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ABSTRACT

In this Letter, we present results from our exploratory mid-IR study of Centaurus A circumnuclear environment
using high angular resolution imaging at the Magellan 6.5 m telescope with the MIRAC/BLINC camera. We
detected emission from a compact region surrounding the nuclear source and obtained photometry at 8.8mm and
in theN band. Our analysis suggests that the nuclear region is resolved with a size of≈3 pc. The mid-IR emission
from this region is likely associated with cool dust with an estimated temperature of∼160 K, surrounding the
central “hidden” active galactic nucleus (AGN). We discuss the characteristics of this emission in relation to
other mid-IR observations and the implications on models of dust formation in AGNs.

Subject headings: galaxies: active — galaxies: individual (Centaurus A, NGC 5128) — galaxies: nuclei —
techniques: high angular resolution

1. INTRODUCTION

The nearest radio-bright active galactic nucleus (AGN) is
located at a distance of “only”∼3.5 Mpc in the giant elliptical
galaxy NGC 5128 (Cen A; vis review by Israel 1998). The
central engine powering this galaxy is thought to be a super-
massive black hole enshrouded in a region containing dust and
gas heated by the central source (Marconi et al. 2001). Multi-
wavelength observations of Cen A reveal many complex multi-
scale structures, at scales ranging from a subparsec to hundreds
of kiloparsecs (e.g., Karovska et al. 2002). A radio and X-ray
jet powered by the central source extends across the galaxy to
a distance of several hundreds of kiloparsecs from the nucleus.
Optical and near-IR images of Cen A show large spatial scale
(several kiloparsecs in size) dark bands stretching across the
middle of the galaxy and obscuring the central region, probably
because of absorption by dust and other cool material. These
dust lanes are thought to be a remnant of a merger with a
smaller spiral galaxy (Schiminovich et al. 1994). Using mid-
infrared and submillimeter wavelength observations of the cen-
tral region of Cen A, Mirabel et al. (1999) detected dust emis-
sion from a large-scale bisymmetric structure (5 kpc in size)
resembling a barred spiral galaxy.

Because of its proximity, Cen A provides a unique possibility
for high spatial resolution studies of the circumnuclear environ-
ment of AGNs using ground- and space-based large-aperture
telescopes (0�.1 corresponds to∼1.5 pc at the Cen A distance
of ∼3.5 Mpc). However, exploring the nuclear region of Cen
A at optical wavelengths presents a major challenge because
of the high extinction (e.g., mag; Alexander et al. 1999)A ∼ 10V

due to heavy obscuration by the dust in the dust lanes.
Although the diffraction-limited telescope resolution is sig-

nificantly lower in the mid-IR when compared to the optical
(∼10 times), the spectral range from 8 to 20mm is, nevertheless,
particularly suitable for studying the emission from the region
surrounding the nucleus because of at least 10 times lower
opacity. The lower opacity of astronomical dust at these wave-
lengths (Draine & Lee 1984) permits penetration of the opti-
cally opaque dust lanes. Most of the thermal radiation from
dust is in fact emitted at these wavelengths, as seen in the mid-
IR ISOCAM spectra of Cen A, which show the presence of

the characteristic silicate broad absorption feature at 9.8mm,
plus a possible polycyclic aromatic hydrocarbon (PAH) emis-
sion line at 11.3mm. Alexander et al. (1999) suggested that
the presence of a very deep 10mm silicate absorption feature
in the ISOCAM spectrum could be due to self-absorption in a
dusty circumnuclear region, in addition to the extinction by the
dust in the dust lanes (optical depth at 10mm).t � 1n

We report here results from our mid-IR imaging of Cen A
with the Mid-InfraRed Array Camera/BracewelL Infrared Nul-
ling Cryostat (MIRAC/BLINC) at Magellan, showing that the
nuclear region is resolved at a subarcsecond scale. The obser-
vations and the techniques for data acquisition and reduction
are described in the next section. Results and analysis are pre-
sented in § 3 and discussed in relation to other available ob-
servations and models in § 4.

2. OBSERVATIONS AND DATA REDUCTION

During an exploratory observation of Cen A on 2002 May
1 and 2 at the Magellan I (Baade) telescope, we detected a
compact mid-IR source in the images of the nuclear region at
8.8mm and in theN band. The Baade telescope, with a primary
aperture of 6.5 m equipped with active optics, provides
diffraction-limited subarcsecond images in the 8.8mm spectral
window (Shectman & Johns 2003). The images of Cen A and
several reference sources were recorded using MIRAC/BLINC.
MIRAC/BLINC uses a Boeing HF16 Si:As blocked128# 128
impurity band detector (Hoffmann et al. 1998).

We obtained images using the MIRAC/BLINC 8.8mm 10%
passband filter and the wideN-band filter (from 8.1 to 13.1mm)
centered at 10.3mm. The total on-source integration time was
1400 s at 8.8mm and 900 s in theN band. The reference stars
g Cru and IRC�10220, observed while transiting at a similar
air mass as the source, provide flux and point-spread function
(PSF) calibration information. To insure similar observing con-
ditions, including similar telescope orientation, air mass, and
seeing conditions, the observations of Cen A were made close
in time (within a couple of hours) to the observations of the
corresponding reference stars. In addition, we used the Ma-
gellan telescope active optics (looking at standard stars in the
field of view) to monitor the seeing stability, by checking that
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Fig. 1.—MIRAC/BLINC images of Cen A (left) and the reference starg
Crux (right) at 8.8mm. North is rotated 126� to the left (from the vertical).

Fig. 2.—Radial profiles of Cen A image (solid line) and of the reference
image (dashed line) at 8.8 mm. The radial profile of Cen A appears more
extended when compared to the radial profile of the reference star, indicating
therefore that Cen A is resolved.the size and shape of the PSF at the beginning of each obser-

vation of Cen A is consistent with those of the corresponding
reference.

On the Magellan, MIRAC/BLINC has a plate scale of
0�.12 pixel�1, providing a total field of view of . This′′ ′′17 # 17
pixel scale ensures Nyquist sampling of the diffraction-limited
PSF. As described below, we obtained further subsampling of
the PSF by using dithering techniques. We used a standard
nodding and chopping technique to remove the background
signal, dithering the source on the array to obtain subsampling
of the PSF. Chopping is carried out through rotation of an
internal mirror to mitigate noise due to sky brightness fluctu-
ations. The chop frequency was set to 10 Hz, with a throw of
8� in the north-south direction. The nod throw was also set to
8�, but in the east-west direction, in order to have all four chop-
nod beams inside the field of view of the array. Each individual
nod cycle required 15 s (8.8mm) or 10 s (N band) on-source
integration, and the procedure was repeated for as many cycles
as needed to obtain the total integration time at each wave-
length.

The data were analyzed by first subtracting the chop-on from
the chop-off frames for both nodding beams. The two images
thus obtained were then subtracted one from the other, in order
to get a single frame in which the source appears in all four
beams (two negative and two positive). We then applied a gain
matrix, derived from images of the dome (high-intensity uni-
form background) and the sky (low-intensity uniform back-
ground), to flat-field the chop-nodded image. This procedure
was repeated for each of the nodding cycles for which the
source was observed. A final high signal-to-noise ratio (S/N)
cumulative image was then obtained by co-adding together all
the beam frames, each recentered and shifted on the source
centroid. This last co-adding step was performed on a subpixel
grid, providing a final pixel scale of 0�.03 pixel�1. A mask file
to block out the effects of bad pixels and field vignetting was
also created and applied at each individual frame before their
shifting, preventing individual rejected pixels from contributing
to the final image. To ensure a uniform treatment of the source
and the standard, the same observing and reduction procedure
was also used for the reference star.

3. RESULTS AND ANALYSIS

3.1. Imaging of the Circumnuclear Region
The mid-IR images of the nuclear region of Cen A obtained

at 8.8mm and in theN band are systematically larger than the

unresolved reference sources (or the “observed” PSFs) recorded
under similar observing conditions and using the same filters.
In Figure 1 we show the images of Cen A and the reference star
g Cru obtained at 8.8mm. The comparison of image sizes clearly
shows that the Cen A image of the nuclear region is larger than
the image of the unresolved pointlike reference source at this
wavelength. We note that the 8.8mm images of Cen A and the
reference have better resolution and are of higher S/N than the
images obtained in the wideN band centered at 10mm.

The difference in size between the point source and the Cen
A nuclear region is shown in Figure 2, which displays the radial
profiles of the source and the reference at 8.8mm normalized
at the same peak value. This suggests that the Cen A nuclear
region is resolved, with the size near the resolution limit of the
Magellan 6.5 m telescope. We estimated the angular size of
the Cen A nuclear region by convolving the reference star radial
profile with a Gaussian and then fitting to the Cen A data at
the corresponding bandpasses. The best fit at 8.8mm gives a
FWHM of . TheN-band size estimate is consistent,0�.17� 0�.02
with larger error bars because of the lower S/N in these data.

At the distance of Cen A, the measured FWHM angular size
corresponds to a linear size of≈3 pc, or∼10 lt-yr. This is in
agreement with the predicted size of the dust-emitting region
based on model fitting of ISOCAM spectra with emission from
the dust lanes and from a separate toroidal dust region around
the nucleus with a diameter of∼3.6 pc (Alexander et al. 1999).

3.2. Photometry

We obtained photometry of the nuclear region using Cen A
images in the two observed bandpasses by selecting a small
aperture centered on the nuclear region. We used an aperture
with a diameter of 20 MIRAC/BLINC pixels, corresponding
to ∼2�.4, which is the minimum aperture size that includes most
of the PSF flux. The photometric reference for the 8.8mm
image wasg Crux, which has a known flux of 1090 Jy at that
wavelength, with an estimated uncertainty of 5% (Gezari,
Schmitz, & Mead 1987, p. 1196). For theN band we used the
source IRC�10220 as a reference. We estimated for this star
anN-band magnitude of∼1.5 Jy, with a 30% uncertainty, based
on interpolation of theK magnitude of 2.84 (∼45 Jy) and the
IRAS 12 mm flux of ∼4 Jy from Gezari et al. (1987) (Table 1).

The photometry of the Cen A nuclear region was calculated
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TABLE 1
Mid-IR Photometry

Source
Wavelength

(mm)
Photometry

(Jy)

Cen A . . . . . . . . . . . . . 8.8 0.9 (�0.1)
10.3 1.4 (�0.5)

g Crux . . . . . . . . . . . . 8.8 1009 (�50)
IRC �10220. . . . . . 10.3 1.5 (�0.4)

Fig. 3.—ISOCAM CVF spectrum of the nuclear region (4� radius) of Cen
A (Mirabel et al. 1999) showing several emission lines and a deep silicate
absorption feature at∼9 mm. Also plotted are the results from our 8.8mm and
N-band photometry of the 2�.4 region centered on the nucleus.

separately for the four nod/chop beams at each wavelength,
which were then averaged together. This procedure ensured that
the variation in the photometry of the four beams was within
our error estimate. We also evaluated different sizes of the ap-
erture and of the sky region for residual background subtraction,
from 1�.5 to 5�, finding similar values of the photometry, within
our error bars (�1 j). We obtained an average flux of 0.9 Jy at
8.8 mm, with an uncertainty of�0.1 Jy, and a flux of 1.4 Jy in
the N band, with an uncertainty of�0.5 Jy (Table 1). The
significant uncertainties are due to the limited photometric quality
of the sky during these observations. Larger aperture photometry
(several arcseconds aperture) does not show significant differ-
ences within the error bars with the smaller aperture results that
we are presenting in this Letter.

Our photometric results are in agreement with the mid-IR ob-
servations obtained by Whysong & Antonucci (2002) using the
Keck I telescope. They detected emission from a compact un-
resolved nuclear source (with an upper limit on the size of∼0�.3)
and measured fluxes of 1.6 and 2.3 Jy at 11.7 and 17.75mm,
respectively.

Our results are also in agreement within≈3 j errors with
the ISOCAM circular variable filter (CVF) spectrum obtained
by Mirabel et al. (1999), which gives∼0.7 Jy at 8.8mm. In
Figure 3, we plot our photometric results on the ISOCAM CVF
spectrum (see Fig. 2 in Mirabel et al. 1999). The spectrum
shows a broad silicate absorption feature around 9.8mm, re-
sulting in a lower flux at 10.3mm with respect to 8.8mm.

Given the limited photometric and spectral accuracy of our
mid-IR data, we cannot discriminate between thermal emission
from dust and the emission from late-type stars photospheres,
because we essentially have only one color (the 8.8mm filter
is inside theN filter wave band). It is also likely that the
eventual stellar radiation in the nuclear region is below our
sensitivity limit. We therefore assume that the emission in the
circumnuclear region is thermal, originating from dust sur-
rounding the inner hot region.

3.3. Dust Temperature

Using the estimated size of the circumnuclear region at
8.8 mm and the flux measurements based on our mid-IR ob-
servations, we derive an estimate of the temperature of the
emitting dust. We assume that the emission is a blackbody
thermal emission and that there is an absorbing component
associated with the dust lanes in front of the central source.
For a simple spherical geometry of the emitting region, we
estimate the dust temperature at 8.8mm using the following
expression derived from the Planck law:

2 �t �1nR e5T p 1440 ln 1� 1.1# 10 , (1)( )[ ]2D Fn

whereT is the dust temperature in kelvins,R is the radius of
the region in parsecs, is the flux in janskys, and is theF tn n

optical depth of the dust lanes.
Using a radius of≈1.5 pc for the circumnuclear dust region,

flux of 0.9 Jy, and for the dust lane’s optical depth att ∼ 1n

∼10 mm, we estimate the dust temperature at≈160 K. We
compare the temperature obtained using this simplified model
with the temperature derived from the ISOCAM spectra. The
multicomponent spectral fit (see Fig. 3 in Alexander et al. 1999)
shows that the mid-IR emission from the circumnuclear region
peaks at 20mm, which corresponds to a dust temperature of

K. This is in agreement with the estimated dust tem-T � 150
perature of the circumnuclear region based on our mid-IR
measurements.

4. CONCLUSIONS

The results of our mid-IR imaging and photometry of the
Cen A nuclear region suggest that the emission originates from
a resolved source≈3 pc in diameter. This emission is likely to
be thermal radiation from dust at≈150 K heated by UV/optical
radiation from a “hidden” central AGN source (e.g., Peterson
1997; Whysong & Antonucci 2002). It is possible that we are
detecting the external cooler region, possibly surrounding hot-
ter inner dust ( K), as suggested by the deep silicateT ∼ 1000
absorption feature in theInfrared Space Observatory spectra
around 10mm.

Resolving the source of mid-IR emission in the nuclear re-
gion of Cen A provides an important key for understanding
dust formation processes and the structure of the nuclear region
of AGNs and quasars. For example, the current “unified” model
of AGNs predicts a dusty torus with a size of∼10 lt-yr sur-
rounding the accretion disk and a black hole central engine
(Antonucci & Miller 1985; Krolik & Begelman 1988; Peterson
1997). The predicted size of the torus is of the order of the
measured size of the Cen A circumnuclear region using our
mid-IR imaging. We note that the estimated size of the Cen A
circumnuclear region is also similar to the size of the dusty
region (∼3 pc) surrounding the central source of NGC 1068,
recently resolved AGN using the Very Large Telescope Inter-
ferometer observations (ESA Press release 17/03).

The measured size of the mid-IR–emitting region is also
comparable to the distance from the central source at which
dust will condense in an outflowing AGN wind. As recently
demonstrated by Elvis, Marengo, & Karovska (2002), dust can
be created from cooling broad emission line clouds in AGN
winds and can survive in the quasar environment because of
self-shielding. This implies that Cen A could effectively be
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recycling dust from the host galaxy interstellar medium into
the intergalactic medium while changing the dust size and dis-
tribution and the dust-to-gas ratio. The possibility that AGNs
or quasars can provide an additional path for dust formation
has important cosmological implications, since it could explain
in a natural way the observed heavy obscuration of distant
quasars (Omont et al. 2001; Elvis et al. 2002) and provide a
new means of forming dust at early cosmological times.

The current observations do not have enough accuracy to
determine the true geometry of the emitting region or to dis-
tinguish between different geometries suggested by AGN mod-
els. The observations were challenging because of the limited
telescope resolution. Further multiwavelength observations of
Cen A with higher spatial resolution are crucial to explore the
geometry of the extended nuclear region and derive the physical
characteristics and the origin of the emission. Multiband mid-
IR observations combined with spectroscopy will allow deter-

mination of the characteristics of the circumnuclear dust, in-
cluding its temperature, and an estimate of the mass and mass
loss rate. The results may further constrain the unified AGN
model and models of dust formation in quasar outflows.
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