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Abs t ract 

w~ present here the Ilcwly dcfin ed MRC/ lJ y saul j)le com prising 557 
extragalacl ic radio sources. We discus;; the c\'olut ioll of linear sizes and 
radio spcc::tml illdcx of radio galaxies "nd lhe steel' spectrum radio cares 
il-mlll\rge rotatiolJ mcasurcs obser\'cd in Mll.C/lJy galaxi(.'!j a l Z > 2. 

1 The MRC/ IJy Sample 

Wc have definoo a new complete sam ple of extragalact ic radio sou rees, thc 
MRC/ IJ y sample, comprising 557 radio sourees (see Kapahi et al 1998 and 
McCarthy, t h is volume, for details) . The rC$lI lts prcscnte<1 here highlighl thc 
llIot i"a tion behind I.he defi nition alld the sLudy of th is sample. vil.. (i) The 
discovery and study of an Il nbiased sample of high rooshi ft. galax ies (in partie. 
U\M, without usi ng the :ncep spect.ru m criterion) a nd (ii) the defin ition of a 
large and complete sample of ext.ragalactic radio sources ..... ith compleie optical 
identi fi cation and redshi ft in formaLion for statistica I studies. 

The sample consists of 111 quasars and 423 galaxies, lIpart from 24 uniden· 
t ified rad io sources. Spectroscopie rcdsh ifts arc IlOW ava ilable for 103 quasars 
a nd 268 galaxies; another 130 ga lax ies have K·rnagnitude redshift estÎmates. 

1'0 date, the 3Cn H. is the only large sample of eXl ragalacLic rad io sou rees 
..... ith complete optica! idcnt.ifi eat.ioll and redshift in format.ion. Uowever, the Light 
correlation between redshi ft and lu miuosity in the 3C RH. (as ill any oLber flu x 
lim ited sample) makes it, vcry difficul l to d isentang\f' the dependem:es of radio 
source propert.ies 0 11 these two parameters. 'fhe l\IRCj Uy sources were seleclc<l 
to be -5 times fain ter t.han the 3CRR sourccs. A comparisoll of sources in the 
two sa mples would 3,l;I;Îsl, iJ J separating the rooshift. and luminosity dependences. 
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2 MRC/lJy galaxies at z > 2 

A represent.ative sample of 15 ga lax ies a t z > 2 were sLudied in the radio us­
ing the V LA, The mu ltifrC<llIency pola risatio tl images were used 1.0 study thcir 
morphological, spect ral aud polarisation prol>erties. Sec At.hreya ( 1996) and 
ALhreya et a l. ( 1997, 1998) for detailed analyses of lhc resuhs presentcd belaw. 

2.1 Stee p Spectrum R adio Cores 

In sharp conl ras t to t he flat, spectra of radio cores in al most a ll ga laxies at lowel 
redshift s. we find that 8 of the 12 gal axics at z > 2 l!ave a steep spect.rum care 
(Figure I ) . T he flat spectra of rad io corcs a re bcl ieved lo arise from the $uper4 

position of synchrotron se1f-absorbed spectra of multiple components contai lted 
wi thin . In th is mode.l, t ltc care spectrum is expecled to steepen above I.he t.u Tll4 

over freq ucncy, "'SSA' of the smallest cmnponenL. We can lttlderstancl t he Sleep 
specLrum COtes at high rcdshift if ti Ie rest-frame frequencics ( 15- 30 G Hz) at 
which they have been st udied a re higher than "'SSA' In fact, t he fl a t spect ra of 
quasa r corcs are known to st~pell b lll aL tnuch higher rest-fr ame frequencies. 

An increase in the rcst ... frame "'SSA as one goes from radio galaxies la quasa.rs 
is to he cxpected in t. he context oftl lc Ilni fi ed scheme (Barthel 1989 ). \Vc SUggesL 
tha t in thc res .... frameofthe jet , corcs have fiat spectra at",:: 20 G Hz but steepen 
at higher fre<llIencies. Howevcr, t he coslllological res .... fram e (erf) of a source 
is different from d ie rest. frame of Llle emitti ng pl asma . The intri nsic "'SS A in 
thc plasma frame is bi lieshirted to higher fre<luencÎes in the erf for quasa rs and 
redshiftcd for ga laxies due to I,he difrerent a ngles made by their je t axcs 10 the 
line of sight - q uasar axcs arc a ligned closer to I.he line of sight while those or 
gal axics a rc closer lO thc sky plane. 

Using the theory of sy nchrot ron sel f4 absorpLÎon a nd thc obscrvcd spe<::tra , 
wc cle rivcd cst.imales of the sizc ( ..... [ parsec), rnagncLic fi eld ( ..... [ gauss) a nd Ihe 
electron density (-1000 cm-sJ for the rad io cores of bot h galaxies aud q uasars. 
Wc cmphi'lsize Llml, t he identi fi cai. iou of "'SSA for galaxy corcs pro\' ides us with 
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F ig u re 2. lnlnnsic Rolalioll !11ca­
sures ( rad lIl -

l
) of t IJe radio lobes of 

galaxies at z > 2. The lol>C!i of t he 
SAme souree have the samc numbcr. 
All as terisk (.) illdicates a I1cSiltÎ\'C 
vruue. 

a size estima te wh ich is a 100 times smaller t ita n the tclcscope rcsolution; lhis 
phenomenon is I.hercforc very useful for esti mat ing I.he physieal paramet.ers of 
radio galaxy corcs whieh are uSllally too wea k to bc stlldied by VLIJ I. 

2.2 Large Rotation Measures 

We lind tha t the ci rcumgalactic media of these radio sou rees fcrm deep Farad ay 
screens with RM s of over 1000 rad m- 2 ilJ scvcral, the highcst be.ing 1138- 262 
at z = 2.1 ï wi t h ~ 6000 rad m -:.l( Figure 2) . In oomparison. most galaxies aL low 
rooshifts have IlMs Jcss than a few lens radm - 2. A smal! fraction of radio 
sources al low redshifts also have very high 1U.·ls of mail)' thousands rad rn - 2

• 

These high JUl i sources aL low redshifts arc d lher fcund in dense cooling- fl ow 
d usters or are compac t (sub-galactie size) radio SOU f CCS. Such high Rl'\1 va lu(.'S 
require strong and large seale rnagnetic fi elds (I.he product of the fi eld alld the 
corrcJation length .... 10-100 JlG-kpc) in thc ext.ended envi ronment s of these 
sourees. 11. is still nOL clear whaL processes ca n genera te a nel rnai nl ain lields of 
thai. magni tude in the intraclusIer medi um. In mOSI. model:>, magnetie lields 
are gencrated by an exponcntia l amplifica t ion of a seed lield over the Hubblc 
time to their value in present day clusters. 1·lowcver. Ihe prcscnce of such strong 
large-sca le lields even aL z > 2 poses a cOllsidcrable probiclIl ; t lJe Uni verse was 
only a sixth of its present. age by Zo ..... 2.5 a lld models involvi Jlg an exponenti aJ 
ampJilicalion of the sec<1 field would hardly provide any lield bl' these redshifts. 

Thc associa tion of large Rf\'Is with cooling- flow clusters at low redshift sug­
gests thai cooling- fl ows ma)' be responsible for thc Faraday rotatioll . Hov:ever, 
we lind lhat thc a\'a ilable ti me al. high redshifts is insuffiden l lo set up rnassive 
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cooti ng- fl ows by those epochs and coating-fl ows Me unlikely ia have a sign ificant 
role in forrning dccl> Faraday screens at z > 2. Wc suggest that the Faraday 
screen!> in these high rcdshift sou rees are dense sub-gal aclic d ouds of magnct iscd 
plasma in the path of thc radio jet . The passage of thc bowshock or the jet would 
incrcase the plasma density, align and possibly even magni fy lhc rnagnetic field ; 
a ll these factors could considerably increasc the RM of I.he dOlld compa red Lo 
Îts unshocked state. This model , in whieh the screen is loea! to a radio la be, 
is bcUer fo r ex plaining I.he la rge lobc--to- Iobe d ifferellce in RM within a radio 
galaxy, rat her tha n a global screen like a coating flow. 

2.3 Redshift - Radio spectral index correlation 

\Vh ile Lhe corrcla! ion beLwCCIl spectral index and rcdshift/l um inosity has been 
exploitoo inlensively to search for galaxies at high rcdshift, thc reason behind 
tI. Îs still not weil undcrs toocl . Si ncc our galax ies at z > 2 were sclcctcd rrom a 
complete sample, unbiased by the steep spectrum criterion, wc have cornpared 
them with a set of matched luminosi! y 3CRR gaJaxÎes at a lower rooshift to 
disentangJe thc lumi nosity- rooshift degeneracy of the dependenee of o . 

We ca lcula!,cd i.hc I-pI. spectral index, which is the ta ngent to thc spectrum , 
al. severa l rest-fr ame frcquencies betwcen 1 and 16 G Hz (as agai llst t he usual 2 
frequency a, wh ich is only a ll approxima t ion lI!led in thc absence of adet:luate 
freq llency sampling). F'igure:1 shows th at the mcd ian spectral indices for the 
M R.e galaxies arc significantly stecpcr than t he values for the lower redshift 
3CRR gaJaxics. Since the two sa mples are matched in lumi nosity, this ind icates 
the primary correlation of 0' is with redshift. The data at 1.4 GHz is best fit by 
Cl' = (0.82 ± 0.08) + (0.10 ± 0.20) log{ l +:). Th is relationship accounts for 
mueh of the spect ral steepening indieating tha I. a luminosi ty- a corrclation , if 
it exists , is not very important. 

Most cxplanalions for the ret:lshift - Cl eorrelat io tl itl\'oJ\'e a st.eepen ing of Ihe 
spectra due to more rapid electron encrgy lasses at higher redshifts . I-Iowever , 
F' igure 3 shows no 8ignifieant difference in the rate of slecpenÎng in thc two 
samples. Wc propose that thc steeper spectra of high redshift SQurces may 
be el ue 10 steeper initial electron spect ra . T his is also ind icatoo by the very 
steep Cl ::::: 1.3 at high frequencies wh ieh suggests thaI. the in itial 0 ' (at low 
frequencics) must be as high as 0.8 (the di ffercnce bd ng thc maximum allowcd 
by sy nchrot ron I heory for an act i\'c souree). In a Pcrmi process, the acceleration 
in shoek-fronts IVit h lower Mach num bcrs rcsults in steeper spectra . It is possible 
LhaL the denscr am bien!. mediu m at high rcdshift slows the propagation of the 
jet resulting in IOIVer l\'iaeh nurnbers allel stecpcr spectra. 
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F igurc 3. Me(lian rest frame sl>cctrai indices of matched luminosit,y radio galilxy 
samples. The shaded areas iudicate t he errors. 

3 Lillear Size Evolution of Radio Galru<Ïes 

By comparing the lincar sizes of MRC/I Jy alld 3CltR galaxics we filld that lhc 
median lincar size is given by J., = 317,n p O 33±0 .05 (I + : ) 2.81±0 26 for 1-1 = 

~.4 1n 17 0 

50 klU S-I Mpc-l alld <1 0 = 0.5. \Vhcn compact. steep spect ru nl (CSS) SQurces (< 
20 kpc) arc cxcluded t hc dependellce is J., :::: 296'·9 pa III±O 09 (1 + :)1 .58±O.33 

~.~ la' 01 

Different workers have reachcd different conc!usiotls on t he magnitude ;m d 
even the na/u re of the size evolution (e.g. Si ngal 1993: Ealcs, this volume). 
The major drawback of all studies has been the unavai lability of a large and 
cOlupletc sample with full redshift infonnation to complement the 3CRR. All 
examination of Figure 4 throws some light on die reasons behind thc confiicting 
claims. The rcdshift alld luminosity dependcncC'S are interJinkcd and an error in 
the cstimation of one wi ll reflcct on the other. 50, statistical errors aml biases 
introd uCe<1 hy smalt alld/or incomplete samples oould have led 1.0 the conflict­
ing rcsults. Fu rl.her, the lu miuosity and rcdsh ift dcpendencei> are silch thaL they 
lend to ca ncel each ot her. An cxamination of the 3CnR data alone suggcsts 
(erroncously) thaI linear si1.es are independent of redshift and lu mi nosity. How­
ever, the plot also shows th at Î\'IRC galaxies, which a.re less luminous, are also 
smaller at all re<lshifts. Account ing for th is lumi nosily depcndence nc<:cssitates 
an inverse depc ndcnce on f(."(lsh ift as weil. 

It is also not clf'ar whet her CSS sources should be includcd in the fl il alysis Of 
not. l'he answer is illlportaut since the CSS contellt of radio SOll rce samples is a 
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Figure 4. Median lincar sizes of radio gala:<ÎI.'S (3CRR: open recli\ng1esi MRCj JJy: 
dark ellipscs ). T hc median sizcs plotted in tlle [crt panel art plotted in the right p ... ucl 
afwr beins lIormaliscd la P = I021 WaLlHz-1, Thc w lid li llc is the besl fitting sizc 
evolutiou l'(lual ion givcn in thc tex!. 

runeLion of t heir !;election frequency and flux limi t. Thc 3C RJt has hard ly auy 
CSS sou rees while 20 % of 1\'1 RC/1 J y ga laxies are CSS sou rees. Ir t he na ture of 
CSS sourees is in fact differe nl. from th at of ex tended sources, t hcll t he evo\utiOH 
wc have derived by excludillg t hc CSS represents a lowcr lim it to t hc evolut ion of 
cxtcudcd sou rees (sinee a uy sizc evoluLion wou ld result in same of t l le extended 
sou rees masquerad ing as CSS sou rees li L h igh redshi ft s). 
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