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Summary .

Assuming the redshifts of quasars are cosmological, their
distribution in space is investigated by means of new test, the luminosity-
volume test (Chapter 1), which is shown to be far more powerful than the
magnitude-redshifts test. In most relativistic ’cosmologicol models, strong
evolutionary factors must be influencing the distribution of quasars in space,
and possible explanations are discussed qualitatively and quantitatively .

The ﬁnﬁlor behaviour of the stronger radio-galaxies strengthens the link
between the two classes of source.

Less direct information about more remote parts of space is
obtained by the interpretation of the radio source-counts (Chapter Il1)
and the integrated radio and X-ray background intensities (Chapter 1V) .
Assumptions have to be made about the physical properties of sources,
particularly the magnetic field, and a number of different models for the
structure of radio-sources are discussed in Chapter I, Evidence is presented
against the idea that the radio-emitting components are ejected from the
parent galaxies at relativistic speeds. Models are considered in which
relativistic electrons are generated continuously in the radiating

components ,

s
11



A number of the tacit assumptions underlying previous interpretations
of radio source-counts are examined in detail . Longair's often quoted
result that the radio source-counts indiccfe a real dimination
in the density of sources at earlier epochs is shown to be false. Significant
depéndence on cosmological model is found, particularly at lower flux-levels,
and comparatively empty universesare preferred.  Density evolution is {/

a8 e

consistent with the source-counts only if there is a luminosity-dependent
truncation, which could be caused by the black-body radiation if the
luminosity of sources is a function of the magnetic field.

The observed X-ray background is hard to explain in terms

of interaction of the black-body radiation with relativistic=electrons in

radio-sources, unless sources have exceptionally low magnetic fields.
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CHAPTER ONE



Summary

The properties of the relativistic cosmologies are
summarized in section 2, and consideration of a flow diagram of the two
cosmological parameters emphasizes the special significance of the de Sitter,
Milne and Einstein-de Sitter models. The influence of the "volume effect”
on the magnitude redshift test is evaluated in section 3, and in section 4
a new test, the luminosity-volume test, is described. It is found that
some kind of secular evolution must influence the distribution in space
of both the quasars (sections 5 and 12) and the stronger radio-galaxies
(section 14),  Possible evolutionary effects are discussed in section 6,
and the parameters required with simple mathematical forms of evolution
estimated in section 10 and 14, If it is assumed that the coordinate |
number-density, or the typical luminosity, of sources have a negative
exponential dependence on the scale-factor, similar parameters
are obtained for both quasars and rodio-ﬁgalaxies. This is a
significant result if there is some link between the tw\o classes of object.
At early epochs the n:lfnber—densiry of sources would be about 10
times greater than that at the present epoch, or the typical luminosities
of sources would be about II.OO times greater than at the present epoch.
The characteristic epochs beyond which the distribution of sources -would

look fairly uniform correspond to redshifts of about 10 and 5 respectively.



The non-uniform distribution of the rcdio-réaloxies shows that
the strict steady-state cosmology is not saveable by od hoc hypotheses
about the redshifts of quasars. The "local" theory for quasars
is discussed in Appendix 5, and while earlier arguments d;; not seem
strong enough to rule out such a theory, it can be shown that if the
redshifts of quasars are essentially independent of ‘distance, their

distribution in space is still inconsistent with the steady-state cosmology .



I. Introduction,

Throughout most of this work | assume that the redshifts of
quasars are cosmological (I).  Although severe difficulties exist for this
view ( 2, 4 - 6), the other possible explanations that have been presented
in detail to date (8,9) pose more difficulties than they solve (10 - 12).

Pessimism has been expressed whether, even if quasars are at
cosmological distances, they are of much value to cosmology (13, 14) .

The two classical tests, the magnitude-redshift test and the number-counts
of sources, are only effective in distinguishing between cosmological
models in situations where the dispersion in I'uminosiry is small,  While
this is the case for the optical luminosities of galaxies, it is certainly

not true for the radio-luminosities of radio-galaxies, or for either the
optical or radio luminosities of quasars (if the redshifts of quasars are

~ cosmological).  This pessimism is unjustified, since the additional

factor of completeness down to a limiting flux-level enables a far more
powerful test, the "luminosity-volume" test, to be applied. This test
combines the essential features of both the redshift-magnitude and number-
count tests and uses more information than either., A simple extension enables

¢

evolutionary hypotheses to be tested .

Radio number-counts of all sources provide clear evidence

that evolutionary factors are affecting at least a sub-population of the



sources (15 - 18).  Two kinds of evolution have been considered in some detail
in earlier interpretations of the radio number-counts (18 - 20);

(a) Density evolution:  the fraction of m aterial in the form of

active sources is a function of epoch.

(b) Radio luminosity-evolution: the typical luminosity of sources

is a function of epoch, while the fraction of material in the form of active
sources and the form of the dispersion of luminosities are independent of
epoch . '

Longair (18) has shown that to obtain consistency with number-
counts to low flux-levels and the extragalactic contribution to the -ntegrated
background radio emission all classes of source cannot be supposed to evolve.

It the evolution is then due to an indistinguishable  sub-population of the

sources, the distinction between hypotheses (a) and (b) disappears (18) .
However if the evolution takes place in a recognizable sub-population
(e.g. the quasars) then we are dealing with distinct hypotheses and can
hope to test between them ., Earlier suggestions that the magnitude-redshift
diagram for quasars supported luminosity rather than density evolution

(22, 23) were shown to be incorrect(24) . The present results are

still stronger: luminosity evolution of the form considered in references

18 - 20

, 22, 23 is inconsistent with a wide range of cosmological



mode!, whereas consistency with all models can be obtained using

density evolution,

However, it is important to consider whether results obtained

using a particular mathematically simple form of evolution may not depend

rather strong on that mathematical form.  The truncation of the

. evolving population beyond a redshift of about 4(18) may fall in
this category. In-this work | suggest other forms of evolution

which do not require such a truncation.

The cosmological models tested are the
familiar relativistic models, including the possibility of a non-zero
cosmological constant, the steady-state cosmology and a class of

Brans-Dicke models



2. The models

(i)  summary of properties:

The properties of the relativistic cosmological models are discussed in
many standard references (e.g. 25, 26, 27), but for completeness we
summarize here the relations we need .

The observed flux in the frequency range Vo fo g * d'-.)o ,
from a source emitting F(‘Je)d\)e in the corresponding range of emitted

v to v +dv is given b
frgquency e o Vo o g y

Flv )dv_ (1 + kg /4)°

070 Q2 2.2
00
Yy
where JZ = l+z = Z
Zo
o 0
dt dr
and SooF = A (@)
e l+kr /4

Writing F - Ioglo F(’»‘O) , f = log[0 F(‘uo) equation (I)



2 2.2
ROrOZ

(I +k r02/4)2'

becomes ? = 3{)/ + IOglO - 0,4k © (3)

where the K-correction takes account of the selectivity of the
atmosphere and the apparatus, and of the shift of the spectrum across the
observed frequency band. The forms we have used for optical and
radio K-corrections are presented in appendix 1.

From Einstein's equations for uniform, pressure-free universes,

the scale-factor R(t) satisfies the equations

R = -47G:R3 + . R/3 (4)

R = 8uG . R/ 3+ "R%/3 - ke’ (5)
where . is the cosmological constant and the density, . , satfisfies
the equation oR = ;OROB , subscripts zero referring to the present
epoch. Then if we write H = R/R q = - R R/R 2 (6)
and o = 4G/ 3H2 , (7)
equations (4) and (5) become

. 2 2

" = - = > - 8
“/3 = (s -qH = (5 -9y Hy (&)



and

2 2.2 2 2
ke = (3 -q-DHRT = (3yy -q, - D Hy Ry (9)
(i1) Flow diagram for the models:

Having solved equations (4) and (5) for R(t), and writing Z = RO/R ,

we can use equations (5), (8) and (?) to obtain

Zn = B2 Ay 72,0 32

HD = Hy {og-ag+(+qy-37)Z" +2:,2" }=H, .Y(z),
.3

() = :OZ / Y(z)

a) = oo @ -0+ ay )/ Y.

are known at the present epoch, then

Thus if HO r g qo:

H,>,q are known for all epochs, past and future. The behaviour
of the models can be illustrated by a flow diagram (Fig. la).

This diagram, and an illuminating discussion of the = - q
representation, can be found in Refsdal ‘ond Stabell (28). For our
purposes the interesting feature to note is that there are just 3 fixed

points in this diagram: the Einstein de Sitter model (= =q=1/2),



>’rhe de Sitter model (=0 , q = -l), and the Milne model

(r=q =0). These represent asymptotic states of the universe:

the Einstein de Sitter model is the initial state of all non-empty models
except those to the left of the curve A , while the Milne and de Sitter
models are the final states of monotonic expanding models (all those to the
left of the curve B) with =0 and 170 , respectively.
Oscillating models are those to the right of the curve B. A and B
correspond to those models which approach the Einstein static universe

as t —> + = respectively (i.e. A is the Eddingfon—Lemofi\fre model) .

.

The loci to the left of the curve A correspond to those models
which "bounce" under the action of cosmological repulsion, As Solheim
(29) has rerr;ad<ed, most of these models are ruled out if the redshifts of
quasars are cosmological, since fh‘ey give upper limits to Z which are
inconsistent with values already obtained for quasars., In fact for these
models to be correct we must be indistinguishibly close to the de Sitter
model at the present epoch. Their philosophical attraction is that
they are the only non-empty models which-do lnof possess a singularity .

From the point of view of the testing of models, the most
interesting situations arise if ( o qo) are not near any of the

3 fixed points. For then we kndw the future of the universe and its

past history (at least back to the epoch where the pressure becomes



significant).  But if ( 0 qo) are near to one of the fixed points
in the ~ - q plane, we cannot tell whether the universe has always
had these values of = and q , or whether it is in an os'ympto’ric state ,
The smoothed-out density of the material actually observed to
3] -3

date (7x10 " gm em ), (30), and the present value of the

Hubble constant (HO“I = 12 x lOlO years ), suggest that our

present position in the J -~ q plane may be rather close to the

o =0 axis, Difficulties in reconciling the ages of the oldest stars
with the age of the universe may force us to the left of fhe‘point M
and perhaps rather near to the point S,  But considerations of this

kind are subject to enormous uncertainty,  The disadvantage of the

- q representation is that phases where the universe is static lie at

infinity . Accordingly, we transform Fig. la by

B - ) q o
s = T , t = (Fig. Ib)
/2t oy + la]
so that all models satisfy 0< s < | , -I< t< |, and the

ooints ES, M , S in Fig. | become (/2 , Y2}, (0,00, (0, -73).

A=0 corresponds to s =t and k =0 to



4st = 5s - t+2 = 0
ést +55 -3t-2 =0, t< 0,

The Einstein static model (E) has s =1, t =0, and the static
phases in the two types of oscillating model are labelled E+

(or models to the left of Ain Fig.la R=0, R >0) and

E - (for models to the right of B in Fig.la; R=0, R < 0 )
and have s = 1, 1t = + 1 respectively. The Lemaitre models
are those whose flow lines lie close to the bouhdqry s =1.

The instability of the Einstein mode! is illustrated by the fact that if q
slight perfurbation causes R to become non-zero, t changes

discontinuously from 0 to + |,

The flow illustrated in this diagram is somewhat anomalous:
an infinite time is required to reach the sink S, E- , E+ are
" .
points of reflection except for the two Eddington-Lemaitre loci, which take

on infinite time to arrive at, and depart from, these points, respectively.

3. Influence of volume effect on magnitude-redshift test

(i) magnitude-redshift test

The results of attempts to distinguish between these models using the

magnitude-redshift test for the brightest galaxies in clusters have been



reviewed and extended by Solheim (29), who has computed exact theoretical
relations instead of the power-series expansions used in earlier work

(31, 32). His best values for the cosmological parameters are
= -006 , . = 453 ,

though these values are appreciably modified if the galaxies are assumed to
change their luminosity with epoch (29,33).

The acceptable models appear as a region of the

-~ -

"0 99 plane (the "model" diagram). He als? applies this
procedure to optical data for fifteen quasarsl, However, it is necessary
to take account of the severe selection effect imposed by the limiting
radio magnitude for these objects (9 flux-units if we confine our
attention to identifications from the 3C catalogue (37, 38)), and also
of the "volume effect" discussed below. In the present work we have
- rather more data available (37 redshifts), we take account of these
selection effects, and we also perform the test in a different and more
powerful way .

A number of other authors have discussed the observational data

for quasars with respect to particular cosmological models.  McCrea (34)



plotted the absolute optical magnitudes of quasars against redshift for

3 models : the Milne model ( %0 = 9

=0 ), the de Sitter model
(:O =0, dg = -l ; the steady-state model gives the same diagram),

and a particular model used by Schmidt for which "0 = %

McCrea pointed out that the luminosity, FI(Z) say, of the most luminous
source out to redshift z should be an increasing function of z ,

simply as a probability effect. The Schmidt model then seemed to be
rendered improbable by the fact that the nearest quasars, 3C273,

would be intrinsically the most luminous, in this model. The rate of
increase of Fl(z) appeared improbably steep in the steady-state model,
on the other hand .

(ii)  The volume effect.

Some quantitative estimate of the importance of the effect may be made as
follows. We assume that the proper number—densifyi of quasars at any
epoch, [ (t) , is proportional to the smoothed-out cosmological

density, . (t) , and that the luminosity-function (18) for quasars is
independent of epoch. That is, at epoch t let the number of

sources per unit proper volume having loglOF in the range

T o T4+ dF e ). o (F)d ¥



n(t)

1l
—
—
~

thus if 7 (1) a (), then mn(t) = const, = 'r‘(’ro) =

The element of proper volume is

R3(f) r2 dr sin0d6dyp

(I+k 74y 3

so the total number of sources in the range of luminosity

}_ to ? + d SC out to redshift z s

N(F,2) dF = rgRy. v (z). w(F)dF

(10)



where

2
4qr dr :
@) = I

Then the expected luminosity, FN(Z) , of the Nth most luminous

source out to redshift z will be roughly the solution of the equation

Ry @)y ¢ (F)dF = N,

where }-N(Z) = loglOFN(z) , and y is the fraction of the sky

covered by the sources.

Let
X
50 = ( w(F) dF
Then
Fy = <7 - o ’f 2
T]ORO o (z) .y



For example if (q)

C(F) = =g . ew [~ (F - F Y2’ ]

Then

Fu@ = F, faerf (] - RN3 . 1 (14
*00 "(Z).)/

and if (b)

-b(F - —_
o (3:) = b.logelo.IO b ?l) for ? > j’l

=0 for 3? < ?ﬁ

then

b (F - F)
“(F = 1-10 ,

and



RO Y. i 0 <Y (Z)

I,
= const, + = logIO - (z)

Some idea of the importance of the volume effect for the optical redshift-
magnitude diog;om for quasars may be gained from Fig. 2a which shows
Fl(z) for two simple luminosity functions of type (a) and (b), in the de
Sitter model .  The parameters chosen are a = 0.8,

- _ -3 ) c 3
b=15, 4« ngY = 10 pel (T)

0

We are not claiming that the optical luminosity function for quasars is
ccfualiy of either of these forms, but merely demonstrating how severe

the effect of a large dispersion in luminosity can be. | Clearly a large
part of the divergence of the data from the normal de Sitter m-z

curve could be due to this effect, so that analysis of f.he kind performed
by Solheim (29) is unlikely to give accurate results for quasars.. However,
if from counts and from identifications we can obtain infor.mo'rion about

o and the form of = (§) , then it is in principle possible to test

cosmological models by comparing equation (12) with observed locus of the

Nth most luminous source out to redshift z , for different values of



N. Fig. 2b shows F N against lcglo Y for the steady -state
model, with N =2, 4, 8 , where { denotes the luminosity ot
178 MHz.  Under hypothesis (b) above, the 3 loci would be parallel

straight lines, equally spaced. The best set of this form satisfies

- 29 1 log.. ¥ log. . N
'TN = =2, + 1.70 SE - 0.87 og;g -

Comparing this with equation (I5), the inequality of the coefficients of
log ¥ . and - log N ‘shows that the quasars cannot be uniformly

distributed in space in the steady-state model., Either the number-

density of sources changes with epoch such that
NE) a @) Y08 L 20) ) where N2 = O N(Fj2)d T,

or  the typical luminosity of a source change with epoch, such that
1,70 - 0.87 0.83
Pa -~ a v .
However, hypothesis (b) is not too good a fit of the data,
and in general it is very unsatisfactory to have a test which depends on

knowing the form of the luminosity function. Also the selection

effect imposed by the fact that quasars are identified at optical frequencies



(optically weak emitters will only be seen at small redshifts) is not allowed
for. The test we shall describe in section 4 takes full account of the volume

Mg or ¢ (f) .

McVittie and Stabell (35) have also considered plots of the

effect, but does not require knowledge of

optical luminosity of quasars against redshift in several models and
argue that although evolution would be necessary in models with

Q9 = o = 0 and Q9 = g = I, this is not the case for the

model g = 1, = 3, for example. In section 5 we show that

"0

none of the relativistic models are consistent with the present data for

quasars, without some kind of evolutionary factors,

McVittie and Stabell (35), and Kafka (14) have allowed for the
vol;Jme effect in a rather different manner from that described above .
Confining their attention to a fixed range of optical luminosity they compare
the number of sources out to redshift z with .(z). This is equivalent
to the "luminosity-volume" test we describe in the next section, but is
limited in two ways. Firstly it does not take account of the serious
selection effect imposed by the 3C limiting flux-level *  And secondly
it uses the available information in such an inefficient way that, as
Kafka admits, no conclusions of real statistical significance can be

drawn with the present data.



Rees ond;Sciamo (36) showed that in different ranges of ,
radio luminosity in the steady-state model there was an excess of
quasars at large redshift,  The inconsistency is even more striking
when correction is made for the effect of optical selection, and

when the optical luminosities are also considered .

* In more recent work Kafka (54) now takes account of the
effect but still does not combine the information in an efficient

enough way to obtain significant results.
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4, Luminosity-volume test

The central suggestion of this chapter is that for quasars the
magnitude-redshift test be replaced by the "luminosity-volume" test,
Suppose that (i) the number of quasars per unit proper volume,

c(t) , is proportional to the smoothed-out cosmical density at that
epoch; (ii) the distribution of luminosities of quasars (i.e. the
form of 5 (F)) is the same at all epochs.

Then the total number of sources out to the epoch corresponding

to redshift z s

v (z) is the comoving coordinate volume of the sphere bounded by
sources whose light is redshifted by z.

Then in any particular model that we wish to test we
Eonsider the distribution of luminosity F (see equation 3) with respect to
volume = : that is, we transform the magnitude-redshift diagram to
a luminosity-volume diagram. If assumptions (i) and (ii) hold, we
should expect to find, in any given range of luminosity, equal numbers
of sources in any two equal volumes of comoving coordinate space.

However, as a result of the limitations of our telescopes, not all quasars



are visible .,  Confining our attention to 3C quasars, only those

brighter than the limiting flux-level are visible. An optical

identification can then only be made if the quasar is brighter than

the limiting optical magnitude. Moreover, the degree of completeness

of the identifications may be different in different ranges of magnitude,

an effect \INhich could be reinforced by non-random selection of objects for

redshift measurements, However, although such effects may well be

present, it is not necessary that the set of quasars with known redshift

at our disposal be complete, but only that it be representc‘five down

to the limiting flux-levels.  Throughout this work we assume that the

set of 37 quasars listed in Table | is representative down to the 3C

limiting flux-level of 9 flux-units, and down to the 18th visual magnitude .
Penston and Rowan-Robinson (3) have suggested that the 3C

quasars with visual magnitudes fainter than 18 are not distributed isotropically

on the sky. Preferring to suppose that this is some effect of observational

selection that the universe is inhomogeneous on the large scale (39),

we shall moake a correction for this effect at a later stage. | For the

moment we treat our set of quasars as it it were representative down to

the 19th magnitude, which, since there are only two quasars with

V > 19 in our set, we shall regard as the limiting magnitude for

guasars ,
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Fig. 3 shows optical and radio luminosity=volume diagrams
for a particular cosmological model (the Einstein de Sitter model) .
The cutoffs imposed by the limiting flux-levels are calculated by

eliminating z between

2
~ ~ Ry o (1 + 2)°
R S —— - 0.4 K(2) (17)
I+ k78
A
and v = (z) (18)
~
where j{/ is the limiting flux level and K the appropriate K-correction
(see Appendix | : the radio cutoff is shown for sources with spectral

index a =0.8).

Clearly, a source with luminosity T and redshift z will only
be observable if (z) < A (F). A difficulty here is that in
the radio case, A(:-;) is different for sources with different spectral
indices, This has been take| into account but the error introduced

by taking the radio cutoff to be that appropriate to sources with the

mean spectral index (about 0.8) is not very great.



The vertical lines to the right of the two diagrams correspond
to a redshift of 2.2 , beyond which no quasar has yet been observed .

Thus in the radio diagram the line AIA2A3 bounds the observable

region of the luminosity-volume plane. If we define the lin& B BB

17273

by the relations

then B,B.B divides A

18283 1A

into two regions in which, under

3

assumptions (i) and (ii), we should expect to find equal numbers of sources,
Before we compare the numbers of quasars actually found in

such equivalent regions, we have to altgw for the fact that the set of

quasars in A/A_A_ is affected by optical selection.  Sources which

72773
are intrinsically faint optically can only be found at small redshifts

on account of the optical cutoff.  Similarly the optical diagram is

affected by radio selection, since sources intrinsically faint radio-wise

can only be found at small redshifts on account of the radio cutoff.




For a set of sources free from optical selection out to

redshift z, we should confine our attention to sources with

A
e T
4 opt 2 fop‘r <zI ). ()9.)
However, if we choose z < Z, such that v (2) > —;— 'y (zl) R

then by relaxing condition (19) to

- -

A
4+ >
¥ opt — }-opf<z) !

sources will be missed only from the further half of the observable
region of space. Since it transpires that there are significantly more
quasars in this further half for all the relativistic cosmologies, our

conclusions (that the numbers in the two equivalent volumes of observable

space are unequal) are merely reinforced. In Fig, 3b we show
A
¥ = ? (1.4) , for example (the broken line).  Optical

opt opt
selection operates against sources falling in the shaded region in

Fig. 3b, since they would have V > 19, It seems unlikely that many

sources are "missing" anywdye-,
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Similarly, for a set of quasars free from radio selection out to
z, we should confine our attention to sources with
A
> i f ble i
}rcd > .jtrad (22) . In view of the probable incompleteness of

the identifications for 18 <V < 19, we shall apply the optical

luminosity-volume test to sources with V < 18 only.*

[t may seem logically unsatisfactory to take the optical limiting
magnitude as |9 when correcting the radio-data for optical selecf‘ion,

and as 18 when performing the optical luminosity-volume test.  However,
in the latter case it is necessary only that we choose some magnitude
brighter than or equal to the actual limiting magnitude, so our

procedure is certainly consistent if the data is representative in the range
18 <V < 19 (though wasteful of information).  On the other hand if
our set of quasars is incomplete in the range 18 <V <19 , then the
effect is much severer for the optical luminosity-volume test than for
the correction of the radio-data for optical selection, since many of

the "missing" sources would be excluded anyway from the radio test

] Ld * I
by the condition }ropf > 3 opt (1.4).




Since only 2 out of our 37 sources have V < 18 and z > 1.15

1

presumably due to radio selection, we take =z

5 = 1.15. The line

CICZCS now bounds the region of interest in Fig. 3b, A set of quasars

mainly free from radio selection out to redshift 1 .15 can be obtained by
PaN

3: rCld(O .8) : a few sources in the shaded

demanding ; RN

region of Fig. 3a would be missed, and these would fall entirely in

the further of the 2 equivalent regions. The point of this procedure
is that we more than double the fraction of the available data brought
into play.

Finally, the line DID2D3 in Fig. 3b is defined by

A
A

vo= v( )2 for T < ? opf(l 15)

' A
o= v (asy2 for F> 0 Opf(l 15)

are the numbers of quasars found the

Then if n

A"

B’ "c’ ™

regions A,B of Fig. 3a and C,D of Fig. 3b, respectively, we expect

n = n

B’ "c D’ if hypotheses (i) and (ii) are satisfied .

To test whether the numbers obtained are consistent with these expectations,
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we compare the quantity:

. 2 . . '
with the variable with 2 degrees of freedom. A probability
can ‘then be assigned, from this combined radio and optical luminosity-
volume test, to the chosen cosmological model under assumptions (i)

and  (ii).

5. Relativistic cosmological models without evolutionary effects .

The procedure described above has been applied, with the
aid of a computer, to a grid of cosmological models in the range:

-1 < 99 < 3, 0< "0 <3, which includes most of the region

of interest in the 0" 9 plane

A~ , ¢
Recently Lemaitre's models have been readvo[ned
(40, 88, 89): these lie to the right of but close to curve A in
. FAN
Fig. 1 , and have the possibility of an antipole. Whe\:reos F (2)

is monotonic increasing for most models, in certain models it can reach

a maximum and then start to decrease, eventually tending to zero at the
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antipole .

We may write equation (2) as

0
-1 7z = SNy
+ —
"I
t
0
in the case k = +l , where 1 = Sf Cit ,
e
so the antipole is the point where = 1,
The application of the luminosity-volume test to the
~
Lemaitre models has been discussed in Paper Il attached to this thesis.

Although these models have dramatically different properties to those
specified by the inequalities given above, it may well be that the

|<.:1ffer include all the serious possibilities. In particular we note
Sandage's (86) recent reiteration of Humason, Mayall and Sandage's

(31) conclusion that the evidence from the brighfeéf galaxies in

clusters favours a positive value of dg - Against this must be set the
fact that the cluster data is very unrepresentative with respect to volume of
space . This is illustrated by Fig. 3c, which shows the distribution

of optical luminosity against volume of space for the data of Humason

Mayall and Sondage, in the de Sitter model ( o0 0, 9 = -1
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In asserting that this model is inconsistent with the data, great
weight is being attached to the 3 remotest clusters.

Actually we have tested models with - 0 > 3 and 9 >3

1

but these give no new results and anyway imply unreasonable values

for the average density of the universe ( .. > 6 x IO_2 gm cm_a)

0
d the total age of the univer <75x10° year ivel
an e total age o € unitverse (fo ROID ¢ yeans), respectively .
The formulae used are summarized in Appendix 2. No model gives
a probability above a few percent, so we may conclude with some
confidence that none of these models are consistent with the present
data for quasars, In fact outside a narrow strip

-1 < 94 < 05, 0< T, < 0.1 , no model give a probability

greater than 0.l per cent. Here we are at odds with McVittie and

Stabell (35), who consider that the model with dQ = 0, "0 = 3

is acceptable. Our procedure assi‘gns a probability of less than 0.0l percent
to this model . Evolutionary factors must be affecting the distribution
of quasars if any of the relativistic models are to apply.
S.imilorly if the ;)pﬂccl luminosity-volume alone is applied
(suitably corrected for the effects of radio-selection) no consistant
“model can be found. Although the probabilities are rather higher from

this weaker test, all the models are ruled out at the 90 percent level of
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significance.  The least inconsistent models are those near to the

de Sitter model‘ ( o T 0, = -l ). These results should be

%
compared with those of Solheim from applying the magnitude-redshift
test to the cluster data of Baum (32) and Humason, Mayall and Sandage (31) .
His outermost contour includes an area of the Yo " 9 plane very
much larger than the whole of that which we have considered, yet
corresponds to a probability of nearly 40 per cent. Such a comparison
demonstrates the great power of the luminosity-volume test, given a set
of objects like the quasars to which it can be applied.

It is tempting at this point to conclude that the ev.olutionory
factors required to give consistency with these cosmological models
cannot be such as to affect the radio-emission only: this was

.

stated in Paper |. However, if the radio-luminosity of sources was
greater in the past, then the procedure described in the previous
section does not correctly el{i/mincfe the effect of radio selection from
the optical luminosity-volume test.” In fact, by infl'odu;:ing a sufficiently
strong evolutionary effect of this kind, the apparent non-uniformity
in the distribution of optical luminosities can be made to disappear in

most cosmological models, This is discussed in Appendix 3, where an

alternative and independently derived form of the luminosity-volume test



due to Schmidt (90) is also discussed.

The best way to rule out the possibility of radio luminosity evolution
only, is to examine the distribution in space of a set of quasars identified
entirely at optical frequencies. Braccesi's report (87) of a source-
count slope of =1.8 for quasars at infrared frequencies suggests that
if the number-density of quasars at any epoch is proportional to the
smoothed out cosmological density at that epoch, then the typical

optical luminosity must also have been greater in the past, for the

relativistic models to apply.  Presumably the optical and radio
emissions would then have to arise from a common mechanism., The
evidence for a relationship between optical and radio luminosity is
discussed in section 7.

An alternative, and perhaps simpler, explcnafic;n is that the
fraction of material in the form of quasars is a decreasing function of the
cosmical time. In either case, since optical counts by Sandage (41)

down to 18 .5 magnitudes ofthe Haro-Luyten catalogues of blue objects give

a slope rather less steep than -1.0 (d log N/ d mP9 =0.38),

we may deduce that these quasars do not make a dominant contribution
to those catalogues at-18.5 m., But a substantial contribution is, of course,
not ruled out by this argument. Or putting the argument another way,

if the quasars do make a dominant contribution to the Haro-Luyten
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catalogues at faint magnitudes, then we have to rule out either
the cosmological interpretation of the redshifts of quasars , or the
relativistic cosmologies ,

Before attempting fo set some limits on the evolutionary
parameters required to obtain consistency with relativistic models, we
discuss some of the physical factors which might give rise to evolutionary
effects.  Some unrealistic assumptions made for reasons of mathematical
simplicity may well vitiate some of the conclusions of earlier

investigations.

6. Possible evolutionary factors affecting the distribution of quasars

Since only.q small fraction of the available material at any epoch
appears to be in the form of active quasars, it is quite uncerfo’iin that
this fraction should be the same at different epochs. However,
we may distinghuish two situations of particular interest:-

.

(a) Quasars are violent outbursts in pre-existing agglomerations of matter,

Such a view links them with the strong radio-galaxies, which they

4

resemble in total radio power, in radio spectra, and in certain cases,
in radio structure (e.g.3C47). It is then reasonable to suppose that the

fraction of matter in the form of active quasars at any (recent) epoch is

independent of epoch. But this is certainly not necessary, for evolution
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in number-density T.(t) may qrise‘if the probability that an object

has an outburst between epoch t and t + dt , p(t) dt, s

a function of epoch, or if the typical lifetime of a source is a function
of epoch.

Luminosity evolution may also occur, fha’r is, the typical
luminosity of a source may be a function of epoch .

The objects undergoing the ouf'bursfs must then have some
knowledge of the cosmical epoch.,  Either they were all born
simultaneously and are aware of their age (through some internal
evolution), or the outbursts (and/or the associated radiation) are the
results of interaction with uncondensed material whose properties change
with epoch. Theories of the latter kind might be suitable for radio-galaxies,
if it transpire that they too must evolve, since their radio-emission is
often centered far from the optical galaxy. But they do not seem
very likely for the very compact quasars, particularly as it is probable
that the typical optical luminosity is required to be greater in the past
if there is no evolution in number-density .

We shall investigate two simple mathematical forms of
luminosity evolution:
-Q QL

a) F(t) o R(1) L . which we can write F(z) o (I + 2)
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b) F(f) a exp(- const R(t)), which we can write

F(z) aexp{(l+zL). (l——l—;_z—))f

For the cosmological models considered bv Davidson and Davies (20, 2l)

in which R(t) has a power law dependence on the cosmical time t,

our form of evolution (a) is equivalent to that considered by Davidson

and Davies namely a power law dependence of luminosity on cosmical time .
Of the relativistic cosmological models, only the Einstein de Sitter

2/3
at

model, with R(t) is of the form considered by Davidson

'
and Davies, so that only their results for this model can be compared
with this work .

The disadvantage of evolutions of the form (a) is that
they must be truncated at some finite value of z , z* say, in

order that a finite background radiation be obtained. Davidson and

Davies (20) choose for z* the point at which

A
e F@-Qq

o (1 +z) 1 = 0, which seems a completely
z

.lo
L%
arbitrary assumption and may strongly influence his conclusions.  Longair (18)
takes z* as a parameter to be fitted to the observations, and requires

a value for z* of about 3 to obtain consistency with the source-

counts and the integrated background in the Einstein de Sitter model.
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But unless there are strong physical grounds for considering
evolutions of the form (a), it seems rather premature to conclude
~ that there is a real dearth of sources beyond z =3 -4 (I8),
An example of a form of evolution that does not require such a
truncation is provided by from (b), where the typical luminosity at any
epoch declines exponentially with epoch. We investigate this form'.
in order_ to demonstrate that definitive conclusions can not be obtained
by confining attention to from (a) only, rather than for any speciol. merit
in an exponential evolution. The actual form of evolution cannot

really be determined until the structure of the sources has been settled .

But as in illustration of the way different models for the emission might

give rise to different evolutionary parameters, we note that:

QL = 3 corresponds to F (1) a . (f) , which could arise if the

emission were the result of the interaction of high-velocity shocks

or ejected material with intergalactic material:

— -2
QL = 3.5 corresponds to F (1) « H(f)([ * y)/2, H(t) a R(1) ,

y =2.5 , which could arise if the emission were the synchroton

radiation of electrons with a power-law energy spectrum of index 2.5,

in a universal magnetic field: as the univelse expands the magnetic

2

pressure is supposed to expand adiabatically  (H R = constant) .



37 ’

(b) Quasars correspond. to the formation of galaxies

If galaxies burn up some 20 percent of their Hydrogen during the final -
stages of their formation, perhaps inside massive objects, then objects
emitting energy at about the rate found-in quasars would be expected (43) .
If this stage is short compared with cosmological time-scales, then the
number-density of quasars would be proportional to the rate of galaxy
formation. In this case it would be extremely unreasonable to suppose
that the number-density of quasars is independent of epoch. For .

comparison, the rate of star-formation is often taken to have a power-

law dependence on the gas density.  Or perhaps an exponential
dependence would be more cppropriate, We have tested both of the
forms:

Q

c) *(t) a (I +2)°D
d) () aexp [(1+25). (I - /(1 + 2)): where Qg2

are parameters .

Evolution (c) has to be truncated at some z* , but not form (d).

7. Modified luminosity-volume test.

In order to test cosmological models when evolutionary

effects of the kind discussed in the preceding section are present,
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we modify the luminosity-volume diagrams in a simple way,
described in (24). We consider the distribution of "corrected"

L ]

', with respect to "weighted" volume, -

luminosity, =
Assuming that the increase of luminosity with redshift is the same for all
classes of quasars, we divide out this increase and compare the
distribution of the luminosities as they would be at the present .epoch in
different ranges of volume, weighted by the postulated increase in
number-density with redshift.,  Thus for the four types of evolution

suggested in the previous section:

(@ F' = F - Qg (I+32)
— — I
k) T o= F - ()l g5 legge
r
0 Q.
‘ v 41rr2. (I +z) I=‘.-d"
(c) = 0 3
(I +kr g/4)
¢ 2 | .
0 4nr ,e><p‘(l+ZD).(l - ). d
. C | + z
(d) i = -0

.(l+kr2/4)3

Now it is an assumption underlying our analysis that the radio and

optical luminosities are independent. Since we are requiring radio
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and optical luminosities to be influenced by the same evolutionary
factors in cases (a) and (b), we need to consider whether there is
a detailed correlation between radio and optical luminosities,  Such
a correlation might appear if the optical and radio emissions were
produced by the same mechanism, and would invalidate resul%s obtained
by the modified luminosity-volume test. In Fig. 5 we have plotted
the optical against radio luminosity for quasars with z <0.6.
Quasars with large redshift can only be observed if they are intrinsically
powerful both optically and radio-wise: thus a spurious correlation
between optical and radio luminosity is introduced if all quasars are
plotted in this diagram. Moreover for quasars with large redshifts
the effects of cosmological m‘odel and evolutionary hypothesis are very
large. Fig. 5 shows luminosities as calculated in the Milne model,
but the results are not very diﬂ’ere.mL for other models .

Fig. 5 shows clearly that there is no detailed correlation between

optical and radio luminosities, so that the procedure described in

section 4 will be valid.

8. An upper limit to the rate of luminosity evolution

Before we proceed to test evolutions of the form (a) - (d) , itis



40

advisable to consider whether arbitrarily large values of the parameters

QL and z

are acceptable. The effect of correcting the
o £
luminosities of all the sources is to reduce the value of T (z) for any
given value of z, by an amount which increases with z.

: A,
In fact there is a value of z for which T (z) reqches @ maximum,
decreasing for larger values of z, The consequences of this
redshift falling within the range of redshift covered by our set of
quasars can be seen from Figs, éa , b, which show the optical and

radio luminosity-volume diagrams for the Einstein de Sitter model,

corrected for luminosity evolution of form (a) with QL = 3.07.

In this case %(z) has a maximum at redshift 2.2 , and if this form of
evolution is correct then we should expect large numbers of quasars with
redshifts greater than 2 2 and fluxes above the 30 limiting flux-level .
Now although a sharp decline in the optical continuum emission beyond
Lyman a (44) could explain the absence of such objects amongst those

3C sources identified with blue quasi-stellar objects, they should be

visible as red stellar objects. Fig. 6b shows the effect of such a
-5 T

sharp cutoff (arbitrarily taken as F(v) a + ) on the distribution

of visual luminosities. Clearly very many objects should be found

in 3C with redshifts between 2.2 and 3.5 (note that the scale hos.
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been compressed beyond v = 0.25). Beyond z =35, the
radio-sources would correspond to empty fields down to 19 magnitudes ,
Now although there are one or two tentative identifications of 3C
sources with red stellar objects (45), and about 30 sources
associated with empty fields (46), many of the latter are likely to be
distant radio-galaxies.  Thus the identifications of 3C do not permit
large numbers of quasars beyond redshift 2.2, and evolutions so extreme
as to produce the situation illustrated in Fig. 6 can be ruled out,
We are loath to introduce some ad hoc cutoff in the distrubtion of
quasars beyond z = 2.2 until the less extreme models, where the radio
cutoff provides a fairly natural explanation of the absence of 3C
quasars beyond z = 2.2 , have been elfiminated. .

Thus in any model we restrict our attention to values of

A
Q " for which the maximum in Jf'-(z) occurs at z > 22,

L
This limitation is indicated by a dash-dotted line in Fiés ~4,7-10,
Models which require QL less than but close o
this limiting value are clearly unsatisfactory, by the same argument.
For this reason the models in the top right-hand corners of Figs. 4a and b
are probably ruled out, even though they give consistency with the

modified luminosity-volume test .

Finally, we may remark that it is a peculiarity of all models
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with luminosity evolution that the corrected luminosity of 3C 273
the quasar with the smallest redshift in our set, is the largest of all:
this peculiarity also applies to some cosmological models even without

luminosity evolution (34),

9.  Correction for the incompleteness of the data for V > 18

We cannot hope to obtain accurate values for the evolutionary parameters
if the selection effect postulated by Penston and Rowan-Robinson (3)

is present,  Without some su'ch effect we have to admit that the

quasars with large redshift are distributed anisotropically, so that
analysis of the present kind is invalid. Since the quasars with

V > 18 cover about half as much of the sky as those with V <18,

the simplest correction is to include each of the sou ces with V > I8
twice. Such a correction influences the radio luminosity-volume test
only:  the general effect is to increase the values of the evolutionary
parameters slightly, though the results are not changed much

qualitatively *

* See Appendix 3 for results using more recent data,
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0. Evolutionary parameters in the relativistic models .

Some of our results are summarized in Figs, 4, 7 = 10.  The models we
have tested are as follows:

i) a grid of models in the range: -l < qg < 3, 0< < 3 ;
luminosity evolution (a) with QL = 2.5, 3 (Figs. 4a and b)

i) models with  .=0, k=0, and 70 = 0 respectively:

luminosity evolution (a) for a range of Q, (Figs. 7a, b, and ¢).

L

iii) models with .. =0 and 0= 0 ;

luminosity evolution
(b) , and density evolutions (c) and (d) for ranges of the

7 QD ' ZD (Fig. 8a , b; 9a and b),‘

respective parameters

iv) de Sitter, Milne and Einstein de Sitter models:  combined

evolutions of type (a) and (c) (Figs. 10a,b, and c).

In each figure we show interpolated contours of [0 and 20 percent
probabilities that the present available data is consistent with the
given model , Models giving probabilities below 10 percent can
probably be ruled out, even when the limitations of the present
work are borne in mind. We regard models giving probabilities ’

higher than 20 per cent as acceptable, though many of these will
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almost cer’rqinl‘y be ruled out when more complete data down to a lower
flux-level is available, We :discuss each of the four evolutionary
hypotheses described in section 6, in turn:

(a) power-law luminosity evolution, which has been favoured by a
number of authors, is the most vulnerable of the four hypotheses to this
kind of analysis.  There are few models in which this kind of evolution
gives consistency with the data. Fig. 7a shows that of the models with
zero cosmological constant, the only satisfactory models are those with

close to zero. The best values for are in the range

0.005 to 0.03 , corresponding to a smoothed out density at the
present epoch of IO“?)l to 6,|O_3] gm per cc. The close
agreement with values obtained from counting up the actual galaxies
observed (30) should be regarded as coincidental until there are some
strong grounds for believing that evolution of this kind is affecting the
distribution of luminosities of quasars .
When a non-zero cosmological constant is included, the
most satisfactory models are those with - 0 close to zero (Figs. 4a and b);

7b).  Of the completely empty models by far the most satisfactory is

the de Sitter model, and those with 9 >1 are ruled out. Thus

exactly those models which might have been expected from consideration
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of the actual density of mateiial observed to date, and from the
problem of the long ages of the oldest stars, are preferred on this

evolutionary hypothesis ,

(b) Exponential luminosity evolution gives consistency with the data
at the 10 percent level for all the cosmologic;:nl hodéls tested to date
(Figs. 8a and b). In view of the advantage of this form of
evolution already discussed, namely that no arbitrary truncation of the
distribution is required, this result provides considerable incentive for

further investigation of evolutions of this type. At the 20 percent

level models with .=0 , g > I, are ruled out, but all the empty
models are acceptable. For interest we show the 30 percent contours
also in Figs, 8a and b:  these look very like the 20 percent contours

in Figs. 7a and b , suggesting that when more data is available,

similiar conclusions will be reached as for case (a). The best values
for the parameter z are in the range 5 to 6 :  the significance of
2 is that between the epochs corresponding to z = = and

z =z the typical luminosity of quasars has been reduced by a
factor 1/e. At the present epoch the typical luminosity is between

IO"3 and 10-2 = of the value at epoch t = 0.
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(c) This analysis is extremely insensitive to power-law density
evolution, in the sense that for all models quite a wide range of the
parameter QD is consistent with the data (Figs. 9a and b). Thus
the earlier conclusion of the present author (24), that d?nsify evolution
was at least as consistent with the data as luminosity evolution,

can now be strengthened to the statement:

density evolution gives much better consistency with the data than

luminosity evolution.

We may note that of the models with zero cosmological constant,
the empty models require the least severe evolution: and that of the
empty models (including those with non-zero cosmological constant) the

de Sitter requires by far the least severe evolution.

(d) Similarly insensitive results are obtained for exponential
density evolution, with the best v&ues of zy being in the range

7 - 13. Here the significance of the parameters zy is that between

the epochs corresponding to z = = and z = Z the fraction of

material in the form of active quasars has decreased by a factor I/e.

~ -3 5
At the present epoch that fraction is only between [0 and 10

of the value at t = 0. If we consider quasars to be the birth-pangs
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of galaxies, then we may conclude that most of the galaxies had
formed by the epoch corresponding to redshift 10 + 3.

The comparison of the Milne, de Sitter and Einstein de Sitter models is
very interesting (Figs. 10a, b and ¢). Density evolution alone is
consistent with the data for all three models, as also are intermediate
cases with combined luminosity and density evolution.  Luminosity
evolution alone is consistent with the de Sitter model for

2 < QL < 3.5. For the Milne model a rather small range about

Q, = 2.5 s consistent :  with more data a more detailed analysis

L
may enable this possibility to be completely ruled out. With the
Einstein de Sitter model only values of QL which give rise to the

difficulty discussed in section 8 are consistent,

Il Comparison with earlier work

(i) Longair (18) has interpreted the Cambridge radio source-
counts in terms of power~law luminosity and density evolutions of the most
luminous sources, in the Einstein de Sitter model. The best parameters

he obtained (QL = 3.3, QD = 5.7) agree well with those

obtained in this analysis of the available data for quasars. However, as
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we have remarked in the previous section, luminosity evolution with
QL of order 3 or more in'{be Einstein de Sitter model would
require the existence of a large number of sources in 3C to be
identified with qu}asi-stellar objects with redshifts greater than 2.2,
This difficulty could only be overcome by supposing that

there is a real truncation of the quasars at redshift 2.2 :  this value
is significantly lower than the value required by Longair in his
analysis  (z* = 3). This difficulty is less severe in the Milne and
de Sitter models ,

(i1) Davidson and Davies (21) have argued that the hypothesis
of galactic collisions can be ruled out (without additional luminosity
evolution) on the grounds of the source-counts, for models with
R(t) a t . While we do not necessarily wish to advocate this
hypothesis, we note that this case, which corresponds to power-law
density evolution with QD = 3, is not ruled out for the quasars
in the de Sitter model. Of course the de Sitter model is not of
the form considered by Davidson and Davies, but this demonstrates
that the range of models considered by them does not necessarily

include the full range of properties shown by the relativistic models.

'
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(iii)  Although the density-evolution hypothesis does not allow us to
specify the cosmological model, we may compare the results obtained
for the luminosity-evolution hypofhegis (o) with those obtained using the
brightest galaxies in clus'rers'(29, 31 - 33). If the cosmological
constant is set equal to zero, and allowance is made for the

evolution of the stars in galaxies, both. analyses agree in demanding a

value for close to zero, When models with non-zero cosmological

9o
constant are considered our analysis gives the de Sitter as the most
favourable model .  For consistency of this model with the

cluster data rather steeper optical luminosity-evolution would be

required than has been considered to date (33).

12, Other cosmological models .

(i) The Steady- State model

Mathematically, the Steady-State model is equivalent to the de
Sitter model with negative power-law density-evolution, with
QD = 3. The combined optical and radio luminosity-volume tests give
a probability of only 0.0l percent for this model.

(i) Brans-Dicke models with k =0,

Brans and Dicke (47) have given the solution of the cosmological

equations obtained from their scalar-tensor theory of gravitation
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for the case k =0 : the models are given by R(t) a f(2+2“’)/(4+3“)

where w is a constant of the theory which can range from zero to
infinity . As o —> = these models‘fend to the Einstein de Sitter
model . We have tested these models for a range of o

for @ > 4 they give results identical to the Einstein de Sitter model

(see Fig. I, QL - w). The value of w inferred by Dicke from his .

interpretation of his measurements of the solar oblateness is about
6 (48). Thus there is little prospect of distinguishing between the rival

theories of gravitation on the basis of cosmological tests .

13. Conclusions for quasars .

If the redshiffs' of quasars are cosmological our tentative conclusions

are that:

(i) no relativistic model is cohsisfenf with the data for quasars without
some evolutionary factor that affects both radio and optical distributions. -
i) the luminosity-evolution hypothesis is far more vulnerable to the

luminosity-volume test than density-evolution .

(iii)  luminosity-evolution with a power-law dependence on the scale-
factor requires dq < 0.035 if ..=0, with the best value being

N - -3l IO-3]
o,oosgqo_(o.os , or 10 4 0 < 6. ,
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in very good agreement with Oort's value (30) for the average
smoothed-out density of matter in galaxies. If models with non-zero
cosmological constant are also considered, the best models are those

near to the de Sitter model in the ¢ 0o~ % plane ,

which give very long ages to the universe .
(iv) luminosity-evolution with an exponential dependence on the scale-
factor gives better consistency with the data than power-law evolution,
but the best models are the same as those given in (iii).
A

(v) density-evolution gives consistency with all models, though the
least severe evolution is required in the de Sitter model . With
exponential evolution the epoch at which the number density of
quasars is |/e times that at t =0 s given by z = 10+ 3.

Some of these conclusions may be modified when all quasars
in 3C have their redshifts measured, but it seems exceedingly unlilfely
that (i) and (ii) can be altered. These alone are sufficient to
demonstrate the great power of the luminosity-volume test. While
some of the features of this test have occurred independently to a ndmber
of authors (14, 35, 36), the two factors that enable significant conclusions

to be reached are allowance for selection effects imposed by the limiting

flux-levels and the combination of the availahle information into a single

probability .
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14, Application to radio-galaxies

The optical iuminosities of radio-galaxies show small dispersion (41) ,
so the effect of the limiting visual magnitude of 20 is simply to
confine our identifications to redshif’rs‘smaller than 04 - 0.5,
Moreover we can obtain from the observed visual magnitude of a
galaxy a rough estimate of its redshift, in those cases where the
redshift has not yet been determined. At present redshifts are
available in the literature (55 - 59) for 59 of the 147 galaxies
identified with radio-sources in the Revised 3C catalogue (38)
corresponding to 80 percent of those identified to date with V < I5

magnitude, but only 20 percent of those identified with 15< V <20,

Fig. 12 shows the distribution of redshift of these galaxies against visual

magnitude, as estimated by Wyndham (60) :  six galaxies with

redshifts less than 0.01 (3C 71 , 231 , 270 , 272 , 1,274, 386) are

omitted. In what follows we shall confine our attention to 'strong"

radio galaxies, i.e. those with luminosity greater than 1023 w/ster/(c/s) ,

so that of these 6 nearby radio galaxies, only 3C 274 will concern us,
Sources of the same luminosity and spectral shape would

satisfy a relation of the form
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V = A+ 5,!0910 z + K(z) + 5,|og]O {D (2)/z )} (20)
where z is the redshift
K(z) is the "K-correction" (3l),

and D(z) is the "luminosity distance™ (26).

For small z equation (20) can be approximated by

V = A+5logloz+Bz (21)

where A and B are constants.

Loci of this form with A =205 , B = 4,5, 6 , are shownin
Fig. 12: that with B =5 is the best line of form (2I) through the
data,

The scatter of the points in Fig. 12 is primarily due to the
approximate nature of the magnitude estimates, which are probably not

more accurate than + Im, Other factors are the dispersion in intrinsic
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luminosity of the ga]axies,:fhe effect of galactic obscuration, and
differences in spectral shape for different types of galaxy. Corrections
could be app!ied for the latter two effects, but the approximate nature
of the data hardly mdkes this worthwhile at the present. We shall see
that errors of up to a magnitude do not alter our basic conclusions.
Naturally we shall not attempt to determine cosmological
parameters from equation (21), since there is the possibility of
systematic error in the magnitude estimates, quite apart from the
random errors mentioned above. In what follows we assume only that -
equation (21), with A = Zd S5 and B =5, is valid to within a
magnitude for the uncorrected visual magnitudes of radio-galaxies,
For the 88 galaxies identified with 3CR radio-sources for which no
redshifts are available, we estimate the redshift from equation (21) with
A=205, B=5, Fora total of 142 strong radio-galaxies we then
investigate the distrubution of intrinsic radio luminosity against volume,
in various cosmological models: we wish to test whether, in any given
range of radio luminosity, equal numbers of sources are found in
equivalent volumes of space. The total volume of space in which
sources of a given luminosity are visible is limited by (i) the limiting
radio flux-level of the 3CR catalogue, (ii) for sources of sufficiently

high radio luminosity, a more severe limitation arises from the limiting



55

optical magnitude of about 20 magnitudes, which we assume to be
equivalent to the restriction z < 04. For each range of radio-
luminosity considered, the observable volume of space is divided into
two,  The numbers found are tabulated in Table 2. The columns
labelled (a) refer to the nearer half of the observable volume, and
(b) the farther.

Because the properties of the relativistic cosmological models do
not differ much out to the redshifts at which these galaxies are found,
it is unlikely that the results will depend very sensitively on the
cosmological parameters;  (the situation is quite different for the
quasars, which are visible out to much larger redshifts)., The models
we have investigated in detail are the Einstein de Sitter

= 1/2), Milne (= , = = 0) and de Sitter

o Y

(:’O =0, 9q = -I) models. These are the fixed points in the

= - q plane (54), and correspond to asymptotic states of homogeneous,
isotropic, pressure-free universes. (In paper [II the Lemditre models
(qo < -l) have been investigated in the same way. Fig. 7 of paper Il
shows the radio luminosity-volume diagram for a particular Lemditre model) .
For comparison, the results obtained for the steady-state model are given

in column 4. From the last row of Table 2 we see that for all these four
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models the total number of strong radio-galaxies found in the farther
region (b) is significantly larger than in region (a). The distributions
do not differ greatly from model to model .

The incompatibility of the steady-state model (in which
evolutionary effects are not permitted) with the radio-galaxy data is
perhaps more serious evidence against that model than the distribution
of the quasars (39), since doubts have frequently been raised as to the
cosmological nature of the large redshifts of quasars.  Conversely,

a major impetus of these doubts, the prospect of attributing the steep
radio-source counts entirely to the quasars (18, 46, 6l) would be
" removed if the present results are confirmed by more accurate data,

To test whether the results could be significantly affected by ihe
uncertainties in the estimated magnitudes, the optical magnitudes of the 88
galaxies for which we have estimated the redshift using equﬁfion (2) have
been decreased by one magnitude (increasing themagnitudes merely reinforces
the inequality between the totals for regions (a) and (b)). The .
corresponding numbers of sources found in regions (a) and (b) are shown in
Table 3 for all luminosiﬂes.greo’rer than l023. Since from Table 2
we see that the ineqdqlity between the totals in regions (a) and (b) is .

25 4
caused primarily by sources with luminosity greater than 10 ,

the totals are also shown for this restricted range of luminosity .
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The numbers of sources found in regions (a) and (b) are still
significantly different, even if the optical magnitudes of all the

galaxies are in error by a magnitude in the same direction,

particularly for the higher range of luminosity. A more likely
situation is that errors of up to | magnitude exist, but in either
direction, so that the totals found in Table | are probably not
greatly in error., Rows 5 - 6 of Table 3 show the effect of changing
the value of B in equation (2), which again does not alter the
basic conclusion . Finally, since it may be argued that in view
of the paucity of redshifts for galaxies with 19 < V < 20,
it is inadmissable to use an extrapolation of the form (2) in this
range, row 6 shows the results obtained when attention is confined to
galaxies with .V < 19 (z < 0.3). Incompleteness of the identifications
in the fainter ranges of optical magnitude would merely reinforce our
conclusions:  against this must be offset the greater possibility of
incorrect identifications .

These preliminary results provide the strongest impetus for the
completion of redshift measurements of radio-galaxies in the 3C
catalogue .  The evidence seems very strong that for consistency with

the usual cosmological models, some evolutionary factor must affect

the distribution of the strong radio-galaxies. The effect is clearest for
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5.4

galaxies with radio-luminosity greater than about |02 ", but since
such a small volume of space is visible for the lower ranges of luminosity,
no clear effect would be expected for these anyway. Of the

models proposed by Longair (18) in his attempt to explain the Cambridge
radio-source counts, his model (d), density evolution of all sources
with rodio-]ur;\inosify greater than 1026 8 , is definifely unsuitable .
But his model (b), luminosity evolution of oH.sources) with luminosity
greater than 1025 4 ; is entirely in agreement with the present

work (though Longair preferred fo interpret this evolution as due to the
quasars only) .  But it seems unproved that the evolution does not
operate down to luminosities a factor of, say , 10 lower than this,

A different way of seeing the existence of this evolutionary effect

is to perform radio source-counts on the 3CR radio-galaxies, after those
which are intrinsically weak radiowise have been removed. Table 4
lists all 3CR radio galaxies with F < 24.9 inthe E, M and S

models, and also in the Eddingfon—Lemc{i\h'e model with Zm = 295

(see Paper 1l for definition of Zm). Owing to thre differences between

the models, the number of such objects depends slightly on model

(35 in Eand M, 32in S, 3l in EL). However all such objects

have V < 15,5 and the class of such identifications with 3CR sources
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is certainly complete. Moreover practically all have had their
redshifts mecsurea (32 out of 35 objects in Table 4),
so there is very little uncertainty about the composition of this set
of weak radio emitters ,

Source-counts, at 178 Mc/s, are shown in Fig. I3 for all
3CR radio-galaxies and for strong radio-galaxies only.  The slope of the
former locus is -1.6 + 0.1 , in agreement with Veron's(4¢)

value of -1.55, The strong radio-galaxies ( P > IO24 '9)

on the other hand, give a slope of -1.8 + 0. , significantly steeper
than the Euclidean value of -1 5. Further discussion on this point will
be given in Chapter Il .
Clearly the completion of redshift measurements for 3CR radio-
galaxies is a program of great importance, to test more reliably the existence
of the effect claimed here.
As in section 7, the evolutionary hypothesis of the form discussed in section 6

can be tested by means of the modified luminosity-volume test,

The values of the parameters QL P Q 7

required to give consistency of the radio-galaxy data with various
cosmological models are given in columns i = iv in Table 5,

together with the corresponding values for the quasars, taken from
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section 10),  There is rem;:rkcbly close agreement of the parameters
required for the exponential evolutions of both quasars and radio-galaxies
(cols. ii and iv), " In view of the arbitrariness of the particular
forms of evolution we have considered, this agreement cannot be taken

as evidence of a link: between radio-galaxies and quasars.  But if such a
link is accepted (see for example, Ref. 62) then these forms of
evolution seem very promising. Their consistency with radio-source
counts to low flux-levels, and with the integrated radio background,

will be discussed in Chapter Il

Although our discussion has been confined to 3 particular

relativistic models, similar results are found for all models in the range

It seems that for radio-galaxies the evolutionary factor far outweighs any
differences between the cosmological models,  The explanation of

this evolution must await more detailed knowledge of the structure of
radio-galaxies:  whether, for example, they correspond to early or

late stages in the life of a galaxy, and whether interaction with an

intergalactic gas or magnetic field is an essential feature of

their activity .



CHAPTER TWO
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Summary .

Before proceeding to interpret the radio source-counts and
integrated radio and X-ray backgrounds in Chapter 111 and IV, it is
necessary to consider the physical parameters of radio-sources, especially
the magnetic field .

In section | the different types of o’bjecf identified
with extragalactic radio-sources are summarized, and in section 2 the
empirical relationship between the pll'\ysiccﬂ parameters in these sources
is investigated .  The component separation in double sources appears to
be an increasing function of radio-luminosity, which suggests that
luminosity increases with age if cll. sources are part of a single evvolufioncry
sequence. The effect of the assumptions underlying the equipartition
argument is examined in section 2.3, If the equipartition argument
applies in radio-galaxies, either the components travel out from the
parent galaxy with relativistic velocities, or the relativistic electrons are
generated continuously in the components,

A model of double radio-galaxi'es proposed by Ryle
and Longair, invoking relativistically moving components, is examined in
some detail in section 3, and two other possible models are discussed in

sections 4 and 5. Consideration of the several quadruple radio-sources

known seems to rule out the possibility of relativistically moving
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components (section 3.2)’, parfic-ulcrly when the Ryle-Longair model is
made self-consistent (section 3.3).

Two possible ways of replenishing the energy in the
radiating components are from the kine{ic energy of the components,
by interaction with a postulated surrounding medium (section 4), and
from the energy of a shock generated in the parent galaxy (section 5).
While a heuristic explanation of the double nature of most strong radio-
sources can be given for this latter model, some difficulties are outlined
in sections 5.1 and 5.2,

If the magnetic field in the radiating components is
sufficiently high, the black-body radiation (if it is cosmological in

origin) will only influence the distribution of sources with large

redshifts (section 6).

'&;
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l. Types of extragalactic radio source .

A major difficulty in the interpretation of radio source-counts
to low flux-levels in different cosmological models is that there are
several different types of extragalactic source. The main classes found

at 178 MHz , down to the 3C level (9 f.u.), are (56)

(a) emission from "normal" spiral galaxies like our own and M.3l,
or irregulars like M82, often -from extended sources centred on the
optical galaxy .

(b) emission from "radio-galaxies", in a large fraction of cases from
2 emitting regions af c:pprécioble displacements on either side of the
optical galaxy. The optical galaxies associated with these strong
radio-emitters are usually classed as ellipticals or N-galaxies.

(c) quasi-stellar radio sources, many of which have similar radio-
properties to class (b), but some of which have very small radio-diameters
and show strong radio-variations . ’

The distinction between these 3 classes is by no means sharp .

Radio-wise there is a smooth'transition between classes (b) and (c),

and the same is true optically for quasars and N-galaxies (some of which show

emission-line spectra, optical variations, and evidence for a non-thermal

contribution to the optical continuum (¢€3)).



The transition between classes (a) and (b) occurs at a radio-

2

. 24 - - -1
luminosity of about 107w m ster  Hz , but it is not clear

whether this is due to fhel cros-sover at this luminosity of the luminosity
functions for two distinct classes of object, or to a critical value of
some physical parameter on which the radio luminosity depends . The
difference in optical type between classes (a) and (b) may be a
consequence of the radio-event,

Evidence has been presénfed that quasars and radio-galaxies

behave differently at higher frequencies ( > IO3 MHz ) , (64), quasars

tending to show much more violent and short-lived emission af these
frequencies than radio-galaxies.  Although the major energy output of some
quasars may well be in the millimetre wavelength region, the interpretation
of counts at lower frequencies (178 or 408 MHz)  are not thereby
invalidated . Anomalous behaviour at higher frequencies will only
influence the lower frequency counts if a significunt proportion of sources
at any flux-level have redshifts sufficients to shift the higher frequency
emission down to the lower frequencies, i.e. if =z >10. It will

be shown that the proportion of sources with such large redshift is likely

-2 . -26 2 -1
to be negligible down to 10 flux-units (10 wm  Hz )

at 178 MHz .
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The question of the dependence.of counts on spectral shape

and a frequency will be considered in detail in Chapter II| .

2. Physical parameters in radio-galaxies and quasars .

All three classes of source are believed to emit by the
synchrotron mechanism (65), for which, if the magnetic field in the

emitting region has simple structure, and for the optically thin case,

where the electron energy spectrum is token to be

N(y)dy = K-y_l_za Sy | (2)

: 2
and y = electron energy / mec .
a is assumed to be a constant for each source (a reasonable approximation

for most sources in the frequency range 38 - 1400 MHz (50).

There are 3 relevant parameters: H, o ,K, the latter being
related to the total number of relativistic electrons in the radiating region .

OFf these 3 fundamental parameters, okly o can be measured directly.
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Given knowledge of the radio structure, and certain simplifying

assumptions, estimates can be made of K and H,

2.1, Relation between spectral index and radio luminosity .

The data-for 142 radio galaxies and 42 quasars are summarized
in Fig. 14, ?rr 178 for the Einstein de Sitter model against «
(see Table 6). For the radio-galaxies there is some evidence for a
relation bem;een spectral index and luminosity, the stronger sources
having steeper radio spectra. The spectrum of radio emission due to a
single generation of electrons losing their energy by the synchrotron
mechanism would tend to steepen with age (50), so either the stronger
emitters are the older sources, or else sources of different luminosity
cannot be thought of as part of a simple evolutionary sequence due to
a single generation of electrons (both of these conclusions may be correct).
The mean line in Fig. 14 about which the radio-galaxies
are distributed has equation
a = 085 + 0075 ( =+ - 254) (3)

The quasars do not conform to this relation , tending fo have significantly

smaller values of o than the radio-galaxies of similar luminosiiy .
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In this respect they ressemble the weadker radio-galaxies, and this has

been used as an argument in favour of the "local" theory for quasars

(9). However, the quasars and wedker radio-galaxies could be

phenomena of similar age , but of vastly different power (see section 2.2).
There is a selection effect which would contribute (slightly)

to the dearth of low luminosity sources with large a. Sources with

the same luminosity and redshift z  would be observed to have

flux-densities (I +2z) —D(, so in observations down fo a particular

flux-level, sources with larger a would be discriminated against,

However, sources with < 245 have z< 0.1 , so =~ F< 0.04. a

and this selection effect is very slight. The .effecf of relation (3)

and of the dispersion in o , on the interpretation of source-counts,

will be considered in Chapter Il .

2.2 Structure of radio-galaxies.,

Of 82 more extended 3C sources fOl“W[’ﬁch detailed radio-maps
have been published (66), the only unambiguous singles are:
3C 682, 231 , 264, 2721, 280.1, 323.
(All are identified with galaxies except 3C 280.1 , a quasar).
Of these the only object definitely belonging to class (b) is

3C 323 for which loglo P = 25.8. The remaining objects in class (b)
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are either doubles, or ccndid-otes for doubles obser\./ed' almost end-on .
Ryle and Longair (62) have offered the ingenious suggestion that
iﬁ quasars in which only one component is observed, a second
component may exist, but with its flux severely reduced by a
relativistic Doppler effect.,  Their model will be examined in section 3.
For the moment we confine attention to the known extended identified
doubles (quasars or radio-galaxies) .
For these we hase 2 mf.'in pieces of information:
the projected linear separation of the components, d , and the size
of the individual components, D. Figs. 15 a, b, and ¢ -
show ? - log d, jf—logD , and log D =~ log d
(the diameter along the radio axis of the brightest component is given
in each case: 2 values of D are shown for 3C 402 , which
.has 2 components of similar brightness, but very different size). In
each figure different symbols are used to indicate sources with different
values of log d/D (Fig. 15a), log d (Fig. 15b), and F (Fig. 15¢).
The limitation imposed by the finite resolving power of the telescope
is indicated by loci of sources with the 3C limiting flux-level und
apparent angular dimensions of 20" (Fig. 5a) and 10" (Fig. 15b) .
However, fiom the %molysis of Allen et al (¢7) it would

appear that the percentage of 3C sources which will lie far to the left
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of these lines is rather small,  Out of 133 3C sources invesfigo‘fed by
.them, for over 80 percent the smallest dimension associated with a
major component was > 6", and for only 4 sources was this smallest
dimension < 1" (although the percentage of sources with some
structure smaller than 1" is appreciably higher, particularly amongst the
quasars) .

From Figs. 15a, b and ¢ we may infer that
(i) the maximum separation (and in view of the remark above, probably
" the mean separation also) in double radio-galaxies and quasars is an increasing
function of luminosity .
(i) the ratio of separation to component diameter is an increasing
function of luminosity .
(iii)  there is no particular correlation of component dimension with
luminosity
(Obviously these three rémarks are not independent of each other),

If these sources are part of an evolutionary sequence, then
apart from the strong compact sources 3C 123, 147, 245, 249 and 405,
the inference would be that the weaker sources are younger than the
stronger sources, i.e., the luminosity increases with ace. However, component
separation may be a measure of velocity of ejection rather than auge, and in this

case the radio-luminosity needs to increase with velocity .
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2.3. Equipartition argument

From equation (22), the value of the product KHH_Gl

is known,  For emitting regions of known diameter, absence of a low
frequency cut-off due to synchrotron self-absorption down to a given
frequency sets an upper limit on H , which is however rather a weak

condition for most sources .

The condition is (é8)

-4 -3
B~ = 10707 ‘\;5/52 where B is in gauss
2 is in seconds of arc
v_is the self-absorption frequency
- * in H
z
and S is  flu.
R / .
so £ =10, -, < 10, S = 10 give B < 1.7 gauss.

For a few sources with very small radio diameters (or unresolved)
the condition is more interesting (68) and for 3C 287 seems to imply
that the energy in magnetic field is less than the energy in particles,
although this conclusion can be evaded by assuming that the emission
at different frequencies comes from different components.

For the remaining sources some relation between K and H

must be assumed, and it is of interest to calculate Heq , the field that



71

gives equipartition of energy between relativistic particles and magnetic
field, since this value gives the minimum total energy in the source.

The value of Heq depends on ‘two assumptions:

(i) the range of electron energies (yl,yz) for which equation (23)
is valid
(ii) the ratio of the total energy in relativistic particles to the energy

in electrons, f.

Now the energy in relativistic electrons,

Yo )
Ee{ = S N(y). y m, c dy
)
(%= (2a - 1)
2 |
= K.mec-[ l 2 1, aof /2
20 - |
2 y
= = 2
K.mec log(yz/yl), a .
The total energy is paticles is then E oart = f Ee( /
H'2 \
i : = here V is the volume of the emitting
the magnetic energy Emng p where V i
region pervaded by field H and so the total energy Erof = E oart + Emag'



72

For a given sowce P, a , V are treated as constant, ‘

(Y| : Y2) as known function of H , and K to be determined as a

function of H s.t, E is @ minimum ,
tot
X . :
Suppose Y, = giH , 1 =1,2,.
~(2a - 1) ~(2a - 1)
lg (20 - g ]
) earmx (Do -
Then E = f mec2 | ’ py 1 ex(%a - 1) . HV
° (2a - 1) A (q) yo
2. (%-l)  ~(2a-2), . o)
dEfof = 0 if H3+o~+x(2c-|) - onpf Me© [g[ =, T Totx(2a-1) 3
o) e = 0
(20 -1) A (a) .V
cﬁx;
and
2 V
Eofmin = 017 [ +a+ x(2a-1) L
(- (D= ‘
2w Pf m C2 [ 9 (Za l)—g7 (Za ])] { Hatx(2a-1) 3
x f € . ;
(2a = 1) A (a).V '
2
where :o=

3+a +X(9.Cl - l)
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The variation of h and - (E

)

tof min with o is shown for a number of
values of the parameters

X/fIQIIQQIP,V mFugIéa
The dependence on the parameters x, 9 9y, s at least as strong as

the dependence on a , so it is important that these parameters should
correspond to the source model being considered .
The values of PI4OO , V and of (Efof)min , Heq

for case (b) with T 10 N\HZ fovg T IO4 I\/‘\HZ , £ = 100,

have been given by MacDonald et al (€6) for each component of 52

identified , resolved , radio-sources, assuming the simplest possible

geometry for the emitting regions.  The relationship between P and v

is of particular importance if it is believed that radio-galaxies form a

simple evolufiénory sequence . Fo.r example, wccording to fhe picture

of Ryle and Longair (62) the more extended radio-galaxies (and quasars) belong to
an evolutionary sequence in which the luminosity decreases as the

volume of the emitting region (a blob of relativistic plasma) expands
adiabatically . Fig. 16b, a plot ofl P]4OO against  V

does not support this view . While the selection effect discussed above

in connection with Figs. I5a and b explains the cutoff to the left

-
of the distribution (i.e. at smaller values of V), the maximum emitting
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volume corresponding to each radio-luminosity is an increasing function of

luminosity . The dispersion about Ryle and Langair's evolutionary sequence

is more evident than the sequence .*

* If the emitting regions have relativistic velocities v

with respect to the parent galaxy (and corresponding expansion

velocities), then the luminosity will be modified by a factor

ZS+G , and the volume by ~ ZB, where

2,72 .
Z = (l+v/ccosy)/ J1=-v/c, and . is the angle
between the direction of motion as the time of sight.,  Thus,

the apparent relation P o V will be modified only slightly.
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The corresponding-distributions of H and (E .
eq tot'min

against PI4OO are shown in Figs. l6c and d. The majority of the
-4.6 -4 :
resolved components have 10 < H < 10, with mean of
€q
-4.3
order 10 . When the unresolved components are taken into

consideration, a higher value of the mean equipartition field will be
obtained, but probably not much higher (according to the data of

Allen et al (67)).

The actual magnetic field in the emitting regions may, of course,

be