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Chapter 1
Introduction

1.1 Galaxy clusters and their intra-cluster medium

Galaxy clusters are the most massive bound objects in the universe, with typical
masses of ∼ 1014 − 1015 M� and sizes of 1 − 3 Mpc. In the hierarchical scenario of
structure formation in the universe, clusters of galaxies are located at the nodes of
the large-scale �lamentary structure also known as the cosmic web. They form by
subsequent merging of smaller structures and in�ow of matter along the supercluster
�laments (Feretti et al. 2002).

In addition to the dominant dark matter (∼75%, on average) and the large num-
bers of visible galaxies (∼5%), clusters also contain enormous reservoirs of di�use hot
gas (∼20%). Roughly 90% of the baryons in clusters reside in the hot plasma of the
intracluster medium (ICM), while the rest form stars in galaxies (Lin et al. 2003). The
hot gas forms a hydrostatic atmosphere, which �lls up the space between the galaxies
and is held in place by the gravity of a dark matter halo. Gas temperatures typically
range from 106 to 108 K, corresponding to X-ray luminosities, Lx, of 1043−45 ergs/s.
This gas is visible directly through X-ray emission, and indirectly through dynamical
e�ects on galaxies, such as stripping and shaping the observed head-tail radio sources
(de Bruyn & Brentjens 2005).

The plasma of the ICM (which we will also refer to as hot gas or just gas) is
primarily comprised of ionized hydrogen and helium, mixed with traces of heavier
elements at roughly 1/3 of the solar metal abundance (Arnaud et al. 1992). Abun-
dance gradients with metallicity increases of factors of two or more are usually found
in the central 100 kpc regions of cD clusters (Ikebe et al. 1997; Ezawa et al. 1997;
De Grandi & Molendi 2001; Irwin & Bregman 2001). This enhanced abundance is
considered to be due to pollution by stars and supernovae of the brightest cluster
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1 Introduction

galaxy (BCG) which lies in the center of the host galaxy cluster. Observed particle
densities in clusters lie in the range from 10−4 cm−3 in the halos up to 10−2 cm−3

and higher in the center. In general, the ICM can be regarded as an optically thin
coronal plasma, in which the electrons and ions interact through Coulomb collisions
and emit mainly in the X-ray band by thermal bremsstrahlung (e.g., Sarazin 1988).

Faraday rotation measurements of galaxies within clusters and in the background
have shown that the ICM is threaded with magnetic �elds (Carilli & Taylor 2002;
Govoni & Feretti 2004). The magnetic �elds are, however, dynamically unimportant
in clusters since the ratio of magnetic pressure to gas pressure is typically a few per-
cent. Magnetic �elds are likely deposited by radio galaxies or quasars. They may also
originate from primordial �elds that have been ampli�ed over time by gas turbulence
and compression (Carilli & Taylor 2002).

1.2 Active galactic nuclei at the centers of clusters

Active galactic nuclei (AGN) are the most energetic objects in the Universe. The
central engine of an AGN is an actively accreting supermassive black hole (SMBH),
whose strong gravitational �eld traps not only matter but also light. The black hole is
fed through an accretion disk, a relatively �at structure which is a consequence of the
conservation of angular momentum of the infalling material (primarily gas and dust
from the interstellar matter). The conversion of mass into energy within the AGN
can reach a very high e�ciency. It can go up to ∼10% which is, for example, much
higher than the ∼0.7% e�ciency achieved when generating energy in the interiors of
stars (Fabian 1999).

The most luminous AGN are most numerous at redshifts of 2.0 � 2.5. The most
massive galaxies at the centers of clusters found at low redshifts do not generally host
luminous AGN or quasars. Instead, they contain the most massive SMBHs, which
are often radio active sources. In the centers of clusters the AGN interacts with the
ICM through the so called kinetic mode involving jets acting on the surrounding hot
gas. If even a small fraction of the energy produced by the growth of the black hole
can be transferred to the gas, then an active nucleus can have a profound e�ect on
the evolution of its host galaxy and beyond (for a review see Fabian 2012).

1.3 AGN feedback

X-ray observations have revealed that all galaxy clusters show a large central temper-
ature drop within the inner 100 kpc (Fabian 2012). Most of the dynamically relaxed
clusters show a radiative cooling time below a gigayear within the inner 10 kpc, which
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1.3 AGN feedback

means that the radiative cooling time of the gas in those cluster cores is much shorter
than the cluster's age (Fabian 1994). This type of system is commonly known as
cool-core clusters (Hudson et al. 2010).

If radiative cooling in the cool cores was not compensated by heating, the gas would
radiate away its thermal energy, causing cooling gas to �ow toward the center of the
cluster. This is the so called classical cooling-�ow model, in which the accumulating
cold gas would be observable and would lead to star formation rates (SFRs) of 100
M� yr−1 (see Fabian 1994, for a review). Instead, X-ray observations reveal little gas
cooling below X-ray emitting temperatures (David et al. 2001; Molendi & Pizzolato
2001; Peterson et al. 2003; Tamura et al. 2001; Blanton et al. 2011). The observed
SFRs are one or two orders of magnitude lower than predicted by the classic cooling-
�ow model (O'Dea et al. 2010; McDonald et al. 2011). This �nding strongly suggests
that an additional process or processes must be heating the ICM in order to balance
radiative cooling in cluster cores to maintain approximate thermal equilibrium.

Several mechanisms have been proposed and tested through simulations. Those
include energy injection from supernovae (Nagai et al. 2007; Burns et al. 2008; Skory
et al. 2013), conduction of heat from outside of the core (Voigt et al. 2002; Zakam-
ska & Narayan 2003; Smith et al. 2013), heating through mergers (Valdarnini 2006;
Markevitch & Vikhlinin 2007; ZuHone et al. 2010), dynamical friction from galaxy
cluster motion (Kim et al. 2005; Ruszkowski & Oh 2011), and feedback from AGN
outbursts (for review see McNamara & Nulsen 2007).

Despite the large number of possible heat sources considered in the literature,
the major role of the AGN is now well established based on both simulations and
observations. AGN feedback refers to the interaction between the energy injected
by relativistic jets originating near SMBHs at the centers of the clusters and the
surrounding ICM. The massive black hole at the center of the galaxy is feeding energy
back into its surroundings at a rate balancing the loss of energy through cooling
(for review see McNamara & Nulsen 2007). The energy deposited into the AGN's
environment is believed to moderate the availability of fuel for the accretion process in
a homeostatic way that regulates both the growth of the black hole and the formation
of stars in the surrounding galaxy (Silk & Rees 1998; Gebhardt et al. 2000; Ferrarese
& Merritt 2000). AGN feedback is the most plausible candidate to explain the lack
of excessively bright cluster central galaxies predicted by many simulations (Benson
et al. 2003; Bower et al. 2006; Tucker & David 1997). Fig. 1.1 shows that models
disregarding AGN feedback overpredict the number of high-mass galaxies while the
models including feedback match the observational data.

A simple order-of-magnitude estimate shows that an accreting SMBH can provide
enough energy to o�set cooling. A 109 M� SMBH accreting over the lifetime of the
universe and radiating with a mass-energy conversion e�ciency of around 10% would
release a total of ∼ 1062 erg. This corresponds to an average power output of around
1044 ergs/s which is enough to o�set radiative cooling if a large fraction of that power
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1 Introduction

Figure 1.1: The luminosity function of galaxies in the local Universe. The plot compares the

K-band galaxy luminosity distribution (which is a proxy for galaxy mass) in a Millennium

simulation model to the observational determinations by Cole et al. (2001) and Huang et al.

(2003). The dashed line shows model in which feedback from AGN has not been considered,

while the solid and dotted lines denote models in which AGN feedback is included. Plot

from Bower et al. (2006).

is injected into the ICM (Churazov et al. 2002).
The importance of AGN feedback is supported observationally. It has been shown

that almost all clusters with strongly cooling cores possess active central radio sources
(Burns 1990; Ball et al. 1993). Results from the Chandra and XMM-Newton X-ray
observatories show that AGNs lying at the hearts of galaxy clusters are pouring
vast amounts of energy into the hot gas. The combination of high-resolution X-ray
and radio imaging is yielding reliable measurements of this energy, which is proved
su�cient to suppress cooling �ows and the substantial growth of giant elliptical (gE)
and cD galaxies (McNamara & Nulsen 2007).

Operating over cosmic timescales, this process is crucial to our understanding
of how AGN evolve and a�ect the formation of both their host galaxies and large-
scale structure in the universe. Although AGN feedback has been observationally
well established in recent years, the chain of physical mechanisms that maintain this
balance in the system and the synchronization of processes over orders of magnitude
in both time and spatial scales remain uncertain. It is not well understood how the jet
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1.4 Observational signatures of AGN feedback

energy is converted into heat, as well as to what extent the other heating mechanisms
can contribute.

1.4 Observational signatures of AGN feedback

1.4.1 X-ray cavities

High-resolution X-ray images have revealed many large-scale interactions between the
intracluster medium (ICM) and the central AGN in galaxy cluster cores (e.g., Perseus:
Boehringer et al. 1993; Fabian et al. 2006, 2011; Zhuravleva et al. 2015 and Hydra A:
McNamara et al. 2000; Nulsen et al. 2002; Wise et al. 2007). In these systems, the
radio jets of the AGN have pushed out cavities in the cluster's atmosphere, creating
surface-brightness depressions (�lled with relativistic plasma and/or very hot thermal
gas) that are in pressure balance with the surrounding medium. Those cavities created
in the intracluster medium are buoyant, separating and rising away from the black
hole (Churazov et al. 2000, 2001; McNamara et al. 2000).

The idea that a radio source could blow cavities in the intracluster medium was
�rst explored by Gull & Northover (1973). Disturbances in the hot gas near NGC
1275 were �rst noted in an early Einstein Observatory image of the Perseus cluster
(Branduardi-Raymont et al. 1981; Fabian et al. 1981). The �rst image which clearly
associated the disturbances with two cavities �lled with radio emission emanating from
the nucleus of NGC1275 were made using the Rosat's 5-arcsec High Resolution Imager
(HRI) by Boehringer et al. (1993). Similar cavities were later noted in HRI images of
other bright clusters (e.g., Carilli et al. 1994; Huang & Sarazin 1998; Owen & Eilek
1998; Rizza et al. 2000), but Rosat's limited spatial and spectral resolution hindered
further studies of these disturbances until the launches of Chandra and XMM-Newton
in 1999. Nowadays, most cool cores in the X-ray brightest clusters have shown clear
cavities in Chandra observations (Dunn & Fabian 2006, 2008; Fabian et al. 2000;
Fabian 2012; McNamara et al. 2000, 2001).

The inner cavities are usually found in pairs of approximately spherical X-ray
surface brightness depressions, corresponding to each of the two radio lobes (Fig.
1.2). Cavity systems in clusters vary enormously in size, from diameters smaller than
1 kpc like those in M87 (Forman et al. 2005, 2007) to diameters approaching 200 kpc
in the MS0735.6+7421 and Hydra A clusters (McNamara et al. 2005; Nulsen et al.
2005b; Wise et al. 2007). Although cavities show no preferred size, a radius of 10 �
15 kpc is considered typical (McNamara & Nulsen 2007).

The work needed to in�ate the cavities against the surrounding pressure is above
pV = 1061 erg in rich clusters (e.g., Ra�erty et al. 2006). The total energy of the
cavity is the sum of the pV work required to displace the X-ray emitting gas and the
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Figure 1.2: Left: Image of the inner 200" (700 kpc) of the MS0735.6+7421 cluster. Image

from McNamara et al. (2009). Right: Image of the central region of the Hydra A cluster.

Image from chandra.harvard.edu (see McNamara et al. 2000; Wise et al. 2007). Both images

show the combination of X-ray (blue), I-band (white), and high-frequency radio wavelengths

(red). The images demonstrate how the two opposite radio lobes �ll in the symmetric X-ray

cavities.

thermal energy of the contents of the corresponding radio lobe:

H = E + pV =
Γ

Γ− 1
pV, (1.1)

where p is the pressure in the lobe and V is its volume. The second representation
assumes that the lobe is �lled with an ideal gas with constant ratio of speci�c heats.
If the lobe is dominated by relativistic particles, the equation of state Γ is 4/3, while
in the case of nonrelativistic monoatomic gas Γ equals 5/3. The corresponding total
energy is H = 4pV and H = 2.5pV , respectively. If the lobes are dominated by
magnetic �eld, then H = 2pV . Thus, although the exact equation of state Γ for lobes
is not known, lobe enthalpy likely falls in the range 2pV − 4pV . It was found that
the thermal energy within the cavity corresponds to 3.7 times that of a surrounding
region with the same volume (Graham et al. 2008). This indicates that the cavity
can transfer internal energy of almost 4pV , which is the amount expected from a
relativistic �uid.

The displaced gas mass is several 1010 M� in an average cluster system such as
Abell 2052 (e.g., Blanton et al. 2011). It exceeds 1012 M� in powerful outbursts,
such as those in MS0735.6+7421 and Hydra A. The bright rims surrounding many
of the cavities are cooler than the ambient gas (Fabian et al. 2000; McNamara et al.

6



i
i

i
i

i
i

i
i

1.4 Observational signatures of AGN feedback

2000; Blanton et al. 2001; Nulsen et al. 2002) and are therefore not active shocks as
expected in some early models (e.g., Heinz et al. 1998). The cavities appear to be
close to being in pressure balance with the surrounding gas. The lower emissivities
of the cavities imply that they are low-density formations in the ICM. Thus, when
the in�uence of the jet wanes, the cavity rises buoyantly outward in the cluster's
atmosphere (Churazov et al. 2001). There is evidence that some rising bubbles drag
outward metal-enriched gas with lower entropy. (Werner et al. 2010, 2011; Simionescu
et al. 2009).

The mechanical power of a cavity (and thus of the jet that created it) is assumed
to be:

Pcav =
4pV

tage
(1.2)

where tage is the risetime of the cavity (Churazov et al. 2002).
Cavities seem to travel roughly their own diameters before they disintegrate or

become too di�cult to detect. The distribution of buoyancy ages shows a typical
value of 107 yr (McNamara & Nulsen 2007). Ra�erty et al. (2006) show that the
detection rate peaks in the inner 30 kpc and declines rapidly at larger distances.
Only the most powerful outbursts produce detectable cavities beyond 100 kpc. Thus,
most cavities are found within the light of the central galaxy.

1.4.2 AGN jets and radio lobes

In most systems, the depressions in X-ray surface brightness are found to be �lled
with radio emitting plasma (McNamara et al. 2005; Nulsen et al. 2005a; Wise et al.
2007). A Fanaro� & Riley (1974) type I radio source usually coincides with the
cavity (Fig. 1.2). This spatial anti-correlation between the X-ray cavities and radio
lobes provides strong circumstantial evidence that the AGN activity is responsible
for the observed X-ray cavities. Given this common origin, X-rays directly probe the
mechanical e�ects of the feedback process, while radio observations directly reveal the
radiative output of the lobes. Combined X-ray and radio observations can provide
constraints on the radio radiative e�ciencies, as well as the physical properties of the
radio lobes and the ICM.

In essence, the observed extragalactic radio sources are bipolar out�ows of mag-
netic �eld and relativistic particles ejected from an AGN (Burbidge 1956; Blandford
& Rees 1974; Begelman et al. 1984; Harris & Krawczynski 2006). They consist of a
core associated with the AGN, oppositely-directed jets emanating from the core, and
lobes which appear where the jets terminate. Jets are narrow and collimated. They
transmit mass, momentum, energy, and electromagnetic �eld from the nucleus to the
lobes, which in turn transmit much of the energy to the surrounding medium. The
jets and lobes emit synchrotron radiation mainly in radio waves.
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Synchrotron emission reveals only the relativistic electrons and magnetic �elds,
but carries no information about their momentum �ux and power (Begelman et al.
1984; Harris & Krawczynski 2006). Other particles, such as protons, carry most of
the momentum without disclosing their existence through radiation. In this respect,
the cavities and shock fronts revealed in X-rays allow us to study the content of radio
jets and lobes in greater detail. The internal energy of the cavity, as well as its �lling
factor, and magnetic �eld strength, can be inferred from X-ray observations. The
total energy in the radio lobes in�ated by the AGN is at least the sum of magnetic
and particle energies. As discussed above, the internal energy ranges from pV for a
magnetically dominated cavity to 3pV for a lobe dominated by relativistic particles.

The X-ray cavities allow us to directly probe the mechanical e�ects of the black
hole jets. The kinetic power in the jets is estimated from the mechanical power
of the cavity (see Eq. 1.2). Numerous studies have shown that even the jets of
faint synchrotron sources have powers comparable to the luminosities of powerful
quasars (e.g. Ra�erty et al. 2006; Bîrzan et al. 2008). For example, in the clusters
MS0735.6+7421 and Hercules A, the mean jet power over 100 Myr is more than
1046 ergs/s. The computed kinetic power is usually in good agreement with the
energy loss by X-ray radiation from the short-cooling-time region (Ra�erty et al.
2006, 2008; McNamara & Nulsen 2007), which agrees well with the overall energetics
of the feedback process.

1.4.3 The relation between radio luminosity and jet power

Empirical relations have been derived between the mechanical power required to create
the X-ray cavities and the luminosity of the radio plasma associated with them (Bîrzan
et al. 2008; Cavagnolo et al. 2010; O'Sullivan et al. 2011). Those show that the jet
power is only weakly correlated with radio power. The median ratio of cavity power
to synchrotron power is ∼100 (Bîrzan et al. 2008), which suggests that only a small
fraction of the jet power is radiated away while most of the jet power is deposited
into the surrounding medium.

However, the derived relations have large scatter, which demonstrates that syn-
chrotron luminosity is a poor predictor of true jet power (and thus AGN heating).
Reasons for the large scatter might involve variations in �eld strength, jet composition,
variable AGN power output, and synchrotron spectral aging. The exact contribution
of each of these factors is currently poorly understood.

If properly calibrated, this correlation can potentially be a powerful tool in sta-
tistical studies of large samples of systems. A more accurate relation between radio
and jet power can provide the basis for understanding radio-mode feedback and its
impact on galaxy formation and evolution. It can also be used to derive the jet power
in high-redshift systems for which X-ray observations are unavailable or generally
unfeasible.

8



i
i

i
i

i
i

i
i

1.5 Heating mechanisms

1.5 Heating mechanisms

Cavities are estimated to be energetically su�cient to o�set radiative cooling in almost
all observed systems (e.g., Dunn & Fabian 2006; Hlavacek-Larrondo et al. 2012).
However, one of the main unsolved problems of the AGN feedback is how exactly
the AGN power is transferred to the di�use ambient ICM. A number of mechanisms
of AGN heating have been investigated, including pdV work of expanding cavities
(Ruszkowski & Begelman 2002; Guo et al. 2008), shock heating (Brüggen et al. 2007;
Randall et al. 2015; Li et al. 2017), viscous dissipation of sound waves (Ruszkowski
et al. 2004; Fabian et al. 2017), mixing of the ICM with jet plasma (Hillel & Soker
2016, 2017), turbulence dissipation (Zhuravleva et al. 2014, 2016), and cosmic ray
heating through the dissipation of self-triggered hydromagnetic waves (Guo & Oh
2008; Jacob & Pfrommer 2017; Ruszkowski et al. 2017).

Simulations of the growth of structure show typical turbulent velocities of 100
km/s (e.g., Kravtsov et al. 2005). Similar values are directly measured using XMM-
Newton Re�ection Grating Spectrometer spectra (Sanders et al. 2010, 2011; Sanders
& Fabian 2013). Recent observations by the Hitomi mission showed that the at-
mosphere of the Perseus cluster is very quiescent with turbulent velocity 160 km/s
(Hitomi Collaboration et al. 2016). Dissipation of turbulence could be a signi�cant
source of heating, however the turbulent energy density is then less than 10% of the
thermal energy density (Vazza et al. 2009; Sanders et al. 2011; Sanders & Fabian
2013). Although the AGN activity pumps out mechanical power at the order of 1045

erg/s, the gas �ows appear to be modest and there is no large-scale, violent, mixing
taking place.

Simulations show that cavities heat the surrounding gas as they rise through the
ICM (Brüggen & Kaiser 2002; Reynolds et al. 2002). As the buoyant cavity rises
subsonically (Churazov et al. 2001), some X-ray emitting gas must move inward to
�ll the space it vacates, so that gravitational potential energy is turned into kinetic
energy in the ambient atmosphere. The kinetic energy created in the wake of the
rising cavity is equal to the enthalpy lost by the cavity as it rises. Regardless of the
viscosity level, the kinetic energy is dissipated locally, before di�using far from the
axis, creating heat in the wake of the cavity (McNamara & Nulsen 2007). However,
the heating as inferred from observations is much more isotropic.

Chandra images of a few bright clusters show concentric ripples that are inter-
preted as sound waves generated by the expansion of the central pressure peaks asso-
ciated with the repetitive blowing of cavities. Such sound waves, or weak shocks, are
observed in several of the brightest clusters in the sky, such as Perseus (Fabian et al.
2003, 2006), Virgo (Forman et al. 2007), Centaurus (Sanders et al. 2008), and A 2052
(Blanton et al. 2011), and are further con�rmed by simulations (e.g., Ruszkowski et al.
2004; Sijacki & Springel 2006). The energy �ux in the sound waves is comparable to
that required to o�set cooling, which indicates that this is a likely way in which heat
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is distributed.
Since cavity heating is ine�ective inside the radius where the cavities are formed,

weak shock heating is likely the most signi�cant heating process closest to the AGN.
The total rate of shock heating is not large (Fabian et al. 2005), but it plays a critical
role since it acts on the gas closest to the nuclear black hole and thus most likely to be
accreted. Cavity heating probably takes over beyond the region where the radio lobes
are formed (Voit & Donahue 2005). On larger scales, sound damping may become the
dominant AGN heating process. On even larger scales, thermal conduction can play
the dominant role in the hotter clusters. Thus, it appears likely that the dominant
mode of AGN heating changes with distance from the AGN (McNamara & Nulsen
2007) .
It is likely that all of the listed heating mechanisms take place to some extent in jet-
mode AGN feedback, but it has proven very complex to perform exhaustive analysis on
their relative importance, which may also depend on jet properties (Tang & Churazov
2017).

1.6 Recent instruments relevant for the AGN feed-

back studies

1.6.1 Radio Interferometry Arrays

VLA

One of the most successful radio facilities ever built is the Very Large Array (VLA)
in New Mexico. It consists of 27 25-m radio antennas in a Y-shaped con�guration
with a maximum baseline of 35 km. It operates in eight frequency bands ranging
from 74 MHz to 50 GHz. A major breakthrough in the studies of di�use radio
emission in clusters has been done due to the VLA. VLA was the radio facility which
showed that the X-ray cavities are �lled with aged radio lobes. VLA observations at
frequencies above 300 MHz (combined with Chandra X-ray data) have allowed the
currently published statistical studies of AGN feedback signatures (e.g. Bîrzan et al.
2008; Cavagnolo et al. 2010).

The original VLA, commissioned in 1980, has recently been upgraded to improve
receiver capabilities achieving at least an order-of-magnitude improvement in all ob-
servational capabilities, except spatial resolution. The upgraded telescope now o�ers
full frequency coverage from 1 to 50 GHz and is known as Karl G. Jansky Very Large
Array (VLA; Napier 2006). While the VLA has produced several of the leading radio
surveys so far, including the largest radio survey so far � the NVSS, the new radio
continuum campaign started with the new VLA at 2-4 GHz is expected to result in
a catalog of about 10 million sources by 2023 (VLASS; Murphy et al. 2015). The
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1.6 Recent instruments relevant for the AGN feedback studies

Figure 1.3: Very Large Array (VLA) radio interferometer in New Mexico. Image from

NRAO.

upgraded VLA also o�ers new capabilities for deep continuum observations, which
are relevant for detailed studies of the AGN induced di�use radio lobes.

LOFAR

LOFAR, the LOw Frequency ARray, is a new generation software-driven radio tele-
scope built in the Netherlands and with additional antenna stations throughout Eu-
rope (van Haarlem et al. 2013). It consists of antennas grouped into stations dis-
tributed over hundreds of kilometers. LOFAR operates in two frequency ranges: 10
� 80 MHz, using the Low Band Antennas (LBA), and 100 � 240 MHz, using the
High Band Antennas (HBA). The antennas have a novel design in the sense that
they do not use classical parabolic dishes or receiving elements, but simple dipoles.
Furthermore, LOFAR is a software-driven telescope, which uses digital beam forming
to observe and track the sky.

Being fully operational since 2012, this new facility not only opens a new unex-
plored window of the lowest frequency radio emission observable from Earth's surface,
but also provides an unprecedentedly wide �eld of view and very high sensitivity. LO-
FAR therefore represents an important new capability for e�ciently performing deep
surveys in a search of di�use steep spectrum radio emission in galaxies and clusters.

A rapid progress has been made in the last few years in terms of processing tech-
niques, correcting for the di�erent sensitivity across the �eld of view, as well as cor-
rectly removing distortions due to ionospheric activity. Novel calibration schemes
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Figure 1.4: The Superterp - the central core section of LOFAR. Image from van Haarlem

et al. (2013).

have been designed to probe this relatively unexplored part of the radio spectrum.
While LOFAR's high band has mainly been used so far, LBA data is expected to gain
more understanding in the coming years, which will open a long-desired parameter
space allowing us to observe the extragalactic space with unprecedented depth and
resolution at these frequencies. With its unique capabilities, LOFAR is an important
path�nder of the ambitious Square Kilometer Array (SKA; see Sect. 1.8.2). Sensitive,
low-frequency radio observations at good spatial resolution, obtained by LOFAR (and
other SKA path�nders, see Sect. 1.8.2) will reveal the old electron populations in the
lobes in cluster cores.

GMRT

Another interferometer array operating at meter wavelengths is the Giant Metrewave
Radio Telescope (GMRT). GMRT has been operational for about 20 years now. It
is situated 80 km north of Pune, India and consists of 30 45-m diameter stationary
parabolic antennas, with 14 antennas arranged in a compact con�guration and the
outer antennas in a Y-shaped con�guration spanning 25 km. This gives the GMRT
a minimum and maximum baseline of 100 m and 25 km, respectively. The GMRT
covers the frequency range from 150 to 1500 MHz and is currently undergoing a major
upgrade to extend its sensitivity, reliability, and frequency coverage. The synthesized
beam at the zenith is 20′′ and the distribution of antenna baselines is such that the
array at 150 MHz is sensitive to extended emission up to 68′. The superb angular
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1.6 Recent instruments relevant for the AGN feedback studies

Figure 1.5: The Giant Metrewave Radio Telescope (GMRT) in India. Image from

ncra.tifr.res.in.

resolution of the GMRT nicely complements the surface brightness sensitivity of the
inner core of LOFAR and the Murchison Wide�eld Array (MWA).

1.6.2 Recent X-ray missions

Two recent X-ray missions were crucial for the studies of feedback in clusters: the
Chandra X-ray Observatory (launched on 23 July 1999, still active) and XMM-Newton
(launched on 10 December 1999, still active). Chandra (Fig. 1.6) has a remarkable
spatial resolution that can reach 0.5′′. This makes it especially suitable to study
in detail extragalactic sources, in particular ICM substructures such as cavities and
buoyant bubbles in cool-core clusters. The Advanced CCD Imaging Spectrometer
(ACIS) onboard Chandra is an array of 10 CCDs. Apart from X-ray imaging, ACIS
measures the energy of each incoming photon. This allows to simultaneously obtain
an X-ray image of the �eld and a detailed X-ray spectrum of the studied sources. The
Re�ection Grating Spectrometer (RGS) instruments onboard XMM-Newton, on the
other hand, has a larger e�ective area coupled to a better spectral resolution, which
makes this mission best suited to measuring abundances and velocities in the core of
galaxy clusters.
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Figure 1.6: Artist's impression of the Chandra X-ray Observatory in orbit around the Earth

(Credit: nasa.gov).

1.7 Current development of the AGN feedback pic-

ture

After Chandra showed that cavities are common for relaxed clusters, our concept of
feedback took a big jump and we now understand the simplest cavity con�guration.
The classical observational model of AGN feedback includes two spherical cavities
�lled up with the symmetric lobes of the radio jets, situated on the two sides of the
SMBH. This traditional picture has been built in the last 20 years through (mostly
shallow) Chandra observation in the X-rays and radio data above 300 MHz. However,
the current higher quality data has made it obvious that the classical cavity model
is oversimpli�ed. While we have learned how the feedback operates at a simple level,
we are now confronted with multiple pieces of evidence that single cavity model is
only a �rst approximation. In the recent years deeper observations of nearby relaxed
clusters have revealed complicated systems of larger, irregularly-shaped X-ray depres-
sions, further from the core (e.g. Perseus, A1795). Furthermore, low-frequency radio
observations have revealed the aged, steep-spectrum synchrotron emission of the ex-
tended lobes. Far from the SMBH this emission appears heavily distorted and often
appears decoupled from the most pronounced cavities. This thesis is dealing with this
newly exposed complexity that the AGN feedback signatures present in both X-rays
and low radio frequencies. Our work should be seen as laying the foundations for the
next phase of the AGN feedback research.

14



i
i

i
i

i
i

i
i

1.7 Current development of the AGN feedback picture

Figure 1.7: High-contrast residual map of Hydra A after subtraction of a smooth, elliptical

beta model �t to the cluster surface brightness pro�le. The image demonstrates three pairs

of cavities presumably corresponding to three separate AGN outbursts. The position of the

central radio source is indicated by the light blue dot. Image from Wise et al. (2007).

1.7.1 Advantages of the low radio frequencies

Chandra observations have shown not only that cavities are common but also that
many clusters contain multiple cavities (Fabian et al. 2000; McNamara et al. 2001).
Hydra A is one of the most typical examples (Fig. 1.7), where several pairs of cavities
are identi�ed to trace the AGN out�ow (Wise et al. 2007). When deeper observations
initially discovered larger cavities further from the core devoid of bright 1.4 GHz radio
emission, they were called ghost cavities since they were devoid of high-frequency radio
emission (McNamara et al. 2001; Fabian et al. 2002). Now it is, however, established
that those cavities are �lled with low-frequency radio emission (Clarke et al. 2005;
Wise et al. 2007).

AGN outbursts eject material that ages while propagating away from the core.
Discounting reacceleration, the emission from this relic plasma is expected to have
a steep spectral index, making low frequency radio the optimal window to detect
it. Therefore, observations below 1.4 GHz can trace fossil emission at larger radii
associated with earlier AGN outbursts and e�ectively invisible at GHz frequencies
(Fig. 1.8). This picture is borne out in the handful of objects where multiple cavity
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Figure 1.8: Composite color image of Hydra A which demonstrates the di�erence between

the radio observations at low frequencies (shown in green) and high frequencies at 1.4 GHz

(shown in yellow). The image also illustrates the close connection between the observed,

large X-ray cavity system (shown in blue) and the low-frequency, 330 MHz radio emission

(shown in green). Image from Wise et al. (2007).

systems are observed in both the X-ray and at low radio frequencies (Clarke et al.
2005; Wise et al. 2007; Vantyghem et al. 2014). While high frequency radio data
(ν ≥ 1.4 GHz) are sensitive to recent (tage ∼ 30 − 50 Myr) outburst activity, low
frequency radio data appear to be a better tracer for the integrated AGN energy
output over the past 100�300 Myr (Bîrzan et al. 2008).

Low-frequency radio observations are a unique tool to probe the AGN energy
deposition processes at work. These observations can provide a more reliable metric
for both the duty cycle and the total energy output of the central AGN over long
timescales. Moreover, they can also give an insight into the fueling and growth of
the black hole itself. Thus the morphology and the spectral properties of the di�use
low-frequency radio emission in the observed systems can give crucial evidence for the
origin of the radio plasma as well as the evolution of the feedback process over time.
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1.7.2 Complexity in the feedback picture

While low-frequency data has proven its potential to recover extended, di�use emis-
sion, recent observations have shown a level of complexity that will need to be un-
derstood in the future low-frequency radio studies of feedback. Most of the recent
feedback analysis has been done on the basis of systems that have demonstrated well-
de�ned cavities in the X-rays, which, together with the higher frequency radio emission
they enclose, can be associate with a single, fairly recent epoch of AGN activity. How-
ever, recent LOFAR and GMRT observations have shown that the distribution and
morphology of the extended low-frequency radio emission is quite complicated and not
easily resolved into individual components that may be associated with well-de�ned
episodes of AGN activity.

The situation is not simpler in X-rays. Deep, high-resolution observations of
the ICM in massive galaxy clusters have demonstrated that even cool-core clusters
that have remained largely undisturbed on Gyr(-long) timescales are subject to a
litany of disruptions near the core (Fig. 1.9). Cavities are often surrounded by other
structures, such as belts (Smith et al. 2002), arms (Young et al. 2002; Forman et al.
2005, 2007), �laments, sheets (Fabian et al. 2006), swirls of cool X-ray gas (Fabian
et al. 2006; Clarke et al. 2004), which are presently poorly understood. In addition
to cavities, observations have shown many structures detached from the cavities,
such as sound waves, complicated hydrodynamic instabilities, and weak shock fronts.
Many clusters host spiral-shaped substructures which are explained to arise from the
sloshing motions of the cool core triggered by a cluster merger with a non-zero impact
parameter (e.g., Ascasibar & Markevitch 2006; ZuHone et al. 2010). Sloshing provides
a second way of uplifting low-entropy gas from the cool core while the cumulative
impact of large-scale sloshing motions of the cool core and the AGN may provide a
profound disruptions to the ICM in the core (Ehlert et al. 2011; Blanton et al. 2011).

Well-de�ned X-ray cavities have proven hard to identify for older outbursts (≥
100Myr). Even for objects with deeper X-ray exposures such as Perseus and A1795,
the morphologies of these outbursts are more complicated, di�cult to disentangle
from other features possibly related to shocks or core sloshing, and not always well-
correlated with the low-frequency radio emission. Taken altogether, these factors in-
troduce considerable uncertainty in estimates for the jet power associated with older
or multiple AGN outbursts and consequently on our understanding of the AGN feed-
back cycle. Accurately inferring the jet power is further complicated by a bias toward
�nding smaller than average jet powers in any given system. It results from the ten-
dency that much of the power is usually generated by less frequent but more powerful
outbursts (Nipoti & Binney 2005). Thus to understand the cumulative impact of the
AGN onto the ICM we need to study the integrated activity over several hundred Myr.
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Figure 1.9: Chandra X-ray surface brightness residual map demonstrating the variety of

structures observed in the core of the Perseus cluster. The image is produced by unsharp

masking using archival data in the 0.5�7 keV band with total exposure of 1.4 Ms after

standard �ltering. See Chapter 2.

1.8 Look ahead

Despite the huge progress in the last few decades, we still do not fully understand
how the feedback loop works and how e�ciently jets heat the ICM. It is still not clear
if the central active SMBH is the sole heating agent or even the most important one.
To build a comprehensive picture of the feedback loop we will need to explain how
and to what extent the feedback process adjusts the frequency and the power of AGN
outbursts. Other pending questions are how cavity enthalpy and weak shock energy
are dissipated, how e�ciently they heat the gas, and where the heat is deposited.

The time distribution of AGN jet power, while being an essential part of a feedback
model, is poorly understood. Existing X-ray cavity samples are size-limited and su�er
selection biases. Large unbiased searches for cavities and shocks in a �ux- or volume-
limited X-ray samples supplemented with deep low-frequency radio data are needed
to determine the average AGN heating rate.

The new instruments in both the radio and X-ray bands which will become oper-
ational over the next years, will lead to a rapid expansion in observational data on
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feedback systems and will allow simulations to be tested against high quality data.
Most future surveys will routinely generate polarization and spectral shape measure-
ments which were previously scarce. Our studies of interpreting particular sources
will shift toward the statistical properties of samples. The next-generation of radio
continuum surveys will probe unexplored areas of observational parameter space. As
history has shown us, such progress in the observational techniques results in fast
advances in the understanding of the underlying physical mechanisms and often leads
to many serendipitous discoveries that will transform our idea of the feedback process.

1.8.1 Future X-ray missions

The new generation of X-ray missions most relevant for cluster studies are XARM
(expected launch in 2021), and ATHENA (expected launch in 2028). Among other
advantages, those missions include microcalorimeter instruments, which allow a con-
siderable improvement of the spectral resolution achieved so far. The characteristics of
the upcoming generation of satellites and their expected contribution to ICM studies
is discussed below.

Hitomi and XARM

The Japanese satellite Hitomi (previously known as ASTRO-H) was successfully
launched on February 17, 2016. Among other instruments the mission was equipped
with micro-calorimeter instrument � the soft X-ray spectrometer (SXS). It had a �eld
of view of 3× 3 arcmin and a very high spectral resolution of ∼5 eV, allowing to do
unprecedentedly high-resolution spectroscopy in the 0.4 - 12 keV band.

The �rst observation made by SXS (planned for calibration purposes) was the
core region of the Perseus cluster in the 2 � 10 keV band. SXS measured the level
of gas motions in the X-ray bright ICM in the core of the Perseus cluster to an
unprecedented precision of 10 km/s (Hitomi Collaboration et al. 2016). It revealed
a remarkably quiescent atmosphere of Perseus in which the gas has a line-of-sight
velocity dispersion of 164±10 km/s in the region 30 � 60 kiloparsecs from the central
nucleus.

Unfortunately, one month after launch, the satellite experienced a loss of com-
munication and the mission was aborted on April 28, 2016. Despite its short life,
Hitomi has been a success in terms of demonstrating technical capabilities. Through
the Perseus observation, the mission revealed the exquisite spectral resolution that
micro-calorimeters can achieve, thus opening a new window for the future of ICM
studies.

The success of the SXS instrument onboard Hitomi to resolve metal lines in the
spectrum of Perseus has been a strong motivation to recover the mission. A new
mission, named X-ray Astronomy Recovery Mission (XARM), is currently approved
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and planned to be launched in 2021. This satellite will have instrument characteristics
similar to Hitomi and will serve as a link between the X-ray telescopes of the present
(Chandra, XMM-Newton) with that of the future (e.g. ATHENA).

The single observation of Hitomi instantly presented us with a signi�cant step
forward in the turbulence studies of the ICM. The XARM mission will provide us
with similar gas velocity measurements for other 10 � 20 sources. This will allow for
statistical studies of the ICM, which will give us more insight into the connection
between the AGN activity and turbulence.

Athena

Despite its very promising performances, the micro-calorimeter instrument onboard
XARM will have moderate spatial resolution (with a point spread function of ∼1.2')
and e�ective area (∼250 cm2 at 1 keV). These limitations prevent studies of high-
redshift clusters.

The European mission called Advanced Telescope for High Energy Astrophysics
(ATHENA; planned launch in 2028) is expected to overcome this issue. Athena will
be composed of two key instruments: a micro-calorimeter � the X-ray Integral Field
Unit (X-IFU) � for high spectral resolution imaging, and a Wide Field Imager (WFI)
for moderate spectral resolution imaging, covering a larger �eld of view. In terms
of feedback cluster studies, X-IFU is expected to signi�cantly enlarge the sample of
systems with high-resolution spectral measurements of the ICM. WFI will in turn
complement the large surveys performed at lower radio frequencies.

1.8.2 Future low-frequency radio telescopes and their surveys

We expect that LOFAR, and especially the LBA, will reveal the aged, extended
lobes of many feedback systems. Additionally, LOFAR, with its survey LoTSS, will
signi�cantly enlarge the number of observed clusters bearing the signatures of the
AGN activity in the ICM. In the next decade, the ambitious SKA telescope will have
a profound impact on the statistical studies of AGN feedback systems and thus on
our understanding of the feedback process.

SKA and its path�nders

The Square Kilometer Array (SKA) is a next generation radio telescope that will
operate in the frequency range of 0.05 - 20 GHz with unprecedented sensitivities
and resolutions. It has a low frequency component (SKA1-low) that will be built in
Australia and a high frequency component (SKA1-mid) to be built in South Africa
(Fig. 1.10). The antenna array of SKA1-low will operate from 50 MHz to ∼350 MHz
while SKA1-mid will serve the range from 350 MHz to 13.8 GHz.

The expected detection limits of SKA will reveal hundreds of new cool-core clusters
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Figure 1.10: Artist's impression of the SKA1-mid in South Africa. Figure from skatele-

scope.org.

providing a large and comprehensive samples for their study. The wide frequency
coverage along with sensitivity to extended structures will be able to constrain the
acceleration mechanisms and heating mechanisms in the ICM. The SKA also opens
prospects to detect the lowest level of radio emission from the ICM predicted by the
hadronic models and the turbulent re-acceleration models.

While SKA1 is expected to become operational in 2024 its path�nders will make
the years to come exciting for the ICM studies. The Murchison Wide�eld Array
(MWA; Massardi et al. 2008) is a low-frequency synthesis telescope located in Western
Australia operating in the 80-300 MHz frequency range. It consists of 128 tiles of
dipoles spread over an area of 3 km in diameter. MWA is currently being upgraded
to include more tiles and longer baselines. The Galactic and Extragalactic All-sky
MWA Survey (GLEAM; Wayth et al. 2015) centered at 200 MHz has produced a
catalog containing over 300 000 sources (Hurley-Walker et al. 2017) .

The Australian SKA Path�nder (ASKAP; Johnston et al. 2008) is a new radio
array approaching completion in Western Australia. Being currently in early science
phase, ASKAP is expected to be fully operational in early 2018. ASKAP operates at
700 to 1800 MHz with 36 antennas at maximum baseline of 6 km. The large �eld of
view of the antennas allows for high survey speed. ASKAP's continuum survey, the
Evolutionary Map of the Universe (EMU Norris et al. 2011) is planned to survey the
entire visible sky and catalog 70 million galaxies at 1100 MHz, with spectral shapes
and all polarization products across a 300 MHz band.
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MeerKAT is the South African SKA path�nder telescope (Jonas 2009). It has
64 antennas spanning an area 8 km in diameter and is currently nearing completion.
The surveys planned with MeerKAT are expect to detect about 200 000 sources.

LoTSS

The LOFAR Two-metre Sky Survey (LoTSS) is a deep 120 � 168 MHz imaging survey
which will cover the entire northern sky (Shimwell et al. 2017). Each of the 3 170
pointings will be observed for 8 h with LOFAR's high-band antennas (HBA). The
�nal images are expected to have ∼5" resolution and sensitivity of ∼100 µJy/beam.
The 120 � 168 MHz LoTSS will be at least a factor of 50 � 1000 more sensitive
and 5-30 times higher in resolution than recent low-frequency surveys, such as the
TIFR GMRT Sky Survey alternative data release (TGSS; Intema et al. 2017), MSSS
(Heald et al. 2015), GaLactic and Extragalactic All-sky MWA (GLEAM; Wayth et
al. 2015). LoTSS is an ongoing campaign whose data can already be used to study
faint di�use radio emission, which is very relevant in the context of the remnant radio
lobes in clusters. In the future, LoTSS will be complemented by observations with
the low-band antennas (LBA) of LOFAR operating between 10 and 80 MHz.

LoTSS will allow us to consistently study all known feedback systems at low
frequency which will constrain the total energy output of the AGN over time. The new
low-frequency �ux density measurements will allow us to estimate the break frequency
in the radio spectrum. This can be then used to correct for age the correlation between
cavity power and radio luminosity which is expected to lead to much more accurate
dependence. The depth of the new low-frequency data will reveal aged radio plasma
at larger radii. The high resolution of the radio maps will also help us correctly
separate the lobe contribution from the total emission, which will further improve the
jet power estimates.

The LOFAR HBA and LBA sky surveys will be exceptionally sensitive to steep
spectrum (α ≤ −1) objects. Sensitive images have the potential to create large sam-
ples of radio sources located at high redshift. These searches will eventually identify
many powerful radio sources at z > 6 which will allow statistical studies of the evo-
lution of the di�erent classes of AGN over cosmic time (Best et al. 2014). One of
LoTSS HBA goals is to detect di�use radio emission associated with the intra-cluster
medium of 100 galaxy clusters at z > 0.6, which will transform our knowledge of
magnetic �elds and particle acceleration mechanisms in clusters (Enÿlin & Röttger-
ing 2002; Cassano et al. 2010).

Combining LoTSS with new high-frequency surveys such as VLASS, we will have
the radio data necessary to both spatially resolve and spectrally discriminate between
di�erent episodes of AGN activity for a large sample of nearby feedback systems.
In the near-term, these new radio data can be matched to deeper X-ray exposures
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with Chandra and XMM to better separate outburst-related signatures from other
physical processes operating in the ICM of cluster cores. On the longer term, up-
coming missions such as XARM and Athena will provide larger samples of feedback
systems as well as information about velocity motions in the gas from high spectral
resolution emission line studies. Combining the new radio surveys from the SKA
and its path�nders with improved X-ray data will allow us to build up a picture of
the integrated e�ects of AGN output on the surrounding medium for a large sample
of systems over timescales of several hundred Myr. Considering the upcoming low-
frequency radio surveys and the planned X-ray missions, signi�cant advances in our
observational understanding of AGN feedback can be expected in the next decade.

1.9 Thesis Outline

The main goal of this thesis is to combine observations in X-rays and at radio fre-
quencies in order to study the process of interaction between the central supermassive
black hole and the surrounding intracluster medium.

In Chapter 2 we study the Bîrzan sample of nearby, bright systems, known for
their strong feedback, but not yet observed at low radio frequencies. We use data from
TGSS to derive the scaling relation between X-ray cavity power and radio luminosity
at 147 MHz. Furthermore, we develop a reprocessing procedure for MSSS data to
obtain high-resolution maps and examine the morphology of the aged radio emission
in the context of the X-ray cavities. In the �rst part of this chapter we present our
results on the cavity power vs. radio luminosity relation in comparison with higher
frequency studies. In the second part we discuss four of the best-resolved feedback
clusters in MSSS.

Chapter 3 focuses on the galaxy cluster Abell 1795 whose core shows very rich
X-ray morphology, not easily described by the classical feedback picture. In this work
we combine low-frequency GMRT observation at 235 and 610 MHz with extremely
deep X-ray data (3.4 Ms) from Chandra. Using these new data we provide an analysis
of the correspondence between the X-ray and radio signature of AGN feedback in the
core of A1795 in an attempt to interpret the integrated history of feedback in the last
few hundred Myr.

In Chapter 4 we present a new view on the radio lobes of the archetypal FR
II radio galaxy Cygnus A. Using new, truly-broadband VLA observations between 2
and 8 GHz we perform detailed spectral modeling which constrains the particle ages
in the di�erent regions of the source. We present high-resolution images of Cygnus
A at 3 and 6 MHz, as well as a state-of-the-art spectral age map of the radio lobes.
Combining our radio analysis with recently published X-ray results we constrain the
evolution of Cygnus A in the context of its interaction with the surrounding medium.
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Abstract

We present a new analysis of the widely used relation between cavity power and radio
luminosity in clusters of galaxies with evidence for strong AGN feedback. We studied
the correlation at low radio frequencies using two new surveys � the �rst alternative
data release of the TIFR GMRT Sky Survey (TGSS ADR1) at 148 MHz and LOFAR's
�rst all-sky survey, the Multifrequency Snapshot Sky Survey (MSSS) at 140 MHz.
We �nd a scaling relation Pcav ∝ Lβ148, with a logarithmic slope of β = 0.51 ± 0.14,
which is in good agreement with previous results based on data at 327 MHz. The
large scatter present in this correlation con�rms the conclusion reached at higher
frequencies that the total radio luminosity at a single frequency is a poor predictor of
the total jet power. Previous studies have shown that the magnitude of this scatter
can be reduced when bolometric radio luminosity corrected for spectral aging is used.
We show that including additional measurements at 148MHz alone is insu�cient
to improve this correction and further reduce the scatter in the correlation. For a
subset of four well-resolved sources, we examined the detected extended structures
at low frequencies and compare with the morphology known from higher frequency
images and Chandra X-ray maps. In the case of Perseus we discuss details in the
structures of the radio mini-halo, while in the 2A0335+096 cluster we observe new
di�use emission associated with multiple X-ray cavities and likely originating from
past activity. For A2199 and MS0735.6+7421, we con�rm that the observed low-
frequency radio lobes are con�ned to the extents known from higher frequencies.
This new low-frequency analysis highlights the fact that existing cavity power to radio
luminosity relations are based on a relatively narrow range of AGN outburst ages.
We discuss how the correlation could be extended using low frequency data from the
LOFAR Two-metre Sky Survey (LoTSS) in combination with future, complementary
deeper X-ray observations.
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2.1 Introduction

High-resolution X-ray images have revealed many large-scale interactions between the
intracluster medium (ICM) and the central AGN in galaxy cluster cores (e.g., Perseus:
Boehringer et al. 1993; Fabian et al. 2006, 2011; Zhuravleva et al. 2015 and Hydra A:
McNamara et al. 2000; Nulsen et al. 2002; Wise et al. 2007). In these systems, the
radio jets of the AGN have pushed out cavities in the cluster's atmosphere, creating
surface-brightness depressions. The energy released by the AGN required to create
these cavities appears to be su�cient to balance the cooling observed in the X-rays
(Bîrzan et al. 2004; Ra�erty et al. 2006; McNamara & Nulsen 2007). Therefore, the
X-ray cavities provide a unique way of measuring the amount of energy dissipated
into the ICM from AGN activity. This feedback process is believed to moderate the
availability of fuel for the accretion process in a homeostatic way that regulates both
the growth of the black hole and the formation of stars in the surrounding galaxy
(Silk & Rees 1998; Gebhardt et al. 2000; Ferrarese & Merritt 2000).

In many cavity systems, the depressions in X-ray surface brightness are found to
be �lled with radio emitting plasma. This spatial anti-correlation between the X-rays
and radio provides strong circumstantial evidence that the AGN activity is responsible
for the observed X-ray cavities. Given this common origin, X-rays directly probe the
mechanical e�ects of the feedback process, while radio observations directly reveal the
radiative output of the lobes. Combined X-ray and radio observations can provide
constraints on the radio radiative e�ciencies, radio lobe and ICM properties.

Evidence for this common origin is found in the observed correlation between the
power required to create the X-ray cavities and the luminosity of the radio plasma
associated with them. Using a sample of 24 systems with pronounced cavities, Bîrzan
et al. (2008) �nd that the scaling relation is well described by a power law of the
form Pcav ∝ Lβrad with a logarithmic slope of 0.35 ≤ β ≤ 0.70. They further �nd
that the correlation is steeper at 327 MHz than at 1.4 GHz (β327 = 0.51 ± 0.07 vs.
β1400 = 0.35 ± 0.07), albeit with similarly large scatters of 0.80 dex and 0.85 dex,
respectively. Subsequent investigations of Cavagnolo et al. (2010) and O'Sullivan
et al. (2011) expand the sample size and essentially con�rm the Pcav − Lrad scaling
relation found by Bîrzan et al. (2008). Hardcastle & Krause (2013, 2014) show that
a signi�cant scatter is physically expected in this correlation.

Although now well established, this correlation su�ers from several limitations re-
lated to both the radio and the X-ray data. In radio, all of the analysis to date has
been based on data from higher frequencies, above 300 MHz. Yet, in objects where
low-frequency data has previously been available, the observed emission tends to be
more di�use and extended (e.g., Lane et al. 2004). At the same time, the original
analysis in X-rays was based on a sample of bright nearby objects that show a clear
single pair of cavities. In objects with deeper X-ray data, however, we often see evi-
dence of multiple surface brightness depressions at larger radii (Table 3 in Vantyghem
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2 The Relation between AGN Cavity Power and Radio Luminosity at Low Frequencies

et al. 2014). These more extended structures are also often poorly described by simple
spherical geometry and are usually not as well correlated spatially with high frequency
radio emission as the inner cavity structures.

Obtaining su�ciently deep X-ray data for a large sample of these systems is prob-
lematic. Extending these studies to higher redshift is also di�cult, as it becomes in-
creasingly di�cult to both detect and resolve the cavity structures. With the advent
of new low-frequency all-sky surveys, however, we can obtain maps of the extended
di�use emission for a large sample of sources. If properly calibrated, the Pcav − Lrad

scaling relation can be a powerful tool in statistical studies of the AGN activity and
its impact on the surrounding medium over time.

In this work, we employ low-frequency observations at 140 � 150 MHz in order to
pursue a more complete picture of AGN feedback signatures. Our goal is two-fold: to
extend the Pcav − Lrad scaling relation to low radio frequencies, and to understand
and reduce the observed scatter in this correlation. For the statistical study we derive
�uxes from the publicly available First Alternative Data Release of the TIFR GMRT
Sky Survey (TGSS ADR1; Intema et al. 2017, hereafter TGSS) at 148 MHz. In
order to resolve individual clusters and examine the structure of their extended radio
emission in the context of the X-ray cavities, we reprocess data from LOFAR's �rst
all-sky imaging survey, the Multifrequency Snapshot Sky Survey (MSSS; Heald et al.
2015). We focus our analysis on the Bîrzan et al. (2008) sample since it consists of very
well known nearby sources which already have a deep ensemble of multi-wavelength
data and it includes primarily very bright sources, easily detectable in the shallow
low-frequency surveys available so far.

In Sect. 2.2 we describe the characteristics of the cluster sample, the radio ob-
servations, and the X-ray data used. Section 2.3 presents a statistical analysis of the
cavity power to radio luminosity relation including the new low frequency data. A
detailed discussion comparing these results to previous analyses is also presented. In
Sect. 2.4, we present images for a subset of objects well-resolved in MSSS and discuss
their detailed morphology in comparison with existing X-ray data. We conclude in
Sect. 2.5 with a summary of our analysis and a discussion of the implications of these
results.

We adopt H0 = 70 km s−1 Mpc−1, ΩM = 0.3, and ΩΛ = 0.7 for all calculations
throughout this paper.

2.2 Data sources and sample selection

We base our study on the Bîrzan et al. (2008) sample of 24 feedback systems (here-
after B-24). The sample consists of relaxed cool-core clusters showing evidence of
AGN activity. This is an X-ray selected sample for which the available X-ray obser-
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2.2 Data sources and sample selection

Table 2.1: Characteristics of the sample sources and the �eld images from MSSS at 140 MHz and

TGSS at 148 MHz.

TF-23 Sample MF-14 Sample
Source z Coordinates Exta TGSS Res.b Noisec Extd MSSS Res.e Noisef

(RA Dec) (arcsec) (mJy/beam) (arcsec) (mJy/beam)
A2199 0.030 16 28 38.0 +39 32 55 Y 25.00 10 Y 21.63 40
MS0735.6+7421 0.216 07 41 44.8 +74 14 52 Y 25.00 3 Y 27.77 30
2A0335+096 0.035 03 38 35.3 +09 57 55 Y 25.31 5 Y 23.58 11
Perseus 0.018 03 19 47.2 +41 30 47 Y 25.00 10 Y 20.81 20
A262 0.016 01 52 46.8 +36 09 05 N 25.00 5 N 20.75 15
MKW3s 0.045 15 21 51.9 +07 42 31 Y 25.42 7 N 223.05 100
A2052 0.035 15 16 44.0 +07 01 07 N 25.42 7 N 251.05 150
A478 0.081 04 13 25.6 +10 28 01 N 25.31 5 N 178.05 30
Zw 3146 0.291 10 23 39.6 +04 11 10 N 25.85 3.5 N 236.05 30
Zw 2701 0.214 09 52 49.2 +51 53 05 N 25.00 2.5 N 172.05 10
A1795 0.063 13 48 53.0 +26 35 44 N 25.00 7 N 269.05 40
RBS 797 0.350 09 47 12.9 +76 23 13 N 25.00 6 N 185.05 15
MACS J1423.8 0.545 14 23 47.6 +24 04 40 N 25.00 7 N 270.05 35
A1835 0.253 14 01 02.3 +02 52 48 N 26.03 4 N 246.05 40
M84 0.0035 12 25 03.7 +12 53 13 Y 25.14 20
M87 0.0042 12 30 49.4 +12 23 28 Y 25.31 70
A133 0.060 01 02 42.1 −21 52 25 Y 32.53 6
Hydra A 0.055 09 18 05.7 −12 05 44 Y 29.09 30
Centaurus 0.011 12 48 47.9 −41 18 28 Y 49.90 6
HCG 62 0.014 12 53 05.5 −09 12 01 N 28.27 3
Sersic 159/03 0.058 23 13 58.6 −42 44 02 N 52.98 3
A2597 0.085 23 25 20.0 −12 07 38 Y 29.55 7
A4059 0.048 23 57 02.3 −34 45 38 Y 43.02 6
a Indicates if the source is extended with respect to a point source in the TGSS map.
b Resolution of TGSS maps. This column shows one axis of the synthesized beam. The other axis of the TGSS beam is 25.00′′.
c Local rms noise in TGSS maps, measured within one deg from the center of the source.
d Indicates if the source is extended with respect to a point source in either the default or reprocessed MSSS map.
e Resolution of MSSS maps. MSSS maps have a circular synthesized beam with the stated diameter.
c Local rms noise in MSSS maps, measured within one deg from the center of the source.

vations have shown clear signatures of cavities and at the same time radio data has
demonstrated strong lobes. However, in the radio, these clusters have been primarily
studied at higher frequencies which tend to reveal emission associated with the most
recent epoch of AGN activity.

Throughout this work we use MSSS (Sects. 2.2.1 and 2.2.2) and TGSS (Sect.
2.2.3) data to study the sample of feedback systems. Based on the data from those
two surveys we select two subsamples of the B-24 sample that are described in Sect.
2.2.4. The Pcav literature values we use for the correlation studies are summarized
in Sect. 2.2.5. We do not include the VLA Low-Frequency Sky Survey Redux at 74
MHz (VLSSr; Cohen et al. 2007; Lane et al. 2012, 2014) in our analysis due to its
low sensitivity combined with low resolution and insu�cient sky coverage (see Sect.
2.2.6). The Galactic and Extragalactic All-sky Murchison Wide�eld Array survey
(GLEAM; Wayth et al. 2015; Hurley-Walker et al. 2017) was released shortly before
the submission of this work and we do not include it in our study.
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2 The Relation between AGN Cavity Power and Radio Luminosity at Low Frequencies

2.2.1 MSSS

MSSS is the �rst major imaging campaign with the Low Frequency Array (LOFAR;
van Haarlem et al. 2013). The main goal of MSSS is to produce a broadband catalog
of the brightest sources in the low-frequency northern sky, creating a calibration sky
model for future observations with LOFAR. It covers two frequency windows: one
within the low-band antenna range (LBA; 30 � 75 MHz) and the other in the high-
band antenna range (HBA; 119 � 158 MHz). The LBA survey is a work in progress
and will be examined in a separate publication. In this paper we focus exclusively on
the HBA part of the survey, where each one of the 3616 �elds required to survey the
entire northern sky is observed in two seven-minute scans separated by four hours to
improve the uv-coverage.

In this work we use a set of preliminary images (hereafter default images) used
by the MSSS team to produce the �rst internal version of the MSSS catalog. The
preliminary MSSS processing strategy includes primary �ux calibration based on a
bright, compact calibrator observed before the target snapshot. One round of phase-
only, direction-independent calibration is performed using a VLSSr-based sky model
(Heald et al. 2015) and then imaging is performed with the AWImager (Tasse et al.
2013) with a simple, shallow deconvolution strategy using 2500 CLEAN iterations.
The imaging run per �eld incorporates projected baselines shorter than 2 kλ. Base-
lines shorter than 100 λ were excluded from the imaging for �elds at declination
δ ≤ 35 degrees in order to exclude contamination from incompletely sampled large-
scale galactic plane structures and thus provide a smoother background (see Heald
et al. 2015). A correction based on VLSSr and the NRAO VLA Sky Survey (NVSS;
Condon et al. 1998) was applied to the MSSS images to compensate for errors in
the default �ux density scale dependent on the position of the source on the sky
(Hardcastle et al. 2016).

2.2.2 Reprocessing of MSSS data

Although the characteristic resolution of the default MSSS images is ∼ 2′, the either
high or low declination of the majority of the B-24 systems visible in MSSS results
in an average resolution of ∼ 3.5′ due to the limited subset of the data imaged as
described in Sect. 2.2.1. Thus, the default MSSS images do not allow us to resolve the
sources and study the radio features corresponding to the observed X-ray structures.
For this reason we developed a strategy to reprocess the data and produce custom
images with 20 � 30′′ resolution that allow us to study the morphology of the most
extended systems in the sample. Furthermore, the resolution of the reprocessed MSSS
data matches the resolution of the TGSS image products (discussed in more detail
below), which allows for easy and reliable comparison between the two surveys.

In order to reach angular resolution of 20 � 30′′, we reprocessed the long baselines
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2.2 Data sources and sample selection

which were not used so far in the default MSSS imaging strategy but were included as
part of the MSSS observation. The primary step of the reprocessing is an additional
round of phase-only, direction-independent self-calibration in order to �ne-tune the
calibration for higher-resolution imaging capability. We accessed the MSSS archive to
obtain the �agged, demixed, and �ux-calibrated target snapshot observations. Each
snapshot consists of eight measurement sets containing the individual 2 MHz-wide
bands at 120, 125, 129, 135, 143, 147, 151, and 157 MHz. These bands are treated
separately throughout the phase-only self-calibration process accomplished with Black
Board Selfcal (BBS; Pandey et al. 2009).

The �rst step of our reprocessing procedure is to image the default pre-calibrated
MSSS data to a higher resolution. We use AWImager including projected baselines
up to 10 kλ employing Briggs weighting (Briggs 1995) with a robust parameter of
−1. From the resulting map, we extract a high-resolution skymodel, which we use to
perform phase-only self-calibration. After the self-calibration loop, the two snapshots
are combined (for better uv-coverage) and each of the eight bands is imaged separately
using the same imaging parameters as in the �rst imaging round. Individual band
images are later smoothed to match resolution and weighted by rms noise before they
are combined to create the �nal full-band images presented in Sect. 2.4.

To make sure that there are no signi�cant astrometric shifts between the separately-
calibrated bands, we crossmatched catalogs derived from the individual-band images
against TGSS, and assessed the typical di�erence in positions for the sources common
to both. Each �eld typically contains several tens of sources detected both in MSSS
and TGSS. Although the overall astrometry of each individual �eld can di�er from
TGSS by up to 1 − 2′′, the relative astrometric di�erence between the MSSS bands
was seen to be negligible within the uncertainties, which are < 1′′ for all �elds. We
do �nd a small systematic astrometric shift with frequency only in the �eld of A262,
but even in this case the di�erence between the two most distant bands is at the 1′′

level, far smaller than the synthesized beam (20.75′′).
We focused our reprocessing e�orts on six �elds (A2199, MS 0735.6+7421, 2A

0335+096, MKW3s and A2052, A262, and Perseus) since, based on the 330 MHz
and 1.4 GHz VLA maps, only they had sizes that could be potentially resolved at a
resolution of 20 � 30′′. Unfortunately, we could not obtain a reliable image at this
resolution for the �eld of MKW3s and A2052. Due to the presence of three very strong
sources in that �eld (MKW3s, A2052 and 3C313), the 10 kλ image contained many
strong artifacts, which distort faint features and bias the �ux measurements. Thus we
use the default MSSS images to measure the �ux of those two systems. Furthermore,
A262 was not well resolved at 20′′ resolution, so we used the reprocessed image only
to measure the �ux of the source. The successfully reprocessed images of A2199,
MS 0735.6+7421, 2A 0335+096, and Perseus are shown and discussed in detail in
Sect. 2.4.

For several objects in the studied sample deep LOFAR observations are already
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2 The Relation between AGN Cavity Power and Radio Luminosity at Low Frequencies

available. As a sanity check we imaged a small frequency chunk (ν = 142 MHz,
∆ν = 4 MHz) of a full 8-hour LOFAR observation on A2199. This image revealed the
same morphology as observed in the reprocessed MSSS image (shown in Sect. 2.4.4).
Furthermore, the total �ux of A2199 measured in the test LOFAR image coincides
with the �ux derived from the MSSS map within 2%. This gives us con�dence that the
quoted �ux densities and the features outlined below are not a product of processing
artifacts or poor uv-coverage but real physically existing characteristics of the sources.

2.2.3 TGSS

TGSS was carried out at 148 MHz with the Giant Metrewave Radio Telescope (GMRT).
Each pointing was observed for ∼15 minutes, split over three or more scans spaced
out in time to improve uv-coverage. The TGSS data products have gone through a
fully automated pipeline (Intema et al. 2009; Intema 2014), which includes direction-
dependent calibration, modeling and imaging to suppress mainly ionospheric phase
errors. As a result the �ux density accuracy is estimated to be ≈10% and the noise
level is below 5 mJy/beam for the majority of the pointings. TGSS and MSSS have
a comparable bandwidth (16.7 and 16 MHz) and integration time per �eld (15 and
14 min, respectively). The current data release of TGSS covers the sky between −53

and +90 deg declination. By including the TGSS data in our analysis, we can look
at the full B-24 sample, for which 30% of the sources are in the southern hemisphere.

Compared to MSSS, TGSS has a number of advantages and disadvantages, which
follow from the di�erent uv-coverage between the two surveys and the di�erent pro-
cessing schemes used to produce the images. While MSSS is more sensitive to extended
di�use emission, TGSS has a higher resolution than the default MSSS (∼ 25′′ and
∼ 3.5′, respectively). This makes TGSS better at resolving the morphology of the
more distant sources and correctly isolating their emission from the contaminating
emission of neighboring sources (e.g., Zw3146 and A478). On the other hand, be-
ing much more sensitive to extended di�use emission, MSSS allows us to get a more
complete picture of the integrated AGN activity over time.

2.2.4 Sample selection

Since radio galaxies of Fanaro�-Riley type I and II (FRI and FRII; Fanaro� & Riley
1974) are likely to have di�erent particle content, we do not expect them to follow
the same relationship (Godfrey & Shabala 2013). Thus, we exclude Cygnus A (e.g.,
McKean et al. 2016) as being the only FRII. In total the sample comprises 23 systems:
21 galaxy clusters, one galaxy group (HCG 62), and one elliptical galaxy (M84). They
range in redshift from 0.0035 (M84) to 0.545 (MACS J1423.8+2404). Since we will
study this sample with TGSS, we will refer to this sample as the TGSS Feedback
sample, shortly TF-23. In this work we use the TF-23 sample to study the Pcav −Lν
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relation.
We further de�ne a subsample of B-24 including only the systems observed by

MSSS. This subsample again excludes Cygnus A for being the only FRII as well as
M87 and M84 for not having MSSS observations of reasonable quality. In total the
sample comprises 14 galaxy clusters and ranges in redshift from 0.016 (A262) to 0.545
(MACS J1423.8+2404). We will call this sample the MSSS Feedback sample, shortly
MF-14. Table 2.1 lists the redshift and coordinates of the sources as well as the
properties of the corresponding maps in MSSS and TGSS.

2.2.5 X-rays

The X-ray data used in this work are taken from the literature or based on archival
Chandra observations. For the correlation analysis discussed in Sect. 2.3, we have
adopted the values calculated for Pcav by Ra�erty et al. (2006). These estimates were
determined from the existing Chandra exposures for the sample at that time and
assume a simple geometrical model to calculate the mean cavity power based on the
cavity's size, pressure, and position relative to the cluster center. This technique for
estimating cavity powers has been employed routinely in other studies of feedback
systems and can yield variations in the derived values for Pcav of ∼ 2�4 due to
uncertainties in the cavity geometry as well as the methods used to estimate the
cavity ages. In this work, we take the literature values from Ra�erty et al. (2006)
as reported and discuss some of the caveats associated with these estimates below in
Sect. 2.3.

For the four resolved sources in our MSSS sample, Perseus, 2A 0335+096, MS
0735.6+7421, and A2199, we have created X-ray surface brightness images and resid-
ual maps using the current Chandra archival data. In all four cases, the objects were
imaged multiple times with the ACIS detector and we have extracted all of the existing
exposures from the Chandra Data Archive. The data were reprocessed using CIAO
4.7 and CALDB 4.6.7 to apply the latest gain and other calibration corrections as well
as �ltered to remove any contamination due to background �ares. Instrument and ex-
posure maps were created for each exposure individually with the spectral weighting
determined by the �tting a single temperature, MEKAL thermal model (Mewe et al.
1985; Liedahl et al. 1995) plus foreground Galactic absorption to the total integrated
spectrum from the central region of each cluster. Individual background event �les
were created for each dataset from the standard ACIS blank-sky event �les following
the procedure described in Vikhlinin et al. (2005).

Finally, combined X-ray surface brightness maps were constructed by reprojecting
the data for each exposure to a common target point on the sky for each object
and then combining each exposure into a �nal mosaic. Corresponding mosaics of the
exposure maps and background counts were also constructed and used to form the �nal
background-subtracted, exposure-corrected X-ray surface brightness images. The X-
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2 The Relation between AGN Cavity Power and Radio Luminosity at Low Frequencies

ray images shown in Sect. 2.4 have been �ltered in energy to the range 0.5-7.0 keV.
For each object, unsharp-masked images have been constructed by subtracting images
which have been Gaussian smoothed on two length-scales. The resulting residual
images are used in Sect. 2.4 in conjunction with our reprocessed MSSS radio maps at
140MHz to study the correspondence, or lack thereof, between the observed, di�use
low-frequency emission and the presence of feedback signatures in the X-ray.

2.2.6 VLSSr

In principle, data at low frequencies such as VLSSr at 74 MHz (Cohen et al. 2007; Lane
et al. 2012, 2014) could be used to provide extra information which helps constrain
the turnover frequencies in the radio spectra (as discussed in Sect. 2.3.5). With this in
mind we have obtained the VLSSr maps, with a resolution of 75′′ and an average rms
noise of ∼0.1 Jy/beam, and attempted to compile VLSSr �ux density measurements
for our sample. Unfortunately, we could not obtain reliable measurements for more
than a third of our sample. Two sources are outside of the VLSSr coverage (Centaurus
and Sersic 159/03), three systems are below the detection limit (A478, MACS J1423.8,
and HCG 62), and two sources are only marginally detected (RBS 797 and A1835).
Due to the low resolution of VLSSr, Zw3146 is blended with the emission from close-
by sources. For the rest of the sources we analyzed the spectra from which was clear
that the available VLSSr points do not help constrain the turnover frequency. Given
the incomplete coverage of the sample and the lack of improvement in the �tting
results we do not include these points in the subsequent analysis. The radio spectra
of the sample systems are discussed in detail in Sect. 2.3.5.

2.3 Sample analysis and correlations

In this section we use the TF-23 sample of bright feedback systems in order to derive
the Pcav − Lν scaling relation at 148 MHz. We also study the radio spectra of the
sample sources and comment on the correlation between cavity power and bolometric
radio luminosity corrected for spectral aging.

2.3.1 Radio �ux measurements

Since more than 40% of the TF-23 sample sources are not resolved at 20 � 30′′ scale,
and in many of the resolved sources it is di�cult to separate the lobes and the core,
we only measure the total �ux densities from the sources. In principle, this could
introduce a systematic o�set to higher radio luminosities in the correlation. However,
based on the analysis of Bîrzan et al. (2008), the core emission comprises . 20% of
the total �ux density of these sources for frequencies ≥ 300 MHz. Due to the steep
spectrum of the lobe emission, we expect the core contribution to be even smaller at
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lower frequencies (140�150 MHz).
To obtain the �ux densities from TGSS, we used the publicly available mosaics at

148 MHz. We used the reprocessed MSSS �elds to measure the �ux density of A2199,
MS 0735.6+7421, 2A 0335+096, Perseus, and A262. These reprocessed maps provide
higher resolution which allows us to more easily isolate the region of interest and dis-
entangle contaminating emission from nearby sources. For the remaining nine sources
in the MF-14 sample, the �uxes were extracted from the default MSSS mosaics.

Our general recipe for obtaining the �ux densities consists of two steps. First, we
visually inspect the maps and select a nearby region devoid of sources which we use
to de�ne the local rms noise (Table 2.1). Then we measure the �ux density of the
source in a region con�ned by the 3σ contour. We used this strategy for well-resolved
and marginally resolved sources. For point sources, we measured the �ux in a region
with the size of the FWHM of the synthesized beam. This was done for HCG62 in
TGSS and MACS J1423.8 in MSSS.

In several �elds we noted the presence of strong artifacts in the images. For these
objects we use a higher cut-o� for the background in order to exclude surrounding
artifacts from the measurements. We used a 5σ threshold for A4059 and Hydra A in
TGSS; and for MS0735.6+7421, Zw 3146, A2199, and A1795 in MSSS.

In some cases we clearly detect more extended di�use emission at low frequencies
that was not observed in the high frequency maps of Bîrzan et al. (2008). In order
to be consistent with the analysis at high frequencies, we restrict the �ux density
measurements to the morphological features considered at 325 MHz. In TGSS we
applied this strategy for Perseus and M87; in MSSS, for Perseus and 2A0335+096.

We report the measured �uxes in Table 2.2. In accordance with Bîrzan et al.
(2008), the listed uncertainties include the statistical error (thermal noise) plus the
uncertainty of the absolute �ux scale. The �ux scale uncertainty is 10% in MSSS, as
well as in TGSS (Intema et al. 2017).

2.3.2 Cavity power measurements

Ra�erty et al. (2006) have used Chandra X-ray data to calculate the amount of
work required to create the observed cavities, which gives a measure of the total
mechanical energy produced by the AGN. The total energy, combined with a buoyancy
timescale estimate of the age of the bubble, provides an estimate of the time averaged
cavity power. We adopt the cavity power estimates of Ra�erty et al. (2006) for our
correlation analysis.

Those cavity power estimates have two main limitations. For all systems except
two (Perseus and Hydra A) the cavity power is estimated for a single or a pair of
cavities; thus the measurements are potentially limited to the energy output of a
single outburst. Another mechanism that carries energy into the ICM is the mild
shocks, with Mach number between 1.2 and 1.7, which are observed in many systems
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2.3 Sample analysis and correlations

(Fabian et al. 2006; McNamara et al. 2005; Nulsen et al. 2005a,b; Forman et al. 2005,
2007; Sanders & Fabian 2006; Wise et al. 2007; McNamara & Nulsen 2007). Therefore,
the cavity estimates are only lower limits on the energy output of the AGN, and as a
consequence, the radiative e�ciencies are overestimated.

2.3.3 Luminosity and cavity power uncertainties

The monochromatic radio luminosity was calculated as

Lν = 4πD2
LSν(1 + z)−(α+1), (2.1)

where DL is luminosity distance, z is redshift, and Sν is the radio continuum �ux
density, for which we have assumed a power-law spectrum of the form Sν ∝ να. The
values of the spectral index α are presented in Table 2.4 and are derived from our
spectral analysis described in Sect. 2.3.5.

To estimate the errors in the luminosity values we propagate the uncertainties of
the �ux density, luminosity distance, and spectral index using

∆Lν = Lν

√(
2∆DL

DL

)2

+

(
∆Sν
Sν

)2

+ (ln(1 + z)∆α)
2
. (2.2)

To compute the luminosity distance uncertainties we follow the recipe used by
Godfrey & Shabala (2016). The sources lying at DL > 70 Mpc have redshift-derived
distance estimates and for them we assume ∆DL = 7 Mpc corresponding to peculiar
velocities of σv ≈ 500 km/s. For sources with DL < 70 Mpc we assume ∆DL =

0.1DL, corresponding to the estimated uncertainty in redshift independent distance
measurements (Cappellari et al. 2011). The distances of M84 and M87 are accurate
within ∼ 3% since they have been measured with the Hubble Space Telescope using the
surface brightness �uctuation method (Blakeslee et al. 2009). Thus, the uncertainties
in luminosity are greater than the ones of Bîrzan et al. (2008).

The cavity power measurements that we take from Ra�erty et al. (2006) have
asymmetric errors. In order to simplify the �tting, we assume Gaussian uncertain-
ties in the cavity power measurements and calculate their standard deviation as the
average of the positive and negative uncertainties given by Ra�erty et al. (2006).
The distance uncertainties are not propagated with cavity power, since the cavity
power uncertainties are strongly dominated by other sources of error such as volume
estimates (O'Sullivan et al. 2011).

2.3.4 Pcav vs. L148

For our correlation analysis we use the �ux density values derived from TGSS at
148 MHz for the TF-23 sample. For comparison we performed the same analysis at
327 MHz using the �ux density values published by Bîrzan et al. (2008).
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2 The Relation between AGN Cavity Power and Radio Luminosity at Low Frequencies

We used orthogonal distance regression to �t a model of the form

logPcav = logP0 + β logLν , (2.3)

where Lν is in units of 1042 erg s−1 and P is in units of 1024 WHz−1. The uncertainties
of both radio luminosity and cavity power were taken into account as weights in the
�t. The result of the regression analysis is presented in Table 2.3. The Pcav vs. Lν
plots are shown in Fig. 2.1.

Table 2.3: Results of �tting Eq. 2.3 for the TF-23 sample.

νa P b0 βc σd

327 101.6±0.2 0.50 ± 0.14 0.86
148 101.4±0.3 0.51 ± 0.14 0.85
a Frequency in MHz.
b Normalization.
c Luminosity slope.
d Intrinsic scatter in dex.

First, we must note that thare is no signi�cant di�erence between the �t of Bîrzan
et al. (2008) on the sample of 24 sources and our results for the TF-23 sample. This
suggests that removing Cygnus A from the sample does not signi�cantly bias the
correlation. The β reported by Bîrzan et al. (2008) at 327 MHz is 0.51 ± 0.07 with
a scatter (standard deviation) of 0.81 dex, while for the TF-23 sample we get 0.50
± 0.14 with a scatter of 0.86 dex. We get the same slope but higher uncertainty
and slightly higher scatter. This small di�erence is a cumulative e�ect from several
factors; most importantly, omitting Cygnus A and using di�erent spectral indices
when computing the Lν . Other contributors are the di�erent luminosity errors we
compute, which change the weighting of points during the �t, and the lower �ux of
Zw3146 we measure from the map at 327 MHz of Bîrzan et al. (2008) (see Table 2.2).

We show that the Pcav � Lν scaling relation holds at low radio frequencies. As can
be seen from Table 2.3, there is no di�erence between the correlation at 327 MHz and
148 MHz. They have virtually identical slope and scatter. The comparison between
the results at 148 MHz and 327 MHz shows that merely moving to ∼150 MHz does
not provide us with a better understanding of the correlation between cavity power
and monochromatic radio luminosity. This is not surprising since the shift by a factor
of ≈ 2 in frequency corresponds to only a factor of ≈ 1.4 in terms of electron energy.

In only two of the 12 resolved sources in TGSS (Perseus and M87) we detect
signi�cantly more extended low-frequency emission than observed at 327 MHz. For
the remainder of the sample, the observed low-frequency emission is well correlated
spatially with higher frequency emission seen at 327 MHz. Therefore, we conclude
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2.3 Sample analysis and correlations

Figure 2.1: Cavity (jet) power vs. the total radio luminosity for the TF-23 sample at

327 MHz (top) and 148 MHz (bottom). The dashed line shows the best-�t power law. It is

logPcav = (1.6±0.2)+(0.50±0.14) logL327 with intrinsic scatter of 0.86 dex at 327 MHz and

logPcav = (1.4± 0.3) + (0.51± 0.14) logL148 with intrinsic scatter of 0.85 dex at 148 MHz.
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2 The Relation between AGN Cavity Power and Radio Luminosity at Low Frequencies

that for ∼90% of the systems in TF-23 sample, TGSS retrieves the �ux density at
148 MHz associated with the same episode(s) of AGN activity seen at higher frequency
by Bîrzan et al. (2008) and in the X-rays by Ra�erty et al. (2006). Only Perseus and
Hydra A include cavity power measurements for more than one pair of cavities, and
thus more than one episode of activity. Therefore, our analysis at 148 MHz, as well
as the analysis of Bîrzan et al. (2008) at higher frequencies, is e�ectively restricted to
a fairly limited range of outburst ages.

In the reprocessed MSSS images of Perseus and 2A0335+096 (presented in Sect.
2.4) we clearly detect di�use emission extending well beyond the regions associated
with the X-ray cavities studied by Ra�erty et al. (2006). The X-ray morphology of
these objects on this large scale is complex and not well correlated spatially with
the observed low-frequency emission. Associating these more extended structures in
the radio and X-rays with single, well-de�ned episodes of AGN activity is not trivial.
This complication is most evident in the case of Perseus where even in the radio
map, it is di�cult to separate emission associated with relic AGN outbursts from the
surrounding mini-halo. In the absence of well-de�ned spatial correlation, including the
�ux from this more extended radio emission without measurements of corresponding
X-ray structures would arti�cially result in a correlation with �atter slope and large
scatter. This situation indicates that in order to study the correlation over multiple
episodes of activity, we would need a sample with deeper X-ray data with multiple
cavities and the corresponding low-frequency radio observations.

Studying the previously published correlations between Pcav and Lν , Godfrey &
Shabala (2016) have raised and explored the question if the observed correlation
is caused by the underlying physical mechanisms or is a result of distance e�ect
related to a selection bias. Isolating the luminosity distance e�ect, they �nd a much
weaker correlation between Pcav and Lν . The selection e�ects discussed by Godfrey
& Shabala (2016) apply equally to the sample discussed in the present paper, since
they considered a larger sample, which includes the objects studied here. We refer the
reader to the work of Godfrey & Shabala (2016) for a deeper analysis of the distance
dependence of the two studied parameters. Although, it seems that at least some of
the correlation we measure here is due to this e�ect, regression taking distance into
account does not necessarily correctly account for potential measurement bias. A
more complete way to investigate a likely distance dependence would be to perform
a population synthesis simulation in which to create a theoretical sample and study
its properties over distance. Such analysis is however beyond the scope of this paper
and we leave it for further work.

2.3.5 Spectrum and Pcav vs. Lbol

As the bolometric radio luminosity (Lbol) is expected to be a better gauge of the total
radiative power, Bîrzan et al. (2008) also study the relation between Lbol and cavity
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2.3 Sample analysis and correlations

Table 2.4: Spectral information. Points at 148 MHz derive from TGSS. If not designated di�erently,

the higher frequency points come from Bîrzan et al. (2008).

Source Pointsa αb σ c χ2
r

d Radio data used in the �te

(dex) (MHz)
A2199 6 −1.65 ± 0.02 0.24 73 148, 324, 750 (1), 1400 (2), 2700 (3), 4675
MS0735.6+7421 3 −2.43 ± 0.04 0.14 9.9 148, 330, 1425
2A0335+096 4 −1.17 ± 0.03 0.19 6.8 148, 324, 1490 (2), 4860
A262 3 −0.96 ± 0.04 0.07 1.0 148, 324, 1365
Perseus 3 −0.46 ± 0.02 0.04 0.9 148, 408 (4), 750 (1)
MKW3s 4 −2.72 ± 0.02 0.28 43 148, 327,1440, 4860
A478 3 −1.00 ± 0.05 0.07 1.5 148, 327,1440
A2052 6 −1.33 ± 0.01 0.14 31 148, 330, 750 (1), 1490, 2700 (5), 4860
Zw 3146 3 −0.81 ± 0.07 0.17 1.9 148, 324, 4860
Zw 2701 3 −1.49 ± 0.02 0.24 30 148, 324, 4860
A1795 5 −0.90 ± 0.03 0.04 0.8 148, 327, 1465, 2700 (3), 4850 (6)
RBS 797 4 −1.14 ± 0.03 0.14 6.8 148, 324, 1475, 4860
MACS J1423.8 3 −1.20 ± 0.05 0.10 0.9 148, 327, 1425
A1835 4 −0.84 ± 0.03 0.18 7.5 148, 327, 1400, 4760
M84 4 −0.57 ± 0.02 0.07 9.4 148, 324, 1425, 4860
M87 3 −0.60 ± 0.03 0.08 5.3 148, 1400, 4860
A133 3 −2.18 ± 0.03 0.31 52 148, 330, 1425
Hydra A 6 −0.89 ± 0.02 0.02 1.9 148, 333, 750 (7), 1423, 2700 (8), 4760
Centaurus 6 −0.76 ± 0.01 0.04 4.0 148, 327, 625 (7), 1565, 2700 (9), 4760
HCG 62 3 −0.29 ± 0.13 0.04 0.1 148, 325, 1440
Sersic 159/03 4 −1.09 ± 0.02 0.04 10 148, 325, 1425, 4860
A2597 4 −1.09 ± 0.02 0.11 10 148, 328, 1400, 4985
A4059 5 −1.37 ± 0.03 0.22 5.0 148, 328, 1440 (2), 2700 (10), 4860 (11)
a Number of frequencies used for the power-law �t.
b Spectral index derived from the power-law �t.
c Intrinsic scatter of the points toward the power-law �t.
d Reduced χ2 of the power-law �t.
e The frequencies in MHz used for power-law �tting of the radio spectra. The numbers in parentheses
are the references for the literature values and have the same meaning as in Table 2.2.

power. They conclude that the total bolometric radio power is not a better proxy
for cavity power than the monochromatic luminosity at 327 MHz due to the similarly
large scatter. They further show that the scatter is reduced from 0.83 to 0.64 dex if
only the lobe emission is considered. This selection, however, reduces the number of
studied systems to 13 (Table 3; Bîrzan et al. 2008). To further investigate whether the
scatter is due to radio aging, they include the spectrum break frequency (νC) in the
regression analysis and derive a tight correlation (Eq. 17; Bîrzan et al. 2008). They
show that the knowledge of the lobe break frequency improves the scatter by ≈50%
(to 0.33 dex), which signi�cantly increases the accuracy by which one can estimate
the cavity power of the AGN when cavity data are unavailable.

Although now widely used, the Pcav � Lbol,νC scaling relation is based on a number
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2 The Relation between AGN Cavity Power and Radio Luminosity at Low Frequencies

of simplifying assumptions. Bîrzan et al. (2008) report that the continuous injection
model (CI; Kardashev 1962) does not provide acceptable �ts to many of the spec-
tra. As an alternative they adopt the single injection KP model (Kardashev 1962;
Pacholczyk 1970). It is, however, by now well established that the KP model makes
unrealistic physical assumptions especially for studies of extended FRI type sources
(e.g., Tribble 1993; Harwood et al. 2013; Hardcastle 2013). From the 13 points used
to derive the Pcav � Lbol,νC relation, six systems have only lower or upper limits
on the break frequency. However, these limits are treated as detections in the re-
gression analysis of Bîrzan et al. (2008). The actual break frequencies could be far
from the limit values, and the resulting impact of these limits on the reduction in the
correlation scatter has not been assessed.

From the remaining seven systems used by Bîrzan et al. (2008) to derive the Pcav

� Lbol,νC relation, three include break frequencies obtained by �tting a KP model
to the data. For one of these sources (MS 0735.6+7421) the KP �t results in a very
high injection index of αi = 1.3, while the typical value for αi in the literature
is in the range 0.5 � 0.8 (Komissarov & Gubanov 1994). The other four systems
have their break frequency computed using the recipe of Myers & Spangler (1985)
assuming a �xed injection index of αi = 0.5. This approximation is based on the
KP model and allows estimation of the break frequency by assuming an injection
index and providing a measurement of the spectral index between 1.4 and 4.9 GHz.
While this strategy conveniently provides break frequencies based on two data points,
the presented values for those four systems do not include uncertainty estimates.
Although correcting for the e�ects of spectral aging can in principle reduce the scatter
in the observed correlation, large uncertainties in the derived break frequencies may
distort the reduction in the scatter this correction can yield.

In an attempt to derive reliable break frequencies and bolometric luminosities, we
revisit the radio spectra adding our new low frequency measurements. Plotting the
total �ux values at 330 MHz, 1.4 GHz, 4.5 GHz, and 8.5 GHz from Bîrzan et al. (2008)
we �nd that in several cases the �uxes at 8.5 GHz appeared signi�cantly higher than
expected by extrapolating the lower frequency points. This di�erence is especially
evident in the SED's of MKW3s, MS0735, and Zw2701. Inspecting the VLA contours
provided in Fig. 10 of Bîrzan et al. (2008) we determined that no extended structures
are observed on the 8.5 GHz maps of ten systems � 2A0335, A262, A478, A1795,
A2052, MKW3, MS0735, Perseus, RBS797, A133. The emission at this frequency
clearly derives from the compact core. The lobes are partially exposed on the 8.5 GHz
map of only eight systems � A2199, Hydra A, Centaurus, Sersic 159/03, A2597, A4059,
and M84. Four systems (Zw 2701 and Zw 3146, A1835, and HCG 62) are basically
unresolved at all frequencies and there is no observation of MACS J1423.8 at 8.5 GHz.
We argue that the total luminosity at 8.5 GHz primarily derives from the core, as
opposed to the aged radio lobes which clearly dominate below 1.4 GHz. For this
reason, we have neglected the 8 GHz data points in our analysis and considered only
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data below 5 GHz in our SED �ts.
Given the agreement in �ux scales between MSSS and TGSS, and the more com-

plete sky coverage of the TGSS sample, we have restricted ourselves to the TGSS
�uxes in our spectral �tting analysis. We note that in four systems, MSSS shows
signi�cantly higher �ux densities relative to TGSS. These systems include Perseus,
A478, Zw3146, and MACS J1423.8 with �ux densities that are factors of 1.4, 1.7, 10.0,
and 1.8 higher, respectively. These discrepancies may represent new emission com-
ponents, issues in the �ux density calibration, or, in the case of A478 and Zw3146,
blending with neighboring objects due to insu�cient angular resolution. Although
excluded from the �tting process, we have included the MSSS points in the SED plots
in Appendix 2.A for the purposes of comparison.

As an alternative to the KP model used by Bîrzan et al. (2008), we could consider
�tting a continuous injection (CI) model to the SEDs to correct for the e�ects of
spectral curvature. However, we note recent work has shown that �tting integrated
spectra with the CI model should be treated with caution (Harwood 2017). In ad-
dition, the number of frequency points for objects in our sample range from three
to six, with 40% of the sample having just three data points for �tting. With these
limitations, we �nd we cannot �t a single, well-constrained and physically justi�ed
electron aging model consistently for all sources. As a result, we are unable to derive
a reliable and uniform set of break frequencies and bolometric luminosities for the
sample. Given the available data, we therefore �nd that the addition of a single low-
frequency constraint at 148 MHz is insu�cient to improve upon the spectral aging
correction of Bîrzan et al. (2008).

For this reason, and in order to treat all sources consistently, we have �t a simple
power law model to all spectral points. Reconstructing the SEDs, we include the
TGSS 148 MHz �ux densities, the 330 MHz, 1.4 GHz, and 4.5 GHz VLA measure-
ments, as well as the high frequency literature values used by Bîrzan et al. (2008).
We perform the spectral analysis using total �ux measurements since the majority of
the TF-23 sources have only total �ux density measurements at both low and high
frequencies. Table 2.4 presents the derived spectral index, the intrinsic scatter, the
reduced chi-squared, the number of �t points, and their origin. Plots of the �ts them-
selves can be seen in Appendix 2.A and 2.B. We note that, based on the reduced
chi-squared values, the SED's for many of the sources in the sample are not well �t by
a simple power-law. However, as already discussed above, the available data is cur-
rently insu�cient to consistently �t a more complicated spectral model. The derived
spectral indices are used for computing the monochromatic luminosities employing
Eq. 2.1.
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2.4 Resolved systems

This section describes the morphology of the resolved sources from our reprocessed
MSSS �elds. We review 2A0335+096, MS 0735.6+7421, A2199, and the Perseus
cluster and discuss the new features revealed at 140 MHz. We present both the
MSSS and TGSS images and discuss the di�erences between the two surveys. We
compare the low frequency radio images with Chandra X-ray maps and study the
correspondence between the observed radio and X-ray structures.

2.4.1 Perseus

The Perseus cluster, A426, is the brightest cluster in the X-ray sky and has therefore
been well studied by all X-ray telescopes. The X-ray emission is sharply peaked on
the cluster core, centered on the cD galaxy NGC 1275 (Perseus A). A pair of X-ray
cavities in north (N) and south (S) from the center are coincident with the FRI radio
source, 3C84 (Pedlar et al. 1990; Boehringer et al. 1993; Fabian et al. 2000; Churazov
et al. 2000). More distant bubbles, presumably a product of past activity, are seen
to the NW and S. Further to the north, X-rays have revealed a region of �ux drop,
named the northern trough by Fabian et al. (2011). At 50 � 80 kpc from the center,
Fabian et al. (2006, 2011) identify a south �bay� of hot gas which is in approximate
pressure equilibrium. They argue that rising bubbles from energetic past outburst
have accumulated in the northern trough and the south bay.

A semi-circular cold front (Markevitch & Vikhlinin 2007), accompanied by a sharp
drop of metallicity, is distinguished at ∼100 kpc to the west and south-west of the
nucleus of NGC 1275 (Fabian et al. 2011). The northern trough and the southern
bay lie along a continuation of the west cold front. In a recent work Walker et al.
(2017) study the possibility that the bay is a result of Kelvin�Helmholtz instability
in the sloshing cold front. While the morphology inside the cold front is dominated
by the AGN activity and turbulence in the gas (Hitomi Collaboration et al. 2016),
the structures at larger radii are most probably associated with a subcluster merger
(Churazov et al. 2003), which also accounts for the east-west asymmetry in the X-ray
surface brightness.

It is known from higher frequency observations that the center of Perseus hosts
a rare (Feretti et al. 2012) radio mini-halo, which may be generated by turbulence
(Gitti et al. 2004) or gas sloshing (ZuHone et al. 2011; Mazzotta & Giacintucci 2008),
presumably induced by an o�-axis merger. In our MSSS map at 148 MHz we success-
fully recover the known general morphology of the inner part of the mini-halo and
distinguish new structures in this region.

While the TGSS image only shows the radio emission around the inner cavities
(Fig. 2.2), the reprocessed MSSS map reveals the inner part of the mini-halo (Fig.
2.2). Being a short integration survey, MSSS is not deep enough to detect the full scale
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2.4 Resolved systems

Figure 2.2: Perseus cluster. Top left: Reprocessed MSSS map with resolution 20.8′′ × 20.8′′

and rms noise 20 mJy/beam. The contours start at 5σ level and are drawn at 100 mJy/beam

× [1, 1.4, 2, 2.8, 4, 5.7, 8, 11, 16, 22, 32, 45, 64, 91, 128]. Top right: Chandra X-ray surface

brightness residual map. The image is produced by unsharp masking using archival data

in the 0.5 � 7 keV band with total exposure of 1.4 Msec after standard �ltering. Contours

correspond to the MSSS image. Bottom: TGSS map with resolution 25.0′′ × 25.0′′ and rms

noise 10 mJy/beam. The contours start at 5σ level and are drawn at 50 mJy/beam × [1,

1.4, 2, 2.8, 4, 5.7, 8, 11, 16, 22, 32, 45, 64, 91, 128, 182, 256].
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2 The Relation between AGN Cavity Power and Radio Luminosity at Low Frequencies

of the mini-halo, as observed at 330 MHz (Burns et al. 1992; de Bruyn & Brentjens
2005), 610 MHz (Sijbring 1993), and 230-470 MHz (Gendron-Marsolais et al. 2017),
but it does reveal interesting new features within 100 kpc around NGC 1275.

The inner part of the radio emission follows the general NS orientation of the jets
(Fig. 2.2). The outer part of the di�use emission continues up to 60 kpc north from
center of Perseus A, reaching up to an arch-like drop in X-ray brightness (Fig. 2.2).
South from the core the mini-halo bends toward the west and stretches up to 100 kpc
toward SW, reaching as far as the cold front.

The northern part of the di�use emission shows two pronounced features elongated
toward N and NW. The NW feature corresponds to the outer NW X-ray cavity. The
structure stretching north lies along the main jet axis and is cospatial with a known
optical �lament (Conselice et al. 2001; Fabian et al. 2011). It extends along the X-ray
spur, which continues further than the optical �lament. What we see in our MSSS
map is presumably the base of the radio structure observed at higher frequencies
(Burns et al. 1992; Sijbring 1993; de Bruyn & Brentjens 2005), which reaches the
X-ray northern trough.

We further identify two radio �streamers� within the mini-halo. We distinguish
an elongated structure which starts at the eastern edge of the inner north cavity and
stretches NE reaching the arch-like drop in X-ray brightness ∼80 kpc from the center.
Our MSSS map also shows an enhancement of the radio �ux to the south of the core
which corresponds to the southern old cavity.

The outlined radio features once again exemplify the complicated morphology at
the center of the Perseus cluster. Our shallow MSSS map demonstrates the potential
of low-frequency observations on Perseus and promises that the deep LOFAR data
will reveal more details of the complex morphology of the mini-halo. We will present a
full track LOFAR observation in a followup paper. The deep LOFAR map is expected
to help us constrain the integrated energy output of the AGN over the last few Myr
and verify if the low-frequency radio mini-halo is energetically consistent with the
turbulence recently measured with Hitomi (Hitomi Collaboration et al. 2016).

2.4.2 2A0335+096

2A0335+096 is a compact, radio-bright, nearby (z = 0.035) galaxy cluster with a
luminous X-ray core (Sanders et al. 2009). The central galaxy has a cD morphology
that hosts a weak radio source (Farage et al. 2012). It has a nearby companion
elliptical galaxy situated ∼ 7′′ (∼5 kpc) to the north-west (Sanders et al. 2009). The
velocities of the central galaxy and the companion derived from optical spectroscopy
studies suggest they are merging (Gelderman 1996; Donahue et al. 2007; Hatch et al.
2007).

2A 0335+096 shows a very complicated morphology in both radio and X-rays.
XMM-Newton and Chandra have revealed evidence for an active history of interaction
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Figure 2.3: 2A0335+096. Top left: Reprocessed MSSS map with resolution 23.6′′ × 23.6′′

and rms noise 11 mJy/beam. Contours start at 5σ level and correspond to 55 mJy/beam ×
[1, 1.2, 1.4, 1.6, 1.8, 2, 2.4, 2.8, 3.2, 3.6]. Individual features are labeled i, ii, and iii. These

are discussed in the text. Top right: Chandra X-ray surface brightness residual map. The

image is produced by unsharp masking using archival data in the 0.5 � 7 keV band with

total exposure of 101 ksec after standard �ltering. Green contours correspond to the MSSS

image. The �ve cavities identi�ed by Sanders et al. (2009) are marked. The correspondence

between these features and our radio map is discussed in the text. Bottom left: TGSS map

with resolution 25.3′′ × 25.0′′ and rms noise 5 mJy/beam. Contours start at 3σ level and

correspond to 15 mJy/beam × [1, 1.4, 2, 2.8, 4, 5.7, 8, 11]. Bottom right: Radio map at

1.5 GHz from Bîrzan et al. (2008). Contours correspond to 0.25 mJy/beam × [1, 1.4, 2, 2.8,

4, 5.7, 8, 11, 16, 22, 32, 45].
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between the AGN and ICM in the core of 2A 0335+096. X-ray observations show a
complex system of X-ray-emitting structures in the core, including �laments, cool
clumps, a metal-rich spiral, and at least �ve distinct cavities at varying distances
and position angles relative to the central galaxy (Mazzotta et al. 2003; Bîrzan et al.
2004; Kaastra et al. 2004; Sanders & Fabian 2006; Sanders et al. 2009). The total
4pV enthalpy associated with the �ve cavities is estimated to be 5×1059 erg (Sanders
et al. 2009). There is a sharp drop in X-ray surface brightness at 1′ radius to the
south-east of the core, identi�ed as a cold front by Mazzotta et al. (2003). Since the
feature shows an abrupt density decline but no signi�cant temperature change over
the edge, Sanders & Fabian (2006) classify it as an isothermal shock, as found in the
Perseus cluster.

The radio source shows a very di�erent morphology at di�erent frequencies. At
∼ 5 GHz twin lobes associated with oppositely directed radio jets are observed in NE
� SW direction extending ∼ 12′′ in length (Sanders et al. 2009). Using the Myers
& Spangler (1985) relation, Donahue et al. (2007) estimate an age for the radiating
electrons of 25 Myr assuming equipartition or 50 Myr if the magnetic �eld is a factor
of four less than the equipartition value. They propose that an interaction between
the central and the nearby companion elliptical galaxy may have triggered the current
episode of radio activity.

At 1.5 GHz (Fig. 2.3) the main observable feature is a clear single peak at the
center of the galaxy surrounded by a steep-spectrum emission roughly symmetric
around the center (Sarazin et al. 1995; Bîrzan et al. 2008; Sanders et al. 2009). The
observed shape and spectral index has led the observed emission to be classi�ed as
a mini-halo. At 330 MHz the mini-halo is not well observed, but a second peak of
emission is distinguished 30′′ (∼20 kpc) NW from the center (Bîrzan et al. 2008) and
the morphology appears clearly elongated in NW-SE direction.

The cluster hosts an unusual nearby Narrow Angle Tail (NAT) radio source which
has been observed at 327 MHz (Patnaik & Singh 1988) and 1.5 GHz (O'Dea & Owen
1985; Sarazin et al. 1995). Its center is situated at ∼380 kpc in the N-W direction
from the center of the cluster, but its long tail propagates south getting as close as
∼150 kpc (∼ 3.5′) from the central galaxy. No interaction between the NAT source
and the core of 2A 0335+096 has been observed on previously published images. At
low signi�cance level the reprocessed MSSS map (Fig. 2.3) shows some evidence
that the di�use emission surrounding the core of 2A 0335+096 is connected to the
emission from the NAT source. This suggest that the two sources might be interacting,
however, the quality of the data does not allow us to be conclusive about this scenario.

The di�use radio emission at 140 MHz (Fig. 2.3) extends in all directions further
than observed at 1.5 GHz (Fig. 2.3). Similar to the Perseus cluster, the reprocessed
MSSS map (Fig. 2.3) reveals much more di�use structure than the TGSS image
(Fig. 2.3). Although the reprocessed MSSS map includes signi�cant artifacts around
point sources, our visual inspection con�rmed that the observed extended emission
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2.4 Resolved systems

of 2A0335 is authentic since no other source in the maps shows emission with similar
extent or morphology. The 140 MHz map (Fig. 2.3) shows pronounced elongated
shape along the NW�SE direction. The di�use emission at 140 MHz spans∼130 kpc in
NW�SE direction and ∼60 kpc in NE�SW direction. The boundaries of the observed
emission at 140 MHz toward south reach as far as the isothermal shock at ∼ 1′ from
the center.

Figure 2.3 shows that, besides the central peak of emission, there is clearly a
second peak of emission situated 30′′ (∼20 kpc) in the NW direction from the center.
In the MSSS map these two peaks appear equally bright. The central maximum (i)
corresponds to the very center of the cluster. The second peak (ii) is clearly associated
with the most pronounced cavity in the system (cavity A, Fig. 2.3).

We observe a signi�cant extension of the emission toward north-west which in-
cludes the distant radio peak (iii). The observations at 140 MHz (Fig. 2.3) and
148 MHz for the �rst time reveal the bridge between the radio emission associated
with the central mini-halo and the radio maximum iii, which appeared disconnected
from the core at higher frequencies. Despite the fact that emission at peak iii was
observed in deep high-frequency maps, it is nonetheless found to be a steep spectrum
source. We measured the spectral index in a circular aperture centered at peak iii and
found a value of ∼ −1.8 between 147 MHz and 1.5 GHz. This spectral index seems
consistent with the idea that this plasma originated in an older outburst of AGN
activity. The distant peak iii is situated ∼110 kpc from the central AGN and for it
we calculate an age of 150 Myr based on the sound speed estimate for the system by
Bîrzan et al. (2004).

The residual map we calculate based on archival X-ray data (Fig. 2.3) agrees
reasonably well with the image published by Sanders et al. (2009). The only major
di�erence is that cavity E appears much less pronounced in our residual map. Based
on our MSSS image, all of the �ve cavity structures identi�ed by Sanders et al. (2009)
contain low frequency emission. There is a clear extension of the radio emission along
cavity D, which continues beyond the cavity. A spur of emission starts at cavity B
and continues south through the isothermal shock. Although cavities C and E are also
fully covered by the radio emission, they are not clearly associated with a particular
features of the radio morphology. The association between the radio emission and
the X-ray cavities implies that the former is mostly formed from multiple previous
generations of AGN radio outbursts. However, the morphology of the cavities is
complex and is unclear what the order of generation of the bubbles was.

In general, what we observe with LOFAR appears much more extended and com-
plicated than the picture at higher frequencies. The overall shape of the source does
not resemble the traditional symmetric round morphology associated with a mini-
halo. The structure is elongated to the NW, following the direction de�ned by the
two main radio enhancements (i and ii), that is the direction between the center and
cavity A. This direction is consistent with the elongation observed at 330 MHz and
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matches the axis between the central galaxy and the nearby companion, as well as
the direction of the �lament observed in Hα (Sanders et al. 2009).

If the source is not a mini-halo the other most likely candidate is structure formed
by activity over time from the AGN. We see evidence for this in the correlation
between this extended low-frequency radio structure and the X-rays. There is a clear
correspondence between peak i and ii and the X-ray cavities The correspondence
between radio peak iii and the X-ray morphology is of lower signi�cance, which might
be due to the quality of the X-ray data. The observed structures seem consistent
with relics of past AGN outbursts. Although we cannot de�nitively say with the
currently available data, the evidence seems to favor the AGN interpretation over a
simple mini-halo.

The observed X-ray cavities do not follow the usual simple linear progression, but
resemble a network of structures that are presumably related to multiple outbursts
(Sanders et al. 2009). It might be that density inhomogeneity of the surrounding
environment has de�ected the straight buoyancy rise path of the bubbles. Based on
the fact that the orientation of the low frequency radio peaks i and ii is perpendicular
to the small scale radio lobes observed by Donahue et al. (2007), the idea that the
radio source has changed orientation over time also seems quite plausible. This inter-
pretation would imply that the source has been de�ected in the recent past. Based
on its circular shape and proximity to the center, X-ray cavity A (coincident with low
frequency radio peak ii) seems to be the newest one. Considering the buoyancy age of
cavity A from Ra�erty et al. (2006), the change in direction of the radio source must
have happened in the last ∼ 60 Myr. This value is consistent with the age estimate
for the NE-SW radio lobes of Donahue et al. (2007) presented earlier.

Unfortunately, with the currently available data we cannot be conclusive about the
origin of the newly observed di�use radio emission. The proximity of the NAT source
additionally complicates the interpretation of the faintest and most extended structure
to the west and NW. We expect that the future map from the LOFAR Two-metre
Sky Survey (LoTSS; Shimwell et al. 2017) will be able to shed light onto the outburst
history of this AGN by showing in greater detail the radio structures corresponding
to the numerous X-ray cavities and by revealing the region of interaction between the
NAT source and the AGN.

2.4.3 MS0735.6+7421

The cool-core cluster MS 0735.6+7421 (hereafter MS0735) hosts one of the most en-
ergetic radio AGN known. It is the most distant (z = 0.22) among the sub-sample of
clusters that we resolve with MSSS. MS0735 hosts large X-ray cavities in an otherwise
relaxed system (Gitti et al. 2007). Each cavity has a diameter of ∼200 kpc and is
�lled with synchrotron emission from the radio lobes. A weak but powerful shock
front encloses the cavities and the radio lobes in a cocoon (McNamara et al. 2005).
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2.4 Resolved systems

Figure 2.4: MS0735+7421. Top left: Reprocessed MSSS map with resolution 27.8′′ ×
27.8′′ and rms noise 30 mJy/beam. The contours start at 5σ level and are drawn at

0.150 mJy/beam × [1, 1.4, 2, 2.8, 4, 5.7]. Top right: Chandra X-ray surface brightness

residual map. The image is produced by unsharp masking using archival data in the 0.5 �

7 keV band with total exposure of 520 ksec after standard �ltering. Green contours corre-

spond to the MSSS image. Bottom: TGSS map with resolution 25.0′′ × 25.0′′ and rms noise

3 mJy/beam. The contours start at 5σ level and are drawn at 15 mJy/beam × [1, 1.4, 2,

2.8, 4, 5.7, 8, 11, 16, 22, 32].
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The total energy required to in�ate the cavities and drive the shock front is above
1062 erg (McNamara et al. 2009; Vantyghem et al. 2014).

Both the MSSS map and the TGSS image (Fig. 2.4) retrieve the main morphology
of the source known from higher frequencies. In this system, two symmetric lobes are
propagating in north-south direction. We observe a change of direction of the lobes
at 140 MHz consistent with the bending visible at 324 MHz. As opposed to higher
frequencies, at 140 MHz the compact core is not distinguished between the bright
steep-spectrum lobes, which clearly dominate radio structure. The 140 MHz map
does not show more extended di�use radio emission associated with this object.

The data from TGSS and MSSS is consistent with the picture from higher fre-
quencies showing the radio emission still trapped in the surrounding cocoon (Fig.
2.4). This phenomenon may be related to the fact that MS0735.6+7421 is the most
energetic outburst observed so far. The energy of the outburst has clearly displaced
and compressed material in the cluster atmosphere which may have piled up faster
and created a more e�ective con�ning shell to stop the advance of any radio plasma.
We �nd no evidence in this data for more extended emission corresponding to older
outbursts. If present, that emission will presumably peak at even lower frequencies
detectable with LOFAR LBA.

2.4.4 A2199

A2199 is a nearby cool-core cluster at z = 0.030. The central dominant galaxy NGC
6166 hosts the unusual restarted radio source 3C338. The large-scale structure of
3C338 can be separated into two regions. The active region includes the core and
two symmetric jets terminating in two faint hot spots. The older region is displaced
to the south and consists of two extended steep-spectrum radio lobes connected by a
bright �lamentary structure (Burns et al. 1983; Giovannini et al. 1998). Burns et al.
(1983) propose that the shift between the large-scale structure and the restarted jets
could indicate a motion of the central AGN inside the galaxy. Vacca et al. (2012),
on the other hand, suggest that the displacement could also be due to an interaction
between the old radio lobes with bulk motions in the surrounding medium caused by
the sloshing of the cluster core (Markevitch & Vikhlinin 2007).

The di�use radio lobes clearly coincide with two large X-ray cavities 25 kpc either
side of the nucleus (e.g., Johnstone et al. 2002; Gentile et al. 2007; Nulsen et al.
2013). The low-frequency data at 330 MHz shows the presence of an extension to
the south that corresponds to a third X-ray cavity (Gentile et al. 2007). Similar
to 2A 0335+096 and the Perseus cluster, A2199 hosts an isothermal shock - a sharp
drop in X-ray brightness with a pressure jump but no temperature change across it
(Sanders & Fabian 2006). It is seen in X-rays as a surface brightness edge 100′′ SE
from the cluster center and Nulsen et al. (2013) argue that it is most probably a result
of a shock produced by an older, signi�cantly more powerful AGN outburst than the
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Figure 2.5: A2199. Top left: Reprocessed MSSS map with resolution 21.6′′×21.6′′ and rms

noise 40 mJy/beam. The contours start at 5σ level and are drawn at 200 mJy/beam × [1,

1.4, 2, 2.8, 4, 5.7, 8, 11, 16, 22, 32, 45]. Top right: Chandra X-ray surface brightness residual

map. The image is produced by unsharp masking using archival data in the 0.5 � 7 keV band

with total exposure of 154 ksec after standard �ltering. The east, west, and south cavities

are denoted by �E�, �W�, and �S�, respectively. The SE surface brightness edge is denoted

by arrows. Contours correspond to the MSSS image. Bottom: TGSS map with resolution

25.0′′ × 25.0′′ and rms noise 10 mJy/beam. The contours start at 3σ level and are drawn at

30 mJy/beam × [1, 1.4, 2, 2.8, 4, 5.7, 8, 11, 16, 22, 32, 45, 64, 91, 128, 182].
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one that produced the current outer radio lobes and cavities.
Our 140 MHz MSSS map is shown in Fig. 2.5. The new low-frequency data are

consistent with previously published results. In general, the emission at this frequency
appears slightly more extended than it shows on the maps at 327 MHz presented
by Gentile et al. (2007) and Bîrzan et al. (2008), even though the comparison is
di�cult due to the lower angular resolution of our map. Interestingly, at a comparable
resolution, the emission on the MSSS map also extends further from the center than
on the 74 MHz image of Gentile et al. (2007). This is most probably a result of the
low sensitivity of VLA at 74 MHz at the time of their observation.

The radio emission at 140 MHz fully covers the southern X-ray cavity (Fig. 2.5).
Similar to the observed morphology at higher frequency maps (Bîrzan et al. 2008;
Gentile et al. 2007), the eastern lobe appears well con�ned. We do not detect radio
signatures of the powerful outburst which presumably created the isothermal shock.
On the other hand, since the SE X-ray edge and the outer radio lobes have comparable
scales, it seems consistent that the shock front restricts the expansion of the eastern
lobe further east.

The plume extending north-ward from the northern tip of the western lobe, seen
at the 330 MHz by Gentile et al. (2007) and Bîrzan et al. (2008), is also present at
140 MHz. It appears diluted in our map due to the lower resolution, which is also the
case at 74 MHz (Gentile et al. 2007). Nulsen et al. (2013) argue that the indistinct
appearance of the 100′′ front to the northwest would then imply that the turbulence
is greater there than on the southeastern side of the cluster center. A more disturbed
environment could well explain why the western lobe has a more untypical shape than
the eastern one. Nulsen et al. (2013) show that a shell of denser gas is situated to
the west of the western lobe at 4.9 GHz. This denser structure seems to inhibit the
growth of the lobe toward the west. However, since the shell is discontinued to the
north, it leaves room for the lobe to expand in this direction.

In Fig. 2.5 we show the TGSS image only for completeness. On this image,
the shape of the system looks very di�erent. The lobes do not have their expected
morphology and orientation, and only one central peak of emission is observed. Based
on our experience calibrating the MSSS data of A2199, where we were getting similar
deformations, we believe that the TGSS image su�ers from signi�cant distortions due
to phase calibration problems. As noted earlier in Sect. 2.2.2, a deeper full-track
LOFAR pointing for A2199 is already available. This observation is currently being
analyzed and will be published separately.

2.5 Discussion and conclusions

With facilities such as LOFAR, GMRT, and the Murchison Wide�eld Array (MWA)
online, uniform surveys at low radio frequencies are now becoming available for a
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large fraction of the sky. The angular resolution and sensitivity of these �rst all-sky,
low-frequency surveys are well-matched to studies of extended, steep spectrum di�use
emission in cluster feedback systems and will ultimately provide the larger samples
necessary for statistical population studies. In this pilot work, we have employed
data from the �rst all-sky imaging surveys with LOFAR (MSSS at 140MHz) and the
GMRT (TGSS ADR1 at 150MHz) to study a sample of known, strong AGN feedback
sources drawn from Bîrzan et al. (2008). Combining data from both surveys, we
have searched for the presence of extended, di�use emission not seen previously at
higher radio frequencies and possibly associated with relic emission from previous
AGN activity. We have also computed total low-frequency �uxes for the sources in
the sample in order to test the well-known correlation between high frequency radio
�ux and the power required to create the cavity structures seen in the X-ray (Bîrzan
et al. 2008; Ra�erty et al. 2006).

For both MSSS and TGSS surveys, images were created and examined for each
of the objects in the sample. In the case of the TGSS data, images were extracted
from the default mosaics provided as part of the standard TGSS ADR1 data products
(Intema et al. 2017) and no additional processing was required. The LOFAR images
used in this work were based on a preliminary data release of the MSSS all-sky survey
(Heald et al. 2015). Although the MSSS survey data included baseline lengths out to
100 km, the initial imaging products produced during the development of the survey
processing used a cuto� in baseline length to obtain a nominal angular resolution
of ∼ 2′. In this work, we have described a simple reprocessing strategy that takes
advantage of data from these longer baselines to both improve the noise and angular
resolution of the resulting maps. We have applied this procedure to all objects in
the sample which showed evidence of extended emission in the default, low-resolution
maps resulting in improved images with angular resolutions of ∼ 25′′. For the subset
of resolved objects, these improved MSSS maps were used to characterize the presence
of any di�use, extended emission and in all subsequent comparisons to TGSS, high-
frequency radio, and X-ray images.

Based on the resulting TGSS and MSSS maps, we have measured the total radio
�uxes for all sources; however, due to di�ering sky coverages, not all sources were
visible in both surveys. For the subset of overlapping sources, we have compared the
derived �uxes between the two surveys and �nd good agreement. The exceptions
are Perseus, where the radio mini-halo shows complicated spatial structure over a
large area, and A478 and ZW3146, which are not well resolved in the MSSS maps
and blended with nearby sources. Given the agreement in �ux scales and the more
complete sky coverage of the TGSS sample, we have used the TGSS �uxes in all
subsequent analysis of the Pcav − Lν correlation known from higher frequency data.
Estimates for the values of Pcav based on Chandra X-ray data were taken from the
literature (Ra�erty et al. 2006) and compared to the radio luminosity at 148MHz as
inferred from the measured TGSS �ux values. At this frequency, we �nd a correlation
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of the form Pcav ∝ L0.51±0.14
148 , which is in good agreement with the result found by

Bîrzan et al. (2008) at 327MHz.
We �nd a relatively large scatter in the 148MHz correlation of ∼0.85 dex which

again is consistent with the value obtained at 327MHz by Bîrzan et al. (2008). This
large scatter makes the derived correlation di�cult to use as a reliable proxy for jet
power in sources where only radio data is available. In the previous high frequency
study, Bîrzan et al. (2008) found that the scatter in the correlation could be signif-
icantly reduced by including the e�ects of spectral aging, although in that analysis
the lack of low-frequency data required a number of simplifying assumptions in order
to constrain the break frequency. Including our new data points at 148MHz with the
data at higher frequencies taken from Bîrzan et al. (2008), we have examined the spec-
tral energy distributions for our sample in an attempt to provide better constraints
on the break frequencies and by extension an improved correction for the scatter in
the observed correlation due to spectral aging. Unfortunately, our results show that
including additional measurements at 148MHz alone is insu�cient to �t a consistent,
physically justi�ed spectral aging model. We therefore conclude that to improve on
the aging correction of Bîrzan et al. (2008) will likely require additional data below
148MHz, such as with the LOFAR LBA at 30 � 90MHz, and data with su�cient
angular resolution to clearly resolve emission from the core and lobe regions.

In four of the sources, Perseus, 2A 0335+096, MS 0735.6+7421, and A2199, the re-
processed MSSS images show clear evidence for extended, di�use emission at 140MHz.
We have compared the observed morphology of the extended, di�use emission in the
MSSS maps with corresponding radio images from TGSS and the VLA, as well as X-
ray surface brightness and residual maps based on archival Chandra data. In Perseus,
we easily resolve the well-known, radio lobes observed at higher frequencies (Pedlar
et al. 1990) and associated with the inner cavities seen in X-ray images (Fabian et al.
2000, 2006). The MSSS image also clearly recovers the more extended halo struc-
ture seen in previous deep radio maps of Perseus out to radii of ∼ 100 kpc (Burns
et al. 1992; Sijbring 1993; de Bruyn & Brentjens 2005). The overall morphology of
the low-frequency radio halo is well-correlated with a number of arc-like edges and
ripples visible in the unsharp-masked X-ray image (Fabian et al. 2006) reinforcing the
current picture whereby the X-ray and radio structures share a common origin in the
recurrent AGN activity of Perseus A.

We �nd a similar situation in the well-known feedback system 2A0335+096. Al-
though the overall morphology of the low-frequency emission present in the repro-
cessed MSSS image con�rms the structure visible in the TGSS maps and hinted at in
higher frequency VLA maps (Bîrzan et al. 2008), the di�use emission detected in the
MSSS map is more extended and exhibits a rough correspondence to the large-scale
depressions seen in the X-ray map outside the inner ∼ 20 kpc (Sanders et al. 2009). A
bridge of low-frequency emission is also observed connecting the core of 2A 0335+096
with a bright peak of low-frequency emission ∼ 110 kpc to the NW, parallel to the
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axis of the inner cavity system. This peak does not appear to be associated with a
known radio source and exhibits a steep spectral index of α ∼ −1.8 consistent with
remnant plasma from previous AGN activity. Assuming this emission originated in
the core of 2A 0335+096, we estimate an age of ∼ 150Myr for the original outburst
based on estimates of the sound speed in the cluster core (Bîrzan et al. 2004). This
emission peak, however, does not seem to correlate with an obvious depression in the
X-ray map.

For the remaining two resolved sources in our sample, MS 0735.6+7421 and A2199,
we �nd the low-frequency emission observed in the MSSS maps corresponds closely
with what has been seen at 327 MHz. In both the TGSS and MSSS images for
MS 0735.6+7421, the low-frequency emission clearly traces the large-scale, X-ray cav-
ities seen in the X-ray and at higher radio frequencies (McNamara et al. 2005). The
low-frequency emission shows no evidence for a strong central core and is completely
dominated by emission in the lobes corresponding to the X-ray cavities. We �nd no
evidence for more extended, di�use low-frequency emission outside the well-known
cocoon shock in this system (McNamara et al. 2009; Vantyghem et al. 2014), imply-
ing that the radio plasma is fully enclosed by the shock. In the case of A2199, the
overall morphology of the di�use emission in both TGSS and MSSS maps agree and
is consistent with the structures seen in the 330MHz map of Bîrzan et al. (2008).
Compared to the TGSS image, the �nal, reprocessed MSSS map has higher quality
and angular resolution, which allows us to clearly resolve two peaks of low-frequency
emission coincident with the two main X-ray cavities observed in the core along the
jet axis (Nulsen et al. 2013), as well as extensions to the S and NW corresponding
to an additional cavity and surface brightness jump seen in the X-rays, respectively
(Gentile et al. 2007; Nulsen et al. 2013). Taken all together, the morphology of the
low-frequency emission in A2199 is consistent with the picture of a system having
undergone at least two episodes of AGN activity.

While the images presented in this work demonstrate the potential of LOFAR to
recover extended, di�use emission, our analysis highlights some important caveats for
future low-frequency radio studies of feedback. First, the original sample of Bîrzan
et al. (2008) were selected on the basis of containing well-de�ned cavity systems in the
X-ray. With a few exceptions, these cavities and the higher frequency radio emission
they enclose can be linked to a single epoch of AGN activity occurring over a fairly
narrow range of outburst ages. The same can be said for the "ghost" cavities seen in
systems such as Perseus (Fabian et al. 2006) and A2597 (Clarke et al. 2005) and found
to contain lower frequency radio emission at 330MHz. At the lower frequency and
moderate angular resolutions provided by TGSS and MSSS, however, the distribution
and morphology of the observed low-frequency radio emission is quite complicated
and not easily resolved into individual components that may be associated with well-
de�ned episodes of AGN activity. As a result, radio �ux measurements at these
frequencies are di�cult to place in the context of the Pcav − Lν correlation found for
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single episodes of AGN activity at higher frequency.
The situation is similarly complicated in the X-ray. As even the small sample

of objects in this work illustrates, the well-de�ned surface brightness depressions or
"cavities" associated with the radio emission at higher frequencies is harder to identify
for older outbursts (≥ 100Myr). Even for objects with deeper X-ray exposures such as
Perseus and 2A0035+096, the morphologies of these outbursts are more complicated,
di�cult to disentangle from other features possibly related to shocks or core sloshing,
and not always well-correlated with the low-frequency radio emission. This complexity
is further exacerbated by the lack of su�ciently deep exposures for many of the nearby,
strong feedback systems where we might expect to resolve the X-ray signatures of older
AGN outbursts at larger radii (e.g., Perseus Fabian et al. (2006)). Taken altogether,
these factors introduce considerable uncertainty in estimates for the value of Pcav

associated with older or multiple AGN outbursts.
The LoTSS currently underway will produce images of the full accessible northern

sky at angular resolutions of 5′′ and sensitivities of ∼ 100µJy. When combined with
new high frequency data from surveys such as the VLA Sky Survey (VLASS; Hales
2013), we will have the radio data necessary to both spatially resolve and spectrally
discriminate between di�erent episodes of AGN activity for virtually all nearby feed-
back systems. In the near-term, these new radio data can be matched to deeper X-ray
exposures with Chandra and XMM to better attempt to separate outburst related
signatures from other physical processes operating in the cluster cores. On the longer
term, upcoming missions such as eRosita (Merloni et al. 2012) and Athena (Nandra
et al. 2013) will yield larger samples of potential feedback systems as well as infor-
mation about velocity motions in the gas from high spectral resolution emission line
studies. The combination of these new radio surveys, in particular the low-frequency
data from LoTSS, and improved X-ray data will allow us to build up a picture of the
integrated e�ects of AGN output on the surrounding environment for a large sample
of systems over timescales of several 100Myr.
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Appendix

2.A SED �ts for the sources in the MF-14 sample

In this appendix we present the SED power law �ts for the sources in the MF-14
sample. The MSSS (red) and TGSS (green) points come from our measurements.
The VLA (black) points are from Bîrzan et al. (2008). The higher frequency literature
points are presented in blue. The dashed line shows the best �t power law. The MSSS
points are not taken into account for the �t. The value at the top right corner of each
plot indicates the derived spectral index with its error and the reduced chi-squared
of the �t.
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2.B SED �ts for the rest of the TF-23 sample

2.B SED �ts for the rest of the TF-23 sample

In this appendix we present the SED power law �ts for the sources in the TF-23 sample
but not in the MF-14 sample. TGSS (green) points come from our measurements.
The VLA (black) points are from Bîrzan et al. (2008). The higher frequency literature
points are presented in blue. The dashed line shows the best �t power law. The value
at the top right corner of each plot indicates the derived spectral index with its error
and the reduced chi-squared of the �t.
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AGN Activity in the Core of Abell

1795

G. Kokotanekov, M. Wise, M. de Vries, and H. T. Intema

Submitted to Astronomy & Astrophysics

63



i
i

i
i

i
i

i
i

Abstract

In this paper we analyze AGN activity signatures in the rich nearby galaxy cluster
Abell 1795 aiming to con�rm and characterize the long-term feedback history in
the system. We combine radio observations at 610 and 235 MHz from the Giant
Metrewave Radio Telescope (GMRT) with 3.4 Msec X-ray data from the Chandra

Observatory. Extracting radial temperature pro�les, as well as X-ray and radio surface
brightness pro�les in three directions showing major morphological disturbances, we
highlight the signatures of activity in the system. For the �rst time we observe radio
emission corresponding to the NW X-ray depression, which provides evidence in favor
of the classi�cation of the depression as a cavity. We identify two other X-ray cavities
situated NW and SW of the AGN. While the central radio emission corresponding to
the inner cavities shows �atter spectral index, the radio extensions associated with the
furthest X-ray cavities consist of aged plasma. All observed signatures both in radio
and X-ray are consistent with several consecutive episodes of AGN activity, which
gave rise to the observed morphology NW and SW from the core. In the southern
region, we con�rm the cooling wake hypothesis for the origin of the long tail. The
deep X-ray data also allows us to distinguish signi�cant distortions in the tail's inner
parts, which we attribute to the activity of the AGN.
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3.1 Introduction

Central active galactic nuclei (AGN) play a crucial role in the evolution of galaxy
cluster cores providing energy that regulates both the growth of the black hole and
the formation of stars in the surrounding galaxy (Silk & Rees 1998; Gebhardt et al.
2000; Ferrarese & Merritt 2000). In the classical model, symmetric cavities observed in
X-rays are blown into the ICM on either side of the brightest cluster galaxy (BCG) by
the expanding radio lobes generated by the central AGN. For many systems, these X-
ray cavities are observed to be �lled with radio emitting plasma (Fabian et al. 2000;
McNamara et al. 2000) further supporting this model. Deeper X-ray observations
and new radio data, however, show that establishing this simple correspondence over
longer feedback timescales can be more di�cult.

Deep X-ray observations of the cores of nearby relaxed galaxy clusters have re-
vealed a wide range of irregular surface brightness features not easily identi�ed as
simple, spherical cavities (e.g., Perseus: Boehringer et al. 1993; Fabian et al. 2006,
2011; Zhuravleva et al. 2015 and Hydra A: McNamara et al. 2000; Nulsen et al. 2002;
Wise et al. 2007). In a number of these systems, low-frequency radio observations have
shown di�use, extended steep-spectrum emission presumably representing the aged
signatures from older AGN outbursts (M87: de Gasperin et al. 2012, Perseus: Burns
et al. 1992; Sijbring 1993, Hydra A: Wise et al. 2007, 2A 0335+096: Kokotanekov
et al. 2017). At radio frequencies below 1 GHz, however, the close morphological
correspondence between the observed X-ray structures and radio emission seen at
higher frequencies is not always apparent. To understand the impact of feedback
over the lifetime of the cluster, it is important to determine how these complicated
morphologies map to the long-term AGN activity in the core.

Abell 1795 (hereafter A1795) is an excellent example of a source exhibiting such
complicated structures. It is a rich, nearby cluster of galaxies (z = 0.063, with an
angular scale of 1.22 kpc per arcsec) which hosts the powerful Fanaro�-Riley type I
(FR I) radio source 4C 26.42. While classi�ed as a relaxed, cool-core cluster, because
of its regular morphology on larger scales (Buote & Tsai 1996), A1795 shows evidence
for a variety of activity throughout the cluster core. Deep Chandra data have revealed
a plethora of structures (Markevitch et al. 2001; Ettori et al. 2002; Walker et al. 2014;
Crawford et al. 2005; Ehlert et al. 2015; Walker et al. 2017) not easily described by a
simple feedback scenario involving only a single outburst.

One such structure, a large r ∼34 kpc depression to the northwest of the central
AGN, has been previously identi�ed in Chandra data (Crawford et al. 2005) and
classi�ed as a cavity by Walker et al. (2014) based on its morphology. Despite its
suggestive X-ray properties, however, previous studies at higher frequencies have failed
to detect radio emission associated with the cavity. The cavity also lacks a counterpart
on the opposite side of the cluster as well as other typical observational signatures
normally associated with X-ray cavities such as evidence of abundance gradients or
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3 Signatures of Multiple Episodes of AGN Activity in the Core of Abell 1795

optical �laments created as the cavity rises in the cluster atmosphere. Taken together,
this lack of additional evidence has made it di�cult to de�nitively classify the NW
structure as a traditional cavity associated with an outburst.

The core of A1795 also contains a dramatic �lament of cool gas extending over
∼50 kpc to the south of the central cD galaxy (Fabian et al. 2001) and coincident
with an optical Hα �lament (Cowie et al. 1983). Several theories for the origin of
this �lament have been proposed, but Fabian et al. (2001) have argued that the most
likely origin is that the feature represents a "cooling wake" produced as the ICM cools
behind the central galaxy as it moves relative to the surrounding gas. Alternatively,
this �lament may consist of cold gas from the central galaxy which has been stripped
out by dynamical friction due to the motion of the cD galaxy. Regardless of the exact
formation mechanism, the presence of such a dramatic feature and its implications for
the relative motions of the gas and central galaxy clearly point to a more complicated
evolution of the core region in A1795 than can be explained by a simple AGN outburst
model.

Finally, Markevitch et al. (2001) have shown that the inner 60 kpc core of A1795
exhibits a surface brightness edge which they interpret as a "cold front" or contact
discontinuity caused by cool gas in the core sloshing in the central potential well of
the cluster. In this scenario, the cool gas interior to the surface brightness edge is
believed to be sloshing roughly north to south and is observed at or near the point of
maximum displacement. The observed �lament of cool material is then a cooling wake
produced, not by motions of the cD galaxy in the potential well itself, but rather by
the movement of the sloshing gas. The cumulative impact of the larger-scale sloshing
motion of the cool core and AGN activity (Ehlert et al. 2011; Blanton et al. 2011) is
evoked to explain the profoundly disturbed morphology observed in the cool core of
A1795.

Altogether these features imply a dynamic environment in the core of A1795 over
the last several hundred Myrs, and one that does not easily conform to the simple
picture of an AGN-driven outburst. In this paper, we present a joint analysis for the
core of A1795 combining a deep, 3.4Msec archival X-ray dataset from Chandra and
new low-frequency GMRT observations at 235 and 610MHz. We describe the X-ray
and radio data along with the data reduction process in Sect. 3.2. Sections 3.3 and
3.4 compare the morphologies of the di�erent features revealed in the deep Chandra

X-ray maps with the low-frequency radio structures observed in the core of A1795.
We perform a multi-wavelength sector analysis in Sect. 3.5 to isolate various features
of interest in the core and examine the underlying thermodynamic properties of the
gas in an e�ort to constrain the integrated feedback history over the last few hundred
Myr. The properties of the cold �lament are presented in Sect. 3.6 in the context of
current theories for its origin. The paper concludes in Sect. 3.7 with a summary of
our analysis and a discussion of the implications of our results.
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3.2 Data Reduction

3.2.1 X-ray data

We have extracted and reprocessed existing archival Chandra data for A1795. A1795
has been used extensively as a Chandra calibration and reference target since launch
and, consequently has one of the deepest accumulated exposures of any cluster target.
In this work, we analyze over 3.4Msec of Chandra data, consisting of 148 individual
ObsIDs taken between December 1999 and November 2016. The majority of these
data were observed as part of the Chandra calibration program and include 33 and
115 pointings taken with the ACIS-S and ACIS-I detectors, respectively. In order to
assess the calibration properties of individual ACIS CCDs, the aimpoints for many of
these observations also vary. When combined, these variations result in a somewhat
broader point spread function (PSF) across the core of A1795. Our features of interest
are signi�cantly larger than the Chandra PSF, so this broadening should have no
appreciable e�ect on the analysis presented here.

Each ObsID was reprocessed using CIAO 4.8 (Fruscione et al. 2006) and CALDB 4.7.2
to apply the latest gain and other calibration corrections. Standard �ltering was
applied to the event �les to remove bad grades and pixels. Additionally, all ObsIDs
were examined for contamination due to strong background �ares and �ltered to
remove the e�ected time intervals using the CIAO tool deflare. These �ltered event
�les were further corrected for the presence of "out-of-time" events detected during the
frame readout process using the readout_bkg routine. The �nal, combined exposure
time after all corrections was 3.45Msec.

ACIS blank-sky event �les from the CALDB were used to construct background
event �les for each ObsID. The blank-sky event �les were reprocessed in a manner
similar to the observation data to apply the latest calibrations. The CALDB ACIS
blank-sky event �les have already been screened for background �ares so no additional
�ltering for �ares was applied. Finally, the exposure times for each blank-sky event
�le were scaled to match the observed background rate in the 10 − 12 keV band for
each ObsID. These scaled background event �les were used in all subsequent spectral
analysis discussed below.

Surface brightness maps

An X-ray mosaic of the surface brightness in A1795 was constructed by reprojecting
all event �les to a common tangent point on the sky before combining them. The event
�le for each ObsID was reprojected to match the coordinate frame of the reference
ObsID 493. To correct for variations in the exposure and other instrumental artifacts
across the �eld, instrument and exposure maps were constructed for each ObsID
in the 0.5 − 7.0 keV energy range. We have accounted for the energy dependence
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Figure 3.1: Exposure-corrected, background-subtracted 0.5-7.0 keV surface brightness mo-

saic for the core of A1795 constructed from the existing 3.4Msec Chandra data. The �eld

measures 4× 4 arcmin2 and has been smoothed with a σ = 3′′ Gaussian. The cross denotes

the position of the center of the radio source.

of the instrument response by utilizing a spectral weighting determined by �tting
the integrated spectrum for the central 2′ region of A1795. Bright point sources
have been excised from the region and the resulting total spectrum was �t with a
single temperature, APEC (Smith et al. 2001) thermal model multiplied by foreground
Galactic absorption. The Galactic absorption was �xed to a value of NH = 1.2×1020

as determined by the LAB Survey of Galactic HI (Kalberla et al. 2005). This model
gives a good �t to the data with a reduced χ2 = 1.1 and best-�t temperature and
metallicity of kT = 5.7 keV and Z = 0.41, respectively.

The resulting spectrally weighted exposure maps were combined into a single mo-
saic after reprojection to the common tangent point. Similarly, a map of the back-
ground surface brightness was constructed by reprojecting the scaled, blank-sky event
�les for each ObsID and combining them. To obtain the �nal, �at-�elded, surface
brightness map, we subtracted the total background map from the source counts
mosaic and divided by the exposure map for the �eld. The resulting background-
subtracted, exposure-corrected surface brightness mosaic for the core of A1795 in
the energy range 0.5 − 7.0 keV is shown in Fig. 3.1. Various features of interest are
described in Sect. 3.3.
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Although several morphological features, such as the cool tail of gas to the south,
are visible in Fig. 3.1, the overall surface brightness distribution in the core of A1795 is
quite smooth and other features are less apparent. To enhance the visibility of these
other features, we have constructed an X-ray residual map using a radial unsharp
masking (RUM) technique. This technique is described in Wise et al. (2018) and is
similar to traditional unsharp masking, except rather than computing the di�erence
between the original image when convolved with two di�erent 2D smoothing kernels,
the RUM algorithm applies a single 1D smoothing kernel radially from the image cen-
ter. A Radon transform (Radon 1986) was applied to the original surface brightness
map to convert from (x, y) image coordinates to (r,Θ) coordinates where r = 0 is
taken to be the center of the radio source. The resulting transformed image was then
smoothed with a 1D Gaussian kernel with σ = 8 arcsec along the radial direction.
Finally, the smoothed image in (r,Θ) coordinates is transformed back to the (x, y)

image plane and subtracted from the original surface brightness map. This technique
has the advantage of being less prone to creating circularly symmetric bowl features
due to the mismatch between the two 2D smoothing kernels used in traditional un-
sharp masking techniques (Wise et al. 2018). The resulting residual image is shown
in Fig. 3.2.

Spectral �tting

In the subsequent analysis, we perform spatially resolved spectral �tting to determine
the underlying thermodynamic properties of the gas in the core of A1795. We consider
both 2D spectral mapping as well as radial pro�les extracted in di�erent sectors of
interest as determined by the morphological features seen in the surface brightness
maps. For the 2D spectral maps, we have used the contbin algorithm developed
by Sanders (2006) to de�ne a set of extraction regions covering a 10 × 10 arcmin2

region centered position of the central AGN in A1795. A position for the AGN of
(RA 13:48:52.473, Dec +26:35:34.385) was used based on the 1.4 GHz VLA map of
Bîrzan et al. (2008). The regions were de�ned to have a constant signal to noise ratio
(SNR) of 100 after background subtraction, and therefore roughly the same errors on
the derived �t parameters.

Radial pro�les were constructed by de�ning a set of annular extraction regions
centered on the position of the AGN and adaptively adjusted in width so as to contain
a given SNR after background subtraction. Unless noted otherwise, a minimum SNR
of 100 was used and annuli out to a radius of 5 arcmin were de�ned. We have de�ned
annular extraction regions encompassing the entire cluster pro�le as well as a set
of sector pro�les limited to a given angular range and designed to isolate features
of interest along a given radial direction through the core of A1795. These radial
sectors, and their correspondence to speci�c surface brightness features, is discussed
in Sect. 3.5.
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3 Signatures of Multiple Episodes of AGN Activity in the Core of Abell 1795

Figure 3.2: Chandra X-ray surface brightness residual map of A1795 in the 0.5�7 keV band.

The image was produced by applying a radial unsharp masking (RUM) algorithm to the

image in Fig. 3.1 as described in the text. The cross denotes the position of the core of the

radio source. Various features of interest in the core of A1795 are labeled.

The spectra in a given region were extracted using the CIAO 4.8 tool specextract.
This tool produces source and background spectra, an instrument response (RMF)
�le, and an e�ective area (ARF) �le which are used in the spectral �tting analy-
sis. This set of spectral �les are produced for every extraction region for each CCD
from each ObsID. The resulting set of spectral �les from all ObsIDs contributing to
a given extraction region are then combined into a single composite set using the
combine_spectra tool. After combination, we adjust the total exposure time of each
extraction region to correct for the fact that regions that fall on di�erent chips within
the same ObsID get counted double when combine_spectra adds them, which wrongly
increases the total exposure time of the combined spectrum. The �nal set of merged
spectral �les for all extraction regions are then used as input to the spectral �tting
analysis.

All spectral analyses presented were performed using Sherpa in CIAO 4.8 over the
0.5− 7.0 keV energy range. Except where noted otherwise, all data were grouped to
contain a minimum of 25 counts per bin and �t with a PHABS*APEC spectral model
using the default χ2 �t statistic.
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3.2.2 Radio data

We processed archival radio observations from the Giant Metrewave Radio Telescope
(GMRT; Swarup 1991) on A1795 using the fully automated SPAM pipeline (Intema
2014), which incorporates correction for direction-dependent e�ects (Intema et al.
2009). The observations under project code 20_016 consist of simultaneous dual-
frequency observations at 235 and 610 MHz, using bandwidths of 16.7 and 33.3 MHz,
respectively. The total on-source time was 273 minutes (or 4.55 hours). Flux- and
bandpass calibrations were derived from 3C468.1 and 3C286, respectively, using �ux
models based on the work by Scaife & Heald (2012). Phase calibrations were not
derived from the secondary calibrators, but instead from (self-)calibration against
the TGSS (Intema et al. 2017) in the case of 235 MHz, and against the 235 MHz
image in the case of the 610 MHz. During the pipeline processing about 50% of the
data was removed because of non-functional antennas, radio-frequency interference
(RFI), and bad ionospheric conditions. The output images and visibility data were
post-processed to allow �nal imaging in CASA. For this, all sources outside a radius
of 2′ from A1795 were subtracted from the visibility data, e�ectively removing all
direction-dependent e�ects.

To image the GMRT data we used the interactive cleaning of CASA setting Briggs
weighting scheme with robust parameter of −0.2 for both frequencies. We imposed a
Gaussian taper with outer uv-cut of 10′′ at 610 MHz in order to highlight the large
scale structures and achieve comparable resolution with the 235 MHz image. The end
resolution of the 610 MHz image is 9.9×9.4′′ at an rms noise level of 0.18 mJy/beam.
The 235 MHz image has resolution of 10.7× 9.1′′ and a noise level of 0.8 mJy/beam.
The GMRT images are presented in Fig. 3.3.

We complement our study with published VLAmaps at 1.4 GHz in A-con�guration
(Bîrzan et al. 2008) and C-con�guration (Giacintucci et al. 2014). The A-con�guration
image has an rms noise level of 70 µJy/beam. It is based on an observation with
exposure of 174 min and a bandwidth of 50 MHz. The size of the FWHM of the
synthesized beam is 1.2×1.1′′. The resolution of the C-con�guration map is 19×16′′.
The corresponding radio data was integrated for 130 min at a bandwidth of 6 MHz.
The resulting noise level is 150 µJy/beam.

3.3 X-ray Morphology

In this section we discuss the observed X-ray morphology in the core of A1795. We
identify the most pronounced features of interest, which we study in detail in the
subsequent sections.
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3 Signatures of Multiple Episodes of AGN Activity in the Core of Abell 1795

Figure 3.3: GMRT maps of A1795. Top: Radio map at 235 MHz with resolution of 10.7×
9.1′′ and rms noise level of 0.8 mJy/beam. Contours are drawn at 5σ × [1, 2, 4, 8, 16, 32,

64, 128, 256, 512]. Bottom: Radio map at 610 MHz. Resolution is 9.9× 9.4′′ and noise level

is 0.18 mJy/beam. Contours are drawn at 3σ × [1, 2, 4, 8, 16, 32, 64, 128, 256, 512, 1024,

2048].
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3.3 X-ray Morphology

3.3.1 Large-scale structure

A1795 has been well observed at X-ray wavelengths in the core and on larger scales.
It has been shown that the structure of the core of A1795 exhibits a very smooth
and circularly symmetric surface brightness distribution at a radius beyond ∼80 kpc
from the AGN (e.g. Ettori et al. 2002; Ehlert et al. 2015). In the surface brightness
map presented in Fig. 3.1, we focus on the central region of A1795 within a radius
of 150 kpc centered on the central AGN. Inside a radius of 70− 80 kpc, the structure
of the ICM appears heavily disturbed. Most evident is the cool tail. It extends due
south away from the core and appears to end with a hook-like structure that bends
toward the west. We are also able to identify the inner rim of the large depression
NW from the core studied by Walker et al. (2014).

These features and others are even more prominent in the X-ray residual map
presented in Fig. 3.2. In the NW direction we see a number of features including the
large outer depression. Its inner rim is a distinct edge of bright emission situated
28 kpc NW from the core. The most pronounced region of the depression is situated
at a distance of ∼ 40 kpc NW from the center and appears elongated in tangential
direction. The NW depression has been classi�ed as a cavity and studied in detail
by Walker et al. (2014), who de�ne its size based on the curvature of the seemingly
concave NW edge. They measure a distance from the central galaxy to the center of
the outer NW cavity of 54 kpc and derive an age of ts = 41 Myr based on the sound
speed. Closer to the AGN we observe another depression surrounding the active core
to N, NW, and W. This depression appears severely distorted and is located ∼15 kpc
from the center, being nested between the centrally peaked core of the X-ray surface
brightness and the NW edge.

We also identify similar features, both an edge and outer X-ray depression, to
the SW. The SW edge peaks 25 kpc from the BCG. Thus the SW edge appears to
be situated slightly closer to the core than the NW edge. The depression is situated
outside of the SW edge, at a distance 33 kpc from the AGN. These are new structures
that have not been studied previously and, as we show in the following section, they
are not artifacts from the construction of the residual map. We discuss these features
in light of a possible feedback origin in Sect. 3.5.

The X-ray residual map clearly shows the cold tail to the south and con�rms the
�nding from previous studies (e.g. Ehlert et al. 2015) that the cold tail is very con-
�ned. It stretches as far as 47 kpc from the core, ending with a hook extending to the
west. The new Chandra data, however, allows us to examine the substructure of the
tail in greater detail than before. Our X-ray residual map reveals small scale inho-
mogeneities in its structures and lets us identify kinks in its direction of propagation.
The properties of the cool tail are discussed in more detail in Sect. 3.6.

Crawford et al. (2005) identify a small-scale hole in the X-ray emission locked
between the hook and the end of the tail, centered at RA 13 48 52.7, Dec. 26 35 01.8.
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3 Signatures of Multiple Episodes of AGN Activity in the Core of Abell 1795

Later this depression is analyzed by Walker et al. (2014) in an attempt to identify its
origin. Our residual map reveals a continuation of this depression to the north, which
is enclosed between the hook, the tail, and the SW edge. We defer the analysis of the
resulting irregularly shaped depression to future studies.

Although the eastern half of the X-ray map seems less rich in structure than
the western side, the emission in this region is far from uniform. Our map reveals
several ripples and irregularly-shaped depressions in the region E and SE from the
center. However, the observed features appear severely distorted and are not as easy
to classify. Since these structures are not as well pronounced and we do not have
enough evidence to identify their nature, we leave their analysis for future work.

3.3.2 Temperature and Pressure

If the morphological features identi�ed in the residual map are related to AGN activ-
ity, then the thermodynamic properties of the gas in the core should show evidence
for the energy deposited into the ICM by the activity. To look for such evidence, we
have constructed temperature and pressure maps for the ICM in the center of A1795.
As discussed in Sect. 3.2.1, we have de�ned an adaptively sized grid of 2D extraction
regions over the central 10×10 arcmin2 of A1795 and extracted summed spectra for all
ObsIDs contributing to a given region. These spectra were then �t with a PHABS*APEC
model to determine the projected gas temperature as a function of position in the
core. The Galactic absorption was held �xed to a value of NH = 9.24 × 1020 and
the abundance was a free parameter in the model. The normalization of the �tted
spectrum can be used to derive the particle number density, n, and when combined
with the temperature map, construct a projected map of the gas pressure in the core.
The projected temperature and pressure maps are presented in Fig. 3.4.

The temperature map shows the NW X-ray depression as a region of enhanced
temperature compared to the ambient. The most pronounced temperature di�erence
between the depression and the surrounding medium appears at the position of the
NW edge. The dense NW edge clearly separates the∼ 6 keV gas within the cavity from
the ∼ 5 keV gas between the edge and the active core. The abrupt NW temperature
jump has been previously analyzed by several authors (e.g. Markevitch et al. 2001;
Ehlert et al. 2015; Walker et al. 2014). It has been shown that it is not consistent with
a shock moving out, since in this case the gas should be hotter behind the compressed
region. The observed edge is more consistent with a cold front (Markevitch et al.
2001), due to its reversed temperature structure.

The overall large-scale temperature structure is consistent with previous publi-
cations. We see the cold front situated ∼80 kpc south of the center reported by
Markevitch et al. (2001). The cold tail is well pronounced in the temperature map
appearing as a strip of material much colder than its surroundings.

The pressure morphology in the central ∼20 kpc from the AGN is radially sym-
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3.3 X-ray Morphology

Figure 3.4: Temperature (top) and pressure (bottom) map of the core of A1795 within radius

of 130 kpc from the AGN. Both maps are derived from Chandra imaging X-ray spectroscopy

using regions with a signal-to-noise ratio of 100, as described in Sect. 3.2.1. The cross

denotes the center of the radio source.
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3 Signatures of Multiple Episodes of AGN Activity in the Core of Abell 1795

metric, and in this region we measure systematically higher values than at the central
AGN. Outside this radius the pressure structure appears irregularly distributed. The
map reveals large-scale extension of high pressure relative to the ambient stretching
SE and NW. This symmetry in the NW-SE direction might be evidence for an older
symmetric out�ow due to the traditionally expected bipolar AGN ejection.

3.4 Radio morphology

In this section we discuss the structure in the core of A1795 observed at di�erent radio
frequencies. We describe the morphological features revealed by our new GMRT im-
ages at 235 and 610 MHz. We also include two previously published VLA observations
at 1.4 GHz. The high-resolution map of Bîrzan et al. (2008) shows the inner radio
lobes while the lower-resolution image of Giacintucci et al. (2014) reveals the large-
scale structure of the source. We discuss the radio lobes in the context of the pressure
structure of the core, while the morphology observed in the map of Giacintucci et al.
(2014) is compared with the structures observed with GMRT.

3.4.1 VLA 1.4 GHz A-con�guration

The inner radio lobes of the central AGN have been previously studied using VLA
observations at 8.2 GHz and 1.4 GHz (e.g. Ge & Owen 1993; Bîrzan et al. 2008).
In Fig. 3.5 we present the radio contours of the A-con�guration 1.4 GHz image
from Bîrzan et al. (2008) overplotted on an enlarged section of our temperature map
showing the active core and the cool tail. The observed high-frequency radio emission
is con�ned to within ∼10′′ of the active nucleus. The high-frequency observations
reveal distorted structure with two lobes bent through 90◦ within ∼2′′ of the nucleus.

The northern lobe appears more a�ected by the movement of the core. Fig. 3.5
shows that the N lobe is well con�ned by an arc-shaped structure with temperature
of 2.5 keV. This arc-like structure has been interpreted by Ehlert et al. (2015) as
consistent with a cold front due to movement of the BCG northward. Similarly to
the northern lobe, the southern one changes direction from SE to SW when it meets
a region of higher pressure at around 1.5′′ to the SE of the active nucleus. After its
de�ection, the southern radio lobe �ows through a channel of reduced pressure, which
leads to the western part of the tail (discussed in Sect. 3.6). The channel of lower
pressure navigates the lobe toward SW and allows it to expand in this direction.

3.4.2 GMRT 610 and 235 MHz

The radio map at 610 MHz (Fig. 3.3) shows a round, not well-resolved morphology at
the core of A1795. The 610-MHz image also reveals the tail of a nearby background
source at zphot = 0.57± 0.08 (Giacintucci et al. 2014), situated to the west of the the
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3.4 Radio morphology

Figure 3.5: Temperature map of the cold tail with radio contours at 1.4 GHz from the

VLA in A-con�guration from Bîrzan et al. (2008). Contours are drawn at 10 mJy/beam ×
[1,1.4,2,2.8,4,5.7,8,11]. The black dashed line denotes the division between inner and outer

tail as de�ned in Sect. 3.6.

central galaxy of A1795. The 235-MHz map shows a smooth morphology close to the
center of A1795 with a few marginally resolved extensions towards NE, E and S. The
southern extension covers the western part of the X-ray tail (Fig. 3.6). We study this
correspondence in Sect. 3.6. The most pronounced features in the 235-MHz GMRT
map are two clear extensions directed to the west of the active core. These extensions
are signi�cant at a 3σ level. The radio emission of the northern extension spans up
to ∼45 kpc from the center, thus reaching beyond the NW edge, in the region of the
NW X-ray depression (Fig. 3.6). The southern feature extends up to ∼50 kpc and
is associated with the SW X-ray depression. We explore the correspondence between
the 235-MHz radio extensions and the X-ray depressions in Sect. 3.5.
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3 Signatures of Multiple Episodes of AGN Activity in the Core of Abell 1795

Figure 3.6: X-ray residual map of A1795 with radio contours from the GMRT image at 235

(top) and 610 MHz (bottom). The contour levels are the same as in Fig. 3.3.
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3.4 Radio morphology

Figure 3.7: X-ray residual map of A1795 with radio contours from di�erent radio frequencies.

Top: Contours at 1.4 GHz derived from the VLA C-con�guration image of Giacintucci et al.

(2014) drawn in red at 0.75 mJy/beam × [1, 2, 4, 8, 16, 32, 64, 128, 256, 512, 1024, 2048].

Bottom: A composite depicting the radio contours at 235 MHz (blue), 610 MHz (green),

and 1.4 GHz C-con�guration (red).
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3 Signatures of Multiple Episodes of AGN Activity in the Core of Abell 1795

3.4.3 VLA 1.4 GHz C-con�guration

With the help of 1.4 GHz VLA observation in C-con�guration Giacintucci et al.
(2014) have studied the more extended radio structure of A1795 (Fig. 3.7). They
�nd a candidate mini-halo extending up to a radius of ∼100 kpc and measure a power
for the mini-halo of (7.9 ± 0.5) × 1023 W Hz−1. An important consequence of the
map of Giacintucci et al. (2014) is that the NW depression is not covered by radio
emission. Moreover, the high-frequency radio emission seems to surround the X-ray
cavity, instead of �lling it. Thus, the inner edge of the northern cavity resembles the
southern "bay" feature in Perseus (Fabian et al. 2011). This is one of the reasons
which make Walker et al. (2017) speculate that the NW X-ray concave enhancement
is not a border of a cavity, but it is a bay, similar to the one observed in Perseus. They
further show that this bay may be created by Kelvin�Helmholtz (KH) instability in
the cold frond surrounding the core of A1795.

The radio emission which appears to surround the NW X-ray cavity consists of
two features � a radio �lament toward NW and a bridge of emission between the core
and a source to the west. The NW extensions at 1.4 GHz, however, seems to be of low
signi�cance and could possibly be related to calibration uncertainty. Furthermore, we
show that the bridge of radio emission between the central galaxy and the background
source to the west is likely due to chance alignment (Fig. 3.7). Our GMRT map at 610
MHz reveals the background source to have a wide tail of emission, with the plume
of emission pointed towards the core of A1795. On the other hand, the 235 MHz
image shows an extension in the radio emission of A1795 stretching towards SW. The
simplest explanation is that the combination of those two features at lower resolution
is what gives the appearance of a bridge of emission in the 1.4 GHz C-con�guration
map.

3.5 Sector Analysis

Based on the discussion on the X-ray and radio morphology in the previous two
sections we have de�ned three wedge-shaped regions of interest centered on the BCG.
To support our analysis, we have extracted radial pro�les con�ning regions along
these major directions (Fig. 3.8). The NW pro�le follows the NW cavity and the
northern radio extension at 235 MHz, while the SW wedge stretches along the SW
cavity and the southern radio extension. The cold tail is covered by the southern
pro�le. In addition we have extracted an averaged radial pro�le in all directions. We
present surface brightness, temperature, and metallicity pro�les extracted from the
X-ray data (Fig. 3.9 and 3.11), as well as radio surface brightness pro�les at 235 MHz
(Fig. 3.10).

To construct the X-ray pro�les the size of the bins in radial direction is adapted so
that each bin reaches a SN of 100. The radial extent of each bin in the radio pro�les
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3.5 Sector Analysis

Figure 3.8: The three sectors used for radial analysis extraction overplotted on the X-ray

residual map from Fig. 3.2. The radio contours at 235 MHz are shown in blue with the

same levels as in Fig. 3.3. Arcs in the NW, SW, and S sector denote the positions of the

NW edge, the SW edge, and the end of the tail as determined from the X-ray residual map,

respectively.

corresponds to the FWHM of the synthesized beam of the 235 MHz image (shown in
Fig. 3.3). The associated error is given by σn ×

√
Nb, where σn is the measured rms

noise in the image and Nb is the number of beams samples in each bin.
In this section we discuss the pro�les in NW and SW direction. The pro�le in S

is analyzed in Sect. 3.6 where we study the properties of the cold tail.

3.5.1 NW Sector

Figure 3.9 shows the surface brightness pro�le along the NW sector. On the top left
hand panel the NW pro�le is compared with the average pro�le. This comparison
suggests two regions where the NW pro�le is much lower than the average one. To
highlight the di�erence between the two pro�les we have plotted the ratio of the NW
to the average pro�le in the right top panel of Fig. 3.9. This ratio pro�le shows
two pronounced dips (cavity-like structures) at the two sides of the NW edge. These
regions correspond to the NW and the arc depressions identi�ed in the residual map.

The ratio of the temperature pro�les (Fig. 3.9) shows two temperature enhance-
ments corresponding to the two dips in the X-ray surface brightness. While the surface
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3 Signatures of Multiple Episodes of AGN Activity in the Core of Abell 1795

Figure 3.9: X-ray radial pro�les along the NW direction. Top left: Surface brightness

pro�le along NW (black) and average surface brightness pro�le (blue). Top right: Ratio

of the X-ray surface brightness pro�le toward NW to the average X-ray surface brightness

pro�le. Middle left: Temperature pro�le along NW (black) and average temperature pro�le

(blue). Middle right: Ratio of the temperature pro�le toward NW to the average temperature

pro�le. Bottom left: Metallicity pro�le along NW. Bottom right: Ratio of the metallicity

pro�le toward NW to the average metallicity pro�le. The average metallicity pro�le can be

seen in Fig. 3.13. The black stripes denote the extent of the depressions as constrained from

the X-ray surface brightness ratio pro�le. The vertical dashed line denotes the position of

the NW edge as determined from the X-ray residual map (Fig. 3.8).
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3.5 Sector Analysis

brightness dips might be suggestive of shock fronts or cold fronts due to sloshing, the
temperature pro�le does not support these possibilities. The temperature pro�les do
not exhibit any sharp jumps or drops but rather a smooth increase of temperature
peaking at the mid-length of the surface brightness depressions. This temperature
behavior is more consistent with cavity structure produced by the AGN injecting hot
plasma within the bubbles.

Based on the ratio of the X-ray surface brightness pro�les, the outer depression
is situated 44 kpc from the center and has a radius of 10 kpc, assuming spherical
symmetry. This corresponds to an age of 38 Myr, based on the sound speed in this
region. Assuming the cavity is �lled up with relativistic plasma, its total energy is
E = 4pV = 4×1059erg and the power of the outburst is estimated to be 7×1044erg/s.

While the NW cavity is one of the most distant cavities observed, the measured
energy and power are close to the average values known from other systems. We
note that the total energy we compute is an order or magnitude lower than the value
presented by Walker et al. (2014). This follows from the almost twice larger size they
infer from the curvature of the inner rim of the cavity. The di�erence in size of the
cavity also contributes to the larger sound crossing time (41 Myr) they measure.

The arc depression has a radius of 7 kpc. It is located at distance 16 kpc from
the center, which corresponds to an age of 14 Myr. Since this cavity is clearly non-
spherical, we estimate its volume based on a part of a torus with a length of 23 kpc
derived from the residual map. We compute a total energy of 5 × 1058erg and infer
a power of the AGN outburst of 9 × 1043erg/s. If the NW depression and the arc
depression indeed resulted from the AGN activity, then the outbursts that created
them have almost an order of magnitude di�erence in power.

The top panel of Fig. 3.10 presents the radial pro�le extracted from the 235 MHz
map along the NW radio extension. The plotted pro�le shows clearly extended radio
emission in the NW direction. The statistically signi�cant emission at 235 MHz
reaches beyond the NW edge, up to ∼40 kpc from the center, and covers the inner
part of the NW cavity. As already seen from the maps in Fig. 3.6, the arc cavity is
fully covered by low-frequency radio emission. The fact that we observe radio emission
corresponding to the NW and the arc depressions provides another piece of strong
evidence that the observed X-ray depressions are the result of previous AGN activity.

3.5.2 SW Sector

The SW pro�les shown in Fig. 3.11 allow us to identify two regions of decreased
X-ray surface brightness. They are both located outside of the SW edge, at distances
33 and 78 kpc from the central SMBH. Although the SW sector passes over the arc
cavity (Fig. 3.8), it is di�cult to trace this cavity in the surface brightness pro�le.
This is likely due to the insu�cient number of bins within the inner 10 kpc from the
SMBH which would help us discern the inner edge of the cavity.
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3 Signatures of Multiple Episodes of AGN Activity in the Core of Abell 1795

Figure 3.10: Radial radio pro�les at 235 MHz in NW (top), SW (middle), and S (bottom)

direction. The vertical lines denote the position of the NW edge, SW edge, and the end of

the S tail, respectively, as determined from the X-ray residual map (Fig. 3.8). The horizontal

dashed line denotes the rms noise level in the image. The black stripes denote the extent of

the depressions as constrained from the X-ray surface brightness ratio pro�les (Fig. 3.9 and

3.11). A Gaussian characteristic of the beam is shown with a gray dotted line to emphasize

that the observed extended radio structures are signi�cant in comparison with the beam size.

The �ux density is presented in relative units with respect to the peak �ux measured at the

center of A1795.
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3.5 Sector Analysis

Figure 3.11: X-ray radial pro�les along the SW direction. Top left: Surface brightness

pro�le along SW (black) and average surface brightness pro�le (blue). Top right: Ratio

of the X-ray surface brightness pro�le toward SW to the average X-ray surface brightness

pro�le. Middle left: Temperature pro�le along SW (black) and average temperature pro�le

(blue). Middle right: Ratio of the temperature pro�le toward SW to the average temperature

pro�le. Bottom left: Metallicity pro�le along SW. Bottom right: Ratio of the metallicity

pro�le toward SW to the average metallicity pro�le. The average metallicity pro�le can be

seen in Fig. 3.13. The black stripe denotes the extent of the SW depression as constrained

from the X-ray surface brightness ratio pro�le. The vertical blue line denotes the position

of the SW edge as determined from the X-ray residual map (Fig. 3.8).
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3 Signatures of Multiple Episodes of AGN Activity in the Core of Abell 1795

The inner depression distinguished in our surface brightness pro�le corresponds
to the SW depression identi�ed in Sect. 3.3. We observe a signi�cant temperature
enhancement corresponding to this depression (Fig. 3.11) which supports its classi-
�cation as a cavity. The observed temperature behavior suggests that the observed
depression is �lled up with hotter plasma presumably injected by the AGN. We com-
pute an age of 30 Myr for the SW cavity, assuming propagation with the local sound
speed. The total energy of the cavity is 7×1058erg, while the cavity power is 1×1044

erg/s.
The radio pro�le along the SW sector resembles the one in NW direction (Fig.

3.10). While the bulk of the emission is well restricted by the edges in both NW and
SW, the radio plasma is not fully contained by them. Similar to the picture observed
toward NW, the SW radio pro�le exhibits an extension spanning up to ∼50 kpc from
the center. The radio plasma toward SW appears more extended than in NW and it
fully �lls in the SW cavity. This con�guration additionally con�rms that this cavity
is a product of a past AGN activity episode.

Despite our interpretation of the NW, SW, and arc cavities as product of AGN
activity, we note that the abundance pro�les are �at over the central 100 kpc and
show no evidence of signi�cant metallicity gradient corresponding to those cavities
(Fig. 3.9 and 3.11). If those cavities are indeed relics of past AGN activity, they do
not seem to have lifted enhanced metallicity gas up to the regions of the cavities.

The outer dip in our surface brightness radial pro�le (Fig. 3.11) seems to be part of
a large-scale spiral structure of low intensity surrounding the core. It is evident from
Fig. 3.8 that only a small part of this spiral feature falls within the SW sector. The
elongated structure, which seems to stretch from the end of the tail up to the northern
end of the SW sector, does not morphologically resemble a cavity but rather reminds
of a shock or a cold front. Moreover, we do not distinguish a temperature hump
associated with the outer surface brightness dip. We only �nd a drop of temperature
which is more consistent with a cold front. Based on this we conclude that the outer
depression in the X-ray surface brightness pro�le does not correspond to an AGN
out�ow cavity.

3.5.3 Spectral index pro�les

After matching the resolutions of the images at 235 and 610 MHz, we have extracted
radial pro�les from the two frequencies and used them to reconstruct a spectral index
pro�le along the three chosen directions (Fig. 3.12). The obtained spectral index
pro�les reveal very di�erent behavior of the plasma in NW and SW compared to
the S. The spectral index of the radio emission between 235 and 610 MHz remains
relatively �at in direction south. It changes from −0.7 close to the center to −1.0 at
the tail. Similarly, the spectral index in NW and SW stays �atter than −1.0 inside the
NW and SW edges. Outside the edges, however, the emission in these two directions
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3.6 Cold tail

Figure 3.12: Spectral index between 610 MHz and 235 MHz. The vertical lines show the

positions of the NW (red) and the SW (green) edge. Besides the statistical errors, the errors

of the spectral index include 10% uncertainty in the �ux scale of the two used frequencies.

appears very aged exhibiting a spectral index lower than −2.9. The spectral index
pro�les in radio are consistent with the interpretation that extensions observed in the
GMRT map at 235 MHz consist of aged plasma, produced from an older outburst.
The similar spectral properties of the two extensions suggest that they have similar
age and are thus likely produced by the same AGN outburst.

3.6 Cold tail

The southern tail feature has been studied extensively and a number of explanations
have been proposed for its origin. One possibility is that the tail resulted from an
out�ow of material triggered by the central SMBH. An alternative interpretation
states that the giant �lament consists of cold gas from the central galaxy which
has been stripped out by dynamic friction. Fabian et al. (2001) suggest that the
cold tail is due to a "cooling wake" produced as the central cluster galaxy oscillates
through the core of the cluster. In this model the X-ray bright ICM cooled around
the motion of the BCG, which also gave rise to an Hα �lament (Fabian et al. 2001;
McDonald & Veilleux 2009). Markevitch et al. (2001) argue that the BCG stays with
the gravitational potential, to within its observed small 150 km/s velocity relative to
the cluster average (Oegerle & Hill 1994), while the relative motion between the BCG
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3 Signatures of Multiple Episodes of AGN Activity in the Core of Abell 1795

and the gas results from the sloshing of the gas.
The AGN origin has been seen as unlikely since no compelling signatures of AGN

activity, such as X-ray cavities or radio, emission have been found to accompany the
tail in its full extent. While the stripping option requires a complicated scenario which
most likely involves ram pressure stripping beyond the scales of the BCG (see Ehlert
et al. 2015), the cooling wake model is supported by the bulk of the observational
evidence on the tail's dynamics. The gas motions in this �lament have been found to
be modest and not turbulent (Crawford et al. 2005). Additionally, Hu et al. (1985)
�nd that most of the optical �lament that accompanies the X-ray tail shares the
velocity of the cluster rather than that of the BCG. This velocity con�guration agrees
well with the cooling scenario and argues against the stripping model, in which a
signi�cant velocity gradient is expected.

The radio emission in our map at 235-MHz covers the inner parts of the tail up
to ∼30 kpc from the core. It is evident from the radial pro�les at 235 MHz (Fig.
3.10) that the radio emission in the S is not as extended as in NW and SW. The lack
of extended, aged radio plasma structure clearly aligned with the main body of the
X-ray tail disfavors the possibility that the tail is created by the AGN activity.

The temperature pro�le along the tail (Fig. 3.13) con�rms that south of the core
the overall temperature is signi�cantly lower than the average, but does not demon-
strate a signi�cant gradient along the direction of the tail. A jump of temperature is
only evident at the end of the tail at ∼45 kpc, after which the temperature increases
rapidly. The lack of a signi�cant temperature gradient along the tail suggests that
there is little or no mixing between the gas in the tail and the surrounding ICM. It
also shows that there is no signi�cant cooling by the gas in the tail over the time
interval required for the tail to reach its current length.

Using the available temperature and pressure information, we have derived the
cooling properties of the gas in the tail. We �nd no signi�cant gradient in the cooling
time along the tail and measure an average cooling time of 500± 70 Myr in a region
encompassing the tail. This average is consistent with the age of ∼300 Myr we
compute for the end of the tail using the velocity +150 km/s as measured by Oegerle
& Hill (1994). We note that obtaining the cooling time requires making assumptions
about the geometry of the regions in order to derive the reprojected gas densities.
These assumptions introduce a systematic uncertainty that is potentially larger than
the quoted statistical uncertainty, but would not change the qualitative agreement
between the two age estimates. Furthermore, we detect no strong metallicity gradient
in the tail (Fig. 3.13), which might be expected if the tail consists of material that
has been dragged from the central BCG. Thus, all the presented evidence argue in
favor of the cooling wake hypothesis.

Based on the X-ray residual and temperature maps, the tail can be divided into
two main parts � an inner round part and an outer straight part (Fig. 3.5 and 3.14).
The inner tail is separated from the outer tail by the bridge of warmer (3.5 keV)
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3.6 Cold tail

Figure 3.13: Top left: Temperature radial pro�le along the S direction (black) and average

temperature pro�le (blue). Top right: Average metallicity pro�le. Bottom left: Metallic-

ity pro�le along S. Bottom right: Ratio of the metallicity pro�le toward S to the average

metallicity pro�le. The vertical blue line denotes the end of the tail as determined from the

X-ray residual map (Fig. 3.8). The red and green vertical lines in the average metallicity

plot denote the position of the NW and SW edges, respectively.

material situated at ∼6 kpc from the radio core. The inner tail is situated around
the active core, it is not well con�ned, and is elongated toward SE. The outer part of
the tail appears quite linear but exhibits an inhomogeneous and knotty structure on
smaller scales. The outer tail extends to the S out to a distance of 47 kpc from the
center.

Our interpretation of the di�erent morphology of the inner and outer tail is that
we are looking at a superposition of two major phenomena. One is the dynamical
movement of the central galaxy, which results in a cooling wake, and the other is
related to the most recent episodes of AGN, driving material out. While the outer

89



i
i

i
i

i
i

i
i

3 Signatures of Multiple Episodes of AGN Activity in the Core of Abell 1795

Figure 3.14: A section of the X-ray residual map showing the cold tail. The dashed line

denotes the division between inner and outer tail as de�ned in the text.

tail is governed by the movement of the BCG, the inner tail seems to be signi�cantly
a�ected by the AGN activity. The inner tail follows the apparent NW-SE symmetry
axis of enhanced pressure, presumably tracing the older AGN out�ows. We suggest
that the AGN activity has likely disrupted the cooling wake, introducing the observed
gap between the inner and outer tail, as well as the irregular shape of the inner tail
and the kinks in the outer tail closer to the center.

3.7 Discussion and Conclusions

When revealed through shallow X-ray and high frequency radio data, the morphology
at the cores of relaxed cool-core clusters often looks simple and symmetric. However,
studying these objects with deeper and multiwavelength observations we �nd a lot
of complicated processes all acting at the same place. In this work we presented
extremely deep Chandra X-ray data combined with GMRT radio observations at 235
MHz and 610 MHz. We study A1795 as a dramatic example of a cluster core with
rich X-ray morphology. In this source the distinguished features are not all linked to
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a common origin. In A1795 we are seeing motion of the core but also activity from
the AGN. These two phenomena act together to shape a very complicated picture,
which makes it di�cult to distinguish their individual e�ects.

Using a spatially resolved, X-ray spectral analysis, we identify the known X-ray
depression in the NW direction and determine a distance of 44 kpc from the AGN. The
inner rim of this depression is a bright edge of X-ray emission, situated 28 kpc from the
core. Due to its temperature structure, this elongated structure is consistent with a
cold front. Although previously there has been no observed radio emission associated
with the NW depression, our observation at 235 MHz shows that an extended �lament
of radio plasma connects the NW depression with the active core. This con�guration
provides a strong circumstantial evidence that the surface brightness depression is a
morphological signature of past AGN activity, and thus supports the classi�cation
of this depression as cavity. Based on the local sound speed we measure an age of
38 Myr for the cavity. The power of the corresponding outburst is estimated to be
7× 1044erg/s.

The deep Chandra data allowed us to identify two other cavities � an SW cavity
and an arc cavity. Similarly to the case in NW, in SW direction we identify an edge
(situated 25 kpc from the center) and an outer cavity fully covered by an extension
of the radio plasma at 235-MHz. For the SW cavity we compute and age of 30
Myr and power of 1 × 1044 erg/s. Closer to the core we observe a very elongated
arc-shaped cavity. It is situated outside of the arc-like inner edge and is separated
from the NW and the SW cavities by the NW and SW edges, respectively. The arc
cavity is located at a distance of 16 kpc NW from the center, which corresponds to
an age of 14 Myr. We compute a corresponding power of the AGN outburst of 9 ×
1043erg/s. All three identi�ed cavity structures are well distinguished as depressions
in the radial surface brightness pro�les and also align with peaks of hotter emission
in the extracted temperature pro�les. While the cavities appear to be �lled with
hotter plasma, presumably injected by the AGN, they do not seem to have dredged
up enhanced metallicity gas.

We interpret the complicated structure seen in the NW direction as the signature
of three epochs of AGN activity. We see two edges: the NW edge and the arc edge,
closer to the core. Those two regions of compressed material serve as the boundaries
between the three cavities corresponding to the three outbursts. The oldest is the NW
cavity, then followed by the arc cavity. Inside the arc edge there are inner cavities,
identi�ed by Ehlert et al. (2015), that are currently being in�ated by the radio jets.
A similar picture is revealed in the SW, however the signatures of AGN activity in
this direction are less pronounced, most likely due to the e�ects of the moving core
and the cooling wake. Beyond the SW edge we observe the outer SW cavity, while
closer to the core is the southern part of the arc cavity. The elongated shape and the
location of the arc cavity, shared between NW and SW directions, may suggest that
this irregular cavity is a result of the merger of two cavities produced by the same
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3 Signatures of Multiple Episodes of AGN Activity in the Core of Abell 1795

outburst.
The observed radio behavior further supports the several-burst model. The emis-

sion corresponding to the two radio extensions reaching beyond the edges appears
very aged, exhibiting a spectral index between 235 and 610 MHz steeper than −2.9.
The spectral index pro�les in radio support the notion that the extensions observed
in the GMRT map at 235 MHz consist of aged plasma, presumably produced from
an older outburst. Moreover, the similar spectral properties of the two extensions
suggest that they have similar ages and are thus likely produced by the same AGN
outburst.

On the other hand, the spectral index of the radio emission stays relatively �at
(�atter than −1.0) inside the two edges. In this region, the new activity appears to
be o�setting the ongoing spectral aging process. The re-acceleration process �attens
the spectrum inside the edge, while the plasma outside of the edge is fully decoupled
from the AGN and continues to age.

The new deep X-ray data allows us to separate the ∼47-kpc-long tail in two main
parts with very di�erent structure. While the inner part is round, the outer tail
appears straight and very con�ned. Based on the di�erent morphology at the two
parts of the tail, we suggest that the outer tail is governed by the movement of the
BCG, while the inner tail is severely disturbed by the AGN activity. In this scenario,
the observed gap between the inner and outer tail, the irregular shape of the inner
tail, and the kinks observed in the outer tail are all attributed to the activity of the
AGN.

Even at 235 MHz we do not observe radio emission corresponding to the extended
cold tail. The lack of such emission disfavors an AGN origin of the tail. Furthermore,
despite the depth of the X-ray data, we detect no signi�cant temperature, cooling
time, or metallicity gradient along the tail. We measure an average cooling time of
500±70 Myr, which is consistent with the age of ∼300 Myr derived from the velocity
of the core movement (Oegerle & Hill 1994). All of the present evidence supports the
cooling wake hypothesis for the origin of the tail.

Giacintucci et al. (2014) have identi�ed a mini-halo in the system and determine
its size and power based on a VLA observation taken with the C-array con�guration.
They estimate a size for the mini-halo of ∼100 kpc. Although the resolution of the
GMRT images presented here is higher than the images of Giacintucci et al. (2014),
we do not resolve the region of the mini-halo inside a radius of ∼20 kpc from the
radio core. However, beyond ∼30 kpc, we observe signatures of AGN activity which
are consistent with the X-ray data and are supported by the spectral index derived
between 235 and 610 MHz. Since our analysis interprets some of the extended radio
emission to be a result of AGN activity, the implication is that the mini-halo is smaller
in size and power than originally inferred by Giacintucci et al. (2014).

In this work, we have presented evidence for the signatures of multiple episodes
of AGN activity in the core of the A1795 cluster. Despite the use of very deep X-ray
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3.7 Discussion and Conclusions

and broadband radio data, it is still di�cult to disentangle the observed morphology
of the core into a simple feedback-driven model. The ongoing AGN activity is clearly
superimposed on core structures related to the motion of the central BCG, the appar-
ent sloshing of the ICM gas in the central potential, and the formation of the cooling
wake these motions have induced. In the radio, the observed morphology is similarly
complicated due to the presence of what appears to be aged relic emission from past
AGN activity mingled with an apparent radio mini-halo in the core. It is possible that
we are looking at a mini-halo being formed by multiple episodes of activity and the
complicated picture revealed in the core of A1795 may ultimately provide evidence
for the mechanism responsible for building mini-halos. Future higher resolution, low-
frequency radio data from LOFAR and gas velocity information provided by future
missions such as Athena may allow us to separate these overlapping physical e�ects
and better constrain the evolution of the observed radio and X-ray structures in the
core of A1795 over time.
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Deep VLA Spectral Mapping of the
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Abstract

In this paper we present a new radio spectral-aging analysis of the powerful FR II radio
galaxy Cygnus A. Using new broadband observations from all array con�gurations of
the Karl G. Jansky Very Large Array (VLA), we study the morphology of the source
and investigate the plasma age distribution in the lobes by constraining the integrated
spectrum between 2 and 8 GHz. We present new spectral index and spectral age
maps at sub-arcsec resolution as well as high-dynamic range continuum images in
the C and S spectral bands at resolutions of 0.35′′ and 0.75′′, respectively. Based
on these detailed age maps, we examine the di�erent substructures in the lobes and
investigate the potential implications for the dynamics of the gas in the two radio
lobes of Cygnus A. The spectral modeling used to derive the age maps also allows us
to identify regions in the lobes which show signatures of signi�cant electron population
mixing. The derived synchrotron ages range up to 3.2 Myr, implying that the observed
radio emission in the lobes is recent compared to the age of the cocoon shock inferred
from X-ray observations. Our spectral maps for the �rst time highlight the path of
the radio jet throughout the eastern lobe. By comparing the observed X-ray and radio
structures, we show that the radio morphology of the jet is seen to anti-correlate with
the X-ray jet structure in both the eastern and western lobes. We argue that the
outer relic X-ray jet in both lobes is situated between the observed outgoing radio
jet and the back�ow from the hotspot regions. Our analysis suggests that the young
radio plasma preferentially avoids the regions where the relic X-ray jet structures are
seen.
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4.1 Introduction

4.1 Introduction

Powerful radio galaxies can have a signi�cant impact on the environment in which
they reside (e.g., Bower et al. 2006; Croton et al. 2006; Fabian 2012; McNamara &
Nulsen 2012; Morganti et al. 2013; Heckman & Best 2014). They provide energy that
regulates both the growth of the black hole and the formation of stars in massive el-
lipticals through active galactic nucleus (AGN) feedback (Silk & Rees 1998; Gebhardt
et al. 2000; Ferrarese & Merritt 2000). Although the importance of AGN feedback
is now well established, many aspects of the underlying dynamics and energetics of
these powerful radio sources remain unsolved. Determining the mechanisms that drive
these powerful out�ows in massive radio galaxies and how they evolve is crucial to
understanding the impact they have on how galaxies and clusters evolve over time.

Cygnus A (3C 405; hereafter Cyg A) is the nearest and most powerful known ex-
ample of a Fanaro� & Riley (1974) class II (FR II) radio galaxy. In this type of source,
two powerful, oppositely directed jets of relativistic matter are observed to emanate
from the compact galaxy nucleus and terminate at compact regions of bright syn-
chrotron emission, known as hotspots. The hotspots are generally thought to be the
dominant location of particle acceleration within these sources. As the hotspot moves
away from the nucleus (Burch 1977, 1979; Winter et al. 1980; Meisenheimer et al.
1989), the previously accelerated particles are left behind. The particles continue
to radiate via the synchrotron process while they �ow back and spread out form-
ing di�use lobes observed at radio frequencies (e.g., Blandford & Rees 1974; Scheuer
1974; Begelman & Cio� 1989; Kaiser & Alexander 1997; Krause et al. 2012). Since
the lobes represent the contact interface between the radio source and the surround-
ing intracluster medium (ICM), they provide an opportunity to examine the e�ects
powerful AGN have on their surrounding environment. Cyg A, due to its proximity,
allows us to study the structure, energetics, and particle content of such a powerful
radio source in greater detail than other typical FR II sources.

Observations of Cyg A with the Very Large Array (VLA) from the mid-1980's
revealed an inner jet and bright hotspots at the jet termination points (Perley et al.
1984). Carilli et al. (1991) performed a detailed multifrequency analysis of Cyg A at
4.5′′ resolution, based on VLA images at several frequencies between 327 MHz and 22
GHz, combined with 3.0′′ resolution Multi-Element Radio Linked Network (MERLIN)
images at 151 MHz from Leahy et al. (1989). More recently, new observations with
the Low Frequency Array (LOFAR) between 109 and 183 MHz were used by McKean
et al. (2016) to study the hotspots and the low-frequency spectral index morphology
of the source. However, no additional, more sensitive observations of Cyg A at GHz
frequencies have been performed until now. Motivated by the major improvements to
the VLA's bandwidth and sensitivity (Perley et al. 2011), a new wideband imaging
campaign of Cyg A was started in 2015. The VLA observations taken in the 1990's
were limited in frequency coverage, resolution, and imaging accuracy, whereas the
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4 Deep VLA Spectral Mapping of the Radio Lobes in Cygnus A

expanded capabilities of the VLA, combined with new imaging techniques, enable
spectacular improvements.

This new campaign takes advantage of the VLA's full frequency coverage between
2 and 18 GHz in all four array con�gurations and was designed to probe a wide range
of scienti�c questions in jet, lobe, and cluster physics. These new observations were
obtained in parallel with a deep, 2Ms Chandra observation to provide complimentary,
high-quality data on the intracluster gas surrounding Cyg A as well as to constrain
the presence of any non-thermal X-ray emission associated with the AGN itself (Wise
et al. 2018; Snios et al. 2018; Du�y et al. 2018; de Vries et al. 2018). As one of the
most luminous radio galaxies, Cyg A also represents an ideal opportunity to image
and model the ratio jets and their terminating hotspots and utilize a powerful probe
of cluster magnetic �elds through the phenomenon of Faraday rotation. In this work,
we focus primarily on the properties of the radio lobes in the context of the interaction
with the surrounding ICM.

Here, we use new broadband observations between 2 and 8 GHz in all four VLA
antenna con�gurations to perform spatially-resolved, spectral modeling to constrain
the particle age as a function of position in the radio lobes of Cyg A. We also present
new, high-resolution images of Cyg A in the S and C bands, and corresponding
spectral index and age maps. The radio observations and data reduction process
are described in Sect. 4.2, while Sect. 4.3 outlines the procedure used to model the
spectral age. The new S and C band continuum images are presented in Sect. 4.4
and a number of features of interest in the maps are identi�ed. The derived spectral
index and age maps are discussed in Sect. 4.5 and 4.6, respectively. In Sect. 4.7, we
compare the relic jet structures seen in the new, deep Chandra data with the radio jet
morphologies revealed in our maps. Finally, in Sect. 4.8 we discuss the implications
of our results for Cyg A when compared to other age indicators derived from the
X-ray data in the context of its interaction with the surrounding medium. The paper
concludes in Sect. 4.9.

At the redshift of Cyg A (z = 0.0561), the linear scale is 1.089 kpc/′′ for a
ΩM = 0.3, ΩΛ = 0.7 �at-cosmology with H0 = 70 km s−1 Mpc−1. Throughout
the following analysis, the spectral index is de�ned as Sν ∝ ν−α. We follow the
nomenclature of Hargrave & Ryle (1974), who designated the large and small hotspots
in the western lobe as A and B, and D and E in the eastern lobe, respectively.

4.2 Observations and data reduction

In this work, we use radio observations from the major VLA campaign started in
2015. Observations were made at four VLA bands (S, C, X, Ku) and in all four
array con�gurations, giving continuous frequency coverage from 2.0 to 18.0 GHz.
The correlator was con�gured to provide 1 MHz spectral resolution at S band (2
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4.2 Observations and data reduction

to 4 GHz), and 2 MHz spectral resolution in the other bands. The time averaging
was set to 2 seconds, which enables a more precise radio-frequency interference (RFI)
excision.

As curvature due to spectral aging becomes most easily observable above a few
GHz (Alexander 1987; Alexander & Leahy 1987; Carilli et al. 1991; Perley et al. 1997;
Hardcastle & Looney 2001), we aimed at using C-band (4.0 � 8.0 GHz) data for our
spectral aging analysis of the lobes of Cyg A. We combined it with S-band (2.0 � 4.0
GHz) observations in order to be able to better constrain the injection index.

The observations were taken with the WIDAR correlator in continuum mode with
3-bit sampling in C-band and 8-bit sampling in S-band using the maximum band-
width available for each receiver. The obtained data were �agged, calibrated and
self-calibrated using well-established techniques in AIPS. The data were spectrally
smoothed with a Hanning function to suppress spectral ringing and were examined
for strong RFI and other irregularities, such as correlator malfunctioning. All values
above a certain level were subsequently �agged. Residual parallel hand delays were
measured and removed by calibration on the nearby calibrator J2007+4029, and on
the �ux and polarization calibrator J1331+3030 (3C286). The bandpass shape was
determined from the �ux density calibrator 3C286, which has well-known �ux density
and spectral shape. The �ux density of the nearby phase calibrator J2007+4029 was
found by comparing its response to that of 3C286. The parallel hand gains were then
determined from both of these sources, and interpolated to the target source Cyg A.
Final RFI �agging was done by clipping data which are clearly above the visibility
values.

The data from Cyg A were then split out into separate �les, one for each spectral
window. From each of these, a single, central channel was then extracted and used
to enable self-calibration. The data from all four con�gurations were �rst combined
and then a full-resolution image was made. Two or three cycles of self-calibration
were executed to bring all four con�gurations to the same phase and �ux frame. An
amplitude adjustment was made such that the total �ux of Cyg A seen in the image
would equal the known primary-beam-corrected �ux density of Cyg A as determined
by Perley & Butler (2013). After this procedure, the data were further averaged in
frequency and time to reduce their volume.

The �nal imaging was performed in CASA with the clean algorithm employing
Briggs weighting (Briggs 1995) with a robust parameter of −1. We used a restoring
beam of 0.35 × 0.35′′ in C-band and 0.75 × 0.75′′ is S-band restricting the cleaning
area with manually prepared cleaning mask for each band. The cell size is 0.08 ′′/px
is C-band and 0.17 ′′/px in S-band. As multiple images were required for the spectral
analysis rather than a single broad-band data cube, each of the spectral windows in
C- and S-band was imaged separately. This resulted in 16 images equally spaced
between 2 and 4 GHz and 32 images covering the frequency space between 4 and 8
GHz. Each of the 32 images in C-band represents data with bandwidth of 112 MHz.
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4 Deep VLA Spectral Mapping of the Radio Lobes in Cygnus A

Due to di�erent channel averaging, the lower frequency eight images in S-band have
a bandwidth of 124 MHz, while the upper frequency eight images correspond to a
bandwidth of 115 MHz. The �ux scale error is assumed to be 2% for both the C- and
S-band images (Perley & Butler 2013).

4.3 Spectral �tting

Since all images in C- and S-band showed su�cient quality, we used a total of 48
images for our spectral analysis combining the two bands. The beam size of the C-
band images we used for the spectral analysis was convolved to match the resolution of
the S-band images. Thus all images we used for the spectral analysis had an angular
resolution of 0.75× 0.75′′ and a cell size of 0.17 ′′/px. In order to correct for subpixel
variations in position between images, Gaussians were �tted to the core of Cyg A using
CASA and each map was subsequently aligned with respect to a reference pixel using
the OGEOM task in the AIPS package (Harwood et al. 2013). After this procedure, the
maximum residual o�set between the images is 0.01 px, which is su�ciently accurate
for our analysis.

For the analysis of the radio images of Cyg A we used the Broadband Radio As-
tronomy Tools (BRATS) software package which provides a wide range of tools designed
speci�cally for the spectral analysis and spectral age model �tting of broad-band radio
maps. The basic functionality of BRATS is described by Harwood et al. (2013) and
subsequent improvements of BRATS are discussed in Harwood et al. (2015). Detailed
BRATS usage is also presented in the BRATS cookbook1.

In the absence of further particle acceleration, the preferential cooling of higher en-
ergy electrons emitting via synchrotron radiation produces a spectrum which becomes
increasingly curved over time. This time-dependent process, known as a spectral ag-
ing, has become a common method for determining the age of synchrotron radio
sources. The Kardashev-Pacholczyk model (KP, Kardashev 1962; Pacholczyk 1970)
and the Ja�e-Perola model (JP, Ja�e & Perola 1973) are the classical models used in
radio spectrum studies. They both assume single injection of a power-law distribution
of electrons and a uniform magnetic �eld distribution. The main di�erence between
the two is that the KP model considers the pitch angle of individual electrons to be
constant, while the JP model allows for continuous isotropization of the pitch-angle
distribution with time. Although the assumption behind the KP model is much less
realistic, Carilli et al. (1991) focused on the KP model since it �tted the spectral cur-
vature better, which is usually the case for FR II sources. Throughout this work we
consider the JP due to its better physical validity (Hardcastle 2013; Harwood et al.
2013).

A prede�ned background region situated well away from the source was used to

1http://www.askanastronomer.co.uk/brats/downloads/bratscookbook.pdf
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4.4 Continuum image morphology

calculate a value for the rms o�-source thermal noise in each map. The on-source
analysis region was constrained by considering only pixels with values above 5σ of the
rms noise level in each single-frequency map. Following the work of Harwood et al.
(2013, 2015) we apply an on-source multiplier of three times the rms noise value for
the determination of statistical values. For the spectral �tting we have excluded the
region with radius of 3.3′′ corresponding to the core of the radio galaxy as it is not
expected to be well described by any of the spectral aging models presented above.

An important input parameter to the spectral aging �tting process is an assump-
tion about the magnetic �eld strength. In this work we consider a constant value of
40 µG for both lobes based on the recent X-ray analysis of de Vries et al. (2018) .
This is discussed in more detail in Sect. 4.6.

To determine the best-�tting injection index we have used BRATS' findinject
command, which performs a series of �tting iterations over the entire source with
αinj ranging between 0.60 and 0.90 at intervals of 0.05. After it was found that the
minimum χ2 is reached for injection index of 0.85, a second round was performed
between 0.82 and 0.86 with a smaller step size of 0.01. Through this procedure we
found that the best �tting injection index for the JP model averaged over the entire
source is αinj = 0.84. This injection index is higher than the value of 0.7 used by
Carilli et al. (1991) and it is signi�cantly steeper than the value of 0.5 to 0.6 found in
the active hotspots (McKean et al. 2016). While this situation is di�cult to reconcile
with the idea that the principal location of particle acceleration is the hotspots, the
discrepancy between injection index in the hotspots and in the lobes is a well known
phenomenon previously found in both Cyg A (Carilli et al. 1991; Carilli & Barthel
1996) and other FR II radio galaxies (Harwood et al. 2015; Harwood 2017).

After the model parameters had been determined, the model �tting of the sources
was performed in BRATS using the derived best value of the injection index of 0.84 and
magnetic �eld of 40 µG. The high brightness of Cyg A made it possible to analyze
the source spectra on a pixel-by-pixel basis. Thus the JP model was �tted for each of
the 53 182 selected pixels. The statistical values for the model �ts were recorded and
spectral aging, reduced χ2, and error maps were then exported for further analysis.

4.4 Continuum image morphology

We present two radio continuum images of Cyg A � a C-band image centered at 6 GHz
with a bandwidth of 4 GHz (Fig. 4.1) and an S-band image centered at 3 GHz with
a bandwidth of 2 GHz (Fig. 4.2). The C-band image was obtained by combining the
32 individual spectral-window images, while the S-band map resulted from stacking
16 individual images. The C-band map has a resolution of 0.35′′, rms noise level of
50 µJy/beam, and dynamic range of 40 000. The S-band image has a resolution of
0.75′′, rms noise level of 150 µJy/beam, and dynamic range of 80 000. Those dynamic
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4 Deep VLA Spectral Mapping of the Radio Lobes in Cygnus A

ranges are an order of magnitude higher than in previously published maps at similar
frequencies with the VLA.

Our total intensity images of Cyg A show the expected combination of compact
and extended structure that has been previously observed at these frequencies and
recover the familiar features seen in previous works on Cyg A (e.g., Perley et al. 1984;
Carilli & Barthel 1996). The radio emission is dominated by the hotspots at the outer
end of the two lobes. In general the outer regions of the lobes, closer to the hotspots
appear brighter than the inner regions of the lobes closer to the radio core which are
fainter and more di�use. While the high-resolution of the C-band image allows us
to see �ne details in the �laments, the low-frequency S-band map reveals the inner
di�use parts of the lobes.

The high-resolution C-band map shows a wealth of �ne details in the lobes. The
lobes are observed to be comprised of many �laments following complex swirly pat-
terns. The rich �lamentary structure �rst observed by Perley et al. (1984) is well pro-
nounced in our map. The �laments appear to lack any general order in the brighter
regions of the lobes, but exhibit a more orderly structure, roughly aligned with the
source axis, in the periphery of the lobes further from the hotspots. All of the �la-
mentary structures distinguished in the C-band image are also observed in the S-band
map but they are not as well resolved due to the larger beam size at S-band. How-
ever, the current deep broadband image between 2 and 4 GHz allows us to observe
additional emission that has been traditionally observed at lower frequencies.

Although both sides of Cyg A can in general be described by three major features
(jets, lobes, and hotspots), these features do not appear symmetric on the two sides.
A likely reason why the eastern and western sides look very di�erent is projection
e�ects. Cyg A is known to be inclined at 55◦ to the line of sight, with the eastern lobe
being located further from us (Vestergaard & Barthel 1993). The di�erent observed
morphology might have also resulted from environmental di�erences to the east and
west from the nucleus (de Vries et al. 2018). In the following sections we discuss these
two sides of Cyg A separately.

4.4.1 Western side

The emission seen to the west of the core can be divided in four major regions �
jet, hotspots, outer region, and northern back�ow. The western jet can be traced
continuously from the nucleus well into the western lobe. It is partially resolved and
appears split at around 39 kpc from the core. After a gradual bend the jet enters the
high-brightness region of the outer lobe and is not distinguished further.

The outer region of enhanced surface brightness �lls up the space around the
hotspots and backward reaching up to ∼15 kpc from hotspot A. This region appears
very disturbed, showing very knotty structure. The �laments at the inner edge of the
outer region stretch perpendicularly to the jet, serving to enclose it from the rest of
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the lobe.
In the western lobe we also distinguish the ∼12 kpc linear spur which stretches

from hotspot A towards the core. At its end, it seems to turn south along the inner
edge of the outer region. The other observed features in the outer region appear to
follow various directions and do not show preference for orientation along the axis of
the source. We do not observe a �lament directly linking the two hotspots.

The space to the north of the western jet is �lled with what seems to be a �lamen-
tary back�ow of material. The northern back�ow is comprised of �laments roughly
aligned with the axis of Cyg A which turn north forming a swirly pattern as they get
closer to the core. The �laments become thinner and fainter at the inner end of the
lobe into what is observed as faint di�use emission heading NE.

The S-band image reveals signi�cantly more di�use emission south of the western
jet compared to the C-band map. The most distinguished feature in this region is
an elongated structure starting from the jet at a projected distance of ∼28 kpc from
the core and heading south reaching 15 kpc from the jet. Furthermore, the di�use
NE end of the northern back�ow of the western lobe is more pronounced and reaches
further from the hotspot compared to what is observed in the C-band images

4.4.2 Eastern side

The jet in the east is not as pronounced as in the west and appears more di�cult to
trace. It is enhanced when it enters the lobe but disappears into the brighter parts
of the lobe at a distance of ∼40 kpc from the nucleus. A distinctive structure around
the eastern lobe is a ringlike feature with a major axis perpendicular to the jet. It
is situated at about 20 kpc from the nucleus, at the inner end of the eastern lobe as
seen in C-band. This loop has been previously identi�ed by Perley et al. (1984) at
1.4 GHz. The inner part of the eastern lobe in S-band reaches the core, ending with
an elongated structure perpendicular to the jet at a distance of 6 kpc from the core,
also observed at LOFAR wavelengths (McKean et al. 2016).

The second most pronounced feature in this lobe, after the hotspots, is the high
surface brightness ridge on the northern edge of the eastern lobe (Carilli et al. 1991).
The ridge starts at hotspot D and stretches NE up to ∼ 6 kpc from the hotspot
where it turns to further propagate to the NW. Thus the northern edge of the eastern
lobe is comprised of �laments roughly parallel to the jet axis. Such long �laments
parallel to the jet axis are also characteristic for the southern edge of the lobe. In the
southern region, however, the surface brightness is signi�cantly lower and is similar
to the inner parts of the lobe. The ridge, presumably being a back�ow, appears much
more collimated than the northern back�ow in the western lobe. While the back�ow
in the western lobe dissolves as a di�use structure more than 50 kpc from hotspot A,
the ridge seems to terminate abruptly at around 20 kpc from hotspot D.

We identify two main bridges of enhanced emission perpendicular to the jet axis
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4 Deep VLA Spectral Mapping of the Radio Lobes in Cygnus A

that appear to connect the northern ridge with the center of the lobe and further
with the southern edge. In the inner parts of the lobe, the �laments which connect
the northern and southern end of the lobes intersect with the �laments propagating
parallel to the jet axis. This con�guration gives rise to a complex mesh of knotty
�lamentary structure which does not exhibit preferential orientation.

4.5 Spectral index

In Fig. 4.3 we present the high-resolution spectral index map of Cyg A between 2
and 8 GHz. The map is obtained with the help of the specindex command in BRATS

which �ts a simple power law for the provided frequencies in each pixel using the
weighted least squares method (Harwood et al. 2015). The spectral index map shows
the same general spectral properties of the source that have been previously seen at
similar frequencies. The general values and morpholgy we derive agree with what is
seen in the spectral index map published by Carilli & Barthel (1996). While the map
of Carilli & Barthel (1996) between 1.5 and 5 GHz includes larger regions of the inner
lobes, our map, due to its higher resolution, reveals greater details in the rich spectral
structure of Cyg A.

As expected, the radio hotspots have the �attest spectra in the source. Hotspot
A shows a spectral index 0.65, B � 0.55, D � 0.50, and E � 0.55. The spectral index
then steepens to more than 2 at the tails of the radio lobes, where the emission
is characterized by aged synchrotron emission . The large-scale spectral bahavior
we see con�rms the known �attening of the spectral index towards the extremities
of the radio source, �rst noted by Mitton & Ryle (1969). The observed variation
agrees well with what is expected from the known spectral aging models describing
the synchrotron radiative ageing of the relativistic electrons (Pacholczyk 1970; Carilli
et al. 1991).

4.5.1 Western side

The average spectral index in the western lobe including the hotspots is 1.45. The
outer lobe is the region with �attest spectral index with average of 1.2 (excluding
the hotspots). The inner boundary of the outer region of the western lobe is well
distinguished in the spectral index map, making the outer lobe appear well separated
from the rest of the western lobe. The spectral index in the northern back�ow averages
to 1.6, starting with 1.4 at the border of the outer lobe region increasing to above 2
at the eastern end of the lobe.

The spectral index along the jet within the western lobe varies between 1.3 and 1.5.
The region between the northern back�ow and the jet is �lled with steeper spectrum
emission with typical values of 1.7 to 1.8. This is also valid for the thin area observed
south of the western jet. In those regions we are most likely observing aged particles
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4 Deep VLA Spectral Mapping of the Radio Lobes in Cygnus A

which were left behind while the hotspot was advancing away from the core.

4.5.2 Eastern side

The average spectral index in the eastern lobe is 1.53. As observed previously by
Carilli et al. (1991), the spectral index along the ridge steepens from 0.9 at the
eastern end, to 1.2 in the middle of the ridge, and then �attens again to about 1.0
at the western end of the ridge. The outer part of the lobe (excluding the hotspots
and the ridge) has an average spectral index of 1.56, while the inner half is steeper,
with an average of 1.8. Most of the emission in the inner half appears steeper than
1.7, which is in contrast to the western lobe where such steep index appears only in
narrow regions, mainly at the edges of the lobe.

The high-resolution spectral index map allows us for the �rst time to trace the
eastern jet. The jet appears as a stripe of spectral index up to 7% lower than its
surrounding in the inner lobe. The map shows the jet path with a kink between 30
and 40 kpc from the nucleus. To the east of the kink, the radio jet seems to follow
a series of knots in the spectral index map which trace the path of the jet towards
hotspot E. See Sect. 4.7 for further analysis of the morphology of the radio jets in
comparison with the X-ray jets.

4.6 Spectral age

Spectral aging across the radio lobes has been previously considered by Alexander
et al. (1984) and Carilli et al. (1991). Alexander et al. (1984) use observations at
four frequencies between 2.7 and 31.4 GHz with the Cambridge 5-km radio telescope
and �nd roughly linear increase in age with distance from the hotspots. Carilli et al.
(1991) use nine frequencies spread between 0.15 and 22 GHz and present a spectral
age map at a resolution of 4.5′′.

For the spectral age �tting, Carilli et al. (1991) use the KP model assuming a
constant magnetic �eld of 50 µG based on equipartition between the total energy
density in relativistic particles and magnetic �eld. They exclude the hotspot regions
from their analysis, but the age map of Carilli et al. (1991) includes the bridge between
the two lobes and the southern plume traditionally seen at MHz frequencies (e.g.,
McKean et al. 2016). The oldest electron populations are found in the radio plume
extending to the south of the center of the radio bridge, with an implied source age
of 6 Myr.

In this work we use 48 data points densely located around the spectral break,
which allow us to reliably constrain the spectral curvature. We focus our studies
on the JP model since it presents more realistic assumptions about the underlying
magnetic �eld. Unlike in previous age studies of Cyg A, where magnetic �eld based
on minimum energy arguments has been assumed, we use magnetic �eld strength
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4.6 Spectral age

constrained by the recent X-ray analysis of de Vries et al. (2018). They found the
non-thermal X-ray �uxes and photon indices in each lobe through spectral analysis
of more than 2 Ms of Chandra ACIS data. The underlying electron energy spectrum
and the magnetic �eld strength were determined through combined modeling of the
X-ray inverse-Compton spectrum and the radio synchrotron spectrum, using the code
of Hardcastle et al. (1998). Following the results of de Vries et al. (2018), we adopt a
constant magnetic �eld of 40 µG for both lobes.

In Fig. 4.4 we present our spectral aging map at an angular resolution of 0.75′′.
While the map of Carilli et al. (1991) extends down to lower frequencies and probes
more di�use emission closer to the nucleus, our high-resolution map enables detailed
studies of the age morphology of the outer lobes. We �nd that the general age
structure observed in our map and the age estimates we derive are consistent with
the values presented by Carilli et al. (1991) as expected.

The revealed spectral age morphology in our map is similar to the morphology of
the spectral index, where the regions with steeper spectral index correspond to older
emission. This comes as no surprise since the di�erent age, and respectively di�erent
curvature of the spectrum, is re�ected in the overall steepness of the spectrum. The
oldest age we derive is 3.2 Myr. The plasma corresponding to that age is found at
the north-western periphery of the eastern lobe. The derived age in the hotspots is
less than a kiloyear, which is consistent with a site of active acceleration.

The formal �tting error on the presented spectral age is small with a mean of
2%. (see Fig. 4.6). The derived age is, however, strongly dependent on the provided
magnetic �eld. In order to estimate how the age scale varies with magnetic �eld, we
also performed the age �tting with a 10 µG higher and lower magnetic �eld. Here we
consider that the characteristic error on the magnetic �eld as derived by de Vries et al.
(2018) is not larger than 25%. As a result, the age scale varies by roughly a factor of
two between the two boundary values. The derived ages when B = 30 µG are ∼1.5
times higher than in the case of 40 µG. If the magnetic �eld is 50 µG, the resulting
ages are ∼0.7 times the derived ages at 40 µG. Those scaling factors are consistent
with the known dependence of spectral age as B−1.5 (Myers & Spangler 1985) and
they should be considered if one is to estimate the uncertainty of the derived age
which stems from the uncertainty of the provided magnetic �eld.

As can be seen from Fig. 4.5, the goodness of the JP model �t varies signi�cantly
throughout the lobes. One plausible origin of the poor �tting results in some regions
is the presence of strong mixing of di�erent particle populations within the lobes
of the source. Such particle mixing would break the simple assumption of a single
injection event, used by the JP model. It leads to a superposition of JP models
which is no longer described by the JP model. This possibility has previously been
discussed based on observations (Harwood et al. 2013, 2015; Harwood 2017), as well as
supported by numerical simulations (Turner et al. 2018), showing that the mixing of
di�erent aged electrons strongly a�ects the spectrum of active galaxies at each point
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4.6 Spectral age

of the radio source, leading to inaccurate spectral age estimates. Mixing is especially
relevant for the FR II radio galaxies in which the back�ow of plasma transports freshly
injected electrons from the hotspots toward the AGN, resulting in a signi�cant mixing
of electron populations. Non-intrinsic mixing related to projection e�ects is also very
likely to play a signi�cant role. Multiple electron populations can overlap along the
line of sight causing a non-standard spectral distribution.

In this sense the chi-squared map gives us the opportunity to distinguish the
regions with reliable age estimates and little population mixing from the regions
where signi�cant mixing is present and the computed age is not representative. In
both lobes the hotspots and the contract regions at the tip of the lobes are particularly
poorly modeled. In the western lobe, the narrow regions to the north and south of
the jet that are characterized by steeper spectral index are also not well modeled.
This is consistent with a scenario in which older plasma, presumably originating from
a previous episode of activity, is mixed with a back�ow of more recently accelerated
synchrotron plasma. While the southern part of the outer region of the western lobe
is poorly modeled, the northern part is the region best �tted by the JP model. This
is suggestive of little mixing at the region of the spur in the northern part of the outer
region.

In the eastern lobe we observe a similar picture. Although not as well pronounced,
the eastern jet appears better modeled than its immediate surrounding. The northern
ridge in the eastern lobe is very well �t. This is not a surprise since the �ow in this
region seems quite con�ned and consequently there is little population mixing to add
another component to the spectrum. The southern part of the lobe, where we are
most probably seeing another not very disturbed back �ow, is well described by the
JP model. On the contrary, the emission up to about 3 kpc behind the hotspots is
poorly constrained by the aging model. Similarly, in the middle of the lobe, where
we observe a complicated con�guration of �laments, the �ts are poor, likely due to
severe mixing of di�erent electron populations.

Another important factor in spectral aging analysis is the possibility of a temporal
and spatial variability of the magnetic �eld. The Tribble model (Tribble 1993) includes
a more realistic assumption than the JP model, allowing the magnetic �eld to be
spatially non-uniform. The distribution in �eld strength solves the exponential cut-
o� problem (or the lack of it), resulting in spectra similar to those found in the lobes
of Cyg A (Carilli & Barthel 1996). The power of the Tribble model is that it shows
improved �tting statistics compared to the classical JP model, while preserving the
physical description. However, it is computationally much more expensive than the
classical JP model and does not signi�cantly change the derived ages (Harwood et al.
2013, 2015; Harwood 2017). Due to the computational burden of �tting more than
50 000 regions with the Tribble model, we defer this analysis to a future work.
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4 Deep VLA Spectral Mapping of the Radio Lobes in Cygnus A

Figure 4.7: Unsharp-masked spectral age map of the western (top) and eastern (bottom)

lobe of Cyg A. The contours are from the 0.5�7.0 keV Chandra radon residual X-ray image

(de Vries et al. 2018).

4.7 Jet comparison

In this section we use unsharp masking technique to highlight high-spatial-resolution
features, already visible in the original age map presented in Fig. 4.4. In Fig. 4.7
we present unsharp-masked age maps of Cyg A overlaid with contours from the X-
ray source adapted from the 0.5�7.0 keV Chandra radon residual image of de Vries
et al. (2018). The unsharp-mask image was obtained through subtracting a smoothed
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version of the age map, at resolution of 5′′ for the eastern lobe and 20′′ for the western
lobe, from an age map at resolution of 1.5′′. The resulting image highlights smaller
spatial scales by suppressing the general large-scale variation of the age along the
lobe.

Fig. 4.7 shows that the western relic X-ray jet is situated between the northern
back�ow and the radio jet. As discussed previously this region is constituted of older
plasma which shows signatures of higher population mixing than in the jet or the
northern back�ow. Both the radio and X-ray jet appear relatively straight without
sharp changes of orientation along the path from the AGN to the western hotspot
region.

This is not the case on the eastern side of the nucleus. Unlike the western jet,
the radio jet within the eastern lobe appears signi�cantly bent. The behavior of the
radio jets with respect to the X-ray jet is also di�erent within the two lobes. While
the radio and X-ray jet do not coincide at any part of the studied area of the western
lobe, they appear co-spatial in the inner side of the eastern lobe up to about 30 kpc
from the nucleus.

Continuing further within the lobe, the radio jet describes the same turn as known
from the X-ray jet between 30 and 40 kpc from the nucleus. Throughout the curve,
the radio jet follows the southern periphery of the X-ray jet. The radio and X-ray
jet appear more detached after the kink. The radio component continues on a fairly
straight path traced by a few knots in the age map. They lead the jet toward hotspot
E, while the X-ray jet connects to the larger hotspot D.

Thus, in the outer regions of the eastern lobe (after the kink), the X-ray jet shows
similar behavior to the western jet. After the kink, the X-ray jet lies between the
radio jet and the back�ow in the northern ridge. Our observations con�rm that the
most pronounced �ows of most recent radio plasma in the outer regions occupy the
cavities in the X-ray structure and tend to avoid the areas where the remnant X-ray
jet rests. This con�guration is consistent with the current understanding that the
X-ray jet is a relic structure from previous activity and thus occupies regions of older
radio plasma (Steenbrugge & Blundell 2008).

4.8 Discussion

The spectral ages derived in Sect. 4.6 can be compared to other relevant timescales
in the core of Cyg A as inferred from X-ray observations. The new, deep Chandra

observations of Cyg A reveal a wealth of X-ray emitting features in and around the
observed radio structures (Wise et al. 2018). Proceeding outward from the X-ray
bright nucleus, these include, among others, a series of rib-like structures comprised
of cooler 4 keV thermal plasma (Du�y et al. 2018), pronounced jet-like structures
traversing the E and W lobes (de Vries et al. 2018), multiple bright hotspots roughly
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corresponding to the location of the radio hotspots, and the well-known cocoon shock
marking the boundary with the surrounding ICM (Snios et al. 2018). Based on a
spatially-resolved spectral analysis of the X-ray emission from Cyg A, the physical
properties of these features and estimates for their ages can be determined. The
derived ages can in turn be compared to the ages of the radio emitting plasma. These
comparisons may provide insight into how the X-ray and radio emitting material
interact as well as on their origin in the activity of the central AGN.

For example, the observed rib-like X-ray features in the inner parts of the E and W
lobes are unlikely to have formed due to material cooling out of the surrounding ICM.
The derived density and temperature for the gas over the central 60 kpc imply cooling
times that range from ∼ 200−1500Myr (Wise et al. 2018; de Vries et al. 2018), which
is orders of magnitude larger than the dynamical ages based on the sound speed in
the gas. Du�y et al. (2018) argue that, due to the mass, morphology, and dynamical
ages of these features, they may in fact represent the remnants of cool material from
the core of Cyg A that has been disturbed as the radio jets pass through the inner
core. Such features have been observed in simulations with cylindrical symmetries for
models where the jet breakout from the core is slow (Mathews & Guo 2010, 2012).
In this scenario, the ribs present material that has been lifted to its current location
on the inner rim of the radio lobe by pressure from the underlying radio source. The
sound speed in the gas in this region is ∼ 1 kpcMyr−1 which implies timescales of
5−15Myr for the observed rib structures to reach their current positions (Du�y et al.
2018). Given the uncertainties, these ages are consistent with our inferred ages for
the radio plasma at these positions.

Similarly, we can compare our spectral age estimates against the idea that the
observed, jet-like X-ray structures are the relics of the passage of previous jet emission
(Steenbrugge & Blundell 2008). These relic jets are sources of non-thermal X-ray
emission and are thought to be powered by inverse Compton emission of CMB photons
by an older electron population left behind by an earlier passage of the radio jet (de
Vries et al. 2018). The observed misalignment between the X-ray relic jet and the
current observed radio jet may then be explained by movement or expansion of the
relic emission, or alternatively by precession of the jet. Given the estimates for the
sound speed in the gas, the o�set between the radio jet and relic X-ray jet corresponds
to a timescale of 2 − 5Myr. We note that the observed X-ray relic is signi�cantly
wider than the radio jet, so there is some uncertainty in how to de�ne this o�set
(see Fig 4.7). Nonetheless, comparing the di�erence in plasma ages between these
positions using our spectral age map in Fig. 4.4, we observe that the plasma at the
position of the relic X-ray jet feature is consistently 1−2Myr older than the plasma at
the position of the current radio jet. Again, within the uncertainties, these values are
consistent with the idea that the currently observed X-ray jet presents relic emission
from an earlier jet passage.

We can also compare the variation in plasma ages over the lobes in Cyg A with
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estimates for the age of the cocoon shock. Using the same deep Chandra observations,
Snios et al. (2018) have modeled the cocoon shock in Cyg A. Based on the strength
of the density and temperature jumps around the cocoon, they measure shock Mach
numbers in the range 1.18�1.66. They further estimate a total energy for the shock
of E ∼ 4.7 × 1060 erg and an age of 20Myr. This value is an order of magnitude
higher than our estimates for the age of the synchrotron emission in the lobes and
more than three times higher than the oldest emission observed (south of the nucleus)
at lower frequencies (Carilli et al. 1991). The observed morphology in radio and X-
rays is consistent with the picture that the cocoon has largely reached local pressure
equilibrium with the surrounding ICM and is undergoing a relatively slow (M ∼
1.2 − 1.6) large-scale expansion. From the point of view of the short-lived radio
plasma, the cocoon is therefore an essentially static structure in which the plasma
can spread outwards before it hits the cocoon boundary to form a back�ow. The fact
that no emission older than 6Myr has been observed in the lobes of Cyg A implies that
multiple episodes of activity may have occurred and faded away since the outburst
which formed the cocoon shock. Due to population mixing and projection e�ects, it
is unfortunately di�cult to deduce the number of episodes of activity in that time.

4.9 Conclusions

In this work, we have used new broadband VLA data between 2 and 8 GHz to study
the lobe morphology of the powerful FR II radio source Cyg A and to model the
radio spectrum constraining the particle ages in the di�erent regions of the lobes.
We have presented new radio continuum imaging at C- and S-band which show in
great detail the structure in the lobes of Cyg A. The C-band image manifests the
complex �lamentary con�gurations in the main body of the lobes, while the S-band
map reveals the fainter di�use emission in the inner lobes.

In our spectral-aging study we constrain the spectral curvature taking advantage of
the continuous frequency coverage around the spectral break. We �nd a steep injection
index of 0.84 for the whole source con�rming the discrepancy between the injection
index in the hotspots and lobes. Our results are consistent with the conclusions of
Harwood et al. (2013, 2015) and Harwood (2016) who �nd that the injection index is
steeper than previously assumed in all analyzed FR II sources. Using direct magnetic
�eld strength constraints obtained by recent X-ray analysis of deep Chandra data, we
derive a detailed age map of the lobes which resolves the source at sub-kpc level.

Our map demonstrates general evolution of spectral aging with distance from the
hotspots which agrees well with the model for powerful FR II radio galaxies. In the
western lobe we see a clear boundary between the outer region and the rest of the lobe.
The spur in the north-western region is composed of young emission which appears
to turn south once hitting the border of the outer lobe region. The major back�ow
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in the western lobe shows clear signs of aging along its way from the outer lobe to
the nucleus. The oldest age we derive in Cyg A is 3.2 Myr and it is found at the
north-western periphery of the eastern lobe. In the eastern lobe, we con�rm that the
northern ridge consists of a relatively collimated �ow of younger emission, showing
signs of reacceleration once the �ow interacts with the edge of the lobe. Our age map
also allows us to distinguish a back�ow in the southern periphery of the eastern lobe.

We additionally use the goodness of the JP aging model �t to study the distri-
bution of electron population mixing throughout the lobes. We identify signi�cant
variations in the amount of mixing in di�erent parts of the lobes. In both lobes the
regions in the immediate vicinity of the hotspots are consistent with a mixing pro-
cess. The western jet appears to be surrounded by older emission which also shows
signi�cant population mixing. In contrast, the northern back�ow in the western lobe
is well represented by the aging model. Due to the high accuracy of the �t, little
mixing is also expected in the northern part of the outer western lobe. We identify
that the northern ridge and the southern back�ow in the eastern jet are well �t with
the age model, while the regions in-between show signatures of substantial mixing.

Comparing the ages revealed by the synchrotron emission with recent timescale
constraints based on deep X-ray observations, we conclude that the observed radio
morphology depicts a fairly recent episode of activity and does not trace the outburst
that initiated the shock expansion. The age of the radio structures is a few orders
of magnitude lower than the inferred cooling time of the X-ray gas. The currently
observed radio emission is also signi�cantly younger than the cocoon shock. Our and
previous synchrotron age estimates suggest that a few cycles of activity are possible
since the shock was created.

Finally, we use the X-ray data to compare the connection between the X-ray
and the radio jets. We demonstrate that the straight western X-ray jet is situated
between the northern back�ow and the radio jet, along a region of older emission
showing higher population mixing. Our high-resolution age map highlights for the
�rst time a kink in the eastern lobe which corresponds to the turn observed in the
X-ray relic jet. Furthermore, we are able to distinguish the path of the radio jet in
the outer lobe, where the X-ray jet appears shifted north and is located between the
radio jet and the northern ridge.

The jet morphology revealed in the eastern lobe in our age map shows that the
observed radio jet does not represent the classical straight and collimated �ow between
the nucleus and the hotspots. The spatial correlation between X-ray and radio jet is
a clear indication that there is an interaction between the X-ray relic feature and the
observed radio structure. This provides one more piece of evidence in favor of the non-
thermal model of the X-ray relic. Finally, our age comparison and the juxtaposition
of the X-ray and radio morphology suggests that the older X-ray cocoon structure
de�nes the frame within which the currently emitting radio plasma is spreading while
preferentially �owing through regions devoid of relic X-ray structures.
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Samenvatting

Clusters van sterrenstelsels zijn de meest massieve objecten in het heelal die door de
zwaartekracht gebonden zijn (Fig. A). Ze liggen in de knooppunten van de groot-
schalige �lamentaire structuur, bekend als het kosmische web, en ontstaan door het
samensmelten van kleinere structuren. Naast de dominerende donkere materie (ge-
middeld ∼75%) en het grote aantal zichtbare sterrenstelsels, bevatten de clusters ook
enorme reservoirs van di�uus heet gas. Ongeveer 90% van de baryonen in de clusters
zitten in het hete plasma van het intracluster medium (ICM), terwijl de rest sterren
in sterrenstelsels vormen. Het hete gas vormt een hydrostatische atmosfeer, die de
ruimte tussen de sterrenstelsels opvult en die op zijn plaats gehouden worden door de
zwaartekracht van een halo uit donkere materie. De gas temperaturen variëren van
106 tot 108 K, en dat maakt het gas waarneembaar in röntgenstralen. Het plasma
van het ICM bestaat voornamelijk uit geïoniseerd waterstof en helium, gemengd met
sporen van zwaardere elementen.

Actieve galactische kernen (active galactic nuclei, AGN), die in het centra van
clusters liggen, zijn de meest energetische objecten in het heelal (Fig. B). De centrale
motor van een AGN is een superzwaar zwart gat (supermassive black hole, SMBH),
wiens sterke gravitatieveld niet alleen materie maar ook licht vasthoudt. Het zwarte
gat wordt gevoed door een omringende accretieschijf, een relatief vlakke structuur
die ontstaat als gevolg van het behoud van impulsmoment van de invallende materie
(voornamelijk gas en stof uit de interstellaire materie).

De röntgen- en radio-studies van clusters in de laatste decennia hebben gewezen
op de rol die de radioluide AGN spelen bij het thermale evenwicht van het gas in
de clusters van sterrenstelsels. AGN feedback is het proces van interactie tussen de
energie geïnjecteerd door de relativistische jets, die ontstaan in de buurt van SMBHs
in het midden van clusters, en het omliggende ICM. Het centrale SMBH voert genoeg
energie terug in zijn omgeving om het energieverlies door afkoelen te balanceren. Aan-
genomen wordt dat de energie die geleverd wordt aan de AGN-omgeving matigend is
voor de beschikbaarheid van brandstof voor het accretieproces, dat zowel de groei van
het zwarte gat als de stervormingsactiviteit in het omgevende sterrenstelsel reguleert.
AGN feedback is dus de meest aannemelijke kandidaat om het gebrek te verklaren aan
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Samenvatting

Figuur A: Optisch beeld van het cluster van sterrnestelsels Abell 370. Dit beeld van de Hub-

ble Space Telescope laat de verschilende sterrenstelsels in het cluster zien. Credit: NASA,

ESA.

Figuur B: Artistieke impressie van een AGN met het centrale superzware zwarte gat, de

accretieschijf, en de twee jets in tegenovergestelde richtingen. Credit: Carnegie/AP.
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uiterst heldere centrale sterrenstelsels in clusters, die door veel simulaties voorspeld
worden.

Veel (cool-core, relaxed) clusters hebben bewijs geleverd voor de interactie tussen
het SMBH en zijn omgeving. In deze systemen, heeft de radio jet van de AGN holten
(in het Engels cavities ofwel X-ray cavities) in de atmosfeer van de cluster gecreëerd,
die als verminderde oppervlaktehelderheid in röntgenstraling waar te nemen zijn.
In de meeste van de bestudeerde systemen hebben deze holten een ronde vorm en
verschijnen in paren die zich bevinden aan weerszijden van het SMBH (Fig. C).

In de meeste systemen blijkt dat de holten gevuld worden met uitgebreide di�use
radio-lobben (lobes) die door de jets werden geproduceerd. Deze ruimtelijke anti-
correlatie tussen de röntgen- en radiostraling levert het sterke indirecte bewijs dat
de activiteit van de AGN verantwoordelijk is voor de röntgen-holten. Gezien deze
gemeenschappelijke oorsprong, is de röntgenstraling een directe maat voor de me-
chanische e�ecten van het feedback proces, terwijl waarnemingen in radiogolven de
stralingsuitvoer van de lobben onthullen. Gecombineerde röntgen- en radiowaarne-
mingen maken het mogelijk de energieuitvoer van de AGN en de stralingse�ciëntie in
radiogolven te bepalen en ook de fysische eigenschappen van de radio lobben en het
ICM vast te stellen.

Figuur C: De beelden demonstreren hoe de radio lobben aan weerszijden de symmetrische

röntgen-holten invullen. Beide beelden tonen de combinatie van röntgenstralen (blauw),

optische emissie (wit), en hoogfrequente radiogolven (rood). Links: Beeld van de binnenste

200′′ (700 kpc) van cluster MS 0735.6+7421. Credit: McNamara et al. 2009. Rechts: Beeld

van het centrale gebied van de Hydra A cluster. Credit: chandra.harvard.edu.

In dit proefschift combineren wij radio- en röntgenwaarnemingen om het verre-
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gaande e�ect te bestuderen die het zeer kleine, maar krachtige SMBH heeft op de
geobserveerde morfologie van het ICM. We richten ons voornamelijk op laagfrequente
radiowaarnemingen omdat ze het mogelijk maken oudere, di�use emissie op grote
schaal te detecteren en dus de activiteit van de AGN op langere termijn te trace-
ren. Dit proefschrift bevat vier hoofdstukken, beginnend met een inleiding over de
interactie tussen het intracluster medium en het centrale superzware zwarte gat.

In het eerste deel van Hoofdstuk 2 bieden we een analyse van het veelgebruikte
verband tussen holte-vermogen en radio-lichtkracht in clusters van sterrenstelsels die
tekens van sterke AGN-feedback tonen. We bestuderen de correlatie op lage radiofre-
quenties door middel van twee nieuwe surveys � de eerste alternatieve data-uitgave
van de TIFR GMRT Sky Survey (TGSS ADR1) bij 148 MHz, en LOFAR's eerste
totaalbeeld van de hele hemel, de Multifrequency Snapshot Sky Survey (MSSS) bij
140 MHz. We vinden een schaalrelatie Pcav ∝ Lβ148, met een logarithmische richtings-
coë�ciënt β = 0.51±0.14, wat goed overeenstemt met eerdere resultaten gebaseerd op
gegevens bij 327 MHz. De grote spreiding die in deze correlatie te vinden is, bevestigt
de conclusies die bij hogere frequenties werden bereikt, namelijk dat de lichtkracht
op één enkele frequentie een slechte voorspeller is van het totale jet-vermogen. Ons
onderzoek laat ook zien dat het toevogen van 148MHz-metingen onvoldoende is om
de correctie op de spectrale leeftijdsschatting te verbeteren en de spreiding in de cor-
relatie te reduceren. Deze nieuwe laag-frequente analyse benadrukt het feit dat de
bestaande relaties tussen holte-vermogen en radio-lichtkracht gebaseerd zijn op een
relatief klein bereik van AGN-uitbarstingsleeftijden. We bespreken hoe de correlatie
uitgebreid kan worden met behulp van gegevens bij lage frequenties van de LOFAR
Two-metre Sky Survey (LoTSS), in combinatie met toekomstige, aanvullende diepe
röntgenwaarnemingen.

In het tweede deel van Hoofdstuk 2 richten we ons op een subgroep van vier goed
ruimtelijk opgeloste MSSS bronnen. We onderzoeken de gedetecteerde uitgebreide
structuren op lage frequenties en vergelijken hen met de morfologie bekend uit beel-
den op hogere frequenties en uit Chandra röntgenkaarten. In het geval van Perseus
bespreken we details in de structuur van de radio mini-halo, terwijl we in cluster 2A
0335+096 nieuwe di�use emissie ontdekken verbonden met meerdere röntgen-holtes,
waarschijnlijk afkomstig uit vroegere activiteit. Voor A2199 en MS 0735.6+7421 be-
vestigen we dat de radio-lobben waargenomen bij lage frequenties beperkt zijn tot de
dimensies bekend uit hogere frequenties.

In Hoofdstuk 3 analyseren we de kenmerken van AGN-activiteit in de rijke, na-
bijgelegen cluster Abell 1795, met het doel de langetermijngeschiedenis van feedback
in het systeem te staven en karakteriseren. We combineren radio-waarnemingen bij
610 en 235 MHz van de Giant Metrewave Radio Telescope (GMRT) met 3.4 Msec
röntgengegevens van de Chandra observatory. Met behulp van radiële temperatuurs-
pro�elen, evenals röntgen- en radio-oppervlaktehelderheidspro�elen in drie richtingen
die grote morfologische verstoringen tonen, markeren we de kenmerken van activiteit
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in het systeem. Voor het eerst nemen we radio-emissie waar verbonden met het NW-
gebied van verminderde röntgen-oppervlaktehelderheid. Dit komt ten gunste van de
classi�catie van dit gebied als holte. We vinden ook twee andere röntgen-holtes, gele-
gen NW en ZW van het AGN. Terwijl de centrale radio-emissie die verbonden is met
de binnenhostes, een vlakkere spectrum-index toont, bestaan de radio-uitbreidingen
die overeenkomen met de verste röntgen-holten uit oud plasma. Alle waargenomen
kenmerken zowel in radiogolven als in röntgenstralen wijzen op enkele opeenvolgende
episodes van AGN-activiteit, die aanleiding gaven tot de morfologie die NW en ZW
van de kern te zien is. In het zuidelijke gebied staven we de afkoelende-kielzog hy-
pothese voor de oorsprong van de lange staart. De diepe röntgengegevens maken het
ons ook mogelijk �inke verstoringen te onderscheiden in de binnendelen van de staart,
die we aan de activiteit van het AGN toeschrijven.

Hoofdstuk 4 biedt een nieuwe radio spectrale leefteijdsschattings-analyse van het
krachtige FR II radio sterrenstelsel Cygnus A. Met behulp van nieuwe breedband-
waarnemingen van alle con�guraties van de Karl G. Jansky Very Large Array (VLA),
bestuderen we de morfologie van de bron en onderzoeken we de verdeling van de
plasma-leeftijd in de lobben door het geïntegreerd spectrum tussen 2 en 8 GHz vast te
stellen. We presenteren nieuwe spectrum-index- en spectrumleeftijd-kaarten met een
sub-arcsec resolutie evenals continuümbeelden bij 3 en 6 GHz met hoog dynamisch be-
reik en resoluties van respectievelijk 0.75′′ en 0.35′′. Gebaseerd op deze gedetailleerde
kaarten bestuderen we de verschilende substructuren in de lobben en onderzoeken
we de potentiële implicaties voor de dynamiek van het gas in de twee radio-lobben
van Cygnus A. De spectrale modellering die gebruikt wordt om de leeftijdskaarten te
creëren maakt het ook mogelijk gebieden in de lobben te identi�ceren, die kenmer-
ken van electron populatie-vermenging vertonen. De afgeleide synchrotron-leeftijden
gaan tot 3.2 miljoen jaar, wat impliceert dat de geobserveerde radio-emissie in de
lobben recent is in vergelijking met de leeftijd van de cocon-schok die werd afgeleid
uit röntgenwaarnemingen. Onze spectrale kaarten brengen voor het eerst het pad van
de radio-jet door de oostelijke lob in beeld. Door de geobserveerde röntgen- en radio-
structuren met elkaar te vergelijken, laten we zien dat de radio-morfologie van de jets
anti-correleert met de röntgenstructuur in zowel de oostelijke als ook de westelijke
lob. We stellen dat het buitenste deel van de röntgen-jet in beide lobben gesitueerd
is tussen de waargenomen radio-jet en de terugstroom uit de hotspot gebieden. Onze
analyse suggereert dat het jonge radio-plasma bij voorkeur de regio's vermijdt waar
de oudere röntgen-jet-structuren verschijnen.
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Summary

Galaxy clusters are the most massive bound objects in the universe (Fig. A). They are
located at the nodes of the large-scale �lamentary structure known as the cosmic web
and form by subsequent merging of smaller structures. In addition to the dominant
dark matter (∼75%, on average) and the large numbers of visible galaxies (∼5%),
clusters also contain enormous reservoirs of di�use hot gas (∼20%). Roughly 90% of
the baryons in clusters reside in the hot plasma of the intracluster medium (ICM),
while the rest form stars in galaxies. The hot gas forms a hydrostatic atmosphere,
which �lls up the space between the galaxies and is kept in place by the gravity of a
dark matter halo. Gas temperatures typically range from 106 to 108 K, which makes
it observable in X-rays. The intracluster plasma of the ICM is primarily comprised
of ionized hydrogen and helium, mixed with traces of heavier elements.

Figure A: Optical image of the galaxy cluster Abell 370 from the Hubble Space Telescope,

where the galaxies comprising the cluster can be distinguished. Image from NASA, ESA.
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Summary

Active galactic nuclei (AGN) that appear in the centers of galaxy clusters are the
most energetic objects in the Universe (Fig. B). The central engine of an AGN is a
compact supermassive black hole (SMBH), whose strong gravitational �eld traps not
only matter but also light. The black hole is fed through accretion disk, a relatively
�at structure which is a consequence of the conservation of angular momentum of the
infalling material (primarily gas and dust from the interstellar matter).

Figure B: Artist's impression of an AGN with the central supermassive black hole, the

accretion disc, and the two oppositely-directed jets. Figure from Carnegie/AP.

The X-ray and radio studies of clusters in the last few decades have drawn our
attention to the role played by radio-loud AGN in the thermal balance of the hot
gas in galaxy clusters. AGN feedback refers to the process of interaction between
the energy injected by relativistic jets originating near SMBHs at the centers of the
clusters and the surrounding ICM. The central SMBH is feeding energy back into its
surroundings at a rate enough to balance the loss of energy through cooling. The
energy deposited into the AGN's environment is believed to moderate the availability
of fuel for the accretion process that regulates both the growth of the black hole and
the formation of stars in the surrounding galaxy. Thus, AGN feedback is the most
plausible candidate to explain the lack of excessively bright cluster central galaxies
predicted by many simulations.

Many observed (cool-core, relaxed) clusters have shown evidence of the interaction
between the SMBH and its environment. In these systems, the radio jets of the
AGN have pushed out cavities in the cluster's atmosphere, creating surface-brightness
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depressions observed in X-rays. In most of the studied systems those cavities have
round shape and appear in pairs situated on the two sides of the SMBH (Fig. C).

In most systems, the depressions in X-ray surface brightness are found to be
�lled with the extended di�use radio lobes produced by the jets. This spatial anti-
correlation between the X-rays and radio provides strong circumstantial evidence that
the AGN activity is responsible for the observed X-ray cavities. Given this common
origin, X-rays directly probe the mechanical e�ects of the feedback process, while
radio observations reveal the radiative output of the lobes. Combined X-ray and
radio observations can provide constraints on the AGN energy output and the radio
radiative e�ciency, as well as the physical properties of the radio lobes and the ICM.

Figure C: The images demonstrate how the two opposite radio lobes �ll in the symmetric

X-ray cavities. Both images show the combination of X-ray (blue), optical (white), and high-

frequency radio wavelengths (red). Left: Image of the inner 200′′ (700 kpc) of the cluster

MS 0735.6+7421. Credit: McNamara et al. 2009. Right: Image of the central region of the

Hydra A cluster. Credit: chandra.harvard.edu.

In this thesis we combine X-ray and radio observations in order to study the
profound e�ect the tiny, but powerful SMBH has on the observed morphology of
the ICM. We primarily focus on low-frequency radio observations since they allow
us to detect older, di�use emission at larger radii and trace the AGN activity over
longer timescales. This thesis contains four chapters, including an introduction on
the interaction between the intracluster medium and the central supermassive black
hole.

In the �rst part of Chapter 2 we present a new analysis of the widely used relation
between cavity power and radio luminosity in clusters of galaxies with evidence for
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Summary

strong AGN feedback. We study the correlation at low radio frequencies using two
new surveys � the �rst alternative data release of the TIFR GMRT Sky Survey (TGSS
ADR1) at 148 MHz and LOFAR's �rst all-sky survey, the Multifrequency Snapshot
Sky Survey (MSSS) at 140 MHz. We �nd a scaling relation Pcav ∝ Lβ148, with a
logarithmic slope of β = 0.51±0.14, which is in good agreement with previous results
based on data at 327 MHz. The large scatter present in this correlation con�rms the
conclusion reached at higher frequencies that the total radio luminosity at a single
frequency is a poor predictor of the total jet power. We also show that including
additional measurements at 148MHz is insu�cient to improve the spectral aging
correction and reduce the scatter in the correlation. This new low-frequency analysis
highlights the fact that existing cavity power to radio luminosity relations are based
on a relatively narrow range of AGN outburst ages. We discuss how the correlation
could be extended using low frequency data from the LOFAR Two-metre Sky Survey
(LoTSS) in combination with future, complementary deeper X-ray observations.

In the second part of Chapter 2 we focus on a subset of four well-resolved sources
with MSSS. We examine the detected extended structures at low frequencies and
compare with the morphology known from higher frequency images and Chandra X-
ray maps. In the case of Perseus we discuss details in the structures of the radio mini-
halo, while in the 2A 0335+096 cluster we observe new di�use emission associated
with multiple X-ray cavities and likely originating from past activity. For A2199 and
MS 0735.6+7421, we con�rm that the observed low-frequency radio lobes are con�ned
to the extents known from higher frequencies.

In Chapter 3 we analyze AGN activity signatures in the rich nearby galaxy cluster
Abell 1795 aiming to con�rm and characterize the long-term feedback history in
the system. We combine radio observations at 610 and 235 MHz from the Giant
Metrewave Radio Telescope (GMRT) with 3.4 Msec X-ray data from the Chandra

Observatory. Extracting radial temperature pro�les, as well as X-ray and radio surface
brightness pro�les in three directions showing major morphological disturbances, we
highlight the signatures of activity in the system. For the �rst time we observe radio
emission corresponding to the NW X-ray depression, which provides evidence in favor
of the classi�cation of the depression as a cavity. We identify two other X-ray cavities
situated NW and SW of the AGN. While the central radio emission corresponding to
the inner cavities shows �atter spectral index, the radio extensions associated with the
furthest X-ray cavities consist of aged plasma. All observed signatures both in radio
and X-ray are consistent with several consecutive episodes of AGN activity, which
gave rise to the observed morphology NW and SW from the core. In the southern
region, we con�rm the cooling wake hypothesis for the origin of the long tail. The
deep X-ray data also allows us to distinguish signi�cant distortions in the tail's inner
parts, which we attribute to the activity of the AGN.

Chapter 4 presents a new radio spectral-aging analysis of the powerful FR II radio
galaxy Cygnus A. Using new broadband observations from all array con�gurations of
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the Karl G. Jansky Very Large Array (VLA), we study the morphology of the source
and investigate the plasma age distribution in the lobes by constraining the integrated
spectrum between 2 and 8 GHz. We present new spectral index and spectral age
maps at sub-arcsec resolution as well as high-dynamic range continuum images at 3
and 6 GHz with resolution of 0.75′′ and 0.35′′, respectively. Based on these detailed
age maps, we examine the di�erent substructures in the lobes and investigate the
potential implications for the dynamics of the gas in the two radio lobes of Cygnus
A. The spectral modeling used to derive the age maps also allows us to identify
regions in the lobes which show signatures of signi�cant electron population mixing.
The derived synchrotron ages range up to 3.2 Myr, implying that the observed radio
emission in the lobes is recent compared to the age of the cocoon shock inferred from
X-ray observations. Our spectral maps for the �rst time highlight the path of the
radio jet throughout the eastern lobe. By comparing the observed X-ray and radio
structures, we show that the radio morphology of the jet is seen to anti-correlate with
the X-ray jet structure in both the E and W lobes. We argue that the outer relic
X-ray jet in both lobes is situated between the observed outgoing radio jet and the
back�ow from the hotspot regions. Our analysis suggests that the young radio plasma
preferentially avoids the regions where the relic X-ray jet structures are seen.
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Ãàëàêòè÷íèòå êóïîâå ñà íàé-ìàñèâíèòå ãðàâèòàöèîííî ñâúðçàíè îáåêòè âúâ Âñå-

ëåíàòà (ôèã. À). Òå ñå ôîðìèðàò îò ïîñëåäîâàòåëíî ïðèñúåäèíÿâàíå íà ïî-ìàëêè

ãðóïè îò ãàëàêòèêè è ñà ðàçïîëîæåíè âúâ âúçëèòå íà ò.íàð. êëåòú÷íà ñòðóêòó-

ðà íà Âñåëåíàòà (cosmic web). Îñâåí òúìíàòà ìàòåðèÿ (â êîÿòî å ñúñðåäîòî÷åíà

ñðåäíî ∼75% îò ìàñàòà) è ãîëåìèÿ áðîé íàáëþäàâàíè ãàëàêòèêè (∼5%), êóïîâåòå
ñúäúðæàò è îãðîìíî êîëè÷åñòâî ðàçðåäåí ãîðåù ãàç (∼20%). Ïðèáëèçèòåëíî 90%
îò áàðèîííàòà ìàòåðèÿ â êóïîâåòå å ïîä ôîðìàòà íà ãîðåùà ïëàçìà, íàìèðàùà

ñå â ìåæäóãàëàêòè÷íîòî ïðîñòðàíñòâîòî íà êóïà (intracluster medium, ICM). Îñ-

òàíàëîòî âåùåñòâî å êîíäåçèðàíî â çâåçäèòå îò ãàëàêòèêèòå â êóïà. Ãîðåùèÿò

ãàç ôîðìèðà õèäðîñòàòè÷íà àòìîñôåðà, êîÿòî èçïúëâà ïðîñòðàíñòâîòî ìåæäó

ãàëàêòèêèòå è ñå çàäúðæà òàì îò ãðàâèòàöèÿòà íà õàëîòî îò òúìíà ìàòåðèÿ.

Òåìïåðàòóðàòà íà ãàçà îáèêíîâåíî å â äèàïàçîíà îò 106 äî 108 K, êîåòî ãî ïðàâè

âúçìîæåí çà äåòåêòèðàíå â ðåíòãåíîâèÿ äèàïàçîí íà åëåêòðîìàãíèòíèÿ ñïåêòúð.

Ïëàçìàòà ìåæäó êóïîâåòå å ñúñòàâåíà îñíîâíî îò éîíèçèðàí âîäîðîä è õåëèé,

ïðèìåñåíè ñ ìàëêè êîëè÷åñòâà ïî-òåæêè åëåìåíòè.

Àêòèâíèòå ãàëàêòè÷íè ÿäðà (active galactic nuclei, AGN), íàìèðàùè ñå â öåíò-

ðîâåòå íà ãàëàêòè÷íèòå êóïîâå, ñà íàé-åíåðãåòè÷íèòå îáåêòè âúâ Âñåëåíàòà (ôèã.

Á). Çàäâèæâàùàòà ñèëà íà åäíî àêòèâíî ãàëàêòè÷íî ÿäðî å êîìïàêòíà ñâðúõìà-

ñèâíà ÷åðíà äóïêà, ÷èÿòî ñèëíî ãðàâèòàöèîííî ïîëå íå ñàìî çàõâàùà âåùåñòâî,

íî è íå ïîçâîëÿâà íà ñâåòëèíàòà äà ÿ íàïóñíå. ×åðíàòà äóïêà ñå çàõðàíâà ÷ðåç

àêðåöèîíåí äèñê, êîéòî ïðåäñòàâëÿâà ñðàâíèòåëíî ïëîñêà ñòðóêòóðà, êîÿòî ñå

ôîðìèðà êàòî ñëåäñòâèå îò çàêîíà çà çàïàçâàíå íà úãëîâèÿ ìîìåíò (ìîìåíòà íà

èìïóëñà) íà ïàäàùàòî âåùåñòâî (îñíîâíî ãàç è ïðàõ îò ìåæäóçâåçäíàòà ìàòåðèÿ).

Â ïîñëåäíèòå íÿêîëêî äåñåòèëåòèÿ, íàáëþäåíèÿòà â ðåíòãåíîâèÿ è ðàäèî äèà-

ïàçîí íàñî÷èõà âíèìàíèåòî íè êúì ðîëÿòà, êîÿòî ðàäèî-øóìíèòå àêòèâíè ãàëàê-

òè÷íè ÿäðà èãðàÿò â òîïëèííèÿ áàëàíñ íà ãîðåùèÿ ãàç â ãàëàêòè÷íèòå êóïîâå.

Òúé íàðå÷åíèÿò AGN ôèéäáåê îáîáùàâà ïðîöåñèòå íà âçàèìîäåéñòâèå ìåæäó îñ-

âîáîäåíàòà åíåðãèÿ îò ðåëàòèâèñòêèòå äæåòîâå, ãåíåðèðàíè îò ñâðúõìàñèâíàòà

÷åðíà äóïêà â öåíòúðà íà êóïà, è îáêðúæàâàùàòà ÿ ñðåäà â ìåæäóãàëàêòè÷íî-

òî ïðîñòðàíñòâî. ICM-úò ãóáè åíåðãèÿ ïîñðåäñòâîì ïðîöåñè íà îõëàæäàíå, íî
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Ôèãóðà À: Îïòè÷íî èçîáðàæåíèå íà êóïà îò ãàëàêòèêè Abell 370 ïîëó÷åíî ñ êîñìè÷åñ-

êèÿ òåëåñêîï Õúáúë. Òîâà èçîáðàæåíèå ïîçâîëÿâà îòäåëíèòå ãàëàêòèêè, êîèòî ñúñòàâÿò

êóïà, äà áúäàò ðàçëè÷åíè. Èçòî÷íèê: NASA, ESA.

Ôèãóðà Á: Õóäîæåñòâåíî ïðåäñòàâÿíå íà àêòèâíî ãàëàêòè÷íî ÿäðî ñ öåíòðàëíà ñâðúõ-

ìàñèâíà ÷åðíà äóïêà, àêðåöèîíåí äèñê è äâà ïðîòèâîïîëîæíî íàñî÷åíè äæåòà. Èçòî÷-

íèê: Carnegie/AP.
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öåíòðàëíàòà ñâðúõìàñèâíà ÷åðíà äóïêà îòäàâà îáðàòíî åíåðãèÿ â ñðåäàòà ñ òåì-

ïîâå äîñòàòú÷íè äà êîìïåíñèðàò òàçè çàãóáà. Ñ÷èòà ñå, ÷å íàòðóïàíàòà åíåðãèÿ

â ñðåäàòà îêîëî ìàñèâíîòî ãàëàêòè÷íî ÿäðî êîíòðîëèðà àêðåöèîííèòå ïðîöåñè,

îò êîèòî çàâèñè êàêòî íàðàñòâàíåòî íà ÷åðíàòà äóïêà, òàêà è ôîðìèðàíåòî íà

çâåçäè â îáðúæàâàùàòà ãî ãàëàêòèêà. AGN ôèéäáåêúò å íàé-ïðàâäîïîäîáíèÿò

ìåõàíèçúì çà îáÿñíåíèå íà ëèïñàòà íà ïðåêîìåðíî ÿðêè öåíòðàëíè ãàëàêòèêè,

ïðåäñêàçàíè îò ìíîæåñòâî ñèìóëàöèè.

Ìíîãî îò íàáëþäàâàíèòå (ðåëàêñèðàëè è ñ õëàäíè ÿäðà) ãàëàêòè÷íè êóïîâå

ïîêàçâàò äîêàçàòåëñòâà çà âçàèìîäåéñòâèå ìåæäó ñâðúõìàñèâíàòà ÷åðíà äóïêà è

çàîáèêàëÿùàòà ÿ ñðåäà. Â òåçè ñèñòåìè ðàäèîäæåòîâåòå èçëèçàùè îò àêòèâíîòî

ãàëàêòè÷íî ÿäðî ñúçäàâàò êóõèíè (êàâåðíè) â àòìîñôåðàòà íà êóïà, êîèòî ñå íàá-

ëþäàâàò êàòî ïîíèæåíèÿ â ïîâúðõíîñòíàòà ÿðêîñò íà ðåíòãåíîâîòî èçëú÷âàíå. Â

ïîâå÷åòî èçñëåäâàíè ñèñòåìè òåçè êóõèíè èìàò çàîáëåíà ôîðìà è ñå ïîÿâÿâàò ïî

äâîéêè êàòî ñå ðàçïîëàãàò îò äâåòå ñòðàíè íà ñâðúõìàñèâíàòà ÷åðíà äóïêà (ôèã.

Â).

Â ïîâå÷åòî îò êóïîâåòå, ðåíòãåíîâèòå êóõèíè ñå çàïúëâàò îò èçäúëæåíè, äè-

ôóçíè è èçëú÷âàùè â ðàäèîäèàïàçîíà ëîáîâå, ïîðîäåíè ñúùî îò äæåòîâåòå. Òàçè

ïðîñòðàíñòâåíà îáðàòíà êîðåëàöèÿ ìåæäó ðåíòãåíîâîòî èçëú÷âàíå è ðàäèîèçëú÷-

âàíåòî îñèãóðÿâà ñèëíî êîñâåíî äîêàçàòåëñòâî â ïîëçà íà òîâà, ÷å íàáëþäàâàíèòå

â ðåíòãåíîâàòà îáëàñò êóõèíè ñå äúëæàò íà àêòèâíîñòòà íà AGN-èòå. Îò÷èòàéêè

òîçè îáù ïðîèçõîä, ìîæåì äà òâúðäèì, ÷å íàáëþäåíèÿòà â ðåíòãåíîâàòà îáëàñò

äàâàò âúçìîæíîñò çà ïðÿêî èçó÷àâàíå íà ìåõàíè÷íèòå åôåêòè íà ôèéäáåê ïðîöå-

ñèòå, à ðàäèîíàáëþäåíèÿòà ïîçâîëÿâàò äà ñå èçìåðè ïîòîêúò íà èçëú÷âàíåòî íà

ðàäèî-ëîáîâåòå. Êîìáèíèðàíè, ðåíòãåíîâèòå è ðàäèîíàáëþäåíèÿòà ìîãàò äà ñå

èçïîëçâàò çà îöåíêà íà åôåêòèâíîñòòà íà èçëú÷âàíåòî â ðàäèîäèàïàçîíà è åíåð-

ãèÿòà íà àêòèâíèòå ãàëàêòè÷íè ÿäðà. Ñúùî òàêà, òå ìîãàò äà ïîêàæàò è êàêâè ñà

ôèçè÷åñêèòå ñâîéñòâà íà ðàäèî-ëîáîâåòå è íà ìåæäóãàëàêòè÷íàòà ñðåäà â êóïà.

Â íàñòîÿùàòà äèñåðòàöèÿ êîìáèíèðàìå ðåíòãåíîâè è ðàäèî íàáëþäåíèÿ ñ öåë

çàäúëáî÷åíî èçñëåäâàíå íà åôåêòà íà ìàëêàòà, íî ìîùíà ñâðúõìàñèâíà ÷åðíà

äóïêà âúðõó ìåæäóãàëàêòè÷íàòà ñðåäà â ãàëàêòè÷íèòå êóïîâå. Íàøèÿò îñíîâåí

ôîêóñ å âúðõó èçïîëçâàíåòî íà ðàäèî íàáëþäåíèÿ â íèñêî÷åñòîòíèÿ îáõâàò, òúé

êàòî òå ïîçâîëÿâàò êàêòî äåòåêòèðàíå íà ïî-ñòàðî (åâîëþèðàëî) äèôóçíî èçëú÷-

âàíå ïðè ïî-ãîëåìè ðàäèóñè òàêà è ïðîñëåäÿâàíå íà äúëãîïåðèîäè÷íàòà àêòèâ-

íîñò íà AGN-èòå. Äèñåðòàöèÿòà å îôîðìåíà â ÷åòèðè ãëàâè è âúâåäåíèå, êîåòî

îïèñâà âçàèìîäåéñòâèåòî ìåæäó ñâðúõìàñèâíàòà ÷åðíà äóïêà è ñðåäàòà îêîëî

íåÿ.

Â ïúðâà ÷àñò íà Ãëàâà 2 å ïðåäñòàâåí íîâ àíàëèç íà øèðîêîèçïîëçâàíàòà

âðúçêà ìåæäó ìîùíîñòòà çà ñúçäàâàíå íà êóõèíèòå è ñâåòèìîñòòà â ðàäèîäè-

àïàçîíà â êóïîâå îò ãàëàêòèêè ñ äîêàçàòåëñòâà çà ñèëåí AGN ôèéäáåê. Êîðå-

ëàöèÿòà å èçñëåäâàíà ïðè íèñêè ðàäèî÷åñòîòè ïî äàííè îò äâà íîâè îáçîðà �

ïúðâîòî èçäàíèå íà TIFR GMRT Sky Survey (TGSS ADR1) ïðè 148 MHz è ïúð-
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Ôèãóðà Â: Èçîáðàæåíèÿòà äåìîíñòðèðàò êàê äâàòà ïðîòèâîïîëîæíî íàñî÷åíè ðàäèî-

ëîáà èçïúëâàò ñèìåòðè÷íèòå ðåíòãåíîâè êóõèíè. È äâåòå èçîáðàæåíèÿ êîìáèíèðàò

ðåíòãåíîâè ëú÷è (ñèíüî), îïòè÷åñêî èçëú÷âàíå (áÿëî) è âèñîêî÷åñòîòíè ðàäèî âúëíè

(÷åðâåíî). Ëÿâî: Èçîáðàæåíèå íà öåíòðàëíèòå 200′′ (700 kpc) îò ãàëàêòè÷íèÿ êóï MS

0735.6+7421. Èçòî÷íèê: McNamara et al. 2009. Äÿñíî: Èçîáðàæåíèå íà öåíòðàëíèòå ÷àñ-

òè íà ãàëàêòè÷íèÿ êóï Hydra À. Èçòî÷íèê: chandra.harvard.edu.

âèÿ îáçîð ñ LOFAR îáõâàùàù öÿëîòî ñåâåðíî íåáå � Multifrequency Snapshot Sky

Survey (MSSS) ïðè 140 MHz. Ïîëó÷åíàòà çàâèñèìîñò Pcav ∝ Lβ148, ñ íàêëîí â log-

log êîîðäèíàòè β = 0.51 ± 0.14, å â äîáðî ñúîòâåòñòâèå ñ ïðåäèøíè ðåçóëòàòè,

áàçèðàíè íà íàáëþäàòåëíè äàííè ïðè 327 MHz. Ãîëÿìîòî ðàçñåéâàíå íà ñòîé-

íîñòèòå, ïðèñúñòâàùî â òàçè êîðåëàöèÿ, ïîòâúðæäàâà çàêëþ÷åíèåòî äîñòèãíàòî

ïðè àíàëèçà íà ðåçóëòàòèòå îò ïðîó÷âàíèÿòà ïðè ïî-âèñîêè ÷åñòîòè, ÷å ïúëíàòà

ðàäèîñâåòèìîñò ïðè åäèíè÷íà ÷åñòîòà íå å íàäåæäåí èíäèêàòîð çà ïúëíàòà ìîù-

íîñò íà äæåòà. Â íàøèÿ òðóä å ïîêàçàíî îùå, ÷å âêëþ÷âàíåòî íà äîïúëíèòåëíè

èçìåðâàíèÿ ïðè 148MHz å íåäîñòàòú÷íî çà ïî-òî÷íî îïðåäåëÿíå íà êîðåêöèÿ-

òà çà âðåìåâàòà åâîëþöèÿ íà ñïåêòúðà è ïî òîçè íà÷èí íå âîäè äî íàìàëÿâàíå

íà ðàçñåéâàíåòî â êîðåëàöèÿòà. Ïðîâåäåíèÿò íîâ àíàëèç ïðè íèñêèòå ÷åñòîòè,

ïîä÷åðòàâà äîïúëíèòåëíî ôàêòà, ÷å ñúùåñòâóâàùèòå âðúçêè ìåæäó ìîùíîñòòà

çà ñúçäàâàíå íà êóõèíèòå è ðàäèîñâåòèìîñòòà ñà âàëèäíè ñàìî â èçïîëçâàíè-

òå äîñåãà îòíîñèòåëíî òåñíè âðåìåâè èíòåðâàëè îò àêòèâíîñòòà íà AGN-èòå. Â

çàêëþ÷åíèå å äèñêóòèðàíà âúçìîæíîñòòà êîðåëàöèÿòà äà áúäå íàäãðàäåíà, ÷ðåç

âêëþ÷âàíå íà äàííè îò íàáëþäåíèÿ ïðè ïî-íèñêè ÷åñòîòè íàïðèìåð îò LOFAR

Two-metre Sky Survey (LoTSS) â êîìáèíàöèÿ ñ áúäåùè ïî-äúëáîêè ðåíòãåíîâè

íàáëþäåíèÿ.
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Âúâ âòîðà ÷àñò íà Ãëàâà 2 å àíàëèçèðàíà èçâàäêà îò ÷åòèðè ïëîùíè êóïà îò

MSSS îáçîðà. Òîâà ñà Perseus, 2A 0335+096, A2199 è MS 0735.6+7421. Äåòåêòè-

ðàíèòå èçäúëæåíè ñòðóêòóðè ñà èçñëåäâàíè ïðè íèñêè ÷åñòîòè è ñà ñðàâíåíè ñ

ìîðôîëîãèÿòà îò ðåíòãåíîâèòå êàðòè íà Chandra è ñ òàçè îò èçîáðàæåíèÿòà ïðè

ïî-âèñîêè ÷åñòîòè. Ïðè êóïà 2A 0335+096 å ðåãèñòðèðàíî íîâî äèôóçíî èçëú÷-

âàíå, ïîðîäåíî âåðîÿòíî â ïðåäèøíè ôàçè íà àêòèâíîñò è ñâúðçàíî ñ ìíîæåñòâî

êóõèíè íàáëþäàâàíè â ðåíòãåíà. Ïðè àíàëèçà íà äàííèòå çà êóïà Perseus ñà

äèñêóòèðàíè íàáëþäàâàíèòå äåòàéëè â ñòðóêòóðèòå íà ðàäèîèçëú÷âàùîòî ìèíè-

õàëî. Çà îñòàíàëèòå äâà êóïà (A2199 è MS 0735.6+7421) å ïîòâúðäåíî, ÷å ïðè

íèñêè ÷åñòîòè ðàäèî-ëîáîâåòå ñà îãðàíè÷åíè äî ðàçìåðè èäåíòè÷íè ñ òåçè ïîëó-

÷åíè îò èçñëåäâàíèÿòà ïðè ïî-âèñîêè ÷åñòîòè.

Â Ãëàâà 3 ñà àíàëèçèðàíè ïðîÿâèòå íà àêòèâíîñò íà AGN-a â áîãàòèÿ íà ãà-

ëàêòèêè è áëèçêîðàçïîëîæåí ãàëàêòè÷åí êóï Abell 1795. Îñíîâíàòà öåë å äà áúäå

ïîòâúðäåíà è õàðàêòåðèçèðàíà äúëãîâðåìåííàòà ôèéäáåê èñòîðèÿ íà ñèñòåìàòà.

Êîìáèíèðàíè ñà ðàäèîíàáëþäåíèÿ ïðè 610 è 235 MHz îò Giant Metrewave Radio

Telescope (GMRT) ñ 3.4 Msec äàííè îò êîñìè÷åñêàòà ðåíòãåíîâà îáñåðâàòîðèÿ

Chandra. Ïðîÿâèòå íà àêòèâíîñò â ñèñòåìàòà ñà äåìîíñòðèðàíè ïîñðåäñòâîì èç-

âëè÷àíå íà ðàäèàëíè ïðîôèëè íà òåìïåðàòóðàòà, êàêòî è íà ïðîôèëè íà ïîâúð-

õíîñòíàòà ÿðêîñò â ðåíòãåíîâèÿ è ðàäèîäèàïàçîíà â òðè ðàçëè÷íè íàïðàâëåíèÿ,

â êîèòî ñå íàáëþäàâàò çíà÷èòåëíè ñìóùåíèÿ â ìîðôîëîãèÿòà. Çà ïúðâè ïúò å

íàáëþäàâàíî ðàäèîèçëú÷âàíå ñúîòâåòñòâàùî íà ñåâåðîçàïàäíîòî ïîíèæåíèå íà

ðåíòãåíîâàòà ÿðêîñò, êîåòî ïîäêðåïÿ òâúðäåíèåòî, ÷å ïîíèæåíèåòî ïðåäñòàâëÿâà

êóõèíà. Èäåíòèôèöèðàíè ñà è äðóãè äâå ðåíòãåíîâè êóõèíè ðàçïîëîæåíè íà ñåâå-

ðîçàïàä è þãîçàïàä îò àêòèâíîòî ãàëàêòè÷íî ÿäðî. Äîêàòî ðàäèîèçëú÷âàíåòî îò

öåíòðàëíèòå îáëàñòè, ñúîòâåòñòâàùî íà íàé-âúòðåøíèòå êóõèíè, èìà ïî-ïëîñúê

ñïåêòúð, ðàäèî èçäúëæåíèÿòà ñâúðçàíè ñ íàé-îòäàëå÷åíèòå ðåíòãåíîâè êóõèíè

ñà ñúñòàâåíè îò ïî-ñòàðà (åâîëþèðàëà) ïëàçìà. Âñè÷êè íàáëþäàâàíè ïðîÿâè íà

àêòèâíîñò â ðàäèî è ðåíòãåíîâèÿ äèàïàçîíè ñà ñâúðçàíè ñ íÿêîëêî ïîñëåäîâàòåë-

íè ôàçè íà àêòèâíîñò íà AGN-a, êîåòî îáÿñíÿâà íàáëþäàâàíàòà ìîðôîëîãèÿ íà

ñåâåðîçàïàä è þãîçàïàä îò ÿäðîòî. Â þæíàòà îáëàñò å ïîòâúðäåíà õèïîòåçàòà çà

âúçíèêâàíå íà äúëãà îïàøêà ÷ðåç îõëàæäàíå íà êèëâàòåðíàòà ñëåäà. Äúëáîêèòå

ðåíòãåíîâè äàííè ïîçâîëÿâàò äà áúäàò ðåãèñòðèðàíè îòäåëíè çíà÷èòåëíè äåôîð-

ìàöèè âúâ âúòðåøíèòå ÷àñòè íà îïàøêàòà, êîèòî ñå ïðèïèñâàò íà àêòèâíîñò íà

AGN-a.

Â Ãëàâà 4 å ïðåäñòàâåí íîâ àíàëèç íà åâîëþöèÿòà íà ðàäèîñïåêòúðà íà ìîù-

íàòà FR II ðàäèîãàëàêòèêà Cygnus A. Ïîñðåäñòâîì íîâè øèðîêîèâè÷íè íàáëþäå-

íèÿ îò âñè÷êè ÷åòèðè êîíôèãóðàöèè íà Karl G. Jansky Very Large Array (VLA)

è èçïîëçâàéêè èíòåãðèðàíèÿ ñïåêòúð â äèàïàçîíà îò 2 äî 8 GHz å èçñëåäâà-

íà ìîðôîëîãè÷íàòà ñòðóêòóðà íà èçòî÷íèêà è ðàçïðåäåëåíèåòî ïî âúçðàñò íà

ïëàçìàòà â ðàäèî-ëîáîâåòå. Ïîëó÷åíè ñà íîâè êàðòè íà ñïåêòðàëíèÿ èíäåêñ è

ñà êîíñòðóèðàíè ñïåêòðàëíè êàðòè íà âúçðàñòòà ïðè ðàçäåëèòåëíà ñïîñîáíîñò
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Ðåçþìå

ïîä åäíà äúãîâà ñåêóíäà. Ñúùî òàêà ñà ïðåäñòàâåíè èçîáðàæåíèÿ â êîíòèíóóìà

ñ âèñîê äèíàìè÷åí äèàïàçîí ïðè 3 è 6 GHz è ñ ðàçäåëèòåëíà ñïîñîáíîñò ñúîò-

âåòíî 0.75′′ è 0.35′′. Íà áàçàòà íà äåòàéëíèòå êàðòè íà âúçðàñòòà ñà èçñëåäâàíè

ðàçëè÷íè ïîäñòðóêòóðè â ëîáîâåòå è ñà ïðîó÷åíè ïîòåíöèàëíèòå âëèÿíèÿ âúðõó

äèíàìèêàòà íà ãàçà â äâàòà ðàäèî-ëîáà íà Cygnus A. Ñïåêòðàëíîòî ìîäåëèðàíå,

èçïîëçâàíî çà èçâëè÷àíå íà êàðòèèòå íà âúçðàñòòà, ïîçâîëÿâà äà áúäàò ëîêàëè-

çèðàíè îòäåëíè îáëàñòè â ëîáîâåòå, êîèòî ïîêàçâàò ñëåäè îò çíà÷èòåëíî ñìåñâàíå

íà ðàçëè÷íè åëåêòðîííè ïîïóëàöèè. Ïîëó÷åíàòà ñèíõðîòðîííà âúçðàñò äîñòèãà

äî 3.2 ìèëèîíà ãîäèíè, êîåòî îçíà÷àâà, ÷å íàáëþäàâàíîòî ðàäèîèçëú÷âàíå â ëî-

áîâåòå å ïî-ìëàäî â ñðàâíåíèå ñ èçâëå÷åíà ïî äàííè îò ðåíòãåíîâèòå íàáëþäåíèÿ

âúçðàñò íà ò.íàð. ïàøêóëîîáðàçíà óäàðíà âúëíà (cocoon shock). Ïîëó÷åíèòå, â

ðàìêèòå íà òîâà èçñëåäâàíå, íîâè ñïåêòðàëíè êàðòè çà ïúðâè ïúò äàâàò âúçìîæ-

íîñò äà ñå ïðîñëåäè ïúòÿò íà ðàäèîäæåòà ïðåç èçòî÷íèÿ ëîá. ×ðåç ñðàâíÿâàíå

íà íàáëþäàâàíèåòå ñòðóêòóðè â ðåíòãåíîâèÿ è ðàäèîäèàïàçîíà å ïîêàçàíî, ÷å

ðàäèîìîðôîëîãèÿòà íà äæåòà ïðîÿâÿâà îáðàòíà êîðåëàöèÿ ñ ðåíòãåíîâàòà äæåò-

ñòðóêòóðà êàêòî â èçòî÷íèÿ òàêà è â çàïàäíèÿ ëîá. Ðåçóëòàòèòå îò èçñëåäâàíåòî

äàâàò îñíîâàíèå äà ñå òâúðäè, ÷å âúíøíàòà ÷àñò íà ðåëèêòîâèÿ ðåíòãåíîâ äæåò â

äâàòà ëîáà å ðàçïîëîæåí ìåæäó íàáëþäàâàíèÿ ðàäèî äæåò è âúçâðòàòíèÿ ïîòîê

íà âåùåñòâî îò îáëàñòèòå íà ãîðåùèòå ïåòíà (hotspots) â äâàòà ëîáà. Àíàëèçúò

ïðåäïîëàãà îùå, ÷å ìëàäàòà (ïî-ñêîðî ôîðìèðàëà ñå) ðàäèîïëàçìà èçáÿãâà îáëàñ-

òèòå, â êîèòî ñå íàáëþäàâàò ðåëèêòîâè äæåò-ñòðóêòóðè â ðåíòãåíîâàòà îáëàñò.
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