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RADIO_GALAXIES AND QUASI-STELLAR SOURCES

The material contained here is intended to summarize the observational
;naterial on extragalactic discrete radio sources and to briefly describe some
of the theoretical interpretation. No attention is paid to the various techniques
used to obtain the data. The radio and optiéal, properties of radio galaxies and
quasi-stellar sources are discussed in Sections IT and III; the theory of synchro -
tron radiation is reviewed and applied to the observations in Section IV. Section

V discusses the implications of radio source statistics on Cosmology.
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1. Introdnction :

In any- study of radio galaxxes (RG) and quasrstellar sources (QSS) one’ nught ‘
: expect at least to learn the answers to the following questlons ‘What is a RG? What . _
is a QSS? What is the dlfference between a RG and a QSS? At the present time there e
are no snnple answers to these questlons It is not clear what a radlocalaxy is,. or
why or how a galaxy becomes a radiogalaxy, or even Just how to define a radiogalaxy
as contrasted to a "normal galaxy". We certamly do not know what a QSS is and we
are not even sure where they are. It is difficult to deﬁne precisely the difference
: between a RG and QSsS, and we do not know what relation there is between a RG and-

_v QSS. Are they both the same phenomena on a different scale, or is the QSS an early
stage of a l{G or perhaps a later stage? It is thought that both types of objects radiate. .
by the synchrotron process caused by ultra relatnnstlc electrons movmg in weak mag~

- netic fields. But- the source of hlgh energy partlcles and magnetic fields is a complete :

- mystery. It may be the _same for @SS as .for RG or it may be different. We do not

- know.

. What w‘e do know is a wealth of observational data based on extensive radio
and optical observations by many workers at many observatories throughout the world. -
“There are many trends and patterns in the data which suggest that we are making some
_i progress'toward understandingt these obj'ects, ‘But what is still lacking is a single
unifying theory that brings together all the little bits .and pieces. The situation may
be compared with that of the atomic physicists Aand,spe"ctroscopists at the end of the
© 19th century who had numerous if somewhat arbitrary,.selection rliles to explain the
" spectra of the elements, but awaited the development of quantum mechanics to really
understand atomic phenomena It may well be that we wﬂl have to make an equally
drastic modification in the laws of phys1cs before we fully "understand" the nature of
'RG and QSS. | | | |
 No doubt this great coni‘usmn is due at least in part to the very rapxd develop-
ment of the subject. It has been less than 20 years that extra galactic origin of dis-
crete radio sources was realized. It has been only about 10 years that large numbers |

of*physicists and astronomers have become interested in the problem. And it has
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ohl-ybeen 6 years since the class of objects we noyv refer to as QSS’s was realized
to exist. For many years there was little interest among theoreticians, and most
of the theoret1cal progress was made by workers m the Sov1et Union. More recently
- the reverse has been true and numerous. speculatlve papers have appeared constantly
in the hterature. » » _

| Ever since the dlscovery that the strong racho source Cygnus A was arela- -
B tively dlstant galaxy there has been much anticipation of the use of radio astronomy |
to solve the cosmological problem. . This was further encouraged first when the source
3C 295 was fouhd to have a red shift of ~ 0. 45 and later with the finding of the very vr
bright quasi-stellar sources and more numerous radio quiet quasi?stellar galaxies
: whose spectra werev measured for redshifts greater than 2. It is safe to say that the
hreakthrough. has not yet come. One of the greatest difficulties is the inability to
determihe distances from the radio measur‘e'ment"s alone. So far it has been 'possible
to obtain d1stances only from the measured red shift of an associated optical obJect
v 'Moreover there is general agreement that we need to know more about the objects
RGor QSS) 1nvolved before we can use them to do cosmology An in fact it may very

well be that the physws of RG and QSS will be more productlve than the cosmology

II. Optical ~Propertie's of Radio AGalaxies and QSS

Discrete sources whose angular coordinates are precisely known can.often be
associated with an optically visible object by comparing the radio position with photo-
_ graphs of the sky. Typically, an accuracy of the order of + 15" in each coordinate is
required for a reliable identiﬁcation. -The positions of about 750 sources are known
' to this accuracy. Of these, about half"are identified with either a galaxy or a quasi-
 stellar obJect Of the umdentnﬁed sources, some have sevelal objects Wlthln the error
" rectangle, and others have nore. '

H1stor1cally, galaxies have been divided into normal galames (NG) and radio
galaxles (RG) accordlncr to whether they were first discovered by looking for a

‘ pecuhar galaxy at the posmon of a strong radvo source (RG) or by lookmg for weak
- radio em1ss1on from a bright galaxy (NG). | )
) T‘he normal galaxies are then weaker radio emitters than the radio galaxies,

but this is at least in part a result of their definition.
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| Quasi-stellar radio sources (QSS) are radio sources which are identified with
starlike objects alghough they are thought by most (but not all) to be extragalactic.
According to Schmidt, a QSS has the following properties: .

- 1) 'I;heir appearance is stellar.
:2); They are on the average 4 magnitudes brighter than radio galaxies |
of equal red shift. | | '
3) The optical light is Vaiiablie.
4) ‘The speét’rum ‘shows broad emission cofresponding to velocities of
about 4000 km/sec. | : o

5) The optical distribution Shows alarge UV excess.

There is no clear cut difference in the _radio properties of radid galaxies and QSS,
although as discussed in Section TII there are significant statistical differences. It .
is not possible therefore to differentiate between a radio galaxy and a QSS on the basis
of radio .measurem‘ents alonﬁf |

~In addition, there are the so-called radio quiet quasi-stellar ;gala:)des (QSG)
which are not known to be radio sources but which are optically identical to the QSS.
These are probably less luminous radio emitters than the QSS, but due to their great
distance are not observable as radio sources. The radio quiet QSG’s appear to be
about 50 times mofe numerous than the radio active QSS’s. _

The term "quasi-stellar object™ (QSO) is often used to refer to QSG’s or to

the 6ptical counterp'ért of the QSS’s. Probably intermediate to the radio bgalaxies A
and the QSS in optical structure are "compact" galaxieé which are barely resolved with
large telescopes and often appear nearly stellar. '
| Red shifts have been measured for approximately 150 QSS and about half as
- many radio galaxieé. Only for these objects can distances, and thus absolute
dimensions and 1um_inoéity, bé estimated. The various types of objects in roughly

~ the order of their radio luminosity are

Lum (ergs/sec)  10% - 10% ' 1% 10%
\E Sawa SCJ | I y LE B\/ D NJ QSG QSsS

* normal galéxies N radio galaxies
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Normal ellipticals (E) are usuélly very Wéak radio sources and only‘a few
have been detected. The luminosity increases as we go toward ltate type spiraI.S'
1which have radio luminosities comparable with our own gala;q; Only one spiral
| galaxy, 3C 305, is a strong source with L ~ 10% ergs/sec. The luminosity in-

- creases from the irregulars (I), the gﬁiaﬂt elliptiéals which are uéually the brightest
" member of va‘cluéte'r, ‘the dumbells (dB) which are double nuclei in a single envelope‘, ’
- D galaxies (D) which aré Single objects in anv éxtensive envelope, the N galaxies (N)

which have} essentially stellar nuclei in a faint envelope, and the QSS. Some spi_rél

galaxies with particularly active nuclei, known as Seyfert galéxies, are particularly
prominent radio sources. Most of the radio galaxies are found to be in vcl'usters with
‘more than 50 percent in rich clusteré. ' ‘The @SS are not ImQWn to be in clusters,

but there is no conclusive data that they are not.

‘ ‘Optical Iuminositv. Normal spirals genérally have an absolute magnitude
féinter than -21. The radio galaxies show a surprisingly small dispersion of abso-
lute luminosity of + 0. 8™ about a mean value of -21. The QSS oﬁ the other hand
have magnitudes between -23 and -26 and thus 10‘to 100 times more luminous than

\9

the brightest galaxies.

Sgectra. The spectra of radio galaxies often, but hot always, sho§v moderate
to strong emission lines such as OII. FOften an appreciable fraction of the luminosity
is m the ‘emi‘ssiqn lines so that it is possible to optain spectra of relatively weak objects.
Red shifts of radio galazdes range up to 0. 46 for 3C 295. The QSS always show strong
broad emission lines of MglI, CII, CIV, OII, OIV, Huo -e, NeIV, NeV, and other highlj

excifed ions usually found in the spectra of planeté,ryv nebulae. The QSS revd. shifts are

1arge but there is a sharp cutoff near z ~ 2.3. The continuum shows a strong UV

excess which, due to the large red shift, often makes the object appear blue. They

are also anonomously bright at infrared wavelengths.
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. Optical variations. Mahy QS0’s, as well as the active nuclei of some gal-.

aﬁes, show optical variations on a time scale ranging fi'om more than a year to less
than ohe day. The general nature and form of the variations is, however, unclear.
~ There is evidence in some sources of a periodic variation with periods rang‘ing:from
a few months to many years. Many of the objects which show large optical fluctua-
tions are characterized by a high degree of polarization. Both the amount and direc- - |

tion of the polarization has been observed to change signiﬁcéntly in a few weeks.

Optical polarization. Polarization has been detected in the radio galaxies
M82 and v3C- 120. However, in M82 the highly polarized filaments extend up to 10'
- away from the center of the galaXy. The comnection between these filaments and the
radio emission is unclearvsince the radio source is less than 0.5' in diameter and is -
located in the center vof the galaxy. In 3C 120 the optical polarizatiou appears to be
coincident with the radio source. Among the QSS linear polarization has been de- |
tected from 3C 279 (15%), 3C 345 (8%), and 3C 446 (S(J%), and others. In 3C 446 the

plane of polarization was found to rotate by 90° in only a few months time.

HI. Radio Properties of Exti'a—Galactic Sources

As the sensitivity and angular resolution of }radio i:ele'scopes have improved
an ever 1ncreas1ng number of discrete sources have been found In 1952, 100 sources
were known, - Today, about 6000 radio sources have been catalogued with reasonably
well-established posmons and flux densities at at least one frequency These come

mainly from three sky surveys

1) The Cambridge 3C and 3CR ... &> 6° 500 sources
2) The Parkes catalogues ceeeeees. 6< +27° 2000 sources
3) The Cambndge 4C catalogue . .“ . 8>  -6° 5000 sources

In addition there are several newer surveys, now still in progress, which are able to A

locate more than 10° individual sources per sterudian.



The. main properties of a radio source which characterize the radio emission
~ are (a) its angular position in the sky Which may vserve‘to 'idehtify the source with an
optical object, (b) the radio brig_hfness distribution which related to the distribution
of magnetic field strength énd felativiétic pa::ticle density, (b) the polarization which
is a function of the magnetic ﬁeld configuration, and (d) its flux density as a function
of frequency and time, which may be used to determiné the radio spectrum from

which the electron energy distribution may be obtained.

1) Brightness Distributions. The three dimensional structure of extra-

gaiactic sources is usually inferred from observations of the angular brightness
distribution projected on to the plane of the sky. Moreover, oftén only the ‘bright—
ness distribution in one dimension is determined.

Some details of the angular structure is leOWn for about 1000 discrete sources,
from interferometry and synthesis, lunar occultations, and measurements of inter-
planetairy scintillations.

The great majority of extragalactic sources haye angular dimensions less
than a few minutes of arc. Half have total dimensions between 3" and 30". Some
are as small as 0.001 second of arc. In general the angular size of the QSS are
smaller than for the radio galaxies, although the former are found as large as 1' arc
and the latter as small as 4" arc. The corresponding linear dimensions rangev _
from about one light year to more than one iriillio’n light years.

When examined with high resolution, many sources show a surprising amount
of structure, the most common configuration is the double structure where the
majority of the emission comes from two components of nearly equal size and luminosity. .
Typically, the overall dimensions are about three times the size of the individual |
components and are symeftrically located about the associated galaxy or QSO. Double

‘sources with unequai components as well as triple or more complex sources are also
observed. In all of these sources the majority of the emission occurs well outside the

galaxy or QSO.
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In other soui*cee, the radio emission orig‘inaies:vfrom a vefy small volome of
space with dimensions comparable to the nucleus of a galaky. Often one or more of
these "compact" sources are coincident with more extended sources, and these are
- yeferred to as Core-Halo sources. Although over one-half of the radio galaxies have
an extent greater tha_n 15" arc, an average of 25% of the emission comes from regions
less than 2" arc. ’

‘ In the QSS’s the condensa’aon into small components is even more pronounced.
The QSS’s can be divided into two groups: (1) the very small radio diameter ones,
which are often intrinsically very strong radio sources, often have a short wavelength
flux excess, and are sometimes variable and (2) the larger diameter QSS’s whose
radio properties (luminosity, spectrum, size) comparable to the radio gala:des and

are indistinguishable from the radio galaxies by radio measurements alone.

2) Polarization. Nearly all radio galaxies and QSS show some degree of
integrated polarization ranging from 0.5 to 4% with the greatest value .+ 20%. |
Typically, the integrated polarization is less at longer wavelengths, and there is some
* tendency for the more luminous high surface brightness objects to be less polarized.

In general the plane of polarization rotates proportional to 22, since the amplitude ahd

sign of the Arotation depends strongly on galactic coordinates .it is thought that the rota- ‘

tion is due to Faraday rotation within our own galaxy. The degree of olepolarization at

longer wavelengths may also depend on galactic coordinates, but this is not clearly
~established. |

The synchrotron theory predicts a degree of polarization 60% to 70% which

is close to the amount observed 1n some regions of resolved sources where the

polarized flux comes mainly from a region much smaller than the extent of the un-

polarized emission. The depolarizing mechanism resulting in polarizations of only a

few percent are unknown. It may be due to differentiaiFaraday Rotation in the galaxy,

in the source itself, or may be the result of twisted magnetic fields in the source.
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3) Racho Spectra. Until a few years ago radio source spectra were thought

to be relatively simple and contained little 1nformat10n other than to determme that
the emission mechanism was of a non-thermal nature. The observations agreed at
least qualitatively with t‘he synchrotron theory in that sources appeared to have v
roughly po\;ver law spectra. That is flux density (S) is proportional to (freQuency)d,
so that a plot of log S vs. log f the spectrum is a stralght lme with slope, .. o is
‘called the spectral index. Only for a few dozen sources were spectra known and only
for 100 5 f $ 1000 MHz. Generally, o was ~ -1. There was only one spectral. line
from neutral hydrogen at 21 cm, and there were no observed (or expected) time
variations.
Today, the situation is more complex; the spectra ofover‘2000 souroes are

known, several hundred in reasonable detail. The observable frequency ré_nge now
~ extends from 10 to 100,000 MHz, 10,000:1 in frequency range, coinpared to 10:1 in
1960.‘ Most SOﬁrces still have approximate power law spectra although there are
many exceptions, particularly at short (cm) wavelengths. Time variations in the
spectra of QSS and some galaxies have been observed over time scales as short as a
" few weeks. Although large number of spectral lines are now known, no lines other
than the 21 ¢m line have been obeerved outside the Galaxy., The forms of spectral
distribution can be classified acoording to their appearance on a log S - log f plot

into the following categories.

- Class S. These sourcee have a'more or less straight spectrﬁm (power law)
over a wide range of frequencies. For 50% of the extra-galactic sources, the A
spectral index, «, lies in the range. -0.75t0 -0.95 with nearly all sourees in the range
-0.25 S a S, -1.3. All galactic non-thermal sources (supernova remllénts) are .
in this class, although they have a much wider distribution of indices than the extra-

galactic ones.



Class C sources have negahve curvature, so that their spectral index be-
comes steeper at high frequenmes Theveurvatur_e occurs over a relatively narrow
-range of frequenc1es, and both above and below tﬁe frequencies of curvature the index

is constant. The typlcal difference between the high and low frequency indices is

~ 0.5. The great majority of sources have C or S spectra

Class C+ éoﬁrces have positive curvature so thatvtheir's'pectra become more
flat at 'shorf wavelengths. Most likely these sources are composed of two components
with very different indices so that the steep component dominates at low frequencies
and the flat component at high frequencies. Among the extended sources this type of
spectrum is rare, indicating little variation of tvhe spectral index within the source.
Class C__ - sources have positive spectral indices at lower frequencies,
reach a peak, and then have normal spectrum at shorter wavelengths. A'.J_‘hese sources
all have very small angular dimensiens consistent with the low frequency cutoff being
due to synchrotron self-absorption in an optically thick sources (see Section IV).
Most sources with C nax SPectra are QSS, althoggh by no means do all QSS have Cmax
spectra. The other sources are radio galaxies with particularly active nuclei
(Seyfert galaxies) and have many other properties in common‘ with the QSS (UV excess,

strong emission lines).

Class Cinjn sources have normel power lew spectra at low 'frequencies',. reach
a minimum and then increase toward shorter wavelengths. - Usually the radio diameter
is moderate at long wavelengths but very small where the spectral index is positive
suggesting that C_ . spectra are a composite of S and C sources. For example,

‘ v min . max _
the high frequency components of 3C 279, 84, and 120 have spectra similar to

Class Cnax and have low frequency extended components with power law spectra.

Class Cmplx. Some sources have even more complex spectra which show

several maxima and minima.
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It is fdund that in general the spectra of radio galaxies steepen at short wave-
lengths (Class C-) while for the QSS the spectral index either remains constant (Class
S)' or becomes very posi'ﬁve (Class Cy5n)- The QSS with Class S spectra show a dis‘.~
* tribution of indices similar to that for radio galaxies. Moreover, their linear dimen-

- 'sions and r?adiated power are of the same order as found for radio galaxies; the other,
‘flat or positive s‘pe'ct'ra QSS have vei'y small angulér dimensions and are systematically
more lmninous; they show a relatively narroW‘ dispersioﬁ'of absolute luminosity. '
Among the radio gélaxies those with steeper spectra are the most luminous. The un-
identified sources also have relatively"steep' spectra and these are also probably highly
luminous galaxies beyond the limit of optical teleécopes. '

| In 1965 Soviet radio astronomers made the dramatic announcement that th‘e- _
920 MHz flux density of CTA 102 varied periodically by 30% in a pe}'iod of 102 days . .. ...
and speculated 6n the possible origin of this unusual source as an extraterrestrial
"é,uper civilization". Examination of earlier records of this source as well as later
observations by numerous observers at nearly = frequencies héve failed to confirm
the repoi'ted variations. Unforfunately, there is little data available during the peribd
that the apparent variatiéhs were observed. Tile Soviets héve not made available in
the open literature the technical details of their antenna an(i receiving system. It is,
therefore, difficult to evaluate thé reliability of their data or accouht for thé apparent
discrepancy with other observers. |

The first clear evidence for time variations in. an extragalactic source was
found by Dent from observations of SC 273 over a 3—'yeér period which showed a sur-
~ prising 50% increase at 8000 MHz Subsequent. observations of 3C 273 and other

sources by many observers have led to the detection of variations in more than 25
extragalactié sources. To the extent that any general picture exists, the variations
appear to be random bursts of radiation characterized by a rapid rise in luminosity
followed by a more gradual decay. The bursts typically appear first at short centi- '
meter or millimeter Wavelengths and then propagate toward longer wavelengths with.
reduced a.mplifude. The typical duration of a single burst at one wavelength ranges
‘ from a few months to a few yearsv.' The time required for a burst to prqpagate'to
decimeter wavelengths extends up to a few years. No significant variations have been
“reported at wavelengths longer than 40 cm, where the outbursts appear to be com- -

pletely damped. All the variable sources are very small, with angular dimensions
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of the order of 0. 001" arc or iess All have complex radlo spectra which are thought

to be the superpos1t1on of several bursts each occurring at a different epoch.
Iv. Theories» of Extragalactic Radio Scurces

1) Synchrotron Radlatlon It is now generally accepted that synchrotron |
‘radlahon from ultra relanwstlc electrons gyrating in weak magnetic fields is re-
sponsible for most, if not all, of the observed radio emission from discrete extra-
galactic sources. In this section we summarize briefly the basic results of the
synchrotron theory as they apply to radio astronomy and in the following sections the
- theory is 'applied in an attempt to understand the origin and evolct_ion of extragalactic
radio sources. _ ' | | ‘ | | .

- A single electron spifaling in a magnetic field at u_lfré relativistic velocities '
[(1 - 1?/c% << 1] has its radiation concentrated in a cone of half angle © ~ E/mc?.
An observer sees only a short burst of emission lastmg only during the time At that
the cone is pointed toward the observer At a 1/w v {mEc 2)2 . The radiation is con-
centrated in the high order harmonics, 5 = (E/mcz) , of the classical gyro frequency.
wg = eB/m. The frequency distribution of the radiation is given by a complex expres~

sion conveniently represented by |
" P(v,E, ©)= 2.3x 1072 ‘B’J.'v/i{c F (v/vy) ergs secluz! 0 (4. 1)
where

F@/ve) = | 3 _Ks/3.(n)‘dn B S B CEOR
v/ v,
and where B + = Bsin © is the component of the magnetic field in cgs units pér— -
-pendicular to the line of sight; Kg /3 (n) is a modified Bessel function; © is the angle
between the electron trajectory and the magnctlc field (p1tch angle); and the critical .

frequency v, is g1vcn by
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: = Tn - o ,
v, = 1.6x 10 B, EGev MHz o | o » (4.3)
The spectrum of the observed radiation depends on the ancrle ¢ between the 11ne of
 sight and the electron trajectory and on the plane of polarization.
The total power radiated by each electron is given by
dE/dt = A B, . ergs/sco. e @y
: = A B, Gev. erge sec. - B (4.9)
where A=6.08x10 . ‘ ‘ 7
The distribution given by equatien 4. 1) has a broad peak near v~ 0.28 Ve
For v/’v <0.3, P(v) = v1/3, and for v/v >3, P(v) (u/v )1/2 w/ve and the
‘ radlatlon rapldly falls off with mcreasmg frequency |
For an assembly of electrons with a number density N(E)dE between E1 and
E2, equation (4. l)vca,n be integrated to find the total radiation at any frequency from
all the electrons. - Using (4.3) and making a change of variable this becomes .
R et 1/2 GV
Py 6) = 41x107 By v vlve Nl Fe/v) dw/v ) (4.9)
‘ ' v/v ) ‘

where_ul. and va are the critical _frequencies corresponding to E1 and E2.
In the special case where the electron energy distribution is a power law,
that is, N(E) dE = KE™? dE, equation (4.5) becomes
R v/v : : )
v+ 1)/2 ~(y-1)/2 2 (3 - /2 S
P(v, 6) « B(y "y [ (v/uc) F(v/vc) d(v/vc)v (4. 6)

1

for v ¥ 1 the majer contribution to the integral ie when v/ch 1 so that the limits

of integration may be extended from zero to infinity with introducing significant error.
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The integral is then essentially constant when 3v . Sv S 10 v, so that the radia-

spectrum is a power law

O P() < @
where the spectral index @ = ~(y - 1) 2. »

It must be emphasized that this approximation is only valid when y 3 1;
and in particular that no form of energy distribution can give a spectrﬁm that rises"
faster than the low frequency asymtotic limit of v1/3 for a'single electron.

Since many sources show nearly power law radio frequency spectra with a
spectral index d ~ -0.8 it may be concluded that the number dehsity of relativistic
| electrons also has a power law distribution with respect to energy with an index‘
Y~ 2.6. Deviations from a constant radio spectral index may be explained as being
due fo (a) variations in y as a function of energy; (b) self absorption in the relativistic
electron gas; ‘(c) absorption in a cold H II region between us and the source; (d) the

effect of a dispersive médiﬁm in which the electrons are radiating.

a) Effect of Energy Losses.' Even if relativistic electrons are initially pro-

duced with a poWer law distribution differential energy losses can alter the energy
spectrum. Relativistic electrons lose energy by synchrotron radiation and by the |
Inverse Compton effect which are both proportional to joi by ordinary bremstrahlung
~and adiabatic expansion which are directly proportional to the energy, and by ioniza-
tion which is proportional to In E. Approximating the logarithmic term by a constant
the rate of energy loss may be written |
dE _ aE? 4+ BE + o - (4.8)
dt ‘ A
If electrons are being supplied to the source at a fate Q(E, t), then the equa-

tion of continuity describing the time dependence of the energy distribution N(E, t) is

r

ON(E, t) 8 [dE o ' |
8t~ OE [dt NE, t)} T QUE ). (*-9)
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" Hatt=0

IKEY E, <E <E,

NE) = '

(4. 10)
~and if synchrbtrbn and Inverse Compton losses dominate and if there is no injection

of new particles (Q(E, t) = 0), then

it KE ! | ;
5 Rt ot
(1-AB? Ety 7 By <E <E,
NE, t) = { o | o
: ' Tt 1
B 0 | . E<E1, E>E2
§

where
E' = E/(1+ ABEt)

- Thus, even with an initial energy diStributionl extending to unlimite_d energy,
there will be a cutoff at Ec = 1/AB ¢t anda correéponding cutoff in the sjnchro-
tron radiati_bn spectrum. In thé special case ﬁifhere v<2, N(E, t) can become very
large for energies slightly ‘less than Ec because of the piling \ip' 6f the high energy
electrons du‘é to their morev rapid rate of energy loss., If E, is sufficiently large so
that Ez'/E ¢ 1, then the radiation spectrum will become flat just below the upper
- cutoff frequency above which it sharply falls off.

- If the distribution of elecffon pitch angles is random, then the cufoff fre-
quency for each pitch angle differs and it may be shown that at low frequencies |
where energy losses vare not important the spectral index, o remains equal to its ‘
initial value ao =(1-77/2. Butat highér frequenéies, a = (4/3 oy - 1). The fre-
quency separating the two regions is given by | B

MHz o | (4.11)

v, ~ 1000 B™ t2 years
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If on the other hand relativistic electrons are continuously injected with

Q(E)=K E77, then for v < Yy the spectral index remains constant witha = oy But |

- at higher frequencies where the rate of energy loss is balanced by the injection of

new particles ¢ = (« 0 2) This is obtained from the equilibrium solution of equat1on ,
0 ,
(4.9) with ‘a‘lf" = 0.

| b) Effect of Absorption by Tonized Hydrogen. The observed radio spectrum

may differ from the radiated spectrum due to the influence of the medium between the
source and observer. If a cold cloud of jonized gas is located in front of the source
then the observed flux density will fall off sharply below the frequency, Yo where the .

optical depth is unity. For an electron temperature Te

- =3/2

0

whei*e ¢ =j 'ne-dp,' is the emission measure, and n  the density of thermal electrons.

" The observed spectrum is then
s e e M g | | . (4. 13)
If the ionized medium is mixed with the synchrotron source then

| If the density of thermal electrons is éufﬁcientlﬁf great then at freqliencies .

~ where the index of refracﬁon n, becomes less than unity, the form of the spectrum

will differ from that in vacua. When 1 < 1, the ve1001ty of a relativistic electron is

less than the phase velocity of hght in the medium; the radiation is no longer so hlglﬂy

concentrated along the electron trajectory, and the energy no lqnger appears in the

high order harrhonics of the v‘gyro frequency. It may‘be shown that this effect is im-

~ portant when ‘ ' |
< n e> |

v ~ 20 '-]"3* MHz.

o 3.6x10°T V7 Mz T (4.12)

ke o
¥ &5
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| c) Synchrotron Self Absorption. In all of the abo;/e we have assumed that
the ﬂuxv from a group of relativistic electrohs is merely the arithmetical sum of the
radiation of each electron, i.e., the electron gas is assumed to be opticaliy thin.
If, however, the appafent brightness temperature of the source approaches the
equivalent kinetic temperature of the electrons ,' then self absorptidn will become
important. The precise form of the radiation Spectrum is complex, but can be -
~calculated m a-straightforwafd way from the emission and absbrption coefficients
of relativistic electrons in a magnetic ﬁeld.k ‘These parameters depend on the elec- |
tron energy and pitch angle distributions and can be determined only from numerical
integrations. The form of the spectrum in the limitiﬁg case of an optically thick
source may be derived quite straightforwardly, howéver. ‘ Consider the fa_diation
from an optically thick black body. - |
s = %%vz'rsz | T » o (4.15)
If the 6ptica11y thick relativistic electron gas is thought of as _a; black body whose
‘ tempe_rature is given by the equivalent kinetic temperature of the electrbns, E =kT,
then using (4.3) we can write | |

| -~s,«;10’3‘}3'1/2 & -‘vz.s

: oo f.u L (4. 16)

" In other words, the source may be thought as a black body (S « v?) whose temperature -

(energy) depends on the square root of the frequency (E « vclv/,z), " The frequency at -

which the optical depth reaches unity is

v ~168YS o7 Se-z-/s' MHz e (4.17)

=

- where Se is the extrapolated flux that would be observed in the absencé of absorption.

From equation (4. 17) it is seen that for a source of a few flux units and Vo1
1000‘MHZ, © . 0.001" nearly independent of the maghetié field. | '
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. 4) Energy Considerations. The entire question of the origin and evolution of

extragalactic radio sources is one of the major unsolved problems of theoretical astro-
physics; in particular the source of energ‘y needed to account for the la.rge power out- -
puts is still a myst_ery. Assuming only that synehrotron radiation from ultrarelativistic
electrons is responsible for the observed radiation, the necessary energy requirements
may be estimated in a straightforward way. - ' ' |

If the distribution of relat1v1st1c partlcles is given by equatmn (4. 10) , then the
energy contained in re1 atIVISth electrons is '

)

o _ K | @-n _ e-mn | '
Ee—f_ ENE)E = 57— | BP R N

The constant K cen be evaluated if the distance to the source is known; then the total
1um1nos1ty of the source may be estimated by mtegratmg the observed spectrum,

then

E .
| 2 o
j L==f. NE) 4 dE dE f AR T Y)dE._AKH ((3 ‘y) g8
E, 8- ’Y)L B
' i
| (4.19)
on '
5 5., E(2 +E(2 2/ . |
e 2-vy A (4.20)

8- B-7
E, ”-Ei‘

Using equation (4.3) to relate E, and E , to the cutoff fr'equency,' and grouping all the .

constant terms together
Ee -2 . | o } (4.21)
The magneti’c' energy is just

=~ B ol . B ‘
em "fsn deC BV | _ . | - (4.22)

o
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~ The total energy in fields and particles (& e F S‘m) is minimized' when

Y
ot - O
- or when
- 2/1 . e | |
‘B=_3_.C_%» L (4.23)

4 C
“Then from equation (4.21), (4.22), and (4.23),

" That is,the energy is néarly equally'distributed betweeh relativistic particles and
the magnetic field. ' | - ’ S

. As an exa:mple, we consider the case of the Radio Galaxy Cygnus A. With
L v 1()45 ergs sec and the volume taken to be two sources 40 kpe in linear extent,
then B + 1074 Gauss, E, , . 10506

total
under the special conditions of equipartition. In general the energy may even be’

ergs. This is the minimum energy required

higher, part1cularly if there is a large number of relativistic protons, Wthh do not
contribute to the observed synchrotron radiation. Some est1mates run as high as
M /Mq A 100. Ttis largely because of this very great energy requirement (L 0.01%
of the rest energy of an entire galaxy) that theoretical efforts to explain the origin of
radio galaxies have been for the most part unsuccessful. v

One consequence of having such a la;rge store of energy is that the 11fet1mes
of radio galaxies are very long, 10 to 10 years. Similar ages are obtained from
the fraction ( v 10%) of giant elliptical galaxies that are found to be strong radio
sources One interesting result is that if £ U & thetotal energy strongly de-

-9 /7

pends on the size of the-source ( E o< r ). This gives the curious situation that
~ the larger sources with low surface bri ghtness and low 1um1nos1ty such as Centaurua A

contain more energy than the smaller high surface brightness objects such as Cygnus A.
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This is not, of course, what would be expected if as generally assumed thela;rcrer'
sources were older and has led to the mterestmg suggestion that sources may col- S
. lapse rather than expand. One way out of this situation which also reduces the I
- energy requlrements on the larger sources is that if as recent observatmns suggest
sources break up into a number of small components only a small fraction of the
| prOJected volume of a source actually has particles and a magnetic field. For this
-reason the energy reqmrements on the smaller QSS’s are several orders of magni=. . ._ .
. tude less than for the radio galames although their power outputs are usually greater. . ..
The sources of energy proposed for extra,oalactm radio sources are as varied
as the authors ploposm,, them and are limited only by the imagination of the investi-
gator. They range from the early theory of colliding galaxies which 'was not only
~ highly improbable but which reouired'a greater than 100% efficiency in-eonverting e i e
energy into particles, to the xnore recent Soviet explanation of attempted intelligent - |
-communication from extra-terrestrial supercivilizetions. . Other ideas include
numerous supernovae explos1ons supernovae chams each setting off other super-
novae, explosion of giant stars, collapse of giant stars, explosion of galactic nuclei,
explosmn of entire galames, galactic flares, collisions of stars, Matter-antimatter
anhiliations, and Quark interactions. | ' 4
For the most part the theories are vague at the best as to how all this energy
is used to form relativistic particles or large scale magnetic fields. There are also
many other important unanswered questions. Why do the particles always have a
similar energy distribution in all sources, strong or weak, large or small, QSS or
galaxy? Why are sources double or comple'x, some inside the parent galaxy - others
far removed - sometimes much larger, sometimes much smaller than the galaxy?
Why does the polarized emission often come only from a small region in the center? .
What determines if a galaxy or QSS becomes a radio source, what is the role of dust
and jets, that are often found? What do the small compact QSO’s have in common
with giant ellipticals or with 'Seyfert‘ galaxies? What is the role of the radio quiet
QSG and how do the N galaxies fit into the picture? | .
At the present time it seems best to res1st the interesting and provocative
problem of the energy generation and to concentrate on trying to interpret the obser-
" vations on the assumption that the necessary relativistio particles do exist in cosmic

magnetic fields. . In this way, by inferring their energy distribution, spacial extent,

gem T
H X
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and regenefaﬁen as well as properties of the magnetic field such as orientation and
degree of order to impose sufficient restrictions on the problem of their original

origin,

5) Models of Radio Sources. The simplest modei which can aeeount for the
observed distribution of spectral indices and the detailed shape of individual spectra
{s one where the particles, are generated in a,seriee Qf recurring bursts with an v
energ'y’index in the range 1 < ¥y < 2. The initial spectral index‘cuo is then ~ -0.25;
At some later time the spectrum at low frequencies, where the decay time for the
relativietic particles is longer than the period between bufsts, the electron distribu- ‘
tion is in equilibrium and o/ - = (e, - 1/2) L -0.75, a value near to that observed for -
the majority of sources. At higher ffequeneies elec‘tron energy. losses steepen the
spectrum to @ = g—. @, - 1j-1.3, which is close to the high frequency index found
in sources with dual power law spectra. Finally after the cessation of all activity the
- spectrum will further steepento o = g‘ @ - 1/2)’ ~ 1~ -2.0 which is the extreme .
value found. The frequency separating the regions where the spectrum is
(@, -1/2) and (3—’ o - 1) is given by ' |

-fo ~ B T-2 GHz

 where B is the magnetic field in gauss and T is the period in years.betWeen suceessi‘ve

outbursts. . '
A In some currently active soufces observations of the pronounced intensity
variations provide direct evidence of repeated explosive events. In the simplest case
a relativistic electron cloud is created in a single short burs'tv'a.nd then expands at a
constant rate. | ) | ‘ |

If_ the .maghetic flux is conserved in an expanding cloud Whieh has a homogeneous .

‘a,nd isotropic distributien of relrativisﬁc particles and a radius pv(t) , then the following -
equation holds where the source is opaque ' c

3

S Y

S A4/
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so that the flux density increases with time, and where it is 'tra.nsparent and has

an energy index vy

4]

2

5\

so the flux density decreases. The wavelength Am ‘at which the: intensity is a maxi- :
mum is given by o |

(4y + 6)Av + 4)

tz‘

t

>»l >

and the maximum flux density S » at that wavelength is given by 'b

s' 3 =Ty + 3)/(47% 6)
o (m)

S T

m - m

1 S |

The Subscripts 1 and 2 refer to two epochs at which the obéervaﬁons are made. |

In most‘ Variable’ sources the outbursts occur so rapidly that the enﬁis‘sidn -
from differe_nt outbursts overlap both inv.frequency and time and so a detailed quan-
titative analysis is -difﬁdult. To the extent that it is possible to separate events,
individual outbursts seem to follow surprisingly Weil the simple model of a uniformly
expanding cloud of relativistic particles » and it has been possible to
determine the date of several 'outbursts with an uncertainty of only a few weeks.
The data indicate that the initial \}alue of y is in the range 1to 1.5 so that the initial
radio spectrum in thé optically thin region is very flat. Af least for one year follow-
ing an outburst the expénsion appears to continue at a constant rate and the value of
v is unchanged by radiation losses or by inverse Compton scattering. The super-
position of many such events will eventually result in an extendéd source with a powér .

law or dual power law spectra as described above.
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- In some sources the flux density, bfollowing a large outburst, remains at

a high level for a year or more and sometimes shows small fluctuations indicating
one or more minor outbursts. In ofher cases, however, the ,"ﬂux'c'ur\‘ze" is very
sharp, particularly at short wavelengths.  This suggests that the duratien of the
bursts is net significantly broadened by the finite production time of the electrens,
s0 that most of the production of particles probably occurs in less than a few months
and the initial size must not be greater than several hght months.

| ~ Among the resolved optically thick sources, the magnetw field is typlcally
fqund to be about 10~ gauss in the older, non-variable components, and 0.1 gauss
or more in the younger vari'abl'e_ components.v Typically, the totai energy involved

058

~in a single outburst ranges from about 10% ergs in the nearby sources to 1 ergs

“or more in the more luminous OSS. "



V RADIO COSMOLOGY

One of the great gbals of astronomy has always been to get a.definitive
picture éf,the lafge scale structure of the universe, its past’and its futuré; 
We want answers to the qugstions, what is the‘natuge of the univefse at very
large distancesé: How does_itwdiffer ffom'fhe local region of space? -

Until very gecently fhere was almost no'obserﬁationai material bearing_‘

'on‘this prdblem.\ Me#éurementé show, thaf a€ leastvout to disfances of -
- about. 10° light years the'spécfral lines in galaxies are~shifted toward “the B
red by an amount §$v5¢§;.proportial to»thé‘distancg, L Vith r expressed in
parsecs, the relation can be writtenbz =(H/b)r.ﬁ is known as Hubble's cénstant.’
From ébservatipns of nearby galéxies H ié'thought‘to,be-abouf'lOO km/sec/psg.

If the speétral shift is,intefpreted as avdoppler shift duebfd thebexpansi¢n
'ofAthe univefse, then the velocifyvof recession of distant gaiaxiés v~ ZC.

‘The cosmblogi;al problem is to find oﬁt how the Hubble law behaves at very
largevﬁistahces,ior because of the finife_travei time for light, what the
universe was like in the distant past; Many so-called cosmolégical models have
béen developedAbASed on various solutions of Eiﬁstéin'ébfiéld equations.
In‘some models thé'univerée:is continuouslyuexpanding at a unifofm rate;

-in others it is accelerating, or aeaccelérating,’or even oséillétihg;"ln

all of these ﬁodels the density df the universe is:Constantli deéreasing

and there ié a singglarity at_some time.in the distant past;whe#e the radius .
was zero and the‘density infinite. ‘To avoid this,'tﬁe so-called "steady
sfate"’kheorf hypothosizésvfhaf universe has been and forever will‘ﬁé expanding,
bﬁf]that>mat£ef is continously created to keep a constant densify . This

is in contrast to tﬁevevolving universe, or "big-bang— tﬁeory where everyf.
thing was created at once. In pfinéipal; observations at very largé,distances

corresponding to g~1, or r ~ c/H~102°

e
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light fears should be able to distinquish between the various models.
'Unfortunetely even tﬁe largest pptical telescopes can only ﬁeasure red shifts'
of classical galaxies oﬁt to 2~0.6 and only a few galaxies are known with. Q,So.z
Radiovteleecobes on the other hand-may.be ab;evto detect radio sources.
from very mueh~greater distenees. In 1952 it was reali%ed that the stfongest
~radio source in:the sky, Cygnus A, was a moéerately distant galaxy with arred
shift QA;QOS\ By 1960 more thaﬁ'éo radio sources had been identified witﬁ_
galaxies, the most distant being 3C295 which has a red shiftv 2 094 andiis:
about the ﬁenth strongest extragalactic‘radio source. - g

Once the extragalactic nature of most discrete radio sources was realized

a very simple'cosmologicai test was.devised. Suppose that all sou:ces‘ﬁAQe
the same absolute lumihositf and fhat they are uniformily distributed abo;t'
the universe. Then the number of sources, N, in 5 volume defined by«radiﬁéj
R is proportienal to R®. The observed flux densitz?of each soufce is pfé%
‘portional to f/R* . So fhe nﬁmber of sources, N, observable abeQe a given
flux density is Nﬂs‘ﬂz.or log N = ~/:S10g S +(C .»‘If'this is true for one
luminosity, it is true fqr 211 luminosities. This‘is-known as the iog N“;.-
logvS relation; it’is of course equaliy_vaiid‘at redio and‘optical wave;;i‘
lengths. However at optical Qavelengths»there'are systematic errors in ;-w
measuring the brightness qf faint galaxies,_ehich has preeluded.any definiee
'conelﬁsionsebeing ebtained from optical counts of galaxies. ,?P;-
The first serious radie tests were made in the mid 1950's. ‘Cquntsh>;. 
- based on-fhe 1936 sources in the second Cambridgevcafalogue (ZC).gave
a slope of log N - idg S~ -3. At the same time a survey of~the southe;n‘.
hemisphere hade in Australie gave a slope more nearly equal to -1.5 |
Clearly no cosmoloéical'model allows the‘universe to appear differeet

from the northern and southern hemisphefe. Moreover, a detailed comparisbn
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» 6f the two cgtalbgues invtﬁé ;ggion of overl%p neaf the equator showed very 
little agreement;‘ We now know that both the'Caﬁbridge and Ausfralién surveys
suffered ffoﬁ_large expegimental erroré, due'pfimarily to confusipn by two
or more sources in the antenna béam. |

In the late‘1950's, the third Cambridge survey (3C) gave a slope of
about -2.2; and,the‘fourth‘Camﬁridge Survey (40) éompleted oniy a few
years ago gives -1.8. This latterv;aiue is confirmed, at least at higher
flux levels, by'other;independent surveys. |

This steep slope éorresponds tq an excess 6f wéak sources 6ver wﬁét_
would be expectéd in a univefse where radio sources were unifoimly dis-
tributed, this has been interpreted to meén that at great distances(or in
the.distant~past) either the-density of radio soufces is gfeater, or
their mean pbwér.§5'greater? 'Eith¢r of theée is in violation of:tﬁe
'?éteady.stafe" theory which requires the ﬁniverse to be everywhere the
same, .and this'resulf'is usually taken as "proof“.of the "big-bang" .
ﬁosmologies.: B | |

The most recent surveys, however, show that at,very.low flux levels,
thé slope begins to‘flaften and is close to the expecfed —1.3. The pro;
.ponents.qflthe steady theory now argue that the steep slope found at high 
flux levels only fepresents a local deficency‘of strong sources, rather'
than a universal excess of weak sources. |

The correct interpretation is stili not clear. But an even more
'ufundamental.objection canibevréised. Is it re#lly possible to do‘cosho1ogy.
by counting objects without knowing what you are c0unting? Clearly, one
cannot.do cosmolégy, if a significant fraction of'the sources are say dearby
stars in our own galaxy. Upfunfil 1§60, Eli fhé identified radio sources .
at high galacfic latitudes = . weré iﬁentified with gélaxiés, and it

was wide1y felt that all high latitude radio sources werée in fact extra

o
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galactic. Continued efforts to identify more distant galaxies were con-
centrated toward small diameter high surface brightness sources oﬁ the
reasonable aSSumption that these were probably quite distant. A primary

candidate was 3C 48 which was the smallest strong source known ith an

s e

angular size~1ess than 1", Accurate p051t10n measurements produ

ed what

»nu

6th

appeared to be unique identification with a 1 mag. stellar—ob ect hav1ng

"ﬂ"\“ L‘ ;:n -

a faint red wisp extending away from it. The absence of any other optical

object near the radio source and. the later discovery of 51gn1f1cant night-

A |rly

to-night variations in light 1nten51ty lead to the reasonable conclu51on

that 3C 48 was a galactic star. Soon two other relatively strong sources 4

lvm

3C 286 and 3C 196 were also identified with "stars" indicating that more_

R“

than 20% of all sources were in this class thus creating con51derable doubt on B

the use of radio source statistics toAdo cosmology. The optical‘and radio ) :ﬁi}

properties were suprisingly disimilar for the three objects andfthere.uere .

no unique radio properties to separate them from radio galaxies

Y

and 3C 286 were unresolved radio sources (< 1) 3C 196 was about 12"':all ’

£

T

three showed an UV excess and were above the black body line on UBV diagram,

ERNZE

3C 48 had many strong emission lines none of which could be ice ntified 3C

e

286 had one, and 3C 196 none; the radio spectrum of 3C 196 was 1m11ar-to”7'?;

0,

~| mu s

normal radio galaxies ' 3C 48 was. slightly curved as in Cygnus A~ and 3C>286' f

very flat as for the galaxy M82.

Early efforts at 1nterpret1ng the emission line spectrum of 3C 48 were‘

- relatively unsuccessful although the "possibility of a large»red‘shiftTWas

considered". By 1962 most of lines were thought to be 1dent1fied w1th"

highly excited states of rare elements. The identification of 3C 273 however

again created doubt on the galactic 1nterpretation which by 1963 was w1de1y

3th

accepted. '3C 273 was tentively identified in Australia with a 1 mag star

. from moderately accurate position determined with the 210" telescope ThlS

e
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was confirmed byva series of'luﬁar occultation whichlghowed that the :adid
source was double with one component having an gnusuélly flat spectrum and
_beingbless than 1" away from the optical imagé.' The other component with

a more normal rédio spectrum was elongated and coincident with a jet-like
extension to thelstar;b The identification was beyond question, although

one wonders why itbhad'not béen made much eariie: as 3C 273 was the brightest
.then unidentified source, of small éngular size and 1ocatedkin an unconfused
region of the sky near the galactic pole. |

The optical spectrum of 3C 273 showed a series of bright emission . lines
which could only be ideqtifea with the Hydrogen Balme; series Hgd: but with
a red-shift of 0.16. This red shift was confirmed when the Hy line was
found near the predicted wavélength of 7590 A°, This lead to the identi-
fication of the Mg II lines appearing at 3239 A°® which had previously.only
been seen in the solar UV spectra}taken from high altitude rockets.

A reinspectron of the 3C 48 spectrum led to a red shift of 0.37 if the
strong feature at 3832 A° was identified with Mg II. Other lines could then
be identifiéd with OII, NeIII, and Ne V. Additional.spectra taken of other
similar sources led to the identification of Cpry at 1909 A°, CIV at 1550
A° and fipally Ijgvpermiting red shifts as great as 2.2 to be measured. As
all qqasi stellar objects were found to have a‘strong UV excess the search
for further identification was simplified. Two photogfaphs taken througﬂ
different colour filters on the same plate servea to locate very bi;elabjects
even without the aid éf very accurate radio positions. Soon it was noticed |
that several such iﬁages often appeared well removed from the pqsition of
any radio source. These were call‘Interlopersi ‘As their numbers became
more numerous they became refered to.as Blue Stellar'Objects (BSO) and
it was recognized that their existence had long been known and many were in
fact cataloqued in atlases of blue "stars", However, on the basis of number

counts and colours Sandage concluded that the majority of BSO's fainter
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than léth mag were in fact extragalactic and optically simflarAiﬁ‘nature to. A

the QSS'SfalthOugh.they appeared to be radio quiet. He called these obJects

Qua51 Stellar Galax1es (QsG) and showed that three in fact had a large red

shift. The ratlo of QSG's to QSS s appeared to be about liOO to 1 ‘ More

recent observatlon;?ei shown that the ratlo 1s more* 1

. Lome '
least QSG s are weak radio sources

.

than other galaxies, thus permitting a powerful attack on

problem.

with time scales less than. a few days led to the apparently unllkely

less than one light year in diameter. The alternate: exp

"conditions.

Today, with a good deal more data including red shif etaiiaeie'enf“_

over 100 QSS's, there are three schools of thought on the idcét;dhe}7i):fr:j

that they are cosmological, 2) that they are local ( in o ‘near:theféela#§j“"
~and 3) that they are in between.

There are, however, serious objections to all these interpretations.

The biggest difficulty is of course to explain the large red—ehifts.ir}d:‘v'f:?

the cosmological model this implies iarge,radio‘and opticaigiudinoeitieeA“

which from the data on the time variations must come from Very small regibns
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of space..

Aléo the;e‘is‘fhe difficulty in explainiﬁg.thé absence Of~a‘mpg -‘reé
shift reiation.among'therSO's. That is if the réd.shift is related to
distance oné would expect the iarger‘fed Shifté to be associated with
apparently faintgr QSO's.‘-Thié is not observed to be-the gaﬁe. On the
- other hand it mafjbe argued'that if the intrinsic spreéd absolﬁte in
luminosity is large, theﬁ adf mégnitude—red shift'reiation will be hiddéni
The presenéé of large changes‘in_app%;enf luminosity (up fo 3 magnitudes

in a month) gives suppoft to this. Likewise for the associated radio

'sourcés there is no obvious flux—redshift,relation, although if we festrié
the comparison tb small_diameter optically thickAsourtes such a relation
hay exist.

| . Another argument ofteﬁ used agaiﬁst the co#mologiéal interpretation
is that no QSO's are fpund in clusters of_galakiés, The counter argumen
ié fhat since QSO's'are S'magnitﬁdesybrightér tﬁan gélaxiés to be above
thé plate limit of ~21 mag. Also it has been stated that it would be
difficult if not impoésible to detect séy a ZOth mﬁg galaxy only 1' away
from a bright 15th mag QSO. At least for 3C 273 (13.5 maé) and 3C 48 (1
mag;)‘there are no galaxies down‘to the p}ate‘limit of 22 . anc 24.5 respe £3
waeVér, the'faint Jjets associafed with boﬁp‘objects would be of galacti
dimenéioqs if # were an indication Qf‘distance. |

A more serious pfoblem was thoﬁght to be due to the inverse Céhpton

ton energy increase by anuamgunt (E/mcz)z; For 1 Bev electrons radiating:
at 1000 MHz (H = 10'4), (E/mc® ~ 10® and radio photons are raiséd to

'10%8 ¢ps (optical). The ratio R, of I. C. losses to S. R. losses. equals
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Uma
ﬁ?ﬂ ~ 105 where Und is the energy dens1ty in the radlatlon f1eld It was
thought that if R > 1, then the I. C. would become catastroph1c 51ncevafter

a radio photon became an optical photon Urad was increased and R be%ame~

even greater.'“That is optical photons would become X-Rays, X—Rays then

X- rays and the relativistic electrons would be 1mmed1ate1y depleted
The only way around thls is if B > l Gauss so that synchrotron loses were

B

greater than I. C. losses. But then the electron llfetlmes due to

v e

radiation loss are only a few minutes. Thus Urad must be decreased and

this can only be done by bringing the source close - say < 50 Mpc. ﬁt first
‘it appeared that these were conclusive argnments against the cosmoiogical

interpretation. But two factors were overlooked. First the I. C. ccross

section section decreases with increasing photon energy, so that oétical

photons interact only weakly with the electrons. Second if thevradlation

field and particle,trajectories are,not,isotropic the I. C. effect 1s"

BRI

greatly reduced. For example if the electrons are streamlng along a radial
magnetic f1e1d w1th small pitch angles then the electron and photon tra-

Jectorles are in essentlally the same dlrectlon and the I.C. radlatlon

can be reduced by many orders of magnitﬂde,

,.»_.,,» "

- The maln arguments agalnst ‘the local hynothe51s are also the large
red Shlft.v The p0351b111ty of having large grav;tatlonal red»shlftf was'
considered from the beginning. Given a large.massive body condensgd‘to a
'small radius the gravitational red shift &==G¢%%92 For a body ofil Mg |,
" R »«10 km{v The observed width of the Spectral line can be used to put a
limit on the potential gradlent in the reglon where the emission 11nes
orlglnate - MR Y ~ .05 so that the em1551on occurs in a thin shell‘of

R &X

radlus ~10 km and thlckness 1/2 km. The presence of certain forbldden

lines puts a limit on the electron density Ne < 10% c¢m™®. Knowing the

i e,



b iy

F

-31-

Iaipasmpeds by o

den31ty and volume of the radiating region gn@ the observed H (ﬁ) flux the
distance becomes 1ess than that of the moon - an absurd value. L;keW1se‘

increasing the mass up to 100 Mg to 10% My still puts the objeCt at a

R B

distance where it will noticeably effect the motionshof the‘solar system B

local‘group of stars, or galactic system. Only with M.> 1012 M,

R ~ 0.01 psc giving D ~25 Mpc can a reasonable‘solution be reached._ And

for this case it is not at all clear whether the mass of a galaxf:canlﬁ

exist in a space'of a:light year or lesS»and be stable.

Another p0351b111ty is that the red shift is due to local d ppler

'shifts whlch are: not part of the expansion of the universe. But 1n this“%

case the lack of proper motions and of blue ShlftS makes this explanationf-

unlikely. It has been suggested that QSO's were exploded from the center |

of the galaxy thus explaining the lack of blue shifts and proper . motions

Then it is difficult to understand the'source counts which show a’SIOpe

of -1.8 for QSS, -1.5 for galaxies and -2.3 for unidentified-SOufces;i

Since the unidentified sources are most probably galaxies beyornd the 48" plate

1imit the combined galaxy + unidentified objects have slope -1.85‘if'

seems that to a given flux 11m1t galax1es and QSS cover the same;volume of

space.

One conclu51ve piece of evidence that 3C 273 at least is beyond all
local hydrogen in ‘the galaxy is the detection of 21 cm HI absorption from

galactic hydrogen. A more controversal observatlonvis ‘the apparent detection

from 3C 273 by HI. in the Virgo cluster located in ‘the same line of 51ght

-~

The inferred density of - 10 =% gm/cm 5 is consistent with that f0und from
the Virgo A absorptlon and would seem to indicate 1) that 3C 273 ‘was at

least.beyond the Virgo cluster and 2) that there is significant HI in
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intergaiactic space. This leads to:the ekpectioh that for sources'with~
27 2 we should expect'to'see absorption short of the Lj% iine now in
the‘visablejportion,of the Spectrumf_‘This is not seeh aﬁd the 1limit of
»intergalaéfic HI Aensity is < iOf?S g&s cu"3 in apparent contrast to the
21 ch radio observation. It might be argded that all intergalactic
;ﬁ@tter is,ﬁondensedvinto ciouds but‘wé should expéct at least some QSO's
-to show a discontinuity at the 15%  wavelength. Also the condensation
,facfor of 108 seems rather large. Moreover Qé should expect to see other
absorptiohvlines from;c;usters in front of QSO'§ with somewhat smaller
fed shifts, In fact in sources which show absorption line spectra ébout
half havefred shifts equal to the emiséion iines;' Many others have an
ébsorption red shift of 1.94 to 1.97..‘Oﬁe object'0237—23vhas several seté
of absorption lines. o | | | | |
There is thus some evidence that the values of rea shifts are not

’randomly'ﬁisfributéd bﬁt have ; preferenée for;aﬂi.QS or‘some‘multiple'
of‘O.Q6 or 0.16. Likewise the emiSSionvline red shifts §how aﬁ apﬁarent
deficit fbr 1< %'f:z aﬁd altﬁough,there afe abouf 10 objects withe>2,
none have value# 2 >2.3, : o o

~Iﬁ fgct if 1,95 represents an "intrinsic red shift“, then the remaining
cosmoiogital red shift is ~.01 or the distan;e less than 30 Mpc (H = 100
km/sec). Thus the observed red shifts would have little relation with
actual éistance, |

‘This is in fact the cénclqsién of Arp who has studied the geometriﬁ
coinéidencé between pairs»of‘radio-éoﬁrces and peculiar galaxies. We have
aiready»noted a numbef of unusﬁal coincidences which add Weight tovArp's-
argumenté‘such aé the fact that 3 out of the 5 brightest sources at cm

wavelength lie in a 15° circle; the similarity of several close radio pairs:
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3C 343 and 343.1 which are 30' apart but both less than 0"1 in s1ze.and
both With pronounced spectral curvature; “NRAO 512 and 3C 345 both small.
with flat spectra and variable which are‘1° apart' 3C 273 and 1217.+'02
which are the QSO's w1th the smallest known red shifts and which both have

flat spectra ‘and Wthh are 2° apart. Also there is the_somewhat remarkable_

.,'cm‘flux increase observed nearly simultaneously in 3C 273 and 3CV279;and the

fact the two galaxies with the largest measured red shifts are only a few -

minutes of arc apart yet have quite different red shifts (0.46 and 0;36). ‘ ' :

The écceptance of red snift as not being a distance indicétorkeitner'
.for QSO's or gglaxiesviS»however difficult especiaily in Qiew_of its?imfim
plication'on.astronomy. The clear distinction between 1oca1 éndicos;ologiCald
theories can only be made from further analysis of existing and futuie‘ |
radio and optiCal data. In this respect it should be noted that most of :
‘~the effort so far has been in 1nterpret1ng the wealth of optical data and
the radio measurements have served mostly Jjust to spot the QSO s. As high
resolutionvand high sen51t1v1ty radio telescopes come into operation and
we learn more about detailed»brightness distribution, speCtra‘and polarization
“as. a function of flux den51ty we may then hope that the radio measurements
themselves will give the missing clues to their 1nterpretation. Perhaps then

a definitive attack on cosmological problem will be possible.




