NATIONAL RADIO ASTRONOMY OBSERVATORY
Green Bank, West Virginia

July 24, 1972

"TO: All Summer Students (and other derelicts)
_ FROM: E. B. Fomalont and G. S. Shostak

SUBJECT: Lecture notes for the Student Lectures on Radio Galaxies and
Quasars. :

A detailed set of notes covering both lectures hasvbéen written by
K. I. Kellermann and one copy will be placed in the Green Bank library
and two copies in the Charlottesville library. They can be Xeroxed if

you'waﬁt a copy for yourself.

Short additional notes for the talk on quasars will be provided.
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‘\\Py light during a typical flﬁctggtion,period of about 1 minute, it was concluded

.

" 12.1 INTRODUCTION

The discrete sources of radio emission were first distinguished from the

- general baékground radiation during the 1940's as a result of their rapid ampli-

tude scintillations, and initially, it vas thought that the scintillations were
‘due to fluctuations in the intrinsic intensity of the discrete sources. Assuming
that the dimensions of the sources could not greatly exceed the distance traveled
" that the discrete sources were galactic stars located at relatively small distances

. from our ‘solar system, and the term '"radio star' was often used in referring to
‘ o Yy > ] S

- . these sources.’

The identification of two of the strongest sources, Virgo A and Centaurust,
ﬁith thé nearby gélaxies M87vaﬁa NGC 5128 by Béltdn, Stanley and Slee in 1949
madg it clear tbat at least some of the discrete sources were of e#tra,galacpic
origin. Ih'1954 an accurate position measurement:of the strongjsource Cygnus A
" led to the identification of this source with é relatively faint 15th mégnitude
galaxy having a red shift.z=0.0é, (Baade and Minkowski; 1954) and the extraéalactic
"nature of the discrete séurces was generally re;dgnized.‘ - |
Altﬁough a_féw other radio sources_wefe ideﬁtified with galaxies during the
1950's,vprdgré§s was slow due to the low accuracy of the radio sourée positioné;
;By 1960, however, the poéitions of moét of fhe strongest sources had~5eén deter-
mined with an accuracy of about lb" arc and many were ideﬁtified with various |
:galaxy tYpes. These galaxies, wﬁiéh are ideﬁtified‘with>strong radio sources;

are generally referred to as 'radio galaxies".



P ',Most,éf the radio galaxies have bright emission lines, and so their red shift
L. e _ - A . K . .o . :
! may be relatively easily determined. The faintest and most distant identified
radio galaxy is the relatively strong radio source 3C 295 which has a red shift

of 0.46 and én'apparent magnitude of about 20.5. This identification,'whicﬁ'was

made in 1960, was the result bf accurate radio positions determined at Caltech and

at Cambridge, and stimulated the search for even more distant galaxies.

Continued efforts to identify galaxies were concentrated toward small

diameter high surface brightness sources on the reasonable assumption that these

~ ‘ . N '._ » . 93 . A
- _were most easily observed at a large distance. ‘A primary candidate was 3C 48

which had an angular size less than 1" arc, and was at the gime the smallest strong

‘

i A . : ,
st . .
source known. Accurate position measurements made in 1961 resulted what appeared

 to be unique identification with a 16th mag. stellar-object having a faint red
wisp extending away from it. The absence of any other optical visible object near

the radio source and the later discovery of significant night-to-night variations

in light intensity lead to the reasonable conclusion that 3C 48, unlike other

radio sources, was a true radio star. Soon two other relatively‘strong sources,
3C 286 and 3C 196 were also identified with "stars", and it‘appeared.that more
théh 207 of all sources were of this class. The optical and radio properties were
_surprisingly,diséimilar for the three objects and there we?e‘no unique radiq
properties to separate ;hem from radio galaﬁies; ' |
AEarly'éffortslat'interpfeting'the emission line spectrum of 3C 48 were rela-

tively unsuccessful, although the possibility of a large red shift was apparently

considered. By 1962 most of the lines were thought to be identified with highly
excited states of rare elements.

The identification of 3C 273 with a similar stellar object however, again




‘ﬁreafed kdhb; on the»galéétic iﬁterpfetatién whiéh bj.1963 was:yidely‘accepted.v
3Cf273 dés tentively ideﬁtifiéd in Agst?alia,witg a 13th magAstarvfrom a moderately
égcurate‘pdsition detefmined.with the 210" telescope. The.positioﬁ and identi-
'ficaiion wefq confirmeé By;a series of lunar occultations. ThesekshOWéﬁ that the
radio source was‘double, Wifh one componenﬁ beiné:within l"vof the opficél image{

while the other component was elongated and coincident with a jet-like extension

to the star. The identification was beyond question, although one wonders why

\\fivhédmnot been‘ﬁade much earlier as 3C 273 was the brightest tﬁen unideﬁkified
‘séurce,.of sméll angular size‘and located in én unconfused régioﬁ of the sk? near
the gélagtic'pole. | |

Th; opticalvspectrum ofbgb 273 éhowed a series of bright emission lines -
which couid only bé identified with the ﬁydrégen Balmer series, but with a red
shift of 0.16. This‘red,shift’was confirméd when the H 1line was found near
the predicted wavelength‘of“7590 A®° in the near infra-red. Adopting this redA
shift of 0716 tﬁen led to fhe‘identification of the Mg II lineg appearing at
3239 A°. .

A reinspection of the 3C 48'spec£fum_led to .a red shift of 0.37 if a strong
feature at 3832 A° was>identified‘with Mg-II. ,Othér lines could then be ideﬁtif

~fied with OII,”NeIII,'and Ne V. Additional spectra taken of other similar sources

Lo ..,_.A.V .o
lgd to the 1dent1f1ca;10n of CIII at 1909 A°. CIV

at 1550 A° and finally L<
'»'permitting red shifts as greét as 2.8 to be measured.
This hitherto unrecognized tlass,of radio source is usualiy referred to as
“quasi stellar radio sources", or "QSS", or for short "quasars". Following the

identification of the first quasars it was realized that'they all-had a strong.‘



improved at the shorter wavelengths the surveys have been extended to waveleéngt

» UV,excess,'énd the search for further,qaasar identifications was simplified bym

.

ldbking’for a very‘blue'object located at the position of radio sourcés. In fact,
many such oEjectsvwerebfounds which opfically appear to be quasars, but are

radio quiét. These were originally referred to as Blue Stellar Objecté (BSO"),

. Quasi Stellar Galaxies (QSG), or Quasi Stellar Object‘(QSO). Today the word

o

" “quasar" is generally used to refer to the entire class of stellar—type objects

i

with iarge'apparent red shifts, whilé QSO, and QSS refer‘to'fédio quiet and radio

1

active quasars respectively.

It is nqw,wideiy accepted th;t the rédio'eﬁission from both»galaxies
finciuding our own galaxy) énd quasars are due .to synchrotron emission from relé—
tivistic!particles moving in weak magnetic fields. The amounf of'energy required

in form of relativistic particles is, however, very great, and the source of energy

“and how it is converted into relativistic particles has been one of the outstanding

problems of moder ‘astrophysics. The remainder of this chapter is devoted to a
description of the observed properties of radio galaxies and quasars, and how

these are interpreted in terms of the synchrotron mechanism.

12.2 RADIO SURVEYS

Catalogues of discrete sources have been prepared from extensive surveys

using instruments especially design for this purpose. ‘Initially these surveys.

‘were made at relatively long wavelengths near one meter, but as techniques have

-as short as a few cm.

In order to isolate the discrete sources from the intense emission observed.

from the galactic Backgrohnd, most of the earlier surveys were made with inter-

B (AU




‘ferometer systems, which are relatively insensitive to the distributed backuind

- - . = .

emission (see Chapter 10). -
Today, catalogues.of sources are available based on surveys made betwee:n

.

1 10 MHz and 5 GHz. Some of the surveys, particularly those made at the longer

. -

waQeleng%hs cover exxentially theventire obsérvable sky.to source ‘densities of.
aboutflO3 SterTl‘dther inétrumeﬁts, iﬁtended‘méiﬁlyzfo;'cosmqlogical studieé
héve ;eachéﬁ source densities of about 105 ster~l over very restricted parts of
the sky. New instruqents just comiﬁg'into operation will rgach densities of
106 ster~1. | |

.Generally the surveys have proﬂuced apbroximate values fai thcvposition
and flux éensity for the catalogued sources. Tﬁese cataiogues have then been
used‘és ;he basis for subseqﬁent more accurate measurements over a wide range <
wavelehgths of properties suéh‘as

a) the.angulér position in the sky

b) the radio brighpness distribution

¢) the radio frequency Spectruﬂ

d) the amount and direction of aﬁ; polarization and its angular.

distribgtion
e) the time dependence of the fadio_emission.

A useful summary of radio source surveys has been compiled by Dixon (

and contains the results of many separate surveys. The two most widely used
~catalogues are based on the Cambridge 3C and 3CR surveys, and the Parkes surve:,
“which contain between them the great majority of sources:which have been studie-

in detail for which eptical data is available.
and o :



. 12.2;1 3C'éhd 3CR Surveys - The 3CR catalogue (Bennet 1962) is based on the orlglnal

30 survey (Edoe et. al. 1960) made at Caﬂbrldge at 159 MHz usino a compley inter-
ferometer system."ihls survey was preceeded by the. 2C survey made with the same.
“instrument at 81 Mlz with a resolutioﬁ two times poorerin each coordinate. The

2C catalogue contained 1936 sources, but due to the poor resolving power it became
. . ] . - ) .

[ -

: ciear,et an early stage that'mapy offthese sdurcesvwefe notvreal,.and vere due to
o ; . v _ , . S .
blende~of two or more sources in the primary antenna beam. . Moreover;vexcept for
~ the s;rongeet sources tﬁe'determination of the flux density and-angular coordinates
. was poor. The 3C sufvey“with twice the resolution c0nteined only 471 sourcee and
Qas tonsiderably more reliable,. Nevertheless because of thevrelatively‘poor
_ primary fesolving power, there were still large errors in the positions and flux
: densitieg. Iq partieular, it was frequehtly uncertain in which'lobeAef the
~interference pattern a particular source ﬁes located and-thisvintroduced large
p031t10na1 unce*tazn ies.} - .

In‘order to reduce these_uncertaintieé, an additional survey was made at
178 Mz esing a Jarge parabolic cylinder aneenﬁa, The narrow E-W beam of this
anteﬁna’eliminated‘nearly all of the loBe ambiguities of the ofiginal 3C catalogue.
The data from‘the two surveys wae combined to ferm the then mqst reliable radio
soﬁrce»catalogue'e'the.Revieed 3C or 3CR Cetalogue.

-fhe same papaﬁolic>cy1inder-antenna was later used together with‘a sﬁaller
movable'antenna'as an eferatﬁre-syntheéis ihstrdment (see Chapter 10) to nake a

complete high recolutlon surVey of the northern sky (the 4C survey) which contains

’ab0ut_2000 sources.

12.2.2 Parkes Survey - Thevmpst extensive survey of the southern himisphere radio

sources has been nade with the 210 foot radio telescope near Parkes, Australia.



\b ‘

This survey'was'iniiially made at 408 Miz (75 cm),. except-- for the region 20° < § > 2

_which Qaé'surﬁeyed'at 635 18z (50 cm). Each source detected in the 50 or 75 cm .

finding survey was then reobserved at 20.and 11 cm to obtain more acuurate positions

and flux densities at these wavelengths. ' The Parkes Survey essentially replaces

an earlier survey made at 86 Miz ‘using a Mills Cross type antenna with a resolution
of about 48' arc. Unliké the Cambridge 2C survey which was made about the same

I; V . } " _' . . ] . v -
time and at nearly the same wavelength, the Mills Cross survey was mostly limited--~

“not by inadequate resolution to separate nearby sources--but by low sensitivity.

Nevertheless later work has shown that this survey was surprisingly accurate
for its time, at least for the sources not near the limit of detection and this
survey ?rovides the only available data on the low frequency flux density of

southern hemisphere sources.

-

12.2.3 Nomenclature — Most of the earlier surveys used a variety of compley

schemes for naming and identifying sources. Uﬁfortunatély, tbe use of many names
for élsingle sourceﬁhas led tovneedlessvcohfusion among workers. The récogﬁition
of this problem has led to tﬁe growing use of‘a system'first used in thevParkes
éatalcgﬁé. In this system, each soufce ié identified by a némg of the form
HHMM.i’DD,.where HIMM represent the hours énd minutes of right ascension, and

+ DD the degfeesAof de;linatioﬁ prefixéd by thé signk In'qrder to preserve the

identity of the observatory, the catalogue name is frequentyy preceded by a symbol

identifying the observatory. Some prefixes in common use are PKS (Parkes),

W (Dwinqeloo), B (Bologna), G (Gréen Bank), A (Arecibb).' Often additional symbols

are used to'identify_a particular survey.



12.3 Optical Identifications
o Of'the thousands of sburceé~wﬁich havé.béenAcafalogheg‘only a;féw huﬁdréd‘

ﬂave been réiiablyvoétiéaily iaentified.,:Of}tﬁeSe,_roughly 70% are radio gélékies
aﬁd 30% are quésafs, althogéh'fhe éxhétffraction depends on_thé survey Qavelengﬁh.

For a considerable number of sources, accurate positions have been measured, and no

| ‘ -

opticél;object is found_aﬂove the plate limit of the Paiomar Sky Survey. For.a
mucﬁ iargey number .of sources,.the position éccurécy‘is not sdffi¢ient to dis-~
tiné&ish bétﬁeén‘the two or more objects‘lying.within the errorvrectanglé.

Optical identifications-are important for two reasons.

'1) it is not possible from radio measurements alone to determine the
distance to a radio source. Thus, only if the radio soufce‘is
identified with a galaxy or quasér, is it possible to neasure the

.red shift énd_thus deduce the distance’from‘the Hubble law. Distances
are, of éourse, regﬁired to estimate the abéolute radio 1uminosity

'énd linear dimensions from measureménts of ra&io flﬁx density andv
angulér size.

2) v0ptiéal studies of radio galaxies and quasars may give some insight,

into the problem of the origin of the intense radio emission.

For these reasons,; much of the earlier work on the discrete radio sources
" was ‘concentrated on the determination of accurate positions to permit unambiguous

optical identifications. Teoday, coordinates of at least the stronger sources
may be routinely determined by interferometry with an accuracy of the order of

1" arc. : Nevertheless, the identifications are difficult. Firstly, often there

is no apparent optical counterpart of the radio position, so0 that'ény associated



optical object is either subluminodsvor at such a greet distance, so that it is

R not visable to even the large optical telescopes. ~Secdnd1y; many radio sources

A "~ have dimensions of the order of 1" arc or more and a complex distribution of .
radio brightness so that more than one galaxy or quasar is found within the area «

covered by the source. Often, but not always, the identified galaxy lies at

P . the centroid of radio emission, but it may also be coincident with one of the

individual radio components, so that unambiguous identifications are difficult.

12.3.1 Types of Identifications - The identification of extragalactic radio

.\\\

sources are with a variety of objects as defined by Mathews, Morgan, and
by ~ Schmidt (1964)

. _ ¥ o |
a) . normal spiral galaxies

b) Seyfert galaxies

¢) E or Elliptical galaxies which are often the brightest member

.

of a cluster,

e d) D galaxies, which are similar to Ellipticals but contain an-

.extended halo.

e) dB oerumbell.galaxies which contain a double nucleus
imbedded in a common halo

;f} N gelaxies wﬁich contain a compact neerly'stellar nucleus

g). QS0's or Quaei stellaf objects-(quasers)

The above sequence isAvery‘roqghly in increasing order of ebsolute radie
luhinosity, altﬁoughvthere is a wide spreed of iuminosity'within each claés.’

In‘recent years, there has been a érovlng reallzatlon that the‘dlstlnctlon
between the various optlcal cafegorlee is larnely subjective and may vary

dependlng on the observer, the size of the telescop "and the distance of the
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object..'Fo% exanple, the prototype quasar, 3C 48 is now sometimes claséed-as an N
gélaxy (eg. Morgan 1972). "In another cése, the opéical jets from the quasar

3C 273 éhd the giant éliiptiéal'galaxy 187 show surprising similarity.‘

12.3.2, Radio Galaxies>~ Essentially all of the identified radio gala%ies show

moderate to strong narrow emission lines such as OII at 372 A° in their optical
g i : P

spectra, and this preoperty has been used to confirm preliminary optical identi-

fications based on the positional agreement of the radio SOurcevépd the galaxy.
Most of the identified galaxies are classed as giant ellipticals and have a -

_ surprisingly narrow dispersion in absolute optical magnitude of -20.8 + 0.6

- (H = 100 km/sec/Mpc). Initially most of the identifications were with galaxies
which”shbwéd some sort of opticai peculiarity. For example, M87 (Virgo A) has

a well known jet extending from its nucleus; NGC 5128 (Centaurus A) contains a

conspicuous dark band across the galaxy; Cygnus A has a double nucleus with

intense emissionliines which was the basis for the idea that the radio emissions
was_the resuli of collisions between two galaxies. Other identifications were
. with Seyféft galaxies sqch as NG6.1068 and NGC 1275.
‘Although more recently many radio‘galéxies have béen identified which
shqw no.obvious optical pecularity, there'has’been.some degree of bias toward
accepting identification with'galéxies whichIShéﬁ some abnérmélify. Since the
;identification-ﬁrocess is a very subjective One,:involVing not'only positional
coincidence but the size and structure of the rédi§ éoﬁrce, as-wellras the
‘presence of sﬁrdng'emisgiqn liééé and bpticél feafures such”as‘jéts'or éust,'the' 
-significance of'thesé phenémena on thevrédio'ehiééionbié not clear withbut

4 -

completing the difficult task of obtaining optical identifications of a complete

sample of radio sources.
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Because two of the early radlo source 1dent1f1cations were w:th the Seyfert

-galax1es hGC 1068 and \CC 1275 it has been w1dely thouaht that the Seyfert

'phenomena is associated with intense radio emission. In fact, this is not the

case, since none of the other well known Seyfert galaxies show radio emission

much greater than the normal spiral galaxies. Moreover even NGC51068 has a

. lﬁminosity of only 1040'ercs/ sec, only sligntly greater than other spiral. galax1es,

e e e e

and the c1a331f1cation of NGC 1275 as a Seyfert is now questloned by many

astronomers. Although a few other radio sources have been identified with
galaxies which were 1ater classed as Seyferts, it appears in general that the
radio 1u11n031ty of Seyiert galaxies does not 310n1£1cantly exceed that of

normal spirals,'ahd’the fraction'of Seyfert galaxies which are strong radio sources

-appears to be comparable with that of giant ellipticals.

Similarly, attempts to detect radio emission from other "peculiar' galaxies

such as the Zwickey compact galaxies, Markarian galaxies, or the interacting

- galaxies catalogued by Arp and Vorontzov-Velyaminov have been for the most part

unsuccessful, and contrary to widely held belief, there is no evidence that these
"exotic" galaxies are likely to be strong radio sources.
Red shifts are available for only about 100 of the identified radio galaxies.

These. have absoiute radio luminosities which range from about 1040 to 10%5 eros/sec.;\(9
‘ ,

" In contrast to the radio galaxies which vere all identified as galaxiesfwhich are

“"normal" galaxies.

coincident with catalegucd radio sources, are the so called

These are the optically bright galaxies from which weak radio emission has been

detected as a result of a spec1al search. The absolute radlo lum1n051ty of thev

*"normal™ galaxies is of the order of 1037 to 1038 ergs/sec that is comparable

—/.-\.‘m‘-\\_’ » . &

to the power radizted from our own galaxy. ' - \J&KVAQ
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radio sources almost all show bright emission lines.

It is not yet clear td what eXtéht the normal oalaxies are-a separate

phenonena or Just an exLenswon of the radlo oalaxy pheHOJena. In particular

‘it has not yet been definitely establlshed wHether the two groups Lorm a con-

.

tinuous sequence of absolute radlo 1un1q031ty, or vhether the lun1n031ty functlon

has a minimum near 1039‘— 040 eros/soc.: More radio obSefvations of faint-

i

galax1es and more 1dent1f1cgtlons of weak radlo sources are needed to £i11 in

this gap in the radio luminosity function.
5 gap in the ity

The identified quasars are all very strong radio sources with luminosities '
comparable to the mostAluminous radio galaxies. Of the quasars which were first
located fron op ical measurvements, only a few percent have been detectaed as radi

sources. But considering the large red shifts, the upper limit to the radio

it i

luminosity of the undetected quasars is still large,
. ‘Searches for radio emission from rich clusters of galaxies have been more

fruitful, although it appears that the radio emission originates in the brightest

clustervmember, and that cluster membership does not affect the probability

of radio emission. About 5 to 10 percent of the giant elliptical galaxies which

are the brightest cluster members. show detectable radio emission (Rogstadt and
Ekers, 1969). . - : . o

There is some evidence the radio luminosity depends weakly on the optical

"luminosity for both galaxies and quasars. In the case of galaxies the strong

e
12.3.3 Quasars -~ The optical properties of quasafs may bé summarized as follows:
1) They appear stellar on direct photographs, althdﬁgh‘in some cases

there is a faint jet or wisp extending from the stellar object.
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2) They havénlarge red>shiftsirapging_up to 'z = 2.8.
3)i AééuminéJthat‘the'fed éﬁifts are cdsﬁélogigal,aﬁd thét thé‘

'distance_is giﬁén‘byithe Hﬁbble:iaw with a Hubble coﬁstaﬁt,

H equéi to 100 kﬁ/sec/Mpé,'thén.the'absolute opficélvﬁégnitudesg
/ _rangé,froﬁ ~22 to -26 so that they are up to 100 times |
! - ' : ' o .
- brighter than the most luminous gélaxies at dptical‘wévelengths.
iﬁ) then thé'optical emission.is‘variable‘on time scaiésIranging
from a few hours to a few years.

5) The luminoéity rises sharply ﬁoward ‘the infra-red where most.v

of the radiated energy ligs.- There is élso an excess of UV
emission compared with galaxies, so that the présence-bf é:
large red shift causes the quasar to appear blue wvhen measﬁred
by UBV photometry or when the célor is estimated from the 'red"
and "biue" platesiof the Palomar Sky SurVe?.

6). The spectra show intense broa& emission lines with line widths
corresponding to velbcitiés up to 4dOO kn/sec. The most commonly
observed lines are those of Ly«(A1216), CIV (21549), CIII (31909),
MgI:(A2798), OIII(X\4363, 14959, A5007), aﬁd the Hydroéen Balmer series.

7 Some'quasérs show narrow’obsorbtion lineé of ten with several

sets of red shifts usually less than the emission line of red shift.

"12.4  RADIO PROPERTTES |
The extragalactic sources can be con&eniently divided'into,twobgfoups;v

the extended or transparent sources, and the compact or opaque sources. The

observed properties of the two groups are compared in Table I and are discussed



in more detail in the following pages.

Quite surprisingly there is no simple relation between the dimensions of

€

" the radio emitting regiom and the dimensions of the optical galaxy or QSO, and
it must be emphasized that the division into compact and eXgandgg_radiQ sources

in no way separates the quasars from the radio galaxies. In fact, insofarwgg

- s
Y -

/ N

we_know . for any individual source, the quaSars are 1ndlst1ngulshab]e from ‘the

o e e s N e s

e . g R T pe——,

i

radlo‘galaxleq on the ba31 of thglr radlo _properties “alpne. ‘There are, however,

clear sta L]SLlCal dllfoeﬁces, the majority of the compact sources.are identified

‘with quasars or with galaxies that have bright nuclei, such as N type or Seyfert

galaxies. Howevef, many also appeéf in normal;iooking elliptical galaxies as well.
Likewisé:the extended radio sources are not identified only with galaxies, but
are freqﬁently as soc1atcd uitn‘quasars showing no visable oﬁtical extent.

Because the compact sources are all affecteq by self absorbtion (see section

12.5.4), their spectra are flat and they are therefore most ‘easily detected by

radio surveys made at short wavelengths.

12.4.1 Brlohtnoss Distribution - The three dimensional structure of extra-

galaxtlc,oou1ceu is uquplly 1nLeLred from the obaervatlons of the angular size

~and brightness distribution projécted onto the plane of the sky. Often only the

brightness distribution in one dimension is determined. The data on brightness:

distributions are obtained by one of four common procedures.
a) Pencil Beam Observations: Only a few of the extragalactic.sources
are sufficiently large that their structure can be studied by even the largest

pencil beam radio telescopes. Moreover, these sources are all relatively nearby

of low absolute luminosity and very low surface brightness and do not therefore

represent the typical extragalactic source.

Cer



b) Linar Occ;itatioﬁs: Forta ﬁumbet ofbygars the‘highést fésolutions
} i wététéﬁtéined by ﬁéans éf'ob§érV£ﬁg.th¢ difftaction'ﬁéttetn;ofva raéié sourte
“ as it was oécultateﬁ bj.thé moon. Mostiof.the aﬁélysiS»was»based on a technique
tdéséribed Ey'Sche&er (1962)_and létét éxténdedfby vor Hoerner (1964) té testore,
 the true brightness distribution ‘from the ébserved Frenel diffréttionvpatterﬁ.
i .. . -
The maximum resolutiop is genetally limited by the sensitivity of the télescope{t
ilthough é.radio teiescope espétialiy désigned for this ﬁurbbse haév |
a‘reéegtly been completed.in India, the tethniqué has not enjoyed_wideépread use
for‘several.reasons:i | .
1) High rcgolqtnoﬂ is obtalned only for very strong soﬁrcos or when using
very large antennas such as the 1000' Arecibo spherlcal reflector. The total
integration is limited to less than one minute,by the duration of the occultation,

and very short receiver time constants are required to obtain maximum resolution.

2) Each occultation gives only a one dimensional “strip" distribution.

Severél oécultations are required to reconstruct the two dimensional structure.
3) At the shorter waﬁelengths, the moon is an intehse source_of thermal
radio emission and the small tracking irregulerities present in radio telescopes
.may coméletely mask the cccultation of the much weaker extragaléctic sources.
4) Interference from terreétrial radié emission réflected from the moon
is often a serioﬁs préblem.

¢) Interplanetary Scintillations: In 1962 a gréup working at the

Cavendish Laboratory in England discovered that radio sources with structure
of.the order of a second of arc or less showed rapid scintillations when'they
‘passed near the solar coroné. Thls effect was 1n1t1a11y noticed by Doublas

i e (1964) in studylng the intense decameter bursts from the planet Juplter.;

.
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{_For'severéi years intérplanetary sqintillations"(IPS)'were used to’
investigaté the smail s;ale structufé of‘rédio.soufcés.'-But’mbré recently
tﬁis work is being done by high resolutipn iﬁterfefometers, and the IPS ére
uéed.tobstudy séih&illatiéyé as!aAfpnction of solar elongation.

'd)  Interferometry and Aperture Synthesis: During recent years‘the

t'techniques’of interferometry and aperture synthesis have been greatly expandgd‘
and are now providing accurate and detailed information on thevsfruétdre éf
extragalactic sources. Bécause of the importance of these tecbniques, a whole
chaptéf ofltﬁis beok hés been devoted to describing tﬁe methods in considerable
detail. fhe reader- who is intereéted,in'further‘details ébout the appiication
ofvlunar oqculfationskand iﬁterplanetary‘séintillations ié referred to the |
feview by Cohen (1970). . o o o o

The‘majority of the sources which have'been studied have angﬁlar dimensions
less than a fer minutes of arc, aﬁd aboat half of all soufces are less than 15"
‘arc. For the resolved sources, a simple»singie componént structure is very rare,
énd most éoﬁrces show a surprising émount of structure. Often the source lie;’

- .along a éln013 axis and the most common conflgulatlon is the doub]e structure
where most of the emission comesvfrOm‘two well separated components. Frequently
the two componénts haﬁe approximétely equal size and luﬁinosity.v Typically, the
overall dimensions érevabout'three times thevsize of the individual componants
whlch are- syﬂetrlca 1y located about the galaxy or QSO‘ But iﬁ some caées the

b.ratlo of component to separaulon to component size may Be very great.: Often an'

 extended low surface brightﬁess éomponent is 1ocated betwgen the two primary

components.



from what is presumed to be the parent galaxy or quasi stellar ‘object. Typicai
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- - Other sources show mére'compleX‘structures which contain three or more

- distant cowponents also usually alloned along a 31bcle axis (IacDonﬂld et al.

1968 Fomalont 1969). In all of these extended sources the radio emission
comes prlmarLJy from reglons vell removed from the optlcal galaxy or quasar

ngh resolutlon stvdles of these eytended clouds: often show con51derab1e

. structure with one or more highly condensed,regions.existing many kiloparsecs

linear dimensions for these extended sources range from about 10 kiloparsecs

to several hundred kiloparsecs.

In some objects, such as quasars or Seyfert and N galaxies, but including

some normal looking elliptical galaxies as well, there is one or more very

coﬁpact radio eource ceincideﬁt with the region of brightest optical luminosity.
Theée compactvsourcesialeo Heve‘complex.structure with compeneﬁt sizes ranging
from,aBeut 0”1 arc second to weil under OTOOi. Often compact and extended
eomponents exist simulteneousiy,; The extended componeﬁts.may appear as

a) a "halo" eurrouﬁding a compact "core" compenent,’asvin the galaxy M87,

b) a jet extending away from the compact component as in 3C273; or ¢) a pair
of'unconnected eXtendedvcompenents,laying‘oﬁ either side of-the compact central

source, as in 3C1l11l. Generally the sources in category a) are identified wwth

E. galaxles and those in b) Vlth N or Seyfert galexles, or quasars.

The obsexvatlons of the compact sources are nade with 1ndependenL oscillator-
tape~record1nO 1nterferonete*s (see Chapter 10) u51no wldely spaced telescop
around the world with basellnes up to-80% of the earth s dlameter. Because

intermediate’basélines are insufficiently sampled,_the data is not édequate‘to

completely reconstruct the brightness distribution and resort must be made to

‘model fitting. To the extent that the brightness distribution can be inferred
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-from the limited data, the structure, of the compact_sburcgs éppears remarkably

similar to that of the extended sources, in the sense.tbat in general,. they
" do not show circular symmetry, but consist of two or more well separated

components, lying along a single axis. Thus over a range of angular (and

. .- X . ) 5 —‘ . . ° " . .
linear) dimension of about a factor of 107, The radio sources show essentially
similar structure, only the scale size varies.

The smallest limear size which has been directly measured is the compact

source located in the nucleus of the nearby -galaxies M87, which contains about

1% of the total flux density and is only about 0.1 parsec acroés in extent.

One of the best studied sources is the intense radio galaxy Cygnus A,

 which contains two ccmponents separated by about 2 min arc, with a galaxy

‘halfway between. Each of the components is about 30 sec arc in size, and is

somewhat elongated along the line joining the components. Near the outer

edge of each of these components is an intense bright core. High resolution

observations of the western core show that itself is a double source with a

separation of about 5 arc sec along a2 position angle about 20° from the line

" joining the two main components. The eastern component is also a double with
‘a separation of a few arc seconds along a line nearly perpendicular to the
line joining the main components. ZEach of the subcomponents has an angular

- size of the order of one arc second. The small diameter components have a

somewhat flatter spectrum than the surrounding regions (Miley and Wade 1971).

12.4.2 Polarization — Nearly all of the radio galaxies and quasars show
some degree of linear polarization ranging from integrated values of a few

tenths of a percent to several,percent with the greatest value about 207%. = At

least for the extended sources, the integrated polarization is generally

. greatest at the shorter‘wévelengths, and the greatest polarizations are found



.are found in the low surface brightness objects. In general

‘poiarization rotates

S s

the plane of

. - - L.

at a rate approximately prqpoftioned to,A2~and it is
geneﬁally considered that this is due to Faraday rotation. Since the amplitude
and sign of rotation appears to depend on galactic coordinates, it is thought ﬂ

that most, but not.nécessarily‘all, of the rotation occurs within our own

-

galaxy.-‘The degrée of depolarization at longer wavelengths may also depend on

‘galactic coordinates but this is not clearly established.

Observations have also been made to map the distribution of polarized
emission. In some cases the observed polarization reaches a degree of

polarization comparable to that expected from a uniform magnetic f

H

eld, and

indicates remarkably aligned magnetic fields over large volumes of space.

Generally the regions of lowest surface brightness show the greatest polarization.

In the elongated sources the direction of the polarization is often along the

line joining the components.

More recently, several workers have detected small zmounts of circular

polarization in a few compact sources.

12.4.3 Sgectrg_? With the exception of the 21 cm line of neutral hydrogen

found only in relatively nearby galaxies, there are no sharp features in the

radio spectra of galzxies and quasars, and the observations are confinad to

measurements of the continuous spectra. Since, unlike optical telescopes,

" radio telescopes generzlly operate only over a limited range of wavelengths,

_the determination of spectra over a wide range of wavelengths requires

combining data obtained by many observers using widely different types of

«
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':-»g  ‘. telescopes.' Because radio telescopes may differ widely in their characteristics,

(eaéﬁ antenna ahévradiometer's&stem must be separatel§ calibfated at_évery wave-
»leﬁgth‘where'observatipns are made. Generallf; ;his is dpne'bf obséryingvéne or
more sources whose intensity héd previously been deternined anén "abgolute"
scéle. Until fécently, the prpBiem_of obtaining‘an "absolute" qaliBration

of these'primary Standéréé was a fofmidable‘one and the e;perimentalvdiscrepancics
discouragingly'iarge. Tdday, however, thé.siﬁuatioﬁ is vastly improved and
standaré sourcesicalibrated with an absolute accuracy of 3%-102~are available
vover‘a wide»fange of vé&elength. The détermigation éf‘relétive intensities

is much easier and is routinely done to an accuracy of a fgw percent; at least

at the shorter wavelengths where confusion from the galactic background is

less important.

Hundreds of extragalactic sources have now been observed over a range of
wavelengths extending from a few centimeters to a2 few meters, and a smaller
number over the wider range from a few millimeters to a few tens of meters

0 40 . _ P . ' P
(10 MHz - 100 GHz). This range of 10 to 1 in wavelength may be compared with
the range of only about 2:1 available for ordinary optical spectra. Although

- . !

a wide variety of spectral shapes are found, no clear distinction exists

P : between the spectra of radio galaxies and those of quasars. - I

Radio spectra are usually displayed in the form of a logarithmic plot
) s . v : ”
of.flux‘density4frequency. Sources with simple power law spectra are then

Tepresented by a straight 1ine7 The'spéctf;l indei; &, is defined by the

rélatioq (flux deusity).m (frequep&y)q. Since for.mqst of the éarlier_kﬁown | :§<£ in
",sbﬁrées, the fiux'densitj decreased with wéveléngth, the sﬁeétréi index was  o

S§metiﬁes defined'by'(flux density)ﬁk(frequency)ua s0 that dvﬁasfalways a

poéitive'nuiber. Now that indiceé.df Bdth signsvafe‘known to 6c§ur; the

definition given in text is being more widely used.
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. Although only a few sources accurately follow a simple powef law, a
‘spectral index may be defined at any frequency as the tangent to the curve on
a log S - log f plot, or by the measurement of flux demnsity at two arbitrarily
selected fréquencies, The observed spectra are conveniently divided into

.

three groups:

3 ’Soufces whe%e the fiuk densify decféases monotbnically SQéf the
entirglrange of‘observed frequencies_~‘C1assv§_(éﬁoo£h); This’is the form
.of spectra observed for the extended radio sources, which are optically thin at ali
vwaﬁelengths and can usually be representednﬁy a singlebof'dual péwer aw with
indices typically in the range -0.7 to -1.2, Injthe‘case_of ;he'dual power léw
rspectra, the slope is steeper atﬁshort wavelengths, and; the cutvature'in the
spectrum extends over a de:adé or so of ﬁavelengthf At,signifiéantly longer
or shorter wavelengths the sources usually have a well defined indeé; and the
difference in the indices is %,0.5, Thefe ére no class §,spectré.with
‘indices flatter thaﬁ -0.5.

| ii) Sources where the flux denéity.decréases with frequency .at high

frequencies, but has‘a sharp‘cutoff aﬁ low frequencies~which isbprobably due to
self absdrptién (see 12.5.4).ét’wave1ehgths whefe thé source becomes opaque'
to its own radiation,~ Class E}(curved). | | |

iii) -Sources'vhich‘have complex‘épecfra showing one or more relative
‘minima (9@})., These -are thought_to'be cbmposéd'of twogor'more’ciass C components
:ﬁhich beco;e opaéue at differenﬁkfrgquencie§ plﬁs in scme céseS»a (C1ass S)
t¢ompoﬁeﬁ£. | | :; B

The histcgram of the distribution of spectralbindices shows two distinct.
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pbpuiations;A One, wﬁichAprédomihates the surveys made at relatively long
wavelengthé,,contain relatively steep type Svspebtra, with a narrow distri-

bution of indices about a median value near -0.8 and a dispersiocn of 0.15.

B

- The steepest value of the index which is observed is about -2.0. Very few

sources, however, have indices steeper than -1.3.. Although only one source,

530318.i'ha§_an index as steep‘as ~2 over the whole observed frequency spectrum,

several others, which have "normal' spectra at meter and decimeter wavelengths,

"have a "steep" (au v -2) spectral component at dekameter wavelengths. The

Class S spectra are associated with the extended radio sources diééussed
earlier.f

'Thefsecond‘population.are found mostly in surveys made at shorfer wave-
lehgths; havg flat spectra, and a much broader diépersion in spectral inde?
about a mgdian value roughly near zero. These are all C o£‘CNX associated
with com?act sources. The prepoﬁderence of indices near zero, éppears to be due
vto the‘fact that the fofm of the specfra in these sources are due to. the
superposition of a number of Class b components with spectrél peaks extending
oVe:‘a range of frequencies.

For most of the extended radio sources where the radio brightness distri-

bution has been mapped at several wavelengths, the structure is found to be
~essentially independent of wavelength. In other words,; the spectral index is

constant'thrcughOut the source. An exception to this, however, is the so-called

"Core-Halo" source, in which the compact 'core' component generally has a very
flat spectrum due to synchrotron self absorption.

Although it is not possible in any individual case to distinguish between

radingalaxies';nd_quasars on the basis of their spectra, there does appear



- to be statistical differences

‘are mostly identified with galaxies having prominent optical nuclei such as
. _ S , L

if’,i 223~

in the spectral distributions for the two claéseT

. .

of identifications. ~ The radio galazieé show mostly of class S spectra, and

;

{

H
. - o ‘ . !
as shown in figure _ have a narrow dispersion of indices near -0.8. The /
/

small "tail" in the distribution toward flat spectra represent sources which

Seyfert or N galaxies; but several otherwise normal looking E gcalaxies are
Y, o 3 O o o

also included. In the case of the quasars, both spectral populations are

represented, but the "flat spectra" population is considerably more prominen

-

in the case of the galaxies.

ngth surveys show a

The unidentified sources selected from long wavele

spectralidistribution wvhich is similar to that of the radio galaxies, although

the mean index is somewhat steeper. It is thus possible to interpret these

unidentified sources as radio galaxies which are beyond the plate limite of

.the Pélomar'Sky Survey. The slightly steeper mean index observed for these
sourceé may . be explained, if ‘they have duai power law spectra, and the largé
red shift has moved the ﬁiOh frequency (steeper) part of the spectrum into the
observed frequency range. Detéileavinvestigation of the form of radio source
spebtra; however,”indicate,that tﬁe spectra do not steepen §uffi¢iently at
high frequencies to be iﬁtefpreted in this way. |

An alternate explanztion is that if the identified sources are associated

(AN
or

with radio galaxies beyond the plate limit, they must be relatively distant,

and thus have a high absolute radio luminosity. The steep spectra observed

for the unidentified sources then reflects the relation batween high luminosity

and steep spectra.

“ e

T e

Because the sources with flat or inverted spectra are relatively weak at long

wvave wavelengths, they were not detected in the earlier surveys which were made
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“at meter wavelengths. As techniques have been pushed toward shorter wave-

lengths, the fraction of flaf spectra sources detected by surveys has increased.

.Near 6 cm wavelength the observed fraction of flat spectra (opague) sources

LR}

and steep spectra (transparent) sources is about equal. The expected dependence

of the spectral index on .observing wavelength may be easily calculated,
. i v - i o n o : ., .
given the normalized spectral index distribution, P(¢) at any wavelength 2
! : : o L . . ,
for sources with flux density stronger than Sl’ provided that P(a) is independent

of S; the spectral distribution, Q(a) for all sources stronger t’na‘n'S2 at vz}

ST N[(\) Jv.) ¢ s ,\)j . o o
. 2" 71 22714
Q) = 7 - - P@) o - (12.1)
L(82>»2) O .

vhere N(S, ) isAthe integral number flux‘density relation (see Chapter 13).

x . e i
If N(S) « KS” where K and ‘x are constants, then

~-ox

N(s ,Q ) v\
Q(e) = 2.1

( 2) . P |
e P(a) (12.2)
IR R IR
where the first term is simply a normalization constant.

In the special case where P(a) is a gaussian with mean index o and dispersion

o, then Q(a) is also Gaussian with the same dispersing o but with a mean index

displaced by the amount

v
1
ba = xc? gn /v, (12.3)
. fv. \ -ax . .
Because of the factor:_ 2} in eguation 12.2, it is clear that spectral
\v / : : ' S u
\1 ' '

~index distribution is very frequency dependent and  that sources with flat spectra

dominate short wavelength surveys in the same way that steep spectra dominate

the long wavelength surveys. For ‘example, if the slope, x, of the log N - lozg S
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;‘relatipn is taken as 1.5 then the ratio of flatvspect:a (e« > 0) to steep

3

,spéctraf(a = -1) sources over a 10 to 1 frequency interval is 101'5 =

32.

This change in. the spectrel index distribution with sample frequency should

not be confused with the observed change in the index distribution when a given

- sample of sources is observed at different wavelengths. By contrast, the
“brightest n sources which determine P(a) at vl are not the same n sources

which determine Q(e) at Ve

'Comparisoné"of surveys made at different wavelengths, and of the dependence
- of the spectral index distribution on wevelength are in reasonable agreement:

with that predicted by the expressions above. This means that the full range

of speétfal population is represented at each observing frequency, although

the relative fraction may vary considerably.

’i2.4.4 inteﬁsitv VafiationS"— Many‘of thexcompéct\sdﬁrces show pronounced
intensity variations on time scales from less than a week to a few years. There
is no simple pattern to the_obéer&ed variations; in particular; ﬁhefe is mno
evidence for any periodig phénomena. ;Raiher the variations appear as bursts,
first at short wavelengths, and then at ionger wavelehgths with reduced ampli-
tuées with the duration of each bufrst being lbnger at the»langér waveléngths.

Below some critical wevelength, the amplitude aﬁd shape of the bursts, and its -
time of occurrence is independent of WaVelength.b,Oftep‘the dufatién of a singie
outburst ié cdmparable to the time between'butgursts so fhat the individual
.eventsvare‘not resélved?  » - |

Quaéars and the nuclei of séme galéxiés ﬁay-also vafy.at optical vaveiéngths..'
Altﬁoggh there appears téubévho'deﬁailed relation Between the infensity variat§ons
éeén at radio‘and opticél'waveléngths,jthose'sourcés wﬁich‘are most acﬁive at
fadio frequencies, are also usually ﬁ:omihent optical‘variables.

1There is no obviéps diffeﬁence in‘ﬁhe ﬁ;tterq-bf-the;rédié intensity

variatiénswseen in faéio gaiaxie%land‘quééérs.V‘The ch;nge in fédiaﬁéd powér.

BN
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‘observed in the radio galaxies.is typically of. the order of 10 ergs/sec/year.

For the quasars, if they zxe cosmological distances, the change is very much

L ' LR85 . '
greater and may be as much as 10~ ergs/sec/year or comparable with the total
radio luminosity of the strongest radio galaxies such as Cygnus A.

Variations are =2lso observed in the polarization of the compact extra-

.galactic: sources.. These measurements are very difficult since the observed

~polarization is typically only a few percent, and so the experimental uncertainties

~.are large. The limited data indicate that the most rapid changes in polarization

occur when the total flux is increasing or is near a maximum (e.g. Aller 1970).

4

i : B . o ‘
12.4.5 Empirical Relztions - The establishment of relations between the

various observed radio source properties is clearly important to the under-

standing of the origin and evolution of extragalactic sources. Some of the better

J— .

detérmined>relétions aré Suﬁmarized below. Some of these are well undgrgtood
in terms of current tﬁeqry- Others are not.

) 1)~ Séectral index - zngular sizg. All of the sources with flat or
inverted épeétrav(a ;; ~-0.3) have small angulér dimensions,(e << 1"5. This
is well understood as the effect of self absorptidﬁ{

'2) Spectral-index variability. All of the sources which show flux density

~variations have flat and CPX spectra (a 2,-0.5) in the spectral region where the

intensity varies. This is a reflection of the fact that only the opaque or

‘partially opaque sources vary. Sources which have a single sharp low frequency

cutoff generally do mot vary.

3) Radioéopticai varizbility. Sources which show large radio flux density

" variations also frequently show large variations at optical wavelengths as well,

but there is no simple one to one relation.
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4) Variability-wavelength. The ‘largest and most rapld variations

.- . - - B B . . .. - - .

geﬁerally occur at the shorter wavelengths.
 5)- Speﬁtral Ind "~Lu inosity. Among the extended transpargnt radio
galaxies the§e is'a tenden;f for the most luminous sources to have the‘steepaoL
spectra (ngs¢hen»1966). This relatioﬁ does not seem to hold,vhgweVer,vfor
>thé quésaré which a2ll have a very high radio 1uminosity.' o 2 R
6) Lun:no\ity~3tructure.‘ Sources with relatively simple”brightness

-distributions are of relatively low luminosity.
- .

~ .

- - 7)  Luminosity-Brightness. Sources with a high surface brightness have

T, 1 :

Two sequences are apparent as shown in figure
8) Polarization-wavelength. For the transparent sources (Class S spectra)
the ob€°*vgd polarization is greatest at shorter wavelengths. In the opaque

sources the reverse is true.

.

.

g ' | ‘ 9) Circular polarization is found only in opaque sources.
»105_ The greatést linear polarization is found in the sources with low
surface b rightne °§S8, OF in low surfaceAbrightness regions of resolved sources.
li) Sourceb found in clusteré.feﬁd to héve smaller dimensions;
12)' The strong radio gala&ies nearly all show intense eﬁission 1iges,
-~ 13) The‘tvd most rapidiy vérying sources, BL La; and 05287;
,appeaL to be quasars, but tﬁeir_optiéal spectré do not show the emission linés

~1

common to othar quasars.

12.5 THEORIES OF RADIO SOURCES

Theories describing the source of energy in radio galaxies and quasars
have been as numerous and varied as the authors proposing them. These theories

- which, in general, make no attempt to interpret the growing detailed observational
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. .opportunity to study the source at a very,early_epoch and

-~
data including - : e S e T . .
a) the collisicns of stars or galaxies;

b) the collapse of stars, superstars, or galaxies

¢) the explosion of stars, superstars, or galaxies, including chain

-

‘rgaétionsj
qay Métter‘~ anti matterlénnihilation;
e) - i interactions. |
In recentbyears, however?'fhere has beén a'ﬁoticeable de-emphasis in
producing exotic energy sources, énd theorctical efforts have concentrated on
interpreting the obéervéd’specfra, polafization; structdre; énd time variations
in tefms 6f the synchrotronvhypothesisw |

For ﬁany.yéars nearly all of the theoreticél effort in this direction was
ioécurfed in the‘Soviet Union (e;g,‘SthOVSky aﬁdvGinzBurg 19 ). Todéy, however,
the'synéhrotron nodel is widely accepted,‘and it may be hoped that an increése&
underétending of the observational materialvih'term‘ of synchrotron radiation
vill lead to a better understanding of fﬁe séurquof energy. In particular,
the ekcitingbdiscovery by Dent in 1965 of rapid time variations in the radio
emission of some qﬁasars znd galéxies has opened the possipility of observing

the synchrotron emission from relativistic particles within. a few months to a

- few years of the time they are accelerated. This offers a previously unexpected

~initial conditions in radio sources, and thus uniquely specify the source of

energy.

In the remainder of this section we summarize briefly the basic results

of the synchrotron theory as they aﬁply to radio astronomy and then the theory -

. is applied to the data in an attempt tb_understandvthe'origih and evolution of



—29~-

.

extragalactic radic sources. -A thorough review of the basic synchrotron

process is given in the book by Pacholizyk (1970).

+.12.5.1 Synchrotron Radiation - A single electron spiraling in a magnetic
field at ultra relativistic velocities [(1 = v?/c?) << 1] has its radiation
concentrated in 2 cone of half angle © ~ E/me’. An observer sees a short
burst of emission lasting only during the time, At, that the cone is pointed
2,..2 .

toward the observer. A4t ~ 1/w ~ (me /E)”. The rediation is concentrated in

Ny . 2.2 . .
the high order harmonics, n = (E/mc )", of the classical gyro frequency vg =

eB/m. The frequency distribution of the radiation is given by o complex
expression conveniently represcnted by (eqn. 1.7).
e -~29 o, - .
P(v, E, 6) = 2.3 x 10 B, v/vé»r (v/vc)_matts Hz : (12.4
where
e _ , _
Fo(v/v) = Ko, (1) dn - 2.5
v/v
/v,

and where B, = B sin 6 is the component of the magnetic field perpendicular to

the line of sight; X (n) is a modified Bessel function; € is the angle bstuc:

5/3

the electron trajectory and the magnetic field (pitch angle); and

the critical

frequency V. is given by

" The spectrum of the observed radiation depends on the angle ¢ between the line
of sight and the electron trajectory and on the plane of polarization. In the

.

remainder of this chapter the subscript is dropped and the symbol B is understo. .

Fd
L

to represent the perpendicular component of the magnetic field.



The distribution given by equation (12.4) has a broad peak near-v ~ 0.28 v .

c
' N /3 ‘ . N /2 —v/v

For,v/vc.<10.3, P(v) = v , and for v/vC >3, P(v) « (v/vc) e c

and the radiation rapidly falls off with increasing frequency.

For an a§§emb1§ of electrons‘with ainumber density N(E)dE between El and
Ez,.equaﬁion‘(lé.é} can'Ee iﬁtegrated tg fin@ the total radiatién gf any frequéncy
from all electrons. Using (12.6) and making a chenge of variable this becomes

\)/\)2. ‘ )
vbP(le) = 4.1 x 10—29 B2 Qlle _5‘ Q/vc*3/2 ‘N(v/vc) F(v/vc) d(v/vc) (12.7)
. . o ' V/V) . '

wvhere v, and v, are the cyritical frequencies defined by eqn (12.6) corresponding

1 2
~t?jEl:gﬁd‘E

©

X
In the specizal casé vhere the electron energy distribution is a power law,
that is, N(E) d§V= KE-Y éE, equation (12.75 becomes (eqnf 1.9).
| o 'v!vé ) o
1P(V10)m p(rHD /2~ GrD) /2 - (v/vc)~(34y)/2 Fo/v) A0/ (12.8)
v/vl , o o

for y ¥ 1 the major contribution to the integral is when v/vc ~ 1 so. that the

limits of integration may be extended frowm zero to infinity with introducing
-significant error. The integral is then essentially constant when 3v. X v X 10 v

1

. 2 )
The radio spectrum then is a power law with a spectral index o = —(y - 1) 2.

(12.9)
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It must be emphasized that this approximation is only value when vy v 1;

,

and in particulav that no form of energy distribution can give a spectrum that

' e R A B .
cex than the Jow frequency asymtotic limit of v for a single electron.
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-
%)
m
0]
~h
[a¥)
»
et

As described in section 12.4 .3, many sources show nearly power law radio
freq veﬂ“y spectra V‘Lb ar- COmmon SPGCLIal 1nde ¢ v -0.8 corresponding to an

+

electyxon energy distribution index, y ~ 2.6. Deviations from a coustant radio’

.
O
]

spectral dindex may be explained as being due to (&) variations in y as a funct

of energy which may exist. either in the initial electren cenergy distribution
or occur as a result of differential energy loss in an initially straight

[-—-

Cistribution; (b) self abscrption in the relativistic electron gas; (c) absorpiion

in a cold H II region between us and the source; (d) the effect of a dispersive

e s > R
nedium in which the electrons are radiating.

12.5.2 Effect of Energv Losses - Even if relativistic eJGCgro‘s are initially

produced with a power law distribution diffe ntlal en gy losses cen alter
‘the ensrgy spectrum. Relativist ic electrons lose energy by synchrciron radiation’
and by the Inverse CGvDLO? eLIQCt which are both proportional to the squares of

the energy; by ordinary bremstrahlung and adiabatic expansion which ere directly

e

proportional to the energy, and by ionization which is on

1

(\J

propor

e
. ,'_,‘

to the 1oga1it m of tho energy. Approximating the logarithmic term by a constant

the rate of energy loss may be written

18
|

= aB> 4+ BE + ¢ | @2

lf e]ec ‘rons are bein g supplied to the source at a rate Q(E, t), then the
equation of continuity describing_the time dependence of the encrgy distribution

N(E, t) is

[= VS
.

!

ME, D) 3 dE IR R
e T e o+ o azan

(a7
t
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Tf-at t = 0 , ‘ : S
CEY E <E .
KEY B <B<E,
Ny = (\ : (12.12)
0 - E <-El, E > va
and if synchrotron and Inverse~cémptpn losses dbminaté-and there is no injection
of new particles (Q(E,t) = 0), then
4 c 1Y : :
[, m By
N(E, t) = o . - . (12.13)
i :
1 . ' '
\\ 0 E<E's E>E,

where

ergy distribution extending to unlimited

jovd
aad
o]
[
o
=
v
-
[0}
jos
Q

Thus, even with a1

energy, there will be a cutoff at

Ec = 1/A B? ¢ T oo 28

~

and a corresponding c¢ iation spectrum. .In the special

utoff in the synchrotron radiat
case where vy ~ 2, N(E,t) can become very large for energies slightly less than

Ec because of the piling up near Ec of electrons with large initial energies as
the result of their more rapid rate of energy loss. In this case, if E2 is
~sufficiently large so that E,'/E & 1, then the radiation spectrum will become

' 2 c - B , o
flat just below-the upper cutoff frequency,-vc'= c BECv. Above Vo the spectrum

sharply decreascs rapidly for all values of v.



If the distribution of electron pitch aﬂ~1eq is rvandom, then the cutof

Ha

fréqueﬁéy‘for each'pitéh an”Je differs and at low ﬁ]e ncies where encrgy
losses are th;iﬁpértant the snéctral index, a; rcﬁaihs equal toviﬁs‘iﬁitial
§alue dol='(i'— ) /2. But.ét‘hiéher frequenciés'if the thch angle distribution
.iS'céﬁsumea (Kérdéshav 1§325 w = (4/3 @ ~vl).'.If on the other hand, tﬁé pitch
angles get miﬁed up, thén all the electrons see the same ef eétife mégné§1c

. field "and the spectrum shows the seme sharp cutoff observed with a single pitch

\\. " V : . 1 ‘A . .
angle. The frequency separating the two spectral regions is given by
- ; —“3 “2 ‘ : . - -
v, ~ D t GHz : ‘ {12.315)
b years _ .

ot
!
H

o

If Lhe rele ivistic electrons are centinuously injected v1tn Q= K E Y,

rr

then for v < v, the spectral index remains constant with ¢ = ¢ . But at higher
b & , o ,

frequencies vhere the rate of ensrgy 1oes is ba quc.i by the injection of new

ol

ot

parLlcleq the equilibrium solution of e%u tion (12. 11) vith = 0, gives

@ = (dOY—'l/Z).

12.5.3 Interpretation of Spectrel Data - The main features of the radio spectra

which must be explained by any theory of the generation of the relativistic
particles are
a) the relatively sharp concentration of the energy index, y. ~ 2.6; .

b) the extreme values of the index for the class S spectrz of o v -0.5 and

-2.0, and the 1ﬁcluolod of nearly alJ sources in the range -0.5 > a > -1.3;"

¢) the absence of any_sharp high frequency cutoff in the radio spectra
expected from synchrotron ra i tion lo sses; o .
d) - the detailed form of the spectra of the trénsp““CﬂL sour ces,

e) the observed index & ~ -0.25 for the transparent part of the spectrum

of the variable sources.
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The last point suggests that th 1 value of the spectral index

¢ N =0.25 (v v~ 2). The high probability of firding an maerved indax steaper
o AN S ) > o I

thanvao by about 0. u"gests the continuous ej jon node] and the limiting

0]

value of -1.3 suggests instantaneous ejection vth o = 4/3(-.25) -1 = -1.33.

Both of theszs can be accounted for by assuming that there is a receiving

generation of particles with a characteristic pericd T. Then from equation

12.15 the spectral index after an elapsed time t >>T SRR - st
: -3 =2
~ 1 o = o : v <B t
_ “o
oy ' -3 =2 -3 . -2
ii @ = a -1/2 B 3vt <VvV<E T
F =3
iii o = 4/3 ey - 1 v>B T

.

In case i, the effect of syncnroLron ratiation losses are not important,

ime scale for

rr

and the index remains equal to jts initial value. In case ii the
radiation loss is longer than the period T between bursts, the injection can be

considered quasi-con i*uous, and the spectrum is in equilibrium since radiation

i

losses are balanced b§ the injecticn of new particles. In case iii, synchrotron
losses dominate and tﬁe spectrum steepets.>'The’observed curvature in the
spectrum of many sources is also consistent with this model. |

Thb pfoblcn with the recurring injectién model is that the high frequency

parL of the qaectru“, a = (4/3 ao—l), can be understood only in the unlil cely

, Tl A A~ Pean A < -~ o= e PR g, TR SN PR S - — e .4‘ < B .1 )
cage where the electvon pitch angles are comserved for times greater Lhanm the

e 4 e , ’ -4 L A6 o ' :
.radiation lifetime, which for B = 10 ~ and v = 1 GHz is 10 years. Otherwvise,
the spectrum must show a sharp cutoff at high frequencies unless in fact the
relativistic electrons lose energy not by synchrotron radizticn but by some otthf

means.



'12:5.4 Effect of Absorption by Jornized Ilivdrogen - The observed radic spectrum

may differ from the radiated spectrum due to the inlluence of the medium between

the source and observer. If a cold cloud of ionized gas is Jocated in-front of

the source, then the observed flux density will fall off sharply below the

~ frequency, v vhere the optical depth is unity. TFor an electron temperature Te

v, 3.6 % 107 Te”3/2 e MHz L (12.16)

<~ where ¢ =/f no d2 is the emission measure, and n, the density of thermal

electrons. The observed svectrum is then

b

’ ' - —(Vo/\‘>2

S« f% e (12.17)

If the ionized medium is mixed with the synchrotron source, then for v << v
- : ' o+ 2) .
K ' : S « v( - 2) (12.18)

If the density of thermal electroms is sufficiently great then at frequencies
where the index of refraciion, n, becomes less than unity, the form of the spect-.

trum will differ from that in vacua. When n < 1, the velocity of a relativistic

1.

electron is less than the phase velocity of light in th on

l_)o
eie
=

at

m

nmidium; the rad

is no longer so highly concentrated alecng the electron trajectory, and the energy

(0]
i)

‘no longer appears in the high order harmonics of the gyro frequency. This is

4

-comronly called the Razin or Tsytovich effect and is important when

b < _*_% . .J‘:r' ! ' »‘ L X G
v %20 3% s R | (12.19)

For v < v the spectrum cuts off very sharply (see Chater 3.3). .~
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12.5.5 Synchiotron-Se
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~
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o
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ot
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that the fluxn from a group of relativistic electrons is merely the a

Ing
o
o
(6]

sun of the radiation of each electron, i.e., the electron gas is assunéd

transparent. If, however, the apparent brightness temperaure of the socurce
. 1

approaches the equivalent kinetic temperature of the electrons, then self

“absorption will become important and part of the radiation is abscrbed. The
¥ P par

e radiat calculated from

[}

cn spectrum is complex, but can b

-

precise form of t

L)

the emission and absorption coefficients of relativistic electrens in a

®]

magnetic field. The parameters depend on the electron energy and pitch angle

distributions and can be determined only from numerical integrations. The
form of the spactrum in the limiting case of a completely opaque source may

be derived quite straightforwardly, however. Consider the radiation frem

 at temperature T. Then the

o
o
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“
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h
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an- optically thick black

observed flux density is then
S =y rte (12.20)°
If the optically thick relativistic electron gas is described as a black body

vhose temperature is given by the equivalent kinetic temperature of the

electrons, E = kT, than using (12.16) we can write

-3 _-1/2 2 2.5
B ) IR £
“sec

wm
@ -
Jud
o

L)
=]
~
i
N
N>
j1
pg

: ' < ' : 2
In other words, the scurce may be though of as a black body (S « v7) whose

1/2
c

temperature (energy) depends on the square root of the frequency (E « v ).

Rewriting equation (12.21) and using a more precise analysis including

_the small dependence on the index, y, and the effect of the red shift, z, the
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ncg.'tic field isvgjyen bgz ' 4i‘:1 ' R - {
Brgtn 5 /007 ara L apan
) ‘ *6 6 ! . ‘ . . 3 ]
vhere g(1.5) = 2 x 10 = and g(2.5) = 2. 6 x 10 and wvhere Sm is the maximum

flux density at the self absorption cutoff frequency, V.
Althougﬁ the“ap?arent effect of’synchfotrqnjself ébso?ptiontls evident in
;many'sourceé wha}e indices as sfeep‘as @t 1 aie oftenrobséf?ed at long
vwaveléngths, the rc‘hns not been any direct observation of the theovet cally
expegted'value of +2.5. This has led sﬁ:e to question whether or nét the observed
low Lfe u:nc) cnho‘ i) aré inAfact dﬁe to self absorpticn, Howgver, this crgumInt
is probabiy irrelevant for the same reason ;hat:thekthao:etical indeﬁ of « = +2.0
is never observed in the tlermal.cmissi omn qpectra of the familiar H II regzions.
‘The explanation in both cases is that fhefe is'a wide range o

these sources which cause different parts of the source to become opague at

;-.

different wavelengths produc: ng a gradual, rather than.sharp, transition from

the transparent to opaque case.

12.5.6 1Inverse Corpton Scatterinz - The maximum brightness temperature of

any opaque synchrotiron source is llﬂzted by inverse Compton scattering to about

12 L. ‘ ’ N
107" °K. This is the brlghtness temperature corresponding to the case where

the energy loss by S}ncn otron radiation is equal to the energy loss by inverse

o

Compton scattering'an& ray be deris

[
ja N
[\)
0
Hh
e}
ey
et
e}
-
v
~
el

ellermann and Pauliny-Toth
1969).

- For an homogeneous isotropic source

2 2 : L 2 2 2.2 .
I 7 L/p ¢ = const (Sm vc.R )/R,ve B ; : (12.23)7
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where_Lc = power radiated by inve rse Conv“oq scattering, LS = rad:o power

: . . [ o -y . S

- TN e . : 2 ¢ g : 2
radiated by synchrotron emission, & 7r ﬁ TS dv Sr vc, U q° 3L/ bwrTe =
B V BT co s . .

energy density of the radiation fleTm, U, = B"/8n energy density of the

magnetic field, D = the distance to the source, 6 the angular size, and
p. = D8/Z the radius. 1heﬂ uglnc equati (12 22) and recognizing that -
22 . Y . ' ) : —- ' . .
S /o7vT is propqrtlonal to the pezk brightness temperature, T2 and including

the effect of second order scattering, we have

e o1 125 o L 1. -
f > (Tm/lO ) vc [1 + 5 T /lO ) vc] . : (12.24)

where Vv is the upper cutoff frequency in Mlz. Teking Vc ~v 100 GHz, then for

T <107 °K Lc/Ls << 1 and inverse Compton scattering is not important; but for

. o 1201
T >10 °K, the second order term becomes important LC/LS a (Tm/lo ) 0

anl tre inverse Comytoh losses become catastrophic.  The exact value of T

&

correspo dip to LC/LS 1 is SOTENL”C dependent on th0 spe ific geometry, the

value of 'y, and the spectral cutoff frequency Vs but the strong dependence of
e e g - e 12 . L ;
the ratio on Tﬁ,lmplles,tnat Tm cannot significantly exceed 10 K, independent
1

o+ veveler th.

CIf the coépéct sources expandkwith'conservation of magnetic flux, then T
varies with radius p as _
e /G0 O @2.29)

.-80 ‘that for y ~ 1, Tm remains constant and otherwise depends only weakly on p.

12.5.7 Lnerov Con°¢dor tions - The problem of the origin and evolution of

h]

extragalactic radio sources has been of the major unsolved problems*of theoreticalA

-

astrophysics; in part1CLlar the source of energy neecbd to accoaﬂt for the large
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nner inwhich this energy is converted to relativistic
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thn cnorgy contained in relativist
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2-y L2 - E A ( )
eVﬂ7LnLcQ if the distance to the source is krown; than

the obszarved

ty of the source L may be e,timataﬁ by dtégrgting
spectrum,.giving
L (B @ e - j/E2 P PN G N RO
s == S E B LiL = = & _ P v
B dt . B, (3-v) L 2 1
(12,27
and eliminating K
(2-y ) .o (2-7)
ee =‘%:¥_ E2 . -+ El L .
¥ (G-v) A (12.2

Using equation (12.6)

all the constant terwms
e =CLB

e e
The magnetic energy is

E (3-v)

2 1 ;
to relate E, and E. to the cutoff frequency, and groupin

2 1

(3=

7).

together
3/2 : :
- (1.2.30)
just
av = ¢ B2y o
T m (12.31)



The to sl enervv 1ﬂ flelgs and particles (ae + en) is minimized when

M .

. o S | |  (12.32)

lw
m

(o34
+

_or when

3 /Ce\ L 2/7 S o ' ' ' (12.33) .
\'m/ ’
. . ’ C - 2/7'4 S v IEDTTI. : _
" The constants Ce’ Cm’ and 'e/_Cm - are given in figure for several values
of . :

From cquation {12{30), (12.31), and'(12.33),

™
i
™~
~~
(&%)
)]

- 4]3 ¢ 12.34)
e “m ,( ’

" That is, an energy is nearly equally distributed between relativistic particles

AN

and the magnetic fiel

Typically, the total energy contained in the extended sources estimated in

Y e 57 61 ) ' -5
~this way is in ‘the range 107 - 10 ergs. and the magnetic field between 10

apd lO Gauss. It is largely because of this apparent very great energy require-

1

ment (up to 0.01% of the rest energy cf an entire gal:xy) that theoretical ef

l"\
iy

orts

.

to explain the origin of radio galaxies have been for the most part unsuccessful.

('Q-

One interesting result is that if €e ~ am the total energy strongly depands

-9/7

B

on the size of the source (g « r ). This gives. the curicus situation that
the larger souxrces with low surface brightness and low luminosity such as
Centaurua A contain, appear to contain more energy than tne sm ll r high surface

- brightness objects such as Cygnus A. This is not, of course, what would be expected

o

f, as nerally assumed, the larger sources were older and hao 1cd to the
interesting suggestion that sources may collapse rather than eXpand. Another

wvay out of this situation which also reduces the energy requirements on the
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larger sources is that if, as recent obse VaLlODS suggest, sources break Lp into

1~

L.I.

a DLmb°“ of all cemponents onWy a onoll fraction, ¢ of the projected volume of

a source actually has particles ai J a magnetic field. The wminimum total energy is

~o*

' 3 7 o . . L .
then ¢ultiplied by a factor of & / and the»corvcbpo ding megnetic field is

he factor 627,

}—I
[}
o
cr
~
O
&
=
¢
=
(o)

For some years it was wide 3 th0L01L thet the relativistic ¢
"secondary particles procduced as the result of collisions between high energy

protons. If the ratio of energy-invprotons to thet in electrons Cis, k, then - the

minimum total energy is increased t by a factor of (l%l) anl the magnetic field by
Fo1 2/7 Ca 4 £ a3 = ~

(1-4k) . Estimztes of the value of k were about 100 so the en~r*) reguirements

are about an ovrder of magnitude greater. However, the discovery of rapid time

O

0]

(0]
-

variations in many sour and its implications for the rapid producticn of

ggests that the secondary production mechanism is probably not
relavent; and unnecessarily exaggerates the energy reguirenents., Thls elimination

of the foctor k, and inclusion_of the factor ¢, can easily reduce the energy

estima by two or more orders of magnitude.
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A characteristic‘lifétime for radio sources may be estimat -ed from the

‘relation t = e/( J/QL) Lifetimes of radio sources determined in this way are

B - . : [ . N . 9
very long. For e ~ 1060 and E/dt - 10*5 ergs/sec the lifetime is 108 to 10

o]

<i

years. Similar ages are obtained frecm the fraction (~10%) of giant elliptical
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ources, and an estinated age of

For the co*pgc* cpaque sources wmagnetic field strength is given dircc t]}
by the measured surfa e.brightness, the freg uency of maximum flux density and
equatioﬁ (12.22). For the relatively nearby "a;io alaXLos with emall red
‘shiftsithe magnetic field derived in this way is independent ofvthe red shift,
and'invany case depends only weaﬁly on the red shift. If the listance ié known,
then the total energy in the form of re 2lativistic particles, €5 is given by

“the relation

,ep P(“) 22 <lm ax/ 62} ‘ vm-(éj%ll)/z, . (12.35)

“and the magnétic‘energy,»em, By
o o . . _
B m ( ) % \ max / \ L*,

vl (230
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While the ratio of the two quantities is given by

K - . B . . .

RG) 2% {S / \2 ~(4131) /2 : (12.37)
$ &',.\\ # 621’ Yn '

Values of ?C:), M CE); and R(J ) are giv ;ﬂ in figure

Althoﬁgh the energies calculated in this wéy are very sensitive to thé
1 size and salL‘absorption cutoff frequenc%eé, good estiniates 6f the
energy. centent can be made at least for those sources where there is accurate

data. Tor the relatively nearby compact radio galaxies, such as NCC 1275 the

7
. 52 - . .
energy content ds 107 ergs. If the compact quasars are at cosmological
P . . 586 4+ 2 :
éistances, their energies are considerably greater and are about 10 - eryg

sources, so that it is clear that a single compact source does not simply evolve

by expansicn into an extended source.

tion from a single electron is
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elliptically polarized, and the degree of polarization is a function of v/;&.

In a uniform magnetic field the linear polarization of an ensemble of electrons

with a power law index [, the polarization in the transparent part of the

spectrum vhich is perpendicular to the magnetic field is
-3 : - .
= S (12.38)

i+ In the opaque part of

21 values of

O

't,
I
0
W

~and is of the corder of 0.7 for t¥ P

the spectrum, the polarizaﬁioﬁ is much lower and is given by
PG) = 3 . Lo S (12.39)
6 +13 . ' ' S : L

and is typically only about 10%.
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Since the observed polarization in the transparent sources is typica 1L>

nagnetic fields are

as
[
=]

only a few percent, it may be concluded that
generally tangled, and so the observed polariza tion integrated over- Lbc

source is gredtly reduced. This is confirmed by the limited observations

'
i

of ﬁolarization$ g§p?baching the the ovetlcal value 1n‘11nlted reg 1ons OL
sd%e sources; althouéh it is soﬁewbat‘remarkable tﬁat'such7high1y ordered
flhldS‘Cdn ex ist ver regions egteﬁding ﬁp to 10 ér mpre'kpc.

In‘the'elonééted soqrces'tﬁé o:igﬂtation of the polarization vectors
indicate that the magnétic field is often'aligned perpenﬁlcular'tévthe
dlrectloq of elongation. In some soﬁrces there appeafs tovbe a radial
,magnetic field.

If the pitch angle distribution is non isotropic; then there is a
net circular pola r; ation since the ciréularly poiarizéd eomponents of‘
tﬁe individual'eleétrons do not'completéiy cancel. Even if the distri—

~bution is isotropic, there will be a small net circular polarization
1since there are more electrons in the solid aﬁale defined by g6 + dé;
than in the One~6~d6; TH’S effe t is.particularly important if the cone

. . . . - . 2 . N . -
of radiation of a single electron 8 v E/m is lerge as will occur at very

low frequencies or in regions of high magnetic field strength.

Fh
£t
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£
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s Q N [ Ty 2 -l_‘ - -
12.5.8 ‘Intervretation of

. .

variations provides direct evidence in scme soarces of repeated energatlc
events whlch may provide a nearly continucus in th of energy necessary to

adcount for the ObserVed‘energy requivements of the exténded sources.

.

The form of ‘the obcerv d intensity variations are most simply interpreted

.

in terms of a cloud of relativistic particles which is initially opaque out
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‘subsequent expansion oc

- ’
to short wavelengthé, but which, d

~

at suéce 31ve1] louokr we Vﬁl ngths. In i

.

assumes that the relat’vistic particles i

are produced in a very short time in &
! .
i occurs at a constant

eypanslon thL ma

xpansion, becomes optically thin
ts simplest form the model

.

nitially have a power lav sgﬂchun

small v‘luxe of space, that the

velocity, ‘and that during the

enctic flux is conserved.
1hus o ,
“ N(E,t;r) = KE Y 6(p
ézlél YA
' B /B, = (6./0)° =
2751 1%

where 6 is the angular dimensions, t the

B the magnetic field, and the subscri

tg
pt_o

and t

at two ochs t .
CPOchs Ly 2

is given by van der Laan (1966)
.The observed flux density as a funct

is then given by

(vt /s | = (v/v D2 5/t )3 -

[ - exp(-0]"

If the optical depth is taken as the

which the flux density is a maximum, then

. \)'; I.'t!il
e -‘ (5 }T

A detz2iled mathe

) s(t) (12.40z)

(12.40b)

(i /e (12.40¢)

l 2 L By ~
elapsed time since the outburst,

2 refer to me rements made

Pt
oty

atical description of the model

and is summarized below.

ion of frequency, v, and time, t,

exp(= w(o/v T2 (¢ pe y= (9]

(12.41)

value of 1 at the frequency, vﬁ,

it is given by the solution of

I
o

(12.42)
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~given frequency as a function of time occurs

e
=
1)
coe
b
e
3}
-
5
+h
[-—I
o
hl
f)_‘ .
[6)
=)
5]
e
-
<
3
B
[

at a different optical depth T, given by the .solution of

t ¢ o S :
e - = -~§~-,— 1=0 » L (12.43)
Values of Tv,and Ty ‘2s a function of 'y are shown in figure .

In the region of the spectrum where the source is opaque, the flux density

* .

( N3 A . : /
SZ/SJ = \t?_/tl) . , (12.44)
Where_it'isvtransparent it decreases as
TN
Ss t V2
2o 2yt | (12.45)
- R 3
1 ty/

The wavelength‘ln at which the intensity is a2 maximum is given by

: N 4 -3 4)
. )‘mz ts \ (4v + 6)/‘(\ t) | ‘ ‘
= ?; i | v ‘ o : - . (12.46)

Com o/
and the maximum flux density Sm’ at that wavelength is given by

So. A0+ 3/ +6)

. Tp .o \\
. ll "‘l .
/

In most variable sources the outbursts occur so rapidly that the emission
from different outbursts overlap both in frequency and time and so a.detailed

quantitative analysis is diffigﬁlt. To the extent that it has been pbésible to



separate events in some sources, the individual cutbursis seem to follow

.

particles. The data indi te that the initial value of vy is in the range 1

to 1.5 so that the initiel radic spactrum in the optically thin region is very

"

‘flat. At least for one ye;r follo x’ng n outburst the expansion appears to
- . continue at a constant rate and the value of y is unchanged by radiation losses
or by .-inverse Cowpion scattering.

)

Initially the magnetic field strength may be as high as 1 gauss, and in

1

those sources where there is good data tbe ﬂagn etic flux appecars to be approxi-

nately conserved, at least during the initial phases of the expansion. But

because the data from long-baseline interfercmeter observations when used in
eqn. 12.22 indicate that B ~ 10 Gauss over a wide range of dimensions for
both variable and non variable sources, and since this is also the value of

the field estimated from minimum energy argunents, it appears .that the flux is

sLe,
1Xrus

conserved for only a limited timz after which the relativistic particles d

. : 2
. . e - =% . . .
through a fixed magnetic field of about 10 Gauss. In this way many repeated

outbursts may provide the particles . in the extended sources,

v}

In the case of the varizble rcllo gelaxies, whose distance can be
determined from their red shift, the initial dimensions appear to be well under
one light year and the initial particle energy ju a single outburst about 107’

q e . s 8 . £ .
~ergs. Repeated explosious lasting up to 10  years at a rate of once per year
are required to -acccu nt for the minimum total energy in the extended scurces.

The direct measuremcnt of the angular size and expansion rate of variable

Lry i's now possible, and,can.be used to

[&]

‘sources using long baseline interferome

determine uniquely the magnetic fiald (eqn. 12. 18), and when tHe dJs nce is’

]

e
K

surprisingly well the simple model of a uniformly expanding cloud of relativistic



known the total encrgy involved in each outburst (eqgns. 12.25 and 12.27).

. .

"The nodc] of a uniform, isotropic, homogeneous, instantar weously generated

sphere of relativisitc e]ebt ons, which expands with a uniform and constant

—...

.

velocity, where magnetic flux is conszrved, and where the only energy loss is

~due to expansion is ma_}”“aLJCdlly snuple. Clearly, such sources are not

-

. . 1

expectea‘to-exist in the real world, and»it is 1ﬂ”eod remarkable that the
observéd variations follow even approximately ‘the pfedicted variafions. - A
more realistic model must take into account non constant e.pan31on rates,
the non censervation of magnetic flpz, changes in y, the finite acceleration
time for the relaﬁivistic particles; and the initiai finite dimensions.

But these are rel ‘tivtly wminor modificetions; aﬁd the observed de paftures
from the predlCLJOuC OL the ul?Uje rodvl should noh;‘as is sometimes done,
be used to infer that the gene ] clae of eipanding‘souxce models is noct

'relevaqt to .the vsrlebTe source phenomena.

In the case of the pem-instantaneous production of rElaLlVlSLlC
pafticles, the expected form of the variations m;) be determined by iﬁtegrating
equation lZ.él‘and the appropriate production function.

In the case where the initial volume of the source is not infinitély
small, the‘initial spectrum is noﬁ cpaque out to very sqo*t wvav elengths; and
‘the source is‘transparent at frequencies higher than some c¢ritical frequency
Vo In the transparenﬁ region‘of.the spéctrum Fﬁe flux variations occur

[«

“simultaneously and reflect only the rate of particle production and/cr decay
due to synchrotron and inverse Complton radiation,

The e\pc ntal determination of v, may be used to estimate the initial

.size of the‘source. Characteristically Vo v 10-30 CHz corresponding to initial
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e . b - ‘ -4
dinensions of gbout 10 = arc seconds for B ~ 10 = Gauss. Fer typical radio

sources with 0.1 < z < 1, the initial size derived in this way is from 0.1

®
D

‘to 1 light year. This is roughly consistent with the direct dete‘ri ation

of the ¢ v”ulﬂv sizes made by long beseline interferome etry, but it must be

»emphasizad that so far these measurcments have not been made in sufficient

dctall to permit a detailed comparison, or to estimate from equation (12.21)

In those sources where gobd data e;1§ts in the:spectral regzion Vs
the observed variations occur simult %zﬂohsl) as eipccuol from thD roﬂeI. and
with egual amplitude indicating aﬁ‘initial spectrallindékba ~ 0, or vy nl in
'good agrecment \1tn the value of>y'derived from equations (12.46) and (12.45).

In the spectral region v > vo; #he observed flux varlatlons depend on the

total number of relativistic particles, their energy -distribution, and the

) ) nore
magnetic field.  Thus observations in this part of the S“CCLer/C1OSGJ) reflects

h .

the rate of generat tion of relativistic particies than observations in the’
opaque part of the spectrum.

In some sources v, occurs at relatively low freqdcnc1es of 1 or 2 CHz.
This poses a ocLJnuo Px oblcm for the following reason. If variations

‘occur on a time scale of the order of 1, then it is commonly assumed that the

dimensions of the emitting region, §, is less than ct, since otherwise the
- light trevel time from diffexent parts of the source to the observer would "bluxz"

any variations which occur. Using the distance obtained from the red shift,
O

a limit to the angular Size;-é, may be-calculated; and from equation,(12.22)

an upper limit to the nagnetic fleld strnegth is obtained.
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For a typical aquasar,- such as 3C45%4.3, T &~ 1 year, z ~ 1, 6 ~ 10
ypicad qi 5 . g > s . > )

» L Py =5 o 75 21 1 ] - 9.1 » . v s

-second, and B ~ 10 Gauss. .With such wezk fields, the energy required in

o . . . ..58
relativistic perticles is very h: gh and is ~ 107 ergs, and the repeated

gencration ¢f such encimous energies in times of the order of one year or
less is a formidable probT T Aloo the 11“1L to thn angu 1lar size deduced
" from the 113“L travel time argument; o ften rebul*s in a peak brightness temperature

: ' ' ' ‘ s 12 . .
“which may exceed the expected maximum value of 107~ °K derlved earlier. For

I
these reasons it has ‘been questioned by soﬁe'whether of‘not in fact thie quasars
are af the'laréé distances indicated by their.red shifts, e.g. (Hoyle, nLrAi’ge,
and Sargent, 1166), or whether they do indeed radiate by the ordinary synchrotron
process.

I

One way in which the theoretical brightness teuperautre 13mlt may be

exceeded, is if the relativistic electrons are radiating coherently.
»Stlmu?aLed emission or ﬁega?ive absorption‘is possible in opaque syﬁchrotron
SOQrces,:if the relativistic electrensAare‘mqv1ﬁg in - a dispe;sive mediunm
.whére the index of refraction is less than unity.

HOWeﬁer, other than the seeningly excessive brightness temperature implied
'by,SOEe of the variable source bbServationé,'the expanding source model énd
the ordinary incoherent synchrotroh procesé appears‘to be adequate to-eéplain
all of the obser ved phenomena.

Anothef vay to ex cplain the rapid variations was pointed out by Rees (1967),

at a velocity v %~ ¢, then the

(¢}
.’)
et
r'>
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e
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who showed that 4if ths

differential light tlavel time bptneen the approaching and- reced11 parts of
th¢ source can cause the" 111uq1on of ‘an a1~uldr expaﬁsﬂoq rate corresponding to

an apparent linear velocity VA>'C. In this case the angular size and_peak
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"~ brightness temperature is;sméller, anﬁ‘from equation (12;36) which depends

_on a high power of €, the réquiredvénergy is greatly reducedi However, there
is‘a limit to the extent that the total enérgy reQuirements'can be reduced;

by this "super«light"'exyansion'theory'since as-fﬁe particle energy.is decreased
when € . is increas;d, Lhﬂ nahnefic energy_is,incréased; The mande Qalue of

" the total eﬁergy occurs when the two are apprbgimatelyvgqualg and - for th

typical gquasar is ~ 1077 ergs (e.g. van der Laan 1971).

Unfortunately, the variation in toL._ intensity for the relativistically
b

expanding source is very similar to that fer the non relativistic

model, so
that they cannot be distinguished merely from observations of the int nsiL
b S

variations. The direct observation of "the variations in angular size likewise
do not distinguish between "super-light" velocities at cosmological distances,
- oxr non-relativistic velocities in a "local" model for quasars.

ng source model has been suggested
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An interest

by the Russian hysicists. Ozernoy and Sazinov (1969) who propose that

o
%)
o
[
[s)

o]

‘two or more discrete components are 'flying apart' at relativistic velocities,

=
M
o

while at the same time exoénding. Evidence for relativistic component velocit
ha° been obtained from long baéeline interferometer.observations, but so far
with the meagre data available at this time it has not been possi ble to uniquely
di Linfﬁ sh between actual‘component motiéns, and properly phased intedsity
variationé in‘stati 133}.components.

It may be éxpecteé,'however,‘that future ob;éfvations ofrintensity variations
as a function of wb’elbnoth, when combined hl h the direct’ observatlon of the
Qariatloﬁs‘lu angular size w1il ﬁniquely determine not only the dynamics and
energatwcs of the radio ou Lburstu, but will also specify the 1n1t1a1 conditions

of ‘the outburst with sufficient accuracy to limit the rangefoﬁ\theoretical
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speculation concerning the‘co irce’ oL‘energy and 1ts conver sion to relativistic
particles. In particular, there nust be increased emphasis on obse ‘vations

’mad@ at thv shortest possible wavelengths, since these most aegrl) reflect

the conditions dutring. the time just t followin ng the outbu rst (eqn 12.44) .

12.5.9 Eveolution of the Radio Sources - As a result of the discovery and
continued observations of the intensity variations in radio galaxies and

quasars, it is becoming increasingly cleer that, on a cosmic time scale, the

generation of particles occurs during very short times and is presumably

e

~the result of repeated viclent evente in the nuclei of galaxies a2nd in

quasars. This essentially precludes any statistical process such as Fermi

acceleration vwhose time scale is measured in lelloas of yea:

.

However, even aside from the question of the source of energy and its

conversion to relativistic particles, is the problem of the formation and

evolution of the extended radio scurces. In particular; hdwrare the clouds
of reiativistié ﬁarticles confined; and vwhat determines the characteristic
double or multiple shave.

One_pértiCUIar problem has been the need to explain the extreme fine
strdcture found in the outer paris of some eétended sources SEcﬁ as Cygnus A;
or the existence of sources with very h1 h ratio of compgncﬁt sepération to

'component size.

One interesting suggestion has been that ra th than éccéleraté the

frelat1v1$t1c particles themselves, tﬁe galactic nuclei anquuasars expell

-ma331ve coherent bodies which then- exp ode at some dlstance from the origin

—

and produce the particles in jt But there is. no experimental'evidence;
that this occurs since all of the observed very compact opaque sources, and .

all of the variable scurces are 001nc1deat with quaseks ot~ ndclel. Thus, it

\



appears that in each source the relativistic partic les are in f ict generated

at a common point and diffuse out to form two or nore extended clouds»of

s A

~particles. It has therefore becn widely assumad LhaL tHe individual components

are confined bv the intergzalactic gas ov intergalactic magnetic, altho ugh the

i

required gas den>1ty or ma"ﬂctjc field strengths are unc nL01LabLy arge

®

~(e.g. Burbidge 1972). However, the possibility of sufficient gas being-
present in clusters, or being cjected from the galaxy itself does not seenm

unlikely.
_which . o . :
A theory/is comm 473 discussed is the razw pressure model of De Young

and Oxford (1967). The rather sharp cuter boundaries found in many of the
resolved sources lemd support to this.

A model describing the evolution of double radioc sources has been

]

~developed by Ryle and Longair (1967). They explain the ratio of
‘intensity and separation from the parent object as t
~differential light travel time and other relativistic effects on two identical

‘objects expanding with highly relat1v1stlc Velo ities.

12. 6 SUMLan

.

There is COHVlBClng qr it tive evidence that 211 of the ex (tra galac ic

.1

radio sources radiate by the commonly accepted incoherént synchrotron ploceﬂs.
This includes:

1) The shapb of the spectra of the extended (transparent) sources are
power lav or cual po er, and their dctailed shape are in agreement with synchrotron
-models where the relativistic particles both gain and lose energy.

2) 1In the compact sourcec, the spcctral peak occurs at shorter wavelengths
~in the smaller sources,‘as pred1Ctn bv the s;nchfotrsn odel, and the measured

,-angular sizes are in cood,agreement with those estimated from the;ob3°“ved

4

self aboorptloa cutoff vuvel ngth.
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3)  The maximum observed brightness temperature is v 10 °K, as is

“expected from an incoherent synchrotron source which is "cooled" by inverse

Compton scattering.

é)ijThe &ariations in intensity and polarization and its dependence on
nwaﬁelquth and time is in-good agreement vith that expected from an expanding
“cloud ;fﬁreiativistic particles; | |
f’fhe outstand;ng prdb“ems‘in the underétanding of the radio galaxies

:and quasars are;
1) the source of energy and its conversion to rélativistic particles;
2)- the connectioﬁ; if any, between the compact opaque sources and

ihe exteﬁdeé transparent one;

3) the evolution of the extended sources.

The third and possibly the second problem present challenging complex

problems in magnetohydrodynamics and plasma physics, while the first may well

require fundamentally new physics before it is understood.
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