a cc e

p te d

f

o r pu

b l icatio n inA

strop

h

ysical Journal

(

Letters )

H

I

a

b

s

o r

p t

io n toward th

e nu

c

leus of the p owerful radiogala x

y

CygnusA

: evidence for an atomic obscuring torus?

J

. E. C

o

n w a

y National

Radio

Astrono myObser

vatory ,

PO Bo

x

0,

Socorro, NM

8

780 1

p r e se n

t a

ddress : Onsala Space Observatory , Onsala, S-

4 3 99 2, Sweden andP .R.

B

lan

co

Center for Astrophysics& Space Sciences,University of California,

SanDie go, 9500

Gilman Drive, La Jolla, CA 92093-0111A

B

S

T RA

CT

W e report the detection of broad (FW

HM 270km s�

1 ) H I 21 cm absorption

toward the compact (<15h �1 pc) radio nucleus of the nearby powerful radio galaxy

Cygnus A.

The absorption corresponds to a column density of hydrogen atoms of at

least 2.54�0.44

�10 19

T s p i n cm �2 . Observations of OH and H 2 CO yielded upper limits.

While other possibilities exist, we argue that the observed H I absorption plausibly

occurs within a circumnuclear obscuring torus which is thought to block our direct

view of aquasar nucleus in this object.

W e have attempted to constrain the properties of the obscuring gas by combining

our H I result with upper limits on molecular absorption and estimates of the total

obscuring column density fromX-ray observations. One possibility is that the

ma jority of the gas is in a hot (�8000

K) mainly atomic phase; we derive limits on the

size of such an atomic torus. Alternatively , the H I absorption might be due to atomic

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

of molecular absorption can possibly be explained by radiative excitation due to the

central radio source (Maloney , Begelman, & Rees 1994).

F ollow-upVLBI observations are planned which will further constrain the

properties of the absorbing gas and distinguish between the competing models.S u b j e c t he

a

d i n g s : gala

x

i e s : acti

ve| galaxies: individ

ual

(CygnusA

) |

galaxies: nuclei |radio lines: galaxies | radio lines:I

S M

{ 2 {

1 . I n t r o d u ct ion

I n t h e st r on gest for m of the q u asar /ra d io ga la x y uni �ed s cheme it is proposed that all

po werful radio loud o b jects contain a quasar nucleus , and that narrow line radio galaxies

are those ob jects oriented such that a dense obscuring torus bloc ks our direct view of this

nucleus ( Barthel 1 9 89 ) . As the nearest powerful F - R ii radio galaxy ( z = 0 :0 5 65), Cygnus A

has recently been the sub ject of a number of studies which test the predictions of this uni�ed

scheme. Several lines of evidence now suggest that Cyg A does indeed harbor a quasar

nucleus, hidden from direct view in the visible and soft X-rays by a dusty obscuring torus

(eg. W ard et al. 1991 ; Antonucci, Hurt, & Kinney 199 4). F urthermore, X-ray spectroscopy

by the G i n g a satellite ( Ueno et al. 1994) has con�rmed the presence of a highly absorbed

hard X-ray source, with an intrinsic 2{10 ke V luminosity of 2.5 �10 44 h � 2 erg s � 1 (h= H 0 /100)

and an equivalent foreground column density N H = 3. 75 �0.73�10 2 3 cm �2 (90 % errors),

consistent with the notion of a buried quasar in Cyg A.

In this paper we describe V ery Large Array (VLA) 1 observations in search of spectral

absorption by the species H I, OH and H 2 CO (formaldehyde) toward the compact radio

nucleus of Cyg A (of si ze < 15h �1 pc; Carilli, Bartel, & Lin�eld 1991; Carilli, Bartel, &

Diamond 1994). Our ob jectives were to search for direct evidence of neutral obscuring

gas, and by combining our results with observations in other wavebands, to constrain the

location and physical state of this gas.

2. O b s er v ations and data reduction

Details of the VLA observations are given in T able 1. In the initial A-array observations,

two slightly overlapping IFs were observed at each transition in order to improve the

velocity sampling. In the follow-up B-array observations (at H I only) a single IF band was

observed. All observations used on-line Hanning smoothing.

Data reduction proceeded by (i) interactively editing to remove the sporadic e �ects of

radio interference, (ii) amplitude- and phase-calibrating the data, (iii) making continuum

images by averaging together several frequency channels, and then iteratively deconvolving

and self-calibrating. As no su �ciently bright calibrator exists, bandpass solutions were

obtained from the Cyg A data themselves, using only short baselines with continuum ux

1 T h e V L A i s a fa ci li t y of the Natio nal Ra dio Ast rono my O bser vatory , which is o perated by Associated

Universities Inc ., under cooperative a greement with the National Science Foundation.

{ 3 {

d e n s i ties > 7 0 J y f o r H I and OH (> 10 Jy for H 2 CO ) . Sin ce t hese short base lines were

do minated by lobe emission , and not emission from the 0 : 8 Jy core, this proced ure is valid

provided there is no spectral emission or absorption from the lobes |a possibility chec ked

by applyin g the solutions obtained to calibrator data (see x3). Finally continuum emission

was removed from the data using a combination of the A I PS tasks U VSU B and UV LI N,

the data F ourier inverted, and spectra plotted at the core position.

3 . R e s u l ts

H I absorption toward the nucleus of Cyg A was detected in both the original A -array

data, and con �rmed in the follow-up B-array observations (see Figure 1). At positions away

from the core, the measured rms noise per spectral channel in each spectrum ( 9 mJy per

beam and 11 mJy per beam respectively) is close to that e xpected theoretically , though the

residuals in the B-array data cube showed slight systematic artifacts (ripples), perhaps due

to residual radio interference e �ects or the sparse u v -coverage. Within the noise, however,

The A- and B-array spectra are identical.

T o quantify the si ze of any residual bandpass e�ects in the H I data, we applied the

bandpass solutions derived using the short baselines on Cyg A (see x 2) to our point source

calibrator (BL Lacertae). The resulting calibrator spectra only show thermal noise ; in the

case of the A-array observations the spectral dynamic range (continuum ux density divided

by R MS noise per channel) is > 500 :1; we can then be certain that residual bandpass e�ects

are much less than the observed absorption toward the Cyg A nucleus. This procedure also

rules out any signi�cant H I absorption against the lobes of Cyg A (Lilley & McClain 195 6);

such absorption would show up as apparent H I e m i ssi o n toward the calibrator source.

The best �tting single Gaussian models for the A- and B-array data require

FWHM = 276 � 26 km s � 1 and 379 � 62 km s �1 respectively (we use 1 � uncertainties

throughout). However, the A-array spectrum shows strong evidence that the absorption

is split into two components; a two-Gaussian �t yields centroid velocities 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 . Based on the reduced � 2 (83.7 /81 d.o.f.) this two-Gaussian �t to the A-array

spectrum is highly favored over the single Gaussian model (124.1/84 d.o.f. ). Independent of

the model, we �nd that the integrated absorption from �400 to +200 km s �1 is �10:60 � 0:75

and �10:75 � 1:29 Jy km s �1 for the A- and B-array spectrum respectively .

The corresponding H I column density depends on the ux density of the VLA core and

what fraction of this core (which is resolved on parsec scales) is covered by the absorbing

H I screen. W e estimate that the ux density of the unresolved VLA core is 778 � 128 mJy

{4 {(

t h e l a r ge u n certa inty is related the lack o f shortbaselines in theA

-array observations and

thepoorB-arrayu

v coverage)

. Although there are noV

LB

I continuum images at1.4 or

1.6

G

H z

, in the5 GHz VLBI map presented byCarilli et al. (1994) almost all of the VLA

core u x density occurswithin ajet 15h

� 1 pc long. Beyond this distance the jet surface

brightness rapidly falls o� and so it is probable that most of the ux density at 1.34 GHz

occurs within a similar scale. It follows that if the absorbing screen has size> 15h �1 pc then

all the continuum emission is covered and the observed HI absorption implies a H I column

of2.54

�

0.44

�10 19

T s p i n cm �2 where T spin is the spin temperature; if the screen is smaller

then the column must be larger.Our

OH and H 2 CO observations show no evidence for signi�cant absorption or

emission.

The OH observations, which were somewhat e�ected by radio interference (seex2) generally had a noise per channel only slightly larger than thermal, i.e. 12 mJy beam �1 (though several channels had anR

M

S noise of 18 mJy beam �1 ). The corresponding 3� limit

on the opacity of OH absorption ofF

WHM

�v is 1.3�10 �2 (�v=100 k m s �1 ) �1=2 (assuming

a continuum core ux density of 0.8 Jy). The core spectra for formaldehyde showed features

above the thermal noise, but these are probably due to residual bandpass or continuum

subtraction e�ects; from the highest channel residual (8 mJy) we obtain an opacity limit in

H 2 CO of�0.01 per 54 km s �1 resolution element.4

. D i s c ussi o n 4.1.

T h e lo ca tion of theH I obscu rin g gas

First we consider whether the observed H I absorption could arise in a kiloparsec-scale

dust lane. Measurements of thePaschen and Balmer lines imply (after taking into account

the extinction in our Galaxy) a foreground extinction ofA

V

=1.2 mag towards the narrow

line region (W ard et al. 1991). F or a normal dust-to-gas ratio, the associated gas column

could easily account for the integrated H I opacity . The required gas spin temperature

would be 100K for a wholly atomic column but less if the column were partly molecular.

However, a serious problem with this interpretation is the large velocity width of the

absorption (FWHM 270 km s �1 ). In known cases of dust lane ellipticals with associated

H I absorption, this absorption occurs within multiple narrow components, which is quite

di�erent to what we see in Cyg A (van Gorkom et al. 1986, 1989; van der Hulst et al. 1983;Dwarakanath,

Owen,& van Gorkom 1995). Conversely , in those ob jects, which like Cyg A,

have broader (> 150 km s �1 ) H I absorption pro�les there is increasing evidence that the

{5 {a

b s o r p t io n occ urs clos e to the nucleus(

N G

C

4

151 :

r

<5

0 pc,

Mun dell et al.1

995

; NGC42

61:

r�100 pc,Ja

�e

& McNamara 1994).

Broad

velocity widths forcircumnuclear tori are also consistent with theoretical

predictions (Kroli

k & Begelman 1988), because in order for tori to be geometrically thick

the cloud dispersion velocity within the torus must approximately equal the orbital velocity ,

i.e. typically a few hundred km s�

1 .T orus models can also give a natural explanation of the

apparently split line seen in CygA (seex

3), if the torus gas rotates around a parsec scale

radio jet which is somewhat edge-brightened and orientated close to the sky plane. Gas

seen in absorption against one edge of the jet would then be slightly redshifted, and against

the other blueshifted.If the torus were not much larger than the jet width the two velocity

components would be separated by roughly the orbital velocity . This hypothesis will be

tested by upcomingH

I

V LBI observations. In Cyg A both the line splitting and component

widths are roughly 150 km s �1 ; taking this as an indication of the orbital velocity , we�nd

that this would correspond to gas in orbit at�10 pc from a �108 M� black hole, which at

10% of itsEddington luminosity could provide the observedX-ray to far-infrared luminosity

of � 104

5 h �2 ergs �1 .Physical models of circumnuclear tori have been investigated by Krolik & Lepp (1989),

Maloney , Begelman, &Rees (1994), Neufeld, Maloney , & Conger (1995), and Maloney ,

Hollenbach, & Tielens (1995). An important result is that the circumnuclear material can

be either atomic or molecular depending on the value of the e�ective ionization parameter� e f f= 4�

F X N 22 �0

: 9 = n =L X N 22 �0:9 =nr 2 (Maloney et al. 1994), where L X and F X are the

luminosity and local ux density of> 2keV X-rays, n is the local gas density , r is the

distance to the nucleus, N 22 is the total column density in units of 10 22 cm �2 , and the

factor N 22 �0:9 takes into account the e�ects of photoelectric absorption. If � ef f

> 10 �3 (in

Maloney et al.’s units) the gas must be largely atomic, otherwise it is mainly molecular; we

discuss these two possibilities below in x4.2 and x4.3.4

. 2. A n a t o m i c ob sc u rin g torusSupport for a largely atomic obscuring column in Cyg A comes from the absence of

detectable CO (Barvainis & Antonucci 1994), NH 3 (Barvainis 1995), OH or formaldehyde

absorption (see x3). Although other explanations are possible (see x4.3) the simplest is that

this absorption does not occur because most of the gas along the line of sight is atomic.

Maloney et al. (1994) �nd that an atomic torus results if � ef f

> 0:001; using the hard X-ray

luminosity reported byUeno et al. (1994) this implies that the torus will be largely atomic

provided that its outer radius ro

u te r < 32h �1 n �1=2

6 pc where n 6 is the H I number density in

{8 {A

s n o t e d b y B a r vainis

& Antonu cci (

1 99 4

) , C O(

J

=1{ 0) absorption mi g ht have escaped

detection if the molecular clouds are smaller than the background source, have a covering

factor of about unity (as expected), and a large velocity dispersion.

If the cloudswere hot

(T

�1000

K) and were distributed over a velocity range similar to that of the detectedH

I

absorption, they would indeed be below the detection level of the Barvainis & Antonucci

observations

; a more sensitive search is clearly required.

The other possible explanation

for the non-detection of CO is radiative excitation via millimeter-wave continuum emission

from the nucleus (Maloney et al. 1994).Note that it is quite possible for the cloud density

to be such that CO is radiatively excited but H I is not. Assuming a at spectrum

continuum source, then at any given distance from the nucleus, CO radiative excitation is

still signi�cant at densities30 times larger than those for which it ceases to be important

for H I (Bahcall &Ekers 1969).

Given the abundances of OH predicted in some molecular torus models (e.g. Krolik

&Lepp 1989), our non-detection of OH absorption is hard to explain unless this too is

radiatively excited. Assuming the OH absorbing gas has a similar velocity dispersion and

temperature to the H I, then if there is no radiative excitation the expected ratio of OH to

H I opacity�

O H =� HI = 8.2

�10 3 x O H =x HI where x OH and x HI are the fractional abundances

of OH and H I respectively .F or the wide variety of torus models investigated by Krolik &

Lepp (1989) the minimum value of x OH =x HI is 1.2�10 �

4 , implying � OH =� H I> 1 compared

to the observed upper limit (seex3) of 0.08. However, more recent modelling (Neufeld

et al. 1995; Maloney et al. 1995) predicts that at least in high pressure (1011

K cm �3 )

warm (500{100 0 K) molecular tori, OH is e�ciently converted to H2

O; this is one possible

explanation of the lack of detectable OH absorption. Alternatively , OH might be radiatively

excited; unfortunately , published calculations for OH and other molecules (e.g.Rogers &

Barrett 1968) do not deal with the pressures and temperatures expected in circumnuclear

tori; more work is required in this area to understand the implications of our non-detection

of OH absorption.

We are grateful to Michael Rupen, Elias Brinks, andPhil Maloney for useful discussions,

and to Alan Pedlar for initially suggesting this work. JEC acknowledges the support of an

NRAO Jansky F ellowship and a JIVE fellowship. PRB was supported in part by anSERC

fellowship, and in part by NASA contract NAS 5-30720.

{9 {S

p e c ie s

&

A rr a y U

T

Ce n ter D urati on Spectral

V elocity

restfre

quency con� g - date frequency sampling coverage(

M H z

) uration (MHz) (min) (km s�

1 )

HI (1

4 2 0) A 1994 Mar 11 1344

55 11.5 1010OH

(166

7) A 1994 Mar 11 1579 558.3 730

H2 CO (4830) A 1994 Mar 11 4571 55 54.0 1190

H I (1420)B 1994July 4 1344 20 23.0 1100

T able 1:

Log of the VLA observations

{1

0 {R

E

FERE

N

CE

S

A

n t on u cc i

, R . A.,Hu rt,

T.,

&

Kinn e y , A.,1

99 4,

N ature,

3

71, 313Ba

hca ll,

J. N., &E kers, R.D., 1969, ApJ, 157, 1055

Barthel,

P . D., 1989, ApJ, 336, 606

Barvainis, R., 1995, in Proc.Cy g AW orkshop,Green Bank, WV, ed. D. Harris & C. Carilli(Ca

m bridge

: Cambridge

Univ. Press), in press.

Barvainis, R., & Antonucci, R. A., 1994, AJ, 107, 1291

Carilli, C.L., Bartel, N., & Lin�eld, R. P ., 1991, AJ, 102, 1691

Carilli, C. L., Bartel, N., & Diamond, P . J., 1994, AJ, 108, 64

Djorgovski,S., W eir, N.,Matthe ws, K., Graham, J. R., 1991, ApJ, 372, L67 ApJ, 428, 65

Dwarakanath, K. S.,Owen,F. N., & van Gorkom, J. H., ApJ, 442, L1.

Ja�e, W., & McNamara, B.R., 1994, ApJ, 434, 110

Krolik, J. H., & Begelman, M. C., 1988, ApJ, 329, 702

Krolik, J. H., & Lepp, S., 1989, ApJ, 347, 179

Lepp, S., McCray , R., Shull, J. M., W oods, D. T. & Kallman, T., 1985, ApJ, 288, 58

Lilley , A. E., & McClain, E. F., 1956, ApJ, 123, 172

Marscher, A. P ., ApJ, 334, 552

Maloney , P . R., Begelman, M. C., & Rees, M. J., 1994. ApJ, 432, 606

Maloney , P . R., Hollenbach, D. J., & Tielens, A. G. G. M, 1995, ApJ, in preparation

Mundell, C. G., Pedlar, A., Baum, S. A., O’Dea, C. P ., Gallimore, G. F., & Brinks, E., 1995,

MNRAS, 272, 355,

Neufeld, D. A., Maloney , P . R., & Conger, S. 1995, ApJ, 436, L127

Rogers, A. E. E., & Barrett, A. H., 1968, ApJ, 151, 163

Ueno, S., Koyama, K., Nishida, M.,Y amauchi, S., & W ard, M. J., 1994, ApJ, 431, L1 van der Hulst, J. M., Golisch, W. F., & Haschick, A. D., 1983, ApJ, 264, L37 van Gorkom, J. H., Knapp, G. R., Ekers, R. D., Ekers, D. D., Laing, R. A., & Polk, K. S., 1989,

AJ, 97, 708 van Gorkom, J. H., Knapp, G. R., Raimond, E., F aber, S. M., & Gallagher, J. S., 1986, AJ, 91,

791 W ard, M. J, Blanco, P . R., Wilson, A. S., & Nishida, M. 1991, ApJ, 382, 115 T

h i s p r epri n t w as prepare d with theAA

S

L

A TE

X ma cr os v

3 . 0.

{11 {