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Abst ract 

We have obtaîncd Hubble Spacc Telescopc WFPC2 �i �m�a�g�~� of a sample of 
10 of thc most dista/It radio galaxics. T hc galaxics have rcdshi fl S belween 
z = 2.3 and ;: = 3.6, alJd were observcd in a broad band fi lter �(�~� V or 
�~� R-band), probing t hc near ult.nwiolct enl iSlSion in lhe f ct't frame of thc 
radio galaxies. Here wc present thc im ages ovcrlayed 0 11 VLA radio maps 
of comparabIc rcsolution and discuss some important cha.roct cristics of 
Lhc radio galaxil..'8, inc1uding thc riU:lio / optÎcill aligl1 lllent cffeçt and thc 
wi desprea<! optical d umpincss. 

1 Introdnction 

Studying thc opl.icalmorphology of high redshift (= > 2) radio galaxies (l'IZJtGs) 
can contri bute subslantially to Dur unclerstancl ing of galaxy formation anel eVD­

lut ion in the earl y universc. HZRGs are of exeeplio nal interest being potential 
signposts for pinpoi nti ng high-redshift dusters of galaxies. It has been showlI 
l hat high lurninosity radio sou rees associated wil h quasars alld radio galaxies 
at rOOshin - 0.5 are 10catOO in rkh clusters (Hili and J..i ll y 1991). 

At.:: ..... 1 there arc no ..... several possible X-ray clusters lhal have been discov­
ered around powerful radio galaxies, prime examples beilIg 3C356 and 3C280 
(e.g. Crawford and F'abian 1996). At .:: > 2 the existence of clusters around 
HZRGs has nol been cstablished. However, therc is an increasing number of 
impon alll observal.ioll al illd icati ons that HZRGs mighl be in d usters (see Dick­
inson 1996 for a review), incl udi ng (i) the detcct ion of extended X-ray clllissioll 
from the radio galaxy 1138-262 at z = 2.2, most probably coming from a hot 
cluster atmosphere (Carill i et al. th is volume); (ii) the st rong Faraday rot.at ion 
of the radio emissiall of some HZRGs indicating dense halos of hot electrons 
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(Carilli el al, 1997, At,hrcya et (,I. 1998); (iii ) a ll excess of compa uiotl galax ies 
detected along tht' axes of the rad io sources (nölI gcring el (11. 1996) ; (iv) a pos­
si bIe cxcess of Lymau break .selecte<1 galax ies in fie ld of scveral powcrful radio 
sotJrccs (Lacy and Rawl ings 1996) and (v) an excess of red objects in the field 
of the powerful radio soll rce 4C23.56 (1\ lIopp alld ChambcNl 1997) . 
The host, galax ies of n ZH.Gs are the most massive ga laxics kIIowtl at high­
redshifts, and since they are probably located in forrning cl usters of galaxies 
t hey are Iikely to be the anccstors of brightest cl uster galaxi es (Bcsi el (11. , th i~ 
volu me) . Bere Wl' present II ST- WFPC2 images for a sample of 10 powerful 
rad io ga laxies with redshi fts betwcen z= 2.3 allel z= 3.6, anel compare t hese 
wi lh VLA images of the associated radio sourees with sirnilar resolution. 
We assu lue a Hubble constant. of Ho = 50 km s- l Mpc- 1 anel a doceleration 
paramet.er of 'JO = 0.5. 
The work wc preSi'nt has been carried out, in eollaborat,ion with P. McCarthy, 
C. Carill i. 11 . Spinrad . W. van Breugel and D. Macchett.o. 

2 Sample select ion 

T he radio galax ies were initially selectcd from a sample of more than 60 I-I ZnGs 
wh k h were known at t.he coltunencement of the proj ect ( 1995; e.g. van Oj ik 
1995 alld referentes therein). Most of these distan t rad io galaxics were found 
by observÎng ultra Sleep spectr uln radio sourcC$ (USS) ( 0 < - 1.1, where 0 IS 

the radio spectral index; va ll Ojik 1995) . 
Objccts \\'ere seleçte<[ accordi ng 10 t lle following criteria: (i) bright, in the Il. 
band ( Il ;5 24. i.e. sumd ent La he ma ppablc in a reasonable time with the 
UST); (ii) amongst I,he brighi csi Objecls in Ihe Lyo emission rine (Lyo flu x > 
JO-Ui erg s-lcm-:!). In addition we induded in I.he sample the rad io garaxy 
214 1 + 192 at ;; = 3.58 for its high redshift .. Finally we induded in the analysis 
uupublislled WFPC2 images of I,he radio sources 132 0902+34, at .: = 3.39, and 
TX 0828+193 at .: = 2.57 obtained from the HST archivcs. 
In addition 10 t!te HST images, all I.he radio galax ies in the final sample have 
been imaged with the VLA at .several frequcncies and have goed Lyo spectra 
taken with resolutiotl of < 100 km s- I. For soltte of the radio galaxics, ground­
bascd narTOW band images of the Lyo emissia ll gas, and broad band images in 
variOlIS color bands (mostly R-band anel I\-band) are also available. 
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3 HST and radio observations 

'rhe 10 radio ga!axies were imaged with the Pl anetary Camera (PC) of WFPC1 
during ('yeIe 5 and/or Cycle 6. The typica! exposure t ime was 5300 sec (2 orbits) 
for each ga laxy. T he tota! obscrving t in.e was 8p ! i~ bel ween I,WO exposures to 
faó litate removal of cosmie ray events. 
The filters wcre c1lOsen to avoid contami nation from the st rong Lyo emission 
line and were" the F707W filter (cent.ered at AI) = 6868 and wilh a FWIUo.·. of 
~A = 1382 ) for Ihe radio ga lax ics havi ng redshift .: > 2.9, and Ihe F606W 
filter (Ao = 5934A, ~A = 1498 A) for the rcst of the sample. The rad io galaxy 
TXS 0818+193 was observed during Cyclc 4, in polarimetric .node usi ng the 
WF3 of the WFPC2, with Ihe lilter F675W (>-0 = 6756 . LU = 86á A). The 
tota l exposure time of 10000 sec was spli t between ten observations. The rad io 
galaxy 132 0902+34 was ol:>scrved dIlring ('yeIe 4 lIsing the PC of the WF'PC2 
with Ihe filt.er F622W (AI) = 6189.9 A, !lA :: 9 l6A ). The lotal exposure time 
of 2 1600 sec was split betwecn nille observations. Details 0 11 the data red uct iol1 
wilt be presented elscwhere. 

All the radio mars with lhc exception of 0002+ 34 . li07+ 105 aud 210<1-242 
a re parT of a VLA high resolution muh.ifrequency st udy carried ouL by Carilli 
el of. (199i) . The radio mi;\p of 0902+343 is a high resolution (O. I!)" ) radio 
cOlllinHUIl1 image at 1.65G B ... obtaÎnoo by Carilli by combinÎng dala from Ihe 
VLA a nd i\H:IlLI N (sec Carilli 1995 for deta ils). Thc radio maps of 1707+ 105 
and 2104-242 havc been recently obtained by \IS: details of Lhc obscrvations will 
be presentc<1 elscwhcre. 

4 Discnssion 

G rey-scale I·IST WF'PC2 images of allche radio galax ies with VLA radio con­
tours su perimposed are show!l in Figures I , 2 alld :3. We defer a more sys­
I,ematic all a lysis of I.he optica 1 morpholog.v of these II ZltOs alld lts relation to 
their other properties (radio emi ssion, ionizcd gas, dus., COllicnt etc) to a futu re 
paper (Pentericci cl of. in preparalioll ). Here we will make a rew remarks on 
two of I,he mOSI. important characteristks of 1·IZRGs as scen by the HST: I.he 
aliglllnent between !.he optical conT.i nuulll emission anel the radio emission. and 
the d umpiness of thc opt ica! cOIlI,inuum. 
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Figure 1. HST /WFPC2 images o\'erlaycd wiLiI VLA radio ma.",. of 5 radio galaxics 
of o ll r sam ple in order of ina'casillg .-adio sizc: (a) 13'15+24 at ot = 2.879 ( 17 kpC)i (b) 
0943-242 a t ;: = 2.923 (29 kpc), (c) 2025-2 18 at :; = 2.630 (38 kpC)i (d) 1243+036 at 
;: = 3.570 (50 kpc); (e) 02 11 - 122 at .: = 2.336 (1 3,1 kpc). Coordinates are in J 2000. 
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Figu rc 2. HSTjWFPC2 image!! overlll.l'cd with V LA radio mal)!; of 3 radio galax.ies: 
(a) of 0828+193 at z = 2.572 (98 kp<::) ; (b) 210-1-242 aL : = 2.491 ( 177 kpc) ; (<::) 
1707+105 at : = 2.345 ( 173 kp<:) . For the first '2 HZRGs only thc <::entral region \\' ith 
thc host galaxies is shown . Coordinat.cs are in J 2000. 



Figure 3. HST/WFPC2 irnagclI overlayed with VLA radio maps of 3 radio galax.ies: 
(a) 2 141+ 192 ar z "'" 3.594 (60 kpc); (b) 141 0..001 at ol "'" 2.363 ( 189 kpc); (t) 0902+343 
a t :; "'" 3.395 (29 kpc). For l 'I1 Q..()() l (b ) ollly lhe ceULrai regiou wilh thc host gal,uy 
is shown. Coordinates are in J2000. 
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F igure 4. Distribu tÎOIl of dÎ fI"crcnccs between inner ri.clio 3.11d op t ical posit ioll anglcs 
for the I!<Imple of high 1-e<I.shjft radio galaxies 

4.1 Alignment e ffect 

The UV contin uum of rad io galaxies hav ing :: ~ 0.5 is gcncrally wcll aligned with 
the radi o ax is, the so callc<l aJignment effect (McCart hy el, al. 1987; Chambcrs, 
Mi lcy aud van Breugel 198ï) . This ind k ates lhat thc presence of the AGN ha;; 
a dramatic influcllcc upon the optical/ uv appeara llce of the host gal axics. The 
three most promising models that have been proposed to expl ain the nature of 
thc optica! light are that it is due to: (i) scatlcred light from a hidden quasar; 
(ii ) young stars whose formation was ind uced by tlle passage of the radio jets; 
(iii ) IIcbular contÎnuum em ission from the ionized gas (sec reviews by McCa rthy 
1993 aml llöttgering and ~ I i ley 1996). 

The HST data witl. their high resolu t ion provide a closer insight into I.he 
inner regions of \'IZRGs, and cOllfirm tha~ thc alignment is st ill present at sca les 
of less than all arcsccond . In Figure 4 we prcscnt the d ist ributiolJ of I,he d iffe.r~ 

ences in positioll auglc betweeu the rad io axis alld lhe optical coutinuum ax is. 
To determinc lbc optica I positioll angle, for the galaxies with a more rcgular 
morphology, wc smoothed t hc 1·151' images with a Gaussian function having a 
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FWI-IM of [" , Sul)SftIUCIlI,ly we fi tted the inner 3" region with clJipscs, usi ng 
I,he l ilA F package ISOPHOTE, wh ich also givC$ thc PA of the major axis of 
thc elli pse. In thc cases of galaxies with a very irreguJar rnorphology, we si mply 
picked the brightest opt ical pcaks and choose as optica l 3x is the line passi ng 
I.hrough thcrn . '1'0 detcrmine thc p05itioll angle of thc radio emissio ll wc con· 
sidered t hc inner part of tbe jets, i.e. not. taking into account any bcnd ing or 
ctlrvature. 
Dcspite thc fact lha t most ga laxies show a very good a lignlllent , we na l iee thal 
thc deta ils of the effect. is different from c.\se LO case: iu some rad io gaIax­
ies t he opt ica! continu llIn cmissioll has a dcfi uite cone-like shape, reminiscent 
of all ionization conc (e.g. 0828+ 193, Figure 2), whi le in other objecu the 
aligned component is ex tremely narrow and elongated (e.g. 1243+036, Figure 
1) . Amongst th is la tter group there are two radio galax ics in which t lle nat­
row optical emissiOIl follows lhe radio jet ex! remely accurately at thc locat.iollS 
where the jet bends sharply or cu rves ( 134ö+24 and 1243+036, Figure 1). 
Whi le a cone- like shape is ex pccted in modcls th a t consider the aligned optical 
continuum as heing scl.\ttered light. of a ccntral buried qu asar (e.g. di Serego 
Alighieri el al. 1989), t he close OIlc-to-one correlatioll between optical alld ra-­
dio oomponcllts is beLLer explained by je ~- illduced star-formation models (e.g. 
C hambers cl af. 1987), or by mo<lels iu wll id the radio jet cau enhance the 
scattering propert.Îes of the mater;al surrouilding the jet. (Bremer el. al. I99ï) 
The new data seem to confirm thl.lt there is 110 si ngle model that can satisfacto­
rily ex plain the optical morphology of a ll II ZRGs alld lhe nature of the aligned 
OI>I.ical conl.Î nuu lli emission. It seems li kcly t hat all three mechauisms c.:ontrihute 
to the a ligned light., but their relative importance varies greatly from object to 
obje<:l. T his conclus ioll is a lso supportcd by recent ll1easurements of t.he polar­
ization of thc optical COll ti nuum in high rooshift radio galaxies, sho\\'Îllg that 
whilc some objects present considerable amou nt,. of polarizatioll , ot.hcr have up­
per limils consistent with 11 0 polari zation at a ll (e.g. Ci matt.i el al., this volume). 

Furthermore, t hc existence of .nisaligned systerns remains to be explainoo j 
in ou r sam ple there are 2 cases of t.otal lu isalignrncnt betwecll radio and optical 
emissiOI1 : the rad io galaxy 0902+34, in which dust COllie.! pla)' all important 
role in obscuri ng Lhe central regions (Bales el al. 1993, Eisenh art and Dick­
inSQIt 1992) , th us "mask illg" t hc al ignment efrect, and t he cxtremely pecul iar 
alld complex systcm 1707+105 (Figure 2) , which is compriscd of 2 (possibly 3) 
separate gal axies, with similarly slrong Lyo emission . The galax ics are located 
along \.he radio axi,., bu\' l hey are d um py a nd extended almost perpendicular to 
Lhe rad io axis, Th is unusual morphology \\'0 111<1 he hard to explain j ust by invok-
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ing the pre:;ence of dusi., sincc the d ust should have an eX I.remely complica lcd 
disl.ri but ion with mu ltiple d ust lanes parallel to the rad io axi;;. 

4.2 Clumpiness 

A striki ng featu re of thc HST images of thc radio galax ies is thc widespread 
clumpiness of t llc optical continuum emissiall . r.,'lost gaJaxics are compriscd of 
several components t regardless of whether or 1I0t they arc aligncd with the rad io 
axis; typical sizes for Lhe cl lllll ps ilrc in the range 2- 10 kpc. F'urthc.rmorc thcre 
is a tendcllcy for lhc larger radio sourccs 1.0 have a cl umpier optical cOll tiu uum. 
1'0 givc a consislent defi nition of "cJ umpincss" we procee<led in the following 
way: since the size of our sample is smalJ, and for thc fai ntcst galaxies it is 
diffictll i. la fu lly delineat.c thc str uctures with t lle allocatcd observing lime, wc 
first 1I0rm alized tlle total observed flu x of each gti laxy (wi th in 11 fi xed aperture) 
taking lhe faintest (and most d istant) galaxy 2 1-11 +192 as reference. Wc then 
defi noo thc parameter n as thc nu mber of cornpoucnts which have at least one 
contour at a fl ux level of 4.4 x 10- 19(1 + : )-4 crg cm- z sec-I A-I (to take 
inl.o account surface brightncss d irnming) . T his value was chosen so that the 
radio galaxy 2141+ 192 had 2 d umps. Note th at dcspitc thc fact that we used 
differenl. filte rs sampling cmission at different rcstframe frC<luencies, !his is a 
good approximation beca u$C the spect ra of HZRGs are fl at in the UV region. 

In Figure 5 we present a plot showing how n , our measure of cJ umpines. .. , 
varies wÎ th radio sizc, fo r all ti IC radio ga lax ies in the sample, induding also data 
for the rad io galaxics 1138-262 (PelltcriccÎ et ol. 1(98 ) al!d -1C28.48 (Chambers 
et ol. 19(6); the sources with radio sizcs greater thaI! _ 80 kpc have 011 average 
more than twicc as many cl Uili pS thall t hc smaller rad io galax ies. A Spearman 
rauk correlation test gives a signi fieanee level of 95% for th is correlation. 

A possiblc ex pla nation fo r th is trend is th at the medi um 8rollild t llc hosts 
of powerful AGN is dellsc and d um py on a sea.le of marc than 100 kpc: as the 
rad io sources expa nd t hrough the gas , !.hey light up (e.g. by t riggering star 
form atiOIl in thc gas d ouds) more and more matcri al. 

Note th at our resul t is cont rary la th at foune! by Best et ol. ( 1996) for a 
complete sample of ! :::: 1 3C radio sources , which have been illlaged with the 
HST: they found that smaller radio sourccs Lende<! to be comprise<l of a st ring of 
$Cveral knots, while larger radio galaxics were made gf'Jlerally of only 2 optical 
compollents. Howcver one has 10 keep in milld that t he range of radio sizes of 
the :: :::: I Je sample is 3 times as large as that of ou r sample. 
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Fi g ul'e 5. Nurnber of ol>tica! cl lllllps of the galwries \'CI'SU§ totl\l radio !>OUfC1."; size 

4.3 The formation of B e G s? 

A possiblc way of interprc ti ng thc opt ical morphologics of high redshift. radio 
galaxics, is th at we are wi tnessing thc 3S$embling of l'Ilassi\'c galaxics: star (or­
matton is tak ing pJ ace ll1 lhe d UlIl ps t lmt Wc observc. wiLh typical stat rormat io" 
rales of (I feil' AI . yr- I per cl uuq> (Pclltericd et af. 1998 ). T hese corn ponents 
wil! t hen merge wil,h l he ccnt ral galaxy 0 11 dynamical li rne scnlcs of order 108 

years. T he preS(mcc of st rolIg sla rbursts is also im pporloo by lIew rneasuremenLS 
il1d icati ng I he presente of large IUllounM of dust in these high rcds hift systc rns 
(e.g. Cimatti el ol. 1998. " .d .Werf. chis \·olume). RcceUlly Dey et al. (1997) 
fouud a d irect spectroscopic c \' idcucc lhal. t he UV continu ulll clumps of 4C4 1.17 
lire star forllling regions, not dorninatoo by sca llcred light : l he speclru m of th is 
ga laxy shows absorpt ion 111l{'8 a nd P-Cygni profiles slmila r lo tl losc found in thc 
spectra of high red shift st ll r forilling galaxics. Furthcrmorc, as we have re\'iewoo 
in thc int rod uclÎolI , therc is 1I0 W incrcasin g cvidcllce that a t least SOllle HZltGs 
arc in denS(! cl uste r- type cnvi ro ll lllenl. (sec aJso Carilli el ui. t h is volume). 
In concI lIsion there is considcrable cvidellce th a t the hosts of .: ~ 2 radio galaxies 
might c\'oh'c into brightest cl uster gaJaxies. 
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