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Abstract

The results are presented here of multi-wavelength olsemgacentred on two fields of the
Leiden—Berkeley Deep Survey, which form the basis for aystfdthe population and cos-
mic evolution of the high redshift, low power, Fanaroff & &l class | (FRI) radio galax-
ies. These fields, Hercules.1 and Lynx.2, contain a compketgple of 81 radio sources with
SiacHz > 0.5 mJy within 0.6 square degrees. Wide—field1.5’ resolution, radio obser-
vations, along with near infra—red and optical imaging, aache multi—object spectroscopy,
are used to select the best high-redshift FRI candidates)ggB7 in total. Currently, the
host galaxy identification fraction is 86% with 11 sourcemaming unidentified at a level of
r>25.2 (Hercules; 4 sources) ox24.4 (Lynx; 7 sources) and>20. Spectroscopic redshifts
are determined for 49% of the sample and photometric rads$tifnates are presented for the
sample sources without spectra or previously publishedtses

95% of the 37 best FRI high-redshift candidate sources wleee bbserved using sub—
arcsecond radio resolution, with the aim of detecting ede¢einemission with respect to com-
pact core features — vital for unambiguous morphologicdification. The nature of the radio
observations meant that 10 extra sample sources could @isalbded in the data. Lower res-
olution data were also taken for the Lynx.2 field sources twigle a comparison with the 1.5
data.

The classification of the entire radio sample is done in tveges. Sources which showed
clear extension are classified by morphology alone, wheseaices with no obvious or weak
extension were classified using a combination of morphoégy/flux density loss in the higher
resolution data indicative of resolved out extended emsskFive groups are used for this —
‘Certain FRIs’, ‘Likely FRIs’, ‘Possible FRIs’, ‘Unclasfable sources’ (for those not included
in the higher resolution observations) and ‘Not FRIs’. Taffigroup numbers are 8, 10, 24,
33 and 6 for groups 1-5 respectively.

The space densities of the maximum, probable and minimura &flthen calculated and com-
pared to two previously published measurements of the ladak, and with the behaviour of



the strongest FRII sources. The results for all three grebps density enhancements of fac-
tors of 5-9 at: ~ 1.0 which implies cosmic evolution of the FRI population; thihancement
is also in very good agreement with that predicted by previmodels. The behaviour of the
FRI/FRII dividing luminosity, as a function of host galaxigsolute magnitude, at the different
cosmic epochs of the sample, and for two different star faiondistories, is also investigated.
A shift to brighter absolute magnitudes is found to be inginat with the data but this con-
clusion is weak due to the lack of knowledge of the host gaktejlar populations, and the
small number of sources in the sample.
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CHAPTER 1

Introduction

1.1  An overview of Active Galactic Nuclei

Observations have shown that, for a small but significarmtifsa of galaxies, the bulk of their
emission is due to non-stellar processes and is concethiragecentral region of small angular
size (e.g. Peterson, 1997). It is thought that this emissidnie to accretion ontoa 10° M,
supermassive, black hole, which is why these objects ageresf to as Active Galactic Nuclei
or AGN.

AGN are historically divided into several different sulsdas including Seyfert galaxies, Broad
and Narrow Line Radio Galaxies, Quasars, BL Lac Objects gutit@lly Violently Variables
(OVVs). In Seyfert galaxies the host, spiral, galaxy is diesisible, even if the central, bright,
nucleus can also be seen, and their AGN luminosity is lowen ih other classes. They can
be further sub-divided into two types, depending on the simislines seen in their spectra;
Type 1 Seyfert spectra show both narrow and broad lines,a@lsefype 2s show narrow lines
only. Broad and Narrow Line Radio Galaxies (BLRG and NLRG) ba thought of as the
radio—loud counterparts to Seyfert Type 1 and 2 galaxigsesely, except that their host
galaxies are ellipticals, instead of spirals. In quasds,host galaxy is completely outshone
by the high luminosity nuclear emission and they appeareakastlike point-sources. They
can be either radio—loud or radio—quiet fat2 Miller et al. (1990) found that radio—loud have
Lsan, > 10%° WHz !sr !, whereas radio—quiet havesqn, < 10%* WHz!sr~1) and their
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spectra also show similar broad and narrow line featurelseaSeyfert 1 spectra. The final two
subclasses, BL Lac Objects and OVVs, are highly variabler @ery short timescales and are
also radio loud sources. OVVs also show high polarizatioenes the main characteristic of
BL Lacs is the lack of strong emission or absorption linegirtspectra.

oy

b '
BL Lac Fadio koud

a5

i -
If
W a
- 4o
- -
-

Q50

Figure 1.1: The standard model for an AGN, illustrating the viewing asgivhich give rise to the
different subclasses in the AGN ‘zoo’. The top portion of tiegram shows a radio loud model whereas
the bottom portion shows radio quiet. If the view of the cahtrucleus and BLR is obscured by the
torus then NLRGs and Seyfert type 2 galaxies are seen; ifvisible then the AGN will appear as a
BLRG, a Quasar (QSO0), both radio loud and quiet, or a Seyfp# 1, depending on the presence of
a radio jet. Finally, if the viewing angle is such that the etver looks directly down the radio jet, an

OVV or BL Lac is seen (Dunn, 2005).

When these different subclasses were first detected, tekrdf shared characteristics led to
the assumption that they were unrelated. It was later pegptigat many of these differences
are the result of observing similar objects at varying da&an angles, with varying amounts
of obscuration. Figure 1.1 illustrates this model: the efioentioned central black hole and
corresponding accretion disk, is surrounded by a largeydagion, the exact shape of which
is unknown; for simplicity, it is usually shown and referredas a ‘torus’. Within this torus,

there are also many fast moving clouds of gas, which givetoisiee broad emission lines seen
in the spectra of some AGN. These broad lines are for pemitamsitions only which implies

that the density in these clouds is high enough to supprebgiften transitions. Outside the
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central regions, there also exists a larger region of slaoweving, lower density, clouds of
gas which in turn result in the narrow emission lines, bottbiftden and permitted, seen in
other spectra. These two areas are known as the Broad LinerR@).R) and the Narrow

Line Region (NLR) respectively. Additionally, less tharfa@f AGN are radio—loud and emit
highly collimated radio jets from their nuclei (Mushotziz004).

1.1.1 Characteristics of AGN radio emission

For some radio—loud AGN, the majority of the radio emissiomes from kiloparsec—scale
lobes, located either side of the host galaxy and alignel thiz inner jets (extended, BLRG
and NLRG sources), whereas in others the emission is unessahd confined to the central,
core, region (compact sources). The lobes, if present,arerglly observed to be steep spec-
trum, witha: ~ 0.5 — 1.3, and the core and inner jet are observed to be flat spectrumuwyit

0 - 0.5. In both cases however, the emission is synchrotronigim.

Fanaroff & Riley Class | and Il radio galaxies

The lobe—dominated sources can be further subdivided iata®ff & Riley Class | and Il
galaxies (Fanaroff, 1974), depending on their morphol@jgss | (FRI) are ‘edge—darkened’
with the majority of their emission confined to their centedions and lobes that flare out close
to the nucleus. On the other hand, the FRII, class Il, gadaaie ‘edge—brightened’ meaning
the bulk of their emission originates from hotspots at tHeelends. The FRII galaxies are
the more luminous of the two classes and typically hBv&yim, > 10%472° WHz !sr~! but
there is significant overlap at the break luminosity. Exaalf the two types can be found in
Figures 1.2 and 1.3.

The differences between the two FR classes are not confirtbd tobe morphology. Zirbel &

Baum (1995) found that the FRIIs produce 10-50 times morason line luminosity than the

FRIs at a particular radio core power. These results led Betuah (1995) to suggest that this
may be due to qualitative, intrinsic, differences in thetarengines of the two types, with the
FRI sources having a lower accretion rate and a slower tHatk-spin than the FRII sources
which results in lower power, less collimated jets. The IoRi Rccretion rate suggested by
Baum et al. (1995) led to the theory that FRI accretion disksawn an advection dominated
accretion flow (ADAF) state (Ghisellini and Celotti, 200W)here most of the released gravi-

1The spectral energy distribution of an AGN can be expressedmwer lawsS, « v~%, wheresS,, is the flux
density at a frequency and« is the spectral energy index.
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MB4 459 GHz
— “ B FRY P
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Figure 1.2: The elliptical galaxy M84 — a FRI object. The right—-hand gatews an enlargement of
the central bright region (Bridle and Perley, 1984).

051 4715

51 47 00

00 40 22 Q0 40 20 00 40 18
Figure 1.3: 3C20, a FRII radio galaxy clearly showing the edge—brigimtgHardcastle, 1995).

tational energy from the accreting matter is transportéaltime black hole. This results in very
inefficient radiation by the disk. More recently, howeverivby Cao & Rawlings (2004)
concluded that there was no difference in accretion modedmat the FRI and FRII popula-
tions, for a significant fraction of their sample (all of whiwere high luminosity FRISs). They
suggest that the apparent radiative inefficiency, for tighédni luminosity FRIs at least, may be
due to obscuration of the central accretion disk.
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The ‘intrinsic difference’ models have one main problerhe existence of objects that show
both FRI and FRII morphologies, introduced by Gopal-Krsl&Wiita (2000) and supported
by Gawronski et al. (2006). An example of this rare type geobcan be seen in Figure 1.4.
These sources cannot be explained in the context of the Baam(@995) model as the same
central engine could not give rise to both FRI and FRII motpbies concurrently. This led
Gopal-Krishna & Wiita (2000) to argue for an extrinsic madalwhich it is the environment
around the galaxies that causes the observed differenggtsnaa relatively calm environment
would remain collimated and retain its hotspots for far lnthan one in a more turbulent
environment. Additionally, if a galaxy is denser than agereor is located in a denser region,
the chance of jet disruption is significantly increased.

1004+130 1POL 4885 MHZ CLERN MAPNO-= 860

SE'CUNDS aF AAC
0

0 ) 30 60
SECONDS OF ARRC

Figure 1.4: 1004+130- a source showing both FRI and FRII morphologiepéGKrishna and Wiita,
2000).

Initially, optical observations of the FRI and FRII sour@gspeared to support the Baum et
al. (1995) intrinsic model with Owen & Laing (1989) findingaththe host galaxies of FRIs
tended to be larger and more luminous than those of FRIlIserlvabrk by Ledlow & Owen
(1996) suggested however, that this result was caused fingth sample selection effect due
to observing galaxies near the FRI/FRII break, and secdogignly observing a small range
in radio power. Since they found that the FRI/Il break is action of the absolute magnitude
of the host galaxy as well as the radio power (Figure 1.5), @lswinge in power led Owen &
Laing to the conclusion that the FRII host galaxies were li@sgnous.

Ledlow & Owen (1996) concluded that all radio galaxies ligesimilar large—scale environ-
ments, and that the host galaxy luminosity and propertiesrarst important in determining
the evolution of radio sources. Incidentally it should béedathat since the mass of the cen-
tral black hole is correlated with the host galaxy luminpgMcLure and Dunlop, 2002), the
FRI/FRII break is correlated with it also, suggesting tihat properties of the black hole cannot
be completely ruled out of the debate.
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Figure 1.5: Radio power against host galaxy absolute isophotal magmitmeasured to 24.5 magni-
tudes arcsec?, for the FRI (1) and FRII (2) galaxies (Ledlow & Owen (1996)arferences therein). It

should be noted that there are FRI sources above the bredRihgources below it further suggesting
that the two populations may not be distinct.

The lobe—dominated population could alternatively bedsidi up depending on their source
emission line strength. In this scheme, the low power, weaission line objects encompass
both FRI and certain FRIIs (those with low—excitation spedh which lines such as [Olll]
are very weak or undetectable (Laing et al., 1994)), whelfeafigh power, strong emission
line objects are mainly FRIIs. As a result, this groupingsinet correspond exactly with that
obtained using the FRI/II classification scheme. In an aiteim investigate possible intrinsic
differences, Willott et al. (2001) used this new dual popalascheme for their sample, instead
of the usual FRI/1I split, since the line strength is a dingaibe of the central engine, whereas
radio luminosity could be modified by the surrounding enwinent; they found that this new
model fitted their data well, thus suggesting further linksAeen the two FR types.

As has been shown by the results outlined above, it is stillaam whether the observed mor-
phological differences between the two FR classes are st ref fundamental differences
in the properties of the central engine, or differences @ittieractions of the jets with their
environments, or some combination of the two. This intdfesitrinsic question is of vital im-
portance for understanding the relationship between thbpts; if the intrinsic difference
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model is correct then the FRIs and FRIIs are two discretesetasf object, however if the evi-

dence suggests the other model is correct, the underlyoyepies of the classes would be the
same. In the latter case the two classes may simply reprdegarent stages in the evolution

of a radio galaxy, i.e. it starts out as a powerful, high—losity FRII and as it ages its jets

become less powerful and it becomes an FRI (e.g. Willott.e2@01).

1.2 The cosmic evolution of FRI/II radio
sources

One of the key ways in which the observed differences can Wesiigated is through the
cosmic evolution of the two types; any similarities in bebav detected lends weight to the
extrinsic difference model, and vice versa. The followiegtions outline the current observa-
tional evidence for evolution of the FRI population. It slibhe noted that the choice of survey
observing frequency has a major effect on the resultingcgopopulations detected. For ex-
ample, at low frequencies, the majority of the radio soudmstected will be steep spectrum,
lobe—dominated, objects, whereas at high frequenciesdahsgdéctrum, compact, objects will
dominate.

Determining the cosmic evolution of FRI radio galaxies soalmportant because of the im-
pact that they may have on galaxy formation and evolution.ddle® of galaxy formation are
increasingly turning to these objects to solve the problémassive galaxy over—growth (e.g.
Bower et al., 2006). Itis predominantly the lower lumingsiburces that provide the necessary
feedback for this, (Best et al., 2006), and may possiblyiédid to the FRI population alone.
As such, understanding the little studied FRI sources aeil #volution could be critical to
deciphering this mechanism.

1.2.1 Radio results

Ryle & Clarke (1961) were among the first to attempt to infex tmsmic evolution of radio
sources through the use of number count statistics. Thailteesuggested that the evolution is
confined to the higher powered sources only, and this wasostgapby the similar findings of
Longair (1966).

The luminosity dividing the strongly evolving populatiofi rdio sources from those show-
ing little or no evolution was subsequently found to be vedpse to that dividing FRI from
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FRII galaxies. This led Wall (1980) to suggest a correspondebetween the two groups.
In his model the FRIs have constant space density wheredsRHe undergo strong cosmic
evolution. Jackson & Wall (1999) extended these ideas atednpted to construct a dual—
population unification scheme linking FRI galaxies with Bad.objects and FRII galaxies
with flat-spectrum quasars. They also tested for evolutiothéir sample by calculating the
V/Viax Statistic which is expected to have a value of 0.5 if the sarmsplrces are uniformly
distributed over the survey volume and.5 if the source number density is higher at larger
distances, suggesting evolution. (Full details of thishadtcan be found in Appendix A). The
26 FRI sources were found to ha{}/ Vinax) = 0.314 £ 0.0577 rising t00.507 £ 0.144 for the
highest luminosity objects. Conversely/Vi,ax) = 0.664 + 0.025 for the 137 FRII sources
with a range 00.415 < (V/Viax) < 0.807 as the luminosity increases. These results strongly
supported the hypothesis of Wall (1980). Jackson & Wall @38so modelled this evolution
and their fit indicated that the space density of FRII sougasenhanced by 10* atz = 2.8.

These results were disputed by Snellen & Best (2001; 2008¢y Ppointed out that since the
sample of Jackson & Wall (1999) was flux density limited, thghHuminosity FRII sources
could be detected out to much higher redshifts<( 2 compared ta: < 0.2 for the FRIS).
Indeed if the individual FRI and FRII plots &f/V},,.x Versus radio power are combined (Figure
1.6), no difference can be seen between the two populattomparticular power. The overall
trend is forV/ V.« to increase with radio power, possibly indicating lumimpsiependent but
population independent evolution.

1.2.2 The evolving radio luminosity function

The distribution of source number density with radio lungitg known as the radio luminos-
ity function or RLF, is an important tool for studying the laefour of the two FR populations:
studying the changes it undergoes with increasing redsigiflights the evolution in the source
space density. The local RLF is well fitted by a dual-powerfianetion, with a break luminos-
ity roughly equivalent to that dividing the FRI and FRII geiles, as illustrated by that derived
by Best et al. (2005) for a sample of radio galaxies in the isDaital Sky Survey, together
with that determined for two previous surveys for comparjsshown in Figure 1.7.

Dunlop & Peacock (1990, hereafter DP90) modelled the RLFuéom using the redshift dis-
tributions of four, complete, 2.7 GHz, samples, alongsa=l RLF measurements and addi-
tional source count determinations at fainter flux limits.db this they used both ‘free—form’
models, in which there were no preconceived assumptionst atwe evolution, and parametric
models, which assumed either pure luminosity or a comhinaif luminosity and density evo-
lution (PLE, LDE); these were then extrapolated to coves¢h@dio powers and redshifts for
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Figure 1.6: Averagel//Vi,.x values from Snellen & Best (2001) using values from Jacksoial
(1999). Squares represent FRIs and diamonds represerst ARH particular radio power, no difference
can be seen between the two populations.

which no data existed. In contrast to the evolving/non—gugl dual-population, paradigm
discussed above, the parametric models assumed the rddiy gample was a single pop-
ulation, made up of a low luminosity, weakly evolving, compat and a higher luminosity,
strongly evolving component. Both of these model ensentolasd evidence for a cut—off in
the comoving number density of the radio population between2 — 4, as illustrated, for the
pure luminosity model, by Figure 1.8. The pure luminositg &sminosity/density evolution
models also predict density enhancements for sourcesypittel FRI radio powers of a factor
of ~ 6 out toz = 2 which, it should be noted, is less than that predicted forbee luminous,
FRIl-type, objects.

Waddington et al. (2001) investigated the model predistimiDP90 using a lower flux density,
1.4 GHz sample, of mJy radio sources. They found that twoefftee—form’ models, both of
which incorporated an enforced decline in the RLF abovehifidsof 2, were consistent with
their data, whereas the parametric models fit well at lowhiéidsut overestimate the numbers
of sources at > 0.5. However, Willott et al. (2001) performed a similar lumiitgsfunction
calculation for their sample and found that their data wersicstent with the pure luminosity
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Figure 1.7: The local RLF calculated by Best et al. (2005) (solid cirrlies a sample of radio—

galaxies drawn from the Sloan Digital Sky Survey, separatedAGN and starburst galaxies, together
with two previous versions taken from the literature.
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Figure 1.8: The evolution of the RLF as predicted by the pure luminosityletion model of DP90,
calculated using Einstein de Sitter cosmology.

evolution model out ta = 2.

Since the lifetime of a radio source is typically "2 yr, the evolution of the RLF is not
that of individual sources, but of the population of a whdla@ldington et al., 2001). This
suggests that the simple PLE model, in which the same sefjeftsbmerely fade with cosmic
time, has a weak physical basis, whilst still fitting the aliagons well. Similarly, a model
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of pure density evolution, in which objects have a constamtihosity but different lifetimes,
also seems unlikely (Peacock, 1999). Willott et al. (20Gbugh, point out that their dual—
population model, which has a better physical basis, refg&the PLE results well.

1.3 Measuring the high redshift space density
of FRIs

It is clear from the number count statistics that higher husity sources undergo stronger
evolution, but whether this is sufficient to define a dual pgafon scheme involving FRI and
FRII galaxies is not yet clear, especially without reliabigV},.x tests. Many of the current
set of observations produce contradictory results, leatfre question of whether the FRIs
are intrinsically different to the FRIIs open. What is negdle a direct measurement of the
high redshift space density of these objects; this has aistyljecome feasible because of the
difficulties involved in observing sources out4e-1 at the sub-arcsecond resolutions that are
required to accurately morphologically classify a source.

The first attempt at determining the high—redshift spacesitielof morphologically selected
FRIs was carried out by Snellen & Best (2001) using the Hulbi#ep Field and Flanking
Fields (HDF+FF). This area of sky has been well studied inrtitio and contains two FRI
sources. There may be more FRIs present, but with the exisitta only objects above
mJy levels can be reliably identified. The first of these sesy¢iDF123644+621133 (Fig-
ure 1.9, left), has a redshift af = 1.013 arising from its optical identification with a ellip-
tical galaxy, and a total radio power &f 4o, = 10> WHz~!. The second FRI source,
HDF123725+621128 (Figure 1.9, right), is optically idéietl with a faint compact galaxy of
undetermined redshift. However Snellen & Best (2001) athaethe galaxy must be at> 1
because of its faintness and its red optical to near—irdractours. A photometric redshift of
1.2 was subsequently calculated for it by Donley et al. (2008nfirming this and giving it a
1.4 GHz radio power of’; 4qu, = 102 "WHz L.

With only two FRIs, Snellen & Best were unable to directlyatdate the high—redshift space
density of FRIs, but they were able to investigate any ptéssiiolution of the FRI popula-
tion by calculating the statistical significance of findiihg two aforementioned sources in the
HDF+FF area, if a constant number density is assumed. Theten of this comes from the
Poisson distribution:

VeV

P,(n)= Y (1.1)

whereP, (n) is the probability of obtaining exactly successes giving an expected number of
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Figure 1.9: The two FRI sources HDF123644+621133 (left) and HDF123623428 (right) found
in the HDF+HFF (Muxlow et al., 2005; Snellen and Best, 2001)
successes.

In this case though, it is not the probability of detecting&ly n objects that is required, but
rather the probability of detecting n. Therefore the expression

o eV
P(>n)=) ——, (1.2)
n
was needed.
With n = 2 this becomes
o n,—v o0 n
v e —UV v —UV 1%
P(22):Z T =c Zmze (" —1-v), (1.3)
n=2 n=2
using the expansion ef':
o ,Z'n o ,Z'n
n=0 n=2

In summary then, the chance of finding 2 or more FRI sourcesgarticular volume if the
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expected number in that volumetiss

P(>2)=e¢"("—-1-v). (1.5)

The local space density was found by Snellen & Best in two whsgtly a value of 200 FRIs
per Gpé was obtained using the local RLF of DP90, and secondly aaimdlue of 170 FRIs
per Gpé was directly measured from a complete subsample of 3CR gadtixies (Laing et al.,
1994). Using the first density result, 200 FRIs per & ey then calculated various values of
v for different volumes. These volumes arise from the maximedshifts at which the sources
could have been detected and still classed as FRIs. For ititerfaource, this maximum
was given as.x ~ 1.7 at > 3o0. Since the other source had, in their work, an assumed
redshift in the rangé < z < 1.5 ~ 2, its maximum redshift had a randeb < zmax < 3.0,
and thus led them to use values f,, =1.5, 2.0, 2.5 and 3.0 in the calculations. Their
results showed a probability af 1% for the non-evolution scenario. They repeated their
calculations using the density enhancements predictethidoypdre luminosity evolution and
luminosity/density evolution models of DP90 which do ndfatentiate between FR type. The
resulting probabilities varied from 2% ~20% for both types of evolution, meaning that the
observations can be consistent with those models, agapoding a possible evolution for the
FRI sources. However, with only two detected FRIs the uagaies in this result are clearly
large.

This luminosity dependent evolution is further supportgdhe work of Jamrozy (2004) who
constructed two complete, morphologically classifiedjaaburce samples at 1.4 GHz and
408 MHz using several different radio surveys. They find thpbsitive cosmic evolution for
the most luminous FRI sources is needed to fit their obsenaltidata out ta: ~ 2. On the
other hand, Clewley & Jarvis (2004) find no evidence for a ifgenhancement out to = 0.8

for their FRI sample, constructed by cross—matching twgdadio surveys (the Westerbork
Northern Sky Survey, WENSS, Faint Images of the Radio Skyerty Centimetres, FIRST,
and NRAO VLA Sky Survey, NVSS) with the optical Sloan Digigy Survey. They conclude
that Snellen & Best's findings were a result of using two FRag@s with luminosities at or
near the FRI/FRII break. However, they selected the FRIReir sample using a luminosity
cut; this could lead to FRIs being missed (particularly therenluminous FRIs which may
evolve the most, c.f. Figure 1.6) since the FRI/FRII breakihosity is not fixed, but is a
function of host galaxy magnitude as described in §1.1.5hduld also be noted that Sadler
et. al. (2007), using a sample selected in a very similar walydt of Clewley & Jarvis (2004),
find that the FRI no—evolution scenario can be ruled out agrifstance level of>60. All
these studies, which seem to have a wide range of differsnttse are actually in reasonable
agreement when all the factors are taken into account (ehgnwhe radio luminosities each
work at are converted to the same radio frequency). It isrdleerefore that to obtain an
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accurate picture of the high redshift behaviour of FRIsjaaxorphological classification is a
necessity.

This thesis aims to directly measure the space density ahalsaof properly (i.e. morphologi-
cally) classified sample of high redshift FRIs with the aintohstraining the cosmic evolution
of these objects. This will provide a valuable insight irtte bbserved differences between the
two classes. However, before the thesis contents are edthrbrief overview of some useful
cosmological results, which will be needed for the latersitgrcalculations, are outlined.

1.4 Useful cosmological results

The expansion of the Universe means that the distances @éetwigects does not remain con-
stant and therefore, cosmological factors need to be takeraiccount for the calculation of
accurate results. In this section, three different distaneasures, comoving, angular and lu-
minosity distance, and the cosmological volume elementleseribed for a flat Universe with

a non-zero cosmological constant, For further details, see Hogg (1999), Peacock (1999),
Peebles (1993) and references therein.

Firstly, some definitions of key parameters are needed:

» The cosmic scale factoa(t), is the size of the Universe relative to the size of the Uni-
verse at a particular time. It is normalised such that ag = 1 at the current epoch

» The Hubble parametef{, defined asi/a, is the constant of proportionality of the ex-
pansion of the Universe. Locallyf = H, and has a value dfoOhkm s 'Mpc~!; h is
currently thought to be- 0.7 (e.g. Spergel et al., 2006) .

» Redshift,z, is defined as the observed wavelengthof an object’s light relative td.,
the wavelength at which the light was emitted= (A/).) — 1. Itis related to the scale
factor bya(t) = (1 + 2)7L.

1.4.1 Comoving distanced.

In a flat, isotropic and homogeneous Universe the variatitimtime of the cosmic scale factor,
is given by the Friedmann equation:

<%)2 - 87T3Gp’ (1.6)
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whereG is the Gravitational constant andis the density of the Universe, which itself is the
sum ofp,, andpy, the densities due to matter and vacuum energy respectivebn be shown
that p, = po.m a2 andpa = pon Where the subscrifit denotes a value at the current epoch.
Substituting this into Equation 1.6 gives

a

2 87 (@G
(5) = 7; (Pmo a4 pay)- (1.7)

pm,0 andpy o can be converted to the dimensionless quantifissand(2,, by dividing them
by 3 H3/8 = G, a quantity referred to as the critical density, Remembering that =
(14 2)~tandH = a/a, Equation 1.6 can be written as

H = Hy \/(Qu (1+2)3 + Q) = Ho E(2). (1.8)

For a photon travelling radially towards an obserd€t.)/dz = ¢/H whered, is the comov-
ing distance between the two points (i.e. the proper distanaled by the ratio of the two scale
factors) and: is the speed of light. Therefore,

c [* d7

d. = —
Hy Jo E(2)

: (1.9)

1.4.2 Angular diameter distanced,

In an Euclidean universe, the angular si2e(in radians) of an object is related to its actual
physical sized,, by
d, = — (1.10)

The size of this object in a non—Euclidean geometry,js= a d. # so Equation 1.10 becomes

dc

da:(1+z)

(1.11)

At z >1, this begins to decrease which means that objects at ldiginces have smaller
values ofd,, and hence larger angular sizes. In other words, if therénarabjects with the
same physical size locatedat= 2.0 andz = 1.0, the one at higher redshift will appear to be
larger.
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1.4.3 Luminosity distanced,

If photons were emitted by a distant source at some frequentyen they would be detected
by an observer at a frequengy = v /(1 + z). Since the energy of the photon/is, then the
measured photon energy flux density is

S,,(l/l)
1+2

V1

L) = o, (w) = h 72

ny (1) = , (1.12)

where/ denotes measurements in the observers framenandhe total number of photons.
The total energy flux received over all frequencies is troeef

p [ Selrn) dvi S
S_/(1+z)(1+z)_(1+z)2' (1.13)

The two factors of 1 + z) in this equation represent the effects of redshift on thgueacy
and the arrival rate of the incoming photons.

For an object at co-moving distandg and with emitted luminosity_, the flux measured in
the emitted reference frame would Be= L /(4 (aod.)?) whereag = 1 is the cosmic scale
factor at the present epoch. Using the previous result, ileniieasured by the observer would
be

S L L
S = = = , 1.14
(1+2)? 4r(1+2)2d.2 4nd? (1.14)
whered; = (1 + z)d. is the luminosity distance.
Similarly, the observed flux density of a source is given by
1 L, 1
8 () = LT 2) Lol 1 2) (1.15)

47le2 ’

where the extra factor dfl + z) takes into account the change in bandwidth due to the red-
shift. For radio galaxies, in which photons are emitted waiflower law spectrum of the form
S, o« v~9, this can therefore be rewritten as

L, (w)
S/ — v
v(0) 47d? (1+z)e1

(1.16)
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1.4.4 Comoving volume},

For a flat Universe the comoving volume element in solid ad@lés given by

d 3
dV, = 3 dQ. (1.17)

Integrating this over solid angle gives the total comoviogumne out to a redshift of

V, = %” d.3. (1.18)

Additionally, the comoving volume between two redshifigandz; is

2b 2
¢ A 0 (1.19)

Y@= | B

1.5 Thesis outline

The outline of this thesis is as follows. Chapter 2 definestimplete sample of 81 radio galax-
ies and describes the new radio observations that were takeitially select FRI candidates.
Chapter 3 describes the optical and infra—red observatibtiee sample, and the resulting host
galaxy identifications. The spectroscopic observatiorsssnibset of the sample can be found in
Chapter 4, along with the redshift estimation methods usethé sample sources with no red-
shift information. Chapter 5 describes the high—resotutadio observations taken of the best
high—redshift FRI candidates and the subsequent claggificaf the entire sample. The space
density of the FRIs in the sample can be found in Chapter 6galdth an investigation into
the behaviour of the FRI/FRII break luminosity at the diffiet redshifts of the sample. Finally,
conclusions about the cosmic evolution of the FRI poputasice outlined in Chapter 7. For the
remainder of this thesis, values for the cosmological patars of H, = 71 km s~ 'Mpc~!,
Qn = 0.27 andQy = 0.73 are used.
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CHAPTER 2

A new radio sample

The area of sky used in the analysis of Snellen & Best (200F) amdy large enough to give
a first estimate of the high redshift space density of FRIss Work, therefore, uses a deep,
wide—field, Very Large Array (VLA) A—array survey an order wiagnitude larger than the
HDF+HFF. This survey was split over two fields — one in the ¢elfetion of Lynx ato: = 8h41,

0 = +44.8° and one in Hercules at = 17h18, § = +49.9° — which were chosen because
of the existence of previous optical and low resolution gasiiservations by Windhorst et al.
(1984) and, for Hercules only, by Waddington et al. (2000)pngside this, the Lynx field is
also covered by the Sloan Digital Sky Survey (York et al.,ZdXoughton et al., 2002).

The two fields were originally observed as part of the Leiddarkeley Deep Survey (LBDS)
in which they were referred to as Lynx.2 and Hercules.1. Reréemainder of this thesis they
will be referred to as Lynx and Hercules respectively. Thistion outlines the previous work
in the two fields along with the new A—array observations than the basis of this work.

2.1 Sample definition and previous radio
work

The LBDS survey was constructed to provide photometry fort fgalaxies and quasars via
multicolour plates obtained with the 4m Mayall Telescop&it Peak (Kron, 1980; Koo &
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Kron 1982). Radio follow—up of nine of the LBDS fields (inclag Hercules and Lynx that are
used here) was performed subsequently using the 3 km WesdteBgnthesis Radio Telescope
(WSRT) at 1.4 GHz at aresolution of 12.8Nindhorst et al., 1984), reaching a rms noise level,
at the field centre, of 0.12—-0.28 mJy. Their radio sampleistsef 306 sources which satisfied
the sample selection criteria of peak signal to nofsge/(V) > 50 out to an attenuation factor,
A(r), <5 (for WSRT this corresponds to a radius0f0.464° or < 28).

The Hercules and Lynx fields were reobserved by Oort & van kwelgle (1987) and Oort
& Windhorst (1985) respectively, again using the 3km WSRT.4tGHz with a 12.% beam.
These two sets of observations were a factor 2—3 deeper tigaariginal Windhorst et al.
(1984) ones, reaching arSlux limit of 0.45 mJy for Hercules and 0.30 mJy for Lynx at the
pointing centre.

The sample used in this work is a subset of the combined Hes@nd Lynx sources as it is
limited by the field of view size of the optical imaging deded in Chapter 3; this is illustrated
in Figure 2.1. A flux limit of 0.5 mJy was also imposed to remtwve faintest, most poorly de-
tected sources and provide a more uniform limiting flux dgrestross the two fields. Table 2.2
gives the Oort & van Langevelde (1987) Hercules and TabléHa ®ort & Windhorst (1985)
Lynx flux densities for the sources included in this work. 3&eand other source parame-
ters, were measured using an elliptical Gaussian fittindhatein two dimensions. Table 2.1
gives the 1.4 GHz flux densities of sources which were notremby the optical observations
but were included in the subsequent infra—red imaging; egmsntly they are not part of the
complete sample but are included here for completeness.

2.2 Sample completeness

The selection criteria of the LBDS meant that source wenghtvas necessary to make the
sample complete. This incompleteness arises from twor&ctbe attenuation of the WSRT
primary beam and the resolution bias. The effect of the firthese factors, the decreasing
sensitivity at increasing radial distance from the poigtoentre, is to make the probability
of detecting a source depend on where it is located in the ma&ource which just satisfies
the selection criteria at the centre would have been midsedvas located at the map edge.
To correct for this each source was assigned a weight thairwassely proportional to the
area over which it would have met the selection criteria agnath, have been included in the
original sample (Windhorst et al., 1984). The total sampéador the current work is limited
by the size of the optical imaging, so the attenuation weidhit the sources considered here
were recalculated to account for this.
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Lynx Field: Centre at 08 45 11.71 +44 36 04.1 (JZOOO)

arcmin

-20 —-10 0 10 20
arcmin

Hercules Field: Centre at 17 20 15.48 +49 55 12.2 (J2000)

Dec (arcmin)

-20

T ! S
—20 —10 0 10 20
RA  (arcmin)

Figure 2.1: The distribution of the radio sources in the Lynx and Hersftilelds; the labels correspond
to the last 3 characters of the source names. The large oirbleth plots represents the 0.46adius

of the previous WSRT observations of e.g. Windhorst et 2884); this is also approximately the’30
primary beam of the VLA at 1.4 GHz. The dotted line represtmsarea of the sample (0.29 sq. degree
for each field) which is defined by the field of view of the opticaaging. Dots indicate the positions
of the additional sources which were not included in the darhpcause they either fell below the flux
density limit of 0.5 mJy or they are not covered by the opticeging. Open diamonds indicate sources
not included in the complete sample but which were includetié infra—red observations.
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The corrections for the incompleteness due to the resolbiis (the fact that a resolved source
will be more difficult to detect than a point source of the sadatal flux) were found, by Wind-
horst et al. (1984), through detailed modelling of the seuletection algorithms. It was
subsequently found that sources with higher flux densitiesewalso those with a large angu-
lar size which, as Windhorst, Mathis & Neuschaefer (199@wstd, meant that the original
weights were overestimated. The revised equation for thightsedue to the resolution bias, as
calculated by Waddington et al. (2000) is

58 —2.71 S/]Ytot

Wres = 1+ Fpmrs (1)

whereH PBW = 12’ is the half power beam width of the observations &fidV;.. is the total
signal to noise of the sources. It is the values calculatedyukis revised method that are used
here.

These two correction factors, the attenuation weight asdluéon weight, were then mul-

tiplied together,wiot = watten X Wres, t0 give the final weights. For further details of the
source weighting methods used in the LBDS see Windhorst €18B4) and Waddington et

al. (2000).

2.3 New radio observations

2.3.1 The observations

The VLA data were taken with the array in A configuration, om@2pril 2002 for the Her-
cules field, and 15th February 2002 for the Lynx field. Botls sftobservations were taken
at a frequency of 1.4 GHz (L—band), in spectral line mode &hénwide field imaging, using
16 channels of width 781.25 kHz. The Intermediate Freqesnaiere centred on 1391.3 and
1471.1 MHz observing dual polarization. Both the Herculed the Lynx fields were observed
for 8.5 hours each.

The calibration of the data was carried out by Ignas Snelisimg the NRAO AIPS package
(a full explanation of the techniques used to reduce widkeHueio imaging can be found in
Chapter 5). For each of the Hercules and Lynx fields, 256 byd&d facets (with 0.3% per
pixel) were centred on all the sources that were already krfoomn the imaging of Windhorst,
Oort and collaborators, discussed above. These sub-fiedds gleaned and self-calibrated
using the AIPS tasks IMAGR and CALIB. The self calibratiomsisted of multiple phase—
only cycles followed by one final amplitude and phase cdlibna The resulting maps have a
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resolution of 1.6, and reach a noise limit of 1&Jy.

2.3.2 Source detection and flux density measurements

The Hercules sources of Oort & van Langevelde (1987) and Isgwces of Oort & Wind-
horst (1985) were all detected in our VLA observations. Tgiies a sample of 81 sources,
evenly spread over the two fields; the distribution on thecky be seen in Figure 2.1. Flux
densities were measured for these sources using the akpsnifitsto fit a Gaussian, if they
were pointlike, or the tastvstatto sum within a defined area, if they showed significant exten-
sion; the method used for each individual source is inditatelables 2.2 and 2.3. The values
were then corrected for the attenuation of the VLA primargirhe It should be noted that for
some objects, where previously one source was detectesh kigher resolution observations
have resolved it into more than one component each assbaiatie a different host galaxy.
In these cases, the sub—components are laballbdetc. and the low resolution flux density
has been assigned to each new component according to theapflax density ratio. These
components are only retained in the sample if they remaineatie 0.5 mJy flux density limit.

The positions of the detected sources are given in Tablearl2.3 along with the measured
flux densities and primary beam correction factarsg, (i.e. Scor = CpB SMmeas) US€d. The
corresponding radio contour images can be found in Figugeartl 2.3. The Oort etal. and A-
array flux densities are brought together with the subseaqaeiio observations of the sample
and discussed in Chapter 5. Consequently, a flux density ason of the two radio datasets
described here can be found in 85.5.

Name RA/DEC (J2000) Soort S1.4GHz W | Cpp | M

(mJy) (mJy)
53w091| 172232.73 500601.9 22.6+1.1 | 37.93+6.62| 000| 743 | T
|
|
|

55w119| 0843 47.98 445041.41.7840.16| 1.784+0.30 | 0.00| 3.86
55w125| 0844 15.28 441116.222.24+1.20| 12.15£2.30| 0.00| 12.01
55w126| 08 44 20.56 44 58 05.0 3.20+0.24 | 4.19+0.76 | 0.00| 6.37

Table 2.1: The Hercules and Lynx field radio source A-array positiomséurces which did not fall
within the optical field but were included in the infra—redsebvations. They are given a weight, W,
of 0.00 as they are not part of the complete sample. They aheded here for completeness. For full
details see text. An ‘I’ in the final, measurement, columridates arimfit measured flux density; a ‘T’
indicates avstatmeasurement. A primary beam correction error of 20% of tifergince between the
corrected and un—corrected flux density has been incogmbiaito the quoted errors.
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Hercules
Name RA/DEC (J2000) Soort S1.4GHz W | Cpg | M
(mJy) (mJy)

53w052 | 1718 34.14 495853.08.004+0.34| 9.31+1.17 | 1.00| 2.26 | |
53w054a| 171847.30 494549.02.07+0.19| 2.14+0.35 | 1.00| 2.34 | |
53w054b| 17 18 49.97 4946 12.22.0840.19| 2.444+-0.32 | 1.00| 2.20 | |
53w057 | 171907.29 494544.81.96+0.14| 1.95+0.21 | 1.00| 1.82 | |
53w059 | 171920.18 500021.219.40+1.0|23.81+1.21|{1.00| 134 | T
53w061 | 171927.34 494401.94.76+0.43| 1.44+0.18 | 1.02| 1.69| |
53w062 | 171931.93 495906.20.73+0.10| 1.08+£0.07 | 1.42| 1.19| |
53w065 | 171940.05 495739.25.54+0.20| 5.89+0.14 | 1.00| 1.11| |
53w066 | 17194296 500103.94.274+0.17| 453+£0.15 | 1.00| 1.18 | |
53w067 | 171951.27 501058.721.94+0.90| 36.68+3.97| 1.00| 215 T
53w069 | 17200252 494451.03.82+0.17| 525+0.31 | 1.00| 1.36| T
53w070 | 172006.07 500601.72.564+0.14| 2.61+£0.17 | 1.00| 1.39| |
53w075 | 17 2042.37 494349.]1 96.84-3.3 | 99.824+-6.83| 1.00| 1.51 | |
53w076 | 172055.82 494102.21.944+0.17| 6.93+£0.92 | 1.00| 221 | T
53w077 | 172101.32 494834.06.51+0.39| 18.11+1.01|1.00| 1.31| T
53w078 | 172118.17 500335.20.744+0.12| 1.84+0.20 | 1.40| 162 | T
53w079 | 172122.75 501031.0 11.7+05 | 11.1+1.68 | 1.00| 2.87 | |
53w080 | 172137.48 495536.8 25.94+-0.9 | 31.11+2.42|1.00| 1.63| T
53w081 | 172137.86 495757.6 12.14+0.5 | 12.93+1.08| 1.00| 1.68 | |
53w082 | 172137.64 500827.42504+0.19| 2.97+£0.47 | 1.00| 2.86 | |
53w083 | 172148.95 500239.75.014+0.25| 5.064+-0.64 | 1.00| 2.28 | |
53w084 | 17 21 50.43 494830.50.684+0.12| 1.01+0.19 | 1.51| 253 | |
53w085 | 172152.48 495434.14524+0.22| 494+0.66 | 1.00| 2.02 | |
53w086a| 17 21 56.42 495339.81.62+0.30| 4.06+054 | 1.09| 217 | T
53w086b| 17 21 57.65 495333.82.444+0.30| 6.134+0.74 | 1.00| 222 | T
53w087 | 1721 59.10 500842.95.58+0.35| 14.35+2.23|1.00| 423 | T
53w088 | 172158.90 5011527 14.14+0.7 | 1452+ 2.92| 1.00| 6.07 | |
53w089 | 172201.05 500654.73.04+0.26| 3.58+062 | 1.00| 3.71| T
66w009a| 1718 32.76 495553.41.144+0.21| 1.50+£0.22 | 1.23| 2.22| |
66w009b| 17 18 33.73 4956 03.20.704+-0.21| 0.914+0.16 | 5.69| 2.19| |
66w014 | 171853.51 495239.13.344+0.51| 0.60+£0.09 | 1.18| 1.66 | |
66w027 | 171952.11 500212.70.574+0.11| 0.67+£0.13 | 3.75| 1.19| |
66w031 | 172006.87 494357.00.764+-0.14| 0.974+0.12 | 2.32| 1.43| |
66w035 | 172012.32 495709.70.63+0.09| 0.71+£0.06 | 1.77| 1.01 | |
66w036 | 172021.46 494658.30.784-0.11| 3.7040.29 | 1.57| 1.20| T
66w042 | 17205259 494252.40.784+0.14| 1.99+0.26 | 1.61| 1.70| T
66w047 | 1721 05.43 495656.00.604+-0.10| 1.164+0.10 | 2.32| 1.20| T
66w049 | 172111.25 495832.41.384+0.27| 2.17+£0.22 | 3.09| 1.28 | |
66w058 | 17 2148.23 494707.31.894+-0.16| 1.7240.24 | 1.01| 2.33| |

Table 2.2: The Hercules radio source positions from the VLA A—arrayesbations along with the
A-array and Oort et al. (1987) 1.4 GHz primary beam correfiteddensities, source weights, W,
and primary beam correction fact@pp (see text for full details). An ‘I' in the final measurement
column indicates aimfit measured flux density; a ‘T’ indicatedwstatmeasurement. A primary beam
correction error of 20% of the difference between the caecand un—corrected flux density has been
incorporated into the quoted errors.
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Lynx

Name RA/DEC (J2000) Soort S1.4GHz W | Cpg | M

(mJy) (mJy)

55w116 | 084340.72 443924.Y 1.36+0.12 | 1.52+0.25 | 1.00| 2.22| |
55w118 | 08 4346.86 44 3549.Y 0.91+0.09 | 0.74+0.11 | 1.03| 1.92 | |
55w120 | 084352.89 442429.0 1.83+0.16 | 1.67+0.29 | 1.00| 2.68| |
55w121 | 084404.06 4431194 1.21+0.09 | 1.04+0.11 | 1.00| 1.60 | |
55w122 | 0844 12.33 443114.9 0.56+0.08 | 0.66+0.12 | 1.27 | 1.45]| |
55w123 | 0844 14.54 443500.2 2.01+0.10 | 1.17+£0.08 | 1.00| 1.33 | |
55w124 | 08441493 443852.2 4.67+0.17 | 279+ 0.16 | 1.00| 1.35]| |
55wl127 | 08442755 444307.4 1.81+0.10 | 1.64+0.11 | 1.00| 1.36 | |
55w128 | 0844 33.05 445015.83 3.344+0.18 | 477054 | 1.00| 2.05| T
55w131 | 08443551 444604.1 1.01+£0.10 | 0.74+0.11 | 1.01| 148 | T
55wl132 | 0844 37.12 445034.7y 1.10+0.11 | 1.66+0.23 | 1.01| 2.05| T
55w133 | 0844 37.24 442600.4 2.20+0.11 | 2.25+0.16 | 1.00| 1.47| |
55w135 | 0844 41.10 442137.y 260+0.14 | 3.86+0.44 | 1.00| 1.98| T
55w136 | 0844 45.14 443223.9 1.02+0.07 | 0.92+0.08 | 1.00| 1.10| T
55w137 | 08 44 46.90 444437.9 1.60+0.09 | 1.66+0.11 | 1.00| 1.29 | T
55w138 | 08445451 444622.0 1.82+0.10 | 1.99+0.15 | 1.00| 1.37| |
55w140 | 08 4506.06 444041.2 0.79+0.08 | 0.55+0.06 | 1.25| 1.06 | |
55w141 | 084503.29 442815.1 0.87+£0.07 | 0.43+0.06 | 1.01| 1.19]| |
55wl43a| 08 4505.49 442545.0 2.41+0.11 | 2.19+0.13 | 1.00| 1.34 | |
55w143b| 08 4504.25 44 2553.3 0.57+0.09 | 0.33+0.06 | 1.58| 1.33 | |
55w147 | 084523.83 445024.6 1.72+0.11 | 1.97+0.19 | 1.00| 1.82 ]| |
55w149 | 084527.17 4455259 7.10+0.32 | 7.82+1.11 | 1.00| 3.20| T
55w150 | 08 4529.47 445037.4 0.95+0.10 | 0.63+0.10 | 1.02| 1.88| |
55w154 | 084541.30 444011.9 12.14+0.40 | 13.71+0.40| 1.00| 1.13| T
55w155 | 084546.89 442511.6 1.83+0.10 | 1.70+0.14 | 1.00| 1.55]| |
55w156 | 084550.92 4439515 4.1440.16 | 478+ 0.21 | 1.00| 1.19| T
55w157 | 084604.44 444552.Y 1.37+0.10 | 1.244+0.12 | 1.00| 1.68| |
55w159a| 08 46 06.67 445127.5 6.70+0.29 | 6.49+0.82 | 1.00| 2.69 | |
55w159b| 08 46 06.82 445054.1 0.75+0.13 | 1.00+0.19 | 1.00| 255 | T
55w160 | 08 46 08.50 44 3647.1 0.94+0.08 | 0.81+0.07 | 1.01| 1.32| |
55wl161 | 0846 27.32 442956.9 1.34+0.14 | 1.25+0.15 | 1.02| 1.87 | |
55wil65a| 08 46 34.76 4441 39.218.12+0.54| 18.88+1.54| 1.00| 206 | T
55w165b| 08 46 33.37 444124.4 0.78+:0.40 | 0.92+0.14 | 1.47| 1.99 | |
55w166 | 0846 36.02 443053.5 246+0.14 | 2.31+0.26 | 1.00| 2.07 | |
60w016 | 08 44 03.58 44 3810.2 0.62+0.08 | 0.88+0.13 | 1.14| 1.52 | |
60w024 | 0844 17.83 443536.9 0.51+0.09 | 0.37+0.05 | 2.06| 1.29| |
60w032 | 0844 33.69 4446 13.0 0.54+0.09 | 0.46+0.08 | 1.58| 1.51 | |
60w039 | 08444250 444532.5 0.65+0.09 | 0.72+0.16 | 1.26| 1.38| |
60w055 | 08 4514.00 445308.Y 0.51+0.08 | 0.62+0.13 | 1.42| 2.34 | |
60w067 | 08 4540.47 442320.1 0.56+0.09 | 0.69+0.15 | 1.31| 1.70| T
60w071 | 0846 00.34 44 4322.1 0.50+0.08 | 0.60+0.07 | 1.44| 1.42 | |
60w084 | 08 46 39.86 44 3344.5 0.85+0.17 | 1.80+0.37 | 1.38| 2.08 | T

Table 2.3: The Lynx radio source positions from the VLA A—array obséitvas along with the A—array
and Oort et al. (1985) 1.4 GHz primary beam corrected flux itiesssource weights, W, and primary
beam correction factof/pp (see text for full details). An ‘I’ in the final, measuremetjumn indicates
animfit measured flux density; a ‘T’ indicateswstatmeasurement. A primary beam correction error
of 20% of the difference between the corrected and un—cealdltix density has been incorporated into
the quoted errors.
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Figure 2.2: The radio contour images, for the Hercules field, from the VLAGHz A—array observa-
tions. The beam size is ¥'51.5’. Contours start at 24ly/beam and are separated by factors/af
The images are centred on the optical host galaxy positrons €Chapter 3 if available.
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Figure 2.3: The radio contour images, for the Lynx field, from the VLA 1.ALGA—array observations.
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Figure 2.4: The radio contour images, for the sources not included irctimeplete sample, from the
VLA 1.4GHz A-array observations. The beam size is’k5.5’. Contours start at 24ly/beam and are
separated by factors @f2. The images are centred on the optical host galaxy positionsChapter 3

if available.
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2.4 Chapter summary

In this Chapter the radio sample, which forms the basis sfttiesis, was defined. It consists
of 81 radio sources, above the limiting flux density 6f,&u, > 0.5 mJy, located over two
fields in the constellations of Lynx and Hercules and, with éipplication of the individually
calculated source weights, is complete. The total arearedi®y the sample is 0.58 sq. degrees
(0.29 sq. degrees per field).
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CHAPTER 3

Imaging: Optical and IR

3.1 Introduction

The FRI space density calculation depends on successflduraraents of the redshifts of the
radio galaxies in the survey. To obtain these spectrosaliypiwould have been very time con-
suming, so the original aim was to obtain 5-band optical gnetry of the two fields; this
would then provide photometric redshifts for all the sosrcdhese would then be supple-
mented with some additional spectroscopic redshifts feibibst candidates (Chapter 4). How-
ever, the optical observations, carried out using the WigéddFCamera (WFC) on the 2.5m
Isaac Newton Telescope (INT) in La Palma, were partly waatheut and only two photomet-
ric bands could be used. To improve the photometric infoionaand identification fraction,
further observations of a subsample of sources were madg e UKIRT Fast Track Imager
(UFTI) on UKIRT, the 3.8m UK Infra—red Telescope located iawii. The sections below
outline the data reduction processes and results from th€ ¥id UFTI observations.

3.2 INT observations and data reduction

The WFC consists of 4 thinned EEV 2kx4k CCDs with a pixel sitd&5:m, resulting in
a scale 0f0.33 "/pixel and a combined field of view of34x34 arcmir?. This large field of
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view made the WFC an ideal instrument for observing the twddieshich are of comparable

size (as shown previously in Figure 2.1). For later use, aafiet is defined as one of the four
WFC CCDs that together are used to make one exposure. That lafythe 4 CCDs is shown

in Figure 3.1 for reference.

Figure 3.1: The schematic CCD layout in the WFC.(Taylor, 2000)

The WFC observations were split over two separate runs ifl 2p@3 and April 2004. Unfor-
tunately these were both largely weathered out so obsengthrough two filters only were
obtained - sloam andi. The telescope was offset by’3@fter every third 300s or 600s expo-
sure to avoid saturation of the CCD and ensure that the wHaaah field was covered; there
were 5 different telescope pointings in total. Full detafshe observations can be found in
Table 3.1.

Field | Band| Observation Date Exposure Time Photometric?| Seeing ()
Hercules| r 07/04/03 24x300s No 25
[ " 10x300s No 1.9
r 15/04/04 15x600s Yes 15
[ " 15x300s Yes 15
Lynx [ 07/04/03 9x300s No 2.1
r 15/04/04 6x300s Yes 15
[ 06/01/05 1x300s Yes 3.0

Table 3.1: Summary of INT observations

The April 2003 run took data on one night only; the 7th. Cdodié were hon—photometric,
so these data have only been used to determine opticalfidatitins for the radio objects. For
the April 2004 run, observations were only taken on the 18th BH/th. On the 15th standard
star fields were observed throughout the night and this @gsvelreen the bulk of the imaging was
done; the night was photometric. Three Lynx observationseevieken on the 17th, but they
were non-photometric with significantly worse seeing tHase taken on the 15th. They have
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therefore been excluded and are not included in Table 3.1.

One further observation of the Lynx field of 300siiwas kindly obtained by Rachel Dowsett
and Philip Best on 6th January 2005. This was needed becéubke tack of photometric
i—band data in the Lynx field. The night was photometric butstheing was very poorg”).
Standard star fields were again observed throughout the. nidtis image was only used to
photometrically calibrate the Lynx field; the identificatiowere done with the previousand
i—band images.

All the images were processed using the IRAF software pack&jas frames, taken at the
beginning of each night, were averaged together to make gembias for each detector which
was then subtracted from the remaining data. A flat—field wadarfor the four detectors,
in each field and filter, by median combining the separateseiérames and rejecting pixels
according to the readnoise and gain of the CCD. Next the iddif science frames were
divided by the corresponding sky—flat, which had been nasedlusing its pixel mean. The
only deviation from this method was thheband images of 15th April. For these, twilight—
flats from the morning and evening were available. These aks® median—combined and
normalised and then the science frames were divided in the say. The twilight flats were
also edited, using the IRAF tagkiedit to remove a small number of stars that remained after
combining.

The i—band detectors were also affected by fringing. These dgngccur when light from
night sky emission lines is partially reflected within the @@nd subsequently interferes with
the incoming radiation, resulting in a thin—film interfecenpattern in the image. Theband
images are not contaminated in this way because the nighlirebsyy are more numerous at
i—band wavelengths. In general, subtraction of a fringe mapeéeded to correct for this but,
since the fringing was not dominant, division by the sky-flas sufficient.

The final step in the reduction is to combine the individuaéisce frames for each filter and
field. Since the observations were offset with a minimum ofiffeent telescope pointings
the frames were registered usind0 stars and shifted. They were then median combined and
clipped using the CCD noise properties as before. The sffsete sufficiently small that it
was not necessary to account for distortions in this process

3.2.1 INT astrometry

The simplest method of astrometrical calibration for thé& Ibbservations uses a database
image of the two fields from the Digitized Sky Survey (DSS)eTdbjects in the DSS image
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are then identified with their counterparts in the origimahges and, using the starlink image—
manipulation packaggaia, a co—ordinate system can then be established by fittind gize,

x andy position, and plate rotation. To improve the accuracy offth#ne calibration is then
‘tweaked’ (i.e. only RA and DEC varied) using the positiorisobjects in the USNO (United
States Naval Observatory) B1.0 catalogue (Monet et al.3R@Bese objects are less common
but their astrometry is in the International Celestial Reffiee Frame (ICRF). Unfortunately
this method proved unsuccessful for the INT observatioesjdual offsets between object
positions remained after calibration (Figure 3.2).

Figure 3.2: A slice through am—band, CCD1, image in the Hercules field showing the offsetéen
the USNO star positions (circles) and the objects in the.field

This offset was caused by the distortion of the WFC acros$ @EDs. This distortion can be

modelled as
' =r(14 Dr?), (3.1)

(Taylor, 2000), whereD is the distortion co—efficient, r is the measured distanckrais the
idealised angular distance from the optical axis.is given as220.0 rad=2 by Irwin (2002),
however, as described below, the best value for each CCD @taswined individually here.

To correct for this distortion the starlink packagstromwas used.astromtakes an input list
of x andy positions, their corresponding and§ co—ordinates and an approximate value for
the distortion co—efficient]D, and uses this information to carry out a nine—parametethf;
consists of 6 parameters to determine the co—ordinateforans, 2 parameters to determine
the image centre and 1 parameter to determine the distartiesfficient. It then outputs a
FITS! header containing the astrometric solution. It can alsoutalez andy positions corre-

Flexible Image Transport System — the normal format for thage files
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sponding to a set of WCS co-ordinates.

The x and y positions of a large number of objects in the two fields werkiokd using
the Object Detection function igaia. These were then associated with the positions of the
USNO objects using an IDL script which searched the two list§l a match was obtained.
Occasionally a USNO position would be mistakenly alignethwmore than one field object;
therefore the list was checked by hand to remove these digdic The original FITS header
for the images was then updated with the astrometric solutithe aim of this process was
to achieve average rms offsets<0f1.00” across the four CCDs and over the two fields. The
most inaccurate area of calibration was at and near the edggrs of CCDs 1 to 4 where the
distortion was originally greatest.

The resulting errors in the astrometry for the April 2003eafations were 0.90for Hercules
and 1.22 for Lynx. The slightly higher Lynx result was due to the comgitve shallowness
of the data. For the April 2004 observations astrometritbcation was only applied to the-
band data as it was felt that no further radio host—galaxytifieations would be obtained from
considering the significantly shallowerband data also. However, tieband images were
tweaked locally to each-band detection to ensure that the images lined up. Thelatddu
errors were~ 0.3’ for all CCDs in both fields; the improvements resulted frorluding the
reference star proper motions along with allowasirommore freedom in its fit.

astromcan also use the calculated astrometric solution, alonlg avitst of RA and DEC co-
ordinates, to output their correspondimgandy positions in the field. This was done for the
VLA radio positions, and the resultingandy values were used to extract a sub—image square
centred on each object for later overlay purposes.

3.3 UKIRT observations and data reduction

In contrast, UFTI consists of one 1024x1024 HgCdTe arrai wiplate scale di.091”/pixel.
This results in a field of view of 92which is significantly smaller than that of the WFC. This
meant that it could only be used to obtain images of, maintjividual sources rather than the
complete—field observations done with the INT.

The UFTI observations were done in a combination of servigk\asitor mode, spread over
the period July 2004 to January 2005. All the observation®wlene using th&—band filter;
details of the observations, along with the sources obdetaa be found in Table 3.2. The
sources selected for these observations were those withtaofdical detection or no optical
detection at all.
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Field Date Target | Exposure| Seeing /)
Source Time
Hercules| 25/07/04| 53w054| 54x60s 0.7
28/07/04 | 53w084 | 36x60s 0.5
8 53w087| 36x60s 8
22/08/04 | 53w089 | 36x60s 0.9
8 66w031| 36x60s 8
12/09/04 | 66w009 | 36x60s 0.8
11/09/04 | 53w091| 36x60s 0.7
14/09/04 | 66w035| 36x60s 1.1
20/09/04 | 66w036 | 36x60s 0.9
Lynx 15/01/05| 55w119| 36x60s 0.9
21/01/05| 55w128| 36x60s 0.7
8 55w132| 36x60s 8
8 55w120| 36x60s 8
8 55w125| 27x60s 8
8 55w126 | 36x60s 8
8 55w133| 36x60s 8
23/01/05| 55w135| 36x60s 0.7
8 55w138| 36x60s ”
8 55w147| 36x60s ”
24/01/05| 55w155| 36x60s 0.5
8 55w136| 36x60s ”
8 55w128| 36x60s 8
8 55w132| 36x60s ”
16/02/05| 55w133| 18x60s 0.9
17/02/05| 55w121| 36x60s 1.4
8 55w123| 36x60s 8
8 55w156| 36x60s 8
8 55w143| 36x60s 8

Table 3.2: Summary of UKIRT observations.

The sources were observed using a 9—point dither pattemoffitets of 10 and an exposure
time of 60s per dither position. In general this was repedtéiches resulting in a total of 36
exposures. The exceptions to this were 53w054 where thewaltiem had to be re—started due
to high humidity and 55w125 where software problems meanbtiservation had to be halted
after 27 exposures (3 repeats of the dither pattern). Alstalise some observations were done
in service, two sources which were not detected after 36axps were able to be re—observed
for a further 18 exposures at a later date. The observatibbsvwel28 and 55w132 were also
repeated since the originals were taken at a very high agmdiich resulted in significant
elongation of the objects in the field. The seeing for eaclefasion can be found in Table
3.2.
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Appropriate standard stars (FS125 for Lynx and FS27 for tles} were observed multiple
times throughout the night if multiple sources were alsceobed, but only observed once on
other nights. All nights were photometric.

The infra—red, UKIRT, data reduction method is similar tattalready described for the op-
tical, INT, data; again the IRAF software was used to protikssmages, but each individual
source observation was reduced independently. The fistveds the subtraction of the ap-
propriate dark frame from each image. One dark frame wasadbénmediately prior to the
observation of each source, giving each image a ‘persomak. d-lat—fields were then made
for each source by median combining the first 9 observatiohg pejecting pixels according
to the noise properties of the detector. Only 9 observatizere used due to the variability of
the sky over the full length of the exposure. The images weea divided by the flatfield
which had been normalised using its pixel median value. §fiban pixel value was not used
as it may be affected by bright artefacts in the image.)

The final steps in the reduction process — sky—subtractmsmic ray removal and image com-
bining — were done using the IRAF packadjensum by P. Eisenhardt, M. Dickinson and S.A.
Stanford, and, in particular, the tagduce The images were again registered using on average
10 stars. For the source with 2 separate observations (59wh& sky—subtraction was done
for the two nights separately but then all the images werstegd and combined together to
produce a single final image.

3.3.1 UKIRT astrometry

The astrometrical calibration of the UKIRT images was doherg possible using the INT im-
ages as references, since the small size of the UKIRT imagastrthat they cover only a small
area of sky and therefore, do not contain many DSS stars. Bl@ star was available the
calibration was also ‘tweaked’ to further improve the fitr Bee sources with no corresponding
INT data, an image with rough astrometry, derived from thestope pointing position, was
created using the UKIRT orac-dr reduction softwarhe USNO catalogue was then overlaid
onto the rough image allowing the right ascension and datitin of a star near the image
centre to be identified. Theandy co—ordinates of the star were then measured in the original
image and the calibration was performed ugiagg.

2This software takes the raw telescope data and passestgthereduction pipeline to create a ‘first—look’
image.
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3.4 Aperture photometry and source identifi-
cation

The source host—galaxy positions were found by overlaytiegMLA A—array radio contour
maps with the optical and infra—red data. For the opticalgiesethis was done in thre-band;
sources with no—band detection would also lack a detection initHeand due to the compara-
tive shallowness of the observation. Figure 3.4 shows ttie/@ptical and, where appropriate,
radio/infra—red overlays resulting from the UKIRT and A®D04 observations; the corre-
sponding host galaxy positions can be found in Tables 3.3ahd

The aperture photometry of all the sources was done wgiigy The counts received for each
source inr, i, andK—band (if available), were measured in one of 4 differenéciapertures

- 1.5/, 2.5/, 4.0’ and 8.0 radius — depending on the extent of the source. The aperture
chosen for each source was the same in the three bands t@ exxddlirs to be accurately
determined. The resulting magnitudes were then apertureated to ensure that the sources
were measured out to the same physical radius (see §3.4defails). The sky—value was
determined either using an annulus around the object oggascwhere this could not be done
because of the proximity of other objects, using a sky—apeplaced nearby. This sky—value
could then be subtracted from the measured counts leavilygtlos counts from the source
itself.

The instrumental magnitudes;;,s; Of the sources were then calculated from the measured
counts,C using

Minst = —2.5 log [ ¢ }, (3.2)

exp
wheret.,, is the exposure time of the observation. The instrumentanimade is related to
the apparent magnitude.,, by

Mapp = Minst + Mapt + kX, (33)

wherem,, is the zeropoint magnituda,is the extinction co—efficient determined for the filter
and X is the airmass of the observation.

3.4.1 Optical standard star calibration

For the optical data the unknown quantities in Equation 3Bewdetermined using the stan-
dard star observations. Since their apparent magnitudes kvewn and their instrumental
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magnitudes could be measuratandm,,; could be found graphically.

The standard star observations were reduced in the sameswhg acience observations. The
fields used were from the Landolt Faint Equatorial Standaadalogue (Landolt, 1992), each
containing an average of 10 standard stars. The April 2Q0%std field was SA104 in-band

only and SA107 irr andi whereas the January 2005 standard fields were SA104 and SA98.
The April 2003 observations were not photometric. Sourastwere measured using 4 5
radius aperture for all standards, with th@a package; the only exception to this was for the
January 2005 standards, where high seeing meant a largeurap@ % radius) was needed
and stars with near neighbours were ignored to minimisasrro

The Landolt Faint Equatorial Standards were originallyesbed using the Johnson—Kron—
Cousins photometric system. Therefore thg,, for the Landolt standard stars needed to
be transformed to the Sloan photometric system before tliiteation co—efficients could be
determined. This transformation was done using the foligwivo relations from Smith et al,
(2002):

r=V —084V — R)+0.13 (3.4)
r—i=100R—1I)—021 (3.5)

In the above equations lowercase letters indicate the $ibatometric system and uppercase
letters the Johnson system.

Once the transformations had been applied, the calibrabefficients, zeropoint magnitude,
mapt, and extinction co—efficients, were determined for the photometry. These are sum-
marised in Table 3.3 and are in good agreement with prewiogmsblished values for INT
extinction. The appropriate values ofndm,,; were then used to calibrate the optical source
instrumental magnitudes; these are given in Tables 3.5 @&hdhly one aperture—size result
(either 1.3, 2.5’, 4’or 8”) is listed for each source; this is the ‘ideal’ size whichegithe best
magnitude measurement.

Filter | x (mag/airmass Mt
April 2004 i -0.03 24.24+ 0.05
r -0.07 24.68+ 0.05
January 2005 i -0.01 24.31+ 0.05

Table 3.3: The calibration co—efficients for the two observations
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3.4.2 Infra—red standard star calibration

The UKIRT standard star observations were reduced in aaimviy to the science images; the
one difference being that all 5 observations for each stahdare used to make the flatfield
image. In contrast to the INT Landolt standard star fieldsictvisontained many stars, only
one star was used for Hercules (FS27) and one for Lynx (FSI9se were both from the
UKIRT Faint JHK Standards catalogue (Casali, 1992). The aperture sizetosadasure the
standards was 2/5adius.

The graphical method for determining the co—efficients iudigpn 3.3 cannot be used for
these observations as there is only one star per field andates where one source only was
observed, just one standard star observation per night. extiection co—efficientx, was
therefore taken to be 0.05 mags/airmass, the publishea vatuJFTI (Leggett, 2005). The
zeropoint magnitudes for each observing night were thesutated using the published.,,,

for each standard (Table 3.4). For nights where more tharsonece and hence more than
one standard, were observed the mean valuerfgy was used. The derived values of the
zeropoint magnitude are in good agreement with previousegadiven for UKIRT. These were
then used to calibrate the source instrumental magnituttbare again given in Tables 3.5 and
3.6. Additionally, theK—band magnitudes for sources observed with UKIRT but ndtded

in the complete sample are given in Table 3.7.

3.4.3 Aperture corrections

The next step was to correct all the calculated source apparagnitudes to a metric aperture
of 63.9 kpc diameter, thus allowing accurate comparisorizetmade between sources at all
redshifts. The 63.9 kpc aperture, which corresponds to artae of~8” atz = 1, was used
as it has become a standard metric size following previouk g Eales et al. (1997) and
others.

At low redshift (z < 0.6) this correction is carried out using the curve of growthdbiptical
galaxies tabulated by Sandage (1972); this method assuratt¢he hosts of radio galaxies
are all giant ellipticals and that they share the same iittepsofile. This assumption is a
good approximation at low redshift but is not valid for highiedshift radio galaxies which
can exhibit very different structure due to the ‘alignmeffieet’ (e.g. McCarthy et al., 1987),
where the optical emission aligns with the radio jets of as®uFor radio galaxies located at
z > 0.6 therefore, the measured emission, within an aperture afisadwas assumed to be
proportional tor® wherea = 0.35 (Eales et al., 1997).
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Date Mypt
25/07/04| 22.38+ 0.02
” 22.26+ 0.02

28/07/04| 22.36+ 0.02
22/08/04 | 22.374+ 0.02
” 22.37+ 0.02
12/09/04 | 22.39+ 0.02
11/09/04 | 22.34+ 0.02
14/09/04 | 22.33+ 0.02
20/09/04 | 22.36+ 0.02
” 22.35+ 0.02
15/01/05| 22.41+ 0.02
21/01/05| 22.34+ 0.02
” 22.40+ 0.02
” 22.38+ 0.02
” 22.38+ 0.02
23/01/05| 22.38+ 0.02
” 22.40+ 0.02
24/01/05| 22.35+ 0.02
” 22.35+ 0.02
? 22.35+ 0.02
” 22.37+ 0.02
16/02/05| 22.40+ 0.02
17/02/05| 22.21+ 0.02
” 22.37+ 0.02
18/02/05| 22.31+ 0.02

Table 3.4: The zeropoint magnitudes for the UKIRT observations. Thenaadous magnitude value
of 22.21 on 17/02/05 was the result of bad seeing; it was thierégnored.

The magnitude corrections from the Sandage (1972) curveoefth are given as a function of

a parametep which is defined as
0z

(1+2)*
wherez is the source redshift arttithe angular diameter of the aperture in arcsecofdsas

so defined as it provides a measure of the physical diametbeaperture for the cosmology
used by Sandage. Howevét,varies for other cosmologies and so will not be the standard
63.9 Kpc aperture needed. Thus for galaxies with 0.6 the magnitude correction was done
twice; firstly to the Sandage system and then to the 63.9 Kpdtae,

f= (3.6)

m(63.9Kpc) = m(bm) + (Am(Bm) — Am(Os3.9Kpc))- (3.7)
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In the above equatiom(63.9Kpc) is the corrected magnitudes (6., ) is the magnitude as mea-
sured in the original aperture, Mym(5,,) and Am(Bs3.9xpc) are the magnitude corrections
for both apertures measured from the curve of growth. It khioe noted thad,,, is the aperture
diameter whereas the apertures used to measure the magntede given in terms of their
radius. In other word9),, = 260,,.s Wheref,,.s is the aperture size used for the measurements.

The alternative magnitude corrections for the galaxies@shifts greater than 0.6 were calcu-

lated using

m(63.9Kpc) = m(0y,) — 2.5 - 0.35log %, (3.8)

whereD(6,,) is the diameter of the original aperture in Kpc.

These aperture correction methods obviously depend onetftghifts for the sources being
known; only a small fraction of the sample satisfied this d¢omal For the remaining objects
redshifts were estimated iteratively using the K-z and elations. The methods used for this
estimation are outlined in 84.5 and full details of the refishboth estimated and spectroscopic
can be found in 84. The calculated magnitude correctionthfor, i andK—band magnitudes
can be found in Tables 3.5 and 3.6. The corrections range f@4b to -0.52 magnitudes.

3.4.4 Magnitude error

The magnitude error on these results is made up of four péijtshe error on the received
counts, (ii) the error in the determination of,,; (x is assumed to have negligible error),
(i) the error on the background subtraction and (iv), floe aperture corrected magnitudes,
the error in the aperture correction, which is taken as 50%hefcorrection value. If the
source is bright (i) dominates; (iii) is most important foetinfra—red observations where the
background is very high.

The sky—background error was determined by placing 10 agsrton empty regions in the
fields. If the background subtraction process was perfast the counts measured in these
apertures will all be zero, therefore the sky—error can berdened by calculating the standard
deviation of any counts measured. This was repeated fortkiee aperture sizes.

The error on the count?\C, arises from the Poisson error on the number of arrivinggis
ANp, which are related to the measured count&£by Np/g whereg is the gain of the CCD
(e~ /DN). In other words

AC = ANp/g (3.9)
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and

ANp = /Np =/Cyg (3.10)

It would however, be more useful to calculate the error orcthents per second’(/ S) instead
of just counts as this is the quantity that was used in the imadgcalculations:

©r5) = 3
— A(C/S) = gAt]ZZ: i}ct/i) (3.11)

The instrumental magnitude error due to the error on thetspn,,g;, is therefore

(3.12)

AMipnst =

-25[A(C/S)]  —25 1
1n10[ c/S ]_mlo (C/S) g texp

In practice, the sky background error was combined in quadravith the error on the counts
before the instrumental error was calculated using Equg8al2). The zeropoint error was
found from the spread of the calibration graph (for the @itaata) or by combining the error
on the published magnitude with the error calculated froensttandard star instrumental mag-
nitudes (for the infra—red data); these values are quotédlifes 3.3 and 3.4 respectively. The
final error was then found by combining in quadrature therimsental magnitude error with
the error on the zeropoint magnitude and the error on théwapearorrection where appropriate.

3.5 Imaging results

The April 2003 optical data resulted in an identificationctran of 53% and 63% for Lynx

and Hercules fields respectively. These numbers rose to HePB8#% with the inclusion of

the optical data from April 2004. 80% of the Hercules soueserved in the infra—red were
identified, compared with 57% of the sources observed in the lfield. Combining these

figures with the optical identification fraction gives a finesult for the Lynx field of 83% and

90% for Hercules.

In total, out of the complete sample, 4 radio sources in theides field and 7 radio sources
in the Lynx field remain unidentified after tmei andK—band observations. The observations
reached optical @ limiting magnitudes ofr < 25.17 and¢ < 23.76 for Hercules and- <
24.38 andi < 23.46 for Lynx; the infra—red 3 limiting magnitudes werd{ < 19.85, K <
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19.98 and K < 20.16 for the 36x60s, 54x60s and 72x60s observations respectivihe
complete sample, i andK—band host galaxy images can be found in Figures 3.4 and 8.5 an
the corresponding positions and magnitudes are given ile3&h5 and 3.6. Additionally, the
K-band images, positions and magnitudes for the sourcegaciotied in the complete sample
are shown in Figure 3.3 and Table 2.1 respectively.

3.5.1 Notes on individual sources

This section provides further details on certain sourcémse results require further explana-
tion.

53w054a and 53w054k- Windhorst et al. (1984) classified these two sources ae gadaxy
lobes but, in agreement with Waddington et al. (2000), apidentifications were found for
both sources indicating they are two separate radio galaxiewever, the Waddington et al.
identification of 53w054b seems incorrect — a faint souraeigcted in th&—band which is
more closely associated with the radio position.

53w089— The presence of a bright source to the west of this sourcesrnle identification
appear misleading; it is in fact aligned with the centre eftadio position.

66w009a— The presence of a nearby bright source partially obscheesyitical identification
in ther andi—band images, though it is clearly visible in tieband.

66w014— The optically identified host galaxy for this source is j@dist obscured by a large,
bright nearby galaxy.

66w042— Whilst the centre of this source does not appear to aligh thi¢ indicated optical
galaxy, the identification is valid as the faint radio coreffset to the west.

55w133 and 55w143a/b- Ther—band magnitudes measured for these three sources are all
around the & level. They therefore should be treated as unreliable.

55w135- The slightly different telescope pointing used in the 2094 observations com-
pared to that used in 2003, meant thatthleand image of this source is only partially present.

55w136— Whilst the centre of this source does not appear to aligh thi¢ indicated optical
galaxy, the identification is valid as the faint radio coreffset to the north.
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55w137 and 60w032- The slightly different telescope pointing used in the 200% obser-
vations, compared to that used in 2003, meant that theseesowere not present on the 2004
images.

55w159b— The magnitude measured for this source should be treatledsaseliable due to
the presence of two other objects in close proximity to it.

55w165a— Whilst the core of this source appears to be to the west ajjtieal identification,
inspection of Figure 2.3 shows that this is in reality parthaf jet structure.

60w084~— This source is shown on a different scale to the rest of thpkadue to its proximity
to the edge of the observing area.
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Hercules
Name RA DEC r r (63.9 kpc) [ i (63.9 kpc) K K (63.9 kpc)
(J2000) (J2000)

53w052 | 17 18 34.07| 4958 50.2| 21.31+0.05(4) | 21.19+ 0.08| 20.86+ 0.07 (4) | 20.74+ 0.09 - -
53w054a| 17 18 47.30| 49 45 49.0| 23.74+ 0.14 (2.5)| 23.58+ 0.16 | 23.62+ 0.26 (2.5)| 23.46+ 0.27 | 18.32+ 0.13 (2.5)| 18.17+ 0.15
53w054b| 17 18 49.97| 49 46 12.2 >25.17 - >23.76 - 19.95+ 0.59 (2.5)| 19.75+ 0.60
53w057 | 17 19 07.29| 4945 44.8| 24.69+ 0.31 (2.5)| 24.53+ 0.32 >23.76 - - -
53w059 | 17 19 20.26| 5000 19.6| 24.32+ 0.22 (2.5)| 24.17+ 0.23 >23.76 - - -
53w061 | 17 1927.34| 494359.7| 21.13+0.05(4) | 21.13+0.05| 20.77+ 0.07 (4) | 20.77+ 0.07 - -
53w062 | 17 19 32.07| 4959 06.8| 21.91+ 0.06 (2.5)| 21.67+ 0.14 | 21.04+ 0.06 (2.5)| 20.80+ 0.14 - -
53w065 | 17 19 40.07| 4957 40.8| 23.00+ 0.08 (2.5)| 22.84+ 0.11 | 23.31+ 0.20 (2.5)| 23.14+ 0.22 - -
53w066 - >25.17 - >23.76 - - -
53w067 | 17 1951.27| 5010 58.5| 22.15+ 0.06 (2.5)| 21.94+ 0.12 | 21.43+ 0.06 (2.5)| 21.224+0.12 - -
53w069 | 17 20 02.54| 4944 51.0| 25.12+ 0.46 (2.5)| 24.97+ 0.47 >23.76 - - -
53w070 | 17 20 06.07| 50 06 01.7| 22.20+ 0.06 (2.5)| 22.05+ 0.10 | 21.374+ 0.06 (2.5)| 21.21+ 0.10 - -
53w075 | 17 2042.36| 4943 49.2| 21.10+0.05(4) | 21.12+ 0.05| 20.67+ 0.06 (4) | 20.69+ 0.06 - -
53w076 | 17 2055.78| 4941 03.1] 19.57+0.05(4) | 19.41+0.10| 18.91+ 0.05(4) | 18.75+0.10 - -
53w077 | 172101.32| 494834.1| 21.71+0.05(4) | 21.69+ 0.05| 20.82+ 0.07 (4) | 20.80+ 0.07 - -
53w078 | 172118.17| 5003 34.9| 18.28+0.05(8) | 18.29+ 0.05| 17.54+ 0.05(8) | 17.54+ 0.05 - -
53w079 | 17 2122.62| 5010 31.2| 20.62+0.05(4) | 20.54+ 0.07 | 19.71+ 0.05(4) | 19.62+ 0.07 - -
53w080 | 17 21 37.46| 4955 36.9| 18.22+0.05(8) | 18.37+0.09| 17.85+ 0.05(8) | 18.00+ 0.09 - -
53w081 | 17 21 37.81| 4957 56.9| 23.99+ 0.13 (1.5)| 23.64+ 0.19 | 23.36+ 0.26 (1.5)| 23.01+ 0.31 - -
53w082 | 17 21 37.64| 5008 27.4| 25.01+ 0.42 (2.5)| 24.86+ 0.43 >23.76 - - -
53w083 | 17 21 48.93| 5002 39.8| 22.18+ 0.06 (2.5)| 21.94+ 0.13 | 21.524+ 0.06 (2.5)| 21.28+ 0.13 - -
53w084 | 17 2150.43| 4948 30.5| 24.78+ 0.34 (2.5)| 24.61+ 0.35 >23.76 - 19.46+ 0.38 (2.5)| 19.29+ 0.39
53w085 | 17 2152.47| 4954 34.0| 22.17+ 0.06 (2.5)| 22.01+ 0.10 | 21.93+ 0.07 (2.5)| 21.77+ 0.10 - -
53w086a| 17 21 56.42| 4953 39.8| 20.22+0.05(4) | 20.10+ 0.08 | 19.44+ 0.05(4) | 19.32+0.08 - -
53w086b| 17 21 57.65| 4953 33.8| 22.08+ 0.06 (2.5)| 21.69+ 0.12 | 20.95+ 0.06 (2.5)| 20.56+ 0.12 - -
53w087 - >25.17 - >23.76 - >19.85 -

Table 3.5: The host galaxy positions and magnitudes for the Herculles fldne radius (in’) of the aperture used for photometry is given in bracketsir&zs
which were unmeasurable due to the presence of a nearbyt bliggtt are labelled with a * and3imits are given for undetected sources. The corresponding

radio positions can be found in Table 2.2.



Hercules
Name RA DEC r r (63.9 kpc) [ i (63.9 kpc) K K (63.9 kpc)
(J2000) (J2000)
53w088 - >25.17 - >23.76 - - -
53w089 | 1722 01.02| 50 06 51.7| 24.27+ 0.16 (1.5)| 23.84+ 0.22 >23.76 - >19.85 -
66w009a| 17 18 32.87| 495553.9| 23.11+ 0.08 (1.5)| 22.68+ 0.22 | 22.36+ 0.11 (1.5)| 21.93+ 0.24 | 16.94+ 0.02 (1.5)| 16.51+ 0.21
66w009b| 17 18 33.80| 495602.2| 17.71+0.05(4) | 17.19+ 0.26| 17.19+0.05(4) | 16.67+0.26 | 13.79+0.01 (4) | 13.26+ 0.26
66w014 | 17 18 53.49| 4952 39.3 * - * - - -
66w027 | 171952.11| 5002 12.7| 18.33+0.05(8) | 17.99+0.19| 17.81+0.05(8) | 17.46+ 0.19 - -
66w031 | 17 20 06.87| 49 4357.0| 22.65+ 0.07 (2.5)| 22.45+ 0.12 | 22.43+ 0.10 (2.5)| 22.23+0.14 | 17.96+ 0.10 (2.5)| 17.76+ 0.14
66w035 | 17 20 12.41| 4957 08.7| 23.47+ 0.11 (2.5)| 23.31+ 0.14 | 23.12+ 0.17 (2.5)| 22.954+ 0.19 | 19.10+ 0.29 (2.5)| 18.94+ 0.30
66w036 | 17 20 21.46| 49 46 58.3| 22.79+ 0.07 (2.5)| 22.60+ 0.12 | 21.82+ 0.07 (2.5)| 21.63+ 0.12 | 17.45+ 0.06 (2.5)| 17.26+ 0.11
66w042 | 17 2052.20| 494249.2| 21.21+0.05(4) | 21.16+ 0.06| 21.01+ 0.07 (4) | 20.96+ 0.08 - -
66w047 | 1721 05.48| 4956 55.9| 19.30+ 0.05(8) | 19.38+ 0.06 | 18.80+ 0.06 (8) | 18.87+ 0.07 - -
66w049 | 172111.21| 4958 32.9| 22.59+ 0.07 (2.5)| 22.41+ 0.11 | 22.16+ 0.08 (2.5)| 21.98+ 0.12 - -
66w058 - >25.17 - >23.76 - - -
Table 3.5
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Lynx
Name RA DEC r r (63.9 kpc) [ i (63.9 kpc) K K (63.9 kpc)
(J2000) (J2000)

55w116 | 08 4340.79| 44 39 25.5| 22.03+ 0.07 (2.5)| 21.84+ 0.12 | 21.164+ 0.10 (2.5)| 20.97+ 0.14 - -
55w118 | 08 43 46.86| 44 3549.7| 21.29+0.06 (4) | 21.24+ 0.07 | 20.89+ 0.08 (4) | 20.84+ 0.08 - -
55w120 | 08 4352.87| 4424 29.1 >24.38 - >23.46 - 18.12+ 0.10 (2.5)| 17.96+ 0.13
55w121 | 08 44 04.01| 44 31 20.3| 23.15+ 0.14 (2.5)| 22.98+ 0.16 >23.46 - 19.35+£ 0.35(2.5)| 19.17+0.36
55w122 | 0844 12.10| 443117.5| 20.744+0.05(4) | 20.66+ 0.07 | 20.56+ 0.08 (4) | 20.47+0.09 - -
55w123 | 08 44 14.54| 443500.2| 22.90+ 0.12 (2.5)| 22.71+ 0.15| 22.984+ 0.36 (2.5)| 22.79+ 0.37 | 17.30+ 0.06 (2.5)| 17.10+ 0.11
55w124 | 08 4414.93| 443852.2| 21.22+0.06 (4) | 21.16+ 0.07 | 21.28+ 0.10 (4) | 21.22+0.10 - -
55w127 | 08 4427.15| 4443 08.0| 14.18+0.05(8) | 13.45+0.37| 14.12+0.07(8) | 13.39+ 0.37 - -
55w128 - >24.38 - >23.46 - >20.16 -
55w131 | 0844 35.51| 4446 04.1| 23.18+ 0.15(2.5)| 23.02+ 0.17 | 21.794+ 0.14 (2.5)| 21.62+ 0.16 - -
55w132 - >24.38 - >23.46 - >20.16 -
55w133 | 08 44 37.24| 4426 00.4| 25.51+ 1.03 (1.5)| 25.15+ 1.05 >23.46 - >19.98 -
55w135 | 0844 41.10| 44 2137.7 >24.38 - >23.46 - 13.23+ 0.02 (10) | 13.12+ 0.23
55w136 | 08 44 45.09| 44 32 27.3| 23.80+ 0.22 (1.5)| 23.45+ 0.28 >23.46 - 19.17+ 0.16 (1.5)| 18.81+ 0.24
55w137 - >24.38 - >23.46 - - -
55w138 | 08 44 54.45| 44 26 22.0 >24.38 - >23.46 - 19.72+ 0.25(1.5)| 19.34+0.31
55w140 | 08 4506.06| 444041.2| 20.72+0.05(4) | 20.75+ 0.05| 20.94+ 0.08 (4) | 20.96+ 0.08 - -
55w141 - >24.38 - >23.46 - - -
55w143a| 08 45 05.62| 44 2542.9| 25.38+ 0.92 (1.5)| 25.03+ 1.00 >23.46 - >19.85 -
55w143b| 08 45 04.25| 44 2553.3| 25.46+ 0.98 (1.5)| 25.11+ 0.98 >23.46 - >19.85 -
55w147 | 08 45 23.83| 4450 24.6| 23.07+ 0.13 (2.5)| 22.90+ 0.16 >23.46 - 17.68+ 0.07 (2.5)| 17.51+0.11
55w149 | 084527.17| 4455 25.9| 16.49+0.05(8) | 16.34+ 0.09| 15.94+ 0.07(8) | 15.80+ 0.10 - -
55w150 | 08 4529.47| 4450 37.4| 20.82+0.05(4) | 20.70+ 0.08 | 20.12+ 0.07 (4) | 20.00+ 0.09 - -
55w154 | 08 4541.30| 444011.9| 19.19+ 0.05(8) | 19.25+ 0.06 | 18.59+ 0.08 (8) | 18.64+ 0.08 - -
55w155 - >24.38 - >23.46 - >19.85 -
55w156 | 08 4550.92| 443951.5| 22.75+ 0.10 (2.5)| 22.56+ 0.14 | 23.03+ 0.37 (2.5)| 22.84+0.38 | 17.27+ 0.05(2.5)| 17.07+0.11
55w157 | 08 46 04.44| 44 4552.7| 22.07+ 0.07 (2.5)| 21.77+0.16 | 21.454+ 0.11 (2.5)| 21.15+0.18 - -
55w159a| 08 46 06.67| 4451 27.5| 23.54+ 0.08 (2.5)| 23.38+ 0.22 >23.46 - - -

Table 3.6: The host galaxy positions and magnitudes for the Lynx fieltke fladius (if’) of the aperture used for photometry is given in brackets3anlimits

are given for undetected sources. The corresponding raditigns can be found in Table 2.3.



Lynx
Name RA DEC r r (63.9 kpc) [ i (63.9 kpc) K (63.9 kpc)

(J2000) (J2000)
55w159b| 08 46 06.66| 44 5053.8| 18.70+ 0.05(8) | 18.74+ 0.05| 18.11+ 0.07(8) | 18.15+ 0.07
55w160 | 0846 08.57| 443647.4| 21.40+0.06 (4) | 21.33+0.07 | 20.24+ 0.07 (4) | 20.17+ 0.08 -
55w161 | 08 46 27.46| 442957.1| 20.07+ 0.05(4) | 19.94+ 0.08 | 19.46+ 0.07 (4) | 19.33+ 0.10 -
55wl165a| 08 46 34.78| 444137.6| 21.36+ 0.06 (4) | 21.31+ 0.06 | 20.31+ 0.07 (4) | 20.26+ 0.07 -
55w165b| 08 46 33.37| 444124.4| 21.65+ 0.07 (4) | 21.62+ 0.07 | 20.89+ 0.08 (4) | 20.86+ 0.08 -
55w166 | 0846 36.02| 44 3053.5| 22.724+ 0.10 (2.5)| 22.54+ 0.13 | 21.99+ 0.16 (2.5)| 21.81+ 0.18 -
60w016 | 0844 03.58| 44 3810.2| 22.744+ 0.10 (2.5)| 22.55+ 0.14 | 21.58+ 0.12 (2.5)| 21.38+ 0.15 -
60w024 | 0844 17.83| 443536.9| 21.97+0.08 (4) | 21.94+ 0.08| 20.81+ 0.08 (4) | 20.78+ 0.08 -
60w032 - >24.38 - >23.46 - -
60w039 | 08444250 4445325/ 17.23+0.05(8) | 17.08+ 0.08 | 16.78+ 0.07(8) | 16.63+ 0.10 -
60w055 | 0845 14.00| 445308.7| 21.85+ 0.06 (2.5)| 21.63+ 0.12 | 20.79+ 0.08 (2.5)| 20.57+ 0.13 -
60w067 - >24.38 - >23.46 - -
60w071 | 0846 00.34| 44 4322.1| 23.44+ 0.18 (2.5)| 23.28+ 0.20 >23.46 - -
60w084 | 0846 40.23| 443344.7| 17.79+0.05(8) | 17.58+ 0.11| 17.06+ 0.07 (8) | 16.85+ 0.12

Table 3.6
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Name RA DEC K K (63.9 kpc)
(J2000) | (J2000)
53w091 | 17 22 32.73| 50 06 01.9] 18.40+ 0.15 (2.5)| 18.25+ 0.17
55w119 | 08 43 47.98| 44 50 41.4| 19.54+ 0.37 (2.5)| 19.36+ 0.38
55w125 | 08 44 15.25| 44 11 16.7| 17.44+ 0.06 (2.5)| 17.26+ 0.11
55w126 - >19.85 -

Table 3.7: The host galaxy positions arf—band magnitudes for the sources not included in the
complete sample. The radius (i) of the aperture used for photometry is given in brackets &nd
limits are given for undetected sources. The correspomaidip positions can be found in Table 2.1.

Figure 3.3: The radio images and infra—red identifications, if preséartthe sources not included
in the complete sample. Radio contours start atB4beam and are separated by factors/@f The
primary beam correction has not been applied to the radiem@athat uniform images can be presented.
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3.5.2 Magnitude comparison

Many of the sources in the Hercules field were also observatfdmydington et al (2000) with
Thuan-Gunnr, andi,—band filters using the 4-Shooter CCD camera on the 200—iatd H
telescope at Palomar Observatory, anKifband using the infra—red cameras IRCAM and
IRCAM3 on UKIRT. Their optical results were used to give asfirglance’ at the accuracy of
the calculated apparent magnitudes for this field (Figus® 3\ lack of infra—red magnitudes
made the comparison unfeasiblekn

The two sets of magnitudes appear to be in reasonable agneernfibe apertures used by
Waddington et al. (2000) are slightly different (4.0, 7.516f square diameter) to the ones |
used; they also do not specify which aperture a particularceowas measured with. These
factors, along with the differences in filter sets used, magoant for the slight discrepancy
between the results.

The Lynx field is covered by the Sloan Digital Sky Survey (SD%8k et al. 2000, Stoughton
et al. 2002), a multiwavelength survey carried out using2tsen telescope in Apache Point,
New Mexico. The ‘first—glance’ accuracy comparison for thauk calculated magnitudes
using the SDSS results can be seenin Figure 3.7. Again, thedts of magnitudes appear to be
in reasonable agreement with the discrepancies likely twalbised by the different magnitude
measuring methods. No further host galaxy detectionstexbédom this comparison which is
not surprising given the shallowness of the SDSS comparttkese observations.

The complete SDSS magnitudes for the included Lynx souraede found in Table 3.8.
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Name

u

g

r

z

55w116
55w118
55w121
55w122
55w123
55w124
55w127
55w140
55w149
55w150
55w154
55w156
55w157
55w160
55w161
55wl165a
55w165b
55w166
60w016
60w024
60w039
60w055

2551+ 1.08
24.42+ 1.08
21,78+ 0.45
2340+ 1.11
24,56+ 1.35
21.46+£ 0.16
15.66+ 0.01
21.03+£0.11
19.58+ 0.08
25.07£ 2.56
21.59+ 0.20
22.84+ 0.94
25.444+1.07
23.50+ 1.69
26.03£ 1.10
26.83+ 1.08
21,71+ 0.34
25.10+ 2.26
22.67£0.76
22.71+ 0.86
19.00+ 0.03
25.03+£ 1.51

24.48+ 0.65
22.60+0.12
22.14+0.23
22.23+£0.16
24.66+ 0.69
21.37+ 0.06
14.47+0.01
20.69+ 0.03
17.50+ 0.01
21.77+£0.16
21.23+ 0.06
25.75+ 1.20
22.62+0.18
22.87+ 0.59
21.44+ 0.09
21.624+0.29
21.83+0.22
26.62+ 0.60
24.62+ 1.20
25.64+ 1.30
17.89+ 0.01
23.03+ 0.26

22.46+ 0.22
21.284+ 0.06
21.34+0.17
20.53+ 0.05
23.96+ 0.63
21.17+ 0.06
14.05+ 0.01
20.76+£ 0.05
16.344+ 0.01
20.25+ 0.06
20.25+ 0.04
2403+ 1.3
21.98+ 0.15
21.16£ 0.15
19.76+ 0.03
20.50+ 0.13
21.14+£0.14
21.684+ 0.15
21.71+£0.18
21.694+ 0.19
17.25+ 0.01
21.644+0.12

21.08+ 0.22
20.60+ 0.06
21.67+£0.17
20.18+ 0.05
22.53+ 0.63
21.17+£ 0.06
13.89+ 0.01
20.39+ 0.05
15.86+ 0.01
19.68+ 0.06
19.85+ 0.04
21.69+ 1.30
21.524+0.15
20.25+£ 0.15
19.09+ 0.03
19.15+ 0.13
20.68+ 0.14
21.284+0.15
20.78+£ 0.18
20.50+ 0.19
16.84+ 0.01
20.59+ 0.12

20.23+£ 0.16
20.12+ 0.10
20.35+ 0.32
19.57+ 0.10
20.91+ 0.22
20.80+ 0.20
13.85+ 0.01
20.68+ 0.19
15.494+ 0.01
19.18+ 0.11
19.37+ 0.07
19.89+ 0.18
21.304+ 0.34
19.60+ 0.21
18.71+ 0.05
18.53+ 0.12
19.51+ 0.18
20.424+ 0.25
19.60+ 0.14
19.51+ 0.13
16.64+ 0.02
19.98+ 0.14

Table 3.8: SDSS magnitudes for included Lynx sources.

3.5.3 Colours and magnitude distribution

The(r — i) and(r — K) colour-magnitude diagrams for both Lynx and Hercules ssiece
shown in Figure 3.8. Thér — i) plot suggests a slightly greater range in the colours of the
sources in the Lynx field, compared to the Hercules field, tistis likely to be the result of the
relative shallowness of the Lyrixband data, which would introduce a bias against the fainter
bluer, sources in this field. The — ) colours for both fields though, show that the majority
of the radio sources are hosted by red galaxies as expected.

The Lynx field sources in thé- — K) plot have a similar colour distribution to the Hercules
sources, but the small number of sources in this diagram raat@mparison difficult. The
small numbers and poor population are the result of the ti@hecriteria used for thé&—band
observations; sources with either an undetected or falodnd detection were those chosen.

The magnitude distribution histograms (Figure 3.9) aréulse they provide a first look at the
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redshift distribution of the sample through the magnituddshift relations for radio galaxies
(these are described in more detail in 84.5.1) which inditlaat the optically faintest objects
should lie at the largest distances. TKeband magnitude distribution is ignored here because
the low number of K-magnitudes taken would not result in aniredul diagram.

Both the colour-magnitude and magnitude distribution idiats are also in reasonable agree-
ment with those shown in Figures 9 and 10 respectively of \ivaytion et al. (2000).

3.6 Chapter summary

In this chapter the optical and infra—red observations efLiynx and Hercules field have been
presented, and the host galaxies for 83% and 90% respegctif/gie field radio sources have
been identified and their magnitudes have been measurednageitudes, colours and mag-
nitude distributions of these objects are in good agreemvightprevious work and with expec-

tations.
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CHAPTERA4

Spectroscopy and redshift estimation

4.1 Introduction

The redshifts for the radio sources identified in the Lynx &fedcules fields are vital in de-
termining their cosmic evolution. Previously publishe@&cposcopic or photometric redshifts
(Waddington et al. 2000 and references therein; Bershadly 4994) already exist for 19 of
the Hercules field sources, and 3 of the Lynx field sources padtsoscopic redshifts from
the SDSS; the remaining sources had no previous redstofinirdtion. This section covers the
spectroscopic observations made of a selection of the sawigh the multi-object spectro-
graph DOLORES on the 3.58m Telescopio Nazionale GalileoG),Mlong with the redshift

estimation methods used for the remaining sources.

4.2 TNG observations

DOLORES, the Device Optimized for the LOw RESolution, cetssiof one Loral back—
illuminated and thinned 2048x2048 pixel CCD, with a scaleD@&73'/pixel, resulting in a
field of view of 9.4x 9.4. For multi-object spectroscopy (MOS) observations, regiéar
masks with dimensions 6X07.7, are used. Vertical slits of constant width (either’lot 1.6")
but varying length are drilled in the masks according to th&tpns of the various sources for
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which spectra are required. These slits must not overlamaire y—axis; this would result in
overlapping spectra.

Since some uncertainties in the astrometry, remained #eslit was used for the observations.
Only 10 masks were permitted per observing run, so it wagldddo create 5 masks of varying
position angle for each for the two fields, thus covering agyreburces as possible. §84.2.1
below describes the mask creation and source selectioegsoc

The DOLORES observations took place from 18th to 20th A4 All nights were photo-
metric and the standard star Feige 34 was observed (with’teEt)pat regular intervals. Each
mask observation consisted of several long exposures id aaturation of the CCD and to
allow cosmic ray hits to be identified in the final spectra. Bloed weather conditions also
allowed two observations with the 1.%ongslit of three sources, (two in Hercules and one in
Lynx) which were not included on the masks. All observatiarese carried out using the LR-R
grism which has a wavelength range of 4470-10860d a resolution of 114. Full details

of the observations can found in Table 4.1.

The masks for the Lynx field were, on average, observed fertiege than those for Hercules
due to the early setting time of the Lynx field.

Date Mask Exposure Time Seeing ()
18/04/04 L4 3x1200s 1.27
K L5 3x1500s 1.27
K H1 4x1500s 1.27
§ H3 3x1800s, 1x492s 1.27
19/04/04 L1 4x1500s 1.30
§ L3 2x1800s 1.30
K H2 4x1800s 1.30
” H5 3x1800s, 1x100s, 1x1200s 1.30
20/04/04 L2 3x1800s 0.76
K H4 4x1800s 0.76
” 53w066 (Longslit) 3x1500s 0.76
" 55w160 (Longslit) 3x1000s 0.76

Table 4.1: Summary of TNG observations. L and H indicate a mask for thexland Hercules fields
respectively.
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4.2.1 MOS Mask Creation

The mask limitations meant that not all the radio source$ddos included in the observations,
therefore a ranking system was introduced to ensure thaigtimum number of interesting,
high—redshift, sources were included. Finstband magnitudes were estimated for all the
sources using a rough,,,; and ignoring the airmass and extinction corrections. Thesgni-
tudes could only be estimated as, at the time these obsmrsatiere being prepared, only the
non—photometric April 2003 WFC data were available.

The resulting magnitudes were then used to give an indicatidhe source redshifts through
the r—z relation (Snellen et al., 1996), allowing those ghhtedshift to be identified. All r—
band magnitudes;21 were therefore assumed to be at a redsfifs. First rank sources were
those withr—band magnitudes 21-22, which could be expected to havaiftsdaround 1.0;
second rank were faint sources witimagnitudes>22 which, whilst at higher redshift, were
also comparatively less likely to be detected in the obsenva Third and fourth ranks were
applied to the remaining brightest sources at lower retsHihose sources with previously
published redshifts were obviously excluded from the nag&i Table 4.2 gives the full details
of the ranking scheme.

The masks were then arranged such that the maximum numbestaffik sources would be
observed. This was done using an IDL script which allowedsiiads combinations of objects
to be rotated, to determine the best fit parameters for eadk;nTable 4.3 gives the final

determined parameters. In the Lynx field 56% of all the saimere included, and of these
30% were first rank and 78% were second rank or above. The lderfield was slightly better

with 62% of the total number included; 80% classed as secankl or higher and 11% first
rank.

Redshift| r magnitude| Rank

z>0.5 21-22 1
>22 2

z<0.5 <21 3
<15 4

Table 4.2: The ranking scheme for the radio sources.
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Mask | Position Angle {) Centre (J2000) Slit Length ()
L1 0 8 4553.78 +44 43 01.8 12
L2 20 8 45 24.20 +44 53 43.4 12
L3 0 8 44 55,98 +44 44 04.8 12
L4 -5 8 44 36.14 +44 46 50.1| 10
L5 -95 8 44 00.00 +44 37 08.0 12
H1 -40 17 21 51.57 +49 50 31.8 11
H2 10 1721 52.74 +50 09 11.4 12
H3 -15 17 20 14.86 +49 47 20.3 12
H4 -45 17 20 09.00 +50 01 33.6 12
H5 -90 17 19 05.97 +49 45 59.4 12

Table 4.3: The position angles and slit lengths determined for the smalskand L again refer to the
Hercules and Lynx fields respectively.

4.2.2 Datareduction

The initial data reduction of the DOLORES observations waxy similar to the WFC reduc-
tion process; again the IRAF software package was usedghont. First a master bias was
constructed for each night by averaging all the approphée frames together; this was then
subtracted from the rest of the exposures. The sciencdijélatand arc data were then grouped
according to mask. The calibration arc—lamp used was HeNeAr

Next, an un—-reduced science image for each mask was madertiyring all the science ex-
posures for an observation and rejecting pixels accordiriget readnoise and gain of the CCD.
Flat—field images were made from the individual flat—fieldasyres in the same way. Two—
dimensional strips, corresponding to each observed sowere then cut out of the combined
science image, the combined flat—field and the original aegas. Each mask had now been
sub—divided into the appropriate strips for the individsalirces. For the rest of the reduction
process the spectra, including the two longslits, wereaadited individually.

The flat—field strips were normalised using the IRAF taskponse(part of the package
longslit). The science strips were then flat—fielded by dividing thgmhe appropriate nor-
malised flat. The two—dimensional science spectrum for sacdice was now fully reduced,
but before the one—dimensional spectrum could be extraittedtrong, background, sky—lines
needed to be removed. This was done usingotiekgroundtask; sample areas either side of
the central continuum were selected, fit and subtractediniga clean spectrum. This process
was not perfect and some background residuals remainesk tieal to be taken into account
when attempting to identify spectral features.
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One-dimensional spectra were then extracted for eachesoiiifus was done using the task
apsunto find the aperture (the continuum emission), fit a tracedadt perform the extraction.
The arc spectra for each source were then extracted, ugrgpthice aperture as a reference in
apsum Lines in the arc spectra were then identified and the reguttalibration was applied
to the science spectra, thus providing them with waveleingtrmation. However it became
obvious that these wavelength calibrations were inaceuraginly because there were signif-
icant regions in the arc—lamp spectra where there were nogstines; this led to ambiguous
fits to the science spectrum. The solution to this was to agélisles ([Ol] at 6300.4 and
5579 and Na at 5898), extracted from the un—background subtracted scieneetisp to
cover the missing regions. This enhanced arc—line wavtiecmyerage resulted in a more
accurate final calibration for the data.

The spectra were then flux calibrated using the standardretge 34. The spectra of the stan-
dard were reduced and extracted in the same way as that afthees. The resulting spectra
(one for the first and third nights and two for the second) weresed through the packages
standardandsensfundo calculate the sensitivity function and form the flux cedifion which
could then be applied to the science spectra.

The standard star spectra were also used to remove the baokigsky absorption lines which
were present in the data. First a polynomial was fit to thedstethstar spectrum, excluding the
sky—absorption lines, observed closest to the sourcerspiecbe cleaned. Next, the original
spectrum was divided by this fit leaving a normalised specicantaining sky—absorption lines
only which was then scaled to the source spectrum. Finadlyptickageelluric was used to
divide the object spectrum by the scaled, normalised, srahsipectrum whilst retaining the
flux values. The object spectrum should now be free of skyratisn features. For this
process to be most effective a standard star spectrum shautd been observed after each
mask since the depth and shape of the sky—absorption liretrangly dependent on airmass
and observing conditions, but that level of accuracy wasemtired for the purposes of these
observations and would have introduced unnecessary @aashe

4.3 Spectroscopic Results

The spectroscopic observations included 41 sources ih otan the Hercules field and 24
in the Lynx field. The resulting spectra yielded 3 and 11 defiredshifts in the Hercules and
Lynx fields respectively. A single line was detected in aHart4 spectra in Lynx and 2 in
Hercules; this mainly provided a redshift ‘best—guessyoakcept where the line identifica-
tion was obvious (e.g. broad Mgll). 65% of the redshifts wigoen emission lines and the
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remainder were from absorption lines only. These resutgaen more fully in Table 4.4 and
the spectra for sources with one or more detected lines arpiien features, are shown in
Figure 4.1. The list of sources observed with DOLORES butivfoich no lines were detected
can be found in Tabl&?.

4.3.1 Notes on individual sources

53w054b— This spectrum is not of the optical counterpart to the resdiorce; the optical
counterpart was misidentified in the INT imaging and was atétected in the latdk—band
observations. This spectrum was actually of a soufce 3he north.

53w070- The single broad line is identified as Mgll, giving a redsbif1.32.

53w086b— The 4008 break can be seen in this spectrum but no lines are congjlycite-
tected. The redshift of 0.73 is consistent with théand magnitude estimate of 0.81.

53w089— Waddington et al. (2000) detect [Oll] and [OlII] for thiswgoe, giving a redshift of
0.635, but nothing is detected in these (shallower) obfens

66wW027— The strong, clear, lines (such asctdnd [SII]) present give a firm redshift for this
source.

66w031- The identification of single strong line as [Oll] at a redisbf 0.81 is consistent with
the redshift estimated from thheband magnitude (0.97).

66w036— No line data are quoted for the G—band absorption line fersiburce, as the negative
extent of the flux density suggests that it is contaminateddise.

55w116— The 400@ break and CaH+K absorption lines present give a firm retiftifthis
source.

55w124— The single broad line is identified as Mgll, but this is untaier.

55w128- The weakly detected single line is identified as [Oll], giyia redshift of 1.19, which
is consistent with its non—detection in tke-band observations.

55w131- The single line is identified as [OIl] giving a redshift ofL2, which is consistent
with the redshift of 1.15 estimated using the r—z relation.

55w137- The strong, clear, lines (such asctdnd [SII]) present give a firm redshift for this
source.
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55w140- The redshift of 1.68 is from a single, broad line, identifedMgll. It should also
be noted that a section of the spectrum has been removed theepicesence of residuals from
the sky subtraction process.

55w149- Only one emission line ([OIII]) is detected for this soyrbet the additional presence
of strong absorption lines, such as Na D, mean that the ftédskiecure.

55w150- The detection of the [Olll] doublet gives a firm redshift this source.

55w154— No emission lines are detected for this source, but theepoesof strong absorption
lines such as CaH+K and mg B, indicate that the redshift isrgec

55w157— A weak 400@ break, combined with the detection of the CaK ang &bsorption
lines give a firm redshift for this source.

55w160— The 4008 break and CaH+K absorption lines detected give a firm rddihithis
source.

60w016— The 400@ break and CaH+K absorption lines detected give a firm rédfhithis
source.

60w024— The detection of the CaH+K absorption lines, along with@k] emission line give
a firm redshift for this source.

60w039— The two observations of this source on masks L3 and L4 hase bembined to-
gether with thescomhtask iniraf.

60w055— The strong detection of the [Oll] emission line, combineithvgeveral absorption
lines give a firm redshift for this source.
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Mask | Source A Line Flux Afwhm W z Final z
A) (x10%erg s~tem™2) | (kms™1) A)
Hercules
H4 53w070 | 6480.5 Mgll 0.48+ 0.07 — 27+5 1.315+ 0.001| 1.315+ 0.001
H1 | 53w086b - 40004 break - - - 0.73+0.01 0.73+ 0.05
H4 | 66w027 | 7136.6 Ha 16.94 2.55 1091+228| 39+4 | 0.087+ 0.001| 0.086+ 0.002
7136.5 NII 6.9+ 2.55 1074+228 | 38+4 | 0.084+ 0.001
7311.7 [SH] ~3.94 - ~6 0.088+ 0.001
6401 NaD — - - —
5282 HG 10.77+1.94 - 17+ 3 -
H3 | 66w031 | 6751.8 [Ol1] 2.47+ 0.25 987+ 251 | 508+ 205 | 0.812+ 0.001| 0.812+ 0.001
8822 HG - - -
H3 | 66w036 | 8273.4 G—band - - - 0.924+ 0.001 | 0.924+ 0.001
7581.4 CaH - - - 0.927+ 0.012
7650 CaK - - - -
Lynx
L5 55w116 | 7281.5 CaH - — — 0.8544 0.031| 0.851+ 0.007
7343.4 CaK - - - 0.851+ 0.008
L5 55w124 | 6536.5 Mgll 4.85+ 0.49 54714 894 39+ 4 1.335+ 0.003| 1.335+ 0.003
L4 55w128 | 8159.3 [Ool] 0.17+ 0.03 - - 1.189+ 0.001| 1.189+ 0.001
L4 55w131 | 7917.1 [o] 0.75+0.10 409+ 281 — 1.124+ 0.001| 1.124+ 0.001
L3 55w137 | 5755.8 [Ol] 1.644+0.22 - 4+1 0.150+ 0.001 | 0.151+ 0.001
5703.8 [Ol] 9.94+ 2.56 - 26+7
7567.1 Ha 11.7+ 2.63 2000+ 266 | 37+4 | 0.153+0.001
7575.2 [NI] 13.14+ 2.56 1975+ 265| 36+4 | 0.150+ 0.001
7738.4 [SII] 2.77+0.31 - - 0.152+ 0.001
6778.4 NaD - - - 0.150+ 0.001
7248.8 [Oo1] 0.57+0.15 - - 0.151+ 0.001

Table 4.4: Spectroscopic redshifts and line information for the Hegsand Lynx fields.



Mask | Source A Line Flux Atwhm W y4 Final z
A) (x10~6erg s7lem™2) (kms™1) (A)

L3 | 55w140| 7514.3| Mgqll 12.10+ 1.40 619242647 | 36+ 4 | 1.685+0.012| 1.685+ 0.012
L2 | 55w149| 6793.7| NaD - - - 0.1524 0.001 | 0.151+ 0.001
5950.6| Mgb - - - 0.1504 0.001

5747.7| [Oll] - - - -
5601.2 HG - - - -

L2 | 55w150| 7359.3| [Olll] 6.16+ 0.64 727+ 233 | 67+8 | 0.470+ 0.001| 0.470+ 0.001
7292.6| [Olll] 1.65+0.21 - 224+ 3| 0.471+ 0.001
7138.4 HA3 0.96+ 0.16 - 21+ 4| 0.469+ 0.001
9660.4 Hao - - - -

L1 | 55w154| 6475.6 HG - - - 0.33240.001 | 0.3304+ 0.001
6891.1| Mgb - - - 0.3324+ 0.001
5717.9| G-band - - - 0.3304 0.002
5227.3| CaH - - - 0.3294 0.001
5277.5| CakK - - - -
5456.5 Ho - - - -

L1 | 55w157| 6760.2 H~ - - - 0.5584 0.001 | 0.5594 0.002
6201.4| CakK - - - 0.5634 0.001

LS | 55wl160| 6292.3| CaH - - - 0.6004 0.002 | 0.6004 0.002
6352.0] CakK - - - -

L5 | 60w016| 7237.0| CaH - - - 0.8404 0.001 | 0.8404 0.001
7332.7| CakK - - - -

L5 | 60w024| 6609.9| [Oll] 0.41+ 0.06 814+ 374 | 134+ 2| 0.774+0.001| 0.774+ 0.001
6974.2| CaH - - - -
7032.2] CakK - - - -

Table 4.4
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Mask | Source A Line Flux Afwhm W z Final z
A) (x10~Berg s~tem™2) | (kms™1) | (A)

L3/4 | 60w039| 7562.2 Ha 51.0+6.18 939+ 223 | 47+ 5| 0.152+ 0.001| 0.151+ 0.001
7585.2| [NI] 11.44+6.12 925+ 223 | 46+ 5 | 0.149+ 0.001
7738.7| [Sl] 8.32+1.33 - - 0.152+ 0.002
6786.8| NaD - - - 0.151+ 0.001
5597.6 HB - - - 0.152+ 0.001

L2 | 60w055| 6405.0| [OIl] 1.40+0.14 5294255 | 45+ 5 | 0.7184+ 0.001 | 0.718+ 0.005
6754.4| CaH - - - 0.717+ 0.001
6818.8| Cak - - - -
7397.9| G-band - - - -
7437.8| Hy - - - -
Table 4.4
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Mask

Source

H1l
H2
H3
H4
H5
L1
L2
L3

53w084, 53w086a, 66w058
53w082, 53w087, 53w088, 53w089
53w069

66wW035

53w054a, 53w057, 53w061
55w156, 60w071

55w147

55w138

L4 | 55w127, 55w132, 60w032
L5 | 55w118, 55w123

Table 4.5: The sources targeted in the DOLORES observations with s liletected.

4.4 Cleaning the sample: identifying quasars
and starburst galaxies

Not all the radio sources detected in the two fields will béaaghlaxies; some contamination
of the sample by quasars and starburst galaxies is inewitdbtkson & Wall (1999) predicted
the radio sample composition for a given flux density limihelr Figure 17, reproduced here
as Figure 4.2, suggests that at the Lynx and Hercules saingts Lp to 30% of the radio
sources detected may be starburst galaxies~&% may be quasars.
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Figure 4.2: Predicted survey composition from Jackson & Wall (1999)e Tégions associated with
each population are indicated by name (e.g. quasars, BL) laacsnumbers in brackets refer to the
different source subpopulations (see Jackson & Wall fomitigt

These objects need to be identified and, in the case of tHeustagalaxies, removed from the



94 CHAPTER 4. SPECTROSCOPY AND REDSHIFT ESTIMATION

sample. This section describes the methods used for thefidation of these objects and the
sources found in these ways.

4.4.1 Identifying starburst galaxies

The radio emission from starburst galaxies is mainly dusgytisrotron emission from super-
novae instead of, as in radio galaxies, accretion onto arswgssive black hole. The radio
luminosity function of Best et al. (2005, Figure 1.7 in Chaxpt.1) shows that, in general, the
radio power of these galaxies is lower than that of AGN andl itha only at these very low
radio powers<10%3 WHz~!) that their number density dominates; this suggests tHaton—
power sources need to be considered here. There were l6s@mdices in the sample which
have P.,q < 10%* WHz~! (based on their estimated redshift) and were thereforeitpess
starburst galaxy candidates.

The main way to distinguish between radio and starbursixgedds through examination of
the emission line ratios of their spectra. Kauffmann et 200Q) classify a source as an AGN
if

0.61
log(f[NII]/f(Hea)) — 0.05

wheref[OI11], f(HB), fINII] and f (Ha) are the fluxes of the respective emission lines; [Olll]
(5007A), [NII] (6583A), H; (4861A) and H,, (65638). This is illustrated by their diagnostic
diagram, reproduced here as Figure 4.3. This classificatigthod obviously requires a source
to have spectroscopic data with the right lines detectedth®fl6 candidates, 11 have DO-
LORES spectra but none have all four of the necessary emisies. However, 3 candidates
(66w027, 55w137 and 60w039) have both [NII] and Hetected and one, 55w150, has both
[Olll] and Hp3, hence an indication of their classifications is possilhe; results of this are
outlined below and the fluxes for these lines can be found bieTd.4. A further two candi-
dates, 55w135 and 60w084, were included in the spectrasotysiervations of the SDSS. The
resulting spectrum for 55w135 clearly shows it to be a statigalaxy sincef (Ha) > f[NII]
and f(HpB) > f[OIII] whereas the spectrum for 60w084 suggests that it is an AGde sin
f(Ha) ~ fINII] and f[OI1I] > f(HP).

log(f[OI1I]/ f(HB)) > + 1.3, (4.1)

+ 66W027 (z=0.086, R 4qu,=10P*"WHz1) — log(f[NII]/f(Ha)) = —0.38 for this
source which suggests that it is a starburst galaxy but isuffitient to be unambigu-
ous. However, the Hline was also detected whilst the [Olll] line was not, implgithat
log(f[OI1I]/ f(HB)) < 0.0 and that this source is a starburst galaxy.

« 55W137 (z=0.151, R4qu,=10P>9"WHz"!) — log(f[NII]/f(Ha)) = 0.05 for this
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source which places it firmly in the AGN region of Figure 4.3igis further supported
by the indication of extended radio emission visible in théio image.

» 60w039(z=0.151, R 4cu,=10P*58WHz!) — log(f[NII]/f(Ha)) = —0.65 for this
source which places it firmly in the starburst region of thregdam.

* 55W150 (z=0.470, R.4qH,=10%86WHz ') — log(f[OI1I]/f(H3)) = 0.78 for this
source which, coupled with the high radio power, stronglygasts that it is an AGN.

Seyferts :

log ([OIl] A5007/HE)

-15 -1 -05 0
log ([NII] A8583/Ha)

Figure 4.3: The diagnostic diagram for AGN from Kauffmann et al. (200B)e dashed curve marks
the demarcation between AGN and starburst galaxies giv&miration 4.1; the dotted curve marks a
previous demarcation by Kewley et al. (2001).

The five remaining starburst candidates with spectra canldssified by comparing their
f([OI1]) and radio fluxes. Best et al. (2002) derive a rough relatipnbletween these
two fluxes for starburst galaxies by equating the theoretioarelation between mean star—
formation rate and [Oll] luminosity (Barbaro and Poggiaf897) with that for radio (Condon
and Yin, 1990) giving

S1L4GHz oy

_ —0.8
i 11'010*1661"g8*1(:m*2 (1+ 2) (4.2)

where S 4au, is the radio flux of the object in question at a frequency ofGH4 andz is
the redshift. It should be noted that dust extinction carseahe measurement of the star—
formation, from the [OIII] flux, to be underestimated.
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The radio—{[Oll] flux relationship for AGN is an extrapolatiof the results of Willott et al.
(1999) for powerful radio galaxies to the sub—mJy levelshafse sources. This gives, after
converting to 1.4 GHz (assuming a spectral index of 0.8),

1.45
SracHy _ 7 10 J101 ) (4.3)
uJy 10~ 16ergs—1lem—2

It should be noted however, that AGN show considerableeacatbund this line.

Equations 4.2 and 4.3 are shown in Figure 4.4. Overplottedter [Oll] and radio fluxes for
60w055 and 60w024. The remaining 3 sources (60w016, 55wi@®Gaw157) lack an [Oll]
detection so an upper limit for their [Oll] flux is plotted tesd. It is clear from inspection of
this diagram that all these sources lie well below the statlmegion, suggesting that they are
AGN. This is in accordance with their radio powers, all of athare> 10233 WHz 1.
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Figure 4.4: Radio—[Oll]flux relationships for starburst galaxies {ddihe) and radio galaxies (dashed
line). The dotted line shows the effect of two magnitudesugdtaxtinction in the measurement of the
star formation rate. Overplotted are the starburst camelstaurces for classification.

As a further check on these classifications a similar lingierflux diagram can be plotted for
the combined H+[NII] fluxes. The Hx+[Nll]-radio flux relation (Equation 4.4) comes from
Owen et al. (1999) and is again derived by equating two matfor star formation rate.

S, f(Ha + [NII))

=5.24
uly 10~ 16ergs—lem—2

(1+2)7°% (4.4)
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The AGN relation for He+[NIl] comes from Zirbel & Baum (1995). They derive separate
relations for FRI and FRII radio galaxies; their FRI relaticonverted to 1.4 GHz, is used here
(Equation 4.5) as it is more appropriate for these low powasbarst candidates.

=2 —745.9
ply

s (ﬂm+mm0m 45)

10~ 16ergs—lem—

Figure 4.5 shows the diagram foroH[NII] flux with all the sources classified using spectro-
scopic methods overplotted. The sources with [Oll] fluxesigper limits were converted to

Ha+[NII] flux using the ratio (Hv+[NII])/[Ol1]=4.0 (McCarthy, 1993). As expected the two

sources identified as starburst galaxies lie in the starbeg#on with the remainder below.
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Figure 4.5: Radio—Hx+[NII] flux relationships for starburst galaxies (solid éjnand radio galaxies

(dashed line) with the dotted line again showing two magtatuof dust extinction. Overplotted are all
the sources classified spectroscopically so far. Crosskaraows indicate [Oll] fluxes and upper limits
and triangles indicate & [NII] fluxes.

This leaves 5 candidates still to be classified. Two (66wC&h55w127) have radio powers
that are< 10%3°"WHz~! which strongly suggests that these are also starburstigalaXhe
final three candidate sources (55w118, 55w122 and 55wi1bija P > 102 WHz~! which

is comparable with the powers of candidates already idedtifis AGN. Therefore, on the
balance of probability, these three objects are classiBedGN also.

In summary, therefore, there are five starburst galaxiestwheed to be removed from the
sample: 66w027, 66w009b, 55w127, 55w135 and 60w039.
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4.4.2 ldentifying quasars

Possible quasars in the sample were identified in three Viestly on the basis of their point—
like appearance (determined by measuring the FWHM ugiig) in ther—band images, sec-
ondly by looking for broad lines in the available spectra #ridlly by examining their optical
(r — 1) colours. The spectral method can be misleading as radiaigalaan also have lines
as broad as-1000 kms'! therefore a source is only classified as a quasar here if ilifes
which are>>1000 kms'!. The quasar candidates selected in this way are descritbed. be

» 53w061- This source has a pointlike appearance (FWHM of"1iB3—band, c.f. seeing
of 1.5") and a blugr —i) colour of 0.36. Itis also classed as a likely quasar (Q?) mnKr
et al. (1985) on the basis of its colour. It was included inEf@LORES observations
but no continuum was detected. It is therefore classed aasaghere.

* 53w065— This source has a blue — ¢) colour of -0.31 but Waddington et al. (2001)
classify it as a galaxy on the basis of the narrow lines seés spectrum.

« 53w070- This source does not have a blue— i) colour, and its Mgll line is not very
broad. It is therefore classed as a galaxy.

» 53w075- This source is classified as a quasar by Kron et al. (1985h@bdsis of its
spectrum; this is supported by its pointlike appearance.

» 53w080- This source is classified as a quasar by Kron et al. (1985h@ibdsis of its
spectrum; this is supported by its pointlike appearance.

» 55w121— This source is classified as a quasar by Kron et al. (1985hemasis of
its colour. However, whilst its non—detectioniinloes suggest a blue colour, this is not
supported by its, not very blu¢; — K') of 3.8, and it does not appear to be pointlike. It
is therefore classed as a galaxy here.

» 55w124— This source is classified as a quasar on the basis of its veadMgll line
and blue(r — ¢) colour of -0.06.

» 55w140- This source is classified as a quasar on the basis of its veag Mgll line
and very blugr — i) colour of -0.21.

In summary, therefore, the objects classed as quasars isathple are 53w061, 53w075,
53w080, 55w124 and 55w140.
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4.5 Redshift estimation

Redshifts have now been determined for 44% of sources inihe field and 62% of sources in
the Hercules field, either through the observations desdrtbove or with previously published
results. For the remainder, estimated redshifts were leaézliinstead using the two different
magnitude—redshift relations, K-z and r-z, outlined in584 below. The K-z relation, the
more accurate of the two, was used for all sources detectdkitVKIRT observations; the
remaining sources were estimated with the r—z.

It should be noted that the 5-band photometry for the Lynx fselurces which were included

in the SDSS (as previously given in Table 3.8) could be usabtain photometric redshifts.
This was attempted using the publicly available chgperz (Bolzonella et al., 2000), which
works by fitting template galaxy SEDs to input magnitudeg, the results, whilst broadly
consistent with the previously found spectroscopic rdtshivere very uncertain. The likely
reasons for this are: (1) that the available templates ddesxribe the radio galaxies well, and
(2) abover ~21 the SDSS andi—band magnitudes do not agree well with the measured INT
values (as illustrated in Figure 3.7). However, since tlaeesonly 10 sources without redshifts,
but with SDSS magnitudes, this will have a negligible effatthe results.

4.5.1 The K-z and r—z magnitude—redshift relationships

The K-z relation is a tight correlation between teband magnitudes and redshifts of radio
source host galaxies; it exists because the radio hostygptpaulation is made up of passively
evolving, massive elliptical galaxies.

At high redshift the relation is slightly different for thadio surveys of different flux density

limits (Willott et al., 2003), as shown in Figure 4.6, whidtetefore implies that it is dependent
on the flux density of the radio source. The relation used isdtet found for the 7C survey as
the source fluxes for that sample are the best comparisonde ttonsidered here. The relation
itself is given by Willott et al. (2003) as,

K =17.37 + 4.531og z — 0.31(log 2)*%. (4.6)

The majority of the sources with a host galaxy detection hithaut redshifts, were also not
included in the UKIRT observations so, therefore, the K4atien outlined above cannot be
used for them. Instead, since all these sources haveltand magnitude, the r-z relation was
used. This relation describes a correlation between thehittdindr—band magnitude of the
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Figure 4.6: The K-z relation for the 7CRS, 6CE, 6C* and 3CRR samples froittottvet al. (2003).
The solid line is the best fit to the data as given in Equatién 4.

host galaxies of radio sources.

In general, redshifts estimated using the r-z relation at@asreliable as those found using the
K—z, especially above ~ 0.6 where ther—band samples shortward of the 4@0Break. In
addition, in powerful radio galaxies there is considerafdatter in magnitudes at these bluer
wavelengths due to the ‘alignment effect’, where the opstaictures of the galaxy align with
the radio jets (e.g. McCarthy et al., 1987) . However, the pmwer of the sources in the
sample means that there will not be much alignment, so teetedf this will be minimal. To
account for these factors, two r—z relations were used: onw and one for high redshift
sources, as illustrated in Figure 4.7. The low redshifttimiawas for the bright, 3C, radio
sample, which is reliable up to ~ 0.6, but then brightens beyond that due to the alignment
effect. The high redshift relation, conversely, was thatGigahertz Peaked Spectrum (GPS)
radio sources. These are compact objects with convex rpdiira which peak at about 1 GHz,
and are ideal for this as they do not show the alignment efidat 3C relation is

re = 21.2 + 5.3log 2, 4.7

and the GPS relation is
rg = 22.7+ 7.4log z, (4.8)
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which, it should be noted, is valid up to~ 1; at higher redshifts it is unreliable due to the
scarcity of measurements and the blue rest—frame wavéeleagge it is sampling.
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Figure 4.7: The r—z relations for GPS galaxies (empty diamonds; dashe}] hnd 3C galaxies (filled
diamonds; dotted line), from Snellen et al. (1996)

The relations given in Equations 4.8 and 4.7 above assuraethétr—band magnitudes used
were observed using the Thuan—-Gunn filter system. Theyftrerdad to be transformed
to the Sloan filter system, via the Johnson filter system, rbefloey could be used. In the
following description capital letters indicate the Johmsystem, lower—case letters indicate
the Sloan system argisubscripts indicate the Thuan—Gunn system. To convert fainmson
to Thuan—-Gunn, Jorgensen et al. (1994) give:

re = R+ 0.111(gy — 1) + 0.317, (4.9)
whilst the conversion from Johnson to Sloan comes from aeging Equation 3.4:
r=R+0.16(V — R) 4+ 0.13. (4.10)

Making the assumption thal’ — R) ~ (g, — ) ~ 1 for radio galaxy hosts, then= r, —0.14
and the r-z relations become

raps = 22.56 + 7.4 log z (4.11)
r3c = 21.06 + 5.31og z, (4.12)
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where the subscripts ‘GPS’ and ‘3C’ refer to the relations3®S and 3C galaxies respectively.
Figure 4.7 shows that the two relations cross at 17.27 (r, = 17.41), so it was decided that

only redshift estimates for sources brighter than this wda done using the 3C relation, with
the remainder of the sample estimated with the GPS relafiomractice though, there was
only one source (55w127) with< 17.27; the rest were all fainter than this.

The magnitude—redshift relations need aperture correstaghitudes to give reasonable results
but the estimated redshift is needed to perform the apecturection (as described in §3.4.3).
To solve this problem an IDL script was written to iterate tbdshift estimates and subsequent
aperture corrections until they converged on a final value.

Table 4.6 summarises all the redshift information for therses in the two fields. The quoted
redshift for each source is ideally a spectroscopic or presly published one; if neither of
those is available then the redshift is one from a K-z estonatnd finally, for sources with no
K—magnitude or spectrum, the redshift given is an r-z eséma

4.5.2 Redshift comparison

A valuable test of the redshift estimation comes from cornimgathe estimates with the DO-
LORES MOS and the previously published (Waddington et aD02@001) spectroscopic and
photometric redshifts. The results of this comparison fathb—z and K-z redshift estimates
are shown in Figure 4.8; in general the agreement betweeapihetroscopic and estimated
results is very good with adl Az of 0.15. The agreement is also reasonably good for the
photometric redshifts.

Additionally, several of the sources in the sample have bahd K-band magnitudes thus
providing a useful means of comparing the two methods ofhifidsstimation. The solid
diamonds plotted in Figure 4.8 show the difference in the éstimates ((K-z)- (r—-z)) plotted
against the K-z value. The two relations give similar refiship to z,~1.5, but, for the
redshifts higher than this, the K-z value is much greaten tha r—z further suggesting the
lower accuracy of the r—z relation at these values.

4.6 The redshift distribution of the sample

Now that redshift information has been obtained or estichée a large proportion of the
objects in the two fields, redshift histograms can be coowttuto compare the radio source
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Hercules Lynx
Name z Origin Name z Origin
53w052 | 0.46 la 55w116 | 0.851 2
53w054a| 1.51 3 55w118 | 0.66 4
53w054b| 3.50 3 55w120 | 1.35 3
53w057 | 1.85 4 55w121 | 2.57 3
53w059 | 1.65 4 55w122 | 0.55 4
53w061 | 2.88 1b 55w123 | 0.87 3
53w062 | 0.61 la 55w124 | 1.335 2
53w065 | 1.185| 1a 55w127 | 0.04 4
53w066 | 1.82 1b 55w128 | 1.189 2
53w067 | 0.759| 1a 55wl131 | 1.124 2
53w069 | 1.432| 1a 55w132 | >4.4 3
53w070 | 1.315 2 55w133 | 2.24 4
53w075 | 2.150| 1a 55w135 | 0.090| 1c
53w076 | 0.390| 1la 55w136 | 2.12 3
53w077 | 0.80 la 55w137 | 0.151 2
53w078 | 0.27 la 55w138 | 2.81 3
53w079 | 0.548| 1a 55w140 | 1.685 2
53w080 | 0.546| 1la 55w141 | >1.8 4
53w081 | 2.060| 1a 55wl143a| 2.15 4
53w082 | 2.04 4 55w143b| 2.21 4
53w083 | 0.628| 1a 55w147 | 1.07 3
53w084 | 2.73 3 55w149 | 0.151 2
53w085 | 1.35 la 55w150 | 0.470 2
53w086a| 0.46 4 55w154 | 0.330 2
53w086b| 0.73 2 55w155 | >3.7 3
53w087 | >3.7 3 55w156 | 0.86 3
53w088 | 1.773| 1la 55w157 | 0.557 2
53w089 | 0.635| 1a 55w159a| 1.29 4
66w009a| 0.65 3 55w159b| 0.311| 1c
66w009b| 0.156| 1la 55w160 | 0.600 2
66w014 - - 55w161 | 0.44 4
66w027 | 0.086 2 55w165a| 0.68 4
66w031 | 0.812 2 55w165b| 0.75 4
66wW035 | 2.26 3 55w166 | 0.99 4
66w036 | 0.924 2 60w016 | 0.840 2
66w042 | 0.65 4 60w024 | 0.773 2
66w047 | 0.37 4 60w032 | >1.8 4
66w049 | 0.95 4 60w039 | 0.151 2
66w058 | >2.3 4 60w055 | 0.718 2
60w067 | >1.8 4
60w071 | 1.25 4
60w084 | 0.127| 1c

Table 4.6: The redshifts found for the sources in the complete samgdea) &nd (1b) indicates a
previously published value, (a — spectroscopic (Waddimgtbal., 2000; Bershady et al., 1994), b—
photometric (Waddington et al., 2001)), (1c) indicatesrédshift came from the SDSS, (2) indicates a
DOLORES spectroscopic value, (3) is a K-z estimate, (4) iza@stimate.
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Figure 4.8: A comparison of the different methods used to obtain retishilled diamonds indicate
the comparison between the two redshift estimation metiuilst empty diamonds and triangles indi-
cate the comparison between the spectroscopically detedmedshifts and the r-z and K-z estimates
respectively. Square outlines indicate redshifts thateckom single—line spectra. The dotted lines are
the 1o values of the spectroscopiz, +0.15.

distributions for the two fields; these are shown, split itite different redshift methods, in
Figures 4.9(a) and 4.9(b). Both histograms, peak at redshéforez = 1.0 which is to be
expected as higher redshift sources are fainter and therkéoder to detect.

These histograms also illustrate the lack of definite rdtdskar the Lynx field, especially at
the high end, compared to the Hercules field. Whilst many @fiLynx sources were included
in the DOLORES MOS observations, lines in the resulting spdended to be detected in the
brighter, lower redshift objects. The high—-z end of bothdelhowever, is populated mainly
by sources with less accurate redshift estimates.

4.7 Chapter summary

In this Chapter the redshifts of the sample sources, boitnatstd and spectroscopic, have been
presented. The spectroscopic completeness of the sanmaler ¥9%, including the previously
published results and MOS spectra antl0% of sources across both fields have no redshift,
either estimated or determined spectroscopically. 21%wofces in the Hercules and 33% in
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Figure 4.9: The redshift distribution for sources in the Hercules (aj bynx (b) fields subdivided to
show the contribution from the different redshift methods.

the Lynx field have r—z estimated redshifts only; these wdlltieated as the least accurate in
the sample.






107

CHAPTERS

Radio observations and classifications

This thesis is strongly dependent on radio observationtif low and high resolution. The
radio sample has already been defined in Chapter 2; thisaahdgxls with the selection of the
high—redshift FRI candidates and the high—resolutionoratiservations employed to follow
them up.

5.1 An overview of radio data reduction

Since the radio data reduction methods used for the fouerdifit radio observations in this
chapter have many similarities, a brief overview of the npaimts is given in this section with
observation specific details given in the following secsiofihe information in this section is
mainly taken from the MERLIN User Guide (Diamond et al., 2p88d Synthesis Imaging in
Radio Astronomy Il, edited by Taylor et al., (1999).

5.1.1 Radio interferometer basics

The angular resolution of any telescope is proportional A& where\ is the wavelength of
the observation and is the telescope diameter. At theem radio wavelengths therefore, to
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achieve reasonable resolution, an unfeasibly large stfiglewould be needed. This problem
can be solved by using an array of antennae linked togetHerrtoan interferometer.

In a simple two—element interferometer, the radio receivezach antenna will output a sine
wave in response to plane parallel electromagnetic wawes some distant astronomical
source, if the source is point-like. These two signals can tie multiplied together to pro-
duce an interference pattern which depends only on the gepofahe array in relation to the
source. As the Earth rotates, the geometry of the array &samg a result a series of measure-
ments over time provides additional information about thérse. Similarly, if more antennae
are added to the array, each pair, or baseline, would alssactwo—element interferometer. If
every possible configuration could be measured then thétiresimage would be equivalent
to that taken with a single, large, dish. In practice, howetheere will always be gaps in this
synthesized dish, as an arrayMfantennae can only have a maximumofN — 1) /2 possible
baselines; the data must therefore, be interpolated teaduor this. If an object with structure,
instead of being a simple, compact, point, is observed bytnferometer then the amplitude
and phase of the signal detected by each baseline will depetidis structure as well as the
array geometry. However, in practice, it is simpler to cdasia complex structure as merely a
collection of different point sources.

The radio image, or brightness distribution, of an astraicafrsource turns out to be a good
approximation of the Fourier Transform of the complete $gthmse and amplitude measure-
ments taken at each baseline, over the length of the obgsrvalhese measurements are
known as visibilities, with each visibility being approxitely one Fourier component of the
image. The baselines themselves are specified by the catedin, v) which are in the direc-
tions of East and North respectively. Using this definitioa Fourier transform can be written
as

V(u,v) = / / I(1,m)e=2m {l+om) qp dm, (5.1)

whereV (u, v) is the complete set of visibilities, known as the visibilitynction, 1 (1, m) is the
sky brightness function (i.e. the true image of the souraeji(/, m) are the sky coordinates
which correspond ta andwv respectively.

The field of view, or primary beam, of the radio interferommagesimply the field of view of
any individual antenna in the array. Since this is diffractimited, the half power beam width
(HPBW) is given by~ \/D and sources at radii greater then this can generally beeadnor
due to their strong attenuation. Sources which fall wittie HPBW are also affected by the
primary beam aberrations which increase at increasingraistfrom the pointing centre. The
three main types of aberration are bandwidth smearingtwerage smearing and that which
arises from the non—coplanar nature of the array.
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Bandwidth smearing, also known as chromatic aberratiocyrscbecause the response of the
radio array is different at different frequencies. A normedio observation is done using a
single bandwidth of widthAv, with some central frequency; the resulting visibility aatre
averaged over this width and are reduced in amplitude (sdgdrthe response ovekv is

not constant. These changes oder are equivalent to the visibilites changing over some finite
width in theuw plane, and this effect is greatest at large distances frempdimting centre. If
an image of a wide area of the beam is required therefore,inlgiesobserving band must be
split into enough narrow band channels such that the bankwidearing effects within each
one are negligible.

Time—average smearing occurs when the visibility data aeeaged over time—periods during
which they are not constant and as such, it bears many sitie$atio bandwidth smearing. This
effect tends to be strongest on the longest baselines asni@ge faster through they plane,
but can be reduced by simply using shorter integration times

The final cause of aberration, the non—coplanar nature ofuttas or three—dimensional sky
effect, is analogous to field curvature in an optical telpscoThe normal, two—dimensional,
Fourier transform that is used to recover an image from afsesibility data assumes that
the measurements have been taken on a plane (or that theffigkeliois sufficiently small
that it is a reasonable approximation to a plane). Howekier assumption is only always true
for arrays in which the antennae are distributed along am®éest line or for arrays located
at the Earth’s poles. An array like the Very Large Array (VL&)located on a plane with
respect to some astronomical source at any instant, buiedsarth rotates, the array position
continuously changes; this causes the positions of sofsicé®m the pointing centre to alter
over the course of the observation, causing them to appesarseh on the final image. The
simplest way to correct for this, if a wide—field image is riegd, is to use a three—dimensional
Fourier transform, but this is normally computationallypiractical. Instead, the field of view
is divided up into small facets, generally correspondinghto positions of the sources in the
field if known, which approximate flat, two—dimensional @an The centre of the image is
then shifted to the centre of each facet in turn and a two—aksioeal Fourier transform can be
performed (Perley, 1999).

The basic data reduction steps, covered in more detail ifotlwsving sections, are:

1. Edit the raw visibilities to remove bad measurements duadio interference or instru-
ment malfunctions (this can be done for the target or cdliimasources at any stage of
the calibration).

2. Calibrate the edited visibilities using observationsaifirces whose response to the in-
struments in the interferometer is known.
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3. Fourier transform the calibrated data to produce the ma&ge which is a convolution of
the true source image with the point spread function (PSFlidy beam’, of the array.

4. Deconvolve the raw image from the dirty beam to producditta image.

The above steps were mainly carried out for all the radio iMagiens using the Astronomical
Image Processing System (AIPS) package developed by thendbRadio Astronomy Obser-
vatory (NRAO). The two key tasks within AIPS a@ALIB andIMAGR which are used to
derive the phase and amplitude calibration solutions, anidpn the Fourier transform and de-
convolution respectively. Further, observation speaifétails are given in the relevant sections
further on in this Chapter.

5.1.2 Calibration

The calibration of radio data can be thought of as akin togoaua conventional optical tele-
scope (Burke and Graham-Smith, 2002). The observed vigbijlV/, assuming no bad data
are present, are related to the true visibilitigg .., by

‘/true = GzG;GU‘/U (52)

where the subscriptsand j refer to the baseline between antennasd j respectively and
G, represents the amplitudes and phases of a particular anfenown as the complex gain).
G, ; is a small baseline dependent offset introduced by the ledore Variations in phase are
mainly due to the different refractive indices in the atnfuse which change over timescales
of minutes, whilst variations in amplitude are mainly dughe slower, hourly, changes in the
radio receiver sensitivity. Each baseline, thereforeyipies one equation which can be used
to solve for theN total G values, if a set of model values &f is known. These model values
come from observations of calibration point sources siviges simply given by the source
flux density,S in this case.

In practice, three different calibration sources are usefiiix calibrator, a point source cali-
brator and a phase calibrator. (It should be noted thoughthkasame object is often used for
both the point and phase calibrators.) The point sourcéredtir and the flux calibrator are
both targeted once, for typically several minutes eachpmatespoint during the observation,
whereas the phase calibrator is targeted for a few minutesyatar intervals interspaced with
the target source. The separation of these depends on #yeaaud observing setup used. The
point source calibrator data are used to determine thalingilues for the instrumental gains
and apply these to the target and the phase calibrator; tadises tend to vary by:5% from
day to day. The sources typically used for this tend to bealséej so a source of known flux
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density, the flux calibrator, is also observed so that thedbate can be accurately determined.
For the observations described below, the flux calibrated wgas always 3C286; the flux scale
for this is set by the measurements of Baars et al. (1977).

The variations in time from the initial gain values are thetedmined using the observations of
the phase calibrator. The frequent observations of thibreébr are necessary due to the short
timescales of these atmospheric phase changes; at the Z4r&jdiency at which all these
observations were taken, the source of these effects istiosphere. If the phase calibrator is
not a true point source then self—calibration (see 85.1@\)ds applied to produce a model
of the source which can be used for the calibration.

Finally, if the observations are done in wide—field (or spdine) mode, with multiple chan-
nels, bandpass calibration is also needed. This correcthdachanges in the antenna ampli-
tudes and phases at different frequencies and is done t&nmpint source calibrator observa-
tions.

5.1.3 Imaging and deconvolution

After the calibration has been applied to the raw targebilises they are interpolated to cover
regions of incompletéu, v) coverage and then Fourier transformed to create the ‘ditage’;
this is a convolution of the true image with the point spreaakction, or ‘dirty beam’, of the
interferometer. If the calibration is perfect and the nagsminimal then the dirty beam is the
Fourier transform of a function dfu, v) that exists only where there are data.

The true image of the target can now be found by deconvolttifigoin the dirty beam. This
deconvolution is usually done using the CLEAN algorithno@¢Bom, 1974) which models the
true image as a set of points (the CLEAN components) in anyeskyt these are found iter-
atively by subtracting the dirty beam from the bright peakghie dirty map. The components
are then convolved with an idealized CLEAN beam to form th&8Ned, final, image. The
CLEAN, or restoring, beam is usually an elliptical Gaussiais step is hecessary to suppress
the higher spatial frequencies which the algorithm tendsstonate poorly.

The results of the imaging and deconvolution processes eamproved by applying some
form of weighting before the data are Fourier transformdue fivo main types used are known
as Natural, in which every data point is given an equal weighd Uniform, in which every cell

in thewv plane is given equal weight instead. Natural weighting lteso a higher density of
points towards the centre of the plane and maximises the sensitivity. Uniform weighting, on
the other hand, results in a higher resolution final imageigkifs intermediate between these
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two options are also possible. In interferometer arrayshiclvthe antennae are of different
sizes, the visibilities can also be re-weighted accordirthe different instrument sensitivities
present.

The final image produced in this process can also, if the tamece is strong enough, be used
to provide an input model for the gain calibration descrikadier. The resulting, improved,
calibration is then applied to the target data and imagedlandnvolved again and the process
is repeated; this is known as self calibration and it allo@gghanges throughout the on—
source time to be included. It should be noted however, thaeif calibration has been carried
out for any of the observations described in this Chaptertdilee weakness of the sources in
the radio sample.

5.2 Lynx field VLA B—array observations

The aim of the low-resolution Lynx field VLA B—array obselieais was to provide a measure
of the total flux density for each field source and to look foy artended emission that may
have been resolved out in the A—array data. In B configurdtielongest baseline of the 26
antennas is 10km (compared to 36km for the A configuratiodmgimentary observations
of the Hercules field in this configuration were not done duénte@ constraints.

The observations took place on 30th October 2003, in L-bamtl GHz), using the wide—
field mode to minimise bandwidth smearing effects. The flwinpand phase calibrators
used were 3C286, 3C147 and 0828+493 respectively and thlestqgiosure time on the field
was 7000s; this was split into 5 sections which were intesgze with~120s visits to the

phase calibrator. 8 channels, with a total bandwidth of 25z\Miere used, along with two
intermediate frequencies of 1.474 and 1.391 GHz. Full jrdtion was observed.

5.2.1 Data reduction

The calibrator sources will not be affected by the bandwsitiearing as they will be located
at the pointing centre. The calibration procedure was thezecarried out on an average of
the central 75% of the data, called the Channel O data setisais imuch less computationally
intensive. The resulting calibration table was then copieet to the multi-channel dataset.

The calibration process was carried out following the méshoutlined in the previous section.
The flux densities of 3C286 and 3C147 were set using the s€¢@8aars et al. (1977). The
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initial antenna gain solutions were then derived, usingtimeduv—range of 0-18 as the point
source calibrator was resolved on the longer baselinesflthdensity of the phase calibrator
was then calculated and used to derive the final calibratiénally, this was interpolated to
cover the full time—period of the observations. The catiénlascience data were then inspected
to check the results and to identify and remove bad data; stsuéficient here to merely clip
all (u, v) points above 0.5 Jy.

Since sources located at all positions in the final radio eaged to be considered, the non—
coplanar array wide—field imaging techniques, incorpar@téo the task IMAGR, were used.
The field was split into facets, centred on the positions ohesurce from the A—array obser-
vations and the centre was shifted to the centre of each &arkimaged and deconvolved in
turn. Each facet was 256 by 256 pixels (with"1gr pixel).

The deconvolution, or CLEANiIng, of each facet was done uSB@p iterations and nearly nat-
ural weighting to minimise the noise in the resulting CLEANage. No self—calibration was
carried out due to the weakness of the sources. The final levisereached for all the facets
was~50uJy/beam, with a resolution of 5.8®y 4.67'. Finally a primary beam correction was
applied to each image to account for the attenuation of thekmwvay from the pointing centre.

5.2.2 Source detection and results

All the sources in the Lynx field complete sample were detkotghese observations. Their
flux densities were, as with the A—array data, measuredtwstiatif they showed extension or
with imfit if they appeared compact; the method used for each sourbe itoimplete sample,
along with the resulting flux densities and primary beamaxiion factors, can be found in
Table 5.2. The corresponding radio contour maps (withadutgmy—beam corrections applied)
can be found in Figure 5.1. The results for sources not in dnepdete sample can be found in
Table 5.1 and Figure 5.2.

Name | Sjscu, (MJy)| Cpp | Measure
55w119| 1.97+ 0.36 3.86 I
55w125| 18.844.04 | 12.01 I
55w126| 4.13t 0.90 6.37 I

Table 5.1: The primary—beam corrected flux densities for the sourceisaloded in the Lynx complete
sample, along with the correction factors used.lAmthe final column indicates amfit measured flux
density; al indicates avstatmeasurement. A primary beam correction error of 20% of tifergince
between the corrected and un—corrected flux density hasibeetporated into the quoted errors.
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Name Siacuz, (MJIY) | Cpp | Measure
55w116 2.05+0.43 | 2.22 T
55w118 0.85+0.13 | 1.92 I
55w120 1.91+ 043 | 2.68 T
55w121 1.24+0.14 | 1.60 I
55w122 0.76+0.18 | 1.45 I
55w123 1.09+0.14 | 1.33 I
55w124 2.584+0.10 | 1.35 I
55w127 1.72+0.11 | 1.36 I
55w128 4,10+ 0.56 | 2.05 T
55w131 1.20+0.20 | 1.48 T
55w132 1.834+0.36 | 2.05 T
55w133 2.17+0.13 | 1.47 I
55w135 2.614+0.37 | 1.98 T
55w136 0.904+0.11 | 1.10 I
55w137 1.70+0.17 | 1.29 T
55w138 1.814+0.12 | 1.37 I
I
I
I
I
I
T
I
T
I
T
I
I
I
I
I
T
I
I
I
I
I
I
I
I
I
I

55w140 0.58+0.09 | 1.06
55wi141 0.60+£0.60 | 1.19
55w143a| 2.22+0.11 | 1.34
55w143b| 0.65+0.17 | 1.33
55w147 2.24+0.14 | 1.82
55w149 7.63£1.14 | 3.20
55w150 0.60+0.14 | 1.88
55w154 | 12.9Gt 0.44 | 1.13
55w155 1.63+0.15 | 1.55
55w156 4.024+0.26 | 1.19
55w157 1.61+0.13 | 1.68
55w159a| 6.61+0.21 | 2.69
55w159b| 1.08+0.31 | 2.55
55w160 0.77£0.09 | 1.32
55w161 0.87+0.16 | 1.87
55wl65a| 17.51+1.33 | 2.06
55w165b| 1.40+0.23 | 1.99
55w166 2.26+0.17 | 2.07
60w016 0.57+0.15 | 1.52
60w024 0.25+0.08 | 1.29
60w032 0.294+0.10 | 1.51
60w039 0.64+0.15 | 1.38
60w055 0.80+£0.27 | 2.34
60w067 0.65+0.11 | 1.70
60w071 0.59+0.19 | 1.42
60w084 0.54+0.16 | 2.08

Table 5.2: The primary—beam corrected flux densities for the (compateple) Lynx field B-array
observations along with the correction factors used. | Amthe final column indicates amfit mea-
sured flux density; & indicates avstatmeasurement. A primary beam correction error of 20% of the
difference between the corrected and un—corrected fluxitgemss been incorporated into the quoted
errors.
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Figure 5.1: The radio contour images, for the Lynx field complete samipten the VLA 1.4GHz B—
array observations. The beam size is 3.88.67’. Contours start at 3Qy/beam and are separated by
factors ofy/2. The images are centred on the optical host galaxy positionsChapter 3 if available.
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Figure 5.2: The B-array radio contour images, for the sources not irdlun the Lynx field complete
sample. The beam size is 8:44.5’. Contours start at 50)y/beam and are separated by factorg/df
The images are centred on the optical host galaxy positrons €Chapter 3 if available.
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5.3 FRI candidate selection

The high-resolution radio observations were, by necedsitjted to the best high—-redshift
FRI candidates only; the next step therefore, was to sdbesetcandidate sources from the
sample. The candidate criteria were, firstly, that theinested redshifts werg, 1.0 and, sec-
ondly, that extended emission was visible in their radiogmeahis extension was defined, by
inspection, as structure that deviated from a compact f@mce the high—resolution obser-
vations took place using two different instruments, the \HEAe Town (VLA+Pt) link (85.4.1)
and the MERLIN (Multi Element Radio Linked Interferometenyay (85.4.2), with slightly
different characteristics, as described below, two diffitisubsamples of these candidates were
observed. Where possible, candidate sources were inciadeoth observations to increase
the possibility of detecting significant extended emissidree of the high—redshift candi-
dates were not able to be included in either observation dugne constraints; these were
53w081 in Hercules and 55w155 and 55w166 in Lynx.

5.4 High resolution observations

54.1 VLA A+PieTown observations

The 27 radio antennae of the VLA can be linked with one of theramas of the Very Long
Baseline Array (VLBA) located 50km away from the array cendit Pie Town. The extra
baselines this adds means that the VLA+Pt can reach suleearas resolution at 1.4 GHz.

The candidate sources in the Hercules field, listed in TalBlevbere observed on 26th Septem-
ber 2004 with the VLA+Pt at 1.4 GHz (L band). The candidateX_gources were observed
similarly on 18th February 2006. Unlike the previous VLA AdaB array observations, the
wide field mode was not used, since off—centre sources wemeaessary for the results. One
channel, of 50 MHz bandwidth, and two IFs, of 1.385 and 1.46% Gwvere used for both
observations. The details of the exposure times for eaalts@an be found in Table 5.3. The
flux and point calibrator calibrator for both fields was 3C288@l the phase calibrators were
1727+455 for the Hercules and 0832+492 for the Lynx field.
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Hercules

Source Name Exposure Time (S)] S1.4cuz (MJy) | rms (uJdy)
53w054a 2600 1.82+ 0.07 29
53w054b 2600 2.58+ 0.07 29
53w059 2580 21.23+0.21 30
53w061 2580 1.68+ 0.06 28
53w065 2590 6.26+ 0.09 33
53w069 2570 3.50+ 0.18 36
53w087 2600 419+ 0.17 28
53w088 2590 14.11+ 0.09 30

Lynx
55w116 2550 0.91+0.16 49
55w120 2570 0.98+ 0.13 a7
55w121 2560 1.32+0.11 43
55w128 2570 2.94+ 0.45 a7
55w132 2560 1.02+0.19 45
55w133 2570 2.23+0.14 44
55w136 2580 0.76+ 0.17 44
55w138 2570 1.744+0.18 45

Table 5.3: Details of the VLA+Pt exposure times for the Lynx and Hersutégh—redshift candidate
sources, along with the resulting flux densities and nomédi

Data reduction and results

The flux density of 3C286 was set using the scale of Baars gtl8i77) and then, for each
dataset, CALIB was run on 3C286 to derive the initial gairusohs, restricting thewv—range
to 0—18 and including the inner 4 antennas on each arm onlgeteept it from being resolved.
The flux densities for 1727+455 and 0832+492 were adjustatigaight scale for the re-
spective observations, using the flux density of 3C286, had they were used to derive the
final calibration solutions. Again, to prevent resolutidie wv minimum for 1727+455 was
set to 6 and to 3 for 0832+492. These were again interpolatedver the full length of the
observations.

Each calibrated source observation was edited to removeldiadand then CLEANed using
10000 iterations, with a pixel size of 0/A%nd nearly pure uniform weighting to avoid down-
weighting the longest, PieTown, baselines and thus achigleresolution images. The noise
level reached for each source observation is given in Taldeabove and the resolution of
the images was typically 1/%0.6" with the highest resolution direction determined by the
location of the PieTown antenna.



Arc Secands

Arc Seconds

Arc Secands

5.4. HIGH RESOLUTION OBSERVATIONS

121

53w054a 53w054b 53w059
T 2 T 6 T T =
i 1
[ ] L ]
oL
. . N3
g g
_ 2 8
8 3
r 7 S 0p 7 & or ]
=4 g
< <
L 1
[ ] oL ]
L 1
o
| | | | | | -6l | | | N 4
1 0 -1 -2 1 -1 -2 6 2 -2 —4 -6
Arc Secands Arc Seconds Arc Secands
Center: R.A. 17 18 47.31 Dec +49 45 48.9 Center: RA. 17 18 49.97 Dec +49 46 12.1 Center: R.A. 17 19 20.19 Dec +50 00 21.2
53w061 53w065 53w069
A I 2F : - :
. 3 2 1
F B s B 0
; ]
.
r Nl %) 0
3 4
< e
8 8
F : ] & or ] 4 0 01
N o v
b 1 H H
_ ]
L 1 -1+ E
b 1 L ]
L L L L L L L -2 L L L = L L L L L
3 2 1 0 -1 -2 -3 —4 1 0 -1 -2 2 1 Q -1 -2
Arc Seconds Arc Seconds Arc Seconds
Center: R.A. 17 19 27.42 Dec +49 43 59.8 Center: R.A. 17 19 40.06 Dec +49 57 39.1 Center: R.A. 17 20 02.53 Dec +49 44 50.9
53w087 530088
T T T T 2 T
3 N ]
4 ] "
i 1 ¢
g
2
s
3 ] S
3 or
=4
|- % - <
3 5 1 L
L. L L L L L L L L L B L L L
4 3 2 1 0 -1 -2 -3 -4 1 Q -1 -2

Arc Seconds
Center: R.A. 17 21 58.91 Dec +50

Arc Secands

d:
Center: R.A. 17 21 59.11 Dec +50 08 42.8 11.53.4

Figure 5.3: The radio contour maps, for the Hercules field, from the VLAXR GHz observations,
centred on the optical host galaxy positions where avalaflhe beam size is typically 1.%0.6".
Contours start at 4@y/beam and are separated by factors/af

All the candidate sources included in the VLA+Pt observaiovere detected and their flux
densities were then measured witistat these can be found in Table 5.3. The corresponding
contour plots can be found in Figure 5.3 and 5.4.
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5.4.2 MERLIN observations

The MERLIN observations were done in wide—field mode, witlnaividual field size of about

2.5 radius. Consequently, the pointing positions were designeh that the maximum number
of non—candidate sources could also be observed whilsingfiliding most of the candidates.
Whilst these extra sources were not selected as high—fe#gticandidates, observing them
at higher—resolution may help to classify some of the loveeishift objects in the sample. It



5.4. HIGH RESOLUTION OBSERVATIONS 123

should be noted that 53w091, one of the sources not includégticomplete sample, was also
included in the MERLIN observations as a result of this pssce

MERLIN consists of up to 7 antennas spread across the UKygvaselines up to 217km and
a resolution, at L—band, 6£0.15’. The sources were observed with MERLIN on 11th March
2005 for the Hercules and on 13th, 19th, 20th, 28th and 29th R®6 for the Lynx field,
both using 32 channels, with a combined bandwidth of 15.5 MHree 2.5sub-fields were
used in the Hercules field and 4 in the Lynx field; at this disgafiom the pointing centre the
bandwidth smearing is 10%. It should be noted that due to technical problems the LLovel
telescope, the largest antenna in the array, was only iadlirdthe observations of Lynx B, C
and D; this increased the sensitivity for these subfields tag@r of ~2.2.

For the Hercules subfields, the flux calibrators used were88Ghd OQ208 and the phase
calibrator was 1734+508. For three of the Lynx subfields (Band D), the flux calibrators
were again 3C286 and 0Q208; for Lynx A however 3C286 and 2034-+vere used. The
Lynx phase calibrator was 0843+463. Two flux calibratorsreseessary as 3C286 is resolved
on all but the shortest MERLIN baselines. All subfields wedpseyved for 12 hours.

Data reduction and results

The reduction of MERLIN data is slightly different from thesthods already described for the
VLA. In particular, the initial data editing and calibrationust be done at Jodrell Bank, using
local software specifically written for the array. The adeae of this is that MERLIN staff
are available for consultation; these data were reducddthét help of Tom Muxlow and Peter
Thomasson for the Hercules and Lynx subfields respectively.

The visibilities for the flux and phase calibration sourcdsiclv were corrupted because of
individual telescope faults or radio interference, wergdkd and removed using the local tool
dplot The flux, Sp of 0Q208 or 2134+004, depending on the observation, wasrtheyhly

calculated using
Ap

A3cos6

Sp = S3c286 (5.3)

whereS3cog6 IS the assumed flux density of 3C286 in the scale of Baars €1L@F.7) andAp
and Ascaog6 are the raw amplitudes of the two calibrators measured osttbeest baselines.
For these observations, the flux density value of 3C286 usedl®.63 Jy; this resulted in flux
densities for 2134+004 of 5.11 Jy and 1.18 Jy for 0OQ208, wiiete then used to apply rough
calibrations to the relevant subfields. Finally the dataenmmverted into the FITS format and
loaded into AIPS.
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Once in AIPS the first step was to check the data for the catitgaand flag any remaining
bad visibilities. The target data for Hercules and Lynx wiren fully calibrated in phase
and amplitude using the phase calibrator source. This was dsing the MERLIN pipeline
(Diamond et al., 2003) which uses the AIPS calibration tagikis MERLIN specific inputs to
produce the best results. Data which included the Lovedistape were then reweighted to
account for the different sensitivities of the instrumentthe array.

Finally each subfield was Fourier transformed and decoedote form the final CLEANed
image. To minimise the non—coplanar array effects the eearfteach subfield was again shifted
to the position of each source it contained and treated atghar Each source facet was 512
by 512 pixels with 0.04%pixel. The rms noise reached for each source can be founahiled
5.4 and 5.5. This process was then repeated for Lynx subfl@sand D, with all baselines
including the Lovell telescope removed from the data. Thés\done as, without Lovell, an
76m diameter dish, the MERLIN antennae are all comparabsgzim (similar to those of the
VLA) and so a simple primary beam correction method can béegpprhe non-Lovell images
were therefore used to measure the primary—beam correateddhsities of the sources but
the deeper, Lovell included, images were used for the madogieal classification. The rms
noise reached in the non—-Lovell images can also be foundtte Eab.

For the Hercules sources, one candidate and one of the'‘srtieces were resolved out; the
rest were all detected. In the Lynx subfields all the candilatere detected and 3 of the
‘extra’ sources were resolved out. A primary beam correcti@as then applied to correct
for the attenuation of the primary beam on the off-centreceiand the flux densities were
measured; the resulting values can be found in Tables 5.%5.and he corresponding contour
maps can be found in Figures 5.5 and 5.6.
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Hercules
Sub—field] Name | Siscm, (MIy) | Cpp | rms (uJdy)

A 53w054a| 1.47+0.13 | 1.03 41
A 53w054b| 1.83+0.13 | 1.02 41
A 53w057 | 2.04+0.14 | 1.00 40
B 53w059 | 18.87+0.62 | 1.06 46
A 53w061 | 1.064+0.10 | 1.03 34
B 53w065 | 4.624+0.18 | 1.05 46
B 53w066 | 3.32+0.18 | 1.00 47
B 53w070 | 2.294+0.15 | 1.08 46
C 53w087 * 43
C 53w088 | 10.80+0.18 | 1.05 49
Extra sources
C 53w082 | 2.40+0.15 | 1.09 45
C 53w089 * 42
C 53w091 | 32.81+1.00 | 1.04 47

Table 5.4: The primary beam corrected flux densities and un—primarynbearrected noise levels
found from the Hercules MERLIN observations. A * indicatesaarce which was resolved out. All
flux densities were measured usitwgtat A primary beam correction error of 20% of the difference
between the corrected and un—corrected flux density hasibeetporated into the quoted errors.
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Lynx
Sub—field| Name | Si4qu. (MJy) | Cpp | Measure| rms (Lovell) | rms (no Lovell)
(1Jdy) (1Jdy)

C 55w116 | 1.684+-0.34 | 1.06 T 30 68
C 55w121 0.97+0.14 | 1.05 I 32 71
B 55w128 | 1.52+0.32 | 1.04 T 29 67
B 55w132 1.294+0.31 | 1.01 T 28 65
D 55w133 | 1.63+0.17 | 1.04 I 30 68
D 55w136 0.44+0.19 | 1.04 T 28 68
B 55w138 | 1.164+0.26 | 1.01 T 30 67
D 55wl143a| 1.734+0.20 | 1.05 T 37 62
A 55wl159a| 4.71+0.18 | 1.04 | — 98

Extra sources
C 55w118 | 0.774+£0.19 | 1.01 I 32 68
C 55w122 0.32+0.15 | 1.07 I 30 67
C 55w123 | 1.014+0.12 | 1.03 I 33 70
C 55w124 3.26+0.14 | 1.05 I 32 76
B 55w127 1.31+0.31 | 1.08 T 27 64
B 55w131 * 28 65
B 55w137 1.144+0.17 | 1.02 T 28 63
D 55w141 0.26+0.10 | 1.02 I 32 66
D 55w143b| 0.31+0.11 | 1.04 I 33 67
A 55w150 * — 102
A 55w157 251+0.30 | 1.04 I - 108
A 55w159b * 1.04 — 96
C 60w016 0.48+0.16 | 1.02 T 33 72

Table 5.5: The primary beam corrected flux densities and un—primarynbearected noise levels,
both with and without the Lovell telescope in the array, fddrom the Lynx MERLIN observations. A
* indicates a source which was resolved out. A primary beamrection error of 20% of the difference
between the corrected and un—corrected flux density hasibesiporated into the quoted errors. A ‘T’
indicates d@vstatmeasurement and an ‘I’ indicates ianfit measurement.
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Figure 5.5: The radio contour maps, for the Hercules field, from the MBRILI4 GHz observations,
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5.5 Comparison of results

The flux densities for the sources in the sample in all theedsffit radio observations are gath-
ered together in Tables 5.6 and 5.7. Comparing the valuesciear that, for some sources,
significantly more flux was detected in the A or B—array obagowns than in the, lower resolu-
tion, Oort et al. (1987; 1985) data, as shown in Figure 5.7s @lscrepancy occurred because
of the different measurement methods used; Oort et al. rdated all their flux densities using
a two dimensional elliptical Gaussian fitting routine, whigorks well for pointlike sources,
but fails for sources which are even slightly extended. Tran4 B—array flux densities on the
other hand were measured with the Gaussian fittingitafikor the total flux density measur-
ing tasktvstat depending on the amount of source extension present, ¢isuting in more
accurate results.

1 ‘(SA/SJ

-6 L . . L] , ,
1 10 100
Sy / mdy

Figure 5.7: A comparison of the VLA A—array{s) and Oort et al. (1985; 1987F) flux densities
for both fields. Compacimfit measured, sources are shown as diamonds and extévstatmeasured,
sources are overplotted with blue crosses.

The second point to be noted when comparing the values is fratany of the sources,
the measured flux density decreases as the resolution ofofervations increases; this is
illustrated in Figures 5.8 and 5.9. For the non—quasar ssuitis likely that this loss indicates
the presence of resolved—out, extended emission, whitieialisence of hotspots may indicate
an FRI-type structure. Quasars are often variable so anygléingity loss they exhibit is likely
to be due to this.
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Figure 5.8: The flux density loss between the A—arré8p ) and PieTown §p) and MERLIN (Sy;)
observations for the Hercules field.

Since the resolutions of the four radio observations areiffereht, it is hard to gain an
overview of the structure of individual sources in the samijpbm considering Figures 2.2,
2.3, 5.1, 5.3, 5.4, 5.5 and 5.6 alone. Therefore, Figured &xtl 5.11 show, for the sources
included in the VLA+Pt or MERLIN observations, all the radiontour maps at the same scale,
centred on the optical host galaxy positions, if availablethe A—array position if ndt col-
lecting the images together like this illustrates the poafehe high resolution observations in
differentiating FRI objects from FRIlIs. For example, thertides field source 53w059 is an
FRI candidate in the A—array data but it is only in the MERLINMpnshowing its inner jet and
resolved out lobes, that it can be firmly classified as suchth®@mwther hand, the A—array im-
age of the Lynx field source 55w138 does not show any clearctateland whilst the VLA+Pt
map indicates that it is extended, the MERLIN map is needeshtov the location of the jet
hotspots.

The starburst galaxy 55w127 is not included in this Figuri issnot an FRI candidate
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MERLIN (Syr) observations for the Lynx field.
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Name SOort SA SPt SMer
53w052 | 8.00+0.34 | 9.31+1.17
53w054a| 2.07+0.19 | 2.144+0.35 | 1.82+0.07 | 1.47+0.13
53w054b| 2.08+0.19 | 2.44+0.32 | 2.58+0.07 | 1.83+0.13
53w057 | 1.96+0.14 | 1.95+0.21 2.04+0.14
53w059 | 19.40+ 1.00| 23.81+ 1.21 | 21.23+ 0.21 | 18.87+ 0.62
53w061 | 4.76+-0.43 | 1.44+0.18 | 1.68+0.06 | 1.06+ 0.10
53w062 | 0.73+0.10 | 1.08+ 0.07
53w065 | 5.54+0.20 | 5.89+0.14 | 6.26+0.09 | 4.62+ 0.18
53w066 | 4.27+0.17 | 4.53+0.15 3.32+0.18
53w067 | 21.90+ 0.90 | 36.68+ 3.97
53w069 | 3.82+0.17 | 5.25+0.31 | 3.50+ 0.18
53w070 | 2.56+0.14 | 2.61+0.17 2.29+ 0.15
53w075 | 96.80+ 3.30 | 99.82+ 6.83
53w076 | 1.94+0.17 | 6.93+0.92
53w077 | 6.51+0.39 | 18.11+ 1.01
53w078 | 0.74+0.12 | 1.84+0.20
53w079 | 11.70+ 0.50 | 11.10+ 1.56
53w080 | 25.90+ 0.90 | 31.11+ 2.42
53w081 | 12.10+ 0.50 | 12.93+ 1.08
53w082 | 2.50+0.19 | 2.97+0.47 2.40+ 0.15
53w083 | 5.01+0.25 | 5.06+ 0.64
53w084 | 0.68+0.12 | 1.01+0.19
53w085 | 4.52+0.22 | 4.94+ 0.65
53w086a| 1.62+ 0.30 | 4.06+ 0.54
53w086b| 2.44+0.30 | 6.13+0.74
53w087 | 5.58+0.35 | 14.35+ 2.23 | 4.19+ 0.17 *
53w088 | 14.10+ 0.70 | 14.52+ 2.92 | 14.11+ 0.09 | 10.80+ 0.18
53w089 | 3.04+0.26 | 3.58+0.62 *
66w009a| 1.144+0.21 | 1.50+ 0.22
66w009b| 0.70+0.21 | 0.91+0.16
66w014 | 3.34+0.51 | 0.60+0.09
66w027 | 0.57+0.11 | 0.67+0.13
66w031 | 0.76+0.14 | 0.97+0.12
66w035 | 0.63+£0.09 | 0.71£0.06
66w036 | 0.78+0.11 | 3.70+0.29
66w042 | 0.78+0.14 | 1.99+0.26
66w047 | 0.60+0.10 | 1.16+0.10
66w049 | 1.38+0.27 | 2.17+£0.22
66w058 | 1.89+0.16 | 1.72+0.24

Table 5.6: The complete set of flux densities for the sources in the Hesdield complete sample. A
“*" indicates a source which has been resolved out.
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Name SOort SB SA SPt SMer
55w116 | 1.36+0.12 | 2.05+0.43 | 1.52+0.25 | 0.91+0.16| 1.68+ 0.34
55w118 | 0.91+0.09 | 0.85+0.13 | 0.74+0.11 0.77+0.19
55w120 | 1.83+0.16 | 1.91+0.43 | 1.67+0.29 | 0.98+ 0.13
55w121 | 1.21+0.09 | 1.24+0.14 | 1.04+0.11 | 1.32+0.11 | 0.97+0.14
55w122 | 0.56+0.08 | 0.76+0.18 | 0.66+ 0.12 0.32+ 0.15
55w123 | 2.01+0.10 | 1.09+0.14 | 1.174+ 0.08 1.01+0.12
55wi124 | 4.67+0.17 | 2.58+ 0.10 | 2.794+ 0.16 3.26+ 0.14
55w127 | 1.81+0.10 | 1.72+0.11 | 1.64+0.11 1.31+0.31
55w128 | 3.34+0.18 | 4.10+£0.56 | 4.774+0.54 | 294+ 0.45| 1.52+ 0.32
55w131 | 1.01+0.10 | 1.20+0.20 | 0.74+0.11 *
55w132 | 1.10+0.11 | 1.83+0.36 | 1.664+0.23 | 1.02+0.19| 1.29+ 0.31
55w133 | 2.20+0.11 | 2.17+0.13 | 2.25+0.16 | 2.23+0.14| 1.63+ 0.17
55w135 | 2.60+0.14 | 2.61+0.37 | 3.86+0.44
55w136 | 1.02+0.07 | 0.90+0.11 | 0.92+0.08 | 0.76+ 0.17| 0.44+ 0.19
55w137 | 1.60+0.09 | 1.70+0.17 | 1.66+0.11 1.144+ 0.17
55w138 | 1.82+0.10 | 1.81+0.12 | 1.99+0.15 | 1.74+0.18| 1.16+ 0.26
55w140 | 0.79+£0.20 | 0.58+0.09 | 0.55+ 0.06
55w141 | 0.87+0.07 | 0.60+0.11 | 0.43+ 0.06 0.26+ 0.10
55w143a| 2.41+0.11 | 2.22+0.11 | 2.194+ 0.13 1.73+ 0.20
55w143b| 0.57+0.09 | 0.65+ 0.17 | 0.33+ 0.06 0.31+0.11
55w147 | 1.724+0.11 | 2.24+0.14 | 1.97+0.19
55w149 | 7.10+0.32 | 7.63+1.14 | 7.82+1.11
55w150 | 0.95+0.10 | 0.60+0.14 | 0.63+0.10 *
55w154 | 12.104+ 0.40 | 12.90+ 0.44| 13.71+0.40
55w155 | 1.83+0.10 | 1.63+0.15 | 1.70+0.14
55w156 | 4.14+0.16 | 4.02+0.26 | 4.78+0.21
55w157 | 1.374+0.10 | 1.61+0.13 | 1.24+0.12 2.51+0.30
55wi159a| 6.70+0.29 | 6.61+0.21 | 6.49+ 0.82 471+ 0.43
55w159b| 0.754+0.13 | 1.08+0.31 | 1.00+ 0.19 *
55w160 | 0.944+0.08 | 0.77+0.09 | 0.81+0.07
55wi161 | 1.34+0.14 | 0.87+0.16 | 1.254+ 0.15
55w165a| 18.124+ 0.54 | 17.514+1.33 | 18.88+ 1.54
55wl165c| 0.784+0.40 | 1.40+0.23 | 0.92+0.14
55w166 | 2.46+0.14 | 2.26+0.17 | 2.31+ 0.26
60w016 | 0.62+0.08 | 0.57+0.15 | 0.88+0.14 0.48+ 0.16
60w024 | 0.51+0.09 | 0.25+0.08 | 0.37+0.05
60w032 | 0.54+0.09 | 0.29+0.10 | 0.46+ 0.08
60w039 | 0.65+0.09 | 0.64+0.15 | 0.72+ 0.16
60w055 | 0.51+0.08 | 0.59+0.19 | 0.60+ 0.09
60w067 | 0.56+0.09 | 0.80+0.27 | 0.62+0.12
60w071 | 0.50+0.08 | 0.65+0.11 | 0.58+ 0.15
60w084 | 0.85+0.17 | 0.54+0.16 | 1.354+0.23

Table 5.7: The complete set of flux densities for the sources in the Lygld fomplete sample. A **

indicates a source which has been resolved out.
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5.6 FRI identification and classification

The most secure method of FRI classification, the detecfisreak extended emission relative
to compact cores, is impossible for the majority of the sangolurces due to the lack of firm
jet detections. FRI-type, as described above, can alsofeedd by comparing the source
flux densities at the low and high resolutions; a drop in flursity indicates the presence of
resolved—out, extended emission, which in the absencetgpbis is likely to be due to an FRI.

The classifications were therefore done by inspecting theceanorphologies where possible,
and by using the flux—loss method where not, ignoring theiplysgriable quasars. However,
since the comparison between the Oort et al. (1987; 1985 tend\—array data cannot be
relied upon to determine flux density loss, as discussedealibe only loss comparison that
could be done for the Hercules field was between the A-arrdyam—Pt or MERLIN data.
As a result, Hercules sources which were not covered by tieehiresolution observations,
and which showed no obvious FRI-type jets in the A—arrayoradiaps, could not be firmly
classified. For the Lynx field sources, the existence of tharBry observations, which are of a
similar resolution to the Oort et al. (1985), meant that¢hesuld be used for a more internally
consistent comparison with the A—array, MERLIN and VLA-Btal instead.

Considering all these factors, five classification groupsevdefined for the sample. Group:

1. =Certain FRIs — these clearly show typical weak, edgdwetied, FRI jets and compact
cores,

2. = Likely FRIs — these show some morphological extensiorsistent with an FRI struc-
ture, but not enough to be definite FRIs, along with a flux Idsdsoor greater at higher
resolution,

3. = Possible FRIs — either no extension is seen for thesea®lut they still lose> 3o
of their flux when going to higher resolution, or some extensionsistent with an FRI
structure is seen but little flux is lost,

4. = Not FRIs — this group consists of sources which eitheehmavflux loss or have bright
FRIl-type jets,

5. = Unclassifiable sources — this group is for sources in tetides field which are com-
pact in the A—array maps, lose no flux between the Oort et dl Aasarray data and were
not included in the higher resolution observations.

The flux density loss between all the different observatimas calculated usingl — %1)
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whereS;,, andS;, are the flux densities measured in the higher and lower résoturespec-
tively. Theo values for these losses were then found by dividing the Igstsizorresponding
error; these can be found in Tables 5.8 and 5.9 wi8sr losses highlighted in bold. Each
source was classified into one of the groups in turn using tvecfiart shown in Figure 5.12.
For the sources that were classified by morphology alongyriteess was repeated by two fur-
ther, independent, testers to ensure that the results wasistent. If there was a disagreement
between the three testers, the median grouping value was.takhe results given by each
tester, along with the final groups assigned to these, ancghef the sample, can be found in
Tables 5.8 and 5.9.

5.7 Chapter summary

In this Chapter the flux densities resulting from the redurctf the low-resolution Lynx—field
B—array and high—resolution VLA+Pt and MERLIN observatiomere presented. These val-
ues, along with those for the VLA A—array and the previousiplshed Oort et al. (1985;
1987) were then used to sort the complete sample into 5 fitatgin groups. The final num-
bers were 8, 10, 24, 33 and 6 sources in classification grotfpsekpectively.
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Name op/a | omya | Test1] Test2] Test 3| Final
Group Group

53w052
53w054a | 1.06 | 2.46
53w054b | -0.40 | 2.22
53w057 -0.35
53w059 | 2.35 | 4.33 1 1 1
53w06F | -1.07 | 2.22
53w062
53w065 | -2.16 | 5.96
53w066 5.81 3
53w067
53w069 | 6.33 2 1 1
53w070 1.54
53w075?
53w076
53w077 4 4 4
53w078
53w079
53w08 4 4 4
53w081
53w082 1.38
53w083
53w084
53w085
53w086a
53w086b 3
53w087 | 15.08| *
53w088 | 0.14 | 1.71
53w089 *
66w009a
66w0090' 2
66w014
66W027 5
66w031
66wW035 3
66wW036
66wW042 2
66W047
66wW049
66wW058

w

=
N W
=N

N
N
=

N
w w
NN

N
N W W
R RN

GbhhwdNdDNOWWRARMMRMPPOWODNWDNWOOMOOROOWRARNDRARPPOMNMNOWER R™ADMD

Table 5.8: The o flux density loss and classification groups for the sourcethénHercules field
complete sample with values of3o highlighted in bold. A, P and M represent the VLA A-array, VLA
A+Pt and MERLIN observations respectively. A **' indicatassource which was resolved out in the
MERLIN observations. Sources previously classified adstat galaxies and quasars are labeled with
the superscripts ‘SB’ and ‘Q’ respectively. ‘Test 1’ etcfems to the classifications assigned by each
independent tester.
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Name | oa/m | op/s | op/a | oM/ | omya | Test1] Test2] Test 3| Final
Group Group
55w116 | 1.30 | 459 | 2.79| 0.75 | -036 | 4 3 3 3
55w118 | 0.68 0.36 | -0.13 4
55w120 | 0.50 | 3.64 | 3.26 2 3 2 2
55w121 | 1.23 | -0.43| -1.54| 1.52 | 0.40 3
55w122 | 0.51 2.62 | 2.12 3
55w123 | -0.47 0.45 | 1.14 4
55w124? | -1.10 -3.55 | -2.01 4
55w1275 | 0.52 1.26 | 1.01 4
55w128 | -0.79| 1.92 | 3.26 | 6.71 | 8.86 1 2 1 1
55w131 | 2.77 * * 2 2 1 2
55w132 | 0.43 | 2.98 | 2.74 | 1.36 | 1.04 4 3 3 3
55w133 | -0.38| -0.31| 0.09 | 2.75 | 3.01 2
55w135'5 | -1.80 4
55w136 | -0.15| 0.72 | 0.87 | 2.38 | 2.54 4 4 3 4
55w137 | 0.20 2.69 | 2.74 3
55w138 | -0.91| 0.33 | 1.13 | 2.78 | 3.08 3 4 2 3
55w14@¢ | 0.29 4
55w141 | 1.70 3.07 | 1.59 3
55w143a | 0.18 2.28 | 2.08 3 3 2 3
55w143b | 3.01 2.49 | 0.16 3
55w147 | 1.19 4
55w149 | -0.12 1 1 1 1
55w150 | -0.17 4
55w154 | -1.31 1 1 1 1
55w155 | -0.33 4
55w156 | -2.01 1 1 1 1
55w157 | 2.34 -2.48 | -3.26 4
55w159a | 0.14 417 | 2.42 2 2 2 2
55w159b | 0.23 * * 3
55w160 | -0.34 4
55w161 | -1.39 3
55w165a | -0.65 1 1 1 1
55w165b | 2.36 4
55w166 | -0.16 4
60w016 | -1.14 0.45 | 2.28 3
60w024 | -0.93 4
60w032 | -0.97 4
60w0395 | -0.35 4
60w055 | -0.05 4
60w067 | 0.74 4
60w071 | 0.38 4
60w084 | -1.75 3

Table 5.9: Theo flux density loss and classification group for the sourcelénLiynx field complete
sample with values of 3¢ highlighted in bold. B, A, P and M represent the VLA A and B-agtrVLA
A+Pt and MERLIN observations respectively. A *' indicatassource which was resolved out in the
MERLIN observations. Sources previously classified adstat galaxies and quasars are labeled with
the superscripts ‘SB’ and ‘Q’ respectively. ‘Test 1’ etcfars to the classifications assigned by each
independent tester.
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Yes
Is the source classed as a R Group 4
starburst galaxy? P
| —
0
Definite FRI
> Group 1
- Yes \ )
Can the source be classified
by morphology alone?
0
Likely FRI
> Group 2
~
Possible FRI (
Yes > Group 3
Is the source classed
as a quasar?
> Group 4
Does it show any
extension?
No
) 4
> Group 4
Does it show any
extension?
Yes
> Group 3
Yes
| —

Is there >30 loss
in the higher resolution
observations?

No suitable

Yes No

observations

Is there >30 loss
in the higher resolution
observations?

Yes No

Group 3 Group 4

Group 5

Figure 5.12: The procedure followed for the source morphological cfasgion.
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CHAPTERDG

Investigating the FRI subsample

Now that the radio sample has been classified, the source®upg 1-3 (the certain, likely
and possible FRIs) can be used to investigate the changestimaving space density over the
redshift range of the sample. Alongside this, since thecaptnagnitudes of the sample have
been determined, a first attempt can be made at determininbeahaviour of the FRI/FRII
dividing luminosity at different cosmic epochs. This cteptherefore, outlines the methods
which were employed to achieve these two measurements alitin the results obtained.

6.1 Measuring the co-moving space density

This section describes the steps taken to measure the nhiamanaximal co—moving space
density of the three FRI groups in the sample. Firstly, thraipeters used for the measurement
are defined, followed by the methods used to determine tlad kiRl space density, and finally,
the space—density calculation is described.

6.1.1 Setting up the measurement

For the radio sample considered here the number and widédshift bins used depends on the
0.5 mJy flux density limit of the sample, since the total rgatbver of an object is a function
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of both z and S; this is illustrated in Figure 6.1 for powei®?? < P 4qu, < 10%° W/Hz
(calculated assuming am of 0.8 — the typical average value for radio galaxies). Itleac
from this that whilst a sample source with a radio powei@f W/Hz can be seen out to a
redshift of 0.26 with this flux density limit, a source with @her power ofl0%> W/Hz can be
seen out to higher distances; in this case to a redshift & IT®erefore, to ensure accurate
space density calculations over a wide redshift range, #irignpower, Py;,,,, of 1025 W/Hz
was imposed on the FRI subsample; this corresponds to a maxiedshift,z,,,.., of 1.86 for
sources oty = 0.8, at the sample flux density limit.

2 W/Hz
5 Wy
> W/Hz - — - -
5 Wy —— -
) * W/Hz —---—---
Siagne = 05 mly — — —

0.5

©
o

109(S; 4gr./ MIY)

L\ NN S

-0.5

[V N

o
N
[@N]

Figure 6.1: The variation of flux densityS, with redshift for five different radio powers. The flux
density sample limit of 0.5 mJy is indicated by the long dakliree.

The space densities were calculated in 4 redshift bins othw@d5, covering the range
0.0 < z < 2.0. The upper end of the finat, = 1.5 — 2.0, bin exceeded the value 6f,.y
corresponding to the limiting flux density far = 0.8; as a result the individual maximum
redshifts of the sources in this bin were determined, sodhigtthe volumes over which each
source could be observed were used to find the density here.

It should be noted that the redshift limit strongly dependsttee value ofa used. This is
illustrated by Figure 6.2, in which is plotted the variatiohflux density with redshift for a
radio power ofl0?® W/Hz, calculated using values in the rarjg < o < 1.5; as the spectral
index steepens;,.x decreases from 2.16 to 1.43. It is important to stressdhateds to be

> 1.37 beforezy.y falls below the start of the final redshift bin, for the linmigj power of102°
WI/Hz. This spectral index is steeper than that found forregséy all radio sources which
suggests that the space density results ircthel .5 bins are robust to changes in the assumed
value ofa.
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Figure 6.2: The variation of flux density with redshift, faP, 4qm, = 102° W/Hz, calculated using
11 different values ofv.

The three different FRI classification groups used meaniianimum (group 1 only), maxi-
mum (groups 1, 2 and 3) and probable (groups 1 and 2) FRI spesityl could be calculated.
Additionally, the two HDF+FF sources were incorporatea igtoup 1 and the HDF+FF area
was added into the Hercules and Lynx areas determined bytleabimaging. The flux densi-
ties used to calculate the source radio powers are thodémgdtom the A—array observations,
and sources that were previously classified as starburaxigalhave been removed from the
sample. The spectral indices for 51% of the Hercules fieldcgsuwere taken from Wadding-
ton et al. (2000); for the remainder of the sample/as assumed to be 0.8. The validity of this
assumption was tested by recalculating the radio poweng isio extremey values of 0.5 and
1.8 for all the sources in the sample. Up to and includingeHiesits, the number of sources
in each bin does not change. Tables 6.1 and 6.2 summarisesatietudes, redshifts, FRI
grouping and radio power for the complete sample, and iteoahich sources were included
in the space density calculations here.

6.1.2 The local FRI space density

An accurate measurement of the local FRI space densityadkfeit determining whether the
sample described here demonstrates a density enhancentégit aedshift. This can be ob-
tained by directly measuring the FRI numbers in two diffélenal, complete, radio samples.

The first local measurement was carried out using a compldgtsasnple of the 3CR galaxy
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Hercules
Name r i K z Origin | log P FRI In
(63.9 kpc) | (63.9 kpc)| (63.9 kpc) Grouping | p?
53w052 21.19 20.74 - 0.46 la 24.82 3
53w054a| 23.58 23.46 18.17 151 3 24.95 4
53w054b - - 19.75 3.50 3 25.53 4
53w057 24.53 - - 1.85 4 25.06 4
53w059 24.17 - - 1.65 4 26.60 1 X
53w061 21.13 20.77 - 2.88 1b 25.34 3
53w062 21.67 20.80 - 0.61 la 24.08 5
53w065 22.84 23.14 - 1.185| 1la 25.75 2 X
53w066 - - - 1.82 1b 25.99 3 X
53w067 21.94 21.22 - 0.759| 1a 25.94 1 X
53w069 24.97 - - 1.432] 1la 25.78 1 X
53w070 22.05 21.21 - 1.315 2 25.06 4
53w075 21.12 20.69 - 2.150| 1la 27.44 4
53w076 19.41 18.75 - 0.390| 1a 24.55 2
53w077 21.69 20.80 - 0.80 la 25.71 4
53w078 18.29 17.54 - 0.27 la 23.57 3
53w079 20.54 19.62 - 0.548| 1a 24.94 5
53w080 18.37 18.00 - 0.546| 1a 25.53 4
53w081 23.64 23.01 - 2.060| 1la 26.54 5
53w082 24.86 - - 2.04 4 26.17 4
53w083 21.94 21.28 - 0.628| 1a 24.86 5
53w084 24.61 - 19.29 2.73 3 25.70 5
53w085 22.01 21.77 - 1.35 la 25.85 3 X
53w086a| 20.10 19.32 - 0.46 4 24.47 2
53w086b| 21.69 20.56 - 0.73 2 25.01 3 X
53w087 - — - >3.7 3 >27.1 2
53w088 - - - 1.773| 1la 26.02 3 X
53w089 23.84 - - 0.635| 1a 24.85 3
66w009a| 22.68 21.93 16.51 0.65 3 24.39 4
66w009%b| 17.19 16.67 13.26 | 0.156| 1la 22.76 4
66w014 - - - - - - 4
66wW027 17.99 17.46 - 0.086 2 22.07 4
66w031 22.45 22.23 17.76 | 0.812 2 24.43 3
66wW035 23.31 22.95 18.94 2.26 3 25.35 3
66w036 22.60 21.63 17.26 | 0.924 2 25.15 2 X
66wW042 21.16 20.96 - 0.65 4 24.51 2
66w047 19.38 18.87 - 0.37 4 23.71 3
66w049 22.41 21.98 - 0.95 4 24.95 4
66w058 - — - >2.3 4 >25.8 5

Table 6.1: The magnitudes, redshifts, FRI groupings and radio powethi® Hercules field. An ‘X’

in the last column indicates that a source is included inthg?®> W/Hz space density calculations and
the corresponding photometric errors can be found in TatlleRr the ‘Origin’ column, (1a) and (1b)
indicates a previously published redshift, (a — spectmsctWaddington et al., 2000; Bershady et al.,
1994), b— photometric (Waddington et al., 2001)), (1c) ¢éatiés the redshift came from the SDSS, (2)
indicates a DOLORES spectroscopic value, (3) is a K-z estinfd) is a r—z estimate. The FRI group-
ings are: (1) — certain FRI; (2) — likely FRIs; (3) — possibRIE; (4) — not FRIs; (5) — unclassifiable

sources.
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Lynx
Name r i K z Origin | log P FRI In
(63.9 kpc) | (63.9 kpc)| (63.9 kpc) Grouping | p?
55w116 21.84 20.97 - 0.851 2 24.68 3
55w118 21.24 20.84 - 0.66 4 24.10 4
55w120 - - 17.96 1.35 3 25.20 2 X
55wi121 22.98 - 19.17 2.57 3 25.65 3
55w122 20.66 20.47 - 0.55 4 23.86 3
55w123 22.71 22.79 17.10 0.87 3 24.59 4
55w124 21.16 21.22 - 1.335 2 25.41 4
55w127 13.45 13.39 - 0.04 4 22.14 4
55w128 - - - 1.189 2 25.52 1 X
55w131 23.02 21.62 - 1.124 2 24.65 2
55w132 - - - >4.4 3 >26.4 3
55w133 25.15 - - 2.24 4 25.84 2
55w135 - - 13.12 | 0.090| 1c 22.88 4
55w136 23.45 - 18.81 2.12 3 25.40 4
55w137 - - - 0.151 2 22.99 3
55w138 - - 19.34 2.81 3 26.02 3
55w140 20.75 20.96 - 1.685 2 24.94 4
55w141 - - - >1.8 4 >24.9 3
55wi143a| 25.03 - - 2.15 4 25.79 3
55w143b| 25.11 - - 2.21 4 25.00 3
55w147 22.90 - 17.51 1.07 3 25.03 4
55w149 16.34 15.80 - 0.151 2 23.66 1
55w150 20.70 20.00 - 0.470 2 23.68 4
55w154 19.25 18.64 - 0.330 2 24.66 1
55w155 - - — >3.7 3 >26.2 4
55w156 22.56 22.84 17.07 0.86 3 25.19 1 X
55w157 21.77 21.15 - 0.557 2 24.15 4
55wi159a| 23.38 - - 1.29 4 25.74 2 X
55w159b| 18.74 18.15 - 0.311| 1c 23.47 3
55w160 21.33 20.17 - 0.600 2 24.04 4
55w161 19.94 19.33 - 0.44 4 23.91 3
55wl65a| 21.31 20.26 - 0.68 4 25.54 1 X
55wi165b| 21.62 20.86 - 0.75 4 24.33 4
55w166 22.54 21.81 - 0.99 4 25.02 4
60w016 22.55 21.38 - 0.840 2 24.43 3
60w024 21.94 20.78 - 0.773 2 23.96 4
60w032 - - >1.8 4 >24.9 4
60w039 17.08 16.63 - 0.151 2 22.63 4
60w055 21.63 20.57 - 0.718 2 24.11 4
60w067 - - - >1.8 4 >25.1 4
60w071 23.28 - - 1.25 4 24.67 4
60w084 17.58 16.85 - 0.127| 1c 22.74 3

Table 6.2: The magnitudes, redshifts, FRI groupings and radio powethi® Lynx field. An ‘X’ in

the last column indicates that a source is included inth&)*> W/Hz space density calculations and
the corresponding photometric errors can be found in TalleRr the ‘Origin’ column, (1a) and (1b)
indicates a previously published redshift, (a — spectmpisciWaddington et al., 2000; Bershady et al.,
1994), b— photometric (Waddington et al., 2001)), (1c) ¢atks the redshift came from the SDSS, (2)
indicates a DOLORES spectroscopic value, (3) is a K-z estinfd) is a r—z estimate. The FRI group-
ings are: (1) — certain FRI; (2) — likely FRIs; (3) — possibRIE; (4) — not FRIs; (5) — unclassifiable
sources.
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survey (Laing et al., 1983) which contains 30 FRI source$ Wit;sy, > 10.9 Jy (corre-
sponding toS; 4cm, > 2.09 Jy, usinga = 0.8), in an area of 4.24 sr. A source with power
Pim = 10%° W/Hz anda = 0.8, can be seen out to a redshift of 0.046 if it was in this survey.
Converting the 3CR flux densities to 1.4 GHz using their mitgd spectral indices (Laing
etal., 1983), it was found that there were 4 FRIs wWiihya, > Pjim in the comoving volume

of V(z < 0.046) x (4.24/4 m) = 1.0 x 107 Mpc?, which gives a local space density of 4@2

201 FRIs/Gpg.

The second local sample used was the equatorial radio galmxgy of Best et al. (1999) which
contains 178 sources, including 9 FRIs, wilysvu, > 5 Jy (corresponding t& scm, >
1.9 Jy, again usingv = 0.8), in an area of 3.66 sr. In this survey a sourcé’gt, can be seen
out toz = 0.048; there are 2 FRIs in this volume with powers greater or equéhis which
gives a local density of 196 139 FRIs/Gpé.

Combining the results from these two surveys gives a totél BRI sources in a comoving
volume of 2.0x 10" Mpc and a corresponding comoving local FRI space densitP8f2122
FRIS/Gpé.

S

22 23 24 25 26 27
log(P / W Hz™")

Figure 6.3: The radio luminosity function of Best et al. (2005) overpdatwith the calculated best—fit
line.

An alternative estimate can be obtained by integrating dballradio luminosity function of
Best et al. (2005), which was calculated from a sample of 2atlto—loud AGN, formed by
comparing the SDSS with two radio surveys: the National Ra&ditronomy Observatories
(NRAO) Very Large Array (VLA) Sky Survey (NVSS) (Condon et,al998) and the Faint
Images of the Radio Sky at Twenty centimetres (FIRST) sufBmcker et al., 1995). To
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accurately calculate the number densitya broken power law of the form

B (2

was fitted, wherex andg are the power law slopes, is the luminosity of the power—law break
andpy is a density constant. The resulting fit is shown in Figureah8 the final parameters
werepy = 1077 Mpc—3, P, = 10%>16 W/Hz, a = 0.57 and3 = 2.31. Using Equation 6.1
the total number of sources per Mpg. is therefore

-1

P = po ; (6.1)

P2 dn
Drot = / —_dP (6.2)
° p, dP
P> 1
- / P %dzﬁ (6.3)
Py
P logy P 0.57 P 2.317 -1
10 —5.70
= —=——10 —_— —_— dP 6.4
/P1 P (1025.16) + (1025.16) ) ( )
(6.5)
whereP; = P, and P, are the luminosity limits of the integration.
500 F ]
400; é
% 300 =
& r 1
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log P,

Figure 6.4: The values opy,; resulting from different values afs.

Since the radio luminosity function decreases rapidly abboy P = 24.5, the calculated value
of piot IS NOt strongly dependent on the chosen valueHgras illustrated in Figure 6.4. Al-
though there will be some FRIIs included, the majority ofrees will be FRIs, and setting
P, = oo will derive a maximal FRI space density which ought also toclmse to the true
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value. The calculation gives 460 FRIs/Gpwhich is in good agreement with the values cal-
culated by the two direct measurements.

6.1.3 The space density calculation

The space density, of N sources in some redshift bilz is simply

pre =" E (6.6)

whereV; is the volume over which a sourdéecould be seen in a particular bin. In the case
where source weights need to be considered, this can betewais

N
Wy

% (6.7)

PAz =

1=0

wherew; are the weights previously calculated for the sources.

Figure 6.5 shows the results of this calculation for the 4sinétl bins, plotted at the bin
midpoints; the numbers are given in Table 6.3. As discussede it is only in the final,

1.5 < z < 2.0, bin that the values of; (and hence the density) depend on the assumed value
of «; the Vs for sources in the other bins are all the full bin volume. dality though, the 3
sources that do lie in the last bin have flux densities whiehadrmuch greater than the 0.5
mJy limit (the faintest is 4.53 mJy), and therefore the redoés not change i is varied.

Minimum Probable Maximum

Bin No. 1) No. P No. P

(FRIS/Gp@) (FRIS/Gp@) (FRIS/Gpé)

00<2<05| O 0 0 0 0 0
05<2<10| 3 1636 4 2492 5 3037
10<z<15]| 4 1331 7 2329 8 2662
15<2z<20]| 1 276 1 276 3 829
056<2z<15| 7 1446 11 2391 13 2804

Table 6.3: The results of the space density calculations for both iiidsh sizes. ‘No’. is the number
of sources in each bin.

The space densities for the minimum, probable and maximuhgfeRps show a high redshift
comoving density enhancement for the FRIs in this samplmpemed to the local FRI space
density. The turnover in space density seen at1.5 is supported by the work of Waddington
et al. (2001) who found evidence for a high redshift cut—off their lower luminosity radio
sources by ~ 1 —1.5. However, since the values &f in the last bin can depend on assumed
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spectral indices, the addition of a small number of steeptsi® sources, close to the lumi-
nosity limit, would result in a large increase in densityr, éxample,~3 more sources of flux
density Sji,, anda = 1.0 would be needed to give the same maximum valug a§ in the
previousl.0 < z < 1.5 bin.

10000 T T T T T T T T T
DP90 PLE model
— - —— DP90 LDE model
A Local space density
Minimum FRI density
Probable FRI density
Maximum FRI density

1000

p (FRIs/Gpc?)

100 v v e b e e b
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25
z

Figure 6.5: The space density changes in redshift bins of width 0.5texloat the bin midpoints.
Also shown are the PLE and LDE models of DP90, converted tdzH4 and to this cosmology, for
comparison; see later for a full discussion of these mo@&iixe no sources witR > 102° W/Hz were
found in the first redshift bin, no space density value istptbthere.

Two potential concerns in calculating the space densitieghe estimated redshifts and the
assumed spectral indices of 0.8 used for some of the sampieeso Error in these could
move sources between redshift bins, and simultaneousytdfie radio power determinations.
To investigate the effect of these on the results, two MoraedCsimulations, with 10,000
iterations each, were performed. In the first simulatioreach iteration, the redshifts which
were estimated were varied by a factor drawn randomly fronaasSian distribution of width
equal to 0.2 inog z, the approximate spread in both the r—z and K-z relationsil&iy, in

the second simulation, in each iteration, the assumedrspaudices were varied from 0.8 by

a factor drawn randomly from a Gaussian distribution of wi@t5; this value was chosen as
it represents a reasonable spread.irrigures 6.6 and 6.7 show the results of the simulations,
carried out for the probable FRIs (i.e. groups 1 and 2) onlgoAhown are the errors on the
densities calculated from the simple Poisson errors on tingber of sources in each bin (for
the bin containing no sources, an errordf source was assumed). These results are also given
in numerical form in Table 6.4. It is clear from this that thajor limiting factor for the results

is the small number of sources in the sample, rather tharettshift estimates, or the assumed
spectral indices, that were used for some of the sourcebollld also be noted that the radio
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FRI classifications are as comparably large a source of agrtite redshift estimates.

00<2z<05|05<2z<10|10<2z<15|15<=2<20
Pprob 0 2492 2329 276
Prmax — Pmin 0 1401 1331 553
Z Ome 810 496 391 257
QO Ome 0 345 124 0
op 2442 1246 880 276

Table 6.4: The errors calculated from the Monte Carlo simulations,,,. anda oy, along with the
Poissoniangy,, errors and the spread in the calculated space densitieadbredshift bingm ax — pmin);
all values are in FRIS/Gpc Also shown is the probable FRI space dengitysr,.

Quantifying the space density enhancement

The calculations above showed that the uncertainty in theesgensity results is dominated
by the Poissonian error. In order to better quantify the migshift enhancements therefore,
the density calculation was repeated using a single, ladshift bin spanning.5 < z < 1.5,
containing a minimum of 7 and a maximum of 13 FRI sources. Hselting densities can
also be found in Table 6.3; they show enhancements of, 22> and 2.1 over the local FRI
space density, for the maximum, probable and minimum grmspiespectively.

Measuring these significance levels is not the best way dfifigdthe reliability of the space
density increase, however. A better method (previoushcritesd in §1.3) is to assume no
evolution of the FRI population and then calculate the pbilg of detecting the numbers of
minimum (P-7), probable P-11) and maximum P-13) objects seen in the.5 < z < 1.5 bin

if this non—evolution scenario was correct. The volume airetd within this bin is 0.005 Gpc
which, assuming no evolution occurs from a local densityd® PRIs/Gpé, gives an expected
number of 1.44 FRIs over this range. (For comparison, raggethis calculation forz < 0.5
suggests that 0.12 FRIs should have been detected in théesamihis volume, for a constant
co—moving space density.) The resulting probabilitiessammmarized in Table 6.5; these are
all <1% which indicates that, as expected, the no—evolutionzegario can be discounted.

Expected Number P-7 Py Poqs

No Evolution 1.44 0.07% | 3.8x10 °% | 4.9x10 "%
PLE 11.63 94% 61% 38%
LDE 11.67 95% 62% 39%

Table 6.5: The probabilities calculated for the no—evolution, PLE BBdE scenarios for the minimum,

probable and maximum numbers of FRISs.

The DP90 pure luminosity evolution (PLE) and luminosityigigy evolution (LDE) models,

which fit the overall radio source population well, outzte- 2, can also be compared to the
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Figure 6.6: The space density changes of the probable group of objeatsplotted with the &
results of the redshift Monte Carlo simulations (dotte@$jpand the Poisson errors on the calculated
densities; this shows that it is the small number of sounse=ach bin that has the most effect on the
results.
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Figure 6.7: The space density changes of the probable group of objeetgplotted with the & results

of the spectral index Monte Carlo simulations (dotted [)reesd the Poisson errors on the calculated
densities; this again shows that it is the small number ofcsiin each bin that has the most effect on
the results.
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results using this method. If the behaviour of the FRIs hemonsistent with these PLE and
LDE models, this would suggest that they evolve in the sameaga-RIl objects of the same
radio power.

In the PLE model, the local radio luminosity function (RLF)ExRuation 6.1 shifts horizontally
in the p—z plane only, and its overall shape does not change. Theshiftedsanges were
confined to the luminosity normalizatio®, only, and DP90 parameterized these as a quadratic
in log z:

log P.(z) = f(2) = ag + a1z + ag2?, (6.8)

where theng, a; andas are the quadratic co—efficients.

Conversely, in the LDE model, the local RLF can move bothzwrially and vertically and,
therefore, can steepen or flatten. As a result, DP90 allovedi¢nsity normalizatiory, to
also vary with redshift with the form

5
log po =Y ¢y, (6.9)
i=0
wherey = 0.1 z and¢ to ¢ are the expansion co—efficients, and the variatiorPpfvas
modified to be
log Pu(2) = ap+ X[1 — (1 + 2)7". (6.10)
n

For each of these two models, the total number of sourcesimtkrval0.5 < z < 1.5 was
found by integrating

1.5
Ntot = / P dV(Z) dQ) (611)
0.5

_ Q/O /mk’goe (sz))ﬂ(%)ﬁ}ldpdwz) (6.12)

where() is the area of the survey in steradians and the luminositgdiof the integration are
P1 = 10%® W/Hz and P2 = 10?"® W/Hz (note that Figure 6.4 has already shown that the
value chosen fo2 does not strongly affect the final result). The co—efficiargsd in these
calculations, determined originally by DP90, can be foundidble 6.6. Where necessary these
values were converted from their original 2.7 GHz to 1.4 GtHe,frequency used here, again
assuming an averageof 0.8. Changing this assumption does not significantly fte final
results.

The parameters calculated for the PLE and LDE models wergnatly determined using
Einstein de Sitter cosmology. Whilst the value /§f,;(S), between these redshift limits, is
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PLE model | LDE model
«@ 0.69 | « 0.73
I} 217 | B 2.22
ag 24.89 a 24.55
ay 1.26 | aq 3.17
as -0.26 | 7 1.37
logpo | -6.91| ¢y | -6.62

C1 -10.97
ce | 97.91
cs | -338.51
cy | 434.38
c5 | -186.92

Table 6.6: The co—efficients determined at 2.7 GHz, for the PLE and LD&wgion models (Dunlop
& Peacock, 1990).

not affected by cosmological changes (as this is a direggsty of the basic data from which
DP90 derived their models), the concordance cosmology ptmgs, P1 = 10?® W/Hz and
P2 = 10%"> W/Hz, will alter. Taking this into account, Equation 6.12sa@alculated over 96
redshift steps, between= 0.5 andz = 1.5, and at each step1 and P2 were re—evaluated
using

deas(z) 2
P1 L o= 102 (—==-L) wW/H 6.13
1.4GH 0 (dAcdm(Z)) /Haz, ( )
deds(z) 2
P2 .= 10275 (=48 VT woH 6.14
1.4GH 0 <dAcdm(2)) /Hz, ( )

whered.qm andd.gs are the luminosity distances in concordance and EinsteBittir cos-
mologies respectively.

Carrying out the integrations results M, ~ 11 for both models, over this redshift range,
and corresponding enhancements over the local value use@he8. This expected number
agrees very well with the observed numbers of 7, 11 and 13hntinimum, probable and
maximum samples, confirming that these space densitiesecaarisistent with these models.
This is further supported by Figure 6.5, in which the dens@jues predicted by the PLE
and LDE models are overplotted with the results previoualgwated for the 4 redshift bins.
The low redshift disagreement seen between the models anlbthl FRI space density is
likely to arise from the poor constraints locally, at theadio powers, in the DP90 results. To
illustrate this, Figure 6.8 compares the local RLF predidig the DP90 PLE model with that
found by Best et al. (2005); it clearly shows that the modedrpredicts the value of for
P14, > 107 W/Hz.
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Best et al. (2005) local RLF
AN DP90 local RLF predicted by PLE model — — — —

log(p / Mpc? log P7)

log(P / WHz™")

Figure 6.8: A comparison of the local RLFs measured by Best et al. (2008 )paedicted by the PLE
model of DP90, both plotted at 1.4 GHz, using concordanceot=y.

Including the lower luminosity FRIs

The space density calculation can be repeated using differminosity limits to investigate
the behaviour of the weaker sources in the sample. Figugear@l 6.10 show the results of
this for limits of 10 and 16*° W/Hz and the density values are given in Table 6.7. The
calculation was, in both cases, carried out for the minimomaximum and probable numbers
of FRI, using redshift bins of width 0.5, with the final bin dgmlent on the value of the limiting
luminosity as discussed previously. The local values wgegrefound using a combination of
the 3CR and equatorial galaxy samples.

Minimum Probable Maximum
Bin No. P No. p No. p
(FRIS/Gp@) (FRIS/Gp?@) (FRIS/Gp@)
P > 10%*0 W/Hz
00<2<05| 1 2442 3 7546 4 9988
05<2<10| 3 1636 5 3370 10 6892
P > 10%*° W/Hz
00<2<05| 1 2442 2 4884 3 7326
05<2<10| 3 1636 5 3370 8 5006
10<2z<15| 4 1331 8 2882 9 3215

Table 6.7: The results of the space density calculations using therlasity limits P > 10?4 and
P > 10%*% W/Hz, for the maximum, minimum and probable FRI numbers.

The comoving space densities for these two new limits irdittaat the enhancement over the
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Figure 6.9: The space density changes in redshift bins of width 0.5texlcdt the bin midpoints for
P> 10%* W/Hz. For comparison the redshift axis is plotted with thmeaange as in Figure 6.5.
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Figure 6.10: The space density changes in redshift bins of width 0.5{qdcdt the bin midpoints for
P> 102*5 W/Hz. For comparison the redshift axis is plotted with themeaange as in Figure 6.5.

local values in both cases is smaller than that seen whgn= 102> W/Hz (Figure 6.5). These
results are supported by the work of Sadler et al. (2007) whad that the cosmic evolution
of their low power (0** < P; 4qu, < 10 W/Hz) population was significant but less rapid

than that seen for their higher powered sources.
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Inspection of Figures 6.9 and 6.10 also suggests that thegoeaoving density moves to lower
redshifts at lower luminosities, though the errors on theseilts, and the restricted redshift
range needed at these low powers, are too large to draw amficagt conclusions.

6.1.4 Discussion of the results

Now that the space density enhancements of this sample leavedetermined, as discussed
in the previous section, it is useful to compare them to tiselte of previous work. Sadler
et al. (2007), for instance, found increases in space gemsit toz = 0.7, by a factor of~

2 — 10 for the high Py 4cr. > 10% W/Hz) luminosity radio galaxies in their sample; these
are consistent with the range of enhancemenrts £ ~9) to z ~ 1 seen in the large redshift
bin here. Jamrozy et al. (2004) also find that positive eiah,tthis time PLE, of the form
p(z) = p(0) exp(M (L)) (wherer = 1—(1+2)~ %5 and the evolution rate\/ (L), was found

to be 5.0), is necessary to fit the number counts of the higheshosity, morphologically
selected, FRIs in their sample. At= 1 this corresponds to an enhancement of 25 which is
significantly higher than that seen here. Additionally, [ditlet al. (2001) see a rise of about
one dex, between ~ 0 andz ~ 1, in the comoving space density of their low luminosity,
weak emission line, population which contains mainly FRIrses, along with some FRIIs. It
should be noted that other studies of radio galaxy evolutimnot directly measure the amount
of space density evolution present in their samples; idsteay test for evolution using the
V/Vimax Statisti¢ and therefore cannot be directly compared to the resultsi®fitork.

In general, all the previous studies of radio galaxy evoluttonclude that the more luminous
sources undergo more cosmic evolution. For samples in whiglrRI population was deter-
mined by a luminosity cut, this tends to imply little or no é&wion for these sources (e.g. the
lower luminosity sources of Clewley & Jarvis (2004) show rolation, whereas evolution is
seen for sources of comparable luminosity to those herejveder, for samples which either
morphologically classify their sources or which apply datént dual-population scheme (e.g.
the low/high luminosity division based on line luminositiy/\Willott et al. (2001)), evolution
of at least some of the FRIs objects is typically seen. It w@dem, therefore, that the previ-
ous models in which all FRIs have constant space densityrealeall FRIIs undergo strong,
positive, cosmic evolution, are too simplistic and do natuaately represent the behaviour of
the FRI-type objects. A better representation of the FR[gHce density evolution seen here
and in other work, is the picture in which as the luminosityaafource increases, so does the
amount of positive evolution it undergoes betweer@and 1-2. It should be noted though

IThis statistic is equal to 0.5 if the sample sources are tmifodistributed,>0.5 if there are more sources
located at larger distances ard.5 if there are more sources nearby. For more details seensippA
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that the behaviour of the low power FRIs is not really invgestied here, but the evolution seen
for higher power objects is consistent with this model.

The detection in this work of FRI space density enhancenfensources withP; 4qrz > 10%°
W/Hz, along with the previous studies which find essentihliypinosity dependent evolution
for the FRI population, strongly suggests that neither thenisic or the extrinsic difference
models can fully explain the observed FRI/II differencesheéfv radio galaxies are divided
according to their line luminosities, as in Willott et al.OL), there are both FRI and FRII
sources in the low excitation, low luminosity, populatidinis implies that these FRIIs may also
have inefficient accretion flows similar to those previousigposed for FRIs (e.g. Ghisellini &
Celotti 2001). Jets produced by low accretion flow sourceganerally weak with the majority
having an FRI type structure, whereas higher accretion figiwes rise to stronger, mainly
FRII type jets. In this scenario therefore, both low and hégiaretion flows are capable of
producing both FR jet structures and the morphologicaédiffices between the two classes can
be explained extrinsically, as a function of their indivédlienvironments, whilst the differences
in line luminosity can be explained intrinsically, as a ftiao of their black hole properties
(e.g. Hardcastle et al., 2006).

6.1.5 Predictions for future surveys

The space densities calculated for this sample can be usedk® predictions of the numbers
of sources likely to be seen, per redshift bin per squareegegn future surveys to be carried
out with new instruments like the Low Frequency ARray (LOBARd the Square Kilometre
Array (SKA); the method used for this calculation, alonghitie results, are described in this
section.

The first step was to fit a model radio luminosity functi@gh,P > P;,), to the ‘probable
FRI' redshift, z, and luminosity,P, data points for the three limiting powers;,P = 10%,
10?45 and10?® W/Hz. The errors were taken to be the difference between tieémum and
minimum FRI values and the local density values were takeihe@sombination of the 3CR
and equatorial sample results. As has been previously stisduin §6.1.3, the reality of the
high—redshift cut—off seen in the data is uncertain due éoabsumed spectral indices. To
ensure that this caution is incorporated into the fittingcpes the errors on the final points in
each luminosity group were doubled.

Previous studies (e.g. DP90, Best et al. (2005)) have shbatd{ P > P}, 0) = &P~
since essentially all of the FRIs lie below the break in thealduminosity function. The
higher redshift turnovers seen in the data, on the other,hzand be best parameterized by



168 CHAPTER 6. INVESTIGATING THE FRI SUBSAMPLE

an exponential with the same form as that of the models ofodiét al. (2001) for the high
luminosity population. Combining these factors thereftine model used was of the form

q)(P Z Plinhz) = q)OPiaf(P Z Plinhz)a (615)
where the evolution functiofi(P > Py, ) is either

f(P > Pim,z) = (1+ z)ﬁ for z < zmax O (6.16)
f(P > Pim,z) = (1+ zmax)ﬁ exp[y(z — zmaX)Z] for z > zmax, (6.17)

and where the peak redshitt,,.«, is given by

P §
fmax = zo(m> . (6.18)
This model RLF has six free parameteds,, «, 3, v, zo andd, which, given the small number
of data points available from the space density calculatism reasonable number. Physically,
a is the slope of the local RLEy is the value ofz,. at 10%* W/Hz, 3 is a measure of the
rate of increase of space density in the local universeyazwhtrols the steepness of the high—
redshift decline. If more data were available then the modald be refined by allowing to
also vary withz; this may improve the parameterisation of the high—redstihover.

Parameter| Best fit value
log ®q 31.39
o 1.16
I} 3.91
~y 2.06
20 0.21
1) 0.60

Table 6.8: The parameter values for the best—fit model

Equation 6.15 was fitted to the data using the IDL routimgfit (Markwardt, 2007) which
uses the method of least squares to determine the best ¥aiube six free parameters; these
can be found in Table 6.8 and the best—fit model is illustraefigure 6.11. Theg? for this
result is 6.8 which, since there are six degrees of freeddras @n acceptable reducgd of
1.1. The fitted value of: is steeper than that previously determined for the low lasiiry
population (e.g. Willott et al. (2001)); this is likely to Ve occurred because the?* — 102
W/Hz regime, in which the data are fitted, is at the break inRh&, where the gradient is
indeed steeper than at lower powers. This suggests thagtilgl model fits the data here well,
it will overpredict the numbers of local sources.

The next step in calculating the predictions was to caleuld{/dz, the number of sources
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Figure 6.11: The data points for th&;,,, = 1024, 10?*-* and10?® W/Hz space density measurements
overplotted with the model RLF constructed from the beshjitparameters.

per redshift bin, for the best fitting result. This was dondriiggrating the model RLF as in
Equation 6.12, over the interval0 < z < 0.1 to give the total number of sources in this
volume, and then dividing by 0.1 — the width of the redshift.bThe upper and lower redshift
limits were then increased and the calculation repeatéiptbcess continued until= 2.0. In

all cases, the upper limit%) of the luminosity integral was taken to b627> W/Hz, whereas
the lower limit was calculated at each redshift from the flarsity limit of the proposed survey
under investigation(?, the survey area, was taken to be 1 square degree in all dasksuld
also be noted that the lower luminosity limit of the integratwas restricted tda0%? W/Hz
since the model fitting is not robust at lower luminositiepesviously discussed.

The survey limit considered here $,, = 1uJy; this sensitivity is equivalent to the proposed
200 MHz ‘LOFAR—-deep’ survey (Best, 2007). Figure 6.12 shtvespredicted/N/dz values
arising from this flux density limit. Thedl uncertainty on this prediction was estimated by
determining the value of which would result in a fit where thg? is 7.04 higher than that
found for the best—fit model (Press et al., 1992). Onhlwas used for this as it controls the
steepness of the exponential fall-off and thus its maxirakleswill give the upper limit of the
numbers of sources at higher redshift. The resulting enrediption is also shown in Figure
6.12 for comparison.

The SKA will be a significantly more sensitive instrumentrtH2DOFAR and, as such, the sur-
veys that it will undertake will have flux density limits atethens of nJy level (Jarvis and
Rawlings, 2004). Extrapolating the best—fit model to th@s&s would result in a prediction
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dN/dz

My model; 1¢ increase in y —-—-—-— =

My model; best—fit — — — —
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/,

Figure 6.12: The changes idN/dz predicted by both the best—fit model and model C of Willott et
al. (Willott et al., 2001), for a survey with a flux density linof 1 ©Jy and an area of 1 square degree.
Also shown is the uncertainty on the prediction arising fiibke model fit.

with a high level of uncertainty due to the poor low lumingsibnstraints. Consequently, the
predictions were only carried out for the hypotheticaldy survey.

ThedN/dz predictions for this sample can also be compared with thosig from previous
determinations of the RLF. The model C parameterisation iibWvet al. (2001) was chosen
for this as it accurately reproduces the PLE results of DBA0,as discussed in §6.1.4, has a
better physical basis. For low luminosity sources, it hasftmm

P\~ —-P

(P z) = plO(Pl ) exp (Pl )(1 + z)kl for z < z (6.19)
P —Qq —P k

pi(P,z) plO(Pl ) exp (Pl )(1 + z50)" for z > zy (6.20)

wherelog pjo = —7.120, oy = 0.539, log P, = 26.10, z;o = 0.706 andk; = 4.30 at 151 MHz
and in Einstein de Sitter cosmology. This was converted 40@Hz and then integrated in
the same way as before, but, in this case, the luminositgrakdimits were re—evaluated at
each redshift step to convert themA&€DM cosmology, using the same procedure described
in Equation 6.14; the resulting prediction is overplottedrigure 6.12.

The comparison between the two models shows that at resishi®t5 the FRI numbers pre-
dicted by the space densities found for this sample, areistensly lower than those for the
‘low luminosity’ model C population. Since the Willott et.a(2001) model was based on
source number counts, this suggests that at high—z not &tleofadio sources in their sam-
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ple are FRIs. It should be noted here that the increase ogahitott et al. line seen in the
best—fitting model at low redshifts, is likely to again redubm the high fitted value of the
parameter.

In conclusion, therefore, it is clear that the space densisylts for the sample are not yet
accurate enough to make robust high redshift predictionhef~RI behaviour. To do this
would require a deeper survey with a flux density limit lowart the 0.5 mJy one used here;
this would then allow sources with luminosities lower th&3*1W/Hz to be included in the
fitting.

6.2 The FRI/FRII dividing luminosity

Ledlow & Owen (1996) demonstrated that, locally, the lunsitypdividing FRI and FRII ob-
jects is a function of the host galaxy absolute magnitudesifasvn in Chapter 1, Figure 1.5).
This section describes how the radio sample here was usedkddr changes in this dividing
luminosity at different cosmological epochs.

6.2.1 K and Evolutionary corrections

All the sources in the sample were observed at the same vmaik|aeletermined by the filters of
the telescopes used. However, since observed wavelengib,related to emitted wavelength,
A1, by Ap = (1 + z))\, the actual region of the source spectral energy distobhu(SED)
probed depends on the source redshift. The K correctionpbeabto the magnitudes of the
sample to correct all the measurements to the same rest framedength (Poggianti, 1997).

A similar problem arises since the source fluxes also charntietime as the galaxy ages; a
sample of objects at different redshifts, and differentrfation ages, will therefore not all be
observed at the same evolutionary stage. Since the aim fi¢oesee if galaxies that lie on
the FRI/Il dividing line atz = 1 are consistent with those on the dividing linezat= 0, the
evolutionary, or e, correction needs to be applied to enthak at each redshift, sources can
be accurately compared.

The need for these two corrections is illustrated by Figude ,6which shows the spectral
evolution of an elliptical galaxy with cosmic time. It cldéaishows that, firstly, as a source
ages it loses significant amounts of flux (especially at bluerelengths), and, secondly, that
there is a large variation of flux with wavelength, and heregshift, indicating therefore, the
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Figure 6.13: The spectral energy distributions for an elliptical galarpdel with seven different
formation ages. The model used is that of Bruzual & Charl@0@ with an single, instantaneous burst
of star formation, followed by passive evolution thereafte

necessity of correcting all sources to the same rest framelemgth.

For the sample sources, the corrections were calculated tis¢t GALAXEV code of Bruzual
& Charlot (2003). This code allows the spectral evolutios®feral different stellar population
models to be computed for different ages and metallicitieg)g a large number of filters. As
the actual star formation history of the sources is unkndhacorrections were calculated for
two likely models — passive evolution following an initizéstantaneous burst at= 5 (Figure
6.13) and exponentially declining star formation, with afiokding time of 1 Gyr, beginning
at z = 10. The filter used for both models was that of thédband WFC. The corrections
calculated using the two models are of a similar magnitudevatedshift, as shown in Figure
6.14 and only significantly diverge at> 1

6.2.2 The high—redshift Ledlow & Owen diagram

Now that the K and evolutionary corrections have been caledlfor the two star formation
histories, the high—redshift Ledlow & Owen diagram for th@ M in the full sample, ignoring
sources classified as quasars because of their non—thefBNk#ission, can be constructed.
The resulting radio luminosity versus absolute magnituidgrdms are presented in Figures
6.15 (for the burst model) and 6.16 (for the exponentiallglideng star formation model),
split into redshift slices of width 0.5 so that changes witbreasing distance are immediately
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Figure 6.14: A comparison of the K+evolutionary (e) corrections for thwe stellar evolution models.

apparent. Redshifts higher than 2.5 are ignored becauke efitall number of sources located
beyond this. Sources with photometric redshift estimatesaloured blue to indicate that they
have uncertain positions in these two Figures as a resuieatdshift dependence of both their
absolute magnitude and their radio power; these uncedsif (log z) = 0.2, as before), are
illustrated in Figures 6.17 and 6.18 for clarity.

It is immediately obvious from inspecting Figures 6.15,65.6.17 and 6.18 that the lack of
higher powered objects in the radio sample leads to undatatopn of the upper regions of
the diagrams. There also seems to be no clear FRI/Il separatie.g. thed.5 < z < 1.0
bin, but this is not unexpected given the small range® @ind M, covered. The results do
indicate however, that the position of the low redshift FRlividing line does not appear to
shift to brighter absolute magnitudes up to redshifts«df, but the conclusions that can be
drawn about the behaviour of the line at redshifts greatan this are severely limited by the
differences in the two stellar population models used toemrthe data. If the exponentially
decaying model is correct, then th®) < z < 1.5 bin suggests that FRIs may move above the
local dividing line, indicating that the division may havedn at lower (evolutionary corrected)
absolute magnitudes at high redshift. This could be undedsif the host galaxies of both
FR types were intrinsically fainter in the-band here, and is supported by the observation that
radio galaxies in the 6C survey tend to be smaller than the mawerful 3CR objects at~ 1
(Roche et al., 1998). Sources at higher redshift may alsm laeemser environments and so
be able to produce the same radio luminosity for a lower halstgy, evolutionary corrected,
absolute magnitude, also causing the FRI/II dividing lioshift. However, without additional
spectroscopy to properly determine the stellar populatadithe sample sources, any evolution
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in the line can not be determined.

6.3 Chapter summary

In this Chapter the methods for calculating the FRI spacsitdeanhancement and the high—
redshift Ledlow & Owen diagrams have been described andethdts presented. Space den-
sity enhancements of factors5—9 over the local density were found for thg g, > 10%°
W/Hz FRI subsample. These values were inconsistent withnataot density/no—evolution
scenario at &99.9% confidence level, and in good agreement with the PLE.&&Imodels

of DP90. The uncertainty in these results was dominated éyotls number of sources used.
The turnover in space density seerrat 1.5 is less secure due to the assumedhlue of 0.8;

it is however, consistent with the observations of Waddingtt al. (2001).

Conclusions about the behaviour of the FRI/II dividing lmwsity are harder to draw, however:
a shift to brighter magnitudes at higher redshift seemsnsistent with the data, but a shift to
fainter magnitudes may be possible. A larger sample, coeabivith high quality spectroscopic
observations to allow accurate K+e corrections to be déteun is required to confirm or deny
this.



0.0<z<0.5 0.5<z<1.0
28 . . . . 28 . . . .
W26 = W26 s -
S . 1 S Lo 1
S s B s L 5 s B 4 1
o L 2 4 o L 4 4 2, 4
- T4
S 24 4 3, 7 8 24 548 -
L 3 | L ]
L s | L ]
22 . . . . 221 . . . .
-18 -20 22 24 ~26 -28 -18 20 —22 24 26 -28
M, M,
1.0<z<1.5 1.5<z<2.0
28 . . . . 28 . . . .
i i i w |
o 26 Vg 5 B 26 . B
S+ 4 <+ g
. 4 4 1 S 4 4 ]
a L 2 4 - o | 4
g 24 N 2 24l 4
22 . . . . 221 . . . .
-18 -20 22 —24 ~26 -28 -18 20 ~22 24 —26 -28
M, M,
2.0<z<2.5
28 . . . .
[ ]
—~ 4
W26 Ay |
= r 43 J
s L 3 |
a L -
3 241 -
22 . . . .
-18 -20 22 24 ~26 -28

Figure 6.15: Absoluter—band magnitude, corrected using the passive evolutioremeersus total radio power for the sample. Numbers inditta radio
classification assigned in the previous Chapter; 1-3 inelieR|s of differing certainty whereas 4 and 5 are a mixtufleRifls, compact objects and unclassifiable
sources. The dotted line is an approximation to the dividimgfound by Ledlow & Owen (1996) and sources with photomeedshift estimates are coloured
blue.

ALIVWNNS 431dVHO €9

ST



CHAPTER 6. INVESTIGATING THE FRI SUBSAMPLE

176

0.0<z<0.5 0.5<z<1.0
8 ‘ ‘ 28 ‘ ‘ ‘
26 - o261 - i
<t B <+ . 1
= . = 12 4o
z | S J ESN 5 s 2a i
a L . 2 i a L 4 % 243 4
8 24 P — S 241 fooag B
L 3 1 L . j
L , ] L i
22k ‘ 22 ‘ ‘ ‘ ‘
-18 -20 22 24 -26 -28 —18 -20 -22 24 -26 -28
M, M,
1.0<z<1.5 1.5<z<2.0
28 ‘ ‘ 28 ‘ ‘

L i L ! i
W26 ; 2 2 3. R W 26(- i
<t B <+ 1
a | a2 - o | 4
8 24 - 8 241 -

22kl : : s ‘ 220 ‘ ‘ ‘
-18 -20 22 24 -26 -28 —18 -20 -22 24 -26 -28
M, M,
2.0<z<2.5
28 ‘ ‘

L s i
—~ 4
26 23 i
<t 4 |
= L 3 |
a | -

8 241 =
22k ‘
-18 -20 22 24 -26 -28
M

.

Figure 6.16: Absoluter—band magnitude, corrected using the exponentially dedlistar formation model, versus total radio power for thagie. Numbers
indicate the radio classification assigned in the previduapter; 1-3 indicate FRIs of differing certainty whereasd a are a mixture of FRIls, compact objects
and unclassifiable sources. The dotted line is an approiamé&i the dividing line found by Ledlow & Owen (1996) and soes with photometric redshift
estimates are coloured blue.



0.0<z<0.5 0.5<z<1.0
28 . . . . 28 . . . .

= 261 — N 26— )/ |

> r B ~ = : 4

o o -

g 24 = g 24 -
L % i L |
. + i L |

22 . . . . 220 . . . .
-18 -20 22 24 ~26 -28 -18 20 —22 24 26 -28
M, M,
1.0<z<1.5 1.5<z<2.0
28 . . . . 28 . . . .

< *r +// + ] ¥ oo ]

= t - E = t . —

= | / + i =z | % 1

a L e / il o L i

S 24 - D 24f- 4

22 . . . . 220 . . . .
-18 -20 22 —24 ~26 -28 -18 20 ~22 24 —26 -28
M, M,
2.0<z<2.5
28 . . . .
i 4 ]

Ty / -

~ - 5 4

% [ // 7

a L i

S 241 -

22 . . . .
-18 -20 22 24 ~26 -28
M

ALIVWNNS 431dVHO €9

Figure 6.17: Absoluter—band magnitude, versus total radio power for the sample, Bigure 6.15, but now showing the effect of the error of @ bk z on
the photometric redshift estimates.

LLT



CHAPTER 6. INVESTIGATING THE FRI SUBSAMPLE

0.0<z<0.5 0.5<z<1.0
28 ‘ ‘ 28 ‘ ‘
N 26 — N 26 —
S F L B St —
2 ol +/+P/ i o L 1
g 24 % 5 g 241 7
L + i L. i
22 . . . . 22k . . . .
-18 -20 -22 —24 -26 -28 -18 -20 22 —24 -26 -28
M, M,
1.0<z<1.5 1.5<z<2.0
28 ‘ ‘ 28 ‘ ‘
/E\ZG* + /+ — ’§26, / -
ST - N S r 1
a L / il a L L 1
8 241 T — 8 241 =
22l ‘ ‘ ‘ ‘ ] 22k ‘ ‘ ‘ ‘ ]
-18 -20 -22 —24 -26 -28 -18 -20 22 —24 -26 -28
M, M,
2.0<z<2.5
28 ‘ ‘ -
¥ 26 / - _
<+ - i
a L il
8 241 L —
22l ‘ ‘ ‘ ‘ ]
-18 -20 -22 —24 -26 -28

.

178

Figure 6.18: Absoluter—band magnitude, versus total radio power for the sampli@, Bigure 6.16, but now showing the effect of the error of @ bk 2 on
the photometric redshift estimates.
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CHAPTER Y

Conclusions and future work

The main aim of this thesis was to directly measure the higlshift space density of FRI
radio sources and thus attempt to improve the understamditige underlying differences be-
tween the two FR types. This was achieved using multi-wagtteobservations of a complete
sample of 81 radio galaxies, above a limiting flux density of&i, > 0.5 mJy, selected us-
ing wide—field, 1.5 resolution, VLA A-array radio observations of two fields igrix and
Hercules. These were previously observed, at lower résaluby Oort et al. Oort and van
Langevelde (1987); Oort and Windhorst (1985).

Optical (INT) and infra—red (UKIRT) imaging was used to itlgnthe host galaxies corre-
sponding to the radio sources in the sample. These obamrgatached limiting magnitudes
of r>25.2 for the Hercules field;>24.4 for the Lynx field and >20 for those sources in-
cluded in the UKIRT data. The identification fraction was 8&both fields combined and
the magnitude and colour distributions were in good agreémigh previous results.

Spectroscopic data were then taken for the best candidgierieidshift sources in the sample
that did not already have a previously published redshltieza56% and 62% of the Lynx and
Hercules field sources respectively (41 sources in totadyevincluded in these observations
and this resulted in 20 redshifts (65% from emission lines thie remainder from absorption
lines only). Once the previously published redshifts waerguded, the final spectroscopic
completeness of the sample was 49%. The K-z and r—z relatieresthen used to photomet-
rically estimate redshifts for the remaining sources ingample with a host galaxy detection;
this left <10% of the sample without redshift information. These rsswulere also used to
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clean the sample by identifying the 5 quasars and 5 starbalasxies present.

The classification of the sample was then done with the aidrtiiér radio observations of the
two fields. Lower~5" resolution, VLA B—array data were obtained for the Lynx fialdne so
that a measure of the total flux density of those sources dmulzbtained. Following this, the
21 best FRI candidates were then observed with either VLAtRtY % 0.6’ resolution, or
MERLIN at 0.19 x 0.15’ resolution or both. An additional 16 sources were also oleskas
they fell within the MERLIN subfields. The radio sources ie tample were then sorted into
5 classification groups: Group 1 was for secure, morphoddigiclassified, FRIs; Group 2 for
sources with indications of FRI-type extension, alongsidix density loss of @ or more;
Group 3 for sources with either flux density loss or some esiteny and Groups 4 and 5 for
sources which were either definitely not FRIs or which werelassifiable.

Finally, the maximum, probable and minimum space densitidhe FRIs in groups 1-3, to-
gether with the two FRIs in the Hubble Deep and Flanking Eieldere calculated using red-
shift bins of width 0.5, over the rande0 < z < 2.0. These showed clear density enhance-
ments by a factor 5-9, at~ 1.0, over the local FRI value. The probable density values were
used to estimate the errors arising from the redshift estisnased; these showed that the dom-
inant source of error is the low number of sources in the saraptl that the result is secure.
The possible decline in space density seen at1.5 is less clear due to a combination of the
flux limit and the uncertainties in spectral index.

A larger bin, spanning.5 < z < 1.5, was then used to quantify the observed enhancement;
this ruled out the no—evolution scenario at th89.9% confidence limit. The FRI evolution
was also found to be consistent with the PLE and LDE modelsRg@which suggests that, at

a particular radio power, FRIs evolve like FRIIs.

The dividing line found by Ledlow & Owen (1996) between FRisl&RIIs in theP,,q Vs. Pyt
plane was also investigated and found to apparently not nooldghter absolute magnitudes
at higher redshift. This conclusion is very weak, howeveg tb the underpopulation of the
FRII section of the high redshift Ledlow & Owen diagram and thaccuracy of the K and
evolutionary corrections applied to the data.

The clear density enhancements seen in the FRIs here shatyvfothsources> 10%° W/Hz at
least, the FRI population does undergo cosmic evolutioiis Jurggests that the observed FRI/II
differences cannot fully be explained by assuming that #reytwo discrete, unrelated, types
of object. Itis clear that further work, as described in tegtrsection, is vital for understanding
the underlying differences between the two types.
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7.1 Improving the FRI space density mea-
surement

The accuracy of the results in this thesis is limited by thregor factors: (i) the radio classi-
fications, (ii) the low spectroscopic completeness of the@a and (iii) the small numbers of
definite FRIs present. The second of these can be addressglg siith, for example, a GEM-

INI GMOS proposal to obtain spectra for the remaining higlalshift FRI candidates with only
estimated redshifts; the solution for the first and thirdutlined below.

The need in the current sample to work largely object—byedbjfor both the optical spec-
troscopy and the high—resolution radio imaging, inevitdirhits the final space density val-
ues. This can be remedied by utilising the data from the aélagge, deep, wide—field imaging
surveys currently underway. Surveys such as the UKIDSS ULIFSg. degree) or the Hub-
ble COSMOS field (2 sq. degrees) with their high—quality mbknd imaging, spectroscopy
and low-resolution radio imaging will enable the selecttdmany suitable high—redshift FRI
candidates for further radio follow—up observations andgtrefine the space density calcula-
tions using a much larger area. It should be noted here thatXid= predictions for the FRI
numbers calculated in 86.1.5 suggests that a survey ofstles. degree is needed to ensure
that sufficient sources are detected to draw firm conclusionghe high redshift space den-
sity enhancement. This criteria is adaquately satisfieddily the UDF and COSMOS areas.
Planned surveys for future instruments such as the LOFARmande distantly, the SKA will
cover much wider areas than this, and at greater senstivitias further improving the quality
of the data and, therefore, the space density measurement.

The COSMOS field in particular will be covered by a 1.4 GHz VLAgkray radio survey
which will be excellent for selecting candidates for FRIldal-up. It should be noted that
these radio observations being undertaken of the COSMQS &e# being done with the aim
of constraining the evolution of the low—luminosity radimusces. However, since there is no
fixed radio luminosity which divides the FRIs and FRIls, lmusity selection alone, without
morphological classification will not separate FRIs andIBRThus follow—up high resolution
radio studies are required to provide an accurate pictutbeotosmic evolution of the FRI
radio galaxies themselves and refine the conclusions aheuntrinsic/extrinsic differences
between the two classes.

Accurate morphological classification of radio sourcesRishks very difficult due to the high
sensitivities and resolutions needed to detect these lominbsity objects. Currently the high—
resolution radio observations have been taken using theAAiétown and MERLIN arrays but
their sensitivities and narrow fields has limited the nuralmrobjects searched. The quality
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of the future observations can be improved by using the er@thtechnological capabilities
of the new eMERLIN and eVLA facilities, both of which offerdfi angular resolution across
large fields and which are expected to be operational froe2807. The increased sensitivity
(by a factor of~5 for eVLA and by~8 for eMERLIN) of these arrays will also enable deeper
observations to be taken which will lead to the classificatid sources from the fainter end
of the radio luminosity function, instead of being limitamithe brighter FRI candidates only;
this will be ideal for investigating the apparent lumingsitependent evolution of the FRIs.
eMERLIN in particular will operate in wide—field mode (10 arim diameter at 1.4 GHz) as
standard thus enabling many FRI candidates to be obsemrdtaneously. In the future this
can be extended to include data from the large—sky surveymetl for the LOFAR array;
its low frequency, arcsecond resolution, imaging cap#sliwill be ideal for detecting the
extended emission that is vital for accurate morphologatassification. Such surveys will
obviously facilitate the FRI detection and make it posstblproperly classify all radio galaxies
present, not just the best candidates.

A new, larger, sample of fully classified radio galaxies fbBRIs and FRIIs) will also enable
the construction of more detailed, better populated, highdshift, Ledlow & Owen diagrams,
with the aim of properly investigating changes in the FRilllliding luminosity. Furthermore
the quantity of multi-band optical and infra—red imagingedaill also enable the other prop-
erties of these objects to be investigated. In particuliffierénces in triggering mechanisms
could be shown by comparing the incidence of mergers andaictiens in the local environ-
ments of the two classes. Alongside this, the availabilftjut colours for the FRI and FRII
host galaxies will enable the stellar populations to bemstoacted and the star formation his-
tories of the two classes to be compared. The deep, highutesolX—-ray observations of
the COSMOS field with Chandra will also allow the central ewgi of the FRIs detected to
be probed, to investigate possible differences in theiratag efficiency compared with the
FRIls. All these factors will play an important role in undnding the links between the two

types.
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APPENDIXA

The V/Vax test

The V/Vihax Statistic (Rowan-Robinson, 1968; Schmidt, 1968) providasseful test of the
evolution of a sample, as it is not dependent on assumptisiis the form of the evolution
involved.

In a survey with some flux density limi};,,,, a source at redshift, with flux density,S > Sim,
would still have been included in the sample out to a highdsh#t, z,,,.x. V/Viax is therefore,
for each object in a sample, the ratio of the volufvieenclosed by, to the maximum volume,
Vmax €nclosed byz.x. If the sample sources are uniformly distributed (i.e. #rihis no
evolution of the population with cosmic time) then the valoéthe ratio will also be uniformly
distributed, betweefi and1, and

VNI Vi)
<Vmax> N sz = 0.5, (A.1)

where N is the total number of objects in the sample. If the poputatiodergoes positive
cosmic evolution therV/Vi,ax) > 0.5, and if the evolution is negative thél/V;,.x) < 0.5.
The error in this is given by ;.. = (12N)~1/2 (Peterson, 1997).

In a sample with strong, positive, low redshift, evolutiamdaveak, negative, high redshift
evolution, theV/V,,..x test, as described above, would mask the high redshift bmiravTo

avoid this, the test is modified to a banded version, in whialy sources above some limit-
ing redshift, zo are considered, for several valueszgf In other words, for a non—evolving
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population,

V-
— ) =0.5. A.2
<Vmax - ‘/0 > ( )

wherel} is the limiting volume enclosed by.



