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The study of the faint radio universe and of its properties has recently become a very

active field of research not only because of the much improved capabilities of the SKA

pathfinders but also because of the need to better plan for SKA surveys. These new

facilities will map large areas of the sky to unprecedented depths and transform radio

astronomy into the leading technique for investigating the complex processes which

govern the formation and evolution of galaxies. This thesis combines multi-wavelength

techniques, highly relevant to future deep radio surveys, to study the properties of faint

radio sources.

The nature of the faint radio sources is presented, over a large GMRT survey area of

an area of 1.2 deg2 comprising 2800 sources. Utilising multi-wavelength data we have

matched 85% of the radio population to Spitzer/IRAC and obtained a redshift estimate

for 63%. The redshift associations are a combination of photometric and spectroscopic

redshift estimates. This study investigates several multi-wavelength diagnostics used to

identify AGN, using radio, infrared, optical and x-ray data . This analysis shows that

various diagnostics (from the radio through the X-ray ones) select fairly different types

of AGNs, with an evidence of a disagreement in the number of AGNs selected by each

individual diagnostics.

For the sources with redshift we use a classification scheme based on radio luminosity,

x-ray emission, BOSS/SDSS spectroscopy, IRAC colors satisfying the Donley criterion,

and MIPS 24µm radio-loud AGN criteria to separate them into AGNs and SFGs. On

the basis of this classification, we find that at least 12.5% of the sources with redshifts

are AGNs while the remaining 87.5% are adopted as SFGs. We explore the nature of

the classified sources through the far-infrared radio correlation. We measure a median

qIR value of 2.45± 0.01 for the SFGs and qIR value of 2.27± 0.05 for the AGNs. The

decrease in the median value of qIR for the AGNs is a result of the additional AGN

component to radio emission for the AGN-powered sources and find tentative evidence

of an evolution of the qIR with redshift.
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Chapter 1

Introduction

1.1 Introduction

1.1.1 Active galactic nuclei (AGN)

Active Galactic Nucleus (AGN) corresponds to a class of highly luminous sources which

emit from very compact regions in the centres of galaxies whose emission is powered by

accretion onto a massive black hole. Depending on the characteristics of their observed

spectra AGNs are divided into a number of sub-classes. However modern AGN unifi-

cation schemes imply that at least some of these classes represent different orientations

of an intrinsically similar set of objects (Kormendy and Ho, 2013). Understanding the

role of AGNs in shaping the properties of their host galaxies is one of the critical areas

in galaxies formation and evolution studies. Most galaxies contain a supermassive black

hole (SMBH) in their centre (Richstone, 1998). This follows fundamental relations to

their host galaxies (Ferrarese and Merritt (2000)). AGNs are known to be central unre-

solved point sources in galaxies emitting a non-stellar spectrum. AGNs emit radiation

from a broad range of wavelengths, from radio to X-rays. Due to their brightness, they

can be detected up to cosmological distances. For this reason, they offer the opportunity

of studying the Universe up to ten billion years ago and of tracing their evolution across

most of the Hubble time.

An active galactic nucleus (AGN) can be defined as a galaxy containing a massive

(> 105M�) accreting black hole (BH) with Eddington ratio exceeding the (somewhat

arbitrary) limit of LAGN/LEdd = 10−5, where LAGN is the bolometric luminosity and

LEdd = 1.5× 1038MBH/M� erg s−1 is the Eddington luminosity for a solar composition

gas Netzer (2015). From the observational point of view, AGNs are apparent stellar

sources with non-thermal spectra and high bolometric luminosity (& 1042erg s−1) that in

1

 

 

 

 



Chapter 1. Introduction 2

some cases can exceed that of the host galaxy. These sources emit radiation from a broad

range of wavelengths, i.e from radio through to X-rays. Due to their brightness, they can

be detected up to cosmological distances and for this reason, they offer the opportunity

of studying the Universe up to 10 billion years ago and tracing their evolution across

most of the cosmic time.

AGNs display a variety of properties which explains the historical classification in several

classes often without recognising the common physical origin. Different orientations with

respect to the observer, explained many of the observed differences, thus leading to the so

called AGNs Unification Scheme proposed by Antonucci (1993) and Urry and Padovani

(1995).

AGNs can possess rich atomic emission and absorption lines spectra. Based on the dif-

ferences in the near-infrared(NIR)-optical-ultraviolet (UV) regime, AGNs can be divided

into two categories namely Type 1 and Type 2 AGNs. For Type 1 AGNs, the UV bump

is clearly visible and some emission lines have a broad component. For Type 2 AGNs,

the spectrum appears redder and these wavelengths are dominated by the host galaxy

stellar light. Also the emission lines in Type 2 AGNs lack the broad component (see

Netzer (2015)).

1.1.2 Star forming galaxies

The conversion of gas into stars is a fundamental characteristic of galaxies. Building

an understanding of star formation processes involves several astrophysical areas. A

star-forming galaxy is a galaxy with a high rated recent or ongoing formation of new

stellar populations from the collapse of dense gas clouds. Since the most massive stars

(M > 8M�) of a stellar population are short lived, with typical lifetime of 3× 107 years,

they progressively disappear as the galaxy ages if they are not continuously replaced by

new generations of stars. Star-forming galaxies represent a valuable tracer of cosmic

history. The observation of massive stars is a direct evidence of recent activities of

star formation in galaxies. Condon (1992b) reported that almost all the radio emission

SFGs is synchrotron radiation from relativistic electrons and free-free emission from HII

regions. Stars more massive than M ∼ 8M� produce Type II and Type Ib supernovae

whose remnants are thought to accelerate most of the relativistic electrons in SFGs (see

Condon (1992b)).

Generally, SFGs are gas and dust rich, the materials from which stars form. Both the

UV radiation and the line flux can be obscured to the observer. The appearance of a

redder continuum with rest-frame optical colors similar to those of passive galaxies can

be seen in the case of strong dust extinction.

 

 

 

 



Chapter 1. Introduction 3

SFGs have typically disk-like morphology, with rotationally supported stellar kinematic.

At higher redshift (i.e. z > 1), the SFG disks are often characterized by a clumpy

structure as, being richer in gas than in the local Universe. Gravitational instability

naturally leads to large turbulence and giant star-forming clumps (see Genzel et al.

(2011), and reference therein).

1.2 The star-formation AGN connection

Understanding the relationships between different classes of sources in the faint radio

sky, and their cosmic evolution, is important for improving our understanding of the

broad and complex relationships that exist between AGN and star-formation activity in

the universe. Tight correlations found between black hole mass and both stellar bulge

mass (Kormendy et al. (1998); McLure and Dunlop (2002)) and velocity dispersion (

Gebhardt et al. (2000); Tremaine et al. (2002)) in galaxies in the local universe indicates

that the formation and growth of galaxies may be closely linked to the growth of their

central black holes.

Semi-analytic, hierarchical models of galaxy formation predict galaxies form in hot hy-

drostatic haloes where the radiative cooling time of the gas is much shorter than the age

of the system. Therefore without further heating, cooling flows develop which channel

gas to the centre of the galaxy triggering star formation and facilitating further accretion

onto the supermassive black hole. In this scenario galaxies in the local universe should

be more massive and have bluer colours and higher rates of star formation than is ac-

tually observed (White and Frenk, 1991). On the other hand, there are observational

evidences of a coeval growth of the SMBH and their hosts. Amongst them is the tight

correlation observed in the local Universe between the mass of the BH and the mass

of its host galaxy bulge (see Kormendy and Ho (2013), for a review). Thus suggesting

some mechanisms of AGN feedback that self-regulate the BH growth or influence the

conversion of gas in stars, for example quenching or triggering the star formation.

Galaxy formation simulations also invoke AGN feedback (e.g Springel et al. (2005)).

For example, the mass function (MF) of galaxies, i.e. the total number of galaxies

with stellar mass in a certain mass bin as a function of mass, predicted by cosmological

simulation shows an excess of galaxies at the high mass end compared to the observed

distribution (e.g., Ilbert et al. (2010, 2013)). In the feedback scenario, the AGN may

inject momentum and radiation in the inter-stellar medium (ISM) preventing the cold

gas to further collapse and form stars therefore reconciling theoretical predictions and

observations.

In addition, AGN feedback has been proposed to explain the observed strong bi- modal-

ity in the galaxy population optical colors (Strateva et al. (2001); Hogg et al. (2002);

 

 

 

 



Chapter 1. Introduction 4

Baldry et al. (2004);Oh (2010); Schawinski et al. (2014)). When optical colors are plot-

ted against stellar masses as shown in Figure 1.1, galaxies divide in a so-called ”red

sequence” with passive and relatively more massive galaxies and a ”blue cloud” popu-

lated by smaller galaxies with younger stellar population.

Figure 1.1: Optical U-R color vs. stellar mass for SDSS galaxies. A strong bimodality
is observed with red massive galaxies forming the so-called ”red sequence” in the upper
part of the plot and less massive, bluer galaxies in the ”blue cloud” on the bottom left.

Adapted from Schawinski et al. (2010).

Last but not the least, the correlation of the AGN fraction with the IR luminosity, and

consequently with the SFR, of its host, is another observational evidence supporting

the idea of a connection between the AGN and SF activity. While AGNs are a small

fraction of the overall galaxy population at LIR < 1011, they are more than 50% in

ULIRG (e.g., Kartaltepe (2010)) suggesting that the AGN activity is linked to the

strongest starburst events. A possible scenario explaining these observations has been

proposed by Di Matteo et al. (2005) and Hopkins et al. (2008). Both the AGN and the

intense SF are triggered by a gas rich major merger that provides fuel both to form new

stars and to feed the black hole. In this phase, due to the large amount of dust present

in the system, the AGN is often heavily obscured. The strong radiation from the AGN

will then clean the surroundings, quenching on one hand the star formation and on the

other hand removing the obscuration of the AGN itself.

The difference between star- forming galaxies (SFGs) and AGNs has become important

in extragalactic astronomy. Over the years, extragalactic surveys has improved our

understanding of these two processes particularly through a multi-wavelength approach.
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Multi-wavelength surveys are fundamental in the study of AGNs and SFGs. AGNs

and SFGs appear different depending on the wavelength range of consideration. Hard

X-ray selection of AGN using deep observations is one reliable method of finding AGN

(Mushotzky, 2004), although the most highly obscured objects remains undetected using

this technique (Peterson, 2006). Thus it is important to characterise AGNs at different

wavelength ranges, in order to be able to identify them by more than one selection

technique.

1.2.1 Radio source number counts

The cumulative distribution of the number of sources (N) brighter than a given flux

density limit has been used as a cosmological test. Considering a static and uniformly-

filled (Euclidean) Universe, the flux (S) observed from a source (object) at distance R is:

S =
L

4πR2
(1.1)

where L is the luminosity. The length at which an object of luminosity L has a flux >

S is:

R(S) = (L/S)0.5 (1.2)

The number of objects of luminosity L which a survey detects at flux density S from

distance R to R + dR is:

dN(L, S) = ρ(L)dV (R),

= ρ(L)4πR2dR,

= −2πρ(L)L
3
2S

−5
2 dS

where ρ(L) is the number density of objects at distance R. This (the above equation)

is the differential source counts for a given luminosity L. Thus in a flat universe with

constant density of objects, the differential form in a flat universe with constant num-

ber density of objects is dN/dS ∝ S−5/2. Deviations from this form indicate evolution

number density or luminosity with distance, but in practice cosmological signatures are

hidden by source evolution. The radio source counts are derived from a radio survey and

reflect the statistical properties of space and luminosity distribution of the radio source

populations . The slope of the counts is determined essentially by the relative contri-

bution of different types of sources at every flux, which is the result of their luminosity

functions at various redshifts Prandoni et al. (2001).

Many studies observed a flattening in the source counts below 1 mJy (Windhorst (1984);

Fomalont et al. (1984); Condon (1984)). This was interpreted as the signature of the
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Figure 1.2: Total intensity differential source count at 612 MHz modified from Taylor
et al. (2014). Solid black circles are counts from this work to a flux density limit of 70
µJy. Triangles show counts from Garn and Alexander (2008). Curves are model source
counts from Massardi et al. (2010) whereby AGNs are shown as dashed curve, dotted
curve represents starburst galaxies and dot-dashed curve represents normal galaxies.

The solid line is the total counts from all three populations.

rise of another radio population: star forming galaxies (SFGs). However, determining

the relative contribution of radio AGNs and SFGs in the sub-mJy regime remain an

open issue that has not been solved. To tackle this problem, a very good understanding

of the multi-wavelength properties of both SFGs and AGNs are required as well as deep

radio observations.

Taylor et al. (2014) showed the differential source counts derived from the GMRT at

612 MHz in Figure 1.2. There is a flattening in the shape of the counts at about 1 mJy

and continue approximately flat down to the detection limit. Simulated counts by Mas-

sardi et al. (2010) are also shown in Figure 1.2. This model includes two flat-spectrum

populations with different evolutionary properties flat spectrum radio quasars (FSRQs),

BL Lacertae (BL Lacs) and a single steep-spectrum population. For each population,

we adopt a simple power-law spectrum, S ∝ ν−α, with αFSRQ = αBLLac = 0.1, and

 

 

 

 



Chapter 1. Introduction 7

αsteep = 0.8 (see Massardi et al. (2010) ). From this, it is evident that below about

450 µJy, the population is expected to be dominated by star forming galaxies. A smaller

fraction of more nearby ”normal” galaxies is expected to dominate over AGN at around

this level.

While the bright radio sky is dominated by the emission driven by ”radio-loud” AGNs,

at fainter flux densities (<1 mJy) the contribution from star forming galaxies (SFGs)

become increasingly important (e.g., Prandoni et al. (2001); Seymour et al. (2008b);

Padovani et al. (2009)). Recent work have revealed the presence of a third population

of sources in the faint radio sky, the ”radio-quiet” AGNs ( Smolčić (2009)) and these

sources show the presence of AGN activity in one or more bands of the electromagnetic

spectrum (e.g optical, mid-infrared, X-ray) but the origin of their radio emission has

been a matter of debate. Giroletti and Panessa (2009) proposed that they represent

scaled versions of RL AGNs with mini radio jets whilst Kimball et al. (2011) proposed

that their radio emission comes from star formation in the host galaxy.

1.3 Scope of Thesis

As deep radio surveys probe both AGN and SFGs, and are becoming more and more sen-

sitive to the distant Universe, they represent a potentially very useful tool to address the

role of AGNs in galaxy evolution. Several open issues remain however to be understood.

Are we probing a regime where AGNs are less important? Can we learn anything about

the relationship between AGNs and SFGs by studying faint radio sources? The first

step must be to determine the nature of the faint radio population. Multi-wavelength

studies of the radio population in recent years have already made progress in addressing

long-standing research questions such as the nature of the faint radio source population

and how the number counts of deep radio surveys of the extragalactic sky change as a

function of flux. Do we continue to see AGN dominated radio emission?

In this work, we investigate the multi-wavelength properties of our radio sources drawn

from the GMRT covering an area of 1.2 deg2 of European Large Area ISO Survey

(ELAIS) field N1 (EN1). EN1 is one of the 5 fields observed by Infrared Space Ob-

servatory (ISO) as part of the 11 square degree ISO ELAIS survey (Lonsdale, 2005).

The ELAIS region contains a deep Hubble Space Telescope (HST) - Advanced Camera

for Surveys (ACS) pointing. EN1 resulted in the delivery of the largest catalog on any

survey on ISO Rowan-Robinson et al. (2004) from both ISOCAM instrument (Cesarsky

et al., 1996) and the ISOPHOT instrument (Lemke, 1996). It also contains a deep

pointing of some 50 square arc minutes with the Infrared Array Camera (IRAC) and

Multi-band Imaging Photometer for Spitzer (MIPS), taken as part of the extragalactic

 

 

 

 



Chapter 1. Introduction 8

FIRST Look Survey program (Surace et al., 2005). EN1 field contains very low amounts

of Galactic emission (Lonsdale et al., 2003) and is ideal for observing the Extragalactic

Universe because of its low level diffuse foreground (Baran et al., 2010). Manners et al.

(2003) reported Chandra observations of the central region of N1 whereas a 20 cm ra-

dio survey was carried out in this area by Ciliegi et al. (1999). Gonzalez-Solares et al.

(2004) described optical associations of ELAIS sources using INT WFS survey. Also,

spectroscopic follow-up have been done by Perez-Fournon et al. (2004) and Serjeant

et al. (2004).

The deepest ever images of radio sources at 610 MHz have been obtained with GMRT

of the EN1. At sensitivities in the µJy regime, these observations explore the radio

source population at flux densities well below the regime dominated by classical radio

galaxies and AGN. We aim to know whether the emission at radio is dominated by an

active nucleus or by emission from the disk of the galaxy, powered by energy injection

from stars. We assume a flat cold dark matter (ΛCDM) cosmology with ΩΛ = 0.7,

Ωm = 0.3 and Ho = 70 kms−1 Mpc−1 .

1.4 Thesis Outline

This thesis starts an exploration of the faint radio sources using the multi-wavelength

information to categorize the faint sources as AGN or SFG dominated. Below is an

overview of the content of the next Chapters of this Thesis.

• Chapter 2 This Chapter presents the radio and the multi-wavelength source

catalog used in this Thesis. The Giant Metrewave Radio Telescope (GMRT) ob-

servations of the ELAIS N1 are described, and particular attention is dedicated

to the compilation of multi-wavelength catalog from the cross-match. The radio

data comprises 2800 sources down to a root mean square sensitivity of 10µJy and

therefore represents one of the deepest radio samples. Thus, these observations

explore the radio source population well below the regime dominated by classical

radio galaxies and Active Galactic Nuclei. A multi-wavelength approach is funda-

mental when dealing with deep radio images as most of the sources are unresolved

and little information can be extracted from a single frequency catalog. Therefore,

at the beginning of this Chapter, the wealth of multi-wavelength data available in

the EN1 field, from the X-ray through to the Mid Infrared is described. Details of

how the positions of the radio sources is cross-correlated with the multi-wavelength

source catalogs in the same region from the Infrared, Optical and X-ray data sets,

and with new optical spectroscopic observations is described.
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• Chapter 3 In this Chapter, we study various diagnostics used to separate SFGs

and AGNs. First we classify a source as an AGN, if there is an indication of an

AGN activity in the radio, x-ray, BOSS/SDSS optical spectroscopy and MIPS 24

micron flux (used by Bonzini et al. (2013) and combine these four selections to

separate the radio sources between SFGs, radio-quiet and radio-loud AGNs). We

show how these four selected AGN criteria behave using the [5.8] − [8.0] (Vega)

and [3.6] − [4.5] (Vega) MIR color evolution of galaxies with redshift. Then we

compare these four criteria to the various MIR color-color diagnostics using the

Lacy, Stern and Donley wedges. We report the discrepancies between our initially

selected AGNs and the MIR colors particularly, with the Lacy and Stern wedges.

In the latter sections of this Chapter, we present four-line and two-line emission

diagnostics. We study the BPT-NII diagnostics and also employ SNR cuts in order

to compare these emission line diagnostics to other AGN diagnostics previously

presented in the Chapter. Thus, we study all these different AGN diagnostics in

order to disentangle the differences between the various AGN selection techniques

and to further build up a secure AGN classification scheme which we use as a segue

in the analyses of Chapter 4

• Chapter 4 The main topic of this Chapter is the classification of the 63% for the

sources with redshift as AGNs or SFGs. The various methods studied in Chapter 3

to disentangle the different classes of sources that populate the faint radio sky is

summarized in this Chapter. In more details, we classify a source as SFGs or AGN

by combining radio, MIR, Optical and X-ray data. Using these data we separate

the 63% of the GMRT sources with redshift into SFGs and AGNs. We then

study the nature and properties of the SFGs and AGNs with the far-infrared radio

correlation. We study evolutionary trends within the far-infrared radio correlation

for both SFGs and AGNs with redshift, radio and infrared luminosities.

• Chapter 5 In this last Chapter a summary and conclusions of the main results is

presented. Further developments of this Thesis is proposed.

 

 

 

 



Chapter 2

Source Catalog and Radio

Observations

2.1 Introduction

Classifying sources of deep radio surveys is not easy and hence requires multi-wavelength

data. Optical surveys alone, even in the deepest fields, allow us to identify only ∼ 70%

of the radio sources with optical counterparts. It is only by combining the information

from all wavelengths that we can reach 95% completeness. Combining the information

obtained at different wavelengths, allows us to classify sources as star forming galaxies

(SFGs), radio-loud AGN (RL AGN) and radio-quiet AGN (RQ AGN). We can further

study the properties and the evolution at these different classes separately.

This Chapter focuses on the identification of the multi-wavelength counterparts of the

GMRT radio sources through cross-matching. Our main goal is to assign a redshift to

the radio sources. This information will be then used in the subsequent Chapters to

classify the sources and study their evolutionary properties.

Data from several optical through far-infrared surveys were combined into a SERVS

Data Fusion catalog, using a matching radius of 1.0′′ to match them to the SERVS

dual-band catalog. Details of this catalog will be presented in Vaccari et al. (In prep).

This catalog contained objects covering the full ∼ 9.5deg2 of the ELAIS N1 area. This

Data Fusion catalog was then matched to the 2800 610 MHz detections in the GMRT

catalog. The GMRT sources were matched to the SERVS Fusion catalog using a variable

selection radius, which resulted in a 85% match rate. We then studied the remaining

15% unmatched objects by analysing the SERVS data manually, and categorizing these

10

 

 

 

 



Chapter 2. Source Catalog and Radio Observations 11

unmatched radio sources depending on the SERVS image. We then discuss the redshift

distribution (spectroscopic and photometric) of our sample.

2.2 Radio data at 610 MHz

GMRT observations of the ELAIS N1 were obtained during several sessions from 2011

to 2013. Observations were carried out for 7 positions arranged in a hexagonal pattern

centred on α = 16h 10m 30s, δ = 54◦ 35 00′′, covering an area of 1.2 deg2. Each po-

sition was observed for ∼30 hours in three 10-hour sessions. The total bandwidth was

32 MHz, split into 256 spectral channels in four polarization states, centred at 612 MHz.

Observations 3C286 twice in each observing session was used to calibrate the flux scale,

bandpass and absolute position angle. Time dependent gains and on-axis polarisation

leakage corrections were measured by frequent observations of J1549+506. Because the

phase calibrator is a flat spectrum and compact source, it could vary significantly over

a monitoring period (Koopmans et al., 2000). Figure 2.1 presents the central 1.2 deg2

of the GMRT mosaic at 610 MHz. The root mean square (rms) noise in this mosaic

is 10.3µJy/beam before primary beam correction. The angular resolution of the radio

image is 6.1′′ × 5.1′′. The fluxes of the radio source catalogue was extracted using the

AIPS SAD program and comprises of 2800 radio sources. The majority of the sources

form a dense ”background” of compact sources scattered throughout the image that are

largely unresolved at 6.1′′ resolution and the image shows a handful of classical bright

double-lobed radio galaxies (Taylor et al., 2014). The synchrotron emission is assumed

to follow a power-law as shown in equation Equation 2.1 below:

Sν = S0ν
α (2.1)

If

S ∝ να ⇒ S1

S2
=

να1
να2

(2.2)

then,

S1.4GHz =

(
1.4

0.6

)α
S0.6GHz (2.3)

In the absence of a measured spectral index, we assumed a spectral index of α = -

0.7 (Ibar et al., 2010) . Since α = - 0.7 is the spectral index based on an average

steep-spectrum radio source (Condon 1992)(Condon, 1992a)

In order to most accurately reflect the true flux density of a source we adopted the

integrated flux density. For unresolved sources the peak flux equals the integrated flux.

In calculating the integrated flux, it is important to know the beam size and also integrate
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the flux over the observed size of the source. Hence, the integrated flux is more uncertain

( larger errors) since summing over many pixels adds to the noise. But using the peak flux

density for resolved sources results in underestimating their flux density and all derived

quantities. We used the peak flux of the radio sources that we have in our catalog

since the resolution of our sources is not certain. We plot a histogram of Sint/Speak in

Figure 2.2, which is based on the positions of actual sources in our mosaic image. In

Figure 2.2, the mean ratio of Sint to Speak being 1.581 and the peak in the histogram is

around Sint/Speak ≈ 1.12.

Figure 2.1: The 1.2 deg2 of the GMRT ELAIS N1 mosaic at 612 MHz.
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Figure 2.2: Histogram of Sint/Speak at the positions of sources in the mosaic image.
The ratio Sint/Speak is greater than 1. The dashed vertical line marks the average,
Sint/Speak = 1.581. By design of the survey, most sources lie reasonably close to a

pointing center and thus the histogram peaks at a value of Sint/Speak ∼ 1.12.

2.3 The SERVS Data Fusion and the Ancillary Data

The EN1 is one of the most studied patches of the sky and has been observed in many

wavebands. As we will discuss in the following sections, this wealth of data is crucial to

select the correct counterpart of a radio source. Here we describe the large amount of

optical, IR and X-raydata used in this work.

The Spitzer Extragalactic Representative Volume Survey (SERVS; Mauduit et al. (2012))

is a warm Spitzer survey which imaged 18 deg2 using the 3.6 and 4.5 µm IRAC bands

down to an rms noise of 0.4µJy. The design was to enable the study of galaxy evolution

as a function of environment from z ∼ 5 to the present day and is the first extragalactic

survey that is both large enough and deep enough to put rare objects such as luminous

quasars and galaxy clusters at z ≥ 1 into their cosmological context. SERVS also over-

laps with several key surveys at optical, near through far-infrared, submillimeter, and

 

 

 

 



Chapter 2. Source Catalog and Radio Observations 14

radio wavelengths to provide an unprecedented view of the formation and evolution of

massive galaxies.

The SERVS Data Fusion is a multi-wavelength infrared-selected catalogue compiled by

Vaccari et al. (in preparation, www.mattiavaccari.net/df). The Data Fusion contains

most of the multi-wavelength public photometry and spectroscopy for SERVS sources

within the EN1 and other SERVS fields.

For inclusion in the SERVS Data Fusion, a source must be detected at either band

in the SERVS images, and ancillary datasets are matched against the SERVS position

using a search radius of 1 arcsecond. This SERVS-IRAC12 ”Bandmerge” is then used as

input for the SERVS ”Data Fusion” (i.e. a SERVS-IRAC12 - selected catalog of multi-

wavelength measurements currently available from the UV to the FIR). The SERVS

IRAC12 was produced using single-band IRAC1 and IRAC2 catalogs, measured aperture

and integrated fluxes/magnitudes and corrected aperture fluxes/magnitudes using the

correction factors adopted by SWIRE DR2/3 by (Surace et al., 2005). In the ELAIS

N1, the SERVS Data Fusion includes optical photometry by González-Solares et al.

(2011) (GS11), near-infrared photometry from the United Kingdom Infrared Telescope

(UKIRT) Infrared Deep Sky Survey (UKIDSS; see Lawrence et al. (2007)) and mid-

infrared and far-infrared photometry from the Spitzer Wide-Area Infrared Extragalactic

survey (SWIRE; see Lonsdale et al. (2003)).

The Spitzer Wide-area InfraRed Extragalactic (SWIRE), is a wide-area imaging survey

which traced the evolution of dusty, star-forming galaxies, evolved stellar populations,

and active galactic nuclei (AGNs) as a function of environment, from redshifts z ∼ 3

to the current epoch. The survey aimed to determine the evolution of the spatial dis-

tribution and clustering of evolved galaxies, starbursts, and AGNs in the key redshift

range 0.5 < z < 3 over which much of cosmic evolution has occurred and to determine

the evolutionary relationship between ”normal galaxies” and AGNs and the contribu-

tion of AGN accretion energy versus stellar nucleosynthesis to the cosmic backgrounds.

SWIRE (Lonsdale et al., 2003) covered nearly 50deg2 in six different fields, one of which

is the EN1. These fields have been surveyed by the Spitzer Space Telescope using both

the Infrared Array Camera (IRAC) and the Multi-Band Imaging Photometer (MIPS)

far- infrared camera. The Data Fusion catalogue contains data from IRAC, which made

observations at 3.6, 4.5, 5.8 and 8.0 µm with 5σ sensitivities of 3.7, 5.4, 48 and 37.8 µJy

respectively and the MIPS 24, 70 and 160 µm bands.

Figure 2.3 presents the overlapping area between the GMRT 7 mosaic pointings on the

SERVS ELAIS N1 image. We can see that GMRT covers much of the SERVS area. The

circles are centred on the 7 pointing directions with the GMRT that are combined to
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make the GMRT mosaic image. The size of the circles corresponds to the area within

the region where the response function of the GMRT is greater than half the maximum.

Figure 2.3: The overlapping area between the GMRT 7 mosaic pointings on the
SERVS ELAIS N1 image. Note that GMRT covers much of the SERVS area. The
circles are centred on the 7 pointing directions with the GMRT that are combined to
make the GMRT mosaic image. The size of the circles is the half-power circle of the

GMRT primary beam.

2.3.1 X-ray data

The only astrophysical sources that can reach very high X-ray luminosity are AGNs.

Usually a cut in the unabsorbed X-ray luminosity at 1042 erg s−1 is considered as a

threshold dividing AGNs and SFGs (see Szokoly et al. (2004)). Optically thick dust

present along the line of sight, progressively suppresses the soft (0.5 - 2 keV) X-ray

emission thereby increasing obscuration and the X-ray spectrum becomes harder. The

major problem of selecting AGNs in the X-ray is that to reach sensitivity necessary to

detect moderately luminous AGNs at high redshift (z ≈ 2.0), very long observing time

is needed.

The x-ray data we used is drawn from the Chandra Point-Source Catalogs produced by
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Trichas et al. (2012) using the Imperial College London pipeline (maps in Georgakakis

et al. (2008) & catalogs in (Laird et al., 2009) ). The data also include Chandra deep

observations of EN1 (Manners et al., 2003) .
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Figure 2.4: Histogram of the distribution of our X-ray Deep and X-ray Shallow data.

Figure 2.4 shows the distribution of the X-ray Deep and and X-ray Shallow data. In the

X-ray Deep panel, we see that all the sources have L2−10keV > 1042 L� whereas in the

X-ray Shallow panel, we find roughly one source below this x-ray luminosity threshold.

We conclude that virtually all X-ray detected sources are consistent with being AGN.

2.3.2 Optical data

Optical data in particular are very crucial to the characterization process, including

morphology classification and photometric redshifts of objects. Thus, optical data play

a major role in the identification of objects detected at other wavelengths. The EN 1

has many spectroscopic campaigns conducted in the field.

The Baryon Oscillation Spectroscopic Survey (BOSS) is the primary dark-time survey

of SDSS-III, the third phase of the Sloan Digital Sky Survey (SDSS; York et al. (2000)).
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The BOSS redshift survey of 1.5 million massive galaxies aims to measure the distance-

redshift relation dA(z) and the Hubble parameter H (z) with percent-level precision out

to z = 0.7, using the well- established techniques that led to the first detections of the

baryon acoustic oscillations (BAO) feature Cole et al. (2005); Eisenstein et al. (2005)). A

summary of the detailed survey and scientific goals of the BOSS spectroscopic mapping

of the universe is given by Eisenstein et al. (2011). Dawson et al. (2013) outlined the

technical description of the BOSS survey designed to measure the scale of the BAO in

the clustering of matter over a larger volume than the combined efforts of all previous

spectroscopic surveys of large-scale structure. BOSS uses 1.5 million luminous galaxies

as faint as i = 19.9 over 10, 000deg2 to measure BAO to redshifts z< 0.7 (see Dawson

et al. (2013)). Alam et al. (2015) reported that a series of plates were added to the

SDSS-III program to observe ancillary science programs because BOSS observations were

proceeding ahead of schedule in 2012. These plates have no primary BOSS galaxy and

quasar targets but instead consist entirely of ancillary science targets. Further details

about the programs and the completeness of each dedicated sample are outlined in Alam

et al. (2015). In particular, we requested 5 to 10 BOSS plates (each approximately 1

hour) to obtain spectra for the radio sources detected by GMRT (Taylor et al., 2014) in

the EN1 field. This spectroscopic follow up of BOSS observations of the EN1 field was

done because the field is well-matched to the SDSS-III field-of-view.

2.4 Radio and multi-wavelength data cross-matching

We matched the GMRT catalog against SERVS IRAC12 positions (see Section 2.3). We

first used a fixed search radius of 1.5 arc seconds for the GMRT which is approximately

3σ of the astrometric error. Figure 2.5 presents a histogram of the positional errors

(astrometric errors) of the GMRT sources, with the dash vertical line indicating the 1.5

arcseconds fixed search radius. From this initial crossmatch, we were able to match 2156

(77 %) radio sources to SERVS IRAC12 positions.
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Figure 2.5: Histogram of the positional errors (astrometric errors) of the GMRT
sources. The dashed vertical line indicates the 1.5 arcseconds which corresponds to ∼

3σ fixed search radius

We then improved upon this method using a variable search radius equal to three times

the estimated astrometric error. Radio astrometric errors for individual sources pro-

duced as part of the data reduction were adopted, and an average SERVS astrometric

error of 0.15 arcseconds was assumed based on SERVS vs 2MASS cross-matching. A

minimum astrometric error of 0.3 was also assumed for GMRT sources, i.e. about 6% of

the 5 arcseconds average beam size, to take into account the optimistic formally very low

catalog positional errors for bright radio sources. Figure 2.6 presents the σastro[arcsec],

the astrometric errors in the radio positions vs the flux density of the GMRT at 1.4 GHz

where the dash horizontal line indicated the minimum astrometric error assumed. We

computed the median astrometric errors and removed them from the radio positions.

We repeated the process to remove any remaining astrometric offsets. Table 2.1 sum-

marizes the results of the cross-matching after this two-step astrometric offset removal.

Figure 2.7 presents the GMRT ELAIS N1 mosaic at 610 MHz showing regions of the

matched 85% (green circles) and the unmatched 15% (red circles) to SERVS IRAC 12
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Figure 2.6: σastro[arcsec], the astrometric errors in the radio positions vs the flux den-
sity of the GMRT at 1.4 GHz. The dash horizontal line shows the minimum astrometric

error of 0.3 assumed for GMRT sources.

positions. Positional Differences between the GMRT and multi-wavelength ancillary

data (SERVS Data Fusion) from the cross correlation of the two catalogs is presented

in Figure 2.8. The top panel shows a histogram of the RA and DEC for the matched

85% sources unto SERV SIRAC 12 positions. The bottom panel shows ∆RA vs ∆DEC

for the matched sources, whereas the dashed blue circle indicates the position tolerance

from the identification in arc seconds.
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Figure 2.7: GMRT ELAIS N1 mosaic at 610 MHz showing positions of the matched
85% (green circles) and the unmatched 15% (red circles) GMRT-SERVS IRAC 12 po-

sitions.
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Table 2.1: GMRT cross-matching statistics. The table
shows statistics from our new cross-matching.

Catalog Size Fraction (%)

GMRT 2800 100%
SERVS1OR2 2369 85%
SWIRE1OR2 2165 77.3%
SWIRE1234 1091 39%
MIPS 24 1672 60%
SPIRE250 1137 41%
SPIRE350 727 26%
SPIRE500 305 11%
SPECZ-ALL 817 29%
PHOTZ-MRR13 1456 52%
PHOTZ-JWK14 1627 58%
Z-ALL 1760 63%
SPECZ-BOSS(GALAXY) 706 25%
SPECZ-BOSS(AGN) 73 2.6%
MRR13-OPT-GAL 773 27.6%
MRR13-OPT-AGN 27 1.0%
MRR13-IR-GAL 691 24.7%
MRR13-IR-AGN 109 5.9%
MRR13-FIR 1279 45.8%
X-RAY-SHALLOW 96 3%
X-RAY-DEEP 28 1.0%
X-RAY (ALL) 70 2.5%

a GMRT - Giant Meterwave Radio Telescope.
b SERVS - Spitzer Extragalactic Representative Vol-

ume Survey.
c SWIRE - SIRTF Wide-Area Infrared Extragalactic

Survey.
d MIPS 24 - Multiband Imaging Photometer 24 mi-

crometer.
e SPIRE - Spectral and Photometric Imaging Re-

ceiver.
f SPECZ-ALL - total spectroscopic redshifts.
g PHOTZ-MRR13 - total photometric redshifts from

Rowan-Robinson et al. (2013).
h Z-ALL - total number of sources with redshifts (i.e.

both spectroscopic and photometric) .
i SPECZ-BOSS(GALAXY) - BOSS/SDSS spectro-

scopic classification of galaxies.
j SPECZ-BOSS(AGN) - BOSS/SDSS spectroscopic

classification of AGNs.
k MRR13-OPT-GAL - Rowan-Robinson et al. (2013)

optical galaxy template classification.
l MRR13-OPT-AGN - Rowan-Robinson et al. (2013)

optical AGN template classification.
m MRR13-IR-GAL - Rowan-Robinson et al. (2013) in-

frared galaxy template classification.
n MRR13-IR-AGN - Rowan-Robinson et al. (2013) in-

frared AGN template classification.
o MRR13-FIR - Rowan-Robinson et al. (2013) far-

infrared luminosity.
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Figure 2.8: Positional Differences between the GMRT and multi-wavelength ancillary
data (SERVS Data Fusion) from the cross correlation of the two catalogs. The top
panel shows a histogram of the RA and DEC for the matched 85% sources unto SERV
SIRAC 12 positions. The bottom panel shows ∆RA vs ∆DEC for the matched sources,
whereas the dashed blue circle indicates the position tolerance from the identification

in arc seconds.
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2.4.1 Sources without SERVS 1 OR 2 catalog identifications

We were able to match 85% of GMRT sources to SERVS 1 or SERVS 2 positions (see

Table 2.1), thus leaving 15% of the GMRT sources unmatched. Since we want to be able

to classify all our sources, we further investigate why 15% of the sources are unmatched.

We applied the following criteria to classify the unmatched sources:

• Whether the infrared image is empty and thus there is no clear infrared counterpart

to the radio source.

• The region of the infrared counterpart is very bright or confused as a result of 2

infrared sources (blobs) very close together.

• There is an apparent good infrared counterpart (ID) but the source is not in the

SERVS catalog.

Figure 2.9: Classification of the unmatched radio sources to SERVS 1 OR 2 positions
into their various categories. The panels corresponds to the infrared image being empty
and thus there is no clear infrared counterpart to the radio source (top right) and also
whether there is an identification but low possibility (top left). Bottom right: region
of the infrared counterpart is very bright. Bottom left: an apparent good infrared

counterpart (ID) but the detection software could not detect.
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Figure 2.9 presents an example of the unmatched radio sources to SERVS 1 OR 2 posi-

tions into their various categories. The image in this figure is the SERVS mosaic with the

GMRT position over-laid on the image (indicated by the green circle). Top right panel

shows that the infrared image is empty and thus there is no clear infrared counterpart

to the radio source therefore, we classify this as ”empties” or no ”identification”. From

the top left, we see from the over-laid radio source that the object is far but maybe not

too far and that there is a low probability of having a SERVS counterpart (ID).The top

panels constitutes 4.4% (124 radio sources out of the total radio population). Consider-

ing the bottom right in Figure 2.9, we see that the region of the infrared counterpart is

very bright. These SERVS sources are blended and we cannot make a unique ID. This

category comprises of 203 sources forming 7.3% of the population of the radio sources.

Moreover, the bottom left panel indicates that there are some apparent good infrared

counterpart (ID) but the detection software could not detect them. We classify this as

good identifications and they form 3.9% (i.e. 109 sources from the total population of

the entire radio sources). Table 2.2 presents the breakdown of unmatched radio sources

to SERVS 1 OR 2 positions.

Hence from the analyses in this section (Section 2.4.1), we can infer that some of the

radio sources actually have identification with SERVS 1 OR 2 positions but the source

detections software cannot match them. Therefore, when we consider the ”bright/con-

fused” and ”good identifications” in Table 2.2, we can actually say that the number of

radio sources matched to SERVS 1 OR 2 positions is more than the initial 2369 radio

sources (85%) reported in Section 2.4 (see Table 2.1) but is 2681 radio sources which

comprises 95% of the radio population.

Table 2.2: Classification of the unmatched radio sources to SERVS 1 OR 2 positions
into their various categories

Unmatched Sources

Criteria Number Fraction (%)

Empties/No identification /Low probability 124 4.4 %
Bright/Confused 203 7.3%
Good identification 109 3.9%

2.5 Redshifts of identified sources

2.5.1 Spectroscopic redshift

We obtained our spectroscopic redshifts through a follow up campaign of GMRT deep

field targets in the in the EN1 with the SDSS-III (BOSS) field (see Section 2.3.2).
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The spectroscopic redshifts were obtained through a cross-identification of the available

redshifts with your GMRT catalogue. The main BOSS survey program consists of

two galaxy target samples (Padmanabhan et al. (2012)) whereby galaxy samples are

classed CMASS for ”constant mass” and LOWZ for ”low-redshift”. The BOSS spectral

classification and redshift-finding analyses are approached as a χ2 minimization problem

where linear fits are made to each observed spectrum using multiple templates and

combinations of templates evaluated for all allowed redshifts. Then the global minimum-

χ2 solution is adopted for the output classification and redshift Bolton et al. (2012). The

basic outputs of the redshift determination and classification algorithm described in

Bolton et al. (2012) are the measured redshift Z, its associated 1-sigma statistical error

Z ERR, a classification category CLASS (either ”GALAXY”, ”QSO” for quasar, or

”STAR”), and a confidence flag ZWARNING that is zero for confident measurements

and non-zero otherwise. The spectroscopic redshift counterparts were identified by cross-

matching (see Section 2.4, Table 2.1). In all, we were able to attain spectroscopic redshift

associations for 29% of the radio sources. Figure 2.10 presents the spectroscopic redshift

distribution of our radio sample.
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Figure 2.10: Histogram of the distribution of spectroscopic redshift for objects with
secure spectroscopic redshift detections.
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2.5.2 Photometric redshift

In order to increase the redshift completeness of our sample, we also use photometric red-

shift estimates. We use the photometric redshift catalog compiled by Rowan-Robinson

et al. (2008) and Rowan-Robinson et al. (2013). Rowan-Robinson et al. (2008) reported

photometric redshifts for over 1 million galaxies in the Spitzer SWIRE survey , the

SWIRE Photometric Redshift Catalogue (hereafter SPRC) and gave a detailed review of

earlier work on photometric redshifts. They were able to to derive photometric redshifts

in SPRC for 8.72 deg2 of ELAIS-N1 therefore, the GMRT mosaic is fully covered by

this dataset. The revised Spitzer Wide-Area Infrared Extragalactic survey (SWIRE)

Photometric Redshift Catalogue (Rowan-Robinson et al., 2013) takes into account new

optical photometry in several of the SWIRE areas, and incorporates Two Micron All

Sky Survey (2MASS) and UKIRT Infrared Deep Sky Survey (UKIDSS) near-infrared

data. The photometric redshift method in Rowan-Robinson et al. (2013), is a two-

pass template method based on six galaxy (11 in the second pass) and three AGN

templates. Galaxy templates were first generated empirically and modelled with a full

star formation history so that star formation rates and stellar masses can be derived.

After the first pass, the infrared excess relative to the starlight fit was then modelled

with four infrared SED types (Cirrus, M82 starburst, Arp 220 starburst and AGN dust

torus). Dust extinction with AV ranging up to 1.0 was permitted. For quasi-stellar

object (QSOs), Small Magellanic Cloud (SMC) dust properties were assumed.

The photometric redshift associations were identified by cross-matching (see Section 2.4,

Table 2.1). In all, we were able to attain photometric redshift associations for 52% of

the radio sources. Figure 2.11 presents the photometric redshift distribution of our radio

sample.
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Figure 2.11: Histogram of the distribution of photometric redshift for objects with
secure photometric redshift detections.

2.5.3 Comparison of spectroscopic and photometric redshift

The most direct method of determining the accuracy of a photometric redshift is by

comparison with available spectroscopic data. Figure 2.12 presents a comparison for the

GMRT sources with both photometric and spectroscopic associations from the cross-

matching (see Section 2.4, Table 2.1). The histograms on the top and the right of

Figure 2.12 presents the entire distributions of the photometric and the spectroscopic

redshifts respectively. In general, the photometric redshifts compare well to the spec-

troscopic redshifts, although we note that this comparison is primarily from galaxies

at zspec<1.5. Many of the sources generally follow the one-to-one line (dashed diagonal

black line). Conversely, there are also sources which tend to have large departures from

this line. The galaxies that are outliers from the one-to-one relation. This scatter can

be due to either their redshift errors and can be considered as catastrophic outliers, or

to the contamination of AGNs in our sample.
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Figure 2.12: Comparison between photometric and spectroscopic redshift for the
GMRT sources with both photometric and spectroscopic redshift. The solid black line
corresponds to zspec = zphot. The top and right histograms corresponds to that of the

spectroscopic and photometric redshifts respectively.

In Figure 2.13 we show the ∆z/(1 + z) distribution between the photometric and spec-

troscopic redshifts for the sample of our GMRT sources with available spectroscopic and

photometric redshift associations. The standard deviation is σ[∆z/(1 + z)] ∼ 0.20.

Figure 2.14 presents ∆z = zspec − zphot as a function of log10(1 + zspec) (left panel) and

log10(1 + zphot) (right panel). The vertical line in each panel shows where log10(1 + z)

is = 0.3, above which outliers dominate the right panel. This plot demonstrates that

the fraction of outliers increase significantly towards higher values of zphot. This biased

behaviour of the photometric redshift has implications for studies of cosmic evolution as

it systematically reduces the number of observed sources at low redshift whilst simulta-

neously enhancing the number of observed sources at higher redshifts. The effect, whilst

systematic, is nevertheless small and as such should not have a large impact on the con-

clusions of this study. Figure 2.15 we plot only log10(1 + zphot) is < 0.3, when outliers are

removed. The plot shows that the standard deviation reduces to σ[∆z/(1 + z)] ∼ 0.12
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Figure 2.13: Comparison of the photometric and spectroscopic redshifts for the
GMRT radio sources which spectroscopy is available. The mean (µ), and standard

deviation (σ) of the distribution are indicated in the top right of the panel.

and therefore the photometric redshift estimates that we use in this work agrees well

with the spectroscopic redshift to about a redshift of ∼ 1.
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Figure 2.14: The ∆z = zspec − zphot as a function of log10(1 + zspec) (left panel) and
log10(1 + zphot) (right panel) for objects with secure spectroscopic and photometric

redshifts.
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Figure 2.15: Same as Figure 2.13, where we have plotted only log10(1 + zphot) is <
0.3, above which outliers dominate the right panel in Figure 2.14.
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2.5.4 Redshift distribution

In the case where both spectroscopic and photometric redshifts are available, we use

the spectroscopic one if available and the photometric redshift otherwise. Combining

spectroscopic and photometric information, we assign a redshift to 1760 objects, 63%

of the radio sources with counterpart (817 spectroscopic redshifts and 943 photometric

redshifts). Figure 2.16 presents the redshift distribution for the GMRT sources with

an X-ray counterpart (top panel), with a FIR counterpart (middle panel) and with an

optical counterpart (bottom panel).
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Figure 2.16: Redshift distribution for the radio sources with an X-ray counterpart
(top panel), with a FIR counterpart (middle panel) and with an optical counterpart

(bottom panel).

2.6 Summary

We have presented radio observations and the multi-wavelength ancillary data. The

counterpart identification to the radio sources have been outlined.
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We have identified the counterparts for a high fraction (85%) of radio sources. We first

matched the GMRT catalog to SERVS IRAC12 positions using a fixed search radius of

1.5 arcseconds. This allowed us to obtain only 77% counterparts of our radio sources

with SERVS IRAC12 positions in the SERVS Data Fusion. In order to reach a higher

completeness, we improved upon this matching using a variable search radius for each

source, equal to three times the estimated astrometric error in the GMRT. We further

investigated the 15% of the GMRT sources without SERVS 12 catalog identifications and

found that 109 sources have good identifications but they are too faint to be detected

and included in the SERVS catalogue.

We have presented the spectroscopic and photometric redshift associations of the GMRT

sources detected through the cross-match. We were able to associate 1456 sources, com-

prising 52% of the GMRT population, with photometric redshifts and 817 sources, com-

prising 29% of the GMRT population, with spectroscopic redshifts. We have compared

the photometric redshifts to the spectroscopic redshifts in order to infer the redshift

accuracy. In general, we have shown that the photometric redshifts agrees well with

the spectroscopic redshifts especially up to z ∼ 1. We combined the spectroscopic and

photometric redshift information such that we adopt the spectroscopic redshift if avail-

able otherwise we use the photometric redshift information. From this, we increased the

redshift counterparts of the GMRT sources to 1760 (i.e. 63%).
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AGN Diagnostic Techniques

3.1 Introduction

AGNs are broadband emitters and can be identified via a variety of multi-wavelength

techniques. In this Chapter, we describe several multi-wavelength diagnostics used to

identify AGN.

The bright radio sky is dominated by jet or lobe emission from AGNs and therefore, large

radio surveys, e.g. NVSS, can provide numerous samples of radio loud AGNs. However,

radio AGNs are only a tiny fraction (< 10%) of the AGN population and therefore

the bright radio sky offers a highly biased perspective. Low-excitation AGNs do not

show any other signature of activity in other bands rather than the radio (e.g., Evans

et al. (2006); Hardcastle et al. (2007)), hence a radio identification is the only way to

select them. However, at low flux densities (< 1 mJy), a radio selected sample becomes

strongly dominated by SFGs and identifying AGNs using only the radio information

becomes more challenging (see Padovani et al. (2009); Bonzini et al. (2013)). Following

Sajina et al. (2007) we adopted L1.4GHz > 1025 WHz−1 as the radio-loud AGN criterion.

In addition, X-ray selection can be a valuable tool for identifying AGN. Deep X-ray

surveys from Chandra and XMM-Newton (E = 0.5 - 10 keV) have been successful in

revealing thousands of AGN (e.g. see Giacconi et al. (2002); Alexander et al. (2003);

Hasinger (2004); Mainieri et al. (2007)). X-ray emission in AGN is thought to form

in a hot corona around the accretion disk. Electrons in the corona inverse-Compton

scatter optical and UV accretion disk photons to higher (i.e. X-ray) energies. These

X-rays can readily pierce through the obscuring medium, provided that the ”torus” is

not Compton-thick. Extinction due to the host galaxy also generally has a negligible

impact on X-ray attenuation.
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From Spinoglio and Malkan (1989) the mid-infrared (MIR) emission constitutes 20%of

the bolometric flux for both Type 1 and Type 2 AGN. The obscuring medium surround-

ing the AGN absorbs optical and UV accretion disk photons and re-radiates the emission

in the IR. Thus AGNs can be identified based on their IR emission hence providing a

useful tool for selecting those sources where the optical and UV emission are blocked

from the line of sight due to the obscuring effect of the ”dusty torus”. These identifica-

tion methods include selecting AGN using ratios of flux densities (Lacy et al., 2004) or

the difference in magnitude (Stern et al., 2005). One can also use the power-law shape

of the mid-infrared spectral energy distribution as shown by Donley et al. (2007, 2010)

In the optical, AGNs can be distinguished from star-forming galaxies (SFGs) by the

ratios [N II]/Hα vs [O III]/Hβ using the diagnostic plot known as the Baldwin, Phillips,

Terlevich (BPT) diagram (Baldwin et al., 1981). Applying the Kauffmann et al. (2003)em-

pirical division between star-forming galaxies (SFGs) and AGNs, as well as the Kewley

et al. (2001) theoretical division curves we can classify our sources as AGNs, SFGs and

composites (i.e. the sources residing between these two boundaries). Star-formation can

not be ruled out as being responsible for the emission in composite sources while an

increasing amount of nuclear activity may also be likely, moving these sources off the

sequence of SFGs and closer to AGN.

All of these different selection methods have various shortcomings. For example, dusty

host galaxies can attenuate the optical emission lines (e.g. [O III]5007Å) used to identify

AGN, therefore causing some AGN to be missed. AGN samples selected by IR meth-

ods can be contaminated by star-forming galaxies. X-ray emission will be extincted

in Compton- thick sources due to both photo-electric absorption of X-ray photons and

Compton scattering of photons out of the line of sight. Even hard X-ray surveys will then

be biased against the Compton-thick population. Thus in this Chapter, we investigate

the radio through to the X-ray properties that characterize AGN and star formation ac-

tivity along the sequence of star-forming galaxies to composites to AGN. We investigate

the various AGN activity diagnostic techniques and study the discrepancies between

these various diagnostics.

3.2 AGN selection

3.2.1 Radio selection of AGNs

The main mechanism of radio continuum emission in both AGNs and SFGs is the syn-

chrotron emission. Synchrotron radiation is produced when relativistic particles (usually
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electrons) are accelerated in a magnetic field. In SFGs cosmic ray electrons are accel-

erated in supernova (SN) explosions of massive (M > 8M�) stars, while in AGNs the

electrons are accelerated in relativistic jets powered by the accretion onto a supermassive

black hole.

We study the radio luminosity distributions of our sources. In order to derive the

luminosities of galaxies, we k-corrected the observed flux density Sν at frequency ν to

get a rest-frame luminosity Lν at the same frequency (see Chapter 2 Section 2.2). The

luminosity of a source at redshift z and luminosity-distance dL is therefore given by:

Lν =
4πd2

lum

(1 + z)
Sobs
ν (1 + z)−α = 4πd2

lum

Sobs
ν

(1 + z)1+α
(3.1)

Mauch and Sadler (2007) derived the local radio luminosity function (RLF) for the

6dFGS-NVSS sample. As shown in Figure 3.1 at P1.4GHz = 1023 WHz−1 , SFGs dom-

inate the population of radio sources while radio-loud AGNs dominate the population

above it.

Figure 3.1: The local luminosity function at1.4 GHz derived separately for the radio-
loud AGNs (circles) and SF galaxies (crosses) in the 6dFGS?NVSS sample. Adopted

from Mauch and Sadler (2007)

In classifying sources as radio-loud AGNs based on their radio luminosity, we adopted

L1.4GHz > 1025 WHz−1 (e.g., Sajina et al. (2007); Jiang et al. (2007); Sajina et al.

(2008). We note that this is a very conservative criterion, as it allows one to select
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only the brightest radio-loud galaxies and quasars. The AGN RLF is rather flat at low

powers, indicating that we have a large fraction of radio galaxies also below the power

cutoff assumed in this work. The dash horizontal black line in Figure 3.2 indicates the

sources we select according to this criterion. From the histogram in Figure 3.2, we see

that this classification only selects a small number of sources out of the whole GMRT

population. The dash horizontal blue line in the histogram shows the median value of

the computed radio luminosities. According to this selection criterion, we select only 26

radio sources constituting 0.6% of our entire radio population.
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Figure 3.2: 1.4 GHz luminosity versus redshift plot for the GMRT sample with red-
shift detections. The dashed black line shows a commonly adopted radio luminosity
threshold to classify a source as a radio-loud AGN (see e.g. Jiang et al. (2007); Sajina
et al. (2008).). The open red circles represents the sources selected according to this

classification criteria.
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3.2.2 X-ray selection of AGNs (X-ray Luminosities)

X-ray surveys are one of the cleanest methods to select AGN since they can directly

probe their high energy emission. The situation is more complex when dusty tori obscure

the X-ray emission and reprocess it into infrared emission. Thus, the AGN detections

through X-ray and infrared are somewhat complementary.

For X-ray detected GMRT sources, we compute the X-ray luminosity (2 -10 keV) using

the relation below.

LX = 4π × SX × d2
L(1 + z)2−γ (3.2)

We fix the photon-index to the commonly observed value γ = 1.8 (Dadina, 2008). We

use both the X-ray deep and X-ray shallow data, outlined in Section 2.3.1 of Chapter 2.

If available, we adopt the X-ray deep information. Where there is no x-ray deep, we

adopt the x-ray shallow information. In Figure 3.3, it can be seen that most of the

sources (as outlined in Table 2.1) have L2−10keV > 1042 erg s−1. However, there is one

source which resides in the ”Galaxies” regime in Figure 3.3. This source does not meet

the criterion above, so we do not classify this particular source as an AGN. We adopted

the cut mentioned in Section 2.3.1 in order to select a source as an AGN. By using the

1042 erg s−1 cut as our selection criterion, we select 70 radio sources constituting 2.5%

of the GMRT radio population.
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Figure 3.3: X-ray luminosity as a function of redshift for the GMRT sources with
X-ray detections. The dash horizontal line represents the typical demarcations for

Galaxies, Seyferts and QSOs.

3.3 BOSS/SDSS classification

The BOSS spectroscopic classifications (stored in CLASS and SUBCLASS parameters

Bolton et al. (2012)) are as follows:

1. GALAXY: identified with a galaxy template; can have subclasses:

• STARFORMING : the galaxy has detectable emission lines that are consistent

with star-formation according to the criterion:

log10(OIII/Hβ) < 0.7 − 1.2(log10(NII/Hα) + 0.4)

• STARBURST: galaxy is star-forming with an equivalent width of Hα greater than

50 Å

• AGN: the galaxy has detectable emission lines that are consistent with being a

Seyfert or LINER:

log10(OIII/Hβ) > 0.7 − 1.2(log10(NII/Hα) + 0.4)
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2. QSO: identified with a QSO template.

3. STAR: identified with a stellar template.

In addition, if any galaxies or quasars have lines detected at the 10-sigma level with

velocity dispersion > 200 km/sec at the 5-sigma level, the indication ’BROADLINE’

is appended to their subclass. From Chapter 2, Table 2.1, 706 of the GMRT sources

with SDSS/BOSS spectroscopic identifications are classed as SFGs whilst 73 sources are

identified as AGNs (QSOs). These AGNs are defined only according to those sources

satisfying criterion 1. However, when we include sources satisfying criterion 2 (from the

SUBCLASS parameter), the number of AGNs selected increases to 96 sources consti-

tuting of 3.4% of the GMRT population. These sources comprises ”Broadline”, ”Star-

burst Broadline”, ”QSO” and ”AGN” SUBCLASS classifications. Table 3.1 presents the

breakdown of the number of the CLASS and SUBCLASS parameters of the BOSS

spectroscopic classifications.

Table 3.1: Table showing the number of the CLASS and SUBCLASS for the BOSS
spectroscopic classifications.

Category CLASS Number SUBCLASS Number

Starforming 0 172
Starburst 0 141
Starburst Broadline 0 4
Broadline 0 43
Galaxy 706 0
QSO 73 0
AGN 0 19
Star 0 3

a Starforming - described by BOSS spectroscopic SUBCLASS as
”Starforming”.

b Starburst - described by BOSS spectroscopic SUBCLASS as
”Starburst”.

c Starburst Broadline - described by BOSS spectroscopic SUB-
CLASS as ”Starburst Broadline”.

d Broadline - described by BOSS spectroscopic SUBCLASS as
”Broadline”.

e Galaxy - described by BOSS spectroscopic CLASS as ”Galaxy”.
f QSO - described by BOSS spectroscopic CLASS as ”QSO”.
g AGN - described by BOSS spectroscopic SUBCLASS as ”AGN”.
h Star - described by BOSS spectroscopic CLASS as ”star”.
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3.4 MIPS 24 micron flux

We used the MIPS (Rieke et al., 2004) 24µm flux density and the effective 1.4 GHz flux

density to calculate the q24µm parameter, which is the logarithm of the ratio of IR to

radio flux density. The q24µm parameter is given by :

q24µm = log10(S24µm/S1.4GHz) (3.3)

From Table 2.1, we have 1672 GMRT sources with MIPS 24 micron detections, 1408

of these detections have redshift associations constituting ∼50.3% of the entire GMRT

population. The distribution of the MIPS 24 micron IDs with redshift detections for our

GMRT sample is presented in Figure 3.4. From Equation 3.3, we compute the q24µm for

the radio sources with MIPS 24µm detections and compare it to the redshifted q24µm

value of the M82 (local standard starburst galaxy) template used by Bonzini et al. (2013)

to identify SFGs and radio-loud AGNs. The M82 template is normalised by the local av-

erage value of q24µm. Sargent et al. (2010) defined this average value q24µm as (〈q24µm〉) =

1.31+0.10
−0.05 for sources with 0.08 < z < 0.23). We measure a median q24µm = 0.86± 0.01

for our sample with MIPS 24 micron detections. This is in agreement with previous work

from Appleton et al. (2004) who estimated q24µm = 0.84± 0.28 by matching Spitzer

sources at 24 µ with VLA 1.4 GHz µJy radio sources obtained for the Spitzer First Look

Survey (FLS).

Figure 3.5 presents the q24µm parameter against redshift for the MIR detected GMRT

sources with redshift along with the curve showing predicted value of M82 template. The

grey pixels represent a two dimensional histogram of our GMRT sources with MIPS 24

micron detections having redshift associations. The radio-loud AGNs selected from this

method reside below the −2σ dispersion curve (see the blue triangles). This selection

criterion, selects 42 radio sources constituting ∼ 1% of our entire radio population. We

compare this method to the radio-loud AGN classification presented in Section 3.2.1.

From the total of 26 sources selected as radio-loud AGNs in Section 3.2.1 only 15 have

MIR detections. Among them, 5 of these sources agree with the q24µm vs log10(1 + z)

radio-loud selection criterion. Ten radio-loud AGN selected sources from Section 3.2.1

Figure 3.2 reside in star forming galaxy/radio-quiet AGN regime. These sources residing

in the galaxy/radio-quiet AGN regime must be very dusty hybrids.
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Figure 3.4: The distribution of the MIPS 24 micron IDs with redshift detections for
our GMRT sample.
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Figure 3.5: q24µm, the logarithm of the ratio between the MIR and radio flux for
the GMRT sources with redshift detections. The curve shows the predicted value of
M82 template, the dividing line between radio quiet and radio-loud AGNs with ±2σ
dispersion (dash curve). The horizontal line is the weighted median value of q24µm for

the sources
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Figure 3.6: q24µm vs log10(1 + z) for the GMRT sources with MIPS 24µm with redshift
detections. Over-plotted are the radio-loud AGN classification from the adopted radio

luminosity threshold (see Section 3.2.1 Figure 3.2)
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3.5 AGN classification

We combine the four AGN selection methods discussed as our surest AGN candidates up

to this point in the work. Table 3.2 presents a breakdown of the various selections (i.e.

radio, X-ray, BOSS/SDSS spectroscopy and the MIPS 24 micron flux density). Thus by

combining these, we select 191 (7%) sources of the entire GMRT population as AGNs.

From the 63% of our radio sources with redshift information (Chapter 2 Section 2.4),

this selection constitutes 11% of this population (i.e. sources with redshift). A schematic

of this AGN selection is presented in Figure 3.7

2800	  GMRT	  
sources	  (1760	  
with	  redshi8	  
informa=on.	  

63%).	  

X-‐ray	  luminosity	  -‐	  
log10(LX)	  ≥	  42	  erg	  
s-‐1	  	  (70	  sources,	  

4.0%).	  

MIPS	  24	  micron	  
RL	  AGN	  

classifica=on	  –	  
(	  42	  sources,	  

2.4%)	  

RL	  AGN	  –	  log10(L1.4	  
GHz)	  ≥	  25	  WH-‐1	  
(26	  sources,	  
1.5%)	  	  .	  

BOSS	  
spectroscopic	  

AGN	  classifica=on	  
-‐	  	  	  (96	  sources,	  

5.5%).	  	  

Figure 3.7: A schematic of AGN selection from the radio, x-ray, BOSS/SDSS spec-
troscopy and the MIPS 24 micron flux density. Note that the percentages presented

here are with respect to the sources with redshift.
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Table 3.2: Table showing the breakdown of AGN selection from the radio, X-ray,
BOSS/SDSS spectroscopy and the MIPS 24 micron flux density for the sources with

redshift.

Category AGNs AGNs Fraction (%)

Radio luminosity (radio-loud AGN) 26 1.5%
X-ray luminosity 70 4.0%
BOSS/SDSS classification 96 5.5%
MIPS 24 micron 42 2.4%
Total number of AGN 191 11%

a Criterion for radio-loud selection of AGNs according to their radio lumi-
nosity (see Jiang et al. (2007)).

b Criterion for X-ray selection of AGNs according to their X-ray luminos-
ity.

c AGN classification satisfying the BOSS/SDSS spectroscopic pipeline cri-
terion.

d Radio luminosity (radio-loud AGN) classification according to the MIPS
24 micron criteria following Bonzini et al. (2013).

3.6 MIR color evolution of galaxies

Different levels of star-forming processes in different types of galaxies, result in different

mid infrared (MIR) colors. Thus it is important to understand the correlation between

the star-forming processes in a galaxy and the color indices of the galaxy as a whole.

Instead of classifying galaxies according to their morphologies, it is possible to classify

them according to their colors. Furthermore, star-formation rate changes as galaxies

evolve, which enables us to study the color evolution of galaxies.

In order to see the color evolution of our sources in the infrared regime, we plot

[5.8] − [8.0] (Vega) (top panel) and [3.6] − [4.5] (Vega) (bottom panel) vs log10(1 + z)

presented in Figure 3.8. For the Vega magnitudes, we applied the following conversions:

Fν [Jy] = Fν · 10−0.4mAB (3.4)

where Fν = 3631 Jy (following Oke and Gunn (1983))

∴ mAB = −2.5 · log10Fν + 8.9 (3.5)

Over-plotting the AGN selection as indicated by Figure 3.7 and the BOSS/SDSS spec-

troscopic pipeline galaxy classification, we see that galaxies generally follow a trend as

it is evident by the BOSS/SDSSS galaxy ( black stars) in both the top and bottom

panels. At 0.2 . z . 0.5, galaxies appear redder in [3.6] - [4.5] due to a combination

of µm PAH features shifting through the IRAC 4.5µm band (for actively star-forming

galaxies) and the deep 2.35− 2.5µm CO absorption due to red supergiants (e.g. see
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Table 3.3: Table showing the various conversion we applied in converting to the Vega
magnitude system. The zero point fluxes are in µJy.

Band conv Fzp
IRAC-1 2.78 277.5
IRAC-2 3.26 179.5
IRAC-3 3.75 116.5
IRAC-4 4.38 63.1

Förster Schreiber (2000)) shifting through the IRAC 3.6 µm band for old stellar pop-

ulations). There is a clear evolution between color and redshift at z ' 1 in Figure 3.8

(both panels). Martinez-Manso et al. (2014) showed that [3.6] − [4.5] (Vega) colors the

strong correlation between color and redshift at z > 0.6 occurs because the IRAC bands

map the galaxy spectrum across the stellar bump at rest-frame H-band going from z =

0.6 to z = 2. This results in a monotonic change in the observed color within z= 0.6 to

2. An insightful description of this phenomenology can be found in Muzzin et al. (2013).

Conversely, AGNs deviate from the trend followed by galaxies.
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Figure 3.8: Color evolution of Mid Infrared (MIR) bands. [5.8] − [8.0] (Vega) (top
panel) and [3.6] − [4.5] (Vega) (bottom panel) vs log10(1 + z). Over-plotted are the

various AGN and galaxy classifications from Figure 3.7.

3.7 Mid-Infrared diagnostics (IRAC colors)

With the advent of the Infrared Array Camera (Fazio et al., 2004) on board of the

Spitzer (Werner et al., 2004) space telescope it has become possible to obtain MIR

photometry for large samples of field galaxies, and thus using MIR SEDs to identify
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specific populations of AGNs and star-forming galaxies in four bands at 3.6, 4.5, 5.8,

and 8.0 µm. The MIR continuum from galaxies arises mostly from three sources:

1. H II regions dominated by emission from very small dust grains (producing a

steeply rising continuum at 12-16 µm)

2. Photodissociation regions dominated by bands of polycyclic aromatic hydrocarbon

(PAH) emission,

3. AGNs dominated by a strong 3-10 µm continuum.

The spectral energy distributions (SEDs) arising from each of these was shown by Lau-

rent et al. (2000) to be sufficiently distinct to allow discrimination of AGNs from star-

forming (SFGs) galaxies based on their MIR SEDs. In AGNs, the peak emission in the

MIR is around 20-30 µm that is at shorter wavelength compared to the emission from

star heated dust, at few hundreds µm, as the AGN radiation is so intense that heats the

dust grains up to their sublimation temperature of Tdust ∼ 1000− 1500 K. If the AGN

is sufficiently luminous compared to its host galaxy, the superposition of the blackbody

emission from the AGN-heated dust will fill in the dip in the galaxy’s SED and produce

a red power-law-like thermal continuum across the IRAC bands.

The IRAC color-color cuts most commonly adopted for AGN selection were defined by

(Lacy et al., 2004, 2007) and Stern et al. (2005) using shallow IRAC data to which

additional flux cuts at 8µm, 24µm, or R band served to reject all but the brightest

sources (S8µm ≥ 1 mJy, Lacy et al. (2004); R <21.5 and S8µm ≥ 76 µJy, Stern et al.

(2005); S24µm & 5 mJy, Lacy et al. (2007)). Lacy et al. (2004) used SDSS quasars to

provide an empirical localization of the AGN population in the MIR color-color space.

These initial color cuts effectively select luminous AGNs in samples containing only

AGNs and bright, low-redshift star-forming galaxies (see also Sajina et al. (2005)). In

deeper IRAC surveys they extend into regions of IRAC color -color space populated

by moderate to high-redshift (z & 0.5) star-forming galaxies (e.g.,Donley et al. (2007);

Yun et al. (2008); Brusa et al. (2009); Richards et al. (2009); Park et al. (2010)). From

the crossmatch in Section 2.4, we were able to associate 1091, comprising 39%, of our

radio sources with the four IRAC channels at 3.6, 4.5, 5.8, and 8.0 µm respectively (see

Table 2.1) In this section we study the various cuts for selecting AGNs and compare

them to our BOSS/SDSS spectroscopic galaxy classification and also the AGN criteria

outlined in Section 3.4 Figure 3.7.
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3.7.1 Lacy Wedge

Lacy et al. (2004) used the Spitzer Space Telescope First Look Survey (FLS) to as-

sess the fraction of AGNs with mid-infrared (MIR) luminosities that are comparable

to quasars and that are missed in optical quasar surveys because of dust obscuration.

Figure 3.9 shows the IRAC color-color plot using all four broadband channels of the

IRAC instrument presented in Lacy et al. (2004).

Figure 3.9: IRAC color-color plot using the main-field FLS data. The dots represent
∼16,000 objects with ”clean” detections in all four IRAC bands. Crosses show the
colors of all the SDSS and radio-selected quasars, squares the SDSS Seyfert 1 galaxies,
and triangles the bright (S8.0 ≥ 1mJy) sample of obscured AGNs. The dashed line
shows the color criteria used to pick out the AGN sample. Adopted from Lacy et al.

(2004).

The ”Lacy wedge” (Lacy et al., 2004, 2007), selects AGN based on their color relative

to starforming galaxies. This selection is given by the following color cuts:

log10(S5.8/S3.6) > −0.1

log10(S8.0/S4.5) > −0.2

log10(S8.0/S4.5) ≤ 0.8 · log10(S5.8/S3.6) + 0.5
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The above color cuts produce the wedge-shaped area in the upper right corner of Fig-

ure 3.9. This area represents the objects most likely to be AGN accreting at ∼ 10%

of the Eddington rate in ”cold mode” accretion. Figure 3.10 presents IRAC color-color

diagram for our GMRT sample with four IRAC band detections. Over-plotted are the

AGN selected as indicated in Section 3.4 by Figure 3.7 as well as the sources classified

as star-forming galaxies by the BOSS/SDSS pipeline. Using this AGN wedge selection

criterion, we select 438 radio sources constituting 16% of the entire GMRT population.

We then compared this method to the 136 AGN sources described in Figure 3.7 of

Section 3.5 with detections in the four IRAC channels. We found 103 of the already

classified AGNs fall within the Lacy wedge with 33 of them falling outside the wedge.

Many of the BOSS/SDSS galaxies falling within this wedge may also be highly- obscured

AGN, but cannot be confirmed as such from optical/near-infrared data alone Lacy et al.

(2013).
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Figure 3.10: IRAC color-color diagram for our GMRT sample with four IRAC band
detection in Lacy et al. (2004) color space. Over-plotted are AGN selection as indicated

by Figure 3.7 and also the BOSS/SDSS spectroscopic pipeline galaxy classification.
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3.7.2 Stern Wedge

Stern et al. (2005) reported on the Spitzer Space Telescope mid-infrared colors, derived

from the IRAC Shallow Survey, of nearly 10,000 spectroscopically identified sources from

the AGN and Galaxy Evolution Survey (AGES). They showed by considering only broad-

lined AGNs, that their mid-infrared color criteria identify over 90% of spectroscopically

identified quasars and Seyfert 1 galaxies. They applied their color criteria to the full

imaging data set, and discussed the implied surface density of AGNs, finding evidence

for a large population of optically obscured active galaxies (see Stern et al. (2005)).

Figure 3.11 presents an IRAC color-color diagram for the AGES sample, with symbols

denoting spectroscopic classification from Stern et al. (2005).

Figure 3.11: IRAC colors of spectroscopically identified objects from the AGES sur-
vey. Axes indicate both the Vega and AB magnitude systems. The dotted line empiri-
cally separates active galaxies from Galactic stars and normal galaxies. Adopted from

Stern et al. (2005).

The criteria adopted by Stern et al. (2005):

([5.8]− [8.0]) > 0.6 ∧ ([3.6]− [4.5]) > 0.2× ([5.8]− [8.0]) + 0.18

∧([3.6]− [4.5]) > 2.5× ([5.8]− [8.0])− 3.5

Figure 3.12 presents Stern et al. (2005) IRAC color-color diagram for our GMRT sample

with four IRAC band detection (grey circles). The over-plotted open red circles are AGN

as indicated in Section 3.5 by Figure 3.7 and the black stars represent the BOSS/SDSS

spectroscopic pipeline galaxy classification. According to this AGN wedge selection
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criterion, we select 259 radio sources constituting 9.3% of the entire GMRT population.

We then compared this method to the 136 AGN sources described in Figure 3.7 of

Section 3.4 with detections in the four IRAC channels. We found 88 of these already

classified AGNs fall within the Stern wedge with 48 of them falling outside the wedge.
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Figure 3.12: IRAC color-color diagram for our GMRT sample with four IRAC band
detection in Stern et al. (2005) color space. Over-plotted are AGN selection as indicated

by Figure 3.7 and also the BOSS/SDSS spectroscopic pipeline galaxy classification.

3.7.3 Donley Wedge (The Revised IRAC Selection Criteria)

Donley et al. (2012), minimised the contamination from both low and high redshift SFG

by using the large samples of luminous AGNs and high redshift star-forming galaxies

in Cosmic Evolution Survey (COSMOS) by redefining the AGN selection criteria in

deep IRAC surveys. Donley et al. (2012) imposed the flux density to monotonically

increase in the IRAC bands and the colours to be such that the sources lies in the wedge

defined below. The completeness of AGN selection method is strongly dependent on

AGN luminosity being high for L2−10keV ≥ 1044erg s−1 but relatively low ( < 20%) at

lower luminosities (see Donley et al. (2012)). Seyfert 2 galaxies, are also easily missed

by this selection criteria. The final revised AGN selection criteria are as follows, where
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Figure 3.13: New AGN selection criteria (thick solid lines). The full IRAC-COSMOS
sample with Tx > 50 ks are plotted as small points, and sources that meet our new

criteria are shown by large filled circles. Adopted from Donley et al. (2012).

∧ is the logical ”AND” operator.

x = log10

(
f5.8µm

f3.6µm

)
, y = log10

(
f8.0µm

f4.5µm

)
(3.6)

x ≥ 0.08 ∧ y ≥ 0.15 ∧ y ≥ (1.21× x)− 0.27 ∧ y ≤ (1.21× x) + 0.27

∧ f4.5µm > f3.6µm > f4.5µm ∧ f8.0µm > f5.8µm (3.7)

The criteria defined above have been designed to reject the majority of low - and high

redshift star-forming contaminants still included in the Lacy et al. (2004, 2007) and

Stern et al. (2005) AGN selection wedges. Figure 3.13 shows IRAC colors of the sources

that meet these criteria. While all AGN candidates,described in Donley et al. (2012),

fall by definition within the original Lacy et al. (2004, 2007) AGN selection wedge, 9%

have IRAC SEDs that do not rise monotonically, but that decrease between 3.6 and 4.5

µm or 5.8 and 8.0 µm (or, in rare cases, between 4.5 and 5.8 µm), placing them on the
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outskirts of the Stern et al. (2005) AGN selection region (of these, 38% formally fall

outside of the Stern et al. (2005)).
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Figure 3.14: IRAC color-color diagram for our GMRT sample with four IRAC band
detection in Donley et al. (2012) color space. Left panel: Over-plotted are AGN se-
lection as indicated by Figure 3.7. Right panel: IRAC color-color diagram showing
the separation between AGNs and star-forming galaxies (SFGs). The inset histogram
shows the redshift distribution of the sources classified as AGNs according to the Donley

wedge.

We also studied this method of MIR AGN selection by applying it to our GMRT data.

Figure 3.14 presents IRAC color-color diagram for our GMRT sample with four IRAC

band detection in Donley et al. (2012) color-color space. The left panel shows the AGN

selected as indicated by Figure 3.7. The right panel is the same as the left panel but

the SFG/AGN classification purely follows Donley et al. (2012). The inset histogram

shows the redshift distribution of the sources classified as AGNs according to the Donley

wedge. From the left panel, 66 of the AGN sources described in Section 3.5 reside within

the Donley wedge with 70 sources residing outside out of the total of 136 AGNs (see

Section 3.5) with the four IRAC band detections. We see that only a few sources (< 20)

of the BOSS/SDSS spectroscopic pipeline galaxy classification fall within this wedge.

On the right panel, we see that a few of the SFGs symbols (black stars) fall within the

wedge but are not classified as AGNs by the criteria given in Equation 3.7. This is due to
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the monotonically increasing flux density criterion (see Equation 3.7). Therefore, we find

the Donley selection to be the most reliable (but perhaps less complete) discriminator

between AGNs and SFGs as compared to the selection in Section 3.5.

However, every technique for selecting AGNs is affected by selection biases, and these

ones are no exception. The color selection means that objects whose observed mid-

infrared colours are not dominated by thermal emission from AGN will be missing from

the sample. These effects can happen in a number of ways. First, the AGN may have

such low luminosity in the infrared that the starlight from the host galaxy dominates

the mid-infrared emission. This results from either the AGN being intrinsically weak

or because the covering factor of the hot dust is low, perhaps because of an unusual

torus geometry. Increasing redshift worsens this bias as the stellar bump in the rest-

frame near-infrared is redshifted into the mid-infrared bands, and the k -correction on

the thermal emission of the dust becomes large. Also, some AGNs will simply be so

highly obscured that the AGN emission is not seen at observable wavelengths < 8µm.

Another contributing factor could be AGN being so highly obscured that they drop out

of the IRAC catalogs at short wavelengths (Lacy et al., 2006). Table 3.4 shows the total

number of AGNs from various selection criteria according to the MIR classifications

Table 3.4: Total number of AGNs from various selection criteria according to the
MIR classifications.

Category AGNs AGNsredshift AGNsredshift Fraction (%)

Lacy 438 379 21.5%
Stern 259 223 12.7%
Donley 138 123 7%

a Wedge selected AGNs according to Lacy et al. (2004) color space.
b Wedge selected AGNs according to Stern et al. (2005) color space.
c Wedge selected AGNs according to Donley et al. (2012) color

space.
d AGNsredshift - Number of wedge selected AGNs with redshift.

3.7.4 Radio-quiet AGN selection

The SFG locus is the region of ±2σ centred on the M82 template (see Figure 3.6),

sources below this locus display a radio excess (see Bonzini et al. (2013)) and therefore

do not follow the FIR - radio correlation. These sources are classified as RL AGNs.

Above this threshold, a source is classified as a RQ AGN if it shows clear evidence for

an AGN in the X-ray (see Section 3.2.2) or in the MIR bands. The ”Lacy wedge” is

heavily contaminated by high redshift SFGs (Donley et al., 2012). Therefore, to select

AGNs we adopt the stricter criteria described in Donley et al. (2012) that are designed
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to minimize the contamination from both low and high redshift SFG. Figure 3.15 shows

q24µm vs log10(1 + z) for the GMRT sources with MIPS 24µm with redshift detections

where the left panel shows the over-plotted are X-ray and Donley et al. (2012) selected

AGNs (open red circles) and the right panel shows the RQ AGN classification from

the combination of X-ray and Donley et al. (2012) selected AGNs after interpolation

to remove sources falling below the −2σ dispersion (dashed lines). A tight MIR (as

well as far- and total-IR) radio correlation is expected for SFGs, whereas RL AGNs are

expected to strongly deviate from it (e.g., Condon (1992a); Bell (2003); Appleton et al.

(2004)).
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Figure 3.15: q24µm vs log10(1 + z) for the GMRT sources with MIPS 24µm with
redshift detections. Left panel: over-plotted are X-ray and Donley et al. (2012) selected
AGNs (open red circles). Right panel: RQ AGN classification from the combination
of Xray and Donley et al. (2012) selected AGNs after interpolation to remove sources

falling below the −2σ dispersion (dashed lines).

The distribution of the q24µm-parameter for SFG and AGN galaxies is shown in Fig-

ure 3.16. The mean q-value for RL AGN is -0.4 and that of RQ AGN is 1.04. On the

other hand, the mean q-value for all the AGNs (i.e. RL AGN + RQ AGN) is 0.96, which

is significantly higher than that of the SFGs which is 1.0.

Figure 3.17 presents q24µm as a function of redshift for RL AGN (open red circles), RQ

AGN (open red squares), and SFG (black stars). The solid line show the evolution of
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Figure 3.16: Distribution of the q24µm parameter for RL AGN (1st panel), RQ AGN
(2nd panel) and RQ AGN+RL AGN (3rd panel) and SFG (4th panel) galaxies. The
solid vertical line in each panel designates the mean value of the entire distribution.

q24µm for the M82 template as a function of redshift with ±2σ dispersion (dashed lines).
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Figure 3.17: q24µm as a function of redshift for RL AGN (open red circles), RQ AGN
(open red squares), and SFG (black stars). The solid line show the evolution of q24µm

for the M82 template as a function of redshift with ±2σ dispersion (dashed lines).

3.7.5 IRAC1234 & MIPS-24 detected sample

In this section compute separate AGN/SFG statistics for a smaller (and brighter) IRAC1234

& MIPS-24 detected sample. This would provide us a more homogeneous (if brighter

and less complete) AGN classification. Combining IRAC1234 & MIPS-24 detected sam-

ple gives a total of 1009 sources within which 952 sources have redshift associations.

Table 3.5 presents the breakdown of AGN selection from a subsample of IRAC1234 &

MIPS-24 detected sample.
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Table 3.5: Table showing the breakdown of AGN selection from a subsample of
IRAC1234 & MIPS-24 detected sample. Note that the fractions have been computed

with respect to the redshift population of our sources.

Category AGNs Fraction (%)

IRAC1234 & MIPS-24 952 54%
IRAC1234 & MIPS-24Donley 194 11%
IRAC1234 & MIPS-24BOSS 81 4.6%
IRAC1234 & MIPS-24Xray 60 3.4%
IRAC1234 & MIPS-24Radio luminosity 11 0.6%

IRAC1234 & MIPS-24RL AGN(Bonziniet al., 2013) 27 1.5%

IRAC1234 & MIPS-24RQ AGNBonziniet al. (2013) 135 7.7%

a IRAC1234 & MIPS-24 - IRAC1234 & MIPS-24 detected sample
b IRAC1234 & MIPS-24Donley - IRAC1234 & MIPS-24 detected sample with

Donley et al. (2012) AGN detections.
c IRAC1234 & MIPS-24BOSS - IRAC1234 & MIPS-24 detected sample with

BOSS AGN detections.
d IRAC1234 & MIPS-24Xray - IRAC1234 & MIPS-24 detected sample with

Xray detections.
e IRAC1234 & MIPS-24Radio luminosity - IRAC1234 & MIPS-24 detected sam-

ple with radio-loud selection of AGNs according to their radio luminosity
(see Jiang et al. (2007)).

f IRAC1234 & MIPS-24RL AGN - IRAC1234 & MIPS-24 detected sample with
RL AGN (Bonzini et al., 2013) detections.

g IRAC1234 & MIPS-24RQ AGN - IRAC1234 & MIPS-24 detected sample with
RQ AGN (Bonzini et al., 2013) detections.

3.8 AGN optical line diagnostics

3.8.1 Four-line diagnostics

Baldwin, Philips, Terlevich (hereafter BPT) (Baldwin et al., 1981) showed that it was

possible to tell the difference between Type 2 AGNs (see Chapter 1 Section 1.1.1) from

normal star-forming galaxies by considering the intensity ratios of relatively strong emis-

sion lines. The approach was refined by Veilleux and Osterbrock (1987) and has become

standard technique to classify objects according to where they reside on the BPT dia-

grams. These diagrams are based on the four optical line ratios ; [O III]/Hβ , [N II]/Hα,

[S II]/Hα and [O I]/Hα. This classification scheme depends on the excitation mechanism

of the nebular emission lines in galaxies. The most commonly used BPT diagnostics are;

[N II]6584/Hα vs [O III]5007/Hβ (BPT-NII), [O I]6300/Hα vs [O III]5007/Hβ (BPT-

OI) and [S II]6717, 6731/Hα vs [O III]5007/Hβ (BPT-SII).

Kewley et al. (2001) presented models used to derive a new theoretical classification

scheme for starbursts and AGN based on the optical diagnostic diagrams. These models

were built up on Dopita et al. (2000), who theoretically recalibrated the extragalactic
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H II region sequence using these line diagnostic diagrams and others, in order to dif-

ferentiate and quantify the effects of abundance, ionization parameter, and continuous

versus instantaneous burst models. Kewley et al. (2001) used theoretical upper limits

for starburst galaxies to classify the galaxies with an ”extreme” mixing line produced

using their shock modeling to classify galaxies into starburst, LINER, and AGN types

as shown in Figure 3.18.

Figure 3.18: Diagnostic diagram showing the galaxies in the sample studied by Kewley
et al. (2001). The theoretical classification line and extreme mixing line are shown by
thick lines, and dashed lines represent ±0.1 dex of these lines, indicating the error range

of their modeling. Adopted from Kewley et al. (2001).

Kauffmann et al. (2003) examined the properties of the host galaxies of 22 623 narrow-

line AGN with 0.02 < z < 0.3 selected from a complete sample of 122 808 galaxies from

the SDSS survey and based on their data, revised the demarcations between starburst

and AGN. Figure 3.19 shows of the BPT-N II diagram for all the emission line galaxies

studied by Kauffmann et al. (2003)

The demarcations used to separate starburst from AGN are summarised by Kewley et al.

(2006) for each diagram as follows:

1) BPT-NII:

• log10([OIII]/Hβ) = 0.61/(log10([NII]/Hα) − 0.05) + 1.3 (Kauffmannet al. (2003) line)

• log10([OIII]/Hβ) = 0.61/(log10([NII]/Hα) − 0.47) + 1.19 (Kewleyet al. (2001) line)

2) BPT-SII:
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Figure 3.19: The BPT diagram, the dotted line represents the theoretical division
between AGN and star-forming galaxies (SFGs) (Kewley et al., 2001) while the dashed
line is an empirical determination of this separation (Kauffmann et al., 2003). Adopted

from Kauffmann et al. (2003)

• log10([OIII]/Hβ) = 0.72/(log10([SII]/Hα) − 0.32) + 1.3 (main AGN line)

• log10([OIII]/Hβ) = 1.89 log10([SII]/Hα) + 0.76 (LINER/Sy2 line)

3) BPT-OI:

• log10([OIII]/Hβ) = 0.73/(log10([OI]/Hα) + 0.59) + 1.33 (main AGN line)

• log10([OIII]/Hβ) = 1.89 log10([OI]/Hα) + 1.3 (LINER/Sy2 line)

Figure 3.20 (a) presents the [NII]/Hα versus [O III]/Hβ standard optical diagnostic

diagram from Kewley et al. (2006). The Kewley et al. (2001) and Kauffmann et al.

(2003) classification lines are shown as the solid red and dashed lines. Galaxies that lie

below the dashed Kauffmann et al. (2003) line are classed as H II-region-like galaxies.

Kewley et al. (2006) noticed that star-forming galaxies form a tight sequence going from

low metallicities (low [NII]/Hα, high [O III]/Hβ) end the to high metallicities (high
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Figure 3.20: (a)The BPT [NII]/Hα versus [O III]/Hβ diagnostic diagram for SDSS
galaxies with S/N>3 in all lines.The Kewley et al. (2001) extreme starburst line and
the Kauffmann et al. (2003) classification line are shown as the solid and dashed lines,
respectively. (b)The BPT [S II]/Hα versus [O III]/Hβ diagnostic diagram; (c) The BPT

[O I]/Hα versus [O III]/Hβ diagnostic diagram. Adopted from Kewley et al. (2006)

[NII]/Hα, low [O III]/Hβ) and referred to this as the ”star-forming sequence”. The

AGN mixing sequence begins at the high-metallicity end of the star-forming sequence

and extends towards high [NII]/Hα and high [O III]/Hβ values. Normally, galaxies that

lie in between the two classification lines are on the AGN-H II mixing sequence and

are classified as composites. These composite galaxies are likely to contain a metal-rich

stellar population plus an AGN. Galaxies that lie above the Kauffmann et al. (2003) line

are classified as AGN. Figure 3.20 (b) and (c) show the [O III]/Hβ versus [S II]/Hα and

[O III]/Hβ versus [O I]/Hα diagrams for the SDSS sample used in Kewley et al. (2006).

The Kewley et al. (2001) classification line provides an upper bound to the star-forming

sequence on these diagrams.

The BPT diagram is limited to z ≤ 0.5, the redshift at which [NII]λ6584 leaves the

optical spectrum window. A number of groups have tried to extend optical emission

line diagnostics to higher redshifts by only using lines at the blue end of the spectrum.

Lamareille (2010) replaced [N II]/Hα with [O II]λ3726 + λ3729/Hβ, creating the ”blue

diagram”, which can be used to classify galaxies out to z<0.9 (see also Tresse et al.

(1996); Rola et al. (1997); Lamareille et al. (2004)). In Figure 3.21, we establish that

redshift for the GMRT sources with the corresponding four line detections is z ≈ 0.6

and therefore our BPT diagram is valid.
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Figure 3.21: BPT diagram (color coded according to their spectroscopic redshifts) -
log10([NII]/Hα vs log10([OIII]/Hβ for the GMRT sources that have [OIII] , Hβ , [NII]
, Hα detections. The solid black curve shows the Kauffmann et al. (2003)empirical
division between star-forming galaxies and AGNs. The dashed red curve shows the

Kewley et al. (2001) theoretical division.

Figure 3.22 shows the BPT diagram (based on flux ratios of the specified lines) applied

to the SDSS sample studied by Trouille et al. (2011). The dotted curve indicates the

Kewley et al. (2001) theoretical division and the dashed curve indicates the Kauffmann

et al. (2003) empirical division between AGNs and star-forming galaxies. In this plot

the SDSS data is represented using a combination of a two-dimensional histogram and

plotted points. The data is represented as a histogram where more than four data points

fall in an individual pixel (the size of the pixel is determined by dividing the plot into

150×150 bins) and plot it as individual points otherwise. The histograms have been

square root scaled for better visibility. Each step in contour level represents 20% fewer

sources.

We employ the same demarcations that are commonly used to identifying AGN-dominated

galaxies versus star-forming dominated galaxies.

• Kewley et al. (2001) theoretical division between galaxies having extreme ultra
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violet (EUV) ionising radiation field dominated by an AGN (≥50%) and those

dominated by star formation.

• Kauffmann et al. (2003) empirical division based on the location of the SDSS York

et al. (2000) star-forming galaxies.

BPT-NII separates galaxies whose signal is dominated by star formation (BPT-SF) from

galaxies those dominated by AGN activity (BPT-AGN). An AGN will generally have a

higher ratio of [NII]λ6584 than a galaxy whose highest energy photons are limited to

those that can be produced by massive stars.

We use the BPT-NII diagram to classify galaxies as BPT-SF (galaxies residing in the

BPT region dominated by star forming galaxies), BPT-Comp (galaxies residing between

the two curves) and BPT-AGN (galaxies residing in the region above the Kewley et al.

(2001) line.

In all, 697 of the GMRT sources have [O III] detections, 582 have [N II] detections, 657

have Hβ detections and 582 have Hα detections. We classify pure star-forming galaxies as

those that lie below the Kauffmann et al. (2003) line on the [N II]/Hα versus [O III]/Hβ

diagnostic diagram. Composite galaxies lie above the Kauffmann et al. (2003) line and

below the Kewley et al. (2001) line following Trouille et al. (2011). The optical spectra

of composites can be due to either (1) a combination of star formation and a Seyfert

nucleus, or (2) a combination of star formation and LINER emission (Kewley et al.,

2006). The narrow line emission from galaxies lying above the Kewley et al. (2001) line

is likely to be dominated by an AGN.

Figure 3.23 presents the BPT diagram for the GMRT sources that have [OIII] , Hβ ,

[NII] , Hα detections where the black stars represents the BPT-SF classification, blue

clubsuits represents BPT-Comp (dominated by seyferts/star-forming galaxies.) upon

using the Kauffmann et al. (2003) and the Kewley et al. (2001) divisions.
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Figure 3.22: BPT diagram log([N II]/Hα) vs. log([O III]/Hβ) for the SDSS galaxies
that have [O III], Hβ, [N II], and Hα with SNR > 5. The dashed curve shows the
Kauffmann et al. (2003) empirical division between star-forming galaxies and AGNs.
The dotted curve shows the Kewley et al. (2001) theoretical division. As discussed
in the text, the SDSS data is represented using a combination of a two-dimensional
histogram and plotted points. BPT- SF are shown in blue, BPT-comp in gray, and
BPT-AGN in red. Adopted from. The darkest contours correspond to 391 sources,
42 sources, and 151 sources for the BPT-SF, BPT-AGN, and BPT-comp, respectively

(Trouille et al., 2011)

.
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Figure 3.23: BPT diagram for the GMRT sources that have [OIII] , Hβ , [NII]
, Hα detections. The black stars represents the BPT-SF classification, blue clubsuits
represents BPT-Comp (dominated by seyferts/star-forming galaxies.) and the red open
circles represents the BPT-AGN classifications. The Kauffmann et al. (2003) empirical

and Kewley et al. (2001) theoretical divisions are plotted to separate the sources.
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3.8.2 Comparison between the emission line diagnostic and other AGN

diagnostics

The misidentification of X-ray selected AGN and other AGN diagnostics as star-forming

dominated galaxies is a potential issue for all optical line diagnostics. We investigate

this issue by comparing the BPT-NII classification with our initial AGN classification

outlined in the schematic in Section 3.4 (see Figure 3.7). This comprises selections using

the radio luminosity, x-ray luminosity, BOSS/SDSS spectroscopic pipeline AGNs and

radio-loud AGN using MIPS 24 micron flux density.
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Figure 3.24: BPT diagram for the GMRT sources that have [OIII] , Hβ , [NII] ,
Hα detections. The BOSS spectroscopic galaxies and the AGN classification shown in

Section 3.4 Figure 3.7 are over-plotted on the BPT.

Figure 3.24 presents the comparison between the BPT-NII diagram for the GMRT

sources with detections in the four emission lines (represented by grey circles) and the

AGN classification outlined in Section 3.4 (represented by open red circles) and the

BOSS/SDSS spectroscopic pipeline galaxy classification (represented by black stars).

Out of the 170 AGN sources from Figure 3.7, 40 have four emission line detections. We

can infer from the figure that 6 of these sources reside in the BPT-SF region whilst 3 of
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them fall within the BPT-Comp region. The remaining 31 of these AGNs reside in the

BPT-AGN region.

In Table 3.6, we summarize the results of the comparison between BPT-NII with other

AGN diagnostics we have studied so far.

Table 3.6: BPT-NII comparison analyses results

Category Number Fraction (%) GalaxiesBOSS
spec AGNs

BPT-SF 298 59% 293 6
BPT-Comp 130 26 % 129 3
BPT-AGN 77 15 % 69 31

a BPT-SF - star-forming galaxy criterion according to the BPT-NII
b BPT-Comp - composite galaxy criterion according to the BPT-NII
c BPT-AGN - AGN galaxy criterion according to the BPT-NII
d GalaxiesBOSS

spec - BOSS/SDSS spectroscopic pipeline galaxy classifi-
cation

e AGNs - AGN classification presented in Section 3.5 Figure 3.7

We establish that there are some discrepancies between the AGN selection presented in

Section 3.5 Figure 3.7 and the BPT classification. To better address this disagreement,

we apply signal-to-ratio (SNR) cuts to minimize the effect of objects with low SNR on

the various emission line diagnostics. In order to remove these objects with low signal-

to-ratio from our sample, we applied SNR cuts of 3, 5 and 10 respectively. We calculate

the SNR using the relation below:

SNR =
EW

EWerror
(3.8)

Where EW is the equivalent width (area of the line ) of the emission line and EWerror,

is the error measurement in the equivalent width.

Figure 3.25 presents the distribution of the equivalent width of the spectral line divided

by the error measurement in the equivalent width, for the GMRT sources with [OIII],

[NII], [Hα] and [Hβ counterparts. The red, black and green vertical lines indicates an

SNR cut of 3, 5 and 10 respectively. From this figure we see that at an SNR cut of 5 and

10, we tend to lose many sources therefore we only apply an SNR cut of 3. Figure 3.26

the BPT-NII diagram for GMRT sources with [OIII] , Hβ , [NII] , Hα detections for an

SNR cut of 3. The number of AGNs (see Section 3.5 Figure 3.7) residing in the BPT-SF

region is now 5, with only 1 AGN in the BPT-Comp region upon an SNR cut of 3.
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Figure 3.25: Histogram of the signal-to-noise (SNR) = EW/EWerror, the equivalent
width of the spectral line divided by the error measurement in the equivalent width,
for the GMRT sources with [OIII], [NII], [Hα] and [Hβ counterparts. The red, black

and green vertical lines indicates an SNR cut of 3, 5 and 10 respectively.

 

 

 

 



Chapter 3. AGN Diagnostic Techniques 72

−2.0 −1.5 −1.0 −0.5 0.0 0.5
log10([NII]/Hα)

−1.5

−1.0

−0.5

0.0

0.5

1.0

1.5

BPT− SF
BPT− Comp

BPT− AGN
lo

g 1
0
([

O
II

I]
/H
β

)

Figure 3.26: BPT-NII diagram for GMRT sources with [OIII] , Hβ , [NII] , Hα
detections for an SNR cut of 3. The plot shows the over-plotted BOSS spectroscopic
galaxies and the AGN classification shown in Section 3.5 Figure 3.7. The Kauffmann
et al. (2003) empirical (solid black curve) and Kewley et al. (2001) (dash red curve) (at

z ∼ 0 )theoretical divisions are plotted to separate the sources.

3.8.3 Two-line diagnostics

Miller et al. (2003) analysed the observed fraction of galaxies with an active galactic

nucleus (AGN) in the early data release of the Sloan Digital Sky Survey (SDSS). They

used 4921 galaxies in the redshift range 0.05 ≤ z ≤ 0.095 and brighter than

M(r?) = −20.0(or M? + 1.45), and found at least ∼20% of these galaxies possess an un-

ambiguous detection of an AGN, but this fraction could be as high as '40% after they

modelled the ambiguous emission-line galaxies in their sample. They showed that it is

not necessary to have significant detections of all four of these lines; [OIII], Hβ , [NII],

Hα, in order to detect an AGN in a galaxy. On the other hand, it is imperative to

have detections for all four lines to classify star-forming galaxies. This fact is illus-

trated in Figure 3.27, which shows that galaxies with either a high [N II]/Hβ or a high

([O III]/Hα) line ratio must be AGNs, regardless of the other line ratio.
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Figure 3.27: Illustration of the 2-line diagnostic which shows that galaxies with either
a high [N II]/Hβ or a high ([O III]/Hα)line ratio must be AGNs, regardless of the other
line ratio.. The solid curve shows 1σ limit of Kewley et al. (2001) theoretical division

curve. Adopted from Miller et al. (2003)

Hence, if a galaxy has log10([N II]/Hα) ≥ −0.2 but no significant detections in [OIII]

or Hβ, we can still classify it as an AGN following Miller et al. (2003). Figure 3.28

presents our illustration of this whereby the equivalent width (EW) of the [N II] emis-

sion line is plotted against the ratio [N II]/Hα for galaxies in our GMRT sample

with thes eline detections shown as grey circles. The dash vertical red line indicates

log10([N II]/Hα) ≥ −0.2, where sources beyond this line (to the right of the line) are

classified as AGNs according to this two line diagnostic ( log10([N II]/Hα)). The BPT-

SF (black stars), BPT-AGN (open red circles) and the BPT-Comp (blue clubsuit ) are

over-plotted for comparison. This diagnostic selects 133 sources (i.e. 5%) of the GMRT

sources as AGNs. Out of the 77 sources classified as BPT-AGNs by the BPT-NII diag-

nostic, 49 of them agrees with this diagnostic (i.e. have log10([N II]/Hα) ≥ −0.2). Also

36 of the sources classified as BPT-Comp by the BPT-NII diagnostic have log10([N II]/Hα) ≥ −0.2

whilst there is no indication of the BPT-SF having log10([N II]/Hα) ≥ −0.2.

In the same way, if a galaxy has log10([O III]/Hβ) ≥ 0.8 but no significant detections

in [N II] or Hα, we can also classify it as an AGN. This illustration is presented in
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Figure 3.28: EW (equivalent width) of the [N II] emission line vs the ratio [N
II]/Hα for galaxies in our GMRT sample with the corresponding line detections shown
as grey circles. The dash vertical red line indicates log10([N II]/Hα) ≥ −0.2, where
sources beyond this line are classified as AGNs according to this two line diagnostic (
log10([N II]/Hα)). Over-plotted are the various four line diagnostic criteria i.e., BPT-

SF (black stars), BPT-AGN (open red circles) and BPT-Comp (blue clubsuit ).

Figure 3.29 whereby the ratio of [OIII]/Hβ is plotted against the equivalent width of

the [O III] emission line for galaxies in our GMRT sample with these line detections

(grey circles). The dash horizontal red line indicates log10([O III]/Hβ) ≥ 0.8, where

sources above this line are classified as AGNs according to this two line diagnostic

( log10([O III]/Hβ)). The BPT-SF (black stars), BPT-AGN (open red circles) and

the BPT-Comp (blue clubsuit ) are also over-plotted for comparison. From the 77

sources classified as BPT-AGNs by the BPT-NII diagnostic, 31 of them agrees with

this diagnostic (i.e. have log10([O III]/Hβ) ≥ 0.8). There is a good agreement for the

BPT-SF and BPT-Comp with this diagnostic such that none of the sources classified as

this by the BPT-NII have log10([O III]/Hβ) ≥ 0.8.

We therefore used these two techniques to infer whether the selection of AGNs agrees

well with other diagnostics we have studied up until this point in the thesis. Figure 3.30

 

 

 

 



Chapter 3. AGN Diagnostic Techniques 75

−1.0 −0.5 0.0 0.5 1.0 1.5 2.0 2.5
log10 EW [OIII]

−1.5

−1.0

−0.5

0.0

0.5

1.0

1.5

2.0

lo
g 1

0
([

O
II

I]
/H
β

)

2− Line AGNs [OIII]/Hβ

BPTGalaxies

BPTAGNs

BPTComposites

Figure 3.29: The ratio of [OIII]/Hβ vs EW of the [O III] emission line for galaxies in
our GMRT sample with the corresponding line detections shown as grey circles. The
dash horizontal red line indicates log10([O III]/Hβ) ≥ 0.8, where sources above this
line are classified as AGNs according to this two line diagnostic ( log10([O III]/Hβ)).
Over-plotted are the various four line diagnostic criteria i.e., BPT-SF (black stars),

BPT-AGN (open red circles) and BPT-Comp (blue clubsuit ).

presents the EW of the [N II] emission line vs the ratio [N II]/Hα for our GMRT sample

(grey circles) compared to the BOSS/SDSS spectroscopic galaxy classification and the

AGN criteria according to the schematic in Section 3.5 Figure 3.7. From the total of 170

sources selected as AGNs in Section 3.5, 33 of these sources have log10([N II]/Hα) ≥ −0.2

and thus agrees with this two-line diagnostic as AGNs. 124 sources selected as galaxies

by the BOSS/SDSS spectroscopic pipeline also have log10([N II]/Hα) ≥ −0.2 and thus

does not agree with this method.

Figure 3.31 presents the same argument as Figure 3.30 with an SNR cut of 3. From this

figure, we see that the number of BOSS/SDSS galaxies with log10([N II]/Hα) ≥ −0.2 has

decreased upon the SNR cut. The same applies to the number of AGNs (see Section 3.5)

having log10([N II]/Hα) ≥ −0.2 however, there are still AGNs having log10([N II]/Hα) ≤ −0.2

(i.e behind the dash red line).
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Figure 3.30: EW of the [N II] emission line vs the ratio [N II]/Hα for galaxies in
our GMRT sample with the corresponding line detections shown as grey circles. The
vertical dashed red line indicates log10([N II]/Hα) ≥ −0.2, where sources above this
line are classified as AGNs according to this two line diagnostic ( log10([N II]/Hα)).
Over-plotted are the BOSS spectroscopic galaxies and the AGN classification shown in

Section 3.5 Figure 3.7.

Figure 3.32 presents the the ratio [O III]/Hβ vs EW of the [O III] emission line for galax-

ies in our GMRT sample (grey circles) compared to the BOSS/SDSS spectroscopic galaxy

classification and the AGN criteria according to the schematic in Section 3.5 Figure 3.7.

Also, 21 of the sources classified as AGNs in Section 3.5 log10([O III]/Hβ) ≥ 0.8. 46

sources selected as galaxies by the BOSS/SDSS spectroscopic pipeline have log10([O III]/Hα) ≥ 0.8.

Table 3.7 presents a comparison analyses of the two-line diagnostics with previous results.

Figure 3.33 also presents the same argument as Figure 3.32 with an SNR cut of 3.

It is evident that the number of BOSS/SDSS galaxies with log10([O III]/Hβ) ≥ 0.8 has

decreased upon the SNR cut. The same applies to the number of AGNs (see Section 3.5)

having log10([O III]/Hβ) ≥ 0.8 however, there are still AGNs having log10([O III]/Hβ) ≤ 0.8

(i.e below the dash red line).
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Figure 3.31: Same as Figure 3.30 with an SNR cut of 3.

Table 3.7: Comparison of the Two-line diagnostics with previous results

Category NumberAGN GalaxiesBOSS
spec AGNs BPT-SF BPT-Comp BPT-AGN

log10([N II]/Hα) ≥ −0.2 133 124 33 0 36 49
log10([O III]/Hβ) ≥ 0.8 46 36 21 0 0 31

a log10([N II]/Hα) ≥ −0.2 - two-line AGN diagnostic using the ratio [N II]/Hα
b log10([O III]/Hβ) ≥ 0.8 - two-line AGN diagnostic using the ratio [O III]/Hβ
c GalaxiesBOSS

spec - BOSS/SDSS spectroscopic pipeline galaxy classification
d AGNs - AGN classification presented in Section 3.5 Figure 3.7
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Figure 3.32: The ratio [O III]/Hβ vs EW of the [O III] emission line for galaxies in
our GMRT sample with the corresponding line detections shown as grey circles. The
horizontal dashed red line indicates log10([O III]/Hβ) ≥ 0.8, where sources above this
line are classified as AGNs according to this two line diagnostic ( log10([O III]/Hβ)).
Over-plotted are the BOSS spectroscopic galaxies and the AGN classification shown in

Section 3.5 Figure 3.7.
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Figure 3.33: Same as Figure 3.32. This plot indicates an SNR cut of 3.
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3.9 Summary

This Chapter builds upon the results presented in Chapter 2 where we cross-matched

the wealth of multi-wavelength data available in the EN1 field to the GMRT. We have

presented results from the various AGN selection techniques we have studied using the

GMRT data, further dividing them into AGNs and SFGs according to the different

techniques.

We have used a radio luminosity cut of L1.4GHz > 1025 WHz−1 as a radio-loud AGN

criterion and an X-ray luminosity cut of L2−10keV > 1042 erg s−1 to select sources as

AGNs. To differentiate between SFGs and RQ AGNs it is instead necessary to con-

sider other AGN activity indicators, namely the optical spectroscopy and the MIR ob-

served colours. We have also shown that the ratio between the IR and radio emission,

parametrized by the q24µm value, is the key parameter needed to identify radio-loud

AGNs following Bonzini et al. (2013). Combining the selection methods mention before-

hand with our BOSS/SDSS spectroscopic classifications follow-up our GMRT sources,

we have built an initial classification scheme selecting 170 (i.e. 6%) radio sources as

AGNs. The simplicity of our scheme makes it suitable to be applied to large radio

samples with ancillary X-ray and IR data, without the need of MIR color-color classifi-

cations. We have used this scheme to studied the MIR color evolution of galaxies. We

have study the most common MIR (IRAC colors) diagnostics, namely the Lacy, Stern

and the Donley wedges. Comparing our classification scheme to the Lacy and Stern

selected AGNs we find many differences. However, our classification the scheme agrees

well with the Donley criterion.

We have also studied the four-line diagnostics (BPT-N II diagram) and the two-line

diagnostics (using log10([N II]/Hα) ≥ −0.2 and log10([O III]/Hβ) ≥ 0.8) for our sample

with the four optical line ratios ([O III]/Hβ , [N II]/Hα). Comparing the line ratios of

our sample to the our classification scheme, many discrepancies occur between our de-

veloped AGN selection scheme and where AGNs reside with respect the various emission

line diagnostics. Even upon applying an SNR cut of 3 on the emission lines to removes

sources with low SNR, we still see differences. Therefore the discrepancies between our

earlier AGN selection and the BPT is not sensitive to signal to noise. Based on these

discrepancies, we do not use the emission line diagnostics in our over all classification

scheme which is presented in Chapter 4.

 

 

 

 



Chapter 4

Nature of the faint radio sources

4.1 AGN or SFG ?

The faint radio sky is a complex mixture of star forming galaxies (SFG) and active

galactic nuclei (AGN) (e.g., Mauch and Sadler (2007); Smolčić et al. (2008)). The radio

emission can either be due to the relativistic jets powered by the AGN at the centre of

a galaxy or to the synchrotron emission associated with magnetic field and relativistic

electrons in the galaxy disks.

Below a flux density of about 1 mJy the synchrotron emission generated in the in ordi-

nary non-active star-forming galaxies in the local universe becomes detectable (Condon,

1992a) as well as more powerful starburst galaxies at larger distances. Thus the radio

population becomes a mixture of star-forming galaxies, and radio-loud AGN. In addition

radio emission from radio-quiet AGN star to be detected (Rawlings and Jarvis, 2004).

Henceforth, the relative contributions of each of these classes of radio sources at sub-mJy

levels has for many years been the subject of much debate (e.g. Seymour et al. (2008a);

Huynh et al. (2008); Ibar et al. (2009); Padovani et al. (2009)).

In this Chapter 4, we divide the radio source population into sources whose radio emis-

sion is powered by an AGN or by star formation, mainly through the diagnostics in

Chapter 3. We outline the five AGN indicators we employ, use this to ascertain whether

the radio emission is powered by star formation or by an AGN for a sub-sample of our

sources with redshift out of the entire GMRT population. We measure the far-infrared

radio correlation and investigate how this evolves with redshift and whether there is any

dependence on either radio or far-infrared luminosity.
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4.1.1 Classification criteria and results

We have carried out a multi-wavelength study, i.e using optical , X-ray and IR data, as

different AGN emission processes can be probed by a different wavebands. We apply

five observational-based indicators to our sources to identify whether an AGN is present

provided they exhibit one of the following:

1. Radio power, L1.4 GHz ≥ 25 WHz−1.

2. X-ray luminosity greater than 1042 erg s−1.

3. BOSS AGN spectroscopic classification (see Section 3.3 Chapter 3).

4. Radio-loud AGN flags defined according to Bonzini et al. (2013).

5. IRAC colours satisfying the Donley et al. (2012) criteria

For criterion (1), this radio-loud AGN classification range was used since it has been

shown that radio emission above this luminosity, is mainly due to the relativistic jets

(e.g. see Sajina et al. (2007); Jiang et al. (2007)). Although AGN could have radio

power less than this threshold, if a source has a radio luminosity above or equal to this

range then we infer that this is because of the presence of an AGN.

For criterion (2), extragalactic studies often use an X-ray luminosity cut of 1042 erg s−1

to distinguish between AGNs and SFGs (see Fabbiano (1989); Moran et al. (1996)).

However, this is not the theoretical upper limit to star-forming X-ray luminosities. Fol-

lowing Rawlings et al. (2015), we caution that there is the possibility for a number of

star-forming sources in the sample to have an X-ray luminosity above this cut. For crite-

rion (3), we know beforehand that the BOSS/SDSS spectroscopic pipeline classifications

comprises of AGNs and SFGs. The description of the sources we select as AGN accord-

ing to BOSS is outlined in Chapter 3 Section 3.3. Therefore through our cross-matched,

we were able to associate the AGNs classification to their GMRT counterparts.

We used the same approach employed by Bonzini et al. (2013), for criterion (4). But

in our case, we use the k-corrected 1.4 GHz flux density, for sources with MIPS 24µm

counterparts to calculate q24µm.

We then explored the various MIR color classifications (i.e. Lacy, Stern, Donley) in

order to be able to classify many of the radio sources with four band IRAC detections as

possible. We have compared these MIR color classifications to other AGN diagnostics

that we studied. We identify several discrepancies between the MIR color classifications

and other AGN diagnostics especially with the Lacy wedge. The wedge included color

regions that are predominantly occupied by BOSS/SDSS SFGs. We found a similar

problem with the Stern wedge. The Donley wedge was however found to be the best

 

 

 

 



Chapter 4. Nature of the faint radio sources 83

discriminator of SFGs and AGNs. Only few number of BOSS/SDSS SFGs were found

to reside in this wedge, hence we used the Donley wedge (see Section 3.7.3 Chapter 3).

A schematic of this combined AGN nomenclature is described in Figure 4.1

2800	  GMRT	  
sources	  (1760	  with	  

redshi8	  
informa=on.	  63%).	  

X-‐ray	  luminosity	  -‐	  
log10(LX)	  ≥	  42	  erg	  s-‐1	  	  
(70	  sources,	  4.0%).	  

MIPS	  24	  micron	  RL	  
AGN	  classifica=on	  –	  
(	  42	  sources,	  2.4%)	  

RL	  AGN	  –	  log10(L1.4	  
GHz)	  ≥	  25	  WH-‐1	  
(26	  sources,	  
1.5%)	  	  .	  

BOSS	  spectroscopic	  
AGN	  classifica=on	  -‐	  	  	  
(96	  sources,	  5.5%).	  	  

IRAC	  color	  
selec=on	  

sa=sfying	  Donley	  
et	  al	  2012	  

criterion	  –	  (123	  
sources,	  7%)	  

Figure 4.1: A schematic of AGN selection combining the selection described in Fig-
ure 3.7 of Section 3.4 with the MIR selection satisfying Donley et al. (2012). The

percentages presented here are with respect to the sources with redshifts.

We separated from the 2800 radio sources, a sub-sample of 1760 sources which constitutes

the GMRT population with redshift associations (i.e., 63%, see Chapter 2 Table 2.1).

Using the above AGN indicators, we the deduce whether or not the observed radio

emission is powered by an AGN, for the sources in the sub-sample. If we have been

unable to show that an AGN is present in the source from the above nomenclature, then

we inferred the radio emission of the source is powered by star formation. If there is an

indication of an AGN activity in the source satisfying any of the criteria 1 to 5, then we

inferred the radio emission of the source is powered by an AGN, regardless of the results

from the other indicators. Our AGN classification is very conservative, therefore we note

that our SFG class is strongly contaminated by AGN unrecognized as such. Using this

approach, we have been able to classify 86% as SFGs and 14% as AGNs for our GMRT

sources with redshift associations as presented in Table 4.1. However this comprises

54% SFGs and 9% AGNs of our entire 2800 radio population thus leaving 37% of the
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GMRT population not classified. Rawlings et al. (2015) separated the extragalactic radio

source population above ∼ 50µJy into AGN and SFGs by fitting IR SEDs constructed

using Spitzer/IRAC, MIPS and Herschel/SPIRE photometry, of 380 radio sources in

the Extended Chandra Deep Field South. Overall, they found that for 153 of the 380

sources, the radio emission is powered by star-formation. For 95 sources, the radio

emission is powered by an AGN whereas the remaining 132 sources have were found to

be hybrids (i.e. no sign of jet activity, not clear whether or not the radio emission is

powered by AGN (Rawlings et al., 2015)).

Table 4.1: Total number of AGNs and SFGs from a combination of the selection
described in Figure 4.1 of Section 4.1.1 plus the various MIR classification criteria for

sources with redshift.

SFGs SFGs Fraction (%) AGNs AGNs Fraction (%)

1515 86 % 247 14%

4.2 The far-infrared radio correlation

The far-infrared radio correlation (FRC) is one of the tightest and most universal em-

pirical correlations known among global parameters of the observed galaxies. Presently,

the FRC is believed to be driven mostly by star formation (Condon (1992a) ; Yun et al.

(2001)). The correlation spans over a wide range of galaxy types and seems to be valid

both for local and distant Universe. The reasons why the thermal dust emission at far-

infrared wavelengths should be so tightly coupled to the non-thermal radio emission are

not clear. One simple explanation assumes that UV and optical radiation from the most

massive stars are completely absorbed by dust and re-radiated in the far-infrared, these

massive stars end their lives as supernovae explosions the remnants of which creates the

relativistic electrons that power synchrotron radio emission. The far-infrared and radio

emission are thus both related to the levels of massive star-formation taking place in

the galaxy. Voelk (1989) proposed this calorimeter argument where it assumes that all

the energy from cosmic ray electrons accelerated by supernova remnants is converted to

synchrotron radiation and all UV radiation is converted to far-infrared. Therefore the

galaxy can be viewed simultaneously as an electron and a UV calorimeter. However,

this is only valid if the galaxy is optically thick to UV radiation and neglects both non-

synchrotron cooling and proton losses. Non-synchrotron cooling results in a decrease

in the proportion of energy converted to radio emission in high density starburst envi-

ronments while proton losses will instantly increase the number of secondary electrons

emitting synchrotron emission. These effects may act to balance each other out in high

density environments maintaining a constant FRC. For low density galaxies both the UV
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and electron calorimeter approximations no longer hold, thus decreasing both the radio

and far-infrared emission (see e.g. Lacki et al. (2010); Lacki and Thompson (2010)).

We used the integrated (8 - 1000µm, rest frame) far-infrared luminosities (FIR) from the

Rowan-Robinson et al. (2013) to examine the correlation between the infrared luminosity

and the rest frame 1.4 GHz radio luminosity. These luminosities were calculated using

photometric redshifts by Rowan-Robinson et al. (2013) but in our case, we defined a mas-

ter redshift (zultra) whereby we use spectroscopic redshifts if available or the photometric

redshifts (zphot from Rowan-Robinson et al. (2013) when the spectroscopic redshift is

not available in order to get redshifts for majority of our sources. Therefore, we applied

the correction given by equation 4.1 below to get the corrected L(IR,CORR), since the FIR

luminosities were originally derived using photometric redshifts from Rowan-Robinson

et al. (2013).

LIR,CORR =
d2

L,ZULTRA

d2
L,ZMRR13

× LIR,CAT (4.1)

LIR,CAT represents the original far-infrared luminosity from the MRR13 catalog, d2
L,ZULTRA

represents the luminosity distance calculated using our defined master redshift ( zultra)

whereas d2
L,ZMRR13 represents the luminosity distance calculated using the redshifts from

the MRR13 catalog. Figure 4.2 presents the Integrated 8 - 1000 micron luminosity from

MRR13 catalog for our GMRT sample. We were able to associate 1279 GMRT sources

with FIR luminosity from the catalog (see Table 2.1 Chapter 2). The dashed red vertical

line indicates the median infrared luminosity of the GMRT sample of ∼ 11.5 L�.

Figure 4.3 presents the total IR luminosity (LIR) as a function of redshift for SFGs (left

panel) and AGNs (right panel) from the GMRT sample with Rowan-Robinson et al.

(2013) FIR luminosity detections. We plot limits of LIRGs, ULRGs and HyLIRGs,

see Patel et al. (2013), to show where the sources lie based on their IR luminosity.

The distribution of the 1.4 GHz radio luminosity for our GMRT sample is presented

by Figure 4.4 whereby the dash red vertical line indicates the median radio luminosity

which is ∼ 1023.3 WHz−1.

We characterised the IR/radio properties of our sources by the logarithmic total IR

(infrared luminosities from the MRR13 catalog)/radio flux ratio qIR(Helou et al., 1985).

qIR = log10

(
LIR

3.75× 1012W

)
− log10

(
L1.4GHz

WHz−1

)
(4.2)

In our following analysis we consider the median qIR of our sample, since this provides

a better indicator of the most typical value in case our sample has some outliers . We

also compute the median absolute deviation (MAD). This is a robust measure of the
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Figure 4.2: Histogram of the Integrated 8 - 1000 micron luminosity from MRR13
catalog for our GMRT sample. The dashed red vertical line indicates the median

infrared luminosity Rowan-Robinson et al. (2013).

variability of a univariate sample of quantitative data.

MAD = mediani(| Xi −medianj(Xj) |) (4.3)

The MAD can be directly related to the standard deviation σ, in a Gaussian distribution

σ ≈ 1.4826MAD (4.4)

In other words, the expectation of 1.4826 times the MAD for large samples of normally

distributed Xi is approximately equal to the population standard deviation. Hence, the
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Figure 4.3: Total IR luminosity (LIR) as a function of redshift for SFGs (left panel)
and AGNs (right panel) from the GMRT sample. We plot limits of LIRGs, ULIRGs
and HyLIRGs, see Patel et al. (2013), to show where the sources lie based on their IR

luminosity.

error on the MAD is given by,

MADerror =
1.4826MAD√

N
(4.5)

where N is the number of sources.

Figure 4.5 presents radio power at 1.4 GHz versus FIR luminosity for SFGs detected by

our classification. The contours represent the 0.25×1σ, 0.5×1σ, 0.75×1σ,1σ, 2σ and 3σ

of the GMRT sources with radio and IR luminosity respectively. The solid line shows

the qIR relation given in Equation 4.2 for the respective lySFGs (top panel) and AGNs

(bottom panel). The dotted lines in both panels indicate the ± 1σ dispersion in the

value of the calculated qIR. The SFGs have a tight correlation with the FRC, with

a median qIR value of 2.45± 0.01. The AGN-powered sources, lie slightly above the

FRC with a median qIR value of 2.27± 0.05. The decrease in the median value of qIR

can be attributed to the additional AGN component to radio emission. The additional

component to the radio luminosity for the AGN-powered sources results in lower qIR
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Figure 4.4: Histogram of the 1.4 GHz radio luminosity for our GMRT sample. The
dash red vertical line indicates the median radio luminosity.

values (Rawlings et al., 2015). However, for both the SFGs and AGNs, we see that the

sources lie above the the median qIR line at the low luminosity end. This is evident for

LIR . 10.5 L� and L1.4GHz . 1022 WHz−1.

Our median qIR = 2.45± 0.01 is in good agreement with previous measurements ob-

tained by studying the FRC (e.g. Ivison et al. (2010b); Magnelli et al. (2010)). These

previous studies used submillimetre galaxy (SMG) samples which were mostly biased

towards sources with strong radio emission via the reliance on radio imaging to obtain

counterpart IDs. Ivison et al. (2010b) a median qIR = 2.40± 0.12 reported for a sample

of IR-bright (S250µm & 20 mJy) galaxies out to z < 3.5. The median qIR is higher

too than qIR = 2.17± 0.19, as measured by Magnelli et al. (2010) for a sample of bright

(S850µm > 5 mJy) single-dish submillimetre sources observed in GOODS-N. However,

this value is lower than that reported by Thomson et al. (2014) who measured a median

qIR = 2.56± 0.05 by studying the radio properties of 870 µm-selected submillimetre
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Figure 4.5: L1.4 GHz versus L� for SFGs (top panel) and AGNs (bottom panel)
according to the AGN selection described in Figure 4.1 of Section 4.1.1. The contours
show 0.25×1σ, 0.5×1σ, 0.75×1σ,1σ, 2σ and 3σ of the GMRT sources with radio and

IR luminosity respectively.

galaxies, observed at high resolution with ALMA in the Extended Chandra Deep Field

South. Our measurement of qIR is also lower than that reported by Bell (2003) who
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measured qIR = 2.64± 0.02 for 162 galaxies with IR and radio data and no signs of AGN

by assembling a sample of SFGs with FUV, IR and radio data to quantitatively explore

the radio-IR correlation.

4.3 Luminosity dependence

Considering the large number of objects available to us due to the high-sensitivity of

the GMRT, we can be able to investigate the form of the far-infrared radio correlation

over a range of redshifts, far-infrared luminosities and radio luminosities. Therefore,

following Sargent et al. (2010), Jarvis et al. (2010) and Ivison et al. (2010a) we split our

sample into four radio luminosity bins (Figure 4.6) and four far-infrared luminosity bins

(Figure 4.7 ) and determine the mean and median value for qIR in each of these bins in

order to investigate their qIR distribution more quantitatively.

4.3.1 Binning in radio luminosity

The right panel of Figure 4.6 shows qIR versus redshift for our selected star-forming

galaxies, split into four log-spaced bins of L1.4GHz with the median values of qIR in each

panel shown. The grey regions in the left panel of Figure 4.6 shows the various binning

ranges both in the vertical and horizontal axes whereas the number of SFGs residing in

each range is printed at the bottom. We find that the median values of qIR decrease with

increasing radio luminosity from qIR = 2.60± 0.02 for 1020.0 ≤ (L1.4GHz/WHz−1) < 1022.5

to qIR = 2.37± 0.02 for

1022.5 ≤ (L1.4GHz/WHz−1) < 1023.5 and increases slighlty to qIR = 2.39± 0.02

for 1023.5 ≤ (L1.4GHz/WHz−1) < 1024.5 then increases to qIR = 2.45± 0.06 for

1024.5 ≤ (L1.4GHz/WHz−1) ≤ 1025.5. Table 4.2 presents the qIR in the different radio

luminosity bins. The most straightforward explanation of this is that there we have an

increasing fraction of AGN contamination as we advance to higher radio luminosities.

Figure 4.7 show again that there is a tight correlation between radio power and redshift.

This means that you cannot disentangle possible luminosity trends (see Table 4.2) from

possible redshift trends. The increase in qIR at low-power/low-redshift, if real, can be

due either to the galaxy luminosity or to the galaxy redshift. We therefore suggest that

the evidence for an increase in the FIRC towards low redshifts found by previous authors

(eg. Bourne et al. (2011) Jarvis et al. (2010)) can be explained by one or a combination

of resolving out extended radio emission in high-resolution radio data coupled with an

increased contribution from dust heated by evolved stars at progressively lower redshifts.
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Rowan-Robinson (2003) and Calzetti et al. (2010) outlined at longer wavelength the

IR emission has an increasing contribution from evolved stars. From this explanation

we would then expect the low-redshift sources to exhibit less correlation with the radio

emission due to the fact that our data definitely probe longer rest-frame wavelengths.

Jarvis et al. (2010) from their analyses of Herschel-ATLAS: far-infrared radio correlation

explained that this would not have a large effect within their data set which is limited

to z < 0.2 for direct detections. However, they also stated that when considering the

evolution from z ∼1 to 0, this could explain the increase in qIR towards the low redshifts,

where there is an increased relative contribution to the total far-infrared luminosity from

dust heated by evolved stars.
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Figure 4.6: Left panel: Radio power vs redshift for all sources classified as AGNs and
SFGs according to our combined multi-wavelength classification satisfying the Donley
Wedge with respect to the MIR. The GMRT flux density limit (solid blue curve) and
the adopted luminosity threshold to classify a source as a radio-loud AGN (solid green
line) are shown. Right panel: The FIRC as a function of redshift separated into four
radio luminosity bins shown in the individual panels. The solid horizontal line in each
panel shows the median value of qIR for all non-AGN sources and the grey shaded area

shows the median absolute deviation(MAD) of the same sources.
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Table 4.2: qIR trend in the different radio luminosity bins

qIR SFGs

log
(L1.4GHz)
10 ∈ [20.0, 22.5] 2.60 ± 0.02

log
(L1.4GHz)
10 ∈ [22.5, 23.5] 2.37 ± 0.02

log
(L1.4GHz)
10 ∈ [23.5, 24.5] 2.39 ± 0.02

log
(L1.4GHz)
10 ∈ [24.5, 26.5] 2.45 ± 0.06

4.3.2 Binning in infrared luminosity

Figure 4.7 shows the qIR parameter as a function of redshift, also split into into four

log-spaced bins of far-infrared luminosity. Similarly, the grey regions in the left panel

of Figure 4.7 shows the various binning ranges both in the vertical and horizontal axes

whereas the number of SFGs residing in each range is printed at the bottom. We find

evidence that the median qIR increases with far-infrared luminosity. We find evidence

that the median qIR increases with far-infrared luminosity, such that qIR = 2.12± 0.08

for 108.0 ≤ (L�) < 1010.0 to qIR = 2.41± 0.01 for 1010.0 ≤ (L�) < 1012.0. This continues

to increase at qIR = 2.60± 0.02 for 1012.0 ≤ (L�) < 1013.0 through to qIR = 2.88± 0.05

for 1013.0 ≤ (L�) ≤ 1015.0. Table 4.3 presents the qIR in the different radio luminosity

bins.

Table 4.3: qIR trend in the different infrared luminosity bins

qIR SFGs

log
(LIR)
10 ∈ [8.0, 10.0] 2.12 ± 0.08

log
(LIR)
10 ∈ [10.0, 12.0] 2.41 ± 0.01

log
(LIR)
10 ∈ [12.0, 13.0 2.50 ± 0.02

log
(LIR)
10 ∈ [13.0, 15.0] 2.88 ± 0.05
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Figure 4.7: Left panel: Infrared luminosity vs redshift for all sources classified as
AGNs and SFGs according to our combined multi-wavelength classification satisfying
the Donley Wedge with respect to the MIR. Right panel: The FIRC as a function
of redshift separated into four radio luminosity bins shown in the individual panels.
The solid horizontal line in each panel shows the median value of qIR for all non-AGN
sources and the grey shaded area shows the median absolute deviation(MAD) of the

same sources.

4.4 Summary

The need to better understand the faint radio source population is a primary motivation

for the construction of the next generation of radio telescopes, the study presented in

this chapter thus joins the increasing ranks of detailed small area studies of faint radio

sources which aim to uncover the results of these much anticipated surveys.

The various diagnostics presented in Chapter 3 has enabled us to separate star-forming

galaxies and AGN in a sub-sample of 1760 sources, comprising the sources with redshift.

These various multi-wavelength AGN indicators, have revealed that there are sources in

the GMRT population that contain an AGN. Many of the AGN indicators used in this

study are conservative and therefore we can be confident that the AGN identifications

are reliable. We determined that for 227 (i.e. 8% ) of these sources out of 2800 sources,

the radio emission is powered by an AGN. For 55% of our GMRT population, there is no

 

 

 

 



Chapter 4. Nature of the faint radio sources 94

sign of an AGN and their radio emission is therefore being powered by star formation.

The remaining 37% have not been classified as they do not have redshift associations.

Using a combination of the far-infrared data from Rowan-Robinson et al. (2013) and the

radio data from the GMRT we study the FRC and we find median qIR = 2.45± 0.01 for

the sources we select as SFGs in this Chapter 4.

Separating the sample into bins of radio luminosity shows that in our far-infrared

delected sample the FRC is consistent with being constant with radio luminosity for

sources restricted to the regime where star-forming systems dominate. The weak depen-

dence of qIR on L1.4GHz likely reflects the influence of low radio-power AGN. However,

the dependence of of qIR on LIR is more puzzling, perhaps reflecting the dependence of

LIR on redshift , or dust temperature Td (e.g. Chapman et al. (2005)), or even selection

effects

 

 

 

 



Chapter 5

Summary and future work

This thesis presents the study of the nature of radio sources microJy source population

over a survey area of 1.2 deg2 comprising of 2800 sources with the GMRT at 610 MHz

down to an rms noise of 10.3µJy/beam. This work is particularly useful for paving

the way to upcoming radio surveys that current and future radio facilities will provide.

Indeed, we are at the dawn of a bright era for radio astronomy as many radio facili-

ties have been recently upgraded or are in construction phase (e.g., APERTIF, ASKAP,

JVLA, e-MERLIN, LOFAR, MeerKAT). Radio continuum surveys with these new facili-

ties have been planned with the goal of studying the formation and evolution of galaxies

and AGNs over cosmic time. The upcoming large surveys with the SKA pathfinders

and precursor telescopes will detect tens of millions of radio sources down to below 1

mJy, and the SKA itself will detect hundreds of millions of objects down to the microJy

levels, that we explore in this thesis. It is therefore extremely important to be able to

predict which kind of sources these facilities will observe and what are the key data in

other spectral windows necessary to complement the radio information to maximise the

scientific outputs of these projects.

Using a variable search radius equal to three times the estimated astrometric error., we

identified the IR, optical and X-ray counterparts of the radio sources with a completeness

of 85%. For about 63% of the sources we were able to associate a redshift, 29% of which

are spectroscopic (see Chapter 2). The counterparts and redshift catalog have been

compiled. This first part of the thesis demonstrated the key role played by MIR bands

in the identification of radio sources. Indeed, a significant fraction of them (15%) are

not detected even in deep multi-wavelength data, probably due either to obscuration or

to their high redshift. Future surveys with SKA pathfinders require a means to separate

the star-forming galaxies and AGN contributions at faint flux densities but there is the

difficulty of obtaining spectroscopic observations over large areas of sky for such sources.
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The Chapter 3 of the project was aimed at disentangling the different radio populations

that contribute to the faint radio sky . We have explored different methods, that com-

bines radio, MIR, optical and X-ray data, to efficiently separate the radio sources in

two classes: SFGs and AGNs. We have shown that selection method commonly used

in the literature based on the optical emission lines sources (i.e, BPT diagram) may

miss a significant fraction of sources classified by different diagnostics as AGNs. We

have determined the relative contribution of the two different classes of sources and we

find that 86% are SFGs and 14% are AGNs. This confirms the overcoming of SFGs

over AGNs in this faint regime. Therefore the upcoming radio surveys, that will be

deeper than the observation considered in this work reaching the nanoJy sensitivity, the

classical radio-loud AGNs will be a minority of the sources and the population will be

dominated by normal star forming galaxies.

We have explored the far-infrared radio correlation of both the AGNs and SFGs of the

GMRT sample with redshift associations. The SFGs have a tight correlation with the

FRC, with a median qIR value of 2.45± 0.01. The AGN-powered sources, lie slightly

above the FRC with a median qIR value of 2.27± 0.05. This decrease in the median

value of qIR for the AGNs can be attributed to the additional AGN component to radio

emission for the AGN-powered sources results in lower qIR.

Future extensions of the work presented here would be to obtain more spectroscopy and

also improved photometric redshifts from SERVs for the radio sources. Spectroscopy

would result in more accurate redshift determinations used in this study and could be

used to identify and study the evolution of the radio sources out to higher redshifts.

Reliable separations of the AGNs and SFGs populations would also be extremely useful

in studies of the role of AGN feedback in shaping the global star-formation history of

the universe. Obtaining additional mid-infrared data from SWIRE and SERVS surveys,

far-infrared observations from Herschel Multi-tiered Extragalactic Survey (HERMES;

Oliver et al. (2012)) would allow us to study the star-formation activity of AGN across

cosmic time to determine if AGN feedback processes influence the star-formation prop-

erties of their host galaxies and the relative significance of the two postulated modes

of AGN feedback as a function of cosmic time. This would also allow us to extend

the classification and investigation of the properties of faint radio sources presented in

Chapter 4.

A further useful extension of this work would be to determine the radio luminosity

function (RLF) of our GMRT sample and also determine the RLF of the various clas-

sifications. The additional data would be very important in the identification both

radio-loud and radio-quiet AGN and star-forming galaxies more securely and possibly

out to higher redshifts allowing me to derive separate RLF for each of these classes
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and determining which sources are primarily driving the different evolutionary trends

observed in the RLF of the total faint radio source population.

The FRC study presented in Chapter 4 could also be extended in a number of ways.

By using monochromatic far-infrared data (e.g. MIPS 70/160, SPIRE 250/350/500),

we can determine whether the monochromatic FRC results will be consistent with the

results presented in this study. Previous studies (e.g. Boyle et al. (2007); Garn and

Alexander (2009); Jarvis et al. (2010); Ivison et al. (2010b); Bourne et al. (2011); Smith

et al. (2014)) found no evidence for redshift evolution of the FRC as probed by the

k-corrected monochromatic 250 µm luminosity density. We can extend our study using

the monochromatic FRC to confirm this lack of evolution with redshift. Further exten-

sions would be to probe the temperature dependence of the monochromatic FRC, this

illustrates the radio continuum version of the far-infrared ’L-T’ relations discussed in

several previous studies (e.g. Chapman et al. (2003); Hwang et al. (2010)). The far-IR

temperature/colour dependence of the FIRC is likely to be of critical importance for

future investigations, given the upcoming of SKA pathfinder and precursor radio con-

tinuum surveys from ASKAP Norris (2011) and Jarvis (2012). Radio observations will

be crucial in the future, since they will not only be sufficiently sensitive to detect the

entire z < 0.5 star-forming galaxy population, they will provide a more reliable tracer of

a galaxy’s star formation rate than observations sampling long FIR wavelengths (>250

µm).

This thesis attempted to classify objects as either SFG or AGN, the situation appears

more complex. Not all objects gave unambiguous results over all criteria. In many cases

some indicators suggested SFG and others the presence of AGN emission. The reality is

that there is likely contributions to both types of emission contributing to the total ra-

diation from a galaxy. We should perhaps rather speak of AGN dominated emission and

SFG dominated emission on the ends of a continuous distribution of composite. Future

studies should focus on this approach and attempt to place objects on this continuum

rather than discrete bins at the extremes of the distribution.

 

 

 

 



Appendix A

Source Catalog and Radio

Observations

Figure A.1 presents the entire distributions of the photometric and the spectroscopic

redshifts respectively. In general, the photometric redshifts compare well to the spec-

troscopic redshifts. Over-plotted are AGNs and SFGs according to optical (top panel)

and infrared (bottom panel) SED templates from Rowan-Robinson et al. (2013) (see Ta-

ble 2.1, Section 2.4). SFGs generally follow the one-to-one line (dashed diagonal black

line) but AGNs tend to have large departures from this line as presented in both panels.
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Figure A.1: Comparison between photometric and spectroscopic redshifts for the
GMRT sources using Rowan-Robinson et al. (2013) optical (top panel) and infrared

(bottom panel) SED templates for SFGs and AGNs.

 

 

 

 



Appendix B

AGN Diagnostic Techniques

−3 −2 −1 0 1
−1.5

−1.0

−0.5

0.0

0.5

1.0

1.5

lo
g 1

0
([

O
II

I]
/H
β

)

BOSSGALAXIES
SPEC−CLASS

AGNs

−3 −2 −1 0 1

GALAXIESLacy

AGNsLacy

log10([OI]/Hα)

Figure B.1: BPT diagram for the GMRT sources that have [OIII] , Hβ , [OI] , Hα
detections. The Lacy wedge selected AGNs (open red circles) and SFGs (black stars)

classification described in Section 3.7.1 are over-plotted on the BPT-O1.
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Figure B.1 presents the comparison between the BPT-OI diagram for the GMRT sources

with detections in the four emission lines (represented by grey circles), the AGN (open

red circles) and SFG (black stars) classification outlined in Section 3.7.1.
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Figure B.2: BPT diagram for the GMRT sources that have [OIII] , Hβ , [SII] , Hα
detections. The Lacy wedge selected AGNs (open red circles) and SFGs (black stars)

classification described in Section 3.7.1 are over-plotted on the BPT-SII.

Figure B.2 presents the comparison between the BPT-OI diagram for the GMRT sources

with detections in the four emission lines (represented by grey circles), the AGN (open

red circles) and SFG (black stars) classification outlined in Section 3.7.1.

B.0.1 Signal to noise cuts

Figure B.3 presents the BPT diagram for the GMRT sources that have [OIII] , Hβ ,

[NII] , Hα detections where the black stars represents the BPT-SF classification, blue

clubsuits represents BPT-Comp (dominated by seyferts/star-forming galaxies.) upon

using the Kauffmann et al. (2003) and the Kewley et al. (2001) divisions. The top left,

top right and bottom plots indicates an SNR cut of 3, 5 and 10 respectively.
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Figure B.3: BPT-NII diagram (GMRT sources with [OIII] , Hβ , [NII] , Hα detec-
tions). The black stars represents the BPT-SF classification, blue clubsuits represents
BPT-Comp (dominated by seyferts/starforming galaxies.) and the red open circles
represents the BPT-AGN classifications. The Kauffmann et al. (2003) empirical and
Kewley et al. (2001) theoretical divisions are plotted to separate the sources. The top

left, top right and bottom plots indicates an SNR cut of 3, 5 and 10 respectively.

Figure B.4 presents an illustration of this whereby the equivalent width (EW) of the [N

II] emission line is plotted against the ratio [N II]/Hα for galaxies in our GMRT sample

with these line detections shown as grey circles. The dash vertical red line indicates

log10([N II]/Hα) ≥ −0.2, where sources beyond this line (to the right of the line) are

classified as AGNs according to this two line diagnostic ( log10([N II]/Hα)). The BPT-

SF (black stars), BPT-AGN (open red circles) and the BPT-Comp (blue clubsuit ) are

over-plotted for comparison. The top left, top right and bottom plots in this Figure B.4

indicates an SNR cut of 3, 5 and 10 respectively.

Figure B.5 presents the ratio of [OIII]/Hβ plotted against the equivalent width of

the [O III] emission line for galaxies in our GMRT sample with these line detections

(grey circles). The dash horizontal red line indicates log10([O III]/Hβ) ≥ 0.8, where

sources above this line are classified as AGNs according to this two line diagnostic (

log10([O III]/Hβ)). The BPT-SF (black stars), BPT-AGN (open red circles) and the
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Figure B.4: Same as Figure 3.28. The top left, top right and bottom plots indicates
an SNR cut of 3, 5 and 10 respectively.

BPT-Comp (blue clubsuit ) are also over-plotted for comparison. The top left, top right

and bottom plots in this Figure B.5 indicates an SNR cut of 3, 5 and 10 respectively.
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Figure B.5: Same as Figure 3.29. The top left, top right and bottom plots indicates
an SNR cut of 3, 5 and 10 respectively.

 

 

 

 



Appendix C

Nature of the faint radio sources

C.0.2 Binning in radio luminosity

The right panel of Figure C.1 shows qIR versus redshift for our selected star-forming

galaxies, split into four log-spaced bins of L1.4GHz with the median values of qIR in each

panel shown. Figure C.1 considers all sources classified as AGNs and SFGs according to

our combined multi-wavelength classification except that the MIR criterion satisfies the

Lacy Wedge. The grey regions in the left panel of Figure C.1 shows the various binning

ranges both in the vertical and horizontal axes whereas the number of SFGs residing in

each range is printed at the bottom.

The right panel of Figure C.2 shows qIR versus redshift for our selected star-forming

galaxies, split into four log-spaced bins of L1.4GHz with the median values of qIR in each

panel shown. Figure C.2 considers all sources classified as AGNs and SFGs according to

our combined multi-wavelength classification except that the MIR criterion satisfies the

Stern Wedge. The grey regions in the left panel of Figure C.2 shows the various binning

ranges both in the vertical and horizontal axes whereas the number of SFGs residing in

each range is printed at the bottom.
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Figure C.1: Same as Figure 4.6. Considering all sources classified as AGNs and SFGs
according to our combined multi-wavelength classification satisfying the Lacy Wedge

with respect to the MIR.
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Figure C.2: Same as Figure 4.6. Considering all sources classified as AGNs and SFGs
according to our combined multi-wavelength classification satisfying the Stern Wedge

with respect to the MIR.
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C.0.3 Binning in infrared luminosity

Figure C.3 shows the qIR parameter as a function of redshift, also split into into four

log-spaced bins of far-infrared luminosity. Similarly, the grey regions in the left panel

of Figure C.3 shows the various binning ranges both in the vertical and horizontal axes

whereas the number of SFGs residing in each range is printed at the bottom. Figure C.3

considers all sources classified as AGNs and SFGs according to our combined multi-

wavelength classification except that the MIR criterion satisfies the Lacy Wedge.
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Figure C.3: Same as Figure 4.7. Considering all sources classified as AGNs and SFGs
according to our combined multi-wavelength classification satisfying the Lacy Wedge

with respect to the MIR

Figure C.4 shows the qIR parameter as a function of redshift, also split into into four

log-spaced bins of far-infrared luminosity. Similarly, the grey regions in the left panel

of Figure C.4 shows the various binning ranges both in the vertical and horizontal axes

whereas the number of SFGs residing in each range is printed at the bottom. Figure C.4

considers all sources classified as AGNs and SFGs according to our combined multi-

wavelength classification except that the MIR criterion satisfies the Stern Wedge.
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Figure C.4: Same as Figure 4.7. Considering all sources classified as AGNs and SFGs
according to our combined multi-wavelength classification satisfying the Stern Wedge

with respect to the MIR.
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Barkhouser, R. H., Bautista, J. E., Beifiori, A., Berlind, A. A., et al. (2013). The

baryon oscillation spectroscopic survey of sdss-iii. The Astronomical Journal, 145(1),

10.

Di Matteo, T., Springel, V., and Hernquist, L. (2005). Energy input from quasars

regulates the growth and activity of black holes and their host galaxies. Nature, 433,

604–607.

 

 

 

 



Bibliography 113
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A. O., Henriques, B., Thomas, P. A., Afonso, J., Rettura, A., Wilson, G., Falder,

J. T., Geach, J. E., Huynh, M., Norris, R. P., Seymour, N., Richards, G. T., Stanford,

S. A., Alexander, D. M., Becker, R. H., Best, P. N., Bizzocchi, L., Bonfield, D., Castro,

N., Cava, A., Chapman, S., Christopher, N., Clements, D. L., Covone, G., Dubois,

N., Dunlop, J. S., Dyke, E., Edge, A., Ferguson, H. C., Foucaud, S., Franceschini, A.,

Gal, R. R., Grant, J. K., Grossi, M., Hatziminaoglou, E., Hickey, S., Hodge, J. A.,

Huang, J.-S., Ivison, R. J., Kim, M., LeFevre, O., Lehnert, M., Lonsdale, C. J., Lubin,

L. M., McLure, R. J., Messias, H., Mart́ınez-Sansigre, A., Mortier, A. M. J., Nielsen,

D. M., Ouchi, M., Parish, G., Perez-Fournon, I., Pierre, M., Rawlings, S., Readhead,

A., Ridgway, S. E., Rigopoulou, D., Romer, A. K., Rosebloom, I. G., Rottgering,

H. J. A., Rowan-Robinson, M., Sajina, A., Simpson, C. J., Smail, I., Squires, G. K.,

Stevens, J. A., Taylor, R., Trichas, M., Urrutia, T., van Kampen, E., Verma, A., and

Xu, C. K. (2012). The Spitzer Extragalactic Representative Volume Survey (SERVS):

Survey Definition and Goals. PASP, 124, 714–736.

McLure, R. J. and Dunlop, J. S. (2002). On the black hole-bulge mass relation in active

and inactive galaxies. MNRAS, 331, 795–804.
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