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AB S T R AC T

We have imaged the Circinus galaxy in the near-infrared [Fe II] 1.64-lm and H 2

2.12-lm lines, and derived velocity maps for the emission. The morphologies are

strikingly different, but the velocity maps are very similar and consistent with simple

rotation. We also present new radio continuum maps at 3 and 6 cm, which show a

partially resolved nucleus with a flat spectral index. This suggests free–free

absorption rather than self-absorption in a compact source. There is some evidence

of radio jets close to the nucleus. The H 2 emission, rather than the [Fe II] as in NGC

1068, is extended along the jet axis and may be excited by jet-induced shocks either

in a low-density medium or with rather slow shock speeds (vx50 km sÐ1). We find

that the star formation in the ring 10 arcsec from the nucleus began less than a few

Å107 yr ago. Nearer the AGN, perhaps in and around the inferred torus, we detect

extended [Fe II] emission (including one prominent peak about 2 arcsec north of the

AGN which could be due to a single young remnant), from which we derive a modest

star formation rate of s1 M> yrÐ1.

Key words: galaxies: individual: Circinus – galaxies: Seyfert – infrared: galaxies –

radio continuum: galaxies.

1 I N T R O D U C T I O N

The Circinus galaxy was first studied by Freeman et al.
(1977). Although it lies within a few degrees of the Galactic
plane, it is seen through a low-extinction window and there-
fore can be studied at optical wavelengths, appearing as a
spiral galaxy with an intrinsic dust lane, inclined at about 65°
(Freeman et al. 1977). These authors derived a distance of
4 Mpc from the observed recessional velocity of 436 km sÐ1

(correcting for the velocity of the Local Group and using
H 0\50 km sÐ1 MpcÐ1), as well as from other measures.
Their optical spectroscopy showed it to have very strong
emission lines of [O III] and H a. More recently, the detec-
tion of high-ionization coronal lines in the optical and infra-
red confirm the Circinus galaxy as a type 2 Seyfert (Oliva et

al. 1994), thereby making it the nearest active galactic
nucleus (AGN). Recent mid-infrared spectroscopy with
ISO has revealed evidence suggestive of photoionization by
both starbursts and AGN (Moorwood et al. 1996). Emis-
sion-line images have also revealed a remarkable ionization
cone originating at the nucleus and a circumnuclear ring of
star formation about 10 arcsec away (Marconi et al. 1994).
Uncalibrated line-maps of prominent near-infrared lines
(Moorwood & Oliva 1994) showed strong nuclear peaks,
and that while both [Fe II] and H 2 had continuous extended
emission, the Brg was more ring-like. Other indications of
intense activity in this galaxy include observations of power-
ful and rapidly variable H 2O masers (Gardner & Whiteoak
1982; Whiteoak & Gardner 1986; Greenhill et al. 1997).

The nucleus of Circinus has also been the subject of
ASCA observations in the 2–10 keV band (Matt et al. 1996).
These show that the X-ray spectrum has a flat continuum
and a prominent Fe 6.4-keV line, which are interpreted as a
reflection-dominated spectrum, perhaps cold matter illumi-
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nated by an obscured AGN. The more extended regions
have been mapped by radio continuum observations (Har-
nett et al. 1990), which revealed two spurs of emission
roughly aligned with the minor axis of the galaxy
(PA\Ð60°). OH observations by the same authors showed
there to be rotation with a total spread of 180 km sÐ1 in the
central 12.5 arcmin, consistent with ¹118 km sÐ1 for the H I

line measured by Freeman et al. (1977) in the flat part
(15–32 arcmin) of the rotation curve. Further radio con-
tinuum observations (Elmouttie et al. 1995) have shown
that the radio lobes are polarized by up to 45 per cent.

The inner regions of active galaxies are often highly
obscured, and thus the near-infrared lines are well suited to
studying these objects, since AK10.1 A V. We present here
high-resolution images of two such prominent lines, [Fe II]
1.64 lm and H 2 1–0S(1) 2.12 lm, which are associated with
both AGN and star formation activity. The instrument used
was the newly commissioned University of New South
Wales Infrared Fabry–Perot (UNSWIRF), which has a
resolving power equivalent to a velocity resolution of 70 km
sÐ1, allowing the relative velocity of the emission lines to be
mapped, and providing information about the dynamics of
the excited gas. Radio continuum maps at 3 and 6 cm com-
plement the line images, and enhance the interpretation,
allowing us to distinguish free–free and synchrotron pro-
cesses.

2 O B S E RVAT I O N S AN D DATA R E D U C T I O N

UNSWIRF is a 70-mm-diameter Queensgate (UK) Ltd.
etalon with R14000, tunable over both the H and K

windows. When used in conjunction with the wide-field
mode of the infrared imager /spectrograph IRIS (Allen et
al. 1993), which uses a 128Å128 HgCdTe array at the f /36
focus of the Anglo-Australian Telescope, a (roughly circu-
lar) field of 1.7-arcmin diameter at 0.77 arcsec pixelÐ1 is
produced. Appropriate 1 per cent bandpass filters are used
to ensure that only a single order is passed by the etalon.

Observations of Circinus in the H 2 1–0S(1) (2.12-lm)
and [Fe II] (1.64-lm) lines were obtained on 1996 April 5
UT. The Brg (2.17-lm) line was not observed due to time
and weather constraints. The etalon spacing was deter-
mined after calibrating on the peak of the 2.12-lm H 2 line in
OMC-1 and then offsetting for the appropriate redshift (436
km sÐ1) for the source. A sequence of seven images span-
ning the peak of the 2.12-lm line and separated by 11.2
times the instrumental profile width were obtained, and
similarly for the 1.64-lm line. In each case, another image at
8–9 profile widths from the line centre was obtained in
order to sample the continuum. An integration time of 120 s
per etalon setting was used, with non-destructive readouts
every 5 s. The same exposure sequence was carried out on
the sky 5 arcmin east of Circinus. Most of the object and sky
exposures were repeated (with slight offsets from the pre-
vious positions), leading to total on-source integration times
of 1440 and 1200 s in the 2.12 and 1.64-lm lines respec-
tively.

Dark-current subtraction and linearization are per-
formed during readout. The object frames were sky-
subtracted, and then flat-fielded using normalized dome
flat-fields, using in each case images at the matching etalon
settings. The frames were then registered using field stars,

and all frames at a given etalon setting were averaged
together. The continuum frames, appropriately scaled, were
then subtracted from all other images to leave just pure line
emission in each.

At this stage, the emission-line images were ‘stacked’ into
cubes of increasing etalon spacing (wavelength) so that a
Lorentzian profile could be fitted to the 7-point spectrum at
each pixel. Having already fixed the continuum level to be
zero, the number of free parameters in the fitting was fur-
ther reduced by constraining the width of the profile to be
the same as that found by fits to high-resolution scans of arc
lines (Kr 2.1165 lm and Ar 1.6436 lm for the 2.12 and
1.64-lm cubes respectively). The output of the line fitting
includes maps of the peak intensity, as well as the etalon
setting corresponding to that peak. Blanking masks are con-
structed by requiring the peak intensity in a given pixel to lie
above a user-determined cut-off level, while at the same
time the fitted peak position must lie within the range
covered by the etalon sequence. Flux calibration, and con-
tinuum scaling factors, are provided by photometry of
10Å1 s observations of the spectroscopic standard BS 5699
(K\4.10) at the same etalon settings used for Circinus.

The seeing for these observations, as measured from the
profile of the standard stars used for calibration, is approxi-
mately 1.4 arcsec, close to the resolution limit imposed by
the pixel scale of 0.77 arcsec pixelÐ1. The seeing is shown in
Fig. 1 (represented by a circle), although the resolution of
these longer exposure frames may be slightly worse than for
the stars.

Radio continuum observations of Circinus were carried
out using the Australia Telescope Compact Array (ATCA)
on 1994 November 14. Data were obtained at 4.79 GHz
(6 cm) and 8.64 GHz (3 cm) simultaneously. The half-
power beam-widths of the final maps are 1.92Å1.64 arcsec2

at PA\Ð36° and 1.06Å0.91 arcsec2 at PA\Ð39° for the
6- and 3-cm maps respectively. The phase calibrator used
was PKS B1236Ð684 (a quasar), and the amplitude cali-
brator was PKS B1934Ð638 (a radio galaxy). The data were
edited, calibrated and CLEANed using AIPS software.

3 R E S U LT S AN D D I S C U S S I O N

3.1 Extinction

Estimating extinction is a difficult issue, as it will vary, prob-
ably significantly, across the object, and so any measure-
ment on the nucleus will not necessarily be representative of
the average value. The Galactic extinction is A V\1.5 mag
(Freeman et al. 1977), but at the nucleus Marconi et al.
(1994) argue that an apparent shift between peaks in dif-
ferent bands is due to A V220 mag, consistent with that
derived from mid-infrared observations (Moorwood &
Glass 1984). Matt et al. (1996) use a column density of
N H\3Å1021 cmÐ2 when modelling the X-ray emission,
although they note that for the nucleus to be obscured up to
10 keV the column density should be at least 1024 cmÐ2,
equivalent to A V1500 mag (assuming a gas-to-dust ratio of
100). It is reasonable to assume that the [Fe II] and H 2 will
be produced much further from the AGN than the X-ray
emission, as implied by the marginally resolved central
peaks, and so will suffer far less extinction. Even so, there
may still be a large extinction that can impose considerable
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uncertainty on any determination of the intrinsic line ratio.
Adopting A V\20 as discussed above, we find AH\3.5 and
AK\1.6 (Howarth 1983), so that the dereddened nuclear
fluxes are 117Å10Ð17 W mÐ2 for [Fe II] and 14Å10Ð17 W
mÐ2 for 1–0 S(1) (compared to those in Table 1). However,
the uncertainty in the extinction means that these fluxes
could be different by a large factor, and the fluxes are there-
fore unreliable. As such, when dereddening the measured
fluxes we have only accounted for Galactic absorption,
adopting values of AH\0.26 and AK\0.12. The fact that the
[Fe II] and radio fluxes fit the correlation of Forbes & Ward
(1993) using this low extinction (see Section 3.4) tends to
support its use. Nevertheless, it is possible that the intrinsic
fluxes, especially near the AGN, may be significantly
greater.

In Table 1 we report the adopted fluxes (corrected for
Galactic extinction). The fluxes in a 6Å6 arcsec2 aperture
are approximately 50 per cent more than those measured by
Moorwood & Oliva (1988).

3.2 H2 1–0S(1) 2.12 lm

The H 2 emission in Fig. 1(a) shows a single peak (FWHM
2.2 arcsec) that is marginally resolved (seeing is 1.4 arcsec).
This is consistent with a molecular torus, the presence of
which is inferred from its collimating effect in producing the
ionization cone. In Circinus the cone extends some 20 arc-
sec towards the north-west; the northern edge is sharply
defined at PA\Ð25°, while the southern edge opens out at
a radius of about 10 arcsec to PA\Ð70° (Marconi et al.
1994). The geometry of molecular tori is rather uncertain.
The inner edge is believed to lie at a radius of about 1 pc
(Krolik & Begelman 1988), and there are two different
arguments for the position of the outer edge (Krolik &
Begelman 1988; Yi, Field & Blackman 1994) which place it
at a few to a few tens of parsecs. The maximum extent need
not necessarily be well defined if the gas density in the torus

decreases slowly, and it is possible that the fainter diffuse
emission may be the outer regions of the same structure.
Supporting this interpretation is the radial profile of the
total H 2 emission, shown in Fig. 2(a), which can be well
fitted by a single power law of slope Ð1.2 for ra1 arcsec.
At radii less than this, the power law is no longer valid due
to the effects of seeing and the inner edge of the torus. Such
a model might be plausible if the H 2 is produced solely by X-
ray heating of the molecular gas, but since even the unab-
sorbed X-ray intensity must decrease as rÐ2, we expect the
H 2 intensity to fall away even more steeply. Further
evidence against this is provided by the isobaric model of
Lepp & McCray (1983), which predicts an 1–0 S(1) lumino-
sity from the 2–10 keV luminosity. Using the ASCA flux of
10Ð14 W mÐ2 in this band, we predict an S(1) flux that is an
order of magnitude less than the observed total. Accord-
ingly, we decompose the emission as shown in Fig. 2(b) into
a central source (which may be associated with the AGN)
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Figure 1. Emission-line images for the central 30Å30 arcsec2. (a) H 2 1–0S(1) 2.12 lm. The single peak is surrounded by a fainter

axisymmetric emission. Contours are from 10Ð18 W mÐ2 arcsecÐ2 (2.5s) to 9Å10Ð18 W mÐ2 arcsecÐ2, at intervals of 2Å10Ð18 W mÐ2 arcsecÐ2.

(b) [Fe II] 1.64 lm, clearly showing two peaks. Contours are from 1.25Å10Ð18 W mÐ2 arcsecÐ2 (2.5s) to 7.5Å10Ð W mÐ2 arcsecÐ2, at intervals

of 1.25Å10Ð18 W mÐ2 arcsecÐ2. The ionization cone lies towards the north-west, and extends past the circumnuclear ring at a radius of 10

arcsec.

Table 1. Line fluxes.

aFluxes measured by fitting and subtracting Gaus-

sians (see text for details).
bIn a 30Å30 arcsec2 aperture, after subtracting

the point sources.
cCorrected for Galactic, but not internal, extinc-

tion.

Statistical errors are less than 5 per cent, but the

major source of uncertainty is from calibration

and point source subtraction.



superimposed on an extended region approximated by a
Gaussian of FWHM 10.0 arcsec, which is probably excited
by star formation or jet-induced shocks. In such a situation
it is only the central source (but not necessarily even that)
which would be produced by X-ray heating of the H 2, and
we find that the predicted 1–0S(1) flux is similar to the
observed nuclear source flux in Table 1.

We now consider the circumnuclear star formation which
was observed in H a (Marconi et al. 1994) and in Brg (unca-
librated; Moorwood & Oliva 1994), but which we have not
detected in H 2. Marconi et al. (1994) proposed a simple
model in which a wave of star formation is propagating
outward to explain observations of late-type stars near the
nucleus and young stars in the ring. Assuming this to be the
case, the H 2 emission we observe should originate in super-
nova remnants (SNRs) or stars of a few solar masses left
over from a short burst of star formation a few Å108 yr
previously. Since the progenitors of SNRs are stars of mass
a8 M> with main-sequence lifetimes s108 yr, the con-
tribution from such SNRs would increase sharply near the
ring. We also consider the B-star contribution using the data
for 1–0S(1) line luminosity from Puxley, Hawarden &
Mountain (1990). This would increase further from the
AGN since, for any reasonable initial mass function (IMF),
the more massive (up to at least 8 M>) and hence younger
stars produce a combined 1–0S(1) luminosity which more
than offsets the smaller number of such stars. Any extended
emission at the star-forming ring is below our detection
threshold of 6Å10Ð19 W mÐ2 arcsecÐ2, although we cannot
rule out the possibility that there is weak emission associ-
ated with the ring. However, we can rule out the scenario
described above, since the observed H 2 emission decreases
smoothly further from the AGN, contrary to what is pre-
dicted. We conclude that the H 2 emission within 6–7 arcsec

of the AGN is due (at least in part) to ongoing star forma-
tion, perhaps this and the AGN being fuelled by an inward
drift of residual gas from star formation at the ring (e.g.
Pfenniger & Norman 1990). This star-forming ring, which
has a diameter of 400 pc consistent with that expected for an
inner Lindblad resonance (ILR), is a separate phenomenon
which may have been triggered dynamically by gas inflow
from the disc. A bar-driven inflow is the most effective way
to move gas from the disc to the inner regions, and numeri-
cal simulations have shown that once the central mass
becomes too large the bar is subsequently destroyed (Hasan
& Norman 1990). Thus, if a bar was originally responsible
for fuelling the AGN and star formation, we do not neces-
sarily expect to observe it at the current epoch. Although
bars are able to transport gas from the disc to the ILR, there
remains the problem of driving it further in to fuel the
AGN. A small-scale inner bar, as is seen in NGC 7552
(Forbes, Katilainen & Moorwood 1994), may overcome this
difficulty, but no corresponding feature is apparent in Circi-
nus. Forbes et al. speculated that the nucleus in NGC 7552
may eventually become active as the inner bar drives gas to
the nucleus; in Circinus it is possible that the opposite is
occurring, and once its current supply of fuel is exhausted
the AGN may switch to a dormant phase.

3.3 [Fe I I]  1.64 lm

There are two competing mechanisms for [Fe II] emission in
composite galaxies (those which host a Seyfert nucleus as
well as a circumnuclear starburst). Near star-forming
regions, the dominant process is shock excitation in SNRs
where the iron gas-phase abundance is thought to be
enhanced by grain destruction behind fast shocks. In a par-
tially ionized zone around an AGN it can also be efficiently
photoionized by a power-law continuum (e.g. Mouri et al.
1990; Simpson et al. 1996). Determining the relative con-
tributions is an important step toward understanding such
galaxies.

The [Fe II] morphology in Fig. 1(b) is rather different to
that of the H 2. Although there is still a prominent peak
associated with the AGN, a ridge that is not apparent on the
[Fe II] line maps of Moorwood & Oliva (1994) extends about
2 arcsec to the north. From this image it is not clear whether
this is a single elongated structure or two separate peaks
which appear to merge due to the 1.4-arcsec resolution.
However, in the higher resolution images of Marconi et al.
(1994) the emission is clearly resolved into two peaks at
5000 Å. Marconi et al. also observed faint peaks of H a and
[S II] in the same region, indicative of H II regions or SNRs.
We therefore interpret the extended emission as two dis-
tinct features. Our detection of [Fe II] in the northern peak
is consistent with SNRs, and could in principle be produced
by a single SNR. The [Fe II] 1.64-lm luminosity of the
northern source is L [Fe II] (W)\30.7, lying between the esti-
mated luminosities for young (x100 yr) and evolved (1104

yr) remnants, for which logL [Fe II] (W)232 and 30 respec-
tively (Greenhouse et al. 1991; Lumsden & Puxley 1995).
We may ask whether this is consistent with the lack of any
associated peak in the H 2 or continuum emission. H 2 emis-
sion will only occur if the shock is driving into a molecular
cloud; even assuming this to be so, we expect very little H 2

emission in a young SNR, since Draine, Roberge & Dal-
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Figure 2. Radial profile of the H 2 emission. (a) A best-fitting

power-law model in the region r\1–17 arcsec, where I;rÐ1.2. (b)

Two Gaussians: a marginally resolved central source (FWHM 2.2

arcsec) superimposed on extended emission (FWHM 10.0 arc-

sec).



garno (1983) and Burton et al. (1990) have found that in
SNRs the maximum efficiency for 1–0S(1) emission is
attained when the shock speed is vx50 km sÐ1, which
(assuming Sedov expansion) is only reached after 1104 yr.
Furthermore, a single SNR would not produce significant
H - or K-band continuum emission.
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The extended emission, also probably generated by
SNRs, is rather non-uniform, in contrast to the H 2 emission.
The clumpy nature of the [Fe II] emission could be due to a
relatively small number of individual SNRs, or it may be
from diffuse emission at a level just below our 2.5s thresh-
old. On these grounds we can only limit the number of
remnants we have observed in a 30Å30 arcsec2 aperture to
less than about 50, simply by dividing the luminosity in the
line by the typical luminosity of an evolved SNR. However,
although the galaxy is one of the closest Seyfert 2 galaxies,
the size of even evolved remnants (x15 pc; Lumsden
& Puxley 1995) is consistent with their detection as un-
resolved sources. As such, the signal-to-noise ratio is suffi-
cient for us to detect a single SNR with a luminosity of
logL [Fe II] (W)a30. The rather uneven morphology thus sug-
gests that far fewer remnants, but brighter and hence
younger ones, are seen. We infer from the detection of
these supernova events that the star formation around the
nucleus has either ended less than 108 yr ago, or is ongoing
with a SN rate of 0.005 yrÐ1, equivalent to a modest star
formation rate of s1 M> yrÐ1 for a standard IMF. This SN
rate is rather uncertain, since it depends critically on how
much grain depletion occurs in the shocks and the resulting
iron gas-phase abundance, neither of which is a well-known
quantity, but the detection of [Fe II] can still be attributed to
star formation activity. Since the molecular torus around an
AGN may extend up to a few, or even a few tens of, parsecs
(Krolik & Begelman 1988), the star formation we observe
here may be associated with it. This is not a new idea,
although much of the evidence for it has come from obser-
vations of the blue featureless continuum (FC) in Seyfert 2
galaxies (e.g. Fernandes 1994). Many of these appear to
have a strong extra component (FC2) that cannot be
explained in terms of the AGN which is itself obscured by
the torus. Our observations of SNRs within 100 pc of the
nucleus, much closer than the star-forming ring, appear to
uphold this interpretation of the FC2.

Our failure to detect any significant [Fe II] emission in the
ring at distances of about 10 arcsec from the nucleus cannot
be explained by heavy extinction because of the strong H a

emission (Marconi et al. 1994). Since we expect to be able to
detect a single evolved remnant, it indicates that there are
no supernovae less than a fewÅ104 yr old in this region. The
typical time-scale for supernovae to appear following the
onset of star formation is a fewÅ106–107 yr (Leitherer &
Heckman 1995), strongly suggesting that the star formation
in the ring is in its early phases.

Forbes & Ward (1993) discuss [Fe II] emission by jet-
induced shocks, and recent observations of the archetypal
Seyfert 2 plus starburst NGC 1068 (Blietz et al. 1994) do
show that the [Fe II] emission is enhanced along the nuclear
radio jet. This has been attributed to grain destruction and
shock or X-ray excitation at the outflow/cloud interface. By
analogy we would expect to see similarly enhanced [Fe II]
emission along the ionization cone and radio jets in Circi-
nus. Although the [Fe II] is extended in other directions,

none is observed along the ionization cone to the north-
west. As the emission is extended in the other directions,
this absence is particularly marked. If the H 2 emission
traced only star formation, and SNRs in particular, we
would expect it to follow the [Fe II] morphology reasonably
closely. On the contrary, it is extended to the north-west,
giving the overall morphology a more symmetrical appear-
ance. A similar situation is seen in NGC 253 (Forbes et al.
1993), where there is wispy H 2 emission perpendicular to
the major axis of the galaxy but no corresponding [Fe II].
Here we put forward three possibilities that might be able to
account for this. First, Blietz et al. noted that the surface
brightness of the emission in NGC 1068 decreased rapidly
where the radio jet appeared to widen, and that there was
some correspondence between the H 2 and radio emission,
possibly hinting at some sort of collimation mechanism. We
observe only weak extended H 2 emission in Circinus, so that
the jet flaring may occur close to the nucleus and the [Fe II]
emission quickly becomes too weak to detect. An alterna-
tive is a density effect. H 2 can be shock-excited over a wide
range of densities, and is often modelled for 103–106 cmÐ3

(e.g. Burton et al. 1990), whereas the critical density for the
4D7/2 state of Fe is 12Å105 cmÐ3 and so the [Fe II] lines only
probe densities close to this. A low density of 102–103 cmÐ3

would account for the lack of [Fe II], an argument pro-
pounded by Forbes et al. (1993) for the regions of extended
H 2 in NGC 253. The third possibility concerns the shock
speed. The iron gas-phase abundance is enhanced by shocks
only if the shock speed is high enough to destroy the grains,
i.e. vz100 km sÐ1. If instead the shock speed were signifi-
cantly lower, vx50 km sÐ1, the efficiency of H 2 cooling
would increase and the 1–0S(1) line would be observed in
place of [Fe II].

3.4 Radio continuum

Maps of the radio continuum at 3 and 6 cm are shown in
Fig. 3. These observations are insensitive to emission more
extended than that shown here. The higher resolution 3-cm
map partially resolves the central source and, after quadra-
ture correction for the beamsize, we estimate its size as
0.8Å0.5 arcsec2. The flux from this source is 34 mJy, found
by fitting a Gaussian to the nuclear emission. The spectral
index, measured in a 1-arcsec aperture after smoothing the
3-cm map to the same resolution as the 6-cm map, is a\0.1
(F

v
;v

Ða). These measurements are summarized in Table 2.
Heisler & Norris (1997, in preparation) have shown that
there is a weak (18 mJy at 13 cm) AGN core in the nucleus.
The higher flux density measured here (after correction for
spectral index) indicates that the AGN is accompanied by
extended emission. In principle, a flat radio spectral index
could be associated with free–free emission in H II regions,
but Condon, Huang & Yin (1991) argue that even in IRAS

ultraluminous galaxies this is unlikely to be a significant
contributor to the radio flux. An alternative is that we are
seeing synchrotron self-absorption, which produces the flat-
spectrum (ax0.5) AGN cores in quasars and radio-loud
galaxies. However, like most of the flat-spectrum sources
observed by Condon et al., the 3-cm radio core in Circinus
is extended, suggesting that the brightness temperature is
too low for this to be important. On the other hand, it is
possible that the flat spectrum is due to free–free absorp-



tion of optically thin synchrotron radiation (from super-
novae or an AGN), indicating intense star formation. A
fuller discussion of the radio mechanisms will be given in
Forbes & Norris (1997, in preparation); here we simply note
that the size and flux density of the nucleus at 3 cm is
consistent with a free–free opacity t ff\1 at v\a few GHz
(Condon et al. 1991), implying that free–free absorption
could be an important process. In this case the H 2 and [Fe II]
emission are more likely to be from star formation at rela-
tively low optical depth than from the AGN. Forbes & Ward
(1993) found a correlation between the 6-cm radio con-
tinuum and [Fe II] line flux for starburst and Seyfert
galaxies. The nuclear emission from Circinus fits this corre-
lation well at the lower luminosity end.

The 3-cm map clearly shows other features within a few
arcsec of the nucleus. The most prominent of these is an
unresolved source which lies 1.6 arcsec away at a PA of 22°,
a position virtually the same as that of the northern [Fe II]
peak. Since the separation of the centroid of this region
from the nucleus is more than three times the half-width of
the beam, we surmise that it is not a result of the finite
beamsize but a distinct feature. We estimate the flux in this
source to be 5 mJy, but cannot measure its spectral index
due to the poorer resolution of the 6-cm map. If we scale the

flux to 5 GHz (using the canonical spectral index a\0.8;
Condon & Yin 1990) at the distance of the starburst galaxy
M82 (3.2 Mpc), we calculate a flux of 13 mJy, similar to the
brightest SNRs observed by Muxlow et al. (1994) in that
galaxy. They measured remnants this bright to have sizes of
about 1 pc and estimated their ages to be 1200 yr, a value
consistant with our previous hypothesis that the [Fe II] emis-
sion was from a single remnant that was too young, and
hence still had shock speeds too high to produce observable
H 2 emission.

There remain two weaker features apparent in the 3-cm
map at the 3–3.5 mJy beamÐ1 level, diametrically opposite
each other, 3.3 arcsec apart at PAs of Ð77° and 103°. The
beamsize of the 6-cm map is larger by nearly a factor of 2,
and only a hint of the north-west feature is apparent in the
4 mJy beamÐ1 contour. These may be the inner parts of the
jet which form the lobes seen by Harnett et al. (1990) and
Elmouttie et al. (1995) that extend over 1 arcmin from the
nucleus; it is interesting to note that the PAs of these lobes
are reported as Ð66° and 114°, and Ð45° and 115° respec-
tively. A simple calculation shows that the maximum radio
continuum intensity observed in the lobes at 13 and 20 cm
by Elmouttie et al. yields, using a spectral index of 0.7 close
to the measured range of 0.6–0.7, a 6-cm flux density of 0.6
mJy beamÐ1 which is below our detection threshold and can
explain why we do not detect extended emission in the
jets.

We have detected emission 10 arcsec to the north of the
AGN at 6 cm which could be associated with the star-form-
ing ring, but since it is below the detection threshold at 3 cm
we are only able to put a lower limit on the spectral index. In
the 6-cm map the peak flux density to the north in the ring
is 2 mJy beamÐ1, whereas in the 3-cm map it is s1 mJy
beamÐ1. Since the 6-cm beam is much larger, the spectral
index is as0.7, consistent with both free–free emission
from H II regions and synchrotron radiation from SNRs.
The radio emission therefore does not contradict our con-
clusion that the star formation in the ring is very young.
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Figure 3. Radio continuum maps. (a) At 3 cm with a beam 1.06Å0.91 arcsec2 oriented at PA\Ð39°; contour levels are 1, 2, 4, 8, 16 and 24

mJy beamÐ1. (b) At 6 cm with a beam 1.92Å1.64 arcsec2 oriented at PA\Ð35°; contour levels are 1, 2, 4, 8, 16, 24, 32 and 40 mJy

beamÐ1.

Table 2. Radio continuum.

aDiameter of aperture used; 3-cm map smoothed

to resolution of 6-cm map.
bEstimated by fitting Gaussians; see text for

details.



Other source visible in the lowest contour of the 3-cm
map to the south of the nucleus may be associated with the
extended [Fe II] emission. However, as these features are
very weak, it is not possible to discuss them in detail.

3.5 Velocity maps

Fig. 4 shows relative velocity maps for H 2 and [Fe II], includ-
ing only the highest signal-to-noise ratio pixels. The maps
for both emission lines are broadly consistent, the only clear
feature being a gradual increase in velocity from north to
south along a PA of 30°–50°, the galaxy’s major axis, indicat-
ing pure galaxy rotation. We have plotted in Fig. 5 a slice
from the H 2 velocity map, 1 pixel wide and extracted across

the centre at PA\45°. It shows clearly that the velocity
gradient is linear with position and has a scale on the order
of 300 km sÐ1 along 14 arcsec, consistent with measure-
ments of radio emission by other authors. Freeman et al.
(1977) observed a maximum velocity of ¹137 km sÐ1 along
the same PA, and using a 12.5-arcmin beam Harnett et al.
(1990) reported a velocity spread in OH absorption of 180
km sÐ1. Our velocity maps are at a much higher spatial
resolution and, though not really adequate to determine
rotation curves, appear to be consistent with solid body
rotation through the inner regions. Measurements of the
circumnuclear region of both lines yields ¹40 km sÐ1 within
¹1.4–2.1 arcsec, which can be corrected for inclination to
give an upper limit to the central mass. The derived mass of
(1–2)Å107 M> is within the range of black hole masses
(13Å106 to 15Å108 M>; Blandford 1990) in the litera-
ture.

4 C O N C L U S I O N S

We have presented near-infrared images and velocity maps
of the [Fe II] 1.64-lm and H 2 2.12-lm lines in the central
regions of the Circinus galaxy, and radio continuum maps at
3 and 6 cm.

Both lines show prominent peaks (FWHM12 arcsec) at
the nucleus, clearly separate from the circumnuclear emis-
sion. As these appear to be associated with the AGN, it may
be that the [Fe II] arises in a partially ionized zone around it,
and the H 2 is excited by X-ray irradiation of the molecular
torus. However, since at 5 GHz the nucleus is resolved and
has a flat spectral index (possibly due to free–free absorp-
tion of optically thin synchrotron radiation from supernovae
or an AGN), we conclude that the AGN is very highly
obscured and that the observable emission is more likely to
be from a cluster of stars close to it.
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Figure 4. Velocity maps (grey-scale) for high signal-to-noise ratio pixels in the central 30Å30 arcsec2; intensity contours are superimposed.

Light regions indicate velocities towards the observer, and dark regions recession. (a) H2 1–0S(1) 2.12 lm. The velocities are shown over

1400 km sÐ1, and contours are at every 1.6Å10Ð18 W mÐ2 arcsecÐ2. The solid line indicates the vector along which velocities shown in Fig.

5 were extracted. (b) [Fe II] 1.64 lm. The velocity range shown covers 1300 km sÐ1, and contours are at every 2Å10Ð18 W mÐ2 arcsecÐ2.

Figure 5. Velocity slice extracted from the H 2 velocity map. The

slice, indicated by the solid line in Fig. 4(a), is a single pixel wide

and crosses the centre at PA\45° with negative offsets towards the

north-east.



Unlike NGC 1068, we do not see [Fe II] emission
enhanced along the radio jet axis; on the other hand, the H 2

is extended in this direction. Possible reasons for this differ-
ence include slower shock speeds induced by the jet result-
ing in a lower iron gas-phase abundance and higher H 2

cooling efficiency, or a low-density environment which does
not favour [Fe II] emission. The radio continuum shows only
features close to the nucleus which could be the beginnings
of jets; this suggests that any emission aligned with the jet
may, like the radio emission, be below our detection
threshold.

Previous H a line imaging revealed star formation occur-
ring in a ring, particularly to the north of the nucleus. At a
signal-to-noise ratio high enough to detect individual SNRs
we have failed to observe any significant [Fe II] emission in
this ring, constraining the age of the star formation to less
than a fewÅ107 yr. This conclusion is not contradicted by
the radio continuum emission. The H 2 distribution
(decreasing towards the ring) implies that the star forma-
tion cannot have progressed outward from the AGN, and
that it is probably only related to it because they share the
same fuelling mechanism that drives disc gas inwards.

We have detected clumpy [Fe II] emission within 100 pc
around the nucleus, which we attribute to SNRs less than
104 yr old. An extension to the north is consistent with a
point source 2 arcsec (40 pc) from the nucleus, and could be
due to a single remnant. We also detect this source in the
radio continuum, but not in the H 2 lines or near-infrared
continuum, results which are all consistent with a young (a
few hundred year old) supernova remnant. Most previous
evidence for star formation in the tori of AGN has been
based on an extra component to the blue featureless con-
tinuum that is seen in many Seyfert 2 galaxies. Our results
are direct evidence that star formation occurs in and around
the molecular torus.

Velocity maps of both lines show a velocity gradient along
the major axis of the galaxy, consistent with simple rotation.
We estimate the mass within the central 30 pc to be on the
order of 107 M>.

These results suggest that further high signal-to-noise and
high spatial resolution studies are warranted, in order to
investigate the AGN and star formation in both the torus
and circumnuclear ring, and to clarify the issue concerning
radio emission along the jets and the associated jet-induced
H 2 emission.
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