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THE IMPACT OF VARIABILITY STUDIES
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M.R. GOAD
STScl, 8700 San Martin Drive, Baltimore, MD 21218, USA.

and

P. T. O’'BRIEN
Astrophysics, Department of Physics, Keble Road, Oxford, OX1 3RH.

Abstract. Coordinated observations of variability of the continuum and the emission-line
luminosities {reverberation mapping) ir AGNs and quasars have fundamentally altered our
understanding of the broad-line region in active galaxies, The constraints these cbserva-
tions impose on the models of the BLR have been demonstrated here by an attempt to
model the BLR of NGC5548, the most intensively monitored AGN. Two models, a2 power
law BLR and a Gaussian BLR, have been described and the modelled line luminosities and
centroid of the line response functions are presented. A self-consistent model is presented
for the change in the C1v/Lya ratic as the continuum luminosity changes. It is shown that
BLR gas must be composed of a mixture of optically thin and optically thick gas and the
proportion of thick and thin gas alters with the luminosity of the lonizing continuum. The
observed centroid or the lag of a line, can be a function of the continuum luminosity.

The variability of the profile of the CIv line in the spectrum of NGC5548 is investigated.
This profile is extremely robust and is not significantly affected by changes in the jonizing
continuum. Future models of the kinematics of the BLR clouds will have to consider very
stable cloud motions and include anisotropic line emission.

AN HISTORICAL PERSPECTIVE

The International Ultraviolet Ezplorer (IUE) was launched on 26 January
1978 to herald a new era in astronomy at ultraviolet (12004 to 32004)
wavelengths. IUE was conceived at the then Astrophysics Research Unit (of
the then Science and Engineering Research Council) and University Col-
lege London. The full story of how a small observatory satellite planned in
the UK became the International Uliraviolet Ezplorer, a joint US/ESA/UK
project has not yet been told and it is not the purpose of this paper to tell
this story. Here we recall the irritating regularity with which some of us,
who worked on the IUE detéctors, had to reiterate to the astronomical com-
munities (on both sides of the Atlantic) that IUE was going to be capable
of first rank eztragalactic astronomy. The general perception was that IUE
would perhaps be able to observe 3C273 and NGC 4151 and it would be
nothing short of a miracle if any other extragalactic object was detected. No
amount of gymnastics with pre-launch data would convince these sceptics
that objects at a redshift of one were entirely within the grasp of IUE. How-
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THE BROAD EMISSION—-LINE REGION IN AGNS AND QUASARS 3

ever, IUF confounded these sceptics, quasars around a redshift of two have
been detected above 3o level in the continuum. The observations of the dou-
ble qguasar Q0957+561 A,B (Gondhalekar & Wilson 1980) established IUE
as an instrument which was making significant contributions at the forefront
of modern eztragalactic astronomy.

Soon after the in-flight verification phase, Professor R Wilson (UCL)
suggested that the Furopean astronomers with IUE time allocated for exira-
galactic observations should pool part of their allocations to undertake an
intensive study of one or two active galazies or quasars. This led to the
founding of the European Extragalactic Collaboration (EEC) which in its
early days was organised and coordinated by P M Gondhalekar (RAL). This
collaboration decided to undertake a number of observations of 3C273, NGC
4151 and NGC 1068. The last object had to be dropped as it was not observ-
able with IUE from the European (VILSPA) tracking station. The spectra
of 8C273 were combined to produce a high signal-to-noise ratio spectrum
(Ulrich et.al. 1980). But the observations of NGC 4151 produced the real
surprise. This object was found to be violently variable over short time scales
{Penston et.al. 1981). The large aperture of IUE and the absence of inter-
fering etmosphere left no doubt that the observed variations were intrinsic
to this Seyfert galazy, and the rest, as they say, is history.

1. Introduciion

Active galactic nuclei (AGNs) and quasars are the most luminous compact
objects in the Universe. The generic model of these nuclei consists of a
central super-massive object — probably a black hole (but a super-massive
star burst has also been proposed) — surrounded by an accretion disc. This
centre is embedded in three principal emission-line regions. The outermost
region, the Extended Narrow Line region (ENLR), has an electron density
of ~ 10% cn™3, the spectral lines formed in this region have Doppler widths
of ~ 10? km 5!, and the radius of this region is ~ 10 kpc. The next region,
the Narrow Line Region (NLR), has an electron density of ~ 10° ¢cm~3,
line widths of ~ 10% km s~!, and a radius of ~ 1 kpc. The inner-most
region, the Broad Line Region (BLR), has electron densities > 10% cm™3
and emission-line widths of ~ 10* km s=! (Netzer 1990, Osterbrock 1993).
Both the ENLR and NLR %an be spatially resolved in nearby AGNs, but
the spatial structure of the BLR cannot be resolved with either existing or
proposed astronomical instrumentation.

The BLR, lying closest to the central engine, is the least well under-
stood. Early models of this region were largely concerned with establishing
the basic ionization mechanism and an order-of-magnitude chemical comi-
position (Bahcall and Koszlovsky 1969; Davidson 1972; MacAlpine 1972).
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4 P.M. GONDHALEKAR ET AL.

These early generations of models established that photoionization was the
principle energy source, the clouds producing the lines were narrow filaments
and these clouds have (broadly) solar composition (see the review by David-
son apd Netzer 1979). For simplicity, and because observations demanded
no better, the models assumed a single population of clouds, in a spherical
geometry, to be responsible for all emission-line properties. These photoion-
ization models suggested that the size of the BLR in AGNs is ~0.1 pc and
that in quasars is ~1.0 pc.

The observations of correlated variability of luminosities of emission lines
and the ultraviolet /optical continuum (line reverberation mapping) has brought
about a profound re-appraisal of the models of the BLR. Only a few low-
luminosity AGNs have been monitored in detail at present (see the reviews
by Peterson 1993, 1995; Robinson 1995; and Maoz 1995 for details) and
the BLR size, inferred from the time lag between the continuum and line
variations, is at least a factor of ten smaller than that deduced from pho-
tolonization models. Moreover, these variability studies have demonstrated
that the responsivity of the BLR clouds is radially stratified, such that the
response of the low-ionization lines (LILs) (e.g. Mg1l, Fe11, HB) originates
from larger distances from the central source than the response of the high-
ionization lines (HILs)(e.g. O V1, Lya, C1v). The considerably smaller BLR
sizes suggested by line reverberation studies implies that the BLR clouds in
AGNs and quasars are exposed to a far more intense radiation field than
had been previously considered. The implications of this enhanced radiation
field have been considered by Ferland and Persson (1989). The high radi-
ation fields would also suggest that a fraction of BLR clouds would be be
optically thin and the spectrum of an ad hoc combination of optically thin
and optically thick gas has been investigated by Shields et.al. (1995).

Despite this increased understanding of the physical state of the gas in
the BLR many aspects of emission-line variability are poorly understood.
Considerable emphasis has been placed recently on the interpretation of the
line response functions {Blandford & McKee 1982, Horne et.al. 1991, Krolik
et.al. 1991) recovered from variability monitoring data (a full discussion of
the response function is given in Section 3). However, implicit assumptions
made to recover the response function are poorly understood and do not
necessarily reflect the realities of the physical state of the BLR gas. Also,
the inversion provides a response function of a line, which is not necessarily
the response function of a lifie. Moreover, the current quality of the monitor-
ing data (i.e. sampling frequency, signal-to-noise, length of the light curves
etc.) is such that the recovered response function is more a reflection of the
inadequacies of the data and not the physics of the BLR. At present it is
perhaps more fruitful to model the BLR and challenge these models with
ell data and parameters which result from the monitoring campaign and
attempt to constrain the parameter space of the BLR. This approach has

chapter' pmg.tex; 1/08/1995; 14:26; no v.; p.5



THE BROCAD EMISSION-LINE REGION IN AGNS AND QUASARS 5

the added advantage that the BLR parameters can be directly related to the
observed light curves or the measured parameters. In this paper two models
of the BLR are proposed and the output from these models is compared
with the variability data on NGC5548, at present the most intensively mon-
itored AGN. It is not the purpose of this paper to present a ‘complete and
final’ model of the BLR in NGC5548 because this is not possible at present,
instead this paper describes the constraints imposed by the reverberation
studies on the proposed and future models of the BLR in this AGN.

An intensive monitoring campaign of NGC5548 was undertaken in 1989:
this AGN was observed every four days for eight months with IUFE and
various ground-based telescopes. The bench-mark data, analysis and results
obtained during this monitoring campaign have been presented by Clavel
et.al. (1991), Peterson et.al. (1991), Dietrich et.al. (1993) Maoz et.al. (1993).
A further short IUE/ H5T/optical campaign was conducted in 1993 and the
results of this campaign have been presented by Korista et.al. 1995. These
monitoring campaigns have provided very accurate data on line luminosi-
ties and the lag of a line :i.e. the phase shift between the continuum and
the emission-line light curves and also the centroid of the cross-correlation
function of the ultraviolet continuum and line light-curves. The mean values
of line luminosities and centroids are given in Table 1.

At present only the variability of the integrated line intensities to a change
in the ionizing (as measured by the change in the ultraviolet/optical) con-
tinuum has been addressed (see reviews by Peterson 1993,1995). However,
there is a considerable amount of convolved information locked in the pro-
files of emission lines, in particular, the kinematics of the radiating clouds
can only be inferred from changes in the line profile. The profile variability
has not received a great deal of attention up to now. A brief analysis of the
variability of the profile of C1v line in NGC5548 is also presented in this
paper.

The plan of this paper is as follows: In section 2 a mean continuum
energy distribution (CED) of NGC5548 is derived; this CED is based on
observations, where available. In subsequent sections this CED is used to
model the photoionization of gas in the model BLRs. In Section 3, two
BLR models with different spatial structures have been described and their
model line luminosities and response function centroids are presented. The
variation in the Civ/Lyca ratio as a function of continuum luminosity, is
also modelled. In Section 4&%he C1v line profile (the strongest and the best
observed emission line in the spectrum of NGC 5548) and its variability
behaviour have been investigated. The summary and conclusions are given
in Section 5.
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P.M, GONDHALEKAR ET AL.

TABLE I
Observed and Modelled Line Luminosities and Centroids of NG(C5548

Observed Model F Mode} G
n=10"cm™® n=10%cm > ~=10"cm® n=102cm3
Line Id R ¢, R Teent R Teent R Teent R Teent
Ov1 A1035 1.18 7 1.30 3 1.57 B8 0.48 7
Lya A1215 1 11.5 1.0 24 1.0 17 1.0 10 1.0 11
Ov A1218 0.16 11 0.23 3 0.25 8 0.13 7
Nv 1240 011° 65 0.21 12 0.48 5 0.28 8 0.31 7
Sitv A1397 0.07 27 0.16 13 0.05 8 0.16 10
Q1v A1402 0.08 16 0.07 5 0.10 9 0.08 3

Civ A1549 0.93* 12.0 1.06 24 0.92 10 1.18 10 1.32 10
Heu A1640 0.12° 5.0 017 16 0.29 11 0.27 9 0.24 9

Si ] 21893 0.02 39 0.02 20 0.01 5 0.02 11
Cua) A1909 0.18® 285 0.03 20 0.01 9 0.03 7 0.02 9
Mg 0.18¢ 0.05 49 0.09 39 0.01 9 0.04 10
Hy 0.05° 16.5 0.01 29 0.02 30 0.01 10 0.01 10
Herr A4686  0.04° 0.02 15 0.04 12 0.02 9 0.03 9
Hp 0.11° 21.5 0.03 30 0.05 33 0.02 10 0.03 10

He1 A5876  0.03° 14.0 0.02 26 0.03 23 0.01 10 0.02 9
Hea A6563 0.41# 205 0.08 30 0.10 37 0.05 11 0.05 11

log(Lya)  42.63 42.42 42.33 42.75 42.75
Teent line centroid (1t-days).

¢ Peterson (1995)

5 Korista et.al. (1995)

€ Peterson et.gl. (1991)

d Clavel et.al. (1991)

e Dietrich et.al. (1993)

R Ratio of the line luminosity relative to the luminosity of the Lye line.

log(Lya) Luminosity of the Lye line {erg s—1).
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THE BROAD EMISSION-LINE REGION IN AGNS AND QUASARS 7

2. The Continuum Energy Distribution of NGC5548

A mean ‘AGN continuum’ has been described by Mathews and Ferland
(1987) and has been extensively used to model the photoionization of gas in
AGNs. However, observations in the soft X-ray and gamma-ray regions made
since 1987 can be used to redefine the ‘AGN continuum’ in a form which
would be more appropriate to model the BLR in NGC5548. Simultaneous
IUE and ROSAT/PSP(C observations of NGC 5548 have been presented by
Walter et.al. (1994). These authors describe the observed CED from about
4 eV (~ BOOOA) to ~ 10 keV by a parametric relation of the form F, ~
e1-Tov) x exp(e/ecus) + €1~1* where Tyy is the ultraviolet spectral slope,
I'x is the X-ray spectral slope and £y is the cut-off energy in the EUV /soft
X-ray. Unfortunately simultaneous hard X-ray (Ginga) observations were
not available. However, in an extensive study of the hard X-ray (2 keV to 10
keV) emission from Seyfert 1 galaxies, Turner & Pounds (1989) have shown
that Iy = 1.9 in most Seyfert 1 galaxies including NGC5548 and this slope
of hard X-rays has been used here. The hard X-ray spectrum was normalized
to the 2 keV flux detected by ROSAT. This hard X-ray spectrum with an
ultraviolet slope I'yy = 2.2 and a cut-off energy e,y = 415 eV were assumed
to define the continuum energy distribution of NGC 5548 from ~ 3000A to
10 keV.

Recent observations by the Compton Observatory have considerably increased
our knowledge of the gamma-ray emission from AGNs and no Seyfert 1
galaxy has been found to have emission above 500 keV. The strongest emis-
sion has been observed from the Seyfert galaxy NGC 4151 and this spectrum
falls off exponentially with an e-folding energy of 39 keV between 65 keV and
500 keV (Jourdain et.al. 1992). The shape of the gamma-ray spectrum of
NGC 5548 was assumed to be similar to the observed spectrum of NGC 4151
and this was normalised to the hard X-ray power law spectrum extrapolated
to 65 keV. The IUE, ROSAT, hard X-ray and gamma-ray spectrum of NGC
5548 is shown in Fig. 1. The crosses in I'ig. 1 are the observed fluxes of NGC
4151. The lower flux of NGC5548 is consistent with the upper limits obtained
by the Compton Observatory. The location of the source of gamma-rays in
AGNs is unknown and it is not at all clear if the BLR in an AGN ‘sees’
the observed gamma-rays; the gamma-ray flux shown in Fig. 1 should be
considered an upper limit of the flux which the BLR clouds would see if the
gamma-rays in NGC5548 ofiginate close to the central engine. Compared to
the ‘AGN continuum’, the gamma-ray spectrum of NGC 5548 falls off very
{ast and the Compton heating due to gamma-rays will be considerably lower
than that assumed in the past.

In the optical/near infra-red region {~ 30004 to 1 pm) a power-law spec-
trum (f, « »*) with a power-law index @ = —1.0 was assumed and this
is compatible with observations (Neugebauer ef.al. 1979). The continuum
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Fig. 1. Continuum Energy Distribution of NGC5548 {full line). The dashed line is the
‘AGN Continuum’ and the crosses are the gamma-ray observations of NGC4151

spectrum in the sub-millimetre region of radio quiet AGNs is poorly deter-
mined and the frequency at which the infrared spectrum turns over is not
well known. A power-law radio spectrum with ¢ = 42.5 was assumed here
and this is appropriate for self-absorbed synchrotron emission. The energy
of the sub-millimeter break in the continuum has a major effect on the line
ratios as the free-free heating will alter with this break. Ferland ef.al. (1992)

chapter pmg.tex; 1/08/1995; 14:26; no v.; p.9
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THE BROAD EMISSION—-LINE REGION IN AGNS AND QUASARS 9

have investigated the change in C1v/Lya and O vi/Lya ratios when the
radiation field at ionizing energies and the density are held fixed but the
frequency of the sub-millimetre break is varied. For the models presented
here a sub-millimetre break at 1xm is assumed.

The lack of internal soft X-ray absorption (Walter ef.al. 1994) suggests
that the BLR clouds ‘see’ essentially the observed CED of NG(C5548. The
flux of ionizing photons, obtained by integrating the continuum from 13.6
eV to 2 keV, is 2.62 ph em™? s=' . The mean intensity of Lya (Clavel
et.al. 1991) is 0.467 ph cm~2 s~!. This suggests a covering factor of the
BLR clouds of 0.18, assuming all the ionizing photons are converted to Lya
photons. The error in this covering factor is at least 15% due to the error in
the intensity of the Ly line. This is a lower limit as the error in the flux of
ionising photons has not been included, although this is not expected to be
greater than 20%. Moreover, the interpolated EUV spectrum (from ~11 eV
to 200 eV) may not be the true EUV spectrum of NGC5548.

3. Models of the Broad Emission-Line Region

Over the last two decades a generic single-slab model of the BLR. has been
developed and discussed extensively (Davidson & Netzer 1979, Kwan &
Krolik 1981, Ferland & Persson 1989). In this model the BLR clouds were
assumed to be at a characteristic distance r from a central, single, isotrop-
ically emitting source of ionizing radiation. The geometry of the BLR was
assumed to be spherical and the line emission from the clouds was also
isotropic. The emission from this BLR is mainly a function of a dimension-
less ionization parameter
—IE)

" dnrine 1)
where Q(H) is the luminosity of the central source (photons s™') and n
is the electron density in the BLR. clouds. These models assumed that a
single population of clouds was responsible for all emission properties and
large column densities were necessary to produce large optical depths in the
Lyman continuum. These models failed to reproduce both the HILs and
LILs from the same ensemble of clouds and thus prompted the introduction
of two-component models (Collin-Souffrin et.al. 1986).

These early models condidered the microphysics of the BLR (atomic
physics, radiative transfer etec.) in great detail but almost no attention
was paid to the macrophysics (e.g. geometry, spatial structure ete.). Future
progress in modelling the BLR is clearly going to be in developing this under-
standing of the macrophysics of the BLR. Models of extended and stratified
BLRs have been introduced by Rees, Netzer and Ferland (1989, hereaftér
RNF). These authors assumed a spherical geometry and a simple pressure
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10 P.M. GONDHALEKAR ET AL.

law to describe the radial distribution of BLR parameters and photoion-
ization of BLR clouds by a single central source. The clouds were assumed
to emit isotropically and the line and continuum emissivity from all parts
of the BLR, was integrated to obtain luminosities. However, these authors
did not consider the response of this BLR to a change in the ionizing con-
tinuum. A parametric study of an extended BLR has been made by Pérez,
Robinson and de la Fuente (1992a,b), who assumed a power-law radial dis-
tribution of line emissivity and investigated the response of an -extended
BLR of various radial structures and geometries. Goad, O’Brien and Gond-
halekar (1993) (Paper I) and Goad (1995) have undertaken a detailed study
of the response of an extended photoionized BLR. These authors assumed
a pressure law and a radial distribution of BLR parameters, similar to that
assumed by RNF, and proceeded to determine the luminosities and response
functions of prominent emission lines and continua observed in the spectra
of AGNs and quasars. O’Brien, Goad and Gondhalekar (1994) (Paper II)
and Goad (1995) advanced this study to include anisotropic emission from
clouds and O’Brien, Goad and Gondhalekar (1995) (Paper III) and Goad
(1995) extended this study further to include the non-linear response of a
stratified BLR.

The passage of an ionization front through a radially extended BLR can
be described by a time-lag 7 = (r/¢)(1 — cos §) where (1,8) define the posi-
tion of a cloud in the BLR, r is the radial distance from the source and
6 is the angle between the cloud radius vector and the line of sight to a
distant observer, measured from the side nearest to an observer. The clouds
which respond to a continuum event after a time-delay 7 lie on a parabolic
surface of constant delay 7. The emission-line light curve L(t), produced by

an ionizing continuum light curve C(¢) passing through the BLR, can be
described by the expression

L(v,1) = fo “ W, 7)C(t - r)dr 2)

where U(v,7) is the BLR ‘response function’, the response of an emission
line as a function of delay 7, to a é-function continuum event. The response
function depends not only on the geometry and kinematics of the BLR but
also on the observed line emissivity which is itself a function of the cloud
location within thé BLR, and the physical state of the gas at this location.
In practice it is more commen to measure the response of the integrated line
flux to a continuum event whereby equation (2) reduces to

I(t) = /0 “ 9(r)C(t - T)dr. (3)

Equations (2) and (3) assume that there is a ‘linear’ relationship between
the continuum and emission line variations (cf. paper UI). The aim of rever-
beration studies of AGNs is to invert equation (2) (or equation (3) ) to
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* THE BROAD EMISSION-LINE REGION IN AGNS AND QUASARS 11

determine the response function from the observed continuum and line light
curves (Blandford & McKee 1982, Horne etf.al. 1993). Stable solutions of this
inversion are only possible for evenly sampled, high signal-to-noise ratio data,
obtained over long periods. With the amount and quality of data normally
available it is more common to cross-correlate the time series C(t) and L(3)
and determine the peak and the centroid of the cross-correlation function
(CCF) (Gaskell & Sparke 1986, Gaskell & Peterson 1987, White & Peterson
1994). The peak delay is a measure of the time-of-flight from the continu-
um to the BLR and is, therefore, 2 measure of the scale length (r = ¢7) of
the BLR (but see Perez, Robinson & de la Fuente 1992a,b). The centroid
(7cent ) of the CCF is equal to the centroid of the response function (Penston
1991, White & Peterson 1994). These statements depend very strongly on
the assumption that the time-of-flight is the most significant time-scale in
the response of the BLR to a continuum event and this has been established
only for a few low luminosity AGNs (Peterson 1993,1995).

The centroid of the recovered response functions (e.g. Horne et.al. 1993)
is equal to the responsivity and anisotropy weighted radius of the BLR, and

is defined as B -
_ JR2 m(r)r Loss(r, 8)dr
Szt (r) Lobs(r, 6)dr

where Lgs(r,8) is the observed luminosity and #(r) is the responsivity of
the BLR. The observed luminosity

(4)

Rout
Logs{r, 6) = 4x ] Eops (s ) Ac(P)ne(r)r2dr , (5)
R

in

where the observed emissivity (Paper II)
Eobs(T,0) = EMzﬁ{l - (2F(r) ~ 1)cos b6}, (6)

where €:011(7) = €in(r) + €out(7), €in(7) is the emissivity of the inward cloud-
face (facing the source) and €54 (7) is the emissivity of the outward cloud-face
(away from the source). The anisotropy factor

_ Ein(7)
F(r) eoa(r)” (7)
F(r) = 0.5 for an isotropically emitting cloud, whereas, F(r) = 1.0 for a
fully anisotropically emitting cloud which emits only towards the source.
This is a simple formalism for anisotropic line emission from BLR. clouds,
the actual form will depend critically on the shape of the clouds.

The responsivity of BLR clouds is defined as the fractional change in
the cloud emissivity normalized to a unit fractional change in the ionizing
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12 P.M. GONDHALEKAR ET AL.

continuum, for a smell change in the tonizing continuum, t.e.

_ de(r)/e(r)
R OTO) ®

where the change in the jonizing continuum has been represented by a
change in the ionization parameter as the ionization parameter is linear-
ly proportional to the ionizing continuum, assuming a fixed spectral shape.
The implicit assumption here is that for a small change in the ionizing con-
tinuum the BLR clouds will respond linearly. This, of course, is not true for
large continuum variations (see section 3.3). Non-linear response of a BLR
has been discussed in detail in Paper III.

In this paper the luminosity and the centroid of the response functions
of a few prominent lines have been determined for two models of the BLR.
The two models differ in their radial distribution of the BLR parameters
and are modelled with the code PROSYN (Goad 1995). A spherical geom-
etry is assumed for both models. The cloud abundance was assumed to be
solar (Grevesse & Anders 1989), this is consistent with the available data
on Seyfert 1 galaxies (Hamann & Ferland 1993). The emissivities of the
photoionized clouds were obtained from the code CLOUDY (version 84.12a,
Ferland 1993). The CED of NGC5548 described in section 2 is used {for these
photoionization calculations.

3.1. A PrESSURE-LAwW MODEL

A pressure-law model of an extended BLR has an inner and an outer radius
R;:. and R,,; respectively and is populated with spherical constant densi-
ty clouds in pressure balance with the intercloud medium. A strict pressure
balance between the BLR clouds and the intercloud medium appears unlike-
ly (Mathews & Ferland 1987), although magnetic pressure may provide the
additional support necessary to prevent cloud disruption (Rees 1987). Fur-
thermore, this formalism has the added advantage of reducing the number of
free parameters necessary to describe the model. The pressure is assumed to
have a power-law radial dependence P « 7~ * and as the gas kinetic temper-
ature is a weak function of U, the gas density n(r) o« 7~° and U(r) x 7*~2,
Assuming that the mass of the clouds is conserved, the cloud cross-sectional
area A.(r)  725/% and the column density N(r) o 7~2/3. Also assuming
that the clouds move with fheir virial velocity, the differential covering fac-
tor dC(r) o r(25/3)=(3/2)dyr_ A pressure-law model is thus defined by the
pressure-law index s, Rin, Rout, the density and the column density at the
inner radius, the total covering factor and the luminosity and spectrum of
the ionizing and heating continuum.

A model with pressure-law index s = 0 is considered here and thus will
be referred to as model F. However, we note that the model ' discussed
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Fig. 2. Cumulative Covering Factor, for Model F (full line} and Model G (dashed line).

in papers I-1II has n = 10!® cm—2. The inner radius of this BLR was set
at 0.3 lt-days; this radius is large enough for the continuum source to be
approximated by a point source. Also at this radius the relativistic effects of
the central black-hole (if that is the central engine) will be negligible. The
outer radius was set at 53 lt-days which conforms with the criterion defined
by RNF, namely [O 111] A4363/HB< 0.1. A column density of 10?3 cm™? at
Rin was assumed for this model, and for s = 0 the column density, of course,
stays constant with radius.

The cumulative.covering factor as a function of distance from the source is
shown in Fig.2. The covering factor was normalized such that the integrated
covering factor at R,,: was equal to the measured covering factor of 0.18.
The radial variation of the ionization parameter (for n=10"! cm~3 at R;p,) is
shown in Fig.3. At the inner radii the ionization parameter is larger than the
values which have been considered for most models. For a column density of
10?2 ¢cm~2 the BLR clouds will be optically thin for an ionization parameter
greater than 0.5, and in model I' a large {raction of the inner BLR will be
radiation bound.
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Fig. 3. Distribution of the lonization parameter as a function of the distance from the
central source. Model F (full line), and Model G (dashed line).

The change with density, of the Lye line luminosity in model F is shown
in Fig.4. The luminosity of this line increases with density and peaks around
n = 10" ¢cm ™2 although this peak luminosity is about 40% lower than the
mean luminosity of NGC5548 measured during the 1989 monitoring cam-
paign (Clavel et.al. 1991). Similarly, the change with density in the lumi-
nosity (relative to Lya) of six lines is shown in Fig.5. In this model the
luminosity of the O vi A1035 line is exceptionally high as this line is emitted
principally by the highly ionized gas at low radii. From equation (1), for a
fixed Q(H), U x »n~1. In model F as the density of the gas increases (i.e.
U decreases), the emissivity at low radii increases {(see Fig.6) and the total
luminosity rises. ]

This can be seen more clearly in the luminosity of the Nv 21240 line,
which rises very rapidly with density because the emissivity of the line at
low radii increases with density. The emissivity of the C1v A1549 line at
low radii also increases with density, but the emissivity at larger radii drops
and because the bulk of the gas is at the outer radii (Fig.2) the luminos-
ity of the line falls slightly with increasing density. The luminosity of the
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Fig. 4. The luminosity of Lya line as a function of density, (a) Model F and (b) Model
Q. The two parallel lines indicate the upper and lower limit (1 & ) of observations made
during the 1989 monitoring campaign of NGC5548.

He1r A1640 line also increases with density, but this is not entirely due to the
increase in the emissivity at low radii. At higher densities this line becomes
more isotropic (Fig.6) and, therefore, the observed luminosity increases. The
luminosity of the C1i1] line drops with density as this line is collisionally de-
excited at densities greater than ~ 101® ¢m™3. The luminosity of the HfA
line is not very sensitive to density.

The change with density, in the centroid of the lines is shown in Fig.7.
The centroid of all lines decreases with increasing density. This is due to the
increase, at low radii, in the emissivity of a line as the density is increased
(Fig.6) and also due to the increase in the responsivity of the lines, at the
inner radii, as the density increases. This increase in responsivity will tend
to push the centroid of a line to lower values.

The model F luminosity of the Lya line and the relative (with respect
to Lya) luminosities of fifteen other lines are given in Table 1. The centroid
of the response functions of these lines are also given in Table 1. The line
luminosities have been given relative to the luminosity of the Ly« line only,
but Model F suggests that the O v A1218 line (and possibly the HelI\ 1216A
line, whose luminosity has not been calculated here, but see Shields ef.al
(1995)) could be strong and the observed line ratios could be measured
relative to the luminosity of Lyo line blended with these two lines and the
observed ratios would be lower than the modelled ratios. To estimate the
strength of the O v A1218 line a blend of the modelled Ly and O v lines
was produced; the profiles of these lines were assumed to be similar to the
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Fig. 5. The line lominosities (relative to Lya) as a function of density in Model F (a,c)

and Model G (b,d). In (a,b), full line-C1v and dashed line-O V1. In {c,d)}, dashed line-Nv,
dotted line-He 11, dot-dash line-CI1i] and dot-dot-dash line-Hf.

profile of the Civ 21549 line but the integrated flux of the Lya line was
normalized to unity and that of the Q v line was normalized to the modelled
line ratio. This blend suggests that for O v/Lya > 0.25 a shoulder would
appear in the red-wing of Lya and this would be resolved in the HST/FOS
spectra. This shoulder is not seen in the HST/FOS spectra of NGC5548
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(Korista et.al. 1995), snggesting that O v Lya < 0.25. In practice it should
be possible to detect O v line even weaker than that suggested by this lower
limit of the line ratio because the Ly« line is narrower than the C1v line.

The model F line luminosities and centroids have been obtained for den-
sities of 101! em™3 and 10'? ¢cm~3 respectively. The line emissivity, respon-
sivity and anisotropy factor for seven prominent lines are shown, for these
two densities, in Fig. 6. As noted above the luminosity of the O VI line is
high in this model. The luminosity of the O vi line in NGC 5548 is unknown
but in AGN in general the Ovi/Lye+N v ratio is between 0.06 and 0.5
(Zheng et.al. 1995). From the data in Zheng et.al. the observed a,, ~ 1
for NGC5548 which implies O vi/Lya ~ 0.4. The strength of the Nv line
is also overestimated (by at least a factor of two) but the strengths of all
other HILs are compatible with the observations. The strength of all LILs is
underestimated by a large fraction; this problem is not new and is certainly
not solved in a stratified BLR.

The model F centroids of all lines are higher than the observed centroids
by at least a factor of two. This can be understood with reference to Fig. 6.
The emissivities of all lines are low at the inner radii and the line responsiv-
ities are also low or negative, which will conspire to push the line centroids
to higher values. When the density is increased to 10'2 ¢cm™2 the emissivi-
ty at inner radii increases and the responsivity at these radii also increases
becoming positive for all lines. This will push the line centroids to lower
values as can be seen from Table 1. However, at this higher density the
luminosity of the Nv line (and the O vi line) increases further although the
line centroids are now in agreement with observations. The luminosities of
other HILs are still compatible with observations but the luminosities of the
LILs are still underestimated. In conclusion the model ¥ line luminosities
and centroids of HILs are in reasonable agreement with observations for a
density of 10*? ¢cm~3 but the model underestimates the luminosities of LILs
and overestimates their centroids.

3.2. A GaussiaN MoDEL

In this model the density is expressed as

n g exp(~((r - rp)/0)’ (9)

Where r, and o (=FWHM/2.354) are respectively the radius of the peak
and the standard deviation of the density distribution. Note that this is an
ad hoc assumption and no physical mechanism is offered for this density dis-
tribufion. In this sub-section the line emission from a spherical distribution
of such gas and the response of this gas to a change in the ionizing radiation
are investigated.
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Assuming constant density spherical clouds of radius R, and mass con-
servation

nRE = constant (10)
The cloud cross-sectional area
Ac o R? o exp(2/3(((r - 5)/0)*)) _ (11)
The cloud column density
N = nR; o eap(=2/3(((r - r5)/0)")) (12)
The differential covering factor
dC(r) x Ac(r)n(r) (13)

Where the cloud number density n.(r) is also assumed to have the same
Gaussian distribution as the density

ne(r) o ezp(—((r — rp)/0)?) (14)
and
dC(r) o exp(2/3(((r — 75)/0))) x exp(—(((r — rp)/0)?))  (15)

The ionization parameter

U(r) o r7% x ezp(((r — p)/0)?) (16)

This model will be referred to as Model (. In this model the ‘density’
refers to the density at the peak of the density distribution. To obtain inte-
grated line luminosities the inner radius R;, = 0.3 lt-days was assumed for
reasons given in Section 3.1. The outer radius had to be truncated at 22.5
lt-days as beyond this radius the density drops to a level where meaningful
computations cannot be made. This model is thus characterised by the inner
and outer radii, R;, and R,y respectively, the peak (r;) and the FWHM
of the density distribution and the density and the column density at the
peak of the distribution. The Model G described here is computed for r, =
4 1t-days, FWHM = 10 lt-days, and a column density of 10%® cm™2 at 7.

The cumulative.covering factor for Model (i is shown in Fig. 2. Compared
to Model F there is less gas at low radii in model G. The radial dependence
of the ionization parameter; calculated for a density of 10!! cm™3 is shown
in Fig. 3. At low radii the ionization parameter is similar to the ionization
parameter for Model F. At larger radii the ionization parameter rises steeply,
due to the rapid drop in density, and as a consequence the gas at large radii
will be heavily ionized.

The model G luminosity of the Lya line as a function of density Is
shown in Fig. 4. The line luminosity rises very steeply with density and
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peaks around 10" cm~3. The peak luminosity is about 32% higher than the
mean luminosity of NGC5548 observed during the 1989 monitoring cam-
paign (Clavel et.al. 1991). The relative luminosities of six prominent emis-
sion lines, as a function of density, are shown in Fig. 5. The luminosities
of the Ovi, Nv, C1v and Hell lines increase with density but that of O vi
drops beyond a density of 10'® cm~2 and the luminosities of all other lines
begin to flatten around 10'! cm~3. This increase in line luminosities with
density is due to an increase, with density, in the line emissivity at low radii
(see Fig. 8.).

The line centroids, as a function of density, are shown in Fig. 7. The cen-
troids of both the Lyc and C1v lines increase slightly with density because
both lines become more anisotropic as the density increases and this pushes
the centroid to higher values. The centroids of the O vi and N v lines, on the
other hand, drop with increase in density. This happens because the respon-
sivity of these lines at the inner radii, increases as the density rises and this
tends to push the centroids to lower values. The centroids of He1l and HS
are unaffected by an increase in density because the increase with density in
the responsivity of these lines at low radii, which would ordinarily decrease
the value of the line centroids, is mitigated by the increasing anisotropy of
the line emission at low radii. Similarly, the value of the centroid of the
C 1) line increases at 10'? em™2 because the line emission becomes more
anisotropic at lower radii as the density increases.

The model G luminosity and centroid of the Lya line and the relative
luminosities of fifteen lines and the centroids of these lines are given in Table
1. These line parameters have also been obtained for densities of 10* cm—3
and 10'? cm—3 respectively. This model also predicts a strong O v A1218
line and if this is blended with the Ly line then the observed line ratios
will be smaller than the modelled ratios. However, the HST/FOS spectra of
NGC5548 suggest that model G also over-estimates the strength of the O v
line. Similarly, this model over-estimates the strength of the Ovi and Nv
lines, and the greater strength of these lines is mainly due to the emission
from the highly ionized gas at the inner radii where the ionization parameter
is high. The relative strengths of other HILs are compatible with observa-
tions, but even in model G the strengths of LILs are underestimated by a
large fraction. The centroids of all HILs are in reasonable agreement with
observations of these lines. But the centroids of LILs are underestimated by
about a factor of two. £

At a density of 10*? cm™2 the luminosities of all the HILs (except O vI)
increases, mainly due to the rapid increase in the line emissivity at the inner
radii. The centroids of most HILs decrease slightly at this higher density
because the responsivity of the lines, at inner radii, increases with density
and this tends to push the centroid to lower value. The centroid of the
Lya line, however, increases slightly with density because the line emission
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becomes anisotropic over a larger radial distance at this higher density. This
is true of the C1v line as well but in this case the increase in the responsivity
of the line at lower radii, which would tend to push the line centroid to a
lower value, is balanced by the increase.in the line anisotropy, over a larger
radial region, which pushes the centroid to higher values.

3.3. TeE C1v/Lya RaTio IN NGC5548

Observationally it has been demonstrated that a negative correlation between
the C1v/Lyo ratio and the continnum luminesity is a common occurence
in variable Seyfert galaxies (Clavel & Santos-Lleé 1990, Kinney, Rivolo &
Koratkar 1990, Pogge & Peterson 1992, Gondhalekar 1992). However, the
single-slab photoionization models of the BLR predict that the C1v/Lye
ratio should remain constant or increase as the luminosity of the ionizing
continuum increases. This lack of agreement between observations of two
energetically significant lines and model predictions brings into sharp focus
the inadequacy of the single-slab model of the BLR in AGNs.

The C1v/Lya ratio is sensitive to the CED of the ionizing continuum
(and the sub-mm break in the CED of AGNs). The negative correlation
between this ratio and the continuum luminosity can be explained in terms
of a changing shape of the ionizing continuum dominated by a soft excess
(Binette et.al. 1989, Clavel & Santos-Lleé 1990, Gondhalekar 1992). Howev-
er, Shields ef.al. {1995) have questioned this explanation pointing out that
there is growing evidence that a non-neghgible fraction of the BLR cloud
population is optically thin to the Lyman continuum and fully ionized in
hydrogen, and thus a change in the relative proportion of optically thin and
thick gas can explain the negative correlation between the C1v/Lya ratio
and the continuum luminosity. Shields ef.al. illustrate this with an ad hoc
combination of optically thin and thick gas.

The negative correlation of the C1v/Lya ratio with continuum luminosity
is re-examined here within the context of models F and G. In Fig. 9. the
C1v/Lya ratio in NGC5548 from the 1989 monitoring campaign (Clavel
et.al. 1991) is plotted as a function of Lyo luminosity. The ratio has not
been shown as a function of continuum luminosity, as has usually been done
in the literature, because it is now known that there is a lag of about 10
days between a change in the continuum and a corresponding change in
the Lye and Civ lines. This lag will introduce additional scatter in the
ratio/continuum correlation (Pogge & Peterson 1992). Also Ly and C1v
lines have been shown to form in the same region of the BLR and the
correlation between the line ratio and the luminosity of the Ly line refers
to a well defined region of the BLR. )

The C1v/Lya ratio computed for model F, as the continuum luminosity is
increased, is shown in Fig. 9. Note that the shape of the CED was not altered.
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Fig. 9. The correlation between the C1v/Lya ratic and the luminosity of the Lyw line in
NGC5548. The dots are the data obtained during the 1989 campaign to monitor NGC5548.
The full line represents Model F and the dashed line Model G.

The model line ratio and the luminosity of the Lye line were obtained for a
density of 10'% cm~2 and the luminosity had to be increased by 0.21 (in the
log) to match the observed luminosity. The lack of agreement between the
observations and the model can be understood by reference to Fig. 10. where
the the luminosities of the Lya and C1v lines have been shown as a function
of continuum luminosity. As the continuum luminosity is increased in model
F, the rate of increase of the luminosity of the C1v line is higher then that of
the Lya line and this results in an increase in the C1v/Lya ratio. The line
luminosities have been computed for slightly higher continuum luminosity
than is required to model thie observed C1v/Lye ratio to demonstrate that
in this model, the line luminosities do not saturate, unless of course the
Inminosity is increased to unrealistic lavels.

The C1v/Lya ratio computed for model G is also shown in Fig. 9. The
luminosity of the Lye line had to be decreased by 0.12 (in the log) and the
C1v/Lya ratio had to be decreased by 0.18 to bring the model into agree-
ment with observations. However, this may just reflect the uncertainty in the
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Fig. 10. The luminosities of the Lya {full line) and C1v (dashed line) lines as a function
of continuum luminosity, (a) Model F and (b) Model G.

cloud covering factor. Thus, although the trend in the modelled C1v/Lya
ratio is in very good agreement with observations, in absolute terms the
general agreement is fairly poor. The model G luminosities of the Lye and
C1v lines, as a function of continuum luminosity, have been shown in Fig.
10. Relative to the rate of increase of Lya luminosity, the rate of increase of
C1v luminosity decreases as the continuum luminosity rises and this leads
to a decrease in the C1v/Lyo ratio. It is interesting to note that at high
continuum luminosities the line luminosities flatten, as has been observed
for Fairall 9 (Wamsteker & Colina 1986). This is due to an increasing frac-
tion of optically thin gas in the BLR as the continuum luminosity increases
and eventually the BLR becomes radiation bounded, as has been claimed by
Wamsteker & Colina (1986). The increase in the amount of optically thin
gas with increasing continuum level provides a natural explanation for the
observed behaviour of the C1v/Lya ratio in NGC5548 and other AGNs.
The model F centroids of the Lyo and Civ lines, as a function of con-
tinuum luminosity, are shown in Fig. 11. The centroids increase by over a
factor of three over the continuum luminosity considered. This increase can
be understood by considerirf‘g the emissivity, responsivity and the anisotropy
factor of these two lines shown in Fig. 12. These line parameters are given for
both low and high continuum levels. As the continuum luminosity increases
the emissivity of Lyo at larger radii increases which leads to an increase
in the luminosity of the line. The responsivity of the line at small radii
decreases which tends to push the line centroid to higher values, although
this is slightly mitigated by the line emission becoming more isotropic as
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Fig. 11. The centroid of Lyo (full line) and C1v (dashed line) as a function of continuum
luminesity, (2) Model F and (b) Model G.

the continuum luminosity rises. The C1v line behaves slightly differently.
Although the lire emissivity at small radii decreases as the continuum lumi-
nosity increases as C*3 jons are ionized to a higher state, the emissivity
of the clouds at larger radii increases, and as more gas is concentrated at
larger radii the line luminosity increases. The line responsivity at lower radii
decreases as the continuum luminosity rises because more gas at the inner
radii is ionized, and this pushes the line centroid to higher values. For a
BLR similar to model F the line centroids, obtained from cross correlation
of continuum and line light curves, wounld be a strong function of the history
of continuum variability.

The model G centroids of the Lya: and C1v lines as a function of contin-
wum luminosity, are also shown in Fig. 11. The centroid of Lya drops from
~11 lt-days to ~8 It-days as the continuum luminosity increases, however,
the centroid of the C1v line is nearly constant (give or take a peak or a
drop). This can also be understood by reference to model G line emissivity,
responsivity and the anisotropy factor for these two lines shown in Fig. 13.
As the ionizing continuum increases the Lyc line gradually becomes optical-
ly thin and the line emission becomes isotropic at all radii and this resuits
in a gradual decrease in the value of the line centroid. The C1v emissivity
at lower radii drops, because of ionization to a higher state, and the line
becomes less anisotropic over a larger radial distance, but the expected drop
in the value of the centroid is balanced by the decrease in the line respon-
sivity at the inner radii, which tends to push the centroid to higher values.
If the BLR of NGC5548 is similar to model G then the cross correlation
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Fig. 12. The radial dependance of line emissivity, responsivity and the anisotropy factor
in Model F. The (full line) data were obtained for low continnum luminesity and the
(dotted line) data were obtained for high continunm lumincsity.

of continnum and line light curves would result in values of line centroids
which would be close to the centroid of line response functions and would
not be a strong function of the contiruum light-curve.

In conclusion, model G can reproduce the trend in the observed correla-
tion between C1v/Lya ratio and the continuum luminosity although it does
slightly over-estimate the line ratio and the line luminosity.

4. The Profile of C1v Line

The kinematics of the BLR clouds is poorly understood. Both inflow and
outflow have been suggested and random Keplerian orbits are equally like-
ly. The profiles of -emission lines are determined by the Doppler motion of
the BLR clouds and information on cloud kinematics is convolved in these
profiles. Most of the studiés of line profiles have concentrated on the HfS
line (eg. Boroson and Green 1989) as this line is accessible to observations
at high spectral resolution. However, the reverberation studies suggest that
the Hf line is formed a few tens of 1t-days from the source of ionizing radi-
ation and may not be formed in the ensemble of clouds which emit the Lyo
and C1v lines. The profiles of these two lines have not been studied in any
detail because of their relative inaccessibility to high-resolution observations
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Fig. 13. The radial dependance of line emissivity, responsivity and the anisotropy factor
in Model G. The (full line) data were obtained for low continoum luminosity and the
(dotted line} data were obtained for high continuum luminosity.

especially at low redshifts. Wills et.al. (1993) have analysed the profile of
the C1v line in a large sample of high redshift quasars. The profiles of the
Lya and C1v lines in low redshift quasars and AGNs have been investigated
by Gondhalekar (1995). This study suggests that the profiles of these lines
are very similar and symmetric, however, this study is based on IUFE data
and the low resolution of the IUE spectrographs (~1150 km s71) is a serious
handicap for profile analysis.

A preliminary analysis of the changes in the profile of the Civ line
observed in a small sub-sample of data obtained during the 1989 campaign
to monitor NGC5548, has been presented by Crenshaw & Blackwell (1990).
In this section the profile of the C1v line in NGC 5548, observed during the
IUE/HST campaign of 1993 (Korista et.al. 1995), is investigated. The aim
here is to jdentify the temporal variability of the profile; a detailed study of
profile variability and the dorrelation of this variability with line and con-
tinuum parameters will be deferred to a later publication. The variability of
the profile of the C1v line in the IUF and HST spectra obtained from Julian
date {2440000+)9096.67 to Julian day 9135.12 is considered here (Korista
et.al. 1995). In this analysis the NEWSIPS extraction of the IUF spectra
has been used and the extraction and calibration of the HST data has been
described by Korista et.al. (1995).
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Fig. 14. The mean profile and the standard deviation profile of the C1v line in NGC5548.
(a) IUE data (the degraded HST profile is superimposed (dots) and is just visible) and
(b) HST data. (c} An expanded view of the standard deviation profiles obtained for JUE
and HST data and (d) The meap profile and the standard deviation for the entire 1993
IUE campaign to monitor NGC5548 (see text for details)

In order to investigate the changes in the profile, the line profile was
corrected for the underlying continuum and normalised as follows: (1) Both
IUE and HST spectra were resampled on a uniform wavelength scale, a wave-
length step of 1.70A and 0.4A was used for IUE and HST spectra respective-
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ly. (2) The continuum level was obtained by fitting a straight line between
1375A and 1800A. These two wavelength points were selected because in
the higher resolution and higher signal-to-noise ratio HST spectra the sig-
nal level is lowest at these two points. The mean continuum flux at these
wavelengths was obtained by averaging data in two 25A wide bands. The
interpolated continuum was subtracted from the spectrum between 13754
and 1800A. (3) All spectra were then normalised to unit intensity of the
C1v line measured between 15004 and 1630A. This form of normalisation
preserves the profile of a line independent of the line intensity. (4) The wave-
length scale was converted to velocity scale with zero at the peak of the C1v
line. (5) A mean profile was created by averaging the normalised flux in
each bin, between —15000 km s~* to 415000 km s™1, for all spectra. The
flux in each bin was given equal weight to avoid a signal-to-noise bias. (6)
The standard deviation was obtained for each bin. The ‘standard deviation
profile’ is a measure of the change in the profile of a line. Unfortunately this
measure is extremely sensitive to nojse as this is added in quadrature. The
fixed pattern noise in the IUE spectra is an additional ‘noise’. Successive
IUE spectra were obtained over the same part of the JUE camera and the
fixed pattern noise also adds in quadrature in the the standard deviation
profile.

The mean IUFE and HST profiles of the C1v line in NGC 5548 are shown
in Fig. 14a. and Fig. 14b. respectively. The higher resolution of the HST
spectra is obvious from the absorption features in the blue wing of the
profile. If the resolution of the HST profile is degraded with a Gaussian
of FWHM = 6A then the HST and IUE profiles are identical as can be seen
from the superposition of the degraded HST profile on the IUE profile (Fig.
14a). The standard deviation profiles of the JUE and HST profiles are shown
in Fig. 14c. The higher standard deviation in the IUF profile is due to higher
noise in these spectra. '

However, the general characteristics of these two standard deviation pro-
files are similar; the changes in the C1v profile are at velocities lower than ~
4000 km s~! and are not symmetric, and there is little or no change at high
velocities. In Fig. 14d. the mean profile and the standard deviation profile
of the C1v line observed over the entire JUF monitoring campaign of 1993
(Korista et.al. 1995) has been shown, i.e. data obtained from Julian day
(240000+)9060.64 to 9134.50. This mean profile is almost identical to the
mean profile in the latter h#lf of this campaign (Fig. 14a) although the con-
tinuum history of this profile is very different. The C1v line in NGC 5548 has
an exceptionally robust profile and the kinematics of the BLR clouds does
not change significantly even when the flux of ionizing radiation changes by
a large fraction, so clearly the motion of the clouds is not influenced by the
ionizing radiation.
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Fig. 15. The differenced profiles of C1v line in NGC5548. (a) profile in file n59097 and
(n59098—n59097), (b) n59123 and (n59124—n59123), (c) n59134 and (n19135-—n59134),

(d) n59097 and (n59124—59097), n590973nd (Il191 097) and (f) n59123
{(n19135—n59123). See Korista et. 51{1 Betgis Af?élgﬁil&ggj 14:%6(' no v.; aﬁg
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TABLE 11

Data for Analysis of the Profile of the C1v line
Fxle ID JD(2440000+) F1375 FC v
n59097 9096.97 2.38 5.29
n59098 9098.10 2.56 5.14
n59123 0122.94 4.45 6.86
n59124 0123.00 4.28 6.95
n59134 9133.74 2.84 6.83
059135 9135.12 2.80 6.62
ID see Korista et.al. (1995) for details of file ID

Fiars Mean Continuum at 13754
(107 erg cm? 57t A1)
Fops  Integrated (from 15004 to 16304)
intensity of the C1v line (107*% erg cm™2 571)

The standard deviation profile is a measure of the change in the profile
but it does not indicate the direction in which the changes have taken place.
In order to investigate how the profiles vary, three sets of spectra from the -
beginning, end and middle of the AST monitoring campaign were selected
(two spectra in each set). The spectra used, the continuum flux at 13754
and the intensity of the C1v line in these spectra are given in Table 2. The
C1v line in these spectra were corrected for the background and normalised
as described above. The difference in the adjacent profiles is shown in Fig.
15a,b,c. These adjacent spectra were obtained about 24 hours apart and
clearly the profile of the C1v line has not changed in this period, nor have
the continuum and line luminosities changed over these 24 hr periods. The
difference in the profile (n59124~n59097) (see Korista et.al. 1995, for details
of the file nomenclature) is hown in Fig. 15d, and changes can now be seen
around 0 km s~! and up to +5000 km s~! in the red-wing. Also subtle small
changes can be seen at higher velocities in the red-wing and at low velocities
in the blue-wing. Allowing for the delay between the core response relative to
the line wings (Korista et.al.), these changes are consistent with the standard
deviation profile in Fig. 14c. The red-wing feature is caused by the higher
amplitude responsivity of the red wing as the continuum rises from a local
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minimum. During this period of about 24 days the continuum luminosity
increased by about a factor of two and the line luminosity increased by
about 35%. The difference in the profile (n59135—n59097) is shown in Fig.
15e. Differences in the profiles similar to those shown in Fig. 15d can also
be seen here. The continuum luminosities in spectrum n59097 and n59135
are stmilar but the line luminosity is still high by 35%. The difference in
the profile (n59135—n59124) is shown in Fig. 15f; these two profiles are very
similar. The observed changes in profile shape appear to be confined to the
first half of the HST campaign.

5. Summary & Conclusions

In this paper the continuum energy distribution of NGC5548, from radio
to gamma-ray energies, is described; this CED is based on observations as
much as possible. The crucial ionizing continuum (from ~10 eV to ~2 keV)
is determined by interpolating between observations at wavelengths longer
than ~1200A and observations at energies higher than ~150 eV. The ioniz-
ing continuum used in this paper is thus based firmly on observations. The
covering factor of the BLR clouds is measured by equating the integrated
ionizing continuum to the observed intensity of the Lya line. The value of
the covering factor for NGC5548 is ~0.18 and this is very similar to the
covering factor of high redshift and high luminosity quasars (Smith et.al.
1981;Gondhalekar & Kellett 1995). It would appear that the covering factor
of the BLR. clouds in AGNs and quasars is independent of both redshift and
luminosity.

Two models of the BLR in NGC5548 are described; these models differ
in their physical structure but both models assume a spherical geometry.
Both models can reproduce the luminosities of the HILs, except for O v1
and N v, which are over-estimated. The centroid of the response functions
of the HILs obtained from these models are in agreement with the centroids
of the CCF. However, only model G can reproduce the observed correlation
between the C1v/Lyo ratio and the continuum luminosity. This suggests
that the column density of the region of the BLR where the Lya and C1v
lines are formed, can not be very high as the gas in this region must become
optically thin for the excursions observed in the continuum of an AGN. The
centroids of the HILs in this model are not a strong function of continuum
luminosity.

Both model F and model G fail to reproduce the luminosities and cen-
troids of the LILs, in both models the LIL luminosities are underestimated
by a factor two to ten. This disagreement has variously been called the
Lya/HJ problem (Baldwin 1978) and the energy balance problem (Netzer
1985). Gondhalekar & Kellett (1995) have shown that the ionizing contin-
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uum of AGNs and quasars (similar to the ionizing continuum of NGC5548
used here) has enough photons to reproduce the observed luminosity of the
Lyc line (for a covering factor of 0.2) but not that of the Hf line if Case B
conditions are assumed. This is similar to the results of Model F and G, and
clearly suggests an additional source of energy for the BLR. If this energy
input is by absorption of hard X-rays then the region of the BLR where the
LILs are formed must have high column density clouds. The hard X-rays
could be absorbed in an accretion disc as suggested by Collin-Souffrin et.al.
(1986) (also see Rokaki 1995). It is equally possible that a BLR in which the
density and column density increase with distance from the central source
would meet the conditions required to reproduce the HILs and LILs from
the same ensemble of clouds. Such models will be investigated in future
publications.

The profile of the C1v line in NGC5548 is investigated during a period
when both the continuum luminosity and the luminosity of the C1v line
have increased by a large factor. Only very small changes, around the peak
and in the red-wing of the line, have been observed. This suggests a very
robust profile and the velocity structure of the BLR clouds is not affected
by changes in the source luminosity.

In this paper an attempt has been made to model the BLR in NGC5548.
It has not been possible to present a ‘complete and final’ model of the BLR
in this AGN, but a number of aspects of the BLR have been identified which
are necessary to bring modelled parameters in agreement with observations.
These aspects would have to be built into future models of the BLR in AGNs
and quasars.
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