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Abst ract 
We rc\·iew some of thc ways that X-ray observat ions prol·jdc unique infor­
matioll 011 radio galaxies. T hCl"lnal bremlisl rahlung X-m y emissio ll pro. 
vides dctai lc<1 dala on ambicllt dClIsil its aud tcmpcratul'cs. These pa­
rameters in turn CiUl bc uscd for pressure balance caklllat ioll.'; aJld CIUl 

dClI10nstrate how ,he ambicnt. gas affecls radio souree strucLIlre. Addi­
liollally, many signatures of thc interact ion of radio jets alld lobes with 
the hot gas Me found iu high resolution X.ray 11131'5. 

NOIl- lhermal X-ray emissioll from knots aml hotlipou of radio jets 
O U I givc us constraims 0 11 thc rclat ivistic clt.:ctron population for energiL'S 
greatcr t han ,hat normally samplc<l in Lhe radio (in lhe case of synr.hrot ron 
emission) or eau give us an independcnt CIl t imalc of t he average n1<1gnctic 
fi eld strcllglh (if inverse Com pton cmission is the orib.)n of the X-ray,,). 
froll1 recent ROSAT HH! observation.s of 3C 390.3 and 3C 120, wc show 
c \'idence thaI, X-ray cmÎssioll fro m knols anel hOlspots appears to he <lIJS<>­

ciated with region" of large graelients in the radio surfa.ce brighlne~; i.e. 
al t hc location of powcrful shocks. 

1 Int rod uction 

X-ray observatÎOIIS of radio ga laxics provide vi t,al data unobtaiuable aL othcr 
wavelengths. Most of thc const raints dcrived from X-ray observations can be' 
dividcd into one of two area. .. : a study of the hot am bicnt gas from thcrmal 
brctllS.'.trahlung emission, or iuvcstigation of non-therm al cmission from partic­
ular radio features which in turn const rains the pina melers which dcscribe I,he 
magnct. ic fi eld and relati vÎstic elcctrons responsible for the radio cmissioll . We 
review here several topics in cach area, provide $Ome new data from ROSAT 
Uigh Rcsolution Imager (HRI) obscrvations, and append a short section 0 11 the 
situatioll at high z. 

409 



410 D.E. Harris 

2 Thermal Emission from Hot Gas 

I-lot , X-ray cmitti ng gas appears to be a ubiquitous feature of all reasonably 
deep potemial welts aS.'iOCia l.ed wii.h bll lgc systerns. Although the bulges in 
spi rals arc of ten not detectabie ""ith currellt satel lites, t h is is not thc case for 
norm al or massivc elli pticals (e.g. Davis and Wh ite 111 1996). These syslems arc 
charactcri zcd by gas wir.h tcmpcraturcs of a fcw kcV (i.c. a few x 10' K) and 
toe X- ray salellitcs EINSTEIN, ROSAT , anel ASCA have bccn weil mat.chcd to 
thei r primary emiui ng band . 

Cenerally, thc X-ray brightllcss dist ri butioll is weil dcscribed by a modified 
I":ing distribu tion (a. k.a . ' Beta Model'): 

[ 'j-".-ll I(r) or; an; 1 + (~) 

where I(r) is thc X-ray su rface brightness as a function of rad ius, /': (j is thc 
core radi us; n (r) is i.he electron density as a function of r; and n g is the electron 
density at r = O. 

Since t.he observable extenL is tens of kpc (hundreds of kpc for cl uster atl11o­

sphercs), the X-ray observations givc an estilO ate of the electron density over 
a region wh ich often encompas...es t.he radio saure('. At the same ti me, an esl i­
mate of the tcmpetl.l.ture is obt.a ined from thosc det.ectors wh ich have reasonabi e 
spectral resolution. 

2.1 Pressure Balance 

A potent ially powerfu l diagnostic is prov ided by Lhf' ex peclatioll t llat SOl ne radio 
featu res wil1 be in ptC$Sure ba lance with the cxt.ern al mediu m. In prac~ice, Lhere 
are several problems which limit the useful ncss of 1 h(' concept . 

Do most radio features excJ ude ambicnl gas? If lIot. we must include a 
therm aJ contribution to the inl Ct llal pressure, and th is is ll ormal1y diHk.ull. to 
csti mate. For the case of tI IC lobes of Cygnus A, Cari lli ct a l. (1994) and C larke 
et at. (1997) argue 1 hat the X-ray observatiolls show t hat thc lobcs excl ude the 
hot cluster gas. 

In almost a ll radio strucLures, wc do not. kuo\\' t he internal {non-therm al) 
pressure, sa wc compute the minimum prcssure. Th is has the asslllllp1.ions 
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that: only the obscr\'oo synchrotron spectrum is wied to estimate thc relativistic 
electron population (i.c. 110 conL ribulioll from elect rons whicb radiale below the 
10wcsl, observoo frequcllcY) j equipanition holds belween thc magneLic fi eld and 
parLicle energy dcnsities; the filling factor is un ity; and there is JlO sign ificant 
contribution 1.0 the encrgy density from relativistic protons (see e.g. Harris el 
al. 1995 for fur thcr discussions). 

If thc radio feature is movillg with respect to the ambient mediu m , a ram 
prcssllrc compoucnt must be addcd lO Lhc pressure bala llcc eq uatioll . Ir the 
in l.ern al pressure is grcater than the cx ternal pressure, thcn we expecl expansion . 
Sillce it is d iffi cuit 1.0 estimate 1 he maguit ude or tllc ram pressure, it iij prererable 
to usc rad io features whosc boundarics are lhought to be stat ionary O f moving 
very slowly. 

l u many cases thetc is thc addoo complicatioll of the proj oction factor. POt 
sou rccs such as Cygnus A, which is most likely close to thc cellter of the obscrved 
hOI. gas distributioll , we call rcliably obtain a thermal pressure a\, the l>os1tion5 
of the h01.spots. Howcver, for ol.her sources lO uch as tailOO radio galax:ies (TIlG) 
in cl usters, we do not know how far oul, in (he cl uster atmOl>phere the ~urce 

really is , and thlls wc have only an llpper limit 0 11 t he external gas pressurc. 
'fhe most intercsI,ing application wou ld be a detai led study of radio fea­

lures for which all of lh(' abovc uncertai nties were minimi zed. Our expectation 
would be th at the extctnal gas presstlre should bc grcater thaI! tht: min im um 
nOIl-thermaJ prcssure, and the lIl agnit.ude of the difference would provide an 
estim ate of I.he contribution of protons and /or low energy electrolls to I.he inter­
nal ptessurp. Such a study was mad e by PeteUi et al. (1990) for radio galaxics 
at. the centers of rich clusters. Thcy found thcrmal pressurcs always grenter 
th an minimum non- I.hcrmal prcssures aud fro m Lhe magnitude of t he prcssure 
ratias . deri vcd ranges of thc fi lli ng factor (0.03 to 0.3) or of the ratio of cnergy 
in protons to that in elect ra ns (6 to 75) wh ich would restore prcssure balance, 

2 .2 Buoyancy 

Si nGe wc have evidence that most radio features exd udc thc ambient gas and 
t hus t heir il lternal prcssute is dominatcd by lIon- thermal companelltS, it fo lJows 
thaI. these wil I bc lighter than tbe external med ium and experience buoyancy 
fa rces. Wc can cxpcct th aI. these fo rces will be manifest whcncver the extern al 
prCSSllre gradient is large c/lough to prod llce a sigll ifica nt (oompared io 0 1 her 
fluctuations of the pressure) difference in force between a nc part of the radio 
feature and another. The two coudi tiolls of interest are la rge gr<\di('Hts in pres­
$ure and /or large sourGCS (e,g. T IlGs in cluster atmospheres). Note also thaL if 
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thc radio sourec is expandillg supersonically, buoyancy is irrelevant. 
For thc most. part, buoyancy has been suggest ed as a plausible explillHltioll 

of changes of position a ngle for lowcr bright.ness regions. Examples arc 26\V20 
( Ilattis, Cost.ain , and Oewdney 1984 ); a TRC in Abell 115 (Gregorin i and Bondi , 
1989) ; and the T RG in the 0335+09 cl uster (Sarazi n , Baum aud O' Dea 1995). 
Wa rral , Birkinsha ..... , and Cameron (1995) present. a ma rc quantitative analysis 
fOr the buoyancy forces operat.ing on NGe 326. 

2.3 Hydrodynamics of Jnteract ions 

~ l any of t.hc hypothesizcd attribut.es of radio galaxies becoille açcessibl C' via X­
ray invest igations of thc hot ambienl. gas. From ROSAT HRl ohser\'a l.ions of 
Cygllus A (Carilli. Perley, a nd Harris 1994) we found evidence ror cavities in 
t.he ambient gas caused by I.he radio lobes. We also suggested that symmetrie 
features of enhanced X-ray brightrlo'.!ss were ca used by the langer path length 
through the shcath of compressc<1 gas betwccn the (hypothCl. ical) ba\\' shock 
a nd thc radio lobe. T hese resll lts, which rel icd all approx imate analyl.ical cal­
culations , were corroborated by hyd rodynamical simuJat.iolis (Clarke, Ua rris , 
aud Carilli 1997) which also demonstrated the vastly different moq>hologiescx­
pected for the X-ray Surrace brightrwss of a lIlodificd Klng disl ribut ion of hot 
gas dist.u rbed by a powerful rad io ga laxy. 111 particular, the match or rnis-mat.ch 
of thc X- ray spectral 8cnsit ivity comparcd lo I he temperature of thc ambienl 
medi um has astrong cffect. on the resu\iing X-ray map. For Cygnus A, with a 
telllpcrature close to -1 kcV, thc HOSAT HRI is wellmakhed to the ambien t 
temperaturc. but not 1.0 .. he gas at. the Icading edge of t.hc bow shock, which 
is expccted 10 be mud I hotter. Hence we fo und the cavÎ t.ies and i.he shealh 
..... ell away from I.he Icading edge. Tile exciti ng prospecl.s for AXAF d at.a are 
the detect.ion of the leading bali' shock at the higher energies and more spatial 
deta il and specl.ral rN;oJution for the knowu featu res at Jower energics. 

2 .4 Local Weathe r 

Oy 'weathcr" we mean "Which way is t he wind blowing'?' . The problem of winds 
in t he lC M ha.<I onl y recently received serious al.l cll tion because the idca th aL 
many clusters show att.ribll tes of recent or ongoi ug mergers no ..... creates ti naturaJ 
cxplanatlon for large scale gas motions with respect La individu al galaxies. A 
long st.andi ng problcm has been I.hc explanatioll for the rnorphology of widc 
<lugle tailcd (WAT) radio galaxies. Since \VATs arc norm al ly associated with 
the dominant. cluster galaxy, there is good rcason to believe that. Iheir vclocity 
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with respect lo the cluster potential is uil (Eilek el a l. 1978) . However, as shown 
by numerical si mulations (Loken, Roettigcr. aud Burns 1995; RoeUiger, Burns, 
and Loken 1996) the wÎnds produced by mergers are capable of generating the 
WAT morphology. 

Arelalcd , perhaps more comrnen phellomcnon is the bending of rad io jets 
wh ich of ten occurs as lhe jet Icaves the ISM and cxperÎences the 'C~'I . Gregorini 
and Bondi ( J!)89) iuvoke th is explanation for thc TRG in Abell 115. 

A st riking example of a possible interface betwcen the ISM of M87 ,md a 
moving lC M in the Virgo cluster is afforded by recent ROSAT 11 RI ohservations 
(Harris, Bi reLta, and J unor 1998) . Thc X- ray 'spur ' (see Figure r) which extends 
abollt 4.5 arcmin to the S\V is most likely therm al emission si ncc it does IIOt 
oorf(~spond to any rad io feature. Togcther with the X-ray arm which ex teuds to 
the East, one obtaius thc distinct impression of a boll' shock (with large gradieut 
on t he leading cdge) whese principal axis would be in PA ~ 150 degrees. The 
idea of a merger in the Virgo cl uster is suggcsted also by Binggeli (1998) who 
prcsclils substa nt ial evidence that tbc so-called ' ~'1 86 sulx:lum p' is merging with 
t hc M8ï subclump. If these idcas are correct , the wind model might be useful 
in understandi ng the large scale radio structurc of M87 wb ich has long been 
thought of as a WAT in projcction (i.c. thc major extcnt of the radio arms are 
along the linc of sight ). 

2.5 Effects of Pressure Gradients 

When a radio jet crosses a region where tbe exterual pressurc is falling sharply, 
t hejet can lose its tight collim atien. Several examples of lh is behavior havc been 
not.cd , illcl udi ngscveral of the sources citcd in t he prev iolIs se<.: tion (e.g. whcn a 
jet passes from the ISM 10 the lCM). Anot hcr effect could bc thc genesis of au 
internal shock. If one traces back the boundary of Ihe S\V spur in ~' igure .1, it, 
passes close to thc posit iol1 of knot A in the MB7 jrt. This raises thc possibility 
that the occurrencc of 1.llis strong shock is caused by a suddeu change in the 
cxternal prcssure (sec c.g. l'lcoda and \Viila (998). 

3 Non-tllermal Emission: Hotspots and Knots 
in Radio Jets 

In addi tion to thc wealth of informat ion affordcd by studies of t11crmal X­
ray emission arOUlld radio galax ics, I.he non-t herm al emissions detectcd from 
a !Iand ful of radio features provides constrai nts on acc:eleration proces.~, thc 
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F ig ure 1. A ROSJ\T HR I map of M8i from J-I ru'ris, Bireua 1\nd Junor ( 1998). A 
power law model ha.;; been subt racted 1,0 IClwe only lhe ilSynunetn c,'lI slructul'ClS, bul. 
we did not atl_cmpt Lo fi t lhe inner section. A Gilussian smoot hing funcl ioll of FW HM 
= 10" was o.pp lic'.'d. COIllOUl' levels are logalllhrnic, sI.a ning al. 0 ,'2 . a nel c/ldill~ in 
130 COUll Is per 1.0" pixel . N B: the zero I(wel is 'J.rbi t rary: lhe liubt rilc l ion pl"oduced 
ll t.'gaLil·e i U"eas at large radii. 

characteristics of Lhe population of rclat ivistic elect rons responsible for the radio 
emission, a lld the magIIetic field st rength . Thc t\\'o primary emissioll mecha­
nisms nort nally considered for these featu res arc inverse Compton (IC) emissiou 
and synchrotron emission. T lle IC process ('lI n work 0 11 any photoll distribu t ioll , 
but hcre we a rc mostly cOllcerned with eit her IC from thc 3k background pho­
tons (IC13k ) or synchrot ron self Compton (SSC) emissioll . IC/3K is expectcd 
from rad io fcaturCli of low surface brightncs,<; (i.e. weak magnctic fields, Harris 
and Grind!ay. 19i 9) whcreas thc SSC proccss rC<lnires compacl., high bright­
ness radio structures ;n ordcr to be detcctablc by current X-ray systems. It is , 
howevcr, important to remember that bot h ty pes of IC cm;ssion arc rn andatory 
physical processes which occnr in all (radio) synchrotron sources. 

Thc problcm of synchrot ron X-ray emissiall rcvolves a round thc poorly un· 
derstood qucstiOllS of the acceleratÎoll mcchan isms. If we ill voke the classical 
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shock model, t hen we need to dev ise conditions whkh a lloll' t he resul t.ing pop-­
IIl al ioll of relalivistic e lect rons to cxtcnd to Lorentz energy fact.ors , 'Y ::::i 107 in 
order to explain X-ray generat ion in I,ypica l field strengt.hs of ord!'r 100 pG . 

3.1 IC j 3K Emission 

Bccausc Ihe major contribution tO thc photon cncrgy density occurs aL a fre-­
qucncy R: 1.6 x 1011 (l+z) Ih , I he electrons responsible for a given X-ray energy 
wi Jl have the same Lorenlz factor rega rd less of the redshift (e.g. for I keV pho-
1.ons. t.he relevant elect rons have "'f = 1069 ( Il arris a lld Gri lldl ay, 19ï9). Since 
t he magnit ude of th(' 31, energy dells ity is kllown, ally X- ray detect.ion of IG/3": 
emission ea n be used to obtai n Ihe am pl it.ude of thc electron spect rum at t hc 
relevant. energy. Ir one is prepa re<l to make the eXlrapolat ion of t.he electron 
speclr um from ti IC observed X-ral' poinl. 1.0 t he region defin ed bl' the rad io 
emis. .. ioll , we call tlms deri ve a meas ure of t.he average magIIetic fi eld st.teugth . 
T hcre have been many ullsuccessfuJ att empts la do I his (e.g. Harris et al . 1995). 

1'here are howcver two convi ncing cases: t hc radio lobes of Fo rnax A alld a 
rclic radio sou ree assodatcd with I,he cl uster Abe ll 85. Using the n.OS A" PS PG, 
Peigelsoll ct al. ( 1995) argue Lllat t he observoo X· rays represcnt t he detectioll 
of IC' /31\ emission primarily hased on spai. ia l analysis. Using ASGA. I\ancd a et 
al. (1995) delllons tratc a consistent tl'sul t based on aspectral 1IlIall'sis. In bot h 
in vestigatiolls, a fie ld strength of a few liG is derived, roughly consistent. with 
ex pectatiolls from equiparti tioll a rgumenl.s. n.ecently, Bagchi , I) isla r . aud Lima 
Neto (J 998) have combilloo low frequenc)' radio and PSPC X-ray d ala . They 
find a magnetie fi eld strength of 0.95 IlG for asteep speetru m rad io source 
wll ich lies at a project.ed disl.ancc of Rl ïOO kpc fro rn t he center of Abell 85 
( I-I Q =50 km 5- 1 i\'l pc l ). 

li wang (199ï) has suggcsted t.hat an obsc.rved excess of extreme ultra-viole i. 
(EU V) cmission from the Coma and Virgo clusters may be cause<I by IC/31\ 
emission and Sarazin and Lieu (1 998) have exl.efl{led I his idea to o t llcr cl usters, 
even t hese wi t hout observable rad io ha los. One of the problems of these modc1s 
is t hat 'Y::::: 300 is requ ired in order to produce t he obscrve<1 EUV cmission, and 
go the ex trapolation of t he electron s pect rum lo/from the observcd radio regime 
iJlvolves greater unccrtaint.ies. 

3.2 SSC Emission 

Exce jlt for (unresolved) emission from lhe cores of radio galaxies and quasars, 
SSG emission has been established reliably only in t he radio hotspots of Cygnlls 
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A (n arris , Caril1i , and Perley, 1994). By ' rcliably' we meau Lha t thc rad ia struc­
t llre has been rcsolvcd and the rad ia spectrum is weil definC'd sa th nt n good 
estimatc a f thc synchrotron photan energy density ea n be calculatcd . Fllrthcr­
marc, t he rcsulting values of the avcrage rn agnetic fi eld st rength ( 15S±17 IjO far 
ha l,spat A, and 246±22/JG far ha tspal D) are in gaad agreement with the con­
veutianal eq uipartitiau vahu:.'S: 134 la IS3 /JC fa r hatspot A (Iud 192 to 262 IJO 
for hotspot D. 

Although the SSC model for the hotspols is completely satisfactory, another 
possible model is sy nchrotron emission assaciatoo with t hc sa calle<! "proton 
ind uccd cascade" (PIC) proccss (Mannheim, KtuJls, and Bierma nn 1991). The 
PIC is a sister process to SSC in that it re<luires high photon energy densitics, 
bm relies on exttemely tljgh energy protous (1 ~ 10 11 ). Instead of a s teep 
power law of relativist.ic c1cctrons covering many decades iJl cnergy, the electrolls 
responsible fot the observed X-ray emissian are supplied via pai r prod uctioll 
from higher energy pholons. If )l IC emission were rcsponsible for the X-ray 
cmissioll from the hotspots of CygllllS A, the rcsulting magnetic field strcligth 
would have to be greatcr than 500/10 , as compared to the value of 100 lo 200 
IjG dcri ved from SSC. Thus, thc lo ..... er field values ca n be. thought of as strict 
lo ..... er limits to the average fi eld strength , rcgard less of the emission process 
rcspollsible for thc X-rays. 

One of thc implications of thc SSC model concerns t he '!luid' of the j ets. If 
the jets \Vere to consist of normal matter (electrons and protous) , we have every 
rCRoon to believe that thc tcrmi nal shock of the jel. (the radio IJolspot) \\'oll ld 
accelerate t he protous a.s weil as the clcel.rons and t llat thc prot.on contri bution 
would dominate the relativistic particIe energy density (i.e. the ( l+k ) factor 
would be greal.er t itan 50). However , lhe equipar li tion fi eld with which ihe SSC 
l1eld agrees is calculated on the basis of li tt le or no energy density from protons. 
If eq uipartition is valid , th is implies that there are no protous in the jet which 
would then bc rcqu ircd to cOlJtai n electrolls ancl positrons. On the other hand , 
if PIC is thc primary emission process, thc magnetic euergy density is much 
greater, and equipa rtition is mai ntained wit h a dominating cOlltribu t ion 10 thc 
partid e energy dClisity from protons. Ullfortullately we Iw\'e been unable 1,0 

dev ise a definitive lest 10 di fferentiate betwCC II SSC ancl [lI C emission for Ihc 
Cygli llS A hotspots. The gamma ray satelli tcs currently opcrational are not 
sensitive enough lo deteci the preclicted higher encrgy PIC elllÎssion . 
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3 .3 Synchrotron E mission 

Synchrotron cmission has been the proccss 'of choice' fot non-thermal models of 
X-ray emission from knots auel hotspots associated with radio jets. A primary 
example is knot A in UIC M87 je~ (Biretta, Stcrn , and lI arris 1991) . The optical 
morphology rnirnics the radio structure and thc optical emission is polarized . 
All extrapolal.ion of thc opt ical spectrum of knot A to I.he X-ray flux dCllsity 
is consistent with a si ugle power law (albeit steeper th an thc radio to optical 
spectru m ). 

At th is time there are two major problcms for the X-ray synchrotron model 
bascd on a popu lation of relaLÎvistic electrolls descti bed by a single power law 
Ot a double power law (dla racterizcd by a ' brea k frequcncy ' ). Thc Ihst of these 
arises from recent observations wh ich attempt to dcfi ne the IR and optical speç­
tra of individual fcal.llres at high spatial rcsolutioll . For both Pictor A (thc 
wes1.ern hOlspoq anel 3C 273, cut.orrs in the radio-optica l speçtra of the featu re 
observed in the X- rays demOllstrate th at a simplc spectral extrapolation of the 
$patwl cl1lission al opt ical wave length~ cannot provide a n ex pl anatioll for I.he 
obscrved X-ray intcnsity (n.öser et a l. 1997). Si nce straightforward SSC models 
also fail to predict t he obscrved X-rays, th is means t il at we nee<! a Illore complex 
spatial/spect ral model or wc nccd a different cmission proccss. Olie could imag­
ine very compact components ullde~ectable in lhc radio and /or opt ical beçause 
of synchrot ron self-absorptioll , but still producing X-tay sy nchrot ron emis..., ion. 
Something along t hese Iines wou ld be consistcnt with t he variability resu lts of 
]iarris, Birctta. and Junor (1997) who predict tlillt the X-ray size of the M87 
knot A wilJ bc substäntialJy smaller than that obscrved in thc radio :Uld opti­
cal. Planned AXAF observations will have thc required resolution t.o test this 
predic~ion . 

The second ptoblem for thc standard (shock model) sy nchrotron spectrum 
extending up to X-ray energies is to explain why SOIllC acccicration sites are 
capable of producing enoug!. clectrons with cnergics ..., J:::j 107 to generate thc 
observed X-ray emission, whercas !TIosl. hotspots ano knots do nOl. sustain these 
conditiolls. Oue common characterist ic of these features appears to be Ihe 
presence of a very large gra.dicIlt in the rad io surface brightncss, indicative of 
a shock as the underlying causc of the radio feal.ure. ror knot A in the M87 
jet , th is leading edge feature is wcl l known , both in the radio and optica!. 1u 
Figurc 2, we show another example, t i IC Ilorthern hol.spot Il in thc FR 11 radio 
galaxy, 3C 390.3. As discussed in n attis, Leigh ly, anel Leahy (1998) , t here is 
ci rcll mstalltial ev idencc th at hotspol. B owes its existence to thc shock fotrnL'<i În 
the jct as it enters the ext.ended atmosphere of a dwarf galaxy. Ncw opt ica l data 
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Figm·c 2. The Ilorthern hotspoL{s) in 3e 390.3 The gTey scale is a 5" slIloothed 
X-ray map and tin: COnlours "how Lhe radio briglltnesg. TI,e cOlltourli are logarithmic 
(factors of twoJ wit ll tlle fi rn level lIt 3 mJ yj bclllll . Tllc ero"" lo Lhe NE ofholspot B 
shows thc 31>proximatc posi t ion of tllc adjacellt dWéLTf galaxy. 

have been reportcd by Pricto & Koti lai nen (199ï) , and thei r images demonstrate 
ho\\' weil the shock fronl lies a long the c.:ommon edge of the galaxy and the 
hOLspOL. The currcntly availablc dal.a arc consistent. with a si ngle power law 
from the rad io to the X- ray (Figure 3) . Thus a simple synciJ rotron model is 
accepta ble, with thc electron specLru m extending up la '"'I ~ 7 x 10' nIJd 1\ n 
C<luipartitioll magnet.ic field sl.rength of 44 pC Icading \.0 a half- life of 57 years 
for t lJe most encrgelic electrQIl$. 

i\nother examplc is a radio knot in t he jet of 3e 120. shown in Figure 4. In 
th is case, thcre is 110 optical em issioll detcctcd , 1I0r is t here a lly obvious reasoll 
for I.he ex iste nce of the large gradiell t in radio surface brightness on the western 
c<lge of t.hc knot .. yet it, is t hi r. fea ture, nOl t he gradie nt 0 11 t he souLh edge , 
..... hich is assodated with t he X-ray emission. Opl ieal upper limits prcclude the 
t:ons l,rllc tiOIJ or a radi o to X-ra}' spect rulII cOHsisti ng of a lle o r two power laws. 
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F ig u r e 3. HOLSPOL spectra from radio to X-rays for 3e 390.3 ( takcn from Harns, 
Leighly, ancl Leahy, 1098). T hc radio points are VLA peak Oux densities wil!. a 2.8" 
beamsize. The optica) data are from Pncto lUid Kotilaincll (l 997). The only X-ra.\' 
detcctioll is for hotspot IJ ; lhc ' X' juS!. below that poil1t is all uppcr limit for botl, t he 
t\p and Sf hOI SpOI.5. C irclcs are for hotspol 0 with asolid linc CO IlIl(.'c l in g l he radio 
and X-ra.\' points. Thc d1\.\lhccl line anel I,hc squares are for hotspoL A ( the Np hal spot,) 
which, to a\'oid confusion wilh hO" .pOI, B. are plol.!,ed a factor of \0 helow Ihe actual 
\'alues. The dot ted linc aud diamonds are for the SF hot5l)OL. 

Th u!> although wc idenLify the X-ray emissiolt wiLh the site of a. shock, a sim ple 
synchrol,ron model is diflkult to construct . 

4 The Sit ua tio ll a t High R edshift 

Ah,hough AGK X-ray emission eau be dctccted at high redshifL , the sort o f 
features deseribed iu thc previolIs scct ion are intri ns ica. lly too wcak for eurrellt 
detectors. This is 1I0t true, howevcr, for ex tended thermal emission from clus­
ters, alld Carilli (I,his volume) descri bcs a ROSAT dete<:tion of ti :: = 2. 156 
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Fig Ul"C 4. X-ray contoUT3 or 3e 120 from lhc HOSAT Hnl o\'crlaid on a greyscale 
radio map from the VLA. The X-r,lY map has been smoothed wilh Caussian of FW HM 
0:0 3", Contour.; a re logarithmic, illcreasing by factors of t wo. The fjrst contour level 
is 0.15 couuts per O.S" pixel. T hc radio map was kindly I)ro\'ided by C. Walker. 

radio galaxy. Hawe"er, thcre wcrc lIot enough photons collected (:::::: 1 phOLOIl 
per kscc) la be sure that the rcsul t ing spati aJ dist ri butioll is larget than the 
inst rumclltat point response fll nction. Whethcr or not weil fornled hot cl uster 
atmosphercs will be found at large z temains ta be determined . 

The anc conditiOIl that wc UIa)' confident ly expect to be different at high 
redshift is the photon encrgy densiLy of thc cosrnic background which goes as 
(I +1:)". Since IC 1asses are proportional to the energy density of photOIlS, the 
half- lire against IC losses al z-",,2.16 wilt be 100 t imes less than at. :: -"" O. This 
effect, may opcrate to lim it the physical sizes of rad io sou rces al, high rooshift . 
Krolik and C hen (199 1) have discussed t.he effect of redshift in t.hal. a nc sarnples 
scgments a f t he rad io spe<:tru m at Iligher and higher rest frame frequencies as the 
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redshi ft increa.ses, thereby prod ucillg a sta tistica I incrcase in thc meau spectraJ 
index. However, tbc ext rcmcly sleep spectra (0 »1.2) found for same high 
z radio gal axics has not been sal. isfactorily explai llN:1. Pcrhaps these SOU rees 
are heavi ly weighted with components for which the exponenti al eULOIT in I.he 
electron spectru m is lower th an for z=O sou rees because of thc mudl larger EO! 
ICj3K los.'lCS. 

5 Summary 

We revicwcd the major ways thai. X- ray observatiolls contribute lo ou r under­
standing of radio galaxies. Many of these IIlcthods have bCl"n of Hmited u!>Cful ­
rl CSS bcca use cu rrcnt X-ray satcllites have lacked the combination of spat.ial and 
spectral resolu t ion requircd 10 obtain density and lelll perature information 011 

a s lIil a.blc scaJe to make dcta..iled eomparison with the radio features. In spite 
of this problcm, cunen!. X-ray data ind ieatc that: 

• Most or all galaxics have a hot , ex t.ended atmosphere. 

• 1\'lost or a ll rad io feal.llres exdudc ambient thermal plasma. 

• Thc most likcly reasons that extern al thermal pressures a re grealer than 
inlemal min imu m pressures ij re thaI. t he actllalnon- thermal prcssurcs are 
substa ll tially greater than lhe minimum values: s igll ifi cant COlli ributions 
to the encrgy densit,y tOllle from protons and jor low cnergy electrons, 
nei~her of whidl cau be d irectly measured. Fill ing factors les>; than one 
are also probable in $Ome sources. Wc arc nol. awarc of auy c:ompelling 
evidence for a substantial departu re from equipartitioll or for s ignificant 
cont ributions to the int.e rn al pressure from thcrmal gas. 

• With the abovc caveats, classical mcthods of cslimaling the ~wipart i t ion 

magnetic field arc probably nOL grossly in error. 

• Buoyancy and large scale gas motions affect radio llIorphology. pa rticularly 
rOt lowcr brighl ncss reatures. 

• Several signatures of lhe interacLion of rad io jets and lobcs with thc ambi­
ent gas have been found , and more should be forthcoming with i.hc ad vent 
ofA XAF. 
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• IC/31;;: cmissiotl from thc radio lobes of FOffl ax A aud SSC cmission from 
the Cygnus A hotspol.s provide lIllique est imates of the average magnet ic 
fi eld st.rength. 

• For same IlotspolS and knot.s ilJ jets, si mple sy nchrot ron anel il lverse Comp­
ton models fai l to I)rov idc for the ohserved X-ray intensity. 

• Unlcss characteristic magnctic fi eld strenglhs are significant.!y larger in 
high rooshift sourees th311 Ihey are locally, i.hc (l+z)4 incrcase in tlle 
photon encrgy densit.y of thc mÎCrowavc background will increase the ra t io 
of IC/31\ (X- ray ) to sy nchrot ron (radio) power em; t tcd by radio SQUTCCS. 
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