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Abstract. Recent measurements of the Circinus galaxy with
ISO by Moorwood et al. (1996) have confirmed the extremely
high excitation of the emission-line spectrum in this active
galaxy. Moorwood et al. modelled the spectrum in terms of pho-
toionization of gas by a hard X-ray continuum plus a UV bump
near 70 eV. We present new photoionization calculations which
differ markedly in geometry and in the adopted spectrum of the
ionizing radiation. In our model, all the zones of high excitation
coexist within the internal structure of matter-bounded clouds
of 1 pc thickness with a total cross section of 165 pc?. A strong
UV bump is not required to explain the line ratios in this pic-
ture. Our calculations consider the effects of radiation pressure
exerted by photoelectric absorption which become very impor-
tant at the high ionization parameters required by the line ratios.
We propose that the radiation pressure generates a strong density
gradient within the photoionized structure and is responsible for
accelerating the matter-bounded gas, explaining the systematic
blueshift observed for the coronal lines.

Key words: galaxies: active — galaxies: Seyfert — line: forma-
tion — galaxies: ISM — galaxies: Circinus galaxy

1. Introduction

Studies of the emission lines in Seyfert galaxies have indicated
the presence of two different regions (cf Osterbrock 1989): a
region of very high density with large velocity spread — the
broad line region (BLR), and a region of low gas density and
with a much smaller velocity spread — the narrow line region
(NLR). There is also a set of lines of extremely high excita-
tion, the so-called ‘coronal’ lines which includes [Fe viI]\6086
[Fe x]A6374 [Sivi]1.963um and [Sivi]2.483um. Korista &
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Ferland (1989) showed that photoionization of a “warm” inter-
stellar gas phase could easily account for both the luminosities
and the ratios of the coronal iron lines in NGC 4151. Olivaet al.
(1994; hereafter OSMM) measured an extensive set of optical
and infrared coronal lines in the Circinus Galaxy and showed
that the line ratios could be explained better with photoioniza-
tion than collisional ionization, even when a wide distribution of
coronal temperatures was included in the collisional ionization
model. Coronal lines are known to be systematically blueshifted
(Penston et al. 1984) relative to the systemic velocity in Seyfert
galaxies (by 35 km s~ ! in the case of Circinus, see OSMM), a
property which has not been incorporated in any of the models
so far.

Korista & Ferland (1989) considered the coronal gas to be
of very low density (~ 1cm™3) and to extend up to 2 kpc,
much beyond the classical NLR but overlapping the ENLR.
From the [Fe x1] line surface brightness and spatial distribu-
tion in the Circinus nucleus, OSMM derived a higher density
(~ 250 cm~?) and a much smaller size of ~ 10 pc. Both studies
considered that the filling factor of the coronal gas approaches
unity and that the gas density is lower than that of the NLR gas.
The arguments presented, however, were partly based on the
absolute ionising source luminosity, a poorly known quantity
at best!. Furthermore, this view is contradicted in the case of
Circinus by the much higher density of ~ 5000 cm ™3 inferred
by Moorwood et al. (1996: M096) from the density sensitive
[Ne v] 24.3 pm/14.3 pm ratio. We propose in this paper that the
coronal lines do not originate from a pervading thin medium but
from individual gas clouds, as for the NLR. In a previous paper
(Binette, Wilson & Storchi-Bergmann 1996, hereafter Paper I),
it was proposed that the high excitation lines originated from
matter-bounded clouds. In this paper, we argue that the coro-
nal lines originate from a subset of such matter-bounded (MB)
clouds which are exposed to a much stronger continuum.

' For instance, Circinus has a hidden UV source while NGC4151
presents a photon deficit problem (Robinson et al. 1994).
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We show in Sect. 2 that radiation pressure can no longer
be neglected at the high ionization parameters implied by the
coronal lines. We improve on the customary constant gas pres-
sure model by developing a density prescription in the one-
dimensional hydrostatic case which considers the distributed
force represented by radiative pressure (cf. Appendix A). An
interesting property of the resulting density stratification is that
the gaseous excitation at high values of the ionization parame-
ter become insensitive to further increase in the intensity of the
ionizing radiation. In Sect. 3, we infer the values of the model
parameters using available information on the Circinus Galaxy.
In Sect. 4 we compare our model results with those of M096,
while Sect. 5 discusses the implications of the properties of the
coronal lines on the ionization-bounded and matter-bounded
cloud models of Paper I.

2. The model
2.1. The computer code

The multipurpose code MAPPINGS IC was used to compute the
photoionization models. As noted in Ferruit et al. (1997), the
new version IC maintained by one of us (LB) now includes Fe
and allows calculations of all ionization stages up to bare nuclei.
The atomic data is taken from a compilation of Ralph Sutherland
(see Appendix in Ferruit et al. 1997). The uncertainties in colli-
sion strengths of many coronal lines are often large (see review
by Oliva 1997) and may dominate the errors in the predicted
line strengths.

2.2. Two powerlaws to represent the EUV and the X-ray do-
maines

Given the success of Paper I in accounting for a broad range of
line excitation with a simple power-law with index v = —1.3
(¢, o< v*7), we adopt a similar energy distribution. We re-
call that our choice of v was motivated by the desire to pro-
duce matter-bounded (MB) clouds with high enough tempera-
ture (Topy), as indicated by the ratio [O 111]A4363/[O 111]A5007
but with the index close to the canonical values proposed in
the literature (i.e., v = —1.4 or —1.5; e.g., Ferland & Oster-
brock 1986). The energy distribution starts at 0.1 eV. Above
500 eV we introduce a flatter component with canonical index
vx = —0.7. We impose a high energy cut-off to this X-ray
component at 100 keV (see Mathews & Ferland 1987). The re-
sultant ionizing energy distribution is shown in Fig. 1 (dash
line). It is different from that adopted by M096. In particular, it
does not contain the pronounced UV bump at 70 eV (in a plot of
vy, versus v) invoked by Mo96. By joining the UV and X-ray
power-laws at 4000 eV instead of 500 eV (so as to produce a
smaller apx < —1.3), we have verified that a weaker X-ray
component produces very similar results.
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Fig. 1. Ionizing energy distributions, plotted as vy, versus v. The
X-ray cut-off is at 100 keV'. The long dashed line represents the direct
nuclear source radiation impinging on the MB component. The solid
line represents the spectrum escaping from the back of the MB slab
(which contains 65% of the original number of ionizing photons). This
radiation (after further geometrical dilution) impinges on the IB com-
ponent. The dotted line represents the ionizing distribution escaping
the back of the IB slab (only 0.9% of the number of ionizing photons
but 60% of the ionizing energy flux). The energy between ~ 2 keV
and the cut-off at 100 keV escapes the IB slab unabsorbed.

2.3. Gas pressure vs radiation pressure

The ionization parameter Uy is customarily defined as the ratio
between the density of impinging ionizing photons and the gas
density at the face of the cloud:

_ f”l pvdv/hv % (1)

T cng

Yo ¢ o
where ¢, is the monochromatic energy flux impinging on the
cloud, v the Lyman frequency, qo the number of ionizing pho-
tons incident on the slab per cm? per second, c the speed of
light and ny the total gas density at the irradiated surface of the
slab (all quantities relevant to the irradiated surface carry 0 as a
superscript or subscript).

A different definition of the ionization parameter is the fol-
lowing (Krolik et al. 1981) :
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where T is the temperature at the irradiated surface, F;,,, is the
incident flux of ionizing radiation and k is Boltzmann’s constant.
Since F;,,, /¢ is the pressure of the ionizing radiation (assuming
the radiation is confined to a small solid angle and is normally
incident on the cloud), Zy/2.3 gives us the ratio of the pressure
of ionizing radiation to the gas pressure at the irradiated face :
Proa/ Pgas (cf. Krolik et al. 1981). Radiation pressure exerts a
force only if the ionizing radiation is absorbed. Even in the case
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of an ionization-bounded slab, which would absorb, say, 99%
of the number of ionizing photons (see dotted line in Fig. 1),
of order 60% of the ionizing flux (i.e. that between ~ 3 keV
and the cut-off at 100 keV') escapes unabsorbed and therefore
does not exert any force on the gas. For the matter-bounded slab
discussed below, as much as 75% of the ionizing flux will not
be absorbed. Therefore the actual radiation pressure absorbed
by the matter-bounded slab is reduced to P2%5 / P;)as ~ 0.1 .
This implies that for =y > 10 radiation pressure exceeds gas
pressure. To determine the corresponding value of Uy, we plot
in Fig. 2 the temperature of a thin gas layer photoionized by
the distribution described in Sect. 2.2 (Fig. 1, dashed line) as
a function of both ionization parameters — = (solid line, to be
read along the top axis) and Uy (dotted line, to be read along
the bottom axis). We see that Uy is 0.25 when = is 10. In
Sect. 2.5 we propose a density prescription in which the strong
force exerted by radiation sets up an internal density gradient.
The suggestion that clouds might be compressed by radiation
pressure at high U was first made by Davidson (1972).

Because it corresponds to an integral of ¢, /hv, the detailed
shape of the Uy curve up to Uy~ 3 is quite insentive to the high
energy cut-off and is therefore more appropriate for determining
the point where radiation pressure exceeds gas pressure (i.e.
at Up> 0.25 for the matter-bounded slab). At the highest end
of Uy and = in Fig. 2, both curves join at the corresponding
Compton temperature which is, however, a strong function of the
X-ray cut-off. The sharp structure seen in the =¢ curve around
To= 10°-3 was not found in earlier work (e.g. Krolik et al. 1981;
Mathews & Ferland 1987). A similar feature is nevertheless
present in the more recent papers of Komossa & Fink (1997a,b)
who used the code Cloudy.

2.4. Matter-bounded vs ionization-bounded clouds

The excitation mechanism of the NLR and the ENLR is gener-
ally agreed to be photoionization. However, despite broad suc-
cess in fitting the strongest optical lines, there are still signifi-
cant problems with photoionization models. For instance, one
has the temperature problem, in which the temperature sensitive
ratio [O 111]A4363/[O 111]A5007 is predicted to be smaller than
is observed (Tadhunter et al. 1989; Paper I; Wilson, Binette &
Storchi-Bergmann 1997). Another significant problem is that of
the high excitation lines which are predicted to be much weaker
than observed (e.g. [Ne VI/Hp) (cf. Stasinska 1984; Viegas &
Gruenwald 1988; Paper I). Shock excitation or a mixture of
shock and photoionization have been proposed to resolve these
discrepancies (cf., Contini & Viegas-Aldrovandi 1989, Dopita
& Sutherland 1996).

In Paper I, we have shown how inclusion of photoionized
matter-bounded (MB) clouds of sufficiently high excitation
(Up=0.04) to reproduce the high excitation [Ne v]A3426 lines
can solve the above problems. These MB clouds were consid-
ered to be sufficiently thick to reprocess ~ 40% of the ionizing
photons to which they were exposed. The low excitation lines
were accounted for by a population of low ionization parameter,
ionization-bounded (IB) clouds exposed to the ionizing radia-
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Fig. 2. Equilibrium gas temperature as a function of the pressure ioniza-
tion parameter = (solid line, top axis) and as a function of the number
density ionization parameter Uy (dotted line, bottom axis). The posi-
tion of the three models (L, M, H) of Table 1 which have Uy= 0.02,
0.05 and 0.5, respectively, appear as stars on both curves.

tion spectrum which exits the MB clouds (solid line, Fig. 1).
Varying the relative proportion of the two types of clouds was
found to have a similar effect on the combined emission line
spectrum to varying Uy in a traditional ionization parameter se-
quence. We adopt here a similar scheme by considering that all
the coronal lines are produced within MB clouds, some of which
must evidently be much more highly excited than the clouds in-
voked in Paper I. The extensive set of coronal lines measured
by Mo096 will be used as constraints on the physical parameters
of the matter-bounded photoionized gas. The IB clouds, which
account for the low excitation lines, will be discussed later in
Sect. 5.

2.5. Strong density gradient as a result of radiation pressure

Binette & Raga (1989) computed the emission-line spectra ema-
nating from one-dimensional clouds with fixed internal density
gradients of arbitrary steepness. They showed that the g = 1
case (density decreasing outward from the center of the cloud
as =) was particularly interesting since the overall excitation
of the spectrum (i.e. the emissivity averaged U) and the line
ratios tended asymptotically towards constant values, indepen-
dent of the strength of the ionization radiation. This surprising
result originates from the fact that a model with 3 = 1 gener-
ates a ‘frozen-in’ excitation structure provided Uy is sufficiently
large. Further increases in qg produce over-ionized zones with
low emissivity at the face of the cloud; such zones do not con-
tribute to the lines of interest. Although they did not explore how
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such gradients might come about, we propose here that they re-
sult from radiation pressure. In effect, for Uy>> 0.1, the radiative
force is strong enough to set up a density gradient within the
cloud, which approaches the case 8 = 1 as demonstrated in
Appendix.

Sect. A.3 in Appendix describes our implementation of the
effects of radiation pressure in MAPPINGS IC. Fig. 3 shows the
results of calculations with this code which confirm the asymp-
totic behaviour of the line ratios by comparing successive cal-
culations with increasing ionizing photon number, qg (1 being
kept constant). For instance, the [O 111]A5007, [Ne vI]7.66um
and all the C, Si lines tend at very large U, towards constant val-
ues relative to H3. The notable exceptions are, of course, lines
with low critical densities which are progressively suppressed
as the increasing radiation compresses further the slab, pushing
the relevant ionized zones deeper into the cloud and causing n
to increase with increasing Uy. Alternatively, if we generate a
sequence of models in which the increase in Uy is obtained by
progressively reducing the density ng (with qo held constant),
as shown in Fig. 4, then the mean density 7 (dotted line) as well
as all line ratios tend towards a constant value at very large Uy.
In both figures, the mean ionization parameter U= Ug(ng /),
as defined in the Appendix (Sect. A.2), tends toward a constant
value.

The behaviour of the average density 71 as one increases qg in
Fig. 3b illustrates the magnitude of the density gradient across
the MB structure : first, there is a gradual increase of 1 with
increasing Uy (for Up< 0.1) then a more rapid change (for Up>
0.1). When 7 and Uy become proportional, U is constant (see
eqgs. A.12—-A.14) indicating that the excitation structure relative
to the Stromgren boundary is ‘frozen in’. In Fig. 3a and 4a, the
short dash line describes the relative importance of the radiation
pressure absorbed within the MB slab, which exceeds Pgas for
Up> 0.2.

3. Model parameters inferred from Circinus
3.1. A high ionization parameter

The strengths of the extremely high excitation lines, such as
[S1x] and [Si1X], observed by OSMM in the Circinus Galaxy
could not be reproduced using the ionization parameter Uy=0.04
adopted in Paper 1. As a first step, we determined that values as
high as Uy=0.5 are needed to account for the relative strength of
[S1x]1.25um and [Si1X]3.935um. Adopting Up=0.5, the sec-
ond step consisted of determining the thickness of the high ex-
citation MB clouds. This was obtained by simply requiring that
the model fit the relative strengths of all three infrared silicon
lines. These span a wide range in excitation yet are exclusively
produced within the MB component. In our calculations, [Si V1]
effectively sets the thickness of the MB slab since too much
[Sivi] is generated if the MB component is excessively thick.
In short, the Si species observed in the ratio: {[Sivi]1.963um
2 [Sivin]2.483um : [Si1x]3.935um} = {0.60 : 1.0 : 1.3} were
successfully reproduced with a slab thickness such that 35% of
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Fig. 3a and b. High excitation line ratios relative to HG emitted by
a matter-bounded slab which reproceses 35% of the incident ionizing
radiation. The calculations were performed for a range of ionization
parameter (Up) obtained by increasing o and taking into account the
variation of density with distance into the cloud resulting from radiation
pressure (Sect. 2.5). The lines are labelled with their wavelength in A
or um. a oxygen (solid line), iron (dotted-dashed line) and carbon (long
dash line). The short dash line indicates the relative importance of the
radiative pressure exerted within the MB slab. b neon (long dash line)
and silicon (solid line). The dotted line represents the average density
relative to the density ng (= 1000 cm™>) at the irradiated surface of
the slab. For Up>> 0.1, line ratios of density stratified models tend
asymptotically towards constant values except for the density sensitive
lines like [0 1v]25.90um, [Ne v]24.31um and [Ne v]14.32pm.

the ionizing photons are absorbed by the MB slab. This number
is very similar to that favored in Paper 1.

3.2. The density

To select the density, we also proceed from observations. As
indicated by Mo096, the [Ne v] 24.3 ym/14.3 pm line ratio pro-
vides an excellent density diagnostic for the high excitation gas.
The observed value of 1.5 indicates a density = 5000 cm 3 for
the [Ne V] emitting gas. This ratio is reproduced in our model
with Uy=0.5 by adopting a density at the irradiated cloud surface
of ng=1000cm 3. As aresult of the increasing density with in-
creasing distance into the MB slab, reaching 12 000 cm — at the
back of the cloud, the [Ne v] emitting region has the appropriate
average density of ~ 4700 cm 3.

3.3. Solar metallicity and dust-free gas

We assume the gas is dust-free and of solar metallicity (Anders
& Grevesse 1989). An absence of dust in the MB cloud can be
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Fig. 4a and b. Same as in Fig. 3 except that the increase in Uy was ob-
tained by decreasing no. For Up>> 0.1, the mean density 7/1000 cm ~°
and all line ratios tend asymptotically towards a constant value.

justified on the grounds that the strength of [Ca vIII]2.321um
is perfectly consistent with the solar Ca/H abundance ratio,
therefore implying that depletion into dust grains is negligi-
ble (see OSMM). It is worth noting that OSMM did not detect
any [Ca11]A\7291 while its strength is predicted to exceed ob-
served neighboring lines of [Ar 111]A7135 and [O 11]AA7325 (cf.
Table 1). This suggests that dust is probably present in the low
excitation IB component (Villar-Martin & Binette 1996).

3.4. Line ratios from the high excitation MB cloud

As described in the above subsections, we adopt Up=0.5, and
no=1 000 cm 3 for our MB cloud which absorbs ~ 35% of the
incident ionizing radiation. The calculated UV, optical and in-
frared line strengths are presented in Table 1 and are identified
as model H (third column, heading Rf\AB). For comparison, we
include in Table 1 two other models, M and L, which differ only
in their lower ionization parameters of Uy = 0.05 and 0.02, re-
spectively. The discussion of these and of their corresponding
low excitation IB components (heading RY; in Table 1) is post-
poned to Sect. 5.

4. Results and comparison with Circinus
4.1. Comparison with coronal line ratios

OSMM observed lines of very high excitation, mostly found in
the infrared, in the Circinus Galaxy. Mo96 recently augmented
the dataset with ISO observations out to 45 pm.

We now compare the spectrum of model H (Table 1) with
the coronal lines observed in Circinus. As the [Si1X]3.935um
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Fig. 5. Observed divided by modelled line flux ratios, where all ra-
tios are expressed relative to [Si1X]3.935um. The lines plotted in-
clude [0 1v]25.90um (open square), [Si vi]1.963um, [Si vir]2.483 um,
[Si1x]3.935um (filled circles), [S1v]10.54pm, [S VIII]A9913, [SIX]
1.25pm (filled squares), [Nev]14.32um, [NeVv]24.31um, [Ne Vvi]
7.66pm (upper filled triangles), [MgVv]5.62um, [MgVvII]5.51pum,
[Mg vi11]3.03pm (open triangles), [Ca vIi1]2.321 um(open pentagon),
[Fe viI]A6086 and [Fe x]\6374 (lower filled triangles). The model is
a stratified matter-bounded slab with Uy=0.5.

line was measured both by ISO (M096) and from the ground
(OSMM), we combined the two data sets by expressing all line
ratios relative to their respective [Si 1X] flux measurement. As a
rule, we retain the OSMM ratios only for the lines not measured
with ISO (e.g. [Fe x]\6374). Note that the optical groundbased
observations were corrected for reddening (Ay = 5.2) while
the ISO data was not. Reddening is of little consegence in the
mid- and far-infrared since the correction is smaller than the
observational errors.

We present in Fig. 5 the ratio of observed to model line
fluxes as a function of ionization energy. This diagram may be
compared directly with the corresponding Fig. 4 of M096. We
have omitted [Ne111]15.55um since this line is dominated by
the IB component (cf. Table 1). The degree of agreement be-
tween model and observations is similar for our model and that
of M096. Except for the iron lines (discussed below, but not
shown in Fig. 4 of M096) and [Mg v11]5.51um, the dispersion
in our Fig. 5 is less than a factor of two, which represents good
agreement considering the uncertainties in atomic data (see re-
view by Oliva 1997). The discrepancy between our results and
those of M096 for [Mg Vv11] is probably due to the use of different
atomic data. We therefore conclude that MB clouds with inter-
nal density gradients induced by radiation pressure are equally
successful in fitting the observations as the onion ring geometry
with a UV bump studied by OSMM and Mo096.
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Table 1. MB and IB line ratios relative to HG (=1.00)

Species

Ha

He 11
Henn
He1
Civ
Cr]
Cii]
Nv
Nii1]
[N11]
[N11]
[NT1]
Ovi1
Oov]
[O1v]
O111]
[O111]
[O111]
[O11]
[O11]
[O1]
[Ne vi]
[Ne v]
[Nev]
[Ne v]
[Ner1v]
[Ne111]
[Ne1i1]
[Ne11]
[Mg viii]
[Mgvi]
[Mg V]
Mg11
[Siix]
[Sivir]
[Sivr]
[S1x]
[S vir]
[S1v]
[S111]
[S 1]
[S11]
[S11]
[S11]
[S11]
[Cawviir]
[Ca11]
[Fe x]
[Fe vii]

* Ca/H is not depleted

Label
Uo
Cumyi

A

6563 A
1640 A
4686 A
5876 A
1549° A
1909° A
2326 A
1240° A
1749° A
5755 A
6583 A
5200° A
1035° A
1218 A
25.9 um
1663° A
4363 A
5007 A
3727° A
7330° A
6300 A
7.6 pm
3426 A
14.3 pm
24.2 ym
2423 A
3869A
15.6 um
12.8 pm
3.3 um
5.5 um
5.6 um
2800 A
3.93 um
2.48 um
1.96 ym
1.25 pm
9913 A
10.5 pm
9531 A
18.7 um
33.6 um
4072° A
6716 A
6731 A
2.32" ym
7291° A
6374 A
6086 A
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Model H
0.5

0.461
Ryp Rip
2.76 2.89
5.14 561073
0.60 1.01073
481072 0.16
9.95 53107*
1.83 0.39
0 0.12
4.0 0
0.15 741073
9.3107° 5001072
251073 346
0 0.31
42.6 20107
9.04 0
2.74 8.110~*
1.61 141072
0.538 1.631072
22.8 3.56
271072 548
26107 0.20
0 1.15
2.01 0
3.05 0
3.86 27107
2.55 1.3107*
1.12 0
1.37 0.66
0.84 1.61
9.7107* 342
0.77 0
0.19 0
0.29 0
449107 261
0.45 0
0.35 0
0.22 0
0.18 0
0.14 0
0.99 5.01072
391072 256
751073 1.33
1.6107%  0.64
0 0.27
0 1.25
0 1.67
921072 0
47107%  1.24
0.81 0
0.46 0

Model M

0.05

0.368
Ryp Rip
2.77 2.93
6.52 8.61073
0.85 1.61073
281072 0.19
11.9 0
4.00 0.10
0 0.14
2.01 0
0.28 3.9107*
3.6107* 3.541072
9.1107* 3.20
0 0.23
5.66 0
3.63 0
11.7 1.4107*
1.02 6.6107*
0.393 8.7510~*
182 0.24
831072 5.19
30107 891072
0 0.97
1.23 0
3.58 0
9.32 0
8.02 0
1.84 0
0.98 0.20
0.56 0.66
98107 2.18
0.27 0
0.26 0
0.47 0
31107 1.92
391072 0
0.54 0
0.46 0
141072 0
541072 0
1.37 3.5107°
561072 148
1.71072  1.08
95107 095
0 0.22
1.2107%  1.12
1.6107% 141
251072 0
131073 1.51
151072 0
0.55 0

® Sum of doublet terms

Model L

0.02

0.354
Ry Rip
2.79 2.95
5.78 1.08 1072
0.84 201073
351072 0.20
6.58 0
4.50 451072
22107*%  0.11
0.47 0
0.29 0
1.11073 2721072
341072 278
0 0.25
0.48 0
0.74 0
16.3 0
0.72 121074
0.336 1.70107*
20.3 521072
0.20 4.10
55107 5.61072
0 1.0
0.42 0
1.78 0
7.54 0
6.56 0
1.58 0
1.19 8.41072
0.84 0.33
25107 174
431072 0
0.10 0
0.81 0
1.1107%2  1.63
281073 0
0.27 0
0.52 0
42107% 0
441073 0
241 1.021073
0.15 1.06
491072  0.80
321072 0.82
0 0.22
54107%  1.23
7.0107* 153
27107 0
74107 146
24107% 0
0.16 0
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4.2. ‘Onion’ ring vs cloud geometry

As in Korista & Ferland (1989), OSMM considered that the
high excitation gas in Circinus has a filling factor close to unity
and a geometry analogous to that of a multilayered ‘onion’,
with the excitation of the gas decreasing radially as a result of
the increasing dilution of the nuclear radiation. We have pro-
posed here a different geometry in which each individual cloud
is sufficiently stratified in excitation to emit the entire observed
range of high excitation lines. In our model, the basic difference
between NLR clouds and the gas emitting the coronal lines is
that the latter have a much higher ionization parameter. On the
other hand, the alternative ‘onion’ ring geometry presupposes
a uniform distribution of gas which differs from the very low
volume filling factor believed to characterize the NLR (Oster-
brock 1989). In the specific case of Circinus, a uniform spherical
distribution of coronal gas at the high density inferred from the
[Ne v]24.3 um/14.3 pm ratio implies that the highest excitation
species are confined to radii smaller than 0.2” (M096); other-
wise the coronal line luminosities would exceed the observed
level?. To the extent that the photon luminosity of the source is
unconstrained, this limit in radial distance does not apply to our
model since our line luminosities are governed by the covering
factor, which is a free parameter.

The geometrical depth of our internally stratified cloud in
model H is only 1 pc (hydrogen column density of 7.8 x 10*!
atoms cm~2), or ~ 0.05” at the distance of Circinus (D = 4
Mpc). Knowing 72 of the coronal gas, the brightness predicted for
[Si1x]3.935m by model H, and the observed [Si1xX]3.935um
luminosity in Circinus (~ 6.1 10~ '3 ergcm =2 s~ ! after correct-
ing for extinction), we infer that the total cross sectional area of
the MB clouds responsible for the coronal line emission must be
165(D /4 Mpc)? pc?. This would imply a covering factor Qyp
of 0.13 if the clouds were to lie at a mean radius of 10 pc (0.5”)
from an isotropic nuclear source. The inferred ionizing photon
luminosity in this case is 10°>*/Qyp for an isotropic source,
which is similar to the value derived by Mo96.

4.3. The iron lines

Although encouraging, Fig. 5 shows significant discrepancies in
the case of the optical Fe lines (which were left out of Fig. 4 of
Mo096). One possible explanation is the large uncertainty in the
collision strengths of some Fe transitions. Chief among these
is [Fe Xx]J\6374 for which recent determinations of the colli-
sion strength by Mohan et al.(1994) and Pelan & Berrington
(1995) differ by an order of magnitude. Another factor is the
large extinction. If obscuration is nonuniform over the nuclear
regions of the Circinus Galaxy, dereddening of the emission line
spectrum is not possible without precise knowledge of the dust
distribution. The fact that the Fe lines are the only optical lines
in Fig. 5 is probably not a coincidence. It is conceivable that one
sees in the optical only a small portion of the emission region

2 A very thin isobaric shell of large radius is not allowed either since

its ionization structure would not encompass a sufficiently wide range
in excitation.
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observed in the far infrared. Finally, model H cannot account
for the luminosity of [Fe X1]A\7892 as observed by OSMM.

4.4. The energy distribution: UV bump or no UV bump?

Since our fit to the line ratios is of similar quality to that of
Mo96, we argue that one cannot uniquely determine the spec-
trum of the ionizing radiation from the emission-line ratios. We
do not exclude the possibility of a UV bump but consider that
its existence cannot be proven with the line ratios plotted in
Fig. 5. We have explored using various energy distributions,
some very similar to that of M096, but without obtaining any
real improvement. The most likely explanation for this differ-
ence between our results and those of M096 is the presence of
density gradients in our models. Internally stratified slabs pro-
duce a significantly ‘richer’ mixture of high and low excitation
lines in comparison with the standard isobaric models (Binette
& Raga 1990). Even if we lower the X-ray luminosity by joining
the two power-laws of Fig. 1 (dash-lines) at 4 000 eV instead of
500 eV, we obtain almost indistinguishable results by simply
using a slightly lower U.

5. The intermediate and low excitation lines
5.1. Rarity of clouds with coronal line emission

OSMM showed that unlike the coronal lines, the velocities of
the optical lines of [O 111]A5007, [N 11]A6583, [O1], [S11], HS
and He 11 \4686 are essentially consistent with systemic. In-
spired by the work of Viegas & Prieto (1992), we have dis-
cussed in Paper I the possible existence of two populations of
clouds to explain the range of gaseous excitation observed in the
optical in a small sample of Seyfert and radio galaxies. What
are the implications of a much higher excitation component
for this kind of model? Although the matter-bounded compo-
nent of model H does account for the coronal lines, it is prob-
ably unsuitable for the bulk of the intermediate excitation lines
(e.g. [O111]), which are at least in part kinematically distinct
(OSMM). There must also be gas of lower excitation because
the ratios of the coronal lines to the recombination lines are
larger in model H than is observed. For instance, adopting a re-
combination case B ratio of Bra/HB= 0.06 (T, = 20 000 K), we
infer that the [Si1X]3.935um/Hp ratio in Circinus is ~ 0.066.
This value is 7 times smaller than that predicted by the matter-
bounded component of model H. Of course part or all of the
ionizing radiation escaping the MB slab (65%) can be repro-
cessed by more distant/denser low excitation clouds. However,
even allowing for this (adopting Ayg/1=2.5 as discussed below),
we find that the coronal gas component must have a covering
factor of only a quarter of that of other less excited but still
matter-bounded clouds. For this reason, we have calculated MB
models of lower U, (Table 1). As the lowest excitation coronal
lines (e.g. [Sivi],[O1v], [S1V]) in Fig. 5 can be produced by
the lower Uy models, a proper fit of all the coronal lines would
entail combining model H with other models of lesser excita-
tion such as the MB component of model M (Uy= 0.05). We
believe, however, that such an attempt is premature given the
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few constraints available and the uncertainties in atomic data
and metallicity.

5.2. The low excitation IB component

Whether or not the observations require a range in excitation
for the MB clouds, 65% of the impinging ionizing photons still
escape those clouds. We therefore propose, as in Paper I, that
some of these unabsorbed photons are absorbed at larger radii
and reprocessed into the observed low excitation lines. This
component, dubbed IB (ionization-bounded) in Paper I, can be
calculated for each MB component in Table 1 once we decide
on its ionization parameter Ujg. As we do not have enough
information to determine the proper combination of the matter-
bounded models H, M and L, we are even less inclined to try to
determine which IB component is most appropriate. The IB line
spectra listed in Table. 1 are therefore tentative and are intended
for comparison with other Seyferts.

As Urg cannot be constrained from the optical spectrum of
Circinus alone, we have adopted as constraints the same sam-
ple of line ratios as in Paper I, which are representative of the
ENLR of Seyfert and radio galaxies. We found that an ioniza-
tion parameter of Uy = 6.5 10~* allows model H (see fol-
lowing sections) to fit reasonably well most of the line ratios
covered in Paper I. This Uy is realized by simply applying a
geometrical dilution factor of 10~ to the spectrum transmitted
through the MB component. For definiteness we have set Ujg
constant for all three models. For some of the lines, the intensi-
ties are quite similar across the three IB models of Table 1 (e.g.
[O11]AA3727, [O1]A6300, [S 11]JAA6724 and [N 11]A6583). We
have not explored a lower density IB component (of equal Upg,
therefore implying a higher dilution of the radiation) as would
be required to account for the low density inferred from [S 11] in
Circinus (=~ 400 cm—3). Such a procedure, however, has been
successfully applied by Rodriguez-Ardilla et al. (1997) to the
two Seyferts A08.12 and F10.01 which are characterized by a
much larger density contrast between the high and low excita-
tion emission line regions.

5.2.1. The parametrized Ay/1—sequence

The parameter Ay is used to represent the relative proportion
of visible MB and IB clouds. It is a free parameter which alters
the level of excitation of the spectra in much the same way as
the ionization parameter in traditional photoionization models.
A sequence of models as a function of Ay;/; may be obtained
by combining the MB and IB spectra of any of the three models
of Table 1 as follows:

RliB + CM/IAM/IRf\/[B

R (Am/p) =
seq(Ant/) 1+ Cy/1Am it

3

where Rieq, Ri;p, Rip are the line ratios relative to H3 of line 4.
Cwm/1 represents the luminosity ratio of the H3 produced by the
MB component relative to the IB component and is a constant

for a given model.
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Fig. 6. Diagram of the temperature sensitive line ratio Rom
(4363A/5007A) against He1/HQ. Filled symbols represent radio
galaxies while open symbols are for Seyferts. Dotted lines join mea-
surements at different locations in the same galaxy. Smaller symbols
denote extended emission line regions (EELR) while the larger sym-
bols denote the nuclear ratios (NLR). The solid line represents the
Ay/i—sequence (0.04 < Ay < 16) of our model H with Ay in-
creasing from left to right along the solid line. The asterisks are sepa-
rated by 0.2 dex in Ayy/; and the larger asterisk denotes the position of
the model with Ay/1= 1 (see eqn. 3). The long dashed lines represent
Ay /1—sequences of models M and L. The dotted line represents the
lower density Ay i—sequence of Paper L.

Our scheme for using matter-bounded components is fairly
simple and basic as it recognizes only two populations of clouds.
However, as shown in Paper 1, it presents significant advan-
tages, including a resolution of the temperature problem. Other
schemes in which a continuous range of cloud opacity is con-
sidered for the NLR or ENLR gas can be found in Komossa &
Shulz (1997), Nazarova et al. (1997), Moore & Cohen (1994,
1996), Acosta et al. (1996), Morganti et al. (1991) and Binette
(1984).

5.2.2. Comparison with Paper I

The Ayj/1—sequence of model H (solid line) is plotted in Figs. 6
and 7. The most direct measure of Ay is the He 11 \M4686/H3
ratio. In the Circinus Galaxy, the dereddened ratio of 0.32 of
OSMM indicates a value of Ay;/;~ 2.5.

In Fig. 6 we see that model H reaches Ropp = 0.02,
corresponding to T, ~15000K (at a density of 10*cm™3),
in agreement with the high EELR temperatures inferred
by Storchi-Bergmann et al. (1996) and Wilson, Binette &
Storchi-Bergmann (1997). Fig. 7 indicates that very small
[N 1I]A6583/H ratios, as observed in Pks 0349-27 (filled tri-
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Fig. 7. Diagram of the line ratios [N 11]/Hc against He 11/H(3. The sym-
bols and lines have the same meaning as in Fig. 6.

angles), are not necessarily a signature of star formation but a
natural consequence of having a region dominated by matter-
bounded clouds (Binette 1984).

6. Conclusions

We have studied the possibility that dense matter-bounded
clouds are responsible for the emission of the coronal lines in the
Circinus galaxy. In our scheme, the clouds emitting the coronal
lines have a much higher ionization parameter (Uy) than those
responsible for the rest of the narrow lines. Further, the high val-
ues of Uy implied by the observed [Si1X]/[Si vI] ratio implies
that radiation pressure exceeds gas pressure. We have incorpo-
rated the effects of radiation pressure into our calculations and
shown that strong density gradients result. The density gradient
is similar to the case n(x) oc 2! discussed by Binette & Raga
(1990). The agreement between our density stratified MB model
and the observed coronal line ratios in Circinus is very encour-
aging, and leads us to suspect that the blueshift characterizing
the coronal gas might result from radiative acceleration.
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Appendix A: density gradients from radiation pressure

It is customary to assume constant pressure in photoionization
calculations, i.e. to employ at each point of the nebula a total
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density which depends on the local temperature and on the ion-
ization fraction of H and He. The dynamical impact of the im-
pinging radiation is not considered and the gas is assumed static.
These assumptions can be justified by the fact that, in general,
the timescales for photoionized plasmas to reach local thermal
and ionization equilibrium are much shorter than the dynami-
cal timescales. From this perspective, photoionization models
represent a series of “snapshots” of the nebular ionization and
density structure. However, if one adopts unusually large ioniza-
tion parameters (U > 0.1) radiation pressure can no longer be
ignored, since it exceeds gas pressure, as shown in Sect 2.3. To
take account of radiation pressure in a semi-quantitative man-
ner in the one dimensional case, we have developed a density
prescription which is consistent with the assumption of hydro-
static equilibrium, but takes into account the force exerted by
radiation from an external source.

If a cloud of neutral gas is suddenly irradiated by an exter-
nal ionizing radiation field, the cloud surface becomes ionized,
and an ionization front travels into the cloud. The photoionized
layer is heated to T' ~ 10* K, resulting in a substantial over-
pressure which drives an outward flow of gas whose density
decreases (thereby increasing U) with time. However, in the
one dimensional case, the radiation pressure of the photon field
on the gas will tend to stop this outward flow. Let us consider
what happens in one dimension if the gas density profile evolves
towards that of a balance between the gas pressure gradient (di-
rected outward) and the force due to the gradual absorption of
the incident ionizing photon field (directed inward).

For the simple case of a pure hydrogen slab we derive
(Sect. A.1) analytical expressions describing the principles be-
hind the production of a density gradient by radiation pressure.
In Sect. A.2, we discuss some of the properties of internal den-
sity gradients, while in Sect. A.3 we describe the numerical
implementation of this density prescription in MAPPINGS IC,
which includes elements other than hydrogen.

A.l. Density behaviour in the hydrostatic case

Let us assume that the line emission originates from gas clouds
which are ‘near’ hydrostatic equilibrium. We assume that the
emitting region consist of many clouds at various distances 7;
from the central ionizing source. In this scheme, the cloud di-
mensions are much smaller than r;, which allows us to approx-
imate each cloud as a slab and to describe its characteristics in
the one dimension x. Unlike other works on ionized nebulae and
only for the purpose of simplifying the analytical expressions,
we adopt the convention that the spatial coordinate x increases
outward from the cloud interior, having its origin beyond the
position of the “Stromgren boundary” xg where hydrogen be-
comes neutral. Note that all quantities measured at the irradiated
surface (i.e. at x = L, cf. equations A.10—A.11) carry O as a su-
perscript or a subscript.

The clouds may or may not be of the same density. If their
‘front’ density n? (i.e. at their irradiated face) was to differ
such that n? o r; * then the ratio of radiation pressure to gas
pressure would be the same for all clouds. On the other hand,
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if their ‘front’ dentities were all the same, the impact on each
cloud of the radiation pressure would be a decreasing function
of the distance from the ionizing source.

Letus now concentrate on a single cloud which in our simpli-
fied treatment is approximated as an isothermal pure hydrogen
ionization-bounded photoionized slab. We have the equation of
state :

P=2nkT, (A.1)

where P is the local gas pressure, n (= ngrr = n.) the pro-
ton density (function of x) and 7" the temperature (a constant).
Neglecting the presence of other forces, we have :

dP
dx
where F}..4 is the force produced by the radiation pressure as

a result of photoelectric absorption and ng; (<K nyyr) is the
number density of neutral hydrogen. £ is given by :

oo
©y, hv
= ydv.
¢ ‘/’/l hv ca v

where ,, is the monochromatic ionizing energy flux impinging
on the cloud and a,, the photoionization cross section from the
ground state of hydrogen. The equilibrium ionization balance
of hydrogen is described by :

(A.2)

= —L'rad = _nHIé-v

(A.3)

nzaB

nygr = o (A.4)

where ap is the hydrogen radiative recombination coefficient
to excited states and ¢ is given by :

OOQDV
= Ldv.
P /Vl hua v

Combining equations A.1-A.4 and assuming an isothermal tem-
perature distribution, we obtain :

(A.5)

dn _ S ap ¢
de =~ 2kT

A simple solution to this differential equation can be obtained if
we neglect the effects of the diffuse radiation and the hardening
of the ionizing photon field. In this approximation, the ratio
¢/ is independent of z and so is a constant in the integration
of eqn. A.6. We should note that for a ¢, o 7 power law
ionizing photon field, this ratio takes the simple form :

§ _ hl/l 3 - Y

v e \2-9)"
where v is the Lyman frequency, and we have made use of the
fact that a,, o< v—3. In this way, we can integrate eqn. A.6 to

obtain the important result that the position-dependent density
of the cloud, n@), decreases outward, namely :

(A.6)

(A7)

noL

n(x) = v (A.8)
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where ny is the density at the outer boundary (z = L) of the
cloud. The product ny L, the significance of which is discussed
below, contains the following constants :

(A.9)

2kT )  2kT ¢ (27)
nog L = = .

ap 5_ ap hvy \3 -~

The implied divergence of the gas density forx — Oineqn. A.6
is an artifact of not considering opacity explicitly in equations
A.3and A.5. As power law continua generate an extensive semi-
ionized region, the details of the transition between the fully
ionized region and the neutral region atx < xg are notdescribed
in the above simplified formulation. As described in Sect. A.3,
these two limitations are overcome in MAPPINGS IC by properly
solving for the transfer across the slab and by taking into account
the opacity of all abundant metals and ions.

A.2. Implications of strong density stratification

In a paper by Binette & Raga (1990; BR90), photoionization
calculations were presented in which the gaseous condensations
had ‘built-in’ density stratification with a density profile of the
form :

L B
n(x)=n0<x> sx < L, (A.10)

n(x)=0;x > L (A.11)

where ng corresponds to the density at the slab’s irradiated sur-
face (i.e. at x = L). It was found that when the density decreases
outward as 2~ ! (i.e. 3 = 1), the value taken by the ‘mean’ (i.e.
emissivity averaged) ionization parameter (U), as well as the
line ratios, does not change with increasing intensity of the
ionizing radiation. The authors did not explore in detail how
such a stratification might come about. The hydro-static solu-
tion presented above, however, shows that radiation pressure, if
important (U= 0.2), can induce such a gradient.

Let us adopt the same definition of the ‘mean’ ionization
parameter as BR90 :

o= (A.12)
nc

where 71 is the mean density, weighted by the local emissivity
of the gas (which we take to be proportional to n?) :

f;: [n(z)]* n(x) dz
[os In(@)]* da
where the inner limit of integration is zg, the position of the

“Stromgren boundary” which is assumed to be abrupt. xg is
given by :

(A.13)

n=

28— 1

So+1
n(z)ozBL 0

—1/2B-D
} , (A.14)

:E5=L|:
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For the case that interests us (G = 1), BR90 found that the
mean ionization parameter U is simply given by :

_ 20 —0.83
U= CBnoL ~ 1.7 % 10" 3noL <104K> , (A.15)

and is therefore independent of the ionizing flux qp and depends
only on the normalization constant ngL. BR90 found that the
line ratios also become independent of the strength of the source
(see their Fig. 2) except for the density sensitive lines which
become collisionally suppressed as 7 increases linearly with
do- As shown in Fig. 3 of Sect. 2.5, we obtain a similar result
when the gradient results from radiation pressure.

Constant U is obtained only in the case of a strong density
gradient. BRO0O showed that this condition requires L < D%,
where D% = qo/(n§ap) is the Stromgen distance at which hy-
drogen would become neutral in the slab if it were of constant
density n(x) = ng throughout (i.e. isochoric). We rewrite this
condition (which applies only to the ‘built-in’ density stratifi-
cation with § = 1 of BR90) in terms of gy or Uy = 7?;’6 as
follows :

do Upc

=x>1, (A.16)

niagL  apnol
Ineq. 15, the normalization constant ng L is a free parameter. To
the extent that the above condition is satisfied, clouds of similar
noL distributed at various r; around a point-like ionizing source
will have U independent of the distance from the source (see
BRI0 for a discussion of the limitations of this property). For
line ratios, the situation is more complex due to the process of
collisional de-excitation which introduces a dependence of the
emissivity on the critical density. Only in the low density regime
are line ratios of all clouds of similar n L strictly constant, pro-
vided that x >> 1 and the species of interest are fully contained
within the ionization structure of the slab (between x = L and
T=2xg).

A.3. Implementation of radiation pressure in MAPPINGS IC

The treatment presented is a numerical expression of Sect. A.1
generalized to take into account the opacity of heavier elements.
Since in a photoionization code the integration of the transfer
equations proceeds from the irradiated face inward, let us intro-
duce the spatial coordinate y = L — x. The code MAPPINGS IC
divides the photoionized slab into N small layers (N ~ 10?)
of geometrical depth dy;. Starting at y = 0, the code sequen-
tially solves for the temperature and ionization balance at each
of the boundaries ¢, that is at each y; = Z;‘:O Oyj; (starting with
byo = 0). The gas densities n; are derived from the equation of
state, that is from the local gas pressure, Pgias. The gas pressure
at boundary 7 must balance the cumulative pressure exerted by
the outer gas layers j < ¢ as well as by the volume force exerted
within 6y; by absorption of ionizing radiation. We therefore
have :

pi = pi—l, (Fi—l _ Fci_l) i

gas gas rad

(A.17)
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where ngdl is the volume force evaluated at yy;_; due to absorp-
tion of the impinging radiation and F!~! a term representing the
inertial and gravitational forces (see below). We have :

e’} —rt
=S [ T i v,
m=1 k=0 Vin voc
(A.18)
where n;(X¥) is the number density of ion +k of atomic species
m within layer 6y;, a,, (X;}*) the corresponding photoionization
cross section with threshold /¥, and ¢ the cumulative opacity

up to y; :

.

i = n;(XF) a,(X3F) y; (A.19)

j=1 m=1 k=0

The summations in A.18 and A.19 are carried over all ions of
significant abundance and can be generalized to include contin-
uous opacity due to dust extinction.

The implementation of bulk acceleration and gravity will
be the subject of a subsequent paper. For completeness, let us
define F! as :

El = (gon» + ac) pi = a., p; , (A.20)

where p; is the density in gem ™3, Gbh,x = GMbh}*/r2 the ac-
celeration due to the nuclear blackhole and/or stellar masses and
a¢; the bulk acceleration of the whole cloud (cf. Mathews 1986).
Only the effective acceleration a/, = gpp, » + G needs be defined
in our calculations. For future work, we define this input param-
eter as W, the ratio of effective acceleration to radiative acceler-
ation at the irradiated face : Uy = a,po/F°, , = FO/F° ;. Inthis
work we have set ¥y =0 (i.e. F} =0). This corresponds to the
situation in which the photoionized clouds are pushing (without
acceleration) against a hot and tenuous medium with the com-
pression being counterbalanced by the drag force. Adopting a
formalism similar to Mathews (1986), the relative pressure dif-
ference between the irradiated face and the back of the slab, 611,
is :

STI = (Pback _ PO

gas gas

) /MIN (Pback PO Y,

gas * gas

(A.21)

It represents the ratio of drag pressure to external pressure (i.e.
the dynamical pressure of the ‘pushing’ clouds whenever §I1 >
0). For the MB slab with Uy= 0.5 discussed in Sect. 2, we obtain
OIT = 1.6. In the simple case Wy = 0, the increase in pressure
across the slab due to absorption of radiation is given by :

N
Pty = " Fl. by; = 811 P

T rad gas >

(A.22)
i=1

A significant gradient in density or gas pressure will only occur if

the available radiation pressure is sufficiently high. Therefore, in

the case of stratification due to radiation pressure, the condition

for constant U discussed in Sect. 2.3 (with ¥, = 0) can be

expressed as follows :
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abs

Prad
PO =6l >1,

gas

(A.23)

where Pgas is the gas pressure at the irradiated surface. [This
condition differs from eq A.14 above which concerned only the
‘built-in” density stratification discussed in BR90.]

The above density prescription remains an idealized way of
considering radiation pressure and is not intended to describe
the full complexity of photoionized regions. Clouds submitted
to significant radiation pressure are particularly prone to der-
imming through the establishment of a lateral flow as shown
by Mathews (1986). Mathews & Veilleux (1989) have reviewed
the problem of cloud stability under conditions appropriate to
the NLR.
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