Myr duration, the
cooling rate overcomes 7 M� yr−1 and the temperature curves turn very similar to those of
model gr-CF. On the contrary, when the jet duration exceeds 5 Myr, the inflated cavities
disappear, because the different outbursts melt rapidly in the inner ten kpc zone, producing
an almost continuous injection. The consequence is a steep T gradient at the centre, which
can halt the cooling flow, but without self-regulation it easily overheats the system.

5.3.13 Thermal Feedback

It is worth noting that one difficulty of a purely kinetic outflow (often called ‘momentum-
driven’) is that it can often carve a tunnel in the surrounding IGM, if the ram pressure of
the jet (ρjerv2

jet) is much larger than the gas thermal pressure (ρc2
s/γ). Thus, a feedback

with high kinetic energy will advance undisturbed in the group core, depositing its energy
at intermediate radii (15 − 30 kpc). At the base, the cold gas accumulates in a torus-like
manner. This is especially evident at early stages of a momentum-driven outflow, starting
from idealised symmetric conditions without any kind of perturbation. The successful
models are able to quench cooling flow, because at some point the generated turbulence
induces strong mixing in the gas, also in the very centre. Therefore the circulation
inside the jet path makes shock heating very effective. In our models the turbulence is
sustained only by the AGN feedback. It is likely that this process dominates in the very
central region of the system, although turbulent and bulk motions caused by cosmological
accretion, usually very subsonic, may also contribute (e.g. Heinz et al. 2006).

Nevertheless, the high density gas in the torus cools efficiently and triggers the AGN
feedback in an almost continuous way. It is physically reasonable that a fraction of the jet
power is converted in thermal energy, especially during the entrainment process. Based
on these considerations, we simulate some models with a fraction of the total injected
energy in the form of thermal energy, through the nozzle. We use the Bondi prescription
for these runs.

With pedagogical purpose, I first set the fraction of Eth to 99% the total jet energy.
This setup is similar to the model of Cattaneo & Teyssier (2007) with loading factor of
100 and Bondi efficiency 0.1. As expected, the first powerful outflow (over 1044 erg s−1)
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destroys the entire thermodynamic structure of the cool core: the produced shock (with
temperatures above 1010 K) is almost spherical. This is another indication that the group
necessitates a much more delicate heating compared to a cluster. Lowering the efficiency
to 10−3 still generates a similar catastrophic heating.

On the other hand, keeping the above efficiency, but reducing the fraction of Eth to
20% or 33% results in models overall similar to purely kinetic ones. One major difference
resides in tiny puffs at the base of the jet, that enable more turbulence. The problem
is that, in the inner 8 − 10 kpc, temperature profiles show a spike, due to injected Eth.
Another interesting effect is the enlargement of the tunnel carved by the outflow, due to
the increased internal pressure, compared to the pure momentum-driven feedback.

The best model seems to be gr-BEth50 (figure not shown), with 50% thermal energy
and efficiency 5 × 10−3. The feeble jet is almost always continuous, with velocity 3000
km s−1, but the thermal energy injection generates a strong break-up in the jet structure,
fragmenting in small buoyant bubbles of size 5 − 8 kpc; a very interesting feature that is
observed also in NGC 5044 (David et al. 2009, 2011).

I conclude that a good fraction of thermal energy associated with the AGN feedback
can help the deposition of heating at very small radii, reducing the cold torus at the base
of the jet and fragmenting the outflow in small-size bubbles. At the same time, however,
it is difficult to obtain a flat or positive T profile, requiring some sort of fine tuning.

5.3.14 Inflow-Outflow Feedback

One problem of self-regulated feedback models is how much of the gas contributes to the
growth of the black hole mass. Needless to say, with a resolution of ∼ 500 pc we can not
consistently estimate the accretion rate onto the BH. As noted in some works (Cattaneo
& Teyssier 2007; Ostriker et al. 2010), part of the inflowing gas could be thrown back by
the induced outflow, probably via entrainment. Therefore, only a fraction of the accreting
mass, ∆Macc, might actually be captured by the black hole. From another perspective, we
can see this as a reduced total efficiency.

That being stated, I compute some models in which we attempt to track the part ( fin)
of infalling gas that really increases the BH mass. The residual fraction ( fout = 1 − fin) is
considered the active mass of the outflow:

1
2

fout Ṁaccv2
jet = fin εṀaccc2. (5.1)

Note that in these models it is better to use the nozzle injection mode, in order to totally
control the outflowing mass, without altering the internal domain cells.

An interesting feature of this method is that the outflow velocity is almost constant,
dependent on fin/ fout (and ε). An observational constraint of the outflow velocity may
thus provide hints about this ratio between infalling and outflowing matter.

Setting fin = 0.1 ( fout = 0.9) and efficiency ε = 10−3, the outflow coming out of the
nozzle has a velocity ∼ 7000 km s−1. With cold accretion, the power of the jet presents
strong oscillations between 1043 and 1045 erg s−1 while the cooling rate approaches in a
few Gyr the gr-CF simulation. Even with Bondi accretion (same efficiency; Figure 5.7,
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second column), which in theory is more regular, the high outflow power can not find
a stable balance in time, resulting in Ṁ ∼ 18 M� yr−1 at 7 Gyr. While some accretion
events reach 4-5 M� yr−1, the produced strong feedback does not last long enough. In
fact, the total injected energy is very low: Ejet ∼ 1059 erg. It is interesting that the
radial profiles of this model (gr-BIO10) show a cool core, with the exception of a central
negative temperature gradient. Therefore, overall acceptable mean T and n profiles do not
necessary imply that the system is not cooling.

Trying to increase the efficiency is a serious problem for the inflow-outflow feedback
models, because the velocity would constantly overtake > 5×104 km s−1. We could lower
fin in order to increase the jet mass, but with just 1 per cent of accreting mass (probably
unrealistic) the velocity would still have very large values.

The only solution, I have found, is to return back to the ‘entrainment hypothesis’ and
multiply fout by a factor ηload (like a mass loading factor). Following this assumption,
with ηload = 40 and fout = 0.3 (gr-BIOen40), we can thus enhance the Bondi efficiency
(ε = 5 × 10−3) to obtain an acceptable cooling rate, below 5 M� yr−1 (Fig. 5.7, third
column), after the small bump at 1.5 Gyr. Now the velocity has a value of ∼ 6000
km s−1. With ηload = 80 (gr-BIOen80), the average cooling rate is further reduced,
asymptotically decreasing to 1 M� yr−1 (fourth column). Both simulations generate some
of the best radial profiles, which keep the cool-core appearance for the entire evolution,
almost glued to the initial (observed) condition. This is an indication that the feedback has
returned stable (around Pjet ∼ 1− 3× 1043 erg s−1), gentle and continuous, very similar to
successful Bondi models (Sec. 5.3.2-5.3.3). Notice that the accretion rate becomes again
sub-Eddington.

Overall, a pure inflow-outflow model exhibits a spasmodic behaviour, because of the
intrinsic linking between accreting and outflowing matter, which can be smoothed out
only by introducing a mass loading factor. However, this parameter is nowadays unknown
and therefore its value is chosen ad hoc, in order to retrieve reasonable jet velocities. Since
the results are analogous, it is therefore simpler and cleaner to adopt the usual entrainment
feedback of the previous main models.

5.4 Dynamics and Observables of Best Models

In this Section I analyse in depth the typical features produced by the AGN feedback
in the best models, at some relevant times, via the density slices and other astronomical
observables, like the integrated emission-weighted maps.

In Figure 5.8, the first column shows the 2D density cuts trough the x-z midplane
(panels a-d) with the velocity field superposed. The first row is associated with Bc5m2
model (at 5 Gyr), one of the successful models in the set of simulations (see Table 5.1).
This snapshot depicts one of the three typical stages of the AGN-regulated simulation in
a galaxy group. The gentle and continuous heating of the outflow (∼ 1044 erg s−1) carves
a narrow tunnel in the intragroup medium with electron density around 2 × 10−4 cm−3.
The diameter of the channel is usually 4-5 kpc, collimated in the inner region by the
thermal pressure of the surrounding gas. At 14 kpc, where the jet ram pressure becomes
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Figure 5.8. Logarithmic maps of the four best models (kpc unit). The two columns show the
cut through the x-z midplane of ne (cm−3), with the velocity field superposed, and the emission-
weighted projected temperature (K). From top to bottom row: model gr-Bc5m2 (5 Gyr), gr-C1m3
(0.5 Gyr), gr-Bi5m2 (7 Gyr), and gr-Bi1m1 (6.5 Gyr).
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Figure 5.8. Continued. The two columns show the X-ray surface brightness (erg s−1 cm−2;
logarithmic) and the projected emission-weighted iron abundance (Z� unit).
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comparable to the thermal pressure of the ambient gas (P ∼ 2.5 × 10−11 erg cm−3),
the outflow structure becomes perturbed and more turbulent10. In fact, near the tunnel,
instabilities are visible, a signature of further IGM entrainment and turbulent mixing. The
latter has a relevant role in the feedback process, especially at later times, when the AGN
has been active for several Gyr (Fig. 5.4; the cooling rate decreases with time). In fact,
even if the turbulent mixing does not directly heat the gas, it greatly favours the deposition
of energy at the base of the jet, where the cooling tends to dominate.

The fact that the global cool-core appearance is not greatly modified, is another key
result. Although the continuous outflow generates a tunnel, the overall initial structure is
conserved. On the other hand, increasing the efficiency of Bondi models leads to a wider
conical channel, which begins to dominate the core of the group. This is not observed
and in fact those models are rejected also for the central negative T gradient. As seen in
the second column (panel e), the emission-weighted temperature of Bc5m2 has instead a
positive gradient, almost flat in the 5 kpc nucleus.

The continuous presence of the channel (interrupted sometimes by the fragmentation)
is a feature not commonly seen in real groups, at least in the local universe11. However,
the X-ray surface brightness map (panel i) does not show an evident channel, with only
two very faint features (at 12−16 kpc), similar to a pair of arms. To be more quantitative,
I performed 1D cuts through z of SBX at different levels (from 4 up to 20 kpc; Figure
5.9, non-black lines). It is clear that the central depression is not deep (15 − 20%, usually
with a difference of 5 × 10−6 erg s−1 cm−3), plus the width is particularly slim (few kpc),
making the detection of the channel extremely difficult12. Over 20 kpc, the slim tunnel is
lost in the integration trough line of sight.

In panel o (always Fig. 5.8) is shown the tracer of the iron abundance (again emission-
weighted), injected by SNIa and stellar winds of the cD galaxy. This type of advected
quantity is deeply linked to the history of the AGN heating. It is indeed possible to
recognise in the map the anisotropic outflow pattern, which can drag the metals, produced
inside the central elliptical galaxy, up to 15-20 kpc. The abundance values are ∼ 0.3− 0.4
Z�. This characteristic is commonly observed in the core of AGN heated systems
(e.g. Kirkpatrick et al. 2009, 2011; Rasmussen & Ponman 2009; David et al. 2011).

The second row of maps (Fig. 5.8) is associated with another good model, this time
based on the cold feedback. Model gr-C1m3 (at 0.5 Gyr) shows the other face of the
AGN-regulated evolution: an AGN outburst with power ∼ 1.2 × 1045 erg s−1 generates a
big cavity in the IGM density, with major/minor axis of 16/10 kpc. The injected energy is
almost 1060 erg, with an outflow velocity over 104 km s−1. The buoyant bubble has a high
density contrast with the environment, ∼ 100.

In contrast to the violent cavities generated in the previous galaxy cluster simulations,
the cold feedback in groups is able to inflate low density cavities without heavy shocks.
The outflow power, in the group environment, is several orders of magnitude lower,

10At 24 kpc, the outflow is almost stopped by the IGM, generating a rise in temperature, ∼ 1.55 × 107 K (see also
Figure 5.9).

11The evolution of groups is still far to be certain, lacking a complete sample at intermediate and high redshift.
12In addition, Poisson noise, background, resolution, and response of the X-ray detector (not present in our synthetic

maps) could easily alter or obscure this very faint and narrow feature.
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Figure 5.9. X-ray surface brightness and emission-weighted temperature 1D cuts through z (see
label). Black thick lines correspond to model gr-Bi1m1 (panels n and h of Fig. 5.8), while the
other lines belong to model gr-Bc5m2 (panels i and e).

usually with a smoother injection per time step. In fact, Tw ∼ 1.45 × 107 K inside the
shell, which is only slightly larger than the surrounding gas value (see panel f and the
black line in Fig. 5.9). This is also suggested by the homogeneity of the map above 12
kpc (reddish colours).

A striking feature, while hard to detect, is the bright rim, that surrounds the cavity
(panel l). The rim, especially the low-z region, is formed by low-entropy gas originally at
the centre. This feature is seen in deep X-ray observations (e.g. Salomé et al. 2006 and
references therein), suggesting that the rims are colder than the average ambient medium.
The 1D cut through z = 20 kpc (Fig. 5.9) clearly confirms the presence of the rim, with a
drop of temperature (∼ 40%) coincident with the high X-ray emission (at x = ±6 kpc).

In panel p, I show the (emission-weighted) iron abundance map in the x− z plane. The
iron-rich core, few kpc in size, is clearly visible. At z ∼ 28 kpc there is a region of Fe-rich
gas, lifted by the outburst. The dense cavity rims have a slightly larger abundance than
the ambient gas, also revealing that the origin of a part of the rim material is connected to
the nucleus of the group.

The SBX inside the cavity (panel l) exhibits a depression of ∼ 50 per cent with respect
to the rims. Notice how this feature (Fig. 5.9, black line) would be easily detectable in
the X-ray, compared to the vanishing faint channel, due to its deep depression and large
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width. Moreover, the nucleus (5-8 kpc) dominates the emission, while the upper part of
the bubble vanishes rapidly in the background (> 30 kpc). The future of this bubble is to
buoy outwards and being destroyed, after few tens Myr, by the backflow and instabilities.

The third row presents the snapshots of model gr-Bi5m2 at 7 Gyr. At that stage
of evolution the IGM has accumulated more turbulence, after several AGN events,
promoting the diffusion of iron in a radius of 20 kpc from the centre (panel q). However,
this particular moment is again dominated by another AGN outburst (2×1043 erg s−1). The
young bubble (panel c) still buoys undisturbed in the IGM, generating a slight asymmetry
in the iron distribution along the jet axis, over the more uniform background.

At this time, we caught indeed the early injection phase of the outflow. A quasi-
cylindrical cocoon envelops the core of the jet, which has now a velocity around 3000
km s−1. The injected initial velocity was over 104 km s−1, meaning that the jet commonly
decelerates in a rapid way after few kpc. At z = 22 kpc the emission-weighted temperature
reaches the maximum value of 1.62×107 K (panel g), clearly indicating the effect of shock
heating. Around the contact discontinuity the gas is weakly shocked, with temperatures
above 1.25 × 107 K. The average Mach number is around 1.2, a typical value found by
observations (Blanton et al. 2009; Gitti et al. 2010). The arc is also visible in the SBX

map (panel m), while the decrement associated with the cavity is ∼ 35 − 40 per cent.

Notice that the maps of this model are very similar to those of gr-C5m4, another
successful model, which has analogous bubbles production. This behaviour confirms
further the strict relationship between (intermittent) Bondi and cold models, as previously
noted by the compared efficiency analysis.

The last row of maps (Fig. 5.8) displays another moment, typical for intermittent
feedback models, like gr-Bi1m1. The big outburst and the generated bubble have
vanished, leaving the system in the aforementioned turbulent phase, in which mixing
distributes the low residual heating to the central IGM. Soon after this period, the gas will
cool and start the inflow. The velocity field is relatively chaotic (panel d), with maximum
velocity of 640 km s−1, a bit lower than local speed of sound, evidently decreasing in the
turbulent zones. The mixing of gas at this epoch restores the spherical symmetry of the
cool core, with average temperature of ∼ 9 × 106 K (panel h). This is underlined also by
the symmetric SBx map (panel n) and by the substantial diffusion of iron at r ∼ 10 − 30
kpc (panel r). Note that the abundance radial profile at the very centre is more peaked
during this quiescent cooling flow phase (∼ 0.8 Z�), compared to the AGN outburst
period. Thus, our AGN models might also explain the dichotomy of the cool-core and
non-cool-core groups, having the former higher central abundances (Johnson et al. 2011).

An interesting feature, captured at this stage (often present after an AGN outburst),
is the sequence of very small bubbles at r > 15 kpc, with typical diameter of a few
kpc. The origin of this tiny bubbles is the fragmentation of the jet due to turbulent and
chaotic motions, previously discussed. In this map they are in a very late phase, almost
disappearing in the ambient medium. In this case they would be probably not detected
in the X-ray (just a 10 per cent jump in surface brightness). To capture their signature,
an observation should be done at an earlier evolutionary moment, after a big event, when
the jet is rapidly fragmenting. Nevertheless, it is striking that David et al. (2009, 2011)
find exactly this type of configuration in NGC 5044: few big cavities and many small
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‘weather-driven’ bubbles (see Figure 2.2), which appear to be radio quiet (not directly
inflated by the jet).

Overall, we conclude that the AGN outflows dynamics is particularly complex, as
expected from the previous study in galaxy clusters (Chapter 4). The main stages of
evolution for the best models are: (i) a gentle continuous outflow, which sustains the
cooling flow for the majority of time (or always in the classic Bondi models) and which
is barely observable in SBX maps; (ii) a phase of large cavity inflation, with cold rims
and high density/SBX contrast (only for non-continuous models); (iii) small periods of
quiescence in which the turbulence and vorticity promotes mixing and tiny weather-driven
bubbles.

The presence of the above-described features (big and small cavities, asymmetry of Fe
abundance, low-Mach shocks, etc.), is consistent with several recent X-ray observations
of heated systems, and demonstrates the fundamental role of AGN-driven outflows in the
evolution of groups.

5.5 Discussion

In this Chapter, I have carried out 3D numerical simulations of self-regulated AGN
outflows in the galaxy group environment. We have followed the long-term evolution
of the interaction between two main characters: radiative cooling and feedback heating.
The aim of this investigation is to understand the large-scale features of the feedback
process, in order to solve the cooling flow problem, i.e. quenching the cooling rates, but
at same time preserving the cool-core structure.

Two relevant models, previously successful in clusters (Chapter 4), were tested: cold
and hot Bondi-like feedback. Galaxy groups, with masses approximately two orders
of magnitude less than big clusters are more fragile systems and the feedback must be
consequently more delicate. In the following, I discuss and summarise the main results
obtained, along with the merits and flaws of the computed models.

5.5.1 Hot Bondi-like Feedback

In the first set of simulations the commonly adopted Bondi prescription is applied to
evaluate the accretion rate onto the black hole. Although the Bondi scenario is quite
naive, it can be treated as the template model for a typical self-regulated feedback linked
to entropy (ṀB ∝ K−3/2). The efficiency, as a free parameter, might just incorporate the
discrepancies between the ideal Bondi model and the real dynamics.

Overall, I found (similarly to clusters) that the Bondi accretion models are able to
satisfy our main requirements for a plausible evolution, with a mechanical efficiency in
the range 5 × 10−2 − 10−1. As expected, the accretion rates are always two to three orders
of magnitude lower than the Eddington limit. This implies that the outflow ‘touch’ is
always delicate and non-explosive, with powers on the order of 1044 erg s−1 and velocity
104 km s−1. These values are consistent with numerous observations of AGN outflows via
absorption lines (see Chapter 2).
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In the best models, cooling rates are reduced below a few or fraction of M� yr−1, with a
monotonic decrease in time. The density radial profiles of these models do not deviate too
much from the observed ones. The same can be said for the temperature gradient, with a
small overheating in the inner 4 kpc nucleus. The last feature is probably associated with
the continuous nature of the feedback: the Bondi formula is in fact based on the accretion
of hot gas, whose reservoir never drains.

A problem for this model may be the continuous injection of energy, which carves
a tunnel in the IGM. However, as shown in Section 5.4, this channel is usually very
narrow and almost disappears in the surface brightness image (on the contrary of buoyant
bubbles). The important result is that a feeble continuous heating could operate, without
being in contradiction with observations.

The lack of direct cavity inflation is another issue. However, during the increasing
generation of turbulence (due to the AGN), the jet becomes gradually more disturbed:
eventually it fragments, producing a series of small buoyant bubbles. This phenomenon
is certainly enhanced by a cosmological evolution through merging and other large scale
motions (e.g. Morsony et al. 2010). Big cavities seem nevertheless difficult to generate.

I have also checked that slightly different initial conditions, like an initial isothermal
temperature profile and a NFW dark matter profile, do not alter the behaviour of the
feedback, producing similar results.

5.5.2 Cold Feedback

In galaxy clusters, the triggering mechanism linked to the instantaneous cooling rate
induced a very powerful outburst, often super-Eddington. In much less massive galaxy
groups, such a powerful feedback would easily destroy the thermal structure observed,
producing negative temperature gradients up to 100 kpc. Therefore, successful models
show efficiencies about an order of magnitude lower compared to those for clusters. With
ε between 5 × 10−4 and 10−3 cooling rates are still well below 10 per cent of the pure
cooling flow model, but now with consistent central densities and temperatures.

The model is naturally impulsive, but this time the duty cycle is high compared to
the cluster evolution. In fact, for the majority of time, the outflow is continuous with
moderate power, similar to the previous Bondi models. The AGN stays in a quiescent
phase only 15-20 per cent of the time, after which it will ignites with outbursts up to 1045

erg s−1. These powerful jets are essential for creating big bubbles of 10-20 kpc diameter.

One of such event has been analysed in Section 5.4 (Fig. 5.8). The bubble does not
show high temperature within (e.g. 108 K or more), like in clusters: it is very underdense
with respect to the ambient medium, with a relatively large contrast in the SBX map
(> 50%). It is striking that the metal abundance is often highly asymmetric, enhanced
along the outflow direction. All the previous features are commonly present in deep X-
ray observations (McNamara & Nulsen 2007; Baldi et al. 2009; Gastaldello et al. 2009;
Kirkpatrick et al. 2009, 2011; Rasmussen & Ponman 2009; David et al. 2009, 2011).

Overall, it is surprising that, in galaxy groups, models with cold feedback resemble,
most of the time, simulations with Bondi accretion, with the merit of adding important
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features like X-ray cavities and ripples at larger radii (essentially weak shocks with Mach
number around 1.1−1.3). This fact clearly indicates the required property of the feedback
process: if AGN outflows are the main driving mechanism, they need to be gentle and
extremely frequent.

5.5.3 Hybrid feedback

Simulations using a third class of self-regulation have been carried out to test the
combined effect of Bondi accretion and cold triggering mode, in order to avoid Bondi
continuous injection (intrinsic in the classic formulation). In some preliminary tests (here
not shown), I found that a very simple superposition of the two feedback schemes leads
to unacceptable models, because the outcome is just a more powerful jet, which carves
a larger and deeper continuous channel. Therefore, I tried another way to combine both
methods. Keeping Bondi accretion prototype (entropy-regulated) for the value of power,
I assumed that when the gas begins to cool at the centre (i.e. the inflow initiates), the
feedback is activated. This prevents too peaked instantaneous outflow powers and, at the
same time, the feedback acquires a duty cycle.

The results are very encouraging. The required Bondi efficiency for best models stays
again in the range 5 × 10−2 − 10−1. Assuming ε < 10−2, the evolution manifests the
typical flaws of a pure gr-CF run. On the contrary, if ε > 10−1 the feedback becomes very
explosive and easily ‘burns’ the cool core. The best hybrid models show instead radial
profiles with gradients not far detached from the initial observed state, along with very
low cooling rates (usually one or less solar masses per year).

The look of the hybrid simulations has been analysed in depth in Section 5.4. The
general features are almost identical to the previous discussed models. Extensive periods
of a continuous Bondi-like injection (Pjet ∼ 1044 erg s−1, vjet ∼ 104 km s−1) produce a
narrow heating channel, alternated with dormant AGN phases (∼ 15%). As in the cold
feedback runs, the short inactivity promotes the subsequent generation of outbursts with
greater power (3-4 times more than the continuous phase), producing important observed
features, such as tens of kpc cavities and oscillations in the flow quantities.

It is relevant to note that, as in previous good cold models, only a fraction of the
injected mechanical energy is used to inflate the cavities (usually under 50 per cent13).
One of the main results, also pointed out in Chapter 4, is that the success of a feedback
crucially depends on how the energy is transferred to the surrounding medium, not only
on the total amount of available energy. Furthermore, the heated flow has a very complex
dynamics, with numerous facets. After the mechanical energy is injected in the system, a
part of energy inflates the bubble, but the rest generates the cocoon and weak shocks.
When the jet is more continuous, the moderate energy released at intermediate radii
induces a turbulence growing in time. These chaotic motions permit a more efficient
circulation of the hot gas, promoting the deposition of energy through mixing at the
base of the jet, where the cooling tends to dominate. Furthermore, while the system

13For instance, the inflation energy of the bubble in Fig. 5.8, panel b, is 4 PV ∼ 4 (2 × 10−11 erg cm−3) (1.1 × 1068

cm3) ≈ 9 × 1057 erg, while injected mechanical energy is 2.45 × 1058 erg. Thus, the inflation energy is just 37% of the
total injected energy in that single event.
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becomes more turbulent, the feeble jet can be fragmented and can cyclically produce tiny
bubbles, few kpc in size (albeit very faint in the SBX map). Their buoyant motion may
promote additional mixing and heating, helping the global feedback process. Quite simple
feedback models still generate an amazing variety of heating processes.

As a concluding remark for these models, the efficiency comparison (last row in
Fig. 5.5) underlines again the strict relationship with the cold best models, exactly around
εcold ∼ 5 × 10−4 − 10−3. We can therefore affirm that the feedback in galaxy groups,
able to quench the cooling flow but at the same time preserve the cool-core structure, is
globally only of one type: moderate, gentle, often continuous and turbulent, with very
short periods of inactivity and following outbursts.

5.5.4 Rejected Models

It is also interesting to highlight the main features of unsuccessful models, in order to
understand why some kinds of feedback do not work.

First of all, while a small part of the total injected energy could be in thermal form
(Sec. 5.3.13), above a threshold fraction of ∼ 50 % the centre of the group becomes too hot
with respect to the observations (see also Brighenti & Mathews 2002, 2003). Injection
of a modest amount of thermal energy can have the beneficial effect of disrupting the
otherwise ordered structure of the outflows. This model intermittently eliminates the long
tunnel, usually not observed in real systems. Moreover, the deposition of heat in the
nucleus helps preventing the formation of a cold torus. Injection of thermal energy can be
justified assuming that shocks heat the hot IGM in the unresolved core.

Another rejected model considers the active outflowing mass directly linked to the real
accreted mass onto the BH (inflow-outflow feedback; Sec. 5.3.14). The main problem is
that, even with very low fin (thus fout > 0.9), the jet velocity often exceeds 105 km s−1.
This unappealing result can in principle be fixed adding a mass loading factor (ηload fout;
see also Cattaneo & Teyssier 2007; Ostriker et al. 2010). However, this assumption
would mimic entrainment, just as our standard outflow generation method. It is thus
not surprising that we recover acceptable results, similar to those discussed previously.

Intermittent models (Section 5.3.12), with fixed jet power, are only partially
acceptable, as also found for galaxy clusters. The most successful run has relatively weak
outflows (Pjet ∼ 10−4PEdd), activated every 10 Myr, with a duration of 5 Myr each. I have
also tested jets with Eddington power (∼ 1047 erg s−1). As expected they will destroy the
cool core generating systems very different from the real ones.

The major flaw of the intermittent models is their artificial nature. Cooling rates can be
suppressed, compared to a pure cooling flow, but the central temperature profiles oscillate
strongly. This further supports the common notion that heating must be self-regulated.

5.5.5 Comparison with other Works

Regarding clusters, we can account for several variegated computations (e.g. Omma
et al. 2004; Ruszkowski et al. 2004a; Brüggen et al. 2005; Brighenti & Mathews 2006;
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Sternberg et al. 2007), but very little work has been done to explore the role of AGN
heating in the intragroup medium evolution, especially from a theoretical and numerical
point of view.

Brighenti & Mathews (2003) studied thermal heating (plus conduction) in 2D
simulations, showing that this type of feedback, while very efficient in stopping the
cooling process, often generates negative temperature gradients, with the total erasure
of galactic cooling flows commonly observed in gE (Sun et al. 2005, 2007).

Zanni et al. (2005) studied the purely hydrodynamical evolution of a single jet outburst
for a short time (few 100 Myr). Their 2D cylindrical simulations do not implement
radiative cooling, nevertheless, they found a consistent L − T relation, suggesting again
the high importance of AGN jets.

Unfortunately, carrying out large cosmological simulations (Puchwein et al. 2008;
McCarthy et al. 2010) does not permit, nowadays, a detailed analysis of the feedback
physics in the inner cool core, mainly because of the lack of resolution, and they are
thus more suited to study global sample-averaged properties. Furthermore, none of the
above-mentioned works has investigated a purely mechanical feedback, but only hybrid
solutions, usually ending up with a strong thermal injection (similar to Cattaneo &
Teyssier 2007). Finally, almost all cosmological simulations use Bondi accretion, with
an ad-hoc boosting factor (∼ 100×), in order to inject a significant feedback energy.

For all these reasons it is practically impossible to make a comparison with
cosmological simulations. There is also one numerical argument to highlight. Today
there is still much controversy between SPH (lagrangian) and grid (eulerian) cosmological
simulations (e.g. Borgani et al. 2002; Younger & Bryan 2007), finding often different
results. A serious problem concerns the temperature profiles which emerge from the pure
cooling flow calculations (possibly due to numerical effects): these runs often present
negative or flat gradients at several times, in contradiction with the typical substantial T
decrement that should normally occur (Figs. 4.4 and 5.3; Brighenti & Mathews 2002a).
Such different behaviour could profoundly alter the computations with the AGN feedback
activated. In future, I intend to test the feedback studied in this Thesis in a fully
cosmological simulation, adopting a very high resolution thanks to the AMR capabilities.

5.5.6 Comparison with Galaxy Clusters

The simulations presented in this Chapter show that AGN heating has a deeper impact
in galaxy groups than in clusters, because the same mechanical power per particle has a
greater effect for a lighter, less bound systems. As seen in the previous Sections, a jet
with Eddington power can easily erase the entire thermodynamic structure of the cool
core. The same applies for all the self-regulated simulations with very high efficiencies
(> 5 × 10−3 for cold models; > 10−1 for Bondi feedback). In Chapter 4, I showed that
consistent cold models tend to produce super-Eddington outbursts (> 1047 erg s−1), with a
low frequency (∼ 10 per cent). Despite the huge power injected, the shock-heating phase
can not destroy the observed density and temperature gradients, and the cluster quickly
restores the usual cool core. The only marked consequences are more ripples at larger
radii and cavities, which in the early phase present high internal energy and shocked rims.
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On the contrary, galaxy groups, with much less binding energy (per particle), can
not recover from the same strong impulsive feedback. In order to prevent such ‘heating
catastrophe’, cold feedback models in galaxy groups require an efficiency at least 5 − 10
times lower. The outcome is striking, because the evolution resembles that of Bondi
models, with low power jets (1044 − 1045 erg s−1) activated in a quasi-continuous gentle
way. These outbursts, occurring after short quiescence periods (tens Myr), generate
∼ 10 kpc cavities surrounded by relatively cold rims in the region close to the centre
of the group, similar to some observations (e.g. Gastaldello et al. 2009). Unlike in
galaxy clusters, cavities in groups present the usual low density contrast with temperatures
similar to the surrounding medium, even if young.

The best models assuming classic Bondi accretion, on the other hand, are equivalent
in both clusters and groups (except for the efficiency, lower in groups). Accretion rates
always follow a sub-Eddington regime. The moderate outflows carve a narrow tunnel
in the IGM, which is very faint in the SBX map and thus hard to resolve. The absence
of inflated bubbles is still a riddle for this type of feedback. In galaxy clusters the low-
power outflows (ε = 0.1) have more difficulty in halting the massive cooling flow (tens
M� yr−1), showing more peaked density profiles. Therefore, in the cluster, cold accretion
was favoured as an acceptable model.

Another common feature in both clusters and groups is the asymmetrical distribution
of metals (mostly iron) produced by the SNIa in the central galaxy. They tend to
accumulate along the jet axis, in agreement with recent observations (Rasmussen &
Ponman 2009; Kirkpatrick et al. 2009, 2011; David et al. 2011).

In the successful group models the sub-Eddington outflow powers imply that the total
injected energy (a few 1061 erg) is always an order below the total ‘available’ BH energy.
In fact, during the simulated evolution, the BH mass increases at most 10 per cent in Bondi
models. In the cold feedback models the lower ε imply a much higher ∆MBH, similarly to
clusters. However, the real efficiency (free parameter) could be just higher, with a lower
mass actually falling onto the BH. Our simple approximation of the real sub-pc accretion
does not allow to answer why the efficiency in groups should be a factor 5-10 smaller
than in clusters, besides the strong observational requirement of the cool core survival. A
future dedicated investigation on the detailed accretion process may provide this answer.

As a concluding remark, I argue that the discrepancies in the scaling relations, like
the entropy floor and the steepening in the L − T relation (Sec. 5.1), should be deeply
linked to the AGN feedback, which - as we have shown - can easily modify the main
physical properties of the group, compared to the idealised self-similar evolution. A fully
cosmological simulation, with a larger sample, is required in order to further support the
present study, limited to a single relaxed object.

I refer the reader to the final Chapter for the bullet conclusions, which briefly
summarise also the points discussed in this Chapter. In the next pages, I continue to
tackle the cooling flow problem in even lower mass systems, i.e. elliptical galaxies. In
order to be successful, the proposed feedback mechanism must in fact work in every type
of hot halo system.
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Chapter 6
AGN Feedback in Elliptical Galaxies

THE THIRD type of virialised structures in the universe, possessing a (substantial)
hot gas halo, are elliptical galaxies (Es), also known as early-type galaxies. Since

any relatively dense plasma should have a cooling time lesser than the Hubble time, we
expect to observe cooling flows also in elliptical galaxies, in analogy with galaxy clusters
(Chapter 4) and groups (Chapter 5). Single isolated galaxies are even less bound objects,
compared to groups and clusters, and thus the same successful AGN feedback mechanism
should work in a lower regime, in order to avoid drastic overheating or totally emptying
the galaxy for several Gyr.

In the present Chapter, I study how the AGN feedback self-regulates in a galactic
environment and test the models against several observational constraints. Massive
elliptical galaxies are in fact important laboratories to study the AGN feedback process
in the local universe. Their ISM shines in X-ray and many giant ellipticals are relatively
nearby, within a distance of ∼ 15 − 30 Mpc, a valuable virtue compared to X-ray bright,
but distant, massive clusters. The relative proximity allows thus the investigation of a
region closer to the AGN, where the feedback engine might manifest itself in a clearer
way.

As in the previous two Chapters, I first provide a brief overview of elliptical
galaxies, with emphasis on the hot gas halo, before diving into the results of the AGN
feedback simulations. For further details on early-type galaxies I refer the reader to the
comprehensive review of Mathews & Brighenti (2003). The results of this Chapter are
also presented in Gaspari et al. (2012b).

6.1 Elliptical Galaxies Overview

Following Hubble (1936), we still classify galaxies as ellipticals, spirals and irregulars.
This classification is based only on the apparent morphology of the galaxy. In the
Hubble sequence E0, E1, E2, ..., E7, the number1 is related to how flattened the ellipse

1The ellipticity is defined as ε = 10 (1− b/a), where b and a are the projected angular extent of the minor and major
axis, respectively.
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appears (through the isophotes), with E7 corresponding to a very elongated ellipse. The
morphology correlates also with the stellar population content, with typical ellipticals
being redder than other galaxies. E galaxies exhibit indeed far less evidence for young
stars and dust than spiral galaxies. As a consequence, astronomers often refer to them as
early-type galaxies (ETG).

The total masses of elliptical galaxies cover a large range: from 107 up to 1013 M� .
The corresponding range of diameters is about 0.1 kpc up to ∼ 100 kpc, with absolute
blue magnitudes in the range from -8 to -23. Thus, the smallest of the E galaxies, dwarf
ellipticals, are only slightly larger than globular clusters, while the giant elliptical galaxies,
like M87 and NGC 5813 (Fig. 6.1), are among the largest galaxies in the universe.

Assuming the ΛCDM hierarchical cosmology, elliptical galaxies form through a
sequence of galactic mergers (in contrast to the older scenario of monolithic collapse).
although the build-up should still be considerably fast (z ∼ 2; Cimatti et al. 2004).
Observations indicate that the most massive ETGs reach the completion of star formation
and assembly first (the downsizing scenario; see Cimatti 2009 for a review). Overall,
ETGs are the building blocks of galaxy groups, and later, of clusters. Several properties
tackled in the previous Chapter can therefore be applied also to ellipticals, although with
some distinction (for instance, since Es are the oldest collapsed structure, they may be
less disturbed by ongoing mergers).

The two main sources of the hot gas (known as interstellar medium – ISM) in elliptical
galaxies are internal and external. Evolving stars inside the galaxy continuously eject gas
at a rate of ∼ 1 M� yr−1, which becomes shock-heated to the virial temperature. The
large X-ray luminosities of massive ellipticals, Lx ∼ 1041 − 1043 erg s−1, indicate that the
hot gas is trapped in the galactic potential (the halo extension increases with Lx). The
external reservoir of gas is instead provided by the cosmological inflow linked to the
group or cluster environment. Most of the massive Es appear to reside at the centre of
dense environments and deep potential wells; purely isolated galaxies are rather rare, yet
possessing some kind of moderate hot gas halo.

The electron density of the hot plasma in giant elliptical galaxies is typically ne ∼ 0.1
cm−3 at the centre and declines with radius as ne ∝ r−1. The total mass of hot gas in
massive E galaxies can even reach up to ∼ 1011 M�. All the plasma processes studied in
Section 1.1 are therefore relevant also in elliptical galaxies. The (iron) abundance in the
plasma usually increases from ZFe ∼ 0.2 − 0.4 Z�, beyond the optical image, to few Z� in
the centre. At early times, the ambient was enriched in metals by SNII that accompanied
the formation of the dominant old stellar population. At later times, further enrichment
has been provided by SNIa and material expelled from red giant stars (e.g. Loewenstein
& Mathews 1991; Finoguenov & Jones 2000). It is worth noting that the heating linked
to SNIa and stellar winds can only drive a galactic outflow in low luminosity ellipticals
(e.g. Ciotti et al. 1991), with a very shallow gravitational potential, but not in X-ray bright
ellipticals.

To a good approximation, the global hot gas in ellipticals is in hydrostatic equilibrium,
because systematic and turbulent velocities are subsonic; the typical sound speed is
cs ∼ 500 km s−1, with a sound crossing time tsc ∼ 107 yr. Thus, Equation 4.4 can be
used to retrieve the total mass (see Humphrey et al. 2006). The observed values for the β
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Fig. 1.— Exposure corrected, background subtracted 0.3–2 keV Chandra image of NGC 5813. The image has been smoothed with a 1.5��
radius Gaussian and point sources have been filled-in by randomly drawing from a Poisson distribution fit to a local background annular
region. The image shows two pairs of cavities, plus an outer cavity to the northeast, two sharp edges to the northwest and southeast, and
bright rims around the pair of inner cavities.

Figure 6.1. Chandra image (0.3-2.0 keV) of NGC 5813, a typical bright E1 galaxy (from Randall
et al. 2011). The image shows two pairs of cavities (with bright rims), plus an older outer cavity,
and two sharp edges being consistent with shocks.

parameter (Sec. 4.1) are ∼ 0.6, clearly requiring a dark matter component.

If elliptical galaxies were perfectly homologous stellar systems with identical stellar
populations, then the central velocity dispersion σ0, stellar mass M∗ and half-light
(effective) radius Re would be related via the virial theorem, σ2

0 ∝ M∗/Re ∝ (L/Re)(M∗/L).
Instead, stellar population variations2 place real Es on a nearby fundamental plane
(Kormendy & Djorgovski 1989):

Re ∝ σ1.4 I−0.9
e , (6.1)

where Ie ∝ L /R2
e is the surface brightness inside the effective radius (usually in the

V band). The width of the fundamental plane is remarkably small (Renzini & Ciotti
1993; the power indexes have a typical deviation ±0.1). In projection, the fundamental
plane provides several famous scaling relations for ellipticals, like the well-known Faber-
Jackson relation L ∝ σ4

0.

Elliptical galaxies usually present a stellar SB profile following the de Vaucouleurs’
prescription, ln I ∝ R1/4 (Equation 3.24), determined only by Re and M∗. The profile
seems a natural consequence of hierarchical mergers (Bender 1996). The dark halo
mass starts to dominate only for r > Re, typically with a NFW halo. In spite of these
regularities Es show two types of morphology: low luminosity ellipticals have power-
law central stellar density profiles, disky isophotes, and oblate symmetry consistent with
their moderate rotation; on the other hand, high luminosity galaxies (MV ∼< −20) have
flatter stellar cores within ∼ 100 pc, boxy isophotes, and aspherical structures caused
by anisotropic stellar velocities, without significant rotation (Kormendy & Bender 1996).
Finally, several ellipticals present a kinematically decoupled core, usually revealing a

2For instance, the stellar mass-to-light ratio slowly varies as function of the galaxy mass.
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Quasi-isothermal.—The radial temperature profiles in this
category are consistent with being almost flat at all radii. These
galaxies form the transition point between galaxies with posi-
tive and negative gradients.

We observe only hybrid temperature profiles that change their
gradient from negative to positive. Some cooling flow clusters
have been found to exhibit the opposite behavior (Piffaretti et al.
2005). Their temperature profiles show a cool center, then rise
to a peak temperature and fall back down on the outskirts. This
‘‘break’’ usually happens at around 10%of the virial radius, which
is larger than the radii that we are probing in normal galaxies. A
ROSAT study by O’Sullivan et al. (2003) exhibits similar trends
for elliptical galaxies at larger radii.

We split the profiles into two radial regions and analyze the
inner and outer temperature gradients separately. As most hybrid
profiles exhibit their turnover in slope somewhere around 2RJ ,
we use this radius as the boundary between our two regions. Ac-
cordingly, we define the inner region from outside the central
point source extending out to 2RJ , and the outer region between 2
and 4 RJ. We then fit each part of the profile with a power law to
derive effective temperature gradients for each region. We will
refer to the logarithmic gradients d ln T /d ln R evaluated within
2RJ and from 2 to 4 RJ as !02 and !24, respectively.
The best-fit values for !02 and !24 are listed in Table 1. The

reported errors are the formal 1 " statistical errors obtained from
the fitting procedure. For cases with only two valid data points
within the fitting range, we use the difference between these two
points to derive a gradient; the errors are derived by propagating
the statistical errors of the individual temperature measurements.

3.2. The Inner Temperature Gradient !02

Figure 2 shows the compilation of all profiles overlaid in one
plot, with the radial axes scaled by their J-band effective radius
RJ . This plot already clearly indicates the absence of any real
bimodality in the temperature profiles. Each profile is colored
according to its luminosity-weighted temperature TX within 3
optical radii. The coloring changes smoothly from top to bottom,
indicating overall positive gradients for intrinsically hotter gal-
axies and negative gradients for cooler galaxies. We plot !02 as
a function of TX in Figure 3. Again, there is no sign of bimodality
in !02. The plot shows a tight correlation, significant at the 9.1 "
level, reflecting the fact that we observe only a very small range
in central temperatures between 0.6 and 0.7 keV (Fig. 2). Thus,
any average temperature will obviously be strongly correlated
with the gradient as well. Consistently, the fit suggests that the
transition from positive to negative inner temperatures gradient
occurs at a mean temperature around 0.64 keV.
To establish the underlying cause for the negative inner tem-

perature gradients, we perform a correlation analysis with various
galaxy properties, the most interesting of which are listed in the
upper half of Table 3: X-ray gas luminosities LX;gas, absolute

Fig. Set 1.—Examples of different projected temperature profiles as a function
of radius. Temperature profile types can be divided into four major groups (top
to bottom rows): (1) positive gradient (outwardly rising) at all radii; (2) negative
gradient (outwardly falling) at all radii; (3) hybrid, negative gradient in the core
and positive gradient at larger radii; and (4) quasi-isothermal, no apparent tem-
perature change with radius. [See the electronic edition of the Journal for the
complete set of temperature profiles, showing all 36 galaxies with two or more
valid temperature profile points.]

Fig. 2.—Combined plot of all projected temperature profiles, as a function of
radius scaled by the J-band effective radius RJ . Error bars are omitted for clarity;
for typical error estimates, see Fig. Set 1. The profiles are colored according to the
luminosity-weighted average temperature of the galaxywithin 3 optical radii TX, as
indicated by the color scale bar. The temperature gradient changes continuously
from positive gradients at the top to isothermal and hybrid profiles to negative
gradient profiles at the bottom, along with the average temperature.

DIEHL & STATLER990 Vol. 687

Figure 6.2. Projected temperature profiles of 36 elliptical galaxies observed by Chandra, as a
function of radius (scaled by the J-band effective radius RJ). The profiles are coloured according
to the luminosity-weighted average temperature (from Diehl & Statler 2008b).

dense and cold rotationally-supported disk (possibly a byproduct of the quenched cooling
flow; see Chapter 7).

The X-ray luminosities correlate well with the B-band luminosity, LB, with a
steepening observed for larger ellipticals (Lx ∝ L2

B), although with large scatter
(O’Sullivan et al. 2001). It is quite interesting that the optical and X-ray surface brightness
profiles are almost identical for typical bright ellipticals, like NGC 4472 (Trinchieri et al.
1986), id est ρ∗ ∝ n2

e .

The gas temperature profile in the group-dominant E galaxies (Tvir ∼ 107 K) rises
from a minimum value near the galactic centre to a maximum at several Re (Figure 6.2;
lighter curves). The (fewer) isolated ellipticals are typically associated with a lower mean
temperature (∼< 7×106 K) and an interesting T gradient with a negative slope (Figure 6.2;
darker curves), due to the increasing importance of compressional heating. It is striking
that the central temperature is always maintained around ∼ 6− 8× 106 K (Diehl & Statler
2008b), an indication that the required AGN heating should be frequent and gentle.

As in groups, massive Es has somehow acquired an additional entropy K ∼ 100
keV cm2 in excess of that received in the cosmic accretion (known as the entropy floor;
Ponman et al. 1999). Early preheating by ∼ 1 keV per particle could explain the aberrant
behaviour of low mass systems in both the Lx−T and K−T relations (Borgani et al. 2001,
2002). However, given the strong energy input of AGNs, the gas could be simply heated
after collapsing in the dark halos.

About 80% of elliptical galaxies have dusty3 clouds, lanes, or disks within the central
few kpc (Martel et al. 2000; Tran et al. 2001; Colbert et al. 2001; Verdoes Kleijn et al.
2002), with associated gas masses 104 − 107 M�. Some of the Hα-emitting gas is
undoubtedly related to the photoionised boundaries of these dusty clouds (Goudfrooij

3Dust emission is observed in the infrared band (tens µm).
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et al. 1994; Ferrari et al. 1999). A few investigations suggest that dusty filamentary cores
are related to recent AGN outbursts (e.g. Temi et al. 2007), albeit it is not trivial to explain
the survival of the grains in such hot environments.

As in clusters (Chap. 4) and groups (Chap. 5), several elliptical galaxies exhibit
the same amazing AGN features (e.g. Biller et al. 2004; Machacek et al. 2006, 2011;
Diehl & Statler 2008a,b; Baldi et al. 2009; O’Sullivan et al. 2011c; Giacintucci et al.
2011; Randall et al. 2011; Gitti et al. 2012). For further insights about X-ray cavities
(typically filled by the jet radio emission), weak cocoon shocks, metal enhancements, and
turbulence, I refer to the previous introductions and in particular to Chapter 2. Figure
6.1 depicts an exemplary case of AGN feedback in ellipticals. It is worth noting that a
strong support for AGN heating has been provided by Allen et al. (2006), who measured
the mechanical energy associated with X-ray cavities in nine bright elliptical galaxies.
Besides a tight correlation between the ‘Bondi’ accretion rate4 and the mechanical energy
injected into the ISM, they found that the mechanical input is sufficient to prevent the gas
from cooling. However, fundamental questions still remain unanswered: can the AGN
mechanical energy properly couple to the surrounding medium, even in the low-density
environment of elliptical galaxies?

On the galactic scale, the lower X-ray luminosities imply a typical pure cooling flow
rate of few M� yr−1, which exceeds by 10-20 times the observed cooling rate in typical
massive ellipticals (∼ 0.1 M� yr−1; Peterson et al. 2001, 2003; Oegerle & Hill 2001; Xu
et al. 2002; Tamura et al. 2003; Bregman et al. 2001, 2005, 2006). Another piece of
evidence for the reduced cooling rates comes from the lack of significant star formation
in most Es (e.g. Ferreras & Silk 2000; Trager et al. 2000; Graves et al. 2009; Jeong
et al. 2009), which are typically located in the quiescent part of the infrared colour-colour
diagram (Temi et al. 2009).

The problem of ISM heating and the related absence of cold gas/star formation in
E galaxies is long-lasting. This was investigated forty years ago by Mathews & Baker
(1971) seminal work, proposing that SNIa heat and eject the ISM, which is continuously
supplied by stellar winds from evolving stars. Subsequent investigations (MacDonald
& Bailey 1981; Mathews & Loewenstein 1986; Loewenstein & Mathews 1987; Ciotti
et al. 1991; David et al. 1991) have analysed in depth the secular evolution of the ISM in
isolated ellipticals. Furthermore, galaxy formation theory requires a mechanism to halt
star formation in order to agree with the observed sharp cut-off of the luminosity function
at the high-mass end (Benson et al. 2003; Balogh et al. 2006; Croton et al. 2006; Cattaneo
et al. 2009). It is now clear that supernova heating alone is insufficient to prevent the gas
from cooling and forming stars (e.g. Tornatore et al. 2003; Piontek & Steinmetz 2011).
The supermassive black hole at centre of the system becomes therefore the natural suspect
for providing the required heating.

4The Bondi radius is basically never resolved and only inferred from the extrapolated profiles.
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Table 6.1. Parameters and properties of the most relevant elliptical galaxy simulations.

Model Feedback Efficiency ε Jet width × height (kpc) Injection Notes

iso-CF no AGN heating - - - isolated E

cgg-CF no AGN heating - - - gE + CGG

iso-C1m4 cold 10−4 0.30 × 0.15 entrainment self-regulated

iso-C3m4 cold 3.3 × 10−4 0.30 × 0.15 entrainment self-regulated

iso-C1m3 cold 10−3 0.30 × 0.15 entrainment self-regulated

cgg-C8m4 cold 8 × 10−4 1.00 × 1.00 entrainment self-regulated

Radiative cooling (Z self-consistently from stellar evolution): Runge-Kutta (2nd), plus cold mass dropout (T ∼< 2 × 104 K; free-fall time delay).

Supernovae Ia & stellar winds: isolated galaxy (Sec. 6.2.1) or NGC 5044 (Sec. 6.2.2).
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6.2 Simulation Setup

In the previous two Chapters, I have shown that massive, subrelativistic outflows are a
viable mechanism to solve the cooling flow problem either in clusters or groups. In lighter
systems the AGN feedback must be however more gentle and continuous; in fact, only
the massive galaxy clusters can easily recover from sporadic, very powerful outbursts,
even if a low-power activity may still be present. With the following investigation on
elliptical galaxies, either isolated or group-dominated, I close the circle, extending the
theoretical modelling of self-regulated massive outflows to every cosmological structure
with a substantial hot gas halo.

In Table 6.1 are summarised all the numerical details of the hydrodynamic simulations
carried out with FLASH, including the type of feedback (Sec. 3.7), the efficiency, the
jet width and height (djet × zjet), and other relevant properties (see Chapter 3 for the
details of implementation). As usual, the hydrodynamic equations will be solved via
the split PPM solver (Sec. 3.2). All the galaxy group computations use the RK2 solver for
radiative cooling (Z is self-consistently calculated from the stellar evolution), with cold
gas dropout enabled (Sec. 3.5). The outflows are cylindrical, always injected inside the
domain, according to the entrainment scheme (Equation 3.18).

On the group scales, the self-regulation imposed by cold gas accretion tends to
generate on average a very frequent gentle feedback, qualitatively similar to what
expected for a boosted (by a factor ∼ 100) Bondi accretion. However, during the evolution
more powerful events occur, producing visible cavities and shocks. Cold feedback seems
thus a more consistent self-regulation mechanism. Since the E galaxy simulations are
extremely expensive, I only compute models with this preferred method, linking the
feedback to the cooled (dropped) gas, which is now assumed to accrete in about a
free-fall time onto the black hole (see Sec. 3.7 for the details of this slightly improved
implementation).

6.2.1 Isolated Elliptical

I choose to model the elliptical galaxy with a de Vaucouleurs’ stellar density profile
(Sec. 3.8), with effective radius Re = 8.5 kpc and total stellar mass M∗ = 7 × 1011 M�.
Assuming a stellar mass-to-light ratio of 8 in the B band, appropriate for an old stellar
population, the resulting luminosity is LB = 8.75 × 1010 L�. Thus, our model represents
a typical elliptical galaxy similar to NGC 4649, NGC 4472 and many others in the local
universe, although without their circumgalactic gas. The dark matter is modelled as a
NFW halo with virial mass Mvir = 4 × 1013 M� and a concentration c = 8.8 (Humphrey
et al. 2006). Note that inside Re the dynamics is governed by the galaxy potential.
Stellar winds and SNIa are modelled according to the usual semianalytic prescription
(see Sec. 3.8).

In the ‘isolated galaxy’, the ISM is produced by internal processes alone (stellar mass
loss and SNIa ejecta). Although the hot ISM of massive, X-ray bright ellipticals can not
be realistically explained without a circumgalactic gas component (Brighenti & Mathews
1998, 1999), we use this approach for its simplicity and to allow a direct comparison
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with previous calculations of hot gas flows in ellipticals (e.g. Loewenstein & Mathews
1987; Ciotti et al. 1991; Ciotti & Ostriker 1997). Within ∼ Re most of the ISM is indeed
likely to come from stellar mass loss (Brighenti & Mathews 1999). Thus, the terminology
‘isolated’ galaxy does not refer to the presence of other (large) galaxies nearby, but that
the ISM is not largely contaminated by the group or cluster gas.

The simulations of the isolated galaxy start at cosmic time t = 1 Gyr, with the galaxy
essentially devoid of gas, conforming to the usual assumption that the gas has been cleared
by a SNII-driven wind. The ISM is then gradually supplied by the stars. After few 108

yr, the system loses memory of the initial conditions and, if not heated, approaches a
quasi-steady state with secular changes controlled by the slow variation of stellar mass
loss (Loewenstein & Mathews 1987; Ciotti et al. 1991). The simulations are evolved to
the final time, 13 Gyr.

The computational rectangular 3D box extends up to 150 kpc, with the same boundary
conditions adopted in the previous Chapters. I employed a set of 7 grid levels (basic blocks
of 16 × 16 × 8 points), with the finest, inner grid reaching a resolution of ∆x ≈ 146 pc.

6.2.2 Elliptical with Circumgalactic Gas

In the second class of models, more realistic and appropriated for a detailed comparison
with well-observed galaxies, we take into account the presence of the circumgalactic gas
(CGG). Many of the famous well-observed ellipticals belong to this breed. A distinctive
characteristic of classic cooling flow models with CGG is the presence, often observed
in real systems, of a relatively broad cool core, in perfect analogy with galaxy clusters
(Brighenti & Mathews 1998, 1999; Humphrey et al. 2006; Diehl & Statler 2008b). The
separation between galaxies with CGG and galaxy groups is largely semantic, so these
models are tightly linked to those calculated in Chapter 5. However, here we focus mainly
on the region close to the galaxy (r ∼< Re), with higher resolution and a slightly improved
cold feedback method (free-fall time delay).

The galaxy parameters are chosen to agree with NGC 5044, the X-ray bright galaxy
in the centre of the homonymous group, with Re ≈ 10 kpc, M∗ ≈ 3.4 × 1011 M� and
M∗/LB ≈ 7.5 (Buote et al. 2004). In these simulations I use the observed T (r) and n(r)
profiles (David et al. 1994; Buote et al. 2003; dotted lines in Figure 6.6), in order to
retrieve the total potential under the assumption of hydrostatic equilibrium. The CGG
model is integrated for 7 Gyr. Due to the high computational cost of these runs, the
resolution is lowered, ∆x ≈ 293 pc, compared to the isolated galaxy simulations. The box
is instead 4 times larger (with 8 levels), L ≈ 600 kpc.

6.3 Results: Isolated Elliptical

In this Section, I report the results for models in which the ISM is produced only by
the mass loss of the galactic stellar population. I explore the effect of the mechanical
feedback varying the key parameter, the efficiency ε (Table 6.1). I recall that in order
to solve the cooling flow problem, AGN outflows must quench the cooling flow, without
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overheating the ISM in a drastic way. The former request is easy to satisfy, if the feedback
is energetic enough. The simultaneous fulfilment of the two conditions above is instead
complicated. A successful feedback needs also to reproduce other observational features,
such as cavities, shocks, turbulence, multiphase gas and metals dredge-up.

6.3.1 Pure Cooling Flow

In Figure 6.3, I show the relevant global quantities which characterise a pure cooling flow
model in an isolated elliptical galaxies, with AGN heating switched off and the heating
provided mainly by the SNIa. The densest gas loses thermal pressure support due to
radiative losses, inducing a slow subsonic inflow (vr ∼< 50 km s−1) that further increases
the plasma emissivity. I emphasise that when no AGN heating is considered, the gas
cooling rate (top panel), occurring at the very centre of the galaxy, roughly decreases in
pace with the stellar mass loss (Ṁ∗ ∝ t−1.3), reaching Ṁcool ∼ 1 M� yr−1 at t = 12.7 Gyr,
when the simulation ends. Needless to say, this is a much larger cooling rate than allowed
by the spectroscopic observations (Sec. 6.1).

The X-ray luminosity also secularly drops, from Lx ∼ 5 × 1042 erg s−1 at t = 2 Gyr to
∼ 9× 1041 erg s−1 at final time. I refer here to the bolometric X-ray luminosity, calculated
within r ∼< 200 kpc. The reason for the luminosity drop is the decline of the ISM density
illustrated in the middle panel of Figure 6.3. The slope of the density radial profile does
not vary significantly with time and, as expected, is too steep at the centre, a well known
problem of classic cooling flow models (Sarazin & White 1988; Sarazin & Ashe 1989).

I also note that classic cooling flows in isolated galaxies lack the large cool core
typical of cooling flow clusters or groups (see the spectroscopic-like5 temperature profile
in the third panel). Instead, the temperature monotonically increases toward the centre
(except for the very inner region). This can be understood because the steep gravitational
potential associated with the peaked de Vaucouleurs’ density profile (the dark halo is sub-
dominant within ∼ Re) provides enough gravitational heating to the inflowing (and thus
compressing) gas to balance the radiative losses (needless to say, this process terminates
when the gas reaches the centre, where it cools catastrophically).

Ideally, we would compare the profiles with a well-observed elliptical which is at the
same time massive and isolated. However, most of the known giant ellipticals reside at
the centre of groups or clusters and their hot ISM is contaminated by the CGG. NGC
6482 is one of the few massive and X-ray bright ellipticals with a negative temperature
gradient (Khosroshahi et al. 2004) and I show the data of this system in Figure 6.3 for
comparison. On the other hand, NGC 6482 presents some differences compared to our
model. The dark halo is less massive (Khosroshahi et al. 2004; Humphrey et al. 2006)
and it owns a relatively extended X-ray halo with Lx ∼ 1042 erg s−1, likely contaminated
by CGG. Nevertheless for r ∼< Re, i.e. the region more relevant to our investigation, the
hot gas should be dominated by the internal component only.

5To be more adherent to X-ray observations, throughout this Chapter I compute projected temperatures via the more
realistic spectroscopic-like method suggested by Vikhlinin (2006). Tsp seems nevertheless similar to the emission-
weighted temperature in the majority of cases.
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Figure 6.3. Evolution of the cooling flow model (no AGN feedback), for the isolated galaxy
(iso-CF). From top to bottom panel: gas cooling rate (Ṁ) as a function of time, radial profiles of
electron number density (ne), projected spectroscopic-like temperature (Tsp), and radial velocity
(vr). Times and colours are indicated in the second panel. Filled circles represent observational
data points for the elliptical galaxy NGC 6482 (Khosroshahi et al. 2004; Diehl & Statler 2008b).
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Figure 6.4. Isolated galaxy models with AGN feedback and increasing mechanical efficiency
(from left to right): ε = 10−4, 3.3 × 10−4, and 10−3. From top to bottom: cooling rate versus time,
radial profiles of electron number density and spectroscopic-like temperature (at twelve times).

6.3.2 Cold Feedback: ε = 10−4 [iso-C1m4]

I now describe some results for the simulations with AGN feedback, progressively
increasing the efficiency and focusing on their global properties. I compare them with
the cooling flow model discussed above and perform a critical analysis of the observable
quantities. Figure 6.4 shows the gas cooling rate, plus the radial profiles of electron
number density and (projected) spectroscopic-like temperature, for three representative
(cold) feedback models.

In the first column, top panel, the model with ε = 10−4 (iso-C1m4) exhibits a cooling
rate significantly reduced compared to the iso-CF simulation (red vs. black line), with
an average value of ∼ 0.4 M� yr−1 and Ṁ(12.7 Gyr) ∼ 0.2 M� yr−1. These values are
probably still a bit too high compared to available X-ray and UV observations (Bregman
et al. 2001, 2005; Xu et al. 2002; Tamura et al. 2003) or star formation estimates in
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Figure 6.4. Continued. Isolated galaxy models with AGN feedback and increasing mechanical
efficiency: ε = 10−4, 3.3 × 10−4, and 10−3. From top to bottom: evolution of injected mechanical
energy, instantaneous power and velocity of the AGN feedback (half-space jet).

massive ellipticals (Temi et al. 2009).

The density profile (middle panel) oscillates in time, especially in the inner region, but
retains reasonable values, as noticed through a comparison with typical observations of
ellipticals (Humphrey et al. 2006).

The density cycles correspond to the accumulation of gas during periods of less intense
AGN activity, e.g. between 6 and 7 Gyr there is no powerful outburst. This leads to
an increase of the gas density in the central region, a higher cooling rate and finally
a powerful (∼ 3 × 1044 erg s−1) event which quickly expands the hot gas atmosphere.
The density cycles also reflect in the variation of the X-ray luminosity which, in turn,
fluctuates between 1041 ∼< Lx ∼< 2 × 1042 erg s−1 (with a mean value of ∼ 1042 erg s−1).
This variation can in part explain the long-standing problem of the scatter in the LB (or
LK) - Lx diagram (Eskridge et al. 1995; Beuing et al. 1999; Ellis & O’Sullivan 2006),
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along with the occurrence of SNIa winds (Ciotti et al. 1991; David et al. 2006) and the
variation of the dark halo masses at a given optical luminosity (Mathews et al. 2006).

The temperature profile is a sensitive probe of AGN heating scenarios, yet often
neglected in the comparison with observations. As expected, heating processes
originating close to the galactic core often overheat the central ISM, an effect rarely
or never observed in real galaxies (Brighenti & Mathews 2002b, 2003). The best
observed systems (which, unsurprisingly, are the X-ray brightest) commonly show
positive temperature gradient, with the centre hosting the coolest X-ray gas of the system
(Humphrey & Buote 2006; Diehl & Statler 2008b). On the other hand, observed galaxies
which are isolated or in a less dense environment usually show a moderate negative or flat
T gradient (see Figure 6.2).

In the third row (left column in Fig. 6.4) are shown the radial profiles of the
spectroscopic-like temperature at twelve different times. In this feedback model, the ISM
is never overheated in the central region and always maintains an acceptable thermal
structure (Kim & Fabbiano 2003; Fukazawa et al. 2006; Humphrey et al. 2006; Sansom
et al. 2006; Diehl & Statler 2008b; Nagino & Matsushita 2009), i.e. the central negative
T gradient is rather shallow and the central temperature remains at or below ∼ 107 K.
The lack of a substantial cool core must be ascribed to the absence of the CGG, not to
the presence of the AGN feedback. Ripples in the temperature profile are caused by
weak shock waves generated by the AGN outbursts. However, these waves would be
largely diluted if the azimuthal average is made in relatively larger radial bins, as in real
observations.

The last three rows of (continued) Figure 6.4 show the detailed evolution of the
mechanical feedback (for the half-space jet). The total injected energy for this model
is Ejet ≈ 3 × 1059 erg, the typical power is on the order of Pjet ∼ 3 × 1042 − 1043 erg s−1,
with velocities around vjet ∼ 104 km s−1.

6.3.3 Cold Feedback: ε = 10−3 [iso-C1m3]

The previous model, with efficiency ε = 10−4, was found in satisfactory agreement
with several observational constraints. However, the cooling rate, although significantly
reduced with respect to the classic iso-CF model, was slightly too large compared with
observational limits. It is thus natural to increase the heating efficiency, essentially a
free parameter of any current feedback scheme, to test if the cooling rate can be reduced
further without scrambling the variable profiles.

When ε = 10−3 (third column of Figure 6.4), the effect of the feedback is excessive:
the ISM becomes rarefied in the inner region (r ∼< Re) and simultaneously overheated.
Because the ε = 10−3 model was unsatisfactory, I stopped this simulation at t ∼ 9.5 Gyr.
It is interesting that the energy released by the AGN feedback is lower when the efficiency
ε is larger (cf. the fourth row of Figure 6.4, Ejet ∼> 1059 erg). Evidently the more powerful
and faster outflows (several 1044 erg s−1 and over 5 × 104 km s−1) of iso-C1m3 model
are able to stop the cooling flow for a relatively long time. The interval between AGN
outbursts is in fact ∼ 6 × 107 − 108 yr, while for ε = 10−4 the AGN activates at least
one order of magnitude more frequently, with the net result of injecting less energy over
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the galaxy lifetime. This confirms the same trend found for galaxy clusters and illustrate
that the complexity of the problem makes reasonings based on the energetic budget alone
rather inaccurate.

The lower gas density implies a generally lower X-ray luminosity, with mean ∼
5 × 1041 erg s−1. With efficiencies ε > 10−3 (models not shown), the simulated
profiles strongly depart from those of real ellipticals (like NGC 6482) and the X-ray
luminosity drops to undetectable values. It is worth noting that low-Lx early-type galaxies
usually show the presence of some ISM in the central region, which has a relatively low
temperature (see for example NGC 4697, Sarazin et al. 2001; NGC 1291, Irwin et al.
2002; NGC 3379, Trinchieri et al. 2008). Thus, their low X-ray luminosity may not be
associated with strong AGN feedback generating a galactic wind.

6.3.4 Cold Feedback: ε = 3.3 × 10−4 [iso-C3m4]

Finally, I have calculated a model with intermediate efficiency, ε = 3.3 × 10−4 (iso-
C3m4), which serves as best model in the following discussion. As displayed in the
middle column of Figure 6.4, the cooling rate is now below the limits placed by current
observations (∼< 0.1 M� yr−1), besides a narrow, transient peak at t ∼ 4 Gyr. The density
and temperature profiles vary in time slightly more than in model with ε = 10−4, but
remain consistent with observations (cf. NGC 6482 data points). The spatial oscillations
in the (projected) temperature profiles, with maximum amplitude ∼ 20%, are compatible
with those shown in deep Chandra observations (see for example figure 10 in Randall
et al. 2011).

The final injected energy is 1059 erg (fourth panel). Typical outburst powers are in
the range several 1042 − few 1044 erg s−1 (fifth panel), while the velocity of the outflows
(sixth panel) vary in the range6 103 − 105 km s−1, in good agreement with nuclear outflow
and feedback observations (Chapter 2). The power values correspond to instantaneous
accretion rates Ṁacc = Pjet/(εc2) ∼ 0.1 − 10 M� yr−1.

I consider iso-C3m4 the best model because the cooling rate is in good agreement with
known constraints for many Gyr, and the variable profiles always resemble those of real
galaxies. Thus, the model with ε = 3.3 × 10−3 (and to a lesser extent iso-C1m4) passes
the first checkpoint, a necessary condition for a viable heating mechanism. In order to
further test the robustness of the model, in the next Section, I analyse the detailed galaxy
appearance in the X-ray band. I emphasise that the value of the ε parameter should not be
taken as the exact physical value, given the uncertainties on the simulated accretion rate.

6.3.5 X-ray Observables

In this Section, I investigate the most significant X-ray features, naturally generated
by the AGN heating process, like shocks and buoyant cavities. A direct comparison
with a specific real system is not possible because the models are intended to be
general and not tailored on an individual object. Moreover, cavities, shocks and
perturbations are intermittently created, continually changing the ISM appearance. The

6The relativistic factor γ ∼ 1.06 is still low enough to safely using classic hydrodynamics.
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Figure 6.5. Maps, in logarithmic scale, of X-ray surface brightness, SBx (erg s−1 cm−2), followed
by the projected spectroscopic-like temperature, Tsp (K), for best model iso-C3m4, at five different
times: 3.75, 4.25, 5.75, 6.25 and 11.75 Gyr (figure continued in the next two pages).

main aim of the analysis is to show that the proposed feedback mechanism leads to ISM
perturbations similar to those observed in galaxies. A feedback scenario not satisfying
basic requirements, such as the formation of cavities or weak shocks, should be rejected.

I discuss below several X-ray snapshots, taken at different times, of the best model
iso-C3m4. In Figure 6.5 (panel a) is shown the X-ray surface brightness map of the
central region after 0.75 Gyr of feedback evolution. An outburst with energy 2.85 × 1056

occurred 8 × 106 yr before the time of the snapshot. The outflow, ejected with velocity
vjet ∼ 5400 km s−1, generated a weak shock, now at a distance ∼ 6 kpc from the centre,
with a Mach number M ≈ 1.2 (calculated from Tsp, jumping from ∼ 0.5 keV in the
pre-shock region to ∼ 0.6 keV in the post-shock ISM). The outflow generated a small
X-ray cavity centred at z = 4.5 kpc and ellipsoidal (prolate) shape with semiaxes 1.5
and 1 kpc. The X-ray surface brightness depression within the cavity is about 20%, a
typical value for observed cavities. Relatively colder rims surround the cavity, although
the Tsp difference between the rims and the nearby gas is only ∼ 10% (panel b). The ISM
adjacent to the rims has been slightly heated by the weak shock. In the spectroscopic-
like temperature map are also visible (but probably not detectable with current X-ray
telescopes) very weak waves, separated by ∆rwaves ∼ 6 kpc, corresponding to a period
of twaves = ∆rwaves/cs ∼ 1.6 × 107 yr, roughly the typical time between significant AGN
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Figure 6.5. Continued.
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Figure 6.5. Continued.

M. Gaspari PhD Thesis



140 Chapter 6. AGN Feedback in Elliptical Galaxies

outbursts at this epoch (t = 3.75 Gyr). I emphasise that these X-ray features are faint and
the ISM looks quite relaxed at this time.

The situation after 0.5 Gyr is different (panels c and d – continued Figure 6.5). At
this epoch the AGN is more active and perturbs the ISM in a remarkable way. The X-ray
arms and cavity have been generated by four series of AGN outbursts of moderate power
(few 1042 erg s−1), occurred in the previous 10 Myr. The energy injected during this time
interval is ∼ 1.4 × 1057 erg. Panel c shows that the X-ray surface brightness map is rich
of features, with two symmetric bright arms, ∼ 15 kpc long. This structure is similar to
that observed in NGC 4636, a massive elliptical galaxy in the outskirt of the Virgo cluster
(Jones et al. 2002; Baldi et al. 2009). Thus, it might be possible that the ISM of NGC
4636 has been shaped by multiple, moderate AGN outflows.

In the spectroscopic-like temperature map showed in panel d, the X-ray bright arms
are slightly hotter than the local ISM. The temperature jump is about 30% (from 0.67 keV
to 0.89 KeV) corresponding to a shock Mach number of ∼ 1.3.

The galaxy alternates periods of quiescence, typically lasting 50-100 Myr, with
moments during which the AGN is more active and, consequently, the ISM more
disturbed. Other interesting features appear with the evolution. At t = 5.75 Gyr a cold
front is visible in both the brightness and temperature maps, at ∼ 2 kpc from the centre
(panels e and f). The front has not been caused by galaxy sloshing in our simulations, but
by the encounter between gas which is falling back toward the centre, after an outflow,
and the gas currently located in the central region.

At t = 6.25 Gyr (panel g) the brightness map shows a weak cavity about 3 kpc in
radius, surrounded by a ∼ 10 kpc shock with Mach number ∼ 1.3 (panel h). This situation
is similar to that at t=3.75 Gyr, described in panel a. This demonstrates that the ISM
cyclically evolves, with recurrent cavities generated by the outflows and weak shocks,
just as indicated by observations.

Although not a common circumstance, a series of shocks are visible at the same time.
This occurrence is shown in panel i (t = 11.75 Gyr), where two ellipsoidal shocks are
depicted (Mach ∼ 1.4 − 1.5). The shocks intersect the y−axis at ∼ 4 and ∼ 8 kpc and are
clearly visible both in the surface brightness and temperature maps (panels i and j).

This brief description of the ISM appearance in X-ray is intended to illustrate the
richness of structures generated by the AGN outflows. It is important to realise the
strong similarity of simulated features, like X-ray cavities, filaments and shocks, with
the structures seen in deep X-ray observations of ellipticals and groups (e.g. Biller et al.
2004; Machacek et al. 2006, 2011; Baldi et al. 2009; Gastaldello et al. 2009; Giacintucci
et al. 2011; O’Sullivan et al. 2011c; Randall et al. 2011). This fact, together with the
analysis in the previous Section, strongly indicates that AGN outflows are indeed a very
robust feedback mechanism, capable to highly inhibit gas cooling, keeping reasonable
density and temperature profiles, and giving rise to the wealth of asymmetric structures in
the ISM, seen in high-resolution deep X-ray observations.
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6.4 Results: Elliptical with Circumgalactic Gas

As previously mentioned, most massive, X-ray bright ellipticals host a very extended hot
ISM that can not be explained via internal processes alone (e.g. Brighenti & Mathews
1998, 1999). These galaxies are at the centre of large dark matter halos (Mathews
et al. 2006) and the ISM is likely composed of gas shed by the stellar population, plus
circumgalactic gas linked to the cosmological evolution. It is thus important to test if
mechanical AGN outflows are successful for this class of objects, which include many
famous X-ray targets, such as NGC 4636, NGC 4472, NGC 5044, and NGC 4649.

Interestingly, in these cool-core objects the evidence for AGN heating seems stronger,
as revealed by the presence of X-ray cavities and other ISM perturbations (e.g. Biller et al.
2004; Diehl & Statler 2008a; Baldi et al. 2009; Gastaldello et al. 2009; Dong et al. 2010;
Dunn et al. 2010; Randall et al. 2011; O’Sullivan et al. 2011c). It might be a selection
effect, but it is ironic (and instructive) to note that just where we know that the AGN is
injecting energy, the ISM close to the feedback engine is cooler than everywhere else.

6.4.1 Cold Feedback: ε = 8 × 10−4 [cgg-C8m4]

In this Section, I present only the best feedback model for the CGG elliptical (efficiency
ε = 8 × 10−4), able to properly solve the cooling flow problem. It is interesting that
the same feedback method requires now a larger efficiency to be acceptable, in line with
the results of the previous Chapter, indicating that in more massive systems the feedback
should act more efficiently.

As in the case of the isolated galaxy, I have run a classic cooling flow model (no AGN
heating) which serves as a reference calculation to gauge the effects of the feedback. I
do not show the evolution of the pure CF profiles here (cgg-CF). The results are almost
identical to those presented in Section 5.3.1, although the numerical resolution there was
about two times coarser (∆x ≈ 500 pc), compared to the present model. The gas cooling
rate, also very similar to gr-CF, is shown in Figure 6.6 (black line in the top left panel). As
suggested by the resulting bolometric Lx ∼ 3 × 1043 erg s−1, the cooling rate stays around
∼ 25 M� yr−1, revealing again the cooling flow problem at the galactic/group scale.

The AGN feedback model, with ε = 8 × 10−4, is fully presented in Figure 6.6. The
cooling rate (red line, first panel) is quenched to ∼ 1 M� yr−1 at the current epoch,
implying a satisfactory 20-fold cooling suppression, broadly consistent with XMM-RGS
observations (Tamura et al. 2003).

The spectroscopic-like temperature and density radial profiles are in excellent
agreement with those observed for NGC 5044 (left column: middle and bottom panel).
Remarkably, the cooling reduction did not come at the expense of the cool core:
the temperature still decreases toward the galactic centre – a fundamental quality of
anisotropic mechanical feedback (gradual thermalisation).

The total mechanical energy released by the AGN is Ejet ∼ 9 × 1060 erg (first panel
in second column), which in principle would correspond to a total mass accreted on the
black hole of ∼ 6 × 109 M�, given the assumed efficiency. This accreted mass may
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Figure 6.6. Elliptical galaxy with circumgalactic gas and AGN feedback efficiency ε = 8 × 10−4.
Left column, from top to bottom panel: cooling rate as a function of time (red line; cf. cgg-CF
model – black line); electron number density and spectroscopic-like temperature at several times.
The points represent observational data of NGC 5044 (David et al. 1994; Buote et al. 2003). Right
column: evolution of the injected mechanical energy, (half-space) outflow power and velocity.

appear substantial, but I stress that the simulated accretion rate is quite uncertain (see the
arguments in Sec. 4.6.2).

The most relevant astrophysical result, here, is that self-regulated massive outflows
are indeed capable to solve the cooling flow problem on kpc or larger scales, although
the fully consistent picture – explaining the details of the BH accretion process and
the formation of the outflows – needs to be clarified in future via high-resolution
investigations.

The time record of the outflow power and velocity is shown in the right column in
Figure 6.6. Powers on the order of few 1044 erg s−1 and velocity of several 104 km s−1 are
again typical for the stronger events.

I conclude that massive outflows, activated when gas cooling occurs, are able to
regulate the thermal evolution of the ISM, suppressing the cooling rate by a factor 20
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Figure 6.7. Maps, in logarithmic scale, of X-ray surface brightness, followed by the projected
spectroscopic-like temperature, for the best model with circumgalactic gas (cgg-C8m4), at six
different times: 0.5, 1.0, 2.0, 4.0, 6.5, and 2.5 Gyr (figure continued in the next pages).

or more and keeping the cool-core aspect of massive, X-ray bright ellipticals. It is now
time to test the model via other key observational constraints.

6.4.2 X-ray Observables

The variety of X-ray features induced by the AGN outflows in the isolated galaxy (Section
6.3.5), such as buoyant bubbles and shocks, is widely present also in the CGG simulation.
For the cgg-C8m4 model the AGN activity is more frequent and powerful compared to
the isolated galaxy (cf. Figures 6.4 and 6.6). Nevertheless, the X-ray appearance of the
two models is remarkably similar.

In Figure 6.7, I present an extensive collection of X-ray surface brightness and
spectroscopic-like temperature maps, starting from t = 0.5 Gyr (panels a and b). We
focus our attention on the inner 20 × 10 kpc of the maps, where the observations could
return better details. The outflow carved a long cavity (or channel) ∼ 10 kpc long and
∼ 2 kpc wide. The brightness depression is about a factor of 2, which should make this
feature detectable in deep, high resolution images. For z ∼< 4 kpc the cavity is surrounded
by sharp bright rims (or filaments), which remind the southern open cavity in NGC 5044
(Buote et al. 2003; David et al. 2009; Gastaldello et al. 2009). The cavity is slightly hotter
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Figure 6.7. Continued.
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(by ∼ 10%, see Tsp) than the nearby gas. At z ∼> 6 kpc broad regions (∆y ∼ 3 kpc)
of enhanced surface brightness, confining the X-ray feature, are present. This channel
is typically fragmented by AGN turbulence or strong recurrent outbursts. On the z = 0
plane, close to the centre, the inflowing gas forms a dense torus which is punched, but
not cleared away, by the outflows. This feature could, however, be numerically amplified
by the forced planar symmetry (z = 0 plane), where reflection boundary conditions are
implemented.

At t = 1 Gyr (panel c, continued Figure 6.7), the SBx map shows a region of enhanced
emission, several kpc in size, close to the centre of the galaxy (0 ∼< y ∼< 5 kpc). They
are caused by relatively dense and cold gas, some of which is actually cooling to low
temperatures (T ∼< 105 K) and dropped out from the flow (see Figure 6.8, panel o).
This is a very interesting phenomenon, because the off-centre cooling might explain the
widespread presence of cold (T ∼ 104 K) gas in large ellipticals with conspicuous hot
gas (Sec. 6.1). Despite being linearly stable against thermal instability (Balbus 1988;
Balbus & Soker 1989; Loewenstein 1989; Malagoli et al. 1990), the non-conducting hot
gas may well cool if the amplitude of the perturbations is sufficiently large (Reale et al.
1991; Yoshida et al. 1991; McCourt et al. 2012; Sharma et al. 2012). High resolution
X-ray maps show indeed a wealth of irregularities in the hot gas, which certainly imply
large perturbations in the gas density. Localised gas density enhancements are naturally
generated in regions of converging flows, resulting in local cooling times much lower than
the free-fall times, and inducing hot gas condensation (T ∼< 5 × 104 K). This process of
multiphase gas formation will be investigated extensively in the next Chapter.

Cooling gas at large distance from the galactic centre is seen also at t = 2 Gyr (panel
e), in an enhanced SBx region defined by z ∼< 1 kpc and R ∼< 7 kpc. Several cavities
surrounded by relatively cold, bright rims buoyantly rise on various scales (panel f), while
very weak shocks rapidly vanish as sound waves at large radii. The cold rims are metal
rich, as expected, being formed by gas originally at the centre of the galaxy. In the present
model, in fact, we followed the chemical enrichment of the hot gas halo, with emphasis
on the evolution of the iron expelled by SNIa. The map of the (emission-weighted) iron
abundance is shown in Figure 6.9 (panel q). The AGN outflows generate asymmetries
in the Fe distribution: the relatively metal-rich gas originally in the centre is uplifted
along the direction of the outflow and cavities. This results in regions of enhanced iron
abundance (by 20 − 30%) which trace the dynamics of the recent outflows. Beside this
global behaviour, kpc-sized inhomogeneities are also evident in the abundance map.

At t = 4 Gyr (panels g and h) a complex structure is visible in the X-ray surface
brightness image, mainly due to the generation of multiple cavities and bright filaments.
As usual, brightness contrasts are accompanied by temperature and metallicity variations,
here on the order of 10%. These images show that the recurrent AGN outflows naturally
generate and drive turbulence in the core, with typical velocities of few hundreds km
s−1 (Section 6.5.2). The chaotic turbulent environment naturally produces the complex
irregular features, at the same time increasing the level of thermalisation in the central
region via jet fragmentation.

At t = 6.5 Gyr (panels i and j), almost at the end of the simulation, we observe
irregular regions of high surface brightness in the central few kpc, where the gas cools
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Figure 6.7. Continued.
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Figure 6.7. Continued.

to very low temperatures producing diffuse Hα emission. Figure 6.8 (panel p) provides
the total dropped cold mass (integrated in time), indicating again that the cold phase
condenses out of the hot flow not only at the very centre, but in an extended region of
radius 7 − 15 kpc. Although we do not follow here the dynamics of the cold clouds, the
result seems qualitatively robust: off-centre cooling exists, as indicated by observations,
and it can be triggered by the AGN feedback process.

I conclude the snapshot analysis for the CGG model showing a textbook example of
X-ray cavity confined by bright rims (panels k and l). The largest brightness contrast
between the X-ray hole and the rims is about a factor of two. From the spectroscopic-
like temperature map we see that the lower part of the rims (z ∼< 3 kpc) are colder, in
projection, than the nearby ISM, while the upper part is slightly hotter, because of shock
heating. Again, the rims, being originated from central gas, are slightly more metal-
rich than the ISM at the same radius, by 15-25% in the iron abundance (Fig. 6.9, panel
r). For this time, I also show the projection along the z-direction (Fig. 6.7, panels m
and n). Several structures and cavities are visible, together with X-ray bright filaments.
In this projection the Tsp is characterised by an arc-shaped region about ∼ 20% colder
than the neighbouring gas. This comparison between two different projections warns
how complicated is the interpretation of real data, especially when the inclination of the
outflow, in respect to the plane of the sky, is uncertain.

The generation of buoyant bubbles, together with all the previous consistent
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Figure 6.7. Continued. For time 2.5 Gyr are presented also the z-axis projection of the X-ray
surface brightness and spectroscopic-like temperature.
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Figure 6.8. Maps, in logarithmic scale, of accumulated dropped cold gas (T ∼< 2× 104 K), simply
summed along the x-axis, for best model cgg-C8m4 at two different times.
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Figure 6.9. Maps of emission-weighted iron abundance (in solar units), projected along the x-axis,
for best model cgg-C8m4 at two different times.

M. Gaspari PhD Thesis



150 Chapter 6. AGN Feedback in Elliptical Galaxies

observational features (extended multiphase gas, metals asymmetries, turbulence, weak
shocks), strengthens the key role of mechanical AGN outflows in regulating the thermal
and dynamical evolution of elliptical galaxies, with or without circumgalactic gas.

6.5 Discussion

Before discussing the main results and a new observational test (AGN turbulence), it is
interesting to compare our purely mechanical feedback with other types of AGN heating
processes.

6.5.1 Comparison with other Feedback Models

To our knowledge, only very few investigations focused on AGN feedback in ellipticals.
For example, Ciotti, Ostriker and collaborators (1997, 2010) have investigated a type of
feedback triggered by AGN radiation (mainly Compton heating, radiation pressure, plus
an approximation of a broad-line-region wind), through 1D hydrodynamic simulations.
The best models have been analysed in detail by Pellegrini et al. (2012) and compared to
observations. The key feature of these models is the formation of a cold shell at r ∼ 1 kpc,
whose evolution governs the whole quasar-like feedback heating (in order to be efficient,
radiative feedback requires a very dense - optically thick - absorbing medium). Note that
in 1D simulations a cold shell can numerically form under several circumstances, with
or without AGN heating (see for instance the ‘galactic drip’ phenomenon described in
Brighenti & Mathews 2002b). It is not clear how 1D calculations are able to realistically
follow the formation and evolution of the shell. Subsonic, non-radial gas velocity
appearing in multidimensional models tend to suppress this feature (Brighenti & Mathews
1997). The cold shell is also Rayleigh-Taylor unstable and should fragment in about a
dynamical time, ∼ few× 106 yr. Another complication is the difficulty for hydrodynamic
simulations to reproduce the real complexity of the observed multiphase ISM in the inner
< kpc.

Given these uncertainties, it seems more appropriate to compare our results with
those presented in Novak et al. (2011), where the 2D version of the previous feedback
scenario for an isolated elliptical galaxy is investigated. In these simulations, conical
outflows representing BAL winds are generated near the centre of the grid, making the
computed scenario qualitatively similar to our models. Novak et al. (2011) found that the
accretion process significantly changes in 2D, reducing the effectiveness of the feedback
mechanism with respect to isotropic 1D models. They explored the effect of varying the
mechanical efficiency, finding that an acceptable BH growth is attained when ε ∼> 10−4,
consistent with the preferred values found in our work. About 1010 M� of stars form in
Novak’s ellipticals, almost independently on the wind efficiency, implying a substantial
mean star formation rate of ∼ 0.8 M� yr−1. It would be interesting to estimate the central
Balmer indexes (dependent on the star formation history) and compare them with the
available observations (e.g. Kuntschner et al. 2010).

Unfortunately, Novak et al. (2011) do not show azimuthally averaged temperature
and density profiles, thus it is not possible to assess the effect of the AGN feedback on
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these key observable constraints. Nevertheless, together with our calculations, the results
presented in Novak et al. (2011) corroborate the potential importance of bipolar outflows
as a primary source of AGN feedback.

Debuhr et al. (2011) carried out 3D SPH simulations of AGN outflows driven by
quasar radiation during a major merger. They noted that radiation pressure alone does not
produce any substantial feedback, requiring an additional momentum kick with velocity
∼ 104 km s−1 (like BAL winds), similar to our best models. Large values of the optical
depth are usually required to boost such fast outflows (τ ∼ 5 − 10). The strong isotropic
outburst produces a clear galactic outflow, drastically reducing the mass inside 3 kpc (two
orders of magnitude). This is a typically feature associated with strong isotropic heating
(either mechanical or thermal), which unbinds and shocks the central gas to unobserved
levels in normal ellipticals. Bipolar mechanical outflows are instead gentler, capable to
reproduce the observed anisotropic X-ray features like cavities.

As a concluding remark, I note that the radiative feedback displays a strong impact on
the ISM only in the presence of quasar-like objects, which are certainly rare in the local
universe, with a rapid decline below redshift ∼ 1.8 (Schneider et al. 2005).

6.5.2 AGN Turbulence

Another interesting test every feedback model should pass, although not stringent as
those previously discussed, is the generation of turbulence (or bulk motion) in the
ISM, especially in the central region. Deep X-ray observations start to provide reliable
estimates on the turbulent pressure (Werner et al. 2009; Sanders et al. 2011; de Plaa et al.
2012). The latter authors, in particular, give estimates of the ISM velocity dispersion in
the central ∼ 10 kpc for two exemplary groups: 320 < vturb < 720 km s−1 (NGC 5044)
and 140 < vturb < 540 km s−1 (NGC 5813). In order to compare the prediction of our
CGG model with this observation, I calculate the gas velocity dispersion along the line of
sight l, weighted by the emission-measure, as

σ2
turb =

∫
ρ2(vl − v̄l)2 dl∫

ρ2 dl
, (6.2)

where the (global) mean velocity v̄l is typically very close to zero.

In the (projected) circular region 0 < R < 5 kpc, the time average velocity dispersion
is ∼ 200 km s−1, when the system is viewed along the outflow z-axis. In the phases
where the AGN is more active σturb can reach values as high as 400 km s−1. Note that
the outflow, with velocity often exceeding 104 km s−1, poorly contributes to σturb, because
of the very low density. The gas turbulence becomes weaker at larger distances from the
centre. In the ring 5 < R < 20 kpc, σturb decreases to ∼ 60 − 100 km s−1, while in the
region 20 < R < 40 kpc, σturb ∼ 40 − 70 km s−1. One missing element of our models is
the effect of cosmological merging and inflow, which may trigger additional turbulence,
although more efficiently at large radii (> 0.1 the virial radius; e.g. Vazza et al. 2011).

When the galaxy is observed along a line of sight perpendicular to the outflow
direction (like the x−axis) the mean central σturb has lower values, ∼ 100 km s−1, with
peaks about a factor of two larger. For the standard cooling flow model I find instead
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σturb ∼< 45 km s−1; this quantity is certainly not associated with turbulent motions, while
it represents the steady radial inflow velocity due to the massive cooling flow.

I conclude that subrelativistic outflows are able to generate the observed turbulent
pressure and hot gas velocity dispersions. This non-thermal pressure is generally a
fraction of the thermal energy, in the range 5 − 15%: Eturb/Eth ≈ 0.1 (v2

turb,200/T7), where
the turbulent velocity is expressed in units of 200 km s−1, and the temperature in 107 K.

6.5.3 Concluding Remarks

In this Chapter, I have investigated the effect of AGN feedback on the evolution of the
ISM in massive elliptical galaxies. In designing the 3D hydrodynamic simulations I have
been guided by several ideas.

1. The AGN feedback in low-redshift ellipticals acts mainly through a (radiatively
inefficient) mechanical and directional process, in the form of massive outflows

2. These outflows interact with the ISM and heat the medium on scales of several kpc,
as indicated by X-ray observations of cavities and shocks.

3. The AGN reacts to gas cooling: cold gas condenses out of the hot phase in the
central region, and it is assumed accreted onto the black hole in a few dynamical
times, triggering the AGN feedback. The uncertainties on the the real accretion
rates force to adopt a parametrisation as simple as possible (the governing parameter
being the mechanical efficiency ε).

4. The feedback mechanism must work for objects of any scale, from isolated galaxies
to massive galaxy clusters.

5. The calculated evolution of the hot gas must be checked against many available
observational constraints, for a long time span (several Gyr).

In Chapter 4 and 5, I have shown that AGN outflows are able to solve the cooling flow
problem for both massive clusters and groups, for more than 7 Gyr. We are left now to
demonstrate that these mechanical massive outflows, self-regulated by cold accretion,
represent also the dominant feedback mechanism on the galactic scales, either in an
isolated or in a group-dominant system.

The two key tests that the models must pass are the agreement with the low cooling
rates allowed by observations, and the moderate gas temperature in the central region of
galaxies (no overheating). The former sets a lower limit for the feedback mechanical
efficiency, the latter provides an upper bound.

In Figures 6.4 and 6.6 I showed that assuming an efficiency ε ∼> 3×10−4 (ε ∼> 8×10−4)
for the isolated (CGG) model, the cooling rate drops to values close the observational
limits. The previous values for the mechanical efficiency are lower than those working
for clusters (Chap. 4) and similar to those quoted in Ciotti & Ostriker (2007), although for
a different feedback scheme. Because the estimated accretion rate onto the BH is likely
an upper limit, a firm result of our calculations is that the mechanical efficiency must be
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ε ∼> few × 10−4 in order to prevent significant gas cooling in massive elliptical galaxies.
It is more difficult to place an upper bound for the efficiency. When ε ∼> 10−3, the AGN
feedback is too intense and the ISM in the central region is overheated. However, larger
mechanical efficiencies would be allowed if the accretion rate is grossly overestimated.

While the exact details of feedback engine (such as the duty cycle) are uncertain and
must be investigated by high-resolution, specialised simulations, the astrophysically most
relevant and solid result is that AGN outflows can solve the cooling flow problem, not
only in clusters and groups, but also in galaxies, drastically quenching the cooling rates
and properly maintaing a quasi thermal equilibrium in the core. This is a remarkable
result, given the difficulties encountered with purely thermal feedback (regardless of its
origin, i.e. artificially inflated bubbles or radiative heating).

They also agree with a number of other key and independent observational constraints.
A crucial requirement for an AGN feedback scenario is the ability to produce (weak)
shocks, X-ray cavities and abundance inhomogeneities, common features shown in deep
X-ray observations (e.g. Figure 6.1). These properties point toward a feedback mechanism
able to distribute energy and momentum in a directional way, on scales of several kpc.
Observationally, these ISM perturbations are best studied in X-ray bright objects, often
giant ellipticals with CGG or groups. About 25-50% of galaxies/groups observed at
high resolution show evidence of cavities (McNamara & Nulsen 2007; Dong et al.
2010), a number likely underestimated. In galaxy clusters the detection fraction rises
to ∼> 2/3 (Dunn & Fabian 2006). Moreover, cavities are more likely present in cool-core
systems (Dong et al. 2010), implying that the feedback action must preserve the positive
temperature gradients. Elliptical weak shocks are also commonly found (Gitti et al. 2012),
surrounding stable buoyant cavities, a natural by-product of jets and outflows.

Through an extensive collection of snapshots (Sections 6.3.5 and 6.4.2), I have
illustrated the wealth of observable features created by the (anisotropic) mechanical
feedback scenario. Deep X-ray observations of galaxies (NGC 4472, Biller et al. 2004;
NGC 4374, Finoguenov et al. 2008; NGC 4636, Baldi et al. 2009) and groups (NGC 5044,
David et al. 2009; HCG 62, Gitti et al. 2010; NGC 5813, Randall et al. 2011; NGC 5836,
Machacek et al. 2011) reveal a wealth of features certainly linked to the AGN feedback
outbursts. In particular, the two typical fingerprints naturally left by collimated AGN
outflows, i.e. X-ray cavities surrounded by a weak shock, are seen in many snapshots of
Figures 6.5 and 6.7, often resembling observations also from a quantitative point of view
(e.g. elliptical cocoons, Mach number, bubble size and temperature; see Figure 6.1). It is
impossible to make a 1:1 comparison with real objects, catching the exact evolutionary
moment, with the same instantaneous feedback values. Unfortunately, we are not in the
position to calculate the time fraction in which the simulated cavities or shocks are visible;
this would require an analysis of the flow very finely spaced in time, subject of a future
investigation.

Typically, the cavities inflated by the outflows have size of few kpc and are surrounded
by bright rims (see Figure 6.5: t = 3.75, 4.25 and 11.75 Gyr; Figure 6.7: t = 0.5, 2.0, 2.5
and 4.0 Gyr). The rims are often slightly cooler and metal-richer compared to the nearby
gas, although there are few exceptions. Dedicated simulations tailored for NGC 4636,
indicate that it is possible to explain most of the properties of the cavities detected in
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NGC 4636, assuming the feedback proposed in this work (Ballone & Brighenti, in prep.).

In the case of the galaxy with CGG (similar to a group environment), the frequent
activity of the AGN causes the common presence of a low-density channel along the
z−direction carved by the outflows, ∼< 1 kpc wide and several kpc long. This feature is
very difficult to detect in the surface brightness map. In Figure 6.7 we see that only at the
beginning of the calculation, at t = 0.5 kpc, the tunnel is visible, with a brightness contrast
of ∼ 2 − 3 (rapidly decreasing beyond z = 5 kpc). Most of the time, the thin channel is
wiped out in the brightness image by projection effects. Occasionally, the tunnel may
resemble a X-ray cavity (Fig. 6.7, t = 2 Gyr). A dedicated analysis through a very
deep X-ray observation in the core of the galaxy may detect this feature or, at least, set
constraints on its presence (few hints are already available: see Figure 6.1). The channel
is nevertheless a transient feature, fragmented and destroyed by the AGN turbulence, a
key element for a proper deposition and thermalisation of mechanical energy in the core.

The proposed AGN feedback mechanism has another impact on the gas cooling
process, besides significantly lowering the total rate. It promotes spatially distributed
cooling (via thermal instabilities), on an extended region of size ∼ 10 kpc centred on the
BH. Figure 6.8 show the density map of total cold gas which has cooled and dropped
out of the flow, highlighting both the extended and concentrated toroidal distribution of
cooler gas (see next Chapter). The current numerical setup does not follow the dynamics
of the cooling gas, but it is plausible that some of the cooled gas accretes on the BH, and
some is instead used to form new stars and the emission-line nebulae commonly observed
in elliptical galaxies (see references in Sec. 6.1). At the moment of cooling, the gas
has a chaotic motion, with typical velocities of 100 − 200 km s−1, concordant with Hα
spectroscopic studies (Caon et al. 2000).

Finally, the mechanical feedback is able to reproduce the anisotropic distribution of
metals, commonly observed in AGN-heated cores (e.g. Rasmussen & Ponman 2009;
David et al. 2011; Kirkpatrick et al. 2011; O’Sullivan et al. 2011b). The powerful
mechanical jets can indeed uplift up to ∼ 10 kpc the metals processed by SNIa and stellar
winds in the nuclear region (with a peak metallicity of ZFe ∼< 1 Z�; Mathews & Brighenti
2003). In the more quiescent phases (Figure 6.9), AGN turbulence tends instead to stir
and diffuse the metals, restoring the homogeneous distribution.

With the present and previous two Chapters we close the circle of the investigation,
studying and testing the mechanical AGN feedback in every virialised structure
possessing a substantial hot gas halo. I have proven that massive subrelativistic outflows
are the key to solving the cooling flow problem, avoiding overcooling and overheating,
and reproducing the wealth of features observed in deep X-ray data. We are now left
to understand in depth the AGN cycle and thermal equilibrium, i.e. dissecting the cold
feedback mechanism and focusing on the - previously dropped out - cold phase.
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Chapter 7
Multiphase Gas

THE GLOBAL picture emerging from the previous three Chapters is encouraging.
Mechanical massive AGN outflows can indeed solve the cooling flow problem,

simultaneously avoiding overcooling and overheating for the whole evolution. On
relatively large temporal and spatial scales the system attains a quasi thermal equilibrium.
The fact that the equilibrium is not perfectly maintained might appear at first a bad
sign. However, the quasi equilibrium is a necessary property of a healthy self-regulated
feedback in every virialised system. Previously, we focused mainly on the hot phase of the
ISM/ICM, dropping out the cooling gas as soon as it approaches very low temperatures
(T ∼< 105 K). Since the cold gas is the engine of the AGN feedback, it is now time to carry
out more advanced simulations, including the hydrodynamics of the entire multiphase gas
(T ≥ 104 K).

The following more realistic feedback simulations will investigate when and where
extended multiphase gas forms. In the scenario of quenched cooling flows, we can
speculate that the cold/warm phase may be deeply linked to the development of nonlinear
thermal instabilities via the AGN feedback. Another relevant process may be the dredge-
up and entrainment of the cold gas due to the jet ram pressure.

Before analysing the simulation results on thermal instabilities in the exemplary
cluster A1795, I first present an overview of the cold gas properties (molecular and
ionised) in virialised structures, with emphasis on cool-core systems and their BCG (the
brightest central elliptical; see also Sections 1.4.4 and 1.4.5). Unfortunately, there is
not yet a comprehensive view on this fundamental topic, although several investigations
provide key insights into the observational features of the cold phase; the highest
resolution survey in cooling flow systems is probably provided by the excellent works
of McDonald et al. (2009, 2010, 2011a,b, 2012). The results of this Chapter are also
presented in Gaspari et al. (2012a).

7.1 Cold Gas Overview

Cooling flows should not be entirely suppressed. As anticipated in Section 1.4.4, there
is widespread observational evidence of optical line-emitting ‘nebulae’, found primarily
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No. 2, 2009 MMTF-H! AND HST-FUV IMAGING OF ABELL 1795 L173

Figure 1. MMTF-H! and [N ii] "6583 and HST/SBC FUV images of Abell 1795. The three upper panels show maps of the surface brightness, !, in units of
erg s!1 cm!2 arcsec!2. The lower left and center panels are [N ii]/H! and FUV/H! ratio maps, respectively. In the latter image, the red shade represents regions
where there is very little or no H! coincident with the FUV emission. The bottom right panel outlines the terminology we use in this Letter, specifically in Table 1,
for the different regions. The “central region” consists of all emission north of (and including) the SW extension. In all panels, the 10 kpc scale corresponds to 7.""9,
and the black crosshair represents the centroid of optical emission, at ! = 207.#2188, # = 26.#5929.

2.2. FUV–Hubble Space Telescope ACS/SBC

FUV imaging was acquired using the ACS SBC on the HST
in the F140LP bandpass, with a total exposure time of 1197 s.
With the MMTF data already in hand, we were able to choose
two different pointings of the 35"" $ 35"" field of view to allow
full coverage of the SE filament. Exposures with multiple filters
are required to properly remove the known SBC red leak, which
may be substantial in the central region due to the fact that
the underlying galaxy is very luminous and red. However, we
were unable to obtain complementary exposures in a redder
SBC band for the filaments, due to scheduling constraints, and
thus we proceed without removal of the offending light. The
central UV fluxes have an associated error of %2.5% due to
the underlying red galaxy (based on a preliminary analysis of
additional FUV data of the central galaxy obtained by W. Sparks
and collaborators).

3. RESULTS

Figures 1–3 show the newly acquired MMTF and HST data on
Abell 1795. The most striking result is that the “SE filament,”

which has long been known (Cowie et al. 1983) is, in fact,
a pair of thin, intertwined filaments in H!. These filaments
are %42"" and 35"" (52.9 and 44.1 kpc) in length, and their
widths in H! are unresolved (<0.""7 % 1 kpc). The discovery of
thin strands in the SE filament is reminiscent of magnetic field
lines. A stronger than average magnetic field in the ICM could
prevent the filament material from evaporating due to thermal
conduction. The BCG in Abell 1795 is a bright double-jet
radio-loud cD galaxy (4C 26.42) with therefore strong extended
magnetic field (Ge & Owen 1993), but radio emission is not
detected beyond ±6 kpc from the nucleus. We return to this
issue in Section 4.

In the central region of Abell 1795, the H! emission forms
a ring, with a cavity slightly northeast of the BCG center
(Figure 1). The morphology is very similar to that seen in
the X-ray (Fabian et al. 2001). The cavity surrounds one of
the radio jets emanating from the AGN, suggesting that it was
created by recent AGN activity (Crawford et al. 2005). The very
sharp extension directly to the southwest of the central region is
coincident with the counter-jet. The jet appears to be efficiently
heating the gas in this region (van Breugel et al. 1984). In

Figure 7.1. Surface brightness maps of Hα (MMTF), [NII] (MMTF) and FUV (HST) for the
galaxy cluster Abell 1795 (from McDonald & Veilleux 2009). The images show the spectacular
filamentary and nuclear structures of the cold/warm phase in the cluster core.

in cooling flow systems, a sign that cooler gas (∼ 104 K) coexists with the hot phase
(e.g. Hu et al. 1985; Heckman et al. 1989; Crawford et al. 1999; Hatch et al. 2007). The
Hα emission (6563 Å), resulting from the recombination of the hydrogen ion, is in fact
an optimal tracer for the cooler - molecular and neutral - gas (e.g. Jaffe et al. 2005; Oonk
et al. 2010), which is instead more difficult to directly detect and quantify.

Molecular gas, mainly H2, is usually revealed through CO emission, typically through
the lines (1-0) and (2-1). Via interferometric mm mapping of the CO emission (IRAM 30m
telescope), Salomé and collaborators (2003, 2004, 2006, 2008) find masses of molecular
gas in the range 109 − 3 × 1011 M�, confirming earlier preliminary results in cool-core
clusters (Edge 2001). The spatial extension of the molecular gas never exceeds ∼ 50 kpc,
with associated velocities ∼ 100−200 km s−1. The identified CO features are very similar
to the structures observed in Hα and the star forming regions linked to the UV-continuum
excess. Another relevant component of the cold phase can be neutral hydrogen, observed
via 21-cm emission and reaching masses of ∼ 1010 M� (NGC 1275; Jaffe 1990).

Since Hα emission is more trivial to detect, it is worth to focus on this well-studied
tracer of the cold gas. The deep, wide-field, narrow-band survey conducted by McDonald
et al. (2010, 2011a,b, 2012), thanks to the Magellan tunable filter MMTF, shows the
ubiquity of this ‘warm’ ionised phase. Well-studied nearby examples, including NGC
1275 (Perseus – Conselice et al. 2001; Hatch et al. 2006), NGC 4696 (Centaurus
– Crawford et al. 2005) and A1795 (McDonald & Veilleux 2009), exhibit extended
filamentary nebulae (up to several tens kpc from the centre), usually cospatial with soft
X-ray filaments and associated with AGN outbursts or galactic winds1. Approximately
a third of BCGs have complex, filamentary morphologies at Hα, another ∼ 30% have
marginally extended or nuclear Hα emission. Thus, in the majority of cool-core systems
the cold gas is a fundamental element of the evolution, that any AGN feedback model

1The bright, soft X-ray and Hα filaments in these winds have strikingly similar patterns on both small and large
scales, ∼ 0.01 − 10 kpc, further supporting the entrainment scenario (see Veilleux et al. 2005 for a review).
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must also reproduce. There is no difference in the morphology or detection frequency of
Hα filaments in groups versus clusters over the mass range 1013 < M500 < 1015 M�
(McDonald et al. 2011a). This also implies that the AGN feedback must scale with
the total mass (to avoid drastic heating and the erasure of the filamentary cold gas), in
agreement with our previous theoretical findings (Chapters 5 and 6).

Tracing the evolution of optically emitting BCGs may indirectly probe the evolution of
cool cores in galaxy clusters, which proves exceedingly difficult using X-ray techniques
at high redshift. There is indeed increasing evidence for a decline in the fraction of BCGs
with optical emission-line nebulae from z = 0 to z = 0.3 (McDonald 2011), suggesting
that feedback processes may be more effective at earlier times.

A textbook example of cold phase, both in the form of extended filaments and a
nuclear structure, is the massive galaxy cluster, Abell 1795. Figure 7.1 clearly shows
the impressive Hα double filaments, ∼ 50 kpc long, emanating from the central AGN
and a very disturbed, star-forming central region. The width is remarkably small, less
than few kpc, possibly shaped by the magnetic field, which is in theory able to suppress
conduction (Fabian et al. 2003; Hatch et al. 2007) and thus to help the growth of thermal
instabilities. The narrowness of the strands also supports the highly nonlinear runaway
cooling of the plasma.

Along the filaments, UV-bright knots indicate substantial star formation (∼ 1 M� yr−1;
right panel in Fig. 7.1). The identification of star-forming regions in cool cores has a
rich history in the literature (see Sec. 1.4.5). Several studies found significant amounts
of star formation in cool-core BCGs (the blue-light excess; Rafferty et al. 2008), still two
orders of magnitude lower than the classic cooling rates (see Figure 1.9; O’Dea et al.
2008). Typical SFRs are 1− 10 M� yr−1, with an efficiency of ∼ 10− 15%. Filaments are
therefore the ideal nursery for stellar formation. Another sign of strong stellar evolution
is dust, emitting in the IR band, confirmed by the small amount of reddening found in the
extended, filamentary cold phase (with typical E(B − V) ∼< 0.2).

[NII] emission at 6583 Å is another tracer of the warm ionised gas (although less
bright). The ratio [NII]/Hα provides a measure of the relative importance of ionisation,
which seems high and fairly uniform throughout the filaments. The ionisation source
remains a matter of debate. Based on the ratio of the FUV and Hα luminosity, it seems
likely that the massive young stars formed inside the cold phase can indeed photoionise
the filaments (McDonald et al. 2012). Other scenarios involve heat conduction, the central
AGN or cosmic rays heating (Crawford et al. 2005).

Most of the filamentary cold structures correlate well2 with the X-ray emission (see
Figure 1.8), suggesting that the warm ionised gas traces indeed the (X-ray) cooling flow,
as speculated more than 30 years ago (e.g. Cowie et al. 1980; Fabian et al. 1984; Heckman
et al. 1989). The idea of thermally unstable, rapidly cooling ICM was gradually discarded,
lacking a source able to drive nonlinear thermal instabilities (that here I argue to be the
active nucleus). Nevertheless, the observational evidences are now substantial. Along
the filaments the cooling rates are usually enhanced by an order of magnitude; there is a
strict correlation between the presence of Hα filaments and the properties of the cool core,

2Sometimes the X-ray emission shows a small spatial offset.
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Fig. 10.— Left: Color vs. cooling time at 12 kpc (Rafferty et al. 2008). Right: Hα luminosity

vs. central entropy (Cavagnolo et al. 2008). Young stars and line emission nebulae are only

seen in BCG’s with short central cooling times, or, equivalently, low central entropies.

The origin of this threshold is unclear. Voit et al. (2008) and Voit (2011) have suggested

it appears when gas becomes thermally unstable in the competition between radiative cooling

and thermal conduction. Sharma et al. (2011) suggested that for thermal instability to grow

and for cooling gas to condense into stars, its growth time must also be shorter than about

10 free-fall times. Other clues to its origin may be gleaned from the red BCGs lying below

tcrit. These systems are usually offset from the X-ray centroid and may not be accreting gas,

or perhaps they are quenched by AGN feedback (Rafferty et al. 2008). Whatever its specific

origin may be, the threshold links cooling atmospheres to star formation.

Many have suggested that the cold gas and star formation in BCGs are merger debris

or stripped material from donor galaxies (e.g., see Sparks et al. 1989). While this may be

true in some cases, it would account for the prevalence of star formation in cooling cores and

the star formation threshold with great difficulty. The cores of clusters are largely devoid

of galaxies with gas and star formation (Best et al. 2007), and BCGs in cooling flows are

the only nearby population of ellipticals that experience significant levels star formation. In

the extreme, they harbor > 1010M⊙ of molecular gas (Edge 2001). No known population

of galaxies is able to donate molecular gas at this level. The most gas-rich spiral galaxies

in nearby clusters contain ∼ 109M⊙ or less of molecular gas, and such a galaxy plunging

through a cluster would release most of this gas into the ICM before it arrived at the BCG

Figure 7.2. Hα luminosity vs. central entropy for a sample of 222 clusters (from Cavagnolo et al.
2008). Note that cool-core systems (K0 < 30 keV cm2) often harbour extended multiphase gas.

namely the (lower) entropy and the average temperature of the medium (McDonald et al.
2010, 2011a). In particular, Cavagnolo et al. (2008) and Voit et al. (2008) have found a
key threshold (important also for our models3): only systems with central entropies below
30 keV cm2 show evidence for extended multiphase gas (see Figure 7.2). Moreover,
the extent of the Hα filaments never exceeds the cooling radius, further supporting the
(quenched) cooling flow origin.

In the central regions (r < 10 kpc), the cold/warm gas usually shows kinematic
signatures of rotation, while the extended filaments are broadly consistent with both infall
and outflow, with velocities around few 100 km s−1, interestingly similar to our previously
computed AGN-driven turbulence (Section 6.5.2). The filaments and clouds with radial
outflowing velocities seem often coincident with the boundaries of the AGN cavities.
Thus, some authors (e.g. Churazov et al. 2001; Hatch et al. 2007; Revaz et al. 2008) argue
that the buoyant bubbles can uplift the central cold gas and form the filaments. This
mechanism is not in contradiction with the thermal instability origin, as highlighted by
the simulations of this Chapter.

So far, we have focused mainly on the massive ellipticals at the centre of groups
and clusters. However, it is worth noting that cold - ionised and molecular - gas is
really ubiquitous among galaxies. The cold phase is widely present in spiral galaxies.
Furthermore, in recent years, the myth of the ‘red and dead’ ellipticals has been gradually
dismantled. The GALEX, ATLAS3D and SAURON surveys have provided a unique view
on the ISM properties of ETGs: at least4 ∼ 25 − 30% possess substantial gas reservoir of
molecular gas (up to 109 M�; Combes et al. 2007; Young et al. 2011; Crocker et al. 2012);
∼ 44 − 66% have detectable neutral hydrogen (Oosterloo et al. 2010); ∼ 75% show dust
features (Colbert et al. 2001); more than 30% have an excess of UV emission, attributable

3This criterion can be expressed in terms of the ratio of the cooling and free-fall timescales, governing the whole
condensation process (Section 7.4).

4The fraction of S0 galaxies harbouring molecular gas can reach sometimes even 80% (Welch & Sage 2003).
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to ongoing residual star formation (Kaviraj et al. 2007). Galaxies can regenerate a cold
ISM through both internal and external processes, e.g. by stellar mass loss, accretion from
the circumgalactic medium (IGM/ICM), and/or mergers (Davis et al. 2011). Overall, it
seems that cold gas reservoirs and residual star formation are never erased. Even strong
AGN outbursts, capable of drastically quenching cooling flows, show a positive feedback,
inducing subsequent turbulence and compression, which lead to sudden nonlinear thermal
instabilities and to the condensation of the hot phase.

7.2 Simulation Setup

For most microscopic heating mechanisms the ICM is expected to be locally thermally
unstable. In other words, even if the ICM maintains global thermal balance without a
cooling flow, some of the gas can experience runaway cooling. Analytical estimates and
idealised simulations by McCourt et al. (2012 – M12) and Sharma et al. (2012 – S12)
point out that a spatially extended and inhomogeneous cold phase can form whenever the
cooling time5, tcool (Equation 1.2), drops below the free-fall time, here roughly estimated
as

tff =

(
2r

g(r)

)1/2

, (7.1)

where g(r) is the total gravitational acceleration at a certain radius r (mainly governed by
the dark matter halo – Section 3.9).

Previous studies (e.g. Balbus & Soker 1989) did not predict the presence of multiphase
gas because they neglected a spatially distributed heating, which provides global thermal
stability. Here I perform high-resolution three-dimensional simulations which incorporate
our realistic type of heating, i.e. self-regulated massive AGN outflows, in a realistic
astrophysical scenario, i.e. the massive galaxy cluster A1795. The focus of the
investigation is to understand the (possible) condensation of the hot gas into an extended
or nuclear cold phase, as widely suggested by the observations mentioned in the previous
Section.

In Table 7.1 are summarised all the numerical details of the hydrodynamic simulations
carried out with FLASH, including the type of feedback (Sec. 3.7), the efficiency, the
jet width and height (djet × zjet), and other relevant properties (see Chapter 3 for the
details of implementation). As usual, the hydrodynamic equations are solved via the split
PPM solver (Sec. 3.2). All the multiphase gas computations use the new exact cooling
solver (described at end of Section 3.5), without any mass dropout, in order to follow
the dynamics of thermal instabilities. The assumed metallicity for the cooling function
is 0.3 Z� (the temperature floor is the usual 104 K). The outflows are in almost every run
cylindrical (standard setup), injected through the internal boundaries (with vjet = 5 × 104

km s−1; Section 3.6). At variance with the previous simulations, the self-regulation is not
linked to either cold or hot accretion, but given by the inflow through a ‘spherical’ surface
very near the centre, r ∼ 500 pc (see end of Section 3.7).

5The cooling time and the thermal instability timescale are similar for a microscopic heating mechanism which is
independent of density, so I use tTI and tcool interchangeably (see also M12).
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Table 7.1. Parameters and properties of the most relevant multiphase gas simulations.

Model Feedback Efficiency ε Jet width × height (kpc) Injection min(tcool/tff) Notes

r7-CF no AGN heating - - - 7 -

r21-CF no AGN heating - - - 21 -

r7-i6m3 inflow 6 × 10−3 0.60 × 0.0 nozzle 7 standard

r7-i6m3w inflow 6 × 10−3 0.60 × 0.0 nozzle 7 random wobbling

r7-i6m3c inflow 6 × 10−3 0.60 × 0.0 nozzle 7 convergence (2∆x)

r7-i1m2 inflow 10−2 0.60 × 0.0 nozzle 7 standard

r21-i6m3 inflow 6 × 10−3 0.60 × 0.0 nozzle 21 standard

r21-i1m2 inflow 10−2 0.60 × 0.0 nozzle 21 standard

Radiative cooling (Z = 0.3 Z�): new exact method, without cold mass dropout (Sec. 3.5).

Perturbed initial conditions (A1795): Gaussian random field, with a white noise power spectrum (ξ = 0.3).
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7.2.1 Initial Conditions

The massive galaxy cluster A1795 (Mvir ≈ 1015 M�) is modelled in the same way as
explained in Section 4.2.1, although here the resolution is drastically increased, reaching
a maximum ∆x ≈ 300 pc (in the core), and we simulate the entire cluster (with the AGN
at the centre of the box).

In order to model a more realistic atmosphere, we choose to perturb these initial
density and temperature profiles (avoiding the idealised perfect spherical symmetry).
Depending on the amplitude (here ξ = 0.3), thermal instabilities can thus develop even in
the early stages of evolution, before the AGN has become very powerful. The fluctuations
leading to the initial thermal instability could be produced by the turbulence associated
with cosmological mergers. Using dispersion relation and direct simulation, M12 and
S12 demonstrated that thermal instability does not dramatically depend on the range
of the driving modes in Fourier space. For now, it is thus sufficient to adopt a simple
Gaussian random field with a white noise power spectrum (see Section 3.9.1 for the
implementation). More importantly, after several cooling times the growth of instabilities
is mainly driven by the AGN turbulence – as also seen in the previous simulations
(e.g. Figure 6.8).

The obtained initial conditions correspond to the initial minimum ratio of tcool/tff ∼ 7,
an important parameter for the early development of nonlinear instabilities. In a few
models (Sec. 7.3.5), the central density profile is modified (shallower) in order to test a
higher ratio, tcool/tff ∼ 21.

I decided to neglect magnetic fields and anisotropic thermal conduction. M12 showed
that anisotropic conduction changes the morphology of the cold gas (becoming more
filamentary), but does not affect the criterion for the generation of the multiphase gas
due to thermal instabilities. I defer the study of these effects to future specialised works.

7.3 Results

I present simulation results for different AGN efficiencies ε, jet inclinations (steady and
wobbling jets), and different initial values of the minimum tcool/tff in the ICM (TI-ratio;
minimum value over all radii). The previous results (Chapter 4) demonstrated that a
suitable choice of the mechanical AGN efficiency, in the cluster regime, should be in the
range 5×10−3−10−2. This seems also supported by observational constraints (e.g. Merloni
& Heinz 2008; La Franca et al. 2010). Common observed values for the minimum initial
TI-ratio are in the range from 5 to 25 (M12). Motivated by these results, we perform
computations with initial TI-ratio 7 or 21, and ε = 6 × 10−3 or 10−2 (Table 7.16). All
models are evolved for 5 Gyr.

In the following analysis, I focus mainly on the multiphase gas and the growth of
thermal instabilities, showing the related key plots. At the same time, the models need
to solve the cooling flow problem. Since we have extensively investigated this topic in

6The elevated computational cost of the simulations (more than 500 000 CPU-hours) restricted the number of tested
values in the parameter space.
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Figure 7.3. Diagnostics for the pure cooling flow simulation with initial minimum tcool/tff = 7
(r7-CF). From top to bottom panel: total mass and average mass cooling rate as a function of time
in the central 20 kpc; accretion rate (in the sink region) as a function of time. Colours correspond
to the three gas phases: blue - cold (T < 5 × 105 K), yellow - warm (5 × 105 ≤ T < 107 K), red -
hot (T ≥ 107 K). Notice the strong cooling rate of ∼ 500 M� yr−1, after just 1 Gyr.

Chapter 4, the related diagnostics, like radial profiles and detailed jet properties, will be
only briefly described. I refer to the previous three Chapters for more details on avoiding
the cooling flow catastrophe and drastic overheating.

7.3.1 Pure Cooling Flow [r7-CF]

I first analyse the reference model, i.e. the simulation without AGN heating. In this
simulation we keep the central gas sink term but neglect feedback. This case leads to the
classic cooling flow catastrophe. The plasma in the central region of the cluster (∼100-
200 kpc) looses energy due to radiative cooling. Consequently, the gas pressure drops,
leading to a subsonic spherical inflow. The increase in the central gas density results
in higher cooling rates, which, in turn, accelerates the mass accretion rate, leading to
runaway cooling and accretion. The results from a cooling flow run for the initial TI-ratio
of 7 are presented in Figures 7.3 and 7.4.
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Figure 7.4. Pure cooling flow simulation (r7-CF) at 1.51 Gyr. Left: X-ray surface brightness
(erg s−1cm−2; in the Chandra energy band 0.3 − 10 keV). Right: ne midplane cut (cm−3). Middle:
joint distribution of log T versus log ne, coloured by gas mass in each bin (M�); the size of the
logarithmic bins is 0.05. Each map has logarithmic scale, describing only the central 20 kpc
(cluster core). Thermal instabilities and extended cold gas are possible only in the early stage;
later the collapse becomes monolithic, with a huge central accumulation of cold gas.

In Figure 7.3, I show the total mass, the average mass rate and the accretion rate as
a function of time. The quantities in the first two panels correspond to the gas within
the central 20 kpc. Different gas phases are coded according to: ‘cold’ (T < 5 × 105 K,
blue), ‘warm’ (5 × 105 ≤ T < 107 K, yellow), ‘hot’ (T ≥ 107 K, red). The choice is
not arbitrary because the limits of these temperature ranges correspond approximately to
different critical slopes in the cooling function Λ(T ). Top panel reveals that the total mass
of cold gas exceeds 1012 M� after a few Gyr. Middle panel shows that after 1 Gyr the cold
phase continues to accumulate in the core (20 kpc) at a steady average rate of ∼ 500 M�
yr−1 (peaks can reach ∼ 800 M� yr−1), a blatant discrepancy with observations (Peterson
et al. 2001, 2003; Peterson & Fabian 2006). The cold gas never decreases with time,
usually overwhelming the hot and warm phase by one and three orders of magnitudes,
respectively. The accretion rate in the sink region is closely linked to the cooling rate (last
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panel). However, not all of the cooling gas gets accreted because the inflowing cold gas
forms a rotationally-supported structure.

The pure cooling flow manifests itself as a sudden decrease in temperature, lesser than
Tvir/3. The projected emission-weighted (Tew) temperatures falls below the observational
data of A1795 (e.g. Tamura et al. 2001 and Ettori et al. 2002). The electron number
density ne, linked to the surface brightness, increases rapidly within 70 kpc from the
centre, with the simulated profiles lying above the observational data points. The entropy
(kbT/n2/3

e ) near 1 kpc is ∼ 1 keV cm2, without showing any sign of the typical observed
floor (Cavagnolo et al. 2008).

In Figure 7.4 are presented the maps of X-ray surface brightness, the midplane cut
of electron number density (ne), and the gas phase diagrams with temperature versus
ne (values are coloured by gas mass in each bin). Each map has logarithmic scale and
contains the data only for the central core (20 kpc). The density maps (1.51 Gyr) reveal
significant cold gas accumulation in the core, accompanied by a strong increase in the
central surface brightness. Since in the ‘warm’ temperature range the gas has a short
cooling time, the ICM tends to accumulate in the ‘cold’ and ‘hot’ phases. This effect is
clearly visible in the phase diagram.

In the cooling flow run distinct cold gas clouds and filaments can be seen
predominantly in the early stages of the evolution. At late times (like t = 1.51 Gyr)
the collapse proceeds in a monolithic way, and the atmosphere is globally unstable. Note
that the tcool/tff criterion does not apply to a cooling flow, because the theoretical analysis
assumes thermal balance (see M12). In order to generate multiphase gas in a cooling
flow, a substantial amplitude of perturbations is required, e.g. ξ ∼> 0.1 (see also Pizzolato
& Soker 2005 and S12). Both initial TI-ratio of 7 and 21 (r21-CF; not shown) produce
similar results. The latter case has longer saturation time and slightly smaller mass in the
cold phase (the initial total mass in the box is also 8% smaller).

All the features of the pure CF model, discussed above, are in contrast with
observations of cool-core systems (Peterson et al. 2001, 2003; Ettori et al. 2002; Tamura
et al. 2003; Peterson & Fabian 2006). This simulation merely serves as a reference case
for the runs presented in the subsequent Sections. As usual, a successful model will
instead be characterised by a quasi equilibrium between heating and cooling, with low
cooling rates (∼< 10% of the pure cooing flow), profiles consistent with observations. At
the same time, the model needs now to account for the spatially extended (up to ∼ 15−20
kpc) distribution of cold blobs and filaments while not violating the constraints on the
total mass in these features. Below I discuss models that meet these requirements.

7.3.2 AGN Feedback: tcool/tff = 7 and ε = 6 × 10−3 [r7-i6m3]

Before including AGN jet feedback, I verified that using the idealised prescription of
M12 and S12, i.e. local heating rate given by the cooling rate averaged in spherical shells,
produces thermal instabilities and spatially extended multiphase gas. The results were
consistent. However, unless cooling and heating are turned off in the central zones, this
very rough prescription led to the massive accumulation of cold gas in the central few kpc,
especially when the gas dropout or outflow through a central boundary was neglected.
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Figure 7.5. Diagnostics for the AGN feedback simulation with initial minimum tcool/tff = 7 and
ε = 6 × 10−3 (r7-i6m3). First column: cooling and accretion diagnostics; see the description of
Figure 7.3 for details. Second column: radial profile of tcool/tff and the temporal evolution of its
minimum (gas with T > 0.3 keV). Note that the cooling rate is reduced to ∼ 4% of the pure CF
value and that a steady average equilibrium is maintained for several Gyr.

These findings provide additional motivation to include a realistic feedback mechanism,
like self-regulated massive AGN outflows.

Mechanical feedback due to AGN jets dramatically changes the entire evolution of the
galaxy cluster, compared to the pure cooling case. In Figures 7.5 and 7.6 are presented the
diagnostic plots and maps for the runs that include AGN jets with mechanical efficiency
ε = 6 × 10−3.

The first column in Fig. 7.5 show the same quantities as those in Fig. 7.3. The gas mass
in the cold phase Mc(t) (top panel) reaches ∼ 1011 M� at the end of the evolution. This is
consistent with molecular cold gas observations (Edge 2001; Salomé & Combes 2003),
and is reduced by over a factor of 10 compared to the pure cooling flow value. Middle
panel indicates that the average cooling rate 〈Ṁc〉 is also significantly quenched: after
an initial transient phase, in which cooling is slightly elevated, the system starts to self-
regulate through more powerful outbursts, and eventually reaches a steady rate of ∼ 20
M� yr−1. This value is about 4% of the value recorded in the r7-CF simulation, entirely
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consistent with observations (e.g. Peterson & Fabian 2006). The instantaneous cooling
rate (not shown) is quite variable, changing rapidly from positive to negative values due
to the action of AGN heating.

As the cold gas mass Mc in the central 20 kpc exceeds the mass in the hot (3 times)
and warm phases (103 times), the accretion rate is determined by the cold gas (last panel
of first column); most of the time the black hole accretes cold gas at a rate between 1 − 5
M� yr−1. Cold accretion rate (blue) exceeds hot accretion rate (red) by at least two orders
of magnitude. The latter is commonly associated with a Bondi-like mode; since the hot
accretion rate is so weak, feedback simulations based on Bondi prescription would require
an artificial boost factor or high mechanical efficiencies & 0.1 (see for instance Chapter
5).

The mass accretion rate determines the AGN power and mass outflow rate. At 5
Gyr the total injected energy is ∼ 1062 erg. Even if the entire mass of the gas that falls
into the sink region is added to the SMBH, its total mass will still be within reasonable
limits (several 109 M�). As suspected in Chapter 4 (see the Discussion), increasing the
resolution leads to a less explosive feedback, due to the less massive accretion rates per
single time step. The outflows are thus more continuous and frequent (albeit the total
injected energy is similar on the long term), still showing peaks over 1046 erg s−1; mass
outflow rates can reach few M� yr−1.

I emphasise that even with a different duty cycle, the cooling flow problem is anyway
solved: the density inside 70 kpc is similar to the initial conditions, while the temperature
and entropy profiles do not fall below Tvir/3 and 10 keV cm2, maintaining a positive
gradient – a sign that the cool core has not been destroyed during the quenching of the
cooling flow. This is a remarkable fact, implying that the success of the mechanical
feedback is not dependant on the exact details of the accretion, typically linked to the
(numerical) resolution in the core.

In Fig. 7.5 (second column) are shown the radial profiles of tcool/tff and the minimum
value as a function of time. Although I discuss the relationship between tcool/tff and
the presence of the multiphase gas in more detail in Section 7.4, here I point out that
whenever this timescale ratio falls below ≈ 10, thermal instabilities grow and cold gas
clumps condense out of the hot phase. Initially, the cold phase has a filamentary structure;
then it turns into small clumps which fall toward the centre in about a free-fall time.

The SBX map and the the two-dimensional snapshot of ne at 1.5 Gyr, shown in
Figure 7.6, corresponds to a moment when the TI-ratio falls below 10. The jet outburst
creates two cavities along the z−direction, which on larger scales become larger and
move buoyantly outward (see the last three Chapters for a more detailed dynamics of
the generated AGN features). At the same time, the perturbations due to the jets seem
to lead to the formation of dense cold blobs up to ∼ 10 kpc away from the centre. The
presence of multiphase gas is also apparent in the ne − T phase diagram (Fig. 7.6, middle
panel), which displays two distinct diagonal islands occupied by the gas in the cluster
core, with small variations away from pressure equilibrium.

Because the AGN heating is anisotropic close to the base of the jet and the cooling
gas possesses small amount of angular momentum, the cold gas tends to accrete and
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Figure 7.6. X-ray surface brightness map, density cut and phase diagram for AGN feedback model
r7-i6m3 (initial minimum tcool/tff = 7; AGN feedback ε = 6×10−3). See the description of Figure
7.4 for details. The maps correspond to the time of 1.51 Gyr since the beginning of the simulation.
The salient feature is the amplification of thermal instabilities, due to the AGN perturbations, with
cold blobs condensing out of the hot phase (tcool/tff ∼< 10), up to 10 kpc away from the centre.

condense more along the equatorial region. In a realistic situation this gas can not be
entirely removed in a brief time; consequently, a cold rotationally-supported torus is
formed, which provides most of the fuel for the AGN. The fuel supply from the torus,
or the torus itself, can be temporarily disturbed by AGN outbursts, shocks, and the ICM
turbulence. The central accumulation of cold gas could be further reduced by including
star formation.

Overall, the heating due to realistic AGN outflows, with mechanical efficiency ε ≈
6×10−3, appears to reproduce the main properties of the observed clusters: quenching the
cooling flows while preserving the cool cores for several Gyr. At the same time, the model
predicts the formation of the multiphase medium in the form of cold blobs and filaments
while satisfying the observational constraints on the amount of cold gas (e.g. Edge 2001;
Salomé & Combes 2003, 2004; McDonald et al. 2010, 2011a,b).
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Figure 7.7. Same as Figure 7.5 but for AGN feedback efficiency ε = 10−2 (r7-i1m2). Raising the
efficiency produces stronger and more massive outflows, which have more difficulty in stopping
the cooling flow, because they tend to release their energy at larger radii. Values are still consistent
with observations.

7.3.3 AGN Feedback: tcool/tff = 7 and ε = 10−2 [r7-i1m2]

I now discuss a run for higher mechanical efficiency (ε = 10−2) compared to the one
considered in the previous Section. I use the same set of diagnostic plots as before,
discussing only the differences between these models. The results for ε = 10−2 are shown
in Figures 7.7 and 7.8, which are direct counterparts to Figures 7.5 and 7.6.

The increase in the mechanical efficiency of the jets leads to stronger outflows
characterised by a slightly more peaked jet power distribution (exceeding sometimes few
1046 erg s−1). Since the outflows are more massive (due to the higher Pjet), they carry
larger amount of linear momentum and, thus, have more piercing power. Consequently,
the jets release more of their energy at relatively larger distances from the cluster centre,
allowing a bit more cold gas accumulation along the equatorial region. The projected
surface brightness map (Fig. 7.8) clearly shows the formation of a torus-like structure that
was less pronounced in the lower efficiency run.

The initial increase in the average cooling (and accretion) rate is strongly quenched at
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Figure 7.8. X-ray surface brightness map, density cut and phase diagram for model r7-i1m2
(initial minimum tcool/tff = 7; AGN feedback ε = 10−2). The time of the maps is 0.61 Gyr. Notice
that concentrated cooling, in the form of a rotating cold torus, is favoured over extended cold gas
(tcool/tff is usually > 10).

around 1 Gyr since the beginning of the simulation (Fig. 7.7), which is earlier than in the
previous run. After this short phase, the system gradually settles to a quasi equilibrium
state, with cooling rates around 40−50 M� yr−1, twice the level seen in the lower efficiency
case. Paradoxically, more powerful jets are less efficient in stopping the cooling flow, due
to tunnel carving. The total injected energy is comparable in both runs (∼ 1062 erg), a sign
that the self-regulation process is overall very similar. The total cold gas mass (2 × 1011

M�) is slightly larger than in the preceding case, but still only 10% of the pure cooling
flow value, which is consistent with the observational constraints (Sec. 7.1).

During the entire evolution, the outflows tend to produce bigger bubbles or a deeper
channel (see also the ne cut). The effect of more powerful jets is also to increase the scatter
in the phase diagram (Fig. 7.8): the gas in hot phase occupies a wider range of values in
the ne − T plane about the (imaginary) diagonal line representing average pressure.

The minimum TI-ratio falls below 10 only early in the evolution (Fig. 7.7). Extended
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cold gas, in the form of blobs and filaments, is mainly formed at that epoch (see the ne

cut). At later times, more powerful events raise tcool/tff well over 10, and the ICM becomes
hotter. Even if the system settles later around a minimum TI-ratio of 13, extended cold
filaments may be occasionally seen at moderate radii due to dredge-up of the cold torus by
the outflows. The uplift of the cold gas and the expansion of bubbles may further increase
density, possibly triggering new thermal instabilities. This picture is also consistent with
the observational analysis presented in M12 (see Figure 7.11), suggesting that value 10
marks an approximate transition to the regime where the multiphase gas may appear.

7.3.4 AGN Feedback: Wobbling Outflows [r7-i6m3w]

To test the robustness of our results, I included jet wobbling in the run with mechanical
efficiency ε = 6 × 10−3. Observational data is consistent with the possibility that the jets
may precess or their orientation may change. Since the data is very limited, we keep
the model very simple and change jet orientation whenever the accreted mass reaches
a threshold of 107 M�. For typical mass accretion rate of order ∼ 1 M� yr−1, this
corresponds to a reorientation timescale of ∼ 10 Myr (e.g. Dunn & Fabian 2006).

In the first simulation with jet wobbling, the probability of jet pointing in a given
direction is given by a random uniform distribution over 4π steradians (the bipolar jets
are always collinear). Initially, the jet orientation changes at a slower rate, ∼ 100 Myr,
because the accretion rate is relatively low. Thus, in this early stage, the evolution is
very similar to that for the non-wobbling case with efficiency of ε = 6 × 10−3 (r7-
i6m3). However, the energy is better spatially distributed, and thus the cooling rate is
more quenched, reaching values ∼< 10 M� yr−1. As the accretion rate accelerates, and the
jet orientation starts to change on timescales of 10 Myr or less, the deposition of energy
becomes nearly isotropic. A more uniform distribution of energy makes it more difficult
to feed the black hole via the cold torus, which is now strongly disturbed. Rather than
being used to drill a channel through the ICM, the AGN jet is no longer able to efficiently
deliver the energy to the ICM beyond r > 15 kpc. This enables the gas to cool rapidly
at these radii, which leads to the cooling catastrophe in about 1 Gyr. Larger efficiencies
could possibly stop the cooling, but the nearly isotropic centrally-concentrated energy
distribution would destroy the cool core.

In order to remedy this situation, I considered models where the jet orientation is
confined to two conical regions of half opening angle 75◦, 45◦, and 25◦. As before, the
probability distribution of the jet orientations is randomly uniform within these regions. In
the first two cases, the final result is similar to the case considered above, but the cooling
flow is quenched for an additional time of ∼< 1 Gyr.

For half opening angle of 25◦, the jet energy distribution becomes narrower and more
anisotropic. Apart from larger bubbles and a more frequent jet channel fragmentation,
this computation resembles the previous best model r7-i6m3: the cooling rate is steady
for several Gyr (∼ 10−30 M� yr−1), with total cold gas mass around 1011 M�. Cold blobs
are produced mainly in the first 1.5 Gyr when TI-ratio oscillates around 10. At later times,
the system settles to a hotter state characterised by the TI-ratio of ∼15-16. Jet events are
also more variable than in the r7-i6m3 model because more inclined outbursts are able to
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partially dismantle the central torus, temporarily inhibiting accretion.

In summary, randomly wobbling jets with small and moderate opening angles produce
similar results to unidirectional narrow outflows, especially for stopping the cooling flow
catastrophe and generating extended multiphase gas. On the contrary, almost spherically-
symmetric injections prevent proper fuelling of the black hole and, in the long term,
the feedback can not quench the cooling flow. Therefore, I warn against implementing
subgrid models based on isotropic injection, as is customarily done in SPH simulations
(e.g. Power et al. 2011). The other relevant feature is that the central accumulated cold
torus can be frequently destroyed, depending on the wobbling parameters.

7.3.5 AGN Feedback: tcool/tff = 21 and ε = 6 × 10−3 [r21-i6m3]

In order to study the effect of feedback in slower cooling systems, new initial hydrostatic
conditions are generated as follows. I decreased the central density preserving the initial
profile slope at r ∼> 80 kpc; simultaneously, the central temperature is raised to ensure that
the ICM remains in hydrostatic equilibrium. The new initial conditions correspond to the
minimum TI-ratio of ∼ 21. The entropy is elevated to 30 keV cm2 at 10 kpc – still within
observational bounds (Cavagnolo et al. 2009) – while the total gas mass is decreased only
by 8%. The results from the runs corresponding to these new initial conditions and AGN
mechanical efficiency of ε = 6 × 10−3 are shown in Figures 7.9 and 7.10. These figures
are analogous to those previously discussed.

Overall, the behaviour of the system is quite similar to what we observed before. The
model is successful in predicting a globally stable ICM core, low cooling rates (∼ 50
M� yr−1, 10% of pure cooling flow), preservation of the cool core (e.g. entropy, SBX),
typical features of AGN jets (bubbles, shocks, turbulence), and the amount of multiphase
medium consistent with observations. The main result is that the local thermal instability
is triggered despite the fact that the initial minimum TI-ratio exceeds ∼ 10. It is only
when the instantaneous value of this ratio falls below the critical threshold of ∼ 10 that the
multiphase medium suddenly appears in the simulation (e.g. after 1 Gyr). As before, this
leads to increased feedback that brings the system back to the high TI-ratio regime, which
in this case is well above ∼ 20, and higher than in the previously considered systems.

The total injected energy is about half the value of model r7-i6m3, due to the shallower
initial density profile and thus reduced accretion rates. On the other hand, the AGN
outflows have a relatively stronger impact on the lighter ICM, secularly increasing the
TI-ratio back above 20. As a consequence, spatially concentrated cooling, in the form
of a rotating torus, is present during the entire evolution. In Section 7.4, I provide an
in-depth comparison between the models with different initial tcool/tff ratio.

7.3.6 AGN Feedback: tcool/tff = 21 and ε = 10−2 [r21-i1m2]

The total cold gas mass in the model discussed above reaches 2 × 1011 M�, which is
higher than r7-i6m3. Although this is observationally acceptable, some systems show
smaller amounts of cold gas mass. Therefore, I experimented with increasing the
mechanical efficiency in order to decrease the amount of cold gas (figures not shown).
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Figure 7.9. Same as Figure 7.5 but for initial minimum tcool/tff = 21 and AGN feedback
ε = 6× 10−3 (r21-i6m3). Starting with a higher TI-ratio produces an initial phase of slow cooling,
followed again by strong heating when tcool/tff approaches 10 (the multiphase gas threshold).
AGN outflows have a relatively stronger impact on the lighter ICM, secularly increasing the TI-
ratio back above 20. This computation shows that the average thermal equilibrium is actually
quasi stable, with phases of slight cooling or heating dominating throughout the entire evolution.

However, higher efficiencies lead to stronger and more mass-loaded jets that deposit their
mechanical energy farther away from the centre. If in the initial outbursts the system
appears to be more heated due to shocks, the situation reverses later, when the jet carves
a deeper channel in the ICM. Thus, more accretion occurs along the equator and a strong
cooling flow develops. As seen before, this feature could be alleviated by a randomly
wobbling outflow, with a less anisotropic energy deposition.

Overall, the simulations with higher minimum initial TI-ratio 21, can again produce
extended multiphase gas whenever the instantaneous tcool/tff falls ∼< 10. In fact, in the
early phase of the evolution, when cooling slightly prevails over heating, the TI-ratio
slowly decreases, crossing the threshold in about a Gyr. Later, stronger outbursts set
the system back to a hotter state and higher TI-ratio, until the cycle restarts again (it may
require several Gyr). The main trend for the entire 5 Gyr is therefore concentrated cooling
occurring in the core.
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Figure 7.10. X-ray surface brightness map, density cut and phase diagram for model r21-i6m3
(initial minimum tcool/tff = 21; AGN feedback ε = 6 × 10−3). The time of the maps is 1.27 Gyr.
Notice that concentrated cooling is favoured through the whole evolution, while cold extended
blobs condense out of the hot phase only in short windows (again whenever tcool/tff ∼< 10).

Contrary to the more massive models (TI-ratio 7), the right efficiencies in order to
quench the cooling flow and preserve the cool core should not be more than 6 × 10−3. A
less massive system is in fact more susceptible to mechanical outbursts, and requires a
more delicate feedback, in analogy to the environment of galaxy groups or ellipticals, as
demonstrated in the previous two Chapters.

7.4 Discussion: the Detailed Thermal State

The fundamental result of the previous computed models is that extended cold filaments
and clouds condense out of the hot phase whenever tcool/tff . 10. This is remarkably
consistent with the analysis of McCourt et al. (2012): the observed profiles of clusters
reveal exactly this threshold (see Figure 7.11). Since the cooling time is tightly related to
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Figure 12. (Left:) The timescale ratio tcool/tff as a function of radius for clusters in both the accept catalog and the surveys by McDonald

et al. (2010, 2011a,b). Solid blue lines show clusters with filaments and dashed red lines show clusters that lack detected extended Hα

emission. Clusters with filaments have systematically lower values of tcool/tff . Furthermore, this ratio is smallest between ∼10–50 kpc,

where most filaments are found. (Right:) The same clusters in the tcool–tcool/tff plane. The coloring is the same as in the left panel. The

ratio tcool/tff appears to be a slightly better predictor of multi-phase structure than tcool alone. Table 2 lists the clusters plotted in this
figure.

breaks up into multiple phases via local thermal instability
(with δρ/ρ � 1) only if the dimensionless ratio of timescales
tti/tff � 1; specifically, there is almost no cold gas at large
radii when tti � tff (Fig. 4). This finding is one of the primary
results of our analysis. The calculations in Paper II show that
the criterion for multi-phase structure is actually somewhat
less stringent in spherical systems, tti/tff � 10. This differ-
ence stems from the fact that fluid elements are compressed
as they move inwards in a spherical system; this compres-
sion enhances the density perturbations and accelerates the
growth of the thermal instability.

Our criterion for multi-phase structure is not sensitive
to large variations about our idealized heating prescription
(§5.4 and Fig. 7). Furthermore, the multi-phase structure
that develops via thermal instability is largely independent
of the magnitude of the thermal conduction, even on scales
much smaller than the Field length (provided conduction is
anisotropic, as is the case in galaxy groups and clusters; §7).
Anisotropic thermal conduction changes the morphology of
the cold gas produced via thermal instability (blobs → fila-
ments), but not the presence or amount of cold gas. There
is thus a very strong, qualitative difference between isotropic
and anisotropic thermal conduction (Fig. 11), which cannot
be captured by simply multiplying the heat flux by a suppres-
sion factor.

Another key result of our simulations is that the net rate
at which the hot icm actually cools, and the corresponding in-
flow rate of gas to small radii, is significantly reduced relative
to cooling flow values if tti � tff . This reduction is a con-
sequence of how thermal instability develops and saturates
in the limit of long cooling times. Given the fact that even
cool-core clusters have central cooling times longer than the

free-fall time, we argue that there is no need to invoke a lo-
cally stable heating mechanism (such as the one proposed in
Kunz et al. 2011) to explain the reduced star formation and
cooling rates in clusters. Instead, global stability arising from
approximate thermal equilibrium, together with the physics
of local thermal instability in stratified plasmas, is sufficient
to reproduce the low net cooling rates in clusters. Moreover,
the correlation of Hα filaments and star formation in clusters
with the cooling time in the hot icm strongly suggests that the
plasma is in fact locally thermally unstable. We have shown
that this conclusion is not sensitive to thermal conduction or
to significant variations about our specific feedback prescrip-
tion (§5.4 and Fig. 7); we explore this further in Paper II.

We now compare our model predictions with observa-
tional results. The thermal instability time tti ≡ p−1

ti (eq. 19)
depends on the unknown way in which feedback energy is
thermalized (eq. 4) and cannot be directly inferred from ob-
servations. We therefore use the cooling time when comparing
our results with observations. These two timescales differ by
an unknown factor of order unity. The ratio of timescales
tcool/tff can be reexpressed in more familiar terms using

tcool

tff
∼ 3

�
K/10 keV cm2

�3/2

T
1/2
7 Λ−23 (tff/30 Myr)

, (42)

where K = kBT/n2/3 is a measure of the plasma entropy, T7

is the temperature in units of 107 K and Λ−23 is the cool-
ing function (eq. 5) in units of 10−23 erg cm3 s−1. Thus, the
plasma in clusters and galactic halos should show extended
multi-phase structure wherever

K �
�
20 keV cm2�

�
T

1/2
7 Λ−23

�
tff

30 Myr

��2/3

, (43)

c� 0000 RAS, MNRAS 000, 000–000

Figure 7.11. A sample of well-observed clusters in the tcool vs. TI-ratio plane (from McCourt et al.
2012). The points represent the minimum value emerging from the radial profiles. The TI-ratio
is an optimal predictor for the multiphase structures, appearing whenever tcool/tff ∼< 10, consistent
with our feedback simulations.

the entropy7 (∝ K3/2), then

tcool

tff
∼ 10

K3/2
30

T 1/2
7.5 Λ−22.7 tff,30

, (7.2)

where the entropy K is expressed in units of 30 keV cm2, the temperature T in 3 × 107

K, the cooling function Λ in 2 × 10−23 erg cm3 s−1, and the free-fall time in units of
30 Myr. Therefore, for these typical values of cluster cores, the condensation ratio can
be converted in the familiar observational entropy limit for the presence of extended
multiphase gas (Cavagnolo et al. 2008; Rafferty et al. 2008; Voit et al. 2008; see Figure
7.2), that is K ∼< 30 keV cm2. Note that the criterion is somewhat dependent on tff and
Λ, albeit in the core they do not drastically vary; this is because the entropy is not the
fundamental parameter governing the thermal instability saturation (see M12 for a related
discussion).

After condensation, the cold clumps fall toward the centre in about a free-fall time,
forming a central cold rotating torus and in part boosting the black hole accretion rate.
The formation of cold filaments is a result of interplay between thermal instability and
gravity. The recent idealised analyses by M12 and S12 enforce strict thermal equilibrium
(via an ad-hoc heating), finding that multiphase gas is generated according to the same
threshold8. However, a realistic feedback displays a variegated self-regulated evolution,
producing complex observed phenomena, which are not captured by simple idealised
prescriptions.

In the present Chapter, I tested bipolar AGN outflows tied to the inflow/accretion rate
at very small radii9. The asymmetrical input of energy produces strong elliptical shocks

7As previously done, I associate here the entropy with the adiabatic ‘constant’: K = kb Tn−2/3
e .

8The criterion in spherical coordinates (∼< 10) is less stringent compared to the Cartesian case (∼< 1; see M12),
because instabilities are amplified by the geometrical compression, as the clouds sink toward the centre.

9The simulations do not resolve the sphere of influence of the SMBH, so the actual mass accretion rate might
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Figure 7.12. Thermal equilibrium diagnostics (best model r7-i6m3). 2D midplane cut of the
cluster core (20 kpc) showing the net internal energy increase (top) or decrement (bottom),
averaged between 1 and 2 Gyr (erg s−1 cm−3; in logarithmic scale).

and regularly inflates hot bubbles, which rise outwards. At the same time the inflow is not
entirely stopped: along the equatorial direction the gas, mainly cold, continues to fuel the
black hole. Turbulence, entrainment and mixing dissipate the directional kinetic energy
of the jets, further inhibiting the cooling flow near the centre. When the jet ram pressure
is substantial, the cold gas is also uplifted, as observed in a few cases such as Perseus
and Hydra (Hatch et al. 2006; Gitti et al. 2012). The cycle repeats, when cooling starts
to dominate again and the cold gas condensation ignites more powerful outbursts, setting
the system to a slightly hotter state.

Overall, thermal equilibrium is roughly maintained, on large spatial and temporal
scales. For example, the two maps in Figure 7.12, for best model r7-i6m3, display the
net thermal energy increase (red) or decrement (blue) per volume and time; the evolution
of the internal energy density (erg cm−3) is given by

∂Eth

∂t
= −∇ · (Ethv) − P (∇ · v) − neniΛ(T ). (7.3)

The maps point out that ‘heating’ (∂Eth/∂t > 0) and ‘cooling’ (∂Eth/∂t < 0) alternate on
scales of a few kpc. Averages of ∂Eth/∂t in radial shells of width & 4− 5 kpc suggest that

be smaller. As previously pointed out, the feedback efficiency could be however larger. More work is needed to
satisfactorily study the fate of the accreting cold gas.
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Figure 7.13. Thermal equilibrium diagnostics (best model r7-i6m3). Temporal variation of
entropy in the whole ICM with respect to the initial value K0. The six panels show (K − K0)/K0

as a function of time, every 10 Myr, in different spherical shells of width 4 kpc centred at r = 22,
18, 14, 10, 6 and 2 kpc (from top to bottom row).

a rough thermal equilibrium is maintained, although cooling appears slightly dominant in
the central 10 kpc, while the jets tend to deposit their energy at larger radii. Equation 7.3
does not, however, fully capture the irreversible heating associated with turbulent mixing,
shocks and wave damping due to numerical effects. A better direct indicator of the balance
between cooling (L) and heating (H) is the variation of the entropy S (∝ ln K), which is
insensitive to adiabatic compressions or expansions:

ρT
dS
dt

= H −L, (7.4)

where d/dt is the Lagrangian derivative. The panels in Figure 7.13 show the time
variations in radial shells of K for the whole ICM, with respect to the initial value K0.
As expected the entropy increases on a secular timescale due the continuous action
of the AGN feedback. On smaller temporal scales, e.g. a few typical cooling times
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(100−200 Myr), the amplitude of the fluctuations in the six thick spherical shells (centred
at r = 22, 18, 14, 10, 6 and 2 kpc; from the top to bottom row) can reach 2 or 3 times
the mean value, especially in the nuclear region. Although the fluctuations in K can be
substantial, its mean saturates at a stable level. This suggests that the cluster core does not
dramatically deviate from the state of (quasi) equilibrium between cooling and heating,
at least on scales of tens kpc and hundreds of Myr. This was also suggested by the low
cooling/accretion rates compared to the pure cooling flow. The assumption of strict global
thermal equilibrium made in the work of M12 and S12 is therefore very idealised. It is
thus particularly remarkable that our criterion for the formation of the multiphase gas is
in good agreement with their result.

Unlike in S12, the central kpc region is not excised, allowing the cold gas (either
nuclear cooling or fallen blobs) to form an angular momentum-supported torus as
observed in the core of M87 (e.g. Ford et al. 1994). Such a disk can be partially
dismantled when the jet direction is perturbed by turbulence or by random jet precession
(Sec. 7.3.4). Nevertheless, the central dense disk is a common feature among elliptical
galaxies (e.g. Macchetto et al. 1997; Jaffe et al. 1999; Mathews & Brighenti 2003; Verdoes
Kleijn et al. 2006). Centrally concentrated atomic gas is also seen in the survey of
McDonald et al. (2010, 2011a). The central disk is certainly a nursery for new stars.
Since the star formation efficiency is quite uncertain (few per cent, up to 50%, with an
average value of 15%; Sec. 7.1), I decided to not model star formation via a sink term.
Thus, the central accumulation of cold gas could be further reduced.

The presence of multiphase gas is clearly seen in the ne − T joint distributions
(e.g. Figure 7.6). The cold dense phase (104 − 105 K), in the upper left corner, is present
in large quantities and detached from the hot rarefied gas (> few 107 K), with a lack of
gas at intermediate temperatures. The Hα survey of McDonald et al. (see Sec. 7.1) has
shown that extended cold filaments are found in & 35% of cool-core systems. It is striking
that most of their maps (Figures 1.8 and 7.1) resemble our computed morphologies, with
extended clouds and filaments up to ∼ 20 kpc: e.g. Abell 0496, Hydra A, Abell 1644,
Sersic 159-03, and Abell 1795. Another case with substantial extended Hα emission is
the Perseus cluster (Salomé et al. 2006; Fabian et al. 2008). Moreover, the total cold
gas mass we obtain, ∼ 1011 M�, is consistent with the constraints quoted in Section 7.1
(e.g. Edge 2001; Salomé & Combes 2003), whose observations indicate cool-core systems
harbouring up to 3 × 1011 M� of molecular gas.

The white noise perturbations in the initial conditions are wiped out over some cooling
times. In fact, in the pure cooling flow computation (r7-CF), multiphase gas is only
possible in such restricted interval, while the secular evolution is dominated by monolithic
cooling. On the contrary, AGN feedback drives and sustains the fluctuations in the long-
term evolution, although the original seeds initially help to distribute better the jet energy
due to the interaction of jet with the inhomogeneous ICM. The thermal state of the cluster
core depends mainly on the feedback efficiency: with smaller ε the frequency of cold
filaments condensing out of the hot phase is larger. Nevertheless, higher initial tcool/tff
(and lower density) generates extended multiphase gas according to the TI criterion,
but thermal equilibrium is reached at later epochs. In agreement with the previous two
Chapters, the AGN feedback is more effective in lighter systems, requiring therefore lower
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Figure 7.14. Extended cold radius as a function of minimum shell-averaged TI-ratio. This radius
is defined as the average distance from the centre of cold cells that do no belong to the bulk of
concentrated cooling (r < 3.5 kpc). The points are coloured according to time (Gyr; see colour
bar). Left: r7-i6m3 simulation. Right: r21-i6m3 simulation. Black line represents the linear
regression fit to the scatter plot (points are drawn every 10 Myr). Notice that these plots only show
where the cold gas instantaneously resides (on average), not where it originally formed.

efficiencies (∼< 6 × 10−3).

To better quantify the presence of extended multiphase gas, Figure 7.14 shows a scatter
plot of the average distance of cold gas (Rcold; excluding r < 3.5 kpc) as a function of
tcool/tff . The points are coloured according to time: from blue (early) to red (late). For the
run with the initial tcool/tff = 7 (left panel), the cold gas is much more spatially extended,
especially in the first 2 Gyr. The run with less dense initial conditions (TI-ratio 21) shows
a lower frequency of cold blobs at large distances because tcool/tff & 10 most of the time.
In both cases, the points clustered around ∼ 4 kpc correspond to the rotating cold torus.
Since this plot shows the current average distance rather than the radius where the cold
gas originates, extended filaments appear even when TI-ratio is elevated to ∼ 12 − 15
due to AGN heating. This tendency is further enhanced when cold blobs are uplifted by
powerful outflowing jets. Moreover, as the TI-ratio is averaged in spherical shells, a few
cold zones may contribute to Rcold, without changing much the average tcool/tff . That is,
some extended Hα emission is consistent with tcool/tff slightly greater than 10.

Figure 7.15 displays Rcold gas as a function of time. With denser initial conditions
(r7-i6m3), tcool/tff is less than 10 for several short intervals within 2 Gyr and we expect
extended cold gas10. Indeed, the average distance of the cold gas is significantly larger
than that of the cold torus (≈ 4 kpc) during this period. Similarly, for the lower initial
density run we see extended cold filaments at 1 − 1.5 Gyr, again when tcool/tff . 10; later
times are however dominated by the nuclear cold gas. We conclude that the instantaneous
value of tcool/tff is a robust indicator of extended cold gas formation, while nuclear cold
gas can be present irrespective of the TI-ratio (e.g. right panel of Figure 7.14).

10 Ṁacc is boosted exactly during this period (see Fig. 7.5).
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Figure 7.15. Extended cold radius as a function of time. Left: r7-i6m3. Right: r21-i6m3. Starting
with lower TI-ratio leads to an evolution characterised by both extended (tcool/tff ∼< 10) and
concentrated cold gas. On the contrary, extended multiphase gas is rarer in the opposite starting
regime, although not absent.

It is likely that other physical processes play an important role in shaping the
morphology of condensing multiphase gas. Sharma et al. (2010) and M12 showed that
anisotropic thermal conduction leads to cold gas stretched along the local magnetic field
direction. In order to be able to fully understand the exact topology of cold filaments,
this physics should be included in the simulations (with an adequately higher resolution).
However, the generation of cold filaments, whenever tcool/tff . 10, is not likely to be
affected by the presence of anisotropic thermal conduction.

The other physics that is missing in the present simulations involves cosmological
accretion and mergers, which drive additional turbulence, inducing more instabilities.
Like AGN feedback, major mergers are associated with entropy generation and strong
heating of cluster cores, raising the cooling time over the cluster age. Thus, mergers
may be responsible for extreme non-cool-core clusters. However, they are also rare with
timescales much longer than the cluster-core cooling times (e.g. Fakhouri et al. 2010).
Therefore, AGN feedback, rather than mergers, is expected to be responsible for balancing
cooling in most systems.

The simulated models are again able to solve the cooling flow problem for several
Gyr, as in the previous Chapters, even if the details of the feedback appear different (like
the higher duty cycle – due to the 10 times higher resolution). The key factor resides in
adopting realistic mechanical AGN jets, mainly self-regulated by cold gas accretion. The
bulk of AGN heating is a combination of shock dissipation and gradual thermalisation
of the mechanical energy (see also Brüggen et al. 2007). Random motions, either due
to AGN, multiphase gas, and cosmological turbulence, strongly help the deposition of
the feedback energy in the cool core, in contrast to idealised symmetric atmospheres
(e.g. Vernaleo & Reynolds 2006).

An important issue is whether our results depend sensitively on resolution. The
morphology of the cold phase depends on the resolution. I note that finite resolution
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may prevent the disruption and mixing of the formed infalling clouds with the ambient
ICM. Thus, limited resolution could in fact mimic some of the effects of the physics that
are not included (e.g. magnetic draping). I performed a test (r7-i6m3c) with two times
lower resolution outside the central ∼ 2 kpc (thus keeping the same resolution around
the jet injection region and sinking radius). In the end, I obtained very similar results.
In particular, a steady global thermal equilibrium is reached in a few Gyr, with only a
slightly larger final cold mass (2× 1011 M�). The evolution of the TI-ratio and condensed
cold clouds appears also similar to the higher resolution model (r7-i6m3), although the
increased numerical dissipation tend to slow down the growth of thermal instabilities at
larger radii.

Overall, the main thermal properties of cluster cores are determined by global quasi-
thermal equilibrium, with an amazingly detailed complexity of cold filaments/torus, jets,
bubbles and shocks. The present study demonstrates that multiphase gas due to thermal
instabilities is an essential element of the feedback cycle: end product of cooling and fuel
for the central black hole.

This Chapter concludes the complete analysis and discussion of the results, obtained
during the Thesis research. In the next final Chapter, I summarise all the essential
conclusions of the whole investigation, including the cardinal remarks, the main
limitations and the future developments.

M. Gaspari PhD Thesis



Chapter 8
Conclusions

AFUNDAMENTAL gap in the current understanding of collapsed structures in the
universe is the thermodynamical evolution of the baryonic component. Most

of the cosmic virialised structures possess an extended halo of hot plasma, typically
dominating the amount of ordinary matter. Such hot ionised gas, with temperatures
above ten million degrees, rapidly looses energy through (X-ray) radiation, leading to
a massive subsonic cooling flow, initiating from the denser central regions and inducing
the peripheral gas to flow toward the nucleus of the galaxy, group or cluster. The predicted
(classic) cooling flow rates are blatantly unrealistic, reaching a thousand of solar masses
per year for the most massive systems. In the core, huge amount of cooler gas accumulates
in just a few hundred Myr, monolithically condensing out of the hot phase and creating a
tremendous peak in surface brightness (Chapter 1).

This is the cooling flow problem.

The main objective of the systematic investigation conducted throughout the present
Thesis is to solve this problem. Assessing the fate of the cooling plasma is an essential
step, in order to understand the wealth of condensed structures forming in galaxies, groups
and clusters. The condensed hot gas is in fact the nursery of the giant molecular clouds,
stars, dust and planets.

The amazing details provided by the last-generation X-ray telescopes, Chandra and
XMM-Newton, have revealed that the central active galactic nucleus (AGN), where a
supermassive black hole resides, strongly interacts with the surrounding medium in the
form of buoyant bubbles, radio jets, elliptical shocks, sonic ripples, turbulence and gas
entrainment. The measured energies released by the AGN (over 1062 erg) are indeed
capable to balance (or even overwhelm) the radiative losses. However, we absolutely need
to find a common denominator, the actual origin of the above features and, ultimately, how
the AGN energy couples to the surrounding plasma (ISM, IGM or ICM).

The leitmotiv of the present work is that massive subrelativistic AGN outflows are the
key to solving the cooling flow problem. Their origin near the Schwarzschild radius is
still unclear, either resulting form an entrained and decelerated (magnetic) jet, or directly
from a nuclear (radiative) disc wind. Nevertheless, on kpc scales the observations point
toward a massive feedback process, governed by a directional mechanical input of energy

181



182 Chapter 8. Conclusions

(Chapter 2).

The adopted method of analysis consisted in carrying out 3D hydrodynamic
simulations, via the state-of-the-art Eulerian parallel code FLASH, substantially modified
and upgraded in order to study (high-energy) astrophysical phenomena, such as AGN
outflows, strong shocks, radiative cooling, thermal instabilities, and multiphase gas
(Chapter 3).

I systematically studied the effect of mechanical AGN feedback, self-regulated for
7-10 Gyr, in every virialised system with a hot halo, i.e. from the scales of galaxy
clusters (Chapter 4) and groups (Chapter 5), down to isolated elliptical galaxies (Chapter
6). Remarkably, massive AGN outflows are able, in every system, to properly solve the
cooling flow problem, implying the following fundamental (best models) results.

8.1 Consistency with Observations

• NO OVERCOOLING

The cooling flow rates are suppressed below 5 − 10% of the classic cooling flow
predictions (Fabian 1994), consistent with the spectroscopic constraints (Peterson et al.
2001, 2003, 2006; Bregman et al. 2001, 2005, 2006; Ettori et al. 2002; Tamura et al.
2003): in the galaxy cluster Ṁcool ∼< 10 − 20 M� yr−1, in the group Ṁcool ∼< 1 M� yr−1,
and in the isolated elliptical Ṁcool ∼< 0.1 M� yr−1. The cooling rates are suppressed for
several Gyr, in a quasi steady state with respect to the cooling timescale (∼ 10− 50 Myr).
The central temperature does not fall below one third of the virial temperature (cluster:
T ∼> 3 × 107; group/elliptical: T ∼> 8 × 106 K), avoiding the drastic steepening of the
density, and thus SBx, profile (slope ∼> −1).

• NO OVERHEATING

At the same time, the assumed AGN feedback does not erase the cool-core structure,
an often unwelcome - and ignored - product of exaggerated concentrated heating (like
thermal and radiative feedback). This means that the temperature1 profile maintains the
typical positive gradient (cluster and group), and does not drastically depart from the
observed trend for a long time (elliptical). Moreover, the system core or galaxy is not
totally emptied for Gyr (the density slope does not become positive). No overheating
means also that the cooling flow is not completely suppressed, except for a transient
evolution (e.g. tens Myr).

• BUOYANT BUBBLES

The anisotropic injection of mechanical energy is able to naturally inflate a pair of
underdense cavities in the surrounding hot atmosphere (cf. Boehringer et al. 1993;

1The emission-weighted/spectroscopic-like T profiles, more adherent to observations, tend to relax the overheating
problem; since the denser, high-emitting regions contribute more to the line-of-sight integration, they mask in part the
stronger fluctuations, linked instead to the very hot and diffuse component.
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Blanton et al. 2001; Finoguenov & Jones 2001; Jones et al. 2002; Bı̂rzan et al. 2004; Dunn
et al. 2005; Dunn & Fabian 2006; Allen et al. 2006; Fabian et al. 2006; Rafferty et al. 2006;
Forman et al. 2007; McNamara & Nulsen 2007; Finoguenov et al. 2008; Rafferty et al.
2008; Baldi et al. 2009; Giacintucci et al. 2011). In the cluster regime (Sec. 4.4), the X-ray
cavities have usually a radius of tens kpc, with emission-weighted temperatures slightly
hotter than the ambient medium (at least in the early stage of inflation). The reduced
power in groups and ellipticals produces more gentle cavities (with radius several and few
kpc, respectively), showing relatively cold metal-rich rims and mild internal temperatures
(Secs. 5.4, 6.3.5, 6.4.2). The jump in SBx is typically 20 − 40%. The jet-inflated bubbles
are also stable for tens Myr (due to the internal vortexes), contrary to artificially ad-hoc
inflated cavities, more prone to Rayleigh-Taylor instability.

• SHOCKS

Not the entire mechanical energy is transformed into the bubble enthalpy, as often
assumed. At the beginning of the outburst, massive outflows spend most of their energy to
generate the elliptical cocoon shock (with jumps in SBx and T ), enveloping the subsequent
bubbles. The primordial strong shock (Mach ∼ 10) is practically impossible to catch in
a snapshot, due to the rapid deceleration (Eq. 2.4). In fact, the usual retrieved Mach
numbers are slightly supersonic, ∼ 1.1 − 1.7, as also2 found by several deep observations
(e.g. McNamara et al. 2005; Nulsen et al. 2005a,b; Blanton et al. 2009; Randall et al.
2011). The recurrent shocks become very weak at larger radii (> 30−50 kpc) transforming
into sonic ripples, as observed for instance in Perseus (Fabian et al. 2006).

• METALS DREDGE-UP

The anisotropic outflow ram pressure is fundamental for uplifting the metals (mainly Fe),
from the central reservoir, replenished by the BCG stellar evolution, up to 50 − 200 kpc
along the jet axis (Secs. 4.5.2, 5.4, 6.4). The typical contrast with the background is
∼ 10− 20%. This dredge-up is consistent with recent dedicated observations (Rasmussen
& Ponman 2009; Kirkpatrick et al. 2009, 2011; David et al. 2011; O’Sullivan et al. 2011b).
In the more quiescent phases, the turbulence and stirring motions tend to restore the
more homogeneous metal distribution. Together with metals, stronger outbursts can also
uplift the central condensed cold gas (as observed by Gitti et al. 2011), creating extended
filamentary structures (Chap. 7).

• TURBULENCE

Repeated AGN outbursts generate a considerable level of subsonic turbulence inside the
core. The estimated velocity dispersions are 200 − 400 km s−1 for the group/elliptical
(Sec. 6.5.2), and hundreds more in the galaxy cluster, in line with recent constraints
(Werner et al. 2009; Sanders et al. 2011; de Plaa et al. 2012). The moment of
strong turbulence (especially in the cluster regime) can substantially alter the hydrostatic
equilibrium (Sec. 4.5.3), leading to an error in the total mass estimate even by a factor

2Few exceptions are the shocks of Centaurus A, with Mach 8, and NGC 3801, with Mach 4.
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∼ 1.5 − 2; on the other hand, during more gentle outbursts the equilibrium is maintained
below 10%. The AGN turbulence (clearly manifest after a Gyr) is a key ingredient for the
deposition of the mechanical energy in the core, via the fragmentation of the jet channel.
AGN turbulence is also the ultimate cause of the thermal instability nonlinear growth,
leading to extended hot gas condensation.

• MULTIPHASE GAS

Mechanical AGN feedback prevents the runaway monolithic cooling, avoiding the huge
central accumulation of cold gas over several 1012 M�. The total mass of residual cool
gas never exceeds ∼ 1011 M� (cluster), consistent with the molecular gas constraints
(∼< 3 × 1011 M�; Edge 2001; Salomé & Combes 2003, 2004). Multiphase gas, with cold
(T ∼ 104 K) and hot (T > 107 K) components, is a direct consequence and source of
feedback. The cold gas comes in two flavours (Chapter 7; see also Fig. 6.8): the extended
phase (up to 20 kpc from the centre), in the form of clouds and filaments generated by
thermal instabilities (and occasionally due to dredge-up by jet ram pressure), and a more
spatially concentrated phase, in the form of a rotating torus due to nuclear cooling or
fallen clouds. Recent Hα surveys (McDonald et al. 2009, 2010, 2011a,b,c, 2012) support
both kinds of structure. Nuclear cold disks are also a common feature among ellipticals
(e.g. Ford et al. 1994; Macchetto et al. 1997; Jaffe et al. 1999; Mathews & Brighenti
2003; Verdoes Kleijn et al. 2006). The generation of extended cold gas is dictated by
an important threshold: tcool/tff ∼< 10, in agreement with the analogous observational
criterion K0 < 30 keV cm2 (Sec. 7.4; Cavagnolo et al. 2008; Rafferty et al. 2008; Voit
et al. 2008). Multiphase gas can exist in cool-core systems irrespectively of their initial
minimum tcool/tff, meaning that the core finds always a way to self-regulate toward a state
of global quasi thermal equilibrium on large spatial and temporal scales.

8.2 Successful Feedback Characteristics

The best AGN feedback models (e.g. cl-C5m3 – cluster; cgg-C8m4 – group; iso-C3m4
– elliptical), which reproduce the above requirements and observed features, possess the
following fundamental characteristics.

• COLD FEEDBACK (primary)

The self-regulation process is essential for preserving the cool-core structure in a state
of quasi thermal equilibrium. The optimal self-regulation is provided by linking the
AGN energy input to the nuclear cooling rate3. This is the best way to maintain the
(quasi) thermal equilibrium on scales of a cooling time, for 7-10 Gyr of evolution. The
multiphase simulation with inflow accretion (Chapter 7) provide the physical explanation
for cold feedback. The extended cold gas condenses out of the hot phase, falls toward the
black hole in roughly free fall, and boosts the feedback. These computations show that

3The cold feedback success does not depend on the presence of the cold gas dropout term or its parameters (like
Tcut, the functional form of q, or the free-fall delay).
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the bulk of the ‘accreted’ mass is indeed the cold, and not hot, phase (by two orders of
magnitude; Fig. 7.5). The cold feedback naturally produces recursive cycles and peaks
of activity, promoting bubble inflation and additional (nonlinear) perturbations, as shocks
and turbulence. In the cluster regime, the feedback behaviour appears more4 explosive
and impulsive, while in lighter halos the regulation is more gentle and frequent.

• SCALING WITH THE HALO

Groups and ellipticals are not purely scaled-down versions of clusters. In order to avoid
drastic overheating and/or erasing the cool core, less bound objects require a less efficient
AGN feedback. Using cold accretion, the mechanical efficiencies of the best models are:
ε ∼ 5×10−3−10−2 (cluster), ε ∼ 5×10−4−10−3 (group) and ε ∼ 10−4−5×10−4 (elliptical).
I emphasise that this ε does not probably represent the exact BH efficiency. If the accreted
mass near the Schwarzschild radius is lower, the feedback power could be maintained on
the same level by increasing ε. On the other hand, convergence tests suggest that the
trend of the increasing efficiency with system mass is real. The cluster evolution requires
indeed much higher total injected energies (few 1062 erg), compared to the group (∼ 1061

erg) or elliptical (∼ 1060 erg). Even if rescaled, the same feedback in lighter halos has still
more profound consequences on the T and ρ profiles, with the stronger outbursts easily
perturbing the central region5. This can certainly contribute to the (observed) break in
the self-similar scaling relations at lower masses. The physical reason for the mechanical
efficiency to be linked to the environment/potential well, besides the core survival, is not
clear and needs to be clarified with future investigations; the fact that the most massive
BHs reside at the centre of clusters (McConnell et al. 2011) could play a crucial role.

• HOT BONDI-LIKE FEEDBACK (secondary)

It is not excluded that an almost continuous very low-power feedback activity may be
complementary to the cold accretion mode. This mode is mainly associated with the
accretion of the hot gas, which is typically (roughly) modelled via the Bondi formula.
Although it is possible to retrieve reasonable heating models, Bondi-like feedback alone
requires unpalatably high efficiencies (ε ∼> 0.1) to quench the cooling flow, even
for groups. Another issue with hot feedback is that it is always continuous, without
instantaneous powerful outbursts6 generating the typical buoyant bubbles. Hybrid models
combining Bondi and cold feedback seem to be more successful in restoring a duty cycle.
Finally, from a theoretical point of view, we should not be allowed to use Bondi theory,
because the flow must be steady, adiabatic, without angular momentum, unperturbed and
with constant boundary conditions at infinity.

• MECHANICAL

A pure thermal energy injection, although very effective in stopping the cooling flow,
leads to the heating catastrophe, i.e. the sustained overheating for a too long period of

4The numerical resolution has however a relevant role in shaping the detailed duty cycle; Section 8.3.
5For instance, in the isolated elliptical (Sec. 6.3), a single moderate outflow with power ∼ 1044 erg s−1 can easily

eject the gas outside the system, stopping cooling for several tens Myr.
6E.g., in the cluster regime the Bondi continuous activity is always sub-Eddington, with Pjet ∼ 1044 erg s−1.
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time, usually with very steep negative temperature profiles. On the contrary, mechanical
outflows gradually thermalise their energy along their path, both in space and in time,
leading to the proper self-regulated quasi thermal equilibrium.

• ANISOTROPIC

Anisotropic injection of energy guarantees the production of all the non-spherical
observed features, previously described, like the pair of bubbles, elliptical cocoons and
metals uplift. Perhaps more important, bipolar outflows allow the accretion of gas along
the equatorial direction, letting the ISM/ICM to communicate with the system thermostat,
the black hole.

• MASSIVE, SUBRELATIVISTIC AND POWERFUL

Most of the outflow properties are dictated by the self-regulation, varying in time. Typical
self-regulated (initial) velocities, in the best models, are around 104 km s−1, with rarer
events reaching several 104 − 105 km s−1 in the strongest phases (the gas velocities after
several kpc decrease rapidly). Since the velocities are always subrelativistic, the outflow
must be also massive. The mean mass outflow rate decreases with the system mass:
∼ 10−100 M� yr−1 (cluster), few M� yr−1 (group), and ∼< 1 M� yr−1 (elliptical). The mean
power shows consequently the same trend: ∼ 1046 − 1047 erg s−1 (cluster), ∼ 1044 − 1045

erg s−1 (group), ∼ 1043 − 1044 erg s−1 (elliptical). The more continuous and massive
outflows tend to produce a narrow channel (∼ 1 kpc), which is typically fragmented by
the AGN-driven turbulence and often not revealed by the SBx maps. It is important to
realise that the computed AGN outflow values are consistent with the constraints of blue-
shifted absorption lines in several bands7 (e.g. George et al. 1998; Crenshaw et al. 2003;
Kriss et al. 2003; Risaliti et al. 2005; Morganti et al. 2005, 2007; McKernan et al. 2007;
Cappi et al. 2009, 2011; Pounds & Reeves 2009; Nesvadba et al. 2008, 2011; Tombesi
et al. 2010a,b, 2012), and also with entrained decelerated jets (Giovannini 2004; Croston
2008).

• OTHER PROPERTIES

The method of injection (inside the domain or through the boundary fluxes; Sec. 3.6) does
not influence the dynamics of the feedback. This means that slightly longer (or larger)
outflows produce very similar results8, as long as the massive outflow is modelled on the
kpc scale (as suggested by the above observations). The bipolar jets can be consistent with
precession or random wobbling, however, the half-opening angle should be ∼< 25◦. Wider
jets produce an isotropic feedback that inhibits at some point the BH fuelling, leading
to the cooling catastrophe. Finally, fixing the intermittency and jet power, ignoring the
self-regulation, may lead to marginally successful models for a short transient evolution,
but never for the entire life of the system (e.g. Sections 4.3.9 and 5.3.12).

7Higher energy bands (X-ray, UV) usually capture the fast and light component of the outflow, while in optical and
radio band is revealed the more massive and slower component, very likely the product of entrainment on kpc scales
(Chapter 2).

8E.g., cgg-C8m4 model in Sec. 6.4.1 has half the height (∼ 1 kpc) of previous best models in Secs. 5.3.10-5.3.11,
showing analogous cooling rates, profiles, and jet evolutionary properties.
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8.3 Limitations and Future Developments

I want to conclude this work highlighting the main limitations of my investigation, which
also lay the bases for the future developments.

Due to the need of a long-term evolution (7-10 Gyr), the present simulations can not
resolve the region near the black hole, i.e. few Schwarzschild radii. We are thus forced to
limit the resolution to few 100 pc, at best. This means that we are missing the fine details
of the accretion process. Since our self-regulated feedback is linked to the computed
accretion/cooling rate in the nuclear region, the fine details of the feedback could be
altered by the numerical resolution. For instance, the best cluster models in Chapter 7
have 10× higher resolution compared to those in Chapter 4. Besides few setup differences
(initial perturbations, injection method), the two samples can be overall considered a
convergence test. As expected, the duty cycle9 is different: in the lower resolution run
the feedback is more impulsive and powerful (sometimes super-Eddington), due to the
high instantaneous peaks per (larger) time step; on the other hand, the higher resolution
simulation shows relatively less powerful outbursts with a larger duty cycle (more similar
to that of the group, ∼ 0.8). It seems that only a drastic increase in resolution leads to
a somewhat different cycle. For instance, the group simulation cgg-C8m4 (Sec. 6.4.1)
has 2× higher resolution than cold best models in Chapter 5, and the results are very
similar, also in the AGN frequency. In general, we are not in a position to affirm what
is the perfect intermittency of the feedback. However, it is important to realise that the
present mechanical feedback can solve the cooling flow in both cases, irrespective of the
duty cycle details. This is a key result, that strengthens the robustness of the adopted
self-regulation.

In future, it would be interesting to carry out (non-adiabatic) simulations with
extremely high resolution near the black hole influence region, linking the subpc to the
several kpc scale. Assessing the fate of the falling cold clouds and filaments, along
with the role of the hot Bondi-like mode on these small scales, are certainly primary
objectives. Moreover, with such high resolution we could better focus on the mechanism
leading to the assumed massive kpc-scale outflow, casting light on the magnetically-
driven or radiatively-driven jet/wind origin. This would imply to implement magneto-
hydrodynamics and/or radiative transfer, a feasible task given the modularity of FLASH
code.

Strong radiation coming from the central source and accretion disc (like in a quasar
phase), may play an additional role in the feedback heating process. However, preliminary
simple tests with Compton heating (TC = 2 × 107 K; see Equation 2.5) and radiation
pressure (due to electron scattering) show that the feedback is rather weak due to the low
densities of the surrounding absorbing medium (n ∼ 1 cm−3). Additional elements, like a
dusty medium, may increase the level of radiation pressure. If the densities of the nuclear
medium are, for some reason (cold clouds near the BH?), elevated by several orders of
magnitude, the radiative feedback seems to not differ from a central (isotropic) injection

9Note that the common duty cycle retrieved by observations can be very different from our numerical value, because
the definition of an ‘active’ AGN strongly depends on the assumed luminosity threshold and on the property of the
sample.
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of pure thermal energy, leading to the classic prolonged overheating (see also Brighenti
& Mathews 2002b).

Magnetic fields, not only are important for the jet launching mechanism, but they
provide the suppression of thermal conduction, which is in theory supposed to drive the
cold phase evaporation. Conduction may be also anisotropic (when the magnetic field
lines are not tangled), transforming most of our computed clouds in longer filaments and
strands, possibly more consistent with observations. Turbulence and dissipation processes
can be also affected by MHD, which provides additional plasma instabilities (e.g. HBI and
MRI; see Section 2.5).

Always aided by high-resolution simulations, I intend to understand better the role of
the lighter relativistic (radio) jets. In particular, it is essential to clarify the exact amount
of entrainment on pc and kpc scales. Even without the radio jet, it is really interesting
to resimulate some of the exemplary feedback events in our best models. For instance,
in Figure 8.1, I present a preliminary resimulation run of the elliptical best model, with
very high resolution (∆x = 18 pc); from this analysis it is possible to study in depth the
spatial and temporal details of the buoyant bubble, induced shocks and driven turbulence,
especially in the nuclear region.

On the other side, i.e. the larger Mpc scales, our simulations clearly lack a fully
cosmological environment. Cosmological accretion and mergers can drive additional
turbulence, inducing more instabilities, although it is unclear if the inner cool core
(< 0.1 Rvir) will be strongly affected. Like AGN feedback, major mergers are associated
with entropy generation and strong heating (up to 1064 erg), raising the cooling time over
the system age. Thus, mergers may be responsible for extreme non-cool-core systems.
However, they are also rare with timescales much longer than the core cooling times.
Therefore, AGN feedback, rather than mergers, is expected to be responsible for balancing
cooling in most systems. Cosmological simulations will preciously provide an extensive
sample of objects; proving the deviation from the self-similar scaling relations, like the
Lx − T , would be a key objective.

It would be interesting to see the effects of our mechanical feedback on high-z
galaxies, the building blocks of groups and clusters. As in the isolated elliptical, the
feedback is expected to be more effective, although it should not prevent the formation of
the intracluster/intragroup medium at later times. The fraction of ejected baryons could
form the warm-hot intergalactic medium, possibly solving the missing baryon problem.

As a concluding remark, I emphasise that the feedback engine (as other key gas
physics) should be carefully tested on smaller scales, as in the present Thesis, before
implementing such crucial element in the complex and delicate cosmological evolution
of baryons.
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Figure 8.1. Resimulation of a feedback event, extracted from the elliptical best model (Section 6.3), with a substantial increase in resolution (∆x = 18 pc). This
midplane cut of density (10 kpc × 5 kpc) provides an amazing amount of details on the buoyant bubble, shocks and driven turbulence, in the system core.
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8.4 Finale

Based on the previously argued reasons and theoretical/numerical investigations carried
out in the present Thesis, I conclude that the best feedback mechanism able to solve the
cooling flow problem in every virialised system with a substantial hot gas halo, requiring

• no overcooling (Ṁcool < 5 − 10% Ṁclassic CF),

• no overheating (preserve the cool-core structure),

and reproducing several observational features, such as

• buoyant underdense bubbles,

• elliptical cocoons,

• weak shocks/sonic ripples (Mach ∼< 1.5),

• dredge-up of metals and cold gas,

• subsonic turbulence (hundreds km s−1),

• extended filamentary and nuclear cold gas,

should possess the following key characteristics:

• mechanical,

• anisotropic,

• driven by massive and subrelativistic outflows,

• self-regulated mainly by cold accretion,

• and less efficient in lighter halos.
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Ruszkowski, M., Brüggen, M., & Begelman, M. C. 2004a, ApJ, 611, 158

—. 2004b, ApJ, 615, 675
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PhD Production

The extensive work carried out during this PhD period produced the following
publications, on which the Chapters 4-7 are mostly based.

1. The Dance of Heating and Cooling in Galaxy Clusters: 3D Simulations of Self-
Regulated AGN Outflows, Gaspari M., Melioli C., Brighenti F., D’Ercole A., 2011a,
MNRAS, 411, 349 (astro-ph/1007.0674)

2. AGN Feedback in Galaxy Groups: the Delicate Touch of Self-Regulated Outflows,
Gaspari M., Brighenti F., D’Ercole A., Melioli C., 2011b, MNRAS, 415, 1549
(astro-ph/1103.5351)

3. Cause and Effect of Feedback: Multiphase Gas in Cluster Cores Heated by
AGN Jets, Gaspari M., Ruszkowski M., Sharma P., 2012a, ApJ, 746, 1 (astro-
ph/1110.6063)

4. Mechanical AGN Feedback: Controlling the Thermodynamical Evolution of
Elliptical Galaxies, Gaspari M., Brighenti F., Temi P., 2012b, recently submitted
to MNRAS (astro-ph/1202.6054)

5. 3D Numerical Simulations of AGN Outflows in Clusters and Groups, Gaspari M.,
Melioli C., Brighenti F., D’Ercole A., 2009, in Heinz S., Wilcots E., eds., AIPC
1201, ‘The Monster’s Fiery Breath: Feedback in Galaxies, Groups, and Clusters’,
309 (astro-ph/0909.1282)

The first article caught the attention of the main newspapers (e.g. Corriere della Sera; La
Repubblica), magazines (National Geographic), radio and TV programs (e.g. ‘Parla con
me’; RCDC), usually with the quite funny title ‘Buchi neri: contraccettivi del cosmo’
(‘Black holes: contraceptives of the cosmos’).
More important, during this three-year period we won several computational grants,
fundamental to execute the massively parallel HPC simulations. From the latest:

1. Grant NASA Pleiades (2011-2013), SMD-11-2507: 1,080,000 CPU-hours.

2. Grant NASA Pleiades (2011-2012), SMD-11-2209: 512,000 CPU-hours.

3. Grant NASA Pleiades (2010-2011), SMD-10-1609: 200,000 CPU-hours.
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4. Grant CINECA-ISCRA SP6 (2011-2012), HP10BOB5U6: 150,000 CPU-hours.

5. Grant CINECA-ISCRA SP6 (2010-2011), HP10BPTM62: 120,000 CPU-hours.

6. Grant CINECA-INAF SP6 (2009-2010), AGN FEEDBACK: 100,000 CPU-hours.

Finally, besides having the pleasure to assist Prof. Brighenti for the courses of ‘Numerical
Calculus’ and ‘Elements of Programming II’, the PhD production includes also several
talks and student lectures. For any request and comment on the present work, or
if you want to discuss other scientific topics, feel free to write me an email at
massimo.gaspari4@unibo.it.
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