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Abstract. The spectral line shape investigations ol the Active Galactic Nuclel are carried
out at the Belgrade Observatory since 19%L Tuitally the rescarchies were only thcorctical,
the object ol them having been the eflects ol the gravity ficld on the spectral line shapes.
Subscguently these rescarches were extended to include the aualysis ol thie obscrved cmission
spectral lines. On the basis of this analysis of the olscrved spectral lines the modelling was
undertaken of the emission regious ol the Active Claliuctic Nuclel. Special attention was paid
to the investigation of time variations of these emission Hues which point to the existence of
two broad line emission regions 1 these objects.

1. INTRODUCTION

The imvestigation of the spectral line shapes and parameters helps us to understand
the physical conditions and state of the plasma [von which these are coming. In fact
the ouly way of making diagnostics of plasma outside ol the Solar System is (he
investigation ol its radiation (spectral lines and coutinuum). The mvestigation of
the spectral line shapes and parameters 1s very nuportant also becanse most of the .
information on the celestial objects is acquired just by unalyzing these parameters.

Among the most interesting objects e the Cosimos are Active Galactic Nucle
(AGN). These objects, where to the quasars also belong, are powerfnl radiation
sources, one ol their characteristies being the presenice in their spectra ol the very
strong emission lines. T'hese entission lines are characteristic ol the active galaxies
and in some ol them a classification was deducted according to the shapes of these
lines. Tor instance Syfert galaxies with nayrow spectral lines (full widdth at the half
maximum - FAWITA - about several hundreds kin/s) belong to the type Lwo - Sy 2,
while those with the broad lines (FWIHNM - up to several thousimd kim/s) belony to
the Lype one - Sy 1.

According to the widely accepted view in the center of these objects there s a black
hole with the accretion disk around it. This system is enveloped by an cimission region.
On the basis ol researches in the spectral lines of these ohjects (sce g Osterhbrock
1989) 1t has been brought out that the eimssion region from which they originate might
be divided into several parts, cach one with dilfferent plvsical properties. Generally
two such reglons are noticcable:

1. Broad line region (BLR) front which hroad, mainly hydrogen and bielivm lines are

radiated. This region is embedded in the enviconment of e aceretion disk, its
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dimensions belug less than one parsee, 1 1s conposed of dense matter - a cloud,

which in addition to the dominant rotation motion have their proper motion as

ell. The velocities ol these clouds, derived [rom the lnes hall widihis, vun on the
average around several thousand kni/s (sce c.g. Osterbrock 19891, The electron
Tem™ o 108 anT? ) with temperature

concentration in this region runs [rom 10
ol about 10000 N

2. Nacrow line region (NLR) oul of which navrow lines arc coming, is lareer, amounting

to several kiloparsees. Tt is [rom this region that radiation of lighly iomzed emitters
(O I, C 1V) is coming forth. Noticealile ave also the lines {rom the forbidden
transits (c.g. O TH[1959,5007]). Otherwise the concentration of the emitters in this
region is very shiaht, vunning from 10 ™ to 107 ™%

Certainly, speaking strictly, the emission region is ninelr more comnplo For instance

our nvestigation of the narrow line region in the Nl 817 galoxy shoved o e

composed ol two parts (Popovié and Mediavilla T9UT) . Sometities one iy
m the emission region the disk too, e the disk effeets may make themselves fele
the spectral fine shapes, as is the case with the 7w 2 (Popovic et al, 1U97).

The nvestigations ol the spectral line shapes in Sylert galaxies and quasars ad the
Belgrade Obscrvatory were started in 1994 The initial investigations were theoretical
and connected with the gravity ficld cliver on the spoecteal line shapes (Popovié and
Vinee 1994, Popovié ¢t al. 1991ab, Atanackovic et al. 1994, Popovic ef al. 19495a).
Later on these vestigations were extended to mclude the studying of the spectral

lines shapes obscrved at the Crimean Astrophysical Qbservatory (Pope [996). Here
a condensed survey ol rescarchies perlored al the Belgrade ()|;S(‘i'\'lllt)l'}' s given.
These researches are carried oul within the [ramework ol the task fnecsligalion of the
Spectral Lune Shapes in Active Galactic Nacler which Torims a part o e Belgrade
Observatory’s Rescarch Project.

GRAVITATIONAL EFFECTS ON
THE SPECTRAL LINLES SIIATES

Rescarches concerning the imfluence of gravitational ellcets o the specteal Tine shapes
i AGN promoted studying the nature ol these objects ab the Belurade Obscrvatory,
Ilaving regard to the model ol' he AGN wlieh envisages a hilack hole o thie nucleus
centre, with region emitting the lines, the so calld Beoad Line Recion (BLRD o

the immediate vicmity of the l)l:n'l\' liole, Les in acstrong gravitational el one miay

expect this field to allect the cmitted radiation coming rom these oljects. o
sense? First, the obscrved line having been oblained as a sunnnary radiation of a
cloud situated in the Jine ol sight at dilferent distances [romn the couter, e within
different gravitational fields, the radiation cimitted from particular clonds lias different
gravitational shifts, Ti other words, the radiation of those clouds sivauted closer 1o
the center will be shilted toward the ved with respect Lo the radintion of clouds
more distaut from the black hole. O course, we must thereby keep o mind that we,
as obscrvers, are within a relatively weak gravity lield with respect to the cinitiers
situated within a Broad Line Region or within the acerction disk of the AGN. Ly any
case Lhis will lead to the distortion of the spectral Tine shiapes of these ahjects. Second,
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the emitters will be in a strong gravitational field which must be taken into account
at computing the atomic parameters of the emitter (oscillator strength, transition
probability and line strength).

As already related, the initial investigations were connected with the effect of the
gravitational redshift on the emission spectral line shifts for the case of the undistorted
Lorentz profile (Popovié¢ and Vince 1994, Popovié et al. 1994ab) and Voight profile
(Atanackovié et al. 1994, Popovié et al. 1995a). In both cases analytical expressions
were derived serving for accounting for this effect.
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Fig. 1. The shape of the distorted spectral line profile for different transition lengths Ay,
compared with undistorted Lorentz profile (dissected line). (—) for Ag =1000 A (solid line),
(—x —x) for Ag =10000 A, (+ — +—) for Ay =50000 A, (— x — x —) for Ay =100000 A.
AX expressed in Lorentz half-widths (Popovic et al. 1994a).

[n the case of the undeformed profile of the emission line being Lorentz one (S(A))
the analytical expression for the distorted profile (S'(A, 7, M)) due to the unequal
gravitational shift is (Popovid & Vince 1994, Popovié et al. 1994a)

S (A, M) = S(A) - ®(A, 7, M) .

where ®(A,r, M) is the corrective factor depending on the distance of the region
emitting the radiation from the black hole (#) and on the mass of the central object
(M).

In the case of the Voight profile (H(a,z)) the expression for the distorted profile
(H'(a,x,r, M)) s (Popovi¢ et al. 1995a)

Foo '
H'(a,z,r, M) = ¢ / e, z,y) - $la, z, y,r, M)dy (2)

™ J_co
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where h(a, z,y) 1s the integrand of the Voight profile

e~y

ha,z,y) = a?+ (z —y)?’

a is the relation of Lorentz and Doppler width and 2 = A— Ay is expressed in Doppler
Lialf-width. The corrective function ®{a, x,y,r, M) has the same analytical forni as in
the case of Lorentz profile.
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Fig. 2. The distorted Mg line in consequence of the gravitational effect (solid line) cown-
pared with the undistorted (dashed line). The model of an AGN is used, assuming the

existence of three emission regions (Popovic et al. 1995a).

The influence of the gravitational redshift effect on the spectral line shape was
considered for optically thin and thick regions. The conclusion has been derived this
effect to lead to the spectral line profile being distorted in such a way as to make
the line broader, of lower intensity and shifted toward the red (Fig. 1.). This eflect is
more pronounced in the optically thin mediuni, which in fact applies to the broad line
region situated closer to the black hole (Corbin 1997). In active galactic nuclei the
distortion of the emission lines should be noticeable in the broad component, while
this in the narrow component is not present. The investigations of other authors,
made later on, give similar results (Corbin 1995, 1997ab).

Relatively recently imvestigations were started connected with the gravitational
field effect on the atomic parameters of the emitter (Popovi¢ 1997, Popovié¢ 1999).
Namely, for an observer situated in a weak gravity field, the radiation of the emitter
will be shifted toward the red, i.e. the observer will find, by comparing the quantum
systemn within a strong gravity field with one within his own field, the energy levels
to differ according to

Ezl': E, + AFE;, (3)

where E; are quantum systemn levels energies in the observer’s medium and FE; are
epergies of the quantum system level whence the radiation 1s coming. AF; 1s the
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energy difference depending on the difference of Lhe gravitational Held strength. This
difference can bhe calculated for the active galactic nuclet knowing the value of the
gravitational recshift to obey (Popovié 1999ab)

M

AE; 8 ————
]-}-Z(;

E;, (4)
where ¢ 15 the gravitational shift. Actual caleulations of the oscillator strengths and
the transition probability were accomplished for the case of Ly, line and the resonant
C" TV lines (Popovié 1999a). These lines are intensive in the UV spectrum of the

AGNs.
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Fig. 3. Line strengths (in atomic units) for Ly, (solid line) and resonant (' TV lines
(dashed lines) (Popovi¢ 1999).

This effect ought to be taken mnto account at modelling the accretion disk and the
hroad line region i AGNs. This effect. can equally be hmportant in neutron stars.

3. ANALYSIS OF THE OBSERVED EMISSION LINE
PROFILES IN ACTIVE GALACTIC NUCLEI

Upon theoretical consideration of the gravity tield effects on the shapes and param-
eters of the spectral lines in active galaxies, it was natural to experimentally test
these results. For this purpose it was necessary to analyze the profiles of the ohserved
lines n the spectrum of Sy 1 galaxies or quasars in whose total line profile there is a
pronounced broad line region and/or accretion disk. The first such investigation was
the analysis of Ly, line in the spectrum of the Mkn 335 galaxy obtained with the
[Tubble space telescope (Popovié et al. 1995a). For that purpose the complex profile
ol Ly, was decomiposed into two Gauss components. [L appeared that the broad con-
ponent was shifted toward the blue part of the spectrum. On removing the narrow
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component from the observation a profile was obtained displaying red asymetry
(Fig. 4). In order to account for such profile a model was formed in which the cloud
radiations were suimmed, the clouds being situated in different gravitational fields.
Assumed thereby was very strong matter ejection, 1.e. the clouds moving toward the
observer. Such a model involving gravitational field effect, gave good agreement with
the profiles observed in the Mkn 335 galaxy (Popovié et al. 1995b).
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Fig. 4. Broad line component of Ly, line in Mkn 335; the points represent the observations,
the solid line illustrates the syntetized profile for which use has been made of the Broad Line

Region model, with gravitational eflects taken into account (Popovié 1995h).

The need to acquire the observing material, i.e. the observations of larger nuwmber
ol galaxies in the Hy line in order to bring out this effect beyond doubt. through
analysis of the observed profiles, investigated the processing of a great number of
spectrograms of the Crimea Astrophysical Observatory (Popovié 1996). Out of this
material for the analysis were taken the spectra with the Hy lines of three Sy | galaxies
in order to establish the effects of the gravitational field on these lines. Why exactly
spectral region around Hy line was chosen” In the first place due to the fact that in
the narrow span of the wavelengths in the environs of the wide Hy line and two narrow
ones there are O I11 [4959.5007] lines coming almost exclusively from the Narrow Line
Region. This renders it possible to introduce into analysis of the observed profiles,
accomplished by fitting the observed lines by Giauss profiles, additional restrictions
s0 as to minimize the possibility of false conclusions on the emission rvegions.

The following assurnptions were introcduced in the analysis performed by (Gaussian
profiles (Popovié and Mediavilla 1997):

60



SFECTRAL LINE INVESTIGATION OF ACTIVE GALACTIC NUCLEL ..

In view of the fact that the emission region is composed of several parts, the Hpy
line was fitted using at least three (rauss components which, coming from different
parts, have different widths, shifts and intensities.

Binding together was made of the narrow line components of the broad Hy line
and narrow O IT1 [4959,5007] lines. It was namely assumed, having regard to their
coming from the same region, that the narrow components have the same shifts
and that their half-widths (AW) are mutually related according to

AI/VHR(_‘\ILR) B AWaos9 _ AWsannz
4861 4959 5007

(onsicering that the two O 111 lines are within the same multiplet, it has been
assuimed their intensities to be mutually related as their strengths in the line
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Fig. 5. The profiles associated with Hg + O [l [4959,5007] {1l Zw 2 decomposed into

components. Clearly noticeable two peaks of H5 point to a disk radiating in the H 5 range.

Analysis has been made for three active galactic nuclel [T Zw 2, 3C120 and Mrk 817
(Popovic¢ 1997a). These three objects were chosen because no fast and great changes
in the line shapes have beeu noted. Besides, we deal here with Sy | galaxies and
quasars in which one may expect the gravity effect to be noticeable. Use was made
of the observations made at the Crimea Astrophysical Observatory covering a longer
time interval. The spectra have been meaned wherchy the spectra covering a shorter
tiine period were swmmed in order to neutralize the noise arising in consequence
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of short period changes. The spectra thus obtained were analyzed striving thereby
to decompose the Hy in all the spectra into the same number of components. The
analysis of the observed profiles of three active galactic nucler revealed the broad line
component to be generally shifted toward the red with respect to the component in
the narrow line region, which is in accordance with our theoretical investigations. This
is particularly evident in Mrk 817 and 111 Zw 2 (Popovid¢ 1997a, Popovic et al. 1998a,
1999¢). Tt 1s likewise interesting to indicate the existence in Mrk 817 of three emission
regions (Broad Line, Intermiedium Line. and Narrow Line Regions), while in I11 Zw 2
the effects in Hy line of a rotation disk was discernible, 1.e. two distinctly separatec
broad line components are noticeable.

4. INVESTIGATION OF CHANGES IN THE LINE PROFILES

In view of the extensive observing material at the Belgrade Observatory acquired with
the 2.6 m telescope of the Crimean Astrophysical Observatory by N.IX. Chuvaev, the
investigations of the spectral lmes were extended to include the changes of the line
shapes over a longer time interval. Aun analysis was namely made of the Hj, profile
associated with Akn 120 (Popovié et al. 19981). The line profile m this galaxy are
very variable, an indication of the stormy reactions in the BLR. It proved that the
Hy profile 1 this galaxy is well described by a three region model. One of them 1s
narrow line and two broad line ones.

In the Hy line of Akn 120 in the red portion there is a very broad cotnponent which
varies considerably, probably belonging to the iron lines and to the broad O 111 lines
(the broadest component m Fig. 6).
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Fig. 6. The Hp profile in Akn 120 contains two broad line components. The circles
represent the observed values. The solid line is the best fit. The dashed lines are Gaunss

components.
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These 1nvestigations of the long period and the short period changes turned the
attention toward the type 3C390.3 objects, interesting because of the possibility of
existence in their centers of a twin black hole (Gaskell 1996). Having at our disposal
the observations of the Hy line of 3(:390.3 quasar, covering a longer time interval, led
us to start developing a theoretical inodel of a close twin black hole or, more exactly,
ol the close twin broad line regions (Popovi¢ et al. 1998¢). These investigations are
made for the purpose of accounting for the complex lines observed in 3(:390.3 quasar
and the objects emitting lines similar to those of this object.
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Fig. 7. The model of close twin broad line region (on the left) and shapes of the Hg line
raciated by such a systew (on the right). Labels: BLR{p), BLR(s) are broad line regions of
the primary and the secondary, respectively; NLR - narrow line region. The narrow line peak
steams from the NLR (Popovié et al. 199&c).

The rescarches will be continued 1 the forthcoming period. First of all a developed
theoretical inodel will be applied to Hy line of the 3C390.3 quasar whose observations
cover a period of about twenty years (Popovi¢ 1996). On the other hand the Hy line
shape of Akn 120 also points to the existence of two broad line regions, calling for
further mvestigations.

Equally, the Hyg hine shape in I Zw 2 stimulated studies concerning the disk in this
galaxy. For the purpose of determining the pararueters of this cisk the observations of
this galaxy were made, according to our proposal, with the Isaac Newton Telescope
(INT) 1n the Canary lslands. The processing of these observations, as well as the
observations of the C IV and Ly, lines of this galaxy, will provide more information
on the nature of these objects.
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