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Abstract

The main epoch of activity for active galactic nuclei appears to have been z ~  2. Until 

very recently, the suspected symbiotic link between star formation, galaxy mergers and 

nuclear activity led people to believe that star formation activity in the Universe also 

peaked at z  ~  2, despite the failure of searches to find a primeval galaxy at z >  1 .

W hen a large population of star-forming galaxies was finally discovered at z > 2, the 

astronomical community believed it had entered a new era of understanding how and 

when most of the stars of the Universe were formed. However, the star-formation rates 

observed in these systems are relatively modest, a few tens of solar masses per year, and 

are unable to build a massive elliptical galaxy in anything less than a Hubble time. Fur

thermore, the stellar populations in local massive ellipticals appear to have been formed 

in a short-lived, violent, dusty starburst at high-redshift, although it is not clear whether 

the formation trigger is a galaxy merger or the collapse of a huge halo of gas. The large 

quantities of dust that are expected during formation will absorb the optical/ultraviolet 

emission of the young stellar population and re-emit it in the far-infrared waveband.

Locally, all powerful radio sources reside in massive elliptical hosts. It is therefore nat

ural to assume that high-redshift radio galaxies are the progenitors or earlier examples 

of these local systems. This thesis presents a study of the evolution of dust and gas (and 

hence star formation) in massive ellipticals. A sample of 47 luminous, steep-spectrum, 

lobe-dominated radio galaxies spanning a wide range of redshifts, 0.77 < z <  4.41, 

has been observed with SCUBA, a submillimetre camera on the Jam es Clerk Maxwell
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Telescope. SCUBA observations are particularly well-suited to this study: the dust em is

sion expected during star-formation episodes at early epochs will be redshifted into the 

submillimetre waveband, and the strong negative K-correction associated with the dust 

emission spectrum overcomes cosmological dimming, i.e. SCUBA is as sensitive to radio 

galaxies at z =  1 as it is to radio galaxies at z — 4.

Observations were carried out at 850 ¡ira and 450 ¡mi simultaneously, to a uniform depth 

of 1 m jy  at 850 ¡im. Given the negative K-correction, the entire sample was observed 

to roughly the same depth in 850-/rm luminosity. Careful corrections for synchrotron 

contamination from the radio source at submillimetre wavelengths have been made.

The submillimetre emission could potentially be linked to either radio luminosity or red- 

shift or both. In order to decouple these two effects and determine if the sample truly 

exhibits evidence for the cosmological evolution of dust and star formation, the sample 

has been chosen to span a wide range of redshift but a narrow band of radio luminosity.

For the radio galaxy sample, as one moves to higher redshifts there is a startling increase 

in the detection rate at 850 ¡xm. Having removed the radio luminosity bias, the 850-/im lu

minosity of the sample is found to increase steadily between z ~  1 and z ~  4.5, indicating 

that the main era of star-formation activity in massive ellipticals was at z >  4.



Abbreviations and Conventions

• Az stands for azimuth.

• CSO stands for Caltech Submillimetre Observatory.

• Dec stands for declination.

• El stands for elevation.

• FWHM  stands for full-width half-maximum.

• HDF stands for Hubble Deep Field

• HST  stands for Hubble Space Telescope.

• ILF  stands for 60-/rm luminosity function.

• IRAS stands for Infrared Astronomical Satellite

• ISM  stands for interstellar medium.

• JCM T  stands for James Clerk Maxwell Telescope.

• LF stands for luminosity function.

• LB G stands for Lyman-break galaxy.

• LW stands for long wavelength.

• OLF stands for optical luminosity function.

• PDE stands for pure density evolution.



X Abbreviations and Conventions

• FEE stands for pure luminosity evolution.

• P-z plane stands for radio luminosity-redshift plane.

• RA  stands for right ascension.

• RG stands for radio galaxy.

• RLF  stands for radio luminosity function.

« RLQ  stands for radio-loud quasar.

• RQQ  stands for radio-quiet quasar.

• SCUBA stands for Submillimetre Common-User Bolometer Array.

• SED  stands for spectral energy distribution.

• SFR stands for star formation rate.

• S/N  stands for signal-to-noise.

• SURF stands for SCUBA User Reduction Facility.

• SW stands for short wavelength.

• UKT14 was the single-bolometer predecessor of SCUBA.

• ULIRG stands for ultra-luminous infrared galaxy.

• UV  stands for ultraviolet.

• XLF  stands for X-ray luminosity function.

• For a power-law spectrum, the spectral index, a ,  is defined as S„ oc v~a , where S„ 

is the flux density at frequency u. Thus, a radio synchotron spectrum has a positive 

spectral index, and the Rayleigh-Jeans tail of a thermal spectrum has a negative 

spectral index.

• Unless otherwise specified, the cosmological constant, A, is assumed to be zero.



Chapter 1

Introduction

1.1 Missing Pieces of the Galaxy Formation Puzzle

Astronomy is the study of the components of the Universe and how they evolve. By 

studying how stars, galaxies and structure are created, evolve and finally end their life, 

we come closer to an understanding of our own origin and place in the Universe. The 

very building block of the life-forms found on Earth is carbon, which in turn owes its 

existence to fusion reactions between lighter elements in stellar cores. In essence, astron

omy is the ultimate search to answer the question 'How and why did we come to be?'. 

However, the path from the Big Bang to the rich complexity of the Universe as we see it 

today follows an intricate, and often tortuous, route. One of the primary goals of m odem  

astronomy is to illuminate an element of this path by determining how and when galax

ies formed, thus tracing the star-formation history of the Universe and the generation of 

processed material we represent.

The existence of galaxies outside our own was a matter of considerable debate until 1923, 

when Edwin Hubble identified Cepheid variables in the Andromeda galaxy. The strong 

correlation between period and luminosity for Cepheid variables allowed Hubble to mea

sure the distance of Andromeda, which clearly lay outside the Milky Way, a discovery
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which revolutionised our picture of the Universe.

Despite the large investment of telescope time and manpower since Hubble's discovery,

and the inability to study a galaxy 'up close' tends to hinder our understanding. As 

will become clear, this thesis is concerned with piecing together one aspect of galaxy 

formation: the evolution o f  massive elliptical galaxies.

1.1.1 The Finite Speed of Light and the Concept of Redshift

Before proceeding, the consequences of a finite speed of light must be explored. The 

further away an object is, the longer it takes for the light to reach Earth. Thus, by study

ing distant objects, astronomers can effectively look into the past. Studying a sample of 

objects at a range of distances allows the evolution of the population to be determined.

In 1929, Edwin Hubble announced another incredible discovery. He had noticed that the 

absorption lines in the spectra of nearby galaxies had wavelengths shifted w ith respect 

to the laboratory values. Interpreting this phenomenon, called redshift (z ), as a Doppler 

shift, he found that the galaxies were receding away from Earth with a velocity directly 

proportional to their distance (Hubble's Law):

where v is the recession velocity, H a is the Hubble constant, and D  is the distance to the 

source. In essence, Hubble found that the Universe is expanding. The Hubble constant 

is a measure of the timescale of this expansion, and its reciprocal is the time taken for the 

Universe to double its size.

Given the equation for the relativistic Doppler effect, the recession velocity can be deter

mined from the redshift z:

where Ac is the observed wavelength, Ae is the wavelength of emission, and c is the speed 

of light. Thus, when combined with Hubble's Law, the concept of redshift is a powerful 

observational tool, as it can be used as a distance indicator.

our knowledge of galaxy formation is far from complete. The large distances involved

v =  H 0D (1 .1)

(1.2)
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1.1.2 Definition of a G alaxy and M orphological Classification

A galaxy is a collection o f  stars bound by their mutual gravitational attraction.

A  galaxy begins its life as a giant cloud of hydrogen. Stars are created in dense H 2 regions, 

and once triggered, star formation consumes the gas reservoir. M assive stars synthesize 

heavy elements, resulting in the creation of dust grains composed of silicates and/or 

graphite. The cosmic dust grains typically have diameters ~  0.01 -  0.1/xm. As stars grow 

old, they blow off their outer envelopes, and if they are heavy enough, they end their lives 

in a spectacular supernova explosion. Both processes infuse the interstellar medium with 

heavy elements and dust grains.

Figure 1.1: Photograph of elliptical galaxy M87 (NGC4486) taken with the Anglo-Australian Telescope 

©Anglo-Australian Observatory, Photograph by David Malin.

Galaxy morphology can be split into two general classifications: elliptical and spiral. 

An elliptical galaxy, or spheroid, is a group of stars whose motion is more random than 

ordered. Present-day ellipticals contain old, red stellar populations (Seeds 1990). There is
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Figure 1.2: Photograph of spiral galaxy NGC2997 taken with the Anglo-Australian Telescope ©A nglo- 

Australian Observatory, Photograph by David Malin.

little evidence for recent star formation, and they tend to be devoid of gas and dust (Seeds 

1990). An elliptical galaxy is shown in Figure 1.1. Spiral galaxies contain a flattened disk 

of stars and interstellar material which rotates around the galaxy centre in an ordered 

manner. Spiral disks contain young blue stellar populations, and often have significant 

levels of ongoing star-formation, with an interstellar medium rich in gas and dust (Seeds 

1990). Spiral galaxies also contain a central bulge with similar properties to an elliptical 

galaxy (Shu 1982). A spiral galaxy is shown in Figure 1.2. The majority of galaxies are 

ellipticals (~  70%), although a small percentage of the galaxy population do not adhere 

to either description and are said to have an irregular morphology (Mitton 1991).

1.1.3 The Evolution of Spiral and Elliptical Galaxies

Locally, disks and spheroids (elliptical galaxies and spiral bulges) display very different 

stellar populations, and they are expected to follow separate evolutionary tracks.
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Disks

The star-formation rates (SFRs) of nearby spiral galaxies are very modest. In general, 

observations of the ultraviolet continuum and H a emission from the young stellar pop

ulation in the disk indicate a star formation rate < 5 M0 yr-1 , although values as high as 

20 M© yr-1  have been observed in some large spirals (e.g. Hunter et al. 1982, Kennicutt 

1983, Donas & Deharveng 1984, Donas et al. 1987).

Given the current level of star formation in spiral disks, the remaining interstellar gas 

is expected to be consumed within ~  1 — 10 Gyr (e.g. Kennicutt 1983, Donas & Dehar

veng 1984, Donas et al. 1987). Thus, the future properties of the disk population will be 

noticeably different.

Furthermore, the previous star-formation history, averaged over the age of the disk, can 

be estimated by dividing the current stellar content of the disk by its age. This calculation 

yields past star formation rates which are Comparable to the current values, i.e. the star 

formation in disks, is likely to have proceeded at a roughly constant rate over much of 

the lifetime of the disk (Kennicutt 1983). Disks are not expected to experience an intense 

initial starburst signifying the beginning of formation.

It has not been proven beyond doubt that the central bulge in a spiral is the same kind 

of object as an elliptical galaxy, but it is often assumed that spiral bulges and ellipticals 

were formed in a similar manner (described below), with a spiral bulge later acquiring 

a disk through the infall of high-angular-momentum gas. This is supported by recent 

age-dating of the Milky Way galaxy which suggests the disk formed some time after the 

bulge. Disk age-dating relies on the cooling of white dwarfs. In a galaxy of a finite age, 

there will be a temperature beyond which the coolest white dwarfs will not have time to 

cool, resulting in a break in their luminosity function. Knox, Hawkins, & Hambly (1999) 

present a multi-colour proper motion survey of cool white dwarfs which shows no signs 

of incompleteness. Comparing the white dwarf luminosity function to models of white 

dwarf cooling indicates the age of the galactic disk is ~  10+3 Gyr old. Estimating the age 

of the bulge relies on observations of globular clusters - spherical, dense stellar clusters 

containing remarkably coeval populations of low-metallicity stars thought to form in 

the first star-formation episode experienced by the galaxy. They are distributed in the
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spherical halo surrounding the galaxy and are part of the same spheroidal population 

as the bulge. Recent age-dating of the stellar populations in globular clusters indicates 

the bulge of the Milky Way is ~  13 -  14 Gyr old (Vandenberg 1998), the upper age limit 

indicated for the disk by Knox, Hawkins, & Hambly (1999).

In summary, spiral disks appear to form quiescently, sustaining a low but constant level 

of star formation over a long period of time.

Spheroids

The Canada-France Redshift Survey (CFRS) of normal galaxies out to z ~  1 (Lilly et 

al. 1995a and references therein) detected significant evolution in the blue disk galaxy 

population between 0 < z <  1, by tracing the changes in the luminosity function over this 

redshift interval. However, the survey also found that the redder elliptical population 

shows little change in either number density or luminosity over the same redshift range, 

and is consistent with no evolution out to z ~  1 .

This is one of many lines of evidence suggesting that spheroids evolve in a very different 

manner to disks, with most of their stars created at high redshift, z  > 2, on a very short 

timescale, ~  1 Gyr.

The earliest observations of nearby ellipticals found no evidence for an interstellar medium 

(ISM), and they were thought to be devoid of gas and dust (e.g. Faber & Gallagher 1976). 

Sensitive infrared and millimetre observations have revealed an ISM similar to that found 

in spiral galaxies, in terms of colour and hydrogen abundances, but on a much smaller 

scale (e.g. Lees et al. 1991). Low levels of molecular gas (H2) and dust are inferred, 

< 108 M0 , indicating that the epoch of star formation in these galaxies is behind us (e.g. 

Knapp et al. 1989; Knapp, Bies & van Gorkom 1990; Lees et al. 1991; Knapp & Patten 

1991; Wiklind & Henkel 1995).

As will be explained later on, this thesis focuses on massive ellipticals. Studies of these 

systems indicate they are very luminous, with L  > L *  in the K-band, where L*  is the knee 

of the Schechter luminosity function, and inferred stellar masses > 1OU M0 (Sandage 

1972, Taylor et al. 1996, McLure et al. 1999). Taken in conjunction with the lack of dust
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and molecular gas, the large stellar populations imply that local massive ellipticals are 

well-evolved systems.

Bower, Lucey & Ellis (1992a, 1992b) collated UVJK photometry of 94 spheroidal systems 

in the COMA and VIRGO galaxy clusters. Correcting for galactic extinction, contami

nation from intracluster light, redshift, and aperture differences, they provide accurate 

measurements of the U -  V, V — K  and J  — K  colours. The striking uniformity of the 

colours implies an old coeval stellar population - the majority of the stars in elliptical 

galaxies must have been formed on a short timescale, ~  1 Gyr at high redshift, z  > 2.

Recent studies of the spectroscopic features and colours of elliptical galaxy spectra indi

cate that many ellipticals could contain an intermediate-age stellar population (e.g. Lar

son et al. 1980; Bica & Alloin, 1987; Bower et al. 1990; Schweizer & Seitzer 1992; Rose et 

al. 1994; Mobasher & James 1996; James & Mobasher 1999). However, Ellis et al. (1997) 

and James & Mobasher (1999) notice that this appears to be true of ellipticals clustered 

in small groups as opposed to ellipticals in rich clusters or isolated environments. Small 

groups are most conducive to merger activity owing to their low velocity dispersion, and 

Ellis et al. (1997) and James & Mobasher (1999) suggest that all ellipticals form coevally 

at high redshift, while ellipticals undergoing more recent mergers with gas-rich galaxies 

contain a newer younger stellar population.

Two mechanisms have been suggested for an elliptical to form a large stellar population 

in ~  1 Gyr:

• Monolithic Galaxy Formation: The free-fall collapse of a massive gaseous halo 

triggers an energetic short-lived burst of star formation.

• Hierarchical Galaxy Formation: Gas rich-clumps merge together to form the galaxy. 

The merging triggers star formation, and the whole event takes less than 1 Gyr.

Regardless of which scenario is correct, elliptical galaxy formation is expected to be both 

violent and dusty owing to the very short timescale over which a large stellar population 

is formed.
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1.2 Detecting Signatures of Star Formation in Elliptical Galaxies

1.2.1 Therm al D ust Em ission

The bulk of the stars in an elliptical galaxy appear coeval and are expected to have formed 

in a very short amount of time (e.g. Bower, Lucey & Ellis 1992a, 1992b). During that time, 

one would expect the galaxy to be very bright in the ultraviolet and optical wavebands. 

The emission would take the form of a strong, blue ultraviolet continuum from the young 

stellar population as well as emission lines from the ultraviolet continuum exciting the 

ISM. In fact, most of the early searches for proto-ellipticals were blank-field surveys for 

Lya emission lines. All surveys had one thing in common: they all failed  to detect an ellip

tical in the throes o f  form ation. It has only been in the last few years that optical/ultraviolet 

searches have managed to succed in detecting a large population of starburst galaxies at 

2 ~  3, although the star-formation rates and properties are not able to account for the 

formation of the most massive ellipticals (e.g. Steidel et al. 1996a, Giavalisco et al. 1996).

The early star formation in ellipticals is expected to be dominated by the creation of high 

mass stars. Zepf & Silk (1996) found that both the increase of the m ass:light ratio of ellip

ticals with galaxy mass and the metal abundances within ellipticals and the intracluster 

medium (elliptical galaxies tend to cluster) are entirely consistent with an initial phase 

biased towards massive stars where this bias increases with galaxy mass. This scenario is 

supported by Loewenstein & Mushotzky (1996) who observed that the intracluster abun

dances are similar to those observed in Type II supernovae, indicating that massive stars 

are responsible for the enrichment. Furthermore, studies of the central regions of star- 

bursts suggest the initial mass function (IMF - the relative number of stars formed with 

each mass) is biased to high-mass stars (e.g. Doane & Mathews 1993; Rieke et al. 1993; 

Doyon, Joseph & Wright 1994).

Massive stars enrich the ISM with metals, providing the ingredients for the creation of 

cosmic dust. As they age, they synthesize heavier elements in their cores, which are in

troduced to the interstellar medium as the star blows off its outer envelope. They end 

their life as spectacular Type II supemovae which are thought to be responsible for in

fusing the interstellar medium with heavy metals. This enrichment occurs very quickly 

by astronomical standards - O and B stars, 4 0 x and 15 x the mass of the Sun respectively,
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live less than 1 x 107 years (Seeds 1990).

Thus, the bias to the formation of high-mass stars results in the creation of large quanti

ties of dust in a very short amount of time. This dust is expected to be a signature of a 

massive star-formation region. It is also the suggested reason as to why the optical and 

ultraviolet searches have failed to find proto-ellipticals. Dust absorbs optical/ultraviolet 

light, and even a small amount could obscure the young stellar population. Furthermore, 

Lycü photons tend to be preferentially obscured - they are resonantly scattered by inter

stellar hydrogen, increasing the path length the photons travel through the galaxy, and 

increasing the chance of dust absorption (e.g. Chen & Neufeld 1994, Chariot & Fall 1993).

The dust, once heated to equilibrium temperature by the incident radiation field, re-emits 

the absorbed light in far-infrared (FIR) waveband. The emission is thermal, and is essen

tially a blackbody attenuated by the wavelength dependence of the grain emissivity. For 

a given dust temperature TdUSt/ the rest-frame flux density takes the form:

S» =  V "H ZT  i 1 -  e_T} d-3)
g  d u st — 1

where v is the frequency at which the radiation is emitted, O is the solid angle of the 

source, and r  is the optical depth of the source:

j3 is the strength of the wavelength dependence of the grain emissivity, and uQ is the 

frequency at which the source becomes optically thick.

An example of a thermal dust emission spectrum is shown in Figure 1.3. The spectrum 

turns over at \max ~  (2900K / T<just) pm- The intensity follows a power-law decline, 

a  vP+2, longward of the spectral peak. This is called the Rayleigh-Jeans Tail. Shortward 

of the spectral turnover is the exponentially diving Wien Tail

Dust can emit at a range of temperatures, from a few Kelvin up to ~  1500K. Dust evapo

rates if subjected to temperatures much higher than this, thus the spectrum always falls 

off by A ~  2pm (Robson 1996).

The dust in the interstellar medium will emit radiation at more than one temperature. 

The greybody emission from different components add up to produce an elongated grey-
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G reybody E m issio n

Figure 1.3: Greybody spectrum of isothermal dust grains.

body spectrum, with the Rayleigh-Jeans Tail produced mainly by the coldest, most m as

sive component, and the Wien Tail flattened off and extended due to the presence of the 

warmer components. The wavelength of the final dive of the Wien Tail is determined by 

the hottest component.

This far-infrared dust emission is a useful indication of star-formation activity. IRAS ob

servations of a complete sample of elliptical galaxies indicate that local ellipticals em it 

~  1% of their bolometric luminosity in the FIR (Mazzei & De Zotti 1994). This is to be 

expected if star formation has drawn to a close. Mazzei, De Zotti, & Xu (1994) have 

constructed evolutionary synthesis models of the spectral energy distributions (SEDs) of 

elliptical galaxies, where the star formation and consequent chemical evolution processes 

are treated in a self-consistent manner. Two dust components are considered: (i) warm 

dust heated in regions of high radiation and (ii) cool dust heated by the general radi

ation field. The internal extinction of the galaxy and consequent far-infrared emission 

are calculated. The models successfully reproduce the SEDs of nearby elliptical galaxies. 

Considering a range of initial mass functions and star-formation rates, Mazzei, De Zotti, 

& Xu (1994) find that within the first Gyr, elliptical galaxies should emit at least 30% 

of their total bolometric luminosity in the far-infrared, whereas fully-evolved ellipticals
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Wavelength (/¿m)

Figure 1.4: Time evolution of the rest-frame ultraviolet-submillimetre SED of an elliptical galaxy, as pre

dicted by the models of Mazzei, De Zotti & Xu (1994). Note the large far-infrared bump at early epochs.

will emit less than 1% of their bolometric luminosity in the same waveband. The time 

evolution of the model spectral energy distribution is depicted in Figure 1.4.

For comparison, local disks have ~  30% of their bolometric luminosity in the far-infrared, 

denoting active star formation. Presuming they form in a quiescent manner with a con

stant level of star formation, the proportion of emission in the FIR waveband will not 

have been significantly different in the past.

1.2.2 The Subm illim etre W aveband

For galaxies at high redshift, the thermal dust emission is shifted into the submillimetre 

waveband. This is the last window of the electromagnetic spectrum to be opened for de

tailed study, and owing to the recent developments in detector technology, submillimetre 

astronomy has recently come of age.

The atmospheric transmission at submillimetre wavelengths is very poor. The waveband 

is divided into 'observing windows' separated by atmospheric oxygen and water vapour 

absorption lines. The high level of thermal photons in the atmosphere, and the fluctua

tions in this background, limit the sensitivity of submillimetre detectors. The detectors
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Figure 1 .5 : Transmission of the atmosphere above Mauna Kea in the submillimetre waveband (dotted 

line). The solid lines represent the SCUBA filter profiles. This diagram is a reproduction of Figure 3 from 

Holland et al. (1999).

need to be kept incredibly cool, ~  lOOmK, to avoid detector noise dominating the ob

servations. The ideal site for a submillimetre telescope is somewhere very dry, above the 

inversion layer, such as Mauna Kea in Hawaii. A picture of the atmospheric transmission 

in the submillimetre waveband above Mauna Kea is shown in Figure 1.5.

The James Clerk Maxwell Telescope, situated on Mauna Kea, is the largest telescope in the 

world devoted solely to the submillimetre waveband. In 1997, a submillimetre camera 

called SCUBA (Holland et al. 1999) was added to the telescope. The previous instrument, 

UKT14, was a single-bolometer limited by detector noise. SCUBA is cooled to 0.1 K and 

is limited by photon noise in the background sky. It contains two bolometer arrays, opti

mised to operate at 850 pm  and 450 p m  simultaneously.

Using the submillimetre dust emission to trace the star-formation history of elliptical 

galaxies over a range of redshifts has an added advantage compared with other m eth

ods. If measurements are made longward of the spectral peak, the redshift effect brings 

brighter parts of the spectrum into view. The steepness of the Rayleigh-Jeans tail results 

in this negative K-correction actually being able to balance the dimming of the source
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z

F ig u r e  1.6: The dependence of submillimetre flux density on redshift for starburst galaxy M82 observed 

at 175 fim (red line), 350 (irn (orange line), 450 /¿m ( ), 850 /¿in (green line), 1300 /¿in (blue line),

and 2000 /¿m (purple line). The characteristics of the dust emission from M82 are: f) =  1.3, T =  48.IK, 

M^ust =  1.8 x 106Mq (Hughes et a l  1994). The solid lines assume an fi0= 1.0 Universe; the dashed lines 

assume an fl0= 0.1 Universe (H0= 50 kms-1 Mpc- 1 ).

due to its distance and redshift. As a result, at 850 pm  SCUBA is equally sensitive to 

emission at z  =  1 and z — 10. The variation of submillimetre flux density with redshift 

for a source of fixed luminosity is demonstrated in Figure 1.6 for a range of cosmologies 

and observing wavelengths.

As well as aiding the detection of high-redshift galaxies, submillimetre data yield useful 

information about the conditions within the system under observation. The optically- 

thin nature of the thermal dust emission allows the luminosity and mass of the dust 

present to be calculated from the submillimetre flux density with relatively few assump

tions. A large dust mass or submillimetre luminosity signifies the presence of large quan

tities of dust, and hence star-formation activity. In addition, adopting a gas-to-dust ratio 

allows an estimate of the amount of gas available for future star formation. This is a key 

quantity for determining the evolutionary status of a galaxy. As previously mentioned, 

the distribution of mass in local ellipticals is quite well known - the ISM is minimal, and 

the majority of the mass in the most massive ellipticals is locked up in >  1 x lOn M0 of
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stars. If a m assive elliptical is detected at high redshift w ith a sim ilar m ass of H 2 gas, it 

is reasonable to assum e the galaxy is just in the beginning of its form ation. These indica

tions of prim evality that can be gleaned from subm illim etre observations are potentially 

m ore useful than a m easure of the instantaneous star-form ation rate, w hich tells nothing 

about previous or future star-form ation episodes or w hether the observed star form ation 

is the prim ary episode experienced by the galaxy.

The H 2 m olecule is very difficult to observe directly as it does not have a dipole. Gas 

m ass tracers such as dust and carbon m onoxide m ust be relied upon to determ ine the 

am ount of m olecular gas present in the ISM.

W hen this project began, several attem pts had been m ade to observe CO em ission lines at 

h igh redshift, but only two lensed quasars had been successfully detected: F10214+4724 

(e.g. Solom on, Dow nes & Radford 1992; Brown & Vanden Bout 1991) and the C loverleaf 

quasar (Barvainis et al. 1994). In last few years a num ber of high redshift system s, m ostly 

radio-quiet quasars, have been detected in CO. Jim enez et al. (1999c) provides a recent 

update of the status of these observations.

The attem pts to observe therm al dust em ission had been com paratively m ore successful, 

but only a handful of high-redshift quasars, radio galaxies, and lensed system s had been 

detected at z >  2. These observations indicated dust m asses larger than ~  108M© w ith 

estim ated star form ation rates w ell in excess of 1000 solar m asses per year. A nice review 

of this w ork can be found in  Hughes (1996). Only the brightest, m ost extrem e objects 

in the U niverse had been detected, and it was not possible to determ ine if they were 

representative of the high-redshift U niverse in general. However, before SCU BA , the 

study of a large sam ple of galaxies spanning a range of redshifts and lum inosities w as 

not w ithin the ability of the existing detectors, and the issue rem ained unsettled.

M ore recently, O m ont et al. (1996) and M cM ahon et al. (1999) have published results 

from  an extensive study to determ ine the far-infrared properties of radio-quiet quasars 

at high redshift. The study has not been able to decouple the effects of redshift and 

quasar luminosity, but prelim inary findings indicate that at the highest redshifts, z  >  4, 

the far-infrared lum inosity is independent of the ultraviolet lum inosity dom inated by the 

quasar. This study is described in detail at the end of Chapter 4.
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1.3 The Importance of Radio Galaxies

1.3.1 Active Galaxies

An active galaxy contains a source of nonstellar luminosity that is comparable in its en

ergy output to the entire stellar population of the galaxy. The nucleus of an active galaxy 

can be 100 -  1000 x as luminous as the underlying stellar population.

The initial discovery of active galaxies confounded astronomers. The spectra contained 

strong broad emission lines (normal galaxies were known only to contain absorption lines 

from the interstellar medium and stellar photospheres) and a bright blue continuum, and 

were highly variable. The predicted distances indicated luminosities brighter than an 

entire 'norm al' galaxy, while variability studies indicated the emitting region was not 

much larger than our solar system.

Astronomers clamoured to identify the mechanism responsible for producing such a 

huge amount of energy from such a small volume of space. The currently accepted sce

nario is a supermassive black hole, with Mbh > 1 x 106 M0 . Gas caught by the gravi

tational pull of the black hole forms an accretion disk. As the gas falls into the potential 

well, it exchanges potential energy for kinetic energy, heats up and emits huge amounts 

of energy. It must be stressed that this theory has not been proven. Astronomy has so far 

failed to unambiguously identify a black hole, given the difficulties in resolving the small 

amount of space it occupies. However, compared with others, this model has stood the 

test of time, and is able to explain the existing data. A good review of the circumstan

tial observational evidence for the existence of black holes is Lawrence (1999); the most 

compelling evidence to date is the discovery of broad X-ray iron lines in active galaxies, 

whose profiles are consistent with rotation around a black hole at a distance of a few 

Schwarzschild radii (e.g. Tanaka et al. 1995, Fabian et al. 1995).

Around 10% of all galaxies are believed to harbour an active nucleus (Robson 1996). Ac

tivity is suspected to be a short-lived and possibly recurrent process, and it has been 

suggested that all galaxies were active at some stage of their life. This hypothesis is sup

ported by the discovery of central dark objects thought to be dormant black holes at the 

centres of normal galaxies (Kormendy & Richstone 1995, Franceschini et al. 1998, Magor-
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rian et al. 1998).

Active galactic nuclei were discovered in two ways. In the 1940s, Carl Seyfert identified 

spiral galaxies with bright nuclei whose spectra contained broad emission lines. The 

second breakthrough came in the 1950s and the 1960s, when the first all-sky radio surveys 

detected both galaxies with intense radio emission and what appeared to be bright 'radio 

stars'. The optical identifications of the radio stars revealed luminous blue 'stars' which 

were highly variable and also contained broad emission lines. These objects were termed 

quasars, and given their huge distances, were the most luminous systems ever observed.

Radio Galaxy

Radio-Loud Quasar

Figure 1.7: Representation of the difference between a radio-loud quasar and a radio galaxy. Under unified 

schemes, RLQs and RGs are identical systems viewed from different orientations (in a radio galaxy the dust 

torus obscures the central quasar from view).

The most luminous active galactic nuclei fall into three categories, radio galaxies (RGs), 

radio-loud quasars (RLQs), and radio-quiet quasars (RQQs). The relationship between
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them is described by the unified schemes theory (a summary of which can be found in 

Robson 1996). Radio-loud quasars contain an optically identified quasar, w ith two dia

metrically opposite jets of radio emission streaming from the central nucleus. Quasar sur

veys based on the optical properties revealed many more quasars than the radio surveys, 

and > 90% of all quasars are classified as radio quiet (Robson 1996). Recently, however, 

sensitive observations of radio-quiet quasars have revealed low levels of radio emission 

(Kukula et al. 1999). Radio galaxies are identified by the two jets of radio emission and 

their optical spectra generally show no evidence for a central quasar, although some do 

contain broad emission lines (Robson 1996). Under unified schemes, radio-loud quasars 

and radio galaxies are identical systems, and the observational differences are a result 

of orientation (e.g. Antonucci & Barvainis 1990 and references therein). A dust torus is 

thought surround the central quasar. A radio-loud quasar is viewed within the open

ing angle of the torus and the quasar is visible at optical wavelengths. A radio galaxy is 

viewed outside the torus opening angle, and the dust hides the central quasar from view. 

A schematic demonstrating this is shown in Figure 1.7.

1.3.2 The Nature of Radio Em ission

Consider a charged particle moving in a magnetic field. Assuming non-relativistic speeds, 

the force exerted on the particle by the magnetic field is P  =  g v A B  and is perpendicu

lar to both the velocity and the magnetic field. Furthermore, particles travelling parallel 

to the magnetic field experience no force, those perpendicular to it experience maximum 

force. If the particle only has a velocity component perpendicular to the magnetic field, it 

traces a circular orbit about the field lines. If a parallel velocity component is added, the 

particle traces a helix about the magnetic field lines. The acceleration the charged particle 

experiences as it spirals about the field lines causes it to emit synchrotron photons in the 

instantaneous direction of motion (Figure 1.8).

The frequency of the emitted radiation depends on the mass and charge of the particle, 

as well as the strength of the magnetic field. In the relativistic case, the frequency also 

depends on the speed at which the particle is travelling.

Now consider a relativistic electron moving through a magnetic field with velocity v. As
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Photon

Photon

Figure 1.8: The emission of synchrotron photons emitted by a charged particle travelling with a velocity 

v  in a magnetic field of strength B .

where a x  is the Thompson scattering cross section, Urnag is the energy density in the 

magnetic field, c is the speed of light, and 7  is the relativistic gamma factor 7  =  — -—

The electron is essentially scattering the magnetic field energy: it sweeps out a volume 

a x  c in one second, scattering Umag a x  c of magnetic energy, boosting it by a factor ~  7 2 

(Longair 1981, Robson 1996).

For a relativistic electron, the energy is is described by E  — 7  m Q c2, where m 0 is the rest 

mass, and thus:

i.e. high-energy electrons radiate their energy away faster.

The radio emission observed in astrophysical sources, such supernovae and radio galax

ies, follows a power-law spectrum where intensity varies as v~ a with a positive spectral 

index a .  This spectrum can be created by an ensemble of electrons with a power-law 

distribution of energies:

it moves, it radiates synchrotron photons and loses energy at a rate

(1.5)

N {E ) d E  oc E ~ sd E (1.7)
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where N {E )d E  is the number of particles per energy range and s is the spectral index of 

the energy distribution: a  — p p .

At lower frequencies, the spectrum becomes self-absorbed and turns over, diving with a 

spectral index a  =  —2.5. At higher frequencies, synchrotron losses cause the spectrum to 

die off. An example of a radio synchrotron spectrum is shown in Figure 1.9.

V

Figure 1 .9 : The radio synchrotron spectrum emitted by an ensemble of electrons with a power-law distri

bution of energies.

The proposed mechanism for the radio emission observed in radio galaxies and radio- 

loud quasars is synchrotron radiation from jets of relativistic electrons emanating from 

the central quasar. The basic form of the radio source is an optically-thick, unresolved 

flat-spectrum core (the flat-spectrum is caused by self-absorption at more than one wave

length) with radio jets streaming out from the core ending in plumes of radio emission 

called lobes. The jets and lobes exhibit optically-thin power-law spectra.

There are two general classifications of radio galaxies (and RLQs) based on the morphol

ogy of the jet/lobe system: Fanaroff-Riley Class I (FRI) and II (FRII). These observational 

classifications, and their corresponding theoretical explanation, can be summarized as 

follows:

• FRI: relativistic jets emanate from the core and are slowed down as they interact 

with their environment. Energy is thus dissipated over a large area, and the lobes 

are connected to the core by smooth and continuous diffuse jets. A radio map of an
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Figure 1 .1 0 : Radio map of Cygnus A taken at 6 cm with the Very Large Array (fames Dunlop private 

communication; the image was made using data kindly provided by Chris Carilli).

FRI appears brightest in the center, with the emission falling off towards the edges 

of the radio source.

• FR II: relativistic jets emanate from the core without being slowed down by the 

surrounding environment. The radio jets are narrow and end in a bright hotspot 

region where the electrons shock and convert their kinetic energy into heat. The 

hotspots are surrounded by a plume of radio emission called the lobe which extends 

back towards the core. The radio emission is dominated by these lobe/hotspot 

regions. Doppler beaming preferentially brightens the approaching lobe, and FRIIs 

often appear asymmetric in lobe brightness.

The most luminous radio galaxies adhere to an FRII morphology. A radio map of an FRII, 

Cygnus A, is shown in Figure 1.10.

1.3.3 Radio Galaxies As M arkers For M assive Ellipticals

Mathews et al. (1964) first discussed the optical morphology of radio galaxies, noting 

that they live in elliptical systems. In the decades that followed, astronomers focused 

on the radio properties and simply assumed that radio sources and giant ellipticals were



1.3. The Importance o f Radio Galaxies 21

synonymous.

It is only in the last decade that unrefutable evidence supporting this claim has been 

presented. Optical and infrared observations of radio source hosts indicate that all low- 

redshift luminous radio galaxies and radio-loud quasars live in massive ellipticals (Owen 

& Laing 1989, Taylor et al. 1996, McLure et al. 1999). The host galaxies have luminosities 

>  L* and estimated stellar masses > 1O11M0 .

This is an incredibly clean and powerful result. It is reasonable to assume that high- 

redshift radio galaxies reside in the progenitors of the massive ellipticals seen locally. 

Radio galaxies are luminous enough to be detected out to redshifts z  >  5, the highest 

redshift published to date is z =  5.19 for TN J0924-2201 (van Breugel et al. 1999), and 

thus allow the evolution of massive ellipticals to be studied over much of the history of 

the Universe.

A t this juncture it must be noted that radio synchrotron emission can be strong in the 

submillimetre waveband. Submillimetre observations of the dust in radio galaxies, in 

order to determine the evolutionary status of massive ellipticals, can suffer from radio 

contamination.

1.3.4 The A dvantages of Radio Galaxies over Radio-Loud Quasars

Radio-loud quasars tend to have flat radio spectra and bright cores. Even steep-spectrum 

radio-loud quasars will have bright cores which can lead to non-thermal contamination 

of the submillimetre waveband (e.g. Spencer et al. 1991). Selecting steep-spectrum radio 

galaxies with faint cores minimises the contamination.

1.3.5 The A dvantages of Radio Galaxies over Radio-Q uiet Quasars

W hen this project began, ~  60% of radio-quiet quasars were thought to reside in galax

ies with a substantial disk component, the remainder lying in elliptical systems with 

marginal evidence that the more luminous RQQs favoured ellipticals (Taylor et al. 1996). 

However, the result was limited by the ambiguous classification of several of the more lu

minous RQQs. Thus, it was not possible to be certain whether the host of a high-redshift
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RQQ was an elliptical or a spiral, making the use of RQQs to study the evolution of e i

ther population impossible. A more recent study indicates that all radio-quiet quasars 

brighter than M r  — —24 reside in ellipticals (McLure et al. 1999).

Furthermore, radio galaxies are selected on the basis of their extended radio emission. 

Gravitational lensing cannot bring these extended structures into view, it can only dis

tort them. However, quasars selected on the basis of their optical em ission are point-like 

objects, which can be brought into view by gravitational lensing. If the lens is a discrete 

object, as opposed to a smooth mass distribution such as a galaxy cluster, it is very dif

ficult to determine the amplification factors and accurately correct for the lensing. In 

addition, the further away an object is, the higher the chance it has of being lensed, intro

ducing a lensing bias - higher redshift sources are more likely to appear more luminous 

than they really are. The use of radio-quiet quasars found in optical surveys adds an 

additional level of uncertainty to any evolutionary study, one that is not easily corrected 

for.

The selection of radio galaxies on the basis of their extended structure significantly re

duces the probability of lensing, as the radio galaxy cannot have been originally detected 

because it was brought into view by a lens. However, it must be noted that this selection 

does not preclude the submillimetre emission of the host galaxy at the center of the radio 

source from being lensed.

1.4 Aim of This Thesis

This thesis presents a study of the cosmological evolution of star formation in massive 

ellipticals over much the age of the Universe. The redshifted submillimetre dust emission 

is used to trace star formation activity, and radio galaxies are used to pinpoint giant 

ellipticals at high redshift.

Care must be taken in this study as all targets contain an active galactic nucleus. If radio 

galaxies from a single flux-limited sample are observed, the most distant objects will 

be the most luminous. If the high-redshift sources are detected, it will not be clear if 

the submillimetre luminosity is related to the redshift or the extreme nature of the radio
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luminosity. Thus, several radio surveys with different flux limits have been combined, 

and the targets have been selected to have the same radio luminosities while spanning 

a range of redshifts, in order to identify genuine cosmological evolution of the massive 

elliptical population.

1.5 Outline of Thesis

Chapter 2 gives a detailed description of SCUBA and the optimal techniques for observ

ing with SCUBA and reducing the data.

Chapter 3 explains the selection of the radio galaxy sample. The properties of the radio 

emission (e.g. fluxes and source size) of each source are given, and the submillimetre 

observations are carefully corrected for radio synchrotron contamination. The chapter 

closes with notes on the optical/infrared/radio morphology of each galaxy in the sample, 

with reference made to any striking features found in the literature.

In Chapter 4, the properties of the dust producing the submillimetre spectra are esti

mated. The 850-yum luminosity of each source is calculated, and survival analysis tech

niques are used to look for correlations between the submillimetre emission of the sam

ple with redshift and radio properties. The dependence of submillimetre emission on 

redshift for massive ellipticals is also investigated by binning the data. For the entire 

dataset, the submillimetre luminosity correlates with both radio properties and redshift. 

Thus, subsets of the sample have been chosen to remove the correlation between radio 

luminosity and redshift and determine which governs the behaviour of the submillime

tre emission. Striking evidence that the 850-micron luminosity of m assive ellipticals in

creases steadily from z ~  1 to z  ~  4.5, with no sign of slowing down, is presented. At the 

end of the chapter, this evolution is contrasted with the observed cosmological evolution 

of active galactic nuclei.

In Chapter 5, the results are compared to the predictions of a newly developed model 

of elliptical galaxy evolution. This is done by calculating the dust and gas mass of each 

galaxy, in order to determine the absolute size of the starburst, and by combining sub

millimetre and K-band photometry to determine the size of the starburst relative to the
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stellar population already formed. The Chapter closes by comparing the star-forming 

properties of the radio galaxy sample with other studies of star formation at high red- 

shift.

Chapter 6 gives a brief summary of the main results and conclusions of the thesis.



Chapter 2

Investigation of Optimal SCUBA 

Observing Techniques and Data 

Reduction

2.1 Introduction

The telescope most appropriate for this project is the James Clerk M axwell Telescope 

(JCMT), located near the summit of Mauna Kea in Hawaii. JCM T is a 15-m Cassegrain 

telescope with an alt-azimuth mounting. The submillimetre camera mounted on JCM T 

is called SCUBA, the Submillimetre Common-User Bolometer Array. A  picture of SCUBA in 

position on the Nasmyth platform is shown in Figure 2.1.

SCUBA contains two bolometer arrays, each arranged in a close-packed hexagon with a 

2.3' instantaneous field of view. The diffraction-limited beamsizes delivered by the JCMT 

to SCUBA are 14.7" at 850 pm and 7.5" at 450 pm; the bolometer feedhorns are sized for 

optimal coupling to the beams. Consequently, the long-wavelength (LW) array, opti

mised for an observing wavelength of 850 pm, contains 37 pixels. The short-wavelength 

(SW) array, optimised for operation at 450 pm, contains 91 pixels. The arrays can also be
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F ig u re  2 .1 : SCUBA mounted on the Nasmyth platform at JCMT. The photograph is courtesy of the JCMT 

webpage.

Figure 2.2: The SCUBA LW bolometer array. The photograph is courtesy of the JCMT webpage.
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Figure 2.3: Nomenclature for the SCUBA bolometers. This diagram has been reproduced from the SURF 

User's Manual (Jenness & Lightfoot 1997).

operated at other wavelengths: there is a 750 pm filter for the LW array, and a 350 pm 

filter for the SW array. A dichroic beamsplitter allows observations to be made with both 

arrays simultaneously. In addition, there are three separate pixels located on the edge of 

the LW array. These allow observations to be made at either 2mm, 1.35mm, or 1.1mm (al

though the 1.1 mm pixel does not currently work). The LW array is shown in Figure 2.2, 

and the labels of the individual bolometers are given in Figure 2.3.

SCUBA was designed to be limited by photon noise from the background sky (background- 

limited). This has been achieved by cooling the bolometers to ~  90 mK using a 3Ffe/4Ffe 

dilution refrigerator so that SCUBA is not dominated by detector noise.

The project described in this dissertation was awarded long-term status by the JCM T 

Time Allocation Committee, with a total of 192 hours being allocated over the space of a 

year and a half. The first observing run took place in December 1997, only months after 

the commissioning of SCUBA. Consequently, a primary goal of the run was to explore 

and define the optimum method of utilizing SCUBA and the effectiveness of different 

methods of data reduction. This was considered of crucial importance for a project whose 

targets, as rapidly became clear, are at the threshold of SCUBA's detection limit. In partic

ular, the uncommissioned two-bolometer chopping mode was used to take the data, and
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a wide range of sky-subtraction methods were explored. The run produced the largest 

existing dataset with two-bolometer chopping, and the project was in a unique position 

to be able to determine the advantages offered by this mode.

This chapter describes the technique of two-bolometer chopping in detail, and attempts 

to determine if it offers a significant improvement over regular chopping, or if, for any 

significant improvement in signal-to-noise, three-bolometer chopping should be used. 

The observation and data reduction methods investigated are also summarised. Lastly, 

the techniques used in subsequent observing runs are discussed.

2.2 Observing Strategy

2.2.1 W hat is Two-Bolom eter Chopping?

As well as attenuating signals, the Earth's atmosphere, combined with the telescope and 

its immediate surroundings, emits thermal radiation several orders-of-magnitude larger 

than the source signal. This radiation swamps the source emission, and varies spatially, 

temporally, and with wavelength.

The source signal needs to be extracted from this background. Chopping and nodding 

are able to remove the sky emission and diminish, although not eradicate, the variations 

in it.

Chopping subtracts the background sky from the source signal by tilting the secondary 

mirror back and forth, alternately bringing the source and sky into view. It is neces

sary to chop faster than the rate at which the sky varies; at JCM T the standard chop

ping frequency adopted is ~  7 Hz, a compromise between performance, reliability, and 

vibrationally-induced noise.

The chop throw is the distance between the source and the reference region of sky chopped 

onto. It is best kept as small as possible, because large throws result in large distortions 

of the beam shape and poor sky cancellation. In fact, Duncan et al. (1995) found that sky 

noise increases almost linearly with chop throw.
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Figure 2.4: Pictorial Representation of Chop and Nod Cycles. 'O' is blank sky, and 'S' is the source. The 

solid line indicates the secondary mirror, and the dashed lines represent light travelling from the source or 

sky regions. B2 is the bolometer chosen to perform the on-axis observations. The sequence begins with the 

telescope in Nod Position 1, the on-position, with B2 chopping between the source in the right beam and the 

sky in the left (Boxes 1-2). When the telescope moves to Nod Position 2, the off-position, B2 sees the source 

in the left beam and the sky in the right (Boxes 3-4). For the chop cycle, in Phase A B2 observes the source, 

in Phase B it observes sky.

An azimuthal (Az) chop has been suggested as the optimal configuration for most sub

millimetre observations. Chopping in Az ensures that both the sky and the source are ob

served at the same airmass; their signals are affected by the same amount of atmosphere. 

W hen the secondary mirror chops in Az, different regions of the sky are brought into 

view by the rotation of the celestial sphere. Over the course of long integrations, chop

ping smoothes out the differences between these regions, assuming there are no bright 

sources nearby. However, Hughes et al. (1998) have found, at least for high declinations,
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B1 B2 B3

- H 7 G8 D eta ils

(i)

0 S 0 Chop A - Right Beam

Nod 1

0 0 S Chop B -Left Beam

(ii)

0 S 0 Chop A - Left Beam

Nod 2

S 0 0 Chop B - Right Beam

(iii)

0 S 0 Chop A - Left Beam

Nod 2

S 0 0 Chop B - Right Beam

(iv )

0 s 0 Chop A - Right Beam

Nod 1

0 0 s Chop B - Left Beam

Figure 2.5: Two-Bolometer Chopping. Refer to Figure 2.4. H7 is chosen to be the primary bolometer B2, 

and G8 is chosen to be the secondary bolometer B3. Due to the curvature of the array, no bolometer perfectly 

aligns with the position Bl. This diagram shows what each bolometer sees during the chop and nod cycles. 

'S' denotes source, and 'O' denotes sky. For Nod 1 (the 'on-position'), the source is in the right beam, and the 

sky is in the left. For Nod 2 (the 'off-position'), the source is in the left beam and the sky is in the right. Chop 

A is the first phase of the chop cycle, with the primary bolometer on source. Chop B is the second phase of 

the chop cycle, with the primary bolometer on sky, and either B3 (G8) or Bl seeing the source.

that there is no significant difference between the noise levels achieved by chopping in 

Az and chopping in RA. Chopping in RA/Dec coordinates can be advantageous: the 

same small patch of sky is always observed when the secondary mirror chops, w hich can 

in principle be chosen to be source-free.

The two mirror positions used for chopping are called the right beam, R, and the left 

beam, L. Measurements begin with the source observed through R, and the sky through 

L. Data are taken as a stream of (R-L)'s, calculated on-the-fly by the SCUBA on-board
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transputers, thus subtracting the background sky from the source signal. A t regular in

tervals of typically 18 seconds, the whole telescope is moved, bringing the source into the 

left beam, and sky into the right beam. The data are still stored in the form (R-L) and thus 

a negative source signal is obtained with this configuration. This telescope movement is 

referred to as nodding or beam-switching. W hen the source is observed through the right 

beam, the telescope is said to be in the 'on' nod position. Likewise, the 'o ff' nod position 

corresponds to the source observed through the left beam.

As the two beams are handled differently by the internal electronics, nodding is per

formed to remove biasing effects. In addition, for each nod position the telescope chops 

onto a different area of the sky. The source lies in between these two sky regions, thus 

nodding helps correct for gradients in the sky background. Duncan et al. (1995) provide 

evidence for the necessity of beam-switching. They found that the signal was still con

taminated by a significant amount of sky emission if only chopping was used; combining 

chopping and nodding was effective in removing most of the contamination. However, 

it is impractical to move a large telescope like the JCM T at a rate comparable to the chop

ping frequency; the 18-second nod is chosen as a compromise between sky-noise sup

pression and observational overheads.. As a result, the chop/nod method is insufficient 

for removing quickly-varying sky emission and gradients as well as the slowly-varying 

ones.

Figure 2.4 gives a representation of the different stages of the chop/nod cycle. B2 is the 

primary bolometer, chosen to perform the observation. B1 and B3 are fixed 'positions' 

on either side of the primary bolometer; light, from both empty sky and the source, is 

deflected onto them by the chopping secondary mirror. Depending on the size of the 

chop throw, this light can fall either on or off the array. The chop throw can be chosen 

such that B1 and B3 are actual bolometers - they take turns observing the source while B2 

looks at the sky. This is called three-bolometer chopping. However, the array is curved, 

making it impossible to find three bolometers that align perfectly. The controller for 

the secondary mirror unit (SMU) will need to be re-programmed before three-bolometer 

chopping becomes a viable option. It is possible to choose only two bolometers. Thus 

H7, say, performs the role of the primary bolometer B2, and G8, say, performs the role of 

the secondary bolometer B3. No bolometer is positioned to record the observations of B l.
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Figure 2.5 shows the signal seen by H7 and G8 at each stage of the chop-nod cycle:

(i) The telescope starts in the on-position (NOD 1), chopping the source between H7 and 

G8.

(ii) It then nods, and chops the source between H7 and B l.

(iii) It remains in the off-position (NOD 2) and continues observing.

(iv) The telescope moves back to the on-position (NOD 1), where the source is again 

chopped between H7 and G8.

This sequence is repeated until H7 has spent the requested amount of time on-source. 

Compared with G8, H7 spends twice as long looking at the source, collecting twice as 

many source photons. However, since H7 and G8 will detect roughly equal numbers of 

sky photons, they should measure the same noise (SCUBA is limited by Poisson noise 

from the background sky), integrating down as 1/ \/tim e.

Note that G8 (B3) only observes the source through the left beam  and hence does not 

account for bias effects.

Note also that although the telescope has been positioned such that H7 and G8 observe 

the source, all of the bolometers are 'switched on', and they all record data, even if it is 

only empty sky.

2.2.2 How the Data Were Taken

With SCUBA, data are taken at a rate of 128 Hz but are only stored every second. The data 

are kept as 1-second averages of (R-L), with fast-transient spikes having been removed 

by the transputers.

The sources are all expected to be faint point sources, as confirmed by the maps of Ivison 

et al. (1999b), and SCUBA's photometry mode is ideal for detecting them. When perform 

ing photometry, SCUBA does not measure the flux by simply staring at the source with 

the chosen bolometer. Instead, a 9-point jiggle pattern is made. This is a 3 x 3 grid with 2" 

spacing, centered on the source. Each point is observed for 1 second, then the secondary 

mirror is jiggled such that it chops onto another position in the grid.



2.2. Observing Strategy 33

If SCUBA simply stares at the source, flux can be lost owing to:

• Poor seeing. Turbulence in the atmosphere causes sources to be smeared out and to 

appear in constant motion. This effect is referred to as seeing.

• Errors in the telescope tracking or pointing.

• The small offset between the LW and the SW arrays. In Nasmyth coordinates, the 

offset of the SW array with respect to the LW isd

X = 1.67 ± 0 .0 1 "
Y = 0.33 ± 0 .0 1 "

• Light refraction. A layer of water in the atmosphere can refract light, slightly chang

ing the position of a source.

The 9-point jiggle is designed to minimise these effects. During commissioning, a variety 

of methods were attempted. Under the majority of conditions, the 9-point jiggle with 2 " 

spacing gave the best S/N.

Observations proceed as described in Figure 2.5, with one 9-point jiggle being made for 

each nod segment. The time sequence is as follows:

on - off - off on on - off off

t t $ t t t t
9pt. - 9pt. - 9pt. - 9pt. - 9pt. - 9pt. - 9pt.

This sequence contains the same information as if nodding was performed on-off-on-off- 

on-off-..., but the telescope does not need to be moved as many times.

If SCUBA is set up to perform 50 integrations with beam-switching, it takes 50 9-point 

jiggle patterns in each nod position. Thus the total time spent on source is 9x50x2 seconds, 

or 15 minutes. Including chopping and nodding overheads, this takes about 20 minutes 

to complete.

TWayne Holland, private communication.
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For the observations of distant radio sources reported here, data were taken sim ultane

ously at 850 p m  and 450 pm , in 50-integration segments. Each integration gives an inde

pendent estimate of the source signal, allowing the standard error in the mean signal be 

determined directly from the variation in the estimates.

Pointing, focus, and calibration measurements were performed regularly. The pointing 

offsets were rarely larger than 2". In order to obtain a useful upper limit in the event of a 

non-detection, all sources were observed to a depth of 1 m Jy rms.

The SCUBA arrays are fixed in Nasmyth coordinates and do not rotate to compensate 

for the rotation of the celestial sphere. Thus, preliminary 1-integration observations were 

made for each source to determine the orientation of the array on the sky. From this in

formation two quiet bolometers were selected, with system noise <  50 nV, orientated 

relative to each other such that chopping to a fixed RA and Dec would be very similar 

to chopping in Az. The two bolometers were chosen to be separated by another bolom e

ter, yielding chop throws of 40 -  50". In most cases, only the primary bolom eter had a 

corresponding 450-p m  bolometer.

2.2.3 Targets

Table 2.1 lists the sources observed during the first observing run in December 1997. 

Apart from 3C257, they were all observed with two-bolometer chopping; Table 2.1 gives 

the bolometers used and total integration time spent on each target. Observations made 

after December 1997 were not taken with the two-bolometer chopping mode and are 

discussed at the end of this chapter.

The source-selection criteria are described in Chapter 3.

2.3 Data Reduction

The reduction was performed using version 1.2-beta of the SCUBA User Reduction Facil

ity (SURF). Refer to Figure 2.6 for a flow diagram of the available data reduction routines. 

The specific routines applied to this dataset will be described in detail here.
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85C1 firn 45C1 m
Source On-Source Time (s) Primary Secondary Primary Secondary
6C0902+34 2106 G16 H9 B9 -

3C257 2700 G16 - B9 -

6C0901+35 3600 G16 H9 B9 -

4C41.17 3600 G16 H15 B9 D15
3C277.2 6246 G16 H9 B9 -

3C340 6300 G16 H9 B9 -

H14 12 - -

6C0930+38 6300 G16 H9 B9 -

6C1204+37 6300 G16 H9 B9 -

3C265 7200 G16 H9 B9 -

3C324 7200 G16 H15 B9 D15
3C241 8046 G16 H9 B9 -

G16 H15 B9 D15
H15 - D15 -

6C1232+39 8100 G16 H9 B9 -

6C0905+39 9000 G16 H9 B9 -

3C217 10800 G16 H9 B9 -

3C294 11700 G16 H9 B9 -

Table 2.1: Sources observed in December 1997.

2.3.1 Taking N odding into Consideration

The routine reduce.switch was applied to the data to take account of nodding. The data 

are recorded as (right beam - left beam), translating to (source-sky) for the on-position 

and (sky-source) for the off-position. For each nod segment, a 9-point jiggle is made. Re- 

duce_switch takes consecutive nod segments and considers each jiggle-point separately, 

subtracting the Is  off-position measurement from the Is  on-position measurement. The 

two measurements are 9s apart.

2.3.2 Flatfielding

The latest version of flatfield (lwswphot.dat) was applied. The flatfield was initially m ea

sured using photometry observations of Jupiter, and has since been checked using scan- 

map observations of Mars and Uranus. For the flatfield, H7 and C14 were set to unity, 

and the other bolometers were assigned a flatfield value relative to this. The flatfield 

does not appear to change significantly over time, and has an accuracy of a few percent
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Figure 2.6: Flow diagram of the SURF data reduction process. Optional routines are indicated by dashed 

arrows, and the routines used for the reduction of photometry data are indicated by red arrows (diagram  

adapted from the SURF U ser's Manual; Jenness & Lightfoot 1997).

(Holland et al. 1999).

2.3.3 Extinction Correction

The extinction routine was applied to correct the attenuation of the source signal by the 

Earth's atmosphere:

V =  V0e~ TA (2.1 )
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where V is the measured signal, Vo the above-atmosphere signal, r  is the optical depth 

and is a measure of the transparency of the atmosphere. A  is the airmass:

A =  sec{0) =  y (2.2)

The airmass of an observation is calculated by SURF. The optical depth, however, must 

be supplied to the extinction routine. It can be measured by performing a skydip or by 

extrapolating from the optical depth at 225 GHz, t cso, as measured by the Tau Monitor at 

the Caltech Submillimetre Observatory (CSO). The CSO is the telescope next door to the 

JCMT.

Skydips measure the sky brightness temperature at a range of different airmasses. There 

is a 'chopper wheel' in front of the cryostat window which has two blades (and hence 

two gaps). One of the blades is coated in Eccosorb, which emits as a blackbody at ambi

ent temperature. The other blade is coated with a reflective surface so the cryostat is seen 

by SCUBA. As the wheel spins (rate ~  2 Hz), the bolometers see: hot load - sky - cold 

load - sky - hot load - sky - cold load - sky - etc. The hot and cold loads are of known 

temperature. Observations are made of the two loads and the sky. The relationship be

tween signal and temperature can be found from the loads, and hence the sky brightness 

temperature can be measured from the sky signal.

The default is to calculate this temperature at 10 different airmasses. A model is then 

fitted to the resulting data to estimate the optical depth.
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The analysis of several skydips has helped determine the relationship between r CSO/ rgso, 

and 7-450. In December 1997, the relations were quoted as:

Further observations have been made to refine this result, and can be found on The 

SCUBA Calibration Page of the JCM T web site. Assuming the form r  =  a (rcso -  b), 

at 850 fim  a  =  4.29 ±  0.05 and b =  0.006 ±  0.001. For 450 ¡im , a — 25.0 ±  0.6 and 

b =  0.011 ± 0.001.

These equations can be used to calculate r . Using the older version of the relations un

derestimates T850 and 7-450 by only a few percent. This is a negligible amount given that, 

as demonstrated in the next section, a mis-estimation of t 85o by 20% only mis-calculates 

the source signal by a few percent.

Determination of Optical Depth

Skydips were performed every 1 5 -  2 hours. The 850-/xm skydips were reduced with 

SURF, yielding optical depths 0.5 -  3% higher than the online reduction. Two of the 

skydip observations have been excluded from the following analysis - the m odel fits were 

very poor and the estimated values of r 85o could not be trusted.

Figure 2.7 shows rsky85o (850-/im optical depth calculated using the skydip) plotted against 

the t cso at the time the skydip was taken. A straight line was fitted to the points using the 

Numerical Recipes least-squares fitting routine FIT. The routine fits a straight line to the 

points by minimising x 2'-

For data points (Xi, yt ±  a ,), a line with slope m and y-intercept c is fitted.

The program yielded a slope of 4.31 ±  0.04 and a y-intercept of -0 .0 2 5  ±  0.002, with a 

reduced-* 2 = 40. This is consistent, within the errors, with the relationship between r cso 

and r85o quoted in Equation (2.3).

isso =  4 .3 (tcso -  0.007) 

7-450 =  23.9(rcso -  0.01)

(2.3)

(2.4)

(2.5)
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T cso

Figure 2.7: Relationship between skydip observations of rgso and the corresponding value of rcso- The 

observations were taken over the course of one week. A straight line has been fitted to the data, with slope 

4.31 ±  0.04 and y-intercept —0.025 ±  0.002.

It was also important to get an indication of the difference between estimating r  from 

a skydip and calculating it using Equation (2.3). The ratio rSky85o /Tcrei850 was plotted 

against rcs0/ where rcrei85o is the 850-pm optical depth estimated using Equation (2.3) and 

rcso at the time of the skydip observation.

From Figure 2.8 one can see that TSky8so is almost always within 20% of rcrei850/ and the 

difference between the two methods does not seem to increase in poor weather conditions 

(i.e. high t cso). On average, rSky85o is 3% higher than rcrei85o, the mean value of the ratio 

being 1.03 with a standard deviation of 0.11.

Consequently, it was necessary to determine how a mis-estimation of r  by 20% affected 

the calculated source signal. The sources were chosen to have a low declination, <5 <  40°, 

and hence the highest airmass during observation was A — 1.278. The observations were 

also made in excellent weather conditions, r 850 < 0.3. From Figure 2.9 it can be seen 

that under these conditions, the 850 /¿m signal would be off by 5% in general, and 8% at 

most, if calculated using a r  value that was in error by 20%. This mis-estimation would
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Figure 2.8: Ratio of r sky85o to Tcreisso- For points lying between the dotted lines, r 8ky85o is within 20% of 

Teredo- The mean value of rskyg5o /rCrei85o is 1.03 and the standard deviation is 0.11.

be worse for higher airmasses and r  values. It is within the expected calibration error of 

about 10%, and thus, for the December 1997 observations, it does not matter whether r  is 

estimated using a sky dip or Equation (2.3).

For the data reduction, tsso was estimated using Equation (2.3), as t cso is updated more 

frequently (every 15 minutes) than the rate at which sky dips were taken. W hen the CSO 

Tau Monitor was not working, the sky dip values were used. At 450 pm, the sky dip values 

were not trustworthy; the model is still not understood, resulting in poor fits to the data 

which often underestimate T450. Instead, Equation (2.4) was used to calculated r.m  from 

Tcso- When the CSO Tau Monitor was not working, this relation was used in conjunction 

with Equation (2.3) to estimate T450 from rgso-

2.3.4 Rem oval of Glitches

The routine scuclip was applied to the data to remove cosmic-ray glitches. This routine 

processes each bolometer in turn, removing any data points lying further than, for ex

ample, 3-cr from tire mean. The process is iterative, recalculating the mean after each clip 

and repeating the process until no glitches remain.

Tcso
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T

Figure 2 .9 : Depiction of how a mis-estimation of r  affects source signal. Note that the range of r  values 

presented is typical of those expected at 850 /¿in. The ratio B /C  is shown. B  is the source signal calculated 

from a value of r  that is wrong by 20%. C  is the real source signal. The ratio illustrates the difference between 

the two signals, and is plotted against the real value of r .  Note the black lines plot the ratio for when r  is 

taken to be 20% higher than it really is, and the red lines plot the ratio for when r  is taken to be 20% lower 

than it really is. In addition, the solid line shows the effect for airmass A  =  1.05, the dashed line for A  =  1.5, 

and the dot-dashed line for A  =  2.0. As given by Equation (2.1), the atmospheric correction to convert a 

signal to an above-atmosphere signal is e r A . If r  is large, the correction is large and climbs more steeply 

with increasing r .  The result is that a mis-estimation of r  when r  is large affects the calculated signal more 

than if t  is small. The same happens with airmass - if the airmass is low, the signal is not affected very much 

if t  is wrong.

Data were considered for a few sources in detail, and the decision was made to clip at 3 -a. 

It appeared that a  >  3 .5  was not very effective, whereas a  =  2 .5  resulted in somewhat 

over-enthusiastic despiking.

For a Gaussian distribution, 9 9 .7 3 %  of the data should lie within 3 - ct of the mean. Thus for 

1 0 0  samples, a 3-cr clip should discard 0 .2 7  spikes if the distribution is a perfect Gaussian. 

Likewise, for 4 5 0  samples, 1 .2 1 5  spikes should be removed with a 3 - ct cut.

The observations were taken in 50-integration segments. Thus, with 9-point jiggle map-
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Figure 2.10: Distribution of the number of spikes removed per bolometer from 50-integration observations 

for the LW array. The average number removed is 2.60 ±  0.09, and is indicated by the dashed line. The 

standard deviation is 0.94.
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Figure 2.11: Distribution of the number of spikes removed per bolometer from 50-integration observations 

for the SW array. The average number removed is 2.43 ±  0.10, and is indicated by the dashed line. This 

value is consistent, within errors, to the value found for the LW array (refer to Figure 2.10). The standard 

deviation is 1.08.

ping, each observation contains 450 samples per bolometer. Figure 2.10 and Figure 2.11 

show the distributions of the number of spikes removed per bolometer by scuclip. On
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average, scuclip removed ~  2.5 glitches, in 450 samples, per bolometer for each array. 

This value is larger than the prediction for a perfect Gaussian, and in all cases except 

two the number of spikes removed is larger than 1.215. Cosmic rays or excessive vibra

tion from the chopping secondary may be responsible for these glitches which need to be 

removed by scuclip.

2.3.5 Sky Subtraction  

Reasons for Applying Remsky

As mentioned previously, background sky emission is not completely removed by chop

ping and nodding. Remsky is the routine applied to remove any residual effects, most 

likely due to quick variations in the sky emission and gradients. As photometry m easure

ments only use one or at most two bolometers, the rest of the bolometers look at blank 

sky and gather important information as to the state of the sky emission.

The spatial extent of the sky variations is m uch larger than the array itself, >  1000" (Jen- 

ness et al. 1998). Spatial variations do not need to be corrected for, and a simple average 

of the sky from the 'sky-bolometers' should be sufficient to remove the sky emission. It 

should not be necessary to fit a model surface to the sky-bolometer data, extrapolating to 

subtract it from the source. Jenness et al. (1998) made cursory investigations into fitting 

surfaces to the sky, but did not find that it significantly improved the quality of the data.

Temporal variations definitely do need to be removed. Each jiggle point is analysed in 

turn, remsky calculating the average sky signal for that point and removing it from the 

entire array. The sky subtraction is thus performed on pairs of 1-second samples spaced 

9 seconds apart (due to nodding), helping to correct for short-term variations.

Jenness et al. (1998) demonstrate the improvements offered by remsky. They show evi

dence for residual sky noise, in excess of the Poisson noise, after chopping and nodding 

have been performed. An example is given of a photometry observation, 50 integrations 

long, whose residual is ~  0.12 mV. They plot the sky and source+sky signals against in

tegration number, the sky clearly making a contribution to the net signal. They find that 

remsky takes account of this residual, increasing the signal-to-noise by a factor of two.
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For the December 1997 data, the application of remsky was found to always improve 

(i.e. reduce) the noise. The noise is expected to decrease as 1/\Jtim e. Figure 2.12 gives 

an example of this, plotting noise against time in log space. The points should lie in a 

straight line with slope m  — -0 .5 . Data are plotted for two cases. The first has not had 

remsky applied and relies on chopping and nodding for sky cancellation. The second 

case has had remsky applied. Lines were fitted to the data using the least-squares method 

described in Section 2.3.3.

In both cases, the slope is slightly steeper than -0 .5 , being ~  —0.55. The noise is notice

ably lower if remsky is applied. In two hours, for an average NEFD of 80-90 m jy/VH z, 

the noise should integrate down to about 1 mjy. Given the conditions during which 

3C265 was observed, the NEFD should be similar to this; it can be seen from Figure 2.12 

that applying remsky helps achieve the expected noise level of 1 mjy.

Methods of Applying Remsky

The average sky value can be calculated by remsky a number of different ways. One 

can choose which bolometers to use as sky-bolometers, and can take a mean, an itera

tive clipped mean (bolometers lying more than n - u  from the mean are discarded), or 

a median. The data were reduced five times, each time applying a different version of 

remsky:

Method 1: remsky is not applied

Method 2: median remsky using all bolometers

Method 3: median remsky using quiet bolometers

Method 4: 3.0-cr clipped mean remsky using all bolometers

Method 5: 3.0-<t clipped mean remsky using quiet bolometers

Note the primary and secondary bolometers were excluded from the sky signal calcula

tions, and a quiet bolometer is one with system noise < 50 nV.
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Figure 2.12: Log-space plot of noise against time for 3C265. Eight 15-minute observations were made of 

3C265 under good, stable conditions on 1 3 /1 2 /9 7 . This plot shows how the noise of the primary bolometer 

integrates down as successive observations are concatenated together. The triangles give the noise if remsky 

is not applied. The dashed line is a least-squares fit to the data, with a slope m  =  —0.56 db 0.01 and a y- 

intercept c =  1.22 ±  0.02. The crosses give the noise when remsky is applied. For this example, the average 

sky signal was taken to be the median signal of all the bolometers excluding the source pixels. The solid line 

is the least-squares fit to the remsky data, with a slope m  =  —0.55 ±  0.01 and a y-intercept c =  1.13 ±  0.01.

The standard errors calculated by the five methods are shown in Table 2.2. For each 

source, the reduction that calculates the lowest error is highlighted. There is no concrete 

trend, no single method is consistently better than the rest. However, a couple of points 

do stand out. Firstly, for all sources, applying remsky significantly reduces the standard 

error compared with not doing so. Secondly, if remsky is applied to a source, it does not 

seem to matter how it is applied; methods 2-5 all produce very similar standard errors for 

a given source. In fact, the maximum difference in the errors estimated by methods 2-5 

is only 5%. This is not a significant difference, especially as the uncertainty in the instru

ment calibration is thought to be around 10%. Even though methods 2-5 are essentially 

equivalent when it comes to estimating the standard error, on average method 5 seems to 

result in marginally lower noise values than the other methods, whereas method 3 seems 

to produce marginally higher values.

Table 2.3 shows the S/N as calculated by each reduction method. For S/N, there can be 

a huge variation in the values calculated by the different methods. In addition, in some

t im e  /  m in u te s
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Reduction Method

Wavelength Source 1 2 3 4 5
3C217 1.32 0.84 0.84 0.83 0.83
3C241 1.58 0.96 0.95 0.96 0.94
3C257 4.18 1.90 1.87 1.87 1.82
3C265 1.14 0.98 1.01 0.98 0.98
3C277.2 1.06 1.04 1.07 1.02 1.04
3C294 1.29 0.79 0.79 0.78 0.78
3C324 1.35 0.87 0.89 0.87 0.87

850 firn. 3C340 1.78 0.87 0.89 0.87 0.87
4C41.17 2.01 1.40 1.40 1.40 1.37
6C0901+35 1.17 1.14 1.15 1.18 1.15
6C0902+34 1.48 1.40 1.40 1.42 1.40
6C0905+39 1.03 0.90 0.90 0.89 0.89
6C0930+38 1.07 0.99 1.01 0.99 1.00
6C1204+37 1.26 0.95 0.97 0.96 0.96
6C1232+39 0.92 0.73 0.74 0.73 0.72
3C217 18.99 9.67 9.84 9.76 9.84
3C241 24.61 12.48 12.83 12.48 12.57
3C257 75.86 26.37 26.28 25.84 26.02
3C265 15.38 11.34 11.25 11.34 11.25
3C277.2 12.92 10.81 10.90 10.72 10.72
3C294 23.73 13.36 13.36 13.36 13.36
3C324 18.02 11.51 11.87 11.78 11.78

450 /tm 3C340 26.11 8.79 8.77 8.97 8.97
4C41.17 14.86 11.69 11.87 11.69 11.34
6C0901+35 9.84 8.29 8.18 8.32 8.21
6C0902+34 12.31 10.28 10.11 10.20 9.93
6C0905+39 20.66 16.44 16.26 16.35 16.17
6C0930+38 13.27 10.99 10.99 10.81 10.81
6C1204+37 19.16 11.78 12.13 11.69 11.95
6C1232+39 11.43 6.12 6.13 6.09 6.07

Table 2 .2 :  Standard error (mjy) for each source as calculated by each method of remsky. Primary bolometer 

data are shown here. For each source, the method that calculates the smallest error is highlighted.

cases the best S/N  is produced by not applying remsky. However, this only happens for 

sources that were not detected. If the sky emission was very bright, and there was a lack 

of real source signal, then removing that emission by applying remsky could be expected 

to reduce the S/N.

Four sources were unambiguously detected at 850 /jm: 3C257, 4C41.17, 6C0905+39, and 

6C1232+39. For these sources, applying remsky always improves the S/N compared
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Reduction Method

Wavelength Source 1 2 3 4 5
3C217 1.17 0.80 1.25 0.48 1.24
3C241 0.17 2.19 2.17 1.86 1.93
3C257 1.27 3.74 3.80 3.68 3.78
3C265 -1.02 -1.73 -1.47 -1.61 -1.44
3C277.2 0.81 1.09 1.07 0.84 0.97
3C294 0.27 -0.13 -0.10 -0.13 0.24
3C324 0.40 2.05 2.28 1.98 2.01

850 pm 3C340 1.91 0.86 1.20 0.90 0.98
4C41.17 4.63 7.62 7.60 7.58 7.59
6C0901+35 -0.85 -1.57 -1.47 -1.58 -1.59
6C0902+34 1.77 1.60 1.81 1.68 1.98
6C0905+39 4.01 3.78 3.81 3.52 4.07
6C0930+38 0.32 -0.09 0.09 0.11 0.36
6C1204+37 -0.83 -0.59 -0.52 -0.03 0.13
6C1232+39 4.52 4.89 5.09 4.99 5.36
3C217 0.28 -0.39 -0.26 -0.27 -0.07
3C241 -0.28 1.31 1.43 1.14 1.18
3C257 0.08 0.52 0.49 0.43 0.38
3C265 -0.33 -0.11 -0.04 -0.04 -0.18
3C277.2 -0.76 -0.99 -0.76 -1.07 -0.98
3C294 -0.05 0.60 0.58 0.62 0.40
3C324 -0.68 0.02 0.30 0.22 0.35

450 pm 3C340 -0.72 0.56 0.44 0.82 0.76
4C41.17 0.73 2.05 2.10 2.17 2.64
6C0901+35 -1.76 -2.68 -2.41 -2.48 -2.36
6C0902+34 -0.48 -0.50 -0.84 -0.53 -0.71
6C0905+39 1.61 2.07 1.95 2.09 1.93
6C0930+38 1.31 0.40 0.53 0.63 0.77
6C1204+37 -0.05 1.70 1.33 1.78 1.70
6C1232+39 -0.06 -0.22 -0.42 -0.18 -0.39

Table 2.3: Signal/Noise (S/N ) of each source as calculated by each method of remsky. Primary bolometer 

data are shown here. For each source, the method that calculates the highest S /N  is highlighted.

with not doing so. In addition, if rem sky is applied, the maximum difference in S/N 

calculated by methods 2-5 is 3% for 3C 257 ,1% for 4C41.17, 15% for 6C0905+39, and 10% 

for 6C1232+39. This is not an incredibly large variation. For the two sources with a 

larger difference between reductions, method 5 calculates the highest S/N. For the other 

two sources, the variation between methods is so small that methods 2-5 are essentially 

equivalent.
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Considering both the standard error and S/N data, method 5 appears to be the best 

method for applying remsky. Thus, for optimal results and all future data reduction, 

a 3.0-ct clipped mean remsky using only quiet bolometers was chosen.

2.3.6 Processing 9-Point Jiggle M aps

The scuphot routine is needed to process each 9-point jiggle map. It either averages 

the 9 jiggle points together or fits a parabola to the data. Fitting a parabola is not rec

ommended. It requires an extremely stable sky and the observed radio sources are not 

bright enough for an accurate fit.

For each target, 'average' scuphot was applied to the two bolometers used to observe the 

source.

In addition, note that the mean signal of the secondary bolometer is multiplied by -2.0. 

This accounts for it spending half as much time collecting source photons as the primary 

bolometer. Even though reduce _switch subtracts the left beam from the right beam, it as

sumes that the source starts out in the right beam. However, for the secondary bolom eter 

observations begin with the source in the left beam, making the additional negative sign 

necessary.

2.3.7 Reliable Concatenation of Long Integrations

Scucat is the SURF routine for concatenating several observations of the same object. 

Instead of using scucat, the KAPPA routine kstest was applied the data. For a set of 

observations, this routine applies a Kolmogorov-Smirnov Two-Sided Test to the first two 

observations. If they pass the test, they are concatenated, and the third observation is 

'KS-tested' against this larger sample. This continues until all observations have been 

considered and either added to the sample or rejected. A brief review of the KS-test now 

follows.
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The Kolmogorov-Smimov Test

Consider two random samples of observations. The Kolmogorov-Smirnov Two-Sample 

Test estimates the likelihood that the two samples were generated by the same distribu

tion.

Each sample has a normalised cumulative frequency distribution Sn(x):

Sn (x) =  -  (2.6)
n

where k  is the number of observations with a signal less than x, and n  is the total number 

of observations. The test statistic, D , is defined as the maximum absolute difference 

between the two cumulative distributions:

D  — m ax  \Sni(x )  -  Sn2(x)\ (2.7)

If D  is large, it is unlikely that the two samples are the same. The test is often cast in 

terms of probability. The distribution of D  is well-known, and from it the probability, P , 

of two samples being the same can be calculated. If P  exceeds the specified confidence 

level a ,  then the two samples can be considered to originate from the same distribution.

This test is very powerful. It can be applied to small samples of data which do not need 

to be binned. In addition, it does not require knowledge of the form of the distributions 

of the two samples.

Application to the Data

The radio sources were observed for long periods of time, during which the atmospheric 

conditions and telescope parameters (such as pointing, focus, bolom eter noise) could 

likely change. It was important to ensure that the observations were not violently differ

ent, and that it was valid to concatenate them, kstest was applied to the 50-integration 

observations in chronological order, treating the primary and secondary bolometers in

dependently. The confidence level chosen was a  =  0.05. This is quite low - samples 

were concatenated as long as the probability of them being the same was greater than 

5%. In other words, they are only considered different if the probability of them being so
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is greater than 95%. This seems quite extreme, but the reason for applying the test was 

only to reject data that were definitely incompatible, with very little chance of originating 

from the same distribution.
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Figure 2 .1 3 : Primary bolometer data for 3C294 taken over four nights. The last 100 integrations were taken 

on the final night. The top plot shows the data without remsky applied, and the bottom plot shows the data 

with a median remsky applied using all the bolometers except for the source bolometers. The dashed lines 

show the mean signal and 3-cr boundaries.

For this confidence level, it was rare for something to be rejected. As mentioned earlier, 

several m ethods of remsky were applied to the data. Each method was considered sepa

rately, w ith observations being discarded only if they were rejected by kstest for all of the 

methods. If an observation was hovering about acceptance and rejection for the different 

methods, and if it looked compatible alongside the other observations, it was accepted. 

Thus, for a given source, the different reduction methods all have the same observations 

com prising them. This is important if they are to be compared against each other.
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Quite often, the reduction without remsky would contain several observations that were 

rejected by kstest; large differences could be seen for data taken on different nights for 

the same source. This indicates that chopping and nodding were not sufficient to remove 

sky emission. The varying sky conditions lead to incompatible datasets if not correctly 

accounted for. This is supported by the fact that the same observations were accepted 

by kstest if remsky was applied. A good example of this is the data for 3C294, which 

was observed over four nights and is shown in Figure 2.13. Two plots are shown, for 

the first remsky has not been applied, for the second it has. The last 100 integrations 

were taken on the final night, and are clearly incompatible with the rest of the data when 

only chopping and nodding were used for sky subtraction. Remsky m anages to account 

for the sky emission properly for all nights, and the data are all compatible when it is 

applied.

After applying kstest, a final 3.0-cr clip was applied to the data using the routine qdraw, 

which also returned the mean signal and standard error for each source.

2.3.8 Calibration

The final stage of the data reduction was to convert the signals from V  (volts) to mjy. The 

conversion factor is called the gain, and can be calculated using observations of calibra

tors whose flux density is known.

There were no planets visible during the December run; instead, observations were made 

of the secondary calibrators CRL618 and IRC+10216. Secondary calibrator flux densities 

have been calculated by Goeran Sandell and published on the SCUBA Calibration Page 

of the JCM T web site. IRC+10216 is variable, with a period of ~  635 days. The obser

vations of IRC+10216 were calibrated using CRL618 to make sure that the flux densities 

quoted by Goeran Sandell were still applicable. Table 2.4 compares the IRC+10216 flux 

densities estimated from the December 1997 run with Goeran's values. The flux density 

derived at 850 /rm is marginally inconsistent with Goeran's. However, the two values are 

within 5% of each other, and if the error in the gain value estimated from CRL618 is taken 

into account, they are consistent. At 450 ¿zm, the two sets of data are consistent within 

errors. Given that the IRC+10216 flux densities calculated for the December 1997 run are
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comparable to Goeran's, and that his observations were also made in December 1997, Go- 

eran's measurements can be used to calculate the gain from observations of IRC+10216. 

For the final calibration, Goeran's data were preferred as they were calculated from twice 

as many measurements.

Wavelength (pm )
IRC+10216 Flux Density(Jy)

Data from the December 1997 Run Goeran Sandell's Data
850
450

5.81 ± 0 .1 1  6.12 ± 0 .1 9  
13.29 ± 1 .2 7  13.1 ± 1 .8

Table 2.4: Flux density measurements of IRC+10216 from December 1997 made both during the observing 

run and separately by Goeran Sandell. The values from the observing run were estimated using 8 observa

tions at 850 /m i and 7 observations at 450 /im. Goeran Sandell's Data comes from the Scuba Calibration Page 

of the JCMT web site.

A value for the gain was thus measured for each observation of CRL618 and IRC+10216. 

Combining the information from the two calibrators, the average gains at 850 p m  and 

450 pm  were calculated. These values are given in Table 2.5 and are the gains used to 

calibrate all the observations made in December 1997.

Gain (Jy/V)
Wavelength (pm ) Measured SCUBA Manual

850 243 ± 3 250 ±  15
450 879 ±  49 800 ±  100

Table 2.5: Gain values at 850 /rm and 450 /im as calculated for the December 1997 run and as quoted in the 

SCUBA Observing Manual. The gains for the observing run were estimated using 17 observations at 850 /im 

and 15 observations at 450 //m

Photometry observations were also made of several pointing sources. These sources are 

bright enough to run a rough check that the 850-/xm gain did not change significantly 

during the night. Using the gains quoted above, a mean flux density was calculated for 

each pointing source from all the observations made of it. Using this flux density, the 

gain was estimated for each observation of each pointing source. These estimates did not 

vary by more than 20% from the value calculated using secondary calibrators, and this 

only happened on one or two occasions, quite late in the morning. For the expected level 

of detection, ~  5<x, this variation will not dominate the errors.
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The estimated uncertainty in the calibration is around 10% at 850 /xm and 20 — 25% at 

450 /xm.

2.4 How Good is Two-Bolometer Chopping?

The observations were set up to chop as near as possible in azimuth. The data from 

the primary bolom eter alone represent what would have been observed w ith a single

bolom eter chop in azimuth (hereafter referred to as regular chopping). Com bining the 

data from the primary and secondary bolometers allows the performance of two-bolometer 

chopping and regular chopping to be compared.

2.4.1 Com bining D ata from  the Prim ary and Secondary Bolom eters

A set of measurements of X have been made, say, each w ith m ean Xi and standard error 

£j. From the Principle of Least Squares, the most probable value of X is the weighted 

mean, X comb, with standard error £COmb-

Xcomb
Y jWix i

i > T

ĉomb

m  =  -o

(2 .8)

Equation (2.8) can be used to combine the data from the primary and secondary bolom e

ters.
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2.4.2 Expected Im provem ent of Tw o-Bolom eter C hopping

As demonstrated by Figure 2.5, the primary bolometer collects twice as m any photons as 

the secondary but measures the same noise level. Scuphot accounts for this by m ultiply

ing the secondary bolom eter data by a factor of 2. Thus, in a given integration time, t, the 

primary bolom eter signal will be s ±  e  corresponding to a secondary bolom eter signal of

s ±  2e.

Combining the expected signals using Equation (2.8), it can be shown that, compared 

with regular chopping, two-bolometer chopping should reduce the standard error of the 

measurement by 11% and increase the S/N by 12%. Likewise, three-bolometer chopping 

should reduce the standard error by 18%, improving the S/N by 22%.

2.4.3 A ctual Im provem ent of Tw o-Bolom eter C hopping

For the 850-pm data (reduced with a 3.0-ct clipped mean remsky using quiet bolometers), 

Table 2.6 compares the result obtained with two-bolometer chopping to what would have 

been observed with regular chopping.

In some cases the primary and secondary bolometers do not have identical integration 

times, owing to kstest treating the two bolometers separately and rejecting different ob

servations. The predictions for the improvement of two-bolometer chopping over regular 

chopping assume the two bolometers have the same integration time. It is unfortunate 

that for a proper comparison betw een the predictions and the data, only the sources with 

equal integration times for the primary and secondary bolometers can be used.

Consider the standard errors first. As can be seen from Table 2.6, two-bolometer chop

ping always reduces the standard error by approximately the same amount. The im 

provem ent is 8.4% on average, somewhat lower than the predicted 11%. The S/N, on the 

other hand, is not improved in a consistent manner through two-bolometer chopping. 

For some sources, the increase in S/N is too large to easily understand, for others the 

S/N is significantly reduced. Given this extreme variation, the best estimate of the aver

age improvement is a median. In spite of the erratic values, the median improvement in 

S/N is 10.5%, quite close to the predicted improvement of 12%.
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Source Standard Error S/N
Improvement Improvement

3C217 10% -6 6 %
3C241 5% 31%
3C265 8% 28%
3C277.2 5% - 3 %
3C294 9% 56%
3C324 9% 7%
3C340 8% -2 7 %
4C41.17 9% 11%
6C0901+35 9% 14%
6C0902+34 7% 11%
6C0905+39 8% 3%
6C0930+38 9% 159%
6C1204+37 8% 327%
6C1232+39 8% 1%
Median 8.5% 10.5%
Mean 8.4% 67.5%
Standard Deviation 0.5% 111.7%
Maximum Value 9% 327%
Minimum Value 8% -2 7 %

Table 2.6: Comparison of two-bolometer chopping and regular chopping for the 850-/im data reduced with 

a 3.0-ct clipped mean remsky using quiet bolometers. In column 2, the percentage improvement in standard 

error of two-bolometer chopping over regular chopping is presented. In column 3, the percentage improve

ment in S /N  offered by two-bolometer chopping is given - a negative value indicates that two-bolometer 

chopping reduced the S /N  compared with regular chopping. The sources for which the primary and sec

ondary bolometers have identical integration times are highlighted in bold; they have been used to estimate 

the median, mean, standard deviation, and maximum/minimum values of the percentage improvements in 

columns 2 and 3.

Considering only the sources that were detected, two-bolometer chopping always in

creases the S/N. This S/N improvement is shown in Table 2.7, and varies from being 

barely noticeable to lying near the predicted value to being very large indeed. It is cu

rious that for 3C241 and 4C41.17 the S/N is significantly improved - in both cases the 

secondary bolometer has a shorter integration time than the primary.

Thus, in practice, two-bolometer chopping fails to achieve the expected improvements in 

standard error and S/N for all sources.

Note the same trends hold for the 450-/mi data (for which only three sources were ob

served with two-bolometer chopping) and the other remsky reduction methods.
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Source S /  N prim S  /  N com b Improvement
3C241 1.93 2.52 31%
3C324 2.01 2.15 7%
4C41.17 7.59 8.45 11%
6C0902+34 1.98 2.19 11%
6C0905+39 4.07 4.18 3%
6C1232+39 5.36 5.41 1%

Table 2.7: Two-bolometer chopping improvement on S /N  for sources detected at 850 ¿¿in. Both detections 

and marginal detections are shown. In column 2, the S /N  of the primary bolometer (corresponding to 

regular chopping) is shown. In column 3, the S /N  of the combined primary and secondary bolometers is 

given. Column 4 indicates the percentage improvement in S /N  offered by two-bolometer chopping. The 

sources highlighted in bold have identical integration times for the primary and secondary bolometers.

2.4.4 Prim ary and Secondary Bolom eter Noise

Assuming the primary and secondary bolometers have the same integration time, the sec

ondary bolometer measurements are expected to be twice as noisy. Hence, shouldi. J  Eprim

equal 2.0, where e sec is the standard error of the secondary bolom eter observation, and 

£prim is the standard error for the primary bolom eter observation.

f $i'c has been calculated for the data presented here, and has been multiplied by . / ■rissL-tprim  1 V

to account for the two bolometers not always having identical integration times. The 

mean value of is 2.16 ±  0.05, and is marginally higher than expected.

This slight increase in noise for the secondary bolometer measurements could be caused 

by the secondary bolom eter having a higher system  noise than the primary. However, 

this seems unlikely as in most cases the secondary bolometer system noise was actually 

lower than that of the primary.

Regardless of what causes the secondary bolometer measurements to be noisier than ex

pected, it accounts for two-bolometer chopping failing to provide the expected improve

ment in standard error - if the secondary bolometer is 2.16 times noisier than the primary, 

Equation (2.8) indicates that two-bolometer chopping should improve the standard error 

by 9% and increase the S/N by 10%. However, the extreme variation in S/N im prove

m ent from source to source offered by two-bolometer chopping cannot be explained by 

this effect.
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2.4.5 The Chop-Track Bug

The primary bolometer tracks the source throughout an integration. The secondary 

bolom eter tracks the source by changing the angle at which the secondary mirror chops. 

Apart from when close to the zenith, the secondary mirror can chop in any direction. At 

the beginning of an observation, the software converts the chop coordinates to (Az,El). 

For non-azimuthal chops, the chop coordinates in (Az,El) change as the sky rotates and 

need to be updated. On July 28 ,1998  it was discovered that the code responsible for this 

chop tracking had not been called by the telescope software. The problem is referred to 

as the chop-track bug: an observation would begin with the correct (Az,El) coordinates 

for the chop, but these coordinates would remain fixed during the observation.

The effect on two-bolometer chopping is that the secondary bolometer does not track the 

source. The speed at which an image of a source will move across the SCUBA array and 

drift out of the secondary bolometer beam  depends on the speed at w hich the telescope 

is moving to track the source. At transit, an Alt-Az telescope has to m ove very quickly. 

This is especially true for sources which transit overhead (i.e. sources w ith Dec ~  19°) 

as the telescope has to move through 180° in a very short amount of time. For sources 

which transit at lower elevations, the speed at which the telescope tracks the source at 

transit is m uch slower.

The effects of the chop-track bug will be more severe at 450 /jm than at 850 /¿m as the SW 

array has a smaller beam  size, and the source will drift out of the secondary bolom eter 

beam more quickly. As only three sources were observed with two-bolometer chopping 

at 450 p,m, the 850-/im data will be concentrated on here.

If one assumes a Gaussian beam, with the secondary bolometer drifting off the source at a 

constant rate, one can estimate the amount of flux lost due to the pointing centre drifting 

off the source. Refer to Table 2.8.

For the radio sources observed in December 1997, by the end of a 50-integration obser

vation the secondary bolometer will have drifted by 8" on average, and in most cases 

two-bolometer chopping should still provide a 7% improvement in S/N at 850 ¡im  over 

regular chopping. In some cases, the drift is better or worse than 8 " , and it is useful to 

consider the best- and worst-case scenarios.
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Drift Average Flux Lost S/N Improvement
5" 10% 9%
8" 22% 7%
15" 52% 1%

Table 2.8: Flux lost through chop-track bug. In column 1, the amount the bolometer has drifted by the end 

of a 50-integration observation is given. Assuming a Gaussian beam of FWHM =  15" at 850 /¿in (Wayne 

Holland, private communication), and assuming the secondary bolometer drifts at a constant rate, the av

erage percentage of flux lost through the secondary bolometer drifting off the source is given. In column 3, 

the improvement in S /N  offered by two-bolometer chopping over regular chopping under these conditions 

is shown (assuming the secondary bolometer is 2.16 times as noisy as the primary).

In the worst-case scenario, the secondary bolom eter would never observe the source. The 

lack of signal in the secondary bolometer would result in a reduction of S/N of 9% if the 

data from the two bolometers were combined. In the best-case scenario, the secondary 

bolometer would not drift off the source at all, and two-bolometer chopping should pro

vide the predicted improvement in S/N of 10%. In the presence of the chop-track bug, 

the secondary bolometer should see some of the source but not all of it. Thus, the per

centage improvement in S/N offered by two-bolometer chopping should lie somewhere 

between -9 %  and 10%. However, as seen in Table 2.6, in several cases the improvement 

is much less or much more than this.

One would expect the sources which transit at low elevation to be less affected by the 

chop-track bug. The improvement in S/N through two-bolometer chopping should be 

higher for these sources than for sources which transit overhead. However, the data taken 

with two-bolometer chopping display no evidence for such a trend.

One source, 6C1232+39, was considered in detail in order to determine if the chop-track 

bug is sufficient to explain why two-bolometer chopping fails to offer the expected im 

provement. At transit, the most the secondary bolometer could have drifted off source 

is 11". On average, the secondary bolometer should have drifted by less than 8". The 

improvement in S/N offered by two-bolometer chopping should have been at least 5% 

(for this source, the secondary bolometer was 2.33 times noisier than the primary). This 

value does not tally with the observed improvement of only 1%.

In summary, the chop-track bug does not seem to completely account for the large vari

ations in the S/N data. However, given the small number of sources that can be consid-
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ered, and the even smaller number of detections, it is not possible to determ ine whether 

the chop-track bug is completely responsible for two-bolometer chopping failing to live 

up to expectations.

There is another possible cause of the failure of two-bolometer chopping to consistently 

improve the S/N. The secondary bolometer only observes the source through the left 

beam, which may give rise to bias effects (the right and left beams are handled differently 

by the internal electronics). It seems possible that this could cause significant errors, 

preventing two-bolometer chopping from performing as it should.

In view of the consequences of the chop-track bug, from this point onward only the pri

mary bolometer data will be considered for sources observed during the Decem ber 1997 

run.

2.4.6 Final Note on Two-Bolom eter Chopping

Two-bolometer chopping does appear to be working. It consistently reduces the noise, 

and on-average improves the S/N, by the predicted amounts. However, two-bolometer 

chopping is badly behaved for individual sources. The erratic variations in the improve

m ent it provides to the S/N led to the decision to use regular azimuthal chopping dur

ing subsequent observing runs. The theoretical improvement offered by two-bolometer 

chopping is not large enough to risk its temperamental streak.

The conclusions reached in this section have been hindered by a large num ber of non

detections in the dataset, and low S/N values for those sources that were detected. Fur

ther investigations are best pursued using a large sample of sources with consistently 

higher S/N. It may be worth investigating three-bolometer chopping instead of two- 

bolometer chopping - the predicted improvements for three-bolometer chopping are higher, 

and it does not suffer from bias problems caused by the secondary bolom eter only ob

serving the source through the left beam.
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2.5 Further Observations and Discoveries

The data taken in December 1997 account for less than half of the radio galaxy sam 

ple. The remainder of the observations were performed using regular chopping, with 

a 45" azimuth chop. These new observations were taken under good conditions, with 

airmasses A < 1.5 and optical depths ts50 <  0.3. The reduction was carried out w ith the 

same method described in this chapter (refer to Section 2.3 for details).

The final reduced data for all of the radio sources observed w ith SCUBA are presented in 

Chapter 3.

2.5.1 6C1204+37

It was discovered that the observations of 6C1204+37 were taken 4.57" away from the 

true position.

For a point source, if the beam  was a perfect Gaussian, the percentage of signal lost would
_  d2

be [1 -  e 57r] x  100, where cr=FWHM/2.35 (2.35 is the FW HM if a  — 1) and d is the 

pointing offset.

The SCUBA FW HM beam sizes were 15" at 850 pm. and 8.5" at 450 p m  during the De

cember 1997 run (Wayne Holland, private communication); the signal lost through mis- 

positioning by 4.57" should be 23% at 850 pm  and 55% at 450 pm .

In order to test this, two consecutive 10-integration observations were made of the point

ing source 0923+392. The first observation used the correct coordinates, the second was 

offset by 5". The 850-pm signal fell by approximately 19%. Given that the beam  is not a 

perfect Gaussian and that the result is based on only one observation, this is consistent 

with the theoretical prediction.

The signals and errors of 6C1204+37 have thus been corrected to account for 23% and 

55% losses.



Chapter 3

Radio-Selected Sources and 

Synchrotron Contamination

3.1 Introduction

The previous chapter described the observations and data reduction techniques for a 

sample of radio galaxies. This chapter will discuss the radio properties of the sample, 

and how the sample was chosen. More specifically, it addresses:

• How the targets were chosen.

• Flux densities measured with SCUBA.

• The radio spectra of the observed sources.

• The contamination at SCUBA wavelengths from both extended and core radio syn

chrotron emission.

• SCUBA flux densities corrected for radio contamination.

• Radio sizes and luminosities of the galaxies.
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• M orphologies and other properties of the objects in the sample.

For each galaxy in the sample, information has been collated from several references. 

Each reference has been given a code; for example, ER93 corresponds to Eales, S.A., & 

Rawlings, S., 1993, ApJ, 411, 67. An alphabetical list of these codes is included in  A p

pendix A.

Throughout the chapter, upper limits are calculated using the following prescription: 

Consider an observation with signal S and standard error e. If the signal is positive, the 

n-cr upper limit is S + (n  x e). If the signal is negative, the n -a  upper limit is n x  e. It 

cannot be guaranteed that the upper limits taken from other papers were calculated in 

this manner.

3.2 Sample

3.2.1 M illim etre/Subm illim etre O bservations of Radio G alaxies Before the  

A dvent of SCUBA

W hen this project was planned, SCUBA had not yet been completed, and only three high- 

redshift radio galaxies had been unambiguously detected at millimetre/submillimetre 

wavelengths: 6C0902+34, 4C41.17, and 8C1435+635. W hile the millimetre observations 

of 6C0902+34 appeared to be dominated by non-thermal em ission from the radio core 

(Downes et al. 1996), the observations of 4C41.17 and 8C1435+635 were striking in their 

similarity, with high emission levels attributed to the presence of large reservoirs of dust. 

The observed flux densities are detailed in Table 3.5.

4C14.17 and 8C1435+635 are both ultra-steep spectrum (a  >  1.0) radio galaxies, and 

both held the title, at the time of their respective discovery, of being the m ost distant 

radio galaxy known. In addition, as can be seen in Figure 3.1, they are two of the most- 

luminous (at 151 MHz) radio sources known.

4C41.17 was detected at both 800 p,m and 1300 /rm (Dunlop et al. 1994; Chini & Kriigel 

1994), with the contribution from the non-thermal radio spectrum being less than a few
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percent at these wavelengths. Further support for a thermal emission m echanism  came 

from the submillimetre spectral index: afS$0 ~  - 4  (for synchrotron emission, a  >  -2 .5 ) .

8C1435+635 was only detected at 1250 p m  (Ivison 1995). As for 4C41.17, the contribution 

to the flux density from radio synchrotron emission is ~  1%. In addition, the flux density 

is roughly the same as that detected for 4C41.17 at 1300 pm .

The dust masses responsible for the detections of 4C41.17 and 8C1435+635 are in excess 

of 1.0 x 108 M© (Dunlop et al. 1994; Ivison 1995). This is at least an order or m agnitude 

higher than what is observed for radio galaxies in the low-redshift Universe (Knapp & 

Patten 1991), indicating that a significant amount of gas is yet to be converted into stars, 

suggesting that the host galaxies are not fully formed.

3.2.2 The First Radio G alaxy Observed with SCUBA - 8C1435+635

Given its similarity to 4C41.17, and its tantalizing detection at 1250 urn, 8C1435+635 was 

a prime target for SCUBA. W hen this project was given its initial allocation of time, 

8C1435+635 was the first object attempted, and we were able to study its submillimetre 

SED in unprecedented detail. Firm detections were made at 850 p m  and 450 pm , con

firming that the submillimetre spectrum rises well above the declining radio emission. 

Observations at 350 pm , 750 pm , and 175 p m  resulted in upper limits to the continuum 

flux density; the latter observation was made with the Infrared Space Observatory (ISO). 

In addition, a sensitive upper limit, 3cr < 5 x 1010 K km s~1pc2 was obtained for the 

C O (4 -3 ) line luminosity using the IRAM 30-m telescope. The data has been published 

in Ivison et al. (1998a), with a full discussion therein, the main points of which will be 

reiterated here. The observations of the submillimetre SED are listed in Table 3.1.

Isothermal fits to the submillimetre spectrum suggest the majority of the em ission comes 

from 2 x 108 M© of cool dust with a temperature 40 ±  5K and emissivity index ¡3 =  2 

(assuming H0 =  50km s_I Mpc and Cl0 — 1). However, higher temperatures, and corre

spondingly lower dust masses, are not ruled out by the data. The far-infrared luminosity 

implied by the preferred fit is L f ir  ~  1 x 1013L©.

The amount of gas available for future star formation can be calculated from the dust
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Wavelength

N

Flux Density 
(mjy)

175 3cr < 40.1
350 3a  < 87.0
450 23.6 ± 6 .4
750 8.74 ± 3 .3 1 , 3(7 < 18.7
850 7.77 ±  0.76
1250 2.57 ± 0 .4 2

Table 3.1: Submillimetre flux densities of 8C1435+635 as observed by Ivison (1995) and Ivison et al. (1998a). 

3ct upper limits were taken to be s ig n a l  +  3 x  n o ise  for a positive signal and 3 x  n o is e  for negative signal.

mass if a gas-to-dust ratio is assumed. This assumption is notoriously uncertain; how 

ever, robust upper and lower limits on the amount of gas present can be calculated if 

the highest and lowest reasonable values for the ratio are considered. For 8C1435+635, 

such an analysis restricts the gas mass to 4 x 1010 <  Mgas < 1.2 x 1012 M©. In addition, 

if the dust is heated solely by star formation, the far-infrared luminosity indicates a star- 

formation rate of several thousand solar masses per year, even if limited to high-mass 

stars.

Further Similarities Between 4C41.17 and 8C1435+635 Become Apparent

Dunlop et al. (1994) have estimated similar values to those predicted for 8C1435+635 for 

the gas mass, ~  10u  M©, and star formation rate, ~  2000 -  10000 M©yr_1, of 4C41.17.

If 4C41.17 and 8C1435+635 are assumed to be the progenitors of m assive elliptical galax

ies with a stellar masses of ~  1012 M©, it appears that they have yet to convert a signifi

cant fraction of their gas into stars.

3.2.3 M otivation for a Com plete Sam ple of Radio Galaxies

The distant radio galaxies initially detected at submillimetre wavelengths are some of 

the most radio-luminous, highest-redshift objects known (Figure 3.1). On their own, they 

cannot be used to determine the evolutionary status of massive ellipticals at high redshift 

- their extreme submillimetre properties could be associated with either their redshift or 

the extreme nature of the radio source. There is a clear need for a proper sample of radio
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Figure 3.1: Radio luminosity-redshift plane as defined by radio surveys with successively deeper flux- 

density limits. Open circles denote galaxies from the 3C survey, triangles denote galaxies from the 6C survey, 

and squares denote galaxies from the 7C survey. Stars indicate additional galaxies of interest from the 4C, 

8C, MIT-Green Bank, and Texas surveys. 4C41.17, 8C1435+635, and 6C0902+34 are indicated by the bright 

orange circles. As can be seen from this diagram, they are some of the most radio-luminous, highest-redshift 

objects known. For the 7C radio galaxies, P isimhz was calculated using flux densities estimated by Stephen 

Eales. Ho =  50 kms- 1 M pc- 1 , =  1.0, and A =  0.

galaxies spanning a range of radio luminosities and redshifts. If the radio luminosity- 

redshift plane (the P-z plane) is properly sampled, the effects of radio luminosity and 

cosm ological evolution can be disentangled. The goal of this project is to study such a 

sample using SCUBA.

The galaxies will be chosen based on their radio luminosity and their redshift. Before 

doing so, it is necessary to address the question: at what frequency should the radio 

luminosity be calculated? The answer is not trivial. The radio luminosity at a given 

frequency actually depends on two things - the intrinsic power of the radio jets and the 

age of the radio source. For example, high-frequency (~  GHz) luminosities are very 

sensitive to the ageing of the synchrotron population: the highest energy electrons radiate 

their energy away the fastest (Blundell, Rawlings, & Willott 1999a). If the radio source has
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aged significantly, a lot of the radio emission will be missing at high frequencies. W hen 

trying to disentangle the effects of cosmological evolution and radio-bias, the energy 

injected into the radio jets is the relevant quantity. The lower frequencies best reflect 

the intrinsic power of the radio jets, and the radio luminosity should be calculated at the 

lowest frequency possible. However, it is important not to go too low, as the radio spectra 

can turn over due to synchrotron self-absorption or simply by running out of relativistic 

electrons at such a low energy (Blundell, Rawlings, & Willott 1999a). Considering the 

possible biases, and given that most galaxies in the sample have observations at or near 

151 MHz, the 151 MHz radio luminosities (P isimhz) have been used to select the sample.

In any flux-limited sample, there is a tight correlation betw een lum inosity and redshift: 

for large distances, only the brightest objects will be observable - the faint objects will fall 

below the detection limit. Suppose galaxies were selected from a flux-limited radio sur

vey and observed with SCUBA, with larger flux densities measured for the high-redshift 

galaxies than for the low-redshift galaxies. It would be impossible to determine w hether 

this was genuine cosmological evolution, or if the higher-redshift galaxies were brighter 

in the submillimetre because they are intrinsically more luminous sources. This problem 

can be overcome by using several radio surveys with different flux density limits to select 

the sample. The details of the various radio surveys from which the sample was selected 

are given in Table 3.2. The P-z plane defined by these surveys is shown in Figure 3.1.

Survey Frequency
(MHz)

Dec. Limiting Flux 
Density (Jy)

Reference

3C 178

OlOo1A

10 Bennett (1962)
4C 178 - 0 7 °  <  S <  +80° 2 Pilkington & Scott (1965) 

Gower et al. (1967)
6C 151.5 5 >  +30° 0.12 Baldwin et al. (1985)
7C 151.5 5 >  +20° 0.08 McGilchrist et al. (1990)
8C 37.76 S >  +60° 1 Rees (1990)

MIT-Green Bank 5000 -0 0 .5 °  < 5  <  +19.5° 5<j ; 0.05-0.1 Jy Bennett et al. (1986)
Texas 365 -3 5 .5 °  < 6  <  +71.5° 0.25 Douglas et al. (1996)

Table 3 .2 : Details of radio surveys from which the sample was selected.
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3.2.4 The Sam ple

Initially, a sample of 52 radio galaxies was compiled from the 3C (Bennett 1962), 6C (Bald

win et al. 1985), and 7C (McGilchrist et al. 1990) catalogues. The galaxies were chosen 

to span a range of redshifts, 0.2 < z  <  4.5, but to lie in a narrow band of radio lum inos

ity, 1027 WHz_1sr_1 < P i5iMHz < 1029 WHz-1 sr_1. This selection was made to minimise 

any radio luminosity bias and to determine if the submillimetre emission from radio 

galaxies truly evolves with redshift. Note that the top two decades in radio luminosity 

were chosen, allowing galaxies to be studied out to very high redshift. If there is a posi

tive correlation betw een submillimetre emission and radio luminosity, this choice should 

also maximise the chance of making detections.

In order to avoid strong radio synchrotron emission at submillimetre wavelengths, a fur

ther restriction was imposed on the selected sources: they were required to have rela

tively steep radio spectra, a  >  0.5 for v  <  1.4 GHz. This selection criterion was aided 

by the fact that the radio galaxies were selected to be very luminous at 151 M Hz - the 

m ost intrinsically luminous objects in low-frequency surveys tend to be steep-spectrum 

sources, whereas high-frequency surveys are biased towards flat-spectrum sources.

The 6C and 7C galaxies of interest all have a declination 5 <  40°. In order to m inimise 

airmass, the criterion 5 <  40° was also imposed on the 3C catalogue sources.

As the project progressed, it became apparent that sources selected from the 3C, 6C, and 

7C catalogues alone could not produce an even spread in radio luminosity within the 

chosen luminosity band. Additional sources, often with declinations 6 > 40°, were added 

to the sample from the 4C (Pilkington & Scott 1965; Gower et al. 1967), 8C (Rees 1990), 

Texas (Douglas et al. 1996), and MIT-Green Bank (Bennett et al. 1986) catalogues.

Common Name LAU Name RA (B1950.0) Dec (B1950.0) Pos. z References.
(B1950.0) (h m s) (° ' ") ID

6C0032+412 0032+412 00 32 10.73 +41 15 00.2 c 3.66 BRE98,Rprep
6C0140+326 0140+326 01 40 51.53 +32 38 45.8 h 4.41 BRE98,RLB96
4C60.07 0508+604 05 08 26.124 +60 2717.0 m c,0 3.788 CM vB96,Rv097
4C41.17 0647+415 06 47 20.574 +41 34 03.85 c ,0 3.80 COH94,CMvB90
6C0820+36 0820+367 08 20 33.96 +36 42 28.9 c,IR 1.850 ERLG97,LLA95,Rprep
5C7.269 0825+256 08 25 39.48 +25 38 26.50 IR 2.218 ER96
6C0901+35 0901+358 09 01 25.02 +35 51 01.8 IR 1.9100 ERLG97,REW90
6C0902+34 0902+343 09 02 24.77 +34 19 57.8 c,0,IR 3.3950 COH94,L88

Table continued on next page...
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Common Name IAU Name RA (B1950.0) Dec (B1950.0) Pos. z References.
(B1950.0) (h m s) (° ' " ) ID

6C0905+39 0905+399 09 05 04.95 +39 55 34.9 c,IR 1.883 LGE95
3C217 0905+380 09 05 41.342 +38 00 29.90 me,HST 0.8975 BLR97,Lpc,RS97,SD84b
6C 0919+38 0919+381 09 19 07.99 +38 06 52.5 IR 1.640 ER96,Rprep
6C0930+38§ 0930+389 09 30 00.77 +38 55 09.1 h 2.395 NAR92,ER96
3C239 1008+467 10 08 38.977 +46 43 08.76 me,HST 1.7810 Lpc,BLR97,MSvB95
MG1016+058 1016+058 10 16 56.815 +05 49 39.30 c,0,IR 2.765 DSD95
3C241 1019+222 10 19 09.38 +22 14 39.7 CSS,HST 1.6170 BLR97,SD84b
8C1039+68 1039+681 10 39 07.75 +68 06 06.6 O 2.53 Lthesis
6C1113+34 1113+349 11 13 47.64 +34 58 46.6 h,IR 2.400 LLA95,Rprep
3C257 1120+057 11 20 34.55 +05 46 46.0 O 2.474 Spriv,vBS98
3C265 1142+318 11 42 52.353 +31 50 26.60 c,HST 0.8108 FBP97,BLR97,SJ79
3C266 1143+500 11 43 04.217 +50 02 47.37 me,HST 1.272 BLR97,LPR92,SD84b
3C267 1147+130 11 47 22.065 +13 03 59.98 c,HST 1.144 BLR97,Lpc,SD84b
6C1159+36 1159+368 11 59 20.94 +36 51 36.20 CSS 3.2350 NAR92,Rprep
6C1204+37 1204+371 12 04 21.75 +37 08 20.0 IR 1.7800 ERLG97,Rprep
6C1232+39 1232+397 12 32 39.12 +39 42 09.4 c,IR 3.2200 ERD93,NAR92,REW90
TX1243+036 1243+036 12 43 05.40 +03 39 44.49 c ,0 3.57 v0R 96,R M C 95,R v097
MG1248+11 1248+113 12 48 29.110 +11 20 40.25 O 2.322 SDS99
3C277.2 1251+159 12 51 03.850 +15 58 47.11 c,HST 0.7660 Lpc,McC97,SDM85
4C24.28 1345+245 13 45 54.664 +24 30 44.7 O 2.879 CM vB96,Rv097
3C294 1404+344 14 04 34.06 +34 25 40.0 c 1.7860 MS90
8C1435+635 1435+635 14 35 27.50 +63 32 12.8 O 4.25 LMR94,SDG95
3C322 1533+557 15 33 46.270 +55 46 47.41 me 1.6810 LRL,LLA95,SRS90
3C324 1547+215 15 47 37.144 +21 34 41.03 c,HST,IR 1.2063 BCG98,BLR97,SD84a
3C340 1627+234 16 27 29.422 +23 26 42.19 c 0.7754 Lpc,LRL,SD84b
53W002 1712+503 17 12 59.83 + 5018  51.3 O 2.39 WBM91
53W069 1718+499 17 18 46.50 +49 47 47.7 c ,0 1.432 W thesis,D99
3C356f (a) 1732+510 17 23 06.77 +51 00 17.80 c,IR 1.079 BLR97,S82

(b) 17 23 06.954 +51 00 14.20 c,IR LR94
MG1744+18 1744+183 17 44 55.30 +18 2211.25 IR 2.28t Bthesis,S-unpub,ER93
4C13.66 1759+138 17 59 21.64 +13 51 22.80 IR 1.450 RLL96
3C368 1802+110 18 02 45.63 +11 01 15.76 c,HST 1.132 BLR97,DSP87,S82
4C40.36 1809+407 18 09 19.424 +40 44 38.88 O 2.265 CM vB88,Rv097
4C48.48 1931+480 19 31 40.030 +48 05 07.1 c ,0 2.343 CM vB96,Rv097
4C23.56 2105+233 21 05 00.963 +23 19 37.7 c ,0 2.483 CM vB96,Rv097
MG2141+192 2141+192 21 41 46.95 +19 15 26.7 h 3.592 CRv097,M prep,
3C437 2145+151 21 45 01.576 +15 06 36.12 HST 1.4800 BLR97,MSvB95
MG2305+03 2305+033 23 05 52.309 +03 20 47.86 O 2.457 SDS99
4C28.58 2349+288 23 49 26.936 +28 53 47.2 c ,0 2.891 CM vB96,Rv097
3C470 2356+438 23 56 02.895 +43 48 03.62 c,HST 1.6530 Lpc,BLR97,MSvB95

Table 3.3: Positions and redshifts of galaxies in the sample. Column 5 (Pos. ID) indicates how the position was 

measured: 'c' - a radio core ID exists, 'me' - a radio ID exists for a marginal radio core , 'h' - the radio ID is the 

mid-point of the hotspot peaks, 'CSS' - same as 'h' but for an extremely compact radio source, 'O ' - an optical ID 

exits, 'IR' - an infrared ID exists, 'HST' - a Hubble Space Telescope ID exists. The position and redshift references 

are given in column 7, with references containing redshift information in bold. Notes:  ̂ 6C0930+38 is also referred 

to as 6C0929+38 in the literature. In the pre-release version of the 6C survey, astrometry indicated an RA of 09h 

30m. However, in the final release of the survey, the position of the radio source appears as 09 29 59.7 +38 55 2. + 

For 3C356 the telescope was pointed at the midpoint of the two possible identifications (BLR97). * The redshift of 

MG1744+18 is unpublished. A reference to a paper which quotes the unpublished value is included.
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Names, positions, and redshifts for the full sample observed with SCUBA are given in 

Table 3.3. In total, 47 radio galaxies were observed. Note, for 3C356 two unresolved radio 

'cores7 have been detected within 4" of each other; they each have an infrared galaxy at 

z=1.079 associated with them. It is not clear which galaxy is the host of the radio source. 

For a full discussion of the merits of the two positions, refer to Best, Longair, & Rottgering 

(1997). SCUBA was pointed midway between the two identifications, and will have been 

offset 2" from the true position of the host galaxy; the flux lost will be negligible, <  5% at 

850 pm.

3.3 Submillimetre Observations

In this section, the results of all submillimetre observations of galaxies in the sam ple are 

presented.

3.3.1 SCU BA  O bservations

The 850 pm and 450 pm flux densities measured for the radio galaxies in the sample are 

listed in Table 3.4.

Source z
850

S„
(m jy)

pm
S /N 3<t lim it 

(m jy)

450
s„

(m jy)

pm
S /N 3cr lim it 

(m jy)
3C 277 .2 0 .7660 1.01 ± 1 .0 4 0 .97 < 4 .1 3 - 1 0 .5 5  ±  10.72 -0 .98 <  32 .16
3C 340 0.7754 0.85  ±  0 .87 0.98 <  3 .46 6.79  ±  8 .97 0.76 <  33 .70
3C 265 0.8108 - 1 .4 1  ± 0 .9 8 -1.44 <  2 .94 - 2 .0 1  ±  11.25 -0.18 <  33 .75
3C 2 1 7 0.8975 1.03 ±  0 .83 1.24 <  3 .52 - 0 .6 7  ±  9 .84 -0 .07 < 29 .52
3C 356 1.0790 1.66 ±  1.04 1.60 < 4.78 17 .34  ±  19.82 0.87 <  76.80
3C 368 1.1320 4 .08  ±  1.08 3.78 39 .6 4  ±  15.06 2 .63 <  84 .82
3C 2 6 7 1.1440 1.93 ± 0 .9 6 2.01 <  4.81 27 .0 4  ±  14 .64 1.85 <  70 .96
3C 324 1.2063 1.75 ± 0 .8 7 2.01 <  4 .36 4 .0 7  ±  11.78 0.35 <  39.41
3C 266 1.2720 0.46  ± 1 .3 0 0.35 <  4.36 - 2 .0 9  ± 3 0 .4 7 -0 .07 <  91.41
53W 069 1.4320 - 2 .7 0  ±  1.04 -2.60 <  3 .12 14 .68  ±  11.53 1.27 <  4 9 .2 7
4 C 13 .66 1.4500 3.53  ± 0 .9 6 3.68 - 1 6 .2 0  ±  18.20 -0 .89 < 54 .60
3C 437 1.4800 - 1 .1 8  ± 0 .9 8 -1.20 < 2.94 2 .86  ±  17.28 0 .17 < 54 .70
3C 241 1.6170 1.81 ± 0 .9 4 1.93 <  4 .63 14 .77  ±  12 .57 1.18 <  52 .48
6C 0919+ 38 1.6400 - 0 .8 8  ±  1.05 -0.84 <  3 .15 10 .54  ±  10.11 1.04 <  40 .8 7
3C 470 1.6530 5.64  ±  1.08 5.22 57 .75  ± 3 2 .9 1 1.75 <  156.48
3C 322 1.6810 - 0 .0 5  ± 1 .0 6 -0.05 < 3.18 - 3 7 .5 3  ±  16.04 -2 .34 < 48 .12
6C 12 0 4 + 3 7 1.7800 0.16  ±  1.25 0.13 < 3.91 45 .11  ± 2 6 .5 6 1.70 <  124.79

Table continued on next page...
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Source z
850

s„
(m jy)

p m

S /N 3cr limit 
(m jy)

450
s„

(m jy)

p m

S /N 3cr lim it 
(m jy)

3C 239 1.7810 0 .83  ±  1.00 0 .83 < 3 .8 3 - 2 .0 9  ±  18 .27 -0.11 <  54 .81

3C 294 1.7860 0.19  ± 0 .7 8 0 .24 <  2.53 5 .38  ±  13.36 0.40 <  4 5 .4 6
6C 0820+ 36 1.8500 2 .07  ±  0.96 2.16 <  4 .95 13.65 ±  17.98 0.76 <  67 .59
6C 0905+ 39 1.8830 3 .62  ± 0 .8 9 4 .07 31 .2 0  ±  16.17 1.93 <  79.71
6C 0901+ 35 1.9100 —1.83 ±  1.15 -1.59 < 3 .4 5 - 1 9 .3 4  ± 8 .2 1 -2 .36 <  24 .63
5C 7.269 2.2180 1.68 ±  1.00 1.68 <  4 .68 5.05  ± 9 .1 7 0.55 <  32 .5 6
4C 40.36 2.2650 0 .67  ±  1.06 0.63 <  3 .85 7 .28  ± 2 3 .1 8 0.31 <  76.82
M G 1744+18 2 .2800 0.83  ±  1.02 0.81 < 3 .8 9 13.21 ±  17.70 0 .75 <  66 .31
M G 1248+11 2.3220 1.10 ±  1.06 1.04 <  4 .28 - 2 0 .8 7  ±  12.85 -1 .62 <  38 .55
4C 48.48 2 .3430 5.05 ±  1.05 4.81 17 .87  ± 2 4 .9 3 0.72 <  92 .66
53W 002 2.3900 1.03 ± 1 .1 0 0.94 <  4 .33 2.90  ±  14.32 0.20 <  45 .8 6
6C 0930+ 38 2 .3950 0 .36  ± 1 .0 0 0.36 <  3 .36 8 .34  ±  10.81 0 .77 <  4 0 .7 7
6 C 1 U 3 + 3 4 2.4000 0 .33  ±  1.14 0.29 <  3.75 - 1 1 .4 1  ±  16.82 -0 .68 <  50 .46
M G 2305+03 2.4570 2.31 ± 0 .9 9 2.33 <  5 .28 - 9 .5 0  ± 4 1 .8 4 -0.23 <  125.52
3C 257 2.4740 5.40  ± 0 .9 5 5.68 17 .84  ±  15 .44 1.16 <  64 .1 6
4C 23.56 2 .4830 1.72 ± 0 .9 8 1.76 <  4 .66 - 3 .2 7  ±  17.04 -0 .19 <  51 .12
8C 1039+ 68 2.5300 0 .38  ± 0 .9 8 0.39 < 3 .3 2 31 .7 6  ±  17 .04 1.86 <  82 .8 8
M G 1016+ 058 2.7650 2 .40  ±  0 .92 2.61 <  5 .16 28 .70  ±  10.09 2.84 <  58 .9 7
4C 24.28 2.8790 2.59  ±  1.16 2.23 <  6 .07 11 .18  ±  18.66 0.60 <  67 .16
4C 28 .58 2.8910 3 .93  ± 0 .9 5 4 .14 23 .02  ±  15.46 1.49 <  69 .40
6C 1232+ 39 3.2200 3 .86  ± 0 .7 2 5.36 - 2 .3 6  ± 6 .0 7 -0 .39 <  18.21
6C 1159+ 36 3.2350 1.20 ±  1.08 1.11 <  4 .44 28 .31  ±  16.04 1.76 <  76 .43
6C 0902+ 34 3.3950 2 .83  ±  1.00 2.83 < 5 .8 3 11.60 ±  11.52 1.01 <  46 .1 6
T X 1243+ 036 3.5700 2 .28  ± 1 .1 1 2.05 <  5.61 1.53 ±  19 .04 0.08 <  58 .65
M G 2141+192 3.5920 4 .61  ± 0 .9 6 4.80 21 .4 4  ±  18.89 1.13 <  78.11
6C 0032+ 412 3.6600 2.64  ±  1.20 2.20 <  6 .24 - 5 .4 6  ±  13.28 -0.41 <  39 .8 4
4C 60 .07 3.7880 17.11 ± 1 .3 3 12.86 68 .9 7  ± 2 2 .9 5 3.01
4 C 41 .17 3.8000 12.10 ± 0 .8 8 13.75 22 .48  ±  8 .48 2.65 <  47 .92
8C 1435+ 635 4.2500 7.77  ± 0 .7 6 10.22 23 .60  ± 6 .4 0 3.69
6C 0140+ 326 4 .4100 3 .33  ±  1.49 2.23 <  7.80 - 2 0 .4 8  ±  17 .14 -1 .19 <  51 .42

Table 3.4: Observed submillimetre flux densities (S„) and standard errors for the sample. 3a  upper limits are 

shown for sources whose S /N  does not exceed 3.0. Except for 8C1435+635, all data were reduced using the method 

described in Chapter 2. 8C1435+635 was reduced by Ivison et al. (1998a) using a similar method - differences 

between the two methods are marginal. Not all sources have been observed to the desired depth of 1 m jy rms. 

Further observations are planned for these galaxies.

3.3.2 8C 1435+635

Refer to Table 3.1 for the submillimetre observations of 8C1435+635, which have already 

been discussed.
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3.3.3 3C324

Best et al. (1998b) have also looked at 3C324 with SCUBA. The observations were made 

with the two-bolometer chopping mode under stable weather conditions, 0.12 < r 850 < 

0.25. The mean airmass of the observations was A — 1.24. Combining the data from 

the prim ary and secondary bolometers, they measure an 850-/rm flux density of 3.78 ±

1.05 mjy, and a 450-/xm upper limit of 3a  <  21 mjy. Their 850-/j,m flux density is higher 

than (and marginally inconsistent with) our result of 1.75 ±  0.87 mjy. If the primary 

bolom eter signal (3.65 ±  1.17 m jy) observed by Best et al. is considered alone, the two 

results are equivalent within errors.

Although the signal measured by Best et al. is higher, our observation is deeper and is 

assum ed to be trustworthy.

3.3.4 Radio G alaxies w ith Previous Subm illim etre O bservations

Several attempts were made to observe the millimetre/submillimetre spectrum of radio 

galaxies before SCUBA existed. The attempts, made with the IRAM 30-m  telescope and 

UKT14 (SCUBA's predecessor), were largely unsuccessful. Observations made of galax

ies in the sample are detailed in Table 3.5. More recently, Benford et al. (1999) observed 

4C41.17 at 350 /im with the CSO. This observation is also included in Table 3.5.

In m ost cases, the existing data are consistent with what has been seen using SCUBA. 

There are two exceptions:

(i) 53W002 - Assuming a typical submillimetre spectral index of -4.0, the 800-/rm detec

tion of 53W 002 implies a flux density of at least 3.6 m jy at 850-/im. At this level, 53W 002 

should have been detected with SCUBA. A larger spectral index would imply lower flux 

densities, and the error on the 800-/iin data point is quite high; however, if the UKT14 

data point is trustworthy, it is surprising that SCUBA failed to detect 53W002.

(ii) MG1016+058 - For MG1016+058, previous detections existed at both 1300 /jm and 

800 /jm. The minimum submillimetre spectral index consistent with these data points 

and their error bars is ~  -2 .8 . This can be used to estimate a lower limit on the flux 

density expected at 850 ¡jm. The 850-/rm flux density should be well in excess of 5 mjy,
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Source S 3 0 0 0 / im S i 3 0 0 ^ m ^ 8 0 0 ß m S .S S O / tm  S 35O /Ü 7Ï Ref.

(m jy) (m jy) (m jy) (m jy) (m jy)
53W 002 6.9  ± 2 . 3 H D R 97
3C 257 3 ( 7  <  11 H D R 97
M G 1016+ 058 2.13  ± 0 .4 7 14.7 ± 4 . 6 C FR 98
6C 1232+ 39 3(7 <  3.0 C& K 94
6C 0902+ 34 4 .2  ± 0 . 6 3.1 ± 0 . 6 3cr <  14 C & K 94,D SS96,H D R 97
T X 1243+ 036 3ct <  2.6 3<7 <  9.3 C FR 98
M G 2141+192 3 ( 7  <  11 H D R 97
6C 0032+ 412 3 a  <  14 H D R 97
4 C 41 .17 2.5 ± 0 . 4 17.4 ± 3 . 1 3 a  <  56 37  ±  9 B C 099 ,C & K 9 4 ,D H R 9 4
8C 1435+ 643 2.57  ± 0 .4 2 3 a  <  13 H D R 9 7 ,195

Table 3.5: Millimetre and submillimetre observations of galaxies in the sample before the advent of 

SCUBA. The 1300-pm measurements were taken with the IRAM 30-m telescope. The 800-prn and 450-pm  

data were taken with SCUBA's predecessor UKT14. The 3000-pm observation of 6C0902+34 was taken with 

the IRAM interferometer and the 350 pm observation of 4C41.17 was taken at the Caltech Submillimetre 

Observatory. References for the observations are shown in column 5.

easily detectable with SCUBA. An obvious objection to this analysis is that the 1300-pm 

flux density could be solely due to radio synchrotron emission. This is unlikely; the ra

dio spectrum is highly curved and dives down well below the 1300-pm flux density (Fig

ure 3.2). However, assume for a m om ent that the 1300-pm flux density was contaminated 

by radio emission. Adopting a typical submillimetre spectral index of -4.0 and applying 

it to the 800 pm detection still predicts an 850-pm flux density in excess of 5 mjy.

3.4 Correcting for Non-Thermal Contamination at Submillime

tre Wavelengths

For the majority of galaxies in the sample, there exists only one submillimetre detection, if 

any at all. Without a reliable estimate of the submillimetre spectral index, care needs to be 

taken to ensure the detected submillimetre emission is clearly in excess of the radio syn

chrotron spectrum, and can thus be safely attributed to dust. However, as will become 

clear, due to the fact that the sample was confined to steep-spectrum lobe-dominated 

radio galaxies at 2 >  1, for almost all objects, detectability with SCUBA at 850 pm cor

responds to a successful detection of dust. Radio spectra have been compiled for each 

source with the aim of extrapolating the radio emission to submillimetre wavelengths
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and subtracting it off. This correction should give a good estimate of the flux density 

produced by thermal dust emission.

The spectra are shown in Figure 3.2, and include both integrated and core radio flux den

sities. Core flux densities are generally much fainter than the integrated radio emission 

at low frequencies, but they can also be much flatter. If the core has a flat spectral index, it 

m ay contribute significantly to the submillimetre flux density even if the integrated radio 

em ission seems to fall well below this.

Fits to the radio spectra are also shown in Figure 3.2. These fits are described in Sec

tion 3.4.2 and are subsequently used to estimate the non-thermal contamination at sub

millimetre wavelengths.

Note the radio spectrum of 53W 069 has not been presented here. 53W 069 is extremely 

faint, 3.73 m jy at 1.4 GHz, and radio contamination will not be a problem (Windhorst, 

van Heerde, & Katgert 1984).

3.4.1 N otes on C om piling Radio Spectra

(i) The 6C, 7C, and 8C surveys quote two flux densities for most sources: a peak flux 

density and an integrated flux density. The low-frequency surveys often have large beam  

sizes: 4.2 co sec  6 arcmin2 for 6C, 1.2 cosec  5 arcmin2 for 7C, and 4.5 cosec  5 arcmin2 for 

8C (Baldwin et al. 1985; McGilchrist et al. 1990; and Rees 1990). If the source is smaller 

than the beam, the peak flux density represents the real source emission, whereas the 

integrated flux density can suffer from confusion problems. Table 3.9 shows the largest 

angular size of each radio galaxy in the sample. They are all smaller than the beam  size 

of these surveys; thus the peak flux densities were used.

(ii) Core flux density upper limits were taken to be 3 x the lowest contour of the radio 

maps, except for 53W 002 and 6C1159+36. The highest resolution radio map of 53W 002, 

at 8.4 GHz, is quite poor (Windhorst et al. 1991a). The radio map looks like a fried egg - 

no lobes or structure are visible and it is impossible to make a core estimate. 6C1159+36 is 

a double radio source. The highest resolution radio map is not good enough to separate 

the radio lobes. Looking at F ig .l in Law-Green et al. (1995a), it seems reasonable that
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the core would need to be at the level of the 6th contour to be distinguished from the 

lobes. This gives an upper core limit of 7.104 m jy at 8415 MHz, assuming that the core is 

smaller than the beam  (which looks plausible given the beam shown alongside the map). 

Either way it is a very poor upper limit which will not be a very useful constraint.

In addition, note that core flux densities are not given for M G2305+03 and MG1248+11 as 

radio maps were not found for these objects.

(iii) Most of the 3C radio cores come from a paper in preparation by Katherine Blundell 

et al. (1999b), which summarises the properties of the 3C radio galaxies.

(iv) Care has to be taken when using the 178 MHz flux densities from the 4C catalogue. 

The original catalogues were published by Gower et al. (1967) and Pilkington & Scott 

(1965). The beam size of the original survey was very large, resulting in confusion 

problems. Thus the flux densities published in these papers are not always trustwor

thy. Laing, Riley, & Longair (1983) give a prescription for finding the best 178 M Hz flux 

densities for sources appearing in the original 4C catalogues. Begin with the pencil beam  

survey of Caswell & Crowther (1969). If no Caswell & Crowther flux density exists, the 

178 MHz flux densities given in Clarke (1965) and Wills & Parker (1966) should be used. 

If the radio source does not not appear in any of these papers, the original 4C flux den

sity will have to be used. For sources with a 151 MHz flux density this is not a problem 

- a 178 MHz flux density is not required to accurately sample the radio spectrum  as the 

frequencies are so close to one another.

(v) The original 178 MHz calibration for the 3C and 4C surveys w as done using CasA, 

which is extremely bright (Conway, Kellermann, & Long, 1963; Kellerman, Pauliny-Toth, 

& Williams, 1969 - KPW). As the 178 MHz flux density scale is non-linear, this method 

underestimated the flux densities by ~  10% (Laing & Peacock 1980; KPW). Roger, Bridle, 

& Costain (1973) investigated the problem using observations at 22, 86, 750, 1400, and 

2695 MHz. 38 galaxies were selected whose radio spectra closely followed a power-law 

across this frequency range; the result of the analysis was that the 178 M Hz flux densi

ties should be multiplied by 1.09 to bring them onto the correct flux density scale. This 

conversion factor has been applied to all compiled 178 MHz flux densities.

(vi) Low-frequency radio work can be quite difficult. Corrections need to be made for
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radio 'seeing', which occurs when free electrons in the ionosphere interfere with radio 

waves. The effect is worse when the Sun is at a maximum in its cycle. The 6C/7C/8C 

surveys have been corrected for this very carefully (Baldwin et al. 1985; M cGilchrist et al. 

1990; and Rees 1990).

3.4.2 Synchrotron C ontam ination

A simple synchrotron spectrum is a power law of the form S u oc v~a . This corresponds 

to a straight line of slope - a  in log space. However, in real life things are not so sim 

ple. Radio spectra turn over at low frequencies owing to synchrotron self-absorption, or 

simply through running out of electrons at such low energies. At high frequencies the 

spectra steepen as they age - the highest-energy electrons radiate away their energy the 

fastest. In log-space, such spectra appear curved.

Consider, as an example, the radio spectrum of the hotspots of Cygnus-A, described in 

detail by M uxlow et al. (1988). The spectrum is a power law at low frequencies 0.4 GHz < 

v  <  1.5 GHz, w ith a spectral index a  ~  0.5, and a low-frequency turn-over at v  ~  

0.2 GHz. A t 2GHz the spectrum steepens; for u >  2 GHz, the spectrum is consistent with 

a power law of index a  ~  1.0. Robson et a l  (1998) and Eales et al. (1989) have found that 

this steep power law is an accurate description of the spectrum right out to submillimetre 

wavelengths. Thus in log-space, at high frequencies a straight-line fit would be accurate. 

However, when fitting to the whole spectrum, a model with some curvature would be 

required.

Another good example is the study of the dominant hotspot of 3C273, by M eisenheimer 

& Heavens (1986). For low frequencies, v <  1.5 GHz, the spectral index is a  ~  0.7. For

1.5 GHz <  v <  5 GHz, the spectrum steepens to an index of a  ~  0.9. At high frequencies 

5 GHz <  v <  15 GHz, the spectrum steepens even further for an index of a  ~  1.0.

More recently, Murgia et al. (1999) published a study of compact steep-spectrum radio 

sources. The m ajority of objects in their sample exhibit a clear spectral steepening, occur

ring anywhere from a few hundred MHz to tens of GHz.

In order to successfully correct for synchrotron contamination at submillimetre wave-
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Figure 3.2: Spectral Energy Distributions. The full caption is at the end of the figure.
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Caption fo r  Figure 3.2: For each galaxy in the sample, the radio-submillimetre spectral energy distribution 

(SED) is presented. The SEDs are arranged in redshift order. The solid circles denote integrated continuum  

flux densities. The open circles indicate radio core flux densities. For 3C356, two radio core identifica

tions exist. The fainter core is denoted by open stars. If errors were unavailable, the error was taken to be 

10% of the flux density. Upper limits have been taken at the 3 -a  level if S /N <  3. Two models (described 

in detail in Section 3.4.2) have been fit to the radio spectra. The solid line is the parabolic fit to the spec

trum, and the dash-dot line is the linear fit. The references for the data are: 3C277.2 - BRR99, LP, SCUB; 

3C340 - BRR99, LP, SCUB; 3C265 - BRR99, LP, SCUB; 3C217 - BRR99, LP, SCUB; 3C356 - BLR97, F93, LP, 

SCUB; 3C368 - BLR97, BRR99, LP, SCUB; 3C267 - BLR97, BRR99, LP, SCUB; 3C324 - BCG98, BRB98, LP, 

SCUB; 3C266 - BLR97, BRR99, LP, LPR92, SCUB; 4C13.66 - BWE91, GC91, BRR99, LML81, LRL, P90, SCUB, 

WB92; 3C437 - BRR99, LP, SCUB; 3C241 - ASZ91, LP, SCUB, vBF92; 6C0919+38 - 6C-II, CC98, FGT85, GC91, 

GSDC96, SCUB; 3C470 - BLR97, LP, SCUB; 3C322 - BRR99, LP, SCUB; 6C1204+37 - 6C-II, CC98, DBB96, 

GC91, GSDC96, LLA95, SCUB; 3C239 - BRR99, LP, SCUB; 3C294 - BRR99, LP, SCUB; 6C0820+36 - 6C-VI, 

CC98, DBB96, GC91, GSDC96, LLA95, SCUB; 6C0905+39 - 6C-II, CC98, DBB96, FGT85, GC91, GSDC96, 

LGE95, SCUB; 6C0901+35 - 6C-II, CC98, DBB96, GC91, GSDC96, NAR92, SCUB; 5C7.269 - BRR99, CC98, 

DBB96, GSDC96, SCUB; 4C40.36 - C&C69, CMvB96, C R v097, FGT85, SCUB, TMW79, WENSS; MG1744+18 

- BWE91, CR v097, GC91, GSW67, KB17, LML81, P90, SCUB, WB92; M G1248+U - DBB96, LML81, LRM86, 

WB92, SCUB; 4C48.48 - 6C-V, CMvB96, C R v097, GSW67, SCUB, TMW79, WENSS; 53W002 - 6C-II, HDR97, 

SCUB, WBM91, W 091, WvHK84, OKS87, OvL87; 6C0930+38 - 6C-II, CC98, DBB96, FGT85, GC91, GSDC96, 

NAR92, SCUB; 6C1113+34 - 6C-II, CC98, DBB96, GC91, GSDC96, LLA95, SCUBA; MG2305+03 - BWE91, 

GC91, GWBE95, LML81, P90, SCUB, WB92; 3C257 - BWE91, CC98, DBB96, GC91, GSW67, GWBE95, HDR97, 

LML81, P90, SCUB, vBS98, WB92; 4C23.56 - CMvB96, C R v097, P90, PS65, SCUB, TMW79; 8C1039+68 - 

HWR95, Lthesis, SCUB; MG1016+058 - BWE91, CC98, CFR98, DBB96, DSD95, GC91, GSW67, GWBE95, 

LML81, P90, WB92, SCUB; 4C24.28 - CMvB96, CR v097, P90, PS65, SCUB, TMW79, WYR96; 4C28.58 - CC98, 

CMvB96, DBB96, PS65, SCUB, TMW79; 6C1232+39 - 6C-II, CC98, C&K94, C R v097, DBB96, FGT85, GC91, 

GSDC96, NAR92, SCUB; 6C1159+36 - 6C-II, CC98, DBB96, GC91, GSDC96, LLA95, SCUB; 6C0902+34 - 6C- 

H, C95, CC98, C&K94, COH94, DBB96, DSS96, GC91, GSDC96, HDR97, LLA95, SCUB; TX1243+036 - CC98, 

CFR98, DBB96, GSW67, LML81, P90, SCUB, vOR96, WB92; MG2141+192 - BWE91, CC98, C R v097, DBB96, 

GC91, GSW67, HDR97, SCUB, WB92; 6C0032+412 - 6C-VI, BRE98, DBB96, FGT85, GC91, GSDC96, HDR97, 

SCUB; 4C60.07 - 6C-V, CC98, CMvB96, CR v097, DBB96, SCUB, TMW79, WENSS; 4C41.17 - 6C-VI, BC 099, 

CC98, C&K94, CMvB90, COH94, DBB96, DHR94, FGT85, GSW67, TMW79, SCUB, WENSS;



3.4. Correcting for Non-Thermal Contamination at Submillimetre Wavelengths 89

Caption fo r  Figure 3.2 continued: 8C1435+635 - 6C-III, CC98, CR v097, DBB96, HDR97, H W R 95,195, IDHA98, 

LMR94; 6C0140+326 - 6C-VI, BRE98, CC98, DBB96, FGT85, RLB96, SCUB.

lengths, the high-frequency radio spectrum needs to be well determined. Unfortunately, 

for m ost galaxies in the sample, the highest-frequency observation is v  ~  20 GHz. A 

straight-line extrapolation (in log-space) from the highest frequency data point could be 

used to decontaminate the submillimetre flux densities. However, in the interval between 

20 GHz and the SCUBA wavebands, the spectrum may steepen, and the straight-line ex

trapolation would over-correct the SCUBA flux density.

Evidence to support this steepening comes from 3C324, MG1744+18, and MG1016+058 

- the only sources in the sample with radio flux densities at v  > 20 GHz. In each case 

the high-frequency observation indicates a significant steepening of the radio spectrum. 

In addition, non-detections of 3C277.2, 3C340, 3C265, 3C 267,3C 266 and 3C437 at 850 pm 

indicate that the spectrum m ust steepen for v  > 20 GHz, else they would have been 

detected with SCUBA. 4C23.56 and 8C1435+635, two of the higher-redshift galaxies in 

the sample, even appear significantly curved for v  < 20 GHz.

Note that if a straight-line extrapolation of the high-frequency radio emission is correct, 

three of 850-pm detections made with SCUBA appear to be largely contaminated with 

non-thermal synchrotron - 4C13.66, 3C470, and 3C257.

M ore high-frequency radio observations are needed to be certain what the radio spec

trum of each galaxy in the sample does as it approaches the submillimetre waveband. 

For now, both possibilities will be considered: a straight-line extrapolation of the high- 

frequency data, as could be accurately applied to Cygnus-A, and a model which reflects 

a degree of steepening, or curvature, at higher frequencies. The details of the two fits, 

w hich are plotted on the SEDs in Figure 3.2, are as follows:

1) Linear Fit - In log-space, a straight line is fitted to radio data w ith v  > 1 GHz. For 

all galaxies in the sample, at least two data points satisfy this condition. Except for the 

noticeably curved spectra of 3C324, MG1744+18, 4C23.56, and MG1016+058, the straight- 

line fit seems to mimic the existing high-frequency data very well. Numerical Recipes 

provides a subroutine (FIT) for fitting a straight line to data points by minimising x 2- If 

only two data points were available, FIT was not used - the routine only works if the
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number of degrees of freedom is greater than zero. In this case the slope and y-intercept 

of the line joining the two points was calculated and the line was plotted.

2) Parabolic Fit - A physical model of synchrotron ageing could be applied to the spec

tra in order to determine how they might steepen. However, the fit is only required to 

accurately predict the shape of the expected steepening; the physics of the ageing syn

chrotron population does not need to be extracted from the fit. Blundell, Rawlings, & 

Willott (1999a) have studied the properties and evolution of over 300 FRII radio sources 

selected from the 3C, 6C, and 7C surveys. They applied a Bayesian polynom ial regres

sion analysis to the fitting the flux densities. The process involved fitting polynom ials 

of different degrees and associating a likelihood or probability to each. In some cases 

a first-order polynomial, or straight-line was the preferred choice. However, in m ost 

cases a second-order polynomial, or parabola, accurately modelled the curvature of the 

spectrum. A parabolic fit seems to be the best way of parameterising the curvature, as 

higher-order polynomials were never chosen by the regression analysis. Thus a polyno

mial of degree m  — 2 was fitted, in log space, to the entire radio spectrum. A Num erical 

Recipes subroutine, SVDFIT, was again used to minimise y 2 and determine the best-fit 

parameters.

Source Slope Intercept 2
T red u ced

3C 277.2 - 1 .0 0 0 6  ± 0 .0 3 4 4 0 .4134  ± 0 .0 1 7 0 2 .7 5

3C 340 - 1 .0 2 9 2  ± 0 .0 2 4 3 0 .5566  ±  0 .0122 2 .92
3C 265 - 1 .1 4 4 7  ± 0 .0 2 8 5 0 .6263  ±  0 .0141 1.32
3C 217 - 1 .2 4 0 9  ± 0 .0 3 2 5 0 .5222  ± 0 .0 1 4 5 2.34
3C 356 - 1 .1 6 6 6  ± 0 .0 6 4 6 0 .3294  ±  0 .0353 1.32
3C 368 - 1 .3 4 2 5  ± 0 .1 0 4 4 0 .2338  ±  0 .0479 0 .19
3C 267 - 0 .9 4 3 9  ±  0 .0299 0 .4935  ±  0 .0154 2.95
3C 324 - 1 .1 9 8 9  ± 0 .0 2 2 0 0 .5873  ± 0 .0 1 2 0 5.60
3C 266 - 1 .0 8 7 7  ±  0 .0397 0 .2963  ±  0 .0251 3.98
4C 13.66 - 1 .2 5 4 6  ± 0 .0 8 0 0 0 .4249  ±  0 .0389 1.23
3C 437 - 0 .9 4 6 2  ± 0 .0 2 1 4 0 .5844  ± 0 .0 1 1 9 0.50
3C241 - 1 .3 2 4 2  ± 0 .0 5 3 4 0 .4280  ±  0 .0242 0.24
6C 0919+ 38 - 1 .1 5 6 4 - 0 .3 6 1 9 —

3C 470 - 1 .1 5 1 2  ± 0 .0 2 8 3 0 .5009  ±  0 .0145 2.92
3C 322 - 1 .1 7 7 3  ± 0 .0 4 6 1 0 .4568  ± 0 .0 2 7 7 0.79
6C 1204+ 37 - 1 .1 7 1 3 - 0 .0 3 5 4 —

3C 239 - 1 .2 1 5 3  ± 0 .0 4 5 3 0 .3437  ± 0 .0 2 3 8 0.13
3C 294 - 1 .3 2 3 8  ± 0 .0 5 4 4 0 .3230  ± 0 .0 2 6 4 0.31
6C 0820+ 36 - 1 .1 4 4 8 - 0 .3 9 5 4 —

6C 0905+ 39 - 1 .5 0 3 4 - 0 .3 6 7 0 _

6C 0901+ 35 - 1 .1 6 8 1 - 0 .4 3 5 6 -

Table continued on next page..
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Source Slope Intercept Xred u ced
5C7.269 -0.9754 -1.0301 -

4C40.36 -1.6221 ±0.0307 -0.0615 ±0.0180 0.74
MG1744+18 -1.1627 ±0.0003 0.3034 ±  0.0003 335.24
MG1248+11 -1.2689 -0.3375 —
4C48.48 -1.1881 ±0.0361 -0.2823 ±0.0190 0.79
53W002 -1.2596 ±0.0460 -1.1097 ±0.0172 0.50
6C0930+38 -1.0002 -0.3951 —
6C1113+34 -1.1404 -0.2268 -
MG2305+03 -0.9652 ±0.0878 -0.1455 ±0.0512 0.22
3C257 -1.0287 ±  0.0583 0.3852 ±0.0315 0.37
4C23.56 -1.3964 ±0.0310 -0.1858 ±0.0179 17.57
8C1039+68 -1.1181 -0.4409 -
MG1016+058 -1.1006 ±0.0152 -0.2461 ±  0.0087 7.89
4C24.28 -1.3081 ±0.0224 -0.0782 ±0.0064 0.82
4C28.58 -1.4962 ±0.0418 -0.3954 ±0.0200 2.03
6C1232+39 -1.6951 ±0.0027 -0.2339 ±0.0020 659.34
6C1159+36 -1.1069 -0.2678 -
6C0902+34 -0.9643 -0.3344 -
TX1243+036 -1.3116 ±0.0645 -0.3235 ±  0.0356 2.86
MG2141+192 -1.5668 ±0.0019 -0.1210 ±0.0015 25.10
6C0032+412 -1.1182 ±0.0271 -0.8488 ±0.0179 0.33
4C60.07 -1.4762 ±0.0346 -0.5990 ±0.0175 0.40
4C41.17 -1.4853 ±0.0326 -0.4119 ±0.0178 1.59
8C1435+635 -1.8497 ±  0.0021 0.0883 ±0.0015 4.29
6C0140+326 -1.3935 ±0.0200 -0.8334 ±0.0079 4.41

Table 3.6: Best-fit parameters of straight-line fits to u >  1 GHz radio observations. The slope is given in column 

2, the y-intercept in column 3, and the reduced x 2 of the fit in column 4. The fits were made in log-space with the 

Numerical Recipes subroutine FIT. If only two data points were available, FIT was not used - it only works if the 

number of degrees of freedom is greater than zero. Instead, the slope and y-intercept of the line joining the two data 

points were calculated. No value of \ 2 is given in this case.

Source a 1b c Xred u ced
3C277.2 -0.032 ± 0.018 -0.960 ± 0.015 0.401 ± 0.011 1.73
3C340 -0.122 ± 0.015 -0.857 ± 0.012 0.511 ± 0.008 2.77
3C265 -0.066 ± 0.012 -1.048 ± 0.012 0.599 ± 0.008 0.92
3C217 -0.163 ± 0.015 -1.016 ± 0.014 0.475 ± 0.009 2.53
3C356 -0.088 ± 0.020 -1.100 ± 0.020 0.325 ± 0.014 1.08
3C368 -0.128 ± 0.026 -1.342 ± 0.029 0.259 ± 0.017 1.80
3C267 -0.040 ± 0.014 -0.922 ± 0.012 0.498 ± 0.010 1.31
3C324 -0.153 ± 0.011 -1.014 ± 0.010 0.552 ± 0.008 1.83
3C266 -0.065 ± 0.019 -1.043 ± 0.014 0.310 ± 0.015 3.94
4C13.66 -0.251 ± 0.042 -1.039 ± 0.025 0.393 ± 0.017 1.37
3C437 -0.111 ± 0.013 -0.834 ± 0.011 0.574 ± 0.008 6.19
3C241 -0.198 ± 0.027 -1.085 ± 0.019 0.379 ± 0.013 0.48
6C0919+38 -0.091 ± 0.039 -1.059 ± 0.026 -0.374 ± 0.005 0.14
3C470 -0.137 ± 0.013 -0.943 ± 0.013 0.446 ± 0.009 6.02
3C322 -0.104 ± 0.017 -0.992 0.015 0.394 ± 0.013 2.33
6C1204+37 -0.402 ± 0.031 -1.102 ± 0.020 -0.036 ± 0.004 22.41

Table continued on next page...
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Source a  b_______________C________ \"reduced

3C239 -0.094 ± 0.016 -1.130 ± 0.017 0.337 ±0.013 0.46
3C294 -0.074 ± 0.020 -1.161 ± 0.020 0.265 ±0.014 2.66
6C0820+36 -0.165 ± 0.045 -1.086 ± 0.030 -0.400 ±  0.006 2.18
6C0905+39 -0.086 ± 0.041 -1.129 ± 0.027 -0.422 ±0.005 7.42
6C0901+35 -0.235 ± 0.045 -1.117 ± 0.029 -0.437 ±0.006 7.69
5C7.269 -0.014 ± 0.101 -0.984 ± 0.065 -1.028 ±0.014 0.08
4C40.36 -0.230 ± 0.034 -1.382 ± 0.017 -0 .104 ±0.011 0.19
MG1744+18 -0.141 ± 0.001 -0.942 ± 0.002 0.219 ±0.001 61.75
MG1248+11 -0.409 ± 0.152 -0.958 ± 0.043 -0.362 ±0.039 0.87
4C48.48 -0.105 ± 0.030 -1.103 ± 0.011 -0.290 ±0.015 0.84
53W002 -0.090 ± 0.035 -1.151 ± 0.025 -1.129 ±0.012 0.48
6C0930+38 -0.103 ± 0.038 -0.987 ± 0.024 -0.394 ±  0.005 3.48
6C1113+34 -0.288 ± 0.041 -0.984 ± 0.027 -0.243 ±  0.005 3.85
MG2305+03 -0.021 ± 0.137 -0.952 ± 0.049 -0.145 ±  0.033 0.22
3C257 -0.119 ± 0.037 -0.925 ± 0.019 0.369 ±0.016 0.30
4C23.56 -0.157 ± 0.025 -1.269 ± 0.018 -0.196 ±0.013 11.29
8C1039+68 -0.075 ± 0.050 -1.089 ± 0.045 -0.431 ±  0.036 0.18
MG1016+058 -0.267 ± 0.019 -0.787 ± 0.016 -0 .297 ±0.006 5.42
4C24.28 -0.149 ± 0.016 -1.181 ± 0.012 -0.092 ±  0.005 7.88
4C28.58 -0.161 ± 0.050 -1.374 ± 0.028 -0.405 ±0.016 2.32
6C1232+39 -0.298 ± 0.003 -1.291 ± 0.003 -0.365 ±0.002 24.46
6C1159+36 -0.339 ± 0.041 -1.035 ± 0.026 -0.270 ±  0.005 18.56
6C0902+34 -0.141 ± 0.033 -0.932 ± 0.020 -0.336 ±  0.004 2.47
TX1243+036 -0.082 ± 0.059 -1.327 ± 0.026 -0.274 ±0.019 3.43
MG2141+192 -0.268 ± 0.015 -1.142 ± 0.024 -0.285 ±0.009 11.39
6C0032+412 0.029 ± 0.023 -1.138 ± 0.010 -0.850 ±0.012 0.70
4C60.07 -0.054 ± 0.024 -1.436 ± 0.011 -0.597 ±0.013 0.65
4C41.17 -0.146 ± 0.019 -1.326 ± 0.010 -0.439 ±0.010 1.08
8C1435+635 -0.346 ± 0.008 -1.302 ± 0.012 -0.124 ±0.005 3.30
6C0140+326 -0.193 ± 0.018 -1.210 ± 0.012 -0.859 ±  0.006 1.11

Table 3.7: Best-fit parameters of parabolic fits to the radio spectra, assuming a 2n<i-order polynomial of the form 

y =  a x 2 +  bx +  c. a is given in column 2, 6 in column 3, c in column 4, and the reduced x'2 of the fit in column 5. 

The fits were made in log-space using the Numerical Recipes subroutine SVDFIT.

Both fits need to be carried out in log-space. Fitting routines work on the presumption 

that the data points have symmetric, Gaussian-distributed errors. In real-space, they do. 

However, when the data points are transformed into log-space, the error bars lose their 

symmetry. The effect is minimal if the error bars are small. In fact, if the errors are less 

than 10% of the signal:

the fractional error the absolute error
in real-space in In-space
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Thus, in log-space, the absolute error for a data point with signal S  and error e is s  t£nl0. 

As the error bars for the radio data points are very small, this method has been used for 

sym m etrising the error bars when performing the fits.

The best-fit param eters of the two parametrisations are shown in Table 3.6 and Table 3.7.

It would be surprising if the radio spectra flattened off at high frequencies, as this only 

occurs if the source has an extremely bright, flat radio core (the radio galaxies discussed 

here all have relatively faint cores - Section 3.4.3). Thus, the linear fit is a strong upper 

lim it on the synchrotron emission at submillimetre wavelengths. Deviations from this 

standard power-law take the form of a steepening at high frequencies - the parabolic fit 

mim ics this curvature and is a good lower limit on the amount of synchrotron emission 

at submillimetre wavelengths. Given the lack of high-frequency radio observations, it is 

often difficult to determine which is the better fit. The best estimate of the synchrotron 

contam ination is probably the midpoint of these two models, with the error in the esti

mate being the difference between the midpoint and either the upper or lower limit.

The estim ates of synchrotron emission were thus subtracted from the measured SCUBA 

flux densities, with the errors being added in quadrature (as prescribed by the propaga

tion of errors). However, there were three special cases for which particular care had to 

be taken:

1) 3C324, MG1744+18, MG1016+058, and 4C23.56 all have high-frequency data that the 

linear fit has trouble fitting to. For these galaxies, the parabolic fit looks to be the more 

realistic extrapolation of the radio spectra, and was used to decontaminate the SCUBA 

flux densities.

2) For some galaxies SCUBA measured a negative signal. They have not been corrected 

for synchrotron contamination; performing the correction would have unneccesarily in

creased the noise of the measurement and inappropriately made the signal even more 

negative.

3) For some of the undetected galaxies, the estimated radio contamination is larger than 

the signal measured by SCUBA, resulting in a negative submillimetre flux density if it is 

corrected for. Claiming a 'negative emission' from dust is not physically meaningful. It
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is better to set the SCUBA flux densities equal to zero: it appears that there is no thermal 

emission from dust at these wavelengths. This leaves the question of how to handle the 

errors. It seems best to leave them as they are - as they have been measured by SCUBA. 

The statement then being made is that, as far as it can be ascertained, all of the measured 

signal m ay be radio synchrotron emission, and any dust em ission from the source is 

definitely less than 2 x  the measured noise (for a 2a  upper limit). This seems a good, 

conservative upper limit - in each case the limit is larger than the original measured flux 

density.

3.4.3 Radio Cores

W hen searching for thermal dust emission, the telescope is pointed at the optical/infrared 

ID of the galaxy. This position is coincident with the radio core (if one has been detected). 

A flat radio core could contribute at submillimetre wavelengths. A useful exercise is to 

estimate the upper limit on this contribution for each source - if it tends to be negligible, 

the SCUBA flux densities will not need to be corrected.

Only 8 of the galaxies in the sample have their radio core detected at more than one fre

quency: 3C 267,3C 324,3C 241,4C 23.56,6C 1232+39, 6C0902+34, TX1243+036, and 4C41.17. 

6C0902+34 is a special case that is excluded from the following discussion; it will be 

treated separately at the end of this section. For the remaining 7 galaxies, the radio core 

spectral index has been estimated using the two highest-frequency core detections. 3C324 

and 3C241 have relatively flat core spectra, with a  ~  0.35. The majority, however, have 

very steep spectra, ranging from a  ~  0.7 to a  ~  1.8. Note that no core appears either 

completely flat or inverted (i.e. flux density increasing with frequency). If these cores are 

extrapolated to submillimetre wavelengths, in all cases, save one, the core contribution 

is negligible: < 0.05m Jy at 850 pm . For 3C241, on the other hand, the core strength at 

850 pm  is likely to be ~  lm Jy .

For several galaxies in the sample, the radio core has been detected at a single frequency. 

Adopting the flattest measured spectral index of a  ~  0.35, the corresponding core flux 

densities at 850 pm  have been estimated. This is a pessimistic estimate, many of these 

galaxies may have steeper core spectra, but it is a good indication of the worst-case see-
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nario. In all cases but three, the predicted core flux densities are negligible, <  0.2m Jy. 

Higher 850 p m  core flux densities are expected for 3C322 and 3C265. However, for these 

galaxies a negative signal was measured with SCUBA, and the core brightness is irrele

vant. For M G1016+058, if the spectrum is flat, a core flux density of ~  0.8m Jy is expected 

at 850 pm . If, on the other hand, the spectral index is steeper, a  ~  0.75 for example, the 

core contam ination is negligible.

A lack of sources with core detections at more than one frequency hinders this analysis. 

However, given the available information it seems unlikely that the cores are significant 

except for 3C241 and MG1016+058. The core contribution in the case of 3C241 will be cor

rected for, as the core spectrum is definitely flat. For MG1016+058, on the other hand, it is 

im possible to know whether the core is flat or steep. Given this uncertainty, the SCUBA 

observations have not been corrected for core contamination. Instead, it is simply noted 

that M G1016+058 may have a large core contribution at submillimetre wavelengths.

It is mentioned in the literature that three galaxies have completely flat (or possibly in

verted) cores at v <  5 GHz: 3C294 (MS90), 6C0905+39 (LGE95), and 6C0032+412 (BRE98; 

Katherine Blundell, private communication). These cores could contribute significantly to 

the observed SCUBA flux densities. However, Rudnick et al. (1986) have studied flat 

cores in powerful radio galaxies. They found the cores often turned over or steepened at 

v >  5 GHz - a completely flat core at low frequencies does not mean that it will remain 

flat out to the submillimetre wavebands.

In addition, note that for 3C356, two radio core identifications exist: one faint and steep, 

the other brighter and flat. Neither should significantly contribute at submillimetre wave

lengths.

As a final note on radio cores, 6C0919+38 could have a very bright radio core, ~  6 m jy 

at 5 GHz. However, it is not clear whether the bright feature detected by Naundorf et al. 

(1992) is the radio core or a knot in the radio jet. Given the uncertainty, the possible radio 

core contamination is merely noted here and is not corrected for.
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6C0902+34

6C0902+34 is a special case because of the brightness of its core, ~  lOmJy, betw een 1.5 

and 15 GHz. In addition, two slightly conflicting observations at 8 GHz makes it difficult 

to be certain how steep the core spectrum is. If the flatter spectral index is used (a  ~  0.3), 

the 3 mm and 1.3 mm detections of Downes et al. (1996) and Chini & Kriigel (1994) look 

to be completely dominated by the radio core. Downes et al. (1996) came to the same 

conclusion, and predict the contribution of dust emission at 1.3 mm to be <  0.6 mjy. Even 

if the steeper spectral index is used (a  ~  1 .0), the detections could easily be dominated by 

the integrated radio spectrum (although higher-frequency radio detections are needed to 

confirm this).

When observed with SCUBA at 850 /tm, a 3cr upper limit of 5.83 m jy  was measured. 

Combining this with Chini & Kriigel's detection of 3.1 ±  0.6 m Jy at 1300 pm , the subm il

limetre spectral index is |a| < 2.0. This is inconsistent with thermal dust em ission being 

present, for which |a| >  2.0. (Note that the submillimetre spectral indices are negative).

6C0902+34 appears completely dominated by radio synchrotron emission. It has thus 

been left out of the sample.

3.4.4 Subm illim etre Confusion Lim it

Hughes et al. (1998) performed one of the first submillimetre surveys when they mapped 

the Hubble Deep Field with SCUBA. For 850 pm , confusion was found to be a problem 

for sources weaker than 2 mjy. At the 2 m jy level, the source density of their map is ~  1 

source per 30 beams. As we have not detected anything fainter than 2 mjy, confusion 

should not be a problem. See also Blain et al. (1998).

3.4.5 A Final Note on Corrections: 6C0140+326

As a final note on correcting the SCUBA flux densities, it appears that 6C0140+326 is 

gravitationally lensed (Rawlings et al. 1996a). However, the predicted amplification fac

tor is small (< 2). Given the uncertainties in estimating this factor and the synchrotron
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contamination, it has not been corrected for.

3.4.6 C orrected Flux Densities

The final submillimetre flux densities, corrected for radio synchrotron contamination, 

and in the case of 3C241 for radio core contamination, are presented in Table 3.8.

Given that the telescope was pointed at known galaxies instead of doing a blank-field 

survey, and given that the upper limits have been done rigorously (i.e. S+ n  x e instead 

of just n  x e), the adopted detection threshold is S/N > 2.0. For sources with S/N < 2.0, 

upper limits have been taken at the 2cr level.

Out of a sample of 46 radio galaxies (excluding 6C0902+34), thermal emission from dust 

has been detected in 14 galaxies at 850 pm, and in 5 galaxies at 450 pm. The strength 

of the 450-pm detection of MG1016+058 is a little high given the marginal detection at 

850 pm.

Source z
850

s„
(mjy)

pm
S/N 2a limit 

(mjy)

450
s„

(mjy)

pm
S/N 2cr limit 

(mjy)
3C277.2 0.7660 0.00 ±  1.04 0.00 < 2.08 -10.55 ±10.72 -0.98 < 21.44
3C340 0.7754 0.00 ±0.87 0.00 < 1.74 3.89 ±9.11 0.43 < 22.11
3C265 0.8108 -1.41 ±0.98 -1.44 < 1.96 -2 .01 ±  11.25 -0.18 < 22.50
3C217 0.8975 0.00 ±0.83 0.00 < 1.66 -0 .67  ±9.84 -0.07 < 19.68
3C356 1.0790 0.08 ±1.25 0.06 < 2.58 16.63 ±  19.82 0.84 < 56.28
3C368 1.1320 3.70 ±  1.11 3.32 39.49 ±  15.06 2.62
3C267 1.1440 0.00 ±0.96 0.00 < 1.92 21.79 ±  14.71 1.48 < 51.22
3C324 1.2063 0.80 ±0.89 0.90 < 2.57 3.77 ±  11.78 0.32 < 27.34
3C266 1.2720 0.00 ±  1.30 0.00 < 2.60 -2 .09  ±30.47 -0.07 < 60.94
53W069 1.4320 -2 .70  ±  1.04 -2.60 < 2.08 14.68 ±  11.53 1.27 < 37.74
4C13.66 1.4500 2.62 ±  1.24 2.11 -16.20 ±  18.20 -0.89 < 36.40
3C437 1.4800 -1 .18  ±0.98 -1.20 < 1.96 0.00 ±  17.28 0.00 < 34.56
3C241 1.6170 0.01 ±1.15 0.00 < 2.30 13.60 ±12.58 1.08 < 38.76
6C0919+38 1.6400 -0 .88  ±  1.05 -0.84 < 2.10 10.38 ±  10.11 1.03 < 30.60
3C470 1.6530 3.07 ±  1.56 1.96 < 6.20 56.61 ±32.92 1.72 < 122.44
3C322 1.6810 -0 .05 ±1.06 -0.05 < 2.12 -37.53 ±  16.04 -2.34 < 32.08
6C1204+37 1.7800 0.00 ±1.25 0.00 < 2.50 44.88 ±  26.56 1.69 < 98.00
3C239 1.7810 0.00 ±  1.00 0.00 < 2.00 -2 .09 ±  18.27 -0.11 < 36.54
3C294 1.7860 0.00 ±0.78 0.00 < 1.56 5.06 ±  13.36 0.38 < 31.78
6C0820+36 1.8500 1.80 ±0.98 1.83 < 3.76 13.52 ±  17.98 0.75 < 49.48
6C0905+39 1.8830 3.52 ±  0.89 3.95 31.16 ±  16.17 1.93 < 63.50
6C0901+35 1.9100 -1 .83  ±  1.15 -1.59 < 2.30 -19.34 ±8.21 -2.36 < 16.42
5C7.269 2.2180 1.41 ± 1 .00 1.41 < 3.41 4.91 ±9.17 0.54 < 23.25

Table continued on next page...
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Source z
850 pm  

S„ S/N 
(mjy)

2a  limit 
(mjy)

450
s„

(mjy)

pm
S/N 2tr limit 

(mjy)
4C40.36 2.2650 0.63 ±  1.06 0.60 < 2.75 7.27 ±23.18 0.31 < 53.63
MG1744+18 2.2800 0.02 ±  1.02 0.02 < 2.06 12.94 ±  17.70 0.73 < 48.34
MG1248+11 2.3220 0.96 ±1.07 0.90 < 3.10 -20.87 ±  12.85 -1.62 < 25.70
4C48.48 2.3430 4.72 ±1.06 4.44 17.73 ±  24.93 0.71 < 67.59
53W002 2.3900 0.99 ±1.10 0.90 < 3.19 2.89 ±  14.32 0.20 < 31.53
6C0930+38 2.3950 0.00 ± 1.00 0.00 < 2.00 7.99 ±  10.81 0.74 < 29.61
6C1113+34 2.4000 0.00 ±  1.14 0.00 < 2.28 -11.41 ±  16.82 -0.68 < 33.64
MG2305+03 2.4570 0.08 ± 1.02 0.08 < 2.13 -9 .50  ±41.84 -0.23 < 83.68
3C257 2.4740 1.62 ±2.25 0.72 < 6.12 16.01 ±  15.49 1.03 < 46.98
4C23.56 2.4830 1.68 ±0.98 1.72 <3.64 -3 .2 7  ±  17.04 -0.19 < 34.08
8C1039+68 2.5300 0.02 ±0.99 0.02 < 2.01 31.59 ±17.04 1.85 < 65.68
MG1016+058 2.7650 2.31 ±0.92 2.51 28.68 ±  10.09 2.84
4C24.28 2.8790 2.35 ±  1.17 2.01 11.08 ±  18.66 0.59 < 48.40
4C28.58 2.8910 3.89 ±  0.95 4.10 23.01 ±15.46 1.49 < 53.93
6C1232+39 3.2200 3.84 ±0.72 5.34 -2 .36  ±6 .07 -0.39 < 12.14
6C1159+36 3.2350 0.79 ±1.15 0.68 < 3.09 28.11 ±16.04 1.75 < 60.19
TX1243+036 3.5700 2.14 ±  1.11 1.92 < 4.36 1.47 ±  19.04 0.08 < 39.55
MG2141+192 3.5920 4.57 ±0.96 4.75 21.42 ±  18.89 1.13 < 59.20
6C0032+412 3.6600 2.40 ±  1.20 2.00 -5 .46  ±  13.28 -0.41 < 26.56
4C60.07 3.7880 17.08 ±1.33 12.84 68.96 ±  22.95 3.00
4C41.17 3.8000 12.06 ± 0.88 13.70 22.47 ±8.48 2.65
8C1435+635 4.2500 7.76 ±  0.76 10.21 23.60 ±6.40 3.69
6C0140+326 4.4100 3.31 ±1.49 2.22 -20.48 ±  17.14 -1.19 < 34.28

Table 3.8: Submillimetre flux densities (S„) and errors corrected for radio synchrotron contamination. In the case 

of 3C241, radio core contamination has also been taken into account. 2a  upper limits are shown for sources whose 

S /N  does not exceed 2.0.

For 3C368, MG1016+058, 4C60.07, 4C41.17, and 8C1435+635, an estimate of the 850- 

450 /tm spectral index can be made. For thermal dust emission, the slope along the 

Rayleigh-Jeans tail is expected to be around 3.0-4.0. The spectral indices of 3C368 and 

M G1016+058 are consistent with this: |afijg| ~  4. The indices of 4C60.07, 4C41.17 and 

8C1435+635 are on the low side, |CK4501 < 2. However, they have large redshifts, and 

for thermal greybody emission at 30 K, the spectral turnover should be redshifted into 

or near the 450 p m  waveband. Using the 450 p m  observation would underestimate the 

slope along the Rayleigh-Jeans tail in this situation.
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3.5 The P -z  Plane for Radio Galaxies Observed with SCUBA

It is useful to plot radio luminosity against redshift (the P-z plane) for the galaxies ob

served with SCUBA. This ensures that even luminosity coverage of the P-z plane has 

been obtained, and identifies the redshifts at which submillimetre emission from radio 

galaxies is detected.
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Figure 3.3: Radio luminosity-redshift plane for Ho =  50 kms_1Mpc_1, fi0 =  1.0, and A =  0. The pink 

circles indicate radio galaxies for which thermal emission from dust was detected at 850 ¿¿in with S /N >  2, 

the blue circles indicate galaxies for which no dust emission was detected, and the black open circles denote 

future targets yet to be observed with SCUBA. For the detections, the size of the pink circle represents the 

brightness of the galaxy at 850 ¿¿in. The 151-MHz radio luminosities, P isimhz, were estimated using the radio 

SEDs presented and referenced in Figure 3.2. For the 7C radio galaxies, P i s i m h z  was calculated using flux 

densities estimated by Stephen Bales. Note, 53W069 is too faint to appear on this version (and all subsequent 

versions) of the radio luminosity-redshift plane.

As previously mentioned, the radio luminosities have been calculated at rest-frame 151 MHz 

to ensure that the radio luminosity tracks the power of the radio jets as accurately as pos

sible. Simple physical models for the time development of the 151 MHz luminosity and 

the linear size (D;inear) of a double radio source suggest that over a large range of D Hnear, 

the 151 M Hz radio luminosity gives a reasonably accurate guide to the jet power Q of
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Figure 3 .4 : Radio luminosity-redshift plane for H 0 =  50 kms_1Mpc_1, Cl0 =  0.1, and A =  0. The pink 

circles indicate radio galaxies for which thermal emission from dust was detected at 850 pm with S /N >  2, 

the blue circles indicate galaxies for which no dust emission was detected, and the black open circles denote 

future targets yet to be observed with SCUBA. For the detections, the size of the pink circle represents the 

brightness of the galaxy at 850 pm. The 151-MHz radio luminosities, Pisimhz, were estimated using the 

radio SEDs presented and referenced in Figure 3.2. For the 7C radio galaxies, Pisimhz was calculated using 

flux densities estimated by Stephen Eales.

the vast majority of objects detected in complete radio flux-limited samples (Willot et al. 

1999).

Source z LA S

( " )

a

Diinear
(kpc)

o =  1.0

log P i  51 MHz
(W H z - 1 sr- 1 )

i l

D l in ea r
(kpc)

o =  0.1
log  Pl51M Hz  

( W H z - h r - 1)
Refs.

3C 277.2 0.7660 58.00 473 27.613 559 27.759 BRR99
3C 340 0.7754 46.70 382 27.456 452 27 .604 BRR99
3C 265 0.8108 78.00 643 27.858 768 28.012 BRR99
3C 217 0.8975 12.00 101 27.651 122 27.820 BRR99
3C 356 1.0790 75.00 643 27.915 809 28.115 BRR99
3C 368 1.1320 7.90 68 28.136 86 28.345 BRR99
3C 267 1.1440 38.00 327 28.047 416 2 8 .257 BRR99
3C 324 1.2063 10.00 86 28.119 111 28 .339 BRR99
3C 266 1.2720 4.50 39 28.063 51 28 .293 BRR99
53W 069 1.4320 <  5.10 <  44 24.542 <  59 2 4 .797 W vH K 84
4C 13.66 1.4500 6.00 51 28.105 69 28.363 BRR99
3C 437 1.4800 34.40 294 28.226 398 28.489 BRR99
3C 241 1.6170 0.91 8 28.295 11 28.578 BRR99

Table continued on next page.,
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Source z LA S

(")
O u n e a r

(kpc)

a  =  i.o
log Pl51M Hz 

( W H z - 's r - 1)
O lin e a r

(kpc)

a - 0 . 1
log  P  151MHz

(W H z _ 1 s r_ 1 )
Refs.

6C 0919+ 38 1.6400 10.40 88 27.551 122 2 7 .837 N A R 92
3C 470 1.6530 24 .00 203 2 8 .157 283 28.445 BRR99
3C 322 1.6810 33.00 279 28.192 390 28 .484 BRR99
6C 1 2 0 4 + 3 7 1.7800 51 .70 433 27.752 615 28.058 L L A 95
3C 239 1.7810 11.20 94 28.501 133 2 8 .8 0 7 BRR99
3C 294 1.7860 15.00 125 28.391 179 28 .698 BRR99
6C 0820+ 36 1.8500 23 .00 191 2 7 .637 275 27.952 L L A 95
6C 0905+ 39 1.8830 111.00 920 27.818 1330 2 8 .137 LG E95
6C 0901+ 35 1.9100 2.70 22 27 .573 32 27.896 N A R 92
5C 7.269 2 .2180 7.70 62 27.280 94 27 .644 BRR99
4C 40 .36 2 .2650 4.00 32 28.325 49 28 .694 C R v 0 9 7
M G 1744+ 18 2 .2800 7.50 60 28.364 91 28 .735 C R v 0 9 7
M G 1248+11 2 .322 <  1.2 <  9 27.799 <  15 28.175 LR M 86
4C 48 .48 2.3430 14.00 110 27 .953 171 28.331 C R v 0 9 7
53W 002 2 .3900 0.70 5 27.328 9 27 .712 W B M 91
6C 0930+ 38 2 .3950 3.70 29 27.720 45 28.105 N A R 92
6C 1113+ 34 2 .4000 16.50 129 27.681 201 28 .067 L L A 95
M G 2305+ 03 2 .4570 3.00 23 28.160 37 28 .552 SDS99
3C 2 5 7 2 .4740 12.00 93 28.435 147 28.830 vBS98
4C 23 .56 2.4830 53 .00 411 28.409 647 28 .804 C R v 0 9 7
8C 1 039+ 68 2 .5300 15.00 116 27.996 183 2 8 .397 Lthesis
M G 1016+ 058 2 .7650 1.30 10 27.803 16 28.230 DSD95
4C 24 .28 2 .8790 2.30 17 28.242 28 28.682 C R v 0 9 7
4C 28 .58 2 .8910 16.20 119 28 .707 198 29.148 C M vB 96
6C 1232+ 39 3 .2200 7.70 54 28.348 94 28 .823 N A R 92
6C 1159+ 36 3 .2350 1.20 8 28.011 15 2 8 .4 8 7 L L A 95
T X 1243+ 036 3.5700 8.80 60 28.489 107 28.998 vO R 96
M G 2141+ 192 3.5920 8.90 60 28.746 108 29 .256 C R v 0 9 7
6C 0032+ 412 3.6600 2.30 15 28.171 28 28.688 BRE98
4C 6 0 .0 7 3.7880 9.00 59 28.613 109 29 .142 C R v 0 9 7
4C 4 1 .1 7 3.8000 13.10 86 28.780 159 29.310 C O H 94

8C 1435+ 635 4.2500 3.90 24 28 .417 4 7 28 .985 LM R 94
6C 0140+ 326 4.4100 2.50 15 28.196 30 28 .777 R LB 96,B R E98

Table 3.9 : Radio sizes and luminosities for the sample. Column 3 gives the largest angular size (LAS) of the radio

source, measured in arcseconds. The corresponding linear size (D nnear) and 151-MHz radio luminosity (PuimhA  

have been calculated for both fi0 =  1.0 and a  =  0.1, with H0 =  50 kms_1Mpc-1  and A =  0. For comparison, 

the diameter of the Milky Way is around 30 kpc (Mitton, ]., The Penguin Dictionary of Astronomy). The radio 

luminosities were estimated using the radio spectral energy distributions presented and referenced in Figure 3.2. 

The references for the LAS values are given in column 8. Where necessary, the LAS was measured off published 

radio maps. For the majority of the 3C sources, the LAS was taken from a paper in preparation by Katherine 

Blundell el al. (1999b), which summarises the properties of the 3C radio galaxies.

Both the 151 M Hz luminosities and the linear sizes for the sample have been calculated 

for two cosmologies: i l 0 =  1-0, and Q0 =  0.1, where H 0 =  50 k m s^ M p c“ 1 and A =  0.
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The values are presented in Table 3.9. Figure 3.3 and Figure 3.4 show  the corresponding 

P-z  plane for each cosmology.

N ote that increasing H c sim ply reduces the radio lum inosity for each galaxy; it does not 

change the relative position of the points on the P-z plane. Increasing H c also reduces the 

linear sizes.

A proper statistical analysis will be m ade in the next chapter, but at first glance, Figure 3.3 

and Figure 3.4 seem  to indicate that subm illim etre em ission is more predom inant in high- 

redshift galaxies than in low-redshift galaxies.

3.6 Notes on Individual Sources - M orphologies and Special Fea

tures

W hilst com piling the radio spectra, a wealth of inform ation on each object in the sam ple 

w as discovered. In this section, an attem pt is m ade to collate some of the inform ation. 

A n indication of radio, optical, and infrared m orphologies are given for each source, as 

w ell as any striking features.

A t the end of each entry the references from w hich the inform ation w as gathered are 

given. Note the following discussion considers observations in the observed-fram e, not 

the rest-frame.

3C277.2 (z=0.7660) - Large FRII. The radio core is detected, and is m uch closer to the 

w estern radio lobe than to the eastern radio lobe. The optical im age reveals a slight 

elongation along the radio axis. The K-band im age reveals a round host galaxy. The 

optical em ission is highly polarized in the B-band, P ~  20%. The polarization falls w ith 

w avelength. (BRL97; BRR99)

3C340 (z=0.7754) - Large FRII. The eastern radio lobe is m uch brighter than the w estern. 

It appears to have 3 hotspots and a large plum e of em ission extended along the radio 

axis. The optical im age reveals a central round object w ith faint em ission extending to 

the south-w est. This faint em ission appears to lie along the radio axis. The K-band im age 

show s a single central round galaxy. (BLR97; BRR99)
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3C265 (z=0.8108) - Giant FRII. It is the second-largest radio source in the sample. The 

radio axis is slightly bent about the core. Both lobes show extended emission towards 

the core; the w estern lobe contains two bright components. The optical m orphology is 

very extreme; a central bright region is surrounded by several other emission regions 

or com panion galaxies. The optical axis is not aligned with the radio axis, but is within 

25°. In view of this, the K-band im age is astonishingly normal, revealing a single bright 

galaxy and red companion. The optical emission is polarized, with P ~  9%; the electric 

vector perpendicular to the emission. (F93; BLR97, Longair et al. 1995; di Serego Alighieri 

et al. 1996)

3C217 (z=0.8975) - FRII. The radio lobes both display extended em ission along the radio 

axis, and both appear to have at least two bright components. A marginal radio core has 

been detected. Optical images reveal a string of components. The central com ponent is 

elongated and is misaligned with the radio axis. Further components lie beyond it to the 

north-east and to the south-west. A small optical plume extends from the central object to 

the eastern radio jet. The K-band image shows a round central galaxy and an additional 

com ponent to the north-east, with diffuse emission also extending to the north-east. Line 

em ission seems confined to the central galaxy. (BLR97; Lpc; BRR99; RS97)

3C356 (z-1 .079) - Giant FRII. The two radio lobes are of approximately equal brightness, 

and each have two components. There are two possible identifications for the radio core 

(the adopted nomenclature follows the discussion in Best, Longair, & Rottgering 1997):

'a ' - northern object. It is faint with a steep spectrum a  >  1.0 

'b' - southern object. It is brighter with flat spectrum a  ~  0.2

'a ' and 'b' lie within 4" of each other. The axis joining them is aligned w ith the radio axis. 

The K-band image reveals that both 'a ' and 'b' are associated with an infrared galaxy 

at z=1.079. The galaxies are approximately the same brightness and size, and it is not 

clear which is the true host of the radio source. In the optical image, V  appears faint 

and diffuse with several neighboring faint emission regions, 'a ' is much brighter with a 

bifurcated appearance. It has been suggested that 'a ' is the host galaxy and V  is a galaxy 

which has passed through the radio jet (Rigler et al. 1992). The optical emission regions 

surrounding 'b' are thought to be remnants of this interaction. However, the alternate 

scenario, with ‘b ’ as the host galaxy and 'a ' having interacted with the radio jet, has also
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been suggested by Lacy & Rawlings (1994). For a full discussion of the merits of the two 

identifications refer to Best, Longair, & Rottgering 1997. (BLR97; F93; LR94; Rigler et al. 

1992)

3C368 (z-1.132) - Compact FRII. The radio lobes are both slightly extended along the 

radio axis, and the radio core has been detected. The southern lobe appears to have 

two components. The optical identification lies midway between the two radio lobes. A 

series of bright optical knots, tightly aligned with the radio axis, extend from this position 

towards both the northern and the southern radio lobes (although there is only one knot 

between the optical ID and the southern lobe). The identification itself lies in a trough of 

optical emission. The K-band image reveals a more simple, single-component structure. 

The position of the K-band emission is coincident with the optical ID (and the dip in the 

optical emission). (DSP87; BRR99; BLR97; Longair et al. 1995; Stockton et al. 1996)

3C267 (z=1.144) - FRII. The radio core has been detected. The eastern lobe is slightly 

extended along the radio axis, the western lobe appears brighter and more compact. 

The optical counterpart lies midway between the two radio lobes. The optical im age re

veals three bright components linked by fainter diffuse emission. The optical axis is not 

aligned with the radio axis; the angle between them is around 30°. The K-band emission 

is aligned w ith the optical emission, although it is more self-contained and less clumpy. 

(BLR97; BRR99)

3C324 (z=l .2063) - FRII. The radio core has been detected. The w estern radio lobe extends 

along the radio axis towards the core, and a bright knot is visible betw een the two. The 

eastern lobe is also extended along the radio axis, and several knots are visible in the lobe 

before it bends northward. This bend results in an S-shaped radio axis. Optical imaging 

with HST  reveals a clumpy optical structure; the individual components appear to be 

interacting. K-band imaging reveals a single elliptical component. The radio core and 

infrared peak are coincident; they both lie in a region of low optical emission, indicating 

a dust lane. The optical emission does not align with the radio axis joining the hotspots. 

It does align with the inner radio jet axis defined by the radio core and knots. The optical 

emission is highly polarized over an area 1 x 4  arcsec2: P ~  11% with the electric vector 

perpendicular to the emission. (BCG98; Longair et al. 1995; Cimatti et al. 1996)

3C266 ( z - 1.272) - Compact FRII. The radio lobes are of approximately equal brightness.
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They both have two components, stretching along the radio axis. There is a marginal 

detection of the radio core midway between the lobes. The optical image reveals a string 

of bright knots aligned with the radio axis, and surrounded by fainter diffuse emission. 

The K-band image shows a round, single-component emission region, possibly extended 

along the radio axis. (BLR97; LPR92)

53W 069 (z=1.432) - Compact radio source. 53W069 will be discussed separately in Chap

ter 4.

4C13.66 (z=1.450) - Compact FRII. The southern lobe is m uch brighter than the northern. 

A t 5 GHz, the lobes are roughly 1.2" apart. At 1.5 GHz, a plume of radio em ission extends 

for ~  5" to the north-west of the northern lobe. The host galaxy has been detected in the 

K-band, and is possibly elongated north-south. No radio core is detected. (RLL96).

3C437 (z=1.4800) - FRII source. No radio core has been detected. The two radio lobes both 

show extended emission along the radio axis. Optical images reveal an elongated em is

sion region which is misaligned with the radio axis. This region is thought to comprise 

two bright components and diffuse emission extending to the north. There is marginal 

evidence for two fainter emission regions lying to the south-east of this central com 

ponent. In the K-band, the galaxy corresponding to the elongated optical em ission is 

slightly extended east-west. No individual components have been resolved in the in

frared. (BRL97; BRR99)

3C241 (z=1.6170) - Compact FRII. The radio core has been detected between the two lobes; 

the w estern lobe contains two components. Optical images reveal two em ission regions 

aligned with the radio axis. The K-band image reveals a host galaxy which extends be

yond the radio lobes. (BLR97; Sanghera et al. 1995)

6C0919+38 (z=1.640) - FRII. The southern radio lobe is much brighter than the more dif

fuse northern lobe. Both lobes are slightly extended along the radio axis. A bright feature 

has been detected in between the two lobes, but it is not clear whether this is the radio 

core or a knot in the jet. An infrared identification exists, equidistant from the two radio 

lobes. (NAR92; ER96)

3C470 (z-1.6530) - FRII. The southern radio lobe is brighter than the northern lobe, and 

is extended along the radio axis. The radio core has been detected. Observations can be
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difficult due to a nearby star. HST  images reveal two faint optical components on either 

side of the radio core. The optical axis is roughly perpendicular to the radio axis. The 

K-band morphology mirrors that seen in the optical image. (BLR97)

3C322 (z=1.6810) - FRII. Northern lobe is brighter than the southern lobe. The radio core 

has been detected nearer the northern lobe. The optical image of the galaxy reveals a 

faint single component, which is not very well detected. (McC97; Leahy et al. 1989)

6C1204+37 (z=1.7800) - Large FRII. The two radio lobes each have two components aligned 

along radio axis. No radio core has been detected. The western lobe has a plume of ra

dio emission extending to the south. The K-band identification lies m idway betw een the 

radio lobes. (ERLG97; LLA95)

3C239 (z=1.7810) - FRII. The eastern radio lobe has two components and is brighter than 

the western lobe. Steep-spectrum emission extends along the radio axis from the western 

lobe. The eastern lobe as a plume of emission extending towards the north. A marginal 

radio core has been detected. Optical HST  imaging reveals two central em ission regions. 

The optical emission axis is within 25° of the radio axis. Faint optical em ission tails ex

tend to the north and west of the galaxy. The K-band image shows a single component. 

Another galaxy appears 5" to the east of 3C239. As the eastern lobe contains a double 

hotspot and has a plume of emission arcing to the north, it has been suggested that this 

radio lobe is gravitationally lensed. This has not been confirmed. (BLR97; BRR99; McC97)

3C294 (z=1.7860) - FRII with a 'Z-shaped' radio structure. The faint core lies equidistant 

between two bright knots. The knots and core lie along a straight line (inner radio axis). 

The radio axis slightly bends at the knots, making the 'Z-shape'. The two hotspots have 

extended emission towards their corresponding knot. The southern lobe actually has 

a jet-type feature connecting the hotspot to the knot. A Lya cloud, orientated roughly 

north-south and extending ~  10", has been detected. This cloud is aligned with the inner 

axis of the radio source. A compact K-band object, coincident within errors to the radio 

core, has also been observed. A foreground star makes observations difficult. Emission 

lines from highly-ionized species are present in the spectra, favoring a non-stellar source 

of ionization. (MS90)

6C0820+36 (z=1.850) - Asymmetrical FRII. The radio core is closer to the northern radio
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lobe. The radio axis appears bent, with the southern radio lobe emission extending along 

the radio axis to the position at w hich the axis bends. The K-band identification is coin

cident with the radio core. (LLA95; ERLG97)

6C0905+39 (z=1.883) - Giant FRII classical double. The radio axis is slightly bent around a 

firmly detected radio core. The southern lobe is ~  1.5 x as far from the core as the brighter 

northern lobe. The southern lobe is clumpy and extended along the radio axis. The 

northern lobe contains 4 hotspots, which may be multiple images of a single hotspot via 

gravitational lensing. This hypothesis has not been verified. The Lya emission, extending 

over ~  3", is coincident with the radio core. The host galaxy has been detected in the K- 

band, and is also coincident with the radio core. There is no evidence for alignment 

betw een the host and the radio axis. (LGE95)

6C0901+35 (z=1.9100) - Compact FRII, the eastern radio lobe is much brighter than the 

western. No radio core has been detected. The K-band image reveals two objects lying 

near the radio source. The northern-most object has been identified as the host galaxy, 

and is roughly the same size as the radio source. (ERLG97; NAR92)

5C7.269 (z=2.218) - FRII. The radio source is asymmetric, with the western lobe much 

brighter than the eastern. The radio core has been detected. The K-band identification 

lies close to the western lobe. (ER96; BRR99)

4C40.36 (z=2.265) - Compact FRII. The two radio lobes have approximately the same 

brightness. The western radio lobe has a plume of diffuse emission curving to the south

east. The radio core has not been detected. In the U-, V-, R-, and I-bands 4C40.36 is com 

pact and slightly elongated along the radio axis. The K-band im age reveals a compact 

object that may be misaligned with the radio axis. However, the K-band image quality is 

quite poor and it is hard to say for certain. (CMvB96; C R v097)

M G1744+18 (z=2.28) - FRII. The southern radio lobe is a little brighter than the northern 

lobe, which appears to have two components. The radio core has not been detected. Both 

lobes are slightly extended, the northern lobe to the west, and the southern lobe to the 

east. No infrared or optical images of MG1744+18 have been found. (C Rv097)

M G1248+U  (z=2.322) - Compact radio source. No radio, optical or infrared images were 

found for MG1248+11. (SDS99)
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4C48.48 (z=2.343) - FRII. The southern radio lobe is significantly brighter than the north

ern, which is extended along the radio axis. A knot in the jet has been detected midway 

between the two radio lobes; a smaller knot is also visible near the southern lobe. The ra

dio core has been identified as the tiny blip to the north-east of the southern lobe, visible 

on the high-resolution, 2 cm radio map of Chambers et al. (1996). The lobes, knots and 

core are all co-linear. Optical and infrared images are badly distorted by a foreground 

star. However, U, V and Lya  emission appear to peak at the radio core position, and are 

elongated along the radio axis. The R-, 1-, and K-band images seem to indicate two com 

ponents straddling the radio core. Note that Carilli et al. (1997) have taken the central 

knot to be the radio core. (CMvB96; C R v097)

53W002 (z-2 .39) - Compact radio galaxy. In the highest-resolution map, the radio source 

appears as a very compact single component. UBgriJHK photometry indicates the UV- 

optical continuum is roughly twice as large and aligned with the radio source. The associ

ated Lya cloud is also aligned, and is about 7 x the size of the radio source. The em ission 

line ratios are consistent with a Seyfert 1 AGN which contributes 35 ±  15% of the UV 

continuum, the rest is due to starlight. The estimated star-formation rate is less than 100 

solar masses per year. The estimated age is quite young, around 0.3 Gyr. (WBM91)

6C0930+38 (z=2.395) - Compact FRII. The two radio lobes are of almost equal brightness 

and size. No radio core has been detected. The K-band image reveals 3 objects near the 

radio source. The brightest of these is identified as the host galaxy, and lies very near 

the northern radio lobe. The three emission regions could all be part of the same object. 

(NAR92; ER96)

6C1113+34 (z=2.40) - FRII. The two radio lobes are of approximately equal brightness, 

and both extend along the radio axis. The radio core has been detected. The unpublished 

infrared identification lies midway between the two radio lobes. No optical or infrared 

images of 6C1113+34 have been found. (LLA95; Rprep; ER96)

MG2305+03 (z=2.457) - Compact radio source. No radio, optical or infrared images were 

found for MG2305+03. The optical identification is a bright compact object, with fainter 

emission extending towards the south along the radio axis. (SDS99)

3C257 (z=2.474) - FRII. The northern radio lobe is much brighter than the southern, and
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contains two hotspots. The radio core has not been detected. The optical em ission is 

elongated and aligned with the radio axis; it is positioned m idway betw een the radio 

lobes. In the K-band image, the host galaxy appears as a round, compact object. The 

H-band image confirms this. (vBS98)

4C23.56 (z=2.483) - Large FRII. The two radio lobes are of approximately equal brightness. 

The radio core is nearer to the northern lobe; the lobes and core are co-linear. Both lobes 

show slightly extended emission along the radio axis. A large Lya emission-line cloud is 

centered on the radio core. It looks like a symmetrical butterfly - there is a depression in 

the center w ith m ulti-component cone-shaped emission regions on either side. The host 

galaxy is relatively compact. Deep optical and infrared images reveal two components - a 

bright region to the south-west, and a faint, marginally detected, component to the south

east (corresponding to the two regions of Lya emission). These components are aligned 

w ith the radio axis. The coincidence of the depression in Lya with the radio core, and the 

lack of infrared or optical emission at this position, suggests that dust m ay be obscuring 

the inner-most regions of the galaxy and AGN. The optical emission is strongly polarized; 

P ~  10 -  20% for the brighter optical component, and is not detected in the fainter com 

ponent. The electric vector is perpendicular to the emission. Given the strength of the 

polarization, starlight is unlikely to dominate the rest-frame UV continuum. (CMvB96; 

C R v 097; Knopp & Chambers 1997; Cimatti et al. 1998b)

8C1039+68 (z=2.53) - FRII radio galaxy with two lobes of approximately equal bright

ness. The northern-most radio lobe appears to have two components. It is not possible 

to distinguish a definite radio core. Only radio observations have been published for 

8C1039+68. (Lthesis)

M G1016+058 (z=2.765) - Compact FRII. The two radio lobes are of roughly equal bright

ness. The radio core has been detected, and the radio axis appears to be linear. Optical 

images reveal two components orientated perpendicular to the radio axis. These com po

nents have very different emission-line spectra. The southern component (A) has several 

emission lines (Lya, N v, CIV, Hell, ClII]) indicating a redshift of 2.765, whereas the north

ern com ponent (B) only has one line detected. This makes it unclear as to whether B is 

associated with A, or if it is an unrelated galaxy at a different redshift. The most likely 

identification of B's emission line is [Oil] with z =  0.66; although the possibility of A and
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B being an interacting system at z =  2.765 has not been ruled out. Astrometry indicates 

that the radio core is coincident with A; if so, the radio source is smaller than the optical 

emission of its host galaxy. A also appears slightly elongated along the radio axis. Both A 

and B appear on the Ks-band image which traces the infrared continuum. As a final note, 

the Lya line in component A is very weak compared with other high-redshift galaxies, 

suggesting the presence of dust. (DSD95; vBS98)

4C24.28 (z=2.879) - Compact FRII source. The two radio lobes have almost equal bright

ness. The radio core has been detected. A radio jet, connecting the core to the eastern 

radio lobe, can also be seen on the radio maps. The optical and infrared images reveal 

a compact, single-component host galaxy (i.e. no dum ps of emission). The em ission in 

the B-, R-, 1-, and K-bands is slightly elongated and aligned with the radio axis. A recent 

HST  V-band image confirms this. (CMvB96; C R v097; Pentericci et al. 1999)

4C28.58 (z=2.891) - FRII. The radio lobes are of approximately equal brightness; the north

ern lobe is extended along the radio axis, and the southern lobe is elongated east-west. 

The radio core has been detected and is fairly co-linear with the two radio lobes - the 

radio axis is very slightly 'S-shaped'. The V, I, and R images reveal an elongated, two- 

component structure aligned with the radio axis. The HST  R-band confirms this: two 

bright optical components are associated with the radio core. Several smaller com po

nents are also visible. The current astrometry is not good enough to determine the exact 

correspondence between these structures and the radio core. The K-band im age shows a 

compact host galaxy, elongated along the radio axis. (CMvB96; vBS98)

6C1232+39 (z=3.2200) - Classical double FRII. The radio axis is linear, with the southern 

lobe lying slightly closer to the radio core than the northern, brighter lobe. The radio 

structure is closely aligned with the optical continuum and Lya emission. The strength 

of the alignment decreases with wavelength and is not present in K-band images of the 

galaxy. BRIHK images reveal a peculiar feature - the galaxy seems to be shifting position 

with wavelength. The total shift is around 1 - 2 " .  Emission line spectra indicate emission 

at both positions, suggesting the possibility that two galaxies are present, one with a blue 

SED and one with a red SED. In the K-band the host galaxy looks compact and spherical 

and is coincident with the radio core. (ERD93; ER96)

6C1159+36 (z-3.2350) - Compact FRII. Two radio lobes are visible, but the resolution of
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the published radio m aps is not high enough to separate them. No infrared or optical 

images of 6C1159+36 have been found. (ER96; NAR92; LLA95)

TX1243+036 (z=3.57) - FRII with a strongly bent radio structure. Both radio lobes have 

several components. The inner-most component of each lobe is the brightest; they are 

co-linear with the radio core, forming the inner radio axis. However, the northern lobe 

has a plum e of emission extending to the north. The southern lobe has three fainter knots 

extending to the south. These extensions are not aligned with the inner radio axis. The 

southern lobe is brighter and more extended than the northern. R-band images reveal an 

optical continuum  w ith a bright, elongated component coincident with the radio core and 

aligned w ith the inner radio axis. Fainter emission extends along the radio axis, bending 

towards the south as it follows the southern radio lobe. The infrared continuum is also 

elongated and aligned with the inner radio axis. The radio source is contained within 

a cone-shaped cloud of Lya emission. The peak of this emission is coincident with the 

radio core, and its morphology seems to follow the structure of the radio source. It is 

possible that interactions betw een the radio jets and emission-line clouds are responsible 

for the bent radio structure. (vOR96; RMC95; vSB98; Pentericci et al. 1999)

M G2141+192 (z=3.592) - FRII. The two radio lobes are of very similar brightness and size. 

There is no extended radio emission associated with the lobes. The radio core has not 

been detected. The infrared identification lies midway between the two radio lobes. Deep 

K'-band images reveal a continuum aligned with the radio axis, whose peak is coincident 

with the earlier IR identification. Diffuse infrared emission extends from this peak to the 

radio hotspots. A fainter emission peak is coincident with the northern hotspot. The 

emission-line gas [Olll] nebula mimics the behaviour of the infrared continuum. Recent 

H ST  optical images reveal a faint, compact host galaxy, with possible em ission near the 

hotspots. (C R v097; ER96; vBS98; Armus et al. 1998; Pentericci et al. 1999)

6C0032+412 (z=3.66) - Compact FRII. Eastern lobe is much brighter than the western lobe. 

The radio core has been detected and the radio axis is straight. No optical images of 

6C0032+412 have been found. An unpublished infrared identification exists. (BRE98; 

Rawlings, private communication)

4C60.07 (z=3.788) - FRII. The western radio lobe is slightly brighter than the eastern. Each 

lobe contains two components; in the western lobe the components are orthogonal to the
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radio axis, in the eastern lobe they are aligned with the radio axis. The radio core has been 

detected. There are some marginally-detected knots along the radio axis, thought to be 

evidence of the jet. The optical images taken in the R- and I-bands show a faint object co

incident with the radio core, although it is difficult to determine how many components 

are present or what shape the emission region is. A deep K '-band image reveals clumpy 

and elongated emission, surround by a diffuse halo. A companion galaxy or emission 

region can be seen just to the north of this. (CMvB96; CRv097; vBS98)

4C41.17 (z=3.80) - F R II with a complicated radio structure. Please refer to F ig .l of Carilli 

et al. (1994). On one side of the radio core (N), a radio lobe with three components (B2, 

B4, B3) can be seen. Equidistant on the other side is a knot in the radio jet (B l). These 

features are all co-linear, and span ~  2.5", forming the inner radio axis. The other ra

dio lobe (A) lies 7" south-west of the knot B l, and contains two hotspots. A is co-linear 

with an extension of diffuse emission to the north of B3 (C). This complex morphology 

suggests that the radio jet has changed direction. The K s-band image reveals a clumpy, 

multi-component infrared continuum. This continuum is confined to the inner axis, ex

tending a little beyond B3 and B l. The R-band HST  image reveals a string of bright 

optical knots. This clumpy continuum structure is also confined to the inner radio axis. It 

extends slightly beyond B3, and is brighter near B3 than it is near B l. Optical continuum 

emission is not associated with either C or A. The R-band image has a similar spatial 

resolution to the high-frequency radio maps. Although further astrometry is required, 

it does not appear that all the optical and radio peaks match up. However, the optical 

and infrared continua are both co-spatial and tightly aligned with the inner radio axis. 

In fact, the axis curves slightly between N, B2, B4, and B3, a curvature which can also 

be seen in the infrared and optical continuum emission. Images have also been made of 

the associated Lya cloud. It is wider than the infrared and optical continuum emission 

regions, stretching as far north as C as well as encompassing B3, B4, B2, N, and B l. It 

does not extend as the double hotspot A, and is slightly elongated along the inner radio 

axis. Signatures of star formation have been found in the form of absorption lines of SilV, 

Sill, C iv, ClI, Ol and Lya. Some of these lines are broadened to the blue end of the spec

trum, reminiscent of P-Cygni profiles (massive stars have a large, optically-thick outflow. 

Only the approaching material can be seen, and the lines are broadened, resulting in a 

P-Cygni profile). The optical (rest-frame UV) continuum is also unpolarized. As a result,
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the optical (rest-frame UV) continuum is more likely to be dominated by star formation 

than by scattered quasar light. (CMvB96; COH94; CM vB90; M iley et al. 1992; Dey et al. 

1997)

8C1435+635 (z=4.25) - Compact FRII. The two radio lobes are of approximately equal 

brightness. They are both compact, with very little extended emission. The radio core 

has not been detected, although two knots are visible at the center of the radio source. 

The radio axis is slightly curved. The R- and I-band images reveal an elongated optical 

continuum, aligned with the radio axis. This em ission lies between the southern hotspot 

and the central radio knots; it does not extend towards the northern radio lobe. Images of 

the Lya  depict identical behaviour, with some emission extending beyond the southern 

radio lobe. The K-band image shows an infrared continuum which is more diffuse and 

clumpy, extending towards both the southern and the northern radio lobes. The infrared 

continuum is also aligned with the radio source. (LMR94; C R v097; SDG95; vBS98)

6C0140+326 (z-4 .41) - Compact FRII classical double. No radio core has been detected. 

6C0140+326 has been observed in the R-, 1-, and H-bands, but no definite detection of 

continuum  em ission has been made. A Lya cloud is visible between the two radio lobes. 

A galaxy, with an estimated redshift of z =  0.927, is positioned 1.6 ±  0 .5" south of the 

eastern radio lobe. This galaxy may be acting as a gravitational lens - the predicted m ag

nification factors are 2, 1.4, and 1.8 for the eastern lobe, the w estern lobe, and the Lya 

cloud. The K-band image reveals an elongated structure, with more than one com po

nent, surrounded by more diffuse emission. The K-band em ission is aligned w ith the 

radio galaxy. (RLB96; BRE98; vBS98)



Chapter 4

Evidence for Evolution

4.1 Introduction

Given the set of submillimetre fluxes corrected for radio synchrotron emission, evidence 

for the submillimetre evolution of radio galaxies can now be explored. In order to do 

this, an intrinsic property such as the 850-/im luminosity (LsoO^m) is a better quantity to 

consider than the 850-/xm flux, which samples a progressively higher-frequency portion 

of the rest-frame spectrum as redshift is increased.

The calculation of L s s o i s  not unique; assumptions about the cosmology and dust prop

erties have to be made. These considerations will be outlined in this chapter, and the 

resulting values of Lgso/rm will be presented. The relationship between LgoO/im/ redshift, 

and radio power will then be discussed in detail to determine the likelihood and extent 

of evolution with redshift/cosmological time.
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4.2 Calculating Submillimetre Luminosities

4.2.1 The Effect of Cosm ology

Consider a source of luminosity L, emitting light in all directions. The light is spread out 

over a sphere, and the source flux observed at the telescope is this diluted luminosity. If 

an object is far aw ay its light will be diluted over a large area, and the observed flux will 

be small. However, things are not quite so simple: the Universe is expanding. As the light 

from the object travels towards the observer, it moves inside an expanding Universe. As 

it travels, space expands, further increasing the area over which the light is diluted. As 

a result, the expansion adds to dimming of the luminosity, and depends on the density 

parameter 0,o:

• In a high-density Universe, gravity is better equipped to hold everything together, 

and there is less expansion. The object's light is spread out over a smaller area and 

is diluted less.

• In a low-density Universe, gravity has trouble deterring the expansion. Conse

quently, the object's light is diluted more, over a larger area.

It is even more complicated than this: space-time is not flat, but curved. The curvature is 

determined by the density parameter ft and the cosmological constant A (assumed here 

to be zero). The distance the light travels from an object to the telescope will depend on 

this curvature. The scale of the curvature, however, is very large, and locally the U ni

verse appears flat. Thus a high-fi0 and a low-U0 Universe will predict identical distances 

and luminosities for nearby galaxies. As larger scales/distances are considered, the dif

ferences between the two cosmologies become more apparent. In a low-fi 0 Universe, the 

light from distant galaxies is diluted more than in a high-fiQ Universe, and this difference 

in the level of dimming between the two scenarios grows with redshift. As a result, if an in

correct value of f i0 is assumed, the relative values o f  the submillimetre luminosities calculated 

fo r  the sample will be incorrect.

The Hubble constant H 0 also affects the level of luminosity dimming. 1 /H0 is effectively 

the timescale of the expansion of the Universe. Consider a galaxy at a redshift z. If
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H 0 is large, the galaxy will not have had much time to expand w ith the Universe. The 

galaxy will be nearer, and its light will be dimmed less, than if H c was small. Changing 

H 0 sim ply scales the distances of all the objects in the Universe up or down by the same 

amount. If the value assumed for H c is incorrect, the absolute values o f  the submillimetre 

luminosities calculated fo r  the sample will be wrong, but the relative values will be correct.

The true values of i i 0 and H 0 are not yet known, and the decision needs to be made as 

to which cosmology to adopt for the work presented here. As the focus of this chapter 

is the relative properties of the sample, it does not matter which value of H 0 is chosen. 

However, two values of need to be considered, one low and one high, in order to 

ensure that the trends discussed hold irrespective of whether the Universe has a high or 

a low density.

Thus the following cosmologies will be considered, where A is assumed to be zero:

• Q0 = 1.0, H 0 = 50 k m s^ M p c- 1 .

• Q0 -  0.1, H 0 = 50 km s-1 M pc- 1 .

• i l 0 = 0.1, H 0= 67 km s-1 M pc- 1 . The reason for this third choice is that the age of a

Universe with = 1.0, H 0 -  50, and A = 0 is ~  13 Gyr. A Universe with Ll0 -  0.1,

H 0 = 67, and A = 0 has the same age - hence the 'absolute values' of the luminosities 

in these high and low density cases can be realistically compared.

This is still not the whole picture. Redshift causes further dimming of the light as it 

travels towards the observer. Consider the bolometric luminosity, L, the energy emitted 

by the source per unit time:

• The frequency of the photons, and hence their energy hv, will be reduced by a factor 

(1 +  z).

• Time dilation will reduce the arrival rate of the photons by a factor (1 +  z).

Thus, the bolometric luminosity will be diluted by 1/(1 +  z )2. Consider now continuum 

observations which are made within a fixed bandwidth and trace the spectral luminosity
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Lj,(i/e): the energy emitted per unit time per unit frequency interval, where ue is the fre

quency of emission. The frequency interval in which the light was emitted, A ue, is larger 

than the observation bandwidth, Ai/0, by a factor (1 +  z). The redshift effect squeezes the 

emitted light into a smaller frequency interval and increases the apparent brightness by 

a factor (1 +  z). Redshift thus dilutes the spectral luminosity by a further 1/(1 -I- z).

The luminosity dimming described in this section, due to the redshift and distance of an 

object and the dependence of that distance on cosmology, will be referred to as cosm o

logical dimming.

4.2.2 The Negative K-Correction

If observations are made at some frequency var they sample the rest-frame spectrum at a 

frequency ue =  vQ (1 +  z). For a sample of galaxies at a range of redshifts, different parts 

of the rest-frame spectrum are observed for each source. In order to calculate the lum i

nosities at a standard frequency for all sources, normally taken to be v0, knowledge of the 

spectral shape is required. This correction is called the K-correction. Usually, fainter parts 

of the rest-frame spectrum are shifted into view as redshift is increased, conspiring with 

the cosmological dimming to make observations very difficult. However, thermal em is

sion from dust has a unique property: if observations are made at the right frequency, 

brighter parts of the spectrum are shifted into view as redshift is increased. This effect, 

often referred to as the 'negative K-correction', is so strong that it can match, or even 

overcome, cosmological dimming over a certain range of z.

To demonstrate how this occurs, it is worth re-visiting the spectral shape of thermal em is

sion from dust grains. Dust emits as a greybody - a blackbody attenuated to account for 

the emissivity of the grains being wavelength-dependent. Assuming an isothermal spec

trum, the rest-frame flux density takes the form:

=    { l - e - T} (4.1)
e ^ d u a t  — 1

where v is the frequency at which the radiation is emitted, Q is the solid angle of the 

source, T dust is the dust temperature, and r  is the optical depth of the source:
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P
(4.2)

/? is the strength of the wavelength dependence of the grain emissivity, and v a is the 

frequency at which the source becomes optically thick.

Assum ing an optically thin source, Equation (4.1) can be re-expressed:

Considering isothermal, optically thin emission (the validity of these assumptions will 

be discussed later), the spectrum will turn over at Amax where T rjust Amax ~ 2900 /¿m K  

(W ien's Displacement Law). For A < Amax, the Wien tail, the spectrum dives exponen

tially. For A > Amax, the Rayleigh-Jeans tail, the spectrum exhibits a steep power-law 

decline w hich asymptotes to v>i+2.

If the wavelength of an observation samples the Rayleigh-Jeans tail, increasing redshift 

will bring brighter parts of the spectrum into view, and the apparent brightness of the 

source will increase as (1 +  z)P+2 (typical values of ¡6 are ~  1 — 2). For z >  1, this negative 

K-correction is strong enough to compensate for the cosmological dimming to a large 

extent. If the redshift is increased enough, the spectral turnover will be shifted into view. 

Increasing the redshift further would sample the exponentially declining Wien tail and 

cosmological dimming would reassert itself with a vengeance.

The result of all this is that for observations made at 850 /rm, SCUBA is approximately 

equally sensitive to galaxies at z ~  4 as it is to galaxies at z ~  1. If the radio galaxies in 

the sam ple are observed to have the same 850-/j,rn flux density, they should have roughly 

the same 850-yum luminosity, regardless of their redshift.

This is demonstrated in Figure 4.1 and Figure 4.2, where the effect of placing the star- 

burst galaxy M82 at different redshifts on the observed 850-/im flux density has been

(4.3)
C ^ d u s t  — 1

where

(4.4)
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Figure 4.1: The 850 /¿in flux density that would be observed for the starburst galaxy M82 if it were placed 

at progressively higher redshifts. The solid lines represent an ft 0 = 1.0 Universe; the dashed lines represent an 

O.o= 0.1 Universe (Ho= 50 kms“ 1Mpc_:l). The black lines assume the dust properties estimated by Hughes 

et at. (1994): 0  =  1.3, T =  48.IK, Mdust =  1.8 x 106MQ. The green lines assume a slightly higher dust 

emissivity index (0 =  1.6) and the orange lines assume a slightly lower dust emissivity index (0  =  1.0).

investigated. For Figure 4.1 the best-fit dust parameters found by Hughes et al. (1994) 

are assumed, with additional curves plotted to illustrate the effect of changing /3. Like

wise Figure 4.2 adopts the best-fit parameters and shows additional cases with slightly 

higher and lower dust temperatures. In each figure, curves have been calculated for both 

f iD = 1.0 and fi0 = 0.1. H0 = 50 km s-1 Mpc“ 1 has been assumed throughout; changing it 

will simply shift all the curves up or down by the same amount.

There are several things worth noting about Figure 4.1 and Figure 4.2:

• As the cosmological dimming is stronger in a low -fi 0 Universe, the 850-/xm flux 

densities are lower if f i0 = 0.1 than if f iQ = 1.0. The curves for the two cosmologies 

diverge with increasing redshift, as expected.

• For z < 1, cosmological dimming dominates. At z ~  1, the negative K-correction 

begins to fight the cosmological dimming. In the f iG = 0.1 scenario, it never quite 

manages to balance the dimming. As as result, SCUBA is less sensitive to galaxies 

at z =  4 than it is to those at z =  1. In this situation, if two radio galaxies in the
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z

Figure 4.2: The 850 fj,in flux density that would be observed for the starburst galaxy M82 if it were placed 

at progressively higher redshifts. The solid lines representan 0 o= 1.0 Universe; the dashed lines representan  

i i0= 0.1 Universe (H0= 50 kms-1 Mpc- 1 ). The black lines assume the dust properties estimated by Hughes 

et al. (1994): /? =  1.3, T =  48.IK, Md„st =  1.8 x 1O6M 0. The pink lines assume a slightly higher temperature 

(60K) and the blue lines assume a slightly lower temperature (40K).

sample are detected at the same flux level, the higher redshift object will be more 

luminous. On the other hand, in the f i0 = 1.0 case, the negative K-correction is very 

effective at balancing the cosmological dimming. Depending on the values of ¡3 and 

Tdust/ it can manage to do better than the cosmological dimming for galaxies with 

z >  2 — 3. In this situation, SCUBA is more sensitive to the high-redshift galaxies. If 

two radio galaxies in the sample are detected at the same level, the higher redshift 

object will be less luminous.

• Increasing ¡3 increases the strength of the negative K-correction, while increasing 

Tdust shifts the spectral peak to lower wavelengths, allowing the negative K-correction 

to compete with the cosmological dimming over a larger range of redshifts. The re

sult of increasing either variable is to give the negative K-correction more power. 

This effect increases with redshift as the shape of the spectral peak is more sensi

tive to changing ¡3 and Tdust than the Rayleigh-Jeans tail: at higher redshifts, the 

rest-frame spectrum is sampled nearer to the spectral turnover, and changing ¡3 

and Tdust will be more noticeable. Thus, increasing ¡3 and Tdust increase SCUBA's
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sensitivity by a larger amount at high redshifts than at low redshifts. If either ¡3 or 

Tdust are increased, the luminosities estimated for the high-redshift galaxies in the 

sample will decrease relative to the lower-redshift sources.

• Likewise, decreasing [3 and Tdust decrease the strength of the negative K-correction, 

and decrease SCUBA's sensitivity by a larger amount a high redshifts than at low 

redshifts. If either (3 or Tdust are decreased, the luminosities estimated for the high- 

redshift galaxies in the sample will increase relative to the lower-redshift sources.

4.2.3 Estim ating Dust Param eters 

Ideology

In order to pin down the parameters that govern dust emission, the resulting subm illim e

tre spectrum needs to be well sampled up the Rayleigh-Jeans tail and over the spectral 

turnover. Before SCUBA, the instrumentation necessary to do this did not exist. Even 

SCUBA struggles to observe a large sample of objects with enough wavelength coverage 

to accurately determine the characteristics of the dust emission. As a result, /3 (a prop

erty of the type of dust) and Tdust (a property of the dust environment) remain poorly 

constrained.

There is little hope, given the general lack of detections at more than one wavelength, 

to tightly constrain the the dust parameters using the sample presented here. The only 

thing that can be done is to adopt a reasonable estimate of the dust properties. Assuming 

similar dust creation and heating mechanisms exist in all the sources, this template can 

be applied to the entire sample when calculating the K-corrections necessary to convert 

the 850-/im flux density into the 850-pm luminosity.

The following procedure will be used to choose the template:

• An isothermal, optically thin model of dust emission will be assumed. This model is 

defined by three parameters: ¡3, Tdust/ and the normalisation factor A described by 

Equation (4.4). It can only be formally fitted to a dataset if the number of detections 

at different wavelengths is greater than three.
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• Only three sources in the sample have enough submillimetre data to allow such a 

fit: M G1016+058, 4C41.17, and 8C1435+635 (accepting the 750-/rm marginal detec

tion). For MG1016+058, however, the existing observations are clearly incompatible 

(Figure 4.9), and it seems a bad idea to use contradictory data in an attempt to de

termine the dust parameters.

• For 4C41.17 and 8C1435+635, a nonlinear least squares method can be used to m in

imise x 2 and find the best-fit parameters corresponding to Xmin■ Note, the param 

eters of interest are ¡3 and Tdust - the normalisation will not have any effect on 

calculating the K-correction.

• Once the best fit has been found, it is useful to plot contours of constant x2- This 

indicates the effect of perturbing the parameters from their best-fit values, and can 

highlight parameter combinations that do not result in a x 2 that differs significantly 

from Xmin ■ Given the form of the x 2 distribution, the confidence regions (regions 

which contain a certain percentage of the probability distribution) can be used to 

delineate an acceptable range of parameters. For the model described here, the 

three dimensional 'contours' of constant x 2 (defined by ¡3, T (just, and A) can be pro

jected onto the ¡3 -  T cjust plane, and the confidence regions for these two parameters 

can be considered. In this situation the x2 distribution has two degrees of freedom 

- the data are assumed to be real and the effect of changing two param eters on x2 is 

being considered - and 68.3% of the distribution should lie within the (Xmin +  2.30) 

contour, 95.4% should lie within the (Xmm +  6.17) contour, and 99.73% should lie 

within the (Xmin +  H-8) contour. By analogy to the normal distribution, these will 

be referred to as the lcr, 2<j, and 3<r contours/confidence regions respectively.

• A dust-emission template consistent with both 4C41.17 and 8C1435+635 can then 

be chosen using the x 2 confidence regions.

• The template can be used to check if the 850-/nn detections, and upper limits at 

other wavelengths, of the remaining galaxies in the sample are consistent w ith a 

similar dust spectrum.

• As a final consistency check, the template will be compared to the SEDs of a number 

of well-studied starburst galaxies.
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Figure 4.3: Confidence regions for an optically-thin, isothermal fit to the submillimetre spectrum of 

8C1435+635. The observations have all been corrected for synchrotron contamination, and the 750-pm  

marginal detection has been treated as a detection. The cross denotes the best-fit to the data, where /3 =  2.045, 

Tdust =  39.697 K, A  =  4.798 x 10“ 18, and y 2 =  0.263. The corresponding lcr, 2<r, and 3<r confidence regions 

are shown.

Estimating the Template Dust Spectrum

The x 2 contours in the /3 -  T dust plane corresponding to an optically-thin, isothermal 

model of the spectrum of 8C1435+635 are shown in Figure 4.3. The best-fit model, defined 

by (3 =  2 and T dust =  40K, is shown in Figure 4.4.

Unfortunately, as expected the l a  confidence region does not constrain either ft or T dust 

very well, and a wide range of parameter combinations are statistically consistent with 

the best-fit situation.

The corresponding plots for 4C41.17 are shown in Figure 4.5 and Figure 4.6. The y 2
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Figure 4.4: The best-fit model to the submillimetre spectrum of 8C1435+635 (see Figure 4.3). Upper limits 

published in the literature have not been corrected for synchrotron contamination; all other data have been. 

The curve is plotted in the observed frame.

confidence regions for 4C41.17 are rather startling, with the best-fit indicating ,6 ~  3.7 

and Tdust ~  23K. The problem is that no observations have ever indicated that ¡3 could 

be so high, f}, the wavelength dependence of the grain emissivity, is generally thought 

to lie within the values 1 and 2 (e.g. Hildebrand 1983). For example, Chini, Kriigel 

& Kreysa (1986) studied the dust emission from 12 star-forming regions and concluded 

that ¡3 — 2.04 ±  0.4. Meanwhile, Dunne et al. (1999) have combined SCUBA and IRAS 

observations to sample the submillimetre spectra of galaxies in the IRAS Bright Galaxy 

Sample. They find ¡3 =  1.2 ±  0.2, although they indicate the presence of a cold dust 

com ponent could bias their isothermal greybody fits, and the true value of f3 is likely to 

be higher. It should be noted that some people do feel a value as high as ¡3 — 3 is possible, 

despite the lack of direct observational evidence (Chini, Kriigel & Kreysa 1986).

Even though the confidence regions for 4C41.17 are extreme, they are not wholly incon

sistent w ith the best-fit parameters found for 8C1435+635, which lie on the edge of the 2a  

confidence contour. Given the unexpectedness of the result for 4C41.17, it is a good idea 

to explore how robust it is.
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Figure 4.5: Confidence regions for an optically-thin, isothermal fit to the submillimetre spectrum of 

4C41.17 (Version 1). The observations have all been corrected for synchrotron contamination. The cross 

denotes the best-fit to the data, where /3 =  3.727, T dust  =  22.727 K, A  =  2.408 x  10-  23, and x 2 =  4.363. The 

corresponding l a ,  2ct, and 3<r confidence regions are shown.

As a starting point, 4C41.17 has recently been mapped with SCUBA. If the flux densities 

found using the photometry mode were inaccurate, it could account for the problem. The 

fluxes densities estimated from the map, 10.6±1.5 m jy a t8 5 0  p m  and 20 .7± 6 .8  m jy at 450 

p m  (Ivison et al. 1999b in preparation), are very similar to the photometry result. Replacing 

the photometry data with the map data does produce more realistic confidence regions, 

although they also indicate a very large value of /?, ~  3.2 (Figure 4.7). The result is in 

better agreement with the best fit for 8C1435+635, which lies within the l a  contour.

The reason for the fits preferring large values of /3 becomes apparent if the 4C41.17 data 

are examined closely. Referring to Figure 4.6, the spectral index between the 1300-/zm 

observation of Chini & Kriigel (1994) and the 850-/im photometry measurement taken
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Figure 4.6: The best-fit model to the submillimetre spectrum of 4C41.17 (see Figure 4.5). Upper limits 

published in the literature have not been corrected for synchrotron contamination; all other data have been. 

The curve is plotted in the observed frame.

w ith SCUBA is ~  3.8. The Rayleigh-Jeans tail asymptotes to a spectral index of ¡3 +  2. 

If the index is already 3.8 near the spectral turnover, a m odel which asymptotes to an 

spectral index of ~  5 — 6 will be preferred.

It is w orth bearing in mind that the 1300-pm observation was taken with a different in

strument (IRAM) and by different observers. If, for example, there had been an error in 

the pointing, the 1300-pm flux density would have been underestimated and ¡3 would be 

significantly overestimated by the fits.

This is not to suggest that the pointing actually was in error, it is merely to demonstrate 

the sensitivity of the confidence regions to an observation which was not m ade by our

selves.

Thus, consider if the true 1300-pm flux density was a factor 1.5 larger than the value 

observed by Chini & Kriigel (1994). The confidence regions for this scenario are plotted 

in Figure 4.8. Note the best fit, /3 =  2 and Tjust =  34K, is in good agreement with that 

observed for 8C1435+635.
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4C41.17
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Figure 4.7: Confidence regions for an optically-thin, isothermal fit to the submillimetre spectrum of 

4C41.17 (Version 2). The mapping data taken with SCUBA by Ivison et al. (1999b - in preparation) have 

been used instead of the photometry data. The observations have all been corrected for synchrotron con

tamination. The cross denotes the best-fit to the data, where 0  =  3.227, Tdust =  25.152 K, A  =  1.134 x  10-2 1 , 

and x 2 =  6.132. The corresponding lcr, 2cr, and 3<r confidence regions are shown.

For simplicity and self-consistency, it has been decided to adopt a template spectrum with 

/? =  2 and T dust =  40K. This parameter combination lies within the 2ct contour level for 

all the confidence regions considered so far, and in most cases lies within the lcr contour.

The validity of this template can be checked by applying it to other galaxies in the sample 

with submillimetre detections, to see if it violates any of the other data points or upper 

limits. Thus optically-thin, isothermal greybodies with ,3 =  2 and T dust =  40K have 

been normalised to the 850-^m detections and are plotted in Figure 4.9. In m ost cases, 

the template spectrum is in good agreement with the existing data. For MG1016+058, 

the various observations are inconsistent with each other. Considering only the SCUBA 

data, the template underestimates the 450-/im detection. For 6C1232+39, on the other
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Figure 4.8: Confidence regions for an optically-thin, isothermal fit to the submillimetre spectrum of 

4C41.17 (Version 3). The 1300-pin observation of Chini & Kriigel (1994) was multiplied by a factor 1.5 to 

make this plot. The observations have all been corrected for synchrotron contamination. The cross denotes 

the best-fit to the data, where 0  =  2.045, Tdust =  33.630 K, A  =  1.459 x  10~17, and x 2 =  3.045. The 

corresponding l a ,  2a ,  and 3 a  confidence regions are shown.

hand, the template exceeds the 450-pm upper limit. However, the correct normalisation 

may not be to the 850-pm data point. In fact, if the template is normalised to the top of 

the 850-pm error bar in the case of M G1016+058 and to the bottom of the error bar in the 

case of 6C1232+39, the template is consistent w ith the 450-pm data.

Several studies attempting to constrain /J and T dust have been published in the literature. 

For example, Benford et al. (1999) have observed a sample of high-redshift radio-quiet 

quasars and radio galaxies at 350-pm. Assuming a critical wavelength of A0 =  125pm, 

isothermal fits indicate /3 ~  1.5 and T dust ~  50K. The study of IRAS galaxies by Dunne 

et al. (1999), on the other hand, indicate p  ~  1.2 and T dUst ~  36K (although the value ¡3 

is thought to have been artificially lowered by the presence of a cold dust component).
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Figure 4.9: Greybody spectra for galaxies in the sample with at least one submillimetre detection. The 

curves are normalised to the 850-/rm data point. The greybody emission has been assumed to be optically- 

thin and isothermal, with 0  =  2 and Tdust =  40K. Upper limits found in literature have not been corrected 

for synchrotron contamination; all other data have been corrected. The curves are plotted in the observed 

frame. The galaxies are arranged in order of increasing redshift. Figure continued on next page...

Finally, for galaxies identified in the recent SCUBA surveys (see Chapter 5 for more de

tails), the favoured value of T dust is ~  40 K (e.g. Ivison et al. 1998b, Ivison et al. 1999a,
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Figure 4.9: continued 

Blain et al. 1999b, Blain et al. 1999c, Blain et al. 1999d).

The variation in the results of the different studies highlights have much ground is yet 

to be covered before the true values of ¡3 and T , j ust are pinned down. At the m om ent the 

problem is little more than a guessing-game for everyone. However, it reassuring that 

the studies published so far appear consistent with the template that has been adopted
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here (considering the form of the x 2 contours).

Caveats

There are several important caveats to the choice of dust emission template.

It is currently impossible to determine the true values of and T dust. Instead, likely 

values have been assumed for the template, and these values could very well be wrong. 

The K-correction is more sensitive to changing the values of ¡3 and T dusl at high redshift 

than it is at low redshift. Thus, if the template is wrong, the error in the estimations of 

L850/¿m will be larger if the source has a high redshift. As a result, the evolutionary trends 

described later in the chapter could also be wrong. To counter-act this, the analysis of 

evolutionary trends has been conducted using several ^ -T dust combinations, in addition 

to the template itself, to ensure the trends are real.

Applying a template to the entire sample assumes that the individual radio galaxies all 

have similar dust parameters. This is a reasonable assumption if the same m echanisms 

for creating and heating dust are expected in each source. If, however, the dust charac

teristics do vary from source to source, they would have to do so in a redshift- (or radio 

power-) dependent manner to seriously affect the evolutionary trends presented at the 

end of the chapter.

It has also been assumed that the spectrum is isothermal. This is an unrealistic assum p

tion - dust is expected to emit at a range of temperatures. However, the data do not justify 

a complex model of multiple dust emission regions at different temperatures. In addition, 

the values of Xmin f ° r the fits to 4C41.17 and 8C1435+635 indicate that the isothermal 

model is a good approximation of the true situation. Currently, an isothermal model 

is the best that can be done, and it should yield a good indication of the average dust 

properties.

One might expect the most important caveat to be the fact that the submillimetre em is

sion is assumed to be optically thin. If the source does become optically thick in the 

submillimetre regime, greybody models with very large values of T dust will be consistent 

with the data.
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The reason for this is quite simple. At wavelengths shorter than the critical wavelength, 

only the surface of the emitting region can be seen, as opposed to the entire volume 

of the em itting dust. If the critical wavelength is large enough, it forces the spectrum to 

turnover at a longer wavelength than is indicated by the dust temperature. Thus, increas

ing the critical wavelength and the dust temperature simultaneously hold the spectral 

turnover in the same place and the m odel fits the data just as well.

For example, the best optically-thin fit to 8C1435+635 indicates a dust temperature of 

40K. However, if the spectrum is allowed to becom e optically thick at 200 pm, a model 

w ith T dust = 110K is not violated by any of the observations (Ivison et al. 1998a).

Unfortunately, no dataset exists that would be able to distinguish when the sources in 

the radio galaxy sample becom e optically thick. The spectra of some nearby galaxies 

have been well-enough sampled to indicate if they are optically thick or not. However, 

this is of little help as both optically thin and optically thick sources have been observed. 

For example, the starburst galaxy M82 appears to have a critical wavelength A0 =  8pm 

(Hughes et al. 1994), whereas the ultraluminous infrared galaxy Arp220 appears to be

com e optically thick at A0 ~  200pm (Scoville et al. 1991).

Even though this all appears extreme, it should not pose too much of a problem. In

creasing A0 and Tdust retain the shape and position of the dust spectrum and only alter 

the parameters that define it. Thus, the K-correction required to estimate Lgso^m should 

not be significantly affected if the sources in the sample do becom e optically thick in the 

submillimetre regime. To test this, 850-pm luminosities were calculated for 8C1435+635 

assuming:

(a) an optically thin spectrum with ¡3 =  2 and Tdust =  40K.

(b) an optically thick spectrum with ¡3 — 2, Tdust =  11 OK, and Ac =  200pm.

The 850-pm luminosities calculated for these two situations only differ by ~  10%. 

Implication of the Adopted Template

It is w orth revisiting what happens to the 850-pm flux density of M 82 as it is placed at 

progressively higher redshifts, this time assuming the chosen dust template of [3 — 2 and
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z

Figure 4.10: Ssso^m vs. z assuming (i) the dust properties of M82 (black lines) and (ii) the chosen dust 

emission template of 0  =  2 and Tdust =  40K (red lines). The solid lines represent an f20= 1.0 Universe; the 

dashed lines represent an fl0= 0.1 Universe (H0= 50 km_1Mpc“ 1).

Tdust =  40K.

Figure 4.10 demonstrates that in an f20 = 0.1 Universe, the 850-pm flux density is almost 

flat between z — 1 and z — 4; the 850-/jm flux density should effectively trace the 850-/rm 

luminosity.

In an = 1.0 Universe, on the other hand, SCUBA is more sensitive to z  =  4 galaxies 

than it is to those at z =  1. Thus, the higher redshift objects in the sample should be less 

luminous than those at lower redshifts if they are detected at the same level.

4.2.4 L850/im for the Radio G alaxy Sample

Table 4.1 gives the 850-/rrn luminosities for the radio galaxy sample. The optically thin, 

isothermal template spectrum with ¡3 =  2 and T dust =  40K has been assumed. The er

rors on the values of Lgso^m have been calculated using the errors in the flux density 

measurements only; they do not account for the uncertainties in cosmology, /3, or T dust.



4.2. Calculating Submillimetre Luminosities 135

log LS50^m (WHz *sr ')  
Source z f io=1.0 f2o=0.1 i îo=0.1

(Ho=50) (Ho=50) (H0=67)
3C277.2 0.7660 < 22.579 < 22.725 < 22.471
3C340 0.7754 < 22.502 < 22.650 < 22.396
3C265 0.8108 < 22.557 < 22.711 < 22.457
3C217 0.8975 < 22.489 < 22.658 < 22.404
3C356 1.0790 < 22.678 < 22.878 < 22.623
3C368 1.1320 22.831 23.040 22.786
3C267 1.1440 < 22.546 < 22.756 < 22.502
3C324 1.2063 < 22.670 < 22.890 < 22.636
3C266 1.2720 < 22.667 < 22.898 < 22.644
53W069 1.4320 < 22.554 < 22.810 < 22.556
4C13.66 1.4500 22.653 22.911 22.657
3C437 1.4800 < 22.523 < 22.786 < 22.532
3C241 1.6170 < 22.578 < 22.861 < 22.607
6C0919+38 1.6400 < 22.534 < 22.820 < 22.566
3C470 1.6530 < 23.002 < 23.290 < 23.036
3C322 1.6810 < 22.533 < 22.825 < 22.571
6C1204+37 1.7800 < 22.593 < 22.899 < 22.644
3C239 1.7810 < 22.496 < 22.802 < 22.547
3C294 1.7860 < 22.387 < 22.694 < 22.440
6C0820+36 1.8500 < 22.761 < 23.077 < 22.822
6C0905+39 1.8830 22.728 23.048 22.794
6C0901+35 1.9100 < 22.540 < 22.864 < 22.609
5C7.269 2.2180 < 22.673 < 23.036 < 22.782
4C40.36 2.2650 < 22.574 < 22.943 < 22.688
M G 1744+18 2.2800 < 22.446 < 22.817 < 22.563
MG1248+11 2.3220 < 22.619 < 22.995 < 22.741
4C48.48 2.3430 22.799 23.177 22.923
53W002 2.3900 < 22.623 < 23.007 < 22.753
6C0930+38 2.3950 < 22.420 < 22.804 < 22.550
6C1113+34 2.4000 < 22.476 < 22.861 < 22.607
MG2305+03 2.4570 < 22.438 < 22.830 < 22.576
3C257 2.4740 < 22.896 < 23.290 < 23.036
4C23.56 2.4830 < 22.669 < 23.065 < 22.810
8C1039+68 2.5300 < 22.404 < 22.805 < 22.550
MG1016+058 2.7650 22.440 22.867 22.613
4C24.28 2.8790 22.436 22.875 22.621
4C28.58 2.8910 22.653 23.094 22.840
6C1232+39 3.2200 22.615 23.090 22.836
6C1159+36 3.2350 < 22.519 < 22.996 < 22.742
TX1243+036 3.5700 < 22.640 < 23.148 < 22.894
M G2141+192 3.5920 22.658 23.169 22.915
6C0032+412 3.6600 22.373 22.890 22.636

Table continued on next page...



136 Chapter 4. Evidence for Evolution

log L850Mm (WHz~_1sr
Source z fio=1.0 fio=0.1 f io=0.1

(H0=50) X O II Ul 3 (H0=67)
4C60.07 3.7880 23.216 23.744 23.490
4C41.17 3.8000 23.064 23.593 23.339
8C1435+635 4.2500 22.842 23.410 23.156
6C0140+326 4.4100 22.463 23.044 22.789

Table 4.1: 850-/mi luminosities (Lgso^m) for the radio galaxy sample. Optically thin, isothermal greybody emis

sion has been assumed, with /? =  2.0 and T dust =  40K. Errors have been estimated using only the standard errors 

on the flux density measurements; 2a  upper limits are given for undetected (S /N  <  2) sources. Lgso^m has been 

calculated for three different cosmologies: Qo=1.0, H o=50 kms- 1 Mpc- 1 ; fio=0.1, H o=50 kms- 1 Mpc_1; fio=0.1, 

Ho =67 kms_1Mpc_1.

In Figure 4.11, the 850-/xm flux density is plotted against redshift for the radio galaxy 

sample. Similar plots for Lg5ô TO in Q0 = 1.0 and Q0 = 0.1 Universes are also shown. As 

expected from Figure 4.10, in the = 0.1 case the flux density traces the luminosity 

between z — 1 and z — 4 , and the two plots look the same. Likewise, for Q 0 = 1.0, the 

luminosity of the z ~  4 galaxies is lower relative to those at z  ~  1 , as SCUBA is more 

sensitive to the high-redshift objects.

The detections of L850;im appear at roughly the same level as the L850Mm upper limits; 

most of the galaxies in the sample have been observed to the same depth in 850-/rm 

luminosity. Coupled with the fact that the upper limits are clustered at the low-redshift 

end of the sample, this indicates that the high-redshift radio galaxies are intrinsically 

brighter in the submillimetre than the lower redshift radio galaxies. This evidence for 

evolution of the radio galaxy population with redshift will be analysed in detail in the 

rest of this chapter.

4.3 Survival Analysis: Correlations Between Radio Properties, 

Submillimetre Properties, and Redshift

A logical approach to finding evidence which either supports or rejects the evolution 

scenario is to run correlation tests between the radio properties, submillimetre properties,
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Figure 4.11: Scatter plots of 850-/^m flux density and luminosity against redshift for the radio galaxy 

sample. Lsso^m has been calculated assuming ¡3 =  2 and T dust =  40K, and is shown for both =  1.0 and 

fio =  0.1. Ho is assumed to be 50 kms- 1 Mpc-1  (the luminosities scale as Ho).
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and redshifts of the sample. For example, a correlation between Lsso^m and redshift, in 

the absence of a correlation between L ŝo^m and P isimhz/ will imply unequivocally that 

radio galaxies undergo cosmological evolution of their submillimetre emission.

The obvious correlations to consider are between Lgso/im/ Pisimhz/ ar>d z. It is also a good 

idea to check if PisimHz correlates with Diinear (the linear size of the radio source), and if 

the radio spectral index a ra(n0 correlates with either Lgso^m, Pisimhz/ or z.

As mentioned in Chapter 3, for radio sources selected from flux-limited samples, the 151- 

MHz radio luminosity should be a good indicator of the intrinsic power Q of the radio jet. 

The size of a radio source depends on its age, the medium it is expanding into, and the jet 

power. Again, considering sources from flux-limited samples, Willott et al. (1999) showed 

that the dependence of D;.tnear on jet power is very weak; D;mear correlates most strongly 

with the age of the radio source. Although radio luminosities are expected to decline 

throughout the lifetime of radio sources (Blundell, Rawlings, & Willot 1999a; Blundell 

& Rawlings 1999), selection effects conspire to ensure a very weak anti-correlation of 

radio luminosity with Dunear for sources selected from flux-limited samples (Blundell, 

Rawlings, & Willot 1999a). Thus, a positive correlation between Pisimhz and Dirnear may 

imply that Pisimiiz is affected by the age of the source and is not a reliable indicator of Q. 

Similarly if no correlation is seen, the assertion that Pisimhz accurately traces Q for the 

radio galaxy sample will be strengthened.

It is not immediately obvious why correlations involving a radi0 should be tested. The 

reason stems from work carried out by Lilly (1989), who constructed a sample of 3C and 

'l-Jy ' radio galaxies. He proceeded to model their SEDs as a combination of (i) a cool 

component which tails off at high frequencies, emitted by an old stellar population, and 

(ii) a flat component representing a young stellar population. Lilly used /50oo to quantify 

the level of star-formation activity in each galaxy, where /50oo is the fractional contri

bution of the flat-spectrum component to the emission of the galaxy at Xrest ~  5000 A. 

Even if the flat component results from a mechanism other than recent star formation, 

/5000 will be a good measure of the ultraviolet activity of the galaxy. To his surprise Lilly 

found that /50oo was correlated with the radio spectral index at 408 MHz, but not with the 

radio luminosity at 408 MHz. His interpretation of the result is as follows: heavy inter

actions between the radio jet and surrounding medium cause severe synchrotron losses,
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and hence steep radio spectra, inducing star formation. However, Lilly's work has been 

called into question by Dunlop & Peacock (1993). After adding a fainter set of Parkes 

radio galaxies to Lilly's sample, they found the significant correlation was no longer be

tween /5000 and a radio, but between /5000 and radio luminosity. This can be explained 

by Lilly's incorrect calculation of the radio luminosities. If the error is corrected, Lilly's 

sample does indicate a correlation between radio luminosity and 000 • This correlation 

is strengthened further if the Parkes sources are included, increasing the dynamic range 

of radio lum inosity considered. Dunlop & Peacock (1993) also found that a combination 

of both radio power and radio spectral index remains the best predictor of star formation 

activity, and there are certainly clear examples (e.g. 3C368) of some of the m ost aligned 

objects having ultra-steep radio spectra.

Even though star-formation activity was found to depend more strongly on radio lum i

nosity, it is worth proceeding with caution and checking for correlations with a racn0. The 

criterion that a racn0 is large is often used to identify high redshift sources in large radio 

surveys. This selection is based on the empirical correlation observed betw een a radi0 and 

radio luminosity (e.g. Veron, Veron & Witzel 1972). In a flux-limited survey, high values 

of oiradio will often correspond to a large intrinsic luminosity and hence to a high redshift. 

Galaxies identified in this m anner could have been preferentially selected to have large 

ultraviolet-activity rates. This is relevant to the work presented here, as several of the 

high-redshift galaxies in the sample were originally identified in these ultra-steep spec

trum searches (e.g. Chambers et al. 1988, 1990, 1996; Stern et al. 1999). Thus, if Lssopm 

appears correlated with redshift, it could be a manifestation of how the sources were se

lected in the first place, a possibility which can be either confirmed or rejected by testing 

for a correlation between Lsso¡¿m and a ra(il0.

Note, for the correlation analysis, oiradio was calculated in the vicinity of 151 MHz, avoid

ing data points affected by spectral steepening at higher frequencies or by spectral turnover 

at lower frequencies.

Finally, H c is assumed to be 50 km s-1 M pc-1  for the following analysis. Altering its value 

will have no effect on the correlations.
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4.3.1 Survival Analysis

The submillimetre dataset for the radio galaxy sample contains a large number of upper 

limits, or censored data. Running correlation tests on the dataset is not a trivial matter, as 

standard statistical theory is not equipped to handle this kind of information.

In the past, astronomers have tried several different methods for dealing with censored 

datasets. One approach has been to discard the censored data points and consider only 

the detections. However, stringent upper limits can contain important information, and 

the loss of a large portion of the sample can significantly bias the statistics. Another 

method is to treat the detections and non-detections separately, and try to find meaning 

in the relative properties of the two subsamples. It is not clear how meaningful the results 

of this method are: it does not take account of the values of the upper limits or the fact 

that if something is undetected it is not neccessarily intrinsically faint.

Similar problems exist in other fields of research, such as medical statistics and industrial 

testing. Consider, for example, an experiment to determine the survival rates for AIDS 

patients undergoing a specific treatement. At the end of a 10-year study, not everyone 

in the sample will have died; for the survivors only a firm lower limit on the survival 

time exists. Statisticians have extensively studied the problem of censored datasets, and 

a means for successfully handling them has been known for decades. It is called survival 

analyis and it allows censored data samples to be treated in a m eaningful m anner with 

minimal loss of information - the values of the upper/lower limits are formally taken 

into account when calculating correlation coefficients and other test statistics.

The application of survival analysis to astronomical data is outlined in two papers: Feigel- 

son & Nelson 1985 (Paper I) and Isobe, Feigelson, & Nelson 1986 (Paper II). Paper I deals 

with univariate problems. A maximum-likelihood estimator of the underlying distribu

tion function of the data is presented. It is called the Kaplan-Meier (K-M) estimator, and 

can be used to determine various properties of a censored dataset, such as the mean, vari

ance, and median. Another common application of the K-M estimator is to reconstruct 

the shape of luminosity functions using censored data. Paper I also outlines procedures 

for determining whether two datasets are drawn from the same parent population. Pa

per II considers bivariate techniques to characterise the correlation and line-regression
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betw een two variables. The test statistics described in these papers are available in the 

software package ASURV Rev. 1.1 (Isobe & Feigelson 1990; La Valley, Isobe & Feigelson 

1992).

ASURV is capable of running three different routines to test for a correlation between two 

variables X and Y:

1) Cox's Proportional Hazard Model: This is a semi-parametric model which 

assumes the two variables are related by a straight line. The model also assumes the 

form of the distribution of the data points about the line to work out what the true values 

of the censored points are likely to be. A maximum-likelihood estimation is performed 

to find the slope of the line and hence the strength of the correlation betw een X and Y.

2) Generalized Kendall's Tau (Kendall): This non-parametric model compares 

the values of all the data points and upper limits to see if there is an overall trend of Y 

increasing (or decreasing) with increasing X. Each pair of data points is considered in 

turn, in order to compute:

Given the presence of upper limits, if two data points are compared it is not always 

possible to be certain which is larger. W hen this occurs, and by are set equal to zero.

If a positive correlation is present, aijbij will tend to equal +1 and S will be positive. 

Likewise, if a negative correlation is present, a ijb ij will tend to equal -1 and S will be 

negative. Large values of S indicate strong correlations, while S ~  0 suggests that no 

correlation is present.

Equation (4.5) is a modified version of the well-known Kendall's Tau statistic used to test 

for correlations in uncensored datasets. The only significant difference between the two

N N
(4.5)

¿=i j =l

where N  is the total number of data points and:

or u n certa in (4.6)

+1 i f  Yi > Yj
0 i f  Yi — Yj or u n certa in (4.7)
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formulations of Kendall's Tau is that and btJ are set equal to zero if an upper limit 

creates uncertainty as to which data point is larger.

3) Generalized Spearman's Rho: Consider first the standard form ulation of 

Spearman's Rho for uncensored datasets. The data is ranked; for each data point (X it Yf), 

the ranks {Ri, Si) are assigned where Rt ~  1 corresponds to the smallest value of Xu and 

Ri = N corresponds to the largest value of X ,. The test statistic looks for a correlation 

between these ranks. The generalization to censored datasets is not as easy as it w as for 

Kendall's Tau. As the true values of the censored data points are unknown, it is im possi

ble to know what any of the ranks are. Thus, the K-M estimator is used to work out the 

most-likely ranking order, and the upper-limits are assigned half the rank they would 

have had if they were uncensored. This method was developed quite recently by Akritas 

(1989), and is yet to be theoretically or empirically substantiated.

More detailed explanations of these correlation tests can be found in Isobe, Feigelson, & 

Nelson (1986); Akritas (1989); Isobe, La Valley, & Feigelson (1992); and Conover (1971).

All three methods test the null hypothesis that no correlation is present. The ASURV rou

tines compute the probability of the null hypothesis being true, P, also referred to as the 

significance of the correlation. The convention to be adopted here is that X  and Y are 

correlated if P < 5%. A correlation will be treated as firm if all three tests yield P  < 5%; 

the existence of a correlation will be treated as possible, but unconfirmed, if only some of 

the tests indicate P< 5%.

The power of survival analysis is demonstrated by Isobe, Feigelson, & Nelson (1986). 

They simulated a flux-limited radio survey by assuming a power-law luminosity func

tion, a random distribution of object distances, and a certain detector sensitivity. A corre

sponding set of X-ray luminosities, L x ,  were generated such that L x  does not correlate 

with the radio luminosity L r . T w o  situations were considered: (i) a perfectly sensitive 

'X-ray telescope' which detected the entire sample and (ii) a less sensitive 'X-ray tele

scope' which only detected half the sample. In both cases, Cox was able to correctly 

identify L x  and L R as uncorrelated, with P =  99.2%. If, however, the censored data 

were thrown away, and only the detections considered, a spurious correlation appeared, 

with P =  0.7%. This is a remnant of the observations being flux-limited. In the original 

radio survey, the high-redshift galaxies will need to have large intrinsic luminosities to
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fall within the detection limit. If flux-limited observations are then made in the X-ray 

part of the spectrum, the high-redshift h igh-L# galaxies will only be detected if L x  is 

also large.

Before proceeding to use the ASURV software, it is important to list the lim itations of 

survival analysis:

• Care must be taken if the dataset is small (N  <  20) or heavily censored (censoring 

fraction / >  60 — 70%). For bivariate methods, the test statistics can also give 

misleading results if all of the upper limits are clustered together in one area of 

the X-Y scatter plot. These concerns are particularly relevant, as the correlation 

routines have been applied to subsets of the radio galaxy sample w ith N  ~  20 

and / ~  65%. However, there is no firm rule on how large the size or censoring 

fraction of the dataset can be for survival analysis to work. In practice, it seems 

the correlation tests are fairly robust, while the line-regression analyses are more 

sensitive to censoring fractions and the like (Eric Feigelson, private communication).

• The correlation tests may give inaccurate results if the fraction of tied data, data 

points with identical values, is large.

• Cox only allows censoring in the dependent variable; Kendall and Spearm an allow 

censoring in both the dependent and the independent variables.

• The application of Cox is only valid if the cumulative distribution function of the 

censored variable falls exponentially with increasing values.

• The Spearman technique has not been properly tested yet. It is known to give m is

leading results if N  <  30.

• Survival analysis assumes that the censoring level is precisely known. However, in 

astronomy it is often assumed; for example it has been chosen to be 2a  if S/N < 2 

for the radio galaxy sample.
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4.3.2 Correlations for the Entire Dataset

Initially, the entire sample was used to run the correlation tests. The results of this analy

sis are given in Table 4.2.

Cosmology Variable % of Data Significance (P) Correlation
Dependent Independent Censored Cox Kendall Spearman Present?

- 8̂50/4771 z 70% 0.00% 0.02% 0.01% YES
Dlinear l°g(Pl51 MHz) 4% 22.48% 82.69% 71.17% NO

log(Pi5i MHz) Z 0% 0.01% 0.03% 0.07% YES
log(L85oMm) log(Pl51 MHz) 70% 4.80% 0.60% 0.86% YES

0 o = 1.0 l o g O - ,850/477i) Z 70% 0.35% 2.59% 0.81% YES
l o g O - ,8 5 0 /im) &radio 70% 1.48% 0.50% 0.77% YES

Qradio l o g ( P i 5 1  MHz) 0% 0.64% 1.00% 1.36% YES
&radio Z 0% 4.18% 13.94% 10.50% MAYBE
Dlinear l o g ( P l 5 1 M  Hz) 4% 32.29% 67.59% 50.22% NO

log(Pi51 MHz) Z 0% 0.00% 0.00% 0.00% YES
logO-'850/47n) log(Pi51 MHz) 70% 0.59% 0.01% 0.08% YES

0 o — 0.1 lo§(IJ850/im) Z 70% 0.00% 0.01% 0.01% YES
log(Lg5o^m) &radio 70% 0.14% 0.34% 0.68% YES

®radio log(Pl51Miîjs) 0% 0.44% 1.61% 1.47% YES
Q-radio Z 0% 4.18% 13.94% 10.50% MAYBE

Total Number of Galaxies: 46

Table 4.2: Results of the survival analysis correlation tests applied to the entire sample. The significance 

(P) is the the probability of the null hypothesis (no correlation) being true. If all three tests yield P <  5%, the 

variables are taken to be correlated. If only some of the tests yield P <  5%, evidence for a correlation is taken 

to be uncertain.

Figure 4.11 predicts that the 850-p,m flux will trace the 850-/irn luminosity if f io=0.1. This 

is reflected by the S850/im-z and L850/,m-z correlations having similar significances. As 

expected, increasing f i0 to 1.0 reduces the strength of the L 850/JTO-z correlation.

P 151MHz appears to be a good measure of the intrinsic power of the radio jet, as there is 

no correlation between Dunear and Pisimhz-

It is troublesome that Lssofim, Pisimhz/ and z are all correlated with each other. The 

strength of these correlations is greater in a low-fi 0 Universe. The strong correlation 

between Pisimhz and z could be responsible for either the L &50tim-z correlation if L850lim 

actually correlates with Pisimhz, or for the L85oMrn-P151MHz correlation if L85oMm actually 

correlates with z. Thus, if the effects of cosmological evolution and radio power are to be
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Figure 4.12: The region of the P-z plane occupied by Subset A. This region is defined by z >  1.4 and 

27.9 <  log(P 151MHz) <  28.5 for Qo=1.0, H 0 = 50 k m s^M p c- 1 , and A =  0.

disentangled, the entire dataset cannot be used.

L 850/im also appears correlated with a radio■ However, this may be a remnant of the fact 

that a raiii0 and L 85o; i m  are both correlated with P i s i m h z  and z .  Again, if the entire dataset 

is used, discriminating between different effects is difficult.

It was decided to choose a strip in the P - z  plane that covered a large range of redshifts 

in a single narrow band of radio power. In the absence of a correlation betw een Pisimhz 

and z, it could then be determined whether L 850/mi truly correlates with z  or P i s i m h z - The 

strip was chosen to satisfy the following criteria:

• To cover the largest range in redshift possible whilst still maintaining even coverage
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of radio power. This automatically imposed the restriction that z > 1.4 due to the 

3C survey having a lack of low-redshift, high radio-power sources.

• To contain at least 20 objects to satisfy the requirements of the survival analysis 

techniques.

Initially a strip was chosen using the P-z plane for f io=1.0, hereafter referred to as Subset

A. However, for reasons which will become apparent in the next section, a different but 

similar strip was chosen from the P-z plane for Qo=0.1. It will be referred to as Subset B.

It is important to note that there is nothing special about the strips. They have merely 

been chosen to help disentangle the various influences affecting Lg5oMTO. The results 

found for the subsets should apply to the entire sample and to radio galaxies in general.

4.3.3 Correlations for Subset A

C osm ology Variable % of Data Significance (P) C orrelation
D ependent Independent Censored C ox K endall Spearm an P resent?

- SsfiO/im z 67% 0.29% 4.05% Y ES

Djinear H g(Pl51M /fs) 0% 63.20% 34.86% N O

log(P 151MHz ) Z 0% 74.43% 50.65% N O

log(hs50/im) l°g(P l51A im ) 67% 67.86% 76.38% N OOrHIIO
a

l°g(L850(im) z 67% 15.90% 48.32% N O

l0g(l -S50|i m  ) & rad io 67% 38.60% 84.09% N O

Q rad io l°g (P  l o i  M H z ) 0% 21.03% 16.40% N O

Q rad io Z 0% 21.22% 18.32% N O
f i o  =  o .i log(Pt51A/i/s) Z 0% 2.12% 2.54% YES

Total N um ber of G alaxies: 21

Table 4.3: Results of the survival analysis correlation tests applied to Subset A. The significance (P) is 

the tire probability of the null hypothesis (no correlation) being true. The generalized Spearman test has not 

been applied as it breaks down if the sample size is less than 30. If both Cox and Kendall yield P <  5%, the 

variables are taken to be correlated. If only one of them yields P <  5%, evidence for a correlation is taken to 

be uncertain.

Subset A, shown in Figure 4.12, contains 21 radio galaxies and is defined by z > 1.4 and 

27.9 < log(P15iMHz) < 28.5 for Qo=1.0, H0 = 50 km s-1 M pc-1 , and A =  0.

Table 4.3 contains the results of the survival analysis applied to Subset A, and Figure 4.13
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Figure 4.13: Scatter plots corresponding to the correlations investigated for Subset A. Figure continued on 

next page...

contains the corresponding scatter plots.

For Qo=1.0, only Sgso/xm and z appear correlated; L850Mm does not correlate with red

shift. The important point, however, is that Lgso/im also fails to correlate with Pisimhz 

and a radi0■ The probability of 'no correlation' between Lgso^m and z  is much lower than
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Figure 4.13: continued

for Lg50^m-Pi5iMHz Or

Survival analysis could also be applied to Subset A for the f io=0.1 case. However, for 

Subset A, P i s i m h z  and z  are correlated if f io=0.1. This is precisely w hat w as trying to be 

avoided by selecting the subset in the first place. Thus, a separate subsam ple w ill need 

to be chosen to study the statistics for a low -fi 0 Universe.

4.3.4 C orrelations for Subset B

Subset B, show n in Figure 4.14, contains 20 radio galaxies and is defined by z >  1.4 and

28.2 <  log(P 151MHz) <  28.9 for f io=0.1, H 0 = 50 km s- 1 M pc-1 , and A =  0.

Table 4.4 contains the results of the survival analysis applied to Subset B, and Figure 4.15 

contains the corresponding scatter plots.
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Figure 4.14: The region of the P-z plane occupied by Subset B. This region is defined by z >  1.4 and 

28.2 <  log(P 151MHz) <  28.9 for ito=0.1, H0 = 50 kms_1Mpc_1, and A =  0.

The results of the survival analysis are more promising in a lo w -0 o Universe. The exis

tence of a correlation between L85o/jm and 2 is hinted at, but is not confirmed by all of 

the correlation tests. Neither 2 nor Lgso/im correlates with Pisimhz- This indicates that the 

im portant correlation for Lsso^m is most likely to be with redshift, NOT radio luminosity.

For Subset B, Lsso¡im  does not correlate with a radio or P i s i m h z -  However, a radl0 and 

P i s i m h z  correlate with each other. This implies that the correlation betw een ctra<n0 and 

L85011m seen for the entire dataset is an artifact of their mutual correlation with Pisimhz-
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Cosmology Variable % of Data Significance (P) Correlation
Dependent Independent Censored Cox Kendall Spearman Present?

- ^850/4771 z 65% 0.81% 5.87% MAYBE
D l in ea r log(Pl51Mtfz) 0% 84.35% 49.54% NO

l o g ( P i 5 i  M H z ) Z 0% 34.86% 27.00% NO
l o g ( l - '8 5 0 / i7 7 i ) l0g(Pi51Mtfz) 65% 76.72% 88.44% NO

Qo =  0.1 lOg(L850/477l) Z 65% 0.81% 5.87% MAYBE
lo§>(L850/zm) Q-radio 65% 68.63% 92.27% NO

& rad io log(Pl51Mff;) 0% 0.39% 2.49% YES
Q-radio Z 0% 20.64% 41.66% NO

Total Number of Galaxies: 20

T ab le 4 .4 : Results of the survival analysis correlation tests applied to Subset B. The significance (P) is the 

the probability of the null hypothesis (no correlation) being true. The generalized Spearman test has not been 

applied as it breaks down if the sample size is less than 30. If both Cox and Kendall yield P <  5%, the 

variables are taken to be correlated. If only one of them yields P <  5%, evidence for a correlation is taken to 

be uncertain.

4.3.5 Considering the Dust Em ission Template

The analysis described so far assumes a template for dust emission with 0  =  2 and 

Tdust =  40K. However, what if this template was incorrect? Would the results of the 

analysis be affected if the true values of 0  and T dust were different?

It has already been observed that increasing 0  and T dust makes SCUBA more sensitive 

to submillimetre emission at z =  4 than it is at z  =  1. Given the measured fluxes, the 

850-/rm luminosities at z =  3 -  4 will be reduced relative to those at z =  1 -  2 if 0  and 

T dust are increased. As a result, correlations between L^opm and z should be weakened. 

Likewise, decreasing 0  and T dust should strengthen L850/im-z correlations.

Changing 0  and T dust will not alter Lgaô m in a radio-power or radio-spectral index de

pendent manner. If the dust template is wrong, the correlations between Lg5o a n d  

P is iM H z /Oiradio should not be affected in a systematic way.

In order to investigate this fully, the survival analysis was re-run using several different 

combinations of 0  and T dust. To examine the effect of changing 0 , T dust was held at 40 K 

while 0  was increased to 2.5 and 3.0, and decreased to 1.5 and 1.0. Likewise, 0  was held 

at 2.0 while T dust was changed to 100 K, 70 K, and 20 K.

These changes are quite large, and this is a rather extreme approach. Given the shape of
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Figure 4.15: Scatter plots corresponding to the correlations investigated for Subset B. Figure continued on 

next page...

the x 2 confidence regions for ¡3 and T <lust/ it is unlikely that the real dust temperature is 

higher than assumed without the true value of ft being lower and in part compensating 

for it.

The observed effects on the results of the correlation tests can be summarised as follows:
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Figure 4.15: continued

• L850/im-z: Increasing ft and T dust to either 70 K or 100 K destroys the correlations 

observed between L85o/im and z  for the entire dataset when Si 0=1 -0 and for Subset

B. Decreasing f  and T dust confirms the possible L 85oMm-z correlahon for Subset B. 

A correlation between L85o/iTO and z is indicated for Subset A when f  is decreased 

to 1.5; this is confirmed if f  =  1.0 or T dust =  20K.

• L85oMm-Pi5iMHZ: Changing f  and T dust does not destroy the L 850/im-Pisimhz corre

lahon for the entire dataset, nor does it create a correlahon between Lgso^m and 

Pi simhz for Subsets A and B.

• L85ovm-Uradio'- Changing f  and T dust does not destroy the L 850Mm-a raiiio correlahon 

for the entire dataset, nor does it create a correlahon between L 850Aim and a Todlo for 

Subsets A and B.

4.3.6 Sum m ary of Correlation Analysis

For Subsets A and B, survival analysis finds L 850/im to be correlated with redshift unless 

the highest values of f  and 0 o are chosen. Furthermore, L 850iJm is not found to correlate 

with either Pisimhz or nrad,0 for any of the tested cosmologies or dust emission templates. 

Even for high values of f  and i l D, there is evidence that L850i,m is dependent on redshift 

instead of on the radio properhes of the source: the probability of 'no correlation' is 

smaller for L850iim and 2 than for L850i,m and Pisimhz or a radio.

This all suggests that the correlation between L 850iim and redshift for the entire dataset is
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ilo =  1.0 
Entire Dataset Subset A

n0 =  o.i
Entire Dataset Subset B

ß  =  1.0 
ß  =  1.5 
ß  =  2.0

/  ✓ 
/  ? 
✓ X

/  ✓ 
/  ✓ 
/  ?

Table 4.5: Summary of the L85o^m-z correlation analysis for the two cosmologies considered and for rea

sonable values of ¡3. /  indicates the survival analysis found a correlation between L g s o a n d  z, X indicates 

the survival analysis found no such correlation, and ? indicates that some, but not all, of the correlation tests 

found a correlation to be present.

real, and is not an artifact of their mutual correlation to P isimhz (although this may affect 

the strength of the observed L 85o/im-z correlation).

4.4 Further Investigations of the Relationship Between Lgsopm 

and Redshift

SCUBA has had more success detecting the higher-redshift galaxies in the sample. This 

is depicted by Table 4.6 and by Table 4.7, which display the 850-prn detection rate for 

various redshift intervals. At 850 pm, SCUBA is almost equally sensitive to all of the 

galaxies in the sample. The striking result that almost none of the galaxies are detected if 

z <  2.5, whereas almost all of them are detected if z > 2.5, suggests a trend of increasing 

submillimetre luminosity with redshift. Note, the detection rates observed for Subset A 

and Subset B closely mirror those found for the entire sample, supporting the claim of 

cosm ological evolution of the radio galaxy population irrespective of the radio source.

Detection Rate
Dataset z  <  2.5 z > 2.5
Subset A 15% (13) 63% (8)
Subset B 15% (13) 71% (7)
All Data 12% (33) 77% (13)

Table 4.6: Detection rate of radio galaxies at 850 pm for z <  2.5 and z >  2.5. For each dataset and redshift 

interval, the number of galaxies present is given in parenthesis.

There is an alternative to survival analysis for investigating the relationship between
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Detection Rate
Dataset z < 1.0 1.0 <  z <  2.0 2.0 < z < 3.0 z > 3.0
Subset A 14% (7) 25% (8) 67% (6)
Subset B 14% (7) 33% (9) 75% (4)
All Data 0% (4) 17% (18) 27% (15) 78% (9)

Table 4.7: Detection rate of radio galaxies at 850 /rm for various redshift intervals. For each dataset and 

redshift interval, the number of galaxies present is given in parenthesis.

Lsso/im and z. Instead of running a correlation test which only takes the strength of the 

detection or upper-limit into account, the 850-^m luminosities can be binned in redshift, 

a method which considers both the signal and error for each source. Note, for the follow

ing discussion, H0 has been taken to be 67 km s_1M pc_1 for 0 o = 0.1; this should give a 

comparable measure of luminosity to the i l Q = 1.0, H 0 = 50 km s-1 M pc-1 cosmology.
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Figure 4.16:

Ho = 50 kms lMpc 1. < L 85o,im> has been plotted at the midpoint of each bin, which at most varies by 

0.2 from the average redshift of all the objects in the bin. Black diamonds indicate < L 850fim>  for the en

tire dataset; blue diamonds indicate < L 8s o f o r  Subset A. Subset A does not contain any objects in 

the 2 =  1 bin. The error bars only represent the statistical errors on the observations; they do not ac

count for uncertainties in either the cosmology or the dust template. Curves of the form L =  a (l  +  z )b 

have been fit to the data using nonlinear least-squares fitting. The black curve is the best-fit for the entire 

dataset, with a =  0.011 ±  0.009, b =  4.01 ±  0.51, \2 — 1.12. The blue curve is the best-fit for Subset A, with 

a =  0.036 ±  0.041, b =  3.04 ±  0.74, x~ =  0.28. The horizontal line indicates the origin (or L s s o = 0.0).

n =  1 .0 , H = 5 0o o

Z

Weighted-mean 850-/«n luminosity, < L 850Mm>, binned in redshift; i2o = 1 .0 ,
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Figure 4.17:

Ho = 67 kms- 1 Mpc_1 . < L 85o,,m> has been plotted at the midpoint of each bin, which at most varies by 

0.2 from the average redshift of all the objects in the bin. Black diamonds indicate < L S50^m> for the 

entire dataset; blue diamonds indicate < L 85otim>  for Subset B. Subset B does not contain any objects in 

the z =  1 bin. The error bars only represent the statistical errors on the observations; they do not ac

count for uncertainties in either the cosmology or the dust template. Curves of the form L =  a (l  +  z )b 

have been fit to the data using nonlinear least-squares fitting. The black curve is the best-fit for the entire 

dataset, with a =  0.004 ±  0.003, b =  5.11 ±  0.54, =  1.38. The blue curve is the best-fit for Subset B, with

a =  0.084 ±  0.115, b =  2.62 ±  0.98, x 2 =  0-35. The horizontal line indicates the origin (or Lsso¿»m = 0.0).

Four redshift bins have been chosen which are adequately sampled by the dataset and are 

centered as near as possible o n z  =  1, 2, 3, 4: 0.45 <  z  < 1.45,1.45 <  z  < 2.45, 2.45 <  z < 

3.45, and 3.45 <  z  <  4.45. The weighted-mean 850-pm luminosity, < L 85o;im> , is plotted 

in Figure 4.16 for the entire dataset and Subset A with f20 = 1.0 and in Figure 4.17 for the 

entire dataset and Subset B with f i0 = 0.1. Curves of the form L =  a (l +  z)b have been fit 

to <1,850̂ 771 > in order to help quantify the strength of the 850-/im luminosity evolution.

There are several important points to be made from Figure 4.16 and from Figure 4.17:

• For the entire dataset, there are clear steps in < L 85oMm> between each redshift bin. 

If this trend is characterised by the function L =  a (l +  z)b, nonlinear least-squares 

fitting indicates that b =  4.01 ±  0.51 if i l o=1.0, and b =  5.11 ±  0.54 for f lo=0.1.

• For Subset A, there are clear steps in < 1850,7771 >  between the z — 2 and z =  3 bins,

z

Weighted-mean 850-/un luminosity, < L 85ô m > , binned in redshift; Fl0 = 0.1,
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Figure 4.18: Weighted-mean 850-pin luminosity, < L 85o^m > , binned in radio power for Subset A; fi0 = 1.0, 

H 0 = 50 kms_1Mpc_1. The error bars only represent the statistical errors on the observations; they do not 

account for uncertainties in either the cosmology or the dust template. Assuming units of 1028 W H z_1sr_1, 

the bins are defined as follows: 0.89 <  P i s i m h z  <  1-66, 1.66 <  P i s i m h z  <  2.42, and 2.42 <  P i s i m h z  <  3.18. 

The points are plotted using the average radio power of the objects in each bin, instead of the midpoint of 

the bin. The difference between the two is atm ost 0.02 x  1028 W H z- 1 sr- 1 .

and between the z =  3 and z — 4 bins. If this trend is characterised by the function 

L =  a (l +  z)b, nonlinear least-squares fitting indicates that b =  3.04 ±  0.74. Subset 

A does not contain any objects in the z — 1 bin.

• For Subset B, there is a clear step in < L 850Mm> between the z — 2 and z =  3 bins. 

There may also be an increase in < L85ô m > from z  =  3 to z =  4, although the 

error bars do not preclude < L 850/im> flattening off between these two redshifts. If 

the model L =  a (l +  z)b is assumed, nonlinear least-squares fitting indicates that 

b =  2.62 ±  0.98. Subset B does not contain any objects in the z — 1 bin.

• For Subsets A and B, the correlation analysis has revealed that L85o/jm does not 

depend on the radio properties of the source. These subsamples are not special, 

they have been chosen to cover an even spread in radio luminosity over a range 

of redshifts; their selection has been dictated only by the déficiences of the original 

radio surveys. Thus, the evolution of < L 850pm> with redshift observed for these 

two subsamples, which is consistent with a L (1 +  z)3 law, should apply to all

S u b se t A

151MHz / 102B WHz s r
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Figure 4.19: Weighted-mean 850-prn luminosity, <L85o^m > , binned in radio power for Subset B; fio = 0.1, 

Ho = 67 kms-1 Mpc- 1 . The error bars only represent the statistical errors on the observations; they do not 

account for uncertainties in either the cosmology or the dust template. Assuming units of 1028 W H z~l sr-1 , 

the bins are defined as follows: 0.94 <  Pisimhz <  1-89, 1.89 <  Pisimhz <  2.83, and 2.83 <  Pisimhz <  3.77. 

The points are plotted using the average radio power of the objects in each bin, instead of the midpoint of 

the bin. The difference between the two is at most 0.19 x 1028 WHz_1sr_1.

radio galaxies. This is nicely supported by the fact that for the z =  2 and z =  3 

bins, the value of <  Lg50/rrn >  for the subset mimics the value of < L 850/rm> for the 

entire dataset. At z  ~  4, however, some of the m ost extreme objects in the U ni

verse have been observed (e.g. 4C60.07 and 4C41.17), which are simultaneously the 

most radio-luminous and the most submillimetre-luminous, residing at the highest 

redshifts. These galaxies fall outside the subsets which have been constructed to 

exclude such objects. Thus at z  ~  4, < L 85oMm> for the entire sample far exceeds 

that of the subsets.

As for the correlation analysis, it is important to investigate the robustness of this result to 

variations in the dust template. Thus, ¡3 was changed to 1.0,1.5, 2.5, and 3.0 whilst T dust 

was fixed at 40K. Likewise, holding ¡3 constant at 2.0, T dust was changed to 20K, 70K, and 

100K. Altering the dust template has a larger effect on the higher redshift sources. Thus, 

if /3 and T dust are increased, the trend of increasing < L 850^m> with redshift is weakened; 

if they are decreased the trend is strengthened. More specifically, it was found that:
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Figure 4.20: Weighted-mean 850-pm luminosity, <Lg5ô m>/ binned in radio spectral index for Subset 

A; f20 = 1.0, Ho = 50 kms- 1 Mpc- 1 . The error bars only represent the statistical errors on the observations; 

they do not account for uncertainties in either the cosmology or the dust template. The bins are defined 

as follows: 0.60 <  a Tadio <  0.80, 0.80 <  otTadio <  1.01, and 1.01 <  a r a dio <  1 . 2 1 .  The points are plotted 

using the average spectral index of the objects in each bin, instead of the midpoint of the bin. The difference 

between the two is at most 0.03.

• For the entire dataset, there are always clear steps in < L 85o/im> betw een all redshift 

bins, regardless of the values of ¡3 and T dust.

• For Subset A, there is always a clear step in < L 850/im> between z — 3 and z — 4. 

The clear step in < L 850iim> between z — 2 and z — 3 is observed unless ¡3 and T dust 

are increased, in which case the error bars allow < L 85oKm> to remain flat between 

these redshifts.

• For Subset B, there is always a clear step in < L 850Mm> between z =  2 and z — 3. 

The possible step between z — 3 and z =  4 becomes clear (i.e. the error bars do 

not allow < L 85oiJrn> to remain flat) if ¡3 is decreased to 1.0 or if T dust is decreased to 

20K.

• For the z — 2 and z — 3 bins, < L 85o/jm> for the entire dataset always closely mimics 

< L 850pm> for the subsets, regardless of the values of ¡3 and T dust.

• Adopting the model L =  a (l +  z)b, the luminosity evolution observed For Subsets 

A and B upon changing ¡3 and T dust is consistent with V  lying between 2.5 and 4.0,

S u b se t A
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Figure 4.21: Weighted-mean 850-^m luminosity, < L S5o,/m>, binned in radio spectral index for Subset 

B; = 0.1, Ho = 67 kms_1M pc_1. The error bars only represent the statistical errors on the observations; 

they do not account for uncertainties in either the cosmology or the dust template. The bins are defined 

as follows: 0.60 <  a radio <  0.80, 0.80 <  a radio <  1-01, and 1.01 <  a w ;»  <  1-21. The points are plotted 

using the average spectral index of the objects in each bin, instead of the midpoint of the bin. The difference 

between the two is at most 0.03.

although values as low as b=0.55 and as high as b=5.7 are possible.

Binning the data has been able to confirm the relationship betw een L 850/im and z that 

was initially suggested by survival analysis. It is therefore possible that binning may also 

reveal a relationship between Lgso/im and Pisimhz or a radl0.

It is only necessary to check this for Subsets A and B, as L 850/im is know n to be strongly 

correlated with both Pisimhz and a radl0 for the entire dataset. If L 850/im remains indepen

dent of the radio source for Subsets A and B, the evidence for evolution with redshift will 

be strengthened.

p850//m binned against radio power is shown in Figure 4.18 (for Subset A) and in Fig

ure 4.19 (for Subset B). Given the dust template /3 =  2.0 and T (just =  40K, it transpires 

that:

• Subset A: there is perhaps evidence for an increase of < L 85o/im> with P i s i m h z ,  but
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it is not statistically significant.

• Subset B: within errors, < L 8oOMm> is Aat PisiMHz-

Altering the dust template does not change this result.

Similarly, the plots for < L 850imi> -a radiO are shown in Figure 4.20 and in Figure 4.21. For 

Subset A, the relationship is not quite flat; it almost appears 'peaked'. For Subset B, the 

plot of < L 850i/m> against a radio is flat within errors. Altering the dust template does not 

change this result.

Overall, L850/iTO apppears independent of Pisimhz and a radio- Nothing approaching the 

strong relationship between Lsso^m and z is observed.

4.5 Potential Remaining Selection Effects

4.5.1 M is-identification of the AGN

Upon careful scrutiny of the P-z plane defined by the 3C, 6C, and 7C radio surveys, it 

becomes apparent that there is a lack of high-redshift, high-radio power quasars; the ra

dio sources lying in this region of the P-z plane have all been identified as radio galaxies 

(Jarvis et al., in preparation). This is also the area of the P-z plane where the 850-/xrri detec

tions of the radio-galaxy sample are clustered.

According to Unified Schemes, radio-loud quasars and radio galaxies are identical phe

nomena: the former is viewed within the opening angle of an obscuring dust torus al

lowing the quasar to be seen, the latter is viewed outside the opening angle of the dust 

torus which hides the quasar from view (e.g. Antonucci & Barvainis 1990 and references 

therein).

It has been argued that at higher redshifts, there is an increased chance of dust hiding 

the optically-bright nucleus of a radio-loud quasar, even though the radio-loud quasar 

is viewed within the opening angle of the dust torus (Steve Rawlings, private communi

cation). Thus, several high-redshift radio-loud quasars may have been mis-classified as
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radio galaxies. The corresponding low-redshift counterparts of these mis-classified ob

jects will be the radio-loud quasars in the 3C, 6C, 7C surveys, not the radio galaxies that 

have been studied here. The concern has been raised that such a m is-identification could 

significantly affect the results presented in this thesis.

However, it is w orth noting that there is no evidence that any of the radio galaxies studied 

here are in fact radio-loud quasars. More importantly, according to Unified Schemes ra

dio galaxies and radio-loud quasars are the same; they are merely viewed with a different 

orientation. Unless the submillimetre emission is orientation-dependent, which is hard 

to believe given the emission is expected to be optically thin, the conclusions reached in 

this chapter will hold whether radio galaxies, radio-loud quasars, or a mixture of both is 

studied. If orientation does affect the mid-far-IR emission, it does not seem likely that the 

cooler dust components sampled by 850-pm observations will be significantly affected: 

accidentally observing a radio-loud quasar instead of a radio galaxy will bring the inner, 

warm er components of the dust torus into view.

This issue may be resolved very soon - a proposal to study a complete sam ple of radio- 

loud quasars at z  >  1 with SCUBA has recently been awarded 4 shifts of observing time. 

If these quasars behave in the same manner as the radio galaxies studied so far, with 

only a few being detected at the lower redshifts, then the orientation-independence of 

the 850-pm emission will be confirmed.

4.5.2 Preferential Selection of Young Radio Sources at H igh Redshift

Blundell & Rawlings (1999) argue that the luminosity of a radio source declines with age. 

Older sources are thus more likely to fall below the flux-limit of a survey if they reside at 

high redshift. This leads to a selection effect which must be considered: radio surveys are 

biased towards young radio sources at high redshift, whereas at lower redshifts a larger 

range of radio source ages are found by the same survey.

The first point to consider is that the radio galaxy sample discussed here was selected 

using a low-frequency radio luminosity which should not be significantly affected by 

ageing losses (Blundell, Rawlings & Willot 1999a).



162 Chapter 4. Evidence for  Evolution

The next point to consider is that for this selection effect to be a problem, i.e. for it to be 

responsible for the trend of increasing Lsso^m with z, young radio sources m ust always 

be coincident with huge galaxy-forming starbursts. It is worth noting that one of the 

largest radio sources, and hence possibly one of the oldest, 6C0905+39, was detected by 

SCUBA. To examine this more thouroughly, survival analysis was applied to test for cor

relations between Dlmear (taken to represent the age of the radio source), z, and L 850/,m. 

As Blundell & Rawlings (1999) predict, there is a negative correlation between D iinear and 

2. However, no evidence for a correlation between D iinear and Lg5oMTO was found, indicat

ing that the observed correlation between Lg50Mm and 2 is a result of genuine evolution of 

the submillimetre properties of the radio galaxy sample w ith cosmic time.

4.6 Placing the Submillimetre Evolution of Radio Galaxies into 

Perspective: The Cosmological Evolution of Active Galaxies

Active galaxies can be seen out to 2 ~  5 — 6 (e.g. van Breugel et al. 1999), allowing them to 

be studied over much the age of the Universe. This has generated considerable interest 

in the time evolution of the active galaxy population.

The population of a given class of objects is often characterised by the luminosity function 

(LF), which measures the number density of objects as a function of luminosity. The LF 

can be constructed using a complete flux-limited survey. Furthermore, surveys w ith dif

ferent flux limits can be combined to give extensive coverage of the luminosity-redshift 

plane. In principle, this allows the LF to be measured at a range of redshifts, and the evo

lution of the population can be studied. Pure density evolution (PDE) of the population 

would result in a vertical translation of the luminosity function with redshift. Likewise, 

pure luminosity evolution (PLE) would result in a horizontal translation.

So far, this has been attempted for radio galaxies, radio-loud quasars, optically-selected 

quasars, X-ray selected quasars, and IRAS starburst galaxies. Although completeness is 

less of a problem for the radio surveys, it is more difficult to obtain accurate redshift in

formation for the radio galaxies. Only through concerted efforts to measure the redshifts 

of complete samples of radio galaxies (e.g. Eales et al. 1997), and to obtain complete sam 

ples of optically-selected quasars (e.g. Kennefick et al. 1995 and references therein), has
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this work been possible.

4.6.1 Evolution for z <  2

The active galaxy populations studied so far undergo strong evolution between z =  0 

and z =  2. In general, the evolution is inconsistent with PDE, and consistent with PLE, 

although a combination of both is not ruled out. The best-estimates of the luminosity 

evolution for each population, characterised by the function L =  a (l +  z)b, are outlined 

in Table 4.8 (located at the end of the chapter). It is worth noting that all five classes of 

active galaxy evolve at a very similar rate, with b ~  3.

4.6.2 Evolution for z  >  2

Investigating the evolution of luminosity functions is much harder for z  > 2, given the 

difficulties in obtaining sufficiently deep surveys with accurate spectroscopic redshifts.

However, all evidence found so far indicates that the strong luminosity evolution ob

served for z < 2 does not continue at higher redshifts: the com oving density of AGN 

appears to 'freeze' or decline beyond z — 2.

For radio galaxies and radio-loud quasars, Dunlop & Peacock (1990) confirmed the suspi

cion that the com oving density declines at high redshift. They were unable to distinguish 

whether this was caused by negative luminosity evolution, or through continuing pos

itive luminosity evolution coupled with negative density evolution. The recent 6C and 

LBDS surveys, described in a review paper by Dunlop (1997), confirm the existence of 

the cutoff for radio galaxies, and prefer the latter form of evolution (positive luminosity 

+ negative density) to achieve the required shift in the luminosity function. Shaver et al. 

(1996) also detect the decline in comoving density for radio-loud quasars, using a sample 

selected from the Parkes catalogue.

The work on the luminosity functions of X-ray selected quasars has revealed that the 

power-law luminosity evolution observed at lower redshift must stop or slow down in

credibly (it may even change direction) by z ~  1.5 (Boyle et a l  1993, Page et al. 1996, 

Jones et al. 1997).
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For optically-selected quasars, there is some contention whether the com oving density 

flattens off or declines for z > 2, although all studies so far agree that the strong evolution 

exhibited by the population at low redshifts must cease by z ~  2 — 3 (Mitchell et al. 1990; 

The Space Distribution of Quasars, ASP Conference Series V ol.21,1991; Warren et al. 1994; 

Schmidt et al. 1995; Kennefick et al. 1995). However, the obscuration of quasars by dust 

in intervening galaxies could bias the source counts at high redshift, indicating a decline 

where none actually exists. Fall & Pei (1993) have considered this possibility, and present 

a detailed study of the level of obscuration that quasars experience due to dust in damped 

Lya absorbers lying along the line of sight. Although they find that 10-70% of the bright 

quasars at z ~  3 could be missing from optical samples, this is not enough to account for 

the flattening/decline of the luminosity function between z — 2 and z =  3. Extrapolating 

their calculation to higher redshifts, they find that 90% of the quasars at z  ~  4 m ay be 

missing from optical samples. However, the distribution of dust and gas in damped Lya 

systems at z  ~  4 is poorly constrained, and this extrapolation is rather uncertain. Warren 

et al. (1994) and Kennefick et al. (1995) both consider Fall & Pei's extrapolation and find 

that only the most extreme constraint on the amount of dust present in the higher-redshift 

damped Lya systems is able to account for the observed decline in the comoving density 

of optically-selected quasars. Thus, it seems unlikely that dust obscuration is com pletely 

responsible for the observed redshift-cutoff. Furthermore, it is worth noting that even if it 

were, dust obscuration is unable to account for the decline in comoving density observed 

for radio galaxies, radio-loud quasars, and X-ray selected quasars.

4.6.3 Conclusion

The main epoch of 'activity' for AGN, whether it be due to their space density or their 

luminosities, appears to have been z ~  2. If star-formation, quasar activity, and galaxy 

merging are all intertwined, it is natural to expect the submillimetre emission of radio 

galaxies to peak at the same epoch.

However, it does not appear do this. For the sample presented here, the subm illim e

tre emission increases continually out to z ~  4, with no sign of slowing down or stop

ping. The extent of the disparity between the evolutionary behaviour of AGN and the 

behaviour of the submillimetre properties of radio galaxies is depicted in Figure 4.22.
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Figure 4.22: Depiction of the disparity between the evolution of the comoving density of AGN and the 

submillimetre evolution of the radio galaxy sample. The solid black curve, corresponding to the right-hand 

axis, is the best fit of Dunlop & Peacock's (1990) PLE model to the break feature Pc of the RLF they measure 

for steep-spectrum radio sources. Recall this RLF takes the shape of a double power-law with a well-defined 

break Pc. The red lines, corresponding to the left-hand axis, are the best fits of the function L =  a (l  +  z )b 

to the weighted-mean 850-pm luminosity binned in redshift for the radio galaxy sample (Figure 4.16). The 

solid red line is for the entire dataset, the dashed red line is for Subset A. Ho = 50 kms- 1 Mpc- 1 , iio=1.0.

Once this submillimetre evolution is placed in context, one m ust address the question of 

how reasonable it actually is. Supporting evidence is not very hard to find, however. For 

a start, there is the discovery that relatively old, passively evolving radio galaxies exist 

at z =  1.5 (Dunlop et al. 1996, Spinrad et al. 1997, Dunlop 1999). 53W091 (z — 1.55) 

and 53W 069 (z — 1.43) are both m jy radio galaxies with extremely red optical SEDs, 

R. — K  ~  6. Stellar absorption features have been observed in their rest-frame UV spectra, 

and their SEDs are consistent with old, red stellar populations at least 3 Gyr old. This 

somewhat startling result indicates formation redshifts z /  > 4  — 5.

It is worth noting that the failure of SCUBA to detect 53W 069 is further evidence that it 

contains an old, red stellar population. Even though the 850-yum upper limit is a poor 

constraint on the amount of dust present in 53W 069 (refer to Chapter 5), it provides 

no evidence for ongoing dust-enshrouded star formation being responsible for the red 

colour. This is in direct contrast to HR10, another extremely red galaxy (R  — K  >  6) 

at a similar redshift (z — 1.44) whose far-infrared/submillimetre SED is consistent with
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a dust-enshrouded starburst and which was detected by SCUBA at both 850 fim  and 

450 /im (Dey et al. 1999).

Further support for this evolution scenario can be found by weaving together several 

complementary strands of evidence that have been published in recent years.

To begin with, kinematic studies of nearby galaxies indicate the majority appear to con

tain a central black hole, whose mass Mbh correlates with the mass of the spheroidal bulge 

Mhuige (Kormendy & Richstone 1995, Franceschini et al. 1998, M agorrian et al. 1998). For 

example, Magorrian et al. (1998) have compiled HST  photometry and ground-based spec

troscopy for a sample of 36 local galaxies. Comparing a two-integral axisymmetric dy

namical model to the data, they estimate the mass of the central black hole. The m ajority 

of galaxies in their sample are consistent with M bh ~  0.006Mi,„^e.

Franceschini et al. (1998) have added 5 elliptical galaxies to Kormendy & Richstone's orig

inal sample. High-resolution spectroscopy exists for all these galaxies, allowing accurate 

predictions of M bb to be made. Franceschini et al. confirm the correlation betw een M bb 

and Mhuige, and find tight correlations between M bb and both the total and the core radio 

powers of the galaxy at 5 GHz. Franceschini et al. also point out two rather important 

pieces of information. The first is the discovery that quasars and metal-rich regions tend 

to be found together at high redshift (Hamann & Ferland 1993, Franceschini & Gratton 

1997), indicating that quasar activity and the formation of massive spheroids are inextri

cably linked. The second is that models of quasar evolution predict that AGN activity is 

short-lived and possibly recurrent (e.g. Soltan 1982, Cavaliere & Padovani 1989, Cholsky 

& Turner 1992). Thus, it seems reasonable to expect nearby spheroidal bulges to contain 

relatively inactive black holes that are remnants of a more active phase. Franceschini et al.

(1998) proceed to combine the local radio luminosity function with the tight correlation 

they observe between M bh and P ffu z  in order to determine the mass function of these 

remnant black holes.

McLure et al. (1999) have observed statistically-matched samples of RGs, RLQs and RQQs 

with HST. An accurate determination of the PSF combined with a careful observing strat- 

egy has led to the detection of the underlying host galaxy in all cases. 2-dimensional 

modelling has been applied to the images to reclaim the properties and morphologies of 

these hosts. They find that all of the RGs and RLQs in their sample have elliptical hosts
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w ith luminosities > 2L*. More surprisingly all except the two faintest RQQs also lie in 

elliptical galaxies. They proceed to make three estimates of the black hole m ass in each 

object, using (i) the M agorrian relation between M bh and Mbulge (ii) the Franceschini rela

tion between M bb and PgQjjz and (iii) the Franceschini relation between Mbh and . 

These three estimates give consistent results for the radio-loud sources, all of which ap

pear to be powered by a black hole of mass M bh > 1O1OM 0 .

The Franceschini mass function for remnant black holes predicts that in the local U ni

verse, the density of the remnants of AGN powered by black holes larger than 1010 M 0 is 

~  100 Gpc“ 3.

Recall that the maximum activity in the RLF of radio-loud AGN occurred at z ~  2 -  2.5 

(Dunlop & Peacock 1990). Inspection of the luminosity function at that epoch reveals a 

space density of around 100 Gpc- 3 . Taken in conjunction w ith the work by Franceschini 

et al., it appears that all m assive black holes were in place by z  =  2 — 2.5, having formed 

at some earlier epoch. As black holes are expected to form after or in conjunction with 

star-formation activity in the host spheroid (e.g. Efstathiou & Rees 1988, Flaehnelt & Rees 

1993, Kauffmann & Flaehnelt 1999), this in turn indicates that star-formation activity in 

the hosts of radio galaxies peaked earlier than z ~  2, a suggestion w hich gains further 

support from the increase in their submillimetre luminosity out to (and beyond) z =  4.

Finally, the simple fact that radio galaxies exist at z =  4 with a m assive black hole already 

in place supports high formation redshifts and hence significant levels of submillimetre 

radiation at z >  2.

4.7 Comparison with Studies of the Submillimetre Properties of 

Radio-Quiet Quasars

Finally, it is important to note that, in parallel with the radio galaxy work described here, 

a major effort is also underway to investigate the submillimetre properties of radio-quiet 

quasars over a range of redshifts (Omont et al. 1996, M cM ahon et al. 1999).

Before SCUBA, few objects had been detected in the submillimetre, and the m ajority of
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these were radio-quiet quasars. These studies faced the same problem as the early studies 

of 4C41.17 and 8C1435+635: were the extreme dust masses a reflection of the redshift of 

the source or the extreme quasar luminosity?

Omont et al. (1996) used the IRAM 30-m telescope to study samples of luminous RQQs 

with z > 3.95 (bright z >  4 sample), z > 3.6 (faint z  > 4 sample), and 1.5 <  z <  3.6 

(low-2 sample). In a similar manner to the early radio galaxy work, they tended to detect 

the highest-redshift, most UV-luminous (M b < —27) quasars but have not been able to 

decouple the effects of redshift and intrinsic luminosity.

The same collaboration has recently used SCUBA to observe 6 RQQs with z >  4 and 

Mb < -2 7 .5  (McMahon efflZ. 1999). Considering only the detections with - 2 7  > Mb >  -2 8 .5  

(from both this and the previous study), at 2 > 4 they find the far-infrared luminosity 

to be independent of the ultraviolet luminosity dominated by the quasar. However, it 

must be stressed that ignoring the non-detections can seriously bias the statistical analy

sis, and at the time of writing they have only considered the very highest-redshift, most 

exceptionally-luminous quasars. Before anything can be said about the redshift evolu

tion of the submillimetre properties of RQQs, observations will need to be made of a 

low-redshift sample of comparable UV luminosity.
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Chapter 5

Radio Galaxy Formation

5.1 Introduction

Submillimetre astronomy is still in its infancy, and although it will be some time before 

the submillimetre spectra and corresponding dust parameters are precisely determined, 

it is worth comparing the existing data to models of galaxy formation.

The stellar populations observed in elliptical galaxies, and in the bulges of disk galaxies, 

are remarkably coeval and are consistent with having formed in a relatively short amount 

of time, <1 Gyr (e.g. Bower, Lucey & Ellis 1992a, 1992b). W hether these stars formed 

in a single region, or in smaller separate regions merging to form the galaxy, the star 

form ation is expected to be vigorous, comprehensive, and obscured by dust - the initial 

gas reservoir being quickly consumed in the star formation process, and the remnants of 

the process being blown away by stellar winds and supem ovae (e.g. Zepf & Silk 1996).

Raul Jim enez (Jimenez et al. 1999c) has developed models of galaxies formed in dust- 

enshrouded starbursts. These models calculate the time evolution of the ultraviolet- 

millimetre spectrum produced by the evolving stellar population and the resultant chem 

ical evolution of the interstellar medium (ISM). As the radio galaxies in the sample are
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expected to be the progenitors of the massive elliptical galaxies seen locally, they are a 

good testing ground for the models. A comparison between the models and the radio 

galaxy sample will provide preliminary insights into how and when the radio galaxies 

may have formed, as well as helping to refine the models themselves.

In order to aid this analysis, further properties of the radio galaxy sample are presented: 

dust and gas masses are calculated using the SCUBA data, and a set of K-band m agni

tudes, corrected for emission-line contamination so the flux represents stellar emission, 

are compiled from the literature. The K-band and 850-^m data are then combined to 

make an estimate of the 'optical-submillimetre colour' of each galaxy.

At the end of the chapter, an attempt will be made to place the conclusions drawn from 

the modelling analysis and the statistical analysis (Chapter 4) into perspective.

5.2 Dust and Gas Masses

The dust mass of each galaxy in the sample can be calculated from the 850-/jm observa

tion using:

Mdust =  ■ ■■ Sobs (5.1)
(1  T  Z ) KTj-est B v r e s t (T ( lu s t)

where S0bs is the observed flux-density, vrest is the corresponding rest-frame frequency, 

D l  is the luminosity distance to the source, KVrett is the mass absorption coefficient of the 

dust at vrest, and B Uresi (Tdust) is the intensity of a blackbody at vrest assuming isothermal 

emission from dust grains at a temperature Tdust. This equation can be derived with 

relatively few assumptions, and the full derivation is presented in Appendix B.

As discussed in Chapter 4, the properties of interstellar dust are poorly constrained, and 

the mass absorption coefficient k is no exception. The published values of /i(800/rm) are: 

0.04 m 2kg_1 (Draine & Lee 1984), 0.12 m2kg_1 (Chini, Krugel, & Kreysa 1986), 0.15 m2kg_1 

(Hildebrand 1983), and 0.3 m2kg_1 (Mathis & Whiffen 1989). These estimates can be ex

trapolated to other wavelengths using k oc A- *3 (Chini, Krugel, & Kreysa 1986).

The intermediate value of /i(800/rm)=0.15 m2kg-1 will be assumed here. A different
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choice will not affect the relative dust masses of the sample, and can only alter the abso

lute dust masses by a factor of 3.8 at most (Hughes, Dunlop & Rawlings 1997).

The dust masses have been calculated using an optically-thin dust emission template 

with ¡3 — 2.0 and T dust =  40K, and are presented in Table 5.1.

An estimate of the amount of gas each radio galaxy has left for future star form ation is 

also given in Table 5.1. This estimate assumes a canonical gas-to-dust ratio MH2/Mdust ~  500. 

This ratio is notoriously uncertain due to the difficulty in detecting H 2 directly. A full dis

cussion of this issue can be found in Hughes, Dunlop & Rawlings (1997).

fio=T.0; Ho=50 fio=0.1; H0 =67
Source Redshift log(Mdust/M0 ) log(Mgas/M0 ) log(Mdust/M0 ) log(Mgas/M0 )
3C277.2 0.766 < 8.067 < 10.766 < 7.959 < 10.658
3C340 0.775 < 7.991 < 10.690 < 7.885 < 10.584
3C265 0.811 < 8.046 < 10.745 < 7.946 < 10.645
3C217 0.897 < 7.978 < 10.677 < 7.893 < 10.592
3C356 1.079 < 8.167 < 10.866 < 8.112 < 10.811
3C368 1.132 8.320 11.019 8.275 10.974
3C267 1.144 < 8.035 < 10.734 < 7.991 < 10.690
3C324 1.206 < 8.158 < 10.857 < 8.125 < 10.824
3C266 1.272 < 8.156 < 10.855 < 8.133 < 10.832
53W069 1.432 < 8.043 < 10.742 < 8.044 < 10.743
4C13.66 1.450 8.141 10.840 8.145 10.844
3C437 1.480 < 8.012 < 10.711 < 8.021 < 10.720
3C241 1.617 < 8.067 < 10.766 < 8.096 < 10.795
6C0919+38 1.640 < 8.023 < 10.722 < 8.055 < 10.754
3C470 1.653 < 8.491 < 11.190 < 8.525 < 11.224
3C322 1.681 < 8.022 < 10.721 < 8.060 < 10.759
6C1204+37 1.780 < 8.082 < 10.781 < 8.133 < 10.832
3C239 1.781 < 7.985 < 10.684 < 8.036 < 10.735
3C294 1.786 < 7.876 < 10.575 < 7.928 < 10.627
6C0820+36 1.850 < 8.250 < 10.949 < 8.311 < 11.010
6C0905+39 1.883 8.217 10.916 8.283 10.982
6C0901+35 1.910 < 8.029 < 10.728 < 8.098 < 10.797
5C7.269 2.218 < 8.162 < 10.861 < 8.271 < 10.970
4C40.36 2.265 < 8.062 < 10.761 < 8.177 < 10.876
MG1744+18 2.280 < 7.935 < 10.634 < 8.052 < 10.751
MG1248+11 2.322 < 8.108 < 10.807 < 8.229 < 10.928
4C48.48 2.343 8.288 10.987 8.412 11.111
53W002 2.390 < 8.112 < 10.811 < 8.242 < 10.941
6C0930+38 2.395 < 7.909 < 10.607 < 8.039 < 10.738
6C1113+34 2.400 < 7.965 < 10.664 < 8.096 < 10.795
MG2305+03 2.457 < 7.927 < 10.625 < 8.064 < 10.763
3C257 2.474 < 8.385 < 11.084 < 8.525 < 11.224
4C23.56 2.483 < 8.158 < 10.857 < 8.299 < 10.998
8C1039+68 2.530 < 7.893 < 10.592 < 8.039 < 10.738

Table continued on next page..
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ilo=1.0;

OLOIIo
X

i2o=0.1; Ho = 67

Source Redshift log(M dust /M q ) log(M gas/M 0 ) log(M dust/M Q) log(M gas/M 0 )

M G 1016+058 2.765 7.929 10.628 8 .102 10.801

4C 24.28 2.879 7.924 10.623 8.110 10 .809

4C 28.58 2.891 8.142 10.841 8.329 11.028

6C 1232+ 39 3.220 8.104 10.803 8.325 11.024

6C 1159+ 36 3.235 <  8.008 <  10.707 < 8.230 <  10.929
T X 1243+ 036 3.570 <  8.129 <  10.828 <  8 .383 <  11.082
M G 2141+192 3.592 8.147 10.846 8 .404 11.103
6C 0032+ 412 3.660 7.862 10.561 8.125 10.824
4C 60.07 3.788 8.705 11.404 8.979 11.678
4C 41.17 3.800 8.553 11.252 8.828 11.527
8C 1435+ 635 4.250 8.331 11.030 8.645 11.344
6C 0140+ 326 4.410 7.951 10.650 8.278 1 0 .977

Table 5.1: Dust and gas masses corresponding to the 850-pm observations of the radio galaxy sample. A dust 

emission template of ¡3 =  2.0, Tdust =  40K, and /i(800pm) =  0.15m2kg_1 (it oc A~0) is assumed. A  canonical gas- 

to-dust ratio of MH2/Mdust ~  500 is used to estimate the amount of gas available for future star formation in each 

galaxy.

5.3 K-Band Observations and Optical-Submillimetre Colour

5.3.1 K-Band Properties of the Sample

Care must be taken when dealing with K-band observations - strong em ission lines often 

lie within the K-band for high-redshift galaxies, and the measured magnitudes can con

tain contributions from both continuum and emission lines. The m ain contaminants are 

H a and [Nil] for 1.9< z <2.7 and the [Om] doublet for 2.9< z <3.7 (Eales & Rawlings 

1993 & 1996). For z < 2, [Sill] and Helium lines are the significant pollutants (Eales et 

al. 1997). Studies of 3C radio galaxies indicate that if these lines are detected, in gen

eral the contribution to the K-band flux is small, ~  5 -  10% (e.g. Rawlings et al. 1998; 

Eales et al. 1997; Rawlings et al. 1991; Best, Longair, & Rôttgering 1998; M cCarthy et 

al. 1990). It therefore seems unlikely that emission lines are a significant concern for the 

radio galaxies in the sample with z < 2. Significant contamination has been found for 

3C368, however, which is one of the z ~  1 galaxies in the sample presented here.

Light from the old, red stellar population of a galaxy often dominates the K-band m agni

tude. AGN contributions to the continuum emission normally manifest themselves in a
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hot, blue component called the 'ultraviolet excess', and are not expected to be significant 

in the K-band. However, if comparisons are to be m ade w ith models of star formation, 

one m ust be aware that the K-band continuum of a radio galaxy can contain a non-stellar 

component. There are two possible mechanisms for this non-stellar emission, and re

cent studies, although limited to galaxies at z  ~  1, indicate that neither is likely to be a 

significant contam inant for the radio galaxy sample:

• Scattered Quasar Light: The light from the central quasar, hidden by a torus of 

enshrouding dust according to unified schemes, could be scattered into the line of 

sight by dust or electrons. Leyshon & Eales (1998) conducted a K-band imaging 

polarim etry study of a seven 3CR radio galaxies w ith 0.7 <  z  <  1.2, chosen to span 

the various morphologies observed in the 3CR survey and thus to be representative 

of the survey as a whole. There is evidence for polarisation in 5 of the sources in 

the sample, two of these 'detections' being marginal. Models of both dust and elec

tron scattering are consistent with ~  10% of the K-band continuum being scattered 

quasar light.

• Dust-Reddened Quasar Light: Reddened light from the dust-enshrouded central 

quasar could also contribute to the K-band emission. Simpson, Rawlings & Lacy

(1999) have investigated this possibility using infrared im aging in L' (3.8/rm) of 19 

3C radio galaxies at z ~  1. Their technique relies on the huge difference between 

a quasar and a starlight rest-frame spectrum for A >  1/un. Only four of the ra

dio galaxies were detected in L ', and all four are consistent w ith a dust-reddened 

quasar spectrum. One of these, 3C265, is a member of the sam ple presented here, 

and is consistent with 10% of the K-band light being due to the reddened quasar. 

The other three are consistent with non-stellar contaminations of 30-100%. The non

detections, including 3C340, 3C356, 3C217, and 3C368, are all consistent with no 

contamination.

As redshift increases, the K-band observations sample bluer parts of the spectrum, and 

the AGN contribution to the K-band could be a problem for the higher-redshift sources 

in the sample. However, if quasar light was a significant contributor to the K-band em is

sion, the galaxies are likely to have appeared as unresolved point-sources in the K-band 

images, and there is no evidence for this.
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The K-band magnitudes of the sample, including corrections for the emission-line con

tamination, are presented in Table 5.2. To assemble an accurate list of K-band m agni

tudes, apertures were preferred which avoided neighbouring foreground objects while 

containing as much flux as possible from the source itself. For the majority of the sample, 

the preferred aperture is > 5". Given the redshifts under consideration, a 5" aperture will 

contain all the light within the central 50 kpc diameter. McLure & Dunlop (1999) have 

analysed images of 16 3CR radio galaxies at z ~  0.8. 2-D m odelling indicates typical 

half-light radii of 10 kpc, similar to their study of the hosts of radio galaxies at z  ~  0.2 

(McLure et al. 1999). Given these scale-lengths, a 5" aperture should contain the bulk of 

the starlight from the galaxy. However, in some cases the only way to avoid contam i

nation from neighbouring objects was to select apertures less than 5 ", even though they 

would cut out light from the source galaxy. These measurements have been corrected 

back to 5" to make up for the missing light. The following corrections (based on m ulti

aperture photometry of z > 1 3CR galaxies) have been applied: -0.15 m ag for 4" -»  5", 

-0.4 mag for 3" -4  5", and -0.6 mag for 2" -4  5" (Jim Dunlop, private communication). 

The 2" aperture correction will in fact depend on the seeing in the original observation 

as well as the scale length of the galaxy, and can only be regarded as a rough (although 

reasonable) estimate.

Source Band Em ission Line  
Contribution

A perture
D iam eter

(")

A pp aren t
M agnitude

C orrected  
for E m ission  
Lines

R eferences

3C 277.2 K -n- 9.0 16.96 16.96 B LR 97
3C 340 K -n- 9.0 16.91 16.91 BLR 97
3C 265 K -n- 9.0 16.03 16.03 BLR 97
3C 217 K -n- 9.0 17.52 17.52 B LR 97
3C356+ K -n- 5.0 17.36 17.36 B LR 97
3C 368 K 25% 9.0 17.03 17.34 B LR 97,R B L98
3C 267 K -n- 9.0 17.21 17.21 BLR 97
3C 324 K -n- 9.0 16.99 16.99 BLR 97
3C 266 K -n- 9.0 17.65 17.65 BLR 97
53W 069 K -n- 5.0 (4.0)+ 18.55 18.55 D 99
4C 13.66 K -n- 8.0 18.20 18.20 R L L 96
3C 437 K -n- 9.0 17.74 17.74 B LR 97
3C241 K -n- 9.0 17.45 17.45 B LR 97
6C 0919+ 38 K -n- 5.0 18.2 18.2 ER 96
3C 470 K -n- 5.0 18.02 18.02 B LR 97
3C 322 - - - - - —

6C 1204+ 37 K -n- 5.0 19.29 19.29 E R L G 97
3C 239 K -n- 5.0 17.83 17.83 B LR 97
3C 294 K -n- 5 .0  (3.0)+ 17.6 17.6 M S90

Table continued on next page...
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Source B and Em ission  Line  
C ontribution

A perture
D iam eter

(")

A p p aren t
M agnitude

C orrected  
for Em ission  
Lines

References

6C 0820+ 36 K -n- 5.0 18.41 18.41 E R L G 97
6C 0905+ 39 K -n- 5.0 18.48 18.48 L G E95
6C 0901+ 35 K -n- 5.0 18.29 18.29 E R L G 97
5 C 7.269 K 15% 5.0 18.9 19.08 ER 96
4 C 40 .36 K 25% - 18.3 18.61 ER 96,C M vB 96
M G 1744+ 18 K 40% 5.0  (4.0)1 18.55 19.10 ER 93
M G 1248+11 - - - - - -

4C 48 .48 K 30% - 17.3 17.69 C M vB 96,E R 96
5 3W 002 K 50% 5.0  (4.0)1 19.05 19.80 W B M 91,ER 93
6C 0930+ 38 K 20% 5.0  (4.0)1 19.15 19.39 ER 96
6C 1113+ 34 K 20% 7.8 18.29 18.53 L 89,E R 96
M G 2305+ 03 - - - - - -

3C 257 K 35% 5.0 18.0 18 .47 ER 96
4 C 23 .56 K 35% - 18.4 18 .87 C M vB 96
8C 1039+ 68 K -n- 5.0 19.1 19.1 Lthesis
M G 1016+ 058 K -n- 5 .0  (2.0)1 19.3 19.3 vSB98,D SD 95
4 C 24 .28 K -n- - 18 .7 18.7 C M vB 96
4 C 28 .58 K -n- 5 .0  (2.0)1 19.0 19.0 vSB98
6C 1232+ 39 K 30% 11.2 17.80 18.19 E R 96,E R 93,E R D 93
6C 1159+ 36 K -n- 5.0 19.00 19.00 R igpcom
T X 1243+ 036 K -d- 8.0 19.3 19.3 vSB98
M G 2141+ 192 K 34% 2 x 1 0 18.92 19 .37 A SM 98
6 C 0 032+ 412 K 50% 5.0 19.4 20 .15 E R 96,R prep
4 C 6 0 .0 7 K' -n- 8.0 19.3 19.3 vSB98
4 C 4 1 .1 7 K s -n- 8.0 19.2 19.2 vSB98
8C 1435+ 635 K -n- 6.0 19.64 19.64 SD G 95
6 C 0 1 40+ 326 K s -n- 5.0 (2.0)1 20.1 20.1 vBS98

Table 5 .2 : Apparent K-band magnitudes for the radio galaxy sample. The estimated contribution to the K-band flux 

from emission lines is shown in column 3; -n- indicates that significant contamination is unlikely, -d- indicates that 

the published magnitude is corrected for emission line pollution. The measured magnitudes are given in column 

5, while column 6 shows the magnitudes corrected for emission line contamination. The references are given in 

column 7; refer to Appendix A for the corresponding reference codes. Notes: 1) means the quantity was not 

found in the literature. 2) Apertures were preferred which avoided neighboring foreground objects while containing 

as much flux as possible from the source itself. If the preferred aperture is smaller than 5 " , the magnitudes in 

columns 5 and 6 have been corrected to a 5" aperture. The corrections are: —0.15 mag for a 4" aperture, —0.4 mag 

for a 3" aperture, and —0.6 m ag for a 2" aperture (Jim Dunlop, private communication). The original aperture is 

given in column 4 in parenthesis and is indicated by a h  3) The two possible identifications for 3C356 have K- 

band magnitudes within ~  10% of each other. Given the uncertainty in the identification, the average K-band 

magnitude is assumed here. 4) For 4C48.48,6C1113+34, and 4C23.56, estimates of emission line contamination were 

not found in the literature. Instead, the values found by Eales & Rawlings (1996) for radio galaxies of comparable 

redshift (MRC0349-211, 6C0930+38, and 3C257 respectively) are quoted here to give an indication of the likely 

contamination.
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On a final note, for three of the galaxies in the sample, observations were made using 

either the K'- or Ks-bands instead of the K-band (the three bands vary slightly in their 

central wavelength). The magnitudes do not need to be corrected to the K-band, the 

difference should be ~  10% at most (Steve Rawlings, private communication).

5.3.2 O ptical-Subm illim etre Colour

The ratio of the 850-pm luminosity to the rest-frame luminosity measured in the K-band, 

L8.?°h5—  has been constructed as a measure of 'optical-submillimetre colour'. This
Ĵ2.2/*m/(l+z)

quantity is a measure of the amount of light re-processed by dust compared w ith the 

amount of light emitted by the longer-lived red stellar population, i.e. it is a measure of 

the dustiness of the starburst which may be present. This optical-submillimetre colour 

has two very important features:

• It is cosmology independent.

• The uncertainty in the K-correction for the K-band data has been avoided by es

timating the luminosity at the rest-frame wavelength 2.2pm /(l+z). Thus, the de

nominator of l  . measures the luminosity of increasingly bluer parts of the

spectrum as redshift increases.

Source z Ls50/im
l°g(M dust 

(fio=1.0; H o=50)
/M0 )

(fio=0.1; H 0=67)1+zi
3C277.2 0.766 < 2 .3 6 < 8.067 < 7.959
3C340 0.775 < 1 .8 5 < 7.991 < 7.885
3C265 0.811 < 0 .8 7 < 8.046 < 7.946
3C217 0.897 < 2 .4 5 < 7.978 < 7.893
3C356 1.079 < 2 .3 8 < 8.167 < 8.112
3C368 1.132 3.07T1.03 8.320 8.275
3C267 1.144 < 1.39 < 8.035 < 7.991
3C324 1.206 < 1.38 < 8.158 < 8.125
3C266 1.272 < 2 .3 0 < 8.156 <  8.133
53W069 1.432 < 3 .3 4 <  8.043 <  8.044
4C13.66 1.450 2.97±1.48 8.141 8.145
3C437 1.480 <  1.40 <  8.012 <  8.021
3C241 1.617 < 1 .0 5 <  8.067 <  8.096

Table continued on next page...
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Source z
log(Mdust/M0 )

(iio=l-0; H o=50) ( iio=0.1; Ho=67)
lJ2.2^m/(l+z)

6C0919+38 1.640 < 1.85 < 8.023 <  8.055
3C470 1.653 < 4.56 < 8.491 < 8.525
6C1204+37 1.780 < 5 .0 7 < 8.082 < 8.133
3C239 1.781 < 1.06 < 7.985 <  8.036
3C294 1.786 < 0.66 < 7.876 < 7.928
6C0820+36 1.850 < 3 .1 3 < 8.250 < 8.311
6C0905+39 1.883 3.01±0.88 8.217 8.283
6C0901+35 1.910 < 1.60 < 8.029 < 8.098
5C7.269 2.218 < 3 .5 5 < 8.162 < 8.271
4C40.36 2.265 <  1.78 <  8.062 <  8.177
MG1744+18 2.280 < 2 .0 6 <  7.935 <  8.052
4C48.48 2.343 1.21 ±0.33 8.288 8.412
53W 002 2.390 <  5.48 <  8.112 <  8.242
6C0930+38 2.395 <  2.34 <  7.909 <  8.039
6C1113+34 2.400 < 1.20 < 7.965 < 8.096
3C257 2.474 < 2.86 < 8.385 <  8.525
4C23.56 2.483 < 2 .4 4 <  8.158 <  8.299
8C1039+68 2.530 <  1.59 <  7.893 <  8.039
MG1016+058 2.765 1.82±0.77 7.929 8.102
4C24.28 2.879 0.97±0.51 7.924 8.110
4C28.58 2.891 2.10±0.60 8.142 8.329
6C1232+39 3.220 0.78±0.19 8.104 8.325
6C1159+36 3.235 <  1.31 < 8.008 <  8.230
TX1243+036 3.570 < 1.96 < 8.129 < 8.383
M G2141+192 3.592 2.17±0.56 8.147 8.404
6C0032+412 3.660 2.24±1.17 7.862 8.125
4C60.07 3.788 6.78±1.15 8.705 8.979
4C41.17 3.800 4.34±0.72 8.553 8.828
8C1435+635 4.250 3.32±0.59 8.331 8.645
6C0140+326 4.410 2.01±0.95 7.951 8.278

Table 5.3: The optical-submillimetre colours of the radio galaxy sample in order of increasing redshift. 3C322, 

MG1248+11, and MG2305+03 have been excluded as their K-band magnitudes have not been published. For detec

tions at 850 a m ,  the error on Lssô m—  has been calculated assuming the error on tire 850-um measurement and
^  L 2 .2 ,im / < l+ 3 )

a 15% error on the K-band photometry. Upper limits have been calculated for the non-detections assuming a 20- 

upper limit on the 850-^im observation. Note, the K-band magnitudes were converted to fluxes using the zero point 

of the K-band published on the UKIRT webpage: m  =  0 when S  =  657mjy. This zero point was also used for the 

K' and Ks bands.
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The optical-submillimetre colours of the radio galaxy sample are presented in Table 5.3. 

The errors associated with T L85Q̂ m—  have been calculated assuming the measured error
L2.2/im/(l+z)

on the 850-pm flux and a 15% error on the K-band flux (corresponding to a -0 .1 5  mag 

error on the K-band magnitude). Upper limits have been calculated assuming only the 

error on the 850-pm observation. Note, the optical-submillimetre colour cannot be es

timated for 3C322, MG1248+11, or MG2305+03 as no K-band observations have been 

published for these galaxies. Consequently, they are excluded from the analysis in the 

rest of the chapter.

The optical-submillimetre colours of the galaxies detected at 850 pm are listed in Table 5.4 

in order of increasing dust mass.

Source
Qo=l-0; H0=50 

log(Mdust/M0 ) Source
Qo=0.1; H 0=67 

log(Mdust/M0 ) LssOum
b2.2^m/(1-f-z)

6C0032+412 7.862 2.24±1.17 MG1016+058 8.102 1.82±0.77
4C24.28 7.924 0.97±0.51 4C24.28 8.110 0.97±0.51
MG1016+058 7.929 1.82±0.77 6C0032+412 8.125 2.24±1.17
6C0140+326 7.951 2.01±0.95 4C13.66 8.145 2.97±1.48
6C1232+39 8.104 0.78±0.19 3C368 8.275 3.07±1.03
4C13.66 8.141 2.97±1.48 6C0140+326 8.278 2.01±0.95
4C28.58 8.142 2.10±0.60 6C0905+39 8.283 3.01±0.88
MG2141+192 8.147 2.17±0.56 6C1232+39 8.325 0.78±0.19
6C0905+39 8.217 3.01±0.88 4C28.58 8.329 2.10±0.60
4C48.48 8.288 1.21±0.33 MG2141+192 8.404 2.17±0.56
3C368 8.320 3.07±1.03 4C48.48 8.412 1.21 ±0.33
8C1435+635 8.331 3.32±0.59 8C1435+635 8.645 3.32±0.59
4C41.17 8.553 4.34±0.72 4C41.17 8.828 4.34±0.72
4C60.07 8.705 6.78±1.15 4C60.07 8.979 6.78±1.15

Table 5.4: The optical-submillimetre colours of the radio galaxies detected at 850 /jm, in order of increasing 

dust mass.

5.4 Models of Dust Enshrouded Star Formation

Jimenez et al. 1999c have developed a self-consistent determination of the time evolution 

of the UV-mm SED of a galaxy formed in a dusty starburst. The basic building blocks of 

such a model are described in Section 5.4.1, the time evolution of these model galaxies
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are detailed in Section 5.4.2, and comparisons to the radio galaxy sam ple are made in 

Section 5.4.3.

5.4.1 H ow  the M odels W ork

There are three key components to the model: (i) the stellar em ission from the model 

galaxy, (ii) the re-processing of this emission by dust, and (iii) the star-formation law 

which governs both these processes.

Simple Stellar Populations and Chemical Evolution

The concept of a simple stellar population (SSP), developed by Jim enez et al. 1998 and 

Jim enez et al. 1999b, is the fundamental building block of the m odel galaxies. An SSP 

is defined as "a  stellar population formed in a uniform chemical environment during a 

burst of infinitesimal duration" (Jimenez et al. 1999b). Given a star-formation law and 

an initial m ass function, the stellar populations that form in each time step build up to 

form  a complete galaxy. The chemical evolution equations of Matteucci, Ponzone, & 

Gibson (1998) are used to determine the enrichment of the ISM for this evolving stellar 

population, and hence the metallicity of the gas from which each star forms. Given this 

metallicity and the mass of the star (governed by the IMF), its evolutionary track and 

consequent contribution to the enrichment of the ISM  is calculated. In the absence of 

dust and gas the integrated emission of the model galaxy at any time step is simply the 

sum of the flux from every star in the population.

JMSTAR15 (Jimenez et al. 1996, Jim enez & Macdonald 1996) is the computer code which 

calculates the accurate evolutionary track of the stellar interior, given the mass of the 

star and the metallicity of the gas from which it formed. JMSTAR15 includes a proper 

treatment of the post-main-sequence phases of evolution. The latter stages of stellar evo

lution are notoriously difficult to model owing to the uncertainties associated w ith the 

processes of convection and mass loss. In particular, mass loss varies from star to star 

and directly affects how a star evolves: when it moves from one stage of evolution to 

another, the stellar luminosity at each stage, and the star's final fate. JMSTAR15 succeeds 

through careful calibration of the mixing-length parameter (the distance a convective cell
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travels before it dissolves into the ambient medium) and mass-loss rate to observations 

of red giant-branch (RGB) and horizontal branch (HB) stars in real star clusters.

JMSTAR15 is a model of the stellar interior, and its output is the effective temperature 

and gravity parameter of the star. To calculate the corresponding stellar flux, these are 

overlaid with the theoretical stellar photosphere models of Kurucz (1992) for tem pera

tures greater than 6000K, and into the updated version of the MARCS code (Helling et al. 

1996, Gustafsson et al. 1975) for the cooler-temperature stars.

Note the models assume a Salpeter IMF of <j>{M) a  M ~ (1+x\ where is the number 

of stars formed per unit volume with a mass M , and x =  1.35. The IMF includes a 

low-mass cutoff at 0.1 M©, and is assumed to be constant in both time and space.

Dust Model and Extinction of Optical/UV Light

The dust model uses a simplified version of Draine & Lee's (1984) dust emission template, 

and is based on the formalism of Xu & De Zotti (1989). A brief description of the dust 

model is presented here, full details can be found in Jimenez et al. 1999c.

The key feature of the dust emission template are as follows:

• Only the cool dust component, A > 100pm, is considered.

• The dust emits at a range of temperatures.

• The dust emission is optically thin.

• Graphite and silicate grains have the same absorption efficiency.

• The UV absorption efficiency, Q uv, is unity.

• The absorption efficiency for optical and IR photons is a function of wavelength 

and grain size:

2-ira

Q optical =  2-a
1 +  T T  (5.2)

Qf i r  oc a\~-3
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where a  is the grain size, and /? is the dust emissivity index. Note, ,6 =  2.0 for 

A >  130.9/un and [3 =  1.7 for A <  130.9/un. consistent with the dust em ission 

template adopted in Chapter 4 for calculating Lgso^m for the radio galaxy sample.

• A power-law grain size distribution is assumed: p (a)  cx a -3,5.

• The am ount of dust is proportional to the metallicity Z=[Fe]/[H] (Z0 =O.O2). Specif

ically:
Z

dust mass =  gas mass x ——
jLi.yJ

. The dust formation mechanism is not specified, and there is assumed to be no 

time delay between the production of metals and the production of dust.

For the purposes of calculating the far-infrared emission, the dust is sim ply assumed 

to lie in a thin shell which surrounds the entire galaxy (Figure 5.1). This distribution 

is not realistic. However, individual stars and gas clouds cannot be resolved in high- 

redshift systems. Given the lack of knowledge concerning the true distributions, this 

simple model is no worse than a more complicated model of dust and star geometry 

which cannot possibly be justified by the data.

Figure 5.1: Geometry of the model dust distribution used to estimate the far-infrared emission of the 

galaxy.

The dust encounters a uniform radiation field equivalent to the stellar luminosity of the 

galaxy as determined from the SSPs, diluted over a sphere of radius R gai, where R gai is 

the effective radius of the galaxy. The corresponding far-infrared SED is computed by 

solving the energy balance equation for each grain size, and summing over the emission
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from all the grains.

This simple dust distribution is not deemed appropriate for calculating the reddening of 

the galaxy light.

Dense molecular clouds are the birthplace of stellar clusters, where all the massive stars 

are formed (e.g. Lada et al. 1991). It takes 1.5 x 107 years for stellar winds and super

novae to disperse these clouds, which is approximately the lifetime of the most massive 

stars (e.g. Herbig 1962, Elmegreen & Lada 1977, Blitz & Shu 1980). The primary source 

of extinction of the galaxy light is the dust inside these molecular clouds, not the dust 

lying outside the starburst region (which is the assumed geometry for estimating the far- 

infrared emission of the galaxy). Thus, the model assumes that for the first 1.5 x 107 years 

of a star's life, the star is only visible in the infrared; the optical and ultraviolet emission 

are completely obscured. After 1.5 x 10r years, the molecular cloud is assumed to have 

been dispersed, and the star becomes visible in the optical and ultraviolet regimes.

Star-Formation Laws

The dusty starburst model has been developed with a choice of two star-formation laws:

• Single-zone model (Jimenez et al. 1999c): In this scenario, the star formation rate 

has a power-law dependence on the gas density: SF R (t) oc p 1A. Once star form a

tion begins, it continues until it has consumed the entire gas reservoir.

• Multi-zone model (Friaca & Terlevich 1998, Jimenez et al. 1999a): This scenario is 

more sophisticated. Assuming spherical symmetry, the galaxy is divided into 100 

radial zones. A 1-D hydro-dynamical code is used to follow the radial movement 

of the ISM and stars, including episodes of gas infall and outflow. As with the 

single-zone model, the star-formation rate has a power-law dependence on the gas 

density, although it is not as strong: SFR (r, t) cx p or°. Note, the star-formation rate 

now has a radial dependence, and will be directly affected by the radial flow of 

the gas. Star formation is also inhibited if either the gas is expanding or if there is 

inefficient cooling (i.e. the cooling time is much larger than the dynamical time). 

Overall, the star-formation processes in this model are slower and less intense than
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the single zone model in which star-formation simply 'gobbles' all the gas until it is 

gone.

In both scenarios, as star formation continues the interstellar gas is heated by Type II 

supernovae (the 'explosion' which occurs as a star with M  > 8M® comes to the end of its 

life). Eventually, the thermal energy of the gas is enough to overcome the escape velocity, 

and the remaining gas is expelled from the galaxy. Later on, the red giants of low mass 

stars and Type I supernovae (when a white dwarf in a binary system accretes enough 

m ass from its companion to exceed the Chandrasekhar limit) replenish the gas reservoir 

and metal reserves of the ISM, albeit to a limited extent. In the m ulti-zone model, there 

is also a fresh infall of primordial gas which further dilutes the m etallicity of the ISM. In 

the single-zone model, star formation ceases when the gas is expelled from the galaxy; in 

the m ulti-zone m odel there is some residual formation after this occurs.

5.4.2 Tim e Evolution of the M odels

Three versions of the dusty starburst model described above will be considered in this 

chapter. Table 5.5 outlines their key features and colour-code (to be used in all subsequent 

figures).

Model
Final Stellar 
MaSS'

Key Stages of Form ation
50% Stars 
Formed

100% Stars 
Formed

Dust Mass 
Peaks

Metallicity
Peaks

Single-zone low-mass 
Single-zone high-mass 
M ulti-zone

1 x 10n MQ
1 X 1012M<7: 
3 x 1011Mq

0.1 Gyr 
0.15 Gyr 
0.3 Gyr

0.3 Gyr 
0.56 Gyr 
1.7 Gyr

0.1 Gyr 
0.16 Gyr 
0.2 Gyr

0.3 Gyr 
0.66 Gyr 
2.0 Gyr

General Trends:
* Dust mass peaks when ~  50% of the stars have formed
* Metallicity peaks shortly after all the stars have formed

* A peak in Mdust roughly corresponds to a peak in l.,^850̂  )

Table 5.5: Key features of the dusty starburst models to be considered in this thesis. The colour-coding 

adopted in this table will be used throughout the chapter.

The aim of this section is to analyse the time evolution of these three models. Several 

figures are included to aid the discussion: Figure 5.2 details how the fraction of stars
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formed builds up over time; Figure 5.3 shows the evolution of the dust mass and the 

stellar mass; Figure 5.4 displays the evolution of the metallicity of the star-forming gas; 

Figure 5.5 depicts how the dust temperature range of each model changes with time; 

Figure 5.6 displays the evolution of the optical-submillimetre colour l2 ' anc^

nally Figures 5.7 and 5.8 compare the submillimetre SED of the multi-zone model to that 

observed for 8C1435+635.

The single-zone model is a short-lived violent starburst, with processes occurring on 

rapid and spectacular scales. It takes less than 0.6 Gyr to form all of the stars. The dust 

mass peaks at ~  0.1 Gyr, when around half of the stars have formed. This is mirrored 

by a peak in T Lii50̂ — . It does not take long for the final 50% of the stars to form, andJ r  L2.2/im/(l+z) °

shortly after the galaxy is half-way completed the dust mass dives rapidly. Thus, the 

galaxy is only detectable in the submillimetre for a short time after the half-way stage 

has been reached. Two versions of the single-zone model are presented here, one with 

a bigger gas reservoir and hence a larger final stellar mass. Owing to the extra amount 

of gas, the high-mass model takes longer to form all of its stars, and is more m etal-rich 

and dusty, than the low-mass model. Compared to the multi-zone model, the formation 

timescale of the single-zone model is shorter, the enrichment is more rapid, there is more 

dust and the dust is warmer. Allowing for the difference in the enrichment timescale, the 

single-zone models are at least as metal-rich as the multi-zone model.

In the multi-zone model, the star-formation rate is more complicated, with a radial de

pendence on the episodes of infall and outflow. As a result, the starburst is a longer, 

more gradual process which occurs under less intense/extreme conditions. The enrich

ment takes longer, the model galaxy is less dusty, and the dust temperature is cooler than 

the single-zone model. It takes ~  2 Gyr to form all of the stars, but only ~  0.3 Gyr to 

form the first half of the final stellar population. As for the single-zone model, the dust 

mass peaks when the galaxy is half-completed. However, it takes a long time to form 

the rest of the galaxy, and dust is detectable in the submillimetre for a long time after the 

half-way stage.

A generic prediction of the dusty starburst models is that the dust mass peaks when 

the galaxy is half-formed. Edmunds & Eales (1998) and Frayer & Brown (1997) have 

developed analytical equations which govern the relationship between gas depletion,
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A g e /G y r

Figure 5.2: The evolution of the fraction of stars formed, M */M £nal, for the dusty starburst models. The 

green line is the single-zone low-mass model, the orange line is the single-zone high-mass model, and the 

blue line is the multi-zone model.

A g e /G y r

Figure 5.3: The evolution of the mass of stars formed and the dust mass for the dusty starburst models. 

The solid lines represent the dust masses; the dashed lines represent the stellar masses. The green lines are 

for the single-zone low-mass model, the orange lines are for the single-zone high-mass model, and the blue 

lines are for the multi-zone model.
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Age/Gyr

Figure 5.4: Time evolution of the metallicity of the gas from which the stars form for the dusty starburst 

models. The green line is the single-zone low-mass model, the orange line is the single-zone high-mass 

model, and the blue line is the multi-zone model. Note, Z=[Fe]/[H ] and Z e =0.02.
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Figure 5.5: Time evolution of the range of temperatures at which the dust emits radiation for the dusty 

starburst models. The green region is for the single-zone low-mass model, the orange region is for the single

zone high-mass model, and the blue region is for the multi-zone model. The temperatures are only plotted 

if there is dust present in the galaxy.
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Figure 5.6: Time evolution of the optical-submillimetre colour T —  for the dusty starburst models.° r 2̂.2nm/(l+z) J
The green line is the single-zone low-mass model, the orange line is the single-zone high-mass model, and 

the blue line is the multi-zone model. The data for the radio galaxy sample are overlayed. Note, l 2 286°/(T+ ) 

measures a different part of the rest-frame K-band spectrum as redshift increases, thus a separate plot is 

given for each source in the sample. The plots are arranged in order of increasing redshift. For 850-pm  

detections, the horizontal black line indicates the measured value of — , and the shaded grey region

is the corresponding la  error. For 850-/xm non-detections, the horizontal line with down-arrows indicates 

the 2o  upper limit on l 2 ^ 6°/7i+ >' ^ i ure continued on next page...
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Figure 5.6: continued

star-formation, and dust creation processes. These equations also predict a m aximum in 

dustiness half-way through the star formation process. It seems to be a consequence of 

competing processes: star-formation is required to create the dust, however star-formation 

also consumes the metal enriched gas which houses the dust. These effects balance at the 

half-way point, maximising the dust mass.

Consider now the build-up of metals in the different models (Figure 5.4). W hen star for

mation is active heavy metals are created, and the metallicity increases, peaking shortly 

after star formation ceases. Given that no stars are formed after this time, one would
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Figure 5.6: continued

expect the metallicity to level off, or possibly to increase slightly due to the presence of 

Type I supernovae. Instead, the metallicity dives down.

As mentioned earlier, near the end of the star formation period, supernovae heating of 

the interstellar medium allows the gas to escape the galaxy. The metal-enriched gas is 

lost; the cessation of star-formation means it cannot be replaced, and there is a decline 

in the metallicity of the ISM. However, there is some replenishment from low-mass stars 

reaching the end of their life and Type I supernovae. Thus, the dilution of the ISM  is 

countered, and the metallicity eventually levels off. This occurs for both the single-zone
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Figure 5.6: continued

and the multi-zone models. In the multi-zone model, the additional infall of primordial 

material into the galaxy further dilutes the ISM.

The optical-submillimetre colour T L850̂ m—  has been constructed in such a m anner that
1 L 2 .2 ^ m / (l+ z )

it is dependent on redshift. To compare the models to the data, for each galaxy in the 

sample the models are tuned to the measured redshift and the corresponding optical- 

submillimetre colour evolution is plotted (Figure 5.6).

Consider first the single-zone models. The dustiest phase of star formation is indicated
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Figure 5.6: continued

bv a peak in ?— S5U;-~— . This peak decreases in size and broadens with redshift. The
-L'2.2/im /(l+z)

reason for this is quite simple: as redshift increases, the K-band samples bluer rest-frame 

wavelengths. If star-formation is an active process, the galaxy will be more luminous at 

the blue end of the spectrum. Hence L 2 2um/d+z) increases with redshift and —
A " J j 2 .2/xm /(l+z)

correspondingly decreases.

J 850/xrrThere is an even more important question to tackle. Why does the evolution of ^  

look so different for the single-zone and multi-zone models? Consider the models at
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Figure 5.6: continued

t — 0.1 Gyr when the disparity is huge. At this epoch, , Lti50̂ m—  for the multi-zone 

model far exceeds that for the single-zone. From Figure 5.3, the multi-zone m odel has 

~  20x less dust but only ~  8x  less stars than the high-mass single zone model. Thus, 

one would naively expect the optical-submillimetre colour of the multi-zone m odel to 

be much smaller than the single-zone value. However, for t  < 1 Gyr, the m etallicity of 

the ISM of the single-zone galaxy is much higher. If stars are formed from metal-rich 

gas, dust and metals in the stellar envelopes absorb and re-emit the starlight at redder 

wavelengths. Thus, high metallicity stars have a larger K-band emission than metal-
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Figure 5.6: continued

poor stars. At t — 0.1 Gyr, the multi-zone 'dust-to-stars mass ratio' is smaller, but the 

light emitted by those stars in the K-band is even smaller still. Thus , the 'dust-to-stars 

luminosity ratio' is much higher than the single-zone models. As the models are moved 

to higher redshifts, the K-band samples a bluer region of the rest-frame spectrum; the 

m ulti-zone model is more well behaved in terms of its optical-submillimetre colour and 

the effect is less noticeable.

For the multi-zone model, the metallicity of the interstellar gas does not begin to sig

nificantly build up until t  ~  1 Gyr. A t this epoch, the star formation in the single-zone
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models has finished, the dusty gas reservoir has been depleted and —L850/tmT - 0. How-
(1 + z )

ever, the higher metallicities in the multi-zone model are finally able to produce values

of L » 5 0 u that are similar to the single-zone model at its dustiest phase (t ~  0.1 Gyr).

One concern is the temperature of the model dust grains. For the m ost part, the dust 

emission template in the model is identical to that adopted in Chapter 4 for calculating 

^850̂ ™ from the SCUBA observations. Both assume optically thin dust emission with 

=  2.0. The one difference is that the model is not isothermal, but contains a range of
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Figure 5.6: continued

dust-emitting temperatures. Furthermore, the model is much cooler than the template 

adopted for the data, by ~  10K for the single-zone model and ~  15K for the m ulti-zone 

m odel (Figure 5.5). This is highlighted in Figure 5.7 where the rest-frame submillimetre 

SEDs of the multi-zone model and of 8C1435+635 are compared and found to be very 

different. Although this disparity is initially a worry, it is unlikely to significantly affect 

the conclusions reached here:

• The m ain concern is that a comparison will be made between a model that is much
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cooler than the dust in these objects is expected to be.

• In the next section, comparisons between the data and the models w ill be made 

using the predicted dust masses and optical-submillimetre colours. The dust mass 

in the model is NOT calculated from the overly-cool SED, but from the chemical 

enrichment of the ISM by the SSPs. The dust production of the models should be 

trustworthy. The dust heating mechanism, on the other hand, only produces very 

cool dust components, which are not warm enough to accurately reproduce the 

expected submillimetre SED of the radio galaxies.
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• In light of this, the dust masses calculated by the models will be accurate. The 850- 

/jm luminosities on the other hand, and hence the optical-submillimetre colours, 

will depend on this cool SED. However, the optical-submillimetre colour uses the 

rest-frame 850-^m luminosity. At this wavelength the cool m odel is very similar 

to the template spectrum used for the data, and the ratio of the corresponding flux 

densities is less than a factor of two (Figure 5.8). This difference is less than the un

certainty in the calculation of L8g0/im using the SCUBA data due to the uncertainty 

in the dust parameters and cosmology.
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line is the best-fit spectrum to the data points as displayed in Figure 4.4). The CO emission lines seen in the 

model's spectrum have been calculated by Raul Jimenez's computer code (Jimenez et at. 1999c).
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Figure 5.8: Ratio of the flux density predicted by the multi-zone model to the best-fit flux density for 

8C1435+635. The ratio is plotted for rest-frame wavelengths. The dashed green line indicates A rest =  850/un, 

the dashed red line indicates S™odel =  Sdat\
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In summary, for the model to produce a more realistic spectrum, some of the cold dust 

needs to be heated up. This information is currently being used to refine the models, 

and the lack of a realistic temperature distribution reflects the simplistic geometry of 

the model. Given this simplicity, the model provides a good reproduction of the long- 

wavelength, cool end of the spectrum; in particular it is accurate at rest-frame 850 pm.

On a final note, refining the models through the addition of a warm er dust component 

is unlikely to change the 850-/./,m luminosities currently calculated by the model - this 

alteration will mainly affect the dust spectrum at \rest < 850pm.

5.4.3 Com parison of M odel Predictions w ith the Radio G alaxy Sam ple

For all three models, if . —  js ]ess than 1.5, it seems safe to say that the model2̂.2/zm/ (1+z)
galaxy is no longer in its dustiest phase of formation (Figure 5.6). If L ^ 850̂ +  ̂ is greater 

than 1.5, the model galaxy is likely to be in the throes of forming a significant fraction of 

its stars.
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Figure 5 .9 : Scatter plot of L850nn against redshift for the radio galaxy sample. The magenta lines
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< 1 .5  region and divide it into two boxes, z <  3.5 and 2 >  3.5.

Figure 5.9 is a scatter plot of L.,^850̂ ”+ . against redshift for the radio galaxy sample.
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Magenta lines mark the T Usoesi— < 1.5 region and divide it into two boxes, z < 3 .5  and
&  L 2 ;2 iim / (l+ z) u

z  > 3.5. All of the 850-pm detected z  > 3.5 radio galaxies have optical-submillimetre 

colours greater than 1.5 - they all appear to be experiencing a dusty starburst phase. For 

z  < 3.5 on the other hand, several radio galaxies have a optical-submillimetre colour 

which is less than 1.5 indicating that dusty star formation has drawn to a close.

However, the models are capable of saying much more than this simple statement - an 

estimate of the age of the starburst present in each radio galaxy can be made. For each 

model and each galaxy in the sample, the age at which the model is consistent with the 

observed values of T L850̂ m—  and Mdust has been ascertained. These ages are presented
(1 + z )

in Tables 5.6 (single-zone low-mass model), 5.7 (single-zone high-mass model), and 5.8 

(multi-zone model). They have been calculated using the 2er error regions for the 850-pm 

detections and the 2<r upper limits for the non-detections. The age of the Universe at each 

redshift is also calculated to ensure the estimated ages do not violate it. In these tables, 

an estimate of the 'model consistency' is also made; a model is judged to be consistent 

with the data if the starburst ages predicted using L^ 850̂ +  ̂ and Mdust agree with each 

other without violating the age of the Universe.

In general, the upper-limits are unable to provide a useful constraint on the starburst age. 

In order to distinguish which model best describes the data, only the galaxies detected 

at 850 pm will be considered. For each model, Table 5.9 lists the fraction of detections 

for which the model is a consistent description of the data. The m ulti-zone m odel is 

clearly favoured. On the whole, the single-zone high-mass model seems to estim ate dust 

masses that are too high, and the single-zone low-mass model has trouble reproducing 

the optical-submillimetre colour of the most submillimetre-luminous sources in the sam 

ple (4C60.07,4C41.17, and 8C1435+635). Furthermore, for the multi-zone model, the non

detections of 6C1159+36 and TX1243+036 at z  > 3 provide a worthwhile constraint - they 

predict starburst ages that are greater than the age of the Universe for Q o=1.0/Ho=50, 

and ages that are smaller than the age of the Universe for f lo=0.1/Ho=67.

Thus, for the remainder of this analysis, the preferred multi-zone model with an i I o=0.1 

and H 0=67 cosmology will alone be considered.
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Source z

Single-zone low-mass model 
Starburst Age (Gyr) Age of the Universe 

at 2 (Gyr) 
i2o=1.0 a ,  =0.1

Model
Consistency

L 8S0u m
b . ï p m / I H . ] Mdust

3C277.2 0.766 t <0.06; t >0.09 t >0.19 5.56 6.88 /
3C340 0.775 t <0.05; t >0.1 t >0.19 5.51 6.84 /
3C265 0.811 t >0.14 t >0.19 5.35 6.68 /
3C217 0.897 t  <0.07; t >0.09 t >0.19 4.99 6.33 /
3C356 1.079 t  <0.07; t >0.1 f >0.19 4.35 5.69 /
3C368 1.132 t <0.15 t <0.02; 0.18< f <0.19 4.19 5.52 /
3C267 1.144 i <0.05; t >0.12 f >0.19 4.16 5.48 /
3C324 1.206 t <0.05; t >0.13 t >0.19 3.98 5.30 /
3C266 1.272 t <0.07; t >0.1 t >0.19 3.81 5.12 /
53W069 1.432 - t >0.19 3.44 4.72 /
4C13.66 1.450 t <  0.3 t <0.02; 0.19< t <0.20 3.40 4.68 /
3C437 1.480 t <0.05; t >0.14 t >0.19 3.34 4.62 /
3C241 1.617 t ~0.04; t >0.17 t >0.19 3.08 4.33 /
6C0919+38 1.640 t <0.05; t >0.13 t >0.19 3.04 4.28 /
3C470 1.653 - f <0.02; t >0.18 3.02 4.26 /
6C1204+37 1.780 - t  >0.19 2.81 4.03 /
3C239 1.781 t ~0.04; t >0.18 t >0.19 2.81 4.02 y
3C294 1.786 t >  0.2 t >0.19 2.81 4.02 y
6C0820+36 1.850 - t <0.01; t >0.19 2.71 3.91 y
6C0905+39 1.883 0.04< f <0.17 f <0.02; t ~0.19 2.67 3.85 X
6C0901+35 1.910 t <0.05; t >0.16 t >0.19 2.63 3.81 /
5C7.269 2.218 - t <0.01; t >0.19 2.26 3.37 /
4C40.36 2.265 f <0.05; t >0.16 t >0.19 2.21 3.31 /
MG1744+18 2.280 t <0.06; t >0.15 t >0.19 2.20 3.30 y
4C48.48 2.343 t <0.06; 0.16< t <0.24 t <0.02; t ~0.19 2.13 3.22 y
53W002 2.390 - t <0.01; t >0.19 2.09 3.17 y
6C0930+38 2.395 t <0.07; t >0.14 t >0.19 2.09 3.16 y
6C1113+34 2.400 f <0.04; t >0.2 t >0.19 2.08 3.15 y
3C257 2.474 - t <0.02; t >0.19 2.01 3.07 y
4C23.56 2.483 t <0.08; f >0.14 t <0.01; t >0.19 2.01 3.06 y
8C1039+68 2.530 t <0.05; t >0.18 f >0.19 1.97 3.01 y
MG1016+058 2.765 t <0.28 t <0.01; 0.19< t <0.20 1.79 2.78 y
4C24.28 2.879 t <0.07; t >0.16 t <0.01; 0.18< t <0.21 1.71 2.68 y
4C28.58 2.891 t <0.2 t <0.02; 0.18< t <0.19 1.70 2.67 y
6C1232+39 3.220 t <0.04; 0.2< t <0.26 t <0.02; t ~0.19 1.50 2.42 y
6C1159+36 3.235 t <0.04; t >0.2 t <0.01; t >0.19 1.50 2.40 y
TX1243+036 3.570 t <0.07; t >0.17 t <0.01; t >0.19 1.34 2.19 y
MG2141+192 3.592 0.02< t <0.2 t <0.02; 0.18< t <0.19 1.33 2.17 y
6C0032+412 3.660 t <0.3 t  <0.02; t >0.19 1.30 2.13 y
4C60.07 3.788 X 0.04< t <0.07; t ~0.18 1.25 2.06 X
4C41.17 3.800 X 0.03< f <0.04; t ~0.18 1.24 2.06 X
8C1435+635 4.250 X 0.02< t <0.03; t ~0.18 1.08 1.84 X
6C0140+326 4.410 t <0.3 t <0.02; 0.18< t <0.20 1.04 1.77 y

Table 5.6: Starburst ages of the single-zone low-mass model that are consistent with the observed values of 

Lsso/im—  Mduat for .each galaxy in the sample. The fu ll caption fo r  this table can be found on page 206...
L'2.2^m/(1+*)
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Source z

Single-zone high-mass model 
Starburst Age (Gyr) Age of the Universe 

at z (Gyr) 
fio=1.0 ilo =0.1

Model
Consistency

k850um 
^ 2 .2 / 4 1 « /  ( 1 + z )

Mdust

3C277.2 0.766 t <0.07; t >0.14 t >0.45 5.56 6.88 /
3C340 0.775 t <0.06; f >0.15 t >0.45 5.51 6.84 /
3C265 0.811 t >0.2 f >0.45 5.35 6.68 /
3C217 0.897 t <0.07; t >0.13 t >0.45 4.99 6.33 /
3C356 1.079 t <0.07; t >0.15 t  >0.45 4.35 5.69 /
3C368 1.132 t <0.23 t ~0.45 4.19 5.52 X
3C267 1.144 t <0.04; t >0.18 t >0.45 4.16 5.48 /
3C324 1.206 t <0.04; t >0.2 t >0.45 3.98 5.30 /
3C266 1.272 f <0.07; t >0.15 t >0.45 3.81 5.12 /
53W 069 1.432 t <0.08; t >0.13 t >0.45 3.44 4.72 /
4C13.66 1.450 f <0.6 0.45< t <0.48 3.40 4.68 /
3C437 1.480 t <0.04; t >0.2 t >0.45 3.34 4.62 /
3C241 1.617 t >0.3 t >0.45 3.08 4.33 /
6C0919+38 1.640 t <0.05; t >0.21 t >0.45 3.04 4.28 /
3C470 1.653 - t >0.45 3.02 4.26 /
6C1204+37 1.780 - t >0.45 2.81 4.03 /
3C239 1.781 t >0.3 t >0.45 2.81 4.02 /
3C294 1.786 t >0.36 t >0.45 2.81 4.02 /
6C0820+36 1.850 t <0.08; t >0.15 t >0.45 2.71 3.91 /
6C0905+39 1.883 t <0.3 t ~0.45 2.67 3.85 X
6C0901+35 1.910 t <0.05; t >0.16 t >0.45 2.63 3.81 /
5C7.269 2.218 t <0.09; t >0.15 t >0.45 2.26 3.37 /
4C40.36 2.265 t < 0.05; t >0.26 t >0.45 2.21 3.31 /
MG1744+18 2.280 t <0.06; t >0.26 f >0.45 2.20 3.30 /
4C48.48 2.343 t <0.06; 0.26<  t <0.4 t ~0.45 2.13 3.22 X
53W 002 2.390 - t >0.45 2.09 3.17 /
6C0930+38 2.395 t <0.07; t >0.26 t >0.45 2.09 3.16 y
6C1113+34 2.400 t ~  0.04; t >0.3 t >0.45 2.08 3.15 y
3C257 2.474 t <0.08; t >0.2 t >0.45 2.01 3.07 y
4C23.55 2.483 t <0.07; t >0.26 t >0.45 2.01 3.06 y
8C1039+68 2.530 t <0.04; t >0.3 t >0.45 1.97 3.01 y
MG1016+058 2.765 t < 0.1; 0 .2<  t <0.5 t ~0.45 1.79 2.78 y
4C24.28 2.879 t <0.06; t >0.3 0.45< t <0.5 1.71 2.68 y
4C28.58 2.891 t <0.1; 0 .2<  t <0.4 t ~0.45 1.70 2.67 X
6C1232+39 3.220 t <0.02; 0 .4<  f <0.5 t ~0.45 1.50 2.42 /
6C1159+36 3.235 t <0.03; t >0.4 f >0.45 1.50 2.40 /
TX1243+036 3.570 t <0.07; t >0.3 t >0.45 1.34 2.19 y
MG2141+192 3.592 t <0.4 t ~0.45 1.33 2.17 X
6C0032+412 3.660 t <0.6 t >0.45 1.30 2.13 /
4C60.07 3.788 X t ~0.45 1.25 2.06 X
4C41.17 3.800 0.13< t <0.2 t ~0.45 1.24 2.06 X
8C1435+635 4.250 0.08<  t <0.28 t ~0.45 1.08 1.84 X
6C0140+326 4.410 t <0.5 0.45< t <0.48 1.04 1.77 y

Table 5.7: Starburst ages of the single-zone high-mass model that are consistent with the observed values of 

l 2 2 *L°/7i'+ z) Mdust for each galaxy in the sample. The fu ll caption fo r  this table can be fou nd  on page 206...
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Multi-zone model 
Starburst Age (Gyr) Age of the Universe

Source z
L850Mm 

L2.2^/(1+*) Mdust
at z (Gyr)

a ,= i .o  n 0 =o.i
Model

Consistency
3C277.2 0.766 t >1.5 t <0.04; t >1.1 5.56 6.88 y
3C340 0.775 t >1.5 t <0.03; t >1.1 5.51 6.84 y
3C265 0.811 t >1.7 f <0.04; t >1.1 5.35 6.68 y
3C217 0.897 f >1.5 t <0.03; / >1.1 4.99 6.33 y
3C356 1.079 t >1.5 t <0.04; t >0.9 4.35 5.69 y
3C368 1.132 0.7<  t <1.5 0.03< t <0.08; 0.7<  t <1.5 4.19 5.52 y
3C267 1.144 t >1.6 t <0.04; t >1.1 4.16 5.48 y
3C324 1.206 t >1.7 f <0.05; t >0.9 3.98 5.30 y
3C266 1.272 t >1.5 t <0.04; t >0.9 3.81 5.12 y
53W069 1.432 t >1.0 t <0.04; t >1.0 3.44 4.72 y
4C13.66 1.450 t >0.7 t <0.07; 0 .7<  t <1.8 3.40 4.68 y
3C437 1.480 t >1.6 t <0.04; t >1.0 3.34 4.62 y
3C241 1.617 t >1.7 t <0.04; t >0.9 3.08 4.33 y
6C0919+38 1.640 f >1.6 t <0.04; t >1.0 3.04 4.28 y
3C470 1.653 t >0.8 t <0.08; t >0.7 3.02 4.26 y
6C1204+37 1.780 f >0.7 t <0.04; t >0.9 2.81 4.03 y
3C239 1.781 t >1.7 t <0.04; t >1.0 2.81 4.02 y
3C294 1.786 t >1.7 t <0.03; t >1.1 2.81 4.02 y
6C0820+36 1.850 t >1 t <0.06; t >0.8 2.71 3.91 y
6C0905+39 1.883 0.7< t <1.7 0.04< t <0.08; 0 .7<  t <1.5 2.67 3.85 y
6C0901+35 1.910 t >1.6 t <0.04; t >0.9 2.63 3.81 y
5C7.269 2.218 t >0.8 t <0.06; f >0.8 2.26 3.37 y
4C40.36 2.265 t >1.6 t <0.05; f >0.9 2.21 3.31 y
MG1744+18 2.280 t >1.6 f <0.04; t >1.0 2.20 3.30 y
4C48.48 2.343 1.5< t <1.7 0.05< f <0.09; 0.7<  t <0.9 2.13 3.22 X
53W002 2.390 f >0.7 t <0.05; t >0.8 2.09 3.17 y
6C0930+38 2.395 t >1.5 t <0.04; t >1.0 2.09 3.16 y
6C1113+34 2.400 t >1.7 t <0.04; t >0.9 2.08 3.15 y
3C257 2.474 t >1 t <0.08; t >0.7 2.01 3.07 y
4C23.56 2.483 t >1.5 t <0.06; t >0.8 2.01 3.06 y
8C1039+68 2.530 t >1.6 t <0.04; t >1.0 1.97 3.01 y
MG 1016+058 2.765 t >0.7 t <0.06; 0 .7<  t <1.7 1.79 2.78 y
4C24.28 2.879 t >1.5 t <0.07; t >0.7 1.71 2.68 y
4C28.58 2.891 0.8 < t <1.7 0.04< t <0.08; 0.7<  t <1.0 1.70 2.67 y
6C1232+39 3.220 1.6< t <1.8 0.04< t <0.08; 0.7<  t <0.9 1.50 2.42 X
6C1159+36 3.235 t >1.7 t <0.05; t >0.8 1.50 2.40 a = 0 .1 :  /

(Qo=1.0: X)
TX1243+036 3.570 t >1.6 t <0.07; t >0.7 1.34 2.19 il» =0.1: /  

(n o=1.0: X)
MG2141 +192 3.592 0.8< t <1.7 0.05< t <0.08; 0 .7<  t <0.9 1.33 2.17 y
6C0032+412 3.660 t >0.6 t <0.07; f >0.7 1.30 2.13 y
4C60.07 3.788 0.3<  t <0.7 0.2< f <0.3

(0.1 <  f <0.11; 0 .4<  f <0.6)
1.25 2.06 y

( / )
4C41.17 3.800 0.5<  t <1.6 0.1 <  t <0.5

(0.08< t  <0.09; 0.6<  t <0.7)
1.24 2.06 y

( / )
8C1435+635 4.250 0.6< t <1.6 0.08< t <0.1; 0.5<  t <0.7 1.08 1.84 y
6C0140+326 4.410 f >0.7 t <0.08; 0.6<  t <1.7 1.04 1.77 y

Table 5.8: Starburst ages of the multi-zone model that are consistent with the observed values of Lssô m—  ancj

Mdust for each galaxy in the sample. The fu ll caption fo r  this table can be found on page 206...
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Full caption for Tables 5 .6 ,5 .7 , and 5.8: Starburst ages of the model that are consistent with the observed values

of — —  and M for each gaiaXy ^  the sample. These ages are calculated using 2a  error regions for
L2.2^/(1+*)

850-prn detections, and 2ct upper limits for non-detections; 850-pm detechons are highlighted in red. The 

age of the Universe is calculated for each redshift to ensure the predicted starburst age does not violate it. 

indicates the data provide no useful constraint on the age of the starburst, V ' indicates the data, model, and 

age of the Universe are all consistent, and indicates that the model is inconsistent with the data. Note, the 

starburst age predictions from the dust masses assume f io=0.1 and H 0=67. If the predichon for f io=1.0 and 

Ho =50 is significantly different, it is indicated in parenthesis.

Model Fraction of detections
consistent with model

Single-zone low-mass 10/14
Single-zone high-mass 6/14
Multi-zone 12/14

Table 5 .9 : The fraction of radio galaxies detected at 850-pm whose data are consistent with each model.

Using the multi-zone model, the age of the starburst consistent with all lines of evidence 

is displayed in Table 5.10 for each galaxy. To carry this one step further, these ages are 

converted to a 'redshift of formation', zp, for all of the detections, and for all of the non

detections at z > 3 (which are at a high enough redshift to provide a useful constraint).

On the whole, the predicted formation redshifts are quite high. The non-detections of 

6C1159+36 and TX1243+036 at z > 3 indicate zj >  10. The detections at z >  2.5 seem 

more consistent with 4 < z/ < 7, although higher formation redshifts are not ruled out 

in all cases. The lower redshift detechons naturally result in lower estimates of z ¡ ,  with 

values ranging from 1.5 to 3.0, but with less than 10% of the final stellar m ass yet to be 

formed.

One might query the use of a model with a pre-determined final stellar mass (3 x 1OUM0 ) 

when estimating the starburst age and formation redshift. The galaxies in the sam ple may 

not grow to be this size, and it may not be valid to compare the dust mass of such a model 

to the data. However, this is not as troublesome as it appears. Firstly, the HST  study of 

RGs, RLQs, and RQQs carried out by McLure et al. (1999) (described in more detail in
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Section 4.6.3) indicates that 3 x 1011M© is a reasonable value to assume for the eventual 

stellar m ass of a powerful radio galaxy. Secondly, even if one did not believe this or 

the corresponding model dust masses, the z / constraints would not be very different if 

they were calculated using the optical-submillimetre colour alone. Thus, the role of the 

dust mass age constraint is more to check that the model dust mass associated with the 

optical-submillimetre colour is actually detectable with SCUBA.

This can in fact be quantified by defining the minimum acceptable galaxy m ass for the 

detected galaxies: given the starburst age defined by the optical-submillimetre colour, 

the m odel dust mass (and hence model final stellar mass) can be reduced until it becom es 

undetectable with SCUBA. This minimum mass, M)nin, is effectively the m inimum stellar 

mass that the starburst with the observed optical-submillimetre colour could be in the 

process of forming while still being detectable with SCUBA.

For the radio galaxies detected by SCUBA whose data are consistent w ith the m ulti

zone model, estimates of M *lin are listed in Table 5.10, and are plotted against redshift in 

Figure 5.10.

The data do not exclude the scenario where galaxy-forming starbursts exist at all redshifts 

betw een z — 1 and z — 4.5, while being more prevalent at the higher redshifts. However, 

given the estimates of M T „ , it is equally likely that the starbursts at z <  3.5 are in the pro

cess of forming less than half the final stellar mass of the galaxy. If a 'form ative starburst' 

is defined as a process in  which at least half of the galaxy's final stellar m ass is formed, 

and if a m assive elliptical is expected to have a final stellar mass of ~  3 x 1OU M0 , then 

the only galaxies whose estimate of M T n is solely consistent with a formative starburst 

are MG2141+192, 4C60.07, 4C41.17, and 8C1435+635 - the highest-redshift, most radio 

and submillimetre luminous sources in the sample.
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Source z
Model

consistency
Age consistent 
with data and model

Formation 
redshift (z/) Mmin

3C277.2 0.766 / t >1.5
3C340 0.775 / t >1.5
3C265 0.811 / t >1.7
3C217 0.897 / t >1.5
3C356 1.079 / f >1.5
3C368 1.132 / 0.7< t <1.5 1.4< zf  <1.8 9 .7 x l0 10 M0
3C267 1.144 / t >1.6
3C324 1.206 / t >1.7
3C266 1.272 / t >1.5
53W069 1.432 / t >1.0
4C13.66 1.450 / 0.7< t <1.8 1.8< zf  <2.7 9.7 xlO9 M©
3C437 1.480 / t >1.6
3C241 1.617 / t >1.7
6C0919+38 1.640 ✓ t >1.6
3C470 1.653 / t >0.8
6C1204+37 1.780 / t >0.9
3C239 1.781 / t >1.7
3C294 1.786 ✓ t >1.7
6C0820+36 1.850 ✓ t >1.0
6C0905+39 1.883 / 0.7< t <1.5 2.4< Zf <3.3 1.2xlO n  M©
6C0901+35 1.910 / t >1.6
5C7.269 2.218 / t >0.8
4C40.36 2.265 / t >1.6
MG1744+18 2.280 / t >1.6
4C48.48 2.343 X - - -
53W002 2.390 / t >0.8
6C0930+38 2.395 / t >1.5
6C1113+34 2.400 / t >1.7
3C257 2.474 / t >1.0
4C23.56 2.483 ✓ t >1.5
8C1039+68 2.530 / t >1.6
MG1016+058 2.765 / 0.7< t <1.7 3.75< Zf <7.0 3 .7 x l0 10 M©
4C24.28 2.879 / t >1.5 Zf >6.5 2 .8 xlO8 M©
4C28.58 2.891 / 0.8< t <1.0 4.2< Zf <4.7 2.1 xlO 11 M©
6C1232+39 3.220 X - - -

6C1159+36 3.235 / t >1.7 z f  >10
TX1243+036 3.570 / t >1.6 zf  >11.5
MG2141+192 3.592 / 0.8< t <0.9 5.6<  Zf <6.0 2.8xlO n  M0
6C0032+412 3.660 ✓ t >0.7 Zf >5.4 -

4C60.07 3.788 / t ~0.3 Zf ~4.5 3 .3 x l0 u  M©
4C41.17 3.800 / t ~0.5 Zf ~5.0 3.0x  1011 M©
8C1435+635 4.250 / 0.6< t <0.7 6.2< z f  <6.7 2 .3x 1011 M©
6C0140+326 4.410 / 0.7< t <1.7 Zf >7.0 2 .3 x l0 10 M©

Table 5.10: Starburst ages predicted by the multi-zone model assuming fio=0.1 and H0=67. For galaxies detected 

at 850 /im and galaxies which were not detected with SCUBA but for which z >  3, an estimate of the formation 

redshift z / is given. For the detections, the final column indicates the minimum stellar mass being formed by the 

starburst, M ^in.

At this stage it is worth highlighting 4C41.17. Its first detection in the submillimetre with
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z

Figure 5.10: MJ,in vs. redshift for the radio galaxies detected by SCUBA whose data are consistent with 

the multi-zone model. M^in, is effectively the minimum stellar mass that the starburst with the observed 

optical-submillimetre colour could be in the process of forming while still being detectable with SCUBA. 

The horizontal red line indicates a stellar mass of 1 . 5  x 1O U M 0 .  This is half of a complete galaxy if the final 

stellar mass of a massive elliptical is ~  3 x 1011M0 . fî0 =0.1, H0 =67 is assumed.

UKT14 was published by Dunlop et al. (1994). They assumed 4C41.17 was in the process 

of form ing a m assive galaxy in order to predict from the estimated gas m ass that at least 

10% of the galaxy's eventual stellar mass was yet to be converted into stars. Here, the 

optical-submillimetre colour comparison between the models and the data indicates a 

starburst is in process which began at z ~  5 and is ~  0.5 Gyr old. If the m ulti-zone model 

is a correct description, then ~  75% of the final stellar m ass of the galaxy has already been 

formed. Furthermore, M ^jn ~ 3 x  10U M® - suggesting a truly formative starburst with 

~  25% of its stars yet to be created.

5.4 .4  C av eat

A possible criticism of this comparison of the dusty starburst models and the data, and 

in fact of the interpretation of the work presented in Chapter 4 as evidence for the cosm o

logical evolution of star-formation in massive ellipticals, is that the heating m echanism 

of the dust has been assumed to be starlight, with no contribution from the active galactic
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nucleus.

The two quantities derived from the dust emission that have been used in the analyses so 

far are Mdust and L850/im. For the dust mass calculation, it does not matter what is heating 

the dust. The fact that it is there in a significant quantity to be detected is indicative of star 

formation. For the analyses that use dust masses, the heating mechanism is irrelevant - 

the fact that dust is present is enough. For the submillimetre luminosity, the crucial point 

is that the 850-/im luminosity has been used, NOT the infrared bolometric luminosity. 

The AGN heating mechanism produces warmer dust grains than a starburst; this warm 

dust component will produce significant levels of emission in the mid-IR. The cool dust 

emission sampled at 850-//m is more likely to be heated by a distributed heat source such 

as a young stellar population and will be relatively insensitive to the presence of a warm, 

AGN-heated dust component, unlike the bolometric luminosity which is very sensitive 

to the warmer dust emission.

On a final note, the data and the models agree rather well, indicating that the data are at 

least consistent with starlight being the dominant heating mechanism.

5.5 Perspective

5.5.1 Possible Scenario for the Form ation of M assive Ellipticals

As discussed at the end of Chapter 4, a powerful radio source requires a black hole with 

mass > 1O1OM 0 (McLure et al. 1999, Magorrian et al. 1998), and all black holes this m as

sive seem to be in place by z =  2 -  2.5 (Dunlop & Peacock 1990, Franceschini et al. 

1998). The black holes are expected to form alongside or after the host spheroid (e.g. 

Efstathiou & Rees 1988, Haehnelt & Rees 1993, Kauffmann & Haehnelt 1999), whose for

mation epoch is thus expected to be z > 2 — 2.5. Overall, the multi-zone model predicts 

the high galaxy-formation redshifts required for the massive black holes to be in place by 

z =  2 -  2.5.

Figure 5.11 illustrates the redshift evolution of the multi-zone model. Assuming a for

mation redshift of Zf — 5.0 and an n o=1.0/Ho=50 cosmology (a similar plot can be pro-
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z

Figure 5.11: Redshift evolution of the multi-zone model assuming a formation redshift z f  =  5.0. The blue 

line represents the fraction stellar mass, the black line represents the fractional gas mass, and the red line 

shows the dust mass normalised to its maximum value. flo=1.0, Ho=50

duced for the i l o=0.1/Ho=67 cosmology assuming z j  =  4.5), the m odel gas mass, dust 

mass, and stellar mass are shown as a function of redshift. The formation of the spheroid 

is almost finished b y  z =  2.5; while at z <  2.5 there is no gas left to create a massive 

central black hole. Furthermore, the redshift evolution of the dust mass is reminiscent of 

the weighted-m ean L85o/im binned in redshift for the radio galaxy sample - there is little 

activity betw een z =  1 and z =  2, with the dust mass rising steadily beyond z =  2 to 

z =  4.5.

Thus the m ulti-zone m odel appears to be a good descriptor of the form ation of massive 

ellipticals if formation redshifts of z j  > 4.5 are assumed. It agrees w ith the work done by 

M agorrian, McLure, and Franceschini et al. and with the submillimetre evolution of the 

radio galaxy sample described in Chapter 4.
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5.5.2 The Star-Form ation History of the Universe and the Subm illim etre Sur

veys

The Lilly-M adau Plot

The Canada-France Redshift Survey (CFRS) was first published in 1995 (Lilly et al. 1995a 

and references therein), and was designed to study the evolution of "truly typical galax

ies...in which most of the stars of the Universe are located" (Lilly et al. 1995a). Faint 

targets were chosen from deep I-band images, and the redshifts of over 500 galaxies have 

been measured. The survey spans 0 < z < 1, with a median redshift of z =  0.6.

Luminosity functions were constructed as a function of absolute B-band magnitude, red

shift, and galaxy 'colour' (Lilly et al. 1995b). There is little evidence for evolution of the 

red, spheroidal galaxy population between z =  0 and z =  1, as the luminosity functions 

remain relatively static over this redshift interval. The luminosity function of the bluer 

disk galaxies, however, changes significantly between z =  0 and z — 1, consistent with 

an increase in either luminosity or number density or both.

Using the CFRS, Lilly et al. 1996 proceeded to calculate the comoving luminosity density 

of the Universe, £(A), for A = 2800A, 4400A, and 1/zm over the redshift range 0 < z  < 1. 

They find a strong increase of £(A) with redshift in all three wavelength bands. The 

increase in the ultraviolet luminosity density out to z  =  1 is interpreted as a decline in 

universal star-formation activity from z =  1 until the present day.

Searches for higher-redshift 'normal' (i.e. non-AGN) star-forming galaxies were required 

to complete this picture: does global star-formation activity increase beyond z =  1, does 

it peak around z — 1 -  2 as predicted by Pei & Fall's (1995) models of the chemical 

evolution of metal abundances in damped Lya systems and as expected by the peak 

in AGN activity at z ~  2, or does it simply flatten off beyond z =  1? However, at 

this stage, optical/UV searches for high-redshift star-forming galaxies had been largely 

unsuccessful.

This all changed when Steidel et al. developed an accurate method for isolating high- 

redshift starburst galaxies based on the ubiquitous nature of the rest-frame 912A Lya 

break in galaxy spectra (Steidel & Hamilton 1992, Steidel & Hamilton 1993, Steidel, Pet-
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tini & Ham ilton 1995). A star-forming galaxy with no dust extinction will have a blue, flat 

UV continuum. Neutral hydrogen located in stellar photospheres, the ISM  or intervening 

line-of-sight objects absorbs the light blueward of 912Â, creating a distinctive break in the 

rest-frame ultraviolet spectrum. Consider a galaxy at high redshift. If the discontinuity is 

redshifted betw een a pair of filters, the galaxy will be visible through the red band-pass, 

but w ill 'drop out of view' in the blue band-pass. Receivers can thus be timed to isolate 

objects in a narrow redshift range, which will drop out of the bluer image, while ignoring 

foreground and background objects.

This technique was successfully used to detect a population of spectroscopically confirmed 

star-forming galaxies at z  >  3, with absorption lines and P-Cygni profiles rem iniscent 

of low-redshift star-forming systems (Steidel et al. 1996a, Giavalisco et al. 1996). The 

estim ated star-formation rates are low, 4-25 h f f  M0 yr_1 (Qo=1.0), too low to build a 

m assive elliptical in anything less than a Hubble time.

M adau et al. (1996, 1998) turned this technique to the high-quality deep im ages of the 

Hubble Deep Field (HDF), isolating 69 star-forming galaxies at 2 <  z <  3.5 and 14 at 

3.5 <  z <  4.5. They proceeded to estimate lower limits on the star-formation density of 

the Universe in these redshift bins. Their comparison to the low-redshift Canada-France 

Redshift Survey resulted in the Lilly-Madau plot (Figure 5.12), and led several people to 

claim that star-formation activity in the Universe probably peaked at z =  1 -  2, w ith a 

sharp decline at higher redshifts.

Ever since the Lilly-M adau plot was first published, the claim that it represents a de

cline in the star-formation activity of the Universe betw een z ~  1.5 and z ~  4 has been 

criticised from a number of angles.

One of the primary criticisms is that, despite the exquisite depth of the Hubble Deep 

Field, it covers a tiny area of the sky, and this small region may not be representative of 

the entire Universe, especially given the strong tendency of Lyman-break galaxies (LBGs) 

to cluster together (e.g. Steidel et al. 1998a). Furthermore, many of the HDF galaxies 

are below the spectroscopic limit of the current generation of telescopes, and estimates 

of the effective volumes covered by the sample at different redshifts (and hence of the 

ultraviolet luminosity density) rely on photometry and models of the SEDs of the Lyman- 

break galaxies.
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Figure 5.12: The lilly-Madau plot, as it appears in Madau et at. 1996 (Figure 9). The full caption, as it 

appears in the original paper, is as follows: "Element and star formation history of the universe. The data 

points from various surveys provide a measurement or a lower limit to the universal metal ejection density, 

p z ,  as a function of redshift. For a Salpeter IMF, to translate p z  into a total star formation density, p„, a factor 

of 42 should be applied. Triangle: Gallego et al. (1995). Filled dots: Lilly et al. (1996). Diagonal cross: lower 

limit from Steidel et al. (1996a). Filled squares: lower limits from the Hubble Deep Field images. The dashed 

line depicts the fiducial rate, S z , given by the mass density of metals observed today divided by the present 

age of the universe (see text for details). A flat cosmology with go =  0.5 and Ho =  50kms- 1 M pc~l has been 

assumed."

However, the ground-based samples of Steidel et al. (1998a, 1999 and references therein) 

are in an ideal position to address these criticisms. The aim of their project is to survey 

a large area of the sky using the Lyman dropout technique, and obtain spectroscopic 

redshifts for large number of high-redshift star-forming galaxies. A nice review of the 

current status of the project is Steidel et al. 1998b. The survey currently covers ~  0.25 

square degrees, (a region around 200 times larger than the HDF) and has been tailored 

to create two comparable samples at 2 ~  3 and z  ~  4. Spectroscopic redshifts exist for 

several hundred galaxies in the z  ~  3 sample, and for around 50 galaxies in the z  ~  4 

sample. The one draw-back to the ground-based work is the lack of depth compared with 

the HDF, and the consquent ability to only constrain the bright end of the LBG luminosity
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function.

Steidel et al. find no significant difference in the luminosity function of the LBG popula

tion between z ~  3 and z ~  4 - both its shape and its norm alisation appear static. Their 

result directly contradicts the steep decline in star-formation activity between z  — 1.5 

and z — 4 that was inferred from the original Lilly-Madau plot, and is instead consistent 

with the star-formation density of the Universe remaining constant beyond z  ~  1.

The use of the original Lilly-M adau plot, and of the new ground-based samples of Steidel 

et a l ,  as guides to the star-formation history of the entire Universe has also been called 

into question, due to the potential effects of dust obscuration.

Typical estimates of dust extinction within LBGs are small, ~  1.5 m ag (Steidel et al. 1999), 

but are also very simplistic. To correct for the expected extinction, Steidel et al. (1999) 

simply scaled the UV-luminosity densities at both z ~  3 and z ~  4 up by a constant 

factor, which barely alters their picture of the star-formation history of the Universe. This 

m ethod takes no account of the fact that realistic dust distributions are clumpy, although 

it is difficult to quantify how much effect this will have.

A more im portant worry is that dust obscuration has the potential to com pletely hide 

star-forming galaxies from the Lyman-dropout searches. The concern is that the opti

cal/UV surveys have missed a significant population of obscured star-form ing systems, 

the existence of which would seriously alter our picture of global star-formation. This 

m issing population, given the relatively modest star-formation rates observed in LBGs, 

could be the massive ellipticals studied here, for which there is evidence of an increase in 

star-formation right out to redshift 4.5.

This possibility has gained even more weight with the recent discovery of a population 

of (presumably) high-redshift submillimetre sources in SCUBA blank-held surveys.

SC U BA  Blank-Field  Surveys

In many ways, SCUBA has ushered in a new era of knowledge, allowing the final w in

dow of the electromagnetic spectrum to be opened for study. One of the highlights of the 

SCUBA programme has been the first generation of submillimetre surveys. Uniquely,
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SCUBA is equally sensitive to high-2 and low-2 galaxies, thanks to the strong negative 

K-correction along the Rayleigh-Jeans tail, allowing the surveys to probe star-formation 

out to very high redshifts.

Two complementary approaches have been used to carry out the submillimetre surveys. 

The cluster lens surveys of Smail, Ivison, & Blain (1997), Smail et al. (1998), and Blain et al. 

(1999a) involve pointing SCUBA at massive low-redshift clusters. The gravitational lens- 

ing increases SCUBA's sensitivity; careful correction of the amplification from the con

tinuous cluster mass distribution results in an additional source of error that is no larger 

than the calibration error. The alternative approach is a 'blank-field survey': Hughes et 

al. (1998) studied the Hubble Deep Field, Barger et al. (1998, 1999a) surveyed the Lock- 

man hole and several Hawaii deep-field regions, and Eales et al. (1999) present initial 

results from an ongoing program to survey regions covered by the CFRS. Three very nice 

reviews of the current status of the submillimetre surveys are Smail et al. (2000), Blain et 

al. (1999b), and Mann et al. (1999).

One of the main limitations of the surveys is the resolution of the JCM T - 15" at 850 pm. 

SCUBA appears confusion limited below ~  2 m jy at 850 pm (e.g. Blain et al. 1998), 

although the cluster lens surveys have been able to get below this limit and constrain 

the source counts down to 0.5 mjy, as the lensing effectively reduces the beam  size (e.g. 

Smail et al. 2000). A key result to emerge from the source count determination is that the 

survey sources brighter than 0.5 m jy are able to account for the majority of the 850-pm 

background detected by COBE (e.g. Puget et al. 1996, Fixsen et al. 1998, Blain et al. 1999a).

Another result worth noting, in light of the best-fit dust emission parameters for the radio 

galaxy sample, is that where multi-wavelength data are available, the SEDs of the survey 

sources are consistent with T dust =  40K and ,3 =  1.5 (e.g. Blain et al. 1999b).

If the SCUBA surveys are to help trace the star-formation history of the Universe, the 

redshifts of the detected sources need to be determined. However, this has proved to be 

exceedingly difficult. The JCM T beam at 850 pm is very large, 15", and there are often 

several possible optical counterparts. The faintness of these candidates makes spectro

scopic redshifts difficult to determine, and the high levels of extinction expected in the 

survey sources may mean that the correct identification is below the detection level of the 

current generation of optical telescopes.
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Figure 5.13: Figure 2 of Smail et al. (2000). The full caption, as it appears in the original paper, is as 

follows: "The cumulative redshift distribution for the SCUBA lens survey. We have used the spectroscopic 

redshifts of those galaxies known to be reliable counterparts from Barger et al. (1999a) and combined these 

with the probable redshift ranges of the remaining sources derived from their observed a ? 5“ indices or limits. 

The solid line shows the cumulative distribution if we assume a flat probability distribution for the sources 

within their allowed za  ranges from the Carilli & Yun (1999) models and a maximum redshift of 2 =  8 

for those sources where the n f5“ indices only provide a lower redshift limit. In contrast, the dashed line 

gives the conservative redshift distribution which is obtained if all sources are assumed to lie at their lower 

za limit. The dotted line is the cumulative redshift distribution for all the counterparts from Barger et al. 

(1999a) with two of the source identifications corrected as in Smail et al. (1999a) and the blank-field/ERO  

candidates placed at 2 =  4."

z

Figure 5.14: The cumulative redshift distribution of the radio galaxy sample. The green line is for the 

entire sample, the black line only considers the galaxies detected at 850 ¿tm. For the detections, the median 

redshift of the distribution is <  2 > =  3.0555.
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The ideal method requires several steps: (i) identify plausible counterparts and assess 

their photometric and positional plausibility, (ii) get accurate spectroscopy of the possible 

candidates - this is often difficult given their large number and faintness, and (iii) tune 

the receiver of the OVRO millimetre array to the frequency of a CO rotation line using 

the redshift of the candidate identification. If molecular gas is detected coiincident with 

the optical identification and redshift, then the identification is confirmed. This method 

has only been successful for two galaxies detected in the cluster lens surveys:

• SMM J02399-0136 The CO (3-2) emission line was detected. The optical counterpart 

is a narrow-line AGN/starburst system at z — 2.8. The molecular gas mass, after 

correcting for lensing, is 8 x 1010 h j?  M©. Frayer et al. (1998)

• SMM J14011+0252 The CO (3-2) emission line was detected. The optical counter

part is a merger/starburst system at z — 2.6. The molecular gas mass, after correct

ing for lensing, is 5 x 1010 /if52 M©. Frayer et al. (1999)

The gravitational lensing of these sources will have helped the identification process. 

The remainder of the survey galaxies have to rely on other methods for redshift estim a

tion. For example, given the shape of the submillimetre SED of a typical starburst galaxy, 

Flughes et al. (1998) present photometric arguments that the 5 detections in the HDF lie 

within 2 < z < 4. Likewise, Lilly et al. (1999) have identified likely counterparts for the 

submillimetre sources in the Eales et al. (1999) CFRS fields. Using photometric and spec

troscopic estimates, they conclude the redshifts lie in the range 0.1 < z  < 3, with 30% at 

z < 1. The conflict between the conclusions of Hughes et al. (1998) and Lilly et al. (1999) 

is yet to be resolved.

Recently, two alternate techniques have been used to estimate the redshifts of the sources 

in the cluster lens surveys. Barger et al. (1999b) have performed spectroscopy of the 

majority of the possible counterparts, predicting that the survey population lies at 2 <  3 

with a median redshift o f  < z  > ~  1.5 -  2.0.

Carilli & Yun (1999) presented a method for roughly estimating the redshift of a starburst 

galaxy. The technique is based on the correlation between the far-infrared emission and 

the radio synchrotron emission (from supernovae explosions as massive stars reach the 

end of their life) that Condon (1992) observed for starburst galaxies. The declining dust



5.5. Perspective 219

coo 
Q,
S  
\  ^Si 0
\

0 
s ,

K T—<
co O

t- o

co1
o
T—I

Figure 5.15: Figure 4 of Smail et al. (2000) - assuming the conservative redshift distribution measured 

by Smail et al. (1999), the star-formation density of the SCUBA survey sources is compared to various opti- 

cal/U V  studies.

em ission at long wavelengths eventually gives way to rising synchrotron in the radio 

regime. Carilli & Yun (1999) demonstrated that the 850 pun-1.4 GHz spectral index is a 

rough guide to wavelength of this 'turn-up' feature, and hence can be used as a redshift 

estimator - high values of a f54° indicate high redshifts. Smail et al. (1999) used the VLA 

to produce deep 1.4 GHz images of 16 cluster lens survey sources. They proceeded to 

use Carilli & Yun's technique to determine a feasible range of redshifts for each galaxy. 

A conservative estimate, assuming the lowest predicted redshift in all cases, leads to 

a m edian survey redshift of <  z > ~  2. Assuming the redshift is equally likely to lie 

anywhere in the predicted range yields a median survey redshift of <  z > ~  3.

A comparison of the predicted redshift distribution to the spectroscopic analysis of Barger 

et al. (1999b) is included in Figure 5.13. This diagram is a reproduction of Figure 2 in 

Smail et al. (2000). Note Smail et al. (1999) found that several of the duster lens sources 

are incompatible with any of the visible counterparts whose redshift has been spectro

scopically measured by Barger et al. (1999b). Furthermore, VLA failed to detect many 

of these. This suggests that a significant proportion of the submillimetre survey sources 

may not have identifications that are detectable with the current generation of telescopes.
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2

Figure 5 .1 6 : Figure 4 of Jimenez et al. (1999a). The full caption, as it appears in the original paper, is as 

follows: "The figure displays the global SF in the Universe assuming that all elliptical galaxies form at a 

certain redshift: 4.5 (solid line) and 6 (dashed line). Also plotted are several observational indicators of the 

cosmological evolution of star-formation density, derived from Lyman-limit galaxies in the HDF(asterisks, 

the point at z =  4 has been also plotted (highest point) including the correction from incompleteness due to 

colour selection in the HDF (C. Steidel, private comm.)), from recent deep sub-millimetre surveys(triangle), 

from the cosmological evolution of luminosity density from radio-sources(dotted line), and from the chem

ical evolution of metals in the Universe (blue shaded region). It transpires from the plot that, even if all 

elliptical galaxies were formed at redshift 6, their predicted contribution to global star-formation density 

would still be consistent with the existing data and the other external indicators and there would even be 

room for the bulges of spiral galaxies to be formed at high redshift."

On the whole, although the discrepancy with Lilly et al. (1 9 9 9 )  is yet to be resolved, 

the evidence points to the submillimetre survey sources lying at z > 1. If this is true, 

the bolometric far-infrared luminosities are ~  1012 -  1013L Q and the sources classify as 

ultra-luminous infrared galaxies, ULIRGS (e.g Smail et al. 2000). Coupled with the large 

dust and gas reservoirs expected in these systems, it has been suggested that the SCUBA 

surveys are detecting the progenitors of luminous elliptical galaxies (e.g. Smail et al. 

2000).

Given the extremely luminous and dusty nature of the survey galaxies, they are expected



5.5. Perspective 221

to be an important contribution to the star-formation density of the Universe. However, 

the calculation of the star-formation density of the SCUBA survey galaxies is neither triv

ial nor very precise; refer to Blain et al. (1999c) for a discussion of the issues involved. 

Sm ail et al. (2000) perform the conversion assuming the conservative redshift distribu

tion that Smail et al. (1999) estimated for the cluster lens survey. They display this star- 

form ation density on the Lilly-M adau plot; a figure which is included here (Figure 5.15). 

Note, the star-formation activity of the SCUBA survey sources is m uch higher than that 

predicted for the UV-selected galaxies. This confirms the suspicion that the Lyman-break 

searches are missing a significant population of star-forming galaxies.

One concern that has been raised is that the dust emission could be heated by an AGN 

instead of a starburst, which would invalidate the conversion to a star-formation density. 

Almaini et al. (1999) predict the existence of a population of obscured AGN to account for 

the difference in the hard and soft X-ray backgrounds. Their work indicates that at most 

20-30% of the SCUBA population could harbour an AGN. However, it m ust be stressed 

that this does not mean the AGN is dominating the dust heating, and the correction for 

the presence of AGN in the Lilly-Madau plot is not known.

An interesting result of the survey work is that the redshift distribution of the radio 

galaxy sample (Figure 5.14) is very similar to w hat Smail et al. (1999) predict for the 

survey galaxies. Furthermore, both populations are expected to be elliptical galaxies, 

and both indicate significant levels of star formation at high redshift. In m any ways, the 

two projects have approached the same result from different directions. The good agree

m ent of the radio galaxy sample with both the M agorrian result and the SCUBA surveys 

suggests that the massive ellipticals described in this thesis may be representative of all 

ellipticals.

Finally, if the multi-zone model is correct, the radio galaxies observed here are unlikely 

to produce a huge bump in the Lilly-Madau plot. This is demonstrated by Jim enez et al. 

(1999a) who, assuming massive ellipticals have the same number density at high redshift 

as they do locally, estimate the contribution of young massive ellipticals to the the global 

star-formation density. A reproduction of their version of the Lilly-M adau plot can be 

found in Figure 5.16.
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Summary

A sample of 47 steep-spectrum, lobe-dominated radio galaxies with similar radio lum i

nosities, spanning a wide range of redshifts, has been selected. The sample has been 

observed w ith SCUBA, the submillimetre camera on the James Clerk M axwell Telescope, 

at 850 micron and 450 pm to a uniform depth of 1 m jy  at 850 pm. Given the negative K- 

correction, the sample has also been observed to a uniform depth in 850-pm luminosity.

The observations have been carefully corrected radio synchrotron contamination, includ

ing the emission from the radio core.

A striking feature of the sample is the sharp increase in the 850-pm detection rate with 

redshift. Survival analysis techniques have been applied to look for correlations betw een 

the 850-pm luminosity, radio properties, and redshift. An alternative approach, binning 

the data, has also been used to investigate the relationship betw een redshift and sub

millimetre luminosity. For the entire dataset, the submillimetre luminosity is found to 

be correlated with both redshift and radio luminosity. Subsets of the sample, spanning 

a wide redshift interval and a narrow band of radio luminosity, have been chosen to 

disentangle the two effects. This statistical analysis indicates that redshift governs the 

behaviour of the submillimetre properties of the sample, and a steady increase in sub

millimetre luminosity out to z — 4.5, and beyond, has been demonstrated for a range
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of possible dust parameters and cosmologies. Various selection effects which could be 

responsible for this result have been considered and rejected.

The result is in sharp contrast to the evolution of AGN activity, which is thought to peak 

at z  ~  2 -  2.5, flattening off or declining thereafter. However it is consistent w ith the 

discovery of 3 Gyr-old radio galaxies at z ~  1.5, the existence of radio galaxies at high 

redshift, and the prediction that the massive black holes found in the centres of radio 

galaxies are in place by z  ~  2 -  2.5.

Comparisons of the dataset with models of dust-enshrouded starbursts also im ply high 

redshifts of formation. For one galaxy in the sample, 4C41.17, the data are sufficient to 

confirm the presence of a starburst which began at z  ~  5, with ~  25% of the final stellar 

mass yet to be created.

The high levels of dust emission from radio galaxies at high redshift reflects significant 

star formation activity in massive ellipticals at early epochs. The first generation of sub

millimetre surveys has yielded a similar result, as the large population of survey sources 

appear to reside at high redshift and are likely to be elliptical galaxies in the process of 

formation.
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Appendix B

Derivation of the Dust Mass 

Equation

Consider a dust cloud under the following assumptions:

• It is optically thin to submillimetre radiation.

• The dust grains radiate as an isothermal blackbody.

• There is a single grain type.

• The dust grains are spherical.

Assuming local thermodynamic equilibrium, the emission from a single grain can be 

written as:

forest ~  ^grain B Urest{T) Qvrest (B-l)

where fv rest is the flux density at the rest-frame frequency urest, C9ram is the solid angle 

of the dust grain, B Urest{T ) is intensity of the emission, and QVreat is the efficiency with 

which the dust grain absorbs radiation at urest.
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If the size of the grain is much smaller than its distance then:

7r a 2 
~D2^ g r a in  — 7̂ 9 (B.2)

where a  is the grain radius and D  is the effective distance to the dust cloud:

D  =  tj J n  ,  ̂ i Q°z +  -  2) +  i ) 4 -  i l  }  (B -3)-it 0H0 (f +  z) *• L J J

If the dust cloud is optically thin to submillimetre radiation, the total flux density is sim 

ply the sum of the flux densities emitted by each grain. The total flux density, F Vreat, 

emitted by a cloud of N  dust grains is thus:

eat =  forest ^  (B.4)

Similarly, for a single grain type, the total mass of the dust cloud, M ^ t ,  is simply the 

number of grains multiplied by the mass of a single grain:

Mdust ~  FT rrigrain (B.5)

Assuming spherical grains, m grain =  |7ra 3p grain  where p grain  is the density of a single 

grain.

Combining all this information yields:

D 2 1 4 3
M d u st — F v rest ~ 2 T ?  n  S 770, Pgrain  (B.6)

7 r a  ^VrestK 1  ) V i l e s t  6

Redshift dims the flux-density by a factor (1 +  z), and the observed flux density S 0bs —

Forest/(i +  z). Furthermore, the luminosity distance is defined as D L — D ( 1 +  z). Thus

Equation (B.6) is often re-written as:

, ,  4 S 0t,s D2t , _
M d u st  — X a  Pgrain \ n  n  (B.7)

O +  Z j  (*Ji/Test -Di/rest

The definition of the mass absorption coefficient is:

3 QvKv =  — (B. 8)
4  a  Pgrain

Note Q„, and hence kv, varies as where ¡3 is the dust emissivity index (Chini, Kriigel 

& Kreysa 1986).
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Finally, combining Equation (B.8) and Equation (B.7) yields the canonical equation for 

calculating dust masses from submillimetre observations:

Mdust —
Sobs

(1 *F z'j Qurest S$i/rest
(B.9)

This calculation can be altered to account for the inclusion of m ultiple grain types and 

temperatures by summing over the emissions from each kind of dust grain.
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