
Usi11g the Si1nyaev-Zel'dovich effect 

\i\Tilliam Frank Grainger 

Cavendish Astrophysics and 

Fitzwilliam College, Cambridge 

February 13, 2001 

A dissertation submitted for the degree of 

Doctor of Philosophy in the University of 

Cambridge 



Preface 

This dissertation is the result of work I have undertaken as a research student in the Cavenclish 

Astrophysics Group, University of Cambridge between October 1997 and February 2001. Except 

where otherwise stated, it includes nothing which is the outcome of work clone in collaboration, and 

neither it nor any similar dissertation has been submitted for a degree , diploma or other qualification 

at this or any other university. This dissertation does not exceed 60 000 words in length. 

William F. Grainger 

lll 



Acknowledgements 

I gratefully acknowledge a research studentship from PP ARC which allowed the majority of this work 

to take place. I am also grateful to the Cavendish Laboratory and Fitzwilliam College for financial 

support. 

I would like to thank the many people who have contributed to this work in different ways. Mike 

Jones, Keith Grainge, Riidiger Kneissl and Garret Cotter have all been around to answer academic 

questions and make useful suggestions for interesting things to do. The "lunchtime cosmology" 

session members have all helped my overall understanding of the CMB. 

This work would never have happened without the constant support of my supervisor, Richard Saun

ders. His advice and guidance have improved my work, understanding and vvriting style immensely, 

as well as helping me to enjoy my time in the department. 

Thanks also to Ben Rusholme, Eric de Silva, Jo Baker , Garret Cotter and Malcolm Bremer for assist

ance observing, in particular to Ben and Jo for facing the Y2K bug head-on whilst up a mountain. 

Dave Green and George Gilbert deserve honourable mentions for help with Jb'I)y'C , and Dave Titter

ington for keeping the computers working. Katherine Inskip, Helen Thomas and Douglas Pierce-Price 

have assisted with timely proof-reading. Everyone already mentioned as well as Sarah Bridle and 

Antony Lewis and have all become good friends and have helped make the past 3~ years fun. 

Most of all I'd like to thank Claire for just about everything. 

V 



Summary 

This work is concerned with the Sunyaev-Zel 'dovich (S-Z) effect in clus ters of galaxies and its use in 

cosmology. 

In C hapter 2, I consider possible causes of er ror in the determ in at ion of Ho from the uncerta in 

geomet ry of clusters and complications such as lack of virialisation. From numerical s imulations, I 

find that with 20 clusters, the resul tant error is 8%. C hapter 3 details a rid tests a new maximum 

likelihood a lgorithm for the removal of contaminating radio sou rces. Two new estimates of H 0 are 

presented , 78~~~ km s- 1 Mpc 1 for 0016+16 and 48~~1 km s- 1 l\!Ipc- 1 for A611. 

In chapters 4 and 5 I describe a search for new clusters via extend ed steep-spectrum radio emission 

clue to merger events or head-tail sources. A candidate sample of possible high- redshift clusters is 

produced based on S326MHz > 65 mJy and a-6:~g ~~ > 1.5. Six of these were t hen used as targets 

for S-Z observat ions; no un eq uivocal detection was found implying each cluste r has a total mass 

;S 1015 M0 . Optical V, Rs and I follow-up in two of the field s shows two galaxies in each field with 

V - Rs ~ 3 a nd Rs ~ 20; simila r observations of blank fields show no such galaxies and hence these 

a re good candidate cluster members at z = 0.5- 0.6. 
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Chapter 1 

Introduction 

Modern cosmology is based on a number of important observations. Two critical ones are the Cosmic 

Microwave Background (CMB), and the recession of galaxies. The latter was observed by Edwin 

Hubble (1929). He found that the recessional velocity of galaxies, v, as measured by their redshift , 

is proportional to their distance from the Earth , r. That is , for low redshifts, 

r = H(}v, (1.1) 

where Ho is the Hubble constant. 

In a big-bang cosmology, the universe is initially dense and hot. After expanding and cooling so that 

ksT is less than the subatomic particle binding energy, it is filled with protons, neutrons, electrons, 

photons and dark matter. The protons and neutrons form nuclei, and then any free neutrons decay. 

After rv 300,000 years the universe has cooled sufficiently so that atoms can form. As atomic hydrogen 

forms, charged particles are removed from the plasma, the universe becomes transparent to photons 

and the matter and radiation decouple. This epoch is known as recombination. Recombination 

occurs at a redshift of 1070 over an interval of about !:l z ~ 80. The photon radiation field continues 

to expand and cool and retains the information from the last scattering events which occurred at 

recombination. This radiation field, which was first discovered by Penzias & Wilson (1965), is very 

close to isotropic and homogeneous. The best-fit temperature to the spectrum is 2.728 ± 0.004 K 

(Bennett et al., 1996). Small anisotropies in the CMB exist due to our local motion with respect to 

it , from the beginnings of structure formation imprinted at the surface of last scattering, and from 

ionised material that lies between the last scattering surface and us, notably the gas in clusters of 

galaxies. This thesis is concerned with this last anisotropy. 

1 
~ I 
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2 CHAPTER 1. INTROD UCTION 

1.1 The S-Z effect 

Shortly after the CMB had been discovered, Sunyeav & Zel 'dovich (1970 , 1972) predicted what has 

come to be known as the Sunyeav-Zel'dovich (S-Z) effect. Birkins haw (1999) gives a useful rev ievv of 

the S-Z effect a nd Sarazin (1988) a review of clusters in general. When CMB photons are scattered 

by the ionised gas lying in the potential well of a cluster of galaxies, they are more likely to scatter 

to a hig her energy. Averaging over scattering a ngle, the s hift in ene rgy 6.E from the original energy 
E is given by 

(1.2) 

where Te is t he temperat ure of the scattering elect rons. The fraction of photons scattered is of co urse 

proportion al to t he number of scatterings. The resulta nt energy shift can be properly derived 

from the Kompaneets equation 

where 

on 1 f) 4 (on 2) - = --x -+n+n , 
f)y .'!: 2 ox ox 

hv 
x ---
. - ksTcl\m' 

(1.3) 

(1.4) 

(1.5) 

and n is the photon occupation function in terms of frequency and time. By solving equation 1.3, 

the change of in tensity of the CMB can be calc ulated: 

(1.6) 

This is plotted in figure 1.1 and fi g ure 1.2 illustrates this shift with an unphysically large y-parameter 

of 0 .075. A physically reasonable value (y ~ 0.0002) would not be visible in fi gure 1.2. Note that 

the res ulta nt spectrum is not a Planck distribution and that there no change in the intensity at 

a frequency of 217 GHz. It is worth noting that the Kompaneets eq uation is only valid in the 

non-relativistic limit ; Challinor & Lasenby (1998) find that the fully relativistic equat ion in trod uces 

a correction of around 2.5% for an 8-keV cluster of galaxies when observed at 15 GHz. In the 

low-freq uency limit , the observed temperature s hift of the CMB is given by 

6.T r == - 2y. (1.7) 

Thus the s urface brightness of the S-Z effect is independ ent of t he distance to the cluster. This is an 

extremely important result. Provided a cluster is massive eno ug h to produce a meas urable 6.T , it 

can be detected at a ny distance. Thus, potentially, one can search for clusters at distances beyond 

the ranges of X-ray a nd optical telescopes. 
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Figure 1.1: T he change in intensity of the CMB clue to the S-Z effect. The D.! scale on they-axis is plotted 
linearly in arbitrary units. 
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Figure 1.2: The Planckian CMB distribution (clashed) and resultant intensity (solid) that would be mea~urecl 
after a S-Z effect with y = 0.075 (which is unphysically large; a physically reasonable value would not be VISible 
on the graph). 
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1.2 Detecting the S-Z effect 

The S-Z effect has been successfu lly detected recently in a number of ways: with rad iometers (e.g. 

Herbig et al. 1995 and Myers et al. 1997 using the OVRO 5.5m dish at 32 GHz); wit h bolometers 

(e.g. Holzapfel et al. 1997a using SuZIE, a bolometer on the CSO); and interferom eters (e.g. Grainge 

et a l. 2001 using t he Ryle Telescope at 15 GHz and Carlst rom et a l. 1996 with t he OVRO array at 

30 GHz, and more recently, Rusholme .2001 with the VSA at 30 GHz). A more comprehensive list of 

instrum ents and detections is given in Birkinshaw (1999). The first two methods are simil a r in their 
observing strategies but the detection methods differ. 

Bolometers detect heat; each photon falling on the detector t ransfers its energy to a block of material. 

The change in resistance of the block is then detected. The thermal noise can be dramatically reduced 

by using so-called "spider-web" bolometers; the central receiving material is s uspended wit h a web 

of silicon ni tride fibres. They have t hree advantages; t he cross-section to cosmic rays is reduced , the 

lowest phonon modes can be frozen out and the low heat capacity means that a small energy change 

gives a large temperat ure change. Radiometers detect the electric field of the incoming radiat ion. This 

is then down-converted with a local oscill ator a nd filter-mixer; these define the observing frequency 
and allow subsequ ent signal processing to be done at a lower frequency. 

Both bolometers and radiometers are used with single-dish telescopes as "total power" detectors. The 

atmospheric signal is removed by beam-switching. This necessarily involve a change in t he spillover 

into the dish of ground emission which t hen undesirably appears as a signa l. This difficulty can be 

countered by drift-scan observations and also by the use of a rrays of receivers in the focal plane. 
Because total power is measured, receiver stability has to be very good. 

The third method is to use an in terferometer. The sign als from two radiometers are multiplied 

together and integrated (correlated); the resultant sign al is proportional to the Fourier component of 

the sky on the scale ~ -b where D is the separatio n between dishes and .>.is the observing wavelength. 

By using more dishes and correlating all t he possible pairs , many scales can be measured and an image 

of the sky brightness, convolv.ed with t he synthesised beam, is produced by Fourier transforming the 

data. The deconvolution cannot be done a nalytically (as the apert ure plane contains zeros) but a 

number of numerical techniques exist, e.g . CLEAN as described by Hogbom (1974) and MEM as 
described by Cornwell & Evans (1985). 

There a re many advantages of interferometers for GMB observations. Anything received t hat is not 

varying at the celestial frin ge rate is filtered. The path compensation system decoheres and further 

attenuates groundspi ll and interference. Most of t he atmospheric emission is filtered out as each 

baseline is sensit ive to essentially one Fourier com ponent of the sky brightness. As only correlated 

power is detected, the requirement for receiver stability is far less stringent than for total power 

systems. And if long baselines a re used as well as the short ones required to detect t he S-Z signal 

from clusters of galaxies, subtraction of contami nating radio so urces can readily be done at the same 

frequency a nd time as the S-Z observation. These are all featu res of t he Ryle Telescope. 

1.3. MEASURING Ho 5 

Aerial number 

Con fig 1 2 3 4 Available baselines 

Ca 3 2.25 1.75 1 0.5,0.75 ,1,2 x 1.25 ,2 x 1.75,2,2.25 ,3 

Cb 3 2.5 2 1 2 X 0.5 ,3 X 1,1.5 ,2X 2,2.5 ,3 

Cc 4 3 2 1 4x 1,3x2,2x3 ,4 

Ccl 8 6 4 2.5 1.5 ,2 X 2,2.5 ,3.5 ,2 X 4,5.5 ,6,8 

Ce 3 2.5 2 1.5 3 x 0.5 ,2 x 1,2 x 1.5,2,2.5 ,3 

Table 1.1: Parking positions for the Ryle Telescope. The convention for labelling the aerial's parking position 
is to number from the nearest fixed aerial, aerial 5 in uni ts of 35 .72 m (roughly 1800 A at 15 GHz) . 

1.2.1 The Ryle Telescope 

T he Ryle Telescope (see Jones , 1991) is an 8-element east-west interferometer array near Cambridge. 

The dishes a re 12.8-m Cassegrain-focus paraboloid dishes on equatorial mountings. Four a re mounted 

on a 1.2-km ra il t rack; t he other four are at fixed positions to the west, starti ng at t he west end of 

the 1.2-km railtrack an d then 1.2 km apart. The parking positions on the railtrack and the names 

of configurations that have been used for S-Z observations are listed in table 1.1. In practice, aerials 

1-5 (the four on the rail t rack plus the closest fixed aerial) a re used in a close packed configuration 

for CMB work; the longer of t he baselines detecting the radiosources and the shortest detecting both 

S-Z and radio sources. Aeria ls 6,7 and 8 are not used for CMB observations because the troposphere 

introduces phase variations on km-baselines that make source subtraction unmanageable and sources 

a re often resolved wit h t hese baselines. The high electron mobility t ransisto rs (HEMT) receivers work 

at 15 GHz and are cryogen ically cooled. After mixing down to 100- 450 MHz by the first 10, the 

bandwidth of 350 NIHz is spl it into 5 sub-bands of 7 channels each . The delay a nd correlator system 

are digital ; all 28 antenna pairs a re correlated usi ng two-bit quantisation . T he system temperature 

is 60 K, and the noise afte r a 12 hour integration with aerials 1-5 is approximately 200 ;..dy. Much 

attention has been paid to red ucing sp urious signals by avoiding inductive coupling from earth-loops 

and using two sets of phase switching to remove correlator offsets . Further details of the telescope 

operation and sub-systems a re given in Dillon (1987) and Jones (1990). 

1.3 Measuring Ho 

1.3.1 Measuring H0 with the S-Z and X-ray route 

Cluster gas emits thermal bremsstrahlung, with an integrated X-ray luminosity Lx, given approx

imately by 

(1.8) 

Thus , with X-ray a nd S-Z observations, there a re two independent ways of observing the same 
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gas, with different dependencies on ne, Te, and the size of the cluster. The gas temperature can be 
determined from the X-ray spectrum. By combining the S-Z and X-ray measurements it is possible to 
solve for the line-of-sight distance through the cluster and the gas density distribution. Knowing the 
angular size of t he cluster (from the X-ray observations) and t he redshift, the angu lar-size-distance 
relation can be calibrated , thus Ho can be estimated. Cavaliere et al. (1978) seems to have been the 
first to suggest this method. For an isothermal cube of gas , subtending an angle B, at a redshift z, 
with an X-ray surface brightness Xss , then 

Ho= 8 (TekB<7T )2 (_!1_) 2 BXss ((1 + z)3- (1 + z)5/2) . 2 
rn~c3 J( ~TRJ (1.9) 

This equation is usefu l to give a feel for the technique, but the method generally used is as follows. 
A model of gas - usually an isothermal King model - is fitted to the X-ray image of the cluster. 
The King model , 

(1.10) 

describes the radial variation of the electron density ne as a function of radius ·r (King, 1972; Cavaliere 
& Fusco-Femiano, 1976); 1'c is known as the core radius, f3 is a dimensionless constant and n

0 
is the 

central electron density. A value for Ho- Ho ,set - has to be assumed at this point. 

The model of the gas is then used to predict t he S-Z flu x - Sp,·ed - that a particular group's telescope 
will observe. This is then compared with the measured S-Z flux , Sobs· Then H0 is calcu lated from 

H - fl (Spree! ) 2 
0 - O,set S' 

obs 
(1.11) 

1.3.2 Other methods of determining H0 

There are a lso many other methods of determining Ho. Some a re stand-alone methods while the 
distance-ladder route relies on standard cand les. The distance-ladder is the route that has been 

followed by the Rubble Space Telescope Key Project team. A few of the more important steps in 
the distance ladder are as follows. 

The distance ladder 

There exist a number of objects for which the physics is thought to be approximately understood. 
The majority of t he HST Key Project work has been to measure the magnitudes of various objects, 
and then compare these to the absolu te magnitudes, thus deriving a distance and hence Ho. The 
absolute magnitude is determined by a physical relationship ·with some other observable. All of these 
hinge on the Cepheid distance scale, which is called the "primary distance indicator", and the other 
methods are known as the "second ary distance indicators" . Figure 1.3 shows the ranges over which 
different distance indicators are used. 
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Figure 1.3 : The cosmological "distance ladder" indicating the approximate range of distances for which each 
indicator is used. (From Rowan-Robinson , 1985). 
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Method Value Error 
I km s- 1 l'vlpc- 1 random systematic 

Tully-Fisher 71 ± 4 ±7 
SN1A 68 ±2 ± 5 
Fundamental plane 78 ±5 ±9 
Overall 71 ±6 

Tabl~ 1.2: Secondary distance indicator derived values of Ha from the HST Key ProJ'ect p . Tl "0 . 11" 
v ] 1 d tl . · d' . ape1. 1e vera 
a ue mc u es o 1er 111 rcators such as surface bnghtness flu ctuat ions and luminosity functions. 

• Cepheid variables 

Cepheids are stars which und ergo periodic brightness flu ct uations. There exists a tight relat ion 

b:tween the 'perio.d and the luminosity, known as the PL relation. Thus if the period and mag

mtude of a Cephe1d can be measured, then its distance can be inferred. The HST has measured 

Cepheicl distances t.o ~1any nearby galaxies, each containing a good number of Cepheicls (in 

order to reduce statJstJcaluncertainties). By setting a distance to the Large Magellanic Cloud 

and also measuring a Cepheicl distance to the LMC, distances to a many nearby objects caJ~ 
be found. 

• Tully-Fisher distance scale 

~t is kn~wn empirically that the absolute magnitude of a late type spiral galaxy is correlated with 

Jts. maximum rot~tional velocity .. This is the Tully-Fisher relation (Tully & Fisher, 1977). By 

usmg late-type spirals that contam Cepheid variables, then the distance scale can be extended 

to greater distances than Cepheids can be observed at. The HST project has found 15 suitable 
galaxies with Cepheicls to extend the scale. 

• Supernovae 

Stu~ies .of the li~ht curves of Type lA supernovae have shown a correlation between the peak 

luminosity and light-curve shape . The physical basis for this correlation is currently unknown. 

Howe:er , ~ measurement of the received flux and light curve shape , with calibration with 

the Cephe1cl scale, allows Ho to be estimated out to redsl11.fts of ""' 1 I cl d 1 · 1 . ""' . n ee , many 11g 1 
redsh1ft SNlAs ha~e been f~uncl , and seem to support a A-dominated cosmology (White, 1998). 

However , only 10 mtermec!Jate and good quality light curves exist for SNlAs in galaxies with 
Cepheids, and so the calibration for H0 is poor. 

The last of the HST Key Project papers (Mould et al., 2000) summarised the values of Ho from each 

of these seconda ry techniques. The values are presented in table 1.2. It is important to note that 

these are all built on the Cepheicl distance scale, which in turn is based on 32 Cepheicls in the LMC 

and that the distance to the LMC is assumed to be 50± 3 kpc. The overall figure includes som~ 
other secondary distance calibrators, such as globular cluster luminosities . 

1.3. MEASURING H 0 

Object 

Q0957+561 
PG1115+080 
B0218+357 

PKS1830-211 

B1608+656 

Ho 
I km s- 1 Mpc- 1 

65-80 
64-84 

69~~~ 
65~~6 

59~~± 15 

Reference 

Bernstein & Fischer (1999) 
Schechter et a l. (1997) 

Biggs et al. ( 1999) 

Koopmans & Fassnacht (1999) 
Koopmans & Fassnacht (1999) 

Table 1.3: Published Ho values for gravitional time delay systems. 

Physical methods 

9 

The fundamental problem of the HST Key Project method for determining Ho is that it all rests on 

one particular number, t he distance to the LMC. Error propagation is also a. problem: for accurate 

cleterminations of t he distances of high-redshift objects, the low redshift object distances must be 

calibrated very accurately. As such it is important to have independent methods that are based on 

different physics to estim ate Ho. 

• Gravitational time delays 

Refsclal (1964) discussed the possibility of estimating Ho from multiply lensed objects. If a. 

gravitational lens produces multiple images of the same object , then the light paths to the 

lensecl object a re of different lengths. If the lensecl object were variable in some way, then 

it is possible to determine a time delay between the light paths, and , knowing the redshifts 

of both lens and lensecl object, determine Ho . Refsclal initially discussed the possibility of 

using a lensed supernova, and detecting the sharp changes in magnitude . This method would 

be confused by the different levels of magnification that a. multiply imaged system produces . 

However , the JVAS (Wrobel et al., 1998) a nd CLASS (Myers et al., 1995) surveys, both radio 

based , have found many multiply imaged lenses . A small number of the lensecl objects are 

variable, and observing campaigns have been undertaken to determine the time delays between 

different images. In all cases the shape of the light curve is the same between different im ages 

of the same lensecl object, which is conformation that the images are of t he same region of the 

object. 

Table 1.3 lists the published Ho values from gravitational time delays . It should be noted that 

the values of Ho are dependent on the models used for the lens. Indeed , Williams & Saha 

(2000) use a different model for the lens and find a average H 0 of 61 ± 11 km s- 1 Mpc- 1 using 

PKS1830-211 and PG1115+080. 

• Accretion disk time delays 

This method also relies on a. variable so urce. Instead of being a lensed system, it requ1res a 

variable high energy photon source to be illuminating an accretion dis k. The accretion disk is 

modelled as having a temperature variation with radius. \Vhen the source "bursts" it locally 

heats the disk. The heat flows through the disk, and two points of the disk become brighter (at 

a given wavelength) as they enter a certain temperature region (and thus a certain radius). The 
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time delay between the two regions of the disk is then rel ated to a physical distance at the so urce, 

and so Ho can be determined. This technique is still in its infancy: only one determin at ion has 

been performed so far , and there is a strong dependence on disk orientation . However, Collier 

et a l. (1999) report Ho(cos-i/0.7) 112 = 42±9 km s- 1 Mpc- 1 from multiwavelength observations 
of NGC 7469. 

• Expanding photospheres 

Kirshner & Kwan (1974) discussed another supernova-based method of determi ning H
0

. The 

expanding photosphere of a type II supernova is approximately a standard candle, and with 

sufficient observations separated in time , the physical parameters of the explosion can be est im

ated including the absolute luminosity. Ho can then be determined. Schmidt et al. (1992) have 

applied this method to 18 type II s upernovae , and find Ho= 73 ± 6(statistical)±7 (systematic) 
km s- 1 Mpc 1 . 

1.4 Searching for distant clusters 

Clusters are the largest virialised objects in the universe and so contain a significant fraction of the 

baryonic matter of the universe . The virial mass of a rich cluster is close to the mean mass enclosed 

within an 8h- 1 Mpc radius sphere , with a dependence on the density parameter 0,
1
\IJ. Thus the 

current ab undance of rich clusters allows the measurement of the amplitude of density fluctuations 
on a scale of 8h- 1 Mpc as a function of D lvl· 

The evolution of the abundance of clusters is a function of the amou nt of matter in the universe, as 

measured by D i\1!· In a low-density universe, fluctuations stop growing at a redshift 1+z ~ ( 1 ;~1M) 
113 

(see Longair , 1998) , whereas they continue to grovv in a high density universe. As such, finding even 

moderate redshift cluste rs gives a diagnostic on nM. Indeed, Bahcall et al. (1997) showed that the 

detection of one or two Coma-like clusters at z ~ 0.5 (after observing 103 deg2 of sky) would rule 
out n = 1, as = 0.5 as only 10-2 clusters would be expected. 

The two most common ways to detect clusters, galaxy overdensities and X-ray emission, are both 

strongly redshift dependent. Haynes (1998) has shown that even with deep ground-based optical 

images in five colours, a cluster is completely confused with the field by z ~ 1. X-ray detections 

are also limited to z ~ 1, and even the new X-ray telescopes Chandra and XNJNJ do not have 

sufficient field-of-view and sensitivity to perform a deep survey of a significant fraction of the sky in 
a reasonable time. 

The redshift independence of the S-Z effect is clearly a way to get an unbiased sample of clusters: the 

only limit will be the mass of the cluster. However, performing a sufficiently deep survey with the 

Ryle Telescope is impossible due to the small field-of-view and because even the shortest baselines 

are too long so that most of the S-Z signal is resolved out . To overcome this, various techniques 

have been used to as "signposts" to point to high-redshift clusters. The Cavendish group have used 
a number of sign posts. 

1.5. THE STRUCTURE OF THIS THESIS 11 

• Ravvlings and colleagues (Priv. comm.) has selected fields containing excess concentrations of 

radiosources in the FIRST survey as candidate clusters and has followed these up optically. One, 

which has a spectroscopic redshift of z = 0.416 has a 5-a detection with the Ryle Telescope, 

and another , a candidate for a z ~ 1 cluster has an unequivocal detection . 

• Using candidate clusters taken from deep HST im ages and published as candidate high redshift 

clusters by Ostrander et al. (1998). 

• Using lensed quasars. \Vid e separation quasars with the same redshift cou ld be lensed images 

of a single quasars. A wide separation (order of arcminutes) implies a la rge mass, and so a 

potential cluster candidate; equally, the quasars may be part of a cluster or proto-cluster. Both 

PC1643 (Jones et a l. , 1997; Saunders et al., 1997) and VLA1312 (Richards et a l. , 1997) a re 

reported as S-Z detections from this technique. Both regions have also been observed with the 

BIMA array, resul t ing in null detections (Holzapfel et al., 2000) a lthough the sou rce subtraction 

st rategy they employ is limited. However , the PC1643 fi eld has also been observed with the 

SuZIE instr~ment , which operates at 2.1, 1.4 and 1.1 mm (around the S-Z null) , and a CMB 

feature has been detected (Church , Priv. comm.). 

In Chapter 4 I desc ribe a new type of signpost for clusters. 

1.5 The structure of this thesis 

In Chapter 2 , I examine possible sources of error in determining Ho from the S-Z & X-ray route. 

Chapter 3 describes an improved method of so urce s ubtraction for Ryle Telescope data, and then 

determines Ho for the clusters A611 and 0016+16. The problems involved in determining Ho from 

A990 are also discussed. 

In Chapter 4 , a sample of cand idate distant clusters is produced by exam ining the NVSS, WENSS 

and FIRST radio survey catalogues , which are then observed with the Ryle Telescope. 

Chapter 5 reports the results from optical follow-up of this sample of objects. 

Throughout this thesis, all coordinates are J2000. As a shorthand , I occasionally use Ho= 50h5o km 

s- 1 Mpc- 1 . I take Do= 1 and DA = 0 unless otherwise stated. 
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Figure 2 .1: A 42 k - s ROSAT observation of Abell 22181 
This clearly show tl t tl I . s la le c uster ts not spherical. 

core radii. The problem is illustrated 
in figure 2.2. Adapting equation 1.9 shows that 
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2.3 X-ray fitting and paraineter d egeneracy 

X-ray image data for mod erate reclshift clusters . . . 

(2.3) 
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a mean event number A is ' t le probability of 

).'' 
P(r·/A) = -e-A. 
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Data taken direct! f th RO . 
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p. e as-www.star.le.ac.uk/arnieV4/ 

(2.4) 
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Figure 2.2: An illustration of the effects of projection for ellipsoid al clusters . The ellipsoid is orientated such 

that the bottom is closer to the observer than the top. The intrinsic axes are shown as solid lines; the line 

gets wider as it approaches the observer. Note that the axes proj ected onto the sky (dashed lines) do not lie 

along the intrinsic axes , and that the lengths of intrinsic and projected axes will, in general , be different . 

Identifying r with the number of counts received by the telescope , Yi at a position x;, and A with the 

number of counts predicted by the model, f(a , b, c, .. . ), this becomes 

e -f(x;;a,b,c, ... )j(x.;; a, b, c, .. . )Yi 

P(yi;xi /a,b,c, ... ) ex: 1 Yi· 
(2.5) 

where a, b, c, ... are the parameters of the model. The overall likelihood is then the product of these 

probabilities over the entire receiver 

P(y/a,b,c, ... ) = ITP(y;; x; /a,b , c, ... ). (2 .6) 

The product can be turned into a sum by taking logs, which is computationally both more efficient 

and less prone to error. The correct expression to maximise is then the log of the likelihood, 

·1.=n 

log L = 2:.)- J(x i; a, b, c, ... ) + Yi log(J(x;; a, b, c, ... )) - log(yi !)). (2.7) 

In order to perform the summation , a model of the X-ray sky must be generated. This is done using 

code developed by Keith Grainge. To begin , a King dist ribution of densities on a grid is determined 

for a particular (3 and core radii. The X-ray emission is then be calculated by summing n~ along each 

column, and then multiplying by suitable prefactors (accounting for temperature, detector response, 

etc .), assuming that they a re constant over the entire map . 

The y-parameter can also be calculated by a summation of ne, and then a multiplication by the 

re levant parameters, s uch as Te and me . The visibilities observed by the Ryle Telescope are calculated 

by multiplying the S-Z sky by the primary beam response, B, of the telescope, and then performing 
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1.1 

Beta 

Figure 2.3: Likelihood contours for a King model fit to an X-ray image of Abell 773 . The contours are at 
the 68% and 95% confidence limits. Theta is the major axis core radius in units of arcseconds. 

a Fourier Transform. The aperture plane, V(u, v), is then sampled at points corresponding to the 
shortest baselines of the Ryle Telescope: 

V(u, v) = FFT(y(x', y') x B(x', y')) , (2.8) 

where (x', y') represents a position on the s ky. 

Figure 2.3 shows the likelihoods, i.e. L values, for a fit to a ROSAT HRI observation of Abell 773. 
The plot was produced by varying one core radius, (3 and the central density. The axial ratio and 
inclination of the model cluster were kept constant. The likelihoods were then marginalised over the 
central density. The contours enclose the regions that have likelihoods of 68% and 95%. A naive 
application of these contour plots would be to quote the error on (3 to be 0.82~g:~J. This is incorrect 
due to the degeneracy between (3 and core radius; the data must be marginalised over the other 
parameters. Figure 2.4 shows the fully marginalised plots for the three parameters. The correct 
error to quote for (3 is then 0.79~g:g~. 

One might imagine that this degeneracy between parameters would have a serious effect on Ho 
determinations . In fact, for interferometers, it does not. Reese et al. (2000) has shown that for a 
spherical isothermal King model , the lines of derived angular-diameter distance (which is equivalent 
to lines of observed flux) are close to parallel to the degeneracy direction. Figure 2.5 shows the 
probability contours overlaid on contours of equal flux as would be observed by the Ryle Telescope 
for each model. Here I have used an elliptical King model, and held the ratio of core-radii to be 
constant. The most likely value of the central density is used for calculating the flux at each ((3, 
core radius) point. The plot shows that there is a 40 pJy variation, corresponding to }5"'1- in the 
observed flux , between the two extreme points on the 68% contour of the {3-core- radius plot. Note 
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Figure 2.4: Parameter likelihood distributions in the King model, as applied to Abell 773. 
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Figure 2.5: Probability contours (68% .and 95%) and lines of most likely constant flux (dashed) as observed 
by the Ryle Telescope for A 773. The umts of the y-axis are arcseconds. 

that this is a small (in comparison to, say, the noise on a temperature determination) variation 

because the lines of .constant .flux are close to parallel to the degeneracy direction. The degeneracy 

leads to a 7% error m the estimated Ho value for this cluster. All this applies only to Ryle Telescope 

measu~·ements (and those of similar interferometers); it does not apply to single dish measurements 

for which the ~roblem is worse because the contours of constant observed flux are perpendicular to 

the ,6-core-radiUs degeneracy, see e.g. Birkinshaw & Hugh es (1994). 

2.4 Sphericality 

From. an.X-r~y observation of a cluster, the distribution of gas projected on the sky is clear. However, 

the dist~·Ibutwn along the line of sight , and so the 3-dimensional gas distribution, is not. Consequently 

there will be an uncertainty in an Ho estimate from any particular cluster. Numerical simulation~ 
(se~ section 2.8) show that at low redshift , i.e. z < 0.5, most clusters do not have extreme axial 

ra.tws. Indeed , a quick look at a random sample of cluster images from RASS showed that clusters 

migl~t hav: axi~l ratios as low as -Q.5, and so it is important to quantify the geometric uncertainty 

and Invest igate Its effect on Ho determinations. 

A systematic bias in l11 would cause Ho determinations to be biased. A s urface-brightness-limited 

sample would contain this bias: a higher surface-brig htn ess cluster at a particular redshift will have 

a larger l11 than a lower surface-brightness cluster if the temperatures and l values are the same. 

A luminos ity or flux-based sample may sti ll have this bias in practice unless\he s urface-brig htn ess 
limit of the survey used is low enough. ' 
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2 .4.1 Axial ratios of real clusters 

An attempt at a luminosity-limited cluster sample exists in Grainge (1995). This sam ple was con

structed from the RASS by Edge early in the period of ROSAT data reduction as a list of candidates 

for Ho determination with the Ryle Telescope. The surface brightness limit was 2.5 times greater 

than the RASS detection limit for clusters. Therefore, the Grainge sample is a good starting point 

for investigating the shape of real clusters, as the conclusions will be directly applicable to the Ryle 

Telescope sample . 

Fig 2.6 s hows the luminosities of the candidates of the sample as a function of redshift. A stricter 

luminosity cutoff of 6 x 1037 W (0.1- 2.4 keV bandpass) rather than Grainge's 4 X 1037 W has 

been imposed. Note that Grainge 's "arbitrary units" luminosities have been converted to Watts by 

correlating his uni ts with those repo rted in Ebeling et a l. (1996). A small number of cluste rs have 

also been rejected from the original Grainge sample; these are of low flux a nd so may introduce bias. 

This high er cutoff rejects 47 of t he original sample of 96 clusters. The ROSAT pointed observation 

archive was examined, and data acq uired for as many of the clusters as possible. Of the sample of 

49, 36 clusters have had pointed ROSAT observations. 

Each of the clusters in the new sample of 36 clusters was then fitted with an elliptical isothermal 

King model. If a cooling flow is obvious from the ROSAT image, then the pixels that contain the 

cooling flow are not used in the fitting. Including the cooling flow pixels would bias the core-radii to 

small values. Again , any pixels that contain bright compact regions or point sources (likely AGNs) 

are not used in the fitting process. 

The axial ratios found are shown in table 2.1, and the distribution is s hown in figure 2.7. There are 

only 31 clusters in table 2.1 as 5 clusters have been rejected as follows. Abell 1758 is actually two 

separate clumps of X-ray emitting gas and is clearly a physically complex system. As such it would 

never be used for Ho determination. The other four clusters (Abell 1722, Zwicky 2701, Abell 1704 

and 1224+20) all have strong cooling flows, and very little additional X-ray emission from the bulk 

of the cluster gas. Thus a good model for the bulk of the cluster gas cou ld not be obtained in each 

case from these ROSAT observations, and such clusters would not be used for Ho determination. 

The completeness of this sample of 31 clusters is obviously in doubt; has the removal of 18 clusters 

from the initial luminosity-limited sam ple of 49 changed the completeness? The luminosity-reds hift 

diagram in figure 2.8 shows the 31 clusters as solid hexagons and the rejected clusters as crosses. The 

rejected clusters seem to be reasonably randomly dist ributed around the plot, and so it likely that 

the completeness has not been affected . As a check , a Kolmogorov-Smirnov test was performed. 

The Kolmogorov-Smirnov test indicates whether two distributions are identical. The NAG library 

implementation was used. The test was performed on the 49 luminosities of the strict cutoff sample 

against the luminosities of the sample of the 31 observed clusters. The test statistic was D = 0.171, 

with a "tail probability" of 57%. This means t hat there is a 57% chance of obtaining a test statistic 

D = 0.171 if the hypot hesis that the distributions are identical is true. As s uch , it is possible to say 
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Figure 2.6: Luminosity redshift diagram for the 96 clusters in the Grainge sample. The luminosities are for 
the 0.1-2.4 keY bandpass. 

Cluster Axial ratio Cluster Axial ratio 
A115 0.43 A1914 0.88 
A586 0.98 A1995 0.80 
A611 0.94 A2034 0.81 
A621 0.77 A2111 0.70 
A665 0.91 A2146 0.71 
A697 0.72 A2218 0.79 
A773 0.72 A2219 0.75 
A959 0.83 A2244 0.91 
A963 0.88 A2254 0.44 
A990 0.76 A2390 0.75 

A1246 0.84 Zw1370 0.72 
A1351 0.65 Zw3916 0.74 
Al413 0.71 Zw7160 0.72 
A1423 0.82 0016+16 0.85 
A1682 0.58 1910+67 0.74 
A1763 0.67 

Table 2 .1: The axial ratios for th e 31 clusters (from Grainge 1996) that have pointed ROS'AT observations. 
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Figure 2 . 7: The distribution of axial ratios for the sample of 31 candidate Ho clusters that have been observed 

with ROSAT. 
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Figure 2.9 : Distribution of axial rat ios in the Mohr et al. sample. The Mohr et al. sample is not directly 
comparable to the Ho sample as it is a low-redshift , representative sample. 

that the loss of the 18 clusters a ppears to make little difference. The sample of 31 clusters will be 
referred to as "the H 0 sample" from here on. 

Mohr et a l. (1995) have also determined axial ratios for a sample of clusters. Their sample , which 
was chosen to have high signal-to-noise im ages from the Einstein X-ray observatory data a rchive, is 
a representat ive X-ray sample, although they argue that th e sample is statistically indist inguishable 
from a flu x-limited sample. The Mohr et a l. sample is a low-redshift sample and th ere is no overlap 
between that a nd the sample being used here, but it is a useful cross check. It gives an axial ratio 
distribution , as shown in figure 2.9, that is slightly wider than the Ho candidate sample, but its 
median axial ratio is closer to one. The difference in the shape of the distributions may be due to 
evolution, although obviously much more data would be required to investigate this. 

2.4.2 Simulations of elliptical clusters 

With the axial ratio distribution for the Ho sample found , it is possible to simulate a realistic cluster 
sample. I simulated a set of 50 isotherm al King model clusters , all at redshift z = 0.171 , vvith a 
temperature of 6.7 keY , an exposure time with ROSAT of 44 .5 ks, a central electron number density 
of 10

4 
m-

3 
and f3 = 0.65. I follow Grainge in using these parameters, which a re a good match to 

A2218, as a "typical" cluster. By holding these parameters constant, any effect on Ho determinations 
must be due to ellipticity. For each simulated cluster the t hree intrinsic core radii were chosen from 
a top hat proba bility distribution rangi ng from 60 to 120 arcseconds . The simulated clusters were 
randomly orientated by selecting three E uler angles a, f3 and 'Y from the appropriate probability 
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Figure 2.10: The Euler angles a, fJ and 1 transform the basis set ( tt1 , u2 , 113) to the basis set ( tt~ , u~, tt~) . 

distributions . Euler a ngles com pletely describe the transformation between two arbitrary vector 
bases . The angle a describes the rotation around the x-axis, f3 around the new y-axis , and"'( a round 
the new z axis. This is illust rated in figure 2.10. The following probabili ty distributions were used ; 

{ _1_ if 0 < 0' < 27f ' 
P(a) 271' 

0 otherwise, 

P(/3 ) { ~sin (/3) if 0 < f3 < 7f , 
0 otherwise, 

{ _1_ if 0 < "'( < 27f' 
P('Y) 271' 

0 otherwise, 

(2.9) 

where P(a) is the proba bility of a particular value of the Euler angle a being selected , and so on. 
These choices ensure that t he cluster is then orientated randomly in space . 

The gas distribution was determined for a grid of 256 X 256 x 256 c~lls, each representing, in projection , 
a 15" x 15" square on the sky. Two of axes of the grid a re aligned on the sky, and the third is directed 
towards the observer. The centre of the grid, i.e. at (128 ,128,128) , was t aken to be centre of the 
cluster. So that the cluster can be orientated in a ny direction on the sky, the vector ( i - 128, j -
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128, k- 128) is multiplied by the Euler rotation matrix: 

( ~: ) ( ; = ~~: ) X 

z' k- 128 

( 

cos a cos {J cos-y- sin -y sin a 

-cos a cos {J sin -y - s in a cos-y 

cos a sin {J 

sin a cos {J cos-y + cos a sin -y 

cos a cos-y -sin a cos {J sin -y 

sin a sin {J 

- sin {J cos-y ) 
sin {Jsin -y . 

cos{J 
(2.10) 

The values of the vector (x' , y', z') are then put into equation 2.1 to calculate the density. The y 

parameter , and thus the visibilities, and the X-ray emission can then be calculated in the same way 
as described in section 2.3. Ho was set to 50 km s- 1 Mpc 1 and an Einstein-de Sitter cosmology was 
used. 

The procedure outlined in section 2.2 was then followed to obtain a fit to the observed model of the 
gas distribution for each of the 50 simulated clusters. As discussed there, the axes of the ellipsoidal 
King model clusters were set to be aligned on the sky, i.e. the projected core radii were found , and 
the third core radius along the line-of-sight was set to be the geometric mean of the projected core 
radii. The projected axial ratio values derived from this fitting are shown in figure 2.11. Ho values 
were determined for each of the 50 sim ulated clusters. The geometric mean for this Ho dist ribution 
is 50 .3~U km s - 1 Mpc-1 . 

It is clear that there are differences in the distributions between this simulated set of axial ratios and 
both Mohr et al.'s sample of real clusters and the Ho sample; for example the medians and ranges 
of the distributions are different. In order to produce a simulation with a larger range of projected 
axial ratios than the H 0 sample, the procedure was repeated for a larger range of core radii in the 
simulated clusters. A top hat distribution for the intrinsic core radii was still used, but the range 
was extended to 20 to 120 arcseconds. The axial ratio distribution was measured for this s imulated 
data set, and is shown in figure 2.12. The axial ratio distribution in this case is clearly wider than 
either the Ho sample or the Mohr et al. sample. The geometric mean for the H

0 
distribution in this 

case is 48.7~~:~ km s- 1 Mpc- 1 . 

In order to get closer to the observed axial ratio distribution , a final set of 50 clusters were simulated , 
with intrinsic core radii varying between 35 and 120 arcseconds. The projected axial ratio distribution 
found for this sample is shown in figure 2.13. Ho values were found for this simulated set of clusters, 
and the geometric mean of the Ho values was found to be 50.2~~:6 km s- 1 Mpc- 1 . Note that for all 
three simulations, the correct value of Ho is enclosed by the error bars of the geometric mean. Thus 
taking the geometric mean does indeed reduce the effect of unknown line-of-sight distance given a 
randomly orientated set of elliptical clusters. 
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Figure 2.11: Axial ratio distribution found for the 
randomly orientated triaxial cluster sam~le. rr:he 
range of intrinsic core radii used in the snnulatwn 
was 60 to 120" . 
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Figure 2.15: A test of equat ion 2.2 from the final randomly orientated simulated cluster sample (35 - 120" 
intrinsic core radii). 

2.4.3 Measuring the real line-of-sight 

As the three in t rinsic core rad ii for each cluster in each simulated sample a re known , along with 

the orientation , it is possible to calculate the line-of-sight depth through the cluster. Equation 2.2 

implies there will be a st rong correlat ion between the error in that line-of-sight depth a nd the value 

of Ho from t he cluster. Appendix A details the derivation of the calculation of the line-of-sight 

depth through t he cluster. Figure 2.15 shows the Ho value determined for each cluster (in the third 

simulation which gave t he axial rat io distribution most like t hat observed) plotted against a measure 

of how wrong the line-of-sight core radi us was. As expected , t his is a straight line a nd so t here is a 

strong correlat ion between error in Ho and t he error in the line-of-sight core rad ius. This shows that 

if Ho is known, eit her from having a large sample, or using a valu e from an alternative method , then 

meas uring Ho from the combination of S-Z and X-ray is in fact providing inform ation about the 3-D 

matter distribution in each individual cluster of the sample. 

2.4.4 How many clusters are required? 

It is importa nt to und erstand how t he size of the errors on the Ho value change with the number of 

clusters used in the determin ation. All other things being eq ua l, the errors should red uce as more 

clusters a re used. Figure 2.16 shows this variation.The final axia l rat io sample (with the in t rinsic 

core radii between 35 and 120") is used here. The left hand plot has t he clusters ordered with the 

largest act ua l line-of-sight depth first. In the right hand plot , the clusters a re added to t he sample in 

a random order. In the simulation , the clusters all have the same cent ral density, /3 , temperat ure and 
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Figure 2.16 : Two plots of t he evolution of Ho as more clusters are used. T he order in which the clusters a re 
chosen is random (on the right) and in X-ray brightness order (left). The X-ray brightness is assumed to be 
proportional to the line-of-sight core radius. 

redshift. The simulated clusters with a higher line-of-sight size will thus have higher X-ray flu x . In 

these clusters, the line-of-sight distance has been und erestimated , lead ing to an underestimate of H 0 . 

In addition , it is no~ clear without a priori knowledge of the value of Ho t hat the correct value has 

been found, as the value has not been consistent over ma ny clusters. This is not the case with the 

randomly ordered sample; the derived value of Ho remains constant within the error bars however 

many clusters are used. It is also clear that the error from an incomplete sample of clusters is ± 5 km 

s- 1 Mpc 1 when only 15 clusters have been observed . 

As such, we can conclude that in a luminosity limited sample, only 15 clusters are required for the 

error from the unknown orientation to become about 10%. This is a smaller uncertainty than current 

S-Z measurements and X-ray tem peratures. 

2.5 Cosn1ology 

The current status of the "fundamental para meters" seems encouraging (see IAU, 2000). More 

a nd more experiments are reporting values with smaller and smaller error bars, which seem to be 

converging on a consistent picture of the universe. Obviously this may be premature, but it seems 

to be that t he universe might be well described as having DA = ·0.7 a nd SlM = 0.3, where SlM is the 

norm a lised matter density of the universe (normalised such that 1 is the critical density) and nA is 

the vac uum energy density; Longair (1998) gives a review of these pa ra mete rs. The Cavendish group 

currently calculate Ho whilst assuming a n Einstein-de Sitter universe . There a re two reasons for this . 

F irstly, t he evidence for nA, i.e. high-redshift SN1A resu lts, as reported in Perlmutter et al. (1999) , 
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is very recent. The other reason is that the Einstein-de Sitter cosmology is one of a small number of 

cosmologies for which there is an algebraic form for the distance measures. However, the integration 

required to calculate the a ngular-di a meter distance for an arbitra ry cosmology is not difficult on a 

computer , and is discussed in Appendix B. The result derived there is that angular distance measure 

D A is given by the following expressions: 

(2.11) 

(2.12) 

z 

J c dz 

ifDo+DA = 1, then (l+ z )DA = V n · 

0 (1 + z)Ho DM(l + z ) + ~ 

(2.13) 

vVhen integrated numerically (using Simpson 's rule), these equations were acc urate to within 1% 

when compared to the analytic situations (i.e. when either DA or DM = 0.). In order to determine 

the effect on Ho determination , a cluster was simulated . The simulation was performed in t he same 

way as described in section 2.4.2. The cosmology assumed was DA = 0.7 and DM = 0.3 with Ho = 50 

km s- 1 Mpc- 1 , and the cluster was placed at z = 0.5. An elliptical cluster was th en fitted to the 

simulated X-ray map , but for Einstein-de Sitter universe. Ho was then determined for the cluster, 

as described in section 2.2. The reported value of H 0 was 41.7 km s- 1 Mpc- 1 . Figure 2.17 shows 

the returned Ho values for different redshifts . This shows that if an Einstein-de-Sitter universe is 

assumed, a low value of Ho is returned , i. e. if the universe is different from an Einstein-de-Sitter, the 

derived Ho value will be higher. This figure also shows that with low redshift clusters (i .e. z < 0.3) 

the difference in Ho values is around 10%. Thus to determine qo , meas urements of H 0 for a range of 

redshifts with errors smaller than 10% are required. Finally, figure 2.17 also shows that as the ratio 

of the distance measures is a good fit to the data points a nd so the ratio of distance measures being 

all that is required to convert between these two cosmologies . The deviation between the points and 

the line is less than 1% and is due to the small numerical error from the integration in eq uation 2.13. 

2.6 Noise and cluster positions 

Noise on S-Z measurements affects not only the flu x level but also the position . These are related , and 

the correlation between them is discussed in section 3.3.4. As they a re from the same gas, the X-ray 

and S-Z positions should agree, if the cluster is isothermal and symmetric. As the positional error 

from the X-ray image is almost always smaller than that from the S-Z measurement , it is reasonable 

to set the position to be that from the X-rays. What happens if this is not done? 

As in section 2.4.2 , an A2218-like cluster was simulated. Twenty visibilities corresponding to points 

along the shortest baseline track of the Ryle Telescope were then determined. From this noiseless set 

of visibilities, 500 realisations of noisy observations were produced. This was done by adding a random 

number drawn from a Gaussian distribution of a given width to the real a nd imaginary visibility 
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Figure 2.17: Simulated Ho values for observat ions of a cluster in a A-dominated universe, but assuming a 

Einstein-de Sitter universe when calculat ing H 0 . The line is the ratio of the two angular distance measures. 

points . The NAG routine G05DDF was used to produce Gaussian distributed random numbers. The 

l-a for each visibility point was set to 600 f..tJ y; as 20 samples were used, this gives a noise level of 

135 pJy when averaged along the shortest baseline track, which is typical for a reasonable length S-Z 

observation with the Ryle Telescope. 

Naturally-weighted maps were made from the 500 realisations, and from these maps, positions and 

fluxes of the S-Z decrements meas ured. In order to allow this process to be automated, AlPS was 

not used. Instead , mapping code written by Mike Jones was used. The code produces a map from 

the visibilities by gridding t he visibility points and then FFTing into the image plane. The central 

decrement on the map was found by considering a 3 X 3 grid around the minimum of the map. A 

two-dimensional quadratic fun ction was fitted by minimising x2 to the 3 x 3 grid. Ho was then 

estimated for each of the 500 datasets, in one case setting the cluster position at the X-ray centr~ 

and in the other the S-Z centre. 

From equation 1.11 , if the observed flux is Gaussian dis tributed , then the value of H-; 112 will be 

Gaussian dist ributed. Figures 2.18 and 2.19 show the normalized value of H-;112
, ie (Ho/50)- 112 

for both tests . For the first test, where the cluster was placed where it was known to be , the value 

of (Ho/50)-112 is 0.998 ± 0.007. For the second test , (Ho/50)-112 is 1.030 ± 0.007. These values 

correspond to Ho values of 5 0 . 2~8:~ a nd 47. 1~8:~ km s- 1 Mpc1 respectively. 

This experiment demonst rates that it is important to use the best knowledge availa ble for the cluste r 

positions, ie the position from the X-ray measurement. Not doing so risks underestimati ng t he value 

of Ho. 
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2. 7 Isothenuality 

So far, the majority of Ho determinations in the li terat ure (e.g. Birkinshaw & Hughes 1994, Holza

pfel et al. 1997b, Myers et al. 1997 and others) have assum ed t he cluster in question is isothermal. 

One reason for this is that most X-ray observations of relevant clusters have been consistent with 

i~otherm ality. The intra-cluster gas temperature measurements a re derived from spectral observa

tions, a nd as the number of photons received by an X-ray telescope for a cluster at z = 0.2 in a 

reasonable length observation is low, it is often only possible to measure the spectra over a la rge 

area of emission . This means that it is ha rd to determine any temperature structure of t he cluster. 

However , t he temperat ure co uld be a slow function of radius wit hou t havi ng a large effect on t he 

observed spectra. Indeed , recent observations of the Coma cluster with the XMM satellite made 

by Arn a ud et al. (2001) show a slowly decreasing temperature profile. Despite the observational 

diffi culties, efforts have been made to determine temperature profiles for a la rge sample of clusters, 

notably by White (2000) and Markevitch et al. (1998) with archi val ASCA data. The analysis is 

complicated by the energy and position dependence of t he telescope's point-spread fun ction. ' Vhi te 

and Markevitch come to differing conclusions abo ut the existence of an overall temperature profile in 

clusters; Markevitch finds an overall decreasing profile whereas White does not. Taken at face value 

this implies t hat if a universal profile exists, it is a weak function of position. As shown by Maggi 

(1996) a temperature that decreases wit h rad ius can lead to an underestimate of Ho . However, that 

work was limi ted in scope: only a King model vvith f3 = 1 was considered. Obviously t his needs 
extending to a wider range of f3 values. 

One can derive temperat ure profiles theoretically. If a cluster is close to being virialised , it is reason-
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able to assume that the cluster gas is close to being pressure supported. T he eq uation for hydrostatic 

eq uilibrium is 

dp 
d·r 

G i\!Ienc (r) p(r) 
1'2 

(2. 14) 

where i\lfen c is t he total enclosed mass within a radius ·r, p(r) is the gas density and ]J is t he pressure . 

Solving for p('r) then a llows the temperat ure profile T(r) to be calculated by t reating the gas as ideal, 

i.e. 

p(r) ex p('r)T(r). (2.15) 

Note t hat t his is more general t han assuming a polytropic profile, where p ex p1 , as t hat assumes t he 

gas is adia batic. 

T he calculation is complicated as t he gravitational potent ia l of the cluster is clue to the gas, the 

galaxies and the dark matter. For conven ience in this discussion, the gas is assumed to follow the 

dark matter, which is taken to be nine times denser. The mass contribution from galaxies is ignored. 

Frenk et al. (1999) shows t hat the gas followin g t he dark matter is a reasonable approxim ation over 

t he majority of t he cluster; at very s mall rad ii - almost the limi t of the simulat ions - the gas density 

is slightly lower. The gas is assumed to follow a spherical King profile. T he enclosed mass is found by 

numerical integration , and a 4th order Runge-Kutta a lgorithm from Press et al. (1993) is used to solve 

for p(r·). The temperature profile is then found from eq uation 2.15. The code was verified as correct 

by comparison with previous work by Maggi a nd by testing with a p ex /2 density profile, which 

analytically gives an isothermal profile, and was found to do so using t he code. Figure 2.20 shows 

the temperature profiles for four different values of (3 . Following Maggi, the temperature profiles a re 

normalised such that t he average temperature observed by an X-ray telescope is the same in each 

case. 

In order to determine the effect on Ho , hydrostatically supported clusters were simulated with differ

ent values of (3. As before, a ll the other parameters in the simulation were kept the same: z = 0.171, 

'~' c = 60" and no = 104 electrons m-3 . X-ray and Ryle Telescope observations were simulated , as 

discussed in section 2.4.2. A spherical isothermal King model was then fitted to the hydrostatic 

X-ray image, and Ho determined as described in section 2.2. The results are show n in table 2.2 . 

For f3 < 0.8, the reported Ho is high. Figure 2.20 shows t hat for radii less t han 5 core radii , the average 

grad ient of the temperature profile increases for these f3 values, and decreases when f3 > 0.8. Also 

note that the fit ted f3 and core radius values are lower than the initial parameters of the simulation ; 

despite X-ray emission being a weak function of temperature, it is clearly having an effect on t he 

X-ray fittin g, and therefore on Ho. 

Figure 2.21 demonstrates the effect that temperat ure profiles have on Ho determination via the 

observed S-Z profile. If t he temperature profile is decreasing with radius, as in the case of f3 = 1, 
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Figure 2.20:_ Temperature profiles for pressure supported King model clusters. The dark matter is g times 

as dense and ~~-followed by the gas . The profiles are normalised to give the same observed temperature inside 

three core radu. 

set f3 no r c fitted f3 resultant H 0 

/103m- 3 11 /km s- 1 Mpc 1 

0.5 9.93 59 0.52 137 
0.6 9.8 57 0.59 81.3 
0.7 9.55 56 0.68 60.3 
0.8 9.35 56 0.77 52 .2 
0.9 ~ 9.29 54 0.83 48.8 
1.0 9.16 54 0.91 47.5 

Table 2.2: Results from fitting an isothermal King model to a hydrostatically supported King model. 
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Figure 2.21: The profiles tha t would be observed by an interferometer for isothermal and hydrostatic clusters 

with f3 = 0.5 (left) and f3 = 1.0 (right). 

then the S-Z profile is narrower on the sky. ·when this is observed with an interferometer , the profile 

is wider in uv-space. For a given observing baseline , for example 900 >., the flux of the S-Z hole is 

larger than the isothermal case if the central decrement remains constant. As Ho varies as the square 

of the inverse of the observed S-Z flux, Ho will be reported low if the temperature profile drops with 

increasing radius. This also explains why Ho is too high for temperature profiles that increase with 

radius. It is important to note that this argument is completely general, and is applicable to any 

temperature profile. 

2.8 N-body simulations 

In order to fully test the Ha-determination technique, al l the various effects need to be incorporated. 

To do this, I have simulated H 0 estimates using cluster hydrodynamical simulations produced by 

Eke et al. (1998), kindly provided to me by Vincent Eke as observed images. The simulations were 

performed as follows. 

The positions of 643 dark matter particles were simulated from an initial power spectrum of Bond & 

Efstathiou (1984) until O"g = 1.05, which was taken as the present, using AP3M code. The 10 most 

massive collections of particles were then resimulated with roughly 10 times as many dark matter 

particles (the number of particles varied during the simu lation dependent on the resolution required) 

and gas particles. The simulation method was SPH and did not include radiative cooling or any 

energy input from galaxies (which is a small effect for massive clusters). At each of 7 redshifts , 

maps were made of bolometric X-ray emission , y-parameter , and emission-weighted temperature. A 

DA = 0.7, DM = 0.3 cosmology with Ho = 70 km s-1 Mpc- 1 was used. Vincent Eke also provided 

the kinetic energy and potential energy of the gas in the cluster rest frame and the emission weighted 
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Redshift Age of universe 
/109 h- 1 years 

0. 15 8.12 
0.2 7.74 
0.25 7.38 
0.38 6.56 
0.55 5.67 
0.78 4.73 

1.09 3.79 

Table 2.3: Redshifts and universe ages for the simulated observa tions . The cosmology is CDM with OM = 0. 3, 
nA = 0.1 

temperat ure in tegra t ed over th e cluster. 

Each of th e 10 clust ers was also obse rved from three perpend ic ul a r directions, giving a to t a l of 210 

observations . However , it is not clear t hat these are st a tistically independent , a nd so I used only 

one set of projections. As an illus tra tion , figure 2.22 s hows th e X-ray, y-parameter and t empera ture 

maps for one clus t er a t z = 0. 2. 

The reds hift of t he observations a nd the ages of the universe a t t hese redshifts are shown in table 2.3 . 

As the crossing t ime for clust ers, ""' 109 years (see Sarazin , 1988) , is of the same order of magni t ude 

as th e hig her reds hift t imest eps, th en t here is time for signifi cant evolu t ion t o t a ke place between 

consec ut ive observa tions of each cluster. Thus simula tion s of a clus te r views a t seven different 

redshifts can , to some extent, be t a ken to represent seven diffe rent clus t ers . 

Ryle Telescope "observa tions" were th en produced from the y-pa ramet er maps by mult iplyin g them 

by the prima ry beam , a nd then F F Ting into visibility space , sampling to produce sets of visibilities . 

The s t a nd a rd procedure , as disc ussed in section 2.2 , was th en used to estimate Ho for each clus t er. 

Only the cent ra l region of X-ray emission ma ps were used for fi tting t he King profiles. Three clusters 

a t z = 1.09 , a nd one a t z = 0.78, did not converge to a ,6- model fi t, a nd so are not included in the 

followin g a na lysis . 

The overa ll average value of Ho va lues found was 76. 5~ ~ : ~ km s - 1 Mpc 1 from 66 clust ers . The 

quoted error is th e error on the distribution of Ho values a nd does not include any errors clue to 

noise . Fig ure 2 .23 shows the dis tribution of Ho values return ed with reds hift. The ve ry extreme 

clusters, i.e . those wi t h very high Ho , a re obvious . The highest Ho for red shifts 0.15, 0.2 and 0.78 

are t he same clus t er (clus ter number 10) , a nd a separate clus t er (number 8) has the hig hest Ho for 

z = 0.25 , 0 .38 a nd 0.5. The images of t hese extreme clusters a re shown in a ppendix C . T he ma jority 

of these clus t ers a re clearly not well modelled by a n elliptical King profile, a nd so would not be seen 

as good candid a t es fo r Ho estim a tion . However , the X-ray s urface bright ness ma p of t he cluster a t 

z = 0.78 seems t o be a relaxed sys t em , i.e . a good candid a te for Ho estimation . Thus selecting a 

sample on t he basis of X-ray surface brightness m a ps would s till include a va lue of 137 km s- 1 M pc1 

as a n est im ate, and so would not be a good indicator of s uita bility. 
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Figure 2 .22 : Simulated maps for a cluster at z = 0.2 from the hydrodynamical simulations. 
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Orientation Ha 

/km s- 1 Mpc-1 

1 76.5 ± 2.4 

2 71.4 ± 3.5 

3 71.0 ± 4.3 

Table 2.4: Ho values for the three d
1
·a-et·e t · t t ' 
•t· n onen a Ions 

Table 2.4 shows the values averaged over the 66 clusters in the other two orientations. This shows 

that the line-of-sight degeneracy has been effectively removed. 

It is important to note that with these noise- less simulated observations, figure 2.23 implies the Ryle 

Telescope is not a good instrument With which to determine the cosmological parameters n j\1[ and 
nA. 

Virial radii 

As the virial radius of each cluster is known in the s imulation , it is possible to test whether the core 

radius is conelated with the virial radius. Figure 2.24 shows the plot. As expected theo·e is a stmng 

correlation. Fitting a straight line to this gives 

Virial radius= (13.1 ± 0.8) core radiusfarcsec + (lOO± 50) arcsec . 
(2.16) 

This re.sult is useful when compao·ing the results of hydrodynamic s imulations which are often quoted 
. , 

in terms of virial radii, with real observatiOns, which are usually reported in terms of core radii. It 

also shows that all the simulations go out to ~ 50 core radii. 

Axial ratios 

Figure 2.25 shows the distdbution of axial ratios found for the simulated "low redshift" clusters (i.e. 

z < 0.5). It is notable that it is a narrower distribution than found in section 2.4.1 but with a few 
more extreme outliers. 

2.8.1 Temperature profiles 

In order to a llow a comparison with the discussion of section 2.7, the emission-weighted temperature 

maps have to be deconvolved into their three dimensional temperature profiles. In order to do th is, 
the profile was parameterised as 

(2.17) 
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Figure 2.25: Distribution of axial rat ios found for the lower redshift clusters in the hydrodynamical simula
tions . 

where x is t he number of core radii from the cluster centre. The density ne ('r) profile was assumed 
to be a King profile, a nd had already been determined from the X-ray map. The emission-weighted 
temperature can then be determined by integrating the func t ion 

T = 1 n~(1·)T3I2 (r)cll 
1 n~(r)T1f2(r)cll (2.18) 

along a line-of-sight. This gives a temperature for one pixel on the map, and must be repeated over 
the entire map. As the temperature profile is ass umed to be a slovvly varying function of radius, and 
the bolometric X-ray luminosity was taken to vary as T 112 , it is reasonable to assume that the X-ray 
emission does not vary greatly with radius clue to temperature variations. As such , the ne profile was 
not varied; this should give a close approximation to the real temperature profile. (A simultaneo us fit 
between the X-ray emission and the weighted temperature profile would have been strictly correct .) 
The fitting between the model and given temperature maps was performed by calculating x2 for 
them within the cent ral 5 core rad ii and giving eq ua.l weight to each pixel. The parameters T

0
, ... T

3 
were then varied to minimize x2

; this was performed with the Numerical Recipes routine AMOEBA 

(see Press et al., 1993) . As an illustration, figure 2.26 shows the temperature profile derived for the 
clust er shown in figure 2.22. 

The average temperature gradient over the central 5-core radii was calculated , as this is the region 
to which the Ryle Telescope is sensitive. As a four t h-order polynomial has been used, t he average 
temperature gradient out to 5-core radii can trivially be calc ulated as 

6.T(r) 
~ = T1 + 6T2 +25T3. (2.19) 

Figure 2.27 shows a histogram of the ave rage temperature gradients over t he central 5-core radii . The 
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Figure 2.26: The temperature profile cl eproj ected from the simulated cluster shown in figure 2.22. 

wicl th of the clist ri bu tion is clearly narrow, and the clist ri bu t ion is biased slight ly towards decreasing 
temperat ure profiles . T he mean of the meas urements is 0.009 ± 0.002 keY (core radius)- 1

. If these 
simula.tions do represent reality, t hen it is not surprising that temperature profiles are ha rd to detect. 
In section 2.8 Ho has been est imated for each of the simulated clusters and figure 2.28 shows that there 
is no st rong correlation between the returned Ho value and the average gradient of the temperature 
profile. Incleecl , the co rrelat ion coefficient is 30%. As the temperature gradients are so gentle, any 
bias is being washed out by la rger effects, such as unknown line-of-sight. 

2.8.2 Virialisation 

Figures 2.29 and 2.30 show two different clusters from the simulations, both at reclshift 0.2 , with very 
different ratios of kinetic to potential energy. Figure 2.29 has K.E.jP.E.= 0.2265 whereas figure 2.30 
has K.E./P.E.= 0.0111. In the first case, the temperature map shows a. great deal of structure a nd 
the y- parameter map shows some structure but is still quite smooth . This is not surprising given 
pressure support is present . In the second case the majority of the cluster is virialisecl and smooth . 

The 15 clusters with the lowest K.E.jP.E. give a geometric mean of Ho = 74.3~~:~ km s- 1 Mpc- 1
. 

For the 15 clusters with the highest normalized KE the result is Ho = 75.2~~:~ km s- 1 Mpc- 1
. Only 

one set of orienta.tions was used for this selection. It is clear that the t he rms is much lower in the 
case of low relative K.E . This is not surprising given that a high K.E/P.E. implies that the gas has 
not virialisecl, and could be in different phases or und ergoing shocks . 

If the cluster gas is undergoing shocks, then the X-ra.y emission will be raised, as will the emission 
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Figure 2 .27: Distribution of the average temperature gradients between 0 and 5 core radii present m the 

hydrodynamical simulations. They-axis units a re keY (core radius)- 1 . 
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Figure 2.28: Returned Ho value against average temperature gradient . 
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Figure 2.29: Maps of the X-ra.y em ission , y-pa.rameter and emission weighted temperature for a cluster a.~ 

z = 0.15 with a high I<.E./P.E. The simula.tions were performed by Eke , Navarro and Frenk, and the m ap:; 

were produced and kindly provided by Vincent Eke. 
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Figure 2.30: As figure 2.29 for a low value of K.E./P.E . 

2.8. N- BODY SIMULATIONS 43 

n=1 
n = 1, T = 1 1-(3 

l = 1 

n = 1/7], T = 7J 

Figure 2 .31: Left: the one-phase, two-dimensional square of gas. Right : the two-phase , two-dimensional 

square of gas. 

weighted temperature. Assuming that the shocks remain in pressure equilibrium , the observed S-Z 

flux will remain constant, and so H 0 will be biased high (cf. equation 1.9). Note that a strong shock 

is also very obvious from X-ray images, and so, in real life , a strongly shocked cluster is unlikely to 

be used for Ho estimation (see Saunders et al., 2001). 

What happens with different phases? Consider the two dimensional system illustrated in the left of 

figure 2.31. The S-Z flux detected and X-ray luminosity are given by 

SZ ex noTal. 

ex 2'1"'1/2z 
Xss no 1 o · 

Rearranging gives 

1 XssT312 

lex SZ2 

(2.20) 

(2.21) 

(2.22) 

which is proportional to H 0 . (Note that equation 1.9 assumes that XsB ex n5f(Te); here I assume 

that J(Te) ex y'Y;). Now consider two phases in this medium, as shown in the right half of figure 2.31. 

The first phase has normalised values for n and T . The second phase has a temperature of 7] and, as 

it is in hydrostatic equilibrium, a density of 1/7]. The overall S-Z flux from the square remains the 

same as with an isothermal square with n = 1 and T = 1, as the size of the square has not changed. 

The X-ray surface-brightness is given by 

X ss ex (1- (3 ) + (3 ;2 7]1
/

2 

ex 1 + (3(7]-3/2- 1), 

and the emission-weighted temperature is given by 

( 1 - (3) + {37]-1/2 

T= 1+f3(7J-3/2-1). 

The combination of these into equation 2.22 gives the equation 

~ex (1 + (3(7]-3/2- 1)) 1 + (3 (7] --:- 1) 
( 

-1/2 ) 3/2 

l 1+ (3 (77-3/ 2 -1) 

(2 .23) 

(2.24) 

(2.25) 

(2.26) 

Figure 2.32 shows a plot of this equation. Note that 7] can vary around 1, whereas (3 can only vary 

between 0 and 1. This implies that different gas phases will always cause Ho to be reported low. 
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Figure 2.32: J: contour plot of equation 2.22 showing the variation of Ho (norma.lised on the z- axis) with fJ 
and TJ (defined 1n the text and illustrated in figure 2.31. 

However, as discussed in section 2.7, significant volumes of differing temperature are unlikely remain 
unnoticed in real cluster observations. 

Thus shocks can increase the returned Ho, and different gas phases decrease the returned Ho. A high 
K.E./P.E. cluster will have a more complex gas distribution, and so more likely to have both shocks 
and a multi-phase medium. Thus it is not clear whether there will be any large net bias at all, but 
the width of the distribution will most certainly increase. 

vVith the numerical simulation data it is possible to get a. more realistic determination of the number 
of clusters required to obtain a. reasonable estimate of Ho. Figure 2.33 shows the variation in Ho with 
number of clusters used. The simulated clusters with a redshift less than 0.4 are used and have been 
selected in a. random order. It is clear that error bars stay approximately the same and enclose the 
correct value of Ho after 20 clusters have been analysed. The error at this point is 8%. Thus after 
20 clusters have been observed, measurement errors have become dominant and any systematics in 
the overall technique are effectively unimportant. 

2.9 Conclusions 

1. The degeneracy in fitting an isothermal King model to an X-ray profile has been investigated, 
and a. strong correlation between the core radius and (3 found. The shortest baselines of the 
Ryle Telescope - which are sensitive to the S-Z effect - probe a. region of the profile that 
remains constant along the degeneracy direction , and so the effect on Ho determinations is low 
at around 14%. 

2. A sample of clusters (with redshifts from 0.144 - 0.546) suitable for Ho determination with the 
Ryle Telescope has been examined , and projected axial ratios determined for the 31 clusters 
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Figure 2.33: Variation in the geometric mean of Ho as more low reclshift (z < 0.4) simulated clusters are 
used. 

with archival ROSAT pointed observations. The axial ratios vary between 0.43 and 1; the most 
common value is between 0.7 and 0.75. The Mohr et al. sample was also considered (redshift 
range 0.01 - 0.18), the range of projected axial ratios is similar but the most common value is 
between 0.8 and 0.9. 

3. A set of 50 clusters were simulated orientated randomly, all at z = 0.171. I found that allowing 
the intrinsic core radii to be chosen randomly between 35 and 120" gave an projected axial 
ratio distribution similar in range to that observed in the H 0-sa.mple above. 

Ryle Telescope and X-ray observations were simulated using the 35 to 120" range of intrinsic axial 
ratio and Ho estimates made, giving the following result. 

4 . With 50 clusters, the geometric mean Ho= 50.2~~:6 km s- 1 Mpc 1 . (The value set in the 
simulation was 50 km s- 1 Mpc 1 .) With 15 clusters, the likely error is 10%, which is less than 
the random noise on current estimates. 

With further simula.tions, I have shown the following. 

5'. If the position of a. cluster is taken from noisy observations of the S-Z, then it is possible to 
underestimate Ho. Thus the best positiona.l accuracy measurement, usually the X-ray image, 
should be used to determine the position of a. cluster when estimating H 0 . 
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5. If a cluster is in hydrostatic equilibrium, and the dark-matter profile follows a King model, and 

the cluster is assumed to be isothermal during Ho estimation, then a cluster with f3 = 0.8 will 

overestimate Ho by 5%, whereas a cluster with f3 = 0.7 will underestimate Ho by 5%. 

6. Temperature increasing with radius in the cluster will bias Ho cleterminations high , and de

creasing profiles will bias them low. 

Using y-parameter maps , X-ray surface bdghtness maps, emission weighted temperature maps, and 

K.E. and P.E. values in clusters from hydrodynamic N-body simulations, I have shown following. 

7. vVith 20 cluster simulations, all with z < 0.4 , non-ideal effects tend to cancel, the res ultant 

estimated H 0 value is little biased, and the resultant error, including unknown orientation, is 

8%. 

8. Using three independent views of the same simulated clusters, the effect of line-of-sight uncer

tainty is effectively removed , supporting the notion that it can be removed in real observations. 

9. There is indeed a tendency to get decreasing temperature profiles, but there is no signific

ant correlation bet\oveen the average gradient and estimated Ho for each cluster because the 

gradients are small and other effects, such a.s shocks and multi-phase media are larger. 

10. The core radius is, as expected, proportional to the virial radius . 

11. The degree of virialisation in a sample of clusters affects the width of the distribution of Ho 

values found but it seems not to bias the result. vVith the 15 most relaxed clusters, Ho 

was estimated as 74.3~~:; km s- 1 Mpc- 1 whereas with the 15 clusters with highest K.E. the 

estimated Ho = 75.2~~:~ km s- 1 I\llpc- 1 (for an input value of 75 km s- 1 Mpc- 1). 

As no significant bias has been found, this work adds weight to the validity of the S-Z + X-ray route 

for determining Ho. 

Chapter 3 

New measurements of Ho 

3.1 Introduction 

In chapter 2, I have shown that if good X-ray and S-Z observations exist, it is possible to meas ure 

Ho with a reasonably-sized sample of clusters. However , the effects of confusing radio sources have 

not yet been addressed. In this chapter , I examine various subtraction strategies that have been 

developed for Ryle Telescope data., including my own. I then go on to determine Ho from the 

clusters 0016+16 and A611 . 

3.2 The 15-GHz sky 

For a massive cluster at moderate redshift , the flux that the Ryle Telescope detects from the S-Z effect 

at 15 GHz is typically -500 {tJy. This is sufficiently faint that radio sources will almost invariably 

be present with comparable or greater amplitudes. Therefore removing the effects of radio sources 

is an essential step. As the Ryle Telescope is an interferometer with a wide range of baselines (in 

comparison to the range of baselines for detecting the S-Z flux), it can simultaneously measure the 

extended S-Z flux and the fluxes and positions of the small angular size radio sources. Figure 3.1 

shows the variation of S-Z flux with baseline for the Ryle Telescope. There is very little flux from 

the S-Z effect above 1.5 k.A, and so baselines longer than this can be used to measure sources to a 

good approximation and remove their effect from the S-Z signal. The meas urement is simultaneous 

and, of course, at the same frequency, and so the spectral inc\ex and variability of the sources are 

unimportant . If the required signal-to-noise for the S-Z decrement of a. massive cluster is 10:1 , then 

all sources clown to 50 pJy must be accurately removed. By choosing the configuration such that 

there are more long baselines than short, it is possible to achieve suitable signal-to-noise for both 

long- and short-baseline maps to optimise the observations to reach 50 J-tJy sources and also achieve 

47 
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Figure 3.1: T he flux on different baselines for a spherical King model cluster (no = 104 m- 3 ,,8 = 

0.65 , core radius= 60" ,Te = 7.8 x 107 I<, z = 0.171 , Einstein-de Sitter cosmology, Ho=50 km s- 1 Mpc- 1 ) as 

observed wi th the Ryle Telescope. (From Grainge, 1995). 

good signal-to-noise for the S-Z effect. T he Ryle Telescope has a dynamic range of 100:1 which 

implies t hat S-Z detections should not be attempted if a source of > 5 mJy is present in t he fi eld. 

Although t he S-Z central decrement is independent of redshift, t he flux observed by a partic ular 

telescope wi ll vary with redshift . Figure 3.2 shows the vari ation of received flux from a fixed physical 

core-rad ius cluster wit h redshift for an Einstein-de-Si tter universe . The drop at both very low and 

very high redshift is caused by the cluster subtending a la rge angle, narrowing the flux profile observed 

in visibili ty space, and so reducing t he flux received on a particular baseline. 

3.3 Processing S-Z data and ren1oving radio sources 

As the Ryle Telescope is an east- west telescope, a typical observing run of an S-Z field is 12 hours 

long, assuming no shadowing. The run is split into 32-second samples. After every 30 samples, a 

bright nearby point source is observed for either 5 or 10 samples (depending on its flux) for use 

as a phase calibrator. Primary flu x calibrat ion is achieved by observing either 3C48 or 3C286 for 

about 20 minutes either before or after a run. Details of the data red uction st rategy are discussed in 

Grainge (1995). In essence , t he flu x- and ph ase-calibrato r observations allow the complex gains for 

each subba.nd and channel to be calculated. 

Each sample is given a. weigh t determined from t he noise-injection system: noise at a known small level 

is injected before each front-end amplifier; this power is synchronously detected after the a utomatic 

gain control stage, th us providing relative calibrat ion of each ante nna 's system temperature and so 
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Figure 3.2: The flux observed for the same cluster from fi gure 3. 1 at different redshifts for an Einstein-de

Sit ter universe. (From Grainge , 1995). 

permitting relative calibration between voltage and J anskys whilst allowing for , for example, airmass, 

cloud and dew on the horn covers. 

A small number of samples are then averaged together in time to produce each visibility point; the 

separation of subband and channels a re kept . In the standard S-Z observing co nfiguration , 10 samples 

a re time-averaged together. However, in an extended confi guration , say Cd, averaging 10 samples 

together in time would smear out the signal on longer baselines . So only 3 samples are averaged 

together. Only data from aerials 1 to 5 are used as the other (unmovable) aerials provide such long 

baselines that the rate of cha nge of phase due to the fluctuatin g atmosphere makes these baselines 

unusable. In addition , sources are often resolved, making source subtraction more difficul t. 

Once each day's run has been calibrated , it is loaded into the Astronomical Image Processing System 

(AlPS). The task HoRUS (which grids, weights and Fourier transforms visibility data into a dirty 

map and beam) is used to produce naturally weighted maps of a ll the data for each 12-hour run. 

Naturally weighted maps are ones where t he visibility data from different 12-hour runs are combined 

together, the visibility points a re weighted by the inverse of their variance. No additional weightit~g 

is used fo r map production. Nat ural weighting is used to give the best possible signal-to-noise ratto 

at the expense of larger sidelobes . (The alternative, uniform weighting , takes account of the fact that 

t here a re more short baseline visibility points and so down weights them. This red uces the sidelobes 

of t he beam but decreases the signal-to- noise .) Maps are almost always 512 by 512 pixels, with each 

pixel being 4 x 4". Typical noise on a map is 200 1tJY for a full 12-hour run with no shadowing; 

any maps with substantially more noise t han t his (which would normally be due to poor weather) 

or obvious in terference (which is very rare) are rejected . 
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Flux .6.RA .6.Dec 
I jl.Jy I a.rcseconds 
3000 10 10 
1000 -35 15 
300 50 -40 
300 120 100 
150 -60 -60 
150 0 0 

Table 3.1: !he point source fluxes and positions in the simulated data. set . Th e convent ion used in this and 

other tables IS the same as required for the task Uvsua, i.e. positive .6.RA is a.n increase in the RA value so 

the source IS to the east (to the left on conveiitiona.l m aps) and positive .6.Dec is a.n increase in Dec i.e. to 'the 
north. ' 

The 'days' of data are then concatenated together. A map of the total data set is then produced 

and the overall noise level is checked. A long baseline map is then made so that sources can be 

identified and subtracted. There are three methods of source s ubtraction that have been applied to 
Ryle Telescope data: 

• using CLEAN, which has been used for the bulk of published S-Z measurements from the Ryle 

Telescope (e.g. Grainge et al., 1996) , · 

• the matrix method , which was first used by Keith Grainge (1995) , and 

• the FLUXFITTER method , first used by Rhiju Das (1999) , and modified here. 

This _sequence began with CLEAN, the classical radio-astronomy image deconvolution technique. The 

matnx method is a more linear method for removing the effects of sidelobes, and FLUXFITTER 

addresses the problem of simultaneously fitting both point sources and S-Z in all the data. This is 

the first proper comparison of these methods. 

3.3.1 The test data 

The three methods can be readily compared and explained with an example of a simulated data set 

containing both sources and an S-Z effect. This was provided by Mike Jones , and is a simulation of 

a 54-day observation of a field at declination 44 °. The 1w coverage used was based on a stand ard 

Cb configuration. The point source fluxes and positions a re shown in table 3.1. The S-Z hole was 

modelled with tvvo negative extended Gaussian sources 5'1 and 5'2 , each positioned at 30" in RA and 

20" in Dec from the pointing centre. S'1 is an elliptical Gaussian with a total flux of -5 mJy and a 

FWHM size of 180" x 120" with the major axis at PA 30°. 5'2 is a circular Gaussian with a total flux 

of -3 mJy and a FWHM of 60". Figs 3.3 and 3.4 show maps made by HoRus with all the data and 

with baselines longer than 2 k), respectively. ' 
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Figure 3.3: Raw m ap for all the baselines for 
the simulated data set . The greyscale range is 
-1.2 mJy bea.m- 1 (dark) to 2 mJy bea.m- 1 

(light). 

3.3.2 The CLEAN method 

45° 00' 00" 

JO, 

44° 4S' 00" 

JO. 

44° .30' 00" 

Figure 3.4: Raw map for the long baselines 
for the simulated data. set. The greyscale 
range is -1.4 mJy bea.m- 1 (dark) to 2.8 mJy 
beam -l (light) . 
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The CLEAN algorithm, first described in Hogbom (1974), is an effici ent iterative way of deconvolving 

images in traditional radio astronomy. It was developed to deal with "incompletely sampled visibility 

plane" data in 1974, and, apart from being made more efficient, has been a standard method since. 

It works in the following way. The brightest peak in a.n image is found. The location to search can 

be constrained with "CLEA N boxes". A delta-function is placed in a. model of the sky a.t the position 

of the peak with a. flux that is a. fraction of the flux - typically 5 or 10%- from the image. The 

delta-function is then convolved with the beam , and the residual image , i.e. the difference between 

the convolved model and the image, is then calculated. The cycle is then repeated using the residual 

image. The delta. functions that CLEAN places in the model are known as "CLEA N components". Fi

nally, when the residual map is thought to be empty of sources, the CLEAN components are convolved 

with a CLEAN-beam and added back onto the map. Cla.rk (1980) showed that this algorithm can be 

made more efficient by splitting the algorithm into major and minor cycles . A minor cycle consists 

of performing the standard CLEAN on the most ext reme values of the current residual image. At the 

end of the minor cycle (defined as when the restricted residua l map becomes smaller than a multiple 

- defined in Cla.rk- of the input restricted map) , the clean components are Fourier transformed, 

subtracted from the visibility data, re-gridded and FFTed back to the map plane and then subtracted. 

Thus small errors in the minor cycle are corrected as the subtraction is done exactly. 

vVhy are fraction s of flu x subtracted on each loop? As the dirty ma p is a convolution of the sky with 

the beam , sources will be sitting on the sidelobes of other sources. As the sidelobes can be both 

positive a nd negative , it is possible that the flux on the dirty ma p is smaller than the actual flux . 

Thus, over-subtraction is avoided. The implementation used here, APCLN, is known as a visibility

based CLEAN. It is visibility- based in the sense that the calculation of the residual image is done in 
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the uv-plane. (Some implementations do the subtraction in the image plane .) 

For this method , a dirty map of all the baselines longer than 1.5 k.A is produced by HORUS . CLEAN 
boxes are then placed around the visible sources, and APCLN is used to deconvolve the beam from 
the dirty map. After deconvolution , the CLEAN-values of the fluxes are measured , using the AlPS 
verb MAXFIT. This verb fits a two-dimensional quadratic function to the 9 pixels around a peak 
in the map, and reports the peak interpolated flux and position. The task UvsuB is then used to 
subtract the fitted point sources. 

In some fields, such as this example, there is a bright radio source. (At 15 GHz in an S-Z field, 
"bright" corresponds to> 1 mJy). The la rge sidelobes of the beam make it difficult to identify other 
sources in the field. In these cases, MAXFIT is used to estimate the position and flux of the source 
from the dirty map, and it is subtracted straight away with UvsuB. Then the above algorithm can 
be applied to the source-subtracted dataset. It is important to be aware that if the strong so urce is 
sitting on the positive grating ring of a \>Veaker source, then the measurement will be an overestimate 
of the true flux. As a precaution , not all of the flux from the bright so urce is initially removed with 
UvsuB. This leads to a source being visible at the position where the flux had been incompletely 
removed , as it should. In this example, source 3 in table 3.2 was reduced by subtracting 2000 ttJy 
from position (9,10) before looking for more sources . The remaining 1000 pJy of flux was then found 
to be at the position (11,9). Given the resolution of the simulated observation, 37.5 11 , this apparent 
shift is entirely consistent with noise. 

The sources and the positions found in the simulated data set are listed in table 3.2, and the CLEANed 
map is shown in figure 3.5. The seven so urces found are labelled. It should be noted that only so urces 
1 to 6 were initially measured from the CLEAN map and subtracted from the dataset. The 7th so urce 
was visible after mapping the post-subtraction data. Had a source been visible outside the area 
CLEANed after subtraction, it would have been necessary to redo the CLEAN; in this case the so urce 
had been CLEANed. The map made from baselines longer than 2 k.A was consistent with noise after all 
the 7 sources had been subtracted. The final S-Z flux observed was -3.39 mJy, at a. position (31, 20) 
arcseconds from the pointing centre. The S-Z values were measured with :tviAXFIT from a map made 
with the baselines shorter than 1.5 k.A. Note that for this dataset the S-Z flux is unphysically large 
for 15 GHz and that the profile is not a King profile. The model used also produced more flux on 
longer baselines than a. King profile would, and so a higher baseline cut was used in this case to avoid 
contaminating the point source maps. 

A comparison of the sources found (table 3.2) and the sources actually in the model (table 3.1) 

shows the how well the CLEAN method works . The most glaring problem is that 7 sources have been 
detected where there are only 6. This is one example of CLEAN introducing a bias . 

3.3. PROCESSING S-Z DATA AND REMOVING RADIO SOURCES 

Source number Flux Offset from pointing centre 

I JI.JY I arcseconds 

1 300 118, 104 
2 374 48, -37 
3 2977 11 , 9 
4 919 -35 , 15 
5 178 -60, -58 
6 181 -109, -9 
7 310 -6 , 6 

Table 3.2: Fluxes and positions as measured by MAXFIT after CLEANing. 
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Figure 3.5: A CLEANed map of the simulated data. The map was made using all baselines longer than 2 
k.A and then CLEANed with boxes around each source. Source 3 has had 2000 J.I.JY of flux already removed to 
aiel identification of weaker sources. The contour levels are -180 , -90 JI.Jy (clashe~ ) , 90x (1 , /2, 2, /8 , 4: · · · 
)JI.Jy beam- 1 (solid). The beamsize FWHM is shown in the bottom left . The object to the north of source 3 
is below the flux cut for positive detections. · 
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Source finding 

The CLEAN method hinges on one thing, finding sources. Source finding is done in an ad-hoc, 

iterative mann er. A typical source-subtraction process may involve many iterations of map making , 

running the subtraction algorithm on the sources found , mapping residuals, finding another source 

and th en ad ding that into the model. 

A high signal-to-noise source is easy to identify, and causes no problems. However, the process 

becomes subjective around signal-to-noise ratios of 4 to 3.5 . In the absence of additional data, I first 

consider a field to have no significant sources left - i.e. no sources that can be clearly found from 

the data- if there is nothing on a long baseline map above the 3.5-a level within 350 arcseconds of 

the pointing centre. As the primary beam of the Ryle Telescope is 380" FWHM, any sources that are 

close to the first null would have to be very bright at 15 GHz. My initial justification for the 3.5-a 

level is that the first null encloses a sky area of 106 square arcminutes, and that in that area there 

are about 420 independent resolution elements, as the resolution is around 30". A 3.5-a or greater 

Gaussian event has a probability of occurring of 0.046%. With 420 resolution elements, there will be, 

on average, 0.2 3.5-a events which are entirely due to noise. However , the problem with the initial 

"3 .5-a" approach is that the statistics become non-Gaussian in the image plane. If the synthesised 

beam of a noise fluctuation interacts with the synthesised beam of a real source or a bright noise 

fluctuation, then there are more "sources" than Gaussian statistics predict. This is particularly bad 

for the Ryle Telescope as the sidelobes are quite high. 

In practice, radio sources in clusters we observe have angular sizes smaller than the resolution used. 

However, the number of CLEAN components is generally much larger than the number of sources 

visible in the field. With the test data, only 7 so urces were eventually subtracted , but AlPS produced 

a model with 21 CLEAN components . Since the real sources are evidently point sources, this is over

modelling the data. There is also a degree of randomness in the placing and exact sizing of CLEAN 

boxes. As s uch , at least a better defined method is req uired. 

3.3.3 The matrix method 

CLEAN is non-linear , and in an attempt to avoid inconsistencies and possible biases from CLEAN, the 

matrix method was developed by Keith Grainge, and I desc ribe it here and assess its performance. In 

the mat rix method, so urces are first identified from an unCLEA Ned long-baseline map , and MAXFIT 

is used to meas ure the positions and the fluxes of the so urces. The convolution that occurs when 

observing with an interferometer means that the raw flux of one source, S'dirty, is given by 

n 

S'dirty = L S'sky ,iBiPi, 

i= l 

(3.1) 

where S'sky ,i is th e flux on the sky of the ·ith point source , B; is a factor due to the synthesised beam 

that depends on the distance (on the sky) between the so urce in question and the ith so urce, and 

P; is the primary beam attenuation. The value of B,P; is direct ly measured from the dirty beam 
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Figure 3.6: Long (i.e. greater than 2 k.A) baseline m ap for the test data after the sources in table 3.3 have 

been subtracted. The greyscale range is from -480 to 480 1-dy beam- 1 . 

produced by HoRUS, and of course includes the effect of sidelobes . This method has the advantage 

over CLEAN in that sources that are meas ured in the map to be point so urces are modelled with one 

flux and position. With the simulated test data, the brightest 5 so urces as identified with the CLEAN 

method were used, i.e. the sources labelled 5 and 6 in figure 3.5 were not fitt ed . The resulting matrix 

was 

634 1 0.084 0.125 - 0.071 0.031 S'sky,l 

117 0.084 1 -0.043 -0.047 -0.130 S'sky,2 

2568 0.125 -0.043 1 -0 .256 0.324 S'sky,3 (3.2) 

508 -0 .071 -0 .047 -0.256 1 -0.235 S'sky,4 

1010 0.031 -0.130 0.324 - 0.235 1 S'sky,7 

where the vector on the left side of the equation is a measurement of the dirty flux (in fLJy) at each 

point . The value S'sky,x is the beam-attenuated flu x on the s ky of source x, using the same labelling 

as for so urces found in the CLEA N method. 

The matrix method is linear , an immediate advantage over the CLEAN method. If on the first 

subtraction attempt some sources a re still present , then the additional terms for the matrix can then 

be measured and the solution recalculated. It has the disadva ntage of being slow. 

Table 3.3 shows the fluxes found. A compariso n with the sources known to be in the model (ta ble 3.1) 

shows that the fluxes are s ignificantly different. There a re two reasons for this. Firstly, not all the 

flu x has been s ubtracted. The long-baseline map after subtraction is shown in figure 3.6. That not 

all the flux has been subtracted is however a small effect; the flu x left on the ma p is only 150 {LJ y, 
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Source number Flux Offset from pointing centre 
I p.Jy I arcseconds 

1 354 114, 98 
2 350 35,-17 
3 2781 9, 10 
4 1608 -35, 15 
7 521 -6 , 6 

TCable 3.3: Source flu xes and ~ositions from the matrix method . The source numbers are the same as for the 
LEAN method. Only the 5 bnghtest sources were used. 

5% of the measured S-Z effect in this case. Secondly, the positions used have been determined from 

the unCL EANed map , by searching for extrema with MAXFIT. Occasionally, the relat ive positions of 

sources a re s uch that one source is in the steepest part of a sidelobe of a nother , and MAXFIT does 

not find an extremum that corresponds to that source. This has occurred in this case with sources 

3 a~1 ~ 7 (using the CLEAN method numbering). In these situations , MAXFIT is not used , and the 

~osJtJOn from t he C~EAN method is used. The flux value from the unCL EANed map in that position 

IS then used. OccasiOnally this too fai ls . In this situation , when the CLEAN positions a re used for 

sources 5 and ~ - the two faintest so urces- the resultant solution contains negative fluxes, which is 

clearly unphys1cal. Thus one of the 7 so urces is not real , or the position used is not correct. 'Vithout 

additional. informati~n , for instance a lower frequ ency map or higher sensitivity data, it is impossible 

to say which sourc.e IS real and which is noise . This is why the example here only uses the brightest 

5 sources. The reliance on the CLEAN method and vvith the difficulties automating the process for 

large numbers of sources means that the "matrix method" has only been applied in simple cases with 
a few well sepa rated so urces. 

3.3.4 The FluxFitter method 

In an attempt to overcome the problems of the CLEAN and matrix methods, a piece of code known as 

FLUXFITTER was written. The first version was written by Rhiju Das (1999) , which I then extended 

to allow all the parameters to vary and to model the S-Z effect correctly. The algorithm that it uses 
is st raightforward. 

1. An .i~itial guess of a model of the sky is found, using a set of parameters that represent the 

positiOns and fluxes of each p-oint source, including the S-Z hole. This model is determined from 

the long baseli~1 e Ryle Telescope maps (either raw or CLEANed) and, for the S-Z parameters, 
X-ray observatiOns. 

2. The flu x that the Ryle Telescope would observe is calculated for every visibility point. 

3. The misfit between the model and real uv data is then calculated as Xz. 

4. The parameters are then varied to minimise x2 . 
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The best-fitting pa rameter values a re then used to subtract the point so urces; this is done within 

AlPS. There are two advantages to this method. Firstly, it works almost entirely in the aperture 

plane; only the so urce identification and a pproximate position finding is done in the image plane. 

·working in the aperture plane is good beca use that is where the data are taken (a nd so where any 

problems start) and the noise distribution is known to be Gaussian. The second advantage of this 

method is in point 1. A simultaneous fit to the positions and fluxes of the point sources a nd the S-Z 

hole is a clear improvement over either of th e previous methods . It allows full use of all visibility data, 

which increases the signal-to-noise ratio for point source measurements . An associated advantage is 

that if the S-Z flu x is present on longer baselines then the correct result in obtained. 

The initi al parameters for the model are still estimated by using the CLEAN method. In a complex 

situation with both bright and faint sources, the map is CLEANed , and then positions measured. 

These are then subtracted and the subtracted data then mapped again. This loop can be performed 

many times to estim ate the number of sources and their approxim ate positions and fluxes. In a less 

complex situation , CLEAN is not used , and so urces are approximately subtracted and then the data 

remapped. Again, this is just to provide a n initial guess for FLUXFITTER. 

Currently only the flux of th e S-Z hole is varied. The other parameters that describe the hole -

position, core radiu s of the cluster and ;')- parameter for the cluster - are all fixed. This is don e for 

a number of reasons. Firstly, the radio data do not well constrain the core-radius or ;')-parameter, 

due to the lack of ma ny different-length baselines that a re sensitive to the S-Z hole. The X-t'ay 

meas urement constrains the core radius, ,8- pa ra meter and position much better. In addition, varying 

any of the parameters of the S-Z hole, i.e. changing its shape or position, requires the S-Z hole to 

be recalculated a nd a FFT to calculate what the Ryle Telescope would observe. The minimiser 

generally requires a good deal of x2 evaluations (the fitting for the simulated test data takes 750 

iterations and roughly the same number of function evaluations), and so performing a n FFT at each 

x2 evaluation slows the entire process down a great deal. However, varying the amplitude of the 

S-Z hole does not require an FFT and so it is included as a parameter. The flux of the S-Z hole as 

reported by FLUXFITTER is not currently used in determining Ho. Instead the fit is done to the uv 

data as described in section 2.2. 

FLUXFITTER was run on the simulated test data. As the simulated S-Z hole is not a King profile, 

attempting to fit a King profile to it would bias the point-source fitting. Thus only baselines longer 

than 2 k.A. were used . The fluxes and positions from the CLEAN method were used as an initia l 

guess . The source fluxes and positions from fitting the simulated data are shown in table 3.4. After 

subtraction with Uvsus, the map of baselines greater than 2 k.A. was consistent with noise. A map 

of baselines shorter than 1.5 k.A. and with these 7 sources subtracted shows a hole of flu x -3 .327 mJy 

at an offset (30, 20). All of these results are consistent with the results from the C LEA N method. 

Although this test does not show the entire advantage of FLUXFITTER it does show that sources can 

be fitted accurately in a complex environment without reco urse to CLEAN. 

FLUXFITTER also reports error bounds. As fig ure 3.7 shows, the x2 co ntours a re elliptical a nd 

orientated along the variable axes, which shows that th e parameters a re independent. The error on 

each parameter is calculated by finding the pa rameter values at which the reduced x2 increases by 1. 
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Source number Flux Offset from pointing centre 
I f-lJ y I arcseconds 

1 290 ± 34 117.5 ± 1.3, 103.5 ± 2.2 
2 373 ± 34 46 ± 1, -36.4 ± 1.5 
3 3017 ± 34 9.3 ± 0.1, 9.4 ± 0.2 
4 992 ± 34 - 35.1 ± OA , 15.7 ± 0.6 
5 1"98 ± 34 - 59.5 ± 1.7, - 55.9 ± 2.9 
6 172 ± 34 - 106.5 ± 2.4 , -10 ± 3 
7 215 ± 34 -15.3 ± 1.6, -4.3 ± 3 

Table 3.4: Source positions and flu xes as reported by FLUXFITTER 
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Figure 3.9: Signal-to-noise ratio verses the uncertainty (in arcseconds) of the position. Fi tting a straight 

I. 1 · d · · . cl ( 3 0 5) s -0 .99 ± o 0 1 
me to t 11s ata g1ves uncertamty 111 arcsecon s = 1 .7 ± . N 

The error bound reporting was checked by simulating a poin t so urce with varying signal-to-noise 

ratios. 500 observations of a single point source were simulated; the signal-to-noise was kept constant 

for groups of 10 simulations , and the position was held constant for all the simulat ions. The visibilities 

were simulated with Gaussian noise. The known position was then feel to FLUXFITTER as an initial 

guess, and the best fitting position and flux recorded. It was found that the quoted error bar does 

enclose the position for 67% of the time. It was also found that the uncertainty of the position , that is 

the size of a , varies as the inverse of the sign al-to-noise . This result is shown in figure 3.9 . Note th at 

this relation holds clown to very low signal-to-noise ratios. The result is useful for determining whether 

a tentative source found with the Ryle Telescope at low signal-to-noise has a position coincident with 

higher significance data, for example from NVSS or DSS. 

3.3.5 Possible improvements 

Source recognition is clearly the biggest problem that still remams. It is the on ly step that is still 

performed in the map plane rather than the aperture plane. As producing the map requires Fourier 

Transforms, the noise properties of the map are not straightforward; in the aperture pla ne the noise 

is known to be Gaussian on each measured point . There are computational issues involved here. 

Producing a map and identifying sources by hand is possible a nd fairly cheap in compu ter time. 

Minimising t he misfit between the data and a given number of sources is also cheap; but allowing the 

number of sources to vary vastly increases the complexity of the problem and the time required . It is 

possible that more advanced minimising techniques , s uch as simulated annealing (see, for example, 

Press et al. , 1993) or using maximum entropy techniques will make this possible and robust in the 
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Subtraction S-Z flux posit ion 
method I mJy 11 

CLEAN -4.2 ± 0.1 31.2 20.0 
Matrix -4.6 ± 0.1 23.4 20.9 

FLUX FITTER - 4. 1 ± 0.1 29.6 20.0 

Table 3.5: Parameters for the resulting S-Z holes from the simulated data. 

aperture plane. 

In practice, additional observations of the sky at different frequencies are available, for example 

NVSS or F IRST at 1.4 GHz and the Greenbank s urvey at 5 G Hz. This prior information can be 

very valuable in determining whether or no t a peak is noise or a source . 

3.4 Sununary of n1ethods 

Tables 3.2, 3.3 and 3.4 show t he results of three different methods for source fitting. The positions 

a nd fluxes put in to t he model are shown in table 3.1. The res ul tant position a nd depth of the S-Z 

holes after subtraction are shown in table 3.5 . The parameters are a ll meas ured from un CLEANed 

maps , made >vith baselines shor ter t ha n 1 k>.. The position a nd flu x from the matrix method are 

incorrect due to incomplete subtraction . The CLEAN a nd FLUXFITTER methods give simila r resul ts, 

which is not su rprising as they give simila r results for the source fluxes a nd positions. 

All three methods benefit from prior knowledge of t he source dist ribution on t he sky. This can be 

estimated from looking at lower frequency surveys such as NVSS or F IRST. Most falling-spectrum 

sources, i. e. with a > 0 (where S <X v-a, v is the observing frequency and a is the spectral index) 

will be detected in NVSS a nd/o r FIRST. However, as shown by Co01·ay et a l. (1998) in clusters and 

Taylor (2000) generally, there a re rising spect rum sources, i.e. with a< 0 that a re present at 15 GHz 

and not detected in NVSS a nd F IRST. 

3.5 New Ryle Telescope observations 

Abell 611, Abell 990 a nd cluster 0016+16 are t hree moderately high redshift clusters ident ified by 

Keith Grainge (1995) as being good candidates for S-Z observations with the Ryle Telescope . T hey 

form part of t he luminosity-limited sam ple of clusters discussed in chapter 2 ident ified as being 

potential candid ates for Ho determinat ion. Table 3 .6 shows the basic properties of t he clusters. 
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Cluster RA Dec Redshift Lx 
I 1037 W (0.1 - 2.4 keY) 

A611 8 0 59.4 36 3 1.4 0.288 12 .7 

A990 10 23 49.3 49 8 19.0 0.144 7.61 

0016+16 00 18 34.2 16 26 21.4 0.54 26 (2- 10 keY) 

Table 3.6: Basic properties of three candidate clusters observed with the Ryle Telescope. The redshift 

references are A990: Struble & Rood (1999) , A6 11 : Crawford et al. (1 995), 0016+16: Stocke et al. (1991). 

T he luminosity references are A990: Ebeling et al. (1996) , A611 : Grainge (1 995) , 0016+16: Tsuru et al. (1996) 

no {3 1'cl 1'c2 inclinat ion Position on sky 

l1 03 1n- 3 h~ 11 11 angle I 0 

A611 11.6 0.589 25.9 24.3 281 8 0 57.6 36 3 13 .8 

A990 4.96 0.587 60.2 78.7 348 10 23 41.4 49 8 17 .9 

0016+16 9.28 0.714 33.4 39.4 126 0 18 34.5 16 25 57.8 

Table 3. 7: The results from fitting a ellipsoidal King profile to the X-ray data. h is defined to be 

H0l(50km s- 1 Mpc 1 ). The inclination angle is defined clockwise from 0° lying E-Won the sky. 

3.5.1 X-ray observations 

To perform a rigorous so urce s ubtraction using FLUX FITTER, a model of the gas distribution in each 

cluster needs to be foun d. ROSAT images were taken from the archive a nd an isotherm al ellipt ical 

King mod el fit ted, as discussed in chapter 2. The ROSAT images a re shown in figure 3.10. In A990 , 

White (2000) find s evidence for a cooling flow wit h a. mass deposit rate of 348~~~g i\l/8 yr- 1. This 

result is from a two temperature fit to ASCA data. However , the signal-to-noise ratio of the ROSAT 

observation is such that a cooling fl ow cannot be positively identified. In order to avoid the possible 

bias, a central region was m asked out for A990. If these pixels do contain a cooling fl ow a nd were 

not ignored, then the core rad ius may be biased low and the (3 value biased high . In a ll t he clusters, 

any regions which looked like a point source were also masked out a nd not used in the fitting. The 

resu lts found for each cluster a re quoted in table 3.7. 0016+16 has been observed and a nalysed by 

many gro ups; the results are shown in table 3.8. Note that only Hughes & Birkinshaw (1998) do not 

fit a spherical model; t hey find an elliptical ratio of 0.85 ± 0.02, closely comparable to my value of 

0.84 . The (3 a nd core-rad ii values a re also in good agreement. 

The X-ray observation of A611 is of poor qu a lity. The im age contains a couple of bright pixels , 

which, on comparison wit h t he POSS image, are coincident with a. large galaxy. These pixels were 

removed ; including them pushed the cent ra l den sity up a nd the core radii down to very s mall values. 
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Figure 3.10: ROSAT images for the clusters discussed in this thesis. 

Instrument f3 1' c . Reference 
If 

PSPC 0 8+o.o4 50.5:!::8 Neumann & Bohringer (1997) . -0 .05 
HRI 0 68+0 1 38.5:!:~~ Neumann & Bohringer (1997) . -0 .07 

PSPC 0 728+0.025 40.7:!:~~ Hughes & Birkinshaw (1998) . -0.022 
joint PSPC & HRI 0 749+0 024 42.3:!:~ 6 Reese et al. (2000) . -0.018 

Table 3.8: Values from the literature for X-ray analysis of the shape of 0016+16 . 
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Position Flux /mJy 

RA Dec Peak Integrated 

8 1 20.248 36 5 9.3 1.25 0.83 

8 0 54.948 36 9 6.1 1.10 2.19 

Table 3.9: The radio sources in the FIRST catalogue within 400" of the Ryle Telescope pointing centre for 

A611 . 

3.6 Abell 611 

A611 was observed for 16 sets of 12 hours between November 1994 and January 1995 with the Ryle 

Telescope in configuration Cb. I rejected three days of data taken in bad weather after examining 

the 1-day maps and noise levels. A map of the combined 13 days of data using baselines longer than 

1.5 L\ had a noise level of 70 ftJy beam- 1 , and only one source was visible, with a flux of 299 ftJy 

bea.m- 1 at RA 8h om 575 1 Dec. + 36° 3' 40". This source was removed with Uvsus, using the flux 

a nd position from the dirty map. A long-baseline map of the subtracted data. was consistent with 

noise, with no other sources in the field. A map of the baselines shorter than 1 k>. shows a decrement 

of -624 ± 157 ttJy at RA 8h om 575 4 Dec. + 36° 3' 5". This is 9" from the X-ray position (2.4" in 

RA and 8.6" in Dec) . The S-Z and X-ray positions are fully consistent given the CLEAN beam of 97" 

by 291" . 

Table 3.9 lists the sources found in the FIRST catalogue around the pointing centre for A611. The 

NVSS catalogue does not contain any sources for this region. Neither of the two FIRST sources are 

detected at 15 GHz and the source that is present at 15 GHz is not detected at lower frequencies. 

Figure 3.11 shows a dirty map made with short baselines without any source subtraction , whereas 

figure 3.12 shows the same thing with the source subtracted. It is clear that source subtraction is 

important and even a.~ 300 ttJy source can mean the difference between a positive detection and a 

null result. 

FLUX FITTER was then run usi ng the X-ray data to provide a model of the S-Z decrement, using all 

the baselines. Again, the initial guess was defined by the 1.5 k>.-only fitting. The source was found 

to be at RA 8h om 575 1 ±0.9 Dec. + 36° 3' 35"0 ±8 with a flux of 275 ± 65 pJy, which is in good 

agreement with the long-baseline only values. Figure 3.13 shows a CLEANed map of baselines shorter 

than 1 k), after this source has been subtracted. The decrement (as measured from the map) is -610 

±100 ftJy at RA 8h om 575 4 Dec. + 36° 3' 8"5. The extension to the south is not significant. 

3.6.1 H0 determination 

Using the X-ray parameters to generate a model of the cluster; model visibilities can be calculated, 

as described in chapter 2. I assumed the same gas temperature as White (2000) , 7.95~8:~~ x 107 K. 

The model visibilities were then directly compared with the measured visibilities. Figure 3.14 shows 

the likelihoods calculated for different Ho values using equation 2.3. The best-fit Ho for A611 is then 
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Figure 3.11 : Dirty short baseline m ap of Figure 3.12: Dirty short baseline map of 
A611 with no source subtraction. A611 with source subtrac ted. 

The gray-scale range for both images is -620 (dark) to 620 (dark) pJy beam-'. 
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Figure 3.13: _'fhe S-Z effect in A611. The contour levels are -520 , -390 , - 260 and -130 (solid) , 130 and 
260 P.J~ beam (dashed). The map has been CLEANed; the restoring beam , which is 291" by 97" FWHM at 
a pos1t10n angle 4.8° , is shown in the bottom left. 
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10 100 

Figure 3.14: Likelihood plot for different Ho values from fitting to the source-subtracted S-Z data from A611. 

33.3~~:~ km s- 1 Mpc- 1 . The error quoted is du e to the noise in the S-Z measurement , and does not 

include any of the other so urces of error in the determination. 
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3.7 0016+16 

0016+ 16 is at a low declination for the Ryle Telescope, and so suffers a good deal of shadowing. This 

obviously redu ces the amount of useful data, and so this cluster has been observed for more days 

than either A990 or A611. The increased integrat ion time is also due to the fact that 0016+16 is a 

high-redshift cluster and so deemed interest ing . 0016+ 16 was observed for 13 sets of 10 hours in July 

and August 1993 in configuration Cb, for 32 sets of 12 hours in December 1993 and January 1994 in 

configurat ion Cd and 31 sets of 10 hours between July 1994 and January 1995 in configuration Cb. I 

have considered the two different data sets from the Cb configuration and the Cciconfigul'ation data 

separately because of source variability. 

Two sources were found in long-baseline maps, bot h of which were variable. The fluxes and positions 

as reported by FLUXFITTER are shown in table 3.10. Only baselines longer than 2 k>. were used 

in these fits , as the X-ray map looked relat ively compact and so the S-Z flu x as observed by the 

Ryle Telescope might be detected on relatively longer baselines. Figures 3.15 and 3.16 show the flux 

measu red for each source, averaged over sets of 4 days. Note that sampling is not uniform. The 

variability is clearly real, and must be dealt with. 

There are two regimes of variabi li ty to worry abou t: 
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Figure 3.15: T he flu x of the southern source 
in the 001 6+ 16 field as a funct ion of time. 
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Figure 3.16: T he flu x of the second source 
in the 00 16+16 fi eld as a fun ction of time. 

For each plot , the data is binned into sets of 4 days of observat ion to reduce error bars. 

3. 7. 0016+16 

Position 

0 18 31.41 +16 20 45 

0 18 24.59 +16 26 55 

Cb13day 

308 ± 72 
0 ±72 

Flux fltJy 
Cd 

198 ± 27 
165 ± 27 

C b 31day 

406 ± 48 

198 ± 48 

Table 3.10: F luxes for the sources found in the 0016+16 fi eld in the different telescope configurations 

Short-timescale variability 

67 

Consider a. source varying during a. 12-hour observation. A subtract ion of t he average flu x over t he 

12-hour period will leave residuals that depend on time. 

However, if many 12-hour observations a re performed, and the variability is random , then it is 

eq uivalent to having the uv data. points for a. uniform source but with higher variance. Thus a. simple 

point-so urce subtraction wi ll be sufficient. No n-random "source variability" could be due to, for 

example, t he pointing model for the telescope not being co rrect and the source moving up and down 

the beam in a. consistent way for each observation. 

Long-timescale variability 

Consider a. source that varies slowly over the co urse of a. year. Each 12-hour observation will see 

a.n effectively constant source , and so a. st raightforward point source subt raction is again sufficient , 

again with a. slightly higher noise. 

But consider the case where the uv coverage of the telescope is changed during the observation 

period, say from C b to Cc, and the source has been slowly decreasing in luminosity. The average 

flu x from the Cb data. will be higher than for the Cc data. Combining the two different data. sets 

would then cause the flu x to vary across the 1w plane in a. complex way. A simple source subtraction 

would oversubtra.ct from some uv points and undersubtract from others, not necessari ly averaging 

out. Thus data. from different telescope configurations must be analysed separately. 

The NVSS source catalogue was examined. Three sources within 400 11 of the pointing centre were 

found ; they a re listed in table 3.11. This a rea is not currently covered by t he FIRST survey. The 

first bright source listed is a lso seen at 15 GHz. The beam amplitude of the Ryle Telescope is 7% 

of its peak value for this source , which mea ns that the so urce could be as much a.s 14 mJy bea.m- 1 

a.t 15 GHz, giving a. spect ra.! index of a~~RiUz = - 0.8. Both the spect ral index and flux have la rge 

errors du e to the variability of the source, a nd the possible pointing error of t he Ryle Telescope. If 

each dish pointing is not accurate, then the measured value will vary. T his is important for bright 

sources near the null as t he percentage cha nge in flu x caused by a. small pointing offset is la rge. If 

the pointing model were slightly wrong then the flux measurement cou ld vary in a consistent way for 

each 12-hour observation period. There is no evidence that t his is the case. 
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Position 

0 18 31.3 16 20 42 
0 18 56.3 16 28 52.4 
0 18 58.9 16 27 28 .2 

CHAPTER 3. NEW MEASUREMENTS OF Ho 

Flux lmJy 
Integrated Peak 
289.3 ± 8 269 .3 ± 8 
3.7 ± 0.5 3.7 ± 0.5 
2.9 ± 0.5 2.9 ± 0.5 

Table 3.11: NVSS sources within 400" of the pointing centre of the 0016+16 S-Z measurement . 

Telescope Source position Source flux S-Z 
configuration I p.J Y I pJy 

Cd 0 18 31.4 ±0.1 16 20 57.5 ±2.5 195 ± 25 -904 ± 200 
0 18 24.6 ±0.1 16 26 55 .1 ±3.1 140 ± 26 

Cb13day 0 18 31.6 ±0.2 16 20 29.4 ±15 280 ±50 -530 ± 140 
Cb31day 0 18 31.5 ±0.1 16 20 41 ±6 426 ± 33 -503 ± 91 

0 18 24.5 ±0.2 16 26 59 ±8 248 ± 33 

Table 3.12: Source positions and fluxes found in the 0016+16 field from a complete analysis including the 
X-ray data with FLUXFITTER 

Once the datasets had the point sources subtracted, they were concatenated to give a 1w dataset 

that has only the S-Z signal present. As the configuration changes, the number of samples averaged 

together also changes. In the concatenation, the different datasets were weighted by their variance, 

which is directly proportional to the number of samples that are averaged together. The hole from 

the CLEANed map is -730 ± 90 j.tJy at a position of RA o" 18m 325 ±1 Dec. + 16° 26' 42" ±24. 

As the X-ray parameters have been determined , it is also possible to run FLuxFrTTER using all 

the baselines. As before, the different configurations were considered separately, and the sources 

listed in table 3.10 were used as the initial guesses. The source positions and fluxes found are shown 

in table 3.12 and agree well with the values found with baselines longer than 1.5 k.X. Figure 3.17 

shows a CLEANed map of the S-Z hole made using all the data (weighted as before) and using a ll 

baselines up to 1.0 k.X. The decrement measured from the map is -593 ± 47 1tJy at RA O" 18m 335 3 

Dec. + 16° 27' 14" , which is 17" in RA and 76" in Dec from the X-ray centroid. The beam is 96" (in 

RA) by 310" (in Dec) so this is in good agreement. The lowest two contours show a hint of extension 

both to the south and west. 

3. 7.1 H0 determ.ination 

In order to determine Ho from this cluster , a measurement of the gas temperature is required. There 

are four determinations of the gas temperature in 0016+16 in the literature. 

• Neumann & Bohringer (1997) attempt to use PSPC and HRI data from ROSAT. They do not 

constrain the hydrogen column density well and so quote values of 8~i.4 and 5.5~6:~ keV (1-a 
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Figure 3.17: CLEANed , source subtracted map of the S-Z hole 0016+16. The contour levels are -560 ,. -49~; 
-420, -350 , -280, -210 , - 140 , -70 (solid) , 70 and 140 pJy beam- 1 (dashed). The restonng beam IS 310 
by 96" FWHM at a position angle of 1.r and is shown in the bottom left of the diagram. 

errors) within lOO", for column densities of 5 and 6 X 1020 cm-2
. 

• Furuzawa et al. (1998). They use ASCA observations, and find a value of 8.0~6:~ (95% confid

ence) using data within 6' of the cluster position. The average temperature drops as the radius 

of data included increases . 

• Hughes & Birkinshaw (1998) use the same ASCA observations of Furuzawa and determine a 

column density from PSPC observations. They also note that there is an AGN 186" north 

of the cluster centre and perform a simultaneous fit to the cluster temperature and the AGN 

emission. They find a temperature of 7.55~g:~~ keV (1-a errors) with a column density of 

5 . 59~g:~~ x 1020 cm-2
. 

• White (2000) also uses the ASCA observations and finds an average temperature of 8.03 ± 1.03 

keV (1-a errors). White does not find any temperature variation with radius. 

I take the Hughes & Birkinshaw value as it has the smallest errors and they take account of the AGN 

emission . Using this temperature, and following the same procedure as before, I find Ho= 78~~i km 

s- 1 Mpc 1 from 0016+16. Figure 3.18 shows the likelihoods. Again, the error is due only to the 

noise on the S-Z decrement. 

3. 7.2 Other H0 determinations 

Both Hughes & Birkinshaw (1998) and Reese et al. (2000) have determined Ho via the S-Z & X-ray 

route using 0016+16. Reese et al. use OVRO and BIMA at 28.5 GHz. The only source they find 

is the bright southern so urce; the positional agreement is good and the flux is 9 ± 2 mJy at 28.5 
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Figure 3.18: Likelihood plot from fitting the source-subtracted S-Z data from 0016+16. 

GHz. They quote a distance of 2041~:~j Mpc to 0016+16 for an Einstein-de-Sitter universe, which 
corresponds to an H 0 of 60.5~ 11~ (statistical uncertainties only). This is slightly lower than my value, 
which could be explained by their incomplete source subtraction. Indeed , mapping my un-source
subtracted data shows that the flux of the S-Z hole is 7% larger than in the source-subtracted data. 
Thus as Reese et al. do not subtract both sources, their S-Z flux will be larger , and so the Ho value 
lower. 

Hughes & Birkinshaw (1998) use the OVRO telescope, operating at 20.3 GHz using beam- and 
position-switching techniques. They do not produce a map of the S-Z effect, but instead produce 
a scan along a north-south line through the cluster. Also, they do not detail the corrections they 
make for radio sources, but it is reasonable to assume that they use the data collected by Moffet 
& Birkinshaw (1989) and attempted a source subtraction from that. Within the Ryle Telescope 
field-of-view, Moffet & Birkinshaw find two sources which have good positional agreement with the 
two sources that I find. However, the observations were not simultaneous, making the subtraction of 
the variable source effectively impossible 

1 The final value they quote before considering the effect 

of sphericality is Ho= 47~i~+21 km s- 1 Mpc- 1 where the second error is due to an uncertainty in 
the zero level due to possible ground-spill. Again, as the X-ray fitting has given substantially similar 
results, the error is almost certainly in the S-Z value, and probably in the source subtraction. 
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Flux Position 

155 ± 60 10 23 47.8 ±0.4 49 14 4 ±7 
181 ± 60 10 23 48.9 ±0.4 49 5 39 ±5 
146 ± 60 10 23 56.1 ±0.4 49 9 38 ±8 
491 ± 60 10 24 2.4 ±0.1 49 6 51 ±2.2 

Table 3.13: Fluxes and positions found by FLUXFITTER for A990 using baselines longer than 1.5 k.X 

Position FIRST Flux NVSS Flux 
Peak Integrated Integrated 
±0 .13 I mJy beam- 1 I mJy 

10 23 29.7 49 2 31.2 1.7 1.5 
10 23 37.1 49 6 40.0 5.1 ± 0.5 
10 23 47.8 49 11 28.5 1 1 
10 23 54.2 49 2 34.5 1.6 1.3 
10 23 58.6 49 13 47.4 2.1 2.8 
10 24 2.3 49 6 51.6 17 34 38 ± 1.2 

Table 3.14: NVSS and FIRST sources found in the A990 field at 1.4 GHz. Dashes indicate no source in the 
catalogue. 

3.8 Abell 990 

A990 was observed for 25 days between March 1995 and October 1995, again with the Ryle Telescope 
in configuration Cb. Seven days were rejected due to high noise on the 1-day maps. One source of 
~ 600 pJy was clear on long-baseline maps and was subtracted . A number of fainter sources were 
then visible. The positions and fluxes of all of these sources as measured with MAXFIT were used 
as an initial model for FLUXFITTER, using all baselines longer than 1.5 k.A. in the unsubtracted data 
set. The sources found are shown in table 3.13. 

After subtraction with Uvsus, the long-baseline map is consistent with noise, and the map of 
baselines less than 1 k.A. shows a decrement of -395 ± 120 f..tJy at a position of RA 10h 23m 455 3 
Dec. + 49° 9' 611

• This is 36" in RA and 48" in Dec away from the X-ray position. The synthes
ised beam is 116" by 162" so this offset is, in percentage terms, the worst agreement of the clusters 
considered here, but just consistent. 

Using the X-ray data, FLUXFITTER vvas run using all the baselines. When run using the X-ray 
position for the cluster , the agreement between the previous values (for the long baselines only) and 
the combined fit is not good. It is also poor when the cluster position is set to the S-Z position 
reported above. In both cases, the long-baseline map does not show any significant sources after the 
subtraction. There does remain the possibility of a weak extended source, slightly offset from the 
cluster centre. This would be resolved out of the long-baseline data, but would still contaminate the 
short baseline S-Z map , altering the flux and position of the observed S-Z decrement. 
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The FIRST and NVSS source catalogues were then investigated. Searches were performed in each 
catalogue within a radius of 400" from the Ryle Telescope pointing centre. The sources found are 
in table 3.14. As the resolution of the Ryle Telescope is similar to that in the NVSS survey, the 
sixth source - which is extended at FIRST resolution but pointlike in NVSS - is not a problem. 
Indeed , a comparison with table 3.13 shows that it is present at 15 GH z, at 491 ± 60 J.I.J y. Taking 
into account the primary beam attenuation (vvhich is a multiplicat ive factor of 0.26 at this point) , 
the spectral index, Cl', of this object is Cl'~~4<t:ltJz = 1.26 ± 0.3. The FIRST im age of the source hints at 
a head-tail morphology. However, the second object in the list is more t roublesome. The catalogue 
limit for the FIRST survey is 1 m.J y. This implies that the object is extended at 1.4 GHz and is 
being resolved out by the FIRST survey. There is a danger that it will be resolved out from the long 
baseline maps made with the Ryle Telescope at 15 GHz, and so not identified as a source and not 
subtracted. This depends on its spectral index; in order to attempt to dete rmine the spectral index, 
WSRT observations of A990 were obtained. 

3.8.1 WSRT 

The Westerbork Synthesis Radio Telescope (WSRT) is a 14-element East-West interferometer situ
ated near Dwingeloo , The Net herlands. Each antenna is 25 m in diameter. Ten elements are fixed 
with a separation of 144 m; the further four elements are mounted on a rail t rack. vVSRT has good 
low frequency sensitivity and the range of baselines means that resolu t ion is well matched to t he 
expected angular sizes of extended sources in clusters. 

On 26 Oct 1997 and 5 December 1997, WSRT observed 8 clusters for 19 hours in the UHFlow and 
UHFhigh ba nds; these correspond to 321- 379 MHz split into 9 channels and 800- 880 MHz split into 
8 channels. Eight clusters were observed; A697, A6ll, A665, A773, A990, A1413, A1914 and A2034. 
Overall flu x and phase calibration was achieved by observing 3C48 a nd 3C147 both at the beginning 
and end of the 19-hour observing run . In order to obtain useful observations of all of the 8 clusters in 
as short a time as possible, long snap-shots were used. That is, 20 minutes were spent on A6ll , then 
another 20 on A665, etc. After all 8 clusters had been observed , the seq uence was repeated. This 
t hen allowed all the observations to be completed in two 19-hour runs rather than 16 12-hour runs. 
The snap-shot t ing was not done completely evenly; figure 3.19 shows the 1w-coverage for A990. 

Unfortunately, some of the visibility points were swamped by interferen ce. Figure 3.20 shows an 
am plitude-baseline plot for A990. It is clear that there is a good deal of interference on the shorter 
baselines. In order to eliminate it , all visibility points with a flux higher t ha n 10 J y were removed. 
The clipped data are shown in figure 3.21. 

After clipping, total intensity maps of A990 were made. A cellsize of 20" x20" with a 1024x 1024 
grid were used for the UHFlow data, covering 5.7° x 5.r. As FFTs are being performed, the map 
size in pixels must be a power of 2. This provides a good compromise between ensuring that the sky 
is Nyquist sampled , mapping the entire fi eld of view, and computation time. The longest avail able 
baseline is 2.7 km for WSRT, which corresponds to 3 k.). at UHFlow and spatial sizes of68". Thus 20" 
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Figure 3.19: Visibility plane coverage for the UHFlow observation of A990. This plot shows the band centred 
on 333 MHz, but as the observations are simultaneous, the coverage is the same for all the UHFlow data, but 
scaled with wavelength. 
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Figure 3.20: The raw total in tensity-baseline plot Figure 3.21: The an~pli tude-baselin e plot for A990 
for A990. after ftu xes greater than 10 J y have been clipped . 
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Frequency flux 1lV coverage 
I MHz I mJy I k.>. 

333 56.5 ± 3.4 0.12 - 2.21 
347 44.6 ± 9. 0 0.12- 2.21 
367 48.2 ± 4.0 0.12 - 2.21 
840 9.8 ± 0.5 0.12 - 2.21 
840 8.0 ± 0.4 0.157 - 4.9 
1400 5. 1 ± 0.5 0.157 - 4.9 

Table 3.15: Peak fluxes measured in AlPS for A990. 

is sampling comfortably faster than Nyq uist. The antenna diameter of 25 m, or 27.8 A at UHFlow , 

corresponds to a field-of-view of 2.1°. As the signal-to-noise was expected to be good, the fi eld of view 

was large and many so urces were expected, uniform weighting was used . This reduces the sidelobes 

of the synthesised beam (in comparison to natural weighting) making CLEAN more relia ble. 

I used a. cellsize of 811 with the UHFhigh data. and kept the grid size a.s 1024x 1024. As the frequency 

has risen by a. facto r of ;:::j 2.4, dropping the cellsize by the same factor keeps all the criteria. satisfi ed . 

The mapping and CLEANing were performed by the task IMAGR. The CLEAN is visibility based for 

the subtraction stages; the peak identification still occurs in the map pla ne. The CLEAN box used 

covered the entire fi eld of view and the CLEAN was stopped when the residual image no longer showed 
structure. 

Figures 3.22 and 3.23 show the short a nd long baseline UHFlow maps. The cutoff between long and 

short was 1.5 k.\, which corresponds to 0.45 h- 1 Mpc at the redshift of A990. There is some extended 

emission a.t the centre of figure 3.22 , labelled "B". There is still some flux in the long-baseline map 

which indicates that the so urce has struct ure on scales smaller than 0.45 h- 1 Mpc. 

Table 3.15 shows the fl uxes meas ured for the UHFlow , UHF high and NVSS maps. Note that t he 

uv ranges quoted a re , in all cases bar the NVSS value, a. subset of the data. taken. If all the data. 

were used , then the UHFhigh data. would include baselines up to 7 k.\ and so would be sensitive to 

structure on shorter spatia l scales. By keeping the 1w covera.ges the same, the flux is meas ured on 

the same spatial scale a.t different frequencies, and so the same spatial region. This is clear for the 

two measurements a.t 840 MHz; there is a 20% drop in the flux as 1w coverage does not include the 
very short baselines. 

The 6C image frame that includes this fi eld (figure 3.24) shows extended structure. However, the 

so urce to the east (labelled "A" in figures 3.22 and 3.23) if sufficiently close that it will confuse any 

flux measurement made from the 6C image. 

These low frequ ency observations imply that there is an extended source in the field. It adds sub

stantial weight to the notion that , at 15 GHz, the lack of agreement between FLUXFITTER sou rce 

fluxes for long-baselines and when using the X-ra.y derived model for the cluster implies there is 
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Figure 3.22 : CLEANed map of baselines shorter Figure 3.23: CLEANed map of baselines longer than 
than 1. 5 k.Afor A990. 1.5 k.Afor A990. 

The contour levels for both plots are -20, -10 (dashed) 10 x (1, 1.4, 2, 2.8 , 4, ... ) mJy beam- 1 . The long 

baseline map has been convolved with the same CLEANbeam as the short baseline map to aid comparison. 

a.n extended source present. In order to further test this hypothesis, the X-ray model parameters 

were used to produce a. model of the S-Z decrement if Ho=50 km s- 1 Mpc- 1
. The visibilities were 

calculated and subtracted from the observed, point-source-subtracted , visibilities. A map made with 

these calculated visibilities is shown in figure 3.25. This is clearly a. low signal-to-noise map (the noise 

is 120 1tJy bea.m- 1 and the brightest points a re 350 f.tJy bea.m- 1
) , and it has not been CLEANed. 

The two brightest points of the map are in coincident positions with the so urces labelled "A" and 

"B" in figure 3.22. Figure 3.26 includes this data. point along with the lower frequency observations. 

Although the flux shown in figure 3.26 is not a. rigorous value and certainly seems to be a.n over 

estimate, the radio source environment is clearly complex for A990 and so a. reliable Ho estimate 

would be impossible with current observations. 
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Figure 3.24: Image from the GC survey at 151 MHz. The dashed box in the centre of the image indicates 
the region shown in figures 3.22 and 3.23. 
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Figure 3.25: Raw map of the Ryle Telescope data with a cluster subtracted from the X- ray position, assuming 
Ho= 50 km s- 1 Mpc- 1 . The range of greyscale is from -580 (light) to 580 f-lJ y beam- 1 . The two peaks a re 
coincident with points labelled "A" and "B" in figures 3.22 and 3.23. 
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Figure 3.26: Fluxes measured in AlPS for the extended object. Note. that the 15-GHz flu x has not been 
measured directly; see text for detai ls. 
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3.9 Error budget 

The errors on Ho quoted for A611 and 0016+16 are the errors purely du e to noise on the S-Z 

measurement. There are addi t ional sources of error. 

3.9.1 Primary flux calibration 

The Ryle Telescope is flu x-ca librated daily. As discussed by Grainge (1995) , measurements with 

the VLA show that the flux of 3C 48 and 3C 286 show slight variations with time . As s uch , it is 

reasonable to est imate the overall flu x calibration level of t he Ryle as 5%. This leads to an overall 

uncertainty in Ho of 10%. 

3.9.2 X-ray temperature 

The gas temperature is put in to the H0 determination as r;, and so any errors will double for H0 . 

The errors on the temperature measurement are~~:~% for 0016+16 and ~~:~% for A611. 

3.9.3 Fitting degeneracy 

The fitting degeneracy is fully discussed in section 2.3. I estimate t hat the variation in the S-Z flu x 

measured perpendicular to the degeneracy direction is simila r to that in A 773 , i.e. ~-5%. Thus the 

error in Ho is 7% for 0016+16. However , the X-ray observation of A611 is of low signal-to-noise, 

and strongly dependent on the inclusion or otherwise of the bright pixels . Thus I estimate that the 

X-ray fit t ing adds a la rger error for A611 than for 0016+16. 

3.9.4 Source subtraction residuals 

The residual effects of unsubtracted so urces, which are distribu ted randomly in the map plane, is 

to increase the rms noise. Since this is measu red directly from the visibilities, t he quoted S-Z error 

includes the cont ribu t ion from unsubtracted so urces . 

3.9.5 Kinetic S-Z effect 

As well as the second-order thermal S-Z effect , the first-order kinetic S-Z effect exists. The ratio of 

thermal S-Z to kinetic S-Z is given by 
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(3.3) 

where Vp is th e radi al peculi ar velocity of the cluster . It is du e to the bulk mot ion of the cluster gas 

and the consequent Doppler shift. It is an order of magnitude smaller than the t hermal S-Z effect 

even for a la rge peculiar velocity of 1000 km s- 1 . Measurements with SuZIE by Holzapfel et al. 

(1997a) of A2163 (z=0.201) and A1689 (z=0.181), give peculiar velocities less than 500 km s- 1 for 

both these clusters, giving deviations from t he Hubble fl ow of < 1%. Assuming peculiar velocities 

of 500 km s- 1 for A611 a nd 0016+16 puts the ratio of thermal to kinetic S-Z to be 15.9 and 17.6 

respectively, i.e. the kinetic S-Z is up to 6% of the thermal S-Z. The pec ulia r velocities can reasona bly 

be assumed to be orientated randomly, and so this does not introduce a bias into the Ho value . I 

assume that the error it introduces adds in quadrature with t he noise in the S-Z measurement. 

3.9.6 Rees-Sciama effect. 

An additional distortion to the CMB exists; the Rees-Sciama effect , which is first described in Rees 

& Sciama (1968) . As a cluster coll apses, the CMB photon must climb out of a larger gravitational 

well than it fell into , causing a net shift. Obviously this will be importa nt for clusters that a re just 

collapsing rat her t han virialised systems, e.g. Da browski et a.!. (1999). As a ll t he clusters in the Ryle 

Telescope sample a re of relatively low redshift, then it is reasonable to assume that this effect is 

unimportant for Ho determination. 

3.10 Combining Ho values 

The overall "error budget" is shown in table 3.16. In order to dete rmine a fin a l Ho value, the values 

from each cluster need to be combined a.s a weighted geometric mean. The details of this are shown 

in a ppendi x D. This will reduce the line-of-sight degeneracy error. The Ho values that have been 

determined by the Cavendish gro up a re listed in table 3.17, and plotted in figure 3.27. 

The weighted geometric mean of these values is 52.4~~:~ km s- 1 Mpc 1 if t he cosmology is Einstein

cl e-Si tter. (If D.M = 0.3 and D. A = 0.7, then Ho= 54 . 5~~:i km s- 1
. Mpc- 1

.) The x2 value for this 

distribution is 10.3 , with 3 degrees of freedom. These values do not include the error from line-of

sight uncertainty which, for 5 clusters , adds an error of 12%. Thus the "final a nswer" for 5 clusters 

is Ho= 48.7~~:! ± 6 km s- 1 Nipc- 1 (Einstein-de-Sitter universe) . 
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A611 0016+16 
Noise on S-Z 12 11 

Error from kinet ic S-Z 6.3 5.7 
Error on Te +9.5 +7.0 

- 7.7 - 6.6 

Fitting degeneracy e- s·.)-oJ 

Subtraction residuals 0.3 1 
Overa ll percentage error on H 0 33 29 

Table 3.16: The error budget table for 0016+16 and A611. The errors a re all shown as percentages on the 
quantities, not how they impact H0 . 

Cluster Value Reference 
j km s- 1 Mpc- 1 

0016+16 78+26 
-20 This work 

A611 48+ 14 -11 This work 
A1413 57+23 - 16 Grainge et al. (2001) 
A773 55+16 -13 Jones et al. (2001) 

A2218 38+13 
- 8 Grainge (1995) 

Table 3.17: The published Ho values from the Cavendish group. 
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Figure 3.27: Ho values determined in Cambridge. 
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3.11 Conclusions 

The problem of source subtraction and methods to co unter it have been investigated using a simulated 

S-Z observation. This has demonstrated the following. 

1. The CLEAN method can work well in simple cases, but does not use all the available information 

and can introduce bias. 

2. The matr ix method fails tn typical situations s uch as the one simulated here. The failure is 

mainly du e to th e high sidelobes from th e Ryle Telesco pe; they make it difficult to determine 

accurate positions, a nd so fluxes, for sources close to each other on a map. 

3. 

4 . 

FLUX FITTER, first used by Rhiju Das and extended and improved here, works well, uses all th e 

available information a nd produces the simplest model. A key advantage of it is that it works 

with the visibilities, where noise is known to be Gaussian, rather than in the map plane where 

the noise is correlated. Another very important advantage is that if there is S-Z flu x present 

on th e longer baselines, the methods gets the right result. 

All three techniques suffer from the problems of so urce identification , which is currently per

formed in the image plane where the noise cha racterist ics are complex. 

I have observed three clusters with the Ryle Telescope in order to estimate H 0 . 

5. Two clusters, 0016+16 and A611 have good S-Z detections. A611 gives Ho= 33~~ 1 km s- 1 

Mpc- 1
. 0016+16 gives Ho= 78~~i km s- 1 Mpc- 1

. These errors include the errors on the S-Z 

measurement , X-ray temperature determination , X-ray shape fitting degeneracy, and a number 

of smaller effects . 

6. Combining these values with previously published Ho estimates from the Cavendish group , I 

find 48.7~~:~ ± 6km s- 1 Mpc- 1 assuming an Einstein-de-Sitter universe . The spread of Ho 

values found is consistent with noise, indicating that all sources of error have been correctly 

estimated. 

7. No S-Z effect was found in observations of A990. However , lower frequ ency observations of 

the radio source environment all support the hypothesis that there is some extended emission 

which is contaminating the 15-GHz meas urement . 



Chapter 4 

Searching for distant clusters: radio 

selection and S-Z follow-up 

4.1 Introduction 

Here I describe a further technique for finding high-redshift clusters, based on radio halos. There 

are many different radio surveys, and almost without exception, the most-distant objects that are 

detected are of higher redshift than those detected in optical surveys. Thus, by using a suitable 

combination of low and high frequency surveys, steep spectrally-aged radio halos can be found. The 

emphasis is on finding high redshift clusters, i.e. those not detectable from, for example, POSS plates. 

4.2 Cluster radio halos 

It has been known for some time that clusters of galaxies contain a significant fraction of the radio 

source population at low frequencies (see e.g. Willson (1970) and references therein). Some clusters 

have diffuse emission that is spread over a substantial fraction of the cluster but is not associated 

with any particular galaxy as well as emission associated with jet-producing central engines; e.g. 

Coma (Cordey, 1985) and A2256 (Rottgering et al., 1994); for a review see e.g. Hanisch (1982). The 

diffuse synchrotron emission is usually substantially spectrally aged. 

83 
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4.2.1 Aging 

There are two main energy loss mechanisms for high energy electrons; synchrotron and mverse

Compton (see, for example, Longair, 1994). Both have similar energy loss rates: 

(4.1) 

where 1 is the electron Lorentz factor and U is the energy density of the magnetic field (for sy nchro

tron) or the energy density of the radiation field (for inverse-Compton). Electrons with an energy E 

(ex: 1) radiate synchrotron energy at frequency v, where vis given by 

(4.2) 

Given a power-law distribution of electron energies N(E)dE ex: E-ndE, the flux emitted is then 

given by 

5' -(n-1)/2 
CX: V • (4.3) 

A spectrum which initially has constant spectral index will then "age". As the energy loss rate is 

proportional to frequency, the flux from higher frequencies will drop , and the age is related to a 

characteristic "break" frequency in the spectrum. 

In practice, the precise form of the res ultant spectrum is calculated numerically. Figure 4.1 shows 

the spectrum of synchrotron emission with a.n injection spectrum of 0.5, i.e. n = 2, that has been 

aged in a magnetic field of 0.27 nT for 106 years and so has a. break frequency"' 1 GHz , as calculated 

by AN MAP, a piece of software written by Paul Alexander. 

One issue is to explain the existence of relativistic electrons that are distributed throughout a sub

stantial fraction of the cluster , rather than being associated with a.n AGN. Two models have been 

advanced to explain the existence of these high energy electrons. 

• Han·is & Miley (1978) suggest that the halo is caused by a. relic radio galaxy; 

• an alternative is the cluster merger hypothesis (e.g . Ha.rris et al., 1980). 

In the dead AGN hypothesis , the AGN 's jet is turned off. The hot spot, not being powered anymore, 

fades. The lobe materia.! , which was originally back-flow from the hot-spot , continues to expand 

adiabatically. The lobe continues to emit synchrotron radiation and ages. 

In the second hypothesis, tvvo sub-clusters a. re merging. The relative in-fall velocity of the su b-el usters 

is sufficiently high to cause a shock front in the gas. vVhen a. shock front passes over particles , they can 

gain energy (Landau & Lifshitz , 1987) . A Fermi acceleration process then allows very high energies 

to be obtained. As the shock moves through the cluster, this boosting of energy can happen over 
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Figure 4.1: The spectrally aged emission from a isotropic plasma. 

a. large volume. These particles then emit synchrotron radiation , and age once the shock as passed 

by and they are no longer being accelerated. As discussed in e.g. Longair (1994) , Fermi acceleration 

processes naturally produce a power-law electron energy distribution with n = 2. 

Rottgering et al. (1994) shows that A2256 contains both diffuse emission and emission from jet

producing centra.! engines. Saunders (1982) shows that a double radio source takes ;G108 years to 

fade from adiabatic losses. However, the diffuse cluster emission does not look remotely like the 

structure of double radio sources, or what might be expected if the jets had been turned off. In 

addition, the majority of double radio sources are not found at the centre of clusters, and if the 

energy supply were suddenly removed, the lobe would float away from the centre by buoyancy. But 

diffuse cluster emission is seen in the centre of clusters , so the cluster merger hypothesis must be at 

least important , if not dominant. However, I stress that steep-spectrum emission can indicate clusters 

whether the emission is from cluster mergers or central engines producing, for example, twin-jets. 

Of course such emission can also be produced by high luminosity (hence high synchrotron-ageing) 

and/or high redshift (hence high inverse-Compton-ageing) double radio sources. 

4.3 Obtaining candidate clusters 

I used the 326-MHz WENSS and 1.4-GHz NVSS surveys as the basic catalogues to find clusters: 

they have the frequencies and sensitivities to pick up aged halos, have similar beam sizes (which is 

necessary to give meaningful spectral indices) which are comparable to the angular sizes of distant 

clusters and have wide , useful sky coverage. 
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WEN SS NVSS FIRST 

Frequency (MHz) 326 1400 1400 

Sky area (sr) 3.1 10.3 3.1 

Limiting flux density 15 2.5 1.0 

(5CT , mJy) 
Resolution 54" x 54" cosec8 45" 5" 

Table 4.1: Parameters of the surveys used. 

The Westerbork Northern Sky Survey (WENSS, Rengelink et al., 1997) is a survey of the sky north 

of Dec +30° at 326 MHz, with a resolution of 54" X 54"cosec(8). It was made with the WSRT and 

the catalogue produced from the maps has a flux limit of 18 mJy (5-a). 

Other relevant radio surveys exist, e.g. Green Bank (Condon et al., 1989) , and the Cambridge surveys 

(i.e. 6C and 7C), but WENSS and NVSS have the relevant resolutions and by far the best sensitivity 

at these resolutions. vVENSS is the best for my purpose here as it is of relatively good resolution at a 

relatively lovv frequency. The factor of four in frequency between vVENSS and NVSS, in combination 

with the low noise in each survey, means that spectral indices can be well determined. 

These three surveys are detailed in table 4.1. The different sky coverages are shown in figure 4.2. 

Only the northern part of the FIRST survey is shown, the southern region is around RA 0 and Dec. 

0. (Note that this work was done before the FIRST survey extended their sky coverage up to Dec. 

+ 58° .) Combining the NVSS and WENSS surveys allows steep-spectra objects to be found, and then 

correlating NVSS with FIRST shows which are extended. 

The overall positional accuracy of the WENSS and NVSS surveys is claimed to be around 1" for 

"strong sources". This uncertainty varies as the inverse of the signal-to-noise ratio (cf. section 3.3.4) . 

Initially, the positions of sources in the WENSS and NVSS catalogues were compared. Sources were 

labelled as coincident between the surveys if their separation was less than 40", and their "spectral 

indices" calculated. Figure 4.3 shows the distribution found. Only "objects" with "spectral indices" 

> 1.5 and WENSS fluxes greater than 65 mJy are plotted. The catalogue limit for WENSS is 1s· 

mJy. If an 15-mJy source in WENSS has a spectral index of 1.12., then its flux at 1.4 GHz is s·S 
mJy; the NVSS completeness limit. Thus an object at the catalogue limit in WENSS with a spectral 

index > 1./2 will not be detected in the NVSS survey. It is important to detect objects in FIRST 

and NVSS so that it can be determined if they are extended or not , so the WENSS flux limit was 

set to 65 mJy, allowing objects with a spectral index of 2 to be present in the NVSS survey. 

There are two components to the distribution. The first , which dominates at large separations, is 

"objects" wh ich are not actually the same object in the two surveys. The second dominates at low 

separations and contains the candidates sought. I took 16" as the divide between the two components. 

vVith this limit, there are 1079 objects in the low separation component in the sky area covered by 

both NVSS and WENSS. 
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Figure 4 .2 : The different sky coverages for the three surveys. The lower limi t for the NVSS survey is shown. 
The light hatched area shows the WENSS survey, and the trapezoid represents the state of the FIRST survey 
when this work was clown. Lines of b = -10, 0 and 10 are also shown to indicate the position of the Galactic 
plane. 

0 10 20 30 40 

Seperation /arcsec 

Figure 4.3: The distribution of separations for the combination of NVSS and WENSS catalogues over the 
(catalogued) entire sky, with a> 1.5, integrated flux at 326 MHz > 65 mJy: 
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Type Number 

Classical double 69 
Fat double 17 

Wide angle tail 3 
Unknown 23 

Point 50 

Table 4.2: Number of rejections based on type. 

The catalogue was then trimmed to remove objects that were outside the FIRST survey area. The 

extension was then considered. As the resolution of FIRST is much better than NVSS, objects in 

FIRST were considered to match NVSS objects if they are within 16". This combination generated 

three sets of objects. 

• Objects with no FIRST counterpart: there were 79 of these. 

• Objects with a single FIRST counterpart: 102 of these . 

• Objects with many FIRST counterparts: 70 of these. 

In the objects in the first two sets, there is an extended source which has some flux resolved out by 

the more extended VLA configuration. The largest scale visible in the FIRST survey is :::::J 1' (VLA 

calibration manual, 1990). Thus the amount of flux lost gives an estimate of the angular size of the 

object. 

In the third set, there are usually two sources sufficiently close on the sky that both NVSS and 

WENSS confuse them and only report a single source. The FIRST catalogue was produced by fitting 

Gaussians to the maps and putting each Gaussian into the catalogue as a "source" and so objects 

with structure are, according to FIRST, many sources. 

Due to noise, it can be difficult to determine purely from the NVSS and FIRST fluxes whether or not 

an object is extended. Indeed , it is possible for the catalogue values from FIRST to be numerically 

larger than the flux value in NVSS . Thus automated rejection is difficult. So the FIRST and NVSS 

images of the 251 objects were then examined by eye. Objects were then rejected for a number of 

reasons. Occasionally the NVSS region is unusually noisy and the catalogue contains noise peaks. In 

addition, the FIRST coverage is patchy at the edges; thus some objects are identified as not having 

a FIRST counterpart when the FIRST survey does not in fact cover that region. 

Objects were rejected on morphology; figure 4.4 shows a typical object that was rejected for being 

a (slightly bent) classical double radio source. Table 4.2 details the number rejected for each mor

phology. Unknown includes the morphologies which are not clear , such as possible classical double 

sources. Additional resolution would be required to classify the objects fully. They are being selected 

because they have steep-spectrum , and hence aged, emission. Figure 4.5 shows a. point source that 
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42' I g· I 

10' 

Figure 4.4: A classical double as observed 
with FIRST from the candidate list. The grey
scale runs from -0.6 (white to 20 mJy beam- 1 

(black). This object was rejected as it not a 
radio halo. 
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Figure 4.5: An obvious point source from 
the FIRST survey. The greyscale runs from 
-0.6 (wh ite) to 10 mJy beam- 1 (black). This 
object was a lso rejected. 
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was removed from the sample. In this case, the FIRST integrated flux is 10.42 ± 0.145 mJy and the 

NVSS flux is 9.8 ± 0.6 mJy. Figure 4 .6 shows an object, CRH 0741, that was left in the sample. The 

a.rrowed object is probably a. classical double radio source (a higher resolution map would be required 

to be definite). In the centre of the figure is a region of extended emission -a possible cluster halo. 

After the cu lling, 26 objects remained. They are listed in table 4 .3. Figure 4 .7 shows the distribution 

of ratios of peak and integrated fluxes for both the NVSS and WENSS fluxes. These figures shows 

the importance of combining with the FIRST survey. There are objects whose peak and integrated 

fluxes are equal - i.e. they are unresolved in both WENSS and NVSS - yet some of them are 

resolved , or are not even visible, in the FIRST survey. 

47° so· 

~~ -----------.---~r 
7h 4 · rr 50s 40' 30' 

Figure 4.6: The region CRH 0741. An obvious radio galaxy (arrowed) and a region of diffuse emission at 
the centre of the map. The image is from the FIRST survey, and the greyscale runs from -0.63 (white) to 2.6 
mJy beam- 1 (black). 
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91754.01 
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103 5.8 3.05 
414 
208 
145 
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101 
89 
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209 
66 
163 
77 
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134 
87 
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18.6 
14.7 
16.1 
10.7 
8.9 
8.5 
19.6 
2.8 
10.5 
7.9 
15.4 
3.8 
3.9 

9.01 
12.98 

2.49 and 7.53 

2.21 
3.06 

5.40 
1.34 
8.56 

Table 4.3: The Cand idate Radio Halos (CRHs). 
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Name Cluster Separation Redshift Reference 
arc mm 

CRH 0827 Abell 668 1.6 0.159 1 

CRH 0854 Abell 715 2.9 0.169 2 

CRH 0901 Abell 733 2.6 0.116 1 

CRH 1012 Abell 943 3.3 0.149 2 

CRH 1245 Abell 1608 4.7 0.13 1 
CRH 1418 Abell 1896 1.7 distance class 5 

Table 4.4: CRHs identified with known clusters. The references for reclshift are 1 - Struble & Rood (1999); 
2 - Gubanov & Reshetnikov (1999) . 

4.4 Detection efficiency 

A somewhat similar piece of work, although more limited in scope, has been performed by Giovannini 

et al. (1999). They examined the NVSS im ages a round the 205 X-ray-brightest Abell-type clusters 

from Ebeling et al. (1996) for extended emission , and found 29 "halos". Thus ~ 14% of Abell-type 

clusters a re inferred to have radio halos. They a lso claim to confirm that none of the clusters with 

a halo contain a cooling flow , which is further evidence that halos are produced by cluster merger 

events. 

\Vhere their search areas have overlapped with t he CRH search area, they find five clusters , only 

one of which I identifi ed as a CRH. However, on examining the other four Abell clusters, it is clear 

that these have been excluded from the CRH sam ple by virtue of insufficiently steep spectral indices . 

Thus I estimate that this search method detects rv 20% of halos in Abell-type clusters. 

4.5 Optical images 

In order to find high-z clusters, the POSS plates for each of the CRHs were examined. The following 

images are a ll scanned versions of Polaroids that I took of copies of the E-band opt ical plates t hat 

were held at the RGO. For two CRHs, CRH 0917 and CRH 1419, POSS plates were not availa ble. 

DSS images of these are included instead . The cross marks are cent red on t he positions in table 4.3 , 

and also include scale: the distance between the cross hairs is 4'. At z = 0.3 , 4' corresponds to 1.32 

h- 1 Mpc which is a typical size of a cluster. 

4.5. OPTICAL IMAGES 

• 

• 

0720. A hint of 

relevant galaxy at the 

ross hair position. A 

andidate cluster at z ~ 

CRH 0741. Bright 

galaxy to the west cor

responds to the cl assical 

--~-~ double in figure 4.6 , but 
there is nothing in the 

centre. Thus a candid

ate high redshift cluster. 

CRH 0742. Several 

a re visible 

within 15" of centre. 

Clearly not a high-z 
• system. 
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. .. 

• 
• 

• 

• 

I a 

.. 

• 

IV CRH 0800. A col-
lection of faint objects 
to the N-W, roughly 1' 
away. A candidate dis-
tant cluster. 

CRH 0853. The radio 
sources are faint, and 
there is nothing on the 
optical plate. A candid
ate distant cluster. 

CRH 0917. DSS im
age; the entire image is 
4' x 4'.No galaxies vis
ible, so a candidate dis

tant cluster. 

4.5. OPTICAL IMAGES 

•. 

• 

• 

tl CRH 1036. At least 
two bright galaxies at 
the centre, and so not a 
good high-z system . 

CRH 1141. Five pos-
~sible galaxies near and 

... ~·out to 30" from the 

centre , so probably not 
a high-z candidate . 

CRH 1152. Again, this 
is not a. high- z cluster 

'a.s there are two obvi
ous galaxies close to the 
centre. 

I ~ 
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• 

• 
• 

1303. Three can

didate galaxies :::::::: 45" 

from the centre, so not 
a high-z candidate. 

CRH 1310. Two galax

••• ' ies close to the cross 
hair position, so a likely 

low-z system. 

CRH 1317. A cD-like 

galaxy with at least two 

extended objects close 

to it, so not a high-z 

system. 

4.5. OPTICAL IIVIAGES 

• 

• • 

CRH 1324. Two faint 

.... 1 objects visible close to 
I the centre, so not a 

likely distant system . 

CRH 1334. Two galax

..... -~~. ies evident close to the 
1 centre, so not a likely 

high-z object. 

11 

.. 

• 

CRH 1419. DSS im

age; the entire image 

is 4' x 4'. No galaxies 

are clearly visible, so a 

high- z candidate. 
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• 

• • 

CRH 1422. There is 
group of galaxies 30" S
W of the centre so this 
is probably not a high- z 
candidate. 

CRH 1428. Several 
bright galaxies 30-45" 

lf.~~~~~ from the centre, plus 
~' hints of some closer to 

""·'·~·- _., .. ,., 

• 

the centre, so this is 
probably not a high-z 
system. 

CRH 1440. Two ob
••• 4 vious galaxies at the 

centre, so not a high-z 
system. 

4.5. OPTICAL Ii\!IAGES 

CRH 1655. Clearly 
visible galaxies at the 
centre and ~ 45" away, 
so not a high- z object. 

CRH 1716. Nothing 
at the centre, and so a 
candidate high-redshift 
cluster. 

99 

It is clear from the optical images that this technique is detecting both Abell and non-Abell clusters 
at low redshift. The FIRST images of three low redshift CRHs (as identified from the POSS plates) 
are shown in figures 4.8, 4.9 and 4.10 . These three CRHs are associated with obvious nearby groups 
of galaxies , and are representative of three regimes of NVSS/FIRST flux ratio. CRH 0742 (figure 4.8) 
has a total integrated FIRST flux of 12.4 mJy, whereas the flux in the NVSS catalogue is 12.8 mJy, 
i.e. the NVSS and FIRST fluxes are very similar. However, the morphology of the FIRST image is 
clearly extended, and the POSS plate clearly shows a group of galaxies at the centre of the field . 
The FIRST image of CRH 1317 (figure 4.9) shows a point-like morphology, but has clearly lost flux; 
FIRST reports 2.2 mJy and NVSS reports 10.7 mJy. In this case the POSS plate shows a clear 
cD-like galaxy with two extended objects. Likewise, CRH 1655 (figure 4.10) shows a blank FIRST 
field. The NVSS survey finds a 3.8-mJy source at this position. Again , the POSS plate shows a 
group of galaxies, 

From this procedure, 6 candidate high-redshift CRHs were found; CRH.0741, 0800, 0853, 0917, 1419 
and 1716. The FIRST images are shown in figures 4.6 and 4.11- 4.15. Although some look point-like , 
all have lost flux. Indeed, CRH 1317 shows that a point-like FIRST image does not mean that there 
is not extended cluster emission present. 

I --
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20' 10' 

Figure 4.8: FIRST image of CRH 0742 . 
The grey scale range is -0 .8 (light) to 1 mJy 
beam- 1 . 

Figure 4.9: FIRST image of CRH 1317. 
The grey scale range is -0.7 (light) to 2 mJy 
beam- 1 . 

Figure 4.10: FIRST image of CRH 1655. 
The grey scale range is -0.6 (light) to 1 mJy 
beam- 1 . 

Name Spectral index Predicted 15-GHz flux 
/ mJy 

CRH 0741 1.65 0.30 
CRH 0800 1.55 0.19 
CRH 0853 1.93 0.05 
CRH 0917 1.67 0.12 
CRH 1419 2.16 0.02 
CRH 1716 2.13 0.03 

Table 4.5: Predicted worst case fluxes at 15 GHz. These all assume a constant spectral index between 326 
MHz and 15 GHz. 

4.5. OPTICAL Ii\IIAGES 

Figure 4.11: FIRST image of CRH 0800. 
The grey scale range is -0.7 (light) to 6 mJy 
bea.m- 1 . 
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Figure 4.13: FIRST image of CRH 0917. 
The grey scale range is -0.7 (light) to 3 mJy 
beam- 1 . 
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Figure 4.12: FIRST image of CRH 0853. 
The grey scale range is -0.6 (light) to 2 mJy 
beam- 1 . 

Figure 4.14: FIRST image of CRH 1419. 
The grey scale range is -1 (light) to 1 mJ y 
beam- 1 . 

Figure 4.15: FIRST image of CRH 1716 .. 
The grey scale range is -0.6 (light) to 0.7 mJy 
beam- 1 . 
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Object name RA Dec 

CRH 0741 7 41 38.80 47 51 42.11 
CRH 0800 8 0 51.50 35 22 16.89 
CRH 0853 8 53 45.3 50 24 43.05 

CRH 0853R 8 53 29.93 50 25 42.15 
CRH 0917 91754.48 36 17 58.91 
CRH 1419 14 19 54 .88 41 54 0.13 
CRH 1716 17 16 42.88 46 56 40 .27 

Table 4.6 : The pointing centres used in the Ryle Telescope observat ions. 

4.6 CRH Ryle Telescope observations 

The six candidate distant CRHs were observed \ovith t he Ryle Telescope. The source finding was clone 
with long baseline maps , and fin al fitting and subtract ion was performed with FLUXFITTER. As these 
CRH targets do not have X-ray cluster detections, no model for S-Z emission could be produced , 
and so only baselines longer than 1.5 k.X. could be used for source identifi cation and subtraction. The 
pointing centres used are shown in table 4.6. 

As the entire CRH sample is based on the idea of steep-spectrum emission , the emission should be 
negligible at 15 GHz. Table 4.5 shows the predicted fluxes at 15 GHz, assuming that the spectral 
index between 326 MHz and 1.4 GHz is constant up to 15 GHz. As such, these are upper limit fluxes 
as spectral aging will have made the 15 GHz flux much lower. Thus the presence of a CRH should 
not affect an S-Z as a ll the ext rapolated fluxes are low. 
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4.6.1 CRH 0741 

This candidate was observed for 20 sets of 12-hours between August 1998 and March 1999, in con
figuration Ce. Of the 20 sets of observations, I deemed 16 to be of sufficient quality (based on 
the maps made from each day and the noise on each days) to be used. Those clays rejected were 
generally rejected for bad weather. The approximate positions and fluxes of sources were identified 
from maps made with baselines longer than 1.5 k.X. and these values then used as the initi al guess for 

FLUXFITTER (see section 3.3.4). The sources found were: 

Flux 

/ J..LJ y beam - 1 

1350 ± 60 

291 ± 60 

186 ± 60 

192 ± 60 

Position 

7 41 33.1 ± 0.1 
7 41 38.5 ± 0.4 
7 40 34.2 ± 0.4 

7 42 0.4 ± 0.8 

47 52 16.4 ± 1 

47 51 58 ± 4 
47 46 13 ± 5 
47 47 27 ± 9 

A short-baseline map (i.e. baselines shorter than 1 k.X.) was produced with the above sources subtrac
ted and is shown in figure 4.16. The deepest feature that could be called a decrement is -265 ± 117 
f..LJY beam - 1. 

Figure 4.16: Short baseline map of the CRH0741 fi eld. The greyscale level is -320 (light) to 320 mJy 
beam- 1 . 
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Survey 

WEN SS 
NVSS 

FIRST 

Frequency 

/MHz 
326 
1400 

1400 

Flux of "A" Flux of "B" 

jmJy /mJy 
2.7 ± 3.3 24 ± 6 

9.4 ± 0.15 6.4 ± 0.5 

7.5 ± 0.3 { 3.23 ± 0.138 
2.54 ± 0.138 

Table 4. 7: Fluxes of the sources "A" and "B" in figure 4.17 in various surveys. All values are integrated 
fluxes. 

4.6.2 CRH 0800 

The field was observed for 18 days between September 1998 and August 1999, in configuration Ce. 

I judge 11 of the 18 to be of sufficient quality. Four significant sources were found: 

Flux Position 

/ j.lJy beam- 1 

1253 ± 100 8 1 2.3 ± 0.3 35 24 38 ± 11 

298 ± 100 8 1 13.9 ± 0.3 351746±10 

158 ± 100 8 0 44.1 ± 0.3 35 22 14 ± 16 

245 ± 100 8 0 39.04 ± 0.3 35 20 26 ± 11 

The source-subtracted short-baseline map is shown in figure 4.17, with the NVSS map shown as a 

contour plot. On first inspection, there is a possible S-Z hole (labelled "Possible decrement" ) of 850 

±120 pJy beam- 1 . However , this is 230" from the pointing centre, where the primary beam of the 

Ryle Telescope is 21%. The signal~to-noise ratio for this is 7, and so the positional accuracy is ~ 

40". Thus , this decrement , if it were real , would be around 4 mJ y as observed by the Ryle Telescope 

if it were not beam-attenuated. This is unphysically large. As the figure shows, there are NVSS 

sources (labelled "A" and "B" ) found on the sidelobes of this "S-Z" hole. Table 4.7 shows the fluxes 

of the objects "A" and "B" in the WENSS , NVSS and FIRST catalogues. Object "B" is actually two 

objects in the FIRST catalogue, and has a large error in the WENSS catalogue due to the possibility 

of confusion with the source to the north. Assuming that the the spectral indices remain constant , 

"A" has a 15-GHz flux of 1.7 ± 0.2 mJy and "B" has a 15-GHz flux of 0.7 ± 0. 5 mJy. Both values 

are uncorrected for beam attenuation. The sidelobes of the "hole" are 890 and 700 pJy beam- 1
. 

The negative sidelobes of the beam are 88% and so these are consistent with being sidelobes (with 

the addition of noise) of an "S-Z"-hole. In addition, neither of these two sources is found at 15 GHz 

in the long-baseline maps. They both have a slight exten:;>ion at 1.4 GHz, so the most conservative 

hypothesis is that these two sources are slightly extended and present at 15 GHz and their separation 

on the sky is sufficient to confuse the Ryle Telescope in this particular case. Due to this, an S-Z 

effect cannot be detected with these data. 

It is worth noting that the same data have been analysed by Rhiju Das (Priv. comm.). He took the 

alternative route and attempted to correlate the Ryle Telescope map with NVSS data.. In doing this 
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Figure 4.17: In greyscale , the source-subtracted short-baseline map of CRH0800 from the Ryle Telescope at 
15 GHz . The contours levels (which are -2 , -1 , 1, 1.414, 2, .. . mJy beam- 1) are from NVSS. The greyscale 
ranges from -880 (light) to 880 p.J y beam -l 

he found 12 sources, three of which agree with the first three sources I identified. His conclusion for 

the decrement: -1.2 ± 0.5 mJy a long way down the beam agree with these results, showing that 

an alternative strategy for source subtraction results in the same conclusion of a.n unphysically large 
S-Z effect. 
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4.6.3 CRH 0853 

This field was observed for 17 days between December 1998 and July 1999, in configuration Ce. Each 

run had good weather and all the data was concatenated together. A long-baseline map has a noise 

level 55 rtJy beam- 1 . No sources above 220 {tJy beam- 1 -the 4-a level -were visible. The short 

baseline map, shown in figure 4.18, shows a hint of decrement at RA 8h 53m 305 ± 5 Dec. +50° 25' 35" 

± 30. The magnitude of the decrement is -227 ± 83 {lJy beam- 1 . In an attempt to increase the 

signal-to-noise ratio, the pointing centre was adjusted to RA 08h 53 m 295 93 Dec. + 50° 25' 42.15". 

Integration continued for 22 days through September and October 1999. Of these, only 7 were not 

badly affected by weather. The noise level on the long-baseline map was 90 rtJy beam- 1
. Again, no 

sources were found. The short-baseline map for this pointing is shown in figure 4.19. Again, only a 

hint of a decrement, -345±140 {tJy beam- 1 is visible. 

Previous work with the Ryle Telescope has shown that finding no point sources is rare (Grainge, 

1995; Das, 1999). In order to check the lack of sources, maps were made using a lower-baseline limit 

of 1 k>.. This increases the number of nv points used for map making and so increases the sensitivity. 

The maps were then averaged together, and the resultant map is shown in figure 4.20. Again, this 

map is consistent with noise. Thus the short-baseline maps are not contaminated with faint point 

sources, and this is a null detection of an S-Z decrement. 

Figure 4 .18: Short baseline map of CRH0853. The greyscale range is from -270 (light) to 270 pJy beam- 1 
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Figure 4.19: Short baseline map of CRH0853 with slightly offset pointing centre. The range is -550 (light) 
to 710 pJy beam- 1 . 

Figure 4.20: Averaged long baseline map of CRH0853 with both pointings. The greyscale range is from 
-180 (light) to 190 pJy beam- 1 . 
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4.6.4 CRH 0917 

This field was observed for 12 hours on August 22nd 1998 and for 7 sets of 12 hours in June and July 
1999, all with the Ryle Telescope in configuration Ce. Six of these sets of observations were used. 
Four sources were found in the long-baseline map. They are: 

Flux Position 
I jl.Jy beam- 1 RA Dec 

4020 ± 135 9 17 42.75 ± 0.03 36 17 34 ± 1 
505 ± 135 9 17 54.9 ± 0 . .5 361751±7 
430 ± 135 9 17 33.3 ± 0.5 36 15 43 ± 7 
240 ± 135 9 17 41.0 ± 0.7 36 17 41 ± 14 

Subtraction of these sources leaves a long-baseline map that is consistent with noise. T he short
baseline map, shown in figure 4.21, shows a 1.3 mJy beam-1 source centred on RA 9h 17m 425 4 
Dec. + 36° 17' 41". Thus the 4.02 mJy beam- 1 (in the long-baseline map) source is an extended 
object. vVith the current dataset, this is impossible to remove and so nothing can be said about the 
presence (or otherwise) of an S-Z decrement. 

Figure 4.21: Greyscale: Short baseline map of CRH 0917 with all four listed sources subtracted. The range 
of the greyscale is -1 (light) to 1 mJy beam- 1 . Contours: Long baseline map with the three weaker sources 
subtracted. The contour levels are 0.1 , 0.2, 0.4, 0.8, 1.6, .. . mJy beam- 1 . 
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4.6.5 CRH 1419 

This field was observed for 4 sets of 12 hours in August and September 1999. Three days of data were 
used, and a. small section (10 minutes) was trimmed from the second day. When first analysed, this 
section of noisy data led to the mistaken conclusion that t he short baseline maps contained positive 
extended flux. This led to ceasing further observations of this field. However, with the noisy data 
removed, two point sources are visible on the long-baseline map. 1 k>. was used as the cutoff to 
increase the sensitivity, with a risk of contamination from a S-Z decrement. Using FLUXFITTER, I 
find: 

F lu x 

I {tJy beam- 1 

932 ± 180 

591 ± 180 

Position 

RA Dec 

14 20 10.5 ± 0.2 41 54 1 ± 5 

14 19 59.9 ± 0.5 41 53 53 ± 13 

The short-baseline map is shown in figure 4.22. T he deepest decrement near the pointing centre is 
- 490 ± 235 {tJ y beam- 1 . This is consistent with a. null detection of a.n S-Z decrement. 

55' 

14h 20m 00 5 305 

Figure 4.22: Greyscale of the short-baseline map of CRH1419. The range is - 530 (light) to 640 f..lJY beam- 1
. 

,-
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4.6.6 CRH 1716 

This field was observed between August 1998 and August 1999 for 10 12-hour sessions with the Ryle 
Telescope in Ce configuration. Of these, 9 sets of observations were used. 5 sources were found: 

Flux Position 

/ pJy beam- 1 RA Dec 

430 ± 100 17 17 4.8 ± 0.3 47 3 37.7 ± 4.3 
384 ± 100 17171.5±0.3 46 59 17.8 ± 5.6 
302 ± 100 17 16 52.8 ± 0.4 46 56 48.5 ± 7.5 
287 ± 100 17 16 45.3 ± 0.7 46 56 46.6 ± 6.2 
220 ± 100 17 16 43.7 ± 0.9 46 56 47.52 ± 7.2 

The short baseline map is shown in figure 4.23 . The deepest decrement near the pointing centre 
-440 ± 170 {tJy beam- 1 is , again , consistent with noise. 

0 5 ' 

47° 00 ' 

55 ' 

46° 50' 

305 

Figure 4.23: Short baseline map of CRH1716. The greyscale range is -740 (light) to 550 p.Jy beam- 1 
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Object Deepest Signal- to-noise ratio 
possible hole 
/ pJy beam- 1 

CRH 0741 -265 ± 117 2.26 
CRH 0800 Source confusion 
CRH 0853 -227 ± 83 2.73 
CRH 0917 Source confusion 
CRH 1419 -489 ± 235 2.08 
CRH 1716 -442 ± 170 2.6 

Table 4.8: Summary of the Ryle Telescope observations of CRH fi elds. 

The results of the S-Z measurements are shown in table 4.8. None of the detections are greater than 
3-0'. As the Ryle Telescope is only able to detect clusters with masses~ 1015 i\1£0 , which corresponds 
to the most masses of the luminous clusters, this implies that the CRHs found here , if they are 
clusters, have masses ;S1015 JVI0 . 

4. 7 Conclusions 

In order to search for clusters via steep-spectrum radio emission, I have combined the NVSS, FIRST 
and WENSS surveys. 

1. A total of 251 objects were found with a\t~1.7ss > 1.5 and flux at 326 MHz greater than 65 mJy. 

2. 69 of the objects are classical double radio sources, 17 are fat doubles, three are wide-angle 
tail sources, and 23 are unclassified (typically because of inadequate resolution). These were 
then rejected from the sample. They are being selected by having aged , hence steep-spectrum, 
diffuse emission. 

3. Of the 26 remaining objects, six are associated with known Abell clusters, showing that this 
technique does detect clusters at low redshifts. In addition, the optical images of many of the 
fields show previously unidentified clusters. 

4. The steep-spectrum method is estimated detect "' 20% of Abell-type clusters which contain 
radio halos; the rest have halos without steep spectra. 

5. A further six candidates had no counterpart evident on the POSS plates, and these distant 
candidates were then observed with the Ryle Telescope. No positive detections of the S-Z effect 
were made; in one case a bright extended source makes an S-Z detection impossible and in 
a second two slightly extended sources produce what seems to be an unphysically large S-Z 
effect. In the other four cases, the short-baseline maps were consistent with noise. However, 
the sensitivity of the Ryle is such that this only eli minates the possibility that these candidates 
have masses .2:,10151110 . 



Chapter 5 

Searching for distant clusters: optical 
follow-up 

5.1 Introduction 

This chapter presents optical imaging of the fields of the cluster radio halo candidates described 
in the previous chapter. The lack of S-Z detections implies that any clusters present must have 
total masses less than those of the biggest Abell clusters, but if they lie at redshifts less than ~ 1 
then it is reasonable to expect they will be detected with ground-based optical multicolour imaging 
(see Haynes, 1998). It turned out that problems with the instrument and weather prevented the 
acquisition of deep multicolour imaging, yet the results are still interesting. 

5.2 Telescope and instrun1ent 

The CRH objects were observed with the 120-inch Shane telescope at the Lick Observatory, east of 
San Jose, California on two separate occasions. A 3-m telescope, with high throughput and a good 
CCD , allows galaxies with R ~ 25 to be detected with a signal-to-noise ratio of 5 in an hour. As 
such, this should allow the brightest cluster galaxies to be detected out to a redshift of~ 0.8. In 
addition, the Shane telescope has a spectroscopic mode as well as a direct-imaging mode, making it 
potentially useful for detecting the objects via imaging and then taking spectra to measure redshifts. 

The Lick Observatory is located on Mount Hamilton at an altitude of 4200 feet. The instrument used 
with the 120-inch telescope was the Kast Dual Spectrograph, which is mounted at the Cassegrain 
focus. It can be used for direct imaging as well as spectroscopy. Gratings and grisms can quickly 
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Object Date Observers 

CRH 0800 1-4 J anuary, 2000 J CB, BAR 

CRH 0853 1-4 J anu ary , 2000 J CB,BAR 

CRH 0917 1-4 January, 2000 JCB, BAR 

CRH 1419 20-21 June, 1999 JCB, MB , WFG 

CRH 1716 20-21 June, 1999 J CB, MB , WFG 

Table 5.1 : Observed CRH fields. J CB is Joanne Baker, MB is Malcolm Bremer and BAR is Ben Rusholme. 

be placed into the light path to enable the switch between imaging and spectroscopy. A dichroic 
splits the light into red and blue for both imaging and spectroscopy modes. In imaging mode, the 
fi eld of view in both the red and blue is ~ 2.41

• This is not ideal for my purpose as it is difficult 
to determine whether the fi eld contains a n overdensity of galaxies or not, but the ability to take 
both multicolour im ages and spectra may be sufficient for determining the existence or otherwise of a 
cluster of galaxies. The CCDs are Ret icon devices with 1200x400 pixels, and each pixel corresponds 
to 0.7811 on the sky, which is adequate given t he typical seeing of between 1.5 and 2" at t he site 

(Ch loros and Wright) .1 

For spectroscopy, a grism of 452 line mm- 1 giving 2.8 A pix- 1 was selected on the blue arm, and one 
of 620 line mm- 1 giving 4.6 A pix- 1 on the reel arm. The total range is 3200- 7700 A (with a dichroic 
split at 5500 A) which, given the candidate galaxies are in the range z = 0.5- 0.8, is good for detecting 
absorption lines, the 4000-A break and likely emission lines (e.g. [OII) at 3727 A). Unfortunately, 

there proved to be no time for this. 

5.3 Observations 

The observed CRH fields, along with the observers, a re detailed in t able 5. 1. The st rategy was to take 
images of each fi eld in three colours (V, I and Rs) to identify, at the telescope, high-reclshift objects 
a nd attempt to take spectra. Each night , before twilight, short dark exposures were taken both of the 
chip windowed for direct imaging and of the enti re chip for spectroscopy. Some long dark ex_posures 

were also taken during the day. Dome flats were taken in both spectroscopic and direct modes. After 
sunset, direct and spectroscopic twilight flats were taken. After twilight, direct images of the standard 
stars SA 106 1024 and SA 104 335 (the former for the January observations and latter for June) 
and spectroscopy of the standard stars Hiltner 600 (January) and Feige 92 (June) were taken . To 
minimise the effects of fl ex ure, known to be as much as 5 pixels parallel to the dispersion direction 2

, 

spectra of the standard lamps available at Lick (neon-at:gon and helium-mercury-cadmium) were 
taken whilst leaving the telescope guiding after any spect roscopy was attempted. Observations of 
the CRHs were made whilst they were at low ai rm ass (always less than 1.25), which dictated t he 
order of observations. At dawn , more twilight fl ats (both direct and spectroscopic) were taken. 

1 Published at http:// mh-www . ucolick.org/ techdocs/ obstats/ avg_seeing.html 
2 From http://www. ucolick .org/ ~mountain/ mthamil ton/ techdocs/ instrumentsjkastjkasLindex. html 
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Object 
CRH 0800 

CRH 0853 

CRH 0917 
CRH 1419 

CRH 1716 

Band 

Rs 
V 
I 

Rs 
V 
I 

Rs 
Rs 
V 
I 

Rs 
V 
I 

Total time /min 
15 
15 
15 
45 
30 
45 
30 
20 
20 
25 
20 
20 
20 

Table 5.2: Summary of the direct imaging observations taken. 

11 5 

Table 5.2 summ arises the total time observing in each ba nd for each object. One entire night (1st 
J a nu ary) was lost due to fog, a nd there were patches of bad weather on other days, but only one 
fi eld (CRH 0741) >vas not observed at all. For the observations used, seeing was good at ,......, 1.5 11 

a nd transparency was good, except for observations of CRH 0800 a nd CRH 0853 which were taken 
through patchy cirrus. Unfortunately, pointing errors meant that the fi elds of CRH 0800 a nd CRH 
0917 were not correctly observed , and those observations are effectively blank sky fields. 

5.4 Data reduction 

When a CCD is read out , there is a bias clue to DC offsets in its amplifiers. The amplifiers are at the 
end of the rows , and reading out involves shifting the charge along the row to the am plifier. The DC 
offset on each amplifier can vary with time for many reasons, e.g. temperature, which might depend 
on, for example, telescope position. It is usual to have an overscan region , i.e. a few unexposed 
pixels on each row of the chip , so t hat t he offset can be measured. Unfortunately at Lick the bias "is 
taken care of" , and the subtraction is done by the instrument . The mean value of t he pixel counts 
is 2.08 ± 0.06 for a one-second exposure , so although the bias removal is doing a reasonable job, it 
is not perfect . Neither chip was found to have a significant dark current. The zero point was set by 
subtract ing the 1 second dark frame taken at the beginning of the night from a ll t he images . This, 
a long with all the data red uction , was performed with the standard lRAF tas k CCDPROC . 

Dome fl ats were not found to provide a complete illumination correction . Thus twilight images were 
also used. Once determined , the overall illumination correction was applied to some bright twilight 
images. No residual structure was found in the image, a nd so the same. correction was applied to the 
CRH observations and calibrators . 

Deep observations were don e in two or three separate exposures, for two reasons . Firstly, it ts 



116 CHAPTER 5. SEARCHING FOR CLUSTERS: OPTICAL FOLLOW-UP 
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Figure 5.1: The transmrsswn curves for the four filters used, , V , . R, 
Rs and J (in order of peaks from left to nght). Data all taken from 
http: 11 www. ucolick .orgl ~mountainlmthamilton I techdocslfil tersl phoLfil Lcurves. html#table 

less likely that bright objects will saturate the detector (although this is not always effective; see 
figure 5.4). Secondly, taking multiple images of the same field means that any cosn~ic ray. events 
can be removed. The telescope was dithered slightly between observations so any posstble objects of 
interest that fell on "bad" pixels did not fall on them repeatedly. The relative offsets of the three 
brightest objects in each field were measured , and these used to align the images for averaging. 

Figure 5.1 shows the bandpasses of each of the filters used. The Rs filter, also known as the Spinrad 
Night Sky filter, is discussed in Djorgovski (1985). It is close to a standard R-band filter , but the 
pass band is truncated at the shorter wavelengths in order to avoid the very bright sodium line (5800 
A) from the street lights of San Jose. Djorgovski shows that the Rs filter is very close to a Johnson 

RJ filter; the equation given in the reference is 

(5.1) 

Thus the Rs and RJ systems are identical within 0.1 magnitudes over a wide range of (V- R) colours. 
However, for this work these small differences are unimportant and so I take RJ to be same as Rs· 

5.4.1 Images 

Figures 5.2, 5.4 and 5.6 show the images of CRH 0853, 1419 and 1716 respectively. North is up and 

east is to the left. Some comments on these now follow. 

In the images of CRH 1419 and CRH 1716, the southern part of the aperture ts not flattened 
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properly. This was due to slight misalignment of an empty filter wheel in the instrument , causing 
some vignetting whilst taking dome and twilight flats. The filter wheel then reset itself to the correct 
position. Thus for CRH 1419 and 1716, the dome and twilight flats have been disregarded , and the 
illumination pattern determined by stacking all the available images for each band together. The 
frames were averaged together , and then normalised. To remove galaxies and stars, the average and 
standard deviation of each pixel (between the frames) were determined, and pixels which differed by 
more than 3-0' were removed. This process works well for the majority of the image; the section on 
which it fail s to produce a flat field has been removed. 

As Lick Observatory is on a relatively low site, there is a good deal of OH line emission from the 
atmosphere. The OH lines are bright and are of a sufficient wavelength to show strong fringing. As is 
obvious from , for example, figure 5.4, not all the fringing has been removed from the !-band images. 
As the effect is small (around 2%), no effort beyond standard flat fielding was taken to remove the 
fringing pattern. 

In the Rs image of CRH 1419, shown in figure 5.4, a bright star is visible in the north of the frame. 
The trail is due to the well of the pixel overfilling with electrons, which can then spill over into 
neighbouring pixels. The charge transfer that occurs at readout stage does not then move all the 
electrons, leading to an obvious stripe. 

The limiting magnitudes have been estimated in the following way. A region of each image without 
any obvious objects was selected and the mean and standard deviation of the pixels determined. The 
number of counts per second that a 5-0' event would produce was then determined and converted to 
a magnitude. Limiting magnitudes were found to be fainter for the observations of CRH 1419 and 
CRH 1716 (~ 23.5 in R 5 , 23 in V, 22 in I) than the CRH 0853 observations (~ 22.5 in R 5 , 22 in V, 
21 in I), consistent with the weather experienced. Note that the limiting magnitude for the !-band 
images is generally high; this due to the sky being brighter in !-band and the standard deviation 
being high due to fringing. The limiting magnitudes are not as good as predicted for a "good" 3-m 
telescope as the filters available at the Shane reduce the area of the collimated beam by 40%, and so 
limit the number of photons getting from primary mirror to CCD. 

For these three CRHs, I have produced colour-magnitude plots; each is presented next to the images. 
The fluxes have all been determined with the Source Extractor (SExtractor) software, written by 
Bertin & Arnouts (1996). SExtractor identifies objects and then determines the flux within a set 
aperture. As none of the fields was particularly crowded and all reasonably well flattened, very 
similar results were found by setting the background to a constant level. The apertures determined 
by SExtractor were plotted over each frame and false detections removed by eye. Most false detections 
occurred at the edges of the image where the background meas urement algorithm failed. The plotted 
squares are to guide the eye only; the apertures were determined by SExtractor. With the bright 
objects in the fields, the determination of the magnitudes was found to be consistent with magnitudes 
estimated from POSS plates. 
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Number Magnitude 

1 20.6 
2 20.6 

3 20.8 
4 20.8 
5 20.9 

6 20.9 
7 21.0 

Table 5.3: lVl agnitudes for objects in CRH 0853 shown in figure 5.2. 
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1 arcmin 

Figure 5.2: Rs (top) \1 (left) and I (right) band images of CRH 0853 . The two bright objects with R5 =l8.6 
(upper right) and Rs=18.4 (lower left) are visible on the original photographic prints of the POSS with 
estimated E magnitudes of 18~-19 . 
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Figure 5.3: Magnitude-colour diagram for CRH 1419. A typical error bar is shown. 
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Figure 5.4: Rs (top) V (left) and I (right) band images of CRH 1419. The bright star is clear on POSS 
images. 
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Figure 5.5: Magnitude-colour diagram for CRH 1716. A typical error bar is shown. 
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Figure 5.6: Rs (top) V (left) and I (right) band imagesofCRH 1716. The bright object to the left is evident 
on the POSS plate. 
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Figure 5. 7: Gunn-R magnitude against redshift for A bell clusters. Data points are taken from Hoessel et al. 
(1980) ; the dashed line is the best fit through those point; the solid line is the best fit non-evolving optical 
spectra of 3C radio galaxies , taken from Eales (1985) . 

5.5 Interpretation 

From the colour-magnitude diagrams, it is possible to find evidence for clusters. It has been known for 
some time that more luminous elliptical cluster galaxies tend to have redder colours; e.g. Visvanathan 
& Sandage (1977) and Kodama et al. (1999). Indeed, Kodama et al. have shown that this can be 
used with clusters over a range ~f reclshifts; they examine clusters between z = 0.31 and z = 1.2 and 
find a consistent picture. Thus in a colour-magnitude diagram, the big elliptical galaxies will then 
appear as a spur of objects. CRH 1419 and 1716 both have 2 galaxies of similar magnitude and colour 
that are brighter in Rs and redder than the rest of the field . To achieve a very reel object , the rest 
frame 4000-A break needs to be placed between the pass bands of the F and Rs filters. This simple 
notion places the rest frame 4000-A break between 5400- 6200A, corresponding to redshifts 0.35- 0.55 . 
Modelling by Bruzual A. & Chariot (1993) predicts that an elliptical galaxy has (G- R)vega = 2 if 

it has z = 0.35- 0.8; see also Haynes (1998). 

The brightest of these red galaxies ir!each field has an Rs magnitude of 19.8 and 19.9 respectively, 
with F - Rs ::::= 3 in each case. This appears to be evidence for a cluster in each field , but what 
is the chance of such galaxies appearing at random in each field? To assess this, I have plotted 
colour-magnitude diagrams of 10 random field s taken from the INT WFC survey (Lewis et al., 2000), 
which has deep multicolour imaging reaching 24.5 in R and 24.6 in G; G is very close to F. To 
perform a proper comparison with the CRH fi elds, the fields were chosen to look like blank POSS 
fields, i.e. contain no objects with F-bancl magnitudes less than 20, and the search radius was set to 
1.21• Figures 5.8 and 5.9 are the colour magnitude diagrams. None of these has G- R approaching 
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3 until R reaches 22. I conclude that the red galaxies in the two CRH fields are therefore not "field " 
galaxies there by chance but are cluster members. Note also that the vVFC data provide a test of 
the magnitude scale. In the "field" objects, G- R is 0 - 2 for R "' 21 objects, which is the case 
for the fainter objects in the CRH fields. The two mispoi nted CRH observations of 0800 and 0917 , 
figures 5.11 and 5.10 respectively, do not have good colour information , but both have many objects 
with Rs magnitudes around 21. 

Figure 5.7 shows the Gunn-R verses redshift diagram for Abell clusters calculated from the data 
given in Hoessel et al. (1980) . Fitting a straight line to this plot gives the relation 

log Z = (0.184 ± 0.006)Rmag - (3.93 ± 0.09) , (5.2) 

where Rmag is the Gunn-R magnitude of brightest cluster galaxy. The Abell cluster data necessarily 
extend only to moderate redshifts . The relation will change for z > 0.5 as the 4000-A break enters 
the R-band wavelength range , and galaxy evolution will also cause a change at high redshifts . A 
flattening of the Rubble diagram can be seen in the R-band magnitucles of 3C radio galaxies, as shown 
in Eales (1985). The line is also reproduced in figure 5.7 and shows that the relation fitted to the 
3C rad io galaxies are approximately 0.75 magnitudes brighter than given by equation 5.2. However , 
EaJes (1985) uses the Cousins (1976) RI systems and so this magnitude shift may be partly due to 
the different system used. The Abell-based and 3C-based lines are close to each other in the region 
of the magnitudes of the CRH brightest candidate cluster members, and if the CRH galaxies have 
absolute magnitudes similar to the Abell or 3C galaxies, then their reclshifts are 0.5 - 0.6. 

Further imaging in multiple colours and with a wide field of view is of course necessary for all the 
fi elds; multiple colours would give a better indication of the reclshifts even without spectra being 
taken, and a wider field of view might allow the local projected galaxy density to be measured to 
determine whether or not there is an over-density of galaxies. 

As the detection efficiency of the CRH search technique is (approximately) known (see section 4.4), 
and redshifts have been estimated for the detected clusters, it is possible to estimate a comoving 
space density for these clusters. For an Einstein-de-Sitter universe, the comoving volume F out to a 
redshift z is given by 

(5.3) 

where n is the solid angle of sky observed . However it is difficult to determine the limiting redshift 
of the search technique as the selection function for CRHs is complex. Instead I present comoving 
number densities of CRH clusters for three li miting redshifts; the approximate redshift of the detected 
clusters, 0.6 , the approximate limit of the Rs images , 0.8 and an arbitrary large redshift , 1.5. Table 5.4 
lists the comoving number densities found , assuming that the selection function remains the same 
(i .e. 20% of the clusters with halos will be detected by this technique and14% of clusters have halos). 

As a comparison, the REFLEX cluster survey Collins et al. (2000) finds 452 clusters vvith an X
ray flux greater than 3 x 10- 15 vV m-2 over a sky area of 4.24 steradians. Obviously this is not 
luminosity- li mited and so not complete at higher redshifts, but they claim to detect everything to 



126 CHAPTER 5. SEARCHING FOR CLUSTERS: OPTICAL FOLLOW-UP 

Redshift range comoving number density 
/ Mpc-3 

0.3- 0.6 5 X lQ 8 

0.3- 0.8 3 x lo-s 
0.3- 1.5 8 X lQ_ g 

Table 5.4: Comoving number densities for A bell-type clusters , based on the number of CRHs found , assuming 
different redshift ranges, H0 = 50 km s- 1 Mpc- 1 and an Einstein-de-Sitter universe. The error in the three 
densities is dominated by the very small number statistics on the comparison between CRHs and Abell clusters 
in section 4.4. 

z = 0.35. This gives a comoving number density of REFLEX clusters of 6.8 x 10-8 Mpc-3 . This 

value is similar to the number densities found for Abell-type clusters. This implies that there is not 

a large amount of evolution in the cluster comoving number density, which is certainly consistent 

with the results found from X-ray surveys (e.g. Nichol et al., 1997) . 

5.6 Conclusions 

The two fields CRH 1419 and CRH 1716 which have adequate images both have red (V- Rs .:::: 3) 

galaxies with Rs ~ 20 which are consistent with being cluster members. A search of the INT vVFC 

survey of ten random patches of sky (of the same size as my Lick images) for galaxies with these 

magnitudes and colours revealed no such galaxies. I conclude that the red galaxies in these two CRH 

fields are clusters members , with estimated redshifts of 0.5 - 0.6. 

For the clusters identified here - CRH 1419 and 1716 - and also the other fields , CRH 0741, 0800, 

0853 and 0917, the next step is obvious. Multicolour images of a wide field around the clusters are 

necessary, and then, when cluster members have been identified, spectroscopy to accurately determine 

redshifts. Long pointed observations with X-ray telescopes would also very useful. Finally, if a more 

sensitive S-Z telescope were available, then that too could be used to explore these objects in greater 

detail. But , of course, what is really needed is an S-Z survey. 
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Figure 5.8: Colour-magnitude diagrams for blank field regions from the INT WFC survey 
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Figure 5.9: Colour-magnitude diagrams for blank fi eld regions from the INT WFC survey 
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Object Rs magnitude 

1 20.2 
2 20 .9 
3 19.8 
4 21.1 

Table 5.5: Magnitudes for the objects labelled in figure 5.10 . Typical error is ±0.2 magnitudes. 

Figure 5.10: Rs band image of CRH 0917. 



130 CHAPTER 5. SEARCHING FOR CLUSTERS: OPTICAL FOLLOW- UP 

Obj ect 

1 
2 

3 

4 

5 
6 
7 

8 
9 

Rs magnitude 

21.8 

20.9 

21.7 

21.0 
21.2 

21.1 

21.7 

21.5 
22.2 

10 22.4 

11 21.2 

12 22 .0 

Table 5.6: Magnitudes for the objects labelled in figure 5.11. Typical error is ±0 .2 magnitudes 
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Fig ure 5.11: Rs (top) 11 (left ) and I (right) band images of CRH 0800 . 

T here are a good deal of objects to t he nort h of the Rs image. These are not visible in the V or I 

images as t hey are too far north. 



Appendix A 

Determining the line of sight 

The problem is to determine the line-of-sight depth of an arbitrary orientated ellipsoid . I shall 
consider the general problem of the size through an ellipsoid, as the surface where out to one core 
radii defines an ellipsoid . 

The surface of the ellipsoid can be represented as the coordinates (a sin() cos B, b sin() sin </Y, c cos B), 
where a, b, c are the lengths along the principle axes, and () and <P are parametric variables . The 
coordinates can then be rotated to an arbitrary orientation by multiplying by the matrix 

( 

cos a cos f3 cos 1 - sin 1 sin a sin a cos f3 cos 1 + cos a sin 1 - sin f3 cos 1 ) 
- cos a cos f3 sin 1 - sin a cos 1 cos a cos 1 - sin a cos f3 sin 1 sin f3 sin 1 , 

cosasin/3 sinasin/3 cos/3 

(A.1) 

where a, f3 and 1 are the Eu ler angles. Thus the new x, y, z co-ordinates of the ellipsoid are given by 

x = Au a sin() cos()+ A12b sin() sin <P + A13c cos() 

y = A21 a sin ()cos() + A22b sin ()sin <P + A23c cos() 

z = A31 a sin() cos()+ A32b sin() sin <P + A33c cos() 

(A.2) 

(A.3) 

(A.4) 

where Aij is the iPh term of the matrix A.l. The line-of-sight size of the ellipsoid is then twice the 
value of z where x = 0 and y = 0. By setting this condition in equations A.2 and A.3, <P and () are 
then given by 

tan <P = -~ AuA23 + A13A21 
b A12A23 + A13A22 

tanB = ~A21A13- AuA23_1_ 
b A22Au - A21A12 sin <jJ 

(A.5) 

(A.6) 

By putting the values into equation A.4, the line of sight size of the ellipsoid can be found. This 
equation has been tested numerically by producing a grid with the value of 1 in each cell if it inside 
the ellipsoid and 0 if was outside. Then summing along the central pixel gives an approximation of 
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the line-of-sight through the cluster. The technique described above was found to be both correct 

and faster. 

Appendix B 

The angular size-redshift relation. 

I present here a derivation of the angular size relation for a general cosmology. The Friedman 

equation, 

(B .1) 

defines R(t), the scale factor, for the universe where p is the total inertial mass density, A is the 
cosmological constant, G is the gravitational constant and~ is the radius of curvatureof the geometry 
of the universe at the current epoch. By defining the following parameters , 

the Friedman equation becomes 

A= 3HJDA, 
8rrpG 

nl'v! = --2-, 
3H0 

The~ term can be removed by noting that Ho= t and Ro = 1, giving 

2 
2 2 c 2 

Ho= nMHo- ~2 + nAHo. 

Rearranging this gives the result 

Substituting this back into the Friedman equation gives 
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(B .2) 

(B.3) 

(B.4) 

(B.5) 

(B .6) 

(B.7) 
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. R 1 ( d ( )2) d t l t d z d z clR d b · · . .· Notmg that = l+ z and so c1k = - 1 + z an 1a Cit = clR dt' an su st1tutmg g1ves 

d z )2 ( 1 ) dt=-(1+z Ho D.M z +1+D.A (1 + z)2 -1. (B.8) 

Using the increment of radial comoving coordinate distance dr 

expression 

c clt 
R -cdt(1 + z) I find the 

c dz 
dr = -------;::::========= (B.9) 

Setting nA = 0 in this relation and integrating gives the solution found by Mattig (1958). 

The proper size of an object, d, at a redshift z, vvhich subtends an angle !:::,.8 is simply given by the 
dB term the the Robertson-Walker metric (see Longair , 1998), i.e. 

1 (~') d= 1 + z ~hin »( !:::,.8, 

which can also be written 

d = t::,BDA 

1 ( r) where DA = --Wsin <n . 
1 + z n 

(B.10) 

(B.ll) 

(B.12) 

Integrating equation (B.9) gives the value of ·r, which must be done numerically for a general solution. 
The calculation can be done whilst avoiding complex numbers if sinh is used as factors of i then cancel. 

(B.13) 

(B.14) 

z 

If no+ nA = 1, then(1 + z)DA = J 
cd z 

0 (1 + z)HojnM(1 + z) + ( 1~~)2 
(B.15) 

Appendix C 

"Extreme" simulated clusters 

I present here the bolometric surface-brightness maps of clusters 8 and 10, the two most extreme 
clusters (in that they give the most extreme Ho values) simulated by Eke et al. (1998). They were 
kindly provided to me by Vincent Eke as observed images. See section 2.8 for details. 
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Cluster 8 at z = 1.09. The contour levels are (1 , 1.7, 2.8 , 4.6 , 7.7, 13, 21 , 36 , 59 , 99) x 10- 11 W m- 2 . No Ho 
was derived for this cluster. 
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Cluster 10 at z = 1.09. The contour levels are (1 , 1.7, 2.7 , 4.5, 7.5, 12, 21 , 34 , 56, 93)x10- 11 W m- 2 . No H 0 

was derived for this cluster. 
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Determining Ho from a set of clusters 

As discussed in section 2.4 , the weighted geometric mean is required to determine H 0 from a set of 
clusters. The "standard" geometric mean , j , of a set of values y; is given by 

f = Viiin Yi (D.1) 

It is clear how to extend this to the weighted case. Consider the simple case of two values, a and b, 
with weights Wa and wb. Clearly the geometric mean is given by .j(Jj, If, for example, the Wa = 2 
and Wb = 1, then the weighted geometric mean would be equivalent to the geometric mean of a, a, b, 
i.e. Taab. This can also be written 

Thus the general case is 

where 

f = IT vr;i, 
i=l ... n 

L m;= 1. 
i=l ... n 

vVhen values of "weighted geometric means" are quoted , th is is what has been calcu lated. 

The error is calcu lated from the general formula , 
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(D.2) 

(D.3) 

(D.4) 

(D.5) 
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In this case, the function f is given by equation D.3. So 

(D.6) 

(D.7) 

(D.8) 

I carried out five simple tests as a check of the above; the results agree with what I intuitively would 

have expected . 

The test The result 

2 of 50± 10 50± 7.07 

5 of 50± 10 50± 4.47 

10 of 50± 10 50± 3.16 

50± 10 and 50± 5 50± 4.47 

50± 10 and 100 ± 20 70.7 ± 10 

REFERENCES 

Arnaud, M., Aghanim, N., Gastaud, R. , Neumann, D. M., 1umb, D. , Briel , U., Altieri, B. , Ghizzarcli , 
S., Niittaz, J ., Sasseen, T. P., & Vestrand, W. T. 2001, A&A, 365, 167 

Bahcall , N. A., Fan, X., & Cen, R. 1997, ApJ, 485, 153 

Bennett, C. 1., Banday , A. J., Got·ski, K. M., Hinshaw, G. , Jackson, P., Keegstra, P. , Kogut , A., 
Smoot, G. F., Wilkinson, D. T., & Wright, E. 1. 1996, ApJ, 464, 11 

Bernstein , G. & Fischer, P. 1999 , AJ, 118, 14 

Bertin , E. & Arnouts, S. 1996, A&AS, 117, 393 

Biggs, A. D. , Browne, I. W. A., Helbig, P., Koopmans, 1 . V. E., Wilkinson, P. N., & Perley, R. A. 
1999, M! RAS, 304, 349 

Birkinshaw, NI. 1999, Phys. Rep., 310, 97 

Birkinshaw, M. & Hughes , J. P. 1994, ApJ, 420, 33 

Bond, J. R. & Efstathiou, G. 1984, ApJ, 285,145 

Bruzual A., G . & Chariot , S. 1993, ApJ, 405, 538 

Carlstrom, J. E., Joy , M., & Grego, 1. 1996, ApJ, 456, 175 

Cavaliere, A., Danese, 1., & de Zotti , G., eels. 1978, Hubble constant from X-ray and mtcrowave 
observations of clusters of galaxies. 

Cavaliere, A. & Fusco-Femiano, R. 1976, A&A, 49, 137 

Challinor, A. & 1asenby, A. 1998, ApJ, 499, 1 

Clark, B. G . 1980, A&A, 89, 377 

Collier, S., Borne, K. , Wanders, 1. , & Peterson, B. M. 1999, MNRAS, 302, 124 

Collins, C. A., Guzzo, 1. , Bi::ihringer, H., Schuecker, P., Chincarini, G. , Cruddace, R., De Grancli , S., 
MacGillivray, H. T., Neuma.nn, D. M., Schindler, S., Shaver, P., & Voges, W. 2000, MNRAS, 319, 
939 

145 



146 REFERENCES 

Condon, J. J ., Broderick , .] . J ., & Seielsta.d, G. A. 1989, AJ , 97, 1064 

Cooray, A. R., Grego, L., Holzapfel , W. L. , Joy , M., & Carlstrom, J. E. 1998, AJ , 115, 1388 

Cordey , R. A. 1985, MNRAS , 215, 437 

Cornwell, T . J. & Evans , K. F. 1985, A&A, 143, 77 

Cousins, A. W. J. 1976, MmRAS, 81, 25 

Crawford, C . S. , Edge, A. C ., Fabian , A. C., Allen, S. W., Bohringer , H. , Ebeling, H. , McMahon, 

R. G ., & Voges, W. 1995, ~tiNRAS , 274, 75 

Dabrowski , Y. , Hobson, M. P., Lasenby , A. N., & Doran , C. 1999, NINRAS, 302, 757 

Das, R. 1999, Master's thesis, University of Cambridge, UK 

Dillon , N. 1987, PhD thesis, University of Cambridge, UK 

Djorgovski , S. 1985, PASP , 97, 1119 

Eales, S. A. 1985, MNRAS, 213, 899 

Ebeling, H., Voges , W ., Bohringer, H. , Edge, A. C., Huchra, J . P. , & Briel, U. G. 1996, MNRAS , 

281, 799 

Eke, V. R. , Navarro , J. F. , & Frenk, C. S. 1998, ApJ, 503, 569 

Frenk , C. S. , vVhite, S. D. M., Bode, P., Bond , J. R. , Bryan, G. L. , Cen, R., Couchman, H. M. P. , 

Evrard, A. E. , Gnedin , N. , Jenkins, A., Khokhlov, A. M., Klypin , A., Navarro, J. F. , Norman, 

M. L. , Ostriker, J. P., Ovven, J . M. , Pearce , F . R. , Pen, U .. , Steinmetz, M., Thomas, P. A. , 

Villumsen, J. V., Wadsley, J . W ., Warren, M. S., Xu, G., & Yepes, G. 1999, ApJ, 525, 554 

Furuzawa, A. , Tawara, Y. , Kunieda, H. , Yamas hita, K., Sonobe, T. , Tanaka, Y. , & Mushotzky , R. 

1998, ApJ, 504, 35 

Giovannini , G. , Tordi , M ., & Feretti, L. 1999, New Astronomy, 4, 141 

Grainge, K. 1995, PhD thesis , University of Cambridge, UK 

Grainge, K., Jones, M., Pooley , G., Saunders, R. , Baker, J., Haynes, T. , & Edge, A. 1996, MNRAS , 

278, L17 

Grainge, K. , Jones , M. E., Grainger , vV. F. , Pooley, G. , Saunders , R. , Edge, A., & Kneissl , R. 2001, 

mNRAS Submitted 

Gubanov , A. G. & Reshetnikov , V. P. 1999, Astronomy Letters, 25 , 380 

Hanisch , R. J. 1982, A&A, 116, 137 

Harris, D . E. , Kapahi , V. K. , & Ekers, R. D. 1980, A&AS, 39, 215 

Harris , D. E. & Miley , G. K. 1978, A&AS , 34, 117 

REFERENCES 147 

Haynes, T . 1998, PhD thesis, University of Cambridge, UK 

Her big, T., Lawrence , C . R., Read head, A. C. S., & Gulkis, S. 1995, ApJ, 449, L5 

Hoessel, J. G. , Gunn, J. E. , & Thuan , T. X. 1980, ApJ , 241, 486 

Hogbom, J. A. 1974, A&AS , 15, 417 

Holzapfel , W. L., Ade, P. A. R. , Church, S. E ., Mauskopf, P. D. , Rephaeli , Y. , Wilbanks, T. M. , & 

Lange, A. E. 1997a, ApJ , 481, 35 

Holzapfel, W . L., Arnaud , M., Ade , P.A. R., Church , S. E., Fischer, M. L., Mauskopf, P. D. , Rephaeli , 

Y., Wilbanks , T. M., & Lange, A. E. 1997b, ApJ , 480, 449 

Holzapfel , W . L., Carlstrom , J . E., Grego, L. , Joy , M., & Reese, E. D. 2000, ApJ, 539, 67 

Hubble, E. 1929, Proc. NAS, 15, 168 

Hughes, J. P. & Birkinshaw, M. 1998, ApJ, 501, 1 

IAU. 2000, New Cosmological Data and the Values of the Fundamental Parameters. Symposium no. 

201. (International Astronomical Union.) 

Jones, M. 1990 , PhD thesis , University of Cambridge, UK 

Jones, M., Saunders, R. , Alexander , P., Birkinshaw, M., Dillon , N., Grainge, K., Hancock , S., 

La.senby , A. , Lefebvre, D. , & Pooley , G. 1993, Nature, 365, 320 

Jones, M. E . 1991 , in ASP Conf. Ser . 19: IAU Colloq . 131: Radio Interferometry. Theory, Techniques, 
and Applications, 395 

Jones, M. E., Grainge, K., Grainger, vV. F., Pooley, G., Saunders, R ., Edge, A., & Kneissl, R. 2001 , 
in preparation 

Jones, M. E., Saunders , R ., Baker, J. C. , Cotter , G. , Edge, A. , Grainge , K., Haynes, T. , Lasenby , 

A., Pooley , G ., & Rottgering , H. 1997, ApJ , 479, L1 

King, I. R. 1972, ApJ , 17 4, L123 

Kirshner , R . P. & Kwan , J. 1974, ApJ, 193,27 

Kodama., T. , Arimoto , N. , Barger, A. J. , & Ara.g 'on-Salamanca, A. 1998, A&A, 334, 99 

Kodama, T ., Bower, R. G ., & Bell , E. F . 1999, MNRAS , 306 , 561 

Koopmans, L. V. E . & Fa.ssnacht , C. D. 1999, ApJ , 527, 513 

Landau , L. D. & Lifshitz , E. M. 1987, Fluid Mechanics, 2nd edn. (Pergamon Press, Oxford) 

Lewis , J. R. , Bunclark , P. S., lrwin , M. J ., McMahon , R. G., & Walton , N. A. 2000 , in Astronomical 

Data Analysis Software and Systems IX , ASP Conferen ce Proceedings, Vol. 216, edited by Nadine 

Ma nset , Christian Veillet, and Dennis Crabtree . Astronomical Society of the Pacific, ISBN 1-58381-
047-1, 2000, p. 415 ., Vol. 9, 415 



148 REFERENCES 

Longair, M. 1994, High Energy Astrophysics, 2nd edn. (Cambridge University Press) 

- . 1998, Galaxy Evolution, 1st edn. (Springer) 

Maggi, A. 1996, Part III project, University of Cambridge, UK 

Markevitch , M., F01·man , W. R. , Sarazin , C. L. , & Vikhlinin, A. 1998, ApJ, 503, 77 

Mattig, W. 1958, Astronomische Nachrichten, 284, 109 

Moffet, A. T. & Birkinshaw, M. 1989, AJ, 98, 1148 

Mohr , J. J. , Evrard , A. E., Fabricant, D. G., & Geller , M. J. 1995 , ApJ, 447,8 

Mould, J. R., Huchra, J. P. , Freedman, vV. L., Kennicutt, R. C ., Ferrarese, L. , Ford, H. C. , Gibson , 

B. K. , Graham, J. A., Hughes, S. l\II. G., Illingworth, G. D., Kelson, D. D., Macri, L. M., Madore , 

B. F ., Sakai, S., Sebo, K. M., Silbermann , N. A. , & Stetson, P. B. 2000, ApJ, 529, 786 

Myers, S. T., Baker, J. E., Readhead, A. C. S., Leitch, E . M., & Herbig, T. 1997, ApJ, 485, 1 

Myers, S. T ., Fassnacht, C. D., Djorgovski, S. G., Blanclford , R. D. , Matthews, K., Neugebauer, G., 

Pearson, T. J ., Read head, A. C. S., Smith, J. D. , Thompson, D. J ., Womble, D. S., Browne, I. 

W. A., Wilkinson, P. N., Nair , S. , Jackson, N., Snellen, I. A. G. , l\!I iley, G. K., de Bruyn, A. G., & 

Schilizzi , R. T. 1995, ApJ, 447, L5 

Neum ann, D. M. & Bohringer, H. 1997, MNRAS, 289, 123 

Nichol, R. C., Holden, B. P., Romer, A. K., Ulmer, M. P. , Burke, D. J., & Collins, C. A. 1997, ApJ, 

481, 644 

Ostrancler, E. J. , Nichol, R. C. , Ratnatunga, K. U. , & Griffiths, R. E. 1998, AJ, 116,2644 

Pate!, S. K., Joy, M., Carlstrom, J. E., Holder, G. P., Reese , E. D., Gomez, P. L., Hughes , J. P., 

Grego, L. , & Holzapfel, W. L. 2000, ApJ, 541, 37 

Peebles, P. J. E. 1980, The large-scale structure of the universe (Princeton University Press) 

Penzias, A. A. & Wilson, R. W. 1965, ApJ, 142, 419 

Perlmutter , S. , Aldering, G. , Goldhaber , G. , Knop , R. A., Nugent, P., Castro, P. G., Deustua, S., 

Fabbro, S., Goobar, A., Groom, D. E., Hook, I. M., Kim, A. G. , Kim, M. Y., Lee, J. C ., Nunes, 

N. J. , Pain, R., Pennypacker, C. R. , Quimby, R., Lidman, C., Ellis, R. S. , lrwin, M., McMahon, 

R. G., Ruiz-Lapuente, P. , vValton , N., Schaefer, B., Boyle, B. J., Filippenko, A. V., Matheson , 

T. , Fruchter, A. S., Panagia, N., Newberg, H. J. M., Couch, W. J., & The Supernova Cosmology 

Project. 1999 , ApJ , 517, 565 

Press, W. H., Teukolsky, S. A. , Vetterling, W. T., Flannery, B. P. , Lloyd, C., & Rees, P. 1993, Nu

merical Recipes in FORTRAN- the Art of Scientific Computing, 2nd edn. (Cambridge Un iversity 

Press), 214 

Rees , M. J. & Sciama, D. W. 1968, Nature, 217, 511 

REFERENCES 149 

Reese, E. D., Mohr, J. J., Carlstrom, J. E., Joy, M., Grego, L., Holder , G. P., Holzapfel, Vv. L., 

Hughes, J. P. , Pate! , S. K., & Donahue, M. 2000, ApJ, 533, 38 

Refsdal , S. 1964, MNRAS, 128, 307 

Rengelink, R. B., Tang, Y. , de Bruyn, A. G., Miley, G. K., Bremer, M. N., Roettgering, H. J. A. , & 

Bremer, M. A. R. 1997, A&AS, 124, 259 

Richards, E. A., Fomalont , E. B., Kellerman, K. I., Partridge, R. B., & Windhorst, R. A. 1997, AJ, 

113, 1475 

Rottgering, H. , Snellen, I., Miley, G. , de Jong, J. P., Hanisch, R. J., & Perley , R. 1994, ApJ, 436, 

654 

Rowan-Robinson , M. 1985, The cosmological distance ladder: distance and time in the universe. CW. 

H. Freeman .) 

Rusholme, B. 2001, PhD thesis, University of Cambridge, UK 

Sarazin , C. L. 1988, X-ray emission from clusters of galaxies (Cambridge University Press) 

Saunders, R. , Baker, J. C., Bremer, M. N., Bunker, A. J., Cotter, G. , Eales , S., Grainge, K., Haynes, 

T., Jones, M . E., Lacy, M., Pooley , G., & Rawlings, S. 1997, ApJ, 479, L5 

Saunders, R., Kneissl, R. , K., G., Jones, M. E., Maggi, A., Das, R., Edge, A., Lasenby, A. N., 

Pooley , G. , Miyoshi, S. J., Tsuruta, T., Yamashita, K., Tawara, Y. , Furuzawa, A., Harada, A., & 

Hatsukade, I. 2001 , MNRAS submitted 

Saunders , R. D. E. 1982, PhD thesis, University of Cambridge, UK 

Schechter, P. L., Bailyn, C . D., Barr, R., Barvainis, R., Becker, C. M., Bernstein, G. M., Blakeslee, 

J. P., Bus, S. J., Dressier, A. , Falco, E. E. , Fesen , R. A., Fischer, P., Gebhardt, K., Harmer, D., 

Hewitt, J. N., Hjorth, .J. , Hurt, T., Jaunsen, A. 0., Mateo, M., Mehlert, D. , Richstone, D. 0., 

Sparke, L. S., Thorstensen, J. R., Tonry, J. 1., vVegner, G., VVillmarth, D. W. , & vVorthey, G. 

1997, ApJ, 475, L85 

Schmidt, B. P., Kirshner, R. P., & Eastman, R. G. 1992, ApJ, 395 , 366 

Stocke, J. T., Morris, S. L. , Gioia, I. M., Maccacaro, T., Schild, R., vVolter, A., Fleming, T. A., & 

Henry, J. P. 1991, ApJS, 76, 813 

Struble, M. F. & Rood , H. J. 1999, ApJS , 125, 35 

Sunyeav, R. & Zel'dovich, Y. 1970, Comments Astrophys. Space Phys., 2, 66 

-. 1972, Comments Astrophys . Space Phys., 4, 173 

Taylor, A. 2000, in IAU Symposium, Vol. 201 , E5 

Tsuru, T., Koyama, K., Hughes, J. P. , Arimoto, N., Kii, T., & Hattori , M. 1996, in UV and X-ray 

Spectroscopy of Astrophysical and Laboratory Plasmas : Proceedings of the Eleventh Colloquium 

on UV and X-ray ... held on May 29-June 2, 1995, Nagoya, Japan. Edited by K. Yamashita and T. 

vVata.nabe. Tokyo: Universal Academy Press, 1996. (Frontiers science series ; no. 15). , p.375 , 375 



150 REFERENCES 

Tully , R. B. & Fisher , J. R. 1977, A&A, 54, 661 

Visvanathan, N. & Sandage, A. 1977, ApJ, 216, 214 

VLA calibration manual. 1990, The VLA calibration manual (NRAO) 

·white, D. A. 2000, MNRAS, 312, 663 

White, M. 1998, ApJ, 506, 495 

Williams, L. L. R. & Saha, P. 2000, AJ, 119, 439 

Willson, M. A. G. 1970, MNRAS, 151 , 1 

Wrobel, J. M., Patnaik , A. R., Browne, I. W. A., & Wilkinson, P. N. 1998, in American Astronomical 

Society Meeting, Vol. 193, 4004 

CAMBRIDGE 
UNIVERSITY LIBRARY 

Attention is drawn to the fact that the copyright 
of this dissertation rests with its author. 

This copy of the dissertation has been supplied 
on condition that anyone who consults it is 
understood to recognise that its copyright rests with 
its author. In accordance with the Law of Copyright 
no information derived from the dissertation or 

quotation from it may be published without full 
acknowledgement of the source being made nor any 
substantial extract from the dissertation published 

without the author's written consent. 


