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Abstract. Infrared observations of [SiIX], [SIX] [SiVII],
[SiVI], and [Ca VIII] coronal line emission in NGC 1068 are
presented and discussed together with visible spectra covering
[Fe VII], [Fe X], [Fe XI] and [S VIII]. These lines are found
to peak ~ 50 pc NE of the nucleus and appear to arise pre-
dominantly in outflowing gas within the prominent ionization
cone aligned with the radio jet. The line ratios argue against
collisional ionization but could be explained with photoion-
ization by radiation from the active nucleus. The observed
[Si IX](3.935um)/[Si VI](1.964m) ratio is ~10? larger than in
NGC 6302, one of the highest excitation planetary nebulae
known, demonstrating both that photoionization by hot stars
is excluded and the potential value of the [SiIX](3.935um) line
as a tracer of AGN activity in visually obscured galactic nuclei.

Key words: line: formation — infrared: galaxies — galaxies:
Seyferts — galaxies: individual: NGC 1068

1. Introduction

Coronal lines correspond to forbidden transitions within the
ground terms of highly ionized species (hv > 100eV) which
can be formed either in gas photoionized by a hard UV con-
tinuum (Grandi 1978, Korista & Ferland 1989) or in a hot
(= 106 K) collisionally ionized plasma (Oke & Sargent 1969,
Nussbaumer & Osterbrock 1970). Visible spectra of AGN con-
tain the well known lines of [Fe VII], [Fe X], [Fe XI] and, some-
times, [Fe XIV] (361eV). The first infrared coronal line detected
in a galaxy was [Si VI] A1.963um in NGC 1068 (Oliva & Moor-
wood 1990).

In a detailed study of the nearby (4Mpc) Circinus galaxy
(Seyfert 2) Oliva et al. (1994, hereafter 094) observed a large
set of coronal lines including new infrared detections and visible
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*  Based on observations collected at the European Southern Obser-
vatory, La Silla, Chile and data from the La Palma Data Archive.

lines spanning a wide range of ionization potentials (100-400
eV). Based on modelling this large dataset they concluded in
favour of photoionization and, from the line ratios, deduced the
required shape of the ionizing continuum in the 100400 eV
range (L, o v~%3) which turned out to be somewhat harder
than that of typical Seyferts. Marconi et al. (1994a, hereafter
M94) in a search for [Si VI] A1.963 um in active galaxies found
that the observed relation [Si VI}/[Fe VII]=1 also favours pho-
toionization since collisional ionization (in e.g., shocks) tends
to produce regions with [Si VI}/[Fe VII]«1.

In this paper we return to a more detailed discussion of
NGC 1068 based on new infrared spectroscopy covering several
coronal lines supplemented with visible archive data. NGC 1068
is of particular interest having been the prototype Seyfert 2
galaxy before becoming the paradigm for the unified Seyfert
model following the detection of its broad line region in polar-
ized light by Antonucci & Miller (1985). This model invokes
the presence of a torus around the nucleus aligned such that
the AGN and its broad line region are obscured along our line
of sight (for a review see Antonucci 1993). The putative torus
may also be responsible for collimating the radiation from the
AGN, thus accounting for the pronounced ionization cone seen
most clearly to the NE in [O III] A5007 (Pogge 1989, Evans et
al. 1991, Unger et al. 1992, Macchetto et al. 1994). The cone is
rotated ~40° relative to the rotational axis of the galaxy, aligned
with the pronounced radio jet (cf. Wilson & Ulvestad 1987) and
most probably tilted slightly towards our line of sight (Cecil et
al. 1990). Gas within it is presumably exposed directly to radia-
tion from the AGN and, potentially, also to mass outflow driven
by an AGN wind. To date, the highest excitation species studied
in detail have been [OIII] (35 eV) (Alloin et al. 1983, Meaburn
& Pedlar 1986) and [Ne V] (97 eV) (Bergeron et al. 1989) whose
emission includes components consistent with photoionization
within the cone. Here we extend such studies to the higher exci-
tation coronal lines. In Sect. 4.1 we discuss positional and kine-
matic evidence that these lines arise predominantly within the
ionization cone. In Sect. 4.2 we demonstrate that their line ratios
are inconsistent with collisional ionization, exclude hot stars as
the source of ionization by direct comparison with spectra of
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Table 1. Parameters of archival data.
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Table 2. Observed and dereddened line fluxes.

Wavelength (A)  Observation Date  Slit  Standard Star Line F_uu® 1.,@  OtherData
3400—5100 3 September 1990 174  HD 19445 IR Observations (A in im):
3400 - 5100 3 September 1990 574  HD 19445 [Fe I[] A1.2567 50 58 39¢
4800 — 5600 6 January 1988 1”5 40ERIB - [SIX] A1.25235" 5 6
5600 — 6800 30 August 1990 1”5  HD 19445 Hz A1.9570 15 16 15
7800 - 9300 24 November 1986 1”5  HD 84937 [Si VI] A1.963 70 75 75¢
9600 - 10300 13 January 1987 2’2 Feige 25 [SiVII] A2.483 55 58 90°
[Ca VII] A2.321 45 47
[SiIX] A3.9346* 46 47
Optical observations (A in A):
) o , [Ne V] A3426 93 230
a high excitation planetary nebula and conclude that photoion- " (wide slit) 270 670 168%; 115°
ization by an AGN spectrum is the most likely mechanism. Our s 11j+H§ 29 65
overall conclusions are given in Sect. 5. » (wide slit) 72 160 70%; 59¢
He I A\4686 25 52
» (wide slit) 50 101 60%; 61°
HB 67 132
9 . : d. e
2. Observations and data reduction [0 m](w1de stit) 11;700 225200 145% 160

The infrared data were collected in November 1994 using the
ESO long slit spectrometer IRSPEC (Moorwood et al. 1991)
mounted on the ESO-NTT telescope. The detector was an
SBRC 62x58 InSb array with projected pixel size of 22 along
the slitand ~2 A at 1.25um, ~ 5 A at 2.2um, ~ 10 A at 4um
along the dispersion. The slit width was 4”4 (2 pixels) yielding
a resolving power of R = 2000 — 3000 depending on wave-
length. The observations consisted of several pairs of object
and sky frames spaced by 2 minutes and with the slit aligned
along the axis of the ionization cone at PA 31°. On chip integra-
tion time was 60 sec at A < 2.5um and 0.6 sec at 4pum. The data
were reduced using the IRSPEC context in the ESO reduction
package MIDAS. The spectra were wavelength calibrated using
OH sky lines (at A < 2.3 um, Oliva & Origlia 1992) or a neon
lamp and corrected for atmospheric and instrumental transmis-
sion using measurements of featureless, early O stars. Absolute
flux calibration was derived from observations of photometric
standard stars.

Archival raw optical spectral data were collected from the
La Palma Archive (Zuiderwijk et al. 1994) and consisted of ob-
ject, lamp and standard star frames taken with the Intermediate
Dispersion Spectrograph (IDS) on the 2.5m Isaac Newton Tele-
scope (INT; for more information see Table 1). When recorded,
slit orientations were in the range PA 37-40° i.e close to the
axis of the ionization cone. Data reduction was performed using
standard procedures for long—slit CCD spectra and wavelength
calibration was optimized using sky emission lines (Osterbrock
& Martel 1992). ‘

The use of slightly different slit angles and sizes for IR and
optical observations should not affect the results presented in
this paper where our main interest is the coronal line emission
which is concentrated towards the nucleus and less extended
than the slit.

” (wide slit) 2900 5540  2280%2800°

[Fe XIV] A5303 <10 <20

[Ca V] A5309 <10 <20

[Fe VII] A6087 27 63 35¢; 35¢
[O1] A6300 53 86 80%; 99°
[OT]+[FeX] 24 39 209; 46¢
[Fe X] A6374 6 10 <10%; 7.5¢
Ha+[NII] 1600 2540  2110%; 2420°
[SII] A6720 160 251 190%; 235¢
[Fe X1] A7892 6.6 9.4

(S II] A9052 186 245 1704
[CT] A9850 93 12 304

[S VIII] A9912 8.7 11

Hell A10124 27f 34f 254

M Observed line flux in units of 10~ erg cm™2 sec™'.

@ Dereddened flux (same units) adopting E(B-V)=0.2

* Rest wavelengths of [SiIX] and [S IX] from 0%4.

@ Observed flux from Oliva & Moorwood 1990.

® Flux is very uncertain due to bad atmospheric transmission.
¢ Observed flux from Moorwood & Oliva 1991.

< Observed flux from Shields & Oke 1975 (7” @ diaphragm).
¢ Observed flux from Koski 1978 (2.77x4.0” aperture).

f Very uncertain (end of CCD sensitivity).

3. Results

The infrared spectra are displayed in Fig.1 and the observed
line fluxes are listed in Table 2. The [SIX] and [SiIX] lines
are new discoveries in this object and, thanks to the excellent
atmospheric transmission at their wavelengths, are measured
at high signal to noise ratio. Fluxes of other lines are in good
agreement with previous measurements (Oliva & Moorwood
1990) except for [Si VII] which lies in a region of very poor
atmospheric transmission and which we find ~30% fainter than
in the lower S/N spectrum of Moorwood & Oliva (1991).
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The optical spectra are displayed in Fig. 2 and the observed
line fluxes are listed in Table 2 which also includes data from
the literature for comparison. When overlap exists our fluxes
are in good agreement with previous measurements taking into
account the effect of the different slit sizes. Most of our line
ratios are also in reasonable agreement with the very recent
work by Osterbrock and Fulbright (1995) whose uncalibrated
spectra also cover the far red region.

The coronal lines have relatively low line/continuum ratios
(<10%) and measurements are therefore complicated by con-
tamination from the strong stellar absorption features. How-
ever, as shown in Fig.3 this stellar continuum can be ade-
quately removed by subtracting a rescaled spectrum of the re-
gion ~5"above and/or below the nucleus. The [Fe X] A6374
line is blended with [OI] A6363 and the deblending was per-
formed with a gaussian fit where FWHM, amplitude and cen-
ter wavelength for the latter are inferred from the [O I] A6300
line (which arises from the same upper level as [OI] A6363).
[Fe XIV] A5303 and [Ca V] A5309 are not detected and the ori-
gin of the broad (~ 4000 km s~') feature which appears at
~5300A (lower left panel of Fig.3) is unclear. We conserva-

tively take a 10% line/continuum ratio as un upper limit for
these lines.

The heliocentric velocities derived from gaussian centroids
of IR and visible lines are plotted in Fig.4 and listed in Table
3 together with the FWHM of selected lines detected with suf-
ficient S/N and affected least by blending. Most line centroids
are blueshifted relative to the systemic velocity (the dashed line
of Fig. 4).

Fig.4 indicates a different behaviour according to the ion-
ization potential: low excitation lines (i.e. £ < 20 eV) with a
mean centroid velocity of ~ 1080 km s~1: medium excitation
species (20 < E < 100 eV) with a mean centroid velocity
of ~ 930 km s~! and the coronal lines (E > 100 eV) with
a mean centroid velocity of ~ 850 km s~'. Any trend of the
FWHM with ionization potential is less clear except that those
of the medium excitation species appear to be larger than those
of lower (forbidden but not HI) and higher ionization potential.

Fig. 5 shows position—velocity contour plots for selected vis-
ible lines. All show a broad component extending several arcsec
along the slit plus a narrower component near to the systemic
velocity further out. The line emission peaks are blueshifted and
(except for [Ne V]) displaced ~ 0’6 NE of the optical contin-
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Fig. 3. Upper and central panels: nuclear and rescaled extra—nuclear
spectra around lines of interest. Lower panels: difference between the
above spectra. Note that the stellar absorption features almost disap-
pear. The expected positions of [Fe XIV] A5303 and [Ca V] A5309 (nei-
ther detected) are also marked; the origin of the broad feature at ~5300
A is unclear.

uum. Definitive statements on the peak positions of the higher
excitation visible lines are difficult because of blending and low
S/N ratio. Although our infrared spectra were obtained with =~
2"'pixels the infrared coronal lines also appear to be displaced ~
0”5 NE of the continuum and to extend over < 4”. Both [O III]
and He II also show a velocity gradient across the nucleus which
is more pronounced in the higher excitation [Ne V] and [Fe VII]
lines but virtually absent in the low excitation [O I] and HG lines
and will be discussed further below.

The presence of a broad and a narrow component in [O I1I]
and HG was already shown in a detailed profile analysis by Al-
loin et al. (1983) who identified two main components, namely
blueshifted broad lines at ~895 km s~! and narrower features
closer to the systemic veloc'ity, and this is consistent with what
we find here. The relative importance of these two components
determines the position of the line centroids of Fig.4. As it
is, high excitation (coronal) lines weight more the broad, blue
component while lower ionization features are dominated by
the redder component.

The blueshift of the broad component cannot be due to se-
lective extinction, since high excitation lines with very different
wavelengths show the same velocities. It is likely due to gas
outflows from the nucleus which were already reported in the
literature (see Sect.4.1 for more details). Therefore, coronal
lines are mainly emitted by outflowing material while for inter-
mediate excitation lines such as [OIII] there is a combination
of outflowing and rotating material.

A. Marconi et al.: Coronal lines in NGC 1068

Table 3. Heliocentric velocities of IR and optical lines.

Line Energy® Heliocen. Vel.® FWHM®
H, (3,0) A1.957 - 1100 +50 -
[NI] A5200 - 1040 +£50 -
[CT] A9850 - 1070 £50 -
[FeII] A1.257 79 1140 +50 1070
HB 4861 13.6 1030 +£30 1500
[SII1] A9069 23.3 925 +30 -
He I A5876 24.6 950 +50 -
[O1II] A5007 35.1 935 £30 1400
He I1 \4686 54.4 915 +£30 1640
[Fe VII] A\6087 100 840 +50 1640
[Si VI] A1.963 167 870 +£50 -
[Fe XI] A7892 262 810 50 950
[S VIII] A9913 280 850 +50 -
[SiIX])3.935° 303 880 +50 1000
[SIX] A1.252¢ 328 870 £50 -

¢ Energy needed to produce the species (eV).
b Units of km s™".
¢ Rest wavelength of [SiIX] and [S IX] from O94.

4. Discussion
4.1. Location and kinematics of the coronal line region.

The evidence presented above indicates that the visible and in-
frared lines peak within the ionization cone to the NE and at ~
0’5 (=~ 50pc) from the nucleus. The exception which we cannot
account for is [Ne V] which does not appear to be displaced
from the nucleus in the archive spectra used here. For [O III]
in particular, both the displacement of the line peak and the
overall positional dependence of the line profiles are in accord
with previous studies made at higher spectral resolution (Alloin
et al. 1983, Meaburn & Pedlar 1986). In addition, however, the
higher resolution spectra show splitting of the broad component
on both sides of the nucleus indicative of gas flowing in opposed
hollow cones (Meaburn & Pedlar 1986). This line splitting is
also present in [N II] Fabry-Perot spectral images obtained by
Cecil et al. (1990) and modelled by them as an outflow with
velocity of ~1500 km s~! within a cone whose axis, inferred
from the velocity asymmetry, is inclined 75° to our line of sight.
This model assumed the cone opening angle of 82° deduced by
Bergeron et al. (1989) from their detection of extended [Ne V]
emission away from the nucleus along slits located on either
side. The cone is better defined in the [O III] images of Unger
et al. (1992) and has a smaller opening angle of 40°. Follow-
ing Cecil et al. but assuming the smaller [O III] cone opening
angle and the velocity components at —810,295kms~! from
Meaburn & Pedlar (1986) yields a somewhat larger inclination
angle ~80° and outflow velocity in the cone.

From the above we conclude that [O III] comprises a com-
ponent associated with outflow gas in the ionization cone(s),
whose NE lobe is tilted towards our line of sight, and that this
accounts for the velocity gradient across the nucleus evident in
Fig. 5. The fact that this gradient is virtually absent in the plots
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Fig. 4. Heliocentric velocities from gaussian centroids of IR and optical
lines. The dashed line is the systemic velocity from HI measurements
(Baan & Haschick 1983). The small panel is an enlargement for low
ionization species.

of the low excitation lines [OI] and HB and more pronounced
in the plots of the higher ionization potential (~100eV) species
[Ne V] and [Fe VII] can therefore be interpreted naturally as
an increase in the cone component with increasing excitation.
Although we do not have position—velocity maps for all of the
higher excitation lines, Fig. 4 shows that their velocity centroids
are identical within the errors but ~100 km s~! bluer than the
medium excitation and ~ 300 km s~ bluer than the low excita-
tion lines and the systemic velocity. The fact that lines with sim-
ilar ionization potentials but sometimes widely different wave-
lengths (e.g [SIII] A9069 and He II \4686; [Fe XI] A7892 and
[SiIX]3.935 pm) show similar heliocentric velocities provides
additional evidence that the observed kinematics is related to
non-isotropic flows and/or ionization structure rather than selec-
tive extinction effects. The smaller FWHM and larger blueshifts
of the high ionization potential lines compared with the medium
excitation species in Table 3 suggests that they may arise in a
more restricted part of the flow, possibly closer to its axis and/or
apex. Overall, therefore, the situation in NGC 1068 is similar
to that observed in other AGN’s and, in particular, to that in
the Circinus galaxy where the coronal lines are blueshifted by
~50 km s~ relative to [OIII] (094) and, based on [FeXI],
arise closer to the nucleus within the apex of the ionization
cone (Marconi et al. 1994b). In Circinus, as in NGC 1068, the
blueshift cannot be due to extinction since it is independent of
wavelength.

4.2. lonization mechanism of the Coronal Line Region
4.2.1. Collisional ionization

As the coronal lines appear to arise in outflowing gas which is
probably driven by an AGN wind (cf. Smith 1983) we first test if
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Fig. 5. Intensity contour plots in the position-velocity plane for selected
visible lines. The ordinate gives the relative position along the slit
whose PA is indicated at the top of each plot (i.e. NE is up). A null
offset gives the centroid of continuum emission along the slit. Contours
are logarithmically spaced by 0.2 dex from 1% to 100% of the peak
but are only included at the lowest levels when above the noise. The
absolute velocity scale for [Ne V] is not reliable since the line is at the
very edge of the detector.

they could be produced in a collisionally ionized plasma heated
by a fast shock wave (v > 300kms~!). Under the simplifying
assumption that any contribution from photoionization is neg-
ligible, the ionization state of the gas follows from statistical
equilibrium between collisional ionization and radiative plus
dielectronic recombination, and is solely determined by the gas
temperature T (e.g. Jordan 1969). Values of 2(X**) (the ion-
ization fraction of a given species X **) as a function of T" have
been computed and tabulated in the above reference and sub-
sequently updated by various authors. We adopt here the most
recent results of Monsignori Fossi & Landini (1996) which are
plotted in the bottom panels of Fig. 6.
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Fig. 6. Lower panels: variation of the ionization fraction as a function
temperature in a collisionally ionized gas. Upper panels: line emis-
sion coefficients (erg cm® s™1) including only direct electron excita-
tion (dashed lines), adding indirect electron excitation (dotted lines)
and including also proton collisions (solid lines), the adopted atomic
parameters are described in Sect. 4.3 of 094. The dashed areas show
the temperature range where the jonic fraction is larger than 10~2.

In ahot, collisionally ionized gas the kinetic energy of elec-
trons and protons is comparable to hvjo, the ionization potential
of a given ion. Consequently, the line formation is dominated by
direct proton collisions to “u” (the upper level of the observed
transition) and electron excitations of high lying states which
cascade to “u”. The relative contributions of these processes are
visualized in the upper panels of Fig. 6 which show the emission
coefficients for the lines of interest including all processes (solid
lines), excluding proton collisions (dotted lines) and including
only direct electron excitations (dashed lines). The most striking
result is that the emissivity of Fe ions (expecially [Fe XIV]) is
strongly enhanced by electron collisions of their numerous high
lying states, while in other species the effect is much smaller.
A collisionally ionized gas should be therefore characterized
by large [Fe]/[Si] and [Fe)/[S] line ratios, and the brightest line
should be [Fe XIV]A\5303 unless the temperature is kept well
below 2 10° K. i.e. the temperature at which most of iron is in
the form of FeXIV (cf. Fig. 6).

A single component model where all the gas is at a single
temperature is unrealistic and cannot reproduce the observed
wide range of ionization stages. Similarly to Nussbaumer &
Osterbrock (1970) we assume therefore that the lines origi-
nate in regions with different temperatures and with volume
emission measures EM = n2V (n, is the electron density and
V is the volume occupied) distributed according to a power
law, EM(T) x T%, cut at Tyin and Tpue. We also assume
that the density of the plasma is lower than the critical densi-
ties for collisional excitation of the transitions considered, i.e.
ne < 10%cm™2. Using the function plotted in Fig.6 we con-
structed a grid of models at different o, Tpyp and Thnax with the
following results:

— the choice of Ty, has little influence on the lines considered
here.

~ the ratio [Si VI}/[Si VII] depends primarily on «, the ob-
served value indicating -2 < o < 0.

A. Marconi et al.: Coronal lines in NGC 1068

(sivi] |

Fig. 7. Predicted line ratios from a model of hot, collisionally ionized
gas as a function of T;q (upper cut in temperature for the gas distribu-
tion) and a (the slope of temperature distribution). The curves show the
loci compatible, within the errors, with the observed line ratios. There
is no combination of Tinax and o which can reproduce the observations
(see Sect.4.2.1).

- [SiIX)/[Si V1], [SIX)/[S V1],
[Fe XI)/[Fe X] and [Fe XIV)/[Fe XI] critically depend on
the choice of Tpa: changing the upper temperature cut-
off by only 0.2dex produces a factor >2 variation of these
line ratios, and for Tpax > 2 - 10° K too much [Fe XIV]is
predicted.

These considerations are summarized in Fig. 7 which shows the
loci of the Tin—a plane compatible with the observed line ra-
tios. Note that the ratios of higher excitation lines cannot be
simultaneously reproduced with any combination of param-
eters, indicating that the model is unrealistic. Moreover, the
predicted [Fe)/[S] ratios are a factor of ~3 higher than those
observed for the reasons given above. We note furthermore
that the [Si VIJ/[Fe VII] ratio of 1.1940.24, is characteristic of
photoionization and much larger than in shocks (cf. M94 and
Sect. 1). Finally, although the lines in NGC 1068 are broad, we
recall that shock heating is effectively excluded in the case of the
Circinus galaxy by the small width of its coronal lines (< 100
kms™!; 094). Therefore, while some contribution from shocks
or X-rays emitted by a shock front cannot be excluded, the
above arguments suggest that the coronal line gas in NGC 1068
is predominantly photoionized.

4.2.2. Photoionization

Fig. 8 demonstrates, totally independent of model assumptions,
that the [SiIX] observed in NGC 1068 cannot arise in gas pho-
toionized by hot stars. Whereas both NGC 1068 and the Circi-
nus galaxy exhibit comparable fluxes in the [Si VI],[Si VII] and
[SiIX] lines, [SiIX] is absent in our spectrum of NGC 6302,
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Fig. 8. The [Si VI], [Si VII] and [SiIX] lines of the planetary nebula
NGC 6302 and of the Seyfert 2 galaxies Circinus and NGC 1068. Fluxes
per unit wavelength have been multiplied by the reddening correction
at the wavelength of the lines (Ay = 2.5 for NGC 6302, Ay = 5.2 for
Circinus and Ay = 0.62 for NGC 1068).

log [SiIX]3.935/[Si VII]2.483

54 5.6 5.8
log Tgg

Fig. 9. Predicted variation of [SiIX]/[Si VII] for a spherical nebula
photoionized by a blackbody with temperature Tz p.

amongst the highest excitation planetary nebulae known, to a
limit [SiIX]/[Si VII]<2x 1073,

The predicted value of [Si IX]/[Si VII] for a spherical nebula
photoionized by a black body with temperature Tgp is plotted in
Fig. 9. Data are based on photoionization models computed with
Cloudy (version 84.06, Ferland 1993) and adopting distorted—
wave collision strengths from the compilation by Kafatos &
Linch (1980). Results are accurately reproduced by the simple
interpolation formula

[SiIX] _
[siviy -~

~1.76/ T

Ts = Tps/10° K )]
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Table 4. Reddening corrected ratios of coronal lines.

Ratio Energy ¢ Circinus® NGC 1068
1.68° 0.20°¢

[Fe VII}/[FeX] 100 235 047 £0.08 6.30 +0.90
[Fe X1]/[Fe X] 262 235 0.65+0.10 0.94 +0.14
[SIX])/[S VIII] 328 280 096 +£0.15 0.55+0.08
[SiVIIY[SiVI}] 206 167 1.61+£0.24 0.77 £0.30
[SiIX]/[Si VI] 303 167 2.12 £0.32  0.63 £0.10
[SiVI}/[FeVI]] 167 100 1.60+0.24 1.19+£0.24
Hell/HG 544 13.6 0.30+0.05 0.39 £0.04

¢ Energy needed to produce the ions (eV).
® From 094
¢ Adopted E(B-V) for reddening correction.

and have general validity as long as the nebula is radiation
bounded and the ionization structure of the two species is dom-
inated by geometric dilution, i.e. for £ = Q(He")n. f> <
10%% cm~3s~! [here Q(He") is the He* ionizing photon rate in
s~ !, n.istheelectrondensity and f is the filling factor]. At larger
values of = the ionization strucure of [Si VII] is ‘cut’ by He* con-
tinuum opacity and the ratio [SiIX]/[Si VII] slightly increases
(the definition of = and a detailed discussion of the relative roles
of geometric dilution and continuum opacity in spherical nebu-
lae can be found in Sect.4.1.1 of M94). It is found from Fig.9
that the star ionizing NGC 6302 has Tgp < 2.5x 10° K and
that [SiIX]/[Si VII] ratios similar to those observed in Seyferts
require Tgg = 10° K. The [SiIX] (3.935um) line thus appears
to be an ideal tracer of AGN activity in galaxy nuclei including,
because of its relatively long infrared wavelength, those which
are obscured in the visible.

Having excluded collisional ionization and photoionization
by hot stars, photoionization by radiation from the AGN is
clearly the most likely source of excitation of the coronal lines
in NGC 1068. Detailed confirmation by modelling would re-
quire more information on the size and physical conditions of
the emitting regions which is not available here. Referring to the
line ratios in Table 4, NGC 1068 has a somewhat lower ioniza-
tion CLR since all high to low excitation line ratios are smaller
than in Circinus except for [Fe XI}/[Fe X] and with the most
striking differences being [Fe VII)/[Fe X] and [Si IX)/[Si VI].
This might either indicate a steeper ionizing continuum or a
somewhat lower ionization parameter in NGC 1068.

5. Conclusions

Infrared spectra of the [Ca VIII], [SiVI], [SiVII], [SiIX]
and [SIX] coronal lines in the prototype Seyfert 2 galaxy
NGC 1068 have been presented and discussed together with
La Palma archive spectra of the visible [FeVII], [FeX],
[Fe XI] and [S VIII] coronal plus lower excitation lines. The
[SIX](1.252um) and [Si1X](3.935um) infrared lines are new
detections in this galaxy.
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Both the visible and infrared coronal lines exhibit the same
blueshift relative to lower excitation species and the systemic ve-
locity which is indicative of non-isotropic velocity flows rather
than e.g selective extinction. This is supported by position—
velocity intensity contours of selected visible lines which are
consistent with extended emission over ~300 pc and an in-
crease with ionization potential of the fraction associated with
outflowing gas within the well known ionization cones aligned
with radio jets to the NE and SW of the nucleus. Coronal lines
appear to peak ~ 0’5 NE of the nucleus i.e close to the position
found for [O III] here and in previous studies.

The coronal line ratios argue against collisional ionization
but can be produced in gas photoionized by radiation from the
active nucleus. Although detailed modelling is not possible here
the ionizing continuum must, nevertheless, be much harder than
that of hot stars. The observed [Si IX]/[Si VI] ratiois ~103 larger
than in NGC 6302, one of the highest excitation planetary neb-
ulae known. This not only excludes stellar photoionization but
also underlines the potential of the [SiIX](3.935um) line as a
tracer of AGN activity in visually obscured galactic nuclei.
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