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EiHiils(1960) and van den Bergh(1961) noticed nearly two decades ago
;ﬁﬁét.éluSters of galaxies tend tc ccntain radio sources. Both.studies
- were bésed upen the pesiticnal ccincidencesbbetween Abell clusters and
soﬁrces'frcm radio surveys. From the 85 MHz Sydney survey, Mills found
fhat 520f thp Sydney radio socurces lie in the dlrectlons oF Abell
clusters whereas only 1 QZare expected hy chance. Similarly, van den
;Bergh found, u31nq the Cambridge 3¢ catalog, that 10éof the radio
sources were coincident with Abell clusters whereas only 373re eypected
randcm foreqround/bacqucund objects

o Pllklnqton(1966) and Wills (1966) extended thp co:nc1dence study of
tﬁe Sydney and Cambridge catalogs including the then new data from the
4C survey. Both investigéticns revealed that cluster radio sources tend
| téiécaqraqaté near the centers of Ahell clusters{i.e. within 0.3 cluster
radll). in additicn the prolability of radio emissicn from a cluster
appeared to be proportlonal to its richness. Matthevws, Morgan, and
Schmidt(1964) further concluded that the probability cf radio emission
from a cluster which contains a c¢cD galaxy is especially high.

Much cf the early work cn cluster fadio sources was limited to
coincidence studies from surveys with low angular resolution. Very
1itt1¢ informafion wés availakle on source structure. As a result, the
nature of tbé clusterbsourcés was essentially unknown until the
development of radio interfercmetrv in the mid-sixties. Radio telescopes
with better pointing and spatial resoluticn meant mcre secure optical
identifications of cluster sources. Fomalont and Rogstad (1966) examined
f11 Abell clusters with distance class 3 or less using the Caltech Owens
Valley interferometer at 144% MH2. This survey detected 48 of the

. clusters dcwn to a limiting flux density of 200 mJy. The limited
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éfructure data seémed to indicate that these cluster radio sources were
complex. A weak correlation hétween the pumber cf ccincidences and
‘richness was noted. |

The correlation of cluster radio emission withvfhe nunher of member
gqalaxies was further investigated by Rogstad and Fkers (1969) using a
control samrle. They observed 200 E and S0 Qalaxies with tﬁe oWens
valley interferometer. They‘found that theée typéé of galaxies in the
"field" were as likeiy to be radio emitters as those in clusters. Their
data suggest that the large number of detected radio sources in clusters
may te do to the prepcnderénte of E and SO gélaxies in;tich clusters.

The ccnstantly inmproving sensitivity of arerture synthesis
instruments nroduced detecticns c¢f many weak socurces and extended
low-1level erission features ccnnected with,previogsly known survey
sources. Pcssihly the most significaﬁt discovery éoncerning cluster
radio‘sources was made by Ryle and Wihdram(1968) using the Canmbridge
one-mile telescope at 408 and 14C7 MHz. Or to this time crude structure
informaticn indicated that the.vast majority of extended radio sources
vere composed of two lobes of emission which lie at the extremities of
the source and are placed.on either side of the optical
identification(i.e. classicai doubles). Ryle énd Windram®s high
rescluticn radio maps of twc galaxies in the Perseus cluster, NGC 1265
and IC310, revealéd spatial brightness distributions wvhich peaked on the
optical galaxies and trailed away approximately exponentially ending
about 10 arcminutes from the galaxies. Such configurations were labeled |
"head-tail" radio galaxies. Interestingly, the two tails in the Perseus
cluster pointed away from an active Seyfert ga1axy in the cluster, NGC
1275._Ry1e and Windram speculated that a wind of relativistic particles
~may te generated by NGC 127S5; this wind mav blow.past the two radio

galaxies interacting with their gaseons component and igniting

-
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';(QSthhétﬁal radio_emissich;
! >§éVera1 major prohleﬁs exist with this relativistic particle strean
'Egmodelle g. Miley et al., 1972). First, the enerqgy productioﬁ rate
1 requ1red fcr NGC 1275 is an crder of magnitude greater than what 1is
'fpresently chbserved. Second, the detailed process involved with the
‘interaction betwéen the rarticle stream and the galaxy remained
unexglained. Third, it is curious that galaxies closer to NGC 1265‘are
"ﬁot ﬁead-tail qalarieé.-?xplénations whiéh attribute the lack of radio
i'émlsclcn t¢ "less §1qn1f1cant qaceouq compouents" seem a litte ad hoc
':ﬁand contrlved But- the mcst damac1nq piece of evidence for this model
V'came with the discovery ¢f a third head-tail galaxy in the Perseus
ffcluster. Mlley, Perola, van der ¥Kruit, and van der Laan {(1972) found a
"’:head—tall galaxy whose tail pocinted toward NGC 1275 on a map made with
‘ the gestertork array at 1&15 MHZ . ‘
The Leiden qroup(mlley et al., 1972) prorosed an-élternative‘model
>f§r the head-tail sources. They suggested that these galaxies undergo
ﬂ;periédic explésions in the nuciens which result in the ejection of two
© oppositely direcfed radio plaémas(i.e. magnetic fields and réiétivistic
particles in a thermal gas) reminescent of double sources. The direction
of ejectiéﬁ of these radio compcnents lies at a 1arge»angle(&906) with
reépéct to the motion of the galaxies throuqhva dense(~5x154cm )
intraclustér medium. The dynamic pressure slows the radio components
with respect to the galaxy, resﬁltinq in the fcrmation of-two tails
eminating from thg optiéal galaxy. The high Qelocity difference of NGC
1265 from the cluster meén , 200G to 3000 km/sec, seems to provide the
ﬁecessary d?namic rressure. These ohservations present the first well
docurented evideﬁce tha£ a dense environment in clusters of galaxies nay
. play an imgortant role in shaping the extended structure'cf radioc

sources.
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A rapid succession of discoveries of clﬁsfer sources with distorted
features fcllowed the publicaticn of R/yle and Windram's paper. Hill and
»Lonqair(1971) mapped a pair of head-tail radio galaxies, 3C 129 and 3C
129.1, with the Caﬁbridge interferometer. Although fhese SOurées 1ié in
a reqion of héavy galactic obscuratioh,vHill and Lonéair speculated that
’bpth galaxies liebwithin a cluster and mav, theréfore, be subject to
‘dynanic pressure from a dense IGYF similar to NGC 1265. Riley(1973)
furtter otserved these scurces at 2.7 and 5 GHz with the'Cambridge
one-pile telescope and ncted that theré‘was a nmarked increasé.in the
spectral index,J, along the taiis. This is what cne might expect from a
distributicn of relativistic electrons ejected from the radio galaxy
nucleus and "aging" through synchrotron losses. .

Further observaticnes of NGC‘1265 and 3C 159 by Miley {1973) and
Miley, Wellington, and van dér Laan (1975) revealed the increasing
complexity cf head-tail galaxies at higher rescluticns. The dnal
frequency tctal intensity observations with the Westerbork array
cenfirmed the steepening of the synchrotron spectrum down the‘tail.
Polarizaticn data indicate, furttermore, that the fractional |
polarizatién, F¥, also increases rapidly down the tail reachiﬁg close to
6OZin 3C 12¢%. This result ccmbinéd with the high degree of alignment of
the polarization vectors seen tc indicate that the maqnetic>fie1d in the
tails are very uniform and lie parallel to the tail.

Until 1973 the analysis of cluster radio socurces was confined
primarily to a few strong cataloged radio galaxies which coincided with’
nearty clusters. No systematic investigatichs cf the t?pes and
strucﬁures éf cluster radio sources had been undertaken. Owen(197u,1975)
hegan a series of ohservaticns of over S00 Abell clusters of galaxies
using the NRAO 3004ft telescope at 1.4 GH=z. Clusters were searched out

to 0.4 A fcr radio emissicn with S2100 nmJv; 127 clusters were detected.

J)'"F; Vm (here. T g and U are SToKes FAWIME-I?.FS.
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From the 300-ft statistical 1nve<t1qatlon, Owen found that the

5f probablllty of radio emissicn in an Abell cluster correlates w1th the

deqree of dcminance of the brightest galax1es {as suspected earlier by

f‘gatthews, Mcrqan, and Schmidt (19€4)). In particular, those clusters of

gg;gogd-Sastry type ¢cD, B, C or L cr BM class T to II-III are prone to have

2.

radio emission. Furthermcre, Cwen noted that cver the range of richness

classes 0 to 3, there is very little difference in the probability of

'radio emission. Although it is clear that the nunber density of cluster

radlo sources 1s cons1derab1y greater than the background, any

correlatlon between the richness of clusters within the Atell cataloa

~and radio emission is small for the most radio-luminous clusters.

" Owen {1975) speculated cn the basis of the appearance of his 300-ft

‘cluster luminosity function that cluster radio emissicn could arise from

~several {averaging about five) individual radio galaxies of differing

-

brlqhtnesq rather than one cluster-wide source. An NRAO interferometer
a‘lsurvey by Cwen and Qndnlck(1°76a,1976b), Rudnick and Owen(1976,1977),
and Cwen, FRudnick, and Peterscn(1977) of Akell clusters with S2200 ndy,

" 0’ & . - ) ' - . .
gs20,'and within 0.3 %/of,the cluster center seemed to 1nd1¢ate that this

is the case. A relatively large number (57) of distorted double sources
ahd head-tail radio galaxies were mapped with the Green Bank
interferometer at 2.7 and 8 GHz. Examples of the various types of radio
sources found in the Owen-Rudnick survey is shcwn in Figure 1.#% It
becane increasingly obvicus that such distorted structure may te the
rule rather than the excepticn fcr sources in rich clusters. Tﬁe nature
of ﬁhese scurces seems to ccnfirm earlier sveculaticns that the cluster
IGM rlays a significant role in determining the morphology of these.
extended features.

Amcng the results of their survey of cluster source structures,

Owen and Rudnick found that (1)cnly SZ(corresponding to two sources) of
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MORPHOLOGICAL TYPES OF RADIO SOURCES IN RICH CLUSTERS
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“’samplé show the classical double structure which is prevelent among the
Lfﬂstrcnq sources of the 3C catalog. The other scurces show some degree of
fgidlstortlon' (2)rad10 sources are associated with dominant galaxies bhut
‘?also are aesoéiated with galaxies of éveraqe brightness in clusters
5;whlch do nct contaln prominent galaxies. The structure of radio sources
associated &lth Oven-Rudrick Type 1 galaxies mcst often appear to be
‘fwide—anqle.tails or small doubles with size of akout 50 kpc. This
 structure may- result fror the @xpev*edlv slower motion of these central
.qalax1eq with rpspecf to the Irﬂ. Narrow-anqle head -tail sources all
  appear to te assoc1ated with Wypes 2 or 3 galaxies in clusters. The
.dalaxy rosition within the cluster and the shape of the tail indicate a
: rapld motlcn through the TIG7; (3)the tails of'fhe narrow—anqle'head-tail
: qalaxles dc not have prpferred directions thh respect to the cluster
"genters. This seems to irply that there is no tendency ‘for the gas in
‘>t5e iGM to flcw outward(via a wind as suggested hy Yahil and
Ostriker, 1973) or inward (by ccllapse as sugaested by Gunn and Gott,1972)
‘in clusters which contain these sources; (U) There.is an overall \
increase in luminosity from head-tail radio galaxies to classical
d§ub1es with the classical‘dcubles being the most luminbus.(?anaroff and
Riley (1974) previously had found that 3C sources which are classical
ddubles qenetally appear more luminous than "compiex" sources.) The
reascn for this hierarchy in source brightress may arise from the
different IGHM densities surrounding the Various types of sources.
Similar investigaticns cf the properties cf cluster radio sources
vere perforned using data ccllectedvby the Canbridge and Westerbtork
atrays. Guthkrie(1974), McHardy(1S74), Tovmasyan and Shirtakyan(1974) and
Lari and Perola{1977) noted cnce again that the strcngesf radio sources
are most often associated with clusters that contain domiﬁant galaxies,

in particular BM class T clusters. Lari and Perola concluded from their
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sample of Polcgna sourceé wﬁichkcoincide with rich clusters that
althcuqh‘the fraction cf radic eritting first ranked galaxieé,is not a
function of richness, the numhet of other sources not associated with

the bhrightest cluster galaxies seems to increase proportional to the
cluster richness. |

A nuﬁter of studies {e.g. see reviews by van der Laan(1977) and
.Harris(19?7)) have also revealed that'the distribdtion of integrated
spectral indices in ciuster radio sources is brcader than for sourcés
not associated with clusters. Ba;éwin and Scott(1973), Slingo (1974), and
Riley(1375) have found that 3C and U4C sources which lie in Abell
clusters tend to have steeper spectral indices than the average of
sources in the catalcgs. A similar preponderance of steep spectrum
sources frcm the 408 MHz Bologna survey which coincide with clusters was
noted ty Rcland, Veron, Pauliny-Toth, Preuss, and Witzel{1977). OCne
ekplanaticn for this asscciation is that the dense IGM in clusters
sttcnqu ccnfines the source; synchrotron lésses dominate rather than
losses fror adiatatic expansicn as in the case cf a scdrce surrounded by
little or no medium. More recently Lea and Holman (13978) have suggested
that steep-spectrum radio sources in clusters heat the intergalactic
-medivm to temperatures necesséry to produce the chserved x-ray emission.
This, rather than the confinement of the radic sources, may explain the
correlation tetween extragalactic x-ray sources(see helow), radio
sourcés‘with larqé%and tteir asscciation with ciusters.

Studies of the mbrpholoqica] types of cluster sources mapped with
the Westertérk interferometer(e.g; Lari and Perola,1977; Vallee and
wilscn,1§76; Colla et al.,197%; ¥%ilson and vallee,1977; Valentijn and
Percla, 1977) produced conclusions whiqh agreed quite well with thcse of
Owen and Rudnick. Less than 20 cf the cluster sources ohserved at high

rescluticn could be classified as double sources. The majcrity of the



T | . | 68

ﬁl}femaininq sources show morenccmplex or head-tail morpﬁology. The
relative atsence of head-tail and distorted structure in sources
associated vith field galaxies seems to demonstrate that a dénse iGH
cluster environment is necessary for the formaticn énd maintainence of
these extended features.

Recently, several head-tail galaxies have been‘discovered in
envircnments which contain locser associations of galaxies. Schilizzi
énd Ekers (1975) have mapred a heaa—tail galaxy, NGC 7385, which lies in
the Zwicky cluster 22&7,3+11c7. Fomalont and‘Eridle(1978) recently
disccvered a wide-angle head-tail galaxy {(about 4' in éxtent) which is
'in a very roor Qroup of galaxies nét cataloged by either 2abell or |
Zwicky. Fkers, Panti,Lari, arnd glrich(3978),have mapped a head-tail,
1615435, which lies within a poor 7Zwicky cluster. Interestingly, 1615+35
‘is also near two Abell clusters, 2199 and 2162,.which possess similar
- redshifts and velocity dispersicns poésibly forming a supercluster of
galaxies. It isvconceivahle,‘then, that the overall supercluster mediun
4 density andvvelocity dispersicn are the inportant quantities which have.
préduced the observed tadio structure rather than the more local
envircnment. As radio ohservaticns of poor clusters and groups continue
to grow, ccnsiderations of theleffects on the radio structure due to the

overall surercluster may heccre increasingly important.

ZiifTHE RCLE CF THE IGM TN CILUSTERS
If the local neighborhocd around radio galaxies were completely
‘devoid of das and dust; cne wculd expect the associated extended radio
sources to ke simple sinqlebcr dcunble spheres. Such sources would have
1inear synchrotrcn spectra and wculd be short lived becausé of the.rapia
adiatatic expansions intc the surrounding vacuunm. Howéver, observations

of scurces in clusters of galaxies(see e.qg. Figure 1.4) reveal



‘éféﬁctures which significantly deviate from a spherical geometry. Many
Mélﬁstervdoﬁble sources have leading édqes which are flattened and
co@ﬁressed as weil as trails cf steep-spectrum emissioﬁ leading tack to
the cptical identificaticn; both are signs of ccnfinement by a dense
medium. The very existence of head-tail radio galaxies in clusters
arques strcndly in favor of the presence of an intracluster gas. There
appears, then, to 5e a definite coupling between cluster radio source
étruéturé and motibn thrcugh a dense IGH. The study of either one
separately requires some knouledqe'of the 6ther. With the expanding data
from the direct x-ray chservaticns of‘cluster'IGMs.and the radio
structure maps from a variety of different richness class clusters, a
- coherent picture of the rproducticn and evcluticn of radio sources and

the IGM is teginning to emerge.

III.Direct otservaticns ofvthé Intracluster Medium
The deviation of extended scurce structure from the classical
double mcrrhology is fairly ccnvincing, although circumstantial,
.evidence fcr the existence of an intergalactic medium in clusters.
Becehtly; direct‘detecticns'of cluster-wide IGMs have been reported at
both éadio and x-ray frequencies. Since such'independént bbservations
bear-heavily upon the constructicn of a complete picture cof extended

radio sources, it is arppropriate to briefly review these experiments.

A. Diminuticn of the 3 K Microwave Fackground
Sunyaev and Zelt*tdovich {1¢72) postulated that a dense ICM might be
detected ttkrough the scattering or "cooliﬁq" cf the 3 K microwave

backcround as the radiaticn travels through the clusters. The microwave
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‘photcns are "cooled" through the‘inverse,compton scattering by a hot
“intergalactic gas in the clusters. The effect, then, is abaepleticn in
the mictowave bacquound in the directions of rich clusters. Gull and
Northover{1976) and Lake and Partfidqe(1977) have aitempted to detect
such microwave diminutiéns at the Rayleiqh—?ayior radio portion of the
electromagnetic spectrum (3 cr and 9 mm, respectively). lake and
Paftridqe have particunlarly high level detecticns of three ;ichness
class 4 Abell clusters. Using én adiabatic model Qiih T=16?K'and a
cluster '"ccre" :adius bf 250 kﬁc, Lake and Partridge‘find an
intracluétet mediuﬁ deﬁsity cf éﬁout 153t0 151c£3in the three clusters.
Rudnick (1978) in a similar experiment at 2 cm has placed upper limits on

the microwave diminution for several nearby clusters.
1) LY

B. Cluster x-ray emission

- The Uhuru "all-sky" survey at x-ray wavelengths suggested tha£ a
large number of strong extragalactic sources are associated with
glusters of galaxies (e.g..Gursky‘et al.,1972; Kellcgg et al.,1973), as
suspected earlier from rocket flights. Thesa x~ray clusters range in ”
richness frcm nearby 1oosebqroups{é.g. vVirgo) tce dénss clusters{e.qg.
Abell 225€6). The emission méy eminate’from,individual active
qalaﬁies(e.q. M87 and NGC 127%, ¥olff et al.,l??&) or extend spatially
to follow the galaxy density contours of the cluster {e.q. Perseus).'The
extended erission ({e.q. Kellogq and Murray,1974) is of particular
interest since current theories contend that it arises from an
intraclcsterimedium.

The mcdels for the x-ray emission can be divided into two

cataqgories, inverse Compton scattérinq or thetmal‘b:emsstrahlung, both
of which in scme cases fit the lcw energy(i.e. 1.to 10 keV) spectrunms

fairly well. In the case of the inverse comptcn model, the x-ray
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‘yjradlatlon is produced by the ccatforlnq of 3 K background photons to =
:?ihlqher -energies by relativistic electrons in the IGM(e.q. Brecher and
'};Burb1dqe 1672). This mecdel, at first, seemed attractive since it would
Q“prov1de a natural explanaticn fcr the observed correlation ketween x-ray
fand radlo emission in clusters (Cwen,1974; Rahcall,1974). The thernmal
 ;bremsstrah1nnq model assumes that the x-ray radiation originates from a
ﬂﬁbt{?&gK) intergalactic gas that rermeates the cluster. The heating of
the 1IGHM méy he produced, for exam@le,.by'raﬁdom moticns of cluster
fqéiaxies{e.q. Schippér,???&; lea and De Young,1976) or by relativistic
ifeiectrons.ﬁhich diffuse cut fronm ciuster radio galaxies(Lea and
;“Hdlmaﬁ,1978)t
More recent observations with. rock@ts(e g.vDavidson et él;, j975)
:;and the 0SC-7 (e. q.,almpr Paity, and Pesters on, 1973), Ariel v (Cboke et
Wial.,1978) and 0S0-8 satellites strongly 001nt to a thermal
bremsstrahlunq 1n+9tpre+atlcn of cluster x-ray emission. The key to
:'fittinq the appropriate model lies in the energy spectrum. Invthe hard
 &¥:av poftién of the,spectruQ(NTG keV), the tbebrétical thermal and
lﬁoﬁpton scattering curves substantially deviate from their close
aqreément»at»1owerlehergies.'The observed har3 x-ray cluster spectra
seen to aqree»with the predicticns of the thermal mcdel in almost all
cases. Present data, howévet, does not yet allow‘a distinction Lketween
isothermal IGM and non-sfatic{e.g. hydrostatic models of Lea(1975) and
:Rephaeli(1977))mbdels. Rut protahly the most impcortant spectral evidence
suhst&niating a thermal interpretation waé the aiscovery cf an x-ray
line feature apparently Sue to highly icnized ircn in the Coma and
Perseus clusters(Mitchell et al., 1976; Serlemitsos et al.,1976). The
densities and temperatures necessary to proéuce this feature(i.e. TrlogK

: -3
and n=10 cm3) clearly indicate that a hot, dense gas containing

processed material exists hetween the galaxies in clusters(e.qg. Bahcall
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and Sata21n 1977). The origin of the abundant heavy. elementc in the IGHM
’Sjpose an 1nterest1nq questlcp concerning stellar mass 1oss and galaxy

55evolutxon(e g. De Young, 1977).

A numkter of interesting correlatlons have teen noted between x-ray
' ;eﬁiss1on ard cluster radio and op¥1cal properties. McHardy(1978),

:Bahcall(197ﬂ 1977a,1977c) and Cuen{1974) have each pcinted out that the
'  x-ray luminosity of clusters increases with the degree of dominance of
.’l‘."oxa?a ot several bright galaxies{cl, B, or L clusters). Numerous

 anthors{e d. Rudnick and Owen,1977; Lari and Perdla 1977}, as was
.;:mentloned in the preV1ous scctlon, have found that these same types of
_";clusters with optically dominate qalaxies are also strong radic
,jjemiftérs. Thesé correlations may indicéte that a dense gaseous
;“féﬁv1ronment near the center cf clusters results in the formatlon of
‘ifqlant E and D galax1es, and possibly trigger explesicns which produce
wf;the strgnq radio sources as wuwell.
o In addi+ién to the dominance corrolafion, EcHardy(1978) finds from
fiArlel vV data that the probability of Cluster emission depends upon the
:ic{pster richness. He concludes that the x-ray luminosity ,Ly, of rich
élﬁsters increases mdnctcnically'with richnéss.similarly, Bahca11(¥977a)‘
' discovered a correlation between x;ray luminosity and the central
'denéity of galaxies in clUsteré. She attributes this to thermal
bremsstrahlung frem a hot IGM whcse density is proportional to Qhé'
zqalaxy density. This may also explain the weak proportionality hetween LS
‘and the cluster velocity dispersion(Solinger and Tucker,1972; Silk,1977;:
McHardy ,1¢78) since the virial theérem velocity disfersion is
rropertional to the'square-rcot cf the galaxy numbef density.

| Both Rahcall (1977t) and McHardy (1978) have noted that the presence
ofva dense gas in clusters may have a direct effect upon the optical

- galaxy morrhology. 2s the x-ray Inminosity increases, the fracticn of
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~“spita1 galaxies in the cluster is observed to decrease. This may te
-attrikutable to the stripring of the intergalactic gas fron spitéi
qalaxies hy the ram rressure of the surrounding intracluster‘medium, a
process that was found viable in the_calcnlaticns of Lea and De
?ounq(1976).

Radio chservations of x-ray élusters of galaxies at decanmetric
frequencies (Raldwin and Scott, 1973; Eriékson, Matthews, and Viner;1978)
have revealed an interesting relationship hetween L,and the the
low-freguency integrated ciuster_emissian. Lyis found to increase with
the spectral index and‘to.a'1%s$er extent with the radio pbwer, %g‘.lt
“has teen‘3uqqested that the ccnfinement of the radic source by a
'surrcundino hot IGM will halt the rapid éxpansicn so that ehergy losses
steepen the spectrum. Lea and Holmanf1§78) have noted, however, that
such an exrlanation may be»invalid for many observed cluster radio
sources vhich are larger than the apparent gas distributiocn. They
suoqést instead that an interaction occurs ketween the non-thermal
electrons which escaée from cluster radio‘galaxies‘and the IGH. Lea and
: Holmanvconclude that the IGM can be'heated by these’réiativistic
electrons and this process results in.the observed correlaﬁion tetween
the radic ard x—ray‘emiésidh.‘ |

Séveral authors have suggested that x-raf sources may also.be
associated with superclusters»of‘qalaxies(e.q. Maccagﬁi et al., 19783
Murray et al.,1978; Kellcqq,1978; Forman et al.,1978). It #§ conceivable
“that the x-rav emissicn‘may eminate from an intracluster gas which is
distributed throughout thé supercluster."Althouqﬁ recent data cannot
rule out this possibilitv, McHardy {1878) and Ricketts(1978) feel that,
sfatistically, the x-ray soufcés are most likely‘idéntified with
individual clusters within the supercluster. Higher resolution

observations with the HEAO-R satellite mav clarify this situaticn.



With the independent kncwlédge of the existence of a hot dense
‘in£raciqster medium frem x-ray data, one can Araw scme interesting
‘éﬁhéldéicns ccncerning tadio‘source ané general cluster étructure. For
éiam;le, informaticn cn IGM temreratures and the épatial variation in
cluster IGM density are of great use in determining the degree of
'cdnfinement of the radio source and therefore the scurce energetics.
This dafa will then provide rcre complete tests cf theoretical models
and may stimulate the prcducticn of new models as well. On the other
‘hahd; radic source structure maés and models of distant pcorer clusters
may prévide predictions of x-rav emission which could be confirmed hy
future more sensitive xX-ray satellites such as the HERO series(e.q.
Gufskyvand Schwartz,i977), Through tbis type of iterative process.with
‘improvinq radio and x-ray instrumentation , ccnvergence upcnhn a more

complete picture of cluster evolution is rapidly approaching.
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IV. SYNCHROTRON RADIATION

An indepth exposé on the theory of ektragalactic synchrotron emission,
from which muéh of the following is taken, can be found in Pacholeczyk (1970,
1977).

1f wé consider an optically thin plasma containing relativistic electrons

with a power-law energy distribution
N(E) dE = N_E7' dE, o - (1)

spiraling in a magnetic field, %ﬁ the spectral flux density of synchrotron emis-

sion observed is given by

s, = NoR3 3;(Y+l)/2 Va-n/z (2)

where R = radius of the emission region, §L= magnetic field perpendicular to
the line of sight, and v = frequency. Thus the observed spectrum is a power

law with

S a v , , | _ v ‘. (3)

where a = (y-1)/2 = spectral index. | o ’ (4)

From the initial distribution defined by (1) at some starting time tys

further changes in the distribution function can occur from both electron sinks
p(E,t) and sources q(E,t). . These changes can, for most extended extragalactic
sources, be determined by the equation of continuity. For a uniform and iso-

tropic distribution, N(E,t), the continuity equation is
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ON(E, t)

5t + VE . [N(E,t

mlm

] = - . 5)

If we assume that p(E,t) = 0 and that df = ®(E), the total loss rate can be

written as

®(E) = ¢ - nE - £E” | 6)

' 2
where £ = ionization 1osses, nE = free- free losses, and £E° = synchrotron +
inverse Compton losses. For the radio. source conditions which we will consider,

only the last term in equation () is important or

QEY=..2=_ 2 | - :
T EE=-( rE)E L )

Synchrotron losses are given by |
£ =2.37 x 107° B 2(G)‘ ®
s ‘ : 4

and inverse Compton losses by

£, = 3.97 x 1072 9)

u
rad °’

where U4 is the local radiation density.

'Now, in the simplest case of a single injection of energetic particles
(e.g., one particle accelerating explosion in a radio galaxy which produces
two lobes of a classical double source), the initial electron energy distribution

would be given by
N E°' dE for E, <E<E,

N(E,0)dE = { 0  for E<E; and E > E (10)

2

Using (5) and (7), this distribution at some time t later becomes



o ' '
, E; < E<E
| (1-gee)?™Y 1
N(E,t)dE =< v ' o, (11)
1 1
0 E < El and E > E2
- ‘ ,
where E' = E/(1+£Et). The distribution, shown schematically below, is character-
- ized by the presence of a cutoff energy, ET = é%-, above which there are no

electrons; even if the energy ranges extends to infinity, an electron will have

its energy reduced to the value 1/&t within some finite time

snapshot (i.e., at time t)

N(E.)

view of electron energy

distribution

Ep E
The effect of this energy distribution as a function of time upon the

observed synchrotron flux density is shown below. As the source "ages', the

spectral index between two frequencies,:vl’and Vz, will increase; the observed

spectral index in this case is defined as
log (S\)l/s\)z) =
a = . ‘ ' (12)
log (va/vy)

At some future timé, synchrotron losses alone will cause the source flux density
to drop below the detectiqn'limit of the radio telescope. The spectral index,
then, can be used as a measure of the current state of energy of relativistic

particles and B-fields in a source

17
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theoretical
" synchrotron
spectrum

log Sv

3
<

L

Y ]Q%“U v,
Implicit in the above illustration is the relationship between the energy

of an electron, E, and the characteristic frequency at which it radiates. From

 synchrotron theory, this relationship is given by

18 B 2

v, = 6.27 x 10 B) E. - (3)

As a lower limit to the typical lifetime of an ensemble of relativistic electrons

at an observed frequency v, equations (7) and (13) can be combined to produce

E 4 o =3/2 v—l/Z

s v m = 3 x 10 B.L years. ) (14)

t

If one has an eséimate of the B-field in a source, then equation (14) can be
used to obtain an approximate value of the source lifetime (and veloéity, as
ﬁell). This informatibn will provide further physical insight~into such pro-
cesses as_soUrce confinement énd electron reaccgleration. One standard method
for estimating Bi and the fotal‘SOurce energy density 1is described bélow.

V. EQUIPARTITION CALCULATION OF THE MINIMUM
' ENERGIES AND MAGNETIC FIELDS IN RADIO SOURCES

From the results of synchrotron radiation theory, it is possible to

obtain estimates of the two physical'parameters which dominate the emission
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process: (1) the minimum magnetic field plus relativistic particle energy,
ET = EB + (Ee + Ep)’ and (2) the strengfh of the magnetic field. With the
assumptions outlined below, we can compute these quantities in‘terms of observables
(the source luminosity and total linear extent).
First of all, the total energy of the relativistic electrons, assuﬁing
a power-law energy distribution N(E) = NOE_Y, between El énd E2’ is given by
E E, o

2
E = J EN(E)dE = N J E
e E (o]

1 B

dE. - (15)

The quantity NO can be ‘determined from the total energy or luminosity of the

radio source (see, e.g., Pacholczyk 1970) since

E E
_ 2 dE i 2 ("2 _—y+2
L=- JE 3¢ N(E)AE = N_C,B; JE E
1 1

dE, (16)

where B; = the magnetic field perpendicular to the line of sight and 02 =
le4/3 me4€2 = 2.37 x 10_3; Placing equation (A2) into equation (Al), the ex-
preséion for the electron energy becomes
: -Y+2 . -y+2
: E -E :
E =C LB C <Y"3) L 2 . (17)

e 2 i -y+2_ —y+3
B0

Synchrotron theory provides a conversion between the energy of an electron

~
" and the ‘characteristic frequency in the form"

2
vy = CiBjET,

‘ 17
where Cl = (3e)/(4nm365). Using the above formula, equation (#3) can be re-

written as



_ -3/2
Ee— Clz(a,vl,vz) BL L

¥

, | o (18)

, (=2 /2 (1-2w)/2

ore o = c71 C1/2 20-2 1 2

whe 12 2 "1 A0-1 l~a_ l-o
. : 2

\)‘ .

and o

(y-1)/2 is the spectral index.
Since the observable'synchrétron emission is independent of the protons

in the source (and therefore we know nothing about the proton energy), we must

Jo.

make an assumption about the proton energy in order to estimate the total particle -

energy EP + Ee' Assume that the ratio of proton to electron energies is k so
that the particle energy becomes Ee(l+k). The quantity k‘can range from wl;: ‘
‘if the acceleration of the electrons is by matter-antimatter annihilation,Aué
to % 2000, for an induction-type acceleration mechanism. Typically, k is
thought to be ~ 100 which will be the case for electroﬁs and positrons formed
by the collisions of a proton flux with the dust and gas of a radio source. i

Next, the magnetic field contribution to the total source energy is

E, =&V, o ' (19)

where ¢ is the fraction of the source's geometrical volume, V, which is occupied
by magnetic field and relativistic particles. If we allow B, % B, then the

total energy in the radio source is

Er

+
Ep + (E, + E)

B ' -
© =V (A4 €y B

32 O (20)

]



The minimum value of the total energy(-%§-= O) occurs when the particle and

field energies are approximately equivalent or

3 |
EB =% (1+k) Ee. | (21)

This is the assumption of equipartition of energy. The minimum value of the

total source energy is

(E.) =,77; (1+k) E,_ = —Z:'(l+k) 0123”3/21,. | (22)

T min

The corresponding value of the magnetic field is

B . = (6Tr)2/7 (1+1<)2/7 207 =2/7 V_2/7 L2/7. |

min - 712 @

(23)

Substituting (#®) into (#8), the expression for the total minimum energy becomes

-3/7 417 /7 ®3/7 V3/7 L4/7.

(E.)_. =% (6m)- i (1+1<)4 (24)

T min

Assuming that the distance to the radio source is known, estimates of the field
strength and particle energies can be obtained under the assumption of equié
partition of energy for a givén source volume, luminosity, and spectral index

(between two frequencies of observation).

| ;/’.

-
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