THE CONTINUOUS SPECTRA OF RADIO SOURCES

WITH PARTICULAR REFERENCE T0

NON-THERMAL GALACTIC SOURCES

Thesgis by

Danlel B. Harris

In Partial Fulfilliment of the Reguirements

For the Degree of
&

Doctor of Philosophy

California Institute of Technology

Pasadena, Californis

1961



Acknowledgnments

The observations on which this paper are based were

£
frho

made at the Owensg Valley Radio Observatory of the California

ot
e

Institute of Technology, which is supported by the U. 8.

Office of Naval Research under Contract Noar 220(19). It is
a pleasure to thank our former director; J. G. Belton, for
his guidance; G. J. Stanley, acting director, who was re-
sponsivle for the receiver and who ceritliecally read this
manusaeript; J. A. Roberts and K. I. Kellermann, who collabo-
rated on Part I: and the staff and graduate students who
helped in obtalining the observations.

A large section of the present work would have been Iim-
possible without & uanuscript of the Manchester work on the
Cygnus Loop, for which I am deeply indebted to D. Mathewson.
I wauldhalsa llke to express my thanks to G. Westerhout, who
kindly sent me flux densitles of several sources at 40O Me.
The last section draws extensively on two recent papers by
I. 8. Shklovsky, and I would like to thank the Consultants
Bureau, Inc. for making translaetions of these papers avalls-
ble to me in sdvance of publication.

Several other individuals have been very helpful In the
courge of this work. In pardicuvlar, I would like to thank
Re. Minkowski for hisg pertinent suggestions and his generosity
in putting plates at my disposal.

The Institute provided financlal assistance in the form

of tultion scholarships.



Abstract

960 Mc observations of over LOO sources are reported in
two parts. Part I contalns position and intensity measure-
ments of 106 sources (chiefly taken from the recent Cambridge
surveys), and the results of 376 intensity measurements of
gsources previously observed at Bydney. Specitral indices are
derived from the intensity measurements and the previous in-
vestigator's observations. The resulting spectral index dis-
tribution has a median value of -0.65 £ 0.10 and & dispersion
such that 75% of the values lie within 0.25 of the median.
Galactic sources show a larger dispersion of spectral index
than do the sources assumed to be external galaxies.

Part II is based on 960 Mc observations of extended
galactic nebulae, usually identified with supernova remnants.
Contour diagrams of antenna temperature are presented for
four of the larger objects. A detailed study of the Cygnus
Loop shows that the radioc emission is chiefly non-thermal,
with a spectral index of -0.1 + 0.1. An attempt to detect
linear polarization places an upper limit of 30% for selected
regions of the Cygnus Loop. Spectral indices ranging from
-0.8 to +0.5 aré derived for 12 other sources. Calculations
show that the oceurrence of optlcal synchrotron radistion is
not ruled out by existing observations. An empirical rela-
tion between spectral index and physical size of supernova
remnants suggests that the energy spectrum of relativistice
particles flattens with age. A possible mechanism for this

behavior is considered.



Part Title

Introduction

bl
22
o
o

et
fods

istical Study of Radio Spectra
A. Introduction
B. Radio Source Measurements at 960 Mc/s
¢. Observations of Southern Sources
1. Description
2. Spectral Index Distribution
3. Comparison with the HNorthern Sources
L. Remarks
If. Supernova Remnants
A, Introduction
B. Cygnus Loop Detail

1. Intensity Meassurements

2. Spectrum of the Cygnus Loop
3, The Process Responsible for the Radio

Emissgion

]

g, Free-Free Traunsitions

b. Synchrotron Emissicn and Polarization
of the Cygpus Loop

C. Freguency Dependence of the Radic Emission

1. Bpectral Indices

2, The Possible Existence of a High Frequency

]

Gutoff to the Non-Thermal Radio Spectrus

¥

D. Space Distribution of the Radlation

g
i
G
3

E:

“Ji

3%

Lad Ll Lad f e o
L n o o = St

LA

LAk

';?»?
%

L8

A4
LA}

hS )
oo



1. Comparison of Radio and Optical Ewmission
2, Shell Structure
. Time Varistion of QObservable Parsmeters
1. Empirical Specitral Index Variation
a. Diameter Determinsgtion
. Shkloveky's Distance Delermination
¢. Surface Intensity
d. Bemarks
¢, Predictions
2. Physical Implications of the Time Varia-
tion of Spectral Index
a. Space Beparation of Parvicles
b. Change of Energy Loss Mechanism
3. Fubure Lineg of Investigation
2. Very Young Remnants
. Kepler'®s agnd Tycho's Supernocva Remnants
c¢. Association of Bupernovs with Early-
Type Stars
4, The Varilation of Spectral Index
Appendices
I. Calculation of Expected Free-Free Radio Emission from
Optical Observations
IT. Description of the Cygnus Loop Polarization Experiment
IITI. Physical Parameters of the Supernova Remnants
Iv. nhtour Maps of Antenng Temperabture and Photographs
of Remnants
References

"3.
59
61
61

<o

ol

é.n-_J)

o
g1

2

o

¥
H

o

O
-3



Introduction

In 1958 %the nature of the larger part of the discrete
radio sources was still unknown., In an effort to help re-
golve this problem, the Owens Valley Radio Observatory was
deslgned to accurately measure the posltions of known radilo
sourcesg. Thus, the primary Jjob of the observatory has been
to obtain a positional accuracy such as to allow little or
ne ambiguldty in the identificationes of radioc socources with
optical oblects. Part I of this thesis represents the first
approach toe this provlen.

In its conception, this work was planned to measure
positions with a gingle dish in preparation for the more ac-
curate Iinterferometer work which ls now in progress. How-
ever, intensity messurements of all the sources ocbserved be-
came readily available from the position records and since
most of the sources were btaken from low frequency catalogues,
specitral indices were derived.

A study of spectra provides a method of determining the
nature of radioc socurces. The spectral index is & fundamental
physical parameter of scurces and, in addition to alding in
identification work, it provides Information about the pro-
cess of emission. B@@éuse of the imporitance of this Ltype of
data, and because the position measurements reported here
have already been used in the interferometer observations,
this thesis 1s oriented toward the study of radio spectra.

Since the present work is one of the first extensive
lists of high frequency intensities for sources already ob-

served at low freguencles, we are in & position to obtain
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spectra for a large number of objects. The sssumptlon of a
constant spechbral index for each source is still made. This
restriction must be abandoned eventually, but it is pertinent
to the present study where most of the sypectra depend on in-
tensity measurements at only twoe freguenciles.

Part T contains the resulits of observations of 80 sources
listed by the Cambridge group (Bdge et al, 1959 and Elsmore
et al, 1959), and several hundred sources previocusly observed
gt Sydney (Mills, Slee and Hill, 1958, 1960). The study of
fambridge sources is reported in a paper by Harrls and
Roberts and is included in its entirety. As no position
measurements were attenpited for the Sydney sources, only
gstatistlical information is presented on their spectra.

It is ghown that the spectral index distribution for
E@ureeéyaway from the galactic plane has a fairly narrow
width, and that 75% of the sources lie within 0.25 of the
median value. The galactic sources show & much wider dis-

tribution. If the spectral index is to be a useful parame-

fbar

ter in distinguishing objects of different types, the range
of values Tound must be significantly lasrger than bthe errors
in measurement. The galactic socurces exhibit such & disper-
sion of spectral index, and & nmeaningful interpretaticn of
the spectra of these objects seems feasible. Part II is an
attempt to make such an interpretation and, in particular,
is 8 study of so called supernova remnants. Thesze objects

are generally defined gs all extended galactic radioc sources

that are not H II regions. The emission process of H II re-
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8 falrly well understood and the observations availa-

o

gion
ble tend to corroborate predictions on the nature of the

gsion. Thug H II regions are omitted from the present

(73]

eml
gtudy, and the more Iinteresting, non-thermal galactic sources
are the objects studied. It 1lg hoped that 1if progress is
made in the study of the emission process of this class of
radio source, it will help clarify the non-thermal nmecha-
nisms of radio sources in generasl. If the causes regponsible
for the large spread of spectral indices in supernova rem-
nants are lsolated, then we may galn knowledge of the exter-

nal sources which do not exhibit such a large dispersion.



Part T - Statietical Study of Radio Spectra

e

When accurate knowledge is unavallable for individual
objects, 1t is sometimes worthwhile toc treat a large col-
lection of data statistlically fto learn somebthing of the
nature of the class of objects, rather than of the indivi-
dual objects themselves. Moreover, when we learn the nature
of the inherent distributiocn of a physical gquantity, we can
then interpret departures from the distridbution.

This approach has been used lun studying the specitra of
radio sources. The sccuracy of measuring spechtral indices
hag reached the point where lndividual values are meaningful,
and therefore it is iuportant to know the inherent width and
median value of the specitral index distributicon. Part I at-
tempts 4o sunswer this problem. Intensity measurements and
their corresponding spectral impllications are reported in
two sectiouns. First, northern scurces arve congldered in s
study of objects taken chiefly frem the third Canmbridge
survey (Edge et al, 1959}, and then intensities of southern
gourceg are compared with the survey of Mills, Blee and Hill
(1958}, The results are mutually comnsistent, but disagree

with the work of Whitfield (1957).
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I. INTRODUCTION

The major surveys of radio sources made at meter wave-
lengths have shown a disquieting lack of agreement,’ and an
independent study of these sources using as simple an antenna
as possible seems to be desirable. As a partial step in this direc-
tion, we report here a study of 106 radio sources made with one
of the equatorially mounted 90-foot paraboloids of the Owens
Valley Radio Observatory. This investigation was made at a
{requency of 960 Mc/s.

The primary result of the study is a reliable catalogue of
sources that will be used as a “finding list” for precise position
measurements currently being undertaken with the two antennas
operating as an interferometer. In addition, however, the results
provide valuable information on the spectra of the sources, and
have also been used in a search for optical counterparts to the
sources.

Ninety of the objects observed were taken from the Third
Cambridge Survey (3C),? which was kindly made available to
us prior to its publication. The remaining 16 objects in the pres-
ent list were either taken from other catalogues or were discov-
ered in the course of the present investigation.

The equipment is briefly described in Section II, and in Sec-
tions TIT and TV the methods of determining the positions and
intensities of the sources are outlined. In Section V suggested
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optical identifications are discussed, while Section VI is devoted
to a consideration of the spectra of the sources. The positions,
intensities, spectral indices, and other pertinent data for the 106
sources are collected in Table I, which will be found at the end
of the article {p. 248).

II. EQUIPMENT

The 90-foot parabolic reflector was fed by a waveguide horn
giving a tapered illumination that fell to approximately 109 at
the edges of the reflector. The resulting main beam was nearly
circular and 0?8 wide between half-power points, while the first
sidelobe was approximately 1% of the main beam.

The receiver was of the comparison type, switching at 400 cps
between the horn and a reference load. Initially this reference was
a second horn mounted near the focus but directed away from
the reflector. Later a resistor immersed in liquid nitrogen was
used. This latter arrangement was less sensitive to external
interference and less affected by variation in ground radiation
as the antenna was moved.

The rf switch was of the quarter-wave variety and used
gold-bonded germanium diodes as the switching elements. Spe-
cial impedance-transforming sections were included between both
the switch and the crystal mixer, and the mixer and the first i.1.
amplifier, to insure optimum signal-to-noise conditions. The
switch, mixer, and 1.{. amplifier were mounted together in a box
immediately behind the horn. The rest of the receiver was located
inside the base tower of the antenna.

No image rejection was employed, so that both sidebands were
utilized. The intermediate frequency was initially 30 Mc/s, but
was later reduced to 10 Mc/s. In each case the bandpass was
approximately 8 Mc/s wide, and the output time constant used
was from 1 to 20 sec. The noise temperature of the receiver, as
measured with a discharge tube noise generator, was approxi-
mately 300° K when the intermediate frequency was 30 Mc/s,
and 200° K when the intermediate {requency was 10 Mc/s. The
combination of the rf switch and interconnecting cables added
approximately 90° K to the system temperature.
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III. POSITION MEASUREMENTS

The apparent right ascension of a source was measured from
a drift curve made with the antenna stationary and set on the 3C
declination. From this record we determined the right ascension
of a point midway between positions on either side of the source
maximum and having equal amplitudes above a straight baseline
of best fit (Figure 1c). Several such determinations were made
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Fic. 1.—(a), Form of records used for position measurements. A drift
curve is followed by two records made with the antenna tracking the source
while being driven north and south at a rate of 1° in four minutes. (b),
Examples of records used for intensity measurements showing the signal
to noise ratio. The source intensity relative to M 87 is shown in the figure.
The time constant was 20° in all cases. (c¢), Method of analyzing the rec-
ords for source position.

using points of different amplitude, and the mean of these was
taken as the right ascension of the source. A reading error was
assessed from the scatter of the individual determinations and
was chosen so as to include approximately three-quarters of the
points.
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The declination was derived in a similar way from records
made with the antenna tracking the correct right ascension while
being driven in declination (both north and south) at a rate of
1° in four minutes.

The observed positions were corrected for refraction, preces-
sion, and errors in the telescope dials. These dial errors were de-
termined each night by observing at least four of the five standard
sources: the Crab Nebula, the Orion Nebula, M 87, Cygnus A
and Cassiopeia A. These were chosen as position calibrators be-
cause of their strength, known optical position, and distribution
over the sky. The dial errors for both right ascension and declina-
tion were found to be slow functions of declination; the right-
ascension error varied by a total of ~15% and the declination
error by ~5” over the 65° range of declination covered by the
calibrators.

The error assigned to a position cbservation was assessed as
the sum of the reading error referred to above and an error due
to the uncertainty of interpolation in the dial correction curves.
Sources south of & = —10° suffer {rom an additional uncertainty
due to the lack of calibrators, and the estimates of error for these
sources have been increased accordingly. Usually two or three
observations were obtained for each source, and the quoted error
is estimated from the individual errors and the extent of agree-
ment among the observations. It is felt that the probability of
finding a source within the quoted error limit is about 80%.

IV. INTENSITY MEASUREMENTS

Intensities were measured by setting the antenna at the declina-
tion of the source and about 12™ ahead in right ascension and
noting the deflection of the output recorder as the source drifted
through the antenna beam. For most of the sources the declina-
tion used was determined from the observations described in
Section ITI. However, for a number of the weaker sources, posi-
tion measurements were not made and the Cambridge declination
was used. Figure 15 shows examples of the drift curves from
which the intensity measurements were made.

All source intensities were measured relative to M 87 .(Vir-
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go A), which is one of the standard sources recommended by
the I.AU. and which was available during the night for the
larger part of the program. During that part of the year when
M 87 was not available at night, secondary calibrators, Cygnus A
and the Crab Nebula, were used. Absoclute measurements were
not attempted and where flux densities are quoted in this paper
they are based on an assumed value for M 87 of 300 X 10-%
watts m™(c/s)™t. This value was derived {rom published spec-
tral data.** Other estimates of the flux from M 87 were made
from the measured ratio to Cassiopeia A and its published spec-
trum, from the measured ratio to the moon, assumed to be at a
temperature of 250° K, and from an estimate of the receiver noise
and antenna efficiency. These methods all gave figures consistent
with the above value. Flux densities are included in Table I
on the basis of this figure, but it should be borne in mind that
the intensity relative to M 87 is our observed quantity.

The intensity ratios given in Table I are average values
from several observations and the quoted errors are estimated
such that about three-quarters of the individual values lie within
the limits of error. Thus, these errors are a measure of internal
consistency and do not encompass systematic errors. One possible
cause of systematic error is the use of a wrong declination for
sources whose position we did not measure.

For all but the strongest sources the deflection of the output
meter was proportional to the input power. However, for Cassi-
opeia A, Cygnus A, and the Crab Nebula the antenna temperatures
were comparable with the receiver temperature so that departures
of the detector characteristic from a square law became important.
Correction factors for these sources were determined by measur-
ing the detector law with a variable-precision attenuator inserted
between the two if. amplifiers. As a check on this method, a
further series of observations of these sources was made with a
fixed attenuator inserted between the horn and the 1 switch,
and with the nitrogen load replaced by a reference at ambient
temperature. This arrangement increased the receiver tempera-
ture and reduced the effective antenna temperatures of these
sources to such an extent that the detector law was unimportant.
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The final intensity ratios for the strongest sources are weighted
means of all the observations and are believed to be accurate

to 5%.
V. OPTICAL FIELDS

The plates of the National Geographic Society—Palomar Ob-
servatory Sky Survey were examined in a search for optical
counterparts to the sources listed in Table I. For this purpose use
was made of all available data on the radio sources, including pre-
liminary measurements with the two 90-foot antennas operating
as an interferometer, Details of this work, which is still continu-
ing, will be published later. We have included in Table T an indi-
cation of the nature of the optical field in the neighborhood of
the source, and in the cases of possible identification some details
are given in the notes to Table .

The nature of the optical field near each source is indicated
in Table I by the Roman numerals T to IV in the final column.
These symbols have the following significance:

I. A prominent or isolated extragalactic object near the
radio position (possible identification).

ITa. Several bright objects within the limits of error: a more
accurate position (=#0!5) could lead to an identification.

IIb. Several bright objects so close together that positional
accuracy better than 05 would be required to make an
identification.

ITI. Only faint objects near the position.
IV. Heavy absorption in the region; no galaxies visible.

Many of the class I objects have been discussed previously
by Minkowski™® or by Dewhirst,®27

VI. SPECTRA

By comparing the source intensities measured in the present
investigation with those reported in the Cambridge surveys at
159 or 178 Mc/s,* ™ we obtained special information for the 90

* We wish to thank Drs. Elsmore, Ryle, and Leslie for communicating
their results to us in advance of publication.
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sources common to the two programs. The data were fitted to an
assumed spectrum of the form

flux density « (frequency)?,

where x 1s termed the spectral index. As the present intensities
were measured relative to M 87, the spectral indices quoted in
Table | are those relative to M 87, i.e., they are & — xys7. The
spectral index of M 87 itself has been given as —0.74 by Whit-
field,® and the 3C and Elsmore ef al. values for the flux of M 87,
taken in conjunction with our adopted 960 Mc/s value, yield in-
dices of —0.72 and —0.70, respectively.

The distribution of the 90 values of the relative spectral index
is shown in Figure Za. There is seen to be a close clustering about
the median value of -+0.1 (a spectrum slightly flatter than that of
M 87). About 109 of the values form a tail on the positive side,
corresponding to spectra that are flatter than that of M 87, or in-
crease with frequency.

At the other extreme, the steepest spectrum measured had an
index relative to M 87 of —0.5, or an absolute spectral index of
~—1.2. This is contrary to the conclusions of Whitfield, who
found that 25% of the sources he studied had spectral indices
steeper than —1.2 and that a few were as extreme as —1.8.2 All
but one of these sources are included in the present study. Pro-
vided only that the source spectra follow approximately a power
law, it seems that the present indices, based on intensities at two
widely spaced frequencies, will be subject to considerably less
error than those derived by Whitfield, which often were based on
intensities at a few closely spaced frequencies. For this reason we
believe that the distribution of spectral indices shown in Figure 2a
approaches the true distribution more closely than the distribution
given by Whitfield.

The question then arises : How nearly does the present histo-
gram approximate the true distribution and to what extent is it
broadened by errors in the observations? In Figure 2o, 75% of
the spectral indices lie within ==0.25 of the median value. From
the errors assigned to the two sets of observations one would ex-
pect a spread in which 75% of the spectral indices lay within
#0.15 of their true value. This is sufficiently less than the ob-
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Fre. 2—Histograms of relative spectral index (#—awmw). (a), The
90 sources common to this paper and the recent Cambridge lists>" (b),
The 5 well-known extragalactic sources, together with 11 probable identi-
fications of galaxies (the Class I objects in Table I). (c), Galactic objects
for comparison with (b). These sources include all objects in (@) that have
b<{10° and a diameter (Cambridge value) of 3’ or more, together with
Kepler’s supernova.

served spread to suggest that the errors do not broaden the ob-
served distribution very markedly. This point was further tested
by subdividing the data according to the magnitude of the errors
in the flux measurements. For each of these subgroups the spread
of the distribution obtained was substantially the same, again
implying that the errors do not make a major contribution to the
width of the observed distribution.

Ina search for systematic differences in spectral index between
different classes of objects, similar histograms were constructed
with the sources grouped according to (1) intensity, (2) diameter
(Cambridge data), and (3) galactic latitude. Although the group-
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ing according to intensity suggests that the weaker sources may
have slightly steeper spectra, the only grouping that yields a sig-
nificant difference is the division into galactic and extragalactic
objects. This separation is shown in the histograms of Figures 2b
and Zc. Although the number of sources is too small for quanti-
tative conclusions, the figures certainly suggest that the spectral
indices of galactic objects are scattered over a much wider range
than those of extragalactic objects. Thus all of the extragalactic
spectral indices, except for 3C 270, lie within =0.35 of the index
for M 87, and if the intensity given by Mills et al.® is used for
3C 270, its index also falls within this range.*

Those sources in Figure 2¢ having extreme spectral indices
were studied in more detail. Of the eleven sources with relative
spectral indices > +0.45 (“flatter” spectra), four are identified
galactic sources whose spectrum is well established (the Orion
Nebula, the Rosette Nebula, the Crab Nebula, and IC 443). For
the other seven sources alternative indices were computed by using
the present 960 Mc/s intensities in conjunction with either the
81.5 Mc/s intensities of the 2C survey,? the 85 Mc/s intensities of
Mills et al.,® or the 169 Mc/s intensities of Boischot.?® In most
cases, these alternative values were < +0.45, suggesting that the
measurements are confused in some way. However for 3C 58 and
3C 398 even the alternative values are > +0.6. As both of these
sources lie close to the galactic plane and have diameters of sev-
eral minutes of arc, they are very probably galactic objects.

Of the five sources with excessively steep spectra (relative
index < —0.25), only for 3C 28 do the alternative values con-
firm the index (—0.4). However, in this case the 960 Mc/s in-
tensity may be too low as the position of this source was not
measured in the present program.

VII. CONCLUSIONS
This study has demonstrated the general reliability of the
Third Cambridge Catalogue, and indirectly confirmed the (rela-
tive) intensities of that catalogue by the narrow range of spectral

* Preliminary Caltech diameter measurements suggest that the 3C in-
tensity may be low because of partial resolution of the source.
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indices deduced in Section VI. Only one 3C source (3C 442) was
not found, although for 3C.382 and 3C 384 a single source was
found at an intermediate position (an alternative suggested in the
3C catalogue). 3C 442 was later found one lobe north of the quoted
3C position. A detailed comparison of the positions reveals that
of the 69 sources from the 3C catalogue whose positions were
measured in the present program, only 46 (67%) agree within
the sum of the errors. Most of the disagreements are in right
ascension only. FFor about half of these cases of disagreement, the
positions have also been measured by either Elsmore et al.” or
Mills ef al.® Their measurements did not consistently agree with
either the 3C values or the present observations. The present
study, in conjunction with the Cambridge survey, has also shown
that the spectral indices of the majority of the sources lie within
a surprisingly small range. The median index is approximately
—0.6, and 809 of the values lie between —0.3 and —0.9 (Sec-
tion VI). This result has an important bearing on theories of the
generation of nonthermal radio emission. Under fairly general
conditions for the synchrotron theory, it implies that the distri-
bution of electron energies must be similar in all of the sources.

The classification of the optical fields given in Table I pro-
vides a useful indication of the sources for which more accurate
position measurements are most likely to prove fruitful (classes I
and II). Our examination of the 48-inch Schmidt plates supports
the idea that extragalactic radio sources tend to be associated with
elliptical galaxies, and particularly with double and multiple sys-
tems.'

This investigation formed part of the program of the Owens
Valley Radio Observatory and was carried out under U.S. Office
of Naval Research contract Nonr-220(19). We are grateful to
Professor J. G. Bolton for his guidance and encouragement in
this work; to Mr. G. J. Stanley, who was responsible for the
receiving equipment; to Mr. B. G. Clark for his help in examin-
ing the Schmidt plates; and to our several colleagues for their
assistance in the observational program.
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TABLE I
960 Mc/s Source List A
Source Right Ascension Declination
Pre- Pre-
No. Name (1950) A cession (1950) A cession
1 N.P.C. 00%02m35% +30° +3%14 +72°0415+ 4" +0133
2 SN 1572 0022 45.7=3 +3.34 +63 51.4£ 1 +0.33
3 3C 15 0034 24 =+10 43.07 —01 20 =4 +0.33
4 3C 17 0035 40 =8 +3.06 —02 23 +4 +0.33
5 3C 20 0039 56 16 +3.37 +51 47 =2 +0.33
6 NGC 281 0050 05 =12 +3.43 +56 20.4+ 1.5 +0.33
7 3C 27 0053 20 =15 +3.85 +68 00 =+ 3 +0.33
8 3C 28 (00 53 09.9+ 1) +3.22 (+26 08.8=1) +40.33
9 3C 32 0105 47 £10 +2.96 —16 19.8+t 2* 40.32
10 3C 33 0106 21 =5 +3.16 +1306 =3 +0.32
11 3C. 38 0118 05 x12 -+2.95 ~1544 =6 +0.32
12 3C 40 012320 x4 -+3.06 —01 37.7+ 2 +0.31
13 3C 41 012422 =6 +3.38 +32 55 *+ 4 +0.31
14 3C 47 0133 45 =6 +3.22 420 47 £ 5 +0.31
15 3C 48 0134 45 =8 +3.42 +32 54.6= 1.5 +0.31
16 3C 58 0201 45 =5 +4.50 +64 35.8% 1.5 +40.29
17 3C 63 0218 07 =*=10 +3.05 —0212 £6 -+0.28
18 3C 66 0219 49 =4 +3.78 +42 45 *+ 3 +0.27
19 3C 75 0254 55 =6 +3.16 +05 53 =3 +0.24
20 3C 79 0307 07 =8 +3.37 +16 54 += 2 +0.23
21 N.P.C. 0316 22 *15 +3.28 +16 18.5% 4 +0.23
22 NGC 1275 0316 27 = 6* +3.96 +41 21.3%= 1.5% 40.22
23 Fornax A 0320 25 =15 +2.30 —37 21.5+ 4 +0.22
24 3C 86 0323 05 =*=15 44.56 ~+55 06.8+ 2 +0.21
25 3C 89 0331 26 10 43.05 —01 25 =+10 +0.20
26 N.P.C. 03 36 54 =50% +3.07 —01 55 £ 8%  +0.19
27 3C 98 0356 00 =10 +3.35 +10 19.7+ 2 +0.17
28 3C 103 04 04 39 £10 +4.18 +42 51.3= 2.5 +40.16
29 3C 109 0411 00 =£15 +3.31 +11 07 = 4 +0.15
30 3C 111 041506 =8 +4.01 -+37 53.3%= 1 +0.15
31 3C 123 0433 50 £3 43.78 +29 34.1= 1 +0.12
32 3C 129 04 45 40 =14*% +4.34 +44 56.4%= 4* +0.11
33 HB 9 04 57 30 =30 +4.43 +46 26 * 4 +0.09
34 3C 134 0501 12 =+10* 44.08 +38 00 £ 4% 40.09
35 Pictor A 0518 19 =10 +1.72 —4552 =35 +0.06



24
25
26
27
28
29
30
31
32
33

34
35

RADIO SOURCE MEASUREMENTS AT 960 MC/S

17

Relative

Spectral Index

+0.19=0.08

~0
+0

+0.

+0
—0

+0.
+0.
+0.
+0.
+0.

-0

+0.
+1.
+0.
+0.
+0.
—0.

+0.

+0
+0

+0.
—0.
—0.

+0

+0.

—0

—0.

TABLE I
960 Mc/s SouUrce LisT A
Intensity

[10-2¢ watts

Ratio to M 87 m-2 (c¢/s)-1]
.043 = .005 12.9x 1.5

(25 = .06 (75 = 18)

.19 = .01 57 =+ 3
.017 = .004 51+ 1.2
.034 = 008 10,2+ 2.4
.045 = .005 13.5+ 1.5
.052 = 004 156 1.2
(.039 %= .006) (17.7% 1.8)
.036 = .005 10.8+= 1.5
.008 == 003 2.4+ 0.9
.024 = 005 7.2+ 1.5
.060 =..002 18 == 0.6
028 = 005 8.4 1.5
.027 %= . 006 8.1+ 1.8
.023 = .003 6.9%t 0.9
.021 £ .003 6.3+ 0.9
071 &= .006 21,3k 1.8
111 % .005 33.3% 1.5
.020 &= .003 6.0 0.9
.043 = .003 12.9% 0.9
.025 == .002 7.5+ 0.6
.023 == .002 6.9+ 0.6
.030 =+ 003 9.0+ 0.9
071 == .007 21.3x= 2.1

41 == .02 123 == 6

(.30 =.04 (150 = 12)
.040 = 603 12 = 0.9
.021 = .003 6.3 0.9
.012 = 004 3.6 1.2
.047 == 004 141+ 1.2
.022 = .002 6.6 0.6
.017 = 003 5.1+ 0.9
.068 == 005 2004+ 1.5
215 = .006 64.5+ 1.8
.031 %= .004 9.3+ 1.2
.075 %= 015 22,5+ 4.5

(.53 =.10) (160 = 30)
050 = .004 15,0 1.2

.280 = .020 84 £ 6

.06 +0.
.32 =0.
13+0.

.33 0.

18
26
11

17

45+0.22

16 = 0.
110
19 = 0.
070
59 £0.
.07 =0,
280,
24%+0.
100,
30 +0.
02=*0.
09 =% 0.

.25+0.
.09 =0,

1040,
18 % 0.
03 =0.
08 =0
10+0
02 0.

16 = 0.

06 = 0.

19

.07

17

.20

17
16
10
15
13
14
10
10

11
10
18
10

10
16

.09
.07

12

16
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TABLE I (Continued)

Source Right Ascension Declination
Pre- Pre-
No. Name (1950) A cession (1950) A cession
36 Crab Nebula  05"31™30¢ +3516  +21°59'3 +0:04
37 Orion Nebula 05 32 49 +2.94 —05 25.3 +0.04
38 S 147 05 36 +3.78 +28 +0.03
39 3C 147 0538 44 = 6° +4.65 +49 47 =3  +0.03
40 3C 154 06 10 23 =£20* +3.72 +26 03 = 7%  —0.01
41 IC 443 0614 16 =+ 6* +3.64 +22 36.4% 3+ —0.02
42 3C 161 0624 37 +10 +2.93 —05 51.4+ 2 -0.04
43 Rosctte Nebula 06 29 24 =10 +3.19 404 53 *£ 3 ~-0.04
44 3C 171 06 51 10 =15 +44.87 454 12.4% 2 —0.07
45 3C 196 0810 02 *£12 +4.34 +48 23 * 4 —0.18
46 Puppis A 0821 20 =*15 +2.06 —42 52 = 4 ~0.19
47 Hydra A 0915 43 £2 -2.89 —11 52.4%= 1 —0.25
48 3C 227 09 44 59 =+ 8% -3.17 +07 39 =6 —0.28
49 3C 234 09 58 26 =+10* +3.45 +29 02.4%= 4% —0.29
50 3C 237 (10 05 21.9% 1.5)+3.16 (407 43.8t2) —0.29
51 3C 264 (1142 34 £6) +3.11 (#2000 =9) —0.33
52 3C 270 1216 499 =5 +3.06 +06 06 = 3 —0.33
53 3C 273 1226 40 =6 +3.07 +02 20 =2 —0.33
54 M 87 1228 18 +3.04 +12 40.1 -0.33
55 3C 278 (1252 00 +=6) +3.14 (~1225 *=46) —0.33
56 3C 279 (1253 37 =3) -+3.10 (0541 =7) —0.33
57 3C 280 (12 54 41.9% 0.5)+42.73 (+47 35.3= 1) —0.33
58 3C 283 1308 50 =18 -3.24 —22 11 =5 —0.32
59 NGC 5128 (1322 28) +3.51  (—42 45.6) —0.31
60 3C 286 (13 28 49.7+ 1.5)4+2.77  (+30 45.6= 1.5) —0.31
61 3C 287 (1329 04 +=3) +2.82 (+2524 *=6) —0.31
62 3C 295 1409 35 =12 42.14 +52 25 £ 3% —0.28
63 3C 298 1416 36 =12* 42.98 +06 46 =+ 4* —0.28
64 3C 310 1502 30 =£12% 42.60 +26 12.5+ 2¢  —0.23
65 3C 313 1508 12 = 9 12,98 +08 03 = 4* —0.23
66 3C 315 1511 29 =+£10* -42.58 +26 21 = 9% —(0.22
67 3C 317 1514 14 =*12 42.95 +07 10 = 3 —0.22
68 3C 318 (1517 52 = 6) +2.69 (+2028 £5 —0.22
69 3C 324 (1547 34 +=5) +42.63 (+2133 =7) —0.18

70 3C 327 1559 57 = 6% +3.03 +02 04.6+ 3* —0.17
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TABLE I (Continued)

Intensity
[10-28 watts Relative Optical
No. Ratio to M 87 m=2 (¢/s)-1] Spectral Index Field
36 3.43 = .15 1030 == 45 +0.51 == 0.08
37 1.20 = .03 360 = 9 +1.88 £ 0.06
38 .043 £ .005 129+ 1.5
(4 =.2) (120 = 60)
39 .097 %= 003 29.1%= 0.9 +0.25 %+ 0.07 v
40 023 = .002 6.9+ 0.6 40.18+9.11 v
41 .43 = .02 129 = 6 +0.54=0.12
(.65 = .08) (195 = 24)
42 .080 = .005 240+ 1.5 +0.14 +0.09 v
43 .350 = .006 105 = 2 +0.57 £0.20
(1.14 = .12) (342 = 36)
44 .020 = .003 6.0 0.9 +0.06 =0.18 11T
45 .070 = 005 0+ 1.5 +0.02x0.09 IIa
46 .34 =+ 02 102 = 6
(44 = .08 (132 = 12)
47 224 = 006 67.2%x 1.8 +0.09 =0.09
48 .034 #= 003 10.2=+= 0.9 +0.07 *=0.10 ITb
49 .024 = 003 7.2+ 0.9 —0.11 =0.12 I1b
50 .018 = 003 54=x 0.9 —0.09=0.14 III
51 .035 += .010 10.5%= 3.0 +0.18 £0.20 IIa
52 .095 == .005 28,5 1.5 +0.93 £0.19 I
53 .167 %= .008 501 2.4 +0.47 = 0.15 111
54 300 0.00£0.08
55 .032 &= 005 9.6+ 1.5 —0.10 = 0.19 I
56 .023 = 004 6.9+ 1.2 +0.11 =0.18 I
57 .023 = .004 6.9*+ 1.2 —-0.02=0.15 111
58 .034 == .005 10.2x= 1.5 +0.02=£0.19 111
59 1.54 = .10 462 =+ 30
(6.7 =*=.5 (2010 =*=150)
60 .065 == .005 19.5% 1.5 +0.62 == 0.09 111
61 .028 = 004 8.4 1.2 40.04 £0.18 11T
62 .102 == .008 30,6 2.4 +0.19 £ 0.10 11T
63 .037 = .005 11.1% 1.5 —0.08 £20.13 III
64 .036 = .006 10.8%+= 1.8 —0.28=0.14 I
65 018 == .003 54% 0.9 —0.32%0.14 IIT
66 .020 = .003 6.0 0.9 —0.10+0.21 I
67 .033 = .003 9.9%x 0.9 —-0.16 =£0.10 ITa
68 .009 %= 003 2.7% 0.9 —-0.20 =0.24 III
69 .021 =+ 005 6.3+ 1.5 +0.12+0.24 111
70 .039 = 007 11.7x= 2.1 ~0.030.14 IIa
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TABLE I (Concluded)

Source Right Ascension Declination
Pre- Pre-
No. Name (1950) A cession (1950) A cession
71 3C 330 16709™05°% £20° 0540 +66°05 + 3 016
72 3C 338 1626 54 =10 +2.06 +39 35.3% 2.5 —0.13
73 3C 343 16 36 56 =14* 40.65 +62 41.7% 2.5 —0.12
74 3C 345 1641 57 =5 +42.02 +39 53.5% 2 —0.11
75 Hercules A 1648 43 =2 2.9 +05 06.4%= 0.5 —0.10
76 3C 353 1717 59 =3 +3.05 —00 55.5= 1.5 —0.06
77 MSH 17-16 (1719 24 =30) +3.52 (~1845 ®=7) —0.06

78 SN 1604 (1727 47 = 5) +3.58 (=21 16 =*£10) —0.05
79 3C 330 1828 17 =8 +1.56  +4841 =2  +0.04
80 N.P.C. 183321 =6 +2.22 +3240.6x1 +0.05
81 3C 386 1836 13 =8 +2.75 +17 05.5= 2  +0.05
82  3C 388 1842 31 =9 +1.74 44528 =3 +0.06
83 3C 392 (1853 35 =5y +3.05 (+0115 =70 +0.07
84  3C 398 (1908 44.4%= 1.5)+2.87 (+09 05 = 4) +0.10
85 3C 401 1940 21 *+20 -40.92 460 33.4%= 3 +0.14
86  3C 402 (1940 23 =7y +1.60 (+5032 =8 +40.14
87  3C 403 1949 38 =16 +3.03 +02 21.7£ 2  +0.15
88 Cygnus A 1957 44.5 +2.08 -+40 35.8 +0.16
89 3C 409 2012 18 £10% -+2.59 42325 = 3* +0.18
90 3C 410 2018 01 =15 +2.45 +29 33.5¢ 1 +0.19
91 HB 21 20 45 +1.85 -+50 30 +0.22
92 3C 424 (2045 43 £ 4) +2.95 (+06 50 *6) +40.22
93 Cygnus Loop 20 50 +2.50 +30 +0.23
94  3C 430 2116 34 =8 +1.52 46036 =1.5 +0.25
95 3C 433 2121 30 %10 +2.68 424 50.3=3  +0.26
9%  3C 436 2142 01 =*10 +2.67 42754 =6  +0.28
97 N.P.C. 2151 37 £ 7% +2.30 446 50 = 3 +0.28
98 3C 438 2153 54 £6 +2.53 37 43.4=2  +0.28

3C 442 (2210 30 =4) +2.95 (+1050 =¢6) +0.30
99 3C 444 2211 33 =8 +3.26 —1713.7=3 +0.29
100 3C 445 222117 #*£12 +3.10 0227 =4  +0.30
101 3C 446 2223 03 X100 +3.13 —05 14.6+ 3  +0.30
102 N.P.C. 2229 53 =6 +2.97 +1128.2£2  +0.31
103 3C 452 2243 33 *10 +2.71 43925 =3 +0.32
104 3C 459 2313 57 £6 +3.05 +03 49 =3 +0.33
105 Cassiopeia A~ 2321 11.4 +2.71 -+58 31.9 +0.33

106 3C 465 2335 53 =8 +3.00 +26 46.3% 3 +0.33
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TABLE I (Concluded)

Intensity

Ratio to M 87

.020 =
.024 ==
035+
028 ==
.245 =
279 =
017 =
(12 =
.065 =
061 =
023+
032% .
033 =
703 =

.005
.004
.003
.004
.020
.006
.006
.08)
.007
.002

002
002

.004
.030
.06
.003
.004
.002
.4
.004
.003
.02
.2)
.003

= .01

+ .15)
.005

= .005

021 =
015 =
.035 &

.002
.002
.002

not detected

045 =
.027 +=
026 =
024 =
.046 =
024 =
10.4 =
.039 =

.002
.004
.003
.002
.003
.002
.5

.003
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+0.15+0.15
—0.37 = 0.14
+0.43 £90.12
+0.70 = 0.15
—-0.19+0.10
+0.17 %= 0.06

+0.12+0.15
+0.03 £0.07

~+0.17 %= 0.09
+0.28=0.13
+0.29 = 0.08
+0.85%=0.16
+0.15%£0.13
+0.04 = 0.22
+0.23 £ 0.15
—0.09%+9.08
—0.03 =+ 0.08
+0.07 =0.13

+0.22+0.19

—0.50 =0.24
—0.07 £0.11
+0.06 20.13

—0.16 £ 0.09

+0.02£0.12
+0.15%0.13
+0.29 = 0.12

~0.09 = 0.09
+0.02 +=0.14
~0.05*=0.08
+0.08 £0.10
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Notes o TaBLE I

The first column lists a serial number and the second column gives
the source name. The sources are usually designated by the 3C number,
except where a more common term such as the optical name is well
known. Sources not previously catalogued are indicated by “N.P.C.)” ex-
cept for unquestionable identifications such as NGC 281. It is suggested
that N.P.C. sources be referred to as “CTA” followed by the serial number.
“CT” is an abbreviation for “Caltech” and the letter “A” denotes the
first list of radio sources published by this observatory.

The next six columns give the position of the source together with
the estimated errors (A) and the annual precession. An asterisk indicates
that the value is the result of a single observation. Positions in parentheses
are those given by the previous observer and indicate that no measure-
ment of position was made in the present study.

The intensity is tabulated both as a ratio to M 87 and as a flux density
based on a value of 300 X 107 watts m™>(c/s)™ for M 87. For sources of
appreciable size the peak intensity is given first, followed by the integrated
intensity in parentheses.

Next is given the relative spectral index, (¥ —&us), computed from
the Cambridge and Caltech intensities. The final column Iists the optical
field class defined in Section V.

Remarks on individual sources follow. Sources that appear in other
catalogues are indicated by MSH (Mills, Slee, and Hill®), W (Wester-
hout™) or HB (Hanbury Brown and Hazard™).

CTA 1: Faint wisp of emission on Schmidt plate agrees with radio-
intensity distribution. Possibly supernova remnant.

NGC 281: H 11 region.

3C 32: MSH 01-—-12.

3C 33: Tsolated elliptical galaxy.

3C 38: MSH 01-—19.

3C 40: MSH 01— 05. Pair of bright elliptical galaxies NGC 545/547.

3C 58: Spectral index, source size (preliminary Caltech interferometer re-
sult), and galactic latitude (+4°) indicate a galactic source.

3C 63: MSH 02—07.

3C 66: Elliptical galaxy that may have a jet (Minkowski, private com-
munication).

3C 75: MSH 02+ 010. Pair of elliptical galaxies.

CTA 21: Rising background to north.

3C 89: MSH 03 —03.

3C 98: Elliptical galaxy.

3C 123: W 7, TAU 04N3A.

Crab Nebula: Optical position given (calibrator).
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Orion Nebula: Optical position given (calibrator).

S 147: Possible supernova remnant; source No. 74 of Gaze and Shain®

3C 161: MSH 06— 04.

Rosette Nebula: Weak extensions to the north and east agreeing with
optical emission.

3C 227: MSH 09+ 07.

3C 237: MSH 10+ 0L,

3C 264: Preliminary interferometer observations indicate one source near
the 3C position rather than the two sources that Elsmore observed.

3C 270: MSH 12+ 05. Elliptical galaxy NGC 4261.

3C 273: MSH 12+ 08, W 17.

M 87: Optical position given (calibrator).

3C 278: MSH 12— 118. Pair of elliptical galaxies NGC 4782/4783.

3C 279: MSH 12— (20.

NGC 5128: Centaurus A. Optical position given. Intensity based in part
on Bolton and Clark™

3C 298: MSH 14+ 05.

3C 310: Pair of elliptical galaxies.

3C 313: MSH 15+02.

3C 317: MSH 15 05

3C 324: Confused by an extended source approximately 7™ later in right
ascension.

3C 327: MSH 16+ 01

3C 338: Multiple system of elliptical galaxies, NGC 6166.

3C 353: MSH 17—06, W 21.

MSH 17—-16: May be two sources.

CTA 80: Source on intervening declination lobe between 3C 382 and
3C 384.

3C 392: MSH 18-+011, W 44.

3C 398: W49, Spectral index, source size (4 Elsmore et al”), and
galactic latitude (—2°) indicate a galactic source.

3C. 403: MSH 19+ 010.

Cygnus A: Optical position given (calibrator).

3C 424: MSH 20+ 010.

3C 433: Pair of galaxics.

CTA 97: Radio position just south of IC 5146, an H 11 region with a diffuse
blue extension,

3C 444: MSH 22—-17.

3C 445: MSH 22— 109,

3C 459: MSH 23+ 0.

Cassiopeia A : Optical position given (calibrator).
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Obgervations of Southern Sources

Description

In an effort to estimate the 960 Mc reliabllity of the
survey of Mills, Slee and Hill (1958, 1960:; hereafter referred
to as "MSH"), a large fraction of sources listed in their
catalogues down to an 85 Me flux ﬁeﬁsity limit of
15°10”26 Wm“z(e/s)“l have been obsgerved by Kellermann and
Harris (1960). A description of the observations and the
results can be Toupd in that report. OFf interest to the
present work, however, is the spectral information svailable
from the intensity measurenments.

The comparison of MSH-CT intensities differs in many
respects from the 3C0-CT work descrived in the last section.
The ciééumstanc&g which tend to enhance the accuracy of the
MSH-CT comparison are threefold. First, the statistiecs are
improved;‘sin@e several hundred MSH socurces contribute to the
spectral index distribution rather than the ninety 3C socurces
listed in the CTA list. Another advantage of the MSH compari-
son is the longer frequency baseline afforded when computing
spectral indices of MBH sources. Finally, the @@nsitivity of
our receiver has been Signifi@anﬁly inmproved over earlier
observations and the collecting area has been doubled by
uging the interferometer,

On the other hand, the interferometer (18' lobe spacing)

introduces a systematic error by resclving the larger sources.
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A further systematic error will lower the 960 Mc intensity
of sourceg 1if the position guoted by MSB8E is incorrect. Thi
type of error would anct, in most cases, affect the CTA list,
which employed direction finding technigues. Finally, less
time was spent observing each MSH source than was the case
for the CTA sources. Thus, most intensity measurements of
southern scurces depend on a single observation of 3 to 6
interference lobes, while the intensities of northern sources
are usually the averages of several observations on different

dates. The details of these affects are given in the report

of Kellermann and Harris.

Specbtral Index Distribution
Hydra-A was observed as & calibrator each night, except

when 1t crossed the meridian during the day. In the latter

o

case, 3C Lhh (MSH 22-17) was used as & secondary calibrator.
By this method intensities were obltained ass ratios to Hydra-A
rather than as absolute flux densities. The results of the
observations for 376 non-galactie scources which were not

clagsified by MSH as "extended" or "possibly extended” are

frode

given in figure 3. In this type of presenitation, we plot the
log of the 960 Mc intensity ratioc to Hydra-A as the ordinate

while the abscissa is the log of the 85 Mc intensity ratio to
Hydra-A. Thus the U45° line through Hydra-4 will be the locus
of points with relative spectral index equal to zero, while

the relative spectral index for all obther points is iummedigte-

ly apparent as proportlional to the distance from the point to
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this line., 8Bteeper spectras Tall below the line and flatter
spectras fall above it.

It is apparent from figure 3 that the average spectrun
of the weakest source is somevhat steeper than that of the
stronger sources. Although it might be tempting to ascribve
this to some inherent charscteristic of wesk sources, it is
more Likely that this change of spectral index is due to in-

ereasingly larger position errors for wesker sources. Over

o

the range of intenslities of figure 3, the mean spectral index
gshifts from sbout +0.10 to ~0.10% ioggg an lontensity change
of 1.0 %o 0.6. If this were to be accounted for entirely by
inaccuracy in ﬁhe guoted B85 Mc positions, our antennas would
have to be aimed, on the average, about 20! off the source
for the weakest objects. Alternatively, 1f the interferome-
ter were resolving some of the sources, this would tend to
have a simlilar steepening effect on the spectra. Hesolution
at the 200-foot spacing will reduce a 5° diameter gaussian
source to 75% and a 10! source to 33% of its true intensity.

However, one would not expect the effects of resolution %o

increase for the weaker (presumably smaller) sources.

Comparicson with the Northern Sources
The medlan spectral index for all the MSH sources con-
gsidered here 1is -0.07 and ?5% of the sources lie within 0.3

of this median (i.e. between a relative spectral index of

by
[N

~-0.38 and +0.22). This characteristic spread of £0.3 in the

spectral index distribubtion is not sgignificantly different



from that observed in the Cambridge-Caltech comparison
(£0.25). Figure 4 presents the 3C-0T data for comparison
with figure 3.

The relation of the median spectral index of the iwo
distributions depends on a reliable spectrum of Hydra-4
relative to M87. From the CTA list, the gpectral index of
Hydra-A is +0.09 relative to MBT (whieh gives Xﬁydranﬁz°®“6§
if xﬁg?xuO.TE)@ & direct comparison of the flux density at

85 Mc and 960 Me yields Xpygqpg.p=-0.96. Goldstein (1960)

dra
quotes a value of -1.02 when he compares his 1420 Me Harvard
observations with the MSH intensity of Hydra-A. Whitfield

(1957) quotes -1.0. In view of these discrepancieg, we have

plotted 1n Ffigure 5 cbservations of Hydra-A at several fre-

quencies where ratics to MB7 are available. TFrom figure

put)

the spectral index relastive to MB87 is 0.0 4 O.1l. Thus, 1if
Xayvdra-A“E¥MBT the median value of the spectral index distri-
bution for the more intense MSH sources agrees with the median
value of the 3C sources. This ig counsistent with the inter-
pretation of position errors tending to produce apparently
steeper spectra for the weaker sources. The interferometer
observations have thus extended our kunowledge of the spectral
index distribution to nmany more sources than conbributed to
the CTA list.
Remarks
Under the assumpbions of synchrotron emission and an ex-

ponential energy distribuition of the relativistic particles
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responsible for the observed radiation, bthe exponent of this
dietribution can be Ffound from the observed spectral index.
This procedure will be described in Part II, but it is
interesting to note that the median spectral index of -0.65 %
0.10 found above corresponds to a particle distribution of
the form, N=const. E“Q*Eigsg {where B is %the energy of the
particle and ¥ 1is the number of particles with energy between
E and B+dE). The value of the exponent, -2.3, is close to
that of the cosmic ray distribution, -1.9 to -2.2 (Ginzhurg,
1958). Implications of thils similarity have been discussed
by asuthors such as Gold and Hoyle (1959), and Ginzburg (1959),
and may eventually lead to an understanding of the high lumi-
nosgity redio galaxies and thelr relation to normal galaxies
such as our own. If the same process is responsgible for the
emission of most externsl sources, the varistions in ensrgy
distributions of the relativistic elecitrons may reflect dif-
ferent stages, or differences of initial conditions, 0£ any

guch process.



Part IT -~ Superncova Remnants

Ae Introduction

This part of the thesis investigates the radio emis-
sion of 13 non-thermal galactic sources and attempts %o
find relationships among them. Although only 3 of these
radio sources are known to be the remains of supernova
cutbursts, the rest are generally considered to be supernovas
remnants also. Several of them show expaunsion (e.g. the
Cygnus Loop and Cas-A) and almost all of them show some in-
dicatlon of shell structure.

With the exception of the galactic spur (Hanbury Brown
et al, 1960)3 all proposed supsrnova remnants known to us are
listed in Table II. The fact that a relation between the age
and spécﬁral index of 13 of these oblects can be found
{Part II, Section E) enhances the probability that most of
these 13 sources do belong to the same group of physical ob-
jeats.

The smaller supernova remnsnts have besn situdied pre-
viously by many workerg and do not lend themselves to exten-
slve investigation with the present equipment. Therefore,
most of the observational effort has been spent on the iarger
obJjects. The Cygnus Loop is a stronger gource than most other
similar remnants, and has been observed in more detail.
Therefore, it is presented here as a prote-type of the larger
objects and the first section treats the specitruw and emission

rocess of this source. Argunments are given to show that the
&
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Table IT - Proposed Supernova

Object I960 a_ (1950) &
AYObjects studied in the present paper
Cas A 21204150  23021M118  +58032'  Expanding Shell
Pup A 132% 12 08 21 20 45 52 Similar to Cas A
Kep., SN 22¢ 3 17 27 40 m%l 25 S.¥e oObserved
Tye. SN B74+ & GO 22 48 +63 BL S.¥. observed
W44 211 9 18 B3 38 +01 15 Shell:; NT.spece
16443 195 24 06 14 16 +22 36 Similar to C.lL.
Crab W. 1030% 45 05 31 30 +21 59 5.9, observed
HB21 180% 80 20 44 42 +H0 32
Cyge Lo 265¢ 50 20 &0 +30 30 Bxpanding Shell
Vela X 1400% 08 32 48 =45 37 Similar to S147
HB® 160% 30 04 57 30 +48 25
S147 1204 60 05 36 +28
CTa 1 T5% 18 00 02 35 +72 04 Emission Arec
B) Other Radio Sources of similar type.
NGCe888 20 10 BB +38 15 Similar to C.L.
CTB1 56% 0C 00 18 +62 11 Faint ring
CTBL3 2Eb% 04 24 +47 00
W28 240% 17 58 12 =23 22 NeTe Svectrum
Shklovsky's Selection of extended galactic objects.
HB 2 g2 16 +52 3 (1960b)
HB 7 03 23 30 +55 06
BB 8 04 02 +47 30
Vela ¥ 120% 08 43 =43 31
Vela Z 4.0% 08 45 42 ~45 03
Gent B 13 22 48 =59 24
C) Optical Objects:
Minkowski's small objects (1958)
07 12 =13 Peeuliar Double Ring
322 01 27 28 +58 06
07 26 15 +13 21
Van den Bergh's Filaments (1960)
No. 2 05 24 42 BHE Low Density Ring
Ko. 6 18 02 «235 40

# Tndicates CTB Flux Density used. {Wilson and Bolton 1960)

ot

Iggo 1s the Flux Den sity a

as S50 1 %i/s measured in units
of 10~ watts m

1=2( ¢,

[#23
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radio emission of the Cygnus Loop is not primarily due to
free-free transitions in the ionized hydrogen filaments, and
even though the emlssion is probably of & non-thermal
character, the spectrum is considerably flatter than the
average non-thermal spectrum.

Next, the other remnaunts are examined, and the following
two sectlons give the speetrum and sgpace distribubtion of the
emission. The spectrsl indices for the 13 scources studied
range from -0.8 to +0.5, although the positive values are
doubtful due to large errors. Extrapolating these spectra
to optical fregquencles suggests that except for the Crab
Nebula, non-thermal emilission would not necessarily be observa-
ble on the Sky Burvey plates of the 48" Schmidt. Even though
the optical emission is probably not due to the same mechanism
a5 the radio emission, the spatial coincidence nmust be ex-
plained and this ls considered briefly.

Finally, the time variation of the spectral index iz
examined by correlating increasing dlameters and decressing
surface brightness with advancing age. This leads to the con-
clusion that the spectrum flattens with sge. Such a process
reguires changes 1in the energy distribution of the relativig-
tic particles responsible for the radiastion (assuming synchro-

tron radiation), and the last section considers this problem.

B. Cygnus Loop Detaill

Intensity Measuresments

The present observations of the Uygnus Loop consist of



35

about 30 drift curves of 4O minutes each taken at one-half
degree intervals between +27930% and +33930%'., These inten-
slty records, obtained between April and November 1959, were
normalized by & drift curve at 5=30°900% taken each night.
Figure 1k, Appendix IV, shows the resulting Cygnus Looyp con-
tourg of antenna temperature where a linear subbraction for
the galactic background has been made. The galactic correc-
tion was performed on the average drift curves by noting the
slope of the anbtenna temperature as the galaxy left the anten-
na beam before the source waes encountered. The background
was usually less than 20% of the source's peak intensity by
the time the western peak was resched.

Following Mathewson, Large and Haslam (1961}, hereafter
referred to as "MLH", the Loop was divided into three parts:
L, B, and C. The strongest part, A, is in the southwest; B
ig in the nerthwest; and C is in the northeast section, coin-

ciding with NGC 6992-5., Each part was integrated with a

=5

planimeter, thus giving an integreated value of intensity for
the individual sections as well as for the complete source.
The intensity of the total source published by Harris and
RBoberts was based on g preliminary contour diagram and the
value given here supercedes that.

The contour map wmay be considered as a representation
of a 3-dimensional model of the radio energy received from

the sky. In such a model, the antenna temperature determines

the altitude of any poelnt (a,%)g above the reference plane



LA
()

(T,=0°K). The integrated flux density from any source 18

rroportional teo the volume under the continuous surface of

s

antenns tempersture. It is then possible to define a quan-

b

ity which measures the extent to which a source broadens

the antennsa beam:

ST A2 (source)

B -
R [Ty A (Reference Source)

where R 18 the ratioc of the peak intensity of the source to
that of the reference source. The orginal contour map inte-
gration (used in the CTA 1list), gave B=7.54. The Ffinal con-
tour map (figure 14) includes more observations and gives
B=8.95, The "best value®! is taken as B=8.5+1.0.

The value of R (relative to MB87) was determined from
the average of 7 drift curves taken at 5=+30°00°, Combining
this E=0.104£0.008 with B=8.5+£1.0 yields a total integrated
intensity for the Cygnus Loop of 0.88+0.17.

Several observations have been made at other freguencies.
These are presented in Teble III. TFor the purpose of deriving
a spectral Iindex, it is valuable to obbaln intensities as
ratios to standard sources, rather than relying on published
flux densities. The results of this approach will yield the
gpectrum of the Cygnus Loop relative to that of thes stendsrd
source (in this case, M87). This was the method used in
Part I for the spectrum of Hydra-A (figure 5). However, the

data for the Cygnus Loop at other frequencies is not uniform
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(i.e. ratios to MB7 are not always availlable). In order to
congider all the information, we have normalized guoted flux
densities to a given spectrum of MB7 wherever possible, and
otherwigse used flux densities as quoted. So long as the de-
pendence of the derived spectrum on that of the reference
source ig realized, this method is equivalent to plotting
ratios with respect to the standard source (as in figure 5).
Thug the normalizing procedure should not be viewed as &
correction of published flux densities; rather 1t is an at-
tempt to relate all observations to some arbitrary reference
gpectrum.

Two other sources were used as secondary callbrators,
Cas-4 was the source used to normalize Westerhout's 400 Mc
value and 3C 295 was used as & standard by MLE at 158 Mc and

408 Mc. The relevant spectra adopted are as follows:

sygy = 42,000 £-0.72 CTA
Sgag.a = 757,000 £-0.8 Whitfield, 1957
Spgs = 948 £70:3 CTA

where 8 is in units of 10“26 wmmg(afﬁ)”l and £ is 1in Mc.
These spectra are mutually self consistent. (Whitfield's
spectrum of Cas-A gives Sgég(ﬁasné) = 3110 - cf. CTA value
of 3120 - and the CTA gpectrum of 3C 295 gives the same
values quoted by MLH at 408 Mc and 158 Mc.) ‘Therefore, the
spectrum derived for the Cygnus Loop will reflect any errors
in the spectrum of MET7, but should not be very sensitive to

the valuesg used for the other sources.
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Spectrum of the Cygnus Loop

The results of Table III are plotted in figure 6. The
interpretation in terms of spectral index nmust rest on a
subjective cholce of which data to welght most heavily.
Mathewson, Large and Haslam have suggested that Westerhout's
flux density of the Cygnus Loop at 1300 Mc may be low be-
cause of fallure to detect the weaker sections of the scurce.
The same comment may be made of the 915 Me value of Eaton
and Kraus. In addition, however, there is some doubt of the
reliability whiech should be ascribed to the 915 Mc source
list. HBZ21 was not detected by Eaton and Kraus even +though
the CTA peak intensity of this source is twice as great as
that of the Cygnus Loop. Also, Moffet (1960) was unable %o
‘“verify 18 of the 24 sources listed by Eaton and Kraus.

Costain's measurement at 38 Me ewployed a corner reflec-
tor with a 40° beam to half power polints in declination. As
HB21 is only 20° away, and the galaxy is even closer, we feel
his intensity error should be increased by an unknown faebor.

The line drawn in figure 6 has & slope of -0.10. If
the specirum does follow & simple power law as assumed, the
spectral index is xpp = -0.10 £ 0.10. The error quoted for
this value wag estimsted by fitting lines of various slopes
to the data of figure 6. It is felt that the probability of
the spectral index lying between 0.0 and -0.2 is about 60%.
In thig case the error is chiefly determined by the lack of

agreement of the low freguency intensities rather than by the
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errors guoted for the individual measurements.

Mathewson, Large and Haslam divide thelr contour map
into three sourees and compare brightness temperatures at
158 Mc end 408 Me in order to derive spectral indices of
the separate components. Unfortunately, at 158 Mc their
beamwidth is significantly different than at 408 Me, and they
are forced to artificially widen their 408 Me beam to an
equivalent 196 x 2%2.

Fortuitously, our 960 Mec beamwidth is almost identical
to that of MLH at 408 Me. Therefore, it i1s possible to de-
rive a speectral index for each part of the Loop by integra-
ting the three sources separately. The contour map vwasg
divided by 'paths of steepest descent'! (dotted lines on
figure‘l%}e The 408 Mc map was then integrated over the same
boundaries and all three parts were found to conbtribute es-
sentlially the same percentage of the total emission as they
did at 960 Mc. This conclusion is confirmed for Source C by
the estimate of Baldwin émd Leslie (1960) that L0 of the to-
tal 430 [10“96 Wm“@(e,fs}“l] at 178 Mc could be attributed to
the easbtern huwmp in thelr contours; i1.e., NGO 6992-5, or
Source (. This agrees very well with the fractions obtained
gt 408 Mc and 960 Me, although the absence of a secondary
peak {Source C) on Costain'®s 38 Mc record led Baldwin and
Leslie to conclude that the spectral index varlied aeross the
Loop.

Table IV lists the pertinent data. First it compares

the 960 Mec positions with the 408 Me positions for reference.



Table IV -

& (1950)

Integrated
Intensity
{percent of
total)

o .
Freguency

260

408

178

960-408

960-178

+0.03

ooty 6g

20 46,7

+31027°

e
oy
1ot
D
68

W,
o
¢
w
A%

m@@DQ

"
3 &
g ® 37 J0

9.3%

+0. 06

+(0,05



=
Lad

Then the results of the integrations are given. From these
values, spectral indices of A, B, and C are computed relative

to the gpectral index of the entire Looyp.

The Process Responsible for the Radio Emission

Free-Free Transitions. In Part I it was shown that nmost

radio sources have spectral indices of -0.65 £ 0.25. The
notable exceptlions to this rule are the galactic sources
which may have flatbter spectra with indices in the neighbor-
hood of zero. As this 1s the value of spectral index ex-
pected for optically thin H IT reglons, it is often the case
that the oceccurrence of a nearly flat spectrum is classified
"thermal" with the implication that free-free transitions in
ionized hydrogen are the source of the radiation (e.g. Wilson
and Bait@n, 1960,

This line of reasoning has been extended to the Cvgnus
Loop by Mathewson, Large and Haslam (1961), who treat the
spectrum of Source C as the combination of a "thermal®” com-
ponent with x = 0 and & "non-thermal” component with
x = =0.5., This interpretation was encouraged by the observa-
tion of MLH thet the spectral index of the optically bright
region, Source €, wasg flatter than that of the brightest
radic region, Bource A. However, in the light of the results
of figure 6 and the integrations summarized in Table IV, it
seems advisable to reconsider assumpbtions which disregard ithe
occurrence of flat, non-thermal emissiocun.

From an order of nmagnitude count of filaments throughout
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the Cygnus Loop, 1t appears that Source A should have sbout
one~half as much thermal emission ss Source C. However, the
integrations of Table IV show that A contribubtes over six
times more radlio emission than does C. Therefore, even if
Source U were entirely thermal, Source & would be ?@% non -
thermal. Furthermore, it is guite obvious from figure T that
the radio emission of Source A ls centered well away from %he
maln group of filaments. These considerations demonstrate
that a felrly flat spectrum does not necessarily imply the
existence of free-free emission.

Although Source A is due to non-thermsal mechanisms, the
emisgion from Bource € lg generally congidered to be a combi-
nation of thermal and non-thermal radistion (Baldwin and
Leslie, 19603 MLH, 1961). To derive an independent estimate
of the importance of the free-~free process in Source ¢, we
have used optical nmeasurements to calculste the expected
radio emission (A@pendix I). These calculations are based
on Chamberlain®s observations (1953b) of the surface bright-
ness in HOY of seversal filamenits in the Cygnus Loop. It has
been assumed that absorption of the Hx intensity by inter-
stellar dust is negligivle. This is verified by star counts
which were made in selected regions extending from the Loop
toward the galactic plane (Bok and Warwick, 1957). Although
blue plates revealed 1 to U4 magnitudes of absorpiion at 500

or 1000 pe, the red (A6300) absorption was generally small,

.\
@

and in the immediate viecinity of the Loop, it was less than

cne-half magnitude.
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Figure 7T Comparison of the Radic and Optical Fmission from
the Cygnus Loop. Contours of anbenna temperature (arbi-

trary scale) are the same as in Ffigure 1h.
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The chief source of error in the caleculstion of ex-

pected radio emission 1s due to the uncertainty of the es-

timated area which 1s spp

s

opriate for the surface intensity
measurements of Chamberlain. We have taken the area as

: . 1 ¢
0 filaments of size guoted by Osberbroek (1958): 1.8 x k.5,

N3

2
This figure may contain an error of a factor of two. The

calculations predict that 4% of the total radio emission from

et

Source ¢ is contributed by free-free itransitions in the filas-
ments. An additional 2% may come from a hypothetical sheet

of

Tote

onized hyvdrogen which is undetected by even the deep red

plates of the 48" Schmidt. Although the calculated free-free

3

iation is small (4 to 6%), it is not possible to rule out

s
s
m

&

significant contribution to the radic emission of Source C

]

by this process.

Appendix I also contalins estimates of the free-free enmis-
sion frowm EBY, where it has been assumed that the light 1z due
to HY emission. We have used the "plate 1limit" calculation

Appendix I, ag HBO is barely visible on the E plate of the
survey, but is quite evident on Minkowski'’s deep red plates
(figure 19, Appendix IV). The calculations give an expected
free-free emission = 2.5% of the total radio emission from

I

HBY9. The most uncertain gquantity in this calculstion is the
interstellar absorption, which has again been neglected be-
cause there are a Tew galaxies visible in the field., If two

magnitudes of absorption were present, it would raise the con-

puted 2.5% to 16%.
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A similsr figure holds for HB21 which is even fTainter
optically and slightly brighter at 960 Mc than HB9. Further-
more, comparatively strong emission (presumably Ho) to the
southwest of HB21l produces barely detectable radio flux (conm-
pare figures 16 and 20, Appendix IV). Therefore, with the
possible excepbion of Source € of the Cygnus Loop, thermal
emigsion may be discounted as sericusly influencing the ob-

served radio emission.

Synchrotron Emission and Polarization of the Cygnus Loop.

If the radiatlon from the Cygnus Loop lg due to the synechro-
tron process, the most obvious experiment is to search Ffor
linear polarization. Besgides the sun, polarization in the
radic region hasg been detected only from the Crab Nebuls
(Mayer et al, 1957), M87 (Barat et al, 1960), and Jupiter

Radhakrishnan and Roberts, 1960). Furthermore, although the

o

Crab Nebuls is known to be strongly polarized in the opiical

continuum, the amount of polarizgstion at 3 cm is only a few

el

percent, and at 20 em it appears to be less than 1
(Westerhout, 1956)
2 s RTIV /e

It is possible thet the Cyzgnus Loop may centain a large

o

scale magnetie field, slnce the Tilamsnts are ordered over
dimensions comparable with the size of the Loop. Thus, even
though polarization has been difficult to observe in many
gmall sources, it was hoped that the conditions night be more
favorable in the Cygnus Loop. Observations were taken during

November 1959, to see 1f & measurable fraction of the radias-
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tion was linearly polarized. The eguipment was identical to
that used for the other observations reported in this paper.
Appendix IT1 describeg the procedure and results.

Although the observations are consistent with & radisl
magnetie field producing about 15% polarization, the technigques
uged were not accurate enough to provide & pogitive detection
of a polarized component of the radic emission. Thusg, the
exact nature of the emission proecesg in the Cygnus Loop re-
mains unknown, although the predonminant conbtribution must be

non-thermal in charachter.

C. Frequency Dependence of the Radio Emission

Spectral Indices

With the Cygnus Loop as a proto-type, it 1s now perti-
nent t; gongsider the other supernova remnants. Once again,
we begin the study with a determination of the spectra of
these objects.

The spectral indices listed in Table X (Appendix III)
are based on the values of the CTA 1list unless supplesmentary
information would change the spectral index significantly.
For the Crab Nebula, & value of -0.25 ig asdopted. This is an
average belbtween the CPA value of -0.21 and the Duteh value
{Wolﬁj@r; 1958) of about -0.3. Flux densities for sources
which have been examined in more deftall are listed in Table V
and plotted in figure 8.

The spectra of S147 and CTAL are not well determined

since they depend on only two points of low accuracy (960 and
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4LOO Mc). As In the case of the Cygnus Loop, the LOO Me
intensities of Westerhout were changed slightly in order to
achieve a spectrum relastive to that of MBT7:
300:10726 ym-2(c/e)"t = A(960)-0.72

For HBE9 and HB21l flux densities are also avallable at
159 Mc (Hanbury Brown and Hazard, 1953). An attempt %o
normalize the Brown and Hazard values to the 30 intensity
scale wasg made by compubting intensity ratios for the ten
sources common to both lists. S g/ Spgy varied from 0.32 to
1.85 with Cas-A = 1.4 and Cyvg-A = 1.5. The average of all

ten values is 1.2, A normalization factor of 1.4 is adopted.

o

The slopes of the straight lines of figure 8 are listed
in Table V. These gpectral indices are the ones used in all

further calculations and correlatvions. The errvors guoted

for the spectral indices are estimetved by fitting llines of
different slopes %to the plotted flux densities. These errors

are more apt to depend on the gquoted flux density errvors than

&

was the case for the Cygnus Loop spectrum.

]

to the Won-Thermal Hadio Spectrum
With the exception of the Crab Webula and MOT, our
knowledge of pon~-thermal emigsion from radic soureces isg
gguenciesg below 10,000 Me. This absence of in-
formation has led to the practice of assuming thet the radio

spectrum Falls to zero at some cutoff Pfrequency {e.g. Burbidge

and Burbidge, 1959). Minkowski has suggested that it might be
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possible to demonstrate the reallty of such a cutoff by

extrapolating the radio spectrum to optical freguencies. IT
an observable continuum 1s predicted by this extrapelation
while only emigsion lineg are presgent, then s change in the

spectral law, guch as the proposed cutoff, would be required.
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ness veral supernova remnants, for the sky background,
and for the limit of detection on sgurvey plates.

According to Allen (195%), the night sky has a surf
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per sguare Jdegree, This is equivalent to 23 stars of the
25th magnitude per sguare second of arc. The 1linmit of detec-

tion, however, is much fainter than the sky background.
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Webula (1958). The integrated visual magnitude of the con-
tinuous radiation from the Crab Nebula is 8.6k, If the ares
is taken as 4.8 square minutes of arec, a surface brightness

of 19.2 magnitudes per square second of arc iz obitained. This

the 25th magnitude per square

=

is eguivalent to 200 gtars o

B

second of are, i.e. about 8.7 times the sky background.
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10+7 ¢/s. The last four columns list the surface Inten-

5 . o am P y =Ly o &
sity in We~®(ec/s) “min. of are)

relative to the sky background; and the surface intensity
relative o that which would e at the I it of detection

On the basis of these caleculations, one would not ex-
pect to observe any optical radistvion frowm the Cygnus Loop

or from wmost of the other sources. Although the extrapolated

emigsion of HBY 1is a Tactor of 12 above the plate limit,

uncertalnty in the spectral index allows a flux density at

1040 e/s, 1000 times less than that listed in Table VI.

Therefore the present calculations do not necessitate any
depariture from the radiastion spectrum determined by radlo

A further extrapolation which extends well beyond £

available Tor hydrogen iomization. This calceulation was sug-
gegted by Minch on the basis of the work by OGord 4 Welraven

emission, 1f present, 18 not measurseble and therefore the

extrapolation must be predicted from the radio freduencies.

Secondly, the Balmer decrement in the Cygnus Loop has been

interpreted by Minkowski (1958) te favor collisional excita-



tion. However, these measgurenentes do net forpid radiatlive

Tf the extrapolated radio spectrum is 1lntegrated be-

railable to dlomnize hydrogen
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A 48 the amplitude of the radio spectrume Svﬁ&vxe

IT all this energy is in dlonizing then
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tivistic electrons.

Table VIIL.

Shell Structure of Reuwmnsnts

Cyvgnus Loop

]

The

u

Small

supernova remnant model

3

Remnant Optical Radio

c

Shell entrally o

©

niform Centrally condensed

Shell

?«J

ﬁm‘ﬂj

he

6

Shell Douvle ridges

a0y

shells

Shell

P

bed by Hoyvle

i

is @mml@i@$v compatible with 2 sghell sitructure since both
the m&gﬁeﬁi@ field and the energy for the relastivistic
electrong are derived from the shock front interacting with
the galactic Ffield and cosmic ray energy reservoir. Howvever,
several auvbthore heve criticized this model on the basis of
ingufficient energy in the case of young remnanits such as

the Crab Nebuls and Cas-A (e.g. MLH). Therefore, let us
reabrict the discussion to the hypothesis that the field and
relativistic electrons oviginate with the supernova fisell.
In this case, the presence of a shell struchture suggests that
the emigsion of particles or magnetic fleld takes place aver

& Ltime short compared to the age of the remnants, and, in
addition, that the velocity disgpersiocn of esjected gas 18 not
too large. The resgtrictionsg on the duration of emission and



velocity dispersion will depend on the thickness of the
shell and initlal velocity, but the relative order of
magnitude Tor these guantities should be similar for all

shell-type cobjects.

. Pime Variation of Observable Parameters

Empirical Spectral Index Variation
We come now to the guestion of evelution. Thus far in

or be-

iy

our arguments we have not disecussed the reasons

1

fote

eving that the spectral index flattens with sge. This
hypothesis is suvggested by the loose correlastion of flatter-
type spectrs with inereasing angulsr size which 1s apparent
in Table X {Appendix IV). In order to examine the guestion
more closely, the distance to the remnant becomes of eriti-
cal importance. Only when the distance is Xnown can the
angular size give the physical diameter which permits an
egtimate of the age Lo be made.

Dismeter Determination. Rellable distances are avalla-

ble for only Cas-A, the Cygnus Loop, and the Crab Nebula.
To make an order of magnitude estimaste of other distances,
we introduce the ad hoce sssumpbtion that the physical diametsar
of filaments is constant. This assumption appears satis-

factory for the three sources of kpnown distance. We diffe-

<

i
16}

ie

#

ntiste bebtween the long thin filaments prominent in T
Cvgnus Loop and the thicker knots of las-A. Kunols occur alsc
in HBE2Ll, in Puppis-~-A, and in the south-east sector (Source A)

of the Cygnus Loop. The knots of Source A are about times

LAd
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thicker than filaments, but they are about the same sgize as
those in Cas-A.

The measurements which debtermine the filament sizes are
given in Table VIIT. Unfortunately, high resclution plates
are not available for all the scurees, and angular diameter
measurements were often made from the 48-inch Schmidt plates.
This method suffers from the lack of resolving pover in-
herent in the small scale of the Schnidt telescope. Disg-
tances computed from filament sizes are listed in Table X
(Appendix III).

On the basis of this first estimate of distance, the
diameter (in parsecs) of each remnant has been compubed and
plotted agalnst the gpectral index (figure 9). The open
@ircléﬁ represent objects for whiceh distances were derived
from opbtical messurements. The constant filament size
hypothesis was used for all objects except Cas-A, the (Crab
Nebula, Kepler's and Tycho's supernovae, and the Cygnus Loop.
Distances of these sources were inferred from radial veloelity
and proper motion observations (Minkowski, 1958, 1959).

The plotted points lie in the neighborhocd of one of

the two straight lines drawn. Tentatively, the right hand

ﬁ.n!e

line is ddentified with type II superncovae and the left hand
line with type I superncvae. This classification does not
contradict any of the known arguments put forth about popula-
tion membership (e.g. Minkowski, 1958). The correlation of

figure 9 suggests that a supernova remnant forms with g steep
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spectrum and small dismeter. As 1t evolves, its path will
stay close teo the line drawn; the spectral index decreases
88 the remnant expands. This hypothesis 18 based on the
empiriecal grouping of points along a line rather than a.
seattering of pointe throughout the plane.

The spectral index would not be expected to change
without 1imit, and therefore we have put an exponential
gurve through the points of Cas-A and the Cygnus Loop. The
somevwhat arbitrary canai%i@n of this curve is that as ¢
aporoaches infinity, x spproasches +0.5. The asymptotic
behavicor for r close to zero has not been fized, as we have
no knowledge of the gpecitral index for very young remnants.
The equations asscclated with type II supernovae are then

found t@ bes

0.765(1log 4) 1.26 straight line fit (1)

#
i

+ 0.5 exponential fitted to (2}

the form: x = as-exp(-belog 4} + 0.5,
For future reference, we express these eguations in the forme

r{parsecg) = 10°° p/3.06 (1a)

306 B ~3+12 (2a)

i

r{parsecs)

where ®x = spectral index
d = diameter (parsecs)
r = radius (parsecs)

R = 2Y = 2(1-2x)



Shklovsky's Distance Determination. Shklovsky has re-

cently published two papers on supernova remnants {(Shklovsky,

%

1960a, 1960b). First, he has formulated an expression for

the radio emission of a supernovs remnant as a function of

gsize. Then, in the second paper, he applies this pri

neiple

to obitain the dlstance of particular remnants. The basic

assumptions of Shklovsky's approach are:

a) Synchrotron radiation is responsible for the ob-

served radio emission.

b} In

fede

do

remnant to remnant. For thls reason, the discussion

¥

stricted to type II remnants.

¢) The magnetic field strength is given by
B = Hy(re/z)%.

d) The energy of the relativistic electrons isg
chiefly by the expansion term in Fermi®s statistical
ration expression. This is given by 4E/dt = -(V/x)E
each elechbron loses the same percent of iis @mergy}s

¥-1 3
this, Shklovsky derives K = K, (r,/r) {r@fr}ie

tial conditions do not vary significantly from

is re~

degraded
aceale-
(ieew_p

From

K ig the amplitude of the electron energy distributlion:
i o

aN{E)} = KB  am.
re 18 the radive at some initisl times
K

o and HO are K and H evaluated at that time.

v

i

g the velocity of expansion.

The power emitited by a remnant due to the synchrotron

mechanism 1s givern to sufficient accuracy by
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i

-
o e bt -
F, o (2.8:10°) 2 »3xm, T o5 (3)

energy radisted s L(c/s)~"t at v

For an exact expression, see Ginzburg, 1958 (eguation 21,
pe. 354).
When ¥ and H are replaced by the expressions glven above,

Bi- &

P, (4r) o HK, 3(9 8-10%m /v) (rﬁ/r}ﬁ (3a)

We ghall be concerned mostly with the surface dintensit
rather than the emission of the whole nebuls. Therefore,

the agbove eguation is expressed as:

L oy
(Sv/ﬁa}x(Fv/@ﬁrﬁ _k . ﬂ
' 8 8 q +2)
T 2989 ~ ® ® & —(
fiokyeq [2:0720 Mo f { [2-8:1070 rcg By
/
or # A where . W8 4
(g /gg\g = A‘ygv B, = 2,8°10 HQ Ty
v ! 7 +2 4 v
S, = flux density arriving at the earth (Wm-2(c/s)"1).
g = angular radius of the remnant.
R = distance to the remnante.

At this peoint Shklovsky substitutes r = B¢ to caleulate
the distance from the obgerved surface intensity and angular
gize. Unfortunately, dndividual values of spectral index
were not available to Shklovsky and he zsgsumed +that all the
older remnante had a speebtral index of -0.5, Thus he was

8

able to lump the constants Ay and By together and use only

the Cygnus Loop asg the normalizing condition. Using our
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values of spectral index, we have recomputed distances on
the basis of equation 4. The Cygnus Loop and Cas-A serve

as the normalizing conditions necessary to determine Ay

and By,. These distances are listed in Table X together with
Shklovsky's original values. On the basis of the revised
distances, diameters have been computed and these values are
shovwn as small dots in fligure 9.

Surfgce Intensity. We are now in a position to express

the surface intensity as a function Qflg only. Thig ig efl-
fected by utilizing the ewmpirical relatlon between spectral
index and radius which was found earlier {eg. 2). It must
be realized that this dntroduces the evolutionary hypothesis
whereas Shklovsky's model predicts that the spectral index
ig consgbant with age. {Shklavsky derived this result from the
assumptlion that the electron energy dilistribution 1lg nainly
affected by expansion losses which leave the Torm of the
distribution unchanged. )

If the linear relation between log 4 and spectral index
were adopbted, the log surfsce intensity would be a second

degree functlon of spectral index:
Log(8y/2%) = (log A-4) + (log B - ¥/3)8 +A%/3.06

ITn practice, this has the disadvantage of diverging for
small values of fﬁ {inverted spectra). In order to obtain
the correct asyumpbobtic behavior for large radili, the ex-

L,

ponential form of the relastion has been chosen (eq. 2a).
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We take the logarithm of eqg. b
1@g(8wf¢2} = log A + ﬁ log B - (ﬁ% 2) log v
and from eqg. 28 we replace r:

l@%(sv/if;«ig} = Jog A + /@ log B - ( + 2) log 306 (5)
ﬁ&m

An average curve of this form was debtermined by using
Cas-A and the Cygnus Loop as calibrators. The values of the
constants found in this nmanner are log A = +3.13 and

log B = +0.25, Figure 10 plots the 960 Mc surface intensity

el

for the remnants as & function @f/é Eguation 5 is drawn

on the graph to demonstrate one pariticulay way in which the
surface intensity may depend on the spectral index. However,
the imp@yﬁant faet ieg that some type of correlation exists
between low surface intensity and flat spectra. This observa-
tion supports the hypothesis made earlier that the spectral
index changes with age.

The relation bebtween diameter and spectral index shown
in figure 9 implicitly assumes that the remnant expands with
time. The egulvalent assunption necessary to interpret
figure 10 is %that the surface brightness decreases with age
Both of these assumptions are certainly wvalid for the later
stages of a supernova remnant, although the second one may be
unjustified for a very young object. However, it is impor-
tant to realize that the results of Tigure 10 do not depend

on & knowledge of the distances of the remnants, as wasg the
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Flgure 10 Relation between Surface Intensity and Spece
tral Index of Supernove Rempents. The abbreviations
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case in figure 9. Thus, each of the independent correla-
tions suggests that the spectral index becomes more positive
with sge.

Remarks. Shklovsky has asargued that the surface inten-

ity of remnants with steep spectrs will decrease nmore

rapidly than the intensity of reunants with flatbter type
spectra. This follows from the dependence of the emlsslon

+ o
on H72 and the assumption that H = Ho(E@ff>ge Observa -
tional selection will discriminate against sources of low
surface brightness and therefore one should find a ecorrela-
tion of flat spectrs with old rempants. This process should
be most affective in reduceing the population of sources
lving to the right of the average lines in both figure 9 and
figure. 10 (steep spectra together with large diameter or low
surface intensity). However, this selection should not dis-
eriminate ageinst Fflat spectra concomitant with smell dianme-~
ter or high surface intensity (significantly to the left of
either line). The observations to date do not place sany
remnants in these regions. Therefore, the absence of small,

-

bright objects with flat spectrs 1s the only empirical evi-
A

dence which favors the itime dependence of spectral ilundex,
rather than 8hkloveky'e interpretation of 8 consgtant spectral
index,

If there did exist a young remnant with a flat spectirum,
Shkloveky would predict that the expansion should not deecresse

ite surface intensity as Tast as a sinilsr expansion for a
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remnant with a steeper spectrum. Therefore, a longer life-
time of high surface inbtensity would be expechted for objects
with flst spectra. Assuming a creatlon funcitlon independent
of spectral index, one would thus expect to cbserve more
high surface intensity remnants with flat spectrs than with
steep spectra; actuslly, the contrary seems to be true.

Predictions. If the remnants do follow the evolu-

tionary lineg of figure 9 rather than expanding with constant
spectral index, there should be 8 secular decrease of spec-
tral index which would be most nobticable for young, rapidly
expanding remnants. From equation 2 the annual change of
spectral index for Cas-A is caloulated to ke 0.0015. Tor
the Cygnus Loop the expected change is 10"6 per yvear. Al-
though, these changes are very small, in twenity years the
gpectral index of Cas-A should change by 0.03. It is possi-
ble that this variation could be measured by refined technigues.
Extrapolating back in time for Cas-A yields a lower limit of
Ax = +0,3 for 200 vears. This would place Cas-A gt the
steep end of the spectral index distribution when it was very
young. (OFf course, the empirical nature of equation 2 limits
its usefulness, since the extrapolation must become invalid
for very young remnants.)

The changing spectral index will alsoc make a small cor-
rection to Shkloveky's calculation of the rate of emlssion
decay. He predicts a secular decrease of the Tlux density

of 2% a year for Cas-A. A recalculation of this guantity
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which includes a changing spectral index gives about

},(..fﬂ
e
LAl
T

a year; a value which is not significantly different from
the original prediction.

b

I# the magnebic Tield strength in a remnant is in-

versely proportional to the square of the radius as
Shklovsky has suggested, then in principle the empirical

]

relations Tound here enable an estimate to be made of Lthe

[

magnetic field strength. When equation 5 is fitted to the

type II remnants, Cas-A and the Cygnus Loop, the constant

term B is evaluated., This vields:
g\
log B = +0.25 = log é&f&@ﬁiﬁxg To
v

Unfortunately, Hy has little effect on the value of B; and
B itself is nobt well determined by the empirical fitting of
eguation 5. Therefore, the Hy derived by thls process

(35 gauss for ro = 1 parsec) is of little practical signi-

ficaunce,

Physical Implications of the Time Variation
of Spectral Index
The physical explanation of the proposed spectral index
variation poses g difficult problem. The well-kunown relation
between the spectral index of the radiation, x, and the ex-
ponent of the electron energy distribution, ¥, is given by
¥

it

B

(1 - 2x). Thus, when a power law of the form
¥

const E” is assumed for the number of electrons with

il

energy, E, the spectral index of the radio emission uniguely



determines § . If the radio gpectrun does Tlatten with age,
the energy distribution of the electrons responsible for this

radiation must alter 1

o]

the sense of an ever decreasing rels~
tive number of low energy elsctroms. Although we have no
completely satisfacory explanation Tor this behavier, two
alternatives are considered: a selection effect which would
separate particles of different energies; and a temporal
effect which would modify the energy spectrum by a change of
the energy loss mechanism for the relativistic electrouns.

Space Separation of Particles. The first of these pos-

gibilities could be lmplemented by a method suggested by
Bolton and Roberts (private communication). If a relative
concentration of high energy electrons could be progres-
sively .collected in a reglon of strong magnetic field, this

migsion than

¢

digtribution would contribute more of the radio
the weskey Tield region which would contain & preponderance

pal

of low energy pariticles. In this model, the reglon of strong

field is the outer shell of the reuwnant while the compara-
tively low emission region of the center is sssumed to have
g weaker field.

Calculations have been made to determine whether the
differential radiusg of gyvration of low and high energy elecg-
trong is sufficient to gllow the high energy particles to
escape the central weak field region and beconme trapped in
the outer shell. This calculation assumes a magnetic Tleld

with & roughly ecirecular structure. The orbital radius (in
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centimeters) of a relativisitic electron spiraling in a uni-

°

form magnetic Field is given by

(E/300 H)sin®

@

where B is the energy in electron volts, H is the magnetic
field strength in oersteds, and & is the angle betwesen the
particle trajectory and the magnetic field (Ginzburg, 1958).
The relation between the electronts energy and effective

adiation frequency 1 also given by Glunzburg:

Vgax = 2.k 1063 L{E/m@“}g

where H, 1s the component of magnetic field strength perpen-
dicular %o the particles direction of motion. From the above
two eguations, the orbital radius of electrons responsible
for variocus freguenciles of emission may be calculated. A few

values are given in Table IX.

Table IX. Radius (parsecs) of Electron Orbits

Freguency {c/s) H = 10-6 i = 10-4
107 low freguency radio 4.10-6 Le10-9
1010 nigh frequeney radio 10~k 10-T
1015 optical k1072 k1075

ince the radli of the observed type II remnants vary

from 2 to more than 20 parsecs, it 1s obvious that even for

weak fields and high energy electrons, the size of the elec-
tron orbits 1s several orders of magnitude lesg than the size



of the supernova remnanbts. Although this particular separs-
tion mechanism is not adequate to produce the reguired sepa-
ration of particles, it is possible that eventually some

method of selecting cnly a part of the whtal eleciron energy

fel)
[N
[

b

bribution could be used to explalin the flattening of the

x)

9

adio spectrum with age.

Change of Energy Loss Mechanlisn. The second alternative

proposes that the degradation mechanism respounsible for the

major loss of an electron’s energy changes with time.

el

Ginzburg (1958) has examined the effect of various types o
energy loss on the electron energy distributiocn. The general
solution to this problem is not kanown in analybtic form.
Ginzburg treats the "stationary" case of the effect of cer-
taln loss mechaunismse on the energy distribubion of an assumed
expopnential injection spectrum. Although this trestment ex-
cludes the type of behavior of interest to us (time variation
of the energy &is%ribuﬁi@n}, the conclusions regched by
Ginzburg are of gualitative interest.

The losses may be classiflied by the degree of energy
dependence. Ginzburg®s treatment considers a general quadra-

tic expression of the form:
=3 ;!"“a._L "z »‘12 {Ii
ﬁi&f@u = ~g + GF - DE (u}

where E = the energy of the electrons & and b are 2 0.

@ &

Under the assunptions of an exponentiasl inJection spectrum

meo\

(g = const J» and no time dependence of the electron
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energy distribution, Ginzburg demonstrates that the index

of the resulting electron energy distribution, {@ffﬁ de-~

pends on which term of egustion 6 predominates. IT dE/dt

is independent of energy, ¥ ee = Yy-1; if the energy loss
is a linear functilon of the energy, Yere = XO; and when dE/&ﬁ
ig determined by the bES term, Cere = Totl. The gquadratic

term acceounts for synchrotron radiation and inverse Compton
losses. Collision bremstrahliung, Fermi statlistiesl accele-
rations (@ > 0) and losses due to the general expansion of
the remnant are linear in their energy dependence and thus
would not change the injection spechbrum. Finally, the loss
of energy due to ionization of the ambient medium 1s a
funetion of log E and is adeguately approximated by the
constant term of squation 6.

Since Giﬁzburg has considered only the case of a sta-
tionary energy distribution, he 41d not estimate the time
necessary to modify Yo to ¥erg. Clearly, the rapidity with
which the energy distribution responds to a change of energy
loss mechanlism will devpend on the magnitude of the coefl-
ficients of eguation 6. However, in the case of supernova
remnants, the response bime isg unimportant. IL the absolute
magnitude of the loss is small, the remnant will have a
longer lifetime in which to respond to any change. Therefore
the pertinent time scale iz determlinped by the time reguired

for a significant change of the physical parameters.

The energy loss for each process mentioned above has



been computed as a funcetion of energy and the appropriate
variables. Pigure 11 shows log(dE/dt) as a function of
log E. The steepest lines represent synchrotron radistion
losses Tor magnetlic field strengths indlecated:

o

AE/dt o« EQHE. Exwnansion losses are indicated by broken
r

-

lines: @E/&ﬁc&(vfﬁﬁg V¥ = the veloeity of expansion,

r = the radius of the remnant. The upper line, labelled

"¢" is appropriate for Cas-A and the Crab Nebula while the
lower one, "CL", applies to objects such as the Cygnus Loop.
The dgshed lines gilve estimates of collision bremstrahlung
losses for densitiesg indicated: dE/dt o nE;: n = density of
hydrogen. The nearly flat dotted lines represent losses
from lonizing collisions with amblent hydrogen atomss

b

dE/dt o¢ nelog E.

. 0 \ . :
The energy range of 109 to 1@1 ev ig primarily re-
aponaible for the radio emission at 1000 Mc. Examination

this energy range in figure 11 shows Tthat unless the

o
i

field is very strong (H > 10-3 cersteds) or the density is
very high (n > 1000 em“g}ﬁ the dominating energy loss will

be that of expansion. However, if this mechanism were
greatly reduced (which would be the case, Tor example, if
large parts of the shell were ejechted as coherent pleces

with no internal expansion), the parameters could easily
allow a change of energy degradation from synchrotron radis-
tion to ecollision bremstrahlung. This type of behavior could

gecur 1f the density in the shell increased or if the magne-
¥

o

ol

tic field strength decreased. A dualitative calculation
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Log (-dE/dt) — ev/g

T

-e—— expansion e

8 e 2
LogE — ewv.

Pigure 13 EBnsrgy Losses of Relativigtic Bliectrons.




will not be attempted since this itreatment is based on the
simplifying sssumpbtions of no time dependence and an expo-~
nential injection spectrum. This discussion ig presented
to demonstrate that a btine variastion of parameters such as
velocity of expansion, magnetic fleld intensity, avd ambient
density could lead to a changing radio spectrum. A decision
of whether or not such a variation actually occurs must walt

until a solution of the time dependent eguation is found

and the injection spectrum is known.

Future Lines of Investligation

Very Young Remnants. From an astrophysliecal point of
oy

view, the most interesting aspect of supernovae concerns the
outburst itself and the causges of it. This type of problem
ariseswin the course of stellar evoluition amd ig of primary
importance in theories of nuclecsynthesis. However, as There
have been no known supernova outbursgts in our own galaxy
during thig century, only very distant superncvae can be
studied, and the technigues of radio astrononmy are as yet
unable to provide any infermation opn individual objects of
distant galaxies. Thus, although the present type of study
does not pertain directly to observed outbursts, it may lead
to knowledge of very young remunants and evenitually it may
permit an extrapolation of the electron energy disbtribution
and magnetic field configuration back to a stage immedlately
following the initial outburst.

A relgted problem, that of cosmic ravs, is probably con-
2 of >
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nected with one or all of the supernova stages. The out-
burst may generate cosnmic rays, and the radio emission 1t~

-

gelf is evidence of relativistic electrons existing In the
rennants. The gimilarity of the energy spectra of these
electrons to the spectrum of the cosmie rays arriving at

the earth supporits the contenticon that sowme sort of rela-
tionghip exists between them. In this connection, 1t should
be noted that the cosmic ray snergy distribution is very
gimilar to that of the electrons in young, small remnants
rather than to the distribubtion exieting in the older renm-
nants. Thus, 1T supernovae remunents are the origin of part
of the cosmic ray spectrum, the inlitial stages would be the

most likely time for the generation of cosmle ravs.

Kepler's and Tycho's Supernova Remnants. The radio ob-
servationg of thege remnants do not determine whiech type of
supernova they were. Baade (1943, 1945) has classified then

28 type I on the basis of reconstructed light curves. This

2

o

interpretation is supported by the relatively small disper-

0 the remnants (Minkowski, 1

fe

59

\\Q
St

sion of radial velcoecitie

n
=

®

&

e

However, considerations of the radio nature of these objects
suggest a closer similarity to type II remnapnts than would
have been expected. In particular, the radio surface bright-
negs seens to be mere characteristic of type ITI remnants than
of the Crab Nebula (i.e. figure 10). Furthermore, if they
were type II objects, the observed radio surface brighiness
would allow the distance to be calculated by the "revised

Shkloveky" method whieh is normslized by the type II remnants
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Cas-A and the Cyvgnus Loop. These distances are lisgted in
parentheses in Table X (Appendix III), and lead to diameters
which satisfy the type I correlation with spectral dndex
(the two unlabelled dots near Puppls A on figure 9)}. The
distances reguired for this interpretation are ten times
greater than the presently asccepted values.

Sinee the differences between the radio surface bright-
ness of type II and tyvpe I rempants is still uncertain, it
is possible that the radio observations may not be discor-
dant with the type of supernova as defined by the light
curve. However, the radio similarity of Kepler's and Tycho's
supernova remnants to type II remnants seems well established
as this same feabure has been noted by Biraud, Legueux, and
Le Roux (1960}.

Assoclation of Supernova with Early-Type Stars. The

possible confusion between H II regions and supernova renm-

nants will become especially interesting if hybwrid objects

E

exist. Opik (1953) and, more recently, Shklovsky (1960b)

=

have suggested that superncva rempants should occeur in 0B

associations, since the most massive (and hence most rapidly
evolving) stars are often found there. Shklovsky has sug-
gested that the Vela X complex may be an example of this,
and also that the non-thermal emission from the Orion Nebula
region could be due to an old supernova remnant. One is
tempted to add the Rosette Nebula to this list. This nebula

s

nas g well defined shell structure and couvld prove to be s

L}

hybrid object which exhibits non-thermal radiation togethes:
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with free-free emission from hydrogen ionized by nearby
early-type starse.

The Variation of Spectral Indexw. Since the svolutionary

hypothesis depends on the non-existence of small bright ob-
VY E g
jects with flat spectra, an effort should be made to find

suech objects and distinguisgh them from E II regions.

Probably this would best be accomplished by the comparison

of high resolution galactic surveys at several frequencies.
Finally, a satisfactory mechanism has yet to be found
for the observed flattening of the spectra with age. The

suggestion of a change in energy degradation for the relati-

vistic electrons must successfully explain why expansion

lozses do not dominate other types of loss if this argument

ig to be used to describe the mechanism of evolution.

e Conclusion

The present work is an sbttempt to measure spectral in-
dices and to consider the implications of their distributions.

2

The intrinsic spread of the spectral index distribution for
non-galactie sources seems to be characterized by a width,
Az = 0.5, which inecludes 75% of the sources. The galactic

sources have a range in spectrsl index roughly twice as large

a5 this, and since these objects are more completely ideunti-

fied, a correlation of spectral index with age has been pos-
sible.

The interpretation of the spectral index-age correlation
ig eonsidered on the basis of the synchrobtron process. If
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this correlation is wvalid, and if the synchrotron process
i8 the correct mechanism for non-thermal sources, bthen we
may expect toe find some sort of simlilar correlation Tor

the external gslaxies. This has not been possiblie with the
pregent data,; since our limited accuracy does not allow us
to reselve sufficiently the relatively narrower range of

®

gnectral indeces found Tor the external gslaxies. Further-
& o

s

iteationsg become

#y

Jote

more, only recently have the opiical ident

o)

b=t

availlable in suitable numbers to make a correlstion feamsible.

fr

Tt seems unlikely +that exacetly the same correlation will be
Ffound Tor galaxies as for supernova remnants. The size and
probable time seales involved differ by orders of magnlitude.
However, the radio evoluition of galaxies may be reflected

in a spectral index variation similar to that described for
supernova remnants and, 1f the physical size is not 3 sulta-

ble parameter, some obther physiecal variable may give the de-

gired result.



Appendix I
Caleulation of Expected Free-Free Radio

Emission from Optical Cbservations

a) Source C of the Cygnus Loop
This calculation of free-free emission is based on the
observed surface brightness of HX measured by Chanmberlain
{1953%}. In order to find the ratio of free-free emission
in the radlio continuvum o the H line emission, we make the
usual assumptions:
1) +the optical depth is small at 1000 Mc and also in
the HY line, but large for Lyman line radiationg
2) +the Rayleigh-Jeans approximation of the Planck
funection is wvalid for computing the Tree~free emission
aé 1000 Mo

temperature is %0,000°K and the elec-

A
R
gt
@
FJ
®
]
b
s
Q
)

tron density ls constant throughout the snitiing volume;
LY collisional exeitation is responsible for the ioniza-
tion (if radiative excitation were responsible for the

ionization, b, would e lowered and the radic emission

n

would be larger by a factor of about 3).

Under these assgumptions, the volume enmlissivity for free-

o Y

free emission is: (Osterbrock and Stockhausen, 1960)

\ -1/ ‘ o -
J1000 = He6-10- -37 Nell;Tq 1/ ergs cm-- s~+ (e/s)-* (7}
where N, = electr density
Ns = ilon density

Te = electron temperature



The volume ewmigsivity of Ho is equal to the number of
atoms in the n=3 gitate x the trarsition probability x hv.
Following Aller, (1956}, the necessary constants are taken

&gz

Bant = 0.757 dis the Gaunt factor from Baker and Menzal,
(1938).

by = h,0 ig the correction for departure from
thermal dynamic sqguilibrium for collisional
excitation (Chamberlain, 1953a).

The volume emissivity is then:

S = 3.06.10-18 §§N6T6"3/9 ergs em~3 s~
= 3.82°10°25 Nple ergs em~3 s~+t

]

or Tg = 40,000°K and where N, = the number of
3
protons cm”~.,

An eguivalent calculation, following Burgess (1958)

®
=2
oY
)
L2

Su = 2.77°10727 WoWe ergs em=3 s~
We adopt an intermediaste value ofg

1

Jgo = 3.5 1079 Nyl ergs em™> 57" (8)

From Chamberlain (1953b), we take the average value
guoted for the surface intensity in HX of the 3 filaments

cbserved in NGC 6992-%, Chawberlain converted the surface

-

jty

intensities to absgolute units by measuring the surface
brightness of M32 which was in turn related to the solar
surface brightness. The surface brightness Tor the seven

filaments measured is given below in uniits of 107" ergs em g~
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Filament Ho

A 39 + 1

B 22 2

¢ 25 b

D 2k 3

B 19 1

Fq 27 2

¥o 20 2
The average of A, B, and ¢ (the three filaments of Source C),
ig 28. (Correcting this figure for the contribution from
N’ﬁil, (Minkowski, 1958), gives a surface brighiness:

-1 -
Ty = 1110 ' ergs cm~c g-l
x4
The uncertainties in this value are not dependent on
the geometry of the situation, but rather on the intrinsiec
scatter of values and the difficulties in estimating the
effects of resclution. Chamberlain has corrected for reso-
lution, but no estimate of hisg error ig given.
The radio gurface Dbrightnege may now be compubed. IF

there iz no self absorption for the radio or Ho emission,

B

. 7 s .
31000/ due = T1000/THe  and

01000 = Tpy g%ggg_ and from eguations 7 and 8,
JHO
A - 2,3.10737 Naly
Tiopg= 1k°107"ergs em-= s=+ . =22 se———= (c/s
- 595“1@”&»‘ ﬁr@jﬁp

= 10720 w w~2 (c/s)"t (for Wi/Wp=1.1)

Uio00 is then, t

o

quency interval at the surface of & Tilament. To obtain
the brightness, or specific intensity
2 k= o 5

a
b1000 = 200

@

= 3.2:10-21 Wm=2 (¢/5)-1

9
e

str.

rate of energy flow per n? in unit fre-

then

)~ i
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The surface of the Ffllaments subtends g solid angle,

Les which is estimated by 250 filaments of size 198 x bis,

-6

e = (250/3282)-(1.8/3600)(k.5/60) = 2.8.1077 str-1

e

The integrated flux density at the earth will then be
51000 = D¢ b1ooo = 9:10721 W m=2 (c/s)"t
or 4% of the observed 960 Mc flux density of Source C. It

calceulation

o
fa
fy
N
4]

g felt that the chief source of error ina

e

enters Trom the uncertainty in correcting for the resolution

of the telescope (£/3.5, 24" Schmidt).
2

b) Path Length and Emission Measure of Source C

Osterbrock's observations of the A3T727 Q[Iildﬁublat

line ratio Osterbrock, 1958) meassure the quantibs N,T»“l/ze
g b e+

ﬁn

If a temperature of 40,000°K is assumed, W, varies from LO

to 500 em~3 for the seven filaments measured. On the basis
of Chamberlain's surface brightness described in the previous
section, we may derive a path length necessary to produce

the observed surface intensity in Ho. For this calculation
we use the sverage electron density quoted by Osterbrock,

N, = 200 cm“3 to evaluate 3. from eguaticon 7. The path
= b4 v = £

length in om will be:

)
1 = Z§§ _ 1h10-" ergs em”F s~ 1 17 ]
Tie ~ 1%-10-2Tergs om-3 s-1 = 107 em = 0.033 pe

=

For a distance of the Cygnus Loop = T70 pe, the dig-
meter of the cylindrical filaments is egual to 0.007 pe
(0sterbrock, 1958), which would give an "average" or "eqgui-
it

valent” path length of 0.00Lk pe for each filament. There-
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fore, it seems likely that there is some geometrical
effect which increases the path length by a factor of
avout %9; ie. the filaments may be sitacked in the line of
sight or the apparent filaments may actually be sheets
seen edge on. In any event, the calculated emission

megsure is:

¢} TFree-Free Emission from Reglons Opiically Invisible

If the ilonized hydrogen of the Cygnus Loop is in the
Torm of sheets rather than Ffllaments, one would expect
that the apparently vacant areas of the Cygnus Loop could
well be sheets of ionized hydrogen seen face on. The emis-
sion measure would be too small to allow detection of the

133

Ho radiation on the 48" Sky Survey plates as the path
length would be very small. The following calculation

gives an estimate of the flux density at the earth from

g-x-a
o

free~-Tree emission in ionized hydrogen which would be at
the limit of detection on the E plates of the Sky Survey.
Avell (1960} quotes the following figures:
25.5 to 26 mag per sguare second of arc for the limit

of visibility of the E survey plates:

30 " ,
2,00k.10°° ergs s-1 for the total energy oubtput of the

fts

sun contained in the spectral bandpass used:
-27.1 as the apparent photo-red magnitude of the sun.
These figures reduced to surface brighiness are:

-27.1 + 2.5 log(area of sun) = -11.0 mag/"



and
_ Energy of sun _ 0.103%2 ergs 5=t
Créh@t@mr@@ = Arves of sun 6.,0871022 ape

= 3.3.107 ergs em-2 -1

Therefore, the plate limit is 36.5 mag Fainter than the sun
s

and,
G o
oo s L 3.3.107 ergs on”e -1
U’ph@tgur@d(plate llmlt = &slaizg

However, this figure needs g correction fachor of 1.3
since A6563 (Ha) is reduced 22% by the sensitivity curve of
the B plates from the maximum of the band pass which was
normalized on the sun. Therefore,

, ¢t -8y -2

G—gaiylaag LTimit) = 10 Wom

Using the ratio of surface brightnesses (Ty000/Thy) computed

earller,

Tiooo(plate 1imit) = 7.3.10723 W u-2 (c/s)-1 ana
)
bo=g/x = 263@1O“ﬁ3 Wn?2 (efs)-t str-1
For an area of two sguare degrees (roughly the area of

Source (), the flux density at the earth will be:
£ = mﬁ =
S1000 = b Ll = 2.3:10°23(2/3282) = 1.4:10-26 § -2 (c/s)-1
or 5% of the observed integrated flux density of Source (.

On the deep red plates taken by Minkowskil, this value may

be lowered by a factor of 3 or 4. (Abell)

d) TFree-Free Emission from HBQ

fdo
6]
n
=
oy
f=to
bt
o
ete
ok
w
o
g
=
]

HRO is barely vigible on the E plat

guite well on the deep red plates taken by Minkowski (fig.19).



The total area of HBO is about 6 square degrees ors

QO gpg = 6/3282 = 1.83-1073 str

Thisg 1ig 3 timeg larger than the asrezs of Source € of
the Cygnue Loop and therefore the flux density arriving at
the esrth would be:

Sgpg = h,2.10-26 y p-2 (c¢/s)-1
or about 295% of the observed integrated f£lux density from
HBY9. This figure ignores the effect of interstellar absorp-
tion of the Ho line intensity. As there are two galaxies

visible near the south west edge of the nebula, this assump-

tion should not introduce a large error.
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Appendix II

Degeription of the Uygnus Loop Polarization Experiment

In order to select various components of the radiation,
the horn feed of the parasboloid was rotated from night to
night. The usual position of the horn accepts radistion with
the electric vector along an hour angle circle. In the
present experiment, the horn was rotated +459 gbout this
position and to one other position 90° west of north. IFf a
sufficient percentage of the radiation were polarized, the
intensity of the source sghould vary as the horn is rotated.
Cygnus A, the Crab Nebulszs, and the Orion Nebulas were usged
as intensity calibrators. However, the mesgsured intensity
of a spread source (i.e. the Cygnus Loop) relsgbive o a point
source will depend on instrumental effects such as & change
of the antenna patbern when the horn rotates. Therefore,
the calibrators mentloned above were subordinated to "check
sources” and the primary effect sought was a variation of
the intensity ratio of Source € to Source B. The resulits of
these observatlions are shown in figure 12.

Figure 12a plots the intensity (arbitrary scale) of the
three calibrators and Source A of the Cygnus Loop as ordinate
with the angle of horm rotation as abscissa. 0V covresponds
to the electric vector parallel to an hour circle and posi-
tive rotation is a clockwise (west of north) rotation on the
aky. When two observatlons wér@ obtained at one angle, indi-

cated errors contain both values. Figure 12b gives the ratio



93

(a) Intensity

Crab Nebula

7 _+~_—__—f’_~_,.,£»’“""— 4ikéyg A *“"““JF

._6 —é o o

Orion Nebula

T

(b) Ratio of C to B
~0.9

-08

~-0.5

~45° 0° +45° +90°
} | i ]

Horn Rotation

Pigure 12 Cygnue Loop Polarization - Intensity.
{(a} gives %the intensity (arbitrary scele) of source A
and three calibrators.
{(v) mives the intensity ratio of HSouree £ %o Sourece B.
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of intensities of Source ¢ to Socurce B. Errors shown for
egch angle are average deviations from the mean of 4 or §

observations. The results are consistent with 3 radiasl

pey

field producing about 15% polarization.

From the same exXperiment, the half-width in the esst-
west direction of Source A has been measured as & function
of horn rotation. This parameter should indicate the
presence of any small, strongly polarized source, if its
intensity is a significant fraction of Socurce A. The re-
sults are given in figurel3 +together with the @ and & beanm-
widths measured by drift curves of Cygnus A. Once sgain,
the results appear consistent with the proposed polarization:
the half power width is at & nminimum at approximately the
same angle as the intensity is at a maximum (Figurel2s).
Unfortunately,; any instrumental effects are likely to be
enhgnced in such an experiment where the beam pattern of a
polnt source, Uyg-4, 1s compared to that of an extended
BOUTCe.

Finally, in September, 1960, another attempt was made
to measure the polarization of the Cygnus Loop. The 960 Mo
interferometer was used by employing the cross-horn technigue
described by Radhakrishnan and Roberts (1960). In this ex-
periment, the results suffer from a poor signal to noise
ratio since the Loop is resolved by the interferometer and
the signal is reduced by a factor of 10 %o 100. (The lobe

period at the 200-foot spacing is 18 minutes of arc.)



Source A

min. of arc

— 80

~ 70

-60

—50Q— N~ T o

Power Width

- 40 Cyg A ° a

Half

|30
.20

- 10
~45° 0° +45° +90°
! |

Horn Rotation

Figure 13 Cygnus Loop Polarization - Resoclution.

The half-power width of Source A ig given as o
funetion of horn rotation. The rlght ascension
() and declination (8) half power widths of
Cygrus & ars given for conmparison.

Horn rotation is measured by the angle of %he
alegtric vector west of north.
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Seversl locations in the Cygnus Loop were observed as one
horn was rotated between the parallel and anti-parallel
direction. Due to the poor signal to noise ratic, the only
possible conclusion is that not more than 30% of the un-
resolved component is polarized.

The present discussion admits the possibility of a
large-scale radial magnetic field existing in the Cygnus
Loop, but further ocbservations are needed to demonstrate its
reality. Also, 1t should be remembered that even Lf the
indicated polarization does exist, the stated field direc-

tion rests on the assumption of negligible Farsday rotation.



Table X

Source

Cas A
Pup A
Kepler's 8N
Tvcho's SN
Wokh
TChh3

Crab Neb.

Cygz. Loop
Vela X
HB 9
8147
CTA 1
¥ The typ

clagsification or

of supernova 1isg

Appendix TII.

Phygical Parameters of
Observed:

Spectral Age
Tndex (yea (years)
-0.77+.08 250,
-0.66+.20
~0.54+.20 360.
~0.534.08 400,
-0 h3x.12
-C.37+.10
~0.25+.08 200,
-0L.ATE.20
~-0.104.10 50,000,

-0.05+.15
+0.20+.20
+0.45+.8

+0.56%.6

on the

the Supernov
Diameter

(min. of arc)

based on Minkowski's

[}

Remnants

IT

1T

(1958)

©
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Table X -~ Physical Parameters of the Supernova Remnants.
Digstance Hstimates
(parsecs)

Revised
Source Optical Filaments Shklovsky Shklovsky
Cas A 3k00, 3400, 3400. 3Lk00.
Pup A 500. 1800. 780,
Kepler's SN 1000.% (12,190.)
Tycho's SN 360.% ( 5,370.)
Wbl 2200. 1,780.
TChk3 800. 1700. 1,175,
Crab Neb. 1100. ( 5,445.)
HB 21 1600, 1150. 830.
Cvg. Lco? TT70. 770. 770, 770,
Vela X 760. 1o0ko. 670.
HB © 1000. 1300. 2,330.

1500.
S1hL7 800. 1100. (11,%00.)
CTA 1 100C. (L8,300.)
150.

* Assumes same veloclty of expansion as the Cra

*.Ja
[
c—{‘
e
0]
ford
o]
>
ot

onsg are degcribed

=

Distance determinat

Parentheses indicate that the method is inappropriate
for that source.

Underlined distances indicate that this value was used

for calibration.



Source

Cas A

Pup A

Kepler's 8N

Tycho's SN
WLk

TCohLs

Crab Heb.
B 21

The radio cutoff

99

Physical Parameters of the Bupern

wer

For

T

ova

Remnants.

Adopted Power
Distance Diameter Reference (1033 ergs/s)
(parsecs) (parsecs) Radio Optical
Cutoff Cutoff
3400. L. Optical 2L7. 4300,
500. 9.5 Filament 0.22 12.
& Rev. Shk.
1000. £0.58 Optical 0.15 32,
360. 0.56 Optical 0.05 12,
1800. 12. Rev. Shk. 6.5 L720.
800. 11 Filament 0.98 1kos.
1100. 0.86 Optical 10.6 6030.
1
1800. 72. Filament 5.6 7.9-10"
830. 33, Rev. Shk. 1.2 1.7°10%
770. ho. Optical 1.6 5.2.107
700. 32. Filament & 7.6  L4.3.105
Rev. Shk.
3 - , o - 6
1300. 50. Filanment & k.3 4.3-10
Shklovsky
800. ho. Filament 2.0 3.5.101
125, 3.5 Filament 0.03 2.3-10°
is taken as 10,000. Mc and the optical
taken as 1012 c/s.

cutoff is
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CTA 1

DECLINATION (1950)

23740"

Oohsom oohzom

oohlom  oohoom  23M"507
RIGHT ASCENSION (1950)

Figu Radi on 1 i . 'he sawlo v lines
Figure 17 Radio Contours of CTAL The sawibooth lines
indicate the positionsg of the four falint emissgion

arcs.
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