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The nuclear torus in the active galaxy NGC 1068
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ABSTRACT

We present near-infrared polanzed images of the active galaxy NGC 1068. At these
wavelengths, the counter-cone is observed in scattered light. At H (1.64 um) we
detect an absorption band across the counter-cone, which we interpret as absorption
owing to the postulated torus. From a geometrical analysis we calculate that the
torus is at a position angle of 32° + 3° on the plane of the sky, at an inclination to the
line of sight (defined with respect to the polar axis) of 42° +4°, with a physical
diameter greater than 200 pc. These figures are consistent with those derived from
our models for the scattering of nuclear radiation and for the far-infrared emission
from the torus.
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1 INTRODUCTION

The unified theory of Seyfert active galaxies holds that the
nuclei of both type 1 and type 2 objects harbour a feature-
less continuum source and a region of broad permitted
emission lines (the broad-line region, or BLR), encircled by
a geometrically and optically thick dusty torus. A region of
narrow permitted and forbidden emission lines (the narrow
line region, or NLR) extends along the poles of the torus. If
the observer’s line of sight to an object lies within the polar
funnel of the torus then both emission line regions and the
continuum source are observed and the object is classed as
type 1. Otherwise, only the NLR is directly observed, result-
ing in a type 2 object. In the latter type of object, radiation
from the continuum source and BLR, escaping out through
the torus funnel, can be scattered into the line of sight, and
the type 1 core can be detected in polarized flux. This was
first demonstrated for the archetypal Seyfert 2 NGC 1068
(Antonucci & Miller 1985; Bailey et al. 1988).

The torus itself, although fundamental to the develop-
ment of the unified theory, has not been directly observed.
However, evidence for large amounts of dense gas at the
centre of NGC 1068, which may be in the form of a torus,
comes from CO observations (Planesas, Scoville & Myers
1991), which indicate a H, mass of ~7 x 10* M, within 130
pc of the nuclear position. Also, observations of optically
thick HCN emission, which requires large hydrogen column
densities, imply an optical extinction in excess of 70 mag. In
addition, these latter observations indicate a velocity
gradient which, if arising from rotation, implies a rotation

© 1996 RAS

axis at a position angle of 33° on the sky, with a source size
of ~180 pc (Jackson et al. 1993). Recent higher resolution
HCN observations have confirmed these findings (Tacconi
et al. 1994). Also, to account for the far-infrared emission
observed in NGC 1068, a substantial amount of dust is
required in a compact region (Pier & Krolik 1993; Efsta-
thiou, Hough & Young 1995). Shadowing by the torus dic-
tates that both the extended ionization by the continuum
source and the scattering of nuclear radiation should occur
in a bi-conical structure, and this has been observed for
many active galaxies (Pogge 1988; Draper, Scarott & Tad-
hunter 1993; Wilson & Tsvetanov 1994). One of the cones
will be on the far side of the host galaxy, and also on the far
side of the active nucleus, and this implies that the torus
should be detectable by its absorption of the scatterec:l‘;adla-
tion from the far cone.

Here we present high spatial resolution near-infrared
polarized images of NGC 1068 which show, for the first
time, this absorption feature. Details of the observations
and data reduction are contained in Section 2, and we
describe the basic properties of the polarized images in
Section 3. The results of the geometrical analysis are pre-
sented in Section 4, and we draw our conclusions in Section
5.

2 OBSERVATIONS AND DATA REDUCTION

The observations of NGC 1068 were obtained as part of the
commissioning of the new dual-beam infrared polarimeter
IRPOL2, built at the University of Hertfordshire, with the
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near-infrared camera (IRCAM3) at the United Kingdom
Infrared Telescope (UKIRT), Hawaii, on the nights of 1995
August 23 and 24. The camera uses a 256 x 256 InSb array
with each pixel corresponding to 0.1286 arcsec on the sky.
On-object exposures of 960, 720 and 640 s were made at J
(1.23 pm), H (1.64 pm) and K (2.2 um) respectively. Obser-
vations of blank sky were interposed with the object obser-
vations, and were used for sky subtraction. Observations of
the twilight sky were used as a flat-field. Images taken with
the polarimeter achromatic half-wave retarder at 0°, 45°,
22?5 and 67°5 were dark-subtracted, and cleaned of bad
and hot pixels before being registered at the peak of emis-
sion and shifted. The polarization images were then formed
using the Starlink Time-Series Polarimetry (TSP) package
IrispoL (Bailey 1993). The polarizing efficiency at each
wavelength was checked by observing stars with a wire-grid
of known polarization efficiency, and the absolute position
angle of polarization was determined from measurements
of polarized standards. The resulting data were then co-
added at each wavelength and flux-calibrated from observa-
tions of stars from the UKIRT faint standard set (Casali &
Hawarden 1993). Several of the observation sets were
affected by telescope oscillations in right ascension, affect-
ing both the apparent shape of the flux distribution and the
measured polarization. The seeing was measured to be ~
arcsec, with the oscillation extending this to 1.5 arcsec in
RA. This effect was minimized using the Starlink ccprak
routine TRANNDF, the results of which were checked against
those observations not greatly affected by the oscillation
and were found to be in excellent agreement.

3 THE POLARIZED IMAGES OF NGC 1068

The H-band polarization vector map from the total data set
is displayed in Fig. 1, superimposed on the total flux con-
tours, with north to the top and east to the left. Clearly
visible to the north-east of the nucleus is the part-centro-
symmetric pattern of polarization vectors associated with
the scattering cone detected at optical wavelengths (Miller,
Goodrich & Mathews 1991; Scarrott et al. 1991). Also seen
at these near-infrared wavelengths is a similar pattern of
polarization vectors to the south-west, indicative of scatter-
ing of nuclear radiation in a counter-cone. On Fig. 2 we
present a polarized intensity image of NGC 1068 from the
same H-band data set. Both the forward cone and the
conter-cone are, again, clearly visible, along with a ‘knot’ of
polarized light ~4.5 arcsec to the north-east of the nucleus,
first observed at optical wavelengths (Miller et al. 1991;
Scarrott et al. 1991). At optical wavelengths the counter-
cone is not visible, indicating that the scattered radiation
undergoes significant extinction which implies that the
counter-cone is on the far side of the host galaxy and viewed
through the dusty disc of the host galaxy. Since NGC 1068 is
at the low inclination of ~20° to the plane of the sky (Bald-
win, Wilson & Whittle 1987; Scoville et al. 1988), this also
implies that the counter-cone is directed away from us. It
should also be noted that the counter-cone appears to be
brighter than the forward cone in polarized flux. The sim-
plest explanation is that the number density of scatterers is
greater in the counter-cone than in the forward cone, and
hence a greater proportion of the nuclear radiation is scat-

0
1

Offset North (arc sec)

S /7 N\
-

L
\\\.\_\
-~ __/_
[ v~ N\
LY |
————— -
~ VA4
|l-—.
vy /L
- - - N/ —
B
’ e
7’ ¢ . ’ //-
. . o \ L
’ . ' v s =
/ oo e R
/ YA P 7
/ o lIl/-
7 ] i o |
7/ YA ’ v
Ve 1 1
- / v o/
4 ’ A
T

Offset West (arc sec)

Figure 1.The polarization vectors in the H band (1.64 um), superimposed upon the total intensity contours for the image of the combined
data set. The image is approximately 17 x 13 arcsec’ and the pixels are 0.286 arcsec square. The length of a 100 per cent polarization vector

would be 5.72 arcsec.
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Figure 2. A grey-scale polarized flux image of NGC 1068 in the H band (1.64 pm).

tered. There is no a priori reason why the two cones should
have the same number density of scatterers.

Since the counter-cone is pointing away from us, it must
also lie behind part of the torus, and scattered radiation
from this part of the cone will be blocked by the torus, which
is optically thick even at these wavelengths. The torus
should, therefore, be visible as an absorption band against
the counter-cone. Fig. 2, the H-band polarized flux image,
shows this to be the case. A cut along position angle (PA)
32° is shown in Fig. 3 (positive numbers on the arcsec axis
indicating a north-easterly direction on the sky), which
clearly shows the absorption trough associated with the
torus at a distance of ~1.2 arcsec from the peak of polar-
ized flux. Seeing and the RA oscillation mean that light
from the bright regions partially fills in the absorption band.
The error bars shown in Fig. 3 are the standard deviation
derived from the spread of the individual polarized flux
images.

An alternative explanation for the band across the coun-
ter-cone is that it is simply a region devoid of scatterers.
Examination of the K-band image (Fig. 4) shows that this is
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not the case. The most obvious difference from the H-band
image is that the dark band just south of the nucleus is not
present, and we also note that the polarized flux is more
centrally peaked. This can be explained in terms of our
model for the polarization properties of NGC 1068 (Young
et al. 1995), where the optical polarization is due to electron
scattering but a dichroic view of the near-infrared-emitting
region, through the torus, becomes more important - at
longer wavelengths. At K, this dichroic polarization domi-
nates the integrated polarized flux, and, since it lies through
the torus, the absorption band is less distinct. Even if this
model is not correct, the fact that the band is filled in at K
shows that there is absorption of the scattered radiation,
and thus the H-band image is not a result of two scattering
regions. However, our model is supported by the difference
in the centroid of the total flux from that of the polarized
flux. This is greatest at J, where most of the polarized flux is
from scattering, the scattering region not being exactly at
the nucleus, and zero at K where the dichroic absorption of
the nuclear radiation dominates.

The J-band image is very similar to the H-band image and
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Figure 3. An intensity cut along a position angle of 32° (east of
north) through the calculated position of the active nucleus (at 0
arcsec; negative arcseconds indicate a south-westerly direction, and
positive arcseconds indicate positions north-east of the nucleus).

has not been shown.

4 DERIVED PARAMETERS FOR THE
TORUS OF NGC 1068

Assuming that the torus is circular, it should be possible to
determine its size, inclination to the line of sight and posi-
tion angle on the sky. However, knowledge of the true
nuclear position is also required, and this has been obtained
by three independent methods for both the J- and H-band

{ | ! |

NGC 1068 K Band Polarized Intensity
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images. First, in the J-band, unpolarized stars are dominant
(Young et al. 1995), and the flux from these should peak at
the true nuclear position. However, it should be noted that
the peak of flux in the optical is not at the nuclear position
(Evans et al. 1991; Caganoff et al. 1991). At H, the peak in
polarized flux is primarily due to the dichroic view of the
nucleus, thus revealing its position. The second method of
determining the nuclear position is to trace back the nor-
mals to the position angle of polarization in the scattering
region, as successfully demonstrated at ultraviolet wave-
lengths (Axon et al. 1995). Thirdly, the edges of the cones
can be traced back to the nucleus. All three methods pro-
duced consistent results, the dispersion between them indi-
cating that the nucleus has been located to an accuracy of
0.15 arcsec. This position has been used for the zero of
coordinates in all the figures.

We have fitted ellipses to the torus absorption in polar-
ized flux, centred on the derived nuclear position. Assuming
a distance to NGC 1068 of 14.8 Mpc (Tully 1988), giving a
spatial scale of 71 pc arcsec™', we derive a PA on the sky for
the torus of 32° + 3° an inclination to the line of sight of
42° 1+ 4°, and a torus diameter greater than 200 pc. Only a
lower limit for the torus size can be calculated because of
the effects of seeing. The values derived from the J-band
image were within these errors.

The calculated PA and inclination are entirely consistent
with previously derived values. An inclination of ~35° is
calculated from models of the scattered nuclear radiation
(Miller et al. 1991; Young et al. 1995), and a value of ~45°
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Figure 4. As for Fig. 2 but in the K band (2.2 pm).
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is obtained from modelling of the infrared emission of the
torus (Efstathiou et al. 1995). The PA on the sky has been
estimated as 32°+5° from the axis of the emission-line
cones (Pogge 1998) and the large-scale radio structures
(Wilson & Ulvestad 1983, 1987). The size of the torus is
consistent with the value of 178 pc derived from our infra-
red emission models of the torus (Efstathiou et al. 1995).
The estimated size and inclination are not consistent with
models of the infrared emission that favour very compact
tori (Pier & Krolik 1993). The very fact that a counter-cone
is observed is also evidence against the warped disc model
(Phinney 1989), in which an optically thick, kiloparsec-scale
structure is envisioned. The calculated values for the size
and inclination of the torus compare favourably to those
derived for the gaseous disc responsible for the HCN emis-
sion (Jackson et al. 1993; Tacconi et al. 1994).

The torus size is similar to that of the dusty disc or torus
observed in total flux for the radio-loud galaxy NGC 4261
(Jaffe et al. 1993) with the Hubble Space Telescope. If the
host galaxy of NGC 4261 contains only small amounts of
dust, then stars can be observed throughout the body of the
galaxy. Some of the stars will be on the far side of the torus
and their radiation will be obscured by it, allowing the torus
to be ‘seen’. For NGC 1068 the dusty disc of the host spiral
galaxy, which obscures the counter-cone from view at opti-
cal wavelengths, will also attenuate the light from the stars
on the far side of the galaxy, and thus near-side stars will
dominate. The torus sits behind these stars and thus cannot
have any observable effect on their radiation. The torus is
therefore best viewed in polarized flux, where the counter-
cone provides the background illumination.

5 CONCLUSIONS

We have presented evidence showing that the torus in NGC
1068 is at an inclination of 42° + 4°, similar to that expected
from models of the polarization characteristics from the
ultraviolet to the near-infrared, and at a position angle on
the sky of 32° + 3°, the same as that suggested by the rota-
tion measured from the optically thick HCN observations
and the position angle of the large-scale radio and ioniza-
tion structure in NGC 1068 (Wilson & Ulvestad 1983,
1987). We also show that the torus has a size of the order of
200 pc. This is substantially larger than has been predicted,
but is consistent with our recent models for the far-infrared
emission from the torus, and the size of the region from
which molecular emission is observed, and similar to the
disc size required to explain the differences between type 1,
type 2 and intermediate Seyferts (Maiolino et al. 1995;
Maiolino & Rieke 1995).
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