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Summary. Hi%h signal to noise spectra of 12CO, 13CO and
cl®o J=1-0, 12CO 2-1 and '2CO 3-2 have been obtained
toward the nucleus of Centaurus A. The 2CO profiles re-
veal the presence of two superposed emission components. The
narrower component (AV ~70-100 km s~ 1) is due to CO emis-
sion from the dust lane. The broader component (4V =260
km s~1) represents CO emission from the circumnuclear disk,
whose presence was previously deduced from absorption line
and infrared continuum observations. Analysis of the CO data
suggests excitation temperatures of about 25 K in the circum-
nuclear disk. In both HCO* and CO spectra, weak absorption
features are seen at red-shifted velocities, which probably rep-
resent warm and dense gas falling into the nucleus.
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1. Introduction

NGC 5128 (Centaurus A) is not only one of the more in-
teresting galaxies kinematically (Quillen et al. 1991), but it
is also unique in having a strong nuclear millimetre contin-
uum against which atomic and molecular lines are seen in
absorption. Measurements at centimetre wavelengths have re-
vealed absorption features due to OH and HCO (Gardner and
Whiteoak 1976a,b), H I (van der Hulst, Golisch and Haschick
1983), C3H3 (Seaquist and Bell 1986; Bell and Seaquist 1988)
and NH3 (Seaquist and Bell 1990). In a recent paper (Israel
et al. 1990; hereafter paper I), we presented spectra of the
2.6 millimetre CO J=1-0 line toward the nucleus, which show
several narrow and deep absorption features superposed on a
strong and broad emission line. These features are also seen
in CO 2-1 spectra (Phillips, Sanders and Sargent 1990). In
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Paper I, we have argued that the absorption lines arise mostly
in a circumnuclear disk of about 400 pc diameter. In order
to study the physical properties of the absorbing material, we
have started a program to measure a large number of molecu-
lar transitions in the millimetre and submillimetre range. Here
we present high signal to noise spectra of the J=1-0 and 2-1
CO isotopes, as well as the first detection of strong CO 3-2 ab-
sorption and emission and some initial results from our search
for other molecules. An independent study of absorption lines
in Centaurus A has been carried out by Eckart et al. (1990),
which focusses mostly on the strongest components seen in CO
1-0 and 2-1.

2. Observations

The observations up to 230 GHz were collected in several ob-
serving runs between January 1989 and July 1990 with the 15
m Swedish-ESO Submillimetre Telescope (SEST) at La Silla,
Chile. At frequencies up to 115 GHz (1200 1-0), the Schottky
barrier diode receiver provided single side band (SSB) system
temperatures includin§ sky of about 500 K. At higher frequen-
cies around 230 GHz ( 2co 2-1), the SSB system temperature
was about 1000 K. For the back-end, we used primarily the
high-resolution acousto-optical spectrometer (AOS) consist-
ing of 2048 channels with a width of 50 kHz, resulting in
velocity resolutions of about 0.13 km s~! and 0.06 km s~!
at 115 and 230 GHz, respectively. Whenever possible, the low
resolution backend (bandwidth 500 MHz, resolution 1 MHz)
was used in parallel to obtain information on the emission pro-
file and baseline. Total on-source integration times, summed
over the various observing runs, were of order 1-4 hours. The
main beam efficiencies are 0.71 and 0.51 at 115 and 230 GHz,
respectively.

The 12CO 3-2 spectra were obtained in March 1990 at the
Caltech Submillimeter Observatory! (CSO) with the 345 GHz
SIS receiver (Ellison et al. 1989). The spectra were taken under

1 The CSOis operated by the California Institute of Technol-
ogy under funding from the National Science Foundation,
Contract #AST-88-15132
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excellent conditions, resulting in total system temperatures of
800-1000 K. The main beam efficiency is 0.60. A spectrum with
a total on-source integration time of 2 hours was obtained with
the wide band AOS, which has an effective velocity resolution
of about 0.9 km s~! at 345 GHz. A shorter integration (about
1 hour) was obtained with the high-resolution (0.04 km s~1)
AOS. The CSO beam size at 345 GHz is about 20" FWHM,
comparable to the SEST beam size at 230 GHz, but much
smaller than the SEST beam at 115 GHz of 44”.
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Fig. 1. 12CO 1-0, 2-1 and 3-2 spectra toward the nucleus of Cen-
taurus A, smoothed to 2.8, 0.9 and 0.9 km s~ resolution. The 2-1
and 3-2 spectra have been shifted in T} by +0.25 and +0.45 K
respectively.

3. CO emission from the circumnuclear disk

In Figure 1, we present the observed 2CO J =1-0, 2-
1 and 3-2 profiles. The latter two clearly show a broad
plateau (AV=260+10 km s~') underlying narrower emission
(AV=70+7 km s~!). The broad plateau is also present in the
J=1-0 profile, but is less obvious there because of the greater
width of the narrow profile (AV 115 km s™!). The narrow
profile is due to extended emission from the dust lane. Its
observed width reflects the overall rotation of the galaxy: it
grows less with decreasing beam size (AV &~ 115 km s™! in a
44" beam (J=1-0 SEST); AV ~105 km s~ ! in a 32" beam
(J=2-1 CSO: Phillips et al. 1987) and AV ~70 km s~ in
a 21" beam (J=2-1 SEST; J=3-2 CS0)). In the 2-1 2CO
SEST profile, the broad plateau is centered on Vi gr=>554+5
km s™%, which is within the error of the systemic velocity.2

2 Throughout this paper we use Vy sg=Vie1+2.1 km s~ 1.

In the 3-2 CSO profile, its central velocity is about 570 km
s~1, but this is largely caused by a pronounced asymmetry
on the red side. As the J=3-2 profile lacks extensive baseline
coverage, the reality of this asymmetry is uncertain. A similar,
but marginal asymmetry is seen in the 2-1 SEST profile. If
real, it may indicate the presence of rélatively hot material at
red-shifted velocities, as has been found in M 82 in the J=6-5
transition (Stutzki 1990).

The platean has Tp,, (1-0)=160+30 mK, Ti,,(2-1)=237410
mK and Tp,(3-2)=223+15 mK, as determined from gaussian
fits. Comparison of 1-0 and 2-1 observations with different
beam sizes suggests that the plateau has a mean diameter of
34+4", corresponding to 820 pc at the adopted distance of 5
Mpc. Thus, it must correspond to the circumnuclear disk in-
ferred in Paper I from other observations, albeit with a radius
somewhat larger than we estimated there. The velocity width
of the plateau feature implies a total mass contained within
the circumnuclear disk of 0.8 x 10° < My < 6.3 x 10° Mg, if
circular rotation is assumed with limits at R=50 and 400 pc.
The gas-to-total mass ratio is Mgas/Mp ~0.01 (cf. Paper I).

The observed brightness temperatures indicate a mean ex-
citation temperature for all the circumnuclear gas in a 20"
beam of Tex=25(+30, -10) K; locally, excitation temperatures
may be higher than average. Because of the uncertainties in
the true emission profile and in the decomposition, the exci-
tation temperature of the narrow component corresponding to
the dust lane is more difficult to determine, but is consistent
with Tex=10 K.

4. Absorption line forest

4.1. HCO' absorption: definition of the components

The various absorption components are most easily identified
in the HCOt spectrum, which shows little emission (see Fig.
2). In addition to the three strong components at Vi gp=550,
544 and 539 km s~ !, several other features are apparent, espe-
cially at red-shifted velocities. The HCOt optical depths cover
the full observable range from 0.2 to >2. Weaker components
with 7 =0.1 may be present at the 20 level on both the red
and blue sides of the 550 km s~ ! feature.

4.2.12C0, 13C0 and C'® 0 absorption lines

The three central absorption components are clearly visible in
the high-resolution 2CO 1-0, 2-1 and 3-2 spectra presented
in Fig. 2, and have similar appearances in the three transitions.
The 550 km s~ component is broad (AV =5 km s~ 1) and
heavily saturated in all three transitions, whereas the 544
km s~1! component is very narrow, AV 1.5 km s_l; at
high resolution, it is nearly as saturated as the 550 km s~!
component. The 539 km s~! component is again wider with
AV x4 km s™1. It has an asymmetric profile, suggesting that
it is actually a blend of several narrow components. There are
hints of additional CO absorption components at the velocities
of the weaker HCO*t components listed in Table 1. The errors
in derived CO optical depths result mostly from uncertainties
in the placement of the continuum.

Very few features are visible in the 13CO spectrum (see
Fig. 2). The optical depth of the 550 km s~! component is
0.6, compared with 7 0.7 found by Eckart et al. (1990). A
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Fig. 2. High-resolution spectra of HCOt 1-0, 12CO 3-2,2-1 and 1-
0, 13CO 1-0 and C'80 1-0 toward the nucleus of Centaurus A. The
spectra have been shifted in T} by +1.05, +0.4, 40.25, 0.0, -0.05 K
and -0.20 K, and have velocity resolutions of 0.29, 0.9, 0.23, 0.23,
0.23 and 0.23 km s™1, respectively. Note the numerous absorption
components in the HCO*t spectrum at red-shifted velocities.

shoulder with 7 0.2 appears to be present on the red wing,
suggesting that the 550 km s™! component is also a blend of
several narrower features. No 13CO was detected at 539 km
s™1; the narrow 544 km s~! component may be present with
7 ~0.1. The C'80 spectrum shows a 20 feature with r ~0.15
at 550 km s~ 1.

5. Analysis
5.1. Method

The interpretation of millimetre absorption line data requires
special attention, since observationally only optical depths can
be determined. Statistical equilibrium calculations were per-
formed for the 10 lowest levels of the CO molecule, and in-
cluded the processes of collisional excitation and de-excitation,
spontaneous emission, and stimulated absorption and emission
in a background radiation field. Initially, this was taken to be
the T},=2.7 K cosmic background radiation field. The radiative
transfer was treated in terms of a mean escape probability. The
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physical parameters entering the calculations are the kinetic
temperature T, the density of collision partners n(Hgz), and
the column density divided by the line width, N/AV. Each
absorption feature was assumed to represent a single cloud,
and the observed AV for unsaturated lines was adopted in the
calculations. More details of the method will be presented in
a future paper describing the excitation of a larger number of
molecules (van Dishoeck et al., in preparation).

The analysis for CO is less straight—forward than for other
molecules, owing to a peculiar effect in the CO excitation.
As pointed out previously by Goldsmith (1972) and Koppen
and Kegel (1980), population inversion occurs for the lowest
levels at 7230 K and n 25000 cm™3. This does not lead to
noticeable effects in emission spectra, but it results in CO 1-0
absorption optical depths close to zero for column densities
less than 5 x 1016 cm™2 at these temperatures and densities.
Thus, such warm and moderately dense components will not
show CO or 13CO 1-0 absorption, but they should be visible
in the higher transitions.

5.2. The 550 km s~ ! component

The CO column density in the strongest component at 550 km
s~ ! must be very large, for several reasons. First, the estimated
visual extinction to the nucleus is 2515 mag (Paper I), lead-
ing to N(Hz)=(2£1)x10%? cm~2. If most of this extinction
corresponds to the 550 km s~ ! component, this would lead to
N(*2CO0) ~(241)x 108 cm~2 for CO/Ha~ 107, Second, the
estimated '3CO column density is 5 x 101°-5x10'% cm~2for a
wide range of physical conditions. Assuming 12CO/ 13C0O=50,
N(*2CO)= (0.3 — 3) x 10'® cm™2. Finally, the possible C'80
feature implies N(C'%0)x 1 x 10'® — 1 x 10'® cm™2, lead-
ing to a similar *2CO value if 12C0O/C'80=500. We adopt
N(IZCO)=(11'(1).5)XIO18 cm™2, For such large column densi-
ties, the computed optical depths in the 1-0, 2-1 and 3-2
12CO lines range from at least 3 to more than 100 for T=10-
50 K and 'n(H2)=.3x102—105 cm™3. Such large optical depths
are consistent with the observations, which show lines that
are broadened by saturation, but unfortunately they do not
constrain the physical conditions any further. In addition, the
interpretation is complicated by the strong possibility that this
component is actually a blend of several features, each repre-
senting a separate cloud at varying distance to the nucleus.
More information may be obtained from ratios of the less
saturated 13CO lines. If we take the measured ratio 1'(1300
2-1)/r(*3CO 1-0)~0.6-1 by Eckart et al. (1990) at face value,
low temperatures T'<20 K and low densities n <1000 cm™3
are found. Such low densities are inconsistent with the ob-
servation of other molecules in the 550 km s™! component,
and would require a large density gradient along the line of
sight, with the CO molecules sampling the less dense regions.
Alternatively, the 13CO 2-1 optical depth may well have been
underestimated: a higher }3CO 2-1/1-0 optical depth ratio
would allow higher densities or temperatures. The conclusions
for CO are not significantly modified if the continuum radia-
tion field by the nucleus is taken into account in the excitation
calculations, provided that the CO molecules are at least 100
pc from the nucleus.

On the basis of the CO observations alone, it is difficult
to determine temperature and density separately. Indepen-
dent constraints can be obtained from the excitation of other
molecules and from their chemistry, in particular from the
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Table 1. Measured optical depths for absorption components in Centaurus A

Molecule Visr (km s_l)

539 544 550 574 585 603 606 614
2c01-0 .... 21133 1504 >3 0.15+0.08 <0.15 0.25£0.09  0.31+0.05 0.23+0.09
2co2-1.... 18%)8 19158 >3 04402  <0.15
2c03-2 .... 18}l 18119 >3 <0.3 <0.3 <0.3 0.4+0.2 <0.3
3co1-0 .... <o0.08 0.10£0.05  0.60+0.10  <0.08 <0.08 <0.08 <0.08 <0.08
C®01-0 .... <01 <0.12 0.14+0.07 <0.1 <0.1 <0.1 <0.1 <0.1

HNC/HCN ratio. This ratio is near unity in cold clouds such
as TMC-1, but only 0.1 in warm clouds such as Orion (Gold-
smith et al. 1986). The observed ratio in the 550 km s~1
component is about 0.3 (van Dishoeck et al., in preparation),
strongly suggesting a temperature around 30 K. This tem-
perature agrees well with that inferred from the CO emission
lines.

5.8. Other components

As a consequence of the peculiar CO excitation, the limit
7(13C0)<0.1 for the 539 and 544 km s~! components leads to
rather weak limits on column density, N (1300)5 1016 cm_2,
suggesting N(12C0)<5 x 1017 cm™2. If CO/Hax 10™*, this
would imply N(H3)<5 x 102! cm™2, corresponding to Ay <6
mag, which is about the typical extinction caused by the dust
lane. Such CO column densities are also close to the beam—
averaged value derived from the CO emission in the dust lane.
Thus, either of the two components, or both, could be due to
clouds in the dust lane of Centaurus A at considerable distance
from the nucleus. The measured *2CO 3-2 optical depths for
these two features are comparable to those for the 1-0 and
2-1 lines, excluding low temperature (T = 10 K), low density
(n£1000 cm™3) solutions.

Similar excitation arguments apply to the weaker compo-
nents at Vzsp >550 km s~ 1. Wherever the CO 3-2 absorption
is at least as pronounced as the 1-0 and 2-1 absorption, a
low temperature, low density solution is excluded. A particu-
larly interesting feature is provided by the absorption around
VLsr=606 km s~!, which is quite prominent in the CO 3-2
and HCO™ spectra. This appears to be a warm (T2 30 K) and
dense (n2 10% cm~2) molecular clump falling into the nucleus.
In addition, strong H I absorption occurs at nearby velocities
(van der Hulst et al. 1983). There is a striking difference in
HCO% /CO optical depth ratios between the various compo-
nents: the red-shifted molecular features are more abundant
in this ion than the 550 km s~! feature or the 539 and 544
km s~! components, indicating either enhanced cosmic ray
ionization rates or shock-induced processes in these clouds.
Such processes could also explain the large H I optical depths
at red-shifted velocities.

6. Conclusion

The CO 2-1 and 3-2 emission profiles confirm the presence
of the circumnuclear disk which we postulated on the basis of
strong molecular absorption lines and the infrared continuum.
The mean CO excitation temperature in the circumnuclear
disk is about 25 K. Weaker absorption features are found at
red-shifted velocities throughout the HCOY and CO spectra.
These components appear to have physical and chemical char-
acteristics that separate them from the molecular clouds in the
main part of the disk. Further study of them is in progress.
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