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CHAPTER I

INTRODUCTION AND SUMMARY

What are Seyfert galaxies?

A small fraction of the galaxies show signs of violent activity in their

central regions. The first systematic, spectroscopie study of these objects was

published by Seyfert (1943). The spectra of these galaxies, since then called

Seyfert galaxies, are characterized by the presence of strong emission lines,

predominantly of elements hydrogen, helium, nitrogen, oxygen, sulphur and iron.

Furthermore, there is always a strong source of continuum radiation that is not

of stellar origin.

Seyfert already noted that the emission lines fall into two distinctly

different classes. Some lines, in particular the strong Lines of [OIII], only

show a relatively narrow spike. The width of these lines is typically of the

order of 500 to 1000 km/sec. Other lines, most notably the Balmer lines, showed

in addition to this narrow core, a component of considerably greater width. For

instance, in the spectrum of NGC4151 taken by Seyfert, the Hg emission can be

traced out to 5000 km/sec on either side of the line. Nowadays a distinction is

made between type 1 and type 2 Seyfert galaxies. The type 2 Seyferts are those

objects that only have the narrow lines in their spectra, while the type 1

Seyfert galaxies display the very broad wings in the Baltner lines.

Currently, it is a well established fact that the narrow lines arise in a

region with a size of typically a few hundred parsec across. The densities of

the line emitting gas in this Narrow Line Region (NRL) range from 10 cm to

10 cm . The broad wings in the Seyferc-1 galaxies are emitted by a region' that



is very much smaller; 0.1 to 1 parsec across. The large breadth of the emission

lines is due purely to the large velocities of the line emitting clouds. Because

this Broad Line Region (BLR) is the main topic of this thesis, I will describe

its structure in some detail.

The structure of Seyfert nuclei

a) The energy source. Some extremely luminous and massive object is located

dead centre in a Seyfert nucleus. Accretion of gas onto this object generates

enormous amounts of energy, which is subsequently released as electro-magnetic

radiation. Several arguments indicate that this object may be a black hole with
o

a mass of 10 solar masses or more.

b) The size of the Broad Line Region, The most powerful constraints of the

size of the BLR are provided by variability measurements. The ob~,erver sees the

response of the emission lines to the variations in the continuum flux. The time

scale of this response is roughly equal to the light-crossing time of the BLR.

Fortunately, the BLR is small enough so that changes in the line fluxes occur

within a measurable space of time.

The first indications for such line variability were found by Andrillat

(1968). She noted that the broad lines in NGC3516, which were clearly visible in

the spectrum taken by Seyfert, had altogether disappeared by 1968. This

constrains the size of the BLR to less than 25 light years. As more accurate

measurements became available, this upper limit decreased considerably (Tohline

and Osterbrock, 1976; de Bruyn, 1980; Antonucci ani? Cohen, 1983). It also became

clear that the size of the BLR is dependent on the luminosity of the central

source. For instance, Antonucci and Cohen (1983) showed that the major part of

the broad line emission from the relatively faint Seyfert-1 galaxy NGC4151,

comes from a region that is less than a few light months across. Similar results

have been obtained for other Seyfert-1 galaxies. On the other hand, the much

more luminous quasars do hardly show any variations in their emission line

fluxes, although the continuum may vary considerably.

c) The densities in the Broad Line Region. In 1968, Andrillat and Souffrin

proposed that the apparent absence of broad wings in the forbidden lines is due

to high particle densities in the region emitting the broad lines. At high



densities, the upper levels of the forbidden line transitions are predominantly

depopulated by collisions with electrons, rather than by photon decay. This

causes these lines to become weak with respect to the permitted lines. The

density at which the former process becomes dominant is called the critical

density of a transition. It is now widely accepted that the densities in the BLR
8 —3

are higher than 10 cm .An upper limit to the density can in principle be
2+ 3+

obtained from the comparison of two strong UV-lines of C and C . The critical
10 —3

density of the former line is about 10 cm , while that of the latter is much

higher. Unfortunately, these lines cannot be observed with ground based

instruments, unless they are redshifted to optical wavelengths. Observing a

sample of quasars with the appropriate redshift, Baldwin (1975) showed that the

profiles of the lines are almost always identical, so that densities of less
Ï0 —"ï

than 10 cm are implied. However, recent spectra taken with the IUE-satellite,

show that the situation in Seyfert-1 galaxies may be quite different; signi-

ficant profile differences are observed (e.g. Pension et al, 1981). These obser-

vations indicate that in Seyfert-1 galaxies densities in excess of 10 cm may

occur.
9 —3

Presently, a density of a few times 10 cm J is quoted most often as a

typical number for the broad li*e region. The occurrence of high densities has

some important implications for the structure and the physics of the broad line

region.

d) Physics of the emission line clouds. It has long been realized that the

observed relative intensities are inconsistent with a simple, unmodified

recombination spectrum. The most notable deviation is the Ho/Hg flux ratio. The

ratio would be about 2.8 if the gas emitting these lines were optically thick in

the Lyman lines only. However, in a sample of 36 Seyfert-1 galaxies Osterbrock

(1977) finds that the average ratio is 3.6, and that values as large as 5 may

occur. Another important observation is that of the Lyct/Hg ratio, whose

theoretical recombination value is about 40. By combining optical spectra of

Seyferts and higher redshift quasars, Baldwin (1977) showed that the ratio is on

average a factor of 5 lower. This has been confirmed by direct observations

of Lyo in Seyferts with the IUE-satellite (Wu et al. 1980).

There are two processes that offer an explanation for these observations.

First, dust may be present in the emission line region or along the line of

sight. Because the opacity is larger for the shorter wavelength lines, the

Ha/Hg ratio increases, while Lya/H3 decreases. Second, the hydrogen lines may



not arise from recombination alone, but other processes such as colllsional

excitation and Balmer self absorption modify the emitted spectrum. For this

process to work, one needs to have a considerable fraction of the hydrogen atoms

in the first excited state (n=2). Such is the case if the optical depth in the

Lyman lines is sufficiently high, so that Lya photons scatter often enough

before escaping. The result of these radiative transfer processes is that the

Balmer lines are enhanced with respect to the Lyman lines, while also the

Ha/HB ratio increases.

It is an extremely hard task to disentangle the contributions of dust

reddening and radiative transfer effects. However, one thing has become clear:

as was discussed extensively by Grandi (1983), it is not necessary to invoke

reddening by dust in order to reproduce the observed spectra. On the other hand,

it is certain that radiative transfer effects are important, as is indicated by

some of the observed line ratios *of species like helium, oxygen and iron.

The observed line ratios have led to the following picture of a typical

emission line cloud. On the side facing the continuum source, the gas is highly

ionized. In this region most of the high excitation lines and Lya are formed.

Deeper in the cloud the degree of ionization decreases, because the ionizing

photons are absorbed earlier. At a certain depth in the cloud the hydrogen

becomes mainly neutral. This region, often referred to as the partially ionized

zone, extends deep into the cloud. The elements here are either neutral (e.g. H,

He) or singly ionized (e.g. Fe, Mg). The temperature is about 10 K, and the

heating comes mainly from X-ray photons that can penetrate deeply into this

zone. It is this region that has a large optical depth in Lya, and a significant

population of the n=2 level can be reached. In order to get sufficient emission

in the lines of Fell and 01, the column density of this region should be in
22 —2

excess of a few times 10 cm .

The most complete calculations on these type of clouds are those of Kwan

and Krolik (1981). Other models were developed by Collin-Souffrin et al. (1982),

who argue that two types of broad line clouds are required, namely a standard

photoionized region and a colllsionally heated region with a considerably higher

column density.

e) Dynamics of the broad line region. It is certain that the lines derive

their large width from the high velocities of the emitting clouds. Several types

of velocity fields have been proposed for the broad line region.

i) Radiatively accelerated outflow: models of this type have been studied



by Blumenthal and Mathews (1975, 1979) and Capriotti et al. (1980). They predict

profiles that are basically logarithmic, consistent with some of the observed

profiles. These models fail, however, to explain recent observations which show

that the highest velocities occur closest to the nucleus (although this may also

be incorporated in the model (Mathews, 1982)). Another argument against this

type of models is that they should generate Lya profiles that are extremely

asymmetric, contrary to observations.

ii) Rotation in an accretion disk: this has been discussed- by several

authors, i.e. Osterbrock (1978), Shields (1978), Raine and Smith (1981), The

profiles predicted for a disk with Keplerian rotation are of power-law form,

which also fits a number of the observed profiles. One basic problem with this

type of models is, that in order to reproduce the observed profiles, the disk

should have a wide range in radius. Consequently, the range in density is even

larger, which strongly conflicts with the inferred limits on the density (see

above).

iii) Stellar wind type acceleration: under this class we include the models

developed by Weyraann et al. (1982) and Begelman and McKee (1983). In these

models the gas near the nucleus is heated and streams outward. At some radius

the gas passes through a sonic point and becomes supersonic. In the model of

Weymann et al. (1982) the heating is due to relativistic particles, while in

Begelman and McKee (1983) the gas is Compton heated. Against these models the

same objections apply as against the radiatively accelerated outflow models.

Contents of this thesis

In chapter II the profiles emitted by an accretion disk are investigated.

By incorporating a some turbulence, the aforementioned problem raised by Shields

(1978) can be avoided. Detailed comparison with the observed profiles yields

that a considerable fraction can be fitted with a power-law function, as

predicted by the model. Chapters III through VI are devoted to the analysis of a

series of high quality spectra of Seyfert galaxies, obtained with the 2.5m

telescope at Las Campanas. Chapters III and IV present detailed analyses of two

objects: Mkn335 and Aknl20. In both cases, strong evidence is presented for the

presence of two separate broad line zones. These zones are identified with an

accretion disk and an outflowing wind. The disk contains gas with very high

densities and emits predominantly the lower lonization lines. The density in the



wind is lower and the gas is in a higher ionization state* Chapter V reports on

the discovery of very broad wings (FWHM «- 4500 km/sec) beneath the strong

forbidden line [OIII] X5007. The wing is present in almost every galaxy in the

sample of 12 Seyferts. It is also seen in the [OIII] X4363 line, and probably

has a counterpart in the Balmer lines. It can be shown that the win^ is emitted
6—7 —*̂

by clouds with a density of about 10 cm , that are at least one parsec away

from the continuum source. Four more objects are discussed extensively in

chapter VI, viz. 3C12O, Mkn509, NGC7469 and Fairall 9. Finally, chapter VII

summarizes this thesis and describes the disk/wind model in some more detail.
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CHAPTER I I

Accretion disks in Seyfert nuclei: broad line profiles and asymmetries

E. van Groningen
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Summary. In this paper keplerian rotation around a massive
object in the centre or a Seyfert galaxy is considered as the main
broadening mechanism for the broad emission lines. The resultant
line profiles are shown to be of power-law form in the wings and
are compared with recently published high quality observations.
Several possible solutions are given for the [O m]-problem raised
by Shields (1978). Asymmetries in the line profiles are explained
by anisotropically radiating filaments in two oppositely directed
jets emanating from the centre of the disk and by radial motions in
or above the disk.

Key words: Seyfert galaxies - emission line profiles - rt Jtion

I. Introduction

Many properties of the broad optical and ultraviolet lines from
active galactic nuclei can be explained by models in which dense
( /V^IO 1 0 * 2 cm"3) clouds or filaments move with velocities up to
10,000 k m s " ' in the vicinity of a central massive object. In the lust
ten years much emphasis has been put on modeling the ionization
structure of these clouds: UV and X-ray ionization by a centra)
continuum source as well as collisional processes have been
invoked amongst others.

The line broadening mechanism also has been the subject of
recent theoretical investigations. Presently the three most popular
models are:

a) Models in which the clouds are accelerated radiativcly
outward (Blumenthal and Mathews, 1975: 1979).

b) The clouds move ballistically, either in- or outwards
(Capriotti et a!., 1980).

c) A turbulent accretion disk model wherein the line broaden-
ing is mainly caused by rotation (Shields, 1978;Osterbrock. 1978).

Each of these models has its own virtues and drawbacks. The
first two, which incorporate a dominant radial component in the
velocity field, are quite successful in reproducing both the observed
profile form and the observed asymmetries of the Balmer lines.
However, they predict the Lyx-line to be extremely asymmetric, in
contrast to what is observed. An additional problem for the
radiatively accelerated cloud models is that the cloud masses, as
derived from their inferred column densities, are too high to
accelerate the clouds to their observed velocities (Capriotti et a)..
1981). An accretion disk around a central massive object seems in
many ways to be the most consistent model. The disk serves as a
storehouse for the fuel of the central energy source, thus guaran-
teeing a more or less steady inflow. Outflow can be accomplished

by radiative forces in the inner parts of the disk and may be highly
collimated (Jaroszyiiski et al.. 1980; Sikora and Wilson, 1981). If
this is the case the disk provides a stable axis for the fueling of the
extended radio sources. In earlier papers on the subject several
arguments against rotational broadening have been put forward,
based on the incompatibility of the theoretical and the observed
profiles (Shields, 1978; Capriotti et al., 1980). In this article we
investigate the broad line profiles emitted by a turbulent accretion
disk as suggested by Oslerbrock (1978). It is shown that in many
Seyfert-1 galaxies the wing of the profiles are of power-law form,
which is an indication for the presence of a disk.

After the completion of this article Mathews (1982) published
a paper in which he argues against rotation in quasars. Many of
his arguments, however, apply to QSO's rather than to Seyferts
and broad line radio galaxies. Moreover, he agrees that rotation
must be important in BLRG to preserve jet alignment. Since the
optical spectra of BLRG are not essentially different from those of
Seyfert-1 galaxies, it seems unnecessary to invoke two distinct
broadening mechanisms.

II. Line profiles from disks

a) Introduction

The basic input parameters for calculating the line profile emitted
by an accretion disk can be divided into three classes:

(1) Geometrical: The inner and outer radii of the disk, the
height of the disk as a function of the radius and the angle under
which the system is viewed.

(2) Dynamical: The velocity field of the disk, composed of the
dominant rotational velocity and a possible turbulent velocity
dispersion.

(3) Local conditions determine the energy output in the line
locally and therefore the distribution of the emissivity in the disk.

Self-evidently, in order to make a direct comparison with the
observations the theoretical profile has to be convolved with the
instrumental profile. An example of an observed profile of an
emission line from an accretion disk in a cataclysmic variable is
shown in Fig. 1, taken from Cowley et al. (1981). The velocity
separation between the two peaks approximately equals twice the
rotational velocity of the outer rim of the disk, while the full width
at zero intensity (FWZI) gives an indication for the rotational
velocity of the inner regions. Henceforth the region between the
two peaks will be referred to as the central dip. These double
peaked profiles are characteristic in the spectra of cataclysmic
variables and clearly do not fit the observed profiles of active
galactic nuclei (AGN). However, in AGN some of the parameters
listed above differ substantially from those in stellar disk systems.
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We therefore discuss these parameiers successively before we turn
to a description of our models.

A natural upper limit for the outer radius of the disk in
cataclysmic variables is set by the Roche radius of the white dwarf.
In AGN constraints on the disk size can be derived from line
variability arguments. The Balmer line profiles in some Seyferl-1's
vary on a time scale of months to jears (Collin-Souffrin et al.,
1973; Foltz et a)., 1981). indicating in these cases a size of the line
emitting region of ~0.1-l pc.

An indication of the inner radius of the disk can be obtained
from the observed profiles. The half widtii at zero intensity of the
Balmer lines in Seyfert-1 galaxies ranges from 2000-10,000 km s " '
(Osterbrock, 1977). This implies a typical value of Rin of the order
of ( l -4) !0 ' 6 M 8 s in J i cm, where Ms is the mass of the central
object in units of 108 solar masses and i denotes the inclination
angle of the disk.

The azimuthal velocity in our models is taken keplerian
throughout the disk. Adding a turbulent velocity affects the
emitted profiles in two ways: Firstly, the width of the two peaks is
influenced by the turbulence which in turn changes the depth of
the central dip. Secondly, at the few percent intensity level it
smears out a possible cut-off associated with the inner boundary
of the disk. In this paper we employ two types of radial de-
pendence of the turbulence. A turbulence that scales with the
keplerian velocity and a turbulence with a fixed value everywhere.
At this point, we want to emphasize that what we call turbulence
is not necessarily associated with randomly moving material.
Instead, any mechanism that causes a broadening of the line
emitted locally can be included in this concept. Therefore the
discussion of our results is basically a mathematical description of
our models. The possible physical mechanisms for local line
broadening will be dealt with in Sect. III.

The distribution of emission with radius determines the form
of the wings of the profiles. The radial dependence in our models is
of power-law form; F(r)ozr~° (ergon" 2 s~ ' ) . For a line with a
constant emission measure the surface emissivity is a function of n,
the particle density in the emitting region and the Tilling factor ƒ
In the standard accretion disk models the volume averaged
density n* = nf and the surface density of clouds X are power-law
functions of the radius (Novikov and Thorne, 1973) and we write
n*(x) = n*x~c and S[x)=Sox"'. Here the subscript 0 denotes the
quantity at soaie fixed radius r0 and x=r/r0. An adjustment to the
standard disk models is our assumption that the filling factor
varies as a power-law with radius. This implies that «(•*) is also of
power-law form, B(.X) = HO.*~'1. We adopt a simple geometry for the
disk: the height of the disk is proportional to the radial position:
h(x) = /io.v. Then assuming that the volume of an emitting cloud V
is constant throughout the disk we can write: n*(.v)=n(.v) 2"(.v)
V/h(x) = [(n0Z„ O / M * 1 * * * •' and thus e = 1 + if + y. For a line with
a constant emission measure the surface emissivity is proportional
to n' and so a = 2i) + y. In our calculations we neglected relativistic
effects (transverse Doppler shifts, gravitational rcdshifl and
beaming).

b) Results

As already stated the distribution of emission with radius de-
termines the form of the wings of the profile. We therefore first
study disks without any turbulence. With a power-law distri-
bution of the surface emissivity F(r)ocr~"(ergcm~2s~1)1he form
of the profile can then be solved analytically for
(J/.//)>(Dm,„sini)/c. Here AX = /.-/.o and »lnll) is the rotational
velocity of the outer parts of the disk.

In Appendix A we give solutions of the functional form of the
line profile for various values of the power-law index a. The
general solution reads

where B=
c

j xsini/

In Fig. 2 some profiles are shown.
The general behaviour of /(a,/!) is such that it vanishes as p

goes to unity and /(a,/?) becomes rather insensitive to /? for fi
going to zero. This latter behaviour, however, becomes less
pronounced as a approaches 5/2. In Fig. 2 it can be seen that the
profiles become convex as /) goes to unity, the effect being stronger
for a close to 5/2.

We now calculate the intensity at the point of inflexion, l(/i0)
relative to the peak intensity. /„„k as follows. In Osterbrock's
(1977) sample the Seyfert galaxies have an average FWZl(Hx)/
FWHM(Ha) of ~ 5 . This implies thai a good estimate of the
above-mentioned ratio is: 7(ft>)//p,,k&jf/Iu./>,,)/ƒ(«,0.2)]. Some
examples of this ratio are listed in Table 1. It is clear that observa-
tions with a high signal to noise ratio and well defined continuum
levels are necessary to reveal the bending of the profiles. For
(J///.) <(!'min sin i)/c the profile quickly drops and forms the central
dip.

Similar, though less accurate results were obtained by Shields
(1978) who also fitted the profile of Ha in 3CI20 with power-law
functions. However, his fit required three different values of the
power-law index resulting in a fit that is fairly meaningless. In
Sect. lie we will discuss the functional form of the observed
profiles and show that power-law profiles are common amongst
Seyfert-l's.

A case that requires special attention is a = 5/2. For this value
the power-law term vanishes and LMy:]n{\/P+\/ \ -p2). This
solution was also found by Capriotti et al. (1980) for an accretion
disk with F(r) r{drldv)=const, which corresponds to a = 5/2 for
keplerian rotation. According to Capriotti et al. this provided the
best approximation to a logarithmic profile, although strong
deviations from a logarithmic shape occur already at low values of
P (i.e. 20?» for /J=0.35).

So far we have assumed that the line profile emitted locally is
very narrow compared to the total width of the profile. Various
processes, such as turbulence, a wind emanating from a disk and
electron scattering can influence the width of the local profile and
hence these effects have to be taken into account. We mimic the
total effect of these processes by adding a gaussian velocity
dispersion to every point in the disk. From now on we will refer to
this velocity dispersion as the turbulence. We apply two different
models for the distribution of turbulence in the disk. In the first
model the ratio of the turbulent velocity to the local keplerian
velocity is constant: i = [«Jr)]/[»tM]=const. In the second
model the turbulence is constant throughout the disk. This implies
that outside some radius the turbulent broadening exceeds the
rotational broadening.

(i) Models with <;=const

In these models the profiles remain basically power-law functions
for (iminsiniVS(J/.//.)<(rmaIsini)A'. Due lo the relatively low
turbulence at the outer edge of the disk the central parts of the
profiles are not strongly influenced, although even for moderate
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Fig. 1. The emission line spectrum from an accretion disk in a cataclysmic variable; adopted from Cowley et al. (1981)

Fig. 2. Line profiles from an accretion disk for various values of a,
the powerlaw index of the surface emissivity. The profiles are
normalised to a fixed value for ji=0.l. (fl=normalized velocity;
see text)

values of ; the central dip already becomes less pronounced. On
the other hand, the cut-off at high velocities is affected sub-
stantially. For a<2 and /?„„,/«,„> 400 deviations from a power-
law are small even for J^//.g(Dmaxsinr)/c. For 2<a<2 .5 the
situation is more complicated because the profile shape becomes

! » :[7V
-1 0 1

p—-
Fig. 3. An example of a disk profile with { = const

dominated by /(a,/)) for low values of ff already. An example of a
profile with a > 2 , viz a=2.3 and c = 0.3 is shown in Fig. 3. This
particular profile is almost logarithmic for P<0.6 and gradually
becomes stronger than a logarithmic function for /)>0.6. This
very much resembles the behaviour of an exponential integral
function, which according to Capriotli el al. (1980) fits a number
of quasar line profiles. Profiles with i = constant can of course be
scaled to any width, the form of the profile being independent of
the absolute velocities.

(ii) Models with ff,,(r)=const = <r,.

In this type of disks the properties of the high-velocity cut-off are
similar to those in disks without turbulence, since the turbulence
in the inner parts is only a small fraction of the rational velocity
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Table 1. The intensity of the points of inflexion in the model with
IT, =const for various values of a

Fig. 4. An example of a disk profile with <r,.=const
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Fig. S. The H/J profile of Mkn486 compared with the model
calculations

there. The depth of the central dip, however, decreases rapidly
with increasing a,. For eJv^R^,)-1 the dip is completely
smoothed out, and the profile becomes flat topped. Here the
profile remains a power-law function for {dJJf.)>(<r,.)/c. An exam-
ple is shown in Fig. 4, which has a= l .S , rtln = l016cm,
Kou,/J?(n=300, and a,./vK{Rml)=0.S.

c) Comparison with observed profiles

In this section we study the observed functional form of the
profiles of Seyfert-1 galaxies. We will concentrate here on the
wings of the profiles between roughly 10% and 60% of the peak
intensity. The regions of lower intensity are given less weight
because the decreased S/N and the uncertain location of the
continuum level introduces relatively large errors there. The
profile form near zero velocity is in many cases visibly affected by

1.50
2.00
2.25
2.50

Ik

0.902
0.853

-0.81
0.707

'Jfc.1
'wak

0.011
0.047
0.09
0,19

a narrow line component making an unambiguous determination
of the broad line profile much harder.

A set of high S/N Seyfert-1 line profiles has been published by
Osterbrock and Shuder (1982). These authors present the profiles
of the most prominent lines of 19 galaxies forming a repre-
sentative, though not a selectively constructed sample of typical
Seyfert-1 profiles. For mosi of these profiles a tentative correction
has been made for the contribution of the narrow line components
and various other blending narrow and broad lines. From this
sample we chose those spectra for which these corrections are not
too large. Since in most cases Hfi is severely contaminated with
[Oin]y!4959, /.5OO7 and broad Feu emission, the Ha line is in
most cases preferred for profile studies. We checked both the red
and blue side of the Ha and H(l profiles on the following forms1.

a; Logarithmic: /JAoc —lnJ/i. This form was calculated by
Blumenthal and Mathews (1975) for a collection of radially
accelerated clouds.

b) Exponential Integral.' /,;oc£,r_JtJ/i)2] where k is a con-
stant. This profile-shape was obtained by Capriotti et al . ' 1980) for
a model where clouds move ballistically outward with a certain
velocity dispersion added to the radial velocity.

c) Power-law: fMacA/.~" as described in Sect. lib.
d) Gaussian: /Jilocexp[-J(d/>./(r i)

2] where <7; is the width in
wavelength units. This form can result from either b) or c) if the
random velocities exceed the systematic radial or azimuthal
velocities.

In Table 2 we list the functional form of the Ha and H£ line
profiles of 12 Seyfert galaxies. The ranges in intensity and velocity
for which these functions fit the profiles are shown, as well as the
power-law index in the relevant cases. It is evident that a
considerable fraction of the profiles are of power-law form over a
wide range in velocity shift. The power-law index shows no
correlation with the width of the line. None of the profiles
considered here could be fitted with an exponential integral. In
Fig. 5 a tracing is shown of the H/? line of Mkn486 taken from
Osterbrock and Shuder (1982). Its blue side is of power-law form
and has a power-law index of H ~ 1.9. We will compare the blue
side with the profiles calculated for the two types of models
discussed in the previous section.

The model with c=const, fits the blue wing very well for
J f g 7 0 0 k m s ~ ' out to <4i.-=S000kms~'. In the central parts,
however, the computed profile drop to only 65 ?o of the observed
profile. Subtraction of the two profiles gives a spike with a
FWHM of ~500kms~ ' and with an intensity of 67 ?i of that of
the [O Hl] Z.5OO7 line.

The red wing is also of power-law form with the same power-
law index. However, the fit deviates substantially for

1 We used the velocity zeropoint as given by Osterbrock and
Shuder
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Table 2. The functional form of the line profiles of 12 Seyfert-1's. Column 5 lists the range over which the Ha blue wing deviates less than
5"u from the forms indicated. Column 6 contains the corresponding intensity ranges (/pcat = 1). Column 7 lists the power-law index in
the relevant cases

(I)

Name

Mkn 290

304

335

359

374

486

771

876

926

1040

1383

Akn 564

(2)

FWHM(Ha)

2140

4530

1120

480

3200

1840

3590

6500

6800

1590

4290

600

(3)

Ho

blue

L

P

F

G

P

P

P

U

L

U

G

p

red

L

P

P

G

U

P

P

u

L

U

G

P

(4)

HS

blue

L

Ü

L

G

-

P

U

U

h

u

G

P

red

L

U

U

G

-

B

P

B

B

V

G

P

Ha

)

(blue)

velocity range

560

1400

650

1200 -

1280 -

750 -

2800 -

-

200 -

- 4200

- 3600

- 2700

8000

- 3250

2200

6900

1370

(6)

intensity range

0.06

0.14

O.OS

0.03

0.05

0.08

0.13

0.06

- 0.65

- 0.67

- 0.60

-

- 0.60

- 0.42

- 0.67

-

- 0.60

-

-

- 0.83

(7)

|2a-5|

-

1.5

1.5

-

1.8

1.9

2.1

-

-

-

1.3 I

P = powerlaw L = logarithmic G = gauss ian U = unclear B = blended

J i ' è 2 0 0 0 k m s " ' |/=0.15ipcaPl). This may be partially due to the
frequently observed red asymmetry in the Balmer line profiles (see
Seel. IV) and partially to blending iron line emission:
FeII(42)/.4924 (Av = 3900kms" ' | can be readily identified, while
also Fcn(36)/.4894 MralOOOkms"1) and Fen(3O);.49O4
(dr^2600kms~ ' )may be present.

The model with a, = const fits the central parts much better.
Here the difference between the observed and the model profile
hasa FWHM of ~ 4 0 0 k m s " ' but an intensity of only 18% of that
of [Oin]/.5007. Beyond Jt>>2500kms~' the cut-off is clearly
visible and the calculated profile significantly deviates from the
observed profile.

d) The central dip am! the [Out] problem

As shown in the previous section, the results of the models with
c = constant deviate strongly from the observed profiles around
At.=0. This central dip problem is closely related to the so-called
"[O nt]-problem", as described by Shields (1978). To summarize
the problem; in the standard accretion disk models the density
drops off as r'2. This implies, for a disk that extends a factor £„ in
radius, that there is a density contrast between the inner and outer
regions of E\. Shields derived EK~ 10' in order to get sufficiently
etiough emission around J / . = 0 and thus a density contrast of
~ 10b is implied. This violates either the upper limit on the density
(M,<1010cm"3) derived from the presence of the Cut ] / . 1909
wings or the lower limit (n(.S 10" cm"3) obtained from the absence
of broad [Om]/.5007 emission. (However, as discussed below,

there is recent observational evidence that in some Seyfert's
[O in] /. 5007 has a low intensity broad component.) Thus, accord-
ing to Shields, this "[O m]-problem" is a general difficulty with
the concept that the broad line material derives its velocities from
keplerian orbital motions. It should be stressed, however, that
models with radial outflow run up to the same problem. For any
plausible confining mechanism the clouds cannot maintain a
density fe 106 cm"3 while flowing out. nor can the line excitation-
processes decrease rapidly enough to prevent the [O m] lines to
radiate at distances from the centre where n, becomes S10 6 cm " 3.

We will now discuss several arguments which help to solve the
[O HI] problem in disk geometries.

(i) The density fall off in the disk may be slower than r~-.
Since the filling factor in the disk can change appreciably with
radius, even models with nrxr~' can generate the correct profiles
but have a density contrast between the inner and outer regions
which is considerably less than 106. Clearly this argument would
not apply to completely gaseous disks.

(ii) If the disk is rather smooth (i.e. filling factor close to unity)
the outer regions are completely shielded from the ionizing source.
Therefore most of the hydrogen line emission may come from
collisional excitation (provided that a heating mechanism is
available) and the ionization state of the gas will be too low to
maintain an appreciable amount of O 2 * in the gas where
»,. < 10" 6 cm " 3. This causes the local value of /([O iu])//(H/J) to
be lower than the standard low density value of - 1 5 .

(iii) The extension of the disk in radius, £„ need not be as high
as 103. In the previous paragraph we have seen that the wings of
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Fig. 6. The profile of [Oin] /.50O7 for two different density laws compared with the profile of H/i. Contributions of rings with EK= 10" '
are dashed

the H/i profile of Mkn486 could be fitted with c=0.3 and
EK = l00; implying that even for n.ocr"2 a density contrast of
only 10* is required. To illustrate the magnitude of the [O III]-
problem in this case we divided the disk into 4 broad rings (each
with £R = 10OS) and calculated the contribution of each ring to
the profiles of Hp and [O ut] A50O7. In Fig. 6 the results are shown
for two cases: nrxr~* and «,.«/•"' 5. Here we assumed that even
in the outer regions the clouds arc not shielded from the ionizing
source. We have used the [Om] /.50O7 emissivity as a function of
i),. as calculated by Whittle (1982). The input parameters were: an
ionizing luminosity of 1045 erg/s and a distance from the ionizing
source of ~ 1 pc. This is the region of the disk from where the
strongest [Om] emission is expected for a disk with
* i n - 3 1 0 " ' c m a n d E „ = 100.

Is the broad [O in] emission as shown in Fig. 6 detectable in
Seyfert spectra? To establish the velocity scale we assumed that
the FWZI of the Hfl profile in Fig. 6a corresponds to
- 14,000kms~'. and thus /?=1 corresponds to ^~5000kms~'.
This implies that the [Om]-line of Fig. 6b at a full width of
3000kms"1 has an intensity of ~7" 0 of the H/i peak intensity.
For ii,.<xr"li5 (Fig. 6c) this value is only 2.5V

Broad wings to the X 5007-line of this type have been detected
in NGC 3783 (Pelat et al., 1981) and NGC4151 (Pelatand Alloin,
1982). Since that had no a-priori knowledge of the profile function
of the broad component, they fitted these wings with a gaussian.
In our opinion a doubly peaked profile would also provide a satis-
factory fit to this component.

Additional but weaker evidence for the presence of broad
[O m] emission comes from inspection of the /' 5007-lines pre-
sented by Osterbrock and Shuder (1982). For instance, after
corrections for the contributions of Fell ^.4924,/!5OI8 the/.5007-
line in Mkn771 displays a broad wing with a width of
~3000kms~'. Similar features can be seen in Mkn876 and
Mknl383.

From the discussion above il is clear that the "[Oin]-
problem" is no longer a serious problem in accretion disk models
for Seyfert-1 nuclei. It was shown that the constraints put on the
model by the absence of broad forbidden line emission can be
substantially relaxed, theoretically as well as obsorvationally.

III. The nature of the local line broadening

In the previous sections we have seen that the observations
require that the line profile emitted locally is broader than the

thermal line width {- lOkms ') but substantially narrower than
the total line width (~104kms~'). In this paragraph we will
briefly discuss some physical mechanisms that may account for
this. We will refer to them as "local line broadening".

The stability of the clouds against internal pressure forces is a
problem for most dynamical models and has been extensively
discussed in the literature (Mathevvs and Blumenthal, 1977:
Krolik, 1979). Here we discuss the cloud disruptive processes that
are characteristic for disk models.

As originally suggested by Oslerbrock (1978), the local line
broadening may be caused by a velocity dispersion of the orbiting
clouds perpendicular to the disk. In this model cloud-cloud
collisions may effectively destroy the clouds. Rough estimates
indicate that this problem is not too severe for disks with
N,.lmlj<104 or A/dlsk 5 100 /Wo. These numbers are. however,
strongly dependent on the assumed geometry and cloud structure.

In a smooth externally illuminated disk (Shields, 1978) the
optical depth due to electron scattering may be significant.
Therefore a substantial fraction of the line photons emit ted locally
is scattered into a new profile with a FWHM^600
(T,,/104K)' - kms" 1 (Weymann, 1970). This coincides well with
the observational constraints on the width of the local line
broadening found in Seel, lie for the model with o: =const.

Filaments forming in the photosphere of a smooth externally
illuminated disk may also contribute to the local line broadening.
If these are of sufficiently low mass they will be accelerated
radially outward on short timescales. Such filaments will follow
complicated trajectories ruled by gravitational and radiative
forces (Icke. 19811.

IV. Line asymmetries

a) Observed line asymmetries

Additional constraints on the kinematics of the broad line gas can
be obtained from the differences that exist between the blue and
the red side of the profiles. Two prominent asymmetries are
observed in the broad line profiles:

Red wings

In many Seyfert-1 galaxies the red wing of the profile extends
further than the blue wing. Osterbrock (1977) found that 15 out of
the 36 galaxies in his study could be classified as having asym-
metric Balmer lines in this sense. This asymmetry is also observed
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in ihe Civ/. 1550 line of a number 01 Seyfert-l's(Wu et al., 1981).
It is in general absent in the Ly-a-line (Wilkes and Carswcll. 1982).

Blue shoulders

In most of the profiles published by Osterbrock and Shudei (1982)
the peak of the broad line emission is blue shifted with respect to
the reference frame established by Ihe positions of Ihe narrow
lines2. This effect has been briefly discussed by Pcnston (1977).
Heekman et al. (1981) found that the velocities derived from the
narrow lines are systematically negative (I00-200kms~'> com-
pared with the systemic velocities of the surrounding galaxies. If
this effect is taken into account the blue shift of the broad line is
even more significant. In many broad line radio galaxies the same
characteristic is observed, although often much stronger (e.g.
3C227. 3C445; Osterbrock et al.. 1976). In Fig. 7 the velocity
offset of the broad H/i peak is plotted vs. the FWZ1 of Ha.
Included here are the Seyferts listed by Osterbrock and Shuder,
and the broad line radio galaxies of Osterbrock et al. (1976).
Obviously, none of the galaxies with FWZI (Ha)< 10.000kms"'
have a blue shoulder. On the other hand most Seyferts with FWZI
(Ha)> 10.000kms"' show a blue shoulder with a velocity offset
that on the average increases with FWZI (Ha), although a large
spread exists. Good examples of line profiles with a blue shoulder
in Osterbrock and Shuder are found in the speetta of Mkn279.
Mkn876, and Mkn926.

369
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KM'SEC1
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Fig. 7. The velocity of the peak of the broad H/f relative to the
narrow line system versus the full width at zero intensity of Ha.
Note that all Av are blueshifted. The dots are Seyfert-1 galaxies,
open triangles are broad line radio galaxies. (Taken from
Osterbrock, et al.. 1976)

b) Theory of line asymmetries

In this paragraph we will briefly discuss several of the most
important mechanisms that have been invoked to explain asym-
metries in line profiles.

a) Electron-scattering: Asymmetries due to multiple electron
scattering can arise in an expanding medium with r „ > I (Auer
and van Blerkom, 1972). However, in Ihe present picture of the
broad emission line region, the line emitting material is optically
thin to electron scattering. A possible hot intcrcloud medium
could have r,, > 1 but would result in profiles that are much too
broad for T= I08 K (Weymann. 1970).

b) Relativistic effects: The influence of gravitational redshift
and transverse Doppler shift on the line profiles can be significant
as was discussed by Netzer (1977) and Gcrbal and Pelat (1981) for
a disk geometry and by Anderson (1981) for pure radial motion.

c) Opacity effects: Asymmetries can also result if dust-
absorption or line self-absorption within the clouds is important
and if there is an appreciable radial component in the velocity
field. If the clouds are moving radially outward then, due to the
opacity in the clouds, the observer receives most radiation from
receding clouds. For instance. Capriotti et al. (1979) and Ferland
et al. (1979) explained the red wings of the profiles with such a
geometry.

d) Shielding: An opaque object with a size comparable to that
of the emitting region may lead to asymmetries if radial motions
arc present in the emitting region. In the next section we consider
the effects of an opaque disk in various configurations.

e) Dust distributed throughout Ihe line emitting region also
generates asymmetries. However, a strong argument against a
significant dust opacity in the line emitting regions of Scyfert-1's
has recently been given by Shuder (1982). He finds that both the

2 Osterbrock and Shuder apparently always used the peak of the
composite Balmer lines (broad + narrow) as their velocity ze-
ropoint. This is reflected in a velocity offset of the forbidden lines

H/)/H« and Hei/H/J line ratios increase with an increasing
velocity displacement. This is inconsistent with dust reddening.

c) Line asymmetries in disk models

In a cylindrical symmetric velocity field, asymmetries in the
profiles can only arise if relativistic effects are important. In this
section we study the influence that additional, radially moving
components have on the line profiles. These components are those
commonly associated with accretion disks: jets emanating from
the central regions of the disk, a wind from the disk or radial
motion in or above the disk. In practically all cases this com-
ponent need contain only a fraction of the total line flux.

Various authors have discussed the formation of a pair of
oppositely directed jets by the inner parts of an accretion disk
(Jaroszyiiski et al., 1980: Sikora and Wilson, 1981). Optical
emission from cooling filaments or matter dragged along with the
jets will contribute to the line profile. Most radiation will be
received from the receding jet if the line emitting regions have an
appreciable optical thickness and photoionization by the central
continuum source is an important ionization process. Hence a red
asymmetry is observed. This is similar to the model of Capriotti et
al. (1979) bul with the outflow restricted to a narrow cone.

We follow these authors in calculating the line profile emitted
by the jets and the intensity ratio between the emission from the
approaching and receding jet. We assume that the clouds have a
fixed spherical size with an emissivity scaling with the incident flux
i.e. /r(i)ocr"3 and that the density of clouds per unit volume n^r) is
constant. The jets have a constant opening angle <j>0 and each
cloud radiates with a phase function F(/()oc(l +n) where n is the
cosine of the angle between the observers line of sight and the
direction of the cloud to the continuum source. The angle between
the centroid of the jet and the line ƒ sight is denoted by 0. fi can
now be expressed in terms of <l>, t/\ and 0 (where y is the azimuthal
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Fig. 8. The Ha profile of Mkn 374 compared with the profile of a
disk/jet-system

angle in the jet: /i=cos0cos<£ + sin0sin$cosv). We neglect
covering of clouds by each other.

The basic integral for the profile emitted by the jets reads:

to T

"«O O

(4.1)

With the assumptions above the product nc(r\jc{r)r2dnxdv and we
can rewrite the integral:

-«„ o f

with the additional constraint on the integration domain:

(4.2)

For small opening angle tj>0 the profile consists of a red- and a
blueshifted flat-topped hump extending between i;mi„cosÖ and

,cos0 with an intensity ratio

1+cosO

l - c o s 0 C (4.3)

For larger values of <j>0 this formula remains valid as long as
<f>0 < | — 0. The profile shape, however, changes from fiat topped lo
a profile with a peak at u^cosO and a broad wing at the high
velocity side. Formula (4.3) implies that for a random distribution
of jet orientations and for small values of <j>0, 50% has
Irtd/lblm>3- Consequently in many cases a red asymmetry is
observed.

One of the galaxies in the sample of Osterbrock and Shuder
(1982) that has a strong red asymmetry is Mkn 374. The blue wing
of Ha of the galaxy is of power-law form with an index n= 1.5.
This side can be fitted with a theoretical profile from a disk with
constant velocity dispersion, <j„ = 500kms~' , a =1.76 and

£„=300. The fit is displayed in Fig. 8. The red wing of Mkn 374
is substantially broader than the blue wing (5760 km s" ' vs.
4500kms"1 at 10% of the maximum) and is not of power-law
form. Subtracting the fit for the blue side from the red wing gives a
profile that strongly resembles the profile generated by a jet with a
moderate opening angle.

We find that the best fit to this difference profile comes
from a jet with 0O = 2S\ 0 = 3 5 ' and a jet velocity:
3000 <Djc, < 8000 km s " ' . This profile is added to the disk profile
and the result is shown in Fig. 8. The red jet component contains
approximately 10% of the total flux in Ha, while the blue side
contains ~ 1 %. The latter does not cause a significant change in
the power-law character of the blue side.

It is clear that the red wing is reproduced very well for
lOOOg 1^7000km s~' (the irregularity in the red wing at
K^900kms~' is probably due to imperfect removal of the
[Nn]A6583 narrow emission line).

In the discussion above it is assumed that the disk is trans-
parent for the line photons emitted by the jets. For an opaque disk
the spectrum that we observe from the jets depends on the
geometry of the disk/jet system. If the line emitting region in the
jet extend much further than Rmt, the outer radius of the disk, the
results above remain essentially unchanged, except for nearly
face-on disks. If, however, the emission of the jets ceases at a

n

radius comparable to -s~-, then the receeding jet will be partially

or completely shielded from the observer. For jets with the same
relative flux as found for Mkn 374, such an excess in the b'ue wing
would be hard to detect. For small values of 0, where shielding is
most likely to occur, the flux from the approaching jet is less than
1 % of the total flux in the line.

The blue shoulders discussed in Sect. I Va can be explained in
several ways; additional motion in or above the disk or a
relatively important contribution to the line profile from a wind
from the disk. In the first case, matter spiraling inwards combined
with a phase angle dependent radiation pattern of the clouds as
used above results in a blue asymmetry. To evaluate the character
of the skew we assume, for simplicity, that the radial velocity is
constant everywhere in the disk. This implies that for an observer
in the plane of the disk, the material with the highest projected
radial velocities possesses low keplerian velocities as well as the
largest intensity contrast between the receeding and the approach-
ing clouds. Thus a blue asymmetry is observed that is most
important for low projected velocities.

We performed numerical calculations of the line profile emit-
ted by a disk with a radial velocity component that is 25 % of the
keplerian velocity of the outer regions. Of course the double
peaked character of the profile remains, but for this value of v„ó

the blue peak already contains 5% more flux than the red peak.
This mimics the effect of a blue shoulder very well.

Blue shoulders will also be produced if there is a contribution
to the line profile from an accelerated wind and if the disk is
opaque. Absorption by the disk will then be most significant for
the red-shifted, low velocity, high ionization wind-component. In
this configuration both the blue shoulders and the relative blue
shift of the high ionization species (Wilkes and Carswell, 1982) can
be explained.
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Appendix A

The profile function from an accretion disk for various values of

a = 1.50

a-2.00 Z.ia./T'arccos/;

a=2.25

fl = 2.50 1 |

where F(r)ocr~°(ergcm"2s"1),

F,(a,k)=elliptical integral of the first kind.
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CHAPTEF I I I

BPOAD EMISSION LINE PPOFILES IN SFYFF.PT-1 RALAXIER:

I EVIDENCE FOP A DISK AMD A WIND IN MKN335

SUMMARY

High resolution spectroscopie observations of the Seyfert-1 galaxy Mkn335

are presented. This galaxy is exceptional in the sense that its broad emission

lines display a strong blue asymmetry. It is shown that the Ha/HP intensity

ratio changes drastically with velocity shift. In the core of the broad line the

ratio is about 3.2, while it decreases to very low values (~1.5) in the wings.

We also find that the H6/HP ratio varies only by a snail amount from line core

to the wings, and is close to the theoretical case B recombination value. We

propose that these Palmer line ratios are produced by a medium with very high

densities and a temperature of about 10 K. In addition the observations reveal

that the aforementioned change in the Hot/Hp ratio is much stronger on tbe red

side of the profile than on the blue side.

These observations are interpreted in a model with two dynamically and

spatially separate components :

i) A disk, which contains the very high density material and emits ~80% of the

Balmer lines in a symmetric profile. The density in the disk increases towards

the centre, and hence with increasing velocity. This causes the strong decrease

of Ha/HP in the wings of the lines.
n _o

ii) An outflowing component of much lower density (ng « 10 cm ) which emits

the blue wing and most of Lya and the higher excitation lines (such as CIV

X.1549). It is demonstrated that the Balmer decrement in this wind component is

close to the case B decrement.

The blue asymmetry of the Kalmer lines is produced by shielding of the
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outflowing wind by the disk. The asymmetry in the Iix/Hf3 ratio is then explained

in the following way. On the red- side of the lines we only see emission from the

disk component and hence a line ratio that is strongly dependent on velocity. On

the blue side the contribution of the wind component causes the Ha/HP ratio to

be less dependent on velocity.

On basis of the observed differences of the line profiles of different ions

in Seyferts and in quasars, we speculate that the relative contributions of the

disk and the wind to the emission line profiles are dependent on luminosity. In

Seyfert-1 galaxies, emission from the disk dominates while there is a small

contribution from the wind. In quasars, on the other hand, the lines are emitted

predominantly by the wind.

I INTPODUCTION

The spectra of type 1 Seyferts are characterized by the presence of broad

permitted emission lines and a strong non-stellar continuum. The lines have a

full width at half maximum (FWHM) of typically a few thousand kilometers per

second, and are emitted by a large number of fast moving, dense clouds or

filaments. Several models have been proposed for the kinematics of these clouds.

These models invoke radiatively accelerated outflow (Blumenthal and Mathews,

1975; 1979), clouds in radial or parabolic ballistic orbits (Capriotti et al.,

1980; Kwan and Carroll, 1982), rotating cloud ensembles or accretion disks

(Osterbrock, 1978; Shields, 1978; van Groningen, 1983). Most likely a

combination of these models is necessary to construct a consistent model of the

broad line region. Composite models have been suggested by Cordon et al. (19R1)

and Collin-Souffrin et al. (1982) based purely on the spectroscopie properties

of the emission line spectrum.

The spectrum of Mkn335 is that of an extreme Seyfert-1, making it a

suitable object for broad line studies. The host galaxy appears to be an

elliptical of modest luminosity (Heekman and Balick, 1981) and little

contamination by stellar light is expected in the nuclear spectrum. The galaxy

contribution at 5000A in a IV6 x 3V7 aperture is less than 2% (Malkan and

Filippenko, 1983); this estimate is based on an upper limit of O.lA on the

equivalent width of the ^ 1 b absorption. Our observations confirm the absence

of any galactic absorption features internal to Mkn335.

The broad lines of most Seyfert-1's generally contain more flux in the red

wing than in the blue wing (Osterbrock, 1977). In Mkn335 this situation is

reversed; in the collection of line profiles published by Osterbrock and Shuder
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Table 1: Journal of the observations

date

1982-10-01
1982-10-02
1982-10-03
1982-10-04
1982-10-05
1982-10-12

telescope

LCO
LCO
LCO
LCO
LCO
MtW

time
(sec)

3000
2000
2000
2500
2000
8000

wavelength

(A)
3770-5700
3760-5690
3740-5670
3570-7340
3510-7270
6450-6990

res
(A)

1.5
1.5
1.5
3.5
3.5
1.0

seeing
(")

1.5
1.5
1.0
1.0
1.0
2.0

airmass

1.6
1.5
1.5
1.6
1.7
1.1

(1982) it is the most extreme case of a blue asymmetry. There are large

differences between the widths of the broad lines. The H(3 line is considerably

broader than Ha, while Hel X5876 is in its turn broader than Hp. The velocity

dependence of the Ha/HP and the Hel \5876/Ha ratios were studied by Shuder

(1982), who also found the increase in Ha/HP with velocity offset reported in

this paper. Shuders' data, however, do not have sufficient resolution and S/N to

reveal the interesting properties of the broad lines in Mkn335 discussed here.

The redshift of Mkn335 was measured from the peaks of the narrow [OIII]

lines. This yielded a redshift of 0.0260 for both the \4959 and \5007 lines. The

peaks of the broad lines are at the same redshift.

II OBSEFVATIONS AND PEDUCTIOWS

High resolution spectra of Mkn335 were obtained in the course of a project

studying the broad line profiles of Seyfert-1 galaxies. Most of the observations

were done at the Cassegrain focus of the Las Campanas 2.5 meter Ou Pont

telescope. Some additional higher resolution data of Hx were acquired at the

Coudê focus of the Mount Wilson 2.5 meter Hooker telescope. At both occasions

the photon-counting Peticon detector was used (see Shectman (1980) for an

extensive description). The overall ouantum efficiency of the instrument at LCO

is high (approx. 3%), and during our run the setup of the system turned out to

be excellent. A resolution of 3 to 3.5 pixels was attained, resulting in more

than 1000 resolution elements over the array. The instrumental profile was

measured to be gaussian down to a few tenth of a percent of the peak intensity.

Several tests showed the coincidence rate to be negligible, even in the peak of

the [OIII] lines of the brightest objects in our sample. In these cases the

combined count rates of the [OIII] line and continuum were in the order of 7

counts/sec/pixel. The object and the sky background were observed simultaneously

through 2"x2" apertures on the two diode arrays. The object and sky aperture had
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CO

figure 1: The high resolution spectrum (HRS) of MknS3S in October 1982. The
resolution is ~i.5A, and the data have been rebinned into 1%, pixels.
The ovdinate gives the observed flux density per unit wavelength
interval. This spectrum is the sum of three scans taken on
successive nights.
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figure 2: The low resolution speetvvm (LRS) of Mkn33S in Ootober 1982. The
resolution is ~3.5A, and the data have been vebinned to 2% pixels.
This is the sum of two speatva obtained on successive nights.
The crosses indicate the position of an unstable diode in both the
4 Oct. and 5 Oat. soon.
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a separation of 27 and were interchanged in the middle of an observation.

At Las Campanas two gratings were used; a medium resolution grating with

600 lines/mm used in first order, giving a resolution of 3.5A FWHM and a high

resolution grating (1200 lines/ran) yielding 1.5% FWHM. At Mount Wilson we

employed a grating that gave a dispersion of 21 A/mm to obtain a high resolution

spectrum, of Ha. A log of the observations is given in table 1.

The wavelength dependent sensitivity of the instrument at Las Campanas was

determined by measuring Abell 15 and 3C446. The latter is an optically violently

variable quasar which was in a bright state during the tine of our run. Its

spectrum is an almost featureless power-law, with an index of a~1.9 (F « v ).

The full details of this calibration are discussed in chapter V. We are

confident that large scale ripples (100-200A) in the sensitivity calibration are

limited to less than 2% for AM200A. Below this wavelength differential

refraction can cause considerable light losses. In the case of Mcn335 this is

particulary important, since because of its northerly declination (~20°), it was

always observed from Las Campanas at large zenith distances. The reader is

referred to chapter VI, for a more complete discussion of the differential

refraction. The absolute calibration is much less accurate, because the small

apertures used caused an appreciable amount of seeing losses. However, since the

main goal of this project is to obtain accurate profile information, the results

will not be affected by errors in the absolute flux calibration.

Wavelength calibration was established by measuring a He/Ar spectrum

directly after each observation. The pixel-wavelength relation was fitted by a

sixth order polynomial using about 45 lines; the r.m.s. residuals were 0.3A and

0.2A for the Las Campanas and Mount Wilson observations respectively.In order to

reduce small scale errors due to unstable diodes, spectra were taken on

consecutive nights with slightly different grating angles, resulting in spectra

shifted with respect to each other by approximately 10-20A. These scans were

separately flux and wavelength calibrated, and finally added according to their

signal-to-noise ratio. In this way three high resolution scans (1-2-3 Oct) were

combined into one single spectrum (fig 1), the same was done for the two low

resolution observations (4-5 Oct, fig 2).

The principal purpose of the project is to obtain exact broad line

profiles. We therefore have to correct for the numerous weak, narrow and broad

lines overlapping with the strong lines of our interest. For this purpose two

template profiles were created. For the subtraction of broad lines we generated

a template spectrum of HP, after correcting it for Fell (42) \4924 and [OIII]

X4959. Most of the blending broad lines come from Fell; we assumed their

profiles to be identical to H&. Phillips (1978) showed this to be the case in
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Table 2: Corrections for broad and narrow lines.

Colurm 4 is the relative strength with respect

to ffp for the broad lines (b) and with respect

to [01II] KS007 for the narrow lines (n).

I Zw 1 and Mkn42, two galaxies

with very strong Fell emis-

sion. However, large differen-

ces may occur between the

Balnier and the Fell line pro-

files, as shown by de Bruyn

and van Groningen (1984) for

the Seyf ert-1 -galaxy Aknl20.

In Mkn335 the breadths of HP

and the Fell lines appear to

be comparable, as can be

inferred from some fairly

isolated lines (such as Fell

(27) X4233). The narrow lines

were subtracted with the

[OIII] \50O7 profile, although

it is well known that the

width of these lines may vary

significantly with ionization

state and critical density

(Fosbury et al., 1983; Tie

Pobertis and Osterbrock,

1984). However, the errors

caused by this difference are

small, because the narrow

lines are relatively weak.

Table 2 lists the lines that

were removed to obtain the

broad line profiles. It was

impossible to separate the narrow component of the Balmer lines from the broad

line; hence no corrections were made for them. Evidently this may influence the

line ratios in the core of the lines as discussed below.

profile

Ha \6563

[OIII] X5007

HP X4861

Hy \4340

H6 \4102

line

[Nil] \6583
[Nil] A.6548

Fell(42) \5018

[OIII] X4959
Fell (42) \4924

Fell (27) \4417
Fell (27) M385
Fell (28) X4369
[OIII] M363
Fell (27) \4352
Fell (27) \4303
Fell (28) \4297
Fell (28) \4273
Fell (28) \4258

Fell (28) \4179
Fell (27) X4174
Fell (27) X4129
Fell (28) \4123
Fell (28) \4087
[SII] \4076
ISII] X4069

Hel M026

b/n

n
n

b

n
b

b
b
b
n
b
b
b
b
b

b
b
b
b
b
n
n
b

flux

0.13
0.04

0.05

0.33

0.07

0.026

0.026

0.007

0.07

0.026

0.016
0.010

0.019

0.025

0.026
0.019

0.006

0.013
0.003
0.010

0.024

0.012

III PESULTS

The high resolution Mount Wilson observations (fig 3a) of Ha were used to

check whether the assumption of identical [OIII] and [Nil] profiles was correct.

This was done by subtracting an [OIII] \5007 profile from the line at \6583.
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figure 3: The broad line profiles of Mkn33B with their* theiv peak intensity
normalized to 10. All except Ha in fig 3a have heen corrected for
blending lines (cf. table 2)* The bin size is 100 hn/s3 except in 3a
which has a bin size of 50 km/sec.
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This procedure yields a very smooth remaining broad line profile. The [Nil]

X6548 line was then subtracted with one third of the strength of \6583. The

lower resolution but higher S/N Las Campanas observations (fig 3b) were used to

calculate the continuum level around Ha. This was measured at rest wavelengths

of \6170 and \6950, and taken as a straight line in a f--\ plot. The choice of

the form of the continuum is not critical in this case: the difference between a

straight line and a power-law with a=0.7 (see below) is always less than 0.5% in

this wavelength range. Corrections for the [Nil] lines were then made with the

relative strengths obtained from the Mount Wilson observations. The agreement

between the Mount Wilson and Las Campanas data is excellent. The difference

between the profiles is less than 1% of the peak intensity at any point.

The profiles of the higher order Ralmer lines were obtained by subtracting

a power-law fit to points at rest wavelengths of \4040, \4190, Ji.5080 and

\5450. This fit has a spectral index of a = 0.7 (fv« v ). With this power-law

continuum subtracted there remains some emission midway between HP and Hell

\4686, equal to 1.5% of the peak intensity of HP (see fig 3c). This is most

likely caused by overlap of the wings of the two lines. Both the wavelength and

the flux in the minimum can be explained if the red wing of Hell is about twice

as broad as that of H{3. Indeed the half width at half maximum of Hell is ~1100

km/sec, while that of HP is ~600 km/sec. This overlap may have some impact on

the conclusions drawn at the end of this section. However, they are based on the

profile within 4000 km/s from the centre of HP; at this point in the blue wing

of Hp the contribution from Hell is probably reduced to less than 15^ of the

intensity of the Hp wing.

Hy and H6 (figures 3d and 3e) are heavily blended with Fell (multiplets 27

and 28). The intensity of the stronger of these lines can be measured from the

HPS. The strengths of the weaker and more blended lines were then calculated

using Phillips' (1978) observations, keeping the line ratios within a multiplet

constant. We used the line ratios of Mkn42 for multiplet 27 and those of I Zw 1

for multiplet 28. The first choice is motivated by the relative weakness of

\4417 with respect to \4233, the second by the weakness of \4258 while \4123 is

clearly present. It is evident from table 2 that H6 is considerably less conta-

minated than Hy. Consequently we will use the former as an indicator of a higher

order Balmer line, when comparing the line profiles.

Having cleaned the Balmer lines of the contaminating lines, we are now in a

position to discuss some of the characteristics of the Balmer line profiles

obtained.
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LOOlflVI IKM/SEC)

figure 4: The functional form of Ha (4a, Mount Wilson) and fff! (4a, las
Campanas). A power-law provides a good fit to the Ha profile

between I/I-peak ~ °'07 an^ °'? ^a*' A ^°9av^tVm clearly provides a
worse fit to the data (b).

a) Balmer line profiles

Functional forms; The red wing of Ha is well fit by a power-law from Av =

400 to 2000 km/s (figure 4a); the deviations" are less than 6% over this range.

The power-law index of the fit is 1.35. These numbers are in agreement with

those found earlier by van Groningen (1983) for the observations of Osterbrock

and Shuder (1982). A power-law wing is expected in the case of a rotating broad

line system. For comparison the wing profile is also plotted in a linear-log

diagram. A logarithmic profile, as predicted by Blumenthal and Mathews (1975)

for an ensemble of radiatively accelerated clouds, should show up as a straight

line here. This is evidently not the case. The red wing of HP (fig 4c) is also

of power-law form, from Av =350 to 1800 km/s, with an index of 0.9. The

functional forms of the blue wings of both Ha and Hp are less well defined. The

form of Ho is harder to ascertain due to its lower S/N. Roth a power-law and a

logarithm fit the red wing reasonably well. The blue wing on the other band, is

rather well fit by a logarithmic function.

Line ratios as a function of velocity: Upon close inspection of figures

3a-e one can see that there is a dramatic difference between Ha and the higher

order Balmer lines. Plotted in figure 5a is the ratio H0/Ha as a function of

velocity, where both lines were normalized to unity at the central velocity bin

which has Ha/Hf) = 3.25. In the wings the Ha/HP ratio decreases to the very low

value of Ha/HP ~ 1.5. This is evidently completely inconsistent with a pure

recombination Balmer decrement in either case A or B. As can be seen in fig 5a,
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the HP/Ha line ratio as a function of velocity is strongly asymmetric.

Possibilities for the origin of this asymmetry will be discussed in the next

section. The red wing of HÓ is only marginally broader than HP, while the blue

wing is virtually identical to that of HP (fig 5b). Hence there is no trend of

increasingly broader lines through the Balmer series.

figure 5: Broad line ratios as function of velocity. The lines have been
normalized to unity for the central velocity bin. Central line
ratios are: lip/Ha = 0.31, #ó/#p = 0.20 and Hel A5876/HJS = 0.15.

Line asymmetries: In fig 6 we display the result of subtracting the

(narrower) red side from the blue side for both Ha and up. The remaining

profiles for Ha and HP are almost identical. Note that beyond Av > 4000 km/s

both curves in fig 6 tend to zero. In case of Ha there is almost no emission

detectable at these velocities. HP, however, has relatively strong, symmetric

wings extending to a full width at zero intensity of ~11000 km/s. It is

interesting to note that the asymmetry curves of fig 6 can be interpreted as

arising from the sum of a symmetric component with the profile observed on the

red side, and an asymmetric blue excess with a velocity independent Ha/HP ratio.

The curves of fig 6 are of course sensitive to errors in the velocity
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figure 6: The result of subtraoting the ved side from the blue side of the
profiles of Ha (thick line) and ffp (thin line). The similarity of
the two profiles suggests that the Ha/H$ ratio of the blue 'excess is
velocity independent.

calibration. In the case of Ha the r.tn.s. error in the 6 order polynomial fit

to 45 calibration lines is 0.3A, corresponding to 14 km/s. In the asymmetry

curve such a shift results in only a VI change at Av=1000 km/sec. For HP this

error is slightly smaller. Incorporating these errors the following straight

line fit to the Ha/Hp ratio of the blue excess is found: Ha/HP = 3.25 -

(0.2+0.3) Av /(1000 km/s). The subtraction of the red wings of Ho from the blue

wing yields a curve similar to that of Ha and HP.

b) Hel and Fell lines

Hel \5876 (fig 3f) displays the same asymmetry as the Balmer lines, but it

is significantly broader. The Hel/HP intensity ratio increases from 0.15 in the

centre to 0.30 in the blue wing at 3000 km/s (fig 5c). Because of its lower S/N

and the rather poorly determined continuum level no conclusions could be drawn

about the functional form or about the asymmetric character of the Hel/wp line

ratio.

No consensus could be reached on the profiles of the permitted Fell lines.

There are only two relatively isolated lines available, namely multiplet 27,

\4233 and multiplet 42, \5169. The former line appears to be symmetric and may

be slightly narrower than Ha. On the other hand, the blue wing of X5169

nicely fits the Hp profile, although weak contributions from [FeVl] and [FeVIl]

may be present. Following Phillips (1978) we tried to fit a synthetic spectrum

to the blend of multiplets 27, 28, 37 and 38 between 4400A and 4700A. We

obtained the best result using an HP profile, but a considerably narrower

profile (like Ha) could not be excluded.
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IV IMPLICATIONS FOR THE PHYSICS OF THE BFOAD LINE PEGION

a) The low Hot/H3 ratio.

In the previous section we have shown that the Ha/Hp ratio approaches very

low values in the extreme wings. This resembles the situation in cataclysmic

variables, where the Ha/HP ratio can be of order of unity (e.g. Stockman et al.,

1977). The two most probable explanations for such a low value are:

i) The densities are very high (Stockman et al., 1977; Williams, 1980). In this

case the Balmer decrement is principally determined by collisional processes.

Coupled with high optical depths, the Htt/H(3 ratio decreases to unity for very

high densities; ne ~ 10 1 4" 1 5 cm"3 (Drake and Ulrich, 1980).

ii) The ionization parameter is very high (Klitzur et al., 1983), such that the

population density of the higher levels of hydrogen are affected by stimulated

emission. The Ha/Hp ratio goes down to unity for moderate densities; ne ~ 10

cm~").

In the latter case rather specific physical conditions are required. The

decrease of Ha/Hp through stimulated emission from the n=3 level occurs only

if t >1. However, from the similarity of the Hp and H5 profile and their
Hoc

integrated flux ratio of 0.20 it follows that their flux ratio is not seriously

affected by stimulated emission. This means that T R<1, corresponding to
no

x <50. Using the calculations of Elitzur et al. even tighter constraints can be
Hoc
set: 1 <t <30. This range of values however, strongly conflicts with the values

Ha

implied by the observed strength of the \8446 line of neutral oxygen. The line

is excited by resonance fluorescence with LyP from the ground level of 01. In

Mkn335 the intensity of 01 \8446 with respect to Ha varied between 2% and 4% (de

Bruyn, 1983; Crandi, 1980). The implied LyP radiation densities indicate that

the alternative downward route from the n=3 level (i.e. through Ha and Lya)
3

must be very optically thick: hence t >10 (Grandi, 1980). In view of these
Ha

arguments we can exclude the possibility of extremely high ionization

parameters.

In case the densities are very hiph, we may estimate the density range

involved from the calculations presented by Drake and Ulrich (1980). Independent

of other parameters, the density range inferred from the Ha/Hp ratio alone lies

between 10 and 10 cm (see their fig 12). For such high densities the

Balmer lines are almost thermalized. This implies that the temperature in the

highest density region must be fairly close to 10 K, For higher temperatures

the H6/HP ratio would rise above the observed maximum value of 0.3, while for

lower temperatures a Ha/Hp ratio as low as 1.5 would not be reached. An

important implication of these high densities is that very low upper limits can
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be set to the mass, M ^ j and volume, Vrad of the radiating material in the red

wing. Taking ne * 10
1 2 cm"3, L(Hp) = 10 4 2 erg sec"1 and e(HP) = 3xlO~25 erg

sec" cm (Drake and Ulrich table 7e, for Te = 10 K, t =10 ) it is found that
A 9 ^ kyo

Mrad = 0.003 M and V f a d ~ 3xlO
Hi cm. We return in section V to a geometrical

model wherein such a small volume is naturally achieved.

b) The profile asymmetry.

There are several ways in which the asymmetries in the broad line may be

explained. First, the profile may be intrinsically symmetric while the red wing

is strongly absorbed. This mechanism was proposed *o explain the asymmetries in

the narrow lines of Seyfert galaxies (Heekman et al., 1981). However, it is

obvious that the simplest model, outflow coupled with absorption by uniformly

distributed dust, does not work. The observed Balmer decrement in the red wing

should then be steeper than In the blue wing, which is not the case. A more

sophisticated model was proposed by Ferland, Netzer and Shields (1979) and

Capriotti, Foltz and Byard (1981). Intrinsic absorption in radially moving

clouds causes the observer to preferentially see the far side of the broad line

region. The blue profile asymmetry is then observed If the clouds are moving

inward, but the asymmetry in Ha/HP can not be explained. As Collin-Souff rin et

al. (1982) demonstrated, the Balmer decrement, emitted by the side of the clouds

shielded from the central continuum source, is not very different from that of

the side facing it. Thus, we conclude that models invoking radial motion coupled

with absorption, are not able to explain both the profile shape and the

asymmetry in the line ratios.

As a more plausible explanation for the line asymmetry, we consider the

possibility that the line is composed of two components, one of which is

appreciably blue shifted. As discussed briefly in section III such a

decomposition can indeed be made. The symmetric component centered at the

systemic velocity has a velocity dependent Balmer decrement and arises in a high

density region. The blue shifted component with a velocity independent case B

Balmer decrement arises in a lower density region. Additional evidence for such

a picture comes from the observed shape of the 01 X8446 line (Orandi, 1978) This

line is symmetric and has a profile almost identical to that of the red side of

Ho. This suggests that X8446 is emitted only in the proposed high density

region, which is in agreement with the conditions required for its formation

(Grandi, 1978; Kwan and Krolik, 1981).
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V A TWO COMPONENT MODEL FOP THE BPOAD LIME REGION

We will now discuss a specific model for the broad line region of Mkn335.

The two primary ingredients of this model are an accretion disk with electron
14 -3

densities up to ~ 10 cm and a wind originating from the disk corona .with
7—8 —3

considerably lower densities (ne ~ 10 cm ). The disk is sufficiently opaque

to hide the emission from the wind on the far side of the observer; in this way

the blue asymmetry of the wind component can be readily explained. A model

involving two different density regimes has been put forward by Collin-Souffrin

et al. (1982). The dense coilisionally excitated region (in this case the disk)

is responsible for most of the emission of the Balmer lines and the lower

ionization lines such as Fell, Mgll and 01. In the lower density region (the

wind) most of the higher excitation lines are formed: Hell, CTV, CIII] as well

as the bulk of the Lya emission. We assume that the disk is irradiated from

above, although this is not a crucial assumption (cf. Collin-Souffrin et al.,

1982). Several geometries in which the disk is illuminated externally have been

discussed by Shields (1978), e.g. it flares up and sees the central continuum

source or the wind reflects a substantial amount of ionizing radiation back to

the disk (Jones and Paine, 1980). The hydrodynamics of the medium above an

accretion disk has been considered in detail by Begelman et al. (1983). Through-

out this discussion we will neglect the z-structui:e in the disk, and treat the

radiating region as homogeneous. This may be justified by argueing that the

height T>f the Balmer line emitting layer (which is small because of the high

densities and high optical depth) is only a fraction of the scale height. Hence,

only density variations in the radial direction have to be considered. On the

other hand, for lines with much lower optical depths (e.g. some Fell multiplets)

this may not be the case and the medium should be treated as non-homogeneous.

a) The disk

The power-law form of the red wings of the Balmer lines is consistent with

their being emitted from an accretion disk (van Groningen, 1983). The exact

shape of the profile is then related to the surface eraissivity F(r) of the disk;

if we let the 1 , (Av) «(Av) and F(r) = r then n = 5-2a. Using the values
obs

for n found in section III, w* obtain a(Hoc) = 1.8 and a(H8) = 2.05.

Assuming that the red wing is indeed emitted by a disk, we may calculate

the Ha/H8 ratio as a function of radius as follows. The profiles of a number

(Np) of individual rings are calculated. When multiplied by the local emissivity

and added together they should reproduce the observed prof ile. Dividing the

observed profile in a number of velocity bins (NB, with NR > Np) gives us an
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figure 7: The Ha/HP ratio as function of radius in the disk. The observed
velocity of the inner radius (R ) was set at 2200 hn/.s. An outer
radius of 100 TtQ was chosen corresponding to an observed velocity
of 220 hn/s.

over-determined system of linear equations. A least squares method was used to

solve this system. This procedure results in the radial dependence of the

Ha/HP ratio displayed in fig 7. It shows that Ba/Hp varies from 4 in the outer

regions of the disk to l.A in the centre.

In the calculations of Drake and Ulrich (1980) an Hoc/Hp ratio of 1.4

corresponds to ng~ 5x10 cm for Te'-10
4 K and n ~ 5xl012cm~3 for Te=2xl0^ K,

these values are almost insensitive to the ionization parameter. However, as

noted in the previous section, for the latter combination of density and

temperature the H6/HP ratio increases to unity. This is excluded observa-

tionally and we therefore estimate that the disk has a temperature of ~10 K and
13 —3

a density at small radii of 4x10 cm . The lower limit on the electron density

corresponding to Ha/HP=4 is less well determined because it is more sensitive to

the ionizing flux and optical depth in La. For the parameter space exploited by

Drake and Ulrich a lower limit is found for ne between 2x10 and 5x10 c m .

The surface emissivity of a line at Po, the inner radius of the disk, may
2

be expressed as Fu n e(P o) = LH„/ 4n P Q I(F.p), where Ep is the ratio between the

outer and inner radius of the disk, and I(Ep) = ƒ x dx. For both Ha and Hp we

found a ~ ?. implying I(Ep) ~ In Ep, hence F( PQ) depends only weakly on the total

disk area. The Hp luminosity of the disk in Mkn335 is L ~ 8xlO41 erg sec"1 (Ho

= 75), where a 15% contribution from the wind to the total line luminosity was

subtracted (see below). Taking Ep = 200 we find an HP surface emissivity

of FHp(Po) ~ 4xl0
7 p~ > 1 6 erg sec'

1 cm"2, where Ro>i6 is Po in units of 10
16 cm.

This emissivity may be compared with the blackbody limit on the Hp
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emissivity: F„fi = TCP (T)Av ~ 5x10 erg sec cm , where we took

Av 4 iv ~ 40 tan/sec. So it is clear that the Palmer lines will be
Doppler

thermalized if PQ jg is of order unity. Moreover, it is plausible that the

actual value of Eo is determined mainly by thermalization effects. As suggested

by Begelman and McKee (1983), the emission lines are suppressed within some

radius E,.̂  and their emissivity depends mainly on the local excitation tem-
-5

perature. This should cause a sharp cut-off in the line profile: I (AX) <* AX

beyond Av = (GM/F , ) sin i, where M is the mass of the central object and i the

inclination angle of the disk. Such a cut-off may indeed be observed in

both Ha and H3 (see fig 4). For instance, the red wing of HP rather abruptly

changes its slope from 0.9 to 2.3 beyond Av ~ 2300 km/s. If this cut-off is

indeed associated with P,^, it would in principle provide a measure of the mass

of the central object, if the inclination of the disk was known, or vice versa.
i ft ? fi

Adopting Fth~ro~ c m w e ^ i n d : w s i n * ~ 4x10 M . This apparently low value
is consistent with the picture that we are seeing the disk in Mm335 almost

Q

face-on, i.e. sin i « 1, if the central mass is of order 10 M_f.

The next useful parameter that may be calculated is the filling factor f,

which we define as the fraction of the disk that is occupied by the Balmer line

radiating material. In the case that the disk consists of a collection of

orbiting clouds, f is simply the ratio of their total volume at a given radius

to that of an annulus of that radius. IE, on the other hand, the disk is smooth

and illuminated from above, f is the height of the radiating zone divided by the

height of the disk. The filling factor is related to the other disk parameters
2

by f = F,tO/h E,,_n , where h is the thickness of the disk. The emission
HP Hp emeasure e,,o is calculated by Drake and Ulrich (1980). For To and

10
1 1

cm ° they find e ~10
Hp

-10 erg cnr sec" for a wide range of

ionization parameters and T. . As an example we calculate f at Po for a disk
( ~ 10~13 p~ and find:with Ep = 200, ho = 0.1 ?0 and ne(PQ)

f(K0) ~l<fV16.
For a disk consisting of clouds, the low filling factor implies that the

Ralmer line emitting region comprises only a tiny fraction (T|_) of the clouds.

This may be understood as follows. Our interpretation of the observed Palmer

line asymmetry requires that the disk is opaque and occults the receeding part

of the wind. This condition is fulfilled only if the clouds (assumed to be

spherical) have a radius less than r .< hf It] . On the other hand, photo-

ionization models give a lower limit to the cloud sizes: r > N™ "/n where
min e

N is the column density necessary to explain the observed optical and UV-line

ratios (in particular of low ionization species like Fell and OI). recent

detailed calculations indicate that M ~ 10 "cm (Collin-Souffrin et al.,
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1980; Kwan and Krolik, 1981). Combining these constraints on rcl we find n <

10~4 for Po 16 - 1 and ng = 10
13 cm"3.

In the case of a smooth disk the low filling factor indicates that only a

thin skin of the disk is contributing to the Balmer line radiation. This is

consistent with the idea that these lines are thermalized at small radii. We may

then identify the depth of the skin with the thermalization depth A, defined

according to P (A) = P (e.g. Mihalas, 1978). Here Pe is the escape probability

given by P (t) ~ {x (it In t) } , for complete redistribution over a Doppler

profile and negligible continuum absorption (Kwan and Krolik, 1981). The photon

destruction probability P^ is determined by collisional de-excitation:

Pd = ^"21ne^^21ne+^21^* Equating the probabilities and adopting the collisional

rates and level populations tabulated by Drake and Ulrich (1980), yields
ft *-9

t u (A) ~ 5-50 , corresponding to A ~ 4-40x10 cm and f ~ 4-40x10 , for
Hct 4 1? -•*

T e » 10 K, ne = 10
1J cm J and P16 ~ 1.

b) The wind

The profile of the wind component can only be obtained with the simplifying

assumptions that the disk profile is perfectly symmetric and that the wind

contributes negligible to the red side of the observed profile. Although this

assumption is unproven, we argued in favor of it in section III because it leads

to a v.^lof.ity-independent Balmer-decrement of the component that we have

identified with the wind. The corollary is that there must be a strong decrease

in the wind profile below Av ~ 800 km/s (fig 6). Although it is possible to

envisage geometries in which this effect is real, the decrease may equally well

be attributed to a central dip in the disk component (Shields, 1978; van Gro-

ningen, 1983). The emission from the wind component would then fill up this

central gap, and its profile would extend to positive velocities.

The Balmer decrement in the wind is very close to the standard case B
9 -3

recombination value, indicating densities well below 10 cm . Using the

aforementioned assumptions we find that the wind contributes ~ 17% to the total

Hocflux, and 13?; to H0. Of course, these numbers are only lower limits because of

the complications discussed above. Assuming that most of the Lyoe emission

originates from the wind we may calculate an upper limit to its Lya/Hp ratio.

The integrated line ratio was measured by Wu et al. (1983) as 9.?.. Applying a

small correction for foreground reddening with E(B-V)= 0.03 (Rrandi, 1983a)

yields Lya/H|3 = 11.2. Since only 13% of the observed HBflux comes from the wind

we find (Lya/H8)w£nc] < 80. Given the uncertainties and simplifying assumptions
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(i.e. no Lyot from the disk) we may state that this value is consistent with a

standard recombination spectrum, arising from the low density wind.

VI SYNOPSIS AND DISCUSSION

This paper reports on a number of remarkable properties of the broad Balmer

lines in Mkn335. The main points presented are:

1) The broad emission lines are strongly skewed towards the short wavelength

side. This confirms earlier results of Osterbrock and Shuder (1982) and Feldman

and MacAlpine (1978).

2) In the velocity range of approximately 400 to 2000 km/s both Ha and HP are

well fitted by a power-law function with indices of respectively 1.35 and 0.9.

3) The intensitj' ratio between Ha and Hp is strongly velocity dependent.

Ha /Hp decreases from 3.2 in the line core to 1.5 in the extreme wing. This

ratio also displays a very strong asymmetric behaviour (see fig 5).

4) The Hó/HB ratio is virtually independent of the velocity shift (~0.?.). There

may be a slight increase to ~0,25 in the red wing.

5) Despite the appreciable difference in linewidth between Ha and HP, the blue

excess of both lines displays an identical profile.

These data are interpreted in a model that involves two kinematically separate

components.

i) An accretion disk seen almost face-on, emitting a symmetric profile. The low

Ha/HP ratio in the wings is most likely the consequence of very high densities
13 —3

(~ 10 cm ) in the disk at small radii. Inside some radius the Balmer lines are

suppressed due to colllsional de-excitation; this may cause a cut-off in the

observed prof iles. The velocity dependence of Ha/Hp is caused by the radially

decreasing density in the disk.

ii) A wind emanating from the disk, emitting most of Lya and the higher

excitation lines like CIII] M909 and and CIV X1550. The Balmer decrement and

Lya/HP ratio are close to their recombination values. The electron density in
9 -3

the wind is less than 10 cm .

a) Predictions of the model

With regard to the lines formed in the wind the model predicts that i) they

are even more blue asymmetric and ii) they are blueshifted with respect to the

lines formed in the disk. Most lines, in which the wind component dominates the

profile, are situated in the UV part of the spectrum. Unfortunately, only one
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IUE spectrum of Mkn335 is available in the literature (Grand!,

Despite the low velocity resolution (~1000 km/s) both CIV \1549 and CIII] M90Q

are noticably asymmetric, while Mgll appears to be more symmetric. However, the

blue wing of CIIIJ may be blended with Silll] \1892. In this spectrum only Lya

is significantly blueshif ted: Av ~ 1000 ± 300 km/s. Both the CIV and CIII] line

are blueshifted by ~300 km/s, whereas Mgll is positioned almost exactly at 2798A.

However, the accuracy of the wavelength calibration of the low dispersion IUE-

spectra is too low (~300 km/s) to give much weight to these results.

b) Comparison v.lth other Seyfert-1 galaxies'

How are the exceptional broad lines in Mkn335 related to those in other

Seyfert-1 galaxies? As noted by van Groningen (1983), the majority of the

profiles published by Osterbrock and Shuder (1982) exhibits blue' shoulders; the

peak of the broad lines is displayed with respect to the reference velocity

defined by the narrow lines. A conceivable "unified scheme" would he that the

orientation of the disk the only difference between Mkn335 and galaxies

displaying a blue shoulder. In Mkn335 the disk has to be close to face-on.

Therefore the lines emitted by the disk are observed as relatively narrow, and

the slope of their wings is so steep that the wind component is not seen as a

bump but only as an asymmetry. However, for randomly distributed disk

orientations most will be closer to edge-on. The observed width of the disk

profile will .je substantially greater and the wind component is seen as a

distinct feature. When the disk is viewed almost edge-on, the effects of

shielding disappear, and the asymmetries are dominated by optical depth effects

in the outflowing wind, like those discussed by Ferland et al. (1979) and

Capriotti et al. (1981).

Statistical confirmation of the prediction that the high ionization species

are systematically blueshifted with respect to the low ionization material was

presented by Gaskell (1982). For instance, in his sample the mean difference

between the peaks of 01 \1304 and CIV X1549 amounts to ~600 km/s. Moreover, as

he argues, the distribution of velocity shifts is consistent with a disk/wind

model, with randomly oriented disks.

It is conceivable that the relative contributions from the disk and the

wind to a given emission line depend on the luminosity of the non-stellar

continuum. In general line profiles in quasars tend to he more uniform than

those in the lower luminosity Seyfert-1's. In most quasars the profiles of Lya,

CIV \1549 and CIII] \1909 are virtually identical (Baldwin and Netzer, 1978;

1) There is a small, negligible difference between the redshift given by Grandi
(z = 0.0258) and the one used in this paper (z = 0.0260).
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Table 3: Line ratios in the disk and wind components, normalized to tfp.

Wind Disk

Line

Ha

H3

La

CIV

cm]

F/F

0.

0.

I.

0.

(HBtot

43

13

2

2

6*

) F/F

3

1

86

9

4

.3

.0

,

.2

.4

d) F/F

2.

0.

0*

2.

0*

(Hetot>

16

87

5

F / F <H*di8k>

2.5

1.0

0*

2.9

0*

F. /F (H6 )
tot tot

2.6

1.0

11.2

3.7

0.6

* by assumption (see text).

Wilkes and Carswell, 1982). On the other hand, large profile differences exist

in the lower luminosity Seyfert-1 galaxies. To mention some of the most striking

examples: there is a systematic increase in line width from Ha to HP to Hel

?i5876 (Shuder, 1982). In NGC4151 the CIII] line is considerably narrower than

CIV (Penston et al., 1981). In addition, as Shuder (1982), showed the difference

between the broad line profiles of Ha and HP in Seyferts has the tendency to

become more uniform with increasing continuum luminosity. All these observations

indicate that the emission line regions in Seyfert-1's are considerably less

uniform than in quasars. These observations can be explained in the context of

the disk/wind model, if one assumes that in quasars the lines are dominated by

the emission from the wind, while in Seyferts the contribution from the disk is

more important.

Baldwin (1977) and Wu et al. (1982) have shown that the equivalent width of

CIV \1549 is inversely correlated with the continuum luminosity at 1450L Wu et

al. attributed this effect to an increasing covering factor with decreasing

luminosity; an idea that is consistent with the X-ray data (Petre et al., 198A).

In addition, they speculate on the possibility that a considerable fraction of

the continuum comes from an accretion disk. If the disk is more prominent in

Seyfert-1 galaxies this would also contribute to the observed inverse

correlation.

Another interesting relationship found by Wu et al. is that quasars in

general have a considerably lower CIV/CIIll-ratio (~2) than type-1 Seyferts

(~5). They interpret this as a difference in the ionization parameter, it being

higher for low luminosity objects. The alternative explanation offered by the

disk/wind model is that the CIII] line in the disk is strongly suppressed
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because of the high densities (the critical density of M909 is 3x10 cm ). This

is of course related to narrowness of M909 in NGC4151. If this interpretation

is correct we may deduce which fraction of CIV in Mkn335 is emitted by the wind,

in a similar way as we obtained the Lyot contribution. Assuming that the

intrinsic CIV/CIIl]-ratio of the wind is equal to that observed in quasars (~2)

and using the observed ratio of 6.34 (Wu et al., 1982), we find a wind

contribution to CIV of ~32%. In table 3 we list the contributions from the disk

and from the wind for the various lines in Mkn335 as derived in this paper.
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CHAPTER IV

BROAD EMISSION LINE PROFILES IN SEYFERT-1 GALAXIES:

II TWO VELOCITY SYSTEMS IN AKN12O

SUMMARY

We have acquired very high quality optical spectra of the type 1 Seyfert

galaxy Akn120 using the Retioon spectrometer at the 2.5 meter du Pont telescope

at Las Campanas during five nights in October 1982. Special care was taken in

both the observing and calibration procedures to enable a signal-to-noise in the

spectrum of up to 100:1 to be built up. This, and the high spectral resolution
o

of 1.5-3.5A, has revealed a wealth of detail not previously recognized in both

the narrow and the broad emission lines.

The most interesting property of Akn120 revealed by these data is a broad

emission line region with two distinct broad-line redshift systems. One system

is centered slightly to the blue of the systemic velocity defined by the

strongest forbidden lines and appears to have a symmetrical profile. The second

system has a double-humped profile straddling the former; the two humps, of

which the red hump is the brighter of the two, are separated in velocity by

about 4000 km/s. The differences between these two broad-line systems are not

confined to their kinematics only. The high excitation lines (Lya, CIV, Hell)

appear to be predominantly associated with the central system, while the Fell

emission (notably multiplets 27, 28 and H2) is dominated by the double-humped

system. The Balmer and Hel lines contain contributions from both systems.

We interpret the double-humped system as due to a rotating accretion disk

and suggest that the high excitation lines visible in the central system arise

from the cool component of a wind in radial motion. Such a composite system is

in remarkable agreement with a model for the broad line region proposed by

* In cooperation with Dr. A.G. de Bruyn
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Collin-Souffrin et al. (1982). It is suggested that ionizing radiation from the

central region being scattered off the wind back onto the disk is an important

source of energy input for the disk surface layer.

Some information on the physical conditions and mode of excitation can be

derived from the significantly different Balmer decrements for the two zones.

Thus it is clear that the electron density in the double-humped zone (the disk)

is in excess of 10 cm in order to produce an Ha/HB ratio smaller than 2.5.

Such high densities and the fact that there may be little or no emission in Lya,

CIV and Hell attributable to this zone, makes it clear that the gas in this zone

bears little relation to the gas in the model of a 'standard cloud' for the

broad line region developed during the last five years (Weisheit et al., 1981;

Kwan and Krolik, 1981). The physical conditions in the central system are not so

well constrained.

We briefly discuss several other objects that, like Akn120, may exhibit two

emission line systems from physically distinct zones and suggest that Akn120 is

just the clearest example of a Seyfert-1 galaxy wherein the two broad line zones

are individually discernible. We draw attention to the possibility of a much

larger contribution to the Fell emission from -continuum resonance fluorescence

than generally admitted.

I INTRODUCTION.

The Seyfert-1 galaxy Akn120 was discovered by Arakelian (1975) in a survey

for high surface brightness galaxies. The first medium resolution emission line

spectrum was taken by Osterbrock and Phillips (1977). They showed it to be a

type 1 Seyfert galaxy, at a redshift z=0.0325, with very intense broad permitted

HI and Fell emission lines. In the last five years Akn120 has been the subject

of many investigations. These studies have revealed strong variability in its

continuous light (Miller, 1979; Lyutyi, 1979; Peterson et al., 1983) and

emission line spectrum (Kollatschny et al., 1981a; Foltz et al., 1981; Peterson

et al., 1983).

It now appears that Akn120 spectroscopically is not at all typical of

Seyfert-1 galaxies. A particularly unusual feature of its emission line spectrum

are double-peaked Balmer emission lines. This double-peak nature is most

pronounced in HB. One of these HB peaks is redshifted relative to the systemic

velocity defined by the forbidden lines, and the main Balmer component, by about

2000 km/s. Both HB features show strong variability, relative to the adjacent

[OIII] lines, as is well illustrated by a series of HB profiles taken over a
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five year timespan collected by Capriotti et al. (1982). Since 1977 the

intensity of the secondary, redshifted, feature has increased considerably and

it now rivals the intensity of what used to be the main peak.

The highly asymmetric and complex Balmer line profiles exhibited by Akn120

illustrate the difficulties encountered in attempts to construct kinematic

models for the broad line region (BLR). Although Akn120 is one of the most

extreme Seyferts in terms of its profile complexity the recent output of

Seyfert-1 emission line spectra (e.g. Osterbrock and Shuder, 19-82) has revealed

that asymmetric line profiles are the rule rather than the exception. Most

simple kinematic models for the broad line region, whether they involve radial

flow (Blumenthal and Mathews, 1975, 1979; Mathews, 1982a; Capriotti et al.,

1981) or rotation (Shields, 1977; Osterbrock, 1978; van Groningen, 1983), can

not produce very complex profiles without ad-hoc assumptions.

In order to study these asymmetries in more detail we have acquired high

signal-to-noise spectra of a dozen Seyfert-1 galaxies, at high spectral
0

resolution (1.5-3.5A). Our main goal has been to investigate the possibility

that the broad emission lines contain contributions from both rotation (an

accretion disk) and radial flow (a wind or ensemble of clouds). A composite

model for the BLR has also been suggested by Collin-Souffrin et al. (1982)

purely on the basis of the spectroscopie properties of the emission line

spectrum. We believe that such a model does remove many of the difficulties

encountered by models involving pure rotation or pure radial motion (of.

Mathews, 1982b) and at the same time may explain some of the apparent

differences between Seyfert and quasar line profiles where one usually observes

the shorter wavelength higher excitation lines. In the course of this

investigation we discovered some remarkable spectroscopie properties of the

emission features observed in the Balmer lines of Akn120, which prompted this

paper.

II. OBSERVATIONS AND REDUCTIONS.

a) Instrumentation and Observations

Observations of Akn120 were made during 5 successive nights in October 1982

using the Varo-Reticon photon counting system attached to the Cassegrain

spectrograph of the 2.5 meter du Pont telescope at Las Campanas, Chile. We also

obtained some spectra with a similar system at the Coudé focus of the Hooker 2.5

meter telescope at Mount Wilson, in the same month. An extensive description of

this instrument and how it is used is given by Shectman (1981). This system
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Table 1: Las Campanas observing log of Akn120

Date
(1982)
Oct. 1
" 2
" 3
ii 4

" 5

Grating
(lines/mm)
1200
1200
1200
600
600

SpectraJ range

(A)
3776-5709
3765-5699
3715-5678
3570-7310
3510-7271

Resolution

(A)
1.5
1.5
1.5
3.5
3.5

Dwell time
(seconds)
2x1000
2x1000
2x1750
2x1250
2x1000

Seeing

1"
<1"
<1"
<1"
1."5

See z

1.22
1.11
1.15
1.14
1.11

proved to be very powerful for studies of bright Seyfert galaxies and we will

therefore mention some of its most salient properties. It operates as a two-

aperture system illuminating two arrays of 936 diodes each of 30u width. The

locations of the centroids of individual photon events are determined to a

precision of one-quarter of the diode spacing, and stored in 3711 output

channels per aperture. The instrumental resolution (FWHM) various slightly

across the diode array from about 3.5 channels close to the edges to slightly

better than 3 channels at the centre, i.e. less than a diode. This results in a

spectrum consisting of up to 1000 usable spectral resolution elements.

Observations were taken at two different dispersions using gratings of 600

lines/mm and 1200 lines/mm. These yielded nominal dispersions of 111 A/mm and 58

A/mm. We observed Akn120 on each good night of our observing run. This resulted

in 3 good spectra at high resolution and 2 good spectra at intermediate

resolution. Details of these observations are given in table 1. All observations

were taken on cloudless nights under good seeing conditions. We used square

apertures of 2"x2" with the sky aperture located 27" off in position angle

90°/270°, well outside the main body of the galaxy. Each observation was

followed by a He+Ar arc spectrum to enable accurate wavelength calibration. All

wavelengths given are as measured in air. Flat fields were recorded about twice

per night by observing an illuminated section of the inside of the dome. In

order to build up signal-to-noise in the spectrum beyond the limits set by the

flat fielding of a single exposure we applied small grating tilts between the

different nights. The resulting spectrum shift usually amounted to about 20A

ensuring that a given spectral feature did not repeatedly reach the same

diode(s).

An important property of the Ret icon spectrometer when observing bright

objects with strong emission lines is the short cycle time of the readout system

(1 millisecond). In combination with sophisticated processing software this

minimizes the coincidence losses to very small amounts. The observed peak count
o

rates in Akn120 occur at Hg and reached about 3 cts/sec/A. The expected
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coincidence losses at these count rates are small (less than a few percent). We

are therefore confident that the line ratios derived from the spectra are not

systematically affected by coincidence-loss effects. A check of the magnitude of

these effects could, in principle, be made via the fixed intensity ratio of the

[OIII] A4959/5007 doublet. In Akn120 this check is made impossible by the great

intensity of the Fell raultiplet 42 A4924 and A5018 lines. However, other objects

observed in this run, with weak Fell emission and peak photon oountrates even

exceeding those of Akn120, generally yield agreement with the theoretical [OIII]

line intensity ratio of 2.94 to within 3*.

b) Reductions

Preliminary reduction of the data was performed with the software package

available at the Mount Wilson and Las Campanas Observatory VAX-computer in

Pasadena. A copy of this system was transferred to Dwingeloo and Leiden, The

Netherlands. Further reduction was accomplished on the VAX-computers of the

Dwingeloo Radio Observatory and the Leiden Observatory. The spectra were put on

an absolute flux density scale using observations of the standard star HZ7 (Oke,

1974), the spectrum of the central star in the planetary nebula Abell 15

(Greenstein, 1982) and the BL Lac object 3C446 which was in a very bright state

at the time of our observing run. Three weeks earlier, in another project, an

absolute calibration of 3C446 was obtained using the multi-channel

spectrophotometer on the Hale telescope. Details of the calibration procedure

will be presented elsewhere (van Groningen and de Bruyn, 1984). Here we only

mention that the use of the virtually featureless power-law continua of 3C446,

and the Abell 15 central star (an sdO) has enabled us to limit the introduction
o

of broad (50-200A) inaccuracies into the final spectra to a value less than

about 1S& of the local continua. The spectra are given in absolute units but the

relatively small apertures used (2"x2M) will make the final flux scale uncertain

by up to 50%, due to changes in guiding and seeing losses.

The wavelength calibration of all spectra was done using a large number of

arc lines. The absolute accuracy of this calibration is better than 0.5A. From
o

the arc lines we have also determined the instrumental profile. For the 114 A/mm

dispersion spectra we found a FWHM of the arc lines of 3.5 channels for the

middle half of the spectrum, and rising by about 10? at the egdes. This
o o

corresponds to a wavelength resolution of 3.5-4.OA. In the spectra with 58 A/mm
o

dispersion the resolution varied from 3.0-3.5 channels or 1.5-1.8A. The

instrumental profile is characterized by very low wings: at 5% of the peak it

measures 8 channels (2.5 FWHM), at 1? of the peak the width is 15 channels (5

FWHM) and at 0.2)8 of the peak it is still only 24 channels wide (8 FWHM). These
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figure 1: The high resolution spectrum (HRS) of AknlSO in October 1982. In this
and the following figures the abscissa give the observed wavelength
on a linear scale, while the ordinate gives the flux density per wave-
length interval, with a displaced zero level. The bin size is A, the
resolution is about 7.5A FWHM.
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figure 2: The low resolution speatrum (LBS) of AknlZO in October 1982. The axis
are as in figure 2, the binsize is 2%, and the resolution is about
3.5%.. The two crosses indicate regions affeated by unstable diodes.
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numbers indicate the excellent properties of this spectrometer for line profile

studies. Following the wavelength calibration we used a rebinning p/ogram to

combine the spectra of different nights. In the rebinning and adding process a
0

uniform channel width was chosen, usually 1 or 2A. We thus ended up with two
o

spectra: the high resolution spectrum (henceforth HRS) extends from 38OOA to
o o

5640A with 1 A/channel, the low resolution spectrum (henceforth LRS) extends
o o o

from 36OOA to 7200A with 2 A/channel. These spectra are shown in figures 1 and

2. The figures are too compressed to do justice to the information content of

the spectra and selected sections are shown on enlarged scale in figures 3

through 8.

Ill ANALYSIS OF THE OBSERVATIONS

The summed spectra of Akn120 shown in figures 1 and 2 reveal details in the

emission line spectrum that have not previously been seen. This is in part due

to the higher resolution, in another part due to the high signal-to-noise ratio
0

which generally is close to or exceeding 100:1 in the 1 A/channel spectrum. An

important diagnostic of the physical conditions in the broad line region is the

comparison in velocity-coordinates of line profiles from different atomic

species and ionization stages or of lines from different excitation levels of

the same ion (e.g. the Balmer series). This requires that an accurate velocity

scale be established throughout the spectrum and that the galaxy systemic

velocity can be accurately determined. We believe that the relative velocity
o

scale for different parts of our spectrum is good to 0.25A or about 15 km/s. All

redshifts given are heliocentric. This is more than sufficient for our purposes.

The limitation, however, lies in the uncertainty of the systemic velocity as

discussed first.

a) Various systemic velocity estimates

Previous investigations (e.g. Koski, 1978) have indicated large systematic

differences between the redshifts of the narrow forbidden emission lines from

different ions. These differences may be as large as 500 km/s and usually are in

the sense of a blueshift for higher excitation lines. The lines in Akn120 also

show such differences but they have a reversed trend, as in Mkn268 (Koski,

1978). For example, the low-ionization lines of [01] A63OO and [Oil] A3726/29

have a redshift of 0.0322, while the [0III] A4959/5007 line pair peaks at a

rsdshift of 0.0326, i.e. redshifted by about 120 km/s. The latter value agrees

to within 0.0001 with previous accurate determinations (Osterbrock and Phillips,
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figure S: A blow-up of the LRS
around Hel \S876, showing the ab-
sorption lines due to interstellar
Nal in our galaxy and (probably)
stellar Nal in Aknl20.

5800 8000
•V (A)

1977;. Foltz et al., 1983). On the other hand, the two dominant peaks of HB occur

at redshifts of 0.0318 and 0.0386, respectively. It would be useful to have a

determination of the systemic velocity based on the underlying stellar system.

We therefore searched our spectrum for stellar absorption lines, and found

evidence for both the Mgl b blend and the Nal D doublet. The relevant parts of

the spectrum are shown on an enlarged scale in figures 3 and 7. There are,

however, several uncertainties associated with each of them. The Mgl b blend

which, unlike the Call and Nal doublets, must arise in the stellar population,

is located within a complex blend of Fell, [FeVI] and [FeVII] lines. The reality

of the dips in the spectrum is, however, unquestionable since they can also be

seen in the high quality spectra of Peterson et al. (1983) and Foltz et al.

(1983). The Nal D doublet is located within the strong Hel A5876 line. If the

Hel profile is qualitatively similar to that of H0 one could expect a depression

in its intensity just at about the expected location of the Nal D lines. Such a

depression is indeed seen but its relative depth is much larger (HQ%) in the Hel

line than in HS (10%). Hence we consider it likely that most of the depression

is due to Nal D (see also fig 9e). The mean redshift of the Mgl X5167/5173 and

Nal D lines is 0.0332+0.0002. At this redshift we also find a depression at the

location of the Call K line (the corresponding Call H line is unobservable due

to a combination of He and [Nelll] emission). Furthermore, we also find a weak,
o

unresolved, absorption line at 4366A which may be due to Cal A*(227 at a redshift

z = 0.0330. The latter lines may well be due to interstellar gas in Akn120.

Summarizing, we conclude that there is evidence for redshlfted absorption

due to stars and interstellar gas in the nucleus of Akn120 at z=0.0332±0.0002.

table 2 summarizes the various redshifts found in the Akn120 spectrum.

As an aside we also note the presence of narrow galactic gaseous absorption

lines of the Call H,K and Nal D at a heliocentric velocity of -10+20km/s (fig
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Identification
[Oil]
[01]

[OIII]
[Nelll]

[FeVII]
[FeVI]
[FeVII]

Nal
Mgl
Call K
Cal

A3726/29
X630O

A4959/5OO7
X3869

A6087
A5721
A376O

A5890/5892
A5167/5173
A3934
A4227

redshift
0.0322

0.0326*
0.0328

0.0333*
0.0333
0.0333*

0.0332

0.0330

table 2: (Inter-)stellar absorption
and forbidden emission line redshifts
in Aknl20.

* blue asymmetric; taken at peak of line

figure 4: A blowup of the HRS
around the region of the
galaatia interstellar Call
H and K absorption lines.

3900

4). At the galactic location of Akn120 (1-202°, b=-21°) these lines probably

arise in the inner galactic halo (cf. York et al., 1984). Their equivalent width

is about 300 mA for Call H+K and 350 mA for Nal D1+D2. There is some evidence

that the unresolved core of the Call K line is embedded within a broad

absorption feature. York et al. (1984) also found evidence for multiple

component galactic absorption lines towards Akn120 in their IUE-spectra.

b) The forbidden line spectrum

Because the main thrust of this paper concerns the profiles of the broad

emission lines we will restrict ourselves to a few selected comments on the

forbidden line spectrum. We already mentioned the identifications of a few low-

excitation lines of [01] and [Oil]. These lines are, however, very weak and have

a very small equivalent widths. This also applies to the [Nil] A6548/83 lines

which can only be discerned in the Mount Wilson Coudé spectrum of the Ha region

(fig 5a). The intensity of [Nil] A6583 is about 0.25* of that of Ha. The [OIII]
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A4959/5007 lines (fig 8) show a strong blue wing similar to those observed in

most Seyfert galaxies (Heekman et al., 1981). The nature of the asymmetry, and

therefore its interpretation, depends rather strongly on the true systemic

velocity. The low intensity wings, however, are probably considerably affected

by emission from the multiplet 42 lines A4924 and X5018 (cf. section IV). We

also find evidence for several [FeVII] lines in our spectrum of which1 the A3760,

A5721 (bordered on the blue side by galactic Nal D absorption) and X6O87 lines

are the strongest. The peak locations of the three [FeVII] lines occur at a

redshift of 0.0333; that is, they continue the trend of higher redshift for

higher excitation lines referred to earlier. The detailed calculations by

Nussbaumer and Osterbrock (1970) and Nussbaumer and Storey (1978, 1982) indicate

that several other [FeVII] and [FeVI] lines should be present in the region of

the blend of Fell multiplets 42, 48 and 49. The very strong [FeVII] X3760 line

is considerably broader than [OIII] A5007 suggesting that most of its emission

arises in an intermediate density regime where [OIII] X5007 is collisionally de-

excited (n > 107cm~3).

c) Presence of two distinct broad line systems

The most interesting aspect of the spectrum of Akn120 are the double-peaked

Balmer emission lines. This duplicity was noted by many previous investigators

(Osterbrock and Phillips, 1977; Foltz et al, 1981, 1983; Peterson et al., 1983).

The redshifts at the peaks of the HS line, as measured in the LRS, are 0.0318

and 0.0386 respectively. As the discussion above shows, the redshift of the

blue-central peak is blueward of that of the low excitation and high excitation

lines, by amounts ranging from 120-450 km/s, and 420 km/s blueward of what

probably is the true systemic velocity. The Hg/Ha ratio of the red peak is

considerably higher than that of the blue-central peak, as shown in fig 2. A

composite of blowups of the Ha, H3, HÏ and H6 is shown in fig 5 smoothed to the

same velocity bin width. None of the narrow lines superimposed on some of the

Balmer lines have been removed. However, it is obvious that they cannot explain

the different Balmer decrements of the red and blue-central peaks. The different

decrements for the two components of the Balmer lines was first noted by

Osterbrock and Phillips (1977). In between the epoch of their observation, Nov.

1976/Jan. 1977, and our observations in October 1982 spectra of Akn120 were

taken by several different groups of observers. A compilation of these spectra

covering the region around HB is shown by Capriotti et al. (1982). They show

that the red component of HB has increased its strength relative to the blue-

central component and, in January 1981, temporarily even exceeded it. Both

components have also increased their absolute intensity when measured against
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-10000 -5000 0 5000 10000

figure 5: A series of Balmer line profiles of AknlSO.
a) The Mount Wilson Coudé spectrum of Ha at a resolution of 1%.

The bin size is 50 km/sea. Note the structure in the atmospheric
B-band absorption wedge, beginning at about +4000 km/see. The base-
line in this speetrum is poorly determined. The velocity zeropoint is
based on a redshift of 0.0326.

b) The LCO spectrum (LRS) of Ha. The bin sine is 150 hn/sec.
c) The LCO spectrum (HRS) of ffg.
d) Same as c) for Hy.
e) Same as a) for HS.
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the [OIII] X5OO7 line. During the last few years the intensity of HB appears to

have reached a fairly stable level, considerably higher than in late 1976. Our

spectra show that the anomalous behaviour in the Balmer decrement has persisted.

When investigating other broad lines in Akn120 on the presence of two

components we made the remarkable discovery that many lines of the Fell

multiplets show no or little emission from the main blue-central component but

are rather strong in the red component. This, and the different Balmer decrement

suggest that there are two distinct broad-line systems in Akn120 possessing

quite different physical conditions. The next section presents a detailed

analysis of the spectroscopie properties of these two systems.

IV SPECTROSCOPIC PROPERTIES OF THE TWO REDSHIFT SYSTEMS IN AKN120

The task we have set ourselves in this section is to show that there are

major differences in the line profiles of the strongest broad emission lines of

HI, Hel, Hell and Fell in the spectrum of Akn120. We will do this by analysing

these lines using the HB line profile as a template. However, because the S/N

ratio in HB is considerably better than that of most other lines we will have to

simplify the description of its profile. The LRS spectrum shown in fig 2 reveals
o

two dominant broad (>15A) features peaking at observed wavelengths of about
o o

5O16A and 5050A; they correspond to redshifts of 0.0318 and 0.0386,

respectively. For the purpose of the following discussion only we will refer to

these two redshifts as the normal and anomalous redshift. However, at this point

we want to emphasize that the HB line profile is very complex and probably has

at least one additional component on the blue side of the normal redshift peak.

This blue component can be seen most clearly in the January 1981 spectrum of

Akn120 published by Foltz et al. (1981). We will present evidence later that

this blue feature may be related to the red, anomalous, feature. Because the

blue feature is not so dominant in our spectrum, we decided not to complicate

the following discussion unnecessarily and retain temporarily the nomenclature

introduced above. A further point worth noting is that the narrow line component

of HB must make only a very small contribution to the overall profile and does

not affect the qualitative analysis presented below. The spectrum analysis

performed below is mainly done using the higher quality (HRS) spectrum, unless

stated otherwise.
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a) The Fell lines

When attempting to determine the line profile of Fell lines in Seyfert-1

nuclear spectra one immediately runs into problems caused by the overlapping of

lines of the various multiplets. A fairly successful decomposition analysis on

the 'narrow-lined' Seyfert-1 I Zw 1 was made by Phillips (1978a). He showed that

the Fell lines have the same width as HB to within 25?, using a combination of

synthetic multiplet spectra and a deblending program. Such an approach is made

almost impossible in the case of Akn120 due to the complex line profile and the

large breadth of the lines in question. The problem is further exacerbated by

the fact that the various lines within an individual multiplet may also differ

from object to object by at least a factor two. However, a few multiplets have

figure 6: Blowup of the HBS
around US, Hy and the Fell mul-
tiplets 27 and 28. The locations
of the lines are indicated for
both the normal (s-0.0318, thin
lines) and anomalous (z=0.0386,
thick lines) redshifts. The
relative strength of the Fell
lines are the same as those
used by (Phillips, 1976).

5.0

«200 14600

lines in a relatively clean region of the spectrum. The clearest indication of

different profiles of the Fell lines is presented by the line blend of multiplet

27 AH173 and multiplet 28 XU179. As shown in fig 6 this line is visible very

clearly at the anomalous redshift but shows no emission at the normal redshift.

The uncertain placement of the true continuum makes it impossible to set

quantitative limits on its intensity relative to that of the anomalous feature

(see also section Va). Other lines of multiplets 27 and 28 also clearly appear

at the anomalous redshift although they are heavily blended with H6 and HY. We
o o

discovered that the centroid of the line at 44O5A is located about 10A to the

red of the expected anomalous location of multiplet 28 A4233- We have reasons to

believe that this line is actually a blend of the multiplet 28 M233 line and an

as yet unidentified line at a rest wavelength of about 4240A.

One of the strongest multiplet 27 lines in I Zw 1 is \4417. It can also be

In the spectra of I Zw 1 shown by Phillips (T977) the line identified with
multiplet 28 A.4233 is definitely broader than expected and centered towards the
red of the expected position. We have noted the same in our spectra of Mkn6i8
and Akn564 (unpublished).



55

seen clearly in Akn120 as a single isolated peak at the anomalous redshift. For

most lines of multiplets 27 and 28 it is not possible to exclude their presence

at the normal redshift to fractional intensities of about 1 in 2, because they

are both weaker and in less clean spectral regions. Turning our attention to

other Fell multiplets the next clearest case of strong emission at the anomalous

redshift is provided by multiplet 42. The relevant part of the spectrum is shown

in fig 7. Multiplet 12 has three strong lines at X492-4, X5018 and X5169. The

X5018 line is usually hopelessly blended with [OIII] X5007 but at^the anomalous

redshift it has now become clearly separated from it. The A5169 line fits nicely
o

the broad isolated feature at 5371 A. Alternative explanations for this feature,

to within a tolerance of 3A, are [NI] A5199 and the normal redshift system

location of Fell multiplet 49 X5198. The first mentioned identification was

favoured by Foltz et al. (1983) but seems very unlikely to us considering the

weakness of other low excitation lines in Akn120 ([01] X6300, [Oil] X3727). The

second mentioned identification can not be excluded although other multiplet 49

lines at the normal redshift are not seen at the intensity expected, if the

5371A feature were all due to multiplet 49 X5198. The X4924 line at the

anomalous redshift coincides almost exactly with [OIII] X4959. Proof of its

presence, however, is found in the apparent ratio of the [OIII] doublet. Taking

a local continuum on the red side of each line, we find a ratio for X4959/X5007

of 0.38 which is significantly larger than the theoretical 0.34. The true

continuum is likely to be lower which would make the ratio still larger. We thus

have evidence for strong multiplet 42 emission at the anomalous redshift. The

presence of multiplet 42 emission at the normal redshift is more difficult to

assess. The X5169 line may have been cut up by Mgl b absorption (cf. section

Ilia) while A5018 at the normal redshift is again so close to [OIII] X5O07 (in

fact even closer than normal because [OIII] peaks at a r-edshift z = 0.0326) that

figure 7: Blow-up of the HRS
around the Fell multiplet 42
lines. For an explanation see
figure 6.

5100
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it is impossible to separate it from the low level wings of [OIII] present in

nearly all Seyfert-1's (van Groningen and de Bruyn, 1984) and probably also in

Akn120. The normal location of X492M is at a steep gradient in the HB profile

and no proof of its presence or absence can be found. It is unfortunate that it

is so difficult to determine the overall line profile of this diagnostically

important multiplet (see e.g. Phillips, 1978b).

The lines of multiplets 26, 37 and 38 in the wavelength range between HY

and HP are blended almost beyond recognition. There are, however, a few peaks in

the spectrum that stand out and allow a provisional identification, all with
o

lines at the anomalous redshift (fig 8). At 4813A we believe we are seeing the

anomalous redshift emission of multiplet 37 A4629 which is a strong relatively

isolated line in most Fell-strong Seyferts. The feature at 4765A coincides with

the anomalous redshift location of the strong lines of multiplet 37 A4583 and
o o

multiplet 38 A4584. The peak at about 4695A could be a blend of the anomalous

redshift emission of multiplet 37 A4515 and A4520, and multiplet 38 A4508 and
0

\4523. The broad feature at 4842A is probably a mixture of Hell A4686 at the

normal redshift (see section c below) and multiplet 37 A4667 in the anomalous

system. We point out the lack of emission-of the multiplet 43 A4713 line which

is rather strong in I Zw 1.
figure 8: Blow up of the MRS
around the Fell multiplets 373
38 and 43 and Hell \4686. Only
the four strongest lines of
multiplets 37 and 38 are shown.
For an explanation see figure
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Another important multiplet is multiplet 55 which has a strong line at

X5535 in I Zw 1. It is beyond the coverage of the HRS. In the LRS we see a weak

broad feature extending from 5700-5750A that fits the expected location of the

X5535 line but it does not seem to be exclusively associated with either the

normal or the anomalous system. It is interesting to note the weakness of the

multiplet 55 and 43 emission. Calculations by Phillips (1978b) show that these

lines are rather strong under optically thick collisional excitation conditions
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but much weaker* in optically thick resonance fluorescence excitation models. We

return to a possible explanation for this in section Vb.

b) The Balmer lines

We already mentioned the different relative intensities of the normal and

anomalous systems in Ha and H0. The S/N ratio in our spectra is, however, good

enough to investigate this behaviour as a function of wavelength (and velocity)

and also include the HY and H6 lines. These ratio plots were constructed for

both the HRS and LRS spectra independently, but at the same velocity resolution.

The results agreed very well and the ratio plots shown in fig 9a-e correspond to

line profiles from the HRS spectra, with the exception of Hel X5876 and Ha which

were recorded only in the LRS. We have not cleaned the Balmer lines from the

weak superimposed forbidden lines and Fell lines in order to allow the reader to

make his own correction. To facilitate this, we list in table 3 the velocity

offsets of the most important of these contaminating lines (assuming the same

line nearby line velocity offset
(km/s)

Ha [Nil] A65D8 - 680
[NU] A6583 + 930

atm. B A6871 +4200 (z = 0.0326)

Table 3: The velocity offset of
the strongest contaminating lines
in the neighborhood of the most
important broad lines.

HB [OIII]
Fell (H2[
[FeVII]
[FeVlI]

A1959
) A4924

A1893
At9i2

+6020
+3860
+1980
+5010

HY C0III] A4363 + 1580

systemic velocity for all). The choice of the local continuum clearly has some

effect on the line ratios as one gets to fainter emission levels but is probably

not important for Ho, Hg and HY up to Av = + 3000 km/s. For the velocity scale

we had to settle on a zeropoint; we chose z = 0.0326 but choosing 0.0318 or

0.0332 would make no difference here. Fig 9a,b shows that at Av = +2000 km/s the

He/Ha ratio is 1.3 times that at Av = 0. However, we find that also near Av = -

2000 to -3000 km/s the HfS/Hct ratio increases, albeit not as steeply as at

positive velocities. This may indicate that the anomalous system is in fact not

restricted to positive velocities but may have a somewhat weaker counterpart at

negative velocities. [NB: This clearly has implications for the Fell analysis
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figure 9: Plots of the intensity ratios of various combinations of broad
emission lines as a function of velocity. The velocity bin width
is ISO km/sec. The individual lines have not been cleaned from weaker
contaminating lines (cf. table 3)

a) H&/Ha, both taken from the LRS data
b) HB/Ha, with B& taken from the HRS data
c) /

e) Hel \5876/Ha



59

presented above as we will discuss in section Va]. The next higher Balmer line

HY reverses the trend of a flatter decrement at positive and negative velocities

as shown in fig 9c. This can not be due to the contamination of Fell lines in

the wings of HY since that would have the opposite effect. Although we believe

that many of the wiggles in the line ratio plots in fig 9a,b and c on scales of

500 km/s are real we do not want to discuss them in detail, because of the

uncertainties introduced by the line contaminants.

The H3/H5 ratio (fig 9d) is probably too much affected by systematic errors

due to the uncertain placement of the continuum and the contaminating lines to

generate much confidence in the detailed behaviour of the line ratio as a

function of velocity. However, the asymmetry in this line ratio, which could be

explained as an excess in H6 emission at Av » -1000 km/s seems beyond doubt

since we see it in both the LRS and HRS spectra. We have searched for a possible
o o

contaminant at the wavelength of this excess (4227A or ^Og^A for z = 0.0326).

The only possibility we have been able to come up with is the [SII] X4O67/^O76

doublet, at almost the anomalous redshift. But if this identification were

correct we then would have to explain the absence of emission from other

forbidden lines at the anomalous redshift. The only possible way to do is by

assuming that the anomalous redshift system contains a low excitation zone with

densities of order 10 cm , which is high enough to suppress most forbidden

lines by an order of magnitude or more, but only marginally begins to affect the

blue [SII] doublet lines which have a critical density for de-excitation of 10

cm (Mendoza, 1983). Although this may seem a remote possibility we point out

that we have also found relatively strong emission from the [SII] A4O67/76

doublet in MCG-2-58-22 with a width much larger than that of the [0III] lines.

Alternatively, the blue excess of H<S could be due to strong radiative transfer

effects in the Balmer lines which depend on velocity.

c) Lines from Hel and Hell

The strongest helium line in Akn120 is Hel A5876. It clearly exhibits

emission at both the the normal and anomalous redshifts (fig 3). However, its

strong double-peaked nature is only partly intrinsic. As argued in section Ilia

the depression in the middle of this line is due in part to a combination of

stellar and interstellar Nal D absorption lines in Akn120. Fig 9e shows the

ratio of Hel/Ha as a function of velocity; this representation strongly supports

the interpretation given above. It also reveals a strong increase in the Hel

emission at velocities greater than +1000 km/s as was observed in the HfS/Ha

ratio. Such a trend is, however, not observed at negative velocities. It is

possible that the Hel A5876 excess at large positive velocities is due to



contamination by Sill A5976, a line that is strong under conditions of

fluorescent excitation (Phillips, 1978b), or Fell multiplet 16 A5991 emission.

The intensity of Hel X5876 is sc large that there is probably a significant

contribution from collisional excitation (MacAlpine, 1976; Netzer, 1978). We

have tried to verify this by estimating the strength of Hel A W 1 . This line is

heavily blended with the Fell multiplets 37 and 38. However, it is possible to

set an upper limit on its intensity relative to that of Hel A5876 of about 2056.

This puts the line ratio clearly in the regime where significant collisional

enhancement of A5876 must take place.

The Hell A4686 line is rather weak in Akn120. The expected location of Hell
o o

A4686 in the normal and anomalous systems are 4835A and 4867A, respectively. The
0

broad feature centered at 4842A could thus be partly due to the normal component

of Hell A4686. There can be no doubt that the Hell line is definitely much

weaker in the anomalous system than in the normal system. Interestingly, in the

Nov. 1976 spectrum published by Osterbrock and Phillips (1977), when the normal

component of HB was relatively strong compared to the anomalous component, there

also was a normal redshift component of Hell A4686 and no emission at the

anomalous redshift. A spectrum of Akn120 in January 1983 (Foltz et al. 1983),

taken only 3 months after our spectrum and that of Peterson et d. (1983),

reveals a strong increase in Hell X4686, again at the normal redshift only. A

spectrum taken at ESO by J. Lub (private communication) in December 1982

confirms this rapid increase of Hell A4686 in a period of only 2-3 months. In

this three months interval the continuum level also increased by some 5056 (Foltz

et al., 1983).

V DISCUSSION

We have shown that there are major differences between the line profiles of

the stronger broad lines of H, Hel, Hell and Fell in the spectrum of Akn120. The

great width of these lines has made it very difficult to locate the true

continuum which is a prerequisite for determining accurate line profiles of the

weaker lines, from species such as Fell and Hell, which occur in heavily blended

spectral regions. Before we try to improve this situation we will first

summarize what we regard as the main differences:

1) The strongest lines of several Fell multiplets, notably multiplets 27, 28

and 12, show no, or very little, emission at what we have called the normal

redshift of the Balmer lines.
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2) The anomalous, redshifted, component of the Balmer lines has a much flatter

decrement than the normal component. There is a counterpart to this

component on the blue side of HBi visible as a shoulder on the profile and

also having a flatter Ha/HB decrement.

3) The Hel A5876 line resembles HS in its overall shape, exhibiting strong

emission in all components mentioned above.

4) The Hell \>i68(> line is very weak in our spectrum, and can be strongly

variable relative to the Balmer lines. Furthermore, it seems to be

exclusively associated with the normal redshift system.

We believe that these observations can not be reconciled with a model for the

broad line region consisting of only a single zone with uniform

ionization/excitation conditions and kinematics. This is neither a very shocking

nor original idea; it has been proposed before on the basis of both theoretical

and observational grounds (Collin-Souffrin et al., 1980; 1982; Osterbrock, 1983;

van Groningen, 1983). However we believe no other observations before have shown

so clearly the need for a multi-component model for the broad line region. The

next step, of course, is to disentangle the profiles from the various

components, or zones as we will call them. To keep things simple we will assume

there to be only two zones.

a) Intrinsic profiles of the two broad line zones

In section IV we introduced a simple nomenclature for the features visible

in the HB line profile. We would now like to refine it. As can be seen in fig 1

the anomalous component of HB contains at least two distinct features and the

significance of the precise redshift 0.0386 used in the previous section is thus

not so great. We furthermore believe strongly that there is emission to the blue

side of the normal peak that is associated with the red anomalous feature. There

are several pieces of evidence to support this. First, the qualitative symmetry

in the Hct/HB ratio at velocities of 2000 km/s and larger (fig 9a,b). Second, the

simultaneous brightening of the blue and red side of H0 in the period 1978

through 1980. And, thirdly, the shape and width of the Hell M686 line which

falls off more rapidly than HS on both the red and blue sides. We therefore

propose that the HB profile is composed of the following two broad components:

1) d central component with a single peak at a redshift Z=0.0318 and

2) a double-humped component, straddling the central component.

The overall profile of the double-humped component depends, of course, to

some extent on the steepness of the falloff of the central component which can

not be separated from it. The precise redshifts of the two humps in the double-

humped component also depend somewhat on this; we estimate them to lie at
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redshifts of 0.039^0.001 and 0.026^0.001. That is, to within the errors they are

symmetric relative to what we believe to be the systemic redshift of 0.033. The

central component, on the other hand, peaks on the blue side of the systemic

velocity.

In section IVa we have shown that emission attributable to the central

component is absent in several lines from Fell multiplets in relatively clean

spectral regions (and possibly from all Fell lines). We did not yet investigate

the possibility of a blue feature in the Fell lines at z=0.026; this is done in

fig 10. It appears that a double-humped profile for the Fell multiplet 27 and 28

lines does, in fact, produce a better fit to the observed spectrum between HY
o

and H8. The feature at an observed wavelength of about 434OA would then be

nicely explained as the summed emission from the red hump of multiplet 27 A4173

and multiplet 28 A4179, and the blue hump of multiplet 28 A4233. If we test this

conjecture on the spectrum published by Osterbrock and Phillips (1977), we get

equally good agreement. However, the comparison of theirs and our spectrum also

suggests that the emission from the region inbetween the two humps may have

become relatively stronger in the five year timespan between their and our

observations. Fig 10 shows that the red hump of H6 coincides in wavelength with

the blue hump of Fell multiplet 42 A4924; this may have caused some of the

observed profile structure on the red side of H$. Also, the blue hump of

multiplet 42 A5018 may be partly or completely responsible for the extreme blue

wing of [OIII] A5007. If our proposed explanation is correct, most of the

plateau underneath the [OIII] lines is due to Fell multiplet 42 emission as

originally suggested by Osterbrock and Phillips (1977) (see also the extensive

discussion by Foltz et al. (1983) on this emission feature). However, some

contribution from a broad [0III]-wing is likely to be present as well (see van

Groningen and de Bruyn, 1984). It would evidently be useful to try to synthesize

the observed Fell blends with a double-humped template profile in the way

previously done by Phillips (1978a). We save this exercise for the future.

If we include the ultra-violet emission lines in the analysis of the

intrinsic profiles of the two zones, the proposed two-component model gains

further support. Three IUE-spectra of Akn120 have been published in the

literature: two by Kollatschny et al. (1981a,b) and one by Wu et al. (1983).
o

Kollatschny et al. (1981b) also present medium (8A) resolution spectra of the

four strongest lines. Of these the Lyot and CIV emission line profiles appear

symmetric with a FWHM of about 4000 km/s, at a redshift which is undefined, with

no evidence for emission from a secondary red hump as also pointed out by these

authors. In the Lya, CIV and MgH lines of the spectrum published by Wu et al.

(1983), taken in August 1981, there is some evidence for a red shoulder but the
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figure 10; Composite spectra of the stronger isolated Fell lines and the shifted
template H$ profile (150 hn/seo/bin). The velocity scale refers to H$
and the lines around which a section of the spectrum is shown in the
top part of the diagrams.

a) Fell muUiplet \4179 and ffB.
b) Fell multiplet \5018 and H$.
•a) Fell multiplet \5169 and #e.
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reality of this feature is uncertain. A higher quality reproduction of this

spectrum, kindly made available by Dr. wu, in fact suggests this emission to be

real, although it seems to be part of a broad red excess. The Mgll A2798 line,

however, may show strong emission from the red hump, in the Kollatschny et al.

(1982) observations, although the S/N is poorer. We note that at the time of

their second IUE-observation the red hump in HB already must have been quite

strong since only three months later, in January 1981, Foltz et al. (1981) found

the red (and blue) hump to be at its highest recorded level ever.

The observations thus suggest that Lya and CIV join Hell MóSó in being

predominantly emitted from the central redshift system zone, and that Mgll may

show emission from both zones.

b) Constraints on the physical conditions in the two zones

Kaving established that there are two distinct zones in Akn120 contributing

to the broad emission lines, clearly the next step is to derive their relative

locations, mode of ionization and excitation, and their kinematics. The main

diagnostic tools at our disposal for this investigation are the line profiles

and relative intensities of the Fell, Hel, Hell and H lines.

i) Size of the broad line zones

It has been clearly established observationally that the Balmer line

emission from both zones is variable on a timescale shorter than one year

(Kollatschny et al., 1981a; Foltz et al., 1981; Peterson et al., 1983). This
18

puts an upper limit to the dimension of both zones of about 10 cm. The strong

variability in the Hell AJI686 emission between our October 1982 spectrum and the

January 1983 spectrum of Foltz et al. (1983) implies an even smaller upper limit
17

of -3x10 cm for the Hell zone which, as mentioned above, is associated with

the central redshift system.

The continuous light of Akn120 shows variability on various timeseales

ranging from months to years (Miller, 1979; Peterson et al., 1983) while

Lyutyi's (1979) data suggest secular changes on timescales of 5 years or more.

It is interesting to note that the epoch of the first high-quality spectra of

Akn120 (Osterbrock and Phillips, 1977) coincided with a long period of minimum

brightness (Lyutyi, 1979). The zone emitting the double-humped emission line

then was at its lowest observed intensity. The rise of this component may

therefore be related to the steady increase of the continuum level during the

last 6 years. The fact that both the blue and the red feature of the double-

humped system have increased their intensity without any noticeable time-lag, in
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as far as the scanty data allow one to tell, suggests that they are less than

one lightyear separated along the line of sight.

ii) Electron density in the broad line zones

The general absence of broad forbidden lines from both redshift systems

puts a lower limit to the electron density n of about 10 c m 3 . This limit

derives mainly from the absence of forbidden [Fell] transitions and broad [OIII]

A4959 and X5007 emission. The absence of significant broad [OIII] emission

clearly is linked to our identifying most of the broad shelf underneath the

[OIII] lines to multiplet 42 emission of Fell, for which we have strongly argued

in section iVa.

A more constraining lower limit to the electron density comes from the

observed Balmer decrement. As demonstrated in section IVb (fig 9) the Ha/HB

ratio is a function of velocity. At zero velocity the Ha/HB is 3.8 while at the

location of the red hump it has fallen to 3.2. These are observed values,

however, which still have to be corrected for galactic foreground extinction

which is nonnegligible at the galactic location (1=202°, b=-21°) of Akn120.

Burstein and Heiles (1984) give a value for E(B-V) of 0T10, while York et al.

(1984) use E(B-V)=O.14. For a normal extinction curve these values imply a

differential extinction between Ha and Hfi of a factor of about 1.35. The Ha/HB

values corrected to outside our galaxy then become 2.8 at Av=0, and 2.4 at

Av=2000 km/s. The intrinsic values of the Ha/HB ratio may be lower still if one

admits some reddening internal to Akn120, either in the emission line region or

interstellar (cf. section Ilia). Moreover, if the emission in HB at a velocity

of +2000 km/s is composed of two components with different Balmer decrements one

of which is independent of velocity, then the other component must have an Ha/HB

ratio decreasing to values still lower than 2.4. This has also been observed to

be the case in Mkn335 (Shuder, 1982; van Groningen, 1984). In any case the value

for the red hump, and probably the blue hump as well, already is significantly

below the recombination value of 2.9 implying that this component is affected by

collisional excitation and optical depth effects in the Balmer lines (Netzer,

1975, 1977). This requires that the zone emitting the double-humped profile

contains very optically thick material with large electron density and column

density. From model calculations performed by Drake and Ulrich (1980) we

conclude that electron densities of 10 cm or higher are required to explain

the observed Balmer decrement from this zone. Such high densities and the fact

that there may be little or no emission in Lya, CIV and Hell attributable to

this zone, makes it clear that the gas in this zone clearly bears little

relation to the model of a 'standard cloud' for the broad line region developed
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during the last five years (Weisheit et al., 1981; Kwan and Krolik, 1981). In

that model the high-excitation and low-excitation lines are attributed to

surface and deeper layers, respectively, of gas in a large number of identical

clouds. We believe, instead, that the two-zone model proposed above is in much

better agreement with the picture developed by Collin-Souffrin et al. (1980,

1982), who also proposed a physical separation of low and high-excitation

material.

iii) Mode of excitation for the Fell lines

As noted in section IVa the relative strength of the various Fell multiplet

lines differs considerably from those in the well-studied Fell emitter I Zw 1

(Phillips, 1977; 1978a), Phillips (1978b) has made a detailed comparison of the

relative strengths of the various multiplets for optically thick resonance-

fluorescence and collisional excitation models. A particularly striking result

of his calculations of resonance-fluorescence models was the relative weakness

of the multiplet 13 and 55 lines and some multiplet 19 lines, as compared to

multiplet 27, 28 and 12 lines. This is precisely what we observe in Akn120,

suggesting that resonant-fluorescent excitation of the Fell lines may be much

more important in Akn120 than in other galaxies (cf. Netzer and Wills, 1983). If

this is indeed the case we also expect to see emission from Sill (Phillips,

1978b). The strongest transitions of Sill are located in confused regions of the

spectrum and we have not been able to establish their presence. It is certainly

possible, however, that the Sill A5979 line is present at considerable intensity

in the far red wing of Hel A5876 and is responsible for the increase in the

Hel/Ho line ratio at AV - +5000 km/s (see fig 9e). We will return to this below.

c) Other objects resembling Akn120

In order to place the spectroscopie peculiarities of Akn120 in the right

perspective we have searched the available literature for other Seyfert galaxies

with similar emission line properties. We then found at least two other objects

that show evidence for two redshift systems in the broad emission lines. The

best case by far is the southern Seyfert-1 galaxy IC1329A (Disney, 1973) for

which high-quality high-resolution spectra were published by Wilson and Penston

(1979). This object also shows a strong red shoulder on HS which has a flatter

Balmer decrement than the central peak. This is one of the two main

characteristics of the Akn120 double-redshift system. The signal-to-noise ratio

in their spectra is insufficient to investigate the line profiles of Fell

emission features. Interestingly enough, however, is the fact that also the Hell

A1686 emission feature in IC4329A does not have a red shoulder.
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A second object which resembles Akn120 in the structure of its Hg profile

is Mkn279 (Osterbrock and Shuder, 1982; Peterson et al., 1982). This object also

shows a flatter Balmer decrement for the red shoulder and apparently unrelated

variability in the central and red peaks of Hf! on time scales of only a few

months.

Other objects that might belong to this class are 2141+174 (Gaskell, 1981;

Smith, 1980), 3C227 (Osterbrock et al., 1976; Penston, 1977) and Mkn3O4 and

Mkn876 (Osterbrock and Shuder, 1982). In Mkn876 and 3C227 the strongest emission

actually occurs on the blue side of the systemic velocity defined by the narrow

emission lines which are rather strong in this object. We note that the velocity

zero-point for Mkn876 as used by Osterbrock and Shuder (1982) is not equal to

the velocity defined by the forbidden line system (cf. van Groningen's (1983)

discussion on the occurrence of blue shoulders).

Although the sample of objects that may display two redshift-systems is at

this stage rather small, we note a tendency for the red peak to occur more

frequently. Even if the statistics in future larger samples would confirm the

reality of such an asymmetry we have to be careful in drawing conclusions

regarding the origin of the red system. The blue ward displacement of the

central component, if a general property of such objects, causes the observer to

preferentially recognize those object where the red peak is the isolated

feature.

d) Two component kinematical models

The occurrence of two redshift systems in optical spectra of active

galactic nuclei has been noted by several investigators. Penston (1977)

discussed the spectrum of the broad emission line galaxy 3C227 (Osterbrock et

al., 1976) in connection with the question of the true systemic velocity.

Gaskell (1983) mentions several objects containing twin emission peaks in their

Balmer line profiles. He put forward an explanation involving a binary galactic

nucleus. In his model either one or both of the redshift systems could be a

proper broad line region. The main reason why we do not believe Gaskell's model

to be applicable to the two component system observed in Akn120 is that it fails

to give an explanation for the different line profiles for the various emission

lines. Instead, we consider the Akn120 emission line spectrum to be in such

remarkable agreement with the predictions of Collin-Souffrin et al. (1982) for a

two component broad line region that we wish to devote the remaining discussion

to the comparison of suoh a model with the data.
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e) A disk and a wind in Akn120?

We speculate, following Collin-Souffrin et al. (1980, 1982), that the

double-humped component visible in the Fell lines and the Balmer lines is due to

a rotating accretion disk. The velocity splitting of the two humps, 4000 km/s,

can then be used to derive the mass of the central object. If we assume the disk
2

to be inclined under an angle i we derive Mo=0.3 R,„/sin i where Mo is the
8 17

mass in units of 10 M and R, „ the radius in units of 10 cm at which the
s 17

emission from the disk peaks. R17 is limited by the observed profile variability
2

to less than 5, hence Mfi £ 1.5/sin i . For a most probable inclination i=60°
424 5

this becomes Mo£2. The observed total luminosity of Akn120 is at least 10
8

erg/s or \% of the Eddington luminosity of a 10 M_ black hole. It has been

argued many times that Seyfert galaxies are radiating well below their Eddington

luminosity (e.g. Begelman et al., 1983). Since most of the energy liberation in
8 17

accreting black holes of 10 M_ occurs at radii <<10 cm there must be a way to

transport this energy out to the radius where we observe it. This problem has

been recognized for a long time and is often used as one of the arguments

against a rotating disk model for the origin of the broad emission lines

(Mathews, 1982b). The main reason is that unless the disk flares at large radii

there will not be sufficient ionizing radiation intercepted from the supposedly

centrally located source of X-ray and UV-radiation (Begelman and McKee, 1983).

However, if a significant fraction (-10?) of the central luminosity can be
17(electron-) scattered back onto the disk at large radii (R-10 cm) this problem

can be overcome (cf. Jones and Raine, 1980; Raine and Smith, 1981). We suggest

that Akn120 does contain a medium sufficiently dense and widely distributed that

such overhead-illumination of the disk is actually taking place.

It is tempting to attribute the emission from the central redshift system
ij

as arising from the cool (T =10 K) component of this scattering medium. This

medium might be identified with a wind or ensemble of clouds (cf. Weymann et

al., 1982; Begelman et al., 1983; Begelman and McKee, 1983) boiling off the disk

and its corona. These models, as in fact nearly all models for the broad line

region, also require a hot, or even relativistic, intercloud medium to confine

the clouds. This medium might reveal itself through very broad (-30000 km/s)

wings below all broad emission lines (Shields and McKee, 1981). In fig 2 we do

find evidence for a broad Ha wing of -6005 width containing up to 10-20? of the

Ha luminosity. If this feature is due to electron scattered emission there may

be sufficient optical depth present to illuminate the outer parts of the disk.

A complete description of both the central radiation source and the

distribution of the scattering medium is required before the radiation field

incident on the disk can be calculated. It would not be difficult, given the
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many degrees of freedom, to come up with a double-humped disk profile, including

a central dip, but this is outside the scope of this paper.

If the observed double-humped emission line component is due to an

accretion disk the unequal intensities of the two humps require a departure from

axial symmetry. If we are dealing with a non-axisymmetric gas distribution there

are clearly many options open, but the rotation of the disk should then lead to

significant observable effects in the line profile after about one-quarter of

the rotation period or 25 R.-Sin i years. However, it is also possible, in the

overhead illumination picture, to assume the scattering medium to be distributed

non-axisymmetric. One particular variant on this picture has been discussed by

Shields (19811) who assumed scattering off a pair of material jets tilted with

respect to the disk.

An interesting corollary of such a picture would be that one of the two

main arguments against the continuum resonance-fluorescence model for the

excitation of the Fell emission, namely that we do not see the UV-lines in

absorption, becomes invalid. However, it is not clear whether the observed

equivalent width of the Fell emission could then be made compatible with an

overhead illumination model. As stated earlier the relative strength of the Fell

multiplets in Akn120 is consistent with a contribution from continuum

fluorescence larger than now generally assumed (Netzer and Wills, 1983; Collin-

Souffrin et al. 1979; 1980).

References

Arakelian, M.A.: 1975, Pub. Byurakan Obs. 47, 3
Begelman, M.C., McKee, C.F.: 1983, Astrophys. J. £71_, 89
Begelman, M.C., McKee, C.F., Shields, G.A.: t983, Astrophys. J. 272., 70

Blumenthal, G.R., Mathews, W.G.: 1975, Astrophys. J. 198, 517
Blumenthal, G.R., Mathews, W.G.: 1979, Astrophys. J. 233, 479
Burstein, D., Heiles, C : 1984, Astrophys. J. Suppl. 54, 33
Capriotti, E.R., Foltz, C.B., Byard, P.: 1981, Astrophys. J. 245, 396
Capriotti, E.R., Foltz, C.B., Peterson, B.M.: 1982, Astrophys. J. 26]_, 35
Collin-Souffrin, S., Joly, M., Heidmann, N., Dumont, S.: 1979, Astron.

Astrophys. 72, 293
Collin-Souffrin, S., Duraont, S., Heidmann, N., Joly, M.: 1980, Astron.

Astrophys. 83, 190
Collin-Souffrin, S., Dumont, S., Tully, J.: 1982, Astron. Astrophys. 106, 362
Disney, M.J.: 1973, Astrophys. J. |8j_, L55
Drake, S.A. , Ulrich, R.K.: 1980, Astrophys. J. Suppl. j*2, 351
Foltz, C.B., Wilkes, B.J., Peterson, B.M.: 1983, Astron. J. 88, 1702
Foltz, C.B., Peterson, B.M., Capriotti, E.R., Byard, P.L., Bertram, R., Lawrie,

D.G.: 1981, 250, 508
Gaskell, CM.: 1981, Astrophys. J. 251_, 8
Gaskell, CM.: 1983, in Quasars and Gravitational Lenses, Proc. 24 Liege Int.

Astrophys. Colloq., Ed. J.P. Swings, p473
Greenstein, J.L.: 1982, private communication



70

1980, Astrophys J. 235, 971

Heekman, T., Miley, G.K., van Breugel, W., Butcher, H.: 1981, Astrophys. J. 247,
403

Jones, B.C., Raine, D.J.: 1980, Astron. Astrophys. 81_, 128
Koaiatschny, W., Frioke, K.J., Schleicher, H., Yorke, H.W.: 1981a, Astron.

Astrophys. ̂ 02, L23
Kollatschny, W., Fricke, K.J., Schleicher, H., ïorke, H.W.: 1981b, Astron.

Astrophys. H)4, 1 9 8

Koski, A.T.: 1978, Astrophys. J. 223, 56
Kwan, J., Krolik, J.H., 1981: Astrophys. J. 250, 478
Lyutyi, V.M.: 1979, Sov. Astron. AJ 23, 518
MacAlpine, G.M.: 1976, Astrophys. J. 204, 694.
Mathews, W.R.: 1982a, Astrophys. J. 252, 39
Mathews, W.R.: 1982b, Astrophys. J. 255, 425
Mathews, W.R., Blumenthal, G.R., Grandi, S.A.
Mendoza, C.: 1983, In IAU Symposium No. 103» Planetary Nebulae, Ed. D.R. Flower

(Dordrecht, Reidel), p. 143
Miller, H.R.: 1979, Astron. Astrophys. Supl. 33_, 387
Netzer, H.: 1975, Monthly Notices Roy. Astron. Soc. 171, 395
Netzer, H.: 1977, Monthly Notices Roy. Astron. Soc. ITS, 489
Netzer, H.: 1978, Astrophys. J. 21_9, 822
Netzer, H., Wills, B.J.: 1983, Astrophys. J. 275, 445
Nussbaumer, H., Osterbrock, D.E.: 1970, Astrophys. J. 161, 811
Nussbaumer, H., Storey, P.J.: 1978, Astron. Astrophys. 70, 37
Nussbaumer, H., Storey, P.J.: 1982, Astron. Astrophys. 113, 21

Astrophys. J. Suppl. 27, 21
1978, Proc. Nat. Acad. Sci., 75, 540
Koski, A.T., Phillips, M.M.: 1976, Astrophys. J. 2O6_, 898
Phillips, M.M.: 1977, Publ. Astr. Soc. Pac. 89, 251

Osterbrock, D.E., Schuder, J.M.: 1982, Astrophys. J. Suppl. 4_9, 149
Penston, M.V.: 1977, Monthly Notices Roy, Astron. Soc. 180, 278
Peterson, B.M., Foltz, C.B., Byard, P.L., Wagner, R.M.:

Suppl. 49, 469
C.B., Miller, H.R., Wagner, R.M.
1983, Astron. J. 88, 926

1976, Astrophys. J. 208, 37
1977, Astrophys. J. 2JJ5, 746
1978a, Astrophys. J. Suppl. 38, 187

Oke, J.B.: 1974,
Osterbrock, D.E.
Osterbrock, D.E.,
Osterbrock, D.E.,

Peterson, B.M., Foltz
K.A., Byard, P.L

Phillips, M.M.
Phillips, M.M.
Phillips, M.M.

1982, Astrophys. J.

Crenshaw, D.M., Meyers,

Phillips, M.M.: 1978b, Astrophys. J. 226, 736
Raine, D.J., Smith, A.: 1981, Monthly Notices Roy. Astron. Soc. 197, 339
Shectman, S.S.: 1981, in Annual Report of the Carnegy Institution of Washington,

p 586
Shields, G.A.: 1977, Astrophys. Letters ]B_, 119
Shields, G.A.: 1984, preprint
Shields, G.A., McKee, CM.: 1981, Astrophys. J. 246, L57
Shuder, J.M.: 1982, Astrophys. J. 259, 48
Smith, H.E.: 1980, Astrophys. J. 2_41_, L137
Van Groningen, E.: 1983, Astron. Astrophys. J_26, 363, chapter II of this thesis
Van Groningen, E.: 1984, chapter III of this thesis
Van Groningen, E., de Bruyn, A.G.: 1984, chapter V of this thesis
Weisheit, J.C., Shields, G.A., Tarter, C.B.: 1981, Astrophys. J. 245, 406
Weymann, R.J., Scott, J.S., Schiano, A.V.R., Christiansen, W.A.: 1982,

Astrophys. J. 262, 497
Wilson, A.S., Penston, M.V.: 1979, Astrophys. J. 232, 389
Wu, C.C., Boggess, A., Gull, T.R.: 1983, Astrophys. J. 266, 28
York, D.G., Ratcliff, S., Blades, J., Cowie, L.L., Morton, D.C., Wu, C.C.: 1984,

Astrophys. J. 276, 92



71

CHAPTER V

BROAD EMISSION LINE PROFILES IN SEYFERT-1 GALAXIES:

III [OIIl]-WINGS FROM A TRANSITION ZONE1

SUMMARY

In this chapter we demonstrate that broad forbidden line emission is a

common phenomenon in Seyfert-1 galaxies. We present new observations of 12

galaxies, in 10 of which broad forbidden line emission is definitely detected.

This broad forbidden line emission manifests itself most clearly on the long

wavelength side of the [OIII] X5007 line, where it is observed as a very broad

wing extending out to typically 4000 to 5000 km/sec. The wing is observed on an

intensity level of 3-10% of the peak of the narrow, strong [OIII] line, while

its Integrated flux, after correction for Fell X5018 emission, is typically 20-

30% of the total line flux. Possible contamination from other broad emission

lines is discussed. In a number of objects, a related wing is observed to the

[OIII] X4363 line, which indicates densities in the wing emitting region in the
6 S —3

order of 10 cm . It is shown that the distance between this region and the

central continuum source is probably somewhere between 1 and 10 parsec. Because

the [OIII] emitting medium holds an intermediate position between the broad line

region (BLR) and the narrow line region (NLR), both in density and in distance,

we denominate it the transition line region (TLR).

Early version of a paper in cooperation with Dr. A.G. de Bruyn
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I INTRODUCTION

The present picture of the emission line region of the nuclei of Seyfert-1

galaxies and quasars consists of two major structural components. There Is a

tiny (< 1 pc) region responsible for the broad emission lines embedded within a

much larger volume (~100-1000 pc) emitting lines with a much smaller velocity

dispersion. The relationship between these two regions, usually called the broad

line region (BLR) and the narrow line region (NLR), is still very much an open

question. Thus it is unclear whether they are related in an evolutionary sense,

and if so, which region should then be regarded as the primary source of

material. In the popular radial outflow models for the kinematics of the BLR

(Blumenthal and Mathews, 1975; 1979), the NLR could be envisaged as the region

where decelerated BLR gas clouds finally come to rest, while in the recent model

of Carroll and Kwan (1983) the BLR is regarded as a temporary phase of NLR gas

clouds on parabolic orbits into the mass centre of an active nucleus. On the

other hand, in pure Keplerian rotation models for the kinematics of the BLR

(Shields, 1978; Osterbrock, 1978a; van Groningen, 1983) there is no obvious link

between the BLR and the NLR. A recent investigation by Heekman et al. (1984) has

revealed a correlation between the linewidths of the narrow [OIII] lines and the

broad Ha line suggesting that the kinematics of the NLR and BLR are linked

statistically.

Because both the NLR and BLR are essentially unresolved at the telescope

nearly all information on their structure and density has come from indirect

arguments. Here the line widths of the permitted and forbidden emission line

have played a key role. The absence of broad emission associated with even the

strongest forbidden lines sets a firm lower limit of 10 cm to the electron

density in the BLR. Detailed photo-ionization models suggest densities in the

range 10 cm and higher (Collin-Souffrin et al., 1979, 1980). The electron

densities in the NLR, on the other hand, are many orders of magnitude lower; the

well-known diagnostic forbidden lines (e.g. [SII] X6717/6731) imply densities in

the range 103 - 10* cm"3 (e.g. Koski, 1978).

This apparent bi-modal distribution of the electron density in active

galactic nuclei may, however, be partly a selection effect. For intermediate

densities, n ~ 10 cm" , most of the strongest forbidden lines are suppressed

through collisional de-excitation while the emissivity dependence on electron

density squared for the permitted lines, tends to favour the contribution of the

higher density regions to the observed profile. In fact, in recent years many of

the weaker forbidden lines with higher critical densities than that of the

[OIII] AX4959/5007 doublet (e.g. [NeV] X3425, several transitions of [FeVII],
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[FelX] and [FeX], and [SII] XX4067/4076) have been found to exhibit line widths

intermediate to those of the NLR and the BLR (Wilson, 1979; Pelat et al., 1981;

De Robertis and Osterbrock, 1984; Filippenko and Halpern, 1984; Penston et al.,

1984). Unfortunately, most of these lines are faint and their intensities are

rather strongly dependent on the (unknown) shape of the far-ultra-violet

ionizing continuum. The very strong lines of [OIII] are much more useful in

these respects, although its critical density is only 7x10 cm" .

In the recent past several people have alluded to the possible existence of

broad wings to the [OIII] lines. For instance, Osterbrock (1978b) remarks that

broad wings might be present in some of the large number of Seyfert-1 galaxies

he observed. Pelat and Alloin (1982) detected a broad feature beneath X5007 with

<. FWHM of 1750 km/sec in NGC4151. Furthermore, broad wings are visible in some

of the spectra available in the literature but have not been noticed, or were

not accepted as real, or were attributed to Fell-emission (Osterbrock and

Shuder, 1982; Grandi, 1978; Feldman and MacAlpine, 1978; Malkan and Filippenko,

1983).

Detection of a weak broad feature in a spectral region where strong broad

and narrow emission lines are present, requires some special observational

precautions. Obviously, data with high spectral resolution and high signal-to-

noise ratios (S/N) are needed. Also the instrumental profile must be well

defined and should not have broad wings of its own. Furthermore, the

instrumental response curve should be determined very accurately. In particular,

care must be taken to minimize introducing structure on a scale of 20-100A via

the relative flux calibration procedure. To this end we have used two flux

standards with an almost featureless continuum in the wavelength range of

interest (4900-5300A). In section II we will show that indeed we have succeeded

in attaining an accuracy of better than 1-2% of the local continuum. This has,

in fact, proved more than sufficient for the detection of broad, triangularly

shaped tOIII]-wings that typically rise to 5-10% above the local continuum.

The choice of the objects in which we investigated the strength and line

profile of [0III]-wing emission was partially dictated by the combination of

telescope location (Las Campanas) and observing season (October). Generally, we

observed the brightest well-studied Seyfert-1 objects with declinations in the

range of -30° to +30°, and right ascensions between 18 and 6 . From the objects

satisfying these criteria we preferentially selected those that already had

shown indications of an [0III]-wlng, and that had relatively weak Fell emission.

Also, much less quantifiable, we concentrated on objects having "interesting"

Balmer lines, which usually meant that they contained structure in their

profiles.



74

The results of these observations are presented in section III. There we

also give a thorough analysis of potentially important contaminating lines of

other ionic species. The most important of these are broad emission of Hel

X5016 and Fell multiplet 42, adjacent U the base of [OIII] A5007. We argue that

the intensity of the latter line may be estimated accurately, on the basis of

the observed intensities of the other iron lines. We applied a correction for

this line, assuming that it has a profile that is identical to that of Hf$. In

section IV, we discuss the physical conditions in the [OIII]-wing zone and

explore various mechanisms that may lead to their production.

II OBSERVATIONS AND REDUCTIONS

a) instrumentation and observing procedures

High resolution spectra with very high signal-to-noise ratios of a dozen

bright Seyfert-1 nuclei were obtained on the 2.5 m telescope at Las Campanas,

Chile, during 6 nights in October 1982. The data were taken with the photon-

counting Reticon spectrometer (Shectman, 1980). This spectrometer contains two

Reticon arrays consisting of 936 diodes each. The position of individual photon

events is determined with an accuracy of one-fourth of a diode, resulting in a

spectrum of 3744 software pixels. Simultaneous observations of the object and

the sky were made trough 2" x 2" apertures separated by 27".

Two different gratings were used in first order. A grating with 600

lines/mm (dispersion 114 A/mm, mean resolution 3.6A FWHM) covered the spectral

region from 3500 to 720OA. A grating with 1200 lines/mm (dispersion 58 A/mm,

resolution 1.5A) was used to cover the region from about 3600-5500A at higher

resolution.

The relative sensitivity of the individual diodes was determined by

observing the spectrum of a tungsten lamp projected on the inside of the dome.

Inspection of these, socalled flatfield spectra revealed that the night to night

stability of the diodes was good to about 1-2%. In order to further improve on

this number we applied small grating rotations between consecutive nights

resulting in shifts of about 20A. After the flux and wavelength calibration, the

individual spectra were summed to one single high signal-to-noise spectrum with

a binsize of either lA or 2A per pixel. The S/N in the best parts of many of our

spectra exceeds 100 per pixel.

We have used 3 different objects to determine the wavelength dependent

sensitivity of the instrument, namely Abell 15, 3C446 and Hz 7. We will briefly

discuss the spectral characteristics of these "standards".
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Abell 15: This is a hot white dwarf with T e f f ~ 30000 K, the central star

of the planetary nebula. The spectrum shows weak Balmer and Hell absorption from

the star as well as weak Balmer, Hell, [OIII] and [NI] emission from the nebula.

Continuum intervals were chosen between these lines and calibrated with a

spectrum taken with the multichannel spectrophotometer on the 5-meter Hale

telescope at Mount Palomar, kindly made available by Prof. J. Greenstein. This

spectrum shows that the continuous spectrum can be well represented by a power-

law with a =-1.66 (f <* v °) .

3C446; This is an optically violently variable object (z = 1.404) that

happened to be in a very bright state in October 1982. In a spectrum taken

approximately 1 month before our run, using the multichannel spectrophotometer

(MCSP) on the Hale-5 meter telescope, the magnitude of 3C446 at 4200A is A B ^ Q Q

= 15.62+0.05 and it too has a very well defined power-law shape with slope

a • 1.90+0.02. We used these values to calculate our input calibration spectrum

at intervals of 125A. The intensity of 3C446 may have decreased by as much

as 0.4 between September and October. As discussed in chapter VI, this results

in an error in the absolute flux calibration, but not in the slope of the

observed Seyfert spectra.

Several sharp absorption lines are visible at a redshift of 0.847 (cf.

Miller and French, 1978). Of these only the Mgll A2800 doublet is strong enough

(EW-1.6A) to introduce a significant deviation (>1%) in a 125A band. Conse-

quently the magnitude in this band was assumed to be 0.015 higher than calcu-

lated for a pure power-law. No correction was made for the CIII] X1909 emission

line at the redshift of 3C446 (X . =4598A) because its equivalent width was less

than lA, corresponding to a flux density of 3.5x10"^ erg cm sec .

Hz 7: A MCSP-spectrum of this white dwarf with strong Balmer absorption

lines is published by Oke (1974). We used this star only as a check on the

absolute flux density scale.

One possible check on the power-law nature of the spectra of Abell 15 and

3C446 is to divide their unreduced counts. Because all instrumental effects then

cancel, this should result in a power-law spectrum with a =3.56 + 0.05. The

outcome of this division is displayed in fig 1, where the best fit to the marked

data points is drawn: a = 3.53. Here the data were summed into bins of 4oA.

1 It is interesting to note that this may indicate a significant decrease in
the intensity of this line in the last few years: Miller and French (]978) find
that its flux has remained constant from 1968 to 1977 at a level of l^xlO"1^

-2 -1erg cm sec •
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figure 1: The result of divi • ̂
ding the unreduced spectrum o"
Abell IS (<x=-1.66) to that of
SC446 (o=l.90). The data have
been rebinned into 40A pixels.
Bins that are free of spectral
features in both objects are
indicated with +. The line is
a power-law fit through these
points and has a slope of 3.53.

Regions where strong spectral features are present in either of the spectra were

omitted in the fitting procedure, as well as the points below 4000A where

differential refraction starts to become important. Virtually all deviations

from the fit are within the photon noise. From this we conclude that the use of

these "standards" should have limited inaccuracies in the calibrated spectra on

a scale of 40A and larger to less than 1-2% of the local continuum.

Differential refraction is another factor that may influence the observed

shape of the continuum. Most of our objects were observed at airmasses of less

than 1.3 with the exception of NGC7469, Mkn335 and Akn564. The light losses in a

2" x 2" aperture, with a seeing of 1" and at an alrmass of 1.3 can be estimated

at 9.2, 9.0, 9.4, 11.8 and 20.2% respectively for X = 5500, 5000, 4500, 4000 and

3500A. Here we used the amounts of differential refraction at 1X0 as calculated

by Filippenko (1982) and assumed the star to be centered in the aperture at

5000A. This worst case estimate shows that the shape of the continuum above

4000A is only marginally influenced by differential refraction and hence no

corrections were made for this effect.

Table 1: The instrumental pyofile of the
are line Hel X5016. Rill width at given in-
tensity, in pixels, kngstrom and velocity.

I/Ipeak

0.50
0.20
0.10
0.05
0.03
0.01

pixel

2.9
4.9
6.3
7.9
9.4

13.0

A

1.6
2.6
3.3
4.2
5.0
6.9

km/sec

94
150
200
250
300
510
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figure 2: The instrumental profile (line)
as measured from the Hel X5016 line in the
ara speotrum. Dashed line is a Gaussian fit
to the core of the instrumental profile.

b) Instrumental profile and coincidence losses

The Instrumental profile was determined from the strong Hel X5016 line in

the arc spectra. In fig 2 the profile of the latter is compared with a Gaussian.

The right wing of the observed profile rises slightly above the Gaussian, but

never more than 3% of the peak intensity. The weak excess in the left wing is

probably due to two weak and unresolved lines of All in the arc spectrum. Table

1 lists the full width of the observed profile at various intensity levels. As a

final check on the Instrumental profile we also took a spectrum of the planetary

nebula NGC246, in which the emission lines should be completely unresolved. The

measured profiles agreed to within the errors with those from the arc spectra

lines.

For the bright objects in our sample the photon detection system will miss

some photons if the count rates become too high (Shectman, 1980). Because the

Reticon receives a photon splash with a diameter of about 100 um (spread acioss

several diodes), the immediate neighborhood of a strong line could be strongly

influenced. A direct estimate of the magnitude of these coincidence losses can

be obtained from the observed [OIII] X5007/A4959 ratios. If coincidence losses

are important this ratio should be systematically lower for the brighter objects

(which had count rates up to ~7 cnts/sec/pix). This is however not the case,

indicating that coincidence corrections are negligible. As an additional test we

compared the sum of the spectra of a tungsten lamp and an arc taken separately

with A spectrum of the same combination taken simultaneously. In the latter case

the tungsten 'continuum' should be affected in the neighborhood of strong arc

lines. However, even though the count rates were as high as 13 cnts/sec/pix in

the strongest arc lines, no effect was seen in the underlying continuum above a

level of about 0.5% of the integrated line flux. Since it is expected that the

coincidence losses grow exponentionally with countrate (due to the Poisson
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Table 2: Journal of the observations

Object

Mkn618

Akn564

Mkn590

Mkn304

Mkn926

II Zw 136

Date
(1982)

Oct.
it

ti

it

i»

Oct.
ti

ii

ii

II

Sept.
Oct.

ti

n

Oct.

Oct.
II

it

it

Oct.

1
2
3
4
5

1
2
3
5
14

28
1
2
3

4

2
3
4
5

4

Tel.

LCO
tt

II

it

it

LCO
it

it

II

MtW

LCO
II

II

it

LCO

LCO
II

ti

tt

LCO

Time
(sec)

3000
3600
2500
3000
3000

1000
3000
3000
4000
6000

4000
3000
2500
2500

3000

3000
3000
2500
2500

2500

Wavelength
(A)

3770-5700
3760-5700
3740-5670
3780-7540
3510-7270

3770-5700
3760-5700
3740-5670
3510-7270
5830-7210

3730-5660
3780-5710
3770-5700
3750-5680

3780-7540

3760-5700
3740-5670
3780-7540
3510-7270

3510-7260

Res

(A)
1.5
it

it

3.5
II

1.5
tl

II

3.5
2.0

1.5
tt

II

It

3.5

1.5
II

3.5
tt

3.5

Seeing
(")

1.0
0.5
2.0

>1.0
1.0

1.5
1.0

<1.0
1.0
2.0

2.5
1.0
1.0
1.5

0.5

1.5
1.0
1.0
0.5

0.5

Airinass

1.06
1.09
1.35
1.29
1.06

2.3
1.95
1.96
1.94
1.1

1.17
1.14
1.14
1.20

1.29

1.07
1.07
1.20
1.11

1.30

distribution of the arrival times of photons) we are confident that any feature

detected in the immediate neighoorhood of a strong line is a genuine spectral

feature.

Ill RESULTS

Our observing list consisted of a dozen objects. The selection criteria

that led to the observing sample were described in the introduction. Nearly all

objects were observed at least once; some objects even >ip to five times. Also we

tried to observe all objects with both the low and the high resolution grating

but due to the fact that half our observing run was cloudy we did net quite

succeed in these goals. Thus NGC7469, Mkn590 and Falrall 9 were observed only

with the 1200 I/mm grating and Mkn304 and II Zw 136 only with the 600 I/mm

grating. An observing log is given in table 2 for those six objects that are not

yet covered in chapters III, IV and VI of this thesis.
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4200 4300 4400 4500 4600 4700 4800 5100 52004900 5000

XlA)
figux-e 3: The spectral region in 420OA to 5200A of five objects from the primary
sample. Wavelengths have been deredshifted to the rest frame of the object. The
resolution it> 1.5A.and bin size^is lA. Ordinate is the observed flux density in
units of 10 erg cm sec A . The absolute flux scale may have a wavelength
independent error of as much as a factor of two, as discussed in chapter VI.
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MKN 509
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MKN61B
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A

V
n

\ ' •

\ (A)
«950 S000 50S0 S100 5150

(A)
0 5

A (A)

figure 4a: The bases of the [OIIIJ X5007 tines of the objects in the primary
sample. The scale has been chosen to emphasize the shape and details of the
broad wings. The height of the bar in each plot indicates 10% of the flux
at ~5100A rest wavelength.
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AKN 564

IJ950 5000 5050 5100 5150 4950 5000 „ 5050 5100 5150

figure 4b: Same as 4a fop the six remaining objeets.
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a) the observed spectra

Figure 3 displays lOOOA of the blue high-resolution spectrum of 5 Seyfert-1

galaxies where we obtained a S/N ~ iOO per Angstrom in the continuum region

around the [OIII] linss. Each of these galaxies was found to contain prominent

broad emission features to the red of [OIH] X5007. In fig 4 we display on an

enlarged scale the bases of the [OIII] lines of all twelve galaxies in the

sample. All spectra were deredshifted using the mean redshlft defined by the

peaks of the narrow [OIII] and [Nelll] lines. In nearly all objects a strong

triangularly shaped extension can be discerned on the red side of the [OIII]

X5007 line. Henceforth we will refer to these features as the (red) [OIII]-

wings. Their peak intensity varies from about 3% to 10% of the peak X5007

intensity. Relative to the continuum near rest-wavelength 5100A the [0III]-wings

reach up to 20%. Note in particular the sharp onset of these wings near rest-

wavelength ~5017A in many of the objects, e.g. NGC7469, Mkn509 and Mkn618.

A counterpart of these wings on the blue side of [OIII] X5007 cannot be

discerned so easily. This is due to the presence of [OIII] X4959 and the

asymmetry in the narrow [OIII] lines. At about 10% of the peak the [OIII] lines

are skewed towards the red very strongly. This is a commonly observed phenomenon

in Seyfert galaxies and quasars (Heekman et al., 1981). It is also posslh.s,

however, that a blue counterpart of the red wing is weaker. We wiJ.I return to

this important subject in IIIc.

We will now first briefly discuss the main characteristics of the [OIII]-

wings of the galaxies presented in fig 4. Of the objects listed below, the first

six display the most pronounced [OIII]-wings. Henceforth, we will re .:er to them

as the primary sample. They have been collected in fig 4a.

NGC7469; In this galaxy the [OIII]-wing is smooth extending out to

~5080A. A high resolution spectrum taken by Malkan and Filippenko (1983) also

shows the strong wing.

3C120; The weak sharp line superimposed on the red wing of [OIII] X4959

may be identified with [FeVI] X4972.

Mkn509; A distinct feature is visible in the wing at ~5056A, which may be

attributed to Sill X5056 (see section Illb). The wing can be traced to at least

5100A. The wing is also evident in the spactrum of this object published by

Osterbrock and Koski (1976).

Fairall 9: The wing shows a clear excess emission out to ~504OA, when

compared to the triangularly shaped wings of the preceding three objects. This

excess emission contains structure that appears to correlate well with structure

in the red wing of H(3 (cf. fig 3) at similar velocity offsets. No such excess

emission is visible on the blue side of [OIII] X5007. The emission near the red
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base of [OIII] X4959 can be attributed to [FeVl] A4967 and X4972.

Mkn618; The red asymmetry of the broad wing is very conspicuous. Part of

this, however, is due to Fell A5018 because this galaxy is a strong iron line

emitter. Several spectra of Mkn618 have been published in which the wing and its

asymmetry are also prominent (Feldman and MacAlpine, 1978, Osterbrock, 1978a).

Mkn335: This galaxy has been discussed in detail elsewhere (van Groningen,

1984). The narrow lines are weak with respect to the broad lines. The broad wing

is visible at a level of one tenth of the peak of X5007. The apparently smoother

transition from the narrow [OIII] A5007 line to the wing can be attributed to

emission from Fell X5018.

Akn564: Because the broad lines are relatively narrow (Osterbrock and

Shuder (1982)), Fell X5018 can be separated from the base of [OIII] X50O7.

However, a broad wing is definitely present at a level of 1-2% of the narrow

line peak.

Mkn590; The continuum of this object is dominated by an extraordinary

strong stellar absorption spectrum, which may account for up to 50% of the

"continuum" around 5000A, at the time of our observation when the object was

faint [a spectrum taken one year earlier by Dr. J. Lub at ESO (private

communication) revealed an Hf5 line and non-stellar continuum more than a factor

2 brighter]. Yet, a strong red, triangularly shaped [0III]-wing, is definitely

present.

Mkn304: This galaxy was only observed with 4A resolution. The wing is

present but the S/N ratio is too low to distinguish any details. Iron line

emission is strong in this galaxy, and the contribution of X5018 to the [OIII]-

wing is hard to estimate.

Aknl20: The base of X5007 is contaminated with strong Fell X5018, as

discussed by de Bruyn and van Groningen (1984). Because the detailed profile

shape of the iron line is uncertain, no conclusion about the presence of an

[0III]-wing could be drawn.

Mkn926 = MCG-2-58-22: A weak broad wing may be present. However, this might

also be attributed to the red wing of HB, because the Balmer lines are extremely

broad in this galaxy. This is one of the few objects where the narrow [OIII]

lines are skewed towards the red.

II Zw 136; Only a low resolution, low S/N scan of this object was obtained.

The wing is visible, but like in Mkn304 the contribution of the iron line could

not be calculated.
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b) the nature of the wings

What is the origin of the broad wings observed underneath the forbidden
j |

[OIII] lines? Are they really caused by 0 emission or due to some other

species? In this paragraph we will consider a number of hypotheses in which the

wings are not related to [OIII] X5OO7. We note that the wing can not be

explained by waves in an underlying galactic continuum. Although a broad

depression between about 5000A and 5200A is observed in the spectrum of M32

(Schmidt and Miller, 1980) and in other spectra of spirals (e.g. Filippenko and

Halpern, 1984) and ellipticals (Dressier, 1984) they have, after dilution by a

featureless Seyfert continuum, become too weak to be of any concern. Moreover,

the wings are observed to be equally strong in spectra with a strong (Mkn590) to

moderate (NGC7469) galactic contribution and in those without (Mkn335, Mkn509).

Another possibility is that the wings are a composition of a number of

weak, narrow and broad emission lines. The observed smoothness of the wings

implies that if they are due to a collection of narrow lines, at least half a

dozen of such lines are required. We consider this extremely unlikely. There

are, however, several permitted broad lines that may contribute to the wings.

Below, we consider successively Hel X5016 and X5047, Sill (5) X5O41 and

and X5056, and Fell (42) X5018.

Hel X5016 and X5047 are singlet lines and arise purely from recombi-

nation. For the physical conditions believed to prevail in Seyfert-1 galaxies,

there is no conceivable way to enhance them with respect to the other broad

lines, even ii very high column densities are involved. However, at the very
13 -3

high densities (n ~10 cm ) believed to exist In the accretion disks of

cataclysmic variables (Williams, 1980) or accretion funnels of related objects

(e.g. AM Her, Stockman et al., 1977) the Hel singlet (and triplet) lines can

become very strong relative to the Balmer lines. It is not clear what causes

this (see also the discussion by Ferland et al., 1982). In most Seyfert-1

galaxies such high density regions probably contribute relatively little to the

observed line profiles, although in some cases, e.g. Mkn335 (van Groningen,

1984), this may not be true (we will return to this point when discussing

possible counterparts of the [0III]-wlng in the Balmer lines).

In order to estimate the strength of Hel X5016 we have to rely upon other

Hel lines and make some assumption about the physical conditions. For case B

recombination, the X5016 line is about nearly as strong as the X6678 singlet

line (Osterbrock, 1974). In none of our spectra we have found evidence

for Hel X6678 although in most of our objects it would be located in a region

confused by the red Ho wing, the [SIl] XX6717/6731 doublet and the atmospheric
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B-band. A line as weak and broad as the [OIIl]-red wing would then not be easily

detectable. Therefore we do not consider this as evidence against the presence

of X5016,

A comparison with Hel triplet lines, of which X5876 and X4471 are detected

in most of our samples is, in fact, more useful. Under case B recombination

conditions the X5016 line would be about 60% of the X4471 triplet line and about

20-25% of the X5876 triplet line (Osterbrock, 1974). However, the great

intensity of Hel X5876 in Seyfert-1 spectra has been very successfully explained

by collisional excitation enhancement (Feldman and MacAlpine, 1978; Netzer,

1978). These authors have shown that both X4471 and X5876 emission can then

become stronger than their recombination values. Enhancement of X5876 by a

factor of three is easily possible and may in fact be required. In that case the

ratio X5016/X5876 would drop to less than 0.1. This would imply, given the

observed strength of Hel X5876, that the X5016 emission could contribute only a

small fraction to the observed [0III]-red wing intensity.

Sill (5) X5041, X5056: weak Sill emission is present in the UV-spectrum of

Seyfert-1 galaxies at a level of one tenth or less of Lya (Ulrich et al., 1980;

Clavel and Joly, 1984). Dumont and Mathez (1981) calculated that the intensity

of multiplet 5 under BLR conditions is generally less than one percent of the

UV-lines, unless the latter reach extremely high optical depths (T,_,> 10 ,
24 -2

corresponding to a column density Ne>10 cm )• Combining the UV data and the

model calculations and assuming Ly<x/HB~1O we find I(multiplet 5)<0.01 I(H0). The

integrated flux in the [0IIl]-wing is always ~ 0.05 I(HB) , indicating that the

contribution of Sill to the [0III]-wing is at most 20%. An additional constraint

on the strength of multiplet 5 may come from the observed strengths of the other

optical Sill lines. Dumont and Mathez (1981) find that the fluxes of multiplet 2

(X6347 and X6371) and multiplet 1 (X3856, X3863 and X3854) are typically a few

times higher than those of multiplet 5, while multiplet 4 (X5958 and X5979)

should be slightly weaker. The strongest line of multiplet 2, X6347, is not ob-

served (I/l(Hf5)<0.01) in any of the galaxies for which red spectra are available.

In most objects, strong emission of [FeX] X6374 impedes the identification

of X6371. In most of the galaxies in our sample multiplet 1 can not be

identified. In some objects, e.g. Mkn509 (see chapter VI, fig 8), there is

clearly a blue emission wing to [NelII] X3896; this feature may, however, be

proper [Nelll] emission. On the other hand, the supposedly weaker raultiplet 4

may be present in some galaxies (Mkn335, Mkn509) at a level of 3-7% of H0. Thus

no consistent picture emerges from the optical line strengths of Sill, and we
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have to keep in mind that the red edge of the [OIIl]-wing may contain some

contribution from Sill.

Fell (42) A5018: this line from multiple! 42 is one of the stronger iron

lines as inferred from those Seyfert-1 spectra where it can be separated from

[OIII] X5007, e.g, Mkn42 (Koski, 1978), I Zw 1 (Phillips, 1978a) and Akn564

(this paper). Its strength can in principle be deduced from the observed

strengths of the other lines from this multiplet: A4924 and A5169. The former

can be separated unambiguously from the red wing of H@ in only a few cases

(AknS64, Mkn335). We therefore have to rely upon A5169, although this line also

presents some problems: it is often blended with higher excitation forbidden

lines of iron and could be cut up by Mgl b absorption in the spectrum of the

underlying galaxy. We now first discuss the theoretical line ratios within

multiplet 42 before we derive the observed fluxes of A5169 in our sample.

The three lines of multiplet 42 arise from the a6S-z P° transitions in Fe+.

Recently their Einstein transition coefficients A have been measured with high

accuracy by Moity (1983). We will simplify the calculation of the relative line

strengths by assuming that the upper levels (with J - 3/2, 5/2, 7/2) are

populated according to their LTE values (see Netzer and Wills (1983) for a

detailed discussion of this assumption). For our purposes it is sufficient to

consider only two limits to the optical depth in one of the lines

i.e. T,,,n«l and T_ , o » l . For the optically thin case the flux in a line is
J10" -> 10"

simply given by I(A .)»N A -t^>-, , where u denotes the upper and 1 the lower

level and N is the population density of the level. With the assumptions above

we find 1(5169): 1(5018): 1(4924) - 1.00: 0.83: 0.52 for T 5 1 6 9 « l . When the

lines are optically thick these intensities are modified by their escape

probabilities e l u: I(A j) • H A .e. hv . For high optical depth e., is

inversely proportional to T. and hence I(X .) <* exp{-E /T} A ., (Netzer and

Wills, 1983). This implies line ratios of order unity (to within 15%) for the

plausible temperature range in the Fell emitting zone (5xlO3 < Te < 3xl0
4K).

These simple estimates are confirmed by the detailed, fully treated radiative

transfer calculations of Joly (1984).

Whether A5169 is optically thin or thick may be inferred from the observed

ratio between multiplet 42 and multiplets 27+28. Joly (1981) has performed

detailed calculations of this ratio as a function of tuv3 (the optical depth in

the resonance line at 2343A). These calculations show that multiplet 42 become
> 3

saturated for tuv, ~ 10 which corresponds to T5igq>l f°
r thermal level

populations and Te = 10*). Above this optical depth the combined strength of

multiplets 27 and 28 greatly exceeds that of multiplet 42.
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The determination of the observed strength of Fell (42) X5169 Is in most

cases hindered by the presence of relatively strong blending lines, e.g.

Fell A5198, [FeVTj X5146, X5176 and fFeVII] X5159. The S/N-ratio of the spectra

In our primary sample is sufficiently high to recognize these lines individually

and roughly estimate their fluxes. A crude upper limit to the A5169 flux Is

obtained by taking the Integrated flux of the feature between A5130 and X519O

and subtracting the measured fluxes of the [FeVI] and [FeVII] lines. The

relevant line intensities relative to HP obtained in this way are listed in

table 3 together with the summed flux of multiplets 27 and 28. The latter was

assumed to be thrice the summed flux of Fell (27) A4173, A4233 and Fell

(28) X4179. This assumption is based on the relative fluxes within these

multlplets as found In I Zw 1 and Mkn42 (Phillips, 1978a). These lines are

located in a relatively clean spectral region and their intensities can be

measured without difficulty.

Table 3: Iron line fluxes in the primary sample f#(3-100).

Galaxy

NGC7469

3C120

Mkn509

Falrall 9

Mkn618

Mkn335

[FeVII]

X5158

0.7

0.7

-

0.7

-

0.3

[FeVI]

X5146

0.4

0.4

-

0.4

-

0.3

[FeVI]

X5177

0.5

0.3

-

1.2

1.4

0.3

Fell

(27+28) x 5 1 6 9

3.1 <1

4.6 >1

4.6 >1

<0.9 <1

12.2 >1

18.7 >1

Fell

X5169

4.6

2.5

5.0

5.7

8.5

6.7

Fell

X5018

3.8

2.5

5.0

4.7

8.5

6.7

Fell

A4924

2.4

2.5

5.0

3.0

8.5

1.7

Mgl b

strong

absent?

absent

strong

absent

absent

Using these data we proceed in the following way: if there is evidence that

the total flux in multiplet 27 and 28 is less than that of multiplet 42 it is

assumed that X5169 is optically thin (Joly, 1981). Hence corrections can be made

for Fell (42) X4924 and X5018 with 52% and 83% of the measured X5169

strength, as outlined above. If, on the other hand, the multiplets are of

comparable Intensity *_,,„ may be greater than unity and X4924 and X5018 are

subtracted w5th the same strength as X5169. The relative fluxes of multiplet 42

with respect to H£ found in this way are also listed in table 2. In all cases we

subtracted the Fell lines with the profile of the broad component of Hg. In a
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figure Sa: The removal
of multiplet 42 of Feil
(with three lines at
4924A, 5018A and 5169A)
in Mkn618. For the pro-
file shape of the iron
lines we adopted the HB
profile. The upper panel
shows the observed
spectrum (deredshifted);
in the lower panels Fell
has been removed with
intensities of ?% and 9%
of Hg respectively. (See
text for an extensive
description).

4200 4400 M600 MB00 5000 52C0 5H00

figure 5b: lame as fig.
5a for Mkn509. Top panel
is the deredshifted
spectrum; in the lower
panel the multiplet 42
lines have been sub-
tracted with their
optically thin intensity
ratios, with
I(X5169)/H3 = 0.05.
(See text for an
extensive description).
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previous paper (de Bruyn and van Groningen, 1984) we reported on the dramatic

profile differences between certain Fell lines and the Balmer lines in Aknl20.

However, in none of the other strong Fell Seyferts in our sample (Mkn335,

Mkn618, Akn564) could we find any evidence for such differences. For I Zw 1

Phillips (1978a) also finds the widths of the lines to be comparable, although

the iron lines may be slightly narrower (~25%). Such a difference, however,

would have very little impact on our results.

We show two examples of the considerations and steps involved in the Fell

correction procedure. Figure 5a shows Mkn618 which is the object with the most

asymmetric [OIIl]-wing and which has relatively strong Fell emission. Figure 5b

displays the result for Mkn509, an object with weak Fell emission but possibly

very extended Balmer lines which makes the placement of the "true" continuum

rather difficult.

i) Mkn618, fig 5a

We began with removing the [OIII] X4959 line using [OIII] X5007 as a

template. However, we did not include the red wing in the template profile. The

ratio of 4959/5007 was taken to be 0.33. The result is displayed in the top

panel of figure 5a (deredshifted). The emission feature between 5100A and

5200A is made up of Fell (42) X5169, [FeVl] X5176, and [NI] X5199. The blend

actually peaks at 5174A, which is caused by a slight blueshift of the [FeVl]-

line. This shift of ~200 km/sec agrees well with the small shift observed in the

other high excitation iron lines (i.e. [FeVII] X5721, X6087). Fig 5a also shows

two trials for the strength of multiplet 42, with X5169/H0 = 0.07 (middle) and

0.09 (bottom) respectively. The remaining two lines of multiplet 42 at 4924A and

5018A were subtracted with the same intensity as X5169. It is clear

that X5169/HP = 0.09 removes any broad feature from the blend and only the

[FeVl] and [NI] lines (and probably [FeVl] X5146) remain visible. The impact of

these manipulations on the shape of the [OIII]-wings is also clear: it changes

from roughly triangular to a broad plateau, which is still strongly red

asymmetric. Note, that if T5169 < 1 and X5169/Hf5 = 0.09, we would

have X5018/HS = 0.07, i.e. the wing remains more triangular. Increasing

the X5018/Hf5-ratio to more than 0.1, results in an unrealistic dip near the base

of the narrow [0IIl]-line. The shape of H3 is also influenced because of the

strong X4924-line. Hf5 will however remain strongly redward skewed, as discussed

in chapter VI.
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li) Mkn509, fig 5b

As remarked earlier the Balmer line profiles of Mkn5O9 may be very

extended. The evidence for this is shown in the upper spectrum of fig 5b. If we

draw a power-law continuum through the points at 4200A, 5100A and 5500A there is

still significant emission left at 4750A amounting to some 10% of the adopted

continuum. Also at 4450A, lOOA to the red of Hy, there remains a significant

emission. If we remove [OIII] X4959 with 0.33 of the X5007, the spectrum shown

in the middle part of fig 5b remains. T M s shows that the wing associated

with [OIII] X5007 is fairly symmetric, in contrast to the situation in Mkn618.

The broad feature peaking at about 5170A can probably be fully attributed

to Fell X5169 since the [FeVIl], and probably the [FeVl] lines as well, are very

weak or absent in this object. Removing the Fell X5169 line with 5% of

the Hp profile results in a flat continuum between 5100 and 5200A. For the

intensities of X4924 and X5018 we took the optically thin values (see table 3).

This results in the bottom spectrum of fig 5b which reveals a fully cleaned

[0TII]-wing profile of still considerable strength. To within the uncertainty

associated with the unknown shape of the wings of H3 this [OIII]-wing profile

looks symmetric. In fact, we can turn the problem around and state that if the

[0III]-wing is symmetric then the HB profile must have a very blue-asymmetric

shape at velocity offsets of about 6000 km/s (corresponding to 100A wavelength

shift).

The two examples discussed above reveal the intricacies associated with the

determination of proper [0III]-wing profile shapes. Yet, they also establish

beyond doubt that most of the [OlllJ-wings can not be due to Fell multiplet 42

emission .

In fig 6 we show the spectra of the primary sample all treated in the same

way as Mkn618 and Mkn509. Two of them reveal fairly symmetric [OIIl]-wings

(NGC7469 and 3C120), while the other two (Fairall 9 and Mkn335) are left with

still strongly red asymmetric [OIII]-wings.

c) the symmetry of the [Olllj-wing profile

Perhaps the strongest argument in favour of an Interpretation of the
I t

[0III]-wing as proper 0 emission would come from the presence of a symmetrical

1 The emission line spectrum of Fe+ is enormously rich and complex as shown by a
recent study by Netzer et al. (1983), and it is not impossible that there are
other, poorly known transitions present in Seyfert-1 spectra. In this connection
we wish to point out that spectra of the early stages of novae (e.g. Nova Muscae
(Krautter et al., 1984) and Nova Vulpecula (unpublished data taken with the
Isaac Newton Telescope in August 1984)) reveal strong multiplet 42 emission and
several still unidentified features around the [OIII] lines.
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profile and/or the observation of wings associated with [OIII] X4959. As will be

clear from the preceding analysis the latter would be extremely difficult to

establish, hence we will concentrate on the [OIIl] X5007 wing.

When we inspect the overall shape of the bases of the X5007 lines as

presented in figures 4 and 5 - and exclude Aknl20 and Mkn926 for reasons given

in Ilia - then we see at least four objects of which the red wing is stronger

than the-blue wing, namely Mkn618, Mkn335, Fairall 9 and Mkn590. Is this

asymmetry real or merely an illusion, caused by Hel X5016, Fell X5018 or still

unidentified lines? As stated in the introduction we are not even certain that

we did not, unknowingly, bias our sample in favour of red-asymmetric [OIIl]-

wings and an investigation using a properly chosen sample seems in order.

Yet, there are various aspects of this question that we can comment upon

which take away some of the uncertainties. First, if the [01II]-wings are

intrinsically symmetric, and due to 0 emission, then the intensity in

between X4959 and X5007 should be one-third higher than at a symmetrical

wavelength on the red side of X5007. Clearly, this is not observed in several

more objects than the four mentioned above. But then, a small contribution

from Fell A5018 and Hel X5016 in the red wing might compensate this. Second, the

profile of the narrow [OIII] lines is often strongly skewed towards the blue.

This may make the red wing appear more conspicuous. Also, the wavelength scale

in figures 4, 5 and 6 is based on the redshift of the peak of the [OIII] and

[Nelll] lines, which may lie several hundred km/s (or about 4-5A) to the blue of

the true systemic velocity. Third, in one of the objects (Mkn590) the apparent

red asymmetry is very likely caused by a depression at 4970A in the underlying

galactic continuum. As noted before, the "continuum" of Mkn590 is extremely rich

in stellar absorption features and when we compare our spectrum with that of

normal galaxies (e.g. NGC7213 and IC4889 shown in Filippenko and Halpern (1984)

and four Coma ellipticals shown by Dressier (1984)) it is clear that the dip

between [OIII] X4959 and A5007 is caused by such a stellar absorption. Finally,

the high S/N in the Fairall 9 spectrum has enabled the detection of various

features in the red wing around 5020-5040A which appear to have a clear

counterpart in Hg (cf. fig 3). This directly proves that in this object there is

definitely 0 emission at very high positive velocities.

Concluding therefore, we believe that only Mkn618, Fairall 9 and Mkn335,

out of ten objects, show a clear red asymmetry in the [OIIl]-wing.

d) associated broad wings in other forbidden emission lines

For the understanding of the physics of the region emitting the [OIII]-

wings it is crucial to obtain fluxes or upper limits to the fluxes of other
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forbidden and permitted lines. Unfortunately, it is very hard to obtain useful

estimates of the fluxes of the wings of most other narrow lines. The stronger

lines are either located on the edge of the spectra were the S/N ratios are

substantially lower ([Oil] X3726/29), or in the neighborhood of a strong broad

Balmer line ([NelllJ A3869, [SII] A4069/76).

3.0 -

g
iu
(2.0

Ö1.0 -

0.0

figure 7: The result of
the subtraction of the
normalized H3 profile
(I. = 10) from that
orWfin Mkn618. The
abscissa gives the velo-
city shift from the line

-oooo -4000 4000 8000
A' (Km vee)

In chapter VI, [OIII] X4363 is studied in detail for the brightest objects

in the sample. An interesting conclusion concerning the profile shape of this

line could be drawn, despite the fact that it is located close to Hy. It was

found that the narrow line cores of X4363 are on average about twice as broad

as X5007 and that in most cases there is a strong wing extending out to similar

velocities as the X5007-wings. The narrow core-to-wing ratio of X4363 is in all

cases very much smaller than in X5OO7. Although very hard to measure exactly,

the X5007/X4363 ratio in the wings is typically of order 10. As an example, fig

7 displays the wing of the X4363-line in Mkn618. This plot shows the result of

subtracting a scaled profile of H5 from the blend of Hy and [OIII] X4363.

Strong emission from forbidden transitions in highly ionized stages of iron

are observed in several of the objects in our sample. Mkn618, Aknl20 and Mkn335

all show emission from [FeVIl] X3759, X5721 and X6087 and [FeX] X6374. In our

spectra all of these transitions are noticeably broader than

[OIII] X4959/5007 and [NelII] X3869, as previously found in these and other

objects by Wilson (1979), Osterbrock (1981), Pelat et al. (1981), De Robertis

and Osterbrock (1984), and Penston et al. (1984). The velocity halfwidth of

these lines are usually about 1000 km/s, much broader than the [OIII] lines but

not nearly as broad as the [OIII]-wings. Although much broader extensions might

be too faint to detect we consider it unlikely that the iron lines originate in

the same region as that which produces the [oril]-wings. One of the reasons is

that the smooth intensity profiles of the iron lines differ drastically from the
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profiles of the [OIII] lines as a whole which show a distinct kink in their

profiles at a velocity of about 600 km/s. A second reason, as discussed further

in IVa the highly ionized stages of iron may also derive their energy from a

different ionization mechanism.

e) associated broad wings in the Balmer lines and Hel X5876

The broad lines in most of the galaxies in our primary sample display a

distinct red component which may be related to the [OlllJ-wings. This component

is very prominent in the Balmer lines of NGC7469 and 3C120 as can be seen in fig

3. The Balmer line profiles of these two galaxies, as well as those of Mkn509

and Fairall 9, are discussed extensively in chapter VI. Here we summarize the

results for 3C120. Fig 4 in chapter VI shows a blow-up of the HB line with

[OIII] X4959 and the narrow line component of HB removed with the profile of

fOIIl] X5007 (with X5OO7/Hg ~ 13). Also, a small correction was applied for Fell

(42) X4924 (see table 3) with an HB-profile. The core of the remaining profile

is slightly asymmetric to the blue. However, around Av ~ 2000 km/sec the strong

red wing sets in, extending to ~6000 km/sec. The same feature can be seen in

Ha (chapter VI, fig 4), although it is severely cut up by the atmospheric B-band

beyond 4000 km/sec. In Ha the wing begins at a significantly lower level than in

HB (15% versus 25% of the peak intensity). This means that the Ha/HB ratio in

the wing is lower than in the broad line core. The red spectrum of Mkn618, not

shown here, was found to display a red excess in the wing of both Ho and

Hel X5876.

In order to estimate the ratio of [OIII]/HB at various velocities in the

[OIHj-wing we have to make some assumptions about the shape of the HB broad

line profile. However, we can not determine the shape of the blue wing

of HB which is inextricably mixed up with a red wing of Hell X4686 as shown in

Illb above for Mkn509. Hence we make the very simplifying assumption that all of

the red excess originates from the same component as the [OIII]-wing. Obviously,

this assumption leads to an underestimate of [OIII]/HB in the wing In galaxies

where the proper broad line component is asymmetric to the blue (e.g. 3C120,

Mkn335, Mkn509) and to an overestimate if it is asymmetric to the red (NGC7469,

Fairall 9). It is found that in five of the six galaxies (except Mkn335) the

line ratio at Av ~ 3000 km/sec is approximately unity, within a factor of 2. The

ratio appears to drop substantially with increasing shift from the line centre.

In most cases the wing of HB can be traced out to ~4970A (~7000 km/sec) while

the [0III]-wing disappears in the noise at typically ~5080A (~4500 km/sec).

To summarize: the wings detected on the long wavelength side of [OIII]

lines have a clear counterpart in the Balmer lines, which is in some objects
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observed as a distinct component. A rough estimate of the X5007/H3 ratio

indicates that it is always close to unity. Although the primary sample is too

small to obtain reliable statistics, it is interesting to note that in five out

of six objects in our primary sample the wings of the Balmer lines are

asymmetric to the red. This is a considerably larger fraction than found by

Osterbrock (1977) in a sample of 36 Seyfert-1 galaxies. This difference may

possibly result from the selection criteria applied: some object were selected

because the available spectra suggested the presence of a prominent [OIIl]-wing.

Since this wing has a counterpart in the Balmer lines, most of these will be

asymmetric to the red as well.

IV PHYSICAL PARAMETERS OF THE [OIII] EMITTING REGION

a) Physical conditions

i) photoionization or Shockwave heating? |

Photoionization is the most obvious source of energy input for the

[OIII]-emitting region in view of the success it has in explaining the

spectroscopie properties of both NLR and BLR (Osterbrock, 1983). However, in

view of the high velocities involved shock-wave heating may also contribute to

the energy budget. Both the observed [OIII] X5OO7/X4363 and X5OO7/HP are

consistent with either a photoionized gas with Te<4xlCTK and densities in excess

of 10 cm (e.g. Osterbrock, 1974), or a medium with significantly lower

densities and Te>10
5K (Dopita, 1977). Two important diagnostic lines for the

case of shock-wave heating are [Oil] X3727 and [01] X6300. Dopita (1977)

calculated that the [0Il]-line should be stronger than X5007 for densities below

103cm~3, while [01] X6300 exceeds X5007 for densities above 103cm~3. Neither of

these two lines shows the broad wings with the same intensity as X5007, as can

be inferred from some of the higher S/N data. So it appears, on the basis of

Dopita's calculations, shock-wave heating is of minor importance.

However, the results of Dopita's calculations may depend strongly on

several model assumptions, as also pointed out by him. But perhaps the largest

uncertainty, when trying to apply his results to the [0IIl]-wing region, comes

from the difference in velocity: Dopita (1977) studied models with shock-

velocities of about 100 km s~ . In this respect it is worth mentioning that the

relative line strengths of 0°, 0 and 0 observed in the young extragalactic

supernova remnant (SNR) in NGC4449 differ considerably from those of Dopita's

models (Kirshner and Blair, 1980; Blair et al., 1983). This SNR is expanding
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with a velocity of 3500 km s"1. Its optical line emission is most likely caused

by collisionally excited gas in a radiative reverse shock (McKee, 1974; Blair et

al., 1983).

The similarity in the expansion velocity of this SNR and the gas velocity

in the [0IIl]-wing region of Seyferts suggests that a comparison of their

energetics may be meaningful. We will therefore briefly digress to discuss the

properties of this SNR.

The SNR in NGC4449 is one of extraordinary luminosity in the radio and X-

ray continuum as well as optical line emission, which are likely to be related

to its young age, estimated to be only 100-200 years (de Bruyn, 1983; Blair et

al., 1983). The luminosity in the [OIII] X4959/5007 doublet alone already

amounts to 1.2x10 erg sec" , about equal to the total X-ray luminosity. Here

we assumed a distance of 5 Mpc for NGC4449. For comparison we note that this is

only 100 times less than the luminosity in the [0IIl]-wing of NGC7469. If we

assume a mass of 20 M0 for the supernova debris (Blair et al., 1983), the

kinetic energy of the ejecta is 2.5x10 ergs. Hence the efficiency of

converting kinetic energy into emission of the [OIII] line pair, at the current

SNR phase, is 1.5x10"^ year"*. The interesting quantity, however, is the total

efficiency integrated over all evolutionary phases. Such calculations have, to

cur knowledge, never been carried out. However, if the present [OIII] line

luminosity if the SNR is maintained for 50-100 years, which seems a plausible

lower limit, then we may conclude that at least 0.1% of the kinetic energy is

converted into [OIII] line photons. Before the supernova ejecta finally merge

with the interstellar medium the bulk of the kinetic energy will have been

radiated away. Most of it is likely to emerge in the X-ray band, although it is

surprising that even at this young age, when the velocities are very high, the

optical-to-X-ray luminosity ratio is as large as unity.

If we now turn our attention to the situation in Seyfert-1 galaxies we note

that typically the kinetic energy in the [0III]-wing emitting material is about

4x10 (5xlO6/ne) erg, corresponding to 200 (5xlO
6/ne) MQ of gas moving at

a velocity of 4500 km/sec (see below). Hence, for a typical [0IIl]-wing

luminosity of 3x10 erg sec" the fractional energy-loss rate in Seyferts is
-4 -1

2.5x10 year . However, there is one important difference between a SNR and

the situation in Seyferts: in Seyfert galaxies we are in a quasi-steady state

while a SNR is continually evolving following an impulsive input of kinetic

energy. If we set the radius of the [OlllJ-emitting region equal to R parsec

then it has a kinematic life of 220 Rpc years. This implies that the kinetic

energy input rate is about 6x10 (5x10 /ne) R erg sec . The [0IIl]-lumi-

nosity of 3x10^ erg sec"1 thence implies an "efficiency" of 5% (ne/5xl0
6) R .
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We conclude from this that if the electron density is less than 5x10 cm ,

and the radius of order 1 parsec, then this "efficiency" is not very much higher

than the radiative efficiency of >0.1% derived earlier for shock-wave heated gas

in a high-velocity SNR. In other words, a non-negligeable fraction of the

[0IIl]-wing emission could derive from shock-heated collisionally excited gas.

Thusfar we have confined this discussion to the [OIII] lines. There are,

however, other high excitation emission lines in Seyfert galaxies that may

derive (partly) from shock-heated gas. We are referring to the lines from [FeVI],

[FeVII], [FelX], and [FeX] that have luminosities comparable to that of the

[OIIl]-wings. The source of ionization and excitation of the gas emitting these

lines is a subject of some discussion (cf. Penston et al., 1984). It is very

well possible that they derive from "coronal" gas at temperatures of about 10 K

which would be impossible to reach in a photoionized gas. In a way they would be

more naturally expected in a shock-wave heated gas. Although the velocities of

the gas emitting the higher excitation iron lines are not as high as those in

the [0III]-wing region, it is only normal to expect a range of velocities in the

gasflows observed in Seyfert galaxies, and different lines may have different

radiative efficiencies depending on electron density, velocity and temperature.

We thus consider it entirely plausible that the [FeVI], [FeVII], [FelX], and

[FeX] lines in Seyferts originate in shock-wave heated gas.

ii) electron density in photoionization models.

If the relative weakness of X5007 with respect to H|5 and X4363 is caused by

collisional suppression of X5OO7 (and associated enhancement of X4363) in a

photoionized medium, we may estimate the gas dfuisity. From the calculations by

Nussbaumer (1971) we deduce that X5007/X4363 ~ 10 corresponds to n ~ 10 cm ,
7 - 3 4 e

while X5007/H& ~ 1 implies n ~ 10 cm (for T ~ 10 K). These values were
e e

calculated for an ionization parameter UpO.03 (see below). Decreasing this

value decreases the density inferred from the X5007/H3 ratio, while that deduced

from X5007/X4363 increases the density by roughly the same amount. This implies

that the mean density estimated from the two line ratios is relatively constant

for a wide range in Uj. In the remainder of this article we will therefore use

ne=5xl0
6cm as a representative density or the broad forbidden line region,

although this number is evidently highly uncertain. We will not fix the

ionization parameter, but note that we should have log Uj > -3.5, again deduced

from the absence of broad [01] and [Oil] <e.g. Ferland and Netzer, 1983). An

upper limit on Ui could in principle be obtained from the CIV X1549 line,

although the result would be very sensitive to the carbon abundance (Dopita,
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1977; Ferland and Netzer, X983). Presently the available IUE data do not have

sufficient resolution and S/N to obtain any useful limits.

b) constraints on the geometry of the wing emitting region

There are two basically different ways to explain the large breadth of the

wings of [Oil!]. First, they may arise from a large number of fast moving

clouds, each emitting a relatively narrow (~ 10 km/sec) thermal profile. The

observed profile is then the sum of all these Doppler shifted profiles. This is,

of course, exactly the way in which the broad lines are thought to be formed.

However, as discussed above, the densities In the [0IIl]-wing region must be

considerably lower than in the BLR. The second possibility is that the wings are

formed by electron scattering of X5007 photons. In this case the medium emitting

the forbidden line photons may be in rest and the linewidth is caused by the

thermal velocities of the scattering electrons.

We will first constrain the geometry and physical conditions in the case

that the linewidth is due to Doppler shifts. In the discussion below we use some

numbers typical (denoted as *) for the broad component of [OIII] of the six

galaxies in our primary sample. The total luminosity in the broad wing

L = 3x10 erg sec" and some typical velocity v ~ FWHM = 4500 km/sec. As a

typical density we will use n e = 5x10 cm as discussed above. The number of

hydrogen ionizing photon typically emitted by the nuclei Q (H) may be obtained

by extrapolation of the observed optical continuum to 1 Ryd. Assuming a spectral

index of unity for all objects (cf Malkan and Sargent, 1982) and that all flux

at 5500A comes from the non-stellar continuum we find Q (kj = 6x10 photons

sec" .

The total luminosity of the wing of X50D7 is given by h = — r ^^QQjne f>

where r is the radius of the line emitting region, n is the electron

density,and f is the filling factor. The line emissivity e.- n, may be
-24 -1 3 _Y U 0'

approximated by e.. ~ 1.5x10 (1+n /n ) erg cm sec , where ne denotes

the critical density for collisional de-excitation: n c ~ 7xlO^cm~ . This is the

X5007 emissivity at "normal" nebular conditions; however, as discussed below,

the high UV-flux may significantly reduce this number.

It is useful to define two geometrically different filling factors:

f accounts for the fraction of the volume occupied by large scale structures
Jo

(e.g. conglomerates of clouds or an accretion disk). The volume fraction of

these large scale structures actually occupied by the line emitting clouds Is

denoted as fg. Evidently, the overall filling factor f can be written as f
= ff .

I s
A constraint of the geometrical structure may be obtained from the observed
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upper limits to the column density of X-ray absorbing material. Th>i soft X-ray

spectra of a number of Seyfert-1 galaxies have been observed by Petre et al.

(1984). Their sample includes all but one (Mkn335) of the objects in our primary

sample and one more object of our total sample (Mkn926). For all these sources
21 —2

they find an upper limit of 2x10 cm to the column of absorbing gas along the

line of sight intrinsic to the galaxy. Moreover, the upper limit to the covering
22 —2

factor of gas with Ne > 10 cm was determined to be less than 15%. Both
7—8

limits are valid for absorbing gas cooler than 10 K because higher values

would strip all the absorbing ions (mainly oxygen) from their last electrons.

We will consider two different geometries of the [OIII]-emitting region.

First, we consider the case that the sky, as seen from the X-ray source, is

completely covered (£2/4TT=1) but that the column density of this material is less
21 —2

than 2x10 cm . As a second possibility we consider geometries with

considerably lower covering factors (fl/4it < 0.15), in which case the column
22 —2 ~

density may exceed 10 cm .

i) Fully covered X-ray source

To study this geometry we assume that the gas is distributed in a thin

shell around the continuum source. Let 1 denote the width of the shell, N its

total column density and the ionlzation parameter is Uj = Q(H)/4itr n e c The
i I

inner zone of the shell will be too highly ionized for 0 to exist, and we may
•4-4*

calculate the fraction n of the shell width in which 0 can survive. Effective

shielding from the ionizing continuum is provided by He because the ionization

potential of O4"1" (54.9 eV) almost coincides with that of He + (54.4 eV),

(Davidson, 1972; Shull and McCray; 1978). This suggests that we may write (1

- T)) = N e (He )/Ne. Using the He recombination coefficient given by Spitzer

(1978), the column density of the He Strömgren layer is approximately

Ne(He ') = (!- n) N (5 x 1022cm"2) (1)

where T4 is the temperature in units of 10*K. To obtain this equation we assumed

a spectral index a = 1. Equation 1 may be used in combination with the upper

limit to Ne to find an upper limit to the ionization parameter and hence a

minimum radius of the [OIII] emitting region. Taking T^ > 2 and realizing

that n « 1 (see below) we find Uj < 0.023. With the characteristic values of

Q (H) and ne we end up with r > 4 pc. The total emission of [OIII] X5007 from

the shell may be written as

b5OO7 nence5007' (2)
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where it was assumed that ne » nc. In the adopted shell geometry we can relate

the large scale filling factor to the width of the shell:

f = q ( / ). For a itifinitesimally thin shell we have q = 3, while q is less

than 3 for a thicker shell. The total absorbing column density is then

N = n r f/q
e e M (3)

Combining equations 1 - 3 results in an expression for i\ independent of Ne and

r:

ft - 6 x IQ"»
e5007T '

(4)

Inserting the typical parameters as discussed above and assuming T^ = 2 and q =

3 yields n = 0.1. This result implies that only in the last 10% of the shell

oxygen is doubly ionized. This number is independent of r and Ng because in the
. I . i. I l

adopted geometry both the depth of the He -layer and the 0 -layer (as obtained

from the line luminosity) scale with Ner .

In real life it seems not very likely that in all galaxies the parameters

Q(H) and n adjust themselves in such a way that helium is doubly ionized in all

but the last 10% of the shell. So, the available constraints indicate that the

picture of a completely surrounded nucleus is not very plausible, although it

can not be ruled out with certainty.

ii) No [OIIl]-emittlng material along the line of sight

In this case the constraint Ne < 2 x 10 cm can not be applied, but must

be replaced by the upper limit of the covered fraction of the X-ray source

(J2/4IT) < 0.15 for material with Ne > 10
22 cm"2 (Petre et al., 198A). We will

discuss the configuration in which the [OIII] emitting region consists of a

collection of discrete clouds surrounding the nucleus with a total covering

factor of less than 0.15. The possibility that the broad forbidden line emission

arises from the outskirts of an accretion disk (which also obeys the condition

(Q/4ir) < 0.15) will be considered too.

Assume that the material is distributed in a number of clouds

surrounding the continuum source. It is useful to treat the clouds as

cylindrically symmetric. Let d denote the radial extent of the clouds
2

and ira their absorbing area. The volume of the clouds is then
2 3

V . » TT£ d , where £ = a/d.
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The shape parameter g may vary from § « 1 (spaghetti-clouds) to E, » 1

(pancakes). If r is some average distance of the clouds to the continuum source,

we can write

As discussed above, the radial extent of the clouds must exceed the He

Strömgren depth. Combining equation 5 with 1 and the definition of Uj yields

4 6.. .2
n r (1-n) .„
e > 3.0x10 (6)

Ncl[Q(H)*]
2 ij'6

The total number of clouds N c l is evidently fixed by the cloud volume, their

emission measure and the total luminosity of fOIII] A5007:

L*(A5007) ,,.
Ncl = (7)Ncl = , *,2 r2.3

 (7)

e5007 (ne>
 ïï 5 d

Substituting equation 7 into 6 and assuming T ~ 2x10 K yields a condition on

the radial distance and size of the clouds:

6,3,, .2 . ,n158.3 9 ,oa.
r d (1-n) > 10 cm , (8 )

or somewhat more convenient:

rpc d16 ( 1" n ) 2 > 0#25> ( 8 b )

where the subscripts pc and 16 denote distances measured in units of parsecs and

10 cm respectively. Note that this condition is independent of the shape

parameter, and that we require a value for ri that is not far from unity (see

above). From the inequality it follows that the radius of the [OIIl]-emitting

region has to be larger than ~1 pc. This is considerably larger than the typical

size of the broad line region in Seyferts as inferred from line variability

measurements (Tohline and Osterbrock, 1976; de Bruyn, 1980; French and Miller,

1980). In the latter paper it was demonstrated that the Balmer lines in 3C120

varied significantly on a timescale of less than 9 months, corresponding to
rBLR ~ ^"2 pc" Thus' tlïe [0IH]-wing emitting region is definitely situated

outside the broad line region.

An upper limit to the size of the [OIII]-emitting region can only be
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obtained by indirect, model dependent arguments. First we note that if the

clouds are allowed to expand freely, they would evaporate very quickly. It

seems, however, plausible that the clouds are confined in some way, and that

they can travel much further out. We will consider two confining mechanisms;

thermal pressure of a hot co-flowing medium and the ram pressure exerted by a

stationary medium.

In the first case the minimum density in the external medium that is

* kT —3
required to confine the clouds, is n [ J-J) ~ 30 cm . However, the external

m(v )

density should not exceed this number by a large factor, because then the clouds

would come to a halt very quickly. For instance, if the NLR-gas exerts the ram

pressure we find a stopping distance fstop ~ N e/n e x t "" 3~30 P
c» where we adopted

next = nNLR ~ 1 Q 3~ 4 c m~ 3 (Roski» 1978).

A picture that is consistent with the conditions is that of a number of

fast moving clouds, ploughing through and confined by a medium with a density

of ~30 cm . In this case the size of the [OIII] emitting region would be in the

order of 1 kpc.

Next, we consider the case that the clouds are confined by the thermal

pressure of a co-flowing medium (wind). Several models exist in which the broad

line region is considered as an ensemble of cool, high density clouds, flowing

out along with a hot (>10 K) medium (Mestel et al., 1976, Beltrametti, 1981,

Weymann et al., 1982, Begelman and McKee, 1983). In such a picture the [OIII]

emitting clouds can be identified with the remnants of the much denser broad

line clouds (if the wind is not stopped before its pressure has dropped to the
—5 — 2

typical [OIII] region pressure of 10 dynes cm ). The actual radius of the

[0IH]-wing emitting region would then be the radius at which the wind is slowed

down by the counterpressure of the interstellar medium or the narrow line

region . However, the bulk of the [OIII] emission comes from the region within

the effective radius reff, where reff is defined according to the condition

ne(refj) = ncr^t. The following considerations have led to this definition of
reff* F o r ne^ncrit t1le v o l u m e emissivity is proportional to ne and hence to r ,

for a constant velocity wind and assuming pressure equilibrium between the

clouds and the wind everywhere. This implies that every shell within re^j

contributes an equal amount of flux to the [0III]-wing. However, for ne<ncr^t

the emissivity is proportional to n and hence to r . So beyond r ,f the

contribution of a shell drops as r and for this reason most forbidden line

In chapter VII we discuss the details of such a model and the possibility
that most of the higher excitation forbidden iron lines arise from this
interacting wind boundary.
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emission comes from a region within reff •

In order to determine reff we need to know the density and the radius of

the wind component of the BLR. In de Bruyn and van Groningen (1984) we propose

that the wind component in the broad Balmer line profiles of Aknl20 has a

density in the range of 10 - 10 cm and radiates most effectively at a

radius of 0.1 pc. This yields a value for rejff between 1.2 and 12 pc.

All the above simple consideration lead us to the conclusion that the most

likely radius of the [OIIl] emitting region is somewhere between 1 and 50 pc.

Clearly there are enough extra frills to make the arguments ambiguous, and hence

we do not consider the distance determination as very reliable. However, we

consider it most likely that the [0III]-emitting region is situated somewhere

between the BLR and the NLR, but a model of giant bullets shooting out of the

nucleus to radii of about 1 kpc can not be ruled out.

iii) an accretion disk

Rotation in an accretion disk may be the dominant line broadening mechanism

in the broad line region of Seyfert nuclei (Osterbrock, 1977; van Groningen,

1983). The density in the outskirts of the disk may be sufficiently low to give

rise to forbidden line emission (Shields, 1978). However, in our opinion it is

very unlikely that the wings arise from an accretion disk, although it is

possible that the profile contains a contribution from a central disk. First we

note that the large line widths imply implausibly large masses for the central

massive object, as may be shown in the following way. The minimum radius from

which most of the forbidden line emission must arise is given by

3 e5007ne r

where h is the height of the disk. Here we assumed a smooth disk (filling factor

unity) and have substituted the values of ne and L^Q 0 7 given earlier. An a-disk

with an accretion rate of less than 100 M0/yr with a mass and M ~ 10 Mg has

h/r ~ const. « 0.1 (Novikov and Thorne, 1973). Also, if the forbidden lines

arise from a region above the disk (chromosphere) the absence of X-ray

absorption implies that h/r « 1. This leads to the rather weak constraint of

rmin > °'2 PC'

However, we note that the distribution of the widths of the wings is hard

to reconcile with a disk origin. In 9 out of the 10 galaxies the FWHM (defined

as twice the width of the red wing) lies between 4000 and 5500 km/sec. Such a

distribution is clearly incompatible with one expected for randomly oriented
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disks with a certain dispersion in the rotational and turbulent velocity (see

Osterbrock, 1977). A better fit is obtained if we assume that the dispersion in

the rotational velocities is small. In this case the probability distribution
2

approaches to P(vo|,g) <* (v , /v ) . Although the number of objects is

evidently too small to draw reliable conclusions, it seems even for such sharp a

distribution, there still is a lack of objects with v o b g < 4000 km/sec. Part of

this deficiency may be caused by the fact that wings that are too narrow would

not be recognized as a separate component, wl *.le if much broader they would

merge with the Fell blend at 5170A. However, with the resolution and S/N of the

present data, triangular wings with a FWHM of 2000 km/sec (which would extend to

5040A) could be easily detected.

In view of this argument, we reject as highly unlikely the hypothesis that

the forbidden line emission arises from an accretion disk.

iv) Electron scattering

Scattering of the line photons by fast moving electrons has been suggested

as the main line broadening mechanism in the BLR of Seyferts and quasars

(Shklovski, 1965; Weymann, 1970; Auer and van Blerkom, 1972). But in the last

decade a large number of arguments against this hypothesis have been put forward

(cf. Davidson and Netzer, 1979). Most of these are based on the very large

column densities required to get a sufficient electron scattering optical depth

and the fact that they would wash out all structure in the broad line profiles.

However, in the case of the [OIIl]-wing these constraints need to be recon-

sidered, basically because of the poor knowledge about the geometry and the

still poorly determined profile shape.

Consider the possibility that the wings are due to scattering of photons

from the narrow line region. A strong constraint may then be obtained from

deriving the covering factor of the scattering region. On average the wings

contain approximately 30% of the flux of the narrow line components implying

(R /4ir)(l-exp(-t)) ~ 0.3. Here Si /4n is the covering factor of the scattering
SS SS

medium as seen from the narrow line region. From this equation it follows that
in at least one in every three or four objects the BLR also has to be viewed

?4 —2
through a column density of more than 10 cm . Evidently, this is ruled out by

the X-ray constraints as discussed above and the structure in the BLR profiles.

The same argument can be applied against the possibility that the wings are

caused by complete scattering of [OIIlJ photons from some source that is not

directly observable, because it is very optically thick to Thomson scattering.

In this case (n /4TT) = 1 and a column density in excess of 10 cm is needed.
GS
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V CONCLUSIONS

Finally, we briefly discuss the most important properties of the broad

forbidden lines wings.

- typical velocity about 5000 km/sec, little dispersion.
41 —1

- luminosity about 3x10 erg sec .

- electron density ne ~ 10
6-10 cm" .

- radius r «- 1 pc.

These numbers make it clear that we are dealing with a region which in velocity

could be causally linked to the BLR, but in density is much more akin to the

NLR. For this reason, but also for compactness of notation, we will henceforth

refer to the region where the [OIII]-wlngs originate as the Transition Line

Region (TLR). We realize that this name carries a suggestion of a physical

connection -the missing link?- between BLR and NLR, which may or may not be the

case.

When attempting to fit the TLR into a broader framework, involving also the

NLR and BLR, we adopt the (obvious) point of view that it is futile to try to do

so without specifying at least the kinematics of the NLR and BLR. However, we

then immediately face a difficult situation since there are several types of

theoretical models for the BLR and, to a lesser degree, also for the NLR, which

all differ radically in their most fundamental aspects. Among these we count:

- 1) the kinematic structure,

- 2) the source of material,

- 3) the driving forces.

It is attractive to associate the TLR with the wind component of the disk/wind

model discussed in chapter VII. At radii of more than 1 parsec the density in

the outflowing broad line gas may have dropped to the values observed in the

TLR. It is also conceivable that the forbidden high excitation iron lines are

formed in the shock, that will develope where the TLR-gas hits the interstellar

medium of the host galaxy.
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CHAPTER VI

HIGH FESOLUTION SPECTPOSCOPY OF FOUF SEYFEPT-1 GALAXIES

I IMTFODUCTION

In this chapter we present new high resolution spectroscopy of four

Seyfert-1 nuclei (3C120, Mkn509, NGC7469 and Faraill 9). Most spectra were

obtained at the 2.5m du Pont telescope at Las Campanas Observatory (LCO) in

Chile (table 1), For all objects, we took a number of scans of the blue part of

the spectrum with a resolution of ~2A. These were later added to form one single

spectrum, which will henceforth be referred to as the high resolution scans

(HFS). For some objects we also took lower resolution scans (~3.5A), with a more

extended wavelength coverage, that will be called the low resolution scans

(LBS). A number of additional higher resolution spectra of Ha were obtained with

the 2.5 a Hooker telescope at Mount Wilson. At both observatories we used the

intensified Peticon spectrometer (Shectman, 1980).

The main goal of the project was to obtain detailed kinematic information

on the gas emitting the broad lines. It is therefore necessary to obtain spectra

with high resolution, in order to separate different kinematic components, and

high signal-to-noise ratios (S/N). Also special care has been taken to determine

the wavelength dependent sensitivity of the instrument and to get accurate

wavelength calibration of the scans. The most important aspects of the obser-

vations and the utilized reduction techniques have been discussed extensively in

chapter V. In section II of this chapter, some aspects of the observations that

were not treated in chapter V will be discussed. Section III discusses the

accuracy with which we can determine the systemic velocity while section IV is

devoted to the description of the spectra and broad line profiles of the
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Table 1: Journal of the observations

Object

3C 120

Mkn 509

Fairall 9

NGC 7A69

Date
(1982)

Sept.
Oct.
ii

it

II

II

it

Oct.
rt

ii

n
it

Sept.
Oct.

it

Oct.
II

n
it

28
1
2
3
4
5
13

1
2
3
5
13

30
1
2

1
2
3
13

Tel.

LCO
it

it

II

II

it

MtW

LCO
it

II

it

MtW

LCO
It

11

LCO
11

II

MtW

Time
(sec)

6000
3000
2500
3000
3000
2500
7000

3000
2500
2000
2000
6000

2000
3000
3000

2600
2000
2000
6000

Wavelength

(A)
3730-5660
3770-5700
3760-5690
3740-5670
3570-7340
3510-7270
6460-7080

3770-5700
3760-5690
3740-5670
3510-7270
6550-7170

3730-5670
3770-5700
3760-5690

3770-5700
3760-5690
3740-5670
6550-7170

Pes

(A)
1.5
11

tl

11

3.5
II

1.0

1.5
ii

ii

3.5
1.0

1.5
It

tl

1.5
II

11

1.0

Seeing
(")

1.0
1.0
1.0
1.5

<1.0
1.0
2.0

1.5
2.0
2.0
1.5
1.5

2.0
1.5
1.5

1.5
1.0

<1.0
1.0

Airmass

1.27
1.33
1.36
1.40
1.30
1.30
1.2

1.10
1.10
1.07
1.13
2.0

1.3
1.2
1.16

1.39
1.41
1.4?.
1.4

objects. The interpretation of these observations will be delayed until chapter

VII, although some discussion will occasionally be given here.

II OBSEFVATIONS AND REDUCTIONS

For the spectra obtained at Las Campanas we have carefully determined the

wavelength dependent sensitivity of the instrument. We find that, though our

methods in general provide a correct continuum slope, the absolute calibration

may be in error by as much as a factor of 3. There are probably several facto;

contributing to these errors. First, most spectra were flux-calibrated with

3C446, an optically violently variable object. This source has a featureless

power-law spectrum with a well defined slope (see chapter V ) . Large flux

variations can occur in this object, but the slope remains virtually constant

(French and Miller, 1978; de Bruyn, private communication). Comparison of the

3C446 spectra with Abell 15 (a white dwarf) reveals that the magnitude of the

former may have increased by 0?4 between September 1982 (when a photometric scan

of 3C446 was obtained) and October 1982. Furthermore, some light may have been
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lost due to the seeing and guiding errors. Finally, we detected a systematic,

wavelength independent error of a factor of ~2 in the HPS. This error was made

during the rebinning procedures, and could not be repaired easily. Hence all

fluxes given in the plots of the HP.S-data should be divided by a factor of about

two. The fluxes given in the tables have been corrected for this error.

Fortunately, photometric scans of almost all objects in cur sample were

obtained, approximately 1 month before our run, with the multichannel

spectrophotometer (MCSP) on the 200-inch telescope at Mount Palomar (de Bruyn,

Peadhead and Sargent, 1984). Errors in the absolute flux calibration of these

scans are believed to be less than oü"o5 (cf. de Bruyn and Sargent, 1978).

Detailed comparison of the LCO and MCSP spectra allows us V put the flux of the

LCO-spectra on an absolute scale and provides an additional test on the

precision of the continuum slope (see below).

Before comparing the spectra we should apply a correction for the different

apertures used: the KCSP-scans are taken with a 10 circular aperture, while at

LCO a 2" x 2" square aperture was used. This difference results in different

contributions from the underlying galaxy and the possibly extended narrow line

region. For a number of galaxies (3C120, M k n ^ ) the environment of the nucleus

has been studied in some detail. For these c-V:ects the applied corrections will

be discussed extensively in the following sections. For Mkn335, a very compact

object, the aperture corrections are extremely small and will not be carried

out. For the latter object the contribution of the galaxy itself is virtually

negligible (Heekman and Balick, 1981; Yee, 1983); a fact that allows us to

directly compare the MCSP and LCO-data. For this purpose we rebinned the LCO

high resolution spectrum (see chapter III, fig 1) into 40A intervals, corres-

Comparison of the WO spee-
trwn (histogram) of MknZ35,
with a speatrophotometric
seem obtained with the MCSP
(dots), fhe WO data have
been divided by 2.04 (see
text). Note the excellent
agreement between '.he two
spectra in the regions void
of strong spectral lines. The
differences below 4200% are
caused by light losses in the
WO speatrum due to differ-
ential refraction

figure 1
3600 5400

1) Where we implicitly assumed that the objects have not varied on a timescale
of one month.
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ponding to the MCSP-channels. We then found that the fluxes (per unit wavelength

interval) as measured at LCO are systematically higher by a factor of 2.04

compared to the multichannel data. However, it is clear from fig 1 that there is

an excellent agreement between the shapes of the continua. Excluding the

spectral regions with strong emission lines, we find an r.m.s. error in the

differences of only 0.03.

Thus, it is clear that the difference factor is almost wavelength

independent; only below 4000A does it appear to be systematically lower. The

latter effect can be explained by differential atmospheric refraction, since

Mkn335 was always observed at rather large airmasses at LCO. Fig 1 suggests that

both HP and Hy have increased by 15% on a timescale of one month: a not very

exciting observation.

We have performed a similar test for the LFS. These tests revealed that

the flux calibration of the spectra is correct to within 20?!. In addition, we

find that the red end of the LPS shows a small (~10%) turn-up, as compared to

the MCSP-data. For the galaxies discussed in this chapter this may result in a

small overestimate of the Ho flux and hence the Ho/Hp-ratio.

Ill THE SYSTEMIC VELOCITY

For the study of the kinematic structure of the broad line region it is

essential to know the systemic velocity. It is generally believed that the broad

line region as a whole is at rest with respect to the galaxy containing it.

Therefore, the most suitable indicators of the true redshift are the stellar

absorption lines in the host galaxy. In the most luminous Seyfert galaxies, the

galactic absorption lines usually drown in the light of the nucleus. However, in

two objects we were able to measure the redshift of the Call H + K and Mgl

absorption. Pecently Mirabel and Wilson (1984) have studied the 21-cm neutral

hydrogen line in a large sample of active galaxies. This line, also, should

yield an accurate measure of the systemic velocity. For almost all objects in

common with our sample upper limits were found, and only for NGC7469 a reliable

HI redshift was obtained.

For the objects where no galactic redshifts are available we have to rely

upon the redshifts of the narrow emission lines. However, as discussed by Koski

(1978) and Heekman et al. (1981) there may be a significant systematic

difference between the narrow line shift and the redshift of the galaxy. They

find that the redshift of [OIII] X5007 is, on average, 150 km/s lower than the

systemic redshift. This result is basically confirmed by Mirabel and Wilson
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(1984), although their average velocity difference is somewhat lower than that

found by Heekman et al. (1981). An additional complication is that there exists

a systematic difference between the redshifts and the widths of the narrow lines

from different ions (De Eobertis and Osterbrock, 1984; Filippenko and Halpern,

1984). In most galaxies, the higher excitation lines (such as those of [FeVIl]

and [FeX]) are systematically blueshifted with respect to the lower ionization

lines. The differences may range up to a few hundred km/sec. However, in some

galaxies the situation is inverted (e.g. Mkn268; Koski, 1978). Also in Aknl20,

as discussed in chapter IV, we find that [FeVII] A.6087 is redshifted with

respect to [01] X.6300 by 330 km/sec.

In this chapter, we will use the redshift as derived from the peaks of the

strongest forbidden lines. A Hubble constant of 75 km/sec/Mpc is used in this

paper to convert recession velocities into distances and to determine absolute

magnitudes.

IV DESCPIPTION OF INDIVIDUAL GALAXIES

IV.1 3C12O

3C120 was identified as a Seyfert-1 galaxy at a redshift of 0.033 by

Burbldge (1967). It has been intensively studied in the X-ray, optical, IP and

radio domain. On optical photographs it appears as an extended (~lf), patchy

object with no well defined morphology (Arp, 1975). In a detailed kinematical

study Baldwin et al. (1980) showed that this nebulosity has a disorganized

velocity field, although there may be a preferred axis. The nuclear spectrum has

been studied by a large number of investigators (Wampler, 1969; Shields et al.,

1972; Shields, 1974; Phillips and Osterbrock, 1975; Baldwin et al., 1980; French

and Miller, 1980). These papers showed the presence of broad (FWWf ~ 2500

km/sec) hydrogen and helium lines, and weak broad Fell-emission. Roth the Hel

and Hell lines are relatively strong with respect to the Balmer lines. In

addition, the spectrum displays the usual narrow lines. Both the non-stellar

continuum and the broad lines are variable (French and Miller, 1980; Oke et al.,

1980). French and Miller recorded a decrease in the HB-flux of a factor of 2

within a 9-month period, implying a size of the broad line region of less than

0.2 pc.

At radio frequencies, both the flux and polarization of 3C12O are strongly

variable (e.gv Aller et al., 1976; Walker et al., 1982). Retween 1972 and 1974

and in 1979 VLBI measurements showed that 3C12O expands with apparent super-
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figure 2: The high resolution speatrvm (HRS) of 3C120. In this and the
following spectra the absoissa give the observed wavelength on a
linear scale, while the ordinate gives the flux density per wavelength
interval, with a displaced zero level, the bin size is lKt the
resolution is about 1.5& FWHM.
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I 1 1 | I

fi.jure 3: The low resolution spectrum (LRS) of 3C120. The axis are as in figure
?,, the bin size is 2%, and the resolution is about 3.5% FWHM. The
crosses indicate regions affected by unstable diodes.
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luminal velocities: v/c ~ 4 (Seielstad et al., 1979; Walker et al., 198?). No

published spectra are available of the ultraviolet and infrared regions. Lacy et

al. (1982) measured the following hydrogen line ratios in 1979: Pa/Hp = 1.010.2

and Lya/HP = 6.4±1.3.

We included 3C120 in our sample for two reasons:

i) The high helium line intensities would enable us to obtain good prof ile

information of these lines.

ii) The radio blobs causing the apparent superluminal expansion are presumed to

be moving at small angles to the line of sight (Blandford and Königl, 1979).

This implies that if they are formed in the centre of an accretion disk, the

disk has to be close to face-on. This knowledge would fix one free parameter of

the loulticomponent kinematical models.

a) Observations

The observed high and low resolution spectra of 3C120 are displayed in

figures 2 and 3. Table 2 lists the observed line intensities with respect to

H8. For the brightest Balmer lines we were able to separate the narrow and broad

line contributions. As outlined above, the absolute calibration of the scans may

be in error by a considerable factor, therefore the integrated Hp-flux has to be

obtained in an indirect way. For this purpose we compare our data to a MCPP-

spectrum taken approximately 1 month earlier. In this scan the total flux

in Ha + [Nil] is ~1.83xl0~12 erg sec"1 cm"2. The MCSP measures with a 10"

aperture versus 2" at LCO. Using the two dimensional data of Baldwin et al.

(1980) we estimate that this results in a difference of ~0.21x10 erg en

sec . Hence, the corrected Ha-flux is 1.62x10" erg cm s e c , which compares

rather well with the flux measured in our LPS: 1.73x10 erg cm~^ sec"*. So we

are led to the conclusion that for 3C120 the errors in the absolute flux

calibration are probably less than 10%. We then find a total Hp-flux of

4.4xlO~12 erg cm"2 sec"1.

The Ha/HP ratio found by us (3.9) is considerably lower than that found by

other observers: Phillips and Osterbrock (1975) observed a value of 6.6 in 1974,

while Baldwin et al. (1980) found Ha/Hp=6.8 (probably also in 1974). As

discussed by Oke et al. (1980) these differences are most likely due to

variability in the emission line intensities, coupled to the variations of the

non-stellar continuum. In their measurements the Ha/HB-ratio is high (~6) if the

continuum flux is low (AB5500 ~ 15.7) and vice versa. They suggest that this

correlation may be apparent, that is, it is due to the blending of the broad Ha

with the narrow (non-variable) Ha and fNIll lines. Our observations show that

this cannot be the cause. The relative strength of [Nil] with respect to [filll]



117

Table 2:

Line fluxes in 3C1S0, relative

to the total flux of H|3.

F(up)=4.4xlO~13erg am'2 sea"1.

should be in the order of 0.6, while the ob-

served value is only 0.2 (aperture correc-

ted). So, we conclude that there is a genuine

correlation between the Ha/Hp-ratio and the

continuum flux. Such a correlation was also

found by de Bruyn (1980) for a larger number

of objects. Our data nicely follow this

trend; Ha/HP ~ 4 while the MCSP-data yield

AB5500 ~ 14.7.The redshift is obtained by

measuring the peaks of the [01], [OIII] and

narrow Balmer lines. This procedure yields

2=0.0330. Differences between these lines are

less than 10 km/sec. Our z-value agrees well

with the redshif t of 0.033 of the stellar

absorption features in the underlying galaxy

(Baldwin et al., 1980; French and Miller,

1980).

b) Broad line profiles

In our high resolution data the narrow Balmer

lines can be seen as a distinct component

superimposed upon the broad line (cf. figures

2 and 3). An uncorrected spectrum of Ha

with lA resolution taken at Mount Wilson is

shown in fig 4a. We obtained the intensities

of the narrow Ha-component and the [Nil]

lines from this scan. Also displayed in fig 4

are the LCO-observations of Ha up to Hó. Here

the narrow lines have been removed, with the

relative intensities listed in table 2. In

all cases we used [OIII] \5007 as a template, which leaves no significant

residuals for the narrow Balmer lines and the [Nil] lines. However, in the case

of [OIII] \4363 the procedure seems to fail, since a large excess remains in the

red wing of Hy. As will be discussed below, this is most likely due to a broad

base beneath the \4363-line. In addition a line at 4924% from multiplet 42 of

Fell was removed from the red wing of HP, under the assumption that it has the

same profile as Hp. The intensity of this line can only be obtained in an

indirect way, as discussed extensively In chapter V. Thers we found that Fell

(42) X5169/HP = 0.025. Since the ratio \4924/X5169 is always smaller than

ident.

[on]
[FeVIl]
[Nelll]
Hel 1
HC f
[Nelll] 1
Up I

1
H6 n JHö b I
Fell (28)
Fell (27)
Hy n 1
HY b 1
[OIII] n
Hel
Nil I
Hell b 1
Hell n ƒ
HP n 1
HP b [
[OIII] n
[OIII] n
Fell (42)
[FeVIl]
Hel
[FeVIl] 1
[CV] f
[01]
[01]
[FeX]
[Nil]
Ha n 1
Ha b |
[Nil]

*• (A)

3727
3759
3868

3889

3969

4102

4179
4233

4340

4363
4471
4640

4686

4861

4959
5007
5169
5721
5876

6087

6300
6363
6374
6548

6563

6583

F/F(HP)

0.038
0.013:
0.05

0.11

0.11

0.010:
0.25
0.006:
0.009:
0.020:
0.41
0.013

0.026

0.21
0.019
0.05:
0.95
0.21
0.66
0.024
0.01
0.22

0.01:

0.03
0.01:
0.05
0.02:
0.12:
3.73
0.07:
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8000 -8000

6000 -8000 -4000

figure 4: The strongest broad lines in ZC120 with their peak intensity
normalised to 10. Bin size is 100 km/sec, except in 4a.

a) The Mount Wilson speatvum of Ha. Resolution is iJ, bin size is
40 hn/see. No corrections for blending line were rra.de.

b) Ha taken from the LRS. The narrow Balmer line component and the [Nil]
lines have been removed.

a) H$ taken from the HRS. The narrow Balmer line component, Fell (42)
\4924, and [OIIIJ \49S9 have been removed.

d) Hy taken from the HRS. The narrow Balmer line component and COIIIJ
\4363 (see text) have been removed.

e) H& taken from the HRS. The narrow Balmer line component has been
removed.

f) Hel \5876 taken from the LRS. No corrections were applied.
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unity, the ''.4924-line can be at most 2.5% of Hp. In fig 4c this correction was

applied, togeth. r with the correction for the narrow line, as discussed above.

The broad line cores (between )Av|< 1500 km/sec) of Ha, Hp and Ho are

almost identical, except near the peak of the broad lines where the

uncertainties in the narrow line subtraction leave some irregularities. The

cores are slightly skewed towards the blue; the centroid of the lines is

blueshifted by ~100 km/sec. Beyond a velocity shift of ~2000 km/sec the

asymmetry changes sign and a strong red wing sets in. This wing is prominent in

all Baltner lines except Ha, and Hel \5876 (cf. f ig 4f). It is also present

in Ha but on a considerable lower level. The general behaviour of the asymmetry

is illustrated in fig 5, which displays the result of subtracting the blue from

the red side of Hp. The blue shoulder on the core manifests itself as the strong

dip between 0 and 2000 km/sec, while the red excess beyond 2000 km/sec is also

evident.

figure 5: The result of sub-
tracting the blue side from
the red side of the norma-
lized tfp profile (see figure
4e). Scales are the same as
in figure 4.

•, i " ii i n i i J I r

. o.o

- i . o -

1000 3000 5000

AV (Km/sec)
7000

The long wavelength side of Hy shows a strong excess when compared to the

other Balmer lines. To establish the nature of this excess we subtracted a

scaled and corrected (i.e. with narrow line componeLi removed) Hp-proflie from

the observed profile of Hy. The result of this subtraction is plotted in figure

6a. This difference profile shows two sharp peaks. The narrower (at Av = 0) is

the narrow line component of Ry and has a FWHM of ~300 km/sec, which is

virtually identical to the width of [OIIl] \5007. The second peak in fig 6a

at Av = 1600 km/sec is due to tOIIl] A4363. Its FWHM of 900 km/sec is

considerably larger than that of the other narrow lines. "Tie integrated flux of

this feature is 18% of the X5OO7 wing. In addition, fig 6b shows the difference

between the corrected Hy and HP profiles. The narrow component of Hy is removed

perfectly, fin attempt was made to remove X4363 with a \5007-proflie, hut only
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-8000 -11000 0
AV (Km/sec)

4000

figure 6a: The result of the
subtraction of the normalized
tfp profile from that of Hy
(fig 4). Clearly visible ave
the narrow component of
Hy (at 0 km/see) and COIIIJ-
\4363 (at 1600 km/sea).

o.o

-8000 -1)000
fiV (Km/sec)

figure 6b: Same as 6a, but
with the narrow Hy and [OilI]
removed with a template pro-
file of [OIII] \H007. The
remaining line is the broad
base of [OIII] M363. See
text for details.

8000

20Z could be subtracted in this way, without introducing an unrealistic dip.

So it appears that [OIII] \4363 has a moderately broad wing underneath its

core, extending out to ~2000 km/sec on the red side. The identification of this

wing as \4363 is not certain. There are two alternative explanations, but both

of them seem very implausible. First, it may be that the red side of the core

of Hy is simply much stronger than in H0. However, the striking similarity

between the cores of the other Balmer lines strongly argues against this

possibility. Second, we consider the possibility that broad emission from Fell

(27) \4352 is present (which should peak at ~+800 km/sec). This line has been

observed in Seyfert-1's with relatively narrow broad lines: I Zw 1 and Mkn42

(Phillips, 1978) and Akn564 (unpublished). It is always weaker than \4233, the

strongest line of multiplet 27. In 3C120 the iron lines are generally extremely

weak; the intensity of \4233 is at most a few percent of Hp, while the broad

feature in Hy has I/I(HP)~O.12. Therefore, we conclude that the contribution

of \4352 is completely negligible, fi sinilar argument holds for another line of
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tnultiplet 27, namely \4385 (but see the discussion in chapter V, section Ille).

The implications of this strong broad wing in [OIII] X4363 have been

discussed elsewhere. Here we confine ourself to remarking that it is most likely

related to the broad wings observed underneath [OIII] X5007. The X5007A4363

ratio in the wing is approximately 10, indicates that these lines are emitted by

an intermediate density component with n e ~ 1O
6-1O7 cm"3, depending on the

assumed temperature (Nussbaumer, 1971). For a detailed discussion the reader is

referred to chapter V.

The relative strengths of the helium lines in 3C120 and other Seyfert-1

galaxies have been discussed in several papers, based both on observations

(Shields et al., 1972; Phillips and Osterbrock, 1975) and theory (Netzer, 1978;

Feldman and MacAlpine, 1978). A useful diagnostic of the importance of

collisional and line transfer effects in Hel is the ratio between \4471 and

\5876. The theoretical recombination value of this ratio is 0.4. In the type 1

Seyferts studied by Feldman and MacAlpine (1978) the average value is 0.1,

indicating that \5876 may be considerably enhanced. For 3C120 we find

X4471A5876 = 0.12, in agreement with the value of 0.11 found by Feldman and

MacAlpine. Their calculations indicate a density in the Hel emitting region

close to 5x10 cm and a temperature of ~15000 K.

It is interesting to note that in 3C120 both Hot/H6 and He I X4471/X5876 have

varied in a way that is consistent with variable contributions from self-

absorption and collisional processes. The spectrum of Phillips and Osterbrock

(1975) shows a steep Balmer decrement with Ha/HB ~ 6, while they find an

upperlimit of only 0.05 to the X4471A5876 ratio. Roth these numbers deviate

significantly more from their recombination values than those found by us:

Ha/Hp=3.9 and \4471/\5876=0.1.

The profile of Hel \5876 (fig 4f) is essentially identical to that of H6

figure 7: The normalized
profile of Hell \4686. Bin
size is 100 km/seo. The
line at -3000 km/sea is
NIII \4640.

-8000 -uooo o
AV (Km/sec)

liOOO 8000
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and HÓ; the FWHM of 2700 km/sec is only marginally more than that of HB. The

prominent red wing visible in the Balmerlines is also present in A.5876,

extending out to ~7000 km/sec.

The uncorrected profile of Hell \4686 is displayed in fig 7. For the

determination of this profile we defined a "local continuum" between 4575A and

4770A. These points lie about d°A higher than the continuum used earlier; The

narrow line component can readily be separated from the broad base. Its

intensity relative to the narrow HB component is ~0.4. This agrees well with the

ratio in the surrounding nebulosity as determined by French and Filler (1980).

The broad component of Hell has a FWHM of almost 6000 km/sec, more than twice as

broad as the hydrogen and the Hel lines. As can be seen in fig 7, this

difference is partially due to a strong blending line at iv = -2900 km/sec,

corresponding to a rest wavelength of 4640A.This feature may almost certainly be

identified with multiplet 2 of NIII, whose nominal wavelength is exactly 4640J.

Because of this blend, a reasonable estimate of the width of the broad Hell line

can only be obtained with the assumption that its red side represents half the

profile. If this is the case we find a FWHM of 4000 km/sec, still significantly

broader than the other broad lines.

IV.2 Mkn509

Mkn509 is a bright (Mv ~ -22.5) Reyfert-1 galaxy at a redshift of 0.0347.

The nucleus is embedded in a much fainter nebulosity with a diameter of

approximately 15" (Adams, 1977). It has been studied extensively in the optical

by Atwood et al. (1982) and Phillips et al. (1983). They found two separate

kinematical systems: a low ionizatlon component which appears to be in a

rotating disk, and a high ionization system that is systematically blueshifted

with respect to the galaxy. They also discovered an underlying stellar continuum

at the same redshift. Atwood et al. (1982) attempted to detect correlated small

scale structures in the profiles of Ho and HB. From the absence of a strong

cross-correlation they derived a lower limit of 5 x 10 to the total number of

individual clouds contributing to the broad line profiles. Their Echelle

spectroscopy with a resolution of 0.5X, revealed a flat-topped forbidden line

profile in the central region of the galaxy. The FWHM of [0III] X5OO7 is 510

km/sec, which agrees very well with the 530 km/sec found by us. There is,

however, a substantial discrepancy between the [OIIl]/HB ratios for the narrow

line component. In our data this ratio is 10.0 as opposed to 7.4 found by

Phillips et al. There are probably three factors contributing to this
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CD

figure 8: The high resolution speotrum of Mkn509. The axis are as in figure 3,
the bin size is lKa and the resolution is about 1.5» FUHM.
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figure 9: The low resolution spectrum of Mkn509. The axis are as in figure È,
the bin size is 2%, and the resolution is about 3.5% FWHM. The cross
indicates the position of an unstable diode.
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difference. First, we note that in the SIT-Vidicon spectrum of their fig 7 the

[OIII] X5007/M959 is only 2.5. This is much lower than the value of 2.9 found

by us, which agrees perfectly with the theoretical value. This suggests

that X5007 is somehow artificially suppressed in their observations. Second, as

can be seen in fig 8, the S/N in our data is very high. We can therefore

unambiguously separate the narrow and broad components of HP. The FWHM of the

narrow HP-line is exactly equal to that of [OIII]. Finally, because of the

different apertures used we may have measured different amounts of high and low

ionization gas.

a) Observations

In fig 8 we present the high resolution spectrum of Mkn509. The galaxy was

observed only once with low resolution on October 5. This scan is shown in fig

9. Comparison with the MCSP-data indicates that we have to correct the flux

scale of the HES by a factor of 1.64 ± 0.05. This yields a flux of the broad

HP component of 1.2 x 10~12 erg cm"2 sec"1 corresponding to EW(Hp) = 145A.

We measured the redshift of Mkn509 from the peaks of the [OIII] and [Nelll]

lines. This yields a redshift of z = 0.0347 (cz = 10400 km/sec), which agrees to

within 30 km/sec with the one measured by Phillips et al. (1983). It is worth

pointing out that, in addition to Call K + H absorption due to our own galaxy,

we also see an absorption feature that can be identified with Call K at a

redshift of z = 0.0330, or 500 km/s blueshifted. Absorption at this redshift is

also seen in Lyoc (York et al., 1984).

b) Broad line profiles

A mosaic of the broad line profiles in Mkn509 is presented in fig 10. in

the original spectrum the narrow line components of Tip, Hy and HÓ could be

distinguished easily. They are removed with the intensities listed in table 3.

No attempt was made to remove the narrow line contribution from Ho.

A number of interesting characteristics are immediately evident from these

graphs. All Balmer lines display a core that is appreciably blueshifted in the

chosen (narrow line) redshift system. For Hp, where the narrow line subtraction

could be performed accurately, we note that the broad line peaks at -200 km/sec.

Except for this blue core, the Balmer lines are very dissimilar. HP has a strong

red wing and its asymmetry changes sign beyond Av ~ 2500 km/sec (see fig 11).

The red excess peaks at ~ 3500 km/sec with an intensity of 8% of the peak of HP.

Evidently, there must be a contribution from Fe II (42) X4924 to this wing. In

chapter V we have estimated that X4924/HP ~0.03 on the basis of the relative

intensities of the other lines of Fe+. This means that about half of the red
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figure 10: the strongest broad lines in MknbO9 with their peak intensity
normalized to 10. Bin size is 100 km/see, except in 10a.

a) The Mount Wilson spectrum of Ha. Resolution is l%t bin size is
40 km/sea. No corrections for blending lines were made.

b) Ha taken from the LRS. No corrections were applied.
a) #p taken from tha HHS. The narrow Balmer line component, Fell (42)

X49Z4, and [OIII] \49S9 have been removed.
d) Hy taken from the MRS. The narrow Balmer line component and [OIII]

\4363 (see text) have been removed.
e) H6 taken from the HRS. The narrow Balmer line component has been

removed.
f) Hel \5876 taken from the LRS, No corrections were applied.



127

ident. TJW F/F(HP)

[Oil]
[Nelll]
Hel 1
HS f
[Nelll] 1
HE f
no j
[SII]
Hö n
H6 b
HY n
HY b
[OIII] n
Hel
Heil n

HP n
HP-b
tOIIl] n
[OIII] n
Hot( tri-b)

3727
3868

3838

3969

4069
4102
4102
4340
4340
4363
4471
4686
4861
4861
4969
5007
6563

0.06

0.15

0.11

0.005
0.013
0.23
0.020
0.41
0.041
0.012
0.010
0.04
0.96
0.17
0.50
4.3

Table 3: Line fluxes in MknS09, relative

to the total flux of Hp.

F(H$)=1.2xlO~12erg am~2 sea
-1

From Che MCSP-data

wing may be attributed to X.4924 and that half of it must be intrinsic to HP. The

Ha-profile has a blue asymmetry that extends to the lowest intensity levels.

There is a hint of a very broad wing at a level of a few percent of the peak of

Ha, with a FWZI of ~35000 km/sec. This wing is also manifest in the MCSP-data

and probably in the Ha spectrum published by Atwood et al. (1982). A broad wing

to Ha of similar appearance, observed by Baldwin (1975) in the quasar R340, was

interpreted by Shields and McKee (1981) as an indication of electron scattering

by a hot medium in the broad line region.

The core of the Hy profile shows a strong hump on the red side, which is

obviously due to fOIII] \4363. Like in 3C120, this blend could not be fitted

figure 11: The result of sub-
tracting the blue side from
the red side of the norma-
lized ffp profile (see figure
10a). Scales are the same as
in figure 10.

2000 W000

AV (Km/sec)
6000 8000
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figure 12: The result of the
subtraction of the normalized
#p profile (fig 10c) fvom
that of fly. Both Balmev lines
were aleaned from their
narrow line contributions
first. The line at 1600
km/sec is [OIII] X4363.

-8000 -4000 0

AV (Km/sec)
8000

figure 13: The normalized pro
file of Men \4636. Bin size
is 100 hn/seo. The feature at
-3000 km/sec is probably
NTH \4640.

o c

-BOOO -1000 0
AV (Km/sec)

4000 8000

with a simple combination of the HP and [OIII] \5007 profiles. Fig 12 shows the

difference between Hy and Hp, where the narrow components of the Balmer lines

have been removed and the broad lines were normalized to their peak intensities.

However, HP was not corrected for Fe II (42) \4924. The remaining profile of

[OIII] A.4363 has a FWHM of ~1000 km/sec; twice as broad as \5007. Also there is

a broad base with a FWZI of ~4000 km/sec, exactly like in 3C12O. It is

interesting to note, that _if_ Fe II \4924 is subtracted from the wing of HP with

a strength of 3% of HP, then this results in an even more pronounced red wing

of \4363.

The overall shape of the profile of H6 is similar to that of HP. A red wing

like in HP is also present but on a much lower level. It is impossible to judge

whether this wing is intrinsic or due to Fe II lines of multiplets 27 and 28.

Subtraction of the corrected Hp-profile reveals that narrow line emission of

[SII] \4069 is present in the blue wing (cf. table 3). Hel X5876 displays a very

strong red wing. The wing is also clearly visible in the high resolution Mount



129

Wilson spectrum published by Malkan and Filippenko (1983).

The spectral region around Hell X.4686 In Mkn509 strongly resembles that in

3C120 (cf. figs 7 and 13). Like in 3C120 there is strong emission from the

fluorescently excited lines of NIII at ~4640A. The main differences between the

two objects are the [AIV] lines at 4711A and 4740A in the spectrum of Mkn509.

Because of the strong blending with NIII and [AIVJ we did not attempt to measure

the profile or width of Hell \4686.

IV.3 NGC7469

NGC7469 is one of the original emission line galaxies described by Seyfert

(1943). The host galaxy is a normal looking spiral of type Sa (Humason et al.,

1956); there is a distorted companion at a distance of about BO". A plate of

NGC7469 has been published by Burbidge et al. (1963).

a) Observations

At Campanas, only a blue spectral scan of NGC7469 was obtained; it is shown

in fig 14. The high resolution spectrum of Ha taken at Mount Wilson is of low

quality. In pa' i-Icilar the baseline determination is very poor, and hence no

good profile information is available for this line. The relative line fluxes of

the Las Campanas spectrum are listed in table 4. No absolute flux for the HP

line is given, because an accurate flux calibration could not be performed for

ident.

FFeVIIl
[NelIIJ
Hel 1

[NelII]}
Ue [

[SU]
H6 n 1
Hó b f
HY n 1
HY b f
[OIII]
Heil n
Hp n l
HB b I
[OIII]
[OIII]
Feil (42)
[NI]

X (A)

3759
3868

3888

3969

4069

4102

4340

4363
4686

4861

4959
5007
5169
5199

F/F(H

0.029
0.072
0.047

0.13

0.007
0.02
0.21
0.05
0.43
0.015
0.030
0.12
0.88
0.23
0.68
0.046
0.015

Table 4: Line fluxes in HGC7469, relative

to the total flux of H$.
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this object. Comparison with the MCSP-data is not useful, due to the unknown

spatial extent and large intensity of the NLR (Ulrich, 1972) and the strong

galactic background. The latter is clear from the number of stellar absorption

lines observed in the 2"x2" aperture (e.g. Call K, Fel d X4384, X4529, Mgl b).

We measured the redshift of NGC7469 from the peaks of the three strongest

narrow lines: [OIII] X4959, X5OO7 and [Nelll] X3869. These values agreed to

within 10 km/sec with each other and yield a velocity of cz=4810 km/sec

(z=0.01605), consistent with the value of 4790 km/sec given by Huchra (1982).

The HI 21cm line profile measured by Mirabel and Wilson (1984) has a median

velocity that is significantly higher: cz=4916 km/sec. Although the HI profile

is contaminated by a strong absorption at 4960 km/sec, it is clear from their

graph that the HI redshift is definitely higher than the narrow emission line

redshift. The wavelengths of the above-mentioned absorption lines could not be

measured with sufficient accuracy to decide between these two redshifts. In this

section, we will use a systemic velocity of 4810 km/sec as obtained from the

optical emission lines. We will, however, keep in mind that the true systemic

velocity may be 100 km/sec higher.

a) Broad line profiles

The narrow line components of the Balmer lines in NGC7469 are relatively

strong. They can be removed rather accurately with the [OIIl]-profile redshifted

by about 60 km/sec. The [OIII] X5007/H6 ratio equals 5.5, so it seems that most

of the narrow line gas in the central 2"x2" is of low ionization. The velocity

difference may possibly be explained if the two narrow line systems identified

by Ulrich (1972) have different ionization states, as observed in Mkn509

(Phillips et al., 1983).

The broad Balmer lines are characterized by a strong red asymmetry and

they have a relatively flat top with a breadth of ~1500 km/sec (fig 15). The

asymmetry extends from the line core to the wings. The median xwvelength of the

core of HP is redshifted by 300 km/sec (or 200 km/sec if the neutral hydrogen

systemic redshift is used). Part of the asymmetry may be attributed to Fell

(42) X4924. However, the asymmetry must be largely intrinsic, since in order to

remove it, we would need an unrealistically high intensity of Fell X4924 (as

estimated from X5169 see chapter V). Also, subtraction of the blue from the red

side yields a flat curve, rather than one that peaks at 3800 km/sec, as would be

the case for a strong X4924-line. To obtain the HP profile shown in fig 15, we

subtracted the Fell-line with a strength of 2.4% of Hp.

The profile of the broad Hy is basically identical to that of Hp. No coun-

terpart to the very broad wing to [OIII] X5OO7 could be found in [OIII] X4363.
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figure 14: The high resolution scan of NGC7469. The axis ave the same as in
figure 2, the bin size is 1%, and the resolution is about 7.5A.
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figure 16: The strongest broad lines in
the HRS of Fairall 9, with their peak
intensities normalized to 10. Bin size
is 100 km/sec. The narrow component of
the Balmer lines was removed (see text).
a) tfp corrected for [0111] \49S9 and Fell

(42) \4924.
b) Hy corrected for [OIII] \4363, with

the profile of [OIII] XS007
c) Hè corrected for [SII] \4069/4076.

<•«• figure IS: The strongest
broad lines in the HRS of
NGC7469, with their peak
intensities normalized to 10.
Bin size is 100 km/sec.
From all lines the narrow
Balmer line components have
been removed. In addition
fjp was corrected for Fell
(42) \4924 and [OIII] \4959.
[OIII] X4363 was subtracted
from Hy,with the profile of
[OIII] \S007 (see text).

AV (km/sec)
•looo eooo
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In fig 15, only the narrow Balmer line component and \4363 have been subtracted

with the intensities listed in table 4. The observed similarity of the two

Balmer lines may be considered as somewhat surprising, in view of the strengths

of the Fell lines, as inferred from the lines of multiplet 42 and those of 37

and 38, that make up the broad blend between 4400 and 4600A.

Finally, the H6-profile is too noisy to do a detailed comparison with

Hp. There is, however, no obvious difference between the two broad line pro-

files; in particular the red asymmetry is also present in H6. The feature in the

blue wing of H6 at -2200 km/sec are the [SII] lines that have not been removed.

There is a weak, broad feature in the red wing of HP at \4930-40A. Part of

this could be due to [FeVIl] X4942, which can become about as strong as [FeVTl]

X5159 (Nussbaumer and Storey, 1982).

IV.4 Fairall 9

Fairall (1977) discovered that the southern galaxy ESO 113-IG45 contained a

bright Seyfert-1 nucleus. This object, since then designated as Fairall 9, had

an absolute magnitude of -23.3, which made it one of the most luminous Seyfert

galaxies known. The galaxy itself has no well defined morphology; several

features reminiscent of spiral arms are visible extending out to about 20" (West

ident. F/F(Hp)

ton
[FeVIl]
HTl
[Nelll]
Hel

[Nelll]
He

[SII]

H6* (1)
(2)
(3)

Hel
Hell* (1

3727
3759
3835
3868

3888

3969

4069

4102

4340
4471

) 1 4686
* (2)' " "

HP (1)
(2)
(3)

[OIII]
[OIII]
Fell

i
4861

1
4959
5007

(42) 5169

0.014
0.032
0.010
0.083

0.070

0.051

0.005

0.007
0.022
0.15
0.37
0.006
0.007

0.020
0.034
0.093
0.92
0.11
0.34
0.057

Table 5: Line fluxes in Fairall 9, rela-

tive to the total flux of ff/j.

See text for description of the line

components.

(1) narrow line

(2) broad oore

(3) broad underlying component
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figure 17: The high resolution speatrum of Fairall 9. The axis are the same as
in figure 2, the bin size is 1%, and the resolution is about 1.5%.
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et al., 1978). Since 1978, its brightness has decreased gradually from V=13.5 in

1979 to V=14.1 at the end of 1982 (de Ruiter and Lub, 1984). In the ultraviolet

the decline is more spectacular (Wamsteker et al., 1984): the UV-continuum has

fallen by a factor of more than ten between 1978 and 1983.

a) Observations

The HPS of Fairall 9 is displayed in fig 17; no low resolution spectrum was

obtained. The line fluxes, normalized to the Hp-flux are listed in table 5.

Again, no absolute line fluxes could be calculated because of the errors

discussed above and the absence of a complementary spectrophotometric scan.

The redshift of the peaks of the [OIII] and [Nelll] lines is 0.0461. The

strong line of [FeVIl] at 3759A has a slightly lower redshift of z=0.0454.

Several weak stellar absorption lines can be discerned, i.e. Call K and the Mgl

b lines, that also yield a redshift of 0.046. In this paper we will adopt

cz=13830 km/sec.

The narrow line spectrum of Fairall 9 is dominated by the higher excitation

lines, quite similar to III Zw 77 (Osterbrock, 1981) and Aknl20 (chapter IV) and

shows a very rich spectrum of [FeVI] and [FeVIlJ lines. For instance, i'eVIIJ

[FeVIl] \3759 is about twice as strong as [Oil] A3727, a situation rarely

encountered. Both lines have approximately the same width as the [OIII] and

[Nelll] lines. (However, there is evidence for a distinct red wing to [FeVII]

extending over 30-40A). Hence, the dependence of line width on ionization level,

as observed in Seyfert-1 galaxies with strong high exciation lines (de Pobertis

and Osterbrock, 1984), is not present in Fairall 9. Also visible is [FeVII]

X5158 and probably \4942 (i.e. the small peak at about +5000 km/sec

in HP). Another [FeVII] line that can become strong, \4989, (Nussbaumer and

Storey, 1982) may be present in the blue wing of [OIII] \5OO7. The strongest

lines of [FeVII] at 5721A and 6087A are very prominent in a spectrum of Fairall

9 obtained at ESO, kindly made available to us by Dr. J. Lub. The strongest

lines of [FeVI] at 5146A and 5176A are visible, while also \4967 and X4972 are

present in the wing of [OIIll \4959, when we subtract the latter with 0.33 times

the \5007 profile. These lines can be seen as the two features in the red wing

of HP, at 6500 and 6800 km/s (fig 16).

b) Broad line prof lies

At least four components may be identified in the HP line (see fig 16).

There is a narrow core which contains both the narrow line contribution and a

slightly broader component of intermediate width. Furthermore, there are several

secondary emission peaks on the red side of the core, and finally, there is a
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very broad component underneath the three other structures.

The distinct central core has a FWHM of 800 km/sec (where we assumed that

the base of the core lies at the 55% level in fig 16). We note that this is

considerably broader than the narrow lines, which all have a FWHM of ~500

km/sec. This implies that this core is made up of two components, i.e. a narrow

line contribution and a broader component. In order to determine the relative

contribution of the narrow line, we subtracted a \5007 profile with varying

intensity. Our. best estimate is [OIII] \5OO7/H0 ~ 10, but values as low as 5 can

not be ruled out. Adopting a ratio of 10, we find that the remaining "broad"

core has FWHM ~ 1100 km/sec. The flux ratio between the narrow line component

and the broader core is about 1 to 3.

The weak secondary peak at the red side of the core lies at 4880J in the

rest system of the galaxy. There is no obvious identification for this feature

other than Balmer emission, redshifted by 1100 km/sec. This supposition is

confirmed by the presence of a similar peak at the same redshift in H6 (see

below). At wavelengths around 4900ft several more, but weaker, features are

present.

The fourth component is very broad and has an estimated FWHM of 4600 km/sec

after removing the other three components discussed above. The broad line is red

asymmetric to a small degree; the median at 50% of the peak intensity lies at

+300 km/sec. The amount of asymmetry obviously depends on the corrections

applied for the iron lines. But, like in NGC7469, an unrealistic Fell

A.4924/5169 ratio of more than unity is required to make the asymmetry disappear.

The broad component is convex on both sides. On the blue side it merges with the

core component at an intensity level of 0.5 of the peak. On the short wavelength

side it joins the secondary peak at a slightly higher level.

figure 18: The result of the
subtraction of the normalized
H? profile from that of H)\
Both Balmer lines were
oleaned from their narrow
line eontribution first.

o -

-8000 -11000 0 1000 8000
AV (Km/sec)

1 • • 1
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HY is contaminated with very strong [OIII] \4363. To get the profile

of X4363, we subtracted an Hp profile from the Hy-blend. This, of course,

assumes that the profiles of HP and Hy are identical, an assumption that may not

be entirely correct in view of the observed differences between Hp and

H6. The result is shown in fig 18. The [OIII] profile obtained in this way has a

FWHM of 650 km/sec, somewhat broader than X5007. No counterpart to the very

broad wing on the red side of X5OO7 can be seen in X4363. There is, however,

clearly a base of intermediate width (~2000 km/sec) beneath X4363, which is not

visible in X5007. All together, it appears that the [OIII] X4363/X5007 ratio

increases strongly with increasing velocity shift from the line centre. This

behaviour is quite similar to that of the [OIII] lines in 3C120, Mkn509 and in

the liner NGC7213 (Filippenko and Halpern, 1984).

Because of this significant difference between the shapes of the [OIII]

lines, we were not able to satisfactorily remove the contribution of X4363 to

Hy. A detailed comparison of HP and Hy is therefore not possible. We only remark

that the broadest component of Hy is also convex on both the red and the blue

side, and that it can be seen to merge with the core component at about the same

relative intensity level as in Hp.

Hö contains the same four components as HP, although they are harder to

identify because the S/N is appreciably lower. In fig 16 we subtracted a narrow

line component with an intensity ratio of H6/X5007=0.025. This value was

obtained from the strength of the narrow line in HP, and assumes a standard

recombination ratio of 0.25 for H6/HP. Also a correction was made for the weak

contribution of the [SII] XX4067/4076 lines in the blue wing. The remaining

broad core has a FWHM of ~1000 km/sec, almost identical to the width of

the HP core. The secondary peak is also clearly visible at the same velocity

shift as in Hp. It appears somewhat more pronounced than in Hp, i.e. the dip

between the base of the core and the secondary peak appear to be deeper, but

this may be due to the poorer quality of the profile. The FWHM of the underlying

very broad component is 4200 km/sec, slightly narrower than that of Hp.

From fig 16 it is evident that the core component is relatively stronger

in H6 than in Hp. To quantify this statement, we have assumed that the base of

the core component, in both lines, is situated at the level of the secondary

peak. This assumption yields an H6/Hp ratio for the core of 0.24, while the

broad line has Hó/Hp ~ 0.16. Although the first nunher may he considerably in

error, it appears that the H6/Hp ratio in the core is much closer to the

standard recombination value (0.25) than the ratio in the broad components.

Note, that the fact that we first subtracted the narrow line component from the

core component, does not influence this result, because a ratio of 0.25 was also
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used here. Furthermore, the weak line at 4012X may be identified with the core

component of Hn X3835. Because this line is clearly broader than the adjacent

narrow [Nelll] line, it is probably the combined narrow line and broad core

component of Hn. The flux ratio with respect to the sum of these two components

in HP is 0.08. This is very close to case B recombination value of 0.07

(Brocklehurst, 1971), which suggests that both the narrow line and the broader

core are likely to have a normal Balmer decrement.

The Hell \4686 line is also dominated by the emission from these two

components (see fig 17), while the secondary peak is not visible. The FWHM of

the core is 800 km/sec, exactly equal to that of the observed Hp-core.

Separation of the two core components is not possible, but it is conceivable

that their relative strengths are similar as in HP (1:3). Or, equivalently,

the \4686/Hp ratio of both components is close to 0.2. This statement is based

on the similarity of the widths of the cores and on the fact that the width of

narrow lines is constant for different ionization states. The flux of the very

broad component of Hell X.4686 is definitely less than 107 of HP. Because it is

so weak, nothing useful can be said about its width and shape.

From the present data the following picture arises for the broad lines in

Fairall 9; there is a very broad component, with a FWHM of about 4500 km/sec,

that has an H6/HP ratio considerably less than the recombination value. There-

fore, optical depth effects and collisional processes nay play an important role

in the excitation of this component. This component can be identified with the

canonical broad line component in Seyfert-1 galaxies (Kwan and Krolik, 1979),
9 5 —*}

which has densities in excess of 10 * cm and a very high optical depth in the

Balmer lines.

The appreciable narrower core component (FWHM ~ 1100 km/sec) has a normal

recombination Balmer decrement (based on Hp, HÓ and Hn). This component also

emits a considerable amount of Hell \4686. These observations indicate that the

core is emitted by a region with lower densities and probably a higher

ionization parameter. We may even speculate that the base of [OIIl] A.4363,

which, judging from fig 18 has a comparable FWHM, is also emitted in this

region. If this is indeed the case, we estimate the density in this region to he

about 10 * cm .

It is very unfortunate that we Hid not obtain a simultaneous spectrum of

Ha, since the Ha/HP ratio is most sensitive to the optical depth and collisional

effects.
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CHAPTER VII

THE WIND/DISK MODEL

I INTRODUCTION

The major part of this thesis is devoted to the description and

intepretation of a series of. newly obtained observations of a dozen bright

Seyfert-1 galaxies. From the detailed profile information that is available for

these objects, a picture of the broad line region (BLR) is developed containing

two components, that are kinematically and spatially separate. These two

components, both of which contribute to the line emission, are an accretion disk

and an outflowing wind. Because the steps leading to this picture and the

various predictions that can be made from it, are scattered throughout the

chapters II and IV, a brief summary of these chapters is given here.

II RATIONALE FOR A TWO COMPONENT MODEL

In chapter II the question was raised whether the observed broad line

profiles could be generated by an accretion disk. The effects of the

distribution of the emissivity in the disk, the inner and the outer radii were

investigated. Detailed comparison was made with the extensive atlas of line

profiles published by Osterbrock and Shuder (1982). Initially it was tried to

explain all broad line emission as emitted by an accretion disk. However, it was

realized immediately that in order to explain the commonly observed asymmetries

and blue shoulders in the profiles, some sort of radially flowing component must

be invoked. In chapter II various mechanisms were explored; a pair of jets

emanating from the disk (or more general, outflow in a restricted cone, cf.
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Osterbrock, 1978; Cohen, 1982), or clouds boiled off the disk (cf. Shields,

1977). If such components are present in the BLR, various shielding effects can

cause the resultant profile to be asymmetric. If the clouds are irradiated by a

centrally located continuum source and if they are optically thick to line

radiation (either due to dust or self-absorption) then the observer

prefer.entially sees the far side of the broad line clouds system. Hence a red

asymmetry is observed if the clouds are travelling outward (Ferland et al. 1979;

Capriotti et al., 1979).

Obstruction by an opaque disk of emission from the radially flowing

component may be another cause of profile asymmetries. In this case, if the disk

is not too close to edge-on, we observe a blue asymmetry for the outflowing

component, superimposed on the symmetric disk profile. In chapter II it was

demonstrated that good fits to the observed profiles can be obtained with the

ingredients listed above. Clearly, this agreement between the observed and the

predicted profiles is not a proof of the correctness of the picture, but it may

at least be considered encouraging.

In chapters III and IV the first results are presented of a series of

spectroscopie observations with high resolution and high S/N. These data provide

direct evidence for the presence of more than one kinematical component in the

line profiles. Chapter III deals with Mkn335, a luminous type 1 Seyfert, with

relatively narrow broad lines. The full width at half maximum (FWHM) of Ha is

only 1100 km/sec. In chapter IV the Seyfert-1 galaxy Aknl20 is studied. The

broad lines of this object are very broad, with FWHM of Ha -5300 km/sec.

In both cases far-reaching conclusions were drawn-from the differences that

exist among the various broad lines. In Mkn335 the Balmer lines are extremely

asymmetric towards the blue. As outlined above, this would imply a system of

infalling clouds if internal absorption in the clouds is important, or outflow

if there is a central opaque accretion disk. Another very important observation

is that the Ha/HB ratio in Mkn335 is strongly dependent on the velocity offset

in the lines. In the line centre the ratio is 3.2, but it decreases rapidly to

about 1.5 in the wings. Another crucial point is that this drop in the

Ho/HP ratio is also asymmetric; on the red side the decrease is very steep,

while it is more gradual on the blue side. This latter aspect probably excludes

the picture of infalling clouds with internal absorption as the cause of the

blue profile asymmetry, because it requires that the Ha/H8 emitted by the back

side of the clouds is very much lower (1.5) than the recombination value (2.8),

while that from the front side must be close to it (3.2). On the other hand, the

picture in which the asymmetry is the result of shielding of an outflowing wind

by an accretion disk can nicely explain the observed details of the profile. If
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the simplifying assumption is made that the shielding is perfect (i.e. only the

blue-shifted part of the wind contribution is seen) the profile of the wind

component may be obtained by folding the observed line profile and subtracting

the red from the blue side. It turns out that the wind profiles of Ha and HB

obtained in this way are identical, implying a velocity independent Ha/HB ratio.

The underlying symmetric component has an Ha/HB ratio that is strongly dependent

on velocity.

If the component is actually formed in a rotating disk, the decrease

in Ha/HB with velocity implies that this ratio decreases towards the centre. As

discussed in chapter III this may be translated into an increase in density

towards the centre. Because the Ha/Hf? ratio in the wings is extremely low (1.5),
12 -3

very high densities are implied close to the nucleus (n > 10 cm )•

The Balmer and Hel lines in Aknl20 are extremely broad and complex. There

are two prominent emission peaks, one which is slightly blueshifted with respect

to the narrow line redshift (Av = -250 km/sec) and another peak that is

redshlfted (Av » 1800 km/sec). The red peak is most prominent in HB and much

less prominent in Ha, which means that the Ha/HB ratio of the red peak is

appreciably lower than that of the blue peak. In this object the strongest

argument for the presence of two distinct emission line zones comes from the

extreme difference between the profiles of the Balmer lines and the Fell lines.

Our high quality data reveal that the (stronger) blue peak of the Balmer lines

has no counterpart in the F«-II lines, while the red peak is clearly visible in

them. On the other hand, the higher excitation line of Hell X4686 appears to be

associated with the blue Balmer peak only.

These data led to the idea to explain the broad lines of Aknl20 in a model

similar to that for Mkn335. The red peak is then part of a double-peaked disk

profile (cf. chapter II), while the blue peak of the observed profile is emitted

by the wind. This wind component fills up part of the central dip of the disk

profile and, because it is slightly blue shifted, overwhelms the second (i.e.

the blue) peak of the disk profile. There is, however, some evidence that this

second disk peak is in fact observed, although it appears to be weaker than the

associated red peak.
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III ASPECTS OF THE DISK/WIND MODEL

After this outline of the steps leading to the disk/wind model we will

discuss the physics of the two regions in some more detail.

a) Physical conditions in the disk

i) the density: we have presented strong evidence for densities in the disk

This evidence is based on thewell in excess of the canonical value of 10 cm

observed very low Ha/Hf5 ratios in the line wings. Of course, the density depends
12 —3

on radial position in the disk. In Mkn335 densities in excess of 10 cm may be

required to explain the extremely low Ha/H8 ratio of 1,5. One might argue that

Mkn335 is an extreme and therefore probably rare case. After all, its

integrated Hoc/Hf? ratio was found by Osterbrock (1977) to be 2.6, which is the

lowest but one ratio in his sample of 36 Seyfert-1 galaxies. But if one looks at

the lines in more detail, it is found that values below the recombination value

are very common in the wings of the broad lines. This was demonstrated by Shuder

(1982) for a sample of 18 objects. He found that on average, the Hoc/HB ratio

decreases from 4.8 in the line cores to 2.2 in the wings of the line profiles.

So it appears that the high density component, that is emphatically present in

Mkn335, is also present in most other Seyfert-1 galaxies.

According to Shuder (1982) this run in Hoc/HS is the result of variations in

either the density or the ionizing flux (or in both). For Mkn335 it was derived

that variations in the density are the most likely cause. This conclusion is

based on the similarity of the profiles of the disk component of the Balmer

lines and that of 01 X8446 obtained by Rrandi (1980) . The actual density range

that is implied by the Hot/H3 ratio is extremely dependent on the radiative

transfer model that one believes (i.e. Kwan and Krolik, 1979, 1981; Drake and

Ulrich, 1980; Collin-Souffrin et al., 1982; Canfield and Puetter, 1981). For a

complete discussion of the various methodologies applied and their results the

reader is referred to Collin-Souffrin et al. (1982). In chapter III we derive

for the disk in Mkn335 10 < n& < 10 cm , based on the calculations of Drake

and Ulrich (1980). Clearly, these number could well be wrong by as much as a

factor of ten.

ii) the temperature: the canonical value for the temperature of the broad

A very recent (and still unreduced) CCD spectrum obtained in Aug. 1984 with
the Isaac Newton Telescope confirms that the 01 line is actually narrower than
H K . Whether or not the 01 displays the blue asymmetry could not be judged from
the raw data.



145

line emission line region is about 10 K but it is a quantity that is particulary

tough to measure. For the data in Mkn335, it was argued that the temperature

should not exceed about 1.5x10 K, because otherwise the Ha/H(J ratio would be

considerably enhanced, contrary to the observations (this estimate is again

based on the calculations of Drake and Ulrich). On the other hand, if whole the

UV-excess observed in Mkn335 is thermal radiation from the disk, its temperature
A

would be 2.5x10 K (Malkan and Sargent, 1982). Clearly, better diagnostics are

necessary to determine the temperature of the disk with higher accuracy.

iii) energy input; there are two plausible sources of energy input into the

disk. They are, the dissipation of rotational energy (i.e. the standard

accretion disk mechanism) or absorption of the UV and X-ray radiation of the

central continuum source. We can not distinguish between these on the basis of

the emitted hydrogen line spectrum alone, because it is basically independent of

the heating mechanism for the high densities proposed in the disk (Drake and

Ulrich, 1980; Collin-Souffrin et al., 1982). Several arguments in favour of

photoionization a.s the main heat source of the BLR can be put forward. The

equivalent width of the Balmer lines displays a relatively small spread from

object to object (Searle and Sargent, 1968), implying a linear correlation

between line intensities and continuum fluxes. Furthermore, we know for sure

that a sufficient amount of energy is available and that its nature is such that

it produces the observed wide range of ionlzation states. This latter argument,

however, does not hold in case of an accretion disk, because it emits

predominantly the lower ionization lines (Balmer, Fell, 01; although it was

assumed in chapter III that also part of the CIV XI549 originates from the

disk). Finally, a strong argument for photoionization comes from the observed

simultaneous variations in the continuum and the emission lines (de Bruyn, 1980;

Antonucci and Cohen, 1983). On the other hand, Collin-Souffrin et al. (1980)

argue strongly in favor of mechanical heating of the region that produces the

Fell lines, based on the very high column densities required to produce these

lines.

One basic problem that has to be solved in case of photoionization of the

disk, is how to transport the photons from the central continuum source onto the

disk. If the continuum source is small compared to the size of the disk and if

the disk has a constant opening angle, most energy will be deposited at very

small radii, and most of the disk will be cool. Several solutions to this

problem have been discussed by Shields (1978). If the disk flares at larger

radii (Novikov and Thorne, 1973) it may intercept a sufficient share of the

ionizing radiation (see also Shields, 1977). Also, the continuum source could be

extended and illuminate the disk from above. Shields (1978) conjectures that a
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pair of radiating jets generated in the centre of the disk could do the job.

Another possibility that has been suggested to mimic an extended continuum

source is to have a hot medium above the disk that electron-scatters continuum

photons onto it (Jones and Raine, 1980; Raine and Smith, 1981). It is this

latter picture that we consider most plausible for several reasons. The

similarity of the characteristic time scales for continuum and line variations

(de Bruyn, 1980; Antonucci and Cohen, 1983) suggests that they come from a

region of approximately the same size. The argument in this form may hold only

for Seyfert galaxies and not for quasars. In quasars the line variability time

scale appears to be much greater than that of the continuum, although the data

are too scarce to make this statement definitive. Considering the energy budget,

we estimate that the optical depth to electron scattering of the medium is about

0.2, provided that the continuum source is completely surrounded by it. The

scattering medium can be identified with the hot gas that is required to confine

the clouds in the proposed wind component (Mathews, 1974; Krolik et al., 1981).

The properties of the scattering component are discussed in more detail below.

b) Physical conditions in the wind

We begin with summarizing the available information on the wind

component.

i) The Ha/H0 ratio in the wind in Mkn335 is close to its recombination

value and is velocity independent (assuming negligible reddening). The former

statement is probably also true for Aknl20, but the velocity dependence is not

known. In Fairall 9 there is also a relatively narrow broad line component

(FWHM ~ 1100 km/sec) that can be attributed to the wind (chapter VI). It also

appears to have a normal Balmer decrement.

ii) It appears that the wind emits relatively weakly in the lines of low

ionization species such as 01 and Fell. In Aknl20 it is certain that the iron

lines are not present in the wind component, while in Mkn335 the profile of

01 X8446 is consistent with being emitted by the disk only.

iii) In the disk/wind picture most Lycx comes from the wind. An important

observation is that Lya shows no preferred asymmetry, neither in quasars (Wilkes

and Carswell, 1982) nor in Seyferts (Gregory et al., 1982; Wu, 1984). This fact

severely constrains any model that invokes radial motion, because the extremely

high optical depth in Lya coupled with outflow would result in a strong redward

asymmetry for centrally emitted clouds.

iv) As discussed above, a hot medium with significant optical depth to

electron scattering should be present, in order to get sufficient over-head

illumination of the disk. This puts another constraint on the density of the
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radiation clouds if it is assumed that they are in pressure equilibrium with the

hot medium.

An important question that we should ask ourselves is whether the clouds in

the wind part of the disk/wind model can be* considered as 'standard' photo-

ionization model clouds (e.g. Kwan and Krolik, 1981). Although no definitive

answer is possible at the present stage, the above list of wind properties

suggests strongly that the answer is no. We argue that the properties of these

clouds are simpler than in the standard model, i.e. line transfer plays a much

less important role. Indications for this are the close to normal Balmer line

ratios and Lyct/HB ratio in the wind. Another indication is the apparent absence

of any Fell emission from the proposed wind component in Aknl20.

c) The scattering medium

We now briefly discuss some aspects of the scattering medium. There are

compelling theoretical arguments for the existence of a hot medium that confines

the cooler, high density emission line clouds. Krolik et al. (1981) calculated

that an equilibrium between the cool and hot phase will be reached for typical

quasar parameters. The temperature of the hot medium is determined basically by
Q

the balance between Compton heating and cooling, and is typically of order 10 K.

So far, the observations yield no unambiguous evidence for the presence of

this medium. The most obvious way to look for it, is to search for very broad

electron-scattered wings beneath strong emission lines, for instance Ha. This

wing would have a FWHM of about 6xl04 (T/108K)* km/sec (Shields and McKee, 1981)

(corresponding to 1400A for Ha) and hence is very hard to detect. Shields and

McKee (1981) have intepreted the broad feature under Ha in the quasar B340

(Baldwin, 1975) as an electron-scattered wing arising in a medium with T~10 K.

Our Las Campanas observations revealed similar wings beneath Ha in Mkn509 and

Aknl20. In the latter object the wing manifests itself most clearly on the blue

side, extending out to ~6180A (rest wavelength) or 18000 km/sec. This wing can

also be discerned in the spectrum published by Osterbrock and Phillips (1977).

One should, however, be aware of the fact that in all these observations Ha was

near the edge of the detector and therefore the baseline was not determined very

accurately. This makes it difficult to extract from the observations any useful

constraint, on temperature or optical depth.

d) Predictions of the disk/wind model

The proposed picture of the broad line region clearly contains a lot of

free parameters, i.e. the extension of the disk and wing regions, the incli-

nation of the disk and the radial dependence of the emissivity of the compo-
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nents. However, a few straightforward predictions can be made if we assume all

parameters, except the inclination angle, as fixed. In chapter III we noted that

the disk in Mkn335 has to be close to face-on, because of the extreme blue

asymmetry of the Balmer lines and their relative narrowness. However, for

randomly distributed inclination angles most will be closer to edge-on. This

increases the observed profile widths while the degree of asymmetry decreases

(because more of the wind on the backside of the disk becomes visible). For disk

orientations close to edge-on the effects of shielding by the disk disappear

altogether, and the asymmetries are determined by internal absorption in the

clouds of the outflowing wind and a red asymmetry is observed (Ferland et al.,

1979; Capriotti et al., 1979).

If we assume that the typical velocity of the wind is lower than that of

the disk (as observed in Mkn335, Falrall 9 and Aknl20), the model also predicts

a correlation between the width of the Balmer lines and 01 A8446. The width of

the latter should be less than that of the Balmer lines, if the broad lines are

relatively narrow, but broader in those objects with very large line width. This

can be understood in the following way (keeping in mind that \8446 is emitted

exclusively by the disk). If the observed disk profile is narrow (e.g. disk

almost face-on), the wind contribution increases the line width. If, on the

other hand, the disk profile is broad, the wind component is seen superimposed

on a broad profile, thereby effectively decreasing the FWHM of the (Balmer)

lines.

It is impossible to tell whether or not this prediction is correct from the

presently available data (mainly Grandi, 1980). It is encouraging to note that

in the two galaxies with the narrowest broad lines published by Grandi (1980),

i.e. Akn564 and Mkn335, both have 01 lines that are narrower than the Balmer

lines.

e) Seyferts versus QSO's

There are some interesting systematic differences between the broad

emission lines in Seyfert galaxies and in quasars. To summarize the evidence for

this: the equivalent width of the UV emission line, in particular CIV X1549
-2/3

decreases with increasing luminosity, roughly as EW(CIV) « L (Baldwin,

1977; Wu et al., 1983). Furthermore, the CIV/CIII] ratio has an average value of

about 5 in quasars, but is much lower in Seyferts (~2) (Wu et al., 1983).

Finally, line profile differences (in one object) are much more pronounced

in Seyferts than in QSO's. For instance, the profile of Lyct, CIV A1549 and CIII] \1909

are almost identical in quasars (Baldwin and Netzer, 1978), although minor

differences can occur (Wilkes and Carswell, 1982). In Seyferts, the IUE data
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revealed that the profiles of CIV and CIII] are distinctly different (Penston et

al., 1981; Ulrich and Boisson, 1983; Wu, 1984). The difference between

the Ha and H(5 profiles, that is very clear in Seyferts (this thesis; Shuder,

1984), disappears as one goes to higher luminosity objects (Shuder, 1984).

How can these observations be explained in the framework of the disk/wind

model? The observations clearly indicate that the emission lines in Seyferts are

emitted by a gas that has a considerably wider range in physical parameters

(density, ionization parameter). In fact, there is evidence that the lines in

Seyferts are emitted by two or more physically separated regions (cf. chapter

III and IV; Ulrich and Boisson, 1983, see also Collin-Souffrin et al., 1982). In

terms of the disk/wind picture, this implies that in Seyferts both components

contribute to the emission lines, while in quasars one of the components

dominates (which, of course, does not imply that the other is absent). The

observed luminosity dependence of the CIV/CIII] ratio, strongly suggests that

the low density component (i.e. the wind) is the stronger component in quasars.

f) Miscellaneous considerations

The disk/wind model does not yield a solution for the problem of

the Lya symmetry. Originally (chapter II) the observed symmetry was not used as

an argument in favour of an accretion disk model. But in the present picture,

the disk contributes only a small fraction to the Lya-flux and hence the problem

remains. A possible, but not very appealing, solution offered by the model is

that the disk absorbs some of the red side of the profile while internal

absorption reduces the flux on the blue side.

Several solutions to the Ly« problem have been proposed that do not pertain

uniquely to the disk/wind model. The Lya emitting gas could be optically thin,

or internal gas motions in the clouds could reduce the optical depth in Lya

and/or heat the back side of the clouds (Mathews, 1982). The first solution gets

some support from the fact that Lyct/Hf3 and the Balmer decrement of the wind are

close to normal. Such optically thin clouds would produce predominantly the

higher excitation lines, as required. Reducing the optical depth in Lya through

internal motion decreases the Lyot/HS ratio to even lower values (Mathews, 1982)

and can therefore be ruled out.

Another way to enhance the Lya emissivity on the back side is to illuminate

it with the same scattered photons that are required to energize the disk.

Clearly, the degree to which this will work depends on the relative sizes of the

disk, the wind zone and the scattering medium, and is therefore highly

uncertain.

A potentially important diagnostic line is Hell X4686, but for this line
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the situation is slightly obscure. In some objects (Aknl20, Falrall 9) the line

is relatively narrow and it appears that it is associated predominantly with the

wind. In Fairall 9, the Hell X4686/Hg ratio of this component is relatively well

determined as 0.2, while the much broader disk component has a ratio of less

than 0.1. In Aknl20 the wind component is clearly visible (and variable), while

the disk component could not be identified at all. In other objects (e.g. Mkn335

(see also Osterbrock and Shuder, 1982) and 3C120) X4686 is clearly significantly

broader than HB, and has presumably a significant contribution from the disk.

Some of the arguments against a smooth disk with overhead illumination put

forward by Blumenthal and Mathews (1979) and Mathews (1982) can be overcome.

According to these papers the Keplerian velocity vk at the characteristic radius

rpv is at least an order of magnitude too low for central masses M of order

10 M Q : vk (rch) "• (340 km/sec) M. T* L, * n , where V is the ionization
p g

0 M : vk ( r ) "• (340 km/sec) M T* L, * n

parameter, L is the continuum luminosity and n is the gas density. Subscripts

denote the power of ten to which the parameter is normalized. First we note that

ng that is derived for the disk is at least 1000 (and possibly even higher) as

opposed to unity as assumed by Mathews. Second, r for the disk is no longer an

observationally fixed parameter. Third, for Seyfert galaxies L46 =0.1, rather

than unity as for quasars. Finally another factor of £ * should be added to the

right side of the equation. Here £ is the fraction of photons absorbed by the

disk at some radius to that actually available at that radius (i.e. according to

a r -law). As discussed previously £ is probably about 0.2. Clearly, incor-

porating these factors (and their basic uncertainties) in v^ (r^) remove the

difficulty that it would be too low for reasonable black hole masses.
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ALGEMENE SAMENVATTING

In de kernen van actieve stelsels worden in een zeer klein gebied grote

hoeveelheden energie (typisch ~10 erg/sec in een Seyfert stelsel) opgewekt

(<100 A.E.). De bron van deze energie is vermoedelijk accretie van gas op een

object met zeer grote massa, hoogstwaarschijnlijk een zwart gat.

Informatie over de fysische processen die zich in de kern afspelen kan

onder meer verkregen worden uit de brede eraissielijnen in Seyfert stelsels en

quasars. Deze lijnen worden uitgezonden door een groot aantal snel bewegende

gaswolkjes in de directe omgeving van het zwarte gat. Deze bevinden zich in een

gebied van ongeveer een parsec. Zij verkrijgen hun energie uit de absorptie van

de ultraviolette en Röntgen straling, die in de buurt van het zwarte gat

gegenereerd wordt. De stralende wolkjes nemen maar een zeer klein gedeelte van
-4

de ruimte in: de vulfactor is typisch kleiner dan 10 . Uit de waargenomen

lijnintensiteiten en profielen is afgeleid dat de dichtheid binnen de wolkjes
10 —3

erg hoog is: een typische dichtheid is 10 cm .

Dit proefschrift is voornamelijk gewijd aan het onderzoek van de kinematica

van dit brede emissielijn gebied (BELG). De waargenomen lijnprofielen zijn vaak

buitengewoon complex: sterke asymmetrieën en secundaire pieken worden veelvuldig

waargenomen. Dit geeft aan dat de kinematische structuur van het BELG niet

eenvoudig kan zijn. Teneinde de profielvormen te verklaren zijn diverse modellen

voorgesteld. Deze maken gebruik van in- en uitstroming en rotatie van de

gaswolken, en wolkjes die anisotroop stralen.

In hoofdstuk II worden berekeningen gedaan aan de theoretische lijnpro-

fielen van accretieschijven. In hoofdstukken III t/m VI worden de resultaten

gepresenteerd van een aantal waarnemingen, gedaan met de 2.5 meter telescoop van

Las Campanas. In hoofdstukken III en IV worden de spectra van de Seyfert

stelsels Markarian 335 en Arakelian 120 in detail geanalyseerd. De brede

emissielijnen in Mkn335 zijn relatief smal, en vertonen een uitgesproken blauwe

asymmetrie. In Aknl20 zijn de emissielijnen buitengewoon breed en complex: er

zijn twee pieken die ongeveer 2000 km/sec uit elkaar liggen. Het blijkt dat er

in dit stelsel grote profiel verschillen bestaan tussen de lijnen van waterstof

en die van ijzer.

Hoewel de brede emissielijnen van deze twee stelsels grote verschillen

vertonen, blijkt dat zij toch met hetzelfde model verklaard kunnen worden. In

dit model komt een gedeelte van de emissie van een accretieschijf en een ander

gedeelte van een naar buiten stromende wind. Het verschil tussen de profielen
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van de waterstof en de ijzerlijnen in Aknl20 ontstaat dan doordat de wind wel

bijdraagt aan de waterstoflijnen maar niet aan de ijzerlijnen. In Mkn335 kijken

we bijna recht op de schijf en als gevolg daarvan zien we de wind aan de

achterkant van de schijf niet. Hierdoor nemen we, naast de symmetrische bijdrage

van de schijf, alleen het naar ons toe stromende gedeelte van de wind waar,

waardoor een blauwe asymmetrie ontstaat

Naast de brede lijnen in de spectra van Seyferts, zijn er ook nauwe lijnen.

Tot de meest intense nauwe lijnen behoren de verboden lijnen van [OIII], [NelII]

en [NU]. Zij hebben een breedte die typisch tien keer kleiner is dan die van de

brede lijnen, en komen uit een gebied dat veel groter is dan het BELG (100-1000

parsec), waar de dichtheiden veel lager zijn. (10 cm ).

Dat de scheiding tussen de brede en de nauwe lijnen niet zo strikt is als

men altijd gedacht heeft, wordt besproken in hoofdstuk V. Hierin wordt de

ontdekking gerapporteerd van hele brede vleugels onder de nauwe [OIII] lijnen.

Deze vleugels hebben een breedte die vergelijkbaar is met die van de brede

lijnen. Zij komen zeer waarschijnlijk uit een gebied dat ligt tussen het BELG en

nauwe emissielijn gebied, met een afmeting van 1-10 parsec. Dit gebied is in dit

proefschrift gedoopt tot het overgangslijn-gebied (engels: transition line

region TLR).

In hoofdstuk VI worden nog vier andere Seyfert stelsels in detail be-

sproken, te weten 3C120, Mkn509, NGC7469 en Fairall 9. Dit proefschrift wordt

afgesloten met hoofdstuk VII: een uitgebreide bespreking van bovengenoemd model

met een accretieschijf en een uitstromende wind.
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STELLINGEN

behorende bij,het proefschrift

BBOAD LINE REGIONS IN SETFERF-1 GALAXIES

1. Het bestaan vari* accretieschijven in de kernen van type 1 Seyferts is
indirect al aangetoond.

2. Het massaverlies van actieve kernen wordt het best bepaald door middel
van waarnemingen van het overgangslijngebied.

Dit proef'schrift, Hoofdstuk V

3. De modelberekeningen van het stralingstransport in de emissielijn-
gebieden van actieve kernen dienen uitgebreid te worden naar veel
hogere dichtheden.

4. Gepubliceerde lijnprofleien zouden aanzienlijk waardevoller zijn als de
snelheidsschaal en het aangenomen nulpunt aangegeven waren.

Wilkee, B.J., Carauell, B.F.: 1982, Monthly Notices toy. Astron.
Soa. 201, 645
Heekman, T.M., Miley, G.K., O>een, R.F.: 1984, Aetrophys. J. 281,
525

5. De vergelijking die De Vaucouleurs maakt tussen botsingen van auto's en
die van Melkwegstelsels gaat mank.

'After a eoVLieion a oai> is a week, not a new type of oar.'
Da VauooulewB, 1974, in IAV Symposium 58: 'The formation and
Dynamioe of Galaxies'.

6. Bij het berekenen van de schadelijke gevolgen van een ongeluk met een
kerncentrale wordt er ten onrechte van uitgegaan dat mensen geen
opzettelijke fouten maken.

Leveneon, M>, Bxhn, F.: 1981, ffual. Teohn. 53, 99

7. Het toenemend aantal (super)specialisten in de geneeskunde zal het
noodzakelijk maken dat er artsen worden opgeleid die gespecialiseerd
zijn in het doorsturen van patiënten naar de juiste (super)speclalist.

8. Taal i s een gebrekkig communicatiemiddel...voor de meesten onder ons.

9. Het whiskymeer i s smakelijker dan de boterberg.

Leiden, 29 november 1984 Ernst van Groningen


