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Abstract 

We report on the resulls of ft three-dirnensÎonal invel.LigatÎon of the el(
Lcmlcd line-emissiol1 in 11 3C R radio galaxjes (0.5 < 7. < J.J ). Using a 
Fabry-Perot eta lon 10 obtain both I,he kinematics a./lfl morphology of the 
[0 11].\3727 gas, Dur goal was lO fiml the mcçhanisms responsiblc for the 
creation anel cxcitalioTl of this warnl gas. and lhe SQun:e of ils alignmcm 
with the radio cmission. 

1 lntroduct ioll 

Powerfu l rad io galaxics are of ten associa l,ed with complex extended crn ission
ri ne regiolIs t hat eau havc linear sites or up la scvcral hundrcd kpc. The first 
systematic irn aging survcys by McCarthy Cl, al. (198ï) and Bau m ct al. (1988) 
(high and low z 3Cn sources, rct>pectivcly) , and by Chamlx:rs et al. ( 1987) 
(4C sources) revealed a tcndency ror the cxtcnded gas in many rad io galaxies to 
share the sallle axis as thai, of thc double- Iobed radio emissiall. F'urthcnnore, t he 
fract ioll of radio galaxies displaying this cmission-li ne alignment effect rapid ly 
changes ftom a few at low redshifts, to Bearly a ll far z > 0.3. 

The novelty of the aJignment effect. combine<! wÎth the orten spectacular 
marphologies of extended cmi ssian- linc regions and their potcllt.ial cffects on 
the formatioll and evoh,tion of radio galaxies, attracted li vdy dcbate, li Ule 
conscnsus, and a large numbcr of possible cxplanatiolls for t his ph('nolllcnoll . 
Thc importancc of understanding thc alignrnent effect ca JlIlOL bc understated , 
since thc line-emission regiolIs in high redsh ift radio ga laxics , by virtuc of their 
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large iUI,rinsie Il.I minosities and large spatial extcnl,s, prov ide a ne of thc best. 
methods of probing thc warm gas at early cpochs. Since this phenomena arises 
in extended , highly dynamic gas, an investigation I,hal. combincs well- rcsolved 
rnorphologies with kinematics would go far in sheddi ng ncw light on Ille origin of 
thc line-cmission gas and its sou ree of cxci tation. As sueh, we bcgan a detailt.-d 
sLudy of I.he morphologics, vclocities, alld linc widths of these galaxies. The 
spt..'Cifi c quest ions th a I. wc \Vallt.ed 10 answcr concerncc! t hc three-dimcnsional 
structure of the [0 11] gas and its association with thc radio galaxy, t he 1110 t. iOIl 

of thi5 gas with respect 10 I.he central SOlI ree, and thc rnechanisms by whieh t lle 
line-em ission regions a rc excited. By add ressing these issues we al,tempted to 
find the souree of thc warm gas a lignment in eaeh of our radio gal axies. 

2 Observational Methods 

Sclecii ng the most extended emission-linc sourees with z :G 0.5 from Mc
Ca rthy et a l. (1995), wc imagcd a subsample of 3CR radio sources (sec Table 1) 
usi ng a Fa.bry-Pcrol (FP) il1terferomet.cr with spect.ral and spatial resolut ioJls of 
400 km S- I a nd ~ 1'.'6, respective1y. The etalon was lISOO as a tunable filter 
"nd plaecd in t hc parallel beam of thc foeal roo uce.r a.t thc pri me focus of the 
3.5 111 Calar Al t.o teJcscope. By steppillg thc Fr> alollg t hc (0 11]..\3727 crnission
linc (at, typica lly 8- 10 wavelength seLlings across i he linc) , we wcre able to 
silll uitanoollsly bll ild up a map of the velocit.y field and image thc morphology 
of 1 he ionized gas. This crcated a reprcsclli.ative sample of 11 radio galax ies 01>
served with ull Prccedented detail. To investigate Lhe conti nuum rnorphology, as 
weil as subtraci. it.s contribution to thc lille-emission images, intermediate- balld 
(>' / 6>' :=40) li ne-free ex posures were a lso obtained on each s ide of t IJe redshi fted 
[01l]'\3727Iine. 

3 Main R esnlts From [0 lij Sample 

Defined by the mechan iSllls which best explain the excitation, morphology, a llel 
kinematics of thc warm gas, we find th rce distlHct cl asses of ex tended emission
line regiolIs. The physical chara.cterÎstics of cach d ass arc sufliciemly unique Lhat 
they ca n be used Lo match a radio galaxy with the UlcchaniSilI LhaL dominalcs 
its line-emission region, despite the fact that some of our sourccs a rc sufficient Iy 
com plex that mu ltiple models for exciting the warm gM are necessary. The 



F igurc 1. The [0 n].\3727 (left pand) and lille-frce continuum image (right panel) 
of 3e 169.1. T he radio galaxy (.4 ), iu- si mil ru-Iy rt:·d shifLcd compallÎo!l (0 ), alld lhe 
gas slrippcd fro m it cluring t he interactÎon (C) are indicated . The r<ldio houpots are 
shown wÎth crosses. 
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Figul'c 2. :\ gr;"yscalc reprcscnLal ioli of thc radial vclocities (Icfi. panel) ;"lId L h~ 
dcconvoh'ed [ine widlhs (rish t p;"nel) of lhe [0 11] emissioll ill aC 169.1. The radio 
gala)!:y defin es Lhe pooit.ional aml kinemalical origin . 

Fo r t,hese rad io galaxies wc are able lo show t hat the popularly accepted rnodels 
for cxciting the line-emission regions a.re inadeq uate to ex pla in all of thc ob
served [0111 features. I nstead , we propose a new model in wllich a close, st.rong 
interactiou wi th a compa nion galaxy exchanges rnalerial wit.h thc central ra
dio galaxy, creating a complex rnorphology of bridges, tail::> and extended knots 
along [he interaction ax ii;. 'rhe passage of the companion through the halo of 
tbc host sau ree shock- heats the slJ PI}lied gas and the ambient medium , LhllS 
creatin g part or a ll of thc observed emission-l ine region alld ils complex velocity 
structurc. T hc interaction itsclf maya lso be responsible for t riggering the radio 
SOlJ tce of [he celltra l galaxy. The $Ources whose line-emission regions are d01l1-
inat.ed by th is process show olle-sided li ne-elnission morphologies disti llguished 
by multiplecomponcnls, [O n] bridges, and extendecl linear features (t idal tai ls). 
A large ra nge of linc-emission sizes and <Iegrec of aJignments , as weil as complex 
velocity st ructur/,S are arnoug thc features typicaJ or these objeclS. T he inl.rin
sically one-sided nat ure of the imeract ion Illodel provides a natural cxplan ation 
for Lhe very large line-cmissioll brightness, morphology, and v!'loci ty asy nune
t ries t hat defi lle Ihis class (e.g. 3 e 169. 1, 3C435A, 3C44, and thc centra l 
rcgion of 3C 265). 

In the specific case of 3e 169.1 we arc probably sceing a close, high!y inclilLed 
(_50° into Ihe pl ane of the sky) passage of a companioll galaxy through the high 
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prcssure. 1011' del1sity halo of .. he radio galaxy. Due LO the high relat ive veloCÎ I.y 
of t his interacl.ion (6 v = 1250 km S-I) , I he ram pressurc of I.he halo wi ll greatly 
exccoo the prcssure of thc eompanion's intrinsic gaseous med ium. This resul ts in 
11 flall ening of the gas. pcrpcudieular 1.0 thc dircctiol1 of I raveI, as it is stripped 
from t hc compa nion al, I.he intcraction interface. The gas is shock excited at 
this posi t ion (C), but rcquires about 108 years bcforc iLs dcnsesl parts have 
sufficientl y eooled to cmit. in Ihe [Oll] line. By th is time the eOIl'lpan;on has 
Jlloved 10 il,s currcnt position at B. Both thc bridge of linc-em;ssion connecting 
C wi th t.he rad io gal axy and I he velocity grad icnt ,d ong th is feature, indicatc a 
llIass infa lll.oward the cent ra I poten1. ial (Neeser et. al. 1998). 

Since t.his ncw model applies 10 a significant fraction of our radio sourcc 
san tple (- 40%), it. is important to explain how galaxy- galaxy intcractions (an 
intrinsically goomctricalJy random phcllomena) can give rise to alignmen!'s be
twecn thc radio cmission and I,he warm gas. 1L is pl ausible th at galax ies undet
going gravitational int eract,ions, if aligncd wilh I heir rad io sou rees. will be pref
erent ia lly selcete<1 by t he 3CR cat.aloguc, Most, modeIs of double radio sourees 
pred icL that t,he radio lum inosil Y of a sou ree will be increascd if it cxpands illl o 
11 denser gascous mediu m (SC(' Ealcs 1992 for 11 d iscussion of th is effect) . Thcre-. 
fore, s ince only radio galaxie1> in which one lobe lies near lo the linc-emissiOIl 
gas supplicd by !he companion galaxy will experienec a n cnhanccment in ra
dio cmissiOIl . Au x- limited santpIes will preferent ially contain aligncd inte raction 
ga laxies. ,),ltc fact thai, Our sources consist.ent ly have tlteir bright er and /or closet 
rad io lobe on tltc same side of I he central sou ree as most of thei r line-emission 
gas, supports this scenario. Anot her import.ant cluc lies in the fact lh at all of 
Ihe inl erac!ion gal ax ies arc ncar 10 Ihe flu x-limit of the 3CR eataloguc. Th is 
impl ies Ihal wit houl lhe rad io brightness asy n1lncl rÎcs j hese ObjCCLs would not 
have been delf'C I,cd by th i::! survey. By relating the typica l rad io lobc size and 
lu minosi t,y aSY lllmetries lo density differcnces. we arc also a ble lO show tItat only 
moclest dcnsity contrast;; (~ ~ ï)- betwccn a rad io 101)(' t:'xpauding 

('lOM 

near 10 Ihe liut'-emissÎon gas and its counter pa rt, ex pand ing into I.he ambient 
int.ergalactic Uloo iunl on the other side of the central gaJaxY- l.I re nccessa ry. 

C lass 2: PhOl.oionization by iI ccnt ral acti ve gal axy. 

For t hese SOli rees I he cxcitatioll of the line-elniuing gas ari ses from UV rad iatioll 
csca ping il nisolropÎCally from an AG N, hidden from our view by an obscuring 
torus. In Out s.."\rnple I hese objccts arc among the largcst a nd most sy mmetric 
snurces and are charaeteri zed by cOlliea!. or bi-conical line-emission sirllctures, 
com plex, orten d isconti nuous velocity strucLLlres, and rel at ively q uiescent linc 
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Figure 3. Ou r proposcd photoiouization cone superimposed on the grayscale 
[O IiJ image of 3C34. Thc 20cIll radio Illap of Ncff e t al. (1995) is showJI 
as eont.ours. The apex of the cone is loealoo at, t.he position of the central 
conti nuum source (thc location of the hidden AGN). An opening angle of 600 

is Lhe minimum required to photoioni ze the observed line-emissi on. 

wid ths (e.g. 3e 34 and :IC 2(5). 
The excitation of 3C34's 120 kpc-sized (Ho = 50 km s- L Mpc- L, qo = 0.5) 

[011] region is best describcd in terms of photoionil, Îng radia tioll ill uln inating 
the ambiellt cluster med ium of I.his soutce (a more detailcd account of 3C 34 eau 
be found in Nccser et al. 1997). This is illdicated by the distinctively bi-conical 
morphology of thc warm gas in 3e 34. By placing thc apex of a sy mmctrical 
bi-cone at I he position of the central continuum w uree, we find thai. we eau 
C0I111 c<: t 6 distÎ llct line-emission knol,sfex tens ions on both sides of the sou ree, 
ilnd symrnetrieall y st raddle the radio sou ree ax is (see Figure 3). 

A simple photoionizatiol1 model shows that th is intcrpretation is energeti
eally viabie on these length scales, as long as thc cUnlu lativc covcring factors 
from Lhe eenlral sourcc LO the outermost line-emissiOIl eomponents approach 
unity. T he lurninosity of t lLe hidden central AGN , necessary to accounL rOt the 
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Figure 4. A grayscale rcpn.-scntation of the radia! velocities of thc (0 u] gas in 3e 34 . 
T hc positional and kincnmLical origin is dcfined by Lhc optica! contilluum counterpart. 
of the radio ga!axy (shown with a cross). 

observed [01l})'3727 lu minosity, is then comparable with that of a t.ypical 3Cn. 
quasar at a similar redshift . 

Although this interprclation ca ll account fo r t he excÎ t.atioll and Lhe overall 
warm gas morphology. ÎL is insu ffi cÎent Lo explail1 the observed velocit)' anel 
line-width structu rcs. The sim plest photoionization model ",ould assumc Lil at. 
thc ionization cone is mercly illumi ll ati ng gas d um ps , of random velocity, in 
ti typica l cluster envi ronment . The prima ry difficuhy with this intcrpretation 
is t.hat t hc line-em ÎssÎolI on thc eastern side of 3C34 shows a remarkably fi at 
velocity st ructu rc across a lengih of more than 70kpc (sec Figure 4). 

In cont rast 10 t he random veloeities gcnerally associated with cl ust.er envi
ronments, the uniformity 3Cross such large scales indicates that a single mecha
niSIll is rcqui red that wi ll act on all of th is region simultaneously. We t herefore 
proposc that the radio sourcc, through the bulk motions of its lateral ex pan
sion, has swept up thc gas that ex istcd in t.he environment of 3C34. In th i;; 
way thc gas that ma kes up thc eastern [0 liJ li nc-emission region is compressed , 
pushec:l lo the outer edge of thc radio lobes, and givcn a bulk velocity that is 
constant across the enLire region. A close corrclatioll belween t.he linc-emitting 
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gas and ~hc outer edges of the 20cIll radio emission, as weil as t he radio dcpo
lariilalion associatoo widl t he [Oll] gas (Johnson et al. 1995) , a lso support t his 
i n terprc~ation . 

In our photoioll ization scenario t here cxists a direct cause and effect. reta
t.îollshi p betwecll the radio sotlrce and t he ionizatiOIl cone t.hat leads to thc 
a l ignmell~ effect in 3C34. lt is possible l O imagine tha1 the nucleus was initially 
surrounded by a d Olld opaque to ionizin g radi ation in all dircct ions. When the 
radio jet tUTlJed 0 11 it plowed t llrough the doud and opcned up a [ow density 
coanllel. As toe radio lol>es grew in size thc increased densit y of the swept up 
gas a llows it. to effecti vely absorb t he incidcllt ionizing rad iation fromlhe central 
ACN which, in tUrB , can cffecti vcly escape a long the clcarcd out. , low density 
channcl crca ted by the rad io souree. 

T he obvious conical st ructure in 3C34 , though prc\' iously unobser\'cd in 
high redshift , powerful radio galaxies, is well+known in 11 low redshift Scyfert.s. 
The tight aligl1lnent bctwecll the cOlle and rildio axes found in t hese sources 
(.u PAm~!ln=6° ; Wi lsolI & T svetanov 1994) is a lso trlle for 3C34 . A fundaulcntal 
di frercncc, howcvcr, is LhaL the Seyfert ionization cones show line-emis..'i io ll gas 
across t.he ent.irc la teral cxtent of thei r opf' ning angJes. Thc fact I.hat 3C34's 
rad io power is more lhan four orders of magnitude greate r, and hence capabJe 
of cfrcctivcJy swecping out thc lCM of the radio gaJaxy, alld con fin in g the line,.. 
emitting gas 1.0 its cdges, is a plausibJe cx plana tion for t.his d ifference. 

C lass 3: A direct, shock i nterac~ ion with t.he radio source. 

In th is model (sec ~' l eiscll hei mcr & Hippclci ll 1992 for a dctailcd description) 
the radiojct bowshock swceps up and hea ts the i\mbient medium. thereby COtn+ 
prcssing and accelerating t he gas. T he gas which has passt.'d th rough th is shock 
then rc<pl ires sc\'cra l 107 year:; beforc it can sufficiently cool to bc visible in 
opt ica I Jine,..emission. This rcsult.s in a dowllstrealll lag bctween the [0 ti] emit.
t i lig gas and the current position of the radio hotspots of a rew lens of kpc. 
As a natural consequellce of ~he close correlatiOIl betwecn 1he radio sourcc anel 
thc warm gas, galaxies clomi natcd by t his model tend lo bc vcry well-aligncd 
and have t Jle grealcst dcgree of sy mmetry in t hei t line-emission morphology 
and ki nema1.ÎCs. They a re also characterized by havi ng t he la tgcsl line widths 
(6." :c:: lOOD kms-I) of all of our sa mple sourccs (e.g. 3e 368 alld 3C 352) . 
For a number of galaxics we have a lso proposec1 a weaker versioll of th is model 
invoJving an intcraction between t hc lateral ex pallsionj backfl ow of t he radio 
lobes and the [0111 gas (e.g. 3C :34 allel 3C 337) . 

Noticea bly absent from t he list of mecha ll iSlTl s fot ex plai ning the emission+ 
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line cxci tat ion is Lhc popul ar jct.- iuduced starburst sccnario. In th is model 
the radio sou ree propagates Lhrollgh thc ambient In OOi unl , eompresses the gas 
t hrough its bowshock or ovcrprcssurc cocoon, and triggers a b UTSt of star for
maLiOIl (e .g. McCarthy cL al. 198i; DeYOlmg 19 9; UcgeJrnan & Ciom 1989) . 
Using tl lc spect ra l synthesis modeIs of Btuzl lal & Charlot (1993) , wc have com
pu ted the spectral cnergy distributioll of a sta rburst constr ucted to max im b::e il,s 
output, of ionizing racliation. The obscrvcd (011]'\3 727 flu x const r<lins the mass 
of th i8 butSt. and allows a ptediction of its eoulin uulIl signatu re. Since wc fi nd 
t he eontinuul'Il fl ux ullderl ying the line-emissioll regions lO be non-existent or 
fat too weak in virt ually a ll sou rees, we eau strongly a rgue agai nst th is model. 
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