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ABSTRACT

We present Very Long Baseline Array (VLBA) +thbsorption observations of the core region of the powedldia galaxy Cygnus A.
These data show both broad (FWHM244 + 22km s*) and narrow (FWHM< 30km s?) velocity components. Modeling of the
broad velocity absorption shows high opacity on the coujetielow opacity against the core and no absorption on thsije; we
argue this is most naturally explained by a circumnucleadidk orientated roughly perpendicular to the jet axis. Wereste that
the Hr absorbing gas lies at a radius-ef30 pc and has a scale height of about 20 pc. We estimate thisagas minimum density
n> 10* cm and a total column density in the range3:010?* cm2; we cannot however determine whether it is primarily an atom
or molecular phase. We find that this gas component does et tite radio core in Cygnus A and therefore does not cornéritou
the total gas column that blocks our view of the hidden quasateus. If however we were observing Cygnus A from ffedént
direction it could add significantly. This implies that innse radio galaxies gas on100 pc scales may contribute to the obscuration
of the central engine. We argue that the circumnuclear tior@ygnus A contains too little mass to power the AGN owet0’ yr

but that material in the outer Habsorhing gas disk can provide a reservoir to fuel the AGNraptenish torus clouds. The second
narrow Hr absorption component is significantly redshifted (by 18@kH) with respect to the systemic velocity and probably traces
infalling gas which will ultimately fuel the source. Thisroponent could arise either within a tidal tail structurecassted with a
recent (minor) merger or be associated with an observetlingf@iant molecular cloud.

Key words. galaxies: active — galaxies: elliptical — galaxies: indisal (Cygnus A) — galaxies: kinematics and dynamics — gaaxi
structure — galaxies: ISM

1. Introduction (Peck & Taylar,| 2001). Because of their high spatial resolu-
) _ i ) tion such radio observations are especially suitable fahghg

Circumnuclear obscuring tgdisks are an essential componengircumnuclear obscuring matter in powerful narrow lineicad

of unified schemes of active galactic nuclei (€.9. Antonuc@alaxies which are expected (dee Tadhliter, 12008) to be uni-

1993] Tadhunter, 2008). Recently there has been much E®giigad via orientation with radio-loud quasars. There is strew-

in obtaining direct evidence for such structures espaciall jgence from X-ray observations (Hardcastle ét al., 2008}te

Seyfert luminosity objects. This includes modeling of t | expected obscuration by large column densities in the foame

SEDs from AGN heated dust in clumpy tori (Nenkova et aljects, however they are usually too distant and faint foicapt

2008b) and direct IR interferometric imaging of this dustlgit  and IR observations to directly observe the circumnuclaar g

- 10 pc scales (e et al.| 2004; Tristram et al., 2009).

On larger scales adaptive optics IR observation of molecula A prime target for studies of circumnuclear gas in a lumi-
hydrogen lines| (Hicks et al.. 2009) has revealed geoméfricanous 'hidden quasar’ radio galaxy is the closest Faffiddey
thick gas at radii 30 pc in Seyferts. Millimetre interferd®®y (Fanardf & Riley, [1974) type Il (FR-11) radio-galaxy Cygnus A.
also detects molecular gas in emission on scates’0 pc (e.g. Spectropolarmetric observations of this source which atkede
Schinnerer et all, 2000) albeit in more flattened disk likest a hidden BLR in scattered light (Ogle el dl., 1997) were a
tures. Such outer disk structures may be continuous witerinfmajor milestone in the general acceptance of the oriematio
obscuring tori and provide both the fuel and a conduitfodfeg  unfication scheme for powerful radio galaxies and radialou
of the central engine. The relationship between thesemintdi  quasars. Further evidence for shadowing from a centraktoru
clear disks and obscuring tori is, however, far from clear. comes from the bi-cones observed in both optical emissi@s|i

Radio observations provide another means to study the ¢ifackson et al., 1998) and IR continuum (Tadhunterlet 8919
cumnuclear gas environment. This can for instance be athied' he sharpness of the edges of these bi-cones suggest tlat the
by VLBI observations of maser emission from molecular gaser face of any torus occurs at radib0 pc from the central en-
(La, 1200%), free-free absorption from ionised gas and abine (Tadhunter, 2008). Tadhunter et al. (2003) have medsur
sorption from atomic gas (B. Examples of the use of thethe rotation curve from gas rotating around the bi-¢oamtio-jet
latter two tracers include observations of NGC 1275 (e.gxis atr ~ 300— 1000 pc using opticAR emission lines allow-
Vermeulen et al., 1994), Centaurus A (e.g. Joneslet al.,;;199§) a central black hole mass to be estimated. These obseryat
Morganti et al., 2008), Hydra A (e.g. Tavlor, 1996), NGC 426Mnay trace the outer parts of a circumnuclear gas structuiehwh
(van Langevelde et al., 2000; Jones et al., 2001) and 3948 connects with the inner obscuring torus. The ultimate arifi
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this material could be related to the merger activity detg#dh calibration were performed at the very end to obtain a ndnse |
Cygnus A [(Canalizo et al., 2003). ited continuum map.

The central radio core and inner jets of Cygnus A are rela- Extensive experiments were carried out to determine the op-
tively bright from millimetre to centimetre wavelengthoaing  timum uv weighting which gave the best combination of sensi-
searches in absorption to constrain circumnuclear gaseptiep tivity and resolution for both continuum and spectral likeal
on small & 100 pc) scales. Molecular absorption observatiofi®ages were made using uniform weighting with robustness fa
are ambiguous with so far only upper limits or marginal déor 0.5; giving rise to an almost circular dirty beam with mai
tections being reported (see €.g. Barvainis & Antonucc@419 lobe width FWHM~ 25 mas. Since the uv point weights also
Fuente et &l., 2000; Salomé & Combes, 2003; Impellizzeallet took into account the sensitivity of each baseline (by weigh
2006). VLBI observations by Krichbaum et &l. (1998) howevdry I/noise variance) the final continuum and spectral line im-
found evidence for ionised circumnuclear gas on scal28 pc ages are dominated by the baselines to the VLA. CLEAN im-
via the detection of free-free absorption toward the caujete ages were restored with a circular FWHM 25 mas Gaussian;
Additionally [Conway & Blancb [(1995) detected broad Hb- however the fective image resolution is less than this because
sorption toward the core in VLA observations, which was iref the dfects of foreground interstellar scattering. The observed
terpreted in terms of a circumnuclear diskus model, with effective resolution (i.e. the clean beam convolved with therin
the Hr absorption either tracing the small atomic fraction of atellar scattering) is 32.7 mas, as determined by measthing
mainly molecular medium or a purely atomic structure. To beFWHM of the continuum profile perpendicular to the jet at the
ter constrain the scale and geometry of this absorbing gas core position - implying an interstellar scattering camiition of
we have performed high resolution NRAO Very Long Baselingl mas.

Array (VLBA[) H1 absorption observations. A short reporton a  The resulting continuum image (see Fij. 1) has rms noise of
initial reduction of this data was given by Conway (1999)s th 0.43 mJy beamt and shows besides the unresolved core a jet
present paper presents a fuller re-analysis of the dataof-heand counter-jet structure (see Sect. 3). In principal, thenter-
ganisation of this paper is as follows, in Sect. 2 we desdtibe jet structure can be an artifact of phase self-calibrattartiag
observations, while Sect. 3 presents the observationaltsgs- from a point source. To check this possibility we re-mapped t
cluding modeling of opacity profiles along the source. A disc data only allowing flux density on the jet side to be included i
sion of the results is given in Sect. 4 and a summary in Sect.tbe model in the initial cycles, but in all cases emission o t
At the redshift of Cygnus AZ = 0.056) for cosmologies with counter-jet side remained. The existence of a countes jaiso
Ho = 73 km s 1 mas corresponds to about 1 pc, which weonfirmed by other observations (e.g. Krichbaum et al., 1998
adopt throughout this paper. All velocities quoted areduan- In making our final continuum and spectral line images we
tric (optical definition). used data self-calibrated against continuum models imudud
both jet and counter-jet emission. Before making our spéctr
line cube we removed the continuum contribution using the
AIPS task UVLIN and then imaged using the same weighting
as used for our continuum image and used the same CLEAN
Observations were performed on August 31st 1995 using tfestoring beam. In order to increase sensitivity when orgat
ten stations of the VLBA plus the phased VLA. Two IFs (lefour spectral line cube the uv data were averaged in frequency
and right circular polarisation) with a bandwidth of 12.5 iH to give a final channel separation equivalent to 14.8 kiirs
and 256 channels were centered at the frequency of the praglocity or a velocity resolution of 29.6 knTsafter Hanning
ously observed Habsorption ¢ 1340 MHz| Conway & Blanco, smoothing. The noise achieved in the final line cube was
1995). A number of bright compact sources were observed @ss = 2.36 mJy beam' per channel.
fringe finders and for bandpass calibration. The data were co
related in Soccoro, USA. A standard data reduction usingsAIP
was performed including fringe fitting, calibration and g
of the data. Cygnus A lies at a relatively low galactic lafgu 3- Results
(b = 527) and the fects of interstellar scattering are signif-3 1. continuum image
icant at VLBI resolution. For this reason four antennas \whic
participated only in long baselines, namely Brewster, ldake The 1340 MHz continuum image (Figl 1, top panel) is very
Mauna Kea and St. Croix showed no fringes to Cygnus A agémilar to the 1660 MHz image shown by Krichbaum €t al.
so were deleted from the subsequent data analysis. Imitiglia (1998). We clearly detect the unresolved core, the jet aed th
tude calibration was accomplished for VLBA antennas usfiieg tweaker counter-jet (SE of the core). The PA of the jet is
recorded system temperature values (which took into ad¢ben 105+2°, in agreement with VLBI observations at higher fre-
dominant contribution to the noise from the lobes of Cygnjis Aquencies (Krichbaum et al., 1998) and the kpc-size jet Birac
For the phased VLA the calibrator,/Ts,s values were used (Carilli et all,[19911). The continuum peak is 0.16 Jy bearthe
with a correction applied to take into account the systensenoitotal continuum flux recovered in our observations is 0.50 Jy
contribution from Cygnus A. @sets in the VLA amplitude cal-
ibration scale were then corrected by comparing the cdeela 3.2. Hi absorption
Cygnus A flux densities on long baselines to respectively thé
VLA and Pie Town. Initial continuum images were made via itAn integrated absorption spectrum over our spectral line
erative phase self-calibratifieconvolution starting form an ini- cube is shown in Fid]1, bottom left. Broad (FWHMv =
tial point source. A couple of cycles of amplitude and phase s 456 km s*) H1absorption is detected in the range from 16679 to
17135 km st, with the peak being located at= 17002 km s?.

1 The VLBA is operated by the National Radio AstronomyThe integrated spectrum is well fitted by two Gaussian compo-
Observatory which is a facility of the National Science Fdation op- nents, yielding centroid velocities of 1692311 and 16996
erated under cooperative agreement by Associated Urtiesisinc. 5km s, with FWHM= 244+22 and 3%11 km s respectively.

2. Observations
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Fig. 1: Top panel: Continuum image at 1340 MHz. The lowest@onis at 2 mJy beant with subsequent contours increasing by
a factors of 2. Thefeective beam FWHM (combination of restoring beam and inédlestscattering, see Selt. 2) is indicated in the
lower right corner. Bottom left panel: Integrated absamptpectrum from blanked cube. The dashed line shows thedmpanent
Gaussian fit. The vertical lines indicate the redshift rafogehe grayscale opacity image shown in the bottom righepaBottom
right panel: Contours show continuum. Grayscale shows temmpacity over the velocity range indicated in the botteftrpganel.

The thick dark line shows the un-blanked region over whi@hithiegrated absorption spectra (shown in the bottom lefepas
calculated.

The second, narrow component has a FWHM velocity widtion profiles in directions perpendicular to the jet axisistis
similar to our velocity resolution and hence we consides te- as expected given the small jet width (Krichbaum ét al., 1998
locity width as an upper limit of the true line width. The peese Compared to ourféective resolution, this means we need to only
of two components in the integrated spectrum suggestshbat tonsider the spectral profile as a function of position alteg

H1 absorption consists of two filérent, overlapping structures.jet axis as shown in Fid.] 2. In this figure the top panel shows
Despite small dierences in the flux scale (continuum and althe rotated continuum image while the middle panel shows the
sorption spectrum), the VLBA data agree in absorption widt#ibsorbed flux density (contours) and absorbed/dxtinuum
and profile shape with the VLA A- and B-array observations aftio (colours) versus velocity and position along the jet.
Conway & Blanco|(1995). This close similarity suggeststhat  The highest contours belong to the narrow velocity absorp-
have recovered the full absorption seen by the VLA. The difis, component at 16996 kntsseen against the core, a slight
ference seen in flux scale between our VLBI and the publishggension on the jet-side is detectable, consistent witfinga
VLA observations are likely due to inaccuracies in amp@udihe samer ~ 0.1 opacity as seen on the core. Because of the
calibrations of the VLA. This instrument, unlike VLBI, doast 45id fall-of of continuum intensity along the jet and counter-jet

record the antenna system temperatures which are greatly gfiher information about the spatial distribution of tharrow
hanced due to the presence of the bright radio lobes of Cyg”“%locity component is limited.

in the pri b feach ant , licating th it . . .
Lnalibe;g)tzg?]éry eam of each antenna, complicating the aute The broad absorption component in Hig. 2, middle panel

(seen between velocities 16996 kmtand 17000 km ), is

Inspection of the data cube shows that the absorption is spatected from the core position out to 65 mas along the counte
tially resolved and is detectable over 95 mas in angle albag tiet. Over this spatial range the broad component has aldorbe
radio axis (i.e~ 3 effective beam FWHM'’s). Below the secondflux densities (contour levels) which stay almost constgiren
contour of the continuum image it is not possible to constila® the rapid fall df in background continuum this corresponds to
H1 absorption because the background is too weak. The deapapid increase in line to continuum ratio (colours). Over t
est absorption measured in mJy is toward the counter-jet aiathge of position from -50 mas te65 mas spectra taken show
unresolved core but the highest opacities occur for thedrothhe absorption to be flat bottomed and the absorbed flux den-
velocity component on the counter-jet side (see Hig. 1,0bott sity comparable with the continuum, both implying epacities
right). We find no indication of changes in spectral line apso r > 1. The absorption shows an apparent sharp decrease be-
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yond —-65 mas, though in a region with with very weak contin-
uum (we discuss further the reality of this decrease in S&jt 3
The broad absorption also apparently has a small but signtfic
opacity ¢ ~ 0.03) at the position of the core, however, this may
be due only to the limited spatial resolution causing "legKa
of absorption onto the core position. Quantitative estasaif
broad line opacity along the source are made in Bett 3.3 whe
the above two points are addressed.

Reinforcing the above description of the two velocity com-
ponents the bottom panel of F[g. 2 shows the line to continuur
ratio averaged over flerent velocity ranges versus position. The
solid line shows average line-to-continuum for velocitngas
where the broad component dominates, while the dashedsline
for a velocity range where the narrow absorption is most domi
nant. The broad component shows rapidly increasing absarpt
along the counter-jet reaching a peak velocity averagest lin
to-continuum ratio of almost 0.6 at55 mas (with peak ratios __
within the velocity profile at this position in fact reaching to v
1 and beyond). The second profile (dashed line) for the veloc £

H0.0E)

+10.00

ity range where the narrow velocity component normally domi 2% -
nates has approximately the same mean opacity on the core & ..
jet. On the counter-jet side the average opacity over tHicity % 010
range increases, this is however consistent with the naatow o '
sorption component having the same opacity as on the core a 2
jet-side but with the average line-to-continuum ratio beig o015
dominated by contamination from the high velocity wingstad t '
broad velocity component.

-0.20

3.3. Modelling spatial variations in broad line opacity

The increase in line-to-continuum ratio of the broad abisonp
seen on the counter-jet side (see Sect. 3.2 and Fig. 2) ismlie
rapid increase in opacity. As noted in Sect. 3.2, at the joositf
maximum absorption the spectral profiles are flat-bottonmed a
saturated implying large. To more accurately convert the line-
to-continuum ratios versus velocity to peak opacity, areteh
fore estimate H column density variations, we have carried out
a detailed modeling of the data. In this modeling we estimat
both continuum and peak opacity estimates on pixels segghrat ]
by 15 mas (i.e. just under half affectives beam FWHM width). Oft-set [mas]
Additionally by taking into account thefiective beam width
this modeling provides a modest super-resolution of the,dakig. 2: Top panel: Radio continuum image of the core regien ro
important because interstellar scattering limits ourigpaéso- tated such that the jet is pointing to the right and the caunte
lution (Sect. 2). Specifically, we are interested in the tjoeof jet to the left. Contour levels are the same as in Eig. 1. Middl
whether the weak broad absorption apparently seen at tiee gesinel: Position-velocity diagram along the radio axis. dDol
position (see Fid.]1 bottom right panel) is real or whetheait scale shows the line-to-continuum ratio (note: saturatest o
be explained by the combination of very strong absorption @®). Over-plotted in contours is the absorbed flux density in
the counter-jet side combined with limited spatial resolut mJy beam’. Contour levels are -15, -10, -7.5, -5.0 (white) and
In our modeling we first made estimates for the underlyirlg0 mJy beam' (black). Bottom panel: Velocity averaged line-
continuum profile at each pixel where there was detectable 4-continuum ratio along the source for twafdrent velocity
sorption. Continuum intensities were varied at each of éveis ranges. The solid line is for a velocity range dominated fgy th
pixels until that after convolution with theffective restoring broad velocity component (1671616980 km s), the dashed
beam the model continuum profile versus position fitted the oline for a velocity range (16982 17024 km s) centred on the
servations. In a similar way we next estimated for each pixe&rrow absorption system velocity.
the absorbed line area (mJy km'gat velocities in the range
16716 - 16980 km$ (where the broad absorption component
dominates). Pixel values were again adjusted such thatcafte The resulting fits reproduce (see Higj. 3), to first order, both
volution by the &ective beam the model fitted the observationshe observed continuum and the absorbed flux profiles along
Finally an estimate was made at each pixel of the peak of ttie source. Deviations of the fits from the data are likely due
spectrum of opacity versus velocity by combining the pixeto the background continuum being more complicated (see
based continuum and spectral line absorption estimatedodn Krichbaum et al., 1998) than our parameterisation of it.|&db
ing this we assumed the broad-component opacity spectriam \gaves our results and the line centre peak opacity is plotted
Gaussian with fixed velocity centroid and fixed FWHM. in Fig.[4. We estimate the error of the line-to-continuuniarat

Line-to-continuum ratio
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Fig.3: Top panel: Comparison of model fit and data for the 60 0 20 0 20

observed continuum profile found by adjusting pixel values
while assuming anfeective beam Gaussian beam of FWHM

of 32.7 mas. Bottom panel: Comparison of model and data f@f .4: Estimates of broad absorption component line opacit
avera%e abig;bl?llgzgix over thle tIJr%adzger(pon?nt Veloc\yégsus position along the radio axis after modeling. Thecopa
rangeirom m s*(multiply by mS™oget s and errors plotted are taken from Tab. 1. No opacityds p

observed_an(_j mOdeled absorbed line .prof|le area between they o position -30 and15 mas because the fitted continuum
two velocity limits). In both plots negativefisets correspond to ilntensity at these positions was zero.

counter-jet, positive fiisets to jet side. The corresponding pixe
parameters for both fits are summarized in Tab. 1.

Off-set [mas]

The peak opacity (column 5) takes into account that partef !0 galaxies observed in Habsorption. Other examples include
absorption spectrum is flat bottomed and the attached esrof1€ FR-I sources Hydra A (e.g. Taylor, 1996) and NGC 4261
calculated based on arfs Uncertainty in our line data. Our re-(Van Langevelde et al.. 2000). The most natural explandtion
sults are consistent with no broad Ebsorption on the jet-side (€S observations is that ther Hbsorption lies in a flattened
and any opacity against the core being lowd(B). Moving out- Structure roughly in a plane perpendicular to the radio (és
ward from the core along the counter-jet, the opacity ingesa & cwcumnucleqr disk). Alternative explanations mvotylf@re-
and peaks at 45 mablfy, = 1.6- 10PMT i) before it sharply de- grqgnd cI.ou.ds in the ISM of the host galax_y seem unlikely re-
creases to 0.078 at 60 mas from the core. Based on uncertaﬂﬂg'ng within elliptical hosts a large covering factor oBfic-
estimates of the absorbed flux, this drop in opacity is redl agOUPC Sized clouds with uncharacteristically large irdénre-
not an observational artifact (i.e. not due to ifisient signal- 0city dispersion (of order 300 kmrd).
to-noise). Converting our observations of the location and distrituti
of H1 absorption along the counter-jet to an exact of radius in

] ) the disk depends on the precise orientation of the disk. Wewye
4. Discussion over the range of plausible disk orientations this radiusega
over a fairly narrow range, as can be seen by examining two
limits, when the disk is close to edge-on and when at its maxi-
The fact that the broad velocity width absorption is seerigtt h mum plausible tilt. In the first case therldrofile width in Fig[4.
opacity only against the counter-jet and not against thesjetmeasures the scaleheight of the disk. Since we know theatentr
similar to the situation found for other powerful cores of rablack hole mass (W4 = 2.5- 10° Mo, [Tadhunter et all, 2003).

(Tab. 1, column 4) to soley depend on the rms in the line daﬁ:.

4.1. A disk geometry for the broad absorption component
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we can use the thin disk approximation to obtain the radius X¥tray photoelectric absorption whek&, is the the column den-
which the Hi absorption occurs. We use sity in units of 1% cm=2 (20.0N,, along the line of sight to the
core from X-ray observations, Young et al., 2002). Accogdim
Ah Av the model of Maloney et al. (1996, see Fig. 3) for Cygnus A at
T 7 Vio() (1) r = 80 pc the gas fraction is predominantly atomic90%) for a
density range 10< n < 1.6-10° cm™3. The remaining< 10% of
whereAh is the scaleheight, the radius from the coreyv = the gas is ionised at low densities £ 10° cm3) and becomes
104 km s the velocity disperison (estimated from the GaussidRolecular at higher densities & 10> cm™3). Above densities
fitin Sect. 3.3) andhq(r) the rotation velocity at radius which  of 3.3 - 10° cm™®) the gas is mostly molecular. The model can
is constrained by assuming Keplerian rotation around theae also be used to predict therldnd free-free absorption opacity to
black hole. Assumingsh = 25 pc and solving for we obtain compare to observations and so constrain the density. Taése
r = 85 pc. In the other limit we consider a maximally inclinecculations of model opacities depend on the assumed patthleng
disk. Based on VLBI observations of the jet to counter-jegh-  through the absorbing gas. Based on our estimate of the disk
ness ratio of the parsec scale jet (Krichbaum &t al.,|1988)et thickness of 20 pc and the maximum disk inclination angléwit
axis is orientated at an angle> 80" to the line of sight. Based respect to the line of sight (Sect. 4.1) we estimate this tityan
on measured misalignments of larger scales (Tadhunter, ettl be at least 31 pc. This is a strict lower limit and we adopt
2003) we estimate a maximum misalignment between disk ahgkom = 40 pc as a more likely value. Note that if the gas exists
radio axes of 30 which gives a maximally inclined disk which in clouds the #ective path length through absorbing gas can be
is 40° from edge-on. The peakibpacity is observed to occur atless tharlgeombut it cannot be larger.

projected distance 45 pc along the counter-jet, when depieg Using the above assumptions we find that upper limits on
this corresponds to radius 70 pc. Using again eq. 1 this givefree-free absorption do not give any useful gas density con-
scale height o 19 pc. Based on the above two limits we asstraints. This is because although the free-electronifnadh-
sume in the following that the Hpeaks at a radius 80 pc fromcreases at low densities this is componsated for by a lower
the black hole and has scaleheight of about 20 pc. The restdtal gas column such that the 21cm free-free opacity agains
ing opening angle of the circumnuclean Hisk is~ 14> which  the counter-jet is less than 0.1 over all reasonable dessiti
is similar to what is found in other sources (e.g. in NGC 426dor modeling H absorption the relevant parameters given by
van Langevelde et al., 2000). Maloney et al. |(1996) are the predicted gas temperature and
An important question in considering the feasibility of thatomic fraction versusfiective ionisation parameteg;. At the
disk hypothesis is the velocity of the broad absorptiontiddo radius of the absorbing Hassuming densities high enough to
the systemic velocity of the galactic nucleus. For a diskolvhi give a predominately atomic column the increaseTgf, due
is perfectly normal to the jet axis theses velocities arecetgl to radiative excitation from the radio core is negligiblegs.g.
to be the same. Estimating systemic velocities from optiRRal Bahcall & Ekers/ 1969) so we assume the atomic gas is ther-
emission lines is however fliicult because of theffects of ob- malised so that its spin temperatuiigd,) equals the gas tem-
scuration and non-circular motions (in particular possiblt- perature as given by Maloney el al. (1996). Assuming a umifor
flows in emission lines). According to Tadhunter €t al. (2003iensity along the geometric paltheom the ée as a function of
the most reliable estimate of the systemic velocity comesfr gas densityn is given by eq. 1; where we take into account
space-based H3$TIS [Om] emission lines observations whichboth the direct In term and the increase in the shielding to-
give a range of 60 kmsfrom 16788< vsys < 16848 km s'.  tal column density toward the central X-ray sourcés,( ~
The centroid of the broad component at 16923 kmh & nNlgeom- 10722 cm2). Combining all these quantities we can
105 km s?! beyond the mean systemic velocity. The observafodel Ny, - T;én versus gas density and compare to the ob-
offset can.hov_vever can be accommololated.nc there were a faé tved value oNy, - T-1 - 16-10% en2K-1. We find that
modest misalignment between the disk axis and the jet. VL . o .
observations constrain the jet axis to be withirt B0 the sky at densitiesn < 10° cmr® (giving gas and spin temperatures
plane. For such an orientation misalignments between e > 740 K) we predict insflicient Hr absorption to explain the ob-
jet axis and disk axis will be similar to intrinsic misaligemts. S€rvations, even if as we assume the whole 40 pc column i fille
Given the arguments above that tha Bbsorption occurs at With atomic gas at this density. This sets a minimum density f
~ 80 pc radius and given the estimated central black hole m4&§ H1 absorbing gas. At this minimum density Ehe r?zsultlng total
of (M = 2.5 - 10° Mo, Tadhunter et all, 2003), the orbital ve-9as column along the line of sightfié= 1.1- 10** cm2.
locity is viot(r = 80pc)= 367 km s. Given this orbital velocity For the gas density rangedt 10° cm™ < n < 3.2-10* cm™
a misalignment of only 19is sufficient to explain the dierence there exist pure atomic phase gas solutions which fit thelt
between the hcentroid and systemic velocities. servations if the gas is in clouds whose line of sight filliagtbr
fLos is much less that unity. In this regime the requirements on
) ) ) total gas column density are reduced, because at higher- dens
4.2. Physical properties of the broad absorption component  ies the gaspin temperatures decline making hydrogen atoms
gas more dficient at absorption. At the density boundary between

According to[ Maloney et al. (1996) the physical state of gd¥ving predonjisnately atomic or molecular phase cloudsdat d
around an AGN is controlled by an ionisation parameter (-:Ietét'ty_4'6'1_0‘_1 cm) the spin temperature is 114 K the f(;'z%Ud ILr;e
mined from the ratio of the hard X-ray photon flux to local ga8f Sight filling factor isfios = 0.032 andN = 1.82- 10~ cm

density. At a given radius, this ionisation parameter equals ~ Which is comparable to the X-ray absorption column along the
line of sight to the central engine. At higher densities tloeids

fop = Ly -nt.r2. Ngg-9 (2) become predominately molecular but our &bsorption results
can still be fit assuming similar total column densities. Téw-

whereLy is the luminosity in> 2 keV X-rays anch is the gas son is that although the atomic fraction declines rapidignii-

number density. The final term takes account of tifeats of creasing density the temperature also declines, incrg#sinef-
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ficiency of absorption for hydrogen atoms, almost exactip€o ting assumed the clumpy modellof Nenkova etlal. (2008a,b). A
pensating. wide range of solutions were obtained depending on assump-
In summary we cannot on the basis of our bBbserva- tions about the disk inclination and synchrotron jet speuatr

tions alone distinguish between models for the &bsorbing Most plausible solutions however had cloud number density p
gas phase which are primarily atomic or molecular. We camit volume declining as~® with @ = 1 and ratios of outer

however set at minimum densitp > 10* cm™3) and a range to inner radiusY = 30 (givingrowt = 18 pc for Cygnus A).
for the total gas column density through the &bsorbing disk Satisfyingly the predicted total column density matchesXa
(167 cm™? < N < 10?4 cm2). Estimating total gas masses igay absorption estimate within the errors. Despite thetively
complicated for those solutions invoking clouds in thastheo- large formal outer radius the concentration of clumps tolvtiae
lutions only fix the line of sight filling factor, converting tvol-  inner edge means that most of the column density is con¢edtra
ume filling factors requires knowing the cloud size, on whicht small radii. For a radial exponent@f 1 half of the total col-
we have no constraints. In contrast for the minimum density sumn density occurs withinVY - rin corresponding to 3.2 pc, i.e.
lution where the gas column is continuous we can make a rougiia much smaller scale than our observadbisorption.

estimate of disk gas mass Mgasgisk= 1.0 - 108 Mg, within the . . .
; . . . ; . The above results begs the question of relationship between
inner 80 pc radius of the disk. For higher density solutidmsh the Hi absorbing disk and the circumnuclear torus in Cygnus

total required column densities and cloud filling factorsréase A. The mass in the torus is very low (6l0° Mo, following

so that total gas mass requirements are significantly lasall | == o . L
: . Elitzur,2008) and the lifetime of large scale height clowithin
cases the total disk mass is much less than that of the CEY R short (due to intercloud collisions, see e.g. Krolik &hn,

lck Pl o~ 25, 10 M. Teahuie etal. 2009 wh) 1555 V. bt hs quasay he s s
cleus that we observe Yate of~ 1 M(?yr*l and to _replenl_sh the torus clouds__a much
' larger reservoir of material is required, which could resitthe
H1 absorbing disk. The mass in such a disk (see Section 4.2) is
4.3. Constraints on circumnuclear torus properties and sufficient to power the source for 1@ 1 yr and may form
relation to the H disk part of a 'feeding structure’ which funnels gas from kilorgpec
scales into the central black hole. A feeding connectiowben

It is interesting that the estimated total gas column dgnsffisk and torus seems likely but the mechanisms of gas transpo
through the H absorbing gas (see Section 4.2) is comparableﬁgtween the two scales is unclear.

that estimated by X-ray photoelectric absorption {273 cm™2, _ _ o

Young et al.| 20C¥2). Is%lt%ossible that most %f thi?czolumn-de Pertinent to the feeding question is whether the torus aad th
sity and most of the material that hides the quasar nucleugsc H1 absorbing disk are a continuous structure with one gradu-
as far out as = 80 pc? An obvious problem with such a sce@!ly melding into the other, or if they are dynamically diti
nario is the absence of broad Bbsorption along the direct line @1d contain gas with very fierent physical conditions. The
of sight to the radio core (peak opacityts = 0.016+ 0,006, former p055|b|I|ty is .m0t|vated by the fitted torus quterltﬂd
compared to- 1 on the counter-jet, see Sect. 3.3 and Hg. 2). leut = 18 pc which is of the same order of magnitude as the
change in gas physical state with scale-height in the dislewhf2dius of the H absorption ( = 80 pc). Furthermore the torus
keeping almost constant column density can be consideredC4&r radius determined from SED fitting is not well consteai
an explanation; however it seems that it can be dismissed P} the data and may extend beyond this limit. In such a contin-
the high scale-height gas covering the core were still predoU0Us mode_l with cIOL_st with approxm_ately fixed internal den
inately atomic or molecular we find no density solutions fitat Sity extending out with low volume filling factor to 80 pc ra-
the low limit on Hr absorption seen. On the other hand if thdiUS the gas would likely be in an increasingly moleculatesta
high scale height gas were wholly ionised at this column itensCVer & projected radius from 1 to 70pc. It is hard to see how

it would strongly free-free absorb the radio core. Althotigere the rapid gradient in i absorption seen along the counter-jet
are signs of free-free absorptionrat 20 pc (Krichbaum et al., could be reproduced in such a case. Furthermore the observa-

1998) along the counter-jet this absorption does not cdwer {ion of free-free absorption at intermediate positians €0 pc,
core position itself. Krichbaum et al., 1998) is inconsistent with such a contirsio
It seems likely instead that most of the X-rays absorfjnodel. It seems more likely that the torus — although ulti-

ing column in Cygnus A and other hidden quasars occurs Bitely fed from gas in the disk — is a distinct structure, per-
scales< 100 pc in a compact circumnuclesorus The in- 1aps generated in an accretion disk wind as in the model of

ner radius of such a torus is set by the dust sublimation fgltzur & Shiosman((2006). Clearly, more work is required to

dius,rq = 0.4 - Lpo - 1075 erg st pc (Nenkova et all, 2008b) understand how the observed componentsin Cygnus A and other

where Lno is the AGN bolometric luminosity. For Cygnus Aradio galames of 100 pc spaleﬂdbsorblng.msks, inner ionised
Luol iS estimated to be.&- 10% erg s* (Whysong & Antonucéi, gasand (_:lrcumnuclearton are connectedin self—co_n$|stan:-
2004) givingrq = 0.6 pc. The outer rad'iusr((l:t) is probably tures which both obscure and feed the central engine.
not as cleanly defined as in some early depictions of doughnut An additional remark concerning the digkus inter-
like tori (Padovani & Urry,| 1992) and may even be continurelationship is that although in Cygnus A the &bsorbing disk
ous with larger circumnuclear disks (see references in. 3¢ct likely does not contribute to total absorbing column towtre
Consistent with these more general geometries the termstorcentral engine (as estimated from the X-ray observatians) i
can be thought of, if one prefers, as an acronym for 'Thickould have done so if we had observed Cygnus A from a dif-
toroidal Obscuration Required by Unified Schemes’ (Conwaferent direction. Hence it is possible that in a small fractof
1999;| Elitzur, 2008) rather than referring to a specific figed radio galaxies part of the obscuration hiding the centrgiren
ometry. occurs at 100pc scales as well as in a compact circumnuclear
Recently| Privon [(2009) has fitted the observed Specttakus. In such objects the high ionisation narrow lines wddag
Energy Distribution (SED) of the Cygnus A nucleus with a comat least partly obscured possibly mimicking a low-ioniaatia-
bined synchrotron jet, starburst and torus model. The tbrus dio galaxy without a quasar nucleus.
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Further progress on understanding the circumnuclear gdswever, the projected distances from the core are rattier di
environment in Cygnus A probably requires the reliable déerent such that a direct connection is not obvious. Botthef t
tection of molecular absorption and its imaging with VLBlabove gas components are relatively largelQ0 pc) and thus
Single dish searches at commonly observed molecular trangsould be consistent with having fairly constant bpacity over
tions such as the ground and higher rotational transitié®&®» the whole VLBI structure.

(Barvainis & Antonucci; 1994; Salomé & Combes, 2003) have Further progress with constraining the size and origin ef th
so far yielded only upper limits. In contrast a tentativeedet narrow Hi absorption system might be made by making future
tion of CO+ in absorption using the IRAM 30m was reported bgensitive (and high spectral resolution) e-MERLIN or EVLE0
Fuente et al. (2000) with a centroid velocity and FWHM velocservations to try to trace the narrow bsorption further along

ity width (170 km s?) very similar to that of our broad Hab- the jet.

sorption. This detection has yet to be confirmed interfetome

cally (A. Fuente, private communication). Given the resiutt

this paper, despite the similarity in spectral shape, itighly - Summary

unlikely that these observations are probing the same das Gfe have presented VLBA Habsorption data of the core re-
umn as seen in Habsorption. The counter-jet which providegjion of Cygnus A. H absorption is detected over a linear
the background continuum against which the atomic hydrogggale of 95 pc, but is seen mainly along the counter-jet and on
absorption is seen will have negligible flux density at mili- the nucleus. The integrated spectrum can be well-fitted oy tw
tre wavelengths. Instead the line of sight probed at 3mm wavgayssian profiles suggesting a broad (FWAHRKA+22 km s
length will probably lie at projected distances 1 pc from anqg g narrow € 30 km s?) component. Modeling the data
the central engine. While this is comparable to the scales Rows that the broad absorption occurs only against thetenun
which the circumnuclear torus has its largest column dgnsibt and not against the jet. Against the unresolved core lae-o

(~ 3 pc) we would expect that the velocity dispersion of C'°“‘Jﬁ/ is very low. The broad velocity component can be expldine
in such a geometrically thick torus would be comparable & tiy 4 circumnuclear disk which has its highest opacity 45 mas

broader than is observed. Similar considerations apphyei®en- component can be explained as an infalling tidal tail, presu
tative VLBA observations of exited OH absorption reportgd bapy |eft from a past minor merging event.

Impellizzeri et al. [(2006) at prcl)jected radii 3 pc which only The radius at which Habsorption occurs can be constrained

have observed widtk100 km s™~. with the help of limits on the orientation of the disk. We find a
relatively narrow range of possible parameters, resuitingn

4.4. The narrow absorption component estimated radius of 80 pc for the peak opacity, a disk scale-

height of about 20 pc and hence an opening angle of THe

While we argue that the broad absorption component is caugget between the centroid of the broad velocity component and
by gas rotating around the black hole (Sect. 4.1), the narrede mean systemic velocity can be explained by a tilt 6f R
(< 30 km s see Sect. 3) absorption gas is likely to have a difhe disk axis compared to the jet axis.
ferent origin. This narrow velocity component is signifitgn Based on the derived geometry of the circumnucleadisk
redshifted ¢ 180 km s*) with respect to the optical systemicwe derived physical properties of the#The minimum gas den-
velocity implying foreground gas moving inward toward the n sity isn > 10* cm with a spin temperaturBs,in < 740 K. With
cleus. This component is detected over the whole contin@m the Hr observations alone we cannot distinguish between mod-
gion where the observations are sensitive enough to detectess for the H absorbing gas phase which are primarily atomic
opacity of~ 0.1 (see Fig. ). A very similar opacity and centroicbr molecular. However, we get a range for the total gas column
velocity is seen at the core position and offe@ive beam away density through the Habsorbing disk of 1% cm™ < N <
on the jet side. The apparent increase in opacity at the #loc10?* cm2. An upper limit on the gas mass within a radius of
of the narrow absorption that is seen on the counter-jetisideg0 pc isMgasgisk = 10 Mo, which is a factor 25 less than the
Fig.[2 can be explained entirely by contamination by the #ro&lack hole mass estimated by Tadhunter e al. (2003).
velocity wings of the broad velocity absorption. While we do  The circumnuclear torus in Cygnus A has an estimated fidu-
not have many independent samples of the narrow velocity cogial radius~ 3 pc, which is a much smaller scale than our ob-
ponent opacity versus position those we do have are consisiserved H absorption. The estimated mass in the torus clouds
with a constant narrow component opacity of 0.1 over the who(6.10° M) is too low to power (alone) the source for’:a.0° yr.
VLBI radio source. Although the foreground distance frora thin contrast the Hdisk has enough mass to feed the AGN and re-
narrow Hi absorption to the VLBI continuum source is not welplenish the torus clouds.
constrained we suspect that it mustb&00 pc given its narrow Higher sensitivity, broader band observations are neealed t
velocity width and the position stability of the its velociten-  study the properties of the atomic circumnuclear disk inenor
troid; if the gas was closer one would expect tidal forcesittew detail, to search for a connection with the torus and to itives
the velocity width and increase velocity centroid variaio gate whether the torus contains a (very broad, 2000 Kmide

Physically the narrow Hobservations could be related to aselocity feature) H absorption component. Higher spectral res-
minor merging event, detected 400 pc South-West of the caskition e-MERLIN or EVLA observations of the narrow absorp-
(Canalizo et all, 2003). As a result of this interaction therow  tion component are needed to try to trace absorption futher
H1 component could arise in a tidal tail of gas that is movinglong the jet to constrain its physical size.
towards the nucleus. According to galaxy merger simulation
(Bournaud et &ll, 2005) part of the progenitor’s gas that gt Acknowledgements.  This research was supported by the EU Framework 6 Marie

I : ; : : Curie Early Stage Training programme under contract nuivliies T-CT-2005-
pelled in tidal tails during a merging event will eventualgi 19669 ESTRELA. JC acknowledges financial support from thedssth Science

back on the diS_k. T.he narrow component could also be coflssearch Council. We wish to thank Joan Wrobel of NRAO foesive help
nected to the giant infalling molecular cloud located 1.36 K in setting up the phased VLA for VLBI observations at a nondsad observing
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