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ABSTRACT

Very extended regions of highly ionized gas have been observed in many active galaxies.
In most cases the emission aligns with the radio structure. However morphological
differences in the spatial distribution of the emitting gas are found depending on the
AGN type. The line emitting gas around radio galaxies and QSQO’s appears to very
extended and luminous but very filamentary. On the contrary the extended emission
around the radio-quiet Seyfert galaxies is distributed generally into two cones, the axis
is aligned with the radio structure and the apices point to the nucleus. Such emission
extends well beyond the classical narrow line region. In this work we will concentrate
in the latter class of objects, namely those showing the ionization cones.

The physical conditions of the emitting gas can be estimated from the line spectrum,
and it results to be a low density gas ny ~ 102 — 10® ¢m™3, with temperature T ~
101 K. There is evidence that photoionization by the active nucleus is the most likely
excitation mechanism. The emission line spectrum is very similar to that observed for
the Narrow Line Region, we will consider the current models for this region and present
its problems. We will use simple ionizing continua (black body, power law and accretion
disk spectra) to make predictions and discuss the agreement of these predictions with
the observed emission line spectrum. Black body emission with T ~ 130000 K, a power
law continuum with spectral index ¢ = —1.5 and thin accretion disk spectra around
black holes of masses 107 — 10® M, produce good agreement with the observed line
emission.

The conical shape of line emitting gas suggests collimation or anisotropy of the
ionizing continuum. There are several ways in which the nuclear continuum can be
collimated: extrinsic mechanisms which block the radiation to escape in certain di-
rections or intrinsic mechanisms where the radiation is emitted anisotropically, like a
relativistic jet or a geometrically thick accretion disk. We shortly review a unification
scheme for Seyfert galaxies, based on the existence of a large obscuring torus located at
distances farther than the Broad Line Region. If the axis of this torus is very inclined
with respect to our line of sight we will observe Seyfert 2 galaxies, instead when the
axis of this torus is close to our line of sight those objects will be observed as Seyfert
1 galaxies.

We investigate the possibility that photoionization by a geometrically thick (radiation—
pressure supported) accretion disk can reproduce the emission line spectra. Such a torus
naturally provides the apparent collimation of the ionizing radiation field, because the
hot funnel of the torus is occulted when viewing at large angles from the disk axis.
We have considered the physical conditions on the emitting surface of these torus and
how variations of the opacity and configuration, due to different angular momentum
distributions will affect the emitted radiation. We conclude that the characteristics
(effective temperature) of the emission are not strongly affected by the variation of the
angular momentum distribution. However the angular dependence of the continuum
emission will be affected by the geometrical change of the configuration.

We use a simple model for a thick accretion disk around a supermassive black hole
and a photoionization code to make theoretical predictions of the line ratios. The
sensitivity of the predicted line ratios to variations in ionization parameter, black hole
mass and accretion disk size is discussed in detail. The majority of line ratios are most
sensitive to the ionization parameter but some are also functions of the accretion disk
size at fixed ionization parameter. QOur results are compared with observational data
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(for Seyfert galaxies), in order to constrain the disk parameters and the properties of
the emission-line clouds. Typical model fits involve an ionization parameter of several
times 1072 and an accretion disk of radius ~ 500 (150) gravitational radii around a
10°Mg (10"My) black hole. The spectral shape of the ionizing continuum is briefly
discussed. The inclusion of additional effects, such as a hard X-ray component and
photoelectric absorption of soft X-rays by gas between the nucleus and the extended
emission-line regions, may improve the agreement between observed and predicted line
ratios.

The predicted angular variation of the emission lines is studied in the frame of a
geometrically thick accretion disk model. We have assumed that the gas is distributed
uniformly in a disk, which contains the rotation axis of the torus. The disk emission
is calculated at different separation angles 4 from the rotation axis and the variation
of the line emission is considered at a fixed distance to the disk. We have considered
different accretion disk configurations and make predictions for the different cases. The
value of the ionization parameter at the rotation axis is fixed from the best fit with the
observed emission line spectrum. Our predictions can not be tested directly with the
observations, because the data are lacking at this moment. We only make a qualitative
discussion of our predictions. We will ask the prediction for the [OIII] A5007 emission to
decrease at large 0, and this is the figure of merit of the model. We have found that the
variation of the emission lines as predicted by the disk emission with M ~ 10% M, is not
consistent with the expected decrease at large §. However models with M ~ 108 M
are more appropriate. In the latter models the variation of the line emission shows
a plateau at small § and then a sudden decrease at § larger than the opening angle
of the funnel. This different behaviour with M is due to the hardening of the disk
emission with decreasing M. We have arbitrarily tried a different opacity source in
the disk surface, namely free-free absorption, which softens the emitted continuum to
a sum of blackbodies. We have found that the angular variation of the emission line
for M > 10° Mg is consistent in this case with the observed behaviour.
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INTRODUCTION

The optical/UV spectrum of Active Galactic Nuclei shows two distinct types of emission
lines: 1) very broad lines with FWZI ~ 10000 km s~!, which are seen only in the
permitted and semiforbidden lines, and 2) narrow lines with FWZI ~ 1000 kms™?,
which are seen in both permitted and forbidden lines. Seyfert 1 galaxies show both
types of emission lines, while Seyfert 2 galaxies show only narrow lines. Optical QSO’s
show mostly broad lines, although narrow lines have been ocassionally detected.

The standard picture of the line emission assumes that there exist two different
spatial regions where the two types of emission lines are generated:

e The Broad Line Region (BLR) which is located at a distance of ~ 0.1 pc for the
low luminosity objects (Seyfert 1 galaxies), or ~ 1 pe for the high luminosity
objects (distant QSO’s) from the nucleus. The gas density is in the range from
10° to 100 em 3.

o The Narrow Line Region (NLR) is located at distances ranging from 0.1 kpc to
1 kpc from the nucleus. The gas density is in the range 103 to 10% ¢cm 3.

A pictorial description of the spatial scales corresponding to the major features present
in a generic AGN is given in Figure 0.1. The positions of the BLR and the NLR are
indicated.

In the last decade the investigation of the NLR has advanced considerably. This
region is like a bridge connecting the inner BLR where the physical conditions are poorly
known, with the external and more familiar interstellar medium conditions of the host
galaxy. The spatial extent of the NLR is approximately coincident with the arcsecond
radio emission. Apart from the similar spatial scale there are a few other features
which suggest a close relation between the NLR and the radio emission, such as the well
established correlation between the narrow line and the total radio luminosity (Meurs
and Wilson, 1984) and the correlation between total radio power and the FWHM of
the line [OIII] A5007 (Whittle, 1985). Moreover in some cases the outer part of the
NLR can be spatially resolved with ground observations, in the optical band. In those
cases the NLR shows an elongated structure, which is found to be aligned with the
radio structure (Wilson and Heckman, 1985).

On the other hand the tremendous energy output produced in the Active Nucleus
must affect the environment of the host galaxy. It is therefore very reasomnable to
look for the imprint of the nuclear activity at distances far from the center of activity.
The development in this area has been mostly possible due to a great technological
improvement of optical detectors. The study of extranuclear activity is very costly
because in most cases the structures we are interested to observe have very low surface
brightness, in contrast with the bizarre nucleus. Therefore these observations demand
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Figure 0.1: Spatial scales of the major features observed in a generic AGN. The NLR
spatial scale is close to arcsecond radio emission (VLA scale) and the ENLR, scale
corresponds to the one of the ISM in the host galaxy, far from the nuclear environment.
The distinction between resolved and unresolved refers to the highest spatial resolution

1 pc which can be achieved with radio interferometry techniques.

The limit of the

optical spatial resolution is of the order of 1 kpc, or somewhat lower for the nearby

objects. This picture is adapted from Begelman

(1989).
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high dynamical range detectors. Fortunately, the search for extranuclear activity has
provided very exciting results and it is becoming a very fascinating area of work.

Extended conical zones where high ionization emission lines are produced have been
discovered around many nearby Seyfert galaxies. The opening angles of the observed
cones are of the order of several tens of degrees. The emission line spectrum resem-
bles that of the NLR, and is commonly referred to as the Extended NLR (ENLR).
The observed line profiles are generally very narrow. The conical shape region is very
often present at both sides of the nucleus and extends along the radio emission struc-
ture. The radio emission in many objects is confined to distances nearer the nucleus
than the extended line emission gas, with no signs of interaction between hoth compo-
nents. It seems therefore that the most plausible excitation mechanism of the gas is
photoionization by the nuclear emission.

Extended line emission is also found around radio galaxies and low redshift QSO’s
(Fosbury, 1986; Stockton and MacKenty, 1987). In these objects the gas extends even
to larger distances from the nucleus (100 kpc) than those observed in Seyferts, although
the emission is more patchy and does not clearly show a conical structure.

The occurrence of the extended emission line gas is linked to the combination of two
factors: the availability of photons to ionize the gas and the presence of the gas itself.
The latter factor might be responsible for the different structures seen in Seyferts on
one side and radio galaxies and QSO’s on the other side. Generally the host galaxies
for the Seyfert nuclei (spirals) tend to be richer in gas than the ones for powerful radio
galaxies (ellipticals, or lenticulars). Kinematical studies show that the line emitting gas
present in the cones shares the rotational motion of the galaxy disk, and most probably
it is kinematically undisturbed gas sitting on it. Therefore it seems that the conical
shape of the line emission observed around the Seyfert galaxies does not depend on the
distribution of gas, but on the availability of photons. This leads to the conclusion that
the ionizing continuum that emerges from the nuclear region (< 10 pc) is anisotropic
and most probably concentrated in two cones which are oriented in the same direction
as the radio emission.

Another confirmation for the anisotropy of the nuclear emission comes from the
energy requirements of the emission line regions. Using the luminosity from the NLR
(Wilson, Ward and Haniff, 1988), and the extended NLR, (Pérez-Fournon and Wilson,
1990; Penston et al., 1990) it is shown that there is a deficit of photons as inferred from
the observed nuclear continuum, which suggests that the gas is exposed to a higher flux
of ionizing photons than that received at the Earth.

Therefore if we believe that photoionization is the excitation mechanism of the
gas, the spatial distribution of the line emission is reflecting the angular variation of
the nuclear radiation. The imaging of the line emission becomes a powerful tool (a
spectrophotometer) to investigate the polar diagram of the nuclear emission.

A striking discovery was the finding of a typical Seyfert 1 spectrum in the polarized
light of the Seyfert 2 galaxy NGC 1068 (Antonucci and Miller, 1985). Similar features
have been found in a number of Seyfert 2 galaxies (Miller and Goodrich, 1990). Sep-
arately, Shields and Filippenko (1988) detected broad Ho emission in a conical region
offside the nucleus in the Seyfert 2 galaxy NGC 4388. Antonucci and Miller (1985)
proposed a plausible interpretation of these findings. Their model consists in a very
thick absorbing torus which surrounds the nucleus. Such a thick torus will block the
radiation from the nucleus when looking at the system at inclination angles far from
the symmetry axis of the torus. The height scale of the torus should be large enough
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to hide the nucleus and the BLR, as well. A scattering medium which pervades the
hole of the torus and extends over its top, is invoked to scatter those photons coming
from the interior of the torus in directions far from the torus axis. According to this
interpretation the only difference between Seyfert 1 and 2 galaxies resides in the ori-
entation of such tori relative to the sky plane. Although this unified scheme seems to
work reasonably well, some problems have arisen with this scenario (Miller, 1989).

The obscuring torus provides an extrinsic way to collimate the nuclear radiation.
There are however other plausible mechanisms which intrinsically depend on the way
the radiation is produced. The proposed mechanisms of the latter class are mainly two:
the polar diagram of a radiation pressure supported geometrically thick accretion disk
(Madau, 1988), and the beaming produced by a relativistic jet (K6nigl, 1981; Ghisellini,
Maraschi and Treves, 1985). The latter possibility seems to be more appropriate for
powerful radio sources. Moreover in this model the radiation will be collimated in a
fairly narrow beam, which is difficult to reconcile with the rather wide observed cones.
This model has been proposed to explain the case of the radio galaxy Pks 2152-69
(Tadhunter, Fosbury and di Serego Alighieri, 1988): a high ionization cloud is found
at large distance from the galaxy nucleus in the radio emission direction, the opening
angle of the ionizing beam is very narrow ~ 10°. However the geometrically thick disk
could be more adequate for those cases in which a wide cone of ionizing radiation is
observed. Thick accretion disks are characterized by the formation of a funnel in the
inner parts, where most of the radiation is produced. The radiation will be concentrated
in the direction of the funnels and therefore it will be highly anisotropic. The subject
of this thesis work is precisely to explore the possibility that the continuum produced
by a geometrically thick accretion disk may reproduce the emission line cones. We
have adopted a very simple model to calculate the disk emission and with the aid of
a photoionization code we have computed the different emission lines at the expected
conditions in the ENLR. location.

The plan of this Thesis is as follows:

In Chapter 1 we will shortly review the observations of extended emission line gas
around Seyfert galaxies. A description of individual sources will be followed for several
cases in which the presence of an ionization cone is well confirmed. We will also be
concerned with estimation of the number of photons needed to produce the observed
line luminosity. In several cases the number of ionizing photons present in the observed
nuclear continuum is not sufficient to produce the line luminosity: this is commonly
referred to as the photon deficit problem. We will also sketch the differences between the
extended emission line around Seyfert, and around radio galaxies and QSOs. Several
trends have been found between the line luminosity, the extent of the emitting region
and the nuclear luminosity. We will discuss the significance and implications of these
relations.

In Chapter 2 we will review and discuss a unified scheme, in which the Seyfert 2
galaxies possess a hidden Seyfert 1 nucleus, due to the presence of a thick torus blocking
our sight of the nucleus and the BLR.

In Chapter 3 we will discuss the physical conditions and the excitation mechanisms
of the gas which are expected to prevail in the extended line emitting regions. We will
further justify the assessment that the excitation mechanism of the gas is photoioniza-
tion by the nuclear emission. We will point out the similarity of the Extended NLR. line
spectrum with the Nuclear one, and we will present different photoionization models
developed for the Nuclear NLR. We will also try different ionizing continua (namely:
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black body, power law and thin accretion disk spectra) and compare the predictions
for the different emission lines with the observed values for the ENLR, around Seyfert
and emission line radio galaxies.

In Chapter 4 the thick accretion disk theory will be shortly reviewed. Special
emphasis will be given to the way to calculate the emission from such structures, as
well as the variation of the continuum emission with the inclination angle, and with
the parameters governing the disk configuration. We will also investigate how the
continuum emission depends on the adopted disk model. We will make a qualitative
discussion about opacity sources which have not been considered in our modelling. We
have also investigated the influence of changing the angular momentum distribution on
the emitted radiation, i.e. its polar diagram and its spectral shape.

The photoionization of a low density gas by the thick accretion disk emission (using
the Madau [1988] model) is discussed in detail in Chapter 5. We are very concerned in
this Chapter with the ability of the disk emission as ionizing continuum for the ENLR
line spectrum. Most of the disk emission is produced in the inner part where a steep
funnel is formed, it is due to this geometrical configuration that the more energetic
radiation is collimated into two cones along the rotation axis. The disk emission will
be considered along the disk axis only, since it is reasonable to assume that the place
where the line emission is detected (or equivalently it is most intense) corresponds to
the maximum of the ionizing flux. We will compare the predictions for the emission
lines with the observed values for several ENLRs around Seyfert galaxies, and explore
the parameter space available to the accretion disk model. The possible modifications
of the ionizing continuum relative to the disk emission, are then considered in order to
improve the agreement of the predicted emission lines with the observed values.

The expected angular dependence of the emission lines such as induced by the
angular variation of the disk emission is studied in detail in Chapter 6. The angular
dependence of the thick accretion disk emission will be governed by the occultation
of the inner parts of the disk, i.e. the absolute flux will decrease at large inclination
angles. In addition the emission will change its energy distribution, i.e. at small
separation angles from the disk axis the radiation will be dominated by the hotter
parts whereas at large separation angles the radiation will be dominated by emission
from cooler zomes. Firstly we will consider separately the effects of decreasing the
number of ionizing photons and changing the spectral shape of the ionizing continuum
with the inclination angle, and how both results are affected by the variation of the
disk model parameters. Once we have understood these effects, we will adopt a disk
geometry for the ENLR and then calculate the angular dependence of the emission line
spectrum due to the actual change of the disk emission, i.e. combining consistently
the two mentioned effects. This is done for different disk parameters. The comparison
with the observations is not possible at this stage, due to the lack of spectroscopic
data varying the inclination angles through the ENLR. We will make a qualitative
discussion in order to accept or reject certain regions of the disk model parameters
space which are compatible or not with the observations of ionization cones. A final
discussion will follow, describing some of the problems with this thick disk model, and
some suggestions are proposed to alleviate them.
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Chapter 1

EXTENDED
NARROW LINE REGIONS
AROUND SEYFERT GALAXIES

1.1 DETECTION OF EXTRANUCLEAR ACTIVITY

The presence of extranuclear emission line nebulosities in many AGNs has been amply
confirmed during the last decade. The observational work in extranuclear activity is
relatively expensive due to the low surface brightness of the observed features. The
first discoveries were made by using long-slit techniques which led to the impression
that extranuclear activity was a rare phenomenon, due to the low spatial coverage. It
has been only with the increase of sensitivity in the modern bidimensional detectors
and using narrow band imaging that extranuclear activity is becoming a commonly
observed feature.

In the following we will concentrate on the structures observed around Seyfert galax-
ies, although extended regions of line emitting gas are also commonly found around
QSOs and radio galaxies. It is important to mention that we refer here to extranu-
clear activity as that directly related to the presence of the active nucleus. Any other
extranuclear phenomena such as starbursts or giant H II regions which are sometimes
observed in galaxies containing a Seyfert nucleus are not of our interest in this Thesis,
although their occurrence may be related to its presence. In Chapter 3 we will mention
how these phenomena can be distinguished spectroscopically.

The existence of a correlation between the radio power and the luminosity of the
emission line [OIII] A5007 (de Bruyn and Wilson, 1978; Wilson and Willis, 1980; Meurs
and Wilson, 1984) suggests that a physical relationship should exist between the NLR
and the radio structure. In many cases where the NLR has been spatially resolved, the
line emitting gas appears to be elongated in the same direction as the radio emission
(Wilson and Heckman, 1985; Haniff, Wilson and Ward, 1988). Furthermore the physical
extent of the NLR and the radio emission are comparable: in some cases where high
spectral resolution is available, substructures in the [OIII] A5007 line profiles can be
separated and very often associated with individual radio components (Whittle et al.,
1986; Whittle et al., 1988). Whittle et al. (1986) and later on Wilson, Haniff and Ward
(1988) proposed a scenario in which the distribution of the gas in the NLR is affected
by the presence of the radio compenents via shocks, compression and acceleration,
although the source of ionization is the nuclear emission.

7



8 CHAPTER 1. OBSERVATIONS OF ENLRS

High excitation gas has been found at distances from the nucleus larger than those
of the NLR, this gas emits a similar line spectrum to that observed from the NLR. The
distribution of the gas tends to be aligned with the radio emission, although it usually
extends to large distances (Unger et al., 1987). It is natural to ask if the radio emission
can be here as relevant as in the NLR case. It was noticed by Heckman et al. (1981)
and later by Unger et al. (1987) and Schulz (1988) that the gas in these regions does
not exhibit large line width as in the NLR. Meanwhile it has been found some shift
from the systemic velocity which is consistent with normal rotational motions in the
galaxy plane. This fact suggests that radio emission is not affecting kinematically
the gas emission in the ENLR, and it makes sense to separate the emission into two
components: an NLR emission and an Extended NLR. The way to separate them is
based primarily on the spatial extension and the different line width. This separation
might be artificial and a smooth transition will likely occur between the two regions.

The apparent no influence of the radio emission in the ENLR leaves photoionization
by the nuclear UV emission as the only viable excitation mechanism of the gas. Fur-
thermore, the fact that the ENLR is found preferentially in the direction of the radio
emission leads to the conclusion that the ionizing radiation should be also collimated
in that direction. Hence the nuclear radiation field will be highly anisotropic.

A more impressive evidence that gas in the ENLR is ionized by an anisotropic
source comes from direct narrow band imaging of the line emitting gas. These images
are usually taken in the light of the [OIII] A5007 and Ha lines, and they reveal a
conical structure whose axis approximately coincides with the radio axis, and whose
vertex points directly to the nucleus (Baldwin, Wilson and Whittle, 1987; Pérez et al.,
1989; Pérez-Fournon and Wilson, 1990; Pogge, 1988a; Pogge, 1988b; Pogge, 1989a;
Pogge, 1989b; Tadhunter and Tsvetanov, 1989). In most cases a biconical structure is
present, although in few cases only a one side conical structure is observed, reflecting
perhaps the obscuration due to the inclination of the galaxy disk. Given the large
amount of obscuring material that may be present in the host galaxy plane, only the
sides of the cone which are emerging towards us from the near side of the galaxy will
be visible (see discussion below on NGC 1068). The opening angle of these cones are
fairly large, up to values of 90° from edge to edge (Pogge, 1989b).

The interpretation that the origin of the ionized gas in the ENLRs is unperturbed
gas from the galaxy disk!, together with the fact that the nuclear radiation field is
collimated into a certain solid angle arises a natural question about the orientation
of the nuclear axis with respect to the plane of the galaxy (Meurs, 1989) and the
distribution of the gas inside the galaxy. The necessary condition to intersect a plane
and a cone whose vertex lies on this plane requires that the angle formed by the axis
of the cone and the plane should be less than the opening angle of such cone. This
implies in some cases that the axis of the nuclear emission should be highly inclined with
respect to the galaxy rotation axis, unless the aperture of the cone is fairly large. The
tipping of the nuclear axis with respect to the rotation axis of the galaxy seems to be
contrary to the principle of conservation of angular momentum. In this respect Tohline
and Osterbrock (1982) have suggested, based on simple dynamical considerations, that
the axis of the nuclear structure can be tilted relative to the host galaxy plane. This
feature is also consistent with the observation that radio axis and kinematical axis are

! There is a relevant counterexample: the galaxy NGC 4388 shows a cone of line emitting gas which
is oriented perpendicularly to the galaxy plane. The galaxy NGC 5252 could be another case in which
most of the emission is outside the galaxy plane.



1.0 Detection of Extranuclear Activity 9

not aligned necessarily in radio galaxies and Seyferts (Wilson and Heckman, 1985).

The orientation of the nuclear radiation beam with respect to our line of sight may
influence the appearance of the ionized regions. If the distribution of the gas inside the
radiation cone is uniform then the opening angle of the cone projected in the sky plane
is an increasing function of the inclination of the radiation beam relative to our line of
sight. In such case, the probability of observing line emission distributed in a conical
region will be a decreasing function of the opening angle of the cone. However if the gas
is distributed in the galaxy disk, the probability to observe a cone projected on the sky
depends only on the inclination of the galaxy disk, assuming that the cone of ionizing
radiation intersects the plane of the galaxy. In order to discriminate what are the actual
effects governing the appearance of the ionization cones statistical studies should be
envisaged concerning the morphological type of the host galaxy and the orientation of
the ionization cone relative to the kinematical axis of the galaxy.

Several authors (Lawrence and Elvis, 1982; Antonucci and Miller, 1985) have pro-
posed that Seyfert 2 and Seyfert 1 galaxies are the same class of objects, the difference
being merely an orientation effect. Seyfert 2 galaxies might have a Seyfert 1 nucleus
which is hidden from our line of sight, as inferred from the observations of broad
emission lines in the polarized nuclear emission of the classical Seyfert 2 NGC 1068
(Antonucci and Miller, 1985). In Chapter 2 we will review a model which tries to unify
classes 1 and 2 of Seyfert galaxies. It is interesting to investigate how the finding of
the cones of ionizing radiation is compatible with such an unifying picture. As we
mentioned above the conical appearance of the ionized gas will depend mostly on the
relative inclination between the nuclear cone of radiation and the plane of the host
galaxy and perhaps for a more isotropic gas distribution on the orientation of the cone
in the plane of the sky. In the frame of the unified scheme, we could ask if there is
any relation with the presence of ionizing cones and the Seyfert class. Pogge (1989b)
carried out a search for spatially extended ionized gas using narrow band imaging (in
the light of [OIII] A5007 and Ha), and therefore complete coverage of the surround-
ings of the nucleus. His results show that radiation cones are found more frequently
in class 2 (eight out of eleven) than in class 1 (three out of nine) objects, which is in
good agreement with the unified scheme. Pogge (1989b) concluded that Seyfert 2 are
probably hidden Seyfert 1, but not all Seyfert 1 will appear as Seyfert 2 when seen from
a line of sight perpendicular to the present one, because they could be intrinsically dif-
ferent. In this respect we believe that his arguments are not conclusive. It is possible
to imagine a situation in which, allowing for the presence of an obscuring torus, we
have still direct view of the active nucleus and at the same time the distribution of the
emitting lines will resemble a cone. Let us suppose the gas is limited to the galaxy disk.
If the axis of the torus is inclined with respect to the galaxy disk axis but the cone of
ionizing radiation still intersects such plane, then the line emission gas will appear as
in a conical distribution. In addition the inclination of the torus axis would be high
enough to allow us look at its interior. To achieve this situation the opening angle of
the cone should be as large as the angle formed between the galaxy plane and our line
of sight.
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1.2 A SHORT CATALOGUE OF
GALAXIES WITH
CONES OF IONIZING RADIATION

In this section we will present information about individual Seyfert galaxies which could
exhibit cones of ionizing radiation. This compilation is by no means complete, it is only
indicative and we have included only the cases where to our knowledge the cones seem
to be present?. We will mention meanwhile the most salient and relevant features for
the presence of the ENLR in each case.

1.2.1 Mkn 6

This SOa Hubble type galaxy hosts-a Seyfert 1.5 nucleus. Unger et al. (1987) detected
line emitting gas with signs of high ionization, along the radio axis up to a distance®
of 19 kpc but only at one side of the nucleus.

Meaburn, Whitehead and Pedlar (1989) detected two lobes of [OIII] A5007 aligned
with the radio components up to distances of the order of 30 kpc. The observed structure
is rather filamentary. The widths of the line profile of [OIII] A5007 is only ~ 30 —
70 km 5L,

1.2.2 Mkn 34

This is a Seyfert 2 galaxy. Unger et al. (1987) detected the line emitting gas along the
radio axis up to a distance of ~ 12 kpc at both sides of the nucleus. Haniff, Wilson
and Ward (1988) showed both the [OIII] A5007 and Ha images to be elongated in the
same direction as the radio emission, and to be remarkably coincident.

1.2.3 Mkn 78

This is a Seyfert 2 galaxy. The extended line emission was detected by Unger et
al. (1987) to extend along the radio structure up to a distance of 16 kpc. Haniff,
Wilson, and Ward (1988) detected a different structure in the two lines [OIII] A5007
and Ha. The [OIII] A5007 image is indicative of a double-lobed structure aligned with
the triple radio source. Pedlar et al. (1989) presented both [OIII] A5007 imaging and
long-slit spectroscopy, their results show evidences for an extended resolved NLR with
non-orbital motions, confirming the results of Haniff, Wilson and Ward (1988). At
distances over 30 kpc the profiles of [OIII] A5007 are narrow indicating that the gas
is kinematically unperturbed ambient gas, although there is no evidence for rotation
with the underlying galaxy gas. The gas is predominantly extended in one direction
and aligned with the radio emission. A striking feature is the fan shape of the ENLR,
with a noticeable decrease of surface brightness in the center of the fan, resembling a
hollow cone.

2Tn some cases the line emission is rather elongated in the radio axis, although they could be good
candidates to detect cones, with some observational effort.
YWe will adopt Hy = 50 km s™' Mpc™" in this work.
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1.2.4 Mkn 573

This SO Hubble type galaxy harbours a Seyfert 2 nucleus. Haniff, Wilson and Ward
(1987) found the NLR elongated along the triple radio source up to distances of ~ 2 kpec.
Unger et al. (1987) found line emitting gas extending up to ~ 6 kpc in both sides of the
nucleus along the radio axis direction. Unger et al. (1987) also found good evidences
for galactic rotation of the gas. Tsvetanov et al. (1989) confirmed the presence of such
gas. Furthermore Tsvetanov et al. (1989) presented kinematic evidences suggesting
that the gas shares the rotation of the galaxy and in addition presents some radial
motion component. These authors suggested a picture in which the cone is viewed
from its edge.

1.2.5 NGC 1068

This Sb galaxy is the archetypical Seyfert 2 galaxy and it is one of the most luminous
and nearest Seyferts. This galaxy is seen at a low inclination and a good mapping
of the galaxy is then possible. In the first studies (Walker, 1968) it was found that
the central parts of this galaxy contained several high ionization clouds moving with
velocity differences ~ 600 km s~!, from the systemic velocity. The external gas was
found to be in rotation consistent with the motion of gas in the disk galaxy. A very
detailed study of the kinematics of the nucleus was carried out by Cecil(1989) and
Cecil, Bland and Tully (1990). Balick and Heckman (1985) presented direct images in
the [OIII] A5007 and Ho emission. Those images revealed a highly structured emission
region extending several kpc from the nucleus.

Baldwin, Wilson and Whittle (1987) made an exhaustive study of both kinematics
and jonization of this galaxy. They found that the observed ionization of the gas
may be understood as a mixture of two components projected on top of each other:
one component, rather diffuse which is of low ionization, excited by hot stars and
the other less extended, which is of high ionization probably excited by the nuclear
continuum. The two components are distinguished kinematically. The [OIII] A5007
emission exhibits a plateau which extends 10” to 30” (1 — 3 kpc) from the nucleus
along the direction of the radio axis, at the North East. The ratio [OIII] A5007/HS
is constant up to distances of 45” (4.5 kpc). The velocity field over the [OIII] plateau
seems to be consistent with the ordered rotation field of the galaxy. The emission in the
opposite direction to the nucleus is weaker and more patchy. Pogge (1988a) presented
[OIII] and Ha images and in addition an ionization map ([OIII]/Ha)[see Fig. 1.1] in
which this high ionization zone is revealed with a clearly delineated conical shape (the
opening angle is 40°). No clear evidence for such cone was found in the SW direction
along the radio emission. The fact that only one side of the cone is observed suggests
that the axis of the biconical structure is tilted with respect to the galactic disk, the
North-East part of the cone is tilted towards us, although this may be in conflict with
the idea of the high ionization gas sitting in the galaxy disk.

Perhaps the most exciting feature concerning NGC 1068 is the discovery of broad
emission lines in its polarized nuclear light (Antonucci and Miller, 1985). The interpre-
tation given by Antonucci and Miller (1985), and later on theoretically developed by
Krolik and Begelman (1986, 1988) is that a huge molecular torus (inner edge ~ 1 pc)
is blocking our view of the BLR, we only see the fraction of the radiation which is
scattered. This torus may be also collimating the radiation that produces the extended
[OIII] A5007 emission. We will discuss this model with more detail in Chapter 2.
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Figure 1.1: The Seyfert 2 galaxy NGC 1068. Contours of constant
[OIII] A5007/(Ha+[NII] AX6548,6584) ratio. The orientation is North up, East to
the left. The nucleus is located at the origin. Notice the conical structure extending
North-East to the nucleus. Adapted from Pogge (1988a).
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Evans and Dopita (1986) and recently Bergeron, Petitjean and Durret (1989) de-
tected extended strong emission from high excitation lines, such as [NeV] A3426 and
Hell A4686. The emission in such lines is concentrated in a cone about 80° wide which
resembles that found by Pogge (1988a), although in the latter case appears only to open
for 40°. The [NeV] A3426 emission is constrained to a narrow angular zone, and the
ratio [NeV] A3426/Hf is anomalously high. Evans and Dopita (1986) and Bergeron,
Petitjean and Durret (1989) proposed that a superposition of low and high ionized gas
is observed. Moreover they propose that the high ionization gas can be only produced
by a continuum which is absorbed at low energies, from 1 ryd up to energies of 350 eV
and 500 eV. The existence of both high and low ionization lines is explained with the
combination of ordinary H II region plus a power law ionized gas.

Appenzeller and Wagner (1990) showed that the infrared emission is dominated by
emission lines. Their line free continuum images show an unresolved central nucleus,
but no extended circumnuclear region. Instead the image in the line Bry shows an
elongation similar to that observed in [OIII] emission.

1.2.6 NGC 2110

This is a Seyfert 2 galaxy, which was originally classified as a Narrow-Line X-ray galaxy
by Shuder (1980). Morphologically, it may be classified as SO Hubble type.

Wilson, Baldwin and Ulvestad (1985) found an elongated distribution up to 5” of
the line emission [OIII] A4959 aligned with the radio structure, instead the Ho emission
is distributed rather symmetrically around the nucleus. This result was confirmed by
Pogge (1989b); an ionization map was also presented although the images had not
sufficient resolution for any recognizable structure to emerge.

1.2.7 NGC 3081

This galaxy of Hubble type Sa/SBa harbours a Seyfert 2 nucleus. The stellar disk of
this galaxy is seen nearly face—on. The extended emission in Ha was first detected
by Durret and Bergeron (1986), and they confirmed that the circumnuclear gas is
ionized by the nuclear continuum, as derived from the high ionization observed. The
outermost part corresponding to the ring-like structure are H II regions. Pogge (1989b)
confirmed these results. The narrow band image in the light of [OIII] A5007 shows a
rather compact circumnuclear emission.

1.2.8 NGC 3516

This Hubble type SBO galaxy shows in the nucleus a Seyfert 1 spectrum. This Seyfert
nucleus is highly variable in the continuum light and emission lines. The UV lines
CIV A1550, NV A1240 and SiIV A1400 contain a variable absorption component, which
is blueshifted with respect to the narrow lines and the peaks of the broad lines (Voit,
Shull and Begelman, 1987). They suggested that the absorbing material will be con-
tained in either optically thin clouds in the BLR or very dense clouds in the NLR, which
share an outwards flow. The first indications of the presence of extended ionized gas
comes from Adams (1977). Later spectrographic and spectrophotometric observations
were carried out by Ulrich and Péquignot (1980). They found several condensations and
zones of extended emission lines up to distances 30” (7.5 kpc) to the North East of the
nucleus. A complete spatial coverage was presented by Pogge (1989a): the subtracted
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continuum images of Ha + [NII] AA6548, 6584 and [OIII] A5007 show a similarly wide
but elongated structure, with a reminiscent spiral trail in the circumnuclear parts. The
emission in the [OIII] line is more extended than the Ha emission. The [OIII] A5007
emission is observed up to distances ~ 127, also a small knot at 20” North of the nu-
cleus is also detected, which may coincides with the farthest feature detected by Ulrich
and Péquignot (1980). The extended line emission aligns quite well with the radio
one, although an exact correspondence is not observed. On the contrary, the emission
line images do not show any similarity with the stellar light distribution, furthermore
the spiral trail is well contained in the stellar bar which indicates that both structures
should be independent.

Pogge (1989a) reported also long-slit spectrophotometry coincident with the elon-
gation of the emission line image, confirming the high ionization degree of the extended
line emitting gas where the lines [NeV] A3426 and Hell \4686 are detected.

1.2.9 NGC 4151

This SBab galaxy is a famous Seyfert 1.5 nucleus which has been studied many times,
mainly because its proximity and brightness. Heckman and Balick (1983) detected
first extended emission line gas. This work appears simultaneously with another work
reporting the finding of extended X-ray emission whose size scale was comparable to
that of the radio-emission (Elvis, Briel and Henry, 1983). Both X-ray and emission
line are asymmetrically extended to the SW of the nucleus up to distances of 18”
(~ 3.2 kpc). The emission line extension appears like a chain of narrow knots.

Schulz (1988) presented high resolution spectra of the extended regions of emission
lines. Those spectra reveal two important features: 1) the line widths are in the range
of 20 — 40 km s~ which are close to the typical values of H II regions; 2) the high
ionization observed suggests ionization by the nuclear continuum.

More recently, Pérez et al. (1989) and Pérez—Fournon and Wilson (1990) presented
[OIIT] A5007 and Ha continuum subtracted images which reveal two components of the
line emitting gas:

e A linear structure of high ionization knots which extends to the SW (which can
be identified with that found by previous workers), with a much less extended
structure to the NE of the nucleus.

e A low ionization component detected around the nucleus, and to the NE at a
distance of 16” in the form of a shell of Ha emission, which can be the North
East component of the SW chain, emerging from the galaxy disk. It is spatially
associated with a dust lane detected as reddening in a color map (namely a blue
image divided by a red image, Pérez—Fournon and Wilson [1990]).

Assuming that the ENLR is confined to the disk of the galaxy, it is possible to
estimate the inclination of the linear structure with respect to our line of sight. The
angle A between the axis of the linear structure and our line of sight is given by the
expression:

sind = (1 + sin’ ¥ tanﬁi)“/”,

where U is the angle projected onto the plane of the sky between the major axis
of the galaxy and the structure axis. For NGC 4151 i = 21° and ¥ = 22°. Based
on kinematical arguments the orientation of the galaxy disk can be derived and it is
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concluded that the South East is the part closest to us. The value obtained for the
angle A is 82°, therefore the cone will be almost in the plane of the sky and slightly
pointing towards us. Assuming that there is a blocking structure which is responsible
for both the collimation of the radiation field, and as in the case of NGC 1068, hiding
the BLR, the opening angle should be larger than 82° to allow us to observe NGC
4151 as a Seyfert 1 nucleus and simultaneously produce the collimation of the ionizing
radiation. Therefore if a blocking structure is present we will be looking at the edge of
the structure, and probably the same will be occurring with the gas in the galaxy disk,
since a narrow cone of ionized gas is observed. The axis of the obscuring torus should
be very tilted with respect to the galaxy disk.

The results of a high §/N spectrophotometric study made along the extended linear
structure were recently reported by Penston et al. (1990). The values of the intensity
for the usually observed lines and several other weak lines are measured accurately.
The nuclear continuum is confirmed as the ionization mechanism. The density and
temperature of the emitting gas were determined using emission line diagnostics.

Similarly to the collimation observed in the lines in the optical band, Bruhweiler
and Smith (1988) reported spatially resolved extended emission in the light of the lines
CIII] A1909 and CIV A1549. The observed structure resembles the one observed in the
optical lines. Furthermore they estimate a rather high ionization parameter U, (we
refer to Sect. 3.2 for the definition of U;) from comparison with the predictions from
current photoionization models for the Nuclear NLR.

1.2.10 NGC 4235

This is a Sa Hubble type galaxy, which is seen nearly edge—on. Its nucleus shows a
Seyfert 1.5 spectrum. Images of the emission lines Ha + [NII] and [OIII] are presented
by Pogge (1989b). The [OIII] A5007 image is only slightly extended ~ 47, unlike the
stubbier He image.

1.2.11 NGC 4388

This galaxy is highly inclined which makes difficult its morphological classification,
although it has been classified as Hubble type Sab by Sandage and Tamann (1981). It
is located in the core of the Virgo cluster, although its membership has been discussed
(Phillips and Malin, 1982). The nucleus shows a Seyfert 2 spectrum, with substantial
obscuration by a prominent dust lane crossing the disk and the bulge of the galaxy.

Colina et al. (1987) presented high resolution spectra in a range of frequencies
containing the line [OIII] A5007. They found that the line profiles can be decomposed
into several kinematically distinct components. A similar study was done by Ayani and
Tke (1989).

Pogge (1988b) reported the results of imaging in the lines [OIII] A5007 and Ha,
together with long—slit spectroscopy. The [OIII] A5007 image is richly structured: a
complex of emission clouds lies above the galaxy disk towards the North Fast up to
a distance of 25”, 38” (1.7 — 6.5 kpc); in the opposite direction against the nucleus
a less extended structure is present. An ionization map [OIII]/Ha reveals a biconical
morphology with a highly structured system of clouds (see Fig. 1.2). This structure
is approximately aligned with the radio emission which reveals itself rather complex
(Stone, Wilson and Ward, 1988). The South cone is well defined and it emerges directly
from the nucleus; however the North cone is evident only outside the galaxy disk. A



16 CHAPTER 1. OBSERVATIONS OF ENLRS

I T T T T T T T T I
50 - .
- -
"
Q - _
0
2
S ,
= - _
<l
O+ o
- .
[ 1 1 i 1 ! | 1 1 I }
20 0 -50
Ao (arcsec)
Figure 1.2: The Seyfert 2 galaxy NGC 4388. Contours of constant

[OIIT] A5007/(Ha+[NII] AA6548,6584) ratio. Regions outlined by the heavy contour
indicate regions where the line [OIII] A5007 was detected but Ha was not. The orien-
tation is North up and East to the left, with the nucleus located at the origin. This
figure is adopted from Pogge (1988b).

simple explanation for this feature is that the axis of the bi-cone is tilted: the South
side is slightly tilted towards us, whereas the North one is directed away from us, with
the North side of the disk galaxy, which is the nearest to us, obscuring the vertex of the
cone. The emission line spectra corresponding to the observed clouds indicate a high
ionization level and hence this suggests photoionization by the nuclear emission as the
excitation mechanism.

Similar results were obtained by Corbin, Baldwin and Wilson (1988). They dis-
cussed the kinematical properties of the material outside the galaxy disk; the velocity
field is rather complex and rotational motion is restricted to the stellar disk. Several
origins for the gas outside the galaxy disk were discussed, among others the most fa-

vored was ram pressure from the intracluster medium which strips gas from the galaxy
disk.
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1.2.12 NGC 5252

This is a SO Hubble type galaxy and its nucleus shows a Seyfert 2 spectrum. Unger
et al. (1987) found line emitting gas at both sides of the nucleus in the radio emission
direction, up to a distance of 11 kpc. Tadhunter and Tsvetanov (1989) reported [OIII]
and Ha images (see Fig. 1.3). The [OIII] image shows a very impressive biconical
structure (the opening angle is ~ 75°) up to distances of 50” (~ 30 kpc). The stellar
continuum image of this galaxy presents a completely different aspect than the emission
line images. The major axis of the galaxy disk is misaligned relative to the cone axis by
~ 30°. An additional ionization map is presented where the biconical structure is still
present, indicating the high ionization level of the [OIII] emitting gas. This is by now
the most striking evidence that the nuclear ionizing continuum should be collimated in
a limited solid angle.

1.2.13 NGC 5548

This is a Seyfert 1 galaxy which has been very often studied, especially for its variability
in the broad emission lines and the continuum. The morphology of this galaxy is
rather particular: It contains an inner disk plus an outer ring (Su and Simkin, 1980).
Wilson et al. (1989) showed the existence of extended emission in the [OIII} line up
to a distance ~ 3.5 kpc from the nucleus. The extended emission is elongated in the
direction very close to the axis of the radio emission. On the contrary the Ha image is
highly symmetric.

1.2.14 NGC 5728

This is a Seyfert 2 nucleus in a SBb galaxy. Schommer et al. (1988) found the nucleus
surrounded by an arc of blue light and emission lines, with a rather complex velocity
field. The presence of non rotational motions has been interpreted as evidence for
inflow motions, due to the presence of the stellar bar. Gas in the inner regions is highly
ionized, suggesting that the nonthermal emission is the ionizing source.

Pogge (1989b) presented [OIIl] and He images. The [OIII] image shows two diffuse
emission regions extending farther than the H II regions ring. An ionization map
allows to separate the low ionization regions from the high ones. This map shows a
lobe extending to the South East up to 37, in the North West part the line emission is
less extended. An [OIII] image was also presented by Appenzeller and Wagner (1990)
and their results agree with the structure observed by Pogge (1989b).

1.3 THE PHOTON DEFICIT PROBLEM

Apart from the morphological evidence from the extended line emission that the ioniz-
ing continuum should be collimated in two opposite cones, there is a very conspicuous
argument favouring the anisotropy of the nuclear radiation field in Seyfert galaxies,
which is based on energetics considerations. It is possible to estimate the number of
ionizing photons which is needed to produce the observed luminosity in recombination
lines, with the assumption that only photoionization is the responsible for the excita-
tion of the line emitting gas and we are in the low density limit. From the radiative
equilibrium we require that the total number of absorptions is balanced by the number
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Figure 1.3: Top panel: The Seyfert 2 galaxy NGC 5252 appears in the line free contin-
uum light as an SO galaxy.

Bottom panel: Continuum subtracted [OIII] A5007 image of NGC 5252. North is up
and East to the left. Note the impressive biconical distribution of the emission. The
axis of this structure is missaligned with respect to the major axis as defined in the
continuum image.

This Figure is adopted from Tadhunter and Tsvetanov (1989).
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of recombinations per unit time. Adopting case B conditions (Osterbrock [1974], p.
63) we then write:

ew [ L
= Ydy — n?
yp /UO 7, = neap fv,

where f is the filling factor, V is the total emitting volume, w is the solid angle covered
by the nebula as seen from the nucleus, v, is the ionization potential of the hydrogen
and n. is the electronic density. ¢ measures the efficiency of the gas absorbing the
photons reaching there, it is equal to unity in the case that all the photons are absorbed
(optically thick nebula).

The luminosity of any recombination line (e.g. Ha) is given by the expression:

L(Ha) = ngaf_{;fhuHa fVv.

Combining then the two above expressions we obtain:
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where ap and ai{j depend on the temperature and the values are tabulated for case
B recombination (Osterbrock, 1974). The left hand side of the expression denotes the
number of photons emitted by the ionizing source per solid angle, and we denote by
Nj, whereas the right hand side is directly calculated from the observations.

Wilson, Ward and Haniff (1988) evaluated the number of photons which is necessary
to produce the total observed luminosity in HF from the NLR, which is estimated
from the pure emission line images. On the other hand they estimated the number
of ionizing photons present in the continuum, extrapolating from the optical and the
X-ray when available, the continuum as a power law energy distribution. The number
of ionizing photons present in the nuclear emission should be sufficient to produce the
observed line luminosity. However there are several uncertainties in these estimations:
1) Most of the ionizing photons in the continuum are emitted into a range of frequencies
unobserved from the Earth. Moreover reddening and absorption by intervening material
in our galaxy or the host galaxy will affect the estimates. 2) The nuclear continuum is
strongly contaminated by the stellar emission and it is particularly difficult to estimate
the actual non stellar contribution. This problem is particularly relevant in Seyfert 2
which are the cases where discrepancies between both estimates are expected. 3) The
covering fraction of the gas is unknown.

Despite these difficulties the results confirm that the number of ionizing photons
present in the continuum as received on Earth is not enough to produce the observed
luminosity in the recombination lines. In some cases (e.g. Mkn 3, Mkn 78) the dis-
crepancy is larger than a factor of 10, although affected by many uncertainties this
discrepancy seems to be real.

The same kind of estimations can be carried out using the spatially resolved emission
from the ENLR, in such case the spatial coverage is known. Pérez—Fournon and Wilson
(1990) found that the number of photons present in the continuum of NGC 4151 is
marginally enough to produce the observed HJ luminosity. These authors considered
a large covering of the nucleus by the BLR clouds (Ferland and Mushotzky, 1982),
in such case they found that the photons present in the continuum are insufficient to
ionize the extended line emitting gas by a factor of 10. Penston et al. (1990) used a
slightly different method, based on the value of ionization parameter U; (we refer to
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Section 3.2 for a definition) derived from the emission lines in the extended emission,
to compute the number of photons reaching the clouds. Comparing this value with the
one derived from direct observation of the continuum, they reached the conclusion that
the ENLR sees a number of photons a factor of 10 larger than what we observe from
the Earth.

Tadhunter (1987) made a similar study in several emission line radio galaxies which
presented extended emission line nebulosities. The results indicate that differences
in the character of the nuclear emission lines affect the conclusions on the counting of
photons. The Broad Line radio galaxies seem to have enough flux to ionize the emission
line gas, whereas the Narrow Line radio galaxies do not satisfy the requirements.

In the above estimations for N; it was always assumed that the gas absorbs all the
photons emitted in the fraction of solid angle (i.e. € = 1), however the actual collecting
area of the gas may be largely reduced if the material is arranged in small unresolved
clouds. Equivalently the factor e¢ will take values less than unity. It is possible to
estimate the value of ¢ from the expression:

ag 1 L(Ha)
€= ,
aflfaf hvye AsUpnpc

where Ag is the area of the emitting region facing to the nucleus (w = Ag/D?). The
value of U, is determined from the emission line spectrum. Using the typical values for
the intervening quantities we obtain:

L40(Ha)

€~ 0.26 ————
Ut_.g Asl’nz

(T ~ 15000 K),

Asg, is given in kpc?. Therefore one must conclude that the collecting area of the clouds
in the nebulosities is smaller than the global area and consequently not all the ionizing
photons reaching the clouds will be absorbed. This fact implies even a larger discrep-
ancy when the counting of photons needed to produce the line luminosities is done and
compared with those directly observed from the Earth.

The arrangement of the emitting gas into clouds is further suggested by the small
values of the filling factor f which are estimated from the line luminosity if an indepen-
dent measure of the density is available, e.g. from the line ratios. From the expression
above for the line luminosity we obtain:

_ I(Ha)
ngae” hl/HaV'
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1.4 ENLR AROUND RADIO-GALAXIES AND QSO’S:

DIFFERENCES AND SIMILARITIES

Extensive regions of highly ionized gas have also been observed around low-redshift
quasars with extended steep—spectrum radio lobes (Stockton and MacKenty, 1987;
Macchetto et al., 1990) and around emission line radio galaxies (Fosbury, 1986; Baum
et al., 1988; Tadhunter, 1987).

Stockton and MacKenty (1987) found evidences linking the presence of the extended
line emission with extended steep spectrum radio emission and strong nuclear line
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emission, although the vice versa was not found. The observed structures are very
filamentary and probably this fact reflects the lack of condensed gas rather than the
shadowing by the nuclear emission. The origin of the gas may be related to mergers
with neighbouring galaxies or to cooling of the hot intracluster gas like the cooling flows
observed in rich galaxy clusters (Fabian, Nulsen and Canizares, 1984). This gas will be
highly ionized by the nuclear radiation field. Macchetto et al. (1990) found in the case
of MR 2251-178 that the distribution of the gas emitting [OIII] A5007 and [OII] A3727
is elongated in the direction of the radio structure, similarly as observed around Seyfert
galaxies. The high ionization level of the gas indicates photoionization by the nuclear
continuum.

The extended line emission detected around powerful radio galaxies (Fosbury, 1986;
Baum and Heckman, 1988a; Hansen, 1989) shows a large variety of morphologies, al-
though many objects show the gas preferentially along the axis of the double radio
sources. The kinematical studies suggest that the most likely origin of the gas is ac-
cretion from an external source (Tadhunter, Fosbury and Quinn, 1989). Some of the
objects which have been studied are: Pks 2158-38 (Fosbury et al., 1982); Pks 0349-27
(Danziger et al., 1984); Pks 0634-20 (Fosbury et al., 1984). Tadhunter (1987) and
Robinson et al. (1987) remark that the line spectra of the extended nebulosities ob-
served around powerful radio galaxies resemble those observed in the associated Nuclear
Narrow Line Region. These studies suggest larger extension (up to distances of 100 kpc)
and higher luminosity of the line emitting gas in radio galaxies as compared to the ones
observed in Seyfert galaxies. In Figure 1.4 the number of photons which is needed to
produce the observed line luminosity is presented vs. the maximum distance at which
line emission is detected for both Seyfert and radio galaxies. From the inspection of
this figure it can be noticed that the data for radio galaxies are tendentiously shifted
to larger distances and present slightly higher energetic requirements than those for
Seyferts do.

One of the best studied emission line radio galaxies with extended emission is Pks
2152-69 (di Serego Alighieri et al., 1988; Tadhunter et al., 1988; Tadhunter, Fosbury
and di Serego Alighieri, 1988). A very luminous high ionization cloud is found at
a distance 8 kpc along the radio axis. This cloud shows in addition to very high
ionization emission lines (e.g. [NeV] A3426, [FeVII] AX6087,5721 and [FeX] A6374)
a blue continuum with a rising spectrum F, o »73, and a degree of polarization of
10%. Tadhunter, Fosbury and di Serego—Alighieri (1988) proposed a scenario for this
source consisting of a blazar beam from the nucleus which ionizes the cloud and the
nearby medium. Then scattering of the incoming radiation off dust or free electrons
associated with the cloud accounts for the blue continuum and the polarization. The
spatial distribution of the line emission within the cloud has been resolved, and spatial
gradients of ionization are found in both the radial and transversal directions.

In particular Baum and Heckman (1988b) found that small extent radio sources
exhibit emission line gas which is cospatial with the radio emitting plasma. On the
contrary they found that in the large extent radio sources the emission line gas is found
to be not coincident with the radio component, and sometimes deviates from the radio -
axis direction. This fact reflects the relative importance of the radio interaction with
the surrounding medium in the former case, and the minor effect of that interaction in
the latter one. It has been shown by Baum and Heckman (1988a) that there exists a
correlation between the number of ionizing photons present in the nuclear non-stellar
continuum and the number of photons needed to produce the observed line luminosity,



22 CHAPTER 1. OBSERVATIONS OF ENLRS

l I T 1 L T ’ L) L3 T T I Li T T 1 ' T ]
~ 1L . ]
1 b~ -

1] [ i

Th I fo) @ @ @ -

@ 05| $ . $ ]

3 i ) o R o ¢ ]

L L J

e i ¢ & o ]
S

o 0 - -

ula r ]

& C ° ]

~ -05fF o ]

=4 F R

) i ]

L C o] i

Bl . . : . i \ : . . 1 . . . ) 1 ol

0 0.5 1 1.5
log D (kpc)

40 . T ¥ L] ‘ L T T l T T T I I. T T I L T L ' T .

30 - -

—_ K ° ]
[3)

o, - ]

= 20 - o e o

o) i o ]

L o A

1o |- o © . . ]

- . ™

L o A @ i

0 i @ A @ } T i 1 I 1 1 I | Il 1 3 | Fl 1 1 | 1 i

0 0.02 0.04 0.06 0.08 0.1
4

Figure 1.4: Upper panel: Number of ionizing photons per solid angle needed to produce the
observed Ho luminosity in the ENLR. Filled circles correspond to radio galaxies, open circles
correspond to Seyfert galaxies. A trend of increasing the number of photons with maximum
distance could be present. There is no clear differences between the two sets of data, although
there is a trend for radio galaxies to show more extended emission line nebulosity than Seyferts
do.

Bottom panel: Maximum distance to the extended line nebulosities vs. the redshift of the host
galaxy. The solid line indicates the resolution limit (1 arcsecond in angular separation) at the
distance indicates by the redshift. The meaning of the symbols is the same as in the above
panel.
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Table 1.1: N;/4r AND D FOR ENLR’S

Source Distance N;/4m x 10753 Ref.
Mkn 6 N 19. =2.6 1
Mkn 34 NwW 12. =39 1
SE 12. < 2.6 1
Mkn 78 W 16. 1.7 1
NGC 3516 NE 1.7 0.33 1
SW 1.3 0.14 1
2.1 0.23 2
NGC 4151 NE 1.8 = 3.5 1
SW 2.0 4.7 1
SwW 2.2 2.2 3
NGC 5252 NE 6.2 <1.6 1
SW 11. 1.6 1
NGC 1068 NE 2.2 1.0 4
Pks 2356-61 A 20. 1.7 5
B 11. 1.7 5
Pks 2152-69 A 8.9 2.7 5
B 7.3 2.0 5
Pks 0349-27 A 11. 2.0 5
B 11. 4.9 5
C 40. 5.0 b
D 25. 12. 5
E 25. 4.9 5
Pictor A 6.9 0.42 5
3C445 A 13. 1.5 5
Pks 2014-55 A 17. 0.67 5
Pks 2300-18 A 37. 4.9 5
Pks 0634-20 A 8.1 0.82 b
B 13. 1.3 5
‘Pks 1404-26 A 3.7 0.30 5
Pks 2158-38 A 8.6 3.9 5
B 8.6 2.2 5

Table 1.1: Observational data for ENLR found in Seyfert and radio galaxies. The distance
measures the maximum extension at which the clouds are found. N /4w is the number of
ionizing photons per steradian needed to produce the observed line luminosity, it is calculated
dividing the total number of ionizing photons observed in the emission line nebulosities by its
covering fraction. References: [1] Unger et al. (1987); [2] Pogge (1989a); [3] Pérez—Fournon and
Wilson (1990); [4] Baldwin, Wilson, and Whittle (1987); [5] Tadhunter (1987).
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thus confirming that photoionization by the nuclear continuum plays an important role
in the excitation of line emitting gas, even in objects with strong radio emission. In
particular they claim that this correlation extends to high luminosities but from their
Figure 6 (Baum and Heckman 1988a) it seems that the dispersion of the values for N,
is large with the same nuclear luminosity at the high end, which implies that extended
line emission in those cases may also be affected by environmental effects. In addition,
Baum and Heckman (1988b) found a relationship between the line luminosity and the
total radio luminosity, which is a sign of a close relation for both phenomena. The
same correlation is not valid for Seyfert galaxies, in such case the emission line to radio
luminosity ratio is much higher than found for radio galaxies.

1.5 SOME OBSERVED TRENDS

In this Section we examine the evidences for common properties or trends in the ENLRs.
We will consider together the ENLRs observed around Seyfert galaxies and those around
powerful radio galaxies, although in the latter objects the interaction with the radio
emission could be relevant.

The first correlation that should be noticed is with the radio properties, although it
could be not indicative of radio interaction in ENLRs observed around Seyfert galaxies,
apart from the coincidence of the orientation of both the ENLR and the radio structure.
As we mentioned in Section 1.4, Baum and Heckman (1988b) found a correlation be-
tween the total radio luminosity and the line luminosity for a sample of powerful radio
galaxies. Wilson, Ward, and Haniff (1988) established a similar relationship for Seyfert
galaxies, although the ratio of radio to lines luminosity is lower than in the radio galaxy
case. Concerning uniquely the ENLR, Durret (1990) found a correlation between the
maximum distance where line emission is present and the radio power at 6 cm, for a
large sample of active nuclei. This correlation is not firmly established and selection
effects may be acting. Nevertheless, most objects in Durret’s sample where radio loud,
which is not the case for Seyfert galaxies and we will consider this correlation irrelevant
in our problem.

A more interesting feature for our problem of photoionization is the correlation
between the UV luminosity of the nuclear source and the maximum distance where line
emission is found (Durret, 1990). This correlation strongly suggests that the extended
ionized gas is a strong function of the UV continuum, i.e. of the reservoir of ionizing
photons and rather independent of the gas distribution. However Durret’s sample is
rather heterogeneous and comprises different classes of objects which differ by orders
of magnitude in luminosity. This sample may not be free of bias effects, e.g. the most
luminous objects will be systematically more distant and therefore the nebulosities, if
detected detached from the nucleus, will have to be largely extended, strengthening this
correlation if any exists. This correlation will be certainly weakened if anisotropy is
present in the nuclear emission. If the beam of nuclear emission is directed close to the
plane of the sky the nuclear UV continuum we observe will be only a fraction of that
observed by the clouds (even in the case of a scattering medium deviating some nuclear
emission into our line of sight). Whereas in the case of the nuclear beam intersecting
our line of sight we will observe the same nuclear emission as emission line clouds do.
This feature will introduce some dispersion in the mentioned correlation. Moreover the
maximum distance will be affected by projection effects. In this respect we propose
to search for a correlation between the actual ionizing flux which is really seen by the
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clouds and the maximum distance, in order to confirm this correlation. The absolute
ionizing flux per unit solid angle in the direction of the clouds can be derived from the
energetic requirements to produce the observed luminosity (we refer to Section 1.3).
We present (see Table 1.1) the results for a small sample including most Seyferts with
well defined conical ENLR, including also the data for radio galaxies from Tadhunter
(1987) (see also Robinson et al. [1987]), which is plausible because of the similarities of
the emission line spectra. We have not found any evident correlation between N;/4w
and D (Fig. 1.4), although a trend for N;/4x increasing with D may be present. These
data may be affected by undetermined errors (e.g. covering fractions of the clouds,
projection effects). We believe it will be hard to find any correlation with the data
available at this moment. In order to look for a selection effect related to the distance
of the galaxy, we have plotted the redshift vs. the maximum distance at which emission
line is detected. An apparent trend for more distant objects to have more extended
nebulosities is observed for both types of objects, although it is perhaps more evident
for the radio galaxies than for the Seyfert ones.

Fosbury (1989) and Prieto, di Serego—Alighieri and Fosbury (1989) present a dia-
gram with the line ratio [OIII] A5007/H@ vs. Ha surface brightness, using data across
the extended line emission region for the radio galaxy 3C 227. They found a positive
correlation between the line surface brightness and the ionization stage, which is an
additional evidence indicating that the distribution of line emission follows the distri-
bution of the jonizing flux rather than the distribution of gas density. This result has
some implications concerning the structure of the emission line region. For a slab of ion-
ized gas the emissivity is proportional to n?, and its surface brightness should increase
with the density, however for a constant flux of ionizing photons when the density is
increased U; decreases and the ratio [OIII] A5007/Hf should decrease. However in the
case that the emission we are observing comes from a number of unresolved optically
thick clouds, the surface brightness is given by the expression (Robinson, 1989):

Qg fu? Ly /hvdv _ Og,
4w D? T ag

where ¢ is the column density of the clouds, A, is the cloud face area, ay, and ap
are recombination coefficients (Osterbrock, 1974), and n, is the hydrogen density. In
this case the surface brightness is directly proportional to the ionizing flux. This is a
further confirmation that the emitting gas is clumpy and arranged in small unresolved
clouds.

The clumpiness of the medium rises the problem of confinement of the clouds
(Robinson, 1989). The clouds will tend to expand and finally dissipate if there is
no medium which can confine them. The timescale on which they expand will be of
the order of the sound crossing time. The sound crossing time is estimated from the

expression o ~ leioud/cs, Where lojo,q is the extent of the cloud and ¢, = /kT /mppu the
019

hvg, AcocnyUy,

sound speed. Using the common values T ~ and I jouq ~ 10'° cm it results t,. ~ 105y
This time scale seems to be rather short if extended emission line regions are common
phenomena. Hence the existence of a hot and tenuous medium which confine the clouds
is necessary. Evidence for the presence of hot gas can be extracted from the extended
X-ray emission detected around a few Seyfert galaxies (Elvis, Briel and Henry, 1983;
Elvis et al., 1990). It is concluded that the origin of the extended X-ray emission is
probably thermal emission from an optically thin plasma at T ~ 10® — 107 K. X-ray
haloes are also found in bright clusters of galaxies and nearby ellipticals (Fabian, Nulsen
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and Canizares, 1984; Forman, Jones and Tucker, 1985). Nevertheless an outstanding
problem is the heating of the gas at the relatively high temperatures 107 — 10® K which
is required to confine the cold dense clouds and at the same time avoid strong soft
X-ray absorption (Krolik and Vrtilek, 1984; Fabian et al., 1986; Mathews and Ferland,
1987).

On the other hand, the fact that the surface brightness and the ionization degree de-
pend on the ionizing flux, supports the hypothesis of an anisotropic ionizing continuum:
at a given radial distance from the nucleus the highest ionization, largest luminosity
clouds are simply those that fall in the most intense part of the radiation field. Accord-
ing to the above expression for the surface brightness, the ENLR will be constrained
to a relatively narrow range in radial distance due to the geometrical dilution of the
ionizing flux. However this is in apparent contradiction with the large spatial extension
of the ENLR and the fairly constant value of U; through it. An alternative solution to
this problem can be envisaged from the model recently proposed by Binette and Raga
(1990) [more details in Sect. 3.6]



Chapter 2

UNIFIED SCHEME
FOR SEYFERT GALAXIES

In Chapter 1 we have described a set of observations which suggest the existence of
a collimated UV radiation field that emerges from the nuclear region (< 1 pc) in
many AGNs. Such a conclusion was reached according to morphological and energetic
considerations concerning the extended line emitting gas.

We also mentioned the remarkable discovery of a Seyfert 1 spectrum in the polarized
nuclear emission of the typical Seyfert 2 galaxy NGC 1068 (Antonucci and Miller,
1985). The same authors proposed a model in which a geometrically and optically
thick torus surrounds the nucleus and the Broad Line Region. On the contrary the
Narrow Line Region should not be occulted by the torus. The spatial scale of the
blocking structure will be therefore limited to the range between 1 pc to few tens of pe.
Krolik and Begelman (1986) limited the torus size to few parsecs from the maximum
inferred nuclear size as measured with Speckle images in the nucleus of NGC 1068
(Meaburn et al., 1982). The only way to observe the nuclear and BLR. emission is by
means of scattering by a warm medium, which should be present along the torus axis
and at some distance above it. In this Chapter we will shortly review the observations
and the theoretical developments related with the torus scenario.

2.1 OBSERVATIONAL EVIDENCE FOR
THE EXISTENCE OF THE MOLECULAR TORUS

The study of the polarization of the nonstellar emission in Seyfert galaxies has revealed
considerable information about the nuclear structure (Miller, 1989). Most Seyferts do
not have significant optical polarization. However among those objects showing the
largest polarization it has been found that (Antonucci, 1983): type 1 Seyferts tend to
have low polarization (~ 1%) with the polarization position angle aligned with the radio
structure, whereas type 2 Seyferts tend to show relatively high polarization (up to 20%)
and the polarization angle is oriented perpendicular to the radio structure. Later on
Antonucci and Miller (1985) and more recently Miller and Goodrich (1990) presented
spectropolarimetry of several high polarization Seyfert 2 galaxies. Spectropolarimet-
ric studies are important because they can provide information about the featureless
continuum and the emission lines separately. The very salient result from these stud-
ies was the finding of broad emission lines with the same high polarization degree as
the continuum in the polarized light of classical Seyfert 2 galaxies. Let us examine in

27
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some detail these observations. The emission observed from the nucleus of Seyfert 2
galaxies is generally strongly contaminated by the stellar emission, which is basically
unpolarized. Therefore a careful subtraction of this component should be carried out
before any measurements of the polarization could be done. The measurements of the
degree of polarization Py are very dependent on the estimation of the stellar contri-
bution, which itself is plagued by uncertainties. However the product Py x Fy, where
F), is the total flux, is relatively free of possible errors in the estimation of the stellar
component. The plots of Py x F) presented by Antonucci and Miller for NGC 1068
and by Miller and Goodrich for Mkn 3, Mkn 348, Mkn 463E and NGC 7674 show
broad Balmer emission lines and in some cases the Fell multiplets. On the contrary
the narrow emission lines show a low degree of polarization (~ 1%). The resulting
polarized continuum is remarkably flat indicating that the polarization mechanism is
largely wavelength independent, and likely associated with electron scattering. Never-
theless Miller and Goodrich (1990) found P, decreasing with the wavelength in these
cases, what may indicate either some improper correction for the stellar component or
some contribution to the polarization coming from dust particles. A related observation
is presented by Shields and Filippenko (1988), who detected broad Ha emission in a
conical region outside the nucleus in the Seyfert 2 galaxy NGC 4388.

The only plausible model which has been proposed to explain these observations is
the already mentioned thick torus by Antonucci and Miller (1985). According to this
model, in Seyfert 2 galaxies the axis of the torus will be oriented close to the sky plane.
The photons arising in the nucleus and BLR and travelling along the torus axis will
be scattered by electrons into our line of sight. The high polarization degree (~ 15%),
which is observed leads to think that the nucleus and the BLR are hidden deep inside
the torus, or equivalently the inner walls of the torus will be very steep.

The presence of the obscuring torus is well related to the cones of ionizing radiation
presented in Chapter 1. This torus provides an extrinsic way to collimate the emerging
nuclear radiation along the torus axis. Miller (1989) reported the discovery of a highly
polarized knot with the polarization vector perpendicular to the nuclear direction,
at a distance of 5” North East from the nucleus of NGC 1068, the location of this
knot being close to the [OIII] A5007 plume found by Baldwin, Wilson and Whittle
(1987). Furthermore the polarization in this knot was found to increase rapidly towards
the blue, indicating that the nuclear light is being scattered by dust grains in these
offnuclear regions.

The low detection of Seyfert 2 galaxies in X-ray surveys is consistent with the heavy
obscuration provided by the torus. Recently, Elvis and Lawrence (1988) and Koyama et
al. (1989) reported detection of hard X-ray emission from NGC 1068, using EXOSAT
and Ginga satellites, respectively. Elvis and Lawrence (1988) failed to detect soft X—
ray absorption and Koyama et al. (1989) detected a low column density. The detected
hard X-ray emission is consistent with the one observed in Seyfert 1 galaxies. All this
seems to be consistent with the idea that we are not seeing directly the X-ray emission
but in scattered light. Moreover, the scattering medium should be mostly composed of
electrons because dust will produce strong soft X—ray absorption. Warwick et al. (1989)
detected hard X-ray emission from the Seyfert 2 Mkn 348, although in this case strong
absorption was at low energies. According to their interpretation this fact may indicate
that unlike the previous cases, we are looking directly to the nucleus through a certain
column density. A similar discovery was made for NGC 4388 by Hanson et al. (1990).

It seems unquestionable that those Seyfert 2 galaxies showing broad emission lines
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in polarized light would be classified as Seyfert 1 galaxies if they were seen from the
appropriate direction in the sky plane. However it is not clear if all Seyfert galaxies
are of the same class, and their classification as type 1 or 2 will be uniquely a viewing
aspect. There is some controversy on this point, an ample statement of the possible
problems with the unification scheme is given by Miller (1989) and Miller and Goodrich
(1990). Among the difficulties with this scheme, perhaps the most severe is the lack of
the expected infrared reradiation of the absorbed fraction of the nuclear luminosity by
the torus (Penston et al., 1990).

In the following we will present some observations which are related to the pres-
ence of the obscuring torus. If we assume that all Seyfert galaxies are characterized by
the presence of the thick obscuring torus with a characteristic opening angle 6., then
it will be possible to predict for a sample of randomly oriented objects the fraction of
obscured and unobscured objects. However this fraction is difficult to estimate observa-
tionally because selection effects can be operating in the choice of the sample. Perhaps
the best opportunities will be offered by spectroscopic search techniques (Wasilewski,
1983; Osterbrock and Shaw, 1988) and by no pre-selected objects' infrared surveys,
e.g. the complete, flux-limited IRAS survey of Lawrence et al. (1986) (for discussion
see Lawrence [1987], and Miller and Goodrich [1990]).

The radio properties of Seyfert 1 and 2 galaxies could be used as a good indicator
of the orientation effects which will differentiate both types of galaxies. If Seyfert 2
were predominantly oriented with their radio axis in the sky plane their radio sizes will
be larger than the one observed in Seyfert 1 whose structure should be foreshortened
due to the projection in our line of sight. Ulvestad and Wilson (1984) noticed such an
effect and in addition they found that type 2 Seyferts are generally more powerful radio
emitters. However, in a more recent paper the same authors (Ulvestad and Wilson,
1989) found the previous result to be a selection effect and only marginal differences
are found in the two classes of objects for both radio luminosities and sizes.

2.2 THE MOLECULAR TORUS

The theoretical development of the idea of the thick obscuring torus suggested by
Antonucci and Miller (1985) was rapidly undertaken by Krolik and Begelman (1986,
1988). In the present section we will review the major features of their model. A
graphic impression of the model is given in Fig. 2.1. Other reference papers were
published by Krolik where different aspects of the theory of the obscuring torus and
the relation with the the Interstellar Medium in Seyfert galaxies are presented (Krolik,
1988; Krolik, 1989a; Krolik, 1989h). The material presented in this section is largely
based on these works.

2.2.1 Location and Geometry of the Obscuring Material

The location of the obscuring torus was well constrained by the requirement to hide
the BLR and leaving unocculted the NLR. Thus a likely distance from the nucleus
for the inner edge of the torus will be of several parsecs. This distance results to be
an interesting one, since at this location the gravitational potential due to the stars
becomes comparable with the gravitational potential due to the central object.

!We mean by pre-selected objects those that are strong emitters in other bands.
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Figure 2.1: A schematic representation of the molecular torus. The obscuring torus is formed
by optically thick molecular clouds (cross-hatched), which are orbiting around the nucleus and
moving with high dispersion velocities. The nuclear continuum is located in the origin. The
clouds directly exposed to the continuum light are strongly ionized and heated. These clouds
(stippled) will expand until they reach the equilibrium with the external medium. However
the physical conditions are such that the gas will be heated continuously by the radiation flux,
and will tend to escape the region. This heated gas will flow away forming a wind (shaded
area). This wind will be the scattering medium which allows to observe the inner of the torus
at viewing angles close to the equatorial plane. Adopted from Krolik and Begelman (1986).
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The material make up the torus is probably dusty, since dust is a very efficient
absorber at the optical and ultraviolet frequencies. Krolik and Begelman (1988) as-
sumed that all the galaxies with infrared excess possess a molecular torus. They used
the fraction of Seyfert 2 present in the sample of Edelson, Malkan and Rieke (1987) to
estimate the opening angle of the torus. The obtained value is ~ 40°, which indicates
a geometrically rather thick torus. :

In order to maintain the torus geometrically thick we must require that the material
forming it has a large velocity dispersion, at least of the order of the stellar orbital
velocity (~ 200km s~1') at the location of the torus. If the random velocities correspond
to the thermal motion of a gas, the temperature will be ~ 10° K, and at such high
temperatures the dust grains can not survive. Therefore the material will be likely
clumped into small clouds with temperatures low enough to allow dust to survive.
These clouds will move with the required random velocities. Krolik and Begelman
(1986) further suggest that these clouds may be molecular clouds because there is a
prominent starburst region extending up to distances of ~ 1 kpc from the nucleus in
NGC 1068, and large quantities of molecular gas has been found associated with it
(Scoville, Young and Lucy, 1983).

The clouds are confined by the external interstellar pressure present in the region,
which can be inferred from the presence of the starburst region and scaled to the appro-
priate distance. The balance between cloud merging and the tidal shearing determines
the shape of the cloud size distribution and at the same time produces a covering factor
in the equatorial plane which is unity.

These clouds orbiting around the nucleus will receive the nuclear ionizing contin-
uum. The inner face of the clouds will be photoionized and the temperature will be
of the order of 10* K. Deeper in the clouds, when the ultraviolet photons have been
absorbed the gas will receive only the X-ray photons which are those capable of pen-
etrating farthest. The interior of the clouds therefore will be heated up to values of
the order of 10% K and the electron fractions will be relatively high for a molecular
gas. The molecules will not be dissociated at this temperature and molecular emission
lines will come from the torus. Krolik and Lepp (1989) investigated the internal state
of the clouds. They found that a substantial fraction of the hard X-ray luminosity is
deposited in the molecular clouds and the local reradiation is about half in molecular
lines. However the emission lines are expected to be weak mainly due to the amount
of dust which reabsorbs the line emission and to the large number of lines over which
the energy is spread.

2.2.2 Dynamics of the Clouds

As we asserted above, to maintain the torus geometrically thick the clouds forming it
should be moving with large dispersion velocities. The origin of these velocities is rather
speculative. Krolik and Begelman (1988) showed that stirring by stellar processes is
largely inefficient to compete with the losses by cloud collisions. Cloud-cloud collisions
dissipate orbital energy producing a cloud inflow which may help to fuel the central
object. Krolik and Begelman (1988) proposed viscous heating arising in the cloud
collisions when shear stresses are present as a plausible mechanism. Such a mecha-
nism is similar to that producing the velocity dispersion of dust particles in Saturn’s
rings (Goldreich and Tremaine, 1978). The heating rate by viscosity is proportional
to (dinf)/ dlm’)2 and hence it may change sharply when the gravitational potential
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becomes dominated by the central black hole rather than by the stellar potential?.

A balance between the viscous heating and the cooling by the cloud collisions is
difficult to obtain because the quantities which are involved in both the heating and
cooling are determined by independent processes. Therefore if there is net viscous
heating the torus will inflate until the rotational reservoir of energy is exhausted, i.e.
the velocity dispersion can not exceed the orbital velocity; when cooling by cloud
collisions is dominant the clouds will be confined to the disk.

Since the viscous heating works to maintain the torus thick only under particular
circumstances, then it is plausible to expect that the formation of a thick torus will be
a difficult event, which may explain why some Seyfert 1 do not posses a thick torus.

2.2.3 The Electron Scattering Medium:
An X-ray heated wind

The optical depth of the scattering medium should be less than 1 in order to account for
the high observed polarization in the broad lines, but meanwhile the density of scatter-
ers should be sufficient to reflect the nuclear continuum at the level we observe it. Krolik
and Begelman (1986) estimated 7 ~ 0.01. On the other hand the maximum observed
width of the polarized broad emission line puts an upper limit on the temperature of
the scattering medium of the order of 106 K. Krolik and Begelman (1986) found that,
using this value of 7 and the common values for the luminosity the resulting ionization
parameter? indicates that for T < 10° the gas will be in a state of net radiative heating
(Krolik, MacKee and Tarter, 1981). If the gas were in hydrostatic equilibrium then
the temperature would rise to the effective Compton temperature which is of the order
of 107 K for the observed continuum in Seyfert 1 (Mathews and Ferland, 1987). This
temperature is in conflict with the maximum permitted value from the line width. On
the other hand the virial temperature is lower than the Compton value. Therefore the
most likely situation will be the formation of a radiation heated wind. The temperature
will be determined by the balance between the heating by the nuclear radiation field
and the adiabatic cooling due to the expansion. Krolik and Begelman (1986) estimated
the temperature to be ~ 10°% K at the base of the wind, close to the edge of the torus
and then to decrease outwards.

Once the ionization parameter and the temperature in the wind have been deter-
mined the ionization level of the elements can be estimated assuming ionization equi-
librium. It results that all the elements are stripped of the electrons, the exceptions are
Fe and some fraction of Si and S which keep a few electrons. Therefore considerable Fe
Ka emission is expected. Krolik and Kallman (1987) correctly predicted the Equivalent

’In the Galaxy (dInQ/dlnr) = 9/4 at » < 10 pc and (dInQl/d Inr) < 1 at r > 10 pc.

*The ionization parameter used by Krolik, MacKee and Tarter (1981) is defined as the ratio between
the radiation pressure and the gas pressure. The expression is:

L7 Lu/hvdv
" 4xD?NyckT

8]

It differs from that used in the rest of this thesis, by a constant and the inclusion of the temperature
in the denominator. The expression used here is:

S Lu/hvdy
U= —DiNne
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Width of this line as confirmed by Ginga observations (Koyama et al., 1989).

2.2.4 Self-Regulating Mechanisms

The clouds making up the torus will loose orbital energy due to cloud collision losses,
and hence a net inflow of clouds will be driven. This mass inflow is approximately
matched by the total mass flux which is expected to be flowing out in the form of X~
ray heated wind (Krolik and Begelman, 1988). When these inflowing clouds reach the
inner edge of the torus, they will be strongly ionized and heated, as a consequence they
will expand until the pressure equilibrates the external one in that region. When the
external pressure is reached the value of the ionization parameter will have increased
so much that the gas will be no more in equilibrium and will heat and expand more,
forming the wind (Krolik and Begelman, 1986).

Furthermore an important mechanism of self-regulation of the accretion may be
taking place here. The cloud—cloud collisions continuously drive matter inward, but
some part of this matter will not be blown up contributing to the radiation heated
wind, but will be accreted by the central object. The mechanism of accretion has not
been mentioned here, but it should be any kind of accretion disk because the inflowing
matter may have sufficient angular momentum. If more matter is accreted the radiative
flux produced by the nucleus (e.g. accretion disk) will be increased, and consequently
the evaporation of the clouds will be increased in the inner edge of the torus. Hence
the supply of matter to the inner accretion disk will decrease and equally the radiation
flux, establishing a feed~back mechanism. (Krolik and Begelman, 1988).
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Chapter 3

PHYSICAL CONDITIONS
AND IONIZATION MECHANISMS
IN THE ENLR

3.1 INTRODUCTION

In Chapter 1 we discussed the morphology of the extended line emitting gas around
Seyfert galaxies. The emission spectrum presents high jonization lines and photoion-
ization by the nuclear continuum seems to be the only efficient excitation mechanism:
heating and compression by the radio component can be ruled out since no direct spa-
tial relationship is observed; local ionization is unlikely because the spatial distribution
of the continuum emission differs largely from that of the lines. In this respect an
anisotropic nuclear radiation field can account for the peculiar conical shape of the line
emitting region.

In this Chapter we investigate in more detail the physical conditions (namely, den-
sity and temperature) present in the extended nebulosities, confirming that photoion-
ization is the main excitation mechanism for the line emission. We will also discuss
the similarities of the emission line spectrum from the Extended Narrow Line Region
(ENLR) with the inner and only marginally resolved Nuclear Narrow Line Region
(NNLR, or simply NLR). We recall that the distinction between both regions is based
purely on the kinematics of the gas: NLR, gas will be affected by radial motions instead
ENLR will be kinematically undisturbed gas reflecting the motions of the underlying
galactic gas. Different ionizing continua will be proposed and their ability to reproduce
the emission line spectrum will be discussed.

3.2 PHYSICAL CONDITIONS OF
THE LINE EMITTING GAS

The emission line spectrum observed from the ENLRs is characterized in the optical
band by the presence of the Balmer lines, Ho (A6563) and HA (A4861), the recombina-
tion line Hell A4686 and several forbidden lines, combining both high ionization, such
as [OIII] A5007 (the most intense line), [NelIl] A3869 and [NeV] A3426, with low ioniza-
tion lines, such as [OI] A6300, [SIT] AX6716,6731, [NII] A\6548, 6584 and [OII] A3727.
This line spectrum resembles that of a planetary nebula, although a larger range of ion-
ization is now present. Consequently similar procedures to those applied in low density

35
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gaseous nebulae can be used to determine the physical conditions in the emitting gas.

3.2.1 Density

The presence of the forbidden lines 'places upper limits on the density. The density
should be lower than the critical density for collisional deexcitation starts to be relevant.
Among the observed lines, [OII] A3727 has the lowest critical density, which is around
10 em™3. The low surface brightness of the nebulosities and the low resolution of
the spectra do no allow to use in all cases the doublet ratios [SIT] A6716/A6731 and
[OII] A3729/A3726, to determine the density (Osterbrock 1974). Nevertheless in the
cases where it has been possible to measure directly the density from the doublet
ratios the values range from 10%cm™2 for NGC 4151 (Penston et al., 1990) to 103¢m=3
for NGC 1068 (Baldwin, Wilson and Whittle, 1987). Therefore the observed values
confirm that we are below the critical density limit for all the observed transitions, and
collisional deexcitations will not be relevant for the ionization equilibrium.

3.2.2 Temperature

The temperature of the gas is an important parameter which allows to identify the
excitation mechanism. The typical electronic temperatures 7., reached by photoioniza-
tion are in the range 10000 - 15000 K, higher values than these are only attained either
by collisional ionization or by additional heating sources, such as shock compression,
or energetic particles.

The strength of the line [OIII] A4363 with respect to the lines [OIII] AA4959, 5007 is
an increasing function of T,. This line is generally difficult to detect however it has been
measured for several ENLRs: Penston et al. (1990) found a value of 14000 K for NGC
4151, in the case of NGC 3516 the values T, ~ 13500 and ~ 19000 K are found (Pogge,
1989a). Tadhunter, Robinson and Morganti (1989) estimated T, from the [OIII] ratio in
several ENLRs, using data for emission line radio galaxies (Tadhunter, 1987) including
also the Seyfert galaxies NGC 5252, NGC 4151 and NGC 3516. They found that the
derived temperatures are relatively high (T, ~ 10000 — 20000 K ), when compared to
the values predicted by photoionization models (T. < 11000 K), which are otherwise
successful explaining the emission lines. The most plausible explanation for this dis-
crepancy considers heating sources others than photoionization or alternatively a much
lower ratio O /H than the assumed solar value, since in this case the effective cooling line
[OIII] A5007 will not be able to maintain the temperature in the H* region. The values
of T, predicted when using our ionizing continua (thick accretion disk emission) are in
the range of observed values (see Table A.1), and they are usually higher than those
predicted by the models considered by Tadhunter, Robinson and Morganti (1989), al-
though our ionizing continua seems to be rather hard when the predicted emission lines
are compared with the observations. (this point will be further discussed in Chapter
5). We believe that the "space” of the possible ionizing continua has not been com-
pletely explored and the inclusion of hard components would be helpful to overcome
this difficulty. A similar problem was found by Stasifiska (1984) modelling the NLR,
the proposed solution was to consider a two densities system, high density gas shows a
high value of the line [OIII] A4363, although this may be not appropriate for the ENLR
where rather low densities are observed. We can conclude that the temperature of the
ionized gas is consistent with photoionization being the main excitation mechanism.



3.2 Spectroscopic Evidences 37

Assuming ionization equilibrium and the limit of low density gas, the ionization
level of the elements will be uniquely determined by the number of photons with energy
larger than the corresponding ionization potential per atom. The ionization equilibrium
condition for any ionic specie and its contiguous can be written as:

[ 4nd, . » .
n(X") / T, (XT)dy = n(X e X, TL),

where a,(X?) and o(Xt!,T) are absorption and recombination coefficients, respec-
tively. Then doing some approximations (see Osterbrock [1974]) for justifications) it

results: 0 4]
ﬂ-yu dv = n(Xi+1)nea(Xi+1,Te).

n(X)a(x) [

An arrangement of this expression leads to:

dv

(X1 a(X?) 1 /‘x’ 4nJ,

(X)) a(X, To)n, hv

i

Neglecting the diffuse radiation field we can take 47J, = L,/4xD? and therefore we
may write: . ‘
n(xz-H) B (I,(XZ) i/-oo L, p
n(X7)  a(X,T)n, )y, 4xDhv""
Equivalently, the above expression can be rewritten as a function of the ionization
parameter U, which is defined by:

U, = f:)o L,/hv dv
' drD%ngye
where L, is the monochromatic luminosity, v is the frequency corresponding to 1 ryd,

ny is the hydrogen density of the ionized clouds, D is the distance from the ionizing
source. The final expression is:

n(X*1) _ a(X*) fL:o L,/hvdv U
n(X)  a(XHLT) [P L, /hvdy "

from which we may extract the fact that the ionization level is proportional to the value
of U;. In the derivation of this formula we have assumed that the gas is optically thin,
but most likely in a real situation the photons will be absorbed through the nebula and
the ionization level of any element will depend also on the radiation transfer inside it.
Nevertheless, the relative intensity of the different emission lines will be directly related
to the number of photons which is available to excite each ionic specie.

3.3 SPECTROSCOPIC EVIDENCES FOR
PHOTOIONIZATION BY
THE NUCLEAR EMISSION

A first guess about the characteristics of the ionizing continuum can be obtained from
the classification method proposed by Baldwin, Phillips and Terlevich (1981), and more
recently refined by Veilleux and Osterbrock (1987). They looked for a single line ra-
tio which is able to separate objects photoionized by different continua, but without
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success. Instead the successful method combines the values of two line ratios in a bidi-
mensional diagram, which effectively divide the area into two zones corresponding to:
gas ionized by stellar continuum as corresponding to H II regions, and gas ionized by a
power law continuum as corresponding to Active Galactic Nuclei. The involved line ra-
tios are [OIII] A5007/H/ , [NII] A6584/Ha , [SII] AA6716,6731/Ha and [OI] A6300/Ha
. These line ratios are chosen on the basis of several requirements: they should be
strong lines and not widely separated in wavelength to avoid reddening and flux cal-
ibration errors. The above line ratios are combined in the following way: the ratio
[OIII] A5007/Hp is presented in one axis, whereas any of the other ratios is presented
in the other.

It is not difficult to understand how these diagrams are constructed. The feature
which differentiates the ionizing continuum in the two classes of objects mentioned
above is the extension to the X-ray energies, which is not present in the stellar continua
but is important for power laws. The ratio [OITI] A5007/Hf is not sensitive to the
details at X-ray energies whereas the rest of mentioned ratios are primarily dependent
on that part of continuum. It is shown empirically that the H II regions line emission
presents weaker low ionization lines, especially [OI] A6300, than power law ionized
objects do. This difference derives from the extension to X-ray energies in the power
law, as we mentioned above. Since the absorption cross—section of H°, He®, Het and
other ions decrease rapidly with increasing energy, the X-ray photons can penetrate
deeply in the region where H is mostly neutral. Eventually these X-ray photons can
be absorbed in the neutral region producing energetic electrons. These electrons has
sufficient energy to ionize H°, creating in this way an extended partially ionized region.
In this zone the dominant forms of O, S and N are 0°, St and N°, and some fraction
of N* and O¥ is also present, since N° and O° have similar ionization potential to H
they can be also collisionally ionized. Hence the low ionization lines are produced in
this region when the ionizing continuum has an X-ray component. However the partly
ionized region is not present when the stellar emission is the ionizing continuum. In
this case the low ionization lines can only be produced in the inner part (the opposite to
that facing the nucleus) of the full ionized region, depending on the degree of ionization.

In the cases where spectroscopical data are available for the line ratios in the ENLRs,
they are mostly located in the power law ionized region in the diagnostic diagrams: NGC
4388 (Pogge, 1988b); NGC 3516 (Pogge, 1989a); and several other objects (Pogge,
1989b). Although in some cases according to the location in the diagrams, the line
emission can be interpreted as originated with a composite mechanism: NGC 1068
(Baldwin, Wilson and Whittle, 1987); NGC 5728 (Pogge, 1989b). In the latter cases
the line emission can be interpreted as a superposition of H II regions emission plus
the high excitation emission, i.e. we will observe different emitting regions which are
physically separated, but appear to be coincident due to projection effects.

On the other hand the line ratio observed in the ENLR around Seyfert galaxies and
low-z radio galaxies lies in the same region of the diagnostic diagrams (a similar result
was found by Cohen and Osterbrock [1981] for the Nuclear NLRs), which indicates that
the relevant excitation mechanism does not depend on the radio properties (e.g. see
Fig. 3.2).



TABLE 3.1: OBSERVED EMISSION LINES IN ENLRS

Object [OllJH@ [OI/HB [OI]/HB [NII|/JHB |[SI[[/JHB Hell/HG [Nelll|/H3 [NeV|/H@ |[OIII] A4363/HB Ha/HB Ref.
Seyfert 2 11. (3.) 3.2(17) 057(0.2) 2.9(1.0) 1.5(0.5) 0.29 (0.1) 1.4(0.4) 1.2(0.2) 0.21 (0.1) 3.1 (0.1) 0
NGC 1068 6.7 5.1 0.85 3.0 0.84 0.39 2.3 0.22 3.01 ¢
NGC 1068 1 3.7 2.4 0.15 2.1 0.87 0.28 0.83 2.2 0.11 3.1 *
NGC 1068 2 6.2 3.1 0.29 2.5 1.3 0.35 1.4 1.9 0.21 3.1 *
NGC 1068 3 2.9 3.1 0.15 0.65 1.1 0.15 0.86 0.82 0.27 3.1 *
NGC 2110 7.3 1.0 6.0 4.4 3.1 °
NGC 3516 10. 2.6 0.45 4.0 2.3 0.30 0.80 1.2 0.12 3.5 A
NGC 3516 (NE) 10. 3.5 0.23 3.8 2.1 0.26 1.2 0.25 0.33 3.8 &
NGC 3516 (SW) 9.2 3.5 0.25 4.5 2.2 0.35 0.92 0.21 0.14 3.8 ®
NGC 4151 13. 2.4 0.25 1.2 1.0 0.38 1.0 0.60 0.24 2.8 @
NGC 4388 a’ 8.7 0.30 2.2 1.7 2.7 @
NGC 4388 ¢ 16. 0.03 2.1 0.75 2.9 ©
NGC 4388 d- 9.7 0.58 1.8 1.9 0.31 2.9 ©

The symbols of the references correpond to: ™ Ferland and Osterbrock (1986); © Baldwin, Wilson and Whittle (1987); * Bergeron, Petitjean
and Durret (1989); ® Pogge (1989b); © Ulrich and Péquignot (1980); * Pogge (1989a); # Penston et al. (1990); ¥ Pogge (1988b).

* a,c and d refer to Table 1 in Pogge (1988b).
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3.4 COMPARISON WITH THE
NUCLEAR NLR SPECTRUM

The emission line spectra observed in the ENLRs closely resembles that observed in the
inner nuclear NLR. In Table 3.1 (also in Fig. 3.1) we present the line intensities relative
to H3, for comparison we present the same values for the mean Seyfert 2 spectrum as
derived by Ferland and Osterbrock (1986). The main differences of the ENLR spectrum
which are noticed with respect to the nuclear one (represented by the mean Seyfert 2),
are summarized in the following:

e [OII] A3727/Hp and Hell A4686/H@ show similar values in both cases.

o The values of [OIII] A5007/HS , [NII| A6584/HS, [SII] AA6716,6731/HG and
[NeV] A3426/Hf are spread in a wide range including the mean value for the
nuclear region.

e The line ratios [OI] A6300/HS3 and [Nelll] A3869/Hf tend to be lower than ob-
served in the nuclear zones.

These differences are mostly apparent and far for being established. Moreover
the values of the line ratios for different objects, instead of being clustered around
an average value could tend to form a sequence of values corresponding to variations .
of physical conditions in the various objects. This feature was noticed by Robinson
et al. (1987) for the ENLRs around emission line radio galaxies. Moreover it was
found in their sample that ENLRs show usually lower [OI] A6300/[OIII] A5007 co-
incident with lower [OI] A6300/Ha , [NII] A6584/Ha and [SII] AA6716,6731/Ha and
higher [OIII] A5007/Hp , relative to the nuclear value corresponding to the same ob-
ject. Their interpretation is that ENLRs are probably characterized by a higher value
of the ionization parameter than Nuclear NLRs.

It is striking that such similar emission line spectra from two regions which are
spatially separated by at least one order of magnitude in distance from the ionizing
source!. There should be a dilution of the radiation field by a factor of = 102 which
will be reflected in a decreasing degree of ionization level of the emitting gas, contrary
to the observed constancy. This will imply that the density will decrease as 1/D? to
either keep constant U; or increasing its value. This is not confirmed observationally,
although NNLR models require often densities ~ 10%¢m ™3, whereas ENLR. estimates
do not exceed much 10%cm ™. We discuss below an alternative to this solution (Sect.
3.6) .

Since the emission line spectra of ENLR and NNLR are so similar, it will be worth
to mention the attempts which has been made to model the NLR emission. The spatial
structure of the NLR models can be divided into three groups:

!The NNLR is located at ~ 100 pc, whereas the ENLR. is at ~ 10 kpc. Probably both regions are
smoothly connected and are parts of the same region, but the present observations do not allow to
confirm this point and the spectra are taken from separated spatial regions. The high spatial resolution
of the Hubble Space Telescope would make to disappear the distinction between the two zones. Actually
the ground based telescopes has a resolution limit about ~ 1” which corresponds to distances ~ 100 pc
for the nearby objects, e.g. at the distance of NGC 4151 {z = 0.0033). The Space Telescope will lower
this limit in one order of magnitude and up to objects distant such as z = 0.03 it will resolve ~ 100 pc.
This estimates are done being a little bit pessimistic about the current focusing problems.
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Figure 3.1: Histogram of the line ratios observed in the ENLR around Seyfert galaxies.
The base of the histogram bars corresponds to a relative error of the emission line of
20 %. In spite of the small sample, note the large dispersion of the data.



42 CHAPTER 3  PHYSICAL CONDITIONS AND PHOTOIONIZATION

e The simplest consists of a single density cloud located at a certain distance
from the ionizing source (Ferland and Netzer, 1983; Halpern and Steiner, 1983;
Stasiriska, 1984). The existence of inhomogeneities and possible stratification of
the density may rule out this model, although it can be taken as a first approxi-
mation when the range of distance from the ionizing source is relatively narrow.

e A more realistic approach will allow for stratification of the density N(r) and
a range of ionization which comes from a certain range of distance from the
nucleus. The gas will be condensed in small filaments, which are individually
optically thin (this is modelled by a volume filling factor), although cumulatively
they may become optically thick (MacAlpine, 1972).

o The most likely situation will consist of small clouds which are individually opti-
cally thick and the whole system will extend over a large range in distance from
the ionizing source (Osterbrock, 1984). This approach is the most sophisticated
and the dimensions of the clouds and shadowing effects would be considered.

Ferland and Mushotzky (1982) modelled the NLR in NGC 4151 using an ionizing
continuum (the low frequencies are dominated by a power law with index 1.5 whereas
the X-ray part has an index 0.5) in which the radiation of energies < 3 keV was
absorbed by the Broad Line Region material. The NLR is modelled as an uniform
plane parallel slab (N, = 10%5 ¢m~3), the thickness of the slab is determined by the
strength of the line [OI] A6300 relative to Hp. The results do not agree simultaneously
with the observed values of [OIII] A5007 and [OII] A3727. Moreover the temperature
seems to be underestimated and the ratio [OIII] A5007/H is large for most values of
U:. However if the abundances of the heavy elements are lowered these problems will be
alleviated, and in fact the agreement with the observed values is improved. This occurs
because [OIII] A5007 is an important cooling of the H+ region, therefore reducing the
presence of O the temperature will increase.

Stasifiska (1984) made a very detailed comparison of the observed emission lines for a
sample of Seyfert and narrow-line radio galaxies with the predictions of photoionization
models. The clouds are assumed to be plane parallel slab with constant density and
located at a fixed distance to the nucleus. In this work a wide range of ionizing continua
was explored together with the variation of Uj, gas density and element abundances.
Among the most interesting results it is worth to mention:

® Black bodies with Tc;; in the range 10" — 10° K are able to reproduce well the
line ratios, besides the standard power law continua.

o The theoretical curves in the diagram [OIII] A5007/HS vs. [OII] A3727/HS are
insensitivity to the spectral shape of the continuum.

¢ The predicted values of [OII] A3727/Hf are found to be below the observed ones.

 The observed values of the ratio [OIII] A4363/A\4959,5007 are higher than those
predicted by the models. This ratio is sensitive to the temperature, although it
becomes also sensitive to the density, increasing with it when N, = 10° em-°.
Furthermore this ratio tends to decrease with the ratio [OIII] A5007/[OII] A3727
increasing,.
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° The line ratios [SIT] A6716/A6731 and [SII] A4070/AX6716,6731 are both sensi-
tive to the density. However the observed values for the latter ratio are higher
than the predicted values, requiring to increase the density to agree with obser-
vations. In addition, the second ratio shows a trend to increase with the ratio
[OIII] A5007/[O1I] A3727 increasing.

It was proposed that a way to reconcile the model predictions with the observed
ratios is to have a gas with two densities: a high density (N, > 10%cm~*) with similar
value of U, for all the ob jects, and then a low density (N, < 10‘1cm‘“) for which U, varies
from object to object, which accounts for the different observed ionization as measured
by the ratio [OIII] A5007/[OII] A3727. In this way the high density clouds produce high
values for the ratios [SII] A4070/AA6716,6731 and [OI1I] A4363/AX4959,5007, then the
low density component will tend to lower the value of the latter ratio when U, ¢ increases,
whereas the former ratio will tend to decrease in the low density component when U,
decreases. The interesting idea emerging from this work is that the emission line region
is composed of a system of clouds rather than a homogeneous model. This idea is also
supported by the kinematical studies of line profiles (Filippenko, 1986; DeRobertis and
Osterbrock, 1984).

Ferland and Osterbrock (1986) derived a mean NLR, spectrum (see Table 3.1) using
both optical and ultraviolet observations of Seyfert 2 galaxies. Photoionization by a
power law continuum (F,, o »='*) whose index is inferred directly from the observations
of the continua, can reproduce the emission line spectrum. The geometry of the NLR,
is assumed to be spherical, with a power law density distribution and an uniform filling
factor. The density at the inner radius is fixed in order to allow for the presence of
very high ionized species, like FeX, moreover certain values of the density are required
to have values lower than the critical in the zones of emission of relevant lines such as
[OIII] A5007 (N, ~ 10%ern~=") or [SIT] AA6716, 6731 (Ne ~ 10%°cm="). The filling factor
[ is determined from the whole extension of the emitting region. Since low values of f
will lead to very extended regions and large production of emission in the low ionization
lines [OI} A6300 and [OII] A3727. Hence the extension of the zone is limited by the value
of f which reproduces the observed values of the ratio between the two mentioned lines.

Binette, Robinson and Courvoisier (1988) adopted the same geometry as Ferland
and Osterbrock (1986) but they concentrated in the analysis of the ionizing continuum
variation. The main result from this work is the establishment that black bodies with
Tesy in the range 1.2 — 1.6 x 105 K are as good candidates for the ionizing continuum
of the NLR as the conventional power law with index 1.5. The main inconveniences
for the black bodies model concern the weakness of the [SIT] AA6716,6731/HQ and an
overestimation of the ratio [OI] A6300/HS. The former ratio can be increased with the
addition of an X-ray component, which makes to increase the latter ratio, and then
leading to a bigger problem for it. A noticeable characteristic of the black body as
ionizing continuum is the sensitivity of the ratio Hell A4686/HS to the value of Tery,
and furthermore with high values of Teyy such ratio can reach the observed values which
are not possible to reach with power law models. The results show that a reasonable
fit to the NLR spectrum can be obtained independently of the slope of the ionizing
continuum at the Lyman limit, it depends mainly on the mean ionizing energy & of
the photons. The continua which have & < 50 eV produce a good agreement with
the observed values; instead those which have € > 50 eV predict very strong low
ionization lines arising from the partially jonized region. These authors found also that
the geometry adopted for the NLR affects predominantly the lines produced in the
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partially ionized region. Differences between the line spectra predicted by black body
and power law are larger in the case of a plane parallel slab than in a spherical geometry,
and affect predominantly the lines produced in the partially ionized region. The reason
for such behaviour can be envisaged by looking at the fraction of the continuum which
is absorbed in the whole emitting region. In a spherical geometry the X-ray part is
less absorbed than in the plane parallel slab because the optical depth is smaller due
to the decreasing density distribution by the geometrical dilution.

Based on the variation of Hell A4686/H4 with 7. 7s» Binette, Courvisier, and Robin-
son (1988) derived constraints on the shape of the extreme UV/soft X-ray ionizing
continuum for the NLR. This portion of the continuum can not be directly observed
due to the galactic absorption by neutral H. No values of Hell A4686 /Hp larger than
0.5 are observed in Seyfert 2 galaxies. Limiting the value of the ratio Hell A\4686 JHB
to this maximum and using black body as ionizing continuum they derived an upper
limit to T,¢s. The results show that to be consistent with the observations the flux at
105 eV can not exceed 15 % of the flux at the Lyman limit. This fact limits the amount
of energy which is conveyed in the nuclear continuum combining the values either at
far UV or soft X-rays. These energies represent respectively, the low and high energy
end of the “big blue bump” (see Section 4.2.2), where rising slopes into the unobserved
region are present in some cases.

Viegas—Aldrovandi (1988) considered the case in which NLR clouds are not com-
pletely thick, this is suggested by an anticorrelation observed between the ratio Hell \4686/HS
and the low ionization lines [OI] A6300/H4 and [NI] A5200/H. The observed values of
these ratios can be explained if the NLR is formed by a combination of optically thin
and thick clouds.

The effect of relativistic electrons in the ionization and heating of the gas in the NLR,
clouds has been considered by Ferland and Mushotzky (1984) and Viegas—Aldrovandi
and Gruenwald (1988). The main effect of relativistic electrons is to increase the
temperature, consequently a better agreement with the observations is attained for
the temperature sensitive ratio [OIII] A4363/A)4959,5007 and the low ionization lines.
The effect of shock heating combined with the photoionization by a power law has
been studied by Viegas—Aldrovandi and Contini (1989) showing that shock heating is
comparable to photoionization when the ionization parameter is low.

3.5 PHOTOIONIZATION OF THE ENLR

The geometry of the emitting gas in the Extended NLR. is not as complex as in the case
of the Nuclear NLR. The basic difference arises from the fact that the Extended NLR
are well resolved spatially and therefore the range in distance from the central source is
limited locally by the resolution of the observations. Furthermore the presence of strong
[OI] A6300 and other low ionization lines such as [SII] AA6716,6731 and [NII] A6584
indicates that the emitting structures are optically thick. In such case the extension
of the clouds can be estimated from the Strémgren radius which is of the order of
10'8 em, (10'® — 10'° ¢m as can be read from Table A.1 for the most likely value of
U, derived from the observed line ratios, see below). The distance of the emitting gas
from the ionizing source is of the order of 1 kpc, which makes a plane parallel slab
a good approximation to the geometry of the Extended NLR clouds. In addition, no
clear evidence for strong density gradients is found. Therefore the most appropriate
description for the ENLR will consist of a number of unresolved optically thick clouds
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at a given distance from the nucleus, which is confirmed by the derived values of the
filling factor.

Ulrich and Péquignot (1890) calculated the photoionization by an power law con-
tinuum (F, o< »71) for the extended line emission they found around NGC 3516, in
two cases: optically thin and thick slab. Their results confirm that an optically thick
cloud model can well reproduce the relative line intensities of OI, OII and OIII for a
certain range of the hydrogen density (Ny = 10 — 100cm™3). The only drawback of
this model is the slightly high value of the OIII lines; an alternative model with lower
oxygen abundance was then proposed, and was in better agreement with the observed
lines. Moreover they found that an extension of the clouds of the order 10!° em gives
reasonable line ratios.

Robinson et al. (1987) noticed that the line ratios observed in the ENLR, of line-
emission radio galaxies (Tadhunter, 1987) are consistent with photoionization by a
continuum with & in the range of 30-40 eV. A plane parallel geometry and constant
density Ny = 100 em~3 is assumed, moreover the clouds will be optically thick, i.e.
radiation bounded. Photoionization by hot stars is clearly insufficient to produce the
observed [OIII] A5007/HA and [OI] A6300/Ha ratios. The spectral shapes of the con-
tinuum which are examined by these authors are single power laws and black bodies
with relatively high T, £7 (~ 100000 K). The best agreement with the observations is
found using a power law F, o v71% and a black body with Tepr = 130000 K. We
have repeated their calculations, and present diagnostic diagrams including several ad-
ditional line ratios in Figure 3.2, with the observed line ratios for ENLR in both Seyfert
and radio galaxies. The models are calculated using the photoionization code MAP-
PINGS, a brief description of which is given at the end of this section. The diagnostic
diagrams are adopted from Baldwin, Phillips and Terlevich (1981) and Veilleux and
Osterbrock (1987), except that the abscissa is now the ratio [OT] A6300/[OIIL]A5007.
This ratio is very effective in separating the NLR and ENLR ratios from the normal
H II and planetary nebula: the latter ob jects have usually values of this ratio < 0.01
and will lie beyond the left edge of these diagrams (Robinson et al., 1987). Moreover
[OI] A6300 and [OIII] A5007 are insensitive to the density up to N, ~ 108¢m=3, instead
the line [OII] A3727 is sensitive to values N >~ 103¢m™3. The line [OII] A3727 lies in a
frequency range where CCD detectors are less sensitive and therefore it is difficult to
measure it.

A striking feature which emerges from a first inspection of Fig. 3.2 is the distri-
bution of the line ratios along a sequence, particularly evident for [OIII] A5007/HS ,
[OT] A6300/Ha , [NII] A6584/Ha and [SIT] AA6716,6731/Ha . As it is evident from
the model calculations, this sequence corresponds to a variation of the ionization pa-
rameter. The ratio Hell A4686/H/ remains almost constant, which is consistent with
this explanation, since this ratio does not depend essentially on the value of U, (Bi-
nette, Courvoisier and Robinson, 1988). The absence of any trend in the other ratios
[OII] A3727/Hf and [NelII] A3869/Hf can not be interpreted in the same terms but it
is probably an effect of the scarcity of data.

The predictions for the black body and power law run almost parallel for sev-
eral line ratios (e.g. [OIII] A5007/HG , [OI] A6300/Ha [SIT] AA6716,6731/Ha and
Hell A4686/Hp ), although for a given value of [OI] A6300/[OIII] A5007 the corre-
sponding value of U; is much smaller in the black body than in the power law case.
This is because the black body continuum is more effective ionizing O than the power
law, which on the contrary carries much energy in the X-ray part favoring the exis-
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Figure 3.2: Black body and power law predictions for several important line ratios. The
curves join theoretical points corresponding to the variation of U, (log U, is indicated).
The black body predictions are represented by stars, whereas the power law by asterisks.
The observational data are indicated by the following symbols: filled triangles for NGC
1068 (Baldwin, Wilson, and Whittle 1987), filled pentagons for NGC 3516 (Ulrich and
Péquinot 1980; Pogge 1989a), filled squares for NGC 4388 (Pogge 1988b) and open
circles for line-emission radio galaxies (Tadhunter 1987). Notice the good agreement
for most of the observed line ratios with the predicted ratios. The observed ratios
apparently define a sequence in the diagnostic diagrams, which can be associated with
the variations of U; along the theoretical curves.
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tence of the partly ionized H° region, where most of the line [OI] A6300 is produced.
Most of the observed values are well predicted for these ratios, except for the ratio
[SIT] AX6716,6731/Ha which lies well above the predictions for both ionizing continua.

The predicted curves using black body and power law for [OII] A3727/HS and
[NII] A6584/Ha are well separated in the diagnostic diagrams. The separation is merely
an effect of the different value of the ratio [OI] A6300/[OIIT] A5007. The values predicted
for [OII] A3727/Hp and [NII] A6584/Ha are similar for both ionizing continua. The in-
sensitivity of both line ratios to the continuum shape arises from the fact that they are
mainly produced in the inner parts of the H' region and their strength depends on the
number of photons with energies close to 1ryd.

The predictions using the black body continuum for [NellI] A3869/HA are above
the power law predictions. This ratio does not vary with U;. This line is also produced
in the inner part of the H region. At low value of U, the black body is more effec-
tive producing Ne?*, and at high U; the power law is more effective ionizing higher
than Ne?t jonization stages and then the region where this line is produced is largely
restricted.

A drawback of the blackbody model is the low value of the ratio [NeV] A3426 /HpA
for the adequate [OI] A6300/[OIII] A5007, whereas the power law model is able to
reproduce the observed values simultaneously. This is because the observed value of the
ratio [NeV] A3426 /HS is obtained for U 2 1072, whereas black body models produce
good fits to the observed ratios for U ~ 1073,

Summarizing a black body with T,;; = 130000 K as well as a power law with a =
—1.5 and for a range of U, respectively from 5 x 10~ to 2.5 x 10~3 and from 2.56x1073
to 10~! can reproduce the overall features of the ENLR emission line spectrum, with
the problems mentioned above.

3.5.1 Photoionization by Thin Accretion Disk Emission

In the previous section, we have shown that black bodies are as good candidates as
power laws for ionizing ENLRs, then we may guess that standard accretion disk emis-
sion, similar to black body emission, can be considered as well an appropriate candidate.
For a thin disk the surface is assumed to emit locally as a black body and the
total emission is calculated as the sum of black bodies over a certain range of temper-
atures (Frank, King and Raine, 1985). We have computed the disk emission using the
expression .
F, = / . L(r)2wrdr (ergss™ Hz=! sr™1),
Tin
where r;,, = 3ry (ry = 2GM/c*) and 7,,, are respectively, the inner and outer edge, of
the disk. I,(r) is the specific intensity and is given by the Planck function:

2hy3 1

I(r) = B,[T(r)] = &2 (erelhiiy = D) (ergs s~

em™? Hz ™! st
and T'(r) is computed by equating the dissipation rate per unit area D(r) to the black

body flux,
. A N in\
- ()]

87r3 P

The distribution of T with r shows a maximum at r ~ 47, and then decreases at large
r as T o r73/4, The accretion rate is calculated according to M = L/ne?, (n is the
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efficiency and it is taken to be 0.06 as appropriate for a Schwarzschild case) In our case
we have fixed I = 0.1Lg, where L is the Eddington luminosity (see Chapter 4).

We have calculated the predictions for different black hole masses and Tout- LThe
increase of the black hole mass produces a shift towards low frequencies of the emission,
whereas variation of 7,,; affects the low energy part of the emission. The line ratios
are calculated with the same assumptions as in the power law and black body continua
concerning the density and geometry of the ENLR clouds. The results are presented
in Figures 3.3 and Table 3.2. From direct inspection of Figs. 3.3.b and 3.3.c we notice
that predictions do not depend on the value of Tout, When M = 107Mj, since the
continua do not change at energies higher than 1 ryd, however as it can be seen from
Fig. 3.3.a this is not valid for M = 10° Mg. As we said above the continuum softens
when M increases, thus we obtain at a given value of Uy, lower values of [OI] A6300/He
» [SII] AX6716,6731/He , [OII] A3727/Hp (close to a factor of 10) and a less extend
[NII] A6584/Ha , for M = 108 Mg than for M = 10° My, The ratio [OIII] A5007/HB
has similar values using different values of M, except when U; = 10~? models with
M =< 107 Mg predicts low values of [OIII] A5007/Hp because the continuum is so hard
to ionize rapidly O to higher levels of O than 02*, which is not the case for models
with M = 107 M. A similar effect is present due to the changes in r,,; whenever
M =107 Mg, the continuum is harder for low Tout (We will discuss an analogous effect
for the thick disk continua in Chapter 5, and we will defer a more detailed discussion for
that moment). The observed values agree well with the predictions of the models when
Ui ~ 1073 — 1072, The predictions for the ratio Hell A4686/Hf , which is primarily
sensitive to the hardness of the ionizing continua, are above the observed values for
M <107 Mg, but they are adequate for M = 10° Mg . The line ratio [NeV] A3426/H/
» which is sensitive to the value of U, and to the extension of the continuum at high
energies, reaches values similar to those observed for U, z 1072, The predictions for
the other line ratio involving Ne, [NelIl] A3869/H are rather insensitive to variations
of either the continuum shape or the value of U;.

We can conclude that an ionizing continuum like the one corresponding to a thin
disk model for M in the range 107 — 108 Mg and L/Lg ~ 0.1 is an excellent compromise
to explain the emission line ratios of ENLRs. Aldrovandi (1981) similarly concluded
that thin accretion disk emission is a good ionizing continuum capable of reproducing
the observed line ratios in a large range of AGNs. Furthermore this author proposed
that by looking at the luminosity of the lines and the hardness of the spectrum as
determined by the ratio Hell \4686 /HP the two critical parameters M and M can be
estimated.
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Figure 3.3: Diagnostic diagrams using the thin accretion disk emission as ionizing
continuum. Predictions are presented for different values of M and 7,,; all models are
calculated with L/Lg = 0.1. The lines join theoretical points corresponding to the vari-
ation of U, (its logarithm is indicated). The meaning of the symbols, which are joined
by lines is as follows: stars for models with Tout = 90 7, and asterisks for 7,,; = 1000 Ty
The different figures a, b and ¢ correspond to models with M = 108,107 and 108 Mg,
respectively. The observational data are indicated by the following symbols: triangles
for NGC 1068 (Baldwin, Wilson, and Whittle 1987), pentagons for NGC 3516 (Ulrich
and Péquinot 1980; Pogge 1989a) and squares for NGC 4388 (Pogge 1988b).
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TABLE 3.2: PREDICTED LINE RATIOS

U, =10"° U, =107 U, =101

RATIO 507, 10007, 50r, 1000, 50r, 10007,

M = 10° My
[OIII] A5007/HA 8.8 11 9.0 13. 1.7 52
[OI1] A3727/HB 21. 17. 9.3 6.8 3.6 1.4
[OT] A6300/Ha 1.1 0.98 0.31 0.31 0.09 0.08
[NII] A6584/Ha 1.5 1.4 0.53 0.48 0.21 0.12
[SII} AX6716,6731/Ha  0.42 0.46 0.07 0.09 0.01 0.02
Hell A4686/HS3 0.64 0.59 0.75 0.75 0.75 0.80
[Nelll] A3869/HS 2.0 1.7 1.0 0.93 0.31  0.23
[NeV] A3426 /HS 0.00 0.01 0.51 0.70 0.17 0.33

M - ].07 M@
[OIII] A5007/Hp 13. 12. 16. 18. 9.7 12.
[OI1] A3727/Hp 15. 13. 3.4 2.7 0.30  0.27
[OI] A6300/Ha 0.59 0.52 0.13 0.10 0.01 0.00
[NII] A6584/Ha 1.3 1.2 0.26 0.22 0.02 0.02
[SII] AX6716,6731/Ha  0.37 0.37 0.06 0.06 0.01 0.00
Hell X4686/HS 0.63 0.57 0.76 0.68 0.75 0.64
[Nelll] A3869/H3 1.6 1.4 0.86  0.85 0.45  0.59
[NeV] A3426/Hp 0.01  0.00 0.93  0.86 0.54  0.52

M = 10° M,
[OIII] A5007/Hp 9.6 8.9 15. 14, 14, 14,
[OI1] A3727/Hp 8.5 7.9 1.6 1.6 0.23  0.23
[OI] A6300/Ha 0.19 0.8  0.02 0.02  0.00 0.00
[NII] A6584/Ha 0.90  0.86 0.15  0.14 0.02  0.02
[SIT] AX6716,6731/Ha  0.26 0.25 0.03 0.03 0.00 0.00
Hell \4686/HJ 0.39 0.37 0.40 0.39 0.34 0.32
[NelIlI] A3869/HA 0.95  0.87 0.77  0.71 0.82  0.77
[NeV] A3426 /Hp 0.00  0.00 0.27 0.2 0.70  0.64

Table 3.2: Predicted line ratios for a thin disk model calculated for M = 105, 107, and 10% M,
with 7oy = 50, and 1000 7,. All the models are computed with L/Lp =0.1.
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The Photoionization Code MAPPINGS

"The calculations of the line spectrum have been carried out using the photoionization
code MAPPINGS (Binette, Dopita and Tuohy, 1985), which we briefly describe. The
equations of photoionization and thermal equilibrium are solved by standard methods.
The atomic database has been updated to include the more recent compilation of
Mendoza (1983). The major cooling mechanisms are the collisional excitation of
forbidden lines, of neutral hydrogen and due to recombination lines. Forbidden lines
are calculated for several ions of the elements O, N, S, Ne, Ar and Cl (~ 150 lines).
Equally the intensities for ~ 60 resonances lines and ~ 50 intercombination lines
are computed. The effects of heating and ionization by supra-thermal electrons are
considered. The coverage of photon energy extends from 7.6 eV to 5 keV, which makes
this code suitable to deal with the energetic ionizing continua observed in AGNs. The
diffuse ionizing radiation field is treated in the outward only approximation.

Péquinot (1986) presented a comparison between different photoionization codes. His
results shows that the observed differences between the compared codes are usually
in the range 10 —25%. An important "defect” of this code is the absence of Iron lines,
which are effective coolants, although it was shown that in the NLR case the results
for the other lines do not differ greatly.

3.6 CONSTANCY OF U,

We have seen above that the emission line spectra from Nuclear and the Extended
Narrow Line Regions can be explained as photoionization by similar continua and with
similar values of U;. If the ionizing continuum is emitted by the active nucleus there will
be a dilution of the radiation from the NNLR. (D ~ 0.01—-0.1 kpc) location to the ENLR
(D ~ 1 —10 kpc) by a factor of ~ 102 — 105. In order to keep U, constant the density
will have to decrease by the same factor, which does not seem to be confirmed by the
observations. This problem will not be present if there exits a locally ionizing source.
Although there is no evidence for continuum emission in the optical band associated
with the line emitting gas, it could exist an emission whose spectrum rises at extreme
UV /soft X-ray (Tadhunter et al., 1988; Elvis et al., 1990).

An alternative and attractive solution to this problem has been proposed recently
by Binette and Raga (1990). They propose that the outer layers of the clouds (those
facing the ionizing source) are stratified in density, which is increasing inwards. In such
circumstances, when the radiation field is increased the region Ht extends innerwards
in the cloud, however it will find a larger value of the density and then the number of
ionizing photons per atom is decreasing. The location of the ionization front can be
computed as the Strémgren distance in the adopted plane slab geometry, this distance
will be given by the integral equation (eq. 1 in Binette and Raga [1990]):

L
%-2- - /ms [n(2) apde,

where n(z) is the density at the position z inside the cloud, z increases from inner
to outer parts in the cloud. If an average ionization parameter is defined using an
average density over the H' region, it will result a value which depends weakly on
the absolute ionizing photon flux, for the appropriate density stratification. The most
critical limitation of this model is the arbitrariness of the density distribution. In spite
of this, the model presents several advantageous with respect to the homogeneous one.
Perhaps the most noticeable feature, apart from the fact that the average value of U
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does not depend strongly on the flux of ionizing photons is the increase of the ionization
range due to the intra—cloud stratification of density. Thus the strength of the UV lines,
associated with high U; in the homogeneous models, is increased and to a certain extend
the agreement with the observed values is improved.



Chapter 4

THICK ACCRETION DISK
EMISSION

4.1 MOTIVATION OF THE CHAPTER

This Chapter will be devoted to a general description of the accretion radiation sup-
ported tori with preferential interest on the radiation they emit. Geometrically thick
disks have a desirable feature to explain the cones of ionizing radiation: since most of
the radiation emitted by this sort of toroidal star will come from the inner parts, the
self-occultation of the torus hole at viewing angles far from the torus axis provides an
anisotropic source of radiation.

Contrarily to what happens with the thin disks models, very little work has been
devoted to calculate the emission from such configurations in a suitable fashion for
observational inspection. The only model known to us, which has been developed to
investigate this problem is described in Madau (1988). We will largely base our dis-
cussion in this chapter on Madau’s work. On the contrary, much more work has been
done to investigate the self-consistency of the models based on general theoretical argu-
ments, although still a wide range of possible configurations is allowed. The thick disks
theory is still in a primary stage (Treves, Maraschi and Abramowicz, 1988). The main
difficulties to be solved, besides those shared with the thin disk theory (understanding
of viscosity and dissipative processes), are inherent to the bi~dimensional structure and
hence the diversity of transport processes taking place inside the torus. The viability of
the thick disk models has been put in question by the discovery of a violent dynamical
non-axisymmetric instability, acting in nonaccreting constant angular momentum tori
(Papaloizou and Pringle, 1984). At present several mechanisms capable of stabiliz-
ing such structures have been found and the instability could be not relevant in real
astrophysical situations (see Blaes [1987] and references in Madau [1988] and Treves,
Maraschi and Abramowicz [1988]).

The plan of this Chapter is as follows: in Section 4.2 we will mention some of the
evidences supporting accretion disks as the central engine for AGNs. We will give
more importance to those arguments requiring thick radiation supported disks rather
than thin disks; in Section 4.3 we will describe how the physical conditions in the
interior of these tori can be estimated, this section is largely based in a review paper by
Blandford (1985b); in Section 4.4 the surface properties and the emission from the disk
are discussed; in Section 4.5 the possible modifications of the disk emission induced by
changing the surface properties and the angular momentum distribution are considered.

55
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4.2 OBSERVATIONAL EVIDENCES FOR
(THICK) ACCRETION DISKS

4.2.1 When are Thick Disks formed?

It is widely accepted that accretion of matter with angular momentum around super-
massive black holes is the powerhouse for Active Galactic Nuclei. Different modes of
accretion are found depending on the ratio between the accretion rate M and the Ed-
dington rate Mg ! (for a review see Blandford [1985a]). When 0.1 < M /Mg < 10 a thin
disk is formed (Pringle, 1981), however when M /Mg = 10 the thin disk approximation
is not longer valid, if mechanical equilibrium is to be maintained. Super-Eddington
luminosities do not imply the breaking of equilibrium and the arising of strong winds
if accretion with differential rotation is considered (Abramowicz, Calvani and Nobili,
1980). Luminosities larger than the Eddington value can be achieved naturally in any
geometry of thick disks thanks to the rotation of the gas. For an illustrative description
see Chapter 10 in Frank, King and Raine (1985). Hence the most likely situation is that
the inner part of the disk will puff up forming a radiation pressure supported torus,
when M /Mg = 10.

4.2.2 The Big Blue Bump

The 10 — 0.1y continuum of most QSO’s and Seyfert 1 galaxies can be decomposed
into a single power law (F, o »~!) plus a superimposed bump in the optical/UV part
(for a review see Elvis [1989]). This optical/UV component has been attributed by
Shields (1978) and later on by Malkan and Sargent (1982) to thermal emission which
peaks at UV frequencies and is well described by a single-temperature blackbody of
T ~ 20000 — 30000K. Malkan (1983) discovered in IUE data for QSO with z ~ 2 a
broad excess at short wavelengths which can not be fitted with a single-temperature
blackbody, instead an accretion disk spectrum seems to improve considerably the fits.
Nowadays it has been realized that this optical/UV excess comprises a “small blue
bump” which peaks at 3000A plus a more extended hump which may reach up to X—
ray energies and it is called “the big blue bump” (Bechtold et al., 1987). The “small
blue bump” is actually well explained as the blending of the Balmer lines plus the
Balmer continuum plus the Fell UV multiplets (Wills, Netzer and Wills, 1985). The
presence of this component certainly influenced the earliest fits to the continua, leading
to a conspicuous constancy of the blackbody temperature. Once this component is
removed from the continuum, the “big blue bump” becomes evident. The “big blue
bump” is too broad to be fitted by a blackbody and its spectral shape resembles rather
a power law than a blackbody. However X-ray observations require that a cutoff is
present in such power law before 120A (~ 100eV), implying the presence of a peak at
intermediate energies, but this result yields only to an upper limit on its temperature.
It has been found that some QSO’s have a large excess of soft X-ray emission (Elvis,
Wilkes and Tananbaum, 1985; Singh, Garmire and Nousek, 1985; Pounds et al., 1986).
If this excess is thermal and connected with the UV bump the required temperatures
are very high (T ~ 105 — 10°K). Concluding the spectral shape of the UV /soft X-ray

' ¥or any accreting system the Eddington rate can be defined as: ME = LE/c2 = 4rGM /krc,
where L is the Eddington luminosity, M is the mass of the accreting object and kr is the Thomson
scattering cross—section; G and ¢ have the usual meanings. The Eddington luminosity represents the
maximum of luminosity for which the radiation pressure allows a free electron to be accreted.
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continuum is actually uncertain and there is no determination of any characteristic
temperature.

The energy range between 912 and 120A, where most of the radiation seems to
be emitted, is unobserved because of the absorption by interstellar hydrogen in our
Galaxy. There are two ways to look at this energy gap: using the emission lines
from the BLR or the NLR, which are supposed to be generated via photoionization
by the nuclear continuum, or alternatively using the most distant QSO’s in which the
extreme UV continuum is shifted into the observable optical region. The physics of
the line emission in the BLR is rather complex and uncertain which makes difficult to
determine the strength of the continuum at the various line producing energies (Krolik
and Kallman, 1988). In spite of this some authors have tried to put constraints on
the shape of the continuum using broad UV lines: Clavel and Santos-Lléo (1990) and
Binette et al. (1989) modelled the UV /soft X-ray continuum of the luminous Seyfert 1
galaxy Fairall 9. They reached the conclusion that the ionizing continuum should peak
at energies close to or below 1 ryd to be in agreement with the observations of several
UV lines ratios. The processes of line emission in the ENLR and the NLR are certainly
not as complex as those operating in the BLR, and the use of the lines coming from
the former regions may allow us to have a cleaner diagnostic of the ionizing continuum
and in fact this is one the goals of this thesis.

4.2.3 Black Hole Mass and the Ratio L/Lg

The simple thin disk models fits to observations of the UV /soft X-ray continuum require
very often that L/Lg > 1 (Bechtold et al., 1987; Sun and Malkan, 1989). The inclusion
of opacity effects on real disks are very important in particular for the inner regions
of the disk and they imply higher temperatures to radiate the same luminosity than
in the blackbody approximation. More sophisticated models with finite opacity and
Comptonization (Czerny and Elvis, 1987) decrease the required M /Mg but they still
yield to values = 10. In the latter cases it appears more consistent with the observations
to consider geometrically thick than thin disks, as it is referred in Section 4.2.1. These
fits to thin disk models seem to imply that the largest values of L/Lp are required for
the more luminous objects. In particular it is found that the most luminous quasars are
radiating near, or even above the Eddington value, instead Seyfert galaxies are normally
radiating only a few percent of the Eddington luminosity, (Padovani and Rafanelli,
1988; Sun and Malkan, 1989). We are conscious of the fact that Seyferts galaxies are
not the objects in which super-Eddington rates are expected, and in spite of this we
apply thick disks models to objects of this class (the cones of ionizing radiation are
commonly observed around Seyfert nuclei). We rely on the inconclusive results about
the determination of the ratio L/Lg to propose thick disk models for Seyfert galaxies.

Observational determinations of the black hole masses needed to compute L/L;
are very uncertain (Netzer, 1989; Halpern, 1990). Most of them are based on mea-
surements of the width of broad emission-lines and several assumptions concerning the
motions of the clouds: keplerian motions (Joly et al., 1985; Wandel and Yahil, 1985);
gravitational infall (Padovani and Rafanelli, 1988). The ratio L/Lg derived in these
cases are mostly sub-Eddington for low luminosity objects. However smaller central
masses and consequently larger L/Lp ratios are allowed in the case of outward ra-
diatively accelerated clouds (Mathews and Capriotti, 1985). On the other hand the
unobserved UV /soft X-ray continuum may contribute to the bolometric luminosity,
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especially when the continuum raises in both extremes, in the far UV (~ 1200A) and
in the soft X-ray (~ 1202&). It is tentative to assume that they are the ends of the same
physical component: in such a case the bolometric luminosity is underestimated (but
see Binette, Courvoisier and Robinson [1988]).

Certainly, very promising methods to weight black holes come from X-ray observa-
tions. The X-ray continuum is most likely emitted close to the inner edge of accretion
disk as confirmed by the short variability timescale (hundreds seconds to 3 days) de-
tected in several Seyfert galaxies (for a review see McHardy 1989). Such short timescales
may place upper limits to the size of the emitting region and consequently to the black
hole mass. Kunieda et al. [1990] found variations of the X-ray continuum from NGC
6814 in timescales < 200 s (using GINGA satellite), which requires M < 10° M. Kaas-
tra and Barr (1989) also found variability in the soft and hard emission from NGC 5548
on timescales of few hours (using EXOSAT). Furthermore the discovery of an iron K-
fluorescence line at 6.4 keV in the spectra of several Seyfert 1 (Pounds, 1989) opens a
new and exciting possibility to determine the black hole mass. This iron line is proba-
bly produced by cold material sitting down close to the center of the disk, perhaps in
the disk itself. The line appears to be broad and redshifted although still unresolved,
the broadening will be likely dominated by Doppler and gravitational redshift in the
rotating disk (Kallman and White, 1989; Fabian et al., 1989). Stella (1990) has pro-
posed a method to weight the black hole which makes use of the variability of the line
profiles. This method could be applied to the iron line when the next generation of
X-ray satellites will fly and provide the sufficient spectroscopic resolution.

It is worth to mention also the great effort which is currently undertaken to deter-
mine the structure of the BLR by means of simultaneous measurements of variability
of the lines and the continuum (Clavel et al., 1990; Netzer et al., 1990). If the structure
of the BLR is well determined, modelling of that region will allow to discern the cause
of the motions expected in its clouds.

Summarizing, a lot of work has been done in order to determine the ratio L/Lg,
or equivalently M / Mg. Although some constraints can be imposed to these ratios we
believe that there is no firm ground yet on which the models should be based.

4.2.4 Polarization from Disk Emission

The thermal emission from a thin accretion disk should be highly polarized since most
of the radiation comes from regions where electron scattering is the dominant opac-
ity source (Webb and Malkan, 1986). The polarization for a pure scattering, planar
atmosphere, ranges from zero when looking directly down on the surface of the disk
to values > 10% when observing perpendicularly to the surface of the disk. The ob-
served values of the optical polarization are crowded into two groups: high polarization
(p ~ 10 — 30%) and low polarization (p < 2%) values. High polarization is observed
in optically violent variable objects (OVV’s), and it is explained in terms of the non-
thermal processes, with the same origin as the strong-core radio emission. Instead low
polarization is observed in quiescent quasars and Seyferts 1; and the electric vector ap-
pears to be parallel to the radio axis (Stockman, Moore and Angel, 1984). In the latter
class of objects the optical emission is expected to come from an accretion disk and
therefore it should be polarized and the electric vector should be oriented perpendicular
to the radio axis. The conflict between the observed and the predicted polarization de-
gree and orientation is a problem for the thin accretion disk model (Antonucci, 1988).
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However very recently it has been suggested that a geometrically thick disk can be
responsible for the low degree of polarization observed in optically quiescent quasars
(Coleman and Shields, 1990) and X-ray selected BL Lac objects (Kartje and Konigl,
1990).

We conclude therefore that radiation supported thick accretion disks are potentially
good candidates for being the central engine at least in some classes of AGN’s, although
much more work both theoretical and observational needs to be done (see for a general
description Abramowicz, Calvani and Madau [1987]).

4.3 STRUCTURE OF RADIATION TORI

Radiation tori can be considered similar to massive OB stars. However tori are ge-
ometrically more complicated and the microphysics is rather different, the opacity is
dominated by electron scattering and the energy generation relies on the viscous dissi-
pation. We intend to sketch in this section the basic physical properties of the interior
of such structures.

The geometrically thick disk is maintained in hydrostatic equilibrium in the grav-
itational potential of the black hole, by the radiation pressure and by the centrifugal
force. In the thin disk approximation the vertical and horizontal structure can be sep-
arated and then the structure equations can be solved exactly in the stationary case
(Shakura and Sunyaev, 1973; Frank, King and Raine, 1985). However the interior of
a thick disk is an extended region, and vertical and horizontal structure can not be
separated. The differential equations to be solved become very complex, and they can
be integrated only with simplifying assumptions. This complexity is caused mostly
by the poor knowledge of the angular momentum transport and energy generation
mechanisms. The angular momentum distribution can not be keplerian because the
horizontal pressure gradient is now comparable with the vertical one and therefore it
will contribute to the dynamical equilibrium. The heat produced at a given place in
the disk is not immediately radiated away as it happens in the thin disk, but it travels
a long distance inside the disk. If the structure must be in steady state at each point
inside the disk the radiative flux must balance the effective gravity (gravity plus cen-
trifugal force), but in the case that the heat flux exceeds the radiative flux convection
will take place, although in the outer parts of the atmosphere the role of convection
may be neglected (Blandford, 1985b).

A common way to avoid the above difficulties is to assume an ad hoc free func-
tion (namely, the angular momentum distribution), which contains all the unknown
processes and then the resulting structure can be computed. The structure of thick
accretion disks have been computed in the Kerr metric (Jaroszynski, Abramowicz
and Paczynski, 1980), in a newtonian approximation to the Schwarzschild geometry
(Paczynski and Wiita, 1980; Abramowicz, Calvani and Nobili, 1980; Wiita, 1982).
More sophisticated approaches have been undertaken by several authors in order to
reduce this bidimensional problem to a one-dimensional one: Begelman and Meier
(1982), assumed a self-similarity flow. Paczyriski (1980) assumed that the accretion
flow is confined to the surface of the disk. Paczyniski and Abramowicz (1982) assumed
an accretion flow which is constrained to the equatorial plane, this approach is somehow
complementary to previous one.



60 CHAPTER 4. THICK ACCRETION DISK

In the rest of this section we will present how the interior properties of a thick
disk can be derived from an assumed angular momentum distribution and a barotropic
equation of state. A newtonian approximation will be followed and general relativity ef-
fects are included in the use of a pseudo-newtonian potential, ®(r, z) = —~GM/(R — ry),
where R is the distance from the black hole and 7, = 2GM/c? the gravitational ra-
dius. It has been noticed by Paczyiiski and Wiita (1980) that this potential mimics
the essential features of a Schwarzschild spacetime, as far as accretion properties are
concerned The dynamical equilibrium should be maintained at any point inside the
disk. In steady state the equations to be solved are, in cylindrical coordinates:
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where [ is the specific angular momentum. The radial and vertical velocities are ne-
glected against the orbital velocity and the convective terms are not considered. The
ratio between the gas to total pressure is considered constant in the whole disk. The
assumption of a barotropic equation of state p = p(p) for a rotating fluid requires that
the specific angular momentum is only a function of the distance to the rotation axis
(von Zeipel theorem). In this case the above equations can be integrated to yield:
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The equipotential surfaces can be determined when the function I(r) is specified.
Furthermore the requirement of vanishing pressure at the surface of the torus allows to
compute the shape of the disk. The geometrical shape of the disk resembles a torus,
in which interior a characteristic funnel is formed (see Fig. 4.1). It has been shown
by Kozlowski, Jaroszyriski and Abramowicz (1978) and Abramowicz, Jaroszyriski and
Sikora (1978) that the existence of a cusp where an equipotential surface crosses itself
occurs for any value of [ between the keplerian values of [ at the marginally bound (,,,;)
and marginally stable ({,,,) orbits. This cusp is located where the angular momentum
equates the keplerian value. The existence of such cusp is a very important feature. If
material fills this critical equipotential surface (the one which crosses itself) accretion
will occur in a similar way as Roche-Lobe overflow causes mass loss in a binary system.
The location of the inner edge of the disk affects the efficiency of the accretion process.
The efficiency is given by the binding energy at the inner radius (Paczynski and Wiita,
1980):

_ —GM (r - 2ry)r

‘T o (r—mrg)?’

which is equal to zero at the marginally bound radius (r,,;, = 27,) and has a maximum
at the marginally stable radius (r,,;, = 3r,).

The distribution of the density, pressure and temperature inside the torus are given
by the expressions (Madau, 1987):

p(r, z) = 4.82 x 1028 /(1 - B) @gff(r, z) grem™

T(r,z) = 6.81 x 1018 B.44(r, 2) K
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p(r, z) = 5.42 x 10%28* /(1 - g) &, 4(r, 2) dynem™?,

where ®.;; = ¥ + [1?/r3dr is dimensionless, and ¥ = —1/(r — 1), r is measured in
units of r,.

With the above expressions and the boundary conditions that p, p, and T = 0 at the
surface of the disk, the conditions at the interior of the torus can be computed for any
angular momentum distribution. In the derivation of the above equations, radiation
and matter are described by a simple fluid description and the equation of state is that
corresponding to a relativistic gas (p = kp*/ 3). This assumption is valid under the
conditions of quasi-stationary azimuthal motion. It is found that the time to achieve
radiative equilibrium is always shorter than the inflow time, therefore the gas will be
heated or cooled to the Compton temperature of the radiation field (Blandford, 1985a).

Self-consistency constraints should be imposed to the models constructed in this
way. The constraint that the total mass of the disk should not exceed the mass of the
hole was found to be very stringent, even more than the onset of self-gravity instabilities
(Abramowicz, Calvani and Nobili, 1980). Other constraints (e.g. onset of nuclear
reactions, viscosity becoming very large and dynamical equilibrium no longer valid, the
surface density exceeding the central value) may play a role and the model will not be
valid for a certain range of parameters. Wiita (1982) studied the physical conditions in
the interior of thick disks under two approaches: 1) constant ratio between gaseous and
total pressure, and 2) constant viscosity prescription. He found very stringent limits
to build self-consistent models. However some of the constraints can be relaxed and
different models incorporating those effects should be considered. In spite of all these
constraints the range of allowed configurations is quite large. The models we have
considered in Chapters 5 and 6 are in the range of self-consistency models according
to Blandford (1985b).

At this point we know how to estimate the physical properties in the interior of
the disk and therefore the opacity can also be computed. It is found that electron
scattering dominates the opacity everywhere in the disk %. In the innermost part the
photons are generated via free—free transitions and are thermalized inside the surface
where the effective absorption depth 7 = [ (7 -{—TT)]]/ ? is unity. For sufficiently
high frequencies the photosphere is found to be situated well below the last scattering
surface and therefore the photons suffer multiple scatterings before escaping to infinity.
The constant radiation flux through the atmosphere must be at the Eddington value
if the torus is radiation supported. This implies that if the pressure scale height is
much smaller than the disk thickness the opacity must be constant to maintain hydro-
static equilibrium (Blandford, 1985a). The last scattering surface is therefore located
very close to the surface of the disk to have the opacity constant through the whole
atmosphere. The location of the equipressure surfaces depends critically on the value

2The free-free and electron scattering opacities are given by the expressions:

. 1— e——hz///:T .
B, =15 x 102“pT'7/2(—~f;l,
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koo = 0.4 cm®g ™',

"The free-free opacity independent of the frequency can be computed by the Rosseland mean, valid for
large optical depths:
k:_ff = 6.6 x ]()in——‘/l C’l'nzg_l

all the quantities are in cgs units.
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Figure 4.1: Meridional cross sections of a radiation torus for M = 108 Mg, with 7y, = 2.Tr,
and 74y = 50074, The geometry of the disk is determined by the angular momentum distribu-
tion, which is fixed a prioriin these models. The two shapes (continuous lines) are computed
using the single power law (thick line) and the Jaroszyniski (thin line) amd, respectively (see
Section 4.5.2). The dotted and dashed lines indicates the location of the last scattering and
thermalization surfaces, respectively. The thick lines are for the power law amd and the thin
lines for the Jaroszyriski one. We have adopted a value 8 = 5 x 10~ to have a thin atmosphere.

adopted for 3 (see the expressions above for p, p, T'). Hence the location of the last scat-
tering and thermalization surfaces will depend on 3, and a such value should be chosen
to be in accordance with the previous requirements 3. However as we will describe later
on, in the case of electron scattering the spectrum emitted by the surface of the disk
will not depend on the precise value of 8 (see Section 4.4). We present in Figure 4.1
the location of the thermalization and last scattering surface for 8 = 5 x 10~*, and for
two angular momentum distributions (more details in Section 4.5.2). This particular
value of B verifies the requirements of an optically thick atmosphere where electron
scattering dominates the opacity.

*In most models 8 is taken to be constant although this is a crude approximation. A more sophis-
ticated model will include a variation of 8 in the interior of the disk.
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4.4 SURFACE AND EMISSION PROPERTIES

Up to now we have considered properties of the disk which can be estimated with-
out considering the character of the radiation and the gas temperature. However the
surface properties depend essentially on the radiation temperature, and probably non-
LTE effects should be included in the calculation of the radiation transfer through the
atmosphere to have a continuum emission which can be compared to the one observed
in AGNs. The flux emitted by the surface of an accretion disk can be calculated by
assuming that it is emitting at the maximum value to be in hydrostatic equilibrium.
In that case the total flux is given by the expression:

[ C
Fr= = (1= B)gess = = -(1-8) (- + 0'r)

Taking the module the following expression is obtained:
, 1/2
_c (GM)? M 2GM1?

The total luminosity emitted by the disk is then calculated by integrating this
expression over the whole disk surface:

L= F(r,h)dZ

Yaisk

The total luminosity can be approximated asymptotically by an expression like:
L/LE =Ax 10g(7'out/7’m) — B, (4.2)

where A and B depend on the angular momentum distribution (Abramowicz, Calvani
and Nobili, 1980; Madau, 1988). Hence the outer radius of the disk governs the value
of the ratio of the total luminosity to the Eddington value, therefore for larger disks
the disk will be more luminous and consequently in an equilibrium configuration the
disk will inflate more.

In order to calculate the actual shape of the spectrum we must make assumptions
about the temperature structure in the atmosphere where the radiation is processed.
Considering that electron scattering dominates, the specific intensity is given by the
expression (eq. 3.2 from Shakura and Sunyaev [1973]), for an uniform and isothermal
atmosphere:

I, =32x 1075 B/ (1 - B)]' /7 &2em(1 — %) 71/2, (4.3)
where z = hv/kT,. The total flux integrated over all the frequencies is given by the

expression: ‘
F=32x107"T5/4[g) (1 - g)'/2 (4.4)

The surface temperature T, can be derived from the condition of equilibrium (eq.
4.1) and the modified blackbody emission (eq. 4.4). Once the surface temperature is
determined, then the specific intensity will be computed from eq. 4.3. The derived
surface temperature is appreciably higher than the effective temperature derived in
the blackbody approximation for the total flux (see Fig. 2 from Madau [1988]), and
therefore the spectrum will be harder than a simple sum of blackbodies. Furthermore
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the surface temperature depends weakly on 8 and on M: T, oc M~%/153-2/15 Hence
the change of 8 will modify the physical conditions in the interior of the disk, but it
will not affect substantially the surface emission.

The effective temperature shows a similar behaviour as in the thin disk models. It
has a sharp peak at a radius close to the inner edge of the disk and situated well inside
the funnel. Beyond that radius it decreases roughly as T.;, o< I2/73/* in the region
where the centrifugal force dominates upon gravity and then becomes constant in the
outer parts where the shape of the disk becomes spherical.

The funnel will be the place where most of the radiation is emitted, since the effective
temperature reaches its maximum there. The radiation produced will be collimated
because of the geometry of the emitting region and the self-shadowing of the funnel
walls at large viewing angles from the disk axis. This is one of the most exciting
feature of the thick accretion disk emission. Let us now calculate what is the continuum
observed at any viewing angle with respect to the disk axis, including the occultation
of the inner parts. The flux per steradian seen at an angle § is given by: F, =
S5 I,(n)(n- N)d%/D?, where n and N are the direction of the line of sight and the
outward normal to the surface of the disk, respectively, and d¥ is an element of surface
area. Furthermore it is assumed that the surface of the disk radiates isotropically:
I, is independent of n whenever n- N > 0, otherwise it is assumed to be zero. The
treatment of the self-shadowing of the disk will be now presented. Let us consider a line
of sight in the plane YZ, which forms an angle §, with the disk axis. The center of the
disk coincides with the origin of coordinates (we are considering cartesian coordinates).
Consider a point Py (0, 7, 2,) on the surface of the funnel, whose outward normal
No(0, —cosb,, sinb,) is perpendicular to the line of sight, and a generic point P on the
funnel walls, the vector R joins Py with P. The condition R - Ny > 0 establishes the
region where the emission from the element of area on P is not shadowed by other
parts of the disks. The continuum calculated in this way will strongly depend on the
viewing angle. The highest frequencies of the continuum will be the most affected by the
occultations of the funnel, since the hottest parts of the disk are situated well inside
the funnel. The enhancement of the luminosity with increasing 7y, (equation 4.2)
over the Eddington limit occurs in the inner regions of the disk, whereas the effective
temperature in the outer regions decreases as ro_ult/ 2, Consequently the most dramatic
changes of the emission with the viewing angle will be achieved for large disks rather
than for small ones, since the range of surface temperature is larger.

The spectral characteristics of the disk emission depends upon the size of the disk
and the black hole mass. Let us consider for simplicity the spectrum seen by an
observer situated along the rotation axis, in order to study this dependence. The
angular momentum distribution is given by the function: I(r) = lpep(7in)(r/Pin)* ™7,
and 0 < ¢ < 2. For small tori and not very massive black holes (rpy = 507, and
M = 10°Mp), the flux is peaked around 100A (soft X-rays), the inner parts of the
disk contributing most at this wavelength. The flux in the low frequency tail of the
spectrum increases with increasing disk size, producing a broader and flatter spectrum.
For very large disks (7., = 1000r,) and M = 10°M;, the outer parts emit most
radiation at energies below 1ryd and so have a minor effect on the photoionization of
the emission line regions and will not be considered in the following. An increase of
the black hole mass produces a shift of the spectrum towards lower frequencies. For
small tori and more massive black holes (ryy; = 50 r, and M = 108 M) the spectrum
has a maximum located close to 300 A (40 eV). An increase in the disk radius beyond
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~ 300 r4 produces a significant increase in the flux only at frequencies lower than 1 ryd,
and does not affect greatly the photoionization of the emission lines (this topic will be
discussed further in Chapter 5).

We will now consider how the flux varies with the viewing angle. As the angle
between the direction of view and the rotation axis increases, the funnel walls become
progressively occulted by the torus, resulting in a drastic decrease in the high frequency
radiation. This effect has important consequences for the photoionization problem,
because the spectrum is modified in just the important energy range of tens of eV to a
few keV. This range includes the ionization potentials of the most abundant elements
and therefore is relevant to the ionization structure of the nebula (ENLR). When we
change drastically the number and energy distributions of the photons reaching the
nebula, we expect to change its ionization level appreciably. From the above described
angular dependence of the ionizing continuum, we predict a high ionization spectrum
from clouds close to the disk axis and a lower ionization spectrum from clouds far from
the axis, since the value of the ionization parameter decreases with increasing angle
from the disk axis and, in addition the ionizing continuum becomes less energetic (a
more quantitative discussion is given in Chapter 6).

4.4.1 The Reflection Effect

In the model described so far we have not considered, at a given location, photons
impinging from different parts of the funnel. However, since most of the radiation
in a thick disk is produced in the funnel, the radiation energy density is large and
thus reflection of photons in the funnel walls will affect the net radiative flux which is
necessary to counteract the effective gravity (Sikora, 1981). Each photon within the
funnel will scatter many times before escaping and as a result the surface brightness
will be noticeably increased. In order to simplify the calculations, the photons are
assumed to be scattered isotropically off the walls. This is a good approximation since
the electron scattering dominates at frequencies where most radiation is conveyed. The
balance of forces at the surface of the disk is given by the expression:

[
F.-F;, = Egeffa

where F. includes the flux which is locally generated plus the flux which is scattered
isotropically. F;, is the incoming flux from different parts of the funnel. The balance
is only required to the normal component of the forces. The normal component of the
incident flux is given by the integral over the whole funnel of the normal flux coming
from the other zones:

1
En =

™

/FE(R-N)dQ,

where R and N have the usual meaning and df is the element of solid angle in the
direction of R.

To compute the flux emitted by each region one must solve an equation containing
an integral of the unknown flux, which is hard to solve. The way proposed by Sikora
(1981) to solve this problem consist in dividing the funnel in a large but finite number
of rings and then the problem will reduce to solve a system of linear algebraic equations:

1 c
Fei — - ; BijFe ;= g Jelti
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The matrix B;; represents the fraction of the radiation emitted from the j—th ring which

reaches the i—th ring:
N;-R
B;; = / ———dQ
! Qij | R| ’

and dQ = N;-R/ | R | d3;

Once the flux at each ring is known the new surface temperature is calculated from
the modified blackbody assumption, and then the specific intensity can be computed.
The resulting continuum shows an increasing of the surface brightness from the funnel
due to the multiple reflections. On the other hand the highest frequency part of the
spectrum will be less collimated than without considering multiple reflections, since the
photons produced in the innermost funnel are scattered into viewing angles outside the
opening angle of the funnel. It is expected that for very narrow funnels the photons
produced very deep in the funnel can escape at large angles, instead when the funnel
is very wide the reflection does not affect the collimation. This implies the existence of
a sort of limit for the narrowest angle in which the radiation is collimated.

4.5 INFLUENCE OF THE DISK MODEL ON THE
EMISSION

4.5.1 Surface properties and Opacity Sources

The model we are describing here (Madau, 1988) assumes a constant value of 8 every-
where in the disk, which is a very crude approximation; real disks will be more complex
than this. In the previous section we found that the precise value of 3 does not affect
the quality of the emission, although it determines the location of the photosphere.
However the insensitivity of the continuum to the value of 8 breaks down when the
variation of the interior physical properties affects what is the main source of opacity
in the atmosphere. Let us imagine a situation in which 8 is very low in the interior but
becomes large close to the surface, i.e. the interior of the torus is supported by radia-
tion pressure, instead in the outer parts the gaseous pressure dominates. In such case
the opacity in the atmosphere will be most likely dominated by free-free absorption.
In this case the temperature of the emitting surfaces will be lower than the one derived
using the modified blackbody approximation. Consequently the emission will be softer
than the one calculated above, and it is approximated by the sum of blackbodies (see
Fig. 8 from Madau [1988]). In Chapter 6 we further discuss this possibility and its
effects on the photoionization of the ENLR.

Once the temperature of the atmosphere has been determined a consistency analysis
can be done to check if the assumed source of opacity is really dominant. At low
frequencies the free-free absorption dominates upon electron scattering as can be seen
from the expressions for k., and kY, (Section 4.3). The value of the frequency v,
which separates the two regimes can be calculated by equating the expressions for both
opacities:

hVo 12 - 9

~ 6.2 x 10127/ Hpt/2,

kTs S p

Using the maximum value for 7}, v, results to be around 10'3Hz, however the emission
at those frequencies is rather irrelevant. The photons are scattered many times before
they leave the surface of the disk if the thermalization surface lies well below the last
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scattering surface. In such a way they will be able to maintain the temperature of
the electrons at the Compton value. However the high temperature of the electrons
may cause some Comptonization of the low energy photons. The frequency at which
Compton scattering becomes important can be computed and corresponds to make
the y(v) parameter equals to unity (Rybicki and Lightman, 1979). The frequency
dependent Compton parameter is defined by:

where 7, (v) is the electron scattering optical depth corresponding to an effective optical
depth (1.5 = [T¢f(Tss + 'rT)]l/Z::l). The resulting expression for the y parameter is:

ART, key
2 Lvy
me kff

y(ve) =

Comptonization will affect frequencies » > v. and a Wien peak will appear in the
emission at these frequencies. For the adequate value of the parameters in this disk
model it results Ay, > kT,. Therefore the inverse Compton may be neglected in this
case, although it should be included when calculating the continuum at very high
frequencies. The effect of Comptonization has been included in the calculation of the
disk emission by several authors (Czerny and Elvis, 1987; Wandel and Petrosian, 1988),
and in a very detailed paper by Maraschi and Molendi (1990). These calculations have
the attractive feature that they can explain at the same time the UV bump and the
power law observed in hard X-rays.

In the same fashion than thin disks, radiation tori can have a hot optically thin
corona. Several mechanisms can contribute to the heating of this corona either by
X-rays irradiation from the central parts of the disk or by mechanical processes (see
Czerny and Elvis [1987] and references therein). The high temperature electrons will
suffer inverse Compton cooling and the emission at X-ray frequencies will be increased.
The radiative properties of the gas in the corona can be analyzed in a similar way as
those surrounding thin disks (Begelman, 1985).

Some attempts have been done to include radiative transfer effects as is done in
stellar atmospheres (Kolykhalov and Sunyaev, 1984). All these effects could modify the
emission from an accretion disk and should be taken into account if a “realistic model”
of the continuum is going to be built. However the comparison with the observed
continuum or the use of the accretion disk emission as a photoinizing continuum are
not still precise enough to allow a good discrimination among the different models and
make necessary such detailed modelling.

4.5.2 Angular Momentum Distribution

The shape of the accretion disk is determined once the angular momentum distribution
(hereafter amd) is fixed (Jaroszynski, Abramowicz and Paczynski, 1980; Abramowicz,
Calvani and Nobili, 1980). The choice of this function is restricted by the following re-
quirements: first, the specific angular momentum should not decrease outwards (Seguin,
1975), for rotation to be dynamically stable; second, the angular velocity should not
increase outwards in order to have inward accretion. In addition, boundary conditions
should be given at the inner and outer radius of the disk. At the inner radius the
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specific angular momentum should be Keplerian because the existence of the cusp (Ko-
zlowski, Jaroszyniski and Abramowicz, 1978; Abramowicz, and Sikora, 1978). At the
outer boundary the disk should be thin, in particular a geometrically thin disk can be
matched if the specific angular momentum is required to be keplerian (Paczynski and
Wiita, 1980).

We have chosen two amd which are close to be extreme cases as concerning with the
disk shape (Jaroszynski, Abramowicz and Paczynski, 1980). These two distributions
can be described as follows (see Fig. 4.2):

e The first distribution is a single power law, whose index fixes the value of the
radius where the disk becomes thin again but the specific angular momentum is
not keplerian at that radius. Conversely once the outer radius of the disk is fixed
the index of the power law can be determined. Stability constraints require that
the index is in the range 0. to 0.25 (Abramowicz, Henderson and Ghosh, 1983).
The value of this index spans from 0.18 to 0.21 for 7,y = 50,1000 7, respectively.

o The second distribution is more complex, and is commonly called Jaroszynski
amd. In the innermost part of the disk the angular velocity is assumed to be
constant, then the specific angular momentum increases as r?. An intermediate
region in which the angular momentum is kept constant and it equates the ke-
plerian value at the center of the disk. In the outer part the angular velocity is
again constant and the specific angular momentum is keplerian in the outer edge
of the disk. It has been shown that this amd maximizes the luminosity emitted
by the disk (Abramowicz, Calvani and Nobili, 1980).

We now analyze how the shape of the disk and the emitted flux depends on the
adopted amd. The centrifugal force acting on the funnel walls is larger in the case of the
Jaroszyniski amd than in the single power law. Therefore the radiation pressure needed
to support the disk in equilibrium should be larger in the former case (see Fig. 4.1).
A large radiation pressure will inflate more the disk, which will result in a steepening
of the funnel. In the intermediate part of the disk the Jaroszynski amd is lower than
the single power law and the disk profile is more inflated in the latter case, at these
radii (see again Fig. 4.1). The flux coming from these intermediate radii is larger
for the single power law amd because the emitting surface is enlarged and so is the
absolute flux. However in the outer parts of the disk when no keplerian value for the
specific angular momentum is required the radiation pressure helps to balance gravity.
Instead when the specific angular momentum is required to be keplerian in the outer
edge, gravity is balanced uniquely by the centrifugal force, and then at that radius the
effective temperature should be calculated from the local generation of energy, as in the
thin disk case. Therefore differences on the surface temperature may arise depending
on the adopted amd; however the very outer regions do not contribute substantially to
the emission and differences on the disk emission are not seen.

We have computed the flux using the two amd mentioned above, with the same
assumptions about the surface properties of the disk (the opacity is dominated by
electron scattering and the emitted radiation corresponds to a modified blackbody) .
Let us now compare the fluxes computed using the two amd when the disk is observed

*Qcasionally when we refer to the continuum computed with these two amd — power law and
Jaroszyniski — they will be identified as Madau’s and Abramowicz, Calvani and Nobili’s (ACN) models,
respectively.
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Figure 4.2: Different angular momentum distributions for a disk configuration with r;;, = 2.7r,
and 7oy, = 10007, The centre of the disk is indicated by 7., which is the point where the
non-keplerian amd crosses the keplerian one. The continuous, dotted and dashed curves repre-
sent the keplerian, Jaroszyfiski and single power law amd, respectively.

along the rotation axis. When the disk size is < 1007, the flux computed using the
Jaroszyniski’s amd is larger at the highest frequencies than when the single power law
one is used. When the disk size is = 2007, the high energy part of the spectrum is still
above in the Jaroszynski amd, whereas the low energy part of the spectrum is larger
for the single power law amd. The reason for this behaviour arises from the different
contribution at a particular frequency which comes from a certain zone of the disk. The
funnel calculated with the Jaroszyniski amd emits at a higher surface temperature than
the single power law, thus the high energy part is larger in the former case. When the
disk is large enough the radiation at low energies is mainly dominated by the regions
outside the funnel, and the absolute flux will depend on the extension of the surface
which is emitting. The fluxes and their difference computed with the two amd are
presented in Figure 4.3%. The number of ionizing photouns is presented in table 4.1 for
both amd’s and the ratio between the two cases is also given.

From direct inspection of the Figures 4.3 the largest differences are found at the
high energy tail of the spectrum, when the disk is seen along the rotation axis. The
largest variation in the number of photons with energies = 1 ryd is found for large disks

5We use the difference between the logarithm of the fluxes because it can be loosely related with the
relative error of the emission line intensities. This is valid only if the emission line intensity is nearly
proportional to the ionization parameter (I/;). In such case we can write: I ~ AU[, where ¢ ~ 1. The
relative error of the emission line intensity is the absolute error of its logarithm, taking logarithm in
the previous expression and calculating the variation we obtain: Alogl) = cAlogU;. The variation of
logll, is proportional to the variation of the logarithm of the number of photons with energies > 1 ryd,
which can be equated to the variation of the monochromatic flux for a power law continuum, in other
cases it will be a crude approximation.
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Figure 4.3: Flux emitted by a thick accretion disk at various viewing angles and for several
values of M and 7oy, assuming two different amd’s. The continuous and dotted curves corre-
spond to the Madau’s and ACN models?, respectively. The difference between the two fluxes is
presented as the subtraction between their logarithmic values (continuous minus dotted). Lines
of different weight represent different viewing angles.
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TABLE 4.1: IONIZING PHOTONS
N;/4m x 10-°3

Pout 10° Mg 105 M,

(r,) MADAU ACN Ratio MADAU ACN Ratio
50 1.3 1.3 1.00 333. 341. 0.98
200 2.6 22 115 555. 488,  1.14
1000 40 3.2 127 604. 466. 1.30

Table 4.1: Number of ionizing photons for different values of roy; and two thick accretion disk
models. The labels MADAU and ACN refer respectively to the models calculated with the
single power law and the Jaroszynski amd’s

around high black hole masses, e.g. in the case of a hole with 108 Mg and roy; = 10007,
the difference is almost 20% at 1 ryd, in the other cases it is not larger than 10% at
that range of energies. The larger variations found in the value of N; (see Table 4.1),
or equivalently in U;, are induced by the differences in the high energy extension.

The differences between the computed spectra with the two amd reveal very impor-
tant at viewing angles far from the rotation axis. The funnel is very steep when the
Jaroszyiiski amd is adopted and therefore the angular variation of the emitted flux will
be very pronounced in this case. This is clearly seen from the Figures 4.3. The continua
calculated at the same value of the separation angle from the disk axis differ always in
the high energy part, which is the part affected by the occultation of the funnel. The
differences between the computed fluxes is large when the disk sizes are fairly large and
affects more the range of ionizing photons for large black hole masses. Finally when
the disk is seen from angles close to the equatorial plane the main difference is found
because the emitting surface varies. In this case the single power law amd predicts
a larger flux than the Jaroszyniski one, at any frequency, although in both cases the
continuum emission extends up to roughly the same frequencies.

Summarizing, the choice of the amd reveals not very critical at small separation
angles from the disk axis, regarding the total amount and the distribution of energy
which is emitted by the disk. However the choice of the amd affects very much the
geometry of the funnel and consequently the occultation of its walls will vary consid-
erably from case to case. The angular dependence of the emitted continuum is then
conditioned by the chosen amd. Nevertheless, the Jaroszyiiski amd is very unlikely to
be physically correct: the actual amd will be rather flat when the accretion rate is
largely super~Eddington (Abramowicz et al., 1988). Therefore the formation of such
steep funnels is not expected and the opening angle will be much closer to the values
derived using the single power law amd (values of the opening angle of the funnel are
presented in Table 6.1).

There are several effects not considered here, which may reduce the relevance of
the choice of the amd and the geometry of the funnel regarding the collimation of the
continuum emission. The inclusion of the reflection effect will introduce differences
even when the disk is seen along the rotation axis. When the funnel is very steep
the reflection in the walls will be large and the absolute flux which escapes outside
is effectively increased (Sikora, 1981). On the other hand, the reflection effect will
decrease the collimation of the radiation. These two effects will operate in opposite
senses and the expectation will be that the differences on the angular dependence of
the emission are smoothed.



Chapter 5

PHOTOIONIZATION OF THE ENLR
BY THE THICK ACCRETION DISK
EMISSION:

SENSITIVITY TO VARIATIONS

OF THE DISK PARAMETERS

5.1 OVERVIEW OF THE CHAPTER

In this chapter we investigate the photoionization of the ENLR by the continuum
emitted by an accreting radiation supported torus. We are mainly concerned with the
ability of such continuum to reproduce the emission line spectra observed in ELNRs.
Good quality observations of emission lines at positions far from the axes of the high
excitation cones are not yet available. For this reason we have considered the emission
lines only at small angles from the rotation axis of the torus. In the next chapter we will
investigate the angular behavior of the lines. We use a simple model to compute the
emission from the thick accretion disk, as we described in Chap. 4 (Madau, 1988). The
continuum emission for two black hole masses M = 10° and 10® Mg and various values
of the accretion disk size are presented in Fig. 5.1. When calculating the emission from
the disk, we have assumed a constant ratio between the gaseous and the total pressure
B = 10~* and that the inner edge of the disk is at the intermediate value 2.7r; (7,
should be located between r,,;, = 27, and 7,,,; = 37y, see Sect. 4.3). A photoionization
code is used to make theoretical predictions of the emission lines. The parameter space
available to this model is explored by varying the size of the accretion disk, the mass of
the accreting black hole and the ionization parameter. The majority of line ratios are
most sensitive to the ionization parameter but some are also functions of the accretion
disk size at fixed ionization parameter. Our results are compared with observational
data (for Seyfert galaxies), in order to constrain the disk parameters and the properties
of the emission-line clouds. Typical model fits involve an ionization parameter of several
times 10™% and an accretion disk of radius ~ 500 (150) gravitational radii around a
10°Mg (107My) black hole.

We discuss the variation of the spectral shape of the ionizing continuum. The inclu-
sion of an additional hard X-ray component may change the predictions of the emission
lines. We study how those effects influence the agreement between observed and pre-
dicted line ratios. We have not included in the computation of the disk emission the

75
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reflection effect considered in Madau’s model. This effect is related to the multiple scat-
tering of photons in the funnel walls (Sikora, 1981), and produces a substantial increase
in the surface brightness, especially in the highest frequency parts of the spectrum (see
Section 4.4.1). However a reliable treatment of this effect is difficult and we feel that it
is beyond the scope of the present work. Anyway we briefly discuss the modifications
operated on the emission lines due to the inclusion of the reflection effect.

The plan of this chapter is as follows: Section 2 is devoted to a discussion of the
photoionization of the ENLR by the torus continuum and the dependence of the emis-
sion lines on the model parameters (black hole mass, accretion disk size and ionization
parameter). In Section 3 the predictions for several line ratios are compared with those
observed in the ENLR of three Seyfert galaxies (NGC 1068, NGC 3516 and NGC 4388).
Section 4 is devoted to a discussion of the results from Sect. 3. In Section 5 we present
conclusions and closing remarks.

5.2 PHOTOIONIZATION OF THE ENLR:
VARIATION OF MODEL PARAMETERS

We now calculate the emission line spectrum from a gas ionized by the UV/soft X-
ray spectrum produced in the radiation supported torus. In this section we study the
dependence of the line emission on the parameters (mass of the black hole and size of the
disk) which model the accretion disk spectrum, and also on the ionization parameter.
The ionization parameter, U;, is defined by:

Ut _ fUOOO LV/hV dv Nz

drD?ngye AnD2nge’

where L, is the monochromatic luminosity, vy is the frequency corresponding to 1 ryd,
ny is the hydrogen density of the ENLR clouds, D is the distance of these clouds from
the nucleus and N; is the total number of ionizing photons emitted per second. We
construct a grid of models for three values of M — 10%,107 and 103M. This grid is
built by varying the size of the accretion disk and the ionization parameter (see Fig.
5.2 and Table 5.1).

The ionization level of the emitting gas is primarily dependent on the ionization
parameter. Variation of the ionization parameter (for a given black hole mass and
accretion disk size) is equivalent to varying one or both of the values D and n,. In
practice we have taken a constant density (ny = 100em™2), so changes of the ioniza-
tion parameter correspond to changes in D. There is no loss of generality in using a
constant density since, at the low density assumed, collisional de—excitation effects are
unimportant. Models with equal Uj, but different n,; and D, are then equivalent.

Variations in the size of the accretion disk (for a given M, D and n,) will change
both the ionization parameter and the shape of the ionizing spectrum. In the discussion
below (Sect. 5.2.3), we hold the ionization parameter constant as the disk size is varied,
which implies an associated change in D (for fixed M and n, ). Thus variations of the
disk size correspond to variations in the spectral shape of the ionizing continuum at
constant ionization parameter.

The photoionization code MAPPINGS (Binette, Dopita and Tuohy, 1985) was used
to obtain the line intensities. The extended narrow line region is assumed to be a plane
parallel slab; the calculations of the ionization structure are terminated when the ratio
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TABLE 5.1: PREDICTED LINE RATIOS

Ui = 10“‘5'5 UL = 10—2 Ut = 10—1
RATIO 50r, 2007, 10007, 50r, 200r, 10007, 50r, 200r, 10007,
M = 10° Mg
[OIII] A5007/Hp 0.68 1.44 2.01 6.48 10.00 20.89 2.50 2.21 19.16
(OII] A3727/Hp 16.98 16.80 14.59 14.78 10.22 6.60 6.47 4.70 1.03
[OT] A6300/Ha 2.03 1.87 1.61 0.48 0.51 0.51 0.13 0.18 0.14
[NII] A6584/Ha 1.54 1.57 1.47 0.68 0.65 0.57 0.22 0.27 0.12
[SII] AX6716,6731/Ha 1.49 1.50 1.46 0.22 0.26 0.33 0.06 0.08 0.12
Hell A4686/Hf3 0.30 0.34 0.28 0.52 0.61 0.55 0.57 0.66 0.63
[Nelll] A3869/Hp 1.12 1.09 0.89 1.39 1.13 1.16 0.58 0.42 0.68
[NeV] A3426/Hg 0.00 0.00 0.00 0.29 0.53 0.74 0.12 0.22 0.81
M = 10" Mg
[OIII] A5007/Hp 1.88 2.56 2.41 10.51 18.27  22.05 1.86 14.32 17.90
[OI1] A3727/HS 18.78 16.68 14.09 8.90 5.53 3.95 3.61 0.63 0.35
[OI] A6300/Ha 1.66 1.40 1.21 0.39 0.36 0.31 0.12 0.06 0.03
[NII] A6584/Ha 1.69 1.63 1.50 0.58 0.47 0.38 0.23 0.07 0.03
[SII] AA6716,6731/Ha 1.09 1.08 1.06 0.13 0.15 0.16 0.03 0.03 0.03
Hell 24686/HS3 0.43 0.38 0.30 0.71 0.67 0.56 0.74 0.72 0.59
[Nelll] A3869/HG 1.30 1.11 0.88 1.03 1.02 0.98 0.32 0.51 0.61
[NeV] A3426 /HS 0.00 0.00 0.00 0.58 0.78 0.76 0.21 0.56 0.60
M = 108 Mg
[OIII] A5007/HQ 3.12 2.95 2.76 18.16 18.37 18.62 12.56 13.28 14.11
[OIT] A3727/HB 17.22 15,17 13.09 3.66 2.99 2.36 0.32 0.28 0.25
[OI] A6300/Ha 1.07 094 0.81 0.19 0.16 0.12 0.01 0.01 0.00
[NII] A6584/Ha 1.73 1.62 1.49 0.30 0.25 0.21 0.02 0.02 0.02
[SII] AA6716,6731/Ha  0.86 0.84 0.82 0.08 0.08 0.08 0.01 0.01 0.01
Hell \4686/Hg 0.43 0.38 0.32 0.71 0.62 0.53 0.71 0.60 0.49
[Nelll] A3869/Hp 1.18 1.00 0.83 0.92 0.86 0.80 0.53 0.56 0.61
[NeV] A3426/HS 0.00 0.00 0.00 0.85 0.74 0.64 0.51 0.48 0.43
Table 5.1: Predicted line ratios for a disk model with M = 10° 107, 10® M; and

Tout = 50, 200, 1000 Tg.
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of ionized hydrogen to neutral hydrogen is lower than 1% (radiation bounded nebula),
and solar abundances were assumed throughout. The intensity of any given line is
computed by adding the contributions to the line at each location in the cloud and
hence is proportional to the column density [N(X?) = [n(X?)dl, X* is the element
emitting the line, n(X*) the number density of this element and [ is the distance along
the cloud].

Generally we are more concerned with relative, than with absolute, line intensities,
since the predictions about absolute values involve assumptions about the geometry
and filling factor of the clouds, which are poorly known. We discuss our calculations
by means of diagnostic diagrams (Baldwin, Phillips and Terlevich, 1981; Veilleux and
Osterbrock, 1987). Gas photoionized by hot stars and power law spectra occupy dif-
ferent regions in these diagrams. We use the line ratios proposed by those authors
as a measure of the agreement or disagreement between the predictions of our mod-
els and the observational data (Fig. 5.2). However, we take as abscissa in Fig. 5.2
the line ratio [OI] A6300/[OILI] A5007, which cleanly delineates the range where ENLR,
and NLR are located, separating them from normal HII regions and planetary nebulae
(log [OI]/[OIII] = —2; Robinson et al. 1987).

As discussed above, we expect to find that the most drastic changes in the emission
line spectrum result from variations of the ionization parameter. This fact has been
pointed out by Tarter, Tucker and Salpeter (1969), who concluded that any attempts to
distinguish between different shapes of the ionizing continua by looking at the emission
line ratios are futile. A similar conclusion was reached by Krolik and Kallman (1988),
although they did find several line ratios which are sensitive to variations in the spectral
shape. Our aim is to find emission line ratios sensitive not only to the ionization
parameter but also to the different spectral shapes produced by different black hole
masses and disk sizes.

5.2.1 Variation of the Ionization Parameter

The range of ionization parameters spanned by our calculations allows us to cover a wide
range of ionization levels (see Fig. 5.3). For a value of the ionization parameter of order
1073 the line ratio [OI] A6300/Ha is on average of the order of unity, while for a value
U, ~ 107" this ratio ranges between 10~ and 10~2. The line ratio [OILI] A5007/Hp
increases from the values 2 — 3 to 20, for U, in the range 1073-° — 1072, At larger values
of U; this line ratio tends to decrease since the dominant ionization level of oxygen
becomes O3+, The line ratio Hell A\4686/Hf increases slowly with increasing U, at
low values of U; (10735 — 1072%), and then remains almost constant. The line ratio
[NeIIT] A3869/Hg increases with increasing the ionization parameter up to U, = 1072
and then starts to decrease, as higher ionization species dominate. The line ratio
[NeV] A3426 /Hf reaches a maximum (~ 0.8) at U, in the range 10~ — 10~2 and then
decreases again at higher U,.

The low ionization lines, such as [SII] AA6716, 6731, [OI] AA6300, 6363 and a signif-
icant fraction of [NIT] AA6548, 6584 are produced in the partially ionized H" region. In
this region the dominant forms of O, S and N are O", ST and NY, while smaller fractions
of N* and O are also present. If the ionization parameter increases, the intensity of
the hydrogen recombination lines increases proportionally (the column density of ion-
ized hydrogen increases linearly with U;), but the intensity of the lines emitted in the
partly ionized region does not increase so fast because the relative size of this region is
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Diagnostic diagrams for different black hole masses and accretion disk sizes. The

presented line ratios correspond to those in Table 5.1, for simplicity we omit the wavelength in

the labelling of the figures. The lines join theoretical points corresponding to variation of the

lonization parameter (which is indicated in logarithmic value) for each model with a given r,y;

conceptually each line may be thought of as indicating the dependence of the line ratios on the

distance of a line-emitting cloud from the accretion disk for a given black hole mass, disk size
and density of the cloud. The different figures a,b and ¢ correspond to models with black hole

masses 10°,107 and 10% Mg, respectively. The meaning of the symbols, which are joined by

lines is as follows: asterisks correspond to a model with an accretion disk size 7py; = 507y, stars

to 7our = 2007, and open circles to 7oy = 1000r;. The observational data are indicated by
the following filled symbols: triangles for NGC 1068 (BWW), pentagons for NGC 3516 (UP;
Pogge, 1989a) and squares for NGC 4388 (Pogge, 1988b).
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Figure 5.3: Line intensities relative to H3 versus ionization parameter for different values of the
black hole mass and accretion disk size. The symbols are as follows: open circles correspond to
[OIII]A5007, triangles to [OII]A3727, stars to [NellI]A3869, squares to [NeV]A3426 and asterisks
to HelIA4686. The dashed and dotted lines correspond to r,,, = 50 and 1000r,, respectively.
It is worth noting that for most of the considered line ratios, different values are obtained for
the same U; due to changes in the disk size.
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not proportional to U; (Tarter and Salpeter 1969). Therefore the strength of the low
ionization lines relative to recombination lines decreases with increasing U;.

5.2.2 Variation of the Black Hole Mass

The main effect of increasing the mass of the black hole from 10° to 10® M, is to increase
the number of ionizing photons from N; /4w ~ 10535 to 105°~5Cphotons sr~! s7! (see
Table 4.1). The result is to increase U; by the same factor for clouds of given n, and D.
The predictions for line ratios at a given ionization parameter and disk size vary little
with the black hole mass, for most values of U;. However for U; = 10725 variations
of the line ratios with M are significant for the following line ratios: [OIl] A3727/HS3
, [OIII] A5007/HpB and [NeV] A3426/Hf , using small disk sizes (see Fig. 5.3). This
is because the shape of the spectrum is not critically dependent on the black hole
mass, although the slight shift of the spectrum to lower frequencies with increasing M
becomes important for large values of U;, as we discuss in Sect. 5.2.3.

5.2.3 Variation of the Accretion Disk Size

We now consider the sensitivity of the different models to changes in the size of the
accretion disk. When we increase the size of the accretion disk, the continuum increases
at low frequencies. This effect is important for the line ratios [OIII] A5007/HB and
[OII] A3727/HQ because the ionization level of oxygen is changing between Ot and
O2* in the range U; ~ 10735 — 1072 (the ionization potential of OF is ~ 35.1eV'). The
result is that larger accretion disks tend to produce stronger [OIII] lines and weaker
[OI1] lines for a given ionization parameter. In this case the models corresponding to
smaller disk sizes have a lower number of photons with energy > 35.1eV than do models
with larger disks and hence produce less O%*.

More in detail we have found that, for a given U; and M = 10° M, the [OIII] A5007/HS
and [OII] A3727/Hp line ratios depend critically on the accretion disk size (see Figs.
5.2.a and 5.3). For models with M = 10"Mg we find that these two line ratios are
only slightly dependent on accretion disk size as long as U; < 10~? (see Figs. 5.2.b
and 5.3). On the contrary, the dependence is very strong for U; = 1072, Models with
M = 108 My, predict line ratios which are largely independent of the accretion disk size
(see Fig 5.2.c). The explanation of these features lies in the following. When the ioniza-
tion parameter increases, the ionization level of oxygen also increases. In particular, for
U, = 10723 the ratio n(03%)/n(0%") increases rapidly. Furthermore, for an ionizing
spectrum peaked at frequencies close to the ionization potential of O?*(~ 54.9¢V), this
ratio increases faster with the ionization parameter than for other spectra. Hence the
line ratio [OIII] A5007/Hp3 decreases with increasing U; because O** soon becomes the
dominant ionization level of oxygen. This precise situation is found for the different
spectra corresponding to different accretion disk sizes and M < 107 M. For example,
the spectrum produced by a disk of size ryy ~ 50r, with M = 107 My, is peaked around
65 eV, whereas for r,,; ~ 10007, the spectrum is peaked around 13 eV; note that the
relative contributions to the ionization of O?* and H are very different for these two
values of 7, causing the different dependences of the line ratio [OIII] A5007/HS on
ionization parameter.

The line ratio Hell A4686/Hf , which is usually taken as a clean diagnostic for the
shape of the ionizing spectrum , is found to change slightly for the range of accretion
disk sizes. It becomes somewhat more sensitive to variations in the size of the accretion
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disk when M ~ 108My (see Fig. 5.3), and the trend is for this ratio to decrease for
larger disk sizes since the number of photons capable of ionizing He' (energies between
4 and 6 ryd) relative to the number of photons capable of ionizing hydrogen decreases.

The line ratio [Nelll] A3869/Hf is also sensitive to the hardness of the spectrum
in the UV region (the ionization potential of Ne® is 40.9¢V). At low values of the
ionization parameter (< 1072) this ratio is lower for larger disks, but at larger values
of the ionization parameter this trend is reversed.

The line ratio [NeV] A3426/HG is very low for U; ~ 107> but reaches a peak for
1072 < U, < 10715, at which values of U; it may exceed the range of observed values.
This line ratio tends to increase somewhat with the disk size (at U, = 10~?%), except
for a black hole mass of 108 My, in which case it is fairly independent of disk size.

The low ionization line ratios [OI] A6300/Ha , [SII] AA6716,6731/Ha and [NII] A6584/Ha
are almost independent of the disk size, instead they depend mainly on the ionization
parameter and geometrical factors, e.g. the thickness of the clouds (see Table 5.1).

An important feature which arises from our calculations is that models with black
hole mass of order 107 My, for relatively low values of the ionization parameter (U; <
10~2), and with mass of order 108My for essentially all values of U;, are degenerate,
in the sense that models with different accretion disk sizes produce almost the same
values of the line ratios. The application of line ratios as definitive discriminant between
different accretion disk sizes is then restricted to M ~ 106M@; for M ~ 107M@, line
ratios still provide some discrimination as long as U; 2 1072 and roy = 2007g. The
reason for such behavior lies in the relatively small changes in the continuum at energies
larger than 1ryd when we vary 7oy for M = 10" Mg, (cf. Fig. 5.1).

5.2.4 Sensitivity of the Predictions to g and »;,

We have tested the sensitivity of the predictions to changes in the ratio of gas to total
pressure, 3, and in the inner radius of the disk, r;;,. The value of 8 must be larger than
~ 1078 because the thickness of the flow at the inner edge must be small (Abramowicz,
1985), whereas should not exceed ~ 107 because the onset of a dynamical instability
(Blandford, 1985a). Notice that in this model the value of 3 is assumed to be constant
in the whole disk, however if 8 is allowed to vary these constraints can be relaxed.
The decrease of 3 implies that the radiation pressure increases more and this leads to
higher temperatures to be able to support the structure of the torus with the same total
pressure (see eqs. 4.1 and 4.4). Hence the continuum emitted by the disk will tend to
harden when (3 is very low. Changes of § are important for the predicted line ratios in
the case of M ~ 105M; for 8 ~ 10~° the low ionization lines increase notably and the
lines produced in the fully ionized region decrease slightly in comparison with the above
models, for which 8 = 10~ (see Fig. 5.4.a). However, in the case of M ~ 108}, only
the luminosity of the lines produced in the partially ionized region changes appreciably:
it increases relative to the previous model. Instead the luminosity of the lines coming
from the HT region does not change appreciably (see Fig. 5.4.b). The variation of r;,
leads to a change of the surface temperature in the innermost part of the disk since
the flux which is generated at each radius is approximately proportional to r~*. Thus
the values of r;, close to 7,5 = 27y lead to a higher value of the maximum effective
temperature than those close to 7., = 3r,. We have found that variations of r;, do not
affect the predictions of the line intensities by more than a factor of 2, for any value
of M. Anyhow the lines which are more affected are those produced in the partially



86 CHAPTER 5. PHOTOIONIZATION BY THE DISK EMISSION

ionized zone (see Fig. 5.4.a,.b).

5.3 COMPARISON OF PREDICTED AND OBSERVED

EMISSION LINE SPECTRA

In this section we fit the models described above to the observations of particular
extended emission line nebulosities in Seyfert galaxies. Throughout this discussion we
assume that the clouds lie along the rotation axis of the accretion disk. Some of the
best quality spectroscopic data on ENLRs in Seyfert galaxies have been obtained along
the radio axis, which is known to be close to the axis of the ionizing cones in all objects
studied.

The models are parameterized in terms of the ionization parameter, the mass of the
black hole and the outer radius of the accretion disk. We shall see that the mass of the
black hole may be constrained by measuring the line luminosity from the ENLR and
then, for a given black hole mass, we can place constraints on the size of the disk and
the ionization parameter using the observed line ratios.

5.3.1 Number of Ionizing Photons

The study of extended emission line regions has several advantages over spatially unre-
solved emission lire regions. One such advantage is that, since the projected distance
from the active nucleus is known, we can estimate the number of ionizing photons reach-
ing the cloud from the central source, using the observed line luminosities and ionization
parameter (see below). However, uncertainties arise from the uncertain covering factor
of the clouds and the insensitivity of the observations to weak lines.

One method of determining the absolute luminosity of the ionizing continuum is
to count the number of HB photons emitted and then, assuming case B recombination
(Osterbrock, 1974, p. 63), determine the number of photons in the ionizing continuum
which are needed to produce such Hf luminosity. Then we can compare the number
of photons required to produce a given observed line luminosity (V;) with the number
of photons available in the ionizing continuum (NV;) from a given accretion disk model.
In Table 4.1 we present the number of ionizing photons per unit solid angle (N;/4m)
produced by the models we have used. The major variation in the number of ionizing
photons for our models is produced by changing M, whereas changes in the disk size
produce smaller variations. We have calculated IV; for two objects, NGC 1068 and NGC
3516, and the results are presented below in Sects. 5.3.3 and 5.3.3. These accretion
disk models produce sufficient ionizing photons for both galaxies, even for the lowest
value of the black hole mass we have considered.

A second method of constraining N; is by means of the equation N; /4w = Uyn, D2ec.
U, and ny can often be estimated from the observed emission line spectrum and D
can be measured directly, apart from projection effects. The best constraints on U,
result from ratios of lines produced in the fully ionized region (see Fig. 5.3), e.g.
[OTII] A5007/HS , [OIL] A3727/Hp . The ratio [OI] A3727/[OILI] A5007 is found to be
almost independent of the ionizing continuum for a variety of spectral shapes and only
it is dependent on the value of U; (Penston et al., 1990).

Conversely, we may estimate the density from the expression n, = N;/4wU,D?c;
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Figure 5.4: Diagnostic diagrams for M = 10%, 108 M. and r,,, = 1000 T4, changing the value
of B and r;,,. The meaning of the symbols is as follows: empty circles correspond to 7, = 2.77,
and A = 107", open squares correspond to the same value of r;,, and B = 1075: stars correspond

to 7in = 2.1rg and @ = 10~*. For comparison the predicted line ratios for the corresponding
M and 7,y = 507, (asterisks) are also presented. Note that the sequence of joined points
correspond to values of U; separated by an interval of 0.5 in logarithmic value for the usual
values of § and 7i;, (they can be read from Fig. 5.2). Instead the sequence of joined points
correspond to the values logU; = —1, —2, —3 when the modified values of B and ry;, are used.
The observed line ratios are the same as in Fig. 5.2.
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the ionization parameter is taken from the best fit to the observed line ratios, the total
number of ionizing photons is known (for a particular model) and the distance to the
clouds is directly inferred from the observations. Subsequently this estimated value for
the density is compared with that obtained for n. from the observed [SII] AA6716,6731
or [OII] AX3726,3729 doublet ratios.

5.3.2 Line Ratios

In this section we fit the predicted line ratios to those observed in particular ENLRs.
For three values of the mass of the black hole (10%,107 and 10%M) we have looked
for the most suitable values of two quantities — the ionization parameter and the size
of the disk. The fitting is done for all the line ratios given in Table 5.3, when the
lines involved are detected. In order to perform such fitting, we have to minimize
some measure of the difference between the observed and predicted line ratios. We
have tried to do the fitting with the help of a distribution function similar to that
introduced by Krolik and Kallman (1988). However, such a function does not produce
good discrimination for the different models, because some of the predicted ratios for
any of the models considered are grossly different from their observational values. This
is evident from direct inspection of the diagnostic diagrams presented in Fig. 5.2 (e.g.
[SII] AX6716,6731/Ha , [NII] A6584/Ha ). The figure of merit we have used is similar
to a x? distribution but includes a weighting function. It is defined as follows:

X —sz _F) :

Z

where f;, F; are the observed and predicted line ratios, respectively, o; is the obser-
vational error of the line ratios, N is the number of lines used in the fit and w; is a
weighting function which is assumed to be equal to unity for those line ratios in which
any of the oxygen lines ([OIII] A5007, [OII] A3727 and [OI] A6300) are involved and
equal to 0.2 for the remaining line ratios. Variation of these weighting factors within a
factor of 2 gives similar results, compatible with the errors of the observed line ratios.
This weighting function ensures a correct ionization level of the nebula, because it con-
siders line ratios of the same element but at different ionization levels. Line ratios such
as [NII] A6584/Ha and [SII] AA6716,6731/Ha are very sensitive to the column density
and geometrical factors. The line ratio [OI] A6300/Ha has the same drawback, but we
include it because it gives an indication about the extension of the continuum to high
energies in the optically thick case we are considering. The line ratios Hell A4686/Hf3
, [NeIll] A3869/H3 and [NeV] A3426/H/ are sensitive to the shape of the spectrum
for energies larger than a few rydbergs and they should be useful in determining the
hardness of the continuum, although these lines are normally weak and thus difficult
to measure.

The sensitivity of the quality of the fit to variations in U; and 7., is also presented
(see Fig. 5.5). We represent the confidence interval which contains 90% of the probabil-
ity distribution, assuming that measurement errors are normally distributed, although
this may be not statistically meaningful. Our best fit parameters for individual emis-
sion line regions in three Seyfert galaxies are given in Table 5.2 and discussed in detail

below. We present the observed and predicted line ratios for each of the considered
ENLRs in Table 5.3.
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Figure 5.5: Plots of the probability distributions from our fitting function. The different
panels represent different emission line regions, as indicated. The crosses denotes the maxima
of the fitting function. The contours represent the 90% confidence intervals as for a x? fit. The
continuous lines are for models with M = 1083, the dotted lines are for M = 107 M.
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5.3.3 Individual Objects
NGC 1068

BWW have presented line ratios for a number of regions with high, medium and low
excitation gas in NGC 1068. One of these regions, labelled “high 1” (see Fig 10a of
BWW!), lies close to the axis of the “jet-like” radio source (Wilson and Ulvestad, 1987)
and the cone of highly excited gas (Pogge, 1988a) and is therefore plausibly close to
the axis of the accretion torus. We have taken the line ratios given by BWW for this
off-nuclear high excitation region after applying a reddening correction, assuming an
intrinsic Hea/H ratio of 3.1 (Veilleux and Osterbrock, 1987) .

For M = 105Mp the best fit to the observed line ratios is obtained for an accretion
disk with r,,; = 360ry and U; = 3.1 x 1072, Assuming that the clouds are located
at a distance of 2 kpc from the nucleus (Hy = 50 km 51 Mpc='), the hydrogen
density, as derived from ny = N;/4nU;D%*cis ~ 9 em™3. Instead, for M = 107 M, the
best fit is obtained for an accretion disk with r,, = 707y and U, = 1.7 x 1072, and
correspondingly we obtain ny ~ 130crm™3. The best fit is for M = 105My, but the
two fits only differ in the minimum of the figure of merit by ~ 20%. All models with
M = 108M, give similar predictions for the line ratios and the fit is equally good for
any value of the disk size. The best fit is obtained for U; ~ 1.4 x 10~3. The estimated
hydrogen density is ~ 10000cm 3. This value is one order of magnitude higher than
the one derived from the line ratio [SI[]A6716/[SIT]A6731 in BWW.

The number of ionizing photons may also be estimated from the observed HpA
luminosity, as discussed in section III-a. The covering fraction of the clouds is as-
sumed to be 0.5% and the HS luminosity is 5 x 103 ergs s~!, from BWW. The
resulting required number of ionizing photons per unit solid angle is N;/47 = 2.4 X
1052 photons sr~! s~!. A model with M = IOGM@ and 7o, ~ 507, produces N;/4w =
1.3 x 10°3 photons sr~' s~1, a factor of 5 too large (see Table 4.1). A situation with
such an excess of photons may still be viable if we allow for some extinction or photo-
electric absorption along the path of the photons between the accretion disk and the
emission line clouds (Bergeron, Petitjean and Durret, 1989). Alternatively, if the clouds
are optically thin they may not absorb the whole budget of ionizing photons coming
from the nucleus.

NGC 4388

The extended emission line gas in the Seyfert 2 galaxy NGC 4388 has been studied
recently by several authors (Colina et al., 1987; Corbin, Baldwin and Wilson, 1988;
Pogge, 1988b). The Ha + [NII] AA\6548,6584 emission is dominated by HII regions in
the almost edge-on galaxy disk. These HII regions are weak emitters of [OIII] A5007.
High ionization gas, best seen in [OIII]A5007, extends above and below the galaxy disk
to projected heights of 44" (4.2 kpc for a distance to the Virgo cluster of 19.7 Mpc
[Sandage and Tammann 1984]) to the North-Fast and 21” to the South—-West. The
distribution of this high ionization gas, resembles two cones each with apex at the
nucleus (Corbin, Baldwin and Wilson, 1988; Pogge, 1988b). The axis of each cone
is close to that of the “linear” radio source (Stone, Wilson and Ward, 1988). For
comparison with our models, we use Pogge’s (1988b) spectra of the regions he terms

'Note that the diagrams of Figures 9 and 10 in BWW are interchanged. Their captions are, however,
in the correct location.
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a and d in his Table 1 (these are the outermost observed and should thus be less
contaminated by the emission from the disk of the galaxy than regions farther in).

We have fitted models with M = 105, 107 and 108 M, to the observations of each of
the two regions. Obviously, the parameters of the accretion disk should be the same for
both regions, if there is no extinction between the nucleus and each region. A priori,
one notices that the line ratios are quite similar for the two regions and so a similar
ionizing continuum is required.

For region d the best fit parameters for M = 10%M;, are 7,y = 5607, and U; =
4.2 x 1072, This gives ny ~ 3 em™3, at the distance assumed for this cloud (3.3 kpe).
The model for M = 107 Mg, gives the best fit for rpy; = 1307, and U; = 2.0 x 1072,
The hydrogen density derived in this case is ~ 55 ¢m™3. The model for M = 108 M,
produces the best fit at U; ~ 2 x 1073, independent of the disk size. The value derived
for ny is ~ 8500 ¢m 3.

The fits for region a give the following results: for M = 106M,, the best parameter
values are ryy = 6557, and U; = 8.4 X 1072 for M = 1O7M@, the respective values
are Toy; = 1467y and U; = 3.5 x 107?; and for M = 108 M, Tous is not determined and
U, ~ 4 x 1073, The estimations for the hydrogen densities, assuming a distance to the
cloud of 5 kpc, are 0.6, 15 and 1900 cm 3, respectively.

The best fit is obtained for region d (x* = 4.6) whereas the fit in region a (x? = 8.7)
is significantly worse. There is no substantial difference in the quality of the fits for
any of the black hole masses.

An encouraging result is that the best fits for the two regions are obtained with
very similar values of the accretion disk size, in spite of the fact that the ionization
parameter changes significantly from one region to another. Furthermore, region g,
which is located farther from the nucleus, is fitted with a higher value of the ionization
parameter. However the statistical significance of this result is not clearly established.
Anyhow, if the difference between the ionization parameters is significant, a steep den-
sity gradient must be present between regions d and g with the density decreasing faster
than D=2, D being the distance from the nucleus.

NGC 3516

UP found indications of the presence of highly ionized gas around the nucleus in the
Seyfert 1 galaxy NGC 3516. They made spectroscopic observations of different regions
outside the nucleus and reported the line ratios for a typical nebulosity. More recently
Pogge (1989a) reported observations of the extended ionized gas, combining direct
imaging with long-slit observations at P.A. = 35°. He gave line ratios for two regions
located to the North East and South West at a distance of 8” from the nucleus. The
position angles of these clouds from the nucleus are similar to that of the radio axis
(Wrobel and Heeschen, 1988). The region located to the SW is close to the one described
in UP. We have fitted our models to these three sets of line ratios.

As for the previous objects the fits have been done for the models with M = 105,
107 and 108M,. Let us first consider the fit for the line ratios reported by UP. The
best fit for M = 10°M,, is obtained for r,,; = 6557, and U; = 6.3 x 1072, Assuming
that the distance of the clouds is 2 kpc the estimated n;, is ~ 5em~". The best fit for
M = 10" My, is accomplished for ryy = 155ry and Uy = 3.1 x 1072, The estimated n,
is ~ 100cm™3. For M = 10%M, the best fit is obtained for U, ~ 5 x 10~3 and then
the estimated ny is ~ 10000 crmn~3. We now consider the set of line ratios given by
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Pogge. For the region located to the NE, the best fit is obtained for a black hole mass
of 106 My with 7oy ~ 7407, and U, ~ 8.4 x 1072, For a black hole mass of 10" My, the
best fit is for roy ~ 175r, and U; ~ 4.2 x 1072, The estimated densities from the two
fits are 4 and 90 cm™3, and the clouds are located at D = 1.88kpc. The region located
to the SW, at the same distance from the nucleus, gives the best fits for r,,; ~ 655 and
165 vy and U, ~ 5.6 x 1072 and 3.1 x 1072 with M = 10% and 107 Mg, respectively.
The corresponding values for the density are 6 and 110 em™3. For M = 108Mg, 70w
is not well determined and U; ~ 6 x 1073, so the estimated ny is ~ 9500 ¢m 3. The
SW region almost corresponds to the observations presented by UP and indeed the line
ratios are quite similar. The fits obtained for the two regions are in good agreement,
the calculated values for the disk size coincide, and only slight differences are found for
the ionization parameter.

It is possible to estimate the number of ionizing photons present in the continuum
from the measured Ha flux (Pogge 1989a). We assume a covering fraction of 0.6 (Pogge
1989a) and then the number of ionizing photons derived from the Ha luminosity is
Ni/4n ~ 2.2 x 10°2 photons sr~' s~1, which is very close to the value derived for NGC
1068.

5.4 DISCUSSION

Several consequences may be deduced from the previous calculations. An important
one, concerning the accretion disk models we used, is that for a range of black hole
masses 10% — 107 My, the fits constrain both the ionization parameter and the accretion
disk size. However, in order to select effectively between different spectral shapes, vari-
ations in the ionization parameter should not compensate for changes in the spectral
shape due to different masses or disk sizes. In this respect, the values for the density
of ENLR’s, as estimated above, strongly depend on the value of U;, which varies ac-
cordingly to the shape of the considered ionizing continuum. The best fit value for the
ionization parameter decreases in the sequence M = 10%,107 and 10 Mg which, when
taken together with the increase in N; with increasing M, leads to a rapid increase in
ny along this sequence.

On the other hand, we find that the ionizing spectra we have used do not satis-
factorily reproduce some of the observed line ratios, especially those corresponding to
low excitation species (see Table 5.3). This effect could be attributed to the lack of
an X-ray component in our ionizing spectra. The addition of a hard X-ray compo-
nent will produce an increase in the strengths of the low excitation lines but will not
affect appreciably the lines produced in the fully ionized region. As a test, we added
a power law component (Fy o v~"7) to our ionizing continuum with an optical to
X-ray spectral index a,y = 1. The index a,x refers to a power law which connects the
fluxes at 2500 A (1.2 x 10'® Hz) in the optical/UV band and that at 2 keV in the soft
X-ray part. This value is relatively high compared to the observed ones (Zamorani
et al., 1981; Marshall et al., 1984), so our computations will tend to overestimate the
importance of the X-ray component. We have considered two cases: M = 10% and
108Mg, in both we take roy = 10007,. We have adopted a large value of 7,,, because
the importance of the X-ray power law component scales with the flux at ~ 10'5 Hz,
and for the models we have considered here the flux at such frequency comes from the
outer parts of the disks, as it can be seen from Fig. 5.1. Therefore the large is the disk
size the high is the X-ray component, and then it affects more the emission line spec-
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trum. The results for 106M, show an increase in the line ratio [SII] AA6716,6731/Ha
by a factor of ~ 2 and a more moderate increase for the line [NII] A6584. The rest of
the line ratios remain almost constant (see Fig. 5.6.a). However the addition of the
X-ray component emission when M = 10® My modifies the ionizing continuum more
appreciably than when M = 106Mj,), since the continuum emission at 105 Hz is larger
in the former case. Hence the largest modification of the line spectrum will be expected
for M = 10® M. The line ratio [SII] AA6716,6731/Ha increases by a factor of ~ 10
to 100 when U, increases from ~ 1072, to 10~!. The other lines, which are at least
in a large part produced in the partially ionized zone are less affected by the presence
of the additional X-ray component; thus [OI] A6300/Ha and [NII] A6584/Ha increase
by a factor ~ 4 and ~ 2, respectively, when U; = 1072, The rest of the lines we are
considering, vary less than a factor of 2 in the considered range of U, (see Fig. 5.6.b).
We conclude that, except for extreme cases, the predictions of the emission lines are
not changed with the inclusion of the X-ray power law. In fact, Binette, Robinson and
Courvisier (1988; hereafter BRC) pointed out that the relative contribution of the hard
X-ray component to a thermal component which peaks in the extreme UV (according
to the observed a,x) may be insufficient to affect significantly the low ionization lines.

The ionizing continua produced by our radiation supported torus are more similar
in spectral form to blackbodies than to power laws particularly for low values of 74
(see BRC). The spectra we have considered tend, however, to be much more energetic
(the mean energy ranges from 70 eV to 150 eV) than the black body considered by
BRC (the mean energy in their case is around 35 eV). BRC noticed that a major
drawback of using a black body as a photoionization source is the predicted weakness
of the [SII]AA6716,6731 lines in comparison with power law models. Moreover, they
found that both black body and power law spectra produce a very intense [OI] A6300
line. We have encountered the same problems: the theoretical curves in the diagnostic
diagrams seem to be shifted to the right with respect to the observational points, owing
to the high predicted value for [OI] A6300/[OIII] A5007 (see Fig. 5.2). This problem
would be alleviated if some of the clouds were matter bounded; the partially ionized H"
region would then be less extended and the intensity of the lines from OI, SII and NII
would be lower, but this worsens the sulfur and nitrogen problem.

A more severe constraint may come from the line ratio Hell A4686/H3 . The pre-
dicted value of this line ratio is always larger than the observed one, possibly indicating
that the contribution at energies between 4 and 7 ryd in the continuum is too large in
our model compared with that at 1 ryd. The ionizing spectrum should be depressed
at those energies, as concluded by Binette, Courvoisier and Robinson (1989). The pre-
dicted values for the line ratio [NeV] A3426 /H@ are larger than those observed in NGC
3516 by Pogge (1989a), although the predictions do not reach the high values found by
Bergeron, Petitjean and Durret (1989) for NGC 1068. Photoelectric absorption of the
soft X-ray part of the spectrum due to the presence of gas between the nucleus and the
emission line clouds could alleviate this problem. Moreover this may also account for
the observed high [NeV] A3426 /Hg ratio, in contrast with the moderate Hell A4686/H/
ratio and in some cases low [OIII] A5007/Hp ratio, found in the ENLR of NGC 1068
(Bergeron, Petitjean and Durret, 1989; Evans and Dopita, 1986). The low ionization
lines produced in the partially ionized region will increase its luminosity relative to H
recombination lines, since the importance of the X-ray component raises relative to the
low energy part of the ionizing continuum.

A further modification of the spectrum will be to consider the reflection of the pho-
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Figure 5.6: Diagnostic diagrams for M = 10% and 10%M. and disk sizes r,,, = 50, 1000 Ty

We present the predictions for the emission lines calculated with only the ionizing continuum

from the accretion disk (open circles for 7,,; = 1000 ry and asterisks for r,,; = 507;) and

with the addition of a power law component in the X-ray (crosses) [see text for details of this

component]. Fig. 5.6.a, b correspond to M = 10°,10% My, respectively. The joined points

correspond to logU,

—1,—2,—3 when the power law is included, whereas the same values as

in Fig. 5.2 when the pure accretion disk emission is considered. The observed line ratios are

the same as presented in Fig. 5.2.
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tons in the walls of the funnel, as described in Madau (1988). The spectrum becomes
harder and more strongly peaked in the soft-X and UV when M = 10° and 10® M),
respectively. Note that we are only considering the changes operated upon the contin-
uum including the reflection effect, when the disk is observed along the rotation axis;
the angular dependence of the disk emission will be also affected, we will mention the
effects on the emission lines in the next chapter. Therefore we expect for M = 10° M,
further increasing of the low ionization lines produced in the partially ionized region as
well as those species with high ionization potential produced in the HT region, as Ne
V, when compared with the current calculations. For M = 108 M, we will expect more
intense high ionization lines relative to low ionization lines for the species present in the
fully ionized region, in particular Hell A4686/HQ will have certainly higher values than
the current ones. The lines coming from the partially ionized region will be increased
as well.

5.5 CLOSING REMARKS

In this chapter we have studied the photoionization of Extended Narrow Line Regions
in Seyfert galaxies by the radiation produced in a thick accretion disk, at the pole—on
view of the disk.

We have calculated the emission line spectrum for three black hole masses (10°,107
and 108 M), under the assumption that the clouds are located close to the rotation
axis. We varied the values of both the ionization parameter (which determines the
ionization level of the nebula) and the disk size (which produces a variation in the con-
tinuum shape). An interesting feature of the ionizing spectra used is that by changing
the accretion disk size and fixing the ionization parameter there are significant changes
in the emission line spectrum, especially for the forbidden lines of O III and O IL

We have found that models with M = 10°Mj, fit the observations for very large
accretion disk sizes (~ 500r,), whereas models with M = 10"Mg fit them better
with smaller disks. The latter models would be preferable since they have less super—
Eddington accretion rates than the former, in better agreement with the results for
Seyfert 1 galaxies as derived from other methods 4.2.3. Models with M = 10® M do
not predict different line ratios when 7,,; is varied.

There are discrepancies between our predicted lines ratios and the observed ones.
The predicted ratios of the low ionization lines, e. g. [SIT] AA6716,6731/Ha , [NII] A6584/Ha
are always smaller than the observed values. This suggests that the ionizing spectrum
we used should be supplemented by an X-ray extension (Comptonization or a non-
thermal component could increase the X-ray flux), although simply adding a power
law at X-ray frequencies does not solve the problem, as we shown in Section 5.4. On
the other hand the predicted Hell A4686/Hf ratio is high compared with the observed
values; this implies that the intensity of the continuum should be lower at energies
larger than 4 ryd.

In conclusion, we see from Table 5.2 that models of the ENLR based on photoion-
ization by accretion disk emissions can give some interesting constraints on the mass
of the hole and on the size of the accretion disk. However, some of the line ratios
deduced from the model are not in good agreement with observations and therefore
the deduced values for the disk size and the ionization parameter are not very reliable.
Nevertheless, we do believe that this kind of investigation is worthwhile mainly because
it allows us to obtain more information on the central engine of AGN’s from their ex-
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Chapter 6

PHOTOIONIZATION OF THE ENLR
BY THE THICK ACRETION DISK
EMISSION:

ANGULAR VARIATION OF THE
EMISSION LINES

6.1 WHAT IS THE GEOMETRY TO STUDY THE
ANGULAR DEPENDENCE IN THE ELNR?

The spatial distribution of the emitting gas is usually investigated by imaging with
narrow-band filters, which are centered on certain intense emission lines, particularly
[OIII]A5007 and Ha. These studies show in several cases that highly ionized gas de-
lineates a wide cone, pointing towards the nucleus and whose axis almost coincides
with the radio structure. The opening angles of these structures are of several tens of
degrees ' (Pogge, 1989b), e.g. in NGC 5252 it is observed to be ~ 75° (Tadhunter and
Tsvetanov, 1989), in NGC 4388 it is ~ 92° (Pogge, 1988b). In most of the cases the
distribution of the line emitting gas is very filamentary and the surface brightness is
quite low to allow to measure the angular dependence of the emission line spectrum.

We have assumed that the line emitting gas is photoionized by the radiation emerg-
ing from a geometrically thick accretion disk. In Chapter 5 we present the predictions
for the emission lines only at viewing angles close to the disk axis. However the most
appealing aspect of the thick disk model — the collimation of the radiation field — was
not explored. In this chapter we will study if this ionizing continuum is able to repro-
duce the observed structure for the ENLR. Now we consider the angular dependence of
the thick disk emission and we make predictions for the behaviour of various emission
lines at different separation angles from the rotation axis. We consider two simplified
geometries for the distribution of the ionized gas (see Fig. 6.1):

o The gas is distributed in the disk of the galaxy and the torus axis is contained in
such plane (Fig. 6.1.a). In the case that the torus axis is slightly inclined with
respect to this plane, this geometry is still valid with the inclusion of projection

!The value of the opening angle is usually given from edge to edge, instead when we refer to the
opening angle of the funnel later on this Chapter it will correspond to the value from the axis to the
edge. ’

101



102 CHAPTER 6. ANGULAR VARIATION OF THE EMISSION LINES

Figure 6.1: Two possible geometries for the study of the angular dependence of the emission
line in ENLR, regarding to the line emitting gas distribution and the orientation of the source
of the ionizing continuum (in our case the accretion torus). In case a the gas is distributed in
the plane of an spiral galaxy, instead in case b we require the presence of gas outside the disk

of the galaxy or either the situation is more appropiate for an elliptical galaxy. (Adapted from
Meurs [1989]).

effects. In such conditions the emission that we associated with the torus axis is
actually shifted to a small viewing angle separated from this.

e The gas is distributed uniformly in the halo of the galaxy, and the torus axis is
oriented far from the plane of the galaxy disk (Fig. 6.1.b). In this geometry the
cone which we observed is the projection in the plane of the sky of a whole volume
of emitting gas. The line emission observed at a certain inclination angle with

respect to the cone axis results as contribution from several inclination angles
through the line of sight.

There are observational evidences which suggest that these two geometries are good
descriptions. The disk distribution of the emitting gas is adequate in the galaxies
observed by Unger et al. (1987) and NGC 4151 (Schulz, 1988), in which the gas shares
the rotational motions of the galaxy disk. However a tridimensional cone projected in
the plane of the sky seems to be a more appropiate description in the case of the nearly
edge—on Seyfert 2 galaxy NGC 4388 (Pogge, 1988b).

In any of these geometries the simplest assumption is to consider an uniform distri-
bution of gas which extends far from the active nucleus and is lit up by the anisotropic
nuclear continuum source. Most of the radiation emitted by the accretion torus is pro-
duced in the funnel, at large separation angles from the disk axis it is occulted and the
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ionizing flux is greatly decreased. In section 6.2 we present quantitatively the decrease
of the number of ionizing photons with the viewing angle and the dependence on the
disk model parameters, i.e. M and 7,y;. Moreover the spectral shape of the ionizing
continuum changes with the viewing angle because the emission at different viewing
angles is dominated by radiation from different temperature zones on the disk surface.
We will study how this affects the predictions for the emission lines in Section 6.3. In
Section 6.4 we include the variation of both the ionizing flux and the spectral shape to
study how the luminosity of the emission lines will vary with the viewing angle in the
geometry described in Fig. 6.1.a. In Section 6.5 we will discuss the results from the
previous section and analyze the problems with this model. In order to test the con-
clusions about the angular dependence of the emission lines on the ionizing continuum,
we have also computed a model in which the disk emission is calculated assuming the
continuum as a sum of blackbodies and the same disk model. In Section 6.6 we present
summary and conclusions of the Chapter.

6.2 ANGULAR DEPENDENCE
OF THE IONIZING FLUX

Let us qualitatively examine how the emission coming from the disk changes with
the viewing angle. When the disk is observed along the rotation axis the radiation
coming from the funnel dominates the continuum emission at high energies. As one
moves away from the axis, the farthest outer part of the torus is progressively occulted
but the radiation coming from there contributes only to the lowest frequency part of
the spectrum and with a small fraction to the absolute luminosity, except when the
disk size is large enough. The most abrupt variation occurs when the viewing angle
just exceeds the opening angle of the funnel (hereafter 0;pen) and its walls start to be
occulted. Thus 8yper, will be the critical quantity which measures the collimation of the
disk emission. The continuum emitted at large inclination angles will be affected in
two ways: 1) the number of photons which are seen is progressively diminished; 2) the
hottest parts of the funnel are occulted and the spectrum lacks its high energy tail and
softens considerably since the temperature of the outer parts of the disk is lower than
in the funnel (see Chapter 4). The first effect will decrease the luminosity of the lines
and the global ionization level of the clouds at large viewing angles; this will be studied
in the rest of this Section, while the qualitative change of the ionizing continuum will
be presented in Section 6.3.

We can predict how the emission line spectrum of a low density isotropic nebula
located far from the central source (the ENLR) is affected by the variation of the
ionizing flux. A good indication of the degree of ionization of the nebula is given by
the value of the ionization parameter U; (U, is defined in Section 5.2). The number
of ionizing photons present in the continuum when varying the viewing angle 0 is the
quantity which governs the variation of U;, at fixed ny and D. Moreover the value of
N; depends on the disk model for a given inclination angle. The relevant parameters
which make N; to change considerably in the accretion disk model are the mass of the
black hole and the size of the disk. Other parameters of the disk model, such as the
ratio of gas pressure to total pressure (3) and the value of the internal radius (7in),
introduce only slight variations on the emitted spectrum.

The continuum emitted by the accretion disk is calculated as described by Madau
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Figure 6.2: Variation of N; [¢ > 1ryd] with the viewing angle, normalized to the value at
the rotation axis. The dashed and dotted lines correspond to models with M = 10° M
and M = 108 M, respectively. The meaning of the symbols is as follows: empty circles
correspond to models with 1oy = 10007, stars to 75, = 20074 and triangles to 74, = 50 7.
For comparison, we present in the upper right box the same results from a disk model with the
Jaroszynski amd. The meaning of the lines and symbols are the same as described above.

(1988) (see Chap. 4). We present in Fig. 6.2 the dependence of N; on the inclination
angle for different values of the black hole mass and disk size. From inspection of Fig.
6.2 it is clear that the greatest collimation of the ionizing continuum is obtained at
large disk sizes and black hole masses. For comparison we present the results adopting
the Jaroszynski amd (Abramowicz, Calvani and Nobili 1980 [ACN]; or see Sect. 4.5.2),
but using the same assumptions for the rest of the model parameters (ratio of gaseous
pressure to total pressure, and the opacity being dominated by electron scattering).
Fortunately the choice of the amd is not a drastic assumption for our photoionization
problem when calculating the emission at viewing angles close to the rotation axis
(Section 4.5.2). Differences arise at viewing angles far from the disk axis, because the
geometrical shape is strongly dependent on the amd used. The funnel is very steep
when the Jaroszynski amd is used: this fact favours the shadowing of the inner parts of
the disk and leads to a large collimation of the emitted continuum at high frequencies.

The variation of the disk size changes the profile of the disk, which becomes more
inflated when the disk is larger. This fact modifies the geometry of the funnel, which
becomes steeper as the disk size increases and therefore provides a narrower beam of
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TABLE 6.1: OPENING ANGLE OF THE FUNNEL

Tout oopen
ry, MADAU ACN
50 45° 30°
200 30° 20°
500 20° 10°
1000 15° 8°

Table 6.1: Opening angle of the funnel for various values of 75, and two angular momentum
distributions (see text and Sect. 4.5.2 for details). The funnel becomes narrower when the disk
size is increasing. Notice the large collimation which can be achieved.

radiation. In the model we are considering here the opening angle of the funnel is
~ 45° for a disk size ~ 50 ry and it becomes as narrow as ~ 15° when the disk size
increases up to 7,y ~ 10007,. We present in Table 6.1 the opening angles of the funnel
at different disk sizes; for comparison we also present the values for a different thick
accretion disk model (ACN). It is important to notice that the opening angle of the
funnels critically depends on the amd. Here we have considered two amd which are close
to be extreme cases (Jaroszynski, Abramowicz and Paczynski, 1980). The Jaroszynski
amd produces the steepest funnels, therefore it can be taken qualitatively as a lower
limit to the needed value for the accretion disk size, and consequently to the accretion
rate. At first glance it seems that collimation of the radiation in cones with opening
angles similar to those observed can be obtained without requiring the presence of a
very thick accretion disk. This feature is somehow relieving if we recall that Seyfert
galaxies seems to have sub-Eddington accretion rates (Padovani and Rafanelli, 1988).
It is worth mentioning here that the reflection effect of the radiation in the funnel
walls could shallow the collimation (Madau, 1988). Other mechanisms like electron
scattering in a pair-plasma corona (Svensson, 1986), or in the broad line region itself
(Kallman and Krolik, 1986) could affect as well the collimation of the disk emission.
The increase of the black hole mass shifts the frequency where the maximum of the
spectrum is found (the surface temperature depends on the black hole mass as M —4/ 15,
In particular for M = 10 M, the spectrum extends up to energies of few keV, instead
for M = 10® M, the spectrum extends only up to frequencies of hundreds of eV. This
shift in frequency of the energy distribution with M produces an interesting effect when
calculating the number of ionizing photons. The variation of N; for small disk sizes (we
refer to 7oy ~ 50 74) is quite similar for the two black hole masses mentioned above;
however when the disk size is increased (ro, = 200r;) the collimation is noticeably
larger for 108 M, than for 106 M. The reason for this particular behaviour resides in
the origin of photons with energies = 1 ryd (see Fig. 6.3.a). The fraction of photons
which comes from inside the funnel is similar in the two cases (10° and 108M;,). The
continua emitted at § = 0° and 90° are similar hence the angular variation of /V; reflects
uniquely the effect of the obscuration by the funnel walls. However when the disk is
large the outer parts contribute more to the low energy part of the spectrum: in the
case of M = 10°M, the low energy tail lies substantially in the range of energies
above 1 ryd, unlike the case of M = 108M; where the outer parts contribute mostly
at energies lower than 1 ryd (see Figs. 6.3.b and 6.3.c). Consequently, occultation of
the funnel does not affect much the flux of ionizing photons when M = 10° My, but it
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is prominent when M = 108 M.

6.3 ANGULAR DEPENDENCE OF THE
SPECTRAL SHAPE OF THE DISK EMISSION

Up to now we have only considered the changes verified in the absolute ionizing flux
by varying the inclination angle. In this section we study the variations of the emission
lines corresponding purely to changes in the spectral shape of the ionizing continuum
as seen at different values of §. The photoionization code MAPPINGS (Binette, Dopita
and Tuohy, 1985) was used to compute the line intensities. At each angle we assume a
plane parallel slab which is photoionized by the disk emission. This slab is taken to be
uniform, with a constant density of 100 cm™3. The clouds are assumed to be optically
thick and therefore radiation bounded (the clouds extend until the fraction of ionized
hydrogen dropped below 1%). The fact that we are considering at each viewing angle
a plane paralle] geometry, instead of a global spherical geometry, is plausible only if
the physical extension of the clouds in the radial direction is negligible in comparison
with the scale of the observed features (Robinson [1989]; see also Binette, Robinson
and Courvoisier [1988] for a discussion on the influence of the geometry).

We have constructed a grid of models for two values of the black hole mass (M = 108
and 108Mg) and three disk sizes (roy; = 50, 200 and 1000 rg). We adopt the same
values for the internal radius of the disk (r;, = 2.7), and for the ratio of gaseous to
total pressure (8 = 10~*) as in Chapter 5. For each disk model (M and r,,; fixed) we
compute the emission at several inclination angles, and then for each continuum the
emission line spectrum is calculated at different values of the ionization parameter.

In order to make an analysis of the variation of the spectral shape of the ionizing
continuum with the viewing angle and the effect on the emision lines one has to look
at the predictions for several line ratios by various models at a given value of U;.2 It is
worth to keep in mind that in this section we make a comparison of different ionizing
continua at fixed U;. When we normalize each ionizing continua to this value, the self-
shadowing of the surface of the disk determines only the spectral shape but not the
value of N; which is fixed a priori. The line ratios we have investigated are the same as
considered in Chapter 5. They include the most commonly observed optical emission
lines and have shown useful to distinguish among different ionizing continua (Baldwin,
Phillips and Terlevich, 1981; Stasiniska, 1984; Veilleux and Osterbrock, 1987).

The spectral shape of the continuum depends moreover on the parameters which
model the accretion disk — we study the different angular dependence for various values
of the disk parameters (M = 10°, 10° M, and 7, = 50, 200 and 1000 r,). Variation of
the black hole mass and the disk size produce the most relevant changes in the shape of
the continuum. Other disk parameters, such as the internal radius (7;,) and the ratio
of gaseous to total pressure (§), produce minor variations (see Chapter 5) and will not
be considered here.

?Comparison of line ratios at the same value of U, is not a precise method to discriminate among
different spectral shapes. Variations of U, may compensate for variations of the spectral shape. It will
be more correct to use a parameter which preserves the general excitation level of the line spectrum,
as proposed by Binette, Robinson and Courvoisier (1988). However the advantage to use U, is that it
is directly related to the flux of ionizing photons N; and then it can be easily related to the variation
of the flux with 0 because of obscuration.
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Figure 6.3: In the bottom panel we present the meridional cross section of the thick disk. The

funnel is divided into three parts (indicated by the different shaded zones), each one corresponds
to one. third of the radial distance corresponding to the maximum height. In the upper panels
the fraction of photons of the total disk emission which comes from each region is specified as
a function of their energy, for two values of M (10° and 108 M)). Figures 6.3.a,6.3.b and 6.3.c
correspond to different disk sizes, 50, 200 and 1000 7,,,, respectively. Note that for small disks
(Tout ~ 50 r4) the fraction of ionizing photons (¢ > 13.6 €V) which comes from the funnel is
comparable for any value of M (see Fig. 6.3.a). However for large disks (7o, ~ 1000 r,) this
fraction is smaller for M = 10° M, than for M = 108 M, (see Fig. 6.3.c).
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Figure 6.4: Different line intensities , normalized to H recombination lines, vs. U, at different

separation angles from the disk axis. We computed the angular variation of the line ratios for
two values of M (10° and 10° M) and three value of 7oy (50,200 and 10007,).
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6.3.1 Black hole mass

The variation of the black hole mass produces not only a variation of the total luminosity
but a shift towards low frequencies of the emitted continuum as the black hole mass
increases. This feature revealed important in Chapter 5 for fairly large values of U,
(U = 107%5), especially for M < 10"Mg. The shift of the spectrum will be however
more critical in the study of the angular dependence.

For M ~ 10°Mg when 0 increases the soft X-ray part ( = 1 keV) lacks in the spec-
trum. The partly ionized region, which is maintained by the X-ray emission becomes
less extended, and the lines produced there ([OI] A6300, [SII] AA6716,6731) decrease
appreciably. The lines which are produced in the fully ionized region are affected de-
pending on the value of r,,. For relatively small disk sizes (rouwt ~ 2007y) certain
line ratios (e.g. [OIIT] A5007/HA , Hell A4686/HfB and [NeV] A3426/H/ ) increase
with 8, although by small factors. However when the disk is sufficiently large to have
considerable emission at energies ~ 30 eV all these lines decrease, whereas the lines
from species with very high ionization potential (~ 100 eV) vary appreciably, e.g. for
Tout = 100075 and U; ~ 10725, the ratio [NeV] A3426/Hg (the ionization potential of
NePt is 97.11 eV') decreases by a factor of ~ 100, whereas the ratio [OIII] A5007/HA
varies only by a factor 2.5, from 8 = 0° to 90° (see Fig. 6.4.b).

For M ~ 108M the spectrum varies with 6 at energies < 100 eV for o, = 50r.
The high energy tail which maintains the partly ionized regions is not present at large
0 and therefore the intensity of the lines [OI] A6300 and [SII] A\ 6716, 6731 decreases
rapidly (see Figs. 6.4.c and 6.4.d). The emission lines produced in the fully jonized
region shows stronger variation with 6 than for 10 My, in particular the line ratios
[NeV] A3426/HB and Hell A4686/HJ decreases noticeably. The rest of lines show a
less marked trend, except when the disk size is large enough and the contribution of
intermediate radius of the disk is at few tens of eV (see Figs. 6.4.c and 6.4.d).

Summarizing, the increase of black hole mass from 10° to 103M; makes that the
high ionization lines, preferentially those with the highest ionization potentials, show a
pronounced decrease with increasing 6 at fixed U;. The low ionization lines produced
in the partially ionized region, particularly [SII]AA6716,6731, show stronger angular
dependence for M = 10% My, than for M = 108 M. This occurs because the continuum
varies with @ in two different frequency regions, according to the black hole mass: for
M = 10° Mg the soft-X ray part of the spectrum is occulted, whereas for M = 10® Mg,
the UV part is occulted.

6.3.2 Disk size

The variation of the disk size affects the angular dependence of the ionizing continuum
in two ways. Firstly, the funnel is steeper for larger disks, and this makes that the high
energy tail of the continuum shows larger collimation (Madau 1988). Secondly, the
spectrum has a large contribution at low frequencies when the disk size increases, and
moreover the effective temperature of the outer parts decreases as ro_u]/ ? at different
disk sizes and hence the spectrum softens considerably for large disks.

The major change in the spectral shape of the ionizing continuum at fixed r,,; with
6 occurs when the funnel is occulted from the line of sight, and affects the highest
frequency part of the emission. The results confirm that for § < Oopen the predicted
line ratios do not change appreciably; however for § > Oopen. the emission lines suffer
noticeable changes. In the current accretion disk model this always occurs at the same
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value of 8, depending essentially on the value of r,,; but not on M. According to this, it
is straightforward to associate the value of opening angle of the cone with an accretion
disk size or, equivalently, with an accretion rate.

The suppression of the most energetic part of the continuum affects different ranges
of frequency according to the value of M. The predicted emission lines are moreover
affected by the changes of the ionizing continuum with 7,,;. Generally speaking, the
emission line spectrum has a more pronounced angular variation for large disks. This
is because for small disk sizes the difference between the surface temperature from
the maximum value (reached in the funnel) and the value in the outer parts is small,
however for large disks this difference is large and the spectral shape of the continuum
changes much when viewing the disk from the axis or from the equatorial plane.

Let us consider first the case when M = 105M. For relatively small disks (rpy =
2007,) the emission line ratios [OIII] A5007/HS , [NeV] A3426/H and Hell A\4686/H3
tend to increase slightly with 6. The reason for this behaviour arises from the fact that
most of the ionizing photons are shifted from high energies to energies (50-80 eV') which
are still above the ionization potential of Ne** and O?*, increasing the emission from
[NeV] A3426 and [OIIT] A5007. However the fraction of He?t decreases, but the lumi-
nosity of HA also decreases, which leads to a net increase of Hell A4686/H3 . The low
ionization lines decrease firmly with 6 (see Fig. 6.4.a). For 75, = 10007, all the consid-
ered line ratios tend to decrease with # (see Fig. 6.4.b). The line ratio [NeV] A3426/Hf
decreases noticeably by a factor ~ 10 from 6 = 0° to 50°, [SII] AA6716,6731/Ha and
[OI] A6300/Ha decrease in a similar way; although the variation is smoother for the
latter ratios. The rest of line ratios decreases moderately with 8, e.g. [OIII] A5007/H/3
decreases only a factor of 2.5 from 6 = 0° to 90°. For large disks (7ou ~ 10007, the
continuum changes with 6 at energies = 70 eV. The angular variations in this range
of energies affect the ionization of O?* and Ne't, although for the two disk sizes the
changes in the continuum operate in opposite directions: in the former (low r5y) in-
creasing the ionization level in the latter (high r,y) decreasing it. The rather poor
collimation predicted for the line ratio [OIII] A5007/HA and mainly its increase with
6 at low values of 7, make models with M ~ 10°Mgsnot appropiate to explain the
ionization cones.

The results for M = 108Mj are much more promising in this sense. For a disk
size 50 7, all the line ratios decrease with § increasing, although the variation is not
enormous (see Fig. 6.4.c). Instead, for a disk size 1000 r, the angular dependence
of the emission line spectrum is remarkably strong (see Fig. 6.4.a), at a separa-
tion angle 20° the value of the line ratio [OIII] A5007/HfA has reduced by a factor
of ~ 3, Hell A4686/H3 by a factor of ~ 2, [OI] A6300/Ha by a factor of ~ 5 and
[NeV] A3426/Hp by a factor of ~ 100. The variation of the spectral shape for low values
of 7oy affects energies = 60 eV and the lines in the partially ionized zone, [NeV]A3426
and Hell )\4686 suffer the strongest changes. However for large disks (ry,, ~ 10007,)
the continuum varies with @ at energies ~ 20 eV. This leads to a strong variation of all
the line ratios. In this case the partly ionized region is little extend and the low ioniza-
tion lines rather come from the outer parts of the H region. The continuum becomes
very soft at large values of 6, the ST region extends down in the fully ionized region
as well as the N* and Ot regions at the expense of 5*%, N** and 0?7, respectively.
Therefore the line ratios [SIT] AA6716,6731/Ha , [NII] A6584/Ha and [OII] A3727/HS
will tend to increase instead of decreasing, when 0 is increasing.

The line ratios Hell A4686/HQ and to alesser extent [Nelll] A3869/Hf and [OIII] A5007/HS
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show an interesting behaviour: their values do not depend critically (less than 0.4 dex)
on the value of U, in the range 1073 — 1071%, but they are rather sensitive to changes
in spectral shape at different values of 6. Hence these lines could be adopted as good
indicators of the anisotropy of the ionizing continuum. It is worth to notice that these
lines adopt different values depending on the accretion disk parameters (see Fig. 5.3).
There is a technical problem when using these lines as indicators of the anisotropy of
the ionizing continuum, since the observational errors could be as large as the angu-
lar variation —in particular the line HelIA4686 is rather weak and therefore difficult to
measure.

6.4 ANGULAR VARIATION OF THE EMISSION LINE
SPECTRUM

In this section we compute the actual angular dependence of the emission lines consid-
ering both the change of the spectral shape and the decrease in the number of jonizing
photons at large . We consider the gas distributed uniformly in the disk of the galaxy
(see Fig. 6.1.a). The ionizing source is located at fixed distance from the gas clouds
and the rotation axis of the torus lies in the galaxy disk. In practice the results which
will be obtained in this Section combine the effects discussed in Sections 6.2 and 6.3.
We are assuming an uniform distribution of gas, although the density may depend on
the inclination angle from the disk axis, and so it influences the angular variation of U;.
If we have a more rarified medium at large 6 then U, will decrease slower than in an
uniform medium, however if the medium becomes denser U; will decrease faster. When
higher quality observations off-axis will be available and the density can be measured
then the behaviour of U; will be well determined.

The distance of the ENLR clouds from the nucleus is assumed constant, as well
as the hydrogen density. The fact that the product nyD? is constant makes these
calculations valid for a range of densities (always at the low density limit) and distances
with the condition that such product is kept constant. The change of U; with 8 is due
to the different value of N; arising from the anisotropic disk emission. At each value of
0 the value of NV, is fixed by the disk model, the product nyD? is constant and therefore
the value of U; can be determined. The value of the product n, D? is determined in the
following way: we fix a value of U; at § = 0° and then the value of nyD? is obtained
from the expression nyD? = N;(6 = 0°)/4wcU,(6 = 0°), since we know the value of
N;(8 = 0°) for the selected disk model. Hence the value of U; at any value of 6 can
be calculated as a function of N;. We choose that value of U, at § = 0° which gives
a best fit to the observed line ratios for a set of disk parameters, similar as it is done
in Chapter 5. To make the fit we have used the same line ratios, except that now we
give preferential weighting to the line ratios containing [OITI] A5007 and [OII] A3727
lines. We do not give preferential weighting to the line [OI] A6300 because it depends on
geometrical factors and on the presence of an additional X-ray component, furthermore
its inclusion produces fits with rather large values of U;. It will be come clear below that
higher values of U, imply less collimation of relevant line ratios (e.g. [OIII] A5007/Hp
), hence if we want to obtain the maximum degree of collimation it is reasonable to
choose a low value of U;. We notice that the 90% confidence levels are well defined
for U, but not for roy. This means that giving preferential weight only to the lines
[OIIT] A5007 and [OII] A3727 is not a good method to discriminate among the ionizing
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continua, but it is efficient to constrain the value of U;.

We study now the angular variation of the emission line luminosity. It is important
to look at the line luminosity together with the line ratios when @ is varied, because
it may happen that the detector sensitivity is not sufficient to detect any flux from
large values of . In such case the predicted line ratios should be convolved with the
detector sensitivity. The observations suggest that the spatial distribution of the line
emission should be concentrated in a cone, particularly for the lines [OIIT] A5007 and
Ha. The intensity of any line is computed by adding the contributions to such a line at
each location in the cloud and so it is proportional to the column density N (X *)3. The
luminosity of the lines produced in the H* region depends strongly on the value of Ui,
which determines the extension of the cloud. In particular the recombination lines Ha,
Hp and HelI\4686 are proportional to the value of Uy, therefore they vary with 6 in the
same fashion as U;, i.e. as N; decreases (see Figs. 6.2 and 6.5). The line Hell 24686
shows a stronger decline than U; for M = 108 My, particularly for large values of 7oy,
since the changes in the ionizing spectrum affect the energy range around 50 eV. The
forbidden lines, which are produced in the H*t region, like [OILI] A5007, [OII] A3727,
[NeIlT] A3869 and [NeV] A3426 do not depend linearly on U;, because U, determines
the ionization level of the atoms and a more complex dependence on U; than linear is
generally expected.

The line [NeV] A3426 shows by far the strongest angular variation among the con-
sidered lines, meanwhile it presents a much more pronounced decrease for M = 108 M,
than for M = 10%Mg. It shows a general trend: a constant value for 6 < Gopen and
then it drops abruptly when 6 > f,pen. This line is affected by the variation of U
(it has a maximum for U; ~ 107?) and by the suppression of the energetic parts in
the continuum, therefore it is very appropriate to reveal any angular variation of the
ionizing continuum.

The luminosity of [OIII] A5007 shows a very slow decline for M = 108 Mg, in
particular for ro,; = 200 r, the luminosity decreases by only a factor of 1.2 and for
Tout = 1000 7, it decreases by a factor ~ 7 from § = 0° to 90°. On the contrary,
for M = 10® My the variation with 6 of the [OIII] A5007 luminosity is very strong,
e.g. for a disk size of 50 r, it decreases slowly until 50° where a turndown occurs,
and at 90° the luminosity has decreased by a factor 10. For the same value of M and
Tout = 1000 7, there is a small plateau up to ~ 15°, and then it decreases rapidly at 30°,
by a factor of 25. The angular variation of the ratio [OIII] A5007/Hg is very relevant
in the comparison with the observations. This ratio involves the most intense and
best studied line, in which the cones of ionizing radiation have been observed. It also
gives indications about the degree of ionization if only spectroscopic measurements are
available. For M = 10°Mj, this ratio increases with 8, because at the considered value of
U, 03+ is dominant over O?* and then when U, decreases with 6 the O** fraction grows.
For M = 10® M this line ratio is constant at small values of § and then it falls down at
the opening angle of the funnel. The line ratios Hell A4686/HS , [Nelll] A3869/Hp and
[NeV] A3426/Hp show a similar behaviour to [OIIT] A5007/HB . When M = 109A4,,
these line ratios do not vary strongly with 6, except [NeV] A3426/Hp for large values
of 7oy for M = 108M, they decrease at the opening angle of the funnel.

The luminosity of the lines produced in the partially ionized H region, [OI} A6300,
[SIT] AA6716,6731 and a fraction of [NII] AX6548, 6584, does not depend basically on Uy,

SN(XY) = fn(Xi)dl, n(X") is the number density of the X' element and [ is the distance through
the cloud.
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Figure 6.6: Angular variation of several line ratios (The same ratios as used in Chapter 5). The
predictions are the same as in Figs. 6.5. The observational data are indicated by diamonds at
6 — 0° with the estimated error, and correspond to NGC 1068 (Baldwin, Wilson and Whittle,
1987), NGC 3516 (Pogge, 1989a) and NGC 4388 (Pogge, 1988b).
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6.4 Angular Variation of the Line Spectrum
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but rather on the extension of the ionizing continuum into the X-ray. The luminosity
of these lines decrease when the X-ray part of the continuum is occulted by the funnel,
furthermore the effect will be more important when the ionizing continuum is more
extended to the X-ray. In fact for M = 10°% My these lines suddenly decrease at a
value of § which corresponds to Oypen. However for M = 108 Mg, these lines vary slowly
with 6, only the line [OI] A6300 decreases noticeably with 8, but in this case Ot is the
dominant ionization level, and the partially ionized zone is greatly reduced. The low
ionization line ratios [SIT) AA6716,6731/Ha and [NII] A6584/Ha decrease with 6 for
M = 10° My, but remain almost constant for M = 10® M. This occurs because there
are two effects operating in opposite direction. When the angle § increases, the ionizing
spectrum looses the X-ray part of the continuum and these line ratios decrease, on the
other hand U, decreases with # and these line ratios should increase. The first effect
dominates for M = 106 My, but for M = 108 Mg both effects compensate, even at large
9 the second effect dominates (see Section 6.3).

The luminosity of the line [OII] A3727 shows a moderate decrease, which is more
pronounced in the case of M = 10% M. The line ratio [OII] A3727/Hf decreases with
9 for M = 108Mg, but it remains almost constant for M = 10%M. The reason for
such behaviour is that a high fraction of this line is produced in the partly ionized
region when the continuum has a large X-ray contribution as it happens for 108 M),
and at large 0 this region is much less extended. However for 108Mg the fraction of
[OIT] A3727 which comes from the mentioned region is smaller than in the former case,
and tends equally to decrease when 6 increases, on the contrary the fraction which
comes from the H* region increases due the decrease of U;, which makes the ionizing
level of 02t to decrease at the benefit of OF.

It is important to investigate whether the predicted angular dependence of the line
ratios is very sensitive to the precise value of U;. The angular dependence of the line
luminosities and their ratios was considered for values of U; at 90% confidence level,
using our particular x? fitting. This indicates about the relevance of the adopted
value for U, at 6 = 0° concerning the predictions of the angular behaviour of the line
ratios. The line ratios Hell A4686/Hf , and to some extent [Nelll] A3869/H3 and
[OITI] A5007/HA do not depend on the precise value of Uy, for the restricted range of
U, we are considering as we mention above. The line ratio Hell A4686/H/ shows the
same behaviour with 6, at different values of U;. Generally, after an initial plateau up to
Bopen the predictions for different U; run down together according to the variation of the
spectral shape of the continuum. The rest of the considered line ratios depends strongly
on the value of U, adopted at the axis. Nevertheless they show similar trends with ¢
at different U;, within the 90% confidence level. On the contrary, for M = 108M,, and
Tous < 500 7, the predicted angular variation of [OIII] A5007/Hf and [NeV] A3426/Hf
depends critically on the value of U,. For the best fit value of U, and its upper bound of
the confidence level these line ratios show a slight trend to increase from 6 = 0° to 90°,
however at the lower bound of the confidence level for U;, the trend is to decrease at
large 0. This is not the case for M = 10% My in which the predictions for different U,
show the same trend (Note that the best fits for 10°Af. are achieved with lower values
of U, than for 10°M). Furthermore, the line ratio [OIIT] A5007/H/J shows a slight
trend to decrease faster at large 8 for the low values of U;. The predictions for the line
ratios [OI] A6300/Ha , [STI] AX6716,6731/Ha and [NII] A6584/Ha for different values
of U, run almost parallel varying 6, although displaced since only Ha varies with U;.
However when comparing to the observed values only certain values of U; are allowed.
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It is important to notice that two line ratios, Hell A4686/H( and [Nelll] A3869/HS
are rather insensitive to the value of U;. These line ratios do show collimation, indicating
that the variation of the spectral shape of the continuum with 8 provides enough change
in the emission line spectrum, and the variation of line ratio does not arise uniquely
from the variation of Uj.

6.5 DISCUSSION

The angular dependence of the emission line spectrum calculated above can be described
in simple terms as follows: at values of § < e, the emission lines do not change
appreciably, and a small plateau is seen; when 6 > ,pc, the emission lines start to
change. In the frame of this model the aperture of the observed emission line cone
indicates the value of the opening angle of the funnel. The steepening of the funnel
increases with the outer radius of the disk, and is independent of the value of M. On
the other hand, the geometry of the funnel is determined by the amd; the derived value
for Tou: by using the Madau and Jaroszynski amd can be taken as an upper and lower
limit, respectively. Hence a range of possible values for the size of the disk can be
constrained from the observations of the extended conical structure. There is certainly
a variety of effects which may complicate this simple relation. The inclusion of the
reflection effect when calculating the emission from the disk will make that high energy
photons produced in the innermost regions of the funnel, which are shadowed for large
0 will scattered in the funnel walls and will emerge even at large values of 6. Therefore
the collimation of the most energetic part of the continuum is diluted and the value of
rou Needed to obtain the observed angle is increased (see Fig. 7 of Madau [1988]).

On the other hand, the nmature of the ionizing continuum affects the collimation
of the emission line luminosities. As it is shown in Section 6.4, only at certain values
of M and 7,y the ionizing continuum varies with 6 in an adequate fashion to produce
firm decrease of the emission lines. We will base our discussion on the emission line
[OILI] A5007 and the ratio [OIII] A5007/Hf , since it is the only line where the presence
of ionization cones is well established by now. The disk models built with M = 10°Mg
emit a large number of photons at very high energies (larger than 100 eV) and the
angular variation do mot produce any collimation of [OIII] A5007/HB . When the
disk size is increased a low energy contribution arises and the angular variation of the
continuum occurs in an energy range where the ionization of O** is affected in an
appropriate sense. Extrapolating our results we estimate that only disks with 7o =
6007, (M = 10°My) emit a continuum able to produce a decrease in the [OIIT} A5007
luminosity with §. However in such case the opening angle of the cones predicted by this
model can not exceed 25°. Disks around more massive black holes (M = 10%M.. ) emit
an ionizing continuum whose variation with 6 allows the line [OIIT] A5007 to decrease
towards large § for any value of 75, We find that the requirement that a certain line
emission is decreasing at large inclination angles restricts the parameter space for this
particular model of thick accretion disk. The models which are compatible with the
observed behaviour are constrained to have r,,; = 6007, if M = 108M, 7o = 2007, if
M = 107M_ and almost any value if M = 10%M.. . When the Jaroszynski amd is used,
the continuum has a similar spectral shape, and hence it will not affect the emission
line spectrum. The variations of the disk emission with § are more abrupt in the latter
case than in the previous case, although the trends will be similar regarding the change
in the spectral shape of the continuum. We expect that M and 7, are restricted in a
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similar way as described above.

The above calculations limit the ability of the thick accretion disk as being respon-
sible for the observed structure in ENLRs to a certain disk configurations (M and
Tout)- In Chapter 5 it is found that models with M = 10°M; produce the best fit
to the observations when 7,y ~ 6007y, models with M = 10" Mg when 74y ~ 1007
and those with M = 108Mg do not predict essentially different emission line spectra
varying rou. There is a relation between those results and the ones discussed here,
since we are in both cases limiting the hardness of the spectrum in two different ways.
In Chapter 5 we constrain the model parameters by preferentially fitting oxygen lines,
including [OI] A6300 which is very dependent on the extension of the continuum to
X-ray frequencies. In this case the continuum is required to vary with 6 in the energy
range ~ 40 —60 eV to affect the line spectrum and moreover this should be the high en-
ergy tail. Therefore we guess that the continua responsible to ionize the ENLR should
anyhow be less hard than the ones we have used here, i.e. the actual shape of the
ionizing continua will look like more the one predicted for 108 My, than that for 105Mg.
It is important to notice that the emission line spectrum predicted for M = 108 My
and different r,,; at § = 0° do not permit to distinguish among different models (Fig.
5.2.c), however when the angular dependence is taken into account, different values of
Tout Produce distinguishable angular behaviour.

We have shown that the the thick accretion disk emission is able to produce the
cones of [OIII] A5007 emission, although additional requirements to the models must
be imposed. Our argumentation was based purely on the energy distribution of the
disk emission. The inconvenience of small ro,; at low values of M (M =< 10" M) arises
from the fact that changes with 6 of the continuum take place in a energy range such
that the fraction of O2* increases in going away from the disk axis. The high degree of
ionization produced by our continuum could be attributed to the high U,'. A possible
solution to this problem is to adopt a sufficiently low value of U; at 6 = 0°, in such
case the decrease of U; due to the obscuration at large value of 0 leads to decrease the
fraction of O2*. Although this may help in some cases, the calculations presented in
Sect. 6.4 at different values of U; indicates that the collimation of [OIII]A5007 is difficult
to improve. In addition, there are line ratios, e.g. [OII] A3727/Hf , [NeV] A3426/HS
which depend critically on the value of U;, and with low values of U; the predictions
will be out the range of the observed values. We therefore conclude that variation of
the spectral shape of the ionizing continuum with M actually constrains the range of
M while variations of U, can not be advocated to compensate the angular dependence
of the predicted emission line spectrum, without deteriorating the agreement of other
predicted lines with the observations.

The relation between the opening angle of the funnel and that of the ionization
cone restricts the values of r,,;. Nevertheless various effects which are not considered
here (e.g. the reflection effect, scattering in a hot corona) will enlarge the angle in
which the radiation is collimated to values larger than 6,,.,. In an ideal situation,
large aperture cones require small disks, hence a lower limit on the black hole mass
should be imposed according to the above guesses. The fact of having a lower bound
to the value of M gives a strong prediction for the luminosity of the active nucleus,

1 The line ratio [OIII] A5007/HS is at maximum when U; ~ 10~%* for this kind of ionizing continua
(see Fig 5.3 in Chapter 5). In principle, there are two possible values of U, which predict the same ratio
[OIII] A5007/H if this is below the maximum of this ratio. Our fitting procedure normally selects the
largest value because it predicts better agreement for the rest of the line ratios.
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which should emit at least the Eddington value. In the case that the observed value of
the luminosity is lower than that expected from the above considerations, there are two
alternatives: either the model should be rule out or a strong obscuration of the nuclear
continuum should be invoked. The latter possibility is very interesting since Seyfert
2 galaxies where the cones of ionization have been mostly detected, do not exhibit a
strong non-stellar continuum. Also when the counting of ionizing photons from the Hp
luminosity at the ENLR, location is done, the observed nuclear continuum seems to be
only marginally sufficient to power the line emission (Wilson, Ward and Haniff, 1988).
This feature precludes a very strong obscuration and favours models with low values of
M, and suggests that the ionizing continuum of the ENLR comes from accretion disks
around black holes with M < 107 M.

On the other hand the comparison of the predicted line ratios with the observed
values suggests that the ionizing continuum we are using has an excess of energetic
photons (see also Chapter 5). A strong indication comes from the high value of the line
ratio Hell A\4686/H , which means that the ratio between photons with energies in the
range between 4 and 6ryd and those in the range between 1 and 4 ryd is high (Binette,
Courvoisier and Robinson, 1988). Another indication comes from the high predicted
values for [OII] A3727/HQ and the low values for [OTII] A5007/HS in comparison (at
the same value of U;) with the values obtained using other more successful continua,
namely a power law with a = —1.5 and a blackbody with 7 = 130000K (Robinson
et al., 1987). This fact makes that large values of U; are needed to fit those line ratios
with the observed values. A large amount of [OII] A3727 is produced in the partly
ionized H region because there is a large fraction of high energy photons®.

Photoionization modelling of the BLR shows that the nuclear emission from Seyfert
galaxies is peaked at energies lower than 17yd, whereas in the case of radio-quiet QSO’s
the peak is shifted to larger energies (Clavel and Santos-Lléo, 1990; Binette et al., 1989).
However our ionizing continua are peaked at energies much larger than these values.
These features suggest that relevant assumptions about the way in which the continuum
is emitted (e.g. the opacity source in the atmosphere of the disk) should be changed
in order to have the thick accretion disk emission being able to photoionize ENLR
and produce collimation of the emission lines with reasonable disk parameters. We
have therefore investigated a continuum in which the opacity in the disk photosphere is
dominated by free—free absorptions. The ionizing continuum is now calculated as a sum
of blackbodies and becomes softer than the one calculated with electron scattering (see
Fig. 8 in Madau [1988]). We have repeated the calculations for the angular dependence
of the line luminosity in order to investigate how such a change of ionizing continuum
affects its behaviour. We consider a low value for M = 10° M., since the lower the black
hole mass, the harder the continuum. We present in Fig. 6.7 the predictions for the
line ratios using the blackbody approach and 7., = 200, and 1000 ry; for comparison
we include the same calculations but with the modified blackbody approximation. Let
us first examine how the different spectral shape affect the predictions of the line
ratios relative to the previous model. The first thing to notice from Figure 6.7 is
the insensitivity of the predictions for the different line ratios to the value of Tl -
This is really expected because modifications of the continuum when Tour 15 increasing,
occur only at energies lower than 1 ryd, even in the case of M = 106 Mg. Since
this ionizing continuum is less extended to X-ray energies the lines produced in the

®The ionization potential of O° is very similar to that of hydrogen and therefore can be collisionally
ionized in the partially ionized region if the temperature is high enough.
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TABLE 6.2: PREDICTED LINE RATIOS
SUM OF BLACKBODIES

M = 10b M@
Ut = 10—'5'5 AUt = 10_2 Ug == 10_1'5
Ratio 2007, 10007, 2007, 10007, 2007, 10007,
[OI11] A5007/Hp 3.10 (1.44) 2.83 (2.01) 19.7 (10.0) 18.8 (20.9) 16.3 (4.88) 15.8 (20.6)
[O11] A3727/Hp 16.4 (16.8) 14.0 (14.6) 3.09 (10.2) 2.64 (6.60) 0.95 (6.88) 0.83 (3.07)
[OI] A6300/Ha 0.98 (1.87) 0.90 (1.61) 0.15 (0.51) 0.13 (0.51) 0.04 (0.31) 0.04 (0.30)
[NII] A6584/Ha 1.70 (1.57) 1.54 (1.47) 0.25 (0.65) 0.23 (0.57) 0.08 (0.43) 0.07 (0.31)
[SII] AX6T16, 6731/Ha  0.83 (1.50) 0.82 (1.46) 0.07 (0.26) 0.07 (0.33) 0.03 (0.15) 0.03 (0.20)
Hell A4686/HG 0.39 (0.34) 0.35 (0.28) 0.65 (0.61) 0.59 (0.55) 0.65 (0.64) 0.79 (0.59)
[NeIIl] A3869/HG3 1.09 (1.09) 0.91 (0.89) 0.91 (1.13) 0.80 (1.16) 0.67 (0.68) 0.61 (0.89)
[NeV] A3426/H3 0.00 (0.00) 0.00 (0.00) 0.81 (0.53) 0.74 (0.74) 0.79 (0.41) 0.74 (0.86)

Table 6.2: Predicted values of several line ratios using as ionizing continuum the thick disk
emission in the sum of blackbodies approximation. The same predictions but calculated in the
modified blackbody approach are shown between parentheses.

partially ionized region will be considerably weaker than in the previous model, e.g.
[SII] AX6716,6731/Ha and [OI] A6300/Ha (see Table 6.2), the ratio [NII] A6584/Ha is
also affected partially by this fact. The ratio [OIII] A5007/HS is now slightly increased
and the ratio [OII] A3727/Hf considerably decreased, the reason for such behaviour
is that the present continuum is less effective ionizing 0%+ to O%* than the previous
one, and on the other hand the fraction of [OII] A3727 which comes from the partially
ionized region now is greatly reduced. The rest of line ratios does not change much
although there is a trend for Hell A4686/Hf and [NeV] A3426 /HS to increase relative
to the previous model (see Table 6.2), which is basically explained as a decrease of
HpB and Hea. The predicted line ratio Hell A4686/Hg is slightly high compared to the
observed values, which means that the ionizing continuum has still a large fraction
of photons with energies in the range 4-6 ryd relative to those close to 1 ryd. If
models with M > 10° M, are considered these line ratios will certainly decrease and
the agreement with the observations will improve. The observed line ratios are fitted
now with U; ~ 5 x 1073, for a model with M = 1O6M@ and 7oy = 2007, These
values of U, are almost a factor 10 lower than those obtained in the case of modified
blackbody continuum (see Table 5.2). We have repeated the calculations of the angular
dependence of the line emission, as described in Section 6.4. The results are presented
in Figures 6.8.2 and 6.8.b. We find that the luminosity of the relevant line [OIII] A5007
decreases with 6. However we recall that using the modified blackbody approach for the
same disk parameters this line was increasing with 6. This feature reveals the sensitivity
of the angular dependence of the line luminosities to the spectral shape of the ionizing
continuum.

The presence of an isotropic source of X-ray emission will change the angular de-
pendence of lines produced in the partially ionized region (Netzer, 1987). These lines
will be emitted equally at large values of 8, however the Balmer lines will be emitted
preferentially at low values of ¢, although a small contribution from the partially jon-
ized region still will be present. Therefore the line ratios such as [SII] AX6716,6731/Ha
» [OI] A6300/Ha and probably [NII] A6584/Ha will vary with 6 in the following way: at
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Figure 6.7: Diagnostic diagrams using the disk emission calculated in the sum of blackbodies

approach, as ionizing continuum for a model with M = 10" A/, and two values of r,,,. The

disk emission is calculated along the rotation axis. We present the predictions for the same

line ratios and the same observed ratios as in Fig. 5.2. For comparison we present also the

predictions for a disk model in the modified blackbody approach. The lines join theoretical

points corresponding to different values of U; (the logarithmic value is indicated). The meaning

of the symbols, which are joined by lines, is as follows: stars corresponds to a 7oy = 2007,

open circles to 74,y = 10007, The dotted lines join model calculated under the blackbody

approach, instead the long-dashed lines join the models calculated with the electron scattering

opacity.
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® log U= —2.27 o log U= —2.73 * log Uy=-1.73
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Figure 6.8: Angular variation of the luminosity of several lines (Fig. 6.8.a) and line tatios
(Fig. 6.8.b), assuming that the gas is distributed uniformly in a disk. The ionizing continuum
is calculated from the thick disk emission in the sum of blackbodies approximation. We present
results for M = 10°M and 7ou, = 2007, at the best fit value for U, (=~ 5 x 1072, at the axis)
and 90% confidence level (U; =~ 2 x 1073 and 2 x 1072). Notice that the collimation of the
continuum provides a firm decrease of the luminosity of the line [OIIT} A5007 with 4.
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viewing angles close to the disk axis those line ratios will not change appreciably as we
have shown above; at values of § similar to the opening angle of the funnel they will start
to increase because the X-ray component will dominate upon the anisotropic UV /soft
X-ray component and Balmer-lines tend to decrease; at large values of  those line
ratio will remain at a constant value as corresponding to an isotropic ionizing source.

We have seen that the predicted angular variation for the emission lines (we refer
only to those produced in the H' region) is more accentuated at larger M and ry,;. We
may speculate that if QSO’s are powered by radiation pressure supported tori around
black holes with M = 108 M, their emission line regions will be illuminated by a very
collimated radiation field. In this respect we may notice that emission from the NLR. is
not normally observed in these objects, a possible explanation will be a NLR concen-
trated in two narrow cones and therefore the emitted luminosity is reduced with respect
to a spherical configuration by an amount of (1 — ¢os 6,pe,). An obvious problem with
this scenario is that the BLR will be equally affected by the collimation of the ionizing
radiation, unless a different geometry is advocated for this region (Fabian et al. [1986],
Betchold et al. [1987], see also Collin-Souffrin [1987]). In addition, observational evi-
dences that low luminosity objects have a harder continuum than the high luminosity
ones should be found in order that this scheme works.

6.6 CONCLUSIONS

We have considered the photoionization of the Extended Narrow Line Regions by the
continuum emitted by an accreting radiation supported torus. In these regions highly
ionized gas is concentrated in a cone whose axis coincides with the radio emission axis
and the vertex points directly to the nucleus. The attractive feature of our model
concerns the anisotropy of the radiation field. Geometrically thick disks possesses a
characteristic funnel in the inner edge, where most of the radiation is emitted. This
particular geometrical shape of the radiation source leads to a natural collimation of
the radiation field which may be held responsible for the excitation of the ENLR gas
and its spatial distribution.

We have calculated the angular variation of the emission line spectrum using the
disk emission as the ionizing continuum. The angular variation of the emission line
spectrum induced by the anisotropic continuum can be separated in two parts:

e The number of ionizing photons N;/4w which reaches the clouds is strongly de-
creased at large viewing angles. This will affect the general ionization level of the
clouds and the total luminosity they will emit.

e The spectral shape of the ionizing continuum changes and softens at large sepa-
ration angles from the rotation axis.

In addition, the disk emission depends on the value of the black hole mass M and
the disk size 74, an increase of M produces a shift of the whole emission towards low
frequencies; the increase of the disk size broadens the range of frequency where most
of the energy is emitted, at the same time the funnel steepenes and consequently the
radiation is collimated in a narrower beam. The dependence of the emission on the
disk parameters will affect in a different way the ionizing continuum at different 8. The
decrease of NV,;/4m with 0 is found to be more pronounced when M is high and when
Tour 15 large. The changes in the spectral shape with 6 has also a strong effect in the
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emission line spectrum. The emission from a disk around a black hole with M = 108 M,
is extended up to fairly large frequencies. This feature makes that several lines line
ratios [OIIT] A5007/HQB , [NeV] A3426/HS and Hell A4686/Hf increases with § which
may be in apparent contradiction with the observations, particularly when the disk
size is rather small (7o, ~ 2007;). However when the disk is large enough the emission
in the low energy part of the continuum is increased. Hence the continuum softens
and the excitation produced in the clouds is not so high, leading to a decrease with
6 of the above mentioned line ratios. When M = 10% M the change of the ionizing
continuum with @ yields to a noticeable variation in the line ratios. In particular the
ratio [OILI] A5007/HG , [NeV] A3426/H/ and Hell A4686/Hf has a remarkable decrease
for almost any value of r,,;.

In order to investigate the actual variation of the line emission due to the anisotropy
of the current ionizing source we have to assume a geometry for the emitting gas. We
have assumed the gas distributed in a uniform disk with constant density and the
rotation axis of the accretion torus contained in the disk plane. The luminosity and
ratio of several lines is calculated at several inclinations angles, and a fixed distance
from the nucleus to the clouds. The line luminosity does not show any variation at
0 < Oopen and it varies only at 6 > ,pcn,. Then it becomes clear that in this particular
model there is a direct association between the opening angle of the cone observed
in the emission lines and that of the funnel, and hence on the outer radius of the
disk, or equivalently on the accretion rate. The emission lines show different behaviour
depending on the value of the disk parameters. We have found that a decrease in the
luminosity of the line [OIIT] A 5007 by a factor = 10 is only obtained for a certain
range of values of M and 7,,;.°

For M = 10° M, only for rather large disk sizes this decrease will be achieved.
Instead when M = 10® Mg even for 7oy ~ 50 7y this line decreases by a factor of
10 from 6 = 0° to 90°. The line [NeV] A3426 shows the strongest variation with 6
and will be a good indicator of the edge of the cone. The line ratio Hell A\4686/Hf3
and to some extent [Nelll] A3869/Hf depend weakly on U; and therefore any change
with 6 will reflect mostly the change of the spectral shape of the ionizing continuum.
The lines [OII] A3727, [SII] AX 6716, 6731 and [NII] A 6583 show a larger decrease with
M = 10% M than when M = 108 M, because of the different fraction of the line
luminosity which is produced in the partially ionized H region in the two cases. Instead
the line [O I] A 6300 is mainly produced in the partially ionized H region and hence it
will decrease in both cases, in the absence of the X-ray part of the continuum.

We can conclude that the cones observed in the emission line [O III] A 5007 could be
explained in terms of photoionization by the anisotropic radiation field coming from an
accreting radiation supported torus. However in the frame of our simple model not all
the configurations are appropriate to reproduce the observed trends, namely those with
low M (10° M) in combination with low 7y, (~ 200 7). This trend to favour high
black hole mass models is a serious problem for this model. The objects of our interest
have rather low bolometric luminosity and black hole masses of the order 10 — 107 M.,
are expected. This fact together with the comparison of observed and predicted line
ratios suggest that in order to make this model compatible with the observed excitation
in the emission line cones the disk emission should be much less energetic than actually

SWe are implicitly assuming that the emission of the line [OIII] A 5007 is extended in the whole
galaxy disk, except that when the surface brightness has decreased by a factor = 10 it is not seen by
our detectors.



136 CHAPTER 6. ANGULAR VARIATION OF THE EMISSION LINES

is.

We will conclude saying that in the light of the present results more work should be
done in modelling the disk emission, if the disk emission is retained to be responsible
for the anisotropy of the nuclear radiation field. On the other hand the actual angular
dependence of the different emission lines should be firmly established observationally
as well as measurements of the physical conditions in the clouds, i.e. density and
temperature. Only then, modelling of the ionizing continuum could be done in a very
detailed way.

We feel that it is very difficult to distinguish between the pattern of angular variation
for the emission lines predicted by our model and the expected from the presence of
a large molecular torus (Antonucci and Miller 1985; Krolik and Begelman 1986). Our
models predict a “plateau” for most of the lines at viewing angles close to the cone axis,
and then an abrupt decrease at large 6. This behaviour is similar to what expected in
the case of a blocking structure, as the molecular torus. We further predict that the
luminosity of the low ionization lines [OII] A 3727, [SII] AA 6716, 6731 and [NII] A 6583
tends to remain constant or vary slightly with 6. The constancy of the line luminosity
arises from the decrease of U; with 8, therefore the ionization level is decreased and
those lines are mainly produced in the outer part of the nebula. It has been found that
the [NII] X 6583 emission in NGC 1068 is rather diffuse and filamentary extending out to
a ~ b kpc radius (Bland, Sokolowski and Cecil, 1990). An explanation similar to ours is
proposed by Bland, Sokolowski and Cecil (1990) in the frame of the molecular torus to
explain this diffuse component. This model predicts the existence of a warm scattering
medium which fills the torus hole and extends some way above its top. This medium
allows us to observe the BLR light which comes from inside the obscuring structure.
In the same way this medium will redirect nuclear photons outside the opening angle
of the torus, and these regions will received a dilute nuclear radiation field. This makes
that U, is lowered which leads to a diffuse [NII] A 6583 emission and to large values of
the ratio [NII] A6584/Ha .

Most of the contents of this chapter is taken from (Acosta-Pulido, Wilson and
Perez-Fournon, 1991), in preparation.



FINAL CONCLUSIONS AND
REMARKS

We have considered the photoionization of the Extended Narrow Line Regions in Seyfert
galaxies by the continuum emitted by an accreting, radiation—supported torus. In these
regions highly ionized gas is concentrated in a cone whose axis coincides with the radio
emission axis and the vertex points directly to the nucleus. The attractive feature of our
model concerns the anisotropy of the radiation field. Geometrically thick disks possess
a characteristic funnel in the inner edge, where most of the radiation is emitted. This
particular geometrical shape of the radiation source leads to a natural collimation of
the radiation field which may be held responsible for the excitation of the ENLR gas
and its spatial distribution.

The absolute luminosity emitted by an accretion disk is a linear function of the mass
of the black hole. There is a way to estimate the absolute luminosity of the continuum
which is ionizing the ENLR: counting the number of photons emitted in the Hydrogen
recombination lines. If we compare the number of ionizing photons required to produce
the observed luminosity in the ENLR (Table 1.1) with those present in the disk emission
(Table 4.1), it is found that accretion disks around black holes with M = 105‘M, emit
enough ionizing photons®. A number of ionizing photons larger than the derived from
the line luminosity is allowed if the absorbing efficiency of the clouds is low (see Section
1.3).

In Chapter 5 we have studied the photoionization of the ENLR by the thick accretion
disk emission,when the disk is seen pole-on. Initially we were mostly interested on the
ability of the disk emission to reproduce the emission line spectrum observed in the
ENLR. We have calculated the emission line spectrum for three black hole masses
(105,107 and 10® M), under the assumption that the clouds are located close to the
rotation axis at a distance far from the nucleus. We varied the values of both the
ionization parameter (which determines the ionization level of the nebula) and the disk
size (which produces a variation in the continuum shape). An interesting feature of the
ionizing spectra used is that by changing the accretion disk size and fixing the ionization
parameter there are significant changes in the emission line spectrum, especially for the
forbidden lines of O IIT and O II.

We have found that models with M = 10°M; fit the observations for very large
accretion disk sizes (~ 5007;), whereas models with M = 10"M fit them better
with smaller disks. The latter models would be preferable since they have less super~
Eddington accretion rates than the former, in better agreement with the estimations for
Seyfert 1 galaxies derived from other methods (Sect. 4.2.3). Models with M = 108 M,

'Using a thin accretion disk model the number of ionizing photons present in the continuum is
similar to the one in the thick disk emission for the same black hole mass.

137



138 Final Conclusions and Remarks

do not predict different line ratios when r,,; is varied.

There are discrepancies between our predicted lines ratios and the observed ones.
The predicted ratios of the low ionization lines, e. g. [SII] AA6716,6731/Ha , [NII] A6584/Ha
are always smaller than the observed values. This suggests that the ionizing spectrum
we used should be supplemented by an X-ray extension (Comptonization or a non-
thermal component could increase the X-ray flux), although simply adding a power law
at X-ray frequencies does not solve the problem, as we shown in Section 5.4.

The predicted Hell A4686/Hf ratio is high compared with the observed values; this
implies that the intensity of the continuum should be lower at energies larger than 4 ryd.
Photoelectric absorption of the soft X-ray part of the spectrum due to the presence
of gas between the nucleus and the emission line clouds could alleviate this problem.
Moreover this may also account for the observed high [NeV] A3426 /Hg ratio, in contrast
with the moderate Hell A4686/H ratio and in some cases low [OIII] A5007/HJ ratio,
found in the ENLR of NGC 1068 (Bergeron, Petitjean and Durret, 1989; Evans and
Dopita, 1986).

Summarizing, we found that models of the ENLR based on photoionization by
accretion disk emissions can give some interesting constraints on the mass of the hole
and on the size of the accretion disk. However, some of the line ratios deduced from the
model are not in good agreement with observations and therefore the deduced values
for the disk size and the ionization parameter are not very reliable.

We have calculated the angular variation of the emission line spectrum using the
disk emission as an orientation depending ionizing continuum. The angular variation
of the emission line spectrum induced by the anisotropic continuum can be separated
in two parts:

o The number of ionizing photons N;/4m which reaches the clouds is strongly de-
creased at large viewing angles. This will affect the general ionization level of the
clouds and the total luminosity they will emit.

 The spectral shape of the ionizing continuum changes and softens at large sepa-
ration angles from the rotation axis.

In addition, the disk emission depends on the value of the black hole mass M and
the disk size 7,;: an increase of M produces a shift of the whole emission towards low
frequencies; the increase of the disk size broadens the range of frequency where most
of the energy is emitted, at the same time the funnel steepens and consequently the
radiation is collimated in a narrower beam. The dependence of the emission on the
disk parameters will affect in a different way the ionizing continuum at different §. The
decrease of N;/4n with 6 is found to be more pronounced when M is high and when
Tous is large. The changes in the spectral shape with 6 has also a strong effect in the
emission line spectrum. The emission from a disk around a black hole with M = 108 Mg,
is extended up to fairly large frequencies. This feature makes that several lines line
ratios [OIII] A5007/HB , [NeV] A3426/Hp and Hell A4686/HJ increases with 8 which
may be in apparent contradiction with the observations, particularly when the disk
size is rather small (r,,; ~ 2007,). However when the disk is large enough the emission
in the low energy part of the continuum is increased. Hence the continuum softens
and the excitation produced in the clouds is not so high, leading to a decrease with
0 of the above mentioned line ratios. When M = 10% M, the change of the ionizing
continuum with 8 yields to a noticeable variation in the line ratios. In particular the
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ratio [OIII] A5007/HS , [NeV] A3426/H/3 and Hell A4686/HS has a remarkable decrease
with 0 for almost any value of 7,,;.

In order to investigate the actual variation of the line emission due to the anisotropy
of the current ionizing source we have to assume a geometry for the emitting gas. We
have assumed the gas distributed in a uniform disk with constant density and the
rotation axis of the accretion torus contained in the disk plane. The luminosity and
ratio of several lines is calculated at several inclinations angles, and a fixed distance
from the nucleus to the clouds. The line luminosity does not show any variation at
0 < Oopen, like a plateau and it varies only at § > Oopen- Then it becomes clear that
in this particular model there is a direct association between the opening angle of the
cone observed in the emission lines and that of the funnel, and hence on the outer
radius of the disk, or equivalently on the accretion rate. The emission lines show
different behaviour depending on the value of the disk parameters. We have found
that a decrease in the luminosity of the line [OIII] A 5007 by a factor = 10 is only
obtained for a certain range of values of M and r,y.5 When M = 108 Mg only for
rather large disk sizes this decrease will be achieved. Instead when M = 108 M even
for rou; ~ 50 r, this line decreases by a factor of 10 from 8 = 0° to 90°. The line
[NeV] A3426 shows the strongest variation with # and will be a good indicator of the
edge of the cone. The line ratio Hell A4686/Hf and to some extent [NeIll] A3869/HJ
depend weakly on U, and therefore any change with  will reflect mostly the change of
the spectral shape of the ionizing continuum. The lines [OII] A3727, [SII] AX 6716, 6731
and [NII] A 6583 show a larger decrease with M = 10° M, than when M = 108 Mg,
because of the different fraction of the line luminosity which is produced in the partially
ionized H region in the two cases. Instead the line [O I] A 6300 is mainly produced in the
partially ionized H region and hence it will decrease in both cases, due to the absence
of the X-ray part of the continuum.

We can conclude that the cones observed in the emission line [O ITT] A 5007 could be
explained in terms of photoionization by the anisotropic radiation field coming from an
accreting radiation supported torus. However in the frame of our simple model not all
the configurations are appropriate to reproduce the observed trends, namely those with
low M (10° Mp) in combination with low 7oy (~ 200 7,). This trend to favour high
black hole mass models is a serious problem for this model. The objects of our interest
have rather low bolometric luminosity and black hole masses of the order 108 — 107 My,
are expected. This fact together with the comparison of observed and predicted line
ratios suggest that in order to make this model compatible with the observed excitation
in the emission line cones the disk emission should be much less energetic than actually
is.

We will conclude saying that in the light of the present results more work should be
done in modelling the disk emission, if the disk emission is retained to be responsible
for the anisotropy of the nuclear radiation field. On the other hand the actual angular
dependence of the different emission lines should be firmly established observationally
as well as measurements of the physical conditions in the clouds, i.e. density and
temperature. Only then, modelling of the ionizing continuum could be done in a very
detailed way. .

Thick accretion disks can not explain the obscuration of the BLR, which is observed

®We are implicitly assuming that the emission of the line [OIII] A 5007 is extended in the whole
galaxy disk, except that when the surface brightness has decreased by a factor = 10 it is confused with
the galaxy light continuum.
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in several objects (Antonucci and Miller 1985; Goodrich and Miller 1990). The thick
accretion disks are located much closer to the nucleus than BLR is. The presence
of a large obscuring torus (1 pc) is probably needed in those cases, however a close
relationship between the obscuring torus and the inner accretion disk may exist.

We feel that it is very difficult to distinguish between the pattern of angular variation
for the emission lines predicted by our model and the expected from the presence of
a large molecular torus (Antonucci and Miller 1985; Krolik and Begelman 1986). Our
models predict a “plateau” for most of the lines at viewing angles close to the cone axis,
and then an abrupt decrease at large 6. This behaviour is similar to what is expected
in the case of a blocking structure, as the molecular torus. We further predict that the
luminosity of the low ionization lines [OII] A 3727, [SII] AX 6716, 6731 and [NII] A 6583
tends to remain constant or vary slightly with 6. The constancy of the line luminosity
arises from the decrease of U; with 0, therefore the ionization level is decreased and
those lines are mainly produced in the outer part of the nebula. It has been found that
the [NII] A 6583 emission in NGC 1068 is rather diffuse and filamentary extending out
to a ~ 5 kpc radius (Bland, Sokolowski and Cecil, 1990). An explanation similar to
ours is proposed by Bland, Sokolowski and Cecil (1990) in the frame of the molecular
torus. This model predicts the existence of a warm scattering medium which fills the
torus hole and extends some way above its top. The scattering medium will redirect
nuclear photons outside the opening angle of the torus, and these regions will received
a dilute nuclear radiation field. This makes that U is lowered which leads to a diffuse
[NII] A 6583 emission and to large values of the ratio [NII] A6584/Ha .

In spite of the difficulties, we do believe that this kind of investigation is worthwhile
mainly because it allows us to obtain more information on the central engine of AGN’s
from their extranuclear activity. Our understanding of the ENLRs and NLRs may
be improved in the future using better quality spectroscopic data, in particular high
spatial resolution observations of the ionized gas and including the UV band with the
Hubble Space Telescope will be crucial. The importance of determining the ionizing
spectrum of ENLR. arises from the privileged location of these regions. The continuum
illuminating the ENLR clouds may be only partially absorbed by interstellar matter
in the path from the nucleus. It should be remind that the range of frequencies of the
continuum intervening in the photoionization of ENLR is not directly accessible from
the Earth because of the photoelectric absorption in Our Galaxy. There is a strong
dependence of the ionization level of the clouds and the continuum reaching them.
Thus we will have the possibility to extract information about the energy distribution
of the nuclear continuum from the emission line spectrum. A loose association between
the band of energy which is absorbed and the energy emitted in the line can be found
by studying the response of the emission line intensities to variations of the ionizing
continuum shape. Therefore one will be able to reconstruct the shape of the ionizing
continuum from the emission line spectrum. This has been attempted for Broad Line
Regions (Krolik and Kallman 1988), although the results are undetermined. ENLRs
are probably the most suitable laboratory to make this experiment because of their low
density.
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