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Abstract 

As 1\ prerequisite for intcrpreting ncw oblsen 'fltions of (he most distant ra­
dio gaJaxics, wc make fut OP! kal stucly of the doses~ powerful radio source, 
Cygnus A. Using Keek imagi"g- and 8pcctro-polari nlctry in conj llnction 
with HST , WFPC 2 broad and narrow band imaging, we are able 1.0 ideu­
tjry sl>ecific geomet rical structurcs in t hc galaxy wi t.h optical COlitinUUIIi 

componenls dis t inguishcd by boLl, çalour and polarimctric properties. A 
4 kpc diameter dust.y ring of young slar.;; forms thc equator of a double 
ionization conc which is co-altial wi th the radio jeu. 

1 Introd uctiOll 

lsolating and idcntifyi ng thc emitting components of t he most powerful radio 
gaJaxy in t hc local un iverse is a prcrequisitc for ana lysing the properties of 
l hc most d istant mem bers of I.he class. Cygnus A, wi th a red shift of only 
0.056 and fim st ud icd same 43 years ago by Baadc & Minkowski (1954). has 
all optical structurc wh ich has prove<! eX I.raord in arily diflk ult t.o discntangle. 
Therc is now a la rge litera ture , best acccssecl by reading t hc reviewatticle by 
Carilli & Oartbcl (1996) <lnd t he proceedi ng5 of thc recent NnAO worksllop 
(Ca ril1i & Uarris, 1996). Thc long-know il presellce of a very strong Clilission 
lille s pectrum covering a wiele range of ioni zatioll (Ostcrbrock & ~ I i ll e r 1975) 
a llel the dctcct ion of wea k optica I pola riza l.ioll (Tadhun tcr, Scarrott & n olph 
1990) gave some support 1..0 t he lIotion of a l>llried quasar , but thcre was a lways 
concern that such a nucleus should be tray itself in a morc obvioU5 rashion. Thc 
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realisation thaI. Cygnus }\ has a ll ullusually low FIR ta radio lu minosity ratio 
and the suggestion thaI, t hc object may be o\lcrl urn inous in the radio - d uc ta lts 
dellse environment - ralher than underluminous a t a ther wavelcngths (Uarthel 
& Arnaud 1996) has made peopJe more willing to accept thc (weak) quasar 
hypothesis, but perhaps less witling to regard the object as a good prototype 
fOt t i IC powetrul sources M high redshift. 

Weak though it may be, thc presence of a rad io quasar in a galaxy at sueh 
a Jow redshi ft gives us a unique oppotLunity to take it apart a llel catalogue tbc 
propertjes of those components which , albeit in difrerent proportions, may be 
used to build thc high rcdsh ift. objects. 

Ooe of tbc rcasollS fot the relativcly slow progrcss in IJIldcrstanding I his 
object is tha I. it lies behind a veil of Galactie d lls t (A ll ~ 1.5) aud its nuclcar 
regions are furt hcr obscured by local dust alld seell agains t thc emission from an 
clliptical galaxy which cOlltributcs more than half of lhc visiblc light . This has 
rneant that more powerful observational tools have been requi red than migllt 
have been expccted for au object of t h is iut rinsic lum inosity and distancc. 

In spil e of cxtcnsive eatlier efforts, it look HST ros spect roscopy (An­
lonucci, I-Iurt & KillllCY 1994) a nd the J{cck spectropolarirnetcr (Ogle ct al. 
1997, hereaflcr 097) t.o fi nd the scaLtcred broad line spedrum of Mg 11 and Ho. 
The Balmer lines are unusually broad (FW HM ~ 26.000 km S-I) for quasars, 
rcsembling some of the broad linc radio galaxies. '('h is cx tent of BLR light in 
wavelengl,h undoublcd ly contributed lo prev ious nOJl-cletections. In addi l,ion to 
polarizcd , broad Ho , 097 reporLe<1 weakly polarized nattow liues redshifted by 
t 10- 230 kU l ç 1. 

The new work reportcd here is an analysis of t hc spatial variations SCCll 

in thc Keek imaging- anel spoctro-polarimetry, interpretoo in combinatioll with 
lI1 ult.i l..'O lour images taken wit h WFPC2 on l iST (J acksolI & Tadhullter , ill prep.) 
aIJd available to us in Lhe public archivc. Thc dcar idemification of the spect.ra l 
with the spatial componenls which resulls rrom the application of I hese two ob­
servational technique5 demonstrates the extaordi nary power of lhis combinat. iOIl 
of tools. 

2 0 bservatiollS 

The imagillg- a nd spectropolari metric observations were obtaincd with I.he Low­
H.csolution ImagÎllgSpeetrograph po larimeter (LIUSp, Okc et al. 1995; Goodrich . 
Col le.n & Putney 1995) 011 the " eek 11 telescope during October 1996. The d aia 
and Lheir roo uctio ll are dcscribed in 097. The resulL of a lle hour of imaging 
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Fig ure 1. Keek 11 IJ-band imaging l'olarimcu'Y of Cygnus A. E-\'cctors wi th 
SNn~2.5 are shown as short linl!!! on the illtCII!iiLy <:ontolJ r map. The spect rograpn slit 
(5) togcthcr with the oox(."!i showing thc th rcc extraction apertures, the radio axis (R) 
and tbe ioniz,llion cone (IC) from the HST images (Jackson et al , 1996) are marke~1. 

polarirnetry ju t hc 8 -band is shown in figure I thaL has thc spcct rogra ph s lit 
and the ex tract ion apectu rcs overlaycd . 2.2 hours of spect ropolarimctric dat a 
were obtaincd in I.he wavdength range 3900- 8900Ä wil h a s ti l of width 1 arc­
se<.: in PA 101 0

• T he spectra have been correcled for i\ Galactie rcd dcning of 
Eo_v = 0.5 and a ll ell ipt ical galaxy templa tc (NG C 821) has been subt racted 
from the spat ia lly cx tractc<1 spectra. The elliptical galaxy aL 5500f COlli ribul.cs 
64% of I.he flu x in lhe eas t and 62% in thc western exl ract io lls. 

T he UST \VFPC2 images, from progrll/T1mes by \Vcstplml and by J acksolI , 
were ret.rieved from t he public archi ve a l, 1 he ST-ECF. Ex posurcs with t he filters 



3 11 f'osbury et al. 

F450W , F550W, F622W, F8 14W and narraw band sub--framcs us ing t he lineaT 
Tarnp filters at thc wavclcngths of the te<lshiflcd (0 111], Ho and {O IJ lines were 
cleane<! of cosmie ray evcnts and co-a ligned using slcl lar images. The F450W 
image, whieh has low signaljnoise ratio duc to t hc large G alactic ex tinc! ion 
ill CygTlUS, has beell co-addcd wit.h UIC COI lLbinoo 8 -band images from LRISp 
usi ng t he ACOADD task in IRAF dcvcJopcd by '-look & Lucy (1993) . 

3 Discussiou 

In t his discussion , we focus principallyon the nat ure of I.he contÎ llIlUl11 th a i 
rcmains af ter the s ubtr;\.C tioll of t he red poplilation of sta rs in the elliptica l 
galaxy. Fronl t hc spedropolarirnct ry intcgratcd along thc central ï .6 arc$CC of 
t he s lit , 09ï ..... e rc able 10 II$C t he variation of P a llel P.A. with wavele ngth t.o 
model thc contintlUm with three components: a ncbula r coutinuum computed 
from the obscrved , Galactic extillction correctcd nartow HP flu x, a blue (I" 0: 

v+1 ) featurcless cOlltinllU nl (Fe l ) polarized simil a rly 1.0 the broad Ho , alld a 
secolld conliull um (Fe) which is redder U" 0: V-I) and has lower polarization 
in a differeul P.A. Fel was atl. ributed to dust scau ering of a hidden AG N of 
rat.her moderate lum inosity. The nature of t hc second FC' was undetcrm ined 
al lhough il. was suggested t haI. it could he slighLl y polarized rad iation from 
dichroically absorbcc\ or scattered light from OB s tars associated wit h thc blue, 
knoLty strllct.urcs geen in the HST images by Jackson et al. (1996). 

The very dim,tent behav iour of I.he total and polarized flu x conl.inua in thc 
eastcrn a nd western spectral ext ractions was poi nted out by 09i . The pola rized 
flu x is bluer th an tbc to tal flu x in the western component, buL t he opposite is 
observed in t he east. Here wc atlempt to fit I.he continu a in these two regions 
using t he min imum Ilumbcr of componems required to ex plain the polarization 
behav iour. By using colour images cOllstructcd from thc HST and Keck filter 
data, we a re able to make a direct associatioll betwecn gCOI l'lctrically identifiabic 
structures in the galaxy a ud the con tinuum componcnts nccessary to synthcsize 
t he spectropola rimetry. 

The most revealing colour rnaps a rc thOfje cOllstructed from the broad band 
/3{ F450W), F622W and F8 14W fil ters, which tcpresent predomin ant I)' COII­
tinull nl radi ation (F555 W is not uscd because it contains [O IIlIJ, and t he 
B(F450W), [0 lil] and 11 0' filters. These a re showu as t lle two panels in Plate 
6 where the t hrec filter im ages a rc assigncd La t he blue, green and red chanuels 
respectivcly. 

The line rad iation dclinea l.es ti sym metric bicollical structure with a ll ax is 
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Rast . 
Camp. P(%) PA (O) FI F6S63 En _v 

FCI" 43 48 .20 >.2 
PC IB 25 '8 .'5 0 
FC2 0 - .65 0 , \\ est 

Goll1p. P(%) PA{O) FI F 6563 En v 
FCI ... 23 -. .40 0 
PCI IJ .5 -:1 .40 0.2 
Red Star 0 - .20 0 

Table 1. Parameters for thc fi ued contÎnu lI m componcnts in thc eastcrn alld 
weslern ex l.ractions. 

close to Lh at. or thc radio jets whercas thc bluc l.:ontillllll m cxtcllds weil outside 
t he cone in the cas t and appcars to bc in all cquatorial ring which partially 
obscures thc casteru conc and is obscllrcd by t hc westcrn olie. The conti nuum 
image reveals extensive dust struct.u res th ai. appear 10 be loo,;ely associated 
wi th the bille ring in a way remi niscent or Ccntaurus 1\ . Tbc contillUum image 
also shows a very red (prcsurnably) Ga!actic s tar tha t faUs within thc wcsteru 
aperturc aud is accoull te<1 ror in the spect ral fi tting process. It is clcar l hat thc 
strong blue CQntilHlUm in the cas t, nOlcd by sever<Ii previous autbors (sec Cari ll i 
&. BarthcJ 1996) ariscs from the apparent ring strueture that appe<l rs not 10 bc 
associated directly with tile ioni za tioll cones. 

We have litted the spectropola rimetric contillullm data sc]mral.ely in the 
eastern a ud wester n ex traçtions wiLb thc cornponents listed in T able 1. Thc fits 
thcmselvcs are shown in Pigurc 2. 

In bath cases, the ncbula r conti lluu m has been calculaled rrom t.he obscrved 
1-1,8 fl ux aud il. has been given thc (Iow) P aud P.A. measurcd ror the Ila rfo\\' 
emission lines. In the west , thc conti lltllll1l over most of ~he observed spectral 
range is dorninaled by a polarized Fel , reprcscnted evcryw herc by power law 
\\'i th Iv oe v+ 2 , wit!1 low rcddellillg. The polarizat.ion is diluted i' l the red by 
bath the ncbu lar eontinuunl and tlte Galactie slar (T~JJ = 3, 500K). The fit lo 
thc polarirnet ry is improved slightly by Lhe add it ion of a second FC I component 
wilh a much targer reddening and a s!ightl y different P.A. As therc are scveral 
spa tially separated knots or contillulllU radiation visible in thc HST images 
within thc western aperturc, t he presence of morc I.hall onc Fe 1 component is 
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F igllre 2. Cont inuum fi ts ror the easlcrn and western spectropolarimctric data (~ 
Table I) . The top panel ShOW8lhc total Hu )!; spectnlm with binned continuum points as 
fi lled circlCll. The continUlun COmpOI1Cllts !\TC: ...... FCI A; - - - - rC l n: -.-.-. FC2/red 
SI!\T; - ... - ... - Ncbular continuum. Although the Pand P.A. spectra are plottcd in the 
lowcr two panels, the fits weil: Inade lO the: cont inuum bins in thc I , q and 11 spectra. 

not surprisillg. 
Thc specLru m in the east is domi uat.ed by a vcry blue unpolarizcd conl.În­

uum whieh we eall Fe 2 (Tran 1995, Tran, Cohen & Good rich 1995). 'fhis is 
reprcscnt.cd by a black body wiLh T el! = 25, OOOlC The pola rization behaviour 
is t hen fil,ted by adeling two Fe I com ponent!!, one wit.h significant. rcddening 
and a P,A , of 48° anel anol.her with na reddcll ing aud a P.A. of 18° . This is 
j ust ified , as Figure I shows, becausc thc E-voctors withilI the castern aperture , 
un ti ke those in the west whieh have an a tmosI constant orientation, range from 
arOl! nd 10° to 50°. Evidencc l.h aL thc Illipola rÎzcd F(;2 consists of blue starliglt L 
is prov idcd by Ihe bchaviour of t he Balmer emission !ines within Lhe cas tern 
and western aperLll rcs. Figu re 3 shows I.he ratio of promi nent crnission li nes 
spann in g t he whole wavelength range of t he data from the cast a nd wesl. . With 
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Figunl 3. The ratio of emission li nc intensities from lhe castcrn and western 
aperturcs plotted as a function of wavclengi ll. Most of thc linCii are consistellt 
with an excess reddening in thc cast with ,ó" E /J _" = 0.07 shown as thc dashed 
linc: thc solid line reprcsents .ó.E8_ v = 0. 17. Tl le anomalolls bc hav iou r of the 
Balmcr li nes is duc to underlying hydrogen absorption lines in thc spect ra of 
thc hot stars which comprise the FC2. 

I.he exceptioll of thc bluc [Ne 1I1] line and the Balmcr lines, most cmission lines 
indicate that the NLR is more red dcned in the east by ,ó" Eu_v = 0.07 . T he 
anomalous bchaviour of I.he Balmer lines can be explai ned if FC2 is 11 0 1 cutirely 
fea t llrclcss but ex hibits Balmer absorpt ion with equivalent. widths ranging from 
aboLIl. 5 for HJ to 14À fo r 1-1.8 whicll will roouce the mel.lsured emission li nc 
f1 uxcs in I he cast. 



4 ConcInsions 

Thc picture LhaL we no\\' luwe - rrOUl 097 , lhis work nnd thc prcvious lilerat IIfC 

ofthcoptical emissioll frolll the Cygnus A galaxy is reprcsentt'(i as lhc cartooll 
in Figurc 4. 

A dust·scatlered AGN contintlLlm from a quasar or broad tine radio galaxy 
of modest luminosity is confinoo la a ll ionizadoll bieone. This Fe l is highly 
polarized (Io<:a lly up to !leady 50%) witlt the E-voctor perpcndicul ar La Lhe 
linc conneclÎng Ît ta Lhc lIudeus. h s spectral index is blue, 0 :: +2 (1;0,., 0: 11" ). 
slIggC8ting that the scauering prcx:css bil/eng the l\ GN cOIILÎnuulII by Aa ~ 3- 4. 
Il cddclling differellces suggesL th at tIJc western cone is 011 the nearsidc of thc 
galaxy, cons istent. with the radio jet. data (Caril!i & Barthel 1996) if thc cone 
alld tllc jets are co-axial. 

The bluc lIu polarized canti/luullI (I'~C2) seell in the cast is from a poptdatioll 
of young Slars, represenled by 7~11 = 25 , OOOK in our fits. This. together with 
lhe HST t olour images, suggests lhe stars reside in a dusty e<luatoriaJ riug with 
a diameter of aroulld 4 kpc :md an axis coinciding with the radio alld ionization 
tOlle axes. The yOllng slar!! avoid the regioll of the radio jets; they are in an 
orthogonaJ SlrUCLure. 

There is a lIebu lar contin uunl assocÎated with the regiolIs emi l ling the NLIl. 
'!'his coutribUles significantly ouly in lhe red . There a rc polarizoo , clust scat· 
terexl, broad permitted lines : Ho and Hp in our data Iwd Mg 11 in the HST 
spect.roscopy of Antonllcci, I-Iurl &. I,inney (1994). 

Narrow emissiOfl lines arc emiucd mostly within the ionization cones. These 
arc more roodened in the eas!. alld are wealdy polarized in a marltlcr sllggcstivc 
of scatlering in an outflowing wiud of a few hUlldred km S-I. 

All of these cOlll ponents are scen in high redshifL radio galaxies. Our viel\' 
of t he aligned light in these objects is d earer because the redshift moves our 
observation window belo\\' thc spectra! region dominaled by lhe red sta rs in 
lhe elliptical galaxy. The balance bcl.ween the Fe land FC2 lum inosity clea rly 
varies from object. 10 objC(' 1. anel might be cx pecl.ed \.0 cvolvc in a part iclI lar 
object. We do not. yet , however . have a very d ear picture of lhe rda ti ve spatial 
distributio l1 of I.hese 1\\'0 bJuc continua in the more distallt objects. It is fl o te. 
\\'orthy, however, tha~ in this one nearby cxampJe of a powerfu l radio source, 
Ihe scallcre<! FC I (.'O II Ie8 ftom along thc radio nis while tile stellar FC2 dOCii 
not. There appears 10 be no recclII star format ion associa ted with the jets. 

Ackuowle dgem e n ts We thank Neal JacksolI for discussions tegarding the 
HST data. The US'!' irllagcs lI'ere obtained from the I)ublic HST archive oper· 
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F ig ure 4. A cartoon reprC!lenting thc gCOIlIetric configuratioll of the spectra] CO III­
ponclll .. ~ identified from thc spectl'opolar·i llletry and the colour illlagl'S. Thc cone angle 
nnd thc inclinatiou axis arc discllssed in 097, The on cmatiol1 or dlc stcllar r ilJg axis 
is dcn"ed rroUi it.s ilppareut axial rat io. 
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