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A b s t r a c t

The feedback processes linking quasar activity to galaxy stellar mass growth are not well 

understood. If star formation is closely causally linked to black hole accretion, one may expect 

star formation confined to nuclear regions rather than extended over several kpc scales. Since 

Polycyclic Aromatic Hydrocarbon (PAH) emission features are widely used as tracers of stellar 

formation, it is, therefore, possible to use PAH emission detected around QSOs to help resolve 

this question. PAH data from a sample of 63 QSOs procured from the Spitzer Space Telescope's 

Infrared Spectrograph (IRS) is used, employing the Spectroscopic Modelling Analysis and 

Reduction Tool's (SMART) Advanced Optimal (AdOpt) extraction routines. A composite 

spectrum was also produced to help determine the average conditions and compositions of 

star forming regions. It is found, from our high redshift (z > 1) sample of QSOs, there is a 

marginally significant extended star formation on average of 34 kpc scales. At low redshift, the 

median extension after deconvolving the instrumental point spread function is 3.2 kpc,  

potentially showing evolutionary variations in star formation activity. However, limitations of 

the spatial resolving power constrain the ability to make any absolute conclusive remarks. It is 

also found that the QSO/AGN composite has more neutral PAHs than the starbursting and the 

main sequence galaxies, consistent with the AGN having no contribution to heating the PAH 

emission, and also consistent with the average PAH emission found on kpc  scales (i.e. not 

confined to the nuclear regions). A tentative detection of w ater vapour emission from the 

gravitationally lensed Einstein Cross quasar, QSO J2237+0305, is also presented suggesting a 

strong molecular outflow possibly driven by the active nucleus.
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Chapter 1

In t r o d u c t io n

It was Carl Seyfert in 1943 who brought to the attention of the astronomical community an 

unusual selection of spiral galaxies showing highly luminous and variable active nuclei in 1943; 

unbeknownst to Dr Seyfert this opened the door to a whole new field of astronomical study 

adding yet another complex layer to the formation, structure and evolution of galaxies. These 

galaxies presented characteristic high ionisation energy spectra, and were later coined 'Seyfert 

Galaxies'. Sadly, the field did not come into prominence until after he tragically died in 1960. It 

was not until the discovery of the first 'quasar' in 1963 with their optical spectra seemingly 

analogous to that of Seyferts that the new study of 'active nuclei' grew in significance. Quasars, 

from the term  'quasi-stellar object (QSO)' meaning point-like, were believed to be wholly 

unique objects of their own until in the early 1980s it was shown they were components to a 

host galaxy. This discovery ultimately led to the reclassifying of quasars under the umbrella 

term, 'Active Galactic Nuclei' (AGN).

AGN are one of the most energetic, yet mysterious, sources of radiation in the known Universe. 

Currently, a great deal is still not known with regards to the apparent mechanisms of AGN: 

what's the physical mechanism behind the tight correlation between AGN activity and stellar 

mass growth? Could star formation and AGN activity be causally linked? The answers to these 

questions impact our understanding of the formation and evolution of the host galaxies, 

including our now 'dorm ant' Milky Way. The current scientific consensus towards the physics 

behind AGN implies a supermassive accreting black hole, with the highly luminous emission 

originating from the said accretion disc within a tiny region of up to ~10 AUs (see Figure 1.1). 

If it is assumed that this is the physics, however, then this disc needs to be fed with a supply of 

gas and dust. Is this the same supply of material that fuels star formation? This question leads
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back to the earlier statements on a feedback mechanism: could star formation and AGN activity 

be causally linked?

One possibility for testing this causal link could be measuring the spatial extent of the star- 

forming regions in quasars. As it has been already alluded to, the processes that link this stellar 

mass growth and quasar activity are not well understood. However, if s tar formation is closely 

causally linked to black hole accretion, we may expect s tar formation confined to nuclear 

regions rather than extended over several kpc  scales.

The aim main of this thesis is to use a known tracer of star formation to measure the extension 

of the star formation from the active nucleus of the m ost luminous quasars, in the attem pt to 

be tter  understand the origin of the variable feedback activity. A composite spectrum consisting 

of the best signal-noise spectra of the sample will also be presented, which will act as a template 

for their chemical composition and physical nature of the quasar environment. Finally, s tar  

formation rate values will also be determined.

Presented within this Chapter, is a discussion towards the background of AGN and the 

star formation processes in these extragalactic objects.

jet
radio lobe

accretion
disc

II

narrow-line broad-line

gas and 
dust 
torus

jet

host galaxy

(a) (b) (c)

Figure 1.1. This represents the typical superm assive black hole m odel of AGN; (a) show s the 
superm assive black hole as the driving source of em ission from the accretion disk w ithin  
~ 1 0  AUs;  (b) show s the surrounding dusty torus w ith the different em ission regions (as 
Figure 1.2); (c) show s the resultant relativistic jet w ith  radio lobes. Taken from Jones & 
Lambourne (2004).
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1 .1  T he  F lavours of A ctive  Galactic  N uclei

AGN currently are classified into four broad groups: Quasars (the focus of this work), Seyferts, 

Blazars and Radio Galaxies. These can be split even further into smaller categories (e.g. Seyfert 

1 and Seyfert 2 galaxies). These objects are all currently believed to be all one of the same, with 

their distinctions determined by the observer's line of sight, and therefore dependence on the 

orientation of the objects themselves (Phillipps, 2005; Kutner, 2003). This consequence leads 

to the ‘unified model' of AGN, with two types of AGN unification: radio loud and radio quiet. 

These will be discussed later, the idea behind a unified model of AGN is shown in Figure 1.2. 

However, the precise nature of such classifications are not so 'cut and dried', especially when 

distinguishing between type 1 and type 2 Seyferts. Also, the classification can be based on 

numerous differing param eters (e.g. luminosity) that can be arbitrarily defined by the 

author(s) as discussed in many reviews of the field such as Tadhunter (2008), or Netzer 

(2015).

1.1.1 Seyfert Galaxies

The studies of Seyfert (1943) highlighted the unusual nature of these Active Nuclei, producing 

luminosities of ~ x 1011L0 with variability on short time scales, indicating that the region of 

the emission source is very minuscule compared with the rest of host galaxy (Peterson et al., 

2004). One of the key characteristics of Seyfert galaxies is their optical spectra. These are 

shown in Figure 1.3 with two Seyfert galaxy optical spectra from Netzer (1990). The top 

spectrum of Mkn 290 shows both broad-line emission and narrow-line emission (e.g. Hfl line 

is doppler broadened due to the 'fast' moving material), whereas the bottom spectrum of Mkn 

270 only possesses stronger narrow-line emission. The former highlights an orientation where 

the observer can see both the 'Broad-Line Region' (BLR) and 'Narrow-Line Region' (NLR) of 

the Active Nucleus; these are known as Seyfert 1 or Type 1 galaxies. The latter highlights an 

orientation where the BLR is obscured by a dusty torus, leaving only the NLR visible along our 

line of sight; these are known as Seyfert 2 or Type 2 galaxies. The typical line widths for the
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BLRs and NLRs are x 103 —x 104/cms_1 and up to several hundred k m s -1 respectively. Both 

of the Mkn 270 optical spectra profiles are ubiquitous within the unified models of AGN, as it 

will be shown with regards to the other classifications, such as quasars discussed later.

observer sees 
j type 2 Seyfert

^ (type 2 quasar?)

b ro a d -lin e
r e g io n

obscuring
torus

observer sees 
type 1 Seyfert 
or quasar (QSO)

rotation axis
''•"•narrow-line 

\  region
engine

(a) radio-quiet AGNs

„ observer sees narrow-line 
radio galaxy

observ er sees broad-line 
W  radio galaxy

\ ^  observ er sees 
\ &  a quasar

JSL » >=» observ er sees 
^  a b I az ai-

lbl radio-loud AGNs

Figure 1.2. This represents a standard unified m odel of AGN; (a) represents the 
observations and classifications attributed to radio-quiet AGN; (b) represents 
the observations and classifications attributed to radio-loud AGN. Taken from  
Jones & Lambourne (2 0 0 4 ).
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Seyfert 1 Mkn 290 7*0.0308 (0 0 )5 0 0 7

Seyferl 2 Mkn 270 7*0.009

16

12

( 0 1 117778

°3000 3500 6000 I  65004000 4500 5000 5500
Observed wavelength

Figure 1.3. Two Seyfert optical spectra; notice the broad features 
of the top spectrum  com pared to the absence of these features in 
the bottom  spectrum . This is w hat defines Seyfert 1 and Seyfert 
2 objects respectively. Taken from Netzer (1990 ).

1.1.2 Quasars

Quasars are extremely similar to Seyfert galaxies, and as such they are both commonly grouped 

together. The fundamental differences that distinguish quasars from Seyferts, however, are the 

more apparent point-like nature of quasars due to their great distances, hence the name 

'quasar' which is derived from 'quasi-stellar object (QSO)'. Also, the optical spectra of the 

known lines and features characteristic to Seyferts are also present in quasars but typically lie 

at greater redshifts. Figure 1.4 highlights the redshifted optical spectra of the first identified 

quasar 3C 273 by Schmidt (1963) with a luminosity of ~  x 1014LQ, providing more clarity to
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the idea of unified models depicted in Figure 1.2. It should be noted that there is no clear 

dividing line between the luminosities of Seyferts and Quasars, as they are merely 

distinguished by the observer’s ability to resolve the host galaxy or not respectively.

4
Hoc

r H5

400 450 500 550 600
wavelength A/nm

650 700 750 800

Figure 1.4. Optical spectrum  of quasar 3C 273 by Schmidt (1 9 6 3 ), notice how  it has 
similar broad features to a Seyfert 1 object. The arrows indicate the am ount of 
redshift that has occurred due to the distant nature of quasars, leading to believe it is 
an AGN hosting galaxy with point-like em ission. Taken from Jones & Lambourne 
(2 0 0 4 ).

1.1.3 Radio Galaxies

Approximately 10% of AGN are known as "radio-loud” (Hooper et al., 1995), which as the name 

suggests, implies the presence of radio emission. This radio emission is strong and typically 

presented in the form of prominent radio lobe pairs that emanate from the central nucleus 

itself (Jones & Lambourne, 2004), commonly with jets, and these features stretch out towards 

vast distances from 10s — 100s of kpc  as shown in Cygnus A (Figure 1.5). In Figure 1.2, with 

regards to the common AGN Unification model, the radio-loud categorisation exhibits more 

sub-categories than those AGN that are radio-quiet; the Seyfert classification is dropped with 

the addition of the radio galaxy classification. Heckman & Best (2014) refer to radio AGN being 

in "jet mode", in reference to the primary AGN feedback emission output caused by the 

collimated particle driven jets producing the radio-emitting lobes. These radio lobes are caused
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by cocoons of optically thin synchrotron emission within the bow shocks from radio jets 

penetrating the ISM and IGM (see Figure 1.5). Radio-loud AGN can also be further characterised 

by the presence of 'edge-darkened' or 'edge-brightened' lobes, which are so named Fanaroff- 

Riley (FR) type I and II respectively.

Figure 1.5. This radio image show s Cygnus A; you can clearly see the tw o lobes representing  
material being 'blown away' along the tightly constrained jet that transverses from the source AGN 
at the centre. This jet seem ingly appears fainter towards the left lobe, presum ably as a result o f our 
line of sight. Perley et al. (1 9 8 4 ).

1.1.4 Blazars

Blazars are a classification exclusive to radio-loud AGN that also appear point-like, presented 

in the unification model of Figure 1.2 as our line of sight looking directly down the jet itself, 

where the inclination angle is ~0°. The first object identified as such was BL Lacertae (BL Lac), 

initially thought to be an irregular variable s tar  (Hoffmeister, 1929) it was later found by 

Schmitt (1968) that there was a strong radio emission coming from the object. Subsequently 

Oke & Gunn (1974) observed its redshift to be z =  0.07 determined from resolving the host 

galaxy's absorption spectral lines; making BL Lac too distant and luminous to be an irregular 

variable star. As a result, these types of objects are known as BL Lacs, where they present a 

variable continuous spectrum with little to no emission features characteristic of a jet and thus 

far most of them have been found to have a host elliptical galaxy (see Figure 1.6). Another

7



category of a blazar is the Optically Violent Variable (OW ), and as the name suggests presents 

an emission of vastly varying brightness from hours to days (Jones & Lambourne, 2004). O W s 

are similar to BL Lacs, with the exception that they have some broad-line emission features, 

and tend to be present at greater redshifts. It should be noted that the speeds of these 

relativistic jets cannot be measured directly, meaning a blueshift of these jets cannot be 

compared well with the redshift of the host galaxy.

8

6
Ia
C3

Figure 1.6. An Example of a resolved BL Lac object taken by the Hubble Space 
Telescope; the isophotes clearly indicate the presence of a host elliptical galaxy 
(BL Lac 0 5 4 8 0 -3 2 2 ). Taken from Jones & Lambourne (2004 ).

1.1.5 Non-Active Starburst Galaxies and ULIRGs

Galaxies are considered 'active' due to the presence of bolometrically-significant supermassive 

black hole accretion that leads to the great amount of energy released ultimately from the 

gravitational binding energy, this is what leads to what we know as AGN that harbour tiny 

regions in the cores of their host galaxies. There are also 'non-active' galaxies that possess 

dormant nuclei such as our Milky Way. However, there is another type of non-active class of 

galaxy that is known as a ‘s tarburst galaxy'. As the name suggests a s tarburst galaxy's principal 

source of emission comes from intense star formation processes, and can produce infrared (IR) 

luminosities as a result of their star formation on average of ~ 1 0 8_10Lq (e.g. Brandi et al., 

2006; Kennicut et al., 1998a). These objects do not necessarily contain an active nucleus.
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There are however other luminous galactic objects that generate luminosities up to 

~ 1012-13L© (e.g. Higuera & Ramos, 2013; Farrah et al., 2007) in the infrared; these unusual 

objects are known as Ultra-Luminous Infrared Galaxies (ULIRGs). There is a lot of confusion 

and debate on what the actual source of this highly luminous emission that emanates from 

these galaxies is. However, there is a consensus that the source of this radiation is either from 

an AGN component or even a heavily starbursting galaxy of greater infrared luminosity. Most 

studies (e.g. Elbaz et al., 2011; Farrah et al.,2007) compare a sample of varying starbursting 

and AGN-hosting galaxies by their strength of the star formation with that of the fine structure 

lines. This information is used to infer the presence and strength of the AGN component (e.g. 

[OIV] and [NeV]) to determine which candidate is responsible. It is suggested that it could be, 

in part, a combination of both an AGN and starbursting regions. Possibly as a result of mergers 

between two galaxies (e.g. Farrah et al., 2007; Dasyra et al., 2006; Clements et al., 1996).

1.1.6 The M- a  Relation

This thesis hopes to ascertain whether or not there is a good correlation between the AGN 

activity and stellar mass growth in the bulge by using the physical sizes of the star formation 

regions from the nucleus, however, w hat is this based on? Magorrian et al. (1998) first noticed 

from a sample of 36 nearby galaxies that their supermassive black hole masses correlated with 

their bulge luminosities. In succession Ferrarese & Merritt (2000) analysed param eters of a 

sample of spiral and elliptical galaxies to find a surprising tightly correlated relation between 

the mass of the supermassive black holes (typically between ~ x 106 —x 1010MQ) and the 

velocity dispersion of their host bulges. Gebhardt et al. (2000) follows on from this by 

generating a luminosity-weighted velocity dispersion that represents the stellar kinematics 

within the bulge, an example of this tight correlation can be seen in Figure 1.7. From these 

works it was concluded that the mass of the supermassive black hole growth must be in some 

way dependent on or constrained by the stellar mass growth in the host galaxy's bulge.

Many attempts are now being made to try and understand this correlation. The most 

commonly sought and widely accepted view is that this relation implies a feedback mechanism
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where black hole growth and stellar mass growth in the bulge are somehow regulating or 

feeding each other. Considering that the same gas could feed star formation and the AGN, there 

is cause for a possible link between AGN activity and stellar mass growth as they feed off of 

each other's processes. Therefore, by testing this through constraining the physical size of s tar 

formation regions around AGN, perhaps it is possible to indicate whether or not AGN activity 

and star formation activity are as closely and tightly correlated as M — a.

It is worth noting, however, how remarkable that such a tiny region that produces the high 

power output from AGN (as the scale shows in Figure 1.1) can have such an influence over 

larger scales throughout its host bulge.

N G C4486

NGC4374

NGC224NiGC5128

N G C4258

WilkyWoy

1
50 100 200

St e l l a r  Velocity Dispe rs ion  a  [km s  1]

Figure 1.7. A representation of the M — a  relation. Here it can be clearly 
seen that the black hole m ass and stellar velocity d ispersion of the host 
bulge have a remarkably tight correlation w ith errors lim ited to 
observational errors. Taken from W ikipedia (2 0 1 6 ).
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1 .2  St a r  F o rm ation  in  Extragalactic O bjects

Star Formation (SF) can be found ubiquitously in many young galaxies like our own Milky-Way 

Galaxy. SF, however, is not exclusive to non-active galaxies but is also present within distant 

quasar hosting galaxies (Serjeant et al., 2010; Lutz et al., 2008; Schweitzer et al., 2006). SF is 

im portant in helping us determine the physical and chemical nature of galaxies and their 

evolution. This knowledge enables us to see how param eters such as metallicity, gas density 

and varying radiation fields can affect SF and how SF can, in turn, have an impact on the 

environment it lies within.

Therefore, this section will briefly overview star formation from an extragalactic 

context, and how this relates to the IR luminosity, PAH emission and quasars that are the focus 

of this work.

1.2.1 A brief Introduction to Star Formation

The process of SF can be easily thought of as a system that requires an input of 'fuel' to obtain 

the resultant output of stellar birth. Therefore, the amount of fuel available can determine the 

rate at which these stars can be formed, with the fuel being the gas in the respective galaxy's 

interstellar medium. The surface density of Star Formation Rate (SFR) has been found to 

possess a power-law relationship with the surface density of gas available; this is the so-called 

'Schmidt Law' (Schmidt, 1959):

^SFR =  ATigas (1-1)

where I Sf r  is the surface density of star formation, A is a proportionality constant and E£as is 

the surface gas density. The value of n  has been shown by observations to be in the median 

range between 1 and 2. Kennicutt (1998a) states n  = 1.4, for example.
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However, the means by which one can observe the presence of SF are not direct, and deducing 

quantitative information such as the SFR requires calibration to what is known from 

observations of the nearest analogue, the Milky Way. For example, we know from the local 

Interstellar Medium (ISM) that newly forming 0 and B stars are found in HII regions; the 

emission of UV photons from the star ionises the surrounding gas (Phillipps, 2005; Kutner, 

2003). This process induces Balmer line emission, predominantly with Ha  lines.

Therefore, the presence of these Ha lines can be used to indicate the presence of newly forming 

stars within other galaxies (Kennicutt & Kent, 1983). This has shown to be a very popular and 

shared tracer as discussed by Kennicutt & Evans (2012), and this can be extended into 

determining the SFR of each galaxy in turn if it is assumed that the total Ha  luminosity is 

entirely contributed by the UV photons from O and B stars, that an Initial Mass Function is 

known to determine the number of O and B stars formed and that the star formation has been 

constant given a significant timescale. This conversion can be then demonstrated by the 

following formula (Kennicutt, 1998b):

SFR(Ha)  (M© y r -1) = 7.9 x 10~42L(Ha) (ergs  s -1) (1.2)

where L{Ha~) is the Ha  luminosity, allowing for an observational estimate of SFR (Ha), which 

is the mass of stars formed per unit time in the units of M©yr-1 .

However, stellar Ha  emission can underestimate the SFR due to the presence of dust (Lonsdale 

& Helou, 1987). This deficit is the result of attenuating dust that surrounds the young stars in 

these nebulous regions. If one knows the extinction of the atomic line due to dust, one can 

compensate for the effects of dust although this is only possible if the SF regions are themselves 

resolvable (Dopita et al., 2002). When consideration is taken for distant objects such as distant 

quasars, any Ha  emission will often be redshifted out of the optical into the infrared. There is 

also a risk of the SFR being overestimated from Ha emission due to contaminating UV radiation 

from the nucleus of an active galaxy that would also excite the Ha  line, an effect that is more

12



prominent when dealing with an object with a highly luminous AGN component. Using Ha 

emission is an example of one of the key 'classical indicators' of SF. However, SF also produces 

IR radiation, and therefore IR emission could be used instead to remove the burden of dust 

attenuation. This absorption no longer becomes a problem in the IR because dust absorbs the 

stellar optical/UV light and remits it in the IR, therefore, granting greater transparency on 

determining rates of SF.

1.2.2 Star Formation in the IR and AGN

At the IR end of the spectrum of SF galaxies (1 — lOOOjUm), the emission due to the dust that 

enshrouds these young stars becomes prominent. In turn, this emission is the result of the dust 

absorbing the energy output of the OB stars that they obscure, leading to the re-radiation of 

this absorbed energy as thermal emission as suggested by Devereux & Young (1990). This 

inference relies upon current theories and models of stellar formation itself. Therefore, if IR 

dust emission is used as an SF tracer its proposed origin should be considered. Massive OB 

stars are born within their dusty molecular clouds, starting on the main sequence on which 

they will spend the majority of their lives. They then irradiate the surrounding dusty material. 

The dust within this material absorbs the UV photons from these young stars and then re-emits 

the UV photons into the IR and submm continua, giving rise to the IR emission as it expands 

and cools/relaxes (Alonso-Herrero et al., 2006; Phillipp, 2005). Determining the SFR from the 

total IR luminosity can be calculated by integrating across the IR emission spectrum to obtain 

the total IR luminosity L(/JR). Therefore, due to the SFR correlating with the L(/R) we can use 

a proportionality constant similar to equation 1.2 with the same assumptions to give a 

theoretical value for SFR(IR) (Kennicutt, 1998b):

SFR(IR)  (M0 y r " 1) =  4.5 x 10~44L(//?) (ergs  s _1). (1-3)
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Observational comparisons between the emission of Ha  photons and those of the IR 

continuum have shown that the total IR luminosity correlates with the SFR to a be tter  degree 

than that of Ha  (Kennicutt, 1998b). An example of this is shown below in Figures 1.6 and 1.7 

taken from Kewley et al. (2002).

100.00

10.00

cr .00
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Figure 1.6. A correlation betw een  the IR and uncorrected Ha  determ ined SFRs, w ith the 
dashed line representing the correlation of the uncorrected Ha.  The solid line represents the  
trend if directly correlated. Taken from Kewley et al. (2 0 0 2 ).
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Figure 1.7. As Figure 1.6, a correlation betw een  the IR and the corrected Ha  determ ined SFRs. 
After correction for reddening the IR and Ha  SFRs show  a fairly tight correlation. Taken from  
Kewley et al. (2 0 0 2 ).

In relation to those galaxies with an AGN component, however, studies of ULIRGs (e.g. Farrah 

et al., 2007) demonstrate that an AGN component can also contribute to the total IR luminosity 

as well as any IR luminous starbursts. Therefore, trying to analyse or ascertain the SFR from 

more distant, and thus unresolvable, AGN such as quasars is difficult. This burden is a result of 

the 'bleeding' of IR emission from the nucleus into its host galaxy of an apparent point-like 

source, arising from the inability to disentangle the origin of the IR emission spatially.

However, in recent works (e.g. Hernan-Caballero et al., 2015; Alonso-Herrero et al., 2014; Lutz 

et al., 2008) an alternative tracer of SF and, therefore, the SFR has been exploited. This 

alternative tracer can potentially solve the problems of AGN contamination, and this tracer is 

the near-infrared emission of 'Polycyclic Aromatic Hydrocarbons' (discussed further in 

Chapter 2). Polycyclic Aromatic Hydrocarbons (PAHs) allow the ability to probe the SF within 

these seemingly hostile environments, and by extension, provide an opportunity to answer the 

science goals of this thesis.
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Chapter 2

P olycyclic  A r o m a t ic  H y d r o c a r b o n s  (P A H s)

From what was discussed in Chapter 1, star formation cannot be observed and determined 

accurately through optical indicators such as Ha  emission. The Ha luminosity commonly 

represents a smaller fraction of the total star formation from extragalactic sources as a result 

of the Ha  luminosity being obscured by dust (e.g. Kewley et al., 2002). Moreover, the AGN can 

contribute to the Ha  emission, causing an overestimate in SFR values. With this in mind one 

can turn to the infrared end of the spectrum as discussed in Chapter 1, namely the wavelengths 

of the Unidentified Infrared (UIR) bands, which are currently attributed to Polycyclic Aromatic 

Hydrocarbons (PAH) (Allamondola et al., 1985; Leger & Puget, 1984). PAHs are found to be 

ubiquitous across the Universe, from Young Stellar Objects and Evolved Stars (e.g. AGBs, 

Planetary Nebulae etc.) to the Interstellar Medium and Galaxies, and have even been detected 

up to redshifts of z ~ 2.8 (Lutz et al., 2008).

Therefore, this Chapter shall explore these PAHs, and how they can be used to trace the 

Star Formation around AGN.
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2.1 Introd uction  to  PAHs

PAHs are hydrocarbon compounds. These molecules form because of the flexible bonding 

nature of carbon atoms. The base of these molecules is made up of 6 carbon atom s and 6 

hydrogen atom s bonded together to form a planar hexagonal shape, as shown in Figure 2.1. 

This structure  is held into place by the carbon atom s having 3 localised electrons forming 

covalent bonds, w ith the rem ainder fourth electron forming delocalised double bonds across 

the ring. This co-location gives us a 'Benzene Ring'. Hydrocarbons arranged into sim ilar shapes 

and structures such as these are known as 'arom atic' and can form multiple chains bonded 

together. These can, therefore, form w hat we know as Polycyclic Aromatic Hydrocarbons, 

w here the carbon-hydrogen (C-H) bonds are substitu ted  w ith m ore carbon-carbon (C-C) 

giving rise to a chain of p lanar hexagonal rings, again as shown in Figure 2.1 (Peeters, 2002).

benzene PAH molecule

Figure 2.1. On the left w e have a typical benzene ring dem onstrating the planar hexagonal 
structure, and on the right an exam ple PAH m olecule which show s how  the hydrogen atom s  
are displaced for carbon atom s appropriately depending on the shape and structure of the 
chain. Taken from Peeters (2 0 0 2 ).

2.1.1 PAH Emission

These ubiquitous PAH molecules are detected through characteristic broad emission features 

in the m id-infrared spectrum  that commonly peak at wavelengths 3.3, 6.2, 7.7, 8.6, 11.3 and 

12.7fim. The size of the molecules responsible for these features is generally believed to be 

~50 — 150 carbon atom s (Peeters, 2002; Tielens et al., 1999). In Figure 2.2 various carbon-
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hydrogen (C-H) and carbon-carbon (C-C) vibrational bending and stretching m odes are 

illustrated. These modes give rise to the infrared emission of the broad PAH features that are 

seen in Figure 2.3.

C’-H  stretch /

C -H  ou t-of-p lan e bend

Figure 2.2. Here w e can see an illustration of an individual hexagonal ring, and how  the 
different physical stretching and bending m odes betw een  C-C and C-H bonds give rise to the 
em ission features w e see peaking at their specific w avelengths. Taken from Peeters (2 0 0 2 ).

These PAHs reside w ithin in terstellar dust. The precise nature of this dust (size, structure and 

composition) is not clearly known, however, they are believed to be composed of several 

components, such as carbonaceous and silicate grains frosted onto icy m antles in dense clouds. 

There are three main types of grain that can be distinguished from their size and properties: 

The PAHs and am orphous hydrocarbons contain tens to thousands of carbon atom s and have 

sizes in the range from 0.4 — 1 nm ,  and these grains are stochastically heated and produce 

prom inent emission bands in the mid-IR region. At mid-IR wavelengths (e.g. in the IRAS 25 and 

60/im bands) the global emission has been attribu ted  to larger carbonaceous grains of sizes 

about 1 -  lOnm called Very Small Grains (D esert et al., 1990). Finally, the FIR-mm dust 

emission (100n m  — 1 m m ) is attributed to w hat are called the Big Grains (BG), which are a 

m ixture of (10 — lOOnm) am orphous carbon and silicate grains (e.g. Compiegne et al. 2010, Li

C -H
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& Draine, 2001; W eingartner and Draine, 2001) and these are in thermal equilibrium with the 

interstellar radiation field.

In the context of these dusty star-forming regions, Chapter 1 highlighted how PAHs can be used 

to trace stellar formation. Newly forming stars emit predominantly in the UV, however from 

Chapter 1 we know this UV radiation irradiates the surrounding gas and dust that enshrouds 

the star forming regions. Thus, the optical SFR become poor tracers due to extinction. Despite 

this, we also know PAHs are abundant in these regions meaning they too become irradiated by 

the stellar UV photons. This excites the PAH molecule to a greater energy state and as the 

molecule relaxes, it does so as prescribed in Figure 2.2 through the bending and stretching of 

the many C-C and C-H bonds. Producing IR photons as the broad features at the wavelengths 

shown in Figure 2.3 (Peeters, 2002).
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Figure 2.3. This spectrum  show s the profiles o f the PAH em ission features. Each of these  
features correlates to the stretching and bending m odes as depicted in Figure 2.2. Taken from 
Peeters (2 0 0 2 ).

2.1.2 The PAH Profile

The different PAH features depicted in Figure 2.3 are commonly known at their peak 

wavelengths stated in 2.1.1. However, it was noted in Peeters et al. (2002) that the PAH 

emission, in particular 6.2, 7.7 and 8.6/rra, has slightly varying features: the profile, shape and 

peak wavelength. Subsequently these PAHs are classified into bands A,B and C of increasing 

peak wavelength (see Figure 2.4).

1 65 0
Wav enu mbe r  ( c m  1)

1 5 5 0  . . .  13 0 0

QJ
Co</>

£  0-6

0 . 4co

0.2

0.0

6.26.0 6 .4 6.6 7 .5

Wavelength (jum)

Figure 2.4. The PAH em ission features 6.2, 7.7 and 8.6/un and their respective classes A-C. 
These classes are detailed in table 1. Taken from Peeters et al. (2 0 0 2 ).
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The current train of thought that highlights the responsible mechanism for these shifted 

profiles is that they portray greater reprocessing of the carbonaceous dust from classes C-A 

(Peeters et al., 2002): Class A commonly associated with YSOs and ISM/HII regions; Class B 

with Planetary Nebulae and isolated Herbig AeBe stars; Class C with AGB/Post-AGB/evolved 

stars (e.g. Sloan et al., 2007). Table 1 below defines each of these classes for each of the PAH 

features that this is known to affect.

C haracteristics
6.2g m  PAH 7.7urn PAH 8.6jam  PAH

Class ^peak Class Component Class ■̂peak
A -6 .22 A' 7.6 A" -8 .6

B 6 .2 4 -6 .2 8 B’ 7.8 B" > 8.62

C -6 .3 C' 8.22 C” none

Table 1. The PAH emission features 6.2,7.7 and 8.6gm  and their respective classes A-C 
are detailed here. Apeak represents the peak of the PAH class, except for the 7.7 gm  
which has multiple components of a varying dominant peak between the classes. 
Reproduced from Peeters et al. (2002).

2.1.3 PAHs and Star Formation in AGN

The PAH emission process, as explained and demonstrated in Figure 2.2 and Figure 2.3, has the 

useful by-product of being a tracer of SF (Peeters et al, 2004). This concept has been aided by 

further work of various studies on AGN/quasar host galaxies that also show the presence of 

star formation. Farrah et al., (2007) show how the 6.2gm PAH feature tightly correlates with 

the total IR luminosity and by extension we can, therefore, determine the SFR based upon a 

simple formula similar to equation 1.3 as shown below:

SFR(PAH) (M0 y r " 1) =  1.18 x 10~A1LPAH {ergs s " 1) (1.4)

The use of PAHs as tracers of star formation is now common practice when it comes assessing 

many areas of extragalactic astrochemistiy, from starburst galaxies to quasars (e.g. Alonso-
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Herrero et al., 2014; Bernard-Salas et al., 2009b; Brandi et al., 2006). In particular, PAHs have 

been found ubiquitously in AGN/quasars up to redshifts of z ~  2.8 using the Spitzer Space 

Telescope (Lutz et al., 2008). PAHs have even been resolved in local AGN (e.g. Alonso-Herrero 

et al., 2014), which have 11.3fim PAH detections within their nuclear regions as close as lOpc 

away from the AGN's harsh radiation fields, indicating a stronger resilience to destruction by 

the molecule due to the AGN than first thought. This is particularly the case when the PAH 

molecules are protected from the AGN radiation fields by greater column densities of 

intervening dust.

2.1.4 PAH Ionisation Fraction

There is a remarkable effect that the ionisation of the PAH molecules has on the overall IR 

spectral profile, and this effect has been shown in numerous laboratory studies (e.g. Kim et al. 

2001; Langhoff 1996). It is evident from these studies that when PAH molecules are in ionising 

environments, the relative intensities of the PAH emission from 6.2,7.7 and 8.6fim increases 

(see Figure 2.5).

From Figure 2.3 the PAH emission at 3.3jum, ll.3fj.rn and 12.7fim are due to the C-H bonds, 

with the emission from 6.2,7.7 and Q.6fim due to the C-C bonds. The emission from the C-C 

bonds is enhanced when the PAHs are ionised compared to the neutral case, as shown in Figure 

2.5. This emission process is caused by the increased stretching vibration activity, altering the 

charge distribution of the molecule and thus creating a stronger oscillating dipole. With the C- 

H bonds, the opposite is true and the oscillating dipole strength is reduced, causing the 

intensity to diminish in ionised environments (Peeters et al., 2002). This consequence means 

an ionisation fraction can be determined by the strength of the ionised PAHs of 6.2,7.7 and 

8.6fim, and that of the neutral cases 3.3fim, 11.3fim and 12.7fim. Strongest of these PAH 

features are the ones belonging to 6.2,7.7 and 11.3^m in which can, therefore, be used as a 

proxy for the stellar radiation field strengths.
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Figure 2.5. This profile sh ow s the response of the PAH m olecules w hen present 
in ionising environm ents com pared with those that are neutral. The relative 
intensities o f those betw een  5 — 1 0 have their features enhanced by 
ionisation and those outside of this range are w eakened (Peeters et al., 2002; 
Allamandola et al., 1999).

24



2.2 T h e  Spit z e r  Space  T elescope

For this project spectral data from the Spitzer Space Telescope's (SST) on-board Infrared 

Spectrograph (IRS) has been used.

This sub-section shall now discuss the details of the instrumentation and mission, as 

well as the direct predecessors that show the evolution of space-based IR spectroscopy.

2.2.1 Previous Missions

In January 1983, the Infrared Astronomical Satellite (IRAS), the first space-based IR telescope, 

was launched to overcome the restrictions of the narrow wavelength 'windows' as a result of 

the limiting transparency of Earth's atmosphere on the ground. The filters were centred at four 

infrared wavelengths of the IR spectrum that cannot be observed from the ground: 

12,25,60 and  100jurn (Pouw, 1983). The mission lasted for ten months until it ran out of the 

cryogen. IRAS produced a sensitive, unbiased IR survey of the sky (mapping 96% of the entire 

sky) with a series of new catalogues, containing point sources, extended sources less than 8', 

low-resolution IR spectra from the low-resolution spectrom eter and finally an atlas of the 

absolute surface brightness of the sky itself (Beichman et al., 2002). The mission was also 

successful in discovering new comets, many extragalactic objects and the discovery of the PAH 

emission features (Harland, 2015), which supplied its successor space-based telescopes with 

a plethora of potential observing targets.

One such successor was the European Space Agency’s (ESA) Infrared Space Observatory (ISO, 

Kessler et al., 1996). Launched in November 1995, the mission lasted over two years until the 

helium cryogen depleted in April 1998. The mission provided a greater focus on spectroscopy 

with the Short-Wavelength Spectrometer (SWS, de Graauw et al., 1996), and the Long- 

Wavelength Spectrometer (LWS, Clegg et al., 1996) giving a combined spectral coverage 

of 2.4 — 196jum. ISO provided instrumentation that was of greater sensitivity and with 

superior spatial resolution when compared to IRAS, vastly improving the science products. Its

25



successes include the first discovery of crystalline silicates, the development of quasar 

evolutionary scenarios and most importantly the discovery that PAHs are ubiquitous 

(Bernard-Salas, 2015; Salama, 2007).

2.2.2 The Spitzer Space Telescope

The SST (W erner et al., 2004) derives its name from Lyman Spitzer Jr. who was a prolific figure 

in astronomy for his work on stellar plasma physics, the pioneering of Infrared Spectroscopy, 

and also known for also suggesting the relatively 'simple' idea of placing into space telescopes 

that could combat the problems of the atmospheric absorption and aberration.

Initially named the 'Space Infrared Telescope Facility' (SIRTF) the first draft proposal was to 

have a primary m irror of 1.2m, roughly double the size of both the IRAS and ISO telescopes 

with a sensitivity that was to be a thousand times greater with data extraction speeds from its 

targets that were over a million times faster than any current programme operating at these 

wavelengths (Bahcall, 1991; Witteborn, 1976). However, due to budget cuts to NASA by the US 

government, the initial and outlandish brief was never met, reducing its operational and 

technical specifications. The resultant telescope was still one, however, of greater sensitivity 

and had a primary m irror at 85cm providing greater spectral and spatial resolution than ISO 

or IRAS. This instrum ental power allowed for PAHs to be scrutinised to a level they could never 

have been before, from a variety of astronomical objects. To prevent the instruments from 

becoming over saturated, the instrum ent needed to be kept cool and protected from the Sun; 

it does this by lagging behind Earth's orbit.

Onboard the SST there are three science instruments: The Infrared Spectrograph (IRS), the 

Infrared Array Camera (IRAC) and the Multiband Imaging Photometer for Spitzer (MIPS).

The next few subsections will discuss the on-board instrumentation. Such as the IRS 

instrument, which is the source of the data used within this project.
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2.2.2.1 The Infrared Spectrograph (IRS)

The IRS (Houck et al., 2004) is the principal on-board spectrograph for the SST. It covers a 

wavelength range of roughly 5 — 38fim with two long-slit low-resolution modules and two 

cross-dispersed high-resolution echelle modules available across the entirety of this 

wavelength coverage. These modules produce their spectra via diffraction gratings that 

disperses the light onto 128 x 128px CCD arrays. Each of the modules, their wavelength 

coverages and resolutions are presented in Table 2 below; spectral resolution is defined as R = 

A/AA, where A is the wavelength observed and AA being the smallest difference in wavelengths 

that can be distinguished from the observed wavelength of A.

Module Wavelength Coverage (fim) Resolution

Short-Low (SL) 5.2 -  14.5 60 -  127

Long-Low (LL) 14.0 -  38.0 57 -  126

Short-High (SH) 9.9 -  19.6 -6 0 0

Long-High (LH) 18.7 -  37.2 -6 0 0

Table 2. A breakdown of the IRS modules, their respective wavelength coverage and spectral 
resolution.

All of the spectra in this thesis have been observed in 'staring mode'. This mode is for the direct 

observation of objects where spectra can be obtained from variable exposure times, which is 

as the name suggests, effectively staring at the chosen target. For both of the low-resolution 

modules there exists two overlapping sub-slits, known as orders: SL2, SL1, LL2 and LL1 (e.g. 

where SL2= Short-Low Order 2, see Figure 2.6), with the SH and LH modules possessing ten 

orders each. These orders represent the incremental increase in wavelength (i.e. SL2 =  5.2 — 

7.7fim and SL1= 7.4 — 14.5^ra, see Figure 2.6), and each of the orders in the SL and LL modules 

observes their targets in two nodding positions or 'nods'; nod 1 and nod 2 (e.g. SL2 nod 2 and 

SL2 nod 1), each of which lies one-third and two-thirds along the length of the slit. The two 

pointings for the two nodding positions allows the observer in the data reduction stages to
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subtract the background effectively from their data, enhancing any spectral features present 

and also this redundancy in the data allows to facilitate for the identification and removal of 

glitches.

During the observation of a target in a low-resolution module, the 'peak-up' cameras on IRS 

are used to help point and centre the telescope onto the object for the requested module(s) 

and order(s). The telescope uses two pointings in each order for the two nods when observing 

a target, the resultant spectra of each nod and order are then recorded for the chosen 

integration times and number of cycles/images taken. Observations in a high-resolution 

module only require a single pointing for the entire wavelength coverage thanks to the echelle 

grating, however, 'off-observations' are made in order to subtract background noise during the 

reduction stages.

There are various applications and uses for both high and low-resolution modules depending 

on the target object: the high-resolution modules can disentangle more detail from a target 

source, its observations are particularly ideal for extracting and analysing atomic line spectra 

from sources, compared to the low-resolution modules that cannot disentangle the same 

amount of information from the observations as the high-resolution modules can. The low- 

resolution modules do possess greater sensitivity than their high-resolution counterparts and 

are therefore more suitable for performing observations of broad dust features emanating 

from dim, distant objects such as quasars (Houck et al., 2004). An illustration of the 

dimensions, the IRS modules and peak-up arrays are shown in Figure 2.6.
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Figure 2.6. Illustration and dim ensions of the IRS Modules, Orders, and Peak-up Arrays. Examples 
of the nodding positions are show n also along with the 'bonus' third orders, which are n ot used, as 
they are not w ell calibrated (Houck et al., 2004 ).

The wavelength coverage of this instrum ent is perfectly situated w ithin the range of the PAH 

emission profiles as discussed earlier, including those quasars that lie at greater redshifts. The 

description of the data reduction and tools used will be discussed in Chapter 3.

2.2 .2 .2  The Infrared Array Camera (IRA C)

IRAC (Fazio et al., 2004) is an imager w ith a 5.2' x 5.2' field of view with four channels at 

256px  x 256px  each that support sim ultaneous imaging centred at

wavelengths 3.6,4.5, 5.8 and  8.0/mi, w ith the sim ultaneous imaging operating in pairs (3.6fim  

and 5.8pm; 4.5pm  and 8.0pm ).  The wide field of view enables the imager to image whole 

galaxies at redshifts 1 <  z < 5, w ith the prim ary goal of imaging the stellar emission that peaks 

at -1.6^771 with the channels whose centroids lie at 3.6pm  and  4.5fan . With the 

5.8fim and 8.0pm  channels being aptly suitable for imaging PAH features (for objects not 

redshifted), and due to the sim ultaneous imaging that is enabled in the pairs as described it 

can actively map these features within the images.
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2 .2 .2 .3  T h e M u ltib a n d  Im a g e r  f o r  S p itz e r  (M IP S )

The MIPS (Rieke et al., 2004) is an imaging photom eter that operates at the centred 

wavelengths 24fim, 7 0 and  160[im; it can also perform low-resolution spectroscopy (R = 

15 — 25) for the purpose of measuring the Spectral Energy Distributions (SEDs) between 52 — 

97pm  of extragalactic sources. The 24pm  detector chip has an array of 128px  x  128px, the 

70fim detector chip has an array of 32px  x  32px  and finally the 160/rni detector chip 

possesses a smaller 2px  x  20px  array. These arrays were used only for imaging photometry.

2.2.3 Current Mission Status

The SST, like its predecessors, had a limited lifespan with its limited supply of helium cryogen 

which depleted in May 2009. Thus, ended the 'cool-phase' of the mission, where the IRS and 

MIPS instruments can no longer obtain any viable data due to oversaturation of the sensitive 

electronics. The SST mission current exists, however, as a "warm-mission" in which the IRAC 

instrum ent can still take images with its two remaining channels centred at wavelengths 3.6fim 

and 4.5 fim.

Since the initial launch of Spitzer, however, a new IR space-based mission has already been 

launched and has exhausted its cryogen; the ESA’s Herschel Space Observatory launched in 

May 2009. Herschel had a substantially larger primary m irror than Spitzer's at 3.5m with 

instruments operating at greater sensitivity and resolution observing from the far-infrared to 

sub-mm wavelengths in the range of 55 — 672pm, Herschel's cryogen depleted in April 2013.

A future mission that is set to continue this work certainly is the James Webb Space 

Telescope (JWST) due for launch in 2018. It will operate between wavelengths 0.6 — 28.5pn 

utilising a 6.5m primary mirror, which is set to boast even greater sensitivity and spectral 

resolution that will better detect and resolve PAH features than the SST. Therefore, JWST can 

and will help to advance the work done in this thesis and beyond (see Chapter 7).
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Chapter 3

Co n s t r a in in g  t h e  P h y sic a l  S iz e  o f  S F  R eg io n s

Quasars, as it has been discussed, can be enigmatic objects when it comes to understanding 

and answering questions about their nature. Quasars possess a highly luminous source of 

emission across small scales with an apparent correlation between the host galaxy's stellar 

mass growth and the central black hole mass. This apparent correlation leads to the focus of 

this Chapter: to constrain whether the SF present in quasars correlates spatially with a quasar's 

activity, through the m easurement of the PAH extent (this will be discussed in detail later in 

the Chapter).

In order reach the science goals IR spectral data of a selection of quasars must first be 

obtained. This Chapter will describe the sample and how its objects were selected, how the 

PAH extent was measured, along with the results.

3 .1  M ethodology

This section describes the key methodological steps in how the Spitzer IRS spectra were 

selected and extracted, along with the subsequent steps involved in measuring the angular 

sizes of the emission caused by the PAH molecules corresponding to the wavelengths as 

discussed in Chapter 2.
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3.1.1 Sample Selection

The project consists of sample data of 63 quasars, where the data were originally obtained 

through using the Spitzer IRS instrum ent from across a variety of different observing 

programmes. The process by which this data were mined is as follows:

1. Using the Caltech (2015) hosted programme database, keyword term s involving 

quasars e.g. "Quasar" or "QSO" were searched.

2. Any relevant programmes to these keywords were noted with their Programme ID 

(PID) number, and using the PID, were subsequently checked in the Cornell Atlas for 

Spitzer/IRS Sources (CASSIS) (Lebouteiller et al., 2011) to see if the observing 

programmes contained low-resolution IRS data. The low-resolution data are favoured 

due to the greater sensitivity of the modules to compensate for the relatively dim 

nature of quasars, therefore, are better suited to observing the broad spectral features 

such as those of PAH emission from the continuum.

3. If low-resolution IRS data were present within a programme, the individual object data 

within each were further analysed by eye for any PAH emission using the built-in 

CASSIS spectrum viewer. Those objects with PAH emission were noted with their 

unique Astronomer Observation Request (AOR) keys, as well as noting on the numbers 

of programmes involved.

This process was repeated for 177 programmes that were identified as having observed 

quasars. 79 out of the 177 programmes had low-resolution IRS data and 10 out of those 79 

programmes contained objects with PAH features, in total leading to the 63 objects in the 

sample two separate populations at low-z (z < 1) and the other in high-z (z > 1). These two 

populations are arbitrary, and are merely the result of w hat data is available in the archive. The 

resultant sample is detailed in Table 3. The remaining 69 programmes containing quasars lack 

PAH features due to a sensitivity bias, meaning the lack of PAH features in these programmes 

is due to the sensitivity/flux limits of the instrumentation. Future telescopes (see Chapter 7) 

could disentangle more PAH features from a greater number of quasars, such as the ones found 

in the 69 spitzer programmes, than the sample in this thesis contains.
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PID AOR Key O bjec t N am e
C o o rd in a te s

CX|2000 JJ2000
R edshift (z)a dA (M p c f Spitzer O rd e r/M

20083

14014464

14015744

14016256

14017024

[VV2006] J171818.2+584905 

FLSVLA J171106.7+590436 

[VV2010C] J 171324.2+585548 

[PCE2006] 1404

17h 18m 18.2s 

17h 11m 06.7s 

17h 13m 24.2s 

17h 24m 58.35s

58° 49' 05.00" 

59° 04' 36.00” 

58° 55 '48.00" 

59° 15 '45.80"

0.634

0.462

0.610

0.494

1414

1206

1389

1251

SL1+SL2+LL1+L

SL1+SL2+LL1+L

SL1+SL2+LL1+L

SL1+SL2+LL1+L

49

4163840 2MASS J 00070361+1554238

4164096 2MASS J 01203157+2003278

4165632 IRAS F16574+1838

4165888 2M ASSJ17144277+2602485

4166400 2MASS J00505570+2933381

4166656 2MASS J01083516+2148186

4166912

4168192

2MASS J01572105+1712484

[VV2000] J 125807.5+232922

4168448 2M ASSJ13070066+2338050

4168960 2M ASSJ14533151+1353587

4169472 2M ASSJ16370022+2221140

4169984 2MASSJ 22255425+1958372

OOh 07m  03.61s 

Olh 20m  31.57s 

16h 59m 39.77s 

17h 14m 42.77s 

OOh 50m 55.7s 

Olh 08m 35.16s 

Olh 57m 21.05s 

12h 58m 07.50s 

13h 07m 00.66s 

14h 53m 31.51s 

16h 37m 00.22s 

22h 25m 54.25s

15° 54' 23.80" 

20° 03 '27 .80" 

18° 34' 36.90" 

26° 02' 48.50" 

29° 33' 38.10" 

21° 48 ' 18.60" 

17° 12' 48.40” 

23° 29’ 22.00" 

23° 38' 05.00" 

13° 53' 58.7.0" 

22° 21' 14.00” 

19° 58' 37.20"

0.114

0.087

0.171

0.163

0.136

0.285

0.213

0.259

0.275

0.139

0.211

0.147

426

335

601

578

497

886

715

506

709

530

SL1+SL2 

SL1+SL2 

SL1+SL2 

SL1+SL2 

SL1+SL2 

SL1+SL2 

SL1+SL2 

SL1+SL2 

SL1+SL2 

SL1+SL2 

SL1+SL2 

SL1+SL2

30314

18027008 LBQS 0018-0220

18027264 [VV2000] J023233.1-211726

18027520 [VV2006] J041327.2+102743

18027776 QSOJ0812+4028

18028032 QSO B0908+0603

18028288 [VV2000] J 100517.5+434609

18028800 LBQS 1230+1627B

18029312 QSO J1415+1129

18029568 QSO B1611+4719

18028544 QSO B1104-181

OOh 21m 27.35s 

02h 32m 33.1s 

04h 13m 27.2s 

08h 12m 00.49s 

09h 11m 27.61s 

lOh 05m 17.44s 

12h 33m 10.43s 

14h 15m 46.25s 

16h 12m 39.92s 

l l h  06m 33.39s

-02° 03' 33.62" 

-21° 17' 26" 

10° 27' 43.00" 

40° 28' 14.35" 

05° 50' 54.28" 

43° 46 '09 .29" 

16° 10' 52.90" 

11° 29 '43.40" 

47° 11' 57.50" 

-18° 21' 23.80"

2.596

2.162

2.837

1.802

2.793

2.095

2.735

2.560

2.396

2.305

1651

1710

1614

1741

1621

1717

1630

1656

1679

1692

LL1 + LL2 

LL1 + LL2 

LL1 + LL2 

LL1 + LL2 

LL1 + LL2 

LL1 + LL2 

LL1 + LL2 

LL1 + LL2 

LL1 + LL2 

LL1 + LL2

20142

14193408 2MASSIJ1118302+402553

14194432 2E 2584

14200064 2E 1519.0+2238

14197504 2MASSIJ1417008+445606

14196224 2XM M J132349+654148

l l h  18m 30.20s 

12h 04m 42.11s 

15h 21m 14.25s 

14h 17m 00.8s 

13h 23m 49.49s

40° 25’ 53.00" 

27° 54' 11.70" 

22° 27’43.80" 

44° 46' 06.00" 

65° 41 '48 .20"

0.154

0.165

0.136

0.114

0.168

552

584

496

425

592

SL1+SL2+LL1+I 

S Ll+S L2+LL1+I 

SL1+SL2+LL1+I 

SL1+SL2+LL1+I 

SL1+SL2+LL1+I

50508

26328320 2MASSJ 00501008+2806199

26334720 2MASSJ 22394602+1929549

26334976 2MASS J23030430+1624406

26334208 2M ASSJ17053665+2101380

26334464 2MASX J 22374267+1456143

26330624 2MASS J10012116+2150112

26333440 2M ASSJ15215105+2251209

OOh 50m 10.08s 

22h 39m 46.02s 

23h 03m  04.3s 

17h 05m 36.65s 

22h 37m 42.67s 

lOh 01m 21.16s 

15h 21m 51.05s

28° 06' 19.90" 

19° 29' 54.90" 

16° 24 '40 .60" 

21° 01' 28.00" 

14° 56’ 14.30” 

21° 50' 11.20" 

22° 51' 20.90"

0.277

0.194

0.289

0.271

0.279

0.248

0.287

869

664

895

855

873

802

891

SL1+SL2+LL1+I 

SL1+SL2+LL1+ 

SL1+SL2+LL1+ 

SL1+SL2+LL1+ 

SL1+SL2+LL1+ 

SL1+SL2+LL1+ 

SL1+SL2+LL1+

50558

26413568 LEDA 2822178

26413824 4C 05.16

26415104 LEDA 2830969

OOh 25m 49.16s 

03h 49m  46.5s 

21h 27m 50.04s

-26° 02' 12.62" 

05° 51 '42 .00" 

-20° 42' 31.50"

0.322

0.339

0.636

963 SL1+SL2+LL1+

SL1+SL2+LL1+

SL1+SL2+LL1+

242
13628416 QSO J0920+4531

13628672 [VV2010c] J 115718.4+600345

09h 20m 14.11s 

l l h  57m 18.4s

45° 31' 57.20" 

60° 03' 45.00"

0.402

0.491

1112

1246

SL1+LL2

SL1+LL2

3231

10497536

10496000

10495744

10494464

10494208

10491648

10491392

10490624

10490368

2M A SSJ01051501-2612466 

2MASS J 22023161- 5657577 

2MASS J21573517+0114331 

2M ASSJ15554606+1532218 

2MASS J02542961+1509122 

2MASSJ 03574895-1340458 

2MASS J23080919+0538305 

2MASS J22565483-3649515 

2MASS J00285431-7726146

Olh 05m 15.01s 

22h 02m 31.61s 

21h 57m 35.17s 

15h 55m 46.06s 

02h 54m 29.61s 

03h 57m 48.95s 

23h 08m 09.19s 

22h 56m 54.83s 

OOh 28m 54.31s

-26° 12 '46 .60" 

-56° 57' 57.70" 

01° 14' 33.10" 

15° 32' 21.80" 

15° 09' 12.20" 

-13° 40 '45 .80" 

05° 38' 30.50" 

-36° 49' 51.50" 

-77° 26' 14.60"

0.114

0.083

0.136

0.131

0.099

0.075

0.146

0.086

0.087

426

322

497

481

377

295

527

333

336

SL1+SL2+LL1+ 

SL1+SL2+LL1+ 

SL1+SL2+LL1+ 

SL1+SL2+LL1+ 

SL1+SL2+LL1+ 

SL1+SL2+LL1+ 

S Ll+S L2+LL1+ 

SL1+SL2+LL1+ 

SL1+SL2+LL1+

40330

22929920

22930432

22931968

23509504

23510016

23510528

23510784

23511040

2MASXJ11182408+5602074 

LEDA 2600134 

NVSS J110909+455125 

NVSS J103228+121037 

NVSS J15574349+2727530 

2MASX J22385422+1311404 

2MASX J08004768+3743435 

2MASX J 09040105+0127294

l l h  18m 24.08s 

l l h  33m 00.22s 

l l h  09m 09.00s 

lOh 32m 28.00s 

15h 57m 43.49s 

22h 38m 54.22s 

08h 00m 47.68s 

09h 04m 01.05s

56° 02' 07.40" 

60° 16' 27.60" 

45° 51' 25.00" 

12° 10' 37.00" 

27° 27' 53.00" 

13° 11' 40.40" 

37° 43 '43 .50" 

01° 21 ' 29.40”

0.068

0.065

0.064

0.033

0.032

0.063

0.042

0.053

268

256

253

136

130

249

170

215

SL1+SL2+LL1+LL2

SL1+SL2+LL1+LL2

SL1+SL2+LL1+LL2

SL1+SL2+LL1+LL2

SL1+SL2+LL1+LL2

SL1+SL2+LL1+LL2

SL1+SL2+LL1+LL2

SL1+SL2+LL1+LL2

30715

18852608

18852864

18853120

[BKD2008] WR 525 

Mrk 42

2MASS J04344153+4014216

12h 37m 41.19s 

l l h  53m 41.77s 

04h 34m 41.53s

26° 42' 27.50" 

46° 12' 42.60" 

40° 14' 21.60"

0.021

0.025

0.020

87

102

SL1+SL2+LL1+

SL1+SL2+LL1h

SL1+SL2+LLH

Table 3. Sample used in this study with the relevant Programme ID and AOR Keys along with the 
objects them selves and their coordinates. a Data w ere obtained from S1MBAD; b Data w ere  
obtained from the NED;c Values w ere determ ined using the ‘iCosmos Cosmology Calculator' with 
a standard cosm ology (see  section 3.2.2.).
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3.1.2 SMART: Data Reduction

After the data had been downloaded and organised appropriately, the data from the accrued 

sample were then reduced before the extents of the PAH emission features were measured 

during the extraction process using corresponding empirical Point Spread Functions (PSF). 

These PSFs represent the intrinsic profile of the optics of the telescope and varies with 

wavelength. Any source of emission that has a spatial profile smaller than that of the PSF's 

cannot be resolved as it becomes completely entangled within the PSF.

The reduction process is done by utilising the dedicated extraction routines for Spitzer's 

spectral data. The collective software package is the Spectroscopic Modelling Analysis and 

Reduction Tool (SMART) (Higdon et al., 2004). This software also includes the built-in optimal 

extraction package that was used for the measurement of the PAH emission’s extent from the 

empirical PSF, this package is known as "Advanced Optimal" (AdOpt) extraction (Lebouteiller 

et al., 2010). Previous extraction methods, such as 'tapered column', rely upon using wide 

extraction windows that weight each pixel equally. Therefore, this means that the pixels are 

weighted whether there is a signal present or not in the pixel, meaning a lot of noise 

contaminates the data leading to a poor Signal-Noise Ratio (SNR). AdOpt enables the use of 

star-calibrated empirical PSFs for a series of different wavelengths, with the PSF's flux 

weighted against the source emission profile's flux incrementally pixel by pixel in the 

dispersion direction. The consequence provides spectra with a greater SNR than was 

previously possible. These routines are therefore ideal for disentangling information from 

spatially small and distant objects such as quasars/AGN. It shall also be noted that due to their 

apparent size and dim nature as a function of their distance, the low-resolution modules of the 

SST's IRS are adopted for their greater sensitivity, and as a result, no high-resolution data is 

used due to the lack of data. SMART utilises a Graphical User Interface (GUI), which allows for 

the reduction of the data, as well as to extract and review the resultant spectrum interactively 

(see Figure 3.1 for an example).
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Starting with the original files generated from Spitzer's BCD pipeline, the so-called "level 1" 

data (defined below) are distributed into three separate '.fits.' Files: the raw image file, the BCD 

mask file and the uncertainty file. These three different files complement each other as single 

fram e/exposure (each image frame consists of these three files). The following is a breakdown 

of the data reduction processes using SMART:

1. Of those quasars with PAH emission, their data were found from the Spitzer Heritage 

Archive (NASA, 2015) using each of their unique AOR keys to easily find the correct 

data. "Level 1" data were downloaded from the SHA, where level 1 data represented 

the "Basic-Calibrated Data” (BCD) sets of a non-reduced Spitzer pipeline, with the 

"Level 2" data representing the "Post-BCD" (PBCD) sets of already reduced data sets by 

the pipeline.

2. All of the available low-resolution files for a given object were imported into SMART'S 

GUI. Each image frame was displayed in the window in their three separate files, after 

which all of the data w ere then converted into '3-Plane' data; the three separate files 

were then kept together after being merged into a single image file of each exposure, 

making data management easier.

3. With the newly combined 3-Plane data, they were then all individually processed 

through the 'IRSCLEAN' routine package. IRSCLEAN removes 'rogue'/bad pixels (i.e. 

pixels with significant variations in their responsivity over time) based off BCD mask 

files made for each observing campaign. IRSCLEAN also uses its own algorithms that 

determine the 'rogue' pixels from outlying flux values that are > 10 times the median 

uncertainty in the pixel values (see Figure 3.2). These pixels are substituted by the 

algorithms determining averages from the neighbouring 'normal' pixels.

4. The cleaned 3-pane data were then passed through a combined/stacked routine 

according to the Data Collection Event (DCE) of each file; all of the repeated exposures 

taken from the same nods and modules were then co-added together. Once complete, 

eight low-res files should remain (SL2, SL1, LL2 and LL1) depending on which orders
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and modules were used in the observing run along with a file for each module order

and 'nod' position (e.g. LL2 nod 1 and LL2 nod 2 etc.).

5. Finally, to reduce the background noise from each of the cleaned and combined 

exposure frames, the modules and their orders were passed through simple arithmetic 

routines present with SMART. These routines used simple subtraction of one nod from 

another. For example, the module and order LL2 with its two nods will be passed 

through the formulae LL2 nod 2 — LL2 nod  1 andLL2 nod  1 — LL2 nod 2. The result 

produces background removed versions, LL2 nod 2 and LL2nod  1 respectively (See 

Figure 3.3. This subtraction process leads to positive and negative source emission 

profiles from each of the nods, as shown in Figure 3.4.

The background can also be removed via subtraction by order (i.e. LL2 nod 2 —

LL1 nod 2). This method is useful if either both or one of the nods contaminate each other 

due to their proximity to each other on the CCD chip. It is preferred however that the 

reduction of the background is made via a nod subtraction, simply due to the nods being in 

closer proximity, meaning the background in each will also be closer, thus minimising any 

possibility of any large variances in the background compared with the errors induced in 

repointing between each order.
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B
■ H H i ■ 1 Hi m ĵ MBHI H S

ID Type Filename Object Aorkey Module Nod Exp DCE RA DEC (CAL.SET)

m n w i r a i m m w m w m s m ■ e w r is v j i iw nfw E ffiia1
1 IMflGE SPIT7ER_SO_41G5888_0002_0000_U.bmask.fits 1 0 4165888 0 2 0 1 258.06323 26.026932 1 C18.18PRE

3 1 IMAGE SPI T7ER_SO_41G5888_0002_0000_ll_f unc . f i t s 1 0 4165888 0 — 2 0 1 259.06323 26.026932 1 C18.18PRE
4 1 IMAGE SPI TZER_SO_4165888_0002_0001_ll_bcd. f  i  ts 1 2MASSJ171442.77 41G5888 SL2 1st 2 1 1 258.67830 26.046843 1 C18.18PRE
5 ! IMAGE SPITZER_S0_4165888_0002_0001_li_bmask.fits 1 0 41G5888 0 — 2 1 1 253.06323 26.026935 1 C18.18PRE
6 1 IMAGE SPITZER_SO_4165888_0002_0001_ll_func.f i ts 1 0 41G5888 0 — 2 1 1 253.06323 26.026935 1 C18.18PRE
7 1 IMAGE SPITZER_50_4165888_0003_0000_ll_bcd.fits 1 2MASSJ171442.77 41G5888 SL2 2nd 3 0 1 258.67820 26.046753 1 C18.18PRE
8 1 IMAGE SPITZER_SO_4165888_0003_0000_ll_bmask. f i  ts 1 0 4165888 0 — 3 0 1 259.06374 26.032056 1 C18.18PRE
3 1 IMAGE SPITZER_SO_4165888_0003_0000_ll_func. f  i ts 1 0 4165888 0 — 3 0 1 259.06374 26.032056 1 C18.18PRE
10 1 IMAGE SPIT2ER_S0_41G58S8_00O3_0001_ll_bcd.fits 1 2MASSJ171442.77 41G5888 SL2 2nd 3 1 1 258.67820 25.046752 I C18.18PRE
11 1 IMAGE SPITZER_SO_41G5888_0003_0001_ll.bmask.fits 1 0 4165888 0 — 3 1 1 259.06374 26,032057 1 C18.18PRE
12 1 IMAGE SP I TZER_SO_4165888_0003_0001_ll_f unc. f  i ts 1 0 4165888 0 — 3 1 1 259.06374 26.032057 1 C10.18PRE
13 1 IMAGE SPITZER_S0.4165888_0004_0000_ll_bcd. f  i ts t 2MASSJ171442.77 4165888 SL1 1st 4 0 1 258.67827 26.046753 1 C18.18PRE
14 1 IMAGE SPITZER_SO_4165888_0004_0000_ll_bmask. f  i ts 1 0 4165888 0 — 4 0 1 259,06105 26.005122 1 C18.18PRE
15 1 IMAGE 1 SPITZER.S0.4165888.0004_0000_ll_func.fits 1 0 1 4165888 0 — 4 0 1 259.06105 26.005122 1 C18.18PRE
16 1 IMAGE 1 SPITZER.SO_41G5888_0004_0001_ll_bcd.fits 1 2MASSJ171442.77 1 4165888 SL1 1st 4 1 1 258.67828 26.046767 1 C18.18PRE
17 1 IMAGE 1 SPITZER_SO_4165888_0004_0001_ll_bmask,fi ts 1 0 1 4165888 0 — 4 1 1 259.06105 26.005120 1 C18.18PRE
18 1 IMAGE 1 SPITZER_S0_4165888_0004_0001_ll_func. f  i  ts 1 0 1 4165888 0 4 1 1 259.06105 26.005120 1 C18.18PRE

[ t n , ... . ____________ __________________ - ______ U f i

LADD RECORDS Selected records; Rename Export/Convert Delete l l _ Close 1

Actions: EXTRACT 1 ‘?j Image operations View: SMTV/IDEA Other tools SMTV plane Header H istory j

Figure 3.1. Illustration of the SMART GUI. Here the data files are im ported ready for reduction and 
extraction.

Figure 3.2. An illustration of the IRSCLEAN routine with the SL1 nod 2 CCD frame. In (a) there are som e  
'rogue' pixels, that are outliers relative to the count level (exam ples are highlighted in the red circles). 
In (b) the rogue pixels have been  rem oved. Both im ages have the sam e greyscale.
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Figure 3.3. An illustration o f the sim ple subtraction  
arithm etic routine with the SL1 nod  2 -  SL1 nod  1. The 
subtraction of nod 1 from nod 2 of SL1 is show n, leaving  
behind the source signal as a strong black line w ith a few  
rem aining rouge pixels.

3.1.3 SMART: Data Extraction and PAH Measurement with AdOpt

After the data reduction process, as described above, the built-in optimal extraction routines 

can now be utilised through the AdOpt package to m easure the extension of the PAH emission. 

SMART in general, however, does possess three different m ethods of data extraction: Full 

Aperture, used for high-resolution data w here a fixed column m easures the full w idth of the 

slit; Tapered Column, a column extract that scales along with wavelength to account for the 

changing FWHM of the PSF; Optimal, an extraction tha t uses the PSF profile to weigh against 

the data, which is the prim ary extraction m ethod used for this project. The process used in this 

thesis is detailed as follows:

1. For each m odule and nod, the data w ere extracted by the desired extraction m ethod. 

The ‘manual optimal extraction’ was chosen to open and use the AdOpt package, as well 

as containing the specific routines that allow for the m easurem ent of the PAH emission 

extent.
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2. Running through the extraction process in AdOpt leads to a pixel by pixel weighting of 

the PSF flux to the source flux, providing the best SNR spectrum than previously 

possible with Spitzer's IRS instrum ent The resultant spectrum is produced and shown 

along with the source position along.the actual CCD slit image (see Figure 3.4 for an 

example). Using the CCD slit image and scrolling the cursor along the extraction line 

(where the y position increases in wavelength along the slit from top to bottom) the 

wavelength range of the PAH emission features within the spectrum is selected. Doing 

so allows for specific measurements along the dispersion direction to be made relative 

to the chosen wavelength, and this is done appropriately for each visible PAH feature.

3. Finally, the PAH extent is measured from the instrumental PSF via Gaussian fitting 

routines in AdOpt, calculating values of the ratio PAHfwhm/PSFfwhm as well as 

individual component values in both pixels and calculated into arcseconds (see Figure 

3.5). These values were noted for each nod, order and module for each object.

4. After the extent measurements had been made using AdOpt's routines, all of the 

spectral data were then extracted from each object again using the automatic optimal 

routines. Thus, these were exported for each order and nod as ‘.fits’ files, to enable 

them to be analysed by other routines for further analysis.

The extent measurements that were noted for each object were mean averaged across their 

respective nods for each order. The measurement data can be found in Table 4. Examples 

of the data extracted and plotted can be found in Figure 3.6.
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p o s i t io n

Input f i l e s  j  C alibration  *. Options | E x trac tion  j; Sources j Skyplot | Extent ) About

POSITIONS; ri-0.22 ?=wildcard ,=separator /=range Background order: ( o f f ) £ | (27,124) 7.58un 2.81 (17hl4rr>42,741s 28:02:44.18)

5S 60
((-coordinate {©row 0}

Collapse ( fo r  sp a tia l p ro fi le  p lo t) ;  Short! FullJ

6.5
Wavelength [urn]

Figure 3.4. This is an exam ple of the AdOpt manual extraction routine: top left 
is the source detector and show s the nod subtraction betw een  nod 2 and nod 
1 from the positive and negative profiles, bottom  left is the extracted  
spectrum , top and bottom  right is the CCD im age o f the slit and source traced 
by the blue line. The decrease in y pixel position indicates increasing  
w avelength, w here a variance in the dispersion direction (x) w eighted against 
the PSF provides the extent.

Input f i l e s  J C alib ration  & Options j E xtrac tion j Sources J Skyplot !I Extent I  About 

Source exten t based on gaussian p ro fi le  f i t t i n g  of the  PSF and of the  data row

40 50 60 70 60
Column index

fWHH ra t io  between the  source and the  PSF = 1.04 (42!)
PSF FUW = 2.01px, o r 3 .6 2 '
Obs FUHN = 2.10px. or 3 .78“
Soiree in tr in s ic  FWHH = 1.03*

Based on gaussian f i t s  o f the  collapsed p ro fi le  [25, 38]

Quit

Figure 3.5. This is an exam ple o f the extent viewer: at the top the source  
em ission (solid  black line) and PSF (solid blue line) profiles are shown; at the 
bottom  the calculated FWHM extent values are shown.
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Figure 3.6. Example spectra from the author's python plotting routines.
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PID AOR KEY Object Name Distance (M pc)bc
PAH Exention (FW HM/PSF)

6.2pm 7.7pm 8.6pm 11.3pm
14014464 [VV2006] J171818.2+584905 1414 - 0.97 - -

20083
14015744 FLSVLA J 171106.7+590436 1206 - 0.97 -

14016256 [VV2010C] J171324.2+585548 1389 - 0.95 - -

14017024 [PCE2006] 1404 1251 - 1.07 - -

4163840 2MASS J00070361+1554238 426 - 1.12 - 1.09
4164096 2 MASS J01203157+2003278 335 - 1.6 1.4
4165632 IRAS F16574+1838 601 - 1.01 - 0.99
4165888 2MASS J17144277+2602485 578 - 1.18 - -

4166400 2MASS J00505570+2933381 497 - 1.06 -

49
4166656 2MASS J01083516+2148186 886 - 1.02 - -

4166912 2MASS J01572105+1712484 715 - 1.04 1.03 -

4168192 [VV2000] J 125807.5+232922 828 - 1.01 -

4168448 2MASS J13070066+2338050 864 - 1.06 0.98 -

4168960 2MASS J14533151+1353587 506 - 1.05 -

4169472 2MASS J16370022+2221140 709 - 1.03 - -

4169984 2MASS J 22255425+1958372 530 - 1.05 - -

18027008 LBQS 0018-0220 1651 - 0.91 -

18027264 [VV2000] J023233.1-211726 1710 1.09 0.97 - 0.87
18027520 [VV2006] J 041327.2+102743 1614 - 1.21 - -

18027776 QSO J0812+4028 1741 0.92 0.87 - -

30314
18028032 QSO B0908+0603 1621 1.04 1.07 - -

18028288 [VV2000] J 100517.5+434609 1717 1.05 1.11 - -

18028800 LBQS 1230+1627B 1630 0.9 0.88 - -

18029312 QSO J1415+1129 1656 1.04 1.04 - -

18029568 QSO B1611+4719 1679 1.01 1.02 - -

18028544 QSO B1104-181 1692 - 1.24 - -

14193408 2MASSIJ1118302+402553 552 - 1.1 - 1.03
14194432 2E 2584 584 1.03 1.04 - -

20142 14200064 2E 1519.0+2238 496 - 1.02 - -

14197504 2MASSIJ1417008+445606 425 1.17 1.05 - 1.01
14196224 2XMM J132349+654148 592 1 1.04 - 1.02
26328320 2MASS J00501008+2806199 869 1.87 1.88 2.11 1.83
26334720 2MASS J 22394602+1929549 664 1.51 1.07 1.3
26334976 2MASS J23030430+1624406 895 1.5 1.03 1.11 1.16

50508 26334208 2MASS J17053665+2101380 855 - 1.04 - -

26334464 2MASX J 22374267+1456143 873 - 1.04 - -

26330624 2MASS J10012116+2150112 802 0.96 1.14 0.92 -

26333440 2MASS J15215105+2251209 891 - - - -

26413568 LEDA 2822178 963 1.54 1.63 1.29 -

50558 26413824 4C 05.16 988 1.18 1.02 - -

26415104 LEDA 2830969 1416 - 1.03 - 1.14

242
13628416 QSO J0920+4531 1112 - 1.02 - -

13628672 [VV2010c] J115718.4+600345 1246 - 1.01 1.01 -

10497536 2MASS J01051501-2612466 426 1.31 1.17 1.49 1.39
10496000 2MASS J22023161-5657577 322 1.47 1.46 1.54 1.49
10495744 2MASS J21573517+0114331 497 1.34 1.2 1.44 1.27
10494464 2MASS J15554606+1532218 481 1.72 1.78 1.91 1.86

3231 10494208 2MASS J02542961+1509122 377 1.82 1.37 1.75 1.77
10491648 2MASS J 03574895-1340458 295 1.21 1.08 1.19 1.09
10491392 2MASS J23080919+0538305 527 1.4 1.45 1.59 1.48
10490624 2MASS J22565483-3649515 333 1.87 1.15 1.31 1.34 ;
10490368 2MASS J00285431-7726146 336 1.65 1.32 1.72 1.4
22929920 2MASX J11182408+5602074 268 1.15 1.04 1.06 1.02
22930432 LEDA 2600134 256 1.19 1.09 1.09 1.09
22931968 NVSSJ110909+455125 253 1.16 1.21 1.1 1.22

40330
23509504 NVSSJ103228+121037 136 j 1.16 1.11 1.32 1.2
23510016 NVSS J15574349+2727530 130 1.2 1.23 1.25 1.12
23510528 2MASX J22385422+1311404 249 1.08 1.15 1.12 1.13
23510784 2MASX J08004768+3743435 170 1.11 1.22 1.26 1.12
23511040 2MASX J09040105+0127294 215 1.12 1.1 1.19 1.16
18852608 [BKD2008] WR 525 87 1.86 1.81 1.31 1.27

30715 18852864 Mrk 42 102 1.19 1.22 1.07 1.09
18853120 2MASS J 04344153+4014216 86 | 1.14 1.32 1.12 1.11

Table 4. The PAHfwhm/PSFfwhm ratios of each of the PAH em ission peaks. Cells w ithout 
values are w here PAH em ission extent couldn’t be determ ined by AdOpt. bc See Table 3.
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3 .2  Results

The relevant PAH emission data obtained and extracted from the objects, was then analysed. 

The following sections present the results of the obtained FWHM data. The most common/easy 

way to disentangle PAHs were used to compare any possible variance in the SF regions with 

cosmological redshift. The calculated physical angular diameters are also presented through 

the use of the simple geometric relation between the angular size of the PAH emission, and the 

angular diameter distance.

3.2.1 The FWHM PAH-PSF Ratios

Figures 3.7 and 3.8 are two plots that highlight the PAHfwhm/PSFfwhm ratio against the 

objects' redshifts for the 6.2[im and 7.7fmi emission bands respectively. The error bars are 

estimated using a 'Monte Carlo' method, first measuring the standard deviation of the values 

that are less than or equal to 1, then multiplying this by the ratio of the standard deviation of a 

zero-mean Gaussian distribution with the standard deviation of negative values from that same 

Gaussian distribution. The grey band represents a 15% extent from the PSF as an arbitrary 

lower limit on what is considered to be an extended source of emission as advised by 

instrum ent specialists, which is in rough agreement with the lcr estimate. Thus, the emission 

here is only considered to be significantly extended from the PSF if the ratio is ^  1.15. This 

value has been determined from the instrumental constraints and the limitations from the 

optimal extraction routines (Lebouteiller etal., 2010).

It should be noted that not all emission bands could have their PAH extents calculated from the 

PSF, meaning some PAH feature specific population sizes may be sm aller/larger than others 

from the total sample. However, both Figures 3.7 and 3.8 show a similar relationship between 

the angular sizes and distance of each object, with angular size apparently increasing with 

decreasing redshift. This result is what is expected from the simple geometry, assuming the 

objects can be resolved from the PSF.
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Figures 3.7 and 3.8 have two clear and distinct populations tha t can be seen, w ith one at low 

redshift 0 < z <  1, and the other at high redshift 1.5 <  z <  2.9, a gap that could be potentially 

filled for future missions such as JWST. Regarding the extent, it can be seen that the emission 

in the brightest PAH feature (7.7/tm) appears to be typically found at sm aller scales than the 

6.2iim PAH, despite the apparently large num ber being extended. Those objects at high redshift 

show apparent constraint to the PSF in Figure 3.7, w hereas Figure 3.8 shows slightly m ore 

variation. This m ost likely signals tha t the high-z sam ple's spatial extents cannot be 

significantly resolved to provide an actual conclusive result. However, it is found from the data 

presented that only -2 0 %  of the sample is significantly extended, with the rem aining -8 0 %  

unresolved from the PSF, which appears to suggest th a t the SF regions are m ore commonly 

close to the nucleus. This outcome may indicate that the processes that regulate Black Hole 

Accretion are closely physically linked to the triggers of the sta r form ation. The extent profile 

is illustrated further in Figure 3.9 w ith a histogram  of all the m easured extents binned to the 

size of the sample.
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0.00 0.50 1.00 1.50 3.00

Figure 3.7. The 6.2^ m FWHM/PSFFWHM ratio against redshift. Here you can see the local objects are the 
main contributors to the population of extended objects, along with the clear population gap betw een  
0.5 <  z  <  1 .5 . The error bars represent a lcr distribution of those ratio values <  1 in the 6.2/un  
population. The grey band represents 15% from unity and the solid black line represents unity.
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Figure 3.8. The 7.7 ixmFWHM/PSFFWHM ratio against redshift. The population is significantly larger than 
that of Figure 3.7 as w ell as presenting a sim ilar shape, along with the population gap. The error bars 
are determ ined sim ilarly to those of Figure 3.7, but with the 7.7[im population. The greay band 
represents 15% from unity and the solid black line represents unity.

8 1.2 1.4 1.6 1.8
P A H f w  H M i 'PSFm H M

Figure 3.9. A histogram  representing the distribution of extents from the entire sam ple. Most of 
the sam ple lies w ith an extent betw een  10% and 20% from unity.
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3.2.2 Determining the Physical Extent

From the obtained results in Figures 3.7 and 3.8 one can qualitatively make in terpretations 

about the physical extent. However, it does not tell one the physical extent of the PAH emission. 

Therefore, the physical sizes of these objects will now be calculated assum ing a standard, flat 

cosmology; =  0.7, f lm = 0.3 and H0 = 70 km  s~ 1Mpc~1 , representing the density 

param eters of Dark Energy and Matter, and the Hubble param eter respectively (Komatsu et al., 

2008). This cosmology is prescribed for determ ining the correct cosmological distances of each 

object with respect to their redshifts. As m entioned in section 3.1.2 the PSF rep resen ts  the 

intrinsic profile, and therefore, lim itations of the optics of the telescope. However, w hen 

obtaining observational data from a target this will produce a profile that will, in effect, contain 

an entangled product of the PSF profile and tha t of the source. This is w hat is known as 

'convolution', and m eans that the source has to be 'deconvolved' from the PSF in order to obtain 

a tru e r reflection of the source’s profile (See Figure 3.10 for an illustration).

PAHr

PSF
FWHM

Figure 3.10. Example PAH FWHM (black) and PSF FWHM(blue) 
profiles. A PAH FWHM that is larger than that of the PSF FWHM 
m eans the em ission can be spatially resolved, and therefore, 
deconvolved from the PSF.
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Therefore, if it is assumed that the PSFfwhm is perfectly convolved with the source PAHfwhm, 

as opposed to a convolved function with unknown additional components, then one can 

deconvolve the source PAHfwhm from the PSFfwhm using the following formula in:

where aPSF is the PSF FWHM and aPAH is the PAH measured FWHM. Thus, with all the recorded 

values for both of these quantities in arcsecs from the 7.7 nm  PAH emission, chosen due to it 

being the most prominent and strong PAH emission, all of the values were deconvolved with 

their respective PSF values. It should be noted, that any negative values become zero due to 

the square root and therefore cannot be deconvolved from the PSF. The resultant, deconvolved, 

values of all the objects are then converted from arcsecs into a physical size/diam eter by 

utilising the simple angular diameter distance relation:

D =  dA tan 6

Thus, for

6 «  1 radian

D ^  dA0 (1.6)

where D is the physical diameter of the object, 6 is the angular size of the object in radians and 

dA is the angular diameter distance.
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However, one must first determine the values of dA for each object before the physical 

diameter can be calculated. These values have been computed with the standard cosmology as 

previously outlined utilising the Vardanyan (2015) cosmology calculator (see Figure 3.11). 

Once the dA values were determined for all objects, they were then used to determine the 

physical size with equation 1.6, converting from arcsecs to radians:

D(*pc)= [(5>) f e ? ) ] x d« (Mpc) x 1000 <i j >

All of these values, through all of the defined stages, are listed in Table 5.
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AOR Key O bject N am e Z PSF_FW HM " DeC Extent (") DeC Extent (kpc)

14014464 [VV2006] J 171818.2+584905 0.63 3.53 0 0

14015744 FLSVLA J 171106.7+590436 0.46 3.44 0 0

14016256 [VV2010C] J171324.2+585548 0.61 1.00 0 0

14017024 [PCE2006] 1404 0.49 3.30 1.26 7.6

4163840 2MASS J00070361+1554238 0.11 3.60 1.82 3.75

4164096 2MASSJ01203157+2003278 0.09 3.26 4.07 6.61

4165632 IRAS F16574+1838 0.17 3.46 0.49 1.43

4165888 2MASS J17144277+2602485 0.16 3.46 2.17 6.07

4166400 2MASSJ00505570+2933381 0.14 3.48 1.22 2.95

4166656 2MASS J01083516+2148186 0.29 3.47 0.70 3.00

4166912 2MASSJ01572105+1712484 0.21 3.51 1.00 3 .48

4168192 [VV2000] J 125807.5+232922 0.26 3.54 0.50 2.01

4168448 2MASS J13070066+2338050 0.28 3.25 1.14 4.79

4168960 2MASS J14533151+1353587 0.14 3.3 1.06 2.59

4169472 2MASSJ16370022+2221140 0.21 3.52 0.87 2.99

4169984 2MASSJ22255425+1958372 0.15 3.34 1.07 2.75

18027008 LBQS 0018-0220 2.60 10.35 0 0

18027264 [VV2000] J023233.1-211726 2.16 10.28 0 0

18027520 [VV2006] J 041327.2+102743 2.84 6.48 4.41 34.5

18027776 QSO J0812+4028 1.80 10.58 0 0

18028032 QSO B0908+0603 2.79 8.22 3.13 24.6

18028288 [VV2000] J100517.5+434609 2.10 10.59 5.10 42.5

18028800 LBQS 1230+1627B 2.74 10.72 0 0

18029312 QSO J1415+1129 2.56 10.62 3.03 24.36

18029568 QSO B1611+4719 2.40 10.55 2.12 17.26

18028544 QSO B1104-181 2.31 10.52 7.71 63.27

14193408 2MASSIJ1118302+402553 0.15 3.62 1.66 4.44

14194432 2E 2584 0.17 3.34 0.95 2.70

14200064 2E 1519.0+2238 0.14 3.48 0.70 1.68

14197504 2MASSIJ1417008+445606 0.11 3.5 1.12 2.31

14196224 2XM M J132349+654148 0.17 3.51 1.00 2.88

26328320 2MASS J00501008+2806199 0.28 3.4 5.41 22.8

26334720 2MASS J 22394602+1929549 0.19 3.44 1.31 4.22

26334976 2MASS J 23030430+1624406 0.29 3.28 0.81 3.51

26334208 2MASSJ17053665+2101380 0.27 3.39 0.97 4.01

26334464 2MASX J22374267+1456143 0.28 3.34 0.95 4.04

26330624 2MASS J10012116+2150112 0.25 3.36 1.84 7.15

26333440 2MASS J15215105+2251209 0.29 3.56 0 0

26413568 LEDA 2822178 0.32 3.5 4.51 21.0

26413824 4C 05.16 0.34 3.5 0.70 3.37

26415104 LEDA 2830969 0.64 3.48 0.86 5.90

13628416 QSO J0920+4531 0.40 3.51 0.71 3.80

13628672 [VV2010C] J 115718.4+600345 0.49 3.37 0.48 2.89

10497536 2MASS J01051501-2612466 0.11 3.25 1.97 4.08

10496000 2MASS J22023161-5657577 0.08 3.51 3.73 5.83

10495744 2MASS J 21573517+0114331 0.14 3.38 2.24 5.40

10494464 2MASSJ15554606+1532218 0.13 3.46 5.10 11.9

10494208 2MASSJ02542961+1509122 0.10 1.89 1.77 3.23

10491648 2MASS J03574895-1340458 0.08 3.46 1.41 2.02

10491392 2MASS J23080919+0538305 0.15 3.21 3.37 8.61

10490624 2MASS J22565483-3649515 0.09 3.51 1.99 3.22

10490368 2MASS J00285431-7726146 0.09 3.39 2.92 4.76

22929920 2MASX J11182408+5602074 0.07 3.35 0.96 1.24

22930432 LEDA 2600134 0.06 3.50 1.52 1.88

22931968 NVSSJ110909+455125 0.06 3.34 2.28 2.79

23509504 NVSSJ103228+121037 0.03 3.50 1.69 1.11

23510016 NVSS J15574349+2727530 0.03 3.64 2.61 1.64

23510528 2MASX J 22385422+1311404 0.06 3.49 1.98 2.39

23510784 2MASX J08004768+3743435 0.04 3.51 2.45 2.02

23511040 2MASX J09040105+0127294 0.05 3.57 1.64 1.71

18852608 [BKD2008] WR 525 0.02 3.38 5.10 2.15

18852864 Mrk 42 0.02 3.42 2.39 1.18

18853120 2MASS J04344153+4014216 0.02 3.43 2.96 1.23

Table 5. The calculated deconvolved extent values. Zero values indicate 
PAH FWHM could not be deconvolved from the PSF FWHM.
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Figure 3.11. The calculated function of the angular diam eter distance dA against redshift z using the 
pre-stated standard cosm ology. Taken from Vardanyan (2 0 1 5 ).
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Figure 3.12. The deconvolved extent against redshift o f the low -z and high-z objects. The error bars are 
determ ined from the half a  distribution in Figures 3.7 and 3.8.
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Figure 3.12 is the resultant plot of the deconvolved physical extent/diam eter against redshift. 

Interestingly this plot also highlights the trend for the PAH emission to become more extended 

and therefore increases in size with the increase in redshift. Considering typical galaxies have 

diameters of ~30kpc the more extreme results indicating diameters of up to ~60kpc  appear 

to be more spurious, and therefore, being as a result of the inability to spatially resolve the 

object significantly. In Figures 3.7 and 3.8 with the PSF, the objects are effectively 'clumping' at 

diameters < 15kpc at redshifts z < 0.7, along with six larger physical extents at high redshifts 

of z > 2. This result could indicate that star formation is present throughout the entire host 

galaxies on evolutionary scales where this diminishes at low-z. Although, again considering the 

average diameter of a galaxy as stated, it is possible for the PAH emission cannot be adequately 

resolved due to instrumentation limitations. From this, however, it is found that the sample of 

high redshift objects z > 1.5 in Figure 3.11 shows apparent marginally extended SF at a mean 

of 34 ±  5.3kpc, where the entire low redshift objects at z <  1 present SF with a median extent 

of 3.2 ±  lAkpc.

3.2.3 Conclusions and Interpretation

From this Chapter, the key conclusive points made from the data are:

• Across the whole sample of the objects with 7.7pm features, ~80%  show the PAH 

emission constrained to the PSF as seen in Figure 3.8. The ~20% that is extended are 

the result of the low-z objects that could be adequately resolved from the PSF.

• Comparing Figure 3.8 with Figure 3.12 it can be seen that the deconvolved physical 

extent of the high-z objects exhibits SF throughout their host galaxies. This conclusion 

is not final however due to the high-z object's smaller angular size on the plane of the 

sky making it difficult to resolve the PAH emission from the AGN and host galaxy.

• At low-z the objects in Figure 3.12 do show some constraint to the nucleus in their SF 

regions (<  1 kpc). However, this is not common, with most of the objects lying outside 

of the nuclear regions. This indicates there is no conclusive evidence of a close relation 

between AGN activity and SF via feedback.
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The James Webb Space Telescope will be able to fill the population gap of quasars, as 

well as re-observe the objects from the sample in this thesis to overcome the spatial 

resolution and sensitivity issues that are faced with Spitzer, in that the objects were 

either very local, or had long integration times.
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Chapter 4

QSO T e m p l a t e  in  t h e  M ID -IR

Considering the wealth of spectra on QSOs from this thesis' sample the best SNR composite 

spectrum was created using bespoke routines; this composite spectrum can be utilised as a 

template for QSO environments in the Mid-IR. Since there is a low-z and a high-z population, 

three templates with the total sample, high redshift and low redshift were produced. A 

qualitative comparison is made between the low-z and high-z composites, along with a 

comparison of the total sample composite with those of other objects.

This Chapter presents the methodology used for producing the composites, followed 

by a comparison between the individual component composites, a comparison between 

composites of other objects and the average PAH ionisation conditions.

4 .1  P roducing  t h e  Com posites

For the production of the composites, the author's own routines were utilised and written in 

the Python language. These routines can provide the ability to look at each nod for each order 

of a given object, as well as co-adding both of the nods of each available order to improve the 

signal-to-noise ratio. The full low-resolution spectra of each object are then interpolated to a 

limited IRS wavelength range. The result allows for the building of the composites. This process 

is as follows:
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1. The extracted spectra are imported into bespoke Python routines one by one with both 

nods. The nods of each object are then co-added together helping to boost the SNR of 

the data. Finally, the co-added object spectra are then corrected for their respective 

redshifts to the rest frame. These spectra are then saved for later use.

2. The final step is running the compositing routine, which co-adds the desired object 

spectra together to form a single combined spectrum. Each nod co-added spectrum is 

first normalised to the median flux of the sample spectra at 5.5 ixm for each sample (i.e. 

high-z, low-z and total sample), this wavelength was chosen primarily for being the 

most featureless. The routine then interpolates each of the normalised spectra to the 

desired wavelength range and interval. The routine then completes the process by co

adding the interpolated and normalised data together, thus forming the 

composite/template spectrum.

4.1.1 Low-z Composite

In Figure 4.1 the composite that only contains the low redshift objects z  < 1 co-added together 

is presented. The low redshift sample is the dominant source of the PAH emission feature's 

shapes and profiles in the full template. This dominance is due to the objects being closer and 

brighter with SNRs substantially larger than 10 when compared with the weaker PAH emission 

shapes and profiles in the high-z sample (see Figure 4.2). The data presented portrays the best 

extraction of the features as a result of the SMART AdOpt routines. Thus, the large sample size, 

with the optimal extraction routines helps to produce a composite with a better SNR than could 

be achieved previously. It also plays host to many atomic lines that are commonly detected, 

and therefore, would expect from starbursting and AGN environments.
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Figure 4.1. Low-z com posite spectrum  norm alised to the median continuum  flux of the low -z  
population at 5 .5 //m , this point is represented by the green vertical bar. The blue error bar 
represents the standard error of the mean of the entire tem plate.

4.1.2 High-z Composite

In Figure 4.2 the composite tha t only contains the high redshift objects z > 1.5 co-added 

together is presented. The object data within the high redshift sample is solely from the 

observations m ade by Lutz et al. (2008), w here a composite of this data was also produced. 

However, these data w ere analysed before the optimal extraction routines w ere w ritten for 

SMART. Therefore, the data presented represents the best tem plate available with superior 

SNR than was achieved previously by Lutz et al. (2008). The num ber of quasars w ith PAH 

emission in the Lutz et al. (2008) that has a total sample of twelve, increased from nine to ten 

with the addition 'LBQS 0018-0220'. Thus, the combination of the additional object with the 

optimal extraction routines has helped to boost the PAH feature's profile and shapes 

significantly to w here they are now more pronounced from the continuum.
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Figure 4.2. High-z com posite spectrum  norm alised to the median continuum  flux o f the high- 
z population at 5.5[im, this point is represented by the green vertical bar. The blue error bar 
is the sam e as Figure 4.1.

4.1.3 Full-z Composite

In Figure 4.3 the best high SNR full composite of all the objects co-added together is presented. 

Here the spectra w ere norm alised to the m edian flux value at 5.5jura; this was chosen because 

it is devoid of any features in the objects' spectra as well as to avoid the regions w here silicates 

are known to be present. The PAH features in all the spectra are shown to be very prom inent, 

along with the presence of various lines such as [OIV] and [NeV]. Lines which w ould be 

expected from the presence of any AGN due to their high ionisation potential and the AGN's 

ability to produce these lines with its harsh and strong radiation fields. Lines such as [Nell] and 

[Nelli] indicate the presence of star formation, helping to confirm the presence of s ta r forming 

regions alongside the PAH features. Although, it should be noted that it is the low redshift 

objects that predom inantly help constitute the shape of the com posite's features due to their 

superior SNR, w hereas the w eaker SNRs of the high redshift objects do not affect the shape of 

the composite's features noticeably.
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4.1.
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4 .2  U t il is in g  t h e  T e m pl a t e s

The tem plate/com posite  SED spectra from this thesis' quasar sample represents the best SNR 

averaged spectrum, thereby allowing the observer to determ ine the average chemical 

composition as well as the physical mechanism s that can be inferred from the observed 

chemical makeup. Therefore, a composite spectrum  can allow for further science and analysis 

to be perform ed on helping to disentangle quasars further from other luminous extragalactic 

objects. Thus, w hat follows is a variety of quick analytical m ethods: SED tem plate comparisons 

and average PAH strengths.

4.2.1 Comparison with Elbaz et al. (2011) Templates

Elbaz et al. (2011) p resen t two tem plate SEDs from photom etric data samples of known so- 

called 'Main Sequence' and 'S tarbursting' galaxies. Both are com pared phenomenologically to 

make inferences to the physical mechanism s to see how their environm ents are different and, 

by extension, observing how galaxies evolve at different stages of their 'life'. Therefore, a 

com parison is made betw een the full tem plate SED from Figure 4.3 w ith that of the Elbaz et al. 

(2011) data below in Figure 4.4.

This Work
Elbaz e t  al (2011) Main S eq u en ce  
Elbaz e t  al (2011) S ta rb u rs t

10 15
Rest W aveleng th  {(.tin)

5 20 25

Figure 4.4. Comparison betw een my QSO com posite and that of the Elbaz et al. (2 0 1 1 )  
photom etric SED tem plates for Starbursting and Main Sequence galaxies. The spectra are 
norm alised to their respective fluxes at 5.5/^m. Note the hot dust com ponent at long w avelengths  
and the supressed PAH em ission in the tem plate.
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From the first glance of Figure 4.4, it can be clearly seen that there is a hot dust component 

present at longer wavelengths, also the PAH emission from the QSO template has smaller 

equivalent widths than that of the Elbaz et al. (2011) sample. In comparison with the main 

sequence and starbursting templates, there is a marked progressive decrease in the PAH 

emission strength respectively. Thus, it appears to demonstrate three different stages of 

galactic evolution based upon varying star formation rates of each of these objects. Following 

from this idea of evolution, Elbaz et al. (2011) states that the surface brightness of IR emission 

(E/i?) increases from the main sequence to the starburst. In other words, the young stellar 

population is more compact. This apparent compactness could indicate the presence of 

stronger radiation fields that 'push back' the photo-dissociation region boundaries, where the 

PAH molecules reside and thereby leading to smaller equivalent widths and a stronger IR 

continuum due to 'dustier' environments. The compactness corroborates the results in section

3.2 where ~80% of the sample shows apparently spatially constrained star formation. 

However, concerning kpc scales the sample in this thesis shows the surface brightness of PAH 

emission is on average determined to the order of Y.PAH ~  x 108L© kpc~2, where starbursting 

galaxies with compact star formation should have surface brightness levels of Y.PAH >  3 x 

1010L© kpc~2, indicating this may not be the cause of the suppression of PAH emission, 

however determining the high-z physical sizes is difficult given the size of the uncertainty 

depicted in section 3.2.2.

4.2.2 Average PAH Conditions

One of the advantages of a composite spectrum is that it can represent the average or typical 

chemistry of a particular type of object. From section 2.1.4 it is known that there are ionised 

PAHs and neutral PAHs. Therefore, a ratio between ionised and neutral PAHs can be used as a 

proxy for radiation field strength. Further details can be found in Chapter 5, where it will be 

discussed. Figures 4.5 and 4.6 demonstrate the Python routines used on the composite to 

determine the equivalent widths using the 6.2pm  PAH as an example.
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Figure 4.5. The com posite focussed onto the w avelength region containing the 6.2/im PAH. The 
red dashed lines show  the integration range, w here the blue dashed line indicates the centre of 
the PAH peak.

"g 2.0

0 . 5

R e s t  W a v e l e n g t h  ( / i m )

Figure 4.6. The resultant continuum drawn from the python polynom ial fitting routines at the top. 
At the bottom  is the continuum subtracted spectrum  of the 6.2/tm PAH.
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The continuum is drawn through a polynomial fitting routine built into python based off user 

defined points. The continuum is then subtracted to give a 'flat' spectrum as shown in Figure 

4.6, which allows for simple integration between the defined regions in red. After the 

integrated flux has been determined it is then divided through by the continuum at the centre 

of the PAH to give the equivalent width in units of pm. Table 6 details the resultant calculations 

of the equivalent width below (see Chapter 5 for a more in-depth methodology).

6 .2 f i m  PAH 7 .7 p m  PAH 1 1 .3 [ i m  PAH

EQW (pm) Error (pm) EQW (pm) Error (pm) EQW (pm) Error (pm)

1.65 x HT1 1.59 x 1(T2 2.28  x n r 1 1.35 x nr2 2.04 x 10"1 1.11 x 10-2

Table 6. Calculated equivalent width values from the composite PAHs.

From Table 6 it is shown that the overall strengths for the ionised PAHs are similar to that of 

the neutral 11.3pm  PAH, with 7 .7pm /113pm  closer to unity at 1.12 +  0.09 and 6.2n m /  

11.3pm  demonstrating suppressed ionisation at 0.81 ±  0.08. The errors are propagated 

through from the spectra as determined by SMART.

4.2.3 Conclusions and Interpretation

From this Chapter, the key conclusive points made from the data are:

• QSO/AGN PAHs are much weaker than starbursting and the main sequence galaxies, 

which is seemingly consistent with stronger star formation due to intense stellar 

radiation fields 'pushing back' the photodissociation region boundaries. However, this 

is tentative due to uncertainties in determining the kpc  scales.

• Surprisingly, the QSO/AGN template has more neutral than ionised PAHs. This result 

would be consistent with the AGN having no contribution to heating the PAH emission, 

which is also consistent with the physical extents found on kpc scales in Chapter 3.
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• QSOs/AGN show a component of hot dust not present in the main sequence and 

starbursting galaxies, consistent with hot dust being heated within the AGN torus.
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Chapter 5

Q u a n t if y in g  t h e  P A H s a n d  t h e  Co r r e s p o n d in g  S F R s

PAHs can be used as tracers of star formation and, by extension, enable us to quantify the rate 

of star formation. The PAHs, however, must first be quantified by determining the PAH flux of 

the currently resolvable PAH features in all of the objects in the sample. Focussing on the 

6.2,7.7,8.6 and 11.3jUm features, the integral fluxes and equivalent widths (EQW) are 

calculated where they are present in the spectra using an IDL programme. This data can be 

used to help determine the strength of the ionisation within the star formation regions around 

quasars. What follows in the next section is the methodology, results and analysis from 

quantifying the PAHs, and thereby determining the SFR values.

5 .1  M e a s u r in g  t h e  P A H  I n t e g r a l  F lu x e s  a n d  E Q W s

The measurement of the PAH features was performed by utilising a specialised IDL routine. 

This routine allows the user to define which PAH feature they w ant to measure for each FITS 

file containing a Spitzer/IRS spectrum. As well as the ability to 'draw' a continuum with user 

defined 'anchor points' for which a spline can be fitted to, this produces continuum flux for 

each corresponding real/observed data point. From this the integral fluxes can be derived 

within a defined region, followed by the EQWs. The process by which this happens is as follows:

1. Firstly, the raw object file is loaded, after this the data is then redshift corrected from 

the values in Table 2. The corrected object data is saved to a perm anent file.
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2. The object data is restored from the relevant object file. The PAH feature of interest 

(6.2,7.7,8.6 and 11.3^m) can then be selected. Running the routine with the selected 

PAH feature will plot the spectrum focussed on that particular region. The routine will 

ask for 'anchor points' (See Figure 5.1) to be defined by using the cursor, after which a 

spline will be fitted to the anchor point coordinates, defining the continuum (see Figure 

5.2).

3. After the continuum is 'drawn' the integration range is selected. The start and end 

points are determined using the cursor, along with the centre of the PAH feature to 

determine which flux data points are closest to the PAH peak. This feature will aid to 

calculating the continuum flux.

4. The outputted integral flux and equivalent width values along with their errors are 

outputted onto the plot (see Figure 5.3). These results can be then saved as an image 

file as well as a data file. The calculations for these outputted values will be highlighted 

in the following section.

It shall be noted that the continuum drawn for the 7.7fim feature was reused for the 8.6fim 

feature, this is to prevent the human error of plotting anchor points in different places, 

maintaining consistency with the PAH features that lie within the same region of the spectrum. 

The above process was repeated for all of the objects in the sample for each PAH feature w here 

applicable.
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Figure 5.1. Example of determ ining the continua via the cursor as noted in step 2.
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Figure 5.2. The resultant drawn continuum  from the 'anchor points' determ ined by the 
cursor.
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5.1.1 Calculating the Integral Fluxes and Equivalent Widths

As it was shown in the introduction to this Chapter, the routines used were useful to enable

section will detail how the routine calculates the integral fluxes and equivalent widths. Firstly, 

it shall be noted that the definition of the equivalent width can be expressed mathematically as 

in equation 1 .8 :

where EW^ is the equivalent width in units of length (jurn), F0 (A) is the flux above the 

continuum and FC(A) is the flux of the continuum.

The flux observed by Spitzer is a function of the wavelength in microns. Therefore, the flux 

density has dimensions of ‘power per unit area per unit wavelength'. The calculation of the 

integrated flux values by the IDL routines is straight forward and provides a good 

approximation to the flux values. The limits of the integration for each PAH were set to the 

following: 6.1 — 6 .6 /im for 6.2fim, 7.2 — 8.3 for 7.7 nm ,  8.3 -  8 .8 8 jum for 8 .6 fim and 11.1 —

11.7/im for the 11.3/im PAH. When the desired integration range is selected, the profile is 

integrated numerically. It shall be noted that the fluxes and equivalent widths were only 

calculated if present; spectra that were too noisy or were redshifted outside of the instrumental 

ranges (i.e. the 11.3/im PAH) were not used. The integral fluxes of each PAH feature from each 

object, the values for which can be found in Table 7.

quick and precise analysis of the PAH features of these relatively faint objects. The following

(1.8)
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A O R
6 .2  i im  P A H 7 .7  n m  F lux 8 .6  i im  F lux 1 1 .3  i im  F lux

Flux E rro r F lux E rro r F lux E rro r F lux E rro r

14014464 6.04 1.09 17.39 1.54 3.64 1.06 8.32 1.75

14015744 10.61 1.10 21.02 0.83 1.48 0.60 10.37 1.57

14016256 4.57 0.78 4 .60 1.16 3 .72 1.80

14017024 7.50 1.45 17.13 1.25 6.72 0 .76 5.99 1.39

14193408 63.48 5.57 99.51 5.69 25.54 4 .70 50.25 3 .62

14194432 39.95 5.29 45.25 4 .17 27.34 2.32

14196224 18.89 3.37 38.48 1.92 18.51 2.79

14197504 35.22 2.73 43.18 5.84 11.21 3.36 45.30 2.25

14200064 31.90 3.40 35.68 7.55 25.62 4 .38

13628416 9.53 0.58 17.78 1.61 7.36 1.11

13628672 28.16 1.59 61.04 1.32 10.07 0.71 18.11 2.63

18027008 3.62 1.73 4.83 1.48 2.12 1.00

18027264 8.75 1.48 14.56 1.21 1.85 0.72 10.33 2.46

18027520 4 .14 0.76 6.15 2.26

18027776 3.77 1.39 11.67 1.18 3 .24 1.27

18028032 8.97 1.27 11.48 1.32 4.98 1.04

18028544 24.82 1.88 19.70 1.59 0.30 1.04 24.10 2.73

18028800 6.42 2.37 2.43 1.74 2.18 1.38

18029312 23.04 5.99 15.03 5.92 9.65 4 .42

18029568 3.98 1.36 4.12 0.73 0.22 0.39

18852608 15.28 1.66 44.17 4 .09 9.43 0.83 35.23 1.48

18852864 118.14 7.41 119.63 6.62 32.13 3.82 96.54 2.68

18853120 719.57 15.22 908.00 31.69 237.88 7 .54 695.26 3.93

10490368 92.56 6.41 203.98 8.07 23.64 2.40 75.09 1.12

10490624 16.31 2.20 38.58 2.02 7.32 0 .74 19.18 0 .90

10491392 44.90 4.47 64.40 3.60 12.12 1.02 32.08 0.93

10491648 221.00 2.33 402.30 6 .44 60.15 1.11 162.56 1.88

10494208 20.44 2.17 46.72 3.82 10.26 0 .78 18.88 0 .94

10494464 31.61 3.12 53.24 1.68 9.17 1.24 27.40 0 .80

10495744 35.37 3.24 91.93 3.47 13.86 0.95 33.88 1.14

10496000 48.59 3 .76 75.35 4.43 14.74 1.31 42.63 1.16

10497536 32.96 2.74 43.73 2.22 16.37 0 .90 34.29 0.89

22929920 326.49 6.59 629.58 8.24 104.12 3.13 238.01 3 .21

22930432 263.70 7.13 495.09 11.27 78.90 2.09 211.17 2.47

22931968 234.85 8.53 424.37 26.79 59.66 2.92 164.27 3 .14

23509504 278.60 7.87 522.99 13.30 80.99 6.68 205.51 3.42

23510016 443.36 5.02 860.78 18.01 135.81 5.79 343.11 3.22

23510528 406.39 12.53 721.84 12.23 86.84 4 .63 248.24 5.65

23510784 492.45 14.43 913.43 20.16 128.47 5.07 302.11 2.64

23511040 777.68 11.64 1501.16 12.44 195.90 12.51 428.51 7.58

26328320 14.11 5.44 75.90 3.34 15.84 2.15 48.95 3.95

26330624 65.92 11.24 53.49 7 .46 71.77 7.76

26333440 56.08 14.43 130.54 14.99 41.90 9.20 55.24 15.76

26334208 13.85 7.99 37.05 4 .27 2.16 2.15 32.58 4 .37

26334464 45.74 10.83 14.66 4 .08 21.60 2.33 43.20 8.18

26334720 32.05 5.45 64.78 4.19 9.41 2.15 26.57 1.78

26334976 38.69 4.01 68.54 2.39 15.05 1.38 40.71 3 .08

26413568 1.90 1.59 9.23 1.62 3.78 0.55 10.83 0.87

26413824 15.37 4.40 39.99 3 .27 6.55 0.64 13.18 1.42

26415104 16.78 3 .00 32.43 0.97 4.99 0.78 19.73 2.55

Table 7. The calculated values for the integral flux of the PAHs where present. Empty cells are 
where there was no discernible PAH emission. All data is presented in units of x  10-22 Wcm~2.
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5.1.2 Calculating the Luminosities and SFRs

With all of the integral fluxes calculated for each PAH emission feature of each object, where 

present, attention could now be turned towards determining how the environment of these 

objects changes over different cosmological redshifts (i.e., the distance and history) for 

example. While some properties such as ionisation profile ratios are dimensionless and are not 

affected by distance, all values are first compared to their respective luminosities before being 

manipulated further to maintain consistency.

Therefore, assuming the same flat cosmology as stated in Chapter 3, the integral flux values of 

the PAH features of each object are converted to units of luminosity. The calculation for this is 

demonstrated in equation 1.9 with first determining the luminosity distance from the angular 

diameter distance:

Dl  = Dm(1 + z )  = Da (1 +  z ) 2 (1 .9 )

where DL is the luminosity distance, DM is the comoving distance and DA is the angular 

diameter distance.

Converting all of the distances of each object to the luminosity distance with respect to their 

redshifts allows the fluxes to be therefore calculated with the simple inverse-square law in 

equation 1.10. However, the distance values had to be first simply converted from parsecs to 

metres. The flux units also had to be converted to units of W m ~ 2 from Wcm~2\

L(W) = F(W m ~2) 47rDt 2 (m 2) (1 .1 0 )

w here L(W ) is the output luminosity in w atts and F(Wm~2) is the input flux in watts per unit 

area.
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It will also provide the ability to determine values easily for the star formation rate using 

calibrated values similar to ones discussed in Chapters 1 and 2.

The SFR values are determined from the total sum of the luminosities from the 

6.2,7.7 and  11.3 jam PAH emission features. The total sum is used to incorporate the total 

luminosity of the most common PAH emission features that are known to be the result of UV 

photons from star formation, thereby providing a better approximation for determining the 

SFR. Shipley et al. (2016) calculated an alternate proportionality constant that has been 

calibrated for the total sum of the luminosities for high-z galaxies, as shown in equation 1.11:

S F R iM ^ y r -1) =  1 x 1 0 _42-56±003L(6.2+7.7+ii.3)^m (e r g s -1)

/. log SFR CMq y r " 1) = (-42 .56  ±  0.03) logL(6.2+7i7+11.3)#tm (erg  s _1) (L11)
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5.2 Results

Following on from the previous section outlining the methodology for calculating the PAH 

integral luminosities and equivalent widths, and these values can be used to help make 

numerical inferences to the environment of star-forming regions within QSOs/AGN.

The resultant analysis determined from the calculated values is now presented.

5.2.1 PAH Ionisation Fraction

As discussed in section 2.1.4, PAHs exhibit emission profiles in different bands, with the ionised 

PAHs emanating from the 6.2,7.7 and 8.6jum as well as the neutral from, in our limited case, 

the 11.3iim band. The 6.2fim and 7.7\im PAH bands are the most prominent of the ionised 

PAHs, with the 11.3/im PAH being the strongest of the neutral. Therefore, an 'ionisation 

fraction' between ionised and neutral PAHs can be useful in indicating how ionised the SF 

environments around quasars are. This idea is assuming that the PAH ionisation fraction is 

proportional to the stellar radiation field. This proportionality can be shown in equation 1.12 

below (Boersma et al., 2015):

3 . 7 6 X 1 0 ( 1 . 1 2 )
n P A H °  n e

where n PAH+/nPAHo is the ionised-neutral PAH density ratio, G0 is the Habing radiation field 

(Habing, 1968), Tgas is the tem perature of the gas and n e is the electron number density of the

gas. G0Tgas / n e collectively is known as the ionisation parameter, and resembles the ionising 

strength/density of the stellar radiation field, this is shown with the Habing radiation field 

being a measure of the field's strength/density due to the incident stellar UV photons acting on 

the material surrounding 0 and B stars in units of power per unit surface area.
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Figure 5.4 shows the ionised-neutral PAH ratios 7.7/ im / 11.3 [im correlating with 6.2i im /

11.3[im. The g reater these ratios, the stronger the ionisation param eter of the PAHs and, by 

extension, the stronger the radiation field from the sta r forming regions as per equation 1.12. 

The correlation betw een the two ratios produces a line of best fit w ith a slope of 1.969, the 

upper and low er limits rep resen t a lcr separation from the line of best fit. Comparing this with 

Figure 5.5 from the w ork of Bernard-Salas et al. (2009a) it can be seen that the ionisation 

strengths, in general, are not as strong in the quasar sample, following sim ilar ionisation 

fractions as the HI I regions. This consequence could further allude to the relative com pactness 

of the PAH emission from section 4.2.1, w here a stronger radiation field penetrates more 

deeply into the surrounding dusty m aterial. Alonso-Herrero et al. (2011) show that the 11.3[im 

PAH features seemingly have a m ore robust survivability than their shorter wavelength 

counterparts w hen in closer proximity to an AGN, which have even stronger radiation fields
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Figure 5.4. The ratios betw een ionised and neutral PAHs w here the 6.2, 7.7 and 11.3nm  
are present w ithin the sample. The least squares linear trend (centre green line) has a 
slope of 1.969. The upper and low er lim its from the central linear fit represent a l a  
distribution from this linear trend. The red circle highlights the com posite ratios from 
Chapter 4.
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5.2.2 SFRs Determined from PAH Luminosities

As noted in sections 1.2 and 2.1, star form ation processes are known to occur actively within 

AGN host galaxies. It is, therefore, possible to use PAH emission as a proxy for the total infrared 

luminosity, which is in itself, very tightly correlated to the Star Formation Rate. Therefore, 

using the calculated lum inosities and SFR values from the relations derived from Shipley et al. 

(2016) one can com pare how the SFR varies over redshift, which can act as a proxy for the star 

form ation history of these objects (Madau et al., 1998).
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Figure 5.6 shows all of the available lum inosities from the 6.2, 7.7 and 11.3/im PAH features of 

each object against redshift.
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Figure 5.6. The log of the PAH lum inosities in units of solar lum inosity L© against their 
corresponding redshifts.

Shipley et al. (2016) calibrated SFR values from PAH luminosities for high-z galaxies. As well 

as the linear calibration fit for the total PAH luminosity dem onstrated in equation 1.11, there  

are also linear trends for each of the individual com ponent PAHs. The calibration plots of each 

of these can be found in Figure 5.7. The individual calibrated values can also be found in 

equation 1.13 presented  similarly to equation 1.11:

log SFR(M© y r _1) =  ( -4 0 .0 6  ±  0.09) + log L6.2Mm (erg  s _1)

log SFR (M© y r -1) =  ( -4 2 .3 8  ±  0.06) +  log L7Jfim (erg  s -1 ) (1 .1 3 )

logSFR (M© y r -1 ) =  (-4 4 .1 4  ±  0.08) + log L113fim (erg  s -1 )
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Figure 5.7. The extinction-corrected Ha  lum inosities are plotted against each of the 
PAH lum inosities. A unity relation in the bottom  panels o f each plot determ ines how  
w ell expected values match to observation. This is used to help calibrate against the 
SFR. Taken from Shipley et al. (2 0 1 6 ).

With equations 1.11 and 1.13 calibrated from the correlations in Figure 5.7, the SFR values 

have been determ ined for each of the com ponent PAHs as well as the total combined PAH 

luminosity. Figure 5.8 shows the resu ltan t SFR values calculated using equations 1.11 and 

1.13 tha t enables a comparison betw een the different PAHs as SFR determ iners.
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Figure 5.8. The log of the SFR values plotted against redshift for each o f the individual PAH lum inosities: 
top left is the SFR determ ined from the 6.2fim lum inosity, top right is from the 7.7 /im,  bottom  left is from  
the 11.3 fj,m and bottom  right is from the com bined total w here all three o f the PAH features w ere present.

The results from the calculated SFR values in Figure 5.8 show all of the objects w here the 

respective PAH emission features were present. It is noticeable tha t the individual com ponents 

either slightly under or overestim ate these values w ith greater m argins of error, bu t allows a 

greater selection of the sample to be shown considering the slightly fewer values tha t exist for 

the 11.3^771 PAH. The clear advantages to calculating the SFRs from ^ 6.2/xm+7.7//m+n.3^m are 

the reduced e rro r through propagation, therefore providing a m ore tightly constrained 

estim ate of the SFRs (see Figure 5.7). Across all of the plots in Figure 5.8 there  is also a common 

shape and pattern  of increasing SFR that appears to be consistent with the Madau (1998) plot 

of cosmic star form ation density. These plots do not m easure cosmic star form ation density as

76



they do not measure the SFRs per comoving volume of space, but as QSO number density also 

increases with a similar shape, these results imply a similar SF density epoch to galaxies. It 

shall be noted there could be a slight dependency that this result is due to the flux limits of 

Spitzer, although this is considered unlikely with the high SNRs as a result of the optimal 

extraction routines used. A comparison with the Ha line emission to measure SFRs, however, 

could not be made due to there being very limited pre-existing values for the objects in this 

sample (only 7 out of 63), and the inevitable contamination from the Broad Line Regions. This 

drawback resulted in comparisons of SFR with black hole mass being limited as well, either 

due to being redshifted out of the optical and are not detected, or they have simply not yet been 

measured.

5.2.3 PAH Profiles

As it was noted in section 2.1.4, PAHs can have a varying profile, shape and peak. Peeters et al. 

(2002) put these varying peaks into a classification system from class A through to class C 

increasing in wavelength. An attem pt was made to make an observation as to what the common 

Class of PAHs is represented in the sample. However, this was thwarted by the low-resolution 

instruments used and the noisy nature of the data. This noisy data makes it difficult to resolve 

features that have fairly small/finite differences in the wavelength of their peaks. Examples of 

the 6.2/im and 7.7[im feature can be found in Figure 5.9. Despite these problems, however, it 

does somewhat look like the 6.2)urn sample is mostly made up of Class A PAHs. This result 

would seemingly make sense since this correlates with hotter, denser and heavily processed 

environments such as the strong SF radiation fields/ISM/H U  regions (Bernard-Salas et al., 

2009b). Especially compared with Class C PAHs that are considered to be associated with 

cooler environments of limited UV photon excitation (e.g. Sloan et al., 2007), however, this is 

by no means conclusive. The 7.7/im  PAHs appear to be too noisy to draw meaningful 

conclusions, but they appear to have a possible association with Class A PAHs. Observations 

would have to be made with greater spectral resolution to garner a classification, but while 

maintaining the required sensitivity needed to observe these objects.
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Figure 5.9. Examples of the PAH profiles observed with Class A, B and C marked by the dashed lines. In 
both it appears as if the sam ple favours Class A PAHs. This is not conclusive h ow ever due to instrum ental 
lim itations in resolving these features finitely.

78



5.2.4 Conclusions and Interpretation

From this Chapter, the key conclusive points made from the data are:

• PAH ionisation fractions of the PAHs in the QSO/AGN sample indicate similar ionisation 

strengths to HU regions; this is most likely due to the strong SF radiation fields creating 

a large separation between the stars and the photodissociation regions. Weakening the 

ionisation fractions.

• The SFRs all peak at around z~2.4 — 2.5 which is consistent with the Madau et al. 

(1998) plot of cosmic star formation density for galaxies, implying QSOs/AGN share 

similar evolutionary tracks in SF that peak at a similar epoch. This result could be down 

to flux limits, but that is doubtful due to high SNR values provided by the optimal 

extraction techniques used.

• The PAH profiles cannot be conclusively disentangled with the noise, and therefore, 

distortion of the PAHs' shapes and profiles. However, it seems they might be mostly 

Class A PAHs, which is commonly associated with well-processed dust commonly 

found in the ISM ///// regions.
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Chapter 6

W a t e r  in  t h e  E in s t e in  Cr o ss  Qu a sa r

6 .1  A  Br ie f  Intro d u ctio n  t o  Gravitational  Lensin g

In astronomy there is a multitude of ways to observe the universe where observations can be 

made in a variety of wavelengths: with either direct imaging, obtaining spectra to determine 

chemical compositions or time-domain observations. Our ability to observe the universe is 

however inhibited by its large scale and of the instrumentation used to observe it. One way to 

combat this problem of resolving distant, and therefore dim, objects is using a ‘gravitational 

lens'. These gravitational lenses were first predicted by Einstein's theory of general relativity 

over 100 years ago. Einstein stipulated that the presence of mass-energy curves the space-time 

that contains it. Therefore, this implies that a large concentration of mass-energy (e.g. the sun 

or a cluster of galaxies) could warp space-time so as to bend the direction of light, thereby 

altering the apparent position of a light source that happens to pass by the large concentration 

of mass-energy relative to an observer's line of sight. The geometry for this configuration is 

shown in Figure 6.1.
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Figure 6.1. The geom etry of gravitational lensing of a source 
S by a lens L, w ith the apparent positions of the source seen  
from the Earth S1 and S2. £ is the impact parameter. DLS is 
the distance to the source as seen  from the lens. Taken from  
Serjeant (2 0 1 0 ).

It should be noted that all of the distances in Figure 6.1 (Ds, DL and DLS) are angular diameter 

distances, and from Figure 3.10 in Chapter 3 it can be seen that Ds ^  Dls  + DL due to the nature 

of the cosmology. To better  illustrate consider a flat universe with where the comoving 

distance r  is related to the angular diameter distance D by D(z) =  r ( z ) / ( l  +  z), comoving 

distances can add, but therefore the angular diameter distances cannot. However, assuming 

this simple geometry the angles depicted in Figure 6.1 can be related by the 'lens equation’ in 

equation 1.14 (Serjeant, 2010):

p  =  G - a ( 0 )  (1 .14)

where /? is the angle between the source and the lens, 6 is the angle between the lens and the 

apparent source location and a  is the angle between the actual source location and the 

apparent source location, and all of these angles are vectors on the plane of the sky.
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According to general relativity the deflection angle for a point source from Figure 6.1 is given 

by:

4 GM

* = W

where

Dls ~ a  =  —— a 
Ds

Dl s4GM 
a = —— —̂ r

Ds t c 2

Therefore, if /? =  0 (i.e. the source is directly behind the lens) the lens equation can be 

rewritten as a scalar to provide the angular size of the image since a = 6 =  0E, this is known 

as the Einstein radius for a point mass lens. Also, from Figure 6.1 it can be seen that 6 = { /DL 

which therefore leads to the resultant equation 1.15 below:

Op —

>1

4GM Dls

Ds Di
(1.15)

where 0E is the Einstein Radius for a point mass lens, G is Newton's gravitational constant, M 

is the mass of the lens, c is the speed of light, with DLS, Ds and DL the angular diameter 

distances as per Figure 6.1.

With regards to lenses whose mass is extended such as the lens that warps the subject of this 

Chapter, the Einstein Cross quasar or QSO J2237+0305, the Einstein radius can, instead, be 

described for a 'singular isothermal sphere'. This particular lens model is 'singular' due to the 

mass density tending towards infinity as the radius tends to zero, leading to a singularity, and
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is 'isothermal' due to treating the lens as an ideal gas of s ta rs /m atte r  at a constant temperature. 

This is shown in Equation 1.16 (e.g. Li et al., 2011):

where dESIS is the Einstein radius for a singular isothermal sphere, ov is the velocity 

dispersion of the lens, c is the speed of light, with Dls  and Ds being the angular diameter 

distances as stated before.

The resultant images of such a singular isothermal sphere of extended mass distribution for a 

perfectly aligned background source would be an Einstein ring, if the lens is elliptical, there  are 

up to 5 distinct images of the background object depending on the location of the background 

source. In practice, the fifth central image on the image plane cannot be seen since it is 

demagnified. Therefore, only four images of the background source remain visible producing 

an 'Einstein Cross’ formation. The Einstein Cross configuration is shown in Figure 6.2, where 

the background caustics (source plane) are in perfect alignment with the foreground lens, this 

means the resultant critical lines (image plane) have the angular separation from the lens as 

shown in equation 1.15.

(1.16)

Figure 6.2. The geom etry of gravitational lensing of a source 
directly behind a lensing object. The left diagram is the 
source plane directly behind the lens. The right diagram is 
the im age plane. This arrangem ent produces five distinct 
im ages in the image plane, how ever the central im age is 
dem agnified m eaning only four can be seen. This is also 
known as an Einstein Cross. Taken from Serjeant (2010).
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6 .2  T h e  E in ste in  Cross

QSO 2237+0305 was discovered by Huchra et al. (1985) with the ‘Multiple Mirror Telescope' 

(MMT) during the 'Centre for Astrophysics Redshift Survey'. The lens itself (coined Huchra's 

Lens) consists of a ISm ag  spiral galaxy at redshift z =  0.0394, with the quasar almost directly 

centred onto the lens at a redshift of z = 1.695. However, when first discovered only one of the 

images could be seen due to limitations of the 2" resolution that was available with the MMT 

at the time of observation and therefore any recorded spectra of the quasar were contaminated 

by the lensing galaxy. The four images were not resolved until the 3.6m 'Canada-France-Hawaii 

Telescope' managed to disentangle the images spatially with its plate scale of 0.2" per pixel 

(Yee, 1988). This data turned out to be in agreement on a separate set of observations from the 

Cerro Tololo 4m telescope, which had superior calibration, despite poorer seeing conditions 

(Schneider et al., 1988). Other observations have also helped to confirm the inferred geometry 

from the simple lens models used (e.g. Rix et al., 1992; Crane et al., 1991; Racine, 1991).

QSO 2237+0305 was also the first quasar to exhibit gravitational microlensing properties as 

well (Irwin et al., 1989). This discovery resulted in the ability to analyse the quasar nuclear 

emission regions in scrupulous detail, magnifying the region to < 1 x 10“6" demonstrating 

sensitive variability in brightness across the region, opening the door to better understanding 

the quasar emission regions and its mechanisms. However, studies on the quasar emission 

regions are not yet conclusive and still require theoretical expansion (e.g. Pooley et al., 2007; 

Kochanek, 2004).

Figure 6.3 shows an image of QSO 2237+0305 taken from the Hubble Space Telescope's Wide 

Field Camera. Here the four images of the quasar with the lensing galaxy at the centroid can be 

clearly seen with the images in a cross formation. Leading to the common designation of the 

'Einstein Cross', and is a result of the background quasar's perfect alignment with the 

foreground lensing galaxy with respect to our line of sight as stated in section 6.1.
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Figure 6.3. QSO J2237+ 0305  also known  
as the Einstein Cross. Image taken from  
Hubble (1 9 9 0 ).
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6.3 Observations w it h  Sp it z e r  IRS

During the process of checking each spectrum in CASSIS to identify whether or not the object 

possessed PAH emission, the author had initially but incorrectly identified such emission to 

correspond to that of the 7 .7pn PAH to be present in the QSO J2237+0305 spectrum. It was 

then discovered that this spectrum possessed an unusual feature at ~6.6fim  that had not been 

previously reported in the initial observations by Agol et al. (2009), nor does any prominent 

feature appear to present itself within the previous analysis undertaken. The reasoning for this 

is most likely due to the optimal extraction routines (Lebouteiller et al., 2010) being 

unavailable at the time the original analysis was written. However, the object was extracted, 

exported and analysed by Agol et al. (2009).

In Figure 6.4a this feature can clearly be observed in the rest frame within both nods of the LL2 

module and order, the feature becomes even more prominent when both nods are co-added in 

Figure 6.4b. While investigating the cause of the 6.6(im feature it was found that there is a close 

analogue to the emission of w ater vapour that also peaks at 6.6nm, which could indicate this is 

the first H20  vapour emission detected in the mid-IR of quasars. This analogue is detailed by 

Sargent et al. (2014) from circumstellar discs using Spitzer IRS data, although w ater vapour 

emission has been detected before in quasars, up to redshifts of z =  3.91 (Lis et al., 2011). A 

comparison between the work of Sargent et al. (2014) against the tentative and serendipitous 

w ater vapour feature is in Figure 6.5, w here the spectra are centred at the 6.6[im peak. The 

shapes of FS Tau, FZ Tau and GN Tau appear strikingly similar with the emission from the 

Einstein cross showing a slight blueshift of the order ~ x 10-3c. The blueshift could be the 

result of the w ater vapour travelling towards us along our line of sight. If this is the case, the 

outflow could be representing a moving 'superwind' at ~2000k m s '1. This matches with other 

galaxy driven superwinds have been commonly observed with velocities up to ~3000k m s-1 (e.g. 

Heckman, 2002).
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Figure 6.4. QSO J 2237+ 0305  spectral data extracted using SMART and plotted using the Python routines as 
described in this work, a.) On the left w e can see that the 6.6/7m feature is present in both nods of order LL2. 
b.) On the right is the resultant co-adding of both of the nods together and the feature is enhanced. Showing  
a ~ 2 a  detection from the continuum.

It will be important to note that this apparently broad feature that peaks at 6.6fim  is down to 

the low-resolution modules used in Spitzer. These w ater vapour molecules usually emit in 

discrete lines. Therefore, it is believed that this feature is made up of smaller discrete emission 

lines, however, is made broad by the instrument being unable to resolve each component 

spectrally. If further investigation is to be made with more powerful instrumentation, 

consideration will need to be made that this feature may not resemble this particular shape.

It is evident however that further investigation is needed. The amount of IR spectral data 

available on the Einstein cross is limited, and the development of new instrumentation would 

be needed in order to gain the sensitivity required to further disentangle the feature from the 

continuum. This could potentially serve a future observation programme for the upcoming 

James Webb Space Telescope (JWST), which is discussed further in Chapter 7.
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Figure 6.5 QSO J 2 2 3 7+ 0305  is com pared with observations of FS Tau, FZ Tau and GN 
Tau as used by Sargent et al. (2 0 1 4 ) by an arbitrary scale, focusing on the region  
around the 6.6^im peak (blue dashed line). The fundam ental shape appears to be 
present in QSO ]2 2 3 7 + 0 3 0 5 , as w ell as a slight blueshift of the 6.6fj.ni peak.
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6 .4  D isc u ssio n  a n d  Co n c l u sio n s

H20  outflows have been detected in a variety of different objects aside from the direct analogue 

of 6.6fim  in circumstellar discs used in section 6.3. For example, Omont et al. (2011) reports 

w ater vapour emission from a high-z gravitationally lensed submillimetre galaxy. Also, Omont 

et al. (2013) find w ater vapour lines in a high-z gravitationally lensed ULIRG observed in the 

far infrared where the w ater vapour luminosity is strongly dependent on the IR luminosity. 

Omont et al. (2013) also argue this imply infrared radiative excitation of H20  vapour lines, 

where high-z galaxies of Lm > x  1013LQ are s tro n g H20  vapour em itters/how ever with no 

low-z analogue.

Other gravitationally lensed quasars have also been noted to be observed with H20  vapour 

emission. Van der Werf et al. (2011) showed QSO APM08279+5255 to emit high excitation 

lines of w ater vapour. Similar to Omont etal. (2013) the excitation of these lines are dominated 

by the local intense IR radiation fields, and since gas coolants are excited via collisional 

processes, the H20  vapour cannot be a major coolant. Van der W erf et al. (2011) also argue the 

QSO contained massive clumps of optically thick SF as well as the SF being Eddington-limited 

due to radiation pressure exceeding the thermal gas pressure.

From the work done in this Chapter on QSO 2237+0305 there is a suggestion that the 

transition mechanism responsible for the H20  vapour emission will most likely be observed 

by JWST, not only for further observation of the Einstein Cross quasar, but also a potential 

discovery in other objects. Also, further work will be needed to model the outflow to 

understand better the physical reasoning for its emission, as well as further work on the effects 

of differential magnification due to different parts of extended background objects having 

different magnification (e.g. Serjeant, 2012).
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Chapter 7

Su m m a r y  a n d  F u t u r e  W o r k

7 .1  Sum m ary

This thesis has presented an analysis of the PAH emission that traces SF around AGN/QSOs. 

Measuring the extents of the PAH emission and deconvolving these from their corresponding 

empirical PSFs thereby allowing the determination of their physical sizes, as well as producing 

the best SNR template of QSOs in the mid-IR, analysing the SFRs from AGN/QSOs and finally 

making a serendipitous yet tentative discovery of w ater in the Einstein Cross quasar.

Therefore, the following are conclusions from the resultant analysis of the sample data 

presented in this thesis:

• There are two clear and distinct populations present due to a redshift deficit in the data, 

meaning that future missions with similar observing programmes/science goals can 

select their sample targets with an aim to fill this gap in the data thereby improving the 

understanding of the chemical evolution at different epochs.

• Across the whole sample of the objects with 7n\im  features, ~80% show the PAH 

emission constrained to the PSF as seen in Figure 3.8. The ~20% that is extended are 

the result of the low-z objects that could be adequately resolved from the PSF.

• Comparing Figure 3.8 with Figure 3.12, it can be seen that the deconvolved physical 

extent of the high-z objects exhibits SF throughout their host galaxies. This conclusion 

is not final however due to the high-z object's smaller angular size on the plane of the 

sky making it difficult to resolve the PAH emission from the AGN and host galaxy.
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• At low-z the objects in Figure 3.12 do show some constraint to the nucleus in their SF 

regions (<  1 kpc). However, this is not common with most of the objects in the sample 

lying outside of the nuclear regions. This result means there is no conclusive evidence 

of a close relation between AGN activity and SF via feedback.

• The best SNR QSO/AGN template was produced and compared with templates from 

Elbaz et al. (2011). QSO/AGN PAHs are much w eaker than starbursting and the main 

sequence galaxies, which is seemingly consistent with stronger star formation due to 

intense stellar radiation fields 'pushing back' the photodissociation region boundaries. 

However, this is tentative due to uncertainties in determining the kpc scales.

• It was surprisingly found that the QSO/AGN template has more neutral than ionised 

PAHs, consistent with the AGN having no contribution to heating the PAH emission.

• There is also a component of hot dust in the QSO/AGN template that is not present in 

main sequence and starbursting galaxies, consistent with hot dust being heated within 

the AGN torus.

• The ionisation fractions were plotted, where a line of best fit can be shown in Figure 

5.4. The average ionisation conditions of the PAHs from the composite place them very 

close to the line of best fit at 1.12 ±  0.09 for 7.7/1 1 3 p m  and 0.81 ±  0.08 for 6.2/ 

11.3pm. This result shows the average ionisation to be confined to the same ratios as 

those of HII regions.

• The calculated SFRs all increase consistently with plots of cosmic star formation 

density for galaxies, implying QSOs/AGN share similar evolutionary tracks in SF that 

follow similar trends at similar epochs.

• It seems the QSO/AGN PAHs might be mostly Class A PAHs, which is commonly 

associated with well-processed dust commonly found in the ISM/HII  regions, although 

it is not conclusive due to the limitations caused by noise.

• A ~ 2a  serendipitous detection of a feature that appears to resemble that of w ater 

vapour emission was tentatively found with a rest-frame peak at 6.6pm  from the 

Einstein Cross quasar QSO J2237+0305.
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• The transition mechanism responsible for the H2 0  vapour emission will most likely be 

observed by JWST. Further work will be needed to model the outflow to understand 

better the physical reasoning for its emission, as well as further work on the effects of 

differential magnification due to different parts of extended background objects having 

different magnification (e.g. Serjeant, 2012).
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7 .2  F u ture  W ork

7.2.1 The James Webb Space Telescope

The next viable future mission that could extend the work presented here would be the James 

Webb Space Telescope (JWST) due for launch in 2018. This telescope and its instrum ents will 

operate from the near to mid-infrared, a wavelength range of 0.6^m — 28.5nm.

The instruments that will be able to perform tasks in the wavelengths of interest, as per this 

thesis, are:

• The Mid-Infrared Instrument (MIRI), MIRI will enable low resolution (R~100) 

spectroscopy with the range of 5 — 14y m ,  as well as high resolution (R~2070) 

spectroscopy with the range of 4.9 — 28.8nm. It can also perform wide-field broadband 

imagery in the MID-IR.

• The Near-Infrared Spectrograph (NIRSpec), NIRSpec will also have the same 

resolutions as MIRI. However, the low-resolution spectroscopy will operate between 

0.6 — 5.0/xm with the high-resolution spectroscopy operating 1 — 5.0fim. NIRSpec has 

the unusual ability to obtain 100 spectra simultaneously with thanks to its innovative 

micro-electromagnetic shutter system. These micro-shutters can also be used to block 

portions of the sky where any contamination from the background or other sources can 

be limited.

• The Near-Infrared Camera (NIRCam), NIRCam is JWST's principal on-board imager 

that operates in bands between 0.6 — 5.0/mi. As well as just direct imaging, it has a 

coronagraph to block out bright sources, such as stars, for the purpose of imaging 

exoplanets.

• The Fine Guidance Sensor/Near InfraRed Imager and Slitless Spectrograph 

(FGS/NIRISS). This instrum ent contains two components: the FGS allows JWST to point 

precisely at given targets to provide high-quality images; NIRISS is an imager which
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can also perform slitless spectroscopy and the whole instrum ent operates between 

0.8 — 5.0ym. Slitless spectroscopy allows for a wide-field image to be dispersed with a 

grism filter, allowing the spectra to be obtained from multiple sources within the field.

The instrum ent that can observe the most PAHs is MIRI, especially with regards to redshifted 

PAH emission considering a redshift limit of z  -> 3 fo r  Xrest =  6.2/zm. However, the other 

spectrographs, such as NIRSpec, will be able to image the 3.3^m PAH feature, which could not 

be observed in Spitzer as it lies outside of its window.

The on-board instrumentation will operate at a greater spectral resolution and sensitivity 

compared to Spitzer (Gardner et al., 2006). These instruments will help to contribute further 

to the possible detection of PAH features present within quasars that could not be resolved 

from the continuum previously, for example, where the IR continuum is stronger compared to 

any weak and broad molecular features. As well as great spectral resolving power, the JWST's 

6.5m primary m irror will provide the ability to better spatially resolve the PAH emission (~8 

times greater than Spitzer). Further analysis of the objects already within the sample analysed 

in this these can be observed, and more specifically the high-z sample from Lutz et al. (2008), 

as well as building a larger target list that can fill the gap in objects that lie 0.9 < z < 1.8.

7.2.2 Space Infrared Telescope for Cosmology and Astrophysics (SPICA)

SPICA is currently a proposed mission that is designed to follow on from the AKARI spacecraft, 

and will bridge the far-infrared gap left by JWST (Goicoechea et al., 2011). With the 

instrumental coverage operating between 12 — 210/im, it aims to have a superior sensitivity 

between 12 — lOOjurn compared to the Herschel Telescope. The currently proposed launch 

date is 2025 with the proposed instruments:

• SAFARI: Imaging grating spectrom eter that operates between 30- 210jum. This device 

is the main scientific instrum ent of the proposed mission.

• A Low-resolution imager and spectrograph operating between 12- 34fim
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The mission objects are similar to JWST's, although the prim ary m irror is smaller at 2.5m, 

which means its spatial resolution and sensitivity will be affected, and therefore not as a high 

angular resolution as JWST. However, SPICA will be able to cover a larger portion of the IR 

spectrum compared the very limited window of JWST at very high sensitivities. SPICA will be 

able to detect PAH emission features up to redshifts of z  -> 7.
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A p p e n d ix  -  Q SO  Sa m p l e  Sp e c t r a

Below is a presentation of all of the quasar spectra from the sample used within this thesis. 

Here it can be seen how the quality of the spectra varies, with some relatively clean and 

higher SNR spectra where the PAH features are clearly visible (e.g. IRAS 04312+4008). 

However, other spectra can show a greater amount of noise (lower SNR) between each 

wavelength bin, where the PAH profile and shape are still distinguishable but are easily 

hidden (e.g. 2MASS J000703.61). There are also spectra which show an absorption of the 

continuum due to silicates that can be close to the 7.7[im feature (e.g. 2MASS J130700.66). It 

will also be noticeable how not all features are present in each spectrum (e.g. 2MASS 

J010835.16).
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