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FOREWORD

TuE proposal to hold an international Summer School in Radio
Astronomy was made by Mr. W. Burmeister when he was the
Director of Extra-Mural Studies in the University of Man-
chester. It is believed that this School was the first of its kind
anywhere in the world. The list of lecturers and their subjects
shows that, with the help of the many distinguished visiting
lecturers, we were able to arrange a general introductory course
to Radio Astronomy, which,none the less, took participants close
to the frontiers of knowledge in most of the main subdivisions of
the subject.

The School was held at Jodrell Bank, mainly in the lecture
room of the control building of the large radio telescope. The
participants were therefore able to obtain a clear impression of
the experiments in progress, and the facilities now available
here. These have grown from nothing, fifteen years ago, to the
present complex of observational instruments. In addition to
the 250-foot fully steerable telescope (for wavelengths > 21 cm),
these include two 30-foot dishes for the same wavelength range,
and several other aerials for particular projects here and else-
where in Cheshire. Telescopes of 50 foot diameter (polar
mounted) (A > 1 em) and 80 x 125 foot elliptical (A > 3 cm)
are under construction. Those attending the Summer School
were shown all these instruments, and they were able to spend
some time studying each of ten observational programmes in the
general fields of Meteor, Lunar and Planetary radar; the instru-
mentation of artificial satellites; observations of the celestial
positions, radio spectra, and angular diameters of discrete radio
sources; and galactic and extragalactic hydrogen line obser-
vations.

The lectures given during the course are reported in this
book, in most cases by the lecturers, and in a few cases by the
editors from tape recordings. Towards the end of each week of
the course there was a discussion meeting, the first on ‘Future
Instruments in Radio Astronomy’, and the second on ‘Radio
Astronomy and Cosmology’. These discussions were very in-
teresting and lively, and are also reported here. It is hoped
that this volume will be of interest to all those engaged in
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observational or theoretical work in Astronomy or Radio
Astronomy, and indeed to all scientists who retain an interest in
our growing knowledge of the Universe.
A. C. B. LovELL
Jodrell Bank
November 1962
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THE RADIO EMISSION OF THE SUN
J. P. WILD

THE discovery of radio emission from the Sun in the early
1940’s provided the terrestrial observer with the means of
observing solar radiation in a vast new band of the solar
spectrum. The band extends over four decades, covering wave-
lengths between a few millimetres and about 50 metres, and is
limited only by the transparency of the Earth’s atmosphere.
Extra-terrestrial observations by rockets and satellites, now
being introduced, will give further extensions.
Our previous knowledge of the Sun had come mostly from
optical observations, which provided a ready-made framework
of information on the Sun’s structure, composition, and physical
conditions, on which the radio studies could build; and here we
shall be constantly referring to this framework. But much of the
general pattern of radio phenomena, which has now emerged
from 15 years of study, could never have been predicted from
previous knowledge and it is the striking, unpredictable pheno-
mena which have yielded the most important results. Extreme
variability in the total flux of solar radio emission—up to 104
or 105: 1, as compared with less than 1-01 : 1 in the optical
spectrum—and extreme maxima in surface brightness—up to
10%%or 101 K, or millions of times higher than optical bright-
ness temperatures—these properties have shown the solar radio
Spectrum to be largely unrelated to the optical and have
revealed the existence of important non-thermal processes.
The significance of solar radio observations has emerged by

degrees, and their contributions as we see them are several.
€y are complementary to optical observations in delineating
the structure (notably density and temperature) of the steady
and slowly varying atmosphere of the Sun; they are revealing

he nature of physical processes in fully jonized plasmas
Previously unknown in the laboratory. They are making contri-

utions to the understanding of eruptive processes in the solar

atmosphere ; and they form one of several new techniques which
1
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are revolutionizing our knowledge of solar terrestrial relations.

In these two papers I shall be discussing these four contri-
butions in that order. But I should mention a fifth aspect,
namely the development of observational techniques, which has
conditioned the whole growth of solar radio astronomy up to the
present time. The gap in angular resolution between radio and
optical observations has been the main problem, and the narrow-
ing of this gap has provided the greatest challenge. The existence
of this problem, itself a great drawback to radio observations,
has perversely acted as a kind of stimulus towards a continuous
succession of new kinds of observation and new approaches: it
has been impossible to stagnate in a pool of routine observations
such as have sometimes handicapped solar research in the past.

THE STRUCTURE OF THE SOLAR ATMOSPHERE

When pen recordings are made of the total flux of solar radia-
tion at a particular radio wavelength, it eventually becomes
evident that one is dealing with three main components with
characteristic time scales. First, there is an apparently constant
background of emission which varies only slightly with the
11-year solar cycle; this is due to thermal radiation from the
‘quiet’ solar atmosphere. Secondly, there is a slowly varying
component of enhanced emission from centres of activity
around sunspots with a time scale conditioned by the life-time
of sunspots (~1 week to months) and by the period of solar
rotation (~27 days). Thirdly, there is an intermittent and
highly variable component (‘bursts’) with a time scale of
seconds to hours related to flares and other eruptive phenomena
in the Sun’s atmosphere. Radio emissions contributing to our

knowledge of the structure of the solar atmosphere belong

mainly to the first two categories, which in some respects are
almost inseparable.

Quiet Sun (see references 1, 2, 3)

In a later section we shall discuss the methods used to isolate
the quiet from the variable components. For the time being let
38 assume that this process of subtraction has been effectively

one.

Tl}e spectrum of the quiet component is shown in Fig. 1/1. At
centimetre wavelengths the apparent disk temperature is about
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10¢ °K, rising to about 10° °K at metre wavelengths. As soon as
this spectral pattern began to emerge, Martyn [1] and Ginzbur,

[1], applying concepts developed for studying the Ea.rth’i
ionosphere, recognized independently the thermal origin of the
component and laid the foundation to the thermal theory of the
q;;let Sun. The tl}eory has since been refined by Smerd [1] and
;)a d;a;s; j;ui ;fl_];c);afns all the general features of the observations,

Optical observations, especially those mad i
eclipses of the Sun, have esta.blisged the main ;e;:uul;:f o; T;Ja:
solar atmosphere. The lower strata below about 104 km comprise
?he‘ chromosphere which is a relatively dense and partially
1omze:i gas somewhat hotter (>104 °K) than the photosphere
(6000°K). The upper strata extend several solar radii at least
perhaps even beyond the Earth’s orbit, and comprise th(;
corona—a tenuous, fully ionized gas at curiously high tempera-
tures of the order of 108 °K. The electron density in the corona
dee.reases gradually with height according to a law originall
derived from eclipse observations by Baumbach, and Iate{
refined by Allen and by Van de Hulst. ’

The theory of the thermal radio emission considers the
transfer of radiation from one level in the solar atmosphere to
the next, and is thus concerned with the emission absorption
a.nd‘ re.fra,ction of radio waves in an ionized gas. Emission of the
ra.dla‘tlon‘ is due to free—free transitions as electrons execute
hyperbohc orbits round protons. The absorption is determined
as In classical radiation theory by an application of Kirchhoff’s
ﬁw ,k and the resultant intensity of emission is limited, as for
tha.c -body radiation, to the maximum kinetic temperature of

e electrons. Refraction phenomena, in the solar atmosphere
?jum the terrestrial ionosphere, cause the escaping waves t(;
pheiw l;:n}rved p«:a,ths &n.d t.ieﬁne critical levels in the solar atmos-

E :t iei- (()1W which r.?dmtlon of a given frequency cannot escape.
R :h e13 . }(l:a.lcula,tlons, !)ased on the optical observations,
il & he shor_t, centimetre wavelengths originate almost

eeamth; f;v : ;:ia.tuv:llly (::nse chromosphere and the metre and

. In the tenuous corona; the longer the -

TR ST N
ot ore that theoretical spectra

:?;3-1 eémission from the Sun’s disk agree with fhe ob:efrtrlalf

§ In predicting chromospheric temperatures (~10%°K) for
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centimetre waves, coronal temperatures (~10% °K) for metre
waves, and intermediate temperatures for decimetre waves.

A striking result of the theory was the prediction that at
centimetre and decimetre wavelengths the solar disk should
exhibit pronounced limb brightening owing to the positive
temperature gradient in the lower solar atmosphere and the
increased opacity offered by higher levels when these are viewed
tangentially. No such limb brightening was predicted at metre
wavelengths, partly because no positive temperature gradient
was expected in the outer corona, and partly because the
corona refracts or reflects metre waves more effectively than
it absorbs them. Widespread efforts were thenceforth made to
test these experimentally and obtain brightness distributions
of the radio disk.

The observation demanded angular resolution (~minutes of
arc) far better than any previously encountered in radio science.
The resolution was beyond the scope of conceivable aerial
arrays, and eclipse techniques proved rather inconclusive. The
challenge was met by instrumental developments at Cambridge,
where the concepts of Michelson’s stellar interferometer were
adapted to the radio case, and at Sydney where multi-element
interferometry was developed. The Sun’s brightness distri-
bution has now been studied at many wavelengths, though the
observations are still limited by resolution, by the time required
to synthesize a single picture (often extending over several
days), and by assumptions of quadrant symmetry adopted to
simplify the analysis and smooth the data. (‘Pencil beam’ scans
of the Sun now available have not yet proved sensitive enough
to show the features of the quiet Sun, at least during the recent
period of sunspot maximum.) Nevertheless, excluding an early

F1e. 1/1.—The spectrum of the general components of solar radio
emission. The quiet sun refers to data recorded at sunspot minimum;
the slowly varying component to average levels during sunspot maxi-
mum (the I.G.Y. period). The intense variable emissions are divided
Into ‘storms’ and ‘bursts’, for which the shaded curves indicate approxi-
mate maximum values.

In (a) the spectrum is plotted as flux density versus frequency; in
(b) the spectrum is given in temperature units so as to give a very
rough indication of the brightness temperatures of the different com-
Ponents. For the latter purpose the emitting area is assumed to be: the
Optical disk for the quiet sun; the sunspot area for the slowly varying
Component; and estimated mean emitting areas based on available
Observations for the storm and burst component (S. F. Smerd).
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observation which may have been confused by the presence of
centres of activity, the observed brightness distributions have
verified all the main predictions of the theory, including limb
brightening at centimetre and decimetre wavelengths (e.g.
Fig. 1/2a) and limb darkening at metre wavelengths. The
observations also showed up marked departures from circular
symmetry, which, though adopted by the original theories for
simplicity, was clearly not to be expected on the basis of eclipse
photographs.

The quiet Sun has been found devoid of any observable
degree of polarization, consistent with the now known smallness
of the Sun’s general magnetic field.

However satisfactory it appeared at first sight, the general
agreement between prediction and observation seemed to lead
to the disappointing conclusion that the radio observations
contributed nothing substantially new to our knowledge of solar
physics. It is conflict rather than agreement that stimulates
interest and leads to new ideas. The role of radio studies has so
far been to test existing models rather than derive new ones. To
what extent can the radio observations be exploited? What is
most needed from the radio observation is a means of deter-
mining unambiguously the distribution of electron density, N,
and kinetic temperature, 7', in the chromosphere and the tran-
gition region, and the distribution of 7' in the corona.

Using an ingenious mathematical treatment, Piddington [1]
has demonstrated the feasibility of deriving N and 7' in the
chromosphere (where refraction effects are negligible) under a
restricted set of assumptions including circular symmetry; but
the present state of solar physics requires much more refined

results. Two main obstructions show themselves at present: the

lack of observations of sufficient accuracy, resolution and fre-
quency range; and the analytical difficulties in separating the
effects of NV and 7. The former may be overcome by increasingly
elaborate instrumentation, the latter perhaps by the solution
of sets of simultaneous equations with high-speed computers.
The Sun’s radio emission provides data on the solar corona
out to heights of 1 or 2 solar radii. Important radio astronomical
explorations have however been made far beyond these heights
by studying the refraction effects imposed by coronal irregu-
larities upon radio waves transmitted through the corona
from distant radio sources [3]. The most important of these

soutH

s disk at a wavelength of 21 cm:

the active Sun with radio plages (W. N. Christiansen).

ightness across the Sun’

Fie. 1 /? —The distribution of radio bri
(@) Quiet Sun at sunspot minimum, (b)
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sources is the Crab Nebula which is occulted by the corona
during June each year. Many workers, notably Hewish in
Cambridge and Vitkevich in Moscow, have used this technique
to study the irregularities out to heights of about 20 R, More
recently Slee, in Sydney, succeeded in observing the coronal
occultation of a number of different radio sources and was able
to detect the influence of the corona out to nearly 100 R,.

The slowly-varying component (see references 1, 2, 3, 5)

The character of total-flux records changes markedly over the
radio spectrum. At centimetre and decimetre wavelengths, the
quiet and slowly varying components are prominent, the burst
component rather rare. At metre and decametre wavelengths,
the quiet component is relatively feeble, the slowly varying
component obscure or non-existent, while the burst component
is dominant and rapidly variable—that is at times of eruptive
activity. Thus to resolve the quiet and slowly varying com-
ponents, we turn first to the short wavelengths.

Isolation of the slowly varying component at centimetre and
decimetre wavelengths may be achieved by plotting daily
fluxes against sunspot area. One finds a high correlation between
the two quantities, and the large residual flux which remains at
zero sunspot area may be defined as the quiet component. There
appears to be an even higher and simpler correlation between
radio flux and calcium plage areas, and it is now generally
believed that the slowly varying component is due to hot, dense
regions intimately associated with calcium plages. For this
reason the regions are often known as radio plages.

The understanding of these phenomena has been greatly
clarified by the cultivation of highly directional observations.
Indeed the first clue on the relation between the slowly varying
component and active centres came from a directional observa-
tion by Covington at the time of a solar eclipse. The radio plages
were first located unambiguously by simultaneous observations
at several points on the Earth during eclipses, and were found,
as expected, to lie above active centres. Since then a series of
beautiful instrumental developments, pioneered by Christiansen
and his colleagues at a wavelength of 21 em, have resolved the
regions, first in one dimension and later in two.

The first of these developments was the multi-element inter-
ferometer [1], comprising 16 equally spaced aerials in a row;

THE RADIO EMISSION OF THE SUN 9

this instrument gave a fan beam some 3}’ wide which was
allowed to scan the Sun by the Earth’s rotation. The radio
plages showed themselves clearly on these records, and their
day-to-day movement due to solar rotation was evident. When
many such strip scans were superimposed on one another, &
clearly defined lower envelope, representing the quiet com-
ponent, was recognized.

The second important instrumental development was respon-
gible for two-dimensional pictures of the Sun [3]. A pair of
multi-element interferometers each 1400 ft long were arranged
to form a cross and were connected together in the fashion of a
Mills Cross to yield a pencil beam 3’ arc in diameter. This beam
was scanned across the Sun’s disk to form, in a period of the
order of 1 hour, a television-like image of the radio Sun.
Pictures thus obtained (Fig. 1/2b) showed the radio plages as
quasi-circular regions, typically 3-5' arc in size, and confirmed
their general coincidence with calcium plages.

Higher resolution studies have been made in the 3-10 cm
wavelength range by Kundu [3] and others using long-base
simple interferometers, and a fine structure has emerged con-
sisting of a concentrated nucleus of strongly circularly polarized
radiation of size commensurate with the underlying sunspot,
and a wider, less polarized structure corresponding to the
calcium plage.

The physical properties of the plage emissions have now been
determined from observations of various kinds over most of the
decimetre and centimetre wavelength ranges. Their mean
spectrum is indicated in Fig. 1/1. Determinations of height,
made by studying the displacement in position between radio
plage and optical sunspot for different positions on the disk and
bursts of the Sun, lie in the range 0-50,000 km ; these measure-
ments are difficult and approximate.

' Optical observations, in the coronal emission lines, from the
limb of the Sun, had shown the existence of dense dome-like
reg-ions over active centres, reaching heights of about 10° km
which Waldmeier called coronal condensations. It became clear
that the radio plage component referred to emission from these
condensations or regions very clearly linked with them; and
1.:ha,t the radio emission offered important possibilities of explor-
Ing their structure, especially in the optically inaccessible transi-

tion region between corona and chromosphere. One first needed
B
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to know the physical process responsible for the emission. Since
radio plages rarely or never exceed 107 °K, it was natural to
make the simplest assumption, that the emissions were thermal
and originated in free—free transitions. Next came the problem,
as with the quiet sun, of interpreting the radio observations
unambiguously in terms of electron density (V) and temperature
(T') as functions of height above the photosphere. The first
attempts to perform this operation with the rather inadequate
data available relied heavily on assumption and plausible
models, but were sufficient to demonstrate that very high
densities existed in these regions. It is now clear that the
unambiguous interpretation of these quantities requires high-
resolution .observations over a wide frequency range, sufficient
to yield the variation of both brightness and height of the
region with frequency. A commendable attempt [5] to demon-
strate the feasibility of this complicated operation was made
during the I.G.Y. by pooling the data of four stations (Nancay,
Sydney, Toyokawa and Washington) for the passage of a
selected active centre across the Sun’s disk. Although the data,
especially of height, lacked the accuracy to be desired, the
model which emerged gives a first-order picture and demon-
strates a principle for future investigations. The desired model
(Fig. 1/3) reflects the characteristics of the current view now
held, that these regions represent a highly overdense region
(=3 X 10° cm~3) up to a height approaching 10% km, merging
at greater heights into coronal streamers. Temperatures appear
to be normal for the solar atmosphere.

In this discussion no mention has been made of magnetic
fields, which are the most important single factor in determining
the structure of active regions. Magnetic effects show themselves
directly at centimetre wavelengths as partial circular polariza-
tion in the general plage emission. They also show themselves
indirectly by the ‘turn-over’ of the flux spectrum at a frequency
between 5 and 10 em (see Fig. 1/1). The existence of this maxi-
mum is highly significant ; it casts doubt on the hypothesis that
the plage emission is due entirely to free—free transitions, since
it can be shown that the flux from a hot, ionized slab of gas must
never decrease with frequency. Japanese and Russian workers
have interpreted this effect in terms of a component due to
radiation from electrons precessing round magnetic lines of
force, emitting low harmonics of the gyro frequency. The addi-
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tion of this complexity in the interpretation of the plage radia-
tion is at first sight rather perplexing, but it could eventually
be of great value in exploring the magnetic field in the Sun’s
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F16. 1/3.—The distribution of electron density and temperature, with

height in the solar atmosphere, over a selected plage region. The model

is derived purely from radio observations at several stations across the
world (see reference 5).

chromosphere. Preliminary investigations of this effect indicate
fields of the order of 600 gauss.

The plage regions are of special interest because they now
appear to be the main source of continuous X-ray emission from
the Sun, an effect recently demonstrated directly from rocket-
borne photographs. Likewise the regions control the ionization
of the ionosphere, an effect found by Denisse and Kundu who
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demonstrated a high correlation between the flux of the slowly
varying component and the ionization of the E-layer.

Finally the dense regions above sunspots are the breeding
grounds of the great eruptions to be discussed later, and a know-
ledge of the physical conditions within them is essential to an
understanding of the eruptive processes.

SOLAR-ERUPTIONS

In the previous section we discussed the radio emissions
whose variations occur over long periods (=days) and whose
brightness temperatures (<107 °K) fell within the black-body
limit of thermal-like radiation appropriate to the physical con-
ditions of the solar atmosphere. We now turn to the spasmodie,
rapidly varying emissions (‘bursts’) whose brightness tempera-
tures (up to 10! °K) far exceed the reasonable thermal limit.

Non-thermal processes

The non-thermal processes of emission responsible for the
radio bursts are of great interest in themselves; these, to our
knowledge, fall into the following classes:

(@) Electron gyro radiation. In the presence of a magnetic field,
H, a moving electron executes circular or helical orbits at the
gyro frequency eH /27wme, where ¢ and m denote the electronic
charge and mass (in general the relativistic mass). However, the
fundamental gyro frequency radiated by electrons in the Sun’s
atmosphere is unable to escape outwards because to do so it
would inevitably encounter a region of non-propagation, as
specified by the magneto-ionic theory. Harmonics of the gyro
frequency, if generated (see (b)), may escape; hence the term
‘gyro radiation’ usually refers to the emission of the low har-
monies of the gyro frequency.

(b) Synchrotron radiation. In the case where the velocity of the
gyrating electrons is close to the velocity of light, the radiated
energy is received (by a distant observer situated near the
orbital plane) in the form of pulses rather than waves, owing to
the doppler bunching which takes place once per period during
the phase of the electron’s rapid approach. The spectrum of this
train of pulses will clearly consist of a multiplicity of harmonics
of the gyro frequency, which under natural conditions becomes
smeared into a continuum. This radiation is generally called
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gynchrotron radiation, after the machine by which it was first
accidentally and perhaps unwillingly observed. The emission
due to a single electron can be exactly computed, but absorption
effects in an assembly of radiators are not yet completely
anderstood. Roughly, the brightness temperature from such an
assembly is limited to the ‘kinetic temperature’ of the electrons.
Tt is useful to remember that following this crude argument,

g brightness temperature of 101¢ °K requires electrons with

energy of about 1 Mev.

(¢) Plasma radiation. It would perhaps have been tempting
to invoke the synchrotron process to explain all non-thermal
emissions in radio astronomy were it not for the observation that
certain solar bursts show a spectrum with 2 : 1 harmonies. A
characteristic frequency must be emitted, and this frequency is
apparently not the gyro frequency since in that case the funda-
mental would not be observed. Rather, in these cases, is the
frequency identified with the plasma frequency, indeed the
internal consistency of the evidence on harmonic types of solar
bursts seems to place this identification beyond reasonable
doubt.

The plasma frequency is the frequency at which natural
oscillations take place in an ionized gas when the positive and
negative charges are separated and then released. It is given by

e
f E m N ’
where N is the electron density. Longitudinal plasma waves—
travelling waves of electron density—can be excited in an ionized
gas by streams of charged particles; the waves are reminiscent
of the bow wave of a ship. The waves can propagate freely in a
restricted range of frequencies immediately above the plasma
frequency and are highly dispersive. Their wavelength is invari-
ably shorter than the wavelength (in the medium) of the electro-
magnetic wave of corresponding frequency; hence they do not
couple directly with the electromagnetic field, i.e. they do not
radiate by themselves. The extra physical circumstances needed
for the generation of radiation is a question which is receiving
much attention at the present time, and various solutions
have been suggested. One, of special interest because no mag-
netic field is required, is the scattering theory of Ginzburg
and Zhelezniakov [3]. These workers have shown that, when
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pervaded by travelling plasma waves, irregularities in electron
density (such as must exist in the corona) will act as incoherent
radiators at frequencies near the plasma frequency; though the
coupling process is inefficient, the flux seems to be sufficient to
account for the observed intensity of the fundamental emission
band. These authors further note that certain of the coronal
irregularities will themselves consist of plasma wavelets,
oscillating at the plasma frequency, and that scattering of the
original travelling wave at these oscillatory irregularities can
lead to direct emission of electromagnetic waves at twice the
plasma frequency: by this means Ginzburg and Zhelezniakov
interpret the ‘second harmonic’ emission. The theory is especi-
ally attractive since it explains why only the 1 : 2 bands, rather
thanthe1:2:3:4:...bands, are observed. Other more direct

means of coupling, involving the existence of magnetic fields, -

have been proposed to explain rather different phenomena,
notably by Denisse (see Boischot [4]).

The solar flare and its widespread effects

An association between radio bursts and solar flares was
recognized by Hey in 1942 at the time of his discovery of the
variable radio emissions. Since then it has become clear that
nearly all the different classes of radio phenomena occur at the
time of flares, or belong to a class of events characteristically
associated with flares, or are triggered by flares, or occur in
flare-producing regions. So before considering the radio observa-
tions in detail, let us briefly review the relevant physics and
effects of flares.

A flare is seen optically as a brightening, notably in the line
of H,, over part of a centre of activity, usually close to a sun-
spot group. It usually develops suddenly and decays slowly, the
whole event lasting some five minutes to one hour. Its shape is
variable: small ones, which may occur at the rate of several per
hour during sunspot maximum period, are often seen merely as
small blobs; large ones, much rarer, often show filamentary
structure. Out of the flare, rising jet-like surges can often be seen
in either emission or absorption, and the eruption of existing
arc!1—like structures or prominences may follow. The optical
emission may be accompanied by a burst of X-rays which causes
temporary, but immediate, excess ionization in the Earth’s
lower ionosphere and consequent absorption of communication
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radio waves passing through it (the Sudden Ionospheric Dis-
turbance). Large flares cause the emission of solar protons in a
wide energy spectrum between 10% and 10°e V; the harder
particles possess the rigidity to penetrate the Earth’s magnetic
field and cause an increase in the flux of cosmic rays recorded by

ound-level detectors; while the softer particles, which require
rockets or balloons for their direct detection, penetrate the
jonosphere in the polar regions and cause ionization by collisions
again leading to absorption of communication radio waves
(Polar Cap Absorption). Depending on their energy the proton
events arrive at the Earth tens of minutes to several hours after
the flare; the delay is attributed to magnetic effects in the
interplanetary medium.

Other effects occur on the Earth some 30 or more hours after
the flare—aurorae, magnetic storms and decreases in the cosmic
ray flux. These effects are attributed to the influence of cor-
puscular streams or magneto-hydromagnetic waves travelling
from Sun to Earth with mean velocities of the order of 1000
km/s; the magnetic storm requires a major disturbance in the
solar corona and involves a significant fraction of the total
coronal matter lying above an active region. There is some
evidence that the effects of flares extend beyond the Earth, as
far as Jupiter.

The radio emission from flares is proving to be critical in
understanding the origin of these effects, and perhaps of the
nature of the eruption itself.

The energy of a flare, revealed predominately in the emission
of light, X-rays and protons, amounts to as much as 103* ergs in
exceptional cases and is currently believed to be stored in the
Sun’s atmosphere in the form of magnetic energy. Most modern
theories envisage a flare as the sudden release of part of this
magnetic energy by the merging together and consequent
partial destruction of a pair or complex of differently polarized
field configurations such as may exist above a sunspot group.

The radio emissions

The character of the variable component of solar radio
emission varies greatly with frequency (Fig. 1/4). The greatest
intensities and most rapid fluctuations are seen at metre wave-
lengths: bursts lasting seconds or minutes and storms lasting
hours or days. At centimetre wavelengths the variations are
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glower, the bursts, lasting from about 1 minute to 1 hour, less
frequent, and the storms absent. The emissions, originally
observed only with single frequency radiometers, are now in-
vestigated with respect to their spectrum, polarization, position
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F1a. 1/4.—The appearance of records at different wavelength ranges
while bursts and storms are in progress.

on the disk, and size. They are most conveniently classified in
terms of their spectrum—their so-called ‘dynamic spectrum’,
which gives the variation of intensity in the frequency-time
plane—which also provides considerable physical insight into
the nature of the phenomena.

Storms

On a time-scale of days the most prominent variable com-
ponent, restricted to metre wavelengths, consists of storms of
short-lived, narrow-band bursts (spectral Type I), sometimes
superimposed on a broad-band slowly fluctuating background
(see Fig. 1/4). The storm radiation is often strongly circularly
polarized, and emanates from regions above certain sunspots.
The radiation from one region may persist for several days
while the spot traverses the central longitudes of the Sun—
i.e. the emission is restricted to a rather narrow cone. Storms
sometimes start shortly (<2 hours) after flares. The radiation
is certainly non-thermal in origin, but the actual emitting pro-
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cess is controversial. Current theories tend to favour an origin
in plasma oscillations, though the possibility of gyro radiation
cannot be excluded.

Small flare events

The commonest type of isolated burst, known as spectral
type III, occurs at metre wavelengths and can accompany the
smallest of optical flares, normally near their start (Wild [4]).
They occur in groups lasting about one minute, each individual
burst lasting about 10 seconds. The dynamic spectrum shows
a progressive delay of lower frequencies after high frequencies—
i.e. they appear in the time-frequency plane as bands sloping
slightly away from the vertical. In favourable circumstances
one can clearly identify simultaneous pairs of bands showing the
2 : 1 harmonic relationship. Groups of type IIT bursts are some-
times followed by a short period of continuum radiation,
designated spectral type V.

We have seen earlier that the presence of 2:1 harmonics
indicates plasma oscillations as the origin of emission. This is the
most conclusive reason for believing that each type I1I burst is
caused by the outward passage through the corona of a stream
of electrons which excites plasma waves of progressively lower
frequency as it passes through regions of progressively lower
electron density. With the aid of the electron density models of
the corona (e.g. Fig. 1/3), we find that the rate of frequency
drift in type ITI bursts corresponds to outward stream velocities
of about 0-2¢ to 0-5¢, where c is the velocity of light. This plasma
hypothesis has now been confirmed by direct observation of the
relative positions of different frequencies emitted by individual
bursts near the limb of the Sun: low frequencies were found to
originate at greater heights in the atmosphere than high fre-
quencies. Investigations of this kind have given information on
the variation of electron density with height in the corona, and
the results show higher than normal densities, consistent with
those found in coronal streamers (e.g. Newkirk’s curve in
Fig. 1/3). It appears that the electron streams flow out along
coronal streamers.

While the metre-wave type III burst is in progress, one
Commonly observes a coincident event at centimetre wave-
lengths consisting of a simple smooth burst with one or a small
humber of maxima, as depicted in Fig. 1/4. Striking cases have
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been found (Kundu [4]) in which the detailed time profile of
these bursts corresponds closely to that of the bursts of X-rays,
revealed with balloon-borne apparatus. The solar X-rays are
believed to be generated by free—free transitions (Bremsstrah-
lung) as fast electrons and other particles pass through the
chromospheric matter; likewise the centimetre-wave burst may
be explained by the generation of synchrotron radiation as the
same stream of electrons passes through the magnetic field of
the active region in the chromosphere. And it is natural to infer
that these electrons are derived from the same explosion as that
responsible for the type III bursts (the absence of sharp bursty
structure in the chromospheric phenomena may be due to the
effect of the strong chromospheric magnetic fields which trap
and hold the electrons, so smoothing the time profile of the
emissions). We conclude from these studies that most if not all
flares eject fast electrons in a series of short sharp puffs; and all
the indications are that the instant of time when these ejections
take place coincides with the time at which the flare region
erupts and ejects the much slower particles seen optically as
surges.

Large flare events

Turning now to the very large and completely developed
flare event, we find (Figs. 1/4-6) radio phenomena of extra-
ordinary complexity, still in the process of being sorted out and
understood. The final scheme developed here (Wild [4]) is ten-
tative and undoubtedly over-simplified.

The complete radio flare event has two distinet phases. The
first phase is similar to that described above for small flares—
i.e. a group of type III bursts at metre wavelengths accom-
panied by a burst at centimetre (and shorter decimetre) wave-
lengths referred to as a ‘microwave early burst’. After the type
IIT bursts have subsided, the level of metre-wave emission
remains quiet for several minutes before the start of the second.
Let us first consider the second phase in the metre-wave
region (Fig. 1/5).

The second phase begins with a complex but remarkably
characteristic type of burst, known as spectral type IL. It lasts
for 5-30 minutes, shows sharp bands and nebulous structure
which drift in frequency slowly (~200 times slower than the
type III drift) across the metre-wave spectrum. It usually has
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pronounced 2 : 1 harmonics, and so again its emission is attri-
buted to plasma oscillations, a hypothesis strongly supported
by directional evidence. Indeed the type II burst is interpreted,
like the type III burst, as an outward-moving disturbance, but
at a velocity much slower than the type III—about 1000 km /s
is the derived radial component of velocity. This speed is several
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F1a. 1/5.—Idealized dynamic spectrum record showing the appearance
of a large solar outburst at metre wavelengths.

times greater than the speed of sound in the corona, and the
source of emission is believed to be a magneto-hydrodynamic
shock wave passing through the corona; the evidence is con-
sistent with the shock wave emanating from the original
explosion at the same time as the ejection of the fast electrons
responsible for the first phase.

In very large events, the decline of the type II burst merges
with, or is followed by, the onset of a long persistent (~hours),
smooth, ‘broad-band continuum known as spectral type IV,
whose significance was first recognized in Paris by Boischot and
Denisse [3, 4]. Using a high resolution, multiple interferometer
t!lese workers showed that during the first half-hour of its life-
time, the type IV source can move away from the flare region at
speeds of the order of 1000 km/s and can attain heights of
several solar radii. Observations of similar phenomena in
Sydney showed furthermore that, unlike the type II and type
IIT ‘plasma’ emissions, the type IV source emitted a wide band
of frequencies from the same position. These characteristics
Séem to preclude plasma oscillations as the process of emission,
and strongly favour the synchrotron mechanisms, proposed by

nisse. At a later stage, the source of the continuum radiation

becomes strongly circularly polarized and is located above the
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original active centre where it may persist for hours or days.
The French workers have given evidence, based mainly on the
narrow cone of emission during this latter stage, that plasma
rather than synchrotron radiation is then responsible.

The notion that the type IV continuum consists of more than
one component is intensified when we consider the decimetre
and centimetre accompaniments. On the macroscopic scale, the.
complex radio spectrum of a major flare event is dominated by
a vast area of continuum, whose component parts cannot be
resolved by spectral data alone. For this reason the whole
continuum is called spectral type IV, and when we believe we
can isolate physically separate components we add suffixes—
e.g. m, dm and g, for metre, decimetre and microwave compo-
nents which are thought to be distinct on the basis of observa-
tions of polarization, cone of emission, position on disk, source
size, ete. A current model, arrived at during a recent symposium
at Kyoto [4] in consultation with representatives from most of
the research groups concerned, is shown in Fig. 1/6.
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Fra. 1/6.—Idealized model of the spectrum of a complete radio outburst,
showing the different possible components of the type IV burst (Kyoto
conference, 19614).

The decimetre and microwave components of the type IV
burst remain extremely tentative, but the work of Takakura,
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Tanaka, Kundu and others is beginning to disentangle the
phenomena. Present indications are that these emissions origin-
ate mainly in synchrotron radiation generated by electrons
accelerated and trapped in the magnetic fields above the flare
region.

SOLAR-TERRESTRIAL RELATIONS AND THE INTERPRETATION
OF THE FLARE

The first indications that the solar phenomena being observed
by radio emission were to throw light on unsolved problems in
the solar-terrestrial relationships, came from the study of type
II bursts. The derived velocities (~1000 km/s) of the type IT
sources were of the correct magnitude to explain the time delay
(21} days) between great flares on the Sun and great magnetic
storms and aurorae on the Earth; it was suggested that in a
type II burst, we were witnessing the launching of the disturb-
ance linking the two phenomena. Statistical evidence partially
supported this view, but now it has become clear [4] that the
probability of a type II burst being followed by a geomagnetic
storm becomes high only when a type IV burst is also present.

A second relationship of great interest concerns the solar
protons which accompany certain large flares and which very
occasionally produce cosmic-ray increases on the Earth at
ground level. The proton events are found to be almost invari-
:l)jy) accompanied by type IV bursts (though the converse is not

e).

A further close relationship exists between centimetre bursts
and sudden ionospheric disturbances, a relationship which
further supports the close connection between the generation
of X-rays and of centimetre waves in the solar chromosphere.

From the foregoing discussion we can begin to speculate upon
the picture of the invisible accompaniments of a major flare
évent—it, is the invisible rather than the visible processes
Wwhich are fundamental, because we are dealing with highly
énergetic phenomena in an almost completely ionized gas; and
the power of the radio observation lies in their reference to free
rather than bound electrons.

_The initial flare centre appears to disrupt in two ways
;fllmw:a.neously (Fig. 1/7a). Firstly it disrupts by the emission
sharp bursts of fast electrons. Some of these travel outwards
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along coronal streamers delineating lines of force, and escape
from the Sun within a few seconds; these excite plasma oscilla-
tions in transit, to generate type IIT bursts. Other electrons
encounter strong magnetic fields in the chromosphere and emit
synchrotron radiation in the centimetre-wave spectrum and
Bremsstrahlung in the X-ray spectrum. These effects persist for
a minute or two.

Secondly (Fig. 1/7b), the disruption occurs by the ejection of
ionized gas (ions and electrons), whose flux is accompanied by a
magneto-hydrodynamic shock wave. In some way a portion
of this matter reaches the Earth a day later to produce the
magnetic storm. The shock wave itself travels out at a speed of
about 1000 km /s and is revealed, by the plasma oscillations set
up at its front, as the type II radio burst. Electrons contained
in the ejected matter entwine and trap themselves in the
neighbouring magnetic fields to generate the type IV synchro-
tron emissions. At the same time the protons, moving in chang-
ing magnetic fields, are subject to Fermi acceleration and may
attain energies sufficient to escape and produce the solar protons
detected on Earth. When the kinetic energy of the gas clouds
is great enough, it will be free to move bodily away from the
Sun, dragging with it and stretching the magnetic field in its
path; by this means travelling synchrotron sources develop far
from the Sun.

During the next solar cycle more sophisticated and complete
methods of observation will surely be forthcoming. We may
hope then for a deeper understanding of the phenomena and
perhaps for the discovery of a variety of new facts.
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PLANETARY EMISSIONS
F. T. HADDOCK

TruE first observation of microwave emission from the planets
and satellites was the detection by Dicke and Beringer (1946) in
1945 of 1 em wavelength emission from the Moon using a 3-ft
diameter paraboloid. This pointed to the feasibility of detecting
the thermal emission from the solar planets using large aerials
and sensitive receivers at microwave frequencies. However the
next report was that of the unexpected outbursts from Jupiter
observed at 22 Mc/s by Burke and Franklin (1955). This im-
pulsive radiation consisted of bursts with a 1 Me/s bandwidth
and 1 second duration. Since the radiation was strongly circu-
larly polarized it was inferred that the radiation was near the
local gyro frequency which would make the Jovian magnetic
field at least 7 gauss.

The steady microwave emission expected from the planets
was observed at the Naval Research Laboratories by Mayer,
Sloanaker and McCullough (1957) from Venus at 3-15 ecm and
9-4 ¢m and from Mars and Jupiter at 3:15 cm. Saturn was
observed by Drake and Ewen (1958) at 3:75 cm and by Cook,
Cross, Bair and Arnold (1960) at 3-45 cm. Howard, Barrett and
Haddock (1961) first detected the weak emission from Mercury.

Observations of the planets to the present date may be
summarized as follows. Jupiter has been observed in the wave-
length range 60 m to 3 cm while Venus has been observed in the
range 20 cm to 4 mm. Only measurements near 3 cm have been
made on Mars, Saturn and Mercury and no observations have
been made of Uranus, Neptune or Pluto. It is interesting to
note that the two planets observed at more than one frequency
have produced unexpected results; Venus is more than 100°C
hotter than expected and Jupiter has two separate non-thermal
components.

The thermal emission from the planets gives rise to a flux
density spectrum proportional to the inverse square of the wave-
length and accordingly a wavelength (4,) can be specified for
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each source at which the flux density equals 10~2¢ w m~*(c/s) i
This wavelength and the flux density of the planets at 10 cm
wavelength are presented in Table I.

TABLE 2/I
Thermal emission from the planets
Flux at 10 cm
Planet A, em (units o
10-2¢ w m—2(e/s)~?)
Pluto 0-08 64 x 1078
Neptune 0-30 9 x 10—4
Uranus 065 4-2 x 103
Mercury 30 9 x 10-2
Saturn 4.0 0-16
Mars 65 0-42 :
Jupiter 11-0 1-1 (thermal)
6 (non thermal)
Venus 30 9

Many different types of observation have been made of the
radiation from the planets. Spectra may be obtained from
observations at different frequencies and the relative thermal
and non-thermal contributions can be determined. The two
brightest sources both show variations in intensity with time;
Venus shows a minimum in observed disk temperature at the
time of inferior conjunction and Jupiter shows variability at
centimetre wavelengths which may be associated with solar
activity. The low frequency variability of Jupiter has been
studied by Warwick (1962) using a dynamic spectrograph.
Other observations of interest which have been carried out at
Caltech are the measurement of linear polarization and the
radio angular diameter of Jupiter.

A comment will be made at this point on the accuracy of the
measurement of 7'p, the disk temperature of a planet.

22T 4
Tp = o)
where 1 is the wavelength, 7' the aerial temperature due to
the planet, 4, the effective area of the aerial which is equal

to the product of the physical area and the efficiency and Q
is the solid angle subtended by the planet. The value of the
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efficiency of the aerial can be determined from an absolute
determination of the aerial gain or from a comparison with a
source whose flux has already been related to an absolute cali-
bration. In the case of emission from a solid surface a correction
needs to be made to the derived disk temperature 7',_; to
allow for the radio-frequency albedo Azp of the planetary
surface and so
Tp =T.1(1 — Agp)

For the Moon this correction is about 10 per cent and the cor-
responding disk temperature refers to a level several centimetres
below the surface. When calculating 7'p, for a gaseous body Q

may be uncertain and it may also be a function of received wave
polarization and time.

Saturn

Saturn has been reliably measured with a 8:45 ¢cm wavelength
four-level ruby maser at the University of Michigan using the
85-ft radio telescope. The overall system noise was 100°K and
the bandwidth was 8 Me/s giving an r.m.s. noise of 0-015°K
when using a 12 sec time constant. The observed aerial tempera.-
ture of Saturn was 0-095 + 0-02°K corresponding to a disk
temperature of 106 4- 21°K after making a 2 per cent correction
for atmospheric absorption. This value is in good agreement
with the infra-red temperature of 123°K found by Menzel,
Coblentz and Lampland (1926). This planet requires measure-
ments at longer wavelengths to see if it is similar to Jupiter and
perhaps has a non-thermal spectrum. Moreover observations at
a later date when the projected angle of the rings is small will
show if the rings themselves radiate.

Mars

Mars has only been observed at the Naval Research Labora-
tory, in Washington, at wavelengths near 3 em. In September
1956 70 observations yielded a disk temperature of 218 + 50°K,
while in November 1959 a temperature of 211 4 20°K was
obtained using a maser (Giordomaine, Alsop, Townes and Mayer,
1959). These values can be compared with 245 4 9°K measured
by Menzel, Coblentz and Lampland (1926) and 260° found by
Pettit and Nicholson (1924). It appears that the radio disk
temperature is 40°C lower than the infra-red value. This
difference can be attributed to the fact that the infra-red
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measurement refers to the sunlit surface whereas the radio
measurement is an average value for the temperature a sm;.a,ll
distance beneath the solid surface. Alternatively, the dis-
crepancy could be due to a finite radio-frequency albedo. Thus
the results at 3 cm wavelength can be interpreted as thermal
emission from the planet.

 Mercury

Mercury has been detected by Howard, Barrett and Haddock
(1961) at the University of Michigan using a maser at ?-45 cm
and a travelling wave tube at 3-75 cm. The mean aerial te}n-
perature observed with the 85-ft telescope was 0-05°I_{ which
corresponds to a mean disk temperature of 400°K. Since the
planet only presents its partially sunlit surface to the Earth
the temperature of the subsolar point (7'y) will be greater th.a,n
this value. On the assumption that the planet is smooth, with
uniform reflectivity, is not rotating and has no atmosphere or
internal heating then the temperature at a point of longitude
angle 0 from the subsolar point will be T'(6) = 7', cos *0. The
resultant value of 7', is 1100 4 300°K.

A number of effects may modify this estimate of T',. If there
were surface irregularities such as mountains which cast
shadows near the sunlit edge of the planet the calculated value
of T, would be increased. On the other hand if the planet were
at a uniform temperature throughout the sunlit hemisphere the
estimated subsolar temperature would be decreased by 30 per
cent. The 23-7° libration of Mercury in its elliptical orbit will
reduce the calculated value of 7', if the surface layers are similar
to those of the Moon and cause a thermal lag in the heating at
the depths responsible for 3 em radiation. This reduction may
be as much as 15 per cent. On the assumption that the radio-
active heating of Mercury is similar to that of the Earth it can
be estimated that the temperature of the dark side is 25°K
while at 84 c¢m, the depth at which the optical depth of dry
sandy soil is unity at 3 cm wavelength, the temperature will be
43°K. This again reduced the deduced subsolar temperature.
The combined effect of these processes is to bring the 3 cm value
of T, close to the optical value given by Kuiper (1952) of 600°
to 700°K or the value given by Pettit and Nicholson (1924) of

613°K.

The major difficulty in obtaining accurate estimates of the
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aerial temperature of Mercury is its low intensity and its proxi-
mity to the Sun (less than 28°). At 3 em observations cannot be
made when the Sun is below the horizon because the planet is at
low elevations where atmospheric scintillation and absorption
are troublesome. The planet has to be detected in the presence
of the weak sidelobes of the Sun some 60 db down in intensity.
The travelling wave tube radiometer because of its large band-
width has the advantage over the narrow-band maser of smear-
ing out the sidelobe positions into a rather uniform side-lobe

response level.
Venus

Thc? observations of the disk temperature of Venus as a
function of wavelength are summarized in Table 2/11, compiled

TABLE 2/II
Wavelength mﬁ:ﬁgg
(*K)
4 mm (Grant & Corbett, private communication 350
- . -’ 50
4 mm (Km]:mkgr, Kuzmin & Salomonovich, priva?te *
communication) 390 + 120
8:0 mm {K_uzmin & Salomonovich, 1960) 315 4+ 70
8:6 mm (Gibson & McEwan, 1959) 410 + 160

3:15 em (Mayer, McCullough & Sloanaker, 1958a, b 595
3-37 om (Alsop, Giordomaine, Mayer & Towne'a,) el

1958, 1959) 575 4 58
3-4 em (Mayer, McCullough & Sloanaker, 19605) 575 + 60
9-4 cm (Mayer, McCullough & Sloanaker, 1958a, b) 580 + 160
10-2 cm (Mayer. McCullough & Sloanaker, 1960a, b) 600 4 65
21 em (Lilley, private communication) 580

bj{ 0 H. Mayer. Venus was the first planet to be observed at
millimetre wavelengths where the temperature is found to be
a.bo_ut 400°K and is significantly less than at centimetre and
dt?cimetre wavelengths (600°K). These values may be compared
with that of 330°K obtained by Menzel ef al. (1926) in the infra-
red band 12-5 to 15 microns and with that obtained by Sinton
!_md $trong (1960) of 240°K in the range 8 to 14 microns. It is
implied in these results that the centimetre-wave value of
600°K refers to the solid surface of the planet while the milli-
metre and infra-red results come from the cooler atmosphere.
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There are several theories in circulation purporting to explain
the reasons for this large temperature difference between the
Venusian surface and its atmosphere. Only the briefest com-
ments will be made on them. The first of these (Wildt 1940,
Sagan 1961) invokes the greenhouse effect caused by a dense
carbon dioxide atmosphere. However in order to obtain a
surface temperature as high as 600°K almost all the solar
radiation must be trapped and only a small fraction can escape,

* which brings this theory into difficulties.

Another theory by Sagan, Siegel and Jones (1961) envisages
a very dense Venusian ionosphere at 600°K which lies above
cool regions at about 300°K. A value of electron density N, is

required which makes SN ,2dl throughout the ionosphere equal

to 1026 electrons ecm~3. This corresponds to an electron density
of 10? electrons ecm~* which is a thousand times greater than
that of the Earth’s ionosphere. Such an explanation also has its
difficulties. Other explanations of the observed phenomena are
the aeolosphere theory of Opik (1961) and the theory requiring
a redistribution of the emission due to particle charge fluctua-
tions proposed by Tolbert and Straiton (1962).

A further observation of some interest that can be made on
Venus is the search for a variation of the disk temperature with
phase. Such a variation if found would provide evidence for the
direction and possibly the rate of rotation of the planet and
with aid in the choice of a proper model for the radio emission
at centimetre wavelengths.

Jupiter

The evidence for a non-thermal component in the decimetre
radiation from Jupiter is presented in Table 2/III, also com-
piled by C. H. Mayer. The temperatures measured near 3 cm
wavelength (170°K) are very similar to those found in the
infrared. However as the wavelength increases up to 60 ecm the
temperature increases to above 10,000°K indicating a strong
non-thermal component. Evidence at present available also
shows that this non-thermal radiation is variable and there is an
indication that the variability is associated with solar activity.

A most interesting advance in the study of Jupiter has been
the measurement of the polarization and radio emission dia-
meter of the planet at 30 cm wavelength, by Radhakrishnan
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TABLE 2/IIT

Average disk
Wavelength temperature
(°K)
3:15 cm (Mayer, MeCullough & Sloanaker, 19580) 145 + 18

3:03 cm (Giordomaine, Alsop, Townes & Mayer, 1959) 171 + 20
3:36 cm (Giordomaine, Alsop, Townes & Mayer, 1959) | 189 + 20

3:75 em (Drake & Ewen, 1958) 200

10-3 em (Sloanaker, 1959) July 1958 640 + 57
10-3 em (Sloanaker & Boland, 1960) October 1959 315 - 45
21 em (McClain, 1959) 2,500 + 450
31 em (Roberts & Stanley, 1959) 5,600

68 cm (Drake & Hvatum, 1959) l 50,000

and Roberts (1960). This work showed that Jupiter’s radiation
at this frequency could be as much as 43 per cent polarized and
that it came from a region 2’ in diameter suggesting an origin
in synchrotron emission from relativistic electrons trapped in
Jupiter’s van Allen type belts.

The low-frequency radiation near 20 Me/s appears to ori-
ginate in regions fixed relative to the solid surface of the planet
because the observed rotation period of the radio emitting areas
has been observed to have a constant value of 9h 55m 29-375,
The source of the emission is of interest since the characteristics
of the bursts are different in important respects from those
observed from the Sun or from lightning flashes in terrestrial
thunderstorms. The narrow frequency bandwidth, the change
of the central frequency from pulse to pulse, the pulse duration
and the circular polarization suggest that the radio waves are
produced in an ionized gas excited at its plasma frequency. The
method of excitation is not clearly understood ; large mechanical
or electromagnetic energies of 10'® erg per pulse are required to
give the observed total radiated radio energy.

Conclusion

Radio studies of the planets have made a number of specific
contributions to our understanding of planetary conditions.

1. The discovery of a high surface temperature on Venus has
led to a re-examination of theories of planetary atmospheres.

2. The decimetre wavelength radiation from J upiter suggests
a van Allen type belt around the planet with an associated
magnetic field of at least about 7 gauss.
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3. Long period studies of the metre-wavelength radiation
from Jupiter have localized emitting regions Wh.ich are proba,!)ly
associated with the solid surface and thus give the rotation
period of the solid body of Jupiter. )

4. Large dynamical phenomena must occur on Jupiter to
give the metre-wave outbursts. _

5. There are on the planets a variety of sources of ra('llo
emission and propagation mechanisms which can be studied
close at hand.

6. These new results provide important new data on the
conditions on the planets which is a great help in planning the
space probe programmes. N

7. Planets are radio sources with accurately known positions
and provide a means of calibrating the pointing of microwave
radiometers.
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INTERPLANETARY RADAR
J. H. THOMSON

TrE subject of this lecture is interplanetary radar and it will be
confined to this, leaving out any detailed consideration of the
allied but at present much more sophisticated subject of Moon
radar. However it is useful to summarize the chief results of
Moon work, as they give some indication of the probable
behaviour of the planets as radar reflectors.

There are two extreme cases of reflection by a sphere large
compared with the wavelength when it is illuminated by a point
source. In the first case when the sphere is smooth compared
with the wavelength a single bright spot is seen in the centre,
which is an image of the source. At optical wavelengths this is
how a ball bearing behaves. The second case, when the surface
of the sphere has irregularities comparable with a wavelength
in size, gives appreciable reflection from the whole sphere, but
with limb darkening. At optical wavelengths this may be
thought of as the way a ball of chalk would reflect.

The Moon is found to be an intermediate case between these
two, but more like the first: the Moon by radar is closer to a
ball bearing than a ball of chalk. Most of the energy returned
comes from a circular area about a fifth of the Moon’s diameter
in size at the centre of the disk. The power flux returned to
Earth is as though about 5 to 10 per cent of the total power
intercepted by the disk were reradiated isotropically. This
behaviour seems to be largely independent of wavelength over a
wide range from metre to centimetre wavelengths.

The main scattering properties of the Moon for radar may be
satisfactorily explained on the assumption of surface irregu-
larities large compared with the wavelength, having slopes of
up to about 10 degrees (e.g. Hughes, 1962). The proportion of
those reflecting specularly then falls off rapidly away from the
centre of the disk, giving the observed brightness distribution.

There are two extreme cases of radar, first when very short

Pulses are used, and second when very long pulses or CW is
33
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used. The first gives good discrimination in depth and range.
A short pulse successively illuminates circular annuli of a
spherical target; these annuli have the property that the angle
of incidence is the same all round a given annulus. Hence a
display of echo amplitude against time allows the law relating
the back-scattered power with angle of incidence to be derived.
This is the so-called angular power spectrum. The range can
also be determined by measuring the time from the transmission
of a pulse to the return of the echo.

In the second case the target is illuminated with CW. Range
information is no longer available, but instead the shift of
frequency between that transmitted and that received can be
measured with very great accuracy to give the line of sight
velocity of the target. Usually the target will be rotating about
some axis not necessarily perpendicular to the line of sight. If
velocities due to rotation are resolved along the line of sight,
points on the disk with equal resolved velocities lie on lines
parallel to the projection of the axis of rotation on the apparent
plane of the disk. Thus the returned signal will have a finite
spread in frequency, and the power spectrum gives directly a
strip distribution of power across the disk.

In both these cases the primary quantity, range or line of
sight velocity may be determined whether or not the whole of
the echo can be observed. In both cases the secondary quantity,
concerned with observing the spread of the echo, in range or in
frequency, is usually difficult to measure completely, as a large
dynamic range is required (of the order of 20 db or more for the
Moon). This can be very important in the second case where the
complete width of the spectrum may be needed to deduce the
rotation rate of the target. It is possible to combine these two
basic methods of investigation by the use either of coherent
pulses as at the Lincoln Laboratories (Pettengill, 1960) or by
some form of modulation (Victor, Stevens and Golomb, 1961)
of a CW transmission. Such methods are likely to be the basis
of much future astronomical radar work.

THE RADAR EQUATION

The equation giving the signal/noise ratio to be expected
in a radar system will now be developed and its application to
the problem of obtaining echoes from the planets considered.
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If P is the power radiated from the aerial and @ is its gain,
the flux of power at a planet at a distance R is

G
2
yT watts/m
The power intercepted by the disk of a planet of radius a is this
multiplied by the disk area za2 or

na? watts

P= R
Conventionally a fraction p of this intercepted power is con-
sidered to be reflected and (1 — p) absorbed. The power pp is
reradiated with a gain g in the direction of the Earth. Then the
power flux at the Earth’s surface is

(gp)p .

o watts/m
The term (gp) is placed in brackets to indicate that g and p
cannot easily be separated. At the Earth’s surface an effective
area of aerial 4, is used to collect the returned power. So

. P42
Signal Power = zé T (9p)ma® watts
4n A, f?
where G = c—;‘f has been used.

This received signal power must be detected against a noise
power made up of receiver noise and sky noise. If a system
temperature of 7'z°K is assumed, then

. . PAz?
R.F. Signal /Noise = ey T (gp)ma?/T gkb
where b is the receiver bandwith.
This bandwidth is an important factor in determining the

signal /noise. In a pulsed radar b must at least b where 7 is the
T

Pulse length. Hence if = = 5 ms (a rather long pulse to explore
say Venus with a radar depth of 41 ms), b ~ 200 ¢/s. If resolu-
t§0n is increased by reducing 7, b goes up in proportion and the
Signal /noise falls. Thus in the pulsed case b is determined by
another constant 7 of the system, rather than by the nature of

the target. In a CW system the intrinsic bandwidth of the




36 RADIO ASTRONOMY TODAY

transmissions is likely to be very small indeed, but a corres-
pondingly narrow bandwidth cannot be employed because the
target planet itself, due to rotation, imposes a bandwidth on
the echo.
Limb to limb this is M(%?){
where 7' is the period of rotation with the axis assumed per-
pendicular to the line of sight, and ¢ the velocity of light. This
would be rather wide to use for b if the system is to be opti-
mum for detection as only a portion of the disk near the centre
is likely to be an effective reflector. Hence we shall put
2n\f
b= oc4a( T )c
where « expresses the linear fraction of the disk diameter effec-
tively returning power. Reasonable values of b for a planet
always turning the same face to the Sun (such as Mercury) are
a few cycles, up to a few hundred for say Mars, rotating as fast
as the Earth. In the case of the trapped planets an increase in
signal /noise of the order of 20 db can thus be gained on band-
width alone, over the pulsed case.
Substituting for b and rearranging, we obtain for the CW
case

RF signal/noise = (3231]‘6)1(443)3(}) ¥ )s(q‘}—x) 4(%)5(%2;)6

The numbered factors in brackets are determined respectively

Constants of nature.

Available radio telescope.
Transmitter power and frequency.
System and sky noise.

. Properties of planet as a radar target.
. Astronomical quantities for planet.

Factor 5 is unknown till experiments have been successfully
made, but for the Moon is of the order of unity. Evidently factor
6 is the one to examine to decide the relative detectabilities of
the planets. Table 3/I gives this on a db scale, which has been
chosen so that Venus at closest approach is zero db. The slow
rotation of Mercury and Venus (assumed trapped also) gives
them a great advantage as CW targets over the fast-spinning

V
PR TS
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Ma.rs and Jupiter. The two figures given for each of the planets
is the effect of the change of R due to orbital movement.

TABLE 3/I

R.F. Signal/Noise in db for the planets on a scale giving a ratio of
unity for Venus at closest approach

Closest: Furthest
Mercury —20 —34
Venus 0 —23
Mars —38 —66
Jupiter —62 —68
Saturn —74 —178

SPECIAL PROBLEMS OF RADAR ASTRONOMY
Diplexing

The problem of transmitting and receiving from the same
radio telescope can be avoided by having two radio telescopes
(Victor, Stevens and Golomb, 1961) in bistatic operation, This
solution has many advantages; it doubles the observation time
&nd eliminates the possibility of delicate receiving equipment
be.mg damaged. Otherwise some arrangement to stop the trans-
mitter power from getting to the receiver must be made.
Fortunately the time of the transmit-receive cycle is large
enough to allow even relays to be used. The Jodrell system
exploits the change in sense of circular polarization on reflection
to gain more than 40 db rejection by a hybrid ring system
followed by a receiver protection relay. This use of circulalf'
polarization also eliminates troublesome fading experienced in

l-illea,rly polarized systems caused by Faraday rotation of the
line of polarization in the Earth’s ionosphere.

Changing range

In pulsed systems the range is changing at rates of the order
of km /s because of orbital motion. As only a small portion of
the complete time base will be observed some system must be
used to follow the echo as it changes range according to the
®xpected planetary movement. This may be done electronically
In real time by a special purpose computer (as in the first Jodrell
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i i igi ter in real
gystem) or in a specially programmed digital compu ¢
tylme or) later, as in the usual M.L.T. systems (Pettengill, 1962).

Changing frequency . .

In both pulsed and CW systems the cha.nging relative velocity
of the two planets causes a varying doppler shift of the order c:f
a ke/s in a few hours, further complicated by the observer’s
motion on the rotating Earth. Receiver tuning must thus be
continually adjusted according to a previously ca.lcu_ﬂated
ephemeris. In a pulsed system relatively crude ha.nfi tu.m_ng to
about 5 ¢/s may suffice, but in a CW system the maintaining of
receiver tuning to an accuracy of the order of 0-1 ¢/s becomes
one of the major technical problems. Some automated method
is the best solution, and is employed in the new Jodrell CW
system. The only other possibility is to lock a closed lpo_p
system on to the signal as has been done by J.P.L., but this is
difficult at the low RF signal-to-noise levels expected.

Narrow bandwidths

CW systems need to exploit bandwidths of a few cyclfas or less
and to make meaningful spectral measurements within them.
Such bandwidths are difficult to achieve stably by conventional
means. Digital methods however are potentially limited only by
the frequency stability of the system as a whole and may be
applied in two ways, either by recording the d:ata (f.iht? receiver
IF noise) and later making a frequency analysxs. of it in a com-
puter, or by analysing the data digitally in real t1me—.a,s is done
in the present Jodrell equipment. Another approach is to make
use of the fact that the power spectrum is the Fourier transform
of the auto-correlation function. This method was successfully
applied in real time by J.P.L. in their recent "fenus radar
experiment, using a special digital computer fed directly from
the receiver.

INTEGRATION TECHNIQUES

As in radio astronomy, so in radar astronomy, signals well
below noise at RF must be detected. The usual way of doing this
in radio astronomy is to compare the result of integrating signal
plus noise for a given time with the result of integrating noise
alone for the same time. The way of getting these two levels may
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be simply by pointing the aerial successively on and off target,
or by substituting a dummy load for the aerial (Dicke system).
In radar astronomy two more ways of obtaining a comparison
suggest themselves. In pulsed systems regions of the time base
where the target is not present may be compared with the
region where it is. This was the method used in the first Jodrell
equipment (Evans & Taylor, 1959). Here a digital form of the

~ detected receiver noise is selected from eight adjacent portions

of the time base and fed into counting channels (which may be
regarded as infinite time constants). As time goes on both the
integrated signal power and the integrated noise power increase
in direct proportion to time. The ripple on both increases in
absolute size only as the square root of the time. Hence the
signal to ripple—which is what counts in detecting a signal on
top of the noise—improves as the square root of the integra-
tion time. Roughly, the summation of 100 independent echoes
in this system gives 10 db, 10,000 gains 20 db and so on. At
1 pps, about 20 db improvement over the RF signal-to-noise
can thus be obtained in a day’s working.

In CW systems comparison can be made in frequency; this is
done in the new Jodrell equipment. Here the echo is expected to
occupy several channels of frequency whilst the others provide
a reference level. In CW systems the improvement—as in radio
astronomy receivers—is given by

v/time of integration x RF bandwidth

80 again 10,000 ‘samples’ and an improvement of 20 db can be
achieved in about a day’s working with a 1 ¢ /s bandwidth.

HISTORY OF ATTEMPTS TO OBTAIN VENUS ECHOES

The most obvious parameter to use to compare results of
Venus radar work is the value of the astronomical unit deter-
mined from a reduction of range data. Astronomers know well
(to the order of 1 in 10¢) the movements and relative distances
of the planets in terms of the A.U., but the value of the A.TU.
itself in kilometres is not known so well—only to 1in 102 or 104,
'I_Therﬁ is also an unsatisfactory spread of results beyond their
limits of error (de Vaucouleurs, 1961). By radar the range—
a time delay of about 300 seconds—need only be measured to
30 ms to give 1 in 104,




40 RADIO ASTRONOMY TODAY

Pioneers in this field were the workers at the Lincoln Labora-
tories of M.I.T. Observations were made at the close approach
in February 1958, and after an extremely sophisticated com-
puter analysis a positive result was announced together with a
result for the A.U. (Price e al., 1959). At the next close approach
in September 1959 an attempt was made ab Lincoln to repeat
the work. No significant echoes could be achieved on this
oceasion, and after exhaustive analysis the workers felt doubt
also about the validity of the previous result (Pettengill and
Price, 1961). At Jodrell Bank on the same occasion an attempt
was made to obtain echoes. The choice was made to examine
values of range as predicted from the 1958 Lincoln result.
After 58 hours of useful observation, corresponding to the
integration of about 100,000 echoes, a statistically significant
rise was observed, in a range channel giving good agreement
with the American value. Tt was noted however in the publica-
tion (Evans and Taylor, 1959) of the result that there was an
8 per cent chance that noise alone produced the rise interpreted
as an echo.

Tt was generally felt that these two radar results for the AU.
were interesting but rather inconclusive, and preparations were
made in several parts of the world to obtain more conclusive
echoes at the close approach of Venus in April 1961.

In the event five groups obtained echoes, three in the U.S.A,,
Jodrell, and one in the U.S.8.R. All five finally agreed to within
9200 km on a value of the A.U. which differed substantially
from the old radar value, and also from the best estimate of the
optical astronomers. These results are shown in Table 3/II.
The Russian result was at first ambiguous owing to the use of
a high P.R.F. of 256 ms. and as announced by Tass (1961)
was in agreement with the old rather than the new western
values. However, successive revisions (Kotelnikov, 1961a,
1961b) have now brought it into good agreement. All workers
used pulsed systems except J.P.L. who pioneered CW with great
success, being the first to obtain echoes by some weeks. Range
information was obtained by modulation, to give the A.U.,
which was also measured independently by Doppler methods.

The radar results for the A.U. thus exhibit strong agreement
and small errors of the order of 1 in 10% but seriously disagree
with the optical methods. The agreement between results on
widely different frequencies would seem to rule out any signi-
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TABLE 3/II
April 1961 determinations of the Astronomical Unit
Place Reference Fr(eﬁgzl‘x)cy Power (kw) AU. in km
JP.L. Muhleman 2388 13 CW | 149,598,845 + 250
et al. (1962)
- MIT. Pettengill 440 2500 peak | 149,597,850 + 400
et al. (1962)
Jodrell Thomson 408 60 peak | 149,600,000 + 5000
Bank et al. (1961)
U.S.8.R. Kotelnikov 700 * 149,599,500 + 800
(1961b)
Moorestown Maron - — 149,596,000 4+ (not
(R.C.A.) | etal. (1961) given)

Note: The best value from optical astronomical methods given by
de Vaucouleurs 1961 is
149,536,000 -+ 3000 km

* ‘Power flux density was 250 megawatts /steradian.’

ficant effect of the interplanetary medium on the velocity of
propagation. However the disagreement between the radar
results and the mean of the optical methods of more than
60,000 km indicates a serious systematic error somewhere.

Turning now to spectral results, agreement is not nearly so
good. When J.P.L. first observed the return, it was found to
have a width of only a few cycles. Both J.P.L. and Lincoln Labs
were able to produce good spectra, J.P.L. recording 8 ¢/s at
2388 Mec/s and Lincoln about % ¢/s at 440 Mc/s. These results
reduced to the same frequency do not agree to a factor of about
two. The Russians however observed a width of more than
400 ¢/s at 700 Mc /s—in strong disagreement. Jodrell was unable
to measure a spectrum.

The most likely interpretation of the American results is that
Venus always turns the same face to the Sun.! Pettengill (1962)
has shown that if this is so, the apparent rotation rate, and
hence also the spectral width, should show a marked peak at
conjunction, rising then to about three times the value a month
before or after. This effect has not been observed: J.P.L. actu-
ally reports a definite stability of the spectral width through-
out the observations. Kotelnikov (1961a) interprets the Russian
results! as implying a rotation period of about ten days, and

! But see Postscript 1, p. 43.
D
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observes variations of strength and frequency of the reflected
echo as differently reflecting areas are carried round by the
planet’s rotation.

As well as these spectral results, the Lincoln workers have
been able to measure the response of Venus to short pulses
(Pettengill, 1962). Using 4 ms pulses no evidence of lengthening
was detected in the return and using 0-5 ms a barely detectable
lengthening was seen. This is strong evidence that Venus does
indeed reflect rather like the Moon, most of the power coming
from a small region in the centre of the disk, though the Lincoln
results show this to be relatively smaller and that the power
returned from the limbs is less.

Another interesting discovery made by both the Lincoln and
J.P.L. workers is that Venus detectably does not follow the best
available ephemeris. Thus not only the measurement of the
A.U., but the study of orbital motion, is made possible.

CONCLUSIONS

The observations of Venus in 1961 have greatly increased
knowledge of several aspects of solar system studies. Results of
great interest concerning the value of the A.U. and the motion
of the planet have been obtained. A good start has been made to
the radar study of Venus in similar terms to that of the Moon;
first results, particularly on the rotation period, are not in good
agreement.

One can look forward confidently to further work on Venus,
and to the extension of similar measurements to the other inner
planets. Detection of more members of the solar system by these
techniques will largely depend on the effort and resources
devoted to the work in future years.

Postscript added in proof (January 1963)

In a recent communication Kotelnikov states that further
spectral analysis of the recordings made during the Venus
observations in 1961 has revealed the existence of a narrow
feature in the centre of the spectrum of the returned echoes.
This is less than 4 ¢/s wide, compared with 400 ¢/s for the
broad component. The two components contain about equal
energy. It is now believed that it is not possible to determine
the rotation rate from the available data.
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At Jodrell in November/December 1962, Venus was success-
fully detected with the new CW system. First results confirm
both the value of the astronomical unit, from the measured
doppler, and the extreme narrowness of the returned spectrum,
of the order of +4% ¢/s at 410 Mc/s.

At the same time echoes were obtained by J.P.L. Pre-
liminary results (N.A.S.A. release No. 62-275) are that Venus
may be rotating slowly, with a period of perhaps 250 days in a
retrograde direction. This appears to have been determined by
the use of both CW and coherent pulses, and by observing
the changing spectral width over the period of the observa-
tions, as briefly discussed above. Confirmation of this was
obtained by observing the apparent motion of a singularity of
the radar echo, which was tentatively identified with a surface
feature.
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PRESENT-DAY TECHNIQUES IN
RADIO ASTRONOMY

E. J. BLUM

I~ this paper we shall discuss the idea of radio telescopes as a
whole from the point of view of physics and astronomy, the
information we can get from them and the sources of error. It
seems to me that the greatest progress in this field recently has
been in gaining a deeper insight into the nature of the measure-
ments themselves. I shall illustrate my points by referring to
actual or projected instruments.

VERY LOW NOISE RECEIVERS

You have all heard of the principle of masers and parametric
amplifiers, with which overall noise temperatures as low as a
few tens of degrees have been obtained. Up to now this type of
instrument has posed difficult problems of maintenance. The
gain is not very stable and the price is very high. Finally, the
majority of present-day aerials introduce a ground noise of
several tens of degrees making the use of the very low noise
maser pointless. It is certain that we can expect in a very short
time the appearance of radio telescopes with masers conceived
as a unit. Their use on centimetre waves will perhaps be limited
in part by troubles of tropospheric origin, but on decimetre
waves, where the sky temperature is low, they will be extremely
useful.

The receiver temperatures which can be attained with para-
metric front-ends are much higher and present-day aerials are
very suitable. As in the case of masers, stability is difficult to
obtain. It must be noted, however, that the necessary gain
stability in an instrument is independent of receiver noise tem-

1
perature and has a limit fixed by the equation ~/ B (B being

the bandwidth and v the time constant). In fact, the smallest
44
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: s Tr
detectable signal is T' = T x is the receiver temperature)
1gna. B (T'r P

and in order to measure it with a direct receiver it is sufficient

A
that 29 should be equal to —A—,{, that is to say, to -

) Tr VBt
In the same manner, for a correlation receiver or a receiver
using a Dicke switch, the gain stability requirement is less

“stringent. The useful stabilities are therefore not greater than

those which can be obtained with present-day receivers. Thus
with the use of correlation receivers we can hope to obtain the
theoretical sensitivity for some considerable time. In many
places studies are in progress to develop parametric amplifiers
especially suitable for radio astronomy. Diode systems are the
most common but attempts are also being made to use Adler
tubes. For the moment, the temperatures of the systems we
have discussed are of the order of 200°K. It appears probable
that this will be lowered quite rapidly to 100°. The diodes them-
selves are in progress of rapid evolution and some of them
already allow of a theoretical receiver temperature of the order
of 50°K.

COLD AERIALS

For a long time aerials were designed to obtain a high forward
gain with a reduction of the first side lobes to acceptable limits.
But it is the contribution of the complete set of far side lobes
which determine the effect of the ground on the temperature of
the aerial. In the case of a parabola illuminated by a horn, for
example, the ground radiation gives a contribution of approxi-
mately 50°K to the aerial temperature.

In order to improve this situation we can endeavour to
minimize the side lobes of the parabola by choosing a rapidly
decreasing illumination, but then the width of the principal lobe
is increased and the output is lowered for the observation of
small diameter sources. Besides, the primary horn remains
responsible for an important part of these diffused side lobes.
With a reasonable compromise we can bring down the ground
contribution with such a procedure to about 30°K.

At the present moment two procedures have been employed
to improve this situation. In one the parabola is replaced by a
horn of large aperture but of acceptable length—this is the
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Hogg horn. In the other a second reflecting element is added
with the primary horn at the centre of the principal reflector.
This is the well-known optical Cassegrain system. We can then
hope to reduce the contribution from the ground to ten degrees
or so when the aerial is pointing towards the zenith as there is a
great reduction in the backward lobe. But if the aerial is pointed
to an average elevation the ground contributes more to the
aerial temperature.

By using this type of aerial with very rapidly decreasing
illumination such as we have just mentioned we can hope to
gain still further, but the forward gain diminishes. The choice is
very difficult. It depends on the projected measurement and to
my knowledge no satisfactory criterion has been determined up
to the present moment. We must not however consider that a
conventional aerial is such a bad thing. The radio telescope at
Nangay consists of a plain meridian mirror of variable declina-
tion which reflects the energy received from the sky on to a
convergent mirror. The rays are close to the ground for several
hundreds of metres. Nevertheless, we have in the course of
preliminary measurements noted a ground temperature varying
between approximately 60° and 40° according to the declination.

FURTHER DEVELOPMENT OF BASIC TECHNIQUES

We can increase the receiver bandwith and thus gain in

sensitivity by a factor v/ B. In the United States a receiver has
been constructed with a bandwidth of 1000 Mec/s. I think that
this method has very little future for the radio spectrum is
already extremely crowded and this state of affairs can only get
worse. On the other hand, radio astronomy can hope in the near
future for the efficient protection of some frequency allocations.
If we wish to go further than this it is to risk more and more
interference and the increase of sensitivity has every chance of
being purely theoretical.

The development of transistor devices appears on the other
hand of great interest for radio astronomy. The installation and
maintenance of great arrays of aerials with separate amplifiers
is much simpler than with valves. In the scheme for the Benelux
cross project in particular, C. Murray has developed transistor
preamplifiers of which the performance is analogous to the best
existing valve systems. We are thinking for the next solar cycle
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of modifying the multiple element interferometers which we
have at Nancay in order to adapt them for use with transistor-
ized preamplifiers.

TYPES OF RADIO TELESCOPE AND SPATIAL BANDWIDTH

i. General remarks. I would like to remind you of the idea of
using spatial frequencies. This method was developed for radio

- astronomy some years ago simultaneously by Arsac and

Bracewell.

An aerial is a linear system which gives a response propor-
tional to a signal received from space. It can be considered
therefore as a filter, obviously linear, which transmits a signal
composed of spatial frequencies with a certain gain and band-
width.

Normally we study the polar diagram of an aerial, that is to
say, its response to a point source at infinity. This is the equi-
valent to the response of a circuit to an impulse. As for the
circuit, we can define a bandpass which is the Fourier transform
of the response to a point source at infinity.

For example, the polar diagram of a uniformly illuminated

. . sin aw\? .
square aperture of side a is of the form (—a—%}’—) in each dimen-

sion. Its spatial passband, the Fourier transform of this expres-
sion, is a triangle. The highest frequency transmitted is equal to
a
2
the geometry of the aerial system.

ii. Total power instruments. The detector produces the square
of the voltage appearing at the aerial terminals. The spatial
passband always has an absolute maximum at the origin.
Sensitive to a continuous background, these instruments give
at the same time a continuous component due to the receiver
noise. In switching systems the latter is eliminated at the cost
of a loss of sensitivity. In direct systems the receiver is stabilized
sufficiently to determine the continuous level by regular checks.

iii. Correlation (or phase switching) instruments include in
particular all true interferometers. On the other hand we must
class amongst total power instruments interferometers com-
Prising a single receiver joined to the terminals of two aerials
working in parallel. The possible combinations in correlation

and is related more fundamentally than the beamwidth to
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apparatus are extremely numerous. Since the Mills cross, com-
plex antenna of one or two dimensions are now seen: crosses of
aerial arrays, spaced aerial arrays, aperture synthesis, etc. All
these instruments are insensitive to the continuous component
of the sky or receivers, i.e. the gain is equal to zero at zero
spatial frequency. The shape of the bandpass in general de-
creases less smoothly than for total power instruments towards
the upper frequencies. Put another way, the side lobes are larger
for interferometers.

iv. Partial coherence instruments have not yet been des-
ceribed. At the present moment we are studying this at Meudon.
They form an intermediary class between the two preceding
groups. The zero frequency component no longer has a pri-
vileged role but otherwise the general shape of the spatial
bandpass is similar to other instruments. The noise of the
receivers can give a negligible continuous component at the
cost of a few precautions.

We can think of these instruments either as being derived
from total power systems, or as being derived from correlation
apparatus. As an example of this system, between the sky and
the two elements of a correlating interferometer one places a
diffracting screen. The plane wave front coming from a source
at infinity is diffracted but there is coherence between the
diffracted waves received by the two aerials.

More practically we can place at the focus of a parabola and
in the first maximum of its diffraction pattern a system of con-
centric horns. The coupling between these horns is extremely
weak and therefore the background component due to receiver
noise is small. Nevertheless, the shape of the spatial bandpass
according to calculations can be very near that of a total power
system.

We have experimentally verified the possibility of employing
this type of apparatus and we expect to use it on the great radio
telescope at Nancay for measurements on 21 em.

THE AVAILABLE INFORMATION AND ITS USE

i. Instruments with a single aerial

It is not customary in optics to limit oneself to use the
diffraction pattern on the axis of an instrument. Measurements
are always made in a great number of directions close to theaxis,
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Now in radio astronomy the opposite is true at the present
time. There are several reasons for this; for a long time, small
instruments were used, of which the price was of the same order
as that of the receiver. It was a simple matter to reconstruct the
instrument completely, and even to use it to collect all the
available information. For mechanical reasons the focal ratio,
f/d, of radio telescopes is generally less than unity and coma
aberration limits the field considerably. We think that this
situation will rapidly change. For instance, the Cassegrain
system allows a simple lengthening of the focal length and
therefore a greater field. On the other hand, in order to explore
all the sky and even limited regions with a resolving power of a
few minutes would become impossibly long. To make simul-
taneous measurements on several declinations might be easy
and useful. Large aerials are extremely costly when compared
to receivers. We can then envisage the employment of several of
the latter.

To conclude, for reflecting telescopes the available informa-
tion is fixed by the field, itself determined by the aberrations.
For maximum speed of observation it is necessary to have as
many receiving horns as there are beam solid angles in the
field.

ii. Instruments using several aerials

The information from each aerial is coupled with a certain
phase. Let us take, for example, an interferometer with two
aerials EW pointing to the meridian. Usually, we are content to
record the amplitude of the fringes with a single phase setting;
according to the sampling theory it is necessary to record
simultaneously with two phase settings to obtain almost all the
available information.

This procedure has been used at Nangay in the NS network,
using eight aerials functioning on 169 me/s. If all the aerials are
in phase the lobe is on the axis. By displacing the central aerials
by 1/16, the two following by 4/8 and the extreme ones by 1/4,
we can shift the pointing direction by half a lobe and this
operation may be repeated sixteen times. Sixteen detectors thus
record simultaneously the signals from sixteen lobes. This
system is used to advantage for solar measurements.

The authors of the Benelux cross project are thinking of using
multiple phase settings for their radio telescopes, analogous to
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those which we have just described, and J. P. Wild likewise for
his radio heliograph.

iii. Aperture synthesis

This tiype of interferometer using two aerials at variable separ-
ations has for each spacing a different spatial passband. The
collection of results is recombined by a digital Fourier transform
in order to give an image of the observed regions. It is an ex-
tremely powerful method but somewhat difficult in practice, for
the restoration necessitates a knowledge not only of the ampli-
tude but also of the phase of the observed signal.

iv. Limits set by local conditions

Even with a perfect instrument it may happen, at least for
very great separations, that accidental out of phase components
due to the ionosphere or to the troposphere will occur. Recent
observations show that apparent displacements reaching in
extreme cases a few minutes of arc take place on metre wave-
lengths. Commonly, refractions of the order of a minute are
produced. On decimetre waves the situation is perhaps better,
but no conclusion can be drawn according to present-day
observations.

For the moment, we are sure that resolving powers of the
order of 10” can be achieved for a great part of the time, but
we cannot exclude that the terrestrial environment determines,
ag in optics, the greatest aperture of the apparatus beyond
which the resolving power will no longer increase.

THE PROBLEM OF MEASUREMENT—IMAGERY AND
RESTORATION
i. Isolated regions

The Sun is the principal representative of this category. Here
it is a question of an isolated object and one limited in space
from which the space signal has no component below a certain
frequency. We know that it is enough in order to study them
to make observations on multiples of a minimum spatial fre-
quency. This is the principle of arrays of multiple aerials
regularly spaced out, used in the first place by Christiansen. In
general, the illumination of these arrays is chosen in order to
have very weak side lobes but this is not an absolute necessity.
In fact, the image given by an instrument possessing a certain
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passband with an appreciable gain on the high frequencies, that
is to say, with important side lobes, can always be restored by a
numerical convolution containing a function (amounting to
artificial filtering). In this manner we can obtain an image closer
to the idea that we have in mind, but the intermediate image
contains more information on the higher frequencies and can
give more precise information on position.

Recent very high resolution measurements on a few radio
sources use the same method but the observations are sequential
instead of being simultaneous. An interferometer with two
reflectors is employed at variable distances. The space band of
the instrument, which can be called synthetic, has a rectangular
envelope and the restoration method will allow of eventual
restoration of the image. This very powerful procedure has been
applied here by Palmer, and almost simultaneously with less
resolving power but closer points at Cal. Tech. and at Nangay.

ii. Point sources

If we know a priori that a point source is isolated, then the
two-aerial interferometer gives the best accuracy on its position,
or better still, three aerials in order to remove the ambiguity.

Unfortunately, this ideal case is rare and very often we are
concerned with other relatively close sources which can modify
the fringe pattern. We approach therefore the question of con-
fusion which is very far from being treated in a satisfactory
manner.

iii. The establishment of a complete sky map

In this case, it is highly necessary to have an instrument with
a continuous space band with no zeros except at frequencies
close to zero on the one hand, yet sufficiently sensitive at high
frequencies in order to obtain the desired resolving power on the
other hand. Further, we have little information a priori on the
spectrum of the space signal. Finally, the image obtained by
filtering the signal in the bandwidth of the instrument will not
reproduce the real distribution of luminosity in the sky except
with certain attendant errors. Different optimizations are pos-
sible. We can try to obtain the average minimal quadratic error,
then the best spatial passband is rectangular. This method is
not often used for it gives large side lobes, and as a few very
bright sources exist in the sky their contribution extends over
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some distance. Other criteria can be employed, i.e. minimal
error in temperature or position measurements.

Finally, the determination of the spatial bandwidth of an
instrument is a compromise, and I again insist on the fact that
this compromise must take account as much of the criterion of
accuracy as of the type of objects observed.

Problems associated with measurement

i. Confusion appears in fact in the idea of error which we have
just described. Here it is a question of the appearance in the
record of fictitious sources due, for example, to the simultaneous
presence of several weak sources in the side lobes in phase.

To avoid this, it is admitted for the moment that it is neces-
sary to have, according to the aerial, between 20 and 100 beam
areas for each detected source but these figures have not a very
solid basis. Once more we must bring in the statistics of sources
as well as the characteristics of the instrument. The only
systematic study of this question has been made here at
Jodrell Bank by Hazard who clearly showed the inferiority of
interferometers when compared to total power instruments
from this point of view.

ii. The exposure time is determined most frequently by the
necessary sensitivity. In particular, for objects with low bright-
ness temperatures (e.g. external galaxies), the integration time
even with large radio telescopes and the best of present-day
receivers still remains relatively long. To make a complete
survey with an instrument having a resolving power of 1 minute
requires 20 years if we allow the sky to cross in front of a system
employing a single lobe. Interest in instruments using multiple
lobes is then obvious.

Finally, this question has no meaning except when the observ-
ations are not jammed. The allocation of frequencies for radio
astronomy appears more vital each day with the increase in
sensitivity, in interference and in the number of transmitters.

CONCLUSION

We have endeavoured during this sketch to show that radio
astronomers are now beginning to know how to choose the best
instrument for a specific measurement, or can, with an existing
apparatus, prejudge the value of any observations.
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During these few days the astronomical questions which are
being asked at the present day will be examined here. You will
see that they are very varied and it is very unlikely that one
radio telescope can be employed to resolve many problems.

Nevertheless, we must not go too far. You have here at
Jodrell Bank the example of a radio telescope used to advan-
tage for high resolution measurements, for survey work and
for planetary radar studies. It is certain that the very great
instruments of the future must also be suitable for a variety of
researches.
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RADIO ASTRONOMY FROM
SPACE VEHICLES

R. C. JENNISON

IN recent years man’s knowledge of the universe has been very
considerably extended through observations in the ‘window’ of
the electromagnetic spectrum whereby radio waves in the range
from about 15 to 15,000 Mc/s may propagate through the upper
atmosphere to aerials situated on the ground. Above 15,000
Me/s the molecular absorption of the Earth’s lower atmosphere
renders observation of extra-terrestrial radiation extremely
difficult, whilst below 15 Mc/s the Earth’s ionosphere and
terrestrial interference limit observation at the lower end of the
spectrum.

THE MILLIMETRE SPECTRUM

The difficulties above 15,000 Mc/s could be avoided by
mounting equipment in satellites or very high flying balloons,
but other problems would then arise in the techniques of mount-
ing and steering highly accurate aerial systems. At these very
high frequencies it is likely that the sky will appear as a system
of thermal sources, the regions of hot ionized gas in such objects
as the Orion nebula standing out more than the non-thermal
radio sources which are familiar at metre wavelengths. The Sun
would be expected to appear as a reasonably well behaved hot
body at a temperature of about 6000°K, whilst the planets
would also radiate with temperatures close to their thermal
temperatures; this is indicated by Table 5/I which lists the
temperatures of three of the planets determined from the sur-
face of the Earth by various observers at centimetre wave-
lengths. It may be noted that Venus and Jupiter are slightly
anomalous in that their temperatures differ from those deter-
mined at infra-red wavelengths. In the case of Jupiter the
apparent temperature increases at decimetre wavelengths to
about 100,000°K but is likely to be normal in the millimetre
band.

54
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TABLE 5/1
The temperature of the planels at centimetre wavelengths
Wavelength Temperature
Planet (em) (°K)
|
Venus 0-86 410 4 160
315 560 + 73
34 518 4- 47
3-37 575 + 58
9-4 580 + 160
Jupiter 315 145 + 26
32 177 + 22
375 210 + 7
10-3 640 4+ 85
Mars 3-14 211 4 28
315 218 4 76

The planet Venus is permanently covered by a complete
layer of cloud which effectively prevents optical observation of
either its surface or lower atmosphere. It is not known whether
water vapour and oxygen are present in this atmosphere. One
of the most useful experiments which might therefore be per-
formed from a satellite would be to fly a spectrometer covering
the water vapour and oxygen bands at 1} em and 5 mm respec-
tively, and to search for these substances in absorption against
the radiation from the surface of the planet.

This experiment presents a considerable technical difficulty in
the deployment of a suitable aerial. To compute the minimum
size of this aerial let us assume that the temperature of Venus
is 500°K and that the receiver has a noise temperature of
1000°K. The spectrometer will have to operate without manual
adjustment, and as we shall be searching for changes in the
temperature with frequency relative to the aerial temperature
of the planet, we shall require an aerial temperature from Venus
of, say, 50°K to give a usable spectrum. This, in turn, implies
a beam-width of the order of v/500/50 times the diameter of
Venus. As the latter is about one minute of arc the aerial beam
required is about 3’ arc or 1/1000 radian, requiring an aperture
of 1000 wavelengths or 5 metres for a wavelength of 5 mm.
This aperture would require an accuracy equal to or better than
1 mm according to the design of the aerial. It might be possible
to produce such an instrument by unfurling an aluminium foil
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or coated mylar parabola. A horn aerial is attractive but would
be excessively long and a slotted sandwich is probably pre-
ferable. By far the tidiest solution is to use a much smaller
aerial mounted on a space probe travelling close to the planet;
in these circumstances an aperture of a few centimetres would
suffice.

EXPERIMENTS AT LONG AND MEDIUM WAVELENGTHS

Certain features of the radio sky at frequencies of the order
of a few megacycles are to be expected by extrapolation from
surveys at higher frequencies. It is likely that radiation from
the corona of the galaxy may predominate whilst the galactic
plane will appear as a dark absorption band. The well-known
discrete radio sources will be insignificant, as well as the quiet
Sun. It is not known if other features exist which do not appear
on surveys at higher frequencies, and in this connection the
accidental discovery of emissions from Jupiter at 20 Mc/s may
be quoted as an example of the possibility of observing un-
expected phenomena in the many unexplored octaves of lower
frequeney.

Reber and Ellis (1956) have endeavoured to perform surveys
of the sky at medium wavelengths by ground observations
through ‘holes’ in the ionosphere. The results from these experi-
ments are not easy to interpret though they yield an order of
magnitude for the total flux from the Galaxy.

It is clearly of importance to perform a survey of the sky at
low frequencies with aerials of high resolving power and with-
out the need for the rare, difficult and complicated propagation
to ground stations through the earth’s ionosphere.

A high gain aerial at frequencies of the order of 1 Mec/s would
be an enormous structure many miles across and could not be
deployed from a satellite in the foreseeable future. Interfero-
meter systems between parts of a satellite connected by long
wires and between separate satellites can be conceived, but the
separation would have to be many miles before fine beams
could be achieved. Problems ensue in controlling the orienta-
tion of such systems during the lifetime of the satellite.

The situation appears very different when consideration is
given to the effect of placing the aerial in the region of decreas-
ing electron density above the F layer of the ionosphere. Even a
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short dipole may be shown to acquire a high gain and narrow
beamwidth in these circumstances.

THE DIRECTIVITY PATTERN OF AN AERIAL ABOVE
THE IONOSPHERE

The gradual decrease in the electron density modifies the
directivity pattern of an aerial immersed in the medium. This
situation was first investigated by Haselgrove, Haselgrove and
Jennison (1961a) who showed that the beam pattern is focused
into the direction of the vertical and is modulated by fine inter-
ference fringes which increase in amplitude towards the edge of
the pattern where the termination of the beam is extremely

(c)

(d)

Fra. 5/1.

(a) The directivity pattern corresponding to the conditions in Fig. 5/2(a).
(b) The directivity pattern corresponding to the conditions in Fig. 5/2(b).
(¢) '%?‘he effect of a finite bandwidth upon the directivity pattern of
ig. 5/1(a).
(d) The effect of a finite bandwidth upon the directivity pattern of
Fig. 5/1(b).
E
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sharp, as shown in Fig. 5/1 (a) and (). The above paper indi-
cated how the variations of signal strength could be obtained
for any orbit or ionosphere by digital computation ; it originally
contained a number of errors and obscurities which have since
been amended (Haselgrove et al., 1961b). A more rigorous wave
treatment including an investigation of the modification of the
directivity pattern of an aerial inclined at various angles above
the F layer has since been performed by Budden (1961).

These papers indicate that if radiation is emitted or received
at an angle 0 to the vertical by an aerial in the ionosphere, the
corresponding angle far beyond the ionosphere will in general
be different due to refraction. If this second angle is 6’ then,
assuming only that the ionosphere has symmetry about the
vertical axis through the satellite, the relative power gain of the
aerial at angle 0 is given by

sin 0 do
sin 0" df’
which may be written
cos 0’
nV (n? — sin? 0')
where n is the refractive index of the ionosphere at the satellite.

If, as an approximation, the Earth is considered to be flat, the
aerial beam is confined to a cone whose semi-angle 6, is deter-
mined solely by the refractive index in the vicinity of the
satellite, the semi-angle 6’, being given by sin 0’y = n. As
shown in Fig. 5/2 (a) the radiation at the edge of the cone is that
associated with the horizontal radiation at the aerial. This
approximation is reasonable for an aerial deeply immersed in
the ionosphere and operating on a frequency just above the
plasma frequency but it breaks down for higher frequencies or
more distant orbits. The limitation in the angle of radiation or
reception is naturally equivalent to an increase in the overall
gain of the aerial and useful gains of ten or twenty may be
obtained in this way before ionospheric irregularities cause
serious distortion.

The average gain of an isotropic aerial when immersed in the
ionosphere (assumed to be flat and plain stratified) is given by
the ratio of the solid angle of the reception cone of the combined
aerial-ionosphere system to the solid angle, 47, of an isotropic
system in free space.

SATELLITE
®)

]

SS -

» - s,
> "OWpgpieR® ¢
Fic. 5/2.

(@) Ray paths to a satellite aerial slightly above the maximum of the
F layer when the receiver is tuned to a frequency slightly higher
than the ambient plasma frequency (flat Earth and plane stratified
ionosphere approximation). A ray leaving the satellite at angle 6’
emerges at an angle 0’ at infinity. The limiting ray emerging at 6,
leaves the satellite horizontally (8, = 90°).

(b) The corresponding ray paths when the satellite is at a greater
distance from the Earth and the flat Earth and plane stratified
ionosphere approximations are no longer valid. The limiting ray
emerging at 6,” no longer meets the satellite horizontally.

Y
=
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Thus if 6’ is the semi-angle of the reception cone when the
aerial is immersed in the ionosphere the average gain

2

Gav. = 1 — cos @',

but the refractive index n, = V(1 — f2/f?) where f, is the am-

bient plasma frequency and fis the operating frequency, whence
we obtain cos 0y = f,/f and

2
G&v. =

1 ‘_fo/f

Typical values of f,/f, 6’y and G, are given in Table 5/II which
is similar to Table I in the original paper by Jennison (1961)
but also lists the forward gain in the last column.

TABLE 5/II
Average gain | Forward gain
Jo/f = cos &, ,;='/ U @y =sinin| 2 1
( f‘) ST =JJf = ar
1 0 0
0-98 0-2 11° 317 100 25
09 0-4359 25° 50’ 20 5-26
0-8 0-6000 36° 50’ 10 278
07 0-7141 45° 35" 6-7 1-96
0-6 0-8000 53° 10’ 5 1-56
05 0-8660 60° 00" 4 1-33
0-4 0-9165 66° 25" 33 1-19
03 0-9539 72° 30/ 2-85 1-10
0-2 0-9798 78° 30’ 25 1-04
01 0-9950 84° 20" 2:2 1-01
0-0 1-0000 90° 00’ 2-0 1

The forward gain may be obtained by substituting 6’ = 0 in the
expression

cos 0
nVn® — sin%
Hence the forward gain = 1
n!

This is listed in the last column of Table 5/IT but it should be
noted that it is not a good measure of the aerial efficiency as the
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beam pattern is more intense at the edges. The criterion of
forward gain is therefore inappropriate, as it is in the extreme
case of a system formed by two antiphase apertures, in which,
of course, the forward gain is zero.

The analysis by Haselgrove, Haselgrove and Jennison also
showed that the aerial directivity pattern is modulated by inter-
ference fringes resulting from the two possible ray paths to the
aerial, one direct and one reflected in the ionosphere beneath
the satellite. Furthermore, the aerial gain tends to increase
towards the edge of the pattern and the final edge is very sharply
bounded. Ray treatments show an infinity at the boundary but
Budden has shown that this is resolved by a wave analysis and
the open circuit aerial voltage

V = 1K,4i(Co)
for broadside radiation from a horizontal dipole and
V = 1K,44'({,)

for end-fire radiation from a horizontal dipole where K, and K,
are slowly varying functions involving the refractive index, the
gradient of refractive index and the angle 6. 1 is the length of
the aerial, 41 is an Airy integral and A1’ its vertical derivative.

If the aerial is at a large distance from the Earth such that the
electron density, and therefore the refractive index, is constant
or only slowly varying with distance, the directivity pattern is
no longer dictated by the conditions in the immediate vicinity
of the satellite, apart from the primary directivity pattern of
the aerial. In these circumstances the flat Earth approxima-
tions no longer hold, the rays defining the edge of the reception
cone no longer meet the satellite horizontally and the cone
semi-angle can exceed 90 degrees. The Earth and its ionosphere
still affect the directivity pattern as rays may still be reflected
and refracted at the appropriate levels as in Fig. 5/2 (b), so
that the pattern retains its fringe modulation and contains a
sharply cut ‘hole’ or shadow in the direction of the Earth.

In Table 5/11 a list is set out in which the semi-angle of the
reception cone and the aerial gain are given as a function of the
refractive index for a flat Earth and plain stratified ionosphere.
In Table 5/III maximum reception angles are quoted for two
sets of data on electron densities at large distances from the
Earth when a fuller analysis has been used.

In each case a background electron density of 102 has been




62 RADIO ASTRONOMY TODAY

TABLE 5/III

f(Me/s) 2 3 4
0’y degrees 123-7 128-1 130:-6*
at 5000 km 124-2 126-1 127-4%
6’, degrees 141-7 144-7 146-5%
at 10,000 km 144-0 145-0 145-61

* Based on the distribution of electron density determined by Berning
(1960).

+ Based on the distribution of electron density determined by Al’pert
et al. (1958).

used in extrapolation of the profiles. A background density of
any value from zero to 102 produces negligible difference in the
cone angles.

PRACTICAL SYSTEMS UTILIZING NON-MAGNETIC FOCUSING

The modification of the primary directivity pattern referred
to in the previous section may be used in a number of practi-
cal systems to achieve a high resolving power at medium
frequencies.

The principal properties of the combined aerial-ionosphere
reception pattern are:

(i) The restriction of the radiation into a narrow cone when
the refractive index approaches zero.

(ii) The modulation of the reception pattern by a system of
interference fringes (approximately concentric circles in hori-
zontal cross-section).

(iii) The very sharply bounded edge of the pattern preceded
by an enhancement due to focusing at the limb.

Property (i) would enable gains and beamwidths at least
comparable to those of Yagi aerials to be obtained at medium
waves, but the beamwidth is very susceptible to variation in
electron density and would continually change throughout the
orbit of a satellite. It would be possible, in principle, to monitor
the ambient electron density or plasma frequency and hence
predict the cone angle. A more ambitious proposal which could
only be applied to radiation having an approximately constant
spectrum, as may well be the case for cosmic radiation, is to
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control the frequency of the receiver by means of a servo
system to keep it always operating at a frequency where the
refractive index is a constant slightly in excess of zero. This
system would preserve a constant beamwidth although the
frequency of reception would be continuously varying. The
frequency could be monitored and passed back, after reduction
to a low data rate, by the telemetry system to give information
on the electron density of the ionosphere along with the output
of the receiver giving a crude sky survey on a further low data
rate channel. The direct application of the overall focusing
property has also been considered by Smith (1961).

Property (ii), the modulating fringe system, is only of use for
CW transmission or reception, though for bandwidths up to a
maximum of about 1 ke/s the fringes near the edge of the
reception cone may still be distinct. The zero-order fringe is
situated at the edge of the reception cone and whilst higher
orders, further towards the centre, would rapidly integrate out
over finite bandwidths, the position of the zero-order fringe
itself moves and hence also smooths out the fringes to give a
constant output with less sharp edges as a result of the change
in the semi-angle of the cone with change in frequency. The
fringe system appears, therefore, to be of little use to radio
astronomy although it may be that it will find uses in the field
of communications or for investigating the ionosphere itself.

(iii) The very sharply defined edge of the reception cone pre-
sents several possibilities for practical techniques. The intrinsic
resolving power of this edge is typically a few minutes of arec.
This figure would hold in practice if the system were mono-
chromatic and the ionosphere were perfectly smooth. The effect
of a finite bandwidth is to round off the edge to an extent which
is simply determined by the variation in semi-angle of the
reception cone over the same frequency range, as in Fig. 5/1(c)
and (d). If the satellite carrying the elementary aerial is a few
thousand kilometres from the Earth and the operating frequency
is about 2} to 3 Me/s, the effect of a bandwidth of 100 ke/s is
to reduce the resolving power to about 20 minutes of arc, whilst
a bandwidth of 1 Mc/s would still give a resolving power of the
order of three degrees.

The effect of ionospheric irregularities is not easy to assess
as very little is known about the small-scale distribution of
electron density above 500 km. It is probable that if the
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operating frequency is sufficiently high and the distance from the
Earth sufficiently great the effect of irregularities would not be
troublesome. Even under more adverse conditions the possible
effect of irregularities does not preclude the use of this principle
in a satellite technique as the obtainable resolution would be
very high and small sources, if such exist, might make their
presence known by the production of scintillations in the re-
ceived signal.

Two techniques have been proposed which make use of the
sharp edge of the reception pattern (Jennison, 1961). In the
first of these, the output of the receiver after detection is passed
through a bandpass filter with a lower frequency limit of several
minutes per cycle and an upper frequency limit adjusted to suit
the fastest rate of change of signal that could be caused by
radiation from a point source entering the edge of the reception
cone as the satellite orbits. This frequency is a function of orbit
and bandwidth and may lie between one cycle persecond and one
cycle per minute. The application of the bandpass filter removes
the large background level of signal and the remaining higher
Fourier components, corresponding to the edge of the reception
pattern, may be further amplified prior to connection to a low
data rate telemetry channel. The resolving power with this
technique is determined by the bandwidth and the high pass
limit of the filter whilst the large bandwidth and time constants
reduce the background noise ripple and enable a high sensitivity
to be obtained. The direct output of the detector, without
differentiation or further amplification, may be monitored on a
further low data rate channel.

The second proposal, making use of the sharp edge of the
reception cone, is to commutate the receiver rapidly between
two frequencies separated by a few tens or hundreds of kilo-
cycles. The output of the detector is commutated in synchronism
so that the reception in the two corresponding states is com-
pared. The difference signal, corresponding for a flat spectrum
to the signals from a narrow ring in the sky, is further amplified,
and passed to the telemetry as a low data rate signal.

The latter technique could be combined with that employing
the bandpass filter provided that a suitable switching rate were
chosen, and both could independently feed separate telemetry
inputs. Similarly the proposal making use of the narrow
reception cone where the refractive index approaches zero,
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could be incorporated in the same satellite by employing a
separate receiver on a lower frequency.

THE USE OF Z MODE PROPAGATION

Ellis (1962) has suggested the use of Z mode propagation for
the production of a pencil beam from an elementary aerial
mounted on a satellite which is orbiting between the levels of
critical frequency for the ordinary ray

(deﬁned by == o T "2)

am?
and for the Z mode

(defined by , Jfﬂ =12, where fy = 1),

2mme

In these circumstances rays can reach the satellite from the
sky only over a narrow range of angle centred on the Z mode
critical angle of incidence:

0, = sin—? [(f :If-HfH)% sin Bo:l

where 0, is the zenith angle of the geomagnetic field direction.
The critical angle is determined by the condition that the wave
normal of the incident rays must be aligned with the geomag-
netic field direction at the plasma level defined by f = f;. It has
been shown that the angular diameter of the Z propagation hole
is somewhat less than 1°. The hole is elongated in the direction
of the magnetic meridian as a result of the second indirect Z ray,
reflected by the ionosphere. Typical figures of Fy,, = 250 km,
operating frequency = 1 Mec/s and geomagnetic latitude = 50°,
show that the satellite may be between 550 and 1200 km if
forie.= 3 Mc/s and between 350 and 600 km if f;, = 2 Me/s.

The antenna acquires a high effective angular resolution but
does not have a correspondingly high gain. No details of the
usable bandwidth or achievable signal to noise ratio are
available in the reference.
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THE USE OF COMPUTERS IN
RADIO ASTRONOMY

J. G. DAVIES

ELEcTRONIC computers can be applied to radio astronomy in
a variety of ways. We immediately think of the calculation of
ephemerides and co-ordinate conversion tables, which tell us
in which direction to point our telescope to study a particular
object. This is, however, a fairly straightforward way of using
a computer, and I shall not discuss it further. To go a stage
further, the movements of a telescope might be under the direct
control of a computer.

The second major branch of the use of digital techniques in
radio astronomy is in data logging. This is the application of
automatic techniques to by-pass the recording of data on charts,
and the later reading of these charts in numerical form, punch-
ing them out by hand on tape so that further work can be
done in a computer.

The third branch of the application of digital techniques to
radio astronomy is in data reduction. It is to this third branch
that I wish to devote most attention in this paper, as it is this
sort of work which is being carried out here by Mr. Haslam,
Dr. Largé and myself. In general this involves the use of large
computers. The data must be in the form of punched tape,
punched cards, or possibly magnetic tape and it is put into one
of these forms either automatically by a data logger, or by hand
from the reading of paper charts. The computer is then used to
reduce this data in volume, to analyse it, and finally to present
it as nearly as possible in the form in which one wants it. Also
the computer can be used for comparing different sets of data,
which may have been obtained at different observatories. There
has been a lot of work done here on the analysis of meteor
orbits; the reduction of the orbits originally took 1} hours per
meteor, but now it is done in a few seconds by automatic
techniques.

67
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THE BASIO DATA

Let us now restrict ourselves to the problem of the reduction
of data. The case we shall take is where a region of sky has been
surveyed with a total power receiver and we wish to produce
from this a map showing contours of constant brightness
temperature as a function of position in the sky. At Jodrell
Bank the basic data consist of two punched paper tapes. The
first of these contains the time, azimuth and elevation of the
telescope, which can be punched out at intervals ranging from
ten seconds to five minutes. The azimuth and elevation are
read from repeaters on the telescope itself, and so represent the
true position of the telescope, rather than the demanded
position, which eliminates errors in the analogue computer and
servo system which drive the telescope.

The second tape contains the receiver output voltage, again
as a function of time. Thus, the two tapes are separate but are
related because they each contain universal time as the inde-
pendent variable. The problem is to eliminate the times on these
two tapes within the computer, and to express the receiver out-
put voltage as a function of some selected co-ordinate system.

THE CO-ORDINATE SYSTEM

The co-ordinate system will normally be a system which is
fixed to the celestial sphere. The method which we have adopted
is to take the region of sky, which we assume to be rectangular,
and to cover this with a uniform grid of points in two co-ordin-
ates. This grid can be defined in various ways, for example
we could use right ascension and declination as our two co-
ordinates; but latitude- and longitude-like systems are such that
they cannot well be represented on a flat piece of paper. We
have defined a co-ordinate system which is symmetrical in both
co-ordinates and which gives the least distortion of the spherical
co-ordinates over the region of sky in which we are interested.
First we define the position of the centre of the region, either
in celestial or galactic co-ordinates, and choose this to be our
origin. Suppose that we are using celestial co-ordinates. We
construct two orthogonal great circles through the origin. One
of these is identical with the meridian circle through this point
and represents a line of constant right ascension. The other
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great circle is the y-axis: it is tangential at the origin to a small
circle of constant declination, but diverges from it as # increases
positively or negatively. The x and y co-ordinates of a point are
now defined as the angular distances (along great circles) of that
point from the y and « great circles, respectively. This system
introduces no distortion at all along the axes, regardless of how
far we go in either of these directions. The maximum distortion
occurs almost equally in the four corners of the region, and is
quite small for the size of region with which we are concerned at
the present time. An effect of distortion which we must remem-
ber is that if the beam shape is represented at the origin by a
circle of a certain size, the circle will be distorted if we try to
represent the beam shape in a corner of the map, which is rele-
vant if one is performing a convolution process in the computer.
However, this is a second-order effect which can be ignored for
most practical purposes.

CONSTRUCTION OF AN INTENSITY MATRIX

We have, then, a grid of points at uniform intervals in the
x—y co-ordinates, and we wish to represent the region of sky by
specifying its intensity at each point. How do we convert our
two punched tapes into this form? First it is necessary to con-
dense the data, because of the limited storage capacity of the
Ferranti Mercury computer which we have been using. Gener-
ally the region of sky will have been explored by moving the
telescope beam across it in a number of discrete scans. The
computer converts the time-azimuth-elevation data points into
time z—y data points, and stores those points lying within the
region. Of course, we have to tell it the size and position of the
region for it to be able to do this. It then takes all the points
lying on a scan and fits to them, by a least-square process, two
parabolic equations of motion of the form

T = ay + a,t + a,t?

y = bo + blt + bsta
Between specified times, these two equations represent the
motion of the telescope across the region, so 10 or 20 data points,
amounting to 30 or 60 discrete numbers, are condensed into six
coefficients and two times. The computer now knows when the
telescope was pointing within the region, and can select from
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the tape containing time and receiver voltage those points
representing intensities along a particular scan within the
region. These intensities will be at arbitrary points within the
region, and not, in general, at the points forming the regular
grid, as we should like them to be. The process of converting
from intensities at known but arbitrary points is as follows.

The intensities are corrected for linearity, gain and baselevel;
the computer decides whether the scan is more nearly parallel
to the z or the y axis. Suppose it is the x axis. It then constructs
a tabular scan, which specifies the intensities along the scan at
the points of intersection (tabular points) with lines of constant
2. Imagine a suitable weighting function, centred at a tabular
point, whose amplitude falls with increasing distance from the
tabular point. Then surrounding data points are added into the
tabular point with weights proportional to the amplitude of
the weighting function. This amounts to a one-dimensional con-
volution process. If the weighting function is sufficiently nar-
row there need be no appreciable degradation of the telescope
resolution by this process. We now have the intensities specified
at tabular intervals of 2 but not necessarily of y. The intensities
are normalized by dividing them by the sum of the values of the
weighting function used in constructing them, and a second con-
volution is performed in the other dimension to find the inten-
sities at tabular intervals of y. The intensities at these points
must be normalized after the second convolution, again by
dividing by the sum of the weights used at any given point.
To summarize: the scans are converted into tabular scans,
which are added, one by one, to the matrix of points which is
stored in the computer.

Having obtained a map of a region of sky in this standard
form, there is a variety of things which we can do. For example,
to compare one’s own survey with one made at a lower resolu-
tion it is a simple matter to perform in the computer a two-
dimensional convolution which will degrade the resolution by
an appropriate amount. I must also mention the process of
contour plotting: we have a programme which will compute the
co-ordinates of a chosen contour level by a two-dimensional
interpolation between the matrix points. The co-ordmates can
be punched in a form suitable for plotting on the automatic
graph plotter at Jodrell Bank, so that contour maps can be
produced literally untouched by human hand.
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Fic. 6/1.—A survey of the Cygnus-X region at 408 Me/s, completely
reduced by hand (Mathewson, Large and Haslam, 1960).
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Fra. 6/2.—A survey of the Cygnus-X region at 408 Me/s, reduced

entirely in the Mercury computer. The slight differences between this

map and that shown in Fig. 6/1 are due partly to the choice of contour

levels, and partly because the spacing of scans in the automatic survey

was rather too wide to give good correlation between scans (Haslam,
Davies and Large, 1962).
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THE RESULTS

Figs. 6/1 and 6/2 show for comparison two surveys of the

gnus-X region, made at a frequency of 408 Mec/s, the first
completely reduced by hand (Mathewson, Large and Haslam,
1960), the second entirely analysed by machine and automatic-
ally plotted. It will be seen that there is good agreement between
the two maps.

Fig. 6/3 shows the technique of comparing three different
surveys, again of the Cygnus-X region, two of which were made
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F1c. 6/3.—Showing contours of constant spectral index in the Cygnus-X
region, obtained by comparison of maps at 240, 408 and 1390 Me/s in
the Mercury computer (Haslam, Davies and Large, 1962). The numbers
do not represent absolute values of spectral index, but there is clearly

an increase in the non-thermal component in the bottom right-hand
corner of the map.

here, at 240 Mec/s and 408 Mec/s, and the third is at 1390 Mc/s
and was made in Holland (Westerhout, 1958). Using point-
by-point comparison of the three matrices in the computer, a
matrix of spectral index was constructed, and contours of con-
stant spectral index were plotted. The numbers do not repre-
gent absolute spectral index because the baselevels of the three
maps are arbitrary, but the figure does show a real variation
of spectral index, becoming more non-thermal in the bottom
right-hand corner.

Fig. 6/4 is an entirely new map which has been reduced
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automatically. It shows the North Galactic Spur at 240 Mc/s;
the saving in time is very great indeed as I think this would
have taken about a year to reduce by hand, but took only about
thirty hours of computer time.
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FQIG. 6/4.—A map of the North Galactic Spur made at 240 Me/s with a
1° beam, and reduced almost entirely automatically. The total computing
time was about 30 hours. (Reproduced by kind permission of Dr. M, I.
Large.)
Most of what I have described up to now has been published
recently (Haslam, Davies and Large, 1962).

A DIGITALLY-CONTROLLED TELESCOPE

I would like now to say a few words about another use for
computers in radio astronomy, to show the way in which our
thoughts are going for the future. The foundations have already

been laid at Jodrell Bank for a new telescope with an elliptical
¥




74 RADIO ASTRONOMY TODAY

bowl of about 120" x 80’. We are proposing to install in the
control system a small special purpose computer, with a store of
about 4000 words. This would have as its primary function the
conversion of the co-ordinate system to celestial co-ordinates,
galactic, or any other system one might choose. It will have
inputs from digitizers on the telescope itself, that is it will read
directly the actual position of the telescope at any interval of
time. It will compare this with the demanded position which it
has just computed and will produce voltages at the outputs of
the computer which can be amplified directly and fed to the
driving system. Obviously, safeguards will have to be built into
the computer to prevent undue torque, velocity or accelera-
tion being demanded. The response of the servo system may
be more rapid than with an analogue computer, because the
optimum filter can be built in a mathematical form which might
not be realizable electronically. The method of control of the
telescope, too, can be much more flexible than in an analogue
computer: for example, if we want to do a series of scans across
a region of sky, the data defining the scans can be fed into the
computer in advance. Each scan can be executed individually,
being initiated when the observer presses a switch on the con-
sole; he can then select the time of each scan according to how
well his apparatus is functioning and to how much interference
there is, without having to worry about setting up rates and
co-ordinate systems. A scan could very easily be repeated if it
were spoilt by interference.

It is probable that the computer will spend only half of its
time actually controlling the telescope, and the remainder could
be used for doing simple real-time data processing. Forinstance,
if the data are extremely redundant, the computer can be used
to reduce the volume of punched tape which we have to store.
If positional and intensity information could be combined on a
single tape it might remove the difficulty of combining two
tapes in the subsequent data processing.

The computer will have a number of input switches which can
be used for control of rates of scanning, etc. However, the
function of each switch could be determined by the programme
in the machine, to make it completely flexible. It will also have
eight output displays, of up to six decimal digits. These again
will be general outputs, and what they display can be deter-
mined by the programme.
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DISCUSSION

Dr. H. P. Palmer: ‘How does this computer compare with
the Ferranti Mercury?’

Dr. J. G. Davies: “This is a special purpose computer, origin-
ally designed for industrial control. It will have a storage of
4000 words, of which maybe half will be used for the programme.
Mercury has a fast store of 1000 words, and a magnetic-drum
backing store of 16,000 words, of which a proportion is normally
taken up by programmes and translation programmes. So 4000
for this special-purpose computer is fairly generous. When Atlas
comes into operation in Manchester the total storage becomes
96,000 for the drum and fast store combined, backed by a
magnetic tape store of 2} million. We shall have a private line
to the Atlas building which we hope will ultimately be wired
directly into Atlas.’

(Unidentified.) ‘Does your digitizing system integrate the
receiver voltage?’

Dr.J. G. Davies: “When we have used the data logger for real-
time recording, we have employed an integrating condenser
which is short-circuited directly after reading, every 10 seconds.
The short-circuiting ensures that a burst of interference, which
may ruin one reading, will be “forgotten’’ before the nextreading.
However when the chart-reading machine is used, it is possible
to edit out short bursts of interference from the records, by
drawing a pencil line underneath them, and also to integrate
the noise by eye.

Dr. H, P. Palmer: “You told us that the map which you
showed was produced in a much shorter time than by hand.
Does this allow for the time taken to write the programmes?’

Dr. J. G. Davies: “The programming effort was perhaps com-
parable with the work required to produce only one of these
maps by hand. The first map therefore takes as long as by
hand, but the second is much quicker.’
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RECENT DEVELOPMENTS
IN RADIO TELESCOPE DESIGN

A Discussion
Contributors: M. Ryle, E. J. Blum,
J. P. Wild and F. T. Haddock

PROFESSOR SIR BERNARD LOVELL was chairman of the dis-
cussion. In welcoming the speakers he said that the develop-
ment of radio astronomy depended on the improvement of both
sensitivity and resolving power of radio telescopes. In think-
ing about the requirements in radio astronomy over the next
generation of instruments, one is made acutely aware of these
factors. The degree to which the need for sensitivity or resolving
power determines the design depends largely on the purpose for
which the instrument is required. For such problems as source
counting for cosmological investigations, the limitation is pri-
marily one of confusion, and a cross or aperture synthesis type
of telescope is appropriate. For many other problems, including
long baseline diameter measurement, observations of time-
varying phenomena and radar echo work, a fully-filled steerable
aperture is the only way of obtaining the desired result.

APERTURE SYNTHESIS BY M. RYLE

As Professor Lovell has said, the two principal problems
of investigating the radio emission from the sky are those of
sensitivity and resolving power. If we consider first the sensiti-
vity problem, we know that what matters is the ratio of power
received from the source to the total system noise. The system
noise that can be achieved is of the order of 100°K for wave-
lengths of about 50 cm down to about 3 em. At wavelengths
longer than about 1 m the system noise rises as about 4*%, since
most of the noise power comes from the sky. If you are interested
in looking at the background component, the signal to noise
ratio is substantially constant at 2 > 1 m, and falls rapidly at
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shorter wavelengths. This indicates an optimum wavelength
of about 1 m for background observations with a fully-filled
instrument. In observing radio sources, for which the flux den-
sity varies as about 1”7, we find that for a given ‘collecting area’
the available signal to noise has a shallow maximum in the
vicinity of 75 cm.

The requirements of frequency and sensitivity determine the
total collecting area that we need to build. The question now
arises whether the resolving power will be sufficient if this area
is achieved in a fully-filled aperture. This is where aperture
synthesis comes in, for if we use a partly filled aperture we can
increase the resolving power of a telescope without sacrificing
its sensitivity. We can then choose the wavelength and physical
area to give the necessary signal to noise ratio, and make the
resolving power what we need by partial filling.

That, then, briefly explains the need for partly filled aper-
tures. Let us now see how they work. A large (square) aerial of
side D may be considered as made up of a large number of
smaller square aerials of side d (Fig. 7/1). In each of these small
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F1a. 7/1.—Diagram to illustrate the two-dimensional synthesis of an

aperture.

aerials there will be an e.m.f. which is made up of the vector
addition of all the contributions from various parts of the sky.
These will be different in each of the small aerials. In a con-
ventional aperture all the components are simply added to-
gether in phase (as in a parabolic reflector with dipole feed)
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and only waves arriving normal to the aperture plane .produce
a large signal. The vector components from waves in other
directions cancel, and the system has a very small response.
Thus the power, P, received will be related to the small (vector)
e.mn.f.s, e, €y, in the individual aerials, thus:

P oc Ze,? + Zeye, €08 (pm — ¢,)

Suppose we want to reproduce the polar diagram of the large
aerial by aperture synthesis. The first term represents the aver-
age sky brightness over the reception pattern of the elementary
aerial, whilst the second provides the high resolution. We can
now take two small aerials and connect them to a correlation
type receiver which measures the quantity e,e, cos (¢; — ¢s).
By moving the two aerials about and repeating the measure-
ment we can measure all the cross-correlation terms and by
adding the results (vectorially) obtain the resolving power that
would have been achieved by the large aerial. Of course in the
original aperture some spacings of the small aerials occur more
commonly than others, so that to reproduce a uniformly
illuminated aperture, the observations must be combined with
suitable weights.

Now the important point is that although it takes a long time
to make one set of observations, we can use the observations to
investigate not only one point in the sky, but a large number of
points. This is achieved by putting in progressive phase grad-
ients in the contributions from different spacings and in this
way we can scan the beam into different positions. Thus without
making any more observations we can scan in the computer an
area of sky which is limited only by the resolving power of each
of the elementary aerials. As we shall see in a moment the time
required for a survey is about the same as that for the full
equivalent instrument.

There are various ways in which an aperture synthesis may
be realized. If it is desired to synthesize a square aperture of
size D, this may be done by fixing one small element and moving
the other over an area 2D x D. Another way is to have the two
elements mounted on railway tracks in the form of a letter 7',
which is effectively three arms (the fourth is unnecessary) of a
cross of dimensions 2D. We can if we like go to a one-dimen-
sional synthesis, in which a long element (length 2D) is built,
and the synthesis is made by moving a small element along a
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line at right angles to the long element. This is particularly
convenient in practice when the long aerial is built E-W, since
it is only necessary to provide for rotation about this long axis,
for complete sky coverage to be obtained.

If we take this one stage further and fill in the other (N-S)
arm, we are back to the Mills cross in which all the relative
spacings are present simultaneously. Another method, proposed
by Wild (1961), which also has all the spacings present simul-
taneously, consists of a circular ring of diameter D.

So far we have discussed pencil beam instruments. Interfero-
meters may be synthesized equally well, by having the small
elements of one arm displaced relative to the other.

It is now important to consider the signal to noise ratios
which may be achieved in aperture synthesis. To make a map
of a given area of sky with an aperture of sides @ and b you must
observe points in the sky separated in angle by amounts not
greater than A/2a and A/2b to obtain full information. Let us
consider the time it takes to observe an area of sky Q using a
time constant 7. For a conventional aperture (square, of size D)

2
then the total number of observations is given by 4.0% . The

signal to noise is proportional to D24/7. If we now carry out the
same survey using a two-dimensional synthesis, in which you
have a pair of aerials of size d, then in each relative position of

these you will have to make a total of 4(2(;—: observations, and
D2
dz
to complete the synthesis. The total observing time is thus

the two aerials have to be placed at 2— independent spacings

2
BQ%-:, or just twice the time required for the filled aperture

survey. The signal to noise ratio of each observation will be
2

- D
2d2v/7, and since there are 225 observations, and the noise

powers add incoherently, the final signal to noise on the result-
ing map will be
sz, [2D°
dz2

If we cut down the integration time to }= to make the observing
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time equal to that for the filled aperture survey, then the final
signal to noise ratio is 2dDV/7. There is a small numerical factor
missing because we have not weighted the observations, but you
can see that we now have a system which will survey a region
with the same resolving power and a signal to noise which is
down by a factor of d/D (not d?/D* as might be thought). That
is to say that the effective collecting area from the point of
view of signal to noise is the geometric mean of the synthesized
area and the small element. The same result also applies to a
one-dimensional synthesis and to a Mills cross.

At Cambridge we are just starting construction of an instru-
ment for two-dimensional synthesis. Instead of moving the
second aerial over a two-dimensional field of points, the diurnal-
rotation of the Earth is used to rotate the baseline through
180 degrees in twelve hours. Thus by placing the two elements
at a set of points on an E-W baseline we have a complete set of
spacings and orientations for the synthesis of a circular aperture
of diameter equal to the maximum spacing used.
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ParTLY FILLED APERTURES BY E. J. Brum

In a normal Mills cross radio telescope an array of dipoles is
built, the dipoles being linked by cables. Some tapering of the
feed system is introduced in order to produce a satisfactory
beam shape with low sidelobe levels. For very large cross-type
aerials this design is not completely satisfactory and two alter-
natives have been put forward forthe design of the large Benelux
Cross.

In the first design (Christiansen and Hogbom, 1961) a long
cylindrical paraboloid forms one of the arms, but gaps of length
TV are left at regular intervals. Each section of this arm has its
own individual line feed system and preamplifier. The elements
of the orthogonal arm are then sections of cylindrical para-
boloid of length [ parallel to the first arm. Thus all spatial fre-
quencies in the response of the aerial are present, up to the
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maximum determined by the length of the arms. This scheme
was also proposed by Bracewell (1961) and has many attractive
features, but it is not much use in hydrogen line work where
continuous following may be necessary in order to achieve long
integration times. Therefore in the latest design for the Benelux
cross, there is a double row of parabolae in each arm, arranged
in a staggered pattern so that there are no gaps left in the
spatial frequencies. There will be a total of 123 33-metre dishes
in arms 1-5 km long, and many combinations of connections
between the elements will be available (about 4000 in number).

Another possibility is to combine the principles of the cross
aerial with that of the Kraus fixed reflector aerial to make a
cross of two narrow sections of parabolic surface. The sections
would have very long focal length, and would be arranged so
that their foci were at ground level. Such an instrument would
be limited to observing quite close to the zenith, but could well
have such sensitivity that it could be used for cosmological
investigations. Von Hoerner (1961) has described such a scheme.
By combining this with a movable reflector it would be possible
to explore the whole sky.

Discussion

In reply to questions Professor Blum said that the final design
of the Benelux cross had not been decided upon. He agreed that
the ultimate limit in the possibility of realizing very high
resolutions (by whatever kind of instrument) would be set by
differential variations in the ionosphere, or troposphere. Dr.
Jennison emphasized that if one used interferometers between
each of three aerials phase variations introduced by the iono-
sphere could be cancelled in the analysis. (Jennison, 1958).
Professor Blum also pointed out that a filled aperture may be
arranged to provide many independent beams in the sky
simultaneously. If this is done then the method of aperture
synthesis shows up less well in a comparison of the sensitivities
of various types of radio telescope.

REFERENCES

Bracewell, R. N., 1961, Stanford Radio Astronomy Inst. Publ., No. 14.
Christiansen, W. N., and Hégbom, J. A., 1961, Nature, 191, 215.
Jennison, R. C., 1955, M.N.R.A.S., 118, 276.

Von Hoerner, S., 1961, Publ. N.R.4.0., 1, 19 and 63.




82 RADIO ASTRONOMY TODAY

A NEw TELESCOPE FOR SOLAR RADIO OBSERVATIONS
BY J. P. WiLp

I shall describe a new instrument for obtaining radio pictures
of the Sun. The problem of solar radio astronomy differs from
that of general sky radio astronomy in that the Sun is a variable
radio source. This means that we must take pictures of the Sun
in a short time, and cannot reasonably use the method of
aperture synthesis. On the other hand, the Sun is such a strong
source that the radio emission from the rest of the sky can be
ignored, enabling one to make considerable economies in the
design of an instrument.

The requirement of our new instrument to be built in Sydney
is to form radio pictures of the Sun at 80 Me/s with a resolution
of 3-5 min of arc over a 2° field. The instrument is to be able to
form a picture of the high intensity (burst) emission in one or
two seconds, and of the weaker quiet Sun emission in a few
minutes.

This could be done with a steerable paraboloid 3 km in
diameter. A more reasonable proposal is to use a cross aerial of
6 km arms, and in looking for economies in the design, it seemed
that a circular array offered several advantages. That is to say
we simply use the outside rim of the 3 km paraboloid. The polar
diagram of such an annulus is similar to that of a fully-filled
aperture, but with large side lobes. Mathematically it is given

2
by (Jo(z))? compared with the ({l-ii)) for the filled circular
aperture. However since the ring aperture contains every spac-
ing and orientation present in the fully-filled aperture it is pos-
sible to recover the image that would have been produced by
the filled aperture. This may be done by a convolution using the
appropriate circularly symmetrical function.

There is no need to build the whole of the ring aerial. If the
ring is broken up into a number of small, spaced elements, the
polar diagram will be identical to that of a complete ring out to
a certain angular radius determined by the spacing of the
individual elements, while beyond this radius a complex side-
lobe structure appears. Since the Sun is very much more intense
than the rest of the sky, this side-lobe structure is unimportant
provided it lies completely outside the desired field of view
containing the Sun. This requirement can be met by making the
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gaps in the ring suitably close, and in the Sydney instrument it
is proposed to build 100 parabolic dishes each 42 ft in diameter
and steered towards the Sun. At each element there will be a
preamplifier, and the open wire feeders will run along radii to the
laboratory at the centre of the circle.

At the centre there will be 60 detectors with different phase
connections from the mixers so that 60 beams will traverse the
Sun simultaneously. The beams will sweep the Sun about once
per second, a complete 60-line picture of the bursty Sun being
formed in a second.

We have looked into a number of analogue means of restoring
the image of the Sun from the records while observations are in
progress, but the latest idea is to record the picture in the fast-
store of a small special-purpose digital computer, convolve it
with the necessary beam restoring function and display the
output on a cathode-ray tube where it will be photographed by
a cine camera.

The circle arrangement of elements is preferable to a cross
for the following reasons:

(i) The total extent of flat land required by the instrument
is smaller (although the area may be larger or more
awkward in shape!).

(ii) The connections to the elements are twice as short as in
the cross (with consequent reduced attenuation), and
more symmetrically disposed.

(iii) Fewer elements are required. To do the same job with
the same redundancy the circle needs /4 times the
number of elements as the cross.

(iv) Calibration of the phase connections can possibly be
made by radiating a test signal from the centre of the
circle.

Discussion

In reply to questions Dr. Wild said that some of the elements
of the ring aerial could be omitted without loss of basic informa-
tion. However the full range of possibilities and comparison
with the cross type of aerial had not been worked out. The
Sydney instrument was designed to be able to follow the Sun
for two hours on each side of transit. There had been some talk
of building the aerial elliptical rather than circular, in order to
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avoid the foreshortening effect. This leads to the elegant result
that the length of feeders is then exactly right if they are mixed
at a focus of the ellipse, but for practical reasons it may be
better to use the circular shape.

LARGE RaDp10o TELESCOPES IN AMERICA
BY F. T. HADDOCK

The 1000-ft spherical reflector is being built in Arecibo,
Puerto Rico, under the direction of Professor William Gordon
of Cornell University. The reflecting membrane will be formed
by suspending a wire mesh from the periphery of a large hole
in the ground. At the focus will be a long travelling-wave
antenna structure having a phase structure such that the
spherical aberration of the reflector is eliminated. This instru-
ment will be used with high-power radar to study back-scatter
from electrons in the region from the ionosphere to the solar
corona and to study the planets. It will also be used for passive
radio astronomy observations at frequencies, hopefully up to
1420 Me/s.

The 600-ft completely steerable paraboloid reflector being
built at Sugar Grove, West Virginia, by the Navy is designed to
operate up to 2400 Mec/s. In May about 75 per cent of the engin-
eering design and 25 per cent of the construction had been
completed. The surface will be formed out of 250 shaped panels
about 70 ft square and covered with a $-in expanded metal
mesh. The corners of the panels will be individually servo-
controlled to the correct position as determined by a ‘silo’, a
vast drum of invar metal, which will direct 250 pairs of light
beams to the corners of each panel for position reference. When
the instrument is not required for operational purposes it will
be available for radio astronomy as a national facility. [On
July 19, 1962, the United States Government announced the
cancellation of this project. The reasons given were that the
structure grew to unmanageable weight and complexity com-
pletely beyond that expected and this resulted in increasing
costs. Furthermore, the instrument was of decreasing potential
usefulness because of unforeseen advances in science and tech-
nology and was being bypassed by electronic and satellite
technology.]

The 300-ft parabolic reflector at Green Bank, West Virginia,
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is being constructed by the National Radio Astronomy Observa-
tory. It is a meridian instrument designed primarily for the
21-cm hydrogen-line observations. It is nearing completion and
will be in operation in early autumn.

The 140-ft precision reflector, partially constructed at the
same observatory, is designed to operate at a wavelength of
3 cm. The design specifies a spherical oil-pad bearing which has
led to nearly insurmountable fabrication problems. At present
the construction of the project is at a reduced pace while a
restudy of design and fabrication is under way.

The 400-ft by 600-ft north-south cylindrical parabolic re-
flector being built at the University of Illinois is nearing com-
pletion. This reflector was formed by shaping a suitable valley
and lining it with roofing material and a reflecting wire mesh.
Difficulties were experienced with rain water washing out the
underlying ground. These problems have now been solved. It is
planned to start in the near future transit observation of radio
sources for cosmological purposes.

Discussion

In reply to questions Professor Haddock said that he knew of
no American plan to establish large radio telescopes in space
other than about 30-ft paraboloids for telemetry. At milli-
metre wavelengths there are plans to scan Venus at 13-5 milli-
metres and 19 millimetres from a range of about 20,000 kilo-
metres on a fly-by trajectory in order to obtain a radiometric
map of the planet and to study the solid surface.
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INTERSTELLAR MATTER
F. D. KAHN

BASIC QUANTITIES

THE total intensity of starlight gives us a fair impression of
the radiant energy density available in interstellar space. The
radiation field there is usually likened to that of a black body at
10¢°K, diluted by a factor 10~14, This makes its energy density
equal to that found in thermodynamic equilibrium at 3°K.

However, it is a poor approximation to compare the intensity
distribution to that of the black body spectrum, since the
interstellar field is due to the superposition of light from many
stars, none of which radiates like a black body. The curve most
commonly used for the energy distribution was calculated by
Lambrecht (1955); his work was done before measurements of
stellar ultra-violet radiation had been made from rockets and
satellites, and will probably have to be revised in the all-
important region 4 < 3000 A.

The density of matter in interstellar space can be estimated
—given certain assumptions—from that of interstellar atomic
hydrogen. Observation and interpretation of 21-ecm line profiles
give an average density of the order of one H atom per em? in
our part of the Galaxy, and within a slab of some 500 parsec
thickness around the galactic plane (Westerhout, 1957). With
the commonly assumed composition for interstellar matter (see,
for example, Kahn, 1960), this corresponds to a mass density of
some 2-8 x 102 gm /em?. For comparison, the smoothed-out
mass density of the stars in our neighbourhood is estimated to
be about 0-08 © per parsec?, or 6 x 10-2¢ gm /em?. In other
words near the Sun the mass contributed by the stars is about
twice that contributed by interstellar matter.

COMPOSITION OF INTERSTELLAR MATTER

Interstellar spectral lines have been observed in absorption
for H, Na, K, Ca, Ti, Fe, CH, CN, and NaH, while H, O and N
86

INTERSTELLAR MATTER 87

have been observed in emission. The relative intensities of the
various lines agree with the assumption that the interstellar gas
has a composition like that of a population I star. This means
that the elements heavier than helium are expected to contri-
bute only some two per cent by mass; the remainder would be
hydrogen and helium, present in the ratio of about 3:2, by
mass.

But a large uncertainty remains, partly because of the
existence of interstellar dust, which incidentally obscures our
view of stars lying in or near the galactic plane. The mean free
path for a photon through the dust is about one kiloparsec, but
this length varies with colour since blue light is scattered very
much more than red. The variation of scattering efficiency with
wavelength can be found by observation of the reddening of
distant stars whose colour is known; a subsequent comparison
of this observed variation of scattering efficiency can then be
made with the variation predicted by theory for different
models of dust grains. From such considerations and from data
concerning the forward directivity of the scattering process, van
de Hulst (1955) concludes that the best model for a dust grain
has a diameter of 10~* ¢em, and is composed of frozen H,0, CH,
and NHj, together with various impurities. The mass of a grain
of this size and consisting of such a mixture would be about
5 x 10713 gm and its extinction area about 2-7 x 10~% em? for
radiation with 2 = 5000 A. It follows that on the average there
must be about 1-1 x 10~ grains per em? in order to produce
the required extinction; the grains therefore contribute some
55 x 10727 gm/em? to the interstellar mass density. It is thus
quite possible that they contain an appreciable fraction of the
heavier atoms in interstellar space. The fraction may be larger
than our figures indicate, for our estimate of the mass of the
interstellar dust has probably been rather economical. We have
taken rather large values for the photon mean free path and
for the scattering efficiency of the typical grain, both of which
would tend to reduce the mass of dust required.

IONIZED HYDROGEN (H II) REGIONS

Radiation from very early-type O and B stars contains an
appreciable amount of ultra-violet light beyond the Lyman
limit, that is with 2 < 912 A. This radiation can, and does,
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jonize the hydrogen nearby to form H II regions. The size of an
H II region can be simply related to L, the rate of production
by its exciting star(s) of photons beyond the Lyman limit.
These photons are mainly required to balance the recombina-
tions which occur in the interior of the H II region, at a rate
Bn,n, per unit volume and unit time.

Here B = recombination coefficient to all states
n,, n, = proton and electron densities, respectively

If p is the recombination coefficient to the ground state,
then a Lyman-continuum photon is recovered in a fraction /B
of the recombinations. Supply and demand are balanced when

L*=I(B—ﬂ)n,n,dV L.

the integration being carried out over the volume ¥ of the H IT
region,

The expression on the right-hand side of (1) bears a simple
relation to some quantities which can be directly observed.
Optical observation of H II regions is usually made by means
of the Ha line, seen in emission. The rate at which such photons
are produced is directly proportional to the recombination rate
to the third and higher quantum levels of the H atom, and so
to the product n,n,. Again, radio-astronomical observation reg-
isters the free—free emission of H II regions, and this also
occurs at a rate proportional to the product of the ion and
electron densities.

A major uncertainty in the use of relation (1) lies in the fact
that a value for L, can only be found from reliable models for
the atmospheres of the stars concerned. These are not avail-
able yet. Observational determination of L, is clearly out of
the question. As we have seen Lyman continuum radiation is
weakened by absorption as it travels away from the star where
it was emitted. The boundary of the corresponding H II region
occurs at the place where this radiation is all used up, and as far
as we know the Sun lies in a non-ionized (H I) region. Thus no
Lyman continuum radiation reaches the vicinity of the Earth
from any star.

From measurements of angular sizes and from estimates of
their distance one infers that H II regions have diameters of the
order of one to ten parsecs. By comparison with these linear
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dimensions the transition region, or ionization front, separating
an H IT from an H I region is rather thin.

To illustrate this, let us make the reasonable approximation
that equal numbers of protons and electrons are present, per
unit volume, in any one place, so that

nx = proton or electron density
n(l — z) = density of H atoms.

If J is the intensity of Lyman continuum radiation, the rate
of production of new protons is proportional to Jn(l — x) and
the rate of loss of protons by recombination to n%2. In a state
of ionization balance and at a given hydrogen density n the
ratio #2/(1 — x) must then be proportional to J. Now let JJ,; and
Jgs be the values of J at the places where the proportional
ionization is 75 per cent and 25 per cent, respectively. We find
that J,5:Jy; = 27 : 1. This reduction in intensity occurs on
passage through an optical depth 7 = 3-3, or a physical dis-
tance d = 3-3/}no. Here we have taken }n to be the typical
density of atomic hydrogen within the ionization front (a suit-
able numerical value is » = 10 em~3), while for ¢ we take the
absorption cross-section of the H atom at the Lyman limit,
which is 6 x 1018 ¢m? This makes d equal to about 004
parsec, which is very small in comparison with the size of the
H II region.

Two processes essentially control the temperature of an H I1
region. They are:

(@) The gain of energy from the photo-electric effect. When
an H atom is ionized, the electron carries off the excess
energy of the ionizing photon above the Lyman limit, and
this adds to the store of heat.

(b) The loss of energy due to the excitation by electron im-
pact of a forbidden level of the O ion, with y = 3-31 eV.

Our diagram (Fig. 8/1) is taken from Spitzer’s review of
the subject (Spitzer, 1954), and illustrates how the balance is
achieved. The steep gradient of the L,, curve means that even if
the oxygen abundance differs from that assumed in the calcula-
tion, the point of balance will not be much displaced hori-
zontally. In general the temperature in an H II region is
therefore near 104 °K, unless the O ions are themselves ionized
to Ot*, in which case some less efficient cooling process takes

over.
G
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All this treatment has been given as if the typical H II region
were a static configuration. This is not so. Stars which are hot
enough to form an appreciable H II region use up their nuclear
fuel within a few million years; this is a short period on the
astronomical time scale. The dynamics of the process by which
H II regions are set up must therefore be considered.

Now the formation of an H II region disturbs violently the
equilibrium in the H I gas nearby, for, as we shall see, the typical
2x10™
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Fre. 8/1.—The temperature variation of the heating and cooling
processes in regions of ionized hydrogen.

HT temperature is only of the order of 100°K. At a given
density the typical H II pressure is therefore some 200 times
larger than the typical H I pressure. (The extra factor 2 occurs
because each H atom contributes two independent particles
when ionized.) Thus when a bright star lights up in an HI
region it produces an explosive increase in the pressure nearby.
The shock waves from this event can propagate into the neutral
gas surrounding the site, and will help to compress it and stir
it up (Kahn, 1954; Goldsworthy, 1961).

Two interesting dynamical effects are associated with H II
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regions. The first concerns the so-called elephants’ trunks and
globules, which are formed when a rather denser than usual
mass of non-ionized gas is engulfed by an advancing H II
region. The non-ionized gas is then steadily eaten away, the
ionized gas so formed streams into the H II region, and initially
has a higher density than the H II background. This means that
the region near the ionization front will be abnormally bright in
He, and such bright edges are in fact seen to occur. At the same
time, recoil effects help to compress the trunk or globule still

logian,
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Radius
Fic. 8/2.—Variation of electron density with radial distance in the
Orion and Rosette nebulae.

further. This theoretical explanation is due to Pottasch (1958)
and recent observations by Courtés, Cruvellier and Pottasch
(1962) have confirmed that it is correct. It has been suggested
that globules may ultimately evolve into stars.

An interesting radio-astronomical observation leads to a
determination of the run with radial distance of the ion and
electron densities in some H II regions. Results for the Orion
and Rosette nebulae are illustrated in Fig. 8/2; a fuller dis-
cussion of the measurements and their interpretation has been
given by Menon (1962). The pronounced density gradients imply
corresponding pressure gradients which cannot be supported
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statically. The interpretation of the profiles is that in its orignial
state the nebula was cool and non-ionized, with a density dis-
tribution which decreased outwards. The associated relatively
small pressure gradient was balanced by self-gravitation. Sudden
ionization then occurred, leaving the nebula much hotter and
destroying the equilibrium. In the resulting outward motion
the shape now shown by the Rosette nebula would be formed
after some 50,000 years. A detectable dip should be observed at
the centre of the Orion nebula after some 10,000 years; since
none is seen there, this sets an upper limit to the period which
has elapsed since the object was first ionized (Kahn and Menon,
1961).

EXCHANGE OF MATERIAL WITH STARS

Thus star formation is a process which is very much in pro-
gress at present. The material drawn into the stars comes from
interstellar space; the rate of consumption is estimated to be of
the order of 1 © /annum in the Galaxy. For comparison the
present galactic content of interstellar matter is some 10° ©;
since the age of the Galaxy is 101 years, one infers that con-
siderable quantities of matter must be returned into space from
stars—otherwise the interstellar supply would by now be
exhausted.

These numbers show that most probably much the greater
part of the present interstellar matter has been processed in the
stars at some time. One interesting conclusion to be drawn from
this is that the abundance of interstellar deuterium is likely
to be low, for it is known that the greater part of the typical
stellar interior is too hot for this substance.

The return of matter into space is thought to be due princi-
pally to stellar winds, and to nova and supernova explosions.
These latter often leave interesting remnants in space; for
example the Crab nebula is the debris from a supernova which
oceurred some 900 years ago, and the Great Loop in Cygnus, a
much largerstructure, still in expansion, is believed to have been
set off by a supernova which occurred perhaps 50,000 years ago.

NEUTRAL HYDROGEN (H I) REGIONS

The H I regions contain an estimated 90 per cent of the inter-
stellar hydrogen. No radiation can reach them if its frequency
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exceeds the Lyman limit; hence only atoms with an ionization
potential below that of hydrogen (13-53 eV) can be ionized.
The most important ionized constituent is probably carbon, and
the estimated electron density is 10~* of the density of atoms.

It is inferred from observation that the H I gas is not uni-
formly distributed in space; a rough model which is often used
represents the gas as being present in discrete clouds, whose
linear dimensions are of the order of five parsecs, and which
occupy perhaps one-tenth of the space available to them. This
deduction is based on the observed patchiness of the inter-
stellar extinction, and on the frequency of occurrence of reflec-
tion nebulae; these latter are H I clouds containing dust which
scatter light towards the observer from stars sufficiently close
to them (Strémgren, 1948). The chopped-up character of the
Ca* and Na absorption lines as well as an analysis of their
curves of growth suggests that the clouds have random velocities
of around 10 km /s relative to the local standard of rest (Blaauw,
1952, Miinch, 1958). Finally it is inferred from the maximum
measurable intensity of the 21 e¢m line that the (harmonic
mean) temperature of the H I gas is 125°K (van de Hulst et al.,
1954).

The irregular and supersonic motion of the neutral gas draws
its energy from expanding H II regions and supernova explo-
sions. The temperature is determined principally by heating pro-
cesses due to the degradation of this turbulent energy (Kahn,
1955a) and collisions with cosmic ray particles (Hayakawa,
1960). The important cooling processes seem to be due to exci-
tation of low-lying rotational states of H, molecules (Kahn,
1955b) and of low-lying forbidden states of C*, Fe* and Sit
(Seaton, 1955).

An outstanding unsolved problem concerns the abundance
of H, molecules in H I regions. Suitable detectable lines in the
H, spectrum probably exist only in the far ultra-violet, at
A = 1049 A, and in the far infra-red, at 1 = 28, 42 and 84 u.
The attempt to observe these will soon be made from a high-
altitude balloon and /or satellite.

MAGNETIC FIELDS

If there is an interstellar magnetic field the motion of the
interstellar plasma even in the H I regions will be closely
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coupled to it. The motion of the neutral gas cannot differ much
from that of the plasma over a scale large compared with one
mean free path for a neutral atom with respect to the ions.
According to Osterbrock (1961) this length is surprisingly small,
about 10'7 em or 0-03 pe, in a cloud with 103 ions/em3. The
coupling of gas, plasma and magnetic field is therefore good on
most length scales likely to be important.

Attempts to find an interstellar magnetic field by observation
of the Zeeman effect at 21 cm have now yielded a positive
result, and suggest a field strength of about 5 x 10-¢I' (Davies
et al., 1962). Indirect evidence that a field exists is also quite
strong, and is based on these arguments:

(i) The dependence of the amount of interstellar extinction
on the direction of polarization (interstellar polarization)
implies that some large-scale field lines up interstellar
dust grains, which are themselves not isotropic in
structure.

(ii) Cosmic ray particles must be confined within some reason-
ably small neighbourhood of the Galaxy. This can best
be done by a large-scale magnetic field. If the particles
were not so confined, they would fill the whole Universe,
and their energy density measured at the Earth would
be representative for all space. An intolerable problem
concerning the supply of their energy is then raised.

(iii) The continuum radio noise from the Galaxy is generally
ascribed to synchrotron emission in the interstellar mag-
netic field (see, for example, Biermann and Davis, 1960).

(iv) Spiral arms of galaxies like ours consist mainly of
interstellar gas and of stars genetically associated with
such material. The spiral shape would be rapidly des-
troyed by differential rotation in the gravitational field
of the Galaxy as a whole, unless the gas were subject to
some other suitable large-scale field of force. A magnetic
field might serve, but would have to have a strength of at
least several times 10-5 I,

(v) The interstellar gas lies quite accurately in the galactic
plane, except for a twist in the outer parts of the Galaxy.
The cause of this may be traced back to the uneven
pressure distribution exerted by the intergalactic matter
on the galactic magnetic field as it flows past the Galaxy.
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The resulting stress leads to a deformation of the dis-
tribution of interstellar matter (Kahn and Woltjer, 1959).

AN IMPORTANT UNSOLVED PROBLEM

Van Woerden, Rougoor and Oort (1957) have discovered by
means of 21 em observations that there is a steady outflow of
matter from the region of the galactic centre.

The mass involved is several solar masses a year, and th.e
typical velocity about 50 km /s. The driving force responsible is
not, known.
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GALACTIC HYDROGEN LINE STUDIES
D. 8. HEESCHEN

TrE 21 cm line studies, largely by astronomers at Leiden and
at Sydney, have brought about a remarkable increase in our
knowledge of galactic structure. We can here give only a brief
summary of what has been done thus far. Emphasis will be
placed on observational results and techniques of analysis,
rather than on instrumentation, which is in itself a large and
complex field.

BASIC EQUATIONS

We summarize here some of the basic equations used in the
analysis of 21 em line observations, without derivation. For a
more detailed discussion of the analytical tools and techniques,
the reader is referred to Heeschen (1955) or to several of the
Leiden papers in B.A.N., Vols. 12 and 13.

The brightness temperature in the hydrogen line, AT(»), is
given by

AT(p) =Txg (1 —e™%) . 5 . (1)
where T'g is the kinetic temperature of interstellar hydrogen and
7, is the optical depth in the line at frequency ». This equation is
strictly correct only if the excitation of the hydrogen line is by
collisional processes, if T' is constant along the line of sight, and
if continuous absorption and emission processes can beneglected.
If the line excitation is not by collisional processes, 1’y must be
replaced by a temperature—the so-called spin temperature—
which better expresses the relative population of the two hyper-
fine levels of the ground state of neutral hydrogen. In most
cases encountered in galactic 21 em line work, equation (1) is
appropriate, the principal exception being in the case of
absorption line studies.

The optical depth in the line is given by

a0

= 544 10—14'[ . .
T, X . Txf(V)ds . (2)
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where n is the total number of hydrogen atoms per em?® and
f(V), with units em~? seconds, is a line shape function. This
equation is generally valid as long as most of the hydrogen atoms
are in the ground state. If f(V) and T'x are constant along the
line of sight, equation (2) becomes

=54k x 104 E gy (g
Tk

where Ny = r nds. The broadening of the hydrogen line, re-

presented by f c(’V),insu in most cases due to random motionsof the
hydrogen clouds. Two types of function have been most com-
movlllly used for f(V), a gaussian and an exponential of the form
e,
i‘or the case 7 <€ 1 equations (1) and (2) reduce to
AT(y) = 7,Tg = 544 X 10-18Ny4f(V) . @
We also have in this case

J' " AT()dy = 544 x 10-14N J' V)iV
0 0

=544 X 10-4Ny . . . (5)

that is, the area under a line profile is proportional to Ng, the
surface density of neutral hydrogen.

GALACTIC ROTATION

(i) A knowledge of galactic rotation is essential for almost all
galactic hydrogen line work, because it provides a means of
determining the distance of an H I cloud or complex emitting
21 cm line radiation. Galactic rotation at distances from the
centre greater than the Sun’s distance cannot be determined
directly from 21 em line observations. In most 21 em line work,
a function w(R) determined by Schmidt (1956) has been used.
This law of galactic rotation was obtained from a model of mass
distribution in the Galaxy, which in turn is based in large part
on values of w(R) for R < R, determined from 21 cm line
observations.

(i) Galactic rotation in the inner region of the Galaxy—
at distances from the centre less than the Sun’s distance—can
be studied from 21 em line observations. The radial velocity,
relative to the local standard of rest, of a point distance R from
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the galactic centre in a direction making an angle 1 With_the
direction to the centre, is, assuming circular galactic rotation:
V, = Rlw(R) — w,] sin 4 ; . (8)
where R, is the Sun’s distance from the centre and o is thoe
angular velocity of rotation. For a given value of 1less than 90°,
as one moves away from the Sun, V, goes through a maximum
(positive or negative depending on which side of 'bh(:} Galaxy we
look) and then changes signs for R > R,. The maximum radial
velocity occurs at the point where the radius vector fr?m the
galactic centre is perpendicular to the line of sight. The distance
from the centre of the position of maximum velocity is
R,, = Rysin A ‘ . « 0
(iii) o(R) (B < R,) has been determined from hydrogen line
observations with the aid of equations (6) and (7), by Kwee,
Muller and Westerhout (1954) and by Kerr (1962). The two sets
of measurements, made in opposite halves of the Galaxy, agree
rather well, and in general the behaviour of the circular galactic
rotation at distances of from about three to eight kpe from the
centre is reasonably well established. At small distances from the
centre sin A becomes small and w(R) cannot be determined as
reliably. I
(iv) To determine w(R) from 21 em line observations, it is
necessary that (@) R, and w, are known. Errors in these para-
meters will produce both scale and zero point errors in the
derived w(R), but will not change its general form. (b) There is
H1I at, or very near, the point of maximum radial velocity
along a given line of sight. (¢) The motion of the gas is circular,
with no radial motion and with no significant systematic pecu-
liar motions in any particular region. (d) The random velocity
of H I clouds is known, and can be allowed for in the analysis.
Probably none of these conditions is completely fulfilled, the
result being to introduce some uncertainty in the derived
w(R). The effects of these uncertainties, and the possibility of
large-scale deviations from circular motion, will be discussed in
later sections.

LARGE-SCALE GALACTIC STRUCTURE

(i) A major objective of 21 em line work is to provide a picture
of the density distribution of neutral hydrogen in the plane of
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the Galaxy. The starting point for all 21 em line studies of
galactic structure is the galactic rotation curve, w(R). An
observed line profile gives the radial' velocities of major H I
emitting regions in a particular direction. Distances to the H I
regions are then obtained from the observed velocities and the
adopted galactic rotation curve. The integrated area of a line
profile, or of a feature within a line profile, is a measure of Ny.
Ny can then be converted to H I density by estimating the
extent of the H I complex from the shape of the line profile and
the galactic rotation curve or by adopting from other considera-
tions an extent along the line of sight of, say, a spiral arm.

In practice, the procedure is complicated by a number of
factors. Uncertainties in w(R) obviously carry over directly into
uncertainties in any derived neutral hydrogen distribution.
Local systematic deviations from the general galactic rotation
may cause emitting clouds to be placed at incorrect distances
and thus somewhat distort the derived distribution. Any
general, large-scale deviation from circular motion again distorts
the distribution. Finally, the random motions within H I
clouds, or cloud complexes, broadens the line profile and makes
the true velocity distribution more difficult to determine.
Unfortunately, however, the magnitude of random cloud
motions may differ from one region of sky to another, or along
the line of sight in a given region. The average magnitude of
these random motions is known reasonably well and can be
allowed for in the analysis, but the variations mentioned above
may again distort the derived gas distribution.

The inner region of the Galaxy (R < R,) presents an addi-
tional difficulty in analysis because of the ambiguity in radial
velocity. Along any line of sight from the Sun there are two
regions, equidistant from the centre, at which the gas will have
the same radial velocity due to galactic rotation. Sorting out
this ambiguity is difficult and uncertain.

(ii) Very extensive studies of the neutral hydrogen distribu-
tion in the plane of the Galaxy have been made at Leiden (van
de Hulst, Muller and Oort, 1954; Westerhout, 1957) and at
Sydney (Kerr, Hindman and Gum, 1959). The Leiden observa-
tions cover roughly galactic longitudes 320° to 240° (old co-
ordinates), while the Sydney workers concentrated on those
longitudes unavailable to Leiden. Most of the analysis in the
above reference is limited to the outer region of the Galaxy,
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R > R,. Schmidt (1957) has made a detailed a..nd complicated
analysis of the gas distribution in the inner region, B < R,.

From these studies there has come an excellent first picture of
the large-scale distribution of neutral hydrogen in the Galaxy.
The hydrogen is clearly distributed in lanes, or spiral arms, and
a number of such arms can be recognized and followed for con-
siderable distances around the centre. The fact that such a
picture of the distribution, with well-defined general features,
is obtained indicates that the problems of interpretation men-
tioned in 3(i) are not enough to swamp the gross features c?f
hydrogen distribution. On the other hand, the detailed disf:rl-
bution appears quite complex. Some of this apparent complexity
is undoubtedly due to the factors mentioned above—systematic
deviations from general galactic rotation, variations in random
motion, etec.

The current picture of neutral hydrogen distribution shows
several features which suggest that not all of the assumptions
which have been made in the analysis—and which in the
present state of our knowledge must be made—are completely
valid. The best defined ‘spiral arms’ appear very nearly circular
about the galactic centre, rather than spiral. In the vicinity of
the Sun, where analysis is especially difficult because of the
small radial velocities and resultant larger relative effect of
random velocities, there is a suspicious symmetry with respect
to the Sun. Finally, the Leiden and Sydney portions of the
distribution do not fit together as well as might be hoped.

In spite of these unresolved problems, the general picture of
the neutral hydrogen distribution which has come from the work
at Sydney and Leiden is a most important and remarkable
contribution to the study of galactic structure. Further refine-
ments should lead to better knowledge of random motions and
of systematic deviations from circular galactic rotation.

(iii) Kerr (1962) has examined in some detail the fit between
the Leiden and Sydney models. He believes that use of the
Leiden circular velocity model leads to an implausible spiral
structure in the southern Milky Way. He finds that one way to
produce a better fit on the two sides of the Galaxy is to postulate
a radial expansion, in addition to the rotation, amounting
to seven km /s at the Sun’s distance. An alternative possibility,
leading to similar results, is a local outward systematic motion
of the Sun and gas in the solar neighbourhood of 7 km/s. There
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is at present no direct evidence of such motion, except the
improvement it makes in the appearance of the derived neutral
hydrogen distribution. It is an interesting possibility which
needs further investigation.

Some local deviations from circular motion must certainly
exist. Westerhout (1957) and others have pointed out regions in
which systematic motions appear to be present. However, about
the only way at present to distinguish systematic motions is by
postulating that the distribution of neutral hydrogen is smooth
in the Galaxy and then looking for regions which, on the basis
of the assumption of no systematic motions other than galactic
rotation, seem to violate this postulate. There are unfortunately
no reliable distance criteria for 21 ¢m line emitting regions,
independent of the galactic rotation curve, which is itself
derived from 21 cm line observations with the aid of the assump-
tion we wish to test.

(iv) The 21 em studies referred to above have shown that
the bulk of the interstellar gas is confined to a very thin disk.
The thickness of the disk, between points where the hydrogen
density falls to half its maximum value, is of the order of 200
parsecs. The disk is also remarkably flat, except in the outer-
most regions. There, distortions of the disk have been noted,
amounting in some cases to several hundred parsecs (Burke,
1957; Kerr, 1957; Westerhout, 1957). The distortion is of the
form of a general bending down of the hydrogen layer in the
outer region of the Galaxy, in the quadrant centred around
longitude 240°, and a similar upward bend in the opposite
direction. ‘Several explanations of this distortion have been
proposed (above references and Kahn and Woltjer, 1959) but
no thoroughly convincing explanation has yet been presented.

The flatness of the hydrogen layer has been used, along with
other radio and optical data, to make a new determination of the
principal plane of the Galaxy (Blaauw, Gum, Pawsey and
Westerhout, 1960). A new system of galactic coordinates based in
large part on this determination of the H I plane, has been
adopted by the I.A.U.

THE CENTRAL REGION OF THE GALAXY

(i) The central part of the Galaxy, within about 3 kpc of the
galactic centre, exhibits some interesting and complex features.
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In 1957 it was found (van Woerden, Rougoor and Oort, 1957)
that a spiral arm about 3 kpc from the centre was expanding
with a velocity of some 50 km/s, as well as taking part in the
general galactic rotation. Rougoor and Oort (1960) have sub-
sequently made an extensive investigation of the distribution
and motion of neutral hydrogen in the central region, using
emission and absorption line profiles obtained with the 82-ft
telescope at Dwingeloo. They have developed the following
picture. In the centre of the Galaxy is a disk of neutral hydro-
gen. The hydrogen density at the céentre must be very high,
perhaps 1,000 atoms/em? at a distance of 10 pe., and drops off
rapidly with increasing distance from the centre until there is
practically no gas at a distance of 300 to 350 pc. From this
distance to about 500 pc there appears to be very little neutral
hydrogen. At 500 pe a ring of neutral hydrogen about 100 pe
wide appears. The ring and central disk have a thickness of only
about 80 pe, and both are rotating with high velocity—the ring
at some 265 km /s, the disk at velocities up to about 220 km/s
near its edge. Neither the disk nor the ring appears to be
expanding.

Between the Sun and the centre of the Galaxy is a spiral arm,
the so-called 3 kpc arm, at about that distance from the galac-
tic centre. It has been traced over some 90° of galactocentric
longitude. This arm participates in galactic rotation, with a
circular velocity of about 200 km/s. It is also expanding out-
ward from the centre with a velocity of 50 km /s. The thickness
of the arm is 120 pec—only one half the thickness of the neutral
hydrogen layer further from the centre. On the far side of the
galactic centre gas appears to be streaming outward with
velocities of 100 to 200 km/s.

Rougoor and Oort compute that, from the observed rate of
expansion, all gas in the central region should be removed in the
order of 107 to 108 years if there is no replenishment. Since this
time is much shorter than the age of the Galaxy there must be
replenishment of gas in the central region, probably by gas
streaming into the nuclear region from the galactic halo.
Pariiski (1961) has discussed a possible exchange of gas between
the halo and the nuclear region of the Galaxy.

(i) Some other phenomena associated with this central
region of the Galaxy may have a bearing on the problem of
neutral hydrogen distribution and motion. The intense con-
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tinuum radio source Sagittarius A is generally considered to be
at the centre of the Galaxy, primarily because its position coin-
cides so closely with that of the centre, and absorption studies
place its distance at about that of the galactic centre. Drake
(1959) investigated this source at 3-75 cm wavelength, with
relatively high resolution. He found that it consists of two small
diameter sources within 15 pe of the galactic centre. In addition
he found two sources in the galactic plane symmetrically placed
about 80 pe on either side of the centre. Drake interprets these
latter two sources as being the tangential points of a ring of
continuum emission. All four of the continuum sources lie with-
in the central disk of neutral hydrogen.

Westerhout (1958) has analysed observations of the galactic
continuum radiation to obtain a model of the distribution of
ionized hydrogen in the Galaxy. He finds practically no ionized
hydrogen within 3 kpe of the galactic centre, and a strong,
sharp peak in the ionized hydrogen density about 3-5 to 4 kpe
from the centre, just outside the rapidly expanding H I arm.
The relationship, if any, between this ionized hydrogen con-
centration, the complex source Sagittarius A, and the complex
distribution and motion of neutral hydrogen in the central
hydrogen in the central region is not fully understood. Further
investigations can be expected to lead to exciting results relat-
ing to the dynamies and driving forces of the Galaxy.

LOCAL STRUCTURE OF NEUTRAL HYDROGEN

(i) Studies of local structure in the solar neighbourhood are
difficult at low galactic latitudes because the radial velocity of
galactic rotation is small and therefore does not provide much
assistance in separating hydrogen emission regions at different
distances. Most investigations of local structure have therefore
utilized 21 em line observations at intermediate and high
galactic latitudes.

(ii) Heeschen and Lilley (1954) studied the neutral hydrogen
distribution as a function of galactic latitude at the longitudes
of the galactic centre and anti-centre. They found secondary
maxima in the hydrogen distribution at an angle of about 20°
to the plane of the Galaxy which might be associated with the
well-known Gould’s belt phenomena. Davies (1960) concluded
from a more extensive study of 21 e¢m line observations out of
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f the Galaxy, that the Sun is probably situated in a
;::aflcal:l;(f complex of neutral hydrogen-, dust .and };.oixﬁigs stls:z:i
The so-called Gould’s belt is a ma,mfe.statlon o Ao

tem. The strong secondary concentra.tmn? of neutra’ yl 0
gen ob;served at latitude +-20° in the longltud'e of the gal:1 a.];
tic centre and —20° in the longitude of the anti-centre ca}.)e .
interpreted in other ways, however—for example,o a.;l 111nu§
associated with the well-known cloud complexes of Op dui, e
and Taurus, which might be completely muelatedl—an te(;n !
groups have found no strongfewdenc: fc;;aai.n l(())c;msys

ocen. This question therefore must re G

hyg;i)g'l‘he radia?velocity of local hydrogen has beeg :ﬁ?jft?i
various investigators. McGee and Murray (1961) ﬁ}x; g
galactic plane hydrogen is streaming away fron? the u?’ ki
directions of the centre and the anti-centre, with ahv?i:;a e{; "
about -6 km/s, while perpendicular to the plane byl gwif,h
streaming into the solar region, from above and 181%2) e
about the same velocity. Erickson, Helfer a.nd. Tatel ( . )t e
evidence that the local motion is in gener_a,l circular, abou .

galactic centre, with some complex nqn-cu'cula.r. compgneéxis 1;.1-1-

There is as yet, however, no clear picture 9f either the dis N

bution or the motion of 11eutra.al‘1 hyﬁ:ge;t n;e:hge:gla.;:;;gto
d. Nor has any full-scale attem _
Eg::iﬁ)zhe solar motion relative to local hydrogen. Lilley I:;c;
Brouer are about to start a long-term observing p1l~;)gra.1 e
aimed at this latter problem. A great deal more work on lo

is obviously needed.

Estr(‘ile)J1.);:;110ms all wor{;ers agree on the thickness of the hzﬁrc:ig;i
layer in the solar neighbourhood, about ?00 pe, and on y e D
sity of neutral hydrogen in the solar neighbourhood, & (.Lu d
atom/cm3. There is no agreemenif, hqwever, on the 11):;31 u;me
the Sun—some investigators placing it 50 pc above the plane,
others in, or slightly below, the plane.

GAS AND DUST

i ionship between interstellar dust and ne}xtra.l
hy((;l'og:s l::;a:;;zsstgdied by a number of investiga.tori.a ]()I.all-ey,
1955: Heeschen, 1955 ; Bok, Lawrence and Mfenon, 1955; gvzes,
1956:, and some of the Leiden papers pr.evmusly referre : .o)é
Lilley (1955) was the first to show that in general a positlv

.
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correlation exists between the amounts of neutral hydrogen
and dust present in a given direction. He found an average gas
to dust ratio of about 100 : 1. The correlation between gas and
dust is only rough, however, and the gas to dust ratio appears
to vary considerably from one region to another. Some of this
may be due to observational difficulties, and to the difficulty
of determining the gas and dust content along identical lengths
of path in a given region. In the case of several heavily obscured
regions, however, there definitely seems to be a lower 21 ¢m
line intensity than one would predict from the gas to dust ratio,
and in some cases the intensity is even lower than that in
neighbouring unobscured regions. Attempts have been made to
explain this by postulating that in heavily obscured regions
atomic hydrogen is more easily converted to moleculer hydrogen
with the aid of the high concentration of dust, thereby reducing
the atomic hydrogen content.

(ii) Davies (1956) made a detailed study of a region of Auriga
in which the neutral hydrogen intensity was significantly lower
than that in surrounding regions. He found that the low inten-
sity H I ‘cloud’ coincided in position with an obscuring dust
cloud. From an analysis of the difference in hydrogen line pro-
files in neighbouring regions and in the region of the cloud,
Dayvies found that the kinetic temperature in the cloud was
60°K—significantly lower than the average kinetic temperature
of interstellar neutral hydrogen. He also deduced a very high
neutral hydrogen density, of about 250 atoms/cm3, and a gas
to dust ratio of 300. Davies has found several other such ‘clouds’
which yielded similar results. He postulates that the presence of
molecular hydrogen in these clouds has cooled down the neutral
hydrogen to well below the average temperature of the inter-
stellar medium. This mechanism may help explain the apparent

break-down of correlation between gas and dust in heavily
obscured regions.

CORRELATION BETWEEN NEUTRAL HYDROGEN AND
STELLAR ASSOCIATIONS AND CLUSTERS

(i) Heeschen and Drake (1956) have made observations which
suggest that there is a cloud, or cloud complex, of neutral
hydrogen associated with the Pleiades star cluster. Drake (1958)

observed other clusters as well, and found evidence for neutral
H
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hydrogen associated with several of them. Helfer and Tatel
(1959), on the other hand, interpreted their observations in the
region of the Pleiades as indicating no association between
neutral hydrogen and the star cluster. This question remains to
be resolved.

(i) A number of investigations have been made of the
relation between neutral hydrogen and stellar OB associations
(Howard, 1958; Kassim, 1961; Menon, 1956, 1958; Raimond,
1957; Dieter, 1960; Wade, 1957 ; Matthews, 1956). In some cases
there clearly seems to be interstellar hydrogen associated with
the stellar association. In other cases, there does not appear
to be hydrogen connected with the stellar association, or observ-
ations by different observers are not in agreement. Thus no
clear-cut general picture has yet emerged regarding the relation-
ship between interstellar hydrogen and stellar associations.

(iii) The general procedure which has been used in attempts to
relate interstellar hydrogen with stellar clusters or associations
has been to look for an excess of hydrogen line emission at the
position, and at the radial velocity of the cluster or association.
This procedure is valid in principle, but runs into a number of
difficulties in practice. Most clusters and associations are in or
near the galactic plane, where there is generally a long path
length in neutral hydrogen. The 21 em line profiles are therefore
usually rather complex, and only a small portion of the total
hydrogen line emission observed from the region containing
a stellar cluster or association may be expected to arise from
hydrogen associated with the cluster or association. Separation
of this component, if it exists, from the general interstellar field
may be quite difficult. '

CONCLUSION

It is clear that a great deal more work is required in the field
of galactic 21 cm line studies. Refinement, and a general filling
in of details, of the excellent picture of gross neutral hydrogen
distribution developed by the Leiden and Sydney groups is
required. Problems of the local structure and motion of neutral
hydrogen, and of the relationships between HI and dust,
stellar clusters and associations, and H II regions are essentially
barely touched thus far. Much remains to be learned also of the
small-scale structure of neutral hydrogen, that is, studies of the
interstellar cloud structure. -
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The physical conditions of interstellar gas, especially temper-
ature and random motions, need much additional study. It has
generally been assumed in hydrogen line work that the kinetic
temperature of hydrogen is, on the average, constant, with a
value of about 125°K. The principal evidence in favour of this
assumption is the fact that brightness temperatures in the
hydrogen line up to about this value, but never above it, have
been observed. Davies has shown, however, that, in someregions
at least, considerably lower temperatures may prevail. Further
studies of random motions in clouds, or cloud complexes, and of
the small-scale cloud structure of the interstellar medium, are
important. Knowledge of these parameters is important to
almost all other galactic hydrogen line work, because they
effectively smear out, or distort, the true systematic velocity
distribution of interstellar hydrogen.

Most of the problems require high resolution in both frequency
and direction, and very stable receivers. The question of
whether there is a detectable amount of neutral hydrogen in the
galactic halo remains open also. Here a small telescope might be
useful, but the receiver must be extremely sensitive and stable.
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EXTRAGALACTIC HYDROGEN LINE
STUDIES

V. C. REDDISH

THEORY

THE neutral hydrogen atom has two hyperfine energy levels
differing in energy by 9-403 x 10~28 ergs. In the lower level the
magnetic moments of proton and electron are antiparallel, in the
upper level they are parallel. The natural lifetime in the upper
state is 107 years, but intervals between collisions in the inter-
stellar gas are much less than this. Consequently most transi-
tions, up and down, occur in collisions; but a few downward
transitions occur by radiating a quantum Ay, = 9-403 x 1071®
ergs, corresponding to radiation of frequency v, = 1420-40me/s,
2 = 21 em. The natural line width is very small, but thermal
and cloud velocities of a few km /s produce doppler broadening ;
at this frequency a radial velocity of 1 km /s produces a doppler
shift of 473 ke/s. Thus the number of atoms radiating at a
given observed frequency is the number moving with the
corresponding radial velocity, Fig. 10/1.

Since equilibrium between the energy states is maintained by
collisions the Boltzmann equation can be applied.

fivg

L N ¢

ny, 1
where n, and n, are the numbers of atoms in the upper and
lower states respectively, g, and g, are the corresponding
statistical weights (the number of pigeon-holes on each energy
shelf!) and 7' the excitation temperature; in the conditions dealt
with here this is given closely by the kinetic temperature. It is
useful to note here that

’% =007K . . . . (2

and thus for temperatures not less than a few degrees Kelvin
Barog, . . . (@
Ny 1
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F16. 10/1.—The distribution of neutral hydrogen atoms as a funetion of
radial velocity. n is the total number of hydrogen atoms, f(») the fraction
with radial velocities necessary to doppler shift 1420-405 me/s into unit
frequency range at ». T'p(v) is the observed brightness temperature.

Let us now consider the radiation from a cloud of neutral
hydrogen. Let

k, = absorptivity /unit volume
&, = emissive power/unit volume/unit frequency range
7, = optical depth

Then considering a column of the gas of unit cross-sectional area,
along the line of sight (Fig. 10/2) we have

k, ds = absorptivity of length ds = dx,
&, ds = emissive power of length

ds/unit frequency range = .
K,

v
v

= g, dt,
by Kirchoff’s law, where ep, is the emissive power/unit fre-
quency range of a black body at the same temperature.
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Fra. 10/2.—The emission from an elementary cross-section of neutral
hydrogen gas.

Now &, dr, emitted at depth 7, is reduced to e, dr, e™™ on
reaching the surface; hence the emission at the surface from the
whole column is given by

Observed emission per unit frequency range
» ITCFEB' e—-'l' d.rv . . . (4)
0

If the temperature and density are uniform along the column
then ep, is constant, then the observed emission per unit fre-

quency range
=el—e™ . . . (5
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But for wavelengths as long as 21 em, &5, is proportional to £7T';
thus the brightness temperature (i.e. the temperature at which
a black body would have to be to give the same emission) is

Ta) =T —e™) . . . (6
For small optical depths 7,, this becomes
Ta(v) = Tz, N )
Now
K, == (nl ®,, — Mg % ot,.) f(») g . (8)
P

where «, is the atomic absorption coefficient, g‘a,. is the

coefficient for stimulated emissions (negative absor;tion), and
Jf (v)is the fraction of the neutral hydrogen atoms which have the
radial velocities necessary to doppler shift 1420-405 me/s into
unit frequency range at », Fig. 10/1.

Thus using (1)
K, = ny a, (1 — e™53) fv)
hy,
=N, “,.E,f(”) . . . -9
Hence
S
To0) == f6) [“mpds . . (o)
and using (3)
To0) ==ty oy . .. )

S
where oy = Jonds is the surface density of neutral hydrogen

in atoms per em?; that is to say, the total number of neutral
hydrogen atoms along the column of unit cross sectional area.
Thus nf(») on Fig. 10/1 can be replaced by a scale of T'5(»).
Over the width of the broadened line f(») varies rapidly with

. Rk
frequency and the quantity (a’jT;?) can be regarded as a con-

stant; since f(») is zero outside the line we have

J.f(w) dv = Jl:f(v) dy =1 ; . (12)
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and hence
Tg(v) dv = constant X oy i . (13)
Inserting the relevant quantities gives
Ty(v) dv = 2:58 x 10~ 1%y . . (14)

where oy is again in atoms/cm?.

CALCULATION OF NEUTRAL HYDROGEN CONTENT
OF A GALAXY

Let us now turn to the problem of observing a whole galaxy.
Here we are dealing with a thin circular disk of hydrogen in
non-uniform rotation about its axis; the stars in the galaxy
concern us only in so far as their mass affects the motions of the
gas and their radiations affect its temperature. The motion of
the gas will depend on distance from the centre. On the evidence
available it is unlikely to depend significantly on position angle.
The circular velocity as a function of distance from the centre in
M31 is given in Fig. 10/3. There may also be a small component

V.

c
KM/sec
200}
100 |-
o 1
oPTICcAL
EXTENT
F1c. 10/3.—Circular velocity plotted against distance from the centre

of M31.

of radial velocity—a few km/s—if the suspicions of some
observers of our own Galaxy are correct. The surface density
distribution of the gas depends on distance from the centre and
also to a considerable extent on position angle: for example, the
observations made both at Jodrell Bank and at Leiden show
considerable differences between the NE and SW halves of M31,
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For our immediate purpose, however, we shall consider the
relative distribution along the SW major axis, Fig. 10/4, to be
typical.

Let us then suppose for the moment that Figs. 10/3 and 10/4
represent the motions and density distribution of the hydrogen,
relative to the marked optical extent, in any other galaxy we
observe, and consider the observation of a galaxy with inclina-
tion 7 (angle between the line of sight and the normal to the

{

]

|

OPTICAL
EXTENT

Fie. 10/4.—The surface density of neutral hydrogen plotted against
distance along the SW major axis of M31.

plane of the galaxy), radial (redshift) velocity ¥,, and optical
extent 6 min. of arc, using a radio telescope of known beam-
shape and bandshape. What brightness temperature would we
expect to observe for a given total mass of hydrogen in the
galaxy, and how would it vary with the frequency of observa-
tion? Suppose our radio telescope is directed at the galaxy in
question; a certain deflection of the recording instrument is
produced. If the telescope is now directed at a black body of
larger angular extent than the telescope beam, what must be the
temperature of the black body to produce the same deflection
of the recording instrument? This is the temperature which will
subsequently be referred to as ‘observed brightness tempera-
ture’; it is in principle the method by which we calibrate our
instrument by observations on our own Galaxy. The instru-
mental parameters involved are the bandshape and beamshape,
Figs. 10/5 and 10/6. (If the beam is not circularly symmetric
Fig: 10/6 will have to be replaced by a contour map giving
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Fia. 10/5.—The instrumental bandshape. S is the fraction of the

energy in the receiver band which falls in an element dv wide (here

100 ke/s) at Av me/s from the centre of the band, when observing a
source which is equally bright at all frequencies.
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Fic. 10/6.—The beamshape. p gives the fraction of the energy received
by the telescope, from a sky at uniform temperature, which is received

in unit solid angle (here 1 sq. min. arc) at an angle #* from the centre of
the beam.

px’ 2') (O')"! as a function of two rectangular co-ordinates
z’ and 2', (2’2 + 2’2 = 7'2).) We shall take the major axis of the
galaxy to be the x axis (Fig. 10/7) and the beam centre at z, z,.
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Fi1c. 10/7.—The coordinate systems relative to the aerial beam, and to
the galaxy.

DETAILS OF THE COMPUTATION

The calculation then proceeds in the following manner.
Choose a size of elementary area on the galaxy dxzdz = ds,
small enough to ensure that the rotational velocity does not
change over it by more than a small fraction of the receiver
bandwidth, i.e. so that § can be regarded as constant for the
area, and small enough to ensure that p(r’) does not change
much over it. Choose a scale for oy (Fig. 10/4). Note that the
abscissae of Figs. 10/3 and 10/4 now refer to the optical extent
of the galaxy being observed. Let y be the co-ordinate perpen-
dicular to x in the plane of the galaxy. Then y = z sec i. The
results for a particular galaxy would be tabulated in the
following manner.

(i) Tabulate 2 and z at intervals da and dz
(ii) Calculate ¥y = z sec ¢
(iii) Tabulate ds
(iv) Calculate r = (22 4- y2)}

(v) Calculate cos 6 = 3: ; 0 = p.a. from major axis, in the plane

of the galaxy
(vi) Tabulate ¥, (r) from Fig. 10/3
(vii) Tabulate og(r) from Fig. 10/4
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(viii) Calculate V,,  V, cos 0 sin ¢+ = line of sight velocity of
element ds
(ix) Calculate T'dv from oy sec 4; (Tdv = 2-58 X 10-15, gy sec ¢
for dv in ¢/s. Here we must use the adopted d» of Fig. 10/4,
100 ke/s, so that Tdv = 2:58 x 10-2° °K(100 ke/s)).
This is then the brightness temperature of the element ds
diluted over a rectangular band 100 ke/s wide
(x) Calculate the frequency » for the doppler shift correspond-
ing to (viii) from
v = 1420-405 — 4-73 (V, + V, cos sin i) X 10~2 me/s
(xi) Difference » from the centre frequency of the observing
band »; to get Av =» — 9,
units
(xii) Tabulate S(Av) {(c‘i'p)—1 }from Fig. 10/5
here (100 ke/s)~1
(xiii) Tabulate p(r') {units (area)~, here ((J')~'} from Fig. 10/6

n.b. ¥ =z—x), . ok
inFig.10/7,2 = z — z.,}’ sl e oy
(xiv) Caleulate T X 8§ X p X ds = Ty, (product of (iii), (ix), (xi),
(xii)). This is the contribution to the observed brightness
temperature by the elementary area ds
(xv) Sum 7'y, over the whole beam to get the observed brightness

temperature 7', = ZT,,, at the frequency of observation
beam

#;; i.e. sum of column (xiv)

(xvi) If desired, repeat at various », to obtain the spectrum of H
line emission by the galaxy,

Tovs (v1)

(xvii) In the case of a galaxy larger than the beam, repeat at
various zz,.
The analytical problem is essentially to adjust Figs. 10/3 and
10 /4 until the calculated T (vi2y2,) agree with those actually
observed.
The total amount of hydrogen corresponding to T',,(v,) is
determined from

R
Mg = J‘o 2mrogdr
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MEASURED NEUTRAL HYDROGEN MASS
OF EXTERNAL GALAXIES

A brief summary of published results is given in Table 10/I.
They show that the fraction of the total mass of a galaxy
which is in the form of neutral hydrogen is larger in irregular
than in spiral galaxies. In addition to the data for which re-
ferences are given further substantial observations made at
Harvard and at Jodrell Bank are nearing publication.

TABLE 10/I
d Mg
Galaxy TYPB kpe 10° suns 10° suns MH]M Reference
IC 1613 Irr 630 0-05 033 | 0-15 (1)
SMC Irr 631 075 6 0-125 | (2), (3), (4)
NGC 6822 Inr 500 0-15 1-5 0-10 1
LMC Irr 631 1-1 14 0-08 (2), (4)
M 33 Se+ 630 1-0 18 0-06 (5)
M 82 Irr 2600 1-1 20 0-055 | (1)
M 101 Se— 2600 3:0 140 0-02 (5)
Galaxy Sb? 15 70 0-02 | (6)
M 31 Sbh— 630 4:5 380 0-01 (6)
M 81 Sbh— 2600 15 150 0-01 (1)
REFERENCES
1. Volders and Hégbom, 1961, B.4A.N., 15, 311.
2. Kerr, Hindmann, and Robinson, 1954, Aust. J. Phys., 7, 297.
3. Kerr and de Vaucouleurs, 1956, Aust. J. Phys., 9, 90.
4. de Vaucouleurs, 1960, Ap. J., 131, 265.
5. Volders, 1959, B.A.N., 14, 323.
6. van de Hulst, Raimond, and van Woerden, 1957, B.A.N., 14, 1.
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THE MAGNETIC FIELD OF THE GALAXY
R. D. DAVIES

MaewEeTIC fields play an important part in many galactic
phenomena such as the polarization of starlight, the isotropy of
cosmic rays, synchrotron radio emission and the retention of
galactic spiral structure. That a systematic magnetic field
should exist is evident from the regular distribution of the
polarization of starlight in our own Galaxy (Hiltner, 1956) and
in external galaxies, such as M31 (Hiltner, 1958) and M82
(Elvius and Hall, 1962) which suggests that the magnetic
field is closely parallel to the spiral structure. However, the
magnitude of the field cannot be measured by optical means and
has hitherto been inferred from the observed intensity of radio
emission and theories of the polarization of starlight. The value
derived was 3 x 10~% gauss (Woltjer, 1961).

A direct determination of the magnetic field can be made
using the Zeeman splitting of the 21 em line of neutral hydrogen
(Bolton and Wild, 1957). In the presence of a longitudinal field
the line is split into left- and right-hand circular components
separated by 2-8 Me/s per gauss. If the field is directed away
from the observer, which we will call a positive field, the left-
hand component is displaced to the higher frequency in an
emission profile; the displacement is reversed for an absorption
profile. The most sensitive determination of the magnetic field
is obtained from the absorption spectra of the intense radio
sources which have deep and narrow features due to individual
clouds lying between the source and the observer.

The Zeeman programme at Jodrell Bank has included
investigations of the deepest features in the absorption spectra
of Cassiopeia A, Cygnus A and Taurus A and the 50 km/s
feature in Sagittarius A due to the expanding arm 3 kpe from
the galactic centre. A bright narrow emission feature at
d = +10° and R.A. = 4"20™ was also studied. The most
significant results come from Cassiopeia A which lies in a
direction which makes about 30° with the spiral arms. It has

119
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i i d two major features

lended features in the 01'101:} arm an

1;:wh(;«}l)l Zre themselves blends ofT lines u;X thlf:i Il,fl]?::j%n a:lr:;.a’_l[‘liliei
narrow line in the s otrum of Taurus A w ch

eentr:vr dihlr‘leec;ﬁ)n givgz a useful limit to the radial component of
ic magnetic field. .

th?ﬂgl:lz;?:rviniechnique consisted of switching between the

i izati ing the frequency
f circular po tion and measuring !
zgi(i)'tsel'}f‘;li:issowas a.chigved by subtracting the hi;vr;? pola:z;r}o
, i d which was s
i bserved in a narrow frequency jban .
ﬁ%ﬁ?&: absorption feature. The receiver was ":ahbm?ddb(gf
radiating a circularly polarized signal into the primary fee

the aerial. Each feature was scanned many times and the results

were then compared with the expected polarization difference

profile to obtain the best fitting value of the magnetic field. The

results are presented in Table 11/1 and show the best fitting

ntained within two sta,x.ldard
value and the range of values co B st Bty <

deviations and therefore having a

including the actual value.
TABLE 11/1
Longiﬁudi.;wlf
ol
locity of feature 1 pit eompoqenﬁ o}
souree b om(l’;x:/a) (units ofef(l]c“ ;auss)
—4 3.8
Cassiopei i —0-8| 1115 —02 4.3 + :
opeia & gle‘::;u:rzm —381 +‘é3 igg
—48-2 =
urus A R air(!;‘?n 1845 —58 +6-4 + 245
o A —84-5 76-5 57 —2; i !
gyag:tu:nus A —53-4 0 0 +
Emission at
RaA= +4‘].‘-Z%: 1845 —269 —88 - 130

i ter than7 x 10°°
hows that no magnetic fields greate  10°
garizl;lself:ielﬁ:e:: detected in any of the clouds in the Ca(sigop:ﬁz
i The field measured In
d Taurus A absorption spectra. 1he el
ﬁi;l? fre;ueney component of the Cassiopeia A Perseus fg-ldx:
absorption appears to have a significant value of —6-7 X

gauss. The results of all the features when taken together are

consistent with a general magnetic field parallel to the spiral
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arms of —7 x 10~% gauss; this field is directed in an anti-
clockwise direction in the Galaxy. The significance of such
positive results requires confirmation but it is in any case evident
that the general galactic magnetic field must be less than about
7 %X 107° gauss!

These limits to the galactic magnetic field are considerably less
than the fields mentioned previously and it may be asked if the
field in some way avoids the particular clouds studied. Estimates
based on the observed absorption spectra show the temperature
of the absorbing clouds to be 60 to 100°K and the density to be
about 20 hydrogen atoms per cm3. The temperature is rather
lower and the density is higher than that found in emission by
van Woerden, Takakubo and Braes (1962); however the differ-
ence is not so great as to suggest that the magnetic field would
interact differently with the two types of clouds and we thus
conclude that the field if it is higher than the limits of the Zee-
man experiment must avoid all clouds. This situation is also at
variance with the observation that the magnetic fields penetrate
dust clouds and produce the alignment of grains which give the
polarization of starlight. It also does not agree with a current
picture of a primordial magnetic field in which the gas was mixed
in a tenuous state, and from which the clouds later condensed
(Hoyle, 1953). Indeed on this view, because of the freezing
into the magnetic field of the neutral hydrogen by the agency
of a small concentration of electrons and positive jons the
process of gravitational contraction would produce an increase
of magnetic field in the clouds relative to the surrounding
medium. .

The other radio astronomical observation which leads to
information about galactic magnetic fields is the study of the
synchrotron emission from the disk of the Galaxy. The informa-
tion comes from the observed intensity of emission which gives
the magnitude of the field under certain assumptions and from
the plane of the associated linear polarization which at the
point of emission is perpendicular to the magnetic field. Linear
polarization has been observed in the emission from Taurus A
at frequencies above 2000 Mc/s and in several areas in the
Galaxy at a frequency of 400 Mc/s. Observations at a range
of frequencies can be used to remove the effects of Faraday
rotation in the interstellar medium and in the ionosphere. A

1 But see postscript 2.
I
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single-frequency observation of the emission near the galactic
plane does not give a unique value of the field direction.

The flux of synchrotron emission can be related to the mag-
netic field by

J(») = K N(> E) »* B'**

where K = constant, s is the radio spectral index of the
emission and N(> E)dE = C E~* is the energy spectrum of the
cosmic ray electrons with energy ¥ which gives a peak radio
emission intensity at a frequency ». Using a spectral index of
05 at a frequency of 80 Mc/s and the observed values of J(»)
and N(> E) (Bierman and Davis, 1960 ; Meyer and Vogt, 1961;
Earl, 1961) the magnetic field required is 3 x 107 % gauss, which
is a factor of five greater than the upper limit required by the
Zeeman experiment.

A further clue to the inadequacy of the picture that synchro-
tron emission comes from an isotropic flux of electrons
spiralling in a uniform magnetic field in the galactic disk was
derived from a survey of the anticentre region of the Galaxy at
237 Me/s by Davies and Hazard (1962). They found that the
emission was largely broken up into irregular features some of
which were associated with visible nebulosities supposed to be
supernova remnants. If this nearby region which can be re-
solved with a 1° beam is typical of the disk then we must con-
sider the disk composed of localized regions of emission probably
the remnants of supernovae which exploded several tens of
thousands of years ago and are now objects similar to the
Cygnus loop and IC 443. It is unlikely that the emission regions
contain excess cosmic ray electrons 104 years after their initial
release and the enhanced emission comes from the normal flux
of galactic cosmic ray electrons passing through the high mag-
netic fields of 10~2 to 10~* gauss expected at the expanding
envelopes of supernova-type explosions (Hoyle, 1960). The
high general galactic field is no longer necessary to produce the
observed level of emission from the disk. Since the emission
depends on the magnetic field to the power (1 4 s) it can be
described in terms of a hierarchy of regions varying in age and
energy output from objects like Cassiopeia A and Taurus A
through the Cygnus loop to extended areas with magnetic fields
only several times that of the galactic background. Fields of
3 X 10~* gauss would need to occupy ~2 per cent of space to
explain the measured flux of synchrotron emission.
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The theory of Davis and Greenstein (1951) required a mag-
netic field of 10~5 to 10~% gauss to line up spheroidal dust
particles and produce the polarization of starlight. They sup-
posed that the spinning particles were aligned with their axes of
rotation parallel to the magnetic field by the process of para-
magnetic relaxation. However Henry (1958) has shown that by
increasing the ferromagnetic content of the particles fields of as
little as 10~7 gauss may be sufficient. Also Platt (1956) suggests
that small particles 10A in diameter can produce the observed
optical effects; these can be aligned by fields of ~10-¢ gauss.
Thus there are theories capable of explaining the optical
polarization of starlight with fields less than those set by the
limit of the Zeeman experiment.

It is of interest to consider the relevance of the present results
to the problems of galactic cosmic rays. Cosmic rays can be held
in the Galaxy by the general galactic magnetic field if the
magnetic energy density is greater than the cosmic ray energy
density. This requires that the magnetic field should be 6 x 10~¢
gauss or greater. Accordingly it seems difficult to hold cosmic
rays in the Galaxy with a general magnetic field of the size
measured although the localized regions of higher field may
help resolve the difficulty. This problem can be approached in a
different way. High energy cosmic rays will be held in the
Galaxy so long as the radii of curvature of their orbitis less than
45 of the size of the halo (say 1 kpc) otherwise they will diffuse
out. For an energy of 10!® eV a magnetic field of at least 10~¢
gauss is required in the halo to give a radius of gyration of
1 kpe orless so that the cosmic ray will be held in the Galaxy.
Linsley, Scarsi and Rossi (1962) have registered airshowers of
energies up to 2 x 101°eV. The incident protons responsible for
the most energetic showers cannot be contained within the
Galaxy by the magnetic fields suggested. Cosmic ray protons
of energy greater than about 108 eV will spend most of their
lifetime in intergalactic space.

Another phenomenon in which interstellar fields play an
important part is star formation from interstellar clouds. The
condensation of a gas cloud in the presence of a magnetic field
is retarded by the coupling between the magnetic field and the
electrons and the consequent increase in magnetic pressure.
Mestel and Spitzer (1956) have shown that with a field of 10-¢
gauss condensation within a cloud as large as 200 solar masses
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will only take place if sufficient dust is present to shield the gas
from ionizing radiation and allow recombination of the charged
particles. The results of the Zeeman experiment indicate that
fields of this low value may exist in the interstellar neutral
hydrogen clouds.

A general galactic magnetic field is often invoked to explain
the stability of spiral arms of gas and dust in galaxies. Under
the influence of differential rotation alone galaxies would show
numerous tightly wound arms. Theoretical work on this
problem is in an early state. Hoyle and Ireland (1961) con-
sidered a given arm to be a temporary phenomenon having an
age of ~3 x 108 years. In their picture the spiral arm field
required to maintain stability was ~5 X 107° gauss.

It is concluded that if the results of the Zeeman experiment
show that the general galactic field is less than 7 x 10~® gauss
then the current theories of radio emission from the disk of the
Galaxy and the retention of cosmic rays appear to need modi-
fication. Theories have already been proposed in the literature
which appear to explain the polarization of starlight, star for-
mation and the stability of spiral arms with fields of the order
of the limit set by the experiment. It is necessary to push the
limit further down and sample more clouds seen both in emis-
sion and absorption.

Postscript added in proof (January 1963)

(1) More recent observations using a sensitive parametric am-
plifier and a narrower bandwidth of 3 Ke/s have shown the
existence of magnetic fields in a number of neutral hydrogen
clouds seen both in absorption and in emission. The strongest
longitudinal field measured so far is 25 X 10-¢ gauss; it was
found in one cloud of the narrow Taurus A absorption feature
which was discovered to be double. Fields in other components
range from 10 x 10-¢ gauss to less than 2 x 10-° gauss. The
average field appears to be about 5 x 10-® gauss and is the
same size as previously measured. The new results show the
variability of the field in individual clouds; this is thought to
be due to the varying states of gravitational contraction of the
clouds. The conclusions reached in the paper above remain
valid.

(2) New evidence for the existence of large-scale magnetic
fields in the bright extragalactic radio sources has recently been
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found. Observations at Cal. Tech., Jodrell Bank and Sydney have
revealed linear polarization amounting to 10 per cent in some
cases. The polarization is thought to arise from synchrotron
emission from relativistic electrons moving in ordered magnetic
fields with a scale comparable with the dimensions of the
sources themselves, namely 10 to 100 kpe.
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THE MECHANISMS OF RADIO EMISSION
M. I. LARGE

Two physical processes are generally thought to operate at the
source of the continuum radio emission from the Milky Way.
These are the thermal process in which radio emission arises
from the free—free transitions of thermal electrons in an ionized
gas, and the synchrotron process, in which high energy electrons
emit ‘braking radiation’ as they are accelerated in the galactic
magnetic field. In this lecture I give an outline of the theory of
these processes, and discuss some of the applications to galactic
radio astronomy. No mention is made of gyro emission, as this
has been described by Dr. Wild in his paper on solar radio
astronomy.

THE THERMAL RADIO EMISSION FROM AN IONIZED GAS
(i) Black body radiation
If a true black body at a kinetic temperature 7' subtends a
solid angle Q in the sky, then the energy flux density per unit
frequency interval reaching the observer is given by
2T
S==Q. . . .0
in the radio frequency band. This relationship follows directly
from the Rayleigh-Jeans law. In general, astronomical objects
are not black bodies at radio frequencies, but equation (1) is
often used in defining a convenient measure of radio brightness,
namely the brightness temperature. If the measured flux density
of a source subtending a solid angle Q is S, then the brightness
temperature is
T i S 2
» — §le - - . ( )
T, is therefore not normally the same as the kinetic temperature,
and is a function of the radio frequency.
126
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(ii) Thermal emission from material of finite optical depth

If a gas is partly transparent, the brightness temperature is
less than the electron kinetic temperature by an amount which
depends on the optical depth. Consider a plane lamina of gas of
thickness ds in which the absorption coefficient per unit length
is k at a particular radio frequency. The electron kinetic tem-
perature is 7',; that is to say that if the lamina were placed in
a black enclosure at temperature 7,, it would be in thermal
equilibrium. Then the apparent brightness temperature of the
lamina would be 7',xds as follows from the thermodynamic
principle of detailed balancing. The quantity xds is called the
element of optical depth 7. Suppose now that the lamina of gas
lies at a distance s from the observer. Then it is seen by the
observer through a total optical depth 7, where

8
T = J kds
0
and it is easy to show that the energy flux from the lamina will
be reduced by a factor ¢™* in passage through this optical
depth. Thus the contribution dT', which the lamina makes to the
brightness temperature seen by the observer is given by

dT, = e * T dr . . . (3)
Integrating this we find

T, = Jme"T,(r)dr . v . (4)
0

If a cloud of gas of total optical depth 7, is seen in front of a
background brightness temperature 7', then (4) becomes

T, = J' Yol + T . . (5)
1]

The significance of this is easily seen if 7', is taken to be constant,
for then

Ty, =T,1 —e ™) + T ™. " . (6)
the brightness temperature is a weighted mean of the electron
temperature of the cloud of gas and the background tempera-
ture.

(iii) Calculation of the optical depth

The value of the absorption coefficient (and hence the optical
depth) depends on detailed processes in the gas. The principal
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mechanism is the free—free transitions of electrons in the
coulomb potential gradients of the positive ions. However in
the case of radio emission the calculation can be carried out by
the methods of classical electromagnetism, since kv < kT and
A > N, (i.e. the medium is continuous).

The first step is to set up the equation of motion of the free
electrons,

ME + Mfe® = g,B,e™ . . . (M
where ma is the momentum and f,; the collision rate. The
second term is thus the rate of loss of momentum by collisions.
Using equation (7) in the normal way as a ‘constitutive relation’
in Maxwell’s equations we can calculate the absorption co-
efficient to be (in m.k.s. units)

k= e’*wau o
pry e SRR ()
ggmew® 1 — 2}
£

putting in numerical values and converting to c.g.s. units this
becomes '

0-106 Nf,,
R (9)

N is the electron density and w is the radio (angular) frequency.

The expression
N i
{1 _ &N }
£gmw?

represents the effective refractive index and is very nearly
unity.

'.I‘.he problem now reduces to a determination of f,, the
collision frequency. The only important collisions are those of an
elec.tlzon with a heavy nucleus. The calculation of the effective
collision rate is a complicated matter, the result depending on
the assumed distribution of electron velocities, the degree of
screening of the nucleus by the bound electrons, ete. Various
workers have considered the problem, and all are in substantial
agreement. Shklovsky (1956) for example referring to the
results of detailed calculations by Ginzburg uses the result

N a2
Foon = 365 7 (19°8 + ln(—f—-)) .. (10)

It may seem strange that the expression for the collision rate
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contains a frequency dependent term. It arises from the fact that

any one electron-ion interaction may be ‘fast’ enough to behave

as a collision in the sense that it produces low radio frequencies,

but too ‘slow’ to produce the higher frequencies. Thus the colli-

sion rate appears to fall slowly with increasing radio frequency.
This collision rate yields as the absorption coefficient

. NN, T3/2
k=98 x 1073 W(lg's +1n—-f—) - (11)
which to a reasonable approximation is
NN,
K = H-—Ta"ffz‘l (12)

the exponent 2-1 including the slow logarithmic variation.
In convenient units, then, the optical depth = may be written

v =31 x 10-4 7,92 3*1E
where E is the emission measure, F = JN,N,d&, measured in

om~—*® parsec, and A is the wavelength in cms.

(iv) The spectrum of thermal radio emission

We are now in a position to comment on the spectrum of
thermal radio emission. We have seen that the contribution to
the radio brightness of a thermal source is

T, =T/(1 —¢€)
For optically thin regions, 7 < 1 and we have
Ty~tT,
so that T, eciA®l

whereas for optically thick regions T, = T',.

These results are summarized in Fig. 12/1 which is based on
a diagram from Pawsey and Bracewell’s book (1955).

If a thermal radio source is seen against an appreciable back-
ground temperature, the situation is more complicated. For
taking equation (6) we have

To=T(1 —e%) +Te™ . . (6)

The brightness temperature of the source would normally
be obtained by comparison with a nearby region, when the




- oo = = =
- 5

130 RADIO ASTRONOMY TODAY

background temperature 7', is observed. Thus the apparent
temperature of the source above its immediate surroundings is

T=(T,—Ty(1 —e ) . . . (13)
showing that the thermal source can appear in absorption if seen

T T T T 10*
i | Py
—— — - *
Ty constant = =

S & f—o: k4
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F1a. 12/1.—The radio brightness tem i
. v perature and flux density of
typical thermal radio source are plotted as a function of frequexllc:);r gn :

logarithmic scale, to illustrate the range of continuum spectra that may
occur in thermal radio emission.

against a high background temperature. A very striking ex-
ample of this is seen in the Australian 19-7 Mc /s survey (Shain,
Komesaroff and Higgins, 1962) in which the galactic ionized
hydrogen appears as a marked absorption against a very high
non-thermal background.

(v) Summary of properties of thermal emission
(@) ghe spectral index is given by « < 2-1 in the expression
» OC A%
(b) The emission is isotropic.
(¢) Thermal regions appear in absorption if the background

brightness temperature is greater than the electron
temperature,

R
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(d) The amount of thermal radio emission is calculable from
the kinetic temperature and emission measures where
these are optically determinable.

Tt is clear from observations of the Galaxy and extragalactic
sources that the spectral index is steeper than 21, and that
therefore the emission from these sources is mnot entirely
thermal. In this conclusion, radio astronomers were anticipated
by Lucretius (c. 55 B.c.). He wrote, referring no doubt to the
properties of thermal emission that we have discussed: ‘For all
these reasons, those who have imagined that the raw material
of things is fire and that the universe consists of fire alone have
evidently wandered far from the truth.” And, as if that were not
clear enough, he continues to explain that no combination of
thermally emitting regions can give rise to the observed non-
thermal spectrum of the Galaxy: ‘no possibility that the
immense variety of these things could result from variations in
the density or rarity of the fire. Its heat would simply be fiercer
as its parts were more concentrated, milder as they were

dispersed and dissipated.’

SYNCHROTRON EMISSION

The distinguishing feature of thermal emission is that the
electrons in the gas are taken to have a Maxwell distribution of
energies, that is to say the gas may be said to have a kinetic
temperature. In the synchrotron emission process the bulk of
the emission arises from the acceleration of a few very high
energy electrons in interstellar magnetic fields. An electron
moving at small speeds is constrained by a magnetic field to
move in circles about the magnetic field at the Larmor fre-

quency
W = S (_e_ Bin m.k.s. um'ts)
me \m

The electron may have a uniform component of velocity along
the magnetic field, so that the motion is spiral. Since the Larmor
frequency is 2:8 Me/s per gauss, in the Galaxy slow electrons
would radiate a dipole field at a few cycles per second.

The picture is very different if the electron is moving at
relativistic speeds. For then the radiated energy is strongly con-
centrated by the doppler effect into a cone of vertex angle
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Mmc?
E
m, is the rest mass of the electron and Z its energy.

Since a typical value of E for a cosmic ray electron may be
10° eV and mc? = 0-5 X 10°® eV, the vertex angle of the cone
of radiation is measured in minutes of are, and an observer sees
a short pulse of radiation as the spiralling electron momentarily
moves tangentially to the line of sight. The pulse lasts for a time

gy E

0 ; A
the term (w—y) being the time for which the instantaneous velo-

0 ~2

about the direction of instantaneous velocity. Here

city is within 0 of the line-of-sight, and the term (m;c 2)2 appear-
ing because the energy is concentrated into a short pulse.

Using the relativistic expression for the Larmor frequency we
find that At can be written

At=(g)(mT"cz)2 L. (1)

Thus the observer sees a sequence of pulses, with repetition
frequency ©n and duration At. Since wy is very small, the
spectrum is virtually continuous. A full theory requires a

fourier analysis of the train of pulses. The spectrum has the
orm

Pdf oc H p(w/w,) df . . . (15)
where P is the power radiated per unit bandwidth and p(w/w,,)
1

is a complicated function with a maximum at o = w,, = A
]
- In.ord(.er to proceed further we need to know something of the
distribution of the relativistic electron energies. If they are taken
to follow a power law of the form

N(E)IE = kE-dE

where N(E)dE is the number of particles in the energy range &
to K + dE and y is a constant, then the integration may be per-

formed to determine the expected radio spectrum of the syn-
chrotron process.
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It may be shown that the radio emissivity & is given by an
expression containing the terms

&(f) oc HO+D/2 (sin )+ DAf~G=I2 L (16)

with other terms that depend on the assumed cut-off energies
of the electron energy distribution. Here 6 is the angle which the
electron velocity makes with the magnetic field.

We see that this emissivity has a spectrum f~¢~1/2 which
readily leads to spectra in which the observed flux density falls
with frequency in marked contrast to the thermal emission
process. The observed radio non-thermal brightness tempera-
tures are thus directly related to the galactic magnetic field and
the spectrum of high energy electrons. It remains to be seen
whether the limits placed on the magnetic field by radio Zeeman
effect measurements and observations of cosmic ray electrons
will substantiate the theory that the galactic continuum radio
emission is synchrotron radiation.

INTERPRETATION OF THE RADIO CONTINUUM EMISSION
OF THE GALAXY

(i) Separation of thermal and non-thermal components of galactic
emission
We have already seen how thermal sources may be recognized
if they appear in absorption or with a characteristic emission
spectrum. In the more general case of the Galaxy, where there
are both thermal and non-thermal sources, it is possible in
principle to deduce the fraction of the emission arising in ther-
mal and non-thermal processes by an examination of the radio
spectrum. For example it has been shown (Westerhout, 1958)
that if thermal and non-thermal sources are well mixed in the
line-of-sight the apparent brightness temperature will be given
by
T=({T,+T,/701 —e™). . . (17)
By assuming 7 oc f~*1 and 7, (the non-thermal component)
oc f~* it is possible to use a number of surveys at different
frequencies to deduce the distribution of thermal and non-
thermal emission, and also the variation of «. Fig. 12/2 shows
the result of an attempt to do this (Large, Mathewson and
Haslam, 1961) using surveys at 1390, 408 and 85 Mc/s. A much
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F1e. 12/2.—The radio emission from part of the Galaxy at 408 Mec/s

resolved into thermal and non-thermal components on the basis of

continuum spectrum measurements. The isophotes are marked in °K of
brightness temperature.

more detailed analysis should be possible now that high
resolution surveys ranging from 19-7 Mc/s to 3000 Mec/s are
available.

(ii) Polarization

Thermal radiation is unpolarized, but the synchrotron process
leads to emission partially polarized with the electric vector
parallel to the acceleration (Westfold, 1959). Many factors arise
which will subsequently serve to reduce the polarization, of
which the most serious is differential Faraday rotation across the
bandwidth in the interstellar material. Until recently attempts
to detect polarization have failed for technical reasons, but in
the last year or so positive measurements have been made at
several observatories.

(iii) The spiral structure of the Galaxy

It is well known, from the 21 em line observations, that the
neutral hydrogen in the Galaxy is distributed in an approxi-
mately spiral structure. This being so, one might expect to find
evidence of this structure in the radio continuum, particularly
in the distribution in longitude. Mills (1959) was the first to
point out that the 85 Mc/s radiation from the Galaxy showed
marked steps in the longitude distribution, and he was able to
fit a spiral structure which explained the steps; the argument
being that you would expect to see enhanced emission where the
line-of-sight was tangential to a spiral arm. This would indeed

e
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be true of thermal emission, which is radiated isotropically, but
at 85 Mc/s the radiation is largely non-thermal, and the
structure to be observed depends on the polar diagram of the
synchrotron emission and needs careful examination. The polar
diagram is shown in Fig. 12/3. It is a polar plot of the function
(sin 0" for m =1, 1-5 and 2, corresponding to values of
(v + 1)/2 in equation (16), and radio spectral indices of —2,
—2-5 and — 3 respectively. Hanbury Brown and Hazard (1961)
calculated the longitude distribution you might expect for a
spiral model of the Galaxy and concluded that ‘steps’ would not
be visible unless the magnetic field deviated somewhat from the
exact line of the spiral arm, thus introducing a small component
of H perpendicular to the line-of-sight. Furthermore examina-
tion of the distribution of thermal emission does not apparently
reveal the pronounced ‘steps’ expected at the tangential points
of spiral arms for an isotropic emission process.

I think these conclusions should be regarded as tentative, an
example of the kind of investigation that is possible.

(iv) Non-isotropic distribution of electron velocities

In drawing the radiation polar diagram for synchrotron
emission (Fig. 12/3) I implicitly assumed that the relativistic
electrons were isotropically distributed. If they are not the
combination of the anisotropy with the directional properties of
synchrotron emission can give rise to ‘rainbows’ of enhanced
radio brightness. An interesting example of the kind of effect
that might occur is provided by recent work of Sciama (1962).
He has shown that if the galactic magnetic field varies only
slowly in space and time compared with the Larmor radius and
Larmor frequency, then the electron will move in such a way
that the magnetic moment of the spiralling motion is conserved.
From this it follows that the electron trajectories are restricted
to values of 0 less than sin— (H/H,)* where 0 is the angle the
electron velocity makes with the magnetic field, H, and H, is
the (greater) magnetic field in which the electron velocities were
isotropic.

Since an individual relativistic electron emits synchrotron
radiation only in the direction of its instantaneous velocity, the
result of restricting the pitch angles of the spiral motion will be
to confine the synchrotron emission to cones of vertex angle 26.
For example suppose the observer to lie in a region of uniform
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magnetic field H = }H,. Then 6 will be 45°, and the observer
will see the synchrotron emission only at angles less than 45° to
the magnetic field. Divergence and curvature of the magnetic

45

180° Magnetic field
g

Fia. 12/3.—A polar plot of the function » = (sin 6)» showing the direc-

tional properties of synchrotron emission. The diagram has been plotted

for values of n of 1, 1-5 and 2 corresponding to radio spectral indices of
—2, —2:5 and —3-0.

field would modify this simple picture, and it has been suggested
(Large, Quigley and Haslam, 1962) that a mechanism of this
kind might provide an explanation of the large-scale features
observed in the radio continuum at high galactic latitudes.
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THE SPECTRA OF RADIO SOURCES
R. G. CONWAY

No spectral lines appear in the spectrum of the discrete radio
sources, so that the methods of classification and of distance
measurement, which are so important in spectroscopy, are not
available to the radio astronomer. The emission occurs as a
continuum, over a wide frequency range, and the flux density,
S, may be compared with a power law of the form S o f*. By
the spectrum of a radio source we shall mean a plot of log S
versus log f. It is known that thermally emitting sources
(including the Sun, and the Moon) exhibit a spectral index z
which is positive, or near zero. By contrast, the majority of
discrete sources are non-thermal, and have a negative spectral
index.

The determination of the spectrum of a source requires the
measurement of its flux density in absolute terms at several
frequencies. Such absolute measurements consist of comparing
the power received (@) from the source with an aerial of known
gain, and (b) from a heated resistor. They have only been done
at a few frequencies, namely 38 Mc/s, 400 Mc/s, 1400 Me/s and
3200 Mec/s. Intensity measurements at other frequencies, which
consist of the relative intensities of sources at those frequencies,
are usually calibrated from one source (e.g. Cassiopeia A) by
assuming the form of its spectrum (Whitfield, 1957).

The results presented in this paper consist of measurements
at nine frequencies, made at three observatories, Cambridge,
Jodrell Bank, and the observatory of the California Institute
of Technology. They will be published shortly in the Monthly
Notices of the R.A.S. (Conway, Kellerman and Long, in pre-
paration). A total of 161 sources were measured, 28 of them
over the full frequency range, and a further 46 with virtually
complete coverage between 38 and 1420 Me/s. Most of the
remaining 87 sources were observed at four or more frequencies.

Both interferometers and pencil-beam aerial systems were
used in this work. A careful examination was made of the

138
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TABLE 13/1
Observing systems
Frequenc, : Interfero-
(Bgo v Y | Observatory System B(e;ny:v:aec:t);h !I;:oti‘:g
38 | Cambridge| Aperture Synthesis 08 x 1'5 —
178 | Cambridge| Pencil Beam and Inter-
ferometer 04 x 4 4704
240 Jodrell Pencil Beam 11 -—
408 | Cambridge| 4-Aerial Interferometer | 0-5 x 3 | 70 & 7874
412 | Jodrell Pencil Beam 0-8 -
710 Cal. Tech. | Interferometer 11 1504
960 Cal. Tech. | Pencil Beam and Inter-
ferometer 0-8 2004
1420 | Cal. Tech. | Interferometer 0:5 1504
3200 | Cal. Tech. | Pencil Beam 0:25 -

sources of error, to ensure that the data were homogeneous.
Errors for most sources were estimated at 10-20 per cent, being
due principally to the effects of confusion with nearby sources,
and of resolution of the source by the aerial pattern. A valuable
check was obtained by comparing the 408 Mc/s observations,
made with an interferometer at Cambridge, with the 412 Me/s
observations, made with a pencil-beam system at Jodrell Bank.
Very satisfactory agreement was obtained.

As explained above, absolute flux density measurements have
only been made at 38 Mc/s (Adgie and Smith, 1956; Long, un-
published), 400 Me/s (Seeger, 1956), 1400 Mc/s (Heeschen,
1960) and 3200 Mc/s (Broten and Medd, 1961). We have cali-
brated the remaining frequencies by assuming that the mean of
seven calibration sources had a spectrum of constant spectral
index. These calibration sources were 3C 123, 161, 196, 348, 353,
380 and 409. We have not followed precedent in using Cassiopeia
A since:

(i) it has a comparatively large angular diameter
(ii) its intensity is much greater than that of the majority of
sources whose spectra we wish to determine.

The spectra of the 161 sources were inspected in graphical
form, and it was clear that while many were consistent with a
straight line, corresponding to a simple power law:

log 8 = zlog f + constant
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other examples showed significant deviations from such a law.
The spectra were divided into the following classes:

Class T (5 sources) Thermal sources (H II regions) which will not
be considered further.

Class 8 (112 sources) The spectrum is straight to within the experi-
mental error over the observed frequency
range.

Class S, (14 sources) The spectrum is straight from 38 to 3200
Me/s.

Class S, (12 sources) The spectral index is constant at low fre-
quencies but becomes more negative above
1400 Mc/s.

Class C (18 sources) The spectrum is curved, i.e. the spectral index
is a function of frequency.

This method inevitably contains a systematic bias in that the
weaker sources, which have larger errors, and where the data
are not as complete, tend to fall in Class S. In particular, sources
in Class S have not been measured at 3200 Mc/s; if they had
been, they would be placed either in S, or 8,. With this in mind,
we estimate that between 30 per cent and 50 per cent of all
sources should have spectra that are straight over the frequency
range 38—3200 Mc/s, the remainder showing deviations from
a straight spectrum. The deviations which have been measured
are invariably in such a sense as to make the spectrum convex,
i.e. the spectral index becomes more negative with increasing
frequency.

The data were also analysed using the Mercury Computer of
Manchester University. The best fitting straight line of the
form

log 8 = z log f + constant

was computed, using a least squares fit with each flux density
measurement weighted inversely as the square of its uncer-
tainty. The spectral index ‘2’ and the computed flux density at
400 Me/s, designated S,q,, were computed for each source.

To improve the homogeneity of the data, the relatively few
measurements at 3200 Mc/s were not included in this analysis.
Instead, each measured value was compared with the extra-
polation from lower frequencies in the form of the radio p, where

__ Extrapolated flux density at 3200 Mc/s
P = " Measured flux density at 3200 Mc/s
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It was found that the values of p clustered around the
two values 1-0 and 1-25, with a deficit of intermediate values.
This result supports the separation of classes S; and S,
above.

For those sources where the data were sufficient, a further
calculation was made of the variation of spectral index with
frequency. For this purpose two lines were fitted to the measure-
ments, one using 38, 178, 240, 408 and 412 Mec/s, and the other
using 408, 412, 710, 960 and 1420 Mc/s. The two spectral
indices so obtained correspond approximately to the slopes of
the tangents to a curved spectrum at 100 Me/s and 1000 Me/s,
and have been designated ,,, and ;0.

The difference Az = (2199 — Z1900) Provides a quantitative
measure of the curvature of a spectrum, and is free of the
statistical bias affecting the classification of spectra mentioned
above. In general the two methods agree satisfactorily; Class C
sources have values of Az which are always positive, mostly
between +0-20 and +0-60, while the remainder have values of
Az which are not systematically positive, usually lying in the
range -+0-20.

A few of the sources measured have been identified with
galactic or extragalactic objects. Four supernova remnants are
all classed as S, (one of these, IC 443, has not been measured
by us at high frequencies, but other measurements (Heeschen,
1961) are consistent with this classification). Three sources
identified with stars (3C 48, 196 and 286, see below, G. R.
Burbidge, Chapter 16) are of spectral Class C, S,, C respectively.

Out of 35 galaxies, identified by Minkowski (1961), 5 are
Class 8,, 7 Class S,, 6 Class C and 17 Class S. These proportions
are what one would expect in a random sample from the whole
list. It is perhaps surprising that the largest known radio
emitters (Cygnus A, 3C 295) and the smallest, 3C 48, all show
similar spectra, namely Class C. This is evidence that the same
emission mechanism is involved in each case (almost certainly
it is the synchrotron mechanism), but at the same time it shows
that a classification of radio sources by their spectral features
will have only limited physical meaning.

The presence of spectral features should in principle enable
the red shift, and hence the distance, of an extra-galactic source
to be measured. The spectra of sources, whose distance is known,
however, show such a wide variety of form, that we cannot, at
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F1a. 13/1.—The spectrum of four non-thermal sources, illustrating the

four spectral types.
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least at present, determine the red shift of an individual radio
source from a knowledge of its spectrum.

A histogram of the mean spectral index of all sources shows
a marked concentration about the value —0-70, over 60 per
cent of the sources having values between —0-60 and —0-80.
We found none with spectral index less than —1-15, a result
which cannot wholly be accounted for by instrumental selection.
The histogram of sources at low galactic latitude (b < 10°)is not
so peaked as the general histogram, indicating that galactic
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Fi1e. 13/2.—The average spectral curvature of sources in different

ranges of brightness temperature. The vertical lines indicate the r.m.s.

scatter of the index (z,p — 1000) @bout the average value. Each point
in the figure represents several sources.

sources may have a wider spread of spectral index than extra
galactic sources.

We have attempted to correlate the spectral index against
the distance and against the absolute luminosity of identified
sources. In neither case could we establish correlation. We have
also tested spectral features against the brightness tempera-
ture of the sources. For this purpose we have used the flux
density computed at 400 Me /s, and the angular diameter measure
by Moffett (1961) and Maltby (1961) and by Allen, Palmer and
Hanbury Brown (1962). There appears to be good correlation
between brightness temperature and spectral curvature, as
measured by the index (%99 — %1900)-
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In qualitative terms, this correlation means that sources of
high brightness temperature tend to be of spectral Class C. It
is generally accepted that non-thermal sources emit by the
synchrotron mechanism. A curved spectrum would then imply
that a source is deficient in high energy electrons (£ > 3:10°eV)
while still comparatively rich in electrons of lower energy. One
may tentatively construct a model in which sources of Class C
are at an early stage of evolution, having very quickly lost the
highest energy electrons, but not being yet old enough for the
remainder to have decayed. In such young sources the magnetic
field, and therefore the brightness temperature, would be high
(Kellermann, Long, Allen and Moran, 1962).
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THE ANGULAR SIZES OF
RADIO SOURCES

H. P. PALMER

DiscrETE radio sources have frequently been called ‘point’
sources, because they have angular sizes far smaller than the
angular resolving power of the radio telescopes with which they
are observed. With the commissioning of ever larger telescopes,
with fully filled, partially filled or synthesized apertures, giving
resolving powers of a few minutes of arc, this description is used
less, but it remains true that the majority of sources appear as
‘points’ to the instruments used to detect them in the first
instance, and to measure their celestial positions and flux den-
gity. Measurements of their angular size require much higher
resolving powers, and can at present be made only by interfero-
metric techniques, with an appropriate aerial separation or base-
line. An interferometer of baseline L metres, receiving radiation
of wavelength 1 metres, can be used to study angular struc-
ture rather smaller than its resolving power, 1/L radians, or
206,264 1/L secs.

OBSERVING TECHNIQUES

For some of the earliest work on Cygnus A and Cassiopeia A
Hanbury Brown, Jennison and Das Gupta (1952) used an
instrument working on an entirely new principle, the correlation
interferometer, which did not preserve the RF phase of the
received signals. This instrument suffers from particularly
stringent signal /noise ratio limitations when it is used to observe
weaker sources, and all later observations have been made with
interferometers in which the receivers at the two aerials remain
phase coherent at least for the duration of the observations.
These instruments are therefore radio equivalents to the Michel-
son Stellar Interferometer (1920).

For aerial separations < 1 km, phase coherence may be
achieved by sending the RF signals down low loss cables to the

145
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central interferometer equipment. Alternatively one may trans-
mit a CW signal to the receiver at each aerial, use it there as a
‘local’ oscillation, and transfer the noise bands to the interfero-
meter at the intermediate frequency. With such systems the
phase information may be preserved from day to day, so that
the signal/noise ratio may be improved by integrating succes-
sive records, and the accuracy of position measurements becomes
comparable with the resolving power of the interferometer,
rather than the resolving power of the individual aerials.

For aerial separations greater than about 1 km radio link
systems are to be preferred, and phase coherence is achieved by
the transmission of a signal at or near the frequency of the local
oscillator. These systems remain phase stable for the duration
of an observation (of order 30 minutes) but at the longest base-
lines no attempt has yet been made to preserve phase coherence
from day to day.

Whether the interferometer multiplies the bands of noise
power received at the two aerials in a square law detector
or in a linear multiplier, the term which contains the angular
information from the interferometer has the form, if the output
deflection D is proportional to received power,

D oc SV A4, cos ¢

where S is the total flux density from the source falling per
square metre of aerial, 4,and 4, are the areas of the two aerials,
and ¢ is the phase difference between the two signals when they
reach the interferometer (see for instance Pawsey and Bracewell,

1955). This phase difference may be considered as the sum of
two terms:

¢=2Tn(r + L cos B)

where £ is the angle between the baseline and the direction of the
Fa.dio source. The constant 7 arises from any asymmetry in the
nstrument, which makes the ‘optical paths’ from the source to
the interferometer unequal in the two arms. The term L cos j
varies as the source moves across the sky, and the resulting
change of phase produces the output fringe pattern at the
frequency
1 d¢

_____ . B
f_2:t dt _Asmﬁgt
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f depends of course on the celestial coordinates of the source,
and on the direction of the baseline, so that the expression for f
becomes more complicated when it is expressed in variables
such as Right Ascension and Declination (see Chapter 15). Only
a limited range of values of f can be used, for if there is less
than one fringe in the time of observation, the fringe amplitude
may be indeterminate, while if the frequency is too high, the
output time constant of the recording system attenuates the
fringe amplitude. As the signal /noise performance of the instru-
ment will be impaired if this time constant is made shorter, it is
necessary to arrange that the output fringe frequency shall be
within the band about 0-1 to 0-5 fringe/minute. This can be
achieved, of course, by choice of a baseline of length about 300
wavelengths, but for longer baselines, when the natural fringe
frequency f becomes inconveniently high, the output frequency
may be reduced by introducing into the apparatus a continuous
phase change, at an appropriate rate f, and in a sense such that
the output frequency f, = | f — f. |-

If the received signals were ‘monochromatic’ continuous
oscillations the constant term 7 would be unimportant, but as
we are concerned with random noise signals of finite bandwidth
B Mc/s, this term must be brought to zero, by introducing an
equal delay into the opposite arm of the instrument. The pre-
cision with which the delay must be equalized in the two arms
depends on the signal frequency bandwidth of the instrument.
For a rectangular bandpass, an inequality of 1/2B will reduce
the fringe amplitude by 36 per cent.

THE REDUCTION OF THE OBSERVATIONS

Transit observations will enable one to measure the amplitude
(and possibly the phase) of the fringe pattern produced by a
source at a given aerial separation. In principle, the information
about the angular dimensions of the source may be obtained by
increasing the separation of the aerials until the amplitude of
the fringe pattern decreases. One may assume that the per-
formance of the instrument remains constant as the equipment
is moved about, or, preferably, one may calibrate the observa-
tions at each baseline by observing a source which has pre-
viously been shown to be much smaller than the resolving power
of that baseline. For the longest baseline such a procedure
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cannot be used and then the problems of calibration are much
more difficult. They may be approached by the use of steerable
aerials to make observations away from transit, so that the
effective length of the baseline is reduced by foreshortening, and
the observations thus compared with previous ones at shorter
baselines (Allen ef al., 1962).

The angular information is revealed more clearly if one com-
pares the values of D at different spacings. More accurately, one
calculates values of the fringe visibility

_ fringe amplitude at baseline L
~ fringe amplitude at a very short baseline

4

One can also define the phase of the fringe pattern for each
value of y and a plot of the resulting fringe visibility against
baseline is referred to as the visibility function for that direction
across the source, and it is in fact the Fourier transform of the
brightness distribution across the source projected in that
direction. If the visibility function is completely specified in
amplitude and phase for a number of directions across the
source, the two-dimensional brightness distribution may be
calculated uniquely. In general the phase of the fringe pattern
is more difficult to measure than its amplitude, and is sometimes
ignored. The diagrams of Fig. 14/1 show only the theoretical
amplitudes of the visibility functions for two baselines at right
angles, for sources having different and increasingly complicated
distributions of surface brightness. For only 40 or 50 sources are
the observational points sufficiently well defined and numerous
to justify the fitting of a visibility function, and for most
sources there are available at the present time only the values
of fringe amplitude for two or three baselines. In those cases the
information about the detailed structure of the sources is not
yet known, but the data can still give some statistical guidance
about the angular scale of radio sources, and the design of
future experiments.

EARLY RESULTS

The more intense sources were studied first, and the situation
a8 it was known in 1954-5 is summarized in Table 14/1, together
with notes on more recent work.
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(a) Single point source.
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(e) Double source, consisting of two identical gaussian components,
each as in (b).

Fie. 14/1.—The amplitudes of the visibility functions associated with
five source models, for two perpendicular directions across the models.
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TABLE 14/1
The angular dimensions of the most intense sources

Name Data known in 1954-5 Recent work

Cassiopeia A | 3’ by 4’ (Smith, 1952) (214 | 3’ x 3-8’ (Moffet & Maltby,

Me/s) 1962) (960 Me/s)
Cygnus A Double source, Small nucleus with 10 per
Separation 88” cent of flux between main
Components 30” x 51” components

(Jennison and Das Gupta, | (Lequeux, 1962) (1420 Mec/s)
1953) (125 Mc/s)

Taurus A 3} x 53’ (Mills, 1953) (101 | 3-3’ x 3-7’ (Moffet and Malt-

Me/s) by, 1962) (960 Mc/s)

Centaurus A | 3" x 64" (Mills, 1953) (101 | Halo 3° by 8° which probably

Me/s) has double structure (Twiss
et al., 1960) (1427 Mec/s)

Core double

Components 4’ x 2’

Separation 7/

(Maltby, 1961) (960 Mc/s)

Virgo A 2} x 5’ (Mills, 1953) (101 | Halo and double core

Me/B) Components 23"

Separation 33”

(Lequeux and Heidman, 1961)
(1427 Me/s)

The angular sizes of Cassiopeia A, Taurus A, the core of
Centaurus and the core of Virgo A are comparable with the sizes
of the optical objects with which they are identified. The other
features are much larger than any dimension in the related
optical object.

One of the first attempts to extend these measurements to
weaker sources was made at Jodrell Bank, in the period 1953-6.
Hanbury Brown, Palmer and Thompson (1954) and Morris,
Palmer and Thompson (1957) studied 15 sources in the zenithal
strip there. Five of these sources were at galactic latitudes > 10°
and all were smaller than a minute of are, three of them being
smaller than 12", Two of these small sources have since proved
to be of particular interest. One (3C 295) has since been identi-
fied with a very remote Galaxy (redshift z — 0-46), and the
other (3C 196) tentatively with a galactic star (Burbidge, Chap-
ter 16). The third (3C 147) remainsunidentified, probably because
of heavy optical obscuration in that direction.
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RECENT RESULTS

In the last few years several interferometers have come into
use which have permitted the study of some hundreds of sources
smaller than two or three minutes of arc. Some details of these
instruments are given in Table 14/IL.

TABLE 14/II
Some interferometers used for angular diameter measurements
?::::S; Frequency Baselines Results Reference
Cambridge | 159 Me/s | 3204 EW | Catalogue of 471 | Edge et al.,
274 NS sources 1959
Cambridge | 178 Me/s | 4654 EW | Catalogue of 64 | Elsmore ef al.,
sources 1959
Cambridge | 178 Me/s | 4650 EW | Statistical Leslie, 1961
analysis of
diameters of
600 sources i i
85 Me/s 304 NS | 90 diameters in ills et al.,
i d 30001 EW | catalogues of 1960-61
Mills et al.
Cal. Tech. | 960 Mc/s | 195-15574 | Catalogue of 195 | Moffet et al.,
EW & NS | sources 1962 )
Nangay 1420 Me/s | 40-10004 | Catalogue of 25 | Lequeux thesis,
EwW sources 1962
40-18004 Lequeux et al.,
NS 1961
Jodrell 158 Me/s 2200- Catalogue of 384 | Allen et al.,
Bank 61,1004 sources and 1962
EW statistical
analysis

These instruments have produced a large amount of data,
much of which is published, or in publication. At last the
resolving powers and signal/noise ratios appear adequate to
give some angular information about a statistically useful
number of sources, as is clear from Fig. 14/2. This summarizes
the measurements of Moffet (1961), Maltby (1961) and Allen
et al. (1962) for a group of 55 sources having galactic latitudes
b > 12°, and shows how the percentage of sources having
values of fringe visibility || > 0-7 and |y | > 0-5 diminishes
Pprogressively as the baseline is lengthened.

These sources are almost all of them more intense than 20
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flux units (at 159 Me/s) and for this group about 50 per cent
have an angular scale larger than 307, and only 10 per cent are
smaller than 4”.

A detailed study of the measurements on individual sources
shows that there is very little correlation between the angular
gize of a source and the flux density received from it, and that

CAL. TECH DATA JODRELL BANK DATA
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Fic. 14/2.—Data from Cal. Tech. and Jodrell Ba.n!:'hl_aye been used to
find the percentage (P) of sources with (a) fringe visibility y > 0-7 and
(b) ¥ > 0-5. The observations refer to a restricted set of 55 sources
(described in the text) and were made with baselines of 1954 to 61,1004

their structure is usually more complicated than the single
_ circular gaussian brightness distribution conventionally assumed
until recently. Maltby and Moffet (1961) classified the structures
of the extragalactic sources they studied in detail as ‘double’,
‘ halo and core’, ‘simple’ and ‘unresolved’, as ghown in Table
14/I11. Allen et al. (1962) have now resolved almost all the
sources in a rather larger group, though without obtaining such
detailed structures. They conclude from statistical arguments
that at least two-thirds of the sources lying at galactic latitudes
> 12° probably have a double structure. .

This complexity of angular structure leads to considerable
difficulties in the analysis and reduction of the results. It is no
longer permissible to assume that the sources are circularly
symmetrical and the ‘diameter’ calculated from an isolated
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TABLE 14/II1

A classification of the structures determined by Maltby and Moffet
Jor the more intense extragalactic sources

Structure class No. of sources

Double sources

1. Component intensity ratio < 1-5 : 1 11
2. 3 9 » > 16:1 24
Halo and Core 6
Simple 4
Unresolved 45

value of the fringe visibility at a particular spacing may not
bear much relation to the angular dimensions of the source,
when these are eventually determined. A realistic interpretation
for any particular complex source requires observations at many
values of aerial separation, with baselines in two or more direc-
tions. It would probably be extremely informative to have such
data for all the sources having flux densities greater than some
limiting value, provided that value were set low enough to
admit a statistically useful number of sources and not, as in
Table 14/1, at about 1000 flux units, so that the sample only
includes 4 or 5 sources. Such data are not yet available from
any of the instruments listed in Table 14/II. Only Moffet and
Maltby at the Owens Valley Observatory in California, and
Allen et al. at Jodrell Bank, have so far had adequate resolving
power together with a signal /noise ratio which is good enough
for this purpose. The observers in California have used several
baselines I,<< 15574, in two azimuths, while at Jodrell Bank we
have used four EW baselines with lengths in the range 2200-
61,1004. Although these observations were made at frequencies
which differed by a factor of six, the results from the two
observatories agree well on the average, as was seen in Fig. 14/2.
This is usually found to be the case also when the sources are
considered individually, showing that, on the whole, angular
structure does not change with frequency. The exceptions are
‘halo and core’ objects, for which in some cases the haloes are
less pronounced at high frequencies.

The most complete angular information available at the

present time for a usefully large set of sources may be derived
L
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by combining the results from both observatories. One can then
begin to discern some general features in the structure of radio
sources. From such considerations a ‘general’ model has been
proposed (Palmer, 1961) which is reproduced in Fig. 14/3. It

N\ \S
X

Fie. 14/3.—The proposed general model of radio source structure,
which has two separated components, each of which has a bright ‘core’
and a broad ‘halo’.

has two separated components, each of which has a bright core
surrounded by a ‘halo’ of lower surface brightness. As the com-
ponents may not have equal diameters, and the flux density
received from the two components may also be unequal and
may be variously divided between the core and halo, there are
clearly many parameters associated with each source, and the
existing data are not adequate to define all of them.

Allen et al. (1962b) have considered the set of 55 sources
mentioned above, which were well observed at each observatory.
Tn most cases the data are sufficient to justify the fitting of a
visibility function, as in the examples of Fig. 14/4. Angular
gizes can therefore be assigned to the components and, for
some double sources, to their separations. A histogram of the
component diameters is given in Fig. 14/5a, which shows that
there is wide dispersion in the angular sizes which vary from
less than 1” to about 300".

This information about component diameter is derived from
the envelope of the visibility amplitude function, while the
separation between the components is derived from the spacing
between successive minima of the function. In general, the first
baseline at which | y | is significantly less than 1-0 is likely to be
highly sensitive to the orientation of the source major axis,
while the longest baseline at which fringes were observed may
merely reflect the existence of small hot regions in the radiating
components, colloquially known as ‘pips’. With these considera-
tions in mind, the following rule has been adopted as one method
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F1c. 14/4.—The observed values of fringe visibility for two sources, with approximate limits of error.

The dotted lines show possible forms of the visibility functions.
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of analysing the Jodrell Bank results. A value of angular dia-
meter 6 is calculated from the data at the longest baseline at 201
which | y | > 0-4. This value of 0 is, in general, taken to repre-
sent the angular sizes of the radiating components, and may be R
calculated even where the data are too sparse to permit the 15t b2
fitting of a visibility function. Fig. 14/5b shows the distribution No
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Fia. 14/5.—Histograms of the component diameters of 55 sources,
derived by the two methods described in the text.

3 30 300
Seconds of gre
Fra. 14/6.—Histograms of the angular sizes of the 70 most intense

sources in the 3C catalogue (flux density > 25 f.u.) for two ranges of
galactic latitude.

of diameters calculated in this way for the 55 sources mentioned
above. It corresponds reasonably closely to Fig. 14 /5a. Most of
the sources in the third Cambridge catalogue having § > 12 f.u.
and b! > 12° have been studied sufficiently to justify analysis
by this method (Allen et al., 1962e¢ and b). Similarly, if one
analyses, by this method, the component diameters for the 70
most intense sources in the third Cambridge catalogue, which
Dewhirst (Chapter 17) discussed from the point of view of
optical identifications, one finds a similarly wide distribution,
as shown in Fig. 14/6. The median angular size for the sources

at low galactic latitudes is about three times larger than for the
sources at high latitudes.

CONCLUSION

The available data suggest that the angular dimensions of
sources of flux § > 12 flux units, and &' > 12° may be briefly
described as follows: ,




158 RADIO ASTRONOMY TODAY

More than two-thirds of the sources are probably double,
witl two separated components. The median angular separation
between the components of double sources is approximately
120", in the range 3" to 1000”. The median component diameter
is 30" in the range 1” to 300".
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SOURCE BRIGHTNESS DISTRIBUTION
B. ROWSON

As described by H. P. Palmer in Chapter 14, transit observa-
tions made at Jodrell Bank with a few baselines covering a wide
range of resolutions have shown that many discrete radio
sources have a complex structure and must consist of at least
two components. This conclusion was derived from a statistical
analysis on a large number of sources because too little informa-
tion was obtained from any one individual source. However
individual sources have been studied in detail at lower resolu-
tion and similar conclusions reached (Moffet and Maltby, 1961).
It is clearly desirable to investigate the structure of a few indi-
vidual sources at the high resolution obtainable with the former
equipment for comparison with the structures obtained at
lower resolution.

From the theoretical standpoint the simplest way of obtain-
ing the brightness distribution of a source is to scan it with an
aerial which gives the required resolution and produce isophotes
of the source. Since the observations described here were made
with a resolution of a few seconds of arc at a wavelength of
1-89 m it is clear that some more indirect method of observa-
tion has to be used. If we were to use an aperture synthesis
method similar to that described by M. Ryle in Chapter 18
many sites would have to be used for the remote aerial and the
experiment would take a prohibitive length of time. There would
also be the problem of preserving the phase of the fringes when
using baselines of length comparable with the size of the irregu-
larities of ionization density in the ionosphere. Let us consider
how much information can be obtained by observing with a
fixed baseline using only the changes of position angle and
resolution that are caused by the apparent motion of the source
across the sky, and how these observations can be made in
Ppractice.

In order to define the direction of the baseline in celestial

co-ordinates, consider the baseline produced to intersect the
159
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celestial sphere at a point B which will have an hour angle and
declination (&, d). If the source S has the celestial co-ordinates
(H, D) the cosine rule (e.g. Smart, 1947) can be used in the
spherical triangle N8B (Fig. 15/1) to give

Fi1c. 15/1.—The spherical triangle used for calculating differential delays
and resolution.

cos f = sin d sin D 4 cos d cos D cos (H-h) . (1)
where f is the angle between the direction of the baseline and
the line of sight from the observer to the source.

The difference in time of arrival of a given wavefront at the
two aerials is

L
T=acosﬂ . ’ . (2)

where L is the length of the baseline and C is the velocity of
light. The natural fringe frequency (i.e. that which would be
observed if no phase rotation were introduced into the equip-
ment) is given by the rate of change of this differential delay
times the frequency of observation. Thus the fringe frequency
F is given by

dH Lf

=0 " d cos D sin (H-h) . . (3)

where H is measured in radians and f is the observing frequency.
For the present baseline of 61,100 wavelengths (which corres-
ponded to a length of 70 miles) continuous phase change and
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tracking of the delay were required. The above equations were
therefore used to design a simple analogue computer which drove
a magslip phase rotator to control the frequency of the fringes
recorded on the chart (Elgaroy, Morris and Rowson, 1962) and
also varied a mercury delay line which was used to delay the
home station signal at intermediate frequency. Having built
electronic equipment which would follow a source over many
hours it was necessary to use aerials which would do the same.
The interferometer used the 250-ft radio telescope together with
a distant aerial consisting of a small broadside array of full wave
dipoles giving a collecting area of 36 m? supported on an alt-
azimuth mounting.

In order to interpret the results it is convenient to consider a
hypothetical experiment in which the source is considered fixed
in the zenith while one interferometer aerial is fixed at the origin
on a horizontal plane. The position of the other movable aerial
on this ‘fringe amplitude’ plane can then be given in terms of
the length and direction of a radius vector from the origin or in
terms of rectangular cartesian co-ordinates (z, y) with the y
co-ordinate increasing in a northerly direction. Then if this
aerial is moved over the plane to simulate the results that are
obtained with the real equipment as the source is tracked, the
length of this radius vector in the hypothetical experiment must
be equal to the foreshortened length (N’) of the real baseline,
while its direction is given by the position angle (o) of the direc-
tion in which resolution is obtained on the celestial sphere with
the real equipment. Thus when a source is observed at a given
hour angle H the corresponding values of « and y are given by

# = N'sin ¢ = N sin o sin . . (4)
y = N’ cos ¢ = N cos o sin f . . (5)
where N the length of the actual baseline measured in wave-
lengths is given by
_I
- C

Further application of the sine and cosine rules respectively in
the spherical triangle NSB gives

sin ¢ sin f = cos d sin (H-h) . . . (8)
; sin d — cos § sin D
cos g sin f = oos D (7)
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Using equations (1), (6) and (7) to eliminate ¢ and § from
equations (4) and (5) we obtain

x = N cos d sin (H-h) . ‘ . y . (8)
y = N[sin d cos D — cos d sin D cos (H-Rh)] . (9)

Two deductions can be made from these equations. Firstly
equation (8) shows that, for a given actual baseline, the east—
west component of the resolution depends only on the hour
angle of the source and not on its declination. Secondly it can
be shown that the locus of the point of observation on the
fringe amplitude plane is an ellipse, for if we have an ellipse
with semi-major axis ¢ and semi-minor axis b its equation can
be given in terms of the parameter ¢ as

x = asin ¢
y =bcos ¢

Comparing these equations with equations (8) and (9) it is
seen that the observational ellipse must have its centre at (O,
N sin d cos D) and its parameter ¢ = (H-h). Fig. 15/2 shows
three ellipses of observation for three different source declina-
tions when using the present baseline which is nearly horizontal
but makes an angle 10° to the east—west direction. In the special
case of a horizontal east—west baseline d = O and the observa-
tions follow an ellipse centred on the origin as noted by Ryle
(1962).

Thus it is evident that insufficient information is obtained to
derive the brightness distribution uniquely from observations
made with a single baseline and so models of the source bright-
ness distribution have to be assumed and deductions from these
models compared with the results. In this way it is hoped to
find the simplest model that is consistent with the experi-
mental results. This procedure would be necessary in any case
with this equipment because measurements of phase cannot be
made.

Because this method of interpreting the results depends on
being able to compare the fringe visibility distributions from
physically reasonable source models with the experimental
results, it is convenient to have a physical analogue of the ex-
periment. This is provided by Fraunhofer diffraction which
might be produced by the equipment shown schematically in
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RESOLUTION
E yUNITS: 10%)\

Fic. 15/2.—Some examples of loci of observations on the fringe ampli-
tude plane. The three ellipses refer to three different source declinations
observed with the present baseline and are as follows:

A declination = 7°
B: declination = 33°
C: declination = 41°

Fig. 15/3. In this apparatus the origin is to be taken as the
point where the optical axis intersects the image plane. Then
if a model of a source in the form of a positive transparency is
placed between the two lenses, it can be shown that the square
root of the light intensity on the image plane is proportional
to the fringe amplitude in the interferometer experiment. Of
special interest is the source model consisting of two centres of
emission of comparable intensity. Here the optical analogue
clearly shows that the fringe amplitude distribution must con-
sist of straight ‘ridges’ and ‘valleys’ of high and low fringe
visibility with one ridge passing through the origin.

Because of the complexity of the equipment used in long
baseline observations it is not possible to obtain a direct cali-
bration from a knowledge of the equipment parameters. How-
ever a calibration is required in order to relate the amplitudes of
the observed fringes to the amplitude that would be observed
at low resolution. This calibration is obtained by observing a
source of known intensity which is assumed to be unresolved at
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the baseline used. The calibration source used in these observa-
tions was 3C 48, which was assumed to have a flux of

50 x 102w m—2(c/s)1
Then, providing that the intensities of the other observed

sources are known, the observations can be expressed in terms
of fringe visibility which is defined as the ratio of the fringe

? ? LIGHT SOURCE
<.., =

— SOURCE MODEL
TRANSPARENCY

IMAGE PLANE

F1e. 15/3.—An optical analogue for deriving the distribution of fringe
amplitude from a given source model.

amplitude which is observed with high resolution to that which
would be observed at zero resolution with equipment of the
same sensitivity.

As an illustration of this method of observation, consider the
results obtained from the radio source 3C 295. These are shown
in Fig. 15/4, together with the ellipse of observation. It can be
seen that the two minima and also the maximum between them
occur at much the same resolution and over a position angle
range amounting to only 60 degrees. As the fringe visibility is
fairly high, this behaviour cannot be reconciled with a source
consisting of a single centre of emission and so a double source
will be considered. Now since the observations cover a fairly
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(@) Observations of the source 3C 295. Variation of fringe visibility with
hour angle. The curve represents the calculated fringe visibility for a
source model having two components of equal intensity.
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(b) The locus of the observations on the fringe amplitude plane showing
the positions of the maxima and minima derived from the source
model finally adopted.

Fic. 15/4.
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large range of position angles, one of the maxima in the fringe
visibility curve must be caused by the fringe amplitude ridge
passing through the origin. If we can identify this ridge we can
get an approximate value for the position angle of the line
joining the two centres of emission since the ridge is perpendi-
cular to this line. (Once a complete interpretation of the results
is made, a more accurate value of this position angle can be
obtained from the hour angles of the minima.)

If we take the larger maximum as corresponding to the origin
ridge the two minima which are observed must correspond to
the same valley in the fringe amplitude distribution. Referring
to the ellipse diagram it can be seen that this valley would run
close to the locus of observations for hour angles of 2 to 3h
and so the fringe visibility over this region could not exceed
0-16. Thus take the maximum at an hour angle of 3 h as the
ridge passing through the origin, making the two minima cor-
respond to two separate valleys and giving the two components
a separation of 4" of arc in position angle 135 degrees. Then it is
seen that the next ridge in the fringe distribution runs parallel
to and nearly coincident with the ellipse for hour angles from
19 to 23 h and so accounts for the large observed width of this
maximum. However two aspects of the results remain to be
explained : first the large fringe amplitude at 19 h compared
with that at 23 h although the distance of the ellipse from the
secondary fringe amplitude ridge is similar in the two cases, and
second the low fringe visibility for the maximum at 3 h. Both
of these effects can be explained if the components have an
extension of 1-7” of arc along a direction perpendicular to the
line joining the centres. Also since there is effectively unit fringe
visibility at the 21 h maximum the components must have a
width of less than 1” of arc in a direction parallel to this line.
The curve drawn in Fig. 15/4 (a) is the calculated fringe visibility
for this model if the two centres of emission are assumed to have
equal intensity. While the curve fits the experimental points
reasonably well for most of the range of hour angles there is a
suggestion that the minimum at 1 hour may not correspond to
zero fringe visibility. If this were subsequently found to be the
case it would be necessary to assume that the two components
had fluxes that were not quite equal and major axes that were
not quite parallel, the more intense component having the
smaller major axis position angle.
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Tracking observations have also been made on 3C 123, 147,
298 and 405 at this baseline suggesting in each case source
models which differ significantly from circular gaussian bright-
ness distributions (Rowson, 1962).
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PHYSICAL PROCESSES IN NON-THERMAL
RADIO SOURCES

G. R. BURBIDGE

AnrHOUGH radio astronomy has had a chequered history so
far as cosmology is concerned, it has certainly produced some
fantastic results in high-energy astrophysies if the few identifi-
cations of radio sources with optical objects are accepted. There
are four distinet types of non-thermal radio source which I shall
discuss,* and in each I shall accept that the method of emission
is the synchrotron process in which high-energy electrons, and
probably also positrons, radiate when they are accelerated in
weak magnetic fields.

RADIO EMISSION FROM STARS

Until quite recently the only star from which we could detect
radio emission was the Sun, although in the early days of radio
astronomy it was thought that most of the radio sources in the
sky might be low-luminosity stars. At this time it is not appro-
priate to go into the many experimental and theoretical argu-
ments that have been advanced to show why this is not so.
With the very accurate positions that have been obtained now
it has been possible to make identifications of a few sources
with stars. The first such identification, which was reported
from the Mt. Wilson and Palomar Observatories (by Dr.
Sandage to the American Astronomical Society) in the summer
of 1961, was that of the radio source 3C48. Theidentification was
based originally on the position measurement, and more recently
the star has been examined both spectrographically and by
photo-electric means at Mt. Wilson and Palomar. The object
is a 16th magnitude star with a very faint associated nebulosity,
<o faint indeed that it would be very difficult to reproduce it
for publication. Spectroscopically the object is disappointing.

* Not including the very interesting non-thermal emission from
Jupiter. 168
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The line at 4686 A due to He II is the only feature which
!19..3 been positively identified. The presence of other features
in the red and in the ultraviolet (at about 3830 A) is indi-
ca.i‘;ed, but these have not bheen identified. There is some
evidence that the optical intensity of this star has been changing
b'y about one magnitude during the past year. The varia-
tlon.s are apparently irregular, and no definite data are yet
available.

I am indebted to Dr. Sandage for the following data on the
colour and magnitudes of 3C 48 and also of two other objects
(3C 196 and 3C 286), which he and Matthews are now fairly sure
are good identifications of radio sources with stellar objects (see
Table 16/I). In addition there is the object 3C 346 which Mrs
?Surbidge has been interested in for some time. Here the:-;
1del.1t.iﬁca.t.ion is much less certain mainly because the radio
position is known with much less precision. Fig. 16/1, which was
taken by Mrs Burbidge at Lick, shows this object; the others
are very similar in appearance. The faint nebulosity is slightly
d.ls;.:la.ced from the star, but the probability of its being an
accidental coincidence is thought to be small. However, this is a
new and difficult field, and hitherto astronomers have generally
neglected such faint nebulosities.

TABLE 16/I

Colours and magnitudes of three stars that are thought
to be radio sources

v ‘ B-V V-B
|
3C 48 16-20 ' 0-40 —0-59
3C 196 17-79 | 0-57 —0-43
3C 286 17-25 ‘ 0-26 —0-91

The colour indices for the three stars shown in Table 16/1 are

Z}f;rykjal()inoil"mei.l and as Sandage points out they correspond to
e kind of colour one finds for ex-novae, perhaps i

white dwarfs. 4 e o cases,
I‘t.hink it is fair to accept the identification of these stars as

radio sources, but the absence of any optical or radio evidence

of dj::;ance and the meagre spectral information make it difficult
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to say what contribution stellar radio sources might be making
to the background emission. Also at the moment we have only
very poor information on the number of sources of th_h surface
brightness which may be stars. None the less these. objects may
be very significant in the interpretation of the galactic _contmuum
emission, as well as in cosmic ray production. For if t.!ney are
intrinsically powerful sources ab modera:tely great dlsta.ncc?s
there may be perhaps a hundred of them in the Galaxy, and it
is quite possible that they represent a more important source of
high-energy particles than do the supernovae.

In view of the uncertainties about the absolute power ou.tp.ut,
it is not very fruitful to discuss the energetics of radio emission
from stars. However, it is clear that conditions are ra.th(?r
different from such objects as the Crab nebula, for the ma.gnet‘m
field may be greater, and much lower energy electrons than in
the Crab will then radiate appreciably by the synchrotron
mechanism. We are then faced with the problem of the many
other energy loss processes which compete with the synchrotron

process at lower energies.

SUPERNOVA REMNANTS

There are a number of strong non-thermal sources m our own
Galaxy which have been identified with nebulomt1e§ that in
many cases are thought to be supernova remna-mts. Minkowski
has attempted to determine the ages of these ob]ect§ by measur-
ing the expansion velocity of the shells, and making assump-
tions about the deceleration. In the Crab nebl'llz_a., the light ripples
observed by Baade which move with velocﬂ?les i 9-2 — 03¢
are probably manifestations of hyd.z;o;nagne_tlc activity (as was
suggested by Shklovsky) which originate in t_he central star.
Tt is clear that the charged particles responsible for'the syn-
chrotron emission in the Crab are being produced continuously.
Numerous suggestions are current concerning 1_she nature of the
central star, one of these being the idea that it is a ne1-1tron star.
In the other remnants it is not clear whether or not hlgh-ener:gy
electrons are still being injected. Calculations by the Rusa.nan
theoreticians indicate that the supernovae may supply §uﬂ?lclent
particle flux to account for the entire cosmic ray density in the

Galaxy. _ o
Turning now to the energy considerations In supernovae, we
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find that the radio emission obeys approximately a power law
of the form
flux density oc »~*

From this we can deduce from the theory of synchrotron emis-
sion that the energy density in the relativistic charged particles
is given by a power law of the form

N(E) dE o< E-" dE

where N(E) dE represents the number of particles in the energy
range K to B + dE, and

n=2+1

If we now assume that the radio spectrum cuts off at say
10 Me/s and 10* Me/s, we can use knowledge of the distance and
size of the supernova to calculate the total energy.

The power and frequency radiated by an electron depend on
the magnetic field; since no independent measure of this is
available, it is usual to assume equipartition of energy between
the magnetic energy density and the particle energy density. It
is now well established that this assumption yields a lower limit
to the total energy needed to explain the radio flux. This does
not imply that there is any physical basis for expecting equiparti-
tion of energy to be realized.

From the synchrotron theory, one calculates only the total
energy in electrons and positrons but it is generally thought that
any physical process which gives rise to energetic electrons must
also produce a considerable flux of protons. The synchrotron
energy loss from these charged nucleons is negligible, with the
result that the loss of energy of these particles will occur by
nuclear collisions at a rate which depends on the density. The
net result will be that a cloud of » mesons will be produced. The
7o mesons will decay to y rays, and the # 4 and 7= — mesons will
decay to u mesons which in turn decay to positrons and
electrons and neutrinos. Thus the energy in the proton flux will
be transferred into electrons, positrons, y rays and neutrinos at
a rate depending on the density. These ‘secondary’ charged
particles are the principal source of the synchrotron emission.
By going through the calculations involving multiple meson
production it is possible to work out that the ratio of energy in
the primary protons to the energy in the primary electrons is
Pprobably about 100 : 1. If this is so, and we equate the proton
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energy density to the magnetic energy density, we arrive at
rather higher total particle energies.
Table 16/I1 shows the total particle energy in some of the

TABLE 16/1I1

Minimum energies required for sources of acceleration radiation
within the Galaxy

Rateof | Totalenergy | yrop oayye | Totalenergy | nrooh value

emission (electrons ",‘ of H (protons +- of H
(ergs/sec) ma%l?;s?m) (gauss) mag(.cfg:)rgy) (gauss)

Radio 8x 10%¢ ~10%8  |~10-3—10-4% ~10% ~10-2
Biond Optical 10%¢
Cassiopeia A 2:610%% | 4-1x 108 2x10-4 57x10% | 1x10-3

IC 443 4% 1038 8 x 1048 1x10-% 1-2% 1050 | 4x10-%
10%¢ 1080
K magnetic eti
*Cygnus Loop | 2:5x 108 { AT = {“:’,?g‘}o;" 5x10-5
electrons protons

Galactic centre
source 1-4x 10%8 | 1-0x 1052 1x10-% 1-3x10% | 4x10-5

* For these sources the equipartition condition has not been used.

supernovae, calculated on the basis that we have discussed.
These results were first presented at the Paris Symposium (see
references); the situation has not changed much since then.

NORMAL GALAXIES

Galaxies radiating at power levels similar to our own and to
the Andromeda nebula are known as ‘normal galaxies’ and a
very nice survey of their characteristics has recently been pub-
lished by Hanbury Brown and Hazard (1961). It seems that
whatever process is going on in our own Galaxy also applies to
other normal galaxies. Supernovae are probably the principal
source of the synchrotron electrons, with some particles origin-
ating in stars, and some arriving from outside the Galaxy.

INTENSE RADIO EMISSION FROM ABNORMAL GALAXIES

Fifteen or twenty strong radio sources have been positively
identified with peculiar external galaxies. The peculiarities that
appear are very diverse, and I will discuss a few of these identi-
fications., First we have NGC 1068 (3C 71). No other identifica-

N

Fig. 16/1. The object tentatively identified with 3C 346.
Lick Observatory plate.

Fie. 16/2.—NGC 1068, McDonald Observatory plate.
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: i Fra. 16/3.—NGC 5128. MeDonald Observatory plate.
|
£ Fre. 16/5.—NGC 4782-83. Plate taken with 120-inch telescope. Lick
B i Observatory.
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Fia. 16/4.—NGC 1316. McDonald Observatory plate.
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tion of a radio source has been made with a galaxy of this type.
It is an Sb galaxy, and the radio source has an unusually small
linear size, being confined to a few kiloparsecs in the condensed
central region of the spiral (see Fig. 16/2). The radio source is
radiating about 104 ergs/sec, and is thus among the weaker of
the extragalactic sources, which have powers in the range 104 to
1045 ergs/sec. It is interesting that this galaxy is one of a class
of galaxies originally described by Seyfert (1943) as having very
broad emission features. They are very rare, only about a dozen
being known. One other such galaxy, NGC 1275, is also a radio
source. In NGC 1068 studies of the mass distribution and Doppler
broadening have shown that in the nucleus the random velo-
cities are greater than the escape velocity, so that material must
be escaping at a considerable rate. Secondly, in the Virgo radio
source, identified with M87, we have a giant elliptical galaxy
which shows a remarkable and highly polarized jet. Such a
feature could exist in other galaxies and be undetected on
account of the distance or orientation, as M87 is in the Virgo
cluster and is thus fairly close to us.

Thirdly, we have a completely different type of object, the
famous Centaurus source, NGC 5128. The radio source is
gigantic, subtending an angle of some 10 degrees, corresponding
to a dimension of § Mpe. Fig. 16/3 is a plate of the optical
galaxy. Apart from the strong absorption feature, it has the
appearance of a bright elliptical galaxy. There is no evidence
to support the idea that this is a collision of a small spiral
galaxy with a large elliptical. Observations by David Evans at
Pretoria (Evans and Harding, 1961) and more recently by the
author and Mrs. Burbidge (1962) have shown a small difference
between the mean velocity of the rotating gaseous component
in and near the dust lane and the mean velocity of the stellar
component, instead of the gross effect that one would expect to
see if it were a collision. No rotation of the stellar component in
the direction suggested by its slightly elliptical outer contour
was found, but a small rotation about the same axis as the axis
of rotation of the gas and in the same sense may be present. A
tentative model may be put forward on the basis of this evi-
dence, in which an elliptical nebula is surrounded by a ring of
dust which is rotating rather more rapidly than the galaxy, and
also falling in. However this model is unsatisfactory from a
dynamical point of view.

=)
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As we have seen, the radio source is very large, so that we are
dealing with intergalactic dimensions rather than galactic. This
seems to be true of the majority of extragalactic radio sources.

Fourthly, in NGC 1316, we have an SO galaxy which is also a
radio source. The absence of emission features indicates an
absence of gas. Some dust lanes are visible, but there is no
reason to think that this source is very similar to the Centaurus
gource. It is a strong radio source (Fornax) but very little is
known about it (Fig. 16/4). Fifthly we have NGC 6166, recently
identified with 3C 338 by Minkowski. Four galaxies appear
within the same optical envelope. The object lies in a small
cluster of galaxies, but it is most probable that the four are
associated, and that at least one of them is the radio source.
On a short-exposure ultraviolet plate it is apparent that one of
the four components has a small bright central core which is
probably mostly emission in the [0 II] pair of lines at 3727 A.
Another radio source, 3C 310, has also been identified with a
group of elliptical galaxies; it is not certain which member of
the group is the radio source.

Finally the radio source 3C 278 has been identified with a
strange double elliptical system (NGC 4782-83) in which both
of the galaxies show an unusual asymmetry (Fig. 16/5). The
relationship of this feature to the radio emission is obscure. The
structure of the two galaxies is different ; one has a greater degree
of central concentration than the other.

At this stage I would like to remind you of the calculations
one can do on the energy requirements for extragalactic radio
sources. In Table 16 /111 are tabulated the calculations of energy
for some of the well-known radio sources. These have recently
been brought up to date by Dr. Moffet and Dr. Maltby at
California Institute of Technology (1962). These figures for the
total energy are so large that to my mind they represent one of
the most astonishing contributions of radio astronomy to
astrophysics.

For some years it was accepted that the radio source Cygnus
A arose from the collision of two galaxies, but it is difficult to
maintain this from energetic considerations. A total energy of
10%° to 10! ergs is required, and if this is to be produced by the
collision of two galaxies each containing a mass of gas of about
101 MO at 10® km /s, all the kinetic energy must be converted to
radio energy with very high efficiency. This is a pretty impos-
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sible requirement. The strongest argument against the collision
hypothesis is that elliptical systems contain very little gas. In a
collision, the stars will not collide. If there is no gas present, it
is very difficult to see how any kinetic energy could possibly be
converted to radio power. If the collision hypothesis is ruled out,
we have to look for a source of energy which can occur in a
single galaxy.

TABLE 16/III

Minimum energies required for sources of acceleration
radiation in galaxies

Total en Total en
Rate of (elactron:rﬁ-y Mean value | oo on:r-f-y Mea:tt_ vHalue

emission of H o
(ergs/sec) | ™A% CREY) | (gauss) mag onergy) | (gauss)
~3 x 1054 7 ﬁ;ﬁg_‘
(electrons (disk)
*Galaxy ~10% {~10“ )| — | ~8x10m {08,
(mag. field) (halo)
M 31 1-9x 10% | 2.1x10% 8x10-7 | 3-0x10% | 3x10-%
Magellanic Clouds | 1-3 x 10%7 | 2:5x 10% 1x10-% | 3-4x10% | 4x10-8
NGC 4038-9 2:1x10% | 1-7x 1058 2x10-% | 2-3x10% 7x10-8
NGC 1068 T-5x10% | 3:2x10% 2x10-% | 3-6x10% 6x10-8
NGC 5128 (central
region) 2-4x 108 | 3-2x10% 2x10-5 | 4-4%10% | 9x10-5

NGCEMZS (halo) [2-2x10%| 50x10% | 1x10-% |7-0x10% | 5x10-%
NGC 1316 (central

region) 8 x10%| 21x10% |2x10-5 | 3-0x10% | 6x10-*
NGC 1316 (halo) |1-6x10%| 1-8x10% | 1x10-% | 3-2x10% | 5x10-®
NGC 4486 (jet) |2:3x10%| 1-7x10% | 2x10-% | 2-4x10% | 7Tx10-4
NGC 4486 (central

radio source) 8-5x10% | 1-7x10% | 1x10-5 | 2-4x10% | 4x10-®

NGC 1275 64x10% | 9-4x10% | 2x10-5 | 1-3x10% | 8x10-%
NGC 6166, 7-8x 10| 1-4x10% | 3x10-5 [ 1-9x10% | 1x10-4
Hydra A 1-5x10%| 1-0x10% |8x10-5 | 1-5x 105 | 3x10-*
Cygnus A 57x10%| 2-8x10% | 4x10-5 | 3-9x10% | 2x10-4

Coma Cluster 1-0x10% | 2:9x10% | 2x10-7 | 40x10% [ 7x10-%

* For these sources the equipartition condition has not been used.

Professor F. Hoyle has suggested that the energy arises from
the rotational energy of the galaxy, the power coming from a
galactic flare which occurs after the magnetic field in the central
region has been wound up by rotational effects. The main
difficulty with this kind of theory is that there is often not
much rotation observed in elliptical systems, and very little
gas, so that it is not easy to see what coupling mechanism is
involved.

Shklovsky (1960) apparently believes that nuclear energy
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must be responsible, and postulates that supernovae must occur
at a sufficient rate to account for the large number of particles.
My own ideas are based on the observation that elliptical
galaxies are frequently radio sources and that they contain
very little gas. Since I believe that the energy comes essentially
from nuclear energy, it is necessary to release the energy over a
very short time. It is not possible to build up these tremendous
energies over a long time scale from stars. In these ideas I have
tried to make use of the fact that in the centre of elliptical
galaxies the star density may be extremely high. The suggestion
is that in the centre of an elliptical galaxy, a supernova occurs,
and this may be able to start a chain reaction of supernovae by
triggering nuclear reactions in the atmospheres of nearby stars.
The key to the whole question is whether the detonation wave
thus started in a stellar atmosphere will propagate into the
interior. It seems to me that it will, but it is an exceedingly
difficult mathematical problem mainly because of the geometry
involved. If the detonation wave does propagate, there will
follow a whole series of nuclear chain reactions which will end
only when the star density becomes too low. The central regions
only would be affected, involving perhaps 10® or 107 stars.

By one or other of these mechanisms a very large flux of
particles is produced in the galaxy. If you accept my process,
this is a chance event. If you now calculate the minimum mag-
netic field in the radio sources, by equating the magnetic and
particle energy densities, you find that the magnetic fields are of
the order of 3 x 10~% gauss. This value seems to be unreason-
ably large, and I have concluded that in fact the magnetic field
must be considerably smaller than this. Then the total particle
energy must be considerably greater than the lower limit set by
assuming equipartition, in order to account for the observed
radio emission. We now have a situation in which the particle
energy is very much greater than the magnetic energy. Con-
sequently the time scale for the radio sources produced in this
way is no longer anything to do with the time scale for the decay
of the electrons. You have a cloud of relativistic protons and
electrons which simply blows through the magnetic field and the
whole radio source is a very short-lived thing. The bulk of the
energy in the particles escapes before any reasonable part is
radiated as radio emission. The life time one associates with
these phenomena is some fraction of the light travel time across
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the object, that is to say of the order of 10° to 10¢ years. We
now havea very short-lived radio source, and in order to account
for the observed number of radio sources, one must have
galaxies becoming sources very much more frequently than
hitherto supposed. If one now considers the local supercluster,
in which five of the strong identified sources lie, it is possible to
show that with the frequency of radio sources that is needed,
the contribution that these sources make to the high-energy
particle density in the supercluster is very considerable, and it
turns out that the energy density built up over a time of order
10'° years is comparable with the energy density of cosmie rays
in our Galaxy. There are other arguments which show that the
halo of our own Galaxy is open so that particles can escape from
it and also come in to it. Consequently it seems that it is not
impossible that the strong extragalactic radio sources may make
a very considerable contribution to the primary cosmic radia-
tion in the local region of space.

DISCUSSION

In answer to questions, Professor Burbidge made it clear that
although at one time the interpretation of Cygnus A as a pair
of colliding spiral galaxies seemed reasonable, there has never
been any unambiguous observational evidence for this. This
galaxy is too remote for classification, and there is at present no
direct evidence that any stars are present. The statistics are
such that collisions will occur, but there is no known mechanism
whereby . the collisional energy can be converted into radio
energy. Furthermore in a dense cluster like the Coma cluster,
for example, one would expect to see many such collisional radio
sources, but in fact this does not seem to be the case.

REFERENCES

Burbridge, G. R., 1961, Nature, 190, 1053.

Burbridge, G. R., and Burbridge, E. M., 1962, Nature, 194, 367. Obser-
vations of the California Institute of Technology Radio Observatory.

Evans, D. 8., and Harding, G. A., 1961, M.N. Ast. Soc., South Africa,
20, 64.

Hanbury Brown, R., and Hazard, C., 1961, M.N.R.4.S., 123, 279 and
earlier papers.

Moffat, A. T., and Maltby, P., 1962, An. J. Supp. Ser., 7, 93.

Seyfert, C. K., 1943, Ap. J., 97, 28.

Shklovsky, I. 8., 1960, 4.J., U.S.8.R., 37, 945,




17

THE OPTICAL IDENTIFICATION OF
RADIO SOURCES

D. W. DEWHIRST

SUPERPOSED on the smooth but patchy background of radia-
tion that comes from the whole sky at metre wavelengths are a
considerable number of discrete sources. They have sizes rang-
ing mostly between a few minutes and a few seconds of arc:
a few, found near the plane of the Galaxy, are as much as
a degree across. Some of the latter have a thermal spectrum
and are H II regions in the plane. We concern ourselves here
with those radio sources that have a non-thermal spectrum,
and survey the problem of identifying them with optical
objects.

There are three reasons which make it important to identify
as many radio sources as possible. The first we might call the
astrophysical one: with the higher resolving power of optical
telescopes and the powerful methods of optical spectroscopy we
can learn more about the still imperfectly understood mech-
anisms of the radio emission. Moreover, the radio observations
have directed our attention to some very curious objects whose
significance had previously been overlooked, and which are of
interest in themselves. The second reason is cosmological. The
certain knowledge that many of the discrete sources are distant
galaxies has led to the interpretation of source counts in
terms of the large-scale structure of the Universe. It is ob-
viously important to know that the sources being counted
are really extragalactic. The third reason, more prosaic
but not less important, is that a reliably identified galaxy
gives us an accurate position. Absolute Right Ascensions and
Declinations are determined by radio methods only with great
difficulty. On the other hand the optical position of a galaxy
can be measured with great accuracy: the identified galaxies
provide standard positions scattered over the sky from which

further radio positions can be measured by difference or inter-
polation.
178

THE OPTICAL IDENTIFICATION OF RADIO SOURCES 179

HISTORY OF THE SEARCH FOR IDENTIFICATIONS

The first accurate fundamental determinations of the position
of four of the most intense radio sources in the northern sky
revealed an obviously puzzling situation: there are no really
bright optical objects in the direction of the most intense radio
sources. The basic difficulty remains the same today : the objects
are optically faint and require really large telescopes for their
study. The first four identifications were with two distinct types
of objects. (1) Supernova remnants. The Crab nebula, in the
position of Taurus A, was already well known to optical astron-
omers as the remnants of the supernova of A.p. 1054. The much
fainter remnant in the position of Cassiopeia A, some 3400 pc
away and consequently heavily obscured by dust in the galactic
plane, required the Hale telescope for its certain identification.
(2) Galaxies. M 87 (Virgo A) was one of the well-known bright
elliptical galaxies in the Virgo cluster. The second, in the posi-
tion of Cygnus A, was optically much fainter, much more dis-
tant, and previously unrecognized. Both galaxies showed struc-
tural or spectroscopic peculiarities.

For some years these identifications directed thinking about,
and searches for, further identifications. It was thought that
there were only these two types of objects (supernovae and
galaxies), an idea well supported by the distribution of the radio
sources in the sky. At first the idea that galaxies that were radio
sources must necessarily show structural or spectroscopic pecu-
liarities led to a random search for associations between ‘freak’
galaxies and the still unreliable radio positions, with resulting
mistaken identifications. From about 1957 onwards it became
clear that freak galaxies are not necessarily abnormal radio
emitters, and equally that galaxies with abnormally strong radio
emission may show neither obvious structural nor spectroscopic
abnormality. It may also be remarked that the two principal
condensations of light that constitute the Cygnus A galaxy
were originally interpreted as two spiral galaxies in collision,
the reasoning at that time being that (a) the optical spectrum
shows intense emission lines which must arise in the inter-
stellar gas, (b) only Population I objects (spirals) contain inter-
stellar gas, (¢) only a collisional process could provide the
enormous energy output that is observed. Our more extensive
knowledge of the nature of identified galaxies (e.g. Dewhirst,
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1959; Bolton, 1960; Minkowski, 1961), of the gaseous content
of elliptical galaxies (e.g. Osterbrock, 1960), and of the possible
mechanisms of radio emission (e.g. Burbidge, 1961) now make
this interpretation of radio source galaxies as collisional pro-
cesses less likely, either for Cygnus A in particular or radio
galaxies in general.

THE RADIO POSITIONAL DATA

Early experience showed the necessity of radio positions of
the greatest possible accuracy if further identifications were to
be made, but the need for surveys to indicate the number, flux,
and approximate position of all the sources brighter than some
given flux limit, and for the most accurate positions alone, were
conflicting requirements. So far there have been only two major
surveys of the whole sky published, the 3C (3rd Cambridge) sur-
vey covering roughly the northern sky between +50° and —10°
Declination, with some brighter sources N and S of these approx-
imate limits (Edge et al., 1959), and the MSH survey extending
from +10°to —20° (Mills, Slee and Hill, 1958) with more recent
extensions to cover most of the southern sky (Mills, Slee and
Hill, 1960, 1961). The 3C survey was made with an interfero-
meter at 159 Mc/s and lists 471 sources: the MSH survey with a
‘Mills cross’ at 86 Mc/s lists 1159 sources in the first 30°-wide
Declination zone. In both surveys the ‘probable error area’ of
each source (i.e. the area of the rectangle defined by the quoted
errors in the two coordinates) depends principally on the bright-
ness of the source, increasing as the sources become fainter. It is
of the order of 20 sq. min. of arc for an average 3C source and
rather larger for MSH sources of the same brightness.

More recent work has concentrated on getting more detailed
information—better positions, diameters and intensity distri-
butions, spectra, etc.—for the brighter sources discovered in the
two surveys. Because of the location of the instruments the
sources studied in detail have been mostly in the northern sky.
The most accurate positions published have been of 64 3C
sources measured by Elsmore, Ryle and Leslie (1959). Studies of
intensity distributions have been made by the California In-
stitute of Technology group at Owens Valley with a twin dish
interferometer at 960 Mc/s (Maltby and Moffet, 1962) and by
Allen ef al. (1962) at Jodrell Bank. Further accurate positions,

THE OPTICAL IDENTIFICATION OF RADIO SOURCES 181

determined by the C.L.T. group, and at Cambridge, Nangay,
Pulkova and elsewhere, remain largely unpublished at present
with work still in progress.

The probable error area of the 64 ERL sources averages about
2 sq. min. of arc. In principle the achievement of still greater
accuracies is possible, though very difficult in practice: the
C.LT. observers have reported error areas of only a fraction of a
square minute of arc. As we shall see, the greater the positional
accuracy the fainter the optical objects that may safely be
identified. It now seems, however, that some limit to this might
be in sight, since many radio sources have been found to exhibit
complex structure and may have an asymmetrical intensity
distribution : the linear separation of the radio components may
be several times greater than the size of the associated optical
object. There is no guarantee that the ‘centres of gravity’ of the
radio and optical isophotes coincide.

Later in this paper, and in discussing the cosmological signi-
ficance of source counts in Chapter 8, we shall meet problems
of sampling. It cannot be too strongly stressed that the recogni-
tion of effects of observational selection in a published list of
radio sources is a most difficult matter. A short list of sources
selected for detailed study already contains any defects in the
original surveys. In these surveys, some parts of the sky are less
well studied than others, because of solar interference, confusion
of the records by side lobes of intense sources, and the diffi-
culties of analysis in complicated regions both in the galactic
plane and in high latitude where two or three sources are close
together. The selection of a short list for detailed study may be
affected by such practical considerations as the difficulty of
tipping aerials for sources of similar Right Ascensions, whilst it
would be misleading, for example, to attach physical significance
to the percentage of radio sources identified with galaxies in the
ERL list of 64 positions, since some sources suspected to be
galaxies were purposely included in the observing programme.

IDENTIFICATIONS WITH SUPERNOVAE IN THE GALAXY

So far 13 sources have been identified with optical objects that
are probably the remnants of supernovae. Much of our know-
ledge is surveyed in a thesis by Harris (1961). In addition there
are a few radio sources in the plane whose intensity distribution
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and size suggest supernovae remnants that are optically in-
visible because of dust obscuration.

The optical objects are usually more or less circular arcs
of emission nebulosity, often with a characteristic filamentary
structure. Sufficient quantitative information is available for
five of them to permit an interpretation of their physical nature.
Thus the angular expansion 6 radians/sec can be determined
from direct photographs spaced by several years, whilst
Doppler displacements in the spectra give line of sight com-
ponents of the velocity ¥ in km/sec. Reasonable assumptions
about the symmetry give the distance D = V /0. The general
picture is of an expanding mass of gas, from the original
catastrophe, decelerated by the stationary interstellar medium.
Equating the momentum of the original material with the ob-
served momenta of the shells (which are largely swept-up in-
terstellar matter) leads to original ejecta of the order of one
solar mass and ages and diameters for the old remnants, like
the Cygnus Loops, of around 50,000 years and 40 pe. Although
the general picture is satisfactory there are many unsolved
problems. The observed remnants are of great diversity : Zwicky
has recently cast further doubt on the generally accepted con-
cept that there are two types of supernovae associated with the
two extreme stellar populations. It is probably an over-simpli-
fication. The Crab nebula, usually regarded as a typical remnant
of ‘Type I’, is anomalous in many respects. In other galaxies
we see supernovae of different types in both spiral and elliptical
galaxies, sometimes apparently at large distances from the
equatorial plane. Why are all the supernovae remnants in our
own Galaxy concentrated in the plane? Does a supernova
remnant far from the plane have a shorter radio and optical life
because the expanding gas is less efficiently contained?

IDENTIFICATIONS WITH GALAXIES

It was fortunate that the completion of the first surveys of
radio sources coincided with the completion of the National
Geographic Society—Palomar Sky Survey. The plates, taken
with the 48-inch Schmidt and each covering a square area of sky
of side 6°-6, cover the sky from the North pole down to Declina-
tion —33° on a scale of 1 mm = 67"-1. The faintest objects
recorded have an m,, of about 21™. The uncertain earlier radio
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positions could conveniently be examined on the plates and
many tentative identifications were made in this way. Accurate
modern positions enable the limited field of a large reflector to
be used directly, but the Sky Survey is still valuable for a first
inspection and statistical studies.

F1a. 17/1.—Great circles of constant Right Ascension on a classical
Schmidt plate.

Identifications based on the coincidence of radio sources
showing, for example, structural or spectroscopic peculiarities,
may be correct but contain an assumption about the nature of
galaxies that are radio sources: it is preferable to make identi-
fications on a positional basis alone, disregarding the type of
galaxy involved.

For a uniform spatial distribution of galaxies, the number
N(m) of galaxies brighter than a limiting magnitude m varies
directly as the volume of space ¥ penetrated to distance D:

log N(m) + constant = log ¥V = 3 log D

1 ]
- g (rm;i;m—ity)
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From the definition of optical magnitude

E_l - 10—0-4(m1— m,):l
2

it follows that this last quantity
3
= = (0-4
- (04 m
=06m
.3
This is the optical analogue of the familiar 5 power law fre-

quently referred to in discussions of the source count data for
radio sources. The only comparable optical counts date from
the 1930’s (Hubble, 1936): the best value of the constant fitting
Hubble’s counts to modern magnitude scales is due to Sandage
(quoted by Minkowski, 1961) and gives the relation
log N(m) = 0-6 m,;, — 89

for the number of galaxies per square degree brighter than a
given apparent photographic magnitude. We use this to cal-
culate the area (in square minutes of arc) in high galactic
latitude in which on average we shall always find one galaxy
of a given m,, or brighter (Table 17/I).

TABLE 17/1
Area, in square minutes of arc, containing one object brighter than
limiting apparent magnitude myg
Area (sq. min. of arc) containing one object
Mmpg Stars
Galaxies
b =0° b = 60°
14-0 6-9 70
15 2-7 39
16 1-4 21
17 181 0-53 11
18 45-4 0-23 7-0
19 11-4 4-5
20 2-8 29
21 0-72
22:0 0-18
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Thus in a probable error area of 2-8 sq. min. (a typical ERL
source position) we shall always find one galaxy brighter than
20-0. For each magnitude step brighter, the probability of find-
ing an object of that brighter magnitude in the same area of
2-8 sq. min. is decreased by a factor of very nearly 4 (antilog
0-6), and if we limit ourselves to making identifications with
galaxies brighter than 170 we shall make only about one
mistake in 64 identifications arising from chance coincidences.

Such a criterion cannot be very precise, because of the un-
certainty of the counts and the effects of clustering of galaxies.
(The present state of galaxy counts as a function of magnitude
is very unsatisfactory, but it is easier to criticize Hubble’s work
than to embark on the labour of improving it!) However, some
restriction of this kind must be imposed if entirely erroneous
identifications are to be avoided.

Taking all the published source data, and applying a rather
cautious criterion of the kind described above, we may now
regard at least 40 radio sources as fairly certainly identified with
galaxies that are peculiar in having an abnormally strong
radio emission (i.e. omitting normal spiral galaxies like M31).

IDENTIFICATIONS WITH STARS

Until quite recently no truly stellar object had been identi-
fied as a radio source. There is evidence, however (Allen et al.,
1962) that some sources have very small angular diameters,
even less than 1”; no galaxy has been found in these places and
there are reasons for believing that such small diameters are
unlikely to be associated with galaxies. It now seems certain
that at least one of these sources (3C 48) is a stellar object in the
Galaxy (Sandage et al., 1960). The object, of m, = 16, has a
small area of excessively faint nebulosity adjacent to it. The
spectrum (of the stellar object) shows broad emission lines of
uncertain origin. Smith and Hoffleit (1961), whose description
of the object is however rather misleading, have proposed that
it may be the stellar remnant of a supernova.

The difficulty of making reliable identifications with stellar
objects on a purely positional basis is much greater than for
galaxies because of the greater number of stars and their less
favourable number-magnitude distribution. Sample figures

(again based on rather antiquated data) for two extreme
N
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galactic latitudes are given alongside the figures for galaxies in
Table 17/1. Even in high latitude an error area of 3 sq. min. will
lead to about one chance coincidence with a 15th magnitude
star in every 13 source positions.

PROPORTION OF IDENTIFIED SOURCES

It is difficult to find any homogeneous sample of radio
sources, free from selection effects, for which we have at the
same time positions of sufficient accuracy to lead to any reason-
able expectation of making identifications. Perhaps the most
favourable group that has been studied in any detail is the 70
most intense sources of the 3C catalogue (sources with flux
density > 25 units), which may be thought reasonably com-
plete for a large area of the northern sky. Taking all the avail-
able information (much of it unpublished) we obtain the follow-
ing result for the present state of the identification problem:

TABLE 17/1II
Identifications: Analysis of the 70 most intense sources of 3C

(a) Sources certainly in the Galaxy, or unidentified in low latitude.

Supernova remnants 6
H IT regions 2
Stars 1

Unidentified in low latitude 14 Total 23

The large proportion of unidentified sources here arises from the diffi-
culties of making identifications in crowded star fields and where
obscuration effectively hides extragalactic objects.

(b) Sources certainly extragalactic, or unidentified in high latitude.

Certain identifications with galaxies 23
Probable identifications with galaxies 7
Unidentified in high latitude 17 Total 47

The identified galaxies here do not include any ‘normal’ spirals like M31.
“Probable identifications’ include situations where the source lies in a
cluster of galaxies, but the position is not good enough to identify the
individual galaxy responsible.

It would seem that we can identify some 60 per cent of the
intense sources in high galactic latitude: this percentage is
likely to increase as more precise positions become available for
some of the as yet unidentified sources. Indeed for sources
brighter than 50 flux units in the 3C catalogue the identification
list is almost complete, whilst adding the next 30 brightest
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sources to the above 70 (100 sources = 20 units) adds only 4
identifications—a result largely of the poorer positional informa-
tion available for the weaker sources.

It seems significant that radio sources tend to be associated
with clusters of galaxies, but this may mean no more than that
since galaxies cluster, and some galaxies are radio sources, radio
sources will also be associated with clusters of galaxies. This
interpretation appears to be supported by van den Bergh’s
study (1962). It also seems significant that of the 23 certainly
identified galaxies in the above analysis, identified on a basis of
position and magnitude alone without appeal to their structural
peculiarity as an additional criterion of reliability, 10 are on
examination found to be close pairs or multiple objects—an ap-
preciably higher proportion than for galaxies selected at random.

Postscript added in proof (March 1963)

The source 3C 48 has been reidentified as an extremely bright
extragalactic object, with an optical red-shift i—k = 036. See
0
Greenstein and Matthews, Nature, 197, 1041, 1963.
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APPENDIX

Notes on the use of the Palomar—N.G.8. Sky Survey

1. Introduction

The original plates of the Sky Survey cover all the sky north of
Declination —33°-3. The scale of the contact prints is 1 mm = 1'-118;
the square fields centred at 6° Declination intervals (--90°, 4-84°,
+-78° . ..) have a side of 6°-6. The identification and measurement
of positions on the prints of the Sky Survey, which bear no co-
ordinates other than those of the plate centre, are often a source of
difficulty to users at first. The following is a brief description of one
method that has been found useful by the writer. It was used in a
practical class in the course of the Summer School.

2. Maps and Star Catalogues

Auxiliary maps and star catalogues used to locate and measure
the positions of objects are:

(1) The B.D. (Bonner Durchmusterung) charts. Atlas of stars to
Declination —23°, showing about 460,000 stars.

(2) The B.D. catalogues. Bonn Astron. Beobachtung. Vols. 3-5, 8.
Approximate positions and catalogue numbers (e.g. BD +-27° 1379)
of these stars. Both charts and catalogues are epoch 1855-0, and the
Sky Survey plate centres are for this reason also 1855-0.

(The C.D.—Cordoba Durchmusterung—is similar for the southern
sky.)

(3) AGK,—Zweiter Katalog der Astronomischen Gesellschaft. Ham-
burg—Bonn. Precise 1950-0 places for stars north of —2°, with
B.D. numbers.

(4) Yale Zones. Trans. Yale Univ. Obs. Precise 1950-0 places for
stars between +4-30° and —30°, with B.D. numbers and proper
motions. Some other zones.

3. Procedures

There are two practical problems.

(i) To identify an area of given R.A. and Dec. (1950-0, usually)
for preliminary examination:

Apply precession corrections to convert (1950-0) to (1855-0) place,
with moderate accuracy—about +1'—only. Plot 1855-0 place and
relevant plate centre on B.D. charts, identify area by visual inspec-
tion with respect to nearby stars.

(ii) To measure an accurate 1950-0 place for any selected optical
object:

Identify the 4 or 5 nearest stars by their B.D. catalogue numbers.
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AGK, or Yale Zones then provide accurate 1950-0 places for most
of these stars. The distance of the object from each of these stars
can be measured in millimetres with an overlaid transparent grati-
cule. The distances can be converted directly into differences of
R.A. (in time) and Dec. (in arc) if the axes of the millimetre grid
can be adjusted to be parallel to the lines of constant R.A. and Dee.
in the immediate vicinity of the area being measured.

In a classical Schmidt camera great circles of constant R.A. pro-
ject very nearly as straight lines: the central meridian is perpendi-
cular to the base of the plate (Fig. 17/1). Great circles of constant
R.A. on a plate centred at Dec. d, intersect the central meridian
at C, where

CM = f. cot 8, (f= focal length)
If the object being measured is «® of R.A. from the central

meridian CM, then that line of constant R.A. makes an angle 0 with
the side of the plate, where

tan 0 = tan « sin §,

By tilting the millimetre grid by the angle 6 the object can be
measured as (e.g.) ‘z mm N. of, and ¥y mm preceding’ a nearby star.
If the millimetre grid is large enough to overlap one side of the
plate it is convenient to know the value of tan 0, as practice will

TABLE 17/I11
Tabular values of tan 0 for 48-inch Schmidt plates (see Fig. 17/1)
R.A. from
C.M.

5m 10= 15m 20m 25m 30m 35m 40m

+£0° | 0-000 | 0-000 | 0-000
6 .

002 | -005 | -007
12 005 | -009 | -014
18 007 | -013 | -020
24 009 | -018 | -027 | -036
30 <011 | 022 | -033 | -044
36 <013 | -026 | -038 | -051
42 016 | -029 | -044 | -058
48 <016 | -032 | -049 | -065 | -081
54 ‘018 | +035| -053 | -071 | -090
60 019 | -038 | -067 | -076 | -095 | -114
66 <020 | -040 | -060 | -080 | -100| -120| -140| -161

10m 20m 80m 40m 0= 60m 70m 80m 90=

72 ‘042 | -083 | -125 | -168 | -211 | -255
78 «043 | -086 | -129 | -172 | -217| -262| -308 | -356 | -405
84 ‘043 | -087 | -131| -175| -220| -266 | -313| -362 | -412
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immediately show. Two tables give tan 0 as a function of R.A. (in
minutes of time) for the various declination zones of the Sky Survey
(Table 17/III), and conversion factors from millimetres to minutes
of arc and seconds of time (Table 17/IV).

TABLE 17/1IV
Conversion factors for 48-inch Schmidt plates

10¢ of o
RA. = | ¢

10 of

& | 1mm = 1mm = BI'QA"’L s6° 1mm= | 3%

8 mm § mm 8
4-472 2-236 30 5164 1-936 50 6-957
4-475 2-235 31 5217 1-917 51 7-106
4-483 2-230 32 5274 1-896 52 7-264
4-497 2-224 33 5332 1-875 53 7-432

ey
[
O
1

0

2

+

6 46

8 | 4-515 2-215 34 5394 1-854 b4 7-609 | 1-314
10 | 4-540 2-202 35 5459 1-832 55 7-797 | 1-283
12 | 4-572 2187 36 5527 1-809 56 7-996 | 1-251
14 | 4-609 2-170 37 5-600 1-786 57 8:211 | 1-218
16 | 4-653 2-149 38 5675 1-762 58 8-439 | 1-185
18 | 4-702 2:127 39 5754 1-738 59 8-686 | 1-152
20 | 4-759 2-101 40 5837 1-713 60 8-943 | 1-118
22 | 4-823 2-073 41 5925 1-688 61 9-224 | 1-084
24 | 4-894 2:043 42 6-017 1-662 62 9-526 | 1-050
26 | 4-975 2:010 43 6115 1-635 63 9-851 | 1-015
28 | 5-065 1-974 44 6217 1-608 64 10-202 | 0-980
30 | 5164 1-936 45 6-324 1-581 65 10-583 | 0-945
46 6-437 1-553 66 10-995 | 0-909
47 6-557 1-525 67 11-445 | 0-874
48 6-683 1-496 68 11-937 | 0-838
49 6-817 1-467 69 12-480 | 0-801
50 6-957 1-437 70 13-074 | 0-765

1 mm = 1118 1’ = 0-895 mm

The above method is quick, and the error will be greater than 6”
only when there is an unusually unfavourable field star. Greater
accuracy may be attained by more tedious procedures (e.g. Merton,
1953). There is a limit to the accuracy attainable on the prints set
by the distortion of the paper base. Further limitations arise from
the uncertain proper motions of the reference stars (reject discordant
places) and from the complicated geometry of the Schmidt camera
optics (elastic plate distortion).

An alternative procedure is to use a digital computer to calculate
the rectilinear coordinates of the several (say 10) nearest AGK,
stars with respect to the plate sides and to the nominal radio source
position, using the standard formulae of photographic astrometry.
Each of the errors mentioned above will be reduced in the resulting
‘best fit’ between the calculated positions and their respective images
on the plate. This method is used at Jodrell Bank,
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RADIO SOURCE OBSERVATIONS AND
THE APPLICATION OF THE RESULTS
IN COSMOLOGY

M. RYLE

TuE survey of radio sources carried out in Cambridge between
1953 and 1957 which is known as 3C (Edge ef al., 1959) indicated
that the radio sources of small angular diameter were isotropic-
ally distributed in the sky, and that counts of the sources lying
in various ranges of flux density did not seem compatible with
an isotropic distribution in depth. It seemed probable that
many of the radio objects were very powerful sources at great
distances, and that the non-uniformity was connected with the
red shift. If this were the explanation, then an extension of
the observations to fainter sources should reveal more marked
effects. At the same time, it was important to examine various
possible selection effects in more detail than was possible with
the 3C instrument. For these reasons we decided in 1956 to
construct a new instrument with sufficient sensitivity and
resolution to extend the observations to considerably weaker
sources and also to investigate the angular structure and the
angular distribution of the sources with greater precision than
was possible in 3C. With this new instrument we have been able
to make a more detailed analysis of the luminosity function of
the sources, and also of the number/flux density relationship.
In establishing this relationship it is necessary to carry out a
number of separate observing programmes. The difficulty is that
you must carry out a fairly rapid survey of the whole sky to get
enough statistical accuracy for the more intense sources (that is
to say that for these sources 4z steradians is not really enough!)

“and the angular structure of the more intense sources must also

be determined so that due regard can be paid to the probable
angular structure of the weaker sources in interpreting the re-
sults. In the main survey, which takes much longer, the full re-
solution and sensitivity is realized, but whole sky coverage is not

necessary to obtain results of comparable statistical accuracy.
b 191 v
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TOTAL POWER AND INTERFEROMETRIC SURVEY
OF THE MORE INTENSE SOURCES

In the first series of observations (Leslie, 1961a) the long
element of the instrument (dimensions 1450 ft x 65 ft oriented
E-W) was used as a total power instrument, which had a beam
of 13-5 min. arc by 4-5 degree. In the second series, the same
element was used in conjunction with a smaller element at a
spacing of 4691 to the East, giving effectively the same polar
diagram but with an 8’ arc interference fringe system inside the
polar diagram. This equipment was used to observe 900 sources
having flux densities greater than 6 x 10~2¢ wm~=2 (c/s)~1, of
which about 600 lay more than 20° from the galactic plane.

This set of observations confirmed the 3C result that very
few radio sources are appreciably resolved by an interferometer
of this spacing (4691), and indicated that 82 per cent of the
sources had surface brightness temperatures 7', > 6 x 104 °K
and that 16 per cent lay in the range 104 °K to 6 x 104 °K.
Only about 2 per cent were completely resolved, having bright-
ness temperatures of about 200°K, and these are identified
with nearby normal galaxies.

If these statistics of the structure of the brighter sources are
taken to be typical of that of the weaker (more remote) sources,
we can use the data to correct the number /intensity counts of
the full survey for the effects of partial resolution. It turns out
that this correction is extremely small.

THE FULL SURVEY BY APERTURE SYNTHESIS

The main survey was made by combining the long east—west
element with the smaller element and making 24-hour observa-
tions with it in each of 24 successive positions on its north-
south railway track. In this manner an instrument was obtained
with an envelope resolution of 25’ x 35', again with an 8'-
fringe pattern (Scott, Ryle and Hewish, 1961). The areas of sky
which we have covered to date are declinations:

02°-07°
17°-34°
40°-44°
48°-54°
In each case virtually the whole 24 hrs of right ascension was

b -t
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observed, apart from £ hr which was needed for changing the
aerial position. The intermediate regions are now being filled in.

In the analysis we generally read off sources which have flux
densities greater than 2 x 1026 wm~2 (¢/s)~! at 178 Me/s. At
this intensity there is about one source to every thirty beam
areas so that the effects of confusion are negligible, and the sig-
nal to noise ratio is better than 25 : 1. The computations for the
synthesis were carried out in the Cambridge University com-
puter, EDSAC II, and the results are in the form of printed
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Fia. 18/1.—Sample of printed output from the computer, showing

amplitude (upper row) and phase (lower row) of the record at a series gf

grid points. The vertical columns represent different declinations within

the 4}° primary pattern, and right ascension runs vertically. Numbers

greater than 100 are printed on the uppermost lines. The scale of flux
density is 71 units = 10—2¢ wm~—2 (¢/s)~.
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sheets showing the fringe amplitude and phase at a set of
positions in the sky, the printing being arranged so that sources
stronger than 2 x 10726 wm~2 (¢/s)~! are easily picked out.
An example of the print-out is shown in Fig. 18/1. A subsidiary
computer programme is used to determine the coordinates
(o, 6 1950-0 and «, 6 1855-0 and 1™, b™) of the sources and their
normalized flux density.

o°L
) |
o’L
7
o°L
10°L
3
4 \

N o 4
B - .\
(Squrces_ per 3
steradian)

10’k

1
o0l O | 10 100
=26 - -’

s (107 wm® (c/97)

Fr1e. 18/2.—Some of the model source distributions which have been

investigated by Hewish; the cI?‘rresponding P(D) curves are shown in
ig. 18/3,
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Now the large signal to noise ratio at 2 x 10-2¢ wm~—2
(e/s)~1 suggests that it should be possible to apply the statistical
method developed by Scheuer (1957) to extend the flux density
range over which we can get information on the numbers of
sources. By this means the number /flux density statistics can
be extended to well beyond the point at which the measurement
of individual sources becomes unreliable.

Typical P(D) diagrams are shown in Fig. 18/3. The ordinate
is proportional to the relative frequency with which a deflection
on the chart, D, lies in the range D to D + dD. D has the same

P(D)
20

43 2 |
W
rox3 08 10
D (10 wm® @97)

F1c. 18/3.~—The P(D) distributions derived for the model log N /log S
relationships shown in Fig. 18/2. The observed points are also shown.

dimensions as flux density, but is given a different symbol
because we are discussing a signal which arises from the vector
addition of a number of small fringe patterns from sources which
are not necessarily situated in the maximum of the primary
beam. The P(D) function depends on the distribution of sources
in the sky and on the reception pattern of the instrument. In the
case of the present survey the median value of D in the experi-
mentally determined P(D) function is about 0-2 x 10-26 wm~—2
(¢/s)~1. Thus all sources measured from this survey are subject
to an uncertainty of this order of magnitude in flux density and
a corresponding phase (i.e. position) error.
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If we are to make use of the actual shape of the observed
P(D) curve to extend our knowledge of the number /flux density
relationship, we must find out how sensitive the form of the
P(D) distribution is to changes in the number/flux density
distribution of the sources beyond the point where individual
sources can be measured. Hewish (1962) has recently been
making an investigation both to determine how sensitive the
P(D) function is to various changes in the source distribution
and also to find what range of models is compatible with the
observed P(D) curve. To carry out the calculations analytically
is extremely tedious but they can be done quite rapidly in a
computer using a Monte Carlo type method. Hewish considered
a number of possible extrapolations of the observed number/
flux density distribution, and for each calculated the expected
P(D) curve. This was done, in the Monte Carlo method, by
making the computer generate sources randomly in accordance
with the desired number/flux density relationship and then,
still in the computer, scanning these with the instrumental polar
diagram to determine the corresponding P(D) curve. Fig. 18/3
shows P(D) curves computed for a number of log N/log S
distributions having cut-offs at various flux density limits
(illustrated in Fig. 18/2). It will be seen that the P(D) curve is
remarkably sensitive to the distribution of the faint sources and
indeed the effects of sources at 50 sources per beam area are
clearly discernible in the P(D) curve. Since individual sources
can be reliably measured only when there are about 25 beam
areas per source, the P(D) method is capable of extending our
knowledge of the log N/log 8 curve to include information
on & thousand times as many sources as can be individually
measured, provided that the signal to noise ratio is adequate.
Hewish worked with a large number of log N /log S models and
determined which were compatible with the observed P(D)
distribution in the present survey (shown by the points in
Fig. 18/3). By this means he was able to extrapolate the
observed log N /log S curve to flux density levels of the order of
01 X 1026 wm~-2 (¢/s)"1.

THE NUMBER/FLUX DENSITY RELATION

The examination of individual sources was carried out to a
flux density limit of 2 X 10~2¢ wm~2 (¢/s)~%. In using these to
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form a log N/log 8 distribution, account has to be taken of the
partial resolution of a small fraction of these sources by the
aerial beam. As already discussed, the necessary statistics on
source structure were obtained from measurements of the
brightest 600 sources, and the corrections were only a few per
cent. Another important effect which might affect the number/
flux density count would be any tendency for the sources to
oceur in clusters. If clustering of radio sources occurred, objects
in nearby clusters would appear as separate sources, whereas
clusters at a distance might appear as a single source, and an
error would then occur in the counts. In order to determine the
importance of such an effect Miss Leslie (19615) made a compre-
hensive examination of the evidence for a non-random distri-
bution of the sources. Her analysis covered associations of
sources having angular separations of between 3-5 and 200 min.
of arc. This range was sufficient to include all selection effects
which might have been important in the survey. She concluded
that there was no clustering beyond what would have have been
expected for a random distribution of sources. Of course this
may conceal a weak tendency to clustering, to which an upper
limit was put by Miss Leslie; the correction which must be
applied to the log N /log S curve if this upper limit to clustering
is taken is not important, and we can conclude that clustering
is not significantly affecting the results.

Errors can arise also if strong sources in the instrumental
side-lobes are accidentally counted as weak sources in the main
beam. Since the response more than about 1° from the principal
planes containing the main beam is always less than 10~ and in
most places 10~% of the main beam, corrections for this effect
in the survey are very small.

Fig. 18/4 shows the number/flux density distribution of the
sources stronger than 2 X 10~26 wm=2 (¢/s)~, including the
small corrections we have discussed (Scott and Ryle, 1961). The
ordinate shows the number of sources per steradian having a
flux density greater than the value plotted on the abscissa. The
open circles refer to the total power survey and the crosses
represent the main survey covering about three steradians. The
limits of error include both the statistical errors and the un-
certainties introduced by angular diameter effects, ete. The ex-
tension of this distribution by the P(D) method to weaker flux
densities is also shown in Fig. 18/4 which gives three possible




pe(rsgltl;‘l?g’dlun)

(e}

L
(o]} o3 IO 30 10 30
s (10" wn @)

Fi1c. 18/4.—The log N /log S relationship derived from the counts of

individual sources, together with the extrapolation to weaker sources

using the statistical method of analysis. The circles represent the ‘whole

sky’ observations, and the crosses the smaller areas which have been
observed with the full resolving power.
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extensions which Hewish found to give a P(D) curve com-
patible with that observed. Many extensions of the log N /log S
curve did not give permissible P(D) curves, and the conclusion
is that the extrapolation of the log N/log S curve must lie
within the limits indicated in the figure by dotted lines.

THE RADIO LUMINOSITY FUNCTION

We shall discuss the distribution of radio sources in absolute
luminosity in terms of the function n(P)dP, which represents
the number of sources in the range of power P to P + dP in a
sample selected according to flux density. P is the power
radiated by the source in watts per steradian per c¢/s at 178
Mec/s. This quantity is clearly of considerable importance in
interpreting the number/flux density counts.

If it were possible to obtain from optical measurements the
distances of all sources down to a given limiting flux density
then we could derive the luminosity function n(P). Unfortun-
ately the number of sources included in a sample limited in
flux density by the requirement that all should be observable
opticallyistoo small to allow any statistically reliable derivation
of n(P). As soon as you include sources of smaller flux density,
where the numbers are sufficient, those which can be identified
only represent a small fraction of the total, so that it is again
impossible to obtain a definite curve of n(P).

As a compromise we can examine sources down to an inter-
mediate limit of flux density of 25 x 10726 wm~2 (¢/s)~?
where nearly two-thirds of the sources can be identified with
reasonable certainty; these should at least provide some idea
of the true luminosity function. Using the data compiled by
Dr. Dewhirst and by the workers at the California Institute of
Technology,* estimates of distance and hence P are available
for some 24 of the 40 sources having § > 25 x 10726 wm~2
(e/s)~1. The results plotted as a histogram of n(P) are shown in
Fig. 18/5.

It is evident that severe selection effects are present in this
derivation of the luminosity function. A source having an
optical luminosity comparable with the other identified sources,
and a value of P > 1026 w ster—! (¢/s)~1, would be fainter than

* I am indebted to Dr. D. W. Dewhirst and Dr. G. J. Stanley for
providing details of these sources prior to publication.
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= 19 when at a distance such that § = 25 x 10~26 wm~2
(e/s)~1. Since this optical magnitude represents about the limit
of search, most of the sources having P > 102%¢ w ster—1 (¢/s)~1
are unlikely to be identified.

The fact that the three sources with P > 5 X 102¢ w ster—1
(e/s)~! produce flux densities considerably greater than the
limit of § = 25 x1072¢ wm~2(¢/s)~* (8100, 325 and 73 x 1026
w m~2 (¢/s)~1), indicates that the larger volume of space within
which similar sources would not be identified optically might
well contain 10 or more such sources having § > 25 x 1026
wm~? (¢/s)"'—a figure comparable with the remaining 16
sources not identified.

It is therefore probable that the true median value of P lies
appreciably above the median value (~102% w ster—! (¢/s)™1)
derived for the 24 sources shown in Fig. 18/5.

n(?)
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24 ! 25 26 | 27

T T
10 107 100 10" 107 10
P (watts ster” (c/s)”)

Fic. 18/5.—Histogram of the ‘radio luminosity’, P, for 24 of the 40

sources which have a flux density S > 25 x 10—2¢ wm—2 (¢/s)~1. The

dashed line indicates the approximate limit of the present optical search
for sources having § ~ 25 x 10—2¢ wm—2 (¢/s)"L.

An independent determination of the luminosity function
may be made by considering the radio data alone, by using
a number of different types of observation (Ryle and Clarke,
1961). Suppose for example that we adopt a luminosity function

of the form
n(P) = poP,¥? exp [—§ (log,o P/Py)?

where p, represents the weighted mean space density of the
sources. For distances at which the effects of the red-shift are
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unimportant, the number of sources (N) per unit solid angle
having flux density greater than § is given by

N =} poP,3/2 8-%2

From the observations that relate N and S we can therefore
derive a value of

poP '

for the local region of space. It is in fact 1-4 x 1014 if P, is in
w ster—! (¢/s)~! and p, in number per cubic parsec. Another
quantity we can use is the degree of isotropy in the radio source
distribution, for if an appreciable number of the radio sources
lay within the Galaxy, we would expect to observe consider-
able anisotropy among sources at distances beyond a few kilo-
parsecs. In order to study this we have made some special
observations at -405° declination, a strip of sky which covers
a region towards the centre at b = 45 and another region
towards the anti-centre at b = —55°; these directions repre-
sent areas of sky where there is a large and small extent of the
galactic halo. The results were examined by the P(D) method
and show no evidence of anisotropy out to 2 x 10% sources per
steradian. This means that if the sources lie in the Galaxy, the
space density p, must be at least 3 x 10~2 sources per cubic
parsec. Another important number may be obtained from an
examination of the sky brightness temperatures. From these
we can derive the volume emissivity of various regions of the
Galaxy, and this must clearly represent an upper limit to the
value of p,P,, the total power radiated per unit volume by
sources, otherwise the radio sky would appear brighter than it is.

The three quantities that we have just discussed may be used
to define limits to possible luminosity functions from the radio
data alone. This is illustrated in Fig. 18/6, in which log P, is
plotted against log p,. We shall first exclude the possibility that
most sources lie within the Galaxy.

The line (i) having a slope of —3/2 corresponds to the
condition that

poPo¥? = 1:4 x 1014

which is derived from the source counts. Line (ii) indicates the
minimum value of the space density p, that can occur if the
majority of sources lie in the Galaxy, a result derived from
isotropy considerations. Likewise, if most of the sources are in

the Galaxy, a consideration of the total sky brightness shows
o]
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that p,P, must lie below line (iii). It is clearly impossible to
satisfy these conditions; therefore our presumption that the
sources lay in the Galaxy was wrong. The majority of the
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Fig. 18/6.—Diagram relating the values of the radio luminosity P, and

space density p, which are compatible with the counts of sources falling

in different ranges of flux density (i); the restrictions set by the observed

isotropy are shown by (ii) and the limits set by the contribution of the
sources to the integrated emission by (iii) and (iv).

sources must be extra-galactic, and not more than a few per
cent lie in the Galaxy. Having established this point it is pos-
sible to place a lower limit on P,from considerations of the
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contribution to the sky brightness temperature of the inte-
grated extragalactic emission (line (iv) in Fig. 18/6). An upper
limit to this is 25°K, which leads to a lower limit to P, of 1024
w ster—? (¢/s)~%. This is clearly consistent with values obtained
from the optical identifications (Fig. 18/5).

A third approach to the question of the radio luminosity
function comes from the measurements of angular diameter.
A large fraction of the identified sources are double, the two
components having a separation of some 100 kpe. Assuming
this to be typical of more distant sources, we can use the
diameter measurements of the California Institute of Techno-
logy and Jodrell Bank to determine the distance and hence
luminosity of a large number of sources. Quite apart from the
intrinsic uncertainties in the physical scale of the sources, we
have the difficulty that the relation between distance and
angular diameter depends on the cosmological model. Clarke
(1962) has shown, on the basis of the available data, that P,
according to the Einstein-de Sitter model, may have a value of
either about 1026 w ster—! (¢/s)~2 or 3 x 1028 w ster—1 (c/s)~1;
the former figure would also be consistent with the Steady-
State model.

CONCLUSIONS

Summarizing these results then, we find that the radio
sources show no evidence of clustering, and are distributed
isotropically. The median luminosity is certainly greater than
1024 and.is probably about 10%¢ w ster—1 (¢/s)~* at 178 Mec/s.
We have a number/flux density relationship which shows a
marked excess of sources in the range 1to 5 X 10-26wm~2(c/s) 1
compared with an Euclidean universe. There is some evidence
that this excess is not continued to flux densities as small as
0-1 x 10-2¢ flux units. These facts I think rule out the possi-
bility of explaining the log N /log S curve in terms of a local
deficit of sources, for the region concerned would have to have
dimensions of 350 Mpc or greater, a scale which cannot reason-
ably be regarded as a local irregularity. If we are to explain
something which has a minimum secale of this order, it seems
that we must bring in the general effect of the red-shift, and we
can then see whether or not the different cosmological models
would or would not explain what we have observed.
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DISCUSSION

The problem of identification of sources was discussed, and
the point was made that although the weaker sources are in
general not identified with the present accuracy in positional
information, improved accuracy may not greatly increase the
number of sources which can be identified; the difference
between the optical and radio emitting regions in a number of
identified sources is already greater than the uncertainty in the
radio position. Identification of large numbers of sources will be
greatly assisted when the emission process is better understood.

Professor Lovell asked if the luminosity function discussed in
the lecture was markedly different from that deduced by Pro-
fessor Hanbury Brown (1962) from the Jodrell Bank diameter
measurements.

In reply Professor Ryle said that the luminosity function
derived by Hanbury Brown fell within the range of those he
had discussed; the conclusions reached by Hanbury Brown
concerning the interpretation of the form of the log N/log S
relation were however entirely different, and did not appear
compatible with the observations. Hanbury Brown supposed
there to be a deficit of sources out to 50 Mpe, associated with
a concentration of local sources to the supergalactic equator.
Not only was there no evidence for such a concentration—even
on the basis of Fig. 7 in Hanbury Brown’s paper—but the
curves of N /N, derived from this model had a maximum at a
value of flux density approximately ten times that of the
observed curve. The magnitude and form of the variation of
N/N, could not be explained by such a region of low source
density unless it had a scale very much greater than that of the
supergalaxy, of the order of 350 Mpc (Clarke, Scott and Smith,
in preparation).

In answer to a number of questions about clustering, Pro-
fessor Ryle said that the range of angular separation of the
component members which had been studied was 3"-5 to 200
arc; this range was chosen as sufficient to cover the possible
selection effects in the observations. The double nature of many
of the sources corresponds to separations much smaller than
3"-5 arc; angular separations as small as this introduce negligible
selection effects in observations with a 4691 interferometer.

Aggregations of sources into external superclusters having
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dimensions of the order of 10° pc and subtending many degrees
in the sky had been considered by Hoyle and Narlikar (1961);
the investigation of any such assemblies necessitated the
completion of a survey covering a large area of sky, and the
aperture synthesis observations were now being continued in a
way to allow such a study.
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COSMOLOGICAL THEORIES, A SURVEY
W. H. McCREA

THE purpose of this paper is to survey the foundations, scope
and achievements of the main modern cosmological theories and
also some of the possibilities of future developments. The dis-
cussion is intended to be as general and simple as possible; very
little of the mathematical treatment is included. I aim rather to
give an impression of what has been and is being done than to
give a critical appraisal of the outcome.

COSMOLOGY

Cosmology is often described simply as the study of the
astronomical universe in the large. This may mean either of two
different things. (z) It may mean, as a convenient division for
practical purposes, the part of astronomy that deals with
systems of galaxies and with intergalactic matter, but not
directly with anything on a smaller scale. With this inter-
pretation, cosmology is not concerned with the physical
behaviour of a single galaxy except in so far as it assists in the
observation of systems of galaxies or in so far as it affects inter-
actions between galaxies. (b) It may denote a study that is
different in character from ordinary physics and astronomy. An
ordinary physicist, chemist or astronomer may be interested in
the properties of, say, an a-particle, water, or the interior of a
star. Any of these things is of interest to him only because it
exists in a physical sense. But he is not interested in how much
or how many of them actually exist. This, however, is precisely
what is of interest to the cosmologist. His concern is the universe
as it actually exists. The reason he studies the universe in the
large is primarily because it seems simpler to do so, or at any
rate it seems to be possible to form a significant simplified
picture of the universe by retaining only large-scale features.

The second interpretation may mean that the ordinary

methods of science are not applicable to cosmology. We shall
206
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return to this consideration later, but for the present we
simply try what can be done using ‘ordinary’ methods.

We have then to ask what is the purpose of cosmological
theory. We may say that it is to infer the past state and to
predict the future state of the universe in the large. There seem
to be quite specific questions in this context to which we believe
answers ought to be obtainable. For instance, had we performed
certain observations 10° years ago, following, so far as possible,
exactly the same procedure as we do now, should we have got
the same or different results? A rather different sort of problem
for cosmological theory is, if we claim that a particular system
of reference is inertial, what makes it so? In particular, with
respect to what particular large-scale features of the universe is
such a system not rotating? Or again, are the various large-scale
characteristics of the universe, the rate of apparent expansion,
the mean density of material, and so on, connected together by
knowable relations? Again, are these characteristics connected
by knowable relations with the basic properties of matter,
i.e. the properties of the ‘elementary particles’ of physics?

COSMOLOGICAL MODELS

Qur procedure is to seek to construct a theoretical model
universe. We claim to have understanding of the actual universe
to the extent to which our model reproduces our experience of
the actual universe. Unless the contrary is evident, in this
paper we are all the time speaking of some theoretical model
or another and not directly of the actual universe.

Strictly speaking, we cannot even specify a model without
using a theory. For the terms we should want to use, time,
density, gravitation, and so on, have no precise meaning apart
from a particular physical theory. But there are certain
characteristics that, when described in sufficiently general
terms, are common to all the models we shall consider. Such
characteristics are:

(@) The contents of the model, matter and radiation, are
distributed without local irregularities. So we say that it is a
model of the smoothed-out universe, In fact, this is another
reason why cosmology as here understood does not deal with
the physics of an individual galaxy.

(b) The model is postulated to satisfy a cosmological principle
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(CP). Thus we postulate the existence of a triple infinity of
fundamental observers (FOs) such that no two ever meet (unless
they all meet in one or more singular events) and such that the
experience of the rest of the universe got by one can be exactly
superimposed upon the experience of the rest of the universe
got by any other. This is the sense in which we postulate the
universe to be homogeneous.

(¢) We postulate also that the universe has spherical sym-
metry about some FO. Then it follows that there is spherical
symmetry about every FO. This is the sense in which we
postulate the universe to be isotropic.

From the postulates, it is clear that a FO is moving with the
material in his neighbourhood.

We can say that at any event in his experience a FO sees a
world-picture. In general in the models to be considered two
world-pictures seen by any one FO are not identical. A model in
which world-pictures are not all the same, and which cannot be
described as periodic, will be called evolutionary. Periodic models
appear not to be of much interest and we shall expressly exclude
them from further discussion.

The models we consider are such that if any two world-
pictures seen by some FO are identical, then all world-pictures
seen by all FOs are the same. We then have a steady-state
model. This is said to satisfy the perfect cosmological principle
(PCP).

If we consider any world-picture got by one FO, then accord-
ing to our postulates, there is a corresponding world-picture in
the experience of every FO. We may assign the same cosmic
epoch to the events in the experiences of the FOs at which this
picture is got. In this way, evolutionary models admit the
existence of cosmic time. In other words, an evolving universe
serves as its own universal clock. On the other hand, a steady-
state universe does not admit the existence of a unique cosmic
time. In this and other respects, it is misleading to regard a
steady-state model simply as a particular case of models in
general.

COSMOLOGICAL THEORIES: NEWTONIAN COSMOLOGY

We find we can construct a set of model universes entirely
within the scope of Newtonian mechanics and gravitation.

A
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Let ¢ be Newtonian time reckoned from an arbitrary zero.
Let F be a Newtonian frame of reference with origin O. Let
there be matter whose distribution and whose state of motion is
spherically symmetric about O. Let the matter obey Newton’s
law of gravitation, and let the total amount of matter be finite
so that there is no doubt as to the applicability of Newton’s law
in its standard form. Let the matter be in the form of an ideal
fluid of negligible pressure.

Let q be the position-vector relative to O of any particle of
the matter. We wish to consider motion of the matter such that

q = rR(t) . (41)
where R(t) is a function of ¢ only, the same for all particles, and
r is a fixed vector, characteristic of the particular particle
considered. We then have

dq_ ¥ 4
@&~ RY e
All this is to say that, knowing by the hypothesis of spherical
symmetry that the motion has to be radial, we consider the
particular sort in which at any instant the speed is proportional

to the distance from O.
Further, we tentatively consider the case in which at some

epoch ¢, the material has density

p=po (r<ro
=0 (r > ry) . (4.3)
where r = | r | and r,, p, are given constants. Density is used

here in the Newtonian sense in which matter is conserved.
Therefore, from (4.2), (4.3), conservation is satisfied if and only

if at epoch ¢

daq - Rll

= T%—q, ete. . (4.2)

p=po/R® (g <rR)
=0 (g > roR) . . (4.4)
where for convenience we take
R,=R(t,) =1 . (4.5)

The mass M(g) within distance ¢ of O at epoch ¢ is
4+ 3
M= M(g) =3¢ = grpsr* (A <7E) . (46)

which is constant for given r. Since the distribution is spherically




210 RADIO ASTRONOMY TODAY

symmetric in a Newtonian frame, according to Newton’s law
of gravitation the attraction at q is

4
—GMq/q® = -—gnG'pq (G = gravitational constant) (4.7)

Hence, pressure being neglected, the equation of motion of a
particle of the fluid at ¢ is

4
d*q/dt* = —gnqu : 8 . (4.8)
Using (4.2), (4.4), this becomes
’r 4
R:R" = —gﬂGpo : ; . (4.9)
This has a first integral

, 8
R(R'2 + ke?) = §”GP0 (kc?* = constant of integration) (4.10)

If then R(t) is any solution of (4.9), the whole system in
motion is a possible one in accordance with Newtonian theory.
In particular, our tentative hypothesis about the density is
justified as being compatible with the type of motion considered.
Also, we note that the behaviour at any point inside the fluid
is entirely independent of the parameter r,.

Any particular system of the sort contemplated is specified
by the value p,, the function R(f) which must be a solution
of (4.9) and so depends upon two arbitrary constants of inte-
gration, and the independently assignable r,.

Conversely, if an observer sees fluid all around himself having
motion specified by the relation q = rR(t) and density p,/R?,
thare pois constant and R(t) satisfies equation (4-9), then he can
f:la._lm that all he sees is consistent with the hypothesis that he
is in a Newtonian frame, that the distribution is spherically

symmetric about himself, and that the material obeys Newton’s
law of gravitation.

P

Ya

O a A
F1e. 19/1.—A triangle of velocities in Newtonian mechanics.
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Now let 4 with q=a, say, be any particle of the fluid
different from O. Let G be a frame, origin A, not rotating
relative to F. Let P be a general particle of the fluid and let q,
be its position vector in G. Then by the triangle of velocities, the
velocity of P relative to 4 is (R'/R)q,, and, of course, the
density is p,/R? as before. Thus the observer moving with 4 is
precisely in the situation of the observer just mentioned.

This means that every observer moving with the fluid is equiva-
lent to every other so far as his observation of the fluid is con-
cerned, and each sees the behaviour. of the fluid as spherically
symmetric about himself.

So far as we have gone, the only feature that does not con-
form to this equivalence is the boundary of the fluid. Any
observer other than O, if he sees the boundary, does not see it
as symmetrical about himself. (He would then conclude that he
is not moving with a Newtonian frame, but we need not pursue
this now.) However, we have seen that the parameter r, enters
into none of the equations. Also we may suppose the range of
vision of any observer to be finite. If we consider the case where
r, is arbitrarily large compared with this, then only an arbi-
trarily small fraction of all observers will have even this evi-
dence of lack of symmetry. For all the remaining observers, the
only feasible hypothesis for any one is that he is a centre of sym-
metry for the whole system. Making this hypothesis and treat-
ing his frame as Newtonian, he will give a correct account of the
motion of the fluid.

On the same hypothesis, as it is easy to show, he will also
give a correct account of the motion of a free test-particle.

Thus we have a set of effective Newtonian frames each in acceler-
ated motion relative to any other.

Were we to postulate a constant light-speed everywhere
relative to the original frame F, then this would be a property
that would not allow equivalence of the observers. However,
we find that we can instead postulate that the light-speed has
the constant value ¢ relative to the local ‘Newtonian’ frame
determined as above. Obviously, this again leaves all the frames
equivalent to each other and it is found to introduce no in-
consistencies. Indeed, it enables us to define ‘horizons’ for any
observer and in effect it imposes an inevitable limitation upon
the range of vision. So it reinforces the features to which we are
calling attention.
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MODEL UNIVERSE AND ACTUAL UNIVERSE

Now let us treat the system as a model universe. For the
moment, we ignore the boundary.

The observer moving with the fluid at any point is then a FO.
He describes the rest of the universe as receding (R’ > 0) from
himself with speed proportional to distance. From (4.2), the
factor of proportionality is

R'/R = 1/T, say . (5.1)
We may then call T the Hubble time for the model; it is in
general a function of the epoch of observation . The model
behaves in accordance with a known system of mechanics and
gravitation, provided R(f) satisfies an equation of the form
(4.9). From this equation we see that if p # 0 then R” =0 and

therefore R’ =£ 0 ; thus there is no static non-empty model. We can

go further and say that there is no non-empty model for which
T is independent of t.

Using (4.2), (5.1) equation (4.10) may be written in two
instructive forms

2 @
;(g—q) - ‘TM — Ykore . (5.2)
Qo = ;;-5(1 + ket/R") . (5.3)

The first allows us to state that the particle of the fluid at q has
speed greater than, equal to, or less than the escape speed from
the material inside distance g according as &k < 0, k — 0,
k > 0. The last case, k > 0, is one where the material would
fall back again even if it is now receding. This makes it periodic
in our sense and we have excluded this case from present

consideration. Thus we are concerned only with cases k < 0
whence, using (5.3),

GpT? < -gn . (5.4)

Consider this model as a representation of the actual universe.
As already said, it can be a model only of the smoothed-out
universe; so we are supposing that if we consider the actual
universe on a sufficiently large scale we may treat the contents
in & significant manner as a continuous fluid and that the local
irregularities in the actual distribution are not of essential

1
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importance on this scale. Or, rather, amongst other things, we
are testing the hypothesis that the contents may be so con-
sidered. ) ‘

Without going into details, we may say that treated in this
way the actual universe does appear to conform tf’ the CP
with p = 0. Also the apparent recession of the g&lax_le.s to .the
first order, which here means to a very good approximation,
conforms to the simple linear ‘Hubble’ law of speed propor-
tional to distance. The empirical value of T' got in this way is
approximately

T =10 years or T=3 x 10! seconds . (5.5)
Then (5.4) gives approximately
p<2x107%g cem—3 . . . (5.6)

The mean density of known matter in the universe is in fact
estimated to be not more than about 10—2? g. em~3,

Finally, so far as we can tell, what we treat as an inertial
frame in the actual universe is in some way determined by the
large-scale distribution of matter as we have seen to be also a
property of the model. e

All this is satisfactory. But we can judge how satisfactory it is
only by asking if we can reasonably imagine things to have been
otherwise.

In fact, we could imagine the distribution of matter to have
been found to be so irregular that no smoothing would leave
anything significant. Or, were smoothing significant, on general
grounds we should indeed expect the radial motion of the
smoothed out medium to be to a first approximation linear
with distance, but () we could imagine the approximation being
good to only a cosmically small distance; (b) we coul.d ima.gir.le
the factor of proportionality with distance to be different in
different directions. In the actual universe we do get the same
factor in all directions. Even so, we could still imagine the
apparent expansion to be some ‘accidental’ local phenomenon
as viewed on a cosmic scale, or we could imagine the apparent
expansion to be produced in whole or in part by optical effects
having nothing to do with the mechanical properties of matter.
In neither case would we then expect the rate of apparent
expansion to be related in a simple manner to the mean den-
sity of matter ‘in the universe’.

In fact we have here a theory which tells us that the model
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universe cannot be in a static state and tells us that the mean
density and the rate of expansion are related in a definite
simple way (since any particular model gives a definite
value to the left-hand side of (5.4)). Then when we find that the
actual universe is apparently not static and that the agreement
with (5.4) is good we conclude both that the apparent motion is
rightly treated as an ordinary motion and we claim that our
account of it possesses significance.

It should be mentioned that another way of regarding (5.4),
or the corresponding precise relation for a particular model, is
that it is a determination of the value of the gravitational
constant G by the contents of the universe and their behaviour
as summarized by the values of p, 7'

RELATIVISTIC COSMOLOGY

In relativistic cosmology we start again with the same
general notions as before about the existence of FOs. Using
simply the basic concepts of what we can call the kinematies of
general relativity, i.e. that the aggregate of events are the
points of a Riemann 4-space and that the world-lines of light-
signals are null geodesics, we find that the only space-times
conforming to these notions are of the form

ds® = c*dt* — R¥(t)(dx?® + dy® + dz?)/(1 + }kr2)® . (6.1)
where r? = 2 4 y? 4 22, these being the Robertson-Walker
metries,

The FOs have the world-lines 2 = const., y = const.,

z = const. Let O be the one with x = y = 2z = 0. Then the
‘ordinary’ distance of any other from O is

g = rR(?)

where r is fixed for the other FO.
If we now appeal to Einstein’s field-relations, they tell us that
the density p and pressure p in the universe (6.1) are given by

. (6.2)

3(R'2 + kc?)
8nllp = T . (6.3)
Gp 2RR" + R'* + kc?
- R . (6.4)

sl
-
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Now put p = O as before and (6.4) gives
2RR" + R'* + ke* =0
which has the first integral

R(R'® + ket) = C . (6.5)
where C is an integration constant. Then from (6.3)
gﬂGp = C/R? . . (6.6)

Writing C = gchpu where p, is a constant, (6.5), (6.6) become
8
R(R'2 + ke?) = g’ﬂgpu .

p = po/R® . . (6.8)

Equations (6.2), (6.7), (6.8) are seen to be exactly the same as
(4.1), (4.10), (4.5).

This is not the place to rehearse the curious history of modern
cosmology. Broadly speaking, it is true to say that the expansion
of the universe was predicted by general relativity. When
Hubble discovered it as apparently an empirical property of the
actual universe—the most extensive property known—this was
naturally hailed as a triumph for relativity theory. This theory
was much more difficult to understand than classical theory but
all that it had yielded hitherto had been some minute departures
from classical theory that had been only uncertainly verified.
However, when it came to the large-scale behaviour of the
universe, general relativity predicted this stupendous pheno-
menon of the expansion of the whole system. This was something
that classical theory had been powerless to treat. Only after-
wards it was found that classical theory can do something about
it—to the extent of yielding exactly the same equations!

Now the homogeneity of the universe means that its large-
gcale behaviour is the outcome of the operation everywhere of
the same local behaviour. But the local behaviour is such that
we expect it to be adequately described by classical theory. So
it is not as astonishing as it appears at first sight that the be-
haviour in the large is also so described (within limitations that
will appear).

There are differences in other respects:

(@) In the classical treatment we never quite dispose of the

. (8.7)
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boundary. The relativistic theory treats every FO as strictly
equivalent to every other in every respect.

(b) The geometry is affected by the presence of matter in
relativity theory but not in classical theory. Therefore certain
integral properties are different even though differential
properties are the same. The consequent observable differences
enter only beyond the first approximation.

(¢) If we do not neglect stress in the model, then the equations
are no longer the same. This may be important, but we cannot
do more than mention it here.

To state the position briefly, and perhaps rather loosely,
relativistic cosmology is a more satisfying treatment of the same
physical phenomena as those treated in Newtonian cosmology.
Thus the physical discussion of the actual universe according to
relativistic cosmology is effectively the same as that according
to Newtonian cosmology. In particular we are led to a system
of evolutionary cosmology as will be seen in the next section.

EVOLUTIONARY COSMOLOGY
We can write (6.5) in the form

c
o 2
Ri=g—k* . . . (1]

8
where C = E:szo > 0 if p, > 0. We are interested only in

R > 0. Without solving (7.1) explicitly (in elliptic functions)
we can see that the solutions are of the forms shown qualita-
tively in Fig. 19/2.

As already stated, we do not wish to consider the case
k > 0. Then we are left with evolutionary models. We see that
these start in a singular state; this is the ‘big bang’ of such
models.

For definiteness, take the case k¥ = 0. Then we find from
(7.1) that R(f) = constant $2/3, giving in this case

E 2 1

R 3 T
where we have recalled the definition (5.1). This gives the time
from the big bang to the epoch of observation, or what we call

1
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the age of the universe. Also we can show that for all these
. 2
evolutionary models the age is between §T and 7.

If the actual universe were built on one of these models and
we use the value (5.5), we find the age of the universe to be

K<O

R(t)

k>0

—1
Fra. 19/2.—The form of solutions for R(f) for different values of k.

between about 7 and 10 x 10° years. This appears to be prob-
ably too short to accommodate what we know about stellar
evolution. Moreover, there is no known feature of the actual
universe that gives any indication of its ever having been in a
state of extreme congestion as required by the models.

STEADY-STATE COSMOLOGY

For reasons such as those just stated, Bondi and Gold and
Hoyle proposed in 1948 a system of steady-state cosmology.
There were also more philosophical reasons. For instance, the
concept of a changing universe behaving in accordance with
unchanging laws is hard to accept because we naturally think
of the universe and its laws being interdependent. While we
cannot say that the universe must be in a steady state, for the
reasons just indicated it is of much interest to examine the
possibility.

P
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We return to the treatment used at the beginning of section
4. We are now going to postulate that all characteristics of the
model are independent of the epoch. So in the first place if we
write as before

R'/R=1/T . . . . (8.1)
then 7' is now a constant independent of ¢. Therefore we obtain
R=¢% ; - . (8.2)

where nothing is gained by inserting a constant of integration.

Again, we must now have a constant value for p. Consider
then a sphere about O of any given radius g. The matter flows
across its surface with speed ¢/7" and so the total rate of outflow
is 4mpq®/T'. Hence new matter has to be created inside the
sphere at the rate 3p/7" per unit volume per unit time. T'his
must be the universal rate of creation in the model.

Let f(t)p be the density of material of age greater than or
equal to ¢. Consider a sphere of radius ¢ whose surface is moving
with the medium. In time Af the volume changes from V to
V + AV, say, and the material that was of age ¢ becomes of
age t + Atf. So we have

f@& + M)V + AV)p = f(t)Vp
giving
FU+TV =0
But

4
V= Enga, V' = 4ng®/T
and so we obtain

F/f+3/T=0

f@) = %7 ¢ . . (8.3)
since we must have f(0) = 1. From this it follows that the
mean age of the matter in any neighbourhood is

3% —syrg, 1
EJ‘Q te dt = 3T . . . (8.4)

Hence

This is also the mean age of systems belonging to any general
category in the model.

These properties are all ‘local’ properties and so they are the
same whether we use the space-time of classical or of relativity
theory.
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If we use (8.2) in (6.1) and put k = 0 we have the space-time
ds® = c¥dt? — " (da? 4 dy® + dz?) . (8.5)

Now change ¢ to ¢ + , where £, is any constant; this metric is
unchanged if we also change « into e~*/”z, etc. Thus the geo-
metry is unchanged by a change in the origin of ¢. So we verify
that the space-time (8.5) is indeed appropriate for the descrip-
tion of a steady-state universe. We should not have got this
result with k& == 0. .

If we attempt to apply Newtonian gravitation or the field-
relations of general relativity, again taking p = 0, we find that
the motion is not in accordance with these laws. In fact, the
material is accelerated away from 0 with acceleration q/7'% and
so it would be interpreted as showing gravitational repulsion
rather than attraction.

Many attempts have been made to use modified field-
relations of gravitation or of electromagnetism in order to give
a theory of the behaviour of the model and, in particular, to
give a relationship between p, 7'. Most such attempts do in fact
give a value of the order of unity for the quantity GpT'2. How-
ever there is nothing especially compelling about any of these
attempts, which suggests that a satisfactory approach has not
yet been discovered. The simplest suggestion appears to be that
of the present writer who has pointed out that we can obtain
the desired behaviour without modifying the field-relations of
general relativity provided we admit the possibility of a suitable
zero-point stress.

PHYSICAL DISCUSSION

If the actual universe were built in the steady-state model,
the mean age of any characteristic entity is 47 = 3 x 10°
years, approximately. However, a fraction e~% or about 5 per
cent of such entities are of age greater than 7', about 1 per cent
are of age greater than 1-57', and so on. This avoids the objection
to the evolutionary models in which nothing at all is older than
some definite age less than 7'. Also, there never was a singular
state like that required by evolutionary models. The rate of
creation of new material is 3p/7' = 10-46g. ecm—3s~1, approxi-
mately, or one atom of hydrogen per cubic centimetre in about
5 X 10 years.
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There are observable differences between the steady-state
universe and any expanding evolutionary model. For, if we
look at a region of the universe 7 light-years away we see it as
it was 7 years ago. According to evolutionary cosmology the
region must therefore look to be more congested than our own
region; according to steady-state cosmology, the congestion
must be the same as that in our own region. But it can be shown
that the difference is only of the order of the fractional red-
shift for the region considered. Again, according to evolutionary
cosmology there is an age-distance effect but not according to
steady-state cosmology. At present, we do not know how to
apply this since we do not know how individual galaxies change
in appearance with age.

In practice it appears that no thoroughly satisfactory
observational test has yet been possible although stupendous
efforts have been made in this field.

To sum up, we may say that steady-state cosmology possesses
practically all the satisfactory general features that we pre-
viously noted for Newtonian or relativistic cosmologies, while
it avoids the unsatisfactory features associated with a definite
age of the universe. Steady-state cosmology possesses also the
philosophically agreeable feature of yielding an effectively
unique model, instead of the infinite set yielded by other
theories. Its predictions appear not to have been contradicted
by observation. At present it has the disadvantage of not
resting upon any accepted ‘field-theory’.

OTHER POSSIBILITIES

We have not considered the possibility of including the so-
called cosmical constant and cosmical terms in Einstein’s field-
relations. This should be considered but it is not possible to say
anything conclusive about it at present.

Milne’s kinematic relativity offers a different approach to the
subject, but the model to which it leads is included amongst
those of relativistic cosmology.

The possibility of cosmical electrodynamical effects has
been proposed, but a critical discussion shows that nothing
characteristically electrodynamic survives in the resulting
cosmological model.
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CRITICAL COMMENTS

If we know exactly how any two portions of matter interact
then, if we make all possible observations of the matter in the
universe and its motions, we could use our knowledge in order
to predict the outcome of future observations. But I have
pointed out elsewhere that there are apparently unavoidable
limitations upon the information that we obtain from our
observations. This means that there are apparently inescapable
uncertainties in our predictions, these uncertainties increasing
with distance from ourselves in time and space.

In particular, we should not expect to be able to escape from
this situation by using any of the theory described in the earlier
part of this paper. Therefore I conclude that the theory is
deficient in certain fundamental respects.

I should expect a more satisfactory theory to make precise
predictions when applied to cosmically small regions around us
in time and space, but that the precision would decrease as we
seek to consider larger and larger regions until in dealing with
the largest regions accessible to observation we can only des-
cribe what we do see and prediet almost nothing of what we
shall see.

Thus I should expect much of the discussion of this lecture to
remain valid but within limitations that should become better
understood. The understanding of these limitations ought to
include an understanding of the lack of success in discriminating
observationally between various sets of predictions.

There is at any rate one thing about which we are almost
certain that no certain prediction can be made, and that is the
future development of cosmological theory.
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The expansion of the universe

I wourp like you to consider why we think that the universe is
expanding. It may seem pointless to state the obvious, but we
notice that the configuration of the galaxies in the sky never
changes. Although the distant galaxies are receding at great
speed, so great is their distance that even in a thousand years no
change in their apparent size, brightness or relative separation
could be detected. Thus the only evidence we have for the
expansion of the universe is the shift towards the red of the
lines in the spectra of faint galaxies. I would like to tell you how
the two parameters describing the red-shift phenomenon are
obtained. The first of these is the Hubble constant which is
denoted by the letter H and which gives the present rate of
expansion in our neighbourhood. The second parameter, g,,
measures the acceleration or retardation of the expansion at the
present time. In order to obtain the values of these parameters,
the red-shifts of all measured galaxies can be plotted logarith-
mically against the apparent magnitude of the object. A dia-
gram (see Humason, Mayall and Sandage, 1956) with a cloud of
points on it is thus obtained and through the cloud, with the
eye of faith, a straight line may be drawn. Such rough approxi-
mate treatments are the origin of the belief, held with an almost
§uperstitious tenacity, that the velocity of recession of a galaxy
is proportional to its distance. A more refined analysis is based
on clusters of galaxies. Red-shifts of galaxies in a cluster are
measured and their average is taken to be the red-shift of the

cluster as a whole. To obtain comparative distances of clusters,
222
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it is necessary to use the apparent brightness of some object
in each cluster which is believed to have the same intrinsic
luminosity in every cluster. Clearly the integrated intensity of
the entire cluster will not do as clusters vary in size and
membership. But a composite brightest galaxy in a cluster can
be set up by observing the apparent magnitudes of the 1st, 3rd,
5th and 10th brightest members of the cluster. This procedure
amounts to establishing a rudimentary luminosity function for
galaxies in clusters. If the intrinsic luminosity of the composite
brightest member of every cluster is assumed to be the same,
then one has a relative scale of distances for the clusters. Using
the apparent magnitude of this composite cluster member in
conjunction with the mean red-shift of the cluster, one can
determine directly, not the Hubble constant itself, but the rate
at which the expansion is changing. This is because, to find H,
one must also know the intrinsic luminosities of the brightest
cluster members, whereas to find the acceleration factor ¢, it is
only necessary to assume that the same (unknown) luminosity

function applies to clusters at all distances.

A model of the universe predicts a relationship between
photographic apparent magnitude, m, and the red-shift d1/4 = 6
of the form

m—5loged =a(l +b0+cd®+dB®+...4+...)

in which a is effectively the Hubble constant, and b is related to
the acceleration parameter. There is some difference of opinion
as to the value of ‘4’, but the extreme limits give for the
acceleration factor,

05<go<3
This expression corresponds to a retardation of the accelera-
tion, and a reasonable interpretation leads to rather closer
limits on g, i.e.
1<g,<2

The Hubble constant may be said to lie between 75 and 150
km /sec per Mpe, a more accurate determination depending on a
knowledge of what the intrinsic luminosity of the brighter gal-
axies in clusters is. The values of H, and more particularly of g¢,,
enable us to limit the range of models which adequately repre-
sent that part of the universe accessible to our observations.
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Number /intensity counts in cosmology

I would like to make a few comments on the optical analogue
of what Professor Ryle and others are doing when they count
radio sources to successive intensity limits. In the 1930’s
Edwin Hubble made a very strong and determined effort to
deal with this problem. He counted optical galaxies in five
ranges (from magnitude 18 to magnitude 21-3). When he
counted the number N of galaxies brighter than magnitude m,
Hubble (1936) obtained a number/intensity curve of the form

log N = 0-501lm + const.

ie. N oc 8128

whereas in an Euclidean universe, the law would be
log N = 0-6m 4 const.

ie. N oc 818

where § is the observed flux density of optical radiation.

Thus we see that what Hubble thought he had found, a deficit
of faint galaxies compared with the Euclidean universe, was
the very opposite of the result obtained by Ryle from the radio
data. What Hubble did was to assume that the departure of the
factor in his number /magnitude relation from the value 0-6 was
due to a red-shift effect, and he recast the relationship in the
form

log N = 0-6(m — Aé) 4 const.

where A is a constant and § the red-shift. This is a very re-
stricted way of fitting the data, and is not by any means the
only interpretation (McVittie, 1938, 1956). However it is said
that Hubble himself later rejected the data on which these
relationships were based. We may here notice a curious feature
with respect to cosmological data: they have a weight of either
one or zero! An intermediate weight, such as 0-5, is apparently
unacceptable. Be this as it may, I would warn you that, if
ever you want to use Hubble’s data or his interpretation of
them, do not simply copy out formulae from his papers. Look
at his work in its entirety, and also study the literature of the
1930’s to which it gave rise, before making up your own minds.
If indeed all this work of Hubble’s, which was the chief basis
for our belief that the distribution of galaxies is uniform, is
unreliable, T am puzzled to know why we continue to accept
with such faith the notion of uniformity.

DISCUSSION ON COSMOLOGY AND RADIO ASTRONOMY 225

Discussion

In answer to questions, Professor McVittie discussed the
desirability and difficulties of making a new number versus
apparent magnitude count of galaxies. It would be a heavy
task. A telescope beyond the Earth’s atmosphere would help,
but the greatest difficulty lay in finding an enthusiastic band of
young astronomers and a suitable telescope even on Earth.
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OBSERVATIONAL TEsTS 1IN COSMOLOGY
W. H. McCrea

In setting up evolutionary models of the universe, it is usual
to consider a ‘smoothed-out’ distribution of matter. A problem
arises in the formation of galaxies from this homogeneous
material under gravitational forces. If p is the density, the only
time scale you can construct dimensionally is (pG)~2/2, and this
is of the order of the age of the universe on any model at all.
Thus it is very difficult on any of these theories to see how
galaxies can have been formed in the time available, It seems to
me that this is a problem invented by us, not given to us by
nature, for how do we know that the universe was ever smoothed
out? Unfortunately it is mathematically very difficult to handle
models having non-uniform initial states. (At this point Pro-
fessor Burbidge said that this amounted to avoiding the
problem entirely by assuming proto-galaxies. Professor McVittie
said that the ‘smoothed out’ universe was a convenient simple
description of the universe, and not an exact description of an
early stage in its evolution; Professor McCrea agreed.)

The next point that I would like to comment on is very
fundamental indeed, although again theory has not really coped
with it. As Professor McVittie said, what you would like to deal
with is our own observable part of the universe. He went on to
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discuss the m, 6 relationship, and what you can get out of it
about the acceleration and so on. But you get the relations from
a homogeneous smoothed-out model and nobody knows whether
you would get any sort of similar relations if you had our own
local observable part of the universe in front of some different
sort of background. I have looked at this problem from time to
time, but do not even see how to begin. One would like to be
able to say that what happens beyond the observable universe
is of no consequence, but that is not at present possible, and
there is a danger of an inconsistency in using the formulae for
retardation of the expansion, ete. .

Many of the tests which can be applied to cosmological
theories are difficult and round-about. In principle what we
would like most I think is a way of distinguishing between an
evolutionary and a steady-state model of the universe, by a
means which does not depend on a particular geometry. If you
could look at any distant part of the universe at something that
you know is a standard object, and measure its angular size
(for example the angular separation of the components of a
radio source), you could then compare this angle with the
angular separation of the nearest neighbour in space (having
the same red-shift) and thus obtain a direct measure of the
spatial density of galaxies. This procedure would enable you to
determine whether the density of galaxies is the same at remote
distances as it is locally, in a manner which does not depend on
the geometry. The difference between the predictions of spatial
density on the evolutionary and steady-state theories is a factor
of (1 + 2), so that your observations have to be accurate to the
order of z to give any information at all. (Here z = d1/1 is a
measure of the red-shift.)

I think these ideas are significant in principle in another way.
In 1959 Metzner and Morrison published a paper on the applica-
tion of information theory to cosmology. They showed that if
you take unity to represent the flow of information received
from nearby parts of the universe then the theory gives you
zero as the flow of information you get from, so to speak, the
horizon. In fact the flow of information does contain the factor

14 2)-L

( 'Fhul we seem to be faced with the paradoxical situation that
the information available from the universe falls off in exactly
that ratio (1 + z) that represents the ratio of quantities pre-
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dicted by the various cosmological theories. This I think is a
point of fundamental importance in applying observational
tests to cosmology because it may mean that a decisive test is
not possible in principle.

Discussion

Professor Lovell: ‘Are world models with a positive cosmo-
logical constant no longer considered seriously? The models we
have so far heard about all have a singularity near the Hubble
time, which in the past has caused difficulty with the apparent
great age of galaxies.’

Professor McCrea: ‘In ordinary classical mechanics the ab-
solute value of the stress has no significance. Only gradients and
discontinuities are important. The cosmological constant is just
the analogue of the arbitrary constant which appears in the
stress in classical mechanics. I do not see how to take this into
account in cosmology, and it is not easy to see how anything
80 trivial in principle can have much significance.’

Professor McVittie: “The cosmological constant may be deter-
mined from Einstein’s equations. If you accept that the density
is ~10-% gm em~* and that the retardation factor lies between
0-5 and 1-0, then A is negative, and we have a singularity at
t = 0. The negative value of A implies that a force other than
gravitation holds matter together in the universe. This is
generally disregarded by cosmologists, on the basis of a paper by
Einstein in 1932 in which he showed that the data then available
were consistent with what we now call the Einstein-de Sitter
universe. Einstein might have said something quite different
were he alive today.’

Professor McCrea: ‘I think it is much more complicated. 4 is
an arbitrary constant which can be determined only through
atomic physies, if there is any significance in zero point energies
and zero point stresses. It cannot be determined from astrono-
mical considerations and, so far as I can see, it denotes a degree
of arbitrariness inevitably present in relativistic cosmology.’
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Rapio AstroNoMmICAL TEsSTS oF CosMOLOGICAL MODELS
M. RYLE

I shall discuss four methods which are available to the radio
astronomer for making observational tests in cosmology. At
present it turns out that there are more variables in the theories
than can be determined from the observations, and you have to
try to fit a plausible situation to all the evidence you have. The
most promising methods are based on:

i. The integrated sky brightness

If one could measure the contribution to the total sky
brightness which arises outside the Galaxy, and also
measure the contribution to the emission per unit volume
from all the nearby extragalactic sources, then the observed
ratio of these two quantities could be compared with that
predicted on various cosmological models. Obviously there
are practical difficulties: the determination of the relative
contributions of the Galaxy and extragalactic sources to
the sky brightness is very difficult, but there is some hope of
doing it, at least at the longer wavelengths, because the two
components have different spectral indices.

ii. Measurement of the density of intergalactic hydrogen

In principle it should be possible to determine the density
of neutral hydrogen in space by observing the 21 cm line in
absorption. The continuum spectrum of a distant source like
Cygnus should show an absorption feature extending from
1420 Me/s to the doppler-shifted value corresponding to the
red-shift of the source. This is a very difficult experiment,
quite apart from the fact that the intergalactic material may
be ionized.

iii. Radio source counts

Here one would like to measure p, the spatial density of
sources, as a function of the red-shift. This cannot be done
in the absence of distance measurements, but by making
the general assumption that the fainter sources are further
away, we can get somewhere from the observed number/
flux density counts. This naturally involves some know-
ledge of the typical luminosity, P, of a radio source, and if

B e
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the universe is evolutionary, so that P varies with epoch
it may not be possible to interpret the log N/log 8 curv;
uniquely at all. However, it is possible that the effects will
be so remarkable that we can already exclude some models
of the universe. If this can be done it is of course a very
worthwhile result in the present state of cosmology.

iv. The angular diameter of radio sources

Ideally one would like to measure the angular diameters
of radio sources as a function of their red-shift, whereas the
observations yield directly a measure of surface brightness
and flux density. The surface brightness of a source of given
physical size varies in some way, depending on the model,
with distance; the intensity at the receiving frequency also
varies with distance in a manner depending on the spectrum.
For sources of constant linear size, some cosmological models
predict a monotonic decrease of angular diameter with in-
creasing red-shift while others predict a minimum angular
diameter at a certain red-shift, beyond which the angular
diameter increases. If one could measure the angular dia-
meters of a large number of radio sources, this would there-
fore provide evidence to distinguish between certain models.
Dispersion in the luminosity and in the physical size of
sources, complexity of structure and orientation make this
approach difficult, although in principle it should be im-
proved by combining the diameter measurement with
number counts.

In order to proceed further, we must compare the predictions
of various cosmological models with these observations. Suppose
for example we could measure in detail the relationship between
surface brightness and flux density. This, on any given model,
allows us to deduce something about the luminosity function.
We can then use this function in conjunction with our source
counts and optical information to see if a plausible picture
emerges. I think myself that the present results show so large a
departure from those predicted by the steady-state model that
we must recognize that we live in an evolving universe, in
which the luminosity or number of the sources depends on the
epoch. The alternative seems to be to regard the results as
arising from a ‘local’ irregularity as proposed by Hoyle and
Narlikar (1961), but such an irregularity would have to extend
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to distances of about 350 Mpe, a distance which is scarcely
local, and also maintain an angular distribution which is very
nearly isotropic.

Discussion

Dr.R. D. Davies: ‘“We have made hydrogen line measurements
which set an upper limit to the optical depth of intergalactic
hydrogen in the direction of Cygnus A. The result appears to be
in conflict with the Einstein-de Sitter model, the density coming
out to 3 x 10-3! gm cm~2 if a kinetic temperature of 1°K is
assumed. We have also attempted to measure the intergalactic
hydrogen in emission, by looking for a discontinuity in the
continuum spectrum at the H-line frequency. This gives an
upper limit for the density of HIof 3 x 10~2° gm em~3, and is
independent of assuming a kinetic temperature. It should be
possible to improve this limit by a factor of ten.’

Professor McVittie: ‘I have always understood that in the
Einstein-de Sitter universe the pressure is zero by definition. If
you introduce intergalactic gas at a finite temperature, you
must be satisfied that the equations defining the model do not
lead to negative pressure, or some other horror at some stage in
the evolution.

Dr. Margaret Burbidge: ‘What is the present state of the know-
ledge of hydrogen line emission from extragalactic radio sources?’

Dr. R. D. Davies: ‘I think it is now clear that the radiation
field near most sources is so high that all the hydrogen will be
excited to the upper state, and no absorption will occur. H-line
absorption might be observed in sources of very low surface
brightness.’
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THE ANGULAR DIAMETERS AND LuMiNOSITY FUNCTION OF
ExTrRAGALACTIC RADIO SOURCES

H. P. ParmEr

In a recent paper Ryle and Clarke (1961) describe four dis-
tinet methods of deriving the luminosity function of extra-
galactic radio sources. The diagrams of Fig. 20/1a and 1b show
the two extreme functions discussed by them. Fig. 20/1a shows
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the limiting function which is implied by the observed isotropic
dis?ribution of the sources and the low measured value of the
residual radio temperature of the sky after the radiation from
our Galaxy has been subtracted. The sources must have an
absolute luminosity P > 102 watts (c/s)~ster—1. If the median
value of P were lower than that, the spatial density of sources
would be higher, and the background temperature would be
greaterthan observed. This argument therefore defines the mini-
mum possible values of P. The functions which attribute the

v
\
b \\
- \
v
Minkowsk! \y
Bolton \\\
A
1 1 1 1 W
1O o :uo':i'e" 102 1088 10%% 09 o 6%
] e Ir (crs) P. w ster! (efs)!
" la FIG, |b

Fia. 20/1.

(a2) The limiting distribution of the luminosities of extra- i i
sources, as derived by Ryle and Clarke. T e i

(&) The distributions derived by Bolton and Minkowski, and by Mills
from consideration of the optically identified sources.

highest values of luminosity to the sources have been derived by
Bolton and Minkowski (1960) and by Mills (1960) from a study
of optically identified sources and are reproduced in Fig. 20/1b.
They indicate a median value of about 1027 watts (c/s)~'ster-1.
Ryle and Clarke conclude that the sources have values of P in
the range 1024107, and they tend to favour the higher values.

Measurements of the angular diameters of radio sources can
also be used to derive a luminosity function, provided informa-
tion is available about the angular sizes of all, or almost all, the
sources in a given flux range. The measurements we have made
and analysed in this way refer to 133 sources in the 3C catalogue
with flux 8 > 12 f.u. and galactic latitude 5 > 12°. I desecribed
in Chapter 14 the method of making these measurements, and
extracting from them the angular size of the radiating regions
of the sources. A luminosity function can be derived if it is then
assumed that these regions are of constant linear size, the value
used being the average value of the linear sizes of 14 identified
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sources, for which optical measurements of red-shift are avail-
able. The exact value depends slightly on the method of analys-
ing the diameter data; but it is close to 25 kpe, and this value
has been used in our calculations. The results are shown in
Fig. 20/2, where each point represents a source in this group of
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Fic. 20/2.—The observed component angular sizes derived from the

Jodrell Bank data, plotted against the values of flux density S from the

3C catalogue, for 133 sources having § > 12 f.u. and b* > 12°. The full

lines show the calculated relations for the steady state cosmology for

three values of absolute luminosity P assuming the linear size of the

gources to be 25 kpe. The dashed lines give the equivalent relations for
the Einstein-de Sitter cosmology.
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133, the component angular diameter being plotted on a logar-
ithmic scale horizontally, and the flux, as listed in the 3C cata-
logue, on the vertical scale. The approximate size of the errors
in flux and angular diameter associated with these points is
also shown near the vertical axis. The symbol X represents the
position on this diagram for Cygnus A (P = 102"3) which is not
included in this group of 133 as it is near the galactic equator.
All the sources included in this analysis had a value of flux §
> 12f.u.,and this observational cut off sets the horizontal base to
the array of dots. The full lines show where the points would fall
on this diagram according to the theory of the steady-state uni-
verse, for values of P = 1029, 102% and 102 watts(c/s) Ister—1.
The angular diameters, for the highest value of P, tend to an
asymptotic limit of 1-4", while the lowest value of P gives a
straight line. In a static Euclidean universe, the correspond-
ing lines would be straight, parallel to that for P = 10% watts
(c/s)ster—2. The dotted lines show the results of similar calcu-
lations for an Einstein-de Sitter universe, in which, with in-
creasing values of red-shift z, the angular diameters decrease
to a minimum value until the ‘equator’ is reached at z = 1-25,
beyond which they increase again. There is no obvious relation-
ship between the points and the lines in this figure, even when
one takes account of the errors (as indicated) in the positions of
the points. It follows that in the real universe there are wide
dispersions in the absolute power, and /or the linear size for the
radio sources represented by points on this diagram.

The same information can be replotted (Fig. 20/3) as a
luminosity function of the same form as Fig. 20/1 (still assum-
ing the linear size of each source to be 25 kpe). The histogram in
Fig. 20/3a shows the function for a steady-state universe, while
the shaded area of Fig. 20/3b is the function for an Einstein-de
Sitter universe in which all the sources are assumed to be this
side of the equator. About 90 of the 133 sources appear on these
diagrams. There are also about 30 sources bigger than 47"
for which P is less than 10%¢ watts (c¢/s)'ster—?, which would
appear, therefore, if they could be plotted, on the left of the
histograms. As only a small number of sources have values of
P > 102¢ the histograms are almost identical in either cosmo-
logical model. The clear area of the histogram of Fig. 20/3b
shows the luminosity function calculated if it is assumed that all
the sources are beyond the equator of the Einstein-de Sitter
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Fic. 20/3.—The distribution of absolute luminosities P inferred for
sources of flux density S > 12 f.u. and b* > 12°,

(@) Assuming a steady-state model universe. ) )

(b) Assuming an Einstein-de Sitter model universe, in which there are
two values of the absolute luminosity P associated with each observed
component angular diameter greater than 5-5”. The absolute lumi-
nosities calculated from the lower value (z < 1-25) are plotted in the
shaded area of the diagram and the absolute luminosities calculated
for the higher value (z > 1-25) are plotted in the unshaded part. The
scale of red-shift z refers to sources having the limiting flux density
S =12 fu.
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universe. It will be seen that this interpretation leads to values
of P which are very much larger than 10275, the value of Cygnus
A, and correspondingly enormous values of red-shift z > 50.

As this seems a rather extreme conclusion to draw from the
evidence available, I tend to support the shaded histogram of
Fig. 20/3.
Discussion

Professor Ryle emphasized that even for a value of P ~ 102,
his observations, going down to 2 flux units, extended out to
distances of 500 Mpec (z = 0-12) where discussions of ‘local’
clustering were scarcely relevant. If the mean absolute photo-
graphic magnitude of the sources was M, = —20-5, he could
only ask ‘where are the identifications?’ If M, were taken as
—17 for the majority of sources, for instance, he wondered
whether the sources identified so far might not be atypical in
absolute diameter also, and if so how was one to use angular
measurements in cosmological studies? The other interpreta-
tion, that the majority of the sources were beyond the equator
in an evolutionary universe, avoided both these difficulties.
Dr. Burbidge pointed out that, in that case, Cygnus A would be
a rather weak and insignificant source, and perhaps the fraction
identified was already too large. He wondered whether the
Cygnus identification was incorrect, and referred to the success
of the very recent attempts at Cal. Tech. and Lick, to identify
some of the more intense sources with stars. Professor Ryle
emphasized again that the arguments based on background
temperature showed that only a very few per cent of sources
could be of this type.

REFERENCES

Bolton, J. G., 1960, 13th General Assembly, U.R.8.1., London.

Mills, B. Y., 1960, Aust. J. Phys., 13, 550.

Minkowski, R., 1960, Proceedings of the 4th Symposium on Mathe-
matical Statistics and Probability, Berkeley.

Ryle, M., and Clarke, R. W., 1961, M.N., 122, 349.




0> G e
o
L

1

bt -‘

'
[

Participants in the Summer School at Jodrell Bank.




Summer School students gaining practical experience in the analysis

A “Brains Trust’ at the Summer School: R. C. Jennison, G.'Burbidge,
R. D. Davies, M. I. Large, H. P. Palmer and Professor Sir Bernard

INDEX

Adgie, R., 139

aerial: polar diagrams, 45, 47;
cold, 45; far sidelobes, 45;
horn feeds for, 45, 56; im-
mersed in ionosphere, 57;
efficiency, 60

Allen, J. A. van, 30

Allen, L. R., 3, 11, 143, 144, 148,
151, 152, 153, 154, 156, 180,
185

Al'pert, Ya. L., 62

Alsop, L. E., 26, 28, 30

angular sizes of radio sources,
145-58; of components of
sources, 156, 158; and their
luminosity funection, 229-35

aperture synthesis, 47, 78; survey,
192-4; two-dimensional, 80

Arecibo Observatory, 84

Arnold, C. B., 24

Arsae, J., 47

Astronomical Unit, the, 39, 40,

42

Baade, W., 170

Barrett, A, H., 24, 27

Baumbach, 8., 3, 11

Benelux cross, 46, 81

Bergh, 8. van den, 187

Beringer, R., 24

Berning, W. W., 62

Biermann, L., 94, 122

Blaauw, A., 93, 101

Blair, M. E., 24

Blum, E. J., 44, 76, 80, 81

Boischot, A., 14, 19

Bok, B. J., 104

Boland, J. W., 30

Bolton, J. G., 119, 180, 231

Bondi, H., 217

Bracewell, R. N., 47, 81, 129, 146

Braes, L., 121

Bremsstrahlung, 18, 23

brightness temperature: related to
energy flux, 126; related to hy-
drogen emission, 96 ; related to
optical depth, 127; distribu-
tion across radio sources, 149,
159-67

Broten, N. W., 139

Brouer, D., 104

Brown, R. H., 135, 143, 145, 150,
172, 204

Budden, K. G., 58, 64

Burbidge, G. R., 141, 150, 168,
173, 177, 180, 225, 235

Burbidge, Margaret, 169, 173, 230

Burke, B. F., 24, 101

California Institute of Technology,
OwensValley Observatory, 51,
125, 138,152,174,180,203,235

Cambridge, Mullard Observatory,
8, 80, 139, 191

Cassegrain system, radio use of,
45, 49

Cassiopeia A, radio source, 119,
145, 150

Centaurus A, radio source, 150

Christiansen, W. N., 7, 8, 50, 80

chromosphere of Sun, 3

Clarke, R. W., 200, 203, 205, 230,
231

clustering of radio sources, 197,
205

Coblentz, W. W., 26

confusion: effects of weak sources,
193

contour plotting, 70

Conway, R. G., 138

Cook, J. J., 24

Corbett, H. H., 28

corona of Sun, 3

cosmic rays, and synchrotron
emission, 94, 122, 131-3;
effects of uncertainties, 221,
227

cosmology, 191-235; cosmological
principle, 207

Courtes, G., 91

Covington, A. E., 8

Crab nebula, 92, 122, 179, 182;
occultation of, 8

C.8.L.R.0O. Sydney, 10, 82, 83, 96,
106

Cross, L. G., 24

curved spectra of radio sources,
140

237




238 INDEX

Cygnus A, radio source, 119, 145,
177, 235

Cygnus Loop nebula, 92, 182

Cygnus X region, 72

Das Gupta, M. K., 145, 150

data: logging, 67; reduction, 67

Dayvies, J. G., 67, 71, 72, 73, 75

Davies, R. D., 94, 103, 104, 105,
107, 119, 122, 230

Davis, L., 94, 122, 123

Denisse, J. F., 11, 14, 19

Dewhirst, D. W., 156, 178, 179,
199

Dicke, R. H., 24

Dieter, N. A., 106

digital computers: in radio astro-
nomy, 67-75; for solar studies,
83

digital methods used with radar
systems, 38

discrete radio sources, 178

doppler shifts in planetary radar,
38

Drake, F. D., 24, 30, 103, 105

Earl, J. A., 122

Edge, D. 0., 151, 180, 191

Einstein-de Sitter cosmological
model, 203

Elgaroy, O., 161

elliptical galaxies as radio sources,
175

Ellis, G. R., 56

Elsmore, B., 151, 180

Elvius, A., 119

emission measure, 129

energy requirements of radio
sources, 1756

Erickson, W. C., 104

Evans, D. 8., 173

Evans, J. V., 40

evolutionary cosmologies, 208, 215

Ewen, H. 1., 24, 30

Faraday rotation, 37

Fornax A, radio source, 174

Fourier: transform, 47, 148; com-
ponents, 64

Franklin, K. L., 24

free—free transitions, 3, 128

fringe amplitude, 163

fringe speed of interferometer
output, 147

Galaxy: age of, 92; indirect evi-
dence for magnetic field, 94;
rotation of, 97—; structure of,
99-, 135; neutral hydrogen
content of, 113-17

Gibson, J. E., 28

Ginzburg, V. L., 3, 13, 14, 128

Giordomaine, J. A., 26, 28, 30

Gold, T., 217

Goldsworthy, F. A., 90

Golomb, 8. W., 34, 37

Gordon, W., 84

Gould’s belt, 103

Grant, C. R., 28

Green Bank Observatory, 84

Gireenstein, J. L., 123

Gum, C. 8., 99, 101

Gyro radiation, 12

Haddock, F. T., 24, 27, 76, 84, 85

Hall, J. S., 119

Harding, G. A., 173

Harris, D. E., 181

Harvard Observatory, 118

Haselgrove, C. B., 57, 61

Haselgrove, J., 57, 61

Haslam, C. G. T., 67, 71, 72, 73,
133, 136

Hayakawa, S., 93

Hazard, C., 52, 122, 135, 172

Heeschen, D. 8., 96, 103, 104, 105,
139, 141

Heidman, J., 150

Henry, J., 123

Helfer, H. L., 104, 106

Hewish, A., 8, 192, 194, 196, 199

Hey, J. 8., 14

Higgins, C. 8., 130

Hill, E. R., 180

Hiltner, W. A., 119

Hindman, J. V., 99, 118

Hoffleit, D., 185

Hogbom, J. A., 80, 118

Howard, W. E., 24, 27, 106

Hoyle, F., 121, 122, 124, 175, 205,
217, 229

Hubble constant, 222

Hubble, E., 184, 185, 215, 224

Hughes, V. A., 33

Hulst, H. C. van de, 3, 87, 93, 99,
118

Humason, M. L., 222

Hvatum, H., 30

hydrogen line: emission, 96-124;
mechanism, 109; related to

INDEX 239

brightness temperature, 96;
and galactic rotation, 97; and
galactic structure, 99—; and
spiral arms, 102; and radio
source at galactic centre, 103;
from external galaxies, 118;
absorption spectra, 120

hydrogen, outflow from galactic
centre, 95

H I regions, 93, 94; cloud struc-
ture of, 104; relation to dust
clouds, 105.

H IT regions, 88-90; temperature
of, 89, 90

identifications (optical) of radio
sources, 178-90; with stars,
169, 235

image restoration, in solar studies,
50, 83

inertial frames of reference, 213

interferometers, 138; multi-ele-
ment, 49; for solar observa-
tions, 9; of long baseline, 145,
151

interstellar matter, 86-95; mean
density of, 86; composition,
87; dust grains, 87; deuterium
abundance, 92

ionosphere: F layer, 56, 58; elec-
tron density, 61, 63; focusing
properties, 62; revolving
power of edge of reception
cone, 63

Ireland, J. G., 124

Jennison, R. C., 54, 57, 60, 61, 145,
150

Jet Propulsion Laboratories, 38,
40-41

Jodrell Bank, 37, 38, 39, 40, 53,
70, 113, 118, 119, 125, 138,
150, 180, 203

Jones, D. E., 29

Jupiter, 24, 29, 30, 31; radio
spectrum of, 25, 29; milli-
metre radiation, 54; low fre-
quency radiation, 30, 56

Kahn, F. D., 86, 90, 92, 83, 95,
101

Kassim, M. A., 106

Kellerman, K. I., 138, 144

Kerr, F. 8., 98, 99, 100, 101, 118

Kislaiker, A. G., 28

Komesaroff, M. M., 130
Kotelnikow, V. A., 40, 41

Kuiper, G. P., 27

Kundu, M. R., 9, 11, 18, 21
Kuzmin, A. D., 28 ’
Kwee, K. K., 98, 99, 100, 101, 118

Lambrecht, H., 86

Lampland, C. O., 26

Large, M. 1., 67, 71, 72, 73, 126,
133, 136

Lawrence, R. 8., 104

Leiden Observatory, 96, 106, 113

Leslie, P. R. R., 151, 180, 192, 197

Lequex, J., 150, 151

Lick Observatory, 169

Lilley, A. E., 28, 103, 104

Lincoln Laboratories, M.I.T., 38,
40, 41

Linsley, J., 123

Long, R. J., 138, 139, 144

Lovell, A. C. B., 76, 204, 227

Lucretius, 131

luminosity function of radio
sources, 199, 234; of identi-
fied sources, 200

magnetic field of Galaxy, 94, 119-
124; and stability of spiral
arms, 94, 124

magnetic field of Sun, 6, 10, 23

Maltby, P., 143, 150-3, 159, 174,
180

Maron, I., 41

Mars, 24, 26, 36, 37

Martyn, D. F., 3

masers, 44

Mathewson, D. 8., 71, 72, 133

Matthews, T. A., 106, 169

Mayall, N. U., 222

Mayer, C. H., 24, 26, 28, 29, 30

MecClain, E. F., 30

McCrea, W. H., 206, 222, 225,
227

MeCullough, T. P., 24, 28, 30

McEwan, R. J., 28

McGee, R. X., 104

McVittie, G. C., 222, 224, 225,
227, 230

Medd, W. J., 139

Menon, T. K., 92, 104, 106

Menzel, D. H., 26, 28

Mercury, 24, 27, 36

‘Mercury’ computer, 75

Merton, G., 190




240 INDEX

Mestel, L., 123

Metzner, A. W. K., 226

Meyer, P., 122

Michelson, A. A., 5, 145

Mills, B. Y., 135, 150, 151, 180,
231

Mills cross, 47, 79

Minkowski, R., 141, 170, 174, 180,
184, 231

M.I.T. Lincoln Laboratories, 38,
40, 41

Moffet, A. T., 143, 150-3, 159, 174,
180

Moon, 24; radar echoes from, 33

Moran, M., 144

Morris, D., 150, 161

Morrison, P., 226

Mount Wilson and Palomar Ob-
servatory, 168; Sky Survey,
182

Muhleman, D. O., 41

Mullard Observatory, Cambridge,
8, 80, 139, 191

Muller, C. A., 98, 99

Miinch, G., 93

Murray, C., 46

Murray, J. D., 104

Nangay Observatory, 46, 48, 187
Narlikar, J. V., 205, 229
Neptune, 24

Newkirk, G., 17

Newtonian cosmology, 211
Nicholson, 8. B., 26, 27

north galactic spur, 73

Oort, J. H., 95, 99, 102

Opik, E. J., 29

optical depth in hydrogen line
studies, 96; related to bright-
ness temperature, 127, 128

optical identifications of radio
sources, 178-90

Orion nebula, 54

Osterbrock, D. E., 94, 180

Palmer, H. P., 51, 75, 143, 145,
150, 154, 159, 222, 230

Pariigki, Yu. N., 102

Pawsey, J. L., 101, 129, 146

Pettengill, G. H., 34, 38, 40, 41,
42

Pettit, E., 26, 27
Piddington, J. H., 6, 11
planetary emission non-thermal,

24; planetary emission ther-
mal spectrum, 24

planetary radar, 33

plasma radiation, 13

Platt, J. R., 123

Pleiades, and H I, 105

Pluto, 24

polarization of radio emission
from Jupiter, 25; from Sun, 6,
29

positions of radio sources, 180;
compared to optical features,
181; optical objects per error
area, 185

Pottasch, S., 91

Price, R., 40

probability distribution of de-
flections, 194

Pulkova Observatory, 181

Quigley, M. J. S., 136

radar equation, 34

radar systems, 34

Radhakrishnan, V., 29

radio galaxies, 172, 179

radio receivers—very low noise,
44

radio sources, accurate measure-
ment of position, 179; angu-
lar sizes, 145-58; associated
with clusters of galaxies, 187;
brightness distribution across,
150; and cosmology, 191;
double structure of, 154;
energy requirements, 175; ex-
tra-galactic, 202; lifetime of,
176; linear size, 232; number
counts, 194-234

radio spectrum in mm range, 54

radio surveys, observation time,
52

radio telescopes, controlled by

digital computer, 69, 74; -

1000-ft at Arecibo, 84; Bene-
lux cross, 47; 300-ft at
Greenbank, 84; 140-ft at
Greenbank, 84; at Jodrell
Bank, 53; at Illinois, 85;
Mills cross, 47, 49; 600-ft at
Sugar Grove, 84

Raimond, E., 106, 118

Reber, G., 56

Reddish, V. C., 109

red-shift, 228

INDEX 241

relativistic cosmology, 214

Roberts, J. A., 30

Robinson, B. J., 118

Rossi, B., 123

Rougoor, G. W., 95, 102

Rowson, B., 159, 161, 167

Ryle, M., 76, 159, 162, 180, 191,
192, 197, 200, 204, 205, 224,
228, 230, 231, 235

Sagan, C., 29

Sagittarius A, radio source, 103

Salomonovich, A. E., 28

Sandage, A. R., 168, 169, 170,
184, 185, 222

Saturn, 24, 26

Scarsi, L., 123

Scheuer, P. A. G., 195

Schmidt, M., 97, 100

Sciama, D. W., 136

Scott, P. F., 192, 197, 205

Seaton, M. J., 93

Seeger, C. L., 139

Seyfert galaxies, 173

Shain, C. A., 130

Shklovsky, 1. 8., 128, 170, 175

Siegel, K. M., 29

signal-to-noise ratios in radar sys-
tems, 37, 39; for synthesized
apertures, 79

Sinton, W. M., 28

sky brightness, integrated, 228

sky survey, Mt. Palomar, 182; use
of, 188-90

Slee, O. B., 8, 180

Sloanaker, R. M., 24, 28, 30

Smart, W. M., 160

Smerd, S. F., 3, 5

Smith, F. G., 63, 139, 150, 205

Smith, H. J., 185

solar emission, harmonics in, 13,
17, 19; bursts, 16, 17, 21, 23

solar flares, 14; aurorae, 21; cir-
cular polarization of, 19;
dynamic spectrum of, 16, 17;
energy of, 15; Fermi accelera-
tion in, 23; metre wave spec-
trum, 18; protons from, 23;
to be studied with ring aper-
tures, 82

space probe, 31

spatial frequencies, 80

spectral index, 139, 143; varia-
tions in the, 72

spectrometer, microwave, 55

spectrum; of thermal emission,
129, 131; non-thermal radia-
tion from Galaxy, 135; radio
sources, 138-144; curved, 140

spiral arms and magnetic fields, 94

Spitzer, L., 89, 123

Stanley, G. J., 30, 199

star clusters and neutral hydro-
gen, 105, 106

starlight, polarization of, 94, 119,
123

stars, radio emission from, 168—
172; colour indices, 169

steady state cosmological model,
203, 217

stellar radiation, energy density of,
86

Stevens, R., 34, 37

Straiton, A. W., 29

Stromgren, B., 93

Strong, J., 28

sudden ionispheric disturbance, 15

Sugar Grove, 600-ft telescope, 84

Sun: chromosphere, 3; brightness
distribution across the disk,
5; calcium plage, 9; bursts, 9,
82; corona, 3; distribution of
electron density, 6, 10; coro-
nal condensations, 9; coro-
nal streamers, 10, 23; eclipse
observations, 8; gyro fre-
quency, 10; mean spectrum,
9, 10; observed with multi-
element interferometers, 9;
occultation of Crab nebula,
8; polarization, 6; radio
brightness temperature, 3;
radio plages, 8, 9, 11; thermal
emission, 3; magnetic field,
6, 10, 23

sunspots, 16; X-rays from, 14, 21,
23

supergalaxy, 204

supernova explosions, 92, 171, 179,
181

Sydney (C.S.I.R.0.), 10, 82, 83, 96,
106, 125

synchrotron emission, 131-3; from
Sun, 12, 23; magnetic field
required, 94, 122; radio polar-
ization, 134; directional pro-
perties, 136

tabular points used in data reduc-
tion, 70




242 INDEX

Takakubo, K., 121

Takakubo, T., 20

Tanaka, T., 21

Tatel, H. E., 104, 106

Taurus A, radio source, 119, 120,
150

Taylor, G. N., 40

thermal radio source, seen in
absorption, 130

Thompson, A. R., 150

Thomson, J. H., 33, 39, 41

Tolbert, C. W., 29

total power receiving systems, 138

Townes, C. H., 26, 28, 30

Twiss, R. Q., 150

Universes, model and actual, 212
Uranus, 24

Vaucouleurs, G. de, 39, 41, 118
Venus, 24, 28, 30, 35-7, 54, 55;
radar echoes from, 38, 40

Victor, W. K., 34, 37
Virgo A, radio source, 150, 179

visibility function, 149, 154

Vitkevich, V. V., 8

Vogt, R., 122

Volders, L., 118

Von Hoerner, 8., 81

Van Woerden, H., 95, 102, 118,
121

Wade, C. M., 106

‘Waldmeier, M., 9

Warwick, J. W., 25

‘Westerhout, G., 72, 86, 98, 99,
101, 103, 133

Westfold, K. C., 134

Whitfield, G. R., 138

wild, J. P., 1, 17, 18, 49, 76, 79,
82, 83, 119, 126

Wwildt, R., 29

Woltjer, L., 95, 101, 119

Zeeman effect, 94, 119-24
Zhelezniakov, V. V., 13, 14
Z-mode propagation, 65
Zwicky, F., 182

B
|
¥

4
[




T g -

e
The Early H. G. Wells '3

A STUDY OF THE SCIENTIFIC ROMANCES
BERNARD BERGONZI 3

‘In the form of fantasy and myth, the scientific romances project the
anxieties of his generation about the future of science, religion; society
. « » The War of the Worlds, an appalling panorama ofcatastrorhe and ruin
let loose on the world. . .. Wells' misgivings come out clearly in the
ambiguous role he gives to his scientists. Are they pioneers and heroes;
or should we condemn them as thoughtless cranks or inhuman villains?'
—Critical Quarterly. 2]s. net

The Hallé Tradition

A CENTURY OF MUSIC
MICHAEL KENNEDY

‘The history of the Hallé Orchestra is in essence the history efhrgluh
music during the past hundred years...an nhorbl:l: book.'—Times
Educational Supplement. ‘A thoroughly balanced, rounded and engrossing
picture.'—Yorkshire Post. Illustrated. 35s. net

Air Space in International Law
DAVID JOHNSON

The fourth title in the Melland Schill International Law series in which
. Professor Johnson discusses the history of jurisdiction in respect of
problems of air-space, problems of definition, military and economic.
aspects and current problems of civil and criminal jurisdiction.
About /8s. net

R a—

Manchester and its Region
THE BRITISH ASSOCIATION VOLUME FOR 1862
edited by C. F. CARTER

‘Has marshalled the knowledge of expert contributors on every aspect of
the area ... unique contribution worthy of the occasion.'—Yorkshire
Post. ‘Most interesting and permanent record.'—Nature.

Illustrated. 30s. net

Man and his Destiny
in the Great Religions
S. G. F. BRANDON

‘A work which, in_learning, penetration and fearlessness, is w
worthy of its great theme.'—New Statesman. ‘There could be few who
could combine such a breadth and depth of knowledge as are dis

in this book.'—Hibbert Journal. net

MANCHESTER UNIVERSITY PRESS




	jb0001.tif
	jb0002.tif
	jb0003.tif
	jb0004.tif
	jb0005.tif
	jb0008.tif
	jb0010.tif
	jb0011.tif
	jb0012.tif
	jb0013.tif
	jb0014.tif
	jb0015.tif
	jb0016.tif
	jb0017.tif
	jb0018.tif
	jb0019.tif
	jb0020.tif
	jb0021.tif
	jb0022.tif
	jb0023.tif
	jb0024.tif
	jb0025.tif
	jb0026.tif
	jb0027.tif
	jb0028.tif
	jb0029.tif
	jb0030.tif
	jb0031.tif
	jb0032.tif
	jb0033.tif
	jb0034.tif
	jb0035.tif
	jb0036.tif
	jb0037.tif
	jb0038.tif
	jb0039.tif
	jb0040.tif
	jb0041.tif
	jb0042.tif
	jb0043.tif
	jb0044.tif
	jb0045.tif
	jb0046.tif
	jb0047.tif
	jb0048.tif
	jb0049.tif
	jb0050.tif
	jb0051.tif
	jb0052.tif
	jb0053.tif
	jb0054.tif
	jb0055.tif
	jb0056.tif
	jb0057.tif
	jb0058.tif
	jb0059.tif
	jb0060.tif
	jb0061.tif
	jb0062.tif
	jb0063.tif
	jb0064.tif
	jb0065.tif
	jb0066.tif
	jb0067.tif
	jb0068.tif
	jb0069.tif
	jb0070.tif
	jb0071.tif
	jb0072.tif
	jb0073.tif
	jb0074.tif
	jb0075.tif
	jb0076.tif
	jb0077.tif
	jb0078.tif
	jb0079.tif
	jb0080.tif
	jb0081.tif
	jb0082.tif
	jb0083.tif
	jb0084.tif
	jb0085.tif
	jb0086.tif
	jb0087.tif
	jb0088.tif
	jb0089.tif
	jb0090.tif
	jb0091.tif
	jb0092.tif
	jb0093.tif
	jb0094.tif
	jb0095.tif
	jb0096.tif
	jb0097.tif
	jb0098.tif
	jb0099.tif
	jb0100.tif
	jb0101.tif
	jb0102.tif
	jb0103.tif
	jb0104.tif
	jb0105.tif
	jb0106.tif
	jb0107.tif
	jb0108.tif
	jb0109.tif
	jb0110.tif
	jb0111.tif
	jb0112.tif
	jb0113.tif
	jb0114.tif
	jb0115.tif
	jb0116.tif
	jb0117.tif
	jb0118.tif
	jb0119.tif
	jb0120.tif
	jb0121.tif
	jb0122.tif
	jb0123.tif
	jb0124.tif
	jb0125.tif
	jb0126.tif
	jb0127.tif
	jb0128.tif
	jb0129.tif
	jb0130.tif
	jb0131.tif
	jb0132.tif
	jb0133.tif
	jb0134.tif
	jb0135.tif
	jb0203.tif

