B

y

P

h

i li p R

. Bla

n c o 1

& John

E.

Con

way2

1

Ce n te r f or A

stro p

h ys i

cs &

Sp

ace Sciences ,

Uni versity of California, SanDie

go, USA2

Onsala

Space Observatory, Onsala, S-

4 3 99 2, Sweden

. Using theV

LA in A- andB-array con�g

urations we have searched for spectral absorption

towards the radio nucleus of Cygnus A due to neutral gas as a signature of a circumnuclear

obscuring torus.The

H

i 21 cm line was detected in absorption with two velocity components,

while similar observations of OH and H2 CO yielded upper limits.

The A-array’s spatial resolution at the Hi transition of 1.3 arcsec(

’1 kpc) is insu�cient to

resolve Cygnus A’s pc-scale core-jet structure. However, we have been able to combine our results

withX-ray and radio continuum observations, and recent modeling of atomic and molecular

tori, to place constraints on the density and size of the Hi obscuring region in Cygnus A. One

possibility is that the ma jority of the gas is in a hot (5

000 {10000

K) mainly atomic phase.

Alternatively, the Hi absorption might be due to the small fraction (e.g. 10%) of atomic gas

within a warm (�1000 K) molecular torus.In this case the non-detection of molecular absorption

might be explained by radiative excitation of OH, CO andNH

3 due to the central radio source.We discuss the implications of these results for future observations of neutral gas and dust in

Cygnus A. 1.

In

t

ro d

uction O n

e o

f t he fun

d

a mental

conce pt

s

in the uni�ed scheme ofA

G N is that narro

w linegala xies harbor aquasar nucleus, which is obscured from our directview at optical and

softX -ra y frequencies by an optically and geometrically thick circumnuclear\torus

" of

gas and dust. An essential step in testing this hypothesis is to search for direct evidence

of this obscuring torus.In

Cygnus A, X-ray observations byG

i

n g a [

1 ] and nowA

s ca

[2] have provided strong evidence for a quasar-like nucleus behind a large foreground

column N

H =

3.

7

5 � 0.73

�10

2

3 cm�2

(

90 % errors).

While providing our best estimate for

the total column, however, these X-ray observations can neither constrain the location

(e.g. from a pc-scale circumnuclear torus up to a kpc-scale dust lane) nor the physical

state (molecular or atomic, neutral or ionized) of the absorbing gas.Therefore, inMarch 1994 we used theV

LA in A-array con�guration to search for the

spectral signatures ofH i, OH and H 2 CO towards the compact radio nucleus of Cygnus A

[3].Follow upB-array observations were conducted inJuly 1994 to con�rm our detection

of Hi absorption. Further details can be found in [4].2.

Data reduction

Amongst the di�culties with reducing these spectral observations were the overall

brightness of the continuum emission from the lobes (1600 Jy for the Hi and OH ob-

servations) relative to the core (<900 mJy), and the extent and complexity of the lobe

structure. The overall brightness causes problems primarily because small residual band-

pass errors can generate large errors in the channel maps at the position of the hotspots

and lobes; sidelobes from these errors can then mask spectral absorption at the core po-

sition. The bright continuum also signi�cantly increases the system temperature at each

antenna contributing of order 160K for the Hi and OH observations which increases the

map noise by a factor of 5 from its nominal value (or by a factor of 2 for H2 CO). Finally

69

7 0 P . R. B l a n c o & J. E. Con wa y : H I A b s o r p t io n in C y gn us A

t h e s i ze an d co m ple xity o f the so u rce com bines with the lar ge continuum ux density to

increase the di �culty of carrying out continuum subtraction.

Data reduction proceeded by (i ) interacti vely editing to remove the sporadic e �ects

of radio interference , (ii) amplitude - and phase-calibrating the data, (iii) ma king con-

tinuum images by averaging together several fre quency channels, and then iteratively

deconvolving and self-calibrating. For the A-array observations, in which two overlap-

ping IF channels were used, these continuum images were then used to self-calibrate

the spectral line data. This procedure aligned the phases and amplitudes of the edge

channels prior to combining the data from the two IFs together in the visibility domain.

2. 1. B an dpass ca libration and li mits on absorption against t h e lobes

Bandpass e�ects were then solved for using the Cygnus A data themselves |this was nec-

essary because no su�ciently bright external calibrator exists. Only short baselines with

continuum ux density > 70 Jy (> 10 Jy for H 2 CO) were used in making bandpass solu-

tions. Since these short baselines were dominated by lobe emission and not emission from

the 0 : 8 Jy core, this procedure is therefore valid, provided there is no spectral emission

or absorption from the lobes. This was checked by by applying the solutions obtained to

calibrator data, B L Lacertae. The resulting calibrator spectra only show thermal noise,

in the case of the A-array observations the spectral dynamic range (continuum ux den-

sity divided by R MS noise per channel) achieved is about 550:1, showing that residual

bandpass e�ects are much less than the observed absorption toward the Cygnus A nu-

cleus. This procedure also rules out signi �cant absorption towards Cygnus A ’s radio

lobes and hotspots ; the 550:1 dynamic range corresponds to a H i opacity limit of 0.0018

per 11.5 km s � 1 channel for a uniform foreground screen covering the whole of Cygnus A

(cf. [5 ]). Any greater absorption would show up as apparent Hi emission in the calibrator

spectrum.

2.2. Baseline subtraction and continuum estimation

The �nal step was to remove continuum baselines from the data. First the e�ects of

the bright hotspots were removed using the AIPS task u v su b, then continuum baselines

were removed from the residual data using the AIPS task uv li n [ 6,7]. The data were

then Fourier-inverted to obtain spectra at the core position (e.g. see Figure 1).

Depending on the deconvolution algorithm and imaging parameters used we obtained

estimates of the core continuum ux density of between 65 4 mJy and 902 mJy (the large

uncertainty is related to the lack of short spacings in the A-array observation and the

poor B-array u v coverage).

3 . R e s u l ts

3.1. H I absorption

Hi absorption toward the nucleus of Cygnus A was detected in both the original A-array

data (see Figure 1) and con�rmed in the follow-up B-array observations (see [4]).

The best �tting single Gaussian model for the A-array data requires F WHM = 276 �

26 km s �1 ( � 2 =124.1 /84 d.o.f. ). However, the A-array spectrum shows strong evidence

that the absorption is split into two components; a two-Gaussian �t yields centroid veloc-

ities of +40 � 6 and �149 � 8 km s �1 for these components, with FWHM= 151�16 km s �1

and 102�20 km s �1 respectively (� 2 =83.7/81 d.o.f. ).

Other models are not supported by our data. In particular, models invoking a gaussian

Hi emission line superposed on a single, broader absorption line cannot reproduce the

observed A-array line pro�le for plausible values of line luminosity at Cygnus A’s distance.

P . R. B l a n c o & J. E. Con wa y : H I A b s o r p t io n in C y gn us A 7 1

F i g u r e 1 . V L A Hi s p e c t r u m o ft hecoreof C y g nusA ,t a ken inA -arraycon �guration . The

ve locityscaleiscentere donaheliocentricredshiftof 0.0 5 65,spectralsamplingis 11.5kms � 1 ,

andthesynthesi zed beamis1. 3arcsec. Dashedandsolidlinessho wtheone-andtwo-gaussian

�tstothedata, respectiv ely.

No rcanw e i den ti fyeit herco m ponentofthea b sorptionlinewiththeobser vedpro �leof

[ O i ] 6 3 00 � Aattheposition oftheradio n ucleus[ 8].Notethou ghthatthe Hiabsorption

comp onen ts ’redshifts areincloser accord withthose oftheoptical emission lines ,than

withthesmaller valuerecen tlydetermined from stellar

Mgbabsorption

[ 9].

Indep enden tofthemodel,theintegrated absorption from � 400to + 200 kms � 1 is

�10 :64 �0:64Jykms �1 . ThecorrespondingHicolumndensitydependsonthe u x

densit yofthe

V LAcoreandwhatfraction ofthiscore (whichisresolvedonparsec

scales

)iscoveredbytheabsorbing

Hiscreen.

Assuming thatthe1.34 GH zcontinuum

uxisdistributed onasimilar scale (1 5 h �1 pc)tothe5GHzVLBI structure

[10], it

follo wsthatiftheabsorbing screen hassize >15h �1 pcthenallthecontinuumemission

iscovered.

Fromourestimate of778�128mJyfortheVLA core uxdensit y,the

observ edHiabsorption thenimplies aHicolumn of2.54�0.44 �10 1 9 T s p i n cm � 2 where

T spin isthespintemp erature averaged along orline

-of-sigh t ;ifthescreenissmallerthen

thecolumn mustbelarger.

3.2.

Li mitsonmo l e cul arabsorption

OurOHandH2COobserv ations shownoevidence forsigni�can tabsorption oremission.

TheOHobserv ations, whic hweresomewhat a �ected byradio interference generally

hadanoise perchannel onlysligh tlylarger thanthermal, i.e.12mJybeam �1 (though

severalchannels hadanRM

Snoise of18mJybeam �1 ).Thecorresp onding

3 �limit

ontheopacit yofOHabsorption is0.065 per8.3kms �1 channel.

Thecorespectra for

formaldeh ydeshowedfeatures abovethenoise, butnoconvincing signature ofabsorption.

Taking theratioofthecontinuumcore uxdensit y(0.8Jy)tothehighest channel residual

(8mJy) weobtain anopacit ylimit of0:01per54kms �1 channel.

7 2 P . R. B l a n c o & J. E. Con wa y : H I A b s o r p t io nin C y gn usA

4 . T h e l o c a t io no fthe H Io b sc u rin gas

M ea s u re men tso ft hePaschenan dBalmerl inesim plyafore grounde xtinctionof

A V = 1.2magtowardsthe Narrow LineRegion (NLR )inCygnus A [11 ]. Foranor -

maldust-to-gas ratio

,theassociated neutral gas(ifentirely atomic with T s p i n

’1 00 K)

could easily accoun tfortheo bser vedintegrated H iopacity.

However,aserious problem withthisinterpretation isthelarge velocitywidth ofthe

absorption feature (F WHM=

27 6 kms � 1 ). Inknowncasesofdustlaneellipticals with

associated

Hiabsorption, theabsorption occurs within multiple narro wcomp onen ts,

quite di �erentowhatweseeinCygnusA[12,1 3,1 4,1 5].

Conversely

,inthose ob jectswhic havebroader

( >150kms �1 )Hiabsorption pro �les

there isincreasing evidence thattheabsorption occurs close tothenucleus (N GC4151:

r <50pc[16] ;NGC4261:r �100pc[17];NGC307 9:r�90pc[1 8]).Althoughanorigin

intheNLR cannot beruled out(andweshall return tothispointlater), thebroad

velocitywidth ofCygn usA ’sHiabsorption ismore clearly consisten twiththeoretical

predictions forcircumn uclear tori[19], since inorder forsuchtoritobegeometrically

thickthecloud dispersion velocitywithin thetorus mustappro ximately equal theorbital

velocity,i.e.typically afewhundred kms �1 . Torusmodelscouldalsogiveanatural

explanation oftheapparen tlysplitlineseeninCygn usA,ifthetorus gasrotates around

aparsec scale radio jetwhic hissomewhat edge-brigh tened andorien tated close tothe

skyplane.

Thishypothesis willbetested byupcoming

Hi VLBIobservations.

Animportan tresult ofrecen tphysical modelling ofcircumn uclear tori[20]isthatthe

constituen tgascanbeither atomic ormolecular depending onthevalueofthee�ectiv e

ioni zation parameter � e ff=4 � F X N 22

� 0 : 9 = n= LXN22

�0:9 =nr 2 [20].

If�eff>10 � 3 (in

Maloney et a l .’sunits)thegasmustbelargelyatomic,otherwise itismainly molecular;

wediscuss these twopossibilities below.

4.1.Anato mi cobscuringtorus

Supp ortforalargely atomic obscuring column inCygn usAcomes from theabsence of

detectable

C O[21],NH3[22],OHorformaldehydeabsorption.Althoughotherexplana-

tions arepossible, thesimplest isthatthisabsorption doesnotoccurbecause most ofthe

gasalong thelineofsightisatomic.

[20]�ndthatanatomic torus results if� eff >0 :001;

using thehard

X-ra yluminosit yreported by[1]thisimplies thatthetorus willbelargely

atomic provided thatitsouter radius r o u te r

<32 h �1 n �1 =2

6 pcwhere n 6 istheHinumber

densit yinthetorus clouds inunits of10 6 cm �3 .

Ifthetorus islarge enough tocovermost ofthecompact radio jetat1.34GHz

(i.e.has

outer radius

>15h �1 pc)thentheobserv edHiopacit yrequires acolumn densit yofHiof

2.54

�0.44 �10 19 T spin cm �2 .Atomic gasirradiated byhardX-ra ysispredicted tohave

astable equilibrium stateatatemp erature of�8000

K,almost indep enden tofdensit y

[23,24]

.Itcanbeshownthattheincrease inline-of-sigh t-averaged spintemp erature due

toradiativ excitation e�ects

[25]willbelessthanafactor of2provided thatr outer >

4:4n

�1=2

6 pc,where r outer

,thetorus outer radius, isassumed tobemuchlarger thanthe

inner radius.

Assuming aspintemp erature intherange

8000 {16000KtherequiredHi

column densit ytogiveourobserv edHiabsorption isthenintherange

2.0{4.0 �10 23 cm �2 ,

inexcellen tagreemen twiththetotalcolumn densit yderiv edfrom

X-ra yobserv ations.

Since anatomic torus contains asigni�can tfraction

(i.e.0.01) offreeelectrons

[24],

there isanadditional constrain tontorus properties duetothelackofobserv ablefree-

freeabsorption e�ects

.Thefactthattheobserv edVLA corespectrum is at(inF � )

downtoatleast1.34GHz suggests thatthefree-free opacit yat1.34GHz islessthan

about0:5.Assuming electron fractions of0:01,electron temperatures of8000

K,anda

P . R. B l a n c o & J. E. Con wa y : H I A b s o r p t io nin C y gn usA 7 3

F i g u r e 2 . C o n s t r a intsont h esi zean densit yo fanato mi co bsc urin gtorusinCygnus A .Asdiscussedinthete

xt , weassumethatthetorusis largerthan 1 5 pc ( H 0 =1 00 )andallthegasalongthelineofsightisatomicwithacolumndensityof

N H= 3. 7 �10

2 3cm �2 [1 ]. Thegasthermaltemperatureisassumed tobe

8000 Kandthefreeelectronfraction0 :01. Foragi

vendistance from thenucleus theregion ofallowedgasdensit yisbounded belowbythere

quiremen thatthe �llingfactorislessthanunity(dottedline)andconstraintsonradiativexcitationofthegasspintemperature(dot

-dashed line)suchthatthecolumn remains consisten twiththeobserv ed

Hiabsorption.

Theregion ofallowedparameters isconstrained from abovebytherequiremen thatthee

�ectiv e X-rayionizationparameterishighenoughto keepthetorusatomic(long-dashedline)andbyconstraintsduetothelackoffree-freeabsorption(short-dashedline).

totalcol u mn d en s ity N H =3.7 � 1 0

2 3cm �2 [1 ] ,t hisim plies gasdensities n < 2�10

5cm�3.

Su bstituting thisdensit ylimit intothe radiati ve xcitationlimitdiscussedabovewe �ndthatanatomictoruso

fradius

1 5pcorgreaterisabletosatisfytheradiativexcitationandfree

-free constrain tssimultaneously .

Incontrast, asmaller atomic torus wouldhavedi �culty�ttingalltheconstraints.Suchatoruswouldonlycoverpartofthecontinuumstructure,increasingthecolumndensitiesre

quired toexplain theobserv ed H iabsorption. Furthermore,thehighdensitieswithinsuchatoruswouldincreasethee

�ects offree-free absorption while theproximit ytothenucleus wouldincrease radiativ excitation.

While adetailed analysis isnotpossible without maps ofthe1.3 4 GH zparsecscalecontinuumemission

(andiscomplicated bytheuncertain tyin H 0andthelarge errors onthe

X-rayestimate ofNH ),itappearsthattheseargumentsalreadyruleoutaverycompacttoruswith

r o u t e r<5pcwhichonlycoversthe \core "componentvisibleinthe5GHz

V LBImaps[10].

4.2.A mo l e cul arobscuringtorusItisstillpossiblethatthema

jorityoftheobscuring column towardsCygn us Aisinamolecularstate.Variousexplanationsarepossibleforthelac

kofdetectable molecular absorption inanyofthespecies C

O,OH,H2CO, NH3. Themodelsof[2 6]predictclouds

7 4 P . R. B l a n c o & J. E. Con wa y : H I A b s o r p t io nin C y gn usAw

i t ht e m pe rat ure so for der 1 000 K ,anddependin gonconditionsawiderangeof H ifractionsfrom0.0

5toa bout0.5. Ifthetorusislarge ( >15 h

� 1pc

)andco versthewhole

V LBIradio jetthenadopting T

s p i n

=1000K there quired N

H Iis

� 2.5 �10

22cm�2,whic hisconsisten twiththetotalcolumn densit ygivenby

[1 ]iftheHiabundance is0.07.

Conversely

,ifthetorus issmall (

<5h�1pc)andjustcoverstheradio core, whic hispredicted tohave

u xdensityof�100mJyat1. 34 GH z,thentherequiredHiabundanceis0.5.

While these calculations assume noradiativ excitation oftheHi,thiscaneasily berealised eveninthecompact torus case, byhavinglowcloud

�lling factors andhighcloud densities.

Incontrasttoahot,atomic torus there arenoconstrain tsduetofree

-free absorption because thefreeelectron fraction isnegligible

[24].

Asnoted by[21],

C O(J=1 {0)absorptionmighthavescapeddetectionifthemolecularcloudsaresmallerthanthebac

kground source, haveacovering factor ofaboutunity(asexpected), andalarge velocitydispersion.

Iftheclouds werehot(

T�1000

K)andweredistributed overavelocityrange similar tothatofthedetected

Hiabsorption, theywouldindeed bebelowthedetection levelofprevious searc hes.Theother possible explanation forthenon-detection ofCOisradiativ excitation viamilli meter-w avecontinuumemission from thenucleus

[20].

Note thatitisquite possible forthecloud densit ytobesuchthatCOisradiativ elyexcited butHisnot.Assuming a atspectrum continuumsource, thenatanygivendistance from thenucleus,

COradiativ excitation isstillsigni

�can tatdensities

30times larger thanthose forwhic hitceases tobeimportan tforHi[25].

Giventheabundances ofOHpredicted insome molecular torus models(e.g.[2

6]),ournon-detection ofOHabsorption ishardtoexplain unless thistooisradiativ elyexcited.

However,more recen tmodelling

[20,24] predicts thatatleastinhighpressure

(1011Kcm�

3)warm(500{1000

K)molecular tori,OHise

�cien tlyconverted toH2O ;thisisonepossibleexplanationofthelackofdetectableOHabsorption.Alternatively,OHmightberadiativelyexcited;unfortunately,publishedcalculationsforOHandothermolecules[27]donotdealwiththepressuresandtemperaturesexpectedincircumnucleartori;moreworkisrequiredinthisareatounderstandournon-detectionofOHabsorption.

5 . I m p l i c a ti o n s5.1.Asso

ci at e dustabsorption

Wenotethatdespite thehightemp eratures predicted foratomic tori(�

8000

K),thisgascould stillcontainenough dusttoexplain thederiv edoptical

/IRobscuration of A

V=50{

100mag[11,28] .

Dust grains areinthermal equilibrium withthelocalradiation

�eld, andsotheycanbemuchcoolerthanthegas.Giventhehard

X-rayluminosit yderiv edforCygn usA[1],from

[24]we�ndthatgrain temp eratures inCygn usAshould onlyexceed theirsublimation erature of�1000

Kwithin aradius

0.4h�1

=2pc.Anatomic torus could therefore stillproduce astrong

9.7 �msilicateabsorption fea-ture,unless suchgrains aredestro yedbyshocksoraltered incomp osition close tothenucleus

(see[29], andreference stherein).

Forfurther discussion ofdustextinction andattempts tomeasure silicate dustabsorption inCygn usA,see[30].

5.2.

Futureobser vationsAnupcomingXTEobservationshouldprovideanimprovedestimateofNHandmayevendetectvariabilityinthiscolumn.PlannedVLBIobservationsmaybeabletoconstrainthelocationoftheHiabsorbinggasmoree

�ectiv elythantheVLA observ ations presen tedhere, though theirspatial resolution willbelimited toabout15milli-arcsec byGalactic

P . R. B l a n c o & J. E. Con wa y : H I A b s o r p t io nin C y gn usA 7 5