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Abstract

Emission-line variability has been shown to provide a powerful diagnostic of the 

geometry, kinematics and physical conditions within the Broad Line Region (BLR) 

of Active Galactic Nuclei. In order to interpret the available monitoring data, and 

thereby determine the BLR structure, a sophisticated multi-cloud modelling code 

‘PROSYN’ has been developed.

A variety of BLR geometries and velocity fields have been modelled, calculating 

emission-line response functions, light-curves and trailed spectrograms, assuming 

both isotropic line-emission and a linear line response to changes in the ionizing 

continuum. In particular, a detailed study has been made of spherical BLR models 

comprising ensembles of clouds whose physical properties and spatial distribution 

are described by radial pressure laws. Individual line-emissivities have been calcu

lated using a photoionization code. Emissivity-weighted and responsivity-weighted 

response functions have been calculated for a large number of emission-lines covering 

a wide range in ionization state. Comparison of the response functions of different 

emission-lines is found to provide a powerful constraint on the run of physical condi

tions within the BLR. The suitability of certain lines for determining the structure 

of the BLR is also discussed.

It is shown that anisotropic line-emission and non-linear line response to contin

uum variations, must be taken into account in any realistic model of the BLR. These 

physical effects drastically alter the shape and intensity of the modelled response 

functions, emission-line light-curves and time-dependent line profiles. A comparison 

of the modelled and observed emission-line light-curves of the most frequently mon

itored AGN reveal that BLR models incorporating both of these effects agree with 

the observations significantly better than models in which they have been ignored.



Contents

D edication................................................................................................................... 2

Acknowledgments.....................................................................................................  3

A b s tra c t...................................................................................................................... 4

1 Active Galactic Nuclei 17

1.1 In troduction ......................................................................................................  17

1.2 An historical r e v ie w ......................................................................................  18

1.3 C lassifica tion ...................................................................................................  19

1.3.1 AGN unification s c h e m e s ...............................................................  20

1.3.2 An AGN p a rad ig m ............................................................................  21

1.4 The Central Regions Of A G N ...................................................................... 22

1.4.1 Energy Requirements ......................................................................  23

1.4.2 Mass E stim ates ...................................................................................  24

1.5 Ionizing continuum s h a p e ............................................................................  24

1.5.1 Dust in AGNs ...................................................................................  27

1.6 The Broad Line Region of A G N ..................................................................  29

1.6.1 Covering f a c to r ...................................................................................  29

1.6.2 Column d en sity ...................................................................................  29

1.6.3 Chemical A b u n d an ces......................................................................  29

1.7 Photoionization models of the B L R ............................................................ 30

1.7.1 The ionization structure of optically thick and optically thin

c lo u d s ..................................................................................................  33

1.7.1.1 Optically thin clouds ..................................................... 33

1.7.1.2 Optically thick c lo u d s ..................................................... 35

1.8 Variability Studies — Challenging the Standard M o d el.......................... 37

1.8.1 The Point Source Reverberation Model of the B L R .................. 37



1.8.2 Cross-correlation techniques............................................................  43

1.8.3 The maximum entropy m e th o d ...................................................... 45

1.8.4 Problems with M E M .........................................................................  46

1.8 .4.1 Basic A ssum ptions............................................................  47

1.9 Results from monitoring cam paigns............................................................ 48

1.9.1 NGC 5548 ............................................................................................  48

1.9.2 NGC 4151 ............................................................................................. 51

1.10 P re v ie w ............................................................................................................  52

2 PROSYN - a discrete multi-cloud modelling code. 58

2.1 In troduction ......................................................................................................  58

2.2 PROSYN - A 3-dimensional discrete multi-cloud modelling code. . . 59

2.2.1 The angular distribution of BLR c lo u d s .....................................  60

2.2.1.1 A Spherical B L R ...............................................................  62

2.2.1.2 A Bi-conical B L R ............................................................  63

2.2.1.3 A Disc-shaped B L R .........................................................  64

2.2.2 Random number generator ............................................................  65

2.2.3 Radial distribution of BLR c l o u d s ...............................................  67

2.2.4 R o ta tio n ................................................................................................ 70

2.2.5 Velocity f i e l d ......................................................................................  71

2.2.6 Radial emission line flux d istribu tion ............................................  71

2.2.7 Line Radiation Pattern ................................................................... 72

2.3 2DTRANS ......................................................................................................  73

2.4 Model response functions ............................................................................ 74

2.4.1 Spherical BLR geom etries................................................................ 75

2.4.1.1 Radial f lo w .........................................................................  79

2.4.1.2 Randomly inclined circular Keplerian o rb its ............... 82

2.4.1.3 Chaotic m otion ...................................................................  83

2.4.2 Bi-conical geom etries.........................................................................  84

2.4.3 Disc-shaped geometries ................................................................... 90

2.5 Trailed spectrogram s.....................................................................................  96

2.5.1 Difference spectra ............................................................................  100

2.6 C onclusions......................................................................................................  102



3 Pressure-law models of the BLR. 103

3.1 In troduction ....................................................................................................  104

3.2 Spherical BLR m o d e ls .................................................................................  105

3.3 Steady-state m o d e l s ....................................................................................  107

3.3.1 Ionizing continuum s h a p e ............................................................. 107

3.3.2 Chemical C om position ...................................................................  109

3.4 Line and continuum em issivities................................................................. 110

3.5 Integrated emission-line s p e c tra ................................................................. 115

3.6 Reverberation mapping .............................................................................. 116

3.7 Emissivity-weighted Response F u n c tio n s................................................  118

3.8 Responsivity-weighted Response Functions.............................................  120

3.9 Optically-thick and optically-thin B L R s ................................................  127

3.9.1 Case I ................................................................................................. 127

3.9.2 Case II .............................................................................................  131

3.10 D iscussion......................................................................................................... 131

3.10.1 Emissivity-weighted ^ ( r ) ............................................................. 134

3.10.2 Responsivity-weighted ^ ( r ) .........................................................  135

3.10.3 BLR Variability D iagnostics.......................................................... 140

3.10.4 Blended L ines.................................................................................... 141

3.11 C onclusions.....................................................................................................  143

4 Anisotropic line emission 145

4.1 In troduction ....................................................................................................  146

4.2 Calculating Anisotropic Responsivity-weighted Response Functions . 147

4.3 Idealized Anisotropic BLR M o d e ls ..........................................................  149

4.3.1 Spherical B L R ................................................................................  151

4.3.1.1 Randomly inclined circular Keplerian o rb its ..................154

4.3.1.2 Radial Flow ..................................................................... 165

4.3.2 Bi-conical B L R ................................................................................  173

4.3.3 Thin Keplerian disc B L R .............................................................  183

4.4 Anisotropic Pressure-Law BLR M odels.................................................... 195

4.4.1 Anisotropy D istributions................................................................  195

4.4.2 Response Functions ....................................................................... 196

4.5 D iscussion........................................................................................................ 202



4.5.1 Single versus multi-component B L R s............................................ 207

4.6 C onclusions......................................................................................................  213

5 Non-linear BLR models. 216

5.1 In troduction ......................................................................................................  216

5.1.1 Non-Linearity or Negative Response ? ........................................  217

5.2 Non-linear response m o d e ls ..........................................................................  219

5.2.1 The Non-linear approach - Im p lem en ta tio n ................................... 221

5.2.2 The model continuum light-curve..................................................  224

5.2.3 Model I ................................................................................................  224

5.2.4 Model I I ................................................................................................  226

5.2.5 Model I I I ............................................................................................. 228

5.2.6 Model I V ............................................................................................  231

5.2.7 Results and D iscussion...................................................................... 233

5.3 NGC 5548 - a non-linear BLR m o d e l............................................................ 235

5.3.1 Model F ................................................................................................  236

5.3.2 Ultraviolet continuum light-curve..................................................  236

5.4 R esu lts................................................................................................................  237

5.5 D iscussion.........................................................................................................  243

5.5.1 How good is a linear approximation to the emission line re

sponse? ............................................................................................... 243

5.5.2 General e f f e c t s ...................................................................................  243

5.5.3 Fixed or varying A nisotropy............................................................  250

5.5.4 An optically thick BLR model ...................................................... 253

5.5.5 Linear versus Non-linear response................................................... 253

5.6 C onclusions......................................................................................................  256

6 An outlook to future work. 257

6.1 In troduction ......................................................................................................  257

6.1.1 Anisotropic continuum em ission...................................................... 258

6.1.2 Variable continuum s h a p e ................................................................ 259

6.1.3 Cloud sh ap e .......................................................................................... 260

6.1.4 Cloud shadow ing ................................................................................  261

6.1.5 Dust in the B L R ................................................................................  263



6.1.6 Electron S cattering ............................................................................  264

6.1.7 Relativistic e f f e c t s ............................................................................. 266

6.1.7.1 Doppler Beaming ............................................................  266

6 .1.7.2 Doppler B roaden ing .........................................................  268

6.1.7.3 Gravitational R edsh ift......................................................  268

6.1.8 Time-dependent B L R ......................................................................  269

6.2 Model f i t s .........................................................................................................  270

6.3 Multi-Component BLR m o d e ls ...................................................................  271

6.3.1 Line profile evolution.........................................................................  272

6.4 C onclusions....................................................................................................  279

Appendix 283

A 283

A .l Derivation of the line of sight em iss iv ity ..................................................  283

B 286

B .l Limits on F(r) .............................................................................................. 286



List of Figures

1.1 A schematic model for an AGN..................................................................... 23

1.2 Fractional abundances of the ionized states of Hydrogen and Helium

as a function of distance from the ionized face of an optically thin cloud 34

1.3 Fractional abundances of the ionized states of Carbon and Oxygen as

a function of distance from the ionized face of an optically thin cloud 34

1.4 Fractional abundances of the ionized states of Hydrogen and Helium

as a function of distance from the ionized face of an optically thick 

c lo u d ..................................................................................................................  36

1.5 Fractional abundances of the ionized states of Carbon and Oxygen as

a function of distance from the ionized face of an optically thick cloud 36

1.6 A schematic diagram depicting the passage of light-fronts through a

spherical BLR...................................................................................................  41

2.1 A schematic representation of the angular position of clouds in a

right-handed cartesian coordinate system..................................................  60

2.2 The surface of revolution formed by rotating the smooth curve C

about the z-axis ............................................................................................... 61

2.3 The formation of a spherical surface............................................................  62

2.4 The angular position o f clouds in a right-handed cartesian coordinate

system .................................................................................................................  63

2.5 Formation of a conical surface.......................................................................  64

2.6 A schematic representation of a disc-shaped BLR geometry inclined

at an angle i to the observers line of sight.................................................  65

2.7 The formation of 1-d response functions for a spherical BLR...............  75

2.8 Model ^ ( r )  for an isotropically emitting spherical BLR......................... 76

2.9 Formation of for an isotropically emitting spherical BLR. . . .  77

10



2.10 Model ^(t;) for an isotropically emitting spherical BLR with four 

different radial velocity laws................................................................  77

2.11 Model for an isotropically emitting spherical BLR and three 

different radial emission line flux distributions...............................  78

2.12 The relative positions of the source, cloud and observer in a model 

BLR...........................................................................................................  79

2.13 Model response functions for an isotropically emitting spherical BLR, 

with clouds undergoing gravitational free-fall.................................  80

2.14 Model r )  for a spherical BLR with four different radial velocity 

laws............................................................................................................  81

2.15 Model response functions for an isotropically emitting spherical BLR, 

with clouds moving in randomly inclined circular Keplerian orbits. . 82

2.16 Response function for an isotropically emitting spherical BLR with a 

chaotic velocity field..............................................................................  84

2.17 A schematic representation of a bi-conical BLR inclined at an angle

i to the observers line of sight.............................................................  85

2.18 Model response function for an isotropically emitting bi-conical BLR. 87

2.19 Model ^(i;, r) ,^ (i;), and ^ ( r )  for a bi-conical BLR, with the same

opening angle but with different line of sight inclinations............ 88

2.20 Formation of the 1-d response function of a disc-shaped BLR... 91

2.21 Model ^ ( r )  for an isotropically emitting thin Keplerian disc with 

three different emission-line flux distributions................................  92

2.22 The formation of ^ (v )  for a disc-shaped BLR...............................  93

2.23 Model ^{v )  for an isotropically emitting thin Keplerian disc BLR 

with three different emission-line flux distributions.......................  94

2.24 Model ^ ( i ; ,r ) ,  W('u) and ^ ( r )  for an isotropically emitting thin Ke

plerian disc BLR with differing line of sight inclinations.............. 95

2.25 Trailed spectrograms, emission-line light-curves, and time averaged

line profiles for a variety of BLR geometries and velocity fields. . . .  98

2.26 The corresponding difference spectra, plotted in the form of a trailed 

spectrogram for the same BLR geometries and velocity fields...... 101

3.1 Variation of the cumulative covering factor C{r) with radius r  for

models B - F ...........................................................................................  110

11



3.2 Line and continuum emission line fluxes divided by the local density

for steady-state model B ..............................................................................  I l l

3.3 Continua and emission-line fluxes divided by the local density for

steady-state models C -F ................................................................................  113

3.4 Emissivity-weighted emission-line response functions for models B -F  121

3.5 Responsivity-weighted emission-line response functions for models B -F  124

3.6 (a) Variation of the emissivity-weighted radius with pressure-law in

dex s; (b) Variation of the responsivity-weighted radius with pressure-

law index s .....................................................................................................  126

3.7 Radial variation of the line responsivity distributions for models B -F  129

3.8 Example responsivity-weighted ^ ( r )  for the idealised Case I and Case

II B L R s ............................................................................................................  132

3.9 Variation of the line responsivity distributions as a function of U for

models B - F .....................................................................................................  137

4.1 A schematic representation of clouds in an optically thick BLR. . . . 148

4.2 Formation of 1-d response functions for anisotropically emitting spher

ical BLRs............................................................................................................ 154

4.3 Formation of the LIL 1-d response function for an anisotropically

emitting, Case I, spherical BLR...................................................................  155

4.4 Formation of the LIL 1-d response function for an anisotropically

emitting, Case II spherical BLR...................................................................  158

4.5 Isotropic and anisotropic response functions for normal case spherical

BLRs...................................................................................................................  160

4.6 Isotropic and anisotropic LIL response functions for Case I spherical

BLRs with clouds moving in randomly inclined circular Keplerian 

orbits...................................................................................................................  161

4.7 The evolution of ^ (u ) for a Case I, anisotropically emitting, spherical 

BLR, with clouds moving in randomly inclined circular Keplerian orbits. 162

4.8 Isotropic and anisotropic LIL response functions for a Case II spheri

cal BLR, with clouds moving in randomly inclined circular Keplerian 

orbits...................................................................................................................  163

4.9 The evolution of for an anisotropically emitting. Case II, spher

ical BLR, with clouds moving in randomly inclined Keplerian orbits. 164

12



4.10 Isotropic and anisotropic response functions for normal case spherical 

BLRs with clouds moving in a decelerating radial outflow.................... 168

4.11 Isotropic and anisotropic LIL response functions for Case I spherical 

BLRs with clouds moving in a decelerating radial outflow.................... 169

4.12 Evolution of ^ ( î;) for anisotropically emitting, Case I, spherical BLR, 

with clouds moving in a decelerating radial outflow.................................... 170

4.13 Isotropic and anisotropic LIL response functions for Case II, spherical 

BLRs, with clouds moving in a decelerating radial outflow....................... 171

4.14 Evolution of ^ ( t;) for an anisotropically emitting. Case II, spherical 

BLR, with clouds moving in a decelerating radial outflow....................  172

4.15 Isotropic and anisotropic response functions for normal case, bi-conical 

BLRs with clouds moving in an accelerating radial outflow...................... 178

4.16 Isotropic and anisotropic LIL response functions for Case I, bi-conical 

BLRs with clouds moving in an accelerating radial outflow...................... 179

4.17 Evolution of '^(y) for an anisotropically emitting. Case I, bi-conical 

BLR with clouds moving in an accelerating radial outflow...................  180

4.18 Isotropic and anisotropic LIL response functions for Case II, bi-conical 

BLRs, with clouds moving in an accelerating radial outflow................. 181

4.19 Evolution of for an anisotropically emitting. Case II, bi-conical

BLR, with clouds moving in an accelerating radial outflow.......................182

4.20 Isotropic and anisotropic response functions for a normal case thin 

Keplerian disc BLR.........................................................................................  188

4.21 Isotropic and anisotropic LIL response functions for a Case I thin 

Keplerian disc BLR.........................................................................................  189

4.22 Evolution of '^{v) for an anisotropically emitting. Case I, thin Kep

lerian disc BLR................................................................................................. 190

4.23 Isotropic and anisotropic LIL response functions for a Case II, thin 

Keplerian disc BLR.........................................................................................  191

4.24 Evolution of for an anisotropically emitting. Case II, thin Kep

lerian disc-shaped BLR  192

4.25 The F{r) for a number of lines in models B to F ....................................  193

4.26 1-d anisotropic responsivity-weighted response functions for models

B-F....................................................................................................................... 200

13



4.27 A comparison of the isotropic and anisotropic responsivity-weighted

1-d response functions for models B, D and F .......................................... 204

4.28 Example anisotropic responsivity weighted response functions for Model

B..........................................................................................................................  205

4.29 Example anisotropic responsivity-weighted response functions for model

F ...............................................................................................................................206

4.30 Variation of the anisotropic responsivity weighted radius, with pres

sure law index s................................................................................................  208

5.1 Model steady-state emission line flux distributions plotted as a func

tion of ionization param eter.............................................................................. 222

5.2 (a) The model continuum light-curve normalized to its mean value.

(b) The fractional change in continuum level from one epoch to the 

next.....................................................................................................................  223

5.3 Time dependent emissivity-weighted response functions.............................229

5.4 Model continuum and emission line light-curves for Models I-IV. . . 231

5.5 Variation of the centroid of the instantaneous responsivity-weighted

response function as a function of continuum level for Models I-IV. . 233

5.6 Model non-linear emission-line light-curves.................................................... 239

5.7 The variation in Tc as a function continuum level for the instanta

neous anisotropic responsivity-weighted response functions with time- 

dependent F {r) .....................................................................................................245

5.8 Tc versus continuum level for F(r) flxed at the steady-state value. . . 251

5.9 A comparison of the model linear and non-linear emission-line light-

curves for a selection of lines............................................................................. 254

6.1 Variation in Tg with r ......................................................................................  265

6.2 A schematic representation of a two component BLR................................. 273

6.3 The 1-d and 2-d response functions and variable line profile for the

separate BLR components................................................................................. 274

6.4 The 1-d and 2-d response functions and variable line profile of a multi- 

component BLR and accompanying trailed spectrogram, emission-

line light-curve and TAVLP...........................................................................  275

6.5 Line proflle evolution for a multi-component BLR....................................... 277

14



B.l

B.2

286

287

15



List of Tables

1.1 Continuum and emission-line variability parameters for NGC 5548. . 56

1.2 Cross-correlation results for the continuum and emission-line light-

curves of NGC 5548......................................................................................... 57

2.1 Results from a test of the randomness of the cloud distribution. . . .  66

2.2 Results of the reduced chi-square test.......................................................... 67

3.1 Steady-state parameters for models B - F ..................................................  107

3.2 AGN c o n t in u u m ............................................................................................  108

3.3 Integrated emission-line intensities normalized to H/3 for models B -F  117

3.4 The centroids of the emissivity-weighted response fu n c tio n s .................. 119

3.5 The centroids of the responsivity-weighted response functions . . . .  128

4.1 Model response functions centroids for a spherical BLR............................. 152

4.2 Model response function centroids for a bi-conical BLR............................. 174

4.3 Model response function centroids for a thin Keplerian disc BLR. . . 183

4.4 The centroids of the anisotropic responsivity-weighted response func

tions and F factors........................................................................................... 199

5.1 Cross-Correlation Results for Models I-IV ..................................................... 234

5.2 Emission line variability parameters.................................................................247

5.3 Non-linear Results............................................................................................  248

16



C hapter 1

A ctive Galactic Nuclei

1.1 Introduction

Approximately one percent of all galaxies have what is termed an ‘active nucleus’ 

in the sense tha t the optical luminosity in the central few parsecs is equivalent to 

or far in excess of the integrated starlight from the surrounding host galaxy. As a 

class, AGN represent the most luminous objects known, radiating copious amounts 

of energy across the whole of the electromagnetic spectrum from radio to 7-rays. 

This suggests that the energy production mechanism in these objects is not nuclear 

fusion. From a cosmological point of view, AGN are extremely im portant, as their 

large intrinsic luminosities (~  erg s“ ^), and high redshifts (up to 2: ~  5),

affords a method by which the spatial distribution and chemical composition of 

material in the early Universe, and its evolution with time, can be probed. This 

requires a clear understanding of the quasar luminosity function. Statistical studies 

on large numbers of quasars suggest that the luminosity function can be adequately 

described by pure luminosity evolution of the form {z -f 1)̂ -̂  for redshifts less than

1.9 (Boyle et a l 1987; Boyle et al. 1991), a non-evolving quasar population for

1.9 < z < 2.9, with a sharp decline in the co-moving density for z > 3 (Osmer 1982; 

Hazard &: McMahon 1985; Veron 1986; Schmidt et al. 1986). However, no clear 

consensus has yet been reached as to whether quasars represent a small, distinct, 

long-lived galaxy population whose numbers are now slowly dying out, or whether 

nuclear activity is a transient phenomenum occuring in all galaxies at various stages 

throughout their evolutionary history. If the second scenario holds true, then the 

decline in the luminosity function at small redshifts must be due to a reduction in
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the mean fuelling rate with time.

1.2 A n historical review

Extreme forms of nuclear activity were first detected in the central regions of (Seyfert) 

galaxies (Seyfert 1943), Seyferts are generally barred spirals, Hubble type Sb II or 

Sb III (Osterbrock 1974), with bright compact nuclei, L  ~  10^  ̂ erg s“ ,̂ which 

is comparable to the integrated starlight of the surrounding host galaxy. Since the 

early observations two distinct classes have been identified. Seyfert 1 galaxies display 

strong broad emission-lines in their spectra (FWZI ~  10,000 km s“ ^), indicating 

fast moving clouds, and emit strongly at ultraviolet and x-ray wavelengths. By con

trast, Seyfert 2 galaxies display strong narrow lines in their spectra, emit weakly at 

ultraviolet and x-ray wavelengths, but are strong infra-red emitters.

The development of new observational techniques in the 1950s and 1960s, par

ticularly in the field of radio astronomy led to the discovery of a number of elliptical 

galaxies with brilliant nuclei, emitting strongly at radio wavelengths. These radio 

galaxies can be broadly divided into two sub-classes according to the appearance of 

their optical spectra (Osterbrock 1974); Broad Line Radio Galaxies (BLRGs) which 

have broad emission line spectra and emit large amounts of energy at short wave

lengths, and Narrow Line Radio Galaxies (NLRGs) which display narrow spectral 

lines and emit only weakly at short wavelengths. Both classes display narrow jets 

of material outflowing from their nuclei associated with the strong radio emission, 

which is assumed to be synchrotron in nature.

In 1960, Matthews and Sandage observed three so-called ‘radio-stars’, point 

sources which were unusually strong radio emitters and had odd looking optical 

spectra. Following the discovery of a fourth ‘radio-star’ in 1963, Schmidt concluded 

that the optical spectra looked odd because the emission-lines were redshifted by an 

enormous amount, and that the objects were not in fact stars in our own galaxy, 

but very distant luminous compact extra-galactic sources of radiation. These objects 

which have since been renamed quasars, short for ‘quasi-stellar radio sources’, are 

now known to be the centers of giant elliptical galaxies so distant tha t the material of 

the surrounding host galaxy cannot normally be seen. In fact, most quasars are not 

strong radio sources, and even those that are, emit far more energy at shorter wave

lengths. Consequently quasars should be most readily identified from their x-ray
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emission, although to date most discoveries have been made at optical wavelengths.

The last group to be identified were the Blazars, AGN which radiate intensely at 

all wavelengths and display extreme forms of variability in both their continuum and 

emission-line intensities, and degree of polarization. This group is sub-divided into 

Optically Violent Variables (OVVs), which can vary by up to 50% on timescales 

of less than a day and BL-Lacertae objects (BL-Lacs), which have very weak or 

undetectable emission-lines and vary by factors of 100 or more on timescales of less 

than a few months.

1.3 Classification

AGN are generally characterized by the appearance of their optical spectra (broad, 

narrow or weak emission-lines) and degree of radio-loudness. The majority of AGN 

are radio-quiet. Those AGN with bright compact nuclei and strong, broad, per

mitted and semi-forbidden lines in their spectra, are known as Seyfert 1 galaxies 

or quasars. Historically these objects were distinguished on purely morphologi

cal grounds since although Seyfert 1 galaxies can be classified as barred spirals 

(Sb II or Sb III), for quasars the host galaxy cannot be distinguished. However, 

with the advent of HST (Hubble Space Telescope), the spiral host galaxies of a few 

high redshift quasars have now been positively identified. Fortunately, besides their 

generally greater intrinsic continuum and broad line luminosities, the weakness or 

even absence of the narrow permitted and forbidden lines in quasar spectra com

pared to those found for Seyfert 1 galaxies, provides a clear distinction between 

these objects. Although quasar Hs (the more luminous counterparts of Seyfert 2 

galaxies) have yet to be identified, purported candidates include the Infra-Red Lu

minous Galaxies (IRLGs) and Narrow Line X-ray Galaxies (NLXGs). Radio-loud 

AGN form % 10% of the AGN population, and were first classified according to the 

appearance of their optical spectra (Osterbrock 1974). The line profiles of these 

objects are generally more highly structured than those of Seyfert 1 galaxies and 

radio-quiet quasars, indicating contributions from several BLR components with 

different geometrical configurations. This group is further divided into Broad Line 

Radio Galaxies (BLRGs) and Steep Spectrum Radio Quasars (SSRQs), which diflPer 

only in their luminosity, and Narrow Line Radio Galaxies (NLRGs). The NLRGs 

are further classified according to the characteristics of their radio emission into
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Fanaroff-Riley type I (FRI) or type II (FRII). The former exhibit diffuse, symmetric 

radio-jets and weakly defined, low luminosity radio lobes. By comparison, FRIIs 

have well-defined jets and sharp lobe boundaries, high luminosities and bright hot

spots. A small fraction of radio-loud AGN exhibit extreme forms of activity in the 

form of rapid variability, unusually high and variable polarization, high brightness 

tem peratures and compact cores containing gas moving at superluminal velocities. 

Collectively known as Blazars, this class of objects is sub-divided into Optically Vi

olent Variables (OVVs) and BL-Lacertae objects (BL-Lacs), OVVs are essentially 

type I AGN, which display large amplitude variability (~  50%) on timescales of a 

day. BL-Lacs are the most unusual AGN, with extremely weak emission-lines and 

very rapid high amplitude continuum variability (factor of 100 or more within a few 

months), spanning the full spectral range from radio to 7-rays. However, the broad 

similarity in form of the continuum emission for both types of Blazars, suggests tha t 

they are powered by the same physical processes.

1.3.1 A G N  unification schemes

Unified theories of AGN suggest tha t the various AGN sub-classes are different 

manifestations of the same basic phenomenum and tha t apparent differences are 

caused solely by random orientation effects as opposed to any intrinsic physical 

difference. There are currently two unification schemes for AGN, one unifying radio

quiet objects, and the other unifying both radio-quiet and radio-loud objects:

For radio-quiet objects the distinction between type I and type II AGN depends 

upon whether the observers line of sight misses or intercepts obscuring material re

spectively Spectropolarimetric observations of the Seyfert 2 galaxy NGC 1068 

(Antonucci & Miller 1985) and the NLRG 3C 234 (Antonucci 1982,1984), both of 

which display strong broad emission lines in polarized light, supports this general 

picture. Furthermore, observations of light cones in a number of type II AGNs, 

e.g. NGC 1068, NGC 1556 and NGC 3783, also suggests ionization of the Extended 

Narrow Line Region (ENLR) gas by a hidden continuum source with type I lumi

nosity. The comparative weakness of the x-ray continuum emission in type II AGN

^The observed line variability behaviour of the Seyfert 1 galaxy NGC 4151 does not conform 
to this general obscuration picture. For this object, the broad emission-hnes fade away when the 
continuum is in a low state, giving a spectrum similar to that of a Seyfert 2 galaxy (Penston & 
Pérez 1984) and thus implying that some Seyfert 2 galaxies are Seyfert 1 galaxies in which the BLR 
has been ‘switched off’.
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c.f. type I AGN is also consistent with obscuration of the nuclear emission.

For radio-loud objects, the distinction between the various classes of AGN de

pends upon differences between the line of sight orientations of their radio-jet axis, 

which is assumed to be relativistically beamed. Relativistic beaming not only ex

plains the rapid variations and high luminosities seen in some Blazars, but also 

explains the preponderance of one-sided radio-jets. Thus, in this scheme Blazars 

are aligned versions of NLRGs, BL-Lacs are aligned FRIs, and OVVs are aligned 

SSRQs or aligned FRIIs with BLRGs/SSRQs at intermediate angles. Surveys of 

AGN numbers at x-ray and radio wavelengths are consistent with this hypothesis 

(Padovani &: Urry 1990).

1.3.2 A n A G N  paradigm

Spectroscopic and photometric observations of AGN have led to the development of 

the following generalised picture of these phenomena:

At the center lies a black-hole (see Figure 1.1), with a mass (found by assuming 

tha t the BLR clouds move in gravitationally bound orbits) typically in the range 

10® — lO^M©, giving a Schwarzschild radius of the order of a few light-seconds up 

to a few light-hours. Surrounding the black-hole is an accretion disc extending 

outwards, from a distance of a few light-hours to a few light-days and providing 

the means for converting gravitational potential energy into radiation. The rapidly 

rotating central portion of the disc becomes inflated due to radiation pressure, and 

emits most of the high energy photons {e.g. x-rays and 7 -rays). Located above and 

below the surface of the disc, at radii of a few light-days to a few light-months are 

fast moving optically thick clouds emitting the broad emission-lines. Surrounding 

these, at a distance of a few light-years is an optically thick torus of gas and/or dust 

which emits strongly in the infra-red. The axis of the torus is aligned with tha t of 

the accretion disc and consequently obscures the continuum and broad emission-line 

radiation along directions near the plane of the disc. At a distance of 10 — 100 

parsecs are located the larger, cooler, slower moving narrow line emitting clouds. 

At still greater distances of the order of a few kiloparsecs can be found the narrow 

line emitting clouds of the Extended Narrow Line Region (ENLR). Finally, if the 

galaxy is elliptical, narrow bi-polar relativistic radio-jets (not shown in Figure 1.1), 

thought to originate in a wind above and below the accretion disc are present, and
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these fuel giant radio-lobes which extend out to several kiloparsecs.

A number of plausible theories have been proposed for the apparent dichotomy 

between radio-loud and radio-quiet objects. One suggestion is tha t all AGN have 

relativistic jets, but those in spiral galaxies are not observed due to dampening 

in the interstellar medium by dust. Alternatively, it has been suggested that the 

amount of radio emission depends upon the rotation rate of the central black-hole, 

with the degree of radio-loudness increasing as the spin rate increases (Blandford 

1991). Unfortunately, neither of these theories can as yet be tested observationally.

It should be stressed tha t this model is but one of many possible alternatives, 

whose applicability has yet to be thoroughly scrutinised by observation. Indeed, 

there is as yet no concrete evidence for the existence of accretion discs and thus no 

general consensus as to whether spherical {e.g. see Krolik & London 1983) or disc 

accretion dominates the dynamics of the gas close to the central object, although 

there does appear to be evidence for rotational motion near the central regions of 

giant elliptical galaxies {e.g. M87).

There is a separate class of objects namely the Starburst galaxies which display 

many of the features characteristic of AGN, for example: strong emission lines, blue 

continua, strong infra-red emission, and moderate x-ray luminosities, with to tal 

bolometric luminosities of ~  10'̂  ̂ erg s“ .̂ In some cases this emission arises from 

an unresolved nucleus. They are generally distinguished by their lack of continuum 

variability, the absence of strong broad emission lines and most importantly the 

appearance of large numbers of ultraviolet absorption lines in their spectra which 

are associated with large numbers of hot massive stars. These objects thus contain 

dense, localized regions of star formation. These episodes are unlikely to be long 

lived as there is not enough material to maintain the high rate of star formation 

over the lifetime of the galaxy.

1.4 The Central R egions Of A G N

Although the exact nature of the energy generating process occurring within the 

central regions of AGN cannot be discerned through direct observation, other in

direct methods are available. This is the primary reason for studying the BLR as 

measurements of emission-line intensities and line profile variations enable the de-
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Figure 1.1: A possible model for the AGN phenomenum.

termination of both the structure and kinematics of the BLR gas, the shape of the 

ionizing continuum, and for bound orbits the mass of the central object. These can 

then be used to constrain theoretical models of the conditions within the central 

regions of AGN.

1.4.1 Energy Requirements

AGN luminosities are typically ~  IO^^Lq (Lq ~  3.9 x 10̂  ̂ erg s~^). The most 

massive stars are typically 10  ̂ M© (M© = 1.989 x 10^  ̂ kg) and radiate near their 

Eddington limit ~  10  ̂ L©. Thus typical AGN luminosities require a central mass 

M  > 3 X 10  ̂ M©, in reasonable agreement with that determined from velocity 

curves of the central regions of our nearest neighbour galaxies (e.g. M87). The small 

variability timescale (less than a few hours at x-ray wavelengths) and large energy 

production (covering the full range of the electromagnetic spectrum) means that it is 

unlikely that thermonuclear reactions supply the energy. Thus, one of the proposed 

mechanisms is the release of gravitational energy from material accreting onto a 

massive black-hole (MBH). The energy produced by the accreting material can be
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expressed as

L  =  jiMc^ , (1.1)

where /x represents the accretion efl&ciency {i.e. the fraction of the mass converted 

into gravitational energy), M  is the accretion rate, and c is the velocity of light. For 

typical AGN luminosities, M  ~  0.7 M© yr“ ,̂ assuming an accretion efficiency of 

~  10%.

1.4.2 M ass Estim ates

The mass of the NLR can be estimated from simple case B recombination theory. 

Assuming tha t each hydrogen ionizing continuum photon ultimately results in the 

production of at least one H/? photon, the observed intensities of H/3 in the most 

luminous Seyfert 2 galaxies and NLRGs (L(H^) ~  10®L©) imply masses for the 

ionized gas of ~  lO^M© (assuming a spherical cloud distribution. Ne ~  10^cm~^, 

and a filling factor of ~  1%) at radial distances of ~  10  ̂ parsecs. This size estimate 

is in good agreement with the observed extent of the NLR gas in those objects in 

which the NLR has been resolved (~  10^-10^ parsecs) and is consistent with the 

absence of observed variability in the narrow emission lines.

Similar arguments suggest tha t the mass of ionized gas in the BLR ranges from 

between ~  IM© for the lowest luminosity objects, up to a few times lO^M© at the 

high luminosity end (assuming a spherical cloud distribution. Ne ~  10  ̂ cm“ ,̂ and 

a volume filling factor of 1%), with corresponding sizes of between a few light-days 

up to a few light years. These size estimates are also in reasonable agreement with 

the observed variability timescales of both high and low luminosity AGN.

1.5 Ionizing continuum  shape

Defining the shape of the ionizing continuum is crucial to the success of photoioniza

tion models of the BLR. Although the precise form of the spectral energy distribution 

differs amongst different AGN sub-classes, there are a large number of similarities. 

For example, all AGN display an intense featureless continuum which may be ap

proximated by a powerlaw over a limited range in frequency such that

Fy DC , ( 1 .2 )
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where ^  is the observed flux of ionizing photons (erg cm“  ̂ s“  ̂ and a  is the

spectral index. Unfortunately the most im portant part, the Lyman continuum up to 

soft x-ray energies is not observed, except in some high redshift quasars, where in- 

tergalactic absorption by low column density gas (in the form of both line blanketing 

and Lyman-limit discontinuities) severely depresses the continuum and subsequently 

hinders an accurate determination of the continuum shape in this region. Thus in

direct methods must be employed to determine in this gap.

For both radio-loud and radio-quiet quasars, the near infra-red continuum (1 — 

3//m) is well-fitted by a single powerlaw with a; ~  1 — 2 (Neugerbauer et a l 1979; 

Elvis et a l 1986; Edelson & Malkan 1986; Neugerbauer et a l 1987; Carleton et al 

1987), with an additional small bump at around 3.5//m due to therm al emission 

from dust grains in the vicinity of the BLR (Hyland & Allen 1982; Edelson & 

Malkan 1986; Carleton et a l 1987; Barvainis 1987), although free-free emission 

from dense clouds near the BLR (Puetter &: Hubbard 1985) or from the optically- 

thin region of an accretion disc (Collin-Souffrin 1987b) may also contribute. The 

shape of the infra-red continuum is of particular importance since free-free infra

red emission can provide a significant heat-source for the BLR gas, which may 

drastically affect the line emission, particularly of collisionally excited lines (Ferland 

et a l 1992). However, the lack of observed variability in the infra-red relative to 

variations in the other continuum bands (Neugerbauer et a l 1979; Glass 1981; Cutri 

et a l 1985; Sembay, Hanson & Coe 1987) suggests that this component is produced 

in an extended region external to the BLR, and thus has a negligible heating effect 

upon the BLR clouds.

At ~  0.05-0.08//m, the optical-ultraviolet continuum deviates from the infra-red 

powerlaw (Neugerbauer et a l 1979; Malkan Sz Sargent 1982; Elvis & Wilkes 1986), 

forming the so-called ‘big blue bum p’ {a ~  0.3 — 0.7), a feature which dominates 

the optical and ultraviolet continuum and contains most of the energy output by 

radio quiet quasars. The ‘big blue bum p’ is generally associated with therm al emis

sion from an accretion disc (Shields 1978; Malkan k, Sargent 1982, Malkan 1983), 

although optically-thick geometrically-thin accretion disc models are unable to fit 

the ultra-soft and hard x-ray continua (Fabian et a l 1986; Bechtold et a l 1987; 

Gondhalekar et a l 1994) . Superimposed upon the ‘big blue bum p’ is an additional 

small bump at around A3000 Â due to a combination of Baimer continuum and line
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emission and numerous blended Fe ll lines (Oke, Shields & Korycansky 1984; Wills, 

Netzer & Wills 1985).

At shorter wavelengths the continuum must turn over in order to connect the 

optical-ultraviolet and soft x-ray continuum (Kinney et al. 1985, Wilkes & Elvis 

1987). O ’Brien et al. (1987) estimate a change in spectral index A a  ~  1, giving a 

mean slope in the far ultraviolet of ~  1.4, similar to tha t derived by Czerny and 

Elvis (1987) for a variety of accretion-disc models. This, together with the strong 

correlation found for the near infra-red (3.5/zm) and hard x-ray (2keV) continuum 

luminosities in Seyferts, quasars and Blazars (Glass 1979; Kriss, Canizares &; Richer 

1980; Lawrence &: Elvis 1982; Malkan 1984, 1985) suggests that a single component 

with slope 1.4 extending from the infra-red to soft x-rays underlies the optical- 

ultraviolet continuum.

A number of objects show an excess of emission at ultra-soft x-ray energies 

(0.1 — 0.28 KeV) relative to the extrapolation of the infra-red continuum into the 

x-ray region (Arnaud et al. 1985; Branduardi-Raymont et al. 1985; Wilkes &: Elvis 

1987; Turner & Pounds 1989; Gondhalekar 1994) which displays rapid variability. 

In a few AON this excess extends up to a few keV, forming a ‘soft x-ray excess’ 

(Bechtold et al. 1987a). The ultra-soft and soft x-ray excesses, which are thought to 

be produced in an electron scattering atmosphere, are rarer in BL-Lac objects and 

may therefore be associated with the high-energy tail of the ‘big blue bum p’, which 

is not observed in BL-Lacs.

The shape of the high energy tail {E > 30 keV) is fairly uncertain, and has 

been observed in only a few objects. Ginga x-ray observations of Seyfert 1 galaxies 

(Pounds 1990) show strong Fe Ko; emission and a broad hump at energies > 10 

keV. A possible production mechanism for the high energy tail is the reflection of 

power-law x-rays (o; ~  0.9) by cold (T ~  10  ̂ K) m atter (Guilbert Sz Rees 1988; 

Lightman & W hite 1988).

Despite the broad similarities in the shape of the continuum for different objects, 

there are some noteworthy differences. For example, the infra-red continuum in core 

dominated radio-loud objects can be smoothly extrapolated into the radio region, 

whilst the infra-red continuum of radio quiet and lobe dominated radio-loud objects 

exhibits a distinct cut-off at longer wavelengths (Landau et al. 1986; Ghini et al. 

1989; Lawrence et al. 1990). These effects are thought to be due to the domination
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of different continuum emission processes at various orientations. Furthermore, the 

‘big blue bum p’ appears to be significantly weaker in the optical and ultraviolet 

(A > 1200 Â) for lower luminosity Seyfert 1 galaxies and quasars (Malkan Sz Sargent 

1982; Kriss 1988), whilst BAL quasars and blazars have steeper optical-ultraviolet 

continua than quasars (O’Brien et al. 1987a; Malkan & Stockman 1984; Ghisselini 

et al. 1986), which may also be a result of the dominance of different continuum 

processes in the former relative to the latter (Stein Sz O’Dell 1985). Additionally, 

x-ray observations indicate that the soft x-ray continuum hardens with increasing 

radio-loudness (Zamorani et al. 1981). Assuming a powerlaw fit to the x-ray contin

uum, the spectral index in the 0.1 — 3.5 keV region is o; ~  0.5 for radio-loud quasars 

compared to a  % 1.0 for radio-quiet quasars (Wilkes Sz Elvis 1987) indicating that 

synchrotron self-compton emission dominates the x-ray in radio-loud quasars. By 

contrast, 2 — 10 keV slopes of 0.7 ±  0.15 were found for radio-quiet Seyfert 1 galax

ies (Mushotzky et al. 1980, Mushotzky 1984) which suggests a flattening of the 

continuum at shorter wavelengths in radio-quiet objects.

It has been suggested that the shape of the EUV to soft x-ray continuum may 

be inferred by comparing the observed emission-line intensities with those deduced 

from photoionization calculations {e.g. see Kwan 1986; Bechtold et al. 1987a; Netzer 

1987). However, continuum sensitive lines are generally at least as sensitive to other 

physical parameters such as density, column density and ionization param eter and 

thus only very general constraints can be placed. A better understanding of the 

optical Fell emission may provide some information on the shape of the ionizing 

continuum, as the strength of the optical Fe II lines appears to correlate with otox 

in the sense tha t objects with flatter x-ray spectra {i.e. smaller aox) have weaker 

optical Fell emission (Wilkes, Elvis & McHardy 1987; Zheng & O’Brien 1990), 

whereas photoionization calculations would tend to suggest the opposite correlation 

(Netzer 1987; Krolik 1987).

1.5.1 D ust in A G N s

The composition, quantity and distribution of dust within and around the central 

regions of AGNs is at best uncertain. However, if present, dust with its large opacity 

will play a significant role in the transfer of both continuum and line radiation and 

is thus likely to have a dramatic impact upon modelling the observed continuum
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and emission-line intensities.

For the NLR, estimates of the amount of dust extinction are found by comparing 

the observed Balmer line ratios (typically 6) with those determined from

photoionization calculations (H a/H /?~ 3.1). These are consistent with moderate 

degrees of reddening. Note that the model value differs from the case B recombi

nation value of 2.8 because Ho; is collisionally de-excited. Furthermore, the strong 

blue asymmetry of the narrow lines in AGN is consistent with dust obscuration in 

optically thick radially moving clouds. For the BLR the Balmer line ratios cannot 

be used as both collisional excitation and optical depth effects result in line ratios 

which are far from their simple case B values. Instead the ratios of those lines 

which originate from the same upper level, and which are thus less susceptible to 

collisional excitation effects, are used {e.g. P a /H a  and P /)/H ^). Lines with well de

termined theoretical line ratios have also been used to estimate the amount of dust 

extinction {e.g. H ell A1640/Hell A4686 (MacAlpine 1981; Netzer 1991; Koratkar k, 

MacAlpine 1992), and O l A1302/OI A8446 (Netzer k  Davidson 1979; MacAlpine k  

Feldman 1982). A comparison of these line ratios with photoionization calculations 

also indicate modest amounts of reddening { E b - v  ~  0.2). Furthermore, the ratios 

of the ultra-violet lines with respect to Lyo: are generally in better agreement with 

photoionization calculations than the optical/Lya line ratios, which is also consis

tent with extinction by dust, although there are alternative explanations {e.g. a two 

component BLR).

As far as modelling the broad lines is concerned dust is unlikely to be im portant 

as the high BLR temperatures (~  10^ K) will result in dust sublimation, unless 

the dust is located in the neutral zone toward the rear of the clouds where it is 

shielded from the most intense radiation. In fact, size estimates of the BLR from 

reverberation studies (Clavel et al. 1991), correspond roughly to the sublimation 

radius of dust grains (Laor k  Draine 1993) and support the idea tha t the BLR is 

dust-bounded (Netzer k  Laor 1993). Furthermore, the delay between the infra-red 

emission and the optical-ultraviolet continuum variations in Fairall 9 (Clavel et al. 

1989; Barvainis 1992) is in good agreement with the dust sublimation radius and 

supports Laor’s and Draine’s suggestion that the optically thick infra-red emitting 

clouds are also the source of the narrow line emission. Consequently in this work, 

dust has been excluded from all photoionization calculations.
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1.6 T he Broad Line Region o f A G N

Here the structure and physical conditions within the BLR, as determined through 

both spectroscopic and photometric studies in combination with photoionization 

modelling techniques, is described.

1.6.1 Covering factor

For low luminosity AGN, the covering factor {i.e. the fraction of sky, as seen from 

the ionizing continuum source, tha t is covered by BLR clouds) is usually estimated 

from the equivalent width of Ho;. Assuming that each ionizing continuum photon 

ultimately results in the production of at least one H a photon, then observations 

suggest covering factors in the region of 10-50%. Mushotzky and Ferland (1984), 

argued tha t x-ray absorption suggests covering factors near unity for Seyfert 1 galax

ies, although more recent x-ray observations dispute this (Gondhalekar et al. 1994; 

Gondhalekar 1994). For high luminosity AGN, the covering factor can be estimated 

from the drop in the continuum level just shortward of the Lyman limit (Smith et al. 

1981; MacAlpine & Feldman 1982; Koratkar et al. 1982). An observed drop of 0.1 

in continuum intensity shortward of A912Â, suggests optical depths r(912Â) <C 1 

if the continuum source is completely obscured. However, the presence of strong 

broad M gll and Fell lines in AGN spectra suggest much larger optical depths, and 

thus covering factors of ~  10 percent.

1.6.2 Colum n density

The column density is estimated at between 10^  ̂ — 10^  ̂ cm~^. The lower limit is 

set by the appearance of low excitation lines of M gll and Fell in AGN spectra, 

whilst the upper limit is set by observations of Ca II in some AGN spectra (Ferland 

k. Persson 1989; Van Groningen 1993).

1.6.3 Chem ical Abundances

The chemical abundances within AGN are difficult to determine due to the shape 

of the non-stellar ionizing continuum which results in mixing of several stages of 

ionization within a single zone. In the BLR, the Niv] A1486/GIV A1549 ratio is a 

good indicator of the G/N abundance, as neither line is affected much by the gas 

tem perature or ionization parameter (Netzer 1991). However, abundances relative
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to hydrogen are ill-determined due to uncertainties in the calculated intensities of 

the hydrogen lines. A comparison of the observed emission-line intensities of AGN 

with intensities calculated from photoionization models suggest tha t the chemical 

composition of the BLR and NLR gas is similar to that found in our own galaxy, and 

galaxies with HII regions or bursts of star formation, with the possible exception of 

nitrogen which appears to be overabundant by a factor of 5 (Osmer & Smith 1976), 

and helium which is overabundant by a factor of 1.4 relative to cosmic abundances 

(Osterbrock 1989).

1.7 Photoionization  m odels o f the BLR

Our current understanding of the physical conditions within the BLR have been 

deduced from measurements of the line intensities of a large number of Seyfert 1 

and quasar spectra combined with theoretical models of the line-emitting gas. As 

noted by Seyfert (1943), the spectra of AGNs display many of the lines typical of 

a classically photoionized nebula. Consequently, there exists a strong historical link 

between the early BLR models and photoionization models of galactic nebulae. The 

earliest models, which can be dated back to the work of Bahcall and Kovlovski 

(1969), Davidson (1972), and MacAlpine (1972), were an attem pt at determining 

the excitation mechanism of the BLR gas, and other general physical properties {e.g. 

chemical composition, density, and column density).

Standard ‘single cloud’ models of the BLR used today are characterized by the 

shape of the hydrogen ionizing continuum, usually taken to be a powerlaw in fre

quency, Fjy oc (where a  is the spectral index), the hydrogen density at the 

ionized face of a plane-parallel slab of gas N , and an ionization param eter U, a 

dimensionless quantity representing the ratio of photon to m atter density, w ritten 

here as

where Q{h) is the number of hydrogen ionizing photons s“ ,̂ r is the cloud-ionizing 

source distance and c is the velocity of light. In a standard BLR cloud, incident 

ionizing photons produce a highly ionized zone on the front face of the cloud emitting 

strongly in the high ionization lines (HILs)(e.p. Lya, C iv , Hell). Behind this zone.
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penetrating x-rays heat the gas, maintaining a partially ionized zone which emits 

strongly in the low ionization lines (LILs) {e.g. Balmer lines, M gll and Fell) and 

Balmer and Paschen continua.

The absence of an observed cut-off at the Lyman limit in a large number of high 

redshift quasars, imply that the fraction of the sky covered by BLR gas is small 

(~  10%), but may be larger in Seyfert 1 galaxies (Smith et al. 1981). Also, the 

observed intensities of the emission-lines indicate tha t the volume filling fraction of 

the line emitting material is very small (10“ ' )̂. This, together with the absence of 

structure in the observed emission-line profiles imply tha t the BLR is made up of a 

large number of small high velocity clouds which intercept only a small fraction of 

the total ionizing continuum and occupy only a small fraction of the available space.

The observed ratios of the C ill] A1909 and C IV A1549 lines relative to Lya A1215 

are similar in objects covering a wide range in luminosity, implying tha t the BLR gas 

exists within a very narrow range of physical conditions. The tem perature, as deter

mined from the ratio of the Cm] A977 / Cill] A1909 lines is ~  K, insufficient to 

produce the high degree of ionization seen in BLR spectra through collisional excita

tion, and further evidence tha t photoionization is the main energy source. Density 

limits are set by the absence of strong broad forbidden lines such as [O ill] A4363 

which are collisionally de-excited at low densities ~  10  ̂ cm~^, and by the presence of 

strong broad Cm] A1909, an intercombination (or semi-forbidden) line which is col

lisionally de-excited at densities above 10^^ cm~^ (Davidson &: Netzer 1979). Large 

Lyman continuum optical depths are required to account for both the strength of 

broad M gll and to fit the observed Fell emission-line spectrum (Phillips 1978; Wills, 

Netzer & Wills 1985). Observed ratios of the ultraviolet to optical Fell lines indicate 

optical depths (r  > 10^).

Standard photoionization models assuming values of f7 ~  0.01, and N  ~  10^^ 

cm~^, reproduce the observed intensities of the strongest ultra-violet lines relative 

to each other and to Lyo; A1215 within a factor of a few. Re-arranging equation 1.3, 

yields a characteristic ‘size’ for the BLR of

r  =  63 X light-days , (1.4)

w here Q s i ih )  is th e num ber o f hydrogen ionizing photon s s~^ in u n its  o f 10 '̂ ,̂ N io  

is th e  d en sity  at th e ionized face o f th e cloud in u n its o f 10^^ cm “ ,̂ and C/q.oi is th e
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ionization param eter in units of 0.01, which for typical Seyfert 1 galaxy and quasar 

luminosities and standard BLR parameters gives a radius of ~  100 light-days for 

Seyfert 1 galaxies (Qs4(A') ~  1) and ~  a few parsecs for quasars 100).

Despite its apparent success, the standard model of the BLR does have a num

ber of problems. In particular, models with standard BLR parameters produce 

steep Balmer decrements (Lya/H /l ~  50, Ha/Hjd ~  10) (Davidson h  Netzer 1979), 

whereas the mean observed values are far lower (Lya/H/3 ~  3, Ho;/H/? ~  4) (Baldwin 

1977a). In addition, standard models produce far less emission in the Balmer contin

uum and Fe ll lines than is typically observed, the so-called ‘energy budget problem’ 

(Netzer 1985; Collin-Souffrin 1986). Models invoking high densities, high column 

densities and moderate degrees of ionization can produce lower Balmer decrements, 

but the higher densities involved result in weaker than observed C III] emission (Fer

land k, Persson 1989). The standard model of Kwan and Krolik (1981), produces 

lower Balmer decrements by invoking strong heating by x-rays at large column den

sities. This produces an extended partially ionized zone which emits strongly in the 

Balmer lines, Fe ll lines and Balmer continuum. However, this model has been crit

icized because the ratio of the energy in the x-ray to ultraviolet continuum (~  10) 

is far larger than is typically observed (Netzer 1987).

Another major uncertainty in photoionization calculations is the degree of red

dening of the observed spectrum. A heavily reddened continuum could help solve 

the energy budget problem, giving a much flatter spectral index than is typically 

observed (Netzer 1985). However, it is unlikely tha t dust grains could survive in the 

radiation pressure and temperatures found within the BLR.

This apparent failing of the standard model has led to the proposal of a two zone 

model for the BLR in which the HILs are produced in standard BLR clouds photoion

ized by the continuum and the LILs are produced in higher density, higher column 

density gas, possibly in the form of an accretion disc (Collin-Souffrin 1986, 1987), and 

heated by processes other than photoionization. Double-peaked (or saddle-shaped) 

line profiles are generally considered to be a distinguishing feature of accretion disc 

models (although see Chapters 3 and 4 for alternative explanations), and profiles of 

this form have been seen in a number of objects {e.g. 3C 390.3, Pérez et al. 1988, 

van Groningen 1984) and in the difference profiles of others {e.g. NGC 5548, Stirpe 

1989; Akn 120, Alloin et al. 1988). Disc models could also explain why LILs are in
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general redshifted with respect to the HILs in many objects (Gaskell 1982; Shuder 

1982; Wilkes 1984; Wilkes 1986).

1.7.1 The ionization structure of optically thick and optically  th in  

clouds

To illustrate the difference between the internal ionization structure of an optically 

thick and an optically thin cloud, Figures 1.2—1.5 show the fractional abundances of 

the ionized states of hydrogen, helium, carbon and oxygen as a function of distance 

from the ionized face of the cloud.

The predicted emission-line spectrum from a uniform slab of gas at a radial dis

tance r from an ionizing source of continuum radiation was calculated using the 

photoionization code CLOUDY, version 80.06c (Ferland 1991, 1993). The detailed 

physics involved in computing the emission-line spectrum has been discussed else

where (Davidson & Netzer 1979; Kwan h  Krolik 1981; Rees, Netzer &: Ferland 1989; 

Ferland 1991), and will not be repeated here.

The incident ionizing continuum is taken as CLOUDY’s ‘Table AGN’ option, 

similar to tha t described by Matthews and Ferland, and typical of a radio-quiet 

AGN. The sub-millimeter break was set at 10/xm, and for longer wavelengths the 

continuum has the form Fy oc Integrating over frequency yields a mean photon 

energy hv = 3.038 Rydberg for this continuum. The cloud density and column 

density were set at 10̂ ® cm~^ and 10^ '̂^  ̂ cm“  ̂ respectively. Individual clouds were 

chosen to have constant density, although constant pressure clouds are found to give 

similar results. The chemical composition was taken to be solar, with abundances 

taken from Grevesse and Anders 1989. For the optically thick cloud, U = 0.01 whilst 

for the optically thin cloud, U = 10.0, which is equivalent to a thousand fold increase 

in the incident flux of ionizing photons over the optically thick model. This yields 

an optical depth at threshold for Lyo; of % 3.4 x 10® in the optically thick model, 

and % 0.8 in the optically thin model.

1.7.1.1 Optically thin clouds

As can be seen in Figure 1.2, the intensity of the ionizing continuum for the optically 

thin cloud is such that hydrogen is completely ionized {i.e. the hydrogen ionization 

front is absent) and consequently there is no LIL producing partially ionized zone.
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Figure 1.2: Fractional abundances o f the ionized states of hydrogen and Helium as 
a function of distance from the ionized face of an optically thin cloud. Left panel - 
Solid line: H I ; dashed line: H II. Right panel - Solid line: He I ; dashed line: He II 
: dotted line: He III.
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Figure 1.3: Fractional abundances o f the ionized states of Carbon and Oxygen as 
a function of distance from the ionized face of an optically thin cloud. Left panel 
- Solid line: CIV  ; dashed line: CV ; dotted line: CVI; dot-dashed line: CV II. 
Right panel - Solid line: O III & O Vll ; dashed line: O IV & O IX ; dotted line: O V 
; dot-dashed O Vl ; dot-dot-dot-dash O Vlll.
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Helium (Figure 1.2, right panel) is predominantly He^+, with a small contribution 

from He"  ̂ beyond the He'*' — He^+ ionization edge formed near the back-face of the 

cloud. In an optically thin cloud the majority of the cooling is performed by the 

high ionization lines, for example, the higher states of carbon and oxygen. Due to 

the large ionization parameter multiple Stromgren spheres of carbon and oxygen are 

formed, with the highest ionization states effectively shielding the lower states from 

the most intense radiation. For such clouds, the fractional abundances of the lines 

are relatively independent of the ionization parameter (Ferland &: Persson 1989).

In theory, for clouds with the same density and column density, ionized by a 

continuum with the same spectral energy distribution, the Stromgren length 8r is 

directly proportional to the flux of ionizing photons 0 , such tha t 6r =  

where a  is the recombination coefficient (Osterbrock 1974). Hence the ionization 

structure should in principle scale linearly with U. This is not the case here due to 

the large difference in the ionization parameter, 3.0 in dex, and the absence of the 

hydrogen ionization edge in the optically thin model.

An im portant question to resolve is whether or not clouds located in such an 

intense radiation field are stable against disruption by radiation pressure. For the 

optically thin cloud, the internal radiation pressure dominates the gas pressure for 

log6r  > 12.3 (position of the ionization edge). This cloud is therefore

unstable to disruption by radiation pressure if supported by an external medium 

alone. However, this is not a problem if some other mechanism, such as magnetic 

pressure, provides the support (Rees 1987).

1.7.1.2 Optically thick clouds

By comparison the optically thick cloud has a well-defined hydrogen ionization edge 

at a depth of log6r  =  11.3 cm, and an extended partially ionized zone in which 

5-10% of the hydrogen is in the form of H+ (Figure 1.4). This partially ionized 

zone shields the back of the cloud from all but the most energetic photons. Thus 

weakly ionized lines can exist in this region, for example CII and O ll (see Figure 

1.5). In contrast, both helium and oxygen are neutral in this region. In the more 

highly ionized zone at the front of the cloud ionization edges of helium, carbon and 

oxygen are present. In the He"*" zone carbon exists mainly as Ĉ "*" and Ĉ "*", whilst 

the ionized states of oxygen are dominated by Ô "*". In the Hê "*" zone, carbon is
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Figure 1.4: Fractional abundances of the ionized states of Hydrogen and Helium as 
a function o f distance from the ionized face of an optically thick cloud. Left panel - 
Solid line: H I ; dashed line: H II. Right panel - Solid line: He I ; dashed line: He II 
; dotted line: He III.
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Figure 1.5: Fractional abundances of the ionized states of Carbon and Oxygen as a 
function of distance from the ionized face of an optically thick cloud. Left panel - 
Dashed line: C II ; dotted line: C III  ; dot-dashed line: C IV  ; dot-dot-dot-dashed 
line: CV. Right panel - Solid line: 0 1  & OVI ; dashed line: O il  ; dotted line: 
O III ; dot-dashed line: O IV ; dot-dot-dot-dashed line O V;
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mostly and oxygen mostly although there are small fractions in the form 

of and 0^+. This optically-thick cloud is stable as the gas pressure

dominates the radiation pressure at all radii.

1.8 Variability Studies —  Challenging the Standard  

M odel

Recently a potentially more serious problem has been identified. In a number of 

objects the continuum and broad emission-lines are seen to vary on relatively short 

timescales {e.g. see the review by Peterson 1993). Light crossing arguments imply 

th a t the size of the BLR as derived from the observed variability is up to an order of 

magnitude smaller than tha t predicted by standard models. If the observed values of 

U are correct, this implies much larger densities than previously thought, conversely, 

if the densities are correct, higher ionization parameters are required. At least some 

gas with larger U values is necessary to produce the observed strength in O VI A1035 

and N v  A1240. A plausible model for the BLR is one in which the BLR gas exists 

over a broad range of physical conditions, and an observer thus sees an average over 

gas of very different properties.

1.8.1 The Point Source R everberation M odel o f the BLR

The widely accepted explanation for the observed broad emission-line variations is 

generally expressed in terms of the point-source reverberation model of the BLR. 

In this model emission-line clouds are assumed to be linear reprocessors of con

tinuum  radiation and to respond instantaneously to variations in the intensity of 

the ionizing continuum. The response of the BLR clouds to continuum variations 

are therefore assumed to be dominated by light travel-time effects within the BLR. 

The assumption of linearity is addressed in Chapter 5. The instantaneous response 

approximation may be justified through a careful consideration of the following fun

damental timescales:

(i) R eco m b in a tio n  tim e

The recombination time tree, measures the time taken to establish ionization equi

librium within an individual BLR cloud, and is written here as
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"  aJVe ’ (15)

where a  is the recombination coefficient, and iVg is the electron density. For typical 

BLR densities (jVg ~  10̂ ® cm“ ^) the recombination time for hydrogen is ~  10^ 

seconds, far smaller than any line variation yet observed.

(ii) D y n am ica l tim e

Another im portant timescale is the dynamical time t^yn for the BLR, which is the 

amount of time taken for a cloud to cross the BLR, or for bound orbits, the orbital 

period of a BLR cloud. The dynamical time is related to the mean BLR size r, and 

mean cloud velocity v, by

T
^dyn ~  Z ' (16 )

Cross-correlation estimates of the BLR size are typically a factor of ten times smaller 

than tha t derived from photoionization calculations (Gaskell Sz Sparke 1986; Zheng 

et a l 1987; Gondhalekar 1987,1988,1989; Peterson 1993). However, estimates of 

the BLR size from cross-correlating continuum and emission-line light-curves are 

particularly sensitive to the line species under consideration, and for geometrically 

thick BLRs are heavily biased toward the inner regions (Edelson Sz Krolik 1988; 

Robinson & Pérez 1990). Hence, the average BLR radius used here is tha t derived 

from standard photoionization models of the BLR, noting tha t at most the answer 

derived here will be out by a factor of ten in f .  For standard BLR parameters {i.e. 

U = 10“  ̂ and N  = lO^o cm“ ^), the BLR radius f  of a typical Seyfert 1 galaxy 

is ~  10̂ ® cm (luminosity lO^  ̂ erg s“ ,̂ < hv >=  3.0 Rydberg). The mean cloud 

velocity is typically 10^ km s“ ,̂ giving a dynamical time, tdyn ~  10^ seconds. This is 

considerably larger than the typical continuum variability timescale (days-months), 

and suggests tha t the BLR is stable on timescales of a few tens of years.

(iii) S ound  crossing  tim e

The sound crossing time tsc, is the time taken to establish pressure equilibrium 

within an individual BLR cloud, and is related to the cloud radius Rc, and sound 

speed Cg, by
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ts c  =  —  , (1.7)

where Cs = ^j2kTe/'mp. The total thickness of an individual BLR cloud is not well 

defined, but estimates of the extent of the ionized gas (from standard photoionization 

calculations) are in the region of 10^  ̂—10^  ̂ cm. For typical cloud radii and electron 

tem peratures (Tg ~  10  ̂ K), the sound crossing time, tgc — 10® — 10® seconds. Again 

this is much larger than the observed continuum variability timescale.

(iv) P h o to n  diffusion  tim esca le

The photon diffusion timescale is a measure of the time taken for a line photon to

escape from the cloud in which it was formed. Lines with low optical depths escape

on timescales of ~  Rs/c, where Rs is the Stromgren radius. For resonance-lines 

or lines with large optical depths, e.g. Lyo the diffusion time is approximately 20 

times the direct light-travel time through one Stromgren depth (Hummer k, Kunasz 

1980), i.e.

I'diff ~  20i?s/c % 2QUINeOiB , (18)

where U is the ionization parameter, iVg the electron density, and o # is  the Menzel- 

Baker case B recombination coefficient. For the conditions thought to exist within 

the BLR, Rs ~  10^  ̂ cm (Peterson 1994) and thus t^ iff ~  a few minutes. Thus the 

photon diffusion timescale is only im portant for high column density, high U clouds, 

or for lines with very large optical depths.

(v) C lo u d  re sp o n se  tim esca le

This is the time taken to adjust the ionization structure of the BLR cloud in response 

to continuum variations. The ionization front advances into a slab of BLR gas at a 

speed ~  C/c (Davidson & Netzer 1979). For standard values of U (~  0.01-0.001), 

the advance of the ionization front through the cloud is only a small fraction of 

the speed of light (~  10^-10® cm s“ ^). Fortunately, the small thickness of BLR 

clouds (typically lO^^-lO^® cm) indicate that variability timescales probably exceed 

the response time of individual clouds in virtually all cases and thus the assumption 

of instantaneous response is justified.
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(vi) C lo u d  fo rm a tio n  tim esca le

The cloud formation timescale is highly model dependent requiring basic theoretical 

assumptions concerning the origin of the BLR gas. Perry and Dyson (1985) produced 

a self-consistent model wherein BLR clouds are formed behind radiative shocks 

around obstacles in the interstellar medium (see also Dyson, Williams, Sz Perry 

1994; Perry 1994). In their model the cloud formation timescale (or equivalently the 

cooling time) of the post-shocked gas is ~  a year. The lifetime of the clouds is of the 

order of the flowtime around the obstacles (typically a year to a few tens of years). 

This suggests tha t the BLR changes its structure on dynamical timescales and tha t 

differences will be found in both profiles and response functions on timescales longer 

than  this.

Assuming tha t the line emitting gas responds instantaneously to continuum varia

tions, the amount of information tha t can be gleaned using variability techniques 

depends upon two further timescales: (a) the light-crossing time, and (b) the con

tinuum  variability timescale.

(a) L igh t-cro ssing  tim e

The light-crossing time determines how quickly continuum variations cause 

changes in the line profiles. In order to determine the velocity field of the BLR, the 

light-crossing time Îlt ^  tree, otherwise the BLR would respond on the recombina

tion time scale making it impossible to determine the velocity field.

(b) C o n tin u u m  v a ria b ility  tim esca le

The continuum variability timescale tyar, is defined as the time taken for significant 

changes in the continuum flux to occur. If tyar then the line intensities are

always directly proportional to the continuum intensities, and there would be no 

detectable variation in the line profile, other than an overall scaling of line inten

sity with continuum luminosity. If however tyar the continuum variations

are so rapid tha t only a geometrically thin BLR reflects the continuum level at a 

given epoch. For a geometrically thick BLR, the line response is an average over 

gas responding to continuum variations at previous epochs, and the response to a 

particular continuum event is effectively smoothed out.

Under the reasonable assumption that the light-crossing time is the dominant
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Figure 1.6: A  schematic diagram depicting the passage o f light-fronts through a 
spherical B LR  o f inner radius Rin and outer radius Rout- E^ch parabola represents 
a slice through a surface o f constant time-delay r, where r  =  r /c ( l  — cos 6).

timescale within the BLR, then a cloud located at position {r,6), will be seen to 

respond at time t i  to a delta-pulse change in the continuum level at time to after a 

time-delay r  = ti  — to = r /c { l — cosû). For a geometrically thick BLR, the locus of 

clouds on a given iso-delay surface describes a paraboloid. Figure 1.6 shows a section 

through a spherical BLR of inner radius Rin outer radius Rout, and three different 

light-fronts labelled L i, L 2 and L3. L\ corresponds to a time-delay r  =  2 x Rin/c^ 

L 2 corresponds to r  =  {Rin + Rout)/c and L3 corresponds to r  =  2 x Rout I  c-

Formally the variable emission-line profile can be represented by the convolution 

of the continuum variations with a response function such that:
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/oo
'^{v ,r)C {t -  t )  dr , (1.9)

-oo

where is what is variously known as the emissivity-weighted 2-d ‘response

function’, ‘transfer function’ or ‘echo image’ (Blandford & McKee 1982), Imposing 

causality, in the sense that the continuum variations are assumed to drive the line 

variations and not vice versa, implies that ^ ( i ; ,r )  =  0 for r  < 0, and thus 1,9 can 

be rewritten as:

roo
L {v,t) = / — t )  dr . (1,10)

Jo

^(i), r )  is a projection of the BLR 6-dimensional phase space (3 spatial, and 3 veloc

ity) into 2-dimensions, and thus contains essentially all the information necessary to

deduce the BLR geometry and kinematics. Thus, the aim of reverberation mapping 

is to monitor continuum and emission-line profile variations in an attem pt to re

cover and thereby determine the geometry and kinematics within the BLR,

either by inverting equation 1,10 using fourier techniques and solving for ^ (v , r )  

directly {e.g. see Blandford & McKee 1982, Maoz et al. 1991), or by finding a solu

tion for '^{v , t ) that best fits the continuum and emission-line variations {e.g. the 

maximum entropy method). Due to the absence of regularly sampled, high signal- 

noise, high resolution spectra, only one serious attem pt has been made at recovering 

^(-u, r )  (Krolik &; Horne 1991), Instead attention has focused on recovering the 

1-d response function ^ ( r )  from monitoring variable continuum and emission-line 

intensities. In 1-d equation 1,10 reduces to

roo
L{t) = /  '^{t ) C { î  - t ) dr . (1,11)

Jo

Although recovery of ^(-y,r) is preferred, ^ ( r )  conveys valuable information con

cerning the spatial distribution and physics of the line-emitting gas, and certainly 

more than can be delineated from a cross-correlation analysis. Unfortunately the 

form of ^ ( r )  is not necessarily unique to one particular BLR geometry (Welsh & 

Horne 1991; Pérez, Robinson & de la Fuente 1992b; Manned, Salvati & Stanga 

1992), Hopefully, with the continued improvement in the quality of variability data  

{i.e. higher temporal and spectral resolution, and increased signal-to-noise) a real

istic attem pt at recovering "^{v , t ) may not be too far away.
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1.8.2 Cross-correlation techniques

A number of techniques have been developed to aid in the analysis of the observed 

continuum and emission-line variations in AGN. Blandford and Mckee (1982) showed 

th a t in principle ^ ( r )  could be recovered from the observed continuum and emission- 

line light-curves using a fourier inversion method. Successful application of this tech

nique is limited by the generally poor quality and irregular and infrequent sampling 

of the continuum and emission-line light-curves, resulting in a severe degradation 

in the form of the recovered response function. In fact only one serious attem pt 

at recovering ^ ( r )  using this method has been reported in the literature (Maoz 

et al. 1991). However, general information about the ‘size’ of the BLR can still be 

found from cross-correlating the continuum and emission-line light-curves, in order 

to determine the temporal shift (or ‘lag’) between them that maximises the correla

tion. The cross-correlation function (CCF) of the continuum and the emission-line 

light-curves is defined as

/oo
L ( t ) C ( t - T ) d t .  (1.12)

-OO

The continuum autocorrelation function is similarly defined as

/oo
C{t)C{t -  T ) d t . (1.13)

-oo

Substituting equation 1.11 in 1.12 and rearranging, gives

/oo roo
C ( t - T )  -  r ') d T 'd t . (1.14)

-oo J —oo

Reversing the order of integration yields

/oo rOO
^ ( / )  /  C { t - T ') C { t - T ) d td r '  , (1.15)

-oo J —oo

so tha t the second integral is just equation 1.13 for Fa c f {j  — T )̂, i.e.

/oo
^ { t ')Fa c f {t -  r ') dr' , (1.16)

-oo

(Pension 1991; Koratkar & Gaskell 1991; Sparke 1993). Thus F ee  F is simply the 

convolution of the continuum autocorrelation function FAeF  with the response func

tion. Similarly, it can be shown that the line autocorrelation function LAeF-, is the 

continuum ACF convolved with the ACF of the response function.
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Calculation of the CCF requires regularly sampled data. Unfortunately, astro

nomical data rarely fits this criteria. Gaskell and Sparke (1986) describe a general 

procedure for calculating the CCF for irregularly sampled light-curves, which in

volves alternately mapping the light-curves onto regularly spaced grids, performing 

the cross-correlation twice, and averaging the results, and thus reducing the danger 

of giving more weight to interpolated (‘fake’) data than real data. An alternative 

method which gives similar results for well-sampled light-curves is the discrete cor

relation method (Edelson &: Krolik 1988). However, this too suffers from a number 

of problems associated with data binning.

The ‘lag’ gives a one number estimate of the size of the region which responds 

to continuum variations. If the BLR is geometrically thin, this number corresponds 

to the luminosity-weighted radius. However, in general the continuum variations 

are of finite duration and the BLR is assumed to be extended in size, and under 

these conditions the ‘lag’ tends to be biased toward the inner regions where the lines 

respond more coherently to continuum variations (Edelson &: Krolik 1988; Robinson 

Pérez 1990; Pérez, Robinson & de la Fuente 1992a). Furthermore, measurements 

of continuum and emission-line intensities are rarely independent. As a consequence, 

the introduction of correlated errors tend to bias the ‘lag’ toward zero time-delay.

By contrast, the centroid of the CCF (or equivalently the transfer function 

centroid) is a moment of the emissivity distribution and measures directly the 

luminosity-weighted radius of the BLR (Robinson & Pérez 1990; Koratkar &: Caskell 

1991). However, Pérez, Robinson and de la Fuente (1992a), showed tha t the form 

and thus centroid of the CCF displays a strong dependence upon the width of the 

data  window in which this function is computed, and although an improvement on 

the ‘lag’, also tends to underestimate the ‘size’ of the BLR. They also refute the 

notion tha t the L a c f  can be used to set upper limits on the size of the region which 

responds coherently to continuum variations {e.g. see Caskell Sz Peterson 1987), 

deriving values up to a factor of two smaller than the luminosity-weighted radius. 

Additional difficulties, such as determining the centroids of functions with large neg

ative wings may also arise and thus CCF centroids are usually calculated at some 

fraction of the peak correlation coefficient {e.g. see Clavel et al. 1991). Furthermore, 

both the ‘lag’ and centroid are found to depend upon the size and duration of the 

continuum variations with respect to the size of the BLR (Netzer &: Maoz 1990;
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Robinson Sz Pérez 1990; Netzer 1991; Pérez, Robinson Sz de la Fuente 1992a).

Due to the uncertainty in the information delineated from cross-correlation anal

yses, more sophisticated techniques aimed at the recovery of ^ ( r )  and ultimately 

^ ( i ; , r )  have been developed. To date, the method which has enjoyed the most suc

cess (and thus the most exposure!) is the maximum entropy method (MEM) (Horne 

et al. 1991; Krolik et al. 1991). MEM has been shown to produce far better esti

mates of the BLR response function than fourier inversion techniques (Maoz et al.

1991), recovering meaningful results even when the data is of limited quality.

1.8.3 The m axim um  entropy m ethod

A general procedure for recovering response functions from continuum and emis

sion line variability data has been encoded in the computer program ‘MEMECHO’ 

(Horne et al. 1991), based around a variant of the general maximum entropy fitting 

routine developed by Skilling and Bryan (1984) as implemented in their software 

package MEMSYS. In Horne’s formulation, the continuum light-curve is expressed 

as the sum of a constant component C{t) plus a variable component A C {t) such 

tha t

C{t) = C{t) + AC {t) . (1.17)

In a similar fashion the line light-curve is written as

L {v,t) = L (v ,t)  + A L {v ,t)  , (1.18)

and the problem is therefore to determine L{v, r)  and solve

roo
A L {v ,t) = /  '^{v ,T )A C {t -  t )  dr , (1.19)

Jo

for ^ ( i ; ,r ) .  In this case "^{v,r) is the responsivity-weighted response function. In 

equation 1.9 the quantity tha t describes the physics is the line emissivity, whereas

in this formulation the relevant quantity is the line responsivity, the change in emis

sivity caused by changing the continuum intensity from C to C -|- A C . Expressing 

equation 1.10 in this form has two main advantages. Firstly contamination of the 

continuum and emission-line light-curves by non-varying components {e.g. starlight 

from the host galaxy and/or narrow line emission) is effectively removed. Secondly,
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this formulation is equivalent to a first order expansion of a non-linear form of the 

response function and can thus cope with mild degrees of non-linearity.

In the fitting procedure, the image to be reconstructed is the union of three 

positive functions ^ ( r ) ,  C{t) and L{t) as given by equations 1.17-1.19. Both C{t) 

and L{t) are constrained by observations to within the experimental uncertainties. 

For a given image, the predicted values for C{t) and L{t) are determined using 

equations 1.17-1.18. The image is then forced to fit the data by requiring tha t 

X ^/N  < 1, for both the continuum and emission-line light-curves separately. In 

general a large number of images will satisfy this criterion, although they will become 

degenerate with sufficiently high quality data. Thus, in order to choose between 

them, an entropy function is defined for each image and the solution which maximises 

this function is the one selected (Krolik et al. 1991; Horne et al. 1991). Since the 

image chosen is the simplest/smoothest (in the sense tha t it has the largest entropy), 

successful application of this technique tend to favour solutions with either gaussian 

peaks and/or exponential tails. Such smooth images are somewhat misleading since 

model response functions generally indicate the presence of sharp peaks and cut-ofiFs 

{e.g. see Chapter 2-5 and also Horne, Welsh &: Peterson 1991; Pérez, Robinson Sz 

de la Fuente 1992b). Thus using features in the response functions as diagnostics 

of the physics and spatial distribution of the line emitting gas should be treated 

with some caution, and implies tha t detailed comparisons should first be made with 

model response functions before any definitive statements can be made.

1.8.4 Problem s w ith  M EM

Taken at face value, MEM appears to be extremely promising and a number of 

recovered response functions have been determined for the best studied Seyfert 1 

galaxy NGC 5548 (Krolik et al. 1991; Peterson et al. 1991; Dietrich et al. 1993; 

Netzer et al. 1990). However, the current implementation of MEM makes a number 

of fundamental assumptions whose applicability to physical processes within the 

BLR needs to be carefully examined.

Perhaps the most serious flaw, is the requirement tha t solutions to ^ ( r )  are 

everywhere positive (see Chapter 3). This results from the chosen form of the 

entropy function and may be alleviated by choosing an appropriate alternative (see 

Numerical Recipes, Chapter 18). In fact, there appears to be increasing evidence.
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from both models of the radial line responsivity (this work) and from observations, 

th a t the emission-line response is strongly non-linear (Netzer 1991; Maoz 1992) and 

th a t regions exist within the BLR in which the line response is negative (Sparke 1993; 

Koen 1993; Krolik 1994; Done & Krolik 1994), {i.e. the line luminosity decreases 

following a continuum increase). Furthermore, the fitting procedure requires th a t the 

continuum light-curve be extended to epochs prior to the onset of the observations, 

in order to predict values of L{t) at earlier epochs. This obviously introduces fake 

data  to account for the observed behaviour in the line and may not be representative 

of the real light-curve at this time. In addition, side-lobes often appear in ^ ( r )  at 

large time-delays. These are thought to result from the quasi-periodic nature of 

the continuum and emission-line variations (an effect similar to aliasing), and can 

only be eliminated by further observation, since unlike ^ ( r )  they should appear 

in different locations for continuum events of different duration. Finally, although 

MEM does not explicitly require regular sampling of the light-curves, the practicality 

of performing the convolution in equation 1.19 to determine A L{t), generally requires 

th a t this be the case. Thus, as for fourier techniques there is an inherent danger 

of applying too much weight to interpolated data. Therefore in order to correctly 

interpret the recovered response functions, they should first be compared with model 

response functions in which the geometry, kinematics and emission-line response to 

continuum variations are well-defined. This is the rationale behind this thesis.

1.8.4.1 Basic Assumptions

If the continuum is extended in size, or the combined emission from a number of 

distinct point sources, as in the super novae model of the BLR (Terlevich et al.

1992), then the reverberation mapping technique is no longer valid. Alternatively, 

if the observed continuum is actually reprocessed continuum emission (either from 

individual BLR clouds or from scatter illumination above an accretion disc), and 

not the continuum which actually drives the lines, the additional continuum photon 

fiight-path can destroy the relationship between the continuum and emission-line 

variations and thus invalidate the reverberation model of the BLR.

Apart from satisfying the above criteria the following additional assumptions are 

made here:

• The continuum is produced by an isotropically emitting point source.
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• There is a simple relationship although not necessarily linear, between the 

observed continuum variations, and the continuum variations which actually 

drive the lines.

The spectral energy distribution remains unchanged during continuum varia

tions.

Relativistic effects are ignored {i.e. the efifect of doppler boosting and gravita

tional reddening are not included).

There is no shadowing by clouds or dust (line photons escaping from the cloud 

surface leave the broad-line region unhindered).

Continuum and emission-line photons propagate at the speed of light (photons 

are not scattered by an inter-cloud medium).

BLR structure remains constant (no new material added or old material taken 

away).

1.9 R esu lts from m onitoring cam paigns

Here, results from the most intensive monitoring campaigns of the best studied AGN, 

NGC 5548 and NGC 4151 are reviewed. Both objects show large amplitude varia

tions in their continuum and emission-line intensities, and display variable profiles.

1.9.1 N G C  5548

NGC 5548 is an intrinsically bright (approximately ten times more luminous 

than NOG 4151), low redshift (z = 0.0174, assuming Qq =  0.0 and H q = 50 km s"^ 

Mpc“ ^), Seyfert 1 galaxy which displays strong broad emission-lines in its spectra 

and has been the subject of a number of monitoring campaigns with both lUE and 

ground-based optical instruments during the past few years (Netzer et al. 1990; 

Wamsteker et al. 1990; Peterson et al. 1990b; Rosenblatt and Malkan 1989; Stirpe 

1989; Rosenblatt and Malkan 1990; Clavel et al. 1991; Peterson et al. 1991; Dietrich 

et al. 1993) and its variability behaviour is reasonably well-known. To date, the most 

successful campaign, in terms of both the quantity of data, temporal resolution and 

breadth of spectral coverage was that undertaken by the international ‘AGN W atch’ 

collaboration which set out to monitor the ultraviolet continuum and emission-lines
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of NGC 5548 every 4 days for a period of 8 months from December 1988 to August 

1989 with lUE (Clavel et a l 1991), whilst simultaneously monitoring NGC 5548 with 

ground-based optical telescopes when conditions allowed (Peterson et a l 1991).

During the campaign, the continuum of NGC 5548 displayed three well-defined 

events, two broad continuum outbursts lasting % 70 days and % 86 days respectively 

as measured from the separation of their minima, followed by a shorter outburst of 

% 52 days duration. Both the ultraviolet and optical emission-line light-curves were 

observed to follow tha t of the continuum but with a small time-delay. Table 1.1 

gives the mean fiuxes, the root mean square of the variations E^arj and the ratio of 

the maximum to minimum fiux A  for several lines and continuum wavebands.

The lags, and the centroids (as calculated at 30% of the peak correlation coef

ficient) of the CCFs, found by cross-correlating the A 1337Â ultraviolet continuum 

light-curve with the emission-line light-curves are given in Table 1.2. Columns 4 and 

5 give the peak correlation coefficient and the FWHM of the CCF respectively. Note 

th a t the optical data spans a slightly longer observing period than the ultraviolet 

data  (December 1988 to October 1989). The data for the ultraviolet lines are taken 

from Clavel et al (1991), whilst those of the optical lines are taken from Dietrich 

et a l (1993).

The results from the NGC 5548 campaign can be summarized as follows:

The ultraviolet and optical continuum variations are simultaneous within the ex

perimental errors which suggests tha t they originate from the same physical location, 

possibly from re-processed x-ray or extreme ultraviolet emission above an accretion 

disc, and precludes viscous heating as a source for the high energy photons. The 

decline in the amplitude of the continuum variations with increasing wavelength (see 

also Krolik et a l 1991), can in part be explained by the dilution of the optical con

tinuum  by starlight and/or strong Fell emission (Wamstekar et a l 1990). However, 

having allowed for these effects a change in spectral index of Ao; ~  —0.4 between 

the high and low continuum states still remains.

The small delay (0 < r  < 6 days) between the x-ray and ultraviolet continuum 

variations found by Clavel et al (1992), and the comparatively larger amplitude of 

the x-ray continuum variations with respect to the ultraviolet continuum variations, 

provides strong supporting evidence for the x-ray reprocessing model. However,
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measurements of the x-ray continuum bands alone suggest that the x-ray continuum 

is generally softer when brighter (Branduardi-Raymont 1988; Nandra et ah 1991),

The correlations between the ultraviolet continuum and emission line variations 

are highly significant. This is strong evidence for the reverberation model and 

indicates tha t the BLR clouds are optically-thick to the incident ionizing continuum. 

The HILs are observed to vary on shorter timescales and with larger amplitudes 

than the LILs, Furthermore, there is a tendency for the line variability amplitude 

to increase and the response timescale to decrease with increasing ionization state, 

which suggests that the BLR is both geometrically-thick and highly stratified {i.e. 

there exists a strong ionization parameter gradient). Finally, the higher order Baimer 

lines vary on shorter timescales and with larger amplitudes than the lower order 

Baimer lines which is consistent with findings from earlier studies (Dietrich et al. 

1993; Wamsteker et al. 1990; Antonucci &: Cohen 1983),

The discrepancy found between the lags derived for H a and H/) and those found 

by Netzer et al. (1990) in an earlier campaign carried out at the Wise observatory, is 

a consequence of the different continuum variability timescales in the two campaigns 

(Netzer & Maoz 1990), Thus the lag derived by Clavel et al. (1991) is in fact an 

average of the lags of each of the three continuum events. The lags derived for the 

HILs by Clavel et al. (1992), which were factor of three smaller than those given 

here, supports this claim.

Plausible explanations for the systematically lower fractional variability ampli

tudes of the hydrogen lines in comparison to that of the continuum include: (i) 

dilution of the line emission by non-variable components {e.g. narrow line emission 

and /or optically thin gas; (ii) dampening of the line response in a physically extended 

BLR; (iii) the intrinsic ionizing continuum variations have a smaller amplitude than  

the observed continuum variations - this seems unlikely because this not only con

tradicts the observations, but also because this doesn’t explain the higher amplitude 

variability of the highest ionization lines {e.g. N v ), which are driven by even higher 

energy photons; (iv) non-linear response - although this is a reasonable assumption 

for collisionally excited lines such as C III] and C iv , the response of recombination 

lines should be approximately linear (Netzer 1991),
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1.9.2 N G C  4151

NGC 4151 is a low luminosity (L  ~  10'̂  ̂ erg s“ ,̂ assuming H q = 50 km s“  ̂ Mpc~^, 

and Qo = 0.0), low redshift {z =0.003), Seyfert 1 galaxy which has been intensively 

monitored with both the International Ultra-violet Explorer (lUE) and ground-baaed 

optical instruments over the last 12 years {e.g. see Antonucci k. Cohen 1983; Ulrich 

et al. 1984; Gaskell Sz Sparke 1986; Maoz et al. 1991; Clavel et al. 1990). The 

most intensive monitoring campaign, in terms of temporal resolution, was the lUE 

campaign to monitor NGC 4151 over a two month period in 1988 (Clavel et al. 1990; 

Clavel 1991) with a mean sampling interval of ~  3.4 days. During this campaign, 

the continuum displayed two large maxima separated by one deep minimum.

The main results from this campaign can be summarised as follows;

The ultraviolet continuum displayed significant spectral variations Acx = 0.9, 

principally in the form of an abrupt hardening preceding a major continuum outburst 

by ~  12 days. The continuum variations were found to occur simultaneously within 

the different continuum wavebands, but as with NGC 5548 the amplitude of the 

variations were found to decrease with increasing wavelength. The continuum and 

emission-line variations are again significantly correlated with derived lags for the 

C i v  and M gll emission lines of 4 ±  3 days. These lags are consistent with the 

comparatively lower luminosity of this object. The variability amplitude of a given 

line depends upon the strength and extension of its line wings, such tha t lines with 

larger FWZI are more highly variable. Furthermore, for C iv  the variations in the 

line wings are simultaneous and precede those in the line core by 3,2 ±  3 days. 

This suggests tha t the BLR is geometrically-thick and that the velocity dispersion 

decreases with increasing radial distance from the ionizing continuum source. The 

simultaneity of response in the red and blue wings of the C IV line is consistent with 

the findings of Maoz et al. (1991) for the Baimer lines in this object and suggests 

th a t rotatory or chaotic motions dominate the velocity field. By contrast, there is 

no detectable delay between the response of the line core and line wings for Mg II, 

The similarity in width of the continuum autocorrelation function and the line cross

correlation functions for C IV and Mg i i  suggests narrow response functions for these 

lines. This together with the lack of variability on timescales greater than 10 days 

and an absence of any blurring of their emission line light-curves, suggests tha t the
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bulk of the BLR gas is located within a few light-days. In contrast, C ill] shows an 

absence of detectable variability on timescales ranging from two days to two months 

suggesting tha t this line is produced in a separate extended region. A comparison 

of the C m ] / C i v  and C iv /M gll line ratios c./. photoionization calculations as a 

function of velocity across the line indicate tha t both the density and ionization 

param eter increase with decreasing radial distance in this object. Higher densities 

in the inner BLR will result in the collisional de-excitation of the C ill] line, and may 

explain the larger response timescale found for this line.

Prom continuum and emission-line variability data spanning a period of 12 years, 

Ulrich et a l (1991) concluded that the line profile variations in NGC 4151, although 

symmetric about line center over short time-scales (Clavel et a l 1991; Maoz et a l 

1991), show markedly different profiles, particularly in the wings of C i V  from cam

paign to campaign. This they interpreted as redistribution of the BLR gas on 

timescales as short as a few years, which appears to be consistent with the dynam

ical timescale for this object (~  a year). They also found that the mean spectral 

index remains reasonably constant over timescales ~  10 years which implies tha t 

the fuelling rate remains reasonably constant on relatively long timescales.

To summarize successful BLR models must be able to explain not only the ob

served emission-line intensities and line profiles, but also their relative variability 

amplitudes and response timescales. Results from various monitoring campaigns of 

the Seyfert 1 galaxies NGC 4151 and NGC 5548 suggest a geometrically thick BLR, 

with steep density and ionization parameter gradients. Profile variations suggest ei

ther chaotic or rotational motion of the BLR clouds, with cloud velocities increasing 

toward smaller radii.

1.10 Preview

It has been apparent for some time that ‘single cloud’ models of the BLR are unable 

to explain the relative intensities of all of the broad emission-lines. In addition, 

observations of the relative line intensities of a number of diagnostic lines {e.g. Lya, 

C m ], C i v )  as a function of velocity-space, indicate that a range of densities and 

ionization parameters must exist within the BLR. As a result, attention has moved to 

multi-cloud models of the BLR in which the physical properties, spatial distribution 

and kinematics of the line emitting gas are described in a self-consistent manner.
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This new generation of BLR models must not only reproduce the relative intensities 

and profile shapes of individual lines, but also their properties as a function of time.

In recent years a great deal of effort has been spent on intensive monitoring 

campaigns of a number of low redshift Seyfert 1 galaxies with known variability 

in their broad emission-line intensities, in a first attem pt at recovering the 1-d re

sponse function of the most prominent lines in these AGN. Interpretation of the 

recovered response functions requires an understanding of the physical properties of 

the BLR gas and its response to changes in the ionizing continuum. In addition, 

maximum entropy techniques used to recover response functions require th a t the im

age is everywhere positive. In reality, gas with a variety of densities and ionization 

parameters may produce a negative response to changes in the ionizing continuum, 

suggesting that alternative algorithms should be used to recover the 1-d and 2-d re

sponse functions. The only true test of the ability of maximum entropy techniques 

to recover real response functions is by comparison with models in which the true 

response to continuum changes is known. The aim of this work is to determine 

the time-dependent properties of multi-cloud models of the BLR to enable a direct 

comparison with data obtained from recent high quality monitoring programmes.

A general classification scheme based on the morphology and physiology of the 

AGN phenomenum has been described and a simple unification model presented for 

the various AGN sub-classes. The general characteristics of the central few parsecs 

of AGN have been outlined, detailing the mean observed shape of the ionizing con

tinuum, and possible energy production mechanisms. Our current understanding of 

the conditions within the BLR is discussed in terms of both photoionization mod

els of individual broad line region clouds and recent observations of emission line 

intensities and their response to changes in the ionizing continuum. The reverbera

tion mapping technique has been discussed in detail, including a review of the basic 

assumptions implicit in this method. A summary of the continuum and emission- 

line variability characteristics of the Seyfert 1 galaxies NGG 5548 and NGC 4151 

as observed during 1988-1989 has been presented. These results have been used to 

place constraints upon the structure and kinematics of the BLR gas in these ob

jects. The assumptions leading to such constraints are challenged in later Chapters 

by comparison with photoionization calculations of stratified BLRs.

In Chapter 2, a detailed description of the discrete multi-cloud modelling code
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PROSYN is given. This code calculates the 1-d and 2-d response functions, time- 

averaged variable line profiles, trailed spectrograms and emission-line light-curves for 

an ensemble of clouds distributed in a variety of geometrical configurations and ve

locity fields. The emissivity of individual clouds may be expressed as either a power- 

law in radius or alternatively by interpolating on a grid of photoionization models, 

which represents a major advance over previous models of this type. Trailed spec

trograms and differenced spectrograms have been produced by convolving observed 

continuum light-curves with the calculated 2-d response functions for a number of 

different geometries and velocity fields.

In Chapter 3, a class of spherical BLR models in which the physical conditions 

and spatial distribution of individual clouds are described by a simple radial pressure- 

law are presented. Using a photoionization code to compute the radial dependence 

of the line emissivity, model 1-d response functions are calculated for a large number 

of lines covering a broad range in ionization state, making different assumptions as 

to how the lines respond to variations in the continuum intensity. The properties 

of the model 1-d response functions are then discussed within the context of the 

physical conditions within the BLR. A comparison of the model response functions 

with those recovered from monitoring data can provide a valuable diagnostic as 

to the physical conditions within the BLR. Furthermore, interpreting the response 

functions in terms of the distribution of the line-emitting material alone, represents 

an over interpretation of the results, as the line responsivity and anisotropy should 

also be considered.

In Chapter 4, the effect of the finite optical depth of individual lines on the 

line radiation pattern  and thus on the form of the 1-d and 2-d response functions 

is shown for a variety of BLR geometries and velocity fields. By assuming a sim

ple functional form for the projected line-of-sight emissivities from the inward and 

outward faces of the line emitting clouds, idealised anisotropic responsivity-weighted 

response functions are calculated for a variety of different BLR geometries and veloc

ity fields and compared with their isotropic counterparts. Formulae are determined 

for the change in the position of the centroid of the anisotropic responsivity-weighted 

response functions relative to their isotropic counterparts.

Using a photoionization code, the line opacities for a number of lines in the 

five pressure-law spherical BLR models described in Chapter 3, have been used to
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determine their respective inward and outward escape probabilities and thus the 

inward and outward line emissivities from the front and back faces of individual 

BLR clouds. These line anisotropy distributions have then been used to calculate 

anisotropic responsivity-weighted response functions. Anisotropy is shown to have 

a significant effect upon the form of the response functions for the majority of lines, 

and can blur the distinction between the different BLR geometries.

In Chapter 5, the linear response approximation is discarded in favour of a 

full non-linear response model. For this model, the line emissivity as a function of 

continuum level, and thus time, is calculated implicitly from a grid of photoionization 

models. To examine the behaviour of individual lines as a function of continuum 

level, the variation in the amplitude and form of the instantaneous responsivity- 

weighted response functions (the latter quantified by its centroid) as a function of 

continuum level are determined for a number of lines in one of the pressure-law BLR 

models. Both the form and amplitude of the instantaneous responsivity-weighted 

response function are shown to vary as a function of time, particularly if the BLR is 

composed of a mixture of optically thick and optically thin gas. Model emission-line 

light-curves in which the finite optical depth of individual lines, and the non-linear 

response to changes in the ionizing continuum level are included, are compared with 

a number of lines observed in the Seyfert 1 galaxy NGC 5548, enabling the validity 

of the linear response approximation to be carefully examined.

In Chapter 6, assumptions implicit in the model but not treated here are dis

cussed in terms of their effect upon the form of the response function and the appli

cability of the reverberation mapping technique. Finally, a two-component model 

of the BLR, consisting of an inclined disc and bi-conical outfiow is presented, show

ing the form of the 1-d and 2-d response function and variability behaviour of the 

emission-line profile.
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Table 1.1: Continuum and emission-line variability parameters for NG C 5548.

Feature Mean Flux ^var A

cont(1350/1337Â)(^) 43.9 ±  14.1 0.32 4.64 ±  0.29

cont(1840/1813Â)W 33.3 0.27 3.35 ±0.16

cont(2670)(^) 24.4 0.17 2.29 ±  0.20

cont(5100Â)(^) 9.95 ±  1.30 0.13 2.36

Nv(^) 8.97 0.49 56 ±  243

He II +  [0 7.78 0.30 7.57 ±  3.02

C 70.8 0.13 1.87 ±0 .12

Lya 4- N 76.0 0.17 2.14 ±0.21

Si IV +  0 5.73 0.19 3.49 ±  1.02

C III] A1909(^) 10.00 0.11 2.02 ±  0.36

Mg ii( )̂ 13.4 0.04 1.36 ±0.10

31.6 ± 2 .0 0.063 1.30

B.p(c,d) 8.6 ± 0 .8 0.096 1.58
U^id) 4.2 ± 0 .5 0.117 1.64

He I A5876(‘̂ ) 2.4 ± 0 .2 0.088 1.53

H en A4686(‘̂ ) 3.0 ± 0 .5 0.182 2.20

(a) continuum fluxes in units of 10~^^ erg cm“  ̂ s“  ̂
line fluxes in units of 10“ ^̂  erg cm“  ̂ s~^

(b) data from Clavel (1991)
(c) data from Peterson et al (1992)
(d) data from Dietrich et a l (1993)
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Table 1.2: Cross-correlation results for the continuum and emission-line light-curves 
o f NG C 5548 obtained during the ‘AGN-watch’ monitoring campaign o f 1988-1989.

Line r  (peak) r  (center) Amplitude FWHM

(days) (days) (days)

feont(A1840/A1813) 0 0 0.98 38

tcont(A2670) 0 0 0.97 40

^Nv 4 0.79 34

% e II +  [0 III] 4 ± 8 10 0.67 40

t e  IV 16 0.66 38

teycK +  N V 12 0.84 34

te i IV +  0 IV 12 ± 4 34 0.61 36

t e  III] A1909 36l?o 32 0.56 40

ÏMgii «  34 -  72 - 0.46 72

tH a 17.2 ± 1 .8 17.2 0.84 44.6

tH/3 19.1 ± 1 .5 20.0 0.89 45.8

tH7 12.5 ± 2 .3 12.9 0.89 47.1

tH el A5876 10.5 ± 2 .2 10.2 0.92 47.7

^Heil A4686 7.1 ± 2 .1 6.1 0.85 40.6

Notes: f Optical lines from Dietrich et al. (1993), with errors calculated using equation (4) 
of Gaskell and Peterson (1987). ^Ultraviolet lines and continua from Clavel (1991).
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C hapter 2

PR O SY N - a discrete 
multi-cloud modelling code.

Summary

In the following Chapter a detailed description of the discrete 3-dimensional 

multi-cloud modelling code ‘PROSYN’ is given. PROSYN can be used to determine 

the 1-d and 2-d emission-line response functions for a variety of BLR geometries and 

velocity fields. Previous codes of this kind have parameterized the radial emission- 

line flux distribution as a power-law function of radius. This code represents a 

substantial improvement in tha t the functional form of the radial emission-line flux 

distribution may also be calculated by interpolating on a grid of photoionization 

models. PROSYN uses data produced by a photoionization code to determine the 

response functions of a large number of emission lines. These response functions can 

then be used to calculate model trailed spectrograms, emission-line light-curves and 

time-averaged variable line profiles.

2.1 Introduction

The ultimate aim of variability studies is to determine the structure of the BLR. As 

discussed in Chapter 1, a convenient way of doing this is to recover This

can only be achieved using long-term, highly-intensive monitoring campaigns to ob

tain sequences of high signal-to-noise ratio, high spectral resolution line profiles. If 

r )  is known for a number of emission lines it should in principle also be possible 

to infer the physical conditions within the BLR gas. However, in order to interpret 

the recovered response functions in an unambiguous manner they must be compared 

with model response functions in which the geometry, kinematics and physical prop
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erties of the BLR gas are well defined. In this Chapter a detailed description of the 

3-dimensional discrete multi-cloud modelling code PROSYN is given, which was 

developed specifically for this purpose. In Section 2.2.1 the mathematical details 

involved in computing the angular distribution of an ensemble of clouds within a 

specified BLR geometry are outlined. Three different geometries have been con

sidered: A spherically symmetric BLR, a bi-conical BLR and a disc-shaped BLR. 

In Section 2.4, a theoretical description of the expected form of the 2-d response 

functions is given and 1-d and 2-d response functions and time-averaged variable 

line profiles are displayed for each of the geometries considered here. In Section 2.5 

the formation of trailed spectrograms, emission-line light-curves and time-averaged 

variable line profiles are described.

2.2 P R O SY N  - A  3-dim ensional discrete m ulti-cloud  
m odelling code.

P u t simply, the purpose of this code is to project a radial emissivity distribution onto 

the 6-dimensional phase-space (3 spatial, 3 velocity) of a BLR, having pre-designated 

the geometry and velocity field. For convenience, the program is divided into two 

entirely separate components which shall henceforth be referred to as PROSYN and 

2DTRANS. PROSYN, which houses the main body of the program is concerned 

with the production of a raw data file containing the line of sight velocity, time- 

delay, and observed luminosity/responsivity of each cloud within a specified BLR 

geometry. 2DTRANS takes the raw data file output by PROSYN and bins indi

vidual cloud luminosities/responsivities as a function of velocity and time-delay to 

produce the 2-d response function ^ ( î; ,t ). is then summed over both veloc

ity and time-delay to produce the 1-d response function ^ ( r ) ,  and the time-averaged 

variable line profile '^{v) respectively. By specifying a continuum light-curve, trailed 

spectrograms and emission-line light-curves may also be produced as and when re

quired (for example, see Section 2.5).
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Figure 2.1: A schematic representation o f the angular position o f clouds in a right- 
handed cartesian coordinate system.

2.2.1 The angular distribution of BLR clouds

Three different geometries for the distribution of BLR clouds have been investi

gated; a spherical BLR, a bi-conical BLR and a disc-shaped BLR. The geometries 

are described using a right-handed cartesian coordinate system with the zero point 

of the ordinate and abscissa located at the center of the cloud distribution, nominally 

the position of the central ionizing continuum source. The co-ordinate system is ori

entated such tha t an external observer, who due to the large distances involved, is 

effectively located at infinity, views the system in the plane z = 0 along the direction 

of the x-axis. To avoid unwanted dumpiness of the BLR cloud distribution, one 

further restriction is imposed, that is the spatial distribution of clouds on each radial 

surface is chosen such that the number of clouds per unit area on that surface is a 

constant. The equations used to determine the angular distribution of BLR clouds 

for a variety of different BLR geometries are described below. These equations, to

gether with the random number generator described in Section 2.2.2 have been used 

to locate clouds randomly in angle on the surface of a given BLR geometry subject 

to the constraints outlined above.

The location of a cloud on a given radial shell is described by its radial distance
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Figure 2.2: The surface o f revolution formed by rotating the smooth curve C about 
the z-axis.

r  from the center and the direction of its radius vector with respect to the observer’s 

line of sight (in this case the x-axis). This direction is here described by two angles, 

an angle 9 representing the clouds angular position in the plane z = 0, and the angle 

(f) representing the clouds angle of elevation above this plane (Figure 2.1). For a 

smooth curve C  given by a: =  f{ t)  and z =  g{t) where a < t < b (where a and b 

are the lower and upper limits of integration respectively) and g{t) > 0 for all t, the 

surface area S  of the solid of revolution formed by revolving C  about the z-axis  is 

given by

where 27ra: can be regarded as the circumference of a circle traced by the point {x, z) 

on C  (Figure 2.2). Provided that a > 0, then similarly the surface area S  formed 

by revolving the smooth curve C  about the x-axis  is given by

where again 2'k z  can be regarded as the circumference of a circle traced by the point 

{x, z) on C. These equations can be used to locate clouds on a given surface such 

tha t the number of clouds per unit surface area is constant.
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2.2.1.1 A Spherical BLR

y

X

Figure 2.3: The formation o f a spherical surface through the rotation o f the arc o f 
a circle (—r < z < r , 0 < x < r )  about the z-axis.

The surface of a sphere can be formed by revolving the arc of the circle x"̂  z^ =

(—r  < z < r , 0 < x < r )  about the z-axis  (Figure 2.3). The param etric 

equations for x  and z are: x = r cos 4> and z =  r  sin 0  with (j) in the range — f  < 

^ f . Substituting 0 in place of t and differentiating x  and z with respect to 0 

gives dx = —r s in 0 d( ,̂ and dz = r cos0 d0 , and hence equation 2.1 reduces to :

/ I
cos (f) d(f) .

■f
(2.3)

The differential unit of area, dS, is therefore given by:

dS oc d(sin (j)) . (2.4)

For our purposes it is required tha t individual clouds are distributed randomly on 

the surface of each spherical shell i.e. the number of clouds n, per unit surface area 

S  is constant {i.e. ^  = constant). If the number of clouds within the range d9, is 

k dO (where A: is a constant), then by symmetry the number of clouds in the range 

d(f), is k d(j) (see Figure 2.4), so th a t the total number of clouds dn within the range 

9 to 6 -h d6 and 0 to ^  is given by
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Figure 2.4: The angular position of clouds in a right-handed cartesian coordinate 
system.

dn oc dO dcf) . (2.5)

Thus, for %  =  constant, clouds should be chosen such that

dn oc d(sin (j)) . (2.6)

The angle 6 should therefore be chosen randomly in the range 0 < 6 < 27t whilst 

the elevation angle 0 should be chosen randomly in sin</» such tha t 0 < s in 0  <  1.

2.2.1.2 A Bi-conical BLR

A conical geometry may be formed by rotating the arc of the circle 

{ 0 < z < r , 0 < x <  r) about the (Figure 2,5). The parametric equations

for the cone are x  = r cos (j) , and z =  r  sin cj), with 0  in the range 0 < (f> < u , where 

ÜJ represents the semi-opening angle of the cone, with a maximum possible range 

of 0 < a; < I  (N.B. in the limit cu = j  this case reduces to tha t of a spherical 

BLR!). Hence dx = —r sin0  d(f) and dz = r cos ^ d(j). Substituting in equation 2.2, 

the surface area S  formed by revolving this curve about the x-axis  is given by

S' =  27t /  r sin (A d(j) , 
Jo

(2.7)
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y

X

Figure 2.5: Formation o f a conical surface, through the rotation o f the arc o f the 
circle (0 < z < r, 0 < x  < r) about the x-axis. Also shown
are the arc radius r and the angle o f elevation (f> above the plane z = 0.

and hence

dS  oc —r^ d{cos (j)) (2.8)

For this case ^  is constant if

dn oc d(cos (j)) (2.9)

As there are two cones, 9 should be chosen randomly between —w < ^ < w for the 

near cone and between tt — lj < 6  <7t + u for the far cone, whilst 0  should be chosen 

randomly in cos 0  such tha t cos w < cos 0  < 1.

2.2.1.3 A Disc-shaped BLR

For the disc-shaped geometry considered here, it is assumed tha t the disc has 

unit vertical height {i.e. it is one cloud thick at all radii). The disc surface is formed 

from the addition of successive rings of gas of increasing radius. The differential 

surface area at each radial interval on the disc is simply the circumference of the 

ring at tha t radius multiplied by the ring thickness i. e.
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disc axis

X

Figure 2.6: A schematic representation o f a disc-shaped geometry, inclined at an 
angle i to the line o f sight. Also shown are the disc radius r, and cloud angular 
position 9.

dS  =  27rr dr . (2 .10)

As there is no elevation above the plane of the disc, clouds are just chosen randomly 

in angle 9 such that 0 < 9 <27t {i.e. clouds are chosen randomly on the circumference 

of a circle of radius r, in the plane z = 0).

2.2.2 Random  number generator

To select the angular position of each cloud a random number generator was used. 

Instead of using system supplied random number generators, which are by nature 

machine dependent, a portable random number generator RAN3 as described in 

Numerical Recipes (1986) was used. RAN3 uses a subtractive method to generate 

a sequence of random numbers which are uniformly distributed within the range 0 

to 1, and is initialised on its first call using a user supplied SEED value, which for 

our purposes is chosen to be some negative integer. Different SEED values produce 

an entirely different set of random numbers. Unfortunately, it is well known tha t 

random number generators are often not as good at producing a true set of random 

numbers as they claim to be, and in particular certain SEED values tu rn  out to 

be far better at producing sequences of random numbers than others. In order to 

determine whether the distribution of clouds on a given surface for a given SEED 

value is indeed random, a simple test was devised. The method described here is 

based on choosing clouds randomly on the surface of a cone but analogous tests may
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Table 2,1: Results from  a test o f the randomness o f the cloud distribution.

B in N Na a z

1 1045 762514,8 23587,95 0,683

2 3027 736919,6 13394.11 -0,709

3 5022 734903,0 10370,31 - 1,110

4 7119 746168,5 8843,57 -0,027

5 9180 751118,4 7839,48 0,601

6 11108 747042.1 7088,06 0,089

7 13203 755489,4 6574,94 1,381

8 14847 741054,3 6081,78 -0,881

9 16725 742049,3 5737.86 -0.760

10 18724 749526,0 5477,56 0,569

_  Mfl. -  ~  10 —746410,2

key:
N  = total number of clouds in each bin
Na = number of clouds per unit cosine of the opening angle
a = y /N  per unit cosine of the opening angle
jjb = mean number of clouds per unit cosine of the opening angle

be performed for the other BLR geometries.

Clouds were chosen randomly on the surface of a bi-cone, with w =  30°, î =  0°, 

and r  =  10 units as described in Section 2.2.1,2 and binned in ten equal intervals 

of (j). If the selection of clouds on a given surface is a purely random process, then 

the number of clouds per unit cosine of the opening angle Na should be normally 

distributed with mean /x and variance a. That is, the probability of obtaining a 

given value of Na is given by

P{Na) =
1

:6 2'
( J \ / ^

This is known as the general normal distribution and can be transformed into the 

standard normal distribution with mean /x =  0 and (j =  1, by setting z =
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Values of N a, fi, cr and z for a distribution of 100,000 clouds and a SEED value of 

— 1111 are given in Table 2.1, If the clouds are normally distributed, then 68.3% 

of the z values should lie within ±1 of the mean (Wonnacott &; Wonnacott 1977, 

Hodge & Seed 1985). This is confirmed in Table 2.1 which shows that only two 

points exceed ± 1.

In order to verify whether or not the choice of SEED effects the randomness of the 

cloud distribution, a reduced chi-square test where u equals the number

of degrees of freedom, e.g. see Bevington 1969; Barlow 1989), was performed on the 

results obtained using the first test (i.e. Na, and a) for a variety of SEED values. 

The reduced chi-square value x t  ^md the probability of exceeding the reduced chi- 

square value are given in Table 2.2. Since x l  < 15, there is no evidence

to suggest tha t the angular distribution of clouds on the surface of the cone is not 

constant for a given SEED. Thus the choice of SEED does not infiuence the outcome 

of the model calculations.

Table 2.2: Results o f the reduced chi-square test.

SEED

- 1 1.127 0.34

-234 1.396 0.18

-1111 0.686 0.72

-78478 0.659 0.75

-6785413 1.184 0.30

2.2.3 Radial distribution of BLR clouds

The radial distribution of BLR clouds within the confines of a given BLR geometry 

is specified in terms of the differential cloud covering factor dC(r), w ritten here as

dC{r) oc nc{r)Ac{r) dr , (2.12)

where r i c { r )  is the cloud number density { i . e .  the number of clouds per unit volume) 

and Ac{r) is the cloud cross-sectional area. In the following models both 7ic{r) and 

Ac{r) are taken to be power-law functions of radius such that:
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ric{r) ocr  P , (2.13)

and

Ac{r) Qcr  ̂ . (2.14)

Hence equation 2.12 reduces to

dC{r) oc dr , (2.15)

where 7  =  The cloud distribution is normalized by specifying the total

cumulative covering factor at the outer radius C{Rout), where

f R o u t

C{Rout) oc / dr , (2.16)
J  R i n

and as this is a discrete cloud model, by the total number of BLR clouds N{Rout): 

where

f  R o u t

N{Rout) oc /  r^^ndr) dr , (2.17)
' ' R i n

and the limits of integration Rin and Rout represent the inner and outer radius of the 

BLR respectively. For spherical and bi-conical BLR geometries S  oc r"̂  (equations 2.3 

and 2.7) and thus m =  2, whilst for disc-shaped BLR geometries S  oc r^ (equation

2.10) and hence m =  1. By definition, C{Rout) represents the total fraction of sky,

as seen from the central ionizing continuum source which is covered by BLR clouds 

and hence lies in the range 0 < C{Rout) <1 .0 . A covering factor of 1.0 implies tha t 

the central ionizing continuum source is totally obscured by BLR clouds.

The number of clouds on each radial surface depends upon a number of inter

related factors, namely; n d r) , N{Rout),  and the radial increment between neighbour

ing surfaces A r. The maximum number of clouds N{Rout) within a given geometry
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is limited by PROSYN’s internal array sizes. The current implementation of the 

code sets this limit at 600,000. Typical BLR gas temperatures ~  lO'̂  K, imply an 

emission line width due to thermal broadening of ~  10 km s“ .̂ Observed emission 

line widths are ~  10,000 km s“  ̂ at FWZI (full width at zero intensity). The ab

sence of detectable structure in observed broad emission-line profiles implies tha t 

the number of BLR clouds > 10,000 (Mobasher &: Raine 1989) . The limit to the 

maximum number of clouds is therefore not thought to pose any serious problems. 

Similarly, the number of radial increments (=  {Rout ~  R%n)/Ar) is limited by array 

sizes to lie between 1 and 10,000. The radial increment A r should be chosen with 

some care. It cannot be so small tha t the number of clouds selected on each radial 

surface is less than unity. Conversely A r should not be so large tha t the distribution 

of clouds within the {v, r )  plane is coarse, as this makes interpretation of the model 

response functions difficult. In practice, given 7 , C{Rout)-> and N{Rout),  the number 

of clouds on each radial surface is calculated and then rounded to the nearest inte

ger with individual clouds positioned randomly in angle according to the selection 

criteria as described in Section 2.2.1.

As this is a discrete cloud model, the model response functions suffer from the 

presence of numerical noise. This is because although the radial distribution of 

clouds is generally a smooth function (in this case a power-law function of radius), 

the distribution of clouds within the v ,r  plane is sometimes far from smooth (a 

problem of small number statistics).

The numerical noise may be reduced in a number of ways:

(i) The first solution is to run PROSYN a large number of times with different 

choices for the SEED value used in the random number generator. Averaging 

the response functions for a large number of runs effectively smooths out any 

unwarranted structure in the cloud angular and radial distribution and results 

in a smoother distribution in the v ,r  plane. This method is CPU intensive 

and therefore has not been used here.

(ii) An alternative solution is to reduce the numerical noise by increasing the 

number of radial shells over which the calculation is performed. For a fixed 

number of BLR clouds, the larger the number of radial shells, the smoother
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the cloud distribution in r  and thus in v ,  t . However, as mentioned above this 

method is somewhat limited by both the restriction on the maximum number 

of clouds and the maximum number of radial shells.

(iii) Since the numerical noise is proportional to —1=====, where N{Rout) is the to-
y /  N (^ R o u t)

tal number of clouds, then assuming that the radial increment is satisfactory, 

the preferred alternative is to reduce the amount of noise by increasing the 

number of clouds. In the limit N{Rout) oo the radial distribution of clouds 

should be perfectly smooth, and the numerical noise effectively zero. How

ever, due to memory considerations the current implementation of PROSYN 

is limited by array sizes to a maximum of 600,000 clouds. Tests show tha t 

for most applications, the noise is within acceptable limits {i.e. the model re

sponse function differs from the theoretical response function by less than a 

few percent), for cloud numbers in the range 100,000 < N{Rout) < 600,000.

2.2.4 R otation

For both bi-conical and disc-shaped BLR geometries the form of the 1-d and 2-d 

response functions and variable line profiles are orientation dependent. PROSYN 

accommodates this by allowing these geometries to be inclined with respect to the 

observers line of sight. In practice this is achieved by rotating the radius and velocity 

vectors about each axis in turn  to the desired inclination using a rotation matrix. 

For non-axially symmetric geometries a rotation about any two orthogonal axes is 

required to encompass the full range of orientations. However, since the geometries 

considered here are axially symmetric, rotation about a single axis is sufficient. The 

response functions for multi-component BLRs can be found by adding the response 

functions of the individual BLR components, provided tha t the relative position 

and orientation of the separate components with respect to each other and to the 

observers line of sight are known. One such example of a multi-component BLR is 

given in Chapter 6 . This consists of an inclined disc-shaped BLR, with a bi-conical 

BLR whose axis is aligned with the disc axis. Note tha t as each of these components 

is axially symmetric, a rotation about a single axis is sufficient to describe the relative 

orientations of each component with respect to the observers line of sight.
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2.2.5 V elocity field

The velocity V (r) is taken to be a power-law function in radius and is here given by

=  (2.18)

where V{Rin) is the velocity at the inner radius Rin, and a  is the power-law index 

(N.B. a  =  —0.5 for gravitationally bound orbits). The direction of the velocity 

field is geometry dependent, and is chosen to refiect plausible cloud kinematics. For 

a sphere, infiow, outfiow and randomly inclined circular Keplerian orbits can be 

modelled. For a bi-conical geometry both inflow and outflow are allowed. For a 

disc-shaped BLR geometry only planar circular Keplerian orbits are allowed.

2.2.6 Radial em ission line flux distribution

The radial emission line flux distribution £{r) may either be parameterized as a 

power-law function in radius, i.e.

where £{Rin) is the emission line flux (erg cm“  ̂ s“ )̂ at the inner radius Rin, or 

alternatively, by interpolating on a grid of photoionization models. If a power-law 

model is chosen, the emission line flux at the inner radius £{Rin) and power-law 

index (3 need to be specified. If interpolation is required, polynomial interpolation 

is performed using a routine taken from Bevington (1969). Although a relatively 

simple improvement in computational terms, the fact th a t PROSYN can use inde

pendent emission line flux data is potentially of great significance, since it allows the 

computation of model response functions for a large number of emission lines emit

ted from BLRs in which the radial variation in the spatial distribution and physical 

properties of the BLR gas are well-known. These model response functions can then 

be compared with those recovered from monitoring campaigns to infer the structure 

and composition of the BLR gas. The file upon which the interpolation is to be 

performed contains the logarithm of the radius (light-days), the logarithm of the 

emission line flux (erg cm~^ s"^), and the logarithm of the ionization param eter U
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(the reason for including U is explained in Chapter 5). The program prompts for the 

number of terms required when performing the interpolation. In most circumstances 

emission line flux distributions are reasonably linear in log-space (for example, see 

Netzer 1991), and hence two terms are usually sufficient {i.e. linear interpolation),

2.2.7 Line R adiation Pattern

The observed line emissivity 6 obs(r, ^) (erg s~^) from a single BLR cloud of cross- 

sectional area Ac{r) {cm?) and emission line flux £{r) (erg cm~^ s“ ^) is given by

^obs{ r ,  0 )  =  I { r ,  6 ) A c { r )  £ { r )  , (2.20)

where I { r , 6 )  is the fraction of the line emission emitted into the observers line of 

sight. The line luminosity is found by summing the contribution of clouds over all 

radii. For the models considered here, individual BLR clouds are assumed to radiate 

isotropically, {i.e. I { r , 9 )  = 1.0 in equation 2.20), with all the line photons produced 

by the BLR clouds reaching the observer. The total line luminosity is therefore given 

by

f R o u t
L { r )  oc / r ‘̂ r i c { r ) A c { r ) £ { r )  dr . (2.21)

J  R i n

In fact the high radiation densities in the BLR, coupled with the observed emission 

line variability implies that BLR clouds are optically thick to the continuum radia

tion. Consequently some emission lines would be expected to radiate anisotropically 

( /( r ,0 )< l .O ) .

PROSYN can model response functions in which the line radiation pattern is

anisotropic. The degree of anisotropy can either be entered as the ratio of the

inward to total line emissivity F ,  or as in Section 2.2.6, this ratio may be determined 

by interpolating on a grid of data from photoionization models (see Chapter 4 for 

specific examples). The file on which the interpolation is to be performed should 

contain the radius (light-days), the total emission line flux and the inward emission 

line flux, all in logarithmic form. The observed emission depends upon the projected 

area of the emitting surface along the observers line of sight. This is sensitive
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to both the BLR geometry and to the shape of individual BLR clouds both of 

which are largely unknown. The shapes adopted for model BLR clouds is largely 

dependent upon their origin and environment. Possible suggestions for the identity 

of BLR clouds include ‘comet tails’ in winds behind giant stars (Edwards 1980; 

Puetter 1987; Pension 1988; Scoville & Norman 1988; Alexander h  Netzer 1994), 

cool condensations in shocked gas (Perry & Dyson 1985), and shock enduced emission 

from supernova remnants (Terlevich et a l 1992).

The radiation pattern adopted in Chapter 4 is chosen to mimic the phases of 

the moon. This form of anisotropy doesn’t include limb darkening effects as would 

be expected for (say) the radiation from the extended atmosphere of stars. The 

modification of the emission line response functions as a result of the inclusion of 

anisotropy are discussed in Chapter 4.

2.3 2D T R A N S

2DTRANS has two primary functions. Firstly 2DTRANS takes the raw data file 

produced by PROSYN and bins the individual cloud responses as a function of 

velocity v and time-delay r  to produce the 2-d response function The 1-

d response function ^ ( r )  and the time-averaged variable line profile ^(i;) are then 

calculated by summing ' ^ { v ,  t )  over velocity and time-delay respectively. The second 

function of 2DTRANS is to produce a trailed spectrogram by linearly convolving 

with a continuum light-curve. The convolution routine used here is taken 

from Numerical Recipes (Press et a l 1986). The form this convolution takes depends 

upon whether or not the response function is weighted by its emissivity or by its 

responsivity (see e.g. Section 1.8.1). For an emissivity-weighted response function 

the trailed spectrogram is formed by convolving the response function with the 

continuum averaged to its mean value as in equation 1.9. If the response function 

is however responsivity-weighted, the convolution is of the form given by equation 

1.19.

The boundaries of ^ ( î ; ,r )  are determined by the BLR geometry and the cloud 

kinematics. Therefore changing the radial emissivity distribution does not affect the 

overall form of ^(-y, r). However, the amplitude of ^(i;, r )  within the v, r  plane is af

fected and under certain conditions {e.g. an anisotropically emitting BLR), portions 

of the ^ ( t ; ,r )  plane may be rendered unobservable.
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Finally, care should be taken in choosing appropriate v , t  bin-sizes over which 

individual cloud contributions are subsequently summed. The position of peaks 

and troughs and other diagnostic features often found in model response functions, 

yield im portant spatial and kinematic information which may be smoothed out by 

choosing bin-sizes which are too large.

Clearly the most im portant consideration here is an appropriate choice for the 

size of the v , t  bins. The image ^ { v , r )  is stored in a 2-dimensional array which, 

due to memory constraints, has a maximum size of (200,450). The smallest bin-size 

is therefore effectively limited by the total range in velocity-space and time-delay 

respectively. For display purposes each of the separate images are normalized to 

their respective maximum values. is displayed as a grey-scale image, with

black pixels representing the maximum image intensity and white pixels representing 

the minimum image intensity. Intermediate grey-levels are determined by linear 

interpolation between the maximum and minimum intensities.

2.4 M odel response functions

In this Section response functions for model BLRs have been calculated to illustrate 

the form of the response functions for each of the geometries described in Section 

2.2. For each model, the inner radius Rin and outer radius Rout were set at 5 and 

50 light-days respectively. The radial dependence of the differential covering factor 

was set such that dC{r) oc r® dr. To normalize the cloud distribution C{Rout) =  1-0 

and N{Rout) = 250,000. The radial emission line flux distribution £{r) was taken 

to be a power-law in radius as in equation 2.19 with (d = —2.0, and £{Rin) =  10  ̂

erg cm“  ̂ s“ .̂ The radial luminosity distribution is therefore given by

p R o u t
L{r) oc /  r dr , (2.22)

' ' R i n

for the spherical and bi-conical geometries, and by

f R o u t
L{r) oc /  r~ dr , (2.23)

JRir.

for the disc geometry. Individual cloud contributions to the emission line response

74



T
2xR:,

Tc c

Figure 2.7: Formation o f the 1-d response function for a spherical B LR  (b) through 
the addition o f boxcar functions representing the response o f thin spherical shells o f 
gas o f increasing radii (a).

were binned in 100 km velocity bins by 1.0 day time-delay bins respectively. In 

all cases, the clouds are assumed to emit isotropically and to respond instantaneously 

to variations in the intensity of the ionizing continuum.

2.4.1 Spherical BLR geom etries

For the spherical BLR geometry response functions have been calculated for three 

different velocity fields; gravitational free-fall, randomly inclined circular Keplerian 

orbits and chaotic motion. In each case clouds were randomly selected on the surface 

of neighbouring spherical shells from the inner radius Rin to the outer radius Rout 

in intervals of 0.1 light-days. All clouds are assumed to be moving at their virial 

velocity (a  =  —0.5 in equation 2.18). The velocity at the inner radius V{Rin) was 

set at 10,000 km s“ ,̂ typical of the FWZI observed in a number of broad emission 

line profiles. Thus the velocity at the outer radius V{Rout) = 3,162 km s“ .̂ These 

velocities correspond to a central black hole mass of ~  9.75 x 10^M q (where M q is 

one solar mass; IM© =  1.989 x 10̂ ® kg).

In one dimension, the ‘response function’ of an isotropically emitting, thin spheri

cal shell of gas, of radius Rsh to a delta function continuum pulse is a boxcar function 

which is constant from 0 < r  <  2 x {Rgh/c), and zero at all other times (Robinson 

& Pérez 1990; Netzer 1991; Welsh & Horne 1991). The response function for a thick 

spherical shell of gas of inner radius Rin and outer radius Rout may be found by sum

ming the response functions of a series of thin shells from Rin to Rout (Figure 2.7(a)). 

The resultant 1-d ^ ( r )  shown in Figure 2.7(b), is flat from 0 <  r  < 2 x (Rin/c), and 

declines to zero at r  =  2 x (Rout/c). The rate of decline of ^ ( r )  for times greater
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Figure 2.8: Model ^ ( r )  for an isotropically emitting spherical BLR with Rin = 5 
and Rout = 50 light-days respectively and emission line flux distribution S{r) ex 
P = —2 (solid line), /3 = 0 (dashed line) j3 = 2 (dotted line).

than 2 x (Rin/c) is dependent upon the radial variation in the line emissivity and 

differential covering factor. Assuming the line response is the same at all radii, then 

for flatter emissivity distributions {i.e. larger (3 in equation 2.19), the response is 

more heavily weighted toward larger r, and hence the rate of decline of ^ ( r )  for 

T > 2 X { R i n j c )  is more gradual. This can clearly be seen in Figure 2.8, which 

shows normalized ^ (r )  for the above geometry assuming three different values for 

the emissivity power-law index (3 = -2 ,0 , and 2. As (3 increases, the boundary 

at which T (r) first appears to decline becomes less well-defined and for (3 = 2, ^^(r) 

is reasonably flat out to ~  40 days. Consequently the determination of Rin from 

recovered response functions is uncertain, and in general only an upper limit may 

be placed.

In a similar fashion the response of an isotropically emitting thin spherical shell 

of gas as a function of velocity, is constant for — V{r) < v < V (r), and zero elsewhere. 

Therefore in an analogous way ^(u) can be thought of as the superposition of boxcar 

functions representing the line response as a function of line of sight velocity for thin 

shells of gas of increasing radii (Figure 2.9). For an isotropically emitting spherical 

BLR, ^(u) is a flat-topped function, with the plateau of the function spanning a 

range in line of sight velocity of ±V{Rout) for a  < 0, and ±V{Rin) for a  > 0. The
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Figure 2.9: Formation of ^{v) for an isotropically emitting spherical BLR (b), 
through the addition o f boxcar functions representing the response o f thin spherical 
shells of gas of increasing radii plotted as a function o f the line of sight velocity (a).

form of ) is dependent upon both the velocity law, radial emissivity distribution, 

and differential covering factor. If a  < 0, the velocity is a decreasing function of 

radius and the response of successive radial shells spans a smaller range in line of 

sight velocity. For a  > 0 the reverse is true. Finally if a  =  0, each radial shell spans 

the same range in line of sight velocity, resulting in a boxcar shaped ).
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Figure 2.10: Model for an isotropically emitting spherical BLR with Rin = 5 
and Rout = 50 light-days respectively and radial velocity laws a = —1 (solid line), 
a = 0 (dashed line), a  = 1 (dotted line), and a = 2 (dot-dashed line).

To illustrate this effect, spherical BLR models have been computed with the 

same radial emissivity distribution as above, but with four different radial velocity
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Figure 2.11: Model ^ (v )  for an isotropically emitting spherical BLR with Rin = 5 
and Rout = 50 light-days respectively and emission line flux distribution €{r) oc 
(5 = —2 (solid line), /] — 0 (dashed line), p = 2 (dotted line).

laws; (a) a  =  — 1, (b) a  = 0, (c) a = 1, and (d) a = 2. In each case the velocity at 

the inner radius was chosen such that the maximum radial velocity was the same in 

all cases {i.e. 10,000 km s~^). The T(i') for each model are shown in Figure 2.10. 

For ease of plotting, each T(t') has been normalized to its peak intensity. As the 

number of clouds at each interval in radius is fixed, altering a  changes the range in 

velocity spanned by clouds at that radius. Thus, since the line luminosity increases 

linearly with increasing radius for this model, increasing a  enhances the strength 

of the line wings relative to the line core. The T(i') for models (a),(c) and (d) are 

similar in form to the observed line profiles in a number of AGN {e.g. see Stirpe 

1989). However, T('u) for model (b) is a relatively poor approximation to observed 

broad emission line profiles which suggests that plausible BLR models require a 

velocity gradient {i.e. a  ^  0).

For the spherical model considered here L{r) oc r, and thus the relative contribu

tion to the line of sight response of successive radial shells increases linearly with r. 

However, a different choice of P can result in a substantial modification of the form 

of T(n). For example. Figure 2.11 shows T(i') for three different values of the emis

sivity index P] P = —2, 0, and 2, and velocity law index a  =  —0.5. As p  increases, 

the emissivity distribution is more heavily weighted toward larger r, which for this 

velocity law {a = —0.5) implies an increased weighting toward lower velocities. The
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line profile therefore becomes narrower as j3 increases. For sufficiently large ft values 

the profile will resemble a top hat function with a FWZI spanning a range in line of 

sight velocity given by the outer radius of the BLR.

2.4.1.1 R ad ia l flow

cloud

Osource '------------------------------------c> observer at oo

Figure 2.12: A schematic representation o f the relative positions o f the ionizing 
continuum source, broad emission line cloud, and external observer in a model BLR.

For a spherical BLR geometry in which the motion of the gas is purely radial, it 

can be shown that each shell of radius r and velocity V{r) maps onto a diagonal line 

in the {v,r) plane (Welsh & Horne 1991; Pérez, Robinson & de la Fuente 1992b) . 

For instance, for a cloud located at position r,9, (Figure 2.12), where 9 is measured 

from the side nearest to the observer, the observed time-delay r  between the cloud 

response and the preceding continuum variations is given by

r  = -(1 -  cos 9) , (2.24)
c

and the line of sight velocity v is given by

V = dzV(r) cos 9 , (2.25)

where the ‘-|-ve’ sign indicates radial inflow and the ‘--ye’ sign indicates radial out

flow. Combining these two expressions gives

r(t,,r)  =  - ( l T — )  . (2.26)
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Figure 2.13: Response function for an isotropically emitting spherical BLR with 
Rin = 5 light-days, Rout = 50 light-days and V{Rin) = 10,000 km s~^ with clouds 
falling inwards under the influence of gravity (see text for details). Panels show 

(top left), ’F (r) (top right) and "^{v) bottom left.

Thus each spherical shell maps onto a diagonal line in the (v, r) plane beginning at 

i y , T )  = {±V{r),0) and ending at {v , t ) = (qpF(r), 2r/c). The slope of the line is 

dr/dv = =Fr/cF(r), where in this instance the i>e’ sign indicates radial inflow and 

the sign indicates radial outflow.

Figure 2.13 (top left panel) shows the 2-d response function for a spherical BLR 

in which clouds are infalling under the influence of gravity. Also shown are ’F(r) 

(top right panel) and T(d) (bottom left panel). As predicted, ^ ( r )  is flat from 

0 < r  < 2 X (Rinfc) and declines to zero at r  =  2 x (Rout/c). T (f) has a strong 

core and weak broad wings. The core of the profile is flat from ±3,162 km s~^ 

corresponding to the range in line of sight velocity at R.out- As the cloud motion is 

radial inflow, the red-wing of the line responds fastest and with the largest amplitude. 

In addition since the clouds are decelerating the response can propagate throughout 

the line profile on a timescale of 2 x [Rin/c). The caustic appearing in Figure 2.13 is a
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Figure 2.14: 2-d response functions for a spherical BLR with Rin — 5 and Rout = 50 
light-days respectively and velocity law V{r) oc V(Rin)(Rin/r)^- (^) a = -1 , (b) 
Of =  0, (c) a = 1, (d) a = 2.

feature characteristic of all decelerating radial flows. A particularly useful property 

of ^ (u ,r )  is that in principle, the precise form of the radial velocity law may be 

found by following the evolution of the blue-wing of for 2 x (Rin/c) < r  <

2 X ( R o u t / c ) .  As for ^(î;), the form of i F ( î ; , t )  is also dependent upon both the 

velocity law, radial emissivity distribution and differential covering factor. Figure 

2.14 shows ^("u, r) for the same four velocity laws described in Section 2.4.1, namely 

Of =  —1,0,1 and 2. The cloud motion is in this case taken to be radial outflow. For 

outflowing models the blue side of the line (the approaching gas) responds fastest 

and with the largest amplitude. The response propagates across the line profile from 

the blue-wing to the red-wing, reaching the far red-wing of the line after 2 x (Rin/c)
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Figure 2.15: Response functions for an isotropically emitting spherical BLR with 
Rin = 5 light-days, Rout = 50 light-days and V(Rin) =  10,000 km s~^. See text for 
details. Panels show ^ (v ,r )  (top left), ^ ( r )  (top right) and ^ (v ) bottom left, for 
clouds moving in randomly inclined circular Keplerian orbits

for a  < 0 (Figure 2.14(a), (b)), and after 2 x (Rout/c) for ct > 0 (Figure 2.14(c), 

(d)). This time, the velocity law may be determined by following the response of 

the far red-wing of the line for times 2 x (Rin/c) < r  < 2  x  (Rout/c).

2.4.1.2 R andom ly  inclined c ircu lar K ep lerian  o rb its

For randomly inclined circular Keplerian orbits, clouds are chosen randomly on 

each radial surface, and assigned a velocity V(r), (with a  =  —0.5) which points in a 

random direction tangential to that surface. The line of sight velocity is now given 

by

V = —V(r) s in 6  . (2.27)
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Substituting equation 2.27, into equation 2.24 then gives

( t  —
+  =  1 • (2.28)(y(r))2 (§)'

This is the equation of an ellipse with vertices (± V '(r),r/c ) and endpoints of the 

minor axis of (0,0) and (0,2r/c). Thus for this model the response function is 

symmetric about =  0 .

The 2-d response function for a spherical BLR in which the clouds are following 

randomly inclined circular Keplerian orbits is shown in Figure 2.15 (top-left panel). 

Also shown are ^ ( r )  and ^(i;). The outline of ^(-y, r)  is defined by those orbits which 

lie edge-on to the observers line of sight. The ellipse formed from the contributions 

of the innermost and outermost radii are clearly visible in Figure 2.15. Note tha t the 

the largest response occurs in the line core, due to the superposition of the response 

of successive radial shells at ( v , t )  = (0,0). Furthermore, the response propagates 

across the full width of the line on a timescale of Rin/c.

2.4.1.3 Chaotic motion

For a spherical BLR in which the cloud motion is chaotic, each cloud at radius r 

can take any velocity value within the range —V{r) < v < V{r), subject to the 

constraints imposed by the velocity power-law index a. Figure 2.16 (top left panel) 

shows the 2-d response function for a spherical BLR in which the cloud

motion is chaotic. Also shown are ^ ( r )  (top right panel) and ^ (u ,r )  (bottom left 

panel). Since the cloud motion is chaotic and the velocity law is a decreasing function 

of radius {a = —0.5 in equation 2.18), the maximum velocity range is sampled for all 

r  < 2 X {Rin/c).  Once again, the form of the velocity law may be found by following 

the evolution of the maximum or minimum line of sight velocity as a function of 

time-delay for 2 x {Rin/c) < r  < 2  x  {Rout/c).

For each of the three velocity fields considered here i.e. radial infiow, randomly 

inclined circular Keplerian orbits, and chaotic motion, the ^ ( r )  and Ÿ('u) are iden

tical. This emphasizes the importance of recovering ^ { v ,r )  where possible, as only 

then may the BLR kinematics be distinguished.
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Figure 2.16: Model response function for an isotropically emitting spherical BLR  
of inner radius Rin = 5 light-days, outer radius Rout = 50 light-days, and clouds 
moving in a chaotic velocity field with a =  —0.5 and V(Rin) = 10,000 km s~^.

2.4.2 Bi-conical geometries

A bi-conical geometry can be considered as either a special case of a spherical 

geometry in which BLR clouds only partially fill the total available volume, or 

alternatively, as a spherical geometry in which the BLR clouds are illuminated by 

a bi-conical variable ionizing continuum source. A bi-conical BLR is described by 

the cone semi-opening angle u, and the inclination i of the cone axis with respect 

to the observers line of sight (Figure 2.17). The total cumulative covering factor is 

angle dependent for u  < 90° in this geometry. However, since the covering factor is 

simply a method of parameterizing the radial variation in cloud numbers and cross- 

sectional area, C{Rout) has been re-defined here as the total fraction of cone surface 

(NB. there are two cones!), as viewed along the cone-axis from the central ionizing 

source, which is completely covered by clouds. The advantage of using this form is 

that if w = 90°, the same cloud distribution is obtained as that for a spherical BLR 

geometry.
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Figure 2.17: A  schematic representation o f a bi-conical B LR  o f semi-opening angle 
ij, and inclined at an angle i to the observers line o f sight.

For a bi-cone with line of sight inclination i and semi-opening angle w, the projected 

line of sight velocity v is given by

V = —V{r) (cosi cos 9 -\-sm i s in6 s in 0) (2.29)

where 0 is the azimuthal angle (0 < 0 < 27t), and 9 is the zenith angle (0 < ^ < w), 

measured with respect to the cone axis. The boundaries of ^(i;) are given when 

sin0  =  ±1 (Pérez, Robinson & de la Fuente 1992b).

For i > cj, the boundaries of ^ (i? ,r) for the near cone are given by

— (1 — cos(î — w)) ^  T ^  — (1 — cos(z -|- w)) , (2.30)
c c

and for the far cone by

-  (1 -f cos(î 4- üj)) < T < -  (1 4- cos(% -  w)) 
c c

(2.31)

The line of sight velocity range is given by

V (r) cos (i — uj) > |î;| > V(r) cos{i 4- w) 
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For i < üj the near and far cones overlap along the observers line of sight. The 

boundaries of for the near cone are then given by

0 ^  T ^  — (1 — COS(2 +  cj)) , (2.33)

and for the far cone by

— (1 T cos(2 +  uj)) ^  T ^  — . (2.34)
c c

The velocity range is then given by

V ( r )  >  |î;| > V ( r )  cos(i + w) . (2.35)

Note tha t the projection of the cones onto the v , r  plane meet at 2; =  0 when 

i -h u  = 90° and overlap for larger values. In the limit cu = 90° this case reduces to 

tha t of a spherical shell.

Again C{Rout) and N{Rout) were set at 1.0 and 250,000 respectively. The ve

locity field for the bi-cone is taken to be a Hubble type outflow, a  = 1.0. The 

velocity at the inner radius is set at 10  ̂ km s“ ,̂ resulting in a maximum veloc

ity at the outer radius of 10'̂  km s“ .̂ Figure 2.18 shows the response function

for a bi-conical BLR with u  = 30° and 2 =  45°. ^ ( 2; ,r )  spans a range in time- 

delay of (R in/c)(l -  cos 15°) < r  < (Ro«(/c)(l -  cos 75°), for the near cone and 

(R i„ /c)(l +  cos 75°) < r  < {Routlc){l -j- cos 15°) for the far cone. The line of sight 

velocity spans a range V(Rout) cos lb° > |2;| > V(Rin) cos7b°. If 2 4- w < 90°, bi- 

conical BLRs show a distinct bifurcation whereas for 2 4- w > 90° the bifurcated 

structure begins to disappear as the contributions of each cone to the response func

tions at lower velocities overlap along the line of sight.

Obviously the form of ^ ( r ,  r ) , ^(t/) and ^ ( r )  depends upon the chosen values of 

the inclination 2 and semi-opening angle u. Figure 2.19 shows the response function
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Figure 2.18: A model response function for an isotropically emitting bi-conical BLR  
of inner radius Rin = 5 light-days, outer radius Rout = 50 light-days, semi-opening 
angle cu = 30°, and line of sight inclination i = 45°. The clouds move in a Hubble 
type outflow, a = 1.0, with V(Rin) = 10  ̂ km  s"^.

for a bi-conical BLR with lu = 30° and inclinations (a) z =  0° and (b) i — 90°. For 

i =  0° (Figure 2.19(a)), the bifurcation in both ^ (v ,r )  and 4̂ (z;) due to the absence 

of line of sight material at zero velocity are clearly visible. The near and far cones 

span a range in r  of 0 < r  < (R out/c )(l-  and (Rin/c)(l-h < r <  2x(Routlc) 

respectively and a velocity range of V(Rout) > b | > ^  x V(Rin). There is a small 

delay between the last response of the near cone and the start of the response of 

the far cone of ~  2.6 days, and ^ ( r )  is zero in this region. For i = 90° (Figure 

2.19(b)), the response of both near and far cones is identical and spans a range in r  

of 0.5 X (Rinlc) < r  < 1.5 X (Rout/c) and a velocity range of 0.5 x V(Rout) > I'l'l > 

0.5 X V(Rin). The line of sight velocity of the near and far cones overlap at zero 

velocity and there is a time delay of 2.5 days between the continuum variation and 

the first response of the BLR.

Figure 2.19 also shows the response functions for bi-conical geometries with in

clination i = 60°, and with semi-opening angles (c) u  = 30°, and (d) ui = 60°
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Figure 2.19: Model ^(u , r),^(?;), and ^ ( r )  for a bi-conical BLR, with inner radius 
Rin = 5 light-days, outer radius Rout = 50 light-days, emission line ûux distribution 
£(r) oc r~^, semi-opening angle u  = 30° and line of sight inclination (a) i = 0°, and 
(b) i = 90°
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Figure 2.19: Model and ^ (r )  for a bi-conical BLR, with inner radius
Rin = 5 light-days, outer radius Rout = 50 light-days, emission line Hux distribution 
£{r) oc line of sight inclination i = 60°, and semi-opening angles (d) co = 30° 
and (d) u! = 60°.
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respectively. For Figure 2.19(c), i > u  and the boundaries of are given by

( R i n / c ) { l - ^ )  < T  <  (Rout/c) for the near cone and (Rin/c)  <  r  <  (Rout /c ) ( l - \ -^)  

for the far cone and spans a range in velocity (Rout) > bl > 0. Both r )

and '^(v) display a partially bifurcated structure, however '^(v) is non-zero at zero 

velocity as a small number of clouds from both cones have zero velocity along the 

line of sight. For Figure 2.19(d), i = u , and the boundaries of ^ (r ; ,r )  are given by 

0 <  r  < 1.5 X (Rout/c) for the near cone, and by 0.5 x (Rin/c) < r  < 2 x  (Rout/c) 

for the far cone. The velocity range of the near and far cones is given by V (Rout) ^  

|i;| > 0.5 X V(Rin)- The near and far cones overlap for 60°, and hence the core of 

the response function is enhanced relative to the wings. As in the case of a spherical 

BLR, the position of the peaks in ^(-u) and ^ ( r )  depend upon both the geometry, 

radial emissivity distribution, and the differential covering factor. For small /? the 

emissivity distribution is heavily weighted toward the inner radii. The first peak in 

^ ( r )  tends to occur at r  ~  (Rin/c)(l  — cos(i -f- w)), whilst the second peak occurs 

at r  ~  (Rin/c)(l  cos(% — w)) for % > w and at r  ~  2 x (Rin/c) for i <uj. Similarly, 

the peaks in ^(-u) for an accelerating radial outfiow occur at |f | ~  V(Rin) cos(i — c j )  

for i > LJ and at ~  V(Rin) for i <  c j .  For larger /S,  the peaks in ^ ( r )  occur at larger 

r ,  and the peaks in ^(î;) occur at the v corresponding to those radii.

2.4.3 D isc-shaped geom etries

The disc structure modelled here is not formed from a continuous distribution of 

material as in other disc models (see for example Netzer 1985; Collin-Souffrin 1986), 

rather it is formed from a large number of discrete clouds moving in circular Ke

plerian orbits which are confined to the plane of the disc. The disc thickness is 

considered to have unit vertical height (i.e. it is one cloud thick). The covering fac

tor for the disc is here defined as the total fraction of the disc surface as viewed from 

the center, which is covered by clouds. The cloud distribution is again normalized 

by assuming C(Rout) — 1 0  and N(Rout) = 250,000.

For disc-shaped BLRs, the observed time-delay between the cloud response and the 

continuum variations is dependent upon the position of the cloud within the plane 

of the disc (r, 6), and the disc inclination i with respect to the observers line of sight, 

and can be represented by
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Figure 2.20: The formation o f the 1-d response function for a disc-shaped BLR (b) 
through the superposition o f the response functions o f successive thin rings o f gas 
(a).

T = -(1  — COS 9 sini) (2.36)

BLR clouds follow circular Keplerian orbits which are confined to the plane of the 

disc, and hence

V = —V{r) sin. 6 sin i . (2.37)

Substituting equation 2.36 into equation 2.37 gives

+ (t -  i )
2

Ç/ _=  S i n  I (2.38)

This is the equation of an ellipse with center (0 ,r/c), vertices (±V {r) s in i,r /c )  and 

end points of the minor axis of (0 , r / c ± r  sinz/c). As the radius of each ring increases, 

the center of each ellipse moves to larger r  and the semi-major and semi-minor axes 

of the ellipse are reduced by a factor of sini. When i=0, ^(i» ,r) is reduced to a 

vertical line in the v ,r  plane with =  0 , and spanning a range in time-delay of 

(-%»/ (̂ ) ^  ^ ^  (Rott(/ c).

The 1-d response function of a thin ring of gas of radius to a delta function 

continuum pulse has peaks at r  =  {Rr /c ){ l  ±  sinz), is a declining function for 

{Rr /c ) { l  — sinz) < T < {Rr/c ){ \  4- sinz), and is zero elsewhere (see Figure 2.20(a)).
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Figure 2.21; Model ^ ( r )  for an isotropically emitting thin Keplerian disc BLR with 
emission-line flux distributions S(r)  oc with ^ =  0 (solid line), f3 =  —2 (dashed 
line), and j3 =  —A (dotted line).

T he 1-d response function for a th in  disc of inner radius Rin and outer radius Rout, 

may be found by sum m ing the contributions of a series of th in  rings over all radii 

(see Figure 2.20(a),(b)). Pérez, Robinson and de la Fuente incorrectly s ta te  th a t 

the position of the peaks in T ( r )  occur at R i n / c  and ( R i n / c ) ( l  + s in i )  for the inner 

and outer peak respectively. However, the form of the response functions for th in  

Keplerian discs depends upon bo th  the disc inclination and the radial em issivity 

distribu tion . For a disc in which the  emission is dom inated by the inner radii, the 

position of the first peak occurs somewhere between ( R i„ /c ) ( l - s in  i) < r <  [Rin/c),  

whilst the  second peak occurs a t [ R i n / c ) [ l  4- sin%). Discs for which the em issivity 

is dom inated by contributions from the outer radii display peaks at larger r ,  up to 

those defined by the outer radius [ R o u t / c ) [ l  ± s in z ) . Therefore in general the peaks 

in T ( r )  give only upper and lower limits to Rin and Rout- T his effect is illustra ted  

in Figure 2.21 which shows the  T ( r )  for an isotropically em itting  th in  Keplerian 

disc of inner radius 5 light-days and outer radius 50 light-days, and three different 

radial emissivity d istributions (5 =  0 , - 2 ,  and —4. The T ( r )  shown in Figure 2.21 

span a range in tim e delay of [ R i n / c ) [ l  -  s in 45°) < r  <  [ R o u t / c ) [ l  4- s in 45°) and 

are zero elsewhere. For (3 =  —A (dotted  line), the peaks in T ( r )  are located at 

T =  [ R i n / c ) [ l  ±  s in 45°) respectively, w ith the first peak having a larger am plitude 

th an  the second peak. For j3 =  —2 (dashed line), the first peak is now located
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Figure 2.22: The formation o f ^(i;) (b) for a disc-shaped B LR  through the super
position o f the response o f neighbouring thin rings o f gas (a) as a function o f line o f 
sight velocity.

approximately half-way between (R in/c){l — s in45°) and Rin/c, whilst the second 

peak remains at (i?i„/c)(l -I-sin45°). In addition, the amplitude of the second peak 

is now larger than that of the first peak. For P = 0, the first peak is now located at 

T = {Rout/c)il — sin 45°), whilst the second peak is no longer visible.

^(■y) for a thin ring of gas in which the clouds move in planar circular orbits, 

is a double peaked function, with the peaks in '^{v) marking the maximum and 

minimum line of sight velocity of the gas (Figure 2.22(a)). ^ (y ) for a thin disc of 

gas, can be formed from the superposition of the response of a series of thin rings 

of gas (Figure 2.22(a),(b)). The resulting ^ (y ) is saddle-shaped, with the peaks in 

^ (y ) defined by the line of sight velocity of the outermost gas, |y| =  ±V{Rout)  sini. 

F latter emissivity distributions also result in sharper peaks in ^ (y ) as the outer 

lower velocity gas becomes more dominant (e.g. see Figure 2.23). The ^ (y ) shown 

in Figure 2.23 span a range in velocity space of —V{Rin) sin % < y < V{Rin) sin i and 

are zero elsewhere. The peaks in \^(y) are located at y =  ±F(i?out) sin i for /? =  0 

(solid line), and P = —2 (dashed line). However, for steeper emissivity distributions 

{i.e. a smaller P in equation 2.18), the bulk of the contribution to ^ (y ) arises from 

the higher velocity gas in the inner BLR and thus the peaks in ^ (y ) occur at larger 

modular velocities (for example see P = —4, dotted line in Figure 2.23).

The response starts at line center y =  0, reaching a maximum projected velocity 

after a time-delay r  =  {Rin/c). The outline of the ^ (y , r )  is defined by the evolution 

of the vertices of each ellipse for 2 x {Rin/c) < r  < 2  x  {Rout/c)- Figure 2.24 shows 

the response function of a thin Keplerian disc at inclination angles of 90°and 45° 

respectively.
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Figure 2.23: Model '^{v) for an isotropically emitting thin Keplerian disc BLR with 
emission-line flux distributions £{r) oc r^, with /3 = 0 (solid line), j3 = —2 (dashed 
line), and (3 = —4 (dotted line).
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Figure 2.24: Model '^{v) and for an isotropically emitting thin Ke
plerian disc BLR, with inner radius Rin = 5 light-days, outer radius Rout =  50 
light-days, emission-line flux distribution £{r) oc and line o f sight inclination (a) 
i = 90°, and (b) I = 45°.
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2.5 Trailed spectrogram s

The 2-dimensional emission-line light-curve or trailed spectrogram is the emission- 

line light-curve plotted as a function of velocity v and time t. As ^ (v ,r )  represents 

^ ( r )  as a function of velocity across the line, then the trailed spectrogram may be 

formed by convolving a continuum light-curve with each velocity slice of '^{v, r). The 

convolution of ^(•z;,r) with a delta-function continuum light-curve would naturally 

return Therefore since the variable continuum light-curve can be thought

of as a succession of delta functions of differing amplitude, then it follows tha t 

the trailed spectrogram can be considered to be the superposition of 2-d response 

functions of differing amplitude, and separated in time. If the continuum variations 

are large enough, and the BLR small enough, then in principle it should be possible 

to see the images of individual in the trailed spectrogram as in for example

Figure 2.25(a)-(e).

From a practical point of view, the observed or model continuum light-curve 

is formed by linearly interpolating between neighbouring continuum points. The 

interpolated light-curve is then sampled at regular time intervals, equivalent to the 

spacing of the time-delay bins of the 1-d and 2-d response functions. The continuum 

is then averaged to its mean value before convolving with the response function. For 

display purposes the trailed spectrogram is again normalized to its peak value, with 

grey-levels set as outlined above. The time-averaged variable line profile (TAVLP), 

formed by summing over time, is also normalized to its peak intensity, and represents 

the average profile change over the length of the observing campaign. The difference 

between the TAVLP and ^(■y), is due to the fact tha t the line response is not 

defined at times prior to 2 x {RoutIc). For this reason, the line light-curve formed 

by summing the trailed spectrogram over velocity, is normalized to its mean value 

after 2 x {RoutIc).

Figure 2.25(a)-(e) (top-left panel) shows the trailed spectrograms formed by 

convolving each of the '^{v ,r)  described in Section 2.4 with a model input contin

uum. The model continuum used in these calculations is a random walk in flux 

C{t -f A t) = C{t) + R, where R is a random number uniformly distributed be

tween ±1. Light-curves of this kind have a power spectrum which is a power-law 

in frequency of slope ~  —2 (Scargle 1981), similar to that observed in a number of 

low luminosity AGN {e.g. NGC 5548). The trailed spectrogram for times prior to
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2 X {Rout/c) are not shown as the convolution is not defined in this region. The 

trailed spectrograms produced by different BLR geometries and velocity fields are 

quite distinct and can be directly compared to observations. The images of the 

various 2-d response functions can clearly be seen in Figures 2.25(a)-(e), particu

larly where the change in continuum level is large {e.g. epoch 200). Also shown are 

the continuum light-curve (dashed-line) normalized to its mean value over its total 

duration, and the emission-line light-curve (solid line) (top-right panels) formed by 

summing the trailed spectrogram over all time. For display purposes, the emission- 

line light-curve has been normalized to its mean value after twice the light-crossing 

time of the outer radius of the BLR {i.e. from 100 days onwards for the spherical 

and bi-conical BLRs and from ~  85.4 days onwards for the disc-shaped BLR). The 

dotted line in Figures 2.25(a)-(e) represents the emission-line light-curves for those 

epochs in which the convolution is undefined. As expected the emission-line light- 

curves for the spherical geometries are identical. The lower left panels in Figure 

2.25(a)-(e) show the time-averaged variable line profiles (TAVLP), formed by sum

ming the trailed spectrogram over time. For sufficiently long periods of time, the 

TAVLP should be representative of the mean profile change due to a delta-pulse 

change in the continuum intensity and should thus be identical to ^{v). However 

the mean continuum level, onwards of 2 x {Rout/c) does not equal unity, and hence 

the time-averaged variable line profiles are marginally different. This effect is more 

easily seen in BLR geometries in which the cloud motion is radial due to a delay 

between the response of the red and blue wings of the line. For example, the TAVLP 

in the spherical model with radial infiow has an enhanced red-wing and a reduced 

blue-wing due to the large continuum event at epoch 200. For non-radial velocity 

fields, the line response is symmetric about =  0 , and therefore the difference be

tween ^{v )  and TAVLP although present is harder to detect. For the spherical BLR 

with clouds in chaotic motion, the line wings are enhanced relative to the line core.
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Figure 2.25: Trailed spectrogram (top left panel), continuum light-curve (dashed 
line) emission-line light-curve after 1 light-crossing time (solid line), emission-line 
light-curve before 1 light-crossing time (dotted line) (top right panel), time-averaged 
variable line profile (lower left panel), (a) Spherical BLR - radial inhow (b) Spherical 
BLR - randomly inclined circular Keplerian orbits
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Figure 2.25: {c) Spherical BLR - with chaotic cloud motion (d) Bi-conical outflow 
Hubble type flow
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Figure 2.25: (e) Circular Keplerian orbits confined to the plane of a disc.

2.5 .1  D iffe ren ce  s p e c tr a

Provided that the amplitude of the continuum and line variations are large enough, 

and that the continuum variability timescale tyar is comparable to the light-crossing 

time of the BLR, then the response to individual continuum events may be dis

tinguished in the trailed spectrograms and thus the BLR geometry and velocity field 

may be determined without resorting to recovering ^ (u ,r )  directly (see Chapter 1). 

Trailed difference spectra are particularly useful in this respect as non-variable com

ponents, such as narrow line emission and emission from optically thin gas, which 

would otherwise dampen the response amplitude in the {v, r) plane are effectively 

removed in the subtraction. Figure 2.26 shows the epoch to epoch difference spectra 

obtained by subtracting the spectrum at the previous epoch from that at the current 

epoch. It is clear that the form of T(î;, r) is far easier to distinguish in the difference 

spectra, than in a normal trailed spectrogram. Note that if the continuum increases 

uniformly over a long period of time, the velocity law cannot be obtained from ei

ther the trailed spectrogram or trailed difference spectra due to the uniformity of 

the individual response function images.
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Figure 2.26: Epoch to epoch difference spectra (see text for details). Panels show: 
Gravitational inflow (top left panel), Randomly inclined circular Keplerian orbits 
(top right panel), Chaotic motion (center left panel), Bi-conical outflow (center 
right panel). Circular Keplerian orbits confined to the plane of a disc (lower panel).
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2.6 Conclusions

A detailed description of the multi-cloud modelling code PROSYN has been given. 

It has been shown that this code can be used to model the response functions of 

a variety of BLR geometries and velocity fields. The similarity in form of ^ ( r )  

for very different BLR geometries indicates the importance of recovering r)  

where possible. Trailed spectrograms have been produced by convolving a model 

continuum light-curve with each of the model response functions in turn. In ad

dition emission-line light-curves and time-averaged variable line profiles have been 

calculated by summing the trailed spectrograms over v and r  respectively.

The models considered here are somewhat simplistic in the sense tha t the radial 

line emissivity distribution has been parameterized as a power-law function of radius 

and the line responsivity has been assumed to be constant everywhere. For the 

physical conditions which are likely to exist within the BLR, this is unlikely to 

be the case (see e.g. Netzer 1991). Therefore BLR response functions should be 

calculated which take into account not only the BLR geometry and kinematics but 

also the physical properties of the line emitting gas. PROSYN’s greater flexibility 

allows for the first time the computation of response functions from emission-line 

flux distributions calculated a priori using a photoionization code. In Chapter 3, 

this technique has been used to determine the emission-line response functions for a 

large number of lines covering a wide range in ionization state for a set of spherical 

models in which the spatial distribution and physical properties of the line emitting 

gas are described by simple radial pressure laws. This represents a major advance 

over previous work of this kind.
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C hapter 3

Pressure-law models of the  
BLR.

Summary

In this Chapter, ‘PROSYN’ has been used, in conjunction with the photoioniza

tion code ‘CLOUDY’, to produce a family of self-consistent spherical BLR models 

in which the physical properties and spatial distribution of individual BLR clouds 

are described by simple radial pressure-laws. A comparison is made between the 

form of the emissivity-weighted and responsivity-weighted response functions for a 

large number of emission-lines covering a wide range in ionization state and their 

dependence upon the radial variation in ionization parameter, density, and column 

density are discussed. The presence of optically thin gas in a number of these mod

els results in some lines showing negative responsivity. For a number of these lines, 

the negatively responding gas dominates the response function over a range of time- 

delays, resulting in regions of the response function which are negative. Formally, 

this invalidates attem pts to recover the response function from monitoring data us

ing the current implementation of the maximum entropy method as this technique 

requires tha t the response function is everywhere positive.

Comparison of the response functions of different lines is found to be a powerful 

diagnostic of the run of physical conditions within the BLR. The suitability of certain 

emission-lines for determining the detailed structure of the BLR is discussed and an 

explanation is offered for the shift in the blend mean wavelength for a number of 

blended emission-lines following continuum variations.
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3.1 Introduction

In order to utilize variability data to constrain the overall structure of the BLR and 

the physical properties of the gas, it is necessary to predict the detailed response of 

different lines to variations in the ionizing continuum. To achieve this goal, this work 

sets out to compare the responses of a large number of lines covering a wide range 

in ionization state within the context of a well-defined BLR model. Results from 

monitoring campaigns suggest that realistic BLR models must encompass clouds 

with a broad range in ionization parameter, density, and column density. Thus, 

assumptions about which lines dominate the emission at a particular radius by arbi

trary  parameterization of the line-emissivity distribution are likely to be inaccurate 

{e.g. Robinson & Pérez 1990). Adopting the approach of Rees, Netzer and Ferland 

(1989), (hereafter RNF), a photoionization code is used to calculate the emission-line 

spectrum  of a family of spherical BLR models in which both the physical properties 

and spatial distribution of clouds are constrained by a simple pressure-law which is 

a powerlaw in radius. The advantage of this approach over others, is tha t a large 

number of parameters are constrained in a self-consistent manner. Only spherical 

BLR models are considered here, since it is not yet clear whether results from the 

most intensive monitoring campaigns of a small number of low luminosity AGN re

quire non-spherical BLR geometries or separate components producing the LILs and 

HILs (Maoz et al. 1990, 1991; Netzer et al. 1990; Krolik et al. 1991; Horne, Welsh 

Sz Peterson 1991; Ferland et al. 1992). To draw such conclusions requires the kind 

of detailed physical models presented here.

To provide a basic set of models relative to which variations occur. Section 3.2 

describes a set of steady-state spherical BLRs defined by different radial pressure- 

laws. These models have been normalized to represent a typical low luminosity 

AGN. For each model, individual cloud emissivities are calculated and integrated 

over the entire BLR to determine the total line and continuum luminosities. In 

Sections 3.7 and 3.8, two sets of response functions are presented, making different 

assumptions concerning the response of the gas to continuum level changes. For both 

sets of response functions, it is assumed tha t relative to the steady-state models 

the lines respond linearly to changes in the continuum level and th a t the clouds 

emit isotropically. For the first set it is further assumed tha t when the continuum 

changes, the line-emissivity changes by the same factor at all radii. Hence, these are
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effectively emissivity-weighted response functions. For the second set, the continuum 

intensity is changed by a known amount, resulting in a change in the line-emissivities 

which are then used to calculate the responsivity of the gas. The line emissivity and 

responsivity distributions are then used to calculate responsivity-weighted response 

functions. The form of both sets of response functions and their dependence upon the 

pressure-law index s are discussed in Section 3.10. The usefulness of the comparative 

variability of certain lines as diagnostics of the physical properties of the BLR is 

discussed, and the model predictions are compared with monitoring data for several 

AGN. The conclusions are presented in Section 3.11.

The predicted emission-line spectrum from uniform slabs of gas at radial dis

tance r from an ionizing source of continuum radiation were calculated using the 

photoionization code CLOUDY, version 80.06c (Ferland 1991, 1993). The detailed 

computational calculations involved in determining the emission-line spectra have 

been extensively discussed elsewhere (Davidson &: Netzer 1979; Kwan &: Krolik 1981; 

Rees, Netzer &: Ferland 1989; Ferland 1991) and will not be repeated here.

3.2 Spherical BLR m odels

The approach adopted here follows that of RNF and Netzer (1991) . The BLR is 

modelled as a thick spherical shell of inner radius Rin and outer radius Rout^ and is 

populated by a large number of small, spherical, optically-thick clouds in pressure 

balance with a confining inter-cloud medium. The pressure P  is taken to be a 

powerlaw in radius

P(r) DC T~^ . (3.1)

The gas kinetic temperature is only a weak function of the ionization param eter U 

(Netzer 1991), and therefore the radial dependence of P  and N  on the pressure-law 

index s is assumed to be

N (r) oc r - "  . (3.2)
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This gives a radial dependence for the ionization parameter of

U{r) <x . (3.3)

For a constant density spherical cloud of radius Rc, whose mass is conserved as it 

moves in or out as part of some flow, R ^N  = constant. In this instance, the cloud 

cross-sectional area Ac may be expressed as

Ac{r) (X R I o c r ^  , (3.4)

and the cloud column density Ncoi as

Ncoi{r) oc RcN  oc . (3.5)

The cloud number density nc is also taken to be a powerlaw function with radius

nc{r) oc , (3.6)

as is the cloud velocity v, where

v{r) oc r~^ . (3.7)

For clouds moving at their virial velocity, t = \ .  Imposing mass conservation for 

the BLR {i.e. ncvr"^ = constant), requires p = 2 — t, giving the radial dependence 

of the differential covering factor dC{r) as

dC{r) oc Ac{r)nc{r)dr oc r~^~'^dr oc r'^dr . (3.8)

The above parametric equations, together with values of Rin and Rout^ and the 

normalization of U, N , and Ncoi at some radius r, completely specify the run of 

physical conditions within a model BLR.
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Table 3.1: Steady-state model parameters.

Parameter Model B Model C Model D Model E Model F

s 2 3
2 1 1

2 0

1
logr(AT = 10 °̂ cm“ )̂ cm

1
6

16.413

_ 3
6

16.413

5
6

16.413

7
6

16.413

_ 9
6

16.413

logf/(iV = 1 0 i o  cm-3) - 2.000 - 2.000 - 2.000 - 2.000 - 2.000

\ogNcoi{N —  10 °̂ cm“ )̂ cm“^ 22.000 22.000 22.666 22.833 23.750

log Rin cm 14.913 14.913 14.913 14.913 14.913

log Rout cm 17.163 17.163 17.163 17.163 17.163

log U(Rin) - 2.000 -1.250 -0.500 0.250 1.000

log U(Ront) - 2.000 -2.375 -2.750 -3.125 -3.500

log N(Rin) cm“^ 13.000 12.250 11.500 10.750 10.000

log iV(Ront) cm“3 8.500 8.875 9.250 9.625 10.000

\ogNcol{Rin) cm~2 24.000 23.500 23.666 23.333 23.750

log Ncoz(Rout) cm~2 21.000 21.250 22.167 22.583 23.750

3.3 Steady-state m odels

The above parametric equations were used to calculate five ‘steady-state’ pressure- 

law BLR models. These models are steady-state in the sense tha t their continuum 

and line-emissivities are assumed to have remained constant for longer than twice 

the light-crossing time of the BLR (=  2 x Rout/c). Any variation in continuum level 

at later times causes changes in the line-emissivities relative to these steady-state 

models.

The radial continuum and line emissivities S{r), were calculated using the pho

toionization code CLOUDY (version 80.06c; Ferland 1991; Ferland et a l 1992) for 

five different values of the pressure-law index s : 2.0, 1.5, 1.0, 0.5, 0.0. To aid 

comparison with the models of RNF, the models are labelled B to F following their 

notation (hence no model A!).

3.3.1 Ionizing continuum  shape

The energy distribution of the ionizing continuum is still an open question and is 

particularly uncertain in the extreme ultraviolet and soft x-ray region. For the 

photoionization calculations presented here, CLOUDY’s “Table AGN” option was
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Table 3.2: AG N  continuum

z/(Ryd) log fi. slope

1.00(-5) —3.388 +2.50

9.12(-3) 4.0115 - 1.00

0.206 2.6576 -0.50

1.743 2.194 - 1.00

4.130 1.819 —3.00

26.84 -0.6192 -0.70

7.35(4-3) -2.326 -1 .67

7.40(-h6) -7 .34 —

used to describe the shape of the incident ionizing continuum (Table 3.2). This 

continuum is similar in form to that deduced by Matthews and Ferland (1987) and 

is meant to be representative of the continuum of a typical radio quiet AGN. The 

continuum differs from tha t of Matthews and Ferland in that it has a sub-millimeter 

break at 10 microns. For wavelengths longer than 10 microns the continuum has 

a slope /i, a  1/2 appropriate for a self-absorbed synchrotron continuum (Rybicki & 

Lightman 1979). Strong far-infrared radiation is seen from many AGN, but much of 

this radiation, particularly in radio-quiet objects, may be due to therm al emission 

from dust covering a very large radius range (Sanders et al. 1989). As seen by a 

BLR cloud this radiation would therefore be weak relative to the ionizing ultraviolet 

and x-ray continuum from the central source. Moving the sub-millimeter break to 

longer wavelengths increases the importance of free-free heating, and the intensity 

of the HILs with respect to Lya increases as the HILs take up proportionately more 

of the cooling (Ferland & Persson 1989; Ferland et a i 1992).

As one aim of this work is to explore how the choice of the pressure-law index 

s affects the form of the response functions for different lines, all of the models 

shown here have the same physical dimensions. Adopting the physical dimensions 

of RN F’s Model B, yields Rin and Rout of 0.316 and 56.23 light-days respectively, 

given the lower source luminosity used here. The reason for setting the outer 

radius as described in RNF remains valid for all of the models shown here (i.e. 

I([Olll] A4363)/I(H/?) < 0.1). The inner radius was set to avoid densities > 10^^
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cm~^, as CLOUDY’s numerical methods are unreliable at higher densities, and in 

any case such clouds are generally weak line emitters.

The ionization parameter and density were normalized to U = 10“  ̂ and N  =  

10^̂  cm“  ̂ at a radius of 10 light-days, typical of the lag between the continuum and 

emission-line variations found for a number of low luminosity Seyfert 1 galaxies. This 

normalization corresponds to a total luminosity in the ionizing continuum, of 

1q42.22 gj.g g -i =  10^2.4 photons s“  ̂ -  approximately half the luminosity of

NGC 4151). The models can be adjusted to a different luminosity by appropriate 

scaling of the radii (r oc L^ôV)' The column density was normalised to make most 

clouds optically-thick at the Lyman limit, although models B, E and F contain some 

optically-thin clouds (Section 3.8). The covering factor was normalised such tha t 

the source was totally covered at the outer radius. Hence for comparison with actual 

AGN the calculated line luminosities should be multiplied by more realistic covering 

factors, which are typically thought to lie in the range 0.1-0.5 (Smith et al. 1981). 

The 7  values for each model {e.g. see equation 3.8) are given in Table 3.1, and Figure 

3.1 shows the cumulative covering factor for each model as a function of radius. As 

s decreases 7  becomes more negative, thereby placing a higher fraction of the gas at 

smaller radii.

The total number of clouds was arbitrarily set at 500,000 (the finite number sets 

a limit on the resolution). The clouds were assumed to move in an r~^ gravitational 

potential following randomly inclined circular Keplerian orbits. The velocity at the 

inner radius was set at 10'̂  km s~^, which is a typical HWZI for the broad emission 

lines in AGN. This corresponds to a central black hole mass of lO  ̂^M©, and a 

Schwarzschild radius R s  = 0.0007 light-days. Accretion disc models {e.g. Krolik 

et al. 1991) suggest tha t if the ultraviolet and x-ray continua arise from such discs 

Rin is large enough (450 x R s)  that a point source ionizing continuum is a reasonable 

approximation. The Eddington limit for this source is LEdd = lÔ "̂ '̂ ® erg s“  ̂ which 

gives Lion!LEdd =  0.002.

3.3.2 Chem ical Com position

The detailed chemical composition of the BLR is unknown. However, BLR clouds 

with approximately solar chemical abundances are found to reproduce the relative 

intensities of the strongest emission-lines to within a factor of a few (Davidson h  

Netzer 1979). For our purposes the BLR clouds are chosen to have a solar chemical
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Figure 3.1: Variation o f the cumulative covering factor with radius for models B, C, 
D, E  and F.

composition, the abundances taken from Grevesse and Anders (1989). The fractional 

elemental abundances by number relative to hydrogen are as follows:

He :0.098, C : 3.63(-4), N : 1.12(-4), O : 8.51(-4), Ne : 1.23(-4), Na : 2 .01(-6), 

Mg : 3 .80(-5), A1 : 2.95(-6), Si : 3.55(-5), S : 1.62(-5), Ar : 3 .63(-6), Ca : 

2 .29(-6), Fe : 4.68(-5), Ni : 1.76(-6).

3.4 Line and continuum  em issivities

Figure 3.2 shows the logarithm of the steady-state emissivities divided by the local 

density log[£{r)/N{r)] of 17 emission-lines and the Baimer and Paschen continua 

for model B. Figure 3.3 shows a subset of these data for models C-F.

For models B-F the line emissivity distributions were calculated using photoion

ization calculations at 19 radial grid points equally spaced at intervals of 0.125 in 

log r. In order to define more precisely the boundary radius between the optically- 

thick and optically-thin gas for model B, further photoionization calculations were 

performed at intervals of 0.05 in logr around the region of interest. Intermedi

ate values were calculated by linear interpolation in log-space. For these models, 

the density varies as a powerlaw function of radius, therefore if the emissivity dis

tributions were also well approximated by powerlaw functions of radius, then the 

\og[£{r)/N{r)] distributions should be straight lines. This is a poor approximation
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for many lines, particularly for models in which there is a large radial density gradi

ent or a mixture of optically-thick and optically-thin gas. Not only will this create 

substantial differences between the form of the response functions and line profiles 

amongst different lines in a given model, but it also means that model response func

tions and line profiles determined assuming a powerlaw emissivity distribution {e.g. 

see Chapter 2; Robinson & Perez 1990; Welsh &: Horne 1991) are not applicable.

BLR gas with physical properties similar to that found in models B -F  has been 

investigated in a number of papers (RNF; Ferland Persson 1989; Ferland et al. 

1992). Thus only the form of the variations in £{r) with density, ionization pa

rameter and column density required for interpreting differences in model response 

functions are discussed here. The general form of the normalized emissivity dis

tributions are similar to tha t in RNF, although there are some differences due to 

the use of an updated version of CLOUDY, different chemical abundances and the 

enforcement of identical Rin and Rout for all of the models.

For models E and F, the clouds in the inner BLR (r < 6 light-days) are unstable 

with respect to disruption by radiation pressure. Such clouds would not be stable 

if supported by an external medium alone (Eliztur &: Ferland 1986). However other 

mechanisms such as magnetic confinement (Rees 1987) may provide support. None 

of the models considered here have a substantial optical depth to electron scattering.

3.5 Integrated em ission-line spectra

The total continuum and emission-line luminosities Ltd , were calculated for each of 

the steady-state models by integrating over radius between r = R i and r = R 2 (and 

R 2 > R i), according to

Lto t  =  T̂T £ { r ) A c { r ) r i c { r ) r ^  dr . (3.9)
Jr ,

Table 3.3 gives the continua and emission-line luminosities with respect to H/? 

found by integrating from Rin to Rout together with LtotÇHp)- To explore the effect 

of a smaller range in radii. Table 3.3 also gives the results determined by integrating 

from Rin to the half radius HR, defined here as half the distance between the inner 

and outer radius {i.e. HR =  ^{Rin -^Rout)), equivalent to 28.275 light-days. This is 

a different definition from tha t given in RNF, in which the half radius is defined as
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the point at which the total integrated flux in H/? drops by 50%, since here the aim 

is to compare models with identical physical dimensions.

No significant differences were found between the line ratios for model B, inte

grating to Rout (Table 3.3, first column), and those given in RNF. In fact Ltoti^P) 

agrees to within 6% taking into account the difference in the continuum luminosi

ties. A few differences in the line ratios are present, due to the different chemical 

abundances used here, and use of an updated version of the photoionization code. 

Line ratios for models C and D cannot be compared directly to those given in RNF 

as they use a different range in radii and hence have different ranges in U ,N  and

^col'

3.6 R everberation m apping

In using the response function as defined in equation 1.9 it is implicitly assumed 

tha t the line emissivity is linearly proportional to the continuum level. This is a 

poor approximation when considering a wide range in continuum level. However, 

the relationship is reasonably linear when considering a small range in continuum 

level about some mean level, assuming that the clouds remain optically-thick. Thus 

the response function in equation 1.9 can be redefined to relate changes in the line- 

emissivity to changes in the continuum level as in 1.19. The response function is 

then measuring the partial derivative of the line-emissivity with respect to changes 

in the continuum level about the mean level -  the responsivity of the gas -  integrated 

over the surface of constant time-delay (Krolik et ah 1991; Sparke 1993). Assuming 

tha t the cloud density does not vary significantly when the continuum level changes, 

then the required partial derivative is tha t of the line-emissivity with respect to 

changes in U. Following Krolik et al (1991), the line responsivity for the linear 

response approximation is quantified using a radial variable r){r), such that

where S{r) and U{r) are the local steady-state line-emissivity and ionization parame

ter. Here two sets of response functions are calculated, making different assumptions 

for 77(7’), and taking 6{r) and U{r) from the steady-state models.
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Table 3.3: Integrated intensities relative to HP and the total luminosity o f HP 
(erg s~^) for the steady-state models. For each model the two columns correspond 
to stopping the integration at the outer radius (Rout) aJid the half-radius (HR) 
respectively.

Model B Model C Model D Model E Model F

Bout HR Rout HR Rout HR Rowt HR Rout HR

Ba Cont 9.09 10.0 11.1 12.1 13.0 14.3 12.0 12.7 12.4 12.7

Pa Cont 3.26 3.85 4.16 4.74 5.46 6.16 4.38 4.68 5.45 5.64

Ovi A1035 0.01 0.01 0.06 0.07 0.44 0.52 2.39 2.67 5.83 6.13

Lyo: A1215 49.1 39.6 47.1 37.4 38.4 32.7 36.8 33.7 28.7 27.3

O v A1218 0.12 0.10 0.13 0.15 0.40 0.47 1.15 1.28 1.97 2.07

N v A1240 0.13 0.12 0.21 0.26 0.48 0.57 0.84 0.94 0.77 0.81

Si IV A1397 2.52 2.32 2.36 2.36 2.08 2.24 2.28 2.47 1.82 1.90

0 IV A1402 0.51 0.42 0.47 0.47 0.54 0.61 0.80 0.88 0.95 1.00

C i v  A1549 18.2 15.7 14.9 15.0 13.4 14.9 15.6 17.1 14.5 15.2

Hen A1640 1.80 1.58 1.81 1.68 1.77 1.77 2.13 2.20 2.39 2.45

Sim] A1893 3.32 3.03 3.57 3.04 3.05 2.73 2.54 2.39 1.62 1.57

Cm] A1909 7.83 4.79 6.53 3.97 4.33 3.27 3.89 3.73 3.93 4.03

Mg II A2798 4.84 4.55 5.88 4.50 5.51 4.07 4.54 3.35 2.82 2.16

H7 A4340 0.43 0.37 0.39 0.36 0.36 0.35 0.36 0.36 0.37 0.37

[0 III] A4363 0.10 0.03 0.04 0.02 0.02 0.01 0.02 0.02 0.04 0.04

He II A4686 0.20 0.18 0.21 0.20 0.22 0.22 0.27 0.28 0.32 0.33

u p  A4861 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

He I A5876 0.29 0.32 0.33 0.35 0.35 0.37 0.35 0.36 0.31 0.32

B.a A6563 5.00 4.48 4.90 4.15 4.21 3.69 3.69 3.29 2.93 2.66

P a A18751 0.57 0.49 0.54 0.43 0.44 0.36 0.35 0.30 0.27 0.23

log LtotiUP) 39.89 39.71 39.90 39.79 39.94 39.86 39.87 39.83 39.85 39.83
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3.7 E m issivity-w eighted  R esponse Functions

For the first set of response functions, it is assumed tha t r]{r) = constant at all 

r. Thus, following a change in the continuum intensity, the emissivity for a given 

line changes by the same factor at all radii. Consequently, the overall form of 

6{r) remains unchanged during continuum variations and hence ^ ( r )  is effectively 

emissivity-weighted. The emissivity-weighted response function, denoted is

either entirely positive {r]{r) > 0, for all r), or entirely negative (7j{r) < 0, for all r).

To calculate each clouds were chosen randomly in 6 on the surface of

a sphere about a central point source of continuum radiation in radial intervals of 

0.01 light-days. Individual cloud contributions to were calculated from the

steady-state line emissivities £(r), the line responsivities r]{r), and the differential 

covering factor dC{r). The '^ew (t') presented here were determined by summing 

individual cloud contributions in 0.3 day time-delay intervals from r  =  0 to r  =  

2x{Rout/c). The 7/ values used in these calculations (Table 3.4, column 2) correspond 

to values determined in Section 3.8 at a radius of 25 light-days for Model D, and 

should therefore only be considered as illustrative. In fact for most lines, r](r) varies 

significantly with radius (e.g. see Section 3.8 and Figure 3.7).

The '^ ew (t ) for models B -F are shown in Figure 3.4, excluding the weak [O ill] 

A4363 line and the Baimer and Paschen continua. For plotting purposes, individual 

'^e w (t ) have been normalized to their peak intensity. As described in Chapter 2, 

the form of ^ ( r )  for an isotropically emitting spherical BLR of inner radius Rin 

and outer radius Rout is fiat from 0 < r  < 2 x (Rin/c) and declines to zero at a 

time-delay r  =  2 x (RoutIc). The rate of decline for time-delays r  > 2 x (Rin/c) 

was shown to be strongly dependent upon the radial emissivity distribution 6(r). 

All of the ^Ewr(T) shown in Figure 3.4 conform to this general picture. However, 

due to the small value of Rin (= 0.316 light-days), and by comparison the relatively 

large bin-size (0.3 days), the fiat portion of ^evi^('t) cannot be distinguished on the 

scale of Figure 3.4. Tests using smaller bin sizes confirm tha t the model response 

functions are indeed flat in this region.

In order to provide a characteristic BLR size for each line. Table 3.4 gives the 

emissivity-weighted radius R ew , where R ew given by
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Table 3.4: The centroids o f the emissivity-weighted response functions -  the
emissivity-weighted radii (Rew) (light-days). The values ofrj used to calculate these 
response functions are given in column two and correspond to values determined at 
a radius o f 25 light-days in model D.

Model

V B C D E F

Ba Cont 1.0 17.8 12.1 7.2 5.7 3.7

Pa Cont 1.0 15.3 10.0 5.9 5.5 3.8

O vi A1035 4.5 22.3 2.0 0.8 0.7 0.8

Lyo; A1215 0.9 27.5 24.3 19.5 13.6 8.7

O v  A1218 3.4 26.6 9.9 2.3 1.3 1.1

N v  A1240 3.2 22.1 6.2 2.1 1.5 1.6

Si IV A1397 1.6 24.3 17.3 10.7 6.0 4.1

O iv  A1402 2.0 26.5 16.8 7.4 3.4 1.9

C iv A1549 2.0 26.0 17.5 9.6 5.3 3.5

He II A1640 1.0 24.8 19.0 12.6 7.1 3.5

Sim] A1893 0.8 24.9 22.5 18.3 13.9 10.0

Cm] A1909 1.0 32.3 30.0 23.2 11.9 5.0

Mg II A2798 0.5 24.5 25.4 24.1 22.4 20.0

H7  A4340 1.2 25.8 19.7 14.6 10.6 7.0

[Olli] A4363 1.2 40.1 35.7 24.7 8.6 2.3

H ell A4686 1.0 23.9 17.8 11.4 6.3 3.1

H/? A4861 1.1 23.0 18.1 14.6 11.0 7.5

He I A5876 1.0 18.6 14.3 10.2 7.6 5.5

Ho; A6563 1.0 25.8 23.4 19.9 16.5 12.6

Fa  A18751 1.0 27.0 25.4 22.1 18.9 15.6
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^  _ l S : : ‘ rL (r)d r  

■ l t ‘ H r )d r  ’

with L{r) oc r'^nc{r)Ac{r)£{r) for an isotropically emitting spherical BLR. For a 

linear response, this is equivalent to the response function centroid Tc, w ritten here 

as

I r r : r ^ M r ) d r

where for this model Tmin = 0, and T^ax = 2 x  {R o u t/c ) ’

Figure 3.6(a) shows the variation in R ew with s. In general, R ew decreases as 

s decreases due to the greater covering factor at small radii in the smaller s models. 

Similar trends are found if the ^ ew {t ) are calculated integrating to HR as opposed 

to Rout: although obviously in the majority of cases the values are then smaller. The 

form of for a given line is independent of rj whereas its absolute amplitude

and hence the line-response amplitude depends linearly upon t].

3.8 R esponsivity-w eighted R esponse Functions

For the second set of response functions, 7]{r) was derived explicitly by applying a 

small change in the continuum intensity (and hence U), thus perturbing the steady- 

state models and modifying the radial emissivity distribution S{r). The radial 77(r) 

distributions were then calculated from the fractional change in £{r) between the 

perturbed and steady-state models relative to the fractional change in U according 

to equation 3.10. A small continuum variation was chosen since lines do not respond 

in a linear fashion over a large range in U (Netzer 1991). For these models a small 

positive change in continuum level, -1-0.1 in log (7, was used. This is equivalent to 

an increase in the continuum level of ~  -j-26%, typical of the continuum variability 

amplitudes observed in a number of low luminosity AGN {e.g. NGC 5548). The 

response functions were then derived as before only this time weighting the contri

bution of each cloud to the line response by the corresponding responsivity r){r). 

Figure 3.5 shows the responsivity-weighted response functions, denoted ^Bw(T), for 

16 lines, again excluding the weak [O ill] A4363 line and the Baimer and Paschen
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continua. For plotting purposes, the have once again been normalized to

their peak intensity. The centroids of are given in Table 3.5 and are shown

as a function of s  in Figure 3.6(b). Note that Tc is again given by equation 3.12 with 

^ e w { t)  replaced by

The radial change in emissivity due to the above small change in continuum 

intensity is generally quite complex, depending on the local density, column den

sity, and U .  In general £ { r )  increases when the continuum intensity increases { i . e .  

T]{r)  > 0). This is found to be the case for all the lines in models C and D since 

the clouds are optically-thick at the Lyman limit at all radii. However, this is most 

definitely not the case for models B, E and F.

In model B, clouds in the outer BLR (r^43 light-days) are optically-thin at the 

Lyman limit due to the low column density. For models E and F, the clouds in 

the inner BLR (r <1 light-day) are optically-thin at the Lyman limit as a result of 

the large ionization parameter. Following an increase in the ionization parameter, 

some line-emissivities in the optically-thin region remain constant {7 ] {r )  % 0), whilst 

others decrease { r ] { r )  < 0). Formally, this behaviour invalidates the use of the linear 

response approximation. However, these effects will be discussed in this context as 

they illustrate the importance of taking into account the detailed gas physics both 

when calculating model response functions or when interpreting response functions 

recovered from monitoring data.

If, as is assumed here, the relationship between the line emissivity and the con

tinuum level is linear, the centroid Tc of ^Hw(r), is equal to the l u m i n o s i t y - w e i g h t e d  

r a d i u s ,  which is here defined as

„  _  ! ^ : ‘ -^n{r)L(r)dT
— - trZZ , \ \  . 5lR -"'v('r)L{r)dr

where L { r )  is the luminosity at radius r  { L { r )  oc r^ric{T)Ac{r)£{r) for a sphere). 

This definition is different from tha t usually given in the literature { e . g .  Robinson 

& Pérez 1990), in that it allows for the radial responsivity distribution r ] { r ) .  If 

r j { r )  =  c o n s t a n t ,  then Rx,w =  R e w -, otherwise, R ^ w  = R r w - For each of the lines 

considered here, the luminosity weighted radii were found to be identical to the 

response function centroids. The centroid of the response function is also equal to 

the centroid of the CCF (Penston 1991b; Koratkar & Gaskell 1991). It is therefore
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possible to determine the centroid from the CCF without having to recover the 

response function. In practice however the accuracy with which the centroid is 

recovered from either is dependent upon the sampling rate, data quality and length 

of the sampling window (Pérez, Robinson k, de La Fuente 1992a). The peak or lag 

of the CCF cannot be simply related to the response function centroid and is in fact 

a better measure of the inner radius of the BLR (Gaskell & Sparke 1986; Robinson 

& Pérez 1990).

3.9 O ptically-thick and optically-thin  BLRs

The line responsivity functions 7y(r), shown in Figure 3.7 are clearly quite complex 

functions of radial position within the BLR. In particular, for models B, E and F, the 

BLR is composed of a mixture of gas which is either optically-thick or optically-thin 

to the Lyman continuum. Although gas in the optically-thin region contributes to 

the total line flux, it does not contribute to the response function if 7] { r )  = 0 for that 

line, and as a result the detailed shape of the response function may be drastically 

altered. Such modiflcations to the response function can be even more dramatic if 

T){r)  <  0  in the optically-thin region.

To illustrate this point, consider the response of two idealised BLRs, hereafter 

referred to as Cases I and II, both of which contain a mixture of clouds which are 

either optically-thick or optically-thin at the Lyman limit. Note that, although only 

the case of the hydrogen ionization edge is discussed here, similar arguments may 

be developed for other ionization edges. Cases I and II each comprise two distinct 

regions, one containing only optically-thick clouds and the other containing only 

optically-thin clouds. In the spirit of the linear response approximation, it is further 

assumed tha t the boundary radius between the two regions, here denoted Rth, at 

which clouds become optically-thin at the Lyman limit, is independent of U over a 

small range in U.

3.9.1 Case I

For a Case I BLR, the gas is optically-thin and r](r) =  0 in the outer part of the BLR 

for radii Rth < r < Rout and optically-thick and rj{r) > 0 otherwise (Figure 3.8(a) 

inset). The responsivity-weighted response function ^ w ( r )  for this model is flat 

and positive for 0 < r  < 2 x (i2̂ „/c) declining to zero at a time-delay r  = 2 x  (Rth/c)
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Table 3.5: The centroids o f the responsivity-weighted response functions -  the 
responsivity-weighted radii (R rw) (light-days).

Model

B C D E F

Ba Cont 13.0 11.6 7.3 7.8 5.1

Pa Cont 10.7 9.6 6.6 7.9 5.4

0  VI A1035 21.5 2.4 0.9 0.8 0.8

Lya  A1215 21.6 24.7 19.9 14.1 9.7

O v  A1218 26.5 10.8 3.0 1.6 1.1

N v  A1240 21.6 7.7 2.8 2.1 2.1

Si IV A1397 22.4 20.0 14.4 9.9 6.8

O iv  A1402 26.3 18.2 9.7 4.5 2.6

C iv A1549 26.1 20.7 13.6 8.3 5.5

He II A1640 24.7 18.7 12.5 7.1 3.8

Sim] A1893 20.3 24.1 21.2 20.6 17.0

Cm] A1909 25.9 30.1 23.9 16.1 8.8

Mg II A2798 46.2 27.7 27.6 28.3 26.9

H7  A4340 25.1 20.4 16.1 12.8 10.1

[Cm] A4363 31.9 35.6 24.4 11.5 3.5

He II A4686 23.4 17.3 11.3 6.4 3.4

H^ A4861 23.1 19.6 16.4 13.4 10.4

He I A5876 14.9 15.2 10.6 11.1 8.5

H a A6563 22.1 26.3 23.1 19.9 16.5

P a  A18751 23.7 28.7 26.3 23.7 21.3
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(Figure 3.8(a)). The presence of optically-thin gas therefore effiecUively reduces the 

outer radius of the variable BLR from Rout to  Rth-

If the responsivity of the gas is negative {r)(r) < 0) for R\th < r < Rout and 

positive elsewhere (Figure 3.8(b) inset), the situation becomes miorre complicated. In 

this case, ^ r w { t )  is hat from 0 < r  <  2 x {Rin/c), declines below  ̂z(ero {i.e. an overall 

negative response) to its most negative value a t r  =  2 x {Ro/c), amd returns back to 

zero at r  =  2 X {Rout/c) (Figure 3.8(b)). The point at which th e  response function 

passes through zero {i.e. ^üvy('r)= 0), occurs when the relatiivœ contributions of 

the negatively responding and positively responding gas, on the; iso-delay surface 

r ,  are identical. Thus an optically-thin outer region gives a reispmnsivity-weighted 

response function for a LIL which is positive at small time-delayjs and negative at 

large time-delays.

3.9.2 Case II

For the Case II BLR, clouds are optically-thin and 7]{r) =  0 iin the inner part of 

the BLR for Rin < r < Rth and optically-thick and rj{r) > 0 otherwise (Figure 

3.8(c) inset). '^ rw {t)  for this model is flat from 0 < r  < 2 x {Ruh/c) and declines 

to zero at a time delay r  =  2 x {Routjc) (Figure 3.8(c)). An -optically-thin inner 

region eflFectively increases the inner radius of the variable BLR from Rin to Rth- 

If the responsivity of the gas is negative for r < Rq (Figure 3.8(d ) inset), then the 

response function increases to a maximum value at r  =  2 x {Rq/c) and declines to 

zero at r  =  2 X {RoutIc) (Figure 3.8(d)). For r  < 2 x { R q/ c) the  response function 

may again be negative if the relative contribution of the negatively responding gas 

outweighs tha t of the positively responding gas.

3.10 D iscussion

The form of both "^e w {t ) and ^flw (r) depend upon the radial variation in S{r), 

and dC{r). However, the form of '^rw {t') also depends upon 7/(r) . Thus, detailed 

differences between the form of the emissivity-weighted and responsivity-weighted 

response functions shown in Figures 3.4 and 3.5, are solely dependent upon the 

radial variation in the line responsivity.
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Figure 3.8: Example responsivity-weighted ^ ( r )  for the idealised Case I. Corre
sponding rj{r) distributions are shown as inserts (see text for details), (a) Hydrogen 
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3.10.1 Em issivity-w eighted ^(r)

By definition, r){r) = constant for Therefore, since the differential covering

factor dC{r) is the same for each line within a given model, differences between the 

form of ^£:w(r) for individual lines within each model, as illustrated in Figure 3.4, 

are due solely to detailed differences in their radial emissivity distributions S{r). Far 

from being powerlaw functions of radius, as has generally been assumed in earlier 

studies {e.g. Pérez et al. 1990), the radial line emissivity distributions, as shown in 

Figures 3.2 and 3.3, can be quite complicated functions of radius, with their precise 

form dependent upon a number of inter-related factors. Take model B for instance, 

C III] A1909 is collisionally de-excited for N  > 10^^ cm“  ̂ and therefore contributes 

little to the line emission at small radii (Figure 3.2). Consequently this line has a 

relatively large R e w  Similar behaviour is found for [O ill] A4363, a forbidden line 

which is collisionally de-excited at densities above 10® cm“ .̂ As the density never 

drops below 10® ® cm"® in model B, this line is found to have the largest R e w  The 

drop in £{r) for several other lines including Lyo; A1215, C iv  A1549, and He I A5876, 

for r < 10̂ ®̂ ® cm, is also due to thermalization. Thermalization is most im portant 

for lines with large optical depths. The increase in the line ratio of CiV  A1549 and 

H el A5876 with respect to Lyo; at small radii can be accounted for by the lower 

optical depths of the former, relative to tha t of Lya. When the optically-thick lines 

are thermalized the bulk of the cooling, and thus emission, is dominated by the 

highest ionization lines such as O v i A1035 and N V A1240 and in the densest clouds 

by the Baimer and Paschen continua. However, due to the relatively low covering 

factor at small radii in models B, C and D, the contribution of these clouds to the 

total line emission is negligible. The O v  A1218 line as discussed by Ferland et al. 

(1992) is fairly weak in these models (< 7% Lya).

Passing from models B to F {i.e. decreasing s), the degree of ionization of the 

innermost gas increases whilst tha t of the outermost gas decreases due to the strong 

radial dependence of U{r) on s, thus increasing the degree of BLR stratification. 

This is illustrated in Figure 3.4 which shows a general decline in the range of Rew  

with increasing s. This, together with the greater covering factor at smaller radii 

for the small s models (Figure 3.1), results in an increase in the ratio of the HILs 

relative to the LILs in the integrated emission-line spectrum. This can clearly be 

seen in Table 3.3, where the strength of the HILs such as O VI A1035 and N v A1240
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relative to H/? is greater in the smaller s models. The overall spectrum of all of 

these models are reasonable approximations to the mean AGN spectrum presented 

by Netzer (1991), whether integrating to HR oi to Rout- However a number of the 

more familiar discrepancies remain, namely the relative weakness of the N v  line 

(Osmer Sz Smith 1976; Davidson Netzer 1979; Osterbrock 1989), and the large 

Baimer decrement (Davidson Sz Netzer 1979).

The differences between both the form of the ^Bvy(r) and the Rew  values for 

the HILs and LILs within a given model, suggests that the size of the BLR depends 

upon which lines are being considered. For Model B (constant U), the Rew  for the 

majority of lines cluster around 22-28 light-days. The exceptions to this rule are 

the He I line which has an unusual emissivity curve, the C ill] and [O ill] lines, which 

are mainly produced in the lower density gas at larger radii, and the Baimer and 

Paschen continua which are produced in the highest density gas close to the ionizing 

continuum source. As the value of s is decreased, the HILs become more strongly 

weighted toward smaller radii, and hence have a smaller Rew, and a ^evv('î') whose 

amplitude declines rapidly to zero for r  > 2 x {Rin/c). In the most highly stratified 

model (model F) the Rew  for the HILs are up to 30 times smaller than for the LILs. 

As can be seen in Figure 3.6(a) the variation in Rew  with s although generally 

smooth, can be quite abrupt, particularly for the most highly ionized lines {e.g. 

O v  A1218, O VI A1035, and N v  A1240). The general form of the ^ e w { t )  are as 

described in Chapter 2 , being flat from 0 < r  < 2 x {Rin/c) and declining to zero 

at a time-delay of 2 x {Rout/c). In general the emissivity distributions are relatively 

steep functions of radius, and thus the rate of decline in "^ew{'t) is quite rapid for 

most lines.

3.10.2 R esponsivity-w eighted ^(r)

For responsivity-weighting, the relative contribution each radial shell makes to ^ rw{t ) 

depends upon both the radial emissivity distribution £{ r )  and the radial variation 

in the line-responsivity r]{r). Therefore any differences between the form of '^ rw {' )̂ 

compared to "^e w {t ) and consequently the size of R rw relative to R ew for a given 

line within the same model, are determined by 7]{r) alone. If r]{r) > 0 for all r , and 

7]{r) is an increasing function of radius, then R rw > R ew due to the increased con

tribution to ^Hvv'(^) of the outer BLR relative to that of the inner BLR. Conversely, 

if r}{r) > 0 for all r,  and r){r) is a decreasing function of radius R r w  <  R e w  due to
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the enhanced contribution to in the inner BLR relative to tha t of the outer

BLR. The relative ‘size’ of Rrw  in comparison to Rew  for the more general case in 

which 7]{r) takes both positive and negative values, is far more complex, depending 

upon the relative weighting of the negatively responding and positively responding 

gas (see below). Obviously, for lines in which r]{r) is reasonably constant, R rw  — 

ReW'

An interesting feature of these models, is the striking similarity of the 77(r) dis

tributions for a given line within different models over a large range in radii (Figure

3.7) and thus the seemingly weak dependence of r]{r) on s. This is particularly 

true for the LILs providing the gas remains optically-thick at the Lyman limit at 

all radii. In addition, the rjir) distributions for model B show little variation with 

radius. As U{r) — constant, for all r  in this model, this suggests tha t in general r}{r) 

is not a strong function of density (Smith Sz Penston 1988). The large divergence 

in 77(r) for a given line at large radii, particularly for the high ionization lines, is 

due to the strong dependence of £{r) on U for these lines, for low values of U. The 

population number of the highest excitation states are relatively low for small values 

of U. Thus, even a relatively small increase in U can produce a rapid increase in 

the strength of this line, and consequently a large increase in 7/(r). Figure 3.9 shows 

the dependence of 7/(r) on U for a number of high and low ionization lines in models 

B (filled triangles), C (dotted line), D (dashed line), E (dot-dashed line), and F 

(dot-dot-dot-dashed line). This clearly illustrates the lack of dependence of r]{r) on 

s and the relatively strong dependence of 77(7*) on U, for low U values.

In model B, clouds become optically-thin at the Lyman limit for radii > 43 

light-days. This approximates the situation for the idealized Case I discussed in 

Section 3.9.1. However, in model B the 7]{r) distributions (solid line in Figure 3.7) 

for the hydrogen lines, excluding H/1 and H7  are slightly negative in the outer BLR. 

This, together with the larger covering factor at large radii for Model B, results in 

negative ^ w ( '? ‘) for r ^ 8 0  days (Figure 3.5). The drop in rj{r) at the hydrogen 

ionization edge is reasonably abrupt and thus R q ~  Rth- Thus the minima in 

for these lines occurs at r  ~  86 days (=  2 x (Ro/c)). Although there is 

a general increase in 77(7*) with increasing r  for these lines, the rapid drop in rj{r) 

in the outer BLR, where the covering factor is large, results in R rw  <  R e w - For 

H/3 and H7 , 7]{r) > 0, for all r.  However, despite the general increase in 7/(r) with
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r for these models, the turn over and subsequent drop in rj{r) at large r, (Figure

3.7) results in R rw  — R e w - The removal of the partially ionized zone in which 

the low ionization lines are formed, results in a negative response {r){r) < 0) for 

several LILs in the outer BLR. '^rw {t)  for these lines is therefore negative at large 

T (NB. for sufficiently large negative 7/(r), ^ r w ( t )  may be negative for all r ) .  For 

the Cm] A1909, Sim] A1893, and M gll A2798 lines, Rq ~  41 — 44 light-days and 

hence "^Rwi^) for these lines is at a minimum for r  82 — 88 days. For He I A5876 

and [Olll] A4363, Rq ~  47 — 50 light-days and thus the minimum in occurs

at r  ~  95 — 100 days. R rw  < R ew  for all of these lines except M gll. For the Cm] 

and Sim] lines R rw  < R ew  due to the general decline in 7}{r) with increasing r. 

For H el A5876, R rw  <  R ew  despite the gradual increase in 7){r) with increasing 

r, probably resulting from the rapid drop in r){r) at large r. However, for M gll 

the negatively responding gas dominates contributions to for r ^ 3 0  days,

resulting in a large negative amplitude for at large time-delays. This line is

more affected than the other LILs due to its relatively small positive 7]{r) value in 

the inner BLR compared to the large negative rj{r) value in the outer BLR where 

the covering factor is also larger. For the HILs, R rw  ;$ R ew  due to the general 

decline in 7]{r) with increasing r for these lines in model B.

In models C and D, clouds are optically-thick at the Lyman limit throughout 

the BLR, and r){r) > 0 at all r for all of the lines (Figure 3.7 dotted line: Model C; 

dashed line: model D). Thus their are positive for all r .  As r]{r) generally

increases with increasing r in these two models, R r w >  R ew  for most lines, although 

they usually agree to within a few light-days.

For models E and F, the clouds are optically-thin at the Lyman limit in the inner 

BLR for radii Rth < 1 light-day. Thus these models closely resemble the idealised 

Case II discussed in Section 3.9.2. For the hydrogen lines in these two models 

T){r) ~  0 in the optically-thin region. The lack of response and large covering factor 

combined with a general increase in 7]{r) with increasing r  for the majority of lines 

in these models results in R r w  > R e w -  Several of the LILs in models E and F have 

7}{r) < 0 in the optically-thin region. Again, the drop in 7}{r) with r is reasonably 

abrupt and thus to a fair approximation Rq  ~  R t h -  For the Si III], C ill], M gll, [O ill], 

and H el lines Rq  ~  0.5 — 1.5 light-days. Their corresponding ^ ^ ^ ( r )  are therefore
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flat from 0 <  r  < 2 x (Rin/c) (= 0.632 days), rise to a positive  peak at r  =  2 x (Rq/ c) 

( = 1  — 3 days) and then decline to zero at a time-delay r  =  2 x (Rout/c) (=  112.4 

days). Although r](r) < 0 in the inner BLR, the ^ w ( r )  for these lines remain 

positive at all r ,  although the '^ r w ( t )  for Cm ], Sim] and Hel, rapidly approach 

zero for smaller r .  The reduction in amplitude of ^üvr(r) at small r  is larger for 

model F than for model E due to the larger negative responsivity of the gas in this 

region and the greater covering factor at small radii for model F compared to  tha t of 

model E. For the LILs in models E and F, Rrw  > Rew  due to the negative 7)(r) at 

small radii and a general increase in rj(r) with increasing r.  For the HILs, r)(r) > 0 

for all r  in these two models and thus their ^/iiy(T) are positive for all r .  For these 

lines too, R r w >  R e w  due to a general increase in rj(r) with increasing r.

Although 7](r) for the HILs remains positive at all radii in models E and F, it is 

possible, under certain conditions, to deplete HIL emission by ionization to higher 

species. This requires a large ionization parameter and is thus most likely to occur 

in models similar to E and F where U is large in the inner BLR. In fact there is some 

evidence of this occurring for CIV A1549 in model F. The Hell lines have rj(r) > 0 

for larger U values than the hydrogen lines, due to the difference in their optical 

depth structure (Netzer 1991).

For optically-thin gas, an increase in U, increases the temperature of the gas thus 

reducing the recombination coefficient (Sparke 1993). This effect is insignificant for 

the models considered here, as the temperature difference at the ionized face of the 

clouds between the steady-state and perturbed models is virtually negligible.

Excluding model B, which has a large negative responsivity at large radii, the 

trends of R rw  with s, and Rrw  with s, are similar (Figure 3.6(a),(b)) with R rw  > 

R e w  for the majority of lines. As a consequence, interpreting the observed delay 

between the variable continuum and emission-lines in terms of ^ e w ( t ) ^  leads natu

rally to an overestimate of the size of the BLR. The form of ^/îvv(r) and ' ^ e w ( t )  are 

most similar for lines in which the r}(r) is reasonably constant. A good example are 

the H ell lines, which display the smallest range in ?/(r), although for models C and 

D the range in r}(r) is less than a factor of two for a number of other lines (e.g.  Lya, 

Sim], and Cm ]). In general however, it can clearly be seen tha t for most lines a 

constant r](r) is a reasonably poor approximation, particularly for BLRs composed 

of a mixture of optically-thick and optically-thin gas.
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3.10.3 BLR Variability D iagnostics

The radial variation in 7}{r) produces similarities in the form of for very-

different BLR geometries. For instance, in models E and F, the for a

number of lines are observed to peak away from zero. For isotropically emitting 

clouds which have a positive responsivity at all radii, this implies a lack of gas along 

the observers line of sight and thus a non-spherical BLR geometry such as an inclined 

disc or bi-cone. However, in models E and F the drop in amplitude of at

small r  for the LILs is due to their negative responsivity {r]{r) < 0) and not the 

cloud distribution, which is spherically symmetric. A similar effect is produced by 

anisotropic line emission (Ferland et al 1992, and see also Chapter 4), although 

anisotropic line emission does not produce a flat region in the response function 

from 0 < r  < 2 X Rin /c  in a spherical BLR, nor is it able to drive the response 

function negative if 7]{r) is everywhere positive. Consequently, interpretation of the 

BLR structure using response functions which display non-zero time-delay peaks, 

must take into account both the responsivity and anisotropy of the line. For BLRs 

with an inner optically-thin region, interpreting the decline in amplitude of 

at small r  in terms of anisotropic line emission, leads to an overestimate of the 

degree of anisotropy, if the gas in the optically-thin region has negative responsivity 

for tha t line. As for 7y(r), the anisotropy is also heavily dependent upon the local 

physical conditions, and thus may also be a complex function of radius. This is 

discussed in detail in Chapter 4.

The observed trends in the form of both and ^Rwi'r) with s suggests

tha t different lines should be used to recover Rin and Rout- For low luminosity AGN, 

Rin ~  a few light-days (Peterson 1988, 1993) and thus high temporal sampling of 

continuum and emission-line light-curves is required in order to recover Rin to a 

high degree of accuracy. To make the most efficient use of the limited available 

signal to noise ratio, lines with the largest responsivity for a given continuum event, 

should be monitored. Ideal candidates are the HILs (e.g. OVI A1035, N v  A1240, 

and HellA1640), as these lines are the most strongly weighted toward small radii 

(small R rw )̂  and therefore respond most coherently to continuum variations, and 

also tend to have the largest r]{r) values. In contrast, the for the LILs are

more appropriate for determining Rout, due to their relatively large amplitude at 

large r  (large R rw) (e.g. Mgll A2798, Cm] A1909, Sim] A1893, Ho; and F a). The
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relatively low amplitude of ^Kiy(r) at large r  for the HILs, although non-zero, is 

such th a t in practice only a lower limit to Rout can be found for these lines, due to 

the observational difficulty in determining the total extent of their

3.10.4 B lended Lines

The difference in the centroid values of the response functions for the blended lines 

in these models enables detailed predictions to be made concerning the variation 

in their form {e.g. blend mean wavelength, relative intensities, profile shapes etc.) 

following a continuum event. The relative degree of variability displayed by the 

individual blend components is dependent upon the following : the ratio of their in

tensities, the difference between their responsivity weighted radii, and the difference 

in their r]{r) distributions. As also depends upon s, the observed variations

are potential diagnostics of the degree of BLR stratification. Three such blends are 

considered here: SilV A1397 -  OlV A1402, Sim] A1893 -  Cm] A1909, and finally 

L ya  A1215 -  O v  A1218.

The S iIV A1397 -  O iv  A1402 blend.

The peaks of the S ilv A1397 -  O iv  A1402 blend components have a wavelength 

separation Ag =  5 Â. As noted in RNF, the intensity of the S ilv A1397 line is found 

to be greater than the intensity of 0 IV line in all of the models considered here, 

whereas observations suggest similar emission-line strengths (Tytler & Fan, 1992). 

However, more recent observations using the Hubble Space Telescope (HST) find 

stronger Si IV emission, more in line with these model calculations.

The observed decline in their line ratios, ~  5 for model B compared with a ratio 

of ~  2 for model F, suggests a larger blend mean wavelength, Â , for smaller s. 

For models C -F  {i.e. s < | ) ,  JRAw(Oiv) < R^vv^(Siiv), and thus the O lV line is 

observed to respond on shorter timescales than the S ilv  line. The difference in the 

response function centroids may be as much a four days for these models. This 

difference in Rrw  combined with the overall similarity in the form and amplitude 

of their ri{r) distributions (see Figure 3.7) {r){r){0iv) is only marginally larger than 

77(r)(S ilv )), results in the blend mean wavelength, Â ,, moving redward {i.e. towards 

longer wavelengths) following an increase in the continuum intensity. The difference 

in the amplitude of the response of the individual blend components is mainly due 

to the greater smearing of the line response for lines with larger response function
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centroids. For a slowly varying continuum, A& will be observed to vary as a function 

of continuum level, moving redward as the continuum increases and blueward as 

the continuum decreases. Such an effect, could lead to a possible mis-interpretation 

as to the direction of the velocity field, since the propagation of features from the 

red-wing of a line to the blue wing are more usually associated with an inflowing 

radial velocity field, whereas for these models the clouds move in randomly inclined 

circular Keplerian orbits.

The Sim] A1893 -  Cm] A1909 blend.

The peaks of the Sim] A1893 -  C m] A1909 blend components have a wavelength 

separation Ag =  16Â. For this blend the intensity of the C ill] line is a factor of two 

higher than tha t of the Si III] line in all models. For 0.65 < s < 2, ^^^^(Sim]) < 

^flw (Clll]), due to the lower critical density of the Cm] line. Thus, combined with 

the general similarity in the form and amplitude of their respective 7){r )  distributions 

(Figure 3.7), (the amplitude of ?;(r)(Ciil]) is marginally larger than 7] { r )  (Sim])), 

the blend mean wavelength, Â , will tend to move blueward following a continuum 

increase. The difference in the response function centroid for these models is large (~  

6 light-days for models B and C, and can thus lead to a significant delay in response of 

the blend components. Conversely, for s  < 0.65 { i . e .  models E and F), ^^^^/(Cm]) < 

-Rjiw(Siiii]), and therefore Aj, will tend to move redward for these models following 

an increase in the continuum. The difference in the response function centroids in 

models E and F is also large, with the timescale of response for Cm] in model F 

at least half that of the Si ill] line. If the continuum were also to vary on a similar 

timescale { i . e .  8 days), then the blended line would show a complex variable profile, 

due to interference of the blend components as they vary in and out of phase.

The Lya A1215 -  O v  A1218 blend.

The peaks of the Lya A1215 -  O v  A1218 blend components have a wavelength 

separation of Ag =  3Â. For models B-D the strength of the O v line relative to Lya 

is so small (< 1% in all models) that its detection in the blended profile is unlikely. 

However, the strength of the O v  line relative to Lya increases significantly with 

decreasing s, due to its strong dependence on ionization parameter, and thus in 

models E and F the ratio is % 3% and 7% respectively. Therefore, this blended line
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also suggests a variation in blend mean wavelength with s, with moving redward as 

s decreases. For model B, R nw {0  v) > Rn^i^ÇL-ya), and 7j{r){0 v) > 7/(r)(Lya) for all 

r, (although v) is a declining function of radius). Thus if O V can be detected,

Aft would be observed to move blueward following a continuum increase, and vice 

versa for a decrease in continuum level. For models C-E, v) i?Hvv (̂Lya;),

and r](r){0'v) > r]{r){Lya) for all r with rj{r){Oy) an increasing function of r. The 

large responsivity at large radii for this line in models C-F is due to the fact tha t at 

large radii, the gas is only weakly ionized (low ionization parameter) and thus the 

parent ionic species are substantially depleted. Thus Aft would be observed to move 

redward following a continuum increase for these models.

3.11 Conclusions

The response functions presented here represent the first attem pt at calculating 

the relative variability characteristics of large numbers of emission-lines covering 

a broad range in ionization state emitted from a BLR with a physically realistic 

cloud distribution. Line-emissivity distributions for a set of steady-state models for 

a cloud population whose properties and covering factor are well-defined and are 

constrained by a simple radial pressure-law have been calculated explicitly using the 

photoionization code CLOUDY. The Stotii'f') have then been used to calculate both 

emissivity-weighted and responsivity-weighted response functions. For the former 

r}{r) = constant for all r whilst for the latter rj{r) was determined from the change 

in the local line-emissivity resulting from a small perturbation of the steady-state 

ionizing continuum.

T]{r) has been shown to have a dramatic effect upon the form of ^ ( r ) .  For in

stance, under certain conditions {e.g. high U and low Ncoi) can be negative, 

which may result in a negative ^ ( r )  for some time-delays. This is particularly true 

for LILs such as M gll, which become optically-thin at the Lyman limit. Even if 

^ ( r )  is positive at all r ,  negative responsivity must be taken into account when in

terpreting response functions recovered from monitoring data as its effects can easily 

be mistaken as evidence for anisotropic line-emission (see Chapter 4). Furthermore, 

negative responsivity is inconsistent with current assumptions made when recover

ing response functions using the maximum entropy method and thus other methods 

should be investigated {e.g. the Backus-Gilbert method).
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The form of ^ ( r )  displays a strong dependence upon U and N . The centroids 

of the HILs are a factor of 30 smaller than those of the LILs for the most highly 

stratified models, and even moderate gradients in U can result in a factor of 5 — 10 

difference. Determination of the variability characteristics of the HILs and LILs can 

thus be used as a diagnostic of the degree of stratification within the BLR. Assuming 

a similar BLR geometry, the ratio of the HILs relative to the LILs will show larger 

amplitude variability for the more highly stratified BLRs. Strongly blended lines, 

such as Si IV A1397 and OIV A1402, can provide an additional BLR diagnostic, since 

differences in the centroids and 7}{r) distributions of the blend components can be 

used to predict variations in the blend mean wavelength following changes in the 

continuum intensity. Due to their generally smaller variability timescales and larger 

7]{r) values, the HILs are best suited for determining the inner radius of the variable 

BLR as they respond most coherently to continuum variations. By contrast, the 

^ ( r )  for the LILs tend to have relatively large centroids and significant amplitudes 

at large time-delays and are thus best suited for determining the outer radius of the 

variable BLR.

Although an improvement over previous work, the assumption tha t lines emit 

isotropically and respond linearly to variations in the ionizing continuum are some

what simplistic. Many lines will have an appreciable optical depth, resulting in 

anisotropic line-emission which affects both the amplitude and timescale of the 

emission-line response (Ferland et al. 1992; Goad &: O’Brien 1993; O ’Brien &; Goad 

1993). Depending upon the local physical conditions many lines may show a non

linear response. For example, optically-thick clouds may become optically-thin fol

lowing a rise in continuum level, or vice versa. To allow for a non-linear line response 

in general where the degree of non-linearity is a function of radial position within 

the BLR and hence the relative intensities of clouds at different positions is a func

tion of continuum level requires a determination of the time-dependent emissivity. 

Anisotropy and non-linearity will obviously further complicate the analysis of mon

itoring data, and observations of the most intensively monitored AGN suggest th a t 

such a complication is indeed warranted.
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C hapter 4

Anisotropic line emission

Summary

Model 1-d and 2-d emission-line response functions and variable line profiles have 

been calculated for a variety of BLR geometries composed of regions of optically 

thick and optically thin gas. Allowance for anisotropic line emission can result 

in significant changes in both the amplitude and form of the response functions, 

often blurring the distinction between different BLR structures. The inclusion of 

anisotropy, increases the characteristic variability timescale, as determined from the 

centroid of the emission-line response functions, by an amount determined by the 

BLR geometry and radial anisotropy distribution.

Escape probability formalism has been used to calculate the radial anisotropy 

distributions of a number of the strongest optical and ultraviolet lines observed in 

AGN spectra, for the spherical pressure-law BLR models described in Chapter 3. In 

all of these models, the majority of lines are found to emit anisotropically at some 

radii, particularly in regions where the ionization parameter is large. Using these 

radial anisotropy distributions, and a simple expression to determine the projected 

emissivity out of the front and back faces of individual BLR clouds as a function 

of position angle 9, anisotropic responsivity-weighted response functions have been 

calculated for a large number of lines of various states of ionization. Although the 

differentiation in the variability timescales between the high and low ionization lines 

is generally maintained, the inclusion of anisotropy modifies the form of the response 

function to such an extent that the 1-d response function alone is no longer a clear 

indicator of the true BLR geometry. It is therefore essential tha t the interpretation of 

response functions recovered from monitoring data takes into account the possibility 

of anisotropic line-emission from optically-thick gas. Line variability studies which
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ignore this effect are liable to misinterpret the BLR geometry and overestimate the 

‘size’ of the BLR.

Finally, a comparison is made between the model anisotropic responsivity-weighted 

response functions, and those recovered from monitoring data of the Seyfert 1 galaxy 

NGC 5548. Using the 1-d response functions to probe the BLR structure, it is shown 

tha t if a spherical BLR geometry is assumed, then the HILs and LILs must arise 

from physically distinct BLR components, and tha t clouds in the inner BLR may 

be optically thin at the Lyman limit.

4.1 Introduction

In Chapter 3 it was shown that the line responsivity, 7/(r), is often a complex 

function of radius and may thus produce substantial changes in the form of the 

responsivity-weighted emission-line response functions However, these re

sponse functions were calculated assuming that the broad line region clouds emit 

isotropically in every line, whereas a number of lines have considerable optical depth 

and therefore highly anisotropic radiation patterns. The general effect of anisotropy 

on the form of the response functions for a spherical BLR has been discussed by 

Ferland et a l (1992). However, their calculated response functions assumed tha t 

the anisotropy and responsivity were constant with radius, and thus calculated 

anisotropic emissivity-weighted response functions. Here the pressure-law models 

of Chapter 3, which already take into account a varying radial responsivity distribu

tion, are extended to include the effect of a varying radial anisotropy distribution.

The boundaries of are dependent solely upon the BLR geometry and

velocity field and thus remain unaffected by the inclusion of anisotropy. However, 

anisotropy reduces the response function amplitude in regions of the v, r  plane where 

clouds are optically thick along the line of sight to the observer. In effect, anisotropy 

creates a pseudo-change in the BLR structure thus blurring the distinction between 

the form of the response function for different BLRs. Furthermore, the reduction 

in response function amplitude, reduces the overall line response, thus making it 

harder to recover response functions from monitoring data.

The calculation of anisotropic responsivity-weighted response functions is dis

cussed in Section 4.2. In Section 4.3 model anisotropic responsivity-weighted re

sponse functions are presented for various BLR geometries composed of a mixture
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of optically-thick and optically-thin gas in which the radial emissivity distribution 

is parameterized as a powerlaw function of radius, and the line responsivity is rep

resented by a simple step function. The overall form of these response functions, 

and their characteristic response timescale as denoted by their centroids, are com

pared with their isotropic counterparts. Empirically derived formulae relating the 

expected shift in the value of the response function centroid relative to tha t of its 

isotropic counterpart for a given degree of anisotropy are presented for each BLR 

geometry. In Section 4.4 escape probability formalism is used to determine the ra

dial anisotropy distribution for the pressure-law BLR models described in Chapter 

3. Anisotropic responsivity-weighted response functions are determined for a large 

number of lines covering a broad range in ionization state and the effect of anisotropy 

upon both the amplitude and timescale of the line response is investigated. The re

sults are presented in Section 4.5, with particular reference to the Seyfert 1 galaxy 

NGC 5548. The conclusions are given in Section 4.6.

4.2 Calculating Anisotropic R esponsivity-w eighted  R e
sponse Functions

The anisotropic responsivity-weighted response functions were calculated using the 

computer code PROSYN (see Chapter 2) using a method similar to tha t described 

in Chapter 3, with the additional refinement of anisotropic line emission.

The projection into the line of sight of the emission line flux emerging from the 

surface of BLR clouds is critically dependent upon their shape and surface area, 

which to all intents and purposes are unknown. For simplicity it is assumed here 

tha t the emission projected into the line of sight varies in a fashion similar to the 

phases of the moon (Figure 4.1). That is, the observed emissivity 6 obg(r, is given 

by

^obsiX:^) — -^c(^) (4.1)

where Ac{r) is the radial variation of the cloud cross-sectional area, Sinir) is the 

emissivity radiated from the inward face of the cloud {i.e. the side facing the ionizing 

continuum source), and £out{f') is the emissivity radiated from the back-face of the 

cloud {i.e. the side of the cloud furthest from the continuum source). Note th a t 

when 6 = 0°, 6obs{r,0) = 6out{'r), when 9 = 90° £obs{'r,0) = ^(£:i„ (r)-H  £out{r)),
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Figure 4.1; A schematic representation of a spherical BLR comprised of a system of 
optically thick clouds. An external observer primarily sees radiation emitted from 
the illuminated face (here shown in white) of clouds on the far side of the BLR.

and finally when 6 = 180°, Eobsi'f',^) = For reasons which will become clear

later, this equation is re-expressed in terms of the total line emissivity:

£obs{r,0) = ^c{r)

Ac(r)
£totl{r) [1 + cos6»(1 -  2F{r))] (4.2)

where

and

F (r )  =

(4.3)

(4.4)

One consequence of choosing this form for the anisotropy, is that for lines emitted 

in a spherical BLR geometry, for example the pressure-law models described in 

Chapter 3, the ratio of the emission-line intensities remain unchanged. However,
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compared to the isotropic models calculated in Chapter 3, the total observed line 

luminosity is reduced by a factor of 2, as for those models it was assumed th a t all 

photons emitted by the cloud reached the observer {i.e. Stotii'f') was used to calculate 

the emission-line intensities).

The radial line responsivity ?;(r), as defined in equation 3.10, is not calculated 

implicitly at any time, since the change in the observed emissivity between the 

perturbed and steady-state models A 6 obg(r, ^), can be calculated directly. However, 

provided th a t the anisotropy factor F{r) remains fixed between the perturbed and 

steady-state models, this method is completely analogous to weighting the observed 

steady-state emissivity Sobsi'f'j by r]{r), where r){r) is calculated from the fractional 

change in the total radial line-emissivity between the perturbed and steady-state 

models (see Appendix A). Thus although Cobsi'f',^) has an angular dependence r]{r) 

does not.

For these models it is assumed that F{r) does not change between the perturbed 

and steady-state models, whereas in reality it may vary significantly, depending 

upon the line optical depth and the amplitude of the continuum variations. This 

is particularly true of clouds located close to the boundary between the optically 

thick and optically thin gas. PROSYN, allows three options for the determination 

of the anisotropy factor F (r) , used in the response function calculations. F{r) may 

be taken as: (i) the ratio of the inward to outward line-emissivity of the steady- 

state model, (ii) the ratio of the inward to outward line-emissivity of the perturbed 

model, or (iii) an average of the ratios of the inward to outward line emissivities of the 

perturbed and steady-state models. To satisfy the linear response approximation, 

F{r) must be the same for both the perturbed and steady-state models. For the 

response functions presented here, the F{r) values of the steady-state model were 

used in all calculations. As a cross-check, the difference in the centroids of the 

response functions calculated using the F{r) values given by (ii) and (iii) were found 

to be negligible when compared to the corresponding values obtained using the F{r) 

values given by (i).

4.3 Idealized A nisotropic BLR M odels

Before tackling the more complicated case in which both the line responsivity and 

line anisotropy vary as a function of radius (Section 4.4), it is instructive to consider
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model BLRs in which the line responsivity and anisotropy are well known. To 

this end, a detailed examination is made of the effect of anisotropy on the form of 

the response functions and variable line profiles produced by three different BLR 

geometries, assuming three different responsivity distributions and a mixture of 

optically-thick and optically-thin gas. For each BLR geometry, a total of 250,000 

clouds were distributed randomly in 6 as outlined in Section 2.2.1 from the inner 

radius, Rin = 5 light-days, to the outer radius, Rout = 50 light-days, in radial 

intervals of 0.1 light-days. The response functions were then constructed by summing 

the weighted response of individual clouds as a function of velocity v  and time-delay 

T in 100 km s~^ velocity bins and 1 day time-delay bins respectively.

For what is here termed as a normal case BLR model, all clouds are assumed to 

be optically-thick at the Lyman limit with F{r) =  1.0 and rj(r) = 1.0 for all r. The 

general form of the response function for a normal case BLR will apply whenever 

T]{r) > 0 for all r. Also considered are two special case BLR models, referred to 

here as Cases I and II, in which the BLR is composed of two separate regions; one 

containing only clouds which are optically-thick at the Lyman limit, and the other 

containing only clouds which are optically-thin at the Lyman limit (see Chapter 3). 

For Case I, the BLR clouds are optically-thick in the inner BLR for Rin <  r  <  Rth 

and F{r) =  1.0 for lines in this region, and optically-thin in the outer BLR for 

Rth < r < Rout and F{r) =  0.5 for lines in this region. For Case II, the BLR clouds 

are optically-thin in the inner BLR for Rin < r < Rth and F (r)  =  0.5 for lines in 

this region, and optically-thick in the outer BLR for Rth < r < Rout and F (r)  =  1.0 

for lines in this region. For Case I, Rth = 39 light-days whilst for Case II, Rth =  10 

light-days.

As described in Chapter 3, rj{r) % 0 for the hydrogen lines in the optically-thin 

region. By contrast, for the LILs, the advance of the hydrogen ionization edge into 

the cloud following an increase in U, reduces the size of the partially ionized zone 

in which these lines are formed. The corresponding reduction in the line emissivity 

therefore results in r]{r) < 0 for the LILs in the optically-thin region. Here, it is 

assumed tha t in the optically-thin region, r]{r) =  —1.0 for the LILs and r){r) =  0 for 

the hydrogen lines, whilst in the optically-thick region 7/(r) =  1.0 for all lines.

In the spirit of the linear response approximation it is assumed tha t both the 

degree of anisotropy and the position of the boundary radius between the optically-
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thick and optically-thin gas, here denoted R t h ,  remains fixed as U  varies. For more 

physically plausible models, it is likely that an optically-thick cloud tha t is close to 

the boundary radius will become optically-thin following an increase in the contin

uum intensity, and conversely, that an optically-thin cloud close to the boundary 

radius will become optically-thick following a decrease in the continuum intensity. 

Formally this behaviour invalidates the use of the linear response approximation, a 

solution to which is deferred until Chapter 5.

4.3.1 Spherical BLR

The response functions for the isotropic and anisotropic normal case spherical BLRs 

assuming two different velocities laws, are shown in Figure 4.5(a),(b) for clouds 

moving in randomly inclined circular Keplerian orbits {V{r) oc r " z ) ,  and in Figure 

4.10(a),(b) for clouds moving in a decelerating radial outflow of the form V{r) oc 

For the isotropic cases F{r) = 0.5 for all r , whereas for the anisotropic cases, 

F{r) = 1 for all r. For each, the velocity at the inner radius is set at 10,000 km s“ ,̂ 

which for the former, corresponds to a central mass (presumably in the form of a 

black-hole) of ~  9.76 x 10^ M@. Both the steady-state emission-line flux distribution 

and differential covering factor are parameterized as power law functions of radius;

oc r~^ and dC{r) oc r® dr, corresponding to a differential luminosity dL(r) oc 

r~^ dr. The models are normalized as described in Chapter 2, by specifying the total 

number of clouds N{Rout), and the total cumulative covering factor C{Rout) at the 

outer radius of the BLR.

Although, as stated in Section 4.1, the inclusion of anisotropy does not affect the 

boundaries of which are dependent upon the BLR geometry and velocity

field alone, it does affect the amplitude of ^^^^(t) within those boundaries (for 

example, compare Figure 4.5(a) and (b) lower left panels). For the radiation pattern 

adopted here, anisotropy greatly reduces the line contribution to ^ ( r )  at small r  

(cos# % 1) relative to tha t at larger r  (cos# % —1). ^ ( t )  increases linearly (as 

the anisotropy is linear in cos#) peaking at r  =  2 x (Rj„/c) and declines to zero 

at r  =  2 X {RoutIc) • As for the isotropic case, the rate of decline of ^ ( r )  for 

r  > 2 X {Rin/c) is dependent upon £{r) and rj{r), but additionally it now also 

depends upon F{r).

To quantify the effect anisotropic line-emission has on the centroid of the response 

function, a series of models with varying degrees of anisotropy were calculated,
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Table 4,1: The calculated response function centroids for a spherical BLR, with inner 
radius 5 light-days, outer radius 50 light-days, differential luminosity dL(r) oc r~^ dr 
and a range o f anisotropy values (see text for details). For comparison, the predicted 
values as deduced using equation 4.5 are given in brackets.

Anisotropy Centroid

F

0.50 27.3 (27.5)

0.75 31.9 (32.1)

1.00 36.5 (36.7)

and the response function centroids compared with tha t of the isotropic case. The 

response function centroids for both the isotropic and anisotropic models are given 

in Table 4.1, along with the predicted values (in brackets), and assuming a centroid 

of 27.5 days for the isotropic model.

For a spherical BLR with anisotropy factor F (r) = F  = constant for all r, the 

centroid of the anisotropic responsivity-weighted response function -  the

anisotropic responsivity-weighted radius is changed relative to the centroid of

the isotropic responsivity weighted response function -  the isotropic respon

sivity weighted radius R rw , according to

2F — 1
K w  =  -Rw ( 1 +  - I T -  I • (4.5)

Ferland et al. (1992), give a general expression for the form of ^^v^(t) for a spherical 

BLR in which the line-emissivity is a power law function of radius. However, their 

expression is only valid when both the anisotropy and responsivity are constant 

throughout the BLR, an unlikely assumption for realistic BLR models, as is shown 

in Section 4.4.

152



The formation of

In Section 2.4.1 it was shown that ^ ( r )  for an isotropically emitting spherical 

BLR, can be constructed from the superposition of a series of boxcar functions 

representing the emission-line response of a succession of thin spherical shells of gas 

to a delta-function pulse change in the continuum intensity. As the anisotropy is 

a linear function of cos Û for these models, the response of a thin spherical shell of 

optically-thick gas of radius R^/i, is a trapezoidal function, increasing linearly from 

^ (0 ), to a peak at r  =  2 x {Rgh/c), and is zero elsewhere. The amplitude of ^ ( r )  at 

r  =  0 , depends upon the degree of anisotropy F{Rsh)- If F{Rsh) = 1, ^ ( t )  =  0 at 

T =  0, and thus ^ ( r )  is a triangular function. For 0.5 < F{Rsh) < 10, the amplitude 

of ^ ( r )  at r  =  0, relative to the peak at r  =  2 x (Rshlc), is simply the ratio of 

the outward to inward line-emissivities Thus, the anisotropic ^ ( r ) ,  here

denoted for a geometrically thick, anisotropically emitting, spherical BLR

geometry, may be constructed from the superposition of either triangular functions, 

if F  =  1, or trapezoidal functions, if 0.5 < F  < 1.0. Moreover, for models in which 

F (r)  varies as a function of radius, be formed from the superposition

of a combination of triangular and trapezoidal functions. Figure 4.2(b) shows the 

response function for an anisotropically emitting spherical BLR, with anisotropy 

factor (i) F{r) = 1 for all r (solid line), and (ii) F{r) =  0.8 for all r (dotted line), 

formed from the superposition of the response functions of successive thin spherical 

shells of gas (Figure 4.2(a)). For F  =  1, ^^vv^(t) increases linearly from zero at 

r  =  0 to a peak at r  =  2 x {Rin/c), returning to zero at r  =  2 x {Routjc). ^Hiy(T) 

for the case where F  =  0.8 is shown as a dotted line in Figure 4.2(b) and is non

zero at r  =  0. Both the position of the peak in ^^v^(t-) and the rate of decline of 

for r  > 2 X {Rin/c) are dependent upon 6totl{'c), vi'c) and F (r) . Note that 

iiiust be linear from r  <  2 x {Rin/c), and thus even for a very flat emissivity 

distribution, Rin can still be found.

As the form of anisotropy used here results in a re-distribution of flux in the 

V,  T  plane, the integrated line responsivity of each radial shell remains unchanged 

and thus, regardless of the degree of anisotropy, the area of each triangular and/or 

trapezoidal function is constant at a given radius. Consequently, when compared 

with the fully anisotropic case F{r) = 1 for all r , ^^vi^(r) for smaller anisotropies 

will be larger for r  < 2 x {Rin/c) and smaller for r  > 2 x {Rin/c) {e.g. see Figure
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(a) (b )
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^ (r )

2xR, 2xR.
Tc c

Figure 4.2: A n illustration o f the formation o f from the superposition o f
triangular functions (solid lines) and trapezoidal functions (dotted lines) for an 
anisotropically emitting spherical BLR with F (r) =1 and F{r) =0.8 at all r re
spectively.

4.2(b)). Assuming F(r) = F  = constant, the amplitude of ^ ( r )  at r  =  0, relative 

to tha t at the peak (usually at r  =  2 x {Rin(c))  sets a lower limit to F  irrespective 

of the value of ^  in equation 2.19 (see Appendix B).

4.3.1.1 Randomly inclined circular Keplerian orbits

For a normal case spherical BLR, the inclusion of anisotropy reduces the contribution 

to the response function of clouds on the near side, closest to the observer, compared 

to those on the far side, farthest from the observer. This effect is greatest for 

those clouds with cos# % 1, which are essentially invisible in any line for which 

F{r) = 1. The boundaries of are dependent upon the BLR geometry and

velocity field, and thus remain unaffected by anisotropy. However, anisotropy does 

alter the amplitude of the line-response within the boundaries of the (i;, r )  plane 

as can be seen in Figure 4.5. As for the isotropic ^ ( r )  the precise form of ^^vi^(t) 

is dependent upon both £{r) and r]{r) and now also upon F{r). Thus the position 

of the peak in ^^vi^('r) shows a similar dependency varying from 2 x (Rin/c) up to 

a maximum value of 2 x (Routjc)- The form of ^(-u) for a normal case spherical 

BLR in which clouds move in randomly inclined Keplerian orbits is unaffected by 

the inclusion of anisotropy, although its amplitude is reduced (Figure 4.5 lower left 

panel).
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(a) (b)

2xR,
c~ c c

Figure 4.3: An illustration o f the formation o f an anisotropically emit
ting, Case I, spherical BLR. The triangular functions (solid lines) represent the LIL  
response o f optically-thick gas in the inner BLR for which 77(r) =1.0 and F (r )  =1.0, 
whilst the top-hat functions (dotted lines) represent the LIL response o f optically- 
thin gas in the outer BLR, for which r)(r) = —1.0 and F{r) =0.5.

Case I

The form of ^ ( r )  for the isotropic Cases I and II have been discussed in detail in 

Chapter 3 where it was shown that ^ ( r )  could be constructed by summing top-hat 

functions representing the response of thin spherical shells of gas to a delta-pulse 

change in the continuum intensity. In a similar fashion, may be constructed

by summing top-hat functions representing the response of thin spherical shells of 

optically-thin gas, and triangular or trapezoidal functions, representing the response 

of thin spherical shells of optically-thick gas.

Figure 4.6(a) shows the LIL ^ ( 7; , t )  for a Case I, isotropically emitting, spherical 

BLR. The negatively responding optically-thin gas, shows up clearly as a lighter 

region in the ( v , t )  plane. The form of ^ ( r )  for a LIL Case I isotropically emitting 

spherical BLR has already been discussed in Chapter 3. Its most notable features 

include a flat plateau in the inner BLR from 0 < r  < 2 x {Rin/c) together with a 

negative minimum at r  =  2 x (Rq/c). For larger r ,  ^ ( r )  remains negative, since 

there are no positive contributions to ^ ( r ) ,  returning to zero at r  =  2 x {Routjc) {e.g. 

see Figure 4.6(a) and 4.11(a), upper right panel). In fact, if the negative responsivity 

gas dominates contributions to the emission line response, ^ ( r )  may be negative for 

all T .  ^(-y) for this model, shows a double-peaked profile which is symmetric about 

line center. The location of the peaks in Ÿ(y) correspond to V{Rq) (=  3,580.6 km 

s~^ in Figure 4.6). The flat plateau in the profile at line center spans a velocity 

range corresponding to that of the outermost shell of gas \v\ < V{Rout)  (=  3,162.3 

km s~^ in Figure 4.6), and is produced by the negatively responding gas.
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The effect of anisotropy on the form of is clearly illustrated in Fig

ure 4.6(b) (upper left panel). Anisotropy increases the relative contribution of the 

isotropic, negatively responding gas, compared to that of the anisotropic, positively 

responding gas. ^ ( r )  displays a reduction at small r  similar to the normal case 

spherical BLR, and a negative minimum at r  =  2 x (R q/ c) {e.g. see Figure 4.6(b), 

upper right panel). As the negatively responding region is unaffected by anisotropy, 

the amplitude of ^ ( r )  for r  > 2 x (R q/ c) is as for the isotropic model. The inclusion 

of anisotropy reduces positive contributions to the line response at zero time-delay. 

When the anisotropy is at a maximum { i . e .  F{r) = 1), there are no positive contri

butions to ^ ( r )  at zero-time-delay { i . e .  no outward line emission along the observers 

line of sight). Thus ^ ( r )  has a negative minimum at r  =  0, increases linearly to a 

maximum at r  =  2 x {Rin/c) {= 10 days), declines to the same negative minimum at 

T =  2 X  {R q/ c) { =  78 days), before once again returning to zero at r  =  2 x {Routjc) 

(=  100 days). Thus, anisotropy may result in a response function which is negative 

at both small and large r .  Note that, as for the isotropic model, if the negatively 

responding gas dominates contributions to the line response, ^ ( r )  may once again 

be entirely negative. The bin-size used in these models blurs the response at small 

r  and thus ^ ( r )  in Figure 4.6(b) appears positive at zero time-delay. The outer 

negatively responding gas can clearly be seen in Figure 4.6(b) as the lighter region 

in ^ ( i ; , r )  and also in ^(-u), as indicated by the drop in profile intensity in the line 

core. As for the isotropic case, the position of the peak of ^ ( r )  is dependent upon 

which radii dominate contributions to the emission-line response. If the emissivity 

law is steep { i . e .  large negative (3), the peak is located at r  =  2 x {Rin/c) (assuming 

constant r]{r)). For flatter emissivity distributions the peak may be located at larger 

T ,  up to a maximum of 2 x {Rout/c).

The peaks in ^(t;) are located at |t;| =  V {R q) (=  3580.6 km s“ )̂ (see Figure 

4.6(a),(b). When compared with the isotropic model, the inclusion of anisotropy 

enhances the relative contribution of the negatively responding isotropically emitting 

gas with respect to that of the positively responding anisotropically emitting gas, 

thus enhancing the peaks in '^{v), due to the relatively larger reduction in the 

intensity of the line core with respect to the line wings. Following an increase in the 

continuum level, the line core for an LIL would decrease at large r  as the negatively 

responding gas starts to dominate contributions to ^(t;).
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Figure 4.7 shows the evolution of as a function of time-delay r  at 5 day 

intervals for this model. This was found by taking slices in time-delay r  through 

the normalized At r  =  0, the line core displays a large narrow negative

dip, as only the negatively responding isotropically emitting gas contributes to ^(i;) 

at small r .  For 0 < r  < (Rin/c), the negative dip becomes broader and shallower, 

whilst at the same time the positively responding gas at larger velocities becomes 

increasingly dominant. By r  =  (Rin/c) (= 5 days), the response has traversed the 

full width of the line, and '^(v) is positive for all v in this model. The maximum 

positive response occurs at r  =  2 x (Rin/c)  (=  10 days), thereafter contributions 

from the positive responsivity gas decrease reaching zero at r  =  2 x ( Rq / c )  (=  78 

days). The negative dip becomes shallower and broader, reaching its maximum 

width V ( R q )  (= 3580.6 km s~^) at r  =  ( Rq / c )  (=  39 days). For latter times the 

negative dip becomes narrower and dominates the contributions to '^(v) in the line 

wings from r  > 55 days, appearing as two separate peaks which become broader and 

shallower as they move to lower line of sight velocities at larger r ,  before eventually 

merging to a single negative dip at r  =  2 x (Rq / c )  (= 78 days). For r  > 2 x (Rq / c ) ,  

"^(v) is entirely negative. Note that if the negatively responding gas dominates the 

contribution to the line response, ^(i;) may be negative in the line core for all r .  

This is most likely for larger values of F(r).

Case II

Figure 4.8, shows the ^ ( v , t )  for a Case II spherical BLR for (a) isotropically 

emitting and (b) anisotropically emitting clouds. The response of the negatively 

responding gas is indicated by the lighter areas in ' ^ ( v , t ) .  In both cases, ^ (v ,r )  

and ^(î;) show a negative response in the line wings and a positive response in the 

line core. Anisotropy, again enhances the contribution of the negatively responding 

gas, and thus tends to accentuate the response of the line wings relative to tha t of 

the line core. For Case II BLRs in which the negatively responding gas dominates 

contributions to the emission line response, ' ^ ( v , t )  and ^(i;) can be negative for all 

f  for T < 2 X ( Rq/ c ) .

The form of ^ ( r )  for a Case II, isotropically emitting spherical BLR, was de

scribed in Chapter 3. Its general features include a flat inner region for 0 < r  < 

2 X (Rin/c),  increasing to a peak at r  =  2 x ( Rq / c ) ,  declining to zero again at 

T =  2 X (Rout/c). Note that ^ ( r )  may be either positive or negative for 0 <  r  <

157



(a ) (b)

T 2xR,

2xR|
c

Figure 4.4; An illustration o f the formation o f for an anisotropically em it
ting, Case II, spherical BLR. The triangular functions (solid lines) represent the LIL  
response o f optically-thick gas in the outer B LR  for which Tj(r) =1.0 and F (r) =1.0, 
whilst the top-hat functions (dotted lines) represent the LIL response o f optically- 
thin gas in the inner BLR, for which Tj(r) =-1.0 and F{r) =0.5.

2 X  ( R q / c )  depending on the relative weighting of the negatively and positively re

sponding gas. The construction of ^ ( r )  for an anisotropic Case II BLR is illustrated 

in Figure 4.4 (b). When F{r) =  1 at all r, the anisotropic ^ ( r )  has a negative 

minimum at r  =  0 , increases linearly for 0 < r  < 2 x (Rin/c), and then increases to 

a maximum peak at r  =  2 x ( R q / c ) ,  before declining to zero at r  =  2 x (Ront/c). 

Although ^ ( r )  is no longer flat in the inner BLR, Rin may still be determined as 

^ ( r )  is a linear function of r  in this region.

for this model, displays a flat-topped profile, with the peak of the profile 

spanning a velocity range corresponding to the velocity of the outermost gas |i;| < 

3,162 km s" i, and broad negative wings. The wings of the proflle have a negative 

minimum at |i;| =  V {R q) (=  7,071 km s~^) but may be negative for smaller v, 

depending on the relative weighting of the negative and positive responsivity gas.

The evolution of ^(-u) for the Case II spherical BLR geometry is shown in Figure 

4.9 at intervals of 1 day, for the first 20 days. At r  =  0, ^{v )  displays a large negative 

dip which becomes shallower and broader with increasing r  reaching a maximum 

velocity range of V{Rin) {= 10,000 km s“ )̂ at r  =  {Rinjc) (= 5 days). The larger 

positive response of the line core for r  > 0 partially fills in the central portion of 

^ (i;), and thus the dip in ^(t;) tends to appear as two separate broad negative dips 

in the line wings. For r  > {Rin/c) the negative responsivity gas spans a smaller 

velocity range, whilst the positive responsivity gas spans a larger velocity range up 

to T  =  ( R q / c ) ,  after which time the velocity range of the positive responsivity gas
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also decreases with increasing r . Thus the dips in the line wings become narrower as 

they move toward line center, and the positively responding gas becomes increasingly 

dominant. For r  > 2 x (i?o/c) (=  20 days), only the positively responding gas 

contributes to and thus '^{v) is positive for all v. Note tha t is always 

negative for l'y] > V {R q), but can be negative at smaller j-yj for r  <  2 x (R q/ c), 

depending on the relative weighting of the negative and positive responsivity gas.

The response functions for the hydrogen lines for Case I and Case II anisotrop

ically emitting spherical BLRs, resemble those of their respective normal case re

sponse functions, except that the zero responsivity in the optically-thin region effec

tively changes the inner and outer radius of the variable BLR. Thus for Case I, the 

effective outer radius is reduced to Rth and for Case II, the effective inner radius is 

increased to Rth- For clouds moving in randomly inclined circular Keplerian orbits, 

the line profiles for the hydrogen lines would therefore vary less in the line core 

(|%| < V(Rth)) for Case I compared to the normal case. For Case II, the line wings 

(|%| >  V(Rth)) arising from the optically-thin clouds would not vary, and hence ^(-y) 

would be narrower than the mean observed profile.

159



7:

0 . 5

I n t e n s i t y

Velocity ( k m / s )

0 . 5

I n t e n s i ty

- l e 4

Velocity ( k m / s )

Figure 4.5: The response functions for the normal case spherical BLR with Rin = 5  
light-days, Rout = 50  light-days, V{Rin) =10,000 km s and clouds moving in 
randomly inclined circular Keplerian orbits (V(r)  oc r “ 2  j  (see text for details). 
Individual panels show (top left panel), ’F (r )  (top right panel) and '^{v)
(lower left panel), (a) clouds emit isotropically; (b) clouds emit anisotropically with  
F(r)  =1 .0  for all r.
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Figure 4.6: LIL response functions for a Case I spherical BLR, with Rin =5 light- 
days, Rout =50 light-days, V(Rin) =10,000 km s~^ and clouds moving in randomly 
inclined circular Keplerian orbits (V(r) oc r~ 2 ) (see text for details), (a) clouds 
emit isotropically; (b) clouds emit anisotropically.
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4.3.1.2 Radial Flow

The form of for a radially decelerating outflow in a spherical BLR has been

discussed in Chapter 2 . Figure 4.10 shows a comparison of the response functions for 

this geometry and velocity fleld for (a) isotropically emitting and (b) anisotropically 

emitting, BLR clouds. It is clear that the inclusion of anisotropy alters only the 

amplitude of ^ { v , r )  in the ( v , t )  plane. In contrast to spherical models in which 

clouds follow randomly inclined Keplerian orbits, in the radially outflowing model 

for the isotropic and anisotropic cases show marked differences, manifestly as a 

reduction in the amplitude of the blue wing of the line. This is due to the relatively 

small contribution to the line emission of clouds approaching the observer on the 

near side with respect to that from receding clouds on the far side, displays

a peak displaced red-ward of line center by 1,000 km s“ ,̂ corresponding to the 

maximum recession velocity of gas at the outer radius on the far-side of the BLR.

Case I

For both the isotropic and anisotropic Case I BLRs, the contribution of the 

negatively responding gas to ^ { v ,r )  is clearly visible, appearing as a light narrow 

streak which moves from the blue wing to the red wing with increasing r  (see Figure 

4.11(a),(b) upper left panel). The form of ^ ( r )  for these models are as for their 

counterparts in the randomly inclined circular Keplerian orbits model.

^(^;) for the isotropic model, is double-peaked, with the peaks located at |i;| =  

V {R q) (=  1,282 km s“ ^), with a central flat depression in the line core spanning a 

velocity range |i;| < V(Rout) , where V{Rout) = 1,000 km s~^ for this model. 

Anisotropy enhances the contribution of the negatively responding gas with respect 

to tha t of the positively responding gas, and at the same time decreases the intensity 

of the blue side of the line relative to the red. ^(i;) is again double-peaked, with the 

peaks located at |i;| =  V {R q) as before, only this time, the red peak is much stronger 

than the blue-peak due to the line anisotropy. The small dip in ^(i;) at —V{Rout) 

corresponds to the maximum line of sight velocity of the outermost approaching gas. 

The dip at +V{Rout) is too weak to be visible in this model.

The evolution of Ÿ(f) with time-delay r  at 5 day intervals is illustrated in Figure 

4.12. At T =  0 the dominant contribution to the line response is from the negatively 

responding gas on the blue side of the line, combined with a weaker, broader, positive
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feature, in the far blue wing. As r  increases, both of these features move red-ward, 

the negative dip in "^{v) becoming narrower, whilst the positive feature becomes 

stronger and broader, reaching a maximum width at r  =  2 x {Rin/c) (=  10 days). 

For latter times, the negative dip in "^(v) becomes broader and weaker as it moves 

red-ward, vanishing at V{Rout) at r  =  2 x (Routjc)- At the same time, the positive 

feature becomes narrower and weaker, vanishing at V{Rq) at t  =  2 x  (Rq/c).

Case II

Figure 4.13 shows the response functions for a Case II spherical BLR, with a 

radially decelerating outflow, and (a) isotropically emitting, and (b) anisotropically 

emitting clouds. Once again, the contributions of the negatively responding gas 

show up as lighter areas in ^ { v ,r ) .

For the isotropic Case II, displays a flat-topped profile with the plateau 

corresponding to the line of sight velocity of the outermost gas |t;| < V{Rout) 

(V{Rout) = 1,000 km s“ ^). In addition '^(v) displays two broad negative wings 

which are symmetric about line center, and whose minima correspond to jfl =  V  (Rq) 

{= 5,000 km s" i)  respectively. The inclusion of anisotropy enhances the contribu

tion of the negatively responding gas with respect to that of the positively responding 

gas, increasing the amplitude of the negative wings of the lines. This effect is largest 

for the blue-wing of the line which has a correspondingly broader negative wing 

when compared to that of the red-side of the line. The positions of the minima in 

'^(v)  remain unchanged, although tha t of the blue-side of the line is more difficult to 

discern, ^ ( v )  also shows a peak at positive velocities with the peak position corre

sponding to the maximum line of sight velocity of the receding gas at the outermost 

radius, V{Rout)-

The evolution of ^(î;) at 1 day intervals for the first 20 days, starting at r  =  0, is 

illustrated in Figure 4.14. At r  =  0 only the blue wing responds, ^ ( v )  is dominated 

by a large negative blue-wing spanning a velocity range —V(Rin) < v < —V (Rq) due 

to negatively responding gas, and by a weaker positive contribution from —V{Rq) < 

V < —V{Rout)- As r  increases, the negative response propagates red ward, first 

becoming narrower and then broader reaching a maximum width at r  =  i?o (=  10 

days). For r  > Rq,  the wings of the negative feature approach v  =  -}-V{Ro) from 

both the blue and red side of the line, and thus this feature becomes narrower and
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weaker. The positive contributions to ^ { v )  ioi  r  >  2 x R q/ c also become narrower 

with the far wings approaching V{Rout)-

The LILs, for both Case I and Case II radially outflowing spherical BLRs, display 

both positive and negative features in their variable line proflle which propagate from 

the blue wing to the red wing of the line.

The Case I and Case II response functions for the hydrogen lines will resem

ble their respective normal case anisotropic response functions except th a t zero- 

responsivity in the optically thin region effectively decreases the outer radius of the 

variable BLR for Case I to Rth and increases the inner radius of the variable BLR 

for Case II to Rth- Thus, in comparison to their normal case counterparts, the line 

proflle for the Case I hydrogen lines will show a reduction in response of the line 

core, whilst for Case II the line proflle will show an absence of variation in the line 

wings resulting in a variable line proflle which is narrower than the mean observed 

profile. In addition, zero responsivity in the optically thin region for Case II tends 

to accentuate the time-delay between the response of the blue and red wings of the 

line, whilst the anisotropy further reduces the amplitude of response of the positively 

responding gas.
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Figure 4.10: The response functions for the normal case spherical BLR with Bin =5 
light-days, Rout =50 light-days and V{Rin) =10,000 km s and clouds moving in 
a decelerating radial outflow (V{r) oc r~^) (see text for details). Individual panels 
show 4^(f, r) (top left panel), 4^(r) (top right panel) and I/(v) (lower left panel).(a) 
clouds emit isotropically; (b) clouds emit anisotropically with F(r) =1 for all r.
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4.3.2 B i-conical BLR

The bi-conical BLR geometry modelled here, has an inner and outer radius of 5 

and 50 light-days respectively, semi-opening angle u  = 15°, and inclination i  = 45° 

with respect to the observers line of sight. The cloud emission-line flux distribution 

is taken to be a power-law function of radius, Etotli'f') oc r~^ with a differential 

cloud covering factor dC(r) oc r^dr. This corresponds to a differential luminosity 

distribution of the form dL{r) oc r~^ dr. The BLR is populated by 250,000 clouds, 

distributed randomly in 0 , according to equation 2 .6 , and moving in a radially 

accelerating outflow of the form V{r) oc For this model the velocity at the 

inner radius V [Rin)  =  1,000 km s~^, giving a velocity at the outer radius, V (Rout)  =  

10,000 km s“ .̂

Figure 4.15 shows the response functions for the normal case (a) isotropically 

emitting and (b) anisotropically emitting bi-conical BLR respectively. The general 

form of ^ ( i ; ,r ) ,  and ’F (r), for both i  < lj and i  > u  are described in Section 

2.4.2. For the example shown here, i  > u  and i u  < 90°, and thus both ' ^( v , t ),  

and ^(t;) are bi-furcated.

To quantify the effect anisotropy has upon the form of the response function for a 

bi-conical BLR, a series of models were calculated assuming different values of F (r) , 

i  and w. The response function centroids for the anisotropic models are given in 

Table 4.2, along with the predicted values (in brackets), using the empirical formula 

given below 4.6, and assuming a centroid of 27.5 days for the isotropic model. Note 

tha t for the isotropic model the centroid of the response function is independent of 

both the inclination and cone semi-opening angle. Including anisotropy alters the 

amplitude of by an amount dependent upon i ,  w and F(r). For a bi-cone

with constant anisotropy factor F(r) = F  = constant for all r, R r^  is changed 

relative to R rw according to

^RW ~ 1 -I- (2F -  1) sin^ u  4- cos^ w cos^ (4.6)

This equation reduces to tha t of a sphere (equation 4.5) when u  = 90°.

173



Table 4.2: The calculated response function centroids for a Bi-conical BLR, with 
inner and outer radii o f 5 and 50 light-days respectively, luminosity dL{r) oc r~^ dr, 
a range o f cone semi-opening angles uj and line o f sight inclinations i and various 
degrees o f anisotropy (see text for details). For comparison the predicted values as 
calculated using equation 4.6 are shown in brackets.

Anisotropy Semi-opening Inclination

F angle w z

0° 30° 60° 90°

0.75 0° 41.0 (41.3) 37.5 (37.8) 30.7 (30.9) 27.2 (27.5)

1.00 54.6 (55.0) 47.8 (48.1) 34.1 (34.4) 27.2 (27.5)

0.75 30° 39.2 (39.0) 36.4 (36.4) 30.9 (31.2) 28.1 (28.7)

1.00 5? 51.1 (50.4) 45.6 (45.3) 34.5 (35.0) 28.9 (29.8)

0.75 60° 35.2 (34.4) 33.9 (33.5) 31.4 (31.8) 30.0 (30.9)

1.00 » 43.2 (41.3) 40.6 (39.5) 35.5 (36.1) 32.9 (34.4)

0.75 90° 31.8 (32.1) 31.8 (32.1) 31.8 (32.1) 31.7 (32.1)

1.00 55 36.4 (36.7) 36.3 (36.7) 36.3 (36.7) 36.3 (36.7)

Case I

The LIL response functions for a Case I bi-conical BLR are shown in Figure 4.16 

for (a) isotropically emitting and (b) anisotropically emitting clouds. The effect of 

the negative responsivity regions on the form of the response functions is extremely 

complex and depends upon the relative size of the negative hnd positive responsivity 

regions, i, w and whether i < u. For Case I, there is a minimum in ^ ( r )  at 

r  =  2 X (Rq/c) if z < a; or at r  =  (jRo/c)(l —cos(z-l-w)) otherwise. W hether this is the 

most negative minimum however, depends upon the geometry, F{r), and the relative 

weighting of the negative and positive responsivity gas on the corresponding iso-delay 

surface. In general, ^ ( r )  will be negative at r  =  0 for z <  a;, if F{r) for the optically 

thick clouds is large. Indeed if F{r) =  1, ^ ( r )  will be a negative minimum at r  =  0 

for i < (jj. For larger r ,  ^ ( r )  will tend to increase as the contributions of the positive 

responsivity gas increasingly dominate the emission-line response. This continues 

until the light front intersects the far cone at r  =  {Rin/c){l -f cos(z -f l j ) ) ,  at which 

point another minimum occurs. If (R o/c)(l — cos(z l j ) )  < {Rin/c){l -f- cos(z -f w))
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the negative responsivity region for the near cone causes the most negative minimum 

in ^ ( r )  to occur at r  =  {RqJc){1 — cos{i 4- w)). This condition is not satisfied in 

Figure 4.16(a), upper right panel) and even when anisotropy is included, ^ ( r )  is 

positive for all r  covered by the near cone (see Figure 4.16(b), upper right panel).

The evolution of '^(v) for a Case I anisotropic bi-conical BLR is shown in Figure 

4.17 at intervals of 5 days starting at r  =  0.67 days. The response first manifests 

itself as a small positive peak on the blue side of the line at —V{Rin)cos{i — u) 

(=  —866 km s“ ^). This peak moves blue-ward becoming broader and weaker as r  

increases. At r  =  {Rq/c)(1 — cos{i — w)) (=  5.23 days), the first negative response 

occurs in the blue side of the line at —V{Ro)cos{i — w) (=  —6,755 km s~^), this 

negative dip becomes broader until r  =  (Rou*/c)(l — cos(i — w)) (=  6.7 days). For 

this example the width of this feature remains constant and moves red-ward with 

increasing r  until r  =  {Ro/c){l — cos(i +  w)) (=  19.5 days) after which times it be

comes narrower, vanishing at —V{Rout) cos(%-|-w) (=  —5,000 km s“ ^), corresponding 

to a time-delay r  =  (i?out/c)(l -  cos(% -f u)) (=  25 days). The first response of the 

red-side of the line appears as a large positive peak at V{Rin) cos{i + u) (=  500 km 

s" i)  at r  =  {Rin/c){l -f cos(i -f- w)) (=  7.5 days). For larger r ,  this feature becomes 

broader and weaker as it moves red-ward until r  =  {Ro/c){l -f cos(i -f w)) (=  58.5 

days), at which point it becomes narrower, disappearing at r  =  (R o /c )(l4-cos(% —w)) 

(=  72.77 days). For r  > {Rq/c){1 -f cos(i-f a;)), the negative responsivity gas in the 

far cone contributes. This appears as a negative dip in the far red-wing of the line 

at V{Rq) cos{i -h w) (=  3,900 km s“ ^) which becomes broader as it moves redward 

until T = {Rout/c){l +  cos(z +  w)) (=  75 days). For r  > {Rq/c){1 -I- cos(% -  w)) 

(=  72.77 days), '^{v) is entirely negative, with the negative dip becoming nar

rower as it moves red-ward vanishing at F  (Rout) cos (i — uj) (=  8660 km s“ ^) at 

T  =  {Rout/c)(l  +  cos(i -  w ) )  ( =  93.3 days).

Case II

Figure 4.18 shows the LIL response functions for a Case II (a) isotropically emit

ting and (b) anisotropically emitting bi-conical BLR. Contributions of the negatively 

responding gas are clearly visible as lighter areas in ^ (u , r) . For a LIL Case II BLR, 

negative responsivity in the inner BLR will tend to make ^ ( r )  negative over some 

range in r ,  depending upon %, w, F{r) and the relative weighting of the positive
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and negative responsivity gas on the corresponding iso-delay surface. For instance, 

iî i < u , T will be negative somewhere in the range 0 <  r  < (i?o/c)(l — cos(z w)). 

Generally, ^ ( r )  will be negative for smaller r  particularly if F{r) is large for the 

optically thick clouds and will be a negative minimum at r  =  0 if F{r) = 1. ^ ( r )  

will generally be larger for larger r  unless the near and far cones overlap on the 

corresponding iso delay surface. If this is not the case, ’F (r) will also be negative 

for {Rin/c){l 4- cos{i -f w)) < r  < {Rq/ c){1 -f cos{i -H u j ) )  and may be negative for 

larger r  up to r  =  2 x  R q/ c, depending upon F{r) and the relative contributions 

of the optically thick and optically thin gas on the corresponding iso-delay surface, 

^ ( r )  is positive for a\\ r  > 2 x R q/ c.

If, on th e  other hand, i >  u j ,  ^ ( r )  w ill be negative for (R in/c){l — cos{i — u j ) )  <  

T <  ( i? o /c ) ( l  — co s(i — u j ) ) ,  and m ay be negative up to  r  =  { R q/ c){1 -  cos{i -f- u j ) .  

For larger r , ^ ( r )  w ill tend  to  be positive, before declin ing (generally!) w h en  th e  

far cone is in tersected . If th e near and far cones do not overlap, ^ ( r )  w ill also be  

negative for ( i^ n /c ) ( H - c o s ( i  +  a;) <  r  <  ( i î o / c ) ( l +  cos(i-f-o ;)), and as for th e  near 

cone m ay be negative at larger r  up to  r  =  ( R q/ c){1 +  cos(z — u j ) ) .  ^ ( r )  w ill be  

p ositive  for all r  >  ( R q/ c){1 +  cos(z -  w )).

The resultant '^(v) for the LIL Case II BLR has two large negative teeth in the 

line core for | ? ; |  <  V{Ro)cos{i - t -  u) with minima at | i ; |  %  V{Rin) i <  u j  and at 

|i;| % V{Rin) cos{i — u j )  otherwise. When i + u  > 90° the teeth merge and the core of 

'^{v) can be positive if the positive responsivity gas dominates contributions along 

the observers line of sight. If the velocity field is a decelerating radial outfiow, the 

general form of for Cases I and II will be reversed compared to those presented 

above. Note that the profile variations for bi-conical BLRs are similar to those found 

in spherical BLRs, with the proviso that variations are confined to those parts of 

the v,T  plane occupied by the cone.

The evolution of ^(?;) for a Case II anisotropically emitting bi-cone is shown in 

Figure 4.19, at 1-day intervals starting at r  =  0.67 days, the time of first response of 

the near cone. At r  =  0.67 the negative responsivity gas in the near cone responds, 

appearing as a large negative peak in the blue-wing of the line at V{Rin) cos{i — w) 

(=  866 km s“ ^). This feature becomes broader until r  =  {Rq/c){1 — cos{i — u j ) )  

{= 1.34 days) at which time the first positive contribution to ^(-y) appears for the 

near cone. The negative feature then becomes narrower and weaker vanishing at
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V{Ro)cos{i +  üj) {= 1,000 km s“ )̂ at a time-delay r  =  { R q/ c){1 — cos(i +  u )) 

(= 5 days). For larger r  the line response is positive in the blue wing, and the 

peak in the blue wing generally becomes broader and weaker as it moves blue-ward. 

The first response in the red-wing appears as a negative dip at V(Rin)cos(i 4- w) 

(= 500 km s"i) at a time-delay r  =  (R in /c)(l +  cos(z 4- cj)) (= 7.5 days). This 

negative dip becomes broader and weaker as it moves red-ward reaching its maximum 

width at r  =  (jRo/c)(l -b cos(i 4- u j ) )  {= 15 days), after which time the negative dip 

becomes narrower, vanishing at V{Ro)cos{i — u) (=  1,732 km s“ ^) at a time delay 

T  =  { R q/ c){1 4- cos{i -  u j ) )  { =  18.66 days). For r  >  { R q/ c){1 4- cos(z -  w)), ^ ( v )  

is entirely positive. The positive peak in '^{v), becomes weaker and broader as it 

moves redward, until r  =  {Rout/c)(l 4- cos(z -4- w)) (=  75 days) after which time it 

becomes narrower again, disappearing at V(Rout) cos{i — u j ) )  {= 8,660 km s“ ^) at a 

time-delay r  =  {Rout/c){l +  cos(i -  uj)) (= 93.3 days).

As for the spherical models, the hydrogen line Case I and Case II response 

functions for an isotropically emitting and anisotropically emitting bi-conical BLR 

resemble their respective normal case response functions shown in Figure 4.15, except 

tha t the optically-thin gas effectively reduces the outer radius for the Case I bi- 

conical BLR to Rth and increases the inner radius for the Case II bi-conical BLR 

to Rth- Thus relative to the normal case response functions, the Case I hydrogen 

line will display a reduction in the variability amplitude of the line wings relative 

to the line core. By contrast, the Case II hydrogen line will display a reduction in 

variability amplitude of the line core relative to the line wings.

It should be noted tha t only one example of a bi-conical BLR is shown here, 

and tha t many of the features tha t have been identified depend critically upon the 

relative sizes of Rin, Ro and Rout, i  and w and whether i u j  < 90° and of course 

upon T]{r) and Sobs{'r,0).
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y  {Rin) =1,000  km s~^. (a) clouds emit isotropically; (b) clouds emit anisotropically 
with F(r) =1 for all r.
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LÜ =15°, and clouds moving in an accelerating radial outflow V(r) oc

180



0.5 0.0

In te n s i ty

- 8 e 3

Velocity ( k m /s )

- 8 e 3 8e3

Velocity ( k m / s )

(b)

0 - 1  - 2  
In te n s i ty

Figure 4.18: The LIL response functions for a Case II bi-conical BLR (see text 
for details), (a) clouds emit isotropically (F(r) =0.5 for all r); (b) clouds emit 
anisotropically and F(r) =1.0 for all r.

181



■ T -  0 .6 7

 ̂ 1

I e 4  - l e 4

T -  1 .6 7

6

9

T =  2 .6 7

V I

;
1 :4 0  1 1 :4 0  1 :4

9

T =  5 .6 7

o

'

U 4

3 .8 7

0 l e 4

- l e 4 0 l e 4

1 2 .6 7

T =  1 6 .6 7

1 3 .6 7 1 4 .6 7

T =  1 7 .6 7 T =  1 8 .6 7

1 0 .6 7 1 1 .6 7

l e 4

A

0 l e 4

1 : 4  - 1 : 4

Velocity ( k m / s )

1 9 .6 7

- 1 : 4 0 1 :4

Figure 4.19: The evolution of "^(v) at intervals of 1 day, starting at r  =0.67, for 
an anisotropically emitting, Case II, bi-conical BLR, with inclination i =45°, semi
opening angle u) —15°, and clouds moving in an accelerating radial outflow, V{r) oc

,  + l

182



Table 4.3: The calculated response function centroids for a flattened disc-shaped 
B LR  geometry, with inner and outer radii o f 5 and 50 light-days respectively, surface 
brightness distribution Sb{r) oc a range o f line o f sight inclinations i, and varying 
degrees o f anisotropy F  (see text for details). For comparison, the predicted values 
as calculated using equation 4.7 are shown in brackets.

Anisotropy

F 0°

Inclination 

30° 60° 90°

0.50 27.2 (27.5) 27.2 (27.5) 27.2 (27.5) 27.2 (27.5)

0.75 27.2 (27.5) 28.9 (29.2) 32.3 (32.7) 34.1 (34.4)

1.00 27.2 (27.5) 30.6 (30.9) 37.5 (37.8) 40.9 (41.3)

4.3.3 Thin K eplerian disc BLR

The thin Keplerian disc model described here is similar to tha t described in Chapter 

2, in which the BLR is formed from clouds confined to circular orbits in the plane of 

a disc. The emission line flux distribution is then projected onto the surface of the 

BLR clouds. For Etotii'^) oc r~^, and differential covering factor dC{r) oc r^dr, the 

surface brightness distribution Sh{r) oc r~^. The inclination of the disc-axis with 

respect to the observers line of sight is set at 45°. Thus the model disc BLR has a 

T range of 1.46 — 85.4 days, and a velocity range of ±7070 km s“ .̂

For a disc-shaped BLR, the location of the peaks for the isotropic ^ ( r ) ,  are 

determined by Rin, Rout, i, 6:(r), and r)(r) (Section 2.4.3). displays a saddle

shaped profile, with peaks located at |y| =  y(Rou() sinz (=  2236.1 km s~^). Flatter 

£{r) and r]{r) distributions result in sharper peaks for ^(-y) as a result of the greater 

relative weight of the lower velocity gas from the outer radii (Section 2.4.3). The 

boundaries of ̂ (-y, r )  are unaltered by the inclusion of anisotropy, only the amplitude 

of ^(-y, r)  out of the v, t  plane is affected. For this model, the amplitude of the first 

peak in ^ ( r )  (Figure 4.20(b), upper right panel), is substantially reduced (appears 

as a small inflection in ^avi^(t)) compared to that of Figure 4.20(a)

To provide a quantative estimate of the effect of anisotropy on the form of the 

response function, the response function centroids of several disc models were cal

culated assuming a variety of anisotropy factors and disc inclinations. The response 

function centroids for both the isotropic and anisotropic models are given in Table 

4.3, along with the predicted values (in brackets), determined using the empirical
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relation given below (see equation 4.7), and assuming a centroid of 27.5 days for the 

isotropic model. For a thin Keplerian disc of constant anisotropy factor F, is 

changed relative to R^w  according to

^RW ~ 1 +  (2F -  1)
. 9  .sm^ I

(4.7)

Thus for F  =  1, R r ^ =  1.5 Rrw  for an edge-on disc { i  = 90°), and R rw =  ^ r w  for 

a face-on disc (z =  0°).

The form of ^(z;) remains unchanged by the inclusion of anisotropy (the isotropic 

and anisotropic '^{v) shown here differ at less than the 2% level), a consequence of 

the symmetrical circular velocity field.

Case I

The LIL response functions for a Case I thin Keplerian disc are shown in Figures 

4.21(a),(b) for an isotropically emitting and anisotropically emitting BLR respec

tively. For each model the contribution of the negative responsivity gas shows up 

as a lighter area in ^ (z ;,r). For this model ^ ( r )  displays a negative minimum at 

T =  (R o/c)(l sinz) (=  66.6 days), although in general the minimum in ^ ( r )  can 

occur at any r  > { R q/ c){1 — sinz) (=  11.4 days), depending on z, F{r), and the 

relative weighting of the positive and negative responsivity gas on the correspond

ing iso-delay surface. For instance for an edge-on disc, with F{r) = 1 at all r, the 

minimum in ^ ( r )  occurs at r  =  0. In this scenario, if the negative responsivity gas 

dominates the contribution to the line response, ^ ( r )  may be entirely negative.

The peaks in ^(z;) are located at |z;| =  V {R q) sinz (=  2,532 km s“ ^). The dip in 

the line core, spanning a velocity range |z;| < V{Rout)sini (=  2,236 km s“ ^), tends 

to be deeper and flatter for larger F{r). If the negatively responding gas dominates 

the response in the line core, ^{v )  may appear negative in this region, which is more 

likely for larger F{r).

The evolution of ^F(z;) with time-delay r  at 5 day intervals for the Case I, 

anisotropically emitting, thin Keplerian disc, is illustrated in Figure 4.22. Follow

ing a continuum increase, there is a dead-time corresponding to the light-crossing 

time of the inner BLR, r  =  (R i„/c)(l — sinz) {= 1.46 days) in which there is no 

emission-line response. From (R j„/c)(l — sinz) < r  < (R o/c)(l — sinz) the line shows
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a positive response, starting from the line core and becoming progressively broader 

and stronger, with the line wings dominating the line response. After r  =  5 days, 

'^{v) becomes narrower, with the peaks in the line wings moving toward line center. 

At r  =  (i2o/c)(l — sinz) (=  11.42 days) the first contribution from the negatively 

responding gas appears as a sharp dip in ^{v )  at line center. This feature becomes 

double-peaked for larger r ,  with each peak moving toward larger modular velocities, 

reaching their maximum projected velocities V'(iîoitt)sinz (=  2236.1 km s“ ^), at 

r  =  (RoutIc)' Thus there are two opposing effects taking place, with positive peaks 

moving toward line center and negative peaks moving away from line center. For 

T >  (RoutIc), the negative dips also move toward line center, becoming broader and 

shallower until they finally merge into a single negative dip at r  =  (Rq/c)(1  - f  sinz) 

(=  67.5 days). For r  > (R o/c)(l -f sinz) '^(v , t ) is entirely negative. Thus the 

emission line profile for a Case I thin Keplerian disc, may show a number of positive 

and negative features varying symmetrically about line center.

C ase  I I

Figure 4.23 shows the response functions for a Case II, thin Keplerian disc BLR 

with (a) isotropically emitting and (b) anisotropically emitting clouds. For the 

isotropically emitting disc, ^ ( r )  displays a series of peaks and bumps corresponding 

to the inner and outer radius of the BLR and the boundary between the optically 

thick and optically thin gas. The strongest peak in ^ ( r )  in Figure 4.23 (upper right 

panel) occurs at r  =  (Rq/c)(1  -f sinz) (=  17.1 days) as the negative responsivity 

gas does not contribute to the line response at larger r .  However, as for the Case I 

disc, this peak may be located at any larger r  up to r  =  (Rout/c)(l — sinz) (=  14.6 

days) for isotropically emitting clouds, or up to r  =  (Rout/c)(l sinz) (=  85.4 

days) for anisotropically emitting clouds, depending upon the relative weighting of 

the negative and positive responsivity gas. ^ ( r )  also shows a large negative dip 

at r  =  (R in /c)(l — sinz) (=  1.46 days). Again this feature may be at a minimum 

at any larger r  up to r  =  (R o/c)(l — sinz) (=  2.93 days). For a given inclination 

the location and strength of diagnostic features in ^ ( r )  are found to depend upon 

Rin: Rout and the relative contributions of the positively and negatively responding 

gas. This includes the peak at 6.5 days which is characteristic of a BLR for which 

(R in /c ) ( l  -H sinz) > (R o/c)(l — sinz). For an isotropically emitting Case II edge-on 

disc, the relative weighting of the positive responsivity gas may be large enough to
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force ^ ( r )  positive at small r .  For larger F (r) , ^ ( r )  will tend to go negative at 

small T ,  and must be negative at r  =  0 when F(r) = 1.

The inclusion of anisotropy changes a number of features in ^ ( r ) .  For example, 

the peaks at 6.5 days and 13.5 days. The maxima and minima in for this 

model, correspond to |i;| =  V{Rout)smi{=  ±2,236 km s~^ and ji;! =  V (R o )sm i  

{= ±5,000 km s" i)  respectively. For the anisotropic case, the features in ^(x;) are 

enhanced, with relatively larger negative dips in the line wings and a deeper dip in 

the line core. For both cases, ^(-y) is entirely negative for l'y] > y(Ao) sin%, but may 

be negative for smaller if the negative responsivity gas dominates contributions 

to the emission line response. For a sufficiently large negative responsivity in the 

inner BLR, ^(-y) may be negative for all v.

The evolution of ^(-y) as a function of time-delay r  for a Case II anisotropically 

emitting thin Keplerian disc is shown in Figure 4.24. Following an increase in the 

continuum intensity, there is again a dead-time before the first response of the line, 

corresponding to the light-crossing time of the inner radius r  =  {R in/c){l — sin i) 

(=  1.46 days). At r  =  1.46 days, the line shows a broad negative dip at line 

center. This dip becomes broader as r  increases reaching its maximum width at 

T = 5 days. However, the increased contribution of the positive responsivity gas for 

T > (R o/c)(l —sini) (=  2.93 days), fills in the dip at line center, and thus ^(-y) shows 

a positive peak at line center and negative dips in the line wings. The 1-day binning 

used here blurs this effect, causing the positive contribution to appear at earlier r  

(see Figure 4.24 panel 2). For r  > 5 days, the negative peaks become narrower and 

weaker, vanishing at r  =  (Rq/c)(1 ±  sinz) (=  17.1 days). The positively responding 

gas has a maximum width of V {R o)sm i {= 5,000 km s“ )̂ at r  =  { R q/ c) {= 10 

days). From r  > {Ro/c){l + sinz) there are no more negative contributions to ^(t;) 

and thus ^(t;) is entirely positive. The peaks in ^(-y) move toward line center and 

decrease in amplitude as r  increases.

Once again, the hydrogen line response functions for cases I and II are similar 

to the normal case response functions except tha t the optically-thin gas alters the 

effective inner and outer radius of the variable BLR. Thus for Case I, the effective 

outer radius is Rth, whilst for Case II, the effective inner radius is Rth- Thus for 

case I the line core (|y| < V (R th)sin i)  would vary less for Case I compared to the
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normal case, whilst the line wings {\v\ > V{R th)sini)  would not vary at all for Case 

II.
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Figure 4.20: Response functions for the normal case thin Keplerian disc BLR with 
R i n  =5 light-days, Rout =50 light days, and line of sight inclination i =45°. Clouds 
move in circular Keplerian orbits (V(r) oc r “ 2 ) confined to the plane of the disc, 
with V{Rin) =10,000 km s~^ (a) clouds emit isotropically (i.e. F{r) =0.5 for all r); 
(b) clouds emit anisotropically with F(r) =1 for all r.
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4.4 A nisotropic Pressure-Law BLR  M odels

The general response of emission-lines to variations in the intensity of the ioniz

ing continuum for idealised BLRs composed of a mixture of optically-thick and 

optically-thin gas has been described in Section 4.3. However, in order to compare 

the theoretical response of different lines with monitoring data, particularly of lines 

covering a broad range in ionization states, more physically realistic BLR models 

are required. To meet this requirement, anisotropic responsivity-weighted response 

functions have been calculated for the five pressure-law models described in

Chapter 3.

4.4.1 A nisotropy D istributions

For each line F{r) was calculated using equation 4.4 from the Sin{r) and Stotlix) 

of the steady-state models. CLOUDY uses the escape-probability method incor

porating background opacities to determine the fraction of line photons which es

cape in the inward and outward directions (Ferland et al. 1992; Ferland 1993). 

Changes were made to CLOUDY, when these data were unavailable. In particular, 

the escape-probability formulae for the Helium lines were adjusted to account for 

outward escapes. Helium is the second most abundant element and is thus an im

portant coolant, consequently adjusting its escape-probability formulae affects the 

ionization balance of the gas. However, only Lya  in model F appeared to be affected 

by these changes, altering the line emissivities in the inner BLR by no more than a 

few percent. The F{r) distributions for each line were used in equation 4.2 to cal

culate the observed line-emissivities 6 oba(r, ^), which were then used in conjunction 

with 7/(t’) and dC{r) to weight the contribution of each cloud to the emission-line 

response.

Figure 4.25 shows the F{r) distributions for 16 lines. The F{r) distributions 

for the O v  A1218 lines, which are similar to those for the N v  A1240 lines are not 

shown. The radial variation of F{r) is for most lines quite complex, typically vary

ing by between 50 — 100% across the BLR, due to the large radial variation in the 

physical properties of the line-emitting gas. It is clear that the line radiation pattern  

is significantly anisotropic for nearly all lines at some radius within the BLR. This 

is particularly true of the inner BLR in those models with a strong gradient in ion

ization parameter and thus a large U value at small r. The metal line optical depths
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generally increase with increasing U (Ferland et al. 1992). The excited state H ell 

lines are anisotropic in the inner BLR in these models due to significant population 

of the upper states. The Hel A5876 line is also optically-thick at some radii in all 

of the models. In models E and F, the effects caused by having a large ionization 

param eter at small radii are reduced as the gas becomes optically-thin at the Lyman 

limit. Similarly in model B, F{r) drops for the hydrogen lines in the optically-thin 

outer BLR. For models C and D, the clouds are optically-thick at the Lyman limit 

at all radii with F{Rin) > 0.7 for all but a few lines. A few line species remain 

reasonably isotropic emitters in all models^ due to either low level populations or 

small oscillator strengths.

4.4.2 R esponse Functions

The anisotropic responsivity-weighted emission-line response functions for

16 lines are shown in Figure 4.26. These were constructed by summing individual 

cloud contributions to the emission line response in 100 km s“  ̂ velocity bins and 0.3 

day time-delay bins. The responsivity-weighted radii as determined from the 

centroids of these response functions are given in Table 4.4, along with the mean F  

factor required in equation 4.5 to recover from R r w  This F  value is essentially 

a weighted average of F{r) over all r, and is dependent upon Stotii'f’)-, vix) and dC{r) 

and is approximately equal to F{RRy^). For example, for model B Lyo; and M gll 

have very similar F{r) distributions but very different constant anisotropy factors 

{F =1.0 and 0.66 respectively). This is due both to the flatter emissivity distribution 

of the M gll line, and the difference in the r]{r) values between the two lines in the 

outer optically-thin region [e.g. for Lya 7]{r) % 0 in this region, whereas ^{t ) < 0 

for M gll).

Figure 4.27 compares the difference in form of the isotropic and anisotropic 

responsivity-weighted response functions for 6 representative lines in models B, D, 

and F. Response functions for models C and E are not shown as they respond in 

a similar fashion to models D and F respectively. Although each of the response 

functions has been normalized to unity before plotting, it should be noted tha t in 

general the inclusion of anisotropy reduces the amplitude of the positively respond

ing gas, thus lowering the amplitude of ’̂ r^ { t ) relative to ^R^r{r). The response

^F(r) < 0.5 for O vi A1035 at small r  in models B and C because the O V I abundance peaks at 
a smaller optical depth from the inward cloud face than the electron temperature. Consequently, 
the outward escape-probability is larger than the inward escape-probabihty for this line.
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functions for model B are plotted over the full range in radii in order to show the 

effect of an outer optically-thin BLR. The inserts show a magnified view of the inner 

few days for the CIV A1549 and Hell A1640 lines. For models D and F, only the 

first 45 days of ^ ( r )  are shown, in order to demonstrate more clearly the effects of 

both anisotropy and negative responsivity on the form of '^{r) at small r .  Again, 

inserts are included for some of the lines.

Figures 4.26 and 4.27 and Table 4.4 clearly demonstrate tha t anisotropic line 

emission has a major effect upon the form of the response functions for a number 

of the emission-lines considered here. For model B, which is a Case I BLR (see 

Chapter 3), Rth ~  43 light-days. The for Lyo; and H/? peak at ~  10 days

(Figure 4.27(a)), and resemble the anisotropic normal case BLR ^ ( r )  shown in 

Figure 4.5(b). However, the ^^vv'(t) for Lya, H a, and P a  are slightly negative at 

large r  as rj{r) < 0 for r  > 43 light-days. Including anisotropy enhances the relative 

contribution of the negative responsivity gas to the response function as tha t gas 

emits more isotropically. Anisotropy has only a very small effect upon the C iv and 

He II lines in model B, causing ^ ^ w (t)  to peak at «  2 and 0.5 days respectively. For 

C III], F{r) % 0.5 for all r, and thus the isotropic and anisotropic ^ ( r )  are virtually 

identical for this line, with both displaying a small negative amplitude at large r . 

For Cm] A1909, Sim] A1893, and M gil A2798 lines in model B, Rq = A1 — 44 days, 

and thus the negative minima in their ^HVï^(r) occur between r  =  82 — 88 days. The 

effect of anisotropy on the response function can most easily be seen for the M gll 

line. For this line the outer BLR has a large negative responsivity, whilst the inner 

BLR has positive responsivity. This produces a peak in ^^vy(T) at r  «  13 days and 

a greater negative amplitude at large r  relative to its isotropic counterpart.

For model D, r){r) > 0 for all r, and hence the resemble those for the

normal case BLR shown in Figure 4.5(b). ^«vy(T) for Cm] A1909 displays a peak 

at T % 0.5 days for this model as this line is anisotropic at small radii, although its 

centroid remains unchanged. The for the other lines all have peaks, located

at % 0.5 days for C iv  and H en A1640, ~  1 day for Lya, ~  6 days for }ip, and 

% 15 — 20 days for Mgll. The peak in ^^vi^(r) occurs at larger r  {i.e. 2 x (Rfn/c))

for those lines whose emission is more strongly weighted toward larger radii (Section 

2.4.1).

197



Models E and F are Case II BLRs with Rth ~  1 light-day. Consequently, the 

for the hydrogen lines resemble Figure 4.5(a),(b), whereas those for the LILs 

resemble Figure 4.8(a),(b). ^«vv^(t) is negative at small r  for the Hydrogen lines 

as, T]{r) < 0 at small r for these lines. For C iv  and Hell A1640, '^^^vy('r) peaks at 

% 0.5 days. R q ~  0.5 — 1.5 light-days for Sim] A1893, Cm] A1909, M gii A2798, 

and H el A5876, and hence their isotropic ^ ( r )  are reduced at small r .  Including 

anisotropy, further reduces the amplitude of ^^^^(T) at small r  for the Cm] line, 

although ^flvi^('r) remains positive (except at r  =  0), with a peak at % 1.5 days. 

By contrast, ^^vi^(t) for the M gll line is negative for r  < 1.5 days due to the 

comparatively greater weight of the negative responsivity gas for this line. The 

also negative at small r  for Sim] A1893 in model F, but for model E, 

only for M gll is negative.

Example 1-d and 2-d anisotropic responsivity-weighted response functions for 

the Si III] A1893 and M gll A2798 lines in models B and F are shown in Figures 4.28 

and 4.29. These response functions show a close resemblance to the idealised cases 

I and II.
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Table 4.4: The centroids o f the anisotropic responsivity-weighted response functions 
-  the anisotropic responsivity-weighted radii (R%^) (light-days). The second column 
for each model gives the constant anisotropy factor F  needed in equation 4.5 to 
obtain from the isotropic responsivity-weighted response radii (Rrw )■

Model B Model C Model D Model E Model F

R rw F R rw F R rw F ^RW F R rw F

O v i  A1035 22.1 0.54 2.5 0.56 0.9 0.50 0.9 0.69 0.9 0.69

Lyo A1215 28.8 1.00 32.9 1.00 26.5 1.00 18.8 1.00 I3 .3I 1.00

O v A1218 26.5 0.50 10.8 0.50 3.0 0.50 1.6 0.50 1.1 0.50

N v A1240 22.4 0.56 8.0 0.56 2.9 0.55 2.2 0.57 2.2 0.57

Si IV A1397 23.9 0.60 21.5 0.61 15.6 0.63 10.9 0.65 7.4 0.63

0 IV A1402 26.3 0.50 18.2 0.50 9.8 0.52 4.5 0.50 2.7 0.56

C IV A1549 27.6 0.59 22.1 0.60 14.7 0.62 9.0 0.63 6 .1 0 .66

He II A16401 25.1 0.54 19.1 0.55 13.0 0.59 7.7 0.63 4.5 0.69

Si III] A1893 20.7 0.53 24.4 0.52 21.6 0.53 20 .6 0.50 17.5 0.54

C III] A1909 25.9 0.50 30.2 0.50 24.0 0.50 16.1 0.50 8.7 0.50

M g II A2798 51.2 0.66 36.2 0.96 36.5 0.98 36.5 0.93 35.3 0.97

H7 A4340 30.2 0.80 26.4 0.94 21.3 0.98 17.0 0.99 13.3 0.98

Hell A4686f 22 .8 0.50 16.8 0.50 11.1 0.51 6.7 0.52 4.0 0.58

H/5 A4861 28.9 0.88 25.7 0.97 21.7 0.98 17.7 0.98 13.5 0.95

He I A58761 15.9 0.60 16.2 0.62 11.9 0.62 11.8 0.64 8.9 0.67

Ho A6563 28.0 0.90 34.0 0.94 30.3 0.97 26.1 0.97 21.3 0.94

Po A18751 26.7 0.69 31.6 0.65 30.5 0.74 28.4 0.80 26.7 0 .88

Notes, t  The centroids of the isotropic responsivity-weighted response functions for 
the Helium lines have changed relative to those given in Chapter 3 due to modifica
tions in the escape probability formula used for Helium. The tabulated F  factors are 
relative to the new values. The only other line significantly affected by this change 
was Lyo; in Model F, for which R rw increased from 9.7 to 10.0 light-days.
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4.5 D iscussion

The results of Section 4.4 clearly show tha t including anisotropy can drastically 

alter the form {i.e. amplitude and shape) of the emission-line response function. 

For example, if F{r) = F  = 1 then for a spherical BLR geometry is 33% 

larger than R r w  For an inclined disc-shaped BLR geometry, the increase in Rj^^ 

relative to R r̂  is angle dependent, with a maximum increase of 50% for an edge-on 

disc. Similarly, for a bi-conical BLR geometry, the increase in R^y^ relative to R r^̂  

is dependent upon both the line of sight inclination and the semi-opening angle of 

the cone. This increase is maximised for a narrow cone whose axis points along the 

observers line of sight, whereupon is a factor of two larger than R r w  Similarly, 

it was shown in Section 3.8 tha t 7]{r) also has a large effect upon the form of the 

response function, particularly if the BLR is composed of a mixture of optically-thick 

and optically-thin gas. Consequently, lines with similar F{r) distributions may have 

very different depending upon rj{r) and Sobsir^O).

This work clearly demonstrates that when comparing model response functions 

with those recovered from monitoring data the physics of the line-emitting gas cannot 

be ignored, as this may lead to incorrect conclusions regarding the structure of the 

BLR. This is particularly true when considering only the 1-d ^ ( r )  and /or when 

the fine structure of ^ ( r )  cannot be resolved. For example, the '^ rw {t ) for the 

spherical BLR geometry bears a close resemblance to the for the disc-shaped

BLR geometry (see also Ferland et al. 1992). Furthermore, the ^^vi^(r) for the 

case I spherical BLR (Figure 4.6) are similar to the ^flvv(r) shown in Figure 4.21. 

Additionally, the ^(-u) for the anisotropically emitting Case I spherical BLR also 

bare some resemblance to those for the anisotropically emitting Case I disc-shaped 

BLR, due to a drop in the intensity of the line core caused by the presence of negative 

responsivity gas in the outer BLR. Thus allowing for the radial line responsivity and 

anisotropy tends to blur the distinction between the different BLR geometries.

Differentiating between these two effects, therefore requires the detailed study 

of the variability behaviour of lines covering a wide range in ionization state. For 

example, the "^rw{t ) for both Lya and Cm] A1909 in Figure 4.27 both have non

zero time-delay peaks, as opposed to the predicted fiat peak out to 2 x (Rj„/c) 

typical of an isotropically emitting spherical BLR . The peak in ^^^^(T) for Lya is 

caused by the large inward optical depth of this line, producing a highly anisotropic
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radiation pattern with F{r) ~  1.0. C ill] A1909 on the other hand emits reasonably 

isotropically F{r) ~  0.5. The non-zero time-delay peak for this line is instead 

caused by the negative responsivity optically thin gas in the inner BLR reducing the 

contribution to ^ ( r )  at low r . In Chapter 3, it was found tha t the centroids of the 

responsivity-weighted response functions, were generally smaller for the HILs than 

for the LILs. Figure 4.30 shows the variation in the responsivity-weighted radius 

R rw of the determined from their centroids, as a function of pressure law

index s. The conclusions of Chapter 3 are not altered by the inclusion of anisotropy, 

although for other BLR geometries, or different relative contributions of optically 

thick and optically thin gas, some HILs may have similar or even larger than

the LILs, if the HILs are emitted more anisotropically. Since the blended lines 

discussed in Chapter 3 have similar anisotropy distributions, their general variability 

behaviour is also unaffected by the inclusion of anisotropy.
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responsivity weighted response functions for a selection of lines in models B (upper 
panel), model D (center panel), and model F (lower panel).
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4.5.1 Single versus m ulti-com ponent BLRs

The results presented here in conjunction with those of Chapter 3, can be used to 

assess whether the HILs and LILs arise in entirely separate BLR components. This 

question is usually posed in terms of the so-called ‘energy budget’ problem (Net- 

zer 1985, Collin-Souffrin 1986), Put simply, ‘standard’ BLR clouds do not produce 

enough LIL emission relative to HIL emission (Kwan and Krolik 1981). In addition, 

the apparent line red-shift and profile differences between the HILs and LILs ob

served in a number of AGN (Gaskell 1982; Wilkes 1984) provides further evidence for 

multi-component BLRs, although anisotropic line emission may be a contributory 

factor in a number of cases. Taken together, these data suggest tha t the BLR may 

be formed from several distinct components each with its own particular geometry 

and velocity field. For example, the bulk of the LIL emission may be produced in a 

non-spherical geometry, perhaps in the form of a high density, high column density 

accretion disc, with the HILs arising from a more spherical distribution of standard 

lower density, lower column density clouds (Collin-Souffrin 1987). Alternatively, 

modified standard BLR clouds, with higher ionization parameters and column den

sities than thus far considered may be more appropriate {e.g. see Ferland Sz Persson 

1989).

To distinguish between single and multi-component BLRs requires a detailed 

comparison of the recovered response functions for a large number of lines covering 

a wide range in ionization state, including in any interpretation, the effects of both 

line responsivity and line anisotropy. To illustrate this point, the response functions 

recovered from monitoring data of the most comprehensively studied AGN, the 

Seyfert 1 galaxy NGC 5548, are here compared to the model calculated in

Section 4.4, to test for a multi-component BLR in this object.

For NGC 5548, the HILs are found to have shorter variability timescales and 

larger amplitude variations than the LILs (Clavel et a l 1991, Krolik et al. 1991), 

implying a steep ionization parameter gradient, with U decreasing with increasing r, 

similar to models D, E and F. In fact the centroids of the response functions for the 

HILs in model F (Table 4.4, column 10) are in reasonable agreement with the mea

sured centroids of the HILs in NGC 5548. In addition, the emission line intensities 

of the HILs with respect to Lya for Model F are in reasonable agreement with the 

observations. This is particularly surprising since this model was not constructed
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to fit the emission-line spectrum of NGC 5548, which by comparison has a different 

mean continuum shape, and chemical abundances which may deviate substantially 

from those used here.

The R ry/ for the LILs in model F are also in reasonably good agreement with 

the CCF centroids derived for NGC 5548 (Peterson et a l 1992; Dietrich et al. 

1993). However, the intensities of the Baimer lines in this model are a factor of 

five times lower than the mean observed ratios. This could in part be due to the 

lower ionization parameter and density normalization used in this model {U =  0.01, 

and N  = 10̂ ® cm~^ at 10 light-days compared to the values of 17 =  0.1 and 

N  = lO^^cm"^ at a distance of 8 light-days), as determined from the Lya/G  iv 

line ratios by Ferland et a l (1992). However, tests have shown tha t increasing 

U, N , and Ncoi by an order of magnitude does not significantly alter the relative 

intensities of the HILs and LILs.

Many of the recovered response functions for NGC 5548, display non-zero time- 

delay peaks (Krolik et a l 1991), which to be consistent with a spherical BLR ge

ometry, implies high column densities. Ferland et al 1992 proposed high column 

densities Ncoi ~  10^  ̂ cm"^ to explain the form of the H/3 A4861 response function, 

^ ( r )  for u p  displays a rapid rise from ^ ( r )  =  0.2 at r  =  0 to a peak at T % 20 

days before declining to zero at T % 50 days (Horne, Welsh & Peterson 1991). If 

both the peak position and value of ^ ( r )  at r  =  0 are to be believed, then the 

recovered ^ ( r )  is consistent with an optically thick spherical BLR of inner radius 

Rin = 10 light-days, and F{r) > 5/6, similar to the F{r) values obtained for the 

pressure law models shown here {F{r) ~  0.9 —1.0). Invoking larger column densities 

has one obvious advantage in that it results in enhanced LIL emission due to the 

greater size of the partially ionized zone in which these lines are formed. However, 

the form of the recovered ^ ( r )  for a number of other lines are generally inconsistent 

with this picture. In particular, the recovered ^ ( r )  for L ya  A1215 in NGC 5548 

peaks at only a few days at most (Krolik et al 1991; Peterson 1993). The general 

similarity in form of both the r)(r), Stotlif) and F{r) distributions for Lya and H^ 

in models B  — F  results in similar forms for the response functions in these lines over 

a wide range of physical conditions. The position of the peak in the recovered Ÿ (r) 

for Lip is also large compared to the probable size of the BLR. The rapid response 

timescales of a number of the highest ionization lines e.g. He ll A1640 and N v A1240
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suggest tha t the inner BLR radius is less than a few light-days. If so, the ri{r)S{r)  

distribution for H/? must be extremely flat to place the peak in ^ ( r )  at 20 days. 

The small amplitude of the response functions for r  > 100 days, suggests an upper 

limit to the size of the BLR of ~  50 light-days. Thus in conclusion, it appears tha t 

the H/? and Lya emission originate from separate^ BLR components.

Similar conclusions can be drawn from a comparison of the response functions 

of other lines. For instance, the recovered response function for C ill] A1909 peaks 

at approximately 25 days (Krolik et al. 1991) compared to a zero time-delay peak 

found for Si IV A1397 using an updated version of MEM (Peterson et al. 1993). 

Both of these lines are emitted with a reasonable degree of isotropy (F(r) 0.5)

in models B — F , with F{r) for the Si IV line marginally larger than th a t of the 

Cm ] line, particularly at small radii (see Figure 4.25 panels (iv) and (ix)). Thus 

the non-zero time-delay peak for the Cm] line cannot be attributed to anisotropic 

line emission from a spherical BLR with an inner radius Rin ~  12.5 days. One 

plausible explanation for the non-zero time-delay peak for the C ill] line, is tha t its 

r]{r)Stoti{f') distribution is either extremely flat, or an increasing function of radius, 

so tha t the line response is heavily-weighted toward larger radii. This situation 

may arise if the BLR exhibits a steep hydrogen density gradient, similar to tha t 

in model B, with the highest density gas situated closest to the continuum source. 

If the density in the inner BLR is large enough {N > 10^^ cm“ ^), collisional de

excitation of the C “'"^2s^lS' state, results in a rapid drop in emission for this line. 

Confirmation of the presence of high density gas may be found by studying the form 

of the recovered response function for the Sim] A1893 line. This semi-forbidden line 

with its similar rj{r) and F{r) distributions is collisionally de-excited at much higher 

densities N  % 10^  ̂ cm“  ̂ and thus ^ ( r )  for this line would be expected to peak 

at a much smaller r .  However, the observed C ill] /C IV line ratio appears to rule 

out the presence of very high density gas if these lines are produced in the same 

clouds (Ferland et al. 1992). Furthermore, increasing the covering factor at large 

radii cannot account for any discrepancy in the form of the response functions, as 

each line would be affected by the same amount.

An alternative explanation for the non-zero time delay peak of the C III] A1909

^It should be noted however, that Maoz (1992), using the ultraviolet continuum light-curve 
measured at 1337 Â, as opposed to the optical continuum hght curve as measured at 4870 Â used 
in the analysis by Horne et al. (1991) and Peterson (1993), found that the H/3 response function 
peaked at zero time-delay.
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response function, is the presence of optically thin gas in the inner BLR, resulting 

in negative responsivity for this line (i.e. a case II BLR). However, if gas in the 

inner BLR in NGC 5548 is optically thin at the Lyman limit, and the emissivity 

distribution is reasonably steep, then to produce a peak in the C ill] response func

tion at 25 days, requires an unrealistically large outer radius for the optically thin 

region given the probable total extent of the BLR, extending out to % 12.5 days. 

Furthermore, other lines would also be expected to show evidence for negative line 

responsivity. These findings are entirely consistent with model F, which due to the 

relatively low column density normalization is optically thin at the Lyman limit in 

the inner BLR for r  < 1 light-day, and thus predicts negative line responsivity for 

both C III], Mg II, Si IV, and Si III]. Additional arguments for an optically thin inner 

BLR in NGC 5548 were made by Sparke 1993, based on a comparison of the form 

of the line CCFs and the continuum and line ACFs for a number of lines. Sparke 

concluded tha t the form of the CCFs and ACFs for Lya, N v, C IV, and possibly 

Mg II could be accounted for by the presence of optically thin negatively responding 

gas in the inner BLR. However, Maoz (1992), argued tha t the relative variability 

amplitudes of the Lya and C iv lines following each of the three continuum events 

observed in the 1989 lUE monitoring campaign of NGC 5548, could be explained 

in terms of a non-linear line response and 7/(r) values less than one. Sparkes results 

tend to refute this claim, as line responsivities less than unity (but still greater than 

zero) would tend to make the calculated CCFs broader than the continuum ACFs. 

However, a combination of both negative line responsivity and non-linearity cannot 

be ruled out at present. Koen (1993) re-analysed the NGC 5548 monitoring data 

using an autoregressive moving average analysis of the differenced continuum and 

emission line light curves. He concluded tha t both the Cm] and S ilv  lines show 

evidence for a negative instantaneous response, whilst CiV shows evidence for a 

response dead-time of ~  4 days. In addition, Koen found that the M gll variations 

are independent of the continuum variations, whereas Clavel et al. (1991) predict a 

variability timescale of between 32 — 70 days for this line. The low amplitude vari

ations of the Mg II line intensities in comparison to the relatively large uncertainty 

in their measurement, coupled with the correspondingly low amplitude variations 

(r](r) ~  0.3) and large variability timescales (R ^ ^>  35 light-days) found for Mg ii in 

models B  — F  are consistent with these findings. In addition, negative responsivity
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of the Mg II line at small radii helps to explain the low amplitude of the line vari

ations (O’Brien & Goad 1994). The recovered response function for M gll displays 

two peaks located at 30 and 70 days respectively (Krolik et al 1991), similar to that 

predicted for a disc-shaped or bi-conical distribution of clouds, and has a reasonably 

large amplitude over a considerable range in r .

If the inner BLR is composed of gas which is optically thin at the Lyman limit 

{i.e. no partially ionized zone), the bulk of the LIL emission must be produced in 

a separate BLR component such as an accretion disc. Krolik et a l  (1991) drew a 

similar conclusion based on the form of the recovered ^ ( r )  for the Cm] A1909 line, 

although they failed to consider the possibility of negative responsivity in the inner 

BLR for this line. If C ill] A1909 is formed in a region separate to tha t of the HILs, 

then possible geometries for this component include discs and rings of intermediate 

inclination. Nearly edge-on discs are ruled out as they would produce double-peaked 

response functions and line profiles (see Chapter 2) which are not observed. On the 

other hand, nearly face-on discs are similarly ruled out due to the observed width 

of the line profile. C III] A1909 can not be formed in an accretion disc as the density 

is far too high, but LIL emission from an accretion disc cannot be ruled out.

Obviously, the fraction of an LIL emitted by the secondary BLR component 

will vary from line to line. For example, if the HILs arise from a spherical BLR 

component such as that in model F, then virtually all of the Cm] and M gll line 

emission can be accounted for, whereas % 80% of the Baimer line emission would 

have to be produced in another component, such as an accretion disc. Rokaki et al 

(1993), successfully fitted the variable continuum and H/? emission-line light curves 

of NCC 5548 with a model accretion disc. However, in order to fit the variable 

H/? line profile, their model also requires a secondary, possibly variable, semi-broad 

component located at line center, and contributing approximately 30% of the total

line flux. This agrees well with the H/5 contribution relative to Lyo: found in 

model F, suggesting tha t model F may not be too atypical of real BLRs. Kollatschny 

and Dietrich (1991) also find evidence for a symmetrical variable central component 

in H/?, in addition to separate blue and red-wing components. Thus although the 

models presented here can adequately reproduce the line intensity ratios, response 

amplitudes and variability timescales for the HILs in NCC 5548, the same cannot be 

said of the LILs, requiring a substantial contribution from a secondary component.
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If gas in the inner BLR is optically thin at the Lyman limit, then its presence 

may be detected from the observed line profile variations. In NGC 5548, the LILs 

tend to be narrower than the HILs (Krolik et al 1991). In addition, variations in 

the core of the C iv  line profile tend to follow those of the wings by up to a few 

days (Clavel et al. 1991), suggesting that the high velocity gas is found closer to the 

ionizing continuum source. If the BLR clouds move in randomly inclined circular 

Keplerian orbits, then the hydrogen lines would have broad non-variable wings since 

T}(r) % 0, and consequently the variable line profile would be much narrower than 

the mean observed line profile. For the LILs, negative responsivity in the optically 

thin region would result in a fall in the profile intensity in the far wings of the line 

immediately following a continuum increase. For the HILs, the line responsivity is 

likely to remain positive in the optically thin region, unless U is particularly large 

in which case some lines may be depleted by ionization to higher species. Thus for 

the majority of the HILs, the intensity of the line wings are expected to increase 

following an increase in the continuum intensity.

Wamstekar et al. (1990) report on a very broad component in both C iv  and 

He II A4686 in NGC 5548. They also suggest a similarly broad, possibly variable 

component in Lya although this line is heavily blended with the O v  A1218 and 

N V A1240 lines, and is heavily contaminated with geocoronal Lya. Dietrich et al. 

(1993, private communication) find some evidence for a very weak broad component 

in H a, which appears to vary in a different manner to the rest of the line.

4.6 Conclusions

The effect of anisotropy on the form of the response functions for spherical, thin 

Keplerian disc, and bi-conical BLRs have been described in detail. It has been 

shown tha t both the anisotropy and the line responsivity, can significantly alter 

the form of the response functions, producing a variety of positive and negative 

features in both ^ (v ,r ) ,  ^ ( r ) ,  and ^ ( f ) ,  and blurring the distinction between the 

form of ^ hvv̂ (t ) for the different BLR geometries. If the anisotropy is large, the 

centroid of hence the typical variability timescale can be significantly

increased relative to that calculated assuming isotropic emission. For a given degree 

of anisotropy the magnitude of the increase is shown to be geometry dependent.

Radial anisotropy distributions have been calculated for the pressure-law BLR
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models described in Chapter 3. For each model, all of the lines are found to emit 

anisotropically at some radii, particularly if the clouds are optically thick at the 

Lyman limit when the ionization parameter is large, as is predicted for the inner 

BLR of AGN. Even if anisotropy does not significantly alter the line variability 

timescale, a reduction in the amplitude of the line response still occurs, especially 

in those regions of the v , r  plane which include contributions of clouds which are 

optically-thick along the observers line of sight. Thus besides constraining T)(r) 

and 6 (r), comparison of the response functions of lines covering a large range in 

ionization state can also be used to constrain the anisotropy. Effects of this nature 

must be considered if the BLR geometry and velocity field are to be accurately 

determined from response functions recovered from monitoring data.

Prom a comparison of the recovered response functions for a number HILs and 

LILs from the Seyfert 1 galaxy NGC 5548 with the model response functions pre

sented here, it has been shown that the HILs and LILs are emitted from two distinct 

BLR components. This prediction is further supported by a comparison of the ob

served and model emission-line intensities, which indicate that at least 80% of the 

Baimer line emission is unaccounted for in these models. The HILs and C ill] A1909 

can be modelled by a spherical distribution of clouds with a significant ionization 

param eter gradient and moderate column densities which may become optically-thin 

at the Lyman limit in the inner BLR, as a result of the high ionization parameter. 

By contrast the LILs are thought to arise from a non-spherical high density, high 

column density cloud distribution, with the most likely candidate being a highly 

inclined accretion disc

The presence of optically thin gas in the BLR of NGC 5548, as inferred from line 

variability studies has im portant ramifications for both the continuum and line emis

sion. Optically thin clouds are strong free-free emitters and may offer an explanation 

as to the origin ‘big blue bum p’. Optically thin clouds may also be im portant in the 

context of X-ray reprocessing models (Barvainis, 1993). To provide more stringent 

constraints on models of the BLR, requires higher spectral and temporal resolution 

monitoring data.

In Chapter 5, one final improvement of these models, is considered. This in

volves discarding the linear response approximation, instead calculating a full time- 

dependent model of the BLR. This is used to determine the validity of the linear
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response approximation under certain specified conditions.
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C hapter 5

Non-linear BLR models.

Summary

In this Chapter, the requirement that BLR clouds are linear re-processors of 

continuum radiation is dropped in favour of a full ‘non-linear’ response model. In 

this model the emission-line response is determined by relating changes in the local 

steady-state value of the ionization parameter U{r), to changes in the intensity of the 

ionizing continuum. Contrary to the linear response approximation, the emission- 

line response functions are now time-dependent. This has im portant implications 

for the 1-d and 2-d response functions, particularly if a substantial portion of the 

BLR is optically thin to the incident ionizing continuum. Furthermore, the optical 

depth of individual lines is no longer assumed to remain constant during continuum 

fluctuations but is instead allowed to vary freely as a function of the continuum 

level. Consequently, the degree of anisotropy displayed by individual lines at a 

particular instant in time, depends entirely upon the local physical conditions at 

th a t time. As a result, certain emission lines can effectively be ‘switched on and o f f ’ 

as the continuum level varies, leading to a further modiflcation of the emission-line 

response. The merits of the different model approximations as discussed in this and 

previous Chapters are examined in detail. Finally, time-dependent model response 

functions and emission-line light-curves are presented for a model of the BLR of the 

Seyfert 1 galaxy NGC 5548.

5.1 Introduction

As the quality of monitoring data has improved, it has become increasingly clear that 

not all emission lines are observed to vary in a linear fashion. This had previously 

been predicted using detailed photoionization calculations (Netzer 1991), and points
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to one of the successes of photoionization models. Attention was first drawn to the 

fact th a t a linear response may be an over simplification of the true line response, at 

least for some lines, from observations of the variable continuum and line-emission 

from the BLR of the Seyfert 1 galaxy NGC 5548 (Netzer et al. 1990; Maoz 1992; 

Sparke 1993).

5.1.1 N on-Linearity or N egative R esponse ?

Early attem pts at modelling the observed variability behaviour of the emission lines 

in NGC 5548 by using a simple parameterization of the line-emissivity and a linear 

line response were reasonably successful at matching the time-delay between the line 

and continuum variations, but were not able to reproduce the relative amplitude of 

the variations between the three continuum events (Netzer 1990).

The main problem as outlined by Netzer (1991) and various other workers is 

th a t for recombination lines such as Lya and strong cooling lines such as CiV, 

whose response to continuum variations should be approximately linear, the peak 

intensity of the emission line during the second and third continuum events remains 

essentially unchanged, whereas both the peak intensity and duration and hence the 

total energy of these two continuum events are substantially different. This effect is 

observed to be stronger in CiV than in Lya {e.g. see Figure 5.6, panels 2 and 5). A 

number of plausible explanations have been cited including a non-linear emission- 

line response (Maoz 1992), a negatively responding inner BLR (Sparke 1993; Koen 

1993; and Chapter 3), a change in the composition of the BLR between the second 

and third continuum events (Peterson 1993), or a change in the spectral energy 

distribution of the ionizing continuum (Pogge &: Peterson 1992; Peterson 1993).

Maoz (1992) attem pted to fit the Civ emission-line light-curve by assuming 

tha t the continuum and line variations were related by a polynomial in Fion (z.e. 

Fiine oc tto +  aiFion +  a2 Ff^j^), where Fion and Fum represent the continuum and 

emission-line fiuxes respectively. In order to fit the observations, the degree of 

non-linearity as measured by the ratio of the coefficients was found to be large 

(02/^1 =  —0.3), suggesting that the Civ line saturates during the second continuum 

event. There are two effects which can account for this. Firstly the continuum 

may soften as it brightens hence reducing the number of C I V  ionizing photons. 

Alternatively, line saturation may arise when the ionization front of the line species 

reaches the far side of the emission-line clouds. Such clouds are said to be m atter
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bounded. Wamsteker and Colina (1986), presented evidence for m atter bounded 

BLRs in several AGN, using intensity variations of the C iV  A1549 emission line. 

Since in general observations point to a hardening of the ultraviolet continuum as 

it brightens (Clavel et al 1991; Krolik et al 1991), Maoz concluded tha t the second 

explanation was the more likely. However, evidence for saturation of the C iv  line is 

far from conclusive since Wamstekar et al (1990) find variable C IV A1549 emission at 

earlier epochs when the continuum was in a much higher state, although a difference 

in the structure of the BLR between these two observing campaigns cannot be ruled 

out. Furthermore, Shields and Ferland (1993), report that the observed variation 

in equivalent width of Lyo; in this object is entirely consistent with a fixed spectral 

shape.

The strongest evidence for a hardening of the ionizing continuum at higher inten

sities in NGC 5548 is obtained from measurements of the line equivalent widths. Pe

terson (1993) pointed out tha t the integrated equivalent width (E W )  of Lyo; A1215 

remains fairly constant for each of the continuum events during the 1988-1989 ‘AGN 

watch’ campaign, whilst that for Giv A1549 increases by ~  70% between the second 

and third continuum events. Since these two lines respond primarily to différent 

regions of the ionizing continuum {e.g. Lya  is most sensitive to ionizing photons 

just shortward of the Lyman limit, whereas Civ variations are driven by photons 

with energies ~  54 eV (=  229 A), an increase in E W (C iv )  for this event indicates 

an increase in C iv production per unit energy and thus a hardening of the ionizing 

continuum. In addition, Pogge and Peterson (1992) from a study of the intrinsic 

Baldwin effect for NGC 5548, found that after allowing for a time-delay between 

the emission line and continuum variations, the slope of L(Clv) vs L(A1350) was 

steeper for the 3rd continuum event, which also points to a greater C IV production 

per unit continuum in the 3rd event.

However, Sparke (1993) performed a detailed cross-correlation analysis of the 

NGC 5548 data and showed that the cross-correlation functions (CCFs) of a number 

of emission lines appear steeper on the negative time-delay side than the continuum 

auto correlation function (ACF). As the GGF is the continuum AGF convolved with 

the response function {e.g. see Chapter 1, and also Gaskell Sz Sparke 1986; Penston 

1991), for response functions which are either entirely positive or entirely negative, 

the CCF should be a broadened version of the continuum AGF. Furthermore, the
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line ACF, which is the continuum ACF convolved with the response function ACF, 

is found to be narrower than the continuum ACFs in all the lines tha t were studied. 

Again, this should not be the case if the response function is everywhere positive or 

everywhere negative. These findings do not require a non-linear response model for 

the BLR, but do indicate that at least for some lines the response function is negative 

in some region(s) of the BLR and that in these regions, the line-emission decreases 

as the continuum brightens. Koen (1993), also presented evidence for a negative 

responsivity in the inner BLR of NGC 5548 for the Cm] A1909 and S ilv  A1397 

emission lines, from a cross-correlation analysis of their differenced light-curves. 

However, the results from this study are inconclusive due to the relatively small 

amplitude of the epoch to epoch line variations when compared to the measurement 

errors on the line intensities.

In the following work, the linear-response approximation is discarded. Instead 

the instantaneous response of an emission line to variations in the ionizing contin

uum is determined by relating changes in the local mean value of the ionization 

param eter U (r) to changes in the intensity of the ionizing continuum relative to its 

mean level. The resultant change in the observed line-emissivity between epochs t\ 

and t 2 , is then calculated by interpolating on a grid of

photoionization models.

5.2 N on-linear response m odels

All of the model response functions presented thus far have been calculated assum

ing tha t the emission lines respond linearly to variations in the intensity of the 

ionizing continuum {i.e. the line responsivity 7]{r) is a function of position only). 

This is a reasonable approximation for small continuum variations and for emission 

lines whose optical depth doesn’t vary considerably with continuum level. However, 

emission-line variability studies have shown large differences between both the am

plitudes and variability timescales of the high and low ionization lines, indicating 

th a t the BLR is in fact both geometrically thick and highly stratified. As shown in 

Chapters 3 and 4, realistic BLR models are therefore likely to be comprised of an en

semble of clouds which exist over a broad range of physical conditions, possibly with 

large radial variations in U, N ,  and Ncoi- For such models, the local linear-response 

approximation is likely to break down, particularly if the BLR is composed of both
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optically-thick and optically-thin gas, since at the boundary between these two re

gions, a small change in ionization parameter can result in a significant change in 

T}, for a fixed density and column density. The pressure-law BLR models introduced 

in Chapters 3 and 4 are examples of stratified BLRs, but for these models r){r) was 

held fixed during continuum variations.

In the linear response approximation, the change in the emission line luminosity 

with respect to its mean value AL(t), is determined at each epoch by convolv

ing the variable part of the continuum light-curve A C {t — r ) , with the anisotropic 

responsivity-weighted response function according to equation 1.19. The

model emission-line light-curve is then calculated by adding on the steady-state lu

minosity L{t) at each epoch (see equation 1.18). In this Chapter an attem pt is 

made at determining to what extent these ‘linear’ approximations are accurate rep

resentations of the true line-response. This of course can only be determined by 

comparison with a full ‘non-linear’ response model of the BLR. A general property 

of non-linear models is tha t they are by nature CPU intensive since the detailed 

emission line response of each individual cloud has to be calculated at every epoch.

In Section 5.2.1, the implementation of the non-linear response model for a num

ber of idealized emissivity distributions is described in detail. For each of the four 

case studies presented, the variation in the line responsivity as a function of con

tinuum  level and its effect on the variability behaviour of the calculated non-linear 

emission line light-curves is examined. In Section 5.3 a non-linear model for the BLR 

of the Seyfert 1 galaxy NGC 5548 is presented. Non-linear emission-line light-curves 

have been calculated for some of the strongest observed optical and ultraviolet lines 

{e.g. Lya C m ], C iv , M gii, H a, H/?, H7 ). Finally a comparison is made between 

the emission-line light-curves as calculated in the linear and non-linear response 

approximations.

In Section 3.10, the line responsivity 7/(r) was defined as the partial derivative 

of the line response to fractional changes in the intensity of the ionizing continuum 

about its mean level. In all cases, r){r) remained fixed as the continuum level varied 

{i.e. T]{r) was time-independent). In the following calculations the line responsivity 

is a function of the local physical conditions which are themselves dependent upon 

the continuum intensity at any given epoch, and as such the line responsivity varies 

continuously as a function of continuum level {i.e. r]{r) is time-dependent). It there
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fore seems reasonable to define an instantaneous responsivity function, r}{r,t), which 

represents the fractional change in the emissivity from one epoch to the next, nor

malized to the fractional change in ionization parameter (or equivalently continuum 

level) between the same two epochs, written here as

C o b s { r , 0 , t 2) -  e o b s { r , e , t i )  _  ̂ 2̂) -  U j r , t i ) ]

where £o6s(r, fi) and 6obg(r, ^,^2) are the observed local emission line fluxes at 

epochs and 2̂ respectively, and U{r,ti)  and U{r,t2 ) are the local values of the 

ionization parameter for those epochs. By definition, the instantaneous anisotropic 

responsivity-weighted response function t) is tha t function which if convolved

with the fractional change in continuum level between epochs t\  and (2 yields the 

observed change in the line luminosity between those two epochs. In practice neither 

T]{r,t) nor f) are known a priori, but are instead derived from the observed

emissivities which are calculated using a photoionization code. Note th a t 77(7’, tj)  =  0 

when U{r,ti) = U{r,t2 ).

The ‘steady-state’ emission line flux distributions for specific BLR models are 

calculated using a photoionization code, in the same manner as described in Section 

3.3. Initially, the values of the various input parameters e.g. ionization parameter, 

density and column density and the calculated emissivity at each interval in

radius, are taken from the steady-state model. Variations in the local line emissivity 

at later times due to changes in the intensity of the incident ionizing continuum are 

calculated relative to these steady-state models as outlined below.

5.2.1 The Non-linear approach - Im plem entation

Measured in terms of the number of computations required, the simplest application 

of the non-linear method involves models in which the density {N) and column 

density {Ncoi) remain constant with radius, as in for example model F, Section 3.3. 

From equation 1.3, N  = constant implies U{r) oc

To illustrate the application of this technique in its simplest form, and thus 

demonstrate the effect of non-linearity on the emission line response consider four 

idealized BLRs each with an inner radius Rin = 1 light-day an outer radius Rout =  

31.6 light-days, differential covering factor dC{r) oc r® dr, and emission line flux dis

tributions as indicated by the four different line types in Figure 5.1. These emission
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Figure 5.1: Model steady-state emission Une ûux distributions £toti(r) plotted as a 
function o f  the steady-state ionization parameter U{r).

line flux distributions are broken power-law functions of C/, written here as

log £toti(f') = Oi{U) log C/(r) +  constant. (5.2)

In general o; is a function of U. For Models I-IV, a  =  1 in the outer BLR for 

U(Ra)  < U {r) < U{Rout), but differs in the inner BLR for U{Rin) < U{r) < U{Ra),  

where Ra  is defined as the radius at which a change in a  occurs. In the inner 

BLR, O' =  1,0, —2, and +2 for Models I-IV  respectively. Although U(Ra)  is fixed, 

for non-linear response, R^  depends upon the continuum level, and is therefore 

time dependent. Here, log[/(Ro,) =  —1, corresponding to Ra = 3.16 light-days for 

the initial steady-state models. Since the main concern here is the change in line 

responsivity 'r}{r,t) as a function of continuum level, the line emission is assumed 

to be isotropic at all radii. The effect of a varying anisotropy on the emission line 

response for a non-linear BLR model is explored in Section 5.5.3.

To determine the line response for models in which the density and/or column 

density vary as a function of radius {e.g. models C-E), or for models in which 

U{r) = constant, for all r {e.g. model B), requires further photoionization calcu-
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Figure 5.2: (a,) The model continuum light-curve normalized to its mean value, (b) 
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lations, as 7](r, t )  cannot be directly calculated from the steady-state model alone. 

Although non-linear response models similar to models (B-E) are not shown here, 

the first steps toward determining the line response for such models have already 

been undertaken. Here, the salient points are outlined.

Assuming tha t for a given cloud, neither the density nor column density change 

during the continuum variations, the emission line flux distributions must be re

calculated for different normalizations of the ionization parameter U, which is pro

portional to a change in the continuum luminosity. Since the observed continuum 

fluctuations are relatively small, less than a factor of two in most cases, the change 

in U is also usually small. For example, for the continuum light-curve used here, 

a maximum change of A log U =  ±0.5 from the steady-state model is entirely ade

quate, since it encompasses the full amplitude range in continuum variations about 

the mean. The emission line flux Etotli'f') at any given epoch can then be found by 

applying a simple bi-linear interpolation routine on a 3-d grid containing Stoti(f') as 

a function of U, N  and Ncoi-

In practice plots of rj vs logC/(r) for models C-F, over a large range in U are 

remarkably similar (e.g. see Figure 3.9), which indicates an apparent low dependence 

of 7} upon N  and Ned for typical BLR parameters. This effect is particularly strong
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for the HILs, which show almost no differentiation in rj versus log U between any of 

the models. Thus, in general the magnitude of the line response of BLR clouds with 

similar U{r) are expected to be the same for models B-F.

Finally, although estimating the degree of non-linearity displayed by a specific 

emission line from a plot of Stotl versus U is clearly a relatively simple problem, 

calculating the effect upon the overall line response is somewhat more complicated. 

For instance, for lines which respond linearly at low continuum levels, but saturate 

at higher continuum levels {e.g. Lyo; in model F), the overall line response depends 

not only upon a  (where a  = dStotiIdU), L{r), and the magnitude of AC{t),  but 

also upon the relative size of the optically thin region with respect to the centroid 

of t), here denoted Tc (or equivalently R^y^^{t)). Thus, if the contribution

of the optically thin gas to the integrated line response is small, the overall line 

response may still be approximately linear. Determining the extent to which a, 

L{r), AC{t),  and Tc influence the integrated line response can only be found by 

performing a full non-linear calculation. If at the end of such a calculation, the mean 

t) for lines which display a large variation in a  are found to be reasonable 

approximations to their respective ^ ^ ^ ( t ) ,  then the t) for the other lines

need not be calculated.

5.2.2 The m odel continuum  light-curve

The model continuum light-curve used in the determination of the ^Aw(T, t) and 

the emission line light-curves is shown in Figure 5.2(a). It is formed from a simple 

sinusoid of period 100 days, has a mean value of 1.0, peak to peak amplitude of 5.0 

and root mean square variation of 0.474. Figure 5.2(b) shows the fractional change 

in continuum level {= 6U{r)/U{r)) as a function of time. Note tha t the modulus 

of the fractional change in continuum level 1 ^ ^ — from one epoch to another is 

zero when the continuum level is at either its maximum or minimum level, formally 

between epochs 25-26, 75-76, 125-126 and 175-176. The ^ w ( r ,  t) were calculated 

using 100,000 clouds whose response was binned into 1 day r  bins.

5.2.3 M odel I

For Model I, as indicated by the solid line (marked (i)) in Figure 5.1, a = 1.0 

for all U. This corresponds to a linear response model with r){r,t) = 1.0 for all 

values of the continuum level C{t). Therefore for a given cloud at radial position r,

224



the line response increases linearly as the continuum intensity (or

equivalently ionization parameter) increases, as a result of an increase in the starting 

emissivity Ctotli'f'^h) from one epoch to the next. For a decline in the continuum 

intensity the reverse is true.

The emissivity distributions binned as a function of time-delay in 1 day inter

vals are shown in Figure 5.3(a)(i), for the maximum (solid line), mean (dashed 

line), and minimum (dotted line) continuum values. These functions have been 

normalized relative to the maximum binned emissivity value for epoch 125 and are 

essentially instantaneous isotropic emissivity-weighted response functions, here de

noted ^ s w ( t ,  t). Subsequently they differ only in their relative intensities and not 

in their overall form. The ^Biv(r, t) for this model are flat from 0 < r  < 2 light- 

days ( ~  2 X Rin/c) and decline to zero at r  =  63.2 light-days (=  2 x Routic). As 

expected, the maximum emissivity value is obtained when the continuum is in its 

highest state (epochs 25, 125), whilst the minimum emissivity value is obtained when 

the continuum is in its lowest state (epochs 75, 175)(Figure 5.2(a)(i)).

As r}{r,t) = 1.0, the instantaneous isotropic responsivity-weighted response func

tions ^Riv(T, t) shown in Figure 5.2(b)(i), are also identical in form, again differing 

only in their amplitudes. The maximum ĵ%vy(T, t) occurs when the modulus of the 

fractional change in the continuum level | I is at a minimum and the total

line emissivity is at a maximum, formally between epochs 25-26 and 125-126, when 

the continuum is in its highest state. The minimum ^Bw(T, )̂ occurs when both 

I I and the total line emissivity is at a minimum, between epochs 75-76 and

175-176 when the continuum intensity is in its lowest state. The t) are also

flat for 0 < T < 2 light-days (=  2 x Rinfc) declining to zero at r  =  63.2 light-days 

(=  2 X Rout/c).  Thus for Model I, the ^Bw(T,t) and '^Ew{T^t) differ in their relative 

amplitudes and not in their overall form. This is as expected for a model in which 

the line responsivity r]{r,t) is constant for all r,t.

Figure 5.5(i) shows the variation in the centroid Tc of t) as a function of

continuum level C{t). For this model, Tc = constant for all C{t). In fact this will 

be true for any line for which a{U) = constant for all U, although the Tc between 

models with different a  = constant values will then obviously differ.
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5.2.4 M odel II

Model II, as indicated by the dashed line (marked (ii)) in Figure 5.1 differs from 

Model I in tha t a  =  0 for U{Ra) < U{r) < U{Rin)- Thus for this model the line 

responsivity r]{r, t) is time-dependent. Broadly speaking the line responsivity 7]{r, ti)  

for a cloud at radial position r at time ti  can be classified according to the values of 

U{r,ti)  and U{r,t2 ) relative to U{a). Three different Classes have been identified:

Class I: U{r,ti) < U{a)

< [/(a ) 

and U{r,ti) ^  U{r,t2 )

Class II: U{r, t i ) < [/(a)

U{r, 2̂) > [/((,)

or U{r, ^1) > [/((,)

U{r, h ) < [/((,)

Class III: U{r, h ) > [/(a)

U { t , h ) > [/(a)

Clouds belonging to Class I respond as for the linear Model I. That is, as the 

continuum intensity increases, the line emissivity increases linearly with r]{r,ti) = 

1. For clouds belonging to Class II, the line responsivity lies within the range 

0 < T]{r,ti) < 1. The value of r){r,ti) depends upon the initial ionization parameter 

and the local change in continuum level AU{r) between epochs ti  and t 2 - 

For clouds with smaller U{r,ti), is larger, approaching 0 as U{r,ti)  —> U{a),

and hence the line response decreases as f/(r,Zi) increases. By

contrast, clouds belonging to Class III have zero responsivity and therefore do not 

contribute to although they do still contribute to the total emissivity and

hence to A given cloud at radial position r, may pass through each Class

in turn, depending upon U{r) and the maximum change in continuum level from 

the steady-state value. Looked at from a different perspective, at a given instant in 

time, clouds in Classes I-III span a range in U and thus r whose extent depends 

upon U{r) and the magnitude of C{t) — C.
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The ^Ew{T,t)  for the maximum (solid line), mean (dashed line) and minimum 

(dotted line) continuum levels are shown in Figure 5.2(a)(ii). These functions have 

again been normalized to the maximum binned emissivity value for epoch 125. As 

expected the maxima and minima in the emissivity distributions occurs when the 

continuum is in its highest and lowest states respectively. Although the ^ ew (t,  t) are 

again weighted by their emissivity, the functional form of the emissivity distribution 

is now dependent upon the continuum level (since r){r, t) is no longer constant) and 

therefore both their form and amplitudes are different. However, as expected the 

are still flat from 0 < r  < 2 days (=  2 x Rin/c). This remains true for 

all ^BTv(r) time-dependent or otherwise, unless the contribution to the luminosity 

from the inner BLR is so small relative to that from the outer BLR (corresponding 

to a large (3 value in equation 2.19), that the flat peak at 2 x R in /c  is unobservable.

In the linear response approximation {i.e. 7]{r) = constant, for all t), a BLR 

for which r){r) = 0 from Rin < r < Rth and is positive r){r) > 0 elsewhere, has 

a responsivity-weighted response function (^Riv(T)) which is flat from 0 < r  < 

2 X Rth/c  and declines to zero at r  =  2 x Rout/c (see Section 3.9). For the linear 

model Rth is fixed. For the non-linear model, the radial position of Rth, here denoted 

Ra{t) is no longer fixed, but varies with the intensity of the ionizing continuum. 

Hence, the maximum radius for which clouds can be ‘switched off’, depends upon 

the maximum deviation AC{t)  of the continuum C{t) from its mean value C  or 

equivalently the maximum change in the local value of the ionization param eter 

AU{r)  from its steady-state value U{r). Since for Models I-IV, U{r) oc r~^, and 

the maximum positive change in continuum level relative to the steady-state value 

is 1.666(7, the corresponding maximum change in A\ogU {r)  is ~  -1-0.222, which is 

equivalent to a change in radius of % -t-0.91 light-days. This effectively places U{Ra) 

at a distance of ~  4.07 light-days from the continuum source when the continuum 

is in its highest state. Hence at this instant, clouds within the first 4 light-days 

are ‘switched off’. The for the maximum continuum level, epoch 125-126

(solid line in Figure 5.3(b)(ii)), shows this effect clearly. Note tha t is flat

from 0 <  r  < 8 days.

For a decreasing continuum this process is reversed. A falling continuum causes 

clouds on the flat portion of the emissivity distribution to respond once log [/(r, ^2) 

falls below —1.0. Since the minimum continuum level is only 0.333(7, its deviation
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from the mean continuum level is comparatively large {i.e. a factor of 3 as opposed 

to a factor of 5/3 when the continuum is in its highest state). Hence the range in 

radii over which clouds can be ‘switched on’ for a decreasing continuum intensity 

is expected to be larger. For this model, a drop of 0.666 C  represents a change in 

logi7(r) of —0.478, or equivalently a change in radius of % —1.34 light-days. This 

places U{Rq)  at a distance of ~  1.82 light-days when the continuum is in its lowest 

state. The t) at this time is therefore flat from 0 < r  < 3.64 days.

Physically, clouds for which logC/(r, ^2) falls below —1.0 as a result of a drop 

in continuum level, initially show an increased response even though their emissiv

ity actually falls. However, a further drop in the continuum does not affect their 

responsivity which remains constant for logl7(r, 2̂) < log ^1) <  —1.0. The 

)̂ for the maximum (solid line), mean (dashed line), and minimum (dotted 

line) corresponding to epochs 125-126, 150-151, and 175-176 respectively are shown 

in Figure 5.3(b)(ii). Note tha t the size of the flat portion of the ’̂ jiw{T,t)  varies 

with the continuum level in the manner described above. The measured sizes of this 

region for these response functions are 7, 5 and 3 days for the maximum, mean and 

minimum continuum level respectively. The discrepancy between the predicted and 

measured values are due to the large bin-sizes (=  1 day) used in these models.

Figure 5.5(ii) shows the variation in the centroid Tc of ^Hiy(r, t) as a function of 

continuum level C{t). For this model, Tc increases with continuum level, due to the 

larger extent of the optically-thin (zero responsivity) gas when the continuum is in 

its highest state.

5 .2 .5  M o d e l I I I

Model III as indicated by the dotted line (marked (iii)) in Figure 5.1 differs from 

Model I in tha t a  = —2.0 for U{Ra) < U { r )<  U{Rin)' Not only is the emission line 

responsivity negative in this region but it is also directly proportional to and 

thus dependent on the size of the change in continuum level from one epoch to the 

next. Note tha t for a positive change in the continuum, the largest change produces 

the smallest responsivity in this region {i.e. r){r,t) is smaller (less negative) for larger 

AC{t)).  However, for a decreasing continuum intensity, the larger the change, the 

larger (more negative) the responsivity in this region. Three Classes of response 

have been identified and may be summarized as follows:
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Class I: U (r, h < [/(o:) '

U (r, f 2 < [ / (« ) ► 7]{r,ti) = 1

and U (r , t i

Class II: U{r, ti < [^((,) ' rj{r,ti) > 0 ^  ^wz(^) ^2)

U (r, f 2 > [/(a ) ^ 7]{r,ti) < 0

or U{r, ti > [/(a ) ' r]{r,ti) > 0

U{r, t 2 < [/(a ) ^ ri{r,ti) < 0 ẐoZZ (^5̂ 1) ^  ẐoZz(̂ ) 2̂)

Class III: U{r, ti > [/((!) '

U (r, f 2 >[/(Q!) > 7?(r,fi) < 0

and U{r, ti

The for the maximum (solid line), mean (dashed line) and minimum

(dotted line) continuum levels are shown in Figure 5.3(a)(iii). All of the ^ s iv (r, t) 

appear to be flat out to a radius of greater than 2 light-days. This is due speciflcally 

to the form of the emissivity distribution which for r < Ra  is heavily weighted 

toward larger r. The largest r  for which remains flat occurs when the

continuum is in its highest state (~  5 days) due to the larger effective value of Ra 

and hence a greater weighting of the emissivity toward larger radii. This effect is 

analogous to tha t of a flatter emissivity distribution as discussed in Chapter 2.4.1. 

Similarly, the smallest r  for which ^ e w {t , t) remains flat occurs when the continuum 

is in its lowest state (~  2 days), due to the smaller effective value of Ra  and hence 

the greater relative weighting of the emissivity at small r when compared to that 

of the steady-state model. Note that the minimum range in r  for which '^Ew{'^,t) 

is flat can never be less than 2 x Rin/c  since Rin is the radius of the smallest shell 

contributing to the response function.

In Section 3.9, the appearance of a number of different ^ h w (t)  for a BLR com

posed of a mixture of optically-thick and optically-thin gas were described in detail. 

The ^Aw(T) relevant to Model III is that comprising an optically-thin inner region 

in which r] < 0, and an optically-thick outer region in which 7] > 0. The response 

function for a BLR of this form is flat from 0 < r  < 2 x Rin/c, increases to a positive
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dot-dot-dashed line). Each light-curve has been normalized to its mean value from 
day 62 onwards.

m axim um  at 2 x Rq /c  where Rq is the radius at which 7/(r) =  0, and declines to zero 

a t 2 X  Routfc. For 0 <  r  < 2 x Rinic,  ' F f i w ( r )  may be either positive or negative 

depending upon the relative weighting of the negative and positive responsivity gas. 

For M odel III, the position of Rq, here denoted Ra{t),  varies w ith continuum  level, 

which results in a variation in the position of the peak in t) from ~  8 days

when the  continuum  is in its highest sta te  to  ~  3 days when the continuum  is in 

its lowest state. For M odel III all of the t) are flat and positive to  at least

2 X  R i n / c ,  due to the larger relative weighting of the positive responsivity gas. T he 

'^Rw{T,t) for the m axim um  (solid line), m ean (dashed line) and m inim um  (dotted  

line) continuum  levels are shown in Figure 5.3(b)(iii).

F igure 5.5(iii) shows the variation in the centroid Tc of T/jvy(r, t) as a function 

of continuum  level C{t). As for Model II, Tc increases w ith continuum  level, bu t 

for th is m odel spans a larger range in Tc due to the reduction in contributions to 

^Rw(T, () at sm all r  caused by the negative line responsivity in the inner BLR.

5.2.6 M odel IV

For M odel IV, as shown by the dot-dashed line (m arked (iv)) in F igure 5.1, a  =  2.0 

for U{Ra) < U{r) < U{Rm)- The emission-line responsivity is positive and is
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directly proportional to in this region. As for Model III, the magnitude of 

?7(r, ti)  in this region depends upon the size and sign (either positive or negative) of 

the continuum variation, but in this case in the opposite sense. Thus for a positive 

increase in continuum intensity, the larger the increase, the larger the responsivity. 

On the other hand, for a decreasing continuum intensity, the largest responsivity is 

produced when the fractional change in the continuum intensity is smallest. Three 

Classes of response have been identified and may be summarized as follows:

Class I: < U(a)

and

> =  1

U{r, ti) < [/(«)

U{r, t 2 ) > [/(«)

U (r,ti) > [/(a )

U{r, t 2 ) < [/((,)

Î 77 (r , f i )  >  1

 ̂ 'q{r,ti) >  1

and

U{r,ti) > [/(a ) '

U{r, <2) > [/(a ) > t r]{r,ti) > 1

U{r, ti) U{r,t2) ^

Notes: f For a given positive continuum change, r}{r^t{) increases for larger U{r,ti), and 

r){r,ti) is larger for larger continuum changes, p For a given negative continuum change, 

T]{r,ti) increases for larger U{r,ti), and r]{r,ti) is smaller for larger continuum changes, 

t For a given change in continuum r){r,ti) = constant for all U{r,ti). For a positive 

continuum change the largest change produces the largest responsivity. For a negative 

continuum change, the largest change produces the smallest responsivity.

The normalized to the maximum binned emissivity value at epoch

125 are shown in Figure 5.3(a)(iv) for the maximum (solid line), mean (dashed 

line), and minimum (dotted line) continuum values. The ^£jvt^(r, t) are all fiat from 

0 < r  < 2 X Rin/c. As for Models I-III, the response function is at its maximum and 

minimum value when the continuum is in its highest and lowest states respectively.

The ^Aw(T, f) also peak at 2 days as r]{r,t) is positive for all r,t. The maximum 

^nw (T,f) occurs when the modulus of the fractional change in continuum level is
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Figure 5.5: Variation o f the centroid of the instantaneous responsivity-weighted 
response function t) as a function o f continuum level C for Models I-IV.

at a minimum whilst the emissivity is at a maximum, which occurs between epochs 

125-126, when the continuum is in its highest state. The t) for the maximum,

mean and minimum continuum levels are shown in Figure 5.3(b)(iv).

Figure 5.5(iv) shows the variation in the centroid Tc of ^Rw(T, t) as a function 

of continuum level C(t). For this model, Tc decreases with increasing C(t), due to 

the larger relative weighting of gas in the inner BLR to the line response as C(t) 

increases.

5.2.7 R esults and D iscussion

The continuum and model emission-line light-curves for Models I-IV  from day 62 

onwards (i.e. 2 x Rout/c) are shown in Figure 5.4. Each light-curve has been nor

malized to its mean value over this period. A simple cross-correlation analysis 

has been performed on the calculated light-curves, the results of which are shown 

in Table 5.1. The position of both the peak {rpeak) and centroid (reenter) of the 

CCF are given, together with the mean centroid Tc of the instantaneous isotropic 

responsivity-weighted response functions. As both the continuum and emission-line 

light-curves are smoothly varying and sampled at regular intervals, the calculated 

CCFs are smooth and symmetric. Thus the centroid of the CCF is found to be the
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Table 5.1; Cross-Correlation Results for Models I-IV.

Light-curve Tpeak

(days)

' '̂center

(days)

Tc

(days)

a peak to peak 

amplitude

^uar

Continuum - - - - 5.00 0.54+

Model I 13.9 15.0 15.8 (15.8)^ 0.978 2.70 0.35

Model II 14.9 16.2 16.8 (16.9) 0.973 2.61 0.34

Model III 15.6 16.7 17.2 (17.4) 0.971 2.58 0.34

Model IV 9.4 10.2 12.6 (11.9) 0.987 3.40 0.44

Notes: f The Fyar value for the continuum light-curve given here has been calculated from 
day 62 onwards. By comparison F^ar = 0.47 for the full continuum light-curve.
$ The Tc values given in brackets are those determined for the mean continuum level from 
day JD 2440000-1- 7510.139 onwards (i.e. C{t) = 1).

same whether integrating from zero to the peak correlation coefficient or from 30% 

of its majcimum value. Note tha t the position of the peak of the CCF, more usually 

referred to as the ‘lag’, tends to underestimate the ‘size’ of the BLR as was first sug

gested by Robinson and Pérez (1991). The centroid of the CCF although somewhat 

larger, also underestimates the mean size of the variable BLR. The peak correlation 

coefficients, cr, given in column 5 indicate that for all of these models, the continuum 

and emission line correlations are highly significant. In addition, note th a t models 

with the smallest centroids, also have the largest a  values, due to greater coherence 

in the line response.

For Models I, II and III there is only a marginal difference between the peak to 

peak amplitudes of the model emission lines, or between the root mean square of 

the variations Fyar (columns 6 and 7 respectively). However, the general trend is as 

expected. Models II and III, display larger centroids and lags and lower amplitude 

variations and peak correlation coefficients than the linear Model I. For Model II, 

clouds in the inner BLR have zero responsivity, resulting in a reduction in the vari

ability amplitude and an increase in the variability timescale. Although clouds in 

the inner BLR still respond to continuum variations in Model III, the responsivity 

is negative resulting in a reduction in the variability amplitude, and an increased 

centroid and lag in comparison to Model II. In general, the introduction of nega
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tive responsivity in the inner BLR results in larger lags and time-delays and lower 

amplitude variations, unless this region dominates contributions to the overall line 

response. For Model IV the responsivity is larger than for Model I in the inner 

BLR, and therefore the emission-line light-curve shows comparatively larger ampli

tude variations and smaller time-delays.

For lines which have emission line flux distributions similar to Model II, Tc —> 

Rout I  c as the continuum rises since U{Rout) —» U{Ra)- When U{Rout) = U{Ra), 

Tc = 0 since Tj{r,ti) = 0 for all r, and thus 0 everywhere. For lines

with emissivity distributions similar to that of Model III, Tc peaks when the positive 

contributions to the line response, are exactly balanced by the negative contributions 

(i.e. when 0 for small r) . Obviously, the peak Tc for each model depends

upon 7]{r,t), F{r), £toti{r), dC{r), and the maximum value of C{t).

Finally, it should be emphasized that the magnitude of these effects depends 

primarily upon the differential line luminosity dL{r)/dr  and the time-dependent 

radial line responsivity rj{r,t). For instance for Model II, dL{r) oc dr for U{r) < 

U{Ra), and thus the amplitude of t) for r  < 2 x Ra{i) increases as the

continuum intensity increases. By contrast, choosing a differential covering factor 

dC{r) oc r~"^dr, so tha t dL{r) oc r~'^ dr for U{r) < U{Ra), results in a constant 

amplitude t) for r  < 2 x Ra{t), irrespective of either the amplitude or sign of

the continuum variations. Furthermore, if dC{r) oc dr and thus dL{r) oc r~^ dr 

for U{r) < U{Ra), the amplitude of is found to decrease for r  < 2 x Ra{t)

following a continuum increase. These results are reversed for a decrease in the 

continuum intensity.

5.3 N G C  5548 - a non-linear BLR m odel

In the following Section it is shown that by allowing for the difference in ionization 

param eter and density normalization at a distance of 10 light-days, the flux in the 

ionizing continuum for Model F scales within a factor of two with tha t determined 

for NGC 5548. As such, if the BLR geometry used for model F is representative 

of the gas distribution in this object, it should be possible to use the model F 

emission line flux distributions described in Chapter 3, together with the observed 

continuum light-curve for NGC 5548, to attem pt to match the relative line variability 

amplitudes and line variability timescales for this object. It should be stressed that
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it would be most unlikely for such a model to fit the observed emission line intensities 

and line ratios in this object due to the differences in U and N ,  and because 

the shape of the incident ionizing continuum used for these calculations is known to 

differ from the shape of the intrinsic ionizing continuum in this object.

In Section 5.4 model non-linear anisotropic emission-line light-curves are calcu

lated for each of the lines (17 in total) in model F. These are then compared with the 

strongest observed ultraviolet and optical emission-line light-curves obtained from 

the 1988-1989 ‘AGN watch’ monitoring campaign of the Seyfert 1 galaxy NGC 5548. 

In order to determine the degree of non-linearity exhibited by each of the lines, the 

variation in the centroid Tc of the as a function of continuum level C{t)

is also calculated. In Section 5.5.3 the Tc of the are re-calculated keeping

the anisotropy factor F{r) fixed at its steady-state value, thus enabling the explo

ration of the effect of anisotropy upon the linearity of the emission-line response. 

Finally, in Section 5.5.5 the form of the emission-line light-curves as determined us

ing the non-linear response approximation, are compared with their linear response 

approximation counterparts.

5.3.1 M odel F

For an ionization parameter of Ï7 =  0.01, density N  = 10̂ ® cm“ ,̂ and a radial 

source-cloud separation of 10 light-days (2.59 x 10̂ ® cm), the flux in the hydrogen 

ionizing continuum for model F is =  3.0 x 10̂ ® cm“  ̂ s“ .̂ The ionization param

eter and density for NGG 5548, as determined by Ferland et al. (1992) {U = 0.1, 

N  = 10^  ̂ cm“ ^) using photoionization calculations to match the ratio of G ill] A1909 

to C i v  A1549 emission lines at a distance of 8 light-days, gives a value for of 

3.0 X 10̂ ® cm“  ̂ s “ ^. Taking into account, the difference in N ,  and U, the flux in 

the hydrogen ionizing continuum at a distance of 10 light-days is ~  60% of that 

of model F. Hence as a first approximation, it seems reasonable to use the line 

emissivity distributions as calculated for Model F, together with the observed con

tinuum  light-curve for NGG 5548, to attem pt to reproduce the relative emission-line 

variability amplitudes and timescales for this object.

5.3.2 U ltraviolet continuum  light-curve

As mentioned in Section 1.9.1, the lower amplitude variability of the continuum 

at longer wavelengths could result from dilution by a non-variable component {e.g.
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light from stars, contamination by Fe ll) or it may be due to a real diflFerence in the 

continuum emission at longer wavelengths. Because of the difficulty in determin

ing the real continuum variability in the optical region and because the ultraviolet 

continuum lies closer to the continuum that actually drives the lines, the ultravi

olet continuum as measured at A1337 Â has been used in the following non-linear 

calculations. Indeed, Maoz (1992) showed tha t the form of the response function re

covered for the H/3 line using maximum entropy techniques, depends critically upon 

whether the ultraviolet or optical continuum is used. W hen using the ultraviolet 

continuum the response function was found to resemble earlier response functions 

for the HILs (Krolik et al. 1991). However, it should be noted tha t when using the 

observed optical continuum light-curve as measured at A5100 Â, over the total dura

tion of the optical observing campaign (which is incidentally now in its 5*̂  year, and 

which for some observing periods has a higher sampling frequency than the ultravi

olet continuum light-curve), the recovered response functions are not too dissimilar 

from those obtained using the optical continuum from the earlier campaigns. This is 

extremely im portant since the production of model emission line light-curves from 

model response functions also depends critically upon the form of the continuum 

light-curve used.

5.4 R esults

Due to the finite length of the input continuum data train, and the fact tha t the 

model BLR has a light-crossing time of Tlt =  112.4 days (=  2 x Routic), the first

112.4 days of the model emission line light-curves cannot in principle be used for 

comparison with the observations. Therefore, both the observed and model emission 

line light-curves have been normalized with respect to their mean values calculated 

from epoch JD 2440000 4- 7621.740 (=  1®* epoch +  t^r)  to epoch JD 2440000 

7741.441. However, since the covering factor dependence of the lines in model F is 

heavily weighted toward smaller radii and the centroids of the t) are relatively

small when compared to the BLR light-crossing time, the model emission line light- 

curves are thought to be reliable from % JD 2440000 -f 7510.159 -f 2 x Tc/ c in most 

cases.

In Figure 5.6 the model non-linear anisotropic emission line light-curves (solid 

line) are plotted for a number of lines, together with the observed continuum and
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emission line light-curves and their associated errors. Both sets of lines have been 

normalized to their mean value from epoch JD 2440000 -t- 7621.740 (=  2 x Rout/c) to 

epoch JD 2440000-|-7741.441 (the last continuum data point used). In Table 5.2 the 

maximum and minimum value, root mean square variation Fyar, and peak to peak 

amplitude A, are given for all of the model non-linear anisotropic emission-line light- 

curves. For comparison, columns 5-7 of Table 5.2 give the variability parameters 

determined for the observed emission-line light-curves during this period.

Figure 5.6 and Table 5.2 show that the model non-linear emission-line light- 

curves for the HILs produce reasonable fits to the observed variability amplitudes 

of these lines. The fits for the LILs are generally much worse, although this was 

anticipated since in model F, the relative line intensities of the LILs with respect 

to the HILs do not fit the data for NGC 5548. Apart from Lya A1215, M gll A2798 

and H7  A4340, the variability timescales of the model emission lines are generally 

smaller than is observed in NGC 5548. The differentiation in variability amplitude 

and time-delay between the HILs and LILs is readily reproduced, although this 

difference appears to be somewhat smaller in model F than is generally observed. 

This could imply tha t the ionization parameter gradient in NGC 5548 is steeper 

than in model F. Alternatively, the HILs and LILs may be produced in different 

regions of the BLR.

The variability timescale of C III] A1909 for the non-linear model is found to be 

smaller than is observed. This can be accommodated in the non-linear scheme by 

invoking either a higher density normalization for model F, resulting in a reduc

tion in Cm] through collisional de-excitation, and/or an increase in the ionization 

param eter normalization, resulting in an enhancement of the CiV A1549 intensity 

in the inner BLR relative to that of C III]. This ties in well with the density and 

ionization parameter normalization derived for NGC 5548 by Ferland et al. (1992). 

An increase in the ionization parameter and density in the inner BLR results in 

an increase in the contribution of the HILs at smaller radii, particularly N V A1240 

and He II A 1640, which have a greater responsivity at higher ionization parameters 

and densities. The relative intensity of N v with respect to the other HILs, which 

is five times larger in NGC 5548 than in model F, suggests either higher ionization 

param eters or a non-solar N V abundance for this object.

The variability amplitude of the model emission-line light-curves for both the
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Balmer lines and optical lines of Helium are generally larger than is observed, whilst 

their variability timescales are generally too small. One solution to this problem 

would be to increase the inner radius of the model BLR, as this results in an increase 

in the line variability timescale and reduces the line variability amplitude, due to a 

reduction in the coherence of the emission line response. However, the inner radius 

cannot be increased beyond more than a few light-days since this would destroy 

the rapidity of response of the highest ionization lines {e.g. Tcenter = 4 days for 

N v  ). The recovered response functions for a number of broad emission lines in 

NGC 5548 indicate a negligible emission line response for r  >  100 days (Krolik 

et al. 1991; Horne et al. 1991). Thus, increasing the outer radius of the BLR to 

reduce the variability amplitude of the LILs cannot be justified. An alternative 

solution is to invoke the presence of optically thin gas in the inner BLR, which in
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tu rn  implies high ionization parameters. As stated in Section 3.8, the presence of 

optically thin gas in the inner BLR, dampens the line variability amplitude and 

increases the line variability timescale. Increasing U in the inner BLR would help 

to enhance contributions of the highest ionization lines, for example N v and He ll, 

which are found to be too weak in this model. The presence of optically thin gas 

in the inner BLR for NGC 5548 has been invoked by a number of workers, based 

on the observed variability amplitude of a number of different lines (Maoz 1992; 

Pogge Sz Peterson 1992; Rokaki et a l 1993). The relative intensities of the LILs 

with respect to the HILs are generally much weaker in model F than is observed 

in NGC 5548. In addition, excluding N v  the scaled luminosities for the HILs in 

model F are in general agreement with the observations. Thus for model F to remain 

tenable, a substantial fraction of the LIL emission must be produced in a separate 

BLR component.

In summary, the non-linear emission-line light-curves presented here do not si

multaneously match the observed variability amplitudes and timescales of the HILs 

and LILs. Invoking optically thin gas in the inner BLR although improving the 

variability amplitudes and response timescales of the HILs and LILs, is found to be 

of limited value, since the radial extent of the optically thin gas is influenced by the 

rapidity of response of the highest ionization lines. Thus, whilst it appears tha t both 

the HIL intensities, line ratios, variability amplitudes and response timescales can be 

adequately described by a spherical distribution of clouds which are optically thin 

at the Lyman limit in the inner BLR, the relative weakness of the LIL intensities, 

and line amplitude variations suggests that the bulk of the LIL emission is produced 

in a secondary BLR component.
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5.5 D iscussion

5.5.1 How good is a linear approxim ation to  the em ission line re
sponse?

The variation in Tc with C{t) indicates the variation in a  as a function of U, since Tq 

versus C{t) is constant for a{U) = constant. For an emission line which responds lin

early to variations in the intensity of the ionizing continuum {i.e. r){r,t) = constant, 

for all t), the shape and therefore centroid of the instantaneous response functions 

remain constant (see Figure 5.5 panel (i)) although their amplitudes may vary. Al

though in principle, 7/ as defined by equation 3.10 could be used to calculate the 

corresponding at each epoch, the "^R^{r,t) are used as they are far more

sensitive to the variation in line emissivity with ionization parameter.

In Figure 5.7 the centroids of the instantaneous response functions as a function 

of continuum level are plotted for all lines, for the above non-linear model. Figure 

5.8 shows the same plot for a case in which the degree of anisotropy, F{r), is held 

fixed at its steady-state value during continuum variations. Generally the graphs 

of Tc versus C{t) are steeper at low continuum levels and fiatten off toward high 

continuum levels (as in Models II and III). The only exceptions to this rule are H ell 

A4686 for which Tc increases uniformly with continuum level, and 0 IV and H ell 

A1640 for which the rate of change of Tc increases with increasing continuum level.

5.5.2 G eneral effects

The mean, range and the ratio of the range to the mean in the position of the 

centroids Tc are given in Table 5.3 for all of the model emission-line light-curves. 

For a linear response, {a = 1.0), the centroid of the i) will remain constant

during continuum variations, and thus a graph of response function centroid versus 

continuum level will appear as a horizontal straight line. Given tha t in the majority 

of cases the graphs of response function centroid versus continuum level are not well 

approximated by horizontal straight lines (see Figure 5.7), then it would appear that 

at this level the linear response model for the BLR is inappropriate.

To quantify the degree of non-linearity exhibited by the model emission-lines 

Table 5.3, column 4, gives the ratio of the range in centroid values with respect 

to their mean value for each line. Obviously for lines with oi{U) = constant, this 

quantity is effectively zero, increasing as the variation in a{U) increases. Due to
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the high sampling rate of the continuum light-curve used to calculate the centroids 

of the t) (see below), the resultant scatter in Tc for a given continuum level

is relatively small. Points which lie away from the general trend (which in most 

cases resembles a smooth curve), are those for which the modulus of the fractional 

change in continuum level as measured from the continuum level at the previous 

epoch I I, is unusually large {e.g. see Figure 5.7, Lya). In general the larger

the value of the further the point lies away from the curve.
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Table 5.2: Emission line variability parameters.

Model Observations

Line Range E uar A Range Eyar A

UV cont 0.35 -  1.63 0.31 4.70 - - -

0  VI 0.26 -  1.67 0.39 6.50 - - -

Lyo; 0.59 -  1.24 0.17 2.09 0.54 -  1.30 0.20 2.43

O v 0.28 -  1.64 0.38 5.88 - - -

N V 0.37 -  1.47 0.30 3.92 0.06 -  2.80 0.49 45.33

Si IV 0.51 -  1.30 0.22 2.52 - - -

O iv 0.34 -  1.46 0.32 4.23 - - -

Si iv-l- 0 IV 0.46 -  1.34 0.29 2.94 0.44 -  1.46 0.23 3.32

C iv 0.47 -  1.33 0.24 2.85 0.68 -  1.17 0.12 1.73

H en  A1640 0.40 -  1.43 0.29 3.56 0.27 -  1.71 0.37 6.23

Si III] 0.63 -  1.22 0.16 1.94 - - -

Cm] 0.53 -  1.28 0.21 2.43 0.77 -  1.39 0.15 1.80

Mg II 0.84 -  1.10 0.07 1.31 0.85 -  1.13 0.07 1.34

H7 0.58 -  1.25 0.18 2.14 0.85 -  1.12 0.09 1.32

H ell A4686 0.40 -  1.43 0.29 3.58 0.74 -  1.13 0.11 1.54

0.59 -  1.25 0.18 2.10 0.88 -  1.13 0.06 1.29

He I 0.53 -  1.28 0.21 2.41 0.91 -  1.19 0.07 1.31

H a 0.69 -  1.17 0.13 1.69 0.89 -  1.10 0.06 1.23

P a 0.76 -  1.14 0.10 1.50 - - -

Notes: Both the model and observed emission-line variability parameters have here been 
calculated from epoch JD 2440000-1- 7621.740 onwards.
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Table 5.3: Non-linear Results.

Line Position of Centroid (days) a 

mean range

0  VI 0.9 (0.9) 0.6 -  1.0 0.44

Lya 13.1 (13.1) 11.4 -  14.4 0.23

0  V 1.1 (1.1) 0.9 -  1.5 0.55

N v 2.1 (2 .1) 1.4 -  2.8 0.67

Si IV 7.2 (7.3) 4.1 -  9.2 0.71

O iv 2.5 (2.3) 1 .7 -3 .7 0.80

C iv 5.8 (5.8) 3.5 -  7.7 0.72

He II A1640 4.4 (4.4) 3.9 -  5.0 0.25

Sim] 15.1 (15.2) 10.2 -  18.2 0.53

Cm] 7.7 (7.9) 4.7 -  9.3 0.60

Mg II 33.9 (34.0) 28.1 -  36.6 0.25

H7 12.4 (12.4) 9.1 -  14.4 0.43

He II A4686 3.8 (3.7) 3.1 -  4.4 0.34

R p 12.6 (12.6) 9.2 -  14.7 0.44

He I 8.0 (8.0) 5.6 -  9.5 0.49

H a 20.2 (20.4) 16.5 -  22.4 0.29

P a 25.6 (25.8) 19.7 -  28.5 0.34

As an example, the four points clustered beneath the curve at continuum values of 

between 0.9 — 1.1, correspond to fractional changes in the continuum level of, from 

left-right, —0.22, —0.18, —0.14 and —0.11 and their respective deviation from the 

general trend shows a clear reduction as | c ë I becomes more positive. The com

plete absence of points lying above the smooth curve is because for the continuum 

light-curve used here, all of the large changes in the continuum level are negative.

In order to compare the form and centroids of the instantaneous responsivity- 

weighted response functions with tha t of the anisotropic responsivity-

weighted response functions presented in Section 4.4, the changes in line
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emissivity St2 ~  due to fractional changes in the continuum level 

were summed in 0.3 day bins. One consequence of the 0.3 day bin size is tha t in 

order to make the calculation of the emission line response as simple as possible, 

the continuum light-curve should also be sampled at 0.3 day intervals or multiples 

thereof. For the continuum light-curve used here, 0.3 day sampling was used. The 

effect of choosing a larger bin-size and sampling interval is two-fold. Firstly, binning 

in 1 day intervals results in smaller centroids at a given continuum level for all of 

the ^jîvy(r, i) calculated here. This is simply because most of the emission lines 

are already heavily weighted toward smaller radii, and larger bin-sizes effectively 

increases the weight of the lower r  bins, hence reducing the centroid still further. 

Secondly, the larger sampling interval results in larger epoch to epoch variations 

in continuum level and hence larger values of This produces a greater

dispersion of centroid values for the same continuum level, reducing the tightness of 

the correlation between continuum level and centroid.

The discontinuity observed in the O V and N v  centroid values at high continuum 

levels is primarily due to the rapid drop in emission of these two lines for values of 

U above 1.2, or equivalently when the continuum level exceeds 1.58 C. For the 

NGC 5548 light-curve this occurs between JD 2440000 + (7621-7624). For the N v 

line this behaviour, although somewhat involved can be explained as follows:

In general F{r) increases with increasing U for the N v  line. Thus as C{i) 

increases, the anisotropy of the cloud distribution also increases and hence Tc rises 

as the cloud response becomes increasingly dominated by clouds on the far side of 

the BLR. This trend continues until the continuum level reaches C{t) > 1.58 C. For 

higher continuum levels, the emissivity begins to drop off as N v is ionized to higher 

levels, principally N VI and N VII. At the same time, the drop in optical depth of 

the N V line reduces the anisotropy of this line. Since the line emission decreases as 

the continuum rises, the line response is negative at small radii and consequently 

there is a deficit of response at small time-delays. This is true for all clouds except 

those directly along the observers sight. Although the total line emission for all 

clouds declines at higher continuum levels, the projected emission for those clouds 

directly along the observers line of sight shows a marginal increase due to the drop in 

anisotropy. Thus at r  =  0, the line response actually increases. However, since the 

dominant contribution is generally that made by the negatively responding gas the
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overall effect is to lower the response for 0 < r  < 2 x Rin/c. Since this change is quite 

abrupt, and the centroid of the N V line is of the order of the size of the optically thin 

region, the fractional change in centroid is comparatively large. Note tha t since the 

maximum AC {t) for these models is relatively small, the '^RwiT^t) remain positive 

for all r .  Furthermore, although the response is negative for small radii the line 

emission is still marginally anisotropic. The response function thus shows a peak 

at r  =  0 declines to a minimum and then increases to a maximum at 2 x Rin/c. 

Similar arguments apply for the O v  line, although the larger drop in emissivity for 

this line for continuum levels above 1.58 C, wherein significant contributions from 

O VII and O VIII first appear, increases the magnitude of this effect.

Although the emissivity of the majority of the lines in Model F begins to decrease 

at high values of U, this effect only becomes apparent for lines with small response 

functions centroids, as the response of these lines is most affected by changes in the 

physical conditions at small radii. From Tables 5.2 and 5.3 it appears that in general, 

Tc and thus a , varies less for the hydrogen lines than for the HILs. Furthermore, 

there is no discernible correlation between the relative amplitude of the variation in 

Tc about its mean with either X or Tc-

5.5.3 Fixed or varying A nisotropy

For emission lines which show a variation in the degree of anisotropy F{r), which 

for model F implies a variation in F{r) with ionization parameter U, fixing F{r) 

at its steady-state value results in an incorrect determination of the true emission 

line intensity and radiation pattern of the BLR. For example, following an increase 

in continuum level, the centroids of the ^Rw{T,t) of emission lines which become 

optically-thin at high U values {e.g. Ho;, H/3, H7 , M gll), tend to be overestimated. 

This occurs because the optically thin gas has a larger relative weight at lower r  

values when compared to that of the optically thick gas (Section 4.4.2). As expected 

this discrepancy increases for larger continuum values. Conversely one would expect 

th a t for a declining continuum, the centroids of the ^ jiw {r ,t)  would be underesti

mated. In fact for most lines, the form of F{r) is quite complex. The general trend is 

for the anisotropy to increase toward smaller radii (higher U), before finally becom

ing optically thin once more (see Figure 4.25). Thus if F{r) is kept fixed for a rising 

continuum the degree of anisotropy tends to be underestimated in the outer regions.
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and overestimated in the inner regions, and vice versa for a decreasing continuum. 

The overall effect on the centroid will obviously depend on the relative contributions 

of the optically thick and optically thin gas. The differences between the centroids 

of the for fixed and varying anisotropy are in fact relatively small (~  4%

for the worst affected case). This is because in most cases the anisotropy is only a 

slowly varying function of U, and in cases where it does vary rapidly, only the very 

inner part of the BLR is affected. It is clear therefore, tha t even for relatively small 

changes in the continuum intensity, the resultant changes in the physical properties 

of the gas must be taken into account when computing the line responsivity.

5.5.4 A n optically thick BLR m odel

To investigate how much of the curvature in Figures 5.7—5.8 is due to the presence 

of an optically-thin region of gas in the inner BLR, the emission line fiux distribution 

for Lya in model F was re-calculated assuming a column density of cm“  ̂ so

tha t the optical depth at the Lyman limit was Z$> 1 at all radii. A plot of Tc versus 

continuum level for Lya in this model still displays a marked curvature, with the 

largest gradient at low continuum levels and flattening off toward higher continuum 

levels. On this basis, it is clear tha t the presence of an optically-thin region is not the 

major root cause of the curvature. An additional test was performed to determine 

whether the curvature is influenced by the form of the continuum light-curve. A 

model continuum light-curve which increased uniformly from 0.3 — 1.7 over a period 

of 100 days, and therefore for which was well-behaved was used. The

results showed tha t the scatter in the plot was considerably reduced due to the 

uniformity of and corresponded exactly to that of Figure 5.7.

In conclusion, the curvature in the plots of Tc versus C{t) can be attributed to 

a variation in rj{r,t) with continuum level (i.e. ol{U) ^  constant), caused primarily 

by a tu rn  over in the emissivity distribution at high U.

5.5.5 Linear versus Non-linear response

If the line response as a function of continuum level is reasonably linear, then the 

anisotropic responsivity-weighted response functions calculated in Chapter

4 should be reasonable approximations to the average emission-line response and 

hence can be used to calculate the emission-line light-curves.

Figure 5.9 shows a comparison of the emission-line light-curves for model F as
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calculated using equation 1.18 (solid line) with those determined using the non-linear 

response model (dotted line). In fact it is clear tha t even for the most extreme cases 

of non-linearity, the emission-line light-curves calculated using equation 1.18 are 

reasonable approximations to the model non-linear emission-line light-curves. The 

differences between the two light-curves for the earlier epochs are readily explained. 

For the non-linear model the luminosity is calculated from the onset of the continuum 

variations. Hence the BLR is not completely ‘switched on’ until after one light- 

crossing time has passed. In the linear case however, the addition of the steady-state 

luminosity at all epochs compensates for the weakness of the line response at small

T .

From Figure 5.9 it is clear that the model emission-line light-curves as calculated 

using the non-linear response approximation display moderately larger amplitude 

variations and shorter variability timescales than those calculated using the linear 

response approximation. There are a number of reasons for this discrepancy besides 

the obvious variation in Tc with C{t). Firstly the line responsivity used in calculating 

is determined from the fractional change in the local line emissivity with 

respect to its mean value due to a corresponding change in the continuum intensity 

with respect to its mean value, and is assumed to be invariant. By contrast, the 

line responsivity for the non-linear model is determined from fractional changes 

in the line emissivity from one epoch to the next, due to fractional changes in the 

continuum intensity between the same two epochs. ^F^^(r) was calculated assuming 

a change in the continuum intensity of +26% relative to its mean value as this falls 

within the typical range of variations observed in AGN in general. However, it is 

simple to show that the form and thus centroid of ^flvv^('r) also varies unless the line 

response is strictly linear. In fact, instead of calculating ^^tvv(r, t), may

be calculated at each epoch in the non-linear approximation with 77(r) defined as 

in Chapters 3 and 4, but including time-dependency. The centroids of the time- 

dependent show lower amplitude variations than those for the non-linear

functions since in this case variations are referenced with respect to the steady-state 

emission line fiux distributions and steady-state continuum intensity. The centroids 

of the two sets of response function agree at C{t) = 1 {= C), are larger in the non

linear model for C{t) > 1, and smaller in the non-linear model for C{t) < 1. Note 

tha t the centroid of also remains constant if a  =  constant. For these models

255



the mean continuum level from epoch 63 onwards is 0.87(7, and thus the difference 

between the form of the two light-curves is mainly due to the lower mean value 

of the centroid for the non-linear model. Obviously better agreement between the 

two models could have been obtained if had been calculated from a smaller

variation in the mean continuum intensity. The best fits for this model are found for 

those lines which have low cr values and which also show good agreement between Tc 

and the centroid of (e.g. Lyo;, Hell A 1640, M gll, and H a). Conversely, the

worst fits are found for those lines which display both large a values, and a generally 

poor agreement between Tc and the centroid of O lV , Cm ] Sim ], and

He l).

5.6 Conclusions

A method has been described for determining the response of a line to continuum 

variations which allows both the line responsivity and optical depth to vary as a 

function of continuum level. The resultant modification in both the line variability 

time-scale, as measured by the response function centroid, and the amplitude of 

the emission line variations have been discussed. The method has been applied to 

a model of the BLR of the Seyfert 1 galaxy NGC 5548. Although the variability 

timescales and amplitudes of the emission lines were not matched exactly, the dif

ferentiation in the emission line variability timescales and amplitudes of the HILs 

and LILs was reproduced.

It has been convincingly demonstrated tha t for small variations in the contin

uum level about its mean level, the linear response approximation is a reasonable 

indication of the true line response for the majority of lines in Model F. Allowing 

for a time-dependent anisotropy has been shown to have very little baring upon the 

emission line response, since F (r)  varies smoothly as a function of r (or equivalently 

U). However, for both larger amplitude continuum variations, abrupt changes in 

F (r), and BLR models in which the optically-thin gas provides a more substantial 

fraction of the total line emission than that presented here, the agreement between 

the emission-line light-curves produced in the linear and non-linear model approxi

mations is likely to be much worse.

256



C hapter 6

An outlook to future work.

Summary

In modelling the response functions and line profiles of idealized distributions of 

BLR clouds, a number of im portant assumptions have been made and a variety of 

physical processes ignored. Here, a number of these processes are discussed in terms 

of their effect upon the form of the model response functions and line profiles. In 

most circumstances, and particularly for the range of physical conditions explored 

in this work, these effects are found to be negligible and thus their exclusion clearly 

justified.

6.1 Introduction

The model response functions and line profiles calculated so far, although of in

creasing complexity and representing a vast improvement over earlier work, are still 

somewhat incomplete as a number of im portant physical and dynamical processes 

have been neglected. Included amongst these are:

• anisotropic continuum emission

• variable continuum shape

• the shape of individual BLR clouds

• shadowing by clouds

• dust extinction

• electron scattering

• relativity
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• time-dependent BLR structure.

Each of the above physical processes has been excluded on the grounds tha t its affect 

upon the model response functions and line profiles is either minimal, highly model 

dependent, or cannot be easily constrained by observations. Below justification for 

their exclusion is given.

6.1.1 A nisotropic continuum  em ission

In all of the models presented so far, it has been assumed tha t the ionizing continuum 

radiation is emitted isotropically. However, the origin of the ionizing continuum ra

diation is unresolved. The generally accepted picture is that the continuum emission 

originates from material orbiting in an accretion disc surrounding a massive black 

hole. Viscous heating cannot provide enough energy to produce the observed hard 

x-ray continuum fiux, so the proposed mechanism is tha t the disc is illuminated by 

radiation back scattered by an optically-thick medium (possibly electron scattering) 

onto the surface of the disc (Collin-Souffrin 1987).

Netzer (1987) presented a model for the BLR in which clouds are photoionized 

by an aspect dependent ionizing continuum source. The continuum in this model is 

produced by a geometrically-thin accretion disc and is formed from two components; 

an ultraviolet component whose flux has a strong angular dependence similar to a 

limb darkening law, and an isotropic x-ray component formed in an inflated central 

region of the disc close to the central massive blackhole. The BLR clouds are located 

in a spherical distribution at various angles of elevation (9) above the plane of 

the disc. For a given cloud source distance r, and hydrogen density N , clouds at 

large elevations {i.e. small 9) are exposed to a stronger, softer ultraviolet continuum 

than clouds at lower elevations. Therefore, these clouds emit strongly in the HILs 

{e.g. Lya, CiV, and O vi) and Baimer continuum emission. Furthermore, if the 

ionization parameter is large enough, some clouds will be optically-thin to the Lyman 

continuum, and will thus tend to emit more isotropically as well as being subject 

to acceleration by radiation pressure. Conversely clouds at small elevations {i.e. 

large 9) see a much harder continuum due to the lower ultraviolet contribution at 

small angles and lower projected surface area. These clouds therefore emit strongly 

in the LILs {e.g. M gll and Fell). In order to match the mean observed emission- 

line intensities, this model requires an angle dependent covering factor. For small
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elevations the covering factor is almost unity, decreasing for larger elevations. An 

advantage of this model is tha t it makes a number of detailed predictions which 

can be tested observationally. Firstly, it produces a more symmetric Lya profile 

in line with observations. Secondly this model predicts, a correlation between the 

continuum intensity and the line equivalent widths as has been observed in a number 

of AGN, with edge-on objects being generally fainter and with larger line equivalent 

widths than  objects with smaller inclinations (Netzer 1987, Mobasher & Raine 1989)

A number of alternatives have been proposed for producing an anisotropic ion

izing continuum. Cunningham (1975) showed tha t relativistic effects can result in 

harder continua close to the plane of the disc if the bulk of the emission is generated 

within a few gravitational radii. Beamed continuum models, on the other hand, 

predict the bulk of the x-ray emission at large 6.

Probably the best indicator of an aspect dependent continuum emission is the 

observed correlation of the R parameter (the ratio of the core to extended radio emis

sion) with FWHM H/1 found in Broad Line Radio Galaxies (Wills h  Browne 1986). 

Line-emission from the surface of a disc has a characteristic double-peaked profile. 

Such profiles have been observed for a few objects {e.g. 3G 390.3) although other 

BLR geometries and velocity fields can also produce double-peaked line profiles.

6.1.2 Variable continuum  shape

A closely related problem to Section 6.1.1 is whether or not the the shape of the 

ionizing continuum varies as a function of continuum level. Observations of the most 

frequently monitored AGN, specifically NGC 5548 suggest that the amplitude of the 

continuum variations decrease with increasing wavelength (Clavel et al. 1991), even 

after the removal of non-variable components such as the Fe ll lines and stellar emis

sion (Wamstekar et al. 1990). Although care must be taken when applying results 

found in the observed ultraviolet continuum to continuum variations shortward of 

the Lyman limit, at face value it does appear that the continuum hardens as it 

brightens, although see Shields and Ferland (1993) for an alternative view.

The question tha t needs addressing is whether or not a fluctuating spectral shape 

can be incorporated within the context of a non-linear model, and if so, then on a 

more practical point, how this change may be implemented. Assuming tha t the 

ionizing continuum shape varies uniformly as a function of continuum level (thus 

implying tha t a given continuum intensity represents a given spectral shape), and
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th a t the intensity of the observed continuum variations can be applied, within some 

scale factor, to the intensity of the unseen ionizing continuum variations, then in 

principle a simple extension of the non-linear models is all tha t is required. Es

sentially a grid of photoionization models have to be calculated assuming different 

spectral shapes for the ionizing continuum over a range of continuum luminosities 

centered on the luminosity and ionizing continuum shape of a chosen steady-state 

model. Provided tha t a record is kept of which spectral shape is being used at a 

particular instant in time so that the correct photoionization grid is used for the 

determination of the line-emissivities, the calculation of the emission-line response 

may proceed as before. For a given continuum luminosity and thus a given spec

tral shape, the local emissivity value is once again calculated by interpolating on 

the appropriate photoionization grid. Due to time-delay effects, clouds at the same 

radial distance from the ionizing continuum source may therefore be responding to 

continuum variations which not only differ in amplitude, but also differ in their 

spectral energy distributions. Indeed a considerable amount of ground work has al

ready been undertaken to address exactly this sort of problem (Clavel & Santos-Lleo 

1990; Gondhalekar 1992; Gondhalekar 1994; Gondhalekar et a l 1994). In fact, it 

should be possible to accommodate the more general case of aspect dependent con

tinuum  emission (as described in Section 6.1.1), with the added effects of a varying 

continuum intensity and varying spectral shape in the non-linear scheme.

6.1.3 Cloud shape

Due to its small angular size, sub micro-arcsecond for even the nearest objects, the 

BLR is unresolved and is likely to remain so for the forseeable future. The standard 

picture of the BLR is one in which the BLR is formed from a large number of 

cloudlets or filaments which fill only a small fraction of the total available volume 

(as determined from the observed line intensities) and have a generally low covering 

factor (as calculated from the line equivalent widths), so tha t the continuum is 

observed through the gaps between individual clouds (see Chapter 1). The shape, 

size and physical structure of individual BLR clouds, although unknown, obviously 

plays an im portant role in the determination of the emission projected into the 

observers line of sight. For example, if the BLR is composed of geometrically-thin 

slabs of gas which are optically-thick at the Lyman limit, then the line radiation 

pattern  for a number of lines will be highly anisotropic. In fact, even if the gas
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is optically-thin at the Lyman limit, the number of photons escaping through the 

ionized face and backward face of the cloud will generally differ from those escaping 

through the cloud edges, due to the larger total line of sight column in the direction of 

the latter. However, choosing an appropriate shape for the BLR clouds is obviously 

a m atter for conjecture with various forms having been proposed depending upon 

their origin and environment. Included amongst these are ‘comet tails’ in winds 

behind giant stars (Edwards 1980; Puetter 1987; Penston 1988; Scoville Sz Norman 

1988; Alexander &: Netzer 1994), cool condensations in shocked gas (Perry &: Dyson 

1985), shock enduced emission from supernova remnants (Terlevich et a l 1992), 

and cylindrical clouds with their axis of symmetry pointing along their direction of 

motion (Smith Sz Dickel 1983). Effects such as limb darkening are likely to play an 

im portant role in a number of these models. For simplicity, and the lack of a better 

alternative, individual broad line clouds have here been modelled as plane-parallel 

slabs of gas in all photoionization calculations.

Obviously the assumption tha t the BLR is composed of numerous small clouds 

may well be wrong. In fact the old idea that the BLR is formed from the surface 

layer of a small number of large clouds represents at least one viable alternative 

(Peterson 1994).

6.1.4 Cloud shadowing

Current estimates of the BLR covering factor, although somewhat dependent upon 

the method of determination (see Chapter 1) are thought to be somewhere in the 

region of 10% for quasars, and anything up to 60-70% in Seyfert 1 galaxies (An- 

tonucci Sz Miller 1985), although recent x-ray studies suggest tha t in the latter case 

such high estimates are unlikely (Gondhalekar et al 1994; Gondhalekar 1994). For 

low covering factors, shadowing of the ionizing continuum incident upon clouds in 

the outer BLR by clouds in the inner BLR, and the closely related problem of ab

sorption of line photons emitted by the inner BLR clouds by clouds located further 

out, are not usually considered to be important. The magnitude of these effects 

obviously depend upon the differential covering factor {dC{r) oc r'^ dr), and thus on 

cloud shape, being most im portant for smaller 7 . Plausible dynamical models for 

the origin of BLR clouds, usually involve the break up of a small number of large 

clouds into numerous small cloudlets, under the combined influence of differential 

gravitational drag and radiation pressure. These models generally imply large 7
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values, and hence the low importance of this effect is justified.

For large covering factors shadowing of clouds becomes increasingly significant. 

This is particularly true of flattened geometries with low inclination, such as the 

thin Keplerian disc model described in Section 2.4.3, mainly due to numerous cloud 

coincidences along the line of sight to the observer. Clouds located further out see 

a much harder continuum strong in x-rays since lower energy photons are absorbed 

by clouds in the inner BLR. Note however, that discs illuminated by back-scattered 

radiation in an optically-thin medium above the disc are unlikely to suffer from 

this problem as the diffuse continuum provides a more even illumination of the disc 

surface. In addition, if the cloud covering factor is large, but the velocity law is a 

steep function of radius, reabsorption of line photons produced by clouds in the inner 

BLR by clouds located further out will be small, due to the large shift in frequency 

at line center.

In a study of the Baimer line profiles in a sample of Seyfert 1 galaxies, Osterbrock 

(1977) showed tha t in a number of cases the line profiles showed a distinct asymmetry 

to the red. This has been variously interpreted as due to Baimer self-absorption in 

an expanding system of optically-thick clouds (Ferland, Netzer k. Shields 1979), or 

due to the destruction of line photons at the back of the clouds by dust (Capriotti, 

Foltz k  Byard 1979).

For a thin spherical shell of gas of uniform density, the largest line of sight column 

density occurs at an angle 6 =  90° to the observers line of sight. Photons emitted at 

large 9 therefore have more chance of being scattered destroyed or reabsorbed than 

those at lower 6. Thus the observed line-emission is dimmer towards the edges of 

the sphere than toward the center, an effect similar to tha t of limb darkening. For 

a spherically symmetric radial flow, this results in an enhancement of the line wings 

relative to the line core. Conversely, for orbital motion the line core is enhanced 

relative to the line wings.

If the continuum source is diffuse, or extended in size, shadowing is less impor

tant, although this obviously invalidates the reverberation model for the BLR which 

assumes tha t the continuum source is point-like, and tha t the observed continuum 

and emission-line variations are causally related.
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6.1.5 D ust in the BLR

The composition, abundance and spatial distribution of dust within the BLR of 

active galaxies is unknown. Dust within our own galaxy is generally formed from 

silicate grains with sizes ranging from less than a micrometer up to a several mi

crometers. The intensity of the radiation field within AGN is such th a t it is unclear 

as to whether dust with its low sublimation temperature of a few times 10  ̂ K could 

survive within the BLR long enough for it to be a major cause for concern.

If dust does exist within the BLR, then its spatial distribution is extremely 

im portant as the destruction of continuum and emission-line photons on dust grains 

is a major source of opacity. If, as seems likely, the dust is located in the same regions 

as the BLR clouds (in order to shelter it from the most intense radiation), then its 

effect on the continuum and emission-lines could be very different. For instance, 

the scattering of resonance line photons {e.g. Lya, C iv) by dust, increases their 

effective path lengths and thus increases their chance of reabsorption compared to 

neighbouring continuum photons. Thus there may be a considerable difference in the 

degree of extinction experienced by the continuum and emission-lines. Alternatively, 

in comparison to the observed continuum, dust within the BLR may result in a larger 

extinction of the continuum incident upon BLR clouds.

Evidence for the existence of dust within AGN can be found from a variety of 

sources. In the past dust has been used to explain the exceedingly low observed 

Lya/H/? ratio (typically ~  3) (Baldwin 1977a), and a factor of ten smaller than the 

case B recombination value of a typical photoionized nebula. However, it is now 

known tha t the physical conditions within the BLR are such tha t the emission-line 

ratios are far from the standard case B recombination values, and tha t optical- 

depth effects, collisional de-excitation, and x-ray heating play an im portant role in 

lowering this value (Davidson h  Netzer 1979). Similar effects may also be produced 

by introducing an additional source of H/? photons, such as would be expected from 

say, for example an accretion disc (Gondhalekar 1994). Dust has also been invoked 

to explain the observed polarization of the continuum and emission-lines in a number 

of AGN {e.g. NGC 1068) (Antonucci &; Miller 1985; Bailey et al. 1988; Brindle et al. 

1990), although alternative models involving polarization by electron scattering have 

also been proposed. Such observations have led to suggestions tha t Seyfert 1 galaxies 

and Seyfert 2 galaxies are different manifestations of the same physical phenomenum
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and tha t observed differences in their spectra are simply a result of dififerent line of 

sight inclinations (see Chapter 1).

A useful reddening indicator is the Pa/H o; and Ha/H/? line ratios. The P a  

(n =  4 — 3) and H a (n =  4 —> 2) transitions arise from the same upper level and 

hence the ratio of their line intensities are less susceptible to collisional excitation 

and de-excitation (Yates & Garden 1989). However, this assumes tha t the lines are 

formed in the same region of the BLR, which is as yet not proven. However, even 

if the BLR is dust-less, dust external to the BLR causes considerable extinction by 

scattering continuum and emission-line photons out of the observers line of sight. In 

Netzer’s (1985) disc model the most probable location for dust is in the plane of the 

disc where the majority of the clouds are located and where the ionizing continuum 

radiation is less intense. Consequently, line extinction in this model displays a strong 

angular dépendance.

6.1.6 E lectron Scattering

In the two-phase model of the BLR in quasars, BLR clouds are modelled as cool 

(Tc ~  lO'* K), dense condensations of material immersed in a hotter (T%, ~  10^ — 

10® K) lower density medium which is in an approximate pressure balance with the 

clouds (Krolik, Mckee & Tarter 1981). In this scenario, the hot-phase medium is 

likely to present significant optical depth to electron scattering (denoted here as Tg), 

which has im portant consequences for both the continuum radiation pattern and 

the shape of the emission-line profiles (Kallman & Krolik 1986).

In their models, Kallman and Krolik show tha t for clouds with ordered velocity 

fields, even a relatively small Tg can significantly alter the form of the emission-line 

profiles, typically symmeterizing lines which in standard models are found to have 

highly anisotropic radiation patterns {e.g. Lya), and introducing asymmetries into 

lines whose radiation patterns are more usually isotropic {e.g. Civ), although note 

th a t in models B -F for F{C  iv) ~  0.6-0.8 over a large range in radii. In both cases 

the peaks of the line profiles are shifted with respect to the systemic velocity.

These effects are readily explained in terms of the effect of a large Tg on the 

ionizing continuum. A large Tg not only increases the mean intensity of the ioniz

ing continuum but also broadens its angular distribution, thus producing a diffuse 

continuum component which immerses the BLR clouds in an essentially isotropic ra

diation field. This diffuse radiation field produces a highly ionized HH zone on cloud
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Figure 6.1: Variation in electron scattering optical depth Te with radius r.

surfaces which are normally invisible to the ionizing continuum radiation. Conse

quently, the total line luminosities are increased, and the line radiation patterns 

are made more nearly symmetric. In addition the reduction in size of the HI zone 

through the back of the clouds causes an increase in the line intensity of the HILs 

relative to the LILs.

For a standard BLR cloud, the large Lya optical depths, result in a highly 

anisotropic radiation pattern for this line. Thus, for a spherically symmetric cloud 

distribution, the Lya line-emission is dominated by clouds on the far-side of the 

source {i.e. the side furthest from the observer). For clouds moving radially outward, 

this generally results in a shift in the position of the line peak redward of line center. 

However, if the effects of electron scattering are included a different profile may 

result. For example, consider the case of a spherically symmetric BLR in which the 

electron scattering optical depth increases with decreasing radius (see Figure 6.1). 

Line-photons emitted either close to the continuum source or on the side furthest 

from the observer, are obscured by the large optical depth to electron scattering, 

whereas line photons emitted by clouds on the near side in regions of lower Tg {i.e. 

at greater radial distances from the source) are less affected. In addition large line 

core optical depths effectively remove photons from the line core to the line wings. 

If again the predominant cloud motion is radially outwards, then together, these 

effects tend to decrease the overall asymmetry of the line and push the peak of the 

line away from the systemic velocity. For more symmetric lines, the contribution
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of clouds close to the nucleus on the near side or from clouds on the far side of 

the continuum source, also give reduced contributions to the emission-line profile. 

Taken together, these effects tend to increase the asymmetry of the line.

The importance of electron scattering is extremely model dependent with the 

run of physical conditions with radius playing as significant a role as the direction 

of the velocity field and the radial variation in Tg. For instance, for models in which 

the radial variation in Tg is larger, Kallman and Krolik found tha t the calculated 

emission-line profiles were more symmetric.

In general, Tg scales with luminosity as Tg ~  ^  (Kallman Sz Krolik 1986) where 

L  is the luminosity of the ionizing continuum source and Th is the tem perature of the 

hot phase. Thus electron scattering is relatively more im portant for quasars than  for 

Seyfert 1 galaxies. One im portant effect of large electron scattering optical depths is 

tha t it suppresses variability on timescales of less than the photon diffusion time-scale 

(see Chapter 1). Electron scattering inside the BLR clouds may also be im portant

as it destroys the coherence between continuum and line intensity variations.

6.1.7 R elativ istic  effects

Relativistic effects have been ignored in all of the models considered here. If the large 

scale motion of the BLR gas is predominantly due to gravity, then the mass of the 

central object, presumably in the form of a massive black hole (MBH), is predicted 

to be large ~  10® -  10̂ ®M©, where M© is one solar mass (=  1.989 x 10 ®̂ kg). A 

number of relativistic effects are therefore likely to be observed for emission-line 

photons emitted from clouds orbiting close to the MBH. Listed in decreasing order 

of importance they include :

• doppler beaming

• doppler broadening

• gravitational redshift

Below, the magnitude of the effect each of the above has upon the form of the 

emission-line profile are briefiy discussed.

6.1.7.1 Doppler Beaming

In special relativity the equations representing the aberration of light are as follows:
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=  (6-1)

and

where 6 is the angle between the rest frame of the observer and the rest frame of the 

source, 9' is the angle the velocity vector makes with the rest frame of the source 

(the primed frame), and 7  =  (1 — and is known as the Lorentz factor.

If the clouds emit isotropically in their rest frame, then setting O' = {i.e. a

photon is emitted at right angles to the clouds motion), then

and

tan#  =  —  , (6.3)

sin# =  i  . (6.4)
7

Thus for large relativistic speeds, 7  1; # becomes small and hence

# ~  — . (6.5)
7

Thus emission-line photons emitted isotropically in the clouds rest-frame are con

centrated such tha t in the observers frame, half of the photons are emitted into 

a forward pointing cone of semi-opening angle This so called ‘beaming effect’ 

enhances the contributions of clouds moving directly toward the observer, thus in

creasing the intensity of the blue wing of the line profile relatively to the red.

In Seyfert 1 galaxies and quasars, the FWZI of the broad emission-lines are 

typically ~  10"̂ km s“ \  and thus only moderate degrees of beaming are produced 

(# ~  88°). However, in objects such as OVVs, Lorentz factors greater than a few 

are not uncommon, and thus emission from these regions is highly beamed. For 

example a Lorentz factor of 3 gives an opening angle for the forward pointing cone 

of # ~  19.5°. Emission-line profiles for these objects would therefore be expected 

to show strong red-blue asymmetries. However, such strong profile asymmetries are 

not observed in the optically-active radio-quiet quasar GQ Comae (Sitko 1990).
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6.1 .7 .2  D oppler Broadening

For a particle moving at velocity v at an angle 9 with respect to the observers line 

of sight, the observed frequency Ugbs is given by the relativistic doppler formula

“ 7(1 + | c o s 0 )  ’ (G.G)

where %/g is the frequency of radiation in the rest frame of the source. Hence, if 

> 0 ( i . e .  the source is receding), then since 7  > 1, Uobs < (**e. the photon is

red-shifted). On the other hand, if the source is approaching the observer, <  0 

and 7(1 +  y) < 1, thus Uobs > (*-e. the photon is blue-shifted). An im portant

consequence of including relativity is that for purely transverse motion ( i . e .  v  =  0 ) ,  

7  > 1 implies U g b s  <  and thus the photon is still red-shifted, a result which has 

no equivalent in classical theory.

The large widths of the emission-line profiles observed in AGN are generally 

thought to be due to doppler broadening resulting from the bulk motion of the 

line-emitting gas (Davidson & Netzer 1979). This is allowed for in these models 

by plotting the variable emission-line response and line intensities as a function of 

projected line of sight velocity v  cos 6. If the velocity field has a gradient, clouds 

at different radii moving at different line of sight inclinations can have the same 

projected velocity. Thus there is a Lorentz factor 7  associated with each cloud. 

Since it is not possible to disentangle the contributions of individual clouds to each 

velocity bin, problems can arise when converting to frequency space. Fortunately, 

the largest Lorentz factor is ~  1.000557 % 1.0 (setting v  =  10'̂  km s“ )̂ and can 

thus be safely ignored. For typical BLR cloud velocities ~  lO'̂  km s“  ̂ (7  % 1), 

the observed frequency of a photon emitted from a cloud moving directly toward an 

observer is Vobs ~  l  OSi/g, whilst that for a receding cloud is Vohs ~  0.97f/g, which is 

equivalent to ±40 Â at Lya. For superluminal velocities such as observed in BLRGs 

and OVVs the situation is much worse. For a Lorentz factor of 3 ( i . e .  v  ~ ±0.943c), 

^obs ~  5.85i/g for an approaching cloud, and Uobs = 0.17f/g for a receding cloud.

6.1.7.3 Gravitational Redshift

The gravitational redshift is a measure of the energy lost by a photon escaping from 

a deep gravitational potential well. For example, consider the case of a photon
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emitted with frequency i/g and energy E  = hUe, at the radius of the BLR, R b l r - 

For the BLR the dominant mass within radius R blr  is tha t of the central massive 

black hole Mbh^ Thus the gravitational potential energy U at radius R b lr  is

= (6.7)
■̂ BLrC

where G is the gravitational constant (=  6.672 x 10 N m^ kg ^), An escaping 

photon therefore leaves with energy

R ,

. (6 .8)

An observer sees the photon with energy E qIs = huobs-, where

^obs =  i"e(l -  ) ' (6 9)
^BLR^

Thus the change in frequency of the photon A u  is given by

. .  _  r a  1 f \ \
A u  — Uq ^obs — 75 2 ' ( 6 . 10 )

^ B L r C-

For a photon escaping from a cloud orbiting a 10^ solar mass blackhole at a radius of 

1 light-day, the observed gravitational redshift is ~  5.7 x Thus although line

photons escaping from a deep gravitational potential well are reddened, the effect is 

negligible for the range of blackhole masses considered appropriate for the central 

regions of AGN.

6.1.8 Tim e-dependent BLR

One of the fundamental requirements which must be satisfied in order to use the 

reverberation mapping technique to determine the geometry and kinematics of of the 

BLR, is tha t the structure of the BLR is time-invariant. This requires a static BLR 

geometry in the sense tha t for any model, the rate at which clouds are destroyed or 

lost (through escape), is exactly matched by the rate at which they are replaced. In 

Perry and Dyson’s (1985) model, the BLR clouds are produced by cooling behind
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radiative shocks formed around obstacles (for instance supernova remnants) in the 

interstellar medium. Cool condensations (BLR clouds) can form on timescales of 

«  1 year in these models {e.g. see Perry 1994) and have lifetimes of the order of the 

flowtime around the obstacle (~  a year to a few tens of years, depending on the size 

of the obstacle - typically 0.01-0,1 parsecs). The typical dynamical timescale for the 

BLR is ~  3 years for Seyfert 1 galaxies R b l r  = 10 light-days, and ~  30 years for 

quasars R b l r  = 100 light-days, thus for reasonably short observing campaigns, a 

constant BLR structure is a reasonable assumption and the reverberation mapping 

technique is valid. However, it has been suggested that the observed variation in the 

C IV and Lycr emission-line light-curves during the 1989 lUE monitoring campaign 

of NGC 5548, specifically the change in emission-line intensity during the second 

and third continuum events, is evidence that the BLR structure changed during 

this period, although a number of plausible alternative explanations have also been 

proposed (see Chapter 5).

6.2 M odel fits

It has been demonstrated that a simple multi-cloud BLR model consisting of a spher

ical system of clouds, adequately describes both the observed variability amplitudes 

and the observed variability timescales of a large number of lines covering a wide 

range in ionization state. For a model to be considered a complete description of 

the BLR, it must also fit both the observed emission-line intensities and emission- 

line profiles. Ideally, one should start by attem pting to fit the observed variable 

emission-line intensities and line profiles of the best studied AGN, and hope that 

they are representative of the general AGN population as a whole. This requires not 

only photometric data but also high signal-to-noise, high resolution, spectroscopic 

monitoring data with a high temporal sampling and preferably covering as broad 

a spectral range as possible in order to follow the line profile variations of a large 

number of lines and to provide useful information on the shape of the underlying 

continuum. To date the best studied AGN are all Seyfert galaxies {e.g. NGC 4151, 

NGC 5548, NGC 3516, NGC 3783, Mkn 279, Mkn 590, Akn 120 and Fairall 9).

The maximum entropy method probably offers the best hope of determining the 

BLR geometry and kinematics for these objects. However, this work has shown 

th a t to avoid any misinterpretation of the recovered response functions, a general
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understanding of the physics of the BLR gas is also required. In fact, as has al

ready been noted, a severe limitation to the usefulness of the MEM technique for 

recovering response functions, is its failure to allow for the possibility of negative 

responsivity. Recent work by Horne (private communication), which uses the maxi

mum entropy method to solve for a luminosity dependent response function, similar 

to tha t presented in Chapter 5 of this thesis, may circumvent this problem, although 

to date this has not yet been confirmed. Adaptation of alternative image reconstruc

tion methods used in other scientific disciplines such as the Backus-Gilbert method 

(Backus & Gilbert 1968), a method which is popular with geophysicists who use it 

to obtain information about the structure of the Earth from seismic travel time data 

and which does not suffer from the restriction of positivity in the reconstructed im

age, might also prove fruitful. Work has already started in adapting this technique 

to mapping the response function in the BLR.

Fortunately, things may not be as bad as they might at first seem. Initial tests 

have been performed on the recovery of a model response function from a model 

continuum and emission-line light-curves, in which the line light-curve has been 

calculated by convolving the continuum light-curve with model response functions 

which have negative amplitude at either short or long time-delays, thus mimicking 

the presence of optically-thin regions of gas with large negative responsivity. As neg

ative responsivity tends to increases the centroid of ^ ( r ) ,  and hence the responsivity 

weighted radius, whilst at the same time dampening the line response amplitude, 

the general supposition is tha t MEM will produce anomalous structure in the re

covered response function at relatively large time-delays. Similar structures were 

indeed observed in the recovered response function and thus the presence of such 

features in response functions recovered from monitoring data using this technique 

may indicate regions of the BLR consisting of optically-thin, negatively responding 

gas, although periodic features in the continuum and emission-line light-curves are 

known to produce similar features in the recovered response functions.

6.3 M ulti-C om ponent BLR m odels

One of the more remarkable properties of response functions is tha t the response of 

multi-component BLRs may be determined simply by adding the response functions 

(scaled by their relative amplitudes) of the individual BLR components. To illustrate
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the power of this technique, Figure 6.4 shows the response function for a BLR formed 

from the following distinct components :

• An isotropically emitting thin Keplerian disc of inner radius Rin =  5 light-days 

and outer radius R o u t =  50 light-days inclined at an angle i  =  60° as measured 

from the disc-axis with respect to the observers line of sight. The covering 

factor is chosen such that dC(r) oc dr. The emission-line flux distribution 

is taken to be a power law function of radius as deflned by equation 2.19. For 

this model Stoti(Rin)  =  2 x 10  ̂erg cm“  ̂s“  ̂ and p  =  - 2 .  This gives a constant 

disc surface brightness distribution. The velocity at the inner radius V (Rin) = 

10  ̂ km s“ ,̂ giving a velocity at the outer radius V{Rout) =  3.16 x 10  ̂km s“ .̂

• An anisotropically emitting bi-conical BLR of inner radius Rin = 5 light-days, 

outer radius Rout = 50 light-days, cone semi-opening angle u  = 35°, and incli

nation i  = 60° as measured from the cone-axis with respect to the observers line 

of sight. The covering factor is again given by dC{r) oc dr. The emission- 

line flux distribution is again taken to be a powerlaw function of radius with 

^  —2 in equation 2.19, giving a differential luminosity dL{r) oc r® dr. 

However, this time Ctotl{Rin) = 10  ̂ erg cm“  ̂ s“ .̂ The velocity law is taken 

to be a Hubble type outflow, a  =  1 in equation 2.18, with a velocity at the 

inner radius V{Rin) = 10  ̂ km s~^. The corresponding velocity at the outer 

radius V{Rout) = 10  ̂ km s“ .̂

A schematic diagram of the above multi-component BLR showing the relative 

line of sight orientations of the separate BLR components is shown in Figure 6.2. 

Figure 6.4 shows the trailed spectrogram formed by convolving the composite '^{v, r) 

with the observed ultraviolet continuum light-curve measured at 1337 Â, of the 

Seyfert 1 galaxy NGC 5548. For simplicity it is assumed that the line responsivity 

remains constant with continuum level, and tha t the degree of anisotropy F{r) also 

remains unchanged following continuum variations. Thus r}{r) is time invariant. It 

is further assumed, tha t for this model, rj{r) = 1 and F{r) =  0.8 at all radii. Thus 

for this model the line response is strictly linear.

6.3.1 Line profile evolution

Before discussing the evolution of the line profile as a function of continuum level it 

is instructive to examine the contributions to the line response of the separate BLR
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cone/disc axis

^  Observer

Figure 6.2: A schematic representation of a two component BLR, composed of an 
isotropically emitting thin Keplerian disc and an outflowing anisotropically emitting 
bi-conical BLR of semi-opening angle w =  35°. Each component is inclined at an 
angle of 60° to the observers line of sight.

components, namely the contributions from the bi-cone and the disc.

As described in Section 2.4.2 the form of and thus '^{v) and ^ ( r )  for

an isotropically emitting bi-conical BLR depend upon both the inclination i of the 

cone-axis with respect to the observers line of sight, the cone semi-opening angle w 

and the powerlaw index of the emissivity distribution (3. A s i  > w, the boundaries of 

r )  for the near and far cones are as given by equations 2.30 -  2.32. The inclusion 

of anisotropy does not alter the position of these boundaries but can dramatically 

alter the amplitude of ^ ( y , r )  out of the v , t  plane, and thus may render portions 

of ^ (u ,r )  invisible. For steep emissivity distributions {i.e. small /3) such as that 

used here, ^ ( r )  displays a double-peaked structure with the first peak located in 

the region of r  ~  ^ ( 1  — cos(i 4-a;)) and the second peak at r  ~  ^ ( 1  -t-cos(z — a;)). 

Note th a t ^ ( r )  is zero for 0 < r  < 0.5 days. However, due to the large degree 

of anisotropy (F{r) = 0.8, for all r), the contribution to the total line-emission of 

the near cone {i.e. the approaching clouds) is considerably reduced. Therefore the
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contribution to ^ ( r )  at both small and large r  is dominated by the response of 

clouds in the far cone. Thus, the first peak in ^ ( r )  is absent, with ^ ( r )  rising from 

0 at r  =  — cos(% — u)) to a maximum in the vicinity of the second peak,

declining steadily to zero at r  =  ^^^(1 +  cos(% — w)). In a similar fashion, ^(i;) 

is also modified by the inclusion of anisotropy. The reduced contribution to the 

emissivity of clouds in the near cone produces a pronounced asymmetry in the line 

profile. This asymmetry takes the form of an enhanced red-wing relative to the 

blue-wing, and a displacement of the peak of the line profile of ~  8 x 10  ̂ km s~^ 

redward of line center.

Similarly, the form of r )  and thus ^ ( r )  and Ÿ('u) for an isotropically emitting 

thin Keplerian disc depends upon the disc inclination i with respect to the observers 

line of sight and the power law index of the emissivity distribution /?. The boundaries 

of ^ (t;, r )  are as given in Section 2.4.3. To recap the position of the peaks in ^ ( r )  for 

a relatively steep emissivity distribution (i.e. small /3) are given by ^ ( 1  — s in 2) < 

T < (=  0.67 < T < 5 days) for the first peak and by ^ ( 1  +  sinz) (=  9.33

days) for the second peak. The calculated values, ~  1.67 days for the first peak and 

8.67 days for the second peak is a consequence of the large bin-size (=  1 day) used 

here. Note tha t ^ ( r )  is zero for 0 < r  < 0.67 days, ^(i;) for this model shows a 

double-peaked line profile which is symmetric about line-center. The position of the 

peaks in the profile are located dX v = ±V'(i?ouf) sinz =  ±2.74 x 10  ̂ km s~^ (see 

Figure 6.3(b), lower left panel).

The composite ^ (z ;,r) for the multi-component BLR naturally shows features 

which are characteristic of the ^ (z ;,r)  of the individual components (see Figure 6.4, 

lower left panel). Figure 6.5 shows the line profile evolution with time for the multi- 

component BLR. The time-dependent variable line profiles have been calculated 

from slices of the trailed spectrogram at 10 day intervals starting at JD 2440000 

+  7604 days. Individual boxes in Figure 6.5 show the profile at the current epoch 

(solid line) compared with that at the earlier epoch (dotted line).

A general property is that profile variations appear to propagate from the blue 

side of the line (the approaching gas) through to the red side of the line (the receding 

gas) with the largest amplitude variations occurring in the core of the line slightly 

redward of line center. The profile shows a remarkable range of forms. Between 

epochs 7634-7644 the profile is almost triangular, whereas between epochs 7654-
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Figure 6.5: Evolution o f the model line profile for a two component BLR, at intervals 
o f 10 days (see text for details). Individual boxes show the line profile at the current 
epoch (solid line), together with that at the previous epoch (dotted line). Epoch 
numbers are given for each box.
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7664 a prominent shoulder appears in the red-side of the line. At still later times, the 

reduction in the strength of the line core gives the profile a flat-topped appearance. 

Throughout all these various forms, the line profile shows a persistent peak blue- 

ward of line center whose position appears to be invariant. This feature is only just 

visible at epoch 7634, where it is swamped by large core variations .

The evolution of the line profile with time although complex, can readily be un

derstood in terms of the evolution of the line profiles of the individual BLR compo

nents. The propagation of proflle variations from the blue-wings of the line through 

to the red-wings of the line is characteristic of the line proflle evolution of a bi-conical 

BLR in which the cloud motion is radial outflow. For steep emissivity distributions, 

as in this case, the largest amplitude variations occur in the core of the line. The 

anisotropy, however reduces the contribution blue-ward of line center and therefore 

the largest amplitude variations occur red-ward of line center. Note tha t for this 

combination of i and w, the bi-conical BLR is no longer bifurcated. The line pro

file variations for an isotropically emitting thin Keplerian disc are symmetric about 

line center, propagating from the core to the wings of the line on time-scales of 

(2 X Rin/c)s>mi declining symmetrically to zero at r  =  (2 x Rout/c)sinL Contribu

tions from the disc therefore tend to reduce the overall asymmetry of the line. The 

persistent feature in the blue wing of the line is caused by the blue peak of the disc 

profile. Due to the large reduction in emission from clouds in the near cone result

ing from anisotropy, this feature tends to dominate the line proflle for line of sight 

velocities <  2 x 10^ km s“ .̂ The peak at line center is caused by the overlapping 

of contributions from the near and far cones at zero velocity, tending to fill in the 

saddle-shape of the disc profile.

For the composite BLR the further complication of shadowing of the line-emission 

from the far cone by BLR clouds in the plane of the disc has been ignored. This 

is not an unreasonable assumption since the line of sight velocity for clouds in the 

covered portion of the cone, are usually quite different from those of the disc and in 

any case the luminosity distribution for the bi-cone is more heavily weighted toward 

larger r.

Obviously many such combinations are possible {e.g. disc and bi-cone, disc and 

sphere etc.) and thus further modelling is required to determine the most likely 

candidates. Note that if the inner BLR component is very much closer to the
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continuum source, and thus more highly variable, a number of effects may be seen. 

For instance, if the continuum varies on relatively short timescales, the response of 

the bi-cone will be less coherent than that of the disc due to the large geometrical 

thickness of the former with respect to the latter. Thus for this model the line wings 

will respond more coherently to continuum variations than the line core.

6.4 Conclusions

High quality spectroscopic monitoring data [i.e. high signal-to-noise, high spatial 

resolution, and high temporal sampling) can be used to provide some insight as to 

the BLR geometry and kinematics. For example, numerical models show tha t with 

high quality data, the images or ‘echoes’ of individual r )  can be identified within 

trailed spectra, thus enabling a direct determination of the BLR geometry and kine

matics. Trailed difference spectra are found to be particularly useful in this respect, 

as the removal of non-varying components, which blur the observed line response, 

aids identification of ^ ( v ,r ) .  However, data of this quality have yet to be obtained 

and thus sophisticated numerical techniques (e.g. the maximum entropy method) 

must be employed to recover the response functions. Although, the recovery of the 

2-d response function ^ (v ,r ) ,  containing both spatial and kinematic information is 

generally preferred, the paucity of spectroscopic data, has meant th a t in practice 

only the recovery of the 1-d response function has been attem pted with any real 

success. Unfortunately, the form of the 1-d response function, although providing 

valuable information concerning the spatial distribution of the BLR gas, is not neces

sarily unique to one particular geometry, and consequently under certain conditions, 

the response functions for spherical, bi-conical and disc-shaped geometries can re

semble one another. This highlights one of the main concerns with reverberation 

mapping, in tha t interpreting the form of the recovered response function in terms 

of the spatial distribution of the BLR gas can often be misleading, particularly if 

the physics of the line emitting gas has not been taken into account.

Using a discrete multi-cloud modelling code ‘PROSYN’, in conjunction with 

a sophisticated photoionization code ‘CLOUDY’, model 1-d emission-line response 

functions have been calculated for large numbers of lines covering a broad range in 

ionization state, for a spherical BLR in which the physical properties and spatial 

distribution of the line emitting gas are constrained by a simple radial pressure-
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law. By relaxing some of the assumptions used to compute the model response 

functions, the effects of a number of physical processes on the form of the response 

functions have been identified, and this has in tu rn  led to to an understanding of 

the limitations of currently favoured recovery techniques.

Prom an analysis of the model emission-line intensities and 1-d response func

tions, the following general conclusions can be drawn:

(i) For the pressure law models, a power law emissivity distribution is a relatively 

poor approximation. The cloud emissivity is not a simple function of radial 

position within the BLR, but depends critically upon the local physical con

ditions.

(ii) Although the pressure-law models were not specifically tuned to reproduce the 

conditions within the BLR of NGC 5548, it is perhaps somewhat surprising 

tha t the relative emission-line intensities and response timescales of the HILs 

in these models (particularly model F) are in such good agreement with the 

observations. However, their failure to reproduce the intensities of the LILs 

with respect to the HILs, suggests that a secondary BLR component, possibly 

in the form of an accretion disc is required to produce the bulk of the LIL 

emission.

(iii) Pressure-law BLR models can reproduce the observed differentiation in the 

response timescales of the HILs and LILs, particularly if there is a steep ion

ization parameter gradient, although constant U models can also display s tra t

ification if the density varies across the BLR. In general, the HILs respond on 

shorter timescales and with larger amplitudes than the LILs. This suggests 

tha t in single component BLRS, the HILs should be used to recover Rin, whilst 

the LILs should be used to recover Rout- Furthermore, if the velocity law is 

such tha t the cloud velocity decreases with increasing radial distance from the 

ionizing continuum, the HIL profiles will be broader than the LILs, which ap

pears to be supported by the FWZI of the observed line profiles in a number 

of objects.

(iv) The line responsivity is generally a complex function of radius, and thus ion

ization parameter, for many lines. Under certain conditions, T}{r) may be 

negative over a substantial range in radii, particularly if U is large, or the col
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umn density is small. For the LILs negative responsivity in the optically thin 

region is caused by a depletion of LIL species as a result of a reduction in the 

size of the partially ionized zone where these lines are formed. In contrast, the 

hydrogen lines become thermalized as the continuum intensity increases with 

77 (r) =  0 in the optically thin region. The HILs also displayed a negative line 

response, particularly in regions of high U due to ionization to higher species. 

Thus weighting the response function by its emissivity alone appears to yield 

unsatisfactory results.

(v) The presence of an optically thin region in the inner BLR reduces the ampli

tude of the emission-line response and increases the characteristic emission-line 

variability timescale.

(vi) The line anisotropy is also found to be a fairly complex function of radial 

position within the BLR. For lines with small optical depths, the inclusion of 

anisotropy has no effect upon the form of the response function. However for 

lines with large optical depths the characteristic variability timescale increases 

in a geometry dependent fashion. For the cloud radiation pattern adopted 

here, anisotropy also results in a reduction in the line response amplitude.

(vii) Anisotropy does not alter the relative variability time-scales between the high 

and low ionization lines. However, for BLRs composed of a mixture of optically 

thick and optically thin gas, ^ ( r )  is more likely to become negative at some r  

for those lines with large optical depths.

(viii) Taken together both the line responsivity and the line anisotropy can dras

tically alter the form of ^ ( r ) ,  blurring the distinction between the form of 

^ ( r )  for very different BLR geometries, particularly if the BLR is composed 

of a mixture of optically thick and optically thin gas. Consequently, both the 

line responsivity and line anisotropy must be considered when interpreting the 

form of the response functions recovered from monitoring data in terms of the 

spatial distribution of the line emitting gas. Note that disentangling these two 

effects requires the analysis of those lines which are tracers of optically thick 

and optically thin gas.

(ix) For the models described in this work, the linear response approximation ap

pears to be a fair representation of the true emission-line response. How
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ever, for these models the overall line response is dominated by contributions 

from the optically-thick gas, and 7]{r) and F  are both smoothly varying, and 

slowly varying functions of U (except at the boundary radius between the 

optically thick and optically thin gas). Thus one would expect the degree 

of non-linearity to increase, for both larger amplitude continuum variations, 

and for BLR models in which the contribution of the optically thin gas to the 

overall line response is more substantial.

This work has forcefully demonstrated tha t the emission-line responsivity and 

thus the physical properties of the BLR gas must be considered both when calcu

lating model response functions and when interpreting response functions recovered 

from monitoring data. Furthermore, modelling the response functions of large num

ber of lines spanning a wide range in ionization state has been shown to provide a 

powerful diagnostic of the spatial distribution and physical properties of the emission 

line gas in the BLR of AGN. In addition, attention has been drawn to the limitations 

of techniques used to recover response functions from monitoring data, specifically 

the assumption of linearity and positivity. In future, the validity of these assump

tions must be considered when attem pting to deduce the structure and physical 

conditions within the BLR from the recovered emission-line response functions.
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A pp en d ix  A

A .l  D erivation of the line o f sight em issivity

Chapter 4 (eqtn. 4.2) gives the observed emissivity Sobsi'f'^^)^ radiated from the 

front and back faces of a BLR cloud located at position {r,9), such that

^obs{r, 9) = [1 +  cos 9{1 -  2F{r))] . (A .l)

W hen calculating the anisotropic responsivity-weighted response function, the line- 

responsivity r]{r) is not calculated implicitly at any time, since the change in the 

line-emissivity A£’o5s(t', 0), can be found directly from the radial inward and outward 

line-emissivities of the perturbed and steady-state models. However, provided F{r) 

remains fixed between the perturbed and steady-state models (a necessary require

ment in the linear response approximation), it can be shown tha t this method is 

completely analogous to weighting the observed steady-state emissivity 6o&g(r, ^) by 

r){r), where T){r) is determined from the fractional change in the total line-emissivity 

between the perturbed and steady-state models i.e.

vi'f')£obs{r, 9) = KAeobsir, 9 ) , (A.2)

where K  = 1 /  (A C /C ). Formulating the problem in this fashion also has the added

advantage in tha t the radial line-responsivity r]{r) has no angular dependence. Here

it is shown that equation A.2 is only satisfied if F{r) is the same for both the 

perturbed and steady-state models.
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The change in the observed line-emissivity A£ofts(r, 0), between the perturbed 

and steady-state models is simply

=  ^  +  {e< Z \r ) -  2 e t ^ \ r ) )  cose

-  {e 'tZ ir)  +  { s ‘S i r )  -  2e‘r ( r ) )  cose)]

_  A c ( r )  _ j _  g g g  ff ( A S t o t i i r )  -  2  ( ’ ’ ) ) ) ]

=  ‘i   ̂[AStotl{r) +  cose (A£(o(j(r) -  2A£i„(r))]

where

A!^A£w;(r) [1 + cose(l -  2Af(r))] , (A.3)

Aein{r) = e 1 i ^ \ r ) - e ‘r { r ) ,  (A.5)

A £w iW  =  E S " W - £ a ( T ) ,  (A.6)

) T  Soutif") • (A .7)

Now substituting for rj{r) and 6o&a(r, in the left-hand side of equation A.2 gives

v ( r ) s M r ,e )  = K ^ ^ ^ £ « , M [ l  +  c o s ( l-2 F ( r ) ) ]

=  A : i ^ A £ „ , M [ l  +  c o s ( l - 2 J ’(r))] . (A.8)
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Comparing equation A.8 with equation A.3 it is clear tha t for consistency, F{r) 

should equal A F {r). This is clearly only true if the anisotropy of the perturbed 

and steady-state models is the same. For example, taking the inward and outward 

emissivities of the steady-state model as a measure of the anisotropy, then

ey (r )  e'rir) 
£totir) £\7lir) ’

and hence

(A.9)

-  ejr(r) ^ £ l 7 W f £ S ^ _ i )  / / £ S V ) _  ' 
Siotir) -  £‘S ir )  £‘S ir )  \  £‘t7l(r) )  /  V £&(>-) ,

_ gjr(r)
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A pp en d ix  B

B .l  Lim its on F(r)

In Chapter 4, it was suggested tha t the ratio of the amplitude of ^ ( r )  at r  =  0, 

to tha t at T =  Tpeakj for a geometrically-thick BLR with constant anisotropy factor 

F{r) = F  — constant, represents a lower limit to the degree of anisotropy. Here 

simple geometrical arguments are used to justify this claim.

Figure B.l:

Consider the response of two thin spherical shells of gas at radii R i  and R 2 (and 

i ?2 >  Ri)) with anisotropy factor F(r) = 0.8 for all r. The response function for 

the inner shell increases uniformly from r  =  0 to a peak at r  =  2 x R i/c  and is zero 

elsewhere. The value of ^ ( r )  at r  =  0 relative to ^ ( r )  at r  =  2 x R i /c  is simply the 

ratio (=  0.25) for this model. In a similar fashion, the response function for

the outer shell increases uniformly from r  =  0 to a peak at r  =  2 x i?2/c  and is zero 

elsewhere, and once again the ratio of ^ ( r )  at r  =  0, to ^ ( r )  at r  =  2 x R 2 /C, is 

simply the ratio (=  0.25). Figure B .l shows the response functions for each
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Figure B.2;

of the above anisotropically emitting thin spherical shells of gas assuming a large 

negative ^  value. Since F{r) = F  = constant,

and thus

a +  c 
b d

a +

(B.l)

ad

For large negative (3, and a constant anisotropy factor F{r), the response function 

peaks at r  =  2 X R i/c ,  and thus

since e < d. (B.2)

Hence the ratio of ^ ( r )  at r  =  0 to iF(r) at r  =  Tp̂ ak underestimates F{r).

Figure B.2, shows the response functions for two anisotropically emitting spher

ical thin shells of gas with constant anisotropy factor F{r), and a large positive j3 

value. In this case, the response function peaks at r  =  2 x i?2/c  and thus

a -t- c a 
d “  6 ’

(B.3)
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and so once again the ratio of ^ ( r )  at r  =  0, to ^ ( r )  at r  =  Tpeaki underestimates 

F{r).
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