
 

 

 University of Groningen

AGN relics in the radio sky
Shulevski, Aleksandar

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2015

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Shulevski, A. (2015). AGN relics in the radio sky: a LOFAR look into spectral ageing and AGN duty cycles.
[Thesis fully internal (DIV), University of Groningen]. [S.n.].

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://research.rug.nl/en/publications/c0ab4bf6-7515-47ab-ae9b-97d2baff5ab1


Chapter 1
Introduction

A beginning is the time for
taking the most delicate care that
the balances are correct.

– from the "Manual of Muad’Dib" by
Princess Irulan

1.1 Extragalactic radio sources

Extraterrestrial sources of radio emission were known since the discovery of Karl
Jansky (Jansky 1933) that the center of the Galaxy emits radio waves. He made

the discovery while searching for sources of cosmic interference to terrestrial radio com-
munications. Later, Grote Reber (Reber 1944) imaged radio sources on the sky with a
backyard radio telescope he had built and radio astronomy was born. It has opened a
new window on the universe and has exposed to us physical processes operating on vastly
different energy scales than the ones we had hitherto observed.

The first surveys of the radio sky have uncovered strong discrete sources of radiation
which were identified with supernova remnants. The most famous example is the Crab
nebula, the strongest radio source in the constellation of Taurus (the Bull), or as it is
known to radio astronomers TauA1. Another one of these remnants is located in the
constellation of Cassiopea and designated CasA. As radio surveys became more precise,
an altogether different class of radio sources was discerned (ForA, HerA, PerA, CygA). In
the mid 1950s using interferometric radio telescopes it was inferred that they are double
1 The traditional naming convention is that one assigns capital letters starting at the beginning of

the alphabet taking the brightest radio source in the constellation first and continuing towards the
fainter. This applies only to the brightest sources. Standard radio surveys use the sky coordinates
of a given source to construct its name
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sources, symmetric regions of radio emission, usually located on opposite sides of a large
elliptical galaxy (Baade & Minkowski 1954). The source in the constellation of Cygnus,
CygA, represents one of the most famous examples. In the 1970s it was discovered that
their twin lobes of radio emission were energized by thin jets originating from the cores
of the galaxies hosting them. These galaxies were named radio galaxies, due to their
brightness in the radio domain.

The energy contained in the radio emissions of these sources is very tiny when it
reaches us on Earth. The flux density2 (or specific flux) of one of the strongest ones
(CygA) is around 10−22Wm−2Hz−1 measured at a frequency of 150 MHz. The SI derived
unit for the flux density used in radio astronomy which is adapted to these low energy
scales is the Jansky (Jy). CygA has a flux density of around 10 000 Jy at 150 MHz.
However, taking into account the enormous distances to these objects and the dimensions
of the radio emitting regions, the energy stored in them is enormous, as is their specific
luminosity (or power density, expressed in units of WHz−1) of their power source.

The nature of the ultimate power source in these galaxies has puzzled astronomers
for quite some time. No physical process was known to be capable of releasing that much
energy over time while being confined in a small region of space in the core of a galaxy.
The tiny size of the power source region could be estimated because the source regions
at the base of the jets in some of these galaxies varied on the timescale of several hours,
and as a consequence the emission region was on the same spatial scale as the extent of
our solar system (Burbidge et al. 1963).

At about the same time when these discoveries were being made, Lynden-Bell & Rees
(1971) proposed that the energy source could be gravitational in its essence; gravitational
(potential) energy of in-falling matter converted to radiation of photons over a large
extent of the EM spectrum as well as relativistic particles and magnetic fields expelled in
a jet far away from the host galaxy. The cause for the gravity well was a Super Massive
Black Hole (SMBH), weighing several million solar masses. The phenomenon was called
an Active Galactic Nucleus (AGN).

It is now known that the SMBHs assembled relatively quickly in the early universe.
The accretion rates then must have been larger than what is observed in the local uni-
verse; it is believed that the SMBH accretion proceeded as galaxies evolved. The assembly
process of bulges in disk galaxies proceeded in concert with the growth of the SMBHs
which they hosted. This notion is based on the famous M-σ relation of BH mass vs. the
velocity dispersion of the bulge (e.g., Ferrarese & Merritt 2000).

When there is available fuel supply nearby the SMBH accretes and a AGN is formed,
which may interact with the Inter Stellar Medium (ISM) of the host galaxy and even
regions beyond, in the Intergalactic Medium (IGM). Radiative and mechanical energy
(as well as momentum) is transferred out and can affect galaxy evolution processes. AGN
activity represents a relatively short phenomenon when compared to the lifetime of its
host galaxy. However, AGN activity is a recurring process, which can influence the host
galaxy intermittently over cosmic time.

Not all AGN are (strong) radio sources, as is evident in many Seyfert galaxies (which
have very bright AGN powered nuclei, but show no or very low levels of radio emission).
Whether this is an intrinsic property, and why it is the case is an open question at this
time. The interplay between BH spin (relative to the accretion disk if it is present),
magnetic field, and the accretion flow can possibly be a decisive factor whether a particle
2 Power spread over a unit surface area per unit frequency
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jet is launched and consequently whether the AGN generates large scale radio emission.
In this thesis, we are concerned with the radio-loud AGN, which are prodigious radio

emitters. The AGN radio activity results in various radio source morphologies. This
simplified picture reflects the broad outlines of our understanding of AGNs as well as
their role in the processes concerning galaxy evolution. Some details are still unclear; the
exact mechanisms of AGN fueling are not so clear, especially when taking into account
the spatial scales of the problem. How does the gas from the ISM get to the gravitational
sphere of influence of the SMBH is a mystery, even though some clues are slowly emerging
(Hardcastle et al. 2007; Best & Heckman 2012; Gaspari et al. 2013). The feedback details
are also problematic. How does the energy and momentum transfer proceed? To what
extent are radio jets responsible for the energy transfer and what are the mechanisms of
the interaction between them and the ISM? Tracers of this interaction have been found
observing cold H I outflows in galaxies (Morganti et al. 2013; Gereb et al. 2014) and
beyond (McNamara et al. 2000).

We also need to quantify the total energy output by AGN in the IGM over cosmic
time to get a handle of the AGN energy input into the total heating energy budget
influencing galaxy formation / evolution. We know that AGN radio activity is episodic
(e.g., Schoenmakers et al. 2000), but the activity duty cycle is not yet tightly constrained.
Knowing the AGN duty cycle becomes important in any such estimates. For example,
for their sample of sources Parma et al. (2007) report an active timescale of 107 to
108 years and a switched-off timescale an order of magnitude shorter. We need better
constraints on the details of the AGN duty cycle for various types of radio sources.
The only observational tracer of past AGN activity is seen in the radio domain - the
topic of this thesis research. We derive constraints on the AGN duty cycle by studying
radio emissions created by (past) activity outbursts. In some cases, when the AGN is not
active, the radio source represents an AGN radio relic; aged plasma expelled by the AGN
in the corresponding accretion event or events. Most of this thesis focuses on studies of
such objects.

1.2 AGNs as the engines of relic creation
Once a radio-loud AGN shuts down, the ejected plasma can be still observed, at progre-
sively lower radio frequencies as it ages and loses energy through synchrotron radiation
and expansion (Figure 1.1).

This process gives rise to radio source morphologies which are distinct w.r.t the mor-
phologies encountered in cases of active sources (ex. jets, hotspots), and have character-
istic steeply rising spectra towards lower frequencies. Classification of these radio relics
is not straightforward, as there are various complications involved in the processes at
hand. Below, we give an overview of the observed relics and make an inventory of their
properties. We can classify the radio relic sources in two broad groups: restarted and
fading. The difference between these being that in the restarted cases the AGN is active
at the moment (at low levels of activity or restarted) while the fading sources show no
observational evidence of an active AGN and all of the radio emission comes from the
aging plasma ejected by the AGN before its shutdown. Complicating things is the fact
that if we do not observe an AGN signature (radio core) that does not mean that it is
not present. It can be too weak to be detected or it can be that our observations do not
have sufficient resolution to resolve it. We should have this in mind when interpreting
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Figure 1.1: Jaffe-Perola (JP) synchrotron emission model for plasma aged 50 Myr
(blue), 60 Myr (green) and 80 Myr (red) assuming an infinitesimally short duration of
the AGN activity episode. The black vertical lines mark hypothetical mid and high
frequency radio bands, while the yellow vertical lines mark lower frequency radio bands
(the low and high frequency bands of the LOFAR telescope).

our observations.

High dynamic range radio surveys sensitive to low surface brightness diffuse radio
emission are needed to discover new AGN radio relics and to constrain their properties.
Due to their spectral properties, radio relics are brightest in low frequency radio maps,
so ongoing and future surveys with novel instruments such as the LOw Frequency ARray
(discussed below) offer unique contribution towards these goals.

We should also keep in mind that processes other than AGN activity can produce
(steep spectrum) radio sources, for example radio relics created by merging galaxy clus-
ters as well as radio halos connected to clusters of galaxies. In these cases, merger shocks
can (re)accelerate relativistic electrons, or amplify magnetic fields and thus (re)generate
radio emission. High resolution LOFAR observations are crucial to distinguish between
radio sources of different origin.
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1.2.1 AGN radio relics in detail
The radio relic emission from radio-loud AGN represents the best observable to trace
recurrent activity. Morphology and spectral index analysis are the main tools to assess
the duty cycle of the recurrent activity. Already by looking at the variety of sources
found, it is clear that the astrophysics of a start-stop-restart episode are far from being
clear. The following aspects play an important role.

Origins and evolution

During their active stage, which may last up to 108 years, the strong radio sources
associated with elliptical galaxies are supplied with energy from the AGN via plasma
beams or jets. Owing to the continuous accumulation of new relativistic particles, the
total spectra of active radio sources are usually well approximated by a power law over
a wide range of frequencies. The injection of energy also sustains the growth of these
radio sources that is governed by the balance between the internal plasma pressure in
the radio lobes and the pressure in the hot X-ray emitting gas in the medium into which
they must expand (Scheuer 1974).

At some point however, the AGN activity stops or falls to such a low level that the
plasma outflow can no longer be sustained, the radio emitting lobes are no longer supplied
with relativistic particles and the radio source is expected to undergo a period of fading
before it disappears completely. In the fading phase, the radio core, well-defined jets,
and compact hot- spots will disappear because they are the structures produced by more
or less ongoing activity. On the other hand, the radio lobes may still remain detectable
for a long time if they are subject only to radiative losses of the relativistic electrons (see
the case of B2 0924+30 (Cordey 1987; Jamrozy et al. 2004) for a discussion of a rare case
of an FRII (Fanaroff & Riley 1974) fader, also analyzed in Chapter 5 of this thesis).

A possible explanation for the observational scarcity of fading radio galaxies may
be their relatively fast spectral evolution during the fading phase of their life cycle.
Radiative synchrotron losses and the inverse Compton (IC) scattering off of the cosmic
microwave background (CMB) photons preferentially deplete the high-energy electrons.
The fading lobes are expected to have very steep (α < −1.5)3 convex radio spectra
characteristic of an electron population that has radiated away much of its original energy
(Komissarov & Gubanov 1994). In the absence of fresh particle injection, the high-
frequency radio spectrum develops an exponential cutoff. At this point, the adiabatic
expansion of the radio lobes shifts this spectral break to lower frequencies and the source
quickly disappears. On the other hand, if the source expansion is somehow reduced, or
even stopped, the fossil radio lobes may still be detected for a period of time, at least at
low frequency.

Fueling mechanisms

An AGN needs to accrete gas in order to stay active. One of the biggest unknowns of the
AGN fueling mechanism is how to get the gas down to the "last parsec" scale where the
gravitational influence of the SMBH starts to be dominant over the general gravitational
potential of its host galaxy. It is clear that whatever the mechanism to do this is, it
has to involve loss of (a significant amount of) angular momentum. Major mergers were
3 S ∝ να is the spectral index notation convention accepted throughout this thesis
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thought to be the main way to do it, but it turns out that the evidence to support this is
scant at best. Optical major merger morphology studies find that there is no difference
between post major merger remnants which host an active AGN and those that do not
(Cisternas et al. 2013).

Fueling by stellar winds is another mechanism of interest (Ciotti et al. 2010). This
mechanism gains importance when we realize that the typical amount of accreting gas for
an active AGN is not that large - about 0.1 M�yr−1. Metals have been discovered in gas
outflows driven by AGN (Veilleux et al. 2014), but the exact mechanism of transporting
the gas close to the SMBH is again an issue.

This problem has been given significant attention recently, and encouraging results
(Gaspari et al. 2013) suggest that we can at least see the outlines of an answer. Their
idea is that the gas of the ISM generates thermal instabilities through chaotic interactions
and cools; the cooled gas decouples from the hot phase and "rains" onto the SMBH. The
AGN feedback interrupts this process and the accretion stops, turning off the AGN. We
see that this scheme leads to a natural explanation of the AGN duty cycle. However,
this fueling scheme may not work in gas-poor galaxies.

Cooling of hot gas from the galactic halo is an alternative explanation. Marasco et al.
(2012) propose that a concentrated starburst region (or supernova explosions) in the host
galaxy drives hot gas in its halo which cools down, subsequently acting as a seed and
entraining more gas from the halo which "rains" onto the galaxy. The problem with this
proposition is that the timescale of parcels of gas hitting the center of the host galaxy
may not be enough to explain the AGN duty cycle. Also, the fueling has to be sustained
on timescales of at least 107 - 108 years.

1.3 AGN radio relic taxonomy
The number of known AGN radio relics is very small when compared to the observed
population of radio sources related to AGN activity. This fact becomes even more ap-
parent for some sub-types of relics. In Table 1.1 we give an overview of AGN radio relics
corresponding to the properties given below.

1.3.1 Relics associated with restarted AGN
A variety of morphologies observed in radio sources suggest that their AGN has gone
through multiple phases of radio-loud activity. The type of resulting morphology likely
depends on the power of the source, the duty-cycle of the activity, the cause of the
interruption of the activity and the surrounding environment properties. A common
characteristic is the presence of a central radio source that is currently active.

Radio relics around young radio sources

Compact Steep Spectrum / Gigahertz Steep Spectrum (CSS/GPS) sources are thought
to be young radio sources based on their linear dimensions combined with their spectral
properties. Lifetimes in the range of 105 - 106 years or less have been inferred from
spectral index studies and kinematics/advance of the hotspots (ex. Conway 2002). The
turnover frequency in their spectra correlates with their relatively young age - see Fanti
(2009) for one of the latest (short) review on CSS/GPS sources.
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It has been known for a while that far too many compact radio sources are observed
compared to the number of large radio sources (see e.g. O’Dea & Baum 1997). Reasons
for this could be selection effects due to the boosting of their radio emission when confined
by a dense medium (Morganti et al. 2011). However, other effects are likely to play a
role as well, such as:

• The same mechanism that makes the BH activity intermittent (e.g. starvation).

• Mechanisms disrupting the jet flow like radiation pressure instability in the accre-
tion disk (Czerny et al. 2009) or even mergers (Saxton et al. 2001) or

• Jets growing in length beyond their scale length and developing a re-confinement
shock (Kaiser 2009).

Thus, we likely have a situation in which some radio sources may switch off soon after
the onset and produce very small-scale radio relics (Kaiser 2009; Kunert-Bajraszewska
et al. 2006, 2010a). The size of these relics can reach 10’s of kpc and they are coexistent
with the restarted CSS/GPS source.

Alternatively, we can observe the previous phase of AGN activity which has gener-
ated radio lobes out to a larger distance (few 100’s kpc, as for example in the case of
B2 0258+35, studied in detail in Chapter 2). The radio emission of the compact source
can be connected to the relic emission or not. Re-supply of the relic might be happening,
but it may be undetectable. The radio spectrum of the relic is steep (−2 < α < −1). We
can select these sources using targeted observations, or by picking out steep spectrum
sources from catalog comparison studies at different observing frequencies (see Table 1.1
for examples).

Radio galaxies with restarted compact cores

These sources have the large scale appearance of radio galaxies (RGs), having jets and
active radio lobes (of both FRI and FRII type), and a prominent core which shows
substructure reminiscent of a CSS source. Representative of the former is 4C 35.06
(discussed in Chapter 2 of this thesis), while we can take 3C 236 as the FRII example
of this class (it is also a giant radio galaxy). The extended radio morphology of these
galaxies may show characteristics of aging (no jets, no hotspots), or in some cases, the
large scale radio lobes may still be replenished through jets expelled by the AGN before
the shutdown. The AGN has restarted once more and produced the compact source we
observe at the present epoch.

Radio galaxies with double-double morphology

The so called "double-double" radio galaxies (DDRGs) are an example of radio sources
whose morphology suggests coexistence of an earlier radio activity episode with a current
re-start of AGN activity. These are usually of the FR II type, relatively large in extent
(100 - 3000 kpc), but with an additional pair(s) of radio lobes at a greater distance from
the host galaxy indicating an earlier phase of AGN activity. Their morphology is sym-
metric, and jets(s) or a core may or may not be visible. Their AGN could have turned off,
or had an interruption (modulation) of activity (lasting for a few 107 years). Depending
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on the duration of this "off" episode, the outer lobes can be still replenished by jet ma-
terial (visible or not) which is still traveling through the IGM after the AGN shutdown
and before the restart (or the increase in its activity). The observed radio spectral index
is usually indicative of a currently active source (−1 < α < −0.8), unless there is no
replenishing (outer lobes) in which case the spectral index is steeper. Eventually the
outer lobes will disappear if not replenished.

They should be at least as common as radio-loud sources are throughout the universe,
but we can detect them only before the outer lobes have completely disappeared. We
can detect the inner lobes morphologically as normal radio-loud galaxies, or observe at
low frequencies for signatures of the outer lobes (to do this we need imaging with high
dynamic range). Examples are listed in Table 1.1.

Relics associated with radio galaxies

Morphologically equivalent to RGs (with or without core or visible jets), these objects
also show signs of relic emission alongside their radio lobes. In some cases the relic
regions are too well delineated in terms of the spectral index properties to be explained
as being backflows from the shock regions associated with the hotspots. It is possible
that these objects represent the final stage in the rejuvenation process of DDRGs, as
the inner lobes overtake and fill in the older outer lobes. In this scenario, the older lobe
remnants are the relic regions we observe, especially if there is a slight misalignment
between the subsequent episodes of activity.

1.3.2 Relics of switched off AGN - faders
These are sources in which the extended radio emission is not replenished and show no
evidence of a core, jets or active hotspots. The radio lobes are aging and have very steep
spectra (α ∼ −2). There might be some slight core activity, but most of the flux is
coming from the extended radio lobes. Their sizes can vary from radio galaxy-like down
to CSS scale. Detecting them is easier at low frequencies. The best known example of a
fader is B2 0924+30 (mentioned previously) which is also the only known fader among
radio sources located outside of a galaxy cluster environment. Their relative scarcity
may point to the fact that the fading timescale of AGN relics is short compared to the
duration of the active phase.

Table 1.1: Taxonomy of known AGN radio relics.

ID αJ2000 [h m s] δJ2000 [d m s] z S1400 [Jy] Ref.
Restarted AGN

Relics associated with CSS and GPS sources
B0108+388 01 11 37.3 39 06 28 0.669 0.4 (1)
B0941-080 09 43 36.9 -08 19 31 0.228 2.7 (1)
B2 0258+35 03 01 42.4 35 12 21 0.016 1.8 Chapter 2

Radio galaxies with restarted (compact) cores
3C 317 15 16 44.5 07 01 18 0.034 1.8 (5)
4C 29.30 08 40 02.3 29 49 03 0.065 0.7 (7)
J1247+6723 12 47 30 67 23 16 0.017 0.26 (9)
3C 315 15 13 40.1 26 07 31 0.108 21 (10)
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Table 1.1: Continued

ID αJ2000 [h m s] δJ2000 [d m s] z S1400 [Jy] Ref.
4C 35.06 03 01 51.5 35 50 30 0.047 0.6 Chapter 3
3C 236 10 06 01.7 34 54 10 0.100 3.2 (17)
3C 338 16 28 38.5 39 33 06 0.03 3.7 (18)

DDRGs
B0925+42 09 29 15.5 41 47 55.7 0.365 0.1 (3)
B1240+38 12 42 33.9 38 36 52.1 0.3 0.02 (3)
B1450+33 14 53 02.5 33 08 10.5 0.249 0.4 (3)
B1834+62 18 35 1 0.5 62 04 01.5 0.519 0.6 (3)
3C 219 09 21 08.6 45 38 57 0.174 8 (3)
3C 455 22 55 03.9 13 13 34 0.543 5.2 (3)
4C 26.35 11 58 20.1 26 21 12 0.112 0.96 (3)
B2 0039+32 00 41 46.6 32 25 10 0.45 0.9 (4)
4C 02.27 09 35 18.2 02 04 16 0.649 0.9 (11)
B0818+214 08 21 07.5 21 17 03 - 0.19 (14)
J0927+29 09 27 43.8 29 32 32 - - Chapter 5
3C 293 13 52 17.8 31 26 46 0.045 4.85 (6)

Relics associated with radio galaxies
3C 388 18 44 02.4 45 33 30 0.09 5.8 (8)
4C 12.03 00 09 52.6 12 44 05 0.156 2.01 (11)
3C 16 00 37 44.6 13 19 55 0.405 1.8 (12)
4C 23.56 21 07 14.8 23 31 45 2.483 0.68 (13)

Faders
J0128-2538 01 28 34.5 -25 38 22.9 - 0.005 (2)
J0128-2539 01 28 24.7 -25 39 11.1 0.207 0.03 (2)
J0128-2540 01 28 31.1 -25 40 31.8 - 0.00 (2)
J0439+5304 04 39 53.9 53 04 12 - 0.008 (2)
J1114+1519 11 14 13.2 15 19 44.1 - 0.002 (2)
J1133+2325 11 33 45 23 25 14 - 0.02 (2)
J1152+3732 11 52 36.1 37 32 46.6 0.229 0.02 (2)
J2216-1725 22 16 58 -17 25 08 0.136 0.01 (2)
J2313+3842 23 13 46.8 38 42 16.1 - 0.03 (2)
J2345+2157 23 45 15.4 21 57 39.8 0.15 0.01 (2)
J1431.8+1331 14 31 50.1 13 32 05 0.16 0.02 Chapter 4
B2 0924+30 09 27 23.5 29 55 30 0.025 0.4 Chapter 5
WNB 0951+60 09 55 29.9 60 23 17 0.199 - (15)
WNB 1127+49 11 30 18.3 49 11 16 0.260 - (15)
B2 1150+37 11 52 36.4 37 32 44 0.229 0.01 (15)
WNB 2317+42 23 19 47.2 42 51 10 0.017 0.04 (15)
WNB 1734+6407 17 35 04.6 64 06 07.7 0.141 - (16)
WNB 1829+6911 18 29 05.6 69 14 06.0 0.204 - (16)
WNB 1851+5707a 18 52 08.5 57 11 42.3 0.107 - (16)
WNB 1851+5707b 18 52 09.7 57 11 56.6 0.107 - (16)
B2 0120+33 01 23 39.9 33 15 22.1 0.016 - (16)
B2 1610+29 16 12 35.5 29 29 05.3 0.032 - (16)
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Table 1.1: Continued

ID αJ2000 [h m s] δJ2000 [d m s] z S1400 [Jy] Ref.
J0035.1-6748 00 35 07.9 -67 48 40.7 1.82 0.001 (19)
J0102.1-6552 01 02 12.1 -65 52 19.6 1.1 0.01 (19)

References: (1) Stanghellini et al. (2005) (2) Dwarakanath & Kale (2009) (3) Schoen-
makers et al. (2000) (4) Konar et al. (2013) (5) Venturi et al. (2004) (6) Joshi et al.
(2011) (7) Chandola et al. (2010) (8) Roettiger et al. (1994) (9) Marecki et al. (2003)
(10) Cheung et al. (2009) (11) Jamrozy et al. (2009) (12) Leahy & Perley (1991) (13)
Blundell & Fabian (2011) (14) Marecki & Szablewski (2009) (15) Parma et al. (2007)
(16) Murgia et al. (2011) (17) Barthel et al. (1985) (18) Ge & Owen (1994) (19) Saripalli
et al. (2012)

1.4 LOFAR
The LOw Frequency ARray (LOFAR) telescope (van Haarlem et al. 2013) is a radio
telescope which uses the aperture synthesis technique to image the radio sky. It has a
novel design in that it does not use classical parabolic dishes or receiving elements, but
simple dipoles. The dipoles are concentrated in groups, called stations all connected to
the central correlator in Groningen, the Netherlands.

LOFAR covers two frequency bands in the low radio frequencies: 15 - 80 MHz (LBA)
and 110 - 240 MHz (HBA). The two frequency bands are covered with different dipole
antennas. The Low band antennas (LBA) are positioned in the station in a circular area
roughly 90 meters across. The high band antennas (HBA) are arranged in tiles.

LOFAR has six stations concentrated in an area with diameter of 300 meters (the so
called super terp) located near the village of Exloo in the Netherlands, and additional
stations extend further out. The stations in the area around the super terp make up the
core of LOFAR. A core station configuration is shown in Figure 1.3. At intermediate
distances from the core (up to 80 km) the station configuration changes to a remote
station layout which has a single HBA dipole field. Outside of the Netherlands, the sta-
tion layout changes again to the international station layout. The international stations
are built in several European countries (UK, Germany, France, Sweden, Poland) which
participate in the LOFAR effort.

LOFAR is a software telecsope. It uses digital beam forming to observe and track the
sky (Figure 1.4). The LOFAR beam is variable, unlike the beam of a parabolic reflector
and has to be treated as such in the calibration procedures. There is a possibility of
forming multiple beams to track several objects simultaneously, as well as observing in
a "fly’s eye" mode with multiple beamlets covering the station FoV to search for pulsars.
Different setups are possible trading the number of beams for observing bandwidth.

The instrument has very large fractional bandwidth. For example, in the HBA band,
it has a bandwidth of 64 MHz for an observing frequency of 150 MHz. The observing
band is subdivided into sub-bands. Each covers 200 kHz and is composed of 64 frequency
channels, providing very fine frequency resolution needed for pulsar and transient studies
as well as SETI.
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12 chapter 1: Introduction

Figure 1.3: LOFAR core station setup, including the LBA dipole field (center) and the
two HBA dipole tile groups.

The dipoles of the stations in the very center of the array (in the so-called super-terp)
are used for ultra high energy (UHE) cosmic ray studies (triggered by particle detectors
dispersed between the stations).

Depending on the science case, different observing configurations can be used. The
longest Dutch baselines have lengths of around 80 km, which enables LOFAR to reach
the imaging resolution of the FIRST4 radio survey of 5′′.

The international baselines form a mini VLBI network at low frequencies, making
LOFAR the most versatile instrument on the planet in its frequency range and a testbed
precursor for the Square Kilometre Array (SKA) telescope.

Novel techniques are being used to calibrate the observations and correct for the
beam effects as well as mitigate the ionospheric phase distortions. This includes careful
radio frequency interference (RFI) excision, solving the full measurement equation during
the calibration of the observations, and imaging the full bandwidth over a large FoV.
The LOFAR LBA station beam is around 8 degrees wide at Full Width Half Maximum
(FWHM), and the HBA band station beam has a FWHM of 5 degrees. This makes
LOFAR a very efficient survey telescope, but it also means that during the imaging
one can no longer approximate the image as being flat; one has to account for the
curvature of the celestial coordinate system over the large FoV. LOFAR uses its own
custom developed imager to do a 3D inversion from UVW visibility space to the image
plane while deconvolving and taking into account the variable station beams.

4 FIRST is the Faint Images of the Radio Sky at Twenty centimeters radio survey performed by the
VLA.
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Figure 1.4: Plot of one LOFAR core station LBA beam pattern analytic model
(Yatawatta 2007). Elevation is measured in the radial direction with the zenith being
at the center of the plot. Zero azimuth is at 15:00 hrs. position and increases counter-
clockwise. The map color indicates the norm of the Jones E matrix. This caption was
produced for an observing frequency of 80 MHz with the beam pointing in the direction
of 60 degrees elevation and 60 degrees azimuth.

1.5 This thesis
In this thesis, we are tracing the recurrent activity of several restarted radio AGN. The
goal is to put constraints on the duty cycle of AGN activity and to extend our knowledge
of the sources in our study down to the lowest radio frequencies, by using LOFAR.
LOFAR provides us with the advantage of having sufficient spatial resolution at the
lowest frequencies.

In Chapter 2 we study the CSS source B2 0258+35, elaborating on the discovery
of a very faint surface brightness radio relic around it. Using previous studies, we place
limits on the age of the relic emission and estimate the AGN accretion rate.

We continue on studying the duty cycle of AGN in a radio source located in the center
of the galaxy cluster Abell 407. Using LOFAR, in Chapter 3 we confirm the previous
tentative detection of an AGN radio relic located around 200 kpc away from the AGN
which has a morphology indicative of a restarted source. We study in detail the spectral
index properties of different spatial scales of 4C 35.06.


