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ABSTRACT

We present high spatial resolution mid-IR images of the nuclear region of NGC 5128 (Centaurus A). Images were
obtained at 8.8 ym, N band (10.4 um), and 18.3 ym using the mid-IR imager/spectrometer T-ReCS on Gemini South.
These images show a bright unresolved core surrounded by low-level extended emission. We place an upper limit
to the size of the unresolved nucleus of 3.2 pc (0.19”) at 8.8 um and 3.5 pc (0.21”) at 18.3 um at the level of the
FWHM. The most likely source of nuclear mid-IR emission is from a dusty torus and possibly a dusty narrow-line
region with some contribution from synchrotron emission associated with the jet as well as relatively minor starburst
activity. Clumpy tori models are presented which predict the mid-IR size of this torus to be no larger than 0.05”
(0.85 pc). Surrounding the nucleus is extensive low-level mid-IR emission. This paper presents to date the highest
spatial resolution mid-IR images of this extended near nuclear structure, previously observed by ISO and Spitzer.
Much of the emission is coincident with Pac sources seen by HST implying emission from star-forming areas; how-
ever, evidence for jet-induced star formation, synchrotron emission from the jet, a nuclear bar/ring, and an extended

dusty narrow emission line region is also discussed.

Subject headings: galaxies: active — galaxies: individual (Centaurus A) — galaxies: nuclei — galaxies: Seyfert —

infrared: galaxies

1. INTRODUCTION

Centaurus A (NGC 5128, hereafter Cen A) is a nearby el-
liptical galaxy and the prototypical Fanaroff-Riley type I (FR I)
source with spectacular twin radio lobes extending out to ~4°
(~250 kpc) from the nucleus (see Israel 1998 for an excellent
review). The morphology as well as a bimodal metallicity dis-
tribution of the globular cluster population indicate the galaxy
has experienced a major merger event in the past (perhaps as re-
cently as 1.6 x 10® yrago; Quillen etal. 1993). On nuclear scales,
evidence for a central supermassive black hole (SMBH ) comes
from variable X-ray and radio observations. Estimates of the black
hole mass by Silge et al. (2005), Marconi et al. (2006), and Héring-
Neumayer et al. (2006) suggest it to be ~108 M,

Despite intensive studies of Cen A, observations at UV and
optical wavelengths have been especially hampered by the dust
lane that bisects the galaxy and heavily obscures the nuclear re-
gions. In addition, unified theories of active galactic nuclei (AGNSs;
Krolik & Begelman 1988; Antonucci 1993; Urry & Padovani
1995) suggest the central SMBH is obscured from our line of
sight by a geometrically and optically thick torus of gas and dust
that further extinguishes radiation arising from accretion onto the
SMBH. High spatial resolution mid-IR observations now avail-
able with 8 m class telescopes such as Gemini offer an ideal way
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to study the obscured central region of Cen A, having extinction
25-75 times lower than observations at optical wavelengths. High
spatial resolution mid-IR imaging of other nearby AGNs (e.g.,
Radomski et al. 2002, 2003; Radomski 2003; Packham et al.
2005; Soifer et al. 2000, 2001, 2003; Perlman et al. 2001; Mason
et al. 2007; Alonso-Herrero et al. 2006) highlight the value of
such observations in separating and modeling emission from nu-
clear star formation regions, the torus, and dusty narrow emis-
sion line regions.

Previous mid-IR observations of Cen A have produced some-
what contradictory results. Thus, the true nature and extent of the
nuclear emission remains controversial. Observations by Whysong
& Antonucci (2004) on the Keck I detected an unresolved nu-
cleus at 11.7 and 17.75 um at resolutions of ~0.3” and 0.5”,
respectively, placing limits of 5.6 and 8.85 pc on the size of the
mid-IR emitting region. However, Karovska et al. (2003, here-
after KO3) claim to resolve the nucleus of Cen A based on 8.8 yum
and N-band imaging with the Magellan 6.5 m telescope, calcu-
lating a size of 0.17" & 0.02" or 3 pc after subtracting a point-
spread function (PSF) in quadrature. Further observations by
Siebenmorgen et al. (2004) with a resolution of ~0.5" were
unable to directly resolve the nucleus at 10.4 pum, but showed
that the growth curve indicated weak extended emission over
2" with a surface brightness a factor of 10 lower than the peak
of the nucleus. Most recently, observations by Hardcastle et al.
(2006, hereafter HKW06) find the nuclear FWHM of Cen A to
be slightly resolved, calculating a conservative upper limit of
0.27" or <4.6 pc at N band (/9 = 10.4 pum). If the nucleus of
Cen A is resolved, this could be the first galaxy in which the
emission from dust associated with the torus has been resolved
with single-telescope mid-IR observations. In order to address
the controversy of the central nuclear resolution of Cen A, we
have methodically observed Cen A and corresponding cali-
bration sources at high resolution in the mid-IR to (1) test the
hypothesis that the nucleus is resolved and (2) characterize the
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mid-IR emission mechanisms. In addition, we draw upon pub-
licly accessible archived observations in the mid-IR in addition
to our own data to further explore low-level extended emission
surrounding the nucleus of Cen A. Our observations are dis-
cussed in § 2, while results and analysis are presented in §§ 3 and
4, respectively. Throughout this paper we assume a distance to
Cen A of D = 3.5 Mpc (1" = 17 pc).

2. OBSERVATIONS AND DATA REDUCTION

Observations of Cen A were made over two epochs. Epoch A
occurred on 2004 January 28 and 29 (UT) and was initiated by
the authors of this paper. Epoch B was observed on 2004 March
6, 11, and 12 and was retrieved from the Gemini Science Archive
(GSA) based on data first published by HKWO06. Both sets of
data were obtained using the facility mid-IR camera/spectrograph
T-ReCS (Thermal-Region Camera Spectrograph; Telesco et al.
1998) on the Gemini South telescope. T-ReCS uses a Raytheon
320 x 240 pixel Si:As IBC array, providing a plate scale of
0.089" pixel~!, corresponding to a field of view of 28.5" x
21.4". The detector was read out in correlated quadruple sam-
pling (CQS) mode (Sako et al. 2003). The standard chop-nod
technique was used to remove time-variable sky background,
telescope thermal emission, and the so-called 1/f detector noise.
The chop throw was 15", and the telescope was nodded every
30 s. All data were reduced using IDL.

2.1. Epoch A: 2004 January 28 and 29

We carefully observed Cen A over a period of two nights. Im-
ages were obtained in the Si-2 (49 = 8.74 um, A1 = 0.78 um)
and Qa (49 = 18.3 um, A4 = 1.5 um) filters to optimize reso-
lution and sensitivity in both the 10 and 20 pum atmospheric
windows. The chop and nod direction was fixed at 0° (north-
south). The first night we observed at 8.8 pm for about 3.5 hr
real-time (real time ~ 3.5 x on-source time due to chop-nod pro-
cedure, not including time for telescope slewing and calibra-
tion) using an iterative procedure which repeatedly interleaved
observations of a PSF star (65 s on-source) with those of Cen A
(455 s on-source). This resulted in a total of five PSF observa-
tions (5.4 minutes on-source total) and five galaxy observations
(34 minutes on-source total). We used the same procedure on the
second night at 18.3 um; however, the initial PSF star had too
low a signal-to-noise ratio (S/N), so a new PSF was chosen re-
sulting in only three high-S/N PSF measurements (3.3 minutes
on-source total). A total of four galaxy observations (26.4 minutes
on-source total) at 18.3 ;sm were obtained. Estimates of the FWHM
of the galaxy and PSF were done by fitting a Moffat function
(Moffat 1969).

The stars PPM 318494 and PPM 291667, located 1.5° and
4.2° from Cen A, were used for PSF comparison to look for ex-
tended emission in the galaxy. Each of the PSF observations was
made immediately prior to or after the Cen A observations and
using an identical observational setup to accurately sample the
delivered image quality of those observations. PSF images were
not rotated to correct for changes in the pupil due to the small
rotation angle of the pupil between observations of the galaxy
and PSF (typically <6°). This was done to avoid the slight
smoothing of the FWHM that occurs when an image is digitally
rotated to correct for pupil rotation. Line cuts taken at similar
pupil angles on the galaxy justify this. These showed the profiles
to be radially symmetric; hence, an azimuthally averaged FWHM
was adequate for investigating any resolved emission in the
nucleus of Cen A.

Observations of HD 110458 were used for flux calibration
through both Si-2 and Qa filters at an air mass similar to that for

Vol. 681

the Cen A observations. Absolute calibration was achieved using
the TIMMI2 photometric standard list, where the flux densities
of HD 110458 at 8.8 and 18.3 pm are 6.95 and 1.72 Jy, respec-
tively. Observations of HD 110458 and Cen A at 8.8 ym show
variations of <5%. At 18.3 ym only one observation of the flux
calibrator was taken. However, observations of the relative flux
of Cen A at 18.3 ym showed variations of ~25%.

The differences in the intrinsic spectra of the stellar sources
and Cen A as observed through the Si-2 and Qa filters requires a
color correction. This color correction affects not only the ob-
served fluxes but also the FWHM. A stellar spectrum peaking
at shorter wavelengths (7 ~ 4000 K) will dominate the shorter
wavelength portion of the filter. A cooler source such as Cen A
(T ~ 200 K) will peak at longer wavelengths and dominate the
longer wavelength portion of the filter. The resulting effect will
not only alter the flux calibration but also cause the FWHM of
“hot” stellar sources to be smaller than the relatively “cool”
Cen A when observed through the same filter. This effect is
significant in large-bandpass mid-IR filters such as N band (19 =
10.4 pym, AA = 5.3 pm). The difference between a 7' ~ 4000
and ~200 K source in the N band will result in a color correction
of the observed flux density up to 21%, and the observed FWHM
of the stellar source will appear 12% smaller. Due to the rela-
tively small bandwidth of the Si-2 and Qa filters (A4 = 0.78
and 1.5 pm) this effect is much smaller. The color correction be-
tweena I' ~ 4000 and 200 K source is <4% and the difference in
the FWHM is <0.05%, both within the errors of our observations.

2.2. Epoch B: 2004 March 6, 11, and 12

Epoch B data were first published by HKWO06 and were re-
trieved from the GSA after their proprietary period to compare
with our observations. Images were obtained in the Nband (29 =
10.4 um, AA = 5.3 pum) over the nights of 2004 March 6, 11,
and 12. The chop angle was 121°, and the instrument position
angle (P.A.) was set at 172°. The nucleus was positioned in the
corner of the array in order to concentrate on possible extended
mid-IR emission along the synchrotron jet emanating from the
AGN. On March 6, HD 110458 was observed for a PSF and flux
calibrator (43 s on-source) followed by six successive observa-
tions of Cen A (each 825 s on-source) for a total on-source time
of 82.5 minutes on the galaxy. On the following night of obser-
vations, March 11, Cen A was observed twice (each observation
825 s on-source) followed by a PSF and calibrator star HD 108903
(36 s on-source). The same observation sequence was repeated
on March 12.

3. RESULTS

In both epochs A and B we detect low-level extended mid-IR
emission near the nucleus of Cen A at 8.8 um, N band, and
18.3 pum. Using multiple observations of the AGN and nearby
stellar targets in epoch A we determine the central nucleus of
Cen A to be unresolved at both 8.8 and 18.3 um and place firm
limits on the size based on the FWHM. We make a distinction
between the unresolved nucleus and the surrounding emission
and discuss both separately in §§ 3.1 and 3.2, followed by anal-
ysis of the source of such emission in § 4. Table 1 lists our
photometry in comparison to others in the literature.

3.1. The Central Nucleus

Figure 1 shows the FWHM of the nucleus of Cen A and cor-
responding PSFs over time. Observations of the galaxy were
splitup into nod-sets to match the same integration times of the
PSF for careful comparison (65 s on-source at 8.8 yum and 109 s
on-source at 18.3 pum). The overall decrease in FWHM in the
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TABLE 1
CeN A FrLux DENsITY MEASUREMENTS

Wavelength Resolution Flux Density Time On-Source
Reference (pm) Telescope (arcsec) Jy) (s)
ThiS PAPLT ...t 8.8 Gemini South (8 m) 0.30 0.71 + 0.04* 2000
18.3 Gemini South (8 m) 0.53 2.63 + 0.65% 1550
Karovska et al. (2003).......cccoeeererereneennenes 8.8 Magellan (6 m) 0.45 0.9 £ 0.1 1400
10 (N band) Magellan (6 m) 0.45 14+£05 900
Siebenmorgen et al. (2004) .........occcoeveeenenene 10.4 ESO (3.6 m) 0.5 0.65 £ 0.065 645
Krabbe et al. (2001).....cccovveveernneicininiienns 10 (N band) ESO MPI (2.2 m) 1 0.75 + 0.055 600
Hardcastle et al. (2006) ........ccceovvveerenreeennee 10 (N band) Gemini South (8 m) 0.4 1.1 £ 0.11 8250
Whysong & Antonucci (2004).........cccoeueee.. 11.7 Keck I (10 m) ~0.3 1.6 £ 0.2
~11.7 (SiC) Keck I (10 m) ~0.3 1.8 £0.2
17.75 Keck I (10 m) ~0.5 23£02

# Errors in flux density are dominated by uncertainty in calibration (<5% at 8.8 zm and <25% at 18.3 um) but also include a small statistical error based

on the aperture size.

8.8 um plot corresponds to the lower air mass through the ob-
servations as well as an improvement in seeing throughout the
night. A similar plot is also shown for 18.3 ym in Figure 1. Al-
though there is some variation in the FWHM, the bright nucleus
of Cen A isunresolved. Figure 2 shows azimuthally averaged ra-
dial profiles of the total co-added Cen A data at 8.8 and 18.3 um
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Fic. 1.—FWHM of Cen A ( filled circles) in comparison to that of the PSF
(open circles) vs. the time observed each night for 8.8 ym (fop) and 18.3 ym
(bottom). Each circle corresponds to equal time intervals for galaxy and PSF
(65 s on-source at 8.8 um and 109 s on-source at 18.3 pm). The box in the 8.8 ym
figure (fop) indicates data taken at high air mass and relatively poor seeing that
was not used in the overall analysis. In some cases the galaxy observations con-
tained slightly more time left over after being divided into intervals equal to that
of the PSF (<22 s on-source). In these cases the data were not plotted as they were
of short enough duration and did not add any new information to the analysis.

in comparison to the co-add of all the PSF observations at each
wavelength. Given the 3 ¢ variation of the PSF it is clear the
bright nucleus of Cen A is unresolved at both wavelengths.
Neither the extension claimed by K03 nor that by HKWO06 is
detected. In the case of KO3 it was noted that several hours
passed between galaxy and PSF observations, while HKW06
compared individual galaxy exposures of 825 s on-source with
a single short 43 s on-source observation of the PSF. As can be
seen in Figure 1, the PSF and galaxy vary significantly over time
with changes in seeing and air mass, highlighting the potential
dangers in comparing a single, short PSF measurement to a set of
longer galaxy observations.

We agree with the observations of Whysong & Antonucci
(2004) that the nucleus of Cen A is unresolved, although with
multiple PSF observations we are able to place a tighter statis-
tical constraint of the size of the bright mid-IR nucleus. Follow-
ing the analysis of Soifer et al. (2000) and Packham et al. (2005),
we suggest that any nuclear extensions would be readily detected
at 3 times the standard deviation of the PSF standard. For our
8.8 um data the median size of the PSF Opsp = 0.3", 3 0 =
0.057" (654), which excludes the first PSF observation taken
under poor seeing and high air mass that is not representative of
the group. For our 18.3 pm data median size of the PSF Opgp =
0.53”,3 o = 0.039" (h54), based on all three PSF observations.
The maximum angular extension (0, ) is defined as

afnax = gtzot - QIZ)SF7 (1)

where Gtzot is (Opsr + 0sq)°. Thus, any bright nuclear extended
emission must occur on scales <0.19” (<3.2 pc) at 8.8 ym and
<0.21" (<3.5 pc) at 18.3 um at the level of the FWHM.

3.2. The Extended Emission

Although the mid-IR nucleus of Cen A is unresolved when
compared to the FWHM of corresponding PSFs there is clear
evidence of surrounding low-level extended emission detected
in both epochs A and B. This mid-IR emission is faint and only
becomes apparent after a 10 pixel (0.89") Gaussian smooth is ap-
plied. Figure 3 clearly shows this emission at 8.8 and 18.3 yum
from epoch A overlaid on Pac emission observed by Marconi
etal. (2000). Similar structure to that at 8.8 ym is seen in N-band
data from epoch B (Fig. 4). This emission has no effect on the
FWHM of the central nucleus and could not have been the
cause of previous detections of a “resolved” nucleus by K03
or HKWO06. It also is too faint, >250 times fainter than the peak at
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FiG. 2.— Azimuthally averaged radial profiles of Cen A in comparison to the PSF. Solid lines represent the galaxy, while dotted lines represent the 3 o upper and lower
limit in the PSF FWHM size based on the total standard deviation of the PSFs at each wavelength. These images represent a comparison of the fully stacked galaxy data
(33.3 minutes on-source at 8.8 um, left; 25.8 minutes on-source for 18.3 um, right) compared to a stack of all PSFs that were taken between galaxy observations. The dash-
dotted line represents the measurement of Cen A at 8.8 ym from Fig. 2 of KO3. Our 3 o upper on the PSF is very close to their single PSF measurement. Thus, their 0.17”

size measurement is likely due to seeing.

both 8.8 ym and N band of the 10 pixel smoothed image, to be as-
sociated with the 2" extended emission claimed by Siebenmorgen
etal. (2004), which was only ata level of 1/10 the peak at 10.4 um
(Fig. 5).

Low-level extended mid-IR emission is known to exist near
the nucleus of Cen A. Observations using the Infrared Space
Observatory (ISO) by Mirabel et al. (1999) and most recently
Spitzer observations by Quillen et al. (2006a, 2006b) show the
nucleus is surrounded by a dusty warped disk. Observations in this
paper, however, represent to date the highest resolution mid-IR
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images that clearly detect this emission surrounding the nucleus.
But analysis of this emission is limited due to the chop throw
of 15”, which results in some chopping onto emission, compro-
mising detailed examination of the flux and morphological pa-
rameters. Although it is a minor effect with respect to the bright
nucleus, the faint extended emission does show some evidence
of negative chop regions. However, the similar mid-IR structure
of this emission at 8.8 ym and N band despite chopping onto
different regions would seem to show that much of the structure
observed is real. In addition, the correspondence of the mid-IR with
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Fic. 3.—Pa« emission from HST (Marconi et al. 2000), overlaid with contours representing our heavily smoothed (10 pixel Gaussian =0.89”) mid-IR data at 8.8 pm
(left) and 18.3 pm (right). Contours are logarithmic with a factor of 1.66 (8.8 pim) and 2.11 (18.3 m) between them. The lowest contours represent 2 o above the smoothed
background (0.006 mJy pixel~' at 8.8 um and 0.066 mJy pixel ! at 18.3 um). Letters represent the bright Pacc emission regions detected by Schreier et al. (1998). The

dotted line represents the approximate angle of the radio jet axis (P.A. = 53°).
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FiG. 4— Left, Pac map from Marconi et al. (2000) as in Fig. 3; right, gray-scale radio map of Hardcastle et al. (2003). Contours represent a stack of N-band data from
all three nights (2004 March 6, 11, and 12) retrieved from the GSA archive and are logarithmic with a factor of 1.79 between them. The lowest contours represent 2 o above
the smoothed background (0.0034 mJy pixel !). The mid-IR source RPL 1 is detected coincident with the approximate radio jet P.A. = 53° (dotted line).
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Fic. 5.—Line cuts of Cen A ata P.A. = 64° after a 10 pixel (0.89”) Gaussian
smooth. Solid and dotted lines represent the same as Fig. 2. The dash-dotted line
represents 3 o above the background, and error bars represent +1 o of the back-
ground. The position angle is along the extended emission clump detected at
18.3 um near Pac source A from Schreier et al. (1998) and close to the jet axis.
Low-level emission near this clump is clearly detected at 8.8 ;um, 18.3 ym, and
N band greater than 3 ¢ above the background.

emission regions of Pac detected by Schreier et al. (1998) and
Marconi et al. (2000) reinforces that in fact what we see are pri-
marily real structures (Figs. 3 and 4).

4. ANALYSIS: SOURCES OF EMISSION

In this section we discuss the possible origins of the mid-IR
emission of both the bright unresolved central nucleus and the
low-level extended emission. Due to the contamination from chop-
ping onto nearby emission, the analysis of the low-level extended
emission is presented in a broad overview. Additional imaging
data resulting in a more detailed analysis of this emission will
be put forth by L. L. Leeuw et al. (in preparation).

4.1. The Nucleus
4.1.1. Nucleus: Stellar Activity

Starburst activity in the nucleus of Cen A has been modeled
by Alexander et al. (1999), who fit the nuclear (<4”) IR flux
<60 pm with approximately equal parts dusty torus and star-
burst emission. However, their nuclear starburst component
depends strongly on fitting the 11.3 pum polycyclic aromatic
hydrocarbon (PAH) feature from Mirabel et al. (1999) that is
not seen in the higher spatial resolution (~3") Siebenmorgen
et al. (2004) data. In addition, estimates of the high intrinsic po-
larization from near-IR observations by Packham et al. (1996)
and Capetti et al. (2000) on the order of 11%—17% are consistent
with optically thin scattering from a compact torus surrounding
the central engine rather than a starburst.

Combining our data with bolometric luminosity measurements,
we can evaluate the likely contribution of a starburst using a
“luminosity density” analysis similar to that by Soifer etal. (2000,
2001, 2003) and Evans et al. (2003). They have calculated the
surface brightnesses from infrared luminous AGNs and starburst
galaxies. This was done by measuring the size or upper limit
of the mid-IR size of a compact region and assuming that this
mid-IR region is representative of the infrared emitting region
as a whole. Using the total IR luminosity as an approximation
of the bolometric luminosity in these galaxies and assuming it
originates from this region resulted in an estimate of the luminos-
ity density. In general, they found that Galactic H 1 regions have
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surface brightnesses ranging from 2 x 10'! to 2 x 10'? L kpc =2,
starburst galaxies range from 2 x 10! to 10'3 L. kpc—2, while
ULIRGsS (ultraluminous infrared galaxies) typically range from
2% 10" to 6 x 10'3 L., kpc~2. On small scales (<10 pc) Meurer
et al. (1997) found that star clusters may have a global (UV, IR,
and radio) surface brightness as high as 5 x 103 L kpc—2. Soifer
et al. (2003) found in three Seyfert galaxies surface brightnesses
on the order of a few x10'% L kpc—2, which they argued must be
primarily AGN emission, being well above the luminosity den-
sity of bright star clusters and starbursts.

Based on our observations we measure a mid-IR luminosity
of the nucleus of Cen A of 1.8 x 10® L. This value is similar to
the 1.5 x 10% L., value of Whysong & Antonucci (2004) based
on their 11.7 ym measurement and represents a lower limit to
the total luminosity. Assuming a normal quasar spectral energy
distribution (SED) Whysong & Antonucci (2004) estimate the
bolometric luminosity of the AGN to be ~2.5 x 10° L. This
is similar to the value calculated by Israel (1998) and within a
factor of ~2 of that quoted by Marconi et al. (2001a). Given
the lower estimated bolometric luminosity and our maximum
size limit of 3.5 pc from our 18.3 yum observations we calculate
a luminosity density for Cen A of 2.8 x 10'* L kpc=2. These
values are similar to those found by Soifer et al. (2003) for
Seyfert galaxies in which starburst activity was considered neg-
ligible in regions with a luminosity density >10'* L, kpc=2. Even
a bright star cluster as suggested by Meurer et al. (1997; 5 x
103 L kpc~2) could only contribute <18% to the overall lu-
minosity density. Thus, this general analysis in addition to the
lack of PAH emission detected by Siebenmorgen et al. (2004)
and the strong polarization observations obtained by Packham
etal. (1996) and Capetti et al. (2000) indicate that any starburst
activity in the nucleus of Cen A is negligible compared to the
emission from the AGN.

4.1.2. Nucleus: Narrow-Line Region (NLR) Dust

In order to explore the possibility of central heating of a dusty
NLR we calculate color temperatures from the ratio of our 8.8 and
18.3 pum fluxes (see Radomski et al. 2003). Based on this ratio we
calculate a temperature of the nucleus of ~210 K. A similar tem-
perature is obtained if we use the ratio of fluxes at 11.7 and
17.75 pm from Whysong & Antonucci (2004). This value is
slightly higher than the ~160 K calculated by K03 based on
their single 8.8 pum flux. However, we can achieve approxi-
mately the same temperature using their formula for our 8.8 ym
measurement, so the difference is entirely due to the calculation
method. Taking into account extinction from the dust lane across
Cen A as proposed by K03 of 7 ~ 1 at 10 pm raises the color
temperature by only 20 K to 230 K.

We derive an approximation of the dust grain properties using
the methodology applied to NGC 4151 (Radomski et al. 2003)
and Circinus (Packham et al. 2005). Assuming a simple uniform
dust distribution, a first-order determination of the size of the re-
gion that could be heated by a central source can be made. Given
that dust grains primarily absorb UV-optical radiation and reemit
in the infrared, the equilibrium temperature of dust in a strong
UV field is given by (Sellgren et al. 1983)

Loy OQuw\'"*
T~ Guv )™ 2)
1 67TR20 QIR

In the above equation, T is the dust temperature, Lyy is the ap-
proximate UV-optical luminosity of the central source, R is the
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radius from the source in parsecs, o is the Stefan-Boltzmann con-
stant, and Qyy/Qir is the ratio of the Planck-averaged UV ab-
sorption coefficient to the infrared emission coefficient. Values
of Quv/O1r are dependent on the dust grain size and composition
and are given by Draine & Lee (1984), Laor & Draine (1993),
and Weingartner & Draine (2001) for graphite and ““smoothed
astronomical” (SA) silicate.

Using the bolometric luminosity of 2.5 x 10° L, as an esti-
mate and a dust temperature of 200 K, Cen A could heat NLR
dust similar to that in Circinus and NGC 4151 (0.003—-0.01 pm
silicate; 0.015-0.04 um graphite) up to a radial distance of 9—
14 pc (~0.5"-0.8") from the central engine. This is much larger
than the maximum size of the unresolved mid-IR nucleus (0.21”;
3.5 pc diameter) and shows that the central AGN is capable of
heating all the dust in the core. With these observations it is dif-
ficult to determine how much of this unresolved emission may
be distributed between a compact NLR and torus. However, if we
assume a scenario similar to that in NGC 4151, then the NLR may
only contribute ~10%—20% of the mid-IR emission (Radomski
et al. 2003; Groves et al. 2000).

4.1.3. Nucleus: Dusty Torus

The maximum size we obtain for the mid-IR emission from
dust associated with a compact geometrically and optically thick
torus at the level of the FWHM is <0.19” (<3.2 pc) at 8.8 um
and <0.21” (£3.5 pc) at 18.3 um. This is consistent with obser-
vations at K band (2.2 um) of FWHM < 0.2” (<3.4 pc; Schreier
et al. 1998) as well as the polarization observations of Capetti
et al. (2000), which suggest scattering off a 2 pc disk. It is also
close to the 4.07 pc x3.05 pc (scaled to 3.5 Mpc) torus mod-
eled by Alexander et al. (1999), although as discussed above
their starburst fit may not be accurate if there is no nuclear PAH
emission.

Applying the recent models of Nenkova et al. (2002), we in
fact predict that the mid-IR emission of the Cen A torus is unre-
solvable in the present observations. These models are far more
robust than our earlier calculations of dust in the relatively op-
tically thin NLR, taking into account radiative transfer and cloud
shadowing necessary in the optically thick environment of a
torus. In these models the inner radius of the torus scales with
the square root of the AGN luminosity and inversely with tem-
perature to the 5/2 power. At the dust sublimation temperature
(1200 K), the inner radius of the Cen A torus may be only 0.07 pc.
While the outer edge of the torus may be large (~5 pc), in these
inhomogeneous torus models the cloud distribution declines rap-
idly (xr~9, where ¢ = 1, 2, or 3). Thus, most of the clouds are
strongly concentrated within the inner parsec (Fig. 6). And al-
though the hottest dust has 7 = 1200 K, the contributions of
the many cooler indirectly heated clouds are significant, and the
net spectrum of the clumpy torus appears much cooler. For the
models presented above, F,, peaks around 25 pm, with the color
temperature of the 8.8 ym/18.3 ym flux density ratio indicating
T =200 K.

The model mid-IR emission does not always trace the cloud
distribution. Because of the large optical depths through the dens-
est regions of the torus, the heating and subsequent emission can
be suppressed in the torus midplane. These effects are strongest
at shorter wavelengths and for less compact cloud distributions,
where the strongest observable emission extends along the torus
axis. In such instances, some hot, luminous material (on the proj-
ected front or rear of the torus) is not completely obscured. We
modeled a range of torus parameters, which include the radial
distribution, ¢, the optical depth per cloud measured in the V" band,
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FiG. 6.—Number of clouds integrated along the line of sight, for radial distribution ¢ = 1 (top left) and ¢ = 2 (bottom left). For the total number of clouds along an
equatorial ray to the central engine, Nc = 5 (fop left) and Nc = 8 (bottom left), the maximum number of clouds along the line of sight is 12 and 25, respectively, for
maximum integrated optical depth 0of480 and 1000 in the /" band. Beside these cloud distributions are simulated images of emission at 8.8 ym (middle) and 18.3 pm (right).
In these models, the optical depth per cloud 7, = 40 and the outer radius of the cloud distribution is located at 30 times the dust sublimation radius. The 18.3 ym images of
both models are similar to each other and to the cloud distribution because both the heating and subsequent emission are insensitive to optical depth effects. In contrast, the
8.8 ym emission does not trace the cloud distribution because of the large optical depth of the torus and the strong temperature dependence, especially when the distribution
is not compact (¢ = 1). Here the emission extends along the polar axis, which is the location of clouds that directly view the AGN and that are not blocked along the line of
sight. In all cases, the emission is confined to scales much smaller than the spatial resolution of our observations. The images are scaled linearly, and the contours are
logarithmically spaced, beginning at 50% of the peak value and declining by factors of 2.

Ty, and the total number of clouds through the equatorial plane,
N¢. We show the results for a model that fits the observed 10 um
nuclear spectrum of NGC 1068 well (Mason et al. 2006), with
g = 2 and N¢ = 8, and a comparison model in which ¢ = 1 and
N¢ = 5. Inboth models, 7 = 40, the outer radius is 30 times the
dust sublimation radius, and the cloud distribution is Gaussian in
elevation above the torus midplane, without a sharp cutoff. These
two sets of parameters yield cloud distributions and images that
are characteristic of the full parameter space we explored.

The torus is viewed edge-on in the simulated images at 8.8 and
18.3 pum (Fig. 6). The 18.3 m emission generally traces the cloud
distribution because optical depth effects are not significant, both
for heating the clouds and for their subsequent emission. Directly
heated clouds that are not blocked along the line of sight dom-
inate the emission at 8.8 pum. The resulting images are extended
perpendicular to the cloud distribution, and in the less compact
(¢ = 1) distribution, this extension persists on larger scales. The
exact emission profile does depend on the model parameters, but
in all cases the strong extended emission (which the FWHM of
the simulated images themselves indicates) is confined to scales
of 0.02”. In the simulations, the flux declines to 10% of the peak
strength on scales of 0.08” or less. In general, the emission is
more compact in the steeper cloud distributions, and it is always

much smaller than the 0.2” upper limit we measure in the data. This
approaches the scales of HST Space Telescope Imaging Spectro-
graph (STIS) observations of Marconi et al. (2006), which indicate
the central dark object in Cen A is no more than 0.036”-0.04"
(0.6—0.7 pc) in radius. Thus, careful interferometry will be required
to resolve this structure.

4.1.4. Nucleus: Synchrotron Emission

As in the case of M87 (Perlman et al. 2001), the powerful
radio jet of Cen A could provide a significant fraction of the
mid-IR emission through synchrotron radiation. Chiaberge et al.
(2001) claim the entire nuclear SED of Cen A can be fit with a
synchrotron self-Compton (SSC) model. In addition, recent mid-
IR interferometry models by Meisenheimer et al. (2007) suggest
a tiny predominantly SSC core (<0.2 pc). They model an SSC
core contributing between 80% and 60% of the emission between
8 and 13 um, respectively. However, there are several problems
with this scenario.

First, the lack of polarization at ~1000 um (Packham et al.
1996) is difficult to reconcile with a predominantly synchrotron
core. Second, Meisenheimer et al. (2007) reference the variabil-
ity seen at L band (~3.5 um) by Lepine et al. (1984) detailing
an increase in flux by a factor of 5 between 1971 and 1981 as
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evidence of the variable synchrotron nature of the IR core. If the
mid-IR core is dominated by synchrotron emission then similar
variability should be seen at ~10 pm. However, mid-IR (10 pm)
measurements taken coincident with the L-band observations
(Becklin et al. 1971; Kleinmann & Wright 1974; Grasdalen &
Joyce 1976) seem inconsistent with variability trends seen at
X-ray and radio wavelengths (Beall et al. 1978; Abraham et al.
1982). Indeed Telesco (1978), comparing mid-IR (10 pm) ob-
servations from 1971 to 1978, concluded that there was no evi-
dence of mid-IR variability during this period. Comparing mid-IR
observations taken from 1984 to 2004 also shows no significant
variation at ~10 pum after accounting for filter and calibration
differences (Alexander et al. 1999; Mirabel et al. 1999; Krabbe
et al. 2001; Siebenmorgen et al. 2004; K03; Weedman et al.
2005; HKWO06; this paper). And finally, the fluxes measured
by Meisenheimer et al. (2007) for the SSC core at 11.4 um are
a factor of ~4 smaller that the unresolved core measured by
Whysong & Antonucci (2004) at 11.7 pm. Given that the high
spatial resolution Siebenmorgen et al. (2004) spectra show no
PAH emission it is unlikely that this could affect the flux. Thus,
at least at the longer portion of the 10 um window it appears
that there is ample excess emission possibly from a torus that
could dominate the mid-IR on scales <0.3”.

Another method to estimate the synchrotron emission in the
nucleus of Cen A is to use a simple power-law model such as that
used for M87 (Perlman et al. 2001). A strong linear correlation
between the optical and radio core values of FR I galaxies found
by Chiaberge et al. (1999) hinted at a common synchrotron or-
igin for this emission. Capetti et al. (2000) used this correlation
and the radio core flux of Cen A of 9.1 Jy at 15 GHz (Clarke et al.
1992) to predict the synchrotron emission at 2 pm of 10 mly.
This trend also follows closely with the synchrotron models
of HKWO06 which fit the nonnuclear “inner,” ‘“middle,”” and
“outer” lobes of the radio jet in Cen A. Assuming this trend
and a radio core flux of 9.1 Jy we predict a nonthermal mid-IR
flux density between 8 and 18 yum of 30—50 mJy, more than an
order of magnitude less than what is measured. This may indicate
that synchrotron emission in the nucleus of Cen A is negligible
in the mid-IR in comparison to emission from dust.

4.2. The Extended Emission
4.2.1. Extended: Stellar Activity

The nucleus of Cen A is most likely dominated by the AGN,
but much of the surrounding extended emission is likely due to
stars. The close correspondence between much of this emission
25" from the nucleus at 8.8 ym and N band and the Pac data
from Marconi et al. (2000; see Figs. 3 and 4) indicates that much
of what we are seeing is associated with regions of star forma-
tion. The same has been seen in other extragalactic star-forming
regions by Alonso-Herrero et al. (2006). In general, these clumps
as well as much of the emission outline the twin parallel lanes of
emission seen as part of the large-scale warped disk in the lower
resolution Spitzer mid-IR data (Quillen et al. 2006a, Fig. 1). At
8.8 um and N band the Paa clumps C, D, E, F, and G seen by
Schreier et al. (1998) are all detected along the direction of the
top lane of emission seen by Spitzer. Along the bottom lane only
the Pacr clump K is detected. Several other mid-IR sources of
emission associated with regions of Paaw emission are also ob-
vious in Figures 3 and 4. At 18.3 um little evidence of this emis-
sion is seen. This is most likely for two reasons: (1) the lower
sensitivity of the 18 ym (Qa) filter and (2) star formation regions
typically having a PAH component at 8.6 and 11.3 pm that is
readily detected in the 8.8 pum and N-band filters. However, at
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both 8.8 um and N band some Pac clumps are devoid of mid-IR
emission. Unfortunately this may be due to the limited chop
throw (15") of the data discussed above, which is certainly chop-
ping onto other regions of low-level emission creating nega-
tive areas in the field of view. Thus, extensive analysis of theses
star formation regions is not feasible at this time. However,
there is an overall good correspondence between the Paa and
mid-IR.

4.2.2. Extended: Narrow-Line Region (NLR) Dust

Although the nucleus can be heated entirely by the AGN it is
unlikely that the bulk of the extended emission could be heated
by the central engine. This low-level extended mid-IR emission,
in some cases up to 10” (170 pc) away from the nucleus, would
have to be extremely cool, on the order of ~60 K assuming the
same simple formula as in § 4.1.2. Assuming a normal blackbody
SED of dust this cool, however, would cause significant emis-
sion (on the order of a few janskys) at longer wavelengths such
as 18.3 um, where no significant extended emission is seen on
scales >3". This provides further evidence that much of this
mid-IR emission, especially that coincident with the Pac: emis-
sion, is associated with local stellar activity.

The only significant 18.3 pum emission detected is a small
clump of emission at a distance of 2.8” (48 pc) from the nucleus
(P.A. = 64°, measured north through east) approximately coin-
cident with Pac clump A from Schreier et al. (1998; see Fig. 3).
Krajnovi¢ et al. (2007) suggest this clump as well as clump B
may be due to jet-induced star formation. Emission is detected in
both clumps at 8.8 um, while there is a ~2 ¢ detection of clump
B at 18.3 pm. If this mid-IR emission is truly associated with
shock-induced star formation regions, then we would expect heat-
ing of the surrounding dust to be local.

We measure the flux density in a 2" diameter area near clump
A to be ~4 mJy at 8.8 ym and ~40 mJy at 18 um; given the
possibility of emission being chopped onto these, they can be
considered rough estimates. Near clump B the mid-IR emission
is similar to that of clump A, ~4 mJy at 8.8 pm with very little
emission (~17 mJy) at 18.3 pm. This results in an optically thin
estimate of the temperature of 150-200 K near clump A and
even warmer near clump B, which is farther away at 3.5” (60 pc).
Given that we estimate that 14 pc is approximately the maximum
distance that the AGN (2.5 x 10° L)) can heat dust to 200 K this
would rule out mid-IR emission near clump B as being centrally
heated dust. Even for clump A at a temperature of 150 K only the
smallest grains of graphite (0.003—0.005 pm) could be heated
by the central engine. Although these are very simple estimates
they do imply that local heating of dust due to shock-induced star
formation associated with the radio ejecta is a possible expla-
nation for mid-IR emission near clumps A and B. However, if
there is an enhancement in luminosity in the direction of the
NLR along the radio axis (northeast of the nucleus), as would be
the case if the ionizing luminosity were anisotropic, then it may
be possible to heat dust out to a radius consistent with clumps A
and B. This could also explain the faint mid-IR extension seen
on the opposite side (southwest of the nucleus) at 8.8 pm. This
is thought to be the case in NGC 4151 (Radomski et al. 2003),
where extended mid-IR emission on either side of the nucleus
along the radio axis is thought to arise from a dusty NLR within
the ionization cone heated by the central engine. In this case
the NLR of NGC 4151 may see an ionizing luminosity a factor
of ~13 times greater than that seen from Earth (Penston et al.
1990). Anisotropies and beaming along the NLR have been pre-
dicted as strong as 200 times in some galaxies (Baldwin et al.
1987). In Cen A a beaming factor or underestimate of the true
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luminosity of 10-20 times would be needed to be consistent with
the central heating of clumps A and B within an ionization cone.

4.2.3. Extended: Dusty Torus

CO and H, measurements of Cen A show a nuclear ring of
outer radius 80-140 pc, with an inner hole of diameter 40 pc en-
closing a mass of 109 L., (Israel et al. 1990, 1991; Rydbeck et al.
1993; Marconi et al. 2001a). This ring is aligned perpendicular
to the radio jet and has been speculated to be associated with the
very outer parts of a torus. This would seem to contradict our ear-
lier results which indicate a highly compact torus <3.5 pc. The
difference, however, is entirely due to what is defined as the
“torus” in AGNSs. Shi et al. (2006) describes the “torus” as
a multilayered system with an ““inner” (<0.1 pc), “middle”
(0.1-10 pc), and “outer” (10-300 pc) structure. In this scenario
the compact tori seen in the mid-IR would typically correspond
to the “middle” disk while the CO/H, is associated with the
“outer” disk. Similar to Cen A, NGC 1068 also contains a com-
pact mid-IR torus <15 pc (Mason et al. 2006) surrounded by a
large 100 pc scale CO disk. Mid-IR polarization observations of
NGC 1068 by Packham et al. (2007) provide continuity between
these structures suggesting that the compact geometrically and
optically thick torus is often surrounded by a larger and more
diffuse structure associated with the dusty central regions of the
host galaxy. Other dusty structures such as nuclear galactic bars
may further merge into this scenario. Observations by Marconi
et al. (2001b) even suggest that the H, structure shows kinemat-
ical evidence consistent with a galactic bar fueling the AGN, al-
though they cannot entirely rule out a disk/torus structure.

Possible evidence for mid-IR emission associated with this
“outer” torus/nuclear bar can be seen at both 8.8 ym and N band
(Figs. 3 and 4). At both wavelengths there appears to be a ridge
of emission extending up from the northwest of the nucleus to-
ward Pac clump G. At 8.8 ym some mid-IR emission is also seen
on the southeast side. In all cases this emission seems devoid
of corresponding Pacx emission associated with stellar activity
as discussed earlier. Given that the data at 8.8 ym and N band are
chopping on different areas of the galaxy (see § 2) it is unlikely
that at least the northwest structure seen at both wavelengths
is excessively distorted due to improper chop subtraction. This
structure possibly indicates that the emission detected in CO/H,
contains a dusty component. However, using simple calculations
from § 4.1.2, even dust as small as 0.003 pm at this distance
(5"-7")would have to be on the order of 70-80 K to be heated by
the central AGN. This is not reasonable as such cool dust should
emit substantially more (on the order of a few janskys) at 18 ym
where no significant emission is detected along this ridge. A
more likely possibility is this emission is due to PAH emission
as detected by /SO and Spitzer at least at 8.8 pm and possibility
also at 11.3 pm in the N band.

NICMOS imaging by Schreier et al. (1998) shows a 1" x 2"
(20 pc radius) emission line region interpreted as a gaseous disk
also possibly associated with a multilayered torus which is nearly
parallel to the radio jet and perpendicular to the CO disk. Schreier
et al. (1998) hypothesized this peculiar angle may be caused
by one of two scenarios: Either it had formed recently enough
(possibly associated with a merger or infall event) such that it
had not time to become aligned with the black hole spin axis, or
because it was along the major axis of the bulge it was dominated
by the galaxy gravitational potential rather than that of the black
hole. In either case these observations indicate that there may be
an outer gaseous ring of material that is highly warped with re-
spect to the inner compact mid-IR torus. Although we do gen-
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erally detect low-level mid-IR emission along this direction we
detect no extension associated with this structure at the level of
the FWHM.

4.2.4. Extended: Synchrotron Emission

As discussed earlier, in both epoch A and B data extended
mid-IR emission is detected approximately coincident with Pac
clumps A and B from Schreier et al. (1998). This emission also
falls very near the axis of the powerful radio jet in Cen A. At
Nband especially (Fig. 4) emission is seen along the inner part
of the radio jet extending out past the Pacx clumps A and B. As
discussed above it is difficult to rule out shock-induced star
formation and/or dusty NLR emission. Furthermore, due to the
possibility of inadequate chop-subtraction, attempting to fit a
synchrotron model to evaluate its contribution, if any, is diffi-
cult. Thus, we cannot confirm nor rule out some contribution
from synchrotron radiation emanating from the jet near the nu-
cleus. Farther out along the jet axis in the northeast direction
negative emission from improper chop subtraction becomes more
apparent in both epoch A and B data and some faint mid-IR emis-
sion associated with the jet is most likely lost. However, in epoch
B at N band there is clear evidence of mid-IR emission located
farther out and coincident with the radio axis. This new source is
denoted as RPL 1 (Fig. 4).

RPL 1 is located in a very bright area of the radio jet at a dis-
tance of 18.4” (P.A. = 53°, measured north to east). It is outside
the field of view of the epoch A data and thus cannot be char-
acterized at 8.8 and 18.3 um. Given the distance as projected on
the sky, 18.4"" > 300 pc. This rules out dust heated by the central
source, as it would take a beaming factor of >500 to heat even
the smallest dust grains to a temperature of 200 K. If no beaming
is assumed the maximum temperature that a blackbody heated
by the central AGN could obtain at that distance is 42 K, which
given an approximate flux density of 2 mJy at N band would
require a 25 um flux several hundred thousand times what is
measured by /RAS. Confidence in the detection of this source
is strong as it is seen on all three nights observed at N band and
after a 20 pixel (1.78") offset/dither between nights. Stacking
all three nights of data results in a 3—4 ¢ detection (Fig. 4).
Mid-IR emission from a synchrotron jet has been seen in M87
(Perlman et al. 2001) and at larger radii from Cen A by Spitzer
(HKWO06), but in these cases the mid-IR morphology and po-
sition showed a strong spatial and morphological correspon-
dence to that of the radio emission from the jet. This does not
seem to be the case in RPL 1, which is located offset ~2” from a
bright radio knot and has a much less elongated shape. Another
possible explanation is a dusty clump heated by the impact or
shock of the outflow impinging on surrounding material asso-
ciated with jet-induced star formation. However, it is possible
that the morphology of this weak source is affected by improper
chop subtraction of the crowded mid-IR emission in Cen A, and
thus it requires further investigation.

5. CONCLUSIONS

We detect a bright unresolved mid-IR nucleus surrounded by
low-level emission in the central region of Centaurus A. We find
the bright central nucleus of Cen A to be unresolved in the mid-
IR at the level of the FWHM. Using multiple PSF measurements
and their variation, we place an upper limit on the size of the
mid-IR nucleus of Cen A of 3.2 pc (0.19”) at 8.8 um and 3.5 pc
(0.21") at 18.3 pum. This is consistent with our models, which pre-
dict the mid-IR emission from a torus in Cen A to be unresolved
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with a size of 0.05” or less. The primary source of the nuclear
mid-IR emission is likely to be associated with this dusty torus
and NLR emission with minimal contributions from starburst and
synchrotron emission.

Extended mid-IR emission in Cen A is generally coincident
with Paa regions most likely due to stellar activity. A ridge of
mid-IR emission perpendicular to the radio axis and devoid of
much Paa emission may be associated with a CO and H; outer
ring/bar. Emission associated with Pacx clumps A and B from
Schreier et al. (1998) could be due to shock heating or possibly
centrally heated dust in a NLR if anisotropic beaming of radia-
tion along the radio axis is taken into account. A new mid-IR
source, RPL 1, is detected along the radio axis at a distance of
18.4” (P.A. = 53°) and is possibly due to shock heating of ma-
terial impacted by the jet or synchrotron emission. Overall the
mid-IR emission in the nuclear region is shown to be very com-
plex and in need of further study.
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