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ABSTRACT

Qbsefvatious nave been made of tne flux density of
a number of discrete radio sources at 475, T10, 958, 1420,
2841, and 3200 lic, using the two~-element interferometer of
itﬂe Califérﬂia Institute of Technology Radio Ubservatory.
Tnese nave been combined with similar measureuments at other
frequencies made by different observers, to determine the
spectral distribution for 242 sources where data is avail-
able over a wide range of frequencies,

It is snown ﬁﬁaé the spectra of wmost sources can
be closely approximated by a simple power law of the form
Sf o« £ s, at least between 38 and 1420 Me, For these
sources, the distribution of spectral indices is sharply
peaked about a mean value of -0,77 with 50 per cent of the
sources naving an index between -0,70 and -0.85. No sources
were found witn an index steeper than -1,23, In some cases,
“the Spectral index is a function of frequency over ithe
Obﬁerved’range from 38 to 3200 Me., TFor these sources, wilch
geﬁerally nave a high surface brightness, the typical change
in spectral index is about 0,5 in the sense that the spectrum
is flatter at longer waﬁelengtn.

fhe observed spectral distributions are interpreted
in térms Qf synechrotron radiation and it is postulated that
tne brigmt sources having a curved spectrum are relatively

voung arxd rapidly evolving toward a power law spectrunm,
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I, INTRODUCTION

It is now generally accepted that the emission of
radio frequency energy in non-thermal radio sources is
primarily due to svnchrotron radiation from ultrarelativistic
electrons gyrating in weak magnetic fields, As shown in
Chapter V the frequency dependence of synchrotren radiation
depends only on the energy distribution of these electrons,
Thus, the observed spectrum provides a powerful tool for the
investigation of the distribution of particle energies within
a source, Since the spectral dependence of the radiation is
closely related to the internal conditions in a source, it
is expected that a knowledge of their spectra will contribute
to the understanding of their origin and evolution.

Variations in the spectra of different sources can
be used to classify the sources and possibly to relate
tiiese differences to other observed properties of the sources,
If, in addition, the distance to the source is known from an
optical identificaﬁion, tihe radio spectrum can be used to
obtain an estimate of the total energy involved in the emis-
sion process,

The earliest investigation of the spectra of radio
sources was by Stanley and Slee in 1950 (1), Their obser-
vations, although not of the highest accuracy, clearly
showed that for at least three of the four sources investi-
gated, the observed spectra did not agree well with that

expected from thermal radiation,



.

‘Whitfield (2)(3)in 1957 used observations made at
Cambridge at 38, 81.5, and 159 Mc along with previously
published data,tovdetermine the spectra of a number of
'sources. lie found that the average spectral index of
the galactic sources was noticeably flatter than that of
the nongalactic ones. lie also showed that the spectrum of
Cygnus A did not follow a simple power law, and that the
spectral index became steeper at high frequencies,

The first extensive set of observations at deci-
meter wavelengths was by Harris and Roberts (4) at Caltech.
Bv comparing their 960 Mc observations with those of Cam-
bridge at 159 Mc and 178 Mc, they were able to show that the
spectral indices of the galactic sources showed a much wider
dispersion than those of the extragalactic sources. Larris
has attempted to interpret the differences in the spectra of
the galactic sources in terms of their evolution (5).

The present work, based on observations over a wide
range of frequencies, provides for the first time fairly
detailed spectra for a large number of sources.

Most of the sources reported here are at high
galactic latitude and are believed to be of extragalactic
origin. About fifty of these are identified with so-called
"radio galaxies" whose output of radio erergy ranges from
10 to 106 times that of our own Galaxy. There is now in-
creasing evidence that the majority of the unidentified
sources are likewise powerful radio emitters located at very

great distances.



‘Tne new Gbsefvatioual data comes from méasurements
by the author, of the flux densities of several hundred
sources at 475, 710, 958, 1420, 2841,-and 3200 Mc using
the ﬁWo-eIemént iﬂterfércmeter)of tne Owens Valley Hadio
Observatory. These have been combined with recent seasure-
meﬁts,at lower frequencies made at the tniversity of Can-
hridgé‘and at the University of Manchnester, and with
previously published data to determine the spectra of 242
sources, Systematic errors arising from the various tech-
nigques used by the different observers have bheen minimized
by using a uniform procedure to correct for errors intro-
duced by instrumental effects such as confusion, resolution,
and uncertain source positions.

The Caltech results between 475 Mc and 2840 [c are
believed to form an especially self-consistent set of data
as the same observing and reduction techniques were used
ét eact frequency. Thne equipment used for these observations
is described in Chapter II along with an outline of the
observing and reduction procedure employed. The results of
the flux density measurements are given in Chapter I1I, and
the spectra derived from these data are presented and dis-
cussed in Chapter IV, In Chapter V the observational

‘results are discussed in teyms of synchrotron radiation.



“II, THE OBSERVATIONS
Given a point source of radiation, the power

accepted by an antenna in a bandwidth Av is given by

wheré 3 vis the flux deunsity of the source, Aeff is the
effective area of the antenna, and the factor 3 depends
on the pdlarization of the incident radiation, For a
plane polarized antenna, 3 is equal to one-half if the
fadiation is randon or circularly polarized, Otherwise,
it depends on the direction and degree of polarization,
If we replace the antenna with a matched resistor

at a temperature AT, the power available is
p = KAVAT (2.2)

where k is Boltzman's constant and AT is termed the antenna

temperature. FEquating equations 2.1 and 2.2 we find*

AT . (2'3)

Thus , to obtain an absolute measurement of flux density,
two quantities must be determined: the effective area,
Aeff and the change in antenna temperature, AT when the
antenné is pointed toward a source.

The accurate measurement of these quantities

requires a knowledge of the gain of the antenna and the

¥We shall assume that 3 = 1/2,



sensitivity of the receiver, bhoth of which are difficult to
determine in practice, However, if the gain of the anteuna
can be assumed to remain constant, then relative inteunsi-
ties can he‘determined simply be neasuring relative changes
in the antenna teuperature, The present ohservations con-
stitute such a set of relative neasurenents., At each fre-
qnency these relative measurements have heen placed on an
"absolute" basis by making use of published flux densities

for the source Cass A.

2.1 Interferometer Observations

Wita the exception of 3200 Mec, all of the observations
reported here have been carried out using the two 90-foot
paraboloids at the Owens Valley Radio Observatory as an inter-
ferometer.

Fach antemna was fed by a rectangular horn at 958
anid 1420 le, and by a dipole in front of a 120° corner
reflector at 475 and 710 Mc. These feeds zave an illumination
at the edge of the dish that was about 10 per cent of that
at the center, resulting in a nearly circular beam pattern,
The nearest side lobe was at least 20 db below the main beam,
At 2840 Mc, a unore heavily tapered feed was used to minimize
the effects of surface irrvegularities near the outer part of
the dish. In each case the feed was positioned so that the
antenna was sensitive to radiation whpse electric vector was
in position angle zero,

At the lower frequencies, the efficiency of the dish
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was between 50 andiﬁﬂ per cent, while at 2840 Mc it fell
to about 35 per cent. |

A crystal»mixer and a 10 Mc i.f. preanplifier were
mouﬁted at the focus of each antenna. The excess noise
temperature at 710, 958, and 1420 Mc was roughly equal to
the antenna tenperature of the source Cass A (see Table I).
At 475 Me the sensitivity was considerably poorer as the
mixer used at this frequency was the one designed for use
at 9538 Me.,

At 475 and 710 Mc the power from the local oscil-
lator, located in the laboratory, was sent directly to each
antenna through coaxial cable, At the higher frequencies,
this master oscillator was used to provide a reference sig-
nal to which separate klystron oscillators located at the
focus of each antenna could be locked., This phase lock
system has been described in detail by Read (6).

Since no image rejection was used, the svstem is
sensitive to two bands of frequencies, each about 4 Me
wide and spaced 10 MMc on either side of the loeal oscillator
frequency, The flux densities quoted here are thus averages
over a 20 Mc range and the specified frequency refers to

ﬁat of the local oscillator, The i,f. signals from the two
antennas were conmbined in a continuous multiplier followed
byka 10 or 20 second output time constant and pen recorder,

The form of the output function and its relation

to the geometry of the interferoneter and the receiver



parametérs has been discussed by Read (7)’and by Moffet (8).
for our purposes, it 1s'sufficieﬁt to note that the inter-
ferometer output function is a quasi-sinusoid whose amplitude
"is nearly pfoportiﬂnal to the antenna temperature of a "point"
source, The exact relation between flux density and recorder
déflection for.ah arbitrary detector law is given in Appendix
I. -The response of an interferometer to a source of finite
angular extent has been given by Mofret (8) and others,

At 958 and 1420 dc most of the observations were
made at night to avoid any effects of solar radiation.

These observations were carried out in two observing periods
spaced about six months apart. Due to the high mountains
surrounding the Owens Valley Radio Ubservatory, which
lengthen the period each day when the sun is below the hori-
zon, there was a considerable overlap period which could be
observed in "darkness" both times, Sources crossing the
meridian during this period, as well as a number of intense
sources observed in the daylight were used to tie together
the two sets of observations,

At 475 and 710 Mc only a single series of observations
was made in December and January when the sun is above the
kherizon for only about eight hours each day. Some deteriora-
ﬁign in the quality of the records was noticed during this
time, The records of a few sources located close to the sun
showed evidence of interference and these were discarded.

Most of the results at 2840 }Mc are based on

observations made by J. F. Bartlett for the purpose of deter-



mining brightneSs‘distributions. ‘In a few cases of special
finterest, special observations were made by the author at
an anteﬂnakspaCing of 300 wavelengths,

The observing procedure at each frequency was to
track the antennas at an assumed position of the source for
aboutrfifteen minutes near transit., The mean auplitude of
the'interference pattern was then determined by averaging
the amplitude of.from five to ten fringes, and was correc-—
ted for the attenuation of the output tinme constant; Each
source was observed on a number of nights and the quoted
flux density is based on the mean of all the observations,

In all, about 2,500 individual observations were obtained,

XNoise fluctuations

Under idealized operating conditions a two-element
interferometer collects, on the average, twice as much
signal power as a single element operating alone as a simple
radiometer. In practice however, when used to measure
accuraté‘intensity ratios, the interferometer presents
severalidistiﬂct advantages that cannot be explained in
terms of mere signal-to-noise ratio,

As the output of tﬁe interferometer is quasi-periodic,
it is quite feasible to recognize the characteristic inter-
fefence pattern even when the signal~-to-noise ratio is of
the ordet of unity. Furthermore, each interference fringe
constitutes an independent measurement of the source strength,

and it is thus possible to average a number of consecutive
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fringeéjto obtainia measure of the source intensity. It
should be noted that aS'the phase of the interference
pattern,oan easily be estimated by inspection of the record,
- the procedufe of;avgraging successive fringes is equivalent
to cOhérently averaging a number of independent measureuents.

In contrast, in the case of a simple radiometer, the
response of the receiver to a source passing through the
antenna beam consists of a single deflection which, for
small signa1~toénoise ratios, is often difficult to distin-
guish from random noise fluctuations., Moreover, the usual
technique of taking "drift curves" requires that the majority
of tihe observing time be spent in determining the zero level
of the receiver,

In principle the fraction of time spent "on source"
could be increased to one-half by alternately pointing the
antenna toward and away from the source., However, this
procedure is usually unsatisfactory due to the rapid change
in the ground and background radiation caused by the motion
of the antenna.

In addition, in order to improve the stability of
a simple radiometer, it is the usual practice to coupare
>tﬁe signal from the antenna with the noise from a "cold"
Ioad. Since this results in observing the source only half
the time and noise all the time, we lose a factor of two in
the theoretical signal-to-noise ratio,

‘Finally, we point out that, since the coherence of

‘the radiation field depends on the angular extent of the
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source o radiatian,,the interferometer will respond only

to "point" sources:and wili be insensitive to gradients in
fhe background or to extended sources of radiation, Further-
more, the use of a multiplying type of interferometer as is
in use at the Uwens Valley Radio Observatory eliminates the
need for’highly stable preamplifiers as the equipment only
responds to signals that are correlated between both

antennas (Appendix I). This also reduces the effect of

varying ground radiation and external interference.

Contusion

The problem of confusion has been discussed by a
nunber of authors (9), (10), (11). The following discussion
is patterned after Mills and Slee (9), but is applied speci-
fically to interferoumeters,

We let N(S) be the number of sources per steradian
with flux density greater than S andQ , the solid ahgle
subtended by the antenna beam. If we assume that the
sources are randomly distributed throughout the sky, the
mean number of sources with flux density greater than S
in the beam is n(s) = N(8)Q.

IT the number flux relation is given by
N(8) = Ks* (2.4)

then the mean number of sources in the beam brighter than

S is
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~ and the number between S and S+ds

L]
Q

an(s) = -xks¥ g as . (2.6)

As these dn sources add in randon pnaSe, tne net contribution
to the observed fringe amplitude is given by Gs = 0§,
Thus , ;

2 ZS 2 L X+1

o = 0 = -xKS Q das

. | : (2.7)

To get the total contribution from all sources, we integrate

overall values of S

S
max 1
2s® = —xKQ [ *has
Smin
Therefore,
{ XKQ 1/2 {SX+“ o gX+2 /2 (2.8)
max Smin, * y

As shown by Ryle (10), the output of an interfero-
meter will be equal to the vector sum of the source ﬁnder
study and all tne confusing sources in the beam, Thus, if
AS is the sum of the confusing sources and S the flux of the

source, the observed flux density is given by

s2 =82 4+ (85)2 - 2348 cos # (2.9)
obs :
Then
| 2 2
L AS 1(§s (AS 2
S =S, [L+(S)cos -3t + \m cos” # ] ’

(2.10)

where ﬂ is the pnase difference between the two antennas,
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The second term represents a randoil error whose I',M.S.

amplitude is given by

55 cosZp) /2 = aS . C(2.11)

In addiﬁion, there is a small second order term, Z T?) 5, to
correct for tﬁé sYstematic over estimation of the flux density
far‘sources that are near the confusion linit,

If we make the reasonable assumption that there are no

confusing sources in the beam stronwer than the source under

study, we can let Smavzs’ and if ilﬂ <1 we can write equation
2.08 as
2 KQ o x+2
(a8)°= - =% & ‘ (2.12)
If we define the fractional error
2 _ (AS\2 _ XK oX¥ _ X .
o (437 = - Efs¥o L ERn(s), . (2.19)

tnen tihe number of sources per steradian such that the r.m.s.

mcertainty in the measured flux deunsity is less than Y is

N(s) = T3( X+2)1 | | . (2.14)

We define the number of beamwidths per source,il iving
F 3 O’ g hd 5]

2
Y¢ = N(S) A (X+2) = (X+2) = —=— for x = -1.8
0

(2.15)

Thus we see thiat the often quoted level of reliability of

'nO:ZQ gives an r.m.s., error of 40 per cent for the weailer
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The nerical values of H,x,8
fhe numerical e KX yB oo

~

S .. are not

. min

well deternined, and there is considerable disagreement
among;variQHSVWQrkers as to the actual form of ithe number
flux reiation (12}(13). The most extensive work in this
field has‘beeﬁ done by Rvle and his colleagues at Canbridge.
Fron tﬁeir'results at 178 Me {(14), expression 2.08 was used
to deﬁermiﬂe the ﬂnmber/flux relation at tne various fre-
guencies wﬁere observatiaﬁs‘have heen made, These were then

used to estimate the uncertainty due to confusion shown in

ﬁ{‘a‘b 1 & 1 ®

1tenna pointing errors

Since all the observations were bhased on an assumed
position of the source, any error in this pesition greater
than about 5 per cent of the antenna beamwidth will result
in a noticeable reduction in the observed fringe amplitude,
Accurate positions for manyv sources were available from the
work of Matthews (15) and Read (6) at Caltech, or Elsmore,
Ayle, and Leslie (18) at Cambridse.,

In a number of cases where new position information
became available after the observations were completed,
“corrections were applied to the observed amplitudes, Rather
,1afge corrections were sometimes necessary where the positiouns
in the 6riginal 3C catalogue (7) were incorrect by one or
morekiﬂterfereﬂcerfringes, The revised 3C catalogue of

Bennet (18) was used to check the position of most of the



sources’in the ﬂorthern‘hemispﬁere, and the probability of
any remaining 10%e'shift efrors in these sources is small,
Aécmrate p0sitioﬂs of some sources in the southern hemisphere
Weré kiﬁdly made available by Bolton, et al(19) and’were used
to correct tﬂekobserved flux densities for those sources wiose
poéitions had not been neasured at Caltech, The rather poor
agreement between the original positions of Mills, Slee, and
Hill (20)(21) and the newer positions suggests somewhat
greater errors in the positions than estimated by the authors,
Thus the flux densities for the southern sources for which
thiere are uno accurate positions may be considerably under-
estimated,

A similar reduction in the measured flux density may
arise from an uncertainty of one to two minutes of arc in the
pointing of the telescope. In a few cases the amplitude of
a’single record was found to be considerably less than on
other records of the same source. This was undoubtedly due
to an error on the part of the operator in setting the tele-

scope, and such records were discarded,

Effect of finite bandwidth
As has been shown by Read (7), the amplitude of the
interference pattern of a double sideband receiver of finite

bandwidth is modulated by a Tfunction of the form

; o,
, if
pciqSin@ eos(~3— D sing) (2.186)

where q is a function of the i.f. bandpass which changes
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slcwlyfwitﬂ hour angle near transit, g is the angle between
the source and a piaﬂe norﬁal to the two antennas, I is the
separation of the two antennas, Wy g the effective i.f, fre-
uency, and ¢ the speed of light.
For a'ﬁerfect eéstmwest interferomneter and for small

values of 8 (i.e. near traansit)
sing ~ g ~lcosd (2.17)

where 6 and H are the declination and hour angle of the

source., Thus,

_ Wie o ;
p:iiﬂeosd cos?_im Diicosd | . (2,18)
_ ¢ A

The dominant factor of the interferometer function
is well known from elementary theory to be of the form

&

Fla) = cos(—%gD sing (2.19)

]

wihere Wy, is the local oscillator frequency. Substituting
equation 2,17 we have
Qﬂl -
: [ «
F(H) = oos{—smﬁn cosd | . (2.20)
H
Comparing equations 2,18 and 2,20, we see that both
the primary interference pattern and the modulating function
are almost periodiec functions of the hour angle whose periods
for a given antenna spacing are both proportional to Sec &,

The other factors in equation 2,28 vary slowly enough that
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they'caﬁybe ignoredAfor-small hour angles; Therefore, the
“nth" interfereneellobé frém transit will alwavs he reduced
iﬂ amplitude by the same factor at all declinations,.

While the necessary correctioﬁ for the’effeét of the
finite bandwidth can in principle be calculated from a know-
ledge.af:the receiver parameters and the geonmetry of the
interferometer, we have instead measured the modulating
fanection directly on a strong source at each frequency,

For nmost of the sources, a fixed number of fringes
centered on the zero order fringe were observed. Since the
correction factor depends only on the fringe number, no
corrections are needed in these relative amplitudes., 1In a
number of cases where the observing schedule required that
the observation be made a few minutes off transit, the
observed anplitudes were corrected. In only a few instances
did this correction amount to more than 1 per cent,

In those cases wiere the observation was centered
moré than about 10 minutes from transit, additional delay was
placed in the proper arm of the interferometer to bring the
central‘frimge to the middle of the record, These obhser—
vations are subject to a somewhat greater uncertainty since
the delay used could only bé changed in discrete steps of
3’Xv1009 seconds corresponding to 7 minutes of time at an

anteuna spacing of 100 feet.

RHesolution

The output of the interferometer is proportional to



fhe Ponrier‘spatial freqﬁency component of the brightness
distribution eorreéponﬁing fs the séparation of the antenna
élewents‘(S). Therefore, a source whose angular extent in

ne sky is not negligible when eomparéd to the interferometer
‘a point source of equal flux densitv. To eliminate so Tar as
possible the effect of resolution, all observations were made
with the QloseSt practical antenna spacing, However, correc-—
tions are still necessary when the size of the source is
greater than a few minutes of arce.

The angular size of many of the sources studied here
has been investigated by Moffet and Malthy (8)(22). For
these sources tithe present observations at 958 Mc were used
to provide improved estimates of the behavior of the visi-
bility function below 200N, The visibility functions were
then used to correct the observed amplitudes to zero antenna
spacing, that is correspouding to the total intensitv of the
source, VWith the exception of 2840 Mc all the observations
were made at an antenna spacing of 100X or 150N, Since the
same souice nodels were used at all frequencies, it is
expected that partial resclution will have little effect on
the measured relative fiux densities of a given source at
different frequencies,

'-Wnere cetailed visibility functions were not available
at 954 Mc, thie recent investigations of angular size at
Jodrell Bank (23), Cambridge (1&), and Sydney (21) were used

to determine the corrections for resolution. In the latter
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two cases, the diameters guoted by the autnors are hased
on measurerents madé with a sinzle antenna spacing which,
énnsidering the lItnowi: complex structure of tihe sources must
be treated with caution,

As these neasurements were not zenerally made at the
sarie frequencies as the present set of observatious, the
question arises as to Qow muck the above procedure is affected
by changes in the angular siructure of the sources witir fre-
guencyv, A conparison of the visibilities measured at 139 and
960 e by sHoffet and Palmer (24) indicates that with tew

exceptions tnere is lititle evidence of any variation in ibe
structure of the sources with frequency.

For nost of the sources observed in the present pro-
agrar, the diameter was sufficiently small in conparison fo
the interferometer fringe spacing that corrections to the
measured anplitude of more than a few per ceni were necessary
in only a small number of cases, Thus any slight devenderce
ot the size on frequency that may exist is felt teo nhave a
neglicgible efiect in making these corrections.,

'Over kalf the sources were essentially mnresolved

and no corvectlions were unecessary.,

Galn variations
While the use of an AGC in eacp i.f. channel eliminates
tite usual need for extremely great gain stebility in the pre-

anpiifier, i1t fas several drawbacks that must be considered,

Since the effect of the AGC is to ileep the noise power pre-
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sented to the second detécior constant, any variation in the
noise cewing frow the nreamplifier will ecnuse a change in the
gaiL of trne svstem. Thus variations in the noise figure of
the receiver will be reflected as a gain change. Furtherumore,
since the antenna teuperature depeunds on the flux density of
the sonrée, the gain of the systenm will depend on the strength
of the source being ohserved. With the exception of the few
very strong sources, tnis change is less than a few per cent
of the total system tenperature; and for tne majority of the
sources observed here, the correction for the AGC zain
reduction was ounly a few tenths of s ver cent.

What is perhaps more serious tiowever, is the change
in the antenna temperature due to changes in the baciiground
tenperature or pground radiation heing piciked up in the distant
glide lobes., The former is the most seriouns in the vicinity
of the galactic center and the latter at very low southern
declirations, Likewise, any low level interference that is
vicked up will cause a similar reduction in the gain.

for a few very strong sources wiere the antenna
teriperature is of the same order as the receiver noise teupera-
ture, the corrections becowme very large, and thne uncertainties
in the recelver nolse figure did not allow this correction to
be nade witn reasonable accuracy. sloreover, for these sources
the effect of the non-linearity of the detector law becones

important as described in Appendix 1. Since these sources have

beerr observed by a large number of workers over a wide range
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of frequencies, they wefé not included in the present bprogram
of observations. |

As ﬁhere was no means of directly checking the gain
of the system, a series of strong calibration socurces was
observed each ﬁignt. Over most of an observing period the
gain appéared to remain constant to within about 2 or 3 per
cent, Variations of this order occurred within a few minutes
and therefore the calibrators whicihh are usually spaced several
pours apart could no% be used to remove this small uncertainty
in the gain. The cause of this gain variation appears to be
due to small changes in the noise figure of the receiver which
are presunably caused by changes in the local oscillator
power fed to the mixer, This effect was especially notice~
able at 475 Me where the local oscillator power was fed to
the antenna through several hundred feet of coaxial cable,
Pue to the poor matech between the line and the mixer, large
étandimg waves were present on the line, and changes in the
1eﬂgth due to large temperature changes (sonetimes as much
as 400F within a few hours) thus caused variations in the
crystal‘current by as much as a factor of two.

One disadvantage of this system over the usual
wethod of using a noise sonree to calibrate the gain, is that
any gain changes that occur at tihe sane time each day will
£0 ﬁnnotieed, Cosparison of the relative intensities of the
strong sources observed six months apart at 958 and 1420 lMc
at different times of the day did not show any evidence for

“such systematic gain changes, However, when compared with
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the 958 Mc data of Moffet (8) it was found that the intensity
of most of the saarbes betwéen about 3C 200 and 3C 300 were a
,few per centblower than obtained by Moffet. One possible
explanation of this effect is that low level i,f, iﬂferferenee
was‘causing a gain reauction. The present observatiouns of
‘these soufces were made near midnight in Mareh when propa-
gation at 10 Mc is extremely good, THowever, due to the small
anplitude of the effect and the uncertainty in its origin,
no changes were made in the observed values.

A similar effect was found in the 475 Fe data where
it was found that the observed flux densities for the sources
observed just alter sunset were consistertly high when compared
to the flux density predicted from the spectrun derived from
the observed fluxes at other frequencies, TFor these sources
a single correction factor was applied to bring the final
flux densities into better agreement with the observations at
tﬁé other frequencies,

In general the uncertainty in the gain calibration at
475 Me was considerably greater than at the other frequencies,
bheing abéut 10 per cent at any given time., It is not clear
whether this was due to the thermal effects discussed above
oy 1o variations in the‘ianoSpﬁerie attenuation,

In this respect it is interesting to note tnat at

5 Me, and to a lesser extent at 710 Mc, the noise level
~suddenly increased just after sunset and just before sunrise

each dayv, making observations practically impossible, This
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effect Tasted for about an hour, but its duration and severity

varied from day to day.

2.2 Pencil‘geam Observations
The obhservations at 3200 Me were nmade with a traveling
wave=tube radiometer and a single 90-foot anteunna, A fervite
circui@tor was used to switch the yeceiver between the main
hear and a reference beam 1-1/2 degrees south of the main
beam. The low noise traveling wave-tube amplifier at the

focus of the antenna, afiter addiftional r.f, amplification, was

3

o

followed by an r.f, detector, audio amplifier, and svnchronous
detector, A ten-second time consiant was placed between the
output of the radiometer and pen recorder,

Thie receiver had an excess noise temperature of about
1200 degrees XK and a 350 Mc bandwidth,

At tiis frequeney, the sensitivity was limited by
short term gain fluctuations equivalent in amplitnde.to a
source of a few flux units, The design and construction of
the receiver were due to Dr., A, T, Moffet who also collabo-
rated in the obhservations at this frequency,

At the beginning of the observing period, two days

were spent in observing the four strong sources Cass A
h ! ] B ¥

Taurus A, Cygnus A, and Virgo A, The awnparent position of

- e N 3 ~‘_=«
ach. source was first measured to an accuracy of about 0,3,
‘and then the deflection of the source relative to the back-
ground was determined hy alternately pointing the antenna

toward and away from the source. By going back and {orth
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hetween two sonreces it was nossible to obhtain acecurats
relative intensities for these our sources,
The differences between the apparent positions of

the sonrce as neasursd above and tioe fnown positions werc

tiien used o detaruine the antenna pointing evrrors, These

-

were plotted as a Tunetion of hour angls for eachn source and

used to calibrate tine nointing of the antenna for the snb-
secucnt obsaervations,
Tha savie Tonr sources were constantly obhserved

throurhout the remainder of taue observiug period and their

of fthe receiver, Zael:r observation of a source consigted of

tal

y

ing several drift ecurves aad for wost of the sources this

procedire was repeated on a numwder of days,

]

It was fouid that after the first few davys o opera-

tion, ihe noise fizure of the traveling wave-tube hegan to
deteriorase, After ten days it tiad becowe so had that it
was necessary to terminate the observations, Pecavse of the

fairly rapid eb in sensitivity witn time, the gain cali-

bration at any instant was ouly known to about 10U per cent
and this constituiod ore of the main sources of error at
this frequency.

Where necessary, the observed fluxes were corrvected
for the effect of resolntion by the 16' antenna beam, This
correction, in general, iid not amount 1o rmore thai a few

ner cent,



IiT, The Tlux Densities

In order to deteraine the spectra of the sources, it
is necessary 1o place the ileasured relative flux demsities
at each frequency on sovie absolnie scale, DBecanse of the
well known difficnlties in measuring absolute flux densities,
it‘haS become the practice to present snectra relative to
some standard source, usually Cassiopeia A (2)(23)(26) as
this source has the most reliably determined absolute snectrimm,

However, even for relative specira this procedure
is unreliable for several rveasons, DNivst, the antenna tenm—
nerature due tn tne brightest sources comnonly used for cali-
gration is often comparable with the system noise-teuwperature,
The correspon:iing receiver non-linearity thus nmakes it diffi-
cult to obitain accurate measurements of the larce ratios of
the flux density of these sources to those of the majority of
sources, Secondly, the angular size of these sonrces nmakes
them unsuitable for calibration of flux density measurements
made wita an interferometer, Thirdly, it is now evident that
tue flux density of Cass A is decreasing at a rate of about
1 per cent ver vear (27)(28), The uncertainty in this rate
of decrease makes it difficult to use these sources ior the
coaparison of ohservations made wore than a few vears apart,
#Minallyv, by using only a single calibration source, randomn
ervors iia the determination of 1its relative flux density at
any one freqguency will cause a systewratic error in the rela-

tive flux density of the remaining sources,
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The fOlthlAﬂ procedure for: ohtaining the calibration
which minimizes the effeet nf syvstematic ervors in the rela-
‘tive spectra was therefore adopted.

All known absolute measurements ol the flux density
of Cass A were'oompiieé aﬁ@ after correcting er an assuned
secular»decrease of 1 per cent per yvear in the flux deusity,
these results were used to determine an absolute spectrum of
Cass A. This 1ist of absolute calibrations is somewhat less
extensive than that coupiled by others, This is due to the
greater restrictions put on the definition of "absolute

calibration", Only those measurements were used which

ting area or where the area could be accurately calculated,
and where a carefal measurement was made of the receiver sen-
sitivitv,

As can be seen from Figure la, the points are consis-
tent with the assumption that the spectrum of Cass A is
elosély approximated by a power l1law with a spectral index of
-0,77 as determined by a least-squares fit of all the obser-
vations ab0vo 30 Me., It is evident that below about 30 lc
the observed spectral law changes and the flux density remains

y9r0x1ﬁatelv constant between 12.5 éﬁd 30 Me., Tnis low fre-
' qaeney cutoff is in all probability due to absorption in
ionized hvdrcgo% located in the path of propagation,

Tﬁe specitrum of Cass A was then used o obtain

preliminary calibrations at each frequency where intensity
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réﬁios to Cass A existed, These wére used to determine the
spectra of the Otﬁefvtﬂree StrOﬁg sources, Cygnus A, Taurus
,A; and Virg0 A, shown in Pigure 1lb. These four sources were
then established as primary standards for the calibration of
the flux density scale at each frequency and the flux of a
number(of‘ﬁoderatély strong sources was then determined at
those frequencies where intensity ratios to the primary cali-
brators were available., These sources are sufficiently
intense for the effects of noise Tluctuations to be negligible
but not so intense as to initroduce uncertainties due to non-
linearities in the receiﬁer {(about 1 per cent of the strengtn
of Cass A)., Their angular size was small enough that they
were not resolved with the interferometer.

Mive such sources whose spectra showed no significant
deviations from a power law between 38 Mc and 1420 lMMc were
then selected as secondary calibrators., The best fitting
power law spectrum was then calculated for these sources and
this'was used to obtain the final calibrations at frequen-
cies between 38 Mc and 1420 Rec,

Aﬁ 3200 Mc (or 2840 Mc) the observed flux densities
showed a fairly large dispersion about the extrapoliation of
the low frequency spectrum, Since even for the moderately
’stTOng sources, the uncertainties due fto noise fluctuations
vare nb longer negligible at this frequency, and as there 1is
no a pridri reason to assume that the spectral index of the

calibration sources remains constant out to centimeter wave-
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Hleﬁgths,Jtﬁé‘flux‘denSity scale at 3200 Hc was determined
directly from the oﬁservéd rétios to Cass A and Taurus A,
Since at this freguency the antenna teuwperature from Cass A
is small comp&red to the system noise ﬁemperature, the eifects
of the receiVSr‘nonwlinearity discussed above are not important,
’»~The calibration of the interferometer measurements
at 2840 Me was obtained by intervolating thne spectra ol a
nutber of moderately strong sources between 1420 Mc and
3200 ¥Me. Due to the small fregquency difference between the
interferoneter and pencil beam measurenents at 3200 Mc, un-
certainties in the spectra of these sources did not signifi-
cantly affect the calibration at 2840 Mec,

Considering the different calibration technique
enploved at these frequencies and in view of the uncertain-
ties due to low signal to noise ratio, antenna pointing
errors, and the effects of linear polarization winich all
become important at these frequencies, tie quoted results
at 10 centimeters nmust be treated with some caution,

All of the observed flux densities have been
corrected for the effects of atmospheric extinection using

the expression
S(z) =~Sgpf(?‘) (3.1)

where 3(z) is the observed value at a zenith angle z, S
/ ] =9 [s)

is the true value above the earth's atmosphere, and f(z)

is a tabulated function proportional to the number of atoms



of aﬁmosbﬁere in tné 1ine‘of signt,  For small values of z,
£f{z) ~ sec z. |

Values of log P estimated from the graphs of Hogg
(29)(Table 2) were corrected for the elevation of the obser-
vatory ahd were used o détermine the extinction corrections,
Grapgs»ofiéquatiou 3.1 preparced by A. T. Moffet for 960 Mo
and 1420 Mc were used alt these frequencies,

Execept near the southern horizon, the correction in

the relative flux density is less than 0.5 per cent and the

uncertainty in this correction is felt to bhe negliginle,

Table 2
Frequency log P¥*
475 ~.0018
710 -.0024
958 -,0029
1420 -.0032
2840 -,0035
3200 : -,0035

*Multipnly by 1.16 to reduce to sea level,

The flux densities reported here are twice those
~observed with the electric vector in position angle zero,

In the absence of aay 1i§ear polarization, this is equivalent
~to tue total flux density of the sourcé. Hiowever, recent

measurenents at Caltech (30)(31) and elsewhere (32) indicate
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that tﬂe¢radiation received from many sourcéﬁ is several
percent linearly pOldrizeé at deciﬁeter wavelengths, As
relatively few measureunents of polarization arevyet avail-
able, ho corrections nave been made for this effect in
determiﬂing tihie spectra,
 The measured flux densities are given in Table IIIX
along witn the estimated standard errors. These estimates
'nélude the uaoértainty in the resolution and pointing errvror
corrections, as wéll as effects of noise and confusion., They
do not however, include any uuncertainty in the calibration
of the flux deusity scale which is believed‘to‘be good to
within about 5 per cent at eacih irequency.
Most of the sources are taken from the 3C survey
(17), the revised 3C survey (18), the CTA list (4), or the
survey of Mills, Slee, and Hill (20)(21). The original
designations of the sources have been used except in cases
where the source is known by a more COmion nanme,
As a check on these results, the data at T10 dc,
1420 Me, and 3200 Me have been conpared with recent obser-
vations of a limited number of sources by Heeschen at 750 Me
and 3000 Me (26), and by Goldstein at 1423 Me (33).
| Comparison of the relative intensities ohtained by
v‘differemt observers at nearby frequencies showed that in
general, the agreement was not as good as would be expected
from the individual uncertainties assigned to the measure-
“ments. This pas also been noticed by lieeschen (25)., Until

the cause of these systematic errors is better wunderstood,
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3200 Me

2841 Me
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Table IIT (concluded)
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Notes to Table IIT

- Third Cambridge Catalogn
- Sydney Catalogue (20) (?
- Harris and Doberts (4 .
- Wilson and Bolton (915
- ot Previously Catalozued,

ie (17} or Levised 3C Catalogue
1)

Confused with 3C 4 and 3C 6,
Possibly part of an extended source,
Listed by il (20),(21) as possibly extended.
Several sources in tnis region including MSH G0=0 9
3ize uncertain - could be resolved,

tnusually large disagreement among various observers,
Interferoneter measurenents 1Mulcdte sorie larce scale
structure,
leavily resolved - large correction necessary.
Listed by MSH (20),(21) as extended - interferoneter
neasureients 1ﬁdi0uu3 scue large scale structure,
Confused witn sonrce at a(1950)=91n°"”12 1, 6(1950)=
+36026!6.,
958 e flux density from Harris and Roberts (4).
G,(lQJ())‘QA an;)ﬁz;) (1950)3,‘.740431 .
Confused witi source at a(1950)=04ﬂ25m47§8, 5(1950)=
+42026L¢,

sonfnsed with sonrece at o(1950)=04PB20M1682, 6(1950)=
+319531¢,

Confused witn source at «(1930)=04152126%3, 6(1950)=
+)30 /6153.

Confused witi source at o{1950)=06108116%2, 6(1950)=
+47058 14,
Listed by MSH as extended.
Confused witn 3C 201,
956 le Tlux density from Wilsou and Dolton (91).
475 lie observations confused by M 87,
Confused with soirce at a(l@:b)—la“"lhéﬁs 5(1950)=
q'ﬂO[’&'S
Loniqseu witn sowrce at o(1950)=13"28M58%4, «(1950)=
+u) 0,0418,

Two sources at o(1950)=141347126%4, 5(1950)=0304313;
a(1950)=14"35"5008, 6(1950)=03958!1.

3¢ 327 (i8H 16+0 1), 3C 327.1 (MSH 16+0 2), LSH 1640 3,
and a source at o(1950)=16102M33%, 5(1950)=+00042",
&(lguw)mlq”G 208, 5(1950)=26031",

-2
All flux densities are in units of 10 W/mz/cps.

5

e
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it seems unrcalistic to aésigu uncertainties of less than
3 per cent wiren comparing résults of different observers
uéing different techniques,

One obvious possible cause of such discrepancies
is the presence of a small amount of linear vpolarization,

Thus tre measured finx density would depend ou the angle of
the plane of polarization with respect to the polarization
of the antenﬂa. This problen could be avoided by properly
combining the results obtained in two orthozonal planes of
polarization or bv using cireular polarized Teeds. Suen an
arrvangeiment wonld then give a result proportional to the
total intensity of the source and iundependent of tne degree
or direction of any linear polarization.

In order to extend the frequency range beyona that
available to the Caltech instruuent, data from othesr stndies
of the intensity of radio sources were included in the
determination of tane spectra. The references to these obser-
vations are given in Table IV,

ir cach case the T1lux deasity scale nas bheen multi-
plied by somne constant factor in order tn naike the calibration
consistent with tisat used for the Caltech observatioas, Where
the individual observers do not zive any estimate of the
uncertainty in thelr results, or where tney only give tie
iutérﬁal error, this was estimated by the preseunt author using

a sinillar vroceaure as used for the Caltech wmeasurements,



Frequency
He

38
85.5
178
240
408
408
412
440
750
1200
1390
1400
1423
3000

3000

*Anthor gives ratio

Table 1V

Normalization
Factor

1,908

.82
1,08
1.09
1.07

2,400

1,370%

600

to Cass A.

Heference
34
20,21
34

34

ba
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IV, THE SPECTRA

4,1 Classification
Trie available data were first inspected in the form
of grapuical plots of flux density vs. frequency for each

gotirce and conpared with a nower law spectrum of tne form
. : a
(flux density) « (frequency) (4.1)

where o 1is termed the spectral index.*
On the basis of tnese plots, the spectra nave been
classed in tne following categories;
Class 5 (157 sources) Tiue spectral index is constant
witnin the experimental errors,
Class C (23 sources) ‘ne index is a function of fre-
quency over the observed frequency range,
Class T (9 scurces) The source tas a snectrun that
is characteristic of tuermal radiation from
free-free transitions in an ionized nydrogen
region ti:at is optically tnin at hign fre-

quencies.

*Tiere has been a considerable lack of uniformity in the
literature in the definition of the sign of the spectral
index a. V¥e nave chosen to define the spectral index so
that it is tie slope of tue curve in a logarithmic plot of
flux density vs, frequency, Thus, the spectral index for
most non-thermal sources is negative, In the rest of this
work , a coparison of two spectral indices refers to their
relative absolute values. That is, an index of =-0.7 is
said to be larger thnan an index of 0.0.
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Table V
No. Source  Class Flux Density*  Spectral Index  Fluxt
(400 Me)
1 3C 2 S 9.1+ 0.3 -0,76 + .03 2.5
2 3C 5 8 4.2 0.5 -0, 7,11 1.2
3 MOO-2 9 3 7.8 . 0.8 -0.77 .09 2.1
4 3C 10 s 96.9 2.6 -0,67 .03 29.
&  HMO0-2 10 CL, 20, 3. 5.5
6 3C 156 |- 10,0 0,6 -0.64 ,06 3.0
7 317 8 (¢) 14.7 0.9 -0.70 .07 4.2
8 3¢ 18 c (s) . 11,7 1.0 -0.75 .08 3.2
9 3C 1¢ S 7.6 0.4 -0.66 .07 2.2
10 MO0-4 10 8 9.5 0.5 -0.71 .04 2.7
11 3G 20 S 25.6 1.2 -0,64 ,06 7.6
1z MOO=4 11 S 17.6 0.7 -C,58 ,04 5.5
13 MO0=-2 22 - 10,9 1.1 -0,83 .09 3.3
14 3C 23 8 4.7 0.6 -0.76 .13 1.3
156 CIA 6 T 15. 3.
16 3¢ 26 S 5.6 0.5 -0.66° ,09 1.8
17 3C 27 8 18.8 1.0 -0,71 L,06 5.2
18 3C 28 8 6.7 0.3 -1.13 .03 1.8
19 3C 29 3 15.6 2.1 -0.60 .17 4.8
20 3C 32 8 11,3 0.4 -0,84 .04 3.0
21 3C 33 ¢ (8) 32.1 0.7 -0.71 .03 9.0
22 3C 38 - 8 11.3 0.7 =0,79 .07 3.0
23 3¢ 40 3 18,1 0.6 -0.82 .03 4.8
24 3C 41 S 7.6 0.6 =-0,60 07 2.3
25 3C 43 g Tt 0.3 -0, 7L 0B 2.1
26 3C 46 3 6.6 0.3 -0,66 .03 1.9
27 3C 47 S 12.9 0.6 -0.89 .04 3.4
28 3C 48 Cq, 38. 3. ~0.52 .06 11,
29 3C 55 S 9.2 0.7 -0,94 ,07 2.4
30 ¥0l-3 15 S 8.6 0.5 -0,81 ,05 2.6
31 3C b8 8 (1) 32.4 1.9 0.06 ,07 24,
32 3C 82 . - 12.9 1.3 -0,68 ,08 4,0
33 3C 63 8 10.9 1.0 -0,91 .08 2.8
34 3C 65 ] 12.9 1.0 -1.08 ,09 3.4
- 35 3C 66 8 24,0 1.3 -0.71 .06 3.7
36 3C 69 S 10.9 0.6 -0.86 .08 2.9
37 HOZ-1 10 8 11.3 0.6 =-0,70 .08 3.2
38 71 3 10,4 0.3 -0,59 .03 3.2
39 3C 75 S 15.1 0.8 -0, 73 .02 4,2
40 3C 78 S 12.9 0.5 -0,45 .04 4,6
4] 3C 79 8 (¢) 13.3 0.7 -0.80 ,05 3.6
42 CTa 21 GE 10,5 0,6 -0,06 ,08 5.8
43 3C 83-1 - 11.3 1.0 3.3

- .57 .10



No.

44

46

47
48
- 49
50

51
52
53
54
55

56
57
58
59
60

61
62
63
64
65

66

67

68
69
70

71
T2
73
74
75

76
77
78
79
80

81
82
83
84
856

Source

3C 84H
30 840
Fornax A

3C 86
3C 88 .
3C 89

T4 26

MO3-1 9

MO3-2 12
3C 98

3C 103
3C 105
MO4-1 2

3C 109
M04-2 4
3C 111
3C 119
Mo4-1l 12

3C 123
MO4-2 18
3C 131
3C 132
HB ¢

3C 133
3C 134
3C 135
NO5-4 2
3C 138

Pictor 4
M05-3 6
3¢ 141
3¢ 142.1
3¢ 144

3C 145
3C 147
3C 153
3C 154
IC 443

3C 158
3C 159
3C 16l
3€ 183
NOo6-2 10

- Class
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Teble  V(continued)

Flux Density*

(400 He)
26,3 + 2,1
29.2 0.8

279. 10,
18,9 1,2
12.1 0.5
12.6 1.0

2.9 0.2
10.0 0.2
15,3 0.7
25.7 0.6
15.5 0.5
11.8 0.3
8.4 0.5
11.7 0.4
7.0 0.2
38,5 1.1
14,8 1.1
8.7 1.0

118, 2.

19.9 0.9
8.4 0.4
8.2 0.2

140,  10.
14,7 0.9
35.2 1.0

8.9 0.5
1.1 1.5
15.9 0.3

161, 5.

32.3 2.0

7.6 0.3

0.5 1.8
1200.  25.

210,  15.
46.3 2.3
1.1 0.4
13.1 0.2

251, 8.

7.5 0.2
8.3 0.3
41,5 1.2

290, 20,

18.0 1.5

Spectral

-1.25 +
-0.62
-0.73

-0, 53
-0, 58
-0.79
-0, 34
-0.83

-0.72
-0.74
-0, 88
-0.54
-0, 82

-0.81
-0.72
-0, 74
=0, 41
-1.00

~0,74
-0, 80
-0, 90
-0.74

0.16

-0, 87
«1.00
-0.81
-0, 72
-0.38

-0, 69
-0.81
-0, 87
«0,.79
~0.26

-0, 56
-0. 80
-0.76
=-0.30

-0, 96
=0, 87
-0.61

-0.73

Index

.10
.03
.04

.09
.04
.06
.10

+03

«08
.03
.03
.03
.06

.03
.03
.03
.08
.08

.01
.05
.03
.03
.10

.08
.03
06
.10
.02

.03
.08
.02
.16
.02

.06
« 04
« 02
.04

.02
.04
.03

Fluxt
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86
87
88

89 .

g0

. 91

o2

93
94
95

96
97

S8

99
100

101
102
103
104
108

106
107
108
109

110

111
1liz
113
114
115

116
117
118
119
120

121
122
123
124
126

126
127
128

Source

3C 166
3C 171
MO6-2 16
3C 172
3C 175

3C 178

3C 180
3C 184
3C 187
MOT7-1 17

3C 191
3C 192
3C 195
3C 196
3C 198

Puppis &

3C 202
3C 208
3C 212
CIB 31

Ho8-2 19
3C 216

- 3C 218

3C 219
3C 225

3¢ 227
3C 228
3C 231
3C 234
Ml0o-2 1

3€C 287
3C 238
MlO=4 4
3C 243
3C 245

3C 249
3C 264
3C 261
Mi-1 8
3C 264

3C 265
3C 267
3C 270

' Class
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Teble V(continued)

Flux Density*

(400 Me)
7.9 + 0.5
11.9 = 0.4
1.1 0.2
8.0 0.3
8.8 0.3
5.2 0.4
7.9 0.4
5.5 0.5
5.9 0.1
11.6 0.5
6.2 0.4
12.4 0.2
10.4 0.4
38.3 0.8
8.3 0.2

219. 18,
5.2 0.3
9.4 0.1
7.9 0.7

100. 20,
15,1 0.5
11.6 0.7
137.0 2.1
24.4 0.7
13.4 0.8
20.2 0.6
10.8 0.8
12.0 0.7
16.6 0.4
8.1 0.3
16,4 0.7
9.5 0.7
13,3 0.9
5.1 0.9
7.2 0.2
9.0 0.9
10.6 0.5
3.7 0.1
12.4 0.2
15,7 0.8
10,0 0.7
6.9 0.4
38.2 1,0

Spectral

-0.90 *
-C. 95
=0.97
-0.77
-0.97

-1,08
=0.84
-1.10
-1.01
=0, 87

-0.98
=0.75
-Q0.73
-0.73
-1,09

-0.61
-0, 73
=0, 81
-0,91

-0.72
-0, 83
.=0,93
-0.80
=0, 83

-0, 82
-, 86
-0, 29
=-0. 85
-1.03

-0.67 .
-0, 69
~-0.76
-0, 91
-0, 61

-0, 85
-0, 93
-0.93
-0, 69
~0.78

-0, 92
-0.94
=0, B0

Index

.06
.04
.02
.04
.03

.07
.04

L1

.02
.04

.06
.02
.03
.02
.03

.09
.05
.02
.09

.04
.06
.02
.03
.06

.03
.06
.06
.02
.04

.05
.07
.07
.17
.03

.11

.04

.03

02

.06

.07
.06

.03

Flux+
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Teble ' V{sontinued)

No. Source - Class Flux Density™ Spectral Index  Flux*
(400 ¥e)
129 M 84 s 15,0 + 0.8 -0.59 + ,06 4,0
130 3¢ 273 T vial 61,0 1.7 -0,40 .03 23,
131 3¢ 273 & - 42, 4, -0, 76 11,
132 3¢ 273 B - 21, 3. + 17 . .12,
133 87 T - 558, 6. -0.82 .01 152,
134 M 87 ¢C - C 215, 10. -0.44 ,08 78.
135 M 87 H s 308, 10. -1.02 .05 84,
136 3C 275 - 6.8 1.8 -0.77 .26 1.8
137 Coma A - 7.1 0.7 =0.72 .10 2.0
138 3C 278 S 17,7 1.0 -0.72 .06 4,9
139 3¢ 279 8 13,0 0.4 0,64 ,04 4,2
140 3C 280 s 13,7 0.5 -0, 73 .04 3.8
141 3C 283 ¢ (8) 18.7 1.2 -0,89 .08
142 NGC 5128 € c 1100, Co. 240,
NGC 5128 H 8 2200, 200, -0,61 ,04 620,
143 3C 286 Cr, 23.4 0.8 -0.29 .04 lo.
144 3C 287 8 12.4 0.5 -0,48 ,05 4,3
145 ML3=0 11 - 7.5 0.7 -0.88 ,08 2.0
146 3C 295 Cy, 50.3 1.5 -0,58 ,03 16,
147 3C 298 c 22.9 1.4 -0.98 ,07 5.9
148 5C 299 cﬁ(ﬁ) 7.8 0.8 -0.7%3 ,08 2.2
149 3¢ 300.1 __ 6.8 1.0 -0.78 ,1l4 1,8
150  M14+0 10 - 7.0 0.3 - -0,84 .03 1.8
151  Ml4-1 21 s 10.4 1.0 -0.82 ,09 2.8
152 3¢ 309.1 S 14,7 0.7 -0.44 ,05 5,2
153 Mld=d 15 S 8.0 0.3 -1.12 ,03 2.1
154 3C 310 8 (¢) 26,9 1.0 -1.00 .04 7.0
155 3C 313 s (¢) 11,4 1.1 -0.87 .09 3.0
156 3C 315 s 10,2 0.4 «0.70 .04 2.9
157 3¢ 317 Cy 22.2 1.2 -0,96 .05 5.7
158 ML5~0 5 €;(8) 4,9 0.5 -0.20 .05 2.4
159 3¢ 318 s7(c) 6.8 0.4 -0.71 .06 1.9
160 3C 318.1 s (¢) 5.4 1.4 -1.21 .21 1.6
161 3¢ 319 S 8.2 0.5 -0.93 .08 2.1
162 Mi5-4 3 S 16.2 0.6 -1,06 .04 4,2
163 3C 324 S 7.0 0.3 -0,76 .04 1.9
164 3C 327 8 25.0 1.4 -0.85 .06 6.6
165 3C 327.1 - 12.8 1.2 -0,88 .10 3.3
166 ML6+0 3 - 6.9 0.6 0,90 .07 1.8
167 3C 330 S 17.0 0.7 -0.71 .04 4.8
168 3¢ 332 s 6.7 0.2 -0.75 .03 1.8
189 3C 334 ] 6.4 .2 -0,78 ,02 1.7
170 Mme-1 8 e 5.2 0.5 -0.71 ,09 1.5
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Table V{continued)

Yo. Source ~ Class Flux Density™ Spectral Index Flux '
(400 Me)
171 3C 338 cy(8) 17,9 + 1,0 -1.17 + .06 4,9
172 Mi6=4 7 T 310. 20. ,
173 3C 345 S 9.2 0.5 -0.25 .06 4,2
174 3C 347 - 5.5 0.2 -0,95 .08 1.4
175  3C 348 s 152. 3. -0.98 .03 39,
176 30 353 s 135, 2. -0.70 .01 38,
177  3C 358 s 33.6 1.0 -0.64 .02 10.
178 Mi7-3 9 S 51.7 2.8 -0.69 .06 15,
179  Mi7-2 17 - 11.0 0.3 -0,62 .02 - 5,9
180  3C 365 - 6.7 1.6 -1,00 .22 1.7
181  ML7-2 16 -— 448, 22. -0.35 .04 180,
182  MI8-2 1 s (1) 203, 5. , 130.
183 M 17 P 250, 40,
184  Mi8-1 8 127. 30.
185  3C 380 S %6.7 0.6 0,77 .02 10.
186  CT& 80 c* 13.1 0.8 -0,69 .06 3,7
187  3C 386 S 16.3 0.5 -0,67 .03 4.7
188  Ml8-4 3 S 12.2 0.3 -1.23 .03 3.5
189  3C 388 S 14.8 0.4 '=0,71 .02 4.2
190 3¢ 389 8 13.4 0.7 -0.73 .05 3.7
191 3C 390 e 13,0 0.4 -0.79 .04 3.5
192  3C 390.3 s 27.3 0.6 -0,80 .03 7.3
193 30 391 ¢, 31, 5. 9.4
194 3¢ 392 8 288, 17, -0,44 ,08 100,
195  3C 394 - 8.0 0.8 -0.69 .09 2.3
196 3C 396 s 26,7 2.1 -0,65 .08 7.9
197  3C 398 7 88,0 10.1
198 30 400 79 480, 150, _ '
199  H19-4 6 S 3.4 1.5 -0.82 .05 9.1
200  Mig-l 11 - 12.0 0.4 -0.62 ,03 3.6
201 3¢ 401 S 11.7 0.4 -0.64 .04 3.4
202  3C 402 s 8.7 0.2 -0.68 .02 2.5
203  3C 403 S 15.6 0.6 -0.76 .04 4.3
204 Cygnus & o 4600, 50, .80 ,03 1500,
205  3C 409 s 43.6 0.9 -0.93 .02 1.
206  CTB 87 T2
207  3C 410 S 22.9 0.6 -0,61 .03 7.0
208  3C 411 ¢ (8) 8.7 0.5 -0.81 .06 2.3
209  M20-3 7 S 13.1 0.7 -0.69 .05 3.7
210 3¢ 418 s 9.4 0.6 -0.52 .06 3.1
211 3C 424 S 7.0 0.4 -0.80 .05 1,9
212 HB 21 S 1.8

2QO¢ 150 -Oo 54 . 09 '
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Teble V{(concluded)

" ¥o. Source  Class Flux Density ©  Spectral Index  Flux®
(400 ¥e)
213 M20-2 14 3 6.5+ 0,2 -0.75 £-,03 1.8
214 H21-2 1 S 27.4 0.6 -0,72 .02 7.7
215 ¥20-2 15 S 14,6 0.7 -0,79 .04 3.9
216 3C 427.1 S 12.4 0,7 -0.99 .06 3.2
217 3C 428 - 8 8.8 0.5 -1,19 .08 2.4
.218 .30 430 8 19.0 1.2 -0.7¢ ,07 5,2
219 3C 431 s 11,1 C.6 -1,06 .08 2.9
220 3C 433 GH 31.3 1.2 -0,75 .04 8.6
221 M2l-4a 7 — 8.1 0.2 =0,86 ,02 2.1
222 3C 436 S 9.4 0.2 -0.77 ,03 2.6
223 3C 437 - 6.6 0.2 -0,75 ,03 1.8
224 CT4& 97 T 3.2 1.0 .
2256 3C 438 CH 22.0 0.8 -0,88 04 5.7
226 3C 441 8 7.8 0.4 -0,85 .05 2.1
227 30 444 Cy 27.3 1.3 -0,95 .05 7.1
228 3C 442 S 10.8 0.6 -0.94 ,085 2.8
229 3C 4456 8 15,7 0.5 0.74 ,04 4,3
230 3C 446 S 12.2 0.5 -0.54 ,04 4,0
231 CTA 102 Gy, 6.8 0.7 0.01 .10 4.8
232 3C 452 ] 30,7 0.6 -0.,82 .02 8.2
233 3C 454.1 ] 14.8 0.2 -0.21 .02 7.2
234 H22=4 6 - 11.9 1.5 -0.80 .12 3.2
- 235 . 3C 456 S 8.1 0.9 .=-0,76 .12 2.2
236 3C 458 —— 6.1 0.5 -0.78 .08 1.7
237 3C 459 8 13.1 0.2 -0.84 .02 3.5
238 Cass A S 6415, 177. -0.77 .02 1700,
239 M23-1 12 S 6.4 0.5 -0.91 ,08 1.7
240 M23-4 3 - 5.4 0.1 -Q.54 ,01 1,7
241 M23=-4 4 - 13.9 1.3 -0, 77 .09 3.8
242 3C 465 s 22.7 0.6 =-0,81 ,04 6.1

A Spectrum flattens with inereasing frequenecy,
*30-26 whtts/beterz/bps.
* 10716 watts /meterz.

¢ Core.

H Hale.
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In determining this classification, sources were
allocated to Class C only if their spectra showed a sig-
nifiéant deviation from a straight line, It is clear_that
this is somewhat biased in that the weaker sources, which in
general have larger errors ahd where the data is not és
complete, tend to faii into Class S,

The classification of each source where sufficient
dafa exists is given‘in column 2 of Table V., In cases where
the classification is not certain, an alternate'class has
been placed in parenthesis. Each spectral class is discussed
below in more detail., Examples of sources in eaéh'olass are

shown in Figures 2, 3, 48 and 4D,

Class S

For all Class S sources the best fitting straight

. line of the form
log S = o log f + counstant (4.2)

was computed using a least-squares fit to all of the data
between 38 and 1420 Mc. In making this fit, each point was
weighted in proportion to the inverse square of the per
cent error of the flux density. In order to take into cdn—
sideration the uncertainty in the calibration of the flux
density scale at each frequency, as well as possible
systematic errors between different observers as discussed

above, weights assigned to eacih datum were determined from



FLUX DENSITY - DISPLACED ZEROS

1:1!11 ' ] oT!Tu"Ii ] ! i T 1t

—_

/|

a

{

{
B
/
/7P
.
/z

/
/

}5\3C 353

s\lic 380

NG3C 123

S L
// / v
/" /

I'd
o

i i LLJJLL[ i 1 )lLJAAJ i 1 i bk dd

10 100 1000 10 000

FREQUENCY -MC

Firsure 2 Spectra of sone i'lass - sources,



FLUX DENSITY - DISPLACED ZEROS

T
— Yy

1 TTTTTII 1 T T

/l—"‘*i\
/% §CTA 102

/’i T E—

§‘§\
8§\D\! € cTA 2]
5 \S%\sc 286
4

%\5 1\1\ !\L 3¢ 119

(} ™~ ¢ 1\‘5 é\M 05-36

2 \5\\@. AN
S NV
\ \h\ .

N N\ .i\sc 161

3C 438

i i | N N 111 1 1 i 1¢Jxll i N U U O
1o) 100 1000 10,000
FREQUENCY -MC

D £y .t ‘ 3 {
Flioure S cpeetra of sone Class € souraes,




o
W
T

t ™71 T T T7T7 I!l|l[] !

_M——Q———~‘““’—§ .——f———“i 3C 58

o~
3C 392

SUPERNOVAE LA g
REMNANTS ‘\\\\\ i
SN 1604

FLUX DENSITY -DISPLACED ZEROS

é////,%~"”’§§6§E;;§—;E;E:;_ﬁ§
]
$/§Mi7 /g__ﬂ
jo!

T §/ ]
T/g;ION NEBULA

EMISSION //////

NEBULA /////

| ) oot L1y

10

Figure 4

1000 | 10,000
FREQUENCY -MC

Spectra of sorie o) supernovae rernants, h) enission
nebulae,



the following expression
weight = s2/(62 + (.055)2) . (4.3)

This allows for an uncertainty of 5 per cent in the inten-
sity scale in addition to the random r.m,s. error, & in the
relative inﬁensitieskat each frequency.

The values of the spectral index, a, and the flux
at 400 Mc computed from the least-squares fit are tabulated
in columns 4 and 5 of Table V, The flux density at any

other ifrequency can then be determined from

S (4.4)

» a
¢ = S400 (F/400)

where f is the frequency in Mc and S denotes the flux

400
density at 400 Me.
The distribution of spectral indices for all
sources at high galactic latitudes is sihown by a histogran
in Figure 5a., It is seen to be highly peaked about a median
value of -0,76 with a "tail" toward the flat spectra end of
the distribution, 30 per ceunt of the sources having an index
between -0,70 and -0.85. As the mean standard deviation in
the spectral index for these sources is .05, the observed
distribution is only slightly broadened by experimental errors.
The distribution of spectral indices - for sources
at nigh galactic latitudes can thus be closely approximated
by

P(a) = Foexp -(a - o )?/20° (4.5)
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'whefe P(a)da is the probability of finding a source with a
spectral index between o and o + da, a0=—0.77, is the mean
spectral index, and ¢ = «11, the standard deviation of the
dispersion.

This very narrow dispersion is important in that it
indicates'a‘similar distribution of electron energies among
.the sources, In particular we note the complete absence of
soﬁrces with spectral indices greater than -1,25, - Further
implications of this result are discussed in Chépter V.

A big step forward in our understanding of the
nature of strong radio galaxies would be to find‘simple
relations between their observed physical properties,

These could then serve as a basis for the classification of
radio sources, It is therefore of interest to conpare the

spectral characteristies with the results of other studies

of radio galaxies.

An obvious beginning is to construct the analogy
of a coior magnitude diagram relating the‘spectral index
and absolute luminosity. Recently, Heesehen (37) and
Pskofsky (38) have suggested such a correlation on the basis
of somewhat limited data. As the number of optically identi-
fied sources has rapidly increased in the past year, absolute
luminosities are now available for some 50 extragalactic
sources (See Table VI). 1In Figure 7 the spectral indices.
of these sources are compared with their absolute luminosity
at 400 Me. Figure 8 shows a similar comparison witn the

total radiated power. 1In both cases we find that a loose



Source

3C 15
3C 17
HeC 258
3C 26
3G 28

3¢ 33
3C 40
36 48
3C 63
3C 66

3C 71
3C 76
3C 78
3C 79
3C 83.1

3C 84 ¢
H
3C 88
NGC 1316
3C 98

Pic A
3C 147
3C 171
3C 198

Hyd &

- 3C 219
M 82

3C 234
3C 254
3C 264

3C 270
M 84
3¢ 273 A
B
M 87 C
H

Coma A
3C 278

HGC 5128 C

3C 2985

~58—

Table VI
xDlstance Péee
¥pe. Watts/cps
(250) 7.5x10%%
(200) 7.1x1025
4 2.1x1022 -
630 2. 8x102%6
586 2. 7x10%6
178 1.2x1026
" B3 8.1x1024
1110 5.1x10%7
(650) 5.9x10%8
65 1.2x10%°
11 1.5%10°%
72 9. 4x10%4
84 1.1x102°
770 9, 2x1026
54 3.8x10%%
54 1.0x10%8
54 5. 9x1024
93 1.2x10%5
17 9. 7x10%%
90 2. 5x10%°
105 2.1x1026
1650 1.5x1028
717 7. 3x1026
244 5. 8x1028
159 4,1x10%8
522 7.9x10%°
3.2 1,4x10%2
555 6. 2x1028
(520 3. 4x10%°6
63 7.5x10%¢
11 5.5x102%5
11 1.9x102%
474 5 x1028
474 1.1x1027
11 3. 3x10%%
11 4,5x10°4
258 5.7x10%°
43 3. 8x10%4
4.7  2.9x10°4
4,7  5.8x10%%
1380 1.4x10%8

Power
Watts

2. 3x10°°
2,0x1035
6. 3x10%%
7. 7x10%9
7. 3x1055

3.4x109°
1.6x10°%
1.6x1057
1.5x1058
3.4x10°%

4.6x1052
2. 6x10%%
3.9x10%4
2. 6x1096
1.2x10%4

3.1x10%4
1,1x10%4
3.9x%10%4
2.7x103%
6.9x10°%

6.1x10%%
4,9x1037
1.9x10%6
1.6x10%6
1.1x10%6

2.1x10§?
6.2x1031
1.6x10°°
8.7x10°%
2 x10%4

1.9x1053
5,8x105%
3 xlogg
3 x10

1.1x10%4
1,2x10%4

1.6x10§i
1.1x10v=
6.0x10§2
1.6x10 )
3. 6x10°57



Source

3C 298
3¢ 310
3C 315
3C 317
3C 327

3C 338
Her A
3C 363
3¢ 382
3C 386

3C 388
Cyg &

3¢ 430
3C 433
3C 444

3C 442
3C 445
3C 452
23-112
3C 465

-

(& 1.

Table VI (continued)

‘Distance

YMpe.

156
162
324
105
312

31
465
91
171
(~10)

275
168
(35)
306

(400)

243
168
246
246

86

Paoo

Watts/eps

6. 6x10%°
8. 4::102:
1.2x102

2. 9x10%°
2. 9x1026

1.8x102°
4 x1027
1.3x1026
4, 6x1025
1.9x10%%

1.3x10°8
1,5x10°8
2, 7x10%%
5. 5x10°8
5.2x1025

7. 6x102°
5.3%102°
2, 2%10%8
4. 721025
2.0x10%%

Power
Watts

1.7x1099
2.2x103%
3. 5x105%
7.5x10°%
7.7%105°

4.8x10%%
1, 0x1037
3. leog g
1.3x10

5.6x105°

B 321035
4.8x1057
7. 5x1059
9, 7x1039
1,3x10°°

2.0x1035
1. 4x1035
6.0x10%5
1.2x1059
5.4x10°%

) Distance estimated from assumed sb-

solute magnitude of -20.5.

(15)
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 00rfe1ation exists between the spectral index and luminosity
in the sense that the intrinsically weak sources generally
have flat spectra. However, we note that for a given index
there is a range of over two orders of magnitude in their:
Iuminosities,

If, in additipn, we include in these plots the so-
.ealled "normal galaxies" whose radio emission is comparable

31 watts), we find little,

with that of our own galaxy ( 10
if any evidence for correlation between spectral index and
luminosity, Although these sources have not generally been
included in the present study*, Heeschen has found that
their spectra are similar to that of the other non-thermal
sources (39),

The indices of the most luminous sources, although
not constant with frequency, tend to be considerably flatter
~than most sources, It is thus tempting to postulaté that
these are very young sources whose spectra are'éhanging with
time. Such‘an evolutionary scheme is outlined in Chapter V.

A similar comparison has beeh madé between the
spectral index and the spacial extent of the identified
sources, Figure 9 shows a noticeable correlation between
the index and the projected linear separation of the two
components in the identified double sourceé. If confirmed,
this result may provide a powerful method for estimating the

distance to unidentified sources by measurements of the

*The sources NGC 253, NGC 1068, and M 82 should perhaps
be included in this category, ‘
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angular separation.

The indices for the non-thermal sources near the
galactic plane have a considerably larger spread than_the
high latitude sources as shown by the histogram in Figure 6b.
Among these sources, the identified supernova remnanté appear
to have cdnétant indices out to very short wavelengths,
| Observations at low galactic latitudes are hampered
by high background temperatures and the large scale struc-
ture of many of these sources which often make it difficult
to distinguish the limits of a discrete source from background
irregularities, Furthermore, at low frequencies; the possi-
bility of absorption in the interstellar medium cannot be
neglected.

It is unlikely, however, that such instrumental
effects alone can account for the large dispersion jn the
‘spectral index and it is felt that the class of sources
found near the galactic plane does present morelvaried spec-~
tral indices than the extragalactic sources, Similar con-
clusions have heen reached by Harris and Roberfs on the basis
of somewhat more limited data. Avfull discussion of these
sources, wnich are presumed to be primarily remnants of old
supernovae, has been given by Harris (5) and they are not

treated further here,

Class ©

On a logarithmic scale, the flux density of most of

the sources in Class C decreases with increasing frequency
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at a slowly increasing rate; that is, the spectral index
beconies greater at the higher frequencies, 1In a few cases
nowever, the reverse is true and the index becoues smaller
at the high frequencies., Two of these sources, Perseus A
and 3C 273, are known to consist of several components each
with different Speetfal indices. Thus at low frequencies
the major contribution to the flux density comes from the
source with the steeper spectrum, and at high frequencies
from the flatter one, giving a spectral index for the total
flux density that slowly decreases with increasing frequency,
Several sources were found whose flux dehsity slowly
increases with frequency up'to about 1000 Mc and then rapidly
drops off dbove this frequency. Spectra of this type, which
were previously unknown, have been designated as Class Cm
and are discusséd further below,.
In order to quantitatively inveStigate,changes‘in
the spectral index with frequency, the index ofleach source
was determined separately in the two frequency ranges'38 Mc
to 475 Mc and 408 Me to 3200 Mc. The differenée between
these two indices, which we have called the "cufvaﬁure index",
is tabulated in Table VII, along with the two values of the
spectral index, for those sources where sufficient data exists,
An alternate approach would he to fit the data to
a second degree expression in log f. Thne coefficient of the
second order term would then represent a measure of the

curvature of the spectrum. The present method was chosen
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Teble VII

Source ‘ﬁcw ﬁﬁgh X

3¢ 10 - .65 - .62 .034,10
00-210 + 12% - .91 1,03%

3¢ 18 - .53 - .97 o 444,17
3C 33 - 70 - .80 .10+,04
3¢ 48 - .29 - 77 .48%,08
3¢ 75 - .72 - .78 .06%,05
CTA& 21 .18 - .52 704,13
3C 86 - JO7 - .78 LTt
3¢ 119 - 02 - .65 .63+.10
3C 123 .71 - .80 .08+,03
05-36 .32 - .78 .46%,06
3¢ 147 - .20 - 75 .55+,15
3¢ 161 - .53 - .73 .20+,05
3C 196 - .69 - .86 .16+, 05
Hydrs A .97 .97 .00+, 04
3C 219 .72 .91 .19+,08
3C 237 .54 .74 .20+.15
3¢ 270 - .43 - .68 .25%.05
3C 273 - .53 - .30 -, 23%,07
M 87 - .77 - .84 .07+,03
3C 283 - .63 1.10 .48+,11
NGC 5128 - .34 ~1.03 .69%.20
3C 287 - .29 - .56 L27+.13
3C 295 - .47 - .79 - L.32%.07
3C 298 - 72 ~-1.22 .51%,10
- 3C 299 - .36 - .94 »58+,09
3C 317 - .74 ~-1,23 49+, 14
3C 338 - .96 -1.34 .39+,11
Her -1,04 - .98 -.06+,06
3C 353 - 71 - .76 .05+,03
3C 380 - 17 -.71 -, 08+,05
CTA 80 - .90 - .45 -.45+,14
3C 391 .49 ~-1.24 1.73
30 433 - .66 - .90 .25+, 08
3C 438 - .74 -1.05 .31 +,08
3C 444 - .83 -1.15 .32+,10
CTA 102 .08 - .28 .37+.10
3C 452 - .83 - .78 -, 054,05

*Value depends on one questionable point
at 85 Me,

Hheertain,
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however, since the synchrotron mechanism predicts a spectral
distribution whose asymtotic values can easily bhe interpreted
in terins of the dominating energy loss meohanism‘in various
energy ranges (Chapter 5). However, in general, the present
data does not allow us to distinguish between these two analy-
'tical’farms-of the s?ectral distribution, It should be noted
.that wirere the frequency of nmaximum curvature differs signifi-
cantly from 450 Mc, the two indices computed by this method
are not necessarily equivalent to the actual values of the
high and low frequency spectral indices.

Two sources, CTA 21 and CTA 102 present extreme
exanples of this class of spectrum. They both have spectra
that are characterized by a slow increase in flux density
up to about 1000 Mc and a rapid drop off above this fre-
quency., These sources represent a previously unknown type
of spectral distribution for non-thermal radio‘sources;
Because of the uniqueness of the spectra, the ofiginal
records at all frequencies were carefully reinspected for
any possible misinterpretation. No Such evideﬁce was found.

Both of these sources are located well away from the
galactic piane and have angular diameters less than 1' of
arc (23)., As the plates of the Palomar Sky Survey show no
evidence for optical radiation or obscuration in the
vicinity of either source it seems unlikely that the observed
spectrum can be explained by thermal radiation or absorption
in an ionized region.

One other source, MSH 00-210, may also be of this
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’type. The present Caltech measurements alone do not show any
evidence for a maximum in the flux density and the tentative
classification is based solely on the 835 Mc measurement.
However, Mills, Slee, and Hill nave listed this source as
"extended" (21) indicating ﬁhat some or all of tne'meésure-
ments may‘bé effected,by resolution or confusion with a
nearby source. Therefore until the 85 Mc measurement is
confirmed, the classification of this source must be
regarded as questionable.
In addition to CTA 21 and CTA 102 there are a number
of Class C sources whose high frequency indices iié in the
same range as the Class S sources (-0.6 to -0.9), while the
low frequency index is considerably smaller (0.0 to 0.5).
These have been designated Class CL‘ Several of these objects,
3C 48, 3C 147, SC 286, and 3C 295, are believed»to be at very
great distances (40),(41),(42) and are among the most ﬁowerful
radio sources known, The former three, along with 3C 273 and
3C 196, nave been tentatively identified with peculiar objects
which although thought to be distant galaXies, optically
present a stellar image on direct photographs (42),(43).
The‘remaining sources with this type of radio Spec trum,
which have not yet been optically identified are generally found
to have an extremely high surface brightness., As accurate
values for both the curvature index and brightness temperature
are difficult to obtain for individual sources, we have calcu-

lated the mean curvature index in decade intervals of brightness
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teﬁperature. In this application, the term brightness tem-
perature refers to the ﬁean temperature of the principle
component(s). These have been estimated with.the help of
Dr. L. R. Allen, using all available data on the brightness
distribution of extragalactic sources,

FigureSIS and 6 show a distinct tendency for the
éurvature to increase with increasing surface brightness,
As a high surface brightness implies the presence of a}
strong magnetic field, it seems likely that the.observed
curvature of the spectra can be explained as a result of the
more rapid loss of energy of the high energy eleétfons, due
to synchrotron radiation, aé the source evolves, This
result, as well as the relation between spectral index and
conponent separation in the double sources, supports our
tentative evolutionary hypothesis above and is discussed
furthér in Capter V. |

~Sources whose spectra are "normal" at low frequencies
and become UHusually steep at high frequencies_have been

designated as Class CH‘

Class T

The nature of these sources is well understood in
terms of free-free transitions in HII regibns with electron
temperatures of about 10,0000K (44), At low frequencies
where the source is optically thick, the spectrai distri—
bution of the radiation is given simply by the Planck formula

for black body radiation, The spectral index, a, is then
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“equal to +2.0. The optical depth which varies approximately

as (frequency)_z'1

becomes small at high frequencies and the
spectral index is tinen about -0.1. The observed spectra
closely follow this expected distribution. Due to the rapid
decrease in brightness with decreasing frequency, theée
emission hebulae are observed in absorption at sufficiently
low frequencies where the surface brightness becomes less
than that of the galactic background (44). As these sources
have been discussed by many workers, and since ﬁhe emission

mechanism is reasonably well understood, they are not treated

further here.

4.2 Selection Effects

As most of the sources described previouély were
selected from the stronger sources in the low fréquency
~catalogues, there may be some tendency to discriminate
against sources with very flat spectra. In faét, threé
sources (CTA 21, CTA 26, and CTA 102) first discovered
by chance at 960 Mc while other sources in the region were
being studied (4), were subsequently found to have extremely
flat spectra. This suggests the possible existence of a
class of source that might most easily be detected at deci-
meter wavelengtns, Sources in the southern part of the sky
are less subject to such effects as these were chosen from
a systematic study at 960 rMc down to a relativelyylow level
of flux density (45) of sources in the Sydney 85 Mc cata—

logue (20),(21).
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Likewise, there may be some discrimination against
sources withh very steep spectra which may be too weak to
be observed at high frequencies. It must be emphasized that
the mere inability to detect a source which appears in a low
frequency catalogue, at decimeter wavelengths, is not alone
evidence tnét the soﬁree has an unusually steep spectrum,
unless its existence is verified by observations with
several dissimilar instruments.

Since at the present time there are no published
systematic surveys made at decimeter wavelengths of the
region of the sky away from the galactic plane, it is not
possible to exclude these selection effects froﬁ spectral
studies. In order to estimate the magntiude of these effects,
the Caltech interferometer has been used to survey the region
of tne sky between 23050' and 30°010' at a frequency of 1421 Me,

The survey was performed wifh an east-west baséline
of 200 feet (290\) corresponding to a fringe spacing of 12',
Both dishes were pointed toward the meridian, allowing the
sources tq drift through the primary beam'pattérn. Lach
day the antennas were moved 20' in declination. VAll sources
detected in‘the survey were then examined in more detail at
an antenna spacing of 100 feet (24' fringe spacing). The
apparent position of each source was first measured in the
coordinate system of the telescope and then the antennas
were made to track on that position for several interference

fringes to determine the source intensity.
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Altogether 146 sources were detected, of which 115
were located more than 10° from the galactic plane, This
corresponds to about one source per seventy beam widths;
thus the effects of confusion are felt to be small,

All 27 of the sources listed in the Revised 3C cata-
’10gue’(18) in the region of the sky covered by the survey
.were detected, and tne observed flux densities have been used
to determine their 'spectral index between 178 Mc and 1421 HMc.
It was found that one-half of the sources at high galactic
latitudes have a spectral index in the range -0.81 * 0,1,

As the remaining 119 sources have not beén previously
catalogued, we cannot determine their individual spectra.
However, the relation between the distribution of the number
of sources with respect to flux density at two different
frequencies will depend on the spectra of the sources, and
‘thus a comparison of the number-flux-relation at 1421 Mc
and some other frequency will provide an indirect measure
of the distribution of spectral indices, The dependence of
the number-flux-relation on frequency can be détermined as
follows,

Let the mumber of sources, N(S) at some frequency

T, greater than S be given by (14)
_ , X

Then for sources with a spectral index o, we have at some

frequency £, 2-ax :
Ng(s) = Nl(S) T o (4.7)
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and if P(a)da is the normalized probability of finding a
source with a spectral index between a and c+da

—-a4x
N(s,) = N(8;) f(;%) P(a)da = N(S;) T (xsa) . ,(4.8)

Finally, if P(a) is given by a Gaussian with a mean value

a4, and dispersion o,

N(8y) = f;;z::) Ié_g_\-ax sle0o)2/20® 4y (4.9)
1

Performing the integral we find

1l 2 2 2
. 2lg,x ZTXY
N(Sz) = N(SIJ;Q} 0+ e

where v = 1ln f9/fy . : (4.10)

Using our earlier results for the distribution.bf
spectral indices at high galactic latitudes for P(a) along
with tné 178 Mc source counts, equation 4.9 was numerically
integrated to determine the expected form of tné number-f lux—
relation at 1420 Mec. This indicated about a 20 per cent
deficiency in the observed number of sources, which in view
of the large experimental uncertainties cannot be regarded
as significant., The best fit to our data gives a value of

= ~1,76 and K = 138,

X1420 1420

The general agreement of the two surveys indicates
that statistical inferences derived from the observed spectra

cannot be significantly effected by observational selection,
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This of course does not imply that the observed
distribution of spectral indices is independent of frequency.
Clearly as we go to nigher frequencies there will be a ten-
dency to observe the sources with the flat spectra., This is
a direct result of the number-flux-relation which as the
vfrequehcy is raised'ﬁill cause more sources with flat spectra
to rise above a given flux limit than sources with steep
spéctra to fall below this limit.

To find the relation between the observed distribution
of spectral indices at two frequencies, we make use of equation
4.9. Let P(a) and Q(a) be the normalized distribution of

spectral indices at frequencies 1 and 2 respectively, Thus,

TP(a)da =1 TQ(a)da =1 .

Interchanging the subscripts on equation 4.9, we have

, AT ’
N(s;) =J2—?([-—:3—-)-£ (—53 Q(w)ap (4.11)

where p is a dummy index of integration. Putting this back
into 4,9 we find

) f2~ax fzux '
j(—g-l-) P(a)da T(ﬂ) Qlulap =1 (4.12)

-

This merely states the transformation from'f1 to f2 and back
again to fl nust be identically equal to unity. The solution

of this singular integral equation is
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: f2 -0X
Q(a) = A {—% P(a) (4,13)
1
where A is chosen so that
fQ(a)da =1 (4.14)
. -

Thus, if P(a) is the known distribution of indices
fof the N brightest Sources at fl s then the distribution
of indices of the N brightest sources at f2 is given by
equation 4.13. These, of course, are not the same N sources
that were observed at fl .

In the special case‘wnere P(a) is a Gaussian with a
dispersion g , Q(a) is also a Gaussian with the same dis-
persion but with the mean value displaced by the amount

2
Xg»ln(fl/fz) .

4.3 Integrated Fluxes

" The observed spectral distribution of the flux
density has been used to estimate the integrated flux of
each source. With but a few exceptions, observations are
not available below 38 Mc or above 3000 Mc and it is there-
fore necessary to make some assumptions about the spectral
dependence outside the observed frequency range. We have
assumed lower and upper cutoff frequencies of 10 Mc and
10,000 Mc respectively, which are consistent with the present
data. Expression 4.4 was integrated between the two cutoff

frequencies to determine the total flux, F. Except in a
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few cases wnere data was available outside the frequency
range 30 to 3000 Mc, the spectral index was generally
assumed to be 0.0 between 10 and 30 Mc, and -1.0 between
3000 and 10,000 Mc. Until data becomes available over a
wider rangevof frequencies, the present calculations ﬁust
_be regardéd as only order of magnitude estimates, Values
df the integrated flux, F, are given in column 6 of Table V,

| As the nunmber of radio sources identifiéd withb
optically observable objects is rapidly increasing, it is
now possible to determine the distance and thus the absolute
luminosity and linear dimensions for a large number of
sources, Columns 3 and 4 Of Table VI give the absolute mono-
chromatic luminosity at 400 Mc and the total power radiated
for all sources whose distances are known. The distances to
the sources were obtained from the list compiled bszaltby,
Matthews, and Moffet (48), or from rédshifts provided by
Schmidt (49).

The following expressions were used in making these

calculations (see following section).

2
47 Z "
P, = = S (4.15)
f 02H2(1+z)1+u; £

p=-—2L ,2p (4.16)

2.2

c H

where Pf is the power radiated per unit bandwidth at a

frequency f, Sf the observed flux density at the same
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frequency, P the total radiated power, F the integrated flux,
and z the value of the red snift AA/A . The Hubble constant,
H, has been taken equal to 100 km/sec/Mpc (46). These
formulae are exact for world models with q, = +1 and apprdxi-
nately correct for other models when z<<l. The latest obser—
IVational déta give q .= +1 *1/2 (47). This particular

choice of world models is fortuitous in that the various
effects of the redshift cancel out in equation 4,16, and due
to the nature of the spectral law, nearly do solin equation

4,15, i.e. l+a = 0,-

4,4 Effect of the Redshift

As many of the sources reported here are believed to
be at great distances, it is of interest to examine the effect
of the redshift of the observed spectra,

We let P(f’) be the spectral dependence of fne 
radiation at the source, z, AA/A the value of the redshift,
f the observing frequency, and f = f(l+z) the frequency of
emission., Then the flux density observed at the eartn is

given by
P[f(1+z)](1+z)
Sf=

4mp2(z) T (4.17)

where D(z) is an appropriately defined luminosity distance

equal to (92)

D(z) = g~ {1 + 3 (1—q0)z+....} (4.18)
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thevvalue of the deceleration parameter 4, depending on the
varticular choice of world models.

Tne spectral dependence of tine flux density observed
at a frequency f thus corresponds to the spectral depéndence
of emission at a frequency 7 = f(l+z).

In fne case WQere P(f’) = Pof ¢ and o is constant,
vequation 4,17 becones

a 1+a
S(f) = Pl (1+2) . (4.19)
4mD2(z) '

So the observed index is equal to the index of emission., If
however, o is a function of frequency, the observed spectral
index will clearly depend on the value of z,

Since many sources do show a variation of the spectral
index with frequency, this raises the interesting possibility
~of obtaining radio redshifts from spectral observafions.
However, it is shown in Chapter V that tne index of the older
sources  are not expected to vary witn frequency below some
upper cutoff frequency and that evolutionary effects will
probably cause significant changes in the spectra of the
young sources in a time short compared to the cosmological
time scale.,

Although we are thus unlikely to find any unique
relation between the redshift and observed spectral
characteristics, the possibility remains that when we better
understand the nature of strong radio galaxies we may be

able to predict the form of the spectrum from some other
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observed property of the source such as its brightness
temperature or polarization, and by comparing this with the
observed spectrum obtain an estimate of the redshift., At
the present time however, we must regard as premature any
attenpts to determine the redshift of individual sources
‘from dbsefvations of their spectra.

An alternate approach is to make a statistical
aﬁalysis of the observational data. As has been pointéd out
by Conway, Shakeshaft, and Whitfield, the tendehcy for spectra
to steepen at high frequencies will cause the fainter sources,
which are presumed to be on the average more disfaht, to
have steeper observed spectra due to their large redshifts
(50). Such an effect has been reported by Whitfield (51)
and by Kellermann and Harris (45), although the latter
attributed this to progressively increasing uncertainties
‘in the positions of the weaker sources,vtnus causing tﬁe
neasured flux density to be less than the true value, More
recent work by the author tends to support these original
conclusions. In a more limited study of fadio spectra,
Goldstein finds no eVidence for suech an effect 5nd attributes
Whitfield's}results to the effects of confusion and
resolution (33),

The present data has been carefully investigated
for any systematic change in the apparent spectral index
with flux density. In order to avoid the selection effects

discussed earlier, tne spectral indices were compared with
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the measured flux densities at 178 Me which were taken from
a systematic survey of the sky.

The results, which are shown below, indicate that
the spectral index is essentially independent of the observ-

ed flux density.

Table VIII

3* mean q
50 .78 * .03
32 - 50 .76 * 02
25 - 32 .80 * ,02
21 - 25 75 F L02
16 - 21 .71+ L04
14 - 16 .72 + .03
<14 : .83 * .04

*Units of 10_26w/m2/cps

An interesting consequence of curved spectra is that
if the majority of observed sources lie at cosmologically
significant distances, counts of sources made at high fre—
quencies will indicate a relative deficiency of weak sources
over counts made at low frequencies. Although this is
clearly related to the apparent change in the spectral index
with the observed flux density, current techniques are now
making available statistical data in the number-fiﬁx—relation

down to a very low level of flux density where cosmological
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effects may becbmevimportant (14), but where studies of
individual sources are not yet possible, Comparison of high
sensitivity surveys made at widely spaced frequencies‘tnus
offers a powerful tecnnique for investigating the distri-
bution of radio sources in space, and could provide aﬁtest

to diStinguish between various cosmological models,

5.4 Changes in Brightness Distribution with Frequéncy
Brightness distributions of a number of,soﬁrces are
now available over a range of frequencies, Comparison of
interferometer meésurements at 159, 960, and 1420 Mc¢ indicates
that there is little evidence that the structure of these
sources is frequency dependent (24).
In a few notable exceptioens, particularly sources
with a core-halo type structure, it appears tnatrtﬂe two
major components have distinctly different spectra. A few

of these sources are discussed below in some detail.

Perseus A

Observations by Miss Leslie and Elsemofe at Cambridge
(52) at 178 Mc nave shown this source to consist of three
major oompohents. Two are small diameter objects having a
ratio of flux densities of about 2,5 to 1, The stronger of
these, 3C 84 appears to be associated with the galaxy
NGC 1275 (53) and the weaker, 3C 83.1 with NGC 1265 (52),
although the latter identification must still be regarded
as tentative. The third component is 26' of arc in

diameter and has a flux density approximately equal to
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3C 84 at 178 Mc, From considerations of its size and
intensity, Miss Leslie and Elsemore have shown that it is
unlikely that the extended source is due to the integrated
emission from the Perseus cluster of galaxies,

| More recent Qbservations by Lynds and Sobieski at
3000 Mc have also isélated the two small diameter sources,
but find no evidence for the extended component (54), From
a'comparison of flux density measurements made by many
workers, they conclude that the spectral index 6f the source
Perseus A is quite large at low frequencies and becomes
smaller at decimeter wavelengthns,

Because of this peculiar spectrum and the complex
~nature of the source, we have attempted to obtain the
spectrum of each of tne three components separately.

The two measurements of the weaker SOurces'at 178
‘and 3000 Mc have been used to determine‘its spe¢tra1 ihdex.
From tnis, the expected flux density of this cémponenf was
computed at 475, 710, 958, 1420, and 2840 Mc, and this was
subtracted in the proper phase from the observed interfero—
meter amplitude to determine the flux density of the stronger
component. ‘We nave then taken all the available measurements
of the total flux density of Perseus A and subtracted off:
the contribution of tne "point" sources. The remainder is
assumed to he due to the extended source. The results are
consistent with a spectral index of -,57 and -.62 for
3C 83.1 and 3C 84 respectively. The extended source, on the

other hand, appears to nave an index of about -1.25, placing
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it among the steepest known spectra, although the Green Bank
measurement at 440 Mc is inconsistent with tnis interpretation.
The spectrum of the three components of Perseus A is shown in

Figure 11,

3C 273
| 3C 273 is one 6f the few Class C sources whose spectral
index decreases with increasing frequency. Hecent obser—
vations of this source at several frequencies during a series
of lunar occultations suggest that this source consists of
two components withrdifferent spectral indices (55).

Using the ratio of flux densities of the two components
found from the occultation measurements along with other
measturenents of the total flux density, we have attempted to
construct the spectra of the individual components., As these
authors nave pointed out, tne spectrum of one componéﬁtvis
typical of extragalactic radio sources in general, while the
other is extremely flat, If we assume that the index of the
"normal" source of -0,76 between 410 and 1420 Mc¢ remains
constant over the range 85 to 3200 Mec, then the contribution
of this source can be subtracted from the measurements of
the total radiation to determine thne spectrum of the other
source. The result of this procedure shown in Figure 12
indicates a spectrum somewhat similar to CTA 21 and CTA 102,

Alternately, of course, we can allow the index of

both components to vary with frequency; but until more data
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is aVailable it .seems pointless to speculate on more
complicated models, and for the present we must regard these
results as tentative,

Furthermore, since the authors make no mention of
the relative orientation of the antenna feeds, we cannot
neglect tné ﬁossiblit& that one or both of the components is
strongly polarized, thus giving spurious results in the
measured relative strength of the two components, In this
respect, we note that the integrated emission frbm 3C 273

is known to be a few per cent linearly polarized (31),(32).

Virgo A (M 87)

Interferometric measurements over a wide range of
frequencies has shown that, at least at decimeter wave-
lengths, tnis source consists of a small core of less than
1" of arc in diameter and an extended halo, Fronm a com-
parison of visibility functions measured at several fre-
quencies, Moffet has shown that the relative intensity of
the core increases with increasing frequency (56). Since
that time, additional measurements of M 87 have becone
available and it is now possible to construct somewhat more
detailed spectra of the individual components. |

Interferometric measurements at 85 (57), 101 (58),
159 (23), 960 (8), 1420 (59), and 2840 Mc were used to
determine the flux density of the core at each of’tnese
frequencies., These were then subtracted from tﬁe total flux

density to determine the flux density of the halo. This
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procedure gave an index of -0.,44 and -1,02 for the core and
nalo respectively. As snhown in Figure 13, the total flux
- density measured at 22 Mc and 38 Mc indicates that the index
of tie halo must decrease below 85 tic, Likewise, the 2840
Me value for the core, along with the &,000 and 9,000 Me
total flux dénsity measurements, suggests that the index of
the core inecreases above 1500 lle.

This conclusion is supported by optical measurements
of the "jet" in M 87 at 4,350 and 6,300 A® by Blesé (60).

If we accept the association of the optical "jet" witn the
radio core, then it is reasonable to assume that the |
continuous optical spectrum in the Jjet is due to synchrotron
radiation as proposed by Burbidge (61) and Shklofsky (62).
The neasured flux density at 6,300 A? is in good agreerient
with the extrapolation of the high frequency part of the
radio spectrum of the core (a=-0.65).

It snould be noted that, because of uncertainties
in the measured radio position of the core, its identification
with the optical jet cannot be regarded as certain. The
position angle of the major axis of the core does however

lie along the direction of the jet(59).

Centaurus A (NGC 5128)

The source Centauriis A has been observed from 19,7
to 8,000 Mc by a large number of observers.

It has been known for some time that tinis source
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consists of two components - an extended region of low
surface brightness covering some 20 square dcgrees of the
sky (63),(64),(65),(66); plus a smaller double source more
or less symmetrically placed with respect to the parent
galaxy NGC 5128 (67). As tuhe extended and central components
-aré easiiy séparated witnh pencil beam antennas of moderate
resolution, we are able to obtain the spectrum of the two
compdnents individually,

| Tne data are consistent with a spectral index of
-1.03 for the central component above 400 Mc and a con-
siderably smaller value below this frequency. The éxfended
region, on the other hand, appears to have a constant spec-
tral index over the observed frequency range from 19,7 to
1400 Mc, Unfortunately, due to its low surface brightness
at high frequencies, there are no publisned flux densities
of the halo above 1400 Mc,

In view of the large degree of polarization recently
found both in the central and extended sources, these results
must be regarded with some caution. In particular, the
central source itself has now been resolved at a nﬁmber of
frequencies into two smaller couponents (67), (68), each
of which is considerably polarized (69) thus complicating
any comparison of the brightness distribution of this source

at different frequencies.,

4.6 Extension of the Spectra to Optical Frequencies

Measurements are now available for several sources
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which indicate that at least part of the observed optical
and infrared radiation is due to synchrotron radiation.
Pernhaps the best known of tnese is the Crab Nebula, where
the synchrotron mechanism provides the only satisfactory
explanation of the strong continuous radiation at optical
frequencies (70)., 0'Dell has recently sumiarized measure-
ments of the flux density of this source at optical and

infrared wavelengths, lie found that tie radio spectrum

14 eps,

éontinues essentially unchanged out to about 10
and that beyond this frequency the flux density rapidly
decreases (71). As shown in the following cnapter,‘tnis

is the form of the spectrum expected if there is a sharp
cutoff in the relativistic electron spectrun,

Matthews and Sandage (42) nave shown that the
optical radiation from the "stellar" type objects associated
with the sources 3C 48 and 3C 196 may be due to synchrotrén
radiation witnh upper cutoff frequencies of 7X1()14 andnylO14
'cps respectively. Dore recently, Oke (72) has obtained
infrared and optical neasurenients of the flux densitylof
3C 273B using a photoelectric scanner. le finds, that in
addition to a black body spectrum between 3300 and 8400 A,
the flux density rapidly increases above 8400 A and suggests

that at least part of the infrared continuum is due to

synchrotron radiation,
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V. PHYSICAL PROCESSES IN EXTRAGALACTIC SOURCES

The suggestion that synchrotron radiation was
responsible for non-thermal cosmic radio emission was first
put forward by Alfven and Herlofson (73) and Kiepenheuer(74)
-in-1950.v Their predictions were based on the work of
Schwinger(75) and Vladiﬁerski (76) wno developed the funda-
mental theory of the radiation from an ultrarelativistic
electron spiraling in a weak magnetic field, This theory
was then applied to astrophysical conditions by Shklovsky
(84), Ginzburg (85), and other Soviet workers during the
early 1950's., Their work however, received little attention
outside the Soviet Union until 1954 when Oort and Walraven
confirmed Ginzburg's prediction of polarization of the
optical radiation from the Crab Nebula (70).

Finally, the discovery in 1962 that the radio
enission from a large number of galactic and extrégalactic
- sources as well as from the galactic background was partially
linearly polarized (30),(31),(32),(69) removed one of the
major ohstacles to the general acceptance of the synchrotron
theory. The rest of this section is therefore devoted to
interpreting the spectral data in terms of this mechanism,

In this treatment we shall neglect the possible
effects of absorption in an ionized medium between the source
and observer. This should not he important at frequencies

above 40 Mc. Although the sharp cutoff in the spectrum of
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‘Cygnus A and Cass A below 30 Mc is probably due to absorption
‘from free-free transitions in galactic HII regions, we note
that the various observed forms of the spectra above 38 Mc
are not consistent with a simple absorption tneory, While
Greenstein and Minkowski (77) and Roman and Haddock (78)
navé succeeded in producing a variety of spectra by con-
structing models consisting of a non-thermal source in or
benind a region of varying size and optical deptn, their
models are rather arbitrary and involve the adjustment of a
relatively large number of parameters to fit the observed
spectra,

Although Greenstein has found from a study of optical
emission lines that regions of very high density are associ-
ated with some of the extragalactic sources (79), it is clear
for several reasons that these regions cannot be physically
coincident witn the source of syncnrotfon radiation, If tnis
were the case, Faraday rotation of the plane of polarization
’would be quite large. lowever, Seielstad nas found that there
is little if any Faraday rotation within tne'extrégalactic
sources (69)., Furthermore, as pointed out by Greenstein, at
these densities the ionized region would be opaque to the
syncnrotron radiation (79).

Tne problem of stimulated emission by free-free
transitions and its effect on the spectral distribution of
the radiation has been the subjeef of a number of recent
papers, Twiss has shown that the net absorption coefficient

for free-free transitions will always be positive (80),(81).
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HoWever, Browne nas'Gisagreed with this conclusion and finds
that under certain conditions there will be negative absorp-
tion and the medium will act as an amplifier (82),(83).
Clearly, further studies on this mechanism as well as stimu-
lated emissign from free-bhound transitions are neededﬁbefore
ény‘definite cohclusibns can be reached,

| Twiss has also considered the possibility of-absorp-
tibn by relativisticvelectrons and finds that this can‘

become important only at frequencies below about 10 Mc (80).

5.1 Basic Synchrotron Theory
The well known equation for the radiation, at a
frequency v, of a single electron moving in a uniform magnetic

field can be written as (70)
P(v,E,p) = CHse F(g) , ‘ - (5.1)

where Vo is the critical frequency defined by

_ 3¢ E 2 _ I+ .
Vo = Trms B (ﬁc )¢ = L H. B , (5.2)
and where
P(g) = | X5 5(n)an . (5.3)
g .

In these expressions, H. = Hsnl&,Kﬁ/S(n) is a modified
Bessel function of the second kind, g is the anglé’between

the velocity and the magnetic field, E is the electron
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' v . . " . .
energy, and g = FramiiR When H{ is in Gauss, E i1s in Bev, and
c
m and ¢ in c¢gs units, then

2.343 x 10722 and

o]
n

= 1.608 x 1013 |

=
i

The radiation is highly concentrated along the
direction of the instantaneous velocity with an angulat
width of the order mcz/E. It is elliptically pdlarized
with the polarization ellipse having an axial ratio of 7
to 1., The orientation of the ellipse is such tnét'seven
times as much energy is radiated with the electric vector
parallel to tne plane of the orbit as with it perpendicular,

Each electron radiates energy at the rate (70)

4 :
dE 2e 2 E 2 2 =
= — H = -A HT E“ev/sec (5.4
at =~ 523 1 (o) av/eee {5.4)

where A = 3.793 x 10~6 .

The solution of equation 5.4 for a single electron
in a uniform magnetic field is
Eo

E = 5 (5.5)
1+A HY Eo t

where EO is the initial energy of the electron, Thus, the
time in which the energy will decrease to 1/2 of the initial

energy is

1 8.35 -3 :
tl/z = = —5— x 10" years. (5.6)

T2 A
AHFE =~ HUE




—94 -

We now ¢onsider the spectral distribution of the
radiation from a collection of electrons with an energy

distribution N(E) between E, and E

1 2 °
Expression 35,1 becomes

P(v,p) = $CL -1/2;2,1/2 j 3/2N(g)F(g)d§ (5.7)
g1

where g, and g, are given by
1 = v/vl Ey = v/v2

where v, and v, are tne critical frequencies corresponding

to El and Ez.

5.2 Effects of Energy Loss

Because of radiation damping, each electron loses
"energy at a rate depending on its energy (Equation 5.4).
Consequently, the energy spectrum will not remain counstant.
The situation is further complicated by the facti that elec-
trons can lose energy by other processes as weil. These
loss mechanisms have been discussed by a number’of‘authors
(87),(88),(89) and are summarized in Table IX.

In these formulae, n is the density of the medium
in cgs units, E the electron energy in ev,AV the rate of
expansion, r the radius, u the r.m,s, velocity ofvmaghetic
clouds, 4 the dimensions of the magnetic inhomogenieties,
and p the radiation density. Approximating the logarithmic

term by a constant, equation 5.4 can be written
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%% = a+bE+cE2 (

wiere b = by+by+bs , and ¢ = e¢;+c, (Table IX)., a an@ c

will always be negative representing energy loss, and b

will be pdsitive or negative depending on whether the effects
of statistical acceleration exceed the losses due to expansion

and bremsstrahlung,

Table IX
Process dE/dT (ev/sec)
-9 mcz

Ionization -7.62 x 10 n[20.1 -3 1n(-ﬁ-0]
Expansion -+ E =b1E
Bremss tranlung -8,0 x 107164 =b,E

2
Fermi Acceleration g ' =h, K

T , s
Inverse Compton Effect | -2.0 x 10-16pc(—é§) =01E2

me< -

Synchrotron Radiation -3.8 x 10-15H2E2 ‘ =:02E2

Following a procedure outlined by Davis (90), we
can determine the effect of these various loss mechanisms
on the electron spectrum.

Let all electrons lose energy according to equation
5.8, The number of electrons entering the‘energy range

between E and E=dE is given by

AN, (E58) g = n(pear,t) 4(E+AE) L q (g,1)
dt dt
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where Q(E,t) is the rate of injection of relativistic
electrons into the system, The number leaving this energy
range is then

aN_(E,t) . aE
——4a dE = N(E,t) I .

‘Subtracting, we get

aNlBat) = 3 MBy(5,5)] + a(E, 1)  (5.9)

giving the fundaméhtal equation governing the time dependence
of the electron energy spectrum, Steady state solutions of
this equation are given by several authors for certain
limiting cases (87),(88), and the time dependent equation
nas recently been solved by Kardashev (89). We éhall seek
~solutions corresponding to physically plausible conditions
and conpare these with the observed spectra.

- Two special cases will be considered; where there
is a monochromatic energy distribution in the injected
electrons, and where the injection energy spectrum is
given by a power law of the form Q(E) = KEY » The latter
is the expected spectrum if the electrons are secohdaries
formed in nuclear collisions of protons having a similar
power law spectrum (87),

Before considering the more difficult time dependent
equation, we shall look at the limiting equilibrium solutions

where S% N(E,t) = 0 . If the effects of energy loss are
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first assumed small, that is a=b=c=0, then from equation 5.9
the electron energy spectrum N(E) is of the same form as
the injection spectrum Q(E).

The simplest case is where all electrons are injected
into the system with the same energy, EO at a rate R per unit

time, Then from equation 5,9 after a time, T,

N(E) = RT6 (E—EO) ;

and, using 5.7, we get

P(v,d) « H. % F(% ) ' (5.10)
c c

for the radiation spectrum. As shown in Figure 9, the spectrum

is peaked at the value of ww.3vc. Equation 5,10 becomes

P(v) o 5.04 x 10'2211;(5-"—)1/3 v/vc<.01 - (5.11)
e
P(v) n 2.94 x 10’22H+(51)1/2e'”/”0 /v 10 . (5.12)
‘ c -

As the radiation is nhighly directedraldng the directioh of
the velocity vector, the observer will detect radiation
only when tne motion of the electron is along the line of
signt between the observer and the elgctrbn. The angle )
can then be interpreted as the angle between tné line of
sight and the direction of the magnetic field.

If the distribution of electron energies is given by
KEY E.<E<E
‘ 1<7<F2
N(E) = ' (5.13)
0 E<E1,E>E2
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then equation 5.9 becomes*

~d(v+1) E(va1 Livar) T _L(ves
P(v,p)=5CKL z (1) 3 )(Sine)z( ).Zzé' 2" )F(f;)df;. (5.14)

For most values of ¥ the major contribution to
tne-integfal in 5.14 occurs when £ is of the order of unity.
Thus the integral is essentially constant for all values of

v well away fron tne'frequencies corresponding to E. and E

1 27
and we can extend the limits from zero to infinity. Equation
5.14 then becomes

p(v) « v(T#1)/2 | (5.15)

The error introduced by this procedure depends strongly
on the value of Y and for Y~0 the approximation breaks
down completely. However, for most values of Y that occur

‘in practice, equation 5,16 gives a good approximation to

the radiation spectrum for frequencies <.,lv, and >3v

2 1 -
Comparing this to the observed spectral dependence, we obtain

the well known relation

o = 3(v+1) .  (5.16)

Thus, the spectral index of the radiation a ,
immediately gives the index of the energy spectrum and is

independent of the strengtn of the magnetic field, The fact

*In the following, we shall drop the explicit dependence on
® and use H to represent HSin® suitably averaged over 6 .,
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“that the flux dénsity of most sources does indeed exhibit

a power law dependence on frequency, implies that the electron
energy speétra must be closely represented by a power law of
the form N(E) = KE' where Y = 2a-1. With a = -0.75, we have
Y = -2,5, As is well known, this is very close to'tné
_Spectrﬁm of primary cbsmic ray protons within our own galaxy
and provides support for the hypothesis that the relativistic
eléctrons are formed‘as a result of collision betweenbprotons
and nuclei (cf.87), The extremely narrow_spread in the
observed spectral dindices implies a narrow distribution of
the electron spectra suggesting a similar accelefation
mechanism among the extragalactic sources,

Equation 5,14 has been numerically integrated for
several values of Y using an IBM 7090 computer, The résults
are sinown in Figure 15, Below Vie the flux densify:falls
‘off slowly and above Voo quite rapidly.- |

'Following (88) we now suppose that the electrons
lose energy by one or more of the processes in Table IX,

Then with ﬁﬁé%gil = 0 the general solution to (5.9) is
, . :
'g Q(E)dE

. | - (5.17)
a+bE+cE2

N(E) =

Thus, a power law spectrum, Q(E) = KE' gives

Y+1

N(E)a -—E———§ . , (5.18)
a+bE+cE
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Table X snows the particular form of the energy

and radiation spectrum in regions where tne constant, linear,

or guadratic terms in the denominator or equation 5,18

dominate., YO denotes the index of the injection spectrum

and Gy = (Y0+1)/2 the corresponding spectral index of the

radiation.

Table X
Energy Spectrum |Radiation Spectrum
Dominant Loss Mechanisms N(E) P(v)
Qa+l/2

Ionization glo+l v O /
Expansion v a
Bremsstranlung E © y O
Fermi Acceleration
Inverse Compton Effect FYo_l Vao-l/z
Synchrotron Radiation .

Tnus, at low frequencies the spectral index is

flatter by 0.5 than the initial index, at intermediate fre-

quencies the same, and at high frequencies

Consequently, near frequencies correspondin

. . , . . 2
in the dominant loss mechanism (i,e, cE“ =

we expect to find a "break" in the spectrum

index changing by 0.5,

steeper by 0,5,
g to transitions
bE, or a = bE)

with the speétral

This is close to the value found in

Cnapter IV for thne curvature index of many of the Class C

sources,

In order to expore furthner the possibility that this

mechanism is responsible for the observed curvature of the
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spectra, we will consider a special case of equation 5.17
and use equation 5,7 to determiﬁe the radiation spectrun,
Under conditions expected in extragalactic sources, losses
due to ionization and the inverse Compton effect can be
neglected (87), Figure 16 shows the radiation spectrﬁm for
Yo==2.0. Tné spectruﬁ of an electron distribution with a
sharp "break" is also shown for comparison. The energy and
fréquency scales are of course in arbitrary units; thus the
 results are applicable for any combination of loss mechanisns
and nmagnetic field strengths. Tae "break" in the énergy
spectrum occurs when the effecis of expansion, bfeistranlung,
and Fermi acceleration balance thne losses due to syncnrdtron
radiation. Thne frequency of the corresponding break in the
radiation spectrum then depends only on the value of the
magnetic field énd occurs at approximately the critical
‘frequency corresponding to the energy where the losses that
are linear in E balance those that are quadratié in E.
(dotted line in Figure 16),

In figure 16, curve (a) shows that therspectral
index changes very slowly with fréquency, requiring’a range
of frequencies of nearly a factor of 100 for the index to
change from -1,0 to -0,5, Although tnis is typical of some
of the Class CH sources, i.e. 3C 338, 3C 438, and 3C 444,
it seems unlikely tnat tne effect of different loss mechanisms
can explain the curvature of the Class C; sources where the

spectrum changes by «~ 0,5 over a rather small frequency
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bfange. This implies a relatively sharp "break" in the
energy spectrum as shown by eurVe (b) in Figure 16,

Thne typical Class € source has its max;mum curvature
at about 400 Mc., In a field of 10-4 Gauss this correéponds
to a "break" in the energy spectrum at about 1 Bev, Due to
SynchrotrOnbradiation_tnese electrons will lose energy at
a rate of about 4 x 10_5 ev/sec, which must be compared with
the other possible 1oss mechanisms,

A density of 500 en™3 is required to produce
bremssitranlung losses of this magnitude, At this density,
and with a uniform field of 10-4 Gauss, Faraday rotation
would produce a rotation of the plane of polarization of
about 2 x 10° radians/meterg. Seilestad nas found that the
amount of rotation tnat occurs within the sources tnemselves
is probably less than 25 radians/meter2 (69)., Tnus the

"density of electrons must be less than the quantity’l()9 <H1£>,
where <Hli> is the average value of 1ongitudinai component

of the ﬁagnetic field., Since most sources are observed to

be several per cent linearly polarized, if foliows tnat<<31£>
is not likely to be less than a few orders of magnitude

below the value of the magnetic field derived from energy
considerations. Thus, the density must be less than about

ol cm—3 and the effects of bremsstrahlung negligible,
Moreover, we note that the corresponding emission measure

is less than 300 cm-6-psc, and thus the effects of absorption

by free-free transitions of thermal electrons must also be
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bnegiigible over tne observed radio spectrun,

In order for expansion losses to equal the
synchrotron radiation losses, the velocity of expansion
would have to be comparable with the speed of light. Further-
more, the rate of expansion would be such that tne'soﬁrce
attained ité presentisize in a time short compared with the
.lifetime of an electron and thus our assunmption of equi-
librium would be violated.

Since nothing is known about the dimensions of the
magnetic inhomogenieties, t, or their random velocities, V,
it is difficult to determine the effects of statistical
acceleration on the distribution of electron energies,
However, rough calculations indicate that the conditions
necessary for Fermi acceleration to exceed the losses due
to synchrotron radiation for 1 Bev electrons are not likely

“to exist in extragalactic sources,

5.3 Time Variations of the Spectra

Although these arguments are by no means cénclusive,
it is clear that witn the possible exception of the Class
CH sources, there are great difficulties iﬁvqlved in trying
to explain the observed form of the spectra if we presume
that the spectrum remains constant with time, It is there-
fore natural to explore the possibility thnat the Class C
sources are very young sources in the process of evolution

and that thelr spectra are changing with time,
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Since synchrotron losses will probably dominate the
other loss mechanisms, we have cE2>>bE and 0E2>>a in
expression 5.8, and equation 5,9 becomes

QE%%zﬁl = AH® g% [EZN(E,t)] + Q(E,t) . (5.19)

Sblutiohs of tnié equation thus give the energy spectrum~as
abfunction of time; equation 5,7 can then be used to findb
tnevtime dependence of the spectral distribution of the‘
radiation. |

Tne solution to equation 5,19 for various forms of
Q(E,t) is quite complex. However, we can get somé insight
into the benavior of the radiation spectrum as abfunction
of tiﬁe, by‘considering the particularly simple case where
the electrons are injected into the magnetic field with a

monochromatic distribution of energy. Witn

1
Q(E:t) =
t<t17
the solution to 5,19 is (89)
R
— E SE<E
AH2E2 c 0
N(E,t) = . (5.20)
0 E>E0 ’ E<Ec
E
where BE = 2 .

2
1+AH Eo(t—tl)
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The radiation spectrum as a function of time for
such an injection spectrum has been determined by numericél
integration of equation 5.7 and is shown in Figure 17, Ve
see from equation 5,20 tnat for t>>1/AH-2E0 we have a
power law spectrum of electron energies with ¥ = —2.0;

The correspohding radiation spectral index is then a = -0,5,
| We shall next consider the case wnere the electron

injection spectrum is a power law of the form

Yo |
KE O<t<tl

- Q(E,t) = . (5.21)
0 t<0, t>t o

1

If we suppose that t1>>0, then at some time 1 where
O<<t<<t1 we can determine the electron energy spectrum in
the following way, Using equation 5,6 we can divide the
energy spectrum into two regions. At low energies wneré
E<<1/AH2t s the electrons will not have lost a significant

amount of energy by radiation and therefore Y =Y , If

o
on the other hand E>>1/AH2t, the energy spectrum will be
in equilibrium and equation 5,17 is valid giving' Y = Yo—l.

The frequency corresponding to the separation of the two

energy regicns is then

3
L 10
V. s n Me , (5.22)
b A2H3t2 H3t2 |

where t is measured in years.



QO8O UE JO OJUI~ifvt OT{STI0}30RIVY{D SuUl ST 4
*AFaoue DOJIIDLTO TRIFIUT U} 03 JUIDUOGSHLIoD ~Adububexy 1usilatdd duj
sjussaxdas suTy POYYOP B *PISTJ o1joulvy mIojrun © ojul peogoelur sae

SUC.IINOTO DIjeSIsuscucw Udum tnJd1oads UOTIWIPBI BU3 Jo oousdpusdop owLl LT 8INLTJ

AON3AND3Y4 3AILVI3Y

Ol o Ol 01 o muo_ o 4Ol ¢ Ol

I- 2-
T 1

1
1
i
1
t
'
!
I
t
1

16=1

20¢=4

2001 =}

-

Ol

001

000!

ALISN3Q ¥43MO0d 3AILVI3Y



-109-

Therefore, to the extent that 5,15 is valid; for
V<<Vys @ = (Y0+1)/2 = 0y, and for v<<vy, o = Yo/z = a0, ==.5.
‘Tnus we have a break in the radiation spectrum whose fre-
quency is given by equation 5.22 with a change in the spectral
index of 0.5, After sufficieﬂt time, the frequency of the
break will fall’belowﬂtne observable frequency range and the
ISOurce will have a simple power law spectrum with o = Qo=+5
If at some time, tl’ we shut off the supply of

electrons, the spectrum will again undergo time variations.

Witn Q(E,t) = O , the solution of 5,19 is (89),

- (Y=1)/2  (Y+1)/2 ve<v g

P(v) = .

g2 t(Y—s)/s V(zvex)%s "y

Using similar arguments as above we see that the
frequency below wnich the spectral index remains unchanged

is given by equation 5,22 with t replaced by t-t Above

10
this frequency the spectrum steepens and the power radiated

rapidly decreases with time,

5.4 Summary and Cbnclusions
We are now in a position to interpret the obser-
vational material in terms of the above analysis., It will
be convenient to first summarize these results,
Tne majority of the source nave spectra wnich can
be closely approximated by a simple power law at least

between 38 and 1420 Mc. The spectral index of tnese sources
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forms a narrow distribution, about a median value of -0,76,
with some evidence that the widely spaced doubles have
particularly steep spectra, The high surface brightness
sources have similar indices at decimeter wavelengths but
are considerably flatter at meter wavelengths, In'addition,
there is a‘s&alligroup of sources that have "normal" spectra
at the low frequencies but become quite steep at high fre-
quéncies.

These various forms of the observed spedtral dis-
tribution can be tentatively accounted for by the following
evolutionary sequence, At some early stage in tﬁe history
of a radio source, electrons having a power law distribution
of energy are injected into a region containing a strong
magnetic field, Initially, these electrons have a relatively
flat index with Yy -1.5 corresponding to an indexvof about
0o=(Yo+1)/2 ~—.25 for the radiation spectrum., If tne field
and upper energy cutoff are sufficiently high tnere will be
appreciable synchrotron radiation at optiqal frequencies,
Due to the more rapid loss of energy by the nigh energy
electrons, the spectrum will show a "break" about a fre-
quency giveh by equation 5.22 and above this frequency the
spectral index of tne radiation will be a = Y, /2~ -0.75.
For an observed frequency of the "break" of several hundred
Me and a field of 10"4 Gauss, the corresponding age is
about 106 years., Examples of sources at this stage of
evolution would be 3C 48, 3C 119, MSH 05-36, 3C 147, 3C 286,

and 3C 295.
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For much younger sources the "break" would be above
3000 Mc and the spectral index would be a = (Y0+1)/2n/—.35
over the observed frequency range, i.e, 3C 273B and 3C 454.1;
wnile for older sources, the "break"™ would be well below
100 Mc and the spectral index would be o = Yo/zn;-.75:over
tne entire observed range as observed for most of the sources.
During this time the source is expanding and tne surface
brigntness, and probably the magnetic field, will be rapidly
decreasing.

We note that if the frequency corresponding to the
upper cutoff in tne electron spectrum is in the observed
frequency range, the radiation spectrum will steepen above
this frequency. Since we do not necessarily expect a sharp
cutoff in the energy spectrum, the radiation spectrum is
not likely to steepen as rapidly as snown in Figure 15. The
‘spectra of 3C 338, 3C 438, and 3C 444 show possiblevevidence
of such a partial upper energy cutoff. |

’Finally, when tne supply of relativistic electrons
is exhausted, the spectrum will rapidly steepeh and for an
isotropic distribution of velocities the index Wili becpme
o = (Y+5)/3A/—2 above a frequency given by equation 5,22,
Witn a field of 107° Gauss, the steep part of the spectrum
will extend below 100 Mc after a time of 108 years, For
more narrowly confined velocity distributions the spectral
index will be even steeper than -2,

As no sources are observed witn indices steeper than

~1.25, we conclude tnat the injection of relativistic
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" electrons must still be continuing, or that all of the
observed sources are youhger than the characteristic "life-
time" of the most energetic electrons contributing tortne
observed radiation., 1In either case, we are faced with the
problem of explaining why we do not observe any sourcés
after the éléctron injection has ceased and the spectrum
has begun to decay. If the supply of electrons is centinu—
0uély replenishned, tnén‘tne source will continue tO"radiate
for many electron "lifetimes" and it seems possible that by
tne time the reserve electron supply is depleted, tne source
will nave expanded or broken up causing the averdge’surface
brigntness to be quite low.‘ Tney would then be difficuit
to detect - especially with an interferometer.

A number of possible sources witn very low average
surface brightness have been detected in the 85 Mé survey
of Mills, Slee, and Hill (20),(21). It would be interesting
to measure tne flux density of these sources at decimeter
wavelengths to see if their spectra are indeed steep., It is
perhaps relevant that the extended low surface éources
surrounding M 87 and NGC 1275 do have unusually éteep spectra,
suggesting tnat the injection of relativistic electrons into
the outer regions of these sources is decreasing with time,

We have of course entirely neglected the difficult
questions of the source of relativistic particles and
magnetic fields., Although a full discussion of this

important problem is beyond the scope of this thesis, we note
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that one important result of the present study is that the
acceleration mechanism must provide similar energy distrié
butions among sources of vastly different luminosity and
spatial extent. If the proposed evolutionary sequence out-
lined above is correct, then the injection mechanism mﬁst
Specificallyvprovide électrons with an energy density nearly

proportional to the minus three nhalves power of the energy.



-114~

REFERENCES
1. G.J. Stanley, 0.B. Slee, Australian J, Sci. Research,
3, 234, 1950.
2., G.R. Whitfield, M.N.R.A.S., 117, 680, 1957,

. 3., G.R. Wnitfield, Paris Symposium on Radio Astronomy,
" R.N. Bracewell, ed., 297, 1959, ‘

>4, D.E. Harris, J.A. Roberts, Pub. A.S.P., 72, 237, 1960,

5. D.E. Harris, Ap. J., 135, 661, 1962, |

6, R.B. Read, Ap. J., 1963 1In press.

7. R.B. Read, I.R.E, Trans,., AP-9, 31, 1961,

8. A.T, Moffet, Ap. J. Supp., 7, 93, 1962,

9, B.Y, Mills, O.B. Slee,lAustralian J. Pnhys., 10, 162, 1957,

10. M. Ryle, Paris Symposium on Radio Astronomy, R.N. Brace-
well, ed., 475, 1959, '

11. T.A. Matthews, Quantum Electronics Symposium, C, Townes,
ed., 256, 1960,

12. M. Ryle, R.W. Clarke, M.N.R.A.S., 122, 349, 1961,

13. B.Y. Mills, O.B. Slee, E.R. Hill, Australian J. Pnys.,
14, 497, 1961,

14. A, liewisn, M,N,R.A.S., 123, 167, 1961.

15. T.A. Matthews, private communication, (1963).

16, B. Elsemore, M. Ryle, P,R.R, Leslie, Mem, R.A.S., 68,
61, 1959, .

17. D.O. Edge, J.R. Shakeshaft, W,B. McAdam, J.E, Baldwin,
and S, Archer, Mem. R.A.S., 68, 37, 1939,

18, A.S. Bennet, Mem. R.A.S., 68, 163, 1963.

19, J.G, ?olton, F. Gardner, M,B. Mackey, privaté communication,
(1962). ,

20, B,Y, Mills, 0.B. Slee, E.R., Hill, Australian J. Pnys.,
11, 360, 1958,



-115-

21, B.Y, Mills, 0,B, Slee, E.R, Hill, Australian J. Phys.,
13, 672, 1960, :

22, P, Maltby, Ap. J. Supp., 7, 124, 1962,

23, L.R. Allen, B, Anderson, R,G, Conway, H.P, Palmer,
~V.C, Reddisn, and B. Rowson, M,N,R.,A.S., 124, 477, 1962,

24. A.T. Moffet, private communication, (1963).

25. D.S. lieeschen, Ap. J., 133, 322, 1961.

‘26. D;S. Heescnen, B,L. Mereditn, Pub, N,R.A.0., 1, 121, 1961.
27. J. Hogbom, J. Shakeshaft, Nature, 189, 561, 1961,

28, D.S. Heeschen, B, Meredith, Nature, 190, 705, 1961,

29, D.C. Hogg, J. Apl, Pnys., 30, 1417, 1959,

30. G,A, Seielstad, R.W. Wilson, Nature, In press, 1963,

31, G.A. Seielstad, D, Morris, V. Radnakrishnan, Subnmitted
to Ap. J.

32, F. Gardner, J.B.Whiteoak, Nature, 197, 1162, 1963,
33. S. Goldstein, A.J., 67, 171, 1962,

34, R.G. Conway, X,I. Kellermann, R.J, Long, M.,N.R.A.S,,
125, In press, 1963,

35, M, Davis, private communication, (1962).

36. G, Westernhout, B.A.N. 13, 105, 1956,

37. D.S. Heeschen, Pub. A.S.P., 72, 368,:1960;

38. P.S. Pskovskii, Soviet Astr., 6, 172, 1962,

39. D.S, Heeschen, Pub, N.R.A.0., 1, 129, 1961,

40, R, Minkowski, Ap. J., 132, 908, 1960.

41, T.A, Matthews, M, Schmidt, private communication, (1963).
42, T.A. Matthews, A.R, Sandage, Ap. J., In press, 1963.

43, J.L., Greenstein, T.A. Mattnews, Paper presented to the
113th Meeting of the A.A,S., Tucson, Arizona, 1963,

44, B.Y. Mills, A.G., Little, and K.V, Sneridan, Australian
J. Pnys., 9, 218, 1956.



45,

4:6.

47,

48,

49,

50,

54,

65,

66,

67.

~116~-
K.I. Kellermann, D.E, Harris, Obs. of the C.I.T., Radio
Observatory, No. 7, 1960,
A,It, Sandage, Ap. J., 133, 365, 1961,
A.R, Sandage, A.J., 66, 53, 1961,

P, Maltby, T.A., Matthews, A,T. Moffet, Ap. J., 137, 153,
1963, : ' )

M. Schmidt, private communication, (1963).

R.G, Conway, J. Shakesnhaft, G.R. Wnitfield, Tne‘Observatory,
80, 162, 1960, :

G.R. Wnitfield, M.N.R.A.S., 117, 680, 1957,

P.R.R. Leslie, B. Elsemore, The Observatory, 81, 14, 1961,
W. Baade, R. Minkowski, Ap. J., 119, 215, 1954,

C.®. Lynds, S. Sobieski, Pub. N,R.A.O., 1, 155, 1961,

C. Hazard, M.B. Mackey, A.J. Shimmins, Nature, 197, 1037,
1963, '

A.T. Moffet, A.J., 66, 49, 1961,
J.E. Baldwin, F,G, Smith, The Observatory, 76, 141, 1956,

B.Y, Mills, Australian J, Pays., 6, 452, 1953.

- J. Lequeux, Ann 'd Astropnys., 25, 221, 1962,

R.C. Bless, Ap. dJd., 135, 187, 1962.

G.R. Burbidge, Ap. J., 124, 416, 1956, |

1.5. Snklovsky, Astr. Zhur, U.5.S.R., 32, 215, 1955,
K.V, Sﬁeridan, Australian J. Phys., 11, 400, 1958.

Jo.V. Hindman, C.M. Wade, Australian J. Pays., 12, 238,
1959.

J«G. Bolton, B.G. Clark, Pub., A.S.P., 72, 29, 1960,

C.A. Snain, C.S. Higgins, Australian J, Pnys. 7, 130,
1954, ,

P. Maltby, Nature, 191, 793, 1961,



68,
69,

70.
71,
72,
73.
74.
5.
76,
7.
78.
79.
80.
81.

‘82.

83,

88,
89,
90,

91.
92.

~117-
RN, BraeeWell, Stanford Radio Astronomy Institute
Publication, No, 15, 1961.

G.A. Seielstad, Pn.D. Tnesis, California Institute of
Technology, 1963,

" J.H, Oort, T. Walraven, B.A.N., 12, 285, 19536,

C.R, O0'Dell, Ap. J., 136, 809, 1962,

J.B. Oke, Nature, 197, 1040, 1963,

H. Walraven, N. Herlofson, Phys. Rev., 78, 616, 1950,
K,O. Kieﬁenneur, Pnys. Rev., 79, 738, 1950. |

J. Shwinger, Pnys. Rev., 73, 1912, 1949,

V.V. Vladimirski, Znur. Eksp., Teor, Fiz,, lg,‘SQZ, 1948,
J.L. Greenstein, R. Minkowski, Ap. J., llg,‘l,‘1953.

N, Roman, F.T. Haddock; Ap. J., 124, 35, 1956,

J.L. Greenstein, private communication, (1963) .-

R.Q. Twiss, Australian J. Pnys., 11, 564, 1938,

R.Q. Twiss, Ap. J., 136, 438, 1962,

p.F. Browne, Ap. J., 134, 963, 1961,

P.F. Browne, Ap. J., 134, 442, 1961,

I1.S5. Snklovsky, Astr. Znur. U.S.S.R., 29, 418, 1952,
V.L. Ginzburg, Dokl, Akad. Nauk U.S;S.R.; 76, 377, 1951,
K. Westfold, Ap. J., 130, 241, 1959, o

V.L. Ginzburg, Progress in Elementary Particle and Cosmic
Ray Pnysics, 339, 1958,

L. Turner, M.,N.R.A.S., 119, 184, 1959,
N.S. Kardashev, Soviet Astr., 6, 317, 1962.
L., Davis, Pnys., Rev., 101, 351, 1956,

R.W. Wilson, J.G. Bolton, Pub., A.S.P., 72, 331, 1960,
G.C., McVittie, Fact and Theory in Cosmology, 115, 1961.



