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ABSTRACT

We present results of near-IR long-slit spectroscopy in the J and K bands of the Seyfert 2
galaxies NGC2110 and Circinus. Our goal is to investigate the gaseous distribution,
excitation, reddening and kinematics, looking for signatures of the molecular torus hypothe-
sized in unified models to both obscure and collimate the nuclear radiation. The two galaxies
show extended emission in the IR emission lines [Fe 11]A1.257 pm, Pa 8 and H,v = 1-0 S(1),
both along the major axis of the galaxy disc and perpendicular to it. In NGC 2110, the
emission-line ratio [Fe 11]/Pa 8 increases towards the nucleus, where its value is =7. Further,
the nuclear [Fe 11] and Pa (3 lines are broader (FWHM = 500 km s_l) than the H, line (FWHM
=300 km s~ '). Both these results suggest that shocks, driven by the radio jet, are an important
source of excitation of [Fe 11], while the H, excitation is dominated by X-rays from the nucleus.
Br is only observed at the nucleus, where H,/Br+y = 3. In the case of Circinus, both [Fe 11]/
Pa 3 and H,/Br vy decrease from = 2 at 4 arcsec from the nucleus to nuclear values of = 0.6 and
=~ 1, respectively, suggesting that the starburst dominates the nuclear excitation, while the
active galactic nucleus (AGN) dominates the excitation further out (» = 2 arcsec). For both
galaxies, the gaseous kinematics are consistent with circular rotation in the plane of the disc.
Our rotation curves suggest that the nucleus (identified with the peak of the IR continuum) is
displaced from the kinematic centre of the galaxies. This effect has been observed previously
in NGC 2110 based on the kinematics of optical emission lines, but the displacement is smaller
in the infrared, suggesting the effect is related to obscuration. The continuum J — K colours
indicate a red stellar population in NGC 2110 and a reddened young stellar population in
Circinus, outside the nucleus. Right at the nucleus of both galaxies, the colours are redder,
apparently a result of hot dust emission, perhaps from the inner edge of a circumnuclear torus.
In NGC 2110, the signature of the hot dust emission is particularly clear in the K band, being
seen as an additional component superimposed on the continuum observed in the J band.

Key words: galaxies: active — galaxies: individual: NGC2110 — galaxies: individual:
Circinus — galaxies: ISM — galaxies: seyfert — infrared: galaxies.
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1 INTRODUCTION Cid-Fernandes, Storchi-Bergmann & Schmitt 1998). Although such

The nuclear regions of Seyfert 2 galaxies are dusty environments, as
revealed by red nuclear colours in optical imaging and large Balmer
emission-line ratios in spectroscopic studies (e.g. Ward et al. 1987;
Storchi-Bergmann, Wilson & Baldwin 1992; Mulchaey et al. 1994,
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reddening may be caused by large-scale dust in the central regions
of the host galaxies, dust on smaller scales is believed to be
concentrated in an optically thick molecular torus with dimensions
of tens of pc and surrounding the nuclear engine (e.g. Antonucci &
Miller 1985; Antonucci 1993). This torus both obscures the nucleus
from direct view and collimates the ionizing radiation, giving origin
to the ‘ionization cones’ observed in Seyfert 2 galaxies (e.g.
Mulchaey, Wilson & Tsvetanov 1996). Evidence for reradiation
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from hot dust emitting in the near-IR has been found, among others,
by McAlary & Rieke (1988), Sanders et al. (1989) and Alonso-
Herrero, Ward & Kotilainen (1996).

In order to penetrate the dust layers in Seyfert 2 galaxies, it is
necessary to observe in the infrared region of the spectrum. At
AN =2pm, Agx = Ay/10, so near-IR observations can reach deeper
into the nuclear region than optical observations. In addition, if
there is warm molecular hydrogen near the nucleus, emission from
the vibrational—rotational transitions of molecular hydrogen [such
as Hy v = 1-0 S(1) at rest wavelength 2.122 um] should be strong.
If an H,-emitting disc-like structure could be detected elongated
perpendicular to the ionization cone or radio axis, this would
provide very strong support for the unified model. Narrow-band
imaging studies by Blietz et al. (1994) have indeed shown that in
NGC 1068 the H, line emission is spatially extended almost
perpendicular to the cone. Similar results have been found for
NGC 4945 (Moorwood et al. 1996).

With these issues in mind, we have obtained long-slit spectra in
the J and K bands of a number of Seyferts with anisotropic high-
excitation optical emission, which, in the unified model, is a result
of ionization and excitation by nuclear radiation collimated by the
torus. We present in this work the results for NGC2110 and
Circinus, the two galaxies for which we were able to detect IR
emission lines at the largest distances from the nuclei.

NGC2110 is an early-type Seyfert 2 galaxy discovered through
its X-ray emission (Bradt et al. 1978). Narrow-band images show
high-excitation gas extending up to 10arcsec from the nucleus
(Wilson, Baldwin & Ulvestad 1985; Mulchaey et al. 1994), in a
similar direction to a jet-like radio source at position angle (PA) 10°
(Ulvestad & Wilson 1983). Wilson et al. (1985) and Wilson,
Baldwin & Ulvestad (1985), using optical long-slit spectroscopy,
have found extended ionized gas in normal rotation about the
photometric minor axis, but with the kinematic centre displaced
~1.7 arcsec south of the optical continuum nucleus. Adopting a
distance to NGC2110 of 31.2Mpc (using the systemic velocity
from Wilson & Baldwin 1985, for Hy = 75 km s_l), we obtain a
scale of 151 pc arcsec™ .

The Circinus galaxy is a nearby (~ 4 Mpc) spiral (Freeman et al.
1977) with a nuclear spectrum characteristic of both starburst and
Seyfert activity (Moorwood & Oliva 1988, 1990). It contains the
closest known ionization cone and a circumnuclear starburst ring
(Marconi et al. 1994). It is a strong H,O megamaser emitter, and
shows radio lobes approximately orthogonal to the galactic plane
(Elmoutie et al. 1995). Maiolino et al. (1998) present H and K
images of the inner 13arcsec X 13 arcsec, narrow-band images of
the central 5 arcsec X 5 arcsecand a study of the stellar kinematics
using near-IR absorption bands. Davies et al. (1998) present
narrow-band images in [Fe11]A1.64 pum and H, v = 1-0 S(1), as

Table 1. Log of observations.

well as radio continuum maps at 3 and 6 cm. Our adopted distance
of 4Mpc (Freeman et al. 1977) corresponds to a scale of
19 pcarcsec™ L

2 OBSERVATIONS

Long-slit spectra of NGC 2110 and Circinus in the J and K bands
were obtained using the Infrared Spectrograph (IRS) on the 4-m
telescope of the Cerro Tololo Interamerican Observatory on the
nights of 1995 November 1 and 2 and 1996 March 2. The scale of
the 256x256 InSb detector was 0.363 arcsec per pixel, and the
useful slit length was 15 arcsec. Two gratings were used: one with
75 line mm ™!, and resolution R = 700 (~4 pixels), hereafter the LR
grating, and the other with 210 line mmfl, and R = 2000, hereafter
the HR grating. The corresponding velocity resolutions are = 400
and 150 kms™, respectively. The slit width was either 1.1 arcsec or
1.7 arcsec, depending on the seeing.

NGC 2110 was observed along two position angles: PA=170°,
which is close to both the major axis of the inner isophotes in the
narrow-band [O 111] image of Mulchaey et al. (1994) and the major
axis of the galaxy disc, and along the perpendicular direction, at
PA =80°. Circinus was observed along the approximate axis of the
radio lobes at PA = —66°, and along the approximate galaxy major
axis at PA=24°. A log of the observations is presented in Table 1.

Wavelength calibrations in the J and K bands were obtained using
an He Ar lamp and OH sky lines, respectively. The reduction was
performed using IRAF through scripts kindly made available by
Richard Elston (available at the CTIO ftp archive). One-dimen-
sional spectra were extracted by binning together 2 pixels
(0.73 arcsec), except for the outermost locations where 4 pixels
(1.46 arcsec) were co-added to improve the signal-to-noise ratio (S/
N). The atmospheric absorption features were removed using
spectra of nearby stars bracketing the galaxy observations; each
extracted spectrum was divided by the normalized spectrum of a
star (or the average between the spectra of two stars, one observed
before and the other after the galaxy). The spectra were then flux-
calibrated using observations of standard stars from Elias et al.
(1982).

3 RESULTS
3.1 NGC2110
3.1.1 Emission-line profiles

Sequences of J- and K-band spectra obtained with the LR grating
are presented in Figs 1 (PA=170°) and 2 (PA=80°). The higher
dispersion spectra obtained with the HR grating are shown in Fig. 3.
The strongest emission line in the J band is [Fem]A1.257 pm,

Object Date PA(°) Band (wm)  Grating Exp. time (sec) Slit width (arcsec)
(line mm")

NGC2110 1995 November 1 170 J(1.24-1.35) 75 2400 1.1

1995 November 2 80 K(2.07-2.24) 75 2160 1.1

1995 November 2 170 K(2.07-2.24) 75 1800 1.1

1996 March 2 170 J(1.26-1.30) 210 1800 1.7
Circinus 1996 March 2 24 J(1.24-1.29) 210 1800 1.7

1996 March 2 —66 J(1.24-1.29) 210 800 1.7

1996 March 2 —66 K(2.12-2.18) 210 800 1.7

1996 March 2 24 K(2.12-2.18) 210 800 1.7

© 1999 RAS, MNRAS 304, 35-46
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Figure 1. J- and K-band spectra of NGC 2110 at R = 700 along the radio axis at PA = 170°, after binning two pixels (0.73 arcsec) together. The distance from the

nucleus is indicated.

followed by [Fe1]A1.321 and Pa . The profiles of [Fe ]\ 1.257
and Paf are better defined in the higher dispersion spectrum of
Fig. 3. We find that Pa 3 is blended with [Fe11]A1.279 pm, which
has a predicted flux of 7 per cent of that of [Fen]A1.257 pm.
Although the profile of [Fen]A1.279 wm is not well defined
(because of its low S/N), its full width at half maximum (FWHM)
is similar to that of [Fe 1]A1.257 pm, and the observed wavelength
and flux agree with the expected values.

[Fe 1JA1.257-pm emission is observed up to =5 arcsec to the
north and =3 arcsec to the south, being stronger to the north, where
both the radio (Ulvestad & Wilson 1983) and optical high-excita-
tion line ([O1]) emission are stronger (Wilson et al. 1985;
Mulchaey et al. 1994).

In the K band, H, v = 1-0 S(1) is clearly detected to approxi-
mately 4 arcsec north and south and 3 arcsec east and west of the
nucleus (Figs 1 and 2). Bry is detected at the nucleus and at
1.4 arcsec south, but the galaxy continuum is very strong and has a
lot of structure, resulting in a large uncertainty for the Br+y flux.

Our nuclear emission-line spectra in the J and K bands are similar
to those of Veilleux, Goodrich & Hill (1997), which were obtained
with a much larger aperture (3 arcsec X 3 arcsec). The difference in
aperture size may be responsible for the difference in the K-band
continuum, which is much redder in our data. An unresolved, very red
nucleus is also found in the HST optical continuum colour map of

© 1999 RAS, MNRAS 304, 35-46

Mulchaey et al. (1994). Veilleux et al. (1997) report a ratio betwen the
narrow Brvy and H, fluxes of =0.25, as compared with =0.35 in our
case. They also say they may have detected broad components to Pa 3
and Br+y; the structure in the continuum around Br+y precludes any
attempt to measure such a component in our spectra.

In Fig. 4 we show a comparison of the line profiles. The top
panels show the scaled profiles from the spectra obtained with the
HR grating. From the top left panel, it can be seen that the nuclear
Pa g profile is very similar to that of the [Fe mJA1.257 wm line,
although the blue wing of Pa 3 is contaminated by [Fe 1]A1.279 pm,
as described above. We do not find evidence in our data for the
broad component suspected by Veilleux et al. (1997) in Pa 3. As our
data seems to have similar S/N to theirs, one possibility is that
contamination of the blue wing of Pa 3 by the adjacent [Fe11] line
may have been interpreted as a broad component.

Also in Fig. 4, the [Feu] and Paf profiles are compared with
that of a HeAr (calibration lamp) line, which has FWHM =
150%5 km s~ Although the S/N is much lower for Pag, it can
be seen that both lines are much broader than the instrumental
profile. The FWHMs (corrected for the instrumental FWHM above)
are 520+20 km s~! for [Feu] and 430+70 km s™! for Pag. The
blue and red wings of the [Fe 11] line reach = — 900 and 600 km s
at zero intensity, respectively. The [Fe 11] profile gets narrower with
increasing distance from the nucleus (top right panel of Fig. 4),
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Figure 2. K-band spectra of NGC 2110 at R = 700 along PA = 80° (perpen-
dicular to the radio axis), after binning two pixels (0.73 arcsec) together. The
distance from the nucleus is indicated.

reaching a corrected FWHM =240+40 km s~ ! at 2.9 arcsec north
of the nucleus.

The bottom panels of Fig. 4 show the profiles from the spectra
obtained with the LR grating, where it can be seen that the nuclear
[Fe ] profile is still resolved. The similarity of the Pa3 and [Fe]
profiles is confirmed by these data. The corrected FWHMs of [Fe11]
and Paf are, respectively, 50040 km s~' and 550+120 km 571,
consistent with the values from the higher resolution spectrum. On the
other hand, the nuclear H, profile is barely resolved, being very
similar to the profiles of the Pa 3 and Bry lines of the planetary nebula
NGC 7009, observed as a reference, and which have observed
(uncorrected) FWHM = 400 km s~ . Correcting the FWHM of the
nuclear H, line for the instrumental profile (adopted as that of the Bry
line of NGC 7009), the resulting FWHM is 230%70 km s Finally,
in the bottom right panel of Fig. 4 we present the profiles of the H, line
as a function of distance from the nucleus, which show a marginal
decrease of FWHM with increasing distance from the nucleus.

‘We can thus conclude that, at the nucleus of NGC 2110, the [Fe 11]
and H, lines originate in different material, the former line coming
from more kinematically disturbed gas. The larger widths of the
[Fe ] line could result from acceleration of interstellar gas by the
radio jet, which might also be responsible for ionizing the species
through the agency of shock waves (see Section 3.1.3).

3.1.2  Velocity field

Fig. 5 shows the heliocentric velocities derived from the peak
wavelengths of the [Fe m]A1.257-pm, Pa 8 and H, emission lines,
from both the LR and HR data. The lower panel shows the velocities
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Figure 3. J-band spectra of NGC 2110 at R = 2000 along the radio axis at
PA =170°, after binning two pixels (0.73 arcsec) together. The distance from
the nucleus is indicated.

along the radio axis at PA = 170°, for all the emission lines, and the
upper panel shows the velocities at PA = 80°, available only for H,.
The good agreement between the velocities derived for [Fe 11] using
two different gratings gives us confidence in the reliability of the
data. For clarity, error bars have not been plotted in the lower panel
(the sizes are similar to those in the upper panel). The adopted
position of the nucleus corresponds to the peak of the continuum
light in the J and K bands.

There is a small difference between the kinematics of the gas
emitting [Fen] and that emitting PafB and H,: the latter two
emission lines show a rotation curve well represented by a circular
rotation model (see below), while the [Fe 11] rotation curve shows a
shallower gradient near the nucleus. Although small, this difference
seems to be significant (compared with the error bars in Fig. 5) and
may be related to interaction of the [Fe11] emitting gas with the
radio jet, already suggested by the broadening of its emission-line
profile.

It is interesting to compare the near-IR and optical emission-line
kinematics. Wilson & Baldwin (1985) find that the kinematic centre
of NGC 2110, as derived from the optical emission-line rotation
curve, is displaced 1.7 arcsec south of the optical nucleus (identified
with the peak of continuum light) along PA=161°. In order to
search for any similar shifts in our data, we have fitted a model with

© 1999 RAS, MNRAS 304, 35-46
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Figure 4. Comparison of the emission-line profiles of NGC 2110. The upper panels correspond to the HR grating and the lower panels to the LR grating. Upper
left: the nuclear [Fe 11]A1.257-m line profile (continuous line) is compared with that of Pa 8 (dotted line), as well as with the instrumental profile (dashed line).
Upper right: a comparison of the [Fe 11]A1.257-m line profiles at different distances from the nucleus along the radio axis. Lower left: comparison of the nuclear
emission-line profiles with those of the planetary nebula NGC 7009, which are representative of the instrumental resolution. Lower right: comparison of the H,

profiles as a function of distance from the nucleus.

circular rotational motions (Bertola et al. 1991) to the peak
velocities of Pa3 and H, (omitting the the [Fe] line as its
motions may be affected by interactions with the radio jet) along
PA =170°, allowing for a shift x; in the position of the kinematic
centre with respect to the nucleus. This fit shows that the data are
consistent with circular motions in the plane of the galaxy disc,
with the kinematic centre shifted by x, = 0.6 arcsec south with
respect to the peak of the continuum IR light. This shift is in the
same direction as that from the optical observations, but is
smaller. In order to investigate this diference, we have also plotted
in Fig. 5 the average of the [Omi] and HB peak velocities of
Wilson & Baldwin (1985), assuming the optical and infrared
nuclei coincide. The kinematic centre of this optical rotation
curve is seen to be displaced =~ 1.2 arcsec south relative to the
kinematic centre of the IR curve.

The above results suggest that the apparent displacement
between the kinematic and photometric nucleus is, at least in
part, an effect of obscuration. The difference between the optical
and IR rotation curves may result from either a shift between the IR
and optical continuum peaks and/or the fact that the IR emission
lines sample the NLR kinematics closer to the nucleus (see discus-
sion by Wilson & Baldwin 1985 and Wilson, Baldwin & Ulvestad
1985).

© 1999 RAS, MNRAS 304, 35-46

3.1.3  Emission-line fluxes and ratios

Fig. 6 shows the line fluxes as a function of distance from the
nucleus. In order to be able to compare the flux distributions along
the north—south and east—west directions, we have de-projected the
angular distances assuming the gas lies in the plane of the stellar
disc and adopting an inclination i = 53° and a major axis PA= 160°
(Wilson & Baldwin 1985). The [Feu]A1.257-pm line fluxes
obtained from the LR spectra are = 30 per cent larger than that
from the HR spectra, but when corrected for the different slit widths
(1.1arcsec for the LR and 1.7 arcsec for the HR spectra), this
difference increases to a factor of 2. At least part of this difference
can be attributed to a somewhat poorer seeing in the second
observing run.

It can be seen in the left panels of Fig. 6 that the [Fe 11] lines are
more extended to the north (5 arcsec) than to the south (3 arcsec),
with a small ‘bump" to the north, following the radio emission.
(Owing to observing constraints, it was not possbile to obtain a J
spectrum perpendicular to the radio axis.) The Pa 3 flux distribution
(upper right panel of Fig. 6) shows a similar extent to the north and
south, being flatter to the south.

The H, flux distribution is presented in lower right panel of Fig.
6. After deprojection, there is no significant asymmetry in either the
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Figure 5. Heliocentric rotation curve of NGC 2110, obtained from the peak
wavelengths of the emission lines. The subscripts on the labels indicate the
grating used. The continuous line is the fit of a model with circular rotational
motions to the Pa 8 and and H, data along PA = 170° (radio axis). For clarity,
error bars have been shown only in the upper panel, but are mainly
dependent on the distance to the nucleus and also apply approximately to
the lower panel. The average peak velocities from [O IIIJAS007 and HB
(Wilson & Baldwin 1985) are represented by open squares.

north—south or east—west H, flux distributions within 3 arcsec of
the nucleus. The H, line is detected further from the nucleus along
the east—west direction than along the north—south direction.
Although a compact molecular torus may contribute to the H,
emission, the line extends to =1 kpc from the nucleus. Moreover,
the H, kinematics are consistent with circular motion in the disc of
the galaxy (Section 3.1.2).

The luminosity in the H, line can be used to estimate the mass of
hot molecular hydrogen in NGC 2110. We have used the method
described by Veilleux et al. (1997), which is based on the calcula-
tions of Scoville et al. (1982). Adopting cylindrical symmetry for
the H, flux distribution, we obtain an integrated H, v = 1-0 S(1)
luminosity in the inner 10 arcsec (Fig. 6) of Ly, = 6.7 X 10% erg
s~ If the hot H, molecules are thermalized at T = 2000 K, and
assuming that the power in all H, lines is 10 times that in the S(1)
line, this luminosity translates into a hot H, mass of 2 300 M. If we
correct the H, luminosity for extinction [adopting E(B — V) = 1.5
— see below] the luminosity and resulting mass would be = 60 per
cent larger.

The emission-line ratio [Fem]\1.257/Pa as a function of dis-
tance from the nucleus along the radio axis is presented in Fig. 7. It
reaches very high values at the nucleus: =7, much higher than the
value of =1 found in NGC 1068, for example (Ward et al. 1987). It
decreases more slowly to the north (along the radio emission) than
to the south, and only in the outermost regions of NGC 2110 does
this ratio approach unity.

The origin of the [Fe11] emission in Seyfert galaxies has been
extensively discussed in previous works (e.g. Forbes & Ward 1993;

Simpson et al. 1996a; Veilleux et al. 1997). Possibilities include
ionization by X-rays from the central source, ionization by shocks
produced by interaction of a radio jet with the surrounding medium,
and contributions from starbursts. However, detailed calculations
by Colina (1993) show that, for starbursts, [Feu]/Pag =0.4,
suggesting a starburst contribution is not important for the nuclear
region of NGC 2110. Forbes & Ward (1993) favour ionization by
shocks in both starbursts and Seyferts because of the correlation
between [Fe1r] and radio fluxes, which was confirmed by the
additional data of Veilleux et al. (1997). For NGC 2110 the broad-
ening of the [Fe 11] profile (discussed above) at the locations where
the [Fe 11]A1.257/Pa (3 ratio is higher, the presence of a linear radio
source and the fact that the [Fe 11] emission is more extended along
the radio axis give further support to this scenario. The very high
nuclear [Fe 1]A1.257/Pa 3 ratio can thus be understood as resulting
from the fact that while both Paf and [Fen] likely contain
contributions from photoionization by the central source, the
[Fe 1] emission is further enhanced by the shock ionization of Fe
by the radio jet.

For the nucleus, we obtain the ratio H,v=1-0 S(1)/
Br y = 3.0% 2.0; it was not possible to measure Brvy outside the
nucleus. The ratio H, v = 1-0 S(1)/Br+y allows us to discriminate
between various excitation mechanisms for the H, emission. In star-
forming regions, where the main heating agent is UV radiation, H,/
Bry < 1.0, while for Seyferts this ratio is larger because of addi-
tional H, emission excited by shocks or by X-rays from the active
nucleus (Moorwood & Oliva 1994). For NGC 2110, although some
contribution from shocks cannot be discarded, the smaller width of
the H, emission line when compared with that of the [Fe 1]A1.257
suggests that the excitation of H, is dominated by X-rays from the
active nucleus. Veilleux et al. (1997) have shown that NGC 2110
has enough X-ray emission to produce the necessary excitation.

3.1.4 Reddening and dust emission

The ratio between the Br+y and Pa 3 nuclear fluxes can be used to
estimate the gaseous reddening at the nucleus under the assumption
of Case B recombination (for 7' = 10* K, Bry/Pa = 0.170; Oster-
brock 1989) and the reddening law from Whitford (1958) and Rieke
& Lebofsky (1985), through the expression

(FBr‘y/FPaB))

E(B—V) =521 xlog( 570

The resulting nuclear reddening, after subtraction of the foreground
Milky Way reddening E(B — V)g= 0.36 mag (Burstein & Heiles
1982),1is E(B — V) = 1.1 = 0.7 mag. This reddening is comparable
with a previous optical determination [E(B — V) = 0.73 mag —
Shuder 1980]. The error is large because of the uncertainties in the
fluxes of Bry and Pag [Fg,, = 1.0(£0.4) X 1071 erg em 2 s7h
Fpyg = 3.0(=0.4) x 1071 erg em~2 s7!; both integrated over an
area of 1.1 arcsec x 0.73 arcsec].

The nuclear reddening can also be estimated from the slope of the
continuum. We have used the spectra of Fig. 1 to obtain the /] — K
colours: after correcting for E(B — V)g, we obtainJ — K =~ 1.9 mag
for the nucleus and =~0.9 mag for the extranuclear spectra. The
nuclear value is in good agreement with the colours J — H = 0.93
and H — K = 1.0 obtained by Alonso-Herrero et al. (1998) within
an aperture of 1.5 arcsec diameter. If the intrinsic nuclear colour
were the same as that of the extranuclear regions and the observed
colour were a result of reddening of the starlight by dust, the nuclear
obscuration would be Ay~ 6 mag, larger than the value obtained
from the emission lines.
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aIcsec_z) as a function of distance from the nucleus of NGC 2110. Circles
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W positive. The x-axes refer to distances in the plane of the galaxy disc (scale: 151 pc arcsec™!), assuming i = 53° and major axis PA=160°. Open symbols

correspond to the HR grating, and filled symbols to the LR grating.

On the other hand, J — K = 2 is also consistent with a mixture of a
late-type stellar population and emission by hot dust (Simpson et al.
1996b). In order to investigate whether obscuration or dust emission
is responsible for the red nuclear colour of NGC 2110, we have
compared the slopes of the nuclear continuum in our J- and K-band
spectra with those of the extranuclear continua reddened by various
values. In the J band the slope of the nuclear continuum is very
similar to that of the extranuclear continua, and is consistent with a
nuclear E(B — V) < 1.1. In the K band, however, the continuum at
the nucleus is much steeper (redder) than in the extranuclear
spectra, implying E(B — V) =3, in disagreement with the low
reddening of the J band.

We also find that extrapolation of the J-band spectrum to the K
band gives a continuum flux at A = 2.07 pm in agreement with that
observed. At longer wavelengths, the spectrum is much redder,
suggesting we are seeing another component. According to models
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Figure 7. Emission-line ratio [Fe11]A1.257/Pa3 as a function of distance
from the nucleus of NGC 2110 along the radio axis at PA =170°. Negative
positions are to the south and positive to the north.
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(e.g. Pier & Krolik 1993), this spectral region corresponds to the
onset of the emission from a dusty torus heated by the active
galactic nucleus (AGN). In fact, we have successfully fitted a simple
blackbody curve to the nuclear K-band spectrum, but the tempera-
ture depends on the contribution of other components, such as the
underlying galaxy spectrum. For example, subtracting a constant
contribution at the K-band of 85 per cent at N\2.15 wm, for these
components, we obtain a blackbody temperature of 7 = 730 K. We
thus conclude that the red nuclear continuum is most probably a
result of hot dust emission. This red continuum is only present in the
nuclear spectrum, and is not resolved (size < 150 pc), consistent
with the torus hypothesis.

3.2 Circinus
3.2.1 Emission-line profiles

Fig. 8 shows the J and K spectra of the Circinus galaxy obtained
with the HR grating along PA = 24° (close to the galaxy major axis),
while Fig. 9 shows the spectra along PA =—66° (close to the radio
axis). Emission in the lines [Fe]A1.257 wm, Pag3, H, v = 1-0
S(1) and Br+y extends beyond the central 15 arcsec covered by the
slit, while the coronal line of [S1x] at A1.252 um is spatially
unresolved (= 1arcsec; 19 pc), as previously found by Oliva et
al. (1994), and consistent with modelling by Binette et al. (1997).

The emission lines are barely resolved spectrally, as illustrated in
Fig. 10, where the profiles of [S 1x], [Fe 1]A1.257 pm and Pa 3 in the
nuclear J spectrum are shown together with the profile of a
comparison lamp emission line. When corrected by the instrumen-
tal profile, the FWHMs of these emission lines are 97, 143 and
133kms™!, respectively. The uncertainties are large (30—
50kms™!) because the uncorrected FWHM values are close to
the instrumental value (150 km s~ !). A common characteristic of all
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Figure 8. /- and K-band spectra of Circinus at R = 2000 along the galaxy plane at PA =24° after binning two pixels (0.73 arcsec) together. The distance from the

nucleus is indicated.

the nuclear emission-line profiles is a slight blueward-slanting
asymmetry.

3.2.2  Velocity field

Fig. 11 shows the heliocentric gas velocities of Circinus, obtained
from the peak wavelengths of [Fem]A1.257 um and Paf along
PA =24° and PA=—66° . Also shown is the fit of a model with
circular rotational motions (Bertola et al. 1991) to the data along
PA=24°. As in the case of NGC 2110, the velocity field is
dominated by circular rotation in the plane of the galaxy, and the
kinematic centre is displaced 1.0 arcsec south-west of the peak of
the IR continuum. Our data can be compared with IR and optical
data from Maiolino et al. (1998), also shown in Fig. 11 as open
squares: the inner five points correspond to stellar features in the K
band, and the outermost points to optical emission in [N 1]A6584.
Our results agree with those of Maiolino et al., filling nicely the gaps
in their data.

3.2.3 Emission-line fluxes and ratios

Fig. 12 shows the line fluxes as a function of distance from the
nucleus, along PA =24° (major axis) and PA =—66° (radio axis).
The [Fe1JA1.257-pm emission is, on average, stronger along the
radio axis than along the galaxy axis. The H, and Bry fluxes at the
nucleus in the spectrum obtained along the radio axis are about 50
per cent of the corresponding values in the spectrum obtained along

the galaxy major axis, which suggests that the slit was not well
centred in the K spectrum along PA = —66°.

We have compared our flux distributions with the emission-line
images of Davies et al. (1998, hereafter D98) in H, and
[Fe 1]\ 1.64 wm. The latter line comes from the same upper level
as [Fe 1JA1.257 wm (having intrinsically 75 per cent of its flux), and
we can thus compare the two brightness distributions.

The H, brightness distribution of D98 shows a central peak,
corresponding to a marginally resolved central source, with a steep
radial profile, superimposed on extended emission with a shallower
radial profile. From the lower left panel of Fig. 12, it can be seen that
our H, fluxes present a similar behaviour, showing a steeper flux
distribution within 2 arcsec from the peak (which seems to be
located = 1arcsec to the southwest and southeast of the peak in
the continuum) than in the outer parts.

The [Feu] flux distribution of D98 is less centrally peaked,
showing an extension between north and north-east. Our
[Fe 11]A1.257-pum flux distribution consistently shows a ‘flat top’
along PA 24°. However, along the radio axis, our data are as
extended as along PA 24°, while D98 conclude that the [Fe]
emission is less extended towards the cone.

The integrated H, v = 1-0,S(1) luminosity in the inner
~]13arcsec (Fig. 12) is 4.3x 10% erg s™!, which translates
into a hot H, mass of 140 Mg, using the same assumptions as for
NGC 2110. Allowing for an average reddening of E(B — V) = 2.5
(see below), the above luminosity and mass increase by a factor
of =2.2.
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Fig. 13 shows the line ratios [Fe 1]\ 1.257/Pa 8 and H,/Br v along
PA =24° and —66°. [Fe11]/Pa (3 has the value of 0.4 at the nucleus
and increases outwards, most notably along the radio axis, reaching
values larger than 2. H,/Br +y presents a similar behaviour: itis =1 at
the nucleus and increases outwards to values larger than 2. Both
ratios at the nucleus have values typical of starbursts (see discussion
above for NGC 2110), suggesting that the starburst dominates the
gaseous excitation there. The larger ratios away from the nucleus
suggest that X-ray radiation from the active nucleus and/or shocks

0.5 -
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N
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~N /S
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Figure 10. Comparison of the nuclear emission-line profiles of Circinus
with the instrumental profile (continuous line).
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dominate the excitation. In particular, the high [Fe 1]A1.257/Pa 3
ratios may trace the high-excitation gas, which extends along the
galaxy minor axis as shown by the ‘ionization map’ (optical line
ratio map [O m1])/(Ho+[N 11]) of Marconi et al. (1994).

Our results regarding the nature of the H, emission seem to
contradict the interpretation put forward by D98. They argue that
the nuclear H, component has the flux expected from excitation
produced by the observed nuclear X-ray flux, and thus may
originate from gas in the molecular torus excited by the nuclear
AGN, while the more extended emission could be caused by
ongoing star formation. Our results suggest that the opposite is
true (see Fig. 13, right panel).

3.2.4 Reddening and dust emission

We have used the line fluxes in Pa 8 and Bry to obtain the gaseous
reddening along PA =24° (we did not calculate the reddening along
PA = —66° because of the apparent misplacement of the slit in the K-
band spectrum at this PA). After correction for the foreground
Milky Way reddening E(B — V)g = 0.5 mag (Freeman et al. 1977),
the internal reddening lies in the range 1 =E(B — V) = 3.5 mag,
and increases from northeast to southwest, as shown in Fig. 14.

The continuum colour [corrected for E(B — V)] is reddest at the
nucleus, where J — K = 1.9, decreasing to J — K = 1.3 to the
northeast, and to J/ — K=~1.5—1.6 to the southwest.

On the assumption that the reddening derived from the emission
lines can be applied to the continuum, we obtain intrinsic colours
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Figure 11. Rotation curve of Circinus, obtained from the peak wavelength of
the emission lines. The continuous line represents the fit of a model with
circular rotational motions to the data along the galaxy plane at PA =24°,
Squares represent data from Maiolino et al. (five inner points from K-band
stellar absorption features and the two outermost points from the optical
[N 11]\6584 emission line).

J —K in the range 0.4-0.8 for the extranuclear spectra and
J — K =1 for the nuclear spectrum. The former J — K colours
are typical of starbursts of ages 10°-10® yr (Leitherer & Heckman
1995). This result is in agreement with the modelling of Maiolino
et al. (1998), who concluded that, on the basis of a Br vy emission
map, within 100 pc from the nucleus the stellar population has an
age ranging between 4 %107 and 1.5 x10® yI.

4 SUMMARY AND CONCLUDING REMARKS

Long-slit spectra in the near-IR J and K bands of the Seyfert 2
galaxies NGC 2110 and Circinus have revealed extended emission
in [Fe 1JA1.257 pm, Pa 8 and H, v = 1-0 S(1) up to at least = 900
pc (6 arcsec) from the nucleus in NGC 2110 and beyond the end of
the slit — 130 pc (7 arcsec) from the nucleus — in the case of
Circinus.

The profiles of the emission lines [Fe if]A1.257um and Pa 3 from
the nucleus of NGC 2110 are broad (FWHM = 500 km s_l) and
quite similar, while the profile of H, v = 1-0 S(1) is narrower, with
FWHM = 300kms ', and thus originates in a kinematically less
disturbed gas. We do not confirm previous reports of a very broad
PaB component. In Circinus, the profiles are barely resolved
spectrally, with FWHM = 150 km s

The H, line luminosities and masses of hot molecular gas are
similar to those of other Seyfert galaxies (e.g. Veilleux et al. 1997).
The [Fe 1JA1.257-pm emission may trace the high-excitation gas.
In the case of NGC 2110, the high [Fe 1]A1.257-pum/Pa (8 flux ratio
combined with the broadening of the nuclear profiles suggests that
shocks (perhaps driven by the radio jet) are an important source of
excitation of the [Fe11] emission. The high H, v = 1-0 S(1)/Bry
nuclear ratio, combined with the smaller width of the H, emission
line, suggests that the excitation of the H, line is dominated by
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X-ray emission from the active nucleus. In the case of Circinus, the
much lower ratios at the nucleus are similar to those observed for
starbursts, suggesting that the nuclear starburst is the main source of
excitation there. However, a few arcsec away from the nucleus these
ratios increase to values similar to those found in Seyfert nuclei,
showing that the radiation of the active nucleus may be the main
source of excitation outside the nucleus.

We were able to obtain rotation curves in the IR lines for both
galaxies, which indicate that the gaseous kinematics is dominated
by circular motions in the discs of the galaxies. In both cases we
found a displacement between the peak of the IR continuum and the
kinematic center of the galaxy along the PA closest to the major
axis. In the case of NGC 2110, this effect had been previously found
using optical observations, but the IR rotation curve is more
symmetric relative to the nucleus than the rotation curve obtained
from optical lines. This result suggests that the offset of the
continuum nucleus with respect to the kinematic centre is, at least
in part, an effect of obscuration.

For NGC2110, J — K= 0.9 everywhere, except right at the
nucleus, where J — K= 1.9. The continuum spectrum within the
K band is very steep and cannot be explained by reddening alone.
The observations clearly show that we are seeing another compo-
nent in emission in the K band, which is consistent with the
expected emission of dust heated by an AGN. This emission is
unresolved in our data (0.73 arcsec X 1.1 arcsec), and may originate
in the walls of a circumnuclear dusty torus.
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Figure 14. Reddening E(B — V) (in mag) as a function of distance from the
nucleus of Circinus along the galaxy plane at PA=24° South-west is
negative and north-east positive.
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For Circinus, the Br v/Pa 3 ratios indicate gaseous reddening in
the range 1 =E(B — V) = 3. The J — K values are consistent with
those of an ageing starburst with the same reddening as the emitting
gas, except at the unresolved nucleus, which has a redder colour.
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