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Abstrakt

Galaxie raného typu, nachdzejici se v centrdlnich oblastech skupin galaxii a kup galaxii, jsou
nejvétsi, nejstarsi a nejpodivnéjsi galaktické struktury ve vesmiru. Na jejich vznik a vyvoj ma
zédsadni vliv centralni aktivné akreujici supermasivni ¢ernd dira, nazyvana také aktivni galak-
tické jadro (active galactic nucleus = AGN). AGN v galaxiich raného typu v radio-mechanickém
reZimu zpétné vazby vytvéreji jety ultra-relativistickych ¢astic viditelnych hlavné na radiovych
frekvencich. Jety interaguji s okolnim horkym rentgenovym plynem a nafukuji rentgenové
dutiny a tak brani tomu, aby dochdzelo k ochlazovéni plynu a formovani novych hvézd v
centralnich oblastech.

Radio-mechanicky rezim zpétné vazby byl zna¢né studovan v poslednich dvou desetiletich,
ale podrobnosti o jeho pracovnim cyklu a pfislusnych fyzikdlnich procesech ziistavaji nejasné.
Hloubkova analyza vicefrekven¢nich dat s primarnim zaméfenim na radiovou emisi na giga-
hertzovych frekvencich, ndm umozZiiuje zkoumat jety a jejich roli v radio-mechanické zpétné
AGN vazbé. Hlavni nezodpovézené otazky jsou: jak tento reZim zpétné vazby udrZuje rovno-
vdhu mezi zahfivdnim a chlazenim okolniho média na rtznych 8kdlach, ¢imZ udrZuje jejich
hostitelské galaxie raného typy "rudé a mrtvé"? Jaky je aktudlni stav aktivity AGN v obje-
mové omezeném vzorku rentgenovych a opticky jasnych galaxii? Je AGN zapnuté nepfetrzité
a foukd bubliny relativistického plynu do horké atmosféry? Nebo se AGN zapina a vypina?

Nase statistickd studie je zaloZena pfedevsim na radiové emisi ze 42 nejblizsich a zarover
rentgenové a opticky nejjasnéjsich galaxii raného typu, pozorovanych pomoci Very Large Ar-
ray (VLA) pii frekvencich mezi 1-2 GHz na rtznych 8kédlach a rozliSenich. Abychom mohli
studovat vliv radiovych jett na okolni plyn, zahrnuli jsme analyzu archivnich rentgenovych
dat z dalekohledu Chandra.

Analyza ukézala, Ze radiova emise, detekovana v 41/42 galaxii, je rozsahla pro 27 /42 zdroja.
34 /42 galaxii ukazuje interakce ve formé rentgenovych dutin. 7/14 galaxii s bodovou radiovou
emisi (Fanaroff-Riley Class0; FR0) vykazuje rentgenové dutiny. To naznacuje, Ze navzdory
nedostatku rozsifenych radiovych struktur na frekvenci 1-2 GHz, tyto AGN vypoustéji jety
schopné nafouknout laloky a dutiny. Pfi zkouméni vztahti mezi rddiovymi a rentgenovymi
nebo optickymi vlastnostmi emise z téchto galaxii nenachdzime Z4dné vyznamné silné ko-
relace. Centrdlni radiové spektrdlni indexy galaxii jsou vétsinou strmé, pouze 1/3 systémii
vykazuje plochd a obrdcend spektra.

Touto studii jsme prokdzali, Ze aktivita AGN v radiovém reZimu je rozsifend v masivnich
galaxiich raného typu, kde jsou AGN v naprosté vétsiné piipadh v zapnutém stavu a lisi se
pouze v intenzité jejich aktivity.



Abstract

Early-type galaxies, located in the central regions of groups and clusters, are among the largest,
oldest, and most peculiar structures in the Universe. Their formation and evolution are strongly
affected by their central accreting supermassive black holes, so-called active galactic nuclei
(AGN). AGN in early-type galaxies operate in radio mechanical mode, producing jets of ultra-
relativistic particles mainly visible at radio frequencies. These are interacting with the ambient
hot gas and inflating cavities seen in X-ray images. This interaction prevents the gas from
cooling and forming new stars in the central regions.

The radio-mechanical feedback mode has been studied extensively in the last two decades,
but the details about its duty cycle and relevant physical processes are still missing. The in-
depth analysis of multifrequency data, with a primary focus on the radio emission at gigahertz
frequencies, allowed us to investigate the jets and their role in the feedback. The main open
questions are: how does this feedback mode maintain the balance between heating and cooling
of the ambient medium at different scales, thus keeping their host early-type galaxies ‘red and
dead’? What is the current state of the AGN activity in a volume-limited sample of X-rays and
optically bright galaxies? Are these AGN always turned on and blowing bubbles of relativistic
plasma into the hot atmosphere continuously? Or are AGN turning on and off?

Our statistical study is mainly based on the radio emission of the 42 nearest and X-ray and
optically brightest early-type galaxies observed with Very Large Array (VLA) at frequencies
between 1-2 GHz at various spatial scales and resolutions. To study the influence of radio jets
on the ambient gas, we included the analysis of archival X-ray observations from Chandra.

The analysis shows that the radio emission detected in 41/42 galaxies in our sample, is ex-
tended for 27/42 cases. 34/42 galaxies show signatures of interactions featuring X-ray cavities.
Then 7/14 galaxies, even if being point-like at radio frequencies (Fanaroff-Riley Class 0; FR0)
have X-ray cavities. This indicates that despite the lack of extended radio structures at 1-2 GHz,
these AGN can launch jets capable of inflating lobes and cavities. We find no significant strong
correlations between radio, X-rays or optical properties. Finally, the radio spectral indices are
mostly steep with only 1/3 of the galaxies showing flat and inverted spectra.

Thanks to our investigation, we showed that radio-mode AGN activity is widespread in
massive early-type galaxies, where the AGN are in the vast majority of cases in a switched-on
state varying only in the intensity of their activity.
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Introduction

Giant elliptical galaxies belong to early-type galaxies in the Hubble sequence and are the old-
est and largest galactic structures in the Universe, residing mostly in the centers of groups and
clusters of galaxies. Their mass is dominated by dark matter and they are embedded in large
reservoirs of hot ionized gas in the form of low-density X-ray emitting atmospheres. The cen-
tral regions are inhabited by an actively accreting supermassive black hole or so-called active
galactic nucleus (AGN).

The X-ray atmospheres are expected to lose their energy via radiative cooling through line

emission and bremsstrahlung. The cooling is faster towards the denser, central regions of
the galaxy. As the gas cools, its temperature drops, which leads to the decrease in its pres-
sure. Therefore, the cooling gas should flow inwards and provide material for new stars to
be formed. With younger populations of stars, the galaxies themselves should appear more
blue in color. This, however, does not correspond to the observations, which lack signatures of
cooling gas or significant star formation in the central regions and only indicate the presence
of older populations of stars. Therefore, massive ellipticals appear ‘red and dead’.
At the beginning of the 90’s, this “Cooling flow problem” was formulated and extensively stud-
ied first for galaxy clusters (Fabian 1994). This study was followed by many research groups
since then, concentrating not only on clusters of galaxies, but also galaxy groups and giant el-
liptical galaxies (e.g.: Peterson & Fabian 2006; Gaspari et al. 2011; McNamara & Nulsen 2007;
McDonald et al. 2018; Werner et al. 2019). By studying high resolution spectra of the X-ray at-
mospheres in the central region, they found missing cooling lines (Peterson et al. 2001; Kaastra
et al. 2001) and a minimal temperature at 1/3 of its peak temperature (Allen et al. 2001). Ques-
tion arose, what is heating the gas, offsetting the cooling, and thus preventing star formation?
One of the possible mechanisms is closely related to the beating hearts of these galaxies, the
actively accreting supermassive black holes or AGN, and their interaction with the ambient
hot X-ray atmosphere.

Over the last 20 years, there has been countless of evidences from the observations and sim-
ulations that the activity of the AGN is responsible for balancing the heating and cooling of
the ambient medium in so-called radio-mechanical AGN feedback mode. This mode affects
the formation and evolution not only of large-scale clusters of galaxies, but also smaller-scale
structures from galaxy groups up to individual giant elliptical galaxies (see reviews by McNa-
mara & Nulsen 2007, 2012; Fabian 2012; Werner et al. 2019; Gaspari et al. 2020).

The activity of accreting supermassive black holes can manifest itself in the form of so-called
radio jets: well-collimated and powerful streams of highly relativistic particles, which emit a
non-thermal radio continuum synchrotron radiation when accelerated in magnetic fields. As
these jets expand, they interact with the surrounding medium by inducing weak shocks and
turbulence, which then dissipates into heat. They also displace the hot ambient gas and create
surface brightness depressions in the X-ray atmosphere, so-called X-ray cavities. Moreover, ra-
dio jets can also uplift lower entropy gas from the central regions, thus reducing the cool and



cold gas supplies otherwise available for star formation. The uplifted gas can then ‘precipitate’
back onto the supermassive black hole by condensing into cool clouds and falling inwards.
This way, the fresh fuel is supplied to the central AGN to launch the radio jets again and start
another loop of AGN feedback. The mechanism described above is often called the “precipita-
tion model” and it is recently one of the most popular models to explain the radio-mechanical
AGN feedback loop. The popularity arises from the ability of this feedback loop to balance
the radiative losses of the X-ray atmosphere (see e.g.: Churazov et al. 2000; Birzan et al. 2004;
Rafferty et al. 2006; Nulsen et al. 2009; Hlavacek-Larrondo et al. 2015) to quench the star for-
mation in massive ellipticals, and to fuel the central supermassive black hole by condensing
circumnuclear medium. Important is also its high efficiency and self-regulating nature.

Many research groups are trying to understand this radio-mechanical feedback loop mech-
anism in more detail. Especially intriguing questions are: how does the AGN feedback operate
from the central regions up to further distances from the core, or even outside of the host
galaxy? What is the duty cycle of the AGN feedback? Is the activity in the form of jets continu-
ous, or always on, just blowing out bubbles of relativistic plasma inflated by radio jets similar
to the dripping tap or blowing bubbles through the straw? Or is it intermittent, turning on and
off, possibly when cold clouds chaotically fall towards the black hole and increase the accre-
tion rate and supply new fuel for the jets to be launched? What is the dominant mechanism of
energy transport from the radio jets to the X-ray emitting ambient medium?

High resolution and high quality observations at the radio, X-ray, optical, and infra-red
frequencies for a large sample of the closest early-type galaxies are thus crucial for trying to
address the above-mentioned outstanding questions.

Comprehensive multi-band statistical analysis of 18 early-type galaxies was performed by
Dunn et al. (2010). They searched for radio emission at 1.4 GHz in Very Large Array (VLA) ob-
servations of volume-limited sample of nearby (d < 100 Mpc) early-type galaxies (mostly giant
ellipticals) which inhabit large and bright X-ray atmospheres that are also bright in the optical
band to ensure that the investigated galaxies really inhabit massive halos. Remarkably, their
study revealed that nuclear radio emission was detected in almost all galaxies (17/18). More-
over, more than half of the galaxies (10/18) revealed spatially-extended radio emission. Their
results suggest that the active ‘radio-mechanical’ feedback could be the dominant state for large
elliptical galaxies, which is, however, in disagreement with previously published models in
which radio jets are considered a relatively rare and sporadic phenomenon (e.g. Binney & Ta-
bor 1995; Kaiser & Binney 2003). Moreover, Dunn et al. (2010) proposed an extension to his
main sample, containing an additional 24 sources, for which only survey radio observations at
1.4 GHz were available.

Higher signal-to-noise observations with a variety of spatial resolutions at gigahertz fre-
quencies would offer more details of the fine structure and morphology of the radio jets in the
central region. With the use of interferometric aperture synthesis telescope observations taken
by the VLA in New Mexico at frequencies between 1-2 GHz, we investigate the radio detection
rate in the nearest X-ray and optical brightest early-type galaxies (mostly giant ellipticals) and
the morphology of the radio emission. We also compare the observed radio emission with the
emission from the hot X-ray emitting atmospheres and search for signatures of interaction be-
tween radio jets and the X-ray atmospheres. The radio jets can mechanically displace the hot
gas and inflate X-ray cavities. The duty cycle of the AGN, or how long AGN remain active
during their lifetime, is investigated with the analysis of radio spectral indices.



Open Questions

Although the radio-mechanical AGN feedback mode has been studied extensively in the last
two decades, the details about its duty cycle and relevant physical processes are still missing.
The in-depth analysis of multifrequency data, with a primary focus on the radio emission at
gigahertz frequencies, offers us an opportunity to investigate the radio jets and their role in the
AGN feedback. Some of the remaining and most intriguing open questions are: how does the
AGN feedback operate from the central regions up to further distances from the core, or even
outside of the host galaxy? What is the duty cycle of the AGN feedback? Is the activity in the
form of jets continuous, always on, blowing out bubbles of relativistic plasma inflated by radio
jets, similar to a dripping tap? Or is it intermittent, turning on and off, possibly when cold
clouds chaotically fall towards the black hole and increase the accretion rate and supply new
fuel for the jets to be launched? What is the dominant mechanism of energy transport from the
radio jets to the X-ray emitting ambient medium?



Chapter 1

Giant Elliptical Galaxies

In the late 1920’s, Edwin Hubble, while studying local galaxies, defined morphological cate-
gories containing: early-type galaxies consisting of elliptical (E) and lentilcular (SO) and late-
type including spiral (S; both with and without bars) as well as irregular galaxies (Hubble
1926).

Almost 90 years later, Kormendy et al. (2009) suggested a revision of this diagram, where
the E galaxies were divided into ‘'normal” and ‘massive’ (also called ‘giant’) ellipticals. Main
differences of the two classes are: the evolution process and specifically the presence/absence
of gas during merging activity, the amount of ‘excess’ of light in the core, disky /boxy isophotes,
the speed of rotation!, high/low accretion rates and the presence of large hot ambient medium
together with actively accreting supermassive black hole sustained over large fraction of their
lives. The latter property, significant for massive ellipticals, is preventing further star forma-
tion, therefore leaving the galaxies with only older populations of stars and they appear red in
color. This is also the reason why giant elliptical galaxies are often called ‘red and dead’.

The total masses of giant ellipticals are dominated by dark matter. Furthermore, they host
hot X-ray emitting atmospheres with luminosities of Lxy.y, ~103- 10* erg/s and magnetic
tields with strengths of the order of a micro-Gauss, central supermassive black holes with
masses of M, ~107- 10" M, mostly old populations of stars with total stellar mass of
M, ~10'1-1012 Mg, as well as a large number of globular clusters (Lidman et al. 2012; Kor-
mendy & Ho 2013; Lakhchaura et al. 2018, 2019; Werner et al. 2019).

The central regions of groups and galaxy clusters usually host giant elliptical galaxies, which
are often central dominant galaxies or CDGs?. As for example, the giant elliptical NGC 4649
residing inside of a galaxy sub-group within the Virgo cluster (Figure 1.1). A small fraction of
giant elliptical galaxies are located in the outskirts of clusters or are field galaxies with their
own hot X-ray emitting atmospheres.

!Cappellari et al. (2011) suggested another update of the early-type part the Hubble sequence to distinguish
between slow and fast rotators. The giant ellipticals are usually in the category of slow rotators.
*The CDGs include the brightest cluster (BCGs) or group-dominant early-type galaxies (BGEs).
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Figure 1.1: The 'red and dead’, spherical, giant elliptical galaxy, NGC 4649, located in a sub-
group of the Virgo cluster and interacting with a bluer, star-forming, spiral galaxy NGC 4647
(in the top right corner) imaged by the Hubble Space Telescope (HST). Credit to NASA /ESA.

1.1 The Evolution and Formation of giant Elliptical Galaxies

The progenitors of giant elliptical galaxies, together with their stellar populations, were formed
within 1billion years after the Big Bang (Conroy et al. 2014), when the Universe was less than
10% of its current age.

From the study of the age and metallicity via absorption line indices with variable alpha-
elements to iron ratios, Thomas et al. (2002) concluded that giant ellipticals do not follow the
standard hierarchical formation scenario, in which the largest galactic structures form by merg-
ers of smaller structures like spiral galaxies. Giant ellipticals underwent very brief and explo-
sive star formation, which was afterwards ceased almost completely, and they further grew
only by dry, dissipation-free (or gas-free) mergers (Thomas et al. 2010; Onodera et al. 2015).
This short star formation period is supported by the enhanced alpha-elements to iron ratio,
e.g.: [Mg/Fe] ~ 0.3 (Thomas et al. 1999; Milone et al. 2000; Maraston et al. 2003). On the one
hand, massive ellipticals have been enriched by alpha-elements produced in the outburst of
massive stars, which ended their lives as a core collapsed or type II supernovae (SNell). On
the other hand, however, they have not yet been enriched by the heavier elements created via
thermonuclear or type Ia supernovae explosions (SNela), which happened at on average on
longer timescales than the SNe Il outbursts. The relative abundances of heavier elements reach
those of lighter elements and the dominance of the lighter elements will not be recovered again.

It is worth asking why the star formation was and still remains to be quenched? What
mechanism is connecting the main components of massive ellipticals explaining their unusual
properties? Lets discuss all components of the giant elliptical galaxies in more detail.
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1.1.1 Hot X-ray Atmospheres

Giant ellipticals, groups, and clusters of galaxies are embedded in hot low density X-ray emit-
ting atmospheres (see recent review by: Werner et al. 2019; Werner & Mernier 2020).

According to our definition, hot atmospheres include the X-ray emitting plasma in the in-
terstellar medium (ISM) at kiloparsec scales up to the circumgalactic medium (CGM) at mega-
parsec scales. If the galaxy is embedded in a galaxy cluster or group, the intracluster (ICM) and
intragroup (IGM) medium also belong into our definition of hot X-ray atmospheres.

The progenitors of the most massive galaxies® are thought to have been formed in the most
massive early dark matter haloes (White et al. 1991; Cattaneo et al. 2009). When the mass of
these halos reached ~ 10'2 M, (Correa et al. 2018), the gas falling inward, passing through the
shocks, got heated to temperatures of several million Kelvin, thus forming hot X-ray emitting
atmospheres.

The hot atmospheres of galaxies, groups, and clusters have low densities of 1071~ 10"*cm ™3,
high temperatures of 5 x 105-10% K (or kgT ~ 0.5-10keV*) and consists of fully ionized hydro-
gen and helium as well as highly ionized heavier elements.

The elastic collision times for free electrons and ions in the hot atmospheres are much shorter
than the time scales for cooling, thus we can assume a thermal equilibrium between free elec-
trons and ions as well as the ionization and recombination rates. The hot atmospheres are in a
collisional ionisation equilibrium. The atmospheres are largely optically thin thus the emitted
X-ray photons rarely interact with free electrons or ions. Therefore, the observed X-ray emis-
sion represents the projected gas distribution very well and the spectrum is defined solely by
the temperature of the gas and the chemical abundances.

Line emission and bremsstrahlung

At the temperatures of hot atmospheres the cooling is dominated by line emission (bound-
bound process). Electrons in the ions get excited to higher energy levels after collisions and
during the de-excitation to the ground energy state, they emit X-ray photons with the energy
corresponding to particular X-ray emission lines, for instance: O, Fe (blended L-shell lines),
Mg, Si, S, Ar, and so on (Figure 1.2; left).

The continuum emission is created by the radiative recombination, when free electrons are
captured by ions (free-bound process) and by the breaking radiation or bremsstrahlung (free-
free process). The free electrons are deflected and accelerated in the Coulomb field of ions. This
way, the atmospheres lose energy and cool.

It is worth noting that the bremsstrahlung process is the dominant mechanism of cooling in
the atmospheres of clusters of galaxies. These atmospheres can reach higher temperatures (up
to 10® K) than atmospheres of a single massive galaxy. Therefore, the gas is almost fully ionized
and atomic transitions of only highly ionized heavier elements, like iron or nickel, can occur
(Figure 1.2; right).

*One of the candidates for the progenitors of giant elliptical galaxies are massive, compact, high-redshift galaxies
called ‘red nuggets’ (see e.g.: Daddi et al. 2005). Werner et al. (2018) and Buote & Barth (2018) discovered hot atmo-
spheres around these potential candidates in the local universe and thus supported their relevance as progenitors.

*The temperatures in high energy astrophysics are usually expressed in term of particle energies in kiloelectron-
volts.
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Detailed description of following radiative process can be found in Rybicki & Lightman
(1979), Longair (2011), or in online-available lectures e.g.: by Pfrommer® (Potsdam Univesity)
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Figure 1.2: Left: Atlower temperatures, relevant for giant ellipticals, radiative losses through
line emission are more prominent. Right: At higher temperatures the dominant mechanism is
bremsstrahlung (Werner & Mernier 2020).

X-ray Emissivity and Spectra

The X-ray emissivity, eg, of the thermal bremsstrahlung (free-free) process is defined as: eg =
d3*E/(dvdtdV), the amount energy, E, released by photons with frequency, v, per unit fre-
quency interval dv) unit time (d¢), and gas volume, dV. It scales with the product of the num-
ber density of electron (n.) and ion (n;). The time period for the scattering process is defined as:
t ~ 1/Av, where Av = (kgT/m.)"/? is the typical velocity of the relative thermal motion be-
tween the electrons and ions, kg is the Boltzmann constant, m. is mass of the electron, gg is the
Gaunt factor and £ is the Planck’s constant. Considering the Maxwell-Boltzmann distribution
of the electron velocities at a given temperature, we get:

e = ganeniAv e /R o pon, 712, (1.1)

The emissivity, eg, defined in Equation 1.1, is dependent on the product of the number density
of electrons and ions, n. - n;, and the temperature, 7', but independent on frequencies, v, except
the turn-over point, where the frequency, Viur_over, is &= kgT'/h. Thus, we observe flat spectra
at low frequencies with an exponential decline® at frequencies higher than the turn-over point.

Thermodynamical properties of the X-ray atmosphere

As was demonstrated, the analysis of the X-ray spectra provides information about thermody-
namic properties of the hot X-ray atmosphere. From the normalization of the spectra, we get
the number densities of electrons, n., whereas from the turn over point the gas temperature, 7.

Furthermore, we can define the pressure of gas in the hot atmosphere from above obtained
properties. Considering its low density, this gas can be approximated by the ideal gas, for

5The Physics of Galaxy Clusters: https://pages.aip.de/pfrommer/Lectures/
°In comparison with power-law spectra from inverse Compton scattering, where the relativistic electrons loose
energy (thus cool) by upscattering the low-energy cosmic microwave background (CMB) photons into X-rays.


https://pages.aip.de/pfrommer/Lectures/
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which the pressure is defined as:

kT
Himyp
where p is the density of the gas and . is the mean molecular mass in the units of proton mass,

M.
We can estimate how much of the total energy of the gas is released by the radiation from
the X-ray regime (10° to 108 K) to the cool gas regime (10* K) or the cooling time, t¢qo1:

fooa = it = _2ke T ~ (155 )1/2(”6 >_1 (13)
cool = e T nemiA(Z,T) ~ \108K 0.0lcm3/) '

where A(Z,T) is the cooling function (Schure et al. 2009) dependent on the temperature and
metalicities.

Another important property, which stores the information of the thermodynamic history of
the ionised gas and determines the structure of the atmosphere is entropy, K (Voit et al. 2002,
2005; Werner & Mernier 2020). It is defined as follows:

kT
Ne
thus the lower entropy gas is observed in the central region of giant elliptical galaxies.

Cooling flow problem

The ‘cooling flow problem’” was first described almost 30 years ago in clusters of galaxies by
Fabian (1994) and will be briefly discuss in this section.

As Equation 1.3 shows, the radiative cooling of the hot atmosphere is faster in the denser
central regions of galaxy clusters than in their outskirts. If the timescales for cooling are much
smaller than the Hubble time (< 10° yr), the material in the center cools out relatively fast and
the overlaying layers of gas slowly flow inward to balance the pressure and form so-called
‘cooling flow’. Thus, large cold gas supplies are expected in the central regions, providing fuel
for new stars to be born. The problem of the cooling flow is that the rate at which the mass
is being deposited in the core seems to be a magnitude smaller than theoretically estimated.
Moreover, there is little evidence for cooling lines in the X-ray spectra of galaxy clusters (Peter-
son et al. 2001; Kaastra et al. 2001) and the gas temperature does not drop below 1/3 of its peak
temperature (Allen et al. 2001).

In the case of giant ellipticals, this ‘cooling flow problem’ is even more severe with shorter
cooling times and larger amount of gas returned by the stellar populations over the lifetime of
the galaxy (Pellegrini et al. 2018).

The main questions arise: How it is possible that such large reservoirs of hot gas are not able

to cool enough to initiate star formation? What is the heating mechanism to prevent the rapid
cooling within the central regions of clusters of galaxies and giant ellipticals?
One of the main candidates to satisfyingly answer those outstanding questions is hidden in the
central regions of massive ellipticals. The activity of the central supermassive black hole seems
to be able to maintain the observed properties of the X-ray atmospheres (Churazov et al. 2000;
McNamara & Nulsen 2007, 2012; Fabian 2012; Werner et al. 2019; Gaspari et al. 2020).
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1.1.2 Active Galactic Nucleus

Before we continue to present more details about the interaction of the active galactic nucleus
(AGN) and the hot atmosphere, we take a closer look at the AGN itself and describe the radia-
tive processes responsible for the observed emission.

The main components of AGN are shown in Figure 1.3. The central regions of giant ellip-
ticals are occupied by an actively accreting and spinning supermassive black hole (or AGN)
as well as collimated outflows of highly relativistic particles in form of radio jets. These AGN
emit radiation across the entire electromagnetic spectrum. The most energetic gamma-rays are
observed from the jets emitting synchrotron self-Compton radiation, followed by X-rays emit-
ting via the inverse Compton emission from the corona and K-shell iron line emission produced
in the accretion disk” and from the radio jets. The ‘warm’ accretion disk® itself shines in the ul-
traviolet (UV) band. Optical and infrared (IR) radiation come from the blackbody emission of the
individual stars, ‘warm” ionized nebula, dust, obscuring torus as well as powerful jets. The
lower energy bands are represented by radio waves, which we are mostly focusing on in this
thesis, are dominated by the emission from the activity of the AGN. And finally, microwaves
can be observed from the dense regions of the dusty torus (de Menezes et al. 2020; Haardt &
Maraschi 1991; Blandford et al. 2019; Algaba et al. 2021; Laor 1990; Lépez-Gonzaga et al. 2016;
Imanishi et al. 2018).

Jets

The most prominent AGN features at radio frequencies are the so-called radio jets, which are
collimated plasma streams along the angular momentum axis of the accretion disk. They con-
sists of several components. In the central region, at the base of the jets, is a radio core hosted by
the supermassive black hole. The jets expand at first supersonically and continuously loose en-
ergy and slow down due to the interaction with the ambient medium in the form of shocks and
turbulence. Finally, they inflate radio lobes, which then continue to rise via buoyancy. These
kind of jets are more prominent for Fanaroff-Riley ClassI (FRI) radio sources. If the jets remain
supersonic up to large distances from the core, they will form hotspots, the brightest features
in the powerful (FRII) radio sources (see Figure 1.4 and for more details about FR dichotomy,
see Section 1.3.1).

Currently, one of the most popular jet-formation scenario follows the Blandford-Znajek
mechanism (see Figure 1.5; Blandford & Znajek 1977). In this mechanism, the energy to launch
the jets seems to be extracted from the spinning central supermassive back hole electromag-
netically. The rotating black hole is dragging in and twisting magnetic fields generated within
the accretion disk as well as inducing electric fields that accelerate electrons. Accelerated elec-
trons destabilize vacuum, what initiate production of electron-positron pairs. Neutral plasma
is formed, that slides along the twisted magnetic field lines threading the black hole and there-
fore forming jets.

Handful of numerical general relativistic magneto-hydrodynamic (GRMHD) simulations
confirm underlying mechanisms described by Blandford and Znajek (McKinney & Gammie
2004; Komissarov 2004; Krolik & Hawley 2010; McKinney et al. 2014).

Moreover, recent ground-breaking discovery by the Event Horizon Telescope (EHT) team

"The ultraviolet (UV) photons from the accretion disk are up-scattered by the relativistic electrons in the corona
to X-ray energies and some photons are back-scattered to the disk and causing the fluorescent K-shell iron line
emission.

8The temperatures in the accretion disk for the supermassive black hole reach up to 10° K.
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Figure 1.3: Schematic diagram of the main AGN components. The central supermassive black
hole is surrounded by an accretion disk. Broad emission lines (black dots) are produced in
clouds orbiting around the disk and perhaps by the disk itself and are surrounded by a thick
dusty obscuring torus. Much further from the central source lies a narrow line region (gray
spherical dots). Lastly, the picture shows radio jets emanating from the region near the super-
massive black hole, which expands initially at relativistic speeds (Urry & Padovani 1995).

(Event Horizon Telescope Collaboration et al. 2021) revealed in great detail the structure of
magnetic fields based on polarization measurements of the inner region around the supermas-
sive black hole in M 87 (or NGC 4486; Section 5.29). It is considered to be the first significant
evidence in favor of the Blandford-Znajek mechanism, which seems to be a viable mechanism
to launch jets in M 87 with a jet power (Equation 1.24) of P, ~ 10*2erg/s and a magnetic field,
B of < 5G. Furthermore, a spiral structure of the field lines as revealed by the polarimetric EHT
image appears to be better described by the Magnetically Arrested Disk (MAD, e.g.: Narayan
et al. 2003) model rather than the Standard and Normal Evolution (SANE, De Villiers et al.
2003; Narayan et al. 2012) model.
For a recent review of the radio jets, see Blandford et al. (2019).

Non-thermal Continuum Synchrotron Emission

The synchrotron radiation is one of the dominant radiative processes in high energy astro-
physics responsible for the observed emission from jets in the giant elliptical galaxies at radio’,
optical and X-ray frequencies!'? (e.g.: M 87 or NGC4486; Algaba et al. 2021).

9Al’chough, radio waves have a long wavelengths, thus short frequencies and small energies, the processes that
causing them are very energetic. Therefore, radio emission from early-type galaxies is considered to be part of the
domain of high energy astrophysics.

%Synchrotron emission from the same population of electron responsible for observed radio emission is also
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Figure 1.4: Individual components of radio jets for low (FRI) and high (FRII) power radio
sources (see discussion in Section1.3.1). Credit to: NRAO/AUI (Galaxies/) by R.Laing, A.
Bridle, R. Perley, L. Feretti, G. Giovannini, and P. Parma & NRAO/AUI by Chris Carilli.

This non-thermal!! continuum process describes acceleration of ultra-relativistic charged

particles (e.g., electrons) gyrating in the uniform magnetic field.

Detailed descriptions of this radiative process can be found, for example in Rybicki & Lightman (1979), Longair
(2011), Condon & Ransom (2016)"?, or in the online-available lectures by e.g.: Tolstoy™ (University of Groningen)
and Garret'* (University of Oxford).

The relativistic form of the equation of motion of an electron with charge, e, mass, m, ve-

locity, v and Lorentz factor, v = (1 — v?/ 02)_1/ 2, in a uniform magnetic field, B, is described
by:

%(fymev) =e (‘C, X B) . (1.5)

responsible for observed X-ray and optical emission especially for lower-power FRI, like sources in our sample.
The origin of X-rays in higher-power FRII source is not that straightforward (Blandford et al. 2019).

""In high energy astrophysics, the term ‘non-thermal’ describes continuum emission from high energy particles
with non-Maxwellian energy distribution (Longair 2011).

2Book Essential Radio Astronomy is also available online at https://www.cv.nrao.edu/ sran-
som/web /xxx.html.

Bhttps:/ /www.astro.rug.nl/ etolstoy/astroa07/

Yhttps:/ /www-astro.physics.ox.ac.uk/ garret/teaching/


https://www.cv.nrao.edu/~sransom/web/xxx.html
https://www.cv.nrao.edu/~sransom/web/xxx.html
https://www.astro.rug.nl/~etolstoy/astroa07/
https://www-astro.physics.ox.ac.uk/~garret/teaching/
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Figure 1.5: Graphic scheme of the main components of the Blandford-Znajek jet formation
mechanism (Blandford & Znajek 1977). The spinning central supermassive black hole is
threaded by magnetic field lines generated within the accretion disk. The material from the
disk is sliding along the twisted field lines and forms radio jets. The drawing done by Matt
Zimet is based on a sketch in the book by Thorne (1994).

Figure 1.6: Left: Scheme of the helical motion of a relativistic particle with labelled velocity
components (parallel, ||, and perpendicular, v, ), acceleration, a, magnetic field, B, perpendic-
ular to the main plane, Larmor radius, ry,, (Carroll & Ostlie 2006). Right: The radiation from
the relativistic electron gets visible only for a short time and a small fraction ~ 1/ of electron’s
orbit, when the beam is pointed at our line of sight (Rybicki & Lightman 1979).

If we separate the velocity to its perpendicular v, and parallel v components:

dv dv, e
7 = _ = 1.6
dt dt YMeC (vixB), (1.6)

it shows, that V| is constant, as well as v, then also v is constant. Therefore, electron performs
a circular motion with a Larmor radius 7y, together with an uniform motion along the magnetic
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field lines with a constant pitch angle §'°. This is a helical motion (Figure 1.6; left) along the
field lines with an orbital angular frequency or angular gyrofrequency, w,, with Larmor radius,
rL:

. ’Uij‘ eB YMev ] C

Wg = = =T, =
8 rp ymec eB

(1.7)

There is a corresponding gyrofrequency, v, = wy/2m, associated with the Larmor frequency:

(1.8)

Electrons, spiraling around along the magnetic field lines, accelerate (again only perpendicular
acceleration a is considered) and therefore radiate. They emit over a wide range of frequen-
cies and due to the relativistic beaming effect, the radiation gets visible only for a short time
and a small fraction ~ 1/ of electron’s orbit, when the core of the beam is pointed at our line
of sight (Figure 1.6; right).

Synchrotron Power

The radiated power, P, follows Larmor formula (recalling that: c? = (uogo)~t) we get:

_dE e?lay|?

P=

dt  6mecd
e? (6’7B|V|8’in9)2 .
"~ 6mecs Me (1.9)

4 2 .p2

e v\“ cB
=2 ——— ) [ =) =—A~2sin?0
(67r€204m§> (c) 2;107 sy

where the first bracket on the right-hand side of the equation is the Thompson cross-section

2
of the electrons, o, defined as o1 = %’r (me;) . Therefore:

BZ 2
P= ZUTC— (v) 2 sin?0. (1.10)
&t \c

It is worth noting, that the ratio g—i is the magnetic energy density, Ug.
The pitch angles of the electrons can vary, but assuming their isotropic distribution, we can
average over all angles and get the average power emitted by the synchrotron radiation:

4 v\? , B2
= = h - 1.11
(P = gore (2) L (1.11)
and if we consider that: g
Y= (1.12)
MeC

15The pitch angle is the angle between the velocity vector and the magnetic field lines and for the case, when the
motion is perpendicular to the magnetic field the pitch angle is 7/2.
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and use this relation in Equation 1.11, we get that synchrotron power is proportional to a square
of both, E and B:

P x E*B?. (1.13)

Synchrotron Spectra

The total synchrotron spectrum of a radio source is a sum of the spectra of each individual
ultra-relativistic electrons (Figure 1.7; left). Lets consider first, the spectrum of a single electron,
which can be calculated using a reasonable approximation that each electron radiates its aver-
age power at a single frequency with a maximum at vp,ax = 0.29v, (see Figure 1.7; right), where
v, is the critical frequency defined as:

Ve = —stnfy
9 (1.14)
3 . E eB 9
= —sinf | — x E°B.
2 Me/) 2TMeC
20 19
18
0.8
5
El 0.6 -
:A
2 >
£ 5
=
g 04 4
N a
-
L
st
=]
—
0.2 |
0.29
0 N TR B | 1 M S I N I E—— 0 ’ r T 1
] 2 4 6 8 10 12 14 16 18 20 0 Vmax 1 2 3 4 5 6
Log,, ¥ (arbitrary units) /VC x

Figure 1.7: Left: Final synchrotron spectrum in log-log scale is a sum of the spectra of each in-
dividual ultra-relativistic electrons with a power-law slope (Longair 2011). Right: Synchrotron
spectrum of single relativistic electron peaking at vmax/ve >~ 0.29 with = v/v, (in linear scale;
Longair 2011).

We consider a power-law distribution of electron energies with a slope, p, and N(E)dE as
the number of electrons per unit volume with energies E to ' + dE:
N(E)dE «< E"PdE. (1.15)

The power radiated at energies: ' and E+dFE is equal to the power radiated by v and v+dv,
therefore we can substitute the energy by frequency. Considering the relation in Equation 1.14,
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we get E o /2 and dE oc v~ 1/2dE and the spectrum will have the following form:

S(v)dv = P(E)N(E)dE
x E’B*E"PdE (1.16)

o - =D12qy,

where we obtain the well-know dependence of the flux density on the frequency, S(v) x v
with the spectral index o = —(p — 1)/2.

This essentially tells us how fast the electrons, responsible for synchrotron radiation, loose
their energy or simply how fast they age. The time it takes to radiate away the energy from the
total power is described by the synchrotron cooling time (¢¢o0l_synch)- As already mentioned in
Equation 1.13, we know there is a square-dependence of power on energy. Thus, we find that
the cooling time (f¢o01 synch) OF rate at which electron looses energy, scales as 1/ E:

teool synch X B/P o< E/E* < 1/E, (1.17)

the more energetic are the particles, the shorter are their cooling times. The critical frequency
is also proportional to E? (Equation 1.14), therefore the synchrotron losses steepen the spectra
at higher frequencies.

There are three different types of spectrum depending on the inclination of the spectral
slope. A flat spectrum with a spectral index larger or equal to -0.5, is observed if there is a con-
tinuous supply of fresh newly injected electrons within the central regions or the re-accelerated
electrons in the hot-spots away from the radio core. The final spectra are then the superposition
of the individual spectra from many unresolved!® sub-components in that region. The inner-
most central regions of the source can also show inverted spectral index due to synchrotron
self-absorption (see new Subsection). In the jet-inflated radio lobes, the particles that were
once injected progressively start to loose their energy and the spectrum steepens (« < —0.5).
The high energy particles loose their energy faster and some of them are moved to the lower-
energy part of the spectrum.

Synchrotron self-absorption

In the above-derivation of synchrotron spectrum, we are assuming that all of the synchrotron
radiation emitted by each electron reaches the observer. This, however, could be not only
linked. Especially in the optically thick environment of the inner parsec-scale region of giant
ellipticals, there is a chance that the emitted photon propagating through the plasma, will be
scattered by one of the synchrotron electrons. This process is called synchrotron self-absorption
(SSC). To investigate the spectral shape of self-absorbed spectrum, we consider the electrons to
have an effective temperature, T.g. It is worth noting, that such a particle energy distribution
is non-thermal, but the effective temperature can be still defined according to:

kpTeg ~ ymec?. (1.18)

And due to energy dependence on frequency, we get:

kT x E oc v'/2. (1.19)

1®Unresolved sources have their observed radio emission not encompassed by the resolution, or beam size, of the
observation with the radio antennas.
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Finally, we can estimate the maximum brightness of the self-absorbed synchrotron plasma
using the Rayleigh-Jeans limit (hv << kgT’) of the Plank formula:

B, = 2’“3?2. (1.20)
c
And if we use T¢g in the above equation, we get:
B, x Tog/”
o 22 (1.21)
X 7/5/2.

Thus, the spectrum of the relativistic electrons can produce an ‘inverted” spectrum with « as
large as a = 2.5. The turn-over frequency, v, (see Figure 1.8) is reached, when the mean free
path between scatterings reaches the size of the source.

It is worth noting, that especially, for low redshift galaxies, the SSC is one of the possible
mechanisms in producing high energy photons observed in X-rays.

A Sv

v(p-1)/2

V5/2

>V
V1
Figure 1.8: Self-absorbed synchrotron spectrum shows a steep rise at lower frequencies with

spectral slope (index) up to 5/2. The turnover frequency, v1, is shown after which the spectrum
exponentially drops with a spectral index o = —(p — 1) /2. Credit to Ch. Stuardi.

1.1.3 Cold Gas and Dust

Study of cool and cold gas receives a considerable attention due to their important role in
feeding of the central, active supermassive black hole. It is supplying the necessary fuel for the
radio jets to be launched and likely cooling from hot atmospheres (Werner et al. 2019).

Recent surveys have found the presence of warm and cold, atomic and molecular gas as
well as dust in nearby early-type galaxies (Lauer et al. 2005; Werner et al. 2014; Werk et al. 2014;
Babyk et al. 2019; Werner et al. 2019; Olivares et al. 2019). Some of the cold gas is turning into
stars, as shown by the UV observations (Yi et al. 2005), even though the star formation rates are
usually low (0.01 -1 M; Donahue et al. 2010; Kolokythas et al. 2018, and see Section 4.5.2).

Lakhchaura et al. (2018) found that in approximately half of the galaxies the Ha+[NII] line
emission is observed including nuclear and filamentary extended emission. This results are
consistent with the previous findings (e.g.: Werner et al. 2014; Babyk et al. 2019).
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1.2 Feedback Processes

Feedback in galaxies can be provided by numerous mechanisms. Star formation or supernova
feedback and AGN feedback in the form of galactic outflows or radio jets are some of the
potential mechanisms. More detailed investigation of supernova feedback in the most massive
giant elliptical galaxies has shown not provide enough energy to uplift gas from the potential
wells (Croton et al. 2006; McNamara & Nulsen 2007, 2012).

Within the last decade, AGN feedback turned out to be the most likely mechanism to quench
the star formation in massive ellipticals due to its high efficiency, self-regulating nature, the
ability to balance the radiative losses of the X-ray atmospheres as well as to fuel the central
black hole by condensing the circumnuclear medium. This AGN feedback also explains the
observed shape of the stellar mass function, where the high-mass end is balanced by AGN
feedback and the low-mass end by the supernovae feedback (Figure 1.9, Harrison 2017).

rrrrrrr [T  BAREEE R [T [T  m
= - & No feedback

« - = SF feedback (no AGN)
e—e SF+AGN (fiducial model) 4 60%

©
[EEY
o
o
Wl |
]

¥
L]
¥
|-|‘-|

. B -
o : Sy
z &« -
Star y e
[ formation 4 RN

F feedback

0.010} AGN 16%

Semi-empirical
relationship (Moster+13) - O 6% a

11 12 13 14 15
Log(halo mass) [M]

Stellar mass / halo mass (average)
UaId14o UOISISAUOD SJels 0] uokieg

o
o
o
=
T

A

Figure 1.9: Stellar mass function, where the high-mass end is balanced by AGN feedback and
the low-mass end by the supernovae feedback. Based on Harrison (2017).

The following sections will discuss the AGN feedback in more detail. There are two modes

of feedback in massive galaxies: quasar (or radiative) and radio-mechanical (or maintenance
mode) AGN feedback.
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1.2.1 Quasar Mode

Within the first billion years, when the massive galaxies were formed, the cold gas was falling
onto the supermassive black hole and fueling a vicious accretion at rates of about 10% of the
Eddington luminosity. At such a high accretion rates quasars are producing high luminosities
which far exceed the luminosties of their host galaxies. The quasar feedback mechanism was
probably dominant in giant elliptical galaxies during the very early stage of their formation
and evolution. However, due to the presence of hot atmospheres from relatively early in the
process of galaxy evolution the accretion rate slowed to 10~° of the Eddington rate and the
AGN switched to the radio-mechanical mode, which is described in the following section.

1.2.2 Radio-mechanical Mode

The radio mechanical maintenance mode is dominant at the later stages of giant elliptical galax-
ies and seems to have a crucial role in preventing and offsetting the gas cooling in the central
regions, therefore maintaining low star formation rates in the central regions. This way giant
ellipticals remain ‘dead and red’.

For comprehensive reviews of hot atmospheres and AGN feedback mechanisms, see McNa-
mara & Nulsen (2012); Werner et al. (2019); Werner & Mernier (2020); Gaspari et al. (2020) and
Eckert et al. (2021).

Investigation of different scales on which AGN feedback operates, ranging from clusters of
galaxies, through galaxy groups to early-type galaxies, is crucial for understanding the big picture
of this feedback mode and fine-tuning the theoretical models and simulations.

The lower-masses of giant ellipticals result in smaller binding energies due to shallower po-
tential wells. Therefore, the energy provided by the AGN can overcome their binding energies
more easily (Eckert et al. 2021). Moreover, as already mentioned the ‘cooling flow problem’
is more severe in giant ellipticals than in galaxy clusters due to the shorter cooling times and
larger amount of gas returned by the stellar populations over the lifetime of giant elliptical
galaxies (Pellegrini et al. 2018). Therefore, a larger amount of cooled gas can be provided to the
supermassive black hole.

Many observational evidences show that powerful radio jets are tuned to provide just the
right amount of energy to balance the radiative losses of the X-ray emitting atmospheres, re-
gardless if their are hosted by clusters of galaxies, galaxy groups or giant elliptical galaxies
(Churazov et al. 2000; Birzan et al. 2004; Rafferty et al. 2006; Nulsen et al. 2009; Hlavacek-
Larrondo et al. 2015).

Radio jets inflate X-ray dark cavities by displacing the hot atmospheric gas. Initially, the
radio lobes/X-ray cavities expand supersonically, driving weak shocks into the surrounding
medium, increasing its entropy. As the radio jets displace the hot gas at the location of the
cavities, they perform pdV work on the gas with pressure, p, (see Equation 1.2) and supply
internal energy, U, to the cavity with the volume, V. Thus, the total energy required to create
the cavity is equal to its enthalpy:

1
(Ybubble — 1)

For the relativistic plasma filling the lobe, we assume Vpubble = 4/3.

Moreover, to investigate the total mechanical power of the jet, P.;, which inflated the radio
lobes and displaced the X-ray gas, we need to estimate the age of the cavities. Considering on-
going inflation of radio lobes/bubbles (or cavities) that are reaching the projected distance, R,

H=U+pV = PV +pV = dpV (1.22)
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Figure 1.10: An illustration of processes involved in radio-mechanical AGN feedback. The jets
inflate lobes, displacing the hot gas, creating X-ray dark cavities. Initially, the lobes expand
supersonically, driving weak shocks into the hot atmosphere and increasing its entropy. After
detaching from the jets, the lobes/cavities rise buoyantly, driving turbulence and uplifting low
entropy gas in their updraft. The uplifted low entropy gas may cool and fall back towards the
centre. As the relativistic plasma filling the bubbles looses energy it stops shining in the radio
band and the cavities become "ghost” cavities. Based on Werner & Mernier (2020).

from the nuclear regions at the sound speed17, which is defined as ¢ = , /% and is ~500km/s

for 1keV gas, we assume a cavity age'® of:

tage = R/cs. (1.23)

'7 Another approach is considering that radio lobes rise buoyantly with velocities of vbuoy = +/29V/0C, where
V and o ~ 7rd,. is the volume and the cross-section of the lobe, C' is the drag coefficient depending on the lobe
geometry and property of the flow (C' ~ 0.6 for a Mach number M ~ 0.7, Birzan et al. 2004).

"We note that this method will provide only lower limits on the cavity inflation time. Alternatively, one can
consider the buoyancy time-scale.
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Thus, the enthalpy for two radio lobes inflated in the outburst is twice the 4pV work and when
divided by the cavity age, tage, it gives:

2 x 4pV

Pjet = (67“9/8). (124)

tage
This can be interpreted as the ability of the AGN to heat the ambient gas, therefore it should be
compared to the cooling luminosity of the X-ray atmosphere.

Most of the jet energy is stored as a thermal energy of the bubbles and potential energy of
the displaced gas and not immediately used for heating the atmosphere. As the bubbles rise
through the atmosphere, all this energy will be release to the surrounding plasma (Churazov
et al. 2001, 2002). Processes that likely contribute to the energy transfer include generation of
turbulence in the wakes of bubbles, viscous dissipation, uplift of low entropy gas entrained in
the wakes of bubbles, or excitation of internal waves. However, there is no consensus yet about
the dominant mechanism (see e.g. Werner et al. 2019, for discussion).

Thermally unstable accretion

Currently, the most popular explanation for the feeding and the radio-mode AGN feedback
mechanism is the so called ‘precipitation” model, also known as ‘chaotic cold accretion” or
‘stimulated feedback” (Pizzolato & Soker 2005; Gaspari et al. 2013; Voit et al. 2015b; McNamara
et al. 2016; Voit et al. 2019). In favor of this model is the observational evidence of the boosted
feedback, when the ambient gas transitions to the multi-phase state, mainly represented by by
the ratio of the radiative cooling time t.,o and free-fall time tg (Rafferty et al. 2008; Voit et al.
2015b; Hogan et al. 2017). Moreover, numerous simulations show that gas, disturbed by turbu-
lence, mergers, or uplift (Voit 2018; Gaspari et al. 2018; Tremmel et al. 2019), becomes thermally
unstable!® when the ratio teoo1/teq is between 10-20 (Sharma et al. 2012; Gaspari et al. 2012a,
2013). For a recent review see Voit et al. (2019) and Gaspari et al. (2020).

The main idea behind the “precipitation” model can be summarized as: an actively accret-
ing supermassive black hole is launching outflows of relativistic plasma in the form of radio
jets. These jets are well-collimated and moving supersonically at first, and as they expand and
inflate radio lobes, they interact with the ambient gas inducing weak shocks?® and turbulence,
which over time dissipate into heat. Hence, the ambient gas gets heated. Moreover, radio jets
can uplift a lower entropy gas from the center, which then ‘precipitates’ by condensing into
cool clouds, which loose angular momentum and randomly fall onto the AGN. The accretion
rate increases locally and provides new fuel for the radio jets. This way the well-balanced loop
of cool-gas-feeding and radio-jet-heating-and-uplifting is maintained. The graphical represen-
tation of this model is shown in Figure 1.10.

AGN duty cycle

The activity of the AGN in giant ellipticals can be described by its duty cycle, or simply: how
long the central radio source is ‘on duty’ and shows activity in the form radio emission from a
core, jets and lobes.

In the late 70’s, Fabian & Nulsen (1977) and Nulsen et al. (1982) found that hot atmospheres with the typical
cooling times seen in early-type galaxies are prone to thermal instability.

*The Mach number of these shocks is the order of unity (see for example: Million et al. 2010). For comparison,
the Mach numbers of supernova-induced shocks are at least 10 or 100 times larger (Ellison et al. 1994).
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In our study of local AGN embedded in a volume-limited sample of massive ellipticals,
we found that radio emission is detected in almost all central regions of the galaxies (see Sec-
tion 6.3 for more details). This indicates a very high duty cycle of local AGN. Moreover, the
sign of radio jets-X-ray gas interaction in the form of X-ray cavities is observed for ~ 80% mas-
sive galaxies, what suggests that most of these systems are operating in the radio-mechanical
or maintenance mode AGN feedback. Such a high detection rate of radio sources and X-ray
cavities appears to be consistent with previous findings (e.g.: Dunn et al. 2010; Brown et al.
2011; Sabater et al. 2019). At first glance, these high rates indicate that AGN duty cycle is very
high. It is, however, worth noting that the detected extended radio emission could not always
represent the current state of AGN activity and can be just a remnant from a previous outburst.

There are still ongoing debates if the AGN is “flickering’ (switching on and off in some in-
tervals) or is continuously active (always on). Observed outbursts in our sample of massive
ellipticals vary in scale and number. Top images of Figure 1.11 shows a single outburst span-
ning up to 70 kpc from the radio core in NGC 1399 and outburst on a smaller scale in NGC 4649
(Shurkin et al. 2008). Bottom images of Figure1.11 present galaxies NGC 5813 (Randall et al.
2011, 2015; Eckert et al. 2021) and NGC 5044 (Schellenberger et al. 2020a; Eckert et al. 2021),
in which multiple outbursts or generations of cavities are observed. Dashed rings (white, and
black) encircle the X-ray cavities displaced by the expanding radio jets and red lines depicts
the location of the shocks. Most of the cavities in the images are so-called ‘ghost’ cavities. The
aged radio plasma stops to be visible at radio frequencies and the X-ray brightness dips are the
only sign of the past interaction.

The synchrotron spectrum (see Section 1.1.2) could help to better constrain the details of the
duty cycle. The spectral slope or so-called spectral index, essentially gives the information
about the age of the synchrotron emitting electrons. Therefore, we attempted to estimate the
spectral indices in the innermost central regions of the subsample of our massive ellipticals
and found that majority of the studied sources show a steep spectral index, indicating that
the relativistic plasma aged significant since the last major cycle of AGN activity. For the rest
of the galaxies, flat and inverted spectral indices are observed. This suggests the presence of
relativistic particles injected recently by the AGN as well as the presence of an older population
of particles.

It is worth noting that the AGN activity may be variable, but that is not necessarily what
causes the separate bubbles, which are probably more related to magnetic tension in the hot
gas. Just like a dripping tap, where the separated drips are due to surface tension. Therefore,
the observations could still be consistent with the AGN being always on.
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Figure 1.11: Top images: Large and small scale radio outbursts shown in black contours on
Chandra X-ray images of NGC 1399 and NGC 4649, respectively. Both images are published
in Shurkin et al. (2008). Bottom images: Examples of cavities (white and black circles) from
multiple outburst in Chandra images of NGC 5813 and NGC 5044. Both images are published
in Eckert et al. (2021).

1.3 Radio Emission in Giant Elliptical Galaxies

1.3.1 Radio Classification

In the early 1970’s, Fanaroff and Riley first noticed morphological differences between radio
sources at 178 MHz (Fanaroff & Riley 1974).
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FRI and FRII

Back then, there were only two main classes, which consisted of Fanaroff-Riley ClassI (FRI)
radio sources, where the radio brightness decreases as a function of distance from the center
or so-called ‘edge-darkened” sources and Fanaroff-Riley Class II (FRII) radio sources with the
brightest features, ‘hotspots’, created far from the center, where the supersonically expanding
jet interacts with the ambient medium. This type is therefore called ‘edge-brightened” source.
In Figure 1.4, the famous radio galaxy Cygnus A (3C405) is representing FRII radio sources
with the brightest features (hotspots) far from the center (top image; Carilli & Barthel 1996)
and 3C 31, a prototypical example of FRI sources, shows continuous decrease in brightness as
a function of distance from the nucleus (bottom image; Laing et al. 2008).
Although the two classes are based on morphological differences, there is a clear division
in the radio powers too. FRIIs are brighter than the FRI sources with a boundary limit at
2x 10%® W/Hz (at the frequency of 178 MHz), which is approximately 10?*5> W/Hz when ex-
trapolated to 1.4 GHz, which is a frequency used in our study (if we consider the average spec-
tral index of -0.7). Capetti et al. (2017a) and Capetti et al. (2017b) build two catalogues of FRI
(FRICAT) and FRII (FRIICAT) radio sources.

Majority of the X-ray and optically bright local early-type galaxies in our sample are low-
power FRI sources with two potential exceptions of FRII galaxies: NGC 533 and NGC 1600
(Chapter 4; Section 4.5.8).

FRO

More recent category of Fanaroff-Riley classification includes low-power radio sources with
only point-like morphology, which lack of prominent extended radio emission. There is ongo-
ing discussion if the radio emission from these sources can be dominated by the star formation
rather than the AGN activity (see Section 4.5.2).

The catalogue FROCAT of these compact radio sources with linear sizes < 5kpc was pub-
lished by Baldi et al. (2018). They found, from their low redshift (z < 0.05) sample of giant
elliptical galaxies, a possible explanation for the origin and classification of these low-power
radio sources. FR0s are 5 times more frequent in the local Universe in comparison with FRIs
or FRIL They could be young radio galaxies (see Section 1.3.2) with a short duty cycle. Due to
the fact, that FR Os tent to have due to lower black hole spin also lower jet bulk speeds than
FR1Is or FR1Is. Thus, they are likely prone to instabilities in the entrainment, which can disrupt
their morphologies causing the point-like, non-extended radio appearance.

In our sample, we found 14 galaxies with point-like radio morphologies that are potential
candidates for FR 0 (for more details see Section 4.5.6).

Wide-Angle Tailed

Galaxies with wide-angle tailed radio morphology tend to be related to the interaction of the
radio jets with the dynamic ambient X-ray medium. Properties, significant for the wide-angle
tailed (WAT) radio sources, are two-sided bend (with wide opening angles) radio jets with clear
"warmspots"?! (Figure 1.12). The radio emission is extending beyond 30 kpc from central host
galaxies (Owen & Rudnick 1976; O'Donoghue et al. 1990; Leahy 1993; Missaglia et al. 2019).
Missaglia et al. (2019) published a redshift-limited (z < 0.15) catalogue of wide-angle tailed
galaxies and showed that, while on the one hand, multifrequency properties of WATs are re-

2Warmspots’ are re-brightenings in the jets with the brightness around 1/5 of the radio core brightness.
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Figure 1.12: Prototypical wide-angle tailed radio galaxy 3C465 with labeled components.
Credit to F. N. Owen; published in Atlas of DRAGNSs by Leahy (1993); Leahy et al. (2013).

sembling those of FRI sources, on the other hand, the radio powers are similar to FRII radio
sources.

In our sample, we found only a few sources, which could resemble the morphology of
WATs: NGC 4782 (see Chapter4; Section 5.35), 3C 449 (see Chapter4; Section 5.1) and IC 4296
(see Chapter 4; Section 5.3).

Compact Double

Jimenez-Gallardo et al. (2019) published an COMP2CAT, redshift-limited (» <0.15) catalogue
of compact double radio galaxies. Their morphologies partially resemble those of FRII and
FRO radio sources with their radio powers falling into the low-power tail of FRII sources.
Moreover, the radio emission of compact double sources is entirely encompassed within their
host galaxies and thus their projected linear sizes do not exceed 60 kpc.

In our study, we found one giant elliptical galaxy, NGC 533 (Chapter 4; Section 5.9), the mor-
phology of which could resemble the morphologies of sources in the COM2CAT catalog.

1.3.2 Young Radio Sources

A compact double morphology of the radio emission within the host galaxy without extended
features as well as cavities in X-ray atmospheres as a sign of a small-scale interaction of the
radio and X-ray plasma are some of the main properties, which describes young radio sources
(O’Dea 1998).

We found two candidates in our sample of giant ellipticals which could potentially be clas-
sified as young radio sources: NGC 507 (Chapter 4; Section 5.8) and NGC 708 (Chapter 4; Sec-
tion 5.10).



Chapter 2

Radio Observational Techniques and
Data Reduction

Radio studies of giant elliptical galaxies are crucial for our understanding of the physics of
maintenance mode AGN feedback. The analysis of complementary X-ray and optical data pro-
vides a comprehensive, multifrequency view on the heating and cooling of the X-ray emitting
atmospheres, AGN feeding and feedback, and jet-ICM interaction.

In the following sections, we briefly summarize the details of VLA radio observations and
data analysis at gigahertz frequencies. The reduction and analysis of the data for of 42 early-
type galaxies, from which 19 galaxies are newly observed, are considered as the main contri-
bution of this thesis.

The X-ray data from Chandra are adopted from a parent X-ray study of this sample by
Lakhchaura et al. (2018). The latter work provides more details of the X-ray data reduction and
analysis (for a brief summary see Chapter I or II; Section 4.3.2 and 6.2.2). Moreover, Lakhchaura
et al. (2018) also summarize the results of narrow-band imaging and long slit spectroscopic
observations of Ha+[NII] line emission with the 4.1 meter Southern Astrophysical Research
(SOAR) telescope.

Following sections are also inspired by numerous online-available lectures on radio interferometry and data
reduction, e.g.: the VLA Synthesis Workshopl, CASA-VLBI workshopz, ANITA lectures®, and lectures at Charles
University, AVCR®.

2.1 Radio Observational Techniques

2.1.1 Aperture Synthesis Telescope

To compare the Chandra X-ray data with the radio synchrotron emission at 1-2 GHz of the early-
type galaxies in our sample, high resolution observations of 1 arcseconds are needed. From the
diffraction theory, the angular resolution 6 in radians is inversely proportional to the diameter,
D, of the antenna and studied frequency, v (with c as speed of light):

cl
0 x D (2.1)
VLA, e.g.: R. Perley: http:/ /www.cvent.com/events/ virtual-17th-synthesis-imaging-workshop /agenda-0d59
eb6cd1474978bce811194b2f961.aspx.
2VLBI, e.g.: C. Spingola https:/ /www.jive.eu/casa-vlbi2020/programme.php.
*ANITA, D. Wilner: http:/ /anita.edu.au/lectures/.
*AVCR, P. Jachym: https:/ /astro.troja.mff.cuni.cz/vyuka/AST021/.
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The largest single-dish radio telescope, the Five-hundred-meter Aperture Spherical Tele-
scope (FAST) in China with a (obvious) diameter of 500 m, does not (by far) satisfy our resolu-
tion requirements of 1arcsecond. A quick calculation will give us a resolution of ~ 90 arcsec
(considering the frequency of 1.4 GHz and the diameter of 500 m). Therefore, a larger radio dish
is needed. However, a larger single-dish telescope would be impossible to build. The solution
is offered by a technique known as aperture synthesis, which combines smaller radio antennas
(dishes) to simulate/synthesise a larger radio antenna with a diameter of the longest separa-
tion between two antennas. In the radio jargon, the separation between two radio antennas is
called baseline.

Sir Martin Ryle received a Nobel Prize in 1974 for his pioneering research in this field of
radio astronomy (Ryle 1972).

2.1.2 Radio Interferometry

Radio interferometry is used to transform the observed source brightness from the sky or image
plane into the total intensity image in the interferometer plane.

The individual pairs of antennas are forming a simplified two-element interferometer, which
measures so-called visibilities or coherence (or correlation) of the electric field in both antennas
and converts the measured electric fields into voltages. Therefore, the visibilities, V' (u, vP), are
the 2D Fourier transform of the sky brightness, B(l,m), or the double integral of the actual
brightness of the radio source on the sky with coordinates, [, m, multiplied by the fringe/inter-
ference/sine wave pattern produced by the two antennas in the uv- (Fourier) plane on the
Earth (with the coordinates, u, v, w). This is demonstrated by Figure2.1 (left) and defined by
van Cittert-Zernike theorem (van Cittert 1934; Zernike 1938):

V(u,v) ~ / / B(1l, m)e~2r+vm) g, 2.2)

Moreover, the spacing of the fringe pattern is inversely proportional to the baseline length,
B, over the observed wavelength, A\. Thus, as shown in Figure 2.1 (right), the shorter the dis-
tance between the two antennas, the broader the sine wave or the larger the separation of the
two fringe components. It is worth noting that, on the one hand, when the radio source (smiley-
face) is completely covered in one amplitude of the sine wave, the entire signal is recovered,
but the individual components of this source cannot be distinguished. The radio source is
smaller than the resolution of the baseline and thus unresolved. On the other hand, for larger
sources and with shorter baselines, we are able to recover the more diffuse and more extended
radio emission, while longer baselines capture the fine details and structures of the source. The
source is resolved but to recover the entire emission is more difficult and the combination of
several baseline lengths and orientations is necessary.

Importantly, the conversion of the electric field into voltages preserves the properties of the
incoming signal, like the amplitude and phase. The visibilities are complex functions with
their real and imaginary components or amplitude and phase, respectively. The amplitude is
the measure of how bright the source is, whereas the phase information gives the position of
the signal in the Fourier plane. And since the sky brightness distribution, B(l,m), is a real
function, the visibility, V' (u, v), is Hermitian®. Therefore, one pair of antennas or one baseline

>The coordinates ‘u’ ans ‘v’ are so called spacial frequencies measured in the wavelengths and are essentially tell
us how many sinus waves can we fit into the unit space in the plane of the two antennas on the Earth (in the Fourier
plane). The ‘w’ coordinate can be neglected due to small field of view.

SFor the visibility in —u and —v coordinates, its complex conjugate is: V (—u, —v) = V*(u, v).
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Figure 2.1: Left: Sketch of two-element interferometer in the uv-plane with spatial coordinates:
u,v,w. The position of the source in the image plane with sky coordinates: /,m is also shown.
Right: The shorter the distance between two antennas (shorter baseline), the wider the sine
(interference) pattern. The ‘+ and ‘- waves of the sinusoidal pattern are shown on the first
image of our observed radio signal ( top left image). Credit to D. Wilner, CfA.

is represented by two uv-points in the uv-plane. That is the reason why we see horizontally
mirrored VLA Y-shape with the mirroring axis passing through the centre of the uv-coverage
(Figure 2.2a; top left).

2.1.3 Imaging: CLEAN Algorithm

In the early 70’s, Hogbom (Hogbom 1974, 2003) used Green Bank 3-antenna interferometer for
snapshot observations of radio morphologies from 3C radio sources’. Later on, during the
data reduction he found that the direct inverse Fourier transform of the observed visibilities to
get the sky brightness of the sources would be mathematically incorrect and would result in
unreliable outputs with significant artefacts in the image. Problems arise because the uv-plane
is not continuously filled (see Figure2.2a; left). To gain the properly sampled uv-coverage
defined by a sampling function, S(u, v)?, long observations of about 12 hours’ (see Figure 2.2c)
are required. Combined with the Earth rotation, the gaps in the coverage can be better filled.
This would be, however, very ineffective and expensive to perform for each target.

Therefore, Hogbom developed an iterative process to reduce the artefacts in the sky bright-
ness, the so-called ‘clean’ algorithm!°.

The basic idea of the Hogbom'’s cleaning loop starts with the assumption that the observed
targets on the sky are a collection of discrete point sources. Taking the Fourier transform of the
sampling function, S(u, v), will give an idea on the shape of the point source response or PSF
(Point Spread Function). In the radio jargon, PSF is also called a ‘dirty beam’, s(I,m), and it
leaves a ‘finger-print’ or its specific pattern on each observed point on the sky.

73C stands for the Third Cambridge Catalogue of Radio Sources.
8Sampling (coverage) function, S(u, v), is defined to be 1, if there is a measurement in uv-plane and otherwise 0.
“Majority of our source in the sample, where observed for around 1hour. The 2.2b shows the shape of the beam
(PSF) and thus the pattern of the artefacts, we should expect in our images.
1%See also commentary on Hogbom'’s algorithm by Cornwell (2009).
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Figure 2.2: The Fourier transform of the sampled visibilities (or uv-coverage) gives a ‘dirty
beam’ or Point Spread Function (PSF) with significant artefacts in form of asterisk shape due to
VLA Y-shape design (a) for source observed at the declination of 45°. The artefacts are reduced
if the Earth rotation is accounted for (especially for 12-hour synthesis observations, c). Targets
in our sample are usually observed for ~ 1 hour (b). Credit C. Walker, NRAO.
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S(u,v) 7, s(l,m) (2.3)

The clean algorithm attempts to remove this pattern or artefacts from the image using decon-
volution!!. First of all, the so-called ‘dirty image’, D(l,m), is obtained via the inverse Fourier
transform of the sampled visibility (the product of sampling function and measured visibili-
ties), S(u,v) - V(u,v). From the Fourier theory, we know that the multiplication in one domain
(u, v) is a convolution (®) in the other domain ({, m). Thus, S(u,v)- V (u, v) can be approximated
by the true image of the sky, B(l, m), convolved by the ‘dirty beam” s(l, m):

D(l,m) T S(u,v) - V(u,v) ~ s(l,m) ® B(l,m), 2.4)

Hence, deconvolving the "dirty image’, we can recover this sky brightness of the source, B(l, m).

Hogbom’s CLEAN in practice

The clean algorithm is implemented in the Common Astronomy Software Applications!?

(CASA) package (McMullin et al. 2007), where also calibration and analysis on ‘cleaned” images
can be performed (see Section 2.3.2 and 2.3.3). The CASA version 4.7.2 and 5.0.0 is used (as well
as pipeline version 1.3.11.)

The first step of this cleaning loop in CASA is to initialize a residual map to the “dirty image’.
Next, we need to identify the strongest intensity peak (pixel with maximum intensity) in the
residual map as a point source and add it into the model or ‘clean component list” via creating a
mask around it. Afterwards, the component is convolved with the ‘dirty beam” and the fraction
of the peak is subtracted from the residual map. We iteratively continue to identify the next
strongest peaks in the residual map, until some stopping criteria are reached like: the desired
flux density threshold in the residual image, the maximum number of clean components, and
so on. The next step of the loop is producing the final ‘restored” image, which includes the
creation of a model with all sources in the ‘clean component list’. Afterwards, we convolve the
model with an elliptical Gaussian, which is fitted to the main lobe of the ‘dirty beam” called
‘clean beam’. Lastly, we add the residual map including noise and the source structure below
the threshold as well as the shape of the ‘clean beam” and thus create the final total intensity
image or ‘cleaned’” image of the target.

This way, we recover the total flux densities of the observed target in the common radio
astronomy unit of Jansky (Jy), named after Karl Jansky, who first observed the radio emission
from the center of our galaxy. The Jy units are connected to metric and cgs units in following
way: 1Jy = 1072 Wm2Hz ! = 10" Pergs 'em2Hz L.

Cotton-Schwab CLEAN

More advanced algorithm is called the Cotton-Schwab CLEAN (CSCLEAN), that works in two
cycles: minor and major. First of all, the visibilities are gridded and weighted. Then the Fast
Fourier transform (FFT) is used to create a “dirty image’. The inner loop or minor cycle oper-
ates solely in the image domain: finding the ‘clean components’, adding them into the model,
and iteratively finding the next bright points and subtracting the beam from the image. The
outer loop or major cycle implements the FFT between the image and visibilities domains. The

"Deconvolution is widely used in radio astronomy, an inverse process of convolution. From the signal distorted
by some filter (PSF), this original signal can be restored.
Phttps:/ /casa.nrao.edu/
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model of the image produced in the minor cycle is FFT-ed back to the visibility domain, re-
gridded, and subtracted from the visibilities, what creates a new residual image that is then
gridded, weighted, and FFT-ed again to the image domain for the next iteration. This itera-
tive process is continued until the previously-mentioned stopping criteria are reached. And
the recovery of the final image is consistent with Hogbom's cleaning loop as described in the
previous Section 2.1.3.

Weighting

Three types of weighting can be used to obtain rather higher surface brightness, sensitivity, or
resolution of the image: natural, robust, and uniform as well as tapering!®.

The main aim of our statistical study is to detect radio emission and its morphology in
nearby X-ray and optically bright early-type galaxies, therefore we use Briggs weighting scheme
(Briggs 1995, with CASA parameter robust=0), which offers a compromise between the spatial
resolution and surface brightness sensitivity. For sources with a point-like emission, the natural
weighting is used, whereas for some sources with extended emission uv-tapering is applied.

MultiTerm MultiFrequency CLEAN

The major upgrade of the VLA in 2011 allowed observations in multiple frequencies. This the-
sis works solely with the VLA L-band receiver data, which spans the frequency range between
1-2 GHz.

Simultaneously imaging with many frequencies across the entire band is called MultiFrequency
Synthesis (MFS) (Rau & Cornwell 2011). On the one hand, the multifrequency observations
add uv-points to cover the uv-plane in more detail than single-frequency observations. On the
other hand, it also introduces frequency-dependent variation that needs to be accounted for,
otherwise they result in additional image artefacts. Moreover, the MultiTerm MultiFrequency
Synthesis (MTMFS) algorithm provides the ability to simultaneously image and fit for the spec-
tral behaviour of bright sources in each pixel. Polynomial Taylor-term expansion in frequency
is used to approximate the spectrum or the frequency dependence of the sky emission.

Half of the targets in our sample are obtained with the post-upgraded VLA, thus the use of
MTMFS with the second-order Taylor polynomial CASA clean/tclean! parameter nterms=2)
is preferred. In the case of pre-upgraded VLA observations, most of them contain at least two
frequencies and thus the MTMFS clean provides a reliable solution as well.

Self-calibration

If the image artefacts are not reduced by the standard calibration steps (see Section 2.3.2) and
cleaning loop, another useful approach can be used called self-calibration. When the ratio of the
peak intensity to the RMS noise, or the so-called dynamic range of the total intensity images,
reaches values of about 100, the source itself can be used to calibrate the phases and potentially
the amplitudes of the visibility as a function of time.

BMore details about different weigthings can be found in the cASA Cookbook and User Reference Manual
(https:/ /casa.nrao.edu/Release4.1.0/doc/UserMan/UserMansu257 html).
"tclean stands for ‘test clean’ and it is an improved version of clean algorithm.
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2.2 Very Large Array

Most of our results are based on observations with the VLA, thus the main properties of this
array will be discussed.

The technology of aperture synthesis telescopes is also used by the Very Large Array (VLA
spreading over the Plains of San Agustin. VLA is located at around 80 km from Socorro in New
Mexico, US and consists of 27'¢ parabolic radio dishes of 25 meters in diameter which all to-
gether form a shape resembling the letter Y7 (see Figure 2.3; left).

)15

Figure 2.3: Left: The famous "Y’-shaped configuration of VLA antennas spreaded over the
Plains of San Agustin in New Mexico. Credit: D. Finley. Right: Zoom-in on one 25-m antenna
from the array. Several dish components are depicted. Especially important is the position of
the L-band receiver feed, which is the only receiver used for our observations.

2.2.1 VLA Receiver Bands

Each VLA antenna is receiving the signal in a wide range of frequencies, from 54 MHz-50 GHz.
To focus only on a specific frequency range, one of the 8 cryogenically cooled feed-horn re-
ceivers can be used.

The most relevant for this work is the L-band receiver spanning the frequency range
1-2GHz and centered at 1.5 GHz (see Figure 2.3; right, for the location on the dish).

2.2.2 VLA Configurations and Resolution

VLA operates in four different configurations (Figure2.4). The dishes can be put closer or
further from each other (through the 64 km-long rail tracks). When the pairs of antennas are
closest to each other, they simulate a radio antenna with the diameter of ~ 1km and the array
is in the D configuration. This leads to the largest spacial sensitivity, but the smallest angular
resolution with VLA. Thus, the D configuration is used to detect more diffuse and extended
emission.

5The array is under the administration of the National Radio Astronomy Observatory (NRAO) based in Socorro
(New Mexico, US) with another institution located in the West Virginia, US. More details can be found on their
websites: https:/ /science.nrao.edu/facilities /vla.

16There is one more antenna as a back-up, when the others need to maintained.

7The Y-shape of the array gives an uniform coverage of the uv-plane at almost all declinations (from 90 to -30°).
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VLA Bmax Bmin  Resolution LAS
Configuration (km) (km) (arcsec) (arcsec)
A 36 0.7 1.3 36
B 11 0.2 4.3 120
C 3 0.04 14 970
D 1 0.04 46 970

Table 2.1: The properties of VLA configurations. The maximum (Bna.x) and mini-
mum (Bni,) baseline length (antenna’ separation), the resolution in L-band at frequen-
cies 1-2GHz for each configuration and the largest angular scale (LAS) of the struc-
ture visible to the array.  This information can be found at the NRAO websites
(https:/ /science.nrao.edu/facilities/vla/docs/manuals/oss/performance/resolution).

On the other hand, the largest separation of the antennas is 35km for the A configuration,
resulting in the highest angular resolution possible with VLA on the expense of the lowest
sensitivity to the extended diffuse structures. VLA antennas in the A configuration are the best
to resolve the fine structure of the central region. Table2.1 summarizes the properties of each
VLA configuration like the minimum and maximum baseline length, its resolution in L-band
(in the frequency range between 1-2 GHz), as well as the largest angular scale (LAS) of the
structure observable with the particular configuration.

In our work, we concentrated on each of the four VLA configurations in order to be sensitive
to both the high resolution details of the fine radio structures of the central region and the
diffuse, extended radio emission further from the core in the form of radio jets and lobes. This
mechanism can be explained on the basis of radio interferometry (see Section2.1.2).

Configuration{ A ): 35 km array diameter Configuration' B :11 km array diameter

Configuration(C ): 3 km array diameter Configuration' D ): 1 km array diameter

Figure 2.4: Radio source Hercules A shown in all four VLA configurations. The longest baseline
of each configuration is given in kilometers. Images are adapted from NRAO/AUI/NSFE.
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2.3 Radio Data Reduction and Analysis

2.3.1 VLA Observations

The radio data of early-type galaxies in our sample observed by the VLA between 1984 and
2020 spanning the frequency range between 1-2 GHz are available in the NRAO VLA archive!®.
We reduced and image VLA data obtained both before (historical data) and after the major
upgrade of the Very Large Array in 2011 (Karl G. Jansky VLA data; Perley et al. 2009, 2011).
To study multiscale features of giant elliptical galaxies, we gathered data from all available
configurations (A, B, C, and D) for each source (see Chapter 4; Table 3.1).
The historical data consist of only one or two spectral windows with tens of 100-1000 kHz-
wide channels, whereas the Karl G. Jansky VLA data have tens of spectral windows with up
to hundreds of 3000 kHz-wide channels, which makes the size of those data sets significantly
larger. This fact affects our approach to the calibration methods, which we used for historical
and Karl G. Jansky VLA data.
The pre-upgrade or historical VLA data sets were analysed for 33 galaxies and Karl G. Jansky
VLA data for 20 massive ellipticals in the sample in various configurations (details are given
in Chapter 6; Table 3.1). For all data, the primary flux, amplitude and bandpass calibrator were
observed at the beginning or end of the observation and the secondary calibrator used for phase
calibration was observed in between each scan of the main target.

Moreover, to complete the VLA A configuration data for the sample of early-type galaxies,
new VLA radio observations were obtained in 2015 (marked in Chapter 4; Table 3.1) by *). It
is worth nothing that the priority to have VLA A configuration observation for all galaxies
lies in its high resolution of around 1 arcsecond, which matches with the on-axis point-spread
function (PSF) for the Chandra X-ray observatory. This allows the comparison of the emission
at both radio and X-ray frequencies on the same scale.

2.3.2 Calibration

We used the NRAO’s Common Astronomy Software Applications (CASA)! package (McMullin
et al. 2007) versions 4.7.2 and 5.0.0 for data calibration, reduction, imaging, and analysis. It is
a powerful tool that helps us to obtain calibrated total intensity images of the observed radio
emission from our sample of galaxies.

Two calibration methods are used for the historical and Karl G. Jansky VLA data sets. The
data sizes of later observations are larger than the historical due to the increased bandwidth
of the observations after the upgrade to the Wideband Interferometer Digital ARchitecture
(WIDAR) correlator system. For the Karl G. Jansky VLA data (~ 20-100 GB), we use the more ef-
fective pipeline calibration method (CASA pipeline version 1.3.11). In the case of historical data,
a manual calibration approach is chosen following the ‘Jupiter continuum calibration tutorial’
available on the VLA NRAO website?®. Both approaches are using essentially very similar
steps to calibrate the data, that will be briefly described in the following section (see also radio
data reduction sections in Chapter 4 and 6, Sections 6.2 and Sections 6.2.1, respectively).

Initial step®! of the calibration includes corrections for antenna position offsets. Afterwards,
a careful approach was followed to flag the Radio Frequency Interferences (RFIs). First, the

Bhttps:/ /archive.nrao.edu/archive/advqueryjsp

Yhttps:/ /casa.nrao.edu/

Yhttps:/ / casaguides.nrao.edu/index.php/Jupiter:_continuum_polarization_calibration

2'Hjstorical VLA data were recorded in ‘xp* format, thus they first need to be imported into measurement set
(“ms’) format.
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auto-flagging with CASA algorithm tfcrop identifies the outliers in the time-frequency plane.
Then, we use manual inspection of data in the CASA viewing tool plotms and flag the remaining
high and low amplitude RFIs and outliers. The RFIs usually severely affect certain spectral
windows around 1.4 GHz?2. Therefore, spectral windows 8 and 9 are entirely flagged for every
data set. The amount of flagged data varies for each observation. In general, from 40% to 80%
of the unflagged data are left for further analysis. For example, in our single source study of
IC 4296, around 50% of the target data remains unflagged (see Chapter 6, Section 6.2.1).

Next, we use a L-band model by Perley & Butler (2013) to set the flux density scale for the
flux calibrators. The names of the VLA flux calibrators used in each observation are given
in Chapter 6; Table3.2. The initial gain calibration of the central channels accounts for the
small phase variations with time in the bandpass. Then, the bandpass calibration for VLA
flux calibrator is performed, including the relative delays of each antenna with respect to the
reference antenna and derivation of complex bandpass solutions in order to include variations
of gain with frequency. Afterwards, we determine the complex gains for both calibrators. And
finally, the obtained calibration solutions are applied to our target.

2.3.3 Imaging

After calibration, we proceed to determine the total flux density maps or images of our targets.
The various spatial scales of radio emission require an individual approach to each source with
different combinations of weightings, gridders, convolvers, and uv-tapers?®. However, due
to the fact that the majority of sources were obtained in multiple frequencies CASA clean or
TCLEAN algorithm in the MultiTerm MultiFrequency (MTMFS) synthesis mode (Rau & Corn-
well 2011), a second order Taylor polynomial parameter (nterms = 2, McMullin et al. 2007),
and the briggs weighing (Briggs 1995) with robust=0 is used.

When the dynamic range (or the ratio between the peak brightness and RMS noise of the
image) reaches values about 100 in the VLA image, two or three cycles of phase and possibly
one cycle of amplitude and phase self-calibration are performed?*.

Zhttps:/ /science.nrao.edu/facilities /vla/docs/manuals/obsguide /rfi

PMore details of different parameters can be found at e.g. CASA tutorial for imaging
(https:/ / casaguides.nrao.edu/index.php?title=VLA_CASA_Imaging-CASA5.7.0)

#Recent comprehensive tutorial on self-calibration can be found at https:/ /casaguides.nrao.edu/index.php?title=
VLA _Selfcalibration_Tutorial CASA5.7.0
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Chapter 3

A Complete Sample of Giant Elliptical
Galaxies in the Local Universe

3.1 Sample Selection

We base our study on the extended sample of the nearest X-ray and optically brightest massive
early-type galaxies discussed in Dunn et al. (2010). Their parent sample is the catalog of Beuing
et al. (1999), which contains 530 elliptical and elliptical /lentilcular galaxies brighter than the
total Johnson B-band magnitude of Br = 13.5 and has a 90 per cent completeness. Beuing
et al. (1999) also provide X-ray luminosities or upper limits for 293 galaxies, based on ROSAT
All-Sky Survey (RASS) data. These measurements were updated by O’Sullivan et al. (2001),
who also used data from ROSAT pointed observations.

An extensive Chandra X-ray study of this sample was performed by Lakhchaura et al. (2018),
who slightly modified the selection criteria and increased its completeness. Our paper is a radio
counterpart to the X-ray study of Lakhchaura et al. (2018). Our final selection criteria combine
the criteria of Dunn et al. (2010) and Lakhchaura et al. (2018) and are as follows:

¢ lower limit of the X-ray luminosity within 10 kpc from the center of galaxy:
Lx > 10" ergs™! in the 0.5-7 keV band

¢ upper limit of the optical absolute magnitudes: Br < —20 (total Johnson B-band magni-
tudes)

¢ volume restriction: all sources are within the distance of 100 Mpc
¢ declination cut: DEC > -40 degrees to ensure radio coverage with the VLA

We note that while the X-ray luminosities of O’Sullivan et al. (2001) were total luminosities,
which also included the contribution from point sources, such as the central AGN and X-ray
binaries, our X-ray luminosities based on the measurements of Lakhchaura et al. (2018) only
refer to the hot X-ray emitting atmospheres within 10 kpc from the center of the galaxy. Addi-
tionally, the intrinsic 2-10keV central X-ray point source luminosities were estimated from the
power-law components of the spectral models for a sub-sample of galaxies, for which central
X-ray point source emission was detected (Lakhchaura et al. 2018).

Given these selection criteria, our volume-limited sample of the X-ray and optically bright-
est nearby early-type galaxies (41 giant elliptical galaxies and 1 lenticular) has a high degree
of completeness. However, one source, NGC 1521, which meets our volume and X-ray/optical
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brightness criteria, has no dedicated VLA L-band observations in the VLA National Radio As-
tronomy Observatory (NRAO) archive!. This source is a part of the NRAO VLA Sky Survey
(NVSS) and the radio source detection was published at the 2 o significance (Brown et al. 2011).
Although, we did not confirm the presence of the radio emission within the sensitivity limit of
the NVSS survey?. Thus, we decided not to include this source in our further analysis.

The main goal of our study is to extend the radio sample of Dunn et al. (2010) to the 42

nearest X-ray and optically brightest galaxies with the highest resolution VLA A configuration
data in the L-band spanning the frequency range 1-2 GHz and centered at ~ 1.5 GHz.
We obtained new VLA A observations for 20 giant elliptical galaxies (proposal ID: 15A-305,
PL: N. Werner) to complement the available archival radio data for the entire sample®. The
highest resolution array configuration was chosen to match the resolution of images from the
Chandra X-ray observatory. Moreover, to be sensitive not only to the fine structure of the central
region, but also to more diffuse and extended radio emission, we decided to complement the
high resolution VLA A configuration data with data from the more compact C and D VLA
configurations.

'https:/ /archive.nrao.edu/archive/advquery.jsp
2The Root Mean Square (RMS) noise in the total intensity NVSS survey images is ~ 2.5 mJy (Condon et al. 1998)
*Unfortunately, NGC 1521 was missed while proposing for the new VLA observations.
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3.2 Observational Details

Table 3.1: The main VLA observational information about the early-type galaxies in our
sample between 1-2GHz.
VLA configuration; (3) NRAO VLA archive project code; (4) date (year-month-day; some
source has been observed during multiple days or within multiple VLA projects); (5) VLA
primary flux density calibrators from the NRAO VLA archive: details can be found at
https:/ /science.nrao.edu/facilities /vla/observing/ callist.

The columns are ordered as follows: (1) source name; (2)

Source Config Project Date Primary Flux
Name VLA (Code) (year-month-day) Density Calibrator
3C449 A AB920 1999-Jul-18 3C84
3C449 C AMO0740 2002-Dec-21 3C84
IC 1860 A AG0748 2009-Jun-19 3C84
IC 4296* A 15A-305 2015-Jul-11 3C286
IC 4296 D 18A-317 2018-Oct-26 3C 286
NGC57* A 15A-305 2015-Jul-03 3C48
NGC315 A AM670/AB920  1999-Jul-18/2000-Dec-04 3C286
NGC315 B AL538 2001-Mar-10 3C 286
NGC315 C AL538 2001-Jul-17 3C48
NGC410* A 15A-305 2015-Jun-28 3C48
NGC 499 A AG748 2007-Jun-09/14 3C84
NGC 507* A 15A-305 2015-Jun-19 3C48
NGC 507 C AC0785 2005-Aug-17 3C84
NGC533* A 15A-305 2015-Jun-27 3C48
NGC533 B AC0849 2006-Sep-02/04/10 3C84
NGC708 AB AC470 1987-Nov-06 3C84
NGC708 C 13A-131 2013-Aug-18 3C 286
NGC741 A AB920 1999-Jul-18 3C84
NGC741 C 13A-387 2013-Jul-26 3C48
NGC777* A 15A-305 2015-Jun-21 3C48
NGC777 C AC0488 1997-Sep-18 3C286
NGC1132 C AC0488 1997-Sep-18 3C286
NGC 1316 BA AH787 2002-May-31/Jun-01 3C84
NGC1316 CD AWO0110 1985-Nov-03 3C48
NGC 1399* A 15A-305 2015-Jun-20 3C138
NGC 1404* A 15A-305 2015-Jun-20 3C138
NGC 1404 CD AT0285/6 2003-Jan-31/Feb-01 3C84
NGC 1407* A 15A-305 2015-Jun-28 3C138
NGC 1407 B 12A-139 2012-Jun-10 3C147
NGC 1407 C 12A-139 2012-Apr-22 3C147
NGC 1550* A 15A-305 2015-Jun-24 3C138
NGC 1550 C AC0488 1997-Sep-18 3C 286
NGC 1600 A AB0289 1984-Dec-15 3C48
NGC 2300* A 15A-305 2015-Jun-18 3C 147
NGC 2300 D AS0552 1995-Mar-27 3C48
NGC3091* A 15A-305 2015-Jun-19 3C286
NGC 3091 AB AMO0344 1991-Dec-15 3C 286
NGC 3923* A 15A-305 2015-Jul-01 3C 286
NGC 3923 C AW0110 1984-Jun-10 3C286
NGC4073* A 15A-305 2015-Jun-24 3C 286
NGC4125 D 14B-396 2015-Oct-17 3C 286
NGC 4261 A AL0693 2007-Jun-08/09 3C286
NGC 4261 C AL0693 2008-May-24/25 3C 286
NGC 4374 A BH210 2015-Jul-17 3C286
NGC 4374 B BWO0003 1994-Aug-04 3C286


https://science.nrao.edu/facilities/vla/observing/callist
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Table 3.1 - continued. The CASA imaging results for our VLA sample.

Source Config Project Date Primary Flux
Name VLA (Code) (year-month-day) Density Calibrator
NGC 4374 C 14A-468 2014-Dec-24 3C 286
NGC 4406* A 15A-305 2015-Jul-02 3C286
NGC 4406 D AS623 1997-Nov-29 3C286
NGC 4472* A 15A-305 2015-Jun-27 3C 286
NGC 4472 C AB0412 1986-Nov-26 3C286
NGC 4486 A AB0920 1999-Jul-18 3C286
NGC 4486 B 16A-245 2016-Sep-17 3C 286
NGC 4486 C AO0149 2000-May-15 3C286
NGC 4552 A AC301 1991-Aug-24 3C286
NGC 4552 C 16A-275 2016-Apr-04 3C 286
NGC 4636 A AF389 2002-Mar-12 3C 286
NGC 4636 C 17A-073 2017-May-25 3C 286
NGC 4649 A AC301 1991-Aug-24 3C48
NGC 4649 D 17A-073 2017-Jun-01 3C286
NGC 4696 A AT211 1998-Apr-23 3C286
NGC 4696 BC AB623 1992-Feb-06 3C 286
NGC 4778 AB AL0227 1990-Jul-09 3C286
NGC 4778 C AB1150 2005-Jul-30/31 3C286
NGC 4782 A AC0104 1984-Dec-26 3C 286
NGC 4782 BA AL0227 1990-Jul-09 3C286
NGC 4936* A 15A-305 2015-Jun-20 3C295
NGC 5044 A AD294 1992-Nov-27 3C 286
NGC 5044 BA 15A-243 2015-May-25 3C286
NGC 5044 D 11B-093 2011-Dec-03 3C286
NGC 5129* A 15A-305 2015-Jun-30 3C286
NGC 5419* A 15A-305 2015-Jun-18 3C295
NGC 5419 B AE31 1984-Feb-26 3C286
NGC 5419 CD AE31 1984-Jul-07/8 3C286
NGC5813 A AF188 1990-Apr-19 3C48
NGC 5813 B AW?202 1988-Jan-30 3C286
NGC5813 C AC0488 1997-Sep-17 3C286
NGC 5846 A AF389 2002-Mar-12 3C 286
NGC 5846 B AWO0202 1988-Jan-30 3C286
NGC 5846 CD AMO0197 1987-Feb-24 3C48
NGC7619* A 15A-305 2015-Jul-05 3C48
NGC7619 C AC0488 1997-Sep-17 3C286

(1) sources marked with * sign are our new VLA A observations within project 15A-305)
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Table 3.2: Radio imaging results for the sample of 42 early-type galaxies in several VLA configurations. The columns are listed as
follows: (1) 3C, IC and NGC source names; (2) VLA configuration; (3) luminosity distance mostly derived from surface brightness
fluctuations, a redshift-independent method (see Note); (4) the linear scale in kiloparsecs per arcseconds; (5) the radio morphology
classification (Figure4.1 and Section 4.2); (6) the largest linear extent in kpc; (7) the restoring beam from the CASA clean algorithm in
arcseconds and corresponding (8) position angle; (9) the peak intensity in Jy /beam of the radio source in the total intensity image in the
L-band (the frequency range between 1-2 GHz, centered at 1.5 GHz); (10) the integrated total flux density in Jy in L-band; (11) the total
radio power in W/Hz; (12) the RMS noise (crms) values of each total intensity image in Jy/beam. Details of each observation can be

found in Table 3.1.

Source Config  Distance Scale Radio  Extend Beam PA Speak £ €Speak Siscuz TeSis5cHz Piscuz =ePiscHz RMS

Name VLA (Mpc) (kpc/”)  Class (kpc) (" x ") (deg) (Jy/b) (Jy) (W/Hz) (Jy/b)

3C449 A 72.5L# 0.352 J/L 36.6 1.9x 1.4 78.2  (1.46 +0.06) x 10~2 (2.55 4+ 0.10) x 10~1 (1.60 = 0.06) x 1023 1.0 x 1074
3C449 C 72.51# 0.352 J/L 4467  132x11.7 55 (1.16 £0.05) x 10~1 (3.13 £0.12) x 10° (1.97 4 0.08) x 1024 1.1 x 10~
IC1860 A 95.75L 0.465 PS - 3.0 x 1.2 8.9 (1.28£0.05) x 1072 (1.30 £ 0.06) x 1072 (1.43 £0.06) x 1022 1.0 x 1074
IC 4296* A 47.31% 0.230 J/L 108.1 4.0x 3.3 -125  (2.20£0.09) x 1071 (3.84 £ 0.15) x 10° (1.03 4 0.04) x 10%4 6.0 x 1072
IC 4296 D 47.31% 0.230 J/L 4370 84.3x226 -77  (5.3140.21) x 107! (8.56 £0.34) x 10° (2.29 £0.09) x 104 1.8 x 1074
NGC57* A 77.15L 0.375 PS - 1.8 x 1.0 701 (3.26 £0.13) x 104 (5.41 £0.29) x 104 (3.85 £ 0.21) x 1020 1.0 x 1075
NGC315 A 56.01% 0.272 J/L 134 1.6 x 1.4 664  (4.40+0.18) x 10~*  (3.39+0.37) x 10~2 (1.27 £0.14) x 10%2 8.9 x 1072
NGC315 B 56.01% 0.272 J/L 154.2 4.2 x 3.7 82.0  (4.61£0.18) x 1071 (1.27 £0.05) x 10° (4.77 £0.19) x 1023 4.9 x 1072
NGC315 C 56.01 0.272 J/L 3261  13.4x11.8 -132  (4.6240.18) x 107! (2.04 4 0.08) x 10° (7.66 £ 0.31) x 1023 7.3 x 1075
NGC 410* A 66.0° 0.320 PS - 3.1x1.2 66.6  (4.62 + 0.18) x 1073  (4.95+ 0.21) x 1073 (2.58 £0.11) x 102! 2.8 x 1072
NGC 499 A 60.741 0.295 NS - 1.4 x 1.2 -61.5 - 1.2 x 1074
NGC 507* A 59.83L 0.290 D 13.2 2.7 x 1.1 679  (1.70+0. 07) x 1073 (7.20£0. 40) x 1073 (3.08 £0.17) x 102! 2.8 x 1072
NGC507 C 59.83% 0.290 Dt 36.0 13.6 x 12.7 628  (8.9240.36) x 1073 (1.00£0.04) x 107! (4.28 £0.17) x 10?2 7.8 x 1075
NGC 533* A 61.58T 0.299 cf 1.1 1.2 x 1.1 623  (1.0240.04) x 1072 (2.41 £0.10) x 10~2 (1.09 4+ 0.04) x 1022 1.9 x 10~5
NGC533 B 61.58L 0.299 C 2.8 4.8 x 3.7 -125  (4.2640.17) x 1071 (6.95 £ 0.30) x 10~* (3.15 4+ 0.13) x 10?3 4.4 x 1073
NGC 708 AB 64.19% 0.312 Dt 15.0 3.9 x 3.1 89.6  (1.4240.06) x 1072 (6.49+0.31) x 10~2 (3.20 £ 0.15) x 10?2 3.0 x 104
NGC 708 C 64.197 0.312 Dt 38.6 8.3 x 5.0 =727 (1.2940.05) x 1072 (4.4940.18) x 102 (2.21 £0.09) x 1022 9.3 x 1076
NGC 741 A 64.39% 0.313 Dt 16.1 2.8 x 1.4 509  (1.38£0.06) x 1072 (1.64£0.07) x 10~* (8.14 £ 0.33) x 10?2 6.2 x 1072
NGC 741 C 64.397 0.313 cf 137.7  15.8 x 14.1 0.2 (6.80 £0.27) x 1072 (9.1240.37) x 107! (4.52 £0.18) x 1023 7.0 x 104
NGC 777* A 58.08% 0.282 C 1.6 1.5 x 1.0 737  (2.67+0. 11) x 1073  (5.82+0. 24) x 1073 (2.35 £ 0.10) x 102! 2.1 x 1072
NGC777 C 58.08% 0.282 NS - 3.2 x 3.0 30.4 - 6.5 x 1074
NGC1132 C 87.9 0.427 PS - 169x 151  -74  (4.26+0. 17) x 1073 (4.28 + 0.28) x 1073 (3.96 £ 0.26) x 102! 1.4 x 10~4
NGC 1316 BA 21.08 0.102 Dt 11.8 4.5 x 3.5 299  (9.154£0.37) x 1072 (2.62+0.10) x 10~! (1.38 £0.06) x 1022 8.5 x 107°
NGC 1316 CD 21.08 0.102 J/L 257.7  60.3x 344 285  (2.0440.08) x 107! (3.30 £0.18) x 101 (1.74 £ 0.09) x 10%4 4.7 x 1072
NGC 1399* A 20.098 0.098 J/L 225 3.9x2.6 13.6  (1.63£0.07) x 1072 (2.724+0.11) x 1071 (1.31 4 0.05) x 1022 2.5 x 1072
NGC 1404* A 20.028 0.097 PS - 3.9 x 2.6 136  (2.04+0. 08) x 1074 (2.154£0.32) x 1074 (1.03 £0.15) x 1019 2.5 x 1072
NGC 1404 CD 20.028 0.097 NS - 478 x 42.8 254 - - 3.6 x 107°
NGC 1407 A 23.27F 0.113 D 4.0 2.1 x 1.1 361  (1.26 + 0.05) x 1072 (5.87+0.24) x 10~2 (3.80 £ 0.15) x 102! 2.4 x 1075
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Table 3.2 - continued. The CASA imaging results for our VLA sample.

Source Config Distance  Scale  Radio Extend Beam PA S
Name VLA (Mpc) (kpc/”)  Class (kpc) ("'x") (deg) peakqi[g)s pen Secns (jJ[y()aSLs one e GH(ZWJ/[I'?I;LE’ o (I]m;[bs)
NGC 1407 L ) :
Nee B 23.27L 0.113 D 6.0 5.1 x 2.7 -107  (2.2440.09) x 1072 (7.1240.29) x 1072 (4.61 £0.18) x 102! 1.4 x 1075
07 C 23.27 0.113 D 7.1 15.7 x 8.4 3.0  (3.86+0.15) x 1072 -2
Nae ) . . . .15) x 10 (7.60 &+ 0.30) x 10 (4.92 £ 0.20) x 102! 2.5 x 1072
1550 A 67.30 0.327 ct 10.1 1.8x 1.0 563  (8.52+0.34) x 107% -3
NGC 1550 C 67.30% 0.327 Dt 36.2 17.3%15.3  -11.9 (3'13 +0. 3 o 3 o ) 3 Lot
. . . . . -11. . 12) x 10~ 1.70 £ 0.11) x 102 21 : —4
NGC 1600 A 45.77F 0.222 Dt 4.0 1.5x 1.3 35  (3.7240.15) x 1073 ( )X -2 (25 5 058 « 10 10
Nac e, ; . . 15) x (3.81 £0.15) x 10 (9.55 £ 0.38) x 102! 1.1 x 1075
300 A 41.45 0.201 PS - 1.7x 1.0 894  (1.67+0.07) x 1073 -3
Nae . . . .07) x 10 (1.70 4+ 0.08) x 10 (3.49 £0.16) x 1020 2.1 x 1072
2300 D 41.45 0.201 PS - 66.4 x 36.8 152  (2.3240.09) x 1073 -3
Necz v . . .09) x (1.99 £0.19) x 10 (4.09 £ 0.40) x 1020 1.4 x 10~
091 A 48.32 0.235 PS - 1.9 x 0.9 243 (7.5340.30) x 1074 —4
Necson A e 0238 r 1909 2 (3.76 =0 ) X 10 | (7.39 4+ 0.51) x 10 (2.06 £0.14) x 1020 2.8 x 1072
. . - . . X . 0.15) x 10~ . —4 9 -
NGC 3923 CD 20.97% 0.102 NS - 40.7 x 32.1  -88.2 - )0 (19022040 >0 (255021 > 107 ig 10 :
NGC 4073* A 60.08% 0.292 PS - 1.5 x 1.1 515 - ; 1 0 x10-
. . . -51. 7.23+£0.29) x 104 1 . —4 20 -
NGC4125 D 21.41% 0.104 PS - 44.0 x 34.2 177 ( - : (FA5£04>10 (300019010 ?s'(; . }8 i
NGC 4261 A M - ) 0 5% 10
Nac 421 29.0M 0.141 J/L 7.9 14 x 1.3 =229  (1.1340.05) x 1072 (1.7240.07) x 1072 (1.73 £0.07) x 102! 8.2 x 1076
C 29.0 0.141 J/L 55.5 18.8x 13.5  51.8  (2.1140.08) x 107! -1 -
NGC a2l i . .08) x (1.27 4 0.05) x 10 (1.28 4 0.05) x 1022 1.4 x 1073
A 18.5 0.090 J/L 43 1.5 x 1.3 476  (1.18+0.05) x 1071 -1
Nae - . .05) x 10 (4.78 £0.23) x 10 (1.96 £ 0.09) x 1022 2.0 x 1073
4374 B 18.5 0.090 J/L 13.3 4.6 x 4.4 -45  (1.30£0.05) x 10~1 0 :
Noca N . . .05) x (4.18 £0.17) x 10 (1.71 £0.07) x 1023 1.4 x 1073
C 18.5 0.090 J/L 187  388x324 452  (1.28 £0.05) x 10° 0 -
NGC 4406* A 17.98 0.087 PS 1.1 x 1.0 14 3.57+0.1 )X 4 Tt 0o 10, 4 e o 1o ypdopra
. ) - . . -1. . 14 - - -
Nac w0 _ R 0087 s - a0 o ( ! ) X 10 (2.77 +£0.53) x 10 (1.06 £ 0.20) x 109 4.52>< 10 z
NGC 4472* A 7B t ' - ) 1 o
Nacan 16 7B 0.081 C 26 1.4 x 1.0 =727 (2.7940.11) x 1072 (1.20 4 0.05) x 1071 (4.00 £ 0.16) x 102! 2.2 x 1072
C 16.7 0.081 Df 124 16.2 x 13.8  -326  (1.2140.05) x 107! (2.28 £0.09) x 10! (7.61 £0.31) x 102! 3.1 x 1074
NGC 4486 A 16.78 0.081 J/L 44 1.4 % 1.2 49.1 (3.31 £0.13) x 10° 1 ‘ A A
Nee N . . 13) x 10 (2.03 £0.09) x 10 (6.77 £0.29) x 1023 2.8 x 1072
4486 B 16.7 0.081 Dt 9.7 6.5 x 3.6 -51.1 (8.14 4 0.33) x 10° 2
NG s ; . . .33) x (1.23 4 0.05) x 10 (4.10 £ 0.16) x 1024 1.3 x 1072
6 C 16.7 0.081 Dt 46.5 13.4x122 08 (2.03 +0.08) x 10! 2
Necs : . . .08) x 10 (1.52 £0.06) x 10 (5.07 £0.20) x 104 1.8 x 1072
552 A 16.0 0.078 PS - 14 x1.1 136 (5.89+0.24) x 1072 —2
Necs N . . .24) x 10 (5.97 4+ 0.25) x 10 (1.83 £ 0.08) x 102! 2.7 x 1074
552 C 16.0 0.078 ct 7.8 11.4x 104  -265  (1.09 +0.04) x 107! -1
Nacs . . .04) x 10 (1.65 4+ 0.07) x 10 (5.05 £0.21) x 102! 2.6 x 1074
636 A 15.96L 0.077 C 29 2.7x 1.6 747 (7.8440.31) x 1073 (5.9540.24) x 1072 (1.81 £0.07) x 102! 4.4 x 1076
NGC 4636 C 15.96 0.077 C 3.7 13.8 x 10.7 1167  (2.99£0.12) x 102 -2 . . .
Nae 0 . . 12) x 10 (6.914+0.28) x 10 (2.11 £0.08) x 102! 7.4x 1075
4649 A 16.5 0.080 C 0.3 1.4 x1.3 -85  (9.68£0.39) x 1073 -2
Necs K . . .39) x (1.44 4 0.06) x 10 (4.69 +0.19) x 1020 2.2 x 107°
649 D 16.5 0.080 Dt 6.4 11.5 x 9.1 6.8  (2.02£0.08) x 102 -2
Nacs 5 . . .08) x (2.83+£0.11) x 10 (9.22 £0.37) x 1020 4.2 x 1073
696 A 37.48 0.182 Dt 7.9 5.0 x 1.0 85  (2.4240.10) x 10! 0
NGC 4696 BC 37.48% 0.182 Df 10.9 313 x 101 -346 (1-36 +0. ; o ! s 0100 10, o 1o s
. . . . . -34. . .05) x 10~ 2.43 4+ 0.10) x 1071 22 -5
NGC 4778 AB 59.291#  0.288 PS - 6.7 x 5.6 415 (5.5740.22 -3 ( ) 0—3 07 % 095 10 55 %10
N . e 0288 o Sens 2b (3.81 * 0.1 g x 10 . (5.15£0.53) x 10 (2.17 £ 0.22) x 102! 3.5 x 10~4
. ) - A1 x 11 2. . .15) x 10~ 3.954+0.73) x 1073 . 21 —4
NGC4782 A 48.63° 0.236 J/L 30.2 0.5x04  -1771  (7.5540.30) x 1072 ((1.24 + 0.053) x 109 E:la (55615 i 8?:11; i 1823 g.é i 18—5
NGC4782 BA 48.63L 0.236 Df 55.9 5.8 X 3.9 160  (7.48+£0.30) x 10~2 (5.43 £0.22) x 10° (1‘54 + 0406) x 1024 2.7 104
NGC 4936* A 31.367 0.152 PS - 3.3x 1.2 129 (3.3340.13) x 1073 -3 ' ' 6x
NG sose N sLs6; 0152 e o B8 29 (2.72 01 g x 1073 (3.344+0.14) x 10 (3.93 £ 0.17) x 1020 2.6 x 1072
. . . A1 x 1. -17. . A1) x 10~ (2.95 £0.12) x 102 (4.51 £0.18) x 102! 3 -5
NGC 5044 BA 35.75L 0.174 Dt 23.1 5.3 x 3.6 542 (2 - ' '20) x 710
. . . . -54. .78 £0.11) x 1072 3.2540.13) x 1072 21 -5
NGC 5044 D 35.75L 0.174 D 24.3 62.1x37.2 21 (3.34 + 0.133 x 1072 E3.40 + 0.143 i 18—2 Eégg i 8‘3(1); i }821 f; . 18—4
NGC 5129* A 86.85L 0.422 cf 4.0 2.3 x 1.6 55 (5.5040.22 -3 -3 ‘ ' 0
Nee ' v . . .22) x 10 (5.05 £0.21) x 10 (4.56 £ 0.19) x 102! 3.0 x 107°
5419 A 50.87 0.247 D 6.1 3.7x 1.1 164  (3.84+0.15 -3 -2
Naco . st 0247 b g . . .15) x 10 (2.11 4 0.08) x 10 (6.53 £ 0.26) x 102! 2.3 x 1076
. . . 10.7 x 3.8 0.6 (1.24 +£0.05) x 10~ (3.2340.13) x 10~1 (1.00 £ 0.04) x 1023 2.5 x 1074
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Table 3.2 - continued. The CASA imaging results for our VLA sample.

Source Config  Distance Scale Radio Extend Beam PA Speak £ €Speak Sis5cuHz TeS1s5auz Piscuz T ePiscuz RMS

Name VLA (Mpc) (kpc/”)  Class (kpc) (" x ") (deg) (Jy/b) Jy) (W/Hz) (Jy/b)

NGC5419 CD 50.87F 0.247 D 181.8  33.6x283 198  (2.97£0.12) x 107! (5.54£0.22) x 10~! (1.72 £0.07) x 10%3 1.3 x 1074
NGC5813 AB 29.23L 0.142 D 2.7 5.3 x 4.5 -33.3  (4.0440.16) x 1073 (7.66 4+ 0.36) x 1073 (7.83 £0.37) x 1020 6.9 x 1072
NGC 5813 B 29.23L 0.142 D 4.1 6.2 x 4.7 219  (3.604+0.14) x 1073 (5.3440.38) x 1073 (5.46 £ 0.38) x 1020 1.7 x 1074
NGC5813 D 29.23L 0.142 D 19.5 45.2x36.5 202  (1.27£0.05) x 1072 (1.46 £0.06) x 10~2 (1.49 £ 0.06) x 102! 6.5 x 1072
NGC 5846 A 27.13L 0.132 C 4.2 1.5x 1.3 8.3 (9.25+£0.37) x 1073 (2.07 £ 0.09) x 1072 (1.82 £0.08) x 10! 2.6 x 1072
NGC 5846 B 27.13% 0.132 C 2.7 8.0 x 5.7 -203  (1.0240.04) x 1072 (1.5740.09) x 1072 (1.38 £0.08) x 102! 2.2 x 1074
NGC 5846 CD 27.13% 0.132 D 194 58.7 x 25.6  -61.7  (1.824£0.07) x 1072 (2.00 4+ 0.10) x 1072 (1.76 4+ 0.08) x 102! 3.0 x 1074
NGC 7619* A 50.53% 0.245 C 2.2 2.2 x 1.1 58.8  (1.20£0.05) x 1072 (1.91 £0.08) x 10~2 (5.84 £0.24) x 102! 2.8 x 1072
NGC7619 C 50.53% 0.245 PS 1042  15.6 x 15.2  -47.0 (2.140.1) x 1072 (2.54+0.1) x 1072 (7.64 £0.34) x 1021 2.4 x 1074

(1) sources marked with * are our new VLA A observations obtained within the project 15A-305; (3) distances marked with # are based on redshift
measurements; References: L:Lakhchaura et al. (2018); B:Blakeslee et al. (2009); M: Mieske et al. (2005); (5) radio morphological categories: J/L:
jets/lobes; D: diffuse and D': diffuse with signatures of jet/lobe-like morphology; C: compact and C' with signatures of small-scale jet/lobe-like
morphology; PS: point source-like radio emission; NS: no radio source detected.
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3.4 Radio and X-ray Comparison 42

3.4 Radio and X-ray Comparison

3.4.1 Point-like Radio Sources
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Figure 3.1: The Chandra smoothed (by two-sigma Gaussian kernel) images overlaid by 1.5 GHz
VLA A, AB/B and C/D configuration contours in the red, cyan and white, respectively. In
all cases, the contours are created at 5 x ogryg and increase by the power of 2 up to the peak
intensity. The radio center of the galaxy is represented by a black ‘+” sign. RMS noise (crms)
and peak intensity values are given in Table 3.2.
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Figure 3.2: The X-ray Chandra smoothed (by two-sigma Gaussian kernel) images overlaid by
1.5GHz VLA A, AB/B and C/D configuration contours in the red, cyan and white, respectively.
In all cases, the contours are created at 5 x orms and increase by the power of 2 up to the peak
intensity. The radio center of the galaxy is represented by a black ‘+” sign. RMS noise (crms)
and peak intensity values are given in Table 3.2.
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3.4.2 Extended Radio Sources

I ’ IC 4296
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Figure 3.3: The X-ray Chandra smoothed (by two-sigma Gaussian kernel) images overlaid by
1.5GHz VLA A, AB/B and C/D configuration contours in the red, cyan and white, respectively.
In all cases, the contours are created at 5 x ogrys and increase by the power of 2 up to the peak
intensity. The radio center of the galaxy is represented by a black ‘+” sign. RMS noise (crms)
and peak intensity values are given in Table 3.2.
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Figure 3.4: The X-ray Chandra smoothed (by two-sigma Gaussian kernel) images overlaid by
1.5GHz VLA A, AB/B and C/D configuration contours in the red, cyan and white, respectively.
In all cases, the contours are created at 5 x orms and increase by the power of 2 up to the peak
intensity. The radio center of the galaxy is represented by a black ‘+” sign. The RMS noise and
peak intensity values are given in Table 3.2.
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Figure 3.5: The X-ray Chandra smoothed (by two-sigma Gaussian kernel) images overlaid by
1.5GHz VLA A, AB/B and C/D configuration contours in the red, cyan and white, respectively.
In all cases, the contours are created at 5 x orms and increase by the power of 2 up to the peak
intensity. The radio center of the galaxy is represented by a black ‘+” sign. The RMS noise and

peak intensity values are given in Table 3.2.
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NGC 5419

Figure 3.6: The X-ray Chandra smoothed (by two-sigma Gaussian kernel) images overlaid by
1.5GHz VLA A, AB/B and C/D configuration contours in the red, cyan and white, respectively.
In all cases, the contours are created at 5 x ormg and increase by the power of 2 up to the peak
intensity. The radio center of the galaxy is represented by a black ‘+" sign. The RMS noise and
peak intensity values can be found in Table 3.2.



3.5 Additional Sources

Additionally, we provide a list of giant elliptical galaxies that are omitted from our main sample. The reason for each omission is given
in Table 3.3 and varies from missing radio VLA data in the frequency range of 1-2 GHz or insufficient/missing archival Chandra data
up to strong dominance by the central X-ray point source, thus diminishing the contribution from the hot X-ray atmosphere. Moreover,
Table 3.3 also contains the VLA observational details together with information about the properties of the observed radio emission
from the VLA in the frequency range between 1-2 GHz.

Source Config Project Code VLA Obs.Date Siscuz +eSisgaz RMS  Exclusion Reason
Name VLA (Code) (year-month-day) (mjy) (mjy)
IC2006 CD NVSS 1993-09-20 - 0.47  no archival VLA at 1-2GHz
& insufficient Chandra (4.55 ks)
IC310* A 15A-305 2015-Jun-23 330+ 13 0.03  dominant X-ray point source
IC310 C AB0412 1986-Dec-05 460 £ 20 1.8 dominant X-ray point source
NGC1521 CD NVSS 1993-09-20 -# 0.47  no archival VLA at 1-2GHz
NGC 2329* A 15A-305 2015-Jun-20 220+ 9 0.014  insufficient Chandra (2.86 ks)
NGC 2329 C AB0476 1988-Apr-14 650 + 27 0.6 insufficient Chandra (2.86 ks)
NGC 2340* A 15A-305 2015-Jun-19 2.00 +0.08 0.002 insufficient Chandra (1.92ks)
NGC 4203* A 15A-305 2015-Jul-03 7.8+0.3 0.027  dominant X-ray point source
NGC 4203 D AB0506 1988-Jul-13 - 2.8 dominant X-ray point source
NGC 5090 A AG0454 1995-Jul-23 350 £25 4.5 no Chandra
NGC5090 BC AS0225 1985-Jul-07 /08 3300 £ 130 0.67 no Chandra
NGC 5328 CD NVSS 1993-09-20 - 047  no archival VLA at 1-2GHz

& insufficient Chandra (2.6 ks)

Table 3.3: The list of early-type galaxies omitted from the main sample. The columns are: (1) source name; “ * ": sources observed within
our project 15A-305 (2) VLA configuration; (3) the NRAO VLA archive project code. Missing VLA archival data were supplemented
by the NRAO VLA Sky Survey (NVSS) data (4) observation date (year-month-day) (5) VLA total flux density of the image; * - : non-
detection of radio emission at 1.5GHz and ‘#”": a weak radio source with an integrated flux density of 2.0m]y detected at the lower
threshold of 4x orums (6) the RMS noise value of the image (7) the reason for the exclusion of a certain source from the main sample.
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3.6

Multifrequency information

Table 3.4: The multifrequency information of the gas in our sample of early-type galaxies. The column order is following: (1) the 3C, NGC, IC
source name; (2) radio morphology from VLA in the L-band at 1-2 GHz (centered at 1.5 GHz), LOFAR or GMRT (3) X-ray morphology from
Chandra at 0.5-7 keV within the innermost ~ 10 kpc or XMM-Newton; (4) Optical and infrared morphology of the dust and corresponding
diameter of the dusty disk from HST or Spitzer; (5) Atomic gas observed from SOAR through the presence of a warm ionized nebulae Ha+[N
II]; (6) Molecular gas in form of molecular CO lines observed from ALMA and IRAM.

Source Radio X-rays Dust/extend Atomic gas Molecular gas

Name VLA/GMRT/LOFAR Chandra/XMM-Newton HST/Spitzer SOAR ALMA/IRAM

3C 449 FR Ib an74 inCaVHarQB;CToOS, CFSLaLlS dustyDiskl“ er99;Tre06 unkHaLale CO(l_O)LeoOI

IC 1860 psDunlo CFsGas0T;Gas13 _ nucHaLak18 _

1C 4296 FRI/FRHGrolg OutCavGrolg dustyDiSkSchmOZ;Boﬂ? eXtHaLakls CO(z_l)Bm'l?;Rule

NGC57 pPsGre compact noDust&Gou18 noHalF18 -

NGC 315 FR1Cap02 X_jetWor03;DonO4 dustyDiSkVeTQQ;CapOO;Boz‘Ql unkHalak18 Co(l_o)Flal()/(z_l)Bonl
NGC410 psCon9s compact@<18 noDust”'e"9 nucHal-@k18 uppCO(1-0)/(2-1)0' Sul18
NGC 499 N§Dunl10 /pgBir20 gCav(in?!s /outPan24b, Kim19) - nucHalek18 -

NGC507 FR ICap02,Pur86 inCavDonlO;PlS; CFFabO2;K7‘aO4 nODustTem07 noHaLaklg _

NGC533 FRII?/young?®me inCayPunlo0 dustT'em07 extHalak18 -

NGC 708 FR IPar86,Bla04 /young?Gro inCaVBlaO4;Panl4b centDustS“hw eXtHaLale Co(l_o)FlaIO /(2_1)Oli19,N0r21
NGC 741 radioTailSchel,Ven94 inSchel? /outCay/ €108 noDust? €705 noHalak18 noCOWik95

NGC 777 compactBhal4;iKolls pos-CavPan1db lowDust?ah04 noHalak18 uppCO(1-0/2-1)0" sul15
NGC1132 psKim18 gCavDon10;Pls dustLanes4!e12 noHalaF18 noCOPav16

NGC 1316 FR IFomSQ;I\/IacZOa in/out(g)—CavL“"m duStScthO;G'riQQ;Dua14 eXtHaLak18 Co(l_o)SagQB/CO(Z_l)Horol
NGC 1399 FR [Pun10;5hu08 inCavFanl4b dustTem07 /noDustPok95,Pral0 noHalak18 CO(2-1)FPral0

NGC 1404 pPSDPunl0;Gro CFsMach05;5ul7 dust?em07 noHalak18 _

NGC 1407 disturbed Gtal2 disturbed For06 dustK ul14;Tem07 noHalak18 uppCO(l-O)Bablg

NGC 1550 disturbed Pun10;Kol18 CavPanlab CEgKol20 - noHalak18 uppCO(l—O)/(Z-l)OlSUl18

NGC 1600 FRI[?Bir85Gro inCav w04 dustf’erm99 noHalak18 -

NGC 2300 pgGro pOt—gCaVPls noDustX #1404 noHalak18 _

NGC 3091 pSGro pot-gCavpls noDust€ol01 noHalak18 ~

NGC 3923 pSDis77:Gro pot-gCav?!s filDustPen86,Bil16 noHalak18 _

NGC 4073 psHogld;Gro pot-gCavPls ) noHalak18 3

NGC4125 PSKTG()Q;GTO pot—gCavPZS dustVerOS;Tem07;Kul14 noHaLaklg noco(l_o)WelIO/Co(z_l)WelIO
NGC4261 FRIK0l15;0"sulll XjetG”OS?W"MO; outCavCro08;0’sull dustyDisk nucHalak18 uppCO(l—O)O/S“Z18/CO(Z—l)/(C’:—Z)BO”1
NGC 4374 FRIL@i87 outCav#'in01,Devl0 dustLanes" ¢r99;Boil7 nucHal-ak18 CO(1-0)/(2-1)F'tal0,Boil?

NGC 4406 psPunld;Gro X-ray tail/plumef o779, Kim19 dustSmil2 extHaK en08;:Lakl8 1 COWik95;Y oull

NGC 4472 FRICon88;Gro inCavBil()zl;SulQ dustTam07 noHaLale Co(l_o)/(2_1)Huch88,Huch99
NGC 4486 FRFan74 in/outCaVYou02;For05;F0r07; xjet]\{arOZ dustyDisk extHalak18 Co(l_o)FlaIO /(2_1)Sim18;0li19
NGC 4552 FRIF‘ilOZl;G'ro OutCaVMachOG;AllO(S , CFMachOG;Kral? dustTemO?;Kull4 noHaLule uppco(l_o)/(2_1)00m07

NGC 4636 FRIDunlO;Giall inCaVSta86;Bal09 dustTemO’? nucHaLale uppCO(l_O)O’sul18/CO(2_1)O’sull8;Tem18
NGC 4649 FRI?ShuOS;DunlO CaVShuos;DunIO dustKullél;TcmO? noHaLakls Co(l_o)Sagsquoull

NGC 4696 FR ITayO2 inCaVTayOG;Saan ﬁlDustTemO7;Fab16 extHaLakls Co(l_o)BabIQ,Ol'LlQ /(2_1)Fab16
NGC 4778 pSVrt02;Gro gCaVI\/IDTOG,Pan14b _ nucHaLaek18 _

NGC4782 FR[Bor96:Mach06 in/outCavBor96;Mach06 - nucHalak18 N

NGC 4936 psBhaldiGro disturbed Bhal4:Lak1s extHaLak18 _

NGC 5044 jetsDunIO;ScheQOa in/outCaVGasOQ;ScheQOa/. CFsGas09 dustTem07 extHalak18 CO(z_l)Lau14;Dav14;Teml8
NGC5129 jetscon%?BhaM;Gm disturbed Bhald _ nucHalek18 _
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Table 3.4 - continued. The multifrequency information of the gas in our sample of early-type galaxies.

Source Radio X-rays Dust/extend Atomic gas Molecular gas

Name VLA/GMRT/LOFAR Chandra/XMM-Newton HST/Spitzer SOAR ALMA/IRAM

NGC 5419 relic-likeG0s87;:5ub03 centra] Bal06 - noHalak18 N

NGC5813 jetsftan1liRanld in/outCavften1l dust?'em07 extHalak18 uppCO(1-0)/(2-1)0’ sul18

NGC 5846 disturbedDunlO;BirQO in/outCaVTriOQ;AZZOG/ CFMachll dustTemO’? nucHaLale Co(l_o)O’sulls/(2_1)O/sul18;T5m18
NGC 7619 PgCon98;Giall RPS tailsRam09 dustTem07 noHalak18 _

(2) the Fanaroff-Riley (Fanaroff & Riley 1974) (FR) radio morphology classification: ‘FRI" = edge-darkened, ‘FRII" = edge-brightened; ‘FRII?": potential FRII radio source; ‘PS’": point-source
radio morphology (< twice the beam size; unresolved source); NS: no radio source; young: young radio source; References column (2): Bir85: Birkinshaw & Davies (1985); Bir20: Birzan et al.
(2020); Bhal4: Bharadwaj et al. (2014); Bla04: Blanton et al. (2004); Bor96: Borne & Colina (1996); Cap02: Capetti et al. (2002); Con88L Condon & Broderick (1988); Con98: Condon et al. (1998);
Dun10: Dunn et al. (2010); Dis77: Disney & Wall (1977); Fan74: Fanaroff & Riley (1974); Fil04: Filho et al. (2004); Fom89: Fomalont et al. (1989); Gial2: Giacintucci et al. (2012); Giall: Giacintucci
et al. (2011); Gos87: Goss et al. (1987); Gro: (submitted); Hog14: Hogan (2014); Kim18: Kim et al. (2018); Kol15: Kolokythas et al. (2015); Kol18: Kolokythas et al. (2018); Kra02: Krajnovi¢ & Jaffe
(2002); Lai87: Laing & Bridle (1987); Mac20a: Maccagni et al. (2020); Mach06: Machacek et al. (2006); O’sulll: O’Sullivan et al. (2011a); Par86: Parma et al. (1986); Ran11: Randall et al. (2011);
Ran15: Randall et al. (2015); Schel7: Schellenberger et al. (2017); Sche20a: Schellenberger et al. (2020b); Shu08: Shurkin et al. (2008); Sub03: Subrahmanyan et al. (2003); Tay02: Taylor et al.
(2002); Ven94: Venkatesan et al. (1994); Vrt02:Vrtilek et al. (2002); (3)‘inCav’: inner cavities, corresponding to innermost jets/lobes and located within innermost 5kpc; ‘outCav’: outer cavities,
corresponding to outer jets/cavities; ‘gCav’: ghost cavities, no radio counterpart; ‘pot-()Cav’: potential cavities; ‘CF’: cold fronts as a sign of sloshing;’compact’: smooth compact morphology
of the hot X-ray atmosphere within the host galaxy (up to 10 kpc from the center); ‘RPS tail”: ram pressure stripped tail; References column (3): All06: Allen et al. (2006); Bal09: Baldi et al. (2009);
Bal06: Balmaverde & Capetti (2006); Bhal4: Bharadwaj et al. (2014); Bil04; Biller et al. (2004); Bla04: Blanton et al. (2004); Bor96: Borne & Colina (1996); Cro03: Croston et al. (2003); Cro08:
Croston et al. (2008); Dev10: Devereux et al. (2010); Don10: Dong et al. (2010); Dun10: Dunn et al. (2010); Fab02: Fabbiano et al. (2002); Fin01: Finoguenov et al. (2001); For79: Forman et al.
(1979); For05: Forman et al. (2005); For07: Forman et al. (2007); For06: Forbes et al. (2006); Gas07: Gastaldello et al. (2007); Gas09: Gastaldello et al. (2009); Gas13: Gastaldello et al. (2013); Gli03:
Gliozzi et al. (2003); Gro19: Grossova et al. (2019); Har98: Hardcastle et al. (1998); Jet08: Jetha et al. (2008); Kol20: Kolokythas et al. (2020); Kra04: Kraft et al. (2004); Kral7: Kraft et al. (2017);
Kim19: Kim et al. (2019); Lal13: Lal et al. (2013); Lak18: Lakhchaura et al. (2018); Lan10: Lanz et al. (2010); Mach05: Machacek et al. (2005); Mach06: Machacek et al. (2006); Mar02: Marshall
et al. (2002); Mor06: Morita et al. (2006); Pan14b: Panagoulia et al. (2014); Pls: Plsek et al. (in prep.); Ran09: Randall et al. (2009); Ran11: Randall et al. (2011); San16: Sanders et al. (2016); Schel7:
Schellenberger et al. (2017); Sche20: Schellenberger et al. (2020b); Shu08: Shurkin et al. (2008); Siv04: Sivakoff et al. (2004); Sta86: Stanger & Warwick (1986); Sul7:Su et al. (2017); Sul9: Su et al.
(2019); Tay06: Taylor et al. (2006); Tri02: Trinchieri & Goudfrooij (2002); Wor10: Worrall et al. (2010); You02: Young et al. (2002) (4) ‘dustyDisk’: morphology of dust in form of disk; ‘noDust’: no
dust observed; ‘centDust’: centrally located dust; dustLanes: dust in form of lanes; ‘filDust’: filamentary dust References column (4):; Ala12: Alamo-Martinez et al. (2012); Bil16: Bilek et al. (2016);
Boil7: Boizelle et al. (2017); Cap00: Capetti et al. (2000); Dual4: Duah Asabere et al. (2014); Kim19: Kim et al. (2019); Col01: Colbert et al. (2001); Kul14: Kulkarni et al. (2014); Fab16: Fabian
et al. (2016); Fer99: Feretti et al. (1999); Ferr99: Ferrari et al. (1999); Goul8: Goullaud et al. (2018); Gri99: Grillmair et al. (1999); O’sul18:0’Sullivan et al. (2018); Pah04: Pahre et al. (2004); Pen86:
Pence (1986); Schm02: Schmitt et al. (2002); Smil2: Smith et al. (2012); Schw80: Schweizer (1980); Tan9: Tang et al. (2009); Tem07: Temi et al. (2007a); Tre06: Tremblay et al. (2006); Sah16: Sahu
et al. (2016); Ver99: Verdoes Kleijn et al. (1999); Ver05: Verdoes Kleijn & de Zeeuw (2005); Xil04: Xilouris et al. (2004) (5) ‘noHa’: no detection of Ha+[N II] emission in the narrow-band imaging
and confirming long slit spectroscopic observation, ‘unkHa’: the detection could not be confirmed, ‘extHa’”: Ha+[N II] is extending to < 2kpc, 'nucHa": nuclear Ho+[N II] line emission, the
extent is smaller than 2 kpc; Reference column (25): Ken08: Kenney et al. (2008); Lak18: Lakhchaura et al. (2018); (6) ‘noCO’: not dectected CO line emission; uppCO(..): upper limit on the CO
line emission References column (6): Bab19: Babyk et al. (2019); Boil7: Boizelle et al. (2017); Boi21: Boizelle et al. (2021); Com07: Combes et al. (2007); Dav14: David et al. (2014a); Dav16: Davis
et al. (2016); Fab16: Fabian et al. (2016); Fla10:Ocafia Flaquer et al. (2010); Hor01: Horellou et al. (2001); Huch88: Huchtmeier et al. (1988); Laul4: David et al. (2014b); LeoO1: Leon et al. (2001);
Nor21: North et al. (2021); O’sull5: O’Sullivan et al. (2015); O’sul18: O’Sullivan et al. (2018); Oli19: Olivares et al. (2019); Pral0: Prandoni et al. (2010); Ruf19: Ruffa et al. (2019); Sag89: Sage &
Wrobel (1989); Sag93: Sage & Galletta (1993); Sim18: Simionescu et al. (2018); Tem18: Temi et al. (2018); Youll: Young et al. (2011); Wik95: Wiklind et al. (1995); Wel10: Welch et al. (2010); (all)
'~": not investigated yet
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Abstract

Many massive early-type galaxies host central radio sources and hot X-ray atmospheres indicating the
presence of radio-mechanical active galactic nucleus (AGN) feedback. The duty cycle and detailed physics
of the radio-mode AGN feedback is still a matter of debate. To address these questions, we present 1-2 GHz
Karl G. Jansky Very Large Array (VLA) radio observations of a sample of the 42 nearest optically and X-ray
brightest early-type galaxies. We detect radio emission in 41/42 galaxies. However, the galaxy without
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a radio source, NGC 499, has recently been detected at lower frequencies by the Low-Frequency Array
(LOFAR). Furthermore, 27/42 galaxies in our sample host extended radio structures and 34/42 sources
show environmental interactions in the form of X-ray cavities. We find a significant correlation between
the radio flux density and the largest linear size of the radio emission and between the radio power and
the luminosity of the central X-ray point-source. The central radio spectral indices of the galaxies span a
wide range of values, with the majority of the systems having steep spectra and the rest flat spectra. These
results are consistent with AGN activity, where the central radio sources are mostly switched on, thus the
duty cycle is very high. 7/14 galaxies with point-like radio emission (Fanaroff-Riley Class0; FRO0) also
show X-ray cavities indicating that, despite the lack of extended radio structures at 1-2 GHz, these AGN
do launch jets capable of inflating lobes and cavities.

4.1 Introduction

The radio-mechanical feedback mode is thought to play a dominant role in the evolution of massive early-
type galaxies, which host hot (107 K) X-ray emitting atmospheres. In the absence of balancing heating, the
atmospheric gas should cool radiatively and form stars, building much larger and bluer galaxies than are
seen. X-ray studies with Chandra and XMM-Newton as well as radio observations have shown that in these
galaxies jet-inflated radio lobes displace the hot gas, creating ‘cavities” in the X-ray emitting plasma (e.g.
Fabian et al. 2003) and driving weak shocks and turbulence that heat the surrounding medium essentially
isotropically (for a recent review see Werner et al. 2019). This feedback mode appears to be maintaining a
remarkably long-lived delicate balance between heating and cooling in the hot X-ray emitting atmospheres
of these systems (McNamara & Nulsen 2007).

Burns (1990) showed that as much as 70% of the central dominant galaxies (CDGs) in clusters are ra-
dio loud. Later, Mittal et al. (2009) found that all strong cool cores host a central radio source and Sun
(2009) argued that all central brightest cluster and group galaxies with a radio emitting active galactic
nucleus (AGN) are located in cool cores. Kolokythas et al. (2018) used the Giant Metrewave Radio Tele-
scope (GMRT) to study the Complete Local-volume Groups Sample (CLoGS), consisting of 53 local galaxy
groups, at 235 MHz and 610 MHz and also found a high radio detection rate of 87%. These results showed
that the duty cycle of AGN in clusters and groups with short cooling times must be high. Moreover, the
duty cycle for the X-ray cavities in clusters of galaxies of around 70% was found, although lower mass
systems like groups and giant elliptical galaxies showed also lower duty cycles (between 30-50%) (Dunn
et al. 2005; Dunn & Fabian 2006; Nulsen et al. 2009; Dong et al. 2010; Birzan et al. 2012, 2020). The ability to
detect cavities depends on a number of factors including their location, size, age, the level of disturbance of
the surrounding halo, the depth of the observation, and the instrument used, so estimates are likely subject
to bias, and perhaps systematically underestimated as you go from the brightest clusters to fainter systems.

Results for the duty cycle in a population of massive galaxies are, however, somewhat less clear. Best
et al. (2005) studied galaxies in the redshift range of 0.03 < z < 0.1 and found that the fraction of galaxies
with a radio-loud AGN increased with the stellar mass of the galaxy, reaching a maximum fraction of 30-
40%. For a volume limited sample of very local (up to 15Mpc) infrared luminous galaxies, Goulding &
Alexander (2009) found that only 27% of the galaxies host an AGN. Other studies found a higher fraction.
The K-band absolute magnitude limited (Mg < —24) sample of 396 early-type galaxies (Brown et al. 2011)
showed the presence of radio continuum emission for all sources in the NRAO Very Large Array Sky
Survey (NVSS) data combined with the single-dish data from the Green Bank Telescope (GBT), and Parkes
Radio Telescope survey (PKS). Sabater et al. (2019) used observations at lower frequencies (120-168 MHz)
from the LOw-Frequency ARray’s (LOFAR’s) Two-Metre Sky Survey (LoTSS) to investigate sources up to
redshift 0.3 and confirmed previous findings of the high rate of radio source detection in the central region
of massive galaxies.

A different approach was taken by Dunn et al. (2010), who focused on a volume-limited study of the
18 nearest (d < 100Mpc) optically and X-ray brightest early-type galaxies. Compared to other studies,
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their selection criteria also included X-ray luminosity, ensuring that the investigated galaxies really inhabit
massive halos. Remarkably, their study revealed that nuclear radio emission is present in 17 out of the
observed 18 galaxies. Furthermore, at least 10 of the galaxies with observed central radio emission also
exhibited obvious spatially-extended jets in the Very Large Array (VLA) images. The authors concluded
that the results present a severe challenge for models in which radio jets are considered a relatively rare
and sporadic phenomenon (e.g. Binney & Tabor 1995; Kaiser & Binney 2003) and the active ‘radio-mode’
feedback most likely represents the default state for large elliptical galaxies.

Here, we extend the Dunn et al. (2010) study to the 42 optically and X-ray brightest, nearest (d <
100 Mpc) early-type galaxies, with declination greater than -40 degrees (to ensure coverage by the VLA)
to observe their radio properties, investigate the duty cycles, and search for correlations between the radio
plasma and their hot atmospheres, as well as emission line nebulae. Our sample includes both galaxies at
the centres of groups and clusters and field ellipticals with their own hot X-ray emitting atmosphere. Our
focus on the nearest systems, as well as the relatively long baseline of the VLA A configuration (35 km),
ensures a good sensitivity and spatial resolution.

Sections in this paper are arranged as follows: The selection criteria for our sample are stated in Sec-

tion3.1. The radio morphology categories used in the paper are described in Section4.2 and followed by
Section 6.2, which presents the observations and data reduction for radio (Section4.3.1) and X-ray (Sec-
tion 4.3.2) data. The main results are summarized in Section 6.3 and discussed in Section 6.4. Section 3.5
presents additional sources excluded from the main sample. In Section 7.1, we conclude with a summary
of our results.
Observed radio morphologies and relevant multifrequency data for every source are described in Section 5.
Chandra X-ray data overlaid by radio contours obtained in multiple VLA configurations at 1-2 GHz, for
all sources in our sample, are presented in Section 3.4, for both point-source-like (Section 3.4.1) and those
showing extended (Section 3.4.2) radio morphologies. Finally, the Table in Section 3.3 includes information
about the radio observations.

Throughout the paper, the spectral indices, «, are defined by flux density, S, x v* and radio powers as
P, = 47D?S,'. The distances were determined through the redshift-independent surface brightness fluc-
tuation method due to proximity of the sources in our sample (see Table 3.2). The following cosmological
parameters were used in this paper: Hy = 67.8km g1 Mpc_1 (Planck Collaboration et al. 2016), 2y = 0.308
and Q4 = 0.692.

4.2 Radio Morphology Categories

We define four categories of radio sources (see Figure 4.1) depending on the total extent of radio emission:
point sources, compact sources, diffuse sources, and sources with prominent jets and lobes. In some cases,
the compact and diffuse sources reveal small-/large-scale jets and lobes, which we classify as a subcategory
of the compact (e.g. NGC 5129) or diffuse (e.g. NGC 741) sources with jets/lobes.

The point-source category (PS) is defined for those sources with an extent smaller than twice the restor-
ing beam size of their total intensity VLA map. Galaxies with radio emission larger than this threshold are
indeed labeled as extended. In addition, compact sources (C) are defined when showing their total extent
smaller than 5 kpc. On the other hand, diffuse (D) sources are those classified as having their radio emission
extending to more than 5 kpc from the nucleus with a rather dispersed morphology, without well-defined
large-scale jets/lobes. Lastly, for the sources in the category of prominent jets/lobes (J/L), the radio jets and
lobes are the most prominent features (e.g. 1C4296) and well collimated and narrow (i.e., with opening
angles less than a few tenths of degrees) extending more than 5 kpc from their radio core.

The K correction was not applied given the redshift distribution of sources in our sample.
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4.3 Observations and Data Reduction

4.3.1 VLA Radio Observations and Analysis

We reduce and analyse VLA data obtained both before (historical VLA data) and after the major upgrade
in 2011 (Karl G. Jansky VLA /EVLA data; Perley et al. 2009, 2011).

The major data size difference is in the increased bandwidth of the observations due to the upgrade to
the Wideband Interferometer Digital ARchitecture (WIDAR) correlator system. The older historical data
consisted of only one or two spectral windows with tens of channels with a channel width of 100-1000 kHz,
whereas the Karl G. Jansky VLA data have tens of spectral windows with up to hundreds of channels with
a channel width of 3000 kHz, which makes the size of the data set significantly larger. This affects our
approach to the calibration methods we used for the two different data sets. For the Karl G. Jansky VLA
data (~20-100GB), we used the more effective pipeline calibration method and in the case of historical
data, a manual calibration approach was chosen, following the ‘Jupiter continuum calibration tutorial’
available on the VLA NRAO website?.

Historical VLA data

The pre-upgrade or historical VLA data sets were analysed for 33 galaxies in multiple configurations (de-
tails are given in Table 3.1) and observed for a large fraction of sources in our sample (i.e., more than ~80%)
in two spectral windows between 1.4-1.7 GHz. The important calibration steps for the historical data sets
can be summarized as follows: The first step is to flag the imported data according to the suggestions from
the NRAO observation log® (if available), then we run tfcrop (Time-Frequency Crop), the automatic flag-
ging algorithm. The flux density for the corresponding VLA primary flux calibrators (Table 3.1) is set from
a model (Perley & Butler 2013) with the CASA task setjy. Since there are only one or two single-channel
spectral windows for most of the pre-upgrade historical data, we do not need to solve for the antenna de-
lays and do the bandpass calibration. The next step is to determine the solution of the total gains for the
flux density calibrator and finally, apply those gain solutions to the target.

Karl G. Jansky VLA data

The new Karl G. Jansky VLA observations at 1-2 GHz presented here include 20 sources in A configura-
tion from our project (ID: 15A-305, PI: Werner) and 10 archival observations in various VLA configurations
(Table 3.1). The details of the data reduction and imaging were described in our recent paper on the giant
elliptical galaxy IC 4296 (Grossova et al. 2019).A similar approach is used to calibrate* and image all sources
from the 2015 project. The corresponding flux density calibrators for each observation are listed in Table 3.1.

The imaging was performed with the MultiTerm MultiFrequency synthesis (MTMFS) clean algorithm
(Rau & Cornwell 2011) with the briggs (robust=0) weighting scheme (Briggs 1995). The second order
Taylor polynomial (nterms=2; McMullin et al. 2007) was used to account for the spectral behaviour of the
sources. The various spatial scales of radio emission require an individual approach to each source with
different combinations of weightings, gridders, convolvers, and uv-tapers. When the dynamic range of
the total intensity images reaches high enough values®, a few cycles of phase and possibly one cycle of
amplitude and phase self-calibration are performed.

*https:/ /casaguides.nrao.edu/index.php /Jupiter:_continuum
_polarization_calibration
*http:/ /www.vla.nrao.edu/cgi-bin/oplogs.cgi
4casa pipeline version 1.3.11 and CASA version 4.7.2.
SWe consider the dynamic range high enough when the ratio of the peak intensity to the RMS noise of the image is about 100.


https://casaguides.nrao.edu/index.php/Jupiter:_continuum_polarization_calibration
https://casaguides.nrao.edu/index.php/Jupiter:_continuum_polarization_calibration
https://casaguides.nrao.edu/index.php/Jupiter:_continuum_polarization_calibration
http://www.vla.nrao.edu/cgi-bin/oplogs.cgi
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Figure 4.2: Example of the calibrated, final total intensity image of the giant elliptical galaxy NGC 4472
in the upgraded VLA A configuration data observed in 2015. The red contour levels are created at
[1,2,4,8,16,..]x 5 orms up to peak intensity at 1.5GHz (Speak). The RMS noise and peak intensity values
are 22 uJy beam ™! and (2.79 4 0.11) x 1072 Jy (Table 3.2). The red ellipse in the white box represents the
restoring beam of the final image. The black cross shows the position of the radio center of the giant ellip-
tical galaxy.

An example of the final total intensity map is presented for the giant elliptical galaxy NGC 4472 in Fig-
ure4.2. All details including the rms noise, peak intensity, scale and restoring beam are given in Table 3.2.

Total flux densities and uncertainties

The final total flux densities centered at 1.5GHz (515cH,) for each source are derived using the imstat
CASA task. It is worth noting that, for sources in the sample observed only in A or B configuration, the final
flux density could be lower than the ‘true’ total flux density, because of the missing short baselines. On the
other hand, we are mainly interested in central cores, where the flux density values are not effected by this

missing short baselines.
The corresponding measurement uncertainties for the flux densities (AS; 5 gH,) are determined as fol-
lows (e.g.: Klein et al. 2003; Rajpurohit et al. 2018):

AS15aH, = \/(51.5 GHz - Sca1)? + 52 + 52
2
= (Sl.5GHz : Scal)2 + (UR,MS SV npts/Abeam) 5

where S, is the specific calibration uncertainty, which is about 4% for VLA observations (Perley &
Butler 2013). S,, the noise uncertainty, is defined as the off-source root-mean-square (RMS) noise (orms) of
the image multiplied by the square-root of the number of points (npts) in pixels per area, which covers the
entire radio emission of the source divided by the beam area (Apeam) in pixels. The term S, accounts for a
possibly wrong zero level, but may be neglected for interferometric observations (Klein et al. 2003).
The RMS noise values were determined from four circular off-source regions in the image using casaviewer
and the median was taken as the final ogys. The CASA tool for image analysis, ia.beamarea, gives an area
that is covered by the beam or Ayc,m in pixels. Finally, we create a polygonal region enclosing the source’s
entire radio emission and save it into a CASA region file with the extension “.crtf’. The CASA task imstat
with a parameter region="*.crtf’ is used to determine the integrated flux density at 1.5 GHz (S} 5qn,) and

(4.1)
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the number of points (npts) or pixels within that specific region of the source emission.
The value of the peak intensity at 1.5 GHz (Speax) and the corresponding uncertainties are determined
accordingly.

Spectral index maps

To investigate the most recent activity of the AGN in our sample, we produce in-band spectral index maps
from our 15A-305 VLA A configuration project for 18 giant elliptical galaxies. Each observation contains
16 spectral windows spanning the frequency range between 1-2 GHz.

We adopted two different approaches to estimate the spectral index. First, we used the MultiTerm Multi-
Frequency (MTMFS) deconvolution algorithm in the TCLEAN CASA task. It produces two Taylor coefficient
images: tt0 as an equivalent of a StokesI image, thus containing the information on the emission at a ref-
erence frequency, and t1 as a Taylor expansion term. The spectral index « is then defined as: o = tt1/tt0.
The final output of the spectral index map is stored in the CASA product file, “.alpha.image.tt0” with the
corresponding measurement uncertainty values saved in the CASA product, ‘.alpha.image.alpha.error.tt0’.
To focus only on the emission above 5x orns, we applied this threshold value through the task widebandp-
beor to the final ‘alpha image” and with a parameter calcalpha, we recalculated the spectral index map. In
the casaviewer, a circular region for each source with the diameter of 0.7 kpc is defined to investigate the
spectral index at the same physical scale in all 18 galaxies. The size of the central region (0.7 kpc) was cho-
sen to be applicable to all of our sources taking into account the different distances. This region was then
used to extract the mean spectral index values from the threshold-adjusted CASA ‘alpha images’.

For our second approach, we estimated the spectral index fitting flux densities measured in the cen-
tral regions as described in the following. We split the 12 spectral windows® into 4 chunks and ‘cleaned’
them separately with specific reference frequencies (1.1, 1.3, 1.7 and 1.9 GHz). Then, we smoothed the
image chunks with the CASA task imsmooth to gain the same restoring beam size (resolution). Lastly, in
casaviewer, we extracted the flux densities from a circle of 0.7 kpc diameter centered at the radio core (con-
sistent with the peak of radio intensity or the point from which the symmetrical jets/lobes are streaming
out and are confirmed by the position of the center listed in the literature or NASA /IPAC Extragalactic
Database (NED)’) and calculated the spectral indices as a slope of the log-log fit with the extracted flux
densities on the y-axis and the corresponding frequencies on the x-axis.

Comparison between the two methods adopted to estimate the spectral index are shown in Figure 4.3
for the case of NGC 4472 and results appear in good agreement. Although, the latter method is simpler,
because the spectral index maps (‘alpha images’) are automatically created during the TCLEAN task with
the parameter nterms=2. For further analysis of spectral indices, we concentrate only on this approach.

Potential contribution of star formation to radio emission

To estimate the potential radio contribution from star formation, we follow the analysis of Kolokythas et al.
(2018). We determine the far-ultraviolet (FUV) fluxes of the galaxies with point-source-like radio emission
using the Galaxy Evolution Explorer (GALEX) Survey GR6 ca’calog8 to estimate the star formation rate
(SFR) (Bell 2003), from which we determine the expected radio power (Salim et al. 2007). If the expected
radio power from the FUV estimated SFR is at least half of the observed radio power, star-formation could
potentially be the dominant radio emission mechanism.

%The 12 spectral windows were left after flagging the original 16 spectral windows.
"https:/ /ned.ipac.caltech.edu/
$https:/ / galex.stsci.edu/GR6/ ?page=mastform
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Figure 4.3: Example of determining the spectral index for NGC 4472 from a red circle with a diameter of
0.7kpc. Top: The CASA output ‘alpha image” and its corresponding uncertainty values. In CASAVIEWER,
we extracted the mean spectral index of (-0.55+0.05). Bottom: The manual fitting of 4 frequency chunks
and their corresponding flux densities gives a final spectral index value for NGC 4472 of -0.64, which is
comparable with the mean spectral index from the CASA “alpha image’.

4.3.2 X-ray Chandra Observations and Analysis

We use archival Chandra Advanced CCD Imaging Spectrometer (ACIS) observations first reported and
described in Lakhchaura et al. (2018).

The archival Chandra observations were processed using the standard CIAO 4.13 (Fruscione et al. 2006)
procedures and a most recent calibration files (CALDB 4.9.4). For galaxies observed multiple times, the
individual observations were reprojected and merged. Most galaxies were observed in the VFAINT mode
using the ACIS-S chip, however, for a couple of galaxies we combined the ACIS-S and ACIS-I observations
and for some of the galaxies there were only ACIS-I observations available.

The observations were deflared using the lc_clean algorithm within the deflare routine. The images
were generated from the merged observations using the fluximage procedure with a binsize of 1 pixel (0.492
arcsec). The images were background-subtracted using blanksky background files, which were scaled to
match the observations in the 9 — 12keV band, and exposure corrected using the corresponding exposure
maps. The point sources were found using the wavdetect tool, inspected visually and filled with a mean
surrounding surface brightness using the dmfilth procedure (CIAO 4.13).

The two-dimensional surface brightness distribution of each image obtained by this procedure was
modelled using a projected version (Ettori & Fabian 2000) of a classical beta model (Cavaliere & Fusco-
Femiano 1976). The fitting was performed in the SHERPA 4.13 package (Freeman et al. 2001) using the
Cash statistics (Cash 1979) and Monte Carlo optimization method (Storn 1995). The fitted models were
subtracted from the original images and the resulting residual images were used for further analysis. In-
dividual X-ray cavities were searched by eye using residual images and their reliability was checked using
the Poisson statistics to be at least 40 under the surrounding background. The detection of these cavities is
further supported also by a novel machine learning method (a.k.a CADET; Pl3ek et al. in prep.).

4.4 Results

Here, we report the results of radio observations for a sample of 42 early-type galaxies (41 giant elliptical
galaxies and 1 lenticular galaxy). Our sample contains the most optically and X-ray luminous early-type
galaxies within the luminosity distance of ~100Mpc at declinations that are accessible by the VLA (for
more details see Section 3.1). All details are reported in Table 3.2.
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4.4.1 Multiscale Radio Emission
Central radio emission

Our results show a high radio core’ detection rate of 98% (41/42) for the early-type galaxies in our sample
within the frequency range between 1-2 GHz, centered at 1.5 GHz (Table 3.2).

For the remaining galaxy, NGC 499, no central radio emission has been detected in the available VLA
observations in the L-band (1-2 GHz). However, an archival single-dish Arecibo observation at 2.38 GHz
(Dressel & Condon 1978), an observation by the NVSS survey at 1.4 GHz (Brown et al. 2011, although, only
with a 20 detection) and most recently a low-frequency observation with LOFAR (Birzan et al. 2020) detect
a faint nuclear point-like radio source in the centre of NGC499. Thus, due to the previously confirmed
presence of radio emission from NGC 499 in the above-mentioned studies, the detection rate in our sample
could be considered to be 100%.

The non-detection of the radio emission from NGC 499 in the highest resolution VLA A configuration
data could be due to the shallow observations with a resulting RMS noise of ~12.0x107°Jy/beam, which
is twice the sensitivity limit for our faintest detected radio source in our sample: NGC 4406 (Table 3.2).
Observations with LOFAR at ~ 150 MHz detected a radio core with a total integrated flux density of
0.046+0.009 Jy. Assuming a spectral index of about -0.7, we estimate that NGC 499 would have a radio
source with the total flux density of 0.009 Jy at 1.5 GHz, which is still above the threshold of the archival
VLA A observation, potentially indicating a steeper spectrum. We note that the much higher flux density of
0.26 Jy reported by Condon & Broderick (1988) at 1.4 GHz frequency does not agree with all other available
radio measurements.

Extended radio emission

For 67% (28/42) of the galaxies in our sample, we detect a diffuse, extended morphology.

It is worth noting that we present only a lower limit for the number of galaxies with extended radio
emission. Due to our main interest in detecting the radio cores, the highest resolution A configuration data
are prioritized. Sensitivity to the diffuse, extended emission was sacrificed at the expense of the higher
resolution of the fine structures in the central region. The more compact configuration observations (C or
D) are missing for a fraction of sources (11 sources out of 42) in our sample.

4.4.2 Radio morphology

The morphology of the radio emission at 1-2 GHz varies widely within our sample of early-type galaxies.

On the one hand, the total intensity radio maps reveal well-collimated large-scale radio jets and lobes
extending up to hundreds of kiloparsecs (e.g. NGC 315 ; Figure 3.3c) or small-scale jets residing within a
few kpc from the radio nucleus (e.g. NGC5129; Figure 3.5h). On the other hand, we also observe many
galaxies, where the jets and lobes are disturbed by the influence of the surrounding hot gas or interaction
with other galaxies: narrow or wide angle tails (e.g. NGC 507; Figure 3.3d; and IC 4296; Figure 3.3b), tails
tracing the path of the interaction with another galaxy (e.g. NGC 741; Figure 3.3g), S-shaped radio emission
(e.g. NGC1316; Figure 3.4a), diffuse morphology with no clear jets or lobes (e.g. NGC 1407; Figure 3.4c)
and relic-like large-scale diffuse emission (e.g. NGC 5419; Figure 3.6a). A more detailed definition of our
categories is given in Section 4.2.

For IC 4296 (Figure 3.3b), NGC 57 (Figure 3.1b), NGC 533 (Figure 3.3e), NGC 1550 (Figure 3.4d), NGC 4261
(Figure 3.4f), NGC 4374 ( Figure 3.4g), NGC 4472 (Figure 3.4h), NGC 4552 (Figure 3.5b), NGC 5129, (Figure 3.5h)
and NGC 5419 (Figure 3.6a), we found new, previously unobserved and undescribed radio morphology at
the high resolution of about 1-2 arcseconds in the frequency range of 1-2 GHz (red contours in Figures in

?A radio core is point-like radio emission within
twice the beam size located at the center of host galaxy.
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Section 3.4.2).

Details of radio morphologies (together with relevant information on the multifrequency data) for each
source are given in Section 5.

4.4.3 Comparison with X-ray Data
X-ray cavity rate

The hot X-ray emitting atmospheres embedded in galaxies are closely related to the activity of their
central radio-emitting AGN (e.g.: McNamara et al. 2005; Werner et al. 2019).

In our sample, we compared Chandra X-ray images with the total intensity radio images searching for
signatures of interaction as X-ray cavities. We reported also all known X-ray cavities from the literature.

We also detected X-ray cavities for 7 sources with only point-like radio morphology and for NGC 499
(Panagoulia et al. 2014; Kim et al. 2019). Cavities in NGC 1132 and NGC 4778, which host point-like radio
sources were previously detected by Dong et al. (2010) and Morita et al. (2006). Additionally, Plsek et al. (in
prep.) found potential cavities for another five point-like radio sources: NGC 2300, NGC 3091, NGC 3923,
NGC 4073, NGC 4125 (see Discussion 4.5.5 for more details).

In our sample we can summarize that 34 out of 42 (81%) early-type galaxies show detectable X-ray
cavities in their hot X-ray atmospheres.

Central X-ray point source rate

In the parent X-ray study, Lakhchaura et al. (2018) found nuclear X-ray point sources for 32% of early-
type galaxies (16 out of 49 in their study), from which 14 X-ray point sources are relevant to our study.

It is worth noting that while a radio emission is detected in 98(—100)% sources of our sample, only about
33% (14/42) of the systems also host a detectable central X-ray point source.

4.4.4 Multifrequency Correlations

We investigate the correlations and trends between the radio power at ~1.5GHz (P 5gn,) and the X-ray
luminosity within 10 kpc from the center of the galaxy (Figure4.4; top), the luminosity of the central X-
ray point source or AGN (Figure 4.4; bottom), entropy and cooling time of the hot X-ray emitting gas
(Figure 4.5; top and bottom, respectively), the power of the jet estimated from X-ray cavities (Figure 4.6;
left), the luminosity of Ha+[N II] nebulae (Figure 4.6; middle), the mass of the central supermassive black
hole (Figure 4.6; right), and the largest linear size of the radio emission (Figure4.7). Moreover, the flux
density distribution for point-like and extended radio sources is presented in Figure 4.8.

The details of the Ha+[N II] nebulae emission extent and other information about multiphase gas is
given in Section 3.6 and Table 3.4.

The Spearman and Pearson correlation coefficients are used to derive the trends between two investi-
gated quantities without accounting for the measurement uncertainties. Moreover, a Bayesian approach
to linear regression taking into account the corresponding measurement uncertainties for both = and y
variables, as well as the upper limits was used within the linmix package10 (Kelly 2007).

The statistical significance of the trends is represented by the probability derived from the null hypoth-
esis test (i.e., the p-value).

https:/ / github.com /jmeyers314 /linmix
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Figure 4.4: Left: Relation between radio power at ~1.5GHz (P 5cH,) vs. the X-ray luminosity (Lx;ay)
within the 10kpc from the center of the galaxy shows no correlation. Right: Significant correlation (r ~
0.68, P-value~ 0.01) is seen, when we compare the radio power at ~ 1.5 GHz (P 5qn,) with the luminosity
of the central X-ray point sources (Lxray agN) (Lakhchaura et al. 2018) detected only in a subset of our main
sample of early-type galaxies. Error bars on the radio power are mostly smaller than the plotted symbol
size. The correlation coefficients and corresponding P-values are given in Table 4.1.

Significant trends, with Spearman and Pearson correlation factor of 0.71 and corresponding p-value of
0.004 are obtained when comparing the radio power with the luminosity of the central X-ray point source
(Figure 4.4; bottom) and the radio flux density with the largest linear size of the detected radio emission
(Figure4.7).

Negligible correlations are found when comparing the radio power with the jet power required to inflate
the cavities; the luminosity of the X-ray atmosphere (Figure4.4; top), and the luminosity of the warm
ionized nebulae, traced by Ha+[N II] line emission (Figure4.6; middle), the mass of the supermassive
black hole (Figure 4.6; right) as well as various thermodynamical properties of the X-ray emitting hot gas
like entropy (Figure 4.5; top) and cooling time (Figure 4.5; bottom) (Lakhchaura et al. 2018).

4.4.5 Nuclear Spectral Indices

To estimate the age of the radio emitting plasma in the innermost central regions (within 0.7 kpc radius
of the radio core) of early-type galaxies, we determined in-band spectral indices for 18 out of 42 galaxies
observed with the upgraded VLA A configuration. The description of the approach we used to determine
the spectral indices for the subsample of our galaxies can be found in Section 4.3.1.

The final central spectral indices are presented in Table 4.2 and Figure 4.9. Interestingly, about 1/3 of our
sources have inverted or flat radio spectra (o« > —0.5), while the majority showed steep spectral indices
(av < —0.5). This result is consistent with a scenario where some of sources were recently active, while for
some, the spectral shape is in agreement with synchrotron cooling.
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Figure 4.5: The radio power (P 5qH,) plotted against the entropy (left) and cooling time (right) of the hot
X-ray emitting gas measured within » < 10 kpc shows no correlation (r < 0.2). Error bars on the radio
power are mostly smaller than the plotted symbol size.
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Figure 4.6: No correlation is found between the radio power (P 5 cu,) and the jet power (Pie¢; left), the Ha+[N II]
luminosity (Ly,,,,.+(Ny;); middle) as well as the supermassive black hole mass (Mpy; right). The nuclear (nucHa),
extended (extHa), undetected (noHa) and unknown (unkHe)) He+ [NII] emission are distinguished. The correlation

coefficients and corresponding p-values are given in Table4.1. Error bars on the radio power are mostly smaller than
the plotted symbol size.
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Figure 4.7: The total flux density at 1.5GHz (S1.5cn,) is plotted against the largest linear size (LLS) of
the radio source. A positive correlation with a linmix correlation coefficient of 0.66 with P-value of 0.002
is determined. The brighter the radio source, the larger its linear extent. The correlation coefficients and
corresponding P-values are given in Table 4.1.

10 [ point sources
9 Il extended
8

No of galaxies

10~ 103 1072 1071 10° 10! 102 103
Total radio flux density (Jy)

Figure 4.8: The total integrated radio flux density histogram with two morphologically different categories:
point sources and extended sources. The fainter sources fall into the point sources category, whereas the
brighter galaxies are the extended ones.
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Figure 4.9: Radio spectral indices for a subset of our sample. Approximately, 3/4 of the sources have steep
spectra (¢ < —0.5) and the rest have flat and inverted radio spectra (&« > —0.5). The chosen division line at
the spectral index of -0.5 is shown by the blue dashed line.

Table 4.2: The mean values of the spectral indices and corresponding uncertainties determined from the
central region with diameter of 0.7 kpc for a subset of our early-type galaxies.

Source Spectral index
IC 4296 0.22440.005
NGC57 -0.934+0.014
NGC410  -0.698+0.055
NGC507  -0.28940.058
NGC533  -0.97840.068
NGC777  -0.75740.080
NGC1404 -2.55440.621
NGC1407 -0.727+0.025
NGC1550 -1.62840.387
NGC2300 -0.95440.004
NGC3091 -1.25940.227
NGC3923 -2.074+0.851
NGC4073  -0.64740.053
NGC4472  -0.548+0.054
NGC4936  0.491+0.042
NGC5129  -0.5064-0.006
NGC5419  0.342+0.002
NGC7619 -0.61440.014
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4.5 Discussion

4.5.1 High Detection Rate

The early-type galaxies in our sample show a very high radio detection rate at frequencies between 1-2 GHz. For 41 out of the
sample of 42 galaxies, we detected at least point-like emission in the central region. A significant fraction, 27/42 galaxies, shows
extended radio emission from jets and lobes. For 26 out of these 42 galaxies, the presence of X-ray cavities was detected. Moreover,
X-ray cavities were also detected for 8 sources without jets/lobes. Altogether, 34 sources show signatures of interaction with the
X-ray emitting medium. This suggests that most of these systems are operating in the radio-mechanical or maintenance mode
AGN feedback.

Our high detection rate of radio sources appears to be consistent with previous findings (e.g.: Dunn et al. 2010; Brown et al.
2011; Sabater et al. 2019). At first glance, these results indicate a very high AGN duty cycle. It is, however, worth noting that the
detected extended radio emission does most likely not always represent the current state of AGN activity and is often a remnant
from a previous cycle.

4.5.2 Origin of Radio Emission

To investigate whether the origin of the observed radio emission is solely related to AGN activity or could also be linked to star
formation", we follow the analysis of Kolokythas et al. (2018). We determine the far-ultraviolet (FUV) fluxes of the galaxies
with point-source-like radio emission using the Galaxy Evolution Explorer (GALEX) Survey GR6 catalog™ to estimate the star
formation rate (SFR) (Bell 2003), from which we determine the expected radio power (Salim et al. 2007). If the expected radio
power from the FUV estimated SFR is at least half of the observed radio power, star formation could potentially be the dominant
radio emission mechanism.

Our analysis shows that for 5 out of the 14 galaxies with point-like radio morphology, namely NGC 1404, NGC 3091, NGC 3923,
NGC 4073 and NGC 4406, star formation could dominate the observed radio emission (see Table 4.3). However, 3/5 sources where
the radio emission could potentially be dominated by star-formation activity, also host ghost cavities, indicating that radio-mode
AGN activity is also present in these galaxies (see Section 4.5.5). Importantly, 7/14 point-like galaxies display cavities indicating
that despite the lack of extended radio structures at 1-2 GHz, these galaxies host a radio AGN capable of inflating lobes and
cavities. The two galaxies, which lack observable signatures of radio mode AGN feedback are NGC 1404 and NGC 4406, which
are falling through and being stripped by the ICM of the Fornax and Virgo clusters, respectively.

Using FUV fluxes as an indicator of star formation, Kolokythas et al. (2018) found that for 5 of the 26 galaxies in their high rich-
ness subsample of the Complete Local-volume Groups Sample (CLoGS), the star formation could have a significant contribution
to the radio emission.

Table 4.3: The star formation contribution to the radio emission in the case of early-type galaxies with
point-source radio morphologies. The columns: (1) the source name; * * ": sources observed within our
project 15A-305; (2) the far-ultraviolet flux from GALEX-DR5 (GR5) catalogue(Bianchi et al. 2011); (3) the
estimated star fomation rate (SFR) according to relation by Bell (2003); (4) the expected radio power from
the SFR (Salim et al. 2007); (5) the half value of the radio power; if the expected power dominates of 1/2 of
the observed power, star formation dominates.

Source FUVgaux SFRruv P1 5GHz_exp 50% of P1.5GHz obs
Name VLA (Code) (year-month-day) Calibrator

IC1860 (60.3 & 6.3) (7.10£0.70)  (1.29£0.13) x 10**  (7.13 4 0.33) x 10**
NGC 57* (94.5 £7.2) (7.30 £0.60) (1.3240.10) x 10*®  (1.93 +0.10) x 10*°
NGC410 (77.84+9.3) (4.40 £0.50)  (7.9240.90) x 10*  (1.29 £ 0.05) x 10*
NGC 410 (97.6 +2.7) (5.49 £ 0.15)  (9.95+0.28) x 10" (1.29 4 0.05) x 10
NGC 1132 (59.7 £ 9.4) (6.00 £0.90) (1.08 £0.17) x 10**  (1.98 4+ 0.13) x 10
NGC1404*  (550.1+27.2) (2.854+0.14) (5.164+0.26) x 10'°  (5.20 £ 0.80) x 10*®
NGC1404*  (702.9+£1.5)  (3.64+0.01) (6.60%0.01) x 10*°  (5.20 £ 0.80) x 10*®
NGC1404*  (778.2+3.9)  (4.034+0.02) (7.3040.04) x 10*°  (5.20 £ 0.80) x 10*®
NGC1404*  (732.3+£5.7)  (3.7940.03) (6.9040.06) x 10'°  (5.20 £+ 0.80) x 10*®
NGC2300*  (150.8 +6.7) (3.354+0.2) (6.07+£0.27) x 10"  (2.05 4 0.20) x 10%°
NGC2300%*  (163.0+4.2)  (3.6240.01) (6.56 +£0.17) x 10'®  (2.05 £ 0.20) x 10*°
NGC3091*  (186.4 + 3.4) (5.62+0.1)  (1.0240.02) x 10*®  (7.60 + 0.40) x 10*°

"Especially for low luminosity galaxies with no significant extended emission known as FROs (Baldi et al. 2015), the syn-
chrotron emission at GHz frequencies could also be due to particles accelerated in star forming regions (see e.g., Condon 1992;
Lacki & Thompson 2013)

https:/ / galex.stsci.edu/GR6/?page=mastform
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Table 4.3 - continued. The CASA imaging results for our VLA sample.

Source FUVaux SFRruv P1.5GHz_exp 50% of P1.5GHz obs
Name wJy) (1072 Mg/yr) (W/Hz) (W/Hz)

NGC3091*  (163.5+4.2)  (4.934+0.34) (8.9040.60) x 10'®  (7.60 £ 0.40) x 10*°
NGC3923*  (438.44+6.1)  (2.4940.03) (4.5140.06) x 10"  (1.29 £0.11) x 10*°
NGC3923* (357.5421.5) (2.034+0.12) (3.684+0.22) x 10'® (1.29 £0.11) x 10*
NGC4073*  (191.0+3.9)  (8.9140.18) (1.6140.03) x 10*®  (1.54 £ 0.09) x 10%°
NGC4073*  (130.04+10.2)  (6.14£0.05)  (1.10£)0.09 x 10*®  (1.544)0.09 x 10*°
NGC4125  (206.80 +16.6) (1.2240.10) (2.2240.18) x 10'®  (2.36 £0.11) x 10"
NGC4406*  (1004.0 £9.0)  (4.16 £0.04) (7.534+0.07) x 10"  (5.30 £1.00) x 10*®
NGC4406* (1029.6 £12.6) (4.26 £0.05) (7.724+0.09) x 10"  (5.30 £1.00) x 10*®
NGC4406  (800.7+17.2)  (3.324+£0.07) (6.01 £0.13) x 10*®  (5.30 & 1.00) x 10*®
NGC 4936 (70.0 +£9.2) (0.89+0.12) (1.6140.21) x 10*°  (1.96 £ 0.08) x 10
NGC 7619 (81.2 4 6.6) (2.314£0.22) (4.20£0.40) x 10" (3.8240.15) x 10
NGC7619 (95.4 £ 3.3) (2.314£0.11)  (4.18£0.20) x 10"  (3.8240.15) x 10*
NGC 7619 (81.6 & 7.0) (2.31 4£0.23)  (4.2040.40) x 10*°  (3.82+0.15) x 10*

4.5.3 AGN duty cycle

To study the duty cycle of radio mode AGN activity in more detail, we estimate the spectral indices in the nuclear regions for
a subsample of our early-type galaxies (Table4.2). The distribution of the central spectral indices could help us place better
constraints on the duty cycle of the AGN.

From in-band VLA analysis of the mean spectral indices of the radio emission within 0.7 kpc from the central region, we
determined that approximately 1/3 of the sources have a relatively flat (o« > —0.5) spectral index. The rest of the galaxies have
steep spectra. This result indicates that the age of the radio emitting plasma in the centres of these galaxies spans a range of values
and while the radio mode AGN activity is variable, it has a relatively high duty cycle.

This analysis could also motivate a more in-depth investigation of the nuclear activity of these AGN. For example, higher
resolution VLBI observations would offer a closer look at the central regions and their most recent state of activity. From our
sample, an example is provided by the recently active source NGC 5044, where Schellenberger et al. (2020b) confirm ongoing jet
activity using VLBA and summarize the presence of multiple generations of X-ray cavities.

Another example in the sample is NGC 1407, where we see a small-scale young jet in the core (Giacintucci et al. 2012). A recent
study of NGC 1316 (Maccagni et al. 2021) using the upgraded Karoo Array Telescope (MeerKAT), as well as VLA and ALMA
data, found a highly variable central radio source in the last three cycles of its activity. One cycle, forming large diffuse radio
lobes, could have started around 20 Myr ago. The second cycle started possibly around 3 Myr ago, forming a flattened S-shaped
structure. The current activity appears to be 1 Myr old.

4,54 Correlations with Radio Power

We investigated the possible correlations between the radio power and the X-ray luminosity of the hot halo as well as the central
point source, the thermodynamical properties of the hot gas, the Ha+[N II] luminosity, and the jet power calculated from the
X-ray cavities and between the radio flux density and the largest linear size of the radio emission (Table 4.1 and Figure 4.4, 4.5,
4.6,4.7).

We see a significant correlation with Spearman and Pearson coefficient of 0.64 with p-value of 0.004) between the total radio
flux density and the largest linear size of the radio emission. The larger the total extent of the radio emission, the more powerful
the source is (Singal 1993; Lara et al. 2001; Shabala & Godfrey 2013; Tang et al. 2020). While the distances of our sources span a
factor of 6, the radio fluxes span four orders of magnitude. The range of radio power is thus too large to be accounted for by the
more powerful sources being more distant.

Similarly, a significant correlation with Spearman and Pearson coefficient of 0.71 with the p-value of 0.004) is found between
the radio power and the X-ray luminosity of the central X-ray point source’®. The correlation is consistent with a scenario where
the X-ray emission comes from an unresolved X-ray jet or the base of the jet.

The relation between the luminosity of the hot X-ray atmospheres within 10 kpc radius from the central region and the radio
power at 1.5 GHz shows no correlation. The lack of trends could, at the first glance, appear surprising. It is worth noting that
the lack of any trend detected here could be affected by the limited range of X-ray luminosities in the innermost regions up to
radius of 10 kpc spanning over approximately one order of magnitude in comparison with a large span of radio power values
(~ 6 orders of magnitude; Figure 4.4; left). Moreover, for a stable continuous accretion of the hot atmospheric gas, at a given black
hole mass, one would expect higher accretion rates and thus more powerful jets for lower entropies and shorter cooling times.

BTo take into account biasing due to the same D} dependence, we compared X-ray luminosity of the atmosphere (Lxray)
within 10 kpc radius from the core with the radio flux (S1.5qn-) instead of the radio power (P1.5q#-), resulting in a slightly lower
correlation coefficient of 0.61 and p-value of 0.01
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However, the gas with typical cooling times seen in early-type galaxies is expected to be thermally unstable (e.g. Fabian & Nulsen
1977; Nulsen 1986). Assuming that the ambient medium cools and forms dense clouds with very small volume filling fractions
that fall toward the central black hole, the accretion rate can for short moments rise by orders of magnitude, triggering a feedback
response (Gaspari et al. 2013; Voit et al. 2015b; McNamara et al. 2016). Since the infall of dense clouds with a range of masses is
essentially chaotic, the power of a given triggered outbursts can also have a range of values. Thus, we are not expecting any trend
between the thermodynamic properties of the atmospheric gas and the observed radio emission.

The radio power showed no correlation with the radio power and the jet power computed using X-ray cavities (Lakhchaura

et al. 2018, and references therein) and Ha+[N II] luminosity (Lakhchaura et al. 2018) and the mass of the central supermassive
black hole'.
The Ha+[N II] emitting gas represents only a fraction of the cold/warm gas mass in the centres of these galaxies and the observed
nebulae are not necessarily located in the vicinity of the supermassive black hole. Therefore, the lack of correlation is not entirely
surprising. Results of the statistical analysis are consistent with previous ones found in the literature (Franceschini et al. 1998; Liu
et al. 2006). Weak correlations with CO emitting cold molecular gas have previously been observed by Babyk et al. (2019).

4.5.5 Interaction with the X-ray Gas
Widening radio jets

One of the signatures of the interaction between the radio plasma and the hot X-ray gas could be seen in the widening of the jets
after they pierce through the relatively dense galactic atmosphere.
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Figure 4.10: Widening of the radio contours visible for 3C 449, IC 4296, NGC 315 and NGC 4261. The radio
contour levels are drawn at 5xRMS noise, increasing by factors of 2 up to the peak intensity. The RMS
noise and peak intensity values can be found in Table3.2. The black cross depicts the radio center of the
galaxy.

The radio contours in 3C 449, NGC 315, NGC 4261 and IC 4296 by e.g.: Killeen & Bicknell (1988); Grossova et al. (2019) (Fig-
ure 4.10) widen significantly at about 10-20 kpc as the relativistic plasma in jets is released from the higher pressure environment

"The supermassive black hole masses were adapted from Kormendy & Ho (2013) and Saglia et al. (2016) using direct measure-
ments and from Lauer et al. (2007) and Makarov et al. (2014), who derived the masses from the Mpr — o scaling relations and
taken from (Lakhchaura et al. 2018).

®The mechanism was described for IC 4296
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of the hot X-ray gas.

The widening and the corresponding brightening of the jets could be connected to the lower ambient ICM pressure and possibly
to additional thermal energy from the interaction of the radio and X-ray plasma that will increase the pressure of the radio jet
causing it to expand (e.g. Gizani & Leahy 1999).

Ghost X-ray cavities

Evidence for the past interaction between the radio and X-ray plasma, in the form of ’ghost’16 cavities, was also observed in

the giant elliptical galaxy NGC 499 (Panagoulia et al. 2014; Kim et al. 2019), which is the only galaxy in our sample with a non-
detection of a radio source at 1-2 GHz (Section 4.4.1) using our VLA data. Similarly, X-ray cavities have been observed in seven
galaxies with only a central point source in radio. Those previously known are: NGC 1132 (Dong et al. 2010) and NGC 4778
(Morita et al. 2006). Additionally, PlSek et al. (in prep.) found potential cavities for another five sources: NGC 2300, NGC 3091,
NGC 3923, NGC 4073, and NGC 4125.

The lack of radio emission filling the volume of X-ray cavities is most likely due to the old, aged plasma present in lobes.
Assuming the lobes rose and expanded at the sound speed ¢, ~ 500 km/s of 1keV gas, then the radio plasma in the ghost cavities
has aged at the time scales ~ 10 Myr thus barely visible at the observed radio frequencies unless other mechanisms occur.
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Figure 4.11: The Chandra X-ray images smoothed to enhance the X-ray tail enclosed by the radio jets of
3C 449 and IC 4296. The black cross indicates the position of the radio center of the galaxy.

Possible X-ray tail

We observe an X-ray tail in the so-called cross-cone region between the jets (yellow circles in the images of IC 4296 and 3C 449;
Figure 4.11) due to the relative motion of the intra-cluster /group medium and the centrally located jetted galaxy in a system that
experiences ICM sloshing. With a large opening angle of the jets and the presence of potential ‘warm’ spots, the galaxies can be
categorised as Wide Angled Tail (WAT) galaxies (e.g.: Owen & Rudnick 1976; O’'Donoghue et al. 1990; Leahy 1993; Missaglia et al.
2019).

4.5.6 Unresolved, Point-like Central Radio Sources

The origin of the observed radio emission for a few sources in our sample could be also due to other processes rather than being
only related to AGN activity as, for example, especially for low luminosity objects, linked to star formation. Despite the presence
of non-thermal radio emission occurs in radio galaxies with no significant extended emission at GHz frequencies as FR 0s (Baldi
et al. 2015), synchrotron emission could be also due to particles accelerated in star forming regions thus emitting in the GHz
regime (see e.g., Condon 1992; Lacki & Thompson 2013).

Our analysis shows that for 5 of the 14 galaxies with point-like radio morphology, star formation could dominate the observed
radio emission. Moreover, 7/14 point-like galaxies display cavities indicating that despite the lack of extended radio structures
at 1-2 GHz, these galaxies host a radio AGN capable of inflating lobes and cavities. Importantly, 4/5 sources where the radio
emission could potentially be dominated by star-formation activity, also host ghost cavities, indicating that radio-mode AGN
activity is also present in these galaxies. The only galaxy, which could entirely lack radio mode AGN activity is NGC 1404 falling
through and being stripped by the ICM of the Fornax Cluster.

1In the systems, where the radio relativistic plasma has aged up to the point, where it stops to shine in radio, the X-ray cavities
appear without radio counterpart, thus called ‘ghost’ cavities.
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Using FUV fluxes as an indicator of star formation, Kolokythas et al. (2018) found that 5 of the 26 galaxies in their high richness
subsample of the Complete Local-volume Groups Sample (CLoGS), the star formation could have a significant contribution to the
radio emission.

4.5.7 Potential Candidates for Recoiled Black Hole

In gas-rich galaxies, the central black holes can coalesce 10°-107 years after the merger of progenitor galaxies (Escala et al. 2005)
and due to the asymmetrical gravitational wave recoil, the final coalescent black hole can be kicked out of the system at large
velocities, ranging from hundreds to thousands of km s™'. To date, there have been tens of observed candidates for such black
holes ejected by gravitational wave recoil (also supported by simulations, e.g. Campanelli et al. 2007; Blecha et al. 2016, 2013;
Chiaberge et al. 2017; Condon et al. 2017; Komossa 2012). The broad line region can be carried away by the recoiling black hole
and the AGN can continue to be active (e.g.: Komossa 2012).
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Figure 4.12: Chandra images with overlaid black X-ray contours and a black ‘X" to mark the central X-ray
brightness peak. The innermost X-ray contour is drawn by estimating the peak of the average count value
of the Chandra image with the DS9 (Joye & Mandel 2003) projection region tool. The subsequent contours
levels are decreasing as a power of two. The brown cross shows the core of the radio emission from VLA
A configuration data and the blue cross represents the position of the optical center from Pan-STARRS in
each image (estimated from the innermost optical contour). The offset of the observed radio core emission
with respect to the central peak of the optical emission is shown by cyan lines. Small offsets (within 0.5 kpc)
are seen for NGC 3923, NGC 4486, NGC 5129 and NGC 5846.

Small offsets: NGC 3923, NGC 4486, NGC 5846, NGC 5129

Multifrequency studies were carried out to search for such recoiling black holes (Lena et al. 2014; Barrows et al. 2016; Skipper
& Browne 2018; Ward et al. 2021). Even in the cases of the giant elliptical galaxies M 87 (NGC 4486) and NGC 5846, a pc-scale
displacement of the SMBH from the center of the host galaxy was observed and ascribed to the recoil mechanism (Batcheldor
et al. 2010; Lena et al. 2014). Although, the apparent supermassive black hole offset in M 87 could be just due to the variation of
the flux as suggested by Lépez-Navas & Prieto (2018).

In our analysis, we present a previously unpublished candidate for radio/X-ray offset from the optical core of 1.2arcsec
(0.5kpc), which may be the result of a displaced supermassive black hole from the central potential of the host giant elliptical
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galaxy NGC5129. And we confirm the previous findings for NGC 4486 and NGC 5846, where we also find small offsets of the
central radio emission relative to the optical/X-ray emission. Moreover, we found a previously unpublished small offset of
0.21 kpc for the radio emission in the central regions of NGC 3923.

All small-scale offsets are shown in Figure 4.12.

Intriguing radio lobe emission in NGC 4125

The most intriguing is the offset radio emission located 46 arcseconds (4 kpc) from the radio core of NGC 4125 (Figure 4.13; top).
The unusual position of the radio emission has been previously reported by Krajnovi¢ & Jaffe (2002), who claimed that due to
the missing optical counterpart, it is probably a background source. However, our analysis, where we estimated how distant a
potential background source would need to be if its optical counterpart is not seen by the Panoramic Survey Telescope and Rapid
Response System (Pan-STARRS)Y showed that it is quite unlikely that the observed radio emission is connected to a background
source.

Our analysis takes into account the limiting apparent magnitude of the Pan-STARRS survey of 23 mag. We derived that a
galaxy similar to M 87, with an absolute magnitude of -21.5, would need to be at least at the luminosity distance of ~ 6300 Mpc
(corresponding to a redshift of 0.95) to be missed by the optical survey. At this luminosity distance, the potential background
radio source would have a size of ~ 1 Mpc (assuming a linear scale 8 kpc/arcseconds) and large radio power of 10x10?* W/Hz,
corresponding to twice the power of the giant radio halo in the cluster merger ‘El Gordo’ (Lindner et al. 2014) at the redshift of
z =0.87.

Moreover, we examined the archival data from TIFR GMRT Sky Survey (TGSS) at 148 MHz and Westerbork Synthesis Radio
Telescope (WSRT) data at 1.4 GHz and created a spectral index map between these two frequencies (Figure4.13; bottom). We
found a flat spectral index at the position of the radio/X-ray/optical core of NGC 4125 and steeper spectral indices in a clear
double morphology of the radio emission resembling a FRII radio galaxy, which would potentially disfavor the recoiled black
hole scenario. A ‘kicked-out’ black hole, which recoils and moves with a high velocity relative to the galaxy, would be expected to
form narrow tail structures along its path (Blecha et al. 2011), whereas we observe an apparently untouched radio emission from
potential hotspots (especially in the north-western side).

The analysis of the X-ray Chandra data reveals possible X-ray cavities (PlSek et al.; in prep.) perpendicular to the core of
NGC 4125, thus they do not correspond to the offset radio emission in the form of radio lobes.

Burke-Spolaor et al. (2017) found a similar offset radio source in the central dominant galaxy (CDG) of the galaxy cluster
Abell 2261 with a missing optical and X-ray counterpart (Giiltekin et al. 2021). Interestingly, the radio morphology of the emission
resembles the one in NGC 4125 with its pear-like shape.

Further analysis needs to be carried out to investigate the origin and source of this unusual double-lobe radio emission.

4.5.8 Potential Fanaroff-Riley Class II Radio Sources

Most of the early-type galaxies in our sample are low power Fanaroff-Riley ClassI (FRI, Capetti et al. 2017a) radio sources.
Although, two giant ellipticals, NGC 533 and NGC 1600, show morphological similarities to Fanaroff-Riley Class II (FRII, Capetti
et al. 2017b) radio sources, but they still have low powers significant for FR1Is (see Section 1.3.1).

NGC533

The radio morphology of NGC 533 (Figure 4.14; top) was observed within our 15A-305 project in the VLA A configuration and
has a resolved central region and two inflated almost symmetric small-scale spherical radio jets/lobes with a possible hot spot
in the western lobe. We suggest that this source resembles the radio morphology of FRII radio galaxies based on the visual
comparison with sources in the FRII FIRST Catalog (FRIICAT) (Capetti et al. 2017b). Further analysis of the in-band spectral
index map revealed a flattening of the spectral index at the position of radio lobes especially in the region west of the radio core
visible in Figure 4.14 (bottom left). Potentially, due to its small physical size (less than 30 kpc), it could fall into the category of
Compact Double Radio galaxies (COMP2CAT) Jimenez-Gallardo et al. (2019). NGC 533 could resemble the compact radio source
J132031.47-012718.5 (Figure 4.14; bottom right).

https:/ /panstarrs.stsci.edu/
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Figure 4.13: Top: VLA D configuration total intensity image of NGC 4125 with overlaid radio isophots in
white. The contours in cyan and black represent the emission from TGSS at 148 MHz and WSRT at 1.4 GHz,
respectively. In all cases the contour levels are at [1, 2, 4, 8, 16,...] X 5- orums. The corresponding RMS noise
levels (orms) for VLA D configuration, TGSS and WSRT data is 67 uJy, 1.7mJy and 60 ;Jy, respectively.
The restoring beam (resolution) for each observation can be found in the bottom right corner of the image
in the white box. The optical (HST) center of the galaxy is shown as a green cross and is consistent with the
X-ray center (Chandra; a yellow cross) and the radio center, most promint in the WSRT image at 1.4 GHz.
Bottom: The spectral index map between 148 MHz (TGSS) and 1.4 GHz (WSRT).

NGC1600

The radio emission of the giant elliptical galaxy NGC 1600 was previously published by Birkinshaw & Davies (1985), where they
used VLA C configuration data at 4.885 GHz. They defined the source as a double and stated that the galaxy and lying close to
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Figure 4.14: Top: The total intensity image of NGC533 in VLA A configuration at 1-2GHz and (bot-
tom left:) its corresponding in-band spectral index map with measurement uncertainties produced by the
multi-term ‘cleaning” algorithm in CASA. Bottom right: The morphological structure of NGC 533 is similar
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to the structure in the COMP2CAT source ]J132031.47-012718.5.

the northern radio lobe-like feature. The higher resolution VLA A configuration data at 1.4 GHz shows more clearly the jets/lobes

morphology and potential hotspots.

Additionally, we suggest that the radio morphology in NGC 1600 at both frequencies resembles the radio morphology of the
source J1423+2501, identified as an FR1II radio source in the FRIICAT catalog (Capetti et al. 2017b) with an unidentified radio core

(Figure 4.15).
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ogy resembling the FRII radio source J1423+2501 from the FRIICAT catalog (Capetti et al. 2017b) (bottom).



Chapter 5

Details on Individual Sources

Detailed description of the radio emission morphologies of each source in our sample and additional relevant information on the
multifrequency emission are given in the following sections. An asterisk (* * ’) after the name of the source indicates that it was
observed as part of our VLA A-configuration project (ID: 15A-305, PI: Werner) from 2015.

51 3C449

The low-power FR 1 radio source 3C 449 is the central dominant galaxy (CDG) of the 1.5 keV group/poor cluster Zwicky 2231.2+3732
at a luminosity distance of ~ 76 Mpc. The radio emission extends out to almost 500 kpc (Perley et al. 1979; Andernach et al. 1992;
Feretti et al. 1999) in the form of relativistic (up to ~ 3.3 kpc) and well-collimated (up to ~ 16.7 kpc) radio jets terminating in large
diffuse radio lobes with a slight bent to the west (Figure 3.3a).

Associated X-ray emission from the hot gas and its interaction with the radio source has been studied by Hardcastle et al.
(1998), Croston et al. (2003), and Lal et al. (2013). The X-ray cavities were observed coincident with the inner southern radio
jet and the Chandra X-ray Observatory detected cold fronts, which likely originate from sloshing of the hot gas that could also
contribute to the bending of the radio jets.

HST observations revealed a 600 pc dusty disk, the orientation of which is not perpendicular to the orientation of the radio jet
axis (Feretti et al. 1999; Tremblay et al. 2006). The CO(1-0) transition line, as a tracer of molecular gas was detected by Ocaria Fla-
quer et al. (2010). The study of SOAR data revealed Ha+[NII] line emission within the innermost 2 kpc from the core (Lakhchaura
et al. 2018).

52 1C1860

IC 1860 is a CDG of the 1.3keV group IC 1860 (Abell S301; Abell et al. 1989).

The observed radio emission in the VLA A configuration has a form of point-like! radio source slightly elongated in the
north-eastern and south-western direction (Figure 3.1a).

The XMM-Newton and Chandra data were analysed by Gastaldello et al. (2013) who found sharp surface brightness disconti-
nuities (cold fronts) which they interpreted as evidence for sloshing, which could be a result of a minor merger with the spiral
galaxy IC 1859 (this is also consistent with numerical simulations for relaxed clusters; Ascasibar & Markevitch 2006). Moreover,
their radio observations at the lower frequency with Giant Metre-wave Radio Telescope (GMRT) revealed a steep-spectrum diffuse
radio emission enclosed by these cold fronts.

5.3 IC4296*

IC 4296 is a giant elliptical galaxy and CDG of a poor galaxy cluster Abell 3565.

The radio emission identified with the radio source PKS 1333-33, extends well beyond the host galaxy IC 4296.
Our VLA A and D configuration data (Figure 3.3b) show a unresolved central radio source and extended radio emission in the
form of two, well-collimated (within the first ~10kpc from the core) radio jets expanding up to ~ 150kpc on both sides with
many knots and wiggles and terminating in large radio lobes with a radius of ~ 60-80 kpc. IC 4296 and its radio source (in VLA C
configuration) was extensively studied by Kileen et. al (Killeen et al. 1986b,a; Killeen & Bicknell 1988).

The X-ray emission from this giant elliptical galaxy was described by Pellegrini et al. (2003). Moreover, our analysis of the
archival XMM-Newton data revealed an X-ray cavity associated with the north-western radio lobe (Grossova et al. 2019). The
more in-depth X-ray spectral analysis of thermodynamical profiles show an unusually low central entropy and cooling time.

!Point-like morphology was found by Dunn et al. (2010) using observations at 1.4 GHz from 2007.
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The presence of cooling gas in the form of warm Ha+[NII] (at kpc scale) (Lakhchaura et al. 2018), molecular CO(2-1) emission
(at 100 pc scale) (Boizelle et al. 2017; Ruffa et al. 2019) and a warped dust disk (at < pc scale) (Schmitt et al. 2002) has been revealed
in the central region.

More details of the potential unbalanced cooling in the nucleus and the relationship between the radio, X-ray and optical
emission for IC 4296 is summarized in our paper (Grossova et al. 2019).

54 NGC57*

NGC57 is another giant elliptical galaxy from our proposal VLA A configuration data and identified as an isolated elliptical
galaxy (Smith et al. 2004; O’Sullivan et al. 2007).

Our high resolution VLA A configuration total intensity image (Figure 3.1b) reveals, for the first time, a point-like radio mor-
phology previously unseen in the TIFR GMRT sky survey (TGSS), the NRAO VLA sky survey (NVSS) or in the study by O’Sullivan
et al. (2007). No dusty features (Goullaud et al. 2018) or warm gas (Lakhchaura et al. 2018) were found in this galaxy.

55 NGC315

NGC 315 is well-known giant elliptical galaxy classified as a FRI radio source (Fanaroff & Riley 1974), which resides in the central
region of the NGC 315 (WBL 22) group.

The radio emission has been thoroughly studied at various radio frequencies by many research groups (Bridle et al. 1979;
Willis et al. 1981; Klein et al. 1994; Mack et al. 1997; Laing et al. 2006; Worrall et al. 2007; Giacintucci et al. 2011, ; and references
therein) and has the form of relatively symmetric radio jets with several wiggles and knots, which are inflating wiggles and knots,
which extend almost 200 kpc. The SE jet is inflating a radio lobe, while the NW jet undergoes an apparent 180 degree bend and
forms an extended plume (Figure 3.3c).

Chen et al. (2012) investigated the kinematic and spatial properties of the close galaxy members of NGC 315 and found a low
density ambient X-ray gas environment, which could be the reason why the radio jet can expand to such a large distance from the
core.

The X-ray analysis revealed a strong X-ray jet, which traces the radio synchrotron emission and extends up to about ~ 10 kpc
(Worrall et al. 2003, 2007; Donato et al. 2004, Figure 3.3c).

The optical emission is represented by a dusty disk perpendicular to the direction of the jets and a few dust patches (Capetti
et al. 2000). Moreover, at the position of the HST dust patches, Morganti et al. (2009) found two HI absorption components. The
cold molecular gas, traced by CO(1-0) line emission, was found with the IRAM telescope (Ocana Flaquer et al. 2010). Moreover,
Boizelle et al. (2021) detected a sub-kpc CO disk. The warmer nebulae, traced by Ha+[NII] line, was observed by Ho et al. (1997),
but not confirmed in the more recent study as presented in Lakhchaura et al. (2018) combing narrow-band imaging with long slit
spectroscopic observations with SOAR.

5.6 NGC410*

Another galaxy from our VLA A configuration project is a giant elliptical NGC 410 (Figure 3.1c), which is the CDG of the LGG 18
group (Kolokythas et al. 2018).

The radio emission with a point source-like morphology was previously observed with the VLA at various frequencies (Con-
don et al. 1998; Filho et al. 2002). The more recent study by Kolokythas et al. (2018) at lower frequencies (610 MHz) with GMRT
found a small extension of the radio emission to north-east with a total extent ~ 10 kpc.

Gonzélez-Martin et al. (2009) claimed no point source detection in the X-ray hard band (4.5-8.0 keV) with XMM-Newton (to-
gether with other evidence from the optical, UV and radio bands) and therefore classified NGC 410 as a galaxy without an AGN.
The X-ray halo emission was detected in 0.5-7 keV band with Chandra (Lakhchaura et al. 2018).

A recent study with SOAR data, as summarized by Lakhchaura et al. (2018), revealed
Ha+[NII] line emission within the innermost 2 kpc from the core.

5.7 NGC499

NGC 499 is the only one galaxy in our sample of 42 early-type sources without radio emission (Figure 3.1d) observed in the nucleus
or in the extended diffuse region.
A faint radio source was observed within the 1.4 GHz NVSS survey (Condon et al. 1998) with a flux density of 0.7 mJy at
2 orus (Brown et al. 2011), which is well above the sensitivity limit of our VLA observations (for more details see Section 4.4.1).
NGC499 is a CDG of the NGC 499 group, which is a part of the Pisces cluster (Kim & Fabbiano 1995). Paolillo et al. (2003)
have shown that NGC 499 group is in the process of merging with the NGC 507 group (Section 5.8).
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The luminosity of the X-ray halo is relatively high (~ 2.3 - 1042 erg/s; Dunn et al. 2010; Lakhchaura et al. 2018). Moreover, the
Chandra image shows possible ghost cavities at about ~ 10-15 kpc to the north and south of the nucleus, a sign of a previous AGN
activity (Panagoulia et al. 2014; Kim et al. 2019).

Lakhchaura et al. (2018) present a detection of a centrally located warm nebular emission.

58 NGC507*

NGC507 is the CDG of the NGC 507 group, which belongs to the Pisces cluster. As mentioned in the previous section, NGC 507
group is likely to be merging with the NGC 499 group (Section 5.7).

The large-scale diffuse radio emission from a low-power FRIradio source B2 0120+33 (Parma et al. 1986) has shape resembling
a letter ‘T formed by two radio lobes with diameters of ~ 40 and ~ 20 kpc (Dunn et al. 2010; Murgia et al. 2011). Interestingly, this
emission has a very steep radio spectrum, possibly due to the ‘fossil’ radio material from previous AGN activity (Murgia et al.
2011).

The central part of the brighter western lobe was resolved also by our high resolution A configuration data (Figure 3.3d) and
coincides with a Chandra X-ray cavity at ~ 7 kpc to the south-west of the galaxy core (Dong et al. 2010).
On the other hand, the eastern radio lobe is bending to the south with its edge tracing a Chandra X-ray cold front (Fabbiano et al.
2002; Kraft et al. 2004), a result of sloshing. The disturbed morphology could be due to the ongoing merger with NGC499 as
studied and simulated by Ascasibar & Markevitch (2006). A different scenario is proposed by Kraft et al. (2004): the sharp-edged
X-ray surface brightness profile could be entrained ICM material from the expanding eastern radio lobe.
XMM-Newton data also confirms the observed discontinuity (Fabbiano et al. 2002).

No warm (Lakhchaura et al. 2018) and cold gas was found inside of this giant elliptical galaxy.

59 NGC533*

NGC 533 is the CDG of the NGC 533 group of galaxies.

The new high resolution A configuration data observed within our project 15A-305 revealed a central bow-tie-shaped radio
emission with a total extent of ~ 5kpc (Figure 3.3e), which resembles the radio morphology of FRII radio sources (see Discussion
4.5.8).

NGC 533 is one of the two galaxies in our sample (besides NGC 708; Section 5.10) which shows signatures of beeing a young
radio galaxy (O’Dea 1998): a compact morphology of the radio emission within the host galaxy without extended features, cavities
in X-rays as a sign of small-scale interaction of the radio and X-ray plasma, a double morphology of the radio emission.

In comparison with the central X-ray emission, previously studied using Chandra X-ray images by Dunn et al. (2010) and Shin
et al. (2016), we suggest that the radio lobes visible in the red contours in Figure 3.3e could correspond to the presence of the
north-eastern and especially south-western X-ray cavity.

The optical analysis presented in Ferrari et al. (1999), Temi et al. (2007a), and Lakhchaura et al. (2018) showed co-spatial
Ha+[NII] emission coincident with a filamentary dust distribution.

510 NGC708

The giant elliptical galaxy, NGC708 is a CDG of the cooling flow cluster Abell 262. Parma et al. (1986) and Blanton et al. (2004)
defined this galaxy as a low-power FRI radio source.

VLA archival data in the A and C configuration (Figure 3.3f), also studied by Parma et al. (1986), Blanton et al. (2004), and
Clarke et al. (2009), reveal a diffuse two-sided radio lobe-like emission with a total extent of ~ 40 kpc from the central radio source
B20149+35.

The radio emission from NGC 708, like NGC 533 (see Section 5.9), resembles the emission of a young radio galaxy (O'Dea 1998)
due to its confinement within 10 kpc of the host galaxy without extended emission, interaction with the inner X-ray gas in form
of cavities (Blanton et al. 2004; Clarke et al. 2009; Panagoulia et al. 2014), double radio morphology, and presence of the optical
emission line [OIII] (Liuzzo et al. 2013).

The X-ray emission shows surface brightness dips, which could be signatures of cavities on both sides (especially on the
eastern side of the core) consistent with the expanding diffuse radio emission (Blanton et al. 2004; Clarke et al. 2009). The X-ray
analysis shows that the enthalpy of the radio lobes is not sufficient to balance radiative losses from the ICM, suggesting that NGC
708 may have shut down or be in a low-power phase of activity. This is also supported by the non-detection of radio emission on
smaller scales with VLBI (Liuzzo et al. 2010).

A search for multiphase gas in NGC 708 was performed by Sahu et al. (2016). A molecular CO gas disk, with a total extent
of ~3kpc, was discovered with ALMA by Braine & Dupraz (1994) and in more detail studied also by Russell et al. (2019) and
Olivares et al. (2019). The peak of the molecular gas emission coincides with the AGN core and is perpendicular to the projected
orientation of the radio jets. The cool gas is also surrounded by dust lanes in the nuclear region (Sahu et al. 2016; Kulkarni et al.
2014).
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The extended (~ 13 kpc) warm nebula traced by Ha+[NII] emission (Lakhchaura et al. 2018) is also consistent with the Chandra
X-ray surface brightness peaks, which suggests that at least part of the hot X-ray gas is cooling at even larger distances from the
core (Blanton et al. 2004).

511 NGC741

NGC 741 is the CDG in the group holding the same name.

The radio structure, first studied by Venkatesan et al. (1994) and Birkinshaw & Davies (1985), was probably formed by the
close passage of the second brightest galaxy in the group, the head-tail radio galaxy NGC 742 with the same redshift as NGC 741
(Schellenberger et al. 2017).

Our analysis, using a new high resolution A configuration total intensity image, confirms the radio emission in the form of a
bridge connecting NGC 471 and NGC 742 and a prominent bent radio tail (to the southwest) in the C configuration total intensity
image (Figure 3.3g).

X-ray analysis by Jetha et al. (2008) and Schellenberger et al. (2017) has shown several generations of X-ray cavities.

The warm gas was found in the nuclear regions of NGC 741 by Macchetto et al. (1996), but more recent narrow-band and long
slit spectroscopic SOAR observations are disfavoring their findings (Lakhchaura et al. 2018). Dust is missing in this giant elliptical
galaxy (Verdoes Kleijn & de Zeeuw 2005)

512 NGC777*

Compact radio emission is detected in our new VLA A configuration total intensity image with a resolution of ~ 1.5 arcsec for
NGC 777 (Figure 3.3h), the giant elliptical galaxy and the CDG of LGG 42 group.

Additionally, we also imaged the archival VLA C configuration data, where no radio emission was detected at the angular
resolution of ~ 3.2 arcsec, possibly due to the flux density being very close to the sensitivity limit of the VLA observations (see
Section4.4.1).

The X-ray emitting halo has an almost undisturbed morphology (~40kpc across) with a quite high luminosity of ~ 4 -
10*2 erg/s (when compared to the rest of the galaxies in the sample Lakhchaura et al. 2018). The X-ray surface brightness depres-
sions were detected in the hot atmosphere of NGC 777 by Panagoulia et al. (2014).

Lakhchaura et al. (2018) reports a non-detection of any trace of warm ionized nebulae.

513 NGC1132

NGC 1132 is a giant elliptical, which resides inside of the well-known fossil group NGC 1132.

Radio emission from the archival VLA C configuration data (Figure 3.1e) shows a point source morphology from the unre-
solved central source.

The outer contour level (5 x orums; see Table 3.2) coincides with the possible shock front in the X-rays noticed by Kim et al.
(2018) and could be connected to the merging history of NGC 1132 as suggested by Mulchaey & Zabludoff (1999) (and predicted
by the simulations of Barnes 1989; Governato et al. 1991). Moreover, Dong et al. (2010) found an X-ray cavity at a distance of 4 kpc
south of the host galaxy’s center, which is consistent with the potential set of cavities detected in the southern regions by Plsek et
al. (in prep).

No emission from warm gas emission was detected for this source (Lakhchaura et al. 2018).

514 NGC1316

The giant elliptical galaxy, NGC 1316, hosts a very well-known strong radio source Fornax A located at the outskirts of the Fornax
cluster.

Radio emission in the higher resolution BA configuration image extends from the northwest to southeast in the form of an
oblong letter 'S’ and represents the most recent of its AGN outbursts with the south-eastern extension also visible in the C config-
uration image (Figure 3.4a), (both previously published; Fomalont et al. 1989; Maccagni et al. 2020, 2021).

Several generations of X-ray cavities are visible in the XMM-Newton and Chandra images (Lanz et al. 2010).

The S-shaped jet morphology together with the disturbed morphology of the multi-phase gas (Morokuma-Matsui et al. 2019;
Lakhchaura et al. 2018) and dust (Duah Asabere et al. 2014) supports the fact that NGC 1316 is in the process of merging into the
Fornax cluster (Section 5.15).
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515 NGC1399*

The radio emission of NGC 1399, the CDG of the Fornax cluster, has a two-sided extended radio morphology in the form of
two well-collimated radio jets terminating in two mildly diffuse radio lobes (Figure 3.4b). Similar morphological features were
previously discussed in Shurkin et al. (2008) and Dunn et al. (2010).
Moreover, Paolillo et al. (2002), Shurkin et al. (2008), and Panagoulia et al. (2014) found signatures of the interaction between
the AGN and the hot gas, in the form of X-ray cavities, with bright rims coincident with the outer edges of both radio lobes.
Even though the presence of CO(2-1) line emission was confirmed by Prandoni et al. (2010), no dust features were found in
the core of NGC 1399. Moreover, Werner et al. (2014) showed that the central regions of this galaxy lack [CII] line emission.

516 NCG 1404*

The giant elliptical NGC 1404, also part of our new A configuration VLA observation, is another member of the Fornax cluster.
Machacek et al. (2005) suggested that NGC 1404 is falling towards the center of the Fornax cluster, where NGC 1399 (Section 5.15)
resides.

Our new VLA A configuration data (Figure 3.1f) at high sensitivity with the RMS noise of the total intensity image reaching
25 pJy revealed a faint (flux density of 210 pJy) central radio source and thus supporting the previous findings of Dunn et al. (2010),
where the detection was very close to the sensitivity limit. On the other hand, a more compact archival VLA CD configuration
observation did not detect a radio emission, maybe due to a lower flux density than the sensitivity limit (see Section 4.4.1).

There are no signatures of ongoing AGN-gas interactions in this system, as supported by a quite smooth circumnuclear mor-
phology of the hot X-ray halo (Machacek et al. 2005; Dunn et al. 2010). Cold (Werner et al. 2014) and warm gas (Lakhchaura et al.
2018) is missing in this galaxy.

517 NGC1407*

Another object within our sample with a newly observed VLA A configuration data is
NGC1407. This giant elliptical galaxy is located inside in the dynamically relaxed NGC 1407 (Eridanus A) group, part of the
Eridanus supergroup.

The radio emission from the new A configuration data does not show a very distinctive radio point source in the nucleus
(Figure 3.4c). More prominent is the diffuse morphology with asymmetric radio jet-like structures, extending especially to the east
as seen also in the archival VLA B and C configuration data (Giacintucci et al. 2012).

From multiband and multifrequency studies (Saikia & Jamrozy 2009; Giacintucci et al. 2012) reoccurring activity of the AGN
has been suggested, similar to that found for another fossil giant elliptical galaxy in our sample, NGC 5044 (Section 5.37).

Only an upper limit on the flux density of CO(1-0) emission is found for NGC 1407 (Babyk et al. 2019).

518 NCG 1550*

NGC 1550 is the CDG of the group of galaxies having the same name.

The radio emission observed within our new high resolution A configuration observation revealed asymmetric small-scale
jets with a physical extent of ~ 4 kpc. At the lowest contour level created at 5 x orms, we find a small hotspot-like feature at the
distance of 6 kpc. This feature seems not to be the extension of the jet and is located within the diffuse lobe-like emission visible
in the compact archival C configuration total intensity image (Figure 3.4d), previously published by Dunn et al. (2010).

The lower frequency GMRT study supports the presence of the diffuse lobe-like morphology (Kolokythas et al. 2018). They also
found that the inward-bended eastern jet seems to be aligned with the potential hotspot feature seen in the VLA A configuration
contours (Figure 3.4d).

Kolokythas et al. (2020), in their recent radio and X-ray study found a sign of sloshing of the ambient IGM around NGC 1550,
previously known as relaxed. They present arc-shaped cold fronts together with a potential X-ray cavity (supported by findings
of Panagoulia et al. 2014) coincident with the position of the radio lobe.

Neither molecular gas nor cold dusty features have not yet been observed and Lakhchaura et al. (2018) presents non-detection
of warm ionized nebulae for this giant elliptical galaxy.

519 NCG 1600

NGC 1600 is a relatively isolated CDG of the NGC 1600 group of galaxies (Smith et al. 2008).

The radio emission was previously published by Birkinshaw & Davies (1985) at 4.85 GHz with VLA in C configuration and
shows a potential double radio source without a clearly defined radio core. The higher resolution A configuration data at 1.4 GHz
(Figure 3.4e) shows in more detail the radio jets/lobes features and potential hotspots, which could resemble the morphology of
FR1I radio source (see Discussion 4.5.8).
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The X-ray emission from Chandra X-ray image shows a diffuse structure, which seems to show two surface brightness depres-
sions at the positions of the two radio lobe structures, previously studied by Sivakoff et al. (2004).

Moreover, they found excess emission in the X-rays, which more or less coincides with the Ha+[NII] emission (Singh et al.
1995; Lakhchaura et al. 2018) of the ionized gas (extending up to ~ 30 arcsec from the core) and dust (extending up to ~ 10 arcsec
from the core; Ferrari et al. 1999).

The signatures of properties similar to the “fossil group” were for NGC 1600 identified by Santos et al. (2007) and Smith et al.
(2008).

520 NGC2300*

The radio emission from our new VLA A configuration data for NGC 2300, the central dominant galaxy of the NGC 2300 group,
shows a point-like morphology (Figure 3.1g). The archival VLA D configuration data reveals radio point source emission, as well
(Figure3.1g) .

NGC2300 is known to undergo tidal interactions with a late-type active star-forming galaxy NGC 2276 (Wolter et al. 2015).
Plsek et al. in prep. detected potential ‘ghost” X-ray cavities in NGC 2300.

The optical study of the HST and SOAR data, done by Xilouris et al. (2004), showed that there is no detection of dust or warm
ionized nebulae (Lakhchaura et al. 2018) inside NGC 2300.

521 NGC3091*

NGC3091 is a part of our VLA high resolution project from 2015 and is the CDG of a poor Hickson Compact Group, HCG 42
(Hickson 1982) (Colbert et al. 2001).

The radio morphology, seen in the highest resolution ~ 2 arcsec VLA A configuration data (Figure 3.1h), is represented by a
faint point source-like radio emission in the center of the galaxy. The AB configuration data with ~ 14 arcsec resolution at the same
frequency (1.4 GHz) reveals no detection, maybe because of a lower flux density limit of our VLA observation (see Section 4.4.1).

Even though radio emission has a point-like morphology, Plsek et al. in prep. detected potential ‘ghost’ cavities in the X-ray
hot atmosphere.

In the analysis of the optical and NIR morphology, no HI, dust features (Colbert et al. 2001) or warm gas (Lakhchaura et al.
2018) have been detected in the central regions of NGC 3091.

522 NGC3923*

The biggest early-type galaxy, NGC 3923, located in the optical group (LGG 255) with only galaxy-scale X-ray halo has an oval-
shaped radio morphology in our new VLA A configuration data (Figure 3.2a), while the archival C and CD configuration data
show no radio emission. This source was observed in the 5 GHz survey done by Disney & Wall (1977).

Chandra data have shown potential X-ray surface brightness decrements in the form of ‘ghost’ cavities without corresponding
radio emission from radio jets and lobes in this giant elliptical galaxy (Plsek et al. in prep.).

NGC 3923 is a famous shelled? giant elliptical with dusty filamentary features and Ha emission in the central region (Bilek
et al. 2016; Miller et al. 2017). On the other hand, Lakhchaura et al. (2018) reported non-detection of warm gas in the core.

523 NGC4073*

The giant elliptical NGC 4073 is dominant member of the poor cluster MKW 4 and shows a point source-like radio morphology
in our new high resolution VLA A configuration observation (Figure 3.2b). A weak detection of the central radio source has been
reported by Hogan (2014) with VLA in the C-band (4-8 GHz).

The X-ray emission was studied by O’Sullivan et al. (2003) who found a 1.7 keV halo within the relaxed system. Moreover,
Plsek et al. (in prep.) found potential ‘ghost’ cavities in the X-ray atmosphere. A warm emission line nebula was not detected in
this source (Lakhchaura et al. 2018).

524 NCG4125

NGC 4125 is a luminous giant elliptical galaxy residing in the NGC 4125 group (alternatively called LGG 266).
The radio emission (Figure 3.2c), detected in the archival D configuration data, has a diffuse morphology with an extension
to the northeast, corresponding to a point-like radio source visible in the archival 1.4 GHz Westerbork Synthesis Radio Telescope

*NGC 3923 has between 22 and 42 shells, the largest number of shells observed in the elliptical galaxy.
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(WSRT) observations. More prominent structure has a form of inflated radio lobes, which are offset by 4 kpc (46 arcsec) in projec-
tion with respect to the radio, optical, and X-ray core of NGC 4125. This offset was also noticed in the NVSS data at 1.4 GHz by M.
Rupen et al. in their online notes® about VLA H1 data of early-type galaxies and by Krajnovi¢ & Jaffe (2002) in the VLA C config-
uration observations at 8.3 GHz. In both studies, only the central regions of the offset radio lobes were detected. The radio core
corresponding to the X-ray and optical center of NGC 4125 was missing and is only clearly visible in the WSRT images. Moreover,
due to the missing optical counterpart of the extended radio-lobe like emission, Krajnovié¢ & Jaffe (2002) defined NGC 4125 as a
background source (see Discussion 4.5.7 for a possible explanation of this unusual emission).

Gonzélez-Martin et al. (2006) studied NGC 4125 as a part of the X-ray study of LINER galaxies and identified a centrally
located hard X-ray point source-like emission, which is a sign of ongoing AGN activity. The extended cold emission from the
large amount of dust (Kulkarni et al. 2014), [CII] and [NII] has been observed, but no CO*, HI (Welch et al. 2010; Wilson et al. 2013)
or Ha+[NII] emission (Lakhchaura et al. 2018). This could be explained by a merger-triggered star-formation outburst providing
heated gas and dust to the surrounding medium of the galaxy.

525 NGC4261

NGC 4261 is the optical counterpart to the radio source 3C 270, which is a very well known FRI radio source inside the Virgo
cluster (W cloud; Garcia 1993) with well-defined radio jets and large radio lobes piercing through the atmosphere of the host
galaxy and extending beyond from the core (Figure 3.4f).

A detailed study, combining data from the GMRT and VLA as well as comparing the radio emission with the X-ray emission
of the hot gas, was published by Kolokythas et al. (2015) and O’Sullivan et al. (2011a).

From the X-ray point of view, NGC 4261 has an extended X-ray halo (Davis et al. 1995) with features showing the interaction
with radio source in the form of X-ray cavities (Croston et al. 2008; O’Sullivan et al. 2011a). On small scales, X-ray jets are present
corresponding to the innermost collimated radio jets (Gliozzi et al. 2003; Zezas et al. 2005; Worrall et al. 2010).

On the parsec scale, Jaffe & McNamara (1994) and Ferrarese et al. (1996) found a warped dusty disk with the rotational axis
perpendicular to the direction of the radio jets streaming out of the nuclear region and extending up to ~ 100 pc from the core.
The presence of atomic and molecular gas from HI and CO (2-1) was detected too. Moreover, a sub-kpc CO disk was recently
detected by Boizelle et al. (2021).

Very similar morphology and multiband features are observed for the giant elliptical galaxy IC 4296 (Section 5.3), which has,
however, ~ 6xlarger radio lobes, what leads to ~ 30xlarger total energy output supplies for the inflation of those radio lobes
(Frisbie et al. 2020; Grossova et al. 2019).

526 NCG4374

Messier 84 or NGC 4374 is a giant elliptical galaxy in the Virgo A group, which is a part of the Virgo cluster together with NGC 4406
(Section 5.27), NGC 4486 (Section 5.29), and NGC 4552 (Section 5.30).

The radio emission in the archival B configuration data (Figure3.4g) shows well-defined and in the central regions well-
collimated jets terminating in diffuse plum-like lobes (first published by Laing & Bridle 1987) with the northern lobe brighter
than the southern and bent to the east. VLA D configuration data reveal pear-like diffuse emission extending beyond the B
configuration data. Moreover, the VLBA data analysed by Ly et al. (2004) revealed a jet-like extension in the direction consistent
with the northern radio jet from the VLA.

The extended radio lobe emission is filling the region of the drops in the surface X-ray brightness, the X-ray cavities (Finoguenov
et al. 2001), and extending far beyond the host galaxy (Devereux et al. 2010).

The nuclear region in NGC 4374 revealed a small ionized gas disk (Bower et al. 1997), faint circumnuclear CO(2-1) absorption
and emission together with an asymmetric dust lane (Verdoes Kleijn et al. 1999; Boizelle et al. 2017). All features perpendicular to
the innermost radio jets.

5.27 NGC4406*

NGC 4406, know as M 86, is located in the Virgo cluster and flying in the direction towards us. Our new VLA A configuration data
at 1.5GHz (Figure 3.2d) reveal a faint, point-like radio emission in the center of this giant elliptical. Similarly, Dunn et al. (2010)
found point-like radio emission in the nuclear region at higher frequencies at around 4.9 GHz in the C configuration data. On the
other hand, complementary archival data in VLA D configuration at 1.4 GHz have not detected any radio emission from the core,
possibly due to the high noise level of the observation (for more details see Table 3.2).

NGC 4406 is the second X-ray brightest giant elliptical in Virgo cluster (after M 87) and its negative radial velocity suggests a
supersonic movement through the ICM. This could create the observed X-ray features (plume and tail) by ram pressure stripping
(Forman et al. 1979; Randall et al. 2008; Ehlert et al. 2013; Kim et al. 2019).

*https:/ /www.cv.nrao.edu/~ jhibbard /HlinEs/HIinE.html
*Wiklind et al. (1995) claimed detection of CO(1-0) line, which was not confirmed by Welch et al. (2010).
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Signs of possible galaxy-galaxy interactions are observed in the distribution of the atomic gas and dust (Smith et al. 2012) as
well as the Ha features connected to the neighboring spiral galaxy NGC 4438 (Kenney et al. 2008; Lakhchaura et al. 2018).

5.28 NGC4472*

NGC 4472, or M 49, is an early-type elliptical and CDG of the M 49 group falling from the south into the Virgo cluster and it is
possibly in the second turn around the cluster center (Su et al. 2019).

NGC 4472 was observed in our 2015 project in VLA A configuration (Figure 3.4h). Additionally, we also reduced archival
VLA C configuration data (Condon & Broderick 1988). The high angular resolution of the A configuration total intensity image
(Figure 3.4h contours) showed the radio emission from the innermost central region in the form of an elongated amorphous feature
with the extended tail to the west and a small sign of radio emission to the north-east.

On the other hand, using the more compact C configuration array, the extended radio emission with a total extent of ~10kpc
is seen (Ekers & Kotanyi 1978). The central regions in the C configuration image are consistent with the radio features in the A
configuration. The additional extended lobe-like structures are observed to the east and west from the nucleus.

The eastern lobe is consistent with a decrement in the X-ray surface brightness, one of the X-ray cavities observed in this source
(for more details see, e.g. Biller et al. 2004; Kraft et al. 2011; Panagoulia et al. 2014; Su et al. 2019). A warm gas is missing in the
central or extended regions of this giant elliptical galaxy (Lakhchaura et al. 2018).

529 NGC4486

NGC 4486 or Messier 87, is the central dominant galaxy of the Virgo cluster. Here, we summarize the results obtained from the
archival A, B, and C configuration data (Figure 3.5a).

The bright radio core, 3C 274, was detected along with its innermost radio jet, which is coincident with the X-ray emission
of the jet (Marshall et al. 2002). On the opposite side of the core, an elongated lobe-like emission is visible and coincides with
an X-ray cavity (Young et al. 2002; Forman et al. 2005, 2007). The archival C configuration VLA map, which is more sensitive to
extended structures, presents a western tail extending up to ~ 10kpc from the nucleus. However, we note that at 300 MHz the
entire structure of NGC 4486 is far more extended (up to 80kpc, e.g.: Owen et al. 2000).

The presence of multi-phase gas in the form of cold molecular CO clouds (e.g.: Simionescu et al. 2018), cool [CII] (Werner et al.
2014), nuclear ionized gas (Arp 1967; Macchetto et al. 1996), as well as extended warm ionized Ha+[NII] nebulae (Lakhchaura
et al. 2018) has been reported.

530 NGC4552

The radio emission from the giant elliptical NGC 4552 or M 89, which resides inside of the subgroup A of the Virgo cluster, is
present in Figure 3.5b.

The red contours are showing the innermost radio point-like emission from the archival high resolution VLA A configuration.
More recent (Project ID: 16A-275) previously unpublished C configuration data revealed a more diffuse butterfly-like emission
extending on both sides to about 0.8 kpc.

The relativistic plasma from the jet-like emission is clearly interacting with the hot X-ray emitting gas and forming on both
sides X-ray cavities. Machacek et al. (2006) and Allen et al. (2006) analysed the Chandra X-ray data and found two bright rings
surrounding the two cavities to the north and south, which are perpendicular to the radio structures seen in the VLA images.
Moreover, Machacek et al. (2006) also found signatures of ram pressure stripping of hot gas as the galaxy moves through the ICM
of the Virgo cluster (see also: Kraft et al. 2017).

Ferrari et al. (1999) has shown that the emission from the ionized gas extends up to 10 arc-
seconds, whereas the dust absorption is very weak. The warm ionized gas, traced by Ha+[NII] has not been confirmed in a more
recent study described in Lakhchaura et al. (2018).

5.31 NGC4636

NGC 4636 is a central early-type galaxy within a poor group in the far outskirts of the Virgo Cluster. VLA A configuration images,
as presented in Figure 3.5c, have been previously published and discussed by Dunn et al. (2010). The additional archival C
configuration VLA data from 2017 revealed a more diffuse, but still quite compact and weak radio-jet-like emission with a total
extent of ~3.5kpc. Although the majority of detected radio emission in VLA is consistent with the radio emission at lower
frequencies (235 and 610 MHz) with GMRT observed by Giacintucci et al. (2011), they also found a more extended north-eastern
radio lobe, which is coincident with the observed X-ray (NE) cavity(Stanger & Warwick 1986; Jones et al. 2002; Allen et al. 2006;
Baldi et al. 2009; Panagoulia et al. 2014). The SW radio lobes is filled only partially with relativistic plasma.

There have been reports of very weak CO(2-1) emission (indicating a cloud of cold molecular gas; Temi et al. 2018), [CII]
emission and warm ionized Ha+[NII] nebulae (Werner et al. 2014), as well as dusty features (Temi et al. 2003).
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532 NGC4649

The giant elliptical galaxy NGC 4649, or M 60, is the third most luminous galaxy in the Virgo Cluster. Archival VLA data obtained
in the A configuration reveal point-like emission from a weak central radio source in NGC 4649.

Using D-configuration data, Shurkin et al. (2008) and Dunn et al. (2010) found radio lobes filling the innermost X-ray cavities.

Sharp edges seen in the X-ray images are spatially coincident with the radio emission detected in the D configuration (Fig-
ure 3.5d). The X-ray properties of the hot gas are discussed in more depth by Shurkin et al. (2008); Dunn et al. (2010); Paggi (2014);
Wood et al. (2017) and Kim et al. (2020).

Molecular gas, traced by CO (1-0) emission, was detected by Sage & Wrobel (1989). However, Young et al. (2002) failed to
confirm their findings with the observations from IRAM and provide only upper limits on CO flux. The galaxy does not show the
presence of warmer gas traced by Ha+[NII] emission.

5.33 NGC4696

Figure 3.5e reveals a radio emission in NGC 4696, the CDG of Abell 3526 (Centaurus Cluster) from archival VLA observations
obtained in the A and BC configurations.

A thorough study of the radio properties was performed by Taylor et al. (2002) and our total intensity image of VLA A
configuration data is consistent with their results, where the radio emission shows a bright nuclear source, radio jets and lobes
with the western lobe bending towards east.

The interaction with the hot X-ray atmosphere is clearly present, as the radio plasma pushed out the hot gas and created
cavities (Taylor et al. 2006; Panagoulia et al. 2014; Sanders et al. 2016). Interestingly, Gonzédlez-Martin et al. (2006) found only a
diffuse morphology without a clear point-like emission in the hard X-ray bands as a sign of a central star-bursting activity. They
also noted that the X-rays could be just obscured by the dust and gas. The ongoing AGN activity is supported by our VLA A
configuration data together with the VLBA observation of a small-scale one-sided jet detected by Taylor et al. (2006).

The cold extended molecular gas and warm ionized gas and dust were discussed in the recent publication by Olivares et al.
(2019) and references therein. Moreover, Mittal et al. (2011) observed a cooling [CII] line in the central region.

534 NGC4778

NGC 4778 or NGC 4761 is the only one lenticular (S0) galaxy in our sample and the CDG of a bright compact group, HCG 62
(Hickson 1982). It is in the process of merging with its companion NGC 4776 [or NGC 4759][](Spavone et al. 2006). A small point
source-like central radio emission is observed in both archival VLA A (Vrtilek et al. 2002) and D configuration total intensity
images (Figure 3.2e).

Moreover, looking at the lower radio frequencies with GMRT, Gitti et al. (2010) found the expected radio lobes, coincident
with the observed X-ray cavities (Morita et al. 2006; Panagoulia et al. 2014) and Giacintucci et al. (2011) detected a possible second
outer set of radio lobes.

The Ha emission in NGC 4778 was detected and studied by Valluri & Anupama (1996).

5.35 NGC4782

The radio source known as 3C 278 is hosted by the giant elliptical galaxy NGC 4782 in the center of the group LGG 316.

Radio emission, shown in the archival high resolution A configuration image (Figure 3.5f) is rather peculiar as already noted
by Borne & Colina (1996) and Machacek et al. (2006). The radio jets emanating from the core are, at first invisible due to the high
relativistic velocities. After ~ 2kpc the eastern side of the jet is tilted to the north, whereas the western side continues in a straight
line up to 15 kpc, where it bents to the north as well. When using a more compact B configuration, a more diffuse radio emission
is observed, which not only traces the peculiar bent of the jets, but also fills the space between and around the jet structure.

The X-ray images reveal an interaction with the neighbor NGC 4783, which could be responsible for the observed bent of the
jet. Moreover, X-ray cavities have been observed at the position of both radio lobes (Borne & Colina 1996; Machacek et al. 2006).

A nuclear (within 2 kpc from the core) warm ionized nebula was detected with SOAR (Lakhchaura et al. 2018), otherwise no
cool gas or dust was found in this giant elliptical galaxy.

536 NGC4936*

The radio emission from the giant elliptical galaxy NGC 4936 in our new VLA A configuration total intensity image (Figure 3.2f),
shows a point-like radio emission from the nucleus.

Macchetto et al. (1996) studied the warm ionized gas and found Ha+[NII] emission concentrated in a small disk similar to
NGC 4872 (Section 5.35). The neutral gas, in the form of a double peaked HI line profile, was observed for this giant elliptical by
Reid et al. (1994) (and references therein), together with strong emission from NII, SII and OI in the core of NGC 4936.
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5.37 NGC5044

NGC 5044 is the central dominant galaxy of the X-ray bright group NGC 5044, which is well known for its large cold gas reservoir.

Archival radio observations in the A, BnA and D configurations of the VLA presented in Figure 3.5g reveal emission from the
central radio source with small-scale jets pointing to north-east and south-west (partly visible in the images analysed by Dunn
et al. 2010). The previously unobserved indications for diffuse jet-like emission extending to about 6 kpc from the core in the
east-west direction are seen in VLA B configuration contours. More diffuse oval-shaped radio emission extending up to ~ 20 kpc
is seen in the D configuration.

NGC 5044 has undergone (at least) three AGN outbursts. Gastaldello et al. (2009), David et al. (2011), Giacintucci et al. (2011),
David et al. (2017), and Schellenberger et al. (2020b) presented GMRT and Chandra data, which revealed that the radio emission
is consistent with the presence of the innermost southern X-ray cavity. They also found a second pair of more extended (up to
~10kpc) ghost X-ray cavities, which suggest another episode of an AGN outburst in NGC5044. The last, the third, and most
recent activity, is traced in the most recent study (Schellenberger et al. 2020a), where they also show the presence of small-scale
radio jets seen in VLBI data.

Sloshing features are also observed at further distances from the center caused by the accretion of a less massive group
(Gastaldello et al. 2009).

The filamentary morphology of the Ha+[NII] ionized nebulae extends up to 6 kpc (Ferrari et al. 1999), whereas the corre-
sponding dust emission extends to only 1.3 kpc (Temi et al. 2007a,b), similar to NGC 4472 (Section 5.28).

Studies done by David et al. (2014a); Temi et al. (2018), and Schellenberger et al. (2020b) showed that CO emitting molecular
gas clouds within ~ 10 kpc from the core coincide well with the presence of the strong emission from the warm ionized gas (Ha
filaments), the hot X-ray emitting gas, the innermost X-ray cavities (Schellenberger et al. 2020a) and the cold dust features in the
central regions of NGC 5044 as well as [CII] line emission (Werner et al. 2014). Moreover, two CO absorption features were also
detected within 5 pc from the core (Schellenberger et al. 2020a).

538 NGC5129*

NGC 5129 is a radio-quiet giant elliptical and the dominant galaxy of a small group.

Our new A configuration data (Figure 3.5h) revealed a bright radio core with small-scale radio jets extending to about 2 kpc to
the north-west and south-east from the core. We categorized this source as a compact radio source with radio jets. We find that the
radio emission is offset by ~ 1.2 arcsec from the X-ray and optical core of the galaxy. The point-like radio emission in NGC 5129
was previously observed by the NVSS survey (Condon et al. 1998).

The hot X-ray gas in the Chandra images has a disturbed morphology, which is not aligned with the direction of the radio jets.
The X-ray gas properties were previously studied by Bharadwaj et al. (2014).

Warm ionized gas extending up to 2 kpc from the core was detected (Lakhchaura et al. 2018).

539 NGC5419*

NGC 5419 is the CDG of the poor cluster A753, which hosts the radio source PKS B1400-33.

Our new A configuration VLA observations revealed extended radio emission in the core of the galaxy. Archival VLA CD
configuration data (Figure 3.6a) (Goss et al. 1987) show a more extended emission, which forms an L-shaped radio tail to the
south extending to about 35 kpc and a second prominent diffuse 120 kpc-in-diameter steep spectrum radio relic. This is a unusual
feature for a poor cluster (previously observed by Subrahmanyan et al. 2003).

From the multifrequency data analysis, Subrahmanyan et al. (2003) suggests that this diffuse extended emission could be the
remnant plasma of a radio lobe (although no parent optical source has been identified) injected into the poor cluster.

X-ray images showed that the hot gas coincides with the central radio emission of NGC 5419 (Balmaverde & Capetti 2006).

540 NGC5813

NGC 5813 resides in the NGC 5846 group, where NGC 5846 (Section 5.41) is the brightest central galaxy.

Archival data in VLA A, B, and C configuration at ~ 1.4 GHz (Randall et al. 2011) revealed signatures of AGN activity in
radio images, when compared with the Chandra X-ray images (Figure 3.6b) (Randall et al. 2015). The position of the central radio
core is consistent with the X-ray brightness peak and the radio lobe-like emission corresponds well with the innermost X-ray
cavities, especially the northern part of the inner region (Randall et al. 2011; Panagoulia et al. 2014). Additionally, the compact C
configuration data reveal more diffuse emission with small ripples to the north-east and south-west, but without a clear interaction
with a second pair of more extended X-ray cavities Randall et al. (2015). The radio emission filling the second generation of cavities
is found at lower frequencies with LOFAR (Birzan et al. 2020) and GMRT (Giacintucci et al. 2011).

The ionized gas shows a filamentary morphology and is coincident with dust emission (Ferrari et al. 1999). The ionised gas
appears to be located in the wake of the rising AGN inflated bubbles (Randall et al. 2011). The cooling lines of [CII], [NII], and OI
and warm nebulae were observed too (Werner et al. 2014; Lakhchaura et al. 2018).
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541 NGC5846

NGC 5846 is a giant elliptical galaxy and a CDG of the massive group holding the same name.

The innermost central region hosts a radio core surrounded by a more diffuse radio emission (Figure 3.6¢), which also appears
to fill the innermost X-ray cavities (Trinchieri & Goudfrooij 2002; Dunn et al. 2010; Machacek et al. 2011; Panagoulia et al. 2014).
The extended and diffuse emission, with a total extent of ~ 12kpc, is traced by the contours of the archival CnD configuration
image. The results of the presented VLA data were previously published in Machacek et al. (2011).

The X-ray image analysis revealed multiple signatures of sloshing in NGC 5846 (Machacek et al. 2011), although, without a
distinctive X-ray core in the central regions (Trinchieri & Goudfrooij 2002; Satyapal et al. 2005; Gonzalez-Martin et al. 2006).

The ionized and molecular plasma coincides with the disturbed nuclear X-ray emission, [CII] line emission and cold, dusty
features in the central regions of NGC 5846. (Macchetto et al. 1996; Caon et al. 2000; Trinchieri & Goudfrooij 2002; Werner et al.
2014; Temi et al. 2007b, 2009; Mathews et al. 2013; Lakhchaura et al. 2018).

542 NGC7619*

The giant elliptical galaxy, NGC 7619, is the CDG of the PegasusI group.

Our new VLA data in the A configuration have revealed a central radio source with a small extension to the east of the core
(Figure 3.2g), consistent with previously observed point-like morphology in the archival VLA C configuration data. This findings
are consistent with the emission in NVSS (Condon et al. 1998) and with GMRT observations at lower frequencies (at 610 MHz) by
Giacintucci et al. (2011).

The X-ray image analysis revealed a ram-pressure-stripped tail (to the south-west of the nuclear region) as a result of NGC 7619
falling towards the center of the Pegasus cluster and interacting with the companion NGC 7626 with radio jets/lobes morphology
(Randall et al. 2009) located 415 arcseconds (102 kpc) from NGC 7619. The study of ionized gas performed by Macchetto et al. (1996)
showed a circumnuclear emission with an additional extended tail from the north-east to south-west. Although, the subsequent
long slit spectroscopy and narrow band imaging observations with SOAR did not confirm the previous findings of Ha+[NII]
emission (Lakhchaura et al. 2018). CO line emission was detected by Temi et al. (2007a) for this giant elliptical galaxy.
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Abstract

We present new Karl G. Jansky Very Large Array (VLA, 1.5GHz) radio data for the giant elliptical galaxy IC 4296, supported
by archival radio, X-ray (Chandra, XMM-Newton) and optical (SOAR, HST) observations. The galaxy hosts powerful radio jets
piercing through the inner hot X-ray emitting atmosphere, depositing most of the energy into the ambient intra-cluster medium
(ICM). Whereas the radio surface brightness of the A configuration image is consistent with a Fanaroff-Riley Class I (FRI) system,
the D configuration image shows two bright, relative to the central region, large (~ 160 kpc diameter), well-defined lobes, previ-
ously reported by Killeen et al., at a projected distance r 2 230 kpc. The XMM-Newton image reveals an X-ray cavity associated
with one of the radio lobes. The total enthalpy of the radio lobes is ~ 7 x 10°° erg and the mechanical power output of the jets
is ~ 10" ergs™'. The jets are mildly curved and possibly re-brightened by the relative motion of the galaxy and the ICM. The
lobes display sharp edges, suggesting the presence of bow shocks, which would indicate that they are expanding supersonically.
The central entropy and cooling time of the X-ray gas are unusually low and the nucleus hosts a warm Ha+[NII] nebula and a
cold molecular CO disk. Because most of the energy of the jets is deposited far from the nucleus, the atmosphere of the galaxy
continues to cool, apparently feeding the central supermassive black hole and powering the jet activity.
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6.1 Introduction

The oldest, largest known galactic structures in the Universe are giant elliptical galaxies. These systems are evolving contrary to
the standard hierarchical galaxy formation scenario (Thomas et al. 2002). Observations and theoretical models indicate that they
formed around 0.2-1 billion years after the Big Bang, went through a fast star-forming phase, and afterward grew only by dry
mergers (Thomas et al. 2010; Onodera et al. 2015).

Initially, the evolution of giant ellipticals is dominated by dark matter, which clumps into haloes via gravity. When the mass
of a halo reaches ~ 10'2 M, (Correa et al. 2018), the inflowing gas passes through accretion shocks, and its temperature increases
to several million Kelvin, forming an X-ray emitting atmosphere (further replenished by stellar mass loss; Pellegrini et al. 2018)
and quenching star-formation (Cattaneo et al. 2009). These galaxies will continue to grow passively by interactions and dry
mergers with other galaxies (Cattaneo et al. 2009). On the other hand, the sub-Eddington accretion rate of the gas onto the central
supermassive black hole enables the so-called radio-mechanical (or radio mode) active galactic nucleus (AGN) feedback, thereby
producing jets and lobes of relativistic plasma, visible in the radio band, which are able to propagate well outside their galaxy
hosts.

Radio wavelength studies of giant elliptical galaxies are important for answering outstanding questions about the heating
and cooling of their X-ray emitting atmospheres and about the physics of their AGNs (Brighenti & Mathews 2006). In clusters of
galaxies, there is strong observational evidence for radio-mode AGN feedback balancing the cooling of the intra-cluster medium
(ICM; e.g Churazov et al. 2000; Fabian et al. 2003; Birzan et al. 2004; Rafferty et al. 2006; Briiggen & Kaiser 2002) and preventing
cooling flows and dramatic star formation (see Fabian 1994). It is believed that radio-mechanical feedback plays a critically
important role also at smaller scales, in preventing atmospheric cooling in massive galaxies (Werner et al. 2019).

In the case of giant ellipticals, the so-called cooling flow problem is more severe. Shorter cooling time and larger amount of
gas returned by the stellar populations over the lifetime of the galaxy (Cattaneo et al. 2009) place stronger demands on the AGN
feedback as a source of heat balancing the radiative cooling. In some cases, the high-velocity radio jets are able to drill through the
hot galactic atmospheres without significantly affecting the host galaxy, which may lead to unbalanced cooling in the innermost
part of the galaxy (Sun et al. 2005b). Comprehensive studies of such systems are essential for our understanding of the role of
AGN feedback in galaxies, galaxy groups, and galaxy clusters.

The powerful AGN jets penetrating the innermost hot galactic atmosphere and depositing most of their energy out at radii
r 2 230kpc make the giant elliptical galaxy IC4296, in the central region of the galaxy cluster Abell 3565, a source of high
interest. Its radio counterpart, PKS 1333-33, has attracted the attention of astronomers for over 30 years. Historically, the first
comprehensive studies were published by Killeen et al. (1986b,a) and Killeen & Bicknell (1988) using data from Very Large Arrray
(VLA) at 1.3, 2, 6, and 20 cm. In particular, Killeen et al. (1986a) analysed X-ray data of the system from the imaging proportional
counter (IPC) onboard the Einstein observatory. In addition to prominent jets extending over 35 arcmin, the authors reported a
barely resolved diffuse X-ray source coinciding with the position of the galaxy.

In this paper, we present new radio data of IC 4296 obtained with the VLA in the A and D configurations at 1.5GHz and
compare them with archival observations available at lower frequencies in the TIFR GMRT Sky Survey (TGSS; Intema et al. 2017)
and in the GaLactic and Extragalactic All-sky Murchison Widefield Array (GLEAM; Hurley-Walker et al. 2016).

While our paper presents new, deep radio observations, our goal is to study this system in a more comprehensive way. There-
fore, we also analyse archival X-ray data from the Chandra and XMM-Newton observatories, as well as narrow-band Ha-+[NII]
images from the 4.1 meter Southern Astrophysical Research (SOAR) telescope and optical data from the Hubble Space Telescope
(HST). This allows us to study the interaction between the jet/lobes and the surrounding hot and cold thermal gas phases.

Our paper is organized as follows: Section 6.2 includes the observational details and data reduction methods. Our results
are presented and described in Section 6.3. A thorough discussion in Section 6.4 addresses the most important outcomes of our
multiwavelength analysis connecting all these multiwavelength observations, with a particular emphasis on the relation between
the radio and X-ray band. Finally, our conclusions and remarks are summarized in Section7.1.

Throughout this paper, we used the following cosmological parameters: Ho = 69.6 kms ™"

Mpc~! (Bennett et al. 2014), Qy = 0.286 and Q, = 0.714. At the redshift of 0.0125 the distance of IC 4296 is 49 Mpc (Mei et al.
2000), estimated using the surface brightness fluctuation method, with the corresponding scale of 0.256 kpc/arcsec. The spectral
index o of the synchrotron radiation as a function of the flux density S, at the frequency v is defined as S, o v*. The elemental
abundances are expressed with respect to the proto-solar values from Lodders et al. (2009).

6.2 Observations and Data Analysis

6.2.1 Radio Observations and Analysis

IC 4296 was observed on 2015 July 11 by the Karl G. Jansky VLA in A configuration (project code: 15A-305; PI: Werner) and on 2018
October 26 (project code: 18A-317, PI: Grossova) in D configuration. The L-band receiver covering the frequency range spanning
from 1 to 2GHz is divided into sixteen spectral windows with 64 1000 kHz wide channels. The one-hour long observations
consist of ~ 40 minutes integration time on the target and ~ 10 minutes on both the standard VLA flux density calibrator 3C 286
and a nearby compact source J1316-3338 used as amplitude and phase calibrator. VLA data were reduced and imaged using the
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National Radio Astronomy Observatory (NRAO) pipeline Common Astronomy Software Applications (CASA, McMullin et al.
2007), v4.7.2 and v5.0.0 for A and D configuration data, respectively.

A careful approach was followed to flag Radio Frequency Interferences (RFI). First, we used the auto-flagging algorithm tfcrop
in CASA to identify the outliers in the time-frequency plane. Then, we used the Offringa’s RFI software AOFLAGGER (Offringa et al.
2012). The combination of the two strategies, for the A configuration, flagged in total 46 % of the data, with spectral windows 2, 3,
8 and 9 almost entirely flagged. In the case of the D configuration, more than half of the data had to be flagged.

Afterwards, we used a model for the flux calibrator 3C286 provided by the CASA package to set up the flux density scale
determined by Perley & Butler (2013). The initial gain calibration was performed for central channels on both calibrators to
average over small variations of phase with time in the bandpass. Next, we performed the bandpass calibration. The relative
delays of each antenna in comparison with the reference antenna were derived and complex bandpass solutions were calculated
to include variations in gain with frequency. The next step determined the complex gains for both calibrators. Finally, the derived
calibration solutions were applied to the target.

The deconvolution and imaging were performed by the CASA clean algorithm in the multifrequency synthesis mode. We
produced images over a wide range of resolutions and with different uv-tapers and weighting schemes to emphasize the radio
emission on various spatial scales. A second-order Taylor polynomial (nterms = 2, McMullin et al. 2007) was used, to take into
account the spectral behaviour of bright sources. To refine the calibration for the target, we performed two cycles of phase and
one cycle of amplitude and phase self-calibration.

We also constructed a spectral index map using the VLA D configuration image at 1.5 GHz and a GLEAM radio image at
158 MHz. To create a reliable spectral index map, it is essential to compare the images using the same resolution and the same
pixel size. First, we deconvolved the two-dimensional VLA calibrated data using the uvtaper option within the CASA clean
algorithm to create a total flux intensity image close to the resolution of the GLEAM image. Then, we smoothed the image with
the exact GLEAM restoring beam size' using the CASA task imsmooth. Secondly, the GLEAM image was regridded to get the
same pixel size as the VLA D configuration image. We used the CASA immath task, to calculate flux densities, spectral indices,
and their uncertainties following Rajpurohit et al. (2018). We assumed flux density uncertainties (ferr) of 4 % for the VLA data
(Perley & Butler 2013) and 8 % for the GLEAM data (Hurley-Walker et al. 2017).

6.2.2 Archival X-ray Observations

Archival Chandra observations and analysis

IC 4296 was observed by the Chandra Advanced CCD Imaging Spectrometer in the S-array (ACIS-S) on 2001 September 10 (Obs.
ID: 2021) and 2001 December 15 (Obs. ID: 3394) with a total clean exposure time of 48 ks. The on-axis point-spread function (PSF)
is better than 1 arcsec for Chandra. The data reduction and analysis are described in detail in Lakhchaura et al. (2018).

Archival XMM-Newton observations and analysis

In addition to Chandra, we also used an archival XMM-Newton observation (Obs. ID:

0672870101) of IC 4296, which was performed on 2011 July 11. We took advantage of both the EPIC (MOS1, MOS2, and pn) and
RGS (RGS1 and RGS?2) instruments to fully investigate this system. The on-axis PSF of the X-ray telescopes on XMM-Newton is
of the order of 10 arcsec.

The entire EPIC data reduction procedure and EPIC (European Photon Imaging Camera) imaging extraction were done using
the XMM Science Analysis System (SAS) software v17.0.0 following Mernier et al. (2015) to which we refer for further details. After
filtering the EPIC data from flaring events, the cleaned exposures are 46, 47, and 44 ks for MOS 1, MOS 2, and pn, respectively.

The EPIC spectral analysis reported in Section 6.3.2 follows the general prescription detailed in Mernier et al. (2015). We used
the spectral fitting package SPEX v3.04 (Kaastra et al. 1996; Kaastra et al. 2017) to analyse the obtained EPIC spectra. Since the
signal-to-noise ratio in the extracted EPIC regions is much weaker than in the central regions analysed with Chandra ACIS-S
(Section 6.3.2), a careful modelling of the background is necessary here. This modelling, taking into account the galactic thermal
emission, the local hot bubble, the unresolved point sources (or cosmic X-ray background), the quiescent particle background, and
the residual soft-proton background is also fully described in Mernier et al. (2015), and references therein. Finally, we modelled
the X-ray emission of IC 4296 with a redshifted and absorbed collisional ionisation equilibrium plasma model (cie), in which the
abundances are fixed to 0.3 proto-solar (Urban et al. 2017). The MOS 1, MOS 2, and pn spectra were fitted simultaneously and the
spectra were deprojected using the dsdeproj tool (Russell et al. 2008). The free parameters are thus the temperature (k¥7") and the
SPEX normalisation.

The RGS data reduction was performed using the SAS task rgsproc, which also takes care of filtering the data from flared
events and of estimating the background from the RGS CCD9 (where no source counts are expected). The first order RGS1
and RGS2 raw spectra, extracted within 0.8 arcmin (i.e. 90 % of the PSF) in the cross-dispersion direction, are then background-
subtracted and combined using the SAS task rgscombine. Compared to EPIC, the RGS spectra are in principle much better suited
for investigating the heating-cooling balance in the central X-ray atmosphere of IC 4296 (Section 6.3.2). Therefore, in addition to the

'The GLEAM restoring beam is 155.57" x 143.65".
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cie emission, we model our combined RGS spectrum with a classical ‘cooling-flow” (cf) component. The multiplicative component
lpro (calculated from the MOS 1 detector image in the 0.3-2keV band) is also applied to account for the instrumental broadening
of the lines due to the spatial extent of the source. The lower and higher temperature limits of the cf model are respectively fixed to
0.1keV and tied to the temperature of the cie model. The free parameters are the normalization of the cie component, the cooling
rate of the cf component, and the O, Ne, and Fe abundances. The other abundances are tied to that of Fe, with the exception of
Mg which is tied to the O abundance.

6.2.3 Archival Optical Observations and Analysis

Narrow-band Ha+[NII] imaging of IC 4296 was obtained by Sun et al. (in prep.) with the 4.1 m SOAR telescope using the SOAR
Optical Imager (SOI). The full description of these observations is given in the survey paper (Sun et al. in prep.), but we briefly
summarize them here. IC 4296 was observed on 2015 July 21 for 1800 in both on (6649/76) and off (6737/76) band filters®. Basic
reduction was performed using SOI-specific IRAF scripts based on the mscred package.

In addition to the SOAR image, we used archival HST Imaging with the Advanced Camera for Surveys (ACS) High Resolution
Channel (HRC) obtained as part of the program GO-9838 (PI: L. Ferrarese) observed on 2004 August 7. ACS/HRC images are
in the F435W filter and the FR656N filter, which was tuned to a central wavelength of 6644.3 A; this tuning samples Ho at the
redshift of IC4296. These observations were previously discussed by Dalla Bonta et al. (2009) and presented also in Lauer et al.
(2005) and Balmaverde & Capetti (2006). We did not continuum-subtract the ACS/HRC images, but a strong nuclear source is
seen in the FR656N image that is not seen in the corresponding F435W image. As was discussed by Dalla Bonta et al. (2009), there
is strong Ha+[NII] emission that extends beyond the central dust disk visible in the right panel of Figure 6.7 (for more details see
also Section 6.3.3).

6.3 Results
6.3.1 Radio Morphology

The 1.5GHz VLA A configuration radio image is shown in Figure 6.1 (left) with a resolution of 3.94"” x 3.26” and a root-mean-
square (rms) noise of 0.06 mJybeam™'. The total intensity image clearly reveals a bright nucleus and extended emission in two
jets, with several knots on both sides, terminating in diffuse radio plumes. The two well-collimated and almost symmetric jets
emit via synchrotron radiation in the central regions. However, interestingly, the jets show noticeable re-brightening further away
from the nucleus at r ~ 10 kpc, where the radio plumes broaden, as mentioned previously by Killeen & Bicknell (1988). Based on
our VLA data obtained in A configuration (which is less sensitive to extended structures), the total extent of the radio structure is
~ 120kpc with the northwestern jet extending out to » ~ 70kpc and the southeastern to r ~ 50kpc. The total integrated flux
density of the source in A configuration is 3.98 & 0.40 Jy. IC 4296 shows a gradual decrease in surface brightness from the centre,
which is typical of Fanaroff-Riley (FR I) radio galaxies.

The low-resolution D configuration image is shown in Figure 6.1 (right). The image has a resolution of 90.15" x 23.02" and
the rms noise level is ~ 0.2mJybeam ™. The total integrated flux density of IC 4296 in D configuration is 8.30 4 0.83 Jy. The
difference between the extracted integrated flux density values in A and D configurations lies in the fact that the A configuration
data with the missing short baselines are not able to recover the highly peaked signal from the more extended diffuse emission
in the jets and lobes. Two well-confined lobes are visible in the D configuration image at a projected distance of ~230kpc and
290 kpc from the bright nuclear region, in the northwestern and southeastern directions, respectively.

Since the plumes and/or lobes in FRI and FRII radio galaxies tend to have steep radio spectra, we also inspected the archival
TGSS radio maps at 153 MHz. These revealed a radio structure close to that observed at 1.5GHz in our VLA A configuration
image, but also a weak diffuse lobe-like emission extending far beyond the A configuration image (black contours in Figure 6.2).
The GLEAM data at 154-162 MHZz also confirm the two extended lobe-like structures (white contours in Figure 6.2).

The spectral index map created using the GLEAM data at 158 MHz and the VLA D configuration data at 1.5 GHz is shown in
Figure 6.3. As expected, the central regions of the galaxy show a flat spectral index of —0.5 and a steepening is present in the lobes.
They both have steep spectra with indices of —0.7 and —1.1, respectively (Figure 6.3). The spectral index map appears uniform
over the two lobes in agreement with the lack of clear hot spots that would have flatter radio spectra. The uncertainties on the
spectral index are of the order of a few percent.

The radio power of ~ 10** WHz ' at 1.4 GHz® obtained from CASA total intensity D configuration image is close to the
boundary radio power of the FR dichotomy of ~ 10*** WHz ™! at 1.4GHz (Owen & Ledlow 1994). With its absolute R-band
magnitude of Mr = —23.33 £ 0.24 mag, IC 4296 is placed below the boundary division line of the Ledlow-Owen diagram, where
most of the FR I sources are located.

2CTIO (Cerro Tololo Inter-American Observatory) H,, filter 6649/76 (Acen = 6650A, FWHM = 77A) and 6737 /76 (Acon = 67464,
FWHM = 86A).
*With corresponding flux density ~ 8 Jy.
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Figure 6.1: VLA total intensity images of IC4296 at 1.5 GHz. Left: A configuration image shows that the
surface brightness of jets decreases as a function of radius, although we also see re-brightening in the radio
plumes at ~ 10kpc from the nucleus. The restoring beam size is 3.94” x 3.26” and is shown in the bottom
right corner. Right: D configuration image revealed well-confined radio lobes extending up to almost
300 kpc from the central regions of IC 4296, previously reported by Killeen et al. (1986b). The restoring
beam is 90.15” x 23.02” and is shown in the bottom-right corner. The contour levels are at [-1,1,2,4,8,16]
x 5rms noise, with corresponding rms noise of 0.06 mJy beam ™! and of 0.2 mJy beam ! for VLA A and D
configuration data, respectively.
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Figure 6.2: VLA D configuration radio map at 1.5GHz overplotted with the TGSS radio contours at
153 MHz (in black), VLA A configuration contours at 1.5GHz (in red), and the GLEAM radio maps at
154-162 GHz (in white). Contours levels were created at [—1,1,2,4,8,16] x 5 rms noise for the TGSS,
GLEAM, VLA A configuration data with corresponding rms noise of 3, 0.12, and 0.06 mJy beam 1.

6.3.2 Comparison with the X-ray Data

The characteristic radius of the X-ray atmosphere in Figure 6.4 (left) observed by Chandra ACIS-S (see also Pellegrini et al. 2003)
is much smaller than the total extent of the radio jets. The jets emanating from the nuclear region are at first well-collimated
and, after piercing through the innermost parts of the hot X-ray emitting atmosphere, at r ~ 10kpc, they widen significantly, as
previously noticed by Killeen & Bicknell (1988).

Lakhchaura et al. (2018) investigated the radial profiles of the entropy and the cooling time (tco01) Over free-fall time (tg) ratio.
The cooling time and entropy decrease with decreasing radius down to < 1kpc. The power-law fit of the radial entropy profile
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Figure 6.3: The spectral index map for IC 4296 reveals a flat spectral index in the central region of the jet,
whereas in the two lobes we observe a steep spectral index of —0.7 and —1.1. The map was created using
the 158 GHz GLEAM and the 1.5 GHz VLA D configuration image at 155” x 143" resolution (the beam is
shown in the right corner of the map) and it is overlaid with VLA contours corresponding to the VLA
smoothed image, in respect to GLEAM image to reach the same beam size. The rms noise reached value of
~ 1.5mJybeam~!. Contour levels are [—1, 1,2, 4, 8,16] x 5rmsnoise.
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Figure 6.4: Left: The Chandra X-ray image at 0.5-5keV overlaid with white contours of our VLA map at
1.5 GHz obtained in A configuration with same contour levels as defined in Figure 6.1. The image reveals an
excess of the X-ray emission, marked by a red circle, to the southwest of IC4296. Right: The background-
subtracted, exposure-corrected XMM-Newton EPIC image (combining MOS 1, MOS 2, and pn) in the 0.3
2keV band overlaid with contours of the VLA D configuration image same as in Figure 6.1 (right). The
X-ray image reveals a decrement, a likely cavity, corresponding to the northwestern radio lobe. The over-
plotted red partial annuli indicate the spectral extraction regions used to determine the temperature and
the density of the ICM outside of the northern radio lobe.

reveals a steep slope with an index of ~ 1.2. Even below 2kpc, the slope of the entropy profile remains steep with an index of
~ 1.0, and in the innermost radial bin the entropy reaches a value of Ko ~ 1.5keV cm? (see the appendix in Lakhchaura et al.
2018). In fact, IC 4296 has the steepest entropy profile of all galaxies in the sample of Lakhchaura et al. (2018), followed by that of
NGC 4261 (see Figure 6.5; right). This will be discussed further in Section 6.4.2.

The cooling time in the centre of IC 4296 is tcoo1 < 11.2 Myr. The ratio of the cooling time to free-fall, time tco01/ts, reaches a
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Figure 6.5: Left: Deprojected electron density profile for the gas surrounding the northwestern cavity of
IC 4296. The two spectral extraction regions, whose values have been combined and averaged in this figure,
are shown by the red sectors in Figure 6.4 (right). Right: The entropy profiles of IC 4296 and NGC 4261 in
comparison with the sample of Lakhchaura et al. (2018). The red, green and blue solid lines show median
profiles for cool gas free, nuclear cool gas and extended cool gas systems, respectively and the shaded
regions show the median absolute deviation (MAD) spreads about the medians. The entropy profiles of
IC 4296 and NGC 4261 show much steeper trends than the other galaxies in the sample.

value close to 10 in the centre of the galaxy, where the atmosphere most likely continues to cool, feeding the central supermassive
black hole and powering the jets.

The archival Chandra X-ray image reveals an excess of X-ray emission in the southwestern part of the structure, in between
the northwestern and southeastern side of the jet, as marked by a red circle in the Chandra X-ray image in Figure 6.4 (left). The
detection significance of such X-ray diffuse emission is above 5 0. Surface brightness profiles derived along this extended X-ray
emission do not reveal any sharp edges.

Our XMM-Newton EPIC image extracted in the 0.3-2.0 keV band reveals a cavity with a diameter of ~ 160 kpc associated with
the northwestern radio lobe (see Figure 6.4; right). We find a small misalignment between the radio lobe and the X-ray cavity. It
could be the result of projection effects, where the part of the cavity closer to the mid-plane of the source is clearly visible in the
X-ray image, while the part associated with the visible radio emission could be offset from the mid-plane and thus not seen clearly
in the images.

We extracted and fitted the deprojected spectra from four partial spherical shells in the direction of the northwestern jet (traced
by the red sectors in Figure 6.4 right). The corresponding radial profile of the electron density (n.) is shown in Figure 6.5 (left).
We have subtracted the emission contribution of the gas at larger radii (i.e. beyond our field of view), which we estimated by
extrapolating a beta model fit to our initial density profile. The temperature and total density (electrons plus ions) of the gas
surrounding the cavity (i.e. the last radial bin in Figure 6.5; left) are respectively k7' = 0.95 & 0.01keV and n = 9.6 & 0.05 x
10™* cm ™%, which corresponds to a pressure of nkT = 9.12 x 10~ keV cm™3. Assuming the northwestern cavity is spherical with
a radius of 80 kpc, the 4pV work performed by the jet to displace the ICM is ~ 3.7 x 10° erg. Assuming a similar enthalpy for the
southeastern cavity, which is outside of the XMM-Newton field-of-view, we obtain a total enthalpy of ~ 7 x 10°9 erg.

The combined XMM-Newton RGS 1+RGS 2 spectrum is shown in Figure 6.6. Some lines (e.g. Fe XVII at 15A and 17A, O VIII
at 19A, rest frame) are clearly identified as they are typical of a cool (<1 keV) gas. Our best-fit model provides a temperature of
0.79 + 0.05keV and an Fe abundance of 0.13 & 0.02 for the cie component, as well as a cooling rate of 4.5 + 1.0 My, yr~" for the
cf component. In this spectrum of limited quality, however, the cooling rate and Fe abundance parameters seem to share some
degeneracy, with our inferred cooling rate dropping to 2.1 + 0.6 Mg yr~' when fixing the abundances to 0.3 proto-solar. This is
further discussed in Section 6.4.2.

6.3.3 Comparison with the Optical Data

The narrow band SOAR Ha+[NII] image shown in Figure6.7 (right) indicates that the ionized gas is circumnuclear and the
ionized disk is perpendicular to the jets. The SOAR data also provide a hint for entrainment along the northwestern radio plume.
The HST data show a warped, dust disk with a 0.9 radius (see Figure 6.7; left), which does not appear to be perpendicular to the
jets (see Schmitt et al. 2002, for more details) and is visible on smaller scales than the emission in the SOAR image (Figure6.7;
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Figure 6.6: Combined first order RGS 1+RGS 2 spectrum of IC 4296, extracted within 0.8 arcmin in the cross-
dispersion direction. Our best-fit model (cie+cf, see text) is overplotted in red.

right).
Interestingly, recent studies of CO emission from a sample of giant elliptical galaxies by Boizelle et al. (2017) and Ruffa et al.
(2019) revealed the presence of a circumnuclear molecular gas disk, which is co-spatial with the dust (Ruffa et al. 2019).
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Figure 6.7: Left: The HST image of a dust disk in IC4296. The narrow band Ha image (in green) was
obtained using ramp filter adjusted to the redshift of the galaxy. Two white arrows represent jets emitted
from the central nuclear regions. Right: The narrow band Ha+[NII] image from the SOAR telescope
overlaid with the VLA A configuration radio contours.

6.4 Discussion

6.4.1 The Nature of the Radio Source

Our new VLA data in D configuration at 1.5 GHz confirm the presence of the two lobes previously detected by Killeen et al.
(1986b). While the extended emission resembles the radio morphology of FRII radio galaxies, the lobes lack compact hot spots.
The total extent of the radio structure is ~ 500 kpc, which is in agreement with Killeen et al. (1986b). The compactness of the radio
lobes relative to their distance from the galaxy core, make IC 4296 very similar to other powerful radio galaxies.

From the X-ray analysis, we conclude that it would take 1.5 x 10® yr to inflate the northwestern X-ray cavity with a radius
of ~ 80kpc at the sound speed of ¢; ~ 500kms™" for kT = 1keV gas. Assuming this expansion time, we obtain a jet power of
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1.6 x 10** ergs™'. Another estimate considers the sound-crossing time of the projected distance of the cavity from the centre of
the galaxy of 2.2 x 10® yr resulting in a jet power of 10** ergs™".

The radio morphology of the source indicates a possible supersonic expansion. In the boundary layer, where the well-defined
northwestern radio lobe meets the ambient ICM (Figure 6.1; right), the surface brightness is increased and the end of the jet forms
a lobe with a sharp-edged morphology. According to 3-dimensional hydrodynamic simulations by Massaglia et al. (2016) and
Perucho & Marti (2007), this sharp head of the jet is consistent with bow shocks, which are typical indicators of the supersonic
expansion relative to the surrounding medium. The inconsistency with the classical FRI class, low power radio sources with
subsonic expansion, lies in the re-brightenings and sharp-edged structure of the northwestern radio lobe suggesting its supersonic
expansion.

The radio morphology of IC 4296 shows similarities with the morphology of 3C 348 (Hercules A, often classified as a FRI/II
radio source; Siebert et al. 1996; Gizani & Leahy 2003), which is one of the most luminous radio sources with a total power
comparable to the Cygnus A galaxy (Gizani et al. 2005). Hercules A also has missing compact hotspots and possesses an unusual
morphology dominated by jets and inflated steep spectrum lobes.

The jets, piercing through the galactic atmosphere and depositing their energy into the surrounding intra-cluster medium,
are also present in the FR I radio source NGC 4261 (a.k.a. 3C 270; O’Sullivan et al. 2005). Interestingly, we find that the derived
enthalpy for the cavities/lobes of IC 4296 is ~ 30 times larger than for NGC 4261 (O’Sullivan et al. 2011b), mainly due to the size of
the radio lobes (~ 6 times larger in the case of IC 4296). As further discussed in Section 6.4.2, in these two cases the central regions
also show steep entropy (see Figure 6.5; right) and cooling time profiles (Werner et al. 2012; Voit et al. 2015b) and a prominent
nuclear dust disk fueling the AGN closely related to powerful radio jets (Jaffe et al. 1993; Jaffe & McNamara 1994), which could
have cooled from the hot X-ray emitting atmosphere of the galaxy. Such a dust and molecular disk are also present in the brightest
cluster galaxy of Hydra A, which also displays powerful jet activity (McNamara 1995; Taylor 1996).

6.4.2 The Unbalanced Cooling in IC 4296

The X-ray image overlaid with the radio contours in Figure 6.4, indicates that while in the inner part of the galaxy, at » < 10kpc,
the radio jets are well-collimated by the thermal pressure of the hot atmosphere, their width increases at larger radii. Nevertheless,
these powerful radio jets pierce through the inner hot X-ray emitting atmosphere of the galaxy and extend to radii over r 2 230 kpc,
where they deposit their energy into the outer galactic atmosphere and the ambient ICM.

Similarly to NGC 4261, the entropy profile of IC 4296 (Figure 6.5; right) shows a steeper slope than for all other giant elliptical
galaxies analysed by Lakhchaura et al. (2018). In fact, it appears to be decreasing all the way to r < 1kpc (see also Panagoulia
et al. 2014; Babyk et al. 2018). At r < 1Kkpc, teool/ts drops to =10 and the gas may become thermally unstable (Sharma et al.
2012; Gaspari et al. 2012b; Kunz et al. 2012; McCourt et al. 2012; Gaspari et al. 2013; Voit et al. 2015a). These results suggests that,
whereas the expanding radio jets and lobes may be able to heat the surrounding gas at r 2 10kpc, the inner, well-collimated, part
of the jets do not appear to be depositing sufficient heat to the innermost rapidly cooling X-ray atmosphere.

At first glance, this picture is in line with our analysis of the XMM-Newton RGS spectra, as they are consistent with an appre-
ciable mass deposition rate of 4.5 + 1.0 My yr~'. This rate is particularly high compared to other elliptical galaxies and groups
whose RGS spectra reveal mass deposition rates typically less than 1 Mg yr~' (Liu et al. 2019). We caution, however, that this
measurement suffers from large systematic uncertainties because the limited quality of the data implies degeneracies between
some parameters. For example, fixing all the abundances to 0.3 proto-solar (which is more realistic than our best-fit 0.13 proto-
solar value; e.g. Urban et al. 2017) yields a lower mass deposition rate of 2.1 & 0.6 Mg yr~'. Moreover, we cannot exclude even
higher abundances (i.e. close to the proto-solar value) in the inner ~10 kpc region, which would then further revise lower inferred
cooling rates. Future deeper observations will thus be important to confirm (or disprove) the unusually high cooling rate in this
source. Assuming nevertheless our initial deposition rate and that the bulk of this material accretes onto the central supermassive
black hole and is converted into jets with a 10 % efficiency, it will result in a jet power of ~ 2.6 x 10*® ergs™". This is more than
two orders of magnitude higher than the actual jet power estimated in Section 6.4.1 (~ 10** ergs™'). We therefore conclude that
the currently assumed rate of cooling is largely sufficient to effectively produce the observed radio jets.

In the centre of the galaxy, a disc of ionized and molecular gas (Boizelle et al. 2017; Ruffa et al. 2019) is observed, which is also
visible in the SOAR image in the right panel of Figure 6.7. The circumnuclear dust disc seen by HST in the right panel of Figure 6.7,
could be covering the central engine of the galaxy, offering a possible explanation for the apparent strongly sub-Eddington nuclear
luminosity of Lyol/LEda*~2x10"° (Pellegrini et al. 2003). The true Eddington ratio necessary to explain the acceleration of jets
penetrating through the ambient medium could be significantly higher. On the other hand, the low Eddington ratio could also
be a result of an advection-dominated accretion flow (ADAF), where the heat generated via viscous dissipation in the disk is
“advected” inwards with the accreting gas (Narayan & Yi 1994).

6.4.3 Peculiar Bending Jets in Hot Atmosphere

The radio and X-ray morphologies of IC 4296 resemble those of some other systems, such as NGC 1265, where the powerful radio
jets penetrate through the atmosphere of hot gas bound to the host galaxy, with little impact on the X-ray gas (Sun et al. 2005a). In
NGC 1265, the two-sided jet emerges from the atmosphere into the ICM of the Perseus cluster. Since NGC 1265 is moving at high

*The Eddington luminosity for IC 4296 is ~1.2x 10*7 ergs™".
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speed relative to the ICM, we see bright radio knots in its jet where they impinge on the ICM and are deflected (O'Dea & Owen
1987). Although IC 4296 differs in important respects from NGC 1265, we cannot exclude that the observed re-brightening in its
jet at 7 ~10kpc could have a similar origin.

The presence of a possible X-ray tail seen in the Chandra image and the location of IC4296 in the centre of Abell 3565 is
consistent with the sloshing of the ambient ICM in the potential well of the cluster (see Markevitch & Vikhlinin 2007). Given the
relative motion, the radio jets emerging from the central atmosphere run into the ICM and are deflected in the direction opposite to
the galaxy’s travel, as also noted by Kemp (1994). Assuming that the jets are supersonic, they could be deflected in a succession of
inclined weak shocks or via magnetohydrodynamical instabilities (Massaglia et al. 2019), converting jets” kinetic energy to thermal
energy. Alternatively, the brightening could result from the dissipation of turbulence driven by the interaction between the jets
and the external medium (Burns 1998). In either case, the additional thermal energy will raise the pressure (and density) in the jet
plasma, causing it to expand (e.g. Gizani & Leahy 1999). This would account for the increase in the width of the radio source in
the regions ~10 kpc from the central AGN, also noticed by Killeen & Bicknell (1988).

The apparent curvature of the jets is rather weak and we may be viewing the system from a direction nearly parallel to the
velocity vector. The location of the tail and the radio source curvature are both consistent with a projected relative velocity towards
the northeast.



Chapter 7

Summary and Future perspectives

7.1

Summary and Conclusions

The most important results of our statistical radio study of a large sample of optically and X-ray brightest nearby early-type
galaxies as well as the comprehensive single-source study of IC 4296, are summarized here.
First of all, the final results of our VLA statistical study are the following:

A large, volume-, optical and X-ray luminosity-limited sample of 42 early-type galaxies observed with multiple configura-
tions of the VLA reveals the presence of a radio source in almost all galaxies. Our radio source detection rate is as high as
41/42 (98%), with the remaining source detected in archival single dish observations (Dressel & Condon 1978; Condon &
Broderick 1988), reported in the NVSS survey (Brown et al. 2011), and at low frequencies using LOFAR (Birzan et al. 2020).
The radio emission has an extended morphology in at least 67% (28 out of 42) of sample galaxies. 34 sources out of 42 (81%)
display a decrease in the X-ray surface brightness due to the hot gas being displaced out by jets creating X-ray cavities in
the hot atmosphere.

Significant correlations are found between the radio power and the luminosity of the central X-ray point source, and
between the radio flux density and the largest linear size of the emission. When we compare the radio power with the
jet power, we find a hint of positive correlation. On the other hand, no correlation was found between the radio power and
the luminosity of the X-ray atmospheres, the mass of the supermassive black hole, the cooling time or the entropy of the
hot gas, or the luminosity of the Ha+[NII] line emission.

The central spectral indices show a large variety, with approximately 1/3 of the sources having relatively flat spectra, indi-
cating the presence of fresh relativistic particles injected by the AGN, which could mean that the AGN has been switched
on recently. The majority of our sources have steep spectra, indicating that the relativistic plasma has undergone significant
aging in the nuclear regions of the host galaxies since the last major cycle of AGN activity.

On the one hand, the analysis of FUV fluxes suggests that the observed radio emission at 1.5GHz for 5 of 14 low-power
early-type galaxies with point-like radio morphologies could be dominated by star formation. On the other hand, we also
observe ghost cavities in 4 of those 5 galaxies, suggesting the interaction of radio lobes inflated by the AGN with the hot
X-ray atmospheres and thus, the presence of radio-mechanical AGN feedback.

Importantly, for four (potentially five) sources, we found an offset between the radio emission and the optical centre of the
galaxy, which could indicate that the central supermassive black hole has acquired a significant velocity due to gravitational
recoil following a merger.

Secondly, the results of new VLA radio observations of the peculiar giant elliptical galaxy IC 4296, obtained in the A and D
configuration and combined with complementary X-ray and optical data are:

The new high-resolution VLA data in A configuration reveal the bright central region of IC 4296 and two almost symmet-
rical knotty radio jets extending far beyond the host galaxy. With the VLA D configuration data, we confirm the presence
of well-defined radio lobes first reported by Killeen et al. (1986b). The lobes, without significant hot spots, have large
diameters of ~160kpc at radii 2230 kpc and are undetected in the higher resolution A configuration VLA maps.

The XMM-Newton data reveal the presence of an X-ray cavity associated with one of the large radio lobes indicating a
remarkable total enthalpy ~7x10° erg. For comparison, this enthalpy is 30 times larger than for NGC 4261, due to the
6 times larger size of the radio lobes.

The observed radio morphology is consistent with 3D hydrodynamical simulations (e.g. Massaglia et al. 2016) of superson-
ically expanding jets/lobes, with bow shocks created at the boundary layer of the radio lobes interacting with the ambient
ICM.
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® The jets are bent likely due to the relative motion of the ICM with respect to IC4296 and magneto-hydrodynamic insta-
bilities, advecting the plasma in long narrow plumes. The relative motion of the galaxy with respect to the ICM is also
supported by a possible X-ray tail seen in the Chandra image.

¢ The powerful jets piercing through the hot galactic atmosphere do not appear to be depositing sufficient heat in the in-
nermost gas to prevent it from cooling, with the bulk of their energy deposited well beyond 10 kpc from the nucleus. The
atmosphere of the galaxy can therefore continue to cool rapidly, feeding the central supermassive black hole and powering
the jets. This is supported by the steep entropy and cooling time profiles of the hot galactic atmosphere which continue to
drop all the way to the nucleus, where a warm Ha+[NII] nebula and a cold molecular CO disk are clearly seen. As for a
handful of other examples, such as NGC 4261, the cooling continues despite the powerful jet activity.

In the last section, we will envision some of the future prospects for finding the answers to these crucial questions about AGN
feedback and the evolution and life cycle of early-type galaxies.

7.2 Future Prospects

Our research, which focused solely at high-resolution observations at gigahertz frequencies with VLA, offers many insights into
the AGN activity of early-type galaxies, but information about the more diffuse and extended emission components could be
missing. Novel insights into to the steep spectrum, low surface brightness emission from early-type galaxies will be provided
by observations with the Low-Frequency Array (LOFAR), which is due to the high sensitivity and high resolution (up to sub-
arcsecond scales) at lower frequencies of 30-240 MHz excellent for the study of multiple generations of AGN activity (Lonsdale
2005).

Especially interesting will be the studies of galaxies with point-like radio morphologies or Fanaroff-Riley Class 0 (FR0) , which
show signatures of small-scale interactions with hot X-ray gas in the form of cavities. The older radio plasma filling those cavities
could be potentially revealed by observations with LOFAR.

Important breakthroughs in AGN science are also expected from the upcoming high-quality radio data from the Square Kilo-
meter Array (SKA), which is a set of next generation telescopes that are combining wide-frequency coverage with unprecedented
sensitivity and are scheduled for the end of 2021. Within phase one, SKA1 will be divided into SKA1-Low (50-350 MHz) and
SKA1-Mid (0.35-15 GHz) components with the sensitivity surpassing current radio arrays like LOFAR or VLA. Therefore, its sur-
veys will serve as a unique tool to distinguish between AGN and star forming emission or to detect the radio counterparts of most
galaxies identified in current surveys. The wide frequency coverage will offer observations at different resolutions and therefore,
the state, age, composition, magnetic field, particle populations, as well as plasma properties on all scales of the radio jets/lobes.
In phase two, SKA2 will improve the sensitivity by another order of magnitude as well as the dynamic range, which will allow us
to resolve, model, and study the weakest radio structures in the most powerful AGN (Agudo et al. 2015; Eckert et al. 2021).

Exciting follow-up studies also include imaging and spectral index maps of the innermost central parsec-scale regions at mil-
iarcsecond scales with Very Long Baseline Interferometer (VLBI) or Very Long Baseline Array (VLBA), a European and American
version of very long baseline interferometers. Our analysis can serve as a motivation for a more in-depth investigation of the nu-
clear activity of AGN at high resolutions. The observations from very long baseline arrays would offer a closer look at the central
regions and their most recent state of activity or its multiple generations. Recent study done by Schellenberger et al. (2020a) using
VLBA observations, confirms that the giant elliptical galaxy, NGC 5044, has an ongoing jet activity on parsec-scales and discusses
the presence of multiple generations of X-ray cavities and associated radio emission.
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