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Proface 

Thlo thesis represents the results of my attempt 

to test the validity of a mathenatlcal model proposed 

to explain the observed radio variations of quasl-stellar 

objects. To do this I compared the actual variations ob- 

sorved from four quasl-stellar objects with the variations 

predicted by the model. ,j0t only was the model successful 

m over 851 of the cases, but it lead me to discover two 

possible crossovers m time between the generation of two 

bursts of radio encr6y and their subsequent observation 

on earth. 

I wish to take this opportunity to thank Col. Donald 

L. Evans for giving r,e the opportunity to work at the 

Space and Missile Ejitems Organization (AFSC) and the 

Aerospace Corporation. I also wish to thank all the people 

at The Aerospace Corporation for their support. I espec¬ 

ially want to thank Dr. Eugene Epstein, who not only 

suggested this theses, but also supplied the encouragement 

and advice without which this paper could not have been 

completed. I also wish to express my appreciation to 

all those who supplied me with the data necessary to my 

analysis. Finally, I thank my wife for her patience and 

diligent effort In typing this entire report. 

Gordon Derosiil 
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Abstract 

The validity of the synchrotron expanding source 

model for quasars as proposed by Shklovskll, Kellerman, 

and van der Laan is tested, using observations of the 

radio emission from four quasi-stollar radio sources. The 

time dependence of the recorded variations of radio 

emission in the range from 3.3 mm to approximately 6 cm, 

taken during the period from 1965 to late 1969 from Q3S 

3C84, 3C120, 3C273 and 3C454.3 is compared to the time 

dependence of the variations predicted by the proposed 

model. Correlation between the observed variations and 

the predicted variations is excellent in over 85# of the 

cases tested. 

vli 
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I. Introduction 

Temporal variations In observed radiation may arise 

from Intrinsic variations within the radiating region or 

from properties of the medium between the source and the 

observer. The medium through which the energy passes may 

cause absorption, reflection or refraction of the radia¬ 

tion. This paper compares observed radio variations from 

four extragalactic objects to the theoretical variations 

of a model proposed to explain them. 

Until 1965 the only observed radio variability be¬ 

lieved to come from an object outside the solar system was 

from the intense supernova remnant Cassiopeia A. It had 

been generally assumed that, apart from occasional super¬ 

nova explosions or outbursts of previously detected op¬ 

tically variable stars in relatively nearby galaxies, no 

significant changes in the radio intensity of extragalac- 

tic objects should occur on a time scale shorter than the 

life span of a human observer. The large linear dimen¬ 

sions of the objects seemed to preclude radio variations 

on a short time scale. Specifically, if the emission is 

due to synchrotron radiation, it was considered unlikely 

that the time required to accelerate particles to speeds 

close to that of light, i.e., to relativistic energies or 

their subsequent decay by synchrotron radiation losses 
ß 

could be much less than about 10 years (Ref.19:4i8). 

The discovery, in 1965, of remarkable Intense changes 

1 
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In the radio flux of a number of discrete quanl-stellar 

radio sources, (Qdd), seemed to Imply that enormous amounts 

of energy are generated In extremely small volumes of 

space. A quasl-stellar radio source Is a celestial object 

that resembles a star but emits unusually br^ht blue and 

ultraviolet light and Intense radio waves, and usually has 

a very large red-shift. A discrete source Is one that Is 

distinct or separate. Such a source can be either a point 

source, a localized source, or an extended source. A point 

source Is an idealization defined as one which subtends an 

infinitesimal solid angle. A localized source is a dis¬ 

crete source of small but finite angular extent. An ex¬ 

tended source is larger. The distinction between local¬ 

ized and extended is arbitrary, but it has been common 

practice to identify sources with diameters less than one 

degree as localized. All of the known Q3S are of extremely 

small angular size, i.e., « 1' (ref.19:421) and are re¬ 

garded, in this paper, as point sources. 

This discovery was not made before 1965 partly be¬ 

cause no one thought to look for this type phenomena. The 

possibility that the variations are caused by properties 

of the medium through which the radiation passes has been 

ruled out by the results from extensive observations and 

comparisons of observed signals from Q53 that are separated 

by only a very small angle. No systematic variations were 

observed. The variations arc, therefore, produced in or at 

the sources. 
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The question, then, is, what in the phynlcal mechan¬ 

ism that produces the observed time variations in the in¬ 

tensity of emitted radiation? It has been suggested by 

Shklovakli (Ref.37:234), Kellerman (Ref.17:621), and 

van der Laan (Ref.4?: 1131) that the varying components of 

the radiation from QSS are due to sources of Synchrotron 

radiation. Other possible mechanisms for the production 

of variable radiation are: plasma oscillation, Cerenkov 

radiation, and thermal free-free radiation. These have 

been shown to be much less likely than the synchrotron hy¬ 

pothesis (Ref.42:639-690). 

At any one instant of time, the observed radio spec¬ 

trum of a QSS has a cutoff at a particular frequency, i.e., 

the intensity is much less at frequencies below this criti¬ 

cal frequency. As time passes, the critical frequency de¬ 

creases. The proposed model accounts for this by assuming 

the source is radially expanding, emitting synchrotron 

radiation and is synchrotron self-absorbed below some crit¬ 

ical frequency. Synchrotron self-absorption occurs when 

the optical depth at the frequencies being absorbed is 

very large. A photon produced by one spiralling electron 

is reabsorbed by another electron before it travels far 

enough to leave the source. The target electron then re- 

radlates Isotropically at lower frequencies. In other 

words, the source is Initially optically thick, but as it 

expands, becomes optically thin at progressively lower 

frequencies. It has been shown (Ref.40:344) that other 

3 
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ponslbilitlen for the cutoff In the apectrum, such as 

free-free absorption, are very unlikely in these sources 

and that synchrotron self-absorption provides the best 

explanation for the cutoff. 

The purpose of this paper is to determine if the ob¬ 

served flux density variations of the quasl-stellar radio 

sources 3C273, 304^4.3 and the related radio galaxies 3C84 

and 3C120 are compatible with the predictions based on the 

expanding source models as proposed by Shklovskii, Keller- 

man and van der Laan. 

For any discrete source the Integral of the spectral 

intensity over the source yields the total source flux 

density : 

= f I dß (1) 

where S = flux density of the source, watts 

^(^*0# 0) = intensity as a function of position over 
the source, watts rad”2 

dß = element of solid angle, rad2 

The flux density of most celestial radio sources is of the 

order of 10 watts m 2Hz ^ and this quantity is commonly 

called one flux unit. 

It will be assumed that synchrotron radiation is the 

only energy loss mechanism, apart from the energy that 

goes into the expansion. The attitude here is to admit 

the presently mysterious nature of the initial events giv¬ 

ing rise to the relativistic electrons. This investiga¬ 

tion includes analysis of frequencies from 750 MHz to 

4 
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90 GHz; however, no examination of the polarization of 

the received signals is made. 

The equipment and methods used to obtain the 90-GHz 

data are presented in Section II, These are representative 

of the equipment and methods used at the other frequencies. 

Next, the expanding source model is explained, including 

the derivation of the equations predicting the time depen¬ 

dence of the radio spectrum as the source evolves. The 

relationships between the flux density and wavelength are 

also derived from the model an it is shown how variations 

observed at one wavelength may be used to predict the be¬ 

havior at any other wavelength. 

Radio frequency data for the QSS 3C273, 3C454.3 and 

the related radio galaxies 3084 and 3C 120 from a wave¬ 

length of 3.3 mm to approximately 11 cm is compiled for 

the period from 198¾ to late 1969« Since the proposed 

model deals only with the variable part of a radio source 

output, the observed data is first adjusted to separate 

the varying components from the quiescent components. 

Next, the evaluation of each adequately observed outburst 

of each object is compared to the behavior predicted by 

the model. Values for T0, the time of initiation of each 

event, y , the index of the electron energy distribution, 

and ß% an acceleration parameter, are found for each e— 
vent. 

The conclusions are limited to whether or not the 

model satisfactorily explains the observed variations. 

5 
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In the case where the data is not consistent with the 

model, only qualitative attempts are made to alter the 

model 
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II. Observations 

Observations of quasi-stellar radio sources (QS3) at 

90 GHz (3.3 mm) were made with the radio telescope of the 

Space liadlo Systems Facility of The Aerospace Corporation 

at El Segundo, California. Data at other wavelengths was 

obtained from published articles (Ref. 14:Ll6, 25:Lñ2, 26:7, 

27:294-295» 32:956-963, 33:635) and, for the most recent 

data, directly from other active investigators (Ref.15, 24, 

31, and 49). A program of monitoring Q3S at 3.3 mm has 

been under way at Aerospace since April, I965. The equip¬ 

ment, observing procedures and data reduction methods used 

to obtain the 3.3-mm information are, in general, repre¬ 

sentative of widely used radio astronomical techniques. No 

attempt will be made here to describe the acquisition 

methods at wavelengths other than 3.3 mm. 

Equipment 

The radio telescope equipment consists of four basic 

units. These are the antenna, the hydraulic servo system, 

the computer, and the radiometric receiver and temperature 

calibration standard. (Fig. 1). 

Antenna. The antenna is an equatorlally mounted, 
> 

15 foot diameter parabolic Cassegrain with a gain of 70.3 

db at 90 GHz (Fig. 2). Two feed horns are mounted at the 

focus of the antenna, producing two patterns of reception, 

or "beams". The two beams have widths of 3.0 minutes of 

arc between half power points and are separated by 25 

minutes of arc in hour angle. 

7 
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Figure 2 Radio Telescope 

Hydraulic System. The hydraulic servo system provid¬ 

es antenna positioning, tracking and control. The servo 

system is capable of tracking with rates from 0.001 to 3.0 

degrees per second. Angular positions of the axes in hour 

angle and declination is determined by 20-bit (1.24 arc- 

seconds/bit) Datex Corporation shaft angle encoders. 

Computer. A Scientific Data Systems (SD3) 920 com¬ 

puter, programmed with ACPI LI, a locally written program, 

is used as a general purpose, on-line computer. It pro¬ 

vides antenna position and tracking control and real time 

data reduction. The computer continually samples, on a 

9 
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priority interrupt basis, Universal Time, shaft angle po¬ 

sitions, meteorological sensors, and building tilt trans¬ 

ducers. Subroutine programs compute this data in real-time 

to provide local sidereal time and modification in antenna 

position to correct for atmospheric refraction, building 

tilt, axis misalignment, and calibrated structural flexure 

of the antenna and the mount. 

An integral part of the computer is an SDS AD 10-14 

analog-to-digltal converter. The sample rate used in these 

observations is ten samples per second. 

Receiver. The receiver is of the Dicke switching 

type. The crystal mixer input is switched at a 500-Hz rate 

between the two beams. A klystron local oscillator pro¬ 

duces an intermediate frequency of 3 GHz with an IF band¬ 

width of 1.5 GHz. The receiver has an overall output 

noise fluctuation of ss 0.06°K, for an RC time constant of 

1 second. 

A hot-load resistor provides the calibration tempera¬ 

ture standard. The resistor temperature is approximately 

357°K, and is monitored with a thermocouple and bridge to 

an accuracy of - 0.1,-2. 

Observation Procedure 

The right ascension and declination coordinates for 

the desired object are obtained from an appropriate radio 

source catalog and entered into the computer. The antenna 

is slewed by computer to the calculated hour angle 

and declination position corresponding to these coordinates 

10 
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Because of the earth's motion, the computer is programmed 

to continually recalculate the hour angle and declination, 

and, through the servo loop, keep the antenna tracking the 

object. The computed hour angle and declination values 

include correction for atmospheric refraction and build¬ 

ing tilt. 

Approximately every 15 minutes the computer must be 

updated for pointing corrections, which are a function of 

the hour angle position of the antenna. These corrections 

are necessary because of imperfections in the antenna's 

bearings, shafts and gears. The pointing correction is 

determined by observing the limbs of the sun (Fig.3). 

DECLINATION 

HOUR 
ANGLE 

FIGURE 3 POINTING CORRECTIONS 

The antenna is commanded to the epheraerls position (which 

corresponds to the center) of the sun. It is then manu¬ 

ally slewed in declination until the received signal 

11 
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strength Indicates the antenna is pointing at a limb. It 

is then manually slewed back until the opposite limb is 

reached. The measured angles between the apparent center 

and the limbs, D1 and D2, yields the declination correc¬ 

tion. The hour angle correction is found in the same way. 

Approximately every ' , and always when changing 

from one object to anothe , a "dipping" measurement is 

made. This Involves observing the "blank sky" at the 

zenith and at + 30® elevation where the path length through 

the atmosphere is twice as long as at the zenith. The 

difference between the two measurements indicates the a- 

mount of 3.3-uni radio emission produced by one "unit depth" 

of atmosphere. This information is used later in correct¬ 

ing for atmospheric attenuation. (Ref. 36). 

To cancel the effect of atmospheric emission while ob¬ 

serving an object, a dual-beam observing procedure is used. 

The receiver measures the signal voltage difference between 

the two antenna beams. The antenna is moved back and forth 

through 25 minutes of arc (the amount of separation be¬ 

tween the two beams) in hour angle so that the object is 

observed for approximately 92-second intervals, first in 

one beam and then in the other beam. The beam that is not 

observing the object is observing only the nearby blank 

sky. The exact switching interval used is a function of 

the declination of the object. The interval is determined 

by how long it takes for the hour angle position of the ob¬ 

ject to chsnge by 25 minutes of arc. In this way the 

12 
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beams scan the same arc of hour angle during both halves 

of a pair of readings (Fig. 4). 

t = 0 92 

FIGURE 4 DUAL BEAM OBSERVING 

The computer, through the analog-to-dlgital converter 

samples the receiver output ten times a second. For one 

observation period this amounts to approximately 920 sam¬ 

ples, each of which Is the signal difference between the 

two beams. At the end of the period the computer calcu¬ 

lates and prints out the average of the 920 voltage read¬ 

ings and the secant of the zenith angle of the antenna at 

the end of the period. The next observing period then be¬ 

gins with the antenna moved such that the object is now in 

the other beam. This procedure is interrupted approxlmate- 

13 
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ly every 25 minutes to allow for observation of the hot- 

load calibration standard. This measurement Is used In 

the reduction of data. The 25 minutes of observation be¬ 

tween calibrations Is called one cycle. It contains 14 

of the approximately 92-second observing periods grouped 

in seven pairs. Each object was observed for approximate¬ 

ly five cycles per day. 

The 3.3-mm antenna temperatures of the quasi-stellar 

objects are < 0.01° K - i.e., less than the receiver 

noise. Hence, the object had to be observed, and the 

signal integrated, for approximately ten hours to achieve 

signal-to-noise ratios of even a few to one. When a total 

of 25 cycles was accumulated it was then reduced to yield 

one flux density value for the object. 

Data Reduction 

Each cycle of observation Is reduced to yield one 

uncorrected antenna temperature. First the two halves 

of each of the seven pairs of average voltage readings 

are subtracted fron each other to eliminate the unknown 

zero point in the antenna temperature scale; the seven re¬ 

sults are then averaged. This antenna voltage Is con¬ 

verted by the following relation: 

Tá = La, 
Veal 

Teal (2) 

where V -, is the antenna voltage recorded when observing 

the hot load calibration standard, and Tca^ is the effec¬ 

tive antenna temperature of the standard found by compar- 

14 
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Ing the voltage measurement of the standard to the volt- 

ase measured when observing the sun after it has been 

corrected for atmospheric effects. The antenna tempera¬ 

ture of the sun at 3.3 mm is 5150°K (this temperature was 

found from the microwave spectrum of the sun and the known 

characteristics of the antenna). 

Since wave propogation in an absorbing medium is 

accompanied by attenuation, each of the resulting 25 

values of Ta must be corrected for atmospheric attenuation. 

It has been assumed that the surface of the earth is a 

flat plane and the atmosphere above it is homogeneous 

and isothermal. 

The observed antenna temperature when the object is 

in beam 1 is : 

1 -e -rsec z + Tae -rsec z 

Beam 1 Beam 2 

and when the object is in beam 2: 

^-e-Tsec 1_e-rsec + Tae”rsec z (3a) 

where 

Beam 1 Beam 2 

T& = observed antenna temperature 

Ta = antenna temperature if the observation 
is made outside the atmosphere 

Tq = temperature of the atmosphere 

r = optical depth of a unit thickness of 

15 
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atmosphere.(atraoapheric depth at zenith). 

sec z = the multiple of the unit thickness of at¬ 
mosphere through which l’a was measured 

z = angle between the line of observation 
and the zenith 

ZENITH 

FIGURE 5 SECANT Z 
The quantity e“Tsec z Is the attenuating factor (see ap¬ 

pendix A), while T0(l-e"rsec z) represents the equivalent 

antenna temperature of the black body emission from the 

atmosphere (Appendix B). Because of the dual-beam observ¬ 

ing technique the emission term has automatically been ac¬ 

counted for and no correction is necessary here. Equation 

(3) and (3a) reduce to: 

T* a Tae-T3ec z (A) 
cl I ci 

oc - T c”Taec 1 (Aa) 

The unknown proportionality constant and hence the unknown 

OBJECT 

\ 
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zero point in the scale is eliminated when the pair of 

readings are subtracted: 

rn m* _ ni* _ nm _“TSeC Z 
Ta1 " a2 21ae 

(5) 

or, equivalently: 

i J rsec z 
Ta = t Tae (5a) 

The optical depth, r , is calculated from the data obtained 

by the dipping procedure. The difference in atmospheric e- 

mission 4Tatm measured at the two zenith angles correspond¬ 

ing to sec z = 1 and sec z = 2 is: 

If TQ is known, then an approximate value of r can be ob¬ 

tained. However, in equation (6) T is considered as con- 
o 

étant, which is not true in the real atmosphere. An em¬ 

pirical relation between r and the differential emission 

measured by the dipping procedure has been derived at a 

wavelength of 3.3 mm (Ref.8) and it is used to find the 

value of T. 

The 25 corrected antenna temperatures, T are aver- 
£L 

aged and the results converted to units of flux. One 

flux unit equals 10“ watt/Meter¿ Hz. Antenna tempera¬ 

ture is directly proportional to flux density: 

S = (7) 

where S = flux density in watt/M2/Hz 

17 
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a = antenna temperature in degrees Kelvin 

k = Boltzman constant 

A = effective aperture of the antenna 

The effective aperture of the antenna is found from the 

gain measurement with: 

where g = measured gain at 3.3 mm 

X = wavelength 

(8) 

The final result is one measurement of the flux density 

emitted by the object during the period of time the 23 

cycles of observation were made. 

18 
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III. Theory 

In the model it la assumed that an event is initiated 

when, at some small region or point on or in a QSS or radio 

galaxy, a compact cloud of relativistic electrons is pro¬ 

duced by an unknown process. The resulting radio source 

then consists of a homogeneous, adiabatically expanding 

sphere of these electrons emitting synchrotron radiation. 

The magnetic field is assumed randomly oriented through¬ 

out the source and is conserved. The relativistic elec¬ 

trons obey Fermi-Dirac statistics and are assumed to have 

an isotropic energy distribution of the form: 

where 

N(E)dE « K(r)E“ydE (9 

N(E)dE = number density of electrons with 
energy between E and E + dE 

K(r) = number density of electrons 

y = constant 

r = total radius of the source 

It will be shown (eq. 21b) that the electrons lose energy 

as r 1 (Ref.37:244) because of the adiabatic expansion. 

The total number of electrons is assumed conserved. 

The amount of self-absorption of radiation accuring 

within a source is proportional to the value of the self¬ 

absorption coefficient. It will be shown (eq. 14 and 21) 

that the self absorption coefficients dependence on radius 

of the source is: 

« r-2(y+2) 
(10) 

19 
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where -V(r) = aelf-abaorption coefficient 

r = total radius of the source 

Initially, (when r Is small), the self-absorption coeffi¬ 

cient is very large and the source is opaque to its own 

radiation. It will also be shown (eq.22) that in this 

phase of the evolution of a source the flux density emit¬ 

ted at a frequency v will increase as r^. As the absorp¬ 

tion coefficient decreases due to the expansion, the 

source will become partially transparent at a given fre¬ 

quency and the observed flux density will reach a maximum. 

It will then be shown (eq. 23) that the flux density decays 

as r as the source continues to expand. Since the ab¬ 

sorption coefficient varies as ^-2(7+2) ;/-(y+4)/2^ 

source will become transparent at successively lower fre¬ 

quencies as r increases. Because of the energy density 

decrease in the expansion, the amplitude of the flux den¬ 

sity maximum will be less at later times as the maximum is 

observed at lower frequencies. At wavelengths longer than 

20 or 30 cm the change in flux density becomes negligible 

against the background radiation. 

Two or more events may be evolving simultaneously in 

one object. The radiation from each event plus any back¬ 

ground radiation from the object combine to form the total 

spectrum. The events may be in different stages of evolu¬ 

tion and may be spatially separated. Because the theory 

deals only with an isolated, non-interacting outburst, an 

attempt is made (Section IV) to resolve the varying com- 

20 
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ponent of the total spectrum due to the outburst under 

Investigation from the remainder of the emitted radiation. 

Predicted Behavior 

A detailed calculation by Le Roux (Ref.23:79-81) has 

shown that, for a source of synchrotron radiation in a uni¬ 

form sphere of diameter 1, in a magnetic field of strength 

B, the solution of the equation of transfer: 

ö = -XI + J (11) 
dl 

where I = intensity 

X - absorption coefficient 

J = mean emission per unit volume 

in terms of flux density, is: 

S(v) = 12 -iíül- ( (12) 
-V(i') \ / 

where S(r) = flux density at frequency v 

T = optical thickness = - X(^)l 

The volume emisslvity and absorption coefficient for syn¬ 

chrotron radiation as derived by Le Roux are: 

//Ke2C /eB , _ 1-V 

■H1’) = 6*r2 (zñZo/ FlylfST (,,) 

_p 
Note that Le Roux has incorporated the R dependence of 

the radiation in J rather than in S as is usually done. 
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and 

(y+2)a(y)V 
-y+4 

(14) 

where // = permeability 

K = electron density 

e = charge of electron 

c = speed of light 

^ = distance of the source from observer 

B = magnetic field strength 

m0 -: rest mass of an electron 

y = index of the electron energy distribution 

V = frequency 

G (y) and F (y) are numerical factors close to unity which 

are only weakly dependent on y . 

The angular diameter of the source, 0 , is proportional to 

the linear extent of the source, 1 . 

At any instant of time there will be one particular 

frequency at which the flux density has Just reached its 

maximum value. At this instant of time and this frequency 

r»1. For frequencies r <<: vm* the frequency of maxi¬ 

mum flux density, the source is still optically thick and 

t 1 • In this case the factor - e"""^"j is approxi¬ 

mately equal to one and from equation (12): 

(15) 
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where 

Bttiti O 
K. =1 

The frequency dependence of the 

form: 

spectral curve takes the 

5/2 
S oc r ^ (16 Í 

For frequencies v » v.. the source Is optically thin (t<< 1) 

and here the factor - e~r) is approximately equal tor; 

from equation (12): 

S(v) 3 ^ 
1 J(v) = KK2B~ 07) 

where 

/jRe2C 
= Ö 7r 

i 

The frequency dependence of the spectral curve now takes 

the form: 

i-y 
S a i; » i/m (13) 

At the frequency the optical depth is approximately 

unity, hence: 

(19) 

Dividing equation (17) by (19) yields a relation between 

the frequency of the maximum flux density and any higher 

frequency: 

3(^) = 
I a 1^(¾) 

y+i 

2 / 2+i 
£>£ (_^-) ^ 3 
Btt \?7rnJ KR3 0 

o / y+2 
(_0_r^KlB“2~ 

IGthDo Vn:no/ 

(20a) 
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(20b) 

(20c) 

where = 41 frequency at which the source Is trans¬ 
parent (note > V ), 

^ m 

The parameters BfE,K, and 0, change as the adiabatic 

expansion proceeds from the time T0. (The subscript "o" 

denotes values at a specified instant) It Is assumed that 

the general structure of the magnetic field remains un¬ 

changed during the expansion. It Is assumed the magnetic 

flux is conserved and the field strength varies as: 

(21a) 

whore r = radius of the expanding sphere. 

The relativistic electron gas cools adiabatlcally and 

from the adiabatic invariance of 

2 
P]_ = constant 
9 

P| = the component of the electrons momentum 
perpendicular to B 

the energy of an individual electron perpendicular to B 

varies as: 

(21b) 
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It has been shown (Ref.9 and 29) that even If the 

effec 0 of energy loss by synchrotron radiation on the 

radio spectrum or the electron energy distribution index 

will not manifest itself at frequencies below 100 GHz un¬ 

til at least three years after the initiation of the event. 

Observations indicate that subsequent outbursts have usu¬ 

ally occured within that interval with the result that an¬ 

alysis of the original outburst, which is decaying rapidly, 

is impossible. In any case, it seems likely that by the 

time this stage is reached the effect of synchrotron radia¬ 

tion losses and the expansion of the original outburst will 

cause the intensity of emitted radiation to be very low, 

and the outburst will have become too weak to observe. 

Therefore, in the time Interval of interest here, all elec¬ 

trons will appear to lose energy in the same ratio. Hence, 

their energy spectrum will remain constant. If when r = 

r0, the energy spectrum was of the form N(E)dE = K0£0"ydE 

then at later times, y = constant, while K, from 

of electrons) will vary as: 

( conservation 

The angular diameter varies as: 

(21d) 
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Fro,, relation (.5) and (21) the flux density as a function 

of radlua for the region where r»i is; 

Similarly, from relations (17) and (21), the functional 

dependence of the flux density on radius for the region 

where t « ] la ; 

(23) 

The dependence of rm on radius Is obtained from equations 

(20c), (21) and (23) : 

-4y+6 

(24) 

lhe variation of the maximum flux density with the radius 

follows from equations (16), (22) and (24) or equations 

(IB), (23) and (24): 

S m = 
(25) 

From (24) and (25) the relationship between the maximum 

flux density and the frequency at which it occurs is: 

- 7>V5 

or the equivalent 

dm = 3m ( 
o ' 

expression 

-7V+3 
4 y +o 

(27) 
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where \ = wavelength 

Time Dependence 

The observed variations of the sources are recorded 

as a function of time, not radius. Therefore, In order 

to obtain an expression for the flux density at any fre¬ 

quency as a function of time, it is necessary to specify 

either the time dependence of the expansion velocity, or 

the time dependence of the radius of the source. With the 

expansion velocity assumed constant: 

r 
t 

ro t0 
(28) 

where t = the age of the source of radius r 

It has been suggested (Ref.3) that an acceleration par¬ 

ameter ß, be introduced such that 

where ß = 1 if the velocity is constant 

ß > 1 if the expansion is accelerating 

0 < 1 if the expansion is decellerating 

The expansion may be slowed down by the intergalactic 

medium or the relativistic particles may still be accel¬ 

erating, perhaps due to their continuing generation. In an 

attempt to remain as general as possible, relation (29) is 

used here. Therefore, from (22) and (29) the time depend¬ 

ence of the flux density when r»l is: 
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When r«!, from (23) and (29) it is: 

(3D 

The change in the frequency of maximum flux density with 

time follows from equations (24) and (29): 

or, equivalently, 

tm tm 
o 

y+4 
U4y+6 )ß} 

(32) 

(33) 

The time variable in the above relations refers to the 

age of the source and can be expressed as (T - T0) such 

that : 

t = (T - T0! (54) 

where t = age of event 

T = local time of observation 

Tq= local time of the initiation of the event. 

Summary 

The equations which describe.the behavior of the 

flux density variations from an expanding source of syn¬ 

chrotron radiation are: 

S 
5/2 

« V valid for m (35) 

i -y 
S <x V 2 valid for v » (36) 
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Sra« \ y / valid for (37) 

3/5 
S « (T - T0) valid for ^ (38) 

-2Y8 
S « (T - T0) valid for ^ ^ (39) 

r+4 

(To - To> a Xm {i,y*6)ß (40> 

These equations are used in Section IV to compare the 

expanding source model with the observations. 
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IV. Analysis and Discussion 

The data used In this analysis, at each wavelength, 

Is presented, for each object, as a series of flux den¬ 

sity versus time plots, all sharing the same time scale. 

In this way the Increase of flux density duo to an out¬ 

burst can be seen to occur first at the highest frequency 

observed and then, as the radio source evolves, at pro¬ 

gressively lower frequencies with increasing time. The 

data at each wavelength Is the result of a superposition 

of at least two components; the background or quiescent 

component, which may be varying slowly, and the rapidly 

varying component, due to an outburst in the object. Fre¬ 

quently, two or more events are evolving simultaneously, 

with the result that the observed flux density is a com¬ 

posite of the quiescent and all the rapidly varying com¬ 

ponents. Resolution of the data into the individual com¬ 

ponents was accomplished by extrapolating the trends of 

the variations observed and subtracting the contribution 

of all components not being analyzed from the measured 

value of the flux density. This manipulation, while ad¬ 

mittedly only an estimate, is the only technique avail¬ 

able. 

The corrected data for each event is used to test 

the predictions developed in the proceeding section. First 

relation (33) is rewritten as: 
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W 

T (½ - V (41) o 

s,\ W 

where TQ = time the event was initiated, years 

Sj = flux density at time, T., flux units 

S2 = flux density at time, T2, flux units 

ß = acceleration parameter 

Equation (41) is valid for r » 1, i.e., at any given 

wavelength, the Interval of time when the flux density 

is increasing. A program to repeatedly solve equation (41) 

for adjacent pairs of 31 and S2 was written in Fortran IV 

for a Control Data Corporation (CDC) 6000 series computer . 

For each solution ß was varied as a parameter in steps of 

0.1 from a value of 0.5 to 1.5. This program was run, using 

data at each wavelength where the event was adequately ob¬ 

served. The equation plus the constraint that it yields 

the same result at every wavelength allows for the simul¬ 

taneous solution of T0 and ß. The results of the analysis 

are displayed graphically as T vs A for each ß. 

Next, relation (39) is put in the form: 

y (42) 

where y = electron energy distribution index 
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whore S1 = flux density at time Tj, flux units 

= flux density at time Tg» flux units 

ß = acceleration parameter 

This relation is valid only for r « t, i.e., at any given 

wavelength, the Interval of time when the flux density 

is decreasing. With the values of TQ and ß found above, 

equation (42) was solved repeatedly, by computer, for y 

from adjacent pairs of S, and Sg at each wavelength where 

the event's decay was adequately observed. The value 

of y most consistent with the solution at every wavelength 

was taken to be the y for that event. 

With the values of T0, ß. and y determined for each 

event, the observed time of maximum flux density, Tm, at 

each wavelength is used to test the validity of the model 

by plotting (Tm - T0) vs X on a log log graph and com¬ 

paring its slope to (y+4)/(4y+6)£ which is the slope 

predicted by equation (40). Similarly, the observed 

value of the maximum flux density, Sm, reached at each 

wavelength is plotted versus X on a full log graph and 

the slope compared to a value of -(?y+3)/(^+6) which is 

the slope predicted by equation (37). As an additional 

test of the model, a full log plot of flux density versus 

frequency is made for a few points in time during the 

evolution of each event. The slope of the spectrum is 

compared to the slope expected if the model is accurate. 

Equations (35)and(36) predict a slope of 2.5 for the re- 

fc'lon of the spectrum where the flux density is increasing 
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and a slope of (1-^)/2 for the region of decreasing flux 

density. 

In the model the assumption was made that the mag¬ 

netic field strength B < 10“^ gauss. An estimate of the 

upper limit of the magnetic field strength is obtained 

from equation (20c). Solving for B and evaluating the 

constant yields: 

-8 4-2 i-y y+4 
B « 10 S (^) vm (43) 

where B = magnetic field strength, gauss 

6 = angular diameter, sec of arc 

S( v^) - flux density at flux units 

= frequency, MHz ( > ^ 

vm - frequency of maximum flux density, MHz 

The value for the upper limit of 0 is obtained by assum¬ 

ing an expansion velocity equal to the speed of light. 

Therefore : 

e < 2.06 X 10^ — (44) 

where B = angular diameter, arc sec 

Imax = maximum linear extent, parsec 

R = distance to the source, parsec 

with 

where 

Imax = Ct m (45) 

C = velocity of light, parsec/yr 

tm = age of the source corresponding to v , 

(Tm - V' *r- 
The values of R, the distance to the source is determined 

from the cosmological interpretation of the object's red 
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ohlft by: 

CZ 
H = TÇ (46) 

where R = distance to the source, Mpc 

A\ Z = = red shift 

C = velocity of light, rn sec -1 

H0 = Hubble constant, ra sec“' Mpc ^ 

Ak - wavelength difference or shift in wave¬ 
length 

Xq = unshifted wavelength 

The exact value for Hubble's constant is uncertain, but it 

+ 5-1-1 
lies within 1,0 - 0.5 x 10 m sec Mpc . 
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3C84, also called W3C ,275. Is a Seyfert galaxy with 

a red-shift equal to 0.018 (Ref.3o:843). It Is, from 

equation (46), approximately 54 Kpc distant. The radio 

energy received from this object, therefore, originated 

about 173 million years ago. In Pig. 6 Is presented the 

flux density received from 3C84 from 1965 to late 1960 at 

wavelengths from 3.3 mm to 6 cm. The data suggests the 

presence of 3 separate events during this Interval, with 

event I being adequately observed first at 3.3 mm In 

1966.4 and continuing until 1967.4 at 6 cm. Event II Is 

first noted In 1967.2 at 9.55 mm and Is observed until 

1969.4 at 6 cm. Event III firt appears In 1967.5 at 9.5 

mm and Is last seen accurately In 1969.1 at 2 cm. The 

suggested curve through the 9.55-mm data clearly shows the 

3 Increases In the flux density. The shape of the 1967.0 

rise at 1.55 cm shows a broadening effect compared to the 

shape at 9.55 mm. This trend continuos until, at 2 cm, 

the effect Is to lengthen and confuse the Increase at 2 cm 

due to event I to the point where It completely obscures 

the Increase due to event II and III. Because of the 

scatter In the 2.8-cm and 4.5-cm data no reliable trends 

could be found. The quiescent component at 3.3 mm Is 

about 10 flux units and Is fairly constant, while at 9.55 

■nrn, 1.55 mm, 2 cm, and 6 cm It shows a slow steady Increase 

with mean values of approximately 27, 31, 29, and 16 flux 

units respectively. 
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^-V°nt ^ The flux density Increases at 3.3 mm, 9.55 

nun, 1.55 cm and ?. cm are used In equation (41) with the 

results Indicated In Fig. 7. The error bars for all the 

points are of the name order of magnitude as those shown 

for ß = 0.5, but are left off for clarity. The results of 

this computation suggest values of Tq and ß of 1966.40 and 

1.0 respectively. 

With these values to Tq and ß equation (42) Is evaluated 

for the flux density decreases at 3.3 mm, 9.55 mm and 

1.5 cm. The value of y which best fits the results 

at each wavelength is y = 1.0 i 0.1. From Fig. 6 the 
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opocha of tho naxlnura flux density, T , at the wave- 

len-;uhs mm, 9.55 mm, 1.55 cm, 2 cm and 6 cm are 

1966.6 * 0.05, 1966.74 ± 0.05, 1966.75 1 0.05, 1966.78 ± 

0.05 and 1967.2 - 0.1, respectively. The age of these max 

lina, (Tm - T ), are plotted against wavelengths on Fig. 8. 

The slope of t„a vs X as predicted by equation (40) with 

>’= 1.0 - 0.1 and ß- 1.0, is 0.5 - 0.01. The data is 

consistent with the derived values of y and ß and equa¬ 

tion (40). 
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The value of the maximum flux density reached at each of 

these wavelengths is displayed in Fig. 9 with the range 

of slope predicted by equation (37) superimposed on this 

data. With y = 1.0-0.1, the exponent (the slope on a 

log-log graph) in equation (37) is equal to -1.0 Í 0.03. 

S is decreasing. These slopes are shown superimposed on 

the data for each epoch in Fig. 10 and are consistent 

39 



GSP/PH/70-6 

with the data. 

The maximum linear extent of the source at the tine 

when the flux density reached a maximum at 1.55 cm (1966. 

75) computed from equation (45), was 4.2 light months. 

This corresponds to an angular size, from equation (44), of 

0.0004 arc sec. Evaluating equation (45) with ^=9.08x10^ 
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MHz (3.3 nm) the value of the magnetic field strength 

-5 
was equal to or less than 2 x 10 gauss. 

Event II, Equation (41) was evaluated with data 

from the flux density increases at 3.3 mm, 9.3 mm, 1.55 cm, 

and 6 cm and the results are shown in Fig. 11. 
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Afsain, the error barn have been left off moat of the pointa 

for the nake of clarity. Tq is found to be equal to I966. 

84 - 0.04 with ß equal to 0.8. Using these values in e- 

quatlon (42) and the flux density decreases 9.55 mm, 1.55 

cm and 2 cm, >’ is found to be equal to 1.5 Í 0.1. 

The epochs of the maximum, from Fig. 6 are; 3.3 mm- 

1967.0 Í 0.1 (Interpolated), 9.55 mm - 1967.21 Í 0.04, 

1.55 era - I967.O8 - 0.04, 6 cm - 1967.24 Í 0.05. The ages 

of these maxima versus wavelength are shown in Fig. 12 to¬ 

gether with the slope predicted by equation (40) for the 

values of y and ß found above. 
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This slope (0.573 - 0.00^ ) can not be positioned to In¬ 

clude the point at 9.55 nara. The values of these maxima 

versus wavelength are shown In Fig. 13 together with the 

slope predicted by equation (37), which for y = 1.5 ± 0.1 

is - 1.125 - 0.02. 

WAVELENGTH X, cm 

The spectra of event II for the epochs 1967.0, 1967.2 

and 1967.4 are shown in Fig. 14 together with the slopes 

2.5 and - 0.25 - 0.05 predicted by equations ('35) and (36) 
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FIGURE 14 
3C 84 EVENT □ 
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The naxl^un: linear extent of the source when the 

flux density reached a maximum at 1.55 cm was 2.9 light 

months. This corresponds to an angular size of 0.0003 

a maximum magnetic field strength of 3.6 x 10 gauss. 

Event III. Event III was observed completely only 

at 9.55 mm and 1.55 cm and partially at 2 cm. Fig. 15 

shows the results of analysis of relation (41), which 

yielded T = 1967.37 - 0.05 and ß - 1.0. 
o 
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rflth thene renulta, and the flux density data at the three 

wavelengths, y Is found, from equation (42), to be 1.1 ± 

0.1. 

lhe time at which the flux density reached its maxi¬ 

mum at 9.b5 mm and 1.55 cm were 196?.6 t 0.04 and 1967,63* 

0.04, respectively. Oue to the confusion in the 2 cm data 

a value of Tm cannot be found. Fig. 16 is the plot of the 

ages of these maxima along with the predicted slope of 

0.49 ± 0.01. 

WAVELENGTH X , cm 
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The values of these maxima and the value of the flux den¬ 

sity at 2 cm at the extrapolated time its maximum should 

have occured (1967.68) are shown in Fig. 17. The pre¬ 

dicted slope from equation (37), -1.03 - 0.03, la superim¬ 

posed on this data. 

WAVELENGTH X, cm 

When the flux density reached its maximum value at 

1.55 cm the maximum linear size of the source was 3.1 

light months, corresponding to 0.0003 arc sec. With = 

3.14 X 10 MHz (9.55 mm), the maximum magnetic field 

strength is found to be 4.8 x 10“^ gauss. 
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The model la nucceasful in describing the three events 

analyzed. Kor event I the correlation of the model with 

the observed variation of tm with X and of Sm with X 

(Figs. 8 and 9) is excellent; the predicted slopes fall 

within the error bars of all the data points. The shape 

of the observed spectrum (Fig. 10) for event I also follows 

closely the predictions of the model. These same comments 

are true for event II (Figs. 12, 13fand 14) with the ex¬ 

ception of the age of the 9.55 mm maxima (Fig. 12). The 

model would have this maximum occurlng at 1967.01 Instead 

of 1967.6 as shown in Fig. 6. The interpolated curve, 

drawn through the 9.55 mm data in Fig. 6 might be erron¬ 

eous. The maximum for event II might have occured earlier 

arid been undetected (the 9.55 nsn data is sparse in 196?) 

and this second peak shown might be due to an additional 

"minor" event. "Contamination" by this minor event may 

have caused the observed broadening of the 1.55 cm and 

2 cm data. 

The ages of the peak flux density at 6 cm as shown in 

Fig. 8 for event I and on Fig. 12 for event II are both 

taken from the same peak In Fig. 6. In other words, the 

observed time of the 6 cm maximum agrees with the predic¬ 

tions for both event I and event II. As found, event I is 

expanding with a constant velocity, (l.e./?= 1.0) while 

event II is decellerating (/9= 0.8). This does not pre¬ 

cia Ic the possibility that the expansion velocity of event 

II is greater than that of event I. It is suggested that 
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both event I iind event II reached optical transparency at 

6 cm simultaneously. If thin is the case, the peak at 

6 cm is the sum of the peaks from each event. Indeed, the 

value of the one maximum from Fír. 6, corrected only for 

the quiescent component is used for both event I and event 

II as shown on Fif'S. 9 and 13. The measured maximum is 

high in both cases; half this value would provide a good 

fit in both cases. There is no 3.3 mm point for the 1967. 

4 spectrum in Fig. 14 because the event was over at 3.3 mm 

by this time. 

Event III is not observed as completely as event I 

or event II, but as shown in Figs. 16 and 17, the pre¬ 

dictions of the model do satisfy the observed behavior. 

In fact, of the three events, number III shows the best 

correlation with the model. 

It was shown in section three that the effects of an 

event are seen first at the highest frequency and then at 

later times at lower frequencies. In Fig. 6 activity 

(possible events) can be seen in the 3.3 mm data. It will 

be interesting to see if these variations show up at the 

longer wavelengths in the future. Certainly observers 

should be on the alert to look for them. 
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3C 120 

3C120 13 a Seyfert galaxy with a red-shift equal to 

0.0323 (Ref.30:843). Its distance from the earth Is 

therefore approximately 100 Mpc. The data for 3C120 (Fig 

18) Include observations from wavelengths of 3.3 mm to 

40 cm for the period from 1985 to late 1989. Three events 

are seen to be evolving during this interval. Event I, 

which was first observed in 1966.1 at 2 cm and then later 

at 6 and 11 cm, was analyzed, with ß assumed to be one, by 

Pauliny-Toth and Kellerman (Ref.34:Ll69-L175). No ob¬ 

servations were made at 3.3 mm from 1967.22 until 1967.84, 

with the result, that the maximum flux density due to event 

II was missed at this wavelength. The effect of event II 

is, however, clearly seen at 2, 2.8, 4.6, 6 and 11 cm. 

Event III was observed from 3.3 mm in 1968.3 to 6 cm in 

1968.8. The quiescent components at 2 cm, 2.8 cm, 6 cm, 

and 11 cm were slowly increasing with mean values of ap¬ 

proximately 7, 5.8, 5.9, 3.5, and 3.4 flux units respec¬ 

tively. The quiescent component at 3.3 mm appears to have 

been steady at 2 flux units or slightly decreasing. 

Event II. The well defined increases in flux density 

at 2, 2.8, 4.6, and 6 cm are used with equation (41) to de¬ 

termine Tq = 1967.38 - 0.04 and ß- 1.0 (see Fig. 19). 

T is in excellent agreement with the value of 1967.38 * 
0 

0.05 found by Pauliny-Toth and Kellerman (Ref.34:L172). 

From equation (42) a value of V consistent with the flux 

density decline at 3.3 mm, 2, 2.8, and 4.6 cm is found 
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to be 1.0 ± 0.1. 

From Fig. 18 the epochs of the maxima are 2 cm- 

1967.78, 2.8 cm - 1967.91, 4.6 cm - 1968.02 and 6 cm - 

I968.II. The ages of these maxima as well as the slope 

(0.5 - 0.01) predicted by equation (40) for y = 1.0 * 0.1 

are plotted in Fig. 20. Fig. 21 is the values of the 

flux density maxima versus wavelength together with the 

slope of - 1.0 - 0.03 as predicted by equation (37). 
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WAVELENGTH X.cm 
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The spectra of event II for the epochs 196?.5, 1967.7, 

1967.91 I968.I and 1968.3 are shown in Fig. 22. The expeo- 

ted slopes of 2.5 (eq 35) and 0.0 - 0.05 (eq 36) are shown 

best fitted with the data. The dotted points at 3.3 mm 

(9.08 X 10 MHz) indicate an extrapolation from the avail¬ 

able 3.3 rain data. Excellent correlation is obtained. 

The maximum linear extent of this event when the flux 

density peaks at 2.8 cm is 6.A arc sec. With = I.5 x 

10 MHz (2 cm), the value of the maximum magnetic field 

-4 
strength was 1.3 x 10 gauss. 
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Event III. As shown in Fig. 23 data at 3.3 mm, 2, 

2.8, 4.6, and 6 cm are used in equation (41) to find T = 
o 

1968.07 - 0.02 and /? = 1.0. The decays in flux density at 

these same wavelengths are used with equation (42) to find 

y =; 1.2 i 0.1. 
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Tho flux densities reached maxima, for event III, in 

1968.32, 1968.45, 1968.64, 1968.73 and 1968.84 at the 

wavelengths of 3.3 mm, 2 cm, 2.8 cm, 4.6 cm and 6 cm, re¬ 

spectively. The corresponding ages and the predicted 

slope of 0.48 - 0.008 are shown in Fig. 24. The maximum 

flux densities reached at these wavelengths together with 

the predicted slope of - I.06 - 0.03 from equation (37) 

are shown in Fig. 25. The 3.3-mra value falls 57 flux 

units short of the predicted values. 
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The spectra of event III for the epochs 1968.4, 1968^6 

and 1968.8 and the expected slopes of 2.5 (eq 35) and -0.1 

¿0.05 (eq 36) are shown In Fig. 26 in good agreement. 

When the flux density peaked at 2.8 cm, the maximum 

linear size of the source was 6.8 light months and the 

maximum angular size was 0.0004 arc sec. The maximum mag¬ 

netic field strength using = 1.07 x 104 MHz in equa¬ 

tion (43) was 1.7 x 10"4 gauss. 
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The correlation of the predicted functional relations 

of trQ with X, 3m with X, and 3 with v with the observed 

behavior for event II are excellent (see Fig. 20, 21 and 

22). In Fig. 22 the dashed points at 3.3 mm indicate that 

these values were extrapolated from the existing 3.3 mm 

data. The effect of event II at 3.3 mm had decayed to the 

quiescent level by 1968.1; therefore there are no 3.3 mm 

points for the 1968.I and 1968.3 spectra in Fig. 22. 
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Although there is noticeable scatter in the t vs X 
m 

plot for event III (Fig. 24), there is still good correla¬ 

tion with the predicted trend. The Sn] vs X plot for event 

III (Fig. 25) shows excellent correlation with the model 

for the longer wavelengths, but the 3.3 mm point falls 

approximately 57 flux units short of the predicted value. 

This is possibly due to energy loss mechanisms, such as in¬ 

verse compton scattering, which may be acting while the 

electron cloud is still relatively dense. The spectra of 

event III (Fig. 26) shows a high correlation with the 

model. The 3.3 mm value for the 1960.4 spectrum shows 

good agreement. If there are other energy loss mechanisms 

at work at 3.3 mm, either it has become less dominant than 

the expansion by 1968.4 or it was such that it affected 

only the peak of the outburst and not its general shape 

away from the peak. Event III is over, at 3.3 mm, before 

1968.6; therefore there are no 3.3 mm points for the 

1968.6 and 1968.8 spectra. 
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2Ç_272 

3C273 is a quasi-stellar radio source with a red- 

shift of 0.158 (Ref.2:739). It is, therefore, approxi¬ 

mately 470 Mpc distant. The data for 3C273 (see Pig.27) 

include observations from 1965 to late 1969. Two major 

events are clearly displayed during this period with the 

3.3 mm data showing at least four events. Analysis of the 

rises in flux density at each wavelength indicates that 

the first event is evolving much more slowly than the 

second event, with the result that, at wavelengths equal 

to and greater than 9.55 mm, event II is seen first, 

followed, with increasing delay, by event I. At 3.3 mm the 

events are in the expected order, l.e., event I causing 

the increase in flux density at 1965.5 and event II show¬ 

ing up at 1966.28. At 9.55 mm however, the increase in 

flux density at 1966.8 is due to event I while the effect 

of event II occured before any observations were made, i.e. 

before 1966.6. The crossover in time of the two events 

occured somewhere between 3.3 mm and 9.5 mm. At wave¬ 

lengths greater than 9-55 mm the first increase in flux 

density is due to event II while the second is due to e- 

vent I. The effect of any of the other events, seen at 3.3 

mm, have not yet become apparent at the longer wavelength, 

with the exception of the 1967.8 Increase at 9.55 mm. The 

quiescent components were taken to be approximately 10 

flux units at 3.3 mm, 42 flux units at 9.55 mm, 46 flux 

units at 1.55 cm, 30 rising to 44 flux units at 2 cm, 
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approximately 34 flux units at 2»8 cm, 32 flux units at 

3.75 cm and 34 flux units at 6 cm. 
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Event I_._ Fig. 28 la the result of the evaluation of 

equation (41) at 9.55 mm, 1.5 cm, 2 cm, and 2.8 cm. The 

3.3 mm data, which definitely reflects the effect of 

event I, is too sparce to analyze accurately. Tq is 

found to be 1963.42 - 0.01 and ß- 1.0. From equation 

(42) y , consistent with the decay of flux density at 

3.3 mm, 9.55 mm, and 1.5 cm, is found to be 1.3 Í 0.1. 

The epochs of maximum flux density at 3.3 mm, 9.55 

mm, 1.5 cm, 2 cm and 2.8 cm are, from F'g. 27, I965.6, 

I967.O, i968.il, 1967.6 and 1969.6 respectively. The 

corresponding ages versus X and a slope of 0.473 - O.OO8, 

from equation (40) are shown in Fig. 29. The magnitude 

of these maxima versus X and a slope of I.08 - 0.02 

from equation (37) are shown superimposed in Fig. 30. 

FIGURE 29 

WAVELENGTH X, cm 
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At the epoch I969.C when the flux denalty peaked at 

2.8 cm, the maximum linear extent was six light years, 

corresponding to an angular size of O.OOO8 arc sec. 

Using |/t = 1.5 X 104 KHz, equation (43) yields a maximum 

magnetic field strength of 9.5 x 10"-5 gauss. 

Event II. Equation (41) Is evaluated with flux 

density measurements at wavelengths of 3.3 mm, I.5 cm, 

2 cm, 3.73 cm and 6 cm (see Fig. 3I). Values for T and 
0 

ß are I965.82 - 0.02 and 1.2 respectively. 
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vallons at 3.3 m0, ,.5 O!0i 2 2-8 cn_ ^ ^ ^ 

Is found to bo 1.6 Í 0.]. 

There are two possible peaks at 3.3 nm due to event II 

with times of ,966.22 and ,966.6. The aSes of both of thes 

maxima and the maxima oocurrlns at ,.5 cm In ,966.54, 2 cm 

in 1966.6, 2.8 cm In ,966.7. 3.75 cm In ,966.85 and 6 cm In 

1967.1, along with a slope of 0.375 * 0.005 from equation 

(40), are shown in Fig. 3?. 

From the correlation of the longer wavelength data 

with the predicted slope It Is concluded that the ,966.22 

peak at 3.3 mm Is the proper one to be associated with 

event II. 
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In FÍ5. 33 are presented the flux density values of these 

maxima and the predicted slope of - 1.145 - 0.02 from equa¬ 

tion (37). The 3.3 mm value is 150 flux units lower than 

the value expected by the correlation of the longer wave¬ 

length data with the model. This is consistent with a simi¬ 

lar result found by Simon (Ref. 39). 

The spectra of event II for the epochs 1966.2, 1966.4, 

1966.6, 1966.8 and 1970.O are shown in Fig. 34. The slopes 

indicated are those predicted by the model, 2,5 (cq 35) 

and - 0.3 - 0.05 (eq 36). Again, the 3.3 mm point near 

the time of the maximum falls far short of the expected 

value of the 1966.2 spectrum. 
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WAVELENGTH X.cm 

The maximum linear extent of the source In 1966.7 was 

10.6 light months and with R = 470 Mpc the maximum angular 

size was 0.0001 arc sec. With v = 1.5 x MHz the maxi- 

mum magnetic field strength, from equation (43) was 6.7 x 

10“7 gauss. 

The correlation between the observed variations of tra 

vs X and the predicted variations (Fig. 29) for event I 

is excellent. Only lines with slopes very close to the 

predicted one could be drawn through the points. 
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FREQUENCY 1/, MHz 
Similarly, the correlation is excellent between the ob¬ 

served Sm vs X and the prediction (see Fig. 30). Because 

this event is evolving so slowly, only two wavelengths, at 

most, manifest the event at any time. For this reason no 

useful spectrum could be formed. For event II, Fig. 32 

shows the excellent degree of correlation between predict¬ 

ed and observed variations of tm with X . Two points are 

shown at 3.3 mra. The one corresponding to t = 0.78 years 
m 

(1966.6 in Fig. 27) was at first assumed to bo associated 

with event II, but extrapolation from the longer wave - 
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length data shows that the correct peak occurred In 1906.22 

(tm = 0.4). The evaluation of Tq and ß (Fig.31) by using 

what was thought to be the leading edge of the 1966.6 peak 

Is not In error, for two reasons. First, even if the 3.3 

mm results are Ignored In Fig. 31, the longer wavelength 

results still yield the same ^ and ß . Second, the data 
0 

used at 3.3 mm were taken so much earlier than the I966.6 

peak that they were the leading edge of the 1966.22 peak. 

The S vs X plot for event II (Fig. 33) shows excel- 
m 

lent correlation at the longer wavelengths, but a deviation 

from the prediction starts at 1.5 cm and increases until, 

at 3.3 mm, the observed value is approximately I50 flux 

units below the value predicted by extrapolating the longer 

wavelength data to 3.3 mm. Similarly, in the spectrum of 

event II 'Fig. 34) for the epoch I966.3, the 3.3 mm point 

falls far short of the predicted value. By I966.3, how¬ 

ever, the value of the flux density at 3.3 mm is within 

the range predicted by the model. 

There are no 3.3 mm points for the spectra of I966.6, 

1968.8 and 197O.O because at 3.3 mm event II has decayed 

and a new event has begun by 1966.5. 

The failure of the model to account for the high fre¬ 

quency flux density value may again bo due to the operation 

of energy loss mechanisms not considered in the model. 

The effect of the 1966.6 rise at 3.3 mm may have been 

missed at 9.55 mm and 1.5 cm and may be causing the 

broadening effect of the I968 data at 2 cm. The 1968.2 
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rlac at 2.8 cm may be related to the outburst. If this Is 

the case, then there Is another crossover In time between 

event I and this event (III). The order of the event at 

3.3 mm Is normal, l.e., I, II, III. but at 2.8 cm the or- 

der would be II, HI, I» 
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30 a 

30454.^ lu a quasl-atollar radio source with a red- 

shlft equal to 0.859 (Ref.2:740). This corresponds to a 

distance of 2600 Mpc. Fig. 35 Is the observed flux den¬ 

sity for 3C454.3 at wavelengths from 3.3 mm to 11 cm for 

the period from 1965 to late I969. The data indicates the 

presence of three events during this interval that consid¬ 

erably overlap In time. Event II and III are so confused 

by the flux density due to event I that analysis of them 

proved unsuccessful. In fact, the temporal spacing of the 

three events decrease with time to the point where, at 6 cm 

they appear as one event. A quiescent level of 0.0. was 

used at 3.3 mm and approximately 10 flux units at the other 

wavelengths. 

Event I. The Increase in flux density at 1.55, 2, 

2.8, and 6 cm were used with equation (41) with a result¬ 

ing value of T = 1965.84 t 0.06 and /5=1.1 (see Fig. 36). 

A value of P = 1.1 - 0.1 was found, (from equation (42) ), 

consistent with the decay in flux density at 1.55 cm, 2 cm 

2.8 cm, 4.6 cm and 6 cm. 

The flux density peaks were reached In 1967.1 at 

9.55 mm, 1967.35 at 1.55 cm, 1967.6 at 2 cm, 1967.7 at 2.8 

cm, 1968.1 at 4.6 cm and I968.6 at 6 cm. The ages of these 

peaks and a slope, from equation (40), of 0.446 - O.OO8 

are shown in Fig. 37. The values of the flux density 

achieved at these peaks and the predicted slope of -1.03 * 

0.03 from equation (37) are shown superimposed in Fig. 38. 
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WAVELENGTH X.cm 
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Only the lowest frequency data fit the prediction of the 

model. 

At the time of the maximum flux density at 2.8 cm the 

maximum linear extent of the source was 1.86 light years 

(Maximum angular size of 0.0001 arc sec). The maximum 

magnetic field strength at this stage of the evolution was 

-6 
1.2 X 10 gauss. 

As shown in Fig. 37, the predicted variations of tm 

with A is in excellent agreement with the observations. 

The correlation between prediction and data for this varia¬ 

tion of Sm with A (Fig. 38) is, however, very poor. In 

addition, the attempts to form a useful spectra for the 

event were unsuccessful. The result was only a random 

scatter of points. Because of the excellent correlation 

shown in Fig. 37, the model may still paitlally apply. The 

S vs A and S vs r failures may be due to the interaction 
m 
of later events which tend to confuse the data, as seen in 

Fig. 35. In addition, the operation of other energy loss 

mechanisms that dominate over the energy lost in the expan¬ 

sion would lead to this type of failure, i.e., values of Sm 

lower than predicted. If other energy loss mechanisms 

such as synchrotron radiation loss and inverse compton 

scattering are the cause of the lower values of Sm then 

these processes dominate until the expansion reaches the 

point where the optical transparence occurs at 4.6 cm. 
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V. Summary and Conclusions 

In the proceeding section the predicted variations 

of t with X , 3 with X , and S with v are shown as 
m m 

slopes superimposed on the observed data. While it Is 

true that In many cases a number of different slopes can 

be drawn through the data points, the significant fact is, 

in each case, with one exception, that the one slope pre¬ 

dicted by the model does, Indeed, fit the data. 

Table 1 Is a summary of the parameters found and the 

extent of correlation of the model to the data for the 

eight events analyzed. The values found for the maximum 

magnetic field strength are, with the possible exceptions 

of event III of 3C84 and event I of 3C273, consistent 

with the assumed upper limit of ~ 10”^ gauss. The event 

ln 3C454.3 is the only one which does not completely follow 

the behavior predicted by the model. Even in this case 

the model is successful in matching the observed variation 

of t with X. (Each object analyzed showed its own degree 
m 

of correlation with the model.) In 3C273 and possibly 3^84 

a crossover in time of the manifestations of two events 

are seen. 

The model of a radially expanding sphere of relativ¬ 

istic electrons emitting synchrotron radiation and syn¬ 

chrotron self-absorbed below some crtical frequency does, 

with the exception noted, satisfactorily explain the obser¬ 

vations of seven of the eight event analyzed (Tabic 1). 
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The domin tnt deviations from the model seem to be In the 

assumed amount of energy loss of the electrons early in 

the life of the source. (In cases where the maximum flux 

density is too low to fit the predictions of the model, 

no change in the assumed quiescent level could be made 

that would account for it.) 

A desirable extension of this work would be the anly- 

sis of additional QSS and refinement of the model to in¬ 

clude consideration of energy loss mechanisms other than 

the expansion, such as synchrotron radiation losses and 

inverse compton scattering losses. An extension of this 

work could also include the possibility of continuous or 

recurring injection of electrons, which would make the 

value of y vary with time. In addition, an analysis of 

the quiescent component to determine if the radiation is 

synchrotron or thermal would be desirable. Since the 

value for y for thermal radiation is negative and for non- 

thermal processes is zero or positive, a determination of 

y from the quiescent spectrum would yield some Insight 

into this question. It has been suggested that the many 

small outbursts seen at 3.3 mm may contribute to a chance 

in the quiescent level at lower frequencies. The investi¬ 

gation of this possible effect may prove worthwhile. 
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Appendix A 

Attenuation of a Wave Propogatinc; in an Absorbing; Medium 

Consider a wave prcpogating in an absorbing medium. 

The flux density of the wave will decrease an amount dS 

in a distance dx given by: 

dS = -3 « dx 

where S = flux density at point x 

d3 = decrease in flux density 

a = attenuation constant 

dx = element of length 

Dividing by 3 and integrating yields: 

a dx 

(A-1) 

( A-2 ) 

InS = - ax + C (A-3) 

At the boundary of the medium (x = 0) the flux density is 

3 , thus: 
o 

In S0 = C (A-4) 

and (3) becomes: 

S 
in = - ax (A-5) 

or 

-ax 
S = 3 e (A-6) 

o 

Define the optical depth r s ax (A-7) 

where x is the thickness of the absorbing medium. If we 

measure the angle, z, from the normal to the medium, then 
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the total optical depth Is now expressed as r sec z. 

Therefore : 

S = S e" 
o 

T sec z 
(A-8) 

where x Is now the thickness of the absorbing raedium at 

z = 0°. 

Since flux density Is directly proportional to antenna 

temperature, equation (A-8) can be expressed as; 

Ta T e 
a 

r sec z 
( A-9 ) 
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Appendix B 

Internal Emla.sion and Absorption of a Medium With an 

Emission Coefficient 

Consider an element of volume dv of matter. The power 

per unit bandwidth emitted by the volume is then 

dw = Jpdv (B-1) 

where dw = power emitted per unit bandwidth 

J = emission coefficient 

p - density 

The flux density dS observed at a distance r is 

dw_ .Ipdv 
dS= W? (B-2) 

while the intensity dl is 

dS .iPdv 

^ “ dß “ 47rr^di? 

where d£? = element of solid angle. 

p 
dv = r'dr d£>, this reduces to 

(B-3) 

Since the volume 

<n = ^ (B-4) 

Absorption between dv and the edge of the medium will 

result in attenuation of an amount e”T (from Appendix A). 

Thus, the infinitesimal intensity received outside the 

absorbing medium due to emission by the volume dv is 

= TTtT (B-5) 

Introducing K, the volume absorption coefficient which 

is defined by 

86 



GSP/PH/70-6 

(B-6) 

dl e“T KPdr 

Integrating yields 

(B-7) 

1 = toit /"e‘TKPdr= = Jfljf (l-e'T) (B-8) 
o*7 O*7 

As r Increases I approaches , which may be regarded 

as the Intrinsic Intensity Io of the medium. Thus 

I = Io (t-e”T ) (B-9) 

where I = apparent or observed Intensity 

I0 = intrinsic intensity 

T = optical depth 

At radio frequencies the intensity is proportional to 

temperature (from the Rayleigh-Jeans law). Hence 

T = To (l-e'T) (B-10) 

or, using sec z as defined previously, 

* 

m / . - t sec z\ ,, 
T = To ( 1-e ) (B-11) 

Combining both attenuation of external radiation (eq. A-9) 

with the internal emission and absorption (eq. 3-11) yield 

m - t sec 
T e 

z 
+ To 

/. - t sec z 
(1-e (B-12) 
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