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Abstract

The growth of galaxies through star formation and that of the central SMBH are believed to

be linked. Both require large amounts of cold gas, which when transferred to the inner kpc

region of a galaxy triggers circumnuclear star formation before reaching the sub-pc region

where it is accreted onto the SMBH. Thus, a tight connection between central starbursts

and AGN activity is expected. Major galaxy mergers have been considered the dominant

mechanism for providing the necessary gas supply and driving AGN activity for the most

luminous AGN, while secular processes have been associated to less luminous AGN. In this

thesis we investigate the star formation histories of the host galaxies of luminous broad-line

AGN to determine the connection between star formation and AGN activity. We use 19

novel spectral components in MCMC sampling to decompose the active galaxy spectrum

into the pure AGN and the host galaxy spectrum. For the merger case, we select AGN at z ∼

0.3 with neighbouring galaxies at projected separations up to 1 Mpc to assess the influence

of galaxy interactions on the SMBH growth and star formation of the host galaxies. The

AGN reside in star forming hosts regardless of separation supporting the star formation -

AGN activity connection, but star formation is not caused by ongoing galaxy interactions.

The luminosity and spectral shape of the pure AGN spectrum is independent of proximity

of neighbour indicating an absence of a merger-AGN connection. We then study the star

formation histories of a large sample of AGN hosts as a function of AGN properties (black

hole mass, Eddington ratio and bolometric luminosity). We find that all AGN hosts are star

forming and show higher specific star formation rates with increasing bolometric luminosity.
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Chapter 1

Introduction

1.1 Galaxies

Galaxies are systems consisting of aggregations of stars, gas, dust, stellar remnants and dark

matter, all held together by gravity. Our own Galaxy, which the Solar System is part of, is

called the Milky Way galaxy. It is named after its resemblence of a milky band extending

in the night sky based on Greek mythology. Few other galaxies are visible to the naked eye,

including Adromeda galaxy and, the Small and Large Magellanic Clouds.

In 1750, British astronomer Thomas Wright first indicated in his “An Original Theory or

New Hypothesis of the Universe” that those galaxies, at the time thought to be “nebulae”

within the Milky Way, were actually external, distant objects [1]. This triggered the dawn of

Extragalactic Astronomy. A few years later, Immanuel Kant supported Wright’s idea in his

“The Universal Natural History and Theory of Heavens”, where he also described the Milky

Way as a large disc of stars initially formed by a spinning gas cloud [2]. Much later, the

construction of a 72” telescope by Lord Rosse in 1845 enabled the observation of individual

stellar-like point sources within some of the nebulae increasing the spread of Wright’s idea [3].
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In addition, Vesto Slipher showed through spectroscopy that the redshifted lines of nebulae

indicated velocities relative to our Galaxy exceeding its escape velocity [4]. This meant that

these nebulae were located outside of the Milky Way. Yet the astronomical community was

not in favour of the idea.

In 1920 there was even a “Great Debate” held at the Smithsonian Museum of Natural

History between astronomers. Harlow Shapley backed his claim that such nebulae were

part of the Milky Way using results on the size of the Universe and the Milky Way, as well

as rotation measurements of the Pinweel galaxy. Heber Curtis suggested the extragalactic

origin of the nebulae supporting his opinion using the observed high occurence of novae

incidents in Andromeda galaxy [5]. The meeting did not result in a decisive conclusion. It

was the mid-1920s when this issue was finally settled due to Edwin Hubble’s work on the

expansion of the Universe and measurements of the distances of M31 and M33 nebulae.

Hubble used the distance modulus of Cepheid variable stars for his measurements [6] based

on Henrietta Leavitt’s law regarding the correlation between Cepheids’ variability period-

luminosity relationship [7]. Hubble’s paper proved the position of these nebulae to be outside

the limits of the Milky Way and established the research field of extragalactic astronomy

and cosmology.

1.1.1 Morphological Classification

The sizes of galaxies range from a few hundred parsec to a few hundred thousand parsec.

Dwarf galaxies have a few hundrend million stars (108M�) while giant galaxies consist of

one hundrend trillion stars (1014M�). Following Hubble’s tuning fork diagram that was

developed in 1926 (Fig.1.1), galaxies are divided into three main categories based on their

morphology - spirals, ellipticals, and irregulars.

Spiral galaxies resemble spiral pinwheels. They are divided into normal and barred
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Figure 1.1 Hubble’s tuning fork diagram explaining the classification of galaxies based on their
morphology. The diagram shows elliptical galaxies (E) with increasing ellipticity from left to
right, while it extends to spirals (S) and barred spirals (SB) on the right. Image credit: As-
tronomynow.com, graphic by Greg-Smye Rumsby

spirals. In a barred spiral galaxy, a spiral arm arises from the side end of the bar and

extends further, while in a normal spiral, the spiral arms originate directly from opposite

sides of the central stellar nucleus (Fig.1.2). This nucleus consists, in most cases, of old, cool

stars, making up the so-called central bulge, which appears red in colour. On the contrary,

the spiral arms are sites of star formation due to the presence of gas. Therefore, young,

massive stars are dominant in the spiral arms, giving them a blueish colour. The spiral

arms of stars, gas and dust make up a flat, rotation-dominated disc.

Spiral galaxies are assigned the letter S with an additional a, b, or c (see Fig. 1.1),

indicating the decreasing tightness of the spiral arms and size of the central bulge from a to

c. For example, Sa is a spiral galaxy with very tight spiral arms and big size of the central

bulge, while Sc is a spiral with spiral arms loosely wound and smaller bulge. Similarly,

barred spiral galaxies are classified into SBa, SBb, and SBc.
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Figure 1.2 Examples of spiral galaxies. Left : Image of NGC 1232, a normal spiral galaxy in the
constellation Eridanus, taken by VLT and right : Image of NGC 1365, known also as the Great
Barred Spiral Galaxy in the constellation Fornax, taken by DFOSC. Images credit: eso.org

Figure 1.3 An example of an elliptical galaxy, M87 in the constellation Virgo, which is type E0
- E1. Image was taken by VLT. Image credit: eso.org
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Figure 1.4 Examples of lenticular galaxies. Left : Image of NGC 1387 in the constellation Fornax
and right : Image of NGC 1460, a barred lenticular in the constellation Eridanus. Images credit:
HST telescope

Elliptical galaxies are classified from 0 to 7, e.g. E0, ..., E7, on the basis of their ellipticity.

The integer following the letter E is determined by the ratio of the semi-minor axis, b, and

the semi-major axis, a, of the galaxy using the equation: 10 × (1 − b/a). Hence, E0 are

round in projection (Fig. 1.3), while galaxies with higher index are more elongated. Unlike

spirals, they are not flat and they appear featureless with a brightness profile that falls

off more steeply from their centres to the outer parts. Most ellipticals do not have large

amounts of gas or dust, showing minimal star formation activity. They mostly consist of

old, metal-poor stars with low temperatures making them appear reddish and show velocity

dispersion higher than rotation velocity.

Lenticular galaxies are an intermediate type found between ellipticals and spirals on the

classification scheme. They present a central bulge and a flat stellar disc, but show no

spiral arms. They may or may not contain a central bar and are referred to as S0 or SB0

respectively (Fig. 1.4).

Irregular galaxies are those with odd shapes that show no particular structure 1.5. Most
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Figure 1.5 An example of an irregular galaxy, IC3583 in the constellation Virgo. Image credit:
nasa.gov

of them contain large amounts of gas and dust, which are consumed in star formation. They

are divided into Irr-I and Irr-II, with the former having some structure, but they appear

distorted enough so that they cannot be classified as a spiral, nor as an elliptical. Irr-II

have no structure at all and are believed to be the result of a recent interaction with other

galaxies.

An evolutionary link between the different types of galaxies was assumed by Hubble based

on the similarities between the galactic bulge of spiral galaxies and the spheroidal, dispersion-

dominated elliptical galaxies as a whole. This evolutionary sequence started from left to right

on the tuning fork diagram, with an E0 elliptical galaxy attracting its surrounding material

to form a rotation-dominated disc with spiral arms and transitioning into a Sc or SBc spiral

galaxy. This transition of “early-type” galaxies, i.e. ellipticals, to “late-type” ones, i.e.
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spirals, is no longer accepted; simulations show rather the opposite. Numerical simulations

show that the transition of spiral galaxies into ellipticals is driven mainly by major or minor

mergers (e.g. two spirals merging and resulting into a single massive elliptical galaxy) [8],

with the resulting elliptical showing a disky isophotal shape or not strongly depending on

the initial mass fraction of the interacting galaxies [9,10]. Observations also show that the

fraction of spiral galaxies drops significantly from z∼1 to the present day [11], with early-type

ellipticals being more prevalent. The population of elliptical, massive (M? > 1011 h−2
70 M�)

galaxies has grown from ∼ 20-30 per cent at z∼3 to ∼ 70 per cent at z∼0 [12]. Elliptical

galaxies cannot tranform back to spirals as they usually lack in gas to form new stars and

it is difficult for them to start rotate as they are dispersion-dominated systems.

The morphological classification scheme that Hubble introduced about a century ago is

far from perfect and objective. Recent studies attempt to extend the classification scheme

by taking into account other galaxy properties and factors, such as the presence of external

rings, considering how spirals are attached to the bulge, accounting for dwarf galaxies etc [13].

Another major challenge in the morphological classification of galaxies is determining their

intrinsic 3D shapes due to orientation effects [14]. Indeed, considering that galaxies are

observed while being projected in the night sky, orientation makes it particular difficult to

distinguish different types of galaxies (particularly ellipticals from lenticulars) [15]. Besides,

the appearance of a galaxy depends principally on the chosen observing energy waveband

too. In order to understand galaxies we need to explore deeper their internal physical

properties.

1.1.2 Formation and evolution of galaxies

Regarding the early formation of galaxies, according to Olin Eggen, Donald Lynden-Bell,

and Allan Sandage (known as ESL or monolithic collapse model) [16], galaxies resulted as
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single objects from the collapse of vast gas clouds. These gas clouds comprised the early

clumps of matter resulting from to the tiny primordial fluctuations in the energy density field

of the early Universe. These quantum fluctuations were created during the inflation phase

and are considered to be the seeds of all structure in the Universe having sizes of galactic

scales or below. Within the ΛCDM model, baryonic particles decoupled from the radiation

field fall into dark matter potential wells leading to fast structure formation as observed

today. The initial gas cloud that is collapsing to form a galaxy may turn into stars rapidly

with the infall motions converted into random motions of stars. This leads to a system that

resembles an elliptical galaxy. On the other hand, if the initial gas cloud remains gaseous

during its collapse, the gravitational energy is dissipated via shocks and radiative cooling

and the conservation of angular momentum leads to a system with a rotationally supported

disc (i.e. a spiral galaxy) [17]. Smaller clouds of gas on the rotating disc component cool down

eventually and form stars. [18] claimed that gas clouds with high initial density perturbations

were associated with rapid star formation during collapse leading to an elliptical, while low

initial density perturbations would form stars slowly with a spiral galaxy as a result. Later,

these first versions of protogalaxies are enriched with dust and metals through additional

star formation and the explosion of supernovae.

Furthermore, the merger theory or bottom-up process suggests that, instead of a single

large gas cloud collapsing, several initial clumps of dark matter come together through

hierarchical mergers [19,20]. The merging process assembles clusters of galaxies, and at a later

point the baryonic matter in individual objects cools down to form a disc-like distribution

embedded by a dark matter halo.

The growth of galaxies into large and massive systems at a later point is another matter.

Galaxies grow through star formation, which requires large amounts of gas. This gas origi-

nates from reservoirs located either within the galaxy or outside of it. Interactions and major
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mergers of galaxies with similar mass are believed to be efficient in causing dramatic changes

in galaxies in terms of creating shock waves and turbulence at the gas content of a galaxy.

The redistribution of the gas leads to phases of extreme star formation within the galaxies

involved in the major merger. Minor mergers occur when a very massive galaxy merges with

a significantly smaller galaxy. Indeed, spiral galaxies are believed to grow through feasting

on their neighbouring dwarf galaxies in a cannibalistic way meaning that the merger leads

to one larger system. However, observational studies of local spiral galaxies have shown that

minor mergers with dwarf galaxies are insufficient to cause high gas accretion rates necessary

to explain the observed star formation rates [21]. In general, simulations have shown that

merging galaxies result in larger systems which may end up as massive elliptical galaxies [10],

elliptical galaxies with a disc component [22] or early-type disc dominated systems [23] de-

pending on the initial galaxy mass ratio [24]. In addition, massive elliptical galaxies involved

in interactions do not form new stars, as they are gas-poor, but instead they are considered

to accrete stars from their companion systems.

Galaxies also grow through peaceful gas accretions from their halo, their surroundings

and the filaments they sit in [25–27]. Gas in the dense, inner regions of the halo, which usually

is heated by shocks to its halo virial temperature, radiates its thermal energy and may lose

its pressure support leading to its settlement on the galactic disc where it is consumed in

star formation. In addition, gas in the intergalactic medium that is distributed in filaments

around a galaxy provide streams of cool gas driven by gravity. These steady, narrow gas

streams fall along the filaments towards the galaxy penetrating the shock-heated media of

the dark matter halo [28] and resupplying the galaxy with star formation material. The gas

in most of these cold inflows is assumed to be very diffuse and faint making it difficult to

observe.

As mentioned earlier, galaxies are morphologically divided mainly into spirals and ellip-
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ticals. The growth of galaxies may lead to their transformation from one type to the other,

with major galaxy mergers of two gas rich spirals eventually leading to a massive elliptical

system according to the model of hierarchical growth.

1.1.3 Stellar classification and evolution

Stars are the most fundamental building blocks of galaxies. The physics of star formation

has been a subject of research for many decades as it has been proven extremely complex.

Observations, mainly in radio and infrared, as well as extensive theoretical models, have

enriched our knowledge on the physical processes involved. These physical mechanisms may

change depending on the micro- or macro-scopic scales considered when explaining star

formation, i.e. at galactic scales, condensation of gas becomes important while at smaller

scales (e.g. prestellar cloud cores), thermal pressure is crucial [29,30]. The main point is that

all these physical mechanisms act against gravity as stars form from the gravitational collapse

of cold and dense interstellar molecular gas clouds of mainly hydrogen. Turbulence within

the interstellar gas creates density fluctuations. When a density fluctuation reaches a critical

mass, it starts to collapse through its self-gravitation. As the hydrogen gas cloud collapses,

the centrifugal force associated with its angular momentum may halt its further contraction

and divide it into smaller clumps of matter. This leads to future binary systems or clusters

of stars [31,32]. When the central core attains the necessary stellar density, the corresponding

gravitational energy converts into heat through burning hydrogen in thermonuclear fusion.

The central core formed and preserved under hydrostatic equilibrium is known as a protostar.

Rotation creates a disc around the protostar from the remaining gas. The protostar grows

in mass at a high rate by accretion. Magnetic fields may intervene in this accretion causing

variabilities at the rate and arising jets of gas along the axis of rotation of the protostar

[33,34]. The jets may drive away the remaining surrounding gas. More complex processes,
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including violent interactions and mergers at high densities, may lead to the formation of

more massive stars [35,36].

In nuclear fusion, atomic nuclei combine together to form one or more larger atoms. The

thermonuclear fusion in stars consumes atoms of lighter chemical elements to create heavier

ones and follows a particular sequence. It starts with atoms of hydrogen followed by helium,

carbon, oxygen, neon, and silicon. Stars with mass similar to our Sun convert hydrogen to

helium in a proton-proton (p-p) chain reaction, where at the first stage, the fusion of two

protons results into a deuterium, a positron, and a neutrino. The resulting deuterium then

fuses with another proton at the second stage of the p-p chain producing helium. More

massive stars (> 1.5 M�) follow a carbon-nitrogen-oxygen (CNO) cycle instead, where the

fusion of hydrogen into helium uses carbon, nitrogen and oxygen as catalysts. The difference

between the initiation of the two fusion reactions depends on the temperature, with p-p chain

starting around 4×106 K, whereas the CNO cycle starts at 15×106 K. How fast different

stars exhaust their chemical fuel depends on their initial mass. Low mass stars may evolve

for over a trillion years, which is longer than the age of the Universe, while high mass stars

burn their fuel much faster in a few million years. A Sun-like star lives for 10 billion years.

According to the Harvard system [37], stars are classified based on their spectroscopy as

O, B, A, F, G, K, or M. This sequence starts with very hot and massive blue stars (O,

B) and ends with cool, less massive red stars (M). The reason why some stars appear red

while others blue is explained by Wien’s law as stars emit approximately as black bodies.

Therefore, the hotter the star, the shortest the wavelength of the peak radiation. The main

characteristics of stars in the Harvard classification system are shown in Table 1.1, with

the absorption features shown in Fig. 1.6. The evolutionary sequence and final destiny of

stars depend on their initial mass. Most stars go through the phase of red giant. This phase

occurs when the hydrogen supply in the core of the star starts to run out, heat and radiation
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Star type Surface temperature (K) Average mass (M�) Spectral features
O ≥ 30,000 ≥ 16 Strong UV continuum; ionised He absorption
B 11,00 - 30,000 2.1 - 16 Neutral He absorption; medium Balmer absorption lines
A 7,500 - 11,000 1.4 - 2.1 Strong Balmer absorption lines; Ca H&K lines
F 6,000 - 7,500 1.04 - 1.4 Medium Balmer absorption lines; weak metal lines
G 5,000 - 6,000 0.8 - 1.04 Weak Balmer series; strong Balmer break; neutral metal lines
K 3,500 - 5,000 0.45 - 0.8 Weak Balmer series; strong Balmer break; metal lines
M ≤ 3,500 ≤ 0.45 Molecular titanium oxide absorption

Table 1.1 Main properties of stars classified according to the Harvard system.

Figure 1.6 Spectra of different types of stars classified according to the Harvard system. Absorp-
tion lines from atoms and molecules of different elements are shown as dark lines. Distributions of
the strength of the absorption features for key elements are shown on the right in order to highlight
how they vary depending on the type of star. Image credit: chegg.com

pressure cease to be produced via nuclear fusion, and, thus, the star becomes unstable and

its core starts to contract. As the star contracts and the temperature rises again, the fusion

is resumed in a shell around the core. At this stage, the star is now a red giant with its core

contracting whereas the outer hydrogen shell is expanding. As the outer shell expands, it

cools down emitting mostly red light. The core starts burning helium into carbon once it

reaches sufficient pressure for fusion.
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For low-mass stars similar to our Sun, when the helium is fused into carbon and oxygen,

the star undergoes the AGB phase. During this phase, the carbon and oxygen core is

surrounded by a helium burning shell, a hydrogen burning shell, and the intershell region

in between. Due to thermal pulses, material from the core may enrich the outer layers of

the star with carbon, creating a so-called carbon star. During the AGB phase, the star also

experiences multiple episodes of re-ignition and further fusion of hydrogen and helium in

its multiple layers, with big amounts of its mass expelled through violent winds [38]. As the

fuels of the star begin to run out, the star starts collapsing again into a white dwarf with

the outer layers expelled as a planetary nebula of ionised gas. A white dwarf is a dense

stellar remnant of small size, where the gravitational stability is achieved entirely through

the electron degeneracy pressure.

A massive star that weighs over 10 times the mass of the Sun, after the red giant phase,

undergoes a supernova explosion leading to an increase in brightness usually outshining the

host galaxy that fades gradually. If the remnant of the explosion is as massive as 3M�

it ends up being a neutron star, i.e. a high density star that has a radius of a few tens of

kilometers and is composed predominantly of neutrons. When the remnant of the supernova

exceeds the 3M� limit, the fate of the star is forming a stellar black hole.

As mentioned earlier, the duration of a star’s lifetime depends mostly on its initial

mass [39,40]. As stars evolve by burning different chemical elements at their cores, their

chemical composition changes along with their temperature and mass. Defining the ages

of single stars is challenging. We mainly use techniques that determine the ages of stars

belonging to stellar clusters. Nonetheless, within the main sequence of stars (i.e. O, B, A,

F, G, K, M), we are able to model their age based on their brightness, mass and colour as

we can estimate the rates at which they burn their fuel. Blue, massive stars (type O, B) are

hot, young stars that stay on the main sequence for about 106− 107 yr, whereas white stars
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(type A, F) have main sequence lifetimes of about 108 yr. Type G, K, M stars are estimated

to remain on the main sequence for over 109 yr. Regarding the stellar populations residing in

galaxies, we are now able to model their properties (mass, age, metallicities) quite well taking

into account complex effects, such as dust attenuation. These models of stellar population

synthesis (SPS) use photometric and/or spectroscopic data and constitute a powerful tool

for enabling astronomers to extract information on the star formation history of galaxies

and, thus, comprehend their evolution.

1.1.4 The spectrum of galaxies

The total light that is produced in a galaxy is the result of the radiation originating from

a large number of stars. These stars may have different masses, ages and metallicities. In

addition to that, the dust within a galaxy re-emits the stellar light at larger wavelengths,

with the re-emitted radiation depending on the properties of the dust, such as its geometry

and chemical composition, the dust-grains size etc. The gas content of a galaxy also absorbs

and re-emits stellar radiation. Thus, the optical spectrum of a galaxy holds information

about its stellar populations, gas and dust content, ionisation mechanisms, star formation,

chemical composition etc making it particularly complex. However, due to the fact that the

theory of stellar evolution is a reasonably well-understood topic, it is possible to estimate

the evolution of a stellar population of a given initial mass and chemical composition over

time, as well as how this stellar population enriches the interstellar medium with metals.

Combining the evolutionary tracks of all stellar populations that reside within a galaxy

allows us to synthesize the galaxy spectrum.

More specifically, the spectrum of a single stellar population (simple stellar population -
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SSP) is modelled in the following way:

fSSP (t, Z) =

∫ mupper(t)

mlower

fstar[Teff (M), logg(M) |t, Z] Φ(M) dM,

where M is the initial stellar mass at zero age in the main-sequence of stars, Φ(M) is

the initial mass function, fstar is the stellar spectrum, Teff is the temperature of the stellar

photosphere, g is the surface gravity. The lower integral limit mlower is the hydrogen burning

limit (0.08 or 0.1 M�) and the upper one mlower is dictated by stellar evolution [41]. The

combination of these components model the resulting time, t- and metallicity, Z- dependent

SSP spectrum. Since the spectral energy distribution (SED) of a star resembles the black

body radiation, there is a tight correlation between Teff and stellar spectral type. The

luminosity of the stellar population depends strongly on the surface density g, and thus, on

the mass and radius of the star [17]. In stellar population synthesis models, empirical and

theoretical libraries of stellar spectra are used in order to cover the parameter space for a

range of stellar metallicities and abundance ratios.

Regarding the spectra of galaxies, which are more complex systems, we need to consider

that galaxies contain stars with a range of ages and metallicities, as well as dust. The range

in ages of the stellar population within a galaxy is determined by the galaxy’s star formation

history, while the range in metallicities is expressed through the time-dependent metallicity

distribution function. These are combined in the following way:

fCSP (t) =

∫ t′=t

t′=0

∫ Zmax

Z=0

(
SFR(t−t′) P (Z, t−t′) fSSP (t′, Z) e−τd(t′) +Afdust(t

′, Z)
)

dt′ dZ,

where the integration variables are the stellar age and metallicity, and SFR(t − t′) and

P (Z, t − t′) are the star formation rate and the metallicity distribution function of the

galaxy respectively. The inclusion of τd(t
′), which is the dust optical depth, occurs to
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account for time-dependent dust attenuation, along with the last component of the equation

that represents the absorption and re-emission of light due to the presence of dust [41]. For

simplicity, the star formation history is usually assumed to be exponential or to follow a

τ -model in SPS modelling, while metallicity is often represented by a δ-function. Thus, once

the star formation rate and the IMF are specified, the SED of a galaxy can be obtained at

any given time by summing the spectra of coeval populations with different ages.

As mentioned earlier, young, massive stars emit mostly in the UV due to their high Teff ,

while old, less massive stars emit at larger wavelengths in the optical spectrum. A galaxy

consists of a combination of stellar populations and shows a distribution of stellar masses.

The number of massive stars in a galaxy is directly proportional to its current star-formation

rate. Low-mass stars are more common due to the fact that bright, massive stars are short-

lived compared to the lifetimes of galaxies. Those massive stars contribute with a lot of

blue light, but not with a lot of mass in the galaxy. Similarly, low-mass stars contribute

significantly to the mass, but insignificantly to the luminosity of a galaxy. Therefore, the

stellar mass-to-light ratio of a galaxy at a given time changes depending on the composition

of its stars and correlates strongly with the galaxy colours [42].

The spectrum of a star forming galaxy is expected to show strong emission lines (such

as [O II], [O III], Hα) arising due to the presence of ionised gas by young stars. Galaxies

with very low levels of star formation do not usually show strong emission lines. Galaxies

with young stars (usually spirals) also show more prominent UV emission and strong Balmer

absorption lines, while those with mainly old stars show an excess in flux redwards the Dn4000

Balmer break feature at 4000 Å (Fig. 1.7 and 1.8). The dominant stellar populations within

galaxies can be determined by measuring the strength of some particular spectral features,

some of which are shown in Table 1.1.

Elliptical galaxies, as well as the galactic bulges of spiral galaxies, consist of mainly old
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Figure 1.7 Example of the optical spectrum of the galaxy NGC 2276, which is a spiral. The
spectrum shows strong emission lines (e.g. [OII] λ3727 Å, [OIII] λ4960,5008 Å, and Hα λ6564 Å)
that indicate the presence of gas ionised by young stars. Image credit: astronomy.nmsu.edu

Figure 1.8 Example of the optical spectrum of the elliptical galaxy NGC 2775. The most promi-
nent feature is the Dn4000 Balmer break at 4000 Å. Image credit: astronomy.nmsu.edu

stars. Therefore, we usually expect the Dn4000 Balmer break to be strong in such elliptical

galaxies with old stellar populations. The Dn4000 Balmer break is usually weaker in star-

forming spirals. The break arises due to the absorption of high energy radiation from metals



1.1 Galaxies 18

in the atmospheres of old stars, as well as the lack of radiation emitted by young, blue stars.

This feature is a commonly-used estimator of the ages of stellar populations in galaxies [43].

The stronger the break in the optical spectrum, the older the stellar populations. Balmer

absorption lines are also good stellar age indicators. Their strength is weak for young,

massive stars (i.e. O, B) as the atoms in their stellar atmospheres are already too energetic

to absorb the emitted photons from the stars. The absorption lines become strong for

intermediate age stars, peaking at A type stars, before weakening again for cooler stars (i.e.

F, K, M). Higher order Balmer lines, such as the Hδ absorption line, in combination with

the Dn4000 Balmer have been increasingly used in recent studies of stellar populations of

galaxies [44].

1.1.5 Star formation activity in galaxies

Star formation occurs inside cold molecular clouds of gas and dust. The gas clouds appear

as dark voids against the dense and bright stellar background as the gas and mainly the

tiny dust grains absorb the optical stellar light and obscure the birth of young stars [45].

The composition of the gas cloud is mainly H2, then He and CO, with CO being more

easily observable, and its temperature ranges between 10 and 20 K [45,46]. Under these con-

ditions, stars are formed, maintained under hydrostatic equilibrium and evolve as described

in Section 1.1.3, with blue massive stars being short-lived while less massive stars show long

lifecycles.

In order to form stars, galaxies require large amounts of cold molecular gas [47]. Galaxies

show different levels of star formation activity resulting in their bimodal distribution on

the colour - magnitude diagram [48–50]. The colour - magnitude diagram (usually colour

versus absolute magnitude, or colour versus stellar mass of individual galaxies as shown in

Fig. 3.25) demonstrates how local galaxies are broadly divided into two main populations;
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Figure 1.9 An example of the colour - magnitude or colour - stellar mass diagram of galaxies
demonstrating the blue cloud, red sequence and green valley groups of galaxies. Image credit: [52]

star forming and quiescent galaxies. The blue cloud, as it is called, consists of star forming

galaxies, usually with spiral or irregular morphological classification. The red sequence refers

to the upper group of galaxies in the plot, showing red colours and being on average brighter.

They are mostly ellipticals or lenticulars, with low star formation activity. The colour space

between the blue cloud and the red sequence is called the green valley and it is considered

to be occupied by galaxies at their transitioning evolutionary stage from star forming to

quiescent. Green valley galaxies show intermediate star formation activity. The low number

of galaxies in the green valley, combined with their intermediate colours, indicate the recent,

sudden quenching of their star formation [51].

It becomes clear from the colour-magnitude diagram that star formation in galaxies

correlates strongly with morphology. The morphology of star forming galaxies seems to be
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described well by exponential discs, while that of quiescent galaxies by elliptical isophotes

of constant surface brightness. Studies of the star formation rate and morphology of large

samples of galaxies show that the star formation-morphology correlation has been in place

since z∼2.5 [53].

Nonetheless, morphology alone is not descriptive of the star formation activity within

a galaxy. Several observational studies have shown that there is significant on-going star

formation or post-starburst populations, indicative of a secondary recent star formation

event, in local elliptical galaxies [54,55]. It seems that a determining factor is also the galactic

stellar mass [56]. Indeed, more massive galaxies evolve more rapidly, while less massive ones

may undergo several star forming events.

Thus, what drives the rapid quenching of galaxies from star forming to quiescent systems

is not yet established. We know that some of the main factors determining the evolution of

star formation activity in glaxies are their environment [57,58], morphological features [59,60],

and stellar mass [61,62], as well as mergers between galaxies [63,64].

1.2 Active Galactic Nuclei

Most massive galaxies host a supermassive black (SMBH) hole at their centre. When the

central SMBH goes through a phase of rapid accretion it is know as an Active Galactic

Nucleus (AGN). Cold, dense gas is the main fuel that leads to the growth of the SMBH

through accretion. AGN are very luminous and usually outshine the host galaxies they reside

in, which are also called active galaxies (e.g. Fig. 1.10). A quasar is another term used for

AGN, though the term quasar is traditionally used to describe the most luminous and/or

distant AGN. The dividing line between AGN and quasars is not strict; it is usually drawn in

terms of bolometric luminosity with a quasar being more luminous than 1045 erg s−1. AGN
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emit across the whole electromagnetic spectrum due to thermal and non-thermal physical

processes taking place within their structure.

Figure 1.10 Composite image of NGC 5128, which is an active galaxy hosting an accreting
SMBH (i.e. an AGN). The picture is the result of combining images in optical, X-ray and radio
wavelengths. Image credit: eso.org

Edward Fath was the first to recognise the non-stellar nature of the optical spectrum

of AGN by studying emission lines of the “nebula” NGC 1068 and Messier 81 in 1909 [65].

Back then, the extragalactic origin of such nebulae as separate galaxies outside the Milky

Way was not even established yet. Many other astronomers noted the presence of such

nuclear emission lines later, but it was not until 1943, when Carl Seyfert highlighted some

broadening of the emission lines and bright nuclei at the centres of nearby spiral galaxies [66].

These galaxies were named Seyfert galaxies after him. Radio astronomy led to the discovery

of additional AGN showing some radio emission from their jets in addition to optical. As
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AGN appeared point-like or stellar-like in imaging, they were classified as quasi stellar

(radio) sources or “quasars” for short. Astrophysicist Viktor Amazaspovich Ambartsumian

first claimed that such bright galactic nuclei at the centres of galaxies should contain large

amounts of mass. The measurement of the redshift of the quasar 3C 273 by astronomer

Maarten Schmidt helped to point out its large distance from the Milky Way highlighting

even more its enormous energy output [67]. In 1964, Edwin Salpeter and Yakov Zel’Dovich

claimed that accretion of gas onto a supermassive black hole at the centre of galaxies was

the source of the large luminosities exhibited by quasars. Accretion onto a SMBH was the

only mechanism that could explain such large luminosities from objects as small as quasars,

as well as their observational features (e.g. broad emission lines in their optical spectra).

1.2.1 Structure, Classification and Unification

There is a widely-accepted universal structure of AGN (Fig. 1.11) that starts with the

central SMBH at the centre. Gas falls onto the black hole through a surrounding accretion

disc. The accretion disc is geometrically thin and optically thick. It emits thermal radiation

in the optical, peaking in the UV regime and even in X-rays. The thermal radiation arises

due to the friction taking place between the particles of the gas. The angular momentum

loss through friction leads to the transfer of the particles into the inner circular orbits of the

disc and ultimately to their free fall trajectory into the SMBH.

Above and below the accretion disc lies a hot corona of ultrarelativistic electrons. The

UV photons emitted from the accretion disc undergo inverse Compton scattering by the

electrons in the hot corona [68] and produce a power-law X-ray spectrum with a photon

index of about [69–71]. The energy range of the X-ray spectrum extends from about 0.2 to

a few hundred keV, with a roll-over at about 200 keV which relates to the temperature of

the plasma of the hot electrons. The hard X-rays with high energies are believed to arise
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Figure 1.11 An illustration showing the different parts of the AGN structure, as well as the
radiation produced from each part. Image credit: AstronomyOnline.org

from the part of the corona very close to the accretion disc [72,73]. The soft X-rays is believed

to result from the cooler, farther from the centre parts of the corona [74]. The X-rays may

also be reflected from the torus, the accretion disc, and/or the broad line region (BLR)

producing a hump around 30-40 keV and the iron Ka line at 6.4 keV [75].

Gas clouds surround the SMBH and are bound by its gravitational potential. The clouds

that are called the “broad line region” (BLR) show Keplerian velocities usually larger than

2,000 km s−1 that are reflected in the width of the emission lines in the optical spectrum.

The emision lines arise due to photoionisation of the clouds by the accretion disc emission.

Monitoring the responce of the BLR to changes of the UV continuum spectrum provides

measurements of the BLR size, while the width of the lines reveal the average velocities of

the BLR gas clouds. Then assuming Keplerian rotation of the BLR clouds, the BLR size

and the width of the lines lead to mass measurements of the central SMBH [76], a method

called reverberation mapping. Additional gas clouds farther away from the SMBH and not

bound to it gravitationally are called the “narrow line region” (NLR) as they do not show

high velocities. Thus, the emission lines arising from the photoionisation of the NLR gas

clouds do not show significant broadening.
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Powerful relativistic jets may arise from close to the accretion disc due to the ejection and

acceleration of material along the rotation axis of the SMBH or aligned with the disc [77].

Energetic jets terminate in strong, hot spot shocks, while less powerful jets terminate in

bubbles [78]. Jets may also extend up to 1 Mpc scales exceeding significantly the size of

the whole host galaxy. The jets emit in the radio and gamma rays due to synchrotron and

synchrotron self-Compton emission.

A thick, doughnut-shape structure called the torus surrounds the accretion disc and

central engine, extending from about 0.1 parsec to about 10 parsec [79,80]. The torus consists

of cold dust grains and gas that are heated by the UV photons arising from the accretion

disc. The dust grains re-emit in the infrared (IR). The silicate and graphite dust grains

have temperatures higher than 200 K, but those in the inner radius of the torus may reach

sublimation temperatures (∼ 1,000-1,500 K corresponding to wavelength of peak emission

at ∼ 2.9 and 2 µm respectively) [81,82]. Depending on the projection of the AGN in the night

sky, the dusty torus may obscure and hide its central engine (i.e. accretion disc emission,

BLR) from the line of sight of the observer.

The idea of the torus as a toroidal structure of smooth density distribution had been

considered problematic from the start, with early studies already suggesting that the AGN

torus consists of a large number of individual optically-thick dusty clouds instead [83]. How-

ever, most models of the IR torus emission have been assuming smooth density profiles

due to the difficulty of handling clumpy media [79]. Only recent studies have introduced the

necessary formalism to achieve a realistic modelling of the clumpy torus [84–86]. In addition,

according to the torus outflow scenario, the dynamical origin of the AGN torus is deter-

mined as the optically thick, cloudy region of the clumpy wind arising from the accretion

disc [77,87]. Resolving the AGN torus structure is challenging due to its small scales. Inter-

ferometric techniques are required to resolve the innermost regions of AGN, which also have
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provided strong evidence to rule out the notion of smooth density distributions of the dusty

torus [80,88].

Due to their structure and the different physical processes taking place within them,

AGN are multiwavelength emitters. Broad band observations from the FIR to hard X-

rays have resulted into the creation of their spectral energy distribution (SED) representing

broadly the majority of AGN. The different structural components of AGN are imprinted

as features in their SED (Fig 1.12). Main features in AGN SEDs are the IR and optical/UV

bumps, with the characteristic inflection point between the two (at about ∼ 1 µm). The IR

bump arises due to thermal emission of a wide range of temperatures (50 - 1,500 K) from

the heated dust grains in the torus. The UV/optical bump is also attributed to thermal

radiation resulting from the gas in the accretion disc. The UV and IR peaks may have

different strength ratios, but are generally comparable [89]. The inflection between the two

peaks is caused due to the maximum temperature that the torus dust grains can reach

before melting (sublimation temperatures ∼ 1,500 K). At this inflection point at about ∼ 1

µm, where the the AGN infrared emission is minimum, the host galaxy contribution from

stellar emission peaks, enabling precious studies on the AGN host galaxies that otherwise

are difficult due to the extreme brightness of AGN. The accretion disc emission that peaks

in the UV (and creates the “Big Blue Bump”) extends to higher energies creating also a

soft X-ray component in the SED. The hard X-rays are represented by different components

corresponding to different emission mechanisms, such as comptonisation of the UV photons

arising from the accretion disc (mainly in radio-quiet AGN) and synchrotron self-Compton

scattering of radio emission in radio-loud AGN. Radio-quiet and -loud AGN SEDs differ

mostly in the radio waveband, with radio-quiet showing a drop in their far IR/mm and

radio emission with this emission arising due to the thermal torus emission, while radio-loud

AGN SEDs show a smooth IR-radio continuum, with the latter having non-thermal origin
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from the jets. All above refers to an unobscured AGN. As mentioned earlier, an AGN can

appear obscured due to the orientation of the dusty torus in relation to the observer’s line

of sight, or due to the presence of gas and dust in the host galaxy [90]. For the case of

obscured AGN where the dusty torus hides the central engine, the components arising from

the accretion disc (UV bump, optical, X-rays and in particular the soft-Xray component)

disappear from the SED, which is demonstrated in Fig. 1.13.

Figure 1.12 Examples of AGN SEDs showing the main features. Upper panel : SED of a radio-
loud AGN. Lower panel : SED of a radio-quiet AGN. The IR and UV peaks are similar to both
AGN classes. Image credit: [91]

AGN appear as point-like sources in optical, X-ray, IR, and often gamma-ray imaging
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Figure 1.13 Examples of modelled SEDs of AGN as a function of nuclear obscuration (increasing
from bottom to top) and the relative luminosity of the AGN to that of the host galaxy (increasing
from left to right). The nuclear obscuration is parameterised by NH hydrogen column density and
the relative luminosity of the AGN to the host galaxy (fAGN ), which is based on the fraction of the
intrinsic emission from the AGN at 1 µm. The contribution of the host galaxy is shown in grey,
while that of AGN in red: torus, blue: accretion disc and cyan: X-ray component. The overall
black line corresponds to the combination of AGN and its host galaxy. It becomes clear that for
the case of obscured AGN, the contribution of the accretion disc and soft-X-rays on the SED are
reduced significantly.The images on top indicate the broad features predicted to be observed in
imaging data in the mid-IR, optical, and X-ray bands based on the model SED and using images
of the galaxy M104 and quasar 3C 273. Image credit: [90]

(Fig. 1.14), similarly to stars. The most traditional and effective ways to distinguish AGN

from stars have been through their characteristic blue colours in optical imaging, their

spectral energy distribution (SED) fitting, as well as their optical spectra. The reason for

them appearing as point-like is that they are extremely compact. As they are also very

luminous, AGN outshine their host galaxies hiding the whole structure of it. Another way

for distinguishing AGN from inactive galaxies is using a set of nebular, narrow emission
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Figure 1.14 An example of AGN appearing as a point-like source in imaging. Near-IR image of
3C 186 taken by the Hubble Space Telescope. Image credit: [92]

lines on the “Baldwin, Phillips & Telervich” (or BPT for short) diagram [93]. This diagram

uses the emission line ratios [O III] λ5007 Å/ Hβ λ4861 Å on the vertical axis and [N II]

λ6583 Å/ Hα λ6563 Å, or [S II] λ6716,λ6731Å/ Hα λ6563 Å, or [O I] λ6300 Å/ Hα λ6563

Å on the horizontal axis in order to determine the ionisation mechanism of the nebular gas

(Fig. 1.15). Empirical divisions have led objects to be classified as star-forming or AGN

depending on their position on the diagram.

Apart from selecting AGN using the optical regime, AGN are also effectively selected

based on their radio, IR, and X-ray emission, as well as their strong variability. AGN

emit in the radio band through their powerful jets due to synchrotron radiation. The most

severe contamination in selecting AGN through their radio emission may arise due to su-

pernova remnants in star-forming galaxies [94]. Howerver, the latter are more prominent

at the faintest radio flux densities [95]. Identification of AGN based on their mid-IR emis-

sion arising from the dusty torus occurs using spectroscopy or broad-band colours, both
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Figure 1.15 A diagnostic BPT diagram for emission line galaxies. Open circles indicate galaxies
with H II regions that are ionised by hot, young stars, while filled circles and triangles indicate
sources that are ionised by a harder continuum, i.e. AGN. Solid line is the empirical division between
star-forming and active galaxies. The filled triangles represent low ionisation AGN compared to
those shown as filled circles. Image credit: R. W. Pogge, based on data from Veilleux and Osterbrock
(1987)

of which trace the power-law AGN continuum emission between 3-10 µm. Regarding the

more popular broad-band imaging technique, which uses space-based telescopes, a number

of diagnostics have been proposed [96–98]. The mid-IR AGN identification is more effective

in selecting obscured AGN than optical methods as the dust opacity is more prominent at

shorter wavelengths. Selection of AGN using the X-ray band provides reliable samples of

AGN as their X-ray emission above 2 keV can penetrate the obscuring material of the host

or the torus. AGN are identified as having hard X-ray luminosities LX > 1042 erg s−1.

Contamination in selecting AGN in this band arises due to star formation within the host

galaxy, but star formation usually reaches X-ray luminosities up to LX = 1041 erg s−1. The

most heavily obscured AGN (NH = 1025 cm−2) may be missed due to the high absorption
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of their X-ray emission from the AGN torus. Finally, since AGN show strong variability on

timescales from hours to years, variability of the emitted multi-wavelength AGN radiation

constitutes another selection tool that is commonly used in extragalactic surveys.

The differences in AGN manifestation, as well as in features in their spectra, have led to

the division of AGN into numerous classes. Some AGN classes are the following:

Seyfert galaxies and Quasars

Seyfert galaxies are active galaxies that show bolometric luminosities between 1042−1045 erg s−1.

We usually refer to Seyfert galaxies as quasars (abbreviated as QSO) when they are brighter,

showing bolometric luminosities > 1045 erg s−1, which corresponds to absolute magnitude

MB < −23. The most distant known quasar to date is found at redshift z = 7.54 [99], which

corresponds to an age of the Universe of only 690 Myr, when the Universe had only 5% of

its current age. Distant quasars reveal precious information about the early formation of

SMBHs and their host galaxies.

Seyfert galaxies (and, similarly, quasars) are divided further into Seyfert (or quasars)

type I and type II. Type I show both a BLR and NLR, while Type II only NLR. So, the

main difference between type I and II is the width of the Balmer emission lines in their

optical spectra. Seyfert I show large widths ( > 2,000 km s−1) indicative of high Keplerian

velocities, while Seyfert II do not show such broadening in their emission lines. In addition,

the excess of UV emission called “the big blue bump” and originating from the accretion

disc is evident in the first case, but absent in the second (Fig. 1.16). The broad Balmer

lines in Seyfert I consist of both a broad and narrow component.

The reason explaining the presence or absence of broad lines and the UV excess features in

the optical spectra of Seyfert I or II galaxies has to do with the orientation of the projection

of the AGN onto the night sky. More specifically, when the AGN is projected “face-on”

along the observed line of sight, the observer has a direct view of the central engine (SMBH,
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Figure 1.16 Comparison of the optical spectrum between Seyfert I and II. Upper panel : The
spectrum of a Seyfert I galaxy showing broad emission lines originating from the BLR, and the
“big blue bump” bluewards of 4000 Å. Lower panel : The spectrum of a Seyfert II galaxy show-
ing only narrow emission lines. Image credit: Bill Keel’s webpage at University of Alabama
(https://pages.astronomy.ua.edu/keel/agn/).

accretion disc, and BLR). When the AGN is projected “edge-on”, the observer does not

have such a direct view of the centre of the AGN as the torus lies in between hiding the

BLR and the accretion disc. This explains the absence of their signatures in the optical

spectrum. Both classes show narrow emission lines as the NLR gas clouds are not hidden

by the dusty torus.

In some cases, the spectrum of Seyfert II show also some broadening in the emission lines,

not in unpolarized light though. Polarized light has shown that this is possible due to the

scattering of emission from the BLR into the observer’s line of sight [100,101]. The scattering

occurs by the torus or free electrons above and below the disc. In optical imaging, Seyfert I

appear much brighter than their host galaxies, while Seyfert II are less dominant. Regarding

the X-ray spectrum, the gas in the torus also absorbs soft X-rays (with energies E < 5 keV)
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that arise from the central corona in Seyfert II. These soft X-ray are not energetic enough

to penetrate the torus and reach the observer. Seyfert I’s X-ray spectra show both soft and

hard X-rays.

There are also intermediate classes of Seyfert galaxies, such as Seyfert 1.2, 1.5, 1.8 etc.

In these galaxies, Hα is as broad as in Seyfert 1, but the width of Hβ emission line decreases

with decreasing index (1.2 to 1.9). In addition, narrow-line Seyfert 1 galaxies (NLS1) have

a broad component in Hβ line with a narrow width (FWHM < 2,000 km s−1), weak [O

III] emission line, and strong Fe II emission. They are believed to be powered by low mass

black holes (∼ 107M�) showing very high accretion rates. They also show a steep X-ray

spectrum, strong soft X-ray variability, low amplitude in their optical variability, and are

rarely detected in radio [102] & references therein.

Low-Ionisation Emision Lines galaxies

Low-ionisation emission lines galaxies (LINERs) are low-luminosity AGN (Lbol = 1040erg · s−1)

that have low accretion rates and are considered the link between active and inactive galax-

ies, or might also not be AGN at all. They show strong low-ionisation emission lines ([OI],

[NII], [SII]), but faint high-ionisation lines, which place them below Seyfert galaxies on the

BPT diagram. Some of them also show broad permitted emission lines in their spectra,

confirming that they are powered by an AGN. Alternative theories suggest that LINERs’

spectra can be explained by shock ionization models and photoionisation by post-AGB

stars [103]. Understanding LINERs is important in AGN studies, as they are considered to

provide information on low-efficiency accretion processes [104], on their connection to more

powerful AGN, and on completing the AGN demographics. It is important to note that we

expect not all LINERs to be powered by AGN.

Radio AGN

Radio AGN show bright radio jets and compact bright cores. They are usually identified
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using the radio-to-optical ratio R to be R = L5GHz/LB > 10. However, a simple monochro-

matic radio luminosity cut is often used to distinguish radio-loud from radio-quiet AGN. A

radio-loud AGN has L1.4GHz > 1023−23.5 W Hz−1 [105–107]. The main morphological division

of radio AGN depends on the extent of the radio brightness of their jets [78]. Fanaroff-Riley

I (or FRI) sources show high brightness at the core and the parts of the jet close to the core,

while Fanaroff-Riley II (FRII) show bright radio lobes at the far end of the extended jets

(Fig. 1.17). FRII are usually more powerful in radio than FRI, with a division between the

two set at L178MHz 2×1025 W Hz−1 sr−1 [78]. This radio power division is not sharp though;

some FRII show lower radio power than the dividing cut, while some FRI show higher than

that [108].

Figure 1.17 Radio images that demonstrate the morphological division of radio AGN into FRI
(left - showing bright radio emission through jets close to the core), and FRII (right - showing
bright lobes at the end of the extended jets). Images credit: http://www.jb.man.ac.uk/atlas

Based on their optical spectra, radio AGN are divided similarly to type I and II. Those

that show both broad and narrow emission lines and the excess in the UV are called Broad

Line Radio Galaxies (BLRG), while those with only narrow lines are called Narrow Line
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Radio Galaxies (NLRG). Both classes collectively (BLRG and NLRG) are referred to as

strong-line Radio Galaxies (SLRG). Improved spectroscopic data enabled the identification

of weak-line Radio Galaxies (WLRG), which have low [O III] λ5007 equivalent widths,

low-excitation galaxies (LEG) with low-excitation emission line spectra, and high-excitation

galaxies (HEG) with high-excitation emission line spectra. Differences between LEGs and

HEGs are attributed to different accretion modes [109].

Blazars.

Blazars are AGN whose powerful relativistic jets point at small angles to the line of sight

of the observer. Due to their jets being directed almost towards the observer, they exhibit

apparent superluminal motion, which means that the jet material seems to travel faster

than the speed of light. They are very bright in radio and in synchrotron and inverse

compton gamma-rays, and in fact, they comprise the majority of extragalactic gamma-ray

sources. Their SEDs show a synchrotron broad low-frequency peak and a synchrotron self-

Compton high-frequency peak. They also show strong variability at optical wavelengths

over short timescales and their emission is highly polarised [110]. Strong relativistic beaming

is considered responsible for the observed strong variability and high polarization in blazars’

emission [111]. Relativistic beaming is the effect when the relativistic emitted jet plasma is

beamed in the forward direction in the fixed frame of the observer as a consequence of the

transformation of angles in special relativity. If the observer is located near the path of

such plasma, the apparent emission is much more intense than if the plasma were at rest.

The IceCube Neutrino Observatory detected a high-energy neutrino event in 2017 that was

later identified by the collaboration to originate from blazar TXS 0506+056 at redshift z =

0.34 [112]. This study confirmed blazars as counterparts for astrophysical neutrinos [113].

BL Lacertae objects (BL Lac) constitute a sub-class of blazars that show very weak emis-

sion lines relative to the underlying featureless continuum in their optical spectra, making
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redshift measurements particularly difficult. The peak of the synchrotron bump in their

SED is found in the UV-X-ray bands and that of high energy around 100 GeV. BL Lac are

classified as XBL and RBL depending on their identification based on their X-ray or radio

emission respectively.

Unification

The Unification scheme (or Unified model [110,114]) constitutes an effort to explain the large

phenomenology of AGN. The Unified model suggests that different types of AGN are a

single type of the same object, with structure as described in section 1.2.1 (i.e. a SMBH

at the centre, an accretion disc and corona, broad and narrow line regions, an obscuring

torus, and relativistic jets), at the same evolutionary stage, with variations in black hole

mass, luminosity etc. According to this scheme, the variety in AGN manifestation is only an

orientation effect of the object relative to the observed line of sight, rather than fundamental

intrinsic differences (Fig. 1.18). Therefore, the molecular torus may prevent the view of the

accretion disc and the BLR. This is the reason why the optical spectra of type II AGN do

not show broad Balmer emission lines, nor the UV excess, which are present in type I AGN

spectra. In addition, soft-Xrays are absent from the X-ray spectrum of type II AGN as

they are not energetic enough to penetrate the thick torus. Narrow emission lines and hard

X-rays are seen in both types.

There have been several studies that highlight that the Unification scheme cannot solely

and fully explain the AGN phenomenology, claiming also that there may be particular

evolutionary links between the different types of AGN. For example, an evolutionary scenario

between Type II and I AGN starts with a circumnuclear starburst phase, with the active

nucleus being obscured (Type II AGN) by gas and dust participating in the starburst, and

eventually, once the starburst slows down, an unobscured type I AGN is revealed [115]. In

this scenario, the starburst phase and the initiation of the central AGN is usually attributed
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Figure 1.18 Illustration of the AGN unification scheme explaining the AGN phenomenology as
an orientation effect of the dusty torus with respect to the observer’s line of sight. Image credit:
Marie-Luise Menzel (MPE).

to galaxy interactions. In support of this scenario, several studies have found differences

on the local and large scale enviroment between Seyfert I and II galaxies [116–118]. Such

differences are Seyfert II galaxies residing in less dense environments than Seyfert I, but also

showing a close companion galaxy more frequently, making it easier for an interaction to

take place. These studies show the importance of the AGN environment in determining their

spectral type evolution (star formation, obscuration and nuclear activity) and highlight the

inefficiency of the Unification Scheme in expalining fully the observed AGN phenomenology.
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1.2.2 Eddington luminosity and accretion rate

The Eddington luminosity limit represents the highest luminosity a compact object can

achieve before the radiation pressure dominates over the force of gravity and the system is

no longer under hydrostatic equilibrium. The Eddington luminosity provides information

on the maximum energy output from a black hole of a certain mass.

The outward radiation pressure from a black hole of certain mass and luminosity L in

erg·s−1 is at distance r: Prad = L / 4π r2 c. Assuming fully ionised gas, the radiation pressure

acts both on electrons and protons, but the Thomson scattering cross-section results mostly

from the electrons, as protons are more massive and the radiation force on them much lower.

Therefore, the outer radiation force at r is: Frad = σe· L / 4π r2 c, where σe is the electron

cross-section and c the speed of light. The outward radiation force balances the inward

gravitational force Frad ≤ Fgrav, which leads to σe· L / 4π r2 c ≤ GMBHmp / r2, where G is

the gravitational constant and mp the proton mass. Then the Eddington luminosity results:

LEdd ≤ 4π cGMBHmp / σe.

The mass accreted into the SMBH is converted into energy at a specific efficiency (ε).

The luminosity emitted due to accretion of mass into the black hole is: L = εṀc2, where Ṁ

the mass accretion rate. Therefore, the Eddington mass accretion rate, ṀEdd = LEdd/εc
2,

corresponds to the accretion rate supplied to the nucleus for which the AGN achieves Edding-

ton luminosity. For an AGN of known SMBH mass MBH and luminosity L, we define the

Eddington luminosity ratio as λ = L/LEdd, which is a property that is used for comparing

luminosities between objects. The Eddington luminosity ratio yields important information

on the accretion and growth state of an AGN. Typical values of the Eddington ratio in

observed AGN range from 0.001 to 1 [119,120]. Under certain assumptions on the properties

of the accretion disc, theoretical models of super-Eddington accretion rates (i.e. accretion

rates that lead to luminosities exceeding the Eddington luminosity) may explain the fast
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growth of black holes seeds in the early Universe. At low redshift, AGN do not seem to

show super-Eddington ratios [121].

1.3 AGN and host galaxy

When AGN were first observed, they were considered uncommon objects that showed un-

usual features in their spectra. As studies started revealing the origin of their large amounts

of luminosity and more information on their structure and physics, AGN stopped being

viewed as exotic, distinctive sources. Nowadays, we know that most massive galaxies host a

SMBH at their centre [122]. Cental galactic SMBHs may go through several phases of accre-

tion leading to their final mass. Growing SMBHs (i.e. AGN) are believed to play a key role

within the scientific field of galaxy formation and evolution for reasons that are discussed in

detail in the next sections.

1.3.1 SMBH-host galaxy co-evolution

The evolution of SMBHs is believed to be directly linked to the evolution of their host

galaxies. Within the frame of galaxy formation and evolution, understanding the lifecycle

of a galaxy requires the consideration of the evolution of its central SMBH. This conclusion

stems from important studies of the last two decades providing solid observational evidence.

The first piece of evidence on the co-evolution between the host galaxy and its SMBH

constitutes the so-called M-σ scaling relationship (Fig. 1.19). The scaling relationship refers

to the observed tight relation between the stellar velocity dispersion (or luminosity, mass)

of the galactic bulge and the mass of the central SMBH [123–125].

The galactic bulge is about 1,000 more massive that the central SMBH [126]. This rela-

tionship is very notable because the bulge and the SMBH occupy very different scales. In
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Figure 1.19 The scaling relationship between the properties of the galactic bulge and the mass
of the central SMBH. Left : Black hole mass versus bulge luminosity. Right : Black hole mass
versus luminosity weighted aperture dispersion within the effective radius. Red triangles denote
measurements from gas kinematics, blue circles from stellar kinematics, and green squares from
galaxies with maser detections. Solid and dotted lines are the best-fit correlations and their 68%
confidence levels. Image credit: [124].

addition, the sphere of influence of the SMBH is much smaller than the size of the galactic

bulge. The sphere of influence for a SMBH results as rinf = GMBH/σ
2, where MBH is the

SMBH mass, G is the gravitational constant and σ is the stellar velocity dispersion in the

galactic bulge. For a typical SMBH with mass of 108M� and σ ∼ 100 km· s−1, rinf ∼ 50

pc [127], while a typical galactic bulge is usually a few kpc in size [128].

Another indication regarding the SMBH-host galaxy co-evolution is the observed trend

of the cosmic galaxy star formation rate [129] and that of the black hole accretion over time.

In the early Universe, both star formation and black hole growth seem to increase similarly

with time, peaking at redshift about z = 2, and both showing a rapid decline after since

and till the present day (Fig. 1.20). We know that galaxies grow through star formation

as stars constitute their fundamental building blocks. Thus, the fact that both cosmic star

formation rate and black hole growth rate evolve comparably over time constitutes another

strong indication on the SMBH-host galaxy connection and their interplay.
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Figure 1.20 The trends of galaxy star formation rate (red data points are measurements from [130]

and green data points from [131]) and black hole accretion rate (black solid line from modelling [132],
with grey shading indicating 1σ uncertainties) over time. Image credit: [132].

AGN are good candidates for efficiently regulating star formation in their host galaxies

through negative AGN feedback. Negative AGN feedback refers to the processes that blow

away or heat up any available gas in the galaxy. It is divided into radiative/quasar and

kinetic/jet mode. Radiative feedback takes the form of powerful winds, also called out-

flows [133,134]. Kinetic feedback occurs when the mechanical energy of powerful AGN radio

jets heat up the available gas at the outmost part of the galaxy called the galactic halo or

the inter cluster medium (ICM) [135,136]. The heating of this gas prevents it from cooling

down and potentially reaching the main and central regions of the galaxy in the form of cool

flows, where it could be consumed in star formation and even for the feeding of the SMBH.
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Thus, AGN feedback is not a candidate mechanism for preventing the further growth of the

galaxy by making any gas unavailable for star formation, but also making it unavailable for

the feeding of the central SMBH through accretion.

Theoretical models have simulated both modes of feedback. Detailed models of radiative

mode feedback show the outflows starting from the inner regions of the accretion disc and

reaching velocities of about ∼ 0.1c, where c is the speed of light in vacuum, can clear the

galaxy from the ambient gas [137]. Similar simulations of multi-phase gas in the ISM (cold,

dense clouds and hot phase) show that the ambient gas is pushed by ram-pressure [138].

Simulations of powerful, relativistic jets interacting with a two-phase ISM find that jets

reaching powers between 1043−1046erg s−1 can disperse the cold gas in the galaxy core and

inhibit star formation [139].

Observations have provided signatures of AGN feedback in the form of energetic outflows

of molecular gas extending to kpc scales [140–142]. As nuclear starbursts can also contribute to

the gas outflow, a high velocity component (> 500 km s−1) is required to identify outflows

that are being boosted by AGN [134]. For the case of radio mode feedback the strongest

evidence comes from X-ray observations of cavities and bubbles in the hot, diffuse gas

created through the radio jets of AGN [143]. They are found in giant elliptical galaxies [144],

in galaxy groups [145], as well as in galaxy clusters [146]. These cavities are considered to be

able to heat the gas in the galactic halo, preventing it from cooling, as well as to keep a

balance between the cooling and heating of the gas in cool core clusters [147].

Despite the plethora of detailed modelling and observational signatures of AGN feedback

in individual sources [148–151], its actual impact on the AGN host galaxies is still an unsettled

matter. Studies suggest that AGN feedback may be responsible for the observed quenching

of galaxies within the hierarchical theory of galaxy formation and evolution through mergers.

Indeed, AGN feedback seems to be a necessary element in theoretical models in order to
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reproduce the observed rapid transitioning of galaxies from star forming to quenched systems

following a merger [152] and leading to gas-poor, dead elliptical galaxies. However, there is

not enough observational evidence yet supporting this scenario and the overall role of AGN

in efficiently halting star formation in galaxies is not well established.

1.3.2 Triggering mechanisms

The bolometric luminosity of an AGN depends on the mass accretion rate onto the SMBH.

Typical values for accreted gas mass range from 10−3 M�/year, for Seyfert galaxies, to

102 M�/year, for the most luminous quasars. Nonetheless, the big challenge in fueling

the SMBH lies not only with the availability of large amounts of gas, but also with its

specific angular momentum. More specificaly, the specific angular momentum of gas within

a spiral or elliptical galaxy at a distance of a few kpc from the centre needs to be reduced

drastically in order to reach the central SMBH. Even at smaller radius of the galaxy (i.e.

at a few hundrend pasec scales), the existing gas requires some physical processes to reduce

its angular momentum more than 99.9 per cent [153]. This is called the “angular momentum

problem” in AGN fueling.

Therefore, the available cold gas within (or even from outside) the galaxy needs to be

re-distributed somehow and transferred to the central sub-pc region of the galaxy. There it is

accreted onto the SMBH leading to its activation. Several processes (e.g. minor interactions,

large-scale bars, nuclear bars, colliding clouds, supernova explosions, disc instabilities) have

been suggested as an efficient mechanism that can cause the transfer of gas to the inner

region of a galaxy [154]. However, there is still a long debate on the dominant mechanism

that is believed to trigger AGN activity. And this has been a key question in AGN studies

having resulted in contradictory conclusions.

Major mergers between gas-rich galaxies are considered a strong candidate mechanism
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for supplying and transferring the cold gas to the central regions leading to AGN activ-

ity [152,155]. As the re-distributed gas reaches the central sub-kpc region, it is consumed in

an intense starburst before reaching the gravitational potentional of the SMBH and get-

ting accreted onto it. This leads to the so-called star formation - AGN activity connection,

which is the subject of this work and is addressed properly in the next section. Indeed,

dust-reddened obscured AGN show high incidences of disturbed morphologies that imply a

recent galaxy interaction [156–158]. In addition, studies of galaxies in pairs, as well as post-

merger systems, show an excess of AGN activity compared to isolated galaxies matched in

mass and redshift [159–161].

On the other hand, studies of X-ray selected AGN do not show an excess in merger

features compared to control galaxies of the same mass and redshift [162–164]. Theoretical

models have attempted to explain this lack of excess in merger signatures in particular

AGN suggesting that high-luminosity AGN are triggered by major mergers [165,166], while

low-luminosity AGN may be driven by minor mergers and secular processes [167]. Such

secular processes allowing the inflows of gas and triggering AGN activity may be some disc

instabilities, bar-driven inflows [168], supernovae explosions [169,170]. Major mergers involve

galaxies with a mass ratio up to 4, while minor mergers may show a mass ratio greater than

4, and even greater than 10.

Studies have determined a dividing line between high- and low-luminosity AGN being

driven by major mergers or secular processes respectively at about 1045 erg s−1 [171]. This

luminosity division is not a hard line division and the issue is actually still open to debate

due to existing evidence both in favour of and against it. Indeed, UVIS/IR imaging of

the host galaxies of the most luminous red quasars show clear merger features determining

mergers as the dominant AGN triggering mechanism [157]. Yet there are also studies on

high luminosity AGN that still do not find a connection between major mergers and AGN
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activity [172–174] invalidating models suggesting that the most luminous AGN are dominated

by major mergers. Despite the fact that mergers seem to enhance star formation in galaxies

and the very probable link between star formation and AGN activity, the mechanism being

dominant in triggering AGN activity is still an open and hot issue in AGN studies.

1.3.3 Star formation - AGN activity connection

Despite the fact that it is not yet clear which mechanism dominates in supplying the nec-

essary gas and driving AGN activity, it is acknowledged that the presence of cold gas in

the inner region of a galaxy is crucial for both circumnuclear star formation and black hole

growth. Cold, dense gas is the main fuel for both processes; star formation and black hole

feeding. Indeed, star formation takes place in cold gas clouds, with their temparatures

ranging between 10 and 20 K [45,46]. Simulations of star formation in gas clouds with a

range of mass and radius, and thus, sampling a range of column and volume densities show

that there is a threshold of ∼ 1021 cm−2 in column density (case of hydrogen nuclei) below

which clouds are unable to form stars [175]. In addition, the mass above a column density

of ∼ 120M� pc−2, for clouds that are able to shield themselves from the surrounding ra-

diation field and heating effects [176,177], correlates well with the star formation rate in the

clouds [175,178]. Similarly, SMBHs accrete cold, dense gas from the standard thin accretion

disc which results into high accretion rates (∼ 2 - 100 per cent ṀEdd) observed in AGN [179].

Hot accretion flows lead to lower accretion rates and are believed to be associated only

with low luminosity AGN [180]. Low density gas also leads to very low accretion rates [181].

Moreover, in order for the gas to be accreted onto the SMBH, it needs to be transferred to

the central galactic regions at parsec scales and show low angular momentum, as simula-

tions show that suppresion of the BH growth happens for high gas angular momentum and

vorticity [182].
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Studies show that star formation driven by interactions is increased with the fraction of

available gas [183]. Moreover, AGN activity in local galaxies seems to be driven primarily by

the availability of cold gas in the central region of a galaxy; the environment and interactions

having only a minor impact on AGN activity once one accounts for stellar mass and central

star formation activity [184]. Thus, we expect a tight connection between the circumnuclear

star formation and AGN activity [185].

Nonetheless, the correlation between star formation and AGN activity has not yet been

observationally established in individual galaxies. There are some potential reasons this

correlation may actually be masked in observations. One reason could be a potential time

delay between the peak of star formation and the onset of AGN activity. Studies that used

stellar population indicators estimated this time delay between the two to be between 50-250

Myr [185,186]. The delay may have a dynamical nature, i.e. the cold gas is firstly consumed

in star formation before it reaches the central sub-pc region where it can be accreted onto

the SMBH [187]. In addition to that, outflowing winds that originate from young OB stars

and supernovae during the intense starburst incident may actually prevent the cold gas from

reaching the central SMBH [186].

An alternative that may contribute to the correlation between star formation-AGN ac-

tivity appearing weak in observations is the short-timescale AGN flickering. AGN show

variability in luminosity and the duration of AGN activity is usually shorter (up to ∼10

Myr) compared to the typical star formation timescales (∼ 100 Myr) [188,189]. Models sug-

gest that the instantaneous AGN luminosity can vary significantly, even when the average

black hole growth rate over long timescales is proportional to the star formation rate within

the host galaxy [190]. If the AGN activity happens to be very low at the observing instant

or the timescale considered, then the connection between the overall star formation - AGN

activity will not be obvious.
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Apart from all above, even if the starburst happens simultaneously with the feeding

of the black hole, the recently ignited AGN may be observationaly obscured by the large

amounts of gas and dust involved in the starburst [155,191]. Again, the star formation and

AGN connection is masked. In this scenario, the star formation must start to shut down

before the AGN is observable.

1.4 Motivation and thesis outline

In this work we study the recent star formation history of luminous broad-line AGN with

the aim of investigating the connection between star formation and black hole growth in

active galaxies.

We use 19 novel spectral components that show features of AGN and galaxies in Markov

Chain Monte Carlo (MCMC) sampling in order to fit a model to the optical spectrum of

luminous AGN. After obtaining the MCMC fit, we are able to decompose the full complex

spectrum of the active galaxy into the pure AGN emission spectrum and the underlying host

galaxy spectrum. The decomposition technique is described in Chapter 2. The host galaxy

spectrum holds information about the stellar populations of the galaxy and its recent star

formation history. We extract information on the stellar populations of the host galaxy by

measuring commonly-used stellar absorption line indices.

We then focus on the merger scenario where we investigate the influence of galaxy mergers

on the star formation history of AGN and the mergers’ role as the triggering mechanism for

AGN activity. We describe the selection of our sample of central AGN and their neighbours

in Chapter 3, as well as their corresponding star formation measurements. We also construct

a control sample of inactive galaxies matched to the host galaxies of the central AGN in

absolute magnitude, redshift and stellar populations. Our aim is to compare the potential
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merger-driven star formation in neighbours of the non-active galaxies in relation to that

seen in the AGN neighbours. We discuss potential selection effects introduced by the SDSS

spectral targeting. In order to assess this bias further, we include an investigation of the

merger-induced star formation enhancement seen using spectroscopy, but now based on

colours of AGN and non-active galaxies neighbours selected by photometry instead.

In Chapter 4 we address the scientific question of how the AGN activity affects the star

formation history of its host galaxies. We perform the study of stellar populations in the

hosts of luminous broad-line AGN as a function of their Eddington ratio, black hole mass,

and bolometric luminosity, which is a very good indicator of the accretion rate. We aim to

assess the connection between star formation and black hole growth to determine the host

galaxy properties that facilitate AGN activity. The cosmology used throughout the thesis

is ΛCDM with H0 = 70 km s−1 Mpc−1, Ωm = 0.3. and ΩΛ = 0.7.

1.5 Personal contribution statement

The majority of the work in this thesis was conducted by the author under the supervision of

Dr Carolin Villforth. Parts of the project was the result of collaborative work. The creation

of the spectral templates with MFICA described in Section 2.2 was conducted by Prof Paul

C. Hewett. The stellar population modelling using bagpipes for measurements of the stellar

indices in Section 3.4 was conducted by Dr Vivienne Wild.



Chapter 2

Spectral Analysis

2.1 The Sloan Digital Sky Survey

The Sloan Digital Sky Survey (SDSS) is an astronomical multi-colour imaging and spec-

troscopic survey. Since its operation started in 2000, it has mapped one-third of the entire

sky in detail by using the ground-based, wide-field, 2.5 m Sloan Foundation Telescope at

Apache Point Observatory (APO) located in the Sacramento Mountains in New Mexico,

USA. SDSS is divided into four operating phases which have produced 16 data releases

(DR) to date. The fourth and latest phase also uses the 2.5 m Iénée du Pont Telescope

at Las Campanas Observatory in Northern Chile and therefore includes observations of the

Southern hemisphere.

The SDSS camera is comprised of 30 photometric CCDs in total arranged in 5 rows.

Each row is covered by a wide filter with effective wavelength at: ultraviolet - u (3543 Å),

green - g (4770 Å), red - r (6231 Å), near-infrared - i (7625 Å) and infrared - z (9134 Å)

(Figs. 2.1a and 2.1b ). The camera scans the sky in strips along great circles perpendicular

to the 5 rows of filters. In doing so, SDSS provides us with 5 images of a given celestial
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(a) (b)

Figure 2.1 A schematic arrangement of the filters on the SDSS camera (left) and their response
curves (right). (Images credit: sdss.org and community.lsst.org)

object, one in each colour band, with a frame size of 2048 × 1361 pixels.

Images are processed using the frame pipeline which corrects them for bias, flat-field,

cosmic rays etc. A Point Spread Function (PSF)-filter is run over the image to detect objects.

The objects are matched between the five frames making up a field. Objects that have

been detected by the SDSS camera are photometrically classified as stars or galaxies based

on the difference between their PSF and combined de Vaucouleurs and exponential model

magnitudes. Therefore, the classification is based on their image, whether the object shows

a point source or extended profile (psfMag - cmodelMag > 0.145 and psfMag - cmodelMag

< 0.145 respectively).

Not all of these sources are also spectroscopically observed. SDSS uses sophisticated

algorithms to assess whether photometric sources are “good candidates” (mainly bright

enough) for follow-up spectroscopic investigation or not. Targets are chosen according to

the scientific aim of the survey. We look at the targeting details later.

In the case of galaxies, which are extended sources, all are corrected for Galactic ex-
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tinction following Schlegel, Finkbeiner & Davis (1998) [192]. Galaxies are spectroscopically

observed when they are detected in the r-band with 5σ after the PSF filter smoothing and

show a magnitude difference of psfMag - cmodelMag ≥ 0.24 (stricter than the criterion of the

frame pipeline, which targets extended sources) [193]. Additionally, objects with unreliable

photometry are rejected for the following reasons: e.g. showing saturated pixels during the

image processing, or are detected at more than 200σ in the r-band (too bright), or showing

more than one peaks (blended). A cut in the r-band Petrosian magnitude of 17.77 and in

r-band Petrosian half-light surface brightnesses µ50 ≤ 24.5 mag arcsec−2 are implemented

too. Objects satisfying the above criteria have ‘GALAXY’ as targeting flag. Luminous red

galaxies (LRG) are flagged as ‘GALAXY RED’ and are selected based on their colour and

magnitude to yield intrinsically red galaxies that extend fainter than the SDSS main galaxy

sample. The cuts rely on the rest-frame g−r and r− i colours, as these are better measured

with higher S/N. Colours are measured using the model magnitudes. The sets of criteria

change slightly depending on the photometric redshift because the 4000 Å break moves from

the g band to the r band at a redshift z ∼ 0.4. The position of the 4000 Å break on a galaxy’s

SED constrains the photometric redshift, while the strength determines its colours [194].

SDSS uses a sophisticated automated algorithm for selecting canditates for targeting

quasars (point-sources) spectroscopically [195]. The SDSS wavelength coverage, in combina-

tion with the requirement that there is flux in at least two filter bands, imposes a redshift

limit of z ∼ 5.8. The algorithm uses extinction-corrected [192], PSF multi-colours of sources

in order to explore the regions of colour space quasars occupy. The colors of ordinary stars

occupy a continuous locus in (u-g), (g-r), (r-i), (i-z) multi-colour space. The characteristic

excess in blue continuum due to the accretion disc, as well as the strong emission lines from

the BLR/NLR, cause quasars to have colours quite different from those of stars. Therefore,

the algorithm selects as quasars those objects that lie more than 4 σ from the stellar locus.
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The selection based on blue colours favours unobscured Type I AGN. The code also selects

objects with colours in uncharted regions of the parameter space so that it allows for untyp-

ical quasars (e.g. red outliers) to be discovered. Extended sources at low-redshift that show

colours of AGN are not excluded from targeting in order to account for faint AGN. The

main flags for low-redshift (below 3.5) quasars are ‘QSO CAP’ and ‘QSO SKIRT’, with a

magnitude cut in r-band at 19.1, while high-redshift quasars (above 3.5) are ‘QSO HIGHZ’

flagged and are as faint as 20.2.

In addition to photometric colours, SDSS point sources that match radio sources from

the FIRST catalogue [196] are targeted as quasars regardless of their colours. Thus, the SDSS

catalogue, including stellar objects, is matched against the FIRST catalogue of radio sources.

An SDSS object is considered to be a match to a FIRST object if the FIRST and SDSS

positions agree to within 2 arcsec. The matching is reliable as the relative astrometry of the

two surveys is excellent. However, the algorithm is biased against double, lobe-dominated

AGN, where the optical position of the source would be expected to be located on the line

between the two radio sources. Matched sources are flagged as ‘QSO FIRST CAP’ and

‘QSO FIRST SKIRT’. This part of the targeting allows unbiased selection with regard to

the orientation of AGN.

SDSS catalogue was also matched to the ROSAT All-Sky Survey (RASS), which is the

first all-sky imaging X-ray survey covering the entire celestial sphere in the 0.1–2.4 keV

range. This has been an interesting attempt with the aim of providing optical counterparts

to the X-ray detections irrespective of their origin. SDSS optical objects within 1 arcmin

of the X-ray source positions are initially flagged as potential positional matches. At least

one optical object brighter than mi < 20.5 is chosen for SDSS spectroscopy in each RASS

error circle, whose diameter is 10-20 arcsec. The highest priority is given to objects that are

also detected in the FIRST catalogue (flagged as ‘ROSAT A’), following by objects in the
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RASS error circles with unusual SDSS colors indicative of AGN (‘ROSAT B’), bright stars

and galaxies or unusually blue galaxies (‘ROSAT C’), and finally objects bright enough for

optical spectroscopy that fall within the RASS circle (‘ROSAT D’). ‘ROSAT D’ sources are

unlikely to be the proper identifications but they were considered important to allow for this

group as well [197].

Spectroscopic data are taken with the SDSS spectrograph (DR 1 - 8) or the BOSS

spectrograph (DR 9 - ). The SDSS spectrograph covers the wavelength range of 3800 Å ≤

λ ≤ 9200 Å, while BOSS is broader, covering between 3650 Å ≤ λ ≤ 10400 Å, with spectral

resolution ranging from 1560 to 2650 for both spectrographs. Optical spectra are collected

simultaneously by using aluminium plates that correspond to a particular area of the night

sky. These plates are placed on the focal plane of the telescope and contain 640 holes (SDSS)

or 1000 holes (BOSS spectrograph) corresponding to the position of the astronomical sources

to be observed (Fig. 2.2a). Optical fibres are plugged into the holes collecting the light and

feeding it to the spectrograph (Fig. 2.2b). In addition to the targeting algorithms defining

the objects that get follow-up spectroscopic observations, the housing of the fibres on the

SDSS plates is another factor affecting the targeting. More specifically, the fibres on the

SDSS plates can have a minimum separation of 55 arcsec from one another due to the finite

size of the fibre housing.

We use spectroscopic data of active and non-active galaxies from the Sloan Digital Sky

Survey (SDSS) DR 7. DR 7 is the final data release for which the ‘SDSS’ spectrograph is

used; later phases and data releases use the ‘BOSS’ spectrograph. By using DR7 spectra we

avoid some calibration issues arising with BOSS1, mainly at the blue part of the spectrum.

Also, Wild & Hewett (2010) [198] provided DR7 spectra with improved subtraction of the

foreground sky-emission lines. The SDSS automated spectroscopic reduction pipeline leaves

1https://www.sdss.org/dr12/spectro/caveats/

https://www.sdss.org/dr12/spectro/caveats/
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(a) (b)

Figure 2.2 A SDSS metal plate where holes have been drilled at the positions of the astronomical
sources (left) and a close up view of the fibres plugged into the holes of the metal plate (right).
(Images credit: sdss.org)

significant systematic residuals in spectra due to the sub-optimal subtraction of the strong

OH sky emission lines, which extend over almost half the wavelength range of the SDSS

spectra reducing its S/N in regions with lines by more than a factor of two. The wavelength

range affected includes features that consitute a powerful diagnostic of stellar populations

(e.g. [O III] doublet, Hβ for galaxies/AGN in the redshift interval 0.4 < z < 0.8). Wild

& Hewett (2005) [199] introduced a method to remove the dominant OH sky-subtraction

residuals in the SDSS spectra based on Principal Component Analysis (PCA), which they

later apply to DR 7 spectra [198]. PCA takes advantage of the correlations present as a

function of wavelength, offering significant advantages in subtracting the affected pixels.

We select AGN at redshift z = 0.2 - 0.4 so that the aperture diameter of the fibres of the

SDSS spectrograph, which is 3 arcsec, corresponds to ∼13 kpc in physical scale of our AGN

sample. The fibres therefore collect light from both the central AGN and its host galaxy

stellar content. The upper redshift limit is placed to ensure limited cosmological evolution

and comparable data quality across the sample.
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2.2 Creation of spectral templates with MFICA

We aim to study the stellar populations of the host galaxies of luminous AGN. Thus, an

effective spectral decomposition technique is required to separate the light in the total spec-

trum into the AGN and the host galaxy components. Luminous AGN usually outshine their

host galaxies and dominate the optical spectrum. Furthermore, spectra of galaxies are very

complex as they consist of multiple stellar populations. In addition, AGN spectra show a

range of features such as power-law disc emission, broad and narrow emission lines. All

these features need to be accounted for in order to correctly recover the stellar populations

of the host galaxies.

We use a Mean Field Independent Component Analysis (MFICA) to construct spectral

templates from an input sample of AGN and galaxy spectra. The MFICA, along with the

Principal Component Analysis (PCA), which is more commonly used in Astronomy, is a

Blind Source Separation (BSS) technique that processes data with the aim of deriving sets

of component spectra that can be combined with varying weights to reconstruct the input

spectra [200]. PCA aims to find an orthogonal linear transformation of vectors to explain the

observed signal by maximizing the variance of the data, with the first vector best explaining

the variability of the data (principal component). ICA aims to find a linear transformation to

recover unobserved signals from observed mixtures, where the basis vectors are statistically

independent, non-orthogonal and not ranked in order [201,202]. The input data matrix V is

rewritten as the product of a set of components S and weights A in the form of V = AS.

For our case, V is an n ×m array of flux for n different galaxies at m wavelengths, S

is the r ×m array of the r component-spectral template over the same wavelengths, and A

is the n × r array of the component weights for each galaxy. MFICA imposes a prior on

the components, which in combination with the error in the reconstructions maximizes the

likelihood of the parameters. Using the MFICA approach, we aim to determine spectral
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components-templates that relate to the underlying physical constituents within a galaxy

and are informative regarding the physical conditions contributing to the individual com-

ponents. This is something that cannot be achieved using the PCA method, which only

provides components that approximate the object spectrum. Another advantage of the

MFICA over PCA is that the former is able to provide components that describe a wide

range of galaxies, while PCA struggles to reproduce components for extreme cases. This

is because the PCA’s first (principal) vector is about the mean spectrum, with all the or-

thogonal vectors to the principal being corrective. The approach we follow in constructing

the spectral templates is similar to that used in [200] , where the MFICA method is fully

described.

We first construct the galactic spectral components (called red, starburst and post-

starburst) representing old, young and intermediate age stellar populations respectively. We

do so by performing MFICA for each class separately using SDSS DR 7 quiescent, star-

forming and post-starbust galaxies respectively. The galaxy spectra for constructing the

galactic templates were selected from the SDSS DR7 catalogue based on measurements from

the MPA-JHU catalogue2. The MPA-JHU catalogue is the result of a project that started in

2000/2001 aiming to analyze SDSS spectra of galaxies up to DR 7 (927552 sources) and to

provide relevant measurements (e.g. stellar mass, star formation rate, emission and absorp-

tion line fluxes, magnitudes, spectral indices etc). For constructing the templates, we choose

galaxy spectra that show 0.16 < z < 0.38, per-pixel S/N > 8 in all three g, r and i-bands

and absolute k-corrected r-band synthetic spectral magnitudes from MPA-JHU catalogue

between -25 and -17 [203]. Potentially dusty objects were removed with a cut on the Balmer

decrement (flux in Hα divided by flux in Hβ < 4.8, where both lines are measured at > 5σ

and taken from the MPA-JHU catalogue). The removal of dusty objects is necessary as the

2https://wwwmpa.mpa-garching.mpg.de/SDSS/DR7/raw_data.html

 https://wwwmpa.mpa-garching.mpg.de/SDSS/DR7/raw_data.html
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spectral templates are additive, while the effect of dust attenutation is multiplicative to a

spectrum. Since we want to compile the galactic spectral components and not the AGN

components, potential broad line AGN were removed where the ratio of Balmer emission

line width in Å to forbidden emission line width in Å was > 1.6, again with both mea-

surements made at > 5σ. The resulting galaxy sample was split into spectral classes of

star-forming, quiescent and post-starburst, using the principal component amplitudes and

boundary classes of [204]. We did so in order to create spectral templates specific to stel-

lar populations. Thus, we selected 2000 random quiescent galaxy spectra, 500 highly star

forming (‘starburst’) spectra with the lowest values of the second principal component (i.e.

where non-instantaneous star formation contributed minimally to the spectrum) and all 387

available post-starburst spectra. The three different classes of spectra were used to create

star-forming, quiescent, and post-starburst spectral templates separately. The result of this

procedure is 4 positive spectral components that show typical features expected in each

class (e.g. strong Dn(4000) break in quiescent, strong emission lines in star-forming, and

strong Balmer absorption lines in post-starburst galaxies etc.). There are also 3 corrective

components that may act as positive or negative as they can be added or subtracted. These

corrective components do not have clear physical interpretations similar to the positive ones,

but they only allow corrections relative to the positive components so that the reconstruc-

tion of the full range of ages of stellar populations is achieved. All components are added,

not multiplied. The number of components generated is chosen to produce reconstructions

of spectra across the full range of quiescent, star-forming and post-starburst galaxies, with

additional components discarded as they only provide a minimal improvement in the ac-

curacy of the resulting reconstructions. The choice of seven components was made after

inspecting the results from a range of numbers of components.

Once the 7 galactic templates are constructed, they are used in the decomposition of
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bright AGN in order to construct the AGN spectral templates. For the compilation of AGN

spectral templates, we use AGN with low level of galaxy contamination. We selected bright

AGN with 0.25 < z < 0.5 and absolute magnitudesMi < −23.0 from the Shen catalogue [205].

This catalogue contains spectroscopic measurements of properties (e.g. continuum and emis-

sion line measurements, derived virial black hole masses, bolometric luminosities) resulting

from spectral fitting for 105,783 quasars that belong to the SDSS DR7. Extensions of the

catalogue provide AGN radio properties as well. Objects with broad absorption lines, low

S/N or that were significantly reddened were removed from the sample. To identify red-

dened spectra we measured the ratio of the median fluxes in two windows, 3300-3600 Å

over 4425-4775 Å and removed the 20 per cent of red objects where the ratio of the median

fluxes was < 0.8. However, note that those reddest objects might not only have been red

due to dust attenuation, but also due to intrinsic variations within the host galaxy, such

as variations in the underlying contribution of the emission lines (e.g. Fe, the blue wing of

Hβ), or even of the AGN UV power-law.

We ran an initial MFICA decomposition with positive components, fixing the first com-

ponent as the red-galaxy component to identify objects with significant contamination from

stellar light. For these bright input AGN, the mean contribution of the galaxy component

was about 8 per cent of the flux, and co-adding the objects with the largest galaxy contribu-

tion produces a composite with Ca H&K of the right strength. The fractional contribution

of red-galaxy light was subtracted from the spectra, and the process repeated with the post-

starburst component as fixed. The mean residual contribution to the spectra was just under

2 per cent, which is close to being within the noise. The same procedure was not attempted

for the starburst-galaxy component, due to the similarity between the starburst and quasar

continuum shapes. This is because even if there is a co-evolution between star formation

and black hole growth, we expect that the starburst contribution will be small considering
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that the contributions from old and post-starburst stellar population are also small and

comparable to the noise. We verified that the narrow [OII] λ3728 line is weak, which again

indicates little contamination from a starburst-like component. With spectra that should

now have the majority of light resulting from stellar processes removed, we produced a set of

MFICA components that provided a reasonable description of the full range of quasar spec-

tral shapes. There are 7 positive and 5 corrective AGN components that all are added, not

multiplied. As mentioned earlier, the corrective components may act as positive or negative

as they can be added or subtracted. This is effectively determined by the weight assigned

to them during the decomposition of an AGN spectrum, where the priors of the corrective

components allow them to take values between -1 and 1. Thus, we have in total 12 AGN

spectral templates and 7 galactic ones. All are necessary for the decomposition taking place

in our study. The components are shown in Fig. A.1 and A.2 in Appendix A.

2.3 Decomposition

Having created the spectral templates for the decomposition, we now apply them to SDSS

AGN spectra. We correct the spectra for Galactic extinction [206], using the E(B-V) colour in-

dices provided in the Shen catalogue [205] and total-to-selective extinction ratio RV=3.1 [207].

We mask additional sky line emission at the following wavelengths: 4276 Å< λ < 4282 Å,

5574 Å< λ < 5590 Å, 6297 Å< λ < 6305 Å, 6364 Å< λ < 6368 Å. Prior to decomposition

we normalise each spectrum to 1 so that the total integrated flux across our wavelength

range is 1. This normalisation is necessary-as it becomes clear later on-in order to serve

the priors used in the fitting, allowing the weights of the spectral templates to take values

between 0 and 1.

Markov Chain Monte Carlo (MCMC) techniques in statistics comprise methods for sam-
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pling from probability distributions creating Markov chains. Markov chains are stochastic

processes of “walkers” which move around randomly according to an algorithm that looks for

places with high probability to move into next. Each generated random sample is used as a

stepping stone to generate the next random sample. MCMC is used in data modelling in or-

der to estimate posterior distributions in Bayesian inference of multi-dimensional problems.

Bayesian inference uses the information provided by observed data about a set of param-

eters, formally the likelihood, to update a prior state of beliefs about a set of parameters

to become a posterior state of beliefs about a set of parameters [208]. We perform MCMC

sampling with emcee3 to fit a linear combination of the 19 spectral templates described in

Section 2.2 to the observed spectrum:

F(λ) = w1 ∗AGN1 + w2 ∗AGN2 + ...+ w12 ∗AGN12 + w13 ∗Galaxy1+

+ ...+ w19 ∗Galaxy7 =

12∑
n=1

AGNn +

7∑
n=1

Galaxyn (2.1)

where the wi are 19 weights applied to each spectral template. We choose to perform MCMC

as our problem is high-dimensional and MCMC is considered effective in such problems.

Priors are chosen to be flat between 0 and 1 for the positive components and broad

enough, between -1 and 1 for the corrective components to not have a strong effect on the

fits. The fitting procedure provides us with errors on the weights through their posterior

distribution, as well as with any potential degeneracies between the 19 components.

Fig. 2.3 shows the decomposition for an AGN spectrum, with the joint posterior prob-

ability distribution between each pair of components and 1D projections. The panels along

the diagonal show the posterior distributions of the weights of the 19 spectral components.

The best fit of the spectrum is constructed using the 19 weight values in equation 2.1 that

3Emcee [209] is an open source Python implementation of the affine-invariant ensemble sampler for
MCMC [210].
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correspond to the maximum likelihood model. The panel at the top right corner of Fig.

2.3 shows the best fit spectrum obtained, as well as the combined AGN and host galaxy

components, created from the best-fit sum of the respective components.

In Fig. 2.4 we show the decomposition of a very luminous AGN that shows bolometric

luminosity of 1046.07 erg s−1. As seen in the plot, the host galaxy is very faint contributing

only about 7.4 per cent in the total flux of the AGN and its full spectrum. The decomposition

is successful and the host galaxy spectrum is realistic showing the expected features of [O

II] and [O III] emission lines, Balmer absorption lines and the Dn4000 break. This is very

impressive considering the high bolometric luminosity of the AGN and the complexity of its

spectrum.

As we are interested in the stellar population properties of the AGN hosts, we verify

that the residual host galaxy spectra resulting from the subtraction of the AGN components

from the observed spectrum is almost identical to the sum of the fitted galaxy components.

Indeed, Fig. 2.5 shows the host galaxy spectrum of an AGN after subtracting the fitted AGN

components from the observed spectrum (grey line). We overplot the host galaxy spectrum

resulting from the sum of the fitted galaxy components (red line). The spectra are almost

identical, however, that resulting from sum of the fitted galaxy components is significantly

less noisy. Thus, we decide to use this host galaxy spectrum for all future measurements

related to stellar populations. Note that the host galaxy spectrum corresponding to the best

fit model does not account for the uncertainties on the posterior chain, i.e. the weights of

the spectral templates. However, we have checked that the variation in the resulting fitted

spectra is small when drawing the fit from different parts of the MCMC chain in individual

objects. This is also the case when checking the variation of the spectral features used for

the stellar population measurements when drawing posterior weights from across the whole

MCMC chain of individual objects. Uncertainties of the stellar absorption and emission
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Figure 2.3 The two dimensional posterior probability distributions of each component’s weight,
with the one dimensional projection shown along the diagonal for one example observed AGN
spectrum. The quasar positive and corrective components are indicated clearly on the left and at
the bottom of the corner plot. The corresponding upper arrow markers indicate a positive galaxy
component, whereas the dash (-) markers indicate a corrective galaxy component. Top right : An
example of the decomposition of the full active galaxy spectrum. The observed spectrum is in grey
while the full best-fit spectrum, resulting from the MCMC sampling, is presented in green. The
AGN spectrum (black) and that of the underlying host galaxy (red) are created from the best-
fit sum of the respective components multiplied by their corresponding weights. The bolometric
luminosity of this particular AGN is 1045.26 erg s−1.
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Figure 2.4 The two dimensional posterior probability distributions of each component’s weight,
with the one dimensional projection shown along the diagonal for a very luminous AGN. Top right :
The decomposition of the full active galaxy spectrum. The observed spectrum is in grey while
the full best-fit spectrum, resulting from the MCMC sampling, is presented in green. The AGN
spectrum (black) and that of the underlying host galaxy (red) are created from the best-fit sum of
the respective components multiplied by their corresponding weights. The host galaxy spectrum is
very faint, contributing only 7.4 per cent to the total spectrum. The bolometric luminosity of this
particular AGN is 1046.07 erg s−1.
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indices used to determine the properties of the stellar populations result from bootstrap

errors of the stacked spectra, described in Sections 3.3 and 3.4, which reveal the variation

of the stellar indices within the sample of sources.
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Figure 2.5 The spectrum of the host galaxy of an AGN. Grey line shows the spectrum resulting
from the subtraction of the fitted AGN components from the observed spectrum, while red line
shows the host galaxy spectrum as derived from the sum of the fitted galactic components. The
latter is used for measurements throughout the thesis as it has reduced noise.

2.4 Convergence

The MCMC fitting procedure explores the posterior probability function. To achieve a

reliable fit, we need to ensure that the chain explores the parameter space fully. Thus, the

sampling of the weights of the spectral components aims to explore the parameter space and
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achieve convergence. In our case, the resulting fits are not blindly accepted, but instead are

inspected thoroughly in order to test the necessary number of iterations in sampling, the

number of walkers, and that of the burn-in iterations. The number of iterations corresponds

to the length of the sampling chain and should be long enough so that the samples approach

the underlying probability function, so that the system achieves convergence. The number

of walkers are essentially the ensemble points that represent the number of independent

chains within MCMC. It is good practive for the number of MCMC walkers to be twice

the number of the fitting parameters [211]. The burn-in iterations for each walker represent

the part of chains at the beginning of the sampling, and up to a particular iteration, that

are discarded from the results to allow time for MCMC to converge on the bulk of the

posterior distributions. When deciding on these fitting factors, we also consider that the

sampling procedure should be efficient in computational time, meaning that the number of

iterations and walkers is minimum once convergence is secured (i.e. equilibrium) and the fit

and decomposed spectra are identical to those resulting from longer MCMC runs.

More speciffically, we firstly run the fits for different number of walkers and iterations.

We then inspect both the shape of the contours in the resulting triangular plots, more

often referred to as “corner plots”, and the decomposed spectra. Not enough points to

shape the contours in the corner plots might indicate that the number of samples within

the chain is not enough for the system to reach equilibrium, but requires more iterations in

sampling. In Fig. 2.6 we show an example of corner plot where the contours are not well-

formed, which can be an indication of not enough iterations-sampling. In addition, narrow

posterior distributions of the weights might indicate that the walkers do not explore fully

the parameter space because they are stuck at a local minimum. All these results do not

necessarily mean that the MCMC sampling did not achieve convergence; however we need

to perform test runs in order to comprehend and tune the appropriate number of iterations
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and walkers for our problem. In Fig. 2.7 we show the random walk for a particular walker

exploring the parameter space. We conclude that 50 walkers and 10,000 iterations allow the

Markov Chain to reach an equilibrium state. Longer runs of 100,000 and 1,000,000 iterations

resulted in the same steady-state, with identical decomposed spectrum for both the AGN

component and the host galaxy component. Runs of 1,000 iterations do not seem to provide

enough points in sampling for the corner plots; thus 10,000 are ideal in terms of efficiency

in equilibrium and computational time. The resulting decomposed spectrum should not

depend on the starting points of the 50 walkers, otherwise this might be an indication of the

chain having reached a local minimum. We check that the 50 walkers initialised differently

results into the same decomposed spectrum for the AGN and galaxy component. We discard

the first 10% of the chain as burn-in as well. This number is conservative considering that

we fit a large number of AGN spectra in our study, though we do so to be on the safe side.

We also check for dependence on the initial guess value for the weights. We find that

runs starting with different initial guess values assinged to the 50 walkers approach the same

equilibrium distribution and produce identical decomposed AGN and host galaxy.

2.5 Failed decomposition

It is important to highlight the difficulty in the procedure of separating the AGN and host

galaxy spectrum. Our AGN are very luminous and each active galaxy spectrum is very

complex. This is because the active galaxy spectrum is composed of features arising from

different parts of the AGN structure (e.g. UV excess from accretion, broad and narrow

emission lines form the BLR and NLR), as well as of those arising from stellar populations

of different age.

The large number of components can easily lead to a formally good fit, while the decom-
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Figure 2.6 An example of a corner plot, where the projections of the posterior distributions of
the weights for the spectral components are not well-formed contours. In addition, the posterior
distributions of the weights are very narrow in many cases and show bimodial behaviour as well.

position is in fact unrealistic, i.e. resulting in spectra that are not observed in galaxy, nor

AGN, populations. We visually inspect each decomposition to identify unrealistic features,

such as narrow absorption lines where we expect emission lines in the fitted AGN spectrum

and the host galaxy spectrum, negative fluxes, or similar unphysical spectral features. In

many cases when the decomposition fails, it seems that MCMC procedure overestimates the
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Figure 2.7 An example of a walker of a spectral component that explores fully the parameter
space during the MCMC sampling. The flat chain results from the number of independed chains
within MCMC, as represented by the walkers, multiplied by the number of iterations for each chain
for the MCMC sampling.

narrow emission lines of the AGN component, resulting in absorption in the host galaxy

spectrum where forbidden emission lines are expected. We find that, for the case of failed

decomposition, the contribution of the host galaxy to the full active galaxy spectrum for

some sources results as low as 1 per cent or the signal to noise (S/N) of the observed specrum

as low as 2 per cent. Both these two factors can affect the success of the decomposition sig-

nificantly. However, this is not always the case as we find failed decompositions for sources

where the host galaxy contribution ends up being higher than the average across our sample

(which is 25.9 per cent) with a S/N in the observed spectrum higher than 10. In our analysis,

we include objects for which the decomposition fails. However, in Chapter 4, we show that
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our decision in including them does not affect our results. We also introduce an alterna-

tive method for increasing the S/N of our sources’ spectra by stacking them before their

MCMC decomposition. We aim to evaluate the effectiveness of this method in retrieving

the underlying average host galaxy spectrum for AGN whose individual decomposition has

failed.
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Figure 2.8 Examples of failed decompositions. These spectra show abnormal properties such as
strong absorption lines where emission lines are expected (such as the forbidden [O II] line at top
left and bottom right panels), negative fluxes in the host galaxy residual indicating negligible host
galaxy contribution, strong AGN component with faint host galaxy component showing all above
features (bottom left panel).



Chapter 3

AGN in mergers

We investigate luminous AGN involved in galaxy mergers in order to assess the influence of

mergers on the star formation history of the AGN host galaxies. We aim to provide insights

into the connection between star formation and black hole growth, as well as on the potential

prevalence of major galaxy mergers in initiating AGN activity.

3.1 Spectroscopic sample selection of AGN and neigh-

bours

We aim to study the stellar populations of the host galaxies of AGN and their neighbouring

galaxies as a function of projected separation. We first identify our sample of broad line

AGN with spectra in SDSS DR7. These AGN constitute our central AGN sample, around

which we then search for spectroscopic neighbouring galaxies.

For accessing all broad line AGN from DR7 [212] we use the SQL Search Tool on the SDSS

DR7 webpage1. We select AGN that have spectra with a redshift in the range 0.2 ≤ z ≤ 0.4,

1http://cas.sdss.org/dr7/en/tools/search/sql/asp

http://cas.sdss.org/dr7/en/tools/search/sql/asp
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a spectral class corresponding to classification as a broad line quasar (SpecClass=3), and no

warning on the redshift measurement (zWarning=0). The upper redshift limit is placed to

ensure limited cosmological evolution and comparable data quality across the sample. The

lower redshift limit ensures that the 3 arcsec aperture of the SDSS fibres collect light from

the majority of the stars residing across the extent of the galaxy, and not only from the very

central galactic region. This search results in 5,571 broad line AGN with a median redshift

of 0.3.

Around each of these AGN we search for neighbouring galaxies that have been spec-

troscopically observed with SDSS. For the neighbours search, we use the 931,208 galaxies

and quasars in the DR7 spectroscopic catalogue2. We constrain the search within a circular

area of 1 Mpc radius and a velocity separation of v = 2, 000 km· s−1, in order to minimise

the number of sources that are false neighbours only in projection. This velocity separation

limit corresponds to ±0.0067 in redshift or ±24.6 Mpc in physical scale at z = 0.3, which

is the median redshift of the AGN sample. We are confident about the quasar redshifts as

the presence of narrow emission lines in their spectra [213] enable good measurements. Thus,

this velocity separation limit is appropriate to account for bulk motions due to large scale

structure alone. We carefully inspect the resulting pairs and exclude repeat observations of

the same object or the same AGN - neighbour pair.

This process results in 477 pairs of central AGN-neighbour within our search volume. In

60 cases the central AGN shows more than one neighbours within the search volume, which

means that 60 AGN are involved in more than one pairs. We include all 477 pairs of AGN-

neighbour in our analysis, but we verify that our results hold regardless of retaining the more

distant pairs in the sample or excluding them. In 21 cases of pairs, the neighbouring galaxy

to the central AGN is also a broad line AGN; the majority of these double-AGN pairs

2http://classic.sdss.org/dr7/products/spectra/getspectra.html

http://classic.sdss.org/dr7/products/spectra/getspectra.html
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Figure 3.1 The projected separation vs. velocity separation of each of the total 477 pairs of AGN
- neighbour.

(20/21) show separations greater than 300 kpc. Fig. 3.1 shows the projected separation

vs. velocity separation for each pair of AGN - neighbour in our sample. We match our

sample of 477 broad line quasars selected from the SDSS DR7 catalogue to those in the

catalogue of Yue Shen [205] in order to access measurements of bolometric luminosity, black

hole mass and Eddington ratio for our AGN sample. This catalogue contains spectroscopic

measurements of properties resulting from spectral fitting for 105,783 bona fide quasars

that belong to the SDSS DR7. Bolometric luminosities are computed from L5100 in the

spectral fit for quasars at redshift below 0.7 and by using a bolometric correction BC5100

= 9.26 from the composite SED in [214]. Such bolometric correction is appropriate only in

an average sense, and not reliable for individual objects, as the scatter among the SEDs in
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individual quasars is significant. However, the method followed is not expected to result in

significantly overestimated bolometric luminosities due to the fiducial bolometric correction,

as [205] do not correct for intrinsic extinction of the flux, nor they subtract emission line

flux in the composite SED when estimating the bolometric corrections. We find 270/477

matches of our AGN sample to the sources included in [205]; thus, 207 broad line quasars

are not included in [205]. The 270 matches represent the brightest AGN in our sample, as a

magnitude limit of absolute i band magnitude Mi = -22.0 is placed on the quasar catalogue of

Yue Shen [205]. In addition to the magnitude limit, quasars in Shen’s catalogue are required

to show at least one emission line with FWHM > 1000 km s−1 or have interesting/complex

absorption features [205,215]. These requirements explain why 207 of the total 477 AGN in

our sample are not found in the quasar catalogue of Shen. For the 270 matched AGN

we obtain measurements of bolometric luminosity, black hole mass and Eddington ratio

as shown in Fig. 3.2. The subset of the 270 matched AGN in the quasar catalogue [205]

have a bolometric luminosity range of log(Lbol) = 44.9 - 46.3 erg s−1 with a mean of 45.3

and virial black hole masses between log(MBH) = 7.3 - 9.5 M� with a mean of 8.3. They

have absolute i-band magnitudes -25.7 to -22.4 with a mean of -23.3 and Eddington ratios

log(λEdd ) = (-2.3) - (-0.14) with a mean of -1.1. We remind that bolometric luminosities

greater than 1045 erg s−1 indicate very luminous AGN. We measure bolometric luminosities

for the remaining 207 AGN that are not included in the Shen catalogue: We use the subset of

the 270 matched AGN in the Shen catalogue [205] to estimate a relation between bolometric

luminosity (log(Lbol)) and absolute g-band magnitude. The absolute g-band magnitude of

each AGN is measured in rest-frame using the AGN components spectrum resulting from the

MFICA decomposition (described later in Section 2.3) and speclite’s sdss-g filter 3. We then

use the resulting absolute g-band magnitude - bolometric luminosity (log(Lbol)) relation to

3speclite v0.9dev497. https://speclite.readthedocs.io/en/latest/index.html

https://speclite.readthedocs.io/en/latest/index.html
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infer bolometric luminosities for the remaining 207 unmatched AGN. We find that these 207

AGN show bolometric luminosities between log(Lbol) = 44.8 - 45.8 erg s−1 with a mean of

45.0. Therefore, the remaining 207 AGN are also very luminous.

Figure 3.2 The bolometric luminosity log(Lbol) vs. black hole mass log(MBH) for the brightest
270/477 of our AGN sample taken from Yue Shen’s catalogue of quasar properties [205], with pro-
jected distributions. Points are colour-coded by Eddington ratios log(λEdd ) as given by the colour
bar at the top.

3.2 Sample Completeness

When searching for neighbours around the central AGN we need to consider the effect of

fibre collisions, which is a known issue with the fibre housing on the SDSS plates. The fibres

on the SDSS plates can have a minimum separation of 55 arcsec from one another due to the

finite size of the fibre housing. Thus, fibre colission may prevent close pairs of celestial objects

with angular separations less than 55 arcsec from being observed spectroscopically on the

same plate. The 55 arcsec angular separation corresponds to 245 kpc at the mean redshift
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of z = 0.3 of our AGN sample, therefore spectroscopic pairs with smaller separations may

potentially be missed. However, some areas of the sky are observed more than once which

makes it possible for some close pairs to be contained in the final spectroscopic catalogue.

Our final sample of pairs contains 74 (out of the total of 477) spectroscopic pairs with a

separation smaller than 245 kpc, which would be expected to have been missed due to fibre

collision.

We check the completeness of our spectroscopic DR7 catalogue by comparing the number

of neighbours found around the 5,571 central AGN to those resulting from the SDSS pho-

tometric redshift catalogue [216]. The photometric catalogue contains photometric redshift

distributions, with photometric redshift measurements and their uncertainties, for 76,998,032

galaxies and quasars. Note that only 10 per cent of the quasars in the DR7 spectroscopic

catalogue are included in the photometric catalogue as well. This is because the photomet-

ric catalogue does not include point sources for which the photometric redshift values are

difficult to determine.

The photometric catalogue contains 12% more neighbours than the spectroscopic one

when allowing all pairs with zph±σzph within our selection cylinder described above, where

zph is the photometric redshift and σzph is the associated error. This indicates that our

DR7 spectroscopic catalogue is rather complete. Note that this photometric redshift range

constraining the search volume is wider than the spectroscopic range. The extra neighbours

resulting from photometry may be real neigbours, but too faint to be included in the spec-

troscopic targeting or missed due to fibre collisions, or they may not be true neighbours, but

only projected interlopers. Regarding the brightness, we remind that spectroscopic target-

ing happens for bright sources as jugded based on the automated algorithm. We evaluate

whether the resulting extra photometric neighbours could be missed from the spectroscopic

catalogue due to their brightness. To do so, we select a random number of 139,532 from
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the photometric catalogue in order to estimate how many of them are targeted for spec-

troscopy. We find that only 10.6 per cent of the 139,532 objects are also spectroscopically

observed. When comparing their mr magnitutes, the objects with spectroscopy show signif-

icanly brighter magnitutes as shown in Fig. 3.3.

Figure 3.3 The mr magnitude distribution of the objects from the photometric catalogue that
have also spectroscopic observations (green) vs. those that have not (blue). The distributions are
normalised as the objects with follow-up spectroscopy are only 10 per cent of the total random sam-
ple of 139,532 objects. The objects that have not been targeted for spectroscopy show significantly
fainter magnitutes compared to those with spectroscopy.

We now want to have an estimation of how many of the extra photometric neighbours

are interlopers. For every neighbour found spectroscopically, we integrate the area below its

photometric redshift probability distribution curve as shown in Fig. 3.4, which provides an

estimation of the probability that the source is indeed a neighbour to the central AGN. The

larger the integrated value under the curve, the bigger the probability that the source is a true

neighbour. For the integration limits, we use the spectroscopic redshift limits implemented

for the search of the spectroscopic pairs, zsp±0.0067, where zsp is the spectroscopic redshift
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of the central AGN in the pair and 0.0067 corresponding to velocity separation of 2,000

km· s−1, which was also used in the initial search of spectroscopic AGN neighbours. We

repeat the integration but now for objects determined as neighbours photometrically using

zph ± σzph . Note that the integration limits remain the same, i.e. zsp ± 0.0067. Regarding

the photometric neighbours, the values we get for the integrated area below their curves

represent the probability of the photometric neighbour having a photometric redshift similar

to the spectroscopic redshift of its central AGN. The bigger the probability (i.e. integrated

area), the more reliable the fact that the particular neighbour is indeed close to the AGN,

rather than a projected interloper. We then compare the distributions of values of the

Figure 3.4 The posterior distribution curve for the photometric redshift of a galaxy. The inte-
gration limits are a1 = zsp − 0.0067 and a2 = zsp + 0.0067, where zsp is the spectroscopic redshift
of the central AGN around which the particular galaxy is found as a neighbour. The area value
resulting from integration is shaded in grey.

integrated area under the photometric redshift probability distribution curves between the

spectroscopic and photometric neighbours (Fig. 3.5a) and conclude that they are consistent

with each other. We repeat the second part of integration for photometric only neighbours

found when allowing the limits for identifying photometric neighbours to be more loose:

zph±2σzph , zph±3σzph , and zph±4σzph each time (Fig. 3.5b, 3.5c, 3.5d respectively). We now

notice that the two distributions start to differ. This indicates that the initial conditions we
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have used for determining spectroscopic neighbours agrees with the photometric neighbour

search when allowing zph ± 1σzph , and thus our spectroscopic sample is complete. The

magnitude check we implemented implied that the extra photometric neighbours are most

likely missed from the spectroscopic catalogue due to their brightness. Although it is not

possible to know what fraction of these extra photometric pairs are true neighbours missing

from the spectroscopic catalogue or interlopers, we must keep this in mind when interpreting

our results.

3.3 AGN hosts-Neighbours with separation

We decompose the spectrum of all 477 AGN using the decomposition technique described

in Chapter 2. Note that there are 21/477 in total AGN neighbours that are active galaxies,

which were identified due to being classified as ‘QSO’ by the SDSS pipeline and confirmed by

inspecting their spectrum (showing the ‘big blue bump’, BLR). These active neighbours are

also decomposed using the 19 spectral components. We also fit the spectrum of all inactive

neighbours by performing MCMC, but instead of using all 19 components, we only use the

7 galaxy components. We check that the MCMC fit of non-active AGN neighbours using

the 7 galaxy templates is successful by checking for good fits. We confirm this is valid by

plotting their MCMC fit against their raw spectrum.

Once we fit the AGN spectra and retrieve their host galaxy spectra, we convert each

AGN host galaxy spectrum in units of erg s−1 Å
−1

by correcting for the normalisation

implemented in the first place to serve the MCMC fit and for luminosity distance. Across

our sample of AGN with neighbours, the host galaxies contribute a mean and standard

deviation of 29.6 ± 19.6 per cent of the flux in the g-band, with a 20-80th percentile range of

11.8-47 per cent. This corresponds to host galaxy absolute g-band magnitudes with a range
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(a) 1σ (b) 2σ

(c) 3σ (d) 4σ

Figure 3.5 The distribution of the area values resulting from the integration under the full
photometric redshift probability distribution curves for spectroscopic and photometric neighbours.
The integrated area values for neighbours found spectroscopically are shown in green, while those
for neighbours found photometrically in blue. For the photometric neighbours search around the
central AGN, we show the integrated area distributions when allowing 1σ (upper left), 2σ (upper
right), 3σ (bottom left) and 4σ (bottom right) error in their photometric redshift. In the 1σ error
case (a), the two distributions (from spectroscopic and photometric neighbours) are very similar,
indicating that searching for a photometric neighbour based on this level of error tolerance (1σ)
of the photometric redshift is quite appropriate. As we increase the tolerance in the error, the
probability values for the photometric neighbours get smaller (blue histogram) and the distribution
is shifted to the left, as expected. The distribution for the spectroscopic neighbours (green) does
not change.

between -23.3 and -17.3 and a mean of -20.1. We measure the g-band absolute magnitude for

each AGN using their host galaxy spectrum after its decomposition. To do so, we measure

the rest-frame g-band magnitude using speclite’s4 “sdss2010-g” filter on the AGN host galaxy

4speclite v0.9dev497 https://speclite.readthedocs.io/en/latest/index.html

https://speclite.readthedocs.io/en/latest/index.html
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spectrum before converting it to absolute magnitude using the distance modulus.

We are interested in comparing the star formation histories between AGN hosts and their

neighbours and assess the effect of the merger. The samples have been selected as spectro-

scopic pairs of AGN - AGN neighbour with the aim of selecting galaxy mergers. However,

there might be cases where the galaxies are only interacting or, if the velocity difference

between the pair is too high, we may be witnessing a ”fly-by” pair. We cannot discriminate

between these cases with certainty. Since we aim to compare the stellar populations be-

tween the host galaxies of AGN to their neighbouring galaxies as a function of separation,

we divide the pairs of AGN -neighbour into eleven bins as a function of projected separation

as follows: 0-50, 50-100 and then 100 to 1000 kpc in bins of 100 kpc. The number of AGN -

neighbour pairs in each projected separation bin is shown in Table 3.1, along with the mean

redshift of AGN within each bin, their mean g-band absolute magnitude and that of their

corresponding neighbours, and the mean flux ratios between AGN-neighbours resulting from

the absolute magnitudes in the previous columns.

We then stack the AGN host galaxy spectra and those of their corresponding neighbours

in each bin of pair projected separation. This leads to a single average spectrum for the AGN

host galaxies and one for the neighbours for every separation bin, i.e. 22 average stacked

spectra in total. The stacked spectra of the AGN hosts for each separation bin, as well as

for their corresponding neighbours are shown in Fig. 3.6 (left and right panel respectively),

offset by an arbitrary amount in flux to allow comparison.
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Separation bin [kpc] Number of pairs z (AGN) Mabs (AGN host) Mabs (Neighbour) < FAGNhost/FNeighbour >
0 - 50 13 0.288 ± 0.063 -20.278 ± 0.688 -19.605 ± 0.799 2.3 ± 1.8

50 - 100 25 0.300 ± 0.064 -20.044 ± 0.962 -19.705 ± 0.612 2.3 ± 2.6
100 - 200 23 0.303 ± 0.052 -19.990 ± 0.573 -19.757 ± 0.688 2.1 ± 2.3
200 - 300 30 0.272 ± 0.058 -19.862 ± 0.752 -20.063 ± 0.387 1.8 ± 2.0
300 - 400 56 0.299 ± 0.062 -20.144 ± 0.964 -20.035 ± 0.587 2.1 ± 4.0
400 - 500 49 0.297 ± 0.060 -20.295 ± 0.759 -20.133 ± 0.597 2.0 ± 3.6
500 - 600 55 0.290 ± 0.055 -20.054 ± 0.705 -20.157 ± 0.512 1.9 ± 3.2
600 - 700 54 0.300 ± 0.057 -20.089 ± 0.889 -20.192 ± 0.546 1.8 ± 3.0
700 - 800 59 0.279 ± 0.052 -19.983 ± 0.577 -20.129 ± 0.419 1.7 ± 2.8
800 - 900 60 0.297 ± 0.060 -20.097 ± 0.891 -20.067 ± 0.633 1.7 ± 2.6
900 - 1000 53 0.304 ± 0.062 -20.212 ± 0.904 -20.175 ± 0.703 1.7 ± 2.7

Table 3.1 Properties of AGN and their corresponding neighbours in each separation bin. First
column is the separation bin, second is the number of pairs of AGN-neighbour within each separation
bin of our study. The third column shows the mean values of redshift for the AGN - neighbour
pairs within each bin. Fourth and fifth columns are the absolute g-band magnitude mean values
for the AGN hosts and their corresponding neighbours. We also show the mean flux ratios between
AGN-neighbours resulting from the absolute magnitudes in the previous columns. The magnitude
estimation for the AGN hosts relies on the decomposition of the active galaxy spectrum (see Section
2.3). The errors represent the standard deviation from the mean values.

Figure 3.6 Comparison of spectra for AGN hosts (left) and their corresponding neighbours (right)
for each separation bin. The stacked spectra are shifted upwards with increasing separation bin, in
order to facilitate a direct comparison. The solid lines correspond to the stacked galaxy spectrum
resulting from the summation of the 7 fitted galaxy components. The underlying pale lines cor-
respond to the stacked residual host galaxy spectrum resulting from the subtraction of the AGN
component from the observed spectrum. This demonstrates that the MCMC fit works very well on
both the AGN and inactive neighbours.
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The AGN host galaxies show ongoing star formation revealed by the strong Balmer

absorption series and the [O II] and Hβ emission lines. The neighbours’ spectra show

typically older stellar populations with stronger Dn (4000) breaks and redder overall shapes.

Strong nebular emission is only visible for neighbours in the closest three separation bins and

the Balmer absorption lines also strengthen at close separation, indicating an enhancement in

star formation with decreasing separation. We do not see a similar variation with separation

for the AGN hosts.

3.4 Stellar population measurements

In order to quantify the differences in the star formation histories between the AGN hosts

and their neighbours in different separation bins, we use common absorption line diagnostics.

More specificaly, we measure the equivalent width of the Hδ absorption line, the strength

of the Dn(4000) break, and the equivalent width of the Hβ emission line. In order to

remove contamination from nebular emission lines, we first fit each stacked spectrum with

stellar population models using the bagpipes spectral fitting package [217]. We then use

the stellar fit and the residual emission to measure the contamination of the emission line

and subtract it from the equivalent width measurements of the HδA absorption line. The

residual emission resulting from the stellar fit is used to measure the equivalent width of the

Hβ emission line. Star-forming galaxies have stronger HδA, weaker Dn(4000) and stronger

Hβ emission lines than non star-forming galaxies. Galaxies that have recently and abruptly

halted their star formation have unusually strong HδA for their Dn(4000) break strength,

and weak Hβ emission.

We assume an exponentially decaying star formation history with superimposed starburst

of less than 3 Gyr old. The starburst is optional and we include it to allow flexibility to
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the bagpipes spectral fitting package to fit a starburst or post-starburst stellar population,

should it be required. We also assume a Charlot & Fall (2000) [218] dust attenuation law with

twice as much attenuation in the V -band for stars younger than 107 years, and additionally

fit for the velocity dispersion of the spectra. We mask the strong emission lines of [O II], Hδ,

Hγ, Hβ, and [O III] before performing the fit and bin the spectrum by 3 pixels, corresponding

to 1.9 Å, in order to speed up the process. This is possible as it is below the spectral

resolution. As the stacked spectra have very low statistical errors, we assume an error of

5 per cent of the median flux across the whole spectrum to allow the fit to find an acceptable

solution. We extract the posterior median spectrum on the parameters and use this as the

best representation of the stellar continuum. The exact details of the assumptions made in

the spectral fitting have no effect on our results as we are only interested in obtaining a good

fit to the stellar continua of the observed spectra. In Fig. 3.7 and 3.8 we show examples of

the stellar fit on a stacked spectrum of the AGN hosts and on a stacked spectrum of AGN

neighbours respectively, as well as the residual nebular emission.
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Figure 3.7 Example of a stellar fit on the stacked AGN hosts spectrum using bagpipes (red line)
and the corresponding residual representing the nebular emission in the hosts (black line).
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Figure 3.8 Example of a stellar fit on the stacked AGN neighbours spectrum using bagpipes (red
line) and the corresponding residual representing the nebular emission in the hosts (black line).

For all 22 stacked spectra we measure the equivalent width of the Hδ (Balmer) absorption

line using the HδA spectral index [219]. We subtract off the emission line flux measured from

the residual spectra in order to remove its contamination on the absorption line.

Fig. 3.9 shows the Hδ absorption line strength for the stacked AGN hosts and their

neighbours as a function of separation. For the neighbours we see a clear decrease in strength

of HδA with increasing separation out to 200 kpc, corresponding to an increase in age in the

stellar populations. Beyond 200 kpc there is no change for the neighbours. No variation

is observed for the AGN hosts. For each separation bin we calculate bootstrap errors by

re-stacking and remeasuring the line indices.
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Figure 3.9 The HδA absorption line for central AGN (black) and neighbours (red) as a function
of projected separation. Error bars are bootstrapped standard deviations.

In addition to HδA, we measure the strength of the 4000Å or Balmer break using the

Dn(4000) spectral index [220] following [221]. Fig. 3.10 shows Dn(4000) break vs. HδA for

galaxies in SDSS DR7 with redshift range of z = 0.2 - 0.4 as our AGN sample and S/N> 7.3

(the median of the AGN sample), with measurements taken from the MPA-JHU value added

catalogue [203]. This plot reveals a main locus formed by the circular markers that represent

measurements of galaxies with a continuous star formation history colour-coded for star

formation rate. Specific star formation rates are high at the upper left of the locus and

decrease as the locus extends to the right bottom. Therefore, highly star forming galaxies
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appear at the upper left part while quiescent galaxies appear at the lower right part of the

locus, with green valley galaxies in between. Sources that appear above the main locus

have had a bursty star formation history. As a galaxy undergoes a starburst, its track (gray

shaded area) starts at the middle left area of the plot. As the starburst carries on, it rises

above the main sequence of galaxies appearing at the upper left corner before droping down

where it joins the main track of continously star forming galaxies.

In Fig. 3.11 we show Dn(4000) break vs. HδA for the 22 stacked spectra of the AGN hosts

and their neighbours. The AGN host galaxies show uniformly young stellar populations and

high specific star formation rates, with weak Dn(4000) and strong HδA. We see that they

lie slightly above the main star forming sequence, close to the starburst tracks. This could

indicate a recent rapid shut-down in their star formation, leading to an enhancement in A/F

star fraction, and stronger Balmer absorption lines. The neighbours at separations beyond

200 kpc are located in the quiescent region of the diagram at the lower right corner, indicating

uniformly old stellar populations. The neighbours at separations between 50 and 200 kpc

lie between the star-forming and quiescent population, in the green-valley. The neighbours

in the closest separation bin show similar stellar populations to the AGN hosts. For each

separation bin we calculate bootstrap errors by re-stacking and remeasuring the line indices.

The extent in pair separation of the enhancement in star formation in the neighbours’ stacked

spectra corresponding up to the third bin (i.e. 0-200 kpc) agrees with [222]. They find the

extent of star formation enhancement in SDSS galaxy pairs out to projected separations of

∼ 150 kpc, beyond which there is no net enhancement, with the strongest enhancements

below 20 kpc.
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Bursty Star Formation History

Increased sSFR

Figure 3.10 Dn(4000) vs. HδA, colour-coded for star formation rate, for DR7 galaxies with
0.2 < z < 0.4 and median S/N> 7.3 taken from the MPA-JHU value added catalogue [203]. The
measurements form a main locus representing continuous star formation histories. The shaded gray
lines represent tracks of galaxies undergoing a starburst. As the starburst occurs, the track starts
from the middle left part of the plot, then reaches the upper left corner followed by a dropping
down until it reaches the main sequence of galaxies. High specific star formation rates of galaxies
correspond to the upper left part of the locus, decreasing from there as it extends down to the lower
right corner.
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Figure 3.11 Dn(4000) vs. HδA for central AGN (circles) and their corresponding neighbours
(stars), colour coded by separation bin. The grey markers show Dn(4000) vs. HδA measurements
for DR7 galaxies with 0.2 < z < 0.4 and median S/N> 7.3. Error bars are bootstrapped standard
deviations.

As the AGN hosts show indications of starbursts and a rapid shut-down in their star

formation, we now use a diagnostic for post-starburst stellar populations in order to evaluate

further this star formation shut-down. Thus, we measure the equivalent width of Hβ emission

line from the residual spectra following subtraction of the underlying stellar absorption on

the 22 stacked spectra. In Fig. 3.12 we plot HδA vs. Hβem equivalent widths for our stacked

AGN hosts and neighbours following [223]. [223] introduces this plot (equivalent widths of HδA

absorption vs. Hα emission line) as a diagnostic to determine post-starburst galaxies that
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have experienced starbursts within the last 1 Gyr and quenched suddenly later, and are

believed to be dominated by A-type stars. [223] determined post-starburst galaxies using a

cut of 3Å in Hαem emission line equivalent width. We use Hβem equivalent width rather

than the more conventional Hαem which is beyond the wavelength range of our spectra, and

thus convert the Hαem cut into the equivalent for Hβem. To do so, we used typical values

of line flux between Hαem and Hβem for galaxies in the MPA-JHU value added catalogue.

Note that dust attenuation affects Hβem stronger than HδA, which we investigate further in

the next Section.

Again, we overplot in grey galaxies selected from SDSS DR7 as for Fig. 3.11, where

we see a broad correlation between the Hβ emission and Hδ absorption equivalent widths,

with a spur of objects with negligible emission and strong HδA. The red lines indicate

the boundaries used to identify post-starburst galaxies by Goto (2007) [223], where we have

converted their equivalent width cut on Hα of 3Å to an equivalent width for Hβ of 0.75Å

based on typical values in the MPA-JHU value added catalogue, as explained earlier. We

see that the AGN host galaxies lie below or to the right of the main star forming locus,

with slightly higher HδA and/or lower Hβem equivalent width values. This again suggests

that the AGN hosts may have experienced a recent shut down in star formation, although

they are not clear post-starburst galaxies. Alternatively, the Hβ emission line may have

been attenuated by dust resulting into weak Hβ emission, though we evaluate this scenario

in detail later. The neighbours in the closest separation bin also appear close to where the

post-starburst galaxies lie. The neighbours at all other separation bins appear to sit on

the main locus close to the quiescent galaxies as expected from their position in Fig. 3.11.

Again, for each separation bin we calculate bootstrap errors by re-stacking and remeasuring

the line indices.
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Figure 3.12 The equivalent width of HδA absorption line vs. the Hβem emission line for central
AGN (circles) and neighbours (stars) colour coded by projected separation. Symbols are the same
as in Fig. 3.11, with the red lines showing the cuts used to identify post-starburst galaxies by [223].
The equivalent width of Hβem emission is plotted as positive in emission.

3.4.1 Dust attenuation in AGN vs Neighbours

The AGN hosts, as well as their neighbours at the closest separation bin, show indications

of a shut-down in their star formation history on the HδA - Dn(4000) map as they appear

elevated from the main star forming locus. This is an interesting position at the parameter

space indicating that they could be post-starburst galaxies. If those AGN hosts showed

indeed a post-starburst stellar population, this would support further the concept of AGN

activity linking to and following a starburst event. The Hβem is also very weak in AGN
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hosts, as well as the neighbours at the closest bin, placing them close to the position of post-

starburst galaxies on the HδA absorption line vs. the Hβem emission line plot. However,

higher dust attenuation in the AGN hosts can be responsible for weakening Hβem and

strengthening Dn(4000).

In order to test whether the AGN hosts have higher dust attenuations, we compare the

distributions of Balmer decrement between the AGN hosts and their neighbours as shown in

3.13. For the AGN hosts, we calculate the Balmer decrement values from the luminosities

of only the narrow component of the Hα and Hβ emission lines available for the 270/477

AGN in the Shen catalogue, restricting the sample further to only the 55 AGN with S/N>

3 in both lines. The Shen catalogue includes measurements of narrow emission lines as the

line fitting is implemented using a broad and narrow component. We are not interested

in the broad component because it is only associated to the AGN. We focus on the narrow

component of the emission lines instead, which is also associated to the AGN but on the host

galaxy as well, and thus provides information of the dust content within the host galaxy.

For the neighbours, we use the corresponding measurements of Hα and Hβ emission lines

flux from the MPA-JHU DR7 catalogue, taking only lines with a S/N> 3 which results

in 48/477 objects as the majority of these objects are quiescent galaxies. Galaxies from

MPA-JHU represented with cross markers in Figs. 3.11 and 3.12 have a mean and standard

deviation Hα to Hβ flux ratio of 4.4 ± 0.9. For the AGN and neighbours we obtain 4.1

± 1.5 and 4.4 ± 1.6 respectively (see Fig. 3.13) indicating no significant enhancement in

dust content for this subset of galaxies. We need to highlight that we apply the S/N cut

of 3 on both Hα and Hβ emission lines for AGN and neighbours so that we have reliable

measurements of the Balmer decrement. However, we acknowledge that since Hβ is fainter

than Hα and potentially more attenuated by large amounts of dust, our check is potentially

biased against dusty sources. We also recognise that the number of sources is significantly
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reduced when the S/N cut is applied. On the other hand, we obtain similar results when we

apply different S/N cuts on the lines. We additionally note that the stacked spectra do not

appear excessively reddened (see left panel of Fig. 3.6), and the spectral fits do not identify

unusually high dust contents, therefore we conclude that there is no evidence for additional

dust attenuation in the AGN which might cause a decrease in Hβ and increase in Dn(4000)

compared to normal star-forming galaxies. Instead, we conclude our results imply that the

AGN hosts have experienced a recent and rapid, although not yet total, shut down in their

star formation.
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Figure 3.13 Distributions of Hα to Hβ emission line flux ratios between the small subsets of
AGN (red) and their neighbours (blue) that show S/N>3 in both lines.
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3.5 AGN luminosity with separation

We now shift our focus from the AGN hosts and the effect of galaxy mergers on their star

formation history, to the AGN component. We aim to assess the effect of the proximity

of the pairs on the central black hole growth to gain an insight into whether the AGN

activity in our sample is governed by the potential pair interaction. If the mergers drive

the AGN activity in our sample, we expect that the AGN component shows a trend with

pair separation, such as a change in luminosity and/or shape of the spectrum, i.e. increased

flux or width/strength of emission lines with decreasing separation. However, due to the

short timescale AGN flickering, the trend might not be as clear. Though, considering that

there are several AGN sources within each pair separation bin, we expect an overal trend

between merger stage (i.e. pair separation bin) and AGN properties (i.e. luminosity and/or

Eddington ratio) in a statistical sense.

We stack the AGN component spectrum, i.e. the pure AGN emission, for all AGN within

each separation bin. In the upper left panel of Fig. 3.14 we overplot the stacked spectra

normalised to the mean value of the flux between 4450-4700 Å after stacking. The shapes of

the spectra are very similar, showing no clear trend with separation, indicating that the pair

interaction has no effect on the AGN activity. We also measure the integrated luminosity of

the AGN component spectrum at the blue part between 3580 - 3690 Å for each separation,

which does not show a trend with pair separation (upper right panel in Fig. 3.14). This

again indicates that the pair interaction has no effect on the AGN luminosity.

We compute the mean logarithmic bolometric luminosity, black hole mass and Eddington

ratios of the AGN within each separation bin to assess whether any of these properties show

a trend with pair separation. Note that we have access to the values of the above properties

for only 270/477 of our AGN sample as 207 of them are not included in the Shen catalogue.

We confirm that the mean logarithmic bolometric luminosity, black hole mass and Eddington
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ratios show no evolution with pair separation (mean Eddington ratio and black hole mass

shown in lower panels of Fig. 3.14).

We additionally confirm the lack of correlation using a Pearson test, with a correlation

coefficient of r2 = -0.009, 0.01 and -0.04, and p-value = 0.14, 0.84 and 0.51 respectively for

the three properties mentioned. When including measurements of bolometric luminosities

for the 207 AGN not included in the Shen catalogue, but measured as described in Section

3.1, the Pearson test between luminosity and pair separation gives r2 = 0.12 and p-value

= 0.005. This test reveals a weak positive correlation between the bolometric luminosity of

the whole AGN sample with separation but significant (p-value = 0.005). For this reason,

Fig. 3.15 shows the bolometric luminosities of all 477 AGN with separation in order to

evaluate this weak, but significant correlation. From this plot, it is not obvious that the

bolometric luminosities of the AGN increase with increasing separation, which is what the

Pearson test reveals. In addition, the upper right panel of Fig. 3.14 that shows the mean

integrated luminosity of the AGN component at the blue part (between 3580 - 3690 Å)

of the spectrum does not support the result from the Pearson test. Thus, the correlation

between the bolometric luminosity of the whole AGN sample with separation might be

significant, but very weak indeed. The Pearson test between absolute g-band magnitude of

the decomposed AGN component and pair separation reveals no correlation either, with r2

= -0.11 and p-value = 0.012. Therefore, we do not have any evidence that the AGN activity

in our sample varies with distance to a neighbouring galaxy.

3.6 AGN with multiple neighbours

Among the 477 pairs of AGN-neighbour, there are 60 AGN that have more than one neigh-

bours within the neighbour search volume. In our analysis, we have kept all pairs, even if
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Figure 3.14 Evolution of black hole properties with separation. Upper left : Stacked spectra
of the decomposed pure AGN emission component of all AGN within each separation bin as a
function of separation. The stacked spectra are normalised to the mean value of the flux between
4450-4700 Å after stacking; their shapes do not show an evolution with separation. Upper right :
The integrated luminosity of the AGN component spectrum between 3580 - 3690 Å (bottom right)
shows no evolution. The errors here result from bootstrapping and re-stacking the AGN component
spectrum of all AGN within the separation bin. Lower left : The mean logarithmic Eddington ratios,
and lower right : black hole mass as a function of pair separation for the 270/477 AGN sample
from [205]. The errors are standard error of the mean and reveal the large variance of objects within
each separation bin. There is no evolution for the two properties with pair separation.
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Figure 3.15 Individual measurements of bolometric luminosity of all 477 AGN (black cross mark-
ers) against pair separation. The measurements for 270/477 AGN are taken from [205], while the
measurements for those AGN missing from [205] result as described in Section 3.1. The red circular
markers represent the median value of the bolometric luminosities of all AGN within each separa-
tion bin. The bolometric luminosities of the AGN do not show a clear positive correlation with pair
separation; thus, the correlation is statistically significant but very weak.
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an AGN has multiple neighbours at different separations. Thus, such an AGN appears in

the sample more than once at different separation bins (e.g. an AGN has one neighbour at

100 kpc and another at 600 kpc projected separation). We now want to check if removing

pairs consisting of AGN with multiple neighbours changes our results. Thus, we now keep

only pairs of AGN - closest neighbour when the particular AGN has multiple neighbours.

In the left panel of Fig. 3.16 we show the stacked AGN hosts spectra for each separation

bin when we had kept all pairs (underlying pale line) vs. now excluding the pairs with more

distant neighbours (solid line). The spectra are shifted upwards by an arbitary amount in

flux to allow comparison, similar to Fig. 3.6. We repeat for the stacked spectra of the AGN

neighbours for each separation bin and show in the right panel of Fig. 3.16 . In both right

and left panels, the underlying pale lines differ very slightly from the solid lines indicating

that our initial results are still valid, regardless of excluding or not the pairs of AGN - more

distant neighbour, in the case of the 60 AGN that have multiple neighbours.

Just to confirm further, we compare Dn(4000) vs. HδA for the reduced sample when

excluding pairs of AGN - more distant neighbour to the initial one when keeping all pairs.

The AGN hosts and the corresponding neighbours are very close to their initial positions

when we keep the full sample of the 477 AGN - neighbour pairs. Differences are minimal

and within uncertainties.

3.7 AGN - AGN pairs

Within the sample of 477 pairs of AGN - neighbour, there are 21 neighbours that are also

AGN. Therefore, there are 21 pairs of dual AGN. The number of the active neighbours within

each pair separation bin is shown in Table 3.2. These active neighbours are decomposed using

all 19 spectral components, same as the central AGN. We now want to check whether the fact
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Figure 3.16 Left : Comparison of the stacked AGN hosts spectra when keeping all pairs of AGN
- neighbour (underlying pale line) vs. excluding the pair of AGN - more distant neighbour (solid
line). Right : Comparison of the stacked AGN neighbours spectra when keeping all pairs of AGN
- neighbour (underlying pale line) vs. excluding the pair of AGN - more distant neighbour (solid
line).The spectra differ very slightly, the differences are hard to see, indicating that our results hold
regardless.

that there are some AGN among the neighbours affects our results in terms of having some

potential AGN contamination from the active neighbours on the neighbours spectra. This

could happen, for example, in the case of the MCMC fit being ineffective in distinguishing

AGN from star formation. In Fig. 3.17 we show the stacked neighbours spectra for each

separation bin when we had kept all pairs-including AGN-AGN pairs (underlying pale line)

vs. now excluding the AGN-AGN pairs (solid line). The spectra are shifted upwards by an

arbitary amount in flux to allow comparison, similarly to Fig. 3.6. Differences are very small

indicating that the 21 active neighbours in the sample do not insert an AGN contamination

that affects our initial results.
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Separation bin [kpc] Number of dual AGN out of total pairs %
0 - 50 0/13 0.0

50 - 100 1/25 4.0
100 - 200 0/23 0.0
200 - 300 0/30 0.0
300 - 400 2/56 3.6
400 - 500 3/49 6.1
500 - 600 4/55 7.2
600 - 700 4/54 7.4
700 - 800 1/59 1.7
800 - 900 3/60 5.0
900 - 1000 3/53 5.7

Table 3.2 Number of dual AGN (active neighbours) in each separation bin. Most dual AGN
appear to have projected separations larger than 300 kpc.
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Figure 3.17 Stacked spectra of neighbours with pair separation when we had kept all pairs-
including dual AGN pairs (underlying pale lines) vs. when excluding potential AGN contamination
(i.e. excluding the 21 active neighbours, solid lines). Differences are very small.
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3.8 Control sample of inactive galaxies in pairs

We now want to determine why the AGN neighbours show differences in their stellar popula-

tions and star formation histories depending on separation and why AGN hosts do not show

an evolution in star formation with separation. For this reason we select a control sample

of galaxy pairs, with galaxies without AGN (“non-AGN hosts”) selected to have similar

stellar populations to our AGN hosts. We want to have inactive galaxies with similar star

formation properties to the AGN hosts and investigate the star formation history of their

neighbours, similarly to the initial AGN - neighbours sample. We then search for non-AGN

host neighbours at the same separations.

To select the control sample of non-AGN hosts we select galaxies (both targettype and

spectrotype set as ‘GALAXY’) from the MPA-JHU DR7 database that match the AGN

hosts in Dn(4000), HδA, synthetic absolute g-band magnitude (‘kcorr mag’ synthetic g-band

magnitude in rest-frame and dereddened on MPA-JHU DR7 database), and redshift for the

pair separation bins shown in Table 3.3. For calculating the absolute g-band magnitude of

each AGN host, we use the synthetic fibre magnitude of the AGN and fractional contribution

of the host galaxy spectrum resulting from the MFICA decomposition. However, note that

the AGN host’s synthetic fibre magnitude is not in rest-frame, as opposed to the non-

AGN hosts in the MPA-JHU DR7 database. So we need to take this into account when

constructing the absolute g-band magnitude distributions of the AGN hosts and convert

them in rest-frame for each separation bin. To calculate absolute magnitudes of the AGN

hosts in rest-frame, we use the decomposed AGN host galaxy spectrum and measure its

k-corrected, synthetic g-band absolute magnitude using speclite. This process includes a

k-correction as speclite uses a whole SED template in order to fit the shape of the galaxy

spectrum against it. We then confirm that the AGN hosts show similar absolute magnitude

distributions in rest- and observed-frame. We set the ranges of Dn(4000) and HδA to lie
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within the range given by the 1σ bootstrap uncertainties for the AGN hosts in the particular

separation bin. The redshift range is 0.15 - 0.45, as a narrower range of 0.2 - 0.4 similar

to our AGN sample results in fewer non-AGN hosts and non-AGN host neighbours. The

absolute g-band magnitude range is restricted to the maximum and minimum value of the

corresponding distribution for the AGN hosts. We are not able to construct a sample of

control galaxies with an identical distribution of redshift and g-band magnitude as we are

very restricted in the number of galaxies with these stellar populations at these redshifts.

We then search for spectroscopic neighbours around the non-AGN hosts of each separation

bin constraining the projected separation to be within the bin limits and velocity separation

up to 2,000 km s−1. The number of pairs of non-AGN host - neighbour, which are the

control pairs of the study, is shown in Table 3.3.

Separation bin [kpc] Number of control pairs
0 - 50 13

50 - 100 30
100 - 200 24
300 - 400 213
600 - 700 52
900 - 1000 184

Table 3.3 Number of pairs of non-AGN host - neighbour for each separation bin.

3.9 Star formation in control sample

We are then interested in determining the positions of the non-AGN neighbours on the

Dn(4000) - HδA plot, as well as the HδA - Hβem plot, and compare them to the AGN

neighbours. For this reason, we stack the spectra of all non-AGN neighbours within each

separation bin and measure the spectral indices as for the AGN - neighbours sample.

Left panel of Fig. 3.18 shows the mean values of HδA and Dn(4000) for the non-AGN
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hosts (circles) and non-AGN neighbours (stars) as a function of separation. For the non-

AGN hosts the values and errors are taken from the MPA-JHU DR7 catalogue and the error

bars show the standard error of the mean. For the non-AGN neighbours the spectral indices

are measured after stacking the non-AGN neighbours’ spectra, as for our AGN sample, and

the errors show bootstrap errors which better represent the variance in the dataset. By

construction the non-AGN hosts lie in the same place as the AGN-hosts in Fig. 3.11. We

see that the non-AGN neighbours have an average stellar population placing them in the

green valley, as they appear between quiescent and highly star forming galaxies on the main

locus. We check the individual Dn(4000) - HδA measurements to confirm that this is caused

by the stacking of galaxy spectra with a wide range of star formation histories, rather than

that the neighbouring galaxies themselves are all green-valley galaxies. Individual non-AGN

neighbours show a large variance in their Dn(4000) - HδA positions, but their average stacked

spectrum places them on the green valley.

Right panel of Fig. 3.18 shows the corresponding plot of HδA - Hβem. The non-AGN

neighbours in the closest separation bin (purple star marker) do not show similar properties

to their non-AGN hosts, as is the cases for the closest pairs in the AGN sample (Fig. 3.12).

The closest non-AGN neighbours have significantly suppressed star formation (right panel

in Fig. 3.18) compared to the closest AGN-neighbours (Fig. 3.12). For separations larger

than 200 kpc the non-AGN neighbours are more star forming on average than the AGN

neighbours since they have slightly smaller Dn(4000), larger HδA and larger Hβem.
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Figure 3.18 Left : The mean HδA absorption line vs. Dn(4000) values for non-AGN hosts (circles)
and non-AGN neighbours (star). The non-AGN hosts are selected to lie at the same position as
the AGN hosts on this diagram, as well as to to have g-band absolute magnitude and redshift in
a similar range. The grey markers represent galaxies in the MPA-JHU DR7 release. Right : HδA -
Hβem equivalent widths for the non-AGN hosts and non-AGN neighbours.

3.10 Mass comparison between AGN and non-AGN sam-

ples

We now assess how the stellar mass might affect the differences seen in star formation

histories between AGN neighbours and non-AGN neighbours. From our analysis, we see

that the AGN hosts show a recent shut down in star formation, though their star formation

is not halted completely. The AGN neighbours at separations larger than 200 kpc are

quiescent galaxies, but for smaller separations they reveal indications of enhancement in

star formation with decreasing separation. In addition, the AGN neighbours at the closest

separation bin show similar star formation history to that of the corresponding AGN hosts,

with a recent shut down in star formation as well. The non-AGN hosts were selected to

match the AGN hosts in their position on the Dn(4000) - HδA plot (i.e. similar star formation

history), absolute magnitude, and redshift. Nonetheless, the non-AGN neighbours do not
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show the same star formation as the AGN neighbours; they show average values of Dn(4000)

- HδA placing them in the green valley. They also show higher specific star formation

rates compared to the AGN neighbours at large (> 200 kpc) separations. In addition,

the non-AGN neighbours do not show an enhancement in star formation with decreasing

separation similar to the AGN neighbours. Especially, the non-AGN neighbours at the

closest separation bin do not show a shut down in star formation, like the AGN neighbours

do. Thus, despite the fact that AGN and non-AGN hosts are matched to show similar star

formation history, the AGN and non-AGN neighbours show significant differences in their

star formation history. We evaluate whether such differences are driven by differences in their

stellar mass. Galaxies with smaller stellar mass are expected to be more star forming [224].

To do so, in Fig. 3.19 we plot the distribution of stellar masses for the AGN neighbours,

non-AGN hosts and their non-AGN neighbours within the different separation bins. The

stellar masses measurements are taken from MPA-JHU database. We do not know the stel-

lar masses of the AGN hosts as the MPA-JHU analysis does not include broad-line AGN.

However, the distribution of stellar mass for the AGN hosts should be similar to that of the

non-AGN hosts, as the latter are chosen to match the AGN hosts in star formation history

and absolute magnitude. We see that at separations larger than 100 kpc, the AGN neigh-

bours are about half an order of magnitude more massive than the non-AGN neighbours.

However, at smaller separations the AGN hosts have a substantial population of low mass

neighbours that are not present in the control sample.

It is surprising that the non-AGN neighbours do not show a clear enhancement in star

formation with decreasing separation, like the AGN neighbours do. However, the AGN

neighbours at separations below 200 kpc are significantly less massive on average than the

non-AGN neighbours. As separation increases the stellar masses of the AGN-neighbours

increase significantly. Thus, it is clear that the differences in star formation history seen
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Figure 3.19 The distribution of stellar masses for AGN neighbours (pur-
ple dashed), non-AGN hosts (green dotted) and non-AGN neighbours (yel-
low) in different separation bins. The distributions result from a kernel
density estimation where the smoothing bandwidth is set to 0.05.
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between AGN and non-AGN neighbours are driven by differences in their stellar mass distru-

butions. It is possible that higher gas fractions in the lower mass AGN neighbours at small

separations drive the apparent enhancement in star formation [183]. At larger separations,

the AGN neighbours are more massive galaxies and show quiescent stellar populations, com-

pared to the non-AGN neighbours, which show a wide range of stellar populations leading

to an average population that lies in the green valley.

To summarise, the non-AGN hosts show neighbours that are about twice as massive

(about 0.3 dex difference) compared to those around our AGN at separations below 100

kpc. These less massive AGN neighbours are more star forming than the non-AGN neigh-

bours, which is not surprising since galaxies with low stellar mass show relatively higher

star formation activity than more massive ones. At separations beyond ∼ 200 kpc, AGN

neighbours are massive, quiescent galaxies, whereas non-AGN neighbours are ∼3 times less

massive (a difference of about 0.5 dex) showing on average higher specific star formation

rates. These results suggest an environmental difference between the initial AGN - AGN

neighbour sample and the control sample of non-AGN hosts and their neighbours. Indeed,

more massive and older galaxies are found in denser environments than younger and less

massive ones [225].

3.11 Effect of spectroscopic targeting on star formation

histories

Considering the stronger star formation and lower stellar mass of AGN neighbours at

the closest separation bin compared to non-AGN neighbours, we now check for a po-

tential bias introduced into our work due to the spectroscopic selection driven by the

SDSS targeting algorithm. SDSS selects sources for follow-up spectroscopic observations
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based on their targeting flag resulting from the automated targeting algorithm as de-

scribed in detail in Chapter 2. Extended sources are mainly flagged as normal galax-

ies: ‘GALAXY’, intrinsically red galaxies: ‘GALAXY RED’, mainly blue quasars/AGN:

‘QSO CAP’ - ‘QSO SKIRT’, quasars/AGN matched positionally to radio sources in the

FIRST survey: ‘QSO FIRST CAP’ - ‘QSO FIRST SKIRT’ , and bright stars, galaxies and

quasars/AGN matched positionally to X-ray sources in the ROSAT survey: ‘ROSAT A,

B, C, or D’. We check the targeting flags of our AGN, AGN neighbours, non-AGN hosts

and non-AGN neighbours as they may reveal the purpose of their spectroscoping targeting

selection, and therefore, information on their properties (e.g. stellar mass, which is impor-

tant for our study of the stellar populations). Note also that there are different magnitude

cuts for the different samples (e.g. r-band magnitude cut of 17.77 for galaxies vs. 19.1 for

quasars, and 20.5 for ROSAT targets). We find an increasing fraction of galaxies targeted as

red galaxies with increasing separation for the AGN neighbours.The non-AGN hosts do not

show any pattern or excess in targeting that would indicate a selection bias and the majority

of them are targeted as normal galaxies. Therefore, we focus on the AGN neighbours to

investigate further how their targeting is potentially reflected in our results.

Fig. 3.20 shows the targeting flags for the AGN neighbours at different separation bins.

For small separations up to 100 kpc, the largest fraction of AGN neighbours are targeted

as ‘ROSAT D’ [197]. ROSAT D are objects that are likely optical counterparts to X-ray

sources that have been matched from the ROSAT All-Sky Survey [226]. The optical SDSS

counterparts may appear at projected distances of between 10-20 arcsec (i.e. the error circles

of the ROSAT All-Sky Survey) from the central matched X-ray sources and are bright enough

for SDSS spectroscopy (mi < 20.5). As mentioned earlier, beyond 200 kpc, the majority of

AGN neighbours are targeted as red galaxies, i.e. ‘GALAXY RED’ [194]. These are luminous

intrinsically red galaxies selected on the basis of colour and magnitude to be fainter than



3.11 Effect of spectroscopic targeting on star formation histories 108

the main SDSS galaxy sample with a cut in r-band magnitude at 19.2 for z < 0.4 and 19.5

for z > 0.4.
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Figure 3.20 Spectroscopic targeting flags for AGN neighbours. We present the fraction of galax-
ies within each separation bin being targeted as a particular type. Dominant targeting flag is
‘ROSAT D’ for AGN neighbours up to separations 100 kpc, where between 100-200 kpc the major-
ity of AGN neighbours are targeted either as ‘ROSAT D’ or ‘GALAXY RED’. Beyond 200 kpc, it
becomes clear that AGN neighbours are targeted as red galaxies.

The projected distances of 10-20 arcsec of counterparts around X-ray sources from

ROSAT correspond to 33 - 110 kpc in physical scale for the redshift range z = 0.2 - 0.4

of the main AGN sample in our study. At these projected distances, we see that our AGN

neighbours show the strong enhancement in star formation and are significanty less massive

than AGN neighbours at larger separations. The targeting of sources (i.e. AGN neighbours)
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Figure 3.20 continued
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within 10-20 arcsec around X-ray sources (i.e. our central AGN) may indicate that the AGN

neighbours that are flagged as ‘ROSAT D’ arise only because the central AGN happen to be

X-ray sources in the ROSAT survey. This means that these AGN neighbours might not have

been targeted for spectroscopy otherwise (e.g. if they do not fulfill other criteria in target-

ing selection, e.g. brighness). Thus, similar galaxies at larger separations from the central

AGN, or around the control non-AGN hosts, may not have been targeted for spectroscopy

(e.g. due to different r-band magnitude cut-off at 17.77 for galaxies vs. 20.5 for ROSAT

counterparts). Thus, ‘ROSAT D’ targeting favours detection of galaxies up to about 100

kpc from central X-ray source. This potentially introduces a bias into our AGN sample and

does not allow a direct comparison to the control sample.

We evaluate the effect of the AGN neighbours being spectroscopically targeted due to

‘ROSAT D’ flags on their corresponding star formation histories. We assess the ROSAT

targeting impact by dividing the AGN neighbours within each of the first three pair sep-

arations (∼ 200 kpc, where we see the enhancement in specific star formation rate) into

those targeted as ‘ROSAT D’ vs. else, (i.e. meaning all other targeting flags). We then

stack the AGN neighbours spectra that are flagged as ‘ROSAT D’ and those as anything

else within each of the first three closest separation bins. Fig. 3.21 shows Dn(4000) - HδA

for the resulting stacked spectra placed on the existing Dn(4000) - HδA plot of Fig. 3.6 (for

separation bins of 0-50, 50-100, and 100-200 kpc respectively). Red cross markers indicate

AGN neighbours flagged as anything else but ROSAT, while the green cross markers those

flagged as ROSAT. The extent of the cross marker indicates bootstrap errors within each

sub-sample of ROSAT/else targeted AGN neighbours.

At all three separation bins, as shown in Fig. 3.21, the AGN neighbours that are targeted

as ROSAT (green cross marker) end up higher on the Dn(4000) - HδA plot indicating higher

specific star formation rates than those flagged as anything else (red cross marker). Thus, the
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0-50 kpc 50-100 kpc

100-200 kpc

Figure 3.21 Dn(4000) - HδA plot of Fig. 3.6 with measurement of Dn(4000) - HδA for ‘ROSAT D’
targeted AGN neighbours (green cross marker) and those targeted as anything else (red cross
marker) at the separation bins of 0-50 (top left), 50-100 (top right), and 100-200 (bottom left) kpc.
The extend of the cross markers corresponds to bootstrap errors from stacking of objects within
the two sub-samples of AGN neighbours revealing the variance of sources within the sub-samples.
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spectroscopic targeting of AGN neighbours at close separations due to ROSAT flags seems

to favour the selection of neighbours around our AGN with particular properties driving the

observed enhancement in star formation. Such properties may be the magnitude or mass,

as the SDSS spectroscopic targeting algorithms rely strongly on magnitude criteria.

In order to investigate whether the increased specific star formation rates seen in ROSAT

targeted AGN neighbours compared to ‘else’ targeted AGN neighbours occurs due to a

difference in magnitude, we select all objects from SDSS that are targeted as ‘GALAXY’ and

those as ‘ROSAT D’ for the redshift range z = 0.2-0.4. In Fig. 3.22 we plot the normalised

distributions of the apparent g-band magnitute for objects targeted as ‘GALAXY’ and

‘ROSAT D’. ‘ROSAT D’ flagged sources at redshift 0.2-0.4 show a broader distribution of

magnitudes than the sources flagged as ‘GALAXY’, extending to fainter sources. We repeat

the check for the AGN neighbours targeted as ‘ROSAT D’ vs. any other targeting flag for the

three smaller separation bins where we see the excess of enhanced star formation. Indeed, the

AGN neighbours at small separations up to 100 - 200 kpc that are flagged as ‘ROSAT D’ are

fainter than those flagged as anything else (e.g. ‘GALAXY’, ‘GALAXY RED’), showing a

mean in g-band magnitude of 20.4 vs 19.4. Therefore, we conclude that at small separations,

the spectroscopic targeting algorithm around ROSAT X-ray sources (i.e. central AGN) leads

to the selection of much fainter galaxies than are not normally picked-up by the algorithm

around non ROSAT sources (e.g. control non-AGN hosts).
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Figure 3.22 Apparent g-band magnitude distributions for all SDSS galaxies targeted as
‘ROSAT D’ (black dashed bars) vs. ‘GALAXY’ population at redshift range z=0.2-0.4.

In order to evaluate how the prevalence of selecting faint close AGN neighbours affects

their observed specific star formation rates, we divide the AGN neighbours within each

separation bin for the first three bins into ‘faint’ and ‘bright’ neighbours. We do so only for

the first three separation bins as these are the bins where the enhancement in star formation

is observed. The division into bright vs. faint is based on apparent g-band magnitude

of 19.78 for the first two separation bins, and 20.2 for the third separation. These values

correspond to the faintest apparent g-band magnitude of AGN neighbours that are not

targeted as ROSAT but as any other flag instead.

We then stack the AGN neighbours spectra that are classified as faint and those as bright

within each of the first three closest separation bins. Fig. 3.23 shows the measurements of

Dn(4000) - HδA for the stacked spectra placed on the existing Dn(4000) - HδA plot of

Fig. 3.6 (for separation bins of 0-50, 50-100, and 100-200 kpc respectively). Red cross

marker indicates AGN neighbours classified as bright, while the green cross those classified
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as faint. The extent of the cross marker indicates bootstrap errors within each sub-sample

of bright/faint AGN neighbours.

We expect the sub-sample of faint AGN neighbours to correspond to less massive galaxies,

and therefore, potentially more star-forming than the bright ones. Thus, the prevalence of

selecting faint neighbours around AGN could potentially drive the observed strong enhance-

ment in star formation in the AGN neighbours at the first three separation bins. However,

the faint sub-sample of AGN neighours (green cross markers) within each of the first three

separation bins do not show a higher specific star formation rate in Fig. 3.23 at separations

0-50 and 100-200 kpc, but the enhancement is significant only at 50-100 kpc. Therefore, it

is not clear whether the difference in magnitude due to targeting causes the difference in

stellar populations between the AGN neighbours at close separations and those at larger.

ROSAT targeting favours the spectroscopic targeting of galaxies that normally would not

have been selected for spectroscopy, and this targeting bias introduced in our main AGN and

control non-AGN samples favours the selection of faint close neighbours around our AGN.

However, these faint neighours do not show clearly higher specific star formation rates at all

three closest separations.

We aim to compare the specific star formation rate in AGN neighbours and non-AGN

neighbours that show similar masses. We want to assess further whether the enhancement in

the specific star formation rate observed in the close AGN neighbours results solely due to the

bias of selecting faint, less massive galaxies around AGN, or not. If the close AGN neighbours

that have similar masses to the non-AGN neighbours still show higher star formation, then

this is an indication of the merger actually enhancing star formation in the AGN neighbours.

For this reason, for the first three separation bins, we select all AGN neighbours and all non-

AGN neighbours showing a narrow range of stellar mass between log(Mstar) = 10.8 - 11.3.

We select this narrow range of stellar mass as this is the range where the distributions
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Figure 3.23 Dn(4000) - HδA plot of Fig. 3.6 with measurement of Dn(4000) - HδA for faint
AGN neighbours (green cross marker) and bright ones (red cross marker) at the separation bins of
0-50 (top left), 50-100 (top right), and 100-200 (bottom left) kpc. The extent of the cross markers
correspond to bootstrap errors from stacking of objects within the sub-sample of faint/bright AGN
neighbours revealing the variance of sources within the sub-samples.
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of the stellar mass of AGN and non-AGN neighbours show a maximum overlap (see Fig.

3.19). Fig. 3.24 shows the measurements of Dn(4000) - HδA for the stacked spectra of AGN

neighbours and non-AGN neighbours showing stellar masses between the narrow range and

placed on the existing Dn(4000) - HδA plot of Fig. 3.6 (for separation bins of 0-50, 50-100,

and 100-200 kpc respectively). The green triangle marker indicates AGN neighbours, while

the red triangle marker non-AGN neighbours. We see that AGN neighbours and non-AGN

neighbours with similar mass range seem to sit at the same position on the plot for the

second and third separation bins (50-100 and 100-200 kpc). For the closest separation of

0-50 kpc, the AGN neighbours seem to be slightly more star-forming than the non-AGN

neighbours despite the fact that the two sub-samples have similar masses. Thus, it is likely

that the observed strong enhancement in star formation for the case of close (< 100-200

kpc) AGN neighbours is not solely a selection bias introduced by the ROSAT targeting and

the prevelance of faint, less massive galaxies, but intrinsic to the sample at some level.

In summary, the SDSS targeting algorithms, and specifically the ROSAT targeting,

favours the selection of galaxies around X-ray sources (i.e. central AGN) up to separa-

tions about 100 kpc for our study. These ROSAT neighbours are faint, less massive galaxies

that drive the observed enhancement in star formation for the AGN neighbours at close sep-

arations. Such close neighbours would not be selected around non - X-ray galaxies as they

would not fulfil the necessary magnitude criteria of the selection algorithms. However, the

comparison of star formation between AGN neigbours and non-AGN neighbours of similar

mass still shows a higher star formation for the AGN neighbours at separations 0-50 kpc.

For separations 50 - 100 kpc AGN neighbours and non-AGN neighbours with similar masses

show similar star formation. This indicates that the strong enhancement in star formation

for AGN neighbours at the closest bin may be intrinsic at some level, rather than solely

driven by the ROSAT targeting. Thus, the enhancement in star formation up to 50 kpc
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Figure 3.24 Dn(4000) - HδA plot of Fig. 3.6 with measurement of Dn(4000) - HδA for AGN
neighbours (green triangle) and non-AGN neighbours (red triangle) of similar mass range at the
separation bins of 0-50 (top left), 50-100 (top right), and 100-200 (bottom left) kpc.
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may partially be triggered by the merger (also expected from previous studies [222]). How-

ever, it is difficult to evaluate at which level this would be the case. It is important to note

that it is unfortunate that the ROSAT All-Sky Survey error circles are 10-20 arcsec, as this

corresponds to 33-110 kpc of separation in physical scale for our AGN redshift range of z =

0.2 - 0.4. The extent of enhancement in star formation for interacting galaxies is about 150

kpc [222], with the strongest enhancements at separations smaller than 20 kpc. This means

that the strong star formation enhancement in the AGN neighbours is expected exactly at

the first three separations of our study, as it indeed happens.

3.12 Photometric neighbours and their properties

We extend the study from spectroscopic neighbours to photometric neighbours around the

AGN sample and the non-AGN hosts (control). We do so in order to assess whether there are

differences in the AGN environment compared to the control non-AGN hosts (e.g. close AGN

neighbours being less massive and more star-forming). In this way we are able to understand

also whether the enhancement in star formation observed in the AGN neighbours in close

separations is seen irrespective of potential targeting issues or not.

We group together the AGN hosts from Table 3.1 that show spectroscopic neighbours

in five larger bins: separation bins 0 to 100, 100 to 300, 300 to 500, 500 to 700, and 700 to

1000 kpc. Similarly, we group together non-AGN hosts from Table 3.3 in separation bins

0 to 100, 100 to 200, 300 to 400, 600 to 700, 900 to 1000 kpc. Note that the new grouped

separation bins for AGN hosts and non-AGN hosts are not exactly the same as those used in

Section 3.8 as we were interested mainly in the closest separations and then in intermediate

and large separations roughly.

We search for photometric neighbours around AGN and non-AGN hosts with redshift
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range z = 0.12-0.48 to allow for potential neighbours with large errors in photometric red-

shift. We constrain the angular diameter distance from the central source to be that of the

separation bin at the median redshift of the AGN sample (i.e. z=0.3). This means that

for AGN and non-AGN hosts of the first separation bin 0 to 100 kpc, we search neighbours

within 25 arcsec, for those in separation bin 100 to 300 kpc within 25 and 65 arcsec, and etc.

Since the redshift range of the search is broad (z = 0.12-0.48) to allow potential photometric

neighbours with large uncertainties in their photometric redshift to not be excluded from

the search, we now need to check the resulting individual pairs one by one and confirm that

the photometric neighbours are not just projected interlopers. For every potential pair of

AGN host- photometric neighbour and non-AGN host - photometric neighbour resulting

from this first step of the search, we constrain further by requiring the potential neighbour’s

zph ± σzph to show at least a partial overlap with zsp ± 0.0067, where zph the photometric

redshift of potential neighbour and σzph its associated error, and zsp the spectroscopic red-

shift of central AGN host or non-AGN host. Typical photometric error values σzph show a

mean of 0.097, with 20th and 80th percentiles at 0.037 and 0.15 respectively. For all pairs

found in the first separation bin of 0 to 100 kpc, we check that objects are not selected as

neighbours to themselves.

We now compare the colour and absolute magnitude properties of the photometric neigh-

bours between AGN and non-AGN hosts in order to examine whether AGN photometric

neighbours at separations below 100 kpc are indeed more star-forming. We keep the rest-

frame absolute magnitude in the g-band and the observed-frame magnitudes in the g- and

r- band for all photometric neighbours. We use the “model mag” measurements, which are

calculated using the best resulting fit in the r-band (between the de Vaucouleurs and expo-

nential profile). Model magnitudes (“model mag”) are recommended when the purpose of

the study is to investigate colours of extended sources (i.e. galaxies). We use the g- and r-
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bands as this is where the prominent Dn(4000) feature falls due to our study’s redshift range.

We keep sources that have signal to noise S/N > 10 in both measurements of observed-frame

magnitudes. The number of photometric neighbours is reduced significantly when applying

the S/N limit. However this cut is important as when lowering the S/N limit the resulting

colours take values not consistent with stellar populations beyond what would be expected

from the scatter caused by the larger associated g- and r- band magnitude errors. Fig.

3.25 shows the observed g - r colour - magnitude density plot for the photometric neigh-

bours around AGN (blue contours) and non-AGN hosts (yellow-black contour lines). The

AGN photometric neighbours at separations < 300 kpc show redder colours than the corre-

sponding non-AGN photometric neighbours. Thus, there is no evidence that the AGN close

environment consists of more star-forming, less massive galaxies compared to the non-AGN

hosts, as expected from their spectroscopic neighbours. The AGN photometric neighbours

at small separations imply rather the opposite, appearing redder than the non-AGN neigh-

bours and therefore, indicating lower star formation rates. However, these redder colours

may also indicate dust reddening due to the presence of dust in sites where star formation

takes place. Nonetheless, we cannot be certain that the red colours of the close photometric

AGN neighbours result due to dust attenuation. For larger separations (> 300 kpc ), the

colour - magnitude density plots of the AGN and non-AGN photometric neighbours become

very similar indicating similar large scale environment between AGN and non-AGN hosts.

In addition, we assess the distribution of the g-r colour values of all AGN photometric

neighbours as a function of separation in order to reveal potential differences that would

imply differences in the close, intermediate and large scale AGN environment. Fig. 3.26

shows the distributions of the g-r colours of all AGN photometric neighbours within each

separation bin. The closest AGN neighbours (purple line), representing the close AGN

environment of 0 - 100 kpc, do not show strong differences in colours compared to those at
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Figure 3.25 Density plots of the observed g-r colour - magnitude of
photometric neighbours around AGN (blue contours) and non-AGN hosts
(yellow-black contour lines) in each separation bin.
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Figure 3.26 The distribution of the observed g-r colours for AGN photometric neighbours as a
function of separation bin. The closest AGN neigbours (purple line) do not show a clear excess
of “blue” colours indicating an enhancement in star formation at small separations, as would be
expected from the spectroscopic analysis. The distributions result from a kernel density estimation
where the smoothing bandwidth is set to 0.1.

larger separations; they only show slightly redder colours compared to those at separations

> 500 kpc, which is the opposite to what the spectroscopic AGN neighbours show at small

separations (more star-forming). If AGN neighbours at small separations from the central

AGN were indeed more star-forming, with the enhancement in star formation being driven

by the potential galaxy interactions (as indicated by our earlier spectroscopic analysis), we

would expect the photometric AGN neighbours at such separations to show “bluer” colours,

i.e. smaller values of g-r colours. The AGN photometric neighbours at separations up to

100 kpc are not significantly bluer galaxies indicating that the observed enhancement in star

formation in the spectroscopic AGN neighbours mainly arises due to the ROSAT targeting

from the spectroscopic selection algorithm. Note though that the photometric neighbours

are neighbours in projection, less accurately selected than the spectroscopic ones, and thus

more subject to contamination.
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3.13 Comparison to other work

There is a significant body of work studying the changing properties of galaxies with distance

to their nearest neighbour with which we can compare our results for broad line AGN

host galaxies [64,159,222,227,228]. In particular, [222] used galaxy colours to identify evidence

for enhanced star formation activity extending to pair separations of 150 kpc, with the

strongest enhancements visible out to 20 kpc. This is consistent with the spectroscopic

AGN host galaxy neighbours, which show clear enhancement in star formation activity in

our 3 nearest bins with separations <200 kpc and a more pronounced enhancement in our

closest bin with < 50 kpc. However, our AGN host galaxies do not show any change in star

formation properties with distance to their neighbour as would be expected from the work

of [222]. Although we do not know the stellar masses of the AGN host galaxies, we expect

them to be massive given their AGN luminosities. We also might expect the higher mass

galaxies of the pair to react less to the interaction, however [227] found very little difference

in the observed star formation enhancement between pairs with a similar mass ratio (i.e. <

3 indicating a major merger), as well as the more or least massive companions in pairs with

mass ratios > 3 (considered as a minor merger). The AGN hosts - AGN neighbours show

flux ratios (see Table 3.1) that correspond to mass ratios between 1 - 1.7, (assuming the

empirical mass-luminosity relation for main sequence stars [229]). These mass ratios indicate

that our AGN - AGN neighbours are involved in major mergers. Thus, we would also

expect our AGN hosts to show a similar enhancement in star formaion to that found in

their neighbours. The majority of the hosts of broad line AGN are actively star forming

galaxies, which is also demonstrated in our work. But our results show that star formation

does not appear to have been triggered by an ongoing interaction.

Looking at the luminosities and spectral shapes of the AGN as a function of separation,

it seems that the proximity of a neighbour has no effect on the growth of the SMBH either.
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At low redshift, for low luminosity narrow-line AGN, [184] studied the prevalence of AGN

sources in interacting systems and concluded that when they correct for the effect of central

star formation activity, as well as stellar mass, interactions play an indirect role in triggering

AGN activity. Mergers mainly affect the available central gas supply, which increases the

incidence of AGN activity. [204] found that while galaxies which have recently undergone

a burst in star formation have an increased probability of hosting rapidly accreting black

holes (showing high [O III] emission luminosity), the majority of rapid growth of black holes

occurs in normal star forming galaxies. This is not inconsistent with the study of [159] who

found a higher fraction of AGN in close pairs. Since we preselect AGN and then search for

neighbours, we cannot comment on the incidence of AGN as a function of merger status,

but our results emphasise that even at these high luminosities nuclear activity depends

predominantly on the availability of cold gas, rather than on gravitational interaction caused

by a nearby neighbour.

The fact that our control sample of non-AGN neighbours shows only a very slight en-

hancement in star formation activity compared to our AGN neighbours is unexpected consid-

ering the existing strong evidence on the mergers - starburst connection. Indeed, theoretical

models predict that galaxy mergers cause gas inflows to the central galactic regions lead-

ing to its consumption into a circumnuclear starburst [230,231]. Also, from the observational

point of view, ultraluminous infrared galaxies (ULIRGs), which show an excess in star forma-

tion rates, are almost always associated with mergers [232]. Several studies of SDSS galaxy

pairs also find enhanced star formation for systems with separations below ∼ 100 - 200

kpc [160,222,228]. Thus, we would expect to witness an increase in star formation in the non-

AGN neighbours, similar to that found in the AGN neighbours. However, we notice a clear

difference in the stellar mass distribution of the AGN neighbours and non-AGN neighbours

in the closest separation bin, with the AGN neighbours having significantly lower masses on
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average. As separation increases, the stellar masses of the AGN neighbours increase signifi-

cantly. Note that the ‘ROSAT’ targeting algorithm of SDSS favours the selection of low-mass

neighbours at small separations, which is something that does not happen at separations

larger than ∼200 kpc (considering the redshift range of our study and the ‘ROSAT’ error

circles). Thus, such low-mass neighbours are potentially missing at large separations due to

the spectroscopic targeting selection. It is possible that higher gas fractions in these lower

mass AGN neighbours found in the closest separation drive their apparent enhancement in

star formation, and therefore the enhancement in star formation at close separations may

simply be a mass effect and unrelated to an ongoing interaction [183]. Controlling for the

stellar mass of neighbours as a function of separation would be required to disentangle this

effect, but unfortunately is beyond the scope of this thesis. The prevelance of low mass

AGN-neighbours at separations below 200 kpc from the central AGN arises due to a bias

in SDSS targeting. Turning to larger scales, the control sample highlights a key difference

between the large scale (. 1 Mpc) environment of our AGN host galaxies and non-AGN

galaxies with similar stellar populations. While the AGN neighbours have predominantly

quiescent stellar populations (spectroscopic sample), the non-AGN neighbours have a wide

range of stellar populations leading to an average population that lies in the green valley.

At large scales, the AGN neighbours are also significantly more massive than the non-AGN

neighbours; both results suggests an environmental difference since more massive and older

galaxies are found in denser environments than younger and less massive ones [225]. It is

not clear how this result fits in with previous literature on the environments of luminous

AGN, as no such close pair analysis has been attempted to our knowledge, and certainly

not comparing with galaxy hosts of similar stellar populations. Cross-correlation clustering

methods find that optically luminous Type I AGN inhabit environments similar to typical

L* galaxies [233,234]. The stellar mass distributions of the non AGN hosts (Fig. 3.19) reveal
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that they are just below or just about L* galaxies [235,236].

Turning now to the stellar populations of our broad line AGN compared to obscured

population, there is a very clear difference. The type-II AGN population peaks in the

“green valley” [185,237,238], though some with high luminosities (similar to our type-I AGN

sample) have been observed to show very high SFRs [239–241]. The type-I AGN studied here

are very clearly still actively star forming, albeit with some evidence for a recent, rapid shut

down. [160] found AGN incidence and black hole accretion rates, as studied in pairs and post-

merger systems, to peak after coalescence when the star formation appears already to have

declined. Our sample of AGN hosts show distinctly ongoing star formation but also evidence

of a recent shut-down in it, with larger Hδ absorption than expected for their Dn(4000) and

weaker Hβ emission than expected for their Hδ absorption. Such a time delay between the

onset of a starburst and subsequent AGN activity is consistent with previous studies [185,186].

One final interesting result is the tentative evidence for a shut down of the star forma-

tion in the AGN neighbours in the closest separation bin. This is demonstrated by them

having larger Hδ absorption than expected for their Dn(4000) and weaker Hβ emission than

expected for their Hδ absorption, similar to the AGN host galaxies. Is it possible that the

presence of the AGN affects star formation in neighbouring galaxies within 50 kpc? Evidence

for positive AGN feedback on neighbouring galaxies has been found recently, with multiple

highly star-forming galaxies being located at the end of the radio lobe of a Fanaroff–Riley

type II AGN at z∼ 6.3 [242]. Thus, it is intriguing to wonder whether photoionisation by the

AGN could heat the gas in nearby low mass galaxies sufficiently to temporarily halt star

formation. Certainly galaxies in projected jet paths of radio-loud Fanaroff–Riley type II

AGN have been reported to appear redder than the ones outside the jet path [243], although

only a small fraction of optical AGN are radio luminous, and in fact only one of our AGN has

a positive radio detection noted in the Shen catalogue [205], so this scenario seems unlikely.



Chapter 4

Star formation in AGN hosts

In this chapter, we study the star formation histories of AGN host galaxies as a function

of AGN power as expressed through the basic AGN properties of bolometric luminosity,

Eddington ratio, and black hole mass. We aim to evaluate potential trends in the stel-

lar populations of the AGN hosts with AGN power in order to investigate the connection

between star formation and black hole growth and assess the host galaxy properties that

facilitate the growth of the central SMBH. We retrieve the underlying AGN host galaxy

spectrum using the decomposition technique described in Chapter 2. As we conduct our

study on a large number of AGN with a wide range on their basic properties mentioned

above (e.g. even for AGN with bolometric luminosities as high as Lbol = 1046.7 erg · s−1), we

first run checks on the reliability of our decomposition technique for cases when we expect

the decomposition to be very challenging (i.e. high AGN luminosity and low contribution

of the AGN host to the total spectrum).
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4.1 Checks on reliability of decomposition

4.1.1 Luminosity dependence of decomposition

For this part of our study, we want to perform our decomposition technique on AGN showing

a broad range of bolometric luminosities and to extend it to AGN that are as luminous as

Lbol = 1046.7 erg · s−1, which corresponds to the highest bolometric luminosity in our AGN

sample. For such luminous AGN, the contribution of the AGN hosts is expected to be small,

potentially < 10 per cent, making the retrieval of the host galaxy spectrum particularly

challenging.

Our study so far starts with decomposing the spectra of the AGN within our sample

and then stacking their resulting host galaxies spectra across a sample and measuring their

spectral indices that reveal their star formation history. From now on, we refer to this order

of analysis (MCMC decomposition of individual AGN spectrum followed by stacking of host

galaxy spectra) as method 1. As shown in Chapter 2, a decomposition sometimes may fail

as it struggles to retrieve the underlying host galaxy spectrum, meaning that in some cases

the resulting decomposed spectra show unphysical features. Reasons for the decomposition

technique failing on individual objects may be a low S/N spectrum and/or low contribution

of the host galaxy.

For this reason, we now introduce another method, from now on referred to as method

2, where we stack the full spectra of multiple active galaxies followed by their MCMC

decomposition. Stacking the spectra of multiple active galaxies before decomposing them

increases the S/N in the resulting stacked spectrum compared to that of individual objects.

We want to evaluate whether stacking first spectra of multiple active galaxies and then

decomposing them allows retrieving the host galaxy spectrum of objects whose individual

decompositions fail. In this way, we are able to evaluate how the signal-to-noise of the
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spectrum, the AGN luminosity and the host galaxy cotribution affect the reliability of the

decomposition. We also want to check whether stacking first the full active galaxy spectra

of multiple objects within a bin of study and then decomposing the resulting stacked spectra

using MCMC (method 2) gives the same results in stellar population properties compared

to method 1 (spectral decomposition of individual objects followed by stacking of spectra of

AGN hosts). This is useful to know as if the results from method 1 and 2 match, it indicates

that method 2 also reproduces a reliable spectrum of the underlying host galaxy.

We select AGN with valid measurements of black hole mass (log(MBH) > 0) in the

redshift range as before z = 0.2 - 0.4 so that the aperture diameter of the fibres of the

SDSS spectrograph collect light from both the central AGN and its host galaxy, same as in

Chapter 2. The sample of 4,628 AGN is taken from the quasar catalogue of Shen [205] and

has a bolometric luminosity range between Lbol = 1044.12 − 1046.76 erg · s−1. We conduct

the test on the comparison between method 1 and 2 as a function of bolometric luminosity.

We select 32 random objects for each range of bolometric luminosity Lbol < 1045, Lbol =

1045 − 1045.5, Lbol = 1045.5 − 1046, and Lbol > 1046erg · s−1 from the total sample of 4,628

AGN. The number of 32 objects within each bin is selected so that the S/N of the stacked

spectrum increases significantly and there is a sensible range of objects, rather than having

a very high S/N and a very wide range of sources.

For those 32 AGN in each luminosity bin, we follow method 1 and 2, i.e. decomposing

individual AGN spectra, then retrieving AGN host galaxy spectrum and stacking AGN host

galaxy spectra within each luminosity bin (method 1) compared to stacking the active galaxy

spectra within each bin, then decomposing the stacked spectrum and retrieving the AGN

host galaxy spectrum (method 2). We then measure the stellar indices Dn(4000) and Hδ,A of

the spectra as shown in Fig. 4.1. We see that method 1 and 2 provide measurements of the

stellar indices that agree within uncertainties. This test reveals the following advantages of
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Figure 4.1 Dn(4000) vs. Hδ,A for the 32 AGN in each bolometric luminosity range. Star markers
show measurements following method 1, circles represent those following method 2. Error bars are
1σ bootstrap standard deviations.

our decomposition technique: For analysis of sample properties, method 2 is computationally

cheaper, since only one MCMC is performed, ensuring that the decomposition following

method 2 provides the correct results in the retrieved host galaxy spectrum, since those

results agree with method 1.

Since individual decomposition can fail, we can also test if method 2 allows to retrieve

the host galaxy spectra for a larger number of objects with failed individual decomposition.

We focus on high luminosity AGN since the fraction of failed MCMC fits rises from 14 per

cent for luminotities of 1044 − 1045 erg · s−1 to ∼ 24 per cent for the most luminous AGN

Lbol > 1046 erg · s−1. There are 72 luminous AGN with Lbol > 1046 erg · s−1 within our total

4,628 AGN sample. The decomposition of the individual AGN spectra fails for 17/72 of the
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highest luminosity AGN. The failed fits show unphysical features in the resulting decompost

host galaxy spectrum as described in Section 2.5. Common unphysical features are strong

absorption lines at the position of nebular [O II] and [O III] emission lines or negative

fluxes in the decomposed host galaxy spectrum. We now check if method 2 can provide

a decomposition for those AGN with failed individual decomposition. We bin together all

failed AGN of high luminosity (17), as well as all AGN of high luminosity including the failed

ones (72). We then follow method 1 and 2 in order to provide measurements for Dn(4000)

vs. Hδ,A and compare the results arising from the two methods.

The right panel of Fig. 4.2 shows Dn(4000) vs. Hδ,A resulting from following method 1

and 2 for the whole sample of the 72 high luminosity AGN of Lbol > 1046 erg · s−1, as well as

the corresponding measurements for only those 17 high luminosity AGN whose individual

decomposition fails. We see that measurements of the stellar indices resulting from method

1 and method 2 agree within uncertainties for both samples, i.e. all high luminosity AGN

(72 objects) and even for the 17 AGN with failed individual decomposition. The host

galaxies for those high-luminosity AGN with failed individual decomposition arise to be

extreme starbusting from both method 1 and 2. The stellar populations show strong Hδ, A

appearing well off the main locus of the Dn(4000) vs. Hδ,A plot. Note that the advantage

of method 2 (stack full AGN spectra, then MCMC decomposition) is that it provides a

successful decomposition and retrieval of the underlying AGN host galaxy spectrum for the

17 AGN whose individual decomposition fails (see right panel of Fig. 4.2).

We conclude that method 1 and 2 provide consistent measurements with differences

within uncertainties indicating that our MCMC decomposition is successful in retrieving

the underlying host galaxy spectrum. The decomposition technique is reliable even for the

most luminous AGN of our sample. In addition, method 2 is more effective in terms of

computational time, but also, it is successful for the cases of objects for which method 1
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Figure 4.2 Left : Dn(4000) vs. Hδ,A for AGN with Lbol > 1046 erg · s−1. Circle and triangle
represent measurements following method 1 for all (72) high luminosity AGN and only those 17 high
luminosity AGN with failed individual decomposition respectively. Error bars are 1σ bootstrapped
standard deviations. Measurements following method 2 are presented by the star and square markers
for the 72 high luminosity AGN and 17 failed high luminosity AGN respectively. The differences
in the spectral indices measurements for the two methods are within errors.Right : Decomposed
spectra for the 17 failed high luminosity AGN whose individual decomposition fails resulting from
method 2. Method 2 provides a successful decomposition.

results in failed decomposition.

4.1.2 Testing the decomposition on simulated AGN spectra

Above, we have assessed how well different methods perform at retrieving the AGN host

galaxy spectrum as a function of AGN bolometric luminosity. Next, we further check for

potential biases in the decomposition by simulating AGN spectra, given a known AGN and

a host galaxy spectral component, and decomposing them. We want to create mock spectra

that consist of a pure AGN component plus a known host galaxy component for which

we perform MCMC sampling to obtain their decomposition. Then we are able to evaluate

whether the simulated host galaxy spectra are retrieved successfully or not. We check the

effectiveness of our decomposition technique as a function of the level of contribution of
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the host galaxy spectrum to the full active galaxy spectrum. We are particularly interested

in assessing the performance of the decomposition for the case of the AGN at the high

luminosity end of our sample.

For creating the mock AGN spectra, we manually select a pure AGN emission spectrum

and a host galaxy spectrum and add them together. For the AGN emission spectrum, we use

the AGN emission spectrum resulting from the MCMC decomposition of observed spectra

of individual luminous AGN that show Lbol > 1046 erg · s−1. We select these pure AGN

emission spectra to show a range in their key features, such as the strength of Fe (4500 -

4700 Å), the width of their broad emission lines.

Similarly to the pure AGN emission spectrum, we want the AGN host galaxy spectrum of

the mock spectra to also show a variety in features representing different stellar populations.

For this reason, we select a galaxy spectral template that resulted from the MFICA (see

Section 2.2 and Appendix A.2) to constitute the host galaxy spectrum of the mock AGN

spectra. In the first case of the test, we use the positive component of red, old galaxies

(labeled as OLD1 in Fig. A.2) as the host galaxy spectrum, and in the second case, the

MFICA template corresponding to post-starburst galaxies (labeled as POST-SB2 in Fig.

A.2). For the third case of our test, we select a more complex spectrum to represent the host

galaxy spectrum of the mock spectra; we choose the stacked residual host galaxy spectrum of

the AGN sample involved in mergers at the closest pair separation (lower spectrum of the left

panel in Fig. 3.6). This stacked host galaxy spectrum is representative of a galaxy spectrum

with varied stellar populations, in contrast to the OLD1 and POST-SB2 MFICA templates

that represent only old and post-starburst stellar populations respectively. The noise of the

resulting mock spectra originates from the sum of the selected pure AGN emission spectrum

and the host galaxy spectrum. No additional noise is added to the mock spectra. The mock

spectra show a mean S/N of 5.9 across the whole wavelength range, with a 20-80th percentile
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range of 5.2-6.5 respectively.

The contribution of the host galaxy spectrum on the full mock AGN spectrum varies

from 0.1 to 50 per cent (integrated flux over our wavelength range). Fig. 4.3 shows an

example of mock AGN spectra as a function of AGN host galaxy contribution. This is the

third case, where the selected host galaxy spectrum is the stacked spectrum of AGN host

galaxies involved in mergers at the closest pair separation.

We then decompose the AGN mock spectra with known AGN emission spectrum and host

galaxy spectrum. We find that the contribution by the host galaxy is recovered with good

agreement, even when the host galaxy contribution is as low as 1-5 per cent. More specifically,

the mean error on the resulting contribution of the host ranges between 5 to 20 per cent for

intrinsic host contributions varying from 50 per cent to 1 per cent. Similarly, the retrieved

AGN emission spectrum results correctly as well, showing its actual contribution on the mock

spectrum and all the features of the initial AGN emission spectrum. However, when the

contribution of the host galaxy spectrum is set to be as low as 0.1 per cent, the decomposition

fails since the resulting host galaxy spectrum is either very different to the initial spectrum or

overestimated (showing larger contribution to the initial mock spectrum than what was set).

This is reasonable and expected for such low contribution of the AGN host galaxy spectrum.

Fig. 4.4 shows some examples of simulated spectra and their MCMC fit (left panels), as

well as the corresponding initial AGN emission spectrum and host galaxy spectrum and the

resulting ones from the decomposition of the mock spectra (right panels) to allow comparison

between initial and resulting spectra.

When we set 1 per cent host galaxy contribution, there is a 20 per cent error in the

resulting contribution of the host flux, with the corresponding errors at other contributions,

i.e. 10, 20, 40 per cent, being 4, 5.7, 7.5 per cent. When the contribution of the AGN

component is as low as 0.1 per cent, the retrieval of the AGN host is unsuccessful with
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Figure 4.3 Mock spectra of known host galaxy component and AGN component. The host galaxy
component is taken from stacked AGN host galaxies from the sample involved in mergers (Chapter
3. The host galaxy component (blue line) has varied contribution in the total spectrum of 0.1 to
50, while the AGN component (magenta line) has 99.9 to 50 per cent contribution respectively, as
shown in the labels. The total mock spectrum results from the addition of the two components.

the contribution of the host galaxy spectrum being largely overestimated and showing an

error of 349 per cent. The results of this check are very encouraging indicating that our



4.1 Checks on reliability of decomposition 136

3250 3500 3750 4000 4250 4500 4750 5000

[Å]
0.50

0.75

1.00

1.25

1.50

1.75

2.00

2.25

2.50

F
 [a

rb
itr

ar
y 

un
its

]

Total spectrum
MCMC fit

3250 3500 3750 4000 4250 4500 4750 5000

[Å]

0.0

0.5

1.0

1.5

2.0

F
 [a

rb
itr

ar
y 

un
its

]

Initial known AGN 90.0%
Decomposed AGN 91.4%
Initial known host 10.0%
Decomposed host 8.6%

3250 3500 3750 4000 4250 4500 4750 5000

[Å]

0.75

1.00

1.25

1.50

1.75

2.00

2.25

2.50

F
 [a

rb
itr

ar
y 

un
its

]

Total spectrum
MCMC fit

3250 3500 3750 4000 4250 4500 4750 5000

[Å]
0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

F
 [a

rb
itr

ar
y 

un
its

]
Initial known AGN 80.0%
Decomposed AGN 82.8%
Initial known host 20.0%
Decomposed host 17.2%

3250 3500 3750 4000 4250 4500 4750 5000

[Å]

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

F
 [a

rb
itr

ar
y 

un
its

]

Total spectrum
MCMC fit

3250 3500 3750 4000 4250 4500 4750 5000

[Å]

0.005

0.010

0.015

0.020

0.025

0.030

0.035

F
 [a

rb
itr

ar
y 

un
its

]

Initial known host 1.0%
Decomposed host 0.9%

Figure 4.4 Decomposition examples of the created mock spectra. Panels on the left column
show the imulated AGN spectra (grey line) and their MCMC fit (green line), panels on the right
column show their corresponding decomposition compared to initial AGN emission spectrum and
host galaxy spectrum. The initial host galaxy component (blue line) may contribute from 0.1
to 50 per cent to the total mock spectrum. The resulting host galaxy spectrum (red line) from
the decomposition is good for most cases; mainly fails when its contribution is 0.1 per cent. The
decomposed AGN spectrum (black line) is very close to the initial AGN component (magenta line)
as well. The percentage of contribution of each component is shown in the labels. The last two
panels show only the initial and decomposed host galaxy spectrum as the host galaxy contributions
here are very low (5 and 1 respectively) and would not be clear if the AGN component was shown
as well.
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Figure 4.4 continued
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decomposition technique can be very successful, even in cases of the most luminous AGN

(Lbol > 1046 erg · s−1) and faint host galaxies (down to 1-5 per cent contribution to the

total spectrum). Therefore, we can be confident that the retrieval of the AGN host galaxy

spectrum is correct.

4.2 Host galaxy properties as a function of AGN lumi-

nosity

Since we have tested the effectiveness and reliability of our decomposition as a function

of luminosity and have compared results arising from method 1 and 2, we are now able

to extend the study of the stellar populations in the host galaxies of the brightest AGN

(Lbol > 1046 erg · s−1). The AGN sample is the same as described in Section 4.1.1, showing

a broad range of bolometric luminosities (1044.12 − 1046.76 erg · s−1), Eddington ratios and

black hole masses in order to investigate the star formation activity and study the stellar

populations in AGN host galaxies as a function of AGN power. We evaluate a potential trend

in the stellar population properties with the AGN power indicative of the star formation

- AGN activity connection and/or an effect of the AGN activity on its host galaxy. The

distribution of the AGN bolometric luminosities is shown in Fig. 4.5 while Fig. 4.6 shows

the AGN black hole mass and Eddington ratio, colour-coded by their bolometric luminosity.

We decompose the optical spectrum of each of the 4,628 active galaxies in our AGN

sample into the AGN and the host galaxy spectrum by performing MCMC sampling using

the 19 spectral templates following method 1 and the procedure described in Section 2.3.

Across our sample of AGN, the host galaxies contribute a mean and standard deviation

of 25.9 ± 17.4 per cent of the integrated flux across the considered wavelength range, with

a 20-80th percentile range of 10.7-40 per cent. The corresponding contributions are 33 ±
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Figure 4.5 Histogram showing the distribution of log(Lbol) vlaues of the 4,628 AGN sample
selected from [205].

17.3 per cent of the flux, with a 20-80th percentile range of 17.3-48.7 per cent for AGN with

log(Lbol) < 45, 25.8 ± 17.3 per cent of the flux, with a 20-80th percentile range of 10.8-39.8

per cent for AGN with log(Lbol) = 45 - 46, and 12 ± 9.6 per cent of the flux, with a 20-80th

percentile range of 5-19 per cent for AGN with log(Lbol) > 46.

4.3 Stellar populations as a function of AGN power

Since we aim to study the stellar populations of the AGN host galaxies as a function of AGN

power, we divide the sample of AGN in bins of black hole mass and Eddington ratio. First,

we divide the AGN sample in black hole mass bins of about equal width in logarithmic steps.

Then, within each black hole mass bin, we further divide the sample into bins of Eddington

ratio. The binning of the sample is shown in Fig. 4.7. As shown in Fig. 4.6, due to the

strong correlation between black hole mass and Eddington ratio, the range of Eddington

ratio differs for different black hole mass range and the resulting number of sources within
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Figure 4.6 Scatter plot showing black hole mass log(MBH) and Eddington ratio log(λEdd), colour-
coded by bolometric luminosity log(Lbol) for all AGN analyzed in this part of the study.

each bin varies significantly.

We stack the spectra of the decomposed host galaxies of the AGN within each bin of

black hole mass and Eddington ratio (total of 21 bins), similarly to Chapter 3, in order to

quantify the differences in their star formation histories. Thus, we measure the equivalent

width of Hδ absorption line and the Dn(4000) break; we remove contamination from nebular

emission lines from the measurements of Hδ,A by fitting each stacked spectrum with stellar

population models using the bagpipes spectral fitting package [217], described in 3. Fig.

4.8 shows Dn(4000) vs. Hδ,A for each bin in our study. The host galaxies of AGN are

star-forming galaxies showing high specific star formation rates (see also Fig. 3.10). Within

each bin of black hole mass, we witness a trend of increasing Hδ,A and decreasing Dn(4000)
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Figure 4.7 Division of our sample of AGN into bins of black hole mass. For each bin of black
hole mass, we divide the sub-sample further in bins of Eddington ratio. The number of sources
within each bin varies significantly across the sample.

with increasing Eddington ratio. This means that, for fixed black hole mass, the AGN hosts

show higher specific star formation rates with increasing Eddington ratio and their stellar

populations reveal a tighter association with a recent burst of star formation. The increased

specific star formation rate with increasing Eddington ratio is not observed for the bin of

black hole mass log(MBH) = 9.5 - 10.5 (lower right panel in Fig. 4.8). However, there are

few AGN sources in this particular bin and the number statistics is very low. It is important

to note that due to the fact that the sample is luminosity limited, there is a correlation

between log(MBH) - log(λEdd) (see Fig. 4.6), and thus, the ranges of Eddington ratios

within each range of fixed black hole mass differ significantly.

We assess whether this trend of increased specific star formation with increasing Edding-
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Figure 4.8 Dn(4000) vs. Hδ,A of the AGN host galaxies. Each panel represents measurements
from the stacked spectrum of the AGN host galaxies divided based on their black hole mass. Each
circle in a particular panel represents further division of the sub-sample according to Eddington
ratio. Thus, the circular markers are colour-coded by Eddington ratio. Note that the range of
Eddington ratio is different within each bin of black hole mass. Error bars are bootstrapped standard
deviations. The grey markers show Dn(4000) vs. Hδ,A measurements for DR7 galaxies with 0.2 <
z < 0.4 and median S/N> 7.3.
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ton ratio is preserved across the whole AGN sample or it arises due to the strong correlation

between Eddington ratio and black hole mass, as shown in Fig. 4.6. We also want to assess

the role of AGN bolometric luminosity in the observed enhancement in star formation in

the AGN hosts. Keeping the same binning as before, we put the whole sample together (all

panels from Fig. 4.8 combined in one) as shown in left panel of Fig. 4.9. Now the markers

are colour-coded by mean Eddington ratio of all AGN sources within each bin. The trend in

star formation with Eddington ratio seems to be preserved, since objects with higher mean

log(λEdd) appear higher on the plot, while a trend with black hole mass is not as clear.
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Figure 4.9 Left : Dn(4000) vs. Hδ,A of the AGN host galaxies for all 21 bins. The labels for
markers at the top right show the range for black hole mass. Each marker represents the additional
sub-division of the sample as a function of Eddington ratio and is colour-coded by the mean value
of Eddington ratio within the bin. Right Same plot but now colour-coded by the mean value
of bolometric luminosity within the bin. Error bars in both panels are bootstrapped standard
deviations within each bin.

We also evaluate a potential trend with bolometric luminosity shown in the right panel of

Fig. 4.9. Now the different markers are colour-coded by the mean bolometric luminosity of

all AGN sources within each bin. The same trend of enhanced star formation rate (decrease

in Dn4000 and increase in Hδ,A) is seen with increasing bolometric luminosity as well.
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Given the strong correlations between MBH - λEdd revealed in Fig. 4.8, we need to

determine which AGN property is most strongly correlated with the observed stellar popu-

lation trends. We use a Spearman correlation test, which is a rank test, in order to evaluate

potential correlations between mean values of log(Lbol), log(MBH), log(λEdd) whithin each

of the total 21 bins (divided first into black hole mass range, and secondary into Eddington

ratio) and the specific star formation as expressed through the measurements of Dn(4000)

and Hδ,A within each bin. The Spearman test results are shown in Table 4.1; they reveal

a strong correlation between log(Lbol) and Dn(4000), and between log(Lbol) and Hδ,A. The

Eddington ratio and black hole mass do not show a significant correlation with the stellar

indices. Therefore, we conclude that the dominant AGN property in driving the observed

enhancement in star formation is the bolometric luminosity.

Stellar index Log(Lbol) Log(λEdd) Log(MBH)
HδA r = 0.8, p-value = 1.7· 10−5 r = -0.02, p-value = 0.92 r = 0.36, p-value = 0.11

Dn4000 r = -0.79, p-value = 1.8· 10−5 r = -0.22, p-value = 0.35 r = -0.12, p-value = 0.6

Table 4.1 Results of the Spearman correlation tests between the AGN properties and the stellar
indices.

The observed increased specific star formation rate with Eddington ratio seems to be

driven by the bolometric luminosity since the Eddington ratio does not show a correlation

with Dn(4000) or Hδ,A. All of the above become also clear in Fig. 4.10 ,where we show each

of the AGN properties log(Lbol), log(MBH), log(λEdd) against the stellar indices Dn(4000)

and Hδ,A. It is clear that both of the stellar indices correlate strongly with log(Lbol).

From Fig. 4.10 and the Spearman test results, it is clear that the bolometric luminosity

is the primary AGN property driving the observed trends in specific star formation rate

in the AGN hosts. Thus, the bolometric luminosity is the only AGN property that shows

strong correlation with the stellar populations.
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Figure 4.10 Scatter plots of stellar indices Hδ,A (left) and Dn4000 (right) against AGN properties
of log(Lbol), log(λEdd), log(MBH) (from top to bottom). The title of each panel refers to the results
of the Spearman correlation test between the stellar index and the AGN property shown on the plot.
The observed increased specific star formation rate in the AGN hosts with increasing Eddington
ratio and bolometric luminosity is driven by the bolometric luminosity alone.



4.3 Stellar populations as a function of AGN power 146

We evaluate further the contribution of each of Eddington ratio and black hole mass in

the observed trends since Lbol ∝ MBH · λEdd. We do so by fitting a two parameter model

to each of the two stellar indices, i.e. Dn4000 = a1 log(λEdd) + b1 log(MBH) + c1 and

Hδ,A = d1 log(λEdd) + e1 log(MBH) + f1. We calculate the residuals of the fit for each of

the two stellar indices. We then fit models to the stellar indices using one of the two AGN

properties, i.e. Dn4000 = a2 log(λEdd) + c2 and Dn4000 = a3 log(MBH) + c3, Hδ,A = d2

log(λEdd) + f2 and Hδ,A = e3 log(MBH) + f3. The fit using higher degrees of freedom (both

parameters) should provide a better fit.

We then compare the different fits, taking the number of degrees of freedom into ac-

count. The 1-parameter model fit (using only λEdd or MBH) that shows smaller residuals

(in absolute value), and closer to the initial 2-parameter model fit, should reveal if λEdd

or MBH contributes more to the observed trends. In Fig. 4.11 we compare the residuals

between the three fits (left panel for Hδ,A, right panel for Dn4000) to determine which of the

two properties has stronger impact. The residuals for the 1-parameter fit are comparable

for the two properties indicating that neither λEdd nor MBH has a strong impact on the

observed star formation trends.

The aim of our study is to evaluate the AGN host galaxy properties that facilitate the

black hole growth. From our analysis, we conclude that the deciding factor driving the

observed trend of increased specific star formation rate is the AGN bolometric luminosity.

Thus, the more luminous the AGN, the higher the star formation rate of the AGN host. Any

trends with black hole mass or Eddington ratio are due to underlying correlations between

the AGN properties as seen in Fig. 4.7). Interpreting this result in physical terms, that

only the bolometric luminosity shows a correlation with the stellar indices, is tricky as the

measurements of all three parameters (λEdd, MBH , Lbol) are connected. Our result indicates

that the growth of the host galaxy does not depend primarily on the black hole mass, nor on



4.4 Connection between star formation and AGN activity 147

4 3 2 1 0 1 2 3 4
Residuals for H

0.00

0.05

0.10

0.15

0.20

0.25

0.30

Black hole mass
2 parametric fit
Eddington ratio

0.20 0.15 0.10 0.05 0.00 0.05 0.10 0.15 0.20
Residuals for Dn4000

0

1

2

3

4

5

6

7

Black hole mass
2 parametric fit
Eddington ratio

Figure 4.11 Left : Distributions of the residuals resulting from the 2-parametric fit (using both
λEdd and MBH , yellow solid line) and those resulting from the two 1-parametric fits (using only λEdd
or MBH each time, dashed black and purple lines respectively) for fitting Hδ,A. The distributions
result from using a kernel density estimator with a bandwidth of 0.05. We use a kernel density
because the sample size of AGN bins is small.Right : Distributions of the residuals resulting from
the 2-parametric fit (using both λEdd and MBH , yellow solid line) and those resulting from the two
1-parametric fits (using only λEdd or MBH each time, dashed black and purple lines respectively) for
fitting Dn4000. The distributions result from using a kernel density estimator with a bandwidth of
0.01. In both panels, the distributions of the residuals from the two 1-parametric fits for the stellar
indices of Hδ,A and Dn4000 do not differ significantly, thus, it is difficult to distinguish whether λEdd
or MBH is more dominant. The two AGN properties λEdd and MBH do not seem to contribute
differently to the specific star formation rate in the AGN hosts.

the fraction of Eddington limit the black hole is accreting at, but rather on the bolometric

luminosity, which is proportional to the gas accretion rate. Thus, with our analysis we show

that star formation in AGN host galaxies correlates strongly with the gas accretion rate; the

higher the gas accretion rate (i.e. mass accretion rate converted into luminosity), the more

bursty in star formation the AGN host.

4.4 Connection between star formation and AGN ac-

tivity

From our study, we find that the host galaxies of AGN with a broad range in AGN properties

(bolometric luminosity, Eddington ratio, black hole mass) are star-forming galaxies support-
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ing the connection between star formation and black hole growth. We will set our results

in context to the literature. The connection between star formation and black hole growth

in galaxies is implied by the scaling relation between the mass of the galactic bulge and

that of the central SMBH, indicating a co-evolution of the two galactic components [123,124].

Similar trends of cosmic star formation and black hole growth across time, both increasing

and reaching a peak at redshift z ∼ 2, followed by a rapid decline to present day [130–132]

reinforce further the star formation - AGN activity connection. Both star formation and

AGN activity require a common fuel, which is cold gas. However, it is still under debate

which processes trigger the consumption of the available gas reservoir into star formation

and black hole accretion within galaxies.

Theoretical models suggest that the activity in the most luminous AGN is driven by

galaxy mergers and follows a central starburst, which shows a peak close to coalescence [167,187].

More specifically, according to the merger scenario, the interaction between gas-rich galaxies

leads to the transfer of cold gas to the central kpc region of a galaxy, where it is consumed in

a central starburst. Once the gas reaches the central sub-pc region of the host galaxy it is ac-

creted onto the SMBH. Therefore, in this merger scenario, black hole and galaxy growth are

closely linked. For the case of low luminosity AGN, secular processes within the host galaxy

are considered efficient for triggering gas inflows to the central galactic region and initiating

AGN activity [244]. It is not yet clear whether the majority of black hole growth occurs in

accordance with continuous fueling and a continuous mode of star formation, or happens

through major mergers that trigger short starbursts [245]. Observationally, the connection

between star formation and AGN activity may be concealed due to three factors: a) a po-

tential obscuration of the young AGN by the gas and dust involved in the starburst [204], b)

a time delay between the peak of the starburst and AGN ignition [185,186,191,246], and c) AGN

variability on timescales much shorter than the timescale of the starburst [190,247]. Black hole
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growth shows short time variability from 0.1 to 100 Myr [190], while star formation events

last from 0.1 to 1 Gyr [188,189]. Simulations of BH feedback [248] and observations [249] show

variance in BH accretion rates and Eddington ratios of five orders of magnitude. Thus, in

order to reveal the star formation - AGN correlation, [247] point out that it is crucial to av-

erage the fast-varying property (i.e. Lbol) and bin over the low-varying one (star formation

luminosities) over whole galaxy populations in order for short-time variations to smooth out.

In this chapter, we study the star formation history of AGN host galaxies as a function of

AGN power in order to assess the connection between star formation and black hole growth

and determine the host galaxy properties that facilitate the SMBH growth. We select

AGN with redshift between 0.2 and 0.4 and showing a range of bolometric luminosities of

Lbol = 1044.1−1046.8 erg · s−1. Since we want to determine the properties of the host galaxy

facilitating the black hole growth, we divide the sample in six narrow bins of black hole mass.

We additionally divide the sources within each bin of black hole mass into bins of Eddington

ratio. We decompose the full active galaxy spectrum of all sources into the AGN spectrum

and the host galaxy spectrum. We show that our decomposition technique is reliable even

for the most luminous AGN in our sample (Lbol > 1046 erg · s−1) and when the contribution

of the underlying host galaxy is as low as 1-5 per cent. We stack the host galaxy spectra of

the sources belonging within each bin of black hole mass and Eddingtion ratio. We measure

their stellar indices and place them on the Dn(4000) vs. Hδ,A plot following [221], as also

used in Chapter 3.

All AGN hosts are star-forming galaxies. Within each group of sources with a narrow

range in black hole mass, we find an increase in specific star formation rate with increasing

Eddington ratio (Fig. 4.8 and left panel of Fig.4.9). The same trend is observed for increasing

average bolometric luminosity (right panel in Fig. 4.9). The dominant factor in driving the

observed increase in star formation is the AGN luminosity, which is proportional to the gas
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acrretion rate. Our results confirm the connection between star formation and black hole

growth, supporting the concept of the concurrent growth between the stellar component and

the central SMBH in galaxies, and highlight the role of the gas supply in determining this

connection [184,250].
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Figure A.1 The twelve spectral components describing the AGN spectrum. The last five are
corrective components. All of them are necessary for the decomposition of the spectrum.
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Figure A.1 continued
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Figure A.2 The seven galactic spectral components representing galaxies with stellar populations
of different ages.
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Daddi, Stéphanie Juneau, and Francesco Shankar. Black hole growth and active galac-

tic nuclei obscuration by instability-driven inflows in high-redshift disk galaxies fed by

cold streams. The Astrophysical Journal Letters, 741(2):L33, 2011.

[170] F Shankar, F Marulli, S Mathur, M Bernardi, and F Bournaud. Black holes in pseu-

dobulges: demography and models. Astronomy & Astrophysics, 540:A23, 2012.

[171] Jeyhan S Kartaltepe, DB Sanders, E Le Floc’h, DT Frayer, H Aussel, S Arnouts,

O Ilbert, M Salvato, NZ Scoville, J Surace, et al. A multiwavelength study of a

sample of 70 µm selected galaxies in the cosmos field. ii. the role of mergers in galaxy

evolution. The Astrophysical Journal, 721(1):98, 2010.

[172] M Mechtley, K Jahnke, RA Windhorst, R Andrae, M Cisternas, SH Cohen, T Hewlett,



BIBLIOGRAPHY 179

AM Koekemoer, M Schramm, A Schulze, et al. Do the most massive black holes at

z= 2 grow via major mergers? The Astrophysical Journal, 830(2):156, 2016.

[173] Carolin Villforth, T Hamilton, MM Pawlik, T Hewlett, K Rowlands, H Herbst,

F Shankar, A Fontana, Fred Hamann, A Koekemoer, et al. Host galaxies of lumi-

nous z 0.6 quasars: major mergers are not prevalent at the highest agn luminosities.

Monthly Notices of the Royal Astronomical Society, 466(1):812–830, 2017.

[174] C Villforth, H Herbst, F Hamann, T Hamilton, C Bertemes, A Efthymiadou, and

T Hewlett. The host galaxies of felobal quasars at z 0.9 are not dominated by recent

major mergers. Monthly Notices of the Royal Astronomical Society, 483(2):2441–2452,

2019.

[175] Paul C Clark and Simon CO Glover. On column density thresholds and the star

formation rate. Monthly Notices of the Royal Astronomical Society, 444(3):2396–2414,

2014.

[176] Joop Schaye. Star formation thresholds and galaxy edges: why and where. The

Astrophysical Journal, 609(2):667, 2004.

[177] Mark R Krumholz, Adam K Leroy, and Christopher F McKee. Which phase of the in-

terstellar medium correlates with the star formation rate? The Astrophysical Journal,

731(1):25, 2011.

[178] Charles J Lada, Marco Lombardi, and João F Alves. On the star formation rates in

molecular clouds. The Astrophysical Journal, 724(1):687, 2010.

[179] Ni I Shakura and Rashid Alievich Sunyaev. Black holes in binary systems. observa-

tional appearance. Astronomy and Astrophysics, 24:337–355, 1973.



BIBLIOGRAPHY 180

[180] Feng Yuan and Ramesh Narayan. Hot accretion flows around black holes. Annual

Review of Astronomy and Astrophysics, 52, 2014.

[181] Tiziana Di Matteo, Jörg Colberg, Volker Springel, Lars Hernquist, and Debora Si-

jacki. Direct cosmological simulations of the growth of black holes and galaxies. The

Astrophysical Journal, 676(1):33, 2008.

[182] Michael Curtis and Debora Sijacki. Resolving flows around black holes: the im-

pact of gas angular momentum. Monthly Notices of the Royal Astronomical Society,

463(1):63–77, 2016.

[183] Jillian M Scudder, Sara L Ellison, Emmanuel Momjian, Jessica L Rosenberg, Paul

Torrey, David R Patton, Derek Fertig, and J Trevor Mendel. Galaxy pairs in the sloan

digital sky survey–x. does gas content alter star formation rate enhancement in galaxy

interactions? Monthly Notices of the Royal Astronomical Society, 449(4):3719–3740,

2015.

[184] J Sabater, PN Best, and TM Heckman. Triggering optical agn: the need for cold gas,

and the indirect roles of galaxy environment and interactions. Monthly Notices of the

Royal Astronomical Society, 447(1):110–116, 2015.

[185] RI Davies, F Müller Sánchez, R Genzel, LJ Tacconi, EKS Hicks, S Friedrich, and

A Sternberg. A close look at star formation around active galactic nuclei. The Astro-

physical Journal, 671(2):1388, 2007.

[186] Vivienne Wild, Timothy Heckman, and Stéphane Charlot. Timing the starburst–agn
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