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Abstn\ct 

We review recent dues fmm deel' HST image3 011 the forma lioll i Uld e\'o
lut ioll of galaxics. and of IJ1yand rnJy radio w urce!! in particuJ,u-. COJl
strainu from thc radio source CQlJnts over 7 dex in flux aml J dcx iJl fre
quenc)' are discussed. We re\,jew receni. ,'CJ;uh s (rom dccp HST prima!'y 
ilnd para llel surveys rcl e v311l l O (radio) galaxy formation. 'rhe WFPC2 
gaJaxy COlUlts as a functioJl of morphological type for B ~ 27 mag show 
tlmt E/SO's anel Sabe's are only marginally aoovc thc JLon-c\'olving pre
diel ion!!. The faint bluc galaxy counts are dom inatcd by Sd/ lrr 's, and are 
explaillcd by a t-ombination of a moderalcly stcep localluminosity funclion 
undergoing slm ng luminosity evolution plus low-lull lillosity lowcr- I'cdsbift 
dwarf galaxi!..1i. Deep WFP C2 images in lhe mcdium-band filter F41Ol\'1 
yielde<:1 18 faint , eOI11 I>act Lya cmitting eandidates at :: ::: 2.4 surrounding 
thc rMio galaxy 53WOO2 at z:::2.390, as weil as 18 more:: ::: 2.4 eatldida~e5 
;n three randOIll parallel fjelds. T hese objects appear lo be star-formillg 
spbcroids smaller (rhl ::::: 0'.' 1 or 0.5- 1 kpc) and fainter (Mv (z=O)= -
17-+ - 21) than t he bulges of typieal galaxies geen today. T hcy lIIay the 
building bloeks from wh.ieh many of thc IU11l ;1I0 U8 Ilcarby galax:ies wcrc 
fOflllcd Lhrollgh rcpeated hicl'archical mcrgcrs. HST/PC images in UV I 
- as weil as in redshiflcd Lycr - of 53WOO2 show se\'t!ral morphologieal 
com poneut!!: (1) a bilie AGN with !: 20 25% of lhe tOI,al contillllUIIl light; 
(2) an r l / 4 _like light d iSlribntion with colors indicating a steUar popula
tion agc -0.4 C)'r; and (3) two 5mall blue douds mughl)' a1iglled with the 
radio axi!! alld the main stellar populatiol\. Wc !;llOW l lJat both rdlectoo 
AGN light aml jec.-indueed starformatioll likdy pJa)' a I"ole in explaillillg 
ils "ruignmcllt effect". We discuss apossibie formalÎon ,md evolutioll scl..~ 

1131'10 of 5JWOO2 in eO!llcxt of its s lirroli llding sub-galactic obj!..>(;ls, anel 
argue that it will cnd up likc a giant ellîptical loday. 

3:l1 
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1 Introduct ioll 

Wcak radio-selected extraga lactie objecls arc excellent probe; of (nearly) normal 
ga laxics at large d isl.ances for the fotlowing reasons; ( I) unlike quasars and t hc 
powcrful radio ga laxies, weak radio galax ics do not gcneratly contain significant 
non-therm al light in their optica I spectra ( I\ ecl & Windhorst 1991). Ilcithcr do 
they have very strong emission lines (I\ roll et a l. 1985); (2) the currcnt VLA 
deep survey limits of _I Jl. ly can trace giant elliptical radio ga laxics aml quasars 
with radio powers in exe~ of the break (P' ) in tbe rtLF out 1.0 z» IO, <l nd 
lu minous spira l, Seyferl. alld aetivcJy star-forming galaxics to z:::::2- 5; (3) radio 
sources are synchrotron sotlrce; who do not suffer from absorption by dust al. 
high redshi fts (cf. , Ostriket & Heislet 1984). In §2, we therefore discuss thc m.Jy 
and 11.l y souree cotlnts. 

In §3 , we review the HST galaxy counts as a funct ioll of type, wh ich arc rel
evant 10 lIndersta lidi ng the natu re aml evohltion of mJy anel 11.ly radio sources. 
In the last decades, st udies of the na!.llre and evolution of faint fi f' ld ga laxies 
have concelltrated on I.he nu merous faint blue galaxics ("FOG 's") scen in deep 
ground based CC D images (e.g. , Tyson 1988 , 1' 00 & Krou 1992, Neusdlaefer 
& Wiudh orst 1995, Ellis 199ï) . Burkey et al. (1 994), Carlberg et al. ( 1991J) , & 
Yee & ElIillgSOIi (1995) suggest Ihat t lle gala"y metger raLe was higher i .. the 
pa.s t by (I + :)"' with m -1.5- 3, which is importau l. lO lludcrs landing thc cos
lI1ologica l evolut.ioll of radio sourccs, and galaxy formation anel evolution. In §4, 
we su mmarize t i IC discovery of Illauy sub-galactie s izcd objects wi1.h I.he l'IST, 
surrolilldi ng the Lciden-Berkeley Dccp Survey (LBDS) radio galaxy 53W002 
al z:=2.39 (and elscwhere). These play <In ilil portanl. role in the sul)SC(luent 
evolu tioll of th is object . 

Itadio galaxies have playcd an important role ill t he study of galaxy evolu
tion , si llce for a long time these were the only galaxies that could he identified 
easily at high rooshifls. J e~-inducecl star formation or nOIl-I.herm al tad iation 
scattered in a reflection cone arc the most probable radiai. ion proccsses in ul
tralu minolJs high rooshin 3CR and I J y radio galax ies (di Serego eta!. 1989, 
Chambe rs eta!. 1990, McCarthy 1993, Best etal. 1997). It is 1I0t d ea r th aI. 
these processes are uni versal, aml lheir role neros lo be cl arified at high resolu
t ion for weaker radio galaxies, which may be more represcntati ve of what ordi
nary yOllug galaxies \\'ould look like at those r<xlshifts. 1'0 address these issues, 
we d iscliss deel' lUu lt icolor high-resolution I-I ST/ PC images in §5 0 11 53W002. 
In §6, we d iscuss furlher ducs to t.he nature a nd coslllologka l evol utioll of the 
mJ y and 11.ly rad io sou ree populations. In Si we discus.,,> t he possible nature of 
thc radio sourccs tha~ remai n ullidentified on dccp optical images at n. .:: 27- 29 . 
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2 Constraints from l,.Jy and mJy snrveys 

In the last. decade. rna ny surveys have been made aL rn.ly and I,Jy levels with 
e.g .. the VI..A . Westerbork , and Ga mbridge interfcrometers aL 1.4, 4.9 anel 8,4 
C I·lz. Detai ls of several of these surveys are given by e.g., Willdhorst et al. ( 1985 , 
1993, 1995) alld F'omaloll t et al. ( 1991, 1993). We adopt Ho = 50 km S- I Mpc- I 

&. qo = 0.1 t hrougholil.. 
Figure 1 shows the 1.4, 4.9, and 8,4 C I·lz COtllllS fo r 1 p.ly ~S ... ~ 100 J y 

(c. r., Winelhorsl. et al. 1993) , covering about I dcx in frcq uellcy and 7 dcx in nux 
dcnsity. The boxes indicate stal.isl ical analyses of noisc- fl uctu at ions for S8.'1 ~ :: 2 
IJ Jy (Goudon 1989. Foma lont el aJ. 1993 , Pa rLridgc eta!. 1997). The 8,4 G I-Iz 
IJJy counts from recent 160-hr VLA images in the 13"+43°field (Wind hor5t 
et a!. 1995) a nd in t Jle HDF ( F'omalollt et a!. 199i , Richards et aL 1997) are 
Înd icated by the solid line. Dottcd lines are power-law best fi ts for S ... ~ 2 mJ y. 
All thrcc frequencies show I.he initial steep riS(' bctwecn S ... ::::10 Jy and 1 Jy, 
the l'Il aXimUlll excess with respect to Eud idean betweell 5 ... ~ 1.0 Jy and 0.1 Jy, 
a nd cont inuous convergence betwccn 5 ... ~ I OO mJy aud 3 m.J y. At l A l allel 
4.86 G Uz, the slope elearly changes below S ... ~;~ 1Il.' y (we Jack data for 3 ~ S8.44 

~ 30 m.ly). Bctween S ... ~3 IIJy and 3000 Id y <aL all thrcc frC<1I1encÎes, thefe 
is 110 s igni fi cant change in slope (,,/ ~ 2.2±O.2, ineluding t he nuctu atioll boxes), 
suggesting that the pJ y population covers a wide range in 11 . 

The di frerential counls must cOllverge at uil frequencies fOf 5 ... ~ 100 nanoJ y 
with slope l' :::;2 , beca llsc 1 he integrated radio sky-brightncss would ol.hcrwisc: 
(I ) diverge; (2) d istort the low-II GBit spe<:trum (Fo malollt et al. 1993) - if the 
8.44 G I-Iz counts conti nlle belo\\' 2 Id y wi th "( = 2.3, Ihe cln-À GOIt iempcra Mlre 
errors would be exceeded for S8.44 ~ 30 nauo.ly; and (3) exceed tlle surface 
deusil.y of ava ilable fi eld ga laxies with BJ ~ 27 mag for Sg.H ~300 nanoJ y 
(:: 3 )( 105 deg - 2 , 'l'YSOll 1988) . Usi ng thc average rad io-optical spectral index 
(o ro ~ 0.1 ± 0.1) of s tar-forrning radio galaxies (Kron eL al. 1985, \Vind hofst 
et al. [985) , we t ransform the BJ ga laxy counts to S ... = 8 -1G II ., norma lizing to 
Euelidea n (dashed li ne in Figure I). Thc opt ical fi eld galaxy counts turn over 
fot BJ ~ 25- 27 mag (Willia llls et al. 1996). li ence, for SI' ~ I liJy and BJ :: 27 
mag bot h thc radio a nd optical popu lations must evenLually bceome the same, 
obviously an im porta nt el ue to thcir lI ature and cvolmion (§3) . 

Other clues lo the nature ofthe pJ y poplliatioll arc ohtai llccl frotll the radio 
SO LI ree s izes and radio spect ra. 11 igh frequency li J y samples have ...... 40% exlellded 
steep SpeeLTilm sourccs (Windhorst ct al. 1993), presumably synchrotron d isks 
in inlermed ia l.e redshift ga laxies (wit h sometimes high-II spect raJ s teep~ming due 
to sy nchrot ron lasses). About 10- 20% are varia bic, a nd have /ow - 11 turn-overs 
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indicati ng scJf-absorbcd campacL radio cores. Abou t 60% have fl at spectra. 25% 
of which have Hl vcrted high-v componcnts (for v;: 4.86 G I-h ). Many of these f1111.
speçtru m sourees arc extended (9 ~ 5"), and may be t.hcrmal brcmsstrahlung 
from largc-scale star- rotma,tien in dislant galactie disks. T he median high-v 
spectra! index is O'm ~d :::::O.35±O. 15. The llIerumroo 9 m cd ::::2','6±1'!4 corrcsponds 
to :=5- 40 kpc aL z-O.5- 2. bigger tha n cxpccted fot nudear starhursts or AGN 
alolle. The Inajority or thc IIJ y popul ation appears te be causcd by galaxies that 
are rcsolvcd b)' '-I ST iuto double and mergi ng obje<: ts - with a mi nority of el
lipticals - suggesting that a sigllificallt fraction is caused by (d isk) synchrot ron 
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Fig urc 1. Diffcrcutial sourcc eounts at 1.41. 4.86 and 8 .-14 G Hz, nonnalized 1.0 a 
Euclidean COUllt of c xS" -l ~ (Jy-l sr -I, Windhol'st c~ a1 . 1993). T he CQunts al all 
tlln~C frequem;ics cover a factor 107 in S~ , Bnd show an uptUnI bctwecl1 2 ::: SI' ::;3000 
,dy with a si milar IIou-converging slope ., ~ 2.2±O.2. They must forc \'cr cOIl\'erge for 
SI' ::: 100 nanoJy (±O.5 de)!:) , as cxplained in the text. 
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emission, enhanccd by l!'Ierger d rivCII starburslS and theit subscq ucnt supernova 
rate (Windhorst dal. 1995 , Fomalont et a!. 1997). Spectroscopie studies sim
ilarly sliggest a mixt ure of starhurSL anel post starhursL galaxies (Benn et a!. 
1993 , Hammer eta!. 1995) . The bulk of thc IJJy rad io souree population is 
al. intermediate rooshifts (':m ~d == 0.5-0.75; Richards eta!. 199i). '('he fact 
that t he ,dy counts sustain a nearly Eucl idean slopc over al most 1.0 dex in /I 

alld ;} clex in S" (Figure 1) Lhus suggesIs that the weak source population likely 
has undcrgonc cosmological cvolution similar to gE radio galaxies and quasars. 
Further cJ ucs 1.0 t heir nal ure anel evolut.ion are given in §6. 

3 Constraints from HST galaxy COUllts vs. type 

Grotllld based studies of the FBG exccss are limited in rcsolution due lO at
mospheric secing bccause lhe medwII scale length of faint field galax ies is ...... 0'.'3 
(Odewahn ct al . 1996). T he superb resolu tion of I he HST WFPC2 allowed \'ar
ious groups 1.0 study Ulc sub- kpc Illorphology, light- profil es and color gradiems 
of fa int. fi eld galax ies out 10 substantial redshifts (Dri ver et al. 1 995a, 1995bj 
Glazebrook et al. 1995; Odewahn et a!. 1996; Abraham et a1. 19(6). '('he rcsults 
from these HST projects are summatizcd here, becau:>e t hey provide important 
clues lo the nature and evolution of both field and radio galax ies. 

Pla te ï givcs t he d ilferential BJ lI umber ooun ts for the different morpho
logical types (E/ SO 's, Sabc's, Sd/ lrr+ Mergers) in two deep prilllary and 34 
shaJlowl'r parallel WFPC2 !leids (Odewa hl1 et al. 1996 , Cohen etal. 1(98). 
These authors dt.'Signed Automated Neural Network (/\ NN) classifiers tnat were 
t rai llcd on images in t he appropriate restfrallle wavelength (gi\'en t he known 
or phol.ornet rically esti lllated redshift s). All I·IST ga lax ies were classificd in the 
I-ba nd. The BJ I1lJ llI ber count.s wcre modelcd for these three motphologica l 
types separately givell the known local LF' fot each type . T he main resuh s in 
Platc 7a-d are: 

(a) Luminous bufge-dom illalcd gafaries (bïSO's) oncf carly 10 mid-type spi
mis (Sooc's) JUllie IJflderg01lc fittfe or no evolutIOn Sll1ee.:~ I (Dri ver ct al. 1995a, 
Odewa hll eta!. 1996) . The reddest object.s arc mostly classified by eye or by 
the AN N in the I-baud as E/ 50'8 and Sabc's, anel their counts do not increasc 
rapidly for 14 ~ BJ ~ 27 mag (Odewahn et al. 1(96) , sugges\.i ng tbat t.heir forma
tion was probably largely complete by z-1 (usi ng the N(z) models of Neuschac
fer & Wind horst 1995 j sec also Figure 4a). Hence. ear1y- t.ype ga lax ies must have 
been assel1lbled largely bcfore z;: 1. Recent ground-bascd spectroscopic surveys 
(C FRS, I\ cck) show simila r trends for B~24 . 5 mag (Cohen et al. 1996, Li]]y 
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etal. 1995) . T he morpho\ogica l HST st udies eall push th is work anothcr 2- 3 
mags fainter t han eall be dOlle spcctroscopically routi ncly from thc grolllld . 

(b) Tll e majon ly of llle FDG cOlli/is is made up of lal.c-I ype/l rregu/ur ga{ox
les , Ow t mI/st have eva/ven slIlJslanllCllly smee t~ I . The Sd/ lrr popl/ Ju Lion must 
have both a s teep loca l luminosil.y function (" LF" , wit h Sclicdttcr slape Cl :::: 1.5-
1.8; Driver et a l. 1995a , 1995b) - a lld/or largcly have escape<! det.ection from 
nearby surveys due la surface brigh tness ( "SB" ) COlls t,tai n H; (t\'IcGaugh 1995). 
A signifi cant ftaction must h a \'(~ undergonc substami al cvolutioll in luminosity 
alld /or space dClIsity since z ~ I (Odcwahn ct al. 1996) . Plal.e 7d 5ho\\'5 lh al 
Flou-evoJving model;;; are i n adequa~c to cxplain the high Il-band counLs (or the 
Sd/ l rr+ ~1 popu lation . The FBG excC$S Î!:l domina ted by la i.e- i.y pe galaxics, with 
a nOIl-uegligible merger fr action (-3!')%) which rises strongly for 8 1 50 .?:, 23 mag. 
h is possible !hal galax ics move baek-and-forth between panels in Pla le 7b-d , 
i.e., Irr 's may merge to become E/ SO 's, lUId/or turn iuto Sabc's, if a lly remain
ing neut ra I lH-gas scu lcs back laler Îuto disks surround iug the bulgcs which 
resulted from th!! mergers (l-l ibbard & 1\ lihos 1995). T his is relevant for §5 . 

(e) A s ,y,lijic(ml f lYlcl ion of very COJllpoct gaft,x-,es wilh scale le1lgths "hI 
:: O. / - (]!f! was fouIId. The med ian scale-Iength at B :::::2i mag is r h! :::::O'!25- 0'.'3 
(Odewa hn et a!. 1996). which corresponds ta .... 1.2 - 2.5 kpc for the !t.-dshifl 
ra nge z .... 0.5 - 2.5 (and for qo = 0. 1 - 0.5). ~ I a ny of these compact objects turn 
ou!, la be extremely blue, and dearl y dominate the FBG counlS. These val ucs 
apl)Ca r t.o be smaller t han t ile charactcris tic scale- Iengt.hs of mid to late-type 
galaxi es measured locally, as weil as these me'L'iUred wit h HST for B ~ 23 mag 
(~ l lI tz et a!. 1994). A possible explanatioll is tha I. t hc fa inL galaxy popula
tion beçolu es progressivcly morc domi lla tro by lower lu mi nosity and tl!erefore 
slualler late- type objects at fai nl.er fl uxes (Dri ver et al. 1995a, 1995b & §4). 

4 Galaxy formation from snb-galactic dumps? 

Using t he WPPC2 mediu m-band filt er F4 10M (.\c .... 4100À), Pascarclle et a!. 
(1996) discovered a grOll p of 17 fai nt Lyo emitting candidates at .: ::::: 2.4 sur
roundi ng the radio galaxy 53W002 at :=2.390 (W indhonot et a!. 1991). T hree 
\VFPC2 F4 10!\1 para lle l fi elds yielded anol.her 18::::: 2.4 ca ndidates. All z ::::: 2.4 
Lyo candidates are showli in t he color·color diagram of Figure 2. A group of 
objccts locatcd ! 20' below the general power-Iaw locus of fi eld galaxies has sig
nificant cmÎssion in F410 M - li kcly Lyo emissioll al : ::-1.:.m. [The differentiel 
vollll11e eicment. a l .: ::::: 2.39 is .... 2Qx larger t han aL .:: ::::: 0.097 , ma king Ît lcss 
likely th at F4101\'1 traccs [0 11] a t .: :::- 0.097 t han Lya al :::::: 2.4 . No other 
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st rong emission lines exist in lh is wavelength rallge for star-forming objects 
(Kinney ct al. 1996), ;mplying that most of the signifi cant F'41 OM erniucrs are 
likely a~ :: :::: 2.39]. i\ IOSI, of the :: :::: 2.'1 candidatcs have rather blue cola rs 
anel are likely not very reddened , as argued below. Eight of the 18 ;: :::: 2.4 
ca ndidates to BJ ~ 24.5 mag were spect rosoopically confirmed with the 1\'1 MT 
and KP NO (Pasca rd le et al. 1906, 1(97), aud severa l morc 10 B~26.5 mag 
with I(eek (A rmus e~al. 1998). Thc reliabil;!y of lh is method to fiud ::::::= 2.4 
candida tes is l llus li kely ! 75%. Apart from thc three brighter :: :::: 2.4 object.s, 
which were casily ;;een ill grouJld based phot.olllctry and cOlltailled active galac
tic lIuclei (AGN ), most of I,he sample li as Lyo Cl'nissioll with averagc rcst fra me 
eq uivalent width~ (estimated from Ihe F'41 0M photomct ry) of onl y 40- 50Á -
more t.y pical of ionization arisi ng from star formation (Std del ct al. 1996a, b). 

1'he luminosit ies of the :: :::: 2.4 ca nclidates are -22~ M 8 ~ - 18 mag, af ter 
subtract ioll of a feil' AGN cont ribuliolls (Windhorst et al. 1992). Thc cvolvi ng 
vahlc of M" at z=2.4 is MIJ ::::- 22 mag. Hence, most of these cornpaçt z=2.4 
ga laxics have lurni nositi csof 1/6 L - or Icss, and possibly only ~ 1010 M0 in stars 
aL z=2.4 (Wind horst eta\. 1991) . These:: == 2.4 candidates are vcry compact 
(rll/ ~ O'! 15 or ~ J.J kpc) , a lld t hci r average light-profil es followan rl/-I- Iaw over 
~ 5 mag in SB (Pascarellc eta\. 1996). Thcir scale IClIgths arc smaller t han 
or at most comparable in sÎze tO - ,hase of bulges in loea l late-type spirals , 
whieh range from 0.2- 4 kpc with a median of - [ kpc for SO- Sbc's (Courteau 
et al. 1996a) . The:: == 2.39 candida tes may be yOlLlLg (blue) spheroi ds, possi bly 
Lhe bulges of young ga laxies that have nOL (yct) clevcloped signif1cant disks 
arou nd thcm, ,mdlor d isks l.haL are red uced in bright,ness in the HST images 
by the SB-cl inlln illg. T hese fai nL bl ue ObjcclS cotlst il,ute a fundamental clue 
to the process of galaxy formalioll . in that a s igll ificant fraçt,ioll of them may 
havc heen the sub-ga lactic build ing blocks from which the luminous carly-type 
ga laxies sccn today were made in lhc epoch z ..... I- 3.5 through the process of 
repcated mergi ng. This proccss must have been largcly completcd by z:::: 1 fot 
the carly-type galax ics \.0 11 0 1, sho\\' mueh evolut.ion for z~ I (Plate 7 &: S3) . 

Among 41 objects in thc combined Keek sa mples of Stelde! et al. ( 1996a , 
1996b), Lowcnth al etal. (1997) , aud Trager et al. ( 1997) \\'ith measured red· 
shifLS 2 .5 ~:: ~ 4. 24 (or -59%) have Lyo in emission with W~ large enough that 
they would havc heen signifi cantly c1eteeted at z ...... 2.4 in t,he Wf PC2 F41 0M sur
veys. Hcnce, possibl y as much as 50% of these high redsh ift samples are wca k 
Lya cmi u ers, while another 40% arc clear Lya absorbers, a llel thc remai n
der show na Lyo at all. Even smal! amollnts of dllst, if properly d isLribuLcd, 
can effeclively queLLch Lya ancl UV continuum cmission (Kill lley et a!. 1996, 
McCart hy 1993). Thc marc lu minous U-band dropOlIL objects seeLi at z?: J 
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Figlll'c 2. (F4 1OM- B) versus (B- V) color-colo." di'!.gram for both thc 53WOO2 field 
(circlesj Pascarelle eta!. 1!)oo) aud two parallel [lelds (squares; Pa.scarclle eta! . 1997) . 
T he solie! line shows the cXIJected relalion for a fcat.urelCSlJ power- Ia \\' (PI' or: 1'-<» 
labelled with values of 0, I\rou nd which most of thc field object s (open symbols) Me 

distributE:(1. Dou e<! lines indicate 20" error boundaries for lllC photomctry. Error bars 
a rc plotte<! ollJy for obj(:cts ?; 211 below the I)owcr-law line (fille<! ~ymIXlls) , whiel! 
are significant Lya candidat.es at :: :::! 2.'1 . Triangles are spedroscopically confirmed 
z ~ 1 .39 (Pascal'el le eta!. 1996, 1997). 

(Steidel Cl al. 1996) may be morc ex tinguishcd by d ust and possibly bc a more 
evolved popu laLion of objeçts, thaI have gone through more generatiolls of star
formation. The subgalactic Lyo candidates of Pa.scarelle et al. (1996, 1997) and 
thc similar objects of Hu & Mc:Mahon (1996) and Francis et a!. (1996) have 
lower IU Jlli nosities aud may have had fewer gCllerations of 0 sLars, and sa fewcr 
supernovae lo prod uce significant dust 10 resonantly sc:a Ller the Lyo ligllt . AI
ternativcly, the gas and dust may have beeu biow Il out of these lo\\'cr luminosity 
objects by the fitst generalion of supernovae (Babul & Rees 1992) . 

T he confirmed 53 W002 candidatcs show a rcmarkably sma ll velocÎ ty dis-
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persion as a gTOUp (: ::: 2.391 ± 0.004 with U v :::: 286 km S- I , corrcctoo to 
z=O; Pa.scarelle et al. 1996 , 199ï). Lyo emission could have been seen in the 
~~410M fil ter from objecTs at. z :::2.28- 2.45. 'fhis implics th at these subgalactic 
d um ps lIlay have ex is tcd La same extent in groups or proto-cl usters at. higll 
rooshift , or else we should have seen a I<.u ger lIumber of objcct.<; at ot her red
shifts (z :f. 2.391 ± 0.004) ills ide thc F41 0M fi lter. This is an essential key lo 
underslanding the cvolution of 53W002 (sec §5). 

5 D eep PC imaging of a z=2.390 radio galaxy 

Thc WFPC2 observatiolls used to study 53W002 at the highest possible resolu
I. ion were the same as I,hose of Driver eta!. (1995a) , Pascarelle et al. ( 1996) , & 
Odewahn dal. (1996), exeepL t hat 53W002 was placed in the PC (0'.'06 FWHI\I 
at O'!045 pixels). T he radio emissioll from th is ga!axy in high resolution VLA 
imagCi> al 8.44 GHz (Willdhorst et al. 199 1) and at 15 G Uz (Scoville et al. 1997) 
coi ncides wit.h 53W001's optical cent.er - and !ikely its AG N - to wil hin ~ 3 
PC pixels (Windhorst eta!. 1998), sa Lil at we ca ll properly center the radio 
source on top of thc PC images in figurc :j . I-Iere we discuss thc oompoucuts of 
.. his young radio galaxy: 

'I'he mnl,im um AGN coril ,.ibut ion: The maximum possib!c point source that 
cart he subtracted from 53W002 's core without making its centra! fl ux negat.ive 
is 25±2% of Ihe total light in 0 , 21±3% in V, and 20±2% in I . 'fhis light is 
contained with in 0'.'06 FWHM or ~ 500 pc and has blue ooioTs (B- 1::::0.06 mag) , 
as ex pected for an AG N at = ':::::= 2.4 . 53W002 's li ne ratios suggcst a fainl. Seyfcrl
likc AG N, and simi larly cOllstrain its non-steil ar component ta !. 35± 15% of iis 
tolal rcstframc UV-cominll um. The radio souree 53W002 (SI 4 =50 mJy, log PlA 
::27 .5 W /-I =_1 ) t h us has a rclatively modest opl.ical- UV AG N contribution: 
VAGN :=24 .3. M~GN ,:::::=- 21.8 (Windhorst eta!. 1991 , 1992). 

The remarni1lg r l f~-like profile: Af ter subtraction of t hr:: centra! umcsolved 
AGN component, the underlying galax.y can be measured only in the quadrant 
betweel! the two bluc d ouds discussed below. The OV I light profi!es rollow an 
r 1/1_like profile closer than all exponential disk, although an early-type galaxy 
with a bulgc-to-disk ratio! :3- 5 cannot be ruled out from the PC data. The 
Ixst r l/4_fit has (a/b)=1.25 ±O. I and rhl ,:::::=O'.'20±O.07 iu IJ 1.: V aJld rhl ::::0.2i 
±0.05 in / (or 1.8- 2.5 kpc). lts positioll angle (PA _110°) is uneertai ll , but 
oonsistent with the oriclltation of the alignoo blue douds (PA ...... 95° ), which may 
he separated bya redder feature (Figure 3f). Ground-based allel pre-rcfurbished 
HST continuu m images showoo alignmcllt with the rad io SOUTee axis on O'.'[}-
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Figure 3. Crey scale images of 66 x 66 pixels (::::3'.'Ox3'.'O) of tlle 53WOO2 PC· 
expOSUl"es: (a) 15 orbit.s in LyOilO i (h) 24 in Uno; (c) 12 i/l V60& ; <llld (d) 12 in 
IBI4 . T bc VLA 8.4 GHz COlltO Urs a re supcrimposed and CO pea.ks indicated in (a) 1.: 
(d) [sec: text] i (c) = t b) af ter subtraction of a 25% centra] poinL source a.nd thc be8l 
fi t r l/· · profile (Willdborst eta1. 1998): (r) (B -I) color image [=(b)j{d)]. T he AGN 
is l<x;atcd al cach panel 's cent ra] pixel. 
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I'!O scalcs (4.5- 9 kpc; Wind horst et al. 1991, 1992) , which itsclf is aligned with 
the mueh larger grou ud-based Lyo doud ( ....... 25x 45 kpc). 53W002's color is 
(8 - I) :::: 1.3. lts (V - I) color (::::O.ïO mag) is less eouta mi nated by thc bluc 
doud . With in thc errors, both colors are relatively constant with radius, :>0 t hat 
any colar gradiem must be small for r! I/!O ( ! 0.3 mag across the PC ill1<lgc) . 
Figu re 3f suggcsts tIJM, wil h the cxceptioll of I.he region possibly affecloo by 
a "dust lane", 53W002 is lIot enormously reddened by dust (§4). Followi ng 
spectra I cvolution models (Windhorst et a l. 1994), the colors of the synllnctric 
com ponent of 53W002 - ir interpreted as eoming from stars - suggests a 
steUar popul ation with age-OA Gyt , or the same order as its dynamical t ime 
seale (van Al bada 1982) . T hc lack of a d iscern able color grad ient does not allo ..... 
us to distinguish ..... heth er 53W002 fOrtlled through a sudden global halo collapse 
(Eggen et al. 1962) or th rough rapid merging of many sub-galacl.ic sized units 
(Scarle & Zi nn 19ï 8, Pasca rellc eta!. 1996) . Any color grad ient between the 
current PC alld rorthcollling NICMOS imllges would help decidc betwcen these 
scenarios. 

The mJlu re of Ihe blue clouds: The larger cOll tinu lIUl cloud 10 the wcst -
in the diroction or •. he cxtellde<1 LyO' d istribu tion (Figu re 3a & Windhorst. et a l. 
[991) - is quilc ex tended alld vagucly t riangular (sec Figu re 3e and the colot 
Pl a te of Wi nd horst et al. 199 ). ft has an opening <llIgle of about 45° (Figure 
:lb) , and a brighter "arc" wh ich is doltli nated by LyO' emission (F'igu re 3a) about 
O'!6 from I he care. On the opposite side is a very slllaU blue object - possibly a 
"counter-doud" - elongated perpendicul ar to the nuc!cus-cloud di recl.ion and 
eonfincd wi thin O'!2 rrom l he core (F'igure Je), at thc vcry lirnit or the HST/ PC 
rcsolution . Thc nucleus is a wea k Lya sou ree, contribuling only about 20% of 
the total I.yo flu x (Figure 311) . Thc Lyo arc a t •. he out.er OOge or the western 
d oud (Figure 3a) conlributes as much as 93% of the Il-balld light from this 
regiou. This is the only feature seen in the LyO' imllge with s igni fi cant contrast 
against tbe rest. of the galaxy in terms of equi valem width. These two d ouds 
could represent: 

( 1) ReJlectioll of tlle AGN-/lght shilling through a CO lIC, inci uding Lyo and 
C-IV emission lincs from gas li t up by the COIIC. Two other z::::2.40 objocts are 
also AGN with conl inu um reftocl.ion cones (Windhorsl ct a!. 1998 ), but with 
a relativcly st ronger i\GN com ponent compared to tlle surrounding ma1.crial 
( ...... 50- 80% of the total nux ; Pascarcl le et a!. 1996). Thc presence of these 
refloction eones illlplics the ex istence or a substantial amount of gas aud/or 
dust weil beyond the opt ical exlent of these galaxics (see below) . 

(2) A s far-hu /"slmg region illdllced by llie mdio jet. Colllpared to spectral 
e\'ol ut ion models (c.r. , Wi nd hors t et al. 1994), the much bluer colors of tllc 
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clo llcl - i( ca usc<l by stars - wo uld suggcst a st ar-bu rsting region .!: 108 years 
a id . 1'his is si mi lar ta lhe typical radio source lifctime, but youngcr than thc 
ga laxy 's dynamica! time seale. A (8 - I) colar map shows thc colar cOIlt.rast 
belwecll thc in ner and outer regions of 53W002 (Figu re 3r) . A red , a lmost li neaT 
feature appears to scpar<lte thc smaller doml from the nucleus . Ir this featu re is 
1'1 dust lane, it wou ld have a diffcrential optica] dcpth betwecll 1300 a lld 2400 Á 
ranging from r ::::: 0.75 - 1.5 averagcd over thc rcsolutio ll limi t. rather mild by 
standards of presell l.-day gal axies. Henee, thc t.o ta1 amount of du st required is 
not cxccssive fOt objects likc 53 W002, which .uight he chemica lly youngcr allel 
correspondingly more luetal-poor (K eel & Windhorst 1991 , I\ cel eta!. 1998) . 

Nn/.ll rf! of the aligllm cllt effect lil 53 111002: A recent interferometric OV RO 
image iu rcd shifted CO has 3" F\VHM and provides a n im portant due to t he 
nature of t hc alignment. effect in 53W002. CO was deLectcd -2- 3" away 0 11 

both sides of 53W002 's AGN, in Lhe same direcLioll as both blue HST d ouds 
aud the extended 8.4 G Hz rad io SOUTce, but not pcrpc nd icular to this d iTect io ll 
(Figure 3a & 3d) . Since the CO cxtcnds fun her in bo!.11 d irect ions than t hc 
i wo aligned blue c10uds a lJd thc currcntly visiblc extended radio sourcc (see 
Figure 2 of Scovi1le eta!. 199ï ), the CO was likely deposited thcre by pbysica l 
processes relatcd to t be jet . Si uce carbon and oxygen had to be formed in 
massive stars, jct.-induced star- fonnation tllus Jikely pJayed a role at, som/' stag/' 
in the evolu t ion of 53W002. lts overall r 1/ 4_1ike stellar popu latioll is ex tended 
in the sa.me direction as t he radio source, so t haI. the jet possibl y triggered a 
non-negligible fraction of 53W002's mass 10 farm stars ilJ these two d ircctiOIlS. 
As long as til is all bappened wit hin a fewx 108 years, I.here ",ould have been j ust 
enough time for the ste llar population to sen le into a r ' /

4- li kc profile, Together 
with the contÎllUUIil and Lyo Illorphology of the blue clouds ( f'i gurc 3) , both 
reflection cones from an AGN and jet.-i nd uced sLar-forrnaLion a rc responsiblc 
for the a lignment effect in 53W002. Tbe radio galaxy 53W002 shares both 
propertÎes with t he powerful 3en. sources (Besl et a l. 1997), The conti nui t.y 
of structure with the powerfu l radio galaxics is st.rik ing, and req uired I.he ex l.ra 
rcsolving power of the WFPC2/ PC in the U-band to observ(' in detail. 

GlIS+l!tlà·l. content, surroundi1l9 clus /er, fj possibll! cvolut ion: The mcasured 
Lyo- f1u x.es and BVRI(gri JHh: ) colors eonstrain 53W002's d ust absorpt ion (Av 
.:: 0.2 mag) alld sLa r formation raLe (S FB ; Windhorst et al. 1991 , 1994), a nd 
simil ar ly fot t he 17 s urrou nding :: :::: 2.'1 candid atcs (Pascarcl le 1996) . The S FB. 
of á3W002 is -100 M0 / year, and -ä- lO x less for thc other :: :::: 2.40 eand idates 
(pascarelle eta!. 1996). 'file toLal stellar mMS of !j:nV002 - integrated over 
its assumed exponenl,ially dccliniug SFR. - is ..... 1.8 X 1011 M 0 ' The /,1/4_ 

like light.-profilc of 53W002 suggcsls tbat at :: ;; 2.39 the object had a l ready 
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con verte<l a non-negligible fractioll of lts gas mass into stars on a - 0.4 Cyr 
t ime-scale, suggestillg (\ yOllllg early-type gala.xy. The ovno CO-flux implics 
- 2.1 x lOlt Me 111 gas around 53W002 alone. The CO velocity widths arc 
-250 km s- 1(IlWJ-IM ), possibly indica.Lilig a form ing rotation curve (Scov illc 
etal. 1997 ), and implylng an enclosed Kepleri an ma&> of 1.5- :t8x I0 11 /I!?!
consistent wit hi ts total stellat mass abovc (Wind horst ct al. 199 1). This means 
thaI. 53W002 's /-/2+CO gas-ma'lS could bc 30- 60% of its total Kepleri an masi!. 

Wll at <..'ould th is mean for thc evolution of 53W002? If all th ls gas settled 
ioto disk stars wiih in a few frce- fall times ( ...... 1 Gy r), 53W002 could cvol\'e into 
an mid-type spiral ga li\ xy t.oday (with 81 D-ral.io -0.5 ), Ot Ili tO an ea rlier-ty pe 
galaxy ( 8I D ~ I) if most. of the gas was uscd up during the ini t ial starbu rst , 
and/or if a substa nt. iaJ fraction of the gas rem ai lied neut ral (as seen in some 
nearby ell ipt.icals and merger remnants; Hibbard & Mihos 1995) . The small 
velocit.y dispersioll (~300 km g-I) in I hc Pascarelle et al. ( 1996) group of: :: 2.4 
objects with measured rcdshifi s. and t he smal I area (~ l Mpc2) over which these 
17 z :: 2.4 candidatcs arc SCC I1 , suggesl,s Lhnt many of these objects will likely 
merge lnte a re\\' larget galaxies d uring the next half Hll bble time aftcr: = 2A. 
IIc llce, while 5:iW002 nmy have formoo (L$ a r l/4_domiuated galaxy during a 
relali vcly quick a nd sudden collapse t hat started at z ::::::3 (or -O A Gyr bcfore 
: = 2.4) - possibly induccd by sl,ar-formation along ils rad io jet - ;t appears 
lo be also developing a rn assive disk iH ::::::: 2.4. Th is disk may have complcLcly 
settled -I 2 Gyrs later (or at: :::::: 1.5; see §3) , but would possibly be d<'''l:l troyed 
again duri llg fuW re mergcrs (at : ~ 1.5) with thc surrounding sub-galactic sized 
.: :::::: 2A objccts (§4) , sa t h at 5:1W002 lu ay end up as a giant ell iptical galaxy 
today. 53W002 may thus prov ide important ducl> as to ho\\' I.he lu millous Ilcarby 
carly- type (rad io) galaxies could have formed alld evolved. 

6 Nature alld evolutioll of faillt radio sourees 

In a deep PaJOInar 200 inch Four-shootcr CCD-survey (Neuschacfer & Wind
horst 1995) , we optically ident.ified more Lllan 400 radio sources 10 !lri~ 26-
27 mag. We const rained their formation epoch and their spectral evolution 
through Illu lti-color photomctry and MMT spect ra (sec flgurcs 5- 7). The HST 
morphologies of mJy radio galaxies indicate primari ly early- type galaxles dom
inated by r l/4_bu lges wiil! littlc or 110 color grad icnts, except at high redshifts 
(Wind llorst d al. 1994). MicroJ ansky radio sources al. z ~0.8 have small in ner 
r1/ 1 buJges plus dOIll;uaut ex poucllti al d isks, and of ten distorted rnorphologics, 
indicating interactions or mergers, presumably due lo tbe same dynamical cvents 
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that alsa triggered their radio emission (§2) . Figurc 4b shows , hc I-mag ver
sus rcdshifr rclalioll for mJ y alld IJJ y sam ples (Kron etal. 1985, Windhorst 
et al. 1991, 1994 . 19!):), Hammer et al. 1995, F'omalont ct al. 199ï, Ilichards 
et al. 199ï; lower pallel), as wel! as for about 800 fai nt field gal axies from recent 
redshift surveys (C FHS, l.illy eta!. 1995; aml l\eck-HOF, Cohen et a.! . 1996, 
Steide! eta!. 1996; upper panel). Figure 5 shows th(' (BJ - I) aud (/ - /\') colors 
versus rcdshift for t he same rad io souree sl\mples as in Figure 4b. Several pre
dictions have bccn ploued in Figure 4- 6 from I.he spect ra! cvo!ution modcls of 
Bruzua l & Charlot (1993 ) for various "format ion epochsn 

, ::'orm, and assumi ng 
1\11 · = - 23 .65 mag at z=O. 

Figure 4 shows th at radio galaxics wit h z ~ I are fai rly luminous wÎlh a smaJl 
dispersion in absolute magnitude, not only at the :IC Il level, but also at the 
mJyand the {I J)' le"d ((;\Iv ) ::=- 22A±0.5 mag) . Figure 5 shows that t he 
(BJ - I) and (I- K) colors of t he reddest. radio ga laxies at z ~ 1.0 are consistent 
wi t.h passively or mild! )' e"olving gia nt cJ li pticals. 111 order to yield colors as 
red as obsc.rved for most. ell iptical radio galaxics (ci rcles ill Figure 4- 5). t. heir 
initial star formation shou ld have occurrec:! early on. aboll t 13- 14 Gyr ago, or 
al. z! 3- 4 (I\ron et al. 1985). Figurc 6 shows the (9 - ,.) \'s. 9 and (r - i) \'s. r 
eolor-luagn itude diagrams for 100,000 field gn taxies anc:! all radio sou rees in I.he 
Fo ur-shooter gri mosaics of NClischacfcr & Wind horst. (1995). Th(' grid of solid 
li llcs indicates a simi la r family of spectral cvOtUtiOIl modcls as in Figurc 4- 5, but 
now using a set of "/J"-models, which ha"e a SF B. th at exponent ially declincs 
wit.h cosmie t ime, wherc {I (=0.0 1, O.O:!, 0.05 ,0.1 , 0.2, ... , 0.9, 0.95) illdicates lIJc 
gas fraclion processcd illto stars during the fi rst Gyr after forrnatÎon (-",or",). 
The model grid was computed for I\/r = - 22 .50 mag a nd sa designcd 1.0 represe nt 
the UI)per-envelope in color for radio ga laxics, and represcnts the redder half of 
thc object.s relnarkabl y wel l. Figure 6 led us 10 find many cand idates for oM 
cJ li pt ical ga laxics at z> I , and follow some of I.hern up wil h UI\IHT imagi nga nd 
long spect roscopie integrations. This led 1.0 thc discovery of two faint. red radio 
galaxies from our LBDS sample wit h nllusua ll y old s teUar :tbsorption agcs of 
3- 4 Cy r at z- 1.5: 5:I\V091 \\'ith age::3 .5- 4 Cyr at. z= 1.551 (Oull iop et al. 1996, 
Spillrad etal. 1997) and 53 \\'069 wit h age::::4- .) Gy r at z= 1.431 (sec. DUlllop 
and Dey, lhis Vo!. ). Th is ma)' ha ve major repercussions for cosrnology. 

The radio galaxies bluer t han the model grids in Figure 5 &. 6 rC<llI ire signifi
cant star-formal.ion at la ter (random) epochs (0.3:: z ~ 1.5- 2) . Togel,her with ti IC 

gellerally peeuliar or !IIerger rnorphology of the sub-mJ y and IIJ y popu latiolls 
(§2) , and thc slrollg epoch depelldellt galaxy merger ra l.C (§3), this suggcsts 
t hat, • hese. blne radio galaxies are ulldergoi ng repeatcd starbursts , !ikcly d ri ven 
by mergers whieh enha nre .heir microwave disk eillissioll (and someLimcs also 
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F igure 4. [Left] I-magnitude versus l 'S. redshift for: (lap; 4a) field galaxy rcdshift 
surveys; alld (boltom: 4b) for IIIJ y and Jdy sam ples. Ci rdes indica te elliptical rIldio 
galaxies. tril\llgles bluc star-forming galaxics, and pentagons Ll NERS, $eyferts, or 
(jUiISaT'S . The box in t he uppcr right corIIer of Figure 4b indieates tha~ - gi l'CII the 
distribution of thc brighter radio galaxies - the 17 IIl1identificd radio source8 with 
R! 2i- 28 mag (Figure 7) arc likcly at. z.! 3-0. 

Figu r e 5. [Hight] Top: (I- K), 1\Od oouom: (8 - 1) eolor vs. rcdshift for thc 
same mJy and Jdy SilmplCli as ill Figurc 4b. The spectral cvolution mod el grids arc 
discusscd În the lext. Tilc upper en\'clopc of the oldest high redshift elliptieaJs oecurs 
aL T =:::13- 14 Gyr. 

fuel their ccntral engi ne) . The g lobal SFIt of fi eld galaxics peaks at " ...... 1.5- 2 
(Madau et al. (996), with a ll apparent dccline fo r z! 2 which bas bccn blamcd 
on du st. Sillcc Il Jy rad io sourccs: (a) a re nearly complct.cly opticall y id enti fied 
for Il. ,:: 26 mag (§7 & Figure 7): (b) have a ll N(z) wil.h a median o f only Z", .. d 

-0. j alld astrong dec1 ine fOf z! 1.5 ( llichards et. al. 1997); (c l a re no t affccted 
by dust. (§ [) j (d) have asteep SOU fee cOunt , sa t hat they are likc1y lo be strongly 
evolving (§2) ; and (el since t hc nanoJ y COUllts willlikely merge (§2) wi th those 
of fain1 Irr or sta r- burs l.ing fi cld ga laxies (§2 & 3) , it IS therefol"e unllkcly that 
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Figure 6. [Lef[,]. (tol») Thc (9 - r ) versus g, and (bottom) the (r - i) versus r 
diagrams fo r _ HIO,OOO field ga.laxÎCl> ","cl 187 radio 5OIITC(.'S (filJ oo symbols) in t wo 
fields (NclIschaefcr &. Windhorst 1995). Completcncss limits are indicated. Spectra.! 
c\'olutÎon model griels are explained in the lut and applicablc onJy to luminous (radio) 
galaxics (Figure 4b). The model gods are nOL uni<l ue but describc the uppcr cllveiope 
rather weU. 

Figurc 7. [Right]. R- rnagnit ude distributioll fol' 397 faint radio .sourees from cight 
smn ples at mly and IJly levels wit!. good V l~A positions. Complctelu:''55 limit" a re 
indicatcd. Thc 17 sourees thaL remain unident ifioo wit.h R~ 26-29 lIiag ('>') are 
candidates with z ! 'I-6 (Figul"e 4-6). 

the appanmt "eak j ' l the gfobaf SFR al :;- 1-2 is due to dus! al t! 2, bilt truly 
mdicales the formati01l elJOCh of the bllik of foint (/'Odio) g(lla;"';es. 

7 Searching for pre-gaJactic objects at z > 5 

How can we find possible ca ndidates for pre-galac~ic objccts a t t ~5" If most. 
gaJax ies indeed fo rnlcd through the gradual merging of sub-galact it sizcd frag
melll s at z ~2-4 w i~h typical sizes ~ 0.5- 1 kpc (Pascarelle eta!. 1996 , Odewahn 
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eta!. 1996; §4) , then any pre-galact ic objccts at z ~ 5 wil! appear quite smal!. 
This would be especially true if the e - :: rclatiofJ of ga taxy scale lengths does 
not follow a standard cosmologica l model (Mutz etal . 19!N) . bUI is affected bya 
J>ossibll' non+zcro value of the cosmological constant (D river et al. 1996) . Figure 
7 shows the Il.-mag d islribu tiolJ of thc opt ical lOs for cight complete samples of 
mJ yand pJ y SQurces, in tolal 397 sources. For most of these. accurate VLA 
positions were measurcd ~O'! I (Oort eta!. 1987 , Famalont eta!. 1991, 1997, 
Windhorst eta!. 1993, 1995). Opticai lOs were done on deep Four-shooter 1114> 
saics (§6 ), and in the 13h +43°and 121t.+62°fields on deep HST images (§2) . 'I'hc 
I D fractian is typically 90 97% far R! 26- 27 mag (Figure i j, with the reliability 
and completeness of thc 10 sample geucrally excecding 95- 97%. 'I'h is suggest8 
that the fra.ctian of radio BOurces obscure<1 by dust at very large rooshifts is 
sma lI , andfar that an d rective redshift culrofr in thc radio SQurce dis tribution 
lIlal' ac('ur at z .... 3- 5 (Ostriker & II cisler 1984) . 17 scu rces remain unidcntificd 
down to the detcction limits, which is R! 26- 27 mag for lhe Four-shooter images 
(Figure i) and R!29 mag for lhe !l DF. All Il+mllg distributions risc strongly 
for Iï ! Il ! 21 mag, indicating the strollg cosmological evolution of the mJy and 
pJy radio SCllfCes (§2 & 6) , and gradually dedillcs for 21 ~ It ! 2i mag, perhaps 
indicati ng a redsh ift cut·off, aud/or t heir lumiuO!Iity d istributioll . This is in 
stark oont.rast whh the fi eld galaxy counts th at collli uue to rise 10 13-28 mag 
(TySOIl 1988 , Odewahn eta!. 1996; Plate i ). F'igure 8 shows that we have at 
least 17 uilidentifled scurces with I{ ! 26- 27 mag, illcluding olle - alld possibly 
anot her - in the HOF wit h R! 29 mag. 

'I'hc big qucstion is: what is thc nature and redshifl of I he faint radio galaxies 
th at relilain unidenlified for R! 27 29 mag? Apart from inl.ergalactic or heavy 
intern al reddening, it is most plausible that in the arcos survcyed - ;;;everal deg~
at least a dozen objects are indccd at z! 5-6 , sc th ai the Lyman d iscontinuity 
blanke out the UnV(I?) fi lters. Important dues may be obtained from Figurcs 
5 & 7. For 1!22-23 mag. t i Ie Hu bble relation for mJy alld even p.J y SQurccs 
is weil defi ned , and lias 11 relati vely sillall dispersion, especinlly for mJy sourccs 
(but !>Ce caveats of the SUb-lulllillOus objects in §1) . A family of pla usible (G
to p.= OA) models that descri bes the obscr\'ed range of mJ l' and pJ yelliptica ls 
quite weil (Figu re 5 & 6) is showll for various formation epachs in F'igure 4. If 
these models may be extrapolated la higher redshifls . lhel' suggcst lhat most 
ullidenti fi ed mJy a/ICI pJy radio galaxies with R! 26 .5 (Figure 7) are likcly 
at z! :!, and quite possibly at z! 4 10. Givcn that massive early-type galaxies 
may have assembied very rapidly from the mergi ng of mally smaller subclumps 
(Pascarelle eta!. 1996), these objects could have al ready ex isled at z ...... 5-10 
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(Dunlop eLa!. 1996). T he next step wilJ be 1.0 measurc Lheir redshifts for 
..\! 7500 
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Sam Pascarelle, Eric Richards and lan Wadd ington for a llow ing me 1.0 quote a 
few unpublished results. This work was supporlcd by NSP grant AS'I'-882 I 1016 
and NASA grants GO-5308 .0 1-93A . GO-5985.0 1-94A , GO-6609.0 1-95A, & GO-
661O.01-95A frOIll STSci under NASA contract NAS5-26555. 

R eferences 

Abraham. R., Tam' ir , N. H.., Santi ago, 8. , Ellis, R.S., Gla;t;ebrook , I<'G . & van 
den Bergh , S., 1996, MNIlAS , n9, IA7 

Armus, L., St.'oville, N. , Pasca relle, S. , & WindhorsL, 11.. 1998, ApJ , in preI'. 
Babul , A., & Rees , M.J ., 1992, r.. '1 NltAS , 255 , ~46 
Benn , C. R., Rowan- Robinson, M., McMahon, R.G. , Broad hurst . T . J ., 

Lawrencc, A., 1993 MNRA S, 263 , 98 
Ilt.>:;t, P., LOllgair , ~'I. , & Itöugering, U., 1997, MNRAS , 286 , 785 
Bruwal A., G ., & Clmrlot S" 1993, ApJ , 405 , 538 
Burkey, J ., Keel, W., \Vind horst , R., & Frank lil1 , 8. , 1994 , ApJL, 429 , L I3 
Carl berg , R.G. eta !. 1994, ApJ , 435. 540 
C hambers, K. . Miley, G ,. & van Breugel, W., 1990, Ap.! , 363, 21 
Cohen, J .G ., Cowie, L.L., Hogg, D.W., Songaila, A. , Blandford , n.., Hu , E.M., 

& Shopbell , P., 1996, ApJL, 4ïl , 1.5 
Cohen, S.H., Windhorsl , RA ., Odewahll , S.C., et al. 1998 , ApJ , in preI'. 
Condon, J .J ., 1989 , ApJ , 338, 13 
Court.ea u, S. , deJ ong, R.5. , & Brocils, A. B., 1996, ApJ , 4,5ï , 1.73 
di Serego 1\ ligh icri , S., Fosbury, R. , Quinll , P .. & Tad hunter, C. , 1989, Nature, 

341 .307. 
Dri ver , S.P .. Windhorst , R.A., Ostrander. E .. J. , Keel, W.C., Grimths, [U~. & 

Ral.natunga . K.U., I 995a , ApJL . 449, L23 
Dri ver, S.P., Windhor8L, Il.A., & Griffi ths, R.E., 1995b, ApJ , 453 , 48 
Driver , S" Windhorst , Il., PhilJipps, S., & 13ri810w, P. 1996, Ap.1. 461 , 525 
Dun lop, J .S., Peacock, J .A., Spinrad , ~I. , Dey, A., .J imenez, R .. Stern , 0 ., & 

Windhorst , !t.A., 1996, Nat ure, 381 , 581 



Consl.rairll.s {rail! mi/liJarl sky aud microJalisky Radio Sourccs 

Eggen , O.J ., Lyoden-Bell , 0 ., & Sandage, A., 1962, ApJ , 136, 748 
Ellis, R.5. , 1997, AIlA &A, 35, :389 

339 

Fo maJont, K il ., KcUermann , K.I. , n icnards, E., Windborst , R. A., & Partridgc , 
U.P., 1997 , ApJ L, 493, L5 

POIn alolll., E.n ., ParLridge, lUl ., Lowellthal , J .O., & Windhorsl , R.A. , 1993, 
ApJ . 404, 8 

Fo malont, E.B., Windhorst , R.. .A., Kristian, J .A., & Ke\[ermann, K.I. , 199 1, AJ , 
102, 1258 

Prancis, P.J . et al. 1996, ApJ , 457, '190 
Clazehrook , IC , et.a!. 1995, MNRAS, 275 , LI9 
Hammer, F., Crampton, 0 ., Lilly, S.J ., Le Fevte, 0 ., & Kenct , T ., 1995, 

MNRAS, 276 , 1085 
Hibbard , J.E. & ",mIOS, J .C., 1995, AJ , 110, 140 
Hu , E.M. & Mc"'lahon , R.C. , 1996 , Nature, 382, 281 
'\ eel. W.C. , Cohcn, 5. 1-1 ., & Wind horst , n .A., 1998, ApJ , in preparatio l1 
l\ cc1, W.C., & Witldhorst , R.A., 1991 , ApJ , 383, 135 
Kinney, A.I. ., et a!. 1996, Ap.l , 467 , 38 
1\00, O.C., & Kron, R.C ., 1992, AH.A &A, 30, 613 
Kron, R.e ., 1\00, O.C., & Windhorst , n .A., 1985, A&A , 146, 38 
LiUy, S.J ., Ttessc, L., I-Iammcr, F., Crampto ll , 0 ., k Lc Fevre, 0 ., 1995, ApJ , 

455 , 108 
Lowemhal, J .O. da l. 1997, ApJ , 48 1, 673 
Madall , P., Fergllson, H.C., Dicki nson , M., Giavalisco , ~I. , Stcidel, C.C., & 

I~ruchtcr , A., 1996, MNR!\ S, 283, 1388 
McCarthy. P.J ., 1993, ARA &A, 31 , 639 
Mutz, 5 .13 ., et a l. 1994 , ApJL , 434 , 1.55 
Neuschacrer, L,W., & Windhorst , H.A., 1995b, ApJS , 96 , 37 1 
Odcwahn , 5 ., Willclhorst , It , Driver, S. , & I\ cel, \V ., 1996 , ApJL . 472, LI 3 
Oort, ~1. , Katgert, P., Steemi\n , P., & Windhorst, R., 1987, A&A, 179, 41 
Partridge, R.B., Richards, E.A., r omalont , KR, Kcl lcrmann , IC I. , k \V ind-

horst , R.A. , 1997, ApJ , 483 , 38 
Pascarcl Je, S., \Vindhorst, R., I\eel , W., Odewahn , S. , 1996, Nature, 383, 45 
Pascarellc, S.fI·l. , Windhorst , KA ., & Keel. W.C., 1997, ApJ . submiued 
Hichards, E.A., Kellcrmanll , K.I. , F'omalont, E.B. , \Vindhorst , R.A., & Par-

t ridgc, R.B., 1997, AJ , su bmi tted 
Scovi llc, N.Z., YUIl , i\'l .S .. Wind horst , H.A., I{eel , W.C., & i\rmlls, L., 1997, 

ApJL , 485 , L21 
Searle, L. & Zinn , Il ., 1978 , ApJ , 225, 357 
Spinrad. H., Dey, A ., Stern , 0 ., Oun lop, J ., J imcllez , R., & WilldllOrst , H.., 



340 Wind/lOrst 

1997, ApJ , 484, 58 1 
Steidel, e.c., Giavalisco. M., PCl,l ini, ~I. , Dickinson, M" & Adelberger, ICL., 

1996a, ApJL, 462, 1.. 17 
Steldel, C., C iavalisco, M" Dickinson, io.L & Adelberger, 199Gb, AJ , 11 2, 352 
Trager, S.C., Fabcf , S.M., Drcssler. A.) & Oemlcr, A. 1991. ApJ , 485 , 92 
TYSOII , .LA., 1988 , AJ , 96, I 
van Albada , T .S., 1982, MNIlAS , 201 , 939 
Williams, It.E. et aL 1996, AJ , 11 2, 1335 
Wi ndhorst, Il .A., eLill. 199 1, ApJ , 380, 362 
Windhorst , ILA., eta!. 1995, Na!ure, 375, 471 
W ind horst, !t.A., Fomalont, E.B., I>artridge, n.B., & Lowenthal , J .O., 1993 , 

ApJ , 405, 498 
Windhors t , n.A., et al. 1994b, ApJ , 435 , sn 
Wi ndhorst , R.A., l\ eel, W.C. & Pascarelle. S.M., 1998, Ap.IL , 410, iJl press 
W illdhorst , KA ., Math is, D.F., & Keel, \V.C., 1992, ApJL , 400 , Ll 
Wind horst, R .• 1\l iJf'y. G ., Owell , P., Kron, R., Koo, 0 ., 1985 , Ap.l , 289 , 494 
Vee, II. K.C. & Elli ngson, E., 1995, ApJ , 445, 3ï 


