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Abstract

This thesis presents an imaging and spectroscopic study of the narrow—line region (NLR)
in active galaxies with the aim to explore the impact of the central engine onto the sur-
rounding gas. The data basically comprise Hubble Space Telescope (HST) [O 111] narrow—
band images of 58 Seyfert galaxies and seven nearby quasars taken from literature as well
as spatially resolved spectroscopy of 12 Seyfert galaxies observed with the New Technol-
ogy Telescope (NTT) and the Very Large Telescope (VLT).

Based on the imaging study, we find striking correlations between the size and the
luminosity of the NLR: For type-1 AGNs, the size scales with roughly the square root of
[O 111] luminosity, a behavior which can be explained if, on average, all AGNs have the
same ionization parameter, density, and ionizing spectral energy distribution. Type-2
objects seem to follow a flatter slope of 0.33, expected for gas distributed in a Stromgren
sphere, valid only in the case of constant density. While at first sight different slopes for
type—1 and type—2 AGNs seem to contradict the unified model for AGNs, we show that
the influence of the observers viewing angle with respect to the NLR cone axis as well
as the effects of a receding torus can explain the observed relations, with the intrinsic
NLR size scaling with the square root of the AGN luminosity. We find a correlation
between NLR sizes and those of the BLR derived from reverberation mapping which can
be useful to estimate black hole masses directly from the NLR sizes. We create NLR
surface—brightness profiles to investigate the gas distribution.

From the high—sensitivity long-slit spectra, we analyze the radial properties of the
NLR gas, such as reddening, electron density, ionization parameter, and velocity field,
with unprecedented detail. We develop and improve methods to derive pure emission-line
spectra and use the resulting absorption—line free ratios for spatially resolved spectral
diagnostics. For four objects, we find a clear transition between the AGN—excited NLR
and the surrounding star—forming areas. This approach allows for the first time to deter-
mine the NLR size independent of stellar contamination. We find a decreasing electron
density and ionization parameter, indicating that the NLR is photoionized by the central
source only. The decrease in electron density rules out a Stromgren-like behavior of the
NLR gas, in agreement with our theoretical model.

The excellent data allow us to gain important insights into size, luminosity, and
physical parameters of the NLR. Our results show the success of the methods developed
here and may trigger further studies, in particular of the recently discovered type—2
quasars.






Chapter

Introduction

The study of “active galactic nuclei” (AGNs) is a fascinating and rapidly evolving field
of astrophysical research today. The term AGN refers to the existence of energetic
phenomena in the nucleus of a galaxy which cannot be explained by a simple mixture of
stars and interstellar medium (ISM) as in “normal galaxies”: The luminosity radiated
from a central region smaller than a cubic parsec, as required from short—term variations,
can exceed that of large galaxies by factors of ten to a thousand. In addition, it emits a
characteristic spectrum with strong contributions of high—energy photons (UV, X-rays,
and sometimes y-rays). The fundamental question about AGNs is how this energy can
be generated on that small scales.

In the following, we describe the generally accepted global picture on how AGNs work
and briefly introduce the different phenomena related to AGNs, focussing on those which
are of special interest for our study (Section 1.1)!. We motivate the presented research
(Section 1.2) and give a layout of this thesis (Section 1.3).

1.1 Global Picture

In the current paradigm, the primary energy source of AGNs is believed to be gravita-
tional accretion of matter by a supermassive black hole (BH).

Techniques used to estimate the central BH mass in active and non—active galaxies rely
on primary methods such as measuring the stellar velocities near the BH in the Galactic
Center [e.g. Eckart & Genzel (1996); Ghez et al. (1998)], tracing the Ho0 megamaser
emission in central disks as in NGC4258 (Greenhill et al., 1995; Myoshi et al., 1995),
measuring stellar dynamics which lead to the discovery of the Mgy — 02 (Ferrarese &
Merrit, 2000), and reverberation mapping to determine the radius of the broad line region
(BLR) using the line widths as indicator of the corresponding velocities [e.g. Peterson
(1993); Wandel et al. (1999); Kaspi et al. (2000)]. These techniques revealed a range
of BH masses from ~10% — 10° M, with the most massive ones presumably residing in
the most luminous AGNs. The lower limit of BH masses is given by the spatial and
spectral resolution of current instruments which do not allow to dynamically detect BHs

1 We basically refer to the book “An introduction to Active Galactic Nuclei” by Bradley M. Peterson
(2003). For further background information, we refer the interested reader to this or other textbooks on
AGNs.

2 o = stellar velocity dispersion relation
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in the mass range 10* — 10° (corresponding to velocity dispersions below 60kms™!) in
galaxy centers (Bart, 2004). A secondary method used to estimate BH masses of AGNs
is an empirical relation between the radius of the BLR and the continuum luminosity
le.g. Kaspi et al. (2000)].

Driven by its gravitational pull, matter spirals towards the black hole when losing its
angular momentum. Its potential energy is converted into radiation via viscous dissipa-
tion in an accretion disk surrounding the BH. As in stars, the fundamental process at
work is the conversion of mass to energy with an efficiency n (E = nmc?). The efficiency
is, however, with 7 ~ 0.1 much higher than that for fusion of hydrogen to helium (n =
0.007).3 To fuel luminous AGNs (L ~ 10% ergs™!), a mass accretion rate of 2 Mg, per
year is sufficient. Thus, the main problem of AGN fueling is not the energy requirements
but the angular momentum considerations: The infalling gas must lose enough angular
momentum before reaching the accretion disk where further angular momentum transfer
can occur through viscosity.

Among the mechanisms that have been proposed for angular momentum transfer, the
principle ones are interactions between galaxies [e.g. Hernquist & Mihos (1995); Taniguchi
& Wada (1996)], bars [e.g. Simkin et al. (1980); Shlosman et al. (1990)], and nuclear
spirals [e.g. Regan & Mulchaey (1999)]. However, recent studies indicate that Seyfert
galaxies do not have more close companions than normal galaxies [e.g. Schmitt (2004)].
Furthermore, a substantial fraction of Seyfert galaxies show no evidence of recent mergers
[e.g. De Robertis et al. (1998)]. Also, there is no clear observational correlation between
bars and nuclear activity [e.g. Mulchaey & Regan (1997)] which may be explained by
self-destruction of fueling bars (Combes, 2004). However, one has to keep in mind that
both the spatial scales and time scales of the involved phenomena differ: The fueling
leading to the high energy radiation in an accretion disk is restricted to ~0.01 pc close to
the central BH while bars are medium or large scale structures (several 100 pc to kpc).
The central activity and formation of large scale bars or any other feeding process can be
recurrent processes and may not be observed simultaneously (Emsellem, 2004; Combes,
2004).

Gas in the surroundings of the BH is photoionized by the central engine, leading to
the so—called broad—line region (BLR) close to the BH and the narrow—line region
(NLR) further out. The BLR and NLR exhibit optical emission lines, kinematically
broadened with typical widths of 103~ kms™! and 10?2 kms™!, respectively. The most
prominent optical emission lines of the NLR are the narrow permitted Balmer lines Ha
and HfB and narrow forbidden lines of e.g. [O111] A5007 A and [N 11] A\\6548,6584 A. The
BLR reveals only broad permitted lines of several elements, among those the strong
Balmer series from hydrogen. These two regions are described in detail in the following
Sections (1.1.1 and 1.1.2).

Another phenomenon connected with the AGN is the so—called radio jet. Jets are
extended linear structures seen in radio wavelengths due to synchrotron emission of high—
velocity electrons in magnetic fields. Jets may be important for shaping and ionizing the
gas in quasars and Seyferts: Often, in objects with an axisymmetric NLR morphology
and extended radio emission, the two axes coincide [e.g. Capetti et al. (1996); Falcke
et al. (1998); Nagar et al. (1999)]. This alignment implies an interaction between the
thermal NLR gas and the non-thermal plasma.

3 If the accretion process is radiatively inefficient as theoretically predicted in the context of advection
dominated accretion flows (ADAFs), 7 can be much smaller [ << 1, e.g.  ~ 10~%; Ho et al. (2003)].
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In some sources, the radio morphology shows clear evidence for shock fronts at
the interface between the radio—emitting plasma and the interstellar medium of the host
galaxy [e.g. Falcke et al. (1998)]. Tt seems that the outflowing plasma which is responsible
for the radio emission creates bow shocks, emission—line strands, bended radio jets or
limb-brightened radio lobes as it collides with the ambient NLR gas. If the shock speed
is high enough, the post—shock temperatures can lead to shock—ionization of the gas that
goes through the shock front [e.g. Dopita & Sutherland (1996)].

A large variety of AGN properties has been observed. The two largest subclasses
of AGNs are Seyfert galaxies and quasars. While quasars form the most luminous
subclass of AGNs, Seyfert galaxies (short: Seyferts) are assumed to be their less lu-
minous counterparts. Carl Seyfert realized that the spectra of several similar galax-
ies reveal strong high ionization nuclear emission lines and thus form a distinct group
(Seyfert, 1943). The term QSO (“Quasi-Stellar Object”) is historically motivated: In
1963, Maarten Schmidt had identified an object which looked like a star on images rather
than like a galaxy with a large recession velocity, i.e. at a large distance according to
Hubble’s law. At this large distance, only the star-like nuclear source was seen on pho-
tographic plates, outshining the light from the surrounding host galaxy. Only 5-10% of
QSOs are quasars (“quasi-stellar radio source”), i.e. strong radio sources (“radio—loud”).4
Morphological studies indicate that most radio—quiet quasars and Seyferts occur in spiral
galaxies while radio—loud quasars rather have elliptical host galaxies [e.g. Malkan et al.
(1984); Smith et al. (1986); Hutchings et al. (1989)]. In their catalog of quasars, Véron—
Cetty & Véron (2001b) distinguish quasars from Seyferts according to their absolute B
magnitude: Objects brighter than Mp = —23™ are called quasars®. Seyferts and radio—
quiet quasars seem to form a continuous sequence in luminosity and are probably the
same phenomenon with physical differences depending on the luminosity of the source.

Khachikian & Weedman (1974) were the first to distinguish Seyfert galaxies by the
presence or absence of broad emission lines. Seyferts of type 1 (Syls) show both broad
and narrow emission-lines with only permitted lines being broad, having narrow lines
superimposed. In addition to these strong emission lines, weak absorption lines from
starlight and a featureless continuum of the AGN component are opposed. Spectra from
Seyferts of type 2 (Sy2s) reveal only narrow emission—lines. The AGN continuum is
usually weak and difficult to isolate from the stellar continuum.

The classification of two type of Seyferts, Seyfert—1 galaxies and Seyfert—2 galaxies,
may be further subdivided according to the Balmer emission—line profiles: Seyfert galax-
ies in which both a broad component and a superimposed narrow component can be
easily recognized are generally classified as Seyfert 1.5 galaxies (Syl.5s). Seyferts with
very weak but still visible broad components and strong narrow components in both Ha
and Hf are called Seyfert 1.8 galaxies (Sy1.8s), if the broad component is only visible in
Ha but not in Hf, the galaxy is classified as Syl.9 [e.g. Osterbrock (1989)].

Another peculiar subclass of Seyfert galaxies are the so—called narrow—line Seyfert—
1 galaxies (NLS1s), defined by their optical line properties: The HG FWHM does not
exceed 2000kms™!, i.e. it is only slightly broader than the FWHM of the forbidden lines,
the [O11|/HpS ratio is less than 3, and the UV-visual spectrum shows high—ionization

4 Throughout the thesis, only the term quasar will be used, referring to both radio—loud and radio—
quiet objects.

® The most recent catalog of quasars and AGNs, the 11th edition, is Véron—Cetty & Véron (2003),
containing nearly 50 000 quasars and over 15 000 AGNs.
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lines and strong Fe1l emission multiplets (Osterbrock & Pogge, 1985). Moreover, NLS1s
have a steep soft X-ray slope compared to that typical for Seyfert—1 galaxies, and show
rapid and large soft X—ray variability (Boller et al., 1996). NLS1s seem to have relatively
high accretion rates (Pounds et al., 1995) or small black hole masses, as suggested by
Boller et al. (1996): If the gravitational force of the central black hole (BH) is the main
cause of the motion of the BLR clouds, narrower optical emission lines will result from
smaller BH masses (~ 10577 M), as long as the BLR distance from the central source
does not change strongly with the BH mass.

While in the local universe, Seyfert-2 galaxies outnumber Seyfert—1 galaxies, type—2
quasars, the luminous analogs of type—2 (narrow emission line) Seyfert galaxies, were
unknown for a long time. With the advent of large surveys, such as the Sloan Digital
Sky Survey (SDSS), a sample of 291 type-2 AGNs has recently been found, half of it
with large [O111] values comparable to those of luminous quasars (Zakamska et al., 2003).
These objects are called type—2 quasar candidates (0.3 < z < 0.83).

Two other groups related to the AGN phenomena are the so—called LINERs and
starburst galaxies (short: starbursts). LINERs (Low lonization Nuclear Emission-line
Region galaxies) were identified by Heckman (1980) and resemble Seyfert—2 galaxies but
with strong low ionization lines such as [O 1]AN6300,6363 A and [0 11]A\3726,3728 A but
weak high ionization lines such as [O III])\/\4959,5007A emission. LINERs may simply
be very low-luminosity Seyferts or objects in which starburst-driven winds or shock—
heated gas play a major role in ionizing the gas (Heckman et al., 1987; Filippenko &
Terlevich, 1992). Starbursts are galaxies which show signatures of recent large-scale
star formation activity: They have relatively blue colours with strong H 11-region type
emission—lines due to a large number of A and B stars. Often, the H 11 emission is confined
to the unresolved region at the galactic center and looks like an AGN. The relationship
between AGNs and nuclear starbursts is still a matter of debate: Do AGNs trigger star
formation by e.g. shocks from jets? Are starbursts and AGNs processes competing for
the available interstellar gas? Or is the apparent relationship a pure coincidence as both
occur independent of each other in the nuclei of galaxies?

LINERs, Seyferts, and H 11 region spectra cannot be distinguished from one another
on the basis of single flux ratios of a pair of lines. But the relative strengths of various
lines are a function of the shape of the ionizing continuum and can be used to distinguish
between the power law ionizing spectrum characteristic for AGNs and a black body
spectrum typical for stars. Baldwin et al. (1981) were the first to use diagnostic line—
ratio diagrams to distinguish between LINERs, Seyferts and H11 regions (Fig. 1.1, left
panel).

Radio galaxies form another distinct subclass of AGNs. They are classified from
their strong radio emission which can exceed that of normal galaxies by a factor of 10°
(e.g. in the case of the prototypical radio galaxy Cyg A). Host galaxies are giant ellipticals
or of type SO. The optical spectra are similar to that of Seyfert galaxies: Broad—line
radio galaxies (BLRGs) show broad and narrow emission lines, while narrow—line
radio galaxies (NLRGs) only reveal narrow emission lines. Thus, they can be considered
as radio—loud counterparts of Seyfert galaxies (although Seyferts appear in spirals rather
than elliptical galaxies).

Several attempts have been made to explain the observed diversity of AGNs by a
combination of real differences in physical parameters and apparent, observer—dependent
ones. Optical unification schemes try to explain the two types of Seyfert galaxies,
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Figure 1.1: Left panel: [O111]/H/ versus [N 11]/Ha diagnostic diagram from emission-line galax-
ies [Osterbrock (1989), page 346]. The filled circles are (narrow—line) AGNs, the open circles
H ir—region like objects. The solid line is the dividing line between both types. The dashed
lines represent several photoionization models. Right panel: Schematic illustration of the unified
model for AGNs [adopted from Urry & Padovani (1995)].

type 1 and type 2, by an inclination dependent view of intrinsically the same object. In
the generally accepted unified model of AGNs, an optically thick obscuring dust torus is
envisioned to encircle the accretion disk (Antonucci, 1993) (Fig. 1.1, right panel). If this
torus is viewed edge—on, the dust absorbs the emitted photons and hides the nucleus as
well as the BLR from observers view: Only narrow emission—lines from the NLR further
out can be detected in the spectra, resulting in a type—2 Seyfert classification. For a face—
on view, both BLR and NLR can be seen and the Seyfert is classified as type 1. The
anisotropic escape of ionizing photons can lead to a so—called “ionization cone” (Schulz,
1988; Pogge, 1988, 1989; Storchi-Bergmann et al., 1992a). Indeed, more than a dozen
of Seyfert—2 galaxies are known with NLRs resembling a cone-like structure [e.g. Pogge
(1988); Tadhunter & Tsvetanov (1989); Wilson & Tsvetanov (1994)].

A major success for the unified model was the detection of broad lines in polarized
light in NGC 1068 (Antonucci & Miller, 1985) and other Seyfert—2 galaxies [e.g. Miller
& Goodrich (1990); Tran et al. (1992)]. These broad polarized lines can be explained by
photons, originating from the BLR hidden from direct view, which are scattered into the
observers line—of-sight by electrons or dust above and below the plane of obscuration,
e.g. in the NLR. It indicates that at least some of the type-2 AGNs are in fact partially
obscured type 1s, the key element of the unification scheme.

However, some Seyfert-2 galaxies do not seem to contain a hidden Seyfert—1 nucleus,
at least spectroscopic studies do not show any signs of polarized broad lines [e.g. Tran
(2003)]. Two populations of Seyfert—2 galaxies may exist: one with a genuine type-1
nucleus hidden from view and one without a BLR. This interpretation is not unambiguous
as e.g. the detection limit of polarized lines may play a role. Also, the nature of the
obscuring/scattering medium may influence the detection of hidden BLRs. A thorough
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discussion on possible alternative explanations for the existence of Seyfert—2 galaxies
without hidden BLR can be found in Tran (2003).

Only recently, several type—2 quasars have been found [e.g. Zakamska et al. (2003)]. Tt
is still under debate whether the simple, inclination based unified scheme can be extended
to quasars.

Nevertheless, the unified model is now supported by several lines of evidence and
widely accepted by the AGN community as broadly, if not universally, applicable.

1.1.1 Broad-Line Region

The BLR is important due to its proximity to the central source (r < 0.1pc). The gas
is photoionized by the continuum UV radiation and its motion seems to be determined
by the BH mass.

The BLR shows strong recombination lines such as the Balmer series from optically
permitted transitions, i.e. those with non—zero electric dipole moment. Typical widths
are ~15-150 A which cannot be explained by the natural line width: The occupation
time in the excited upper level is low and these transitions are fast (10% s71), yielding a
small intrinsic line width (using Heisenbergs uncertainty relation). Instead, the observed
profiles can be explained by Doppler broadening due to velocities of 103~*kms~! of the
emitting atoms. It results in a Doppler (also called Gaussian) profile.

Forbidden lines are not observed in the BLR, indicating that they are collisionally
suppressed in a high density medium (n, > 10 cm™2). Thus, no simple temperature and
density diagnostics exists as in the NLR.

The BLR is too compact to derive its size and structure directly (typically smaller
than 0.01pc). However, broad emission lines show intensity variations with time re-
sponding to continuum variations. The response is delayed by light—travel time effects
in the BLR and can be used to measure the size of the BLR by the so—called reverbera-
tion mapping technique [e.g. Peterson (1993); Wandel et al. (1999); Kaspi et al. (2000)].
Knowing the BLR size and assuming Keplerian motions, the central black hole mass can

2
be estimated: Mgy = a% (with the proportionality factor o depending on the
geometry of the BLR). Reverberation mapping results have shown a stratification of the
BLR with lines from ions with higher ionization potential coming from the inner part.

1.1.2 Narrow—Line Region

The NLR has the advantage of being extended enough (typically 100 — 1000 pc) to resolve
it spatially with current instruments for many (nearby) galaxies. The main resource
of knowledge comes from the narrow emission lines produced by recombination in the
ionized medium (e.g. Balmer lines) as well as by forbidden transitions. Their widths are
in the order of 10>~*kms™! (i.e. again significantly larger than the intrinsic line width),
probably reflecting the gravitational field of stars in the host galaxy with additional
components from shocks and outflows in the inner region.

Forbidden lines have zero electric dipole moments and arise from magnetic dipole or
electric quadrupole transitions with low transition probability (occupation time ~1s).
The excited levels are called metastable. Forbidden line cooling is the most important
cooling mechanism: The atoms are photoionized but the resulting ions are excited by
collisions with hot electrons and re-radiate the energy subsequently. This radiation can
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leave the NLR without further absorption. The observed forbidden lines of the NLR are
indicative of a low density and are very useful to measure several physical parameters

of the region such as temperature and electron density: The derived temperatures range
from 7 = 10000 to 25000 K and the measured densities from n, = 10> — 10* cm™3.

While the details of ionization mechanisms are still a matter of debate, it is generally
accepted that the gas is photoionized by UV and X-ray emission from the central source.
This is confirmed by the wide variety of ionization states: Both low and high ionization
lines are present in many NLR spectra (e.g. [O1] and [O111]). Sometimes even iron
“coronal lines” such as [Fe X]A6375 A can be seen which have an ionization potential of
~250eV (Appendix C, Table C.2). A stratification of the NLR with either density or
ionization level is still being questioned.

The NLR of many Seyfert-2 galaxies is clearly illuminated in a non-spherical way and
reveals an ionization—cone structure [e.g. Pogge (1988); Tadhunter & Tsvetanov (1989);
Wilson & Tsvetanov (1994)] in agreement with the unified model. The ionization cones
have sharp edges in excitation maps showing that they are defined by collimation of
light from the nuclear source. However, it is unclear whether the dust torus leads to the
collimation of the light or if the hole in the torus has been caused by nuclear radiation,
collimated already at the very center. Most of the infrared (IR) emission appears to arise
on spatial scales larger than the dust sublimation radius which may provide a natural
border between BLR and NLR. Thus, the role of dust cannot be neglected in the NLR
and indeed, the NLR often exhibits significant amounts of dust.

NLR variability is not expected. Only long term continuum changes would show up
due to the long light—travel time, but emission—line variations are damped out by the
long recombination times.

The close correlation between the radio jet and the emission—line morphology indicates
a close jet/NLR interaction which strongly influences the excitation and morphology of
the NLR [e.g. Falcke et al. (1998)]. While the heating and ionization of the NLRs in radio—
quiet AGNs seem to be dominated by photoionization, jets and winds are nevertheless
important for the dynamics. Unlike the BLR, NLR emission—line profiles often do not
resemble a simple Gaussian profile. They reveal a broader base and often a blueward
asymmetry, possibly indicating an outflowing component on the near side of the AGN
le.g. Whittle (1985); Veilleux et al. (1990); Leipski & Bennert (2005)].

Kinematical measurements have shown that two regions of the NLR can be dis-
tinguished: While the inner part is often heavily affected by radio jets and outflows
[e.g. Crenshaw et al. (2000)], the outer part reveals a velocity field characteristic of nor-
mal galactic rotation where the FWHM drops below 45kms™! [e.g. Unger et al. (1987)].
Unger et al. (1987) have proposed the new terminology “extended narrow—line region”
(ENLR) to identify the outer parts of the extended ionized gas which could be attributed
to interstellar gas at kiloparsec scales in the host galaxies. Photoionization by the AGN
seems to be the main mechanism producing the observed emission (Morse et al., 1996;
Evans et al., 1999). Often, the spectral resolution does not allow to derive kinematical
properties to distinguish between NLR and ENLR. However, recent works [e.g. Crenshaw
et al. (2000) and Ruiz et al. (2001)] suggest an extent of the ‘classical’ NLR of ~300 pc.

Emission—line diagnostics provide a powerful tool to study size, structure, and dy-
namics of the NLR. However, the detailed structure and dynamics of the NLR as well as
the nature and the origin of the gas is still unkown.
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1.2 Motivation

Understanding AGNs is an important issue of contemporary astrophysics. AGNs are
bright and can be used to probe the farthest reaches of the universe. The earliest AGNs
may even have contributed to the re-ionization of the universe at z > 6—20 [e.g. Ricotti &
Ostriker (2003)]. The most luminous and distant AGNs are associated with the formation
and early evolution of galaxies. It is suspected that at least the most luminous quasars
in elliptical host galaxies are triggered by the mergers of galaxies. However, this cannot
apply to the less luminous AGNs: Seyferts clearly did not have such a violent past and
it could be that every spiral galaxy undergoes phases of Seyfert-like activity. This is
strengthened by the fact that massive BHs are not only believed to exist in the centers of
active galaxies but also in nearby inactive “normal” galaxies [e.g. Kormendy & Richstone
(1995), van der Marel (1999)]. Indeed, one of the most convincing evidence for a BH of
more than two million solar masses has been found in the center of our Milky Way Galaxy
le.g. Eckart & Genzel (1996); Ghez et al. (1998)]. The formation of black holes and the
evolution and formation of stars and galaxies seem to be closely linked as indicated by
the relation between black hole mass and bulge velocity dispersion [e.g. Gebhardt et al.
(2000), Merritt & Ferrarese (2001)].

Given the ubiquity of nuclear BHs in hosts with significant bulges [e.g. Gebhardt et
al. (2000)], it is suprising that only 20% of todays galaxies are active. However, the
detectability of AGNs seems to depend strongly on the morphological type. Ho et al.
(2001) report that AGNs are very common in nearby galaxies and at least 40% of all
galaxies brighter than By = 12.5 mag emit AGN-like spectra. They find an AGN rate
of 50%-75% in ellipticals, lenticulars, and bulge-dominated spirals while it drops to <
20% in galaxies classified as Sc or later.

Defining characteristics of AGNs as used in essentially all optical surveys to find
them are their broad and narrow emission lines. Thus, with the increasing interest in the
population and evolution of low— and high—z AGNs in major surveys, it is essential to
understand the physics and nature of the innermost emission—line regions of these active
galaxies. Until today, even very basic issues remain open: For example, what determines
the size and structure of these emission-line regions? Do they grow with luminosity, and
if so, how? What are the physical conditions such as electron density and ionization
parameter and do they vary with distance from the nucleus?

While the BLR is of great interest due to its proximity to the BH, it is too small
to measure its size and structure directly with current instruments. Time—consuming
observations are needed to derive the BLR size indirectly via the reverberation mapping
techniques [e.g. Peterson (1993); Wandel et al. (1999); Kaspi et al. (2000)]. In addition,
due to the lack of forbidden lines, its physical parameters such as temperature and
electron density are not easy to derive.

In contrast, the NLR has the advantages of being sufficiently extended to be visible
irrespective of aspect angle and to be directly accessible with current instruments in most
galaxies. Furthermore, it provides the necessary forbidden emission-lines for diagnostic.
Since the NLR and its size measurement will be affected by various parameters such as
the energy input from the central engine, the presence or absence of a nuclear torus, jets,
star formation or tidal interactions, it is suited to investigate a number of key elements

of AGN physics.
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1.3 Layout of PhD Thesis

The PhD thesis is organized as follows:

In Chapter 2, we use literature data to perform statistics of a large data set of
Seyferts and quasars and compare sizes and luminosities of BLR and NLR. We focus on
whether there is a difference of the NLR size-luminosity relation between type-1 and
type—2 objects. We address a relation between BLR and NLR sizes and show how it can
be used to estimate BH masses. In addition, we derive the surface—brightness profiles of
the NLR to gain insights into the NLR gas distribution.

In Chapter 3, the previous results on the size-luminosity relation are discussed in
the context of the unified scheme and the so—called receding—torus concept. We develop
a model to explain the different slopes for type-1 and type-2 AGNs.

Chapter 4 summarizes the results from long-slit spectroscopic observations per-
formed at the VLT and the NTT of the NLR of 12 Seyfert galaxies. We subtract the
stellar template determined from the galaxy itself and use diagnostic line-ratio diagrams
to determine the size of the NLR. CLOUDY modeling is used to discuss these obser-
vational results. We derive physical parameters of the NLR such as reddening, surface
brightness, electron density, and ionization parameter as a function of distance from the
nucleus. The stellar and gaseous velocity curves are compared. The results are dis-
cussed in the framework of the unified model and we address the consequences for the
size-luminosity relation.

Finally, we shortly summarize our results in the concluding Chapter 5 and end with
an outlook.

In Appendix A, we describe the world model and the adopted Hubble constant used
throughout this thesis.

Appendix B shows the surface-brightness profiles of a sample of 58 Seyfert galaxies
and seven quasars imaged with the HST.

Appendix C summarizes the calculations carried out to derive several physical pa-
rameters of the NLR such as reddening, temperature, electron density, ionization param-
eter, and mass.

Appendix D details the uncertainty estimations making use of the error propagation
equation.






Chapter

NLR Size and Luminosity: Observations

In this Chapter, we address the questions of what determines the size of the NLR and
how it grows with luminosity. A literature study and comparison of Seyfert and quasar
data from groundbased and HST observations is performed. We additionally investigate
the NLR-BLR relation and the consequences for black—hole mass estimations. Surface—
brightness profiles of the [O 111] emission of type—1 and type-2 AGNs are compared to find
clues to the gas distribution. A short summary of a part of this Chapter was published
in Bennert et al. (2004b).

2.1 Introduction

The NLR size and its dependency on luminosity plays a key role in NLR physics. First,
it gives a geometric estimate to AGN lifetimes (tagn), one of the most fundamental
quantities for understanding BH accretion history and AGN evolution: Measuring AGN
lifetimes will answer the question whether quasars are a common stage of galaxy evolution
(tacn short) or a rare one (fagn long). If the NLR is ionization bounded, the size of the
ionized region sets a lower limit to the lifetime of the ionizing source (Martini & Schneider,
2003a). Second, a relation between size and luminosity would provide insights into the
nature of the photoionizing mechanism. Third, a size-luminosity relation may provide
an independent measure of the central black hole mass.

A size-luminosity relation has been found for the BLR of 17 Seyferts and 17 quasars
from reverberation mapping (Kaspi et al., 2000). However, the slope is discussed contro-
versially: While Kaspi et al. (2000) report a relation of Rgrr o< L%7, McLure & Jarvis
(2002) find Rprr o< L%5. They rely on the same observational data but use different
methods to derive the BLR sizes. The discrepancy in slope reflects the difficulty to use
time lags as BLR size estimators and caution must be exercised as there are various
assumptions involved (Kaspi et al., 2000).

We recently performed an HST imaging survey in the [O111] line using linear—
ramp filters (LRFs) of a complete sample of the seven brightest [in [O111]; Boroson &
Green (1992)] radio—quiet Palomar Green (PG) quasars from the Bright Quasar Survey
(Schmidt & Green, 1983; Kellermann et al., 1989) with z < 0.5 and, for the first time,
investigated the NLR size-luminosity relation (Bennert et al., 2002).
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We found a relation Rxir o Ligyy when including a sample of seven Seyfert-2
galaxies observed in a very similar fashion (Falcke et al., 1998). This result suggests a self—
regulating mechanisms which determines the size to scale with the ionization parameter.
It is not clear whether this new NLR size-luminosity relation will hold at all luminosities
and redshifts. If, for example, the luminosity—scaled size of the NLR becomes larger
than the size of the galaxy, the relation may flatten as the emission lines fade out and
disappear (Netzer et al., 2004). This may be evident already in some spectral line studies
of Two Degree Field (2dF) quasars (Croom et al., 2002).

Another issue concerns possibly different scalings for Seyferts and quasars. In re-
sponse to the Bennert et al. (2002) results, Schmitt et al. (2003b) report a NLR size-
luminosity relation which follows Rypr o< L?C'fﬁﬂ. While a slope of 0.33 as found for the
Seyfert sample corresponds to that expected for a simple Stromgren law (valid only in
the case of constant density), a slope of 0.5 has been explained by a constant ionization
parameter (Bennert et al., 2002).

What causes the apparent different slopes for our quasar-dominated sample and
their Seyfert sample: simple statistical uncertainty or selection effects? Are the NLRs of
Seyferts and quasars intrinsically different? Given the fact that Seyferts seem to be lower
luminosity cousins of quasars, this explanation seems to be very unlikely. Or is there a
difference in the NLR size-luminosity relation between type—1 and type—2 objects?

Here, we address these questions: We describe the HST and groundbased data for
the BLR and the NLR taken from literature (Section 2.2), and discuss the NLR size—
luminosity relation, the BLR-NLR size relation, as well as the NLR surface-brightness
profiles (Section 2.3). The Chapter ends with our conclusions (Section 2.4).

2.2 Data

We use data of the most extensive narrow—band imaging studies of the morphologies and
sizes of Seyfert and quasar NLRs.

The HST Seyfert NLR data from Schmitt et al. (2003a) comprise a snapshot survey
of the extended [O111| emission of 60 nearby Seyfert galaxies (22 Seyfert 1’s and 38
Seyfert 2’s) selected based on their far infrared properties (Kinney et al., 2000) and
measured using mainly LRFs. Henrique Schmitt kindly provided us with the reduced
and continuum-subtracted [O111] images of a sample of 58 Seyfert galaxies from Schmitt
et al. (2003a). Additionally, 2 Seyfert 2’s from Falcke et al. (1998) as well as seven radio—
quiet PG quasars ([O111] flux > 6107 ergs™! cm?; 2 < 0.5) observed in a very similar
fashion with the HST using LRFs (Bennert et al., 2002) were included.

To compare these HST data with NLR groundbased data, we used the sample of
Mulchaey et al. (1996a) consisting of 56 Seyfert galaxies observed in [O111]. From this
sample, we excluded four objects with unknown or controversial Seyfert type.

The NLR sizes were compared to those of the BLR. The BLR radii were measured
by Wandel et al. (1999) and Kaspi et al. (2000) via reverberation mapping using a
spectrophotometrically monitored sample of 17 Seyfert—1 galaxies and 17 PG quasars
(z < 0.5). To increase the number of objects with known BLR and NLR sizes, we
additionally included the NLR sizes of three objects (Schmitt & Kinney, 1996) to the
BLR-NLR size comparison, measured with the HST in the [O 111] line—emission.

All sizes and luminosities were re—calculated according to the world model used
throughout this PhD thesis (Appendix A).
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2.3 Results and Discussion

2.3.1 NLR Size and Luminosity
HST data

We compared the NLR size with the [O111] luminosity of the HST sample of 62 Seyferts
and seven PG quasars (Fig. 2.1, left panel). Although such a comparison was already
presented by Schmitt et al. (2003b), we applied a fit to all type-1 AGNs and type 2s
separately. This is missing in Schmitt et al. (2003b), but may give a crucial hint to
why Bennert et al. (2002) and Schmitt et al. (2003b) observed different slopes in the
size-luminosity relation (Chapter 1, Section 2.1). The results of the different fits are
summarized in Table 2.1. As pointed out by Schmitt et al. (2003b), the uncertainty
in the measurement of Ryrr is smaller than 10%, so the data were fit using uniform

weighting of the points. While a fit to all objects yields a Rnpr o L[O(')%ﬁo'og’ relation,
type—1 objects seem to follow the relation Rypgr 1 o L?&‘?ﬁo'o‘:’, and type-2 objects are fit

with approximately a Stromgren—law (Rypr2 L[O(-)?ﬁﬁo-%)'

This result indeed explains the different slopes found by the two groups: In the
Bennert et al. (2002) sample, basically type—1 quasars define the slope resulting in a
value of 0.5, whereas the slope of the Schmitt et al. (2003a) sample is dominated by
Seyfert—2 galaxies which outnumber the Seyfert—1 galaxies by a factor of 1.4, simulating
a slope of 0.33.

Note, however, that the observational data show a large scatter, especially for Seyfert—
1 galaxies. One has to keep in mind that all Syls, Syl.2s and Syl.5s were included in
the type—1 group, while all Sy1.8s, Sy1.9s and Sy2s were combined in the type-2 group.
Also, morphological pecularities (e.g. presence of dust clouds) will produce scatter.

Groundbased data

Additionally, we compared NLR sizes and [O 111] luminosities from groundbased data of 52
Seyferts (Mulchaey et al. (1996a); Fig. 2.1, right panel) and find similar relations: Fitting
all Seyferts yields a slope of 0.384+0.04. Calculating a fit to type—1 and type—2 separately,
the type dependency of the slope of the NLR size-luminosity relation persists: While
type—1 AGNs follow a relation Rypr1 o L?C';lﬁﬁo'%, type 2s are fit with Rnpg 2 L?&%O'Oﬁ

(Table 2.1).

HST versus groundbased data

When comparing the Mulchaey et al. (1996a) and Schmitt et al. (2003a) NLR size and
luminosity measurements for those Seyferts included in both samples, we find a large
discrepancy of the NLR size measurements: The groundbased NLR sizes are on average
six times larger. A serious drawback of the Schmitt et al. (2003a) HST snapshot survey
is the 15 to 20 times lower sensitivity which may explain their much smaller NLR sizes.
Another limitation of the HST data is the field-of-view of the linear-ramp filter (~13").

Table 2.2 give the radii along the semi—major axis and the [O 111] luminosities for the
nine galaxies common to both samples.

The ratio between the NLR sizes obtained in the two surveys varies between 2.5 and
10.6; on average, Mulchaey et al. (1996a) find 5.940.9 times larger NLRs.



14 Chapter 2. NLR Size and Luminosity: Observations
S L B s e e e e LA A e — T —T — T —T T — T
51 NLR size versus [OIll] luminosity (HST data) 7 NLR size versus [OIII] luminosity (groundbased data)
a4l i

g ¢ B
= 3
Z S
T = T
2 3 3
o [
3 g

Type-1 AGNs©o |
Type—2 AGNse |
ol b e 0

{
39

41 42 43 44
log L ([O1lI] A5007) [erg/s]

Type—1 AGNs©o |
Type—-2 AGNse |

39

. . .
40 41 42
log L ([OI1I] A5007) [erg/s]

Figure 2.1: Left panel: Radius of the NLR versus the emission—line luminosity in [O111] on
logarithmic scales (from HST data). The open symbols are type-1 AGNs, the filled ones

type-2. While the solid line represents the fit to type-1 AGNs (Ruaj (NLR) o L?Sgﬁo'og’), the
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Figure 2.2: Left panel: Comparison of NLR size and [O111] luminosity for nine galaxies from
groundbased data (Mulchaey et al., 1996a) (small letters) and HST data (Schmitt et al., 2003a)
(capital letters). The corresponding galaxies are marked with the same letters (see Table 2.2
to attribute the letters to the galaxies). Right panel: The same as in Figure 2.1 for HST data
with the same sensitivity. While the solid line represents the fit to type-1 AGNs (Rpfaj (le\TLR)
0.2940.06

x L?&%OM), the dashed line corresponds to the fit to type-2 AGNs (Rumaj (NLR) o Ly ).



Table 2.1: NLR size-luminosity relations and NLR-BLR relation

x Yy Data Data Points m k cc

log Liomy log Ryaj (NLR)  HST® All (69) 0.44+0.03 —15.2+1.3 0.85
Type 1 (29) 0.55+0.05 —20.1+£1.9 0.73

Type 2 (40) 0.32£0.05 —10.5+1.8 0.76

log Liom log Ryaj (NLR)  Groundbased® All (52) 0.38+£0.04 —12.3+1.8 0.77
Type 1 (17) 0.46+0.06 —15.4+2.6 0.88

Type 2 (35) 0.34+0.06 —10.5+2.5 0.68

log Liorm log Ry (NLR)  HST, 30 limit® All (52) 0.38£0.03 —12.841.3 0.86
Type 1 (22) 0.444+0.04 —-15.241.9 0.91

Type 2 (40) 0.294£0.06 —9.44+2.3 0.69

log Liom log Ryaj (NLR)  HST, 50%¢ All (50) 0.2940.05 —9.9+2.2 0.61
Type 1 (18) 0.424£0.09 —15.243.6 0.76

Type 2 (32) 0.27£0.08 —9.04+3.2 0.53

log Ruvaj (NLR) log R (BLR) HST* Type 1 (11) 0.88+0.10 —4.1+0.3 0.86

Note. — Units of R and L are parsec and ergs™!

objects included given in brackets.

@ Comparing HST data of Schmitt et al. (2003a) and Bennert et al. (2002)

4 Taken from Mulchaey et al. (1996a)

¢ HST data with the same surface-brightness limit

4 Radius in which 50% of total [O 111] luminosity is included

¢ BLR sizes from reverberation mapping (Wandel et al., 1999; Kaspi et al., 2000)

, respectively. We give the slope m and the y—axis intercept k of the linear fits (y = mz + k) as
well as the correlation coefficient cc. The fits were applied to either all data points, type—1 AGNs or type—2 AGNs only, with the number of
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While the difference in measured sizes is large possibly due to different sensitivities,
the deviations in luminosity are small and the ratios scatter around 1 (on average Liomny
(groundbased/HST) ~ 1.01 £+ 0.13). One would expect that the larger NLR sizes of
Mulchaey et al. (1996a) derived with higher sensitivity should result in higher luminosi-
ties. This is not the case for four out of nine objects, probably due to photometric errors
such as different continuum subtraction.

In Figure 2.2 (left panel), we compare these nine galaxies in the size-luminosity dia-
gram individually: While the luminosity difference is small and scatters around 1, there
is a clear shift towards larger sizes measured from the groundbased data.

The comparison between groundbased and HST data indicates that most of the flux
is included in the central region and that the extended flux does not contribute much
to the total flux. The fact that different sensitivities result in different sizes shows that
“size” is not a well defined quantity.

HST data to the same surface—brightness limit

One major problem indicated by the different results above is the definition of the size of
the NLR. The comparison of groundbased and HST data shows that it depends on the
sensitivity limit used. The NLR size-luminosity relation for groundbased data is “self
consistent”: Mulchaey et al. (1996a) used values corresponding to the same surface—
brightness limit. To first order, the HST data of Schmitt et al. (2003a) and Bennert
et al. (2002) are also comparable in terms of surface-brightness limits, as they were
taken with the same telescope, instrument configuration and approximately the same
integration time (see their Table 2 in both publications). However, the 30 values used as
reference to determine the size and luminosity by Schmitt et al. (2003a) show a scatter
of 2 to 14 - 10717 ergs~' em~2 pix~!. Therefore, we re-analyzed both the Schmitt et al.
(2003a) data and the Bennert et al. (2002) data and determined size and luminosity to the
same surface brightness level o, = 6 - 10717 ergs~! em =2 pix~!. We used this limit to not
exclude too much of faint extended emission and to include as many objects as possible.
We had to exclude 13 Seyfert galaxies from the Schmitt et al. (2003a) sample and 2
quasars. (Note that the two Seyferts from Falcke et al. (1998) were not re—analyzed.)

To take into account the cosmological dimming, we calculated o, = (1—‘1&121? We
repeated the same procedure as carried out by Schmitt et al. (2003a), i.e. plotted each
galaxy to the corresponding 3o, [O11I] contour and measured the major radius Ry
directly. The flux was integrated along this contour. Both pixel radius and flux were
calculated to radius in pc and luminosity in ergs™ (Appendix A). The NLR size—
luminosity relation is shown in Figure 2.2 (right panel). Again, there is a difference
in slope between type-1 and type-2 objects: While type 2s can be fitted with Ryaj
(NLR) o L?gﬁﬁo'%, type 1s follow a steeper slope of 0.4440.04. Both slopes flatten in
comparison with the previous results (Table 2.1).

However, also the “3o0 size” definition may not measure the “real” NLR size as it
depends on the sensitivity of the survey.

NLR size at 50% of total luminosity

Here, we use an alternative NLR size definition: We determine the radius at which 50%
of the total integrated [O 111] luminosity is included, to be less dependent on sensitivity
and the detection of extended emission.



Table 2.2: Comparison of HST and groundbased data

Seyfert galaxy RMaj (gb) RMaj (HST) RMaj (gb/HST) L[OIII] (gb) L[OIII] (HST) L[OIII] (gb/HST)
Mrk 348 (A/a) 1152 434 2.7 14.03 20.64 0.7
Mrk 573 (B/b) 3791 1535 2.5 102.49 103.80 1.0
Mrk 607 (C/c) 2265 343 6.6 4.26 3.13 1.4
ESO 33-G02 (D/d) <1155 263 <4.4 3.60 4.46 0.8
MCG-05-13-017 (E/e) 2056 259 7.9 11.82 10.68 1.1
Mrk 6 (F/f) 6261 592 10.6 109.37 59.63 1.8
Mrk 622 (G/g) <1105 297 <3.7 3.58 6.06 0.6
Mrk 705 (H/h) 2161 356 6.1 13.03 23.08 0.6
NGC 4253 (1/i) 2258 264 8.6 15.65 14.36 1.1

Note. — Unit of R and L are parsec and ergs™

images (Schmitt et al., 2003a).

1

, respectively. For nine Seyfert galaxies (in brackets, we give the corresponding letter used in
Fig. 2.2), the NLR radii and [O111] luminosities from groundbased images (gb) (Mulchaey et al., 1996a) are compared with those from HST
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As total integrated [O111] luminosity we used the values from Schmitt et al. (2003a)
and Bennert et al. (2002). Aperture photometry using IRAF was performed to determine
the radius at which 50% of the total flux is included.

To use only those objects for which the corresponding central region is resolved, we
compared the results with the instrumental point—spread function (PSF) of an unresolved
source. For this purpose, we determined the PSF of a star imaged with the HST on the
WF and PC chips using linear-ramp filters. [These stars were included in the calibration
process of the quasar images of Bennert et al. (2002).]

The PSF can be approximated with a Gaussian profile defined as (a = peak height;
¢ = FWHM):

Gauss(z;a,¢) = a-exp [— In 2 (2;)2] . (2.1)

The corresponding FWHM is 0”2 for the WF chip and 0”065 for the PC chip.
To derive the flux in a three dimensional Gaussian of this form, we calculated the
rotational integral by rotating the Gaussian around the y—axis:

a

I(Gaussgp) = 7r/:v2dy (2.2)
0
a _02
=7 4ln2~(lny—lna)dy (2.3)
0
T
= 12 . a02 . (24)

We inserted the measured central peak of the [O111] emission as a and used the FWHM
of the star for c.

Now, we compared the luminosity included in an unresolved Gaussian profile centered
at the peak emission of each object with the total integrated luminosity by building the
ratio Lgauss/Ltot- If this ratio is smaller than 0.5, it implies that the central region
emitting 50% of the total [O 111] emission is resolved. Only these objects were included in
calculating the size-luminosity relation at 50% total luminosity (Table 2.1; Fig 2.3, left
panel). In total, we excluded 15 objects (23%) which emit more than 50% of their total
luminosity in an unresolved central source. The resulting fit shows that again type—1
AGNs follow a steeper slope of 0.42 compared to that of type 2s (0.27).

The majority of objects with unresolved central emission are type 1s (36% versus 11%
of Sy2s).

When comparing the ratios for 25% of luminosity, the same general difference between
type—1 and type-2 AGNs persists: 86% of type—1 objects emit more than 25% of their
total luminosity in an unresolved central source while only 50% of Seyfert 2s emit the
same amount from an unresolved source.

However, apart from this general trend, comparing the ratio Lgauss/ Liot With the total
amount of emitted [O111] luminosity does not show a significant relation. The objects
scatter individually between 1% and 90% of total luminosity emitted from an unresolved
central source (Fig. 2.4, left panel).

Considering the quasars alone, all seven quasars emit more than 25% of their total
luminosity in an unresolved central source, which is, given their distances, not surprising
(a FWHM of 0”2 corresponds to on average 635 pc).
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The observational bias involved when comparing objects at different distances is al-
ready visible when comparing the Seyfert galaxies alone (Fig. 2.4, right panel), at least
for Seyfert 2s: In general, in distant galaxies, more luminosity is emitted from an un-
resolved central source. However, the individual scatter is rather large. For Seyfert—1
galaxies, this trend is not that obvious: There are nearby type—1 objects which already
emit most of their luminosity from an unresolved central source.

When comparing the radius, at which 50% of the luminosity is emitted, to the major
NLR radius of the total integrated luminosity determined by Schmitt et al. (2003a) and
Bennert et al. (2002), the different types are remarkably similar: Seyfert—1 galaxies,
Seyfert-2 galaxies, and quasars have on average 1.3 + 0.1 times larger 3 ¢ radii than the
radii at which 50% of the total luminosity is emitted.

Generally, the [O 111] emission has been considered as largely orientation—-independent
measure of the intrinsic luminosity of AGNs [e.g. Mulchaey et al. (1994); Falcke et al.
(1995)]. However, the question arises whether the [O111] emission from the central part
may be obscured in type-2 AGNs resulting in an underestimation of the total [O 111]
luminosity. On the contrary, type-1 AGNs may be subject to a larger obscurational
effect if the torus absorbs [O111] emission from the counter cone (see also our discussion
in Chapter 3).

Apart from the dust torus, one needs to take into account the different line—of-sight
integrations, when comparing type—1 and type—2 AGNs under the assumption that the
unified model is valid: For type 1s, the integrational path at a viewing angle near 0° is
long in the center where we sum up all the line flux emitted along the line—of-sight.
(Note that [O111] is emitting optically thin.) For type 2s observed nearly perpendicular
to the ionization cone, the integrational path through the ionized gas at the apex of the
cone is rather short and increases with distance from the center. Thus, from line—of sight
arguments alone, it is evident that we possibly miss extended [O 111] emission in Seyfert—1
galaxies due to the small line-of-sight integration through a putative ionization cone at
the edge of the NLR (whereas in type-2 objects, we integrate over a large volume of
emitting gas). We expect to see more centrally concentrated flux for type-1 AGNs than
type 2s, in agreement with our observations. We will come back to the viewing angle
dependency of radial distributions in Chapter 4 (Section 4.4.11).

However, from the observations and the comparisons presented above, we estimate
that the [O111] luminosity in both objects is comparable within a factor of 2.

2.3.2 Consequences of the NLR Size—Luminosity Relation

In general, the NLR size-luminosity relation predicts an increase of the NLR size with
luminosity, but seems to have different slopes for type—1 and type—2 objects. Is this fur-
ther evidence for a deviation from the simple unified scheme or can it be made consistent
with projection effects? One has to keep in mind that the size determination is only
straightforward in type—2 AGNs, but more difficult in type 1s, due to the foreshortening
of the latter. Alternatively, does the opening angle of the obscuring torus increase with
luminosity and thus changes the measured NLR size towards higher luminosity? While
we develop a model to explore these issues in Chapter 3, we here discuss possible physical
interpretations of the relation.
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Figure 2.3: Left panel: The same as in Figure 2.1 for HST data with the NLR radius
determined at 50% of total luminosity. Only objects for which 50% of the luminosity comes
from a resolved central source were included in the fit (the others are marked by down

arrows). While the solid line represents the fit to type-1 AGNs (Rwmaj (NLR) o L([)C';ﬁﬁo'og),

the dashed line corresponds to the fit to type-2 AGNs (Ryaj (NLR) o L?ggﬁo'os). Right

panel: Distribution of NLR and BLR radii on logarithmic scales. The error bars indicate the
uncertainty in defining the BLR radius. The solid line represents the fit corresponding to R
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Figure 2.4: Ratio of luminosity included in an unresolved Gaussian profile (centered at the peak
emission of each object) to total integrated [O111] luminosity. In the left panel, we compare
this ratio to the total integrated [O111] luminosity. Apart from Seyfert—1 galaxies showing on
average a larger fraction of luminosity emitted in a central unresolved source, no general trend
is seen. In the right panel, the ratio of Gaussian to total luminosity is compared to the distance
of the galaxy, given as linear scale in pc/”. Although the galaxies show a large scatter, the
observational bias can be seen, especially for type—2 objects, which results in more distant
galaxies to emit more luminosity from an unresolved source.
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To compare the slopes of the NLR size-luminosity relation for type-1 and type-2
AGNs, we averaged the slopes derived with different methods and data sets (HST data,
HST data to the same surface-brightness limit, HST data with radius at 50% luminosity,
groundbased data). As all methods and data sets have their intrinsic errors, we decided
to use the averaged value instead of referring to one specific result. We get a slope of
0.314+0.02 for type—2 AGNs and a slope of 0.47 £ 0.03 for type-1 AGNs. While a slope
of 0.5 is expected for a constant ionization parameter, a slope of 0.33 is suggestive of a
Stromgren relation.

Constant ionization parameter

The slope of 0.47 for the type-1 AGNs is close to a slope of 0.5 found by Bennert et al.
(2002) and can be explained in terms of a constant ionization parameter. We here briefly
summarize their argumentation: Considering a recombination line like Hj3, rather than
[O111], the ionization parameter is given by U = Q/(4mwcn.R2) (Q = rate of H-ionizing
photons, R, = distance between photoionizing source and emission-line clouds). To
infer the number of ionizing photons produced per seconds from the H3 luminosity, we
use the relation w@ = ag/(anghvug)Lus = 3.1 - 102 Lyg (cgs units; w is the covering
factor and the recombination coefficients ap = 2.59 - 1073 cm3s™! and apz = 2.04 -
107 em3s™! are taken from Osterbrock (1989) for T = 10* K, pages 19, 79).! This
relation between ) and Lyg yields a relation R, oc L%g for given U, n. and constant
w. Bennert et al. (2002) show that such a relation is indeed derived for the size versus
the luminosity in HF. If most of the [O 111] emission originates from ionization-bounded
clouds as suggested by the fairly uniform value of the ratio of [O1m1] flux to narrow Hf
flux, the relation R oc Ly can be replaced by R oc Ly (Netzer et al., 2004). At the
outskirts of the NLR, n, ~ 10272 em™3, U ~ 10~?=% 50 that efficient [O111] emission
comes from regions with Un, ~ 1, corresponding to an ionizing flux Q /(47 R?) = 310"
photons/(s cm?).

For nearly three decades now, the similarity of the narrow—line spectrum in low and
high luminosity AGNs has suggested a common effective value of U as well. Basically
three models have been proposed to explain the apparent uniformity in ionization con-
ditions: (a) a model that includes strong action of a quasar wind on the NLR clouds
(Schiano, 1986); (b) models that involve drastic effects of radiation pressure on dusty
NLR clouds (Dopita et al., 2002); (c) models that take into account a wide range of
cloud properties, which has an overall smoothing effect, and which describe remaining
observational spread mainly by a slight variation of the ionizing continuum (Komossa &
Schulz, 1997).

A slope of 0.5 is comparable to the slope of the BLR size-luminosity relation, indicat-
ing that both the BLR and the NLR gas are photoionized by a the central source which
has an ionizing spectral energy distribution which is roughly independent of luminosity.

To conclude, such a slope can be explained if, on average, all AGNs have the same

ionization parameter, density, and ionizing spectral energy distribution (Netzer, 1990;
Netzer et al., 2004).

I Using this formula, we make the assumption that we have ionization equilibrium, i.e. the number
of ionizing photons produced by the central source is equal to the total number of recombinations over
the ionized volume; see also Peterson (2003) for a detailed discussion.
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Stromgren law

A slope of 0.31 found for type-2 AGNs seems to follow a simple Stromgren law (0.33) and
was reported by Schmitt et al. (2003b) for their Seyfert sample. Although the geometry
of an AGN, with the NLR being distributed in a sphere, is in principle consistent with
this picture, it is valid only in the case of constant density. Furthermore, the exponent
of 0.33 defines only the slope and does not take into account the proportionality factors.
A direct comparison between the measured radius and the one expected for a Stromgren
sphere is in principle possible. Again, this can be done for a recombination line like

HpB: The Stromgren radius is given as R, = (%)0'33 -n2%. As above, Q is the

rate of H-ionizing photons (Q = 3.1 - 10'?Lys in cgs units for 7 = 10* K) and agp
the recombination coefficient. Using these values, individual Stromgren radii can be
calculated from R, ~ 142-10° - L3 - ng% if the HB luminosity is known.

In the optical spectroscopic atlas of low—redshift AGNs of Marziani et al. (2003b), we
found H3/[O 1] ratios for six Seyfert—1 galaxies. Multiplying this ratio by the measured
[O111] luminosities from Schmitt et al. (2003a), we calculated the Hf luminosities and
therewith the expected Stromgren radius. Note that for Seyfert—2 galaxies, these ratios
are generally too low, as the broad HS is hidden by the dust torus. Boroson & Green
(1992) found for example that only ~3% of the total HS flux is visible as the narrow—
line component. Therefore, the observed Hf flux is not a good tracer of the total AGN
luminosity for Seyfert—2 galaxies. (Although also for Seyfert—1 galaxies, extended narrow
Hp flux may have been missed in these spectroscopic measurements, this flux is negligible
compared to the total HF flux for the same reasons.) We used the typical density range
for NLRs (100 cm™ < n, < 10000 cm™?) and compared the Stromgren radius calculated
this way with the measured NLR size in [O111].

The results are summarized in Table 2.3: The observed radii are 1.3 to 100 times
larger than those expected for a Stromgren sphere, depending on the assumed (constant)
electron density.

An assumption involved in this comparison is that the NLR size measured from the
H{3 recombination line is similar to the size traced by the [O 111] emission line, originating
from a collisionally excited level. For example, Falcke et al. (1998) and Ferruit et al.
(2000) showed that the Ha and [O 111] images of Seyfert galaxies have similar structures
and extents (excluding Balmer emission from surrounding H11 regions). Thus, in a first
approximation, the assumption that the measured radius in [O111] is comparable to the
one in HGF should be valid.

In Fraquelli et al. (2003), the density in the nuclei of 18 Seyfert—2 galaxies ranges
from 300-1000 cm ™3 with an average density of 440cm~3. Using this average density,
the measured NLR radii are five times larger than the radii expected for gas distributed
in a Stromgren sphere. A possible explanation for this discrepancy is that the density
is not constant but decreasing with distance from the nucleus. Indeed, several authors
observe a decreasing density with distance from the nucleus [e.g. Storchi-Bergmann et al.
(1992a), Fraquelli et al. (2000), Fraquelli et al. (2003)]. We will come back to this issue
in Chapter 4 when discussing the results of our long—slit spectroscopic measurements
(Section 4.4.8).

However, the comparison of the Stromgren sphere with the observed NLR size may
not be straightforward and simply applicable, even if the electron density is constant.



2.3. Results and Discussion 23

Table 2.3: Observed NLR radius versus expected Stromgren radius
Seyfert galaxy RNLR RS(100) RS(10000) RNLR/RS(H)O) RNLR/RS(H)OOO)

Mrk 590 385 222 10 1.72 33
Mrk 705 350 184 9 1.92 20
NGC3783 175 134 6 1.30 25
Mrk 766 255 81 4 3.10 100
NGC4593 150 98 3 1.52 33
NGC 5548 450 177 8 2.56 20

Note. — Unit of R is parsec. RnpRr is the major NLR radius given in Schmitt et al. (2003a).
R is the expected Stromgren radius calculated with electron densities n. = 100 cm™ and n.
= 10000 cm 3, respectively.

First, if the gas is distributed in a sphere, there is an ionization cone determining
the shape of the NLR emission. In that case, the NLR size corresponds to the size of
a Stromgren sphere only for a viewing angle close to the cone axis. For other viewing
angles, the measured projected NLR size is a function of viewing angle and opening angle
of the torus (see Chapter 3). Second, the NLR gas needs not to be distributed in a sphere
but can as well be distributed in e.g. a disk.

Disappearing narrow-line region

Independent of the slope, the NLR size-luminosity relation implies an increasing NLR
size with luminosity. Extrapolating the correlation to very high luminosities predicts
an NLR size of galactic scale dimensions and, in principle, even in excess of the host
galaxy. The effect of very high luminosities on the NLR size was already pointed out
by Croom et al. (2002) who report a decrease in the equivalent width of several narrow
lines with source luminosity. They suggest that at least part of this effect is due to the
increase in NLR size with source luminosity, leading to galactic scale dimensions in the
most luminous objects. Such NLRs are likely to escape the system, leading to AGNs
with weak or no NLR emission.

To investigate this effect, Netzer et al. (2004) study near—infrared long—slit spectra
of 29 high—luminosity quasars with 2 < z < 3: Approximately 1/3 of their sources
lack any sign of [O111] while 2/3 are still very strong [O111] emitters. For both classes,
luminous (broad) Hf emission was found. They propose a scenario in which two distinct
populations of quasars exist at high redshift: For one population, the scaling of the
known NLR size-luminosity relations continues to high luminosities. But combining
the measured FWHMSs with the escape velocities at these large radii yields an NLR
that is dynamically unbound and likely to leave the galaxy. This results in short-lived,
enormous NLRs following the size-luminosity relation but which cannot be maintained
for long periods. The NLR gas will disappear, resulting in a quasar which will show
basically no nuclear narrow emission lines during most of its life. The other population
shows very prominent nuclear [O111] emission that, in contrast to the first population,
argues for unusual dense NLR environments, capable of producing high emission-line
luminosities in small volumes.
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If such a scenario can be confirmed it implies a major evolution of quasar emission—
line regions. The change in NLR density, and thus covered volume, will result in the
flattening of the size-luminosity relation at high luminosities. Moreover, a disappearing
NLR will have serious implications for searches of luminous type-2 quasars which simply
may not have luminous narrow emission line regions.

We cannot answer these open questions at present. Observations of high-z quasars
are needed to probe whether their NLR properties are different to todays NLRs and
whether indeed different quasar populations do exist. The NLR size-luminosity relation
seems to be valid at least up to redshifts of z ~ 0.5 but it still needs to be verified for
AGNs at higher redshifts.

2.3.3 BLR Size and NLR Size

Here, we compare the scaling of NLR and BLR sizes. Given that for type-1 objects, both
NLR and BLR size scale with roughly the square root of luminosity, an approximately
linear correlation of BLR-NLR sizes is expected. To prove this, we collected all BLR sizes
measured so far (only type—1 objects) and their corresponding NLR sizes. Unfortunately,
the overlap is rather poor and leaves us with 11 objects (Fig. 2.3; right panel). As the
uncertainty in estimating the BLR size can be quite high, we applied a weighted linear
least—squares fit (weight = o2, where o is the standard error in log Rprr) and tentatively
find, that the sizes of NLR and BLR are proportional: Rppr o R%i%f'l (Table 2.1).

While the NLR size seems to be determined by a lack of ionizing photons, dust
sublimation theory may provide a natural explanation of the BLR limit:

Consider a (spherical symmetric) dust particle with radius r located at a distance R
of a central source with luminosity Lyy. (The UV luminosity mostly provides heating
and photoevaporation of dust). The particle absorbs the emission with 7r? and re-emits
with 4772, Assuming that the particle emits like a black body, its temperature can be
derived from (with o = Stefan-Boltzmann constant)

Laust = 4701” - Tlt quet. - (2.5)

Furthermore, we assume that the dust particle is in thermodynamic equilibrium

dEabs dEem

T Tl (2.6)
Combining these relations yields
bov 02— ger? T 2.7
m'ﬂ"f’ = aTOoT" * Lof qust ( : )
Lyy
g ﬁ & T«;lff,dust : (28)

The dust sublimation temperature T,, at which dust evaporates has a constant value

for a given dust particle, but it strongly varies from one element to the other (for Si it is
~1300 K, for C ~ 100 K).
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Thus, we get the relation
Raust o< LY, (2.9)

i.e. the more luminous the central AGN, the larger is the region in which no dust can
survive as its temperature would exceed the dust sublimation temperature. (Deriving this
relation, it is assumed that the dust composition does not change with AGN luminosity.)

Note that the proportionality factor given by this strongly simplified model will
change when taking into account the optical properties of dust particles as they do
not emit and absorb as a black body. Corrections include a dependency on the size
of the grain and change the dependency on the evaporation (or better, condensation)
temperature. A review on interstellar dust grains is given by Draine (2003).

The dust sublimation radius as natural, parameter—free explanation for the outer
boundary of the BLR seems to be consistent with observations: Oknyanskij & Horne
(2001) present an observational study for a sample of 10 AGNs measuring reverberation
radii of dust holes and find that the dust—hole radius indeed does increase with the square
root of UV luminosity. Moreover, it is in agreement with the slope of the the BLR size—
luminosity relation Rprr oc L% which, according to McLure & Jarvis (2002), seems to
be valid for the BLR sizes measured so far.

But how does the dust sublimation radius Ry, limit the BLR size? First of all, dust
absorbs the emission lines and competes with the gas in absorbing the ionizing photons
and can thus strongly suppress line emission [e.g. Netzer & Laor (1993), Laor (2003)].

Second, dust can be important due to the radiation pressure acting on it: Beyond
Rgup, dust can survive and radiation pressure is acting as a driving force more effectively
than on gas. The electrically charged grains lock the motion of the dust to that of
the ionized gas. Thus, both dust and gas are swept away leaving a hole in the zone
between the BLR and NLR, the so—called intermediate-line region (ILR), with a lack
of significant line emission. The ILR reveals few blueshifted coronal lines which are
interpreted as net inflow motion by Netzer & Laor (1993) but may also be indicative of
shocks and clouds drifting outwards. When dust and gas are swept up, the NLR starts
which often shows significant dust amounts. Dopita et al. (2002) have investigated dusty,
radiation dominated photoionization models for the NLR in detail.

Thus, there is both theoretical and observational evidence for a BLR size-luminosity
relation. Under the assumption that both BLR and NLR have a common ionization
source, BLR and NLR size are expected to correlate. We indeed find, for a small sample
of 11 type-1 AGNs, that NLR and BLR sizes are related following Rppr o R%E%f'l.

However, there are some caveats: For one, we have a very limited number of sources
available. Second, the individual scatter is relatively large. Third, especially estimating
the BLR size using time lags is very uncertain as there are various assumptions and
complications involved (Kaspi et al., 2000).

Nevertheless, our results are consistent with the assumption of a common ionization
source for BLR and NLR, thus minimizing the needed number of hypotheses. The BLR
size seems to be determined by the dust sublimation radius and is proportional to the
NLR size. This correlation is of interest as it can in principle be used to estimate black
hole masses.
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2.3.4 Black Hole Mass

As deriving BLR sizes via reverberation mapping is very time consuming, relationships
with luminosity or NLR size can be extremely useful for measuring BH masses. Given
the NLR size (either directly measured or derived from the [O111] luminosity), the BLR
size can be estimated, which, assuming Keplerian motions, yields Mpy:

Mgy = (105'22M®) : U??ooo : R%E%,l ) (2.10)
Mgy = (10%¥My)- U?%ooo : Lgffom] ) (2.11)

where vs900 = FWHM (H3) / 3000 kms™!, Rypg,1 in parsec, and Lygorn = [O111] lumi-
nosity / 10* ergs™!: The latter equation is very similar to the correlation of Mgy and
continuum luminosity at 5100 A (Shields et al., 2003).

2.3.5 NLR Surface—Brightness Profiles

The [O111] surface-brightness profiles (SBP) of the NLRs can be directly drawn from
the [O111] images. However, this additional information is seldom used and not often
presented in literature, although it can in principle be very useful:

For one, a comparison of the SBPs of several galaxies reveals whether the NLR gas
in different galaxies is distributed similarly. If the SBPs of several galaxies are similar,
this yields an explanation for the persisting size-luminosity relation for different size
measurements due to different sensitivities as found in Section 2.3.1. Second, the SBPs
give hints to the gas density distribution. They can be directly compared to the one
expected e.g. in the simplest case of a Stromgren sphere.

The SBPs were created using IRAF?. Three vectorplots along the major axis of the
NLR emission £ 1°, starting at the central [O111] emission, were averaged [using the
position angles given by Schmitt et al. (2003a) in their Table 3]. The pixel scale was
transformed to arcseconds according to the chip used (PC chip ~0"0455 pixel ', WF chip
~00996 pixel ') and then to parsec according to the world model (Appendix A). The
luminosity per pixel was derived from the flux per pixel using the same world model. In
order to allow a comparison among all galaxies of the sample, we divided the luminosity
per pixel by the corresponding area in square parsecs at the galaxy. The resulting SBPs
for the 58 Seyfert galaxies from Schmitt et al. (2003a) and the seven quasars from Bennert
et al. (2002) are shown in Appendix B.

The SBPs are similar and centrally peaked with most flux included in the central
~5-20 data points for the Seyfert galaxies, corresponding to 0”5-2" (most objects were
imaged with the WF chip and a resolution of ~0"”1/pix). Depending on the distance of
the object, that corresponds on average to 200-700 pc. The SBP of the PG quasars are
centrally peaked with most flux included in the central ~4-6 data points, corresponding
to 074-06, and, on average, to 1500-6500 pc. Thus, the different distance scale has to
be taken into account when comparing the SBPs; as substructure may more easily be
missed in the distant quasars.

The central SBPs closely resemble a Gaussian profile in most objects. We created
the “SBP of a star”, i.e. the instrumental PSF, from stars taken with the linear-ramp

2 “Image Reduction and Analysis Facility” provided by “National Optical Astronomy Observatories”
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filter imaged on the PC and WF chips. The resulting instrumental FWHM is ~0”2 (WF
chip) and 07065 (PC chip), respectively. Comparing this PSF with the central SBP of
all objects shows that 50 out of 65 (77%) have central profiles broader than the PSF.
Examples of both resolved and unresolved in Seyfert—1 and Seyfert-2 galaxies are shown
in Fig 2.5.

Comparing the distribution of type-1 and type-2 objects, 36% of type 1s have an
unresolved central source while only for 11% of type 2s the central emission is unresolved.
(These results are comparable to the percentage of objects which emit more than 50%
of their total luminosity in an unresolved central source).

Thus, for nearly 25% of the whole sample, especially type 1s, the major part of [O 1]
emission comes from a central source which is even with the high spatial resolution of the
HST not resolved [assuming that the continuum distribution was subtracted correctly in
the calibration process by Schmitt et al. (2003a) and Bennert et al. (2002)].

The fact that a broader central SBP with respect to the PSF is observed in many
Seyfert—2 galaxies can be interpreted as integration over two peaks of [O111] emission
originating from both sides of the (hidden) nucleus. Such a scenario is in agreement
within the unified model: The [O111] emission comes from gas within the ionization cone
and reaches its maximum on both sides close to the center due to a combination of line—
of-sight integration and decreasing flux with distance from the center (see Chapter 4,
Section 4.4.11 for a detailed discussion on the effects of line-of—sight integration). Due to
the limited spatial resolution, the two peaks on either side of the nucleus are smoothed
out to a broader profile.

Some galaxies, especially Seyfert—2 galaxies, show a secondary or a tertiary peak
on one or both sides of the central peak, indicating substructure in the extended [O 111]
emission. This substructure is already visible in the two dimensional images from Schmitt
et al. (2003a) and pronounced in these SBP plots, as the vectorplots were calculated
along the major axis of the NLR emission, i.e. along extended substructure. However,
the profiles are all centrally peaked indicating that the extended emission is negligible in
its contribution to the total luminosity. On the other hand, the extended emission has
great influence on the measured NLR size: With increasing sensitivity, more extended
emission can be seen, increasing the NLR size without changing the measured integrated
flux significantly. This explains the results of the comparison of groundbased and HST
data (summarized in Table 2.2).

For a detailed comparison, we divided the observed SBPs into four groups:

0: SBP with central peak only

(0): SBP with faint blobs or asymmetries on either side of the central peak but with a
maximum height < 10% of the central peak height

1: SBP with a secondary peak or more on one side of the central peak with a height
> 10% of the central peak height

2: SBP with secondary or more peaks on both sides of the central peak with a height
> 10% of the central peak height.

In addition, we took into account the AGN type (1 or 2). The results of this statistical
comparison are summarized in Table 2.4.
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Figure 2.5: Upper panels: Observed surface-brightness profile of the Seyfert—1 galaxies Mrk 590
(left; solid line) and UGC 2514 (right; solid line) with the PSF of a star overlayed as dotted line.
Lower panels: The same for the Seyfert—2 galaxies MCG +03-45-003 (left) and IC 5063 (right).
The objects on the left hand show unresolved central emission while in the right panels, the
central surface-brightness profile is larger than the PSF.

Table 2.4: Distribution of surface-brightness profiles

Type 0 (0 1 2
Al (65) 30 20 10 5
Seyferts (58) 24 19 10 5
Quasars (7) 6 1 0 0
Type-1 AGNs (28) 20 6 2 0
Type-2 AGNs (37) 10 14 8 5

Note. — The AGN type is given with, in brackets, the total number of objects included in
our sample. We summarize the number of objects with SBP classified as 0, (0), 1, and 2,
respectively.
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It is remarkable that 50 of 65 objects (77 %) have SBPs classified as “0” or “(0)”,
i.e. without significant extended [O111] emission with respect to the central flux.

There are differences between the SBPs of type-1 and type-2 objects: Out of 28
type-1 AGNs, only two (~7%) have SBPs with extended emission above the 10% level.
In contrary, 13 out of 37 type-2 AGNs (35%) have SBPs with extended emission above
the 10% level. While the majority (71%) of type-1 AGNs have SBPs classified as “0”,
the majority (73 %) of SBPs of type 2s are of “(0), 17 or “2” type, i.e. with at least some
extended emission.

The statistical distribution of SBPs is in agreement with the unified model, i.e. most
type—1 objects show no extended [O111] emission, indicating a halo-like structure while
the majority of type 2s reveal at least some extended emission. Our results are com-
parable to the results of Schmitt et al. (2003b) who find that Seyfert—-1 NLRs are more
circular and concentrated than Seyfert 2s, due to foreshortening of the former.

The observed central profiles are all convex and not concave as expected for gas
distributed in a Stromgren sphere, i.e. NLR gas distributed with constant density in a
sphere. One caveat is of course the limited resolution of the observations: We cannot rule
out that the central NLR gas which is unresolved in most of our objects (but contribute
up to 50% to the total luminosity) is indeed distributed in a sphere. The convex shape of
the surface-brightness profiles often reflects the instrumental PSF| i.e. a Gaussian profile,
of an unresolved central source.

Moreover, the different observed profile shape than a Stromgren one may not be
surprising: While the gas itself may be distributed in a sphere, the intersection with the
photoionizing AGN continuum is thought to result in NLR emitting gas in an ionization
cone in the framework of the unified model. In that case, the observed SBPs depend
on the line-of-sight through this ionization cone. Also, there is several observational
evidence hinting that the NLR gas is not distributed with constant density but rather
that the density is decreasing with distance from the nucleus. Finally, if the gas is instead
distributed in a disk, one additionally has to take into account the intersection of the
disk and the ionization cone.

2.4 Conclusions

Comparing NLR sizes and luminosities of 62 Seyfert galaxies and seven quasars imaged
with the HST, we find that type-2 AGNs follow a relation Rypgr2 L?&%O'OE’, while type—
1 objects are fit with a steeper slope of 0.55£0.05. Using a fixed surface-brightness limit,
the slopes flattens (RnLr2 o L?OQI%O'OG, Rnira L[O(')Lléﬁo'o‘l). An alternative definition
of the NLR size was applied by using the size at which 50% of the total luminosity was
included: The slope of the NLR size-luminosity relation for both types flatten slightly
(type-1 AGNs: 0.4240.09, type—2 AGNs: 0.2740.08). Similar relations persist using
groundbased data of a sample of 52 Seyfert galaxies: Type—2 AGNs follow the relation
Ryig2 L?&ﬁo'%, while type-1 objects are fit with a steeper slope of 0.46+0.06.

On average, the slopes derived with different methods and data sets (HST data, HST
data to the same surface-brightness limit, HST data with radius at 50% luminosity,
groundbased data) are 0.31£0.02 for type—2 AGNs and 0.4740.03 for type-1 AGNs.

Our results explain the different slopes for the NLR size-luminosity relation found by
Bennert et al. (2002) (slope ~ 0.5) and Schmitt et al. (2003b) (slope ~ 0.33) by (intrinsic

or apparent) differences in the NLR size or luminosity between type-1 and type-2 AGNs.
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In Chapter 3, we investigate why type—1 and type—2 objects scale differently and whether
it can be explained by projection effects on the basis of the unified model.

We discuss the physical reason for the size-luminosity relation in terms of a Strémgren
law or a constant ionization parameter. A calculation of the expected Strémgren radius
for six objects indicates that the observed radii are larger and thus, that the density is
not constant but decreasing with radius.

In Chapter 4, we study the electron density and ionization parameter as a function
of distance from the nucleus and discuss this issue again.

For a small sample of 11 type-1 AGNs, we find that NLR and BLR sizes are related
following Rprr o R%ﬁ%f'l. While the edge of the NLR seems to be determined by a
lack of ionizing photons, the dust sublimation radius provides a natural boundary for the
BLR size. The NLR-BLR size relation can be used to estimate BH masses.

The surface-brightness profiles of 58 Seyfert galaxies and seven quasars as imaged
with the HST are similar and centrally peaked. They indicate that the extended emission
is negligible in its contribution to the total luminosity. Thus, the critical factor of the
NLR size-luminosity relation seems to be the size rather than the luminosity. The central
emission, contributing the major part to the total [O111] emission is often unresolved,
especially for type-1 AGNs. The statistical distribution of the shape of the observed
surface—brightness profiles is in agreement with the unified model: The majority of type—
1 AGNs have surface-brightness profiles without extended emission, suggesting halo-like
NLR gas distributions while most type 2s show at least some extended [O111] emission.
The observed surface-brightness profiles are a by—product of the [O 111] images and can be
very useful for future NLR studies, e.g. for comparison with theoretical surface-brightness
profiles expected for different NLR gas distributions.



Chapter

NLR Size and Luminosity: Modeling

Here, we develop a model on the basis of the unified scheme and the receding—torus
concept to explain the different slopes of the NLR size-luminosity relation for type-1
and type—2 AGNs.

3.1 Introduction

In Chapter 2 (Section 2.3.1), we found different slopes of the NLR size-luminosity relation
for type-1 and type-2 AGNs. Can we understand these different slopes on the basis of
the unified model and projection effects, resulting in different size measurements for type
1 and type 287 Or does the opening angle of the ionization cone increase with luminosity
due to dust sublimation of the obscuring torus and thus, the measured NLR sizes change
towards higher luminosity?

To investigate these issues, we here develop a model taking into account the NLR size
dependency on viewing angle and luminosity. We describe how the NLR size-luminosity
relations for both type—1 and type—2 AGNs can be understood in the framework of the
unified scheme and the so—called receding—torus model which assumes that the opening
angle of the ionization cone increases with luminosity.

We describe the model with the involved assumptions as well as the predictions (Sec-
tion 3.2). We discuss the receding-torus model, possible modifications (Section 3.3), and
alternatives (Section 3.4), and end with our conclusions (Section 3.5).

3.2 Model Description

The model is shown in Figure 3.1 as “edge—on profile”, consisting of an optically thick
obscuring torus (height b, distance Ar of the ionizing source) which leads to an anisotropic
radiation along the ionization cone (radius h, half-opening angle [3).

3.2.1 Model Assumptions

To probe a relation between NLR size and luminosity on a theoretical basis, we assume
that the NLR is ionization bounded rather than matter bounded. Moreover, we assume
that all NLRs have common properties such as density and volume-filling factor.
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Typel

RNLR, 1

Type 2

Figure 3.1: Illustration of the model. Schematic profile of an AGN seen “edge on”:
dust torus with height b leading to the ionization cone with half-opening angle 3 (here
B = 30°). The radius of the ionization cone is h. The [O111] emission is considered
to originate from this cone. Rnpr,:1 and Ryir2 are the projected NLR radii measured
for type—1 objects (¢ = 0°) and type—2 objects (¢« = 90°), respectively. (Note that the
projected NLR radii shown here are only valid for these two extreme viewing angles; see
Figure 3.3 for more general viewing angles.)
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Additionally, we make the following assumptions:
(i) Radius of the ionization cone h increases with square root of Lyy: h o< L{Y;
(ii) torus height b independent of Lyy: b = constant;

(iii) inner radius of torus Ar proportional to dust sublimation radius Ry, Reun o< LYY
Ar oc LYY

(iV) L[OIH] XX LUV . (1 — COS ﬁ),
(v) torus dimensions small against NLR size.

A slope of 0.5 assumed in (i) is expected if on average, all AGNs have the same
ionization parameter, density, and ionizing spectral energy distribution (see Chapter 2,
Section 2.3.2). However, we will also discuss relations derived with the alternative as-
sumption of h oc L3 expected in the case of a Stromgren sphere.

Assumptions (ii) and (iii) are known as the receding—torus model proposed by
Lawrence (1991) and Hill et al. (1996): The obscuring region has a constant physical
thickness, i.e. the torus height b does not depend on luminosity (ii), but its inner edge
(Ar) is determined by the radius until which dust sublimates (Rg,,) and thus scales as
L% (iii). There are several observations supporting at least assumption (iii): For exam-
ple, Oknyanskij & Horne (2001) present an observational study for a sample of 10 AGNs
using reverberation radii of dust holes and find that the dust—hole radius indeed increases
as the square root of UV luminosity. For the Seyfert—1 galaxy NGC 4151, Minezaki et al.
(2004) interpret the observed time lag between the optical and near—infrared light curves
as thermal dust reverberation and a torus with inner radius corresponding to Ar oc L%3.

Note that the dust distribution we assume is in fact a torus, i.e. the height b above
the midplane is the same in all directions (Fig. 3.1). From VLT interferometry, there is
observational evidence for such an assumption for the closest and brightest (in the IR)
Seyfert—2 galaxy NGC 1068 (Rottgering et al., 2005). However, it is also possible that
the dust is distributed in an extended disk.

We used (iv) Liomy o< Lyy - (1 —cos ), an assumption derived from the ratio between
photons emitted by the AGN which are in principle able to ionize oxygen (Lyy) and the
photons in the ionization cone which do in fact ionize oxygen, leading to the observed
[O111] emission (from collisionally excited levels). Some of the UV photons emitted by
the AGN are absorbed by the dust torus and do not contribute to the observed [O 111]
emission. The fraction of photons absorbed by the torus depends on the half-opening
angle 3 of the ionization cone. The UV photons fill the whole volume of a sphere around

the AGN with

4
Vo = gwh?’ : (3.1)

The UV photons ionizing oxygen atoms to O"* leading to the observed [O 111] emission
are limited to the ionization cone which is a section of this sphere, on both sides of the
torus, depending on 3 (see Fig. 3.2 for details):

2 4
Vg = 2-§7Th2a:gth-(h—hcosﬁ):%-(l—cosﬁ). (3.2)



34 Chapter 3. NLR Size and Luminosity: Modeling

Figure 3.2: Half-ionization cone to calculate the dependency of [O111] luminosity on
AGN luminosity Lyy: While UV photons escape into the whole sphere, only part of
them create the ionization cone due to the dust torus. The fraction depends on the
half-opening angle # and is given by Liony o< Lyy - (1 — cos 3). (Note that a = h —x
with = hcos 3.)

This corresponds to Liomy o< Lyy - (1 — cos (3).! While we measure Liomy, Luv is re-
sponsible for ionizing oxygen and for the increase of 3 (assumptions ii and iii). We thus
take into account the obscuring effect of the torus for the UV photons, resulting in an
ionization cone. Note that in the inner region of the size Ar, UV photons can in prin-
ciple ionize oxygen in the whole sphere. However, the density is too high to observe the
forbidden [O111] line (the excited level is instead collisionally de-excited).

We assume that the torus dimensions are small against the NLR size (assumption v),
to neglect the obscuring effect of the torus on the [O111] emission itself for both AGN
types. Such an assumption is difficult to probe directly. Using high resolution adaptive
optics, Canalizo et al. (2004) propose a projected diameter of the dust torus in Cygnus
A of ~600 pc, a value which is indeed comparable to some NLR sizes. However, Cygnus
A may be an exceptional case with a large torus; it is also possible that the observed
dust emission does not arise from the obscuring torus which limits the AGN ionization
field but originates from dust in the galactic disk. Nevertheless, the [O111] emission is
often considered as largely orientation—-independent measure of the intrinsic luminosity
of AGNs [e.g. Mulchaey et al. (1994); Falcke et al. (1995)]. Our results from Chapter 2
(Section 2.3.5) suggests that this is the case at least within a factor of 2.

3.2.2 Model Predictions

Projected NLR radii

First, we calculate the projected (observed) NLR radii for type-1 (¢« < ) and type-2
objects (¢ > f3).

! This relation can also be derived using the solid angle of a cone, given as 2 = 27(1 — cos 3), with

20
Liomy o Luv - -
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Typel
1+3>90

Figure 3.3: Upper panels: Projected NLR radius for type-1 AGNs (v < 3). Left panel:
(t+ B) > 90° = Rnxiri1 = h (here ¢ = 40°, § = 60°). Right panel: (v + () < 90°,
= Rnpri = hsina = hsin(8 4 ¢) (here ¢« = 20°, 8 = 30°).

Lower panels: Projected NLR radius for type-2 AGNs (¢ > ). Left panel: (v + () >
90° = Rnir2 = h (here « = 70°, 8 = 30°). Right panel: (v + ) < 90°, = Rxir2 =
hsina = hsin(f + ¢) (here « = 40°, 8 = 30°).
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We define the radius as the maximum distance between the center and the edge of
the observed [O 111] emission, although the emission-line region will in most cases not be
circular. While the dust torus included in the model limits the ionization to the cone, we
neglect the obscuring effect on both luminosity and size measurements (assumption v),
i.e. we assume that we see [O111] emission of the cone and the counter cone independent
of viewing angle. In Figure 3.3, we show the projected NLR radii and their derivation.

The formulae for the projected radii are the same for type-1 and type-2 AGNs and
depend on the value of + + §: As long as (¢ + ) > 90°, the radius corresponds directly
to the radius of the ionized zone h. For (v + () < 90°, the radius is projected according
to hsin (5 +¢).:

Rnirai(t<B) = h if (t+5)>90° (3.3)
= hsin(8+) it (t+p5)<90° ; (3.4)
Rnira(t>B) = h if (¢4 ) >90° (3.5)
= hsin(G+¢) if (14 3) <90° . (3.6)

For 3 < 45°, all measured type—1 NLR radii are shortened according to Equation 3.4.
On the contrary, if g > 45° all measured type-2 NLR radii directly correspond to h
(Eq. 3.5).

From these projections, averaged NLR radii can be calculated, weighted by sin¢. For
type—1 AGNs, for example, a viewing angle of + = 0° is much less probable than « = .

B B
J Rxira(e) -sine-de [ Rnpra(e) -sine-de
0 0

< RNLRl > = ; (37)
: 3 1_
[sine-de cos 3
0
w/2 w/2
J Rxira(t) -sine - de J Rxira(t) -sine-de
_ s _ B
< RNLR,Z > = /2 ' = COSﬁ . (38)
[ sine-de
B
For Seyfert—1 galaxies:
a) if § < 45°, all objects are shortened:
6 . .
<R >_h.gsm(b+ﬁ>'smb‘db_h 23 -cosB+sinf —sin(3-03) (3.9)
NLRL 7 1—cosf B 4-(1—cosf) ’ '
b) if § > 45°, only objects with i < 90° — (3 are shortened:
B m/2—f
h- [ sine-de+h- [ sin(e+3)-sine-de
w/2—f 0
R = 3.10
< fiNLR1 > 1—cosf ( )
inf—(1—n/4 2) -
_ .. sin3— (1—m/4+ (3/2)cos 3 ' (3.11)

1—-cosf
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For Seyfert—2 galaxies:
a) if B < 45°, objects with ¢ < 90° — (3 are shortened:

w/2 w/2—p
h- [ sine-de+h- [ sin(e+3)-sine-de
n/2-3 B

= 12

< Bnir2 > cos 0 (3.12)

_ . (m/4— ) -cosf+(1/2)-sinf-cos(2- )+ sin © (313)

cos 3
b) if § > 45°, no objects are shortened:

< RNLR,Q >=h . (314)

Half-opening angle 3

Now, we use the receding—torus model to calculate the relation between different 5 and
AGN luminosities Lyy (assumptions ii and iii: b independent of L and Ar o LY3):

b
= 1
cos 3 Ar i h (3.15)
Ar
-1 = — 3.16
< cos 3 b ( )
1 f
-1 = = L% . 1
And COSﬁ b uv (3 7)

Here, we use a proportionality constant f for the relation Ar oc LY%%. f basically de-
pends on the dust evaporation temperature and thus, the dust composition (see also our
discussion in Chapter 2, Section 2.3.3).

In the next step, we calculate the ratio of two luminosities. Thus, f as well as the
constant torus height b (assumption ii) simply cancel out. For a luminosity Lyy,o, we
have a half-opening angle 3, and for Lyy; the angle is 3;:

1 1 o (Lova\™
(cos B, 1) ' (cosﬁo B 1) N (LUV,0> (3.18)

1 Luvi )™’ 1
& -1 = : . -1 3.19
cos (LUV’O ) cos By ( )

N P - L 1 R 3.20
S cosf = + Lovo : cosﬁo_ - (3.20)

Assuming that 3y = 15° for Lyy o, the opening angle 3, for increased luminosity Lyv 1
can be calculated and used to estimate the NLR sizes for type—1 and type—2 AGNs at
the corresponding luminosity (Table 3.1).
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Table 3.1: Consequences of receding—torus model on NLR sizes

% 10 100 1000 10000 100000
UVv,0

1 26° 42° 62° 77 85°
Rnrra (1=10°) 044 067 0.8 0.98 1

< RNLR,l > 0.68 0.93 0.99 1 1

< RNLR,Q > 0.97 1 1 1 1
RNLR,Q (L = 900) 1 1 1 1 1

Note. — Calculation of half-opening angle 31 from luminosity ratio ﬁﬁz’/; assuming the receding—
torus model (Eq. 3.20, By = 15°). The NLR sizes are given in units of h.

[O 111] luminosities

To estimate the [O111] luminosity, we take into account that [O111] is a forbidden line
and thus emitting optically thin?. The observed luminosity corresponds to the integrated
emission—line flux of the total emitting region (i.e. the ionization cone). We assume that
the integration is the same for type—1 and type—2 AGNs, i.e. that no significant amount
of [O111] is absorbed by the central obscuring medium (assumption v). If this is the case,
the observed [O111] luminosity is the same for both types and proportional to the AGN
luminosity times (1 — cos f3).

To estimate the proportionality factor, we use Equation 7 from Falcke et al. (1995):

Falcke et al. (1995) refer with Lgi to the dominant UV bump luminosity of the accretion
disk. Thus, this equation can be converted to a relation between Lyy o< Liomy, taking
into account the dependency on (:

L[OHI} ~0.1- LUV . (1 — COS ﬁ) . (322)

Starting values

The equations given above are used to calculate a theoretical size-luminosity relation.
The starting values 3y and hy at Lyv,o = 10*ergs™' are chosen such that the covered
range of NLR sizes in the observed [O 111] luminosity range (103°~% ergs~!) is comparable
to the sizes measured from the HST data, for comparison with observations (Chapter 2).

While the choice of the starting value hy has no influence on the derived slopes but
results in a y—axis shift, the choice of § is more critical: It can change the slopes of the
NLR size-luminosity relations, especially for type-2 objects as well as the intersection
between both slopes: A value of 3y = 5° results in a slope for type-1 AGNs of 0.45 and
a slope of 0.36 for type-2 AGNs, intersecting at log Liory = 43.3.

2In the NLR, also the Balmer lines can be considered as optically thin, as flux ratios are typical of
the so—called “case B” recombination, implying that only the Lyman series is optically thick. In “case
A7 all lines are emitting optically thin (Peterson, 2003).
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Increasing [3 to 25° results in a steeper slope for type—2 AGNs (0.4) while for type-1
objects, it remains roughly the same (0.44). The intersection occurs at log Liony = 40.3.

So far, no direct observations of the intrinsic opening angle at different luminosities
exist. The opening angles of the ionization cone estimated from images reflect only the
projected angle but not the true one. In principle, assuming the receding—torus model,
[ can be estimated from dust sublimation theory as discussed above. However, as it
strongly depends on the assumed dust composition as well as the height of the torus,
such an estimation is difficult. Thus, our choice of y remains somewhat arbitrary. On
the contrary, by fitting the predicted slopes to the observed ones, our model can be used
to predict By at Lyv .

We start with Gy = 15° and calculate the increased (3 at Lyyv, = (1, 2.3, 5, 10, 23, 50,
100, 230 ... 100000) - Lyy, with Lyy,o = 100 ergs—!. The radius of the ionization cone
h increases with luminosity Lyy; according to assumption (i), hy = hg - L%{’,Vl, starting
with hg = 25pc (Lyy,; in units of 10* ergs™).

These values correspond to [O 111] luminosities of log Loy ~ 37.5 — 44 as well as 3
= 26° and h ~ 80pc at Liony = 10* ergs™.

To calculate the corresponding NLR radii, we insert the values h; and /3; into Equa-
tions 3.3-3.6, using different viewing angles. Radii are calculated for « = 0 ... 90° in
steps of 5°. For type-1 AGNs, only those data points for which + < (; are plotted, for
type—2 AGNSs, only data points with ¢ > (3. Linear fits are applied to the averaged NLR
radii calculated from Equations 3.9-3.14.

The [O111] luminosities are calculated from Equation 3.22, corresponding to the in-
creased Lyv; and (.

Size—luminosity relation: Theory versus observation

From these values, the theoretical NLR size-luminosity relation is derived. It is shown
in Figure 3.4 (upper panel).

A fit to type-1 AGNs gives a slope of 0.444+0.01. For type-2 objects, the slope
flattens: Applying a linear fit to the data points in the low luminosity regime which are
covered by the observations of type-2 Seyferts (39 < log Liony < 42) results in a slope
of ~ 0.37 £0.01. The slopes intersect at log Liony ~ 41.4 and log R ~ 2.8. The details
of the fits are summarized in Table 3.2.

To compare our model to observations, we refer to the results from the HST data
using the same 3¢ limit to have a homogeneous sample. Although the comparison with
groundbased data in Chapter 2 has shown that the HST data suffer from low sensitivity,
the HST data cover a larger luminosity range due to the quasar data. In the model,
the lower sensitivity limit is indirectly taken into account by using a starting value of
hg resulting in comparable measured NLR sizes. The observed slopes of the NLR size—
luminosity relation are 0.2940.06 for type—2 AGNs and 0.4440.04 for type-1 AGNs with
the intersection at log Liony ~ 41.4 and log R ~ 2.8 (Chapter 2, Table 2.1).

Thus, observed and theoretical slopes intersect at the same point. Moreover, the
theoretically predicted slope for type-1 AGNs is quasi identical to the observed one. The
difference between observed and predicted slopes for type—2 objects is larger, but the
slopes are still comparable within the errors. [Note that for example the slope for type—2
AGNs measured from groundbased data is with 0.34 much closer to what our model
predicts (0.37).]
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Table 3.2: Theoretical NLR size-luminosity relations

Assumption Gy hx intersection Miypel  Frypel  Miype2  Ktype2
log Lionm /log R
HST, 30 limit — — 41.4/2.8 044 —-152 0.29 -94
rt. 15°  L05 41.4/28 044 —153 037 —12.6
r.t. 15°  L%3 43.1/2.9 0.30 —-10.0 0.27 -89
mod. r.t. 15°  LY%Y 43.5/3.9 047 —165 042 —144
mod. r.t. 15° L3 43.8/3.1 033 —111 028 -9.15
= constant  25° L%, — 050 -17.8 050 —17.6
(3 = constant  25° L%3 —_— 033 —11.3 033 —11.1

Note. — NLR size-luminosity relation of the form log R (NLR) = m log Liony + k with
[O111] luminosities in the range of 1039~** ergs™!. Units of R and L are parsec and ergs™!,
respectively. For the theoretical relations, the assumptions involved are either the receding—
torus model (r.t.; b o< LY%Y), a modified receding—torus model (mod. r.t.; b oc LEE) or 8 =
constant. The intrinsic relation between size of the ionization cone and AGN luminosity was
either h = hg - L%% orh=hg- L%i’;3 with hg = 25pc at Lyv,o = 100 ergs—!. For type-2 AGNS,
the fit was only applied to Loy < 102 ergs™! for comparison with observations. Note that
for calculation of the intersection, we used the original m and & values and not the rounded
ones given in this Table. The error bars for m and k of the theoretical fits are < £0.01 and

< 40.5, respectively, the correlation coefficient is >95.

One has to keep in mind that the observational scatter is rather large and more
data are needed, especially at high luminosities: Our model predicts that the curve of
the size-luminosity relation for type-2 AGNs approaches the steeper slope followed by
type-1 AGNs, but no observations of the NLR size of high-luminosity type-2 AGNs
(i.e. type—2 quasars) exist to probe this effect.

While we assumed an intrinsic relation of the size of the ionization cone and the UV
luminosity with a slope of 0.5, the predicted slopes for both AGN types flatten when
taking into account projection of sizes and a receding torus.

Using a relation expected for gas distributed in a Stromgren sphere as alternative
assumption (h oc LY3?), the resulting slopes are significantly flatter for both type-1 and
type—2 AGNs (Table 3.2) and do not get as close to the observed ones. Moreover, the
predicted intersection occurs at too high [O111] luminosities.

Thus, our model confirms an intrinsic scaling with a constant ionization parameter
as suggested by Bennert et al. (2002), expected if, on average, all AGNs have the same
ionization parameter, density, and ionizing spectral energy distribution.

3.3 Receding—Torus Model and Modifications

It seems that using the simple model on the basis of the unified scheme and the receding—
torus concept can indeed explain the different observed slopes of the NLR size-luminosity
relation for type—1 and type-2 AGNs.
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Figure 3.4: Theoretical NLR size-luminosity relations on the basis of the unified scheme. The
open symbols are type—1 AGNs;, the filled ones type—2. An intrinsic relation of h = hOL%{’,
was assumed with hg = 25pc at Lyyvo = 1040 ergs~!. For all fits, the averaged NLR radii
were used (Eqs. 3.9-3.14). Note that the scatter of projected NLR radii for different viewing
angles is larger for type-1 AGNs and that the average radii are closer to those of ¢+ = 8 than
¢ = 0° (smallest projected NLR radii for a given luminosity), due to the weighting by sin ¢.

Upper panel: Receding—torus model (b = constant, Ar o L%{’,): The solid line represents the fit

to type-1 AGNs, resulting in a relation Ruyaj (NLR) o L?&‘%O'Ol. The dashed line corresponds

to the fit to type-2 AGNs Rypaj (NLR) o L[O(')?ﬁﬁo'm, including only data points in the low lumi-
nosity regime (log Liomy < 42) for comparison with observations. The grey lines correspond to
the fits to the HST data from Chapter 2 (30 limit) with a slope of 0.44+0.04 for type-1 AGNs
and 0.2940.06 for Seyfert—2 galaxies.

Lower left panel: Modified receding—torus model (b o< LY25, Ar oc LY?): The solid line rep-
resents the fit to type-1 AGNs, resulting in a relation Ryraj (NLR) o L?Sﬁﬁo'm. The dashed

line corresponds to the fit to type-2 AGNs, Ryaj (NLR) o L?C';ﬁﬁo'm. Lower right panel: 0 =

constant = 25°: Both type-1 and type—2 AGNs follow the same (assumed) slope of 0.5£0.01.
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While there are several studies supporting the receding—torus model [e.g. Hill et al.
(1996); Simpson (1998); Simpson et al. (1999); Willott et al. (2000); Grimes et al. (2004)],
it is not generally accepted. Especially, it is not clear if it holds for all luminosities.

While assumption (iii), i.e. that the inner radius increases with the square root of
luminosity, is physically motivated by the dust sublimation radius and supported by ob-
servations [see e.g. Netzer & Laor (1993), Oknyanskij & Horne (2001), and our discussion
in Chapter 2|, the constant torus scale height (assumption ii) is more critical. It is possi-
ble that the torus height b increases with AGN luminosity: For one, the more luminous
AGNs are, the more fueling material is needed which may be provided through the torus.
Second, the star formation rate may grow with AGN luminosity and supernovae will blow
up the torus (Haas et al., 2004).

If both the torus height (b) and the inner radius (Ar) increase with luminosity, the
opening angle may stay constant with luminosity.

Haas et al. (2004) argue that in case of an increasing opening angle, the covering
angle of the dust decreases, resulting in a decreasing IR luminosity with AGN luminosity.
For the high luminous sources in their sample, such a trend is not observed, speaking
against the simple version of the receding—torus model. Also Cao (2005) suggests that the
torus height b increases with AGN luminosity when comparing infrared and bolometric
luminosities of PG quasars (b oc L3709 Using AGNs from the Sloan Digital Sky
Survey, Simpson et al. (2005) find that the fraction of type-1 AGNs increases with [O 111]
luminosity, in general agreement with the receding—torus model but with a shallower
slope than predicted for a constant scale height. He proposes a modification in which
the height of the torus increases slowly with AGN luminosity (b o< L%3). From the
luminosity—dependent variations of QSO fractions, Arshakian (2005) estimates a range
of b oc LY 2.

0.25

Here, we use the modification b oc L7 to calculate the theoretical NLR size-
luminosity relation for the modified receding—torus model (Fig. 3.4, lower left panel).
We use similar equations as above (Eqgs. 3.15-3.19) which lead to

-1
LUV . ) 0.25 ( 1 )

1+ . . -1 . 3.23

<LUV,0 cos 3y ( )

While the resulting NLR size-luminosity relation for type-1 AGNs has with 0.47 a
slope close to the assumed relation h o< L3, a fit to all type-2 data points gives a
slope of 0.42 (Table 3.2). These fits do not correspond to the observed ones as closely
as those derived using the “normal” receding—torus model with b = constant. Moreover,
the intersection of both fits at log R ~ 3.9 and log Loy ~ 43.5 occurs at too high values
compared to the observed one.

cos B =

As previously for the “normal” receding—torus model, we here again start with a
different assumption than (i), using h o< L¥%3? instead: Both slopes flatten while the
intersection takes place at log R ~ 3.5, log Loy ~ 44.4, i.e. again at too high luminosities
and radii compared to the observed intersection (Table 3.2).

It seems that the modified receding—torus model is not able to reproduce the observed
relations as closely as the “normal” one with h oc LY.
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3.4 Alternatives

Due to the controversy on the validity of the receding—torus model, we looked for alter-
natives explaining different slopes of the NLR size-luminosity relation for type-1 and
type—2 AGNs based on the unified model.

In Figure 3.4 (lower right panel), we show the predicted size-luminosity relation
without assuming the receding—torus model, i.e. with # = constant (25°). The relations
for type-1 and type-2 AGNs are parallel following both the (assumed) slope of 0.5,
with Rnpri < Rnpr2- (Likewise, parallel slopes of 0.33 can be achieved when assuming
h o< L%3 instead of h oc LY¥3; Table 3.2.) It implies that projection effects of the
measured NLR size alone cannot explain different slopes of the NLR size-luminosity
relation. When excluding the dependency of 3 on luminosity, another assumption is
needed to derive different slopes.

One possibility is that the observed [O 111] luminosity does not depend only on Lyy
and the half-opening angle (3, but also on viewing angle and thus, varies for both types:
We may not measure the same [O111] luminosities for type-1 and type—2 AGNs even
if they are intrinsically the same (the contrary to what is assumed under v). Such a
behavior can be introduced by the obscuring effect of the dust torus. The amount of
obscuration depends on several factors such as the viewing angle, the torus dimensions
as well as the NLR gas distribution.

However, in the framework of the unified scheme, the torus cannot obscure more than
half of the intrinsic [O111] luminosity for type—1 objects (the counter cone). For type—2
objects, the obscurational effect is probably even smaller as in the central (obscured) part,
the density is too high for [O 111] emission. The comparison of the observations presented
in Chapter 2 gives similar estimations, i.e. that the [O111] luminosities of type-1 and
type—2 AGNs differ at most by a factor of 2. If the torus obscures a fraction of the NLR,
it may also result in a decrease of the measured NLR size by up to a factor of 2. However,
a difference of up to 2 does not have a great influence on the size-luminosity relation
which extends over four orders of magnitudes in luminosity and two orders of magnitudes
in size. Moreover, including a factor alone between the observed [O 111] luminosity or the
measured NLR radii for type-1 and type-2 objects results only in a parallel shift and
not in different observed slopes of the NLR size-luminosity relation.

Thus, the different observed slopes for type—1 and type—2 AGNs support the receding—
torus concept which may at least be valid for low—luminosity AGNs.

However, some issues were not taken into account but may alter the observed slopes:
a possible disky NLR gas distribution as well as the effects of a decreasing NLR gas
density. For the moment, the model assumes a spherical distribution of NLR gas which
is ionized in a cone-like structure, but the NLR gas can also be distributed in a disk [see
e.g. Mulchaey et al. (1996b)]. In that case, the calculations get more difficult and have
to take into account the intersection of the ionization cone and the disk. We assumed
that the NLR is ionization bounded, i.e. that the size is limited by the ionizing photon
flux from the AGN. In case of a disky distribution, it is likely that the NLR is instead
matter bounded and that many photons escape, depending on the orientation of the disk
towards the ionizing field. For statistical reasons, disk and ionization—cone axis will be
aligned only in few cases. Moreover, it is possible that the obscuring torus and the disk
are aligned, for reasons of e.g. angular momentum conservation or the feeding of the
torus via gas and dust from the disk.
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Schmitt (1998) propose that the NLR sizes in Seyfert—1 galaxies are (intrinsically)
smaller than those of type 2s: If the torus axis of Seyfert—1 galaxies is more likely to be
aligned with the galaxy plane, but has random orientations in Seyfert-2 galaxies, there
is a smaller number of ionization-bounded clouds in Seyfert-1 galaxies.

To estimate the effects of both a disky NLR distribution and a decreasing gas density
on the NLR size-luminosity relation, numerical simulations are needed. In close cooper-
ation with Dr. Bruno Jungwiert, such simulations have already been started and will be
presented in detail elsewhere. These simulations will also enable us to study the effect of
the obscuring torus on the observed [O 111] emission for different viewing angles and gas
distributions.

3.5 Conclusions

We present a model based on the unified scheme and the receding—torus concept, taking
into account the NLR size dependency on viewing angle and luminosity. Starting with
the assumption that the radius of the ionization cone increases with the square root of the
UV luminosity, the model predicts a slope of 0.44 for the NLR size-luminosity relation for
type—1 AGNs. For type-2 AGNs, it yields a slope of 0.37. Both slopes are approximately
in agreement with the observed ones, taking into account the observational scatter.

Independent of the exact values of the slopes, the model predicts different slopes
for type—1 and type—2 AGNs with a flatter slope for type-2 objects, implying that the
observations are qualitatively compatible with the receding—torus model which may be
valid at least for low—luminosity AGNs. The scaling of the intrinsic size of the ionization
cone with the square root of the UV luminosity is expected if, on average, all AGNs
have the same ionization parameter, density, and ionizing spectral energy distribution.
Our model shows that the observed slopes cannot be explained by gas distributed in a
Stromgren sphere. It seems that under reasonable assumptions, we are able to explain
the observed slopes of the NLR size-luminosity relation which extends over four orders
of magnitudes in luminosity and two orders of magnitude in size.

In the observed luminosity range, linear fits to the calculated projected NLR radii and
[O 111] luminosities introduce an apparent intersection between the two slopes for type—1
and type—2 AGNs while the “real” curve for type 2s predicted by the model approaches
that of type 1s at high luminosities. Unfortunately, no NLR measurements are available
for high—luminosity type-2 AGNs.

Observations of the recently discovered type—2 quasars will provide a crucial probe
of the model. Indeed, we planned and applied for the first 3D spectroscopy of type—
2 quasars, using the new 3D spectroscopic techniques with the VLT/VIMOS?. Time
has been granted and the observations will be carried out in March 2006*. Apart from
measuring the NLR size and luminosity to add data points to the relation in the high—
luminosity regime, we are able to probe whether a bi—cone with a large opening angle, as
predicted from the receding-torus model, indeed exists in these high-luminosity type—2
AGNs.

3 VIsible MultiObject Spectrograph
4 PI: Marcus Albrecht, 076.B-0770, 12 h service mode (A priority)



Chapter

Spatially-Resolved NLR Diagnostics

In this Chapter, we describe the results of high-sensitivity spatially-resolved spec-
troscopy of 12 Seyfert galaxies obtained at the VLT! and the NTT2. We probe the
AGN-photoionization of the NLR and thus, its “real” size. We derive physical proper-
ties of the NLR such as reddening, ionization parameter, electron density, and velocity
and discuss their variations with distance from the nucleus.

4.1 Introduction

While [O 111] narrow—band imaging is commonly used to study the NLRs of active galax-
ies, this emission can be contaminated by contributions from starbursts, shock—ionized
gas or tidal tails, resulting in an apparent increase of the NLR. AGNs are known to often
have circumnuclear starbursts; whether they occur as decoupled or competitive phenom-
ena also dependent on gas fueling or play a key role in AGN physics is still a matter
of debate [e.g. Terlevich et al. (1992); Hernquist & Mihos (1995); Cid Fernandes et al.
(2001)]. In addition, AGNs, especially high-luminosity sources, i.e. quasars, are some-
times related to interacting systems [e.g. Heckman et al. (1984); Canalizo & Stockton
(2001)], and we may see tidal tails and bridges ionized by the central source, resulting
in an apparent increase of the NLR size. Finally, shocks from jets may also play a role
in ionization of interstellar gas.

These considerations and the fact that different sensitivities lead to different size
measurements found in Chapter 2 immediately question the definition of the “NLR size”.
It shows that narrow—band imaging alone may not be a conclusive method to find the
real edge of the NLR. Long—slit spectroscopy is a valuable alternative approach as it can
directly probe the size in terms of AGN photoionization and discriminate the stellar or
shock—ionized contribution. In addition, several physical parameters of the NLR such as
reddening, ionization parameter, electron density, and velocity can be directly accessed
and analyzed as a function of distance from the nucleus.

We applied for observing time at the VLT and the NTT: One night, respectively four
nights, in visitor mode were granted and carried out in February and September 20043,
We obtained high—sensitivity long-slit spectra of 12 Seyfert galaxies.

I Very Large Telescope, ESO, Cerro Paranal, Chile
2 New Technology Telescope, ESO, La Silla, Chile
3 PI: Nicola Bennert, 072.B-0144, 073.B-0013
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Here, we describe the observations (Section 4.2), reduction, and analysis (Section 4.3),
discuss the results (Section 4.4), and end with a concluding summary (Section 4.5).

4.2 QObservations

The spectra were taken in the wavelength range ~A3700-7000 A to cover the emis-
sion lines suited for specific diagnoses: Ha and HF (normalizer, reddening in-
dicator, counter of ionizing photons); [O11] A3727 A/[O111] A5007 A (ionization pa-
rameter); [O111] AA4363,5007 A (temperature sensitive); [O1] \6363 A, [N11] A6583 A,
[STI] AN6716,6731 A (AGN classifier); [S11] A6716 A /[S11] \6731 A (density).

The wavelength of the most important emission lines visible in the spectra as well as
the abbreviations used throughout this thesis are given in Appendix C (Table C.1).

4.2.1 VLT/FORS1

The high signal-to-—noise ratio (S/N) long—slit spectra of four Seyfert galaxies (3 Sy2s, 1
Sy1.2) described here were obtained using FORS1* attached to the Cassegrain focus of
UT1 at the VLT on the 25th of February 2004. The FORS1 detector is a 2048 x 2048
pixels Tektronix CCD® with a pixel size of 24 ym x 24 um. Single readout mode (A), 1
x 1 binning and high ADUS® level settings were used. The spatial resolution element is 0
.2 pix~—!. Observations were made in the spectral range 3050-8300 A through the nucleus
of each galaxy with exposure times of 1800s (to study the emission lines far from the
nucleus) and 30s (to gain the central emission lines which may be saturated in the 1800s
exposure) with a typical seeing of ~1-2".

The slit width was chosen according to the seeing corresponding to 077-1"”3 on the
sky. These slit widths project to a spectral resolution of ~8-14 A (~450-770 kms™')
as is confirmed by the full-width-at-half-maximum (FWHM) of wavelength calibration
lines as well as of the [O1] A5577 A night-sky line. The long slit used corresponds to 6’
.8 on the sky. The slit was orientated along the position angle (p.a.) of the maximum
extent of the high excitation gas observed in narrow—band images centered on [O 111] from
Schmitt et al. (2003a) in the cases of NGC 1386, NGC 3281, and MCG -6-30-15. For
NGC 5643, the p.a. from the HST [O111] image of Simpson et al. (1997) was planned to
be used. However, by mistake, the observed p.a. differ by 24° to the p.a. of the major
[O 111] extension (66° instead of 90°). Fortunately, Christian Leipski observed this galaxy
at a p.a. of 90° in a different observing run at the NTT and provided us with these data
(see next Section for details). We nevertheless used the high S/N VLT data to derive the
stellar template of the galaxy itself and apply it to the NTT data. The HST [O 111] images
with the slit position overlayed are shown in Figure 4.1. As UT1 (FORS1) is equipped
with an atmospheric dispersion corrector (ADC), there was no need to consider the effects
of atmospheric diffraction. The average projected linear scale is 140 pc/”, ranging from
52pc/” (NGC1386) to 236 pc/” (NGC3281). Relevant information on the sample and
the observations is presented in Tables 4.1 and 4.2.

4 FOcal Reducer/low dispersion Spectrograph
5 Charge Coupled Devise
6 Analog-Digital-Unit



Table 4.1: Properties of the VLT sample

NGC 1386 NGC 3281 NGC 5643 MCG -6-30-15
Alternative Name ESO 385-G035 ESO375-G055 ESO272-G016 ESO 383-G035
a (J2000) 03136™4652 102315251 14232m4038 13235m5358
o (J2000) —35°59'57" —-34°51'13" —44°10'29” —34°17'44"
Inclination (°)* 7 66 31 57
Major Axis (°)° 25 140 128 116
Vie (kms™) 868+5 3200+22 119945 2323+15
Vax (kms™1)e 774 3523 1400 2595
Distance (Mpc)? 11 50 20 37
Linear Scale (pc/”)¢ 52 236 95 175
Morphology SB(s)0+ SAB(rs+)a SAB(rs)c E-S0
AGN Type Sy2 Sy?2 Sy2 Sy1.2
E(B —V)g (mag)f 0.012 0.096 0.169 0.062
Mp (mag) 12.09 12.7 10.74 13.7

Note. — If not stated otherwise, the properties were taken from the NASA /TPAC Extragalactic Database (NED).

@ Inclination angle from face-on (RC3)

b Position angle of host galaxy major axis (RC3); for NGC 5643, it was taken from Morris et al. (1985) as it is not given in RC3.
¢ Velocity relative to the 3K background using the NED velocity calculator

4 Distance D in Mpc, using vsk and the world model from Appendix A

¢ Linear scale d using distance D and d = 4.848 - 1075 - D

f Foreground Milkyway reddening (NED) used for correction

suonlensssqQ 'y

Ly
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Figure 4.1: HST [O 1] images of NGC 1386 (Sy2), NGC 3281 (Sy2), and MCG —6-30-15 (Sy1.2)
from Schmitt et al. (2003a). Only NGC 1386 was imaged with the PC chip and its higher
resolution of ~0”05 pix~!, the other objects were imaged with the WF chip (~0”1 pix~!). The
contours start at the 30 level above the background (Schmitt et al. (2003a), their Table 2) and
increase in powers of 2 times 30 (30 x 2™). The position of the long slit is shown as dashed
line. The HST [O 111] image of NGC 5643 (Sy2, lower right panel) was taken from Simpson et al.
(1997) and has the dimensions 30” x 15”. The inset shows the central 1” x 1”. The direction
of the long slit used in our VLT observations is presented by the long—dashed black line while
the p.a. of the long slit used in the NTT observations by Christian Leipski is indicated by the
dashed—dotted black line. North is up, east to the left.
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Table 4.2: VLT observations
NGC138 NGC3281 NGCH643 MCG-6-30-15

Date (beg.) 25-Feb-04  25-Feb-04  25-Feb-04 25-Feb-04
Exposure Time (s)* 1800 1800 1800 1800
Seeing ~1” ~1'5 ~2" ~15
Slit Width 0’7 0’7 1”3 1"
FWHM;,q, (kms™t) 460 460 770 290
PA (°) 5 31 66 115
Hel. Corr. (kms™!)e 29 4 +11 +12
Average (pixel)? 5 7 9 7
Scale® 1" x 07 14 x 07 18 x 13 174 x 17

Note. —

¢ Total integration time

b Position angle of the slit

¢ This heliocentric correction was added to the measured radial velocities.
4 Number of pixel rows which were averaged

¢ Formal spatial resolution of final extracted spectral rows

4.2.2 NTT/EMMI

High S/N long—slit spectra of another eight Seyfert galaxies (3 Sy2s, 2 Syl.5s, 3 Syls)
were obtained using EMMI7 attached to the Nasmyth B focus of the NTT on 4 subsequent
nights from the 14th to the 18th of September 2004. Medium dispersion spectroscopy was
performed in the observing modes REMD® and BLMD? in the red and blue wavelength
range, respectively. In the red, two CCD chips are read in a mosaic of four output modes
via four separate amplifiers. For spectroscopic modes, only amplifier B is used (MIT/LL
CCD). The image size is 2048 x 4096 pixels with pixel sizes of 15 ym x 15 pym. The
BLMD detector is a 1024 x 1024 pixels Tektronix CCD with a pixel size of 24 ym x 24
pm. Single binning was used in the blue and double binning in the red, respectively, both
in slow CCD readout mode for the lowest readout noise. The spatial resolution element is
0”37 pix~! in the blue and 0”33 pix—! in the red. Observations were made in the spectral
range 36505350 A (blue) and 4540-7060 A (red) through the nucleus of each galaxy. All
four nights were photometric with a typical seeing of ~0.5-1”. Thus, for all objects a
slit width of 1”7 was chosen. It projects to a spectral resolution of ~4 A (~250kms™!
at [O111]) as is confirmed by the FWHM of wavelength calibration lines as well as of
the [O1] A5577 A night-sky line. The long slit used corresponds to 55 on the sky. The
slit was orientated along the p.a. of the maximum extent of the [O111] emission taken
from Mulchaey et al. (1996a) for NGC 526a and ESO 362-G008, and from Schmitt et al.
(2003a) for the remaining six objects. In Figures 4.2 and 4.3, we show the corresponding
[O 111 images and the long—slit position overlayed as dashed line. The average scale is
335 pc/”, ranging from 220 pc/” (IC 5063) to 504 pc/” (NGC 7212). Relevant information
on the sample and observations is summarized in Tables 4.3, 4.4, and 4.5.

7 ESO Multi-Mode Instrument
8 REd Medium Dispersion spectroscopy
9 BLue Medium Dispersion spectroscopy
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For Mrk 915, the spectra taken in the blue wavelength range were corrupted due to
instrumental problems.

NGC 5643 was observed with EMMI at the NTT in REMD mode (spatial resolution
~0"33 pix~!) on April 215 2004 by Christian Leipski. The seeing was ~1” and the
slit corresponds to 0”7. NGC5643 was observed at a low airmass (< 1.1) with a total
integration time of 3600s in both the blue (4650-5450 A) and the red wavelength range
(6500-7250 A). While the spectral resolution is high (~1.5 A ~ 90kms~! at [O111]), the
spectral range does not cover the [O11] and the [O1] lines. Therefore, we can neither
derive the ionization parameter from the ratio [O1]/[O111] nor the second diagnostic
diagrams which involves the [O1] line.

At the NTT, no ADC is available. As we aimed to observe along the major extension
of the [OIII] emission, we could not observe along the parallactic angle. Thus, several
precautions were taken: (i) The galaxies were centered using the red slit camera in the
red wavelength range, and on the contrary, a blue filter was used to center the objects
for observations in the blue wavelength range. (ii) All objects were observed at airmasses
higher than 1.3 in which case the atmospheric differential refraction is smaller than the
slit width in both the blue and red wavelength range (Filippenko, 1982).

4.3 Reduction and Analysis

4.3.1 Standard Reduction

Standard reduction including bias subtraction, flat—field correction, and cosmic ray re-
jection was performed using the ESO MIDAS!® software (version Nov. 99). Night-sky
spectra “above” and “below” any notable galaxy emission were interpolated in the re-
gion of the galactic spectrum and subtracted in each case. Wavelength calibration was
achieved by rebinning the spectra to a scale of 2.65 A pix~! during wavelength calibra-
tion for the VLT spectra. For the NTT data, a scale of 1.84 A pix~! for the blue and
1.58 A pix~! for the red wavelength range was obtained. For NGC 5643, the spectra taken
by Christian Leipski have a higher resolution, corresponding to a scale of 0.4 A pix~*. The
curve of Tiig (1997) was used to correct for atmospheric extinction. The spectra were flux
calibrated using the standard star CD-32°9927 in case of the VLT data and LTT 7379 for
the NTT data (with the exception of NGC 5643 for which LTT 3684 was used as standard
star). At the NTT, we observed several standard stars during the night to independently
probe the quality of the flux calibration. We applied the instrumental response function
derived from LTT 7379 to the observed spectra of the other standard stars and compared
the resulting flux calibrated standard star spectra with literature values: In all nights, a
very good agreement was found. Foreground Milky Way reddening was corrected using
values from Schlegel et al. (1998), as listed in NED, and the extinction law from Savage
et al. (1979). Forbidden-line wavelengths were taken from Bowen (1960). Heliocentric
corrections as given in Tables 4.2 and 4.5 were added to the observed velocities.

10 Munich Image Data Analysis System, trade—mark of the ESO



Table 4.3: Properties of the NTT sample (Seyfert—1 galaxies)

Fairall 51 NGC 6860 Mrk 915 NGCbH26a MCG -05-13-017
Alternative Name ESO 140-G043 ESO 143-G009 MCG-02-57-023 MCG-06-04-019  ESO 362-G018
a (J2000) 18844m5450 20808™46°9 22136™4655 01h23m5454 05819™m3558
d (J2000) —62°21'53" ~61°06'01" ~12°32'43" -35°03'56" -32°39'28"
Inclination (°)* 64 61 80 55 54
Major Axis (°)° 162 34 166 112 160
Vil (kms™) 4255410 14462424 722842 5725439 3790430
Va (kms™1)¢ 4228 4377 6863 5446 3620
Distance (Mpc)? 60 62 98 78 52
Linear Scale (pc/”)¢ 283 293 454 362 243
Morphology (R’2)SB(rs)b ~ (R’)SB(r)ab Sb SOpec? S0/a
AGN Type Syl Syl Syl Sy1.5 Syl.5
E(B - V)¢ (mag) 0.108 0.041 0.063 0.028 0.017
Mp (mag) 14.7 13.68 14.82 14.5 12.5

Note. — If not stated otherwise, the properties were taken from NED. For three Seyfert—1 galaxies, we derive a different AGN classification from
our spectra than the one given in NED: We classify both NGC 6860 and Mrk 915 as Sy1.5 instead of Syl [in agreement with Cid Fernandes et
al. (1998); Lipari et al. (1993)], and MCG —05-13-017 as Sy1.9 instead of Syl.5 [in agreement with Winkler (1992); see also Section 4.4.13].

@ Inclination angle from face-on (RC3)

b Position angle of host galaxy major axis (RC3)

¢ Velocity relative to the 3K background using the NED velocity calculator

4 Distance D in Mpc, using vsk and the world model from Appendix A

¢ Linear scale d using distance D and d = 4.848 - 1075 - D

f Foreground Milkyway reddening (NED) used for correction
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Table 4.4: Properties of the NTT sample (Seyfert—2 galaxies)

ESO 362-G008

05"11™0951
~34°23'36"
70
167
A785+24
4809
67
321
Sa
Sy2
0.032
13.6

IC 5063 NGC 7212
Alternative Name ESO 187-G023 MCG +02-56-011 MCG -06-12-009
a (J2000) 201520253 228070153
5 (J2000) —57°04'08" +10°13'52"
Inclination (°)® 51 66
Major Axis (°)° 116 42
Vi (kms™) 3402-£6 798421
Vo (kms—1)e 3276 7638
Distance (Mpc)® 47 110
Linear Scale (pc/”)¢ 220 504
Morphology SA(s)0+: Sab
AGN Type Sy2 Sy2
E(B —V)g (mag)! 0.061 0.072
Mp (mag) 12.89 14.8

Note. — If not stated otherwise, the properties were taken from NED.

@ Inclination angle from face-on (RC3)

b Position angle of host galaxy major axis (RC3)

¢ Velocity relative to the 3K background using the NED velocity calculator
4 Distance D in Mpc, using vskx and the world model from Appendix A

¢ Linear scale d using distance D and d = 4.848 - 1075 - D

f Foreground Milkyway reddening (NED) used for correction

4
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Note. —

Table 4.5: NT'T observations

Fairall 51 NGC 6860 Mrk 915 NGCb526a MCG-05-13-017
Date (beg.) 14/15-Sep-04 15/16-Sep-04 ~ 14/15-Sep-04  16-Sep-04 17-Sep-04
Exposure Time Blue (s)* 3000 6000 - 3000 3600
Exposure Time Red (s)“ 3600 3600 3000 2400 3000
Seeing <1 <1 <17 <17 <1
Slit Width 1" 1" 1" 1” 1"
FWHMpg, (kms™") 250 250 250 250 250
PA (°) 160 85 5 123 140
Hel. Corr. (kms™!)e -2 0 4 +17 +29
Average (pixel)? 3 3 3 3 3
Scale® 11 x 1”7 11 x 1”7 11 x 17 11 x 17 11 x 1”7

IC 5063 NGC 7212 ESO362-G008 NGC5643
Date (beg.) 15/16-Sep-04  17-Sep-04  14/15/16-Sep-04  21-Apr-04
Exposure Time Blue (s)® 6000 2732 5400 3600
Exposure Time Red (s)® 3600 1800 5400 3600
Seeing <1 <17 <1” 1”7
Slit Width 1” 1” 1”7 0’7
FWHM;pgr (kms™) 250 250 250 90
PA (deg)® 115 170 163 90
Hel. Corr. (kms™!)° 0 -12 +29 -9
Average (pixel)? 3 3 3 3
Scale® 171 x 1”7 171 x 1”7 171 x 17 171 x 17

¢ Total integration time

b Position angle of the slit
¢ This heliocentric correction was added to the measured radial velocities.
4 Number of pixel rows which were averaged

¢ Formal spatial resolution of final extracted spectral rows
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Figure 4.2: HST [Om] images of Fairall 51 (Syl), NGC 6860 (Syl), and Mrk915 (Syl) taken
from Schmitt et al. (2003a), imaged with the WF chip (~0”1 pix~!). The contours start at the
3o level above the background (Schmitt et al. (2003a), their Table 2) and increase in powers
of 2 times 30 (30 x 2"). The groundbased [O 111] image of NGC 526a (Syl.5) was taken from
Mulchaey et al. (1996a). The position of the long slit is shown as dashed line. North is up, east
to the left.
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Figure 4.3: HST [O111] images of MCG -05-13-017 (Sy1.5), IC5063 (Sy2), and NGC 7212 (Sy2)
taken from Schmitt et al. (2003a), imaged with the WF chip (~0”1 pix~!). The contours start
at the 30 level above the background (Schmitt et al. (2003a), their Table 2) and increase in
powers of 2 times 30 (30 x 2"). The groundbased [O111] image of ESO 362-G008 (Sy2) was
taken from Mulchaey et al. (1996a). The position of the long slit is shown as dashed line. North
is up, east to the left.
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4.3.2 Extraction

Single rows were extracted from the frames cleaned in this way. In the case of the FORS1
spectra, each pixel row corresponds to 0”2 and 1-2” along and perpendicular to the slit
direction, respectively. In the case of the EMMI spectra, the spectra taken with the red
chip and its slightly higher spatial resolution (0”33 pix~! compared to 0”37 pix~! in the
blue) were rebinned to the resolution of the blue chip. Thus, each pixel row corresponds to
0”37 and 1” along and perpendicular to the slit direction, respectively. Along the “spatial
axis” of the CCD, we identified the “photometrical center” (that we choose as “zero” on
the spatial scale) with that spectral row of the CCD where continuum and intensities of
Ha and [O111] are at maximum (“central row”). (Note that this optical nucleus needs not
necessarily coincide with the position of the AGN, which may be hidden by dust.) In the
case of the FORS1 spectra, three to nine pixel rows were averaged according to the seeing
to enhance the S/N without losing any spatial information (see Table 4.2 for a detailed
information on each galaxy). We averaged 3 pixel rows of all NTT spectra, corresponding
to 1”1. Thus, line intensities and ratios refer to windows of 1-2 square arcsec size. On
average, [O111] emission at a S/N > 3 out to r ~ 13" distance from the nucleus were
measured, ranging from a spatial coverage of 4” (ESO 362-G008) to 20" (IC5063), plus
extended H I regions in some galaxies [e.g. in NGC 5643 out to 75” (~7125pc) from the
center]. Line ratios at a S/N > 3 were measured out to an average distance of r ~ 8”.

The angular distances were transformed to linear distances at the galaxies (Ta-
bles 4.1, 4.3, and 4.4). As the linear distances are projected distances and strongly
depend on the (uncertain) distance to the galaxy as well as the adopted Hubble con-
stant, we instead use in our figures the angular scale on the x—axis and give as bar a
measure of the corresponding linear scale.

The observations of each galaxy with EMMI at the NTT were split over several nights
and divided into two spectral ranges, covering the red and blue range, respectively. The
same long—slit p.a. was used and we centered in each case on the bright nucleus. To
probe that all spectra taken in subsequent nights cover the same galactic region in an
object, we compared the positions of stellar spectra visible in our images. We chose only
those 3D spectra that show the same stars at the same distance to the brightest row
in continuum, identified as the center of the galactic emission: Observing at the same
p.a. and finding the same stars at a certain distance to the center of the galaxy indicates
that we cover the same region within each galaxy. The blue and red spectra as well as
the spectra of different nights were matched on the photometrical center.

4.3.3 Stellar Population of Galactic Nuclei

Starlight constitutes a substantial fraction of light gathered in the optical spectra of
AGNs, particularly in low—luminosity objects such as LINERs and Seyfert galaxies. The
emission—line fluxes are affected by underlying absorption lines which can be large espe-
cially in the case of HF. As a consequence, starlight can have a great influence on the
determination of the reddening value Ha/Hf, the reddening correction, and the AGN
diagnostic line ratio HF/[O 111]. Thus, removing the contribution of the stellar population
is one of the first and most critical steps in the analysis of AGN emission-line spectra.
The most widely used technique for starlight subtraction makes use of an appro-
priately chosen spectrum of a normal galaxy as a template for the stellar component.
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However, the stellar populations in the inner regions of AGNs present a variety of char-
acteristics (Cid Fernandes et al., 1998), giving rise to the need of a library with a large
diversity of stellar populations.

Alternatively, the shape and strength of the starlight component can be estimated
by means of stellar population synthesis techniques, following the work pioneered by
Bica (1988). The classification refers to the library of synthetic spectra of Bica (1988),
i.e. templates composed of different percentages of star cluster spectra of several ages and
metallicities. An S3 template, for example, contains only the contribution of stars older
than 10 Gyr. In S4, 95% of the light at 5870 A comes from old stars and 5% from young
and intermediate age ones. In S5, the contribution is 85% from old stars and 15% from
young and intermediate age ones, etc. Thus, a low number “Sx” indicates a rather old
stellar population, a high number a young one. This method, however, involves several
assumptions of stellar modeling and does not necessarily yield an unambiguous solution.

The galaxy itself as stellar template

Here, we applied the straightforward approach of using the galaxy itself as starlight
template which should give the best representation of the stellar population.

However, this method has some caveats: First, one implicitly assumes that the stellar
population does not vary much in the inner few arseconds, i.e. the bulge. This assumption
can be probed: The close match of the stellar template and the absorption lines in all
studied rows in most of our spectra justifies this assumption. Second, one needs high
sensitivity data to gain spectra of the host galaxy far away from the NLR emission which
is possible in our case. Third, the contribution of the AGN featureless continuum must
be negligible to not overestimate the underlying absorption lines by scaling the template
to the continuum of the NLR spectra. The latter assumption seems to be justified at least
for type—2 AGNs: For most of the 20 Seyfert 2s in their sample, including e.g. NGC 1386,
Cid Fernandes et al. (1998) find little or no dilution of the stellar lines by an underlying
featureless continuum.

The available high—sensitivity spectra allow us to use several rows with good S/N
ratios in the outer part of the galaxy spectrum as template. These rows were averaged
and median filtered along the spectral axis over three pixels to increase the S/N.

The template was scaled to each row of the NLR spectrum by normalization in the
red (~5400-5700 A), justified by the fact that the slope at A > 5400 A does not change
significantly for different stellar populations (Bica & Alloin, 1986). (Note that we also
chose this range as it does not cover any strong NLR emission lines.) To allow for a
possible reddening difference of the template and each row of the NLR spectra due to
different dust amounts in different galactic regions (or e.g. dust intrinsic to the NLR),
we applied a reddening correction to the template by fitting the continuum slope of the
template to the spectra of the NLR [MIDAS command “extinct/long” with extinction—
law from Savage et al. (1979)]. This procedure was often necessary to avoid a template
continuum exceeding that of the NLR continuum at some wavelength after normalization.

In Figure 4.4, we show an example of a stellar template with and without reddening
correction with respect to the nucleus of NGC 1386.

The reddening correction of the stellar template gives us an independent reddening
measurement from the one using emission—line ratios. However, we cannot calibrate this
“slope reddening” as we do not know the reddening of our stellar template.
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Figure 4.4: Central spectra of NGC 1386 with stellar template overlayed as dotted line. In
the upper spectra which were shifted by an arbitrary amount for comparison, the reddening
of the NLR spectra with respect to the template can be clearly seen. In the lower spectra, a
reddening correction of E(p_y) = 0.12mag was applied to the template to improve the match
of the template and the continuum of the NLR spectrum.

Moreover, the reddening observed for the stellar population needs not necessarily be
connected to the reddening of the NLR as the stars can suffer a different dust extinction.
In Section 4.4.2, we show the reddening distributions derived by both methods and
discuss the differences.

The scaled (de—)reddened template was subtracted from each row of the NLR spec-
trum. Finally, any remaining continuum contribution was fit manually and subtracted
to gain the pure emission-line spectra ready for fitting.

The details of the template subtraction procedure for both type—1 and type—2 objects
are given in Table 4.6. The templates compared to the emission-line spectra are shown
in Figure 4.5.

Seyfert—2 galaxies

For all type—2 objects, this procedure was generally applied (see Table 4.6 and Figure 4.5)
with the exception of NGC 7212 as no stellar absorption lines were seen in the spectra.

To probe the quality of the match between the stellar template and each row of the
observed NLR, we concentrated on stellar absorption lines which were not contaminated
by emission throughout the NLR. Two strong lines suited for this purpose are Ca1r K
and Na1 D. While the residuum of Ca1r K absorption in the resulting spectrum after
subtraction of the stellar template is within the noise levels, Na1 D absorption remains
in some objects (e.g. NGC 1386, NGC 3281, IC5063; Figure 4.9). However, at least part
of the Na1 D absorption line may originate from interstellar absorption.
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The lack of significant other stellar absorption lines after subtraction of the template
confirms our approach and the assumption that the stellar population does not change
much throughout the NLR in the observed objects.

The exception, however, is ESO 362-G008. Here, the stellar population seems to
change very rapidly in the innermost regions and the equivalent widths (EW) of the
underlying stellar absorption lines get significantly larger towards the center. It implies
the existence of a very young stellar population close to the AGN. It was not possible to
derive a template spectrum neither from the outer part of the galaxy which fit the stellar
absorption lines throughout the NLR nor from the inner part due to the “contamination”
by emission lines. Close to the center, the Balmer emission lines start to fill the underlying
absorption trough making it impossible to correct for the stellar absorption. Thus, we
decided to use an outer template as first approach. Our results for this object have to be
taken with some caution. They indicate that in the cases of HZ and Ha, the correction
was not sufficient.

For one object (IC5063), the velocity gradient across the NLR was large compared
to our resolution (~500kms™! compared to FWHMi,s, ~ 250kms~1). Therefore, we
rebinned the chosen stellar template (velocity measured by fitting a Gaussian to the
absorption profile of Ca1r K) to the velocity of each individual row (as measured by
fitting a Gaussian to the [O111] profile). For the other objects, the velocity gradient is
significantly smaller than our spectral resolution and we did not apply such a correction.

Note that for NGC 5643, the high S/N VLT spectra was used to derive a stellar
template. No reddening correction was applied during the fitting of the stellar template
due to the low S/N of the EMMI spectra.

Seyfert—1 galaxies

For the type—1 objects, the procedure is more difficult. The AGN featureless continuum
can be very strong, especially in the central parts were the broad emission lines are
seen. Thus, a stellar template cannot be simply scaled to the continuum value in these
regions as the contribution of the underlying stellar population would be overestimated.
However, the AGN continuum and the broad and narrow emission lines often completely
dominate the spectrum. We did not find signs of strong underlying Balmer absorption
lines. In some cases, faint absorption is visible in Call H&K and in Na1 D. Some of
the Na1 D absorption may be of interstellar origin. We consider the underlying stellar
absorption as negligible compared to the central emission line fluxes. Moreover, it was
difficult to derive a suited template without contaminating emission lines and at a high
S/N.

Only for MCG —6-30-15, we were able to gain a suited template free of contaminating
emission lines. Thus, a correction of underlying stellar absorption lines in the Seyfert—1
galaxies were applied only to MCG —6-30-15. We scaled the template to the continuum
as we do not know the contribution of a featureless continuum. As a consequence, the
reddening measure using the continuum slope variation relative to the stellar template
was, among the Seyfert—1 galaxies, only determined for MCG —6-30-15.

To conclude, the results for the Seyfert—1 galaxies suffer from a larger uncertainty in
the emission—line fluxes of the narrow Balmer lines compared to the Seyfert 2s, due to
both possibly remaining underlying absorption and the contribution of the BLR.
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Figure 4.5: Template subtraction for NGC 1386 (Sy2), NGC 3281 (Sy2), NGC5643 (Sy2),
IC 5063 (Sy2), ESO 362-G008 (Sy2), and MCG —6-15-30 (Syl). The observed spectra (upper),
the template spectra (middle) and the template—subtracted spectra (lower spectrum) are shown.
For comparison, both upper spectra are shifted vertically by an arbitrary amount. Strong
emission lines are truncated in the difference spectrum. The template matches the stellar
absorption lines seen in the NLR spectrum fairly well, with the exception of ESO 362-G008 for
which strong Balmer absorption lines remain.
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Table 4.6: Template subtraction details

Galaxy Distance  Size
NGC 1386 18" (N) 3"
NGC 3281 11" (SW) 15
NGC 5643 26" (SW) 2"
1C5063° 23" (NW) 7"
ESO 362-G008 6" (SE) 1”7

MCG-6-30-15 12" (NW) 2"
Note. — The template distance from the nucleus is given with the direction in brackets as well
as the size (diameter) of the region that was averaged to gain the template. The spectra were
median—filtered over three pixel to increase the S/N.
@ Template taken from VLT spectra (p.a. 66°); no reddening correction applied.
b Velocity correction applied

Influence of stellar template

Although we depeloped the method of using the galaxy itself as stellar template indepen-
dently from literature, it has been applied by several authors [e.g. Weaver et al. (1991);
Reynolds et al. (1997); Fraquelli et al. (2000); Schmid et al. (2001)]. Often, the stellar
template consists not only of stellar absorption lines but also of some emission due to H11
regions: For all objects where we used a template to subtract the stellar absorption lines,
faint emission lines in [O11], [O111], [N11], and [S11] are seen in the template spectrum.

Some authors [e.g. Weaver et al. (1991); Schmid et al. (2001)] clip this emission
to get the stellar absorption lines only. However, this clipping procedure has to be
taken with some caution. First, by clipping the visible emission only, one most probably
artificially changes the ratios between e.g [O111]/Hf or [N11]/Ha as the forbidden lines
are in emission only and easy to be clipped but the corresponding H3 and Ha emission
are missed due to the underlying absorption trough. That means that the H3F and Ha
absorption is underestimated. Second, depending on the distribution of a young stellar
population and its H 1I-region emission, this emission may be a real contribution to the
observed NLR emission lines and thus, it is a good approach to really subtract it. This
is for example the case, if the H1I regions are homogenously distributed and lie in the
line—of-sight in front of the NLR. In general, starbursts occur where the dense gas is
present, i.e. towards the stellar disk, and often form a ring around the center [see e.g
review by Buta & Combes (1996)]. Circumnuclear starbursts are known to occur in AGNs
le.g. Terlevich et al. (1992); Hernquist & Mihos (1995); Cid Fernandes et al. (2001)] and
will thus contribute to the observed NLR emission.

For a quantitative approach, we exemplarily clip the emission lines visible in the
stellar template of NGC 1386 (Section 4.4.12). The difference in the results using such
a template compared to the “normal” one is within the errors. To conclude, we tried
to avoid to use regions with H1I regions as stellar template and used only those rows
as template where the spectra is dominated by absorption lines. Any remaining faint
emission were not clipped but subtracted.
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4.3.4 Fei1r Template

When studying optical spectra of type-1 AGNs, another issue that needs to be taken
into account is the contribution of broad Feill emission. While the Fel1 origin is still
being questioned, it is possible that it arises from the BLR or the accretion disk. (For
type—2 AGNs it is thus not visible as it is absorbed by the torus, in the framework of
the unified model.) The Fell emission consists of several lines, and, depending on the
spectral resolution (which was rather low in our observations), it is smeared out to a
whole underlying band of Fell emission in the H3 to [O 111 regime.

To probe the contribution of Fell to the observed type—1 spectra, we used the Felr
template of Véron—Cetty et al. (2004). It was rebinned to the same resolution and shifted
to the object’s redshift. We used several scaling factors and subtracted the template.
The residual continuum was searched for signs of remaining Fell emission. However,
in all our type—1 objects, the contribution of Fell seems to be negligible and for most
scalings, we artificially induced “Feir absorption lines”, indicating that the scaling was
too high. Thus, no Fell template was finally subtracted as we believe that the Felr
contribution is negligible in our Seyfert—1 galaxies.

4.3.5 Emission—Line Fluxes and Reddening

The fluxes of the pure emission—line spectra were measured as a function of dis-
tance from the nucleus by integrating along a Gaussian fit to the line profile. The
fit routine “fit/spec” (Rousset, 1992) was used for this purpose. For pairs of lines
([0 111] AN4959,5007 A, [O1] AN6363,6300 A, and [N11] AN6548,6583 A) with a fixed line
ratio [~1:3; Osterbrock (1989), his Tables 3.8 and 3.9], this line ratio was used to con-
strain the fit. Due to our low spectral resolution, [FeX]A6375A is blended with the
[O1] A6363 A line. Thus, to estimate the contribution of [Fe X] A6375 A, we fit two Gaus-
sians to [0 1] A6300,6363 A with line fluxes fixed to the ratio of 1:3 and a third one to fit
any remaining flux of [Fex] A6375 A.

The wavelengths of the most important emission lines visible in the spectra are given
in Appendix C (Table C.1). In the following, we simply use the abbrevations without
the corresponding wavelengths as long as it is unambiguous.

In addition to the emission lines, Ca1r KA3933 A and Na1 D are sometimes seen in
absorption and used to fit the stellar velocity curve. However, some of the Na1 D may
also arise from interstellar absorption.

In one case (NGC1386), the strongest emission lines were saturated in the three
central rows (center £1”) in the 1800s exposure. We therefore derived all fluxes in the
center from the 30s nuclear exposure instead.

The derivation of physical parameters from emission—line ratios such as temperature,
reddening, density, and ionization parameter is summarized in Appendix C.

The uncertainties in deriving the fluxes were mostly caused by uncertainties in the
placement of the continuum and were thus estimated as the product of the FWHM
of the line and the root—mean square deviation of the continuum flux in a spectral
region without emission or absorption lines. The error propagation equation was used
to calculate the errors of subsequent parameters (Appendix D, Eq. D.2). The resulting
errors are in the range of ~1-15%. Note that we did not take into account uncertainties
introduced by the stellar absorption correction and the quality of the Gaussian fits which
was very good given the low spectral resolution of our data.
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The spectra were dereddened using the recombination value for the intensity ratio
Ha/HpB = 2.87 (a typical value for AGNs for 7" = 10000 K) and an average reddening
curve [Osterbrock (1989), Table 7.2; see Appendix C for details|. Note that in the
following, only those spectral rows are used which have emission—line fluxes exceeding

the S/N value of 3.

Seyfert—2 galaxies

For most of the type-2 objects in our sample, a simple Gaussian was sufficient to fit
the observed narrow—line profiles. Examples of the Gaussian fits to the blended, and
thus more complicated to fit, Ha+[N11] as well as [S1I] emission lines are presented in
Figure 4.6.

In the cases of NGC 5643 and 1C 5063, the profiles revealed substructure such as blue-
or redshifted subpeaks and shoulders. This is not unusual for AGNs and commonly in-
terpreted as outflow [e.g. Whittle (1985); Veilleux et al. (1990)]. The pronounced sub-
structure was limited to the central arcseconds (22" for NGC 5643 and 9” for IC5063)
and we used three Gaussians (a central one as well as a blueshifted and a redshifted one)
to fit the narrow emission lines with the strengths varying spatially to closely approx-
imate the total line flux (Fig. 4.7). For NGC 5643, we were able to study the profiles
and their spatial variation in greater detail, given the high resolution of these spectra
(Section 4.4.13).

Seyfert—1 galaxies

For type—1 objects, the fitting procedure is more difficult due to the additional broad
lines of the BLR underlying all permitted emission of the NLR. Broad Ha lines are
observed in the central spectra of all our type—1 objects (according to their classification
as Syl, Syl.2 or Syl.5). Broad HF emission is seen in all type 1s with the exception of
NGC 5264, classifying it as Sy1.9 (see also Section 4.4.13).

In three exceptional cases (Fairall 51, NGC 6860, and Mrk 915), we observe broad Ha
emission extending much further (up to r ~ 4-6” ~ 1.2-1.8kpc from the center) than
what can be explained by scattering due to the very good seeing (< 1”). Instrumental
effects can also be excluded. A possible explanation is scattering within the AGN. We
discuss these observations in detail in Section 4.4.10.

A common approach to disentangle the narrow and broad permitted lines is to use the
profile of the forbidden narrow lines such as [O111] as template for the permitted narrow
line, scaled to the appropriate height. A second Gaussian (a broad one) is additionally
used to fit the permitted broad line profile.

During the fitting procedure, we found that the use of two Gaussians, a broad and a
narrow one, was in most cases not suited to fit the broad wings. Thus, for all lines with
underlying broad emission, we additionally added a third Gaussian: We fitted a narrow
Gaussian, one with an intermediate width, and a broad one for an optimal total fit to
the observed emission-line profiles. Three Gaussians have already been used by other
authors to fit the Ha and Hf lines in Seyfert—1 galaxies [e.g. Reynolds et al. (1997)].

One has to keep in mind that emission-line profiles represent line-of-sight integra-
tions of several kinematical components and even for “narrow” lines, considerable profile
structure is measured at sufficient resolution [e.g. Vrtilek & Carleton (1985); Whittle
(1985); Schulz & Henkel (2003)].
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Figure 4.6: Single Gaussians fit to the Ha+[N11] as well as the [S11] emission lines in rep-
resentative NLR spectra of the Seyfert—2 galaxies NGC 1386, NGC 3281, NGC 5643, 1C 5063,
NGC 7212, and ESO 362-G008. The total fit is shown as dashed line and matches the observed
emission lines very closely. Only for IC 5063 and NGC 5643, several components were fit and
the individual components are shown as solid lines.
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Figure 4.7: [O111] profile variation in the Seyfert-2 galaxies NGC 5643 (left panel) and IC 5063
(right panel). The peak fluxes were normalized to 1, for comparison. The individual components
are shown as solid lines, the total resulting fit as dashed line.
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Figure 4.8: Single Gaussians fit to the Ha+[N11] as well as the [S11] emission lines in represen-
tative NLR spectra of the Seyfert—1 galaxies MCG —6-30-15, Fairall 51, NGC 6860, Mrk 915,
NGC526a, and MCG —05-13-017. In addition to a narrow Gaussian comparable to the one fit
to [O111], an intermediate and a broad Gaussian were fit to the Ha emission line. The individ-
ual components are shown as solid lines. The total resulting fit is shown as dashed line and
matches the observed emission lines very closely. The exception is MCG —6-30-15 (upper left
panel), where we cannot separate the Ha from the [N 11] lines. Thus, no fit was applied.
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Gaussian fits or Lorentz fits are commonly used when single component fits fail.
Whittle (1985) already describe the non—-Gaussian nature of observed [O111] line profiles
“which revealed a stronger base relative to the core than Gaussians”. A Lorentz profile
with has broader wings compared to a Gaussian seems to be better suited as has been
shown by Véron—Cetty et al. (2001a) for the broad emission lines in narrow—line Seyfert—
1 galaxies and by Schulz & Henkel (2003) for narrow emission lines in Seyfert—2 galaxies.
Bennert et al. (2004a) suggest the use of d-Lorentzians which allow to fit both permitted
and forbidden lines by adjusting an additional parameter d.

Unfortunately, the “fit/spec” routine does not include other functions than Gaussians
to fit the profiles. However, using single Gaussians to fit the narrow lines and three
Gaussians to fit narrow lines with underlying broad emission yields a very good result,
taking into account the low resolution of our spectra.

The individual components as well as the resulting total fit to the blended emission
lines Ha+[N11] and [S11] are shown in Figure 4.8. In all but one case (MCG—6-30-15),
the permitted profiles show a clear separation between broad underlying emission and a
narrow “peak”. Thus, for most Seyfert—1 galaxies, we were able to distinguish between
the broad and narrow emission using three Gaussians with one resembling the shape of
forbidden narrow lines.

For MCG—6-30-15 (Fig. 4.8, upper left panel), the only type—1 observed with the
lower resolution of VLT /FORSI, the profile fitting to the permitted Balmer lines could
not successfully disentangle the broad and narrow line. Thus, we applied a Gaussian fit to
forbidden lines only (except for the [N 11| lines which are blended by He). In the central
rows, the broad emission of H5 and Ha even affect the adjacent [O111] and [S11] lines. In
that cases, we subtracted the broad underlying wing by extrapolation. As a consequence,
the only emission—line ratio we were able to derive directly is that of the two forbidden
sulfur lines to measure the electron density. The narrow Ha and H3 emission—line fluxes
are needed to plot diagnostic line-ratio diagrams, thus we cannot present these results for
MCG —6-30-15. Moreover, the ionization parameter strongly depends on the reddening
value. As we cannot estimate it from the narrow Ha/Hf ratio, we used as first guess
the reddening slope determined by matching the stellar template to the NLR spectra.
The estimated ionization parameter and its spatial variation has to be taken with some
caution.

4.4 Results and Discussion

We here present the nuclear spectra with emission—line fluxes and temperature (4.4.1),
reddening distributions (4.4.2), diagnostic line-ratio diagrams (4.4.3), surface-brightness
distributions (4.4.5), electron—density distributions (4.4.6), ionization—parameter distri-
butions (4.4.7), and velocity fields (4.4.9) of the six Seyfert—2 and the six Seyfert—1
galaxies. We show results of CLOUDY photoionization modeling and compare them to
the results of the spatially-resolved diagnostics (4.4.4). The consequences of our results
for the NLR size-luminosity relation are discussed (4.4.8). We describe observations of
extended broad Balmer emission lines in several Seyfert—1 galaxies (4.4.10). We compare
the general trends for type-1 and type—2 AGNs (4.4.11) and discuss them on the basis of
the unified scheme. The results of the nearby Seyfert—2 galaxy NGC 1386 are discussed
in detail (4.4.12) before referring to the remaining 11 objects on an object—by—object
basis (4.4.13).
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Figure 4.9: Left panel: Spectra of the type-2 nuclei of NGC 1386, NGC 3281, NGC 5643, and
IC 5063 (from top to bottom) showing all the strong oxygen and Balmer emission lines. Right
panel: Same spectra but with a different flux scale showing faint high—excitation lines.
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4.10: The same as in Figure 4.9 for the type-2 nuclei of NGC 7212, ESO 362-G008, as
well as the type—1 nuclei of MCG —6-30-15 and Fairall 51.
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4.4.1 Nuclear Spectra, Emission—Line Fluxes, and Temperature

In Figures 4.9-4.11, we present the central spectra of all objects with the most important
emission lines indicated.

The strongest lines which can be traced throughout the NLR are [O11] A3727 A, Hp,
(O 111] AN4959,5007 A, [0 1) A6300 A, Har, [N 11] AN6548,6583 A, and [S11] AN6716,6731 A.

In addition, emission lines of Net+ ([Ne111] AA3869,3967 A), higher order Balmer lines,
the [O111) A4363 A line as well as emission lines of both ionized and neutral Helium can
be seen (He11 \4686 A, He1 A5876 A).

In most objects, high-excitation iron lines ([Fe vii] AA5721,6087 A and [Fe x] A6375 A)
are clearly seen in the central NLR spectra (~1-2"). These lines are characteristic of a
subclass of Seyfert 2s called “high—excitation Seyfert—2 galaxies” (Ferland & Osterbrock,
1986). They indicate the existence of a powerful and hard ionization source in the center
(the lower ionization potential of Fe®" is 99.1eV; Appendix C, Table C.2) and are also
referred to as coronal lines.

In Tables 4.7 and 4.8, we give both the observed and reddening-corrected line—
intensities relative to HF (uncorrected for slit losses) from the narrow emission lines
in the nuclear spectra for all Seyfert—2 and Seyfert—1 galaxies in our sample. For pairs
of lines ([O111], [O1], and [N11]) with a fixed line ratio (~1:3), only the brighter line is
listed. Estimated errors of line ratios lie in the range of ~1-15%. (Note that we refer in
the following only to the narrow emission lines if not stated otherwise.)

The line ratios are in general similar in all objects. There are no significant differences
between type—1 and type—2 galaxies with the exception of the emission lines of oxygen and
iron which are on average higher in the Seyfert—1 galaxies: [O111] A4363 A /H3 ~ 0.8240.3
(4 Syls) versus 0.1940.02 (4 Sy2s); [O11] A5007 A/HB ~ 13.4%1.4 (5 Syls) versus
10.340.6 (6 Sy2s); [Fevii] A5721 A/HB ~ 0.1940.05 (5 Syls) versus 0.1440.1 (2 Sy2s);
[Fe vii] A6087 A /HB ~ 0.24+0.07 (5 Syls) versus 0.1440.06 (4 Sy2s); [Fex] \6375 A/H3
~ 0.17£0.07 (5 Syls) versus 0.034+0.01 (4 Sy2s).

In Table 4.9, we give the reddening—corrected HBZ luminosity and summarize the
results from dereddened line ratios such as the electron temperature 7., the reddening
value Ep_y, the electron density n., and the ionization parameter U for the nuclear
spectra of all objects (see Appendix C for details on the derivation of these parameters).
Clearly, the parameters represent some average over the central several hundred parsecs.

The temperature was, in most objects, only determined for the nuclear spectrum
due to the faintness of the involved [O111] A4363 A emission line in the outer rows in
most cases. In some objects, we were able to derive the electron temperature in the
inner few arcseconds (NGC 1386, NGC 3281, NGC 7212, IC5063, NGC 526a, MCG —05—
13-017) where it stays roughly constant within the errors or scatters without showing
a clear dependency on radius. The central temperature was used to apply a correction
to the electron density. In those cases in which no temperature was measured we used
T = 10000 K or an average temperature derived from the other galaxies instead.

Comparing the results for the central spectra of type-1 and type—2 Seyferts shows
that higher temperatures occur in type-1 objects (7% aveasy1s ~ 336007100 K versus
T aveasy2s ~ 144654445 K). The reddening is on average higher in the Seyfert 2s in our
sample (Ep_y avepsy2s ~ 0.61£0.09 mag versus Ep_y, ave, 6Syls ~ 0.464+0.07 mag).

The electron densities are comparable in both objects within the errors (ne ave gsy2s ~
1070 + 180 cm ™2 versus Ne ave,68y1s ~ 1100 &= 315 Cm*3).



Table 4.7: Observed and reddening—corrected line intensity ratios relative to HG for Seyfert—2 galaxies

Line NGC 1386 NGC 3281 NGC 5643 IC 5063 NGC7212 ESO 362-G008
F obs F dered F obs F, dered F, obs F, dered F, obs F dered F obs F dered F obs F dered
(O 11] A3727 A 1.81 263 180 262 —¢ @ 148 296 2.03 263 148 2.61
[Nem A3869A 0.77 107 073 101 —¢ —° 047 086 098 1.22 —b
[Nemi] A3967A 048 064 026 035 —¢ —° 018 031 04 049 —° b
[OmM363A 019 023 012 014 —< —< 011 015 020 023 b b
He 11 \4686 A 046 048 036 038 —¢ —2 014 0.15 023 024 —b
(O 11] A5007A  11.34 10.73 921 872 1238 11.40 888 803 1252 1206 11.57 10.65
[Fevi A5721A 029 022 0.08 0.06 —=° SN —
[Fe vi] A6087A 044 031 017 012 —* —° 014 007 0.06 004 — —
O1] A6300 A 046 030 046 030 —=* —* 071 032 076 0.56 0.44 0.23
[Fe x| A6375A 007 005 0.02 001 —* —% 004 002 004 003 — —
Ho 4.70 287 471 287 6.03 287 710 287 404 287 6.06 2.87
[N 11 6583 A 5.60 341 4.02 244 630 298 427 171 282 199 6.78 3.18
[S11] A6716 A 1.04 062 131 078 1.74 080 151 058 0.80 056 1.19 0.54
[S11] A6731 A 1.29 077 124 074 194 089 149 057 098 0.63 1.53 0.70

Note. — All narrow emission line ratios were derived from the nuclear spectra.

After reddening correction, other Balmer line-ratios such as

H~/HpB and H§/H@ are consistent with the recombination values within the errors.

¢ Not covered by wavelength range
b Underlying absorption lines
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Table 4.8: Observed and reddening—corrected line intensity ratios relative to HG for Seyfert—1 galaxies

Line Fairall 51 NGC 6860 Mrk 915 NGC526a MCG-05-13-017
E obs F, dered F, obs F dered F obs F dered F obs F dered F, obs F, dered

(O 1] 3727 A 1.33 221 160 204 —° —4 320 420 1.84 2.62

[Ne 111] A3869 A 08 132 118 145 —=@ —*  1.80 227 2.54 3.43

[Nemi] A3967A  0.08 0.11 024 029 ¢ —« b b (28 0.37

[O 111] A4363 A 040 049 053 059 —=@ —4 065 0.73 1.26 1.46

He 11 \4686 A 041 044 029 030 —*° —* 033 034 048 0.50

(O 11] A5007A 1558 14.47 884 853 1272 11.82 16.35 15.71 17.15 16.29

[Fevii] A5721A 049 034 014 012 0.15 011 0.11 0.09 0.37 0.29

[Fevii] A6087A 083 049 020 0.16 027 016 0.09 0.07 047 0.33

[O 1] A6300 A 092 051 071 053 081 045 0.74 0.54 1.19 0.79

[Fe x| N6375A  0.81 043 0.08 0.06 0.17 0.09 0.06 0.04 0.38 0.25

Ha 5.60 287 395 287 560 287 411 2.87 4.57 2.87

[N 11 6583 A 5.57 284 338 244 3770 188 3.14 2.18 3.02 1.89

[S11] A6716 A 147 073 128 092 129 064 1.18 081 1.01 0.62

[S11] A6731 A 1.68 084 1.15 082 131 065 1.16 0.80 1.19 0.73
Note. — All narrow emission line ratios were derived from the nuclear spectra. After reddening correction, other Balmer line-ratios such as
H~/HpS and Hé/Hf3 are consistent with the recombination values within the errors. No ratios are given for the Seyfert—1 galaxy MCG —6-30-15
as we were not able to disentangle the broad and narrow Balmer lines in the central spectra.

¢ Not covered by wavelength range
b Underlying absorption lines
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Table 4.9: Reddening—corrected H luminosity and results from dereddened line ratios

2

Seyfert—2 galaxies

NGC 1386 NGC 3281 NGC 5643 IC 5063 NGC 7212 ESO 362-G008
Ly (10¥ ergs™1) 14241 107£4 4.840.3 140+3 169+£5 6519
T (K) 1565041500  13715£440 — 1386541800 1463541500 —b
Ep_y (mag) 0.48+0.02 0.49+0.01 0.73£0.02 0.89+0.01 0.33£0.01 0.73£0.05
ne (cm™3) 1545£50 540£40 860 (1035)+30° 635£30 14204504 1420 (1710)£70°
Ulog(no)=3 (1072) 2.83+0.01 2.3£0.02 — 2.15+0.01 3.27+0.02 2.76+0.1

Seyfert—1 galaxies

MCG—6-30-15  Fairall 51 NGC 6860 Mrk 915 NGC526a  MCG-05-13-017
Ly (10 ergs™!) e 93+9 3742 41630 1841 2542
T (K) e 222004400 363254250 a 2333041700  52500-£3000
Ep_y (mag) 0.3+£0.027  0.6540.03 0.3140.02 0.660.02 0.350.03 0.460.03
ne (cm™3) 300 (550)+409 143040 1015450 570 (1045)+35%9  835+70" 2460-+55
Usog(n)—s (1073) 2.95-0.04 9.25-0.9 2.7340.04 —a 2.89-40.05 4.2840.1

Note. — All values refer to the nuclear spectra.

¢ Not covered by wavelength range

b Underlying absorption lines

¢ Using T, = 10000 K and, in brackets, T¢ ave asy2s ~ 14465, respectively
4 [S11] A6716 A is slightly truncated by telluric absorption bands.

¢ No deconvolution of underlying broad Balmer lines possible

f Determined from reddening of continuum slope relative to template

9 Using T, = 10000 K and, in brackets, T¢ aveasy1s ~ 33600, respectively
h St A6731 A is slightly truncated by telluric absorption bands.

sonpsoueiq YN panjosey—Ajenneds - ssidey)
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This does not change when using the average electron temperature determined for
Seyfert—1 galaxies and Seyfert—2 galaxies as correction for those objects for which we
could not measure the central temperature directly (1 ave6sy2s ~ 1150 £ 200 cm ™2 versus
Ne.ave 65y1s ~ 1220 & 270 cm ™).

The ionization parameter is higher in Seyfert-1 galaxies [Ulog(n.)=gavessyts ~
(4.4241.2)-102 versus Ulog(n,)=3ave,58y2s ~ (2.6620.2)-107%], also when excluding the ex-
ceptional high value of U seen in Fairall 51 [Ulog(n,)=save 4sy1s ~ (3.21£0.4)-1077].

4.4.2 Reddening Distributions

Two different measures of the reddening distribution were derived: (i) the reddening of
the continuum slope in the central parts with respect to the template derived in the outer
parts of the galaxy; (ii) the reddening distribution obtained from the recombination value
for the (narrow-line) intensity ratio Ha/HB (Appendix C). (Note that the reddening of
the BLR derived from the broad Balmer decrement for type-1 objects is given when
discussing the objects individually.) The first reddening value was only derived for those
objects for which a stellar template correction was applied (Section 4.3.3). The reddening
distributions are shown in Figures 4.12, 4.13, and 4.14.

As the match between the absorption lines of the stellar template and those seen in
the spectra is quite close for all rows, we believe that reddening by dust is the cause of
the spatially varying continuum slope and not an intrinsically redder stellar population
in the central part.

We cannot compare the absolute values of E(p_y) directly as the reddening deter-
mined from the continuum slope is a value relative to the reddening of the outer regions
in the galaxy, i.e. the template (that is why “negative” E(p_y values can occur). The
dispersion AEg_y is significantly smaller than that obtained from the Balmer decre-
ment. This can be due to extinction by foreground dust in e.g. the host galaxy which
affects both the template and the central spectra and thus do not reflect in the relative
reddening value. However, often both reddening values are distributed differently indi-
cating that the stellar population and the NLR are suffering different dust extinctions.
The most probable explanation is dust intrinsic to the NLR clouds which varies locally.
The two alternatives are (i) high density leading to an additional collisional contribution
to the observed Ha/Hf ratio independent of dust. However, extremely high densities are
needed to explain the large ratios and there is no observational evidence for such high
densities. (ii) Patchy dust clouds beyond the NLR may absorb the emission lines along
the line—of-sight of the NLR clouds. As both alternatives are rather unlikely, we favor
the scenario of locally varying dust within the NLR clouds.

We decided to use the reddening distribution determined from the narrow Ha/Hf
emission—line ratio to correct for the intrinsic reddening of the NLR itself as these lines
originate in the NLR and thus give a better estimate for the reddening within the NLR
than the one determined from the continuum slope.

In some cases (e.g. NGC 5643, IC5063), the reddening is highest in the center and
decreases with distance from the nucleus. But more often, the distributions show devia-
tions from such a general trend. There are no clear differences between the two Seyfert

types.
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Figure 4.12: Reddening distributions of the Seyfert-2 galaxies NGC 1386, NGC 3281, and
NGC5643. Left panel: Reddening distribution of the continuum slope with respect to the
stellar template. Right panel: Reddening distribution derived from the recombination value of
the narrow Ha/Hf emission—line ratio. The edge of the NLR as determined from the diagnostic
diagrams is indicated by dotted lines (NGC 1386 and NGC 5643). For NGC 5643, no reddening
correction was applied during stellar template fitting due to the low S/N. Thus, no reddening
distribution of the continuum slope is determined.
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Figure 4.13: The same as in Figure 4.12 for the Seyfert—2 galaxies IC 5063, NGC 7212, and
ESO 362-G008. No stellar template was fit to NGC 7212 and thus no continuum slope reddening

was determined.



78

Chapter 4. Spatially—Resolved NLR Diagnostics

— — 15 T
Reddening (continuum; MGC -6-30-15) Reddening (Ha/HB; Fairall 51)
— — A
04 [ 300 pe 300 pe |
1- i
s + s
-] + [} +
= = ¢+ +
02 + B ’
05 - g
t ' i { . \
0 1 +\ 1 1 1 1 1 0 1 1 1 J 1 1 1 1
-5 0 5 -5 0 5
NW arcsec SE SE arcsec NW
15 — T T T T T 15 — : —
Reddening (Ha/HB: NGC 6860) Reddening (Ha/HB; Mrk 915)
500 pc |
: : 500 pc
= : ? 7 *
2 3 3 a
= : : 2] +
05 |- + : ¢ ; + b 05 - t I 7
' ! *
[ ; 04 g
L # . + +
0 - | I L L | L | L L | 0 | | |
-10 -5 0 5 10 -5 0 5
E arecsec w N arcsec S
15 —— 71— 15 ———
s Reddening (Ha/HB; NGC 526a) Reddening (Ha/HB; MCG -05-13-017)
L H H
500 pe
F —
L 500 pc
1 n - : : 7
s s 3 3 ]
a 2] i :
m i t + :
05 |- R 05 + i ; b
. IRRE 4 |
+ t + ! + + + + + + ; J
* : :
O L4 : :
+ LN + * : LIRS +
. 3 3
+ L I 0 I . . I . ¢ I
~10 -5 0 5 10 -10 0 10
SE arecsec NW NW arcsec SE

Figure 4.14. Reddening distributions of the Seyfert—1 galaxies MCG —6-30-15, Fairall 51,
NGC 6860, Mrk 915, NGC 526a, and MCG —05-13-017. The reddening was derived from the
recombination value of the narrow Ha/HB emission-line ratio except for MCG —6-30-15 where
we could not disentangle the broad and narrow Balmer lines (in the central ~3”). Instead, we
show for this object the reddening distribution of the continuum with respect to the stellar
template. On the contrary, the continuum slope reddening is not available for the other type 1s
as no stellar template was fit. The edge of the NLR as determined from the diagnostic diagrams
is indicated by dotted lines (NGC 6860 and MCG —05-13-017).
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4.4.3 Diagnostic Diagrams

Diagnostic line-ratio diagrams of the type pioneered by Baldwin et al. (1981) are com-
monly used to distinguish between emission—line object classes (e.g. Seyfert galaxies,
LINERs, Starbursts, transition objects), referring to a “total” spectrum or the central
spectrum of one object. Here, we make use of the spatially-resolved spectra to discrimi-
nate between different regions in the same object, for example the NLR and circumnuclear
or extended H1I regions. We developed this method independently from literature and,
moreover, use it to probe the “real” NLR size, i.e. the central region which is photoionized
by the AGN, discriminating the contribution from circumnuclear starbursts.

The high S/N ratio of our spectra enables us to measure line ratios for all three
diagrams out to several arcseconds from the nucleus.

In four Seyfert galaxies of our sample (the two Sy2s NGC 1386 and NGC 5643 as well
as the two Syls NGC 6860 and MCG —05-13-017), we see a clear transition between line
ratios falling in the AGN regime and those typical for H11 regions. We therefore present
all three diagnostic diagrams of these four objects in Figures 4.15 and 4.16.

The symbols are chosen such that “O” refers to the central row, the small letters
mark regions corresponding to “-” arcseconds from the nucleus, the capital ones mark
regions corresponding to “4” arcseconds from the nucleus (see Table 4.10 for orientation
and distance from the nucleus). In the second diagnostic diagram, the data points of the
outer regions are upper limits, due to the faintness of the [01] A6300 A line involved.

For NGC 1386, NGC 6860, and MCG —05-13-017, the transition is rather sharp, while
for NGC 5643, the line ratios are gradually changing from AGN-type to H 11-like ratios
with line ratios of two outer spectral rows falling in the corner between LINER, AGN
and H 11 regions.

We present representative spectra of the AGN region and that of circumnuclear [H1i]
regions in Figure 4.17.

For the remaining eight galaxies, no such transition is observed but all emission-line
ratios are typical for gas ionized by an AGN power—law continuum. As the distributions
in the three diagnostic diagrams are comparable, we present only the third diagnostic
diagram for these objects in Figure 4.18. (We do not show the diagnostic diagram for
MCG —6-30-15 as we could not disentangle the broad and narrow Balmer emission lines
in the central ~3".)

For some objects, the line ratios show very little scatter (e.g. IC 5063, NGC 7212)
within the AGN region while others show a large range of ratios, especially those objects
which show a transition towards H1I regions.

We use the diagnostic diagrams to determine the NLR size. The results are summa-
rized in Table 4.10. For those objects which show a transition of emission-line ratios
from the central AGN region to H1I regions, this method gives a measure of the NLR
size without [O111] contamination from circumnuclear starbursts. For the other objects,
the estimated NLR size is a lower limit.

In Figures 4.19, 4.20, 4.21, and 4.22, we show the strongest reddening—corrected line
ratios as a function of radius. (Note that these line ratios were used as values on the x—
and y—axis of the diagnostic diagrams.)

The [N11J/Ha and [S11]/Ha line ratios show a comparable distribution, running
roughly parallel to each other (Figs. 4.19 and 4.20).
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Figure 4.15: Diagnostic diagrams for spatially-resolved emission-line ratios in the Seyfert—
2 galaxies NGC 1386 and NGC 5643. The dividing lines were taken from the analytic AGN
diagnostics of Kewley et al. (2001). Both objects show a transition between line ratios falling
in the AGN regime and those typical for H1I regions in all three diagnostic diagrams. Note
that in the second diagnostic diagrams, due to the faintness of the [O1] emission line, the
[O1]/Ha ratios of the outer part of the spectra are only upper limits. For NGC 5643, the
spectral range does not cover the [O1] emission line and we therefore cannot show the second
diagnostic diagram. The open and filled diamonds in the diagnostic diagrams of NGC 5643
show line ratios of H1I regions further out in the galaxy.
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Figure 4.16: The same as in Figure 4.15 for the Seyfert—1 galaxies NGC 6860 and MCG —05—
13-017. Both objects show a transition between line ratios falling in the AGN regime and those
typical for H1I regions in all three diagnostic diagrams.
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This trend is expected as the [N1] and [S11] lines have comparable ionization po-

tentials [lower ionization potential 14.5eV versus 10.4eV; Appendix C, Table C.2] and
critical densities [8.7 - 10*cm™ versus 3.9 - 10° cm™3; Appendix C, Table C.2].
Thus, they are expected to arise in the same regions. In most objects, both line ratios do
not show a clear trend in variation with radius. However, in the four objects for which we
observe a transition between AGN-like line ratios and that typical for H11 regions, the
line ratios are in general higher in the NLR due to the increase of Ha in the surrounding
H 11 regions. For ESO 362-G008, we consider the increase of both [N 11] and [S11] relative
to Ha with distance from the center as artificially induced from the mismatch of the
stellar template in the inner part where we have underestimated the Ha emission due to
underlying absorption lines.

In Figures 4.21 and 4.22, we compare the oxygen line-ratios relative to the Balmer
emission lines. The [O111]/Hf ratio was divided by a factor of 30, for comparison. [O1]
and [O111] are in general expected to show the opposite behavior: if one value is high,
the other is low, as both lines come from the same atom. In regions with high ionization,
oxygen is expected to be in the form O*" [upper ionization potential 54.9eV versus
upper ionization potential of O of 13.6eV; Appendix C, Table C.2]. In principle, our
results show this trend. Within the NLR, [O11]/(30 - Hf) is very high and it drops to
a value comparable to [O1]/Ha in the HII regions.

4.4.4 Photoionization Modeling and NLR size

The determination of the NLR size depends on the definition of the NLR itself. We here
assume that the NLR consists of gas photoionized by the central AGN. Thus, we are able
to determine the NLR size from the observed transition of line ratios in the diagnostic
diagrams from the AGN regime to that typical for H1I regions.

We have checked if any mechanism exists which drives line ratios in the diagnostic
diagrams from the AGN regime towards and into the regime usually covered by H 11
regions, despite photoionization by an intrinsic AGN continuum source. This question
is of interest not only for the determination of the NLR radius, but also for galaxy
classifications based on diagnostic diagrams in general.

Under the assumption of a single continuum source (the central AGN) being respon-
sible for the ionization, the following parameters could potentially shift line ratios from
AGN- towards H1i-like ones in individual diagnostic diagrams: (i) extinction; (ii) ion-
ization parameter in combination with (iii) metallicity gradients; or (iv) electron density.
We discuss each of them in turn.

(i) Extinction can be excluded to have a large effect on the observed line ratios in
the diagnostic diagrams. The line ratios in all three diagnostic diagrams were chosen to
minimize reddening effects by using neighbouring lines. In addition, we measured the
reddening distribution directly and use these results to correct for the reddening. Using
the different reddening distribution determined by the continuum slope does not change
the results within the errors.

Models (ii)—(iv) presented below are based on the photoionization code CLOUDY
[e.g. Ferland et al. (1998)] and were carried out in close cooperation with Dr. Stefanie
Komossa. They assume a pointlike AGN continuum source which illuminates clouds of
constant density. The spectral energy distribution is a typical mean Seyfert continuum
composed of piecewise power laws (Komossa & Schulz, 1997).



Table 4.10: Results from diagnostic diagrams

Galaxy “a/A” “a/A” Riomy Riomy Ryir
Distance (”) Orientation Literature (") Our Data (") Our Data (", pc)

NGC 1386 1 S/N 3¢ 12 6 of 10 (310 of 520)
NGC3281 1.4 SW/NE 30 9 ~5 (1180)
NGC 5643 1 E/W 6° 16 11 of 16 (1045 of 1520)
IC 5063 1 NW/SE 3¢ 20 >13 (2860)
NGCT7212 1 SE/NW 3¢ 12 >10 (5040)
ESO 362-G008 1 SE/NW 10¢ 4 >3 (960)
MCG 63015 1.4 NW /SE X 12 47 (700)7
Fairall 51 1 SE/NW 9 9 ~8 (2260)
NGC 6860 1 E/W 3¢ 10 5 of 10 (1465 of 2930)
Mrk 915 1 N/S 9 12 ~6 (2720)
NGC526a 1 SE/NW 11° 20 >9 (3260)
MCG -05-13-017 1 NW/SE 1¢ 17 3 of 11 (730 of 2670)

Note. — The second column gives the distance from the center of the first row (marked with the letters “a” and “A” in the diagnostic diagrams)
in ”. In the third column, the orientation of the small and capital letters is listed. The maximum [O 111] radius (S/N > 3) at the same p.a. taken
from literature is given in the fourth column (in ). We also give the [O 111] radius (S/N > 3) in ” observed from our spectra (column 5). In the
last column, the extension of line ratios used in diagnostic diagrams and the radius of NLR in given in ” and, in brackets, pc, respectively. The
four objects with a clear transition between NLR and H 11 region are marked in bold.

@ Taken from HST image of Schmitt et al. (2003a)

b Taken from HST image of Simpson et al. (1997)

¢ Taken from groundbased image of Mulchaey et al. (1996a)

¢ In the central 3" of MCG —6-30-15, we cannot disentangle the broad and narrow Balmer components and therefore do not determine the line
ratios. In the outer region to a distance of 44", they fall in the AGN regime.
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Figure 4.17: Comparison of representative spectra with emission—line ratios falling in the AGN
regime (i.e. [Ou)/HF > 3, [N1]/Ha >1) in the diagnostic diagrams (left panels) and those
typical for H1I regions (i.e. [Om1)/HS < 3, [Nu]/Ha <1) (right panels) for the four galaxies
which show such a transition in their spectra. From top to bottom: NGC 1386 (Sy2), NGC 5643
(Sy2), NGC 6860 (Syl), and MCG-05-13-017 (Sy1.2).
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Figure 4.18: The same as in Figure 4.15 for the third diagnostic diagram only for the Seyfert—2
galaxies NGC 3281, IC 5063, NGC 7212, and ESO 362-G008 as well as the Seyfert—1 galaxies
Fairall 51, Mrk 915, and NGC 526a. All line ratios fall in the AGN regime.
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Figure 4.19: Reddening corrected [N11J/Ha (open squares) and [S1]/Ha (filled diamonds)
emission—line ratios for the Seyfert—2 galaxies NGC 1386, NGC 3281, NGC 5643, 1C 5063,
NGC 7212, and ESO 362-G008. The edge of the NLR as determined from the diagnostic dia-
grams is indicated by dotted lines (NGC 1386 and NGC 5643).
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Figure 4.20: Reddening corrected [N11]/Ha (open squares) and [S11|/Ha (filled diamonds)
emission—line ratios for the Seyfert—1 galaxies Fairall 51, NGC 6860, Mrk 915, NGC 526a, and
MCG -05-13-017. The edge of the NLR as determined from the diagnostic diagrams is indicated

by dotted lines (NGC 6860 and MCG -05-13-017).
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Figure 4.21: Reddening corrected [O111]/HS3 (open diamonds) and [O1]/Ha (stars) emission—
line ratios for the Seyfert—2 galaxies NGC 1386, NGC 3281, NGC 5643, IC 5063, NGC 7212, and
ESO 362-G008. The edge of the NLR as determined from the diagnostic diagrams is indicated
by dotted lines (NGC 1386 and NGC 5643).
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Figure 4.22: Reddening corrected [O111]/HfS (open diamonds) and [O1]/Ha (stars) emission—
line ratios for the Seyfert—1 galaxies Fairall 51, NGC 6860, Mrk 915, NGC 526a, and MCG—
05-13-017. The edge of the NLR as determined from the diagnostic diagrams is indicated by
dotted lines (NGC 6860 and MCG -05-13-017).
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In particular, it has an energy index «,,_, = —1.4 in the EUV and a photon index
'y = —1.9 in X-rays. The clouds are assumed to be ionization bounded and of solar
metallicity, unless stated otherwise.

In Figure 4.23, we present the effects of varying ionization parameter (solid line 1),
varying metal abundances (dotted lines 2 & 3), varying nitrogen (N) and sulphur (S)
abundances (dash—dotted lines 4 & 5), and high density (dashed line 6) on the emission—
line ratios in the diagnostic diagrams.

(ii) Variations in ionization parameter alone have been studied by many authors and
generally lead into the LINER-region of diagnostic diagrams for small ionization pa-
rameters under the assumption of solar abundances [e.g. Stasinska (1984); Osterbrock
(1989)]. This trend is shown in Figure 4.23 (solid line 1) which includes the range of
ionization parameters we measure for NGC 1386, varying from logU = —4.0... — 1.5 in
steps of 0.5 (marked by circles) from bottom to top. Sequences were calculated three
times, using densities n = 800, 400, and 200cm 2 and r = 50, 100, and 250 pc, respec-
tively (printed as circles from right to left; only the data points for n = 800 cm ™ and r
= 50 pc are connected by a line). We come back to (ii) in combination with (iii;,) below.

(iii) The strongest hint arguing against metallicity variations to change the line ratios
in the observed direction is the similarity of all three diagnostic diagrams. In all three
diagrams, each row falls in the same regime, either AGN or H1I region. In fact, while
extreme parameters may shift line ratios towards H1r-like in individual diagrams, no
mechanism does so for all three, as we will show in the following.

(iil,) Metal abundances were varied between Z = (0.05-3.0) x solar. Systematically
decreasing abundances first lead to an increase in line ratios which can be partly traced
back to oxygen being a strong coolant, and thus an increase of heating in case of oxygen
depletion (Fig. 4.23).

The dotted lines 2 & 3 show models of varying metal abundances (3, 2.5, 1.7, 1.3, 1.0,
0.9, 0.5, 0.3, 0.1, 0.05 x solar; from right to left) for constant ionization parameter. The
lower dotted line 2 corresponds to log U = —2.8, the upper dotted line 3 to logU = —3.7.

(ilip) If, instead, only N and S abundances are varied, line ratios shift horizontally in
the [N11] and [S11] diagrams towards the H11 regime (Fig. 4.23). The dash—dotted lines
4 & 5 show models of varying N and S abundances (3, 2.5, 1.7, 1.3, 1.0, 0.9, 0.5, 0.3,
0.1, 0.05 x solar; from right to left) for constant ionization parameter. The upper dash—
dotted line 4 corresponds to log U = —2.8, the lower dash—dotted line 5 to logU = —3.7.

Thus, a combination of outwards decreasing ionization parameter and decreasing
metal abundances would place line ratios in the H 11-regime in the observed way, despite
AGN-intrinsic excitation. However, the same trend does not hold for the [O1] diagram.
Just based on oxygen lines, this diagram is rather insensitive to variations in N and S
abundances and line ratios remain well within the AGN regime for the whole parameter
range. We conclude that combined ionization parameter and metallicity effects cannot
explain the observations.

(iv) Finally, the presence of a high density component will again shift [N11] and [S11]
towards the H1I regime. To demonstrate an extreme, we plot in Figure 4.23 the case for
log ny = 6 (dashed line 6). The ionization parameter varies from bottom to top in steps
of 0.5 from logU = —4.0...—1.5. Again, while [N11] and [S11] decrease, [O1] is strongly
boosted, moving line ratios away from H 11-like excitation. This effect can be traced back
to the different critical densities. ([O1] has a critical density of 1.8 -10°cm™3 while the
critical density for [S11] is with 1500-3900 cm ™~ significantly lower; Appendix C.)
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We conclude that the observed distinction between H 11-like and AGN-like line ratios
of NGC 1386, NGC 5643, NGC 6860, and MCG —05-13-017 represents a true difference in
ionization source, and thus our method to measure the NLR radius is valid. The second
diagnostic diagram including the [O1] emission—line, new in our study compared to liter-
ature data, was essential to reach this conclusion, since our photoionization calculations
show that there are means to reach the Hir-regime with an AGN as ionizing source in
the [N11] and [S11] diagrams.

However, we have to point out one remaining caveat of this method: Using diagnostic
diagrams and the transition of line ratios between the central AGN and surround H 11—
region regime to determine the NLR size depends on the distribution and strength of
young stars in the vicinity of the AGN. If the stellar ionization field is strong close to
the AGN, at least along our line-of-sight, it soon starts to dominates over the AGN
photoionization, thus limiting the measured NLR size. On the other hand, if only few or
even no young stars are present in the central region, the NLR size cannot be determined
from our method and the measured size once again depends on the sensitivity. This is
apparently the case for eight of our 12 objects in which we do not observe line ratios in
the H 11 region regime.

Thus, although using diagnostic diagrams gives a good method to determine the
radius at which the stellar field starts to dominate the AGN in terms of ionization in
individual galaxies which show such a transition, it may not be a good NLR size definition
for the size-luminosity relation on a statistically large basis.

4.4.5 Surface—Brightness Distributions

The spatially varying luminosities in the [O 111] and He emission lines as well as the con-
tinuum (at 54505700 A) were calculated and divided by the corresponding area in square
parsecs at the galaxy to allow a comparison among all galaxies in our sample (Figs. 4.24
and 4.25). The surface-brightness distributions are similar to each other, centrally peaked
and decreasing with distance of the nucleus. For the four objects which show a transition
between line ratios typical for AGNs and that for H1r regions (NGC 1386, NGC 5643,
NGC 6860, MCG —05-13-017), the [O 111] surface brightness is exceeding that of Ha in the
NLR. This behavior reverses in the outer parts as expected from the observed transition
in the diagnostic diagrams.

For comparison, the [O111] surface-brightness distributions from the HST images of
Schmitt et al. (2003a) are shown for those objects included in the HST snapshot survey.
They were derived by averaging three vectorplots along the major axis of the NLR
emission along p.a. = x + 1° (see also Chapter 2, Section 2.3.5). In all objects, they clearly
show the higher spatial resolution of the HST image (070455 — 0”1 pix~!) compared to the
1-2" spatial sampling of our spectral data. However, they also reveal the low sensitivity
of the HST images compared to our spectroscopy: The [O111] emission at a S/N of 3
ends significantly earlier than what can be seen in our spectral data. In some cases, the
HST [O 1] surface-brightness distributions reveal several subpeaks of possibly individual
NLR clouds, as can be already seen in the [O111] images (Figs. 4.1, 4.2, and 4.3). These
substructures are smoothed out in our ~10-20 times lower spatial resolution spectra but
are nevertheless still visible as a secondary or tertiary peak, mostly in emission lines.

We fitted a power-law function L = Lgr? to the surface brightness distributions
of [Om], Ha, and the continuum. The fitting parameters are shown in Table 4.11.
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Figure 4.23: CLOUDY modeling results demonstrating the effects of varying ionization param-
eter (solid line 1), varying metal abundances (dotted lines 2 & 3), varying N and S abundances
(dash—dotted lines 4 & 5), and high density (dashed line 6) (see text for details). The bold
dashed line indicates the separation between AGN regime and H 11 regions. Representative line
ratios of the nuclei as well as outer spectra are shown for the four Seyfert galaxies which show
a transition: NGC 1386 (A,a), NGC 5643 (B,b; not included in the second diagnostic diagram),
NGC 6860 (C,c), and MCG -05-13-017 (D,d). Here, the same letters correspond to one galaxy,
with the capital ones marking line ratios falling in the AGN regime while small letters indicate

regions with line ratios typical for H11 regions. (Note that they do not correspond to the regions
given in Table 4.10.)
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Only data points within the NLR were included and taken as average from both sides
of the nucleus (the data points given in Table 4.11 correspond to half the number of
averaged values). The [O111] surface brightness falls faster with the radius than the
Ha surface brightness and also faster than the continuum (djormave ~ —2.62 £ 0.22;
Oaave ~ —2.37 £ 0.25; dcont,ave ~ —1.43 £ 0.12).

This general trend is comparable to what has been found by Fraquelli et al. (2003) in
their long—slit spectroscopic study of the NLR of 18 Seyfert-2 galaxies. However, they
find on average a slightly steeper slope for especially [O 111] (Oonm,ave ~ —3.6; OHa,ave ~
—2.6; dcont.ave ~ —1.4; calculated from their Table 2). This discrepancy is most probably
due to the fact that they include all visible emission in their fit, not concentrating on
the NLR alone as they do not have a quantitative measure of the NLR size. Therefore,
they possibly include [O111] emission from surrounding H1I regions where the surface
brightness drops significantly. This explanation is supported when comparing the results
for objects common to both samples (NGC 1386 and NGC5643): Fraquelli et al. (2003)
report a steeper slope in the [O 111 surface-brightness distribution but include emission
out to distances from the nucleus where we can show from diagnostic diagrams that
this emission can be attributed to surrounding H 11 regions. (A detailed comparison is
presented when we discuss both objects individually in Section 4.4.12 and 4.4.13.)

For all three surface-brightness distributions ([O11], Hea, continuum), Seyfert—1
galaxies show a steeper slope than Seyfert 2s (djommavessyr ~ —2.95 &+ 0.3 versus
5[0111},ave,58y2 ~ —2.24 + 02, 6Ho¢,ave,58y1 ~ —2.58 £ 0.5 versus 5Ho¢,ave,58y2 ~ —2.16 £ 02,
Scont,ave,68y1 ~ —1.63 £ 0.2 versus deont,avessy2 ~ —1.19 £ 0.1).

4.4.6 Electron—Density Distributions

Applying the classical methods outlined in Osterbrock (1989), we derive the electron den-
sity as a function of distance to the nucleus using the ratio of the [S11] AA6716,6731 A pair
of emission lines (Appendix C, Section C.3). We used the observed central temperature
to correct for the dependency of electron density on temperature!!. Due to the faintness
of the involved [O111] A4363 A emission line, we were not able to measure the tempera-
ture in the outer parts. For those objects in which no temperature was determined, we
assumed 7' = 10000 K.

In all objects, the electron density is highest at the nucleus and decreases outwards
down to the low—density limit (assumed to be 50cm™3; Figs. 4.26 and 4.27). In some
cases, it reveals a secondary or tertiary peak on one or both sides of the optical center.
A characteristic structure with a central peak and two smaller peaks on both sides of
the nucleus can be identified in seven objects (NGC 1386, NGC 5643, IC 5063, Fairall 51,
NGC 6860, NGC526a, MCG—05-13-017). The outer peaks are often close to the bound-
ary of the NLR. These density enhancements may indicate shocks occurring at the edge
of the NLR.

In Table 4.12, we give the results of fitting a power—law function n, = n.or° to the
observed electron densities. Note that we did include only data points within the NLR
and averaged the electron densities from both sides of the nucleus (the data points given
in Table 4.12 correspond to half the number of averaged values). ¢ ranges between —0.8
and —2.3. On average, the density decreases with r~1-3+0-14,

11 (T) = ne(obs) - /(T/10000)



Table 4.11: Fitting parameters of surface—brightness distributions

Galaxy Data Points djor] log Liom,o OHa log Ly 0 Ocont log Leont.0
NGC 1386 6 —2.5640.82 37.89 —2.27+0.60  37.19 —1.2640.48 35.82
NGC 3281 4 —2.3540.60 37.35 —2.34+0.64  36.86 —1.02+0.18 34.96
NGC5643 10 —1.4240.19 36.00 —1.34+0.16  35.38 —1.5440.11 33.97
IC 5063 9 —2.73+0.33 37.48 —2.75+0.31 37.07  —1.37£0.18 34.73
NGC 7212 4 —2.13+0.57 36.96 —2.09+0.56  36.38 —0.77+0.26 34.03
ESO 362-G008 — — — — — — —
MCG -6-30-15 3 —2.52+0.41 35.97 — — —0.9440.10 34.26
Fairall 51 6 —3.55+0.25 36.54 —3.16+0.48  35.93 —2.15+0.30 34.82
NGC 6860 4 —3.0640.12 36.26 —2.594+0.45  35.64  —1.62+0.43 35.51
Mrk 915 5 —3.9240.32 37.00 —3.8840.33  36.34  —1.72+0.45 34.61
NGC526a 8 —1.72+0.19 36.14 —1.2840.19 35.41 —1.71£0.06 34.04
MCG -05-13-017 3 —2.90+0.07 36.49 —1.98+£0.48 35.64  —1.66=+0.02 34.26

Note. — A linear least—squares fit was applied with log L = §-log r+1log Ly. The number of data points included in the fit is given in column 2. For
those objects which show a transition between line ratios typical for AGNs and H 11-region like ones in the diagnostic diagrams, determining the
size of the NLR, only data points within the NLR were included (NGC 1386, NGC 5643, NGC 6860, and MCG —05-13-017). For ESO 362-G008,
too few data points were available for a fit. For MCG —6-30-15, no narrow Ha line was fitted.
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Figure 4.24: Surface-brightness distributions of the Seyfert-2 galaxies NGC 1386, NGC 3281,
NGC 5643, IC 5063, NGC 7212, and ESO 362-G008 in [O111] (open diamonds), Ha (filled di-
amonds), and continuum (at 5450-5700 A, stars). The [O111] surface-brightness distributions
from the HST images shown as open squares were shifted for comparison (by log Loy =
—-3,—2,-3.5,—4.5 for NGC 1386, NGC 3281, IC 5063, and NGC 7212, respectively; HST pixel
scale ~0"05 pix~! for NGC 1386, ~0”1 pix~! for the other objects). Only data points with S/N
> 3 were included. Error bars are smaller than the symbol size. The HST image has a 10 to
20 times higher spatial resolution but a significantly lower sensitivity, not allowing to measure
the outer parts of the NLR. The edge of the NLR as determined from the diagnostic diagrams
is indicated by dotted lines (NGC 1386 and NGC 5643).
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Figure 4.25: The same as in Figure 4.24 for the Seyfert—1 galaxies MCG —6-30-15, Fairall 51,
NGC 6860, Mrk 915, NGC 526a, and MCG —05-13-017. The [O111] surface-brightness distri-
bution from the HST image was shifted by log Loy = —4, —4, —3.8, —4, —4 for MCG -6-30~
15, Fairall 51, NGC 6860, Mrk 915, and MCG -05-13-017, respectively (HST pixel scale ~ 0”
Apix~1). The edge of the NLR as determined from the diagnostic diagrams is indicated by

dotted lines (NGC 6860 and MCG -05-13-017).
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Figure 4.26: Electron density obtained from the [S11] A6716 A /6731 A ratio as a function of the
distance from the nucleus for the Seyfert—2 galaxies NGC 1386, NGC 3281, NGC 5643, I1C 5063,
NGC 7212, and ESO 362-G008. Open symbols indicate locations where n. is in the low—density
limit (assumed < 50cm™3). For NGC 1386, the fits n.(r) = neo ! and ne(r) = neg - 772
are shown as dashed line (neglecting the northern peak; see text for details). The edge of the
NLR as determined from the diagnostic diagrams is indicated by dotted lines (NGC 1386 and

NGC 5643).
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Figure 4.27: The same as in Figure 4.26 for the Seyfert—1 galaxies MCG —6-30-15, Fairall 51,
NGC 6860, Mrk 915, NGC 526a, and MCG —05-13-017. The edge of the NLR as determined
from the diagnostic diagrams is indicated by dotted lines (NGC 6860 and MCG —05-13-017).
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Compared to the results of Fraquelli et al. (2003) who give power—law fits to electron
densities of 14 Seyfert—2 galaxies, both their range and average value is slightly lower (0
~ —0.4 to —1.6, daye ~ —0.94). When including our Seyfert—2 galaxies only, the results
are comparable within the errors: 55,9 ~ —1.14 £ 0.1. Seyfert-1 galaxies tend to show
a steeper slope (dgsy1 ~ —1.46 & 0.2). However, the individual scatter is rather large.
For NGC 1386, we exemplarily show a fit with 6 = —1 and —2 in Figure 4.26 (upper left
panel).

Following the approach of Fraquelli et al. (2003), we can use the average values of ¢ for
the Ha surface-brightness distribution and the electron density distribution to estimate

the volume occupied by the ionized gas as a function of radius: Vg,s o< LnHQa ~ 1799 For

their sample of 18 Seyfert—2 galaxies, Fraquelli et al. (2003) find a slope of —0.6. They
quote that within the uncertainties, it is also consistent with V,,s ~ constant along the
NLR.

The temperature can be a function of distance from the central AGN. Unfortunately,
we are not able to determine the temperature dependency on distance from the nucleus.
In those objects where we are able to trace the electron temperature in the inner few
arcseconds, it remains roughly constant. One may expect that the temperature is de-
creasing if the AGN is the only heating source. In that case, correcting with the central
temperature overestimates the electron density in the outer parts. The observed decreas-
ing slope can therefore not be artificially introduced by a wrong temperature correction.
On the other hand, some authors report an increasing temperature with distance from
the nucleus [e.g. Bergeron et al. (1983)] and explain it with a decrease in electron density

2. However, the average decrease of electron density we observe is

faster than n oc r==.
with § ~ —1.3 slower than that.

Note that the critical density for [S11] AA6716,6731 A is ~1500 cm— and 3900 cm =,
respectively (Appendix C, Table C.2). Thus, these lines can only be used to measure
the density in an environment with densities below ~1500cm™3. Especially the central
value may be significantly higher than what can be measured from these ratios.

4.4.7 lonization—Parameter Distributions

The line ratio [O1]A3727 A/[O111] A5007 A can be used to estimate the value of the
ionization parameter U [e.g. Penston et al. (1990)]. A description of this method is
summarized in Appendix C (Section C.4).

In most objects, the ionization parameter peaks at the optical nucleus and decreases
with distance. The two exceptions are the Seyfert—2 galaxies NGC 3281 and IC 5063
where the ionization parameter reaches its maximum value several arcseconds to one
side of the center. However, the optical nucleus needs not necessarily coincide with the
position of the ionizing source, the AGN, which may also be hidden by dust. We will
discuss this issue when discussing the objects individually. In NGC 1386 and NGC 6860,
a secondary distinct peak is visible.

We fitted a power-law function Uiegn.)—2 = Up - r% to the observed ionization pa-
rameter (Table 4.13). We include only data points within the NLR and averaged the
ionization parameters of both sides of the nucleus. ¢ ranges between —0.4 and —1. On av-
erage, the ionization parameter decreases with r~%7+0-08  Seyfert-1 galaxies tend to show
a steeper slope than Seyfert-2 galaxies (d5gy1 ~ —0.81£0.07 versus dagyo ~ —0.51£0.08).
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Table 4.12: Fitting parameters of electron—density distribution

Galaxy Data Points o Ne.0
NGC 1386 5 -1.23+0.09 615
NGC 3281 3 ~0.84£0.08 600
NGC 5643 10 —1.2240.30 1150
IC 5063 6 -1.08£0.25 515
NGC 7212 4 -1.33+0.15 1450
ESO 362-G008 - - -
MCG -6-30-15 3 -2.324+1.42 660
Fairall 51 6 ~2.10£1.50 1585
NGC 6860 4 -1.06£0.22 870
Mrk 915 3 -1.20£0.40 575
NGC 526a 8 -1.15£0.50 300

MCG -05-13-017 3 -0.944+0.14 1410

Note. — A linear least-squares fit was applied with logn. = ¢ - logr + logn. 9. The number of
data points included in the fit is given in column 2. For those objects which show a transition
between line ratios typical for AGNs and Hii-region like ones in the diagnostic diagrams,
determining the size of the NLR, only data points within the NLR were included (NGC 1386,
NGC 5643, NGC 6860, and MCG -05-13-017). For ESO 362-G008, too few data points were
available for a fit.

However, first the individual scatter is rather large and second, only two Seyfert—2
galaxies were included in this comparison. Note that we did not measure the slope of the
ionization parameter in the Seyfert—2 galaxies NGC 3281 and IC 5063 as the ionization
parameter is not peaked in the center. For NGC 1386, we exemplarily show a fit with o
= —1 in Figure 4.28 (upper left panel).

The ionization parameter is the only physical parameter in our study which is strongly
sensitive to reddening, derived using the line ratio [O11]/[O111]. We briefly discuss the
influence of the different reddening measures on the ionization parameter for the repre-
sentative spectra of NGC 1386 in Section 4.4.12 (see also Fig. 4.28).

In principle, the dependency on radius of both the electron density and the ionization
parameter is in agreement with the NLR being ionized by photons and not by e.g. shocks:
Inserting the fit n, oc 7~! to the definition of U = Q/(4men.r?) (with Q = rate of H-
ionizing photons and r = distance between photoionizing source and emission—line clouds)
yields U oc r~!. This is roughly in agreement with the fit of the ionization parameter,
taking into account the errors and the individual scatter. In the case of MCG -05-13~
017, for example, the measured 6 (n.) is -0.94 and 6 (Uiog(n.)=2) = 1.01. It indicates that
the excitation of the bulk of the NLR is due to photoionization and that ionization by
e.g. shocks is negligible.



4.4. Results and Discussion

101

0.006

0.004

0.002

0.008

0.006

o 0.004

0.002

0.006

0.004

0.002

— T T T 0.008 T T
! lonization parameter (NGC 1386) : \ Ionization parameter (NGC 1386) :
{ 100 pe nucleus . 100 pe
nucleus
= 0.004 — northern i)eak =
R :
=]
= 0.002 — =
0
s arcsec N s arcsec N
| e 0.008 : e
lonization parameter (NGC 3281) lonization parameter (IC 5063)
—
300 pc
0.004 — =
= =]
0.002 — =
¢ log n=2 |
¢ log n=3 1 © log n=2
¢ log n=3
I I I 0 T P L P . | P
-5 0 5 -10 0 10
Sw arcsec NE NW arcsec SE
e e e B e A e s e N B S p—
lonization parameter (NGC 7212) Ionization parameter (ESO 362-G008)
— —_
500 pe 0.004 — 300 pc =
=]
0.002 — =
r log n=2 ¢
log n=3 ¢ ¢ log n=2
L ¢ log n=3
I T T T [ S H N | 0 1 L L L 1 L L L 1
-10 -5 0 5 10 -2 0 2
SE arcsec NW SE arcsec NW

Figure 4.28: Ionization parameter derived from [O11]/[O 111] ratio as a function of the distance
from the nucleus for the Seyfert—2 galaxies NGC 1386, NGC 3281, IC 5063, NGC 7212, and
ESO 362-G008 (open symbols: ngy = 100cm =3, filled ones: ny = 1000 cm~3). The edge of the
NLR as determined from the diagnostic diagrams is indicated by dotted lines. For NGC 1386,
afit U(r) = Ug-r~! is shown as dashed line (neglecting the northern peak; see text for details).
Note that for NGC 5643, the [O11] line was not included in the observed spectral range and
we do not present the ionization parameter. The edge of the NLR as determined from the
diagnostic diagrams is indicated by dotted lines (NGC 1386). For NGC 1386, we show in the
upper right panel the ionization parameter using the reddening determined from the continuum
slope instead of the Balmer decrement as in the upper left panel, for comparison. Clearly, the
differences are small and do not change the general trend.
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Figure 4.29: The same as in Figure 4.28 for the Seyfert—1 galaxies MCG ~6-30-15, Fairall 51,
NGC 6860, NGC 526a, and MCG —05-13-017. The edge of the NLR as determined from the
diagnostic diagrams is indicated by dotted lines (NGC 6860 and MCG—05-13-017).
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Table 4.13: Fitting parameters of ionization—parameter distribution

Galaxy Data Points 0 Uy
NGC 1386 6 —-0.584+0.03 0.003
NGC 3281 - - -
NGC 5643 - - -
IC 50634 - - =
NGC 7212 4 -0.43+£0.08 0.0041
ESO 362-G008 - - -
MCG —6-30-15¢ 3 —-0.904+0.20 0.0032
Fairall 51 6 —-0.81+0.12 0.006
NGC 6860 4 -0.624+0.25 0.0031
Mrk 915° - - -
NGC 526a 8 -0.694+0.10 0.0035
MCG -05-13-017 3 -1.014+0.26  0.0056

Note. — A linear least-squares fit was applied with log Ujgg(n.)—2 = 6 - logr + log Up. The
number of data points included in the fit is given in column 2. For those objects which show
a transition between line ratios typical for AGNs and H1i—region like ones in the diagnostic
diagrams, determining the size of the NLR, only data points within the NLR were included
(NGC 1386, NGC 5643, NGC 6860, and MCG —-05-13-017). For ESO 362-G008, too few data
points were available for a fit.

% As the ionization parameter does not peak in the center, no fit was applied.

b The [O11] line was not covered by the observations.

¢ Correction with reddening determined from continuum slope
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4.4.8 Consequences for the NLR Size—Luminosity Relation

In Chapter 2, we studied the NLR size and its relation to [O 111] luminosity from narrow—
band imaging and compared it to the results of Bennert et al. (2002) and Schmitt et al.
(2003b). We find that the NLR sizes of type-1 AGNs scale with roughly the square root
of [O 111] luminosity, while the relation for type-2 AGNs is close to R oc L{gjiy. A physical
interpretation of these results was already discussed in Chapter 2 (Section 2.3.2).

If the NLRs were ambient circumnuclear gas fully photoionized by the nuclear con-
tinnum source, a Stromgren-type radius-luminosity relationship R oc L3319 and
thus a slope of 0.33 is indeed expected in the case of a constant density. However, the
average decrease of electron density we observe (n, = ne,or*1'3io'1) seems to be common
to several Seyfert galaxies [e.g. Storchi-Bergmann et al. (1992a); Fraquelli et al. (2000,
2003)], contradicting the simple “Strémgren explanation”. For a dependency of density
on radius n, oc R~%, a relation of R oc L is instead expected, a relation which differs from
the observed slopes of the NLR size-luminosity relation of 0.5 and 0.33. To gain a slope
of 0.33, a constant density is needed; for a slope of 0.5, the density is expected to decrease
less steep with radius than what we observe (n, oc R7%%). Thus, our observations argue
against a Stromgren—type radius—luminosity relationship. Furthermore, a Strémgren be-
havior is expected for gas distributed in a sphere while the NLR gas is assumed to be in
an ionization—cone structure within the unified scheme and it may also be distributed in
a disk. In close cooperation with Bruno Jungwiert, we started numerical simulations to
investigate these issues in detail.

A slope of 0.5 suggest a self-regulating mechanism that determines the size of the NLR
to scale with the ionization parameter. It can be explained if on average, all AGNs have
the same ionization parameter, density, and ionizing spectral energy distribution. Thus,
the observed spatially decreasing ionization parameter and density in all our objects
do not contradict the explanation of the NLR size-luminosity relation in terms of a
constant (in all objects) ionization parameter and density. Indeed, all objects show a
comparable value of U and n. at the edge of the NLR (Ulog(ne)ZQ ~ 0.001 — 0.0005,
ne ~ 50 —100cm™2). In Chapter 3, theoretical NLR size-luminosity relations for type—1
and type-2 AGNs closed to the observed ones were derived with the assumption that
intrinsically, the size of the ionization cone increases with L%3,. Thus, both the theoretical
and observational results speak in favor of an intrinsic slope of the NLR size-luminosity
relation of 0.5 and rule out a simple Stromgren behavior of the NLR gas.

However, the NLR size-luminosity relation was so far derived from [O111] images,
but the size determination using [O111] images alone bears various uncertainties due to
e.g. the sensitivity dependency of the observation and contributions from circumnuclear
starbursts as has been shown in this Chapter. Compared to the spatially-resolved spec-
tral diagnostics measuring the “real” NLR size, the apparent NLR size determined by
[O111] images can be either smaller in case of low sensitivity or larger in case of contri-
butions of circumnuclear starbursts. Applying the methods described here to a larger
sample of objects will help to scrutinize the NLR size-luminosity relation, although also
this NLR size definition may not be robust enough as it depends on the distribution and
strength of young stars in the vicinity of the AGN. Nevertheless, the uncertainty of the
NLR size due to different determination methods is small enough to not affect the general
slopes of the NLR size-luminosity relation which extends over four orders of magnitudes
in luminosity and two orders of magnitudes in size.
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4.4.9 Velocities

In most cases, we derived the NLR velocity curve from the average of the peak wave-
lengths of the Ho and [N11] emission lines; in some cases, we used only one line (He,
[N11] or [Om]). In addition, given the high S/N ratio of our spectra, we are able to
trace the velocity field from the “peak wavelengths” of the stellar absorption line Call
K for several objects (before subtraction of the stellar template) throughout the whole
region as this line is not blended with emission lines. The uncertainty in velocity values
estimated by comparing repeated measurements at the same point is 20kms~!.

Several objects show a rather “random” velocity field. In those objects with measured
stellar velocities, the two curves show in general a similar behavior although the maximum
amplitude is often smaller. In some cases, the gaseous velocity curves show a typical
rotational pattern (e.g. NGC 1386, IC 5063, and MCG —05-13-017), indicating that the
NLR may be distributed in a disk rather than a sphere. However, this interpretation
is not unambiguous and the velocities may at least partly originate from a jet/NLR
interaction and outflows or may be influenced by a barred potential. We will discuss
these issues for each galaxy individually. If the rotational interpretation applies, we can
determine the enclosed mass.

For NGC 1386 and MCG —05-13-017 where we observed the transition of line ratios
between AGN-like and H 11—region like in the diagnostic diagrams and for which we are
able to determine the stellar velocity curve, the gaseous velocities do not change signif-
icantly in the NLR and the surrounding H1I-region regime. This observation indicates
that the NLR does not consist of an intrinsically different gas component but is ambient
gas photoionized by the AGN.

4.4.10 Extended Broad Lines?

In Table 4.14, we compare the spatial extension of broad Ha and Hf in the six Seyfert—
1 galaxies in our sample. For the five Seyfert—1 galaxies observed at the NTT, both
lines were taken from the red spectral wavelength range covered by the REMD chip, for
comparison. Additionally, we checked that the Hf profile observed on the BLMD chip
is comparable to the one taken with the REMD chip.

Intrinsically, the BLR sizes are expected to be < 17, using the BLR size-luminosity
relation from Kaspi et al. (2000) (their Eq. 6) and the observed luminosities in our
galaxies with an average scale of ~300pc/”. However, the observed spatial emission will
be broadened according to seeing and instrumental effects.

For three objects (MCG —6-30-15, NGC 526a, and MCG —05-13-017), the broad Ha
and HB components are limited to the central 2-3”. This corresponds to approximately
twice the seeing value during the individual observations (see Tables 4.2 and 4.5 for
details). To probe any possible instrumental effect, we used the spectra of two fairly
bright stars observed at the NTT on the same chip as two of our objects (ESO 362—
G008 and MCG -05-13-017). We created a seeing profile as a function of wavelength
and distance from the center and compared it to the observed extension in the broad
Ha line. The seeing profile of the stars shows that in the central 2”2 (at a wavelength
of HB) and 2”5 (at Ha, respectively), 98% (30) of the central flux should be included.
Thus, we cannot rule out that a combination of seeing and instrumental effect produce
the observed extended broad lines out to 2-3".
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Figure 4.30: Velocity fields of the Seyfert—2 galaxies NGC 1386, NGC 3281, NGC 5643, 1C 5063,
NGC 7212, and ESO 362-G008. The velocities of the NLR were derived from the average value
of the peak wavelengths of the Ha and [N 11] emission lines (filled symbols), with the exceptions
of NGC 3281 and ESO 362-G008 where only [N11] was used. The stellar velocities were in
most cases determined from the Ca11 K absorption line “peak wavelength” as seen in the “raw”
spectrum (open symbols) if visible at a good S/N with the exception of IC 5063 where Na D was
used instead. The edge of the NLR as determined from the diagnostic diagrams is indicated by
dotted lines (NGC 1386 and NGC 5643).
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Figure 4.31: Velocity fields of the Seyfert-1 galaxies MCG —6-30-15, Fairall 51, NGC 6860,
Mrk 915, NGC 526a, and MCG —-05-13-017. The velocities of the NLR were derived from the
average value of the peak wavelengths of the Ha and [N 11] emission lines (filled symbols), with
the exceptions of MCG—6-30-15 and Fairall 51 where [O111] and Ha were used, respectively.
The stellar velocities were determined from the Cair K absorption line “peak wavelength” as
seen in the “raw” spectrum (open symbols) if visible at a good S/N. The edge of the NLR as
determined from the diagnostic diagrams is indicated by dotted lines (NGC 6860 and MCG —
05-13-017).
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Table 4.14: Broad HB and Ha emission in Seyfert—1 galaxies

Galaxy Broad Hf extension [’] Broad Ha extension [”]
MCG -6-30-15 2.8 2.8
Fairall 51 2.2 13
NGC 6860 2.2 9
Mrk 915 2.2 9
NGC 526a none 2.2
MCG -05-13-017 2.2 3.3

Note. — The total extension of the broad HZ and Ha emission lines is given. Note that this is
no sharp edge but rather a lower limit; there may still be underlying broad emission further out
where we are limited by the S/N. The galaxies were observed with NTT/EMMI and a seeing <
1” with the exception of MCG —6-30-15 which was observed with the lower spectral resolution
of VLT/FORS1 and at a seeing of 1”5.

The same holds for the broad Hf line in the remaining three objects (Fairall 51,
NGC 6860, and Mrk 951). However, the broad Ha emission line in these objects extends
out significantly further (d ~ 9-13"; Figs. 4.32, 4.34, and 4.36). Note that we do not find
a sharp edge beyond that no broad emission is seen, we are limited rather by the S/N in
the outer parts.

A detailed study of the broad Ha emission and its variation with distance from
the center using Gaussian fitting yields the following results (see also Figs. 4.33, 4.35,
and 4.37). In all three objects, the best fit was achieved by applying three Gaussians
to the observed profile: a narrow one (FWHM: 5-11 A ~ 230-500kms~'), one with an
intermediate width (FWHM: 40-85 A ~ 1830-3880kms~'), and a broad one (FWHM:
110-255 A ~ 5025-11650 kms~"). The width of the narrow Gaussian is in agreement to
what is expected for the width of narrow lines (10273 kms™'), while both the widths of
the intermediate and the broad line fall in the typical range of line widths observed from
the BLR (10 *kms™!). The widths of the fitted Gaussians do not show a significant
variation with radius in none of the objects. Moreover, the general profile shape does
not change with distance from the center. In Figure 4.38 (left panel), we show the broad
Ha flux on logarithmic scales as a function of distance from the center. For all three
objects, it is high in the center and decreases outwards. While it is still fairly high at
+1” distance from the nucleus, it is much lower and remains on roughly a comparable flux
level further out. The ratio of the broad Ha flux to the narrow Ha flux shows another
trend which is similar for all three objects: While it is relatively high in the center, it
decreases outwards to the next 1-2” and then increases again (Fig. 4.38; right panel).

These observations will be discussed in line with the origin of the extended broad
emission. However, we want to stress that using a broad, an intermediate, and a narrow
component to fit the observed Ha and H/f profiles in all rows where we see underlying
broad emission (Section 4.3.5) yields an accurate fit to the observed profiles.

Thus, independent of the origin of the broad extended emission lines, the deduced
narrow emission line flux should not be affected by the underlying broad emission.
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Figure 4.32: Broad Hf (left panel) and Ha (right panel) emission in Fairall 51. While a broad
Ha component is visible out to r ~ 7" from the nucleus, a broad HB component extends out
to r ~ 1” from the nucleus. The peak fluxes of both emission lines were normalized to 1,
for comparison. Note that no continuum slope was subtracted to show the “original” broad
emission.
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Figure 4.33: Broad Ha emission in Fairall 51 with three Gaussian fits (a narrow one, one with
an intermediate width and a broad one) shown as overlay. Single Gaussians are shown as solid
line, the total fit is shown as dotted line. The Ha narrow peak fluxes were normalized to 1, for
comparison. The spectra have to be multiplied by the factor given in the upper right corner
to gain the flux in 10~ ergs™' ecm2A~!. As the broad-to narrow Ha flux ratio increases
towards the outer part (Fig. 4.38), the broad lines appear to be boosted in the normalized
outer spectra. In contrary to Figure 4.32, a continuum slope was subtracted before fitting the
Ha profile. The [N11] and [S11] lines were fitted by one narrow Gaussian only.
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Figure 4.34: The same as in Figure 4.32 for NGC 6860. While a broad Ha component is visible
out to 7 ~ 4”5 from the nucleus, a broad H3 component extends out to 7 ~ 1” from the nucleus.
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Figure 4.35: The same as in Figure 4.33 for NGC 6860. Note that in the wavelength range
A6860-6910 A, there are underlying telluric absorption bands.
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Figure 4.36: The same as in Figure 4.32 for Mrk 915. While a broad Ha component is visible
out to 7 ~ 4”5 from the nucleus, a broad H3 component extends out to 7 ~ 1” from the nucleus.
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Figure 4.37: The same as in Figure 4.33 for Mrk 915.
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What is the origin of the extended broad Ha emission seen in Fairall 51, Mrk 951, and
NGC 68607 Neither seeing nor instrumental effects can produce broad Ha lines at these
distances from the nucleus. We believe that the observed extended broad Ha emission
can directly be attributed to the objects.

The fact that we do not see the same extension in the broad HF component can orig-
inate from a combination of the low S/N which does not allow to detect an underlying
broad H/ line far from the nucleus (intrinsic Balmer decrement Ha/Hf ~ 3) and redden-
ing, decreasing the broad HfF flux relative to Ha. Fitting any spurious underlying broad
HpG flux in those outer rows in which we still see a significant broad Ha line, we estimate
values of Haroad/HBproaa > 10 in all three objects. This is significantly higher than
what is observed in the NLR and, moreover, also significantly higher compared to the
reddening of the central BLR which is comparable to that of the NLR (Hawroad /HBbroad
~ 5).

There are three possible explanations: (i) a “real” extended broad-line region, (ii)
shock induced high velocities e.g. from jet/NLR interactions and outflowing gas, (iii)
scattering of the central BLR emission.

Explanation (i) is unlikely: If the broad lines indeed arise in an extended BLR,
it is surprising why they arise at the same (projected) distance from the nucleus as
the narrow lines do. It would imply two distinct regions at roughly the same distance
from the nucleus, one with a high and one with a low velocity dispersion. In addition,
the region with the high velocity dispersion creating the broad lines must have high
densities to explain the fact that no broad forbidden lines are observed at the same time.
[This argument is commonly used to explain the observational evidence that no broad
forbidden lines are seen in the BLR; e.g. Osterbrock (1989)]. Also, the high observed
reddening of the extended broad lines (Hoproad/HBproaa > 10) implies a large amount of
dust in this extended BLR which is not seen in the NLR at the same distance. Moreover,
explanation (i) does not explain why such high velocity dispersions at these distances
should occur. This could be explained by (ii), i.e. shocks from e.g. radio jets impinging on
the emitting gas clouds and accelerating them to high velocities, and at the same time
possibly creating high densities, resulting in collisional de—excitation of the forbidden
lines. However, our observations argue against this explanation: The profile and width
of the underlying broad Ha line do not change with distance. Moreover, the profile is
rather smooth, i.e. it does not show blue— or redshifted wings as expected for outflowing
gas. In addition, an outflow scenario cannot explain why we do not see a comparable
amount of broad extended Hf emission. We favor explanation (iii), i.e. that the broad
Ha line originates from scattered light of the central BLR.

Before discussing the scattering of broad lines in detail, we want to point out that
our observations of (a) no significant changes of profile and width with radius, (b) high
broad Ha flux in the center which is decreasing outwards ending in significant lower
fluxes at a distance of 2” from the nucleus and further out (Fig. 4.38, left panel), and
(c) distribution of broad-tonarrow Ha flux (Fig. 4.38, right panel) are all in agreement
with the scattering scenario:

(a) If the broad extended emission arises from scattering, we do not expect changes
in the profile.

(b) The high flux of broad Ha emission in the center and at +1” distance from the
nucleus can be explained by a direct view of the broad emission (plus spatial broadening
by seeing and instrumental effects) and is similar to the extension of the broad Hf flux.
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Figure 4.38: Left panel: Broad Ha flux on logarithmic scales (in 10~ ergs=!ecm™2) as a

function of distance from the nucleus for all three Seyfert—1 galaxies with extended broad Ha
flux (filled diamonds = Fairall 51, stars = NGC 6860, open diamonds = Mrk 915). Right panel:
Ratio of broad—to—narrow Ha flux. In the center, the ratio was normalized to 1, for comparison
(Fairall 51: divided by ~56, NGC 6860: divided by ~16, Mrk 915: divided by ~8). The same
symbols as in the left panel were used.

The decrease further out can be explained by scattered broad emission.

(c¢) The ratio of broad Ha flux to narrow Ha flux peaks at the center, decreases
outwards in the first 1-2”, and then increases again. In the center, we directly see the
BLR, resulting in a high ratio of broad—to—narrow Ha flux. In the surrounding 1-2”, the
NLR emission is strong while the BLR contribution from the center, scattered by seeing
and instrumental effects decreases, resulting in a decreased broad—to—narrow Ha flux.
Further out, the NLR emission gets fainter while the broad scattered flux remains at
roughly the same level, resulting in an increase of the observed broad—to—narrow Ha flux.

Scattering of broad lines

Seyfert-2 galaxies

Scattered broad lines are well known for several Seyfert—2 galaxies with BLRs hidden from
direct view [e.g. Miller & Goodrich (1990), Tran et al. (1992)]. In fact, the observation
of polarized broad lines was a key step in the development of the unified scheme for
AGNs (Antonucci & Miller, 1985). The scattering medium is thought to be dust or
free electrons, e.g. in the NLR. Dust scattering is more efficient than scattering by free
electrons, but its scattering behavior is more complicated. For example, while electron
scattering is wavelength independent, dust scattering seems to be in general stronger for
blue than for red light [Sy oc A™!; Zubko & Laor (2000); Schmid et al. (2001)].

In the Seyfert—2 galaxy IC 5063, Wagner & Appenzeller (1989) report a broad off—
nuclear emission—line region at 1”8 north—west. They interpret this emission as an ex-
treme example of scattering with a very high intrinsic BLR emission from the nucleus.
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Seyfert—1 galaxies

Several spectropolarimetric studies of Seyfert—1 galaxies have revealed polarized light in
Seyfert 1s as well, although the geometry of the scattering region seems to differ from
type 2s: In type 2s, the optical polarization p.a. is almost always perpendicular to the
projected radio source axis [e.g. Antonucci (1983), Brindle et al. (1990)], as expected for
scattering within the ionization cone (assuming that the radio source is aligned with the
torus axis). This scattering is also called polar scattering. In contrast, in type 1s, the
optical polarization p.a. is more often aligned with the radio axis [e.g. Antonucci (2001);
Smith et al. (2002)]. A second source of polarized light in addition to polar scattering
seems to be necessary. Smith et al. (2002) studied the optical polarization spectra of
Seyfert 1s in detail and find in several cases polarization characteristics best explained
by BLR emission arising in a rotating disc which is scattered by material in the equatorial
plane of the disc. This equatorial scattering is thought to be the main source for the
polarized light observed in most Seyfert—1 galaxies. However, there is growing evidence
that polar scattering also occurs in Seyfert 1s (Smith et al., 2002) and can in some cases
even dominate over equatorial scattering (Smith et al., 2004).

To prove our assumption of scattered broad emission in these Seyfert 1s, we searched
for published spectropolarimetry measurements. For NGC 6860, no spectropolarimetric
data are available and the observations of Mrk 951 are too noisy to confirm evidence of
intrinsic polarization (Smith et al., 2002). But Fairall 51 is indeed one of the most highly
polarized Seyfert 1s (Smith et al., 2002).

Fairall 51

Fairall 51 exhibits optical polarization characteristics which classify it as one of the rare
cases in which polar scattering dominates over equatorial scattering. It is considered as
prototype of this new type of Seyfert 1s with polarized emission, the so—called polar—
scattered Seyfert—1 galaxies (Smith et al., 2004). Smith et al. (2004) propose the following
scenario for these objects: The direct line—of-sight to the AGN passes through the upper
layers of the torus which blocks the view towards the equatorial scattering region such
that the polar scattering region dominates the polarized light. Thus, the scattering
geometries of these objects are similar to Seyfert—2 galaxies and of special interest in
terms of unification theory. In type-1 objects, such a scattering configuration with the
scattering region located far from the BLR and the continuum source gives the unique
possibility to see the BLR both in direct light and via the scattering region. Schmid
et al. (2001) used VLT/FORSI spectropolarimetry to study the broad-line profiles of
Fairall 51 in polarized and total light. They find them to be indistinguishable concluding
that the velocity field of the BLR is essentially spherically symmetric.

In their central extracted spectra, H3 shows a polarization fraction of 8.5%, while the
broad Ha flux has a lower linear polarization value of pgps ~ 5.8%. It is the same wave-
length dependency as observed for the continuum, but about 1.6 times higher (Schmid
et al., 2001). This observation may explain why we do not find extended broad Hf flux:
If dust scattering is stronger for blue wavelengths, the extended broad HS line may be
scattered out of our line-of-sight in the outer regions whereas in the central part, we
observe the BLR light directly. Moreover, Hf3 is more heavily absorbed by the scattering
medium, i.e. the dust torus, than Ha. Thus, the observed ratio of broad Ha/HS > 10
may be explained by a mixture of scattering and absorption.
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Schmid et al. (2001) do not discuss the extension of the broad emission in their paper
but simply use the central 8" as central spectrum, indicating that they consider the
broad emission to be more extended than just the few inner arcseconds. To probe this,
we compared their VLT spectra taken from the archive with our NTT data focussing on
the extent of the broad Ha lines. Indeed, the FORS1 spectra do also reveal broad Ha
emission in at least the central 3” observed with a seeing of 0”8. Although this extent
is significantly larger than the seeing value, it is smaller than the extension derived
from our data. A possible explanation lies in the different position angles used (0° VLT
compared to 140° in our NTT data). Comparing the different position angles with the
HST [O111] image of Schmitt et al. (2003a) shows that the p.a. of 140° closely follows
the extended [O111] emission while Schmid et al. (2001) may miss extended emission:
The scattering is probably more efficient at a p.a. of 140° than at 0°, if the scattering
originates from the dust torus which can be considered as roughly perpendicular to the
axis of the ionization cone, in the framework of the unified scheme. This suggest that
more (extended) broad-line flux may be observable along p.a. = 140°.

The special scattering geometry of Fairall 51 with polar scattering and a small scat-
tering angle compared to equatorial scattering may give an explanation to why we see
extended broad lines already in non—polarized light: The forward scattering by dust may
be more efficient than scattering in perpendicular direction (as required e.g. for BLR
scattering in Seyfert 2s). Our observations and comparison with polarization data of
Fairall 51 suggest that we can expect a similar scattering geometry in NGC 6860 and
Mrk 915. However, to finally prove this scenario, spectropolarimetry long—slit data along
the same position angle are required for all three objects.

4.4.11 Differences between Type—1 and Type—-2 Seyferts

Differences between the NLRs in Seyfert—1 and Seyfert-2 galaxies are known from both
imaging and spectroscopy and have been discussed by various authors on the basis of the
unified model [e.g. Mulchaey et al. (1996b); Schmitt (1998); Nagao et al. (2001); Schmitt
et al. (2003b)].

Statistics have shown that high—ionization emission lines as well as those with high
critical densities tend to be stronger in Seyfert—1 galaxies than in type 2s [e.g. Shuder
& Osterbrock (1981); Schmitt (1998); Nagao et al. (2000)]. One explanation is that the
highly—ionized gas clouds are located close to the nucleus and can be hidden by the dust
torus (Murayama & Taniguchi, 1998a.b; Nagao et al., 2000). On the contrary, Schmitt
(1998) proposed that the NLR sizes in Seyfert—1 galaxies are (intrinsically) smaller than
those of type 2s (and not only due to projection effects): If the torus of Seyfert—1 galaxies
is more likely to be aligned with the galaxy plane (but has random orientations in Sy2s)
and the ionization cone in type-1 AGNs is thus perpendicular to the galaxy plane, there
is a smaller number of ionization-bounded clouds in Seyfert-1 galaxies. Based on a
sample of 355 Seyfert galaxies, Nagao et al. (2001) favor the first explanation.

General trends from nuclear spectra

Compared to the Seyfert—2 galaxies, the Seyfert 1s in our sample show on average higher
iron emission line fluxes such as [Fevii] and [FeX] relative to Hf, i.e. high—ionization
lines (upper ionization potential 125eV and 262.1eV, respectively), as well as higher
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[O 111 A4363 A intensities, a line with a rather low ionization potential compared to these
iron lines (upper ionization potential of 54.9 eV; Appendix C, Table C.2) but high critical
densities (3.3 -107cm™3; Section 4.4.1; Tables 4.8, 4.7), in agreement with the results
of Nagao et al. (2001). Moreover, we find Seyfert—1 galaxies tending to have higher
electron temperatures and ionization parameters in their nuclear spectra. While the
central electron densities are comparable within the individual scattering, the nuclear
reddening is on average higher in the six Seyfert—2 galaxies.

The difference in the flux ratio of [O 111] A4363 A /[O 111] A5007 A seen between Seyfert—
1 and Seyfert—2 galaxies has been interpreted by Osterbrock (1978) as a difference in
densities (ny ~ 10°~7 cm ™2 for Seyfert—1 galaxies and ny < 10° cm™2 for Sy2s). However,
we interpret it as a difference in temperature [Tt ave 4sy1s ~ 33600£7100 K versus T ave asy2s
~ 14465 + 445K] in agreement with the suggestions by Heckman (1979) and Cohen
(1983) (T. > 20000 K for Syls; T, ~ 10000 K for Sy2s).

The higher average central ionization parameter is related to the observation of
stronger fluxes of high—ionization lines in Seyfert-1 galaxies and can be explained like-
wise: If the high-ionization lines, along with the Balmer and [O111] A5007 A emission
lines, originate in gas clouds close to the BLR, they may be partly hidden by the dust
torus in Seyfert—2 galaxies. Our observations of higher reddening in Seyfert—2 galaxies
argue in favor of this scenario proposed by Nagao et al. (2001). It is reasonable to as-
sume that lines with high ionization potential arise closer to the photoionizing source,
leading to a stratification of emission lines. This is comparable to what has been found
for the BLR using reverberation-mapping: Different lines have different time lags with
lines from high—ionized gas responding earlier, showing that the ionization structure is
radially stratified (Peterson, 1993).

The reason that we observe comparable nuclear densities in both type-1 and type-2
Seyferts may lie in the correction of the central electron temperature: When comparing
the measured electron densities directly, i.e. not correcting for the temperature, we get
on average slightly lower densities for Seyfert—1 galaxies (which have the higher central
temperatures): Ne avessyls ~ 825 £ 170 cm ™ versus ne ave gsy2s ~ 950+ 160 cm 3. Taking
into account the critical densities of the involved forbidden emission lines, we cannot
rule out that the temperature we measure originates from a region closer to the center
than the electron density (if the density increase towards the center): While the critical
densities of the [O111] lines are high [3.3 - 107 cm™> for A4363 A, 7-10° cm ™~ for A5007 A;
Appendix C, Table C.2], they are significantly lower for the [S11] AA6716,6731 A lines
(1500-3900 cm™3). Tt implies that while the [O111] lines are still emitted in a dense
central region with e.g. n, ~ 10000 cm ™3, allowing us to measure the temperature close
to the nucleus, both [S11] lines are collisionally de—excited. Thus, the flux we measure in
these lines comes from regions with lower densities further out along our line—of—sight.

Differences in radial distributions

When comparing the results of Seyfert—1 and Seyfert-2 galaxies assuming that the unified
model is valid [e.g. Antonucci (1993)], one has to take into account the different geom-
etry, we observe either along the ionization—cone axis or perpendicular to it, and thus
the differing line—of-sight integrations: The observed emission-line fluxes and ratios are
line—of-sight integrations along possibly varying values. Line—of-sight integration always
occurs in observational astronomy, but very often, it is not taken into account.
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The integration may alter the observed spatial variations of line fluxes and ratios
especially in type-1 and type-2 AGNs depending on the viewing angle. Also, the veloc-
ities represent line—of—sight integrations, in general broadening the line profiles. As the
effect of the line-of-sight integration on measured velocities and line profiles has been
discussed in detail by e.g. Schulz et al. (1995), we here focus on line-of-sight integrations
of (i) line fluxes and (ii) line ratios and the observed variations expected for type-1 and
type—2 AGNs.

Line fluxes

When discussing the line-of-sight integration of emission-line fluxes one needs to con-
sider the two cases of optically thin and optically thick emission. For optically thick
emission, we simply see the emission of the surface of the ionization cone.

However, the NLR gas can be considered as emitting optically thin.!? In that case,
we sum up the line flux emitted along our line-of-sight. (Of course, dust obscuration can
still play a role in absorbing some of the emission.) For type-1 AGNs (assumed viewing
angle near 0°), the central integrational path crosses the whole NLR from the border
to the center. The further out we go, the shorter gets the integrational path (Fig 4.39,
left panel). For type-2 AGNs (viewing angle near 90°), it is the opposite: Through the
ionized gas at the apex of the cone the integrational path is rather short, but it increases
with distance from the center (Fig 4.39, right panel). Relative to the extended emission,
we expect to see higher emission—line fluxes in the center for type 1s than for type—2
objects. If the gas emits homogeneously, we expect to see the maximum of emission in
the center for type—1 galaxies. For type-2 objects, we would expect to see two maxima
in the surface-brightness distribution at the edge of the emission. However,the strength
of the emission—line fluxes is most probably decreasing with distance from the center
if either the gas density is decreasing and/or the photoionizing continuum comes from
the central source only. Then, we expect to see two maxima in the surface-brightness
distribution of type—2 objects close to the center. In practice, these two maxima may be
merged into one central maximum due to the limited spatial resolution of the observations
(see e.g. observed surface-brightness profiles presented in Appendix B).

To summarize, in type—2 AGNs, the line-of-sight effect with different lengths of line—
of-sight integrations can balance a radial distribution effect of decreasing gas density.
For type—1 objects, both effects act in the same way.

When comparing the radial distribution of (optically thin) line fluxes in type-1 and
type—2 objects, one expects to find a steeper slope in type—1 objects: For type-1 AGNs,
the flux is high in the center due to the long integrational path and decreases towards
low values at the edge of the observed emission.

For type 2s, the central value is not as high as in type 1s, compared to the outer
regions, as we integrate along a smaller emitting region. With respect to the central
peak, the slope is thus shallower in type—2 objects.

Indeed, we observe surface-brightness distributions in the Hoa and [O 111] emission line
which show a steeper slope in the Seyfert—1 galaxies in our sample. Although we observe
the same trend for the continuum values, the interpretation is not as straightforward
as we cannot distinguish the amount of AGN and stellar contribution to the observed
continuum.

12 The NLR flux ratios are typical of “case B” recombination, implying that only the Lyman series is
optically thick and that all Balmer lines are emitting optically thin (Peterson, 2003).
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Line ratios

In the previous Sections, we examined radial distributions of several values deduced from
emission-line ratios: (i) reddening (4.4.2), (ii) line ratios in diagnostic diagrams (4.4.3),
(ili) electron density (4.4.6), and (iv) ionization parameter (4.4.7). We here discuss the
influence of different line—of-sight integrations for these parameters.

(i) In case of the reddening value derived from the emission-line ratio of Ha/Hf,
the intrinsic value is expected to be roughly constant with radius as both lines arise
from recombination of the same ion and are intrinsically at a fixed ratio at a given
temperature (2.87 at ' = 10000 K for case B recombination; Osterbrock (1989), page
80). If there are large changes of temperature across the NLR, this ratio may also
change intrinsically: for 7" = 2500 K it is 3.3 and for 7" = 20000 K it is 2.76. However,
this change is small compared to changes due to dust (typically observed range Ha/H/3
~ 3-T7). Therefore, dust has the major influence of the measured Ha/Hf ratio. The
dust can be distributed at any position along our line-of-sight. We do not observe a
trend in the reddening distributions in our objects; rather, the distributions vary from
object to object, reflecting different dust distributions. The fact that we do not observe a
significant difference between type—1 and type-2 objects indicates that most of the NLR
emission arises beyond any putative obscuring torus. It seems that the reddening is due
to dust in the NLR or in the host galaxy and does not arise from systematic differences.
However, as pointed out in the previous Section, Seyfert-2 galaxies tend to have larger
nuclear reddening which may indeed be attributed to an obscuring medium in the central
line—of-sight.

(ii) The line ratios in the diagnostic diagrams do not show significant different spatial
distributions for Seyfert—1 and Seyfert—2 galaxies. In four out of 12 objects (2 Syls, 2
Sy2s), we observe a transition between AGN—typical line ratios and that typical for H1
regions. Using CLOUDY photoionization modeling, we can show that the type of ionizing
continuum is responsible for the radial variation of line ratios and not the radial variation
of metallicity, ionization parameter, and/or electron density. The spatial distribution of
line ratios in the diagnostic diagrams depends rather on the ionizing continuum than the
line-of-sight integration.

(iii-iv) Electron density, ionization parameter, and temperature are derived from the
intensity ratio of two forbidden lines.!® The emission is optically thin and all emitted
flux along the line—of—sight is integrated to the total observed line flux.

Three different cases can be distinguished when considering the intrinsic flux ratios
as a function of radius: (a) The intrinsic values are constant with radius [y = f(r) = ],
i.e. the flux ratios do not change. In that case, it does not make any difference whether we
observe along the line-of-sight of type—1 or type—2 AGNs. (b) For random fluctuations,
the observed value is a mean over these fluctuations and it is impossible to predict the
intrinsic values. (c) If a value varies intrinsically with radius [y = f(r) oc 79], the observed
slope will differ from the intrinsic one depending on the line-of-sight. We discuss case
(c) in the following.

In a first step, let’s consider the electron density as an example, assuming that the
density is highest at the center and decreases with distance. Then, in the center, the

13 While the temperature is deduced from the [O 111] % ratio, the emission lines in the numerator
occur in a fixed ratio of 1:3, thus in principle only two lines are involved. Note that although we do not
trace the spatial variation of the temperature, the following considerations should in principle also be
valid for the temperature.
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Figure 4.39: Line-of-sight integration for type-1 (left panel, « = 0°) and type-2 AGNs (right
panel, . = 90°). The NLR gas is considered as distributed in a sphere with the emission forming
a cone-like structure due to the photoionizing cone with half-opening angle g = 30°.

flux in the [S11] A6731 A line is high compared to the flux in the [S11] A6716 A line (Ap-
pendix C, Fig. C.1). In the outer parts of the NLR where the density is low, the contrary
is the case. The observed flux ratio now depends on the line—of-sight. For type—2
objects, the line—of-sight integration is close to the intrinsic radial variation and the
observed slope is close to the intrinsic one (if 4 is small). For type-1 objects observed
along the central line-of-sight, we integrate fluxes from both the central regions (where
the [S1]A6731 A line is strong compared to the [S1] A6716 A line) and outer regions
([where the [S11] A6716 A line is strong compared to the [S11] A6731 A line) and thus, the
observed averaged line ratio indicates lower densities than the intrinsic central one. (As
argued in the previous Section, our observations in principle agree with this prediction,
i.e. we observe lower central electron densities for Seyfert—1 galaxies than for Seyfert—2
galaxies.) At the edge, we get close to the intrinsic value as the integrational path is
short. Since the slope is measured relative to the observed central value which is in case
of type-1 AGNs underestimating the intrinsic value, the slope seems to be less steep for
type—1 than for type—2 AGNs.

Now, we discuss the effects of the line—of-sight integration in a more general way. We
assume that the NLR gas is distributed in a sphere, photoionized in a cone-like structure
(i.e. we neglect a possible NLR gas distribution in a disk as well as the influence of the
host galaxy). With the viewing angle ¢+, we refer in the following to the angle between
the observer and the ionization cone of NLR emission.

Consider the case of a type-2 object with a viewing angle towards the cone of 1 =
90° and a half opening angle of the ionization cone of § = 30° (Fig 4.39, right panel).
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In the center, the line-of-sight through the cone with line emission is very small and
we directly observe the intrinsic value. (We neglect the influence of the obscuring dust
torus present in the center as it probably has dimensions which are negligible against
the total NLR extension.) Further out, the line-of-sight length through the emitting
cone increases and we observe an averaged value over a larger region. For a radially
varying profile, our line-of-sight does not run exactly along the radial curve (B, H, F)
but does not differ from it very much (B, G, F'). At point B and F, the value added
to the observed one corresponds to the intrinsic one, but for G, it has not reached the
intrinsic radial one yet (H). Qualitatively speaking, the deviation results in an observed
radial profile which is less steep than the intrinsic one, as the mean values smoothes out
the radial values. However, in general, for type-2 objects, the deviation between the
observed and the intrinsic radial profile should be negligible, especially if 3 is small and
the viewing angle is large.

For type—1 objects, it is different and comparable to what one would observe in the
case of a sphere, but not as “severe” due to the cutoff at the edge of the ionization cone.
Consider the same cone with § = 30° and a viewing angle of 0° (Fig 4.39, left panel). For
the center, the measured value corresponds to the mean over the whole profile variation
(A to C). Towards the outer part, there is less and less central contribution (B to D)
and at the edge (F), one finally gets the intrinsic value. (Note that we do not take into
account the counter half-cone below the torus plane which, if not obscured, “doubles” the
observed line-of-sight integration.) The deviation between the intrinsic radial variation
and the observed one can be much larger than for type-2 objects.

However, up until now, we did not take into account the different radius measure-
ments. The distance from the center to the outer edge of the measurable NLR is always
smaller for type—1 objects (¢« = 0°) than for type-2 AGNs (v = 90°): In type—1 objects
(¢ = 0°), the radius of the cone h projects to the measured NLR radius a (Fig. 4.39; left
panel) while in type 2s (¢« = 90°), the measured radius corresponds directly to the radius
of the cone h (Fig. 4.39; right panel). The difference depends on the opening angle of
the ionization cone: Rnir2 = Rnira/sin 5 (for ¢ = 90° and ¢ = 0°, respectively). For
the here assumed opening angle of 30°, the measured NLR radius is twice as large for
Seyfert—2 galaxies than for Seyfert 1s. (Note that for general + with + < 3 for type-1
AGNs and ¢ > [ for type—2 AGNs, the measured radii changes; see Chapter 3, for a cal-
culation of the projected NLR radii.) If we now consider the slope between the central
observed value and the one at the edge of the measurable NLR emission, this slope seems
to be steeper for Seyfert—1 objects due to the smaller distance between the central value
and the outer one. Moreover, for type—1 objects, we may not be tracing the emission—line
fluxes to the same radial distance: At the outer parts, the line—of-sight integrates over
a smaller volume of emitting gas (while the opposite is the case for type 2s) resulting in
observable emission-line fluxes which reach the sensitivity limits earlier.

To conclude, if we assume that, intrinsically, we are dealing with the same objects
which have the same radial dependency of physical parameters, we expect to observe a
different radial profile between type—1 and type—2 objects just because of the differing
line-of-sight integration and NLR size measurements. We expect that Seyfert—1 galaxies
show a steeper slope in radial distributions of emission—line ratios than Seyfert 2s. Indeed,
our observations confirm this trend: Both electron density and ionization parameter tend
to show a steeper decrease with radius in Seyfert—1 than in Seyfert—2 galaxies.
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However, these results and interpretations have to be taken with some caution. For
one, we have a very limited number of sources. Second, in practice, not only the inte-
gration along the line—of-sight plays a role, but also the finite spatial resolution due to
seeing and slit width. Depending on the distance of the object, we are averaging over a
region from 50 to 500 pc depending on the object. Third, the viewing angle can range
between 0° and 90° (as already hinted by the intermediate Seyfert types 1.2, 1.5, and
1.9). Fourth, our simple scheme which assumes the validity of the unified model does not
consider a disky NLR distribution which may exist at least in some Seyferts in the case
where the torus axis lies in the plane of the galaxy. A line—of-sight integration through
NLR gas distributed in a disk depends on the intersection between the ionization cone
and the NLR gas and may alter the integration. Also, large scale dust in the galaxy
such as dust lanes may absorb some of the NLR emission and alter the observed radial
distributions. Finally, the forbidden—line emission depends on the corresponding critical
densities: As already pointed out for the electron density, we may not be tracing the in-
trinsic central values if the density is higher in the center and suppress the line emission
by collisional de—excitation. As a consequence, we integrate only along the outer parts
of the emitting region and the difference between type-1 and type—2 AGNs gets smaller.

4.4.12 Detailed Case Study of the Seyfert—2 Galaxy NGC 1386

We here discuss exemplarily the results of the nearby Seyfert-2 galaxy NGC 1386 in
detail before referring to the other 11 galaxies in Section 4.4.13. We chose NGC 1386
as these results can be characterized as prototypical for our sample and moreover, it is
one of the nearest known Seyfert—2 galaxy (vhq = 868 + 5kms™!, NED), allowing for
a detailed study of the extended NLR down to small spatial scales (1” ~52pc). These
results have been summarized in Bennert et al. (2005).

Literature data

The nearby Seyfert—2 galaxy NGC 1386 has been investigated by various authors.

Weaver et al. (1991) study the extended NLR by means of groundbased imaging as
well as long—slit spectroscopy with multiple slit positions. They show a 2D coverage of
the inner kpc of this galaxy and discuss the overall morphology, velocity field, electron—
density distribution, and ionization structure. They use the galaxy itself as stellar tem-
plate to correct for underlying absorption lines. Using one diagnostic line-ratio diagrams
([O1m1)/HE versus [N11] A6583 A/Ha), they determine the NLR to extend ~6” to the
north and south of the nucleus while emission lines further out can be attributed to H11
regions. They find an electron density which is decreasing with radius. The velocity
field is interpreted in terms of a combination of a normally rotating component and a
component undergoing high—velocity infall or outflow.

Mauder et al. (1992) resolve the NLR down to a linear scale of 0”3 (~ 15 pc) using
speckle interferometry and detect individual NLR clouds on these scales. They argue
that the ionizing radiation must be absorbed on scales < 15 pc in a clumpy structure of
the NLR.

H>0 megamaser emission of NGC 1386 has been detected by Braatz et al. (1997).
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Ferruit et al. (2000) present HST images showing the [O111] and Ha + [N11] emis-
sion. The images show the presence of very strong dust features, especially on the
north—west side of the galaxy and in the nuclear regions. They find gradients in the
(O 111] /(Ha+[N 11]) ratio which at least partly cannot be due to dust lanes but may corre-
spond to a real transverse change in the excitation conditions of the ionized gas. A faint
inclined ring of H 11-region emission extends up to ~12” from the nucleus with a p.a. of
25°, along the p.a. of the photometric major axis (RC3). The [O 111] image is included in
the study of Schmitt et al. (2003a) and presented here in Figure 4.1 (upper panel) with
the slit position of our observation overlayed (p.a. = 5°). It traces the direction of the
maximum extent in [O 111] which is displaced by 20° from the host galaxy major axis and
by ~15° from the extended radio emission [at 3.6 cm; p.a. = 170°; Nagar et al. (1999)].

Spectropolarimetry does not reveal any broad polarized lines (Moran et al., 2000) as
expected from a hidden broad-line region seen in reflected light. Tran (2003) classify
NGC 1386 as “real Seyfert-2 galaxy” that may not contain a genuine Seyfert—1 nucleus.

Rossa et al. (2000) and Schulz & Henkel (2003) study the kinematics of the inner
emission-line region in detail. Both find evidence for a regular velocity field showing
clear sign of rotation. The line profiles show pronounced substructure suggestive of non—
circular motions like locally expanding gas systems. Schulz & Henkel (2003) suggest a
near—edge—on warped rotating spiral disk as traced by Ha with a central velocity gradient
corresponding to a Keplerian mass estimate of ~ 5 - 10 M, inside 0.8 kpc.

NGC 1386 is also included in the sample of 18 Seyfert-2 galaxies studied with long—slit
spectroscopy by Fraquelli et al. (2003). They present reddening and surface-brightness
distributions as well as a decreasing electron density observed along a p.a. of 169°. How-
ever, their data have a significant lower S/N than our data and, moreover, they did
not take into account the underlying absorption owing to the contribution of the stellar
population which we show to be important.

Due to the relatively high inclination of NGC 1386 (i ~ 77°; RC3), the morphological
galaxy type has been a matter of debate: While several authors favor SO, an Sa classi-
fication is assumed by Weaver et al. (1991). Malkan et al. (1998) give a morphological
type of Sb/c based on HST imaging, noting that they may have missed bars on larger
spatial scales. In RC3 (De Vaucouleurs et al., 1991), NGC 1386 is indeed classified as
barred SBO galaxy. NED also gives SB(s)0+.

Comparison with our results

A stellar template was derived at a distance of 18" north of the nucleus, averaged over
3" in spatial direction and over three pixels in spectral direction to increase the S/N.
Reddening correction was applied to fit the continuum slope of the template to that in
the central emission-line region.

Nuclear spectra

NGC 1386 has the highest electron temperature of our Seyfert—2 sample (7, ~
15650+1500 K) as well as the highest electron density (n. ~ 1545450 cm™3; Table 4.9).

Also, the coronal lines have the highest flux ratio relative to HG compared to the other
type 2s (Table 4.7). The [Fevii] A5721,6087 A emission lines are comparable to that of
[O1]. We find evidence for [Fe X] A6375 A contribution in the central 2” ([Fe x]/Hf ~ 0.047
in the center, [FeX]/HB ~ 0.049 at 1” to the north). The intensity of [Ne111] A3967 A is
even highest for the whole sample.
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These high ratios may at least partially be due to the high spatial resolution
(52pc/” compared to a typical range of 100-500 pc” of the other Seyfert—2 galaxies in
our sample) which allows us to measure the iron contribution of a smaller central region
where it is high compare to H3. Indeed, the ratios decreases when calculating the iron—
to—H[ ratios of a larger region: In the central 250 pc, the ratios are on average 65% of
those in the central 52 pc. However, they are still high compared to the other Seyfert—2
galaxies in our sample.

Reddening distribution

As already noted by Weaver et al. (1991), the continuum gets steadily redder towards the
nucleus (Fig. 4.12, top left panel). The reddest continuum slope is found 1” north of the
nucleus. We observe a significant drop 3—4” north of the nucleus not reported by Weaver
et al. (1991). It can be directly attributed to a “blue” continuum seen 3" north of the
nucleus in the [F547M/F791W] color map by Ferruit et al. (2000). The blue continuum
is associated with the northern tip of the central emission-line structure in the [O 111]
image (Fig. 4.1, upper left panel).

The reddening value obtained from the emission-line ratio Ha/HS does not show
a comparable regular distribution (Fig. 4.12, top right panel). The reddening of the
continuum slope covers a range of ~0.3mag in E(p_y), while a three times larger range
is covered in the reddening distribution derived from the recombination value (AEz_v)
~ lmag).

As pointed out above when discussing the general trend of the reddening distributions
(Section 4.4.2), a direct comparison of the absolute values of E(p_y is not possible as
the reddening determined from the continuum slope is a value relative to the reddening
of the outer region in the galaxy, i.e. the template. The smaller dispersion of AEg_y
found from the continuum slope hints extinction by foreground dust in e.g. the host
galaxy which affects both the template and the central spectra and thus do not reflect
in the relative reddening value. The different reddening distributions with higher values
derived from the narrow emission line ratio indicate that the stellar population and the
NLR are suffering different dust extinctions with the most probable explanation being
dust intrinsic to the NLR clouds which varies locally.

Spatially—resolved spectral diagnostics

While [O111] emission (S/N > 3) is seen out to a distance of r ~ 12", only the inner
r ~ 10" can be used to study line ratios (Table 4.10). In Figure 4.15 (left panels), we
present three diagnostic diagrams of NGC 1386. The line ratios of the central regions up
to 6” lie in the AGN regime (0, A/a — F/f). The outer line ratios extending to 10” (G/g —
J/i) all lie in the lower left corner usually covered by H11 regions. This is a rather sharp
transition which can be interpreted as the edge of the AGN photoionized region, i.e. the
NLR, occurring at a radius of 6” (~310 pc), while emission extending to 10” originates
from circumnuclear H 11 regions. These HII regions can be attributed to the H 11 regions
seen by Tsvetanov & Petrosian (1995) in their groundbased Ha+[N11] image (classified
as Ha emission peaks), occurring at distances of r ~ 6-11” along a p.a. of 5°.

Our results agree with that of Weaver et al. (1991) who report an NLR extension of
~6" based on the third diagnostic diagram. In the first and second diagnostic diagram,
their data only include the nuclear region due to the faintness of the involved [O1] and
[S11] lines in the outer regions.
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In their third diagnostic diagram, Weaver et al. (1991) find some evidence for high
[N11]/He plus low [O 111] /H ratios typical for LINERs surrounding the highest ionization
gas near the nucleus. Our data do not show LINER-type ratios. The discrepancy between
the two results may arise from different stellar templates used (see following Section).

Compared to pure imaging, using diagnostic diagrams to determine the NLR size
has the advantage to be less sensitive to flux depth and to exclude contributions of
circumnuclear starbursts. Comparing the NLR size (radius 6” = 310pc) determined
from our diagnostic diagrams with literature values, we find that it is twice as large as
the one found by Schmitt et al. (2003a) (3", Fig. 4.1, upper panel), possibly due to the
low sensitivity of the HST snapshot survey (short integration time of 800s using the
2.4m HST mirror compared to 1800s with the 8m VLT mirror and a 20 times larger
pixel size'?). Fraquelli et al. (2003) detect line emission which they classify as extended
NLR out to a distance of ~10” from the nucleus. However, our analysis shows that the
extended emission between 6” and 10” (~310-520 pc) originates from circumnuclear H 11
regions and cannot be attributed to the NLR. Note that the total [O 111] emission with a
S/N > 3 in our spectra covers a region extending out to r ~ 12” | but only the central
r ~6" can be attributed to the NLR.

As already pointed out by Weaver et al. (1991), the sharp transition can be interpreted
as a real physical transition between the AGN powered NLR and the surrounding H 11
regions in the disk. HII regions may be present over the entire emission-line region
but inside a distance of 6”, the AGN ionization dominates. Therefore, it is reasonable
to define the radius determined from the transition seen in the diagnostic diagrams as
the size of the NLR. This conclusion is further supported by photoionization models
presented in Section 4.4.4.

Influence of stellar template

To probe the general influence of the stellar template used, we carried out two approaches
of (i) removing the weak emission lines of [O11], [O111], and [N11] still visible in the
template and (ii) not using any template at all.

If we remove the weak emission lines in the stellar template (approach i), the resulting
line ratios are the same within the errors for most rows, i.e. the weak emission is negligible
against the strong NLR emission. The exceptions are two outer rows (H, I) which are
shifted towards higher [N 11]/Ha values and now lie at the edge between H1I region and
LINER region. This is a possible explanation for the discrepancy between our results
and that of Weaver et al. (1991) who find LINER-type line ratios in the outer region.
They modified their stellar template derived from the galaxy by removing the remaining
weak [N11] and Ha emission and replacing Ha by an artificial absorption line. This is
a more physical approach than method (i), i.e. not only removing the remaining weak
emission, but at the same time deepening the HS and Ha absorption trough. The true
absorption will probably be underestimated due to weak emission in these lines.

However, such a correction is difficult to estimate and the Ha absorption used by
Weaver et al. (1991) probably still underestimates the true absorption.

We decided to not remove the weak emission: On the one hand, increasing the ob-
served [O111] and [N11I] emission by clipping the weak emission in the template and at
the same time increasing the observed Ha and Hf emission by deepening the absorption

14 Note, however, that the HST observations were an imaging campaign while we carried out spec-
troscopy, thus these values are not directly comparable.
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lines in the template will result in approximately the same line ratios and thus will not
have a great influence on the diagnostic diagrams. On the other hand, the weak emission
lines are attributable to ionized regions around young stars in the galaxy lying along our
line-of-sight and do not originate from the NLR emission. Thus, they truly contaminate
the NLR emission and need to be subtracted.

Applying no correction for underlying absorption at all (approach ii) yields extremely
large [O 111] /Hf values (> 25) near the nucleus as has already been pointed out by Weaver
et al. (1991). In the outer parts, the absorption trough is clearly visible with a small Hj3
emission peak in the center. In addition, the spectra show galaxy absorption features
which accompany the absorption in H3. These findings show the need for correcting the
stellar absorption lines using a suited stellar template.

Surface—brightness distribution

In Figure 4.24 (upper left panel), we present the surface-brightness distribution of the
[O111] and Hor emission line as well as of the continuum (at 5450-5700 A). The surface-
brightness distributions are similar to each other, centrally peaked and all decreasing
with distance to the nucleus. They reveal a secondary peak ~3” north of the nucleus
and a slightly lower tertiary peak ~4” south of the nucleus. While the [O111] surface
brightness is exceeding that of Ha in the central parts, this behavior changes at the edge
of the NLR as determined from our 2D diagnostic diagrams (indicated by the dotted
lines).

For comparison, the [O111] surface-brightness distribution from the HST image of
Schmitt et al. (2003a) is also shown (shifted by log Loy = —3). It was derived by
averaging three vectorplots along the major axis of the NLR emission along p.a. = 5° 4 1°.
It clearly shows the higher spatial resolution of the HST image (070455 pix~!) compared
to the 1”7 spatial sampling of our spectral data. It once again reveals the low sensitivity
of the HST image compared to our spectroscopy as it detects [O111] emission at a S/N
of 3 only out to 3-4” from the nucleus. The HST [O111] surface-brightness distribution
reveals several subpeaks of possibly individual NLR clouds, as can be already seen in the
[O11] image (Fig. 4.1, upper left panel). These substructures are smoothed out in the
~20 times lower spatial resolution of our spectra.

Electron—density distribution

The electron density is highest at the nucleus with n, ~ 1540 cm 2 and decreases outwards
down to the low—density limit (assumed to be 50cm™3; Fig. 4.26, top left panel). A
secondary peak can be seen at a distance of 6” to the north of the nucleus (n, ~ 670 cm™2).

Comparing the position of the observed northern n, peak with the 2D electron density
distribution of Weaver et al. (1991), the closest data point is at ~65 north—east from the
center at roughly a p.a. of 3° with n, < 100cm ™2 (their Fig. 10d). The spatial distance
between this data point and our n. peak at 6” north of the center is ~0”5 (~25pc).
Thus, the n, peak observed in our spectra may be attributed to an individual NLR cloud
or local density inhomogeneities which our line-of-sight happens to pass.

Mauder et al. (1992) also detect individual NLR clouds using speckle interferometry
and conclude that the ionizing radiation must be absorbed on scales < 15 pc in a clumpy
structure of the NLR.

Interestingly, the peak occurs at the edge of the NLR. Another, but significantly
smaller peak at the southern edge is also visible (n, ~ 210cm™3).
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We applied a power—-law fit to estimate the radial dependency: The best fit with
Ne = Neg - % was derived with J between 1 and 2 for the electron density (Fig. 4.26;
d ~ 1.23, Table 4.12), neglecting the data point 6” north of the nucleus which may have
another origin.

Ionization—parameter distribution

While Weaver et al. (1991) propose a decreasing ionization parameter to explain the
observed line ratios in NGC 1386, we can determine the ionization parameter directly
and indeed find that it is decreasing with distance from the nucleus (Fig. 4.28, top left
panel). It varies between Ulpgn,)=3 = (2.83£0.01) -107 and 2.4 - 10~* within the NLR
with the highest value in the center. It reveals a secondary peak at 4” to the north of
the center which is at the north edge of a “blob” of emission clearly visible in the [O 111]
image from Schmitt et al. (2003a) (Fig. 4.1, upper left panel). Compared to the electron
density, the secondary peak is 2” closer to the nucleus and significantly broader.

We estimated the general dependency of the decrease of U on r. The best fit of a
power-law function with U(r) = Uy - v~ is derived with § ~ 1 (Fig. 4.28, upper left
panel), again neglecting the “northern peak”. When including all data points out to 6”,
the slope flattens (6 ~ 0.6; Table 4.13).

The ionization parameter was determined with a reddening correction of the observed
[O11]/[O 1] ratio using the recombination value Ha/H3. However, there is a clear dif-
ference between the reddening of the continuum slope and that determined from the
Balmer decrement: While the reddening distribution determined by the ratio Ha/HS
shows a rather random distribution, the continuum slope reddening steadily increases
towards the nucleus with the exception of the blue continuum at 3-4” to the north of the
nucleus (Fig. 4.12, upper left panel). Can these differences explain the observed slope of
the ionization parameter, i.e. the general decrease with radius and the secondary peak
at that position at which we see a blue continuum? Is it possible that we did not correct
for the reddening intrinsic to the NLR gas by using the reddening value determined by
recombination lines but would the continuum slope be a better tracer for the redden-
ing distribution? To probe the difference, we used the reddening determined from the
continuum slope to correct the observed [O11]/[O 111] emission-line ratio. The resulting
ionization—parameter distribution changes only slightly showing an even steeper increase
towards the center and a more pronounced secondary peak (Fig. 4.28, upper right panel).

Thus, the observed slope in Fig. 4.28 (upper left panel) is not an artefact due to a
“wrong” reddening correction from the recombination value: Using the reddening deter-
mined from the continuum slope, the ionization—parameter distribution does not flatten
but, in contrary, steepens. The general conclusion of a decreasing ionization parameter
with radius which shows a secondary peak 3-4” north of the nucleus remains unchanged.
However, we consider the recombination value Ha/Hf as a better indicator of the redden-
ing distribution within the NLR as it uses emission lines originating in the NLR itself.
We suggest that the differences in the reddening measurements originate from locally
varying dust within the NLR.

Northern Peak in NGC 1386: Evidence for Shocks

Our observations show that both the electron density and the ionization parameter are
decreasing with radius. They show a secondary peak ~6” and 4” north of the center,
respectively. The peak at 4” is close to the northern tip of the [O111] emission (Fig. 4.1,
upper left panel).
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In the same region, a blue continuum is observed, indicating low extinction [Fig. 4.12,
upper left panel, see also Ferruit et al. (2000)].

Can both the increased density and the ionization parameter originate from a shock
of a radio jet? Extended radio emission is found to be displaced by ~15° to the ob-
served slit p.a. tracing the major [O 111] extension [p.a.agio 170° versus p.a.jory 5°; Nagar
et al. (1999)]. A scenario in which the outflowing material causing the radio emission
compresses the line—emitting gas by shocks, increasing the ambient density, seems to
be rather common for Seyfert galaxies [e.g. Capetti et al. (1996); Falcke et al. (1998)].
While the shock front results in a locally increased density, the continuum of the shock
can possibly ionize a larger area of the surrounding medium and produce a change in the
observed line ratios, resulting in an U bump which is broader than the sharp peak of n..
Fast autoionizing shocks can produce such a local continuum ionizing the surrounding
medium (Dopita & Sutherland, 1996).

To check the shock scenario, we searched for high—ionization emission lines
(e.g. [Fex]A6375A). In the nuclear spectra, we find strong [Fevi]A5721 A and
[Fe vii] A6087 A emission, comparable to that of [O1]. We find evidence for [FeX] con-
tribution in the central 2" ([FeX|/HB ~ 0.047 in the center, [FeX]/HS ~ 0.049 at 1” to
the north) and at 6” ([Fex]/HB ~ 0.049), i.e. at the same region where we observe an
increased electron density.

The observed minimum in the reddening of the continuum slope roughly 3-4” north
of the nucleus (Fig. 4.12, upper left panel) could be mimicked by an additional local
continuum contribution. The extinction in the NLR measured from the Ha/HA value
reaches a minimum at 6-7" north of the nucleus (Fig. 4.12, upper right panel). This can
be explained by the destruction of dust by local shocks.

To conclude, we find several signs of shocks in NGC 1386. A radio jet interacting with
the NLR gas is a plausible explanation for the northern peak observed in the electron—
density and the ionization parameter distribution.

NLR versus stellar velocity curve

Both, the gaseous and the stellar velocity curves, have a similar shape (Fig. 4.30, upper
left panel). The velocities derived from the emission of [O11], Hf, and [O111] also show
a curve similar to that of Ha, [N11]. The stellar velocity curve covers an overall smaller
range of ~(720-940) 420 kms~!, while the emission lines show velocities ranging from
~(690-990) £20km s~*. We define the kinematical center by taking the symmetry center
of the outer portions of the velocity curve. The kinematical centers of the stellar and
gaseous velocity curve are slightly displaced to each other and the photometrical center
(“0” on the spatial scale): While the kinematical center of the NLR velocity curve is ~0"5
south of the optical nucleus, the stellar velocity curve has its kinematical center ~1” north
of the nucleus. The offset of the stellar kinematical center from the photometrical center
is in agreement with the analysis of the Ha peak velocity field by Weaver et al. (1991) and
Schulz & Henkel (2003) who report an offset of the kinematical center of ~1” north—east
of the optical nucleus. The kinematical center is suggestive of a hidden nucleus residing
1” north of the optical nucleus (Rossa et al., 2000).

However, the kinematical center obtained from the NLR velocity curve obtained at
a p.a. of 5° [compared to 23° of Schulz & Henkel (2003)] is not displaced in the same
direction but ~0”5 south of the optical nucleus. It may be indicative of a disturbed
velocity field from outflows or shocks at our observed slit orientation.
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While the kinematics of the emission—line region in NGC 1386 has been investigated
by several authors, an interpretation of the observed velocity field is not unambiguous.
Though the natural explanation is that of a slightly projected rotation curve from an
inclined emission—line disk in the center, an interpretation by a clean bipolar flow ac-
cidentally aligned with the kinematical major axis of the rotating disk is also possible
(Schulz & Henkel, 2003). However, as the velocity curves of both NLR gas and stars are
similar, a bipolar outflow of the NLR is rather unlikely as it had to be decoupled from
the stellar gravitational field and its accordingly stratified interstellar medium.

Instead, the NLR seems to follow the stellar rotation indicating that the NLR gas is
distributed in the galaxy’s disk rather than a sphere. Galactic rotation of narrow—line
gas seems not to be uncommon [e.g. Schulz & Henkel (2003); Bennert et al. (2004a)].
Mulchaey et al. (1996b) propose that the NLR gas is distributed in a disk to explain
differences of the observed NLR structure with that expected from the unified model in
the case of a spherical distribution of the NLR gas.

The gaseous velocity curve does not show a different behavior in the NLR (r < 6”)
and H1r-region regime (r > 6”). This indicates that the NLR does not consist of a gas
component with its own kinematic, but is ambient gas in the galaxy disk, photoionized
by the AGN.

Our results reveal some differences between the stellar and the NLR velocities in
NGC1386. The NLR velocities are in general higher than those of the stellar absorption
lines. The difference is pronounced in both the outer southern and northern part of the
NLR. These differences can be due to many effects, e.g. rotating gas disk/ring within
a kinematically hotter stellar component, gas moving along elliptical streamlines in a
barred potential, or outflow/jet interaction.

4.4.13 Comments on Individual Objects

We searched the available literature for the other 11 Seyfert galaxies in our sample and
here summarize the most important results and compare them with our study.

NGC 3281

Literature data

The morphological classification of NGC 3281 given by NED is SAB(rs+)a. Marquez et
al. (1999) clearly see a weak bar in their near—infrared images. The inclination of the
galactic disk is relatively high (i ~ 66°).

Durret & Bergeron (1988) discover an extended ionized envelope of d ~21” in
NGC3281. They find a large reddening value of E(p_y) = 0.78 mag in the nuclear region.
The derived electron temperature equals to 28000 K in the high excitation zone.

NGC3281 has been classified as a proto-typical Seyfert-2 galaxy by Storchi-
Bergmann et al. (1992b) as it clearly shows features expected from the unified model: an
ionization cone, heavy obscuration towards the (hidden) nucleus, a wind outflow along
the cone, and emission—line ratios consistent with photoionization by a power—law con-
tinuum. They carried out the most extensive study of NGC 3281 including direct images
in continuum, [O 111}, and Ha+[N 11| as well as long—slit spectroscopy at 13 slit positions
covering a region of 9” radius with a p.a. of 137°.
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The [O111] emission resembles the projection of a cone extending to high latitudes
relative to the plane of the galaxy by ~9” from the apex to the north—east edge. South—
west of the cone, another blob of emission is visible, possibly from the counter cone largely
obscured by dust in the galactic disk. The excitation map shows that either the reddening
decreases from south to north or the excitation increases. The reddening distribution
indicates that the nucleus is hidden by a dust lane. This is strengthened by nuclear
spectra which show no dilution by a featureless continuum. The stellar population is
old and typical of early—type galaxies. An S2 template from synthetic spectra by Bica
(1988) was used to subtract the absorption lines and reddened to match several spectra
which where heavily reddened. The stellar population seems not to vary much in the
inner 22”7 x 10” region as suggested from the uniform equivalent width of absorption lines
with the exception of Na1 D. Storchi-Bergmann et al. (1992b) interpret this observation
by additional contribution to Na1 D from interstellar absorption: Loci of higher Na1 D
equivalent widths correspond to regions with high Ep_yy. The electron densities are
found to be highest around the apex of the cone and decreasing with distance. The
gaseous velocity field reveals a rotational pattern. Under the assumption that the visible
spiral arms are trailing, they conclude that the south—west is the near and the north—east
is the far side of the disk. A dust lane south-west of the nucleus confirms that scenario.
Residual velocities indicate an outflow from the nucleus at 150 kms—! within the cone.
This interpretation is supported by double-peaked [O111] profiles within the cone. The
emission—line ratios are well described by photoionization models with varying ionization
parameter. It seems that the ionization parameter increases away from the apex along
the axis of the cone, possibly due to a decrease of the density faster than r—2.

The HST [O111] image resembles the groundbased one (Schmitt et al., 2003a). It
reveals a conically shaped NLR with opening angle of ~80° towards the north—east.
The emission extends by 6”1 towards the north—south direction and 3”9 along the cone
axis. Compared to the groundbased image, this extension is less than half the one mea-
sured by Storchi-Bergmann et al. (1992b). This discrepancy is explained by Schmitt et
al. (2003a) by the limited field-of—view of the linear-ramp filter (~13"), but can also be
due to less sensitivity of the 800s exposure taken with the 2.4 m HST mirror compared to
the 900s exposure using the 4 m CTIO telescope. The counter ionization cone is mostly
hidden by the host galaxy disk and only seen as a small blob of emission 4”5 south of
the nucleus. The [O 111] emission is nearly perpendicular to the photometric major axis
of the host galaxy (p.a. = 140°, RC3).

Vignali & Comastri (2002) study the broad—band X-ray spectrum of NGC 3281, re-
vealing its Compton—thick nature. The nuclear continuum is heavily absorbed (column
density ~ 2 - 10** cm™2).

Comparison with our results

We used a p.a. of the long slit of 31° to trace the extended [O111] emission (Fig. 4.1,
upper right panel).

The [O111] line emission at a S/N > 3 can be traced out to a distance of r ~ 9” from
the nucleus, i.e. three times as far as the maximum radius seen in the HST [O 111] image
of Schmitt et al. (2003a). It is comparable to what has been found by Durret & Bergeron
(1988) and Storchi-Bergmann et al. (1992b).

Line ratios with a S/N > 3 have been measured in the central r ~ 5”, showing values
typical for AGN ionization in all three diagnostic diagrams.
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(As example, the third diagram is shown in Fig. 4.18, top left panel). Thus, the NLR
extends out to at least r ~ 5” from the optical nucleus.

A stellar template obtained at a distance of 11” south-west from the nucleus was
used to subtract the stellar absorption lines (averaged over a spatial region of 1”5 and in
spectral direction by three pixels to increase the S/N).

The nuclear line intensity ratios relative to HG are comparable to those of the other
Seyfert—2 galaxies in our sample (Table 4.7). However, NGC 3281 has the lowest nuclear
electron density of the type-2 sample (n, ~ 540 4+ 40cm™—3; Table 4.9). In addition,
the ionization parameter determined in the nuclear spectrum is rather low (Uiog(n,)=3 ~
(2.340.02) - 107®). The central temperature is also the lowest observed one with T, ~
13715+440 K. This is significantly lower to what has been reported by Durret & Bergeron
(1988) (T ~ 28000 K).

The reddening determined from the Ha/H/S line ratio is highest at 1”5 south—west
of the optical nucleus (Ep_y ~ 0.64mag) and decreases outwards to a minimum in
the south—east (Fig. 4.12, middle right panel). From 3” north—east on, it increases again
slightly. The reddening determined from the continuum slope shows a similar distribution
(Fig. 4.12, middle left panel). It also peaks at 1”5 south—west with a relative value of
Ep v ~ 0.3mag. Outwards, it decreases in both directions. The similarity indicates
that both the continuum and the emission lines are suffering extinction from foreground
dust, e.g. the dust lane seen south—west of the nucleus (Storchi-Bergmann et al., 1992b).

The surface—brightness distributions fall smoothly with distance from the center and
show a secondary peak at 3” north—east of the nucleus in the emission lines (Fig. 4.24,
top right panel). In the outer parts south—west of the photometric center, the Ha surface
brightness approaches the value of [O111], indicating that the NLR may end somewhere
close by. Unfortunately, we are limited by the S/N to observe a transition towards H11
regions. The HST [O 111] surface-brightness distribution reveals substructure and shows
the secondary peak 3” north—east of the nucleus more clearly. However, it does not
extend to the same distance but is limited to the central ~6".

In Figure 4.26 (upper right panel), the electron—density distribution in NGC 3281 is
shown. It peaks at the center and decreases slowly outwards down to n, ~ 110—240 cm ™3,
in agreement with the results of Storchi-Bergmann et al. (1992b).

The ionization parameter presented in Figure 4.28 (middle left panel) reaches the
maximum value at 3” north—east of the center, coinciding with the secondary peak in the
emission-line surface-brightness distribution. While it has a value of Uipg(n,)=3 ~ 2.3-1073
at the center, it increases to Uiog(n.)=3 ~ 4.2-1072 in the north—east. The increase towards
the north—east is in agreement with the results of Storchi-Bergmann et al. (1992b), but
they also find an increase towards the south—west which we cannot confirm. It seems that
this increase starts at a distance >5" south—west from the nucleus where we do not trace
the ionization parameter any more due to limited signal. As the electron density does not
drop off faster than r=2 [neither in our observations nor in those of Storchi-Bergmann
et al. (1992b)], this straightforward explanation of the observed increasing ionization
parameter with distance can be ruled out. Storchi-Bergmann et al. (1992b) suggest that
the gas near the apex of the cone where the reddening is large sees a partially obscured
nuclear ionizing source, resulting in a low ionization parameter. Comparing CLOUDY
photoionization modeling with the observed emission—line ratios, they rule out shocks as
primary ionization mechanism. Moreover, no extended radio emission is observed which
could hint the existence of radio jets (Schmitt et al., 2001).
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Our observations do not help to further elucidate the origin of the increased ionization
parameter towards the north—east.

We do not see double-peaked [O111] emission within the cone (i.e. from the center
towards the north—east), probably due to the low spectral resolution. Indeed, the profiles
are very broad in the center and out to ~3” north—west.

The velocity curve along p.a. of 31° does not show a regular pattern, neither for
the emission lines nor for the stellar velocities (Fig. 4.30, upper right panel). It is not
surprising that we do not see any rotational pattern as the obtained p.a. is roughly
perpendicular to the photometrical major axis along which Storchi-Bergmann et al.
(1992b) find a clear trend for velocities to be blueshifted to the south—east and redshifted
to the north—east. However, we observe an increase of gaseous velocities from south—west
to north—east with a maximum amplitude of év ~ 100kms~!. This may correspond to
the deviations of the rotation curve observed by Storchi-Bergmann et al. (1992b) with
a maximum velocity of 150kms~! which they interpret as outflow along the cone.

NGC 5643

Literature data

The Seyfert—2 galaxy NGC 5643 is a barred spiral galaxy, classified as SAB(rs)c (NED).
The bar is orientated east-west (p.a. = 90°). According to Ryder & Dopita (1993), the
disk has a low inclination of ¢ = 33°, RC3 gives i = 31°.

Morris et al. (1985) studied the velocity field and radio structure of NGC 5643. The
velocity pattern indicates rotation with distortions near the bar, similar to gas flow in
a barred potential. The extended NLR east of the nucleus follows the galactic rotation.
At 3" west of the continuum peak, the emission lines are blueshifted, have blue wings,
and the greatest line width. At the same time, the reddening value is high. The VLA
data show a core, coinciding with the optical peak and the kinematic center as well as
two lobes in the direction of the bar. Morris et al. (1985) measure a photometric major
axis p.a. of 128° and a kinematic major axis p.a. of 136°.

NGC 5643 was studied in detail by Schmitt et al. (1994) by means of groundbased
narrow—band imaging in [O 111] and Ha+[N 11] and long-slit spectroscopy. High excitation
gas in a bi—conical morphology is elongated along the bar (p.a. = 90°) out to ~16” on
each side of the nucleus and out to ~7” perpendicular. Further out, the Ha image
reveals several H1I regions on both edges of the bar. Schmitt et al. (1994) speculate that
the active nucleus is hidden ~3"” west of the continuum peak where both the highest
reddening value and the highest gas density are observed. This region coincides with the
blueshifted line emission found by Morris et al. (1985). NGC 5643 is another Seyfert—2
galaxy fitting the unified model with the torus obscuring the nucleus and collimating the
ionizing radiation leading to the bi—conical morphology. In the central region, the stellar
population is old corresponding to an S3 to S4 template, while in the H 11 regions, the
stellar population is younger (S6-S7). Schmitt et al. (1994) did not use a stellar template
to correct for the underlying absorption lines. Instead, only the Ha and H/ lines were
corrected using the corresponding equivalent widths. Dilution from a blue continuum
probably due to scattered light is found in the inner 10”. The ratio [O111]/[O11] was
used as tracer of the ionization parameter. It is high throughout the extended NLR,
decreasing more or less abruptly at its edges.
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Schmitt et al. (1994) found increasing oxygen (O) and nitrogen (N) abundances towards
the center where the O/H ratio reaches solar and N/H twice the solar value.

Tsvetanov & Petrosian (1995) list 214 H1r regions in NGC 5643, most of them dis-
tributed in a ring-like structure at 20-60” from the nucleus, suggesting that current star
formation is occurring in the nearly circular spiral arms. At a p.a. of 90° along the bar,
the nearest HII regions are seen ~10" east of the nucleus.

HST images in [O111] and Ha+[N11] were taken by Simpson et al. (1997) to study
the NLR with a high-resolution of 0”1 (Fig. 4.1, lower right panel). As already indicated
by groundbased images, the one—sided conical distribution of the high—excitation gas is
clearly seen. The peak of the red continuum emission coincides with the apex of the cone.
The radio structure seen by Morris et al. (1985) is closely aligned with the overall shape
of emission. A more detailed VLA A-array radio map (8.4 GHz) with radio structure
closely matching the distribution of the NLR gas is presented by Leipski et al. (2005). It
shows a diffuse radio jet extended by ~15” to both sides of the center (while in optical
wavelength, the counter cone to the west is absorbed by dust).

Under the assumption that the spiral arms of NGC5643 are trailing, the velocity
field of Morris et al. (1985) shows that the south—west part of the galaxy is on the near
side. A dust lane to the south—west of the nucleus supports this assumption. Simpson
et al. (1997) suggest that the absence of a visible counter cone is the consequence of its
obscuration by the galaxy disk. An extended blue continuum region is seen out to 0”9
east of the nucleus. It is not clear whether this emission is scattered nuclear continuum
or due to e.g. a stellar ionizing continuum.

Quillen et al. (1999b) studied the molecular hydrogen distribution in NGC 5643 and
find strong Hy emission near the nucleus and in the extended NLR. The emission arises
close to dust lanes seen in the optical/near—infrared color map. This is interpreted
as multiphase medium near the ionization cone with the morphology of line emission
depending on the density of the surrounding medium.

Evans et al. (1999) studied HST UV /optical spectrophotometry to find clues to the
excitation mechanism of the NLR in NGC5643. They did not find an unambiguous
shock plus precursor signature suggesting that the mechanical energy input does not
play a dominant ionizing role.

No BLR is seen in polarized light (Moran et al., 2000). Also, no broad Brackett o
line is found in infrared spectroscopy by Lutz et al. (2002), but coronal line emission of
[S1X] A3.94 pm at a low ratio to Brackett a. A possible starburst contribution to [S1X]
cannot be excluded.

NGC 5643 present spectroscopic signatures of a dominant “post-starburst” popula-
tion with 73% of the total light at 4861 A due to old stars, 20% due to 100 Myr stars
and a small contribution of a featureless continuum plus stars younger than 10 Myr (7%)
(Cid Fernandes et al., 2001). In agreement with Schmitt et al. (1994), Cid Fernandes
et al. (1998) classify the stellar population as moderately old in the central region with
evidence of absorption lines diluted by a blue continuum, possibly from scattered nuclear
light.

Apart from NGC 1386, NGC 5643 is the second object from our list which was in-
cluded in the sample of 18 Seyfert galaxy studied by Fraquelli et al. (2003). They present
density and reddening as a function of distance from the nucleus as well as surface—
brightness distributions. However, their data have a significant lower signal-to—mnoise
ratio (S/N) than our data and, moreover, they did not take into account the underly-
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ing absorption owing to the contribution of the stellar population which we show to be
important.

Greenhill et al. (2003) detected an HoO megamaser in NGC5643. As the maser
emission at the observed strength has not been detected in previous studies of NGC 5643,
they conclude that the maser emission varies significantly with time.

Comparison with our results

The high-resolution NTT spectra of NGC 5643 (p.a. = 90°) provided by Christian Leipski
do only cover the H3+[O111] and the Ha+[N11]4[S11] wavelength range. We therefore
do not derive either the temperature or the ionization parameter.

The high sensitivity VLT spectra (p.a. = 66°) were used to derive a stellar template
at a distance of 26” south—west of the center, averaged over 2” and median—filtered in
spectral direction over three pixel to increase the S/N (Table 4.6; Fig. 4.5, middle left
panel). As the match between the stellar template and the continuum in each spectral
row was quite close within the errors, no reddening correction was applied.

We detect [O111] emission at a S/N > 3 out to a distance of £16” from the nucleus
(Table 4.10), i.e. comparable to the results of Schmitt et al. (1994). However, only the
central +11” originate from the NLR as can be seen in the first and third diagnostic
diagram (Fig. 4.15, top and bottom right panels). Further out, the emission originates
from circumnuclear H 11 regions, in agreement with the results of Tsvetanov & Petrosian
(1995) who find the nearest H1ir regions at 10” east of the nucleus. The transition
between line ratios typical for AGN ionization and H 11-region like ionization occurs at a
distance of 11” from the center and determines the size of the NLR to 11” (~ 1050 pc).
This size coincides with the region in which Schmitt et al. (1994) report dilution from
a blue continuum. While Fraquelli et al. (2003) detect line emission which they classify
as extended NLR out to a distance of ~15-20”, our analysis shows that the extended
emission beyond 11” originate from circumnuclear H1I regions and can therefore not be
attributed to the NLR.

Unfortunately, the [O1] is not covered by the observed wavelength range and we
therefore cannot calculate line ratios for the second diagnostic diagram. In principle,
we cannot exclude that a combination of outwards decreasing ionization parameter (as
is indeed observed) and decreasing metal abundances result in line ratios in the H1
regime despite AGN-intrinsic excitation (Section 4.4.4). However, a transition of line
ratios is observed in NGC 1386, NGC 6860, and MCG —05-13-017 in all three diagnostic
diagrams, thus ruling out the possibility of such an effect. We believe that the observed
transition in NGC 5643 is also due to a change in the dominating ionization source from
AGN to circumnuclear H1I regions.

In addition to the central [O111] emission, line-emission is found at distances of
4743" west from the center as well as 36+5" east and again 73+2" east from the photo-
metrical center. This emission can be attributed to HII regions which can be identified
in the Ha images by Tsvetanov & Petrosian (1995) and Schmitt et al. (1994). This is
strengthened by the line ratios which all fall in the H 11—region regime in the diagnostic
diagrams (open and filled diamonds in Fig. 4.15, top and bottom right panels). When
comparing the line ratios of these H1I regions with those of the circumnuclear H1I re-
gions, it is notable, that the ones from the center (out to 16” east) slowly approaches
the outer ones in terms of the [O111]/HS ratio. It shows that the transition between
NLR and circumnuclear H1I regions is not abrupt but that the dominating ionization
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field slowly changes from the central AGN to that of the circumnuclear stellar one. At
16" east (marked with the small letter “p” in Fig. 4.15, top and bottom right panels),
the line ratios are finally identically with those observed in the HII regions in the spiral
arms. This observation strengthens our interpretation of the observed transition as true
border between NLR and surrounding H 11 regions.

The reddening is highest in the center (Ep_y ~ 0.73£0.02mag) and falls quickly
towards the east and also 2” to the west where it then again rises to Eg_y ~ 0.6 mag at
3" and stays high throughout the western NLR (Fig. 4.12, bottom right panel). The high
reddening in the west may originate from obscuration of dust lanes seen in broadband
NICMOS/WFPC color maps (Simpson et al., 1997; Quillen et al., 1999a). The obscura-
tion from dust seems to be responsible for the one-sided ionization cone structure seen
in the HST images of Simpson et al. (1997).

Schmitt et al. (1994) observe the highest reddening at 3" west of the continuum peak
and speculate that the AGN is hidden there while we observe the highest reddening
value in the center. However, one has to take into account their spatial resolution of
2" compared to our spatial resolution of ~1”. Moreover, the coincidence of the highest
reddening with the most luminous row (continuum, Ha and [O 111]) we find is in agreement
with the schematic model proposed by Simpson et al. (1997) (their Fig. 6).

The surface-brightness distributions are centrally peaked, rapidly decreasing with
distance from the center (Fig. 4.24, middle left panel). While the [O 111] surface brightness
is higher than the Ha one throughout the NLR, Ha is higher in the circumnuclear H 11
region in the east. A secondary peak can be seen in both the [O111] and Ha surface—
brightness distribution at ~9” west of the center. As NGC 5643 is not included in the
HST sample of Schmitt et al. (2003a), we cannot compare our results to the HST [O 111]
surface—brightness distribution.

The electron density is slightly higher 1” west of the photometrical center than in
the center itself (n, ~ 930440 em ™3 versus n, ~ 860430 cm 3 using a temperature of 7.,
= 10000 K for correction). Schmitt et al. (1994) also report the highest density at 1”8
west of the nucleus (their first data point west of the photometrical center). The AGN
may indeed reside slightly offset to the west of the [O111] and Ha peak as suggested by
Simpson et al. (1997). In general, the electron density decreases with distance from the
center and reaches the low density limit at the edge of the NLR (Fig. 4.26, middle left
panel). Two subpeaks can be seen at 5-6” on both sides of the nucleus with a density of
ne ~ 360 cm™3 (east) and n, ~ 270 cm™3 (west).

We estimate a systematic heliocentric velocity of NGC 5643 from the average of
the peak wavelength of the Ha and [N11] emission lines in the photometrical center
of ~1150420 kms™!, close to the one measured from HT observations [1200 kms™!; Reif
et al. (1982)]. The largest velocity scatter in the NLR along p.a. = 90° is observed from
2" east to 4” west with dv ~ 100 kms™! (Fig. 4.30, middle left panel). The velocity field
does not show clear signs of rotation. This is not surprising if the photometrical major
axis runs along 137° rather than 90° (Morris et al., 1985).

Moreover, the observed non—circular motion along the bar direction (p.a. = 90°) with
changes of redshifts to blueshifts within the NLR is already noted by Morris et al. (1985).
They interpret the motions as driven by the bar potential.

Due to the fairly high spectral resolution of the NTT data taken by Christian Leipski
(~1.5A ~ 90kms'), we are able to study the emission-line profiles in detail. Interest-
ingly, the velocity field is reflected in the profiles of H3, [O111], and Har.
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Figure 4.40: Ha profile variations in NGC 5643. The peak flux of Ha is normalized to 1.
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At the location of the redshifted velocities to the east of the nucleus, we see red wings
in the profiles out to ~8”. The strongest red contribution leading even to a secondary
peak is observed at 2" east of the nucleus, i.e. coinciding with the region where the highest
velocity occurs. From 1” east of the nucleus out to ~7” west of the nucleus, a blue wing
is observed which reaches its maximum contribution to the total flux at ~ 3 —4” west of
the nucleus, i.e. coinciding with the maximum blueshifted velocity. Along with the profile
asymmetries, the observed profiles get also broader. Whittle (1982) already reported that
the line profiles are identical within observational uncertainties across the nuclear region
and reveal profile asymmetries such as blue wings. Examples of the observed profile
changes are presented in Figures 4.7 and 4.40. The pronounced profile substructure is
confined to the NLR, i.e. the central 22" as determined from the diagnostic diagrams.

The observed profile substructure may also reflect the influence of the bar potential.
However, we cannot rule out that both the observed profile substructure and the red—
and blueshifted velocities originate from outflowing gas due to jet/NLR interactions:
Two radio lobes extend in the direction of the bar (Morris et al., 1985).

IC 5063

Literature data

IC 5063 is a Seyfert—2 galaxy with a hidden BLR seen in polarized light (Inglis et al.,
1993). Its radio luminosity is two orders of magnitude greater (Colina et al., 1991) than
that typical of nearby Seyferts (Ulvestad & Wilson, 1984). Thus, IC 5063 is also classified
as narrow-line radio galaxy (NLRG). Its morphological classification is SA(s)0+: (NED).
Laine et al. (2002) do not find evidence for a bar. The galaxy inclination is 51° (RC3).

Bergeron et al. (1983) studied the extended ionized gas with long—slit spectroscopy.
Ionized gas is reported out to a distance of 19 kpc to the north-west of the nucleus
(~60" using their adopted distance to the galaxy and Hubble constant) and 9 kpc (~36")
to the south—east. The gas velocity field shows a clear rotational pattern. The stellar
velocity curve has a similar slope but a much smaller gradient and some irregularities,
possibly due to a different rotation axes of the gas and the stars. Bergeron et al. (1983)
find both an increasing temperature and ionization parameter with increasing distance
from the nucleus. Under the assumption of one central ionizing source, this implies that
the gas density decreases faster than n oc r=2.

Wagner & Appenzeller (1989) report the detection of an off-nuclear broad emission—
line region at 1”8 north—west of the nucleus. They interpret this emission as an extreme
example of scattered nuclear emission with a very high intrinsic line emission from the
nucleus. An apparently counter-rotating gaseous mass is observed in the vicinity of
the center of the galaxy. The enhanced nuclear activity, the irregular gas motions, and
strong obscuration and scattering effects are interpreted as IC 5063 being a recent merger
remnant.

Colina et al. (1991) used high spatial resolution optical and infrared imaging as well
as optical spectroscopy to study the physical and kinematic conditions of the ionized
gas. They find a highly anisotropic ionizing radiation field with a conical morphology
and an opening angle of 50° along a p.a. of 120°. The cone axis coincides with the
photometric major axis of the galaxy (p.a. = 116°; RC3). The ionized gas extends over
d ~ 69”. Inside the cone, the excitation conditions are roughly uniform but drop very
rapidly outside. The results of Colina et al. (1991) are similar to that of Bergeron et al.
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(1983), confirming a positive excitation gradient outwards from the nucleus. However,
the observed radial dependency of the electron density along p.a. = 109° suggest n oc 7°
with § = —0.6. This is not consistent with the requirement of § < 2, needed to explain
the increasing ionization parameter. They suggest that a combined effect of decreasing
density and abundance may explain the increasing excitation outwards from the nucleus.
Like Wagner & Appenzeller (1989), Colina et al. (1991) report a counter-rotating feature
in the velocity field at 1”5 south—east of the nucleus (p.a. = 289°). Several dust lanes
are concentrated in the northern side of IC 5063, running approximately parallel to the
major optical axis. High—excitation [Fe vii] and [Ca V] emission lines are detected in the
central arcseconds.

The 3.6 cm radio map reveals a linear triple radio structure extending over 4”, asso-
ciated with the NLR (Morganti et al., 1998). At 21 cm, broad blueshifted H1 absorption
is visible, indicating a fast net outflow. In the central region, there is clear evidence for
a strong interaction between the radio jet and the ISM. The shock scenario is supported
by HST/NICMOS observations by Kulkarni et al. (1998) who find three emission—line
regions in [Felr], Pac, and Hy along the major axis aligned with knots seen in radio
emission. The NICMOS data show a very red point source in the nucleus of 1C 5063,
interpreted as dust—obscured active nucleus.

A groundbased [O111] image was presented by Morganti et al. (1998), confirming
the result of Colina et al. (1991) that the high—ionization line-emitting gas has an “X-—
shaped” morphology with a basic symmetry axis of p.a. ~120°. The ionized gas can
be traced out to a distance larger than r ~ 30”. Although the HST [O111] image from
Schmitt et al. (2003a) reveals the same shape, the [O111] extension is the fifth part of
the groundbased one (r ~ 6”). Schmitt et al. (2003a) explain the small size by the
limited field—of-view of the linear-ramp filter (~13") which is, however, twice as large
as the observed extension. Thus, it may rather be due to the low sensitivity of the HST
snapshot survey (600 s with the 2.4 m HST) compared to the groundbased image (1200
s with the 3.6 m ESO telescope).

Comparison with our results

In our long—slit observations (p.a. = 115° tracing the [O 111] major extension, Fig. 4.3,
upper right panel), we detect [O111] emission at a S/N >3 out to a distance of r ~20" from
the nucleus in both the south—east and north-west direction (Table 4.10). This is smaller
than what has been reported by Bergeron et al. (1983), but they also find a decrease
of line intensities by a factor of 10-30 at a distance >6" from the nucleus and therefore
average over a large spatial range to gain a constant S/N. The groundbased [O 111] image
of Morganti et al. (1998) also reveals a larger extension, but the HST [O 111] extension is
three times smaller. This discrepancy once again shows the need for alternative measures
of the NLR size rather than using the [O 111] extension alone.

We use a stellar template to subtract the underlying absorption lines, determined from
averaging over a region of 7” at a distance of 23" north—west of the center. Apart from
the reddening correction, we also applied a velocity correction, as the velocity gradient
across the NLR was large compared to our spectral resolution. We rebinned the stellar
template to the stellar velocity of each individual row.

Line ratios at a S/N > 3 can be measured out to a distance of r ~ 13" from the
photometrical center and all fall in the upper right corner in the three diagnostic diagrams
(Fig. 4.18, top right panel). Moreover, they show a remarkably small scatter compared to
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the AGN-typical line ratios of other galaxies, e.g. NGC 1386 or NGC 5643. We classify
the corresponding gas as NLR, but we cannot exclude that the NLR extends even further
out where we are not able to measure line ratios to a high accuracy.

In the center, IC5063 has the highest [O11]/HS flux ratio (Fyeeq ~ 2.96) and at the
same time the lowest [O111]/HS ratio (Fgeeq ~ 8.03) of our type—2 sample (Table 4.7).
This translates to the lowest ionization parameter in the optical nucleus (Ulog(ne)zg ~
2.1540.01 -1073) (Table 4.9). All values are indicative of a less strong ionization field in
the center of 1C 5063 compared to the other AGNs in our sample. The central electron
temperature is with 7" ~ 13865+£1800 K comparable to that of other type 2s in our
sample as well as to the central value measured by Colina et al. (1991) within the errors
(T ~ 15000 K). High excitation lines such as [Fe vi1| and [Fe X] are observed in the central
spectra.

IC 5063 is the only object in our sample where we can follow the [O 111] A4363 emission
line at a S/N > 3 over several arcseconds from the nucleus (from ~8” north-west to
~5" south—east). The resulting temperature ranges between T, ~ 15310K to T, ~
12245 K, without a clear tendency with radius. The average value of the outer regions
is with T, ~ 137894290 K close to the central temperature of T, ~ 13865 + 1800 K.
We cannot confirm the results of Bergeron et al. (1983) who reported an increasing
temperature with distance from the nucleus.

The central reddening determined from the Balmer decrement is the highest one
of our 12 objects (Fp_y ~ 0.89£0.01 mag). It probably coincides with the red point
source seen in NICMOS images of the nucleus of IC5063. The reddening remains high
1” northwest and decreases outwards (Fig. 4.13, top right panel). In the south—east, it
reaches a minimum at ~4” and then increases again to a value comparable to the central
one at a distance of 10”. This increase in the south—east is not observed in the reddening
determined from the continuum slope relative to the stellar template (Fig. 4.13, top left
panel), indicating that it is most likely due to dust intrinsic to the NLR. Overall, both
reddening measures show a comparable reddening distribution, with the continuum slope
reddening covering a smaller range of AEg_ ~ 0.2mag, while the Balmer decrement
yields a reddening distribution with an amplitude of AEg  ~ 1mag. We use the
reddening determined from the Ha/HQ ratio to correct the observed line ratios.

The surface-brightness distributions of [O 111], Hey, and the continuum have a similar
slope and run parallel throughout the observed region, indicating no changes in ionizing
continuum in agreement with the line ratios in the diagnostic diagrams. They are highest
in the center and decrease outwards. From 7” south—east on, they increase again. The
HST [O111] surface-brightness distribution reveals two subpeaks symmetrically placed at
~2" from the nucleus which are nearly as bright as the central peak. In the low resolution
of our spectra, the three central peaks are smoothed out to one broad peak in the center.
The HST image traces the [O111] emission out to only £5” from the center.

The electron—density distribution peaks at the center (n. ~ 6354+30cm™3) and de-
creases outwards to the low density limit with two subpeaks at ~5” on both sides of
the optical nucleus (n, ~ 300 cm™ to the north-west, n, ~ 170cm ™ to the south—east;
Fig. 4.26, middle right panel). This general behavior is similar to the results of Berg-
eron et al. (1983) and Colina et al. (1991) with a central electron density comparable
to that of Bergeron et al. (1983) (n. ~ 600 cm™2) and slightly higher compared to Col-
ina et al. (1991) (n. ~ 540 cm™ without temperature correction versus their value of
ne ~ 450 cm™ along a comparable p.a. of ~110°; their Fig. 9a).
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IC 5063 is besides NGC 3281 the second object in our sample where the ionization
parameter does not peak at the optical nucleus. The highest ionization is observed instead
at 5”5 south—east of the nucleus (Uiog(n,)=3 ~ 3.3-107%; Fig. 4.28, middle right panel). This
increase towards the south—east is in agreement with the increasing ionization parameter
reported by Bergeron et al. (1983) and Colina et al. (1991), but towards the north-west,
we observe a decreasing ionization parameter. Interestingly, the position at which the
ionization parameter peaks is the same at which the surface-brightness distributions
start to increase again outwards. Moreover, it coincides with the south—eastern region of
enhanced electron density.

Colina et al. (1991) consider combined effects of abundance and density gradients
as the most likely interpretation of these observations. However, the line ratios in all
three diagnostic diagrams show a very small scatter, arguing against a steep abundance
gradient. Moreover, the slope of decreasing electron density < 2 needed to explain the
increase in excitation conditions is not observed, neither in their data nor in our data
(ne oc r=11: Table 4.12).

We instead favor a shock scenario from the interaction of the radio jet and the NLR
gas. This is strengthened by the close match between the radio map and the NLR as well
as the blueshifted H1 absorption and the broad profile of the H1 absorption observed by
Morganti et al. (1998). The shocks may result in a locally increased density and ionize
the surrounding medium, resulting in the increased ionization parameter and surface
brightness.

The shock scenario is supported by the emission—line profiles which show substruc-
tures in the central 9” with a blue asymmetry on the north—west side and a red asymmetry
on the south—east side of the center (Fig. 4.7, right panels). The profiles get significantly
broader especially 1-2” on both sides of the nucleus. Unfortunately, our observations are
limited by spectral resolution to allow for a detailed discussion of profile variations.

To probe the shock scenario, we looked for the presence of [FeX] emission: It is
negligible throughout most of the region, with the exception of the central 2” (center:
Fierea ~ 0.02, 1”7 north—west: Fyereqa ~ 0.003, 1”7 south—east: Fyereq ~ 0.001, respectively)
and at 3" south—east (Fyeea ~ 0.001), i.e. close to the region where we observe an
increased density. However, we are limited by both the signal and the low resolution
which makes it difficult to disentangle the weak [FeX] from [O1] \6363 A.

As already indicated by Bergeron et al. (1983) and Colina et al. (1991), the velocity
field of 1C5063 (Fig. 4.30, middle right panel) can be interpreted as rotational pattern
with the steepest gradient in the central £8”. We find a maximum amplitude of Av ~
485kms~! and a central velocity of v, ~ 3410kms™! when extrapolating the rotation
curve. Both the optical nucleus and 1” north—west display a redshifted velocity of vpe ~
80kms—! with respect to what would be expected as rotational value. This may be
due to gas outflowing away from our line-of-sight or indicate a net inflow in the central
arcsecond. As we observed close to the photometrical major axis of the galaxy, the
general velocity pattern indicates emitting gas lying in a disc in the plane of the galaxy.
Under this assumption, we can estimate the central mass in a radius of r ~ 11” (2.4 kpc)
using an inclination ¢ ~ 51° and vgps ~ 243kms~!. It yields a lower mass limit within
2.4 kpc of M ~ 3.340.5 -10' M, (see Appendix C, Eq. C.14 for details).

The stellar velocity curve was derived from the peak wavelength of the Na1 D ab-
sorption line as the Call K line is too weak. Although the velocities show an overall
similar behavior, i.e. blueshifted velocities to the north—west and redshifted ones towards
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the south—east, the amplitude is much smaller (Av ~ 200kms™!). It is possible that at
least part of the observed gaseous velocities are not due to rotational motion but reflects
outflowing gas components. However, the Na1 D absorption needs not necessarily arise
from stellar spectra but can also be due to interstellar absorption and thus may not trace
the stellar velocity curve.

NGC 7212

Literature data

NGC 7212 is a Seyfert—2 galaxy in a system of three interacting galaxies (Wasilewski,
1981). The morphological type of the host galaxy is classified as Sab by Keel (1996)
(also given in NED), with a photometric major axis of p.a. = 42°. The galaxy is inclined
by ¢ ~ 66° from face-on-view. The maximum velocity range covered by the rotation
curve is £300 kms™! (Keel, 1996).

Line emission from ionized gas extending over ~17”5 along both p.a. of 37° and
127° has been reported by Durret & Warin (1990) as observed by means of optical long—
slit spectroscopy in the HB+[O 111] wavelength range. They find a high excitation value R
= I([O 1] A5007 A+4959 A) /I(HB) = 19 in the nucleus, while the nebulosity is of variable
excitation with R ranging from 5-28. They quote that the large values are uncertain as
Hp is close to the detection limit. Durret & Warin (1990) report a maximum velocity
range of Av ~ 235kms~! along p.a = 37° and Av ~ 60kms~! along p.a = 127°.

Tran et al. (1992) find a broad Ha component in the polarized light of NGC 7212.
However, Tran (1995) argues that a significant amount of polarization is probably not
intrinsic to the nucleus of NGC 7212 but due to transmission through aligned dust grains
in the host galaxy. This is supported by several observational evidences, showing that
dust obscuration plays a significant role in the source. Moreover, the narrow permitted
and forbidden lines also posses a substantial amount of polarization. That is possibly the
reason why, later on, Tran (2003) lists NGC 7212 as non—hidden BLR Seyfert—2 galaxy.

Tran (1995) finds a jet-like high—ionization feature extending up to 10” from the
nucleus at a p.a. of ~170° in groundbased [O 111] and Ho image, possibly due to collimated
radiation of the nucleus. This direction coincides with a double radio source on a much
smaller spatial scale discovered by Falcke et al. (1998) who compare HST and VLA
observations of NGC 7212. The continuum image of Falcke et al. (1998) shows multiple
dust lanes. Their [O 111] image is also included in the sample of Schmitt et al. (2003a) and
presented here in Figure 4.3 (lower left panel) with the p.a. of the long slit overlayed. It
exhibits extended emission out to ~3” from the nucleus along p.a. = 170°. The emission
is diffuse and composed of several individual knots to the north and south of the nucleus.

The stellar lines are similar to those of an old population (Gonzélez Delgado et al.,
2001), with a dominant 10 Gyr metal rich stellar population (Raimann et al., 2003) and
no clear signs of starburst activity (Cid Fernandes et al., 2001). Gonzélez Delgado et al.
(2001) report the presence of scattered light produced by the hidden nucleus. Compared
to the circumnuclear region, they find no dilution of a featureless continuum in the central
region and interpret that by the presence of a spatially extended featureless continuum.
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Comparison with our results

Along a p.a. of 170°, we observe [O111] emission extending out to 12” from the nucleus
(Table 4.10), i.e. four times larger than the extension seen in the HST image in the
same direction. It is somewhat smaller than the maximum extent observed by Durret &
Warin (1990) (p.a. of 127° and 37°). The excitation value we observe in the central row
is with Rops ~ 17 comparable high to what has been observed by Durret & Warin (1990).
It is the highest value in our type-2 sample. (Note that the [O111]/HS ratio given in
Table 4.8 does not include the [O111] A4959 A line which is one third of the flux of the
[O 111] A5007 A line. Thus, one third of Fi, given in Table 4.8 has to be added to gain R.)
The reddening—corrected value in the center is Rgerea ~ 16 and varies between 6 and 17
in the central 24” region, i.e. it stays high in the whole region which we classify as NLR.
Emission-line ratios at a S/N > 3 were obtained out to ~5"” south—east of the nucleus
and ~10” north-west. The electron temperature observed in the nuclear spectrum is
T. ~ 14635 £ 1500 K (Table 4.9).

The reddening in the center is rather low (Ep_y = 0.334+0.01 mag) and decreases to
a value of ~ 0.07 mag at 1” north—west of the nucleus (Fig. 4.13, middle right panel). On
both sides of this region, it increases and reaches its maximum value at 4” south—east
and 7" north-west of the photometrical center (AEp_y ~ 1mag). These maxima may
be attributed to dust lines seen in the continuum image by Falcke et al. (1998).

The surface brightness is highest at 1” south—east of the center (Fig. 4.24, bottom
left panel). Although the highest [O111] and Ha flux as well as the highest continuum is
observed at 0” (this is how we defined the photometrical center), the reddening—corrected
luminosities peak at 1” south—east due to the higher reddening observed in this part.
The surface—brightness distributions decrease outwards and show a secondary maximum
at ~6” north-west of the nucleus. In the same region, the highest Rgeeq value of 17
is observed. The [O111] surface brightness determined from the HST image decreases
rapidly with distance from the center, is confined to the central 3” and do not show any
significant substructure.

The electron density peaks at the optical nucleus (n, ~ 1420450 cm ™) and decreases
out to the low density limit at ~4” north—west (Fig. 4.26, bottom left panel). Note that
the [S1I] A6716 A is slightly affected by telluric absorption bands and thus, the deduced
absolute electron density has to be taken with some caution, but it does not change the
observed slope.

The ionization parameter reaches its maximum value in the photometrical cen-
ter [Uiogne)=3 ~ (3.27£0.02) -107?] and steadily decreases towards the outer parts
(Viog(ne)=s ~ 0.1-107%; Fig. 4.28, lower left panel). Both electron density and ioniza-
tion parameter show a slight increase at ~8"” north—west of the nucleus.

The velocity field in NGC 7212 along p.a. = 170° shows increasing velocities from
south—east to north-west and may indicate gaseous rotation. The maximum velocity
range covered from ~4” south—east to ~10” north-west of the nucleus is Av ~ 370 kms™!,
i.e. slightly higher than the value reported by Keel (1996) (Av ~ 300kms™') in the
direction of the photometric major axis (42°). The central velocity we obtain is vpe ~
79254+20kms~!. An increased velocity is observed at ~4” north-west of the nucleus.

As the radio maps of NGC 7212 show a double radio source extending in the direc-
tion of our long—slit observations, it is probable that the radio jet interacts with the
NLR, resulting in the observed enhanced surface brightness, electron density, ionization
parameter, and the high excitation at ~6-8" north—west of the nucleus.
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ESO 362-G008

Literature data

The galaxy hosting this Seyfert—2 nucleus is highly inclined (i ~ 70°) with the major
axis along p.a. = 167° (RC3).

Groundbased images were studied by Mulchaey et al. (1996a), revealing a very red
continuum nucleus. The [O111] emission is strongest in the nucleus and extends out to
~25" along the galaxy disk (~158°, see Fig. 4.3, lower right panel) and ~10” along the
galactic minor axis. The regions of high excitation gas are distributed in a cross-like
morphology, with the highest ratio corresponding to an offnuclear cloud to the north—
east.

Colbert et al. (1996) interpret the presence of gas far out of the disk as sign of a
large—scale outflow occurring in ESO 362-G008.

At 20 cm, the source is unresolved, but the 3.6 cm map shows a faint extension ~2” to
the north. A secondary peak ~1” to the north shows extended emission to the west.
Nagar et al. (1999) conclude that the radio extension at 3.6 cm has a p.a. of 165°, similar
to the direction of the [O111] extension seen by Mulchaey et al. (1996a).

The stellar population studies of Cid Fernandes et al. (1998) indicate an S5—S6 tem-
plate at the nucleus and an S4-S5 template at 4” and further out. The bluer templates in
the nuclear region are due to the presence of young stars, visible in the spectra as strong
Balmer absorption lines. The contribution of a featureless continuum is low [~5%; Cid
Fernandes et al. (2001)], implying that the nuclear source is hidden from direct view.

Storchi-Bergmann et al. (2000) describe ESO 362-G008 as relatively evolved nuclear
starburst due to its high order Balmer absorption lines. The continuum is very red due
to a dust lane crossing the nuclear region as seen by Malkan et al. (1998) in broadband
HST images.

Fraquelli et al. (2000) studied the extended NLR of the Seyfert—2 galaxy ESO 362
G008 in detail to compare it to that of the Seyfert—1 galaxy MCG —-05-13-017. They use
a stellar population template obtained from averaging the extranuclear spectra. In the
nucleus, a dilution of an intermediate—age burst of star formation is found. Fraquelli et
al. (2000) find no evidence of a featureless continuum contributing more than 5% in the
near-UV, in agreement with the results of Cid Fernandes et al. (2001). Emission-line
fluxes are measured along p.a. = 60° out to 14” from the nucleus. The HS emission
line is too weak to be measured, often not filling the absorption feature, indicating
that the stellar template does not match the younger stellar population of the nuclear
region. All ratios show a symmetric behavior on both sides of the nucleus. The increasing
[O11]/[O 1m1] ratio indicates a decreasing ionization parameter. Along p.a. of 165°, i.e. that
of the photometric major axis, the gas and stars present a rotation curve consistent with
circular motion in the plane of the galaxy, with the south—east side approaching. Fraquelli
et al. (2000) conclude that the nuclear collimation axis is almost perpendicular to the
disk. The high—excitation cloud seen north—east of the nucleus in the excitation map
of Mulchaey et al. (1996a) is interpreted as a high-latitude cloud ionized by the AGN
continuum and blown away from the galaxy disk, in agreement with the assumption of
a large outflow from Colbert et al. (1996).
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Comparison with our results

ESO 362-GO008 is the only object in our sample in which strong underlying stellar absorp-
tion lines remain even after subtraction of a template determined in the outer parts of
the galaxy (6” south—east of the nucleus, averaged over 1” and median—filtered in spectral
direction over three pixel to increase the S/N; Table 4.6; Fig 4.5, lower left panel). This
hints the existence of a nuclear starburst as is confirmed by the stellar population synthe-
sis of Cid Fernandes et al. (1998) and the results of Storchi-Bergmann et al. (2000). As a
consequence, our results have to be taken with some caution as the HG and Ha emission
are most probably underestimated. We indeed often see the underlying absorption trough
in both lines. Also Fraquelli et al. (2000) who use a stellar population template averaged
from extranuclear spectra report dilution of an intermediate—age burst of star formation,
resulting in a mismatch of the stellar template and the younger stellar population of the
nuclear region where the H line is often not filling the absorption feature.

ESO 362-G008 is also the object in our sample with the smallest detectable [O111]
extent (r ~ 4”). Moreover, due to the low S/N, the line ratio study is limited to the
central r ~ 3”. Interestingly, the groundbased image reveals a more than twice as large
[O111] extension (along roughly the same p.a.). Fraquelli et al. (2000) study emission
lines out to r ~14” from the nucleus but along p.a. = 60° and are also confined to the
inner d ~ 10" at a p.a. of 160°.

We decided not to apply more sophisticated stellar template corrections due to our
limited S/N. All line ratios fall in the AGN regime in the diagnostic diagrams, suggesting
that the NLR extends out to at least 3” radius from the center (Fig. 4.18, second right
panel from top). The line ratios have rather high values on the x—axis, most probably
due to the underestimated Ha line flux.

Due to the remaining underlying absorption lines in the central spectra (Fig. 4.10,
second panel from top on the left), we cannot measure the temperature. Only emission—
line fluxes from the strongest lines [O11], H3, [O1m1], [O1], He, [N11], and [S11] can be
derived (Table 4.7).

The reddening determined from the continuum slope relative to the template shows
a similar distribution as the reddening distribution using the Balmer decrement with the
highest reddening value in the center and a slow decrease to the outer parts (Fig. 4.13,
bottom left and right panel). However, the absolute values differ significantly: The red-
dening of the continuum slope shows negative values, implying that the template is
redder than the inner spectra, due to the presence of young stars (Cid Fernandes et al.,
1998). Moreover, the covered reddening scatter is small (AEg_y ~ 0.07mag), while a
~10 times higher range is obtained using the Ha/Hg ratio (AEp_y ~ 0.6 mag). These
differences can be explained first by the relative reddening value that was obtained in
case of the continuum slope, i.e. both outer template and central spectra suffer similar
dust extinction which do not reflect in the derived value. Second, dust may be intrinsic
to the NLR. We used the reddening determined by the emission—line ratio for correction.

The surface-brightness distributions of He, [O 111}, and continuum peak at the center
and decrease with distance (Fig. 4.24, bottom right panel).

The electron density also reaches the highest value in the center of n, ~ 1420470 cm ™3
and decreases outwards (using a temperature of T, = 10000 K for correction; Fig. 4.26,
bottom right panel).
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The ionization parameter peaks in the photometrical center [Uipgn,)=3 ~ (2.76£0.1)
-107%] and decreases to Uiogn,)=3 ~ 1.1-107% in the outer parts (Fig. 4.28, bottom right
panel). The observed decrease of ionization parameter has already been suggested by
Fraquelli et al. (2000) based on the increase of the [O11]/[O111] ratio, at least in the
central r ~ 5” (their Fig. 11).

Along the observed p.a. of 163° (i.e. close to the photometrical major axis of p.a. =
167°; RC3), the velocity curves derived from the peak wavelength of [N11] (which is in
contrast to Ha and Hf unaffected by underlying absorption lines) and the peak wave-
length of the Ca1r K absorption line are quasi identical (Fig. 4.30, bottom right panel).
The central velocity is vpe ~ 4870420kms™!. The maximum velocity range in the inner
4" is Av ~ 190km s~ with blueshifted velocities towards the south—east. Our results are
comparable to that of Fraquelli et al. (2000) and can be interpreted as circular motion in
the plane of the galaxy, with the south—east side approaching. However, the center and
the region 1” north-west show gaseous and stellar velocities which are by vy ~ 50 kms™!
redshifted compared to what would be expected by interpolating the outer stellar veloc-
ity curve. This can be interpreted as either inflow, possibly fueling the AGN or indicates
an outflow away from our line—of-sight triggered by the interaction with the radio jet as
the position coincides with extended radio emission (Nagar et al., 1999).

MCG-6-30-15
Literature data

The E/SO galaxy MCG —6-30—-15 hosts an X-ray bright AGN of Seyfert 1.2 type (NED)
and has been the subject to intense spectroscopic studies in the X—ray band [e.g. Iwasawa
et al. (1996)].

A multiwavelength study has been performed by Reynolds et al. (1997): In the op-
tical, an extracted host galaxy spectrum with Balmer and Calr absorption features is
subtracted to gain the absorption—line free AGN spectra. The nuclear spectrum reveals a
strong non—stellar continuum, broad Balmer lines, and narrow permitted and forbidden
lines. High-excitation forbidden lines (e.g. [FeX], [Fex1] A7892 A, and [Fe x1v] A5303 A)
are clearly displayed. A significant amount of dust extinction is deduced from optical line
and continuum emission, lying in the range FE(p_y) =0.6-1.1mag. Due to the absence
of cold (neutral) absorption in the X-ray spectra, Reynolds et al. (1997) postulate that
the dust resides in the so—called warm absorber, i.e. ionized gas that absorbs X-rays
produced in the accretion disk of the AGN. The coronal-line region may also arise in the
outer warm absorber.

VLA observations at both 3.6 and 20 cm show that MCG —6-30-15 is an unresolved
radio source (Nagar et al., 1999).

HST continuum images and color maps from Ferruit et al. (2000) show a dust lane
south of the nucleus, running roughly parallel to the photometric major axis of the galaxy
(p.a. ~ 115°% i ~ 60°). The south—west side of the galaxy is found to be systematically
redder than the north—east side, with the central regions redder than the outer ones. The
[O111] image shows emission extending in the direction of the galaxy major axis. It is
included in the study of Schmitt et al. (2003a) and presented here in Figure 4.1 (lower
left panel) with the slit position of our observation overlayed (p.a. = 115°), tracing the
direction of the maximum extent in [O111]. The emission is extended by 175 x 3"9.
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Bonatto et al. (2000) use UV spectra to determine the stellar population. An old bulge
population is dominating the stellar contribution, with indications of previous bursts of
star formation.

Dust location and composition of the dust in the MCG —6-30-15 warm absorber has
been investigated by Ballantyne et al. (2003). They argue that the dust lane crossing
the galaxy just below the nucleus seen in HST images is producing the reddening of the
nuclear emission. The dust in the ISM of the host galaxy is proposed to be the location
of the warm absorber, at a distance of hundreds of pc from the nucleus.

Comparison with our results

The VLT long-slit spectra of MCG —6-30-15 allow us to trace [O111] emission out to a
distance of £12” from the optical nucleus, i.e. six times larger than the [O 111] extension
seen in the HST image of Schmitt et al. (2003a). We confirm the existence of high-
excitation forbidden lines in the central spectra as reported by Reynolds et al. (1997).

MCG -6-30-15 is the only Seyfert—1 galaxy in our sample in which we were not able
to disentangle the broad and narrow Balmer emission lines. This is first due to the
classification as Syl.2 whereas the other Seyfert—1 galaxies (apart from Fairall 51) can
be classified as either Syl.5 or Syl.9, i.e. a clear separation of the narrow emission line
superimposed on the broad one is visible. Second, it is also due to the lower resolution of
our VLT /FORSI spectra while all other type 1s were observed with the higher spectral
resolution of the NTT/EMMI. Thus, we cannot determine the central emission line fluxes
relative to HB. Moreover, it was difficult to disentangle the [O111] A4363 A emission line
from the broad Hy and we therefore do not measure the temperature.

MCG —6-30-15 is also the only Seyfert—1 galaxy for which we applied a stellar tem-
plate subtraction. This was both necessary as strong Balmer and Ca 11 H&K absorption
lines were seen in the NLR spectra (Fig. 4.5, lower right panel) and possible given the
high sensitivity VLT data allowing us to derive an emission-line free template spectrum
in the outer parts. The template was determined at a distance of 12” north—west of the
nucleus as average over a spatial region of 2” and median—filtered along the spectral axis
over three pixels to increase the S/N (Table 4.6). A reddening correction was applied
to fit the slope of the stellar template to each spectrum of the NLR (Fig. 4.14, top left
panel). The continuum gets steadily redder towards the nucleus where it reaches the
highest reddening value of Eg_y ~ 0.3+0.02mag. In the outer parts, the reddening is
at a minimum of Fg_y ~ 0.02-0.04 mag.

This amount of dust extinction is significantly lower than what has been determined
by Reynolds et al. (1997). They were also not able to disentangle the broad and narrow
emission lines in their low resolution spectra and use instead the total Balmer decrement.
They derive a range of Eg_y ~ 0.6-1 mag. The difference may arise from either additional
reddening of the BLR only [as Reynolds et al. (1997) use the total Balmer decrement] or
is due to the fact that our reddening value is a value relative to the stellar template and
simply reflects the differences of dust extinction between the NLR and the template. If
the extinction is at least partially due to dust in the ISM of the host galaxy as proposed
by Ballantyne et al. (2003), both the stellar template and the central continuum suffer
the same extinction which will then not reflect in the reddening determined by the fitting
of the stellar template to the continuum slope of the NLR spectra.

As the broad Balmer lines are limited to the central 2-3"” (Table 4.14; Section 4.4.10),
we are able to measure the narrow line fluxes in the outer regions to a distance of +4”.
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We find that the line ratios are typical for AGNs when inserting them in the diagnostic
diagrams. Given the broad emission lines, it is reasonable to believe that the central
values also lie in the AGN regime and that the NLR extends out to at least 4” distance
from the nucleus.

The surface—brightness distribution has been determined for the [O111] emission line
and the continuum and is presented in Figure 4.25 (top left panel). It peaks at the
photometrical nucleus and slowly decreases outwards. The HST [O 111] surface—brightness
distribution is also centrally peaked and smoothly declines with distance from the center.

The central electron density is the lowest electron density observed in the nuclear
spectra of our sample (n, ~ 3004+40cm™3 using a temperature of T, = 10000K for
correction; Table 4.9; Fig. 4.27, top left panel), even when using the average temperature
of the four Seyfert 1s in our sample (7 ave = 33600 K) for correction which leads to n. ~
550440 cm 3. It remains at the same level 1”5 south-west of the center and decreases
in the outer regions to the low—density limit at +4” north-west and south—east of the
nucleus.

We used the reddening determined from the continuum slope variation relative to the
stellar template to correct the observed [O11]/[O111] ratio throughout the whole NLR.
The thereby derived ionization parameter may have a greater uncertainty than using the
reddening within the NLR as measured from the Balmer decrement: In those objects in
which we measured the reddening from both the continuum slope and the narrow Ha/H(
value, we observe differences in the reddening distributions (Figs. 4.12 and 4.13) and,
moreover, a smaller reddening of the continuum is observed. Thus, for MCG —-6-30-15,
the absolute ionization parameter values may be overestimated due to a correction by too
low reddening values, but we consider the deduced general behavior as reliable: We have
shown exemplarily for NGC 1386 that the general distribution of the ionization parameter
does not change significantly using either reddening values for correction (Fig. 4.28,
both upper panels). The resulting ionization parameter peaks at the optical nucleus
[Diog(ne)=3 ~ (2.951+0.04)-10%] and decreases t0 Ujogm,)=s ~ (0.05—0.07)-107? (Fig. 4.29,
top left panel).

We trace the gaseous velocity field using the peak wavelength of the [O111] line and
the stellar one from the Ca11 K absorption along the photometric major axis (Fig. 4.31,
top left panel). The [O111] velocity of the photometrical center is vy ~ 2375+20kms™!,
the stellar one slightly lower with vy ~ 2330£20kms!. The velocities scatter within
the NLR with a maximum amplitude of Av ~ 80kms~!. The stellar velocity field shows
a rather flat distribution within the errors and no clear sign of rotation, possible due to
the classification of the host galaxy as E/S0.

Fairall 51

Literature data

The Seyfert—1 galaxy Fairall 51 is known for its high polarization, noticed already by
Martin et al. (1983), Thompson & Martin (1988), and Brindle et al. (1990). As Fairall 51
is a radio—quiet object, synchrotron emission can be neglected as contribution to the
polarization spectrum. The high polarization indicates that a substantial fraction of the
observed light is scattered by dust or free electrons in the system.

In his spectroscopic variability studies of Seyfert galaxies, Winkler (1992) states that
the broad lines of Fairall 51 were slightly brighter in August 1990 than three years earlier.
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Fairall 51 is listed as barred spiral in RC3 [(R’-2)SB(rs)b]. The bar extends to about
12" on both sides of the nucleus in north-south direction (West et al., 1978). However,
Malkan et al. (1998) give Sa from their HST images. The inclination is i ~ 64° (RC3).

Schmid et al. (2001) investigated the origin of the polarization and the geometry of
the system using VLT spectropolarimetry. While the AGN continuum and the broad
lines reveal a practically identical amount of intrinsic polarization (5% in the red up to
13% in the UV), the narrow lines are unpolarized or show only little intrinsic polariza-
tion. The spectrum is much redder in total flux than in polarized flux. These Seyfert
2-like polarization characteristics indicate that the nucleus is partially obscured with
the scattering region located far from the BLR and the continuum source. This specific
geometry allows to study the BLR both directly and via scattering. From the indistin-
guishable line profiles in polarized and total light, Schmid et al. (2001) conclude that the
velocity field of the BLR is spherically symmetric. The polarization issue is discussed in
detail in Section 4.4.10.

Schmitt et al. (2003a) presented HST [O111] emission—line images of Fairall51. The
image is presented in Figure 4.2 (upper left panel) with the p.a. of our NTT observations
overlayed (p.a. = 160°). The emission is extended by 2”65 along the host galaxy major
axis (p.a. = 162°; RC3).

Comparison with our results

Fairall 51 is the object with the strongest iron emission lines relative to H3 seen in the
nuclear spectrum in our sample: Compared to the average values determined from the
four other Seyfert-1 galaxies from Table 4.8, the [Fevii] A5721 A/Hf flux ratio is more
than twice as high in Fairall 51, the [Fe vii] A\6087 A /HS flux ratio is roughly three times
as high, and the [FeXx] 6375 A/ Hp flux ratio is ~ four times higher than the average
value ([Fe vii] A5721 A /HBaye asy1s ~ 0.1540.05 versus 0.34; [Fe vi1] A6087 A /HBoye.sy1s ~
0.18+0.05 versus 0.49; [Fe X] \6375 A/Hﬁave,4sy1s ~ 0.114£0.05 versus 0.43). The electron
temperature determined in the central spectrum is 7T, ~ 22200+£400 K.

We detect [O111] emission (S/N > 3) out to a distance of 9” from the nucleus (Ta-
ble 4.10), i.e. three times larger than the maximum extension of the HST [O111] image
from Schmitt et al. (2003a). Emission-line ratios out to ~8” indicate ionization by the
central AGN source, although the outer 6-7” north-west of the nucleus (marked as E/F
in the diagnostic diagram) show line ratios at the border between those typical for AGNs
and those expected for LINERs (Fig. 4.18, from top third left panel). Possibly, this change
indicates that the influence of circumnuclear H 11 regions begins to be comparable to the
AGN ionization and may be the dominating ionization source further out. However, we
are limited by the S/N to measure such a transition. We therefore classify the inner
14" as NLR (Table 4.10).

The reddening in the NLR is highest ~1” north-west of the nucleus and decreases
rather smoothly towards the outer parts with the exception of a low reddening value at
1” south—east of the center and an exceptional high value at ~5"” north—west. It ranges
from Ep_y ~ 0.01 mag to 0.8 mag (Fig. 4.14, top right panel).

The reddening of the central BLR, deduced from the broad Ha/Hf ratio of ~4.4, is
comparable to the central NLR reddening (E(B_V%broad ~ 0.45mag). It indicates that
the dust is either associated with the NLR or has an external origin such as the host
galaxy.
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In the same region where we find line ratios approaching that expected for LINERs,
we observe an enhanced surface brightness in the [O111] and Ho emission as well as the
continuum (Fig. 4.25, top right panel). Apart from this secondary peak at 6” north—
west and a tertiary peak observed to the south—east at a comparable distance (~7"),
the surface brightness is decreasing smoothly with distance from the nucleus in all line
and continuum fluxes. Even with the ten times higher spatial resolution of the HST
(O 111] image, the [O111] surface-brightness distribution do not reveal any subpeaks, but
is confined to the central 3”.

The electron—density distribution peaks at the center (n, ~ 1430440 cm™2) and de-
creases outwards with two smaller peaks symmetrically around the nucleus at a distance
of ~5" (ne ~ 750 cm™ to the south—east and n. ~ 580 cm™ to the north-west). Further
out, it reaches the low density limit. The two density peaks on both sides of the nucleus
roughly coincide with the enhanced surface brightness and the north—western region in
which line ratios close to LINER ones are observed (Fig. 4.27, top right panel).

The ionization parameter in Fairall 51 is centrally peaked, decreasing rapidly towards
the outer NLR (Ulogne)=s ~ 9.3 - 1072 t0 Ulogme)=3 ~ 0.7 - 1073). It reveals a small
secondary peak at ~6” north—west of the nucleus (Fig. 4.29, top right panel).

Is the match of the increased electron density, ionization parameter, surface brightness
as well as the line ratios close to LINER type at 5-6” to the north—west of the nucleus
pure coincidence or does it hint e.g. shocks occurring at these distances? Unfortunately,
there is no published information on the radio source in Fairall 51 allowing to discuss
a possible jet—NLR interaction. Alternatively, the bar (p.a. ~ 180°) may influence the
NLR, resulting in the observed properties on both sides of the center (p.a.ps ~ 160°).

The velocity field was derived from the peak wavelength of the narrow Ha emission
line only, as the [N11] line is difficult to disentangle in the central parts. It shows a
steep central increase from blueshifted velocities at 2” south—east of the centrum towards
redshifted velocities at 2” north-west of the nucleus with a range of Av ~ 180kms™!
(Fig. 4.31, top right panel). Beyond a radius of 2", the velocities approaches again the
central value (v ~ 42304£20kms™') and the curve flattens, especially in the north—
western region. The velocities of the central arcseconds may be influenced by the bar
potential. We do not trace the stellar velocity curve as the Ca1r K absorption line is to
noisy for an accurate fit.

The existence of broad extended Ha emission seen out to ~ 6” from the nucleus
(Table 4.14; Fig. 4.32) is discussed in Section 4.4.10, focussing on the polarized emission
observed by various authors. In the central spectra, the broad emission lines in both Ha
and HG clearly dominate the profile, confirming the classification of Fairall51 as pure
Seyfert—1 galaxy.

NGC 6860

Literature data
The luminous infrared galaxy NGC 6860 shows a composite nature of a Seyfert—1 nucleus
embedded in a dusty star formation environment (Lipari et al., 1993). While NED classify
NGC 6860 as Seyfert 1, Cid Fernandes et al. (1998) and Lipari et al. (1993) find emission
lines typical for a Seyfert 1.5.

Lipari et al. (1993) studied NGC 6860 in detail, presenting optical imaging as well as
optical and near—infrared spectroscopy. Based on broad—band images of the host galaxy
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which show various morphological details such as a compact nucleus, two weak spiral
arms, a bar, a bulge, an inner ring and possibly an outer ring, they classify NGC 6860
as (R”)SB(r")b; NED gives (R’)SB(r)ab. The p.a. of the photometric major axis is 34°,
the inclination i = 61° (RC3). The Ha+[N11] image shows a bright emission-line region
associated with the AGN activity and a circumnuclear ring of star formation with clear
signs of young stars in the spectrum. The [O111] image reveals emission extended by
10” in east—west direction, perpendicular to the direction of the bar (p.a.pa ~ 13°).
Lipari et al. (1993) use templates from Bica (1988) to fit the stellar population, finding
that an S3 template represents the nuclear stellar population, while the rather young
population of an S6 template fits the inner star formation ring. The bar reveals a typical
spectrum of an old stellar population. A high electron temperature (7, ~ 35000 K)
is observed in the nuclear region. NGC 6860 is classified as a typical intermediate case
between AGN activity completely dominating the energy input and starburst galaxy
where the ionizing continuum is spread over a much larger star—forming region (Lipari
et al.; 1993). This is strengthened by line ratios in diagnostic diagrams which locate
the galaxy in a transitional zone between areas occupied by AGNs and HII regions.
Along the bar, the velocity curves from both stellar absorption lines as well as emission
lines are typical for purely circular motion, implying a central of ~1.5 10 M, within
a radius of 35”. Systematic deviations of such a smooth velocity curve are seen in the
innermost 5” from emission lines. Lipari et al. (1993) interpret these deviations as gas
inflow, possibly fueling the Seyfert nucleus.

Cid Fernandes et al. (1998) performed stellar population modeling with the result
that the stellar population derived from absorption lines is typical to an S2 template in
the central region. The continuum ratios show a gradient decreasing from S4 in the inner
5" radius to S5 further out. A featureless continuum can be seen in the nucleus.

Near—infrared imaging reveals an asymmetrical bar along p.a. ~ 10° which is more
extended to the north than to the south. There is evidence for a secondary smaller inner
bar. Spiral arms detach from the southern end of the outer bar and at the west end of
the inner bar (Marquez et al., 1999).

The HST [O111] image from Schmitt et al. (2003a) is elongated in east-west direction
by ~4"5 and in perpendicular direction by 2”4.

Mérquez et al. (2004) also presented the gas kinematics of NGC 6860, concluding
that the p.a. of the photometric major axis is in close agreement with the kinematical
major axis. Along the major axis, gas rotation is observed with a velocity range of £200
kms~!. Along different position angles, the velocity field is more complex, probably due
to the presence of the bar.

Comparison with our results

The p.a. of the long slit used in our NTT observations traces the maximum extent of the
[O 111] emission seen in the HST image of Schmitt et al. (2003a) (p.a. = 85°; Fig. 4.2, upper
right panel). Besides MCG —05-13-017, NGC 6860 is the other Seyfert—1 galaxy in our
sample which shows, in all three diagnostic diagrams, a clear transition between central
line ratios falling in the AGN regime and outer ones typical for Hi regions (Fig. 4.16,
left panels). While we detect [O 111] emission at a S/N > 3 out to a distance of r ~ 10” in
east-west direction, comparable to the maximum extension of the [O111] groundbased
image of Lipari et al. (1993), the emission beyond 5” can be attributed to circumnuclear
star forming regions (Table 4.10).



4.4. Results and Discussion 153

Our results confirm the classification of NGC 6860 as an intermediate case between
AGN activity and starburst galaxy (Lipari et al., 1993). While Lipari et al. (1993) find
line ratios in the transitional zone between Seyfert galaxies and H1I regions, we are able
to trace the radial varying ratios and determine the radius where the transition takes
place in all three diagnostic diagrams. Showing that the transition occurs at the same
distance in the second diagnostic diagram is essential to exclude spatial variations of
physical parameters resulting in a transition of line ratios from the AGN to the Hir-
region regime despite an intrinsic AGN photoionizing source (Section 4.4.4). Thus, we
can determine the NLR size of NGC 6860 to a radius of r ~ 5” (observed along a p.a. of
85°), i.e. the AGN radiation field dominates over the stellar one in the inner 10”. The
maximum [O 111] extent we observe is four times larger than what is observed in the HST
[O 111 image by Schmitt et al. (2003a) (d ~ 20” versus d ~ 5").

In the center, we find a high electron temperature of T, ~ 363254250 K, in agreement
with the results of Lipari et al. (1993) (Table 4.9).

The reddening values vary rather randomly between Ep_y ~ 0.1 mag and 0.6 mag
with a central value of Ep_y ~ 0.31£0.02 mag. Moreover, there is no significant difference
between the reddening in the NLR and that in the surrounding H 11 regions (Fig. 4.14,
middle left panel). The BLR shows a reddening comparable to that of the NLR (in the
central 2”: Hawroad/HBbroaa ~ 5.5, Ep_v ~ 0.6mag). As in Fairall 51, it indicates dust
either within the NLR or dust in the host galaxy.

The surface-brightness distributions of line emission and continuum show a general
decrease with distance from the center (Fig. 4.25, middle left panel). While the [O 111]
surface brightness exceeds that of Ha in the central ~10”, i.e. in the NLR, the Ha surface
brightness is higher in the outer region, as is expected from our diagnostic diagrams. The
continuum surface brightness smoothly decreases with radius. A secondary peak in the
Ha surface-brightness distribution is seen ~7” east of the nucleus and may be attributed
to a region of enhanced star formation. The [O111] surface-brightness distribution of the
HST image extends out only to ~3” from the nucleus and shows a subpeak at ~1” east
of the center. This peak is smoothed out in our ten times lower spectral resolution.

The electron density is highest at the center (n, ~ 10154£50cm™3), decreases with
radius towards the low density limit and shows two subpeaks at ~3” west and ~6" east
of the nucleus (Fig. 4.27, middle left panel). While the eastern subpeak lies within the
NLR, the western one falls just outside.

The ionization parameter in NGC 6860 is generally decreasing with distance from the
nucleus (Uiogme)=s ~ (2.73£0.04) -1072 t0 Ulog(no)=3 ~ 0.23 - 107%; Fig. 4.29, middle left
panel). However, it reveals a secondary peak at ~2” west of the nucleus (Uogm.)=3 ~
1.7-1073).

The velocity measured along p.a. = 85° using the average value of the Ho and [N11]
peak wavelengths reveals an “S” like structure (Fig. 4.31, middle left panel). The central
velocity is vher ~ 4400£20kms~!. The largest velocity range is observed in the central
4" (Av ~ 265kms™!) with a blueshifted velocity of vpe ~ 4285kms™! to the east and
a redshifted one of vy ~ 4550kms™! to the west. Further out, the velocities get again
closer to the central value and the curve seems to flatten beyond the NLR in the east.
Lipari et al. (1993) already discussed deviations from a smooth rotational model in the
central 5” and speculate that these deviations are consistent with gas inflow along the
bar, fueling the AGN. Our gaseous velocity curve is comparable to the Ha velocity
distribution along p.a. = 64° observed by Marquez et al. (2004), i.e. at a p.a. which
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crosses the bar and where they report a steeper velocity gradient than expected from a
simple rotation model.

At p.a. = 124°, they observe a similar asymmetric S—like feature close to the nucleus.
The residuals in the inner £4” are attributed to the presence of the inner bar.

As the narrow components in both Hoa and HS which are superimposed on the broad
components are clearly visible in our central spectra, we agree with Lipari et al. (1993)
to classify NGC 6860 as Syl.5.

We find broad extended Ha emission out to a distance of r ~4-5" from the center
(Table 4.14; Fig 4.34) and discuss the origin in Section 4.4.10.

Mrk 915

Literature data

Mrk 915 is a highly—inclined (i ~ 80°) Seyfert—1 galaxy with a companion at 126" to
the south—east (Keel, 1996). Goodrich (1995) observes flux changes in the broad Ha
line which has almost disappeared in 1993 compared to spectra obtained nine years
earlier (their Fig. 3). If this change can be explained by an increase in reddening, then
AEp_yy > 0.53mag. From these observations and from the evidence of short-term
spectral changes in several other Seyferts, they conclude that the dusty clouds have high
transverse velocities and must thus be close to, but outside of, the bulk of the BLR itself.

A groundbased Ha+[N 11] image were taken by Colbert et al. (1996), showing extended
emission along the major axis (p.a. ~ 168°) out to a radius of 15” in south—eastern
direction. Along a p.a. of 5°, the Ha+[N11] emission extends out to ~10”. Keel (1996)
gives a photometric major axis of 166° and shows a rotation curve which covers a range
of Av ~ 410 kms™!.

The radio emission shows an unresolved nuclear structure with a faint tail of emis-
sion to the south-west (Schmitt et al., 2001). Mrk915 lack clear evidence for intrinsic
polarization (Smith et al., 2002).

The HST [O111] image of Schmitt et al. (2003a) reveals irregular emission with a
major extent of 4”1 along p.a. = 5° and 2”6 in the perpendicular direction.

Comparison with our results

The long slit of our NTT spectroscopy was placed along the major [O 111] extension seen
in the HST image of Schmitt et al. (2003a) (Fig. 4.2, lower left panel). As the spectra
taken in the blue wavelength range were corrupted due to instrumental problems, we did
not derive the ionization parameter and the temperature.

We detect [O111] emission at a S/N > 3 out to a radius of r ~12”, i.e. three times
further out than the HST [O 111] image (Table 4.10). The [O111] extension obtained from
our spectra is comparable to the r ~ 10" extension seen in the groundbased Ha+[N11]
image at a p.a. of 5° [Colbert et al. (1996), see their Fig. 2h].

Emission—line ratios at S/N > 3 were traced out to a distance of r ~ 6” from the
nucleus. Within this region, all ratios are typical for AGN ionization and we thus classify
the emitting region as NLR (Table 4.10; Fig. 4.18, third right panel from top).

The reddening distribution within the NLR varies and ranges from Ep_ ~ 0.2mag
at ~6” north to ~0.8 mag at 1” north of the nucleus (Fig. 4.14, middle right panel). The
nucleus itself shows a slightly lower reddening with Ep_ ~ 0.66 mag. Calculating the
reddening of the BLR in the central 2" yields a reddening value comparable to that of the
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NLR, indicating that there is no significant dust amount between the broad and narrow
Balmer lines (Hotbroad/HBbroad ~ 5; EB—vbroada ~ 0.5 mag).

The surface—brightness distribution of the [O11] and Ha emission lines as well as
that of the continuum is decreasing with radius (Fig. 4.25, middle right panel) with the
surface brightness of the emission lines decreasing steeper than that of the continuum.
The [O111] surface-brightness distribution determined from the HST image is confined
to the central ~4” and shows substructure such as a bright shoulder ~1” to the north
and a secondary peak at ~1” to the south of the nucleus. Although this substructure is
smoothed out in the lower resolution of our spectra, it reflects in a discontinuity in the
surface-brightness distribution of both the [O111] and Ha emission: While at 1” to the
north and south, the surface brightness is only slightly lower than the central one, it falls
off significantly at 2” north and south.

The electron density is highest at the center (n. ~ 570435 cm ™ using a temperature
of T, = 10000 K for correction). A comparable high density is also observed at 1” south
of the nucleus (n. ~ 565cm™?). In general, the electron density decreases with distance
from the nucleus down to the low density limit in the outer parts (Fig. 4.27, middle
right panel). Note that the [S1] A6716 A emission line is slightly truncated by telluric
absorption bands and the absolute density value has to be taken with some caution.
However, we consider the slope as reliable.

While the velocity curve derived from Keel (1996) along the photometric major axis
(p.a. = 166°) shows clear sign of rotation, with a total velocity range of Av ~ 410 kms™!
in the central 20”, the velocity curve obtained from our spectroscopic data along a p.a. of
~5° does not reveal the same smooth rotational pattern (Fig. 4.31, middle right panel).
We observe a velocity range of Av ~ 220kms~! in the central 12” which is comparable
to the velocity range covered at a p.a. of 166° in the same region [Keel (1996): Av ~
250 kms~1; their Fig. 2]. The central velocity is vpe ~ 7240420 kms™. We cannot trace
the stellar velocity curve from the Ca1r K absorption line as it is not covered by our
spectral range.

The broad Ha: emission we find in our nuclear spectra observed in September 2004 is
comparable to that seen by Goodrich (1995) in 1984, i.e. it is significantly higher than
that observed in 1993, confirming the periodical change of the broad flux during ~9-
10 years suggested by Goodrich (1995) (Fya,198¢ = 637 - 107 ergs™ em™2, Fiin1003 <
223 - 10" ¥ ergs™ em ™2, Fia004 = 649 - 107 P ergs™ em™2).

The detection of broad extended Ha emission out to a distance of ~4-5" from the
nucleus in Mrk 915 (Table 4.14; Fig. 4.36) is discussed in Section 4.4.10.

As both the broad and the superimposed narrow components in Ha and HS can be
easily recognized in the nuclear spectra, we classify Mrk 915 as Seyfert—1.5 galaxy rather
than Sy1. This classification may also be time—-dependent, due to the significant periodic
changes in the broad Ha flux. However, it seems that we did observe in a phase in which
the broad Ha flux is already strong. If we can nevertheless classify Mrk 915 as Syl1.5 in
such a phase, it is implausible that Mrk 915 resembles a Syl galaxy in another phase.
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NGC 526a

Literature data

NGC 526a is the brighter member of a strongly interacting pair of galaxies; the fainter one
is NGC526b at a distance of ~35” to the south—east. The morphological classification of
NGC 526a is SOpec (NED). It has an inclination of i ~ 55° with the photometric major
axis running along p.a. = 112°.

The Seyfert type is discussed controversially: Mulchaey et al. (1996a) and Whittle
(1992) list NGC 526a as Sy2, while NED and RC3 classify it as Syl.5. Winkler (1992)
discuss the presence of broad Ha and the absence of broad Hf, suggesting a classification
of Sy1.9. They report a low value of the narrow Ha/Hf ratio (~ 3) indicating that the
NLR is essentially unreddened while the BLR suffers significant obscuration (Ha/HB >
10).

NGC526a is one of the brightest extragalactic X—ray sources and has been observed
in both soft and hard X-rays by various authors [see e.g. Polletta et al. (1996)].

Groundbased emission-line images in [O 111] and Ha+[N 11] are presented by Mulchaey
et al. (1996a). The images reveal extended line emission out to r ~ 10” in north-
west /south—east direction (a p.a. of 123° is used for long—slit spectroscopy; Fig. 4.2,
lower right panel), in approximately the direction of the companion galaxy. Excitation
maps show evidence of a bi—conical shape of the highest excitation gas. In the color map,
the nucleus is red.

Nagar et al. (1999) studied the radio emission of NGC526a. While at 20 cm, it is
a triple radio source elongated in north—west/south—east direction corresponding to the
extension of [O 11| (Mulchaey et al., 1996a), only the central source is seen at 3.6 cm.

The stellar population synthesis performed by Cid Fernandes et al. (1998) indicates
an S3-S4 template derived from the equivalent width of absorption lines; while at 7” from
the nucleus, the width are typical for an S4-S5 template.

Comparison with our results

We detect extended [O111] emission at a S/N > 3 out to a radius of ~20” (~7240pc)
from the nucleus (Table 4.10), i.e. twice as far as seen in the groundbased emission—
line image of Mulchaey et al. (1996a). The line ratios needed for diagnostics and the
derivation of physical parameters where determined out to 9” (~3260pc) to the north-
west and south—east from the nucleus. All emission—line ratios within this region indicate
AGN ionization (Table 4.10; Fig. 4.18, bottom panel). The central temperature is T, ~
23330+1700 K.

Our spectra do not show signs of broad H3 emission but a broad Ha component is
clearly visible in the central 2” (Table 4.14). Thus, we agree with Winkler (1992) in
classifying NGC 526a as Sy1.9.

The reddening is low throughout the whole NLR (Fp_y ~ 0.06-0.4 mag), with the
highest values in the center and ~5.5" south—east of the nucleus (Fig. 4.14, bottom left
panel). The central (narrow) Ha/Hf ratio of ~ 4.1 is slightly higher than the value
reported by Winkler (1992) (~ 3) but significantly lower than the reddening of the BLR:
We tried to fit any spurious underlying broad H3 flux and find, in agreement with Winkler
(1992), a high reddening of the BLR with Ha/HS > 10, corresponding to Fp_vproad >
1.26 mag.
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The surface-brightness distributions of NGC 526a are rather smooth, decreasing with
distance from the nucleus and showing a secondary peak at ~7” north—west of the nucleus
in both the [Om] and Ha emission lines (Fig. 4.25, bottom left panel). The electron
density is highest at the nucleus (n. ~ 835+70cm™?) and decreases outwards to the low
density limit (Fig. 4.27, bottom left panel). Note that the [S11] A6731 A emission line is
slightly truncated by telluric absorption bands and the absolute density value has to be
taken with some caution, but we consider the slope as reliable.

The ionization parameter is also decreasing with radius [Uogn,)=3 ~ (2.89£0.05) -10~*
t0 Ulog(no)=3 ~ 0.55 - 107?] (Fig. 4.29, middle right panel).

Although we observe roughly along the photometric major axis (p.a.y.. ~ 112° com-
pared to p.a.jomy ~ 123°), the gaseous velocity curve of NGC 526a does not show signs
of rotation (Fig. 4.31, bottom left panel). As the galaxy is classified as SOpec in NED, the
lack of clear rotational velocities is not surprising. There is a significant drop in velocities
~5—6" north—west of the nucleus, coinciding with the secondary peak seen in the surface—
brightness distributions. It is possible that a radio jet interacts with the NLR, resulting
in outflowing gas clouds: The p.a. of the extended radio emission at 20 cm observed by
Nagar et al. (1999) coincides with the p.a. of the major NLR extension.

The central velocity, determined from the average peak wavelength of Ha and [N 11,
is Vhel ~ 5640+20kms~t. Throughout the NLR, the maximum amplitude of the velocity
field is Av ~ 280kms~t. We do not trace the stellar velocity curve from the Ca1 K
absorption line as it is too noisy in most of the spectra.

MCG-05-13-017

Literature data

According to Mulchaey et al. (1996a), the Seyfert—1.5 galaxy MCG—-05-13-017 is a
strongly perturbed galaxy, showing extended [O 111] emission out to a radius of ~11” to
the south—east around an emission component concentrated in the nucleus. The [O 111]
emission extends roughly along the host galaxy major axis (p.a. = 160° with ¢ = 54°;
RC3). The groundbased Ha image reveals more symmetrically distributed emission,
with the strongest offnuclear emission within the [O111] extension. From the excitation
map, Mulchaey et al. (1996a) concludes that not all of the gas within the south—eastern
extension is of high excitation. The host galaxy is classified as S0/a in NED.

The HST image reveals homogeneously distributed [O 111] emission around the nucleus
(Schmitt et al., 2003a). The total [O111] extension of ~2” along p.a. = 140° and ~1"5
perpendicular is by a factor of ~10 smaller than the one seen in the groundbased image,
possibly due to the short exposures of the HST snapshot survey.

The radio emission is unresolved (Schmitt et al., 2001).

Rodriguez—Ardila et al. (2000) study the nuclear spectra of MCG —05-13-017, finding
that 44% of the continuum at 5870 A is of stellar origin. They derive an electron density
of 1000 cm 3.

The absorption line widths and continuum ratios determined by Cid Fernandes et al.
(1998) show a strong dilution by a featureless continuum in the nuclear region, while an
S5 template is determined at 5” and further out.

Tsvetanov & Petrosian (1995) classify 38 H 11 regions in their groundbased Ha+[N 11]
image of MCG —05-13-017. These 38 regions are distributed in a cloud around the nucleus
with distances between 3-18” from the nucleus.
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The most extensive spectroscopic study of the extended NLR of MCG-05-13-017
has been performed by Fraquelli et al. (2000). To derive absorption-line free nuclear
spectra, a stellar population template was extracted from averaged off-nuclear spectra.
After subtracting the template, a featureless continuum remained. Emission—line fluxes
were measured along p.a. = 158° out to 17" from the nucleus. The [O1]/[O111] ratio
increases with distance to the nucleus, indicating a decreasing ionization parameter. The
gas and stellar kinematics are similar and consistent with circular rotation (along p.a. =
158°) with the south—east side approaching.

Comparing these results with groundbased images of Mulchaey et al. (1996a), Fraque-
Ili et al. (2000) suggest that the nuclear continuum ionizes the gas in the disk along p.a. =
158°, giving rise to the cone—shaped region observed in [O 111].

Comparison with our results

We observed along a p.a. of 140° to trace the major [O111] extension seen in the HST
image (Fig. 4.3; upper left panel). We detect [O111] emission with a S/N > 3 out to a
radius of 17” from the photometrical center (Table 4.10). This is significantly larger than
the d ~ 2" total extension seen in the HST snapshot image and also larger than what
has been determined from the groundbased image of Mulchaey et al. (1996a) (r ~ 11”).
The excitation map of Mulchaey et al. (1996a) already indicate that not all of the gas
is of high excitation and the diagnostic diagrams in our study can confirm this finding
(Fig. 4.16, all three right panels). Moreover, we can show that only the central £3" show
line ratios typical for AGN ionized gas (marked with 0, A/a, B/b, C,c, respectively in
Fig. 4.16) and that the spectra out to r ~ 11” north-west and out to r ~ 6” south—east
have line ratios falling in the regime covered by H1I regions (D/d to F/k). The outer
line ratios coincide with the position of H1I regions defined by Tsvetanov & Petrosian
(1995): Along the p.a. of 140° as used in our long—slit observations, H1I regions start at
a distance of 4” from the nucleus and extend out to 11”. While Fraquelli et al. (2000)
attribute emission out to ~17” from the nucleus to the extended NLR, we can show that
only the central4+3"” are gas ionized by the central AGN.

This transition cannot be explained by variations of physical parameters such as
ionization parameter, electron density or metallicity (Section 4.4.4). We interpret it as
real border between the NLR, i.e. the central AGN—photoionized region and surrounding
H 11 regions. The broad emission is confined to the central 2-3" (Section 4.4.10).

MCG -05-13-017 is the object with the highest central electron temperature in our
sample (7, ~ 52500+£3000 K: Table 4.9). The ionization parameter is also high in the
center [Uyogm,)=s ~ (4.28+0.1) -107%]. These values reflect in high flux ratios of high—
excitation lines (Table 4.8). The nuclear spectrum shows strong [Ne I11] A3869 A emission,
even exceeding that of [O11] A3727 A; it is the highest flux ratio [Netl]/HB3 (Fierea =
3.43) observed in our sample. Also the ratios [O 111] A5007 A/ HB (Fiereda = 16.3; Raerea =
[O111) A4959 A+5007 A/HB ~ 21.7) and [O1] A6300 A/Hf (Fjerea = 0.79) are the highest
ones of our sample. Additionally, strong coronal lines are observed.

The reddening determined from the Balmer decrement is high at the center (Ep_y ~
0.46+0.03 mag) and decreases with distance to the south-east side where it reaches a
minimum value of Eg_y ~ 0.03 mag. Towards the north—west, it is variable with Eg_y ~
0.08-0.7mag (Fig. 4.14, bottom right panel), in agreement with the results of Fraquelli
et al. (2000).
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The broad Balmer decrement Hawroaa/HBbroaa Of 5.7 indicates a slightly higher red-
dening of the BLR with respect to the central NLR (Ep_vproaa ~ 0.7 mag), possibly due
to dust in between the two regions.

The surface—brightness distributions peak in the photometrical center. The emission
lines show a difference between the NLR, where the [O 111] surface brightness exceeds that
of Ha, and the outer H11 region where Ha is brighter (Fig. 4.25, bottom right panel).
At ~8"” north—west of the center, a secondary peak is seen in both [O111] and Ha. The
continuum surface brightness smoothly decreases with distance from the center. The
[O 111] surface—brightness distribution determined from the HST image is confined to the
central ~2” and does not show any substructure.

The electron density is highest in the center (n. ~ 2460455 cm™3; Table 4.9). This
value is roughly 2.5 times higher than the value reported by Rodriguez—Ardila et al.
(2000) which is approximately the factor that we took into account when correcting
with the observed central temperature of 7, ~ 52500 K!5. The electron density decreases
constantly to the outer edge of the NLR where it reaches a minimum of n, ~ 55—60 cm ™3,
In the H1I regions at both sides of the nucleus, it varies between n, ~110-650 cm =2 and
finally reaches the low density limit (Fig. 4.27, bottom right panel).

The ionization parameter is peaked in the nucleus (Ujogm,)=s ~ (4.2840.1) -107?) and
rapidly decreases within the NLR down to a value of Ujgg(n,)=3 ~ 0.65 - 1073 (Fig. 4.29,
lower panel). 1t stays low in the HII regions, especially on the north-west side of the
nucleus. Our observations confirm the results of Fraquelli et al. (2000) who already
suggest that the ionization parameter is decreasing, based on the increased [O11]/[O 111]
ratio (observed along a slightly different p.a. of ~ 20°).

The gas in MCG —05-13-017 along p.a. = 140° follows a smooth velocity distribution
characteristic for rotational motion in the plane of the galaxy (photometric major axis =
160° as given in RC3). The velocity field traced by the average of the peak wavelengths of
Ho and [N 11] is shown in Figure 4.31 (bottom right panel). The stellar velocities measured
from the Cair K absorption line are distributed similarly, suggesting that gaseous and
stellar kinematics are comparable. The velocity of the photometrical center is vy ~
3780 & 20kms~! and roughly coinciding with the kinematical center, defined by taking
the symmetry center of the outer portions of the velocity curve (vye ~ 3785kms—1). The
maximum amplitude is Av ~ 220kms™*.

Though the natural explanation of the observed velocity field is rotation in an inclined
emission—line disk in the center, it is not unambiguous: An alternative is outflowing gas
with the south—eastern side approaching. However, in that case it is surprising that the
kinematical major axis and the bipolar flow are aligned as indicated by the similarity
between gaseous and stellar velocities. Interestingly, the velocity curve is steepest within
the NLR and flattens in the H 11 region, favoring an outflow scenario in which the NLR
gas is driven outwards by e.g. radiation pressure or jet interaction. However, no clear sign
of a radio jet is seen in the radio map which shows only unresolved emission (Schmitt et
al., 2001).

If the rotational interpretation of the velocity field applies, we can calculate the
rotational velocity and central mass: Taking into account the offset between observed
p.a. and photometric major axis of # = 20° and an inclination of i ~ 54° (RC3), this
translates to a total rotational velocity difference of Av,o ~ 320kms™!, similar to what

15 . (T) = ne(obs) - /(T /10000)
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has been derived by Fraquelli et al. (2000). The rotational velocity can be used to
estimate the enclosed mass. Within R ~ 5” (1215pc), we estimate a central mass of
M ~ 4.3+0.5 -10° My, (see Appendix C for details).

4.5 Conclusions

We study high—sensitivity spatially—resolved spectra along the extended [O111] emission
of 12 Seyfert galaxies (6 Syls, 6 Sy2s) obtained with the VLT and the NTT. To derive
the pure emission—line fluxes, we successfully use the galaxy itself as stellar template to
subtract the underlying absorption lines in six out of 12 objects.

The nuclear spectra reveal the typical strong NLR emission from oxygen at different
ionization states, lines from ionized nitrogen and sulfur, as well as Balmer lines. In most
objects, high—excitation iron lines are additionally seen in the central spectra, originating
from the powerful and hard ionization source in the center. High—ionization emission lines
as well as those with high critical densities tend to be stronger in Seyfert—1 galaxies. We
determine the electron temperature and ionization parameter in the optical nucleus and
find that they are in general higher in type-1 Seyferts than in type 2s.

Applying diagnostic diagrams to our spatially—resolved spectra, we observe a transi-
tion of emission-line ratios from the central AGN region to H1I region in four Seyfert
galaxies (the Sy2s NGC 1386 and NGC 5643 as well as the Syls NGC 6860 and MCG —
05-13-017). This transition occurs at a distance of several arcseconds on both sides of
the optical nucleus and is observed in all three diagnostic diagrams, i.e. including the
second diagnostic diagram involving the [O 1] emission line. The most probable explana-
tion for this transition is that the stellar ionization field starts to dominate that of the
AGN. We can exclude other effects such as the variation of physical parameters from
CLOUDY photoionization modeling. The second diagnostic diagram ([O111]/Hf versus
[O1]/Ha) was essential to reach this conclusion as our photoionization calculations show
that there are means to reach the Hil-region regime with an AGN as ionizing source
in the [N11] and [S11] diagrams. We are thus able to determine the radius of the NLR
in these four objects to 300-1200 pc independent of sensitivity and excluding [O 111] con-
tamination from circumnuclear starbursts. In former spectroscopic studies, the observed
[O111] has often been attributed to the extended NLR. We can show that at least part
of this “extended NLR” emission is actually powered by H1I regions and that only the
central few arcseconds are indeed gas photoionized by the AGN.

In the other eight objects, no such transition is observed but the line ratios fall in the
AGN regime in all three diagnostic diagrams. Thus, the determined NLR size is a lower
limit, limited by either the S/N of our data or the lack of a strong surrounding stellar
ionization field.

We derive physical parameters of the NLR such as reddening, surface brightness,
electron density, and ionization parameter as a function of distance from the nucleus.
The differences between the reddening distributions determined from the continuum slope
and the Balmer decrement argue in favor of locally varying dust intrinsic to the NLR.
Both electron density and ionization parameter decrease with radius. In general, the
decrease is faster in Seyfert—1 galaxies than in type 2s. This trend can be explained in
the framework of the unified model, and we discuss the dependency of observed radial
distributions on viewing angle.
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The decreasing electron density argues against a simple Stromgren behavior of the
NLR gas which has been suggested by the NLR size-luminosity relation with a slope
of 0.33. The decreasing ionization parameter in the individual objects do not rule out
a common effective ionization parameter in AGNs as suggested by a slope of 0.5 of the
NLR size-luminosity relation. These results are in agreement with the predictions of our
theoretical model developed in Chapter 3.

We discuss the results on an object—by—object basis, led by a detailed case study of the
prototypical nearby Seyfert—2 galaxy NGC 1386. In individual objects, substructures are
seen in both the ionization parameter and electron density and can often be interpreted
as signs of shocks from the interaction of a radio jet and the NLR gas.

In several objects (7 out of 12), the gaseous velocity distribution is characteristic for
rotational motion in an (inclined) emission—line disk in the center. However, this inter-
pretation is not unambiguous. Alternatives are for example outflowing gas from jet/NLR
interactions, inflowing gas fueling the AGN, gas moving along elliptical streamlines in
a barred potential or a rotating gas ring. These scenarios or a superposition of them
may also explain deviations from a smooth rotational model. For those objects where we
can trace the stellar and the gaseous velocity field, both are in general similar to each
other. For the objects which show a transition from the central NLR to surrounding
H 11 regions, the gaseous velocity curve does not show a different behavior in these two
regimes. It indicates that the NLR does not consist of a gas component intrinsically
different from that of the normal ISM with its own kinematic, but is gas in the galactic
disk photoionized by the AGN. These results suggest that the torus axis is not aligned
with the galaxy disk; rather, the ionization cone seem to lie in the disk.

We find evidence for extended broad Ha lines in three of our six Seyfert-1 galaxies
(Fairall 51, NGC 6860, Mrk 915). We discuss possible explanations for this observational
result and exclude an instrumental or seeing effect. We favor scattering of BLR emission
as the most probable scenario. It is supported by strong polarization seen in one of the
objects (Fairall 51). Subsequent polarization measurements of the other two objects are
needed to scrutinize this explanation.

Applying the methods presented here to a larger sample of Seyfert galaxies will help
to verify the NLR size-luminosity relation. Our results have shown that although [O 111]
imaging is less time intensive than the spectroscopic method, it often yields an either too
small NLR size in case of low sensitivity or a too large NLR size in case of circumnuclear
H1r regions contributing to the [O111] emission. Using the new 3D spectroscopic tech-
niques (e.g. VLT/VIMOS!) has the advantage that one can determine the NLR size in
all directions from the center, not only in the major [O111] extension as in our case. It is
a worthwhile investigation to extend this approach to the luminous cousins of Seyferts,
to quasars (type 1 and type 2). We successfully applied for observing time at the VLT
with both long-slit spectroscopy (FORS1'7) and 3D spectroscopy (VIMOS!®) and hope
to be able to study the NLR of quasars with these methods. Nevertheless, one has to
keep in mind that this definition of the NLR size may not be unambiguous as it depends
on the distribution of young stars surrounding the NLR.

16 VIsible MultiObject Spectrograph

17 PI: Marcus Albrecht, 075.B-0298, 9 h service mode (A priority), partly carried out in April 2005,
the rest to be carried out in September 2005

18 PI: Marcus Albrecht, 076.B-0770, 12 h service mode (A priority) to be carried out in March 2006






Chapter

Conclusions

5.1 Summary

We use the NLR size and luminosity determined from HST narrow-band images of
Seyferts and their luminous counterparts, quasars, to study the size-luminosity relation
for type—1 and type—2 AGNs. We find that the NLR radius of type—1 objects increases
with roughly the square root of the [O 111] luminosity, a behavior which can be explained if,
on average, all AGNs have the same ionization parameter, density, and ionizing spectral
energy distribution. Type-2 objects show a flatter slope of ~0.33, expected for NLR
gas distributed with constant density in a sphere (Stromgren law). Comparable relations
persist when using groundbased data instead, although they show significantly larger sizes
due to the higher sensitivity than the HST snapshot survey. We develop a model to probe
whether the different observed slopes for type—1 and type—2 AGNs can be explained by
a dependency on viewing angle in the framework of the unified scheme. When assuming
the concept of a receding torus, the model is indeed able to reproduce the observed slopes
of the NLR size-luminosity relation, with the intrinsic NLR size scaling with the square
root of the AGN luminosity.

In addition to the NLR size-luminosity relation, we find that the BLR and the NLR
sizes are related. Such a correlation can in principle be used to estimate black hole masses
directly from the NLR size, avoiding the time-consuming derivation of the BLR size via
reverberation mapping.

The surface—brightness profiles of the NLR are in agreement with the expectation from
the unified scheme: The majority of type—1 AGNs reveal profiles typical for halo-like gas
distributions while most type—2 AGNs show signs of elongated extended emission. The
major part of the total [O 111] luminosity is often emitted in an unresolved central source,
indicating that the critical factor of the NLR size-luminosity relation is the size and its
dependency on sensitivity of the observations.

To look for a definition of the NLR size which is less dependent on sensitivity and
stellar contribution, we analyze long—slit spectroscopy of 12 Seyfert galaxies obtained
with the NTT/EMMI and the VLT/FORS1. We show that using the galaxy itself as
stellar template is in most cases a well suited approach to subtract the underlying ab-
sorption lines. Applying diagnostic line-ratio diagrams to our spatially resolved spectra,
we find a transition of emission—line ratios from the central AGN-photoionized region
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to circumnuclear H1I regions in four galaxies. CLOUDY photoionization models show
that this transition is due to the stellar ionization field starting to dominate that of the
AGN and that it cannot be explained by other effects such as the variation of metallicity,
density or ionization parameter. We are thus able to determine the “real” extent of the
NLR in these objects. Comparing the sizes to those derived from [O 111] images shows the
difficulties of determining the NLR size from narrow—band imaging alone: In case of low
sensitivity, images may lead to an underestimation of the NLR size; in case of high sensi-
tivity and surrounding H 11 regions, an apparently larger NLR size is deduced. However,
the uncertainty of the NLR size due to different determination methods is small enough
to not affect the general slopes of the NLR size-luminosity relation which extends over
four orders of magnitudes in luminosity and two orders of magnitudes in size.

We measure the emission-line fluxes and ratios of several lines as a function of dis-
tance from the nucleus and derive gas properties such as reddening, electron density, and
ionization parameter with unprecedented detail. Both electron density and ionization
parameter decrease with distance, indicating that the NLR is photoionized by a central
source only. Deviations from this general behavior can be interpreted as signs of shocks
from the interaction of a radio jet with the NLR gas. The decrease of electron density
shows that a simple Stromgren law cannot be used to explain the NLR size-luminosity
relation for type—2 AGNs, in agreement with the results of our model. In several cases,
the comparison of gaseous and stellar velocity curves reveals signs of rotational motion.
Moreover, for objects with surrounding H 11-like emission, we observe no break in veloc-
ities from the NLR towards the H1I regions. These results suggest that the torus axis is
not aligned with the galaxy disk; rather, the ionization cone seem to lie in the disk.

The methods developed and successfully applied here give important insights into the
size, structure, and physical properties of the NLR in active galaxies.

5.2 OQOutlook

Applying these methods to a larger number of objects, especially the recently discovered
type-2 quasars, is a worthwhile investigation to study the NLR in these sources. Long—
slit spectra of two quasars have already been obtained with VLT/FORS1 and another
quasar will be observed in September 2005. Using the new 3D spectroscopic techniques
allows to address also the NLR structure of these objects: The presence and opening
angle of any putative ionization cone will shed light on the receding—torus concept and
probe the extension of the unified model towards higher AGN luminosities. Observing
time with VLT /VIMOS has been granted for March 2006.

Studying the NLR of high-z quasars will show whether the NLR size-luminosity
relation can be extrapolated towards higher luminosities or whether the NLR gas may
escape the system leading to AGNs with weak or no [O111] emission.

Polarization measurement of the three Seyfert—-1 galaxies with apparently extended
broad lines will probe the proposed scattering scenario.

On a theoretical basis, numerical simulations extend the model developed here to
estimate the effects of a disky NLR distribution and a decreasing density on the size-
luminosity relation. These simulations have already been started and will enable us
to also study the effect of the obscuring torus on the observed [O111] emission. From
the simulations, NLR surface-brightness profiles can be created and compared to the
observed ones presented in this thesis.



Appendix

Hubble Constant and World Model

We here summarize how luminosities and linear scales were calculated throughout this
thesis. We adopt a Hubble constant of Hy = 71 kms~! Mpc~! as well as a homogeneous,
isotropic, flat world model, which includes Einstein’s cosmological constant A in agree-
ment with the recent results of the Wilkinson Microwave Anisotropy Probe (Bennett et
al., 2003): Qumatter = 0.27 and Q, = 0.73.

Luminosity distances were calculated using redshifts relative to the 3K microwave
background

Unew = U + Vapex [SIN D - SIN Dapex + €OS b - €OS bapex  €0S (I — lapex)] (A.1)

With Vapex = 371 kms™, bapex = +48.26° and lapex = 264.14° (Fixsen et al., 1996) and

z = z3g = 2, using the NED velocity calculator.

For Qotal = Qmatter + 24 = 1, the luminosity distance (in cm) is given as:

z+1

1 dz'
di=(1+2z2) — / . A2
l ( ) H, / o \/Qmatter v QA/ZIQ ( )

This luminosity distance is used
(i) to calculate the physical extension of a source with the angular diameter 6:
0-d
(1+2)2 "7

(A.3)
(ii) to derive a linear scale which gives the arcseconds corresponding to one parsec in the
galaxy:
D =4848-10"%.4; , (A.4)
(iii) to calculate luminosities from measured fluxes:
L=d4r-d} ¢ . (A.5)

Note that the difference between applying the Hubble law directly (d = v/ H,) instead
of using the adopted world model lies within the uncertainty of Hy and v for the Seyfert
galaxies. However, for consistency, we use equation A.2 to derive the luminosity distance
for all objects (i.e. including the quasars).






Appendix B

Observed Surface-Brightness Profiles

Here, we present the surface—brightness profiles (SBPs) for 58 Seyfert galaxies from
Schmitt et al. (2003a) and seven quasars from Bennert et al. (2002). The left panel
shows a logarithmic plot in Ligyy,, while in the right panel, L}, is normalized to 1 for
comparison. The first 21 Seyfert galaxies are all type 1s, the following 37 type 2s. All
Seyferts are plotted with an x—axis covering a range of £2000 pc and the quasars with
one of £6000 pc, for comparison. The data points which fall below the 3¢ limit (as given
by Schmitt et al. (2003a), their Table 2 and by Bennert et al. (2002), their Table 2) are
shown as open symbols. The classification of the SBP type [0, (0), 1, 2] is shown in
brackets behind the name of the object (right panel). Note that “1” and “2” do not refer
to the Seyfert type.
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Appendix B. Observed Surface—Brightness Profiles
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Figure B.1: This Figure and the following 17 show the SBPs of 58 Seyfert galaxies and seven

quasars as imaged with the HST. The left panel shows a logarithmic plot in
the right panel,

area

area

o111 while in

O1I] is normalized to 1, for comparison. In the right panel, the classification

of the SBP type [0, (0), 1, 2] is shown in brackets behind the name of the object.
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Appendix B. Observed Surface—Brightness Profiles
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Appendix B. Observed Surface—Brightness Profiles
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Appendix B. Observed Surface—Brightness Profiles
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Appendix B. Observed Surface—Brightness Profiles
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Appendix B. Observed Surface—Brightness Profiles
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Appendix

Calculation of Physical Parameters

From the observed emission—line fluxes, ratios, velocities, and FWHMs, we derive several
parameters such as reddening, temperature, electron density, ionization parameter, and
mass to study the physics of the NLR. We here summarize the derivation of these physical
parameters and discuss the assumptions involved.

The spectra cover several emission lines particularly suited for specific diag-
noses: Ha and HB (normalizer, reddening indicator, counter of ionizing pho-
tons); [O11] A3727 A/[O111] A5007 A (ionization parameter); [O111] A\4363,5007 A (tem-
perature sensitive); [O1] A6363 A, [N11] 6583 A, [S11] AN6716,6731 A (AGN classifier);
[ST]A6716 A /[S1] A6716 A (density).

In Table C.1, we give the central wavelengths of the most important emission lines
visible in the spectra as well as the abbreviations used throughout this thesis.

C.1 Reddening

The internal extinction can be derived from the ratio Ha/HB. The observed emission
lines originate from recombination of an hydrogen ion and the subsequent down cascade
of the electron (n = 3 to 2 for Ha and n = 4 to 2 for HS, respectively). For a pure
recombination and a temperature of 10000 K, this ratio is expected to have the value
Ha/HpB = 2.87 (case B recombination; Osterbrock (1989), page 80). An observed ratio
higher than this value can thus be attributed to reddening from dust. To calculate the
reddening Fp_y from this ratio, a parameter ¢ is commonly used. It is defined as

1 1 Hao
| - .= C.1
© 7 037 (2.87 Hﬁ) ’ (G-1)
2.4
EB,V = i cC . (CQ)

An extinction correction can then be applied to all observed emission—line fluxes, nor-
malized to the HS flux using

Dine,obs _ Line o . 10-clEine)~f(HB) (C.3)
Iugobs  Inpo

The [f(line) — f(H{3)] values were taken from Osterbrock (1989) (Table 7.2), interpolating
between different values as not all lines are listed in the Table (Table C.3).
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Table C.1: Central wavelengths of emission lines

Line  Wavelength (A) Line  Wavelength (A)

[O 1] 3727.43 [Fe vi1] 5721.11
[Ne111] 3868.76 Her® 9875.75
[Ne1] 3967.47 [Fe viI] 6086.92
He 3970.07 [O1] 6300.32
Hé 4101.74 [O1] 6363.81
H~y 4340.47 [Fe x]¢ 6374.51
[O 111] 4363.21 [N 11 6548.06
He1r 4685.68 Ha 6562.82
Hp 4861.33 [N 11] 6583.39
[O 111] 4958.92 [S1 6716.42
[0 1] 5006.85 [St1] 6730.78

Note. — The restframe wavelengths were taken from Moore (1945) (permitted lines) and Bowen
(1960) (forbidden lines).

@ Unresolved pair [O11] AA3726.05,3728.8 A

b Unresolved triplett He 1 AAA5875.62,5875.65,5875.99 A

¢ Blended with [O1] A6363.81 A at the given spectral resolution

Table C.2: Tonization potentials and critical densities

Line Ionization Potential Critical Density

Lower (eV) Upper (eV) (cm™3)
[O11] A3726 A 13.6 35.1 1.4 -10*
[O1] A3729 A 13.6 35.1 3.3 -10°
[Ne111] A3869 A 41.0 63.5 9.7 - 108
[O111] \4363 A 35.1 54.9 3.3 - 107
(O 111] A5007 A 35.1 54.9 7.0 - 10°
[Fe vii] A6087 A 99.1 125.0 3.6 - 107
[O1] A6300 A 0.0 13.6 1.8 - 106
[Fe x] \6375 A 233.6 262.1 4.8 - 10°
[N 11] \6583 A 14.5 29.6 8.7 - 10
[S1] A6716 A 10.4 23.3 1.5 - 10
[ST]A6731 A 10.4 23.3 3.9 -10°

Note. — lonization potentials and critical densities for forbidden emission lines, adopted from
Nagao et al. (2001), their Table 6.
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Table C.3: Reddening corrections from average interstellar extinction curve

Line [f(line) — f(HB)] Line [f(line) — f(HB)]
[O1] A3727 A +0.280 He1 5876 A —0.202
[Ne111] A3869 A 40.240 [Fe vii] A6087 A —0.277
[Ne111] A3967 A +0.220 [0 1] A6300 A —0.323
He 40.220 [O1] \6364 A —0.335
Ho 40.190 [Fe x] A6375 A —0.337
Hry +0.130 [N 11 A6548 A —0.367
[O111] M4363 A +0.120 Ha —0.370
He 11 \4686 A +0.040 [N11] A6583 A —0.374
[O111] A4959 A —0.028 [S11] A6716 A —0.388
[O 111 A5007 A —0.041 [Su] A6731 A —0.389
[Fevii] A5721 A —0.197
Note. — The [f(line) — f(HB)] value was taken from the average interstellar extinction curve

[Osterbrock (1989), Table 7.2] and interpolated if necessary.

The absolute fluxes can be calculated from the absolute HSG flux

AHB = 2.85'6, (04)
Hﬁabs = Hﬁobs' 100.4AH§ ) (05)

by multiplying the dereddened ratios with Hf,s.
Luminosities were calculated from the dereddened fluxes ¢ using the luminosity dis-
tance d; derived from the world model used throughout this thesis (AppendixA).

C.2 Temperature

The temperature can be determined using ions with forbidden emission lines originat-
ing from two different upper levels with considerably different excitation energies. If, in
the low-density limit, collisional de—excitation can be neglected, the line intensity ra-
tio depends only on the excited level population. This is, due to the different excitation
energies, depending on the energy of the colliding electron and thus on the (electron) tem-
perature. An ion having a suited energy-level structure is [O111]. [O111] A4363 A comes
from the upper 'S level, while A4959 A and A5007 A come from the intermediate 'D
level. The relative rates of excitation to the 'S and 'D level depend very strongly on
T'. Inserting numerical values of the collision strengths and transition probabilities, the
[O 1] (A4959 A + A5007 A)/\4363 A intensity ratio as a function of temperature can be
approximated as [Osterbrock (1989); page 121]:

Ol <)\4959A + A5007A> _T.73exp(3.29 - 10%) /T] (C.6)

A4363A T 14451074 (n./TY2)
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For the low densities generally observed in the NLR (10° em™3< n, < 10* cm™3)
and for a typical temperature of 10000 K, the additional addend in the denominator is
0.045 — 0.0045 and negligible against 1. Thus, the dependency on n. is negligible and
Equation C.6 can be simplified to

MOI59A + \5007A
[O 111]

ik )zratio[om] = 7.73exp[(329-10") /T] (C7)

32900
In [1/7.73 . ratio[omﬂ

Unfortunately, the [O 111] A4363 A emission line is usually very weak in Seyfert spectra.
In most of our spectra, it has a S/N ratio > 3 in the central row only.

C.3 Electron Density

The electron density can be measured by observing the effects of collisional de—excitation.
Forbidden lines are well suited for this study due to their metastable levels, i.e. the long
time electrons stay in the excited level to make a collisional de-excitation possible. The
intensity ratio of two lines of the same ion emitted by different levels with nearly the same
excitation energy (to be temperature independent) will depend on both the transition
probability as well as the rate of collisional de—excitation and thus, on the electron
density. Pairs suited for such a study are [S11] AA6716,6731 A and [O11] A\ 3729,3726 A.
The latter lines are, however, only resolvable at high spectral resolution.

The dependency of electron density on the measured [S1I] intensity ratio is shown
in Figure C.1 [left panel; Osterbrock (1989), page 134]. The curve has two theoretical
limits: In the low density limit, collisional de—excitation is negligible and every excitation
results in emission of a photon of either A6716 A or A6731 A (with the relative excitation
rates proportional to their statistical weights). In the case of high density, collisional
excitation and de—excitation dominate and set up a Boltzmann population ratio. At
the so—called critical density, radiation and collisional de-excitation is comparable (see
Table C.2).

Both [O11] and [S11] arise in fairly low stages of ionization, in outer parts or in dense
parts where recombination depresses the ionization the most. Thus, the densities derived
from these regions may not be representative for the entire emission line region.

The density depends on the temperature

o = —aedbs (C.9)

“T T J(10000/T)

We therefore use the observed central temperature for correction.

C.4 lonization Parameter

The line ratio [0 1] A3737 A/[O111]] A\5007 A can be used to estimate the value of the
ionization parameter U [e.g. Penston et al. (1990)]. Komossa & Schulz (1997) have shown
that independent of continuum shape and for sufficient low density (ng < 103 cm™3),
this line ratio yields U. It gives a good approximation of the ionization parameter as
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1
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15 Electron density as function of [SII] ratio - L Ionization parameter as function of [OII]/[OII] and n

05 ~— |
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Figure C.1: Left panel: Electron density as a function of [S11] ratio, adopted from Oster-
brock (1989) (page 134). Right panel: Ionization parameter as a function of [O11]/[O 111 ratio
(Komossa & Schulz, 1997) with fit shown as solid line. The open symbols correspond to
n = 100 cm 3, the filled ones to n = 1000 cm ™3, respectively.

long as there are no strong density inhomogeneities with radius. But even in that case,
in which the absolute value of U is overpredicted, the observed slope does not change.

We used the theoretical variations of [O11]/[O111] with U for a continuum shape
corresponding to a power law (ay,,_x = —1.5) and a density of logn = 2 — 3 from
Komossa & Schulz (1997). The latter is a typical value found in our NLR spectra. For
our analysis, we applied a linear fit to these data points (Fig. C.1, right panel). The fit
is very good and can be used to more easily estimate U from the reddening corrected
[O1]/[O111] line ratio:

log Un,—100 = —2.294-/(log [O11]/[OI11]) 4.0 + 1.722 (C.10)

log Un,—1o0 = —2.284-/(log [OL1]/[OI1L]),,.q + 1.856 . (C.11)

The [O1]/[O111] ratio decreases with increased n due to the lower critical density of
[O11] compared to [O111]. As we observe an electron density which is not constant with
radius but decreasing, we use the two limiting cases of n = 100cm ™2 and n = 1000 cm 3
and present the ionization parameter for both cases. The “real” ionization parameter
lies in between the two curves, i.e. the slope flattens.

C.5 FWHM

To calculate the observed line width from the FWHM of the Gaussian fit, the instru-
mental spectral resolution has to be taken into account, as probed using the width of
night-—sky or wavelength—calibration emission lines which are intrinsically very small.

This FWHM,;,«, reflects the effective resolution and must be considered when mea-
suring observed line widths

FWHMpe = /FWHMZ, | — FWHM?

obs instr *

(C.12)

Often, our observations are limited by the spectral resolution (FWHMj,g, = 2.65 A pix!
for the VLT data, and FWHMj,e, = 1.58 A pix~* for the NTT data, respectively).
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C.6 Mass

Assuming Keplerian rotation, the central mass can be estimated from the observed veloc-
ity curve. The observed velocity amplitude vy, /2 has to be corrected for the inclination
angle ¢ of the galaxy and the deviation 6 between the photometric major axis and the
long—slit position of the observations:

Vecos? L 4 tan? 6

sin¢ - cost

Vrot = Uobs * (Cl?))
For a point—like mass or a radial symmetric mass distribution the following equation
is valid
v2 - R

M= 2t~ C.14
: (C14)
If the gravitational field is dominated by the galactic disk, this estimation has to be
modified with a factor o which can vary between 0.6 and 1 (Lequeux, 1983). a = 0.6

was used to derive a lower limit of the central enclosed mass.



Appendix

Calculation of Errors

Here, we summarize how the uncertainties of the VLT and NTT long-slit spectroscopic
measurements were estimated.

As the uncertainties in flux measurements are mostly caused by uncertainties in the
placement of the continuum, we estimate the error as the product of the FWHM of
the line and the root—mean square deviation of the continuum flux in a spectral region
without emission or absorption lines. Note that we do not take into account uncertainties
introduced by the stellar absorption correction and the quality of the Gaussian fits (which
was fairly good keeping in mind the low spectral resolution).

To calculate the uncertainties of quantities involving different line fluxes, such as line
ratios, we use the error propagation equation [see e.g. Bevington & Robinson (1992),
page 43-48]. It approximates the standard deviation o, for = = f(u,v):

A ox )’ B B
ai:ai(%) +0§(£> +...+20§U<£> <£>+ . (D.1)

If the fluctuations in the measured quantities v and v are uncorrelated, the third term
vanishes. This is a reasonable approximation in our case and we can reduce the equation

to
oz\’ 5z \’
02~ o2 (5—i> + 0?2 (5—17) +... . (D.2)

In Table D.1, we summarize the equations of the uncertainties for the different mea-
surements. A detailed description on how we derived the physical parameters is given in
Appendix C.



Table D.1: Error propagation

Value T Oy
Sum/Difference utv o2+ o2
Factor a-u a- oy,
Product w-v T - (%)2 + (o;_v)z
Logarithm logu m SOy
Fraction (Flux Ratio) u . (%)2 N (%)2
Diagnostic Diagram log (%) ﬁ ] (%)2 N (%)2
Diagnostic Diagram log (“%”) ﬁ ) \/(%)2 L (ui:v>2 N (U_Zz)z
Reddening Fir-v* i o (51) s (3) + (2)
Reddening Corrected Flux Ratio® u (100-;37‘1%(3.1{%))_1 X \/(%)2 + (‘2—”)2 + (ﬁf (%)2 + (%
Electron Temperature T,° m??;g%) % . \/ (H?U)Q + (uozv)z + (f% )2
Logarithm of Ionization Parameter U¢ ke §)+a Wllnlo . (%)2 + (%)2

Note. — The uncertainties o, of the values z were calculated using the error propagation equation (Eq. D.2).
¢ With v = flux (Ha) and v = flux (Hf) (Egs. C.1 and C.2)

b With % observed ratio, a = [f(line) — f(HB)], £ = flux ratio Ha/H3 (Eq. C.3)

¢ With u, v, and z = reddening corrected [O 111] AAA4959,5007,4363 A to HB fluxes (Eq. C.7)

4 With u and v = reddening corrected [O11] A3727 A and [O 111] A5007 A to Hf fluxes; a = 1.7229, b = 0.190059 for n, = 100; a = 1.85582, b =

0.191677 for n. = 1000, respectively (Eq. C.10)
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