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Abstract

The evolution of distant galaxies with redshift 0 < z < 2 can be observationally

determined by separately tracing the evolution of stars, gas and dust in these

galaxies. To do this e�ectively, one needs to use far-infrared data to trace the

dust; ultraviolet, optical and radio data to trace star formation and H-alpha and HI

radio observations to trace the ionised and neutral gas, respectively. In addition,

we can combine optical spectroscopy with X-ray and radio imaging to understand

the properties of the supermassive black holes at the centres of galaxies that

manifest as Active Galactic Nuclei. In this project, we used archival observations

at many wavelengths from a number of space and ground based facilities such as

XMM/Newton, Spitzer, Subaru, VLA and GMRT.

We investigated the nature of extended, di�use, radio and X-ray emission

associated with the lobes of a giant radio galaxy J021659-044920 at redshift z =

1.325. X-ray emission is nearly co-spatial with the radio lobes and 0.3 � 10 keV

spectrum can be best �tted with a power law of photon index 1.86, consistent

with its plausible origin as Inverse Compton scattering of the Cosmic Microwave

Background (ICCMB) photons. We estimate the magnetic �eld in radio lobes us-

ing both X-ray and radio observations. Using both X-ray and radio observations

we estimate the magnetic �eld in the lobes to be 3.3 µG. The magnetic �eld esti-

mate based on energy equipartition is ∼ 3.5 µG. Assuming ICCMB, we estimated

minimum energy in the particles in the lobes to be 4.2 × 1059 erg. Notably, radio

and X-ray emission from the central AGN remains undetected in present observa-

tions inferring that the AGN activity has recently stopped. Our work present a

case study of a rare example of a giant radio galaxy caught in dying phase in the

distant universe.
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Chapter 1

Introduction

Understanding of the stars, galaxies, the universe comes from studying the light

emitted by or re�ected from these objects. Technological advances in the last few

decades led to the development of electronic detectors, enabling us to detect and

study light from entire electromagnetic spectrum. We can study the universe at

multiple wavelengths. Combination of observing techniques at various regimes of

the electromagnetic spectrum can yield deeper insights into the physics of various

sources such as stars and galaxies, compared to observing alone in the radio,

optical/UV or X-rays.

Multiwavelength observations are important in studying the evolution of

distant galaxies. It can be observationally determined by studying the stars, gas

and dust in the galaxies. Therefore we need to use infrared data to trace the dust,

optical, ultraviolet and radio (UV) data to trace the star formation and X-ray and

radio data to study the supermassive black holes at the centres of galaxies that

manifest as Active Galactic Nuclei (AGN), and radio galaxies.

Our initial goal of the project was to study spectral energy distributions and

statistical properties of di�erent types of galaxies using multiwavelength data.

While studying the `XMM-LSS' �eld in 0.325 GHz GMRT radio image, I discov-

ered a giant radio galaxy. After this discovery, we decided to study this giant

radio galaxy J021659-044920 in detail using multiwavelength observations. We

used archival data at various frequencies from X-ray to radio. We detected di�use

X-ray emission nearly co-spatial with the lobes of the galaxy. We propose Inverse-

Compton Cosmic Microwave Background (ICCMB) as the reason for observed
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di�use X-ray emission from the lobes of the galaxy.

Several radio galaxies 1.1 show extended X-ray emission. A variety of phys-

ical processes may be responsible for X-ray emission over large scales from these

objects. These processes include - thermal emission from shocks, as well as syn-

chrotron radiation 2.1 and Inverse-Compton (IC) scattering of seed photons 2.2.

The ubiquitous cosmic microwave background (CMB) forms a source of seed pho-

tons. Inverse-Compton scattered CMB photons have been detected in the form of

di�use, extended X-rays in several radio galaxies at cosmological distances. For

galaxies with redshift z > 1, ICCMB emission has been detected from 4C41.17

(z = 3.8; Scharf et al., 2003), 4C 23.56 (z = 2.48; Johnson et al., 2007), HDF-130

(z = 1.99; Fabian et al., 2009), 6C 0905+39 (z = 1.833; Blundell et al., 2006;

Erlund et al., 2008) and 3C 294 (z = 1.786; Fabian et al., 2003).

Whenever IC is the source of the X-ray emission, the radiative lifetimes of

(highly energetic) radio synchrotron-emitting electrons are typically shorter than

the (less energetic) electrons which give IC emission in the X-ray band. As a

consequence, IC emission always traces an older population of particles which

may be more di�use and spatially non-coincident with the radio emission. The

�ux of the emission depends on the energy density of the target photons, which

in the case of the CMB rises as (1 + z)4, thus cancelling out the decrease in

surface brightness due to cosmological dimming (Schwartz, 2002). This fortunate

circumstance makes it relatively easy to probe the magnetic �eld and electron

energy distribution in active galactic nuclei (AGN) lobes at high redshift.

The lifetime of the electrons in the sources scales as 1/γe due to radiative

losses. Lorentz factors of γe ∼ 1000 are required to upscatter the CMB photons

and γe ∼ 104 (exact values depend on strength of the magnetic �eld) to gener-

ate GHz synchrotron radiation in the radio band. As a result, when the AGN

switches o� and there is no further injection of relativistic electrons, the IC X-ray

emission can last 10 or more times longer than the high-frequency radio emission,

as observed with typical sensitivities of current instruments. This can give rise

to an inverse Compton ghost (e.g., Fabian et al., 2009) where the X-ray emission

from the lobes is detected but the radio emission is absent. We note that more

sensitive radio continuum observations may be able to detect the emission from
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the radio lobes. Also, since the spectral index of radio lobes are often steep, it

becomes easier to detect them at low radio frequencies. When used together with

radio observations, ICCMB X-ray �uxes can be used to constrain the local mag-

netic �eld experienced by the radio-emitting plasma in the lobes of giant FR II

(Fanaro� and Riley, 1974) radio sources (see e.g. Erlund et al. (2006)).

In this thesis, we study a giant FR-II radio galaxy J021659-044920 with

ICCMB emission at z ∼ 1.3. Our source is located in the XMM-LSS �eld. This

well studied deep �eld has extensive archival data in many wavebands all the way

from X-ray through radio. For a reasonably current summary of extant data in this

�eld, we refer the reader to Mauduit et al. (2012). In this chapter, basic concepts

and observation techniques in radio astronomy and X-ray astronomy are explained.

In Chapter 2, we discuss the relevant radiative processes. In Chapter 3, we discuss

the observations and analysis procedure, results are presented in Chapter 4 and

they are discussed in Chapter 5. Chapter 6 concludes the thesis. Throughout

the thesis, spectral index α is de�ned such that Sν ∝ ν−α, where, Sν is the �ux

density and ν is the frequency. We used the WMAP9 cosmology with H0 = 69.32

km s−1Mpc−1, Ω0 = 0.29, and ΩΛ = 0.71.

1.1 Radio Galaxies

Some galaxies are very luminous in the radio band. These galaxies are called radio

galaxies. Based on their luminosity, radio galaxies are classi�ed as radio loud or

radio quiet. Radio galaxies are radio loud if their luminosity is ∼ 1041 �1046 erg

s−1 in a band extending from 100 MHz to 10 GHz. This corresponds to 5 GHz

luminosity & 1025 W Hz−1. Radio emission in these galaxies is due to synchrotron

radiation process.

Radio galaxies have been observed to be found in a variety of di�erent mor-

phological structures and sizes. Their morphologies range from �at spectrum,

unresolved compact sources on one end and complex structures on the other end,

with hundreds of kiloparsec in extent, with lobes, hotspots, a compact nucleus and

jet-like features. The primary features of radio galaxies are core, lobes, hotspot and

jet formed by the supply of radio plasma from Active Galactic Nuclei (AGN). Not
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all of these features are seen in all sources. Brief introduction of the components of

radio galaxies and their classi�cation adapted from Kembhavi and Narlikar (1999)

is given below.

• Cores: These are compact sources coinciding with the associated optical

counterpart of the radio galaxy. The cores usually have �at power law1

spectrum or complex spectrum. Because of �at spectrum, their �ux stays

relatively high at higher frequencies, therefore, they are best detected at GHz

frequencies. Cores are found in almost ∼ 80 per cent of all radio galaxies.

• Lobes: These are extended regions of the radio galaxy. Radio galaxies

often have two-sided lobes nearly symmetrically placed on opposite sides of

the galaxy. Sizes of the lobes can vary from a few kiloparsecs up to 300

kiloparsecs. Thus, the extent of a radio galaxy including the ends of the

lobes can be from hundreds of kiloparsecs (kpc) to megaparsec (Mpc) in

some extreme cases. Lobes have power law spectrum with α > 0.5. Some

galaxies also have C-shaped lobes. They are mostly FRI (see section 1.1.1

for terminology) sources in galaxy clusters, with the ram pressure of the

surrounding medium sweeping the lobes backwards as the galaxy moves in

the environment. Some lobes have Z- or S-shaped structures. This is believed

to be because of the precession of the axis of jets that transport the energy

from the core to the extended components. Lobes of radio galaxies typically

have power law spectral index of ∼0.7.

• Jets: These are features connecting compact cores to the extended regions.

Jets are often narrow and can be smooth or knotty. The size of the jets

varies from parsec to kiloparsec scales. When jets are seen on both sides of

the central source, they are said to be two-sided. In some more luminous

galaxies, jets are one-sided, whereas, in less luminous radio galaxies they are

two-sided. The kiloparsec scale jets have power law spectral index of ∼0.6.

• Hotspots: They are very bright components located towards the outer

extremities of the lobes of highly luminous sources. They have a linear

1By convention a power law radio spectrum is said to be �at if α ≤ 0.5 and steep otherwise.
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size of ∼1 kpc and a power law spectral index in the range of ∼ 0.5�1 but

usually �atter than the lobes. This is consistent with the interpretation

of hotspots as the place where the highly energetic jet hits the ambient

medium producing shock. Some energetic particles di�use into the lobes

from the hotspots, providing a continuous supply of energy, as long as the

jets are active.

1.1.1 Fanaro� Riley Classi�cation

Fanaro� and Riley (1974) observed that most of the radio sources can be classi�ed

in two types based on the surface brightness of relative position of di�erent regions

in the morphology of the radio galaxies. They divided the radio galaxies into

two categories based on the ratio RFR, the ratio of the distance between highest

brightness regions on opposite sides of host galaxy, to the total extent of the radio

galaxy. Sources for which RFR < 0.5 were called as type I (FRI) and sources with

RFR > 0.5 were called type II (FRII) sources. It was also found that almost all

sources with luminosity L(178MHz) . 2× 1025 h−2
100 W Hz−1 Str−1, where h100 is

Hubble constant in units of 100 km/s/Mpc, were of class I while almost all sources

with luminosity greater than this value were of class II. There is no sharp dividing

line in the luminosity of FRI and FRII sources. There is partial overlap between

the two. Properties of FRI and FRII galaxies are discussed below:

• FRI sources: These sources have high brightness regions close to but the

central region as compared to low-brightness region. The spectrum of the

lobes becomes steep towards the outer extremities of the lobes indicating

old plasma which has radiated away most of its energy. Jets are found in 80

percent of FRI radio galaxies. FRI sources are often located in rich clusters

containing hot X-ray emitting gas. C-shaped galaxies are thought to have

originated from FRI like sources, as FRI sources are most likely to produce

C-shaped galaxies, when the move in the medium and the lobes sweep back

due to ram pressure of the medium.

• FRII sources: These sources have their brightest regions towards extrem-

ities of the lobes away from the central host as compared to low-brightness
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region. They often comprise of bright hotspots in their lobes. Cores and

jets in these sources are brighter than those in FRI sources as expected from

overall high luminosity of these sources. Jets are found in less than 10 per

cent FRII radio galaxies. However, jets in FRII sources are generally smooth

and end in hotspots in the lobes, that are well separated.

1.1.2 Giant Radio Galaxies

Giant radio galaxies (GRGs) are radio galaxies whose projected linear size is ≥0.7

Mpc (H0=71 km s−1 Mpc−1, Ωm = 0.27, ΩΛ = 0.73). They are very useful in

studying various problems in astrophysics and are largest single objects in the

universe. The largest GRG known, hosted by a galaxy called as J1420-0545, has

linear projected size of 4.7 Mpc. Till today ∼120 GRGs are known. Most giant

radio sources are FRII but some lie at the boundary of FRI and FRII. The GRG

discovered by us is radio loud FRII GRG having 5 GHz spectral luminosity of 1.1

× 1025 W Hz−1. GRGs can play an important role in understanding the inter

galactic medium (IGM) and structure formation.

GRGs are less common population of radio galaxies. After an active phase,

which lasts for ∼107 � 108 years, the AGN activity stops or falls to very low level

such that the out�owing jets are no longer sustained. As a result, the radio core,

jets and hot-spots on radio lobes disappears (Murgia et al., 2011). However, the

radio lobes can be seen for some time before they disappear due to radiative losses.

Thus, relic radio galaxy resulting from the cessation of AGN activity represents

a short-lived �nal phase of radio galaxy evolution. The short-lived phase makes

them a rare class of objects.

1.2 X-ray Imaging & Spectroscopy

X-ray astronomy is relatively new �eld as most of the X-rays are absorbed in the

atmosphere and we needed satellites to observe X-ray radiation from space. Many

astronomical objects emit, re�ect or �uoresce X-rays. The objects include galaxy

clusters, central regions of AGN, stars, X-ray binaries and supernova remnants.
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Figure 1.1: Sketch of the XMM-Newton spacecraft with its payload. On the left-hand

side, three telescopes can be seen. On the right-hand side, focal plane instruments can be

seen, which include: two EPIC MOS cameras at the focus of two telescopes along with

two Re�ection Grating Arrays and an EPIC PN detector. The light from third telescope

is focused on it, unattenuated. Image courtesy of Dornier Satellitensysteme GmbH.

Several processes such as bremsstrahlung, black body radiation, synchrotron ra-

diation and the inverse-Compton radiation gives rise to X-ray continuum, which

constitutes a part of observed X-ray background.

As X-rays are very high energy photons, they behave more like particles

rather than waves. So, it is possible to measure energy of each individual photon.

Based on the type of detectors used in the X-ray telescopes, time of arrival of

each photon can be recorded. Thus, X-rays produce a wide range of data in many

forms.

The �rst observations in the X-ray band were made from instruments on

rockets and balloons. The rockets reached an altitude greater than 100 km, and

X-rays in the range ∼0.25�10 keV could be observed from them using Geiger

counters. Rockets and balloons together detected X-rays from sources such as the

Sun, the Crab nebula, the moon and di�use X-ray background. As the technology

progressed, X-ray satellites were launched in the space to observe the X-ray sky.

Some of these satellites include ROSAT (Europe), EINSTEIN (USA) and ASCA

(Japan). Currently, there are two major X-ray satellites orbiting the earth taking
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data and producing exciting science, CHANDRA X-ray mission launched by NASA

and XMM-Newton launched by European Space Agency. For our study, we used

archival data from XMM-Newton telescope. Following subsection describes the

properties of XMM-Newton.

1.2.1 XMM-Newton Telescope

The European Space Agency's X-ray Multi-Mirror satellite XMM-Newton was

launched in December 1999. It carries two distinct types of telescope: three X-

ray telescopes containing high precision concentric mirrors that focus incoming

X-rays to a large �eld of view (∼ 30′) on three European Photon Imaging Cam-

eras (EPIC), a 30 cm optical/UV telescope with a CCD detector at its focal plane

and two Re�ection Grating Spectrometers (RGS) for high-resolution X-ray spec-

troscopy (see Fig 1.1). XMM-Newton provides an angular resolution of ∼ 6′ Full

Width at Half Maximum (FWHM). Its high e�ective mirror area (∼ 4300 cm−2 at

1.5 keV) is superior to all other X-ray observatories. Furthermore, it's highly ec-

centric orbit (travelling up to nearly one-third of the distance to the moon) allows

very long and uninterrupted observations.

There are two types of EPIC CCD cameras for X-ray imaging, moderate

resolution spectroscopy and X-ray photometry; two Metal Oxide Semiconductor

(EPIC MOS) cameras and one EPIC PN camera. Each of the two EPIC MOS

cameras consists of 7 chips, each with a matrix of 600×600 pixels. EPIC PN

cameras are speci�cally developed for XMM-Newton. EPIC PN is illuminated

from the back side, which doesn't have insensitive layers or coatings, as opposed

to EPIC MOS, making it more sensitive to soft X-ray photons. Moreover, PN

detectors have faster pixel readout time as compared to MOS detectors (0.03 ms

of PN versus 1.5 ms of MOS in standard Timing Mode). All three EPIC detectors

can take X-ray spectroscopic observations in the energy range of 0.2 � 12 keV.

1.3 Radio Interferometry

This section we review basics of radio interferometry adapted from Kadler (2005).

Working of a radio interferometer is same as that of the Michelson interferometer.
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Figure 1.2: An elementary radio interferometer. Image taken from Kadler (2005).

Incoming rays from a distant source can be assumed to be parallel to each other

(far-�eld pattern). When the rays fall on the antennas, voltages are created at the

telescope backend, where they are correlated, i.e., a circuitry performs a multipli-

cation and averaging of the voltages. If the source is a monochromatic emitter,

then voltages are sinusoidal functions. Figure 1.2 shows that the signal reaches

the �rst antenna at a time τg = (D/c) cos θ before it arrives at the second one,

where D is the baseline of the two telescopes and c is the velocity of light. This is

called the geometrical delay and the correlator output is proportional to

F = sin(2πνt) sin(2πν (t− τg)). (1.1)

The projected baseline Dsin θ varies with time as the earth rotates and so

does the geometrical delay. The correlator output after �ltering out the terms

independent of τg, after some trigonometrical transformations is given by

F = cos(2πντg cosθ). (1.2)

Therefore, the correlator output is proportional to a quasi-sinusoidal fringe pat-

tern, due to the rotation of the Earth. If the source has extended structure,

the interferometer receives the signal not only from the direction s, where it is

pointed at, but from a whole area around a nominal position s0. Then, an ele-

ment of solid angle dΩ of the source, from the position s = s0 + σ, contributes
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the power 1/2∆ν B(σ)A(σ)dΩ at each of the two antennas. ∆ν is the observing

bandwidth, B(σ) is the brightness at position σ, A(σ) is the reception pattern of

the antenna, and the factor 1/2 arises because of the capability of a telescope to

receive only one direction of circular polarization. Correlating the two antenna

output powers and applying the fringe term of above equation, the interferometer

output becomes

r(Dλ, S0) = ∆ν

∫
4π

A(σ)B(σ) cos(2πDλ · s) dΩ (1.3)

with ντg = Dλ · s, where Dλ is the vector of the baseline in units of the observing

wavelength. Introducing a complex quantity

V = |V |eiφV
∫

4π

AN(σ)B(σ)e−2πDλ·σ dΩ (1.4)

with a normalized reception pattern AN(σ) = A(σ)/A0, where A0 is the antenna

collecting area in direction s0, the correlator output is

r(Dλ, S0) = A0∆ν|V | cos(2πDλ · s0 − φV). (1.5)

V is called the complex visibility. The correlator output can be expressed in terms

of a fringe pattern with the modulus and phase of V . The phase is measured rel-

ative to the phase of a hypothetical fringe pattern received from a point source at

the position s0. Both, modulus and phase of V are observables, and Equation 1.4

shows that the visibility is the Fourier transform of the brightness distribution

B(σ). In order to reconstruct B, the visibility V has to be measured with di�er-

ent baselines Dλ. Usually this is expressed in terms of a two-dimensional plane

with coordinates u = D
E/W
λ cos θ and v = D

N/S
λ cos θ, which are basically the pro-

jected baselines in east�west and in north�south direction and are called spatial

frequencies. This (u, v)�plane has to be sampled frequently enough in order to be

able to perform a discrete Fourier transform of the measured visibility function

V (u, v) and thus retrieve the brightness distribution B of the source with an an-

gular resolution determined by the highest spatial frequency of the interferometer.
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Chapter 2

Theory

Most of the radio emission we see from radio galaxies is due to synchrotron radi-

ation. It can also give rise to X-ray radiation. In the following sections, radiative

processes producing radio and X-ray radiation related to our source are discussed.

2.1 Synchrotron Radiation

Synchrotron radiation is emitted when a charged particle moving at relativistic

speeds moves in the presence of the magnetic �eld with component perpendicular

to its velocity. When a non-relativistic charged particle moves in electric and

magnetic �eld, it experiences Lorentz force given by:

F = q(E + β ×B) (2.1)

where, β is velocity in units of speed of light. In the absence of electric �eld, the

particles perform helical motion around the magnetic �eld with gyration frequency

of its orbit also called as Larmor frequency given by,

νB = qB⊥/2πγmc (2.2)

where γ = 1/
√

1− β2 is Lorentz factor of the particle and B⊥ is component of

the magnetic �eld perpendicular to its velocity. It can be shown that the power

radiated by the particle is given by

P =
4

3
σT cγβ

2UB ∝ γ2UB (2.3)
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where σT is Thomson cross section and UB = B2/8π is energy density of the

magnetic �eld.

In the case of a particle moving at relativistic speeds, relativistic doppler

e�ect shifts the gyration frequency to

ν ′B = νB/(1− β‖cosθ) (2.4)

where β‖ is the parallel component of the velocity to the magnetic �eld and θ is

the angle between v and B.

If we consider an ensemble of electrons with continuous energy distribution

given by n(E) = n0E
−p, produce power law synchrotron spectrum where �ux

density

Sν ∝ ν−α (2.5)

with the spectral index related to energy index p as

α =
p− 1

2
. (2.6)

The energy density of the distribution of electrons given above is

Ue =

∫ E2

E1

n(E)EdE (2.7)

Integrating above equation over source volume V gives a total energy in electrons

Ee = N0(E2−p
2 − E2−p

1 )/(2− p) (if p 6= 2) (2.8)

where N0 = n0V and Ee = UeV . It can be shown that total power radiated by an

electron is given as

− dE

dt
= CB2E2. (2.9)

From eq 2.9 and eq 2.8, we can obtain luminosity of the source

L =

∫ E2

E1

CB2E2N0E
−pdE. (2.10)

Integrating above equation for all energies and solving for N0 gives total energy

in the electrons (given here in terms of frequency and spectral index) as,

Ee =
LC1

CB3/2

2− 2α

1− 2α

ν
1/2−α
2 − ν1/2−α

1

ν1−α
2 − ν1−α

1

(if α 6= 1

2
or 1) (2.11)
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The energy is stored in the electrons as well as the magnetic �eld. Hence,

total energy of the source is,

ET = Ep + EB = aAB−3/2 + V B2/8π (2.12)

where Ep is energy in the particles, a is the ratio of energy in the protons to the

energy in the electrons and V is the volume of the source. Here we have assumed

that the magnetic �eld and particles �ll the source volume uniformly. The above

equation has minimum near the value of B for which Ep and EB are equal. Thus,

the minimum energy condition is

Emin = 0.5(aAL)4/7V 3/7 (2.13)

and corresponding minimum/equipartition magnetic �eld is given by

BEmin ∼ Beq = (6πaAL/V )2/7 = 2.3(aAL/V )2/7. (2.14)

For all the detailed calculations in this section, we refer the reader to Mo�et (1975).

2.2 Inverse-Compton Radiation

Low energy photons can be up-scattered to very high energies by relativistic elec-

trons. This process is called inverse-Compton scattering as it is opposite of Comp-

ton scattering. In the rest frame of the charge, a wave of frequency νi appears

Doppler shifted to a frequency,

ν ′i = γνi(1− βcosθ) (2.15)

where θ is the angle of incidence in observer's frame of reference. In this frame,

for non-relativistic electrons satisfying the condition hνi � mec
2/γ, the scattered

wave frequency is equal to the incident wave frequency (ν ′f = ν ′i). Moving back to

the observer's frame of reference, the up-scattered frequency is given by,

νf = γ2νi (1 − βcosθ) (1 + βcos(θ′ + ψ′)) (2.16)

where θ′ and ψ′ are angle of incidence and scattering, respectively, in the rest

frame of the charge. For highly relativistic electrons (γ � 1), we often generally

get,

νf ∼ γ2νi. (2.17)
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Thus, for su�ciently high γ, photons can be up-scattered to very high frequencies.

It can be shown that for ultra-relativistic electrons (γ � 1) and for an

isotropic radiation �eld of energy density Uph, the power of scattered radiation is

given by,

P = 2.6 × 10−14 Uph γ
2 erg/sec (2.18)

This equation is very similar to eq 2.9 for synchrotron losses, the major di�erence

being magnetic �eld energy density is replaced by photon �eld energy density.

Hence, inverse-Compton losses become more important when Uph > B2/8π.

The above results were derived when Thomson cross-section can be used,

i.e., when hν ′i ∼ γhνi � mec
2. In the other extreme, when γhνi � mec

2,

the Klein-Nishina formula applies and energy of scattered photons increase only

logarithmically.

In this extreme case, using Klein-Nishina formula, it can be shown that

for initial power law distribution of electrons with continuous energy distribution

given by n(E) = n0E
−p, inverse-Compton scattering produces spectrum with

spectral index (p − 1)/2 (for detailed calculations, see Tucker (1977)). Hence, for a

given electron distribution producing synchrotron and inverse-Compton radiation,

shapes of synchrotron and inverse-Compton spectrum are identical.

The seed photon �eld can be provided by various sources. The most com-

mon photon �eld is the Cosmic Microwave Background (CMB) that is universally

present everywhere. In the hotspots of the radio lobes, the seed photon �eld can be

synchrotron photons produced by relativistic particles. They can be up-scattered

by particles themselves who produced them. This special case of inverse-Compton

scattering is called Self Synchrotron Compton (SSC).

2.3 Thermal Plasma Emission

Thermal emission means that the energy of the plasma can be characterized by the

temperature of the electrons. Nature and processes of thermal emission depend

on the plasma temperature. For temperatures less than 5 × 106 K (∼ 0.43 keV)

line emission from various ionized atoms in the gas dominates. For temperatures

greater than that, thermal bremsstrahlung continuum emission dominates (also
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called as free-free emission).

Exact shape of the spectrum depends on a variety of parameters, pressure,

density, metallicity, temperature. In general, emission line forest if superimposed

on thermal bremsstrahlung continuum. Relative strengths of lines and maximum

temperature of the plasma depends on temperature of the plasma. The scaling

of the thermal plasma emission is proportional to the product of electron and

hydrogen density integrated over the volume of the emitting plasma, the so called

emission measure (EM) =
∫
nenHdV .
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Chapter 3

Observations and data analysis

techniques

The high redshift GRG discussed was discovered in the XMM-LSS �eld. The

GRG lies in a smaller sub�eld of the XMM-LSS �eld, known as the SXDF �eld

at RA 2h16m59s and DEC −4d49m20.6s (J2000). This sub�eld has some of the

deepest available observations, particularly in the near-infrared, mid-infrared and

radio bands. In this work, we have combined our GMRT continuum observations

at 0.325 GHz with archival X-ray imaging from XMM-Newton, and 1.4 GHz VLA

images from Simpson et al. (2006). We used Optical imaging and spectroscopy

from Subaru, ultra deep JHK band near-infrared imaging from the UKIDSS-UDS

survey, deep Spitzer imaging in the 4 IRAC bands and the 24 micron MIPS band

from the SpUDS survey for host galaxy identi�cation and photometric redshift

calculation.

3.1 Radio Observations

The 0.325 GHz image was obtained by Wadadekar et al. 2015 (in prep.) using

the Giant Metrewave Radio Telescope (GMRT) observation of the XMM-LSS �eld

covering over ∼ 12 sq degrees with a 16-pointing mosaic. Scans were carried out

in semi-snapshot mode of 6-17 minutes each to optimize the uv-coverage. This

resulted in uniform sensitivity in the central region, where this source lies. The

�nal map has an average 1σ rms noise of ∼ 150 µJy beam−1. The 0.325 GHz
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Table 3.1: Radio �ux densities of the giant radio galaxy.

S1.4 GHz S0.610 GHz S0.610 GHz S0.325 GHz S0.240 GHz α1.4
0.325

int int int int int

(mJy) (mJy) (mJy) (mJy) (mJy)

North Lobe 5.8±0.10 13.6±2.4 - 79.8±5.20 49.5±7.4 1.79±0.11

South Lobe 3.8±0.90 6.6±1.4 - 60.2±4.52 53.6±7.0 1.89±0.12

Total 9.6±0.14 20.2±2.7 43.3 140±6.9 169.1±20.2 1.83±0.08

Note. Column 1: �ux density at 1.4 GHz measured using 1.4 GHz radio image.

Column 2 is 0.610 GHz �ux density taken from Tasse et al. (2007). Column 3 is

taken from Vardoulaki et al. (2008). Column 4 is 0.325 GHz radio �ux density

calculated using the 0.325 GHz GMRT image. Column 5 is �ux density at 0.240

GHz taken from Tasse et al. (2007). Column 6 is the spectral index calculated

using 0.325 GHz and 1.4 GHz �uxes. All �ux densities are integrated �ux

densities of individual component or of the entire source.
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GMRT image has a synthesized beam of 9.35′′ × 7.38′′ at a position angle (PA)

=73.25◦.

The 1.4 GHz radio image was obtained by Simpson et al. (2006) using the

VLA in its B and C array con�guration. The 1.4 GHz image rms noise is ∼20�22

µJy1. The 1.4 GHz VLA image has a synthesized beam of ∼ 5′′× 4′′ at PA ∼ 70◦.

Tasse et al. (2007) have observed the XMM-LSS �eld at 0.240 GHz and

0.610 GHz using GMRT. 0.240 and 0.610 GHz GMRT observations cover 18.0 and

12.7 deg2 with noise-rms ∼ 2.5 and ∼ 0.3 mJy beam−1 and resolutions of 14′′.7

and 6′′.5 arcsec, respectively. There are deeper 0.610 GHz GMRT observations

of the SXDF �eld covering 0.5 deg−2 with noise-rms of ∼ 60 µJy beam−1, with

a synthesized beam of 6′′.8 × 5′′.4 at position angle (PA) of 30◦ (see Vardoulaki

et al., 2008). The total 0.610 GHz �ux density of the GRG estimated from deeper

GMRT observations in the SXDF �eld is 43.3 mJy. This clearly shows that a

signi�cant �ux is missed in shallow observations reported in Tasse et al. (2007).

Therefore, we use 0.610 GHz �ux density given in Vardoulaki et al. (2008) in our

analysis. The total �ux density of the GRG is 140 mJy at 0.325 GHz and 9.6 mJy

at 1.4 GHz. Table 3.1 summarizes radio �ux densities of the lobes.

3.1.1 Missing �ux density issue

This part was done by Dr. Aritra Basu, MPIfR, Germany. The total �ux density

from large angular extent source can be underestimated due to under sampling of

the uv−plane at the lowest uv−distance. This could be signi�cant at higher radio

frequencies. An interferometer with the shortest baseline Dmin can detect all the

�ux from angular scales less than ∼ 0.6λ/Dmin, provided the uv -plane is densely

sampled at the shortest spacings. Here, λ is the observing wavelength. The total

angular extent of the GRG is ∼ 2 arcmin at 0.325 GHz, and can be well sampled

by baselines having uv-length & 1 kiloλ. This is not an issue with the GMRT

observations at 0.325 GHz, as the shortest baseline starts from ∼ 150 λ. Hence,

we do not believe that there is any missing �ux density at 0.325 GHz and all the

structures are well recovered. However, the 1.4 GHz observations using B- and

C-array con�guration of the VLA, the uv -plane is sampled from 1 kiloλ to 17kλ.

11 Jy = 10−26 W m−2 Hz−1 = 10−26 erg s−1 cm−2 Hz−1
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Figure 3.1: Residual image after subtracting the GMRT map at 0.325 GHz with the

model map imaged using the uv−coverage at 1.4 GHz. The residual image is in units of

Jy beam−1.

This is just enough to recover all angular scales of the GRG.

The amount of missing �ux at 1.4 GHz using the VLA observations was

tested in the following way. We sampled the 0.325 GHz map observed using the

GMRT with the uv−coverage of the 1.4 GHz observations using the VLA in B-

and C-array con�guration. This allowed to produce model uv−data for the full

extent of the GRG. This model data was subsequently imaged using the same

deconvolution parameters as used by Simpson et al. (2006). The model image

has total �ux density of 152 mJy as compared to the original �ux density of 156

mJy within the 3σ contour. This allows us to quantify the extent of missing �ux

density at 1.4 GHz to be . 3 percent. In Figure 3.1 we show the residual image

after subtracting the 0.325 GHz GMRT image with the re-sampled model image.

The residual image has rms noise of ∼ 150 µJy beam−1, similar to that of the rms

noise of the 0.325 GHz GMRT image. This also indicates that all the structures

could be well recovered at 1.4 GHz. Additionally, we compared the 1.4 GHz radio

�ux with NRAO VLA Sky Survey observations, they are comparable indicating

that there is very little or no radio �ux missing as a result of radio interferometric

undersampling. Hence, we do not expect missing �ux density in 1.4 GHz map.
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Figure 3.2: Left panel : Grey scale 0.325 GHz GMRT image of our relic GRG J021659-

044920. Middle Panel : 0.325 GHz contours overlaid on the soft band (0.3 - 2.0 keV)

EPIC pn image. Right panel : 1.4 GHz contours overlaid on the soft band (0.3 - 2.0 keV)

EPIC pn image. Lowest radio contour is at 5σ level with successive contours increased

by
√
2. The X-ray image is smoothed with a Gaussian of kernel radius 5′′.0. Marker x

indicates the position of the host galaxy.

3.2 X-ray Observation

We used XMM-Newton archival data with observation ID 0112372001 (PI: Dr.

Michael Watson). The data were taken in prime-full window mode using thin

�lter on 7th January, 2003 and consist of 25.63 ks EPIC PN and 27.35 ks of

EPIC MOS data. We discuss the extraction of X-ray spectrum in section 3.5.

Figure 3.2 shows the smoothed X-ray image with GMRT and VLA radio contours

overlaid. The di�use X-ray emission is nearly co-spatial with 0.325 GHz GMRT

radio contours, but, it is o�set from 1.4 GHz VLA contours.

3.3 Optical/Near Infrared Identi�cation

The core of the host galaxy is not detected in radio (0.325 GHz, 1.4 GHz images) or

in X-ray. To �nd the host galaxy we use optical identi�cation given in Vardoulaki

et al. (2008). Optical data is obtained in �ve photometric bands (B, V, r, i',

z') from Subaru telescope (Simpson et al., 2006). To understand the nature of

23



34.235°34.240°34.245°34.250°34.255°
RA (J2000)

-04.840°

-04.830°

-04.820°

-04.810°

-04.800°

D
ec

 (J
20

00
)

34.235°34.240°34.245°34.250°34.255°
RA (J2000)

-04.840°

-04.830°

-04.820°

-04.810°

-04.800°

D
ec

 (J
20

00
)

0

8

16

24

32

40

48

56

64

34.235°34.240°34.245°34.250°34.255°
RA (J2000)

-04.840°

-04.830°

-04.820°

-04.810°

-04.800°

D
ec

 (J
20

00
)

−0.01

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

Figure 3.3: Left panel: 0.325 GHz (in yellow) and 1.4 GHz (in green) radio contours

overlaid on the three-color optical RGB image. RGB 3-color image obtained by combining

Subaru B band (blue), R band (green) and z′ band (red) images. An artefact due to a

foreground bright star is seen as a bluish white horizontal bar at the lower end of the

image. Extreme red colour of the host galaxy is apparent in RGB image. Central and

Right panel: UKIDSS K band and SpUDS 4.5 µm images, respectively. In all images,

lowest radio contour is at 5σ level with successive contours increased by
√
2. Green

contours are 1.4 GHz and blue contours are 0.325 GHz radio contours. In each panel,

the arrow points to the host galaxy.

host galaxy, we also use near-IR (J, H and K bands) and mid-IR data (3.6, 4.2,

5.8 and 8 micron) from UK Infrared Deep Sky Survey's (UKIDDS) Ultra Deep

Survey (UDS) and Spitzer UKIDSS Ultra Deep Survey (SpUDS), respectively.

The host galaxy is a very red galaxy (B−K = 7), almost exactly at the center of

the radio contours. There are no other sources in the vicinity of this source, which

can be considered as plausible host galaxy candidates. We consider it a reliable

identi�cation. Figure 3.3 shows UKIDSS UDS K-band image with GMRT 0.325

GHz radio contours and 1.4 GHz VLA contours.

The optical and IR band magnitudes of this galaxy are listed in Table 3.2.

Subaru optical band magnitudes ( B to z') are taken from Simpson et al. (2006),

near infrared band magnitudes (J, H, K) are taken from UKIDSS UDS DR8 catalog

and mid-infrared �uxes are measured using aperture photometry from the SpUDS

images. The host galaxy is not detected in 24 µm MIPS band. MIPS has 5σ limit
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Table 3.2: AB magnitudes of the host galaxy in the optical and infrared bands.

Band B V R i' z' J H K

Magnitude 25.08 24.62 23.96 22.98 22.02 20.30 19.23 18.13

Band 3.6µm 4.5µm 5.8µm 8µm

Magnitude 17.83 17.91 18.66 19.23

Note. Optical band magnitudes (BVRi'z') are from the Subaru, near infrared

�uxes (JHK) are from the UKIDSS-UDS catalog and mid-infrared �uxes

(3.6,4.5,5.6,8µm) were measured by us from the SpUDS images using �xed

aperture of 6′′ diameter.

of 40µJy.

3.4 Photometric redshift estimation

The spectroscopic redshift provided by Vardoulaki et al. (2008) is based on a

low S/N spectrum of an extremely red galaxy. Deep panchromatic observations

from UKIRT and Spitzer, allows us to independently estimate the photometric

redshift of the host galaxy. We calculated photometric redshift of the source by

�tting template SEDs to the photometric data available for the host AGN using

the publicly available photometric redshift estimation code EAZY2 by, (Brammer

et al., 2008). The EAZY code combines a number of features from various existing

codes. It is able to �t a linear combination of templates and its templates are based

on semi-analytical models, rather than observed spectra of galaxies.

For photometry we used �xed aperture of 6′′ diameter to calculate the �ux

density of the source in the four IRAC bands of SpUDS. Note that this was done

since, unlike in the other bands, a SpUDS catalog is not currently available. For

the purpose of galaxy template �tting, we used optical (Subaru), near infrared

(UKIDSS-UDS) and mid-infrared (SpUDS) data. The �tting gave photometric

redshift zphot = 1.26+0.24
−0.15. The spectroscopic redshift zspec = 1.325 lies within 1σ

limit of zphot. Figure 3.4 shows the best �t template.

2http://www.astro.yale.edu/eazy/
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Figure 3.4: Best �t galaxy template (green curve) for the observed photometric data

points (blue). The best �t template SED is a linear combination of default SED templates,

and a dusty galaxy template provided on the EAZY website.

3.5 X-ray data analysis

We used XMM-Newton's Science Analysis System (SAS) version 13.5 for data re-

duction. Observations Data Files (ODF) were processed with emproc and epproc

commands to produce calibrated and concatenated event lists for EPIC cameras.

These �les were �ltered for �aring particle background using standard recom-

mended PATTERN, FLAG, and energy �lters to generate clean �les for spectrum

extraction, and to produce images. The number of counts were insu�cient to

�t the spectrum for each lobe separately. Hence, spectrum of total extended

emission containing both lobes was extracted in 0.3�10 keV energy range and

�tted using XSPEC v12.8.2. Spectrum was extracted from elliptical regions for

both the lobes as shown in Figure 3.2 and source free local background regions

were selected for background spectrum. We used galactic absorption column value

NH = 2.52×1020cm−2, using the `Colden: Galactic Neutral Hydrogen Density Cal-

culator' tool provided by NASA's CHANDRA X-ray Observatory, operated by the

Smithsonian Astrophysical Observatory. MOS1 and MOS2 spectra had insu�cient

number of counts to constrain the spectrum well, hence we used PN spectrum of

the entire source. PN spectrum was binned in minimum 20 background-subtracted

counts per bin.

First, we �tted the spectrum with power-law model modi�ed by galactic ab-
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Figure 3.5: 0.3 � 10 keV XMM-N pn spectrum best �tted with an absorbed power law,

where absorbing column density is �xed to the galactic value. Solid red line and crosses

(`+') represent �tted model and binned data points, respectively. Residuals are shown in

the bottom panel.

sorption. Then to investigate thermal origin of the observed X-rays, we �tted the

spectrum with mekalmodel modi�ed by galactic absorption. The MEKAL model

represents an emission spectrum from hot di�use gas based on the model calcu-

lations of Mewe et al. (1986). For both models, galactic absorption column value

was �xed to the value mentioned above. For mekal model, relative abundance

was �xed to 0.6, based on the best �t value from a range of relative abundance

from 0.1 to 1.5. The parameters of these �ts are presented in Table 3.3.
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Table 3.3: Best-�t parameters for the power-law and mekal spectral models for total

extended X-ray emission from the lobes. Errors represent 90 per cent con�dence interval

for all parameters.

Model Parameter Value

Power law Knorm 5.29+1.30
−1.30 × 10−6

NH (cm−2) (�xed) 2.52 × 1020

Γ 1.86+0.49
−0.41

χ2/dof 9.7/11

0.3 � 10 keV �ux (erg cm−2 s−1) 3.25 × 10−14

2.0 � 10 keV �ux (erg cm−2 s−1) 1.69 × 10−14

mekal

Knorm 7.90+1.09
−1.93 × 10−5

kT (keV) 4.2+15.3
−2.3

nH (cm−3) 1.17 × 10−2

Abundance 0.6

χ2/dof 9.27/10
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Chapter 4

Results

A spectroscopic redshift of z = 1.325 was reported for this source by Vardoulaki

et al. (2008), based on FOCAS/Subaru spectrum (Furusawa et al., 2008). At

z = 1.325, one arcminute represents 513 kpc in the plane of the sky for our chosen

cosmological parameters. It spans 2′.4 on the sky which represents a projected size

of 1.2 Mpc. Features like a jet, hotspot and core are absent in the radio images.

Because, the hotspots are not visible, we used end to end size of 5σ contour at

0.325 GHz to measure the size of the GRG.

4.1 Radio and X-ray spectral index

Under ICCMB, it is expected that the non-thermal X-ray spectrum will have

similar spectral shape to the radio spectrum. This implies that the spectral index

in the radio should be the same as the slope of the X-ray spectrum. In our

observations, we �nd that the radio spectral index, α is in the range 1.5 and

2.5 (see Figure 4.1). The X-ray emission photon index, Γ, is related to the X-

ray spectral index (αXray) as, αXray = Γ − 1. We obtain, Γ = 1.86+0.49
−0.41, which

corresponds to αXray = 0.86+0.49
−0.41. The slope in X-rays is therefore signi�cantly

di�erent from that in the radio.

In terms of energy, electrons emitting between 0.76 and 3.25 GHz in the rest-

frame (i.e., 0.325 and 1.4 GHz in the observed-frame), correspond to the energy

range ∼ 3.6 and 7.6 GeV for magnetic �eld strengths of 3.5 µG. Thus, the Lorentz

factor (γe) of the electrons are ∼ 7× 103 and ∼ 1.5× 104, respectively. For CMB
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photons at z = 1.325, having temperature 6.34 K, the Planck function peaks at

νbg ≈ 6.6 × 1011 Hz. These photons are up-scattered by the CR electrons in the

radio to X-ray frequencies with average frequencies given by 〈ν〉 ≈ (4/3)γ2νbg.

Thus, the CR electrons emitting at rest frame 0.76 and 3.25 GHz would up-

scatter these CMB photons to 4.3 × 1019 and 2 × 1020 Hz, i.e., energies in the

range ∼175 and 830 keV. Thus, our X-ray observations between ∼ 0.5 and 5 keV,

corresponding to 1.16 and 11.6 keV in the rest frame do not probe this steep part

of the spectrum. In our observed range of X-ray energies, the emission arises due

to IC scattering with CR electrons at much lower radio frequencies where the

spectral index is expected to be �atter than that between 0.76 and 3.25 GHz. In

this way, the di�erent spectral indices as measured in the X-ray and radio data

may be reconciled.

4.2 Spectral index map

We computed spectral index maps of the lobes of the GRG using 0.325 GHz GMRT

and 1.4 GHz VLA data (see Figure 4.1). 0.325 GHz radio emission extends well

beyond 1.4 GHz radio emission in the lobes. Spectral index map shows steepening

of the spectral index towards the inner parts of the lobes nearer to the host galaxy.

Spectral index steepens from 1.4 near the outer edge of the lobes away from the

host galaxy to 2.5 near the host galaxy. The average spectral index of the north

lobe is 1.78, and of the south lobe is 1.9 (see Table 3.1). The spectral index is

extremely steep relative to typical low z radio galaxies where it is ∼ 0.7 (Blundell

et al., 1999)). This variation of the spectral index with the distance from the

nucleus in the lobes is consistent with the back�ow model of the lobes (Leahy

and Williams, 1984; Leahy et al., 1989). According to this model, pressure in the

hotspot re-accelerates the post-shock material back towards the core, creating a

back�ow. The older part of the back�ow material (part towards the core) loses

energy making the spectrum steep in this part of the lobes.

Using X-ray emission alone, we can estimate the lower limit on the total

energy in the relativistic electrons. We follow equation (4) of Erlund et al. (2006):
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Figure 4.1: Spectral index map of the lobes of the giant radio galaxy obtained from 0.325

GHz GMRT and 1.4 GHz VLA data with 0.325 GHz GMRT contours.

εe =
3

4

L44

γe(1 + z)4
1064 erg, (4.1)

where L44 is the X-ray luminosity in 1044 erg s−1 and γe is the typical Lorentz

factor of the electrons responsible for ICCMB. Assuming γe = 103 gives εe =

4.2× 1059 erg.
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Chapter 5

Discussion

The core and hotspots of the GRG are not detected either in the X-ray or the

radio. This indicates that the host AGN is either not active, or it is heavily

absorbed with a �at or an inverted radio spectrum. We note that the 1.4 GHz

VLA observation (rms ∼20�22 µJy) is signi�cantly deeper than the 0.325 GHz

radio observation. If the core had a �at or inverted radio spectrum, it should have

been detected in the 1.4 GHz observation. Thus, the absence of jets, hotspots and

a core together with an extremely steep radio spectrum is a strong indicator that

the central activity has stopped since the extended source was produced.

We have detected di�use X-ray emission associated with the lobes of J021659-

044920. Spectral �tting is not able to di�erentiate between power-law and mekal

models. The X-ray spectrum is best �tted with power-law of photon index Γ

= 1.86+0.49
−0.41 modi�ed by galactic absorption, and thermal mekal model giving

thermal temperature of 4.2+15.3
−2.3 keV. Thermal temperature of the plasma is high

and poorly constrained. Density of thermal electrons required for the model is

nth ∼ 1.17 × 10−2 cm−3. We follow argument of Isobe et al. (2005), that this

value is too high compared to the values of nth � 10−3 cm−3 indicated by a

number of studies on radio polarimetry e�ects. Also, since jet activity has stopped,

the plasma is unlikely to be shock-heated to produce thermal X-ray emission.

Therefore, we conclude that the observed X-ray emission is of non-thermal origin

and thermal plasma in the lobes has negligible contribution to it.

The X-ray spectral index is �atter than radio spectral index. X-ray emission

is nearly co-spatial with the radio lobes. When the jets are active, the electrons are
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shock accelerated in the hotspots with initial power-law distribution of spectral

index ∼ 0.5 (Croston et al., 2005). Then cooling processes such as adiabatic

expansion of the lobes, synchrotron radiation and ICCMB steepened the spectral

index to observable frequencies. We discuss these processes and arguments for

ICCMB in the following subsections.

5.1 Energy losses

The electrons in the hotspots are further accelerated to relativistic energies through

di�usive shock acceleration. Under such a scenario, the cosmic ray electrons are

injected with spectral index given by, αinj = (M2 + 3)/(2M2 − 2) (Blandford and

Eichler, 1987), where M is the Mach number. For strong shocks, i.e., M � 1,

the electrons are injected with a typical spectral index of 0.5. These relativis-

tic electrons undergo energy losses that modify the injected power law spectrum.

The dominant energy loss processes are synchrotron, inverse-Compton cooling and

adiabatic cooling. Synchrotron and IC losses have the e�ect of steepening the spec-

trum and leads to a cuto� at higher radio frequencies (& 1 GHz), while adiabatic

losses do not a�ect the spectrum. We, therefore, ignore adiabatic losses from our

discussion.

Both, synchrotron and IC losses a�ect the spectrum in a similar way, wherein,

the spectrum is smoothly steepened at higher frequencies. The spectrum is char-

acterised by a break frequency, νbr, below which the spectrum remains a power law

with a spectral index identical to the injection spectral index (αinj). Above νbr, the

form of the steepening depends on the mechanism of particle injection. For steady

continuous injection of relativistic electrons (CI model), the spectrum steepens by

0.5 (Pacholczyk, 1970). For single shot particle injection, the spectrum falls o� as

a power law with index 4αinj/3 + 1 above the break frequency, assuming constant

pitch angle between electrons and magnetic �eld (KP model; Kardashev, 1962;

Pacholczyk, 1970). However, considering rapid isotropization of the pitch angle

distribution leads to an exponential cut-o� above the break frequency (JP model;

Ja�e and Perola, 1973).

In Figure 5.1 (left-hand panel) we show the expected spectral index between
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Figure 5.1: Left-hand panel: The expected spectral index between rest-frame 0.76 and

3.25 GHz as a function of the break frequency at rest-frame, νbr,rest for the various models

of particle injection with αinj = 0.5. The shaded region shows the observed range of the

spectral index in the lobes. Right-hand panel: Expected age of the electrons as a function

of the magnetic �eld strength (B) for νbr,rest at 1.0 and 2.2 GHz. The dashed-dot line

shows the time required for the electrons to �ll up the lobes assuming a jet velocity of

0.3c. (The images were obtained by Dr. Aritra Basu.)

rest-frame 0.76 and 3.25 GHz for the di�erent models described above for αinj =

0.5. The shaded region shows the observed range of the spectral index in the

lobes. Clearly, the CI model cannot explain the observed steepness. For CI model

to explain our observations, αinj > 1 is required, which is generally not the case.

The fact that the extended radio emission is very bright at low radio frequencies

and extends well beyond high-frequency radio emission together with the observed

spectral index supports the fact that the lobes consist of an old population of

electrons that were injected into the IGM from a now discontinued jet activity.

5.2 Arguments for ICCMB in the lobes

From Figure 5.1 (left-hand panel), it is clear that CI and KP models cannot give

rise to the observed steepening of the spectral index. As per the JP model, the

range of the spectral index suggests, νbr,rest to be in the range 1 to 2.2 GHz in the

rest-frame. For the JP model, νbr depends on the age of the electrons (t) and the
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magnetic �eld strength (B) as,

νbr

GHz
= 1.12× 1015
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2
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(
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G

)2
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(
BIC

G

)2
}(

t

s

)]−2

(5.1)

Here, BIC is the equivalent magnetic �eld strength for IC scattering. In our

case, the IC scattering is with the CMB and BIC ≈ 3.25(1 + z)2 µG. Putting

z = 1.325 in the above equation gives, BIC ≈ 17.5 µG.

In Figure 5.1 (right-hand panel) we plot the age of the electrons as a function

of the magnetic �eld strength (B) using Equation (1). The dashed-dot line shows

the time required for the electrons to �ll up the lobes of size ∼ 420 kpc at the

distance of the GRG. We assumed a typical bulk velocity of the electrons as

0.3c. Now, for the observed steepening to be caused by synchrotron losses alone,

B � BIC ∼ 17.5 µG is required. It is clear from the �gure that, if B & 30 µG, then

synchrotron timescales would be less than the time required to �ll the observed

size of the lobe. This allows us to put an upper limit on the magnetic �eld strength

as < 30 µG. The upper limit of the �eld strength is comparable to the equivalent

IC �eld strength. Hence, it is unlikely that synchrotron losses alone could give rise

to the observed steepening of the spectral index. Furthermore, clear detection of

the lobes at 1.4 GHz allows us to put a lower limit on the magnetic �eld strength

of ∼ 3 µG. Otherwise, IC losses would completely dominate at 1.4 GHz and would

not allow any detectable synchrotron emission.

Assuming ICCMB, we can estimate the magnetic �eld in the lobes from X-

ray �ux. We use the formula given in Tucker (1977) to estimate the magnetic �eld

in the lobes:

Fc
Fs

= 2.47× 10−19
(
5.23× 103

)α( T

1K

)3+α

× b(n)

a(n)

(
B

1G

)−(α+1)(
νc
νs

)−α (5.2)

where B is the magnetic �eld strength in the lobes of the giant radio galaxy,

T is the temperature of the CMB at the redshift of the source, νc is frequency

of inverse-Compton X-ray emission, νs is frequency of radio synchrotron emission

and the constants a(n) and b(n) are taken from Ginzburg and Syrovatskii (1965)
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and Tucker (1977), respectively.

This analysis requires the observed X-ray and radio �uxes to be cospatial.

To get the cospatial �ux, we extracted the source spectrum in a region matching

the 5σ contours of the 0.325 GHz image, and �tted the spectrum with absorbed

power law model with NH set to galactic absorption. The best �t gave a photon

index Γ = 1.77+0.51
−0.42 corresponding to spectral index of 0.77+0.51

−0.42. The rest frame

unabsorbed 2�10 keV cospatial �ux Fc = 1.44× 10−14 erg s−1 cm−2 (0.75 nJy for

bandwidth of ∼8 keV). Taking the �ux density of the synchrotron emission Fs =

140 mJy at 0.325 GHz, α = 0.77 and hνc ≈ 3 keV yields a magnetic �eld of 3.3

µG. Taking α = 0.86 gives B = 3.6 µG. These values of the magnetic �eld are

consistent with the upper (30 µG) and lower limit (3 µG) on the magnetic �elds

as discussed above, further supporting the ICCMB interpretation.

We can also independently calculate the magnetic �eld using equipartition

argument (see Mo�et (1975), equation 2.77). We use the 0.325 GHz lobe size. We

assume radio-emitting lobes of our GRG to be cylindrical in shape. We take each

lobe to be ∼ 500 kpc long and ∼ 180 kpc in diameter, νmin = 10 MHz and νmax

= 10 GHz. Note that 1.4 GHz �ux density is heavily a�ected by ICCMB losses.

This analysis is valid only for synchrotron losses. Therefore, the observed spectral

index of 1.83 is not valid in this case. As discussed earlier, synchrotron losses

steepen the spectrum by 0.5. For αinj = 0.5 synchrotron losses would steepen the

spectral index to α = 1.0. Using α = 1.0 and the other values mentioned above

gives an equipartition magnetic �eld Beq = 3.5 µG. This value also lies within the

limits on the magnetic �eld.

36



Chapter 6

Conclusion

In this thesis, we study the a GRG J021659-044920 at high redshift (z ∼ 1.3),

∼ 8.97 Gyr into the past. The GRG display X-ray emission caused by inverse

Compton scattering of cosmic microwave background photons. Using the radio

and X-ray observations we are able to:

• conclude that the host AGN activity has stopped recently

• conclude that the observed di�erence in X-ray and radio spectral indices is

because we are observing X-rays upscattered by population of low energy

electrons in the lobes, they are least a�ected by spectral ageing

• conclude that observed steepening of the radio spectral index is due to the

back�ow mechanism

• estimate the minimum energy in the lobes to be εe = 4.2× 1059 erg

• use the ratio of X-ray to radio �uxes to compute the magnetic �eld to be

3.3 µG

• estimate the equipartition magnetic �eld to be Beq = 3.5 µG.

The GRG we discovered, is one of less than a dozen of ICCMB X-ray emitting

FR-II galaxies at high redshift discovered till date. Their study provides us with

a direct measurement of the properties of the magnetic �eld and the energetics in

these galaxies in the distant universe.
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