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ABSTRACT

Despite great progress in the understanding of the structure of the quasar broad line region (BLR), its exact geometry

and kinematics remain unclear. Detailed studies of the shape of broad emission lines [e.g., Eracleous and Halpern,

1994, Sulentic et al., 2000, Richards et al., 2002] as well as velocity-resolved reverberation mapping [e.g., Peterson et al.,

2005, Denney et al., 2009, Bentz et al., 2010] show evidence for diverse kinematics. Moreover, there are indications for

high- and low-ionization lines originating from emission regions with different velocity and spatial structures [Gaskell,

1982, Marziani et al., 1996].

Gravitational microlensing can magnify a limited area of the quasar, the magnification depending on the size of

the emission region relative to the microlensing cross-section. This makes microlensing a powerful tool to probe the

inner regions of quasars. Recent studies have revealed that multiply-imaged quasars showing microlensing of their

continuum also commonly display deformations of their broad emission lines [e.g., Sluse et al., 2012]. Those line profile

distortions are caused by microlensing resolving and magnifying parts of the BLR.

This thesis exploits microlensing of the BLR to constrain its geometry and kinematics. BLR microlensing is

investigated through two complementary methods: (i) a model-independent decomposition of the microlensed part of

the quasar spectrum, and (ii) comparison of observations to simulated line profile distortions. Those two approaches

are applied to high-quality spectra of the lensed quasars HE0435-1223 and QSO2237+0305. Both quadruply-imaged

quasars show significant line profile distortions that can be robustly attributed to microlensing. This investigation

especially focuses on the image D of quasar HE0435-1223 and on the image A of QSO2237+0305, which are affected

by the largest microlensing effects.

Near-infrared spectra of the HE0435-1223 lensed quasar reveal that the Hα broad emission line that they contain is

distorted by differential microlensing in images A and D. The microlensed part of the Balmer line profile is disentangled

using the micro-macro decomposition (MmD) method introduced in Sluse et al. [2007] and Hutsemékers et al. [2010].

The shape of the microlensed component of Hα differs between images A and D: while microlensing only magnifies

the red wing of Hα in image D, it de-magnifies its core in image A. Since only the caustic pattern that magnifies the

emission region of the Hα line varies between images A and D, the combination of constraints set on its structure by

those different microlensing effects favors flattened geometries for the low-ionization region. Biconical models cannot

be ruled out but require fine-tuning.

Continuum and BLR microlensing is also detected in the images A, B, and C of the QSO2237+0305 lensed

quasar. A set of visible and near-infrared spectra of the four quasar images, obtained at the same epoch, allows

to simultaneously investigate the structure of the high- and low-ionization regions of the BLR. Constraints on the

BLR structure are derived from the distortions of the CIV and Hα broad line profiles. Image A shows the largest

microlensing effect. MmD unveils that microlensing only magnifies the red wing of the Hα low-ionization line, while it

symmetrically magnifies the wings of the CIV high-ionization line. Though they are affected by smaller effects, images

1
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B and C display similar line profile distortions in the sense that microlensing differentially magnifies the blue and red

parts of Hα while it symmetrically magnifies the blue and red parts of CIV. Given that the same microlensing pattern

magnifies both the high- and low-ionization regions of QSO2237+0305, the different microlensing signatures observed

in the high- and low-ionization lines suggest that they arise from regions governed by different kinematics. Since this

quasar is likely viewed at intermediate inclination [Poindexter and Kochanek, 2010], the differential magnification of

the blue and red wings of the Hα line favors a flattened, virialized, low-ionization region, whereas the symmetric

microlensing effect measured in CIV can be naturally reproduced by a line forming in a polar wind.

In addition to the model-independent constraints derived from the analysis of the microlensed part of the quasar

spectrum, the BLR structure can be further investigated through modeling the effect of microlensing on broad emission

lines. Microlensing-induced line profile distortions are simulated by combining the emission from representative BLR

models with generic microlensing magnification maps. Three simple structures are investigated: a Keplerian disk, a

disk-like equatorial wind, and a biconical polar wind. The effect of microlensing on a broad emission line is quantified

using four observables: µBLR, the total magnification of the broad emission line, RBI and WCI, the red/blue and

wing/core indicators that characterize the distortion of the line profile, and µcont, the magnification of the continuum

that underlines the emission line. Those distortion indicators are designed to be independent of the exact shape of

the emission line, which eases the comparison between simulations and observations.

Simulations show that line profile distortions like those observed in HE0435-1223 and QSO2237+0305 can be

reproduced and attributed to the differential magnification of spatially separated regions of the BLR. When the effect

of microlensing is weak, there is a large overlap between the RBI and WCI indicators of the distorted line profiles

produced by the different geometries. In that case, several BLR models can produce a same microlensing-induced

deformation, so that distinguishing their ability to reproduce a given deformation would require the statistical analysis

of large data sets. On the other hand, when microlensing induces large distortions of the broad emission lines, the

different models have different signatures, hence enabling model discrimination.

The weak magnification of the red wing of Hα caused by microlensing in the image D of quasar HE0435-1223 can be

reproduced by various combinations of BLR and caustic structures. The constraints on the structure of the Hα emission

region set by that small-amplitude microlensing effect therefore do not enable to robustly discriminate the different

BLR models. Adding a constraint on the size of the continuum source, taken from previous microlensing studies of

the accretion disk of HE0435-1223, allows one to restrict the number of configurations matching the observations. In

that case, the Keplerian disk model is favored for the Hα emitting region.

The large magnification of the red wing of the Hα low-ionization line, and of both blue and red wings of the CIV

high-ionization line observed in the image A of quasar QSO2237+0305 puts stronger constraints on the BLR structure,

which results in a few matching configurations. The effect of microlensing is simulated with idealized caustics as well

as with a more realistic caustic network computed for the image A of QSO2237+0305. Consistent results are obtained

using both the idealized and more realistic magnification maps. Enforcing the continuum to arise from a larger radius

at Hα wavelength than at CIV wavelength leads to matching BLR models composed of a Keplerian disk low-ionization

region, and a more compact high-ionization region that can be either a Keplerian disk or a biconical wind. Modeling

also privileges low to intermediate inclinations of the line of sight, i.e., i ≤ 44◦.

The stronger constraints set on the emission region of Hα by the large microlensing effect that affects QSO2237+0305

compared with HE0435-1223 illustrates a general tendency brought out by simulations: the discrimination of the BLR

models requires sufficiently strong microlensing effects. Model discrimination can be further improved using additional

information, like the size of the accretion disk or the combination of microlensing magnification patterns observed si-

multaneously in broad emission lines of various ionization degrees. Besides, the differential magnification of the red

and blue wings of Hα measured in both lensed quasars favors a Keplerian disk as the origin of low-ionization lines.
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RÉSUMÉ

Malgré d’importants progrès dans notre connaissance des quasars et de la région d’émission des raies larges (BLR) qui

les compose, des incertitudes subsistent sur la géométrie et la cinématique de cette région. Différentes cinématiques

ont été mises en évidence par des études détaillées des profils des raies larges [e.g., Eracleous and Halpern, 1994,

Sulentic et al., 2000, Richards et al., 2002] et la cartographie par réverbération de la région d’émission de ces raies

dans plusieurs quasars [e.g., Peterson et al., 2005, Denney et al., 2009, Bentz et al., 2010]. De plus, plusieurs études

suggèrent que les raies de haute et de basse ionisation sont émises dans des régions distinctes, dont les géométries

et/ou les champs de vitesse diffèrent [Gaskell, 1982, Marziani et al., 1996].

Certains quasars sont observés sous la forme de mirages gravitationnels. Ces mirages gravitationnels sont composés

de plusieurs images d’un même quasar produites par la déviation des rayons lumineux de ce quasar par une galaxie

située sur leur trajectoire. Les étoiles contenues dans cette galaxie peuvent jouer le rôle de microlentilles gravitation-

nelles et causer des déviations additionnelles des rayons lumineux qui donnent naissance à une image du quasar. Une

microlentille gravitationnelle peut ainsi agrandir une fraction de la région d’émission des raies larges. Le seul effet

observable est l’amplification du flux lumineux provenant de la région qui subit cet agrandissement et la déformation

du profil de raie qui en résulte. Des études récentes ont révélé que les quasars dont le continu est amplifié par une

microlentille montrent généralement des déformations des profils des raies larges [e.g., Sluse et al., 2012]. L’effet de

microlentille gravitationnelle sur les raies d’émission larges est dans ce cas un puissant outil pour sonder leur région

d’émission dans les quasars.

L’objectif de cette thèse est de contraindre la géométrie et la cinématique de la région d’émission des raies larges à

partir des déformations des profils de raie induites par une microlentille. Dans ce but, deux méthodes d’investigation

complémentaires sont exploitées: (i) la décomposition empirique de la composante du spectre qui subit l’effet de la

microlentille, et (ii) la modélisation des déformations des profils de raies causées par une microlentille. Ces deux

approches ont été appliquées à des spectres de qualité obtenus pour deux mirages gravitationnels: HE0435-1223 and

QSO2237+0305.

Les spectres infrarouges obtenus pour les quatre images du quasar HE0435-1223 révèlent des déformations du profil

de la raie Hα dans les images A et D. La composante de la raie de Balmer qui subit l’effet de microlentille est déduite

en utilisant la méthode de décomposition macro-micro [Sluse et al., 2007, Hutsemékers et al., 2010]. La décomposition

des spectres des images A et D révèle que des microlentilles différentes affectent des composantes différentes de la raie

Hα dans ces deux images. Dans l’image D, seule l’aile rouge de la raie est amplifiée, alors que dans l’image A, le cœur

de la raie est affecté par une microlentille. L’amplification différente de l’aile rouge et de l’aile bleue de la raie Hα

observée dans l’image D favorise son émission dans un disque. Un vent qui s’échappe le long de l’axe de symétrie du

quasar ne peut être complètement exclu mais nécessite d’être vu à une inclinaison spécifique.

Les images A, B et C du quasar Q2237+0305 montrent des déformations de leurs profils des raies larges. Les
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spectres des quatre images du quasar ont été observés à la même époque dans les domaines visible et infrarouge. Leur

combinaison a permis de sonder simultanément la structure des régions de haute et basse ionisations qui composent

la région d’émission des raies larges. L’image A est affectée par l’effet de microlentille de plus grande amplitude. La

méthode de décomposition macro-micro a été appliquée aux raies CIV et Hα présentes dans le spectre de l’image A.

La décomposition met en évidence, d’une part, une déformation symétrique du profil de la raie CIV et, d’autre part,

une déformation asymétrique de la raie Hα due à une amplification différente des ailes de la raie. Les images B et

C montrent également des déformations symétriques de leur raie CIV et des déformations asymétriques de leur raie

Hα. Les déformations différentes de la raie de haute ionisation et de la raie de basse ionisation suggèrent que leurs

régions d’émission ont des géométries et/ou cinématiques différentes. Puisque ce quasar est probablement vu à une

inclinaison intermédiaire [Poindexter and Kochanek, 2010], la différence d’amplification entre les ailes bleue et rouge

de la raie Hα indique que celle-ci provient d’un disque. Au contraire, l’amplification similaire des deux ailes de la raie

CIV est plus naturellement reproduite par un vent en forme de double cône.

En complément des contraintes déduites de la composante de la raie qui subit l’effet de microlentille, la struc-

ture de la région d’émission des raies larges est investiguée en modélisant les déformations des profils de raies dans

les quasars HE0435-1223 et Q2237+0305. Les déformations des profils de raies induites par une microlentille sont

simulées en combinant des modèles idéalisés de la région d’émission des raies larges avec des cartes représentatives de

l’amplification produite par une microlentille. Trois modèles de région d’émission sont investigués: un disque képlérien,

un vent équatorial en forme de disque, et un vent polaire en forme de double cône. La déformation du spectre du

quasar est quantifiée au moyen de quatre indicateurs: µcont qui rend compte de l’amplification du continu, µBLR qui

mesure l’amplification de la raie d’émission, RBI et WCI qui sont les indicateurs rouge/bleu (red/blue) et aile/cœur

(wing/core) caractérisant la déformation du profil de raie. Ces indicateurs ont été construits afin d’être indépendant

du profil de la raie d’émission et de rendre possible la comparaison avec les observations.

Les simulations montrent que les déformations des raies observées dans les quasars HE0435-1223 et QSO2237+0305

peuvent être reproduites par l’amplification d’une portion limitée de leur région d’émission. Lorsque les déformations

induites par la microlentille sont de faible amplitude, il est toujours possible de trouver une configuration qui les

reproduit quelles que soient la géométrie et la cinématique du modèle de région d’émission. Néanmoins, pour reproduire

une même déformation, les modèles ayant une géométrie/cinématique différente tendent à se placer à des positions

différentes sur la carte de micro-amplification. Des contraintes additionnelles sont nécessaires afin de réduire la

dégénérescence des différents modèles, par exemple le suivi des déformations spectrales à plusieurs époques ou la

combinaison des déformations spectrales observées à plusieurs longueurs d’onde. Par contre, lorsque les déformations

sont de grande amplitude, les différents modèles montrent des signatures différentes qui permettent de les différencier.

La déformation d’amplitude moyenne de la raie Hα dans le spectre de l’image D du quasar HE0435-1223 ne permet

pas de favoriser un modèle de région d’émission. La prise en compte d’une contrainte supplémentaire concernant la

taille de la source du continu à la longueur d’onde de Hα, tirée d’études antérieures du disque d’accrétion de ce quasar,

permet de restreindre le nombre de configurations capables de reproduire les observations. L’introduction de cette

contrainte additionnelle favorise un disque képlérien comme origine de Hα.

Les déformations de large amplitude des raies CIV et Hα dans le spectre de l’image A du quasar Q2237+0305

mettent de plus fortes contraintes sur la structure de la région d’émission. Elles résultent en un petit nombre de

configurations capables de les reproduire. Les larges déformations des raies CIV et Hα peuvent être reproduites

lorsque Hα provient d’un disque képlérien et CIV d’un autre disque képlérien ou d’un vent polaire. Une modélisation

plus réaliste de l’effet de microlentille dans l’image A du quasar est réalisée en utilisant un réseau de caustiques. Ce

réseau de caustiques simule l’amplification causée par plusieurs étoiles distribuées aléatoirement le long de la trajectoire

des rayons lumineux qui forment l’image A. Ces simulations conduisent aux mêmes conclusions sur la géométrie et

la cinématique des régions d’émission des raies CIV et Hα que le cas idéalisé considérant une seule microlentille. De
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plus, ces simulations indiquent que la raie CIV provient d’une région plus compacte que la raie Hα. La modélisation

des observations privilégie en outre les inclinaisons intermédiaires de la ligne de visée, i.e., i ≤ 44◦.

Comparées aux déformations de faibles amplitudes observées dans HE0435-1223, les déformations plus importantes

observées dans Q2237+0305 permettent la discrimination des modèles de régions d’émission. Ceci illustre un résultat

général des simulations: la discrimination des modèles de région d’émission à partir des déformations spectrales

observées à une seule époque nécessite un effet de microlentille d’amplitude suffisante. Cette discrimination peut

être améliorée en utilisant des informations additionnelles sur la structure du quasar, telles que la taille du disque

d’accrétion ou la combinaison des déformations observées dans des profils de raies de différentes ionisations.

En outre, l’amplification différente de l’aile rouge et de l’aile bleue de la raie Hα, observée dans les deux mirages

gravitationnels, indique un disque képlérien comme origine de cette raie de basse ionsation.
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OUTLINE

This thesis is dedicated to the study of the spatial and velocity structures of the broad emission line region (BLR)

using gravitational microlensing. It is divided in four parts. The first part introduces active galactic nuclei (AGNs),

which manifest as very energetic phenomena taking place in the core of some galaxies. AGNs are likely powered by a

supermassive black hole that accretes the cold galactic gas (Chapter 1). That first part also presents the theoretical

background of gravitational lensing, which describes the ability of massive objects to bend the light rays coming

frommore distant objects (Chapter 2). In particular, we discuss strong- and micro-lensing cases that correspond to

lensing by a massive galaxy on the one hand and by a stellar-mass object on the other hand. We finally review the

interests and difficulties of using microlensing to study the unresolved inner regions of active galactic nuclei and the

achieved results (Chapter 3).

The second part of the thesis deals with the quantitative analysis of microlensing in gravitationally lensed systems.

We present the Macro-micro decomposition method to disentangle the microlensing signal from the spectral variations

due to differential extinction (Chapter 4). That model-independent decomposition is applied to the spectra of two

quadruply-lensed quasars, HE0435-1223 (Chapter 5) and QSO2237+0305 (Chapter 6). We unveil line profile distortions

induced by microlensing in the broad emission lines of both lensed systems. Such deformations of the broad emission

lines are produced by the magnification of a limited area of the BLR due to microlensing. For each lensed quasar,

constraints on the BLR geometry and kinematics are extracted from the observed line profile distortions.

The third part of the thesis is dedicated to the modeling of microlensing-induced line profile distortions. Those

distortions are simulated by combining the emission from representative BLR models with generic microlensing magni-

fication maps. Three simple structures are investigated: a Keplerian disk, a disk-like equatorial wind, and a biconical

polar wind (Chapter 7). Deformations of the broad emission lines are quantified using a reduced set of indicators, that

are designed to be independent of the exact shape of the emission lines to ease the comparison between simulations

and observations (Chapter 8). The influence of different model parameters, like the geometry and size of the emission

region, on the microlensing-induced distortions of broad line profiles is generally discussed in Chapter 9. The effect of

microlensing observed in the HE0435-1223 and QSO2237+0305 lensed systems is modeled in Chapters 10 & 11. The

deformations of the Hα line profile in the image D of HE0435-1223, and of the CIV and Hα lines in the image A of

QSO2237+0305, are quantified and used as constraints to select and discriminate between BLR models.

Conclusions are presented in the last part of the thesis.
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Introduction
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Overview of Part I

Overview of Part I

In this introductory part, Chapter 1 introduces nuclear activity and the different components that constitute active

galactic nuclei (AGNs). The history of the discovery of AGNs and the understanding of their nature is retraced in

Sect. 1.1. Nuclear activity has the particularity to exhibit various observational signatures, which led astronomers

to define a “bestiary” of peculiar galaxies. There are evident connections between different subclasses of AGNs that

suggest they may be “facets” of a same astrophysical object. Nuclear activity in fact consists in a panel of physical

processes that can take place in the surroundings of the supermassive black hole located in the core of galaxies.

Evidence for and complications of unification schemes are discussed in Sect. 1.2. That section also presents a popular

unified model that attempts to unite the multiple subclasses of AGNs into a single geometry, while allowing only for

limited intrinsic diversity.

Because AGNs are compact and distant targets, their central engine cannot be spatially resolved by current

telescopes and has therefore to be probed by indirect techniques. This constitutes a major difficulty in their study.

Sects. 1.3 and 1.4 review our current knowledge of the unresolved sources at the origin of the continuum and broad

emission lines seen in the spectra of many AGNs. If it is widely accepted that the continuum emerges from an accretion

disk that forms around the supermassive black hole, the spatial and velocity structure of the emission region of the

broad emission lines (BLR) is still controversial. Many models of BLR, introduced to reproduce a more or less large

set of broad emission line features, are discussed in literature. Sect. 1.4 presents some commonly encountered BLR

models.

Chapter 2 is dedicated to gravitational lensing. Gravitational lensing by a foreground massive galaxy provides

astronomers with a natural telescope that can produce several lensed images of a distant AGN. The stars contained

in the lensing galaxy can cause an additional magnification of a small portion of the AGN structure, offering the

opportunity to selectively “zoom in” its inner and most compact regions. Sect. 2.1 presents the theory of gravitational

lensing. Sect. 2.2 discusses the Schwarzschild lens model, that is the simplest gravitational lens model in which the

source, lens and observer are supposed to be point-like. The magnification produced by a massive galaxy of ∼ 1012M⊙,

denoted as strong lensing, and the one produced by a stellar lens of ∼ 1M⊙, denoted as microlensing, are characterized

by very different lensing scales (Sect. 2.3). Although strong lensing and microlensing address very different scales,

both phenomena are essentially described by similar formalisms. Matter in the immediate environment of the lens

can perturb its gravitational field and induce additional deflection of light rays. The Chang Refsdal lens, presented

in Sect. 2.4, constitutes an idealistic representation of such situation. It consists in a point-mass lens perturbed by a

constant external shear. Realistic modeling rather involves a complex distribution of mass influencing the trajectory

of radiation (Sect. 2.5).

This thesis exploits the ability of microlensing to significantly magnify a limited area of the AGN to constrain the

spatial and velocity structure of the gas flowing near the supermassive black hole in its core. Chapter 3 reviews the

interests and difficulties in the study of AGNs using microlensing, as well as the results already achieved. Sect. 3.4

outlines the objectives pursued in this work. It essentially intends to contribute to our knowledge of the geometry and

kinematics of the gas that flows in the center of AGN by combining observations and modeling.
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1

QUASARS

Galactic activity designates the fascinating and complex set of powerful energetic phenomena occurring in the core of

galaxies. Active galactic nuclei (AGNs) are powered by supermassive black holes that nest in the center of galaxies

and accrete their cold gas. Quasars are the most luminous active galactic nuclei and reside in the most massive and

distant galaxies. They not only tell the story of our Universe but also challenge our knowledge of gravitation and

physics under extreme conditions.

1.1 A Discovery Story

1.1.1 Extragalactic Puzzles

The discovery that some galaxies harbor a bright compact component in their core goes back early in the 20th century.

At the beginning of 1900s, Fath [1909] obtained a spectrogram of the NGC 1068 galaxy that uncovered strong emission

lines superposed on the normal stellar continuum of the galaxy. A few years later, Slipher [1917] found that the emission

lines originate from a limited region at the center of the galaxy. The systematic study of galaxies with nuclear emission

lines started in the early 1940s with the work of the astronomer Carl Seyfert [Seyfert, 1943].

The nuclear emission lines show impressive broadening of a few hundreds km/s, some objects even displaying

lines broadened by several thousands km/s. They stand as the most distinctive feature of nuclear spectra, notably

contrasting with the spectra of stars and galaxies that most often exhibit relatively weak lines, predominantly in

absorption. Those strong emission lines are evidence that active nuclear regions include powerful ionization sources.

Large amounts of radiation were indeed found to originate from a 100−parsec wide region in the core of those galaxies,

providing evidence for astonishingly small and, at the same time, extremely massive galactic nuclei [Woltjer, 1959].

Astrophysicists were left with a major enigma: which mechanism of energy production can account for the ex-

traordinary large power output that arises from the nuclei of Seyfert galaxies in a volume smaller than a few parsecs

[Schwarzschild, 1973], and even smaller than a light year as suggested by variability of the continuum spectrum [Fitch

et al., 1967, Peterson, 1988]. The later discovery of highly luminous active galactic nuclei, located at cosmological

distances, stressed up the need to explain how huge amounts of energy can be released from a tiny volume.

1.1.2 Multiple “flavors” of active galactic nuclei

The advent of large radio telescopes in the 1950-60s, and of the first radio interferometers in the 1960s, provided both

the aperture needed to enable the detection of extragalactic radio sources and - thanks to longer and longer baselines
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1.1. A DISCOVERY STORY

- the spatial resolution needed to allow matching the discrete radio sources with their optical counterparts. These

new facilities brought to the attention of scientists a new set of peculiar astrophysical objects. While most radio

emitters were associated to galactic nebulae, supernovae remnants and galaxies, the positions of a handful luminous

radio sources could only be matched to point-like sources in the optical domain [Matthews and Sandage, 1963].

Designated after their stellar appearance, those “quasi-stellar radio sources”, coined “quasars”, showed several

spectral peculiarities confirming that their appearance on the sky was the only common feature they share with stars.

Optical spectra were indeed obtained and found to show an excess of UV emission compared to normal stellar and

galactic spectra. Moreover, those spectra were found to be dominated by strong emission lines, similar to those

observed in Seyfert galaxies, except that they did not correspond to the laboratory wavelength of any known atomic

element. This mystery was solved in 1963 by Marteen Schmidt, who realized that the emission lines observed in the

optical spectrum of the quasar 3C273 were actually the highly redshifted lines of hydrogen [Schmidt, 1963]. That

interpretation of the line shift as a cosmological redshift led to enormous absolute magnitude estimates [Greenstein

and Schmidt, 1964]. Quasars are the most luminous and remote AGNs. This for long prevented any detection of their

host galaxies and conferred them a point-like aspect.

Taking advantage of their excess of UV emission [Matthews and Sandage, 1963], quasi-stellar radio sources were

systematically searched for in photometric surveys on basis of their characteristic blue color indices. Those optical

surveys uncovered the existence of sources similar to quasars in every aspects but their radio luminosity. These

“quasi-stellar objects” (QSOs) turned out to be much more numerous than their “radio-loud” equivalents [Sandage,

1965, Kellermann et al., 1989]. The usage of the term “quasar” has then evolved over the years to denote both the

radio-quiet and radio-loud superluminous point-like sources showing strong broad emission lines in their spectra.

A connection was rapidly established between the nuclei of Seyfert galaxies and quasars [Barnothy, 1965, Hoyle

and Burbidge, 1966] given the similar strong emission line spectrum they exhibit and the UV excess observed in most

quasars as well as in a sub-population of Seyfert galaxies. Still, the completely different appearance of Seyfert galaxies

and quasars, added to the important luminosity gap between those two classes of objects, mainly due to the different

methods and spectral domains involved in their discoveries, has postponed by a decade the acceptance that the same

mechanism of energy generation operates in both systems.

Aside from the discovery of quasars, the identification of the optical counterparts of radio sources unveiled the

existence of another population of peculiar galaxies. The detection of nuclear activity in these radio galaxies was

supported by the strong emission lines, similar to those observed in Seyfert galaxies, seen in their spectra [e.g.,

Schmidt, 1965]. The presence of active nuclei in the center of extragalactic radio sources, i.e., radio-loud quasars and

radio galaxies, suggests that AGNs could be key ingredients in the radio emission processes [Woltjer, 1964, Matthews

et al., 1964].

The luminosity and radio loudness are not the only factors of diversity between active galactic nuclei. Both radio-

loud and radio-quiet AGNs can indeed be subdivided into two populations according to their emission line spectra: (1)

“type 1” AGNs that display two sets of emission lines in their spectra, broad permitted and semi-forbidden lines on

the one hand and narrow forbidden lines on the other hand, (2) “type 2” AGNs that only show narrow emission line

profiles. Type 1 AGNs include radio-loud and radio-quiet quasars, type 1 Seyfert galaxies (Sy1), and their radio-loud

equivalent called broad line radio galaxies (BLRGs). Type 2 AGNs include type 2 Seyfert galaxies (Sy2), narrow

line radio galaxies (NLRGs), and type 2 quasars [Zakamska et al., 2003]. In addition, broad absorption lines (BALs)

blueshifted with respect to the corresponding emission lines are observed in the spectra of 10% − 20% of quasars

[Richards et al., 2003]. BALs are primarily seen in radio-quiet quasars, although they are found in some radio-loud

quasars [Brotherton et al., 1998]. Intrinsic absorption lines are also detected in a fraction of type 1 Seyfert galaxies

[Voit et al., 1987, Crenshaw et al., 1999, Leighly et al., 2009].

Radio-loud AGNs can be classified as a function of their morphologies in the radio domain, some showing “edge-
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darkened” extended radio emission and others being “edge-brightened” [Fanaroff and Riley, 1974]. Radio-loud AGNs

can also be classified as “steep spectrum” or “flat spectrum”, depending on the spectral slope of their radio continuum

[Miley, 1980]. Besides, optical monitorings have revealed the existence of a sub-population of highly variable and

polarized objects among radio-loud quasars and radio galaxies [Racine, 1970, Cannon et al., 1971]. That sub-population

of AGNs, that display exceptionally rapid and large amplitude variability of their brightness and polarization, is

subdivided into Optically Violently Variables (OVVs) and BL Lacertae objects (BL Lac). BL Lacertae objects were

named after the prototype of the class, which was originally thought to be a variable star. BL Lac and OVVs are

sometimes referred to as “blazars”. Like quasars and Seyfert galaxies, blazars exhibit a broadband continuum that

emerges from an unresolved source. However, in contrast with OVVs that display prominent broad emission lines

(except in the continuum brightest phase), no strong emission lines have been detected in BL Lac spectra.

Two other subclasses of peculiar galaxies, showing signs of nuclear activity, complete this family portrait. The

first one includes low-ionization nuclear emission-line regions (LINERs), that only differ from normal galaxies by the

strong low-ionization emission lines detected in their spectra [Heckman, 1980]. Whether LINERs truly contain an

active nucleus of low luminosity is still debated [e.g., Younes et al., 2012, Yan and Blanton, 2012]. The second includes

ultra luminous infrared galaxies (ULIRGs) that were, as their name indicates, discovered in the infrared [Sanders

et al., 1988]. ULIRGs are believed to harbour a highly obscured active nucleus, probably dust-enshrouded. Their

strong infrared emission is their main characteristic.

1.1.3 Supermassive engines

The mechanism powering the tremendous energy output that emerges from the compact central engine of AGNs has

greatly puzzled astrophysicists.

The idea of AGNs powered by gravitation, through the accretion of matter onto a central massive object, quickly

emerged and gained growing acceptance primarily due to the lack of any plausible alternative explanation. Hoyle and

Fowler [1963] first hypothesized the presence of an “hyperstar”, of several millions of solar masses, surrounded by a

gaseous disk, at the center of active galaxies. Models involving accretion of the ambient medium by a massive black

hole soon followed [Salpeter, 1964, Zel’dovich, 1964, Lynden-Bell, 1969]. Those models advantageously explained both

the compactness and huge energy output of AGNs.

“Dark stars”, whose gravity could trap light corpuscles, were already discussed by John Mitchell at the end of the

18th century, but fell into oblivion with the advent of the wave theory of light in the 19th century. The concept of

black hole resurfaced with the general relativity theory, formulated by Albert Einstein in 1916, as a solution for the

gravitational field of a point mass or a sufficiently compact spherical mass [Schwarzschild, 1916]. Yet, black holes were

thought to be merely hypothetical until an explanation had to be found for phenomena like AGN and the “indefinite”

collapse of a massive star that occurs when thermonuclear reactions run out [Oppenheimer and Volkoff, 1939]. In the

absence of any other convincing interpretation, a broad consensus quickly emerged among astrophysicists. However, it

took much longer to obtain actual observational evidence for the reality of black holes, and in particular supermassive

black holes in the heart of AGNs. The compactness and, most of all, the absence of any radiation that characterizes

black holes indeed hamper their direct observation. Instead, their presence must be inferred through their interaction

with their surrounding environment.

First indication for the existence of black holes came from the discovery and study of X-ray binaries, in which the

X-ray emission is produced by matter ejected from a primary star and falling onto a secondary highly evolved star

[e.g., Prendergast and Burbidge, 1968]. Those studies not only revealed the presence, in some X-ray binaries, of a small

and massive secondary component showing no visible emission and therefore identified as a potential black hole [e.g.,

Hutchings et al., 1973, Hutchings, 1974], but also empirically demonstrated that gravitational accretion onto compact

objects is a potent energy source. Compelling evidence for supermassive black holes came a few decades later, from
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stellar dynamical measurements that unveiled a mass of several millions of solar masses confined into a volume of at

most 10−6 pc3 in the center of the Milky Way [e.g., Ghez et al., 1998, Schödel et al., 2002]. It is now widely accepted

that supermassive black holes are not just responsible for the energy budget of AGNs but are virtually hosted in the

center of every massive galaxy, including our own. Recently, the first direct detection of gravitational waves created

by the merger of a binary black hole, as predicted by the General relativity, further proved the reality of black holes

and demonstrated the existence of binary stellar-mass black hole systems [Abbott et al., 2016].

1.2 Unified models of AGN

1.2.1 Motivation

The connections between the different “species” of AGNs led to the idea of a unique phenomenon underlying all those

manifestations of nuclear activity, which started to spread in the 1970s.

A single picture unifying not only quasars and Seyfert galaxies but also radio galaxies, BL Lac and OVV must, in

the first place, reproduce the most salient properties of AGNs, i.e., (1) a very small angular size, (2) a high luminosity,

(3) a broad spectral energy distribution (SED) with comparable power output in the IR, optical and X-rays, (4)

powerful radio emission arising from an unresolved nuclear region or from extended lobes, (5) strong emission lines,

(6) intrinsic variability, and (7) polarization.

The different AGN “flavors” presented in Sect. 1.1.2 were defined based on different AGN properties. AGN

subclasses can thus be “grouped” according to a particular criterion. The complexity arises from the variety of

“facets” displayed by nuclear activity, each AGN subclass corresponding to a different subset of AGN properties.

There is a large variety of possible classifications based, for instance, on the presence or absence of broad emission

lines in the optical spectrum of the AGN (Sy1/Sy2, BLRG/NLRG), optical morphology (Sy1/radio-quiet quasars,

BLRG/radio-loud quasars), luminosity (Sy1/radio-quiet quasars), variability (BL Lac, OVV), morphology of the

radio jets (edge-brightened/core-brightened), and steepness of the radio spectrum (“steep”/“flat”). The emission line

spectrum, the radio loudness and the luminosity constitute the three major characteristics of AGNs that have received

the most attention to date. This results in the three dimensional classification scheme presented in Fig. 1.1 [Tadhunter,

2008]. The existence of such groupings supports that the multiple “flavors” of AGN can be explained with a smaller

number of variables.

1.2.2 The conciliating power of orientation

Although the central engine of AGN remains spatially unresolved, the strong anisotropy of its radiation is well

established. The anisotropic emission of AGNs most probably results in important variation of their appearance as

a function of the viewing angle. Orientation therefore constitutes the keystone of unification schemes that entail to

explain the observed diversity in the manifestations of nuclear activity in terms of aspect angles rather than intrinsic

differences.

There is abundant evidence for obscuration [Osterbrock, 1978, Antonucci and Miller, 1985, Sanders et al., 1988] and

relativistic beaming [Blandford and Rees, 1978, Blandford and Königl, 1979] in AGNs. Unification schemes therefore

rely on two major sources of anisotropy: obscuration by an optically thick circumnuclear region in the UV/optical

and beamed relativistic radio jets in the radio domain.

Anisotropic extinction of the optical and UV emission was historically introduced to connect type 1 and type 2

Seyfert galaxies to a unique parent population. The absence of broad emission lines in type 2 Seyfert galaxies is

interpreted as interception by optically thick material of the broad emission line flux coming from a compact central

region along some lines of sight. The dichotomic polarization displayed by the broad- and narrow-line radio galaxies
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Figure 1.1: Three dimensional classification of AGN according to the absence or presence of broad permitted emission
lines, the degree of radio loudness and the luminosity (from Tadhunter [2008]).

[Antonucci, 1984] as well as the sharp ionization cones that have been spatially resolved in some nearby type 2 Seyfert

galaxies [Tadhunter and Tsvetanov, 1989] strongly suggested the existence of an obscuring torus intercepting the line-

of-sight to the AGN core in type 2 objects. The idea of a dusty torus has been supported by the detection of infrared

thermal emission from nuclear warm dust in active galaxies [Edelson and Malkan, 1986], and later corroborated by

high-resolution infrared observations that have revealed the existence of a compact infrared source, of a few parsecs in

size, at the location of the active nucleus [Jaffe et al., 2004]. The major argument in favor of type 1 and type 2 Seyfert

galaxies being, in most cases, intrinsically identical arises from the detection of broad lines in the polarized light of

a number of type 2 Seyfert galaxies, unveiling hidden type 1 Seyfert characteristics in type 2 objects [e.g., Antonucci

and Miller, 1985, Ramos Almeida et al., 2016].

Relativistic beaming, i.e., the mechanism by which the radiation emitted by a source moving at relativistic speed

is concentrated towards the forward direction, was introduced to explain the variety of morphologies displayed by

radio-loud AGNs [Perley et al., 1980]. In general, AGN radio emission arises from a steep-spectrum extended source

that usually has a double-lobed structure, or from a highly beamed flat-spectrum core that often has a linear or jet

structure co-aligned with the axis of the larger double-lobed source. Unlike those extended lobes, the jet structures

are almost always one-sided. Relativistic beaming provides a natural explanation for these observations as well as

for superluminal motions detected in the core of some radio-loud AGN [Scheuer and Readhead, 1979]. Beaming

unification was also invoked by Blandford and Rees [1978] and still constitutes a convincing interpretation for the

high polarization and rapid variability exhibited by blazars as resulting from a specific line-of-sight that peers into the

relativistic radio jet.

Although there are compelling evidence that orientation effects are important and widespread, all the attempts to

explain AGN variety solely in terms of apparent differences have failed, especially to unify radio-loud and radio-quiet

AGNs. However, orientation effects rather successfully account for the diversity among radio-quiet AGNs, on the one
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hand, and among radio-loud AGNs, on the other hand.

1.2.3 AGN components and unified models

Strong and weak unification schemes

Peterson [1997] distinguishes two categories of unified models: “strong” and “weak” depending on the number of

physical parameters that the unification scheme includes. Weak unification schemes involve more free parameters

than strong models and therefore allow more intrinsic diversity to explain the AGN bestiary. Consequently, weak

unification models can only explain the relationship among a limited subset of AGN classes through the prism of

orientation. On the other hand, strong unified models hypothesize that the observed diversity of AGNs is purely

ascribable to the anisotropy of AGN emission and pursue the (so far inaccessible) grail of relating all AGN flavors to

the same parent population.

Strong or weak, any valid unified model must afford for the strong featureless power-law continuum and the

prominent emission lines that constitute hallmarks of nuclear activity and are observed in many AGNs, both radio-

loud and radio-quiet ones. The popular geometry proposed by Urry and Padovani [1995] to unify radio-loud AGNs also

includes an optically-thick torus and a radio-jet structure that explain the variety of aspects of AGNs respectively at

optical and radio wavelengths. This unified model is extended to radio-quiet AGNs following the hypothesis formulated

by Antonucci [1993] that radio-loud AGNs actually enclose a normal radio-quiet AGN plus a seemingly unrelated radio

source. In the following, we review the different components of AGNs.

The supermassive black hole and the accretion disk

Our journey into the anatomy of AGNs begins with the supermassive black hole in their core. That supermassive

black hole is believed to power all AGN phenomena in the UV/visible and radio domains [Rawlings and Saunders,

1991]. Though the physical origin of the dichotomy/bimodality between radio-loud and radio-quiet AGNs remains

controversial, Laor [2000] found a strong relationship between the radio loudness bimodality and the black hole mass,

and recent models of magnetohydrodynamical jet production have shown that the black hole spin can play a crucial

role in radio loudness [Meier, 2002, Tchekhovskoy et al., 2010]].

In spite of the lack of direct proof, it is generally admitted that the huge amounts of light composing the continuum

spectra of AGNs arise from the conversion into radiation of the gravitational potential energy of the matter accreted

by the supermassive black hole. The infalling material is expected to settle into an accretion disk around the central

black hole and spiral inward, leading to viscous heating and emission of UV and visible light. Part of that continuum

radiation is reprocessed by surrounding gas into strong emission lines.

The broad and narrow line regions

AGN spectra show two sets of line profiles: the broad permitted and semi-forbidden emission lines on the one hand

and the narrow forbidden emission lines on the other hand. The broad and narrow emission lines emerge from two

distinct emission regions. The broad emission line region (BLR) and the narrow emission line region (NLR) consist of

(smooth/clumpy?) gas streams that reprocess the UV photoionizing continuum emission coming from the accretion

disk of the AGN into emission lines.

While narrow emission lines have a full width at half maximum (FWHM) of a few hundred km/s, the broad

emission lines show FWHM larger than a thousand km/s. The line width is interpreted as Doppler broadening. The

large widths of the broad emission lines are ascribed to emitting material orbiting closer to the central source, at higher

velocities. The BLR is represented in Fig. 1.2 as a dense compact structure made of small “blobs” that immediately

surrounds the central engine. By contrast, the NLR is sketched as a larger structure made of less dense clumps, located
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Figure 1.2: A schematic diagram of the current paradigm for unified model of radio-loud and radio-quiet AGN (not to
scale). The diversity in AGN classes is partly due to “apparent” differences, that result from the changing aspect of
this axisymmetric model depending on the line-of-sight, and “intrinsic” differences in radio loudness and luminosity.
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farther from the central continuum source. That simple picture affords for several well-established constraints on the

density and emission radius of the BLR and NLR, set by spectroscopic studies, reverberation mapping, and (for the

more extended NLR) spatially resolved observations, that are detailed in the following paragraphs.

The broad emission lines show a large diversity in terms of line strengths and profiles. The velocity field of the

BLR is almost certainly governed by the central engine of the AGN, with gravity and radiation pressure competing.

Nevertheless, the exact geometry and kinematics of the BLR remain very poorly known. Several models of the BLR

spatial and velocity structure are proposed in the literature to reproduce more or less large subsets of broad line

properties (see Sect. 1.4). Besides, the profiles and intensities of the broad emission lines can vary over time. Key

observational constraints on the BLR size and structure come from reverberation mapping, a powerful method that

exploits the time lags due to light-travel time effects between a variation of the luminosity of the central continuum

source and the “response” of the broad emission lines [Peterson, 1993]. Reverberation mapping has confirmed that the

BLR is located at small radii, ranging from a few to several hundred light days [e.g., Kaspi et al., 2000, 2005, 2007].

It has moreover unveiled a relation between the observed time lag and the ionization of the emitting-material [e.g.,

Clavel et al., 1991, Peterson, 1993], which suggests a stratified ionization structure in the BLR.

An intriguing property of the BLR is that the broad line spectra are found to be roughly similar over a wide range

of luminosities. Not only are the emission line intensities strongly correlated with the luminosity of the continuum

source, but also does the BLR radius scale with the AGN luminosity [e.g., Kaspi et al., 2005, 2007]. The physical

mechanisms that control the scaling of the AGN inner emission regions with the bolometric luminosity are not yet

completely understood. Besides, the ubiquitous absence (or extreme weakness) of the [OIII] forbidden lines in the

broad emission line spectra of AGNs indicates that the BLR consists of denser emitting gas than the NLR. The electron

density of the BLR is constrained to be within 108 and 1010 cm−3 [Osterbrock, 1989]. The BLR gas is characterized

by a typical temperature of 104 K.

At larger distance from the central black hole, the gas is less dense and flows more slowly, giving rise to sharper

emission line profiles. The NLR is the largest region of the AGN where the ionizing radiation from the central source

dominates over other sources. In other words, it is the largest component of AGNs and the only component that can

be spatially resolved in the optical for nearby active galaxies [e.g., Tadhunter and Tsvetanov, 1989]. Spatially resolved

observations of the NLR have revealed that this extended region is in general illuminated in a non-isotropic manner by

the central source, and appears as well-defined ionization cones in some AGNs. Those ionization cones are illustrated

in Fig 1.2. The sizes inferred from the (at least partially) resolved NLR are generally larger than 100 parsecs. This

is clearly much larger than the BLR. In contrast to the BLR, narrow emission lines display many semi-forbidden or

forbidden lines, which indicate that the electron densities are low enough, typically between 102 and 104 cm−3, so that

those lines are not collisionally suppressed.

The dusty torus

There is compelling evidence that an optically-thick obscuring torus is the key ingredient in the orientation-dependent

obscuration of the BLR that allow to unify type 1 and type 2 AGNs, the later being characterized by the absence

of broad emission lines and the sole presence of narrow emission lines in their spectra (Sect. 1.2.2). In particular,

near-infrared observations have demonstrated the existence of a dusty structure, smaller than 100 parsecs, in the core

of AGNs [e.g., Chini et al., 1989, Jaffe et al., 1993]. This was interpreted as the AGN central engine not only powering

the emission of the broad and narrow emission lines, but also heating up the dust that constitutes the obscuring

torus. The dusty torus, plotted in red in Fig. 1.2, encircles the BLR. In this picture, low inclination of the observer’s

line-of-sight towards the symmetry axis of the obscuring torus (and of the AGN in general) afford a direct view of the

BLR through the inner hole of the torus and yield type 1 AGN spectra. Per contra, the obscuring torus hides the BLR

from the observer’s sight when it is seen ‘edge-on”, which corresponds to an angle of inclination of the line-of-sight
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close to 90◦. The classification of AGN subclasses as a function of their emission line spectra, presented in Fig. 1.1, is

in fact a classification as a function of the angle of inclination of the line-of-sight relative to the symmetry axis of the

torus, with that inclination increasing from left to right in Fig. 1.1.

How the torus structure is formed remains an open question. As stated by Peterson [1997], it is not clear whether

the torus itself collimates the ionizing radiation or whether nuclear radiation collimated at smaller radii shapes the

obscuring torus. Whether the dusty torus is a relatively static or a highly dynamic structure is another question to be

answered. More than just being a passive reservoir of material for accretion, the dusty torus may actually be the active

driver of accretion towards the black hole [Hopkins et al., 2012]. In addition, the structure of the dusty torus stays

unclear. The compactness of the dusty torus and its observed infrared emission are more naturally reproduced by a

clumped structure [e.g., Nenkova et al., 2002, Elitzur and Shlosman, 2006], which would have significant consequences

on the delineation between type 1 and type 2 AGNs, their bimodality no longer being strictly an issue of orientation.

The purely “toroidal” geometry of the dust torus is currently subject to active research, disk and wind structures

being alternatively considered [e.g., Hoenig, 2013].

The radio structure

The unification of radio-loud AGNs is further complexified by the presence of an extended radio structure. Valid

unified model must not only account for the diversity in the emission line spectra of radio galaxies, radio-loud quasars,

and blazars, but also for the various morphologies of their radio emission. The unification scheme of lobe-dominant

radio galaxies and core-dominant radio-loud quasars and blazars is based on a beamed radio structure that consists

in linear relativistic jets that power extended radio lobes. Those lobes in fact result from the interaction between the

jet and the surrounding medium. That particular geometry interprets double-lobe radio galaxies as AGNs with their

linear radio structure in the plane of the sky, while radio-loud quasars and blazars are observed when the line-of-sight

to the AGN gets closer to the radio axis. Barthel [1989] suggested that the more luminous radio-loud quasars and radio

galaxies showing both broad and narrow emission lines in their spectra (BLRGs) can be unified with radio galaxies

showing only narrow emission lines (NLRGs) by combining relativistic beaming and obscuration. However, Urry and

Padovani [1995] argued that orientation effects cannot unify all the subclasses of radio-loud AGNs, in particular they

cannot explain the intrinsically weaker emission lines of BL Lac compared to OVV quasars, both being part of the

blazar subclass that is characterized by a line-of-sight very close to the axis of the radio jets (Sect. 1.2.2). They

additionally discuss significant differences between the radio properties of BL Lac and radio-loud quasars that cannot

be conciliated through orientation only. Radio loudness hence appears to be an intrinsic parameter of nuclear activity.

The comparable classification of radio-loud and radio-quiet AGNs as a function of their optical emission line spectra,

and thus as function of the orientation, suggests that the symmetry axes of the obscuring torus and of the radio jets

are mingled. The double-sided radio jet structure is solely represented in the upper part of Fig. 1.2. It represents the

fondamental bimodality between radio-quiet and radio-loud quasars.

The scattering region

The last element in this basic picture of AGNs is the electron scattering region (sketched as grey dots in Fig. 1.2).

This region constitutes a crucial ingredient in the unification of Seyfert galaxies since it enabled the discovery of an

hidden broad emission line region in the polarized spectrum of some type 2 Seyfert nuclei (Sect. 1.2.2). The scattering

is most often ascribed to electrons given the wavelength independent character of the observed polarization. In fact,

little is known about the physical and geometrical properties of that scattering region.

The presence of optically thin scatterers along the polar axis is the most straightforward explanation for the

polarization perpendicular to the axis of the obscuring torus that characterizes type 2 Seyfert galaxies and for the

presence of an hidden BLR in polarized light. Yet, if all type 2 Seyfert galaxies are in reality type 1 galaxies in which
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the nuclei are hidden from direct view but seen in scattered light, then one might expect many type 2 Seyfert galaxies

to have polarizations larger than 50% [Miller and Goodrich, 1990]. This is not observed, even after correcting for the

dilution by the unpolarized light from the host galaxy. Tran [1995] interpreted the low polarisation degree measured

in the continuum of type 2 Seyfert galaxies as the indication for an extended unpolarized continuum. Taniguchi and

Anabuki [1999] solved this issue by postulating that the scattering region is also partially hidden by the obscuring

torus. From statistical considerations, they constrained the scatterers to be located at a radial distance of 0.1 parsec

from the central engine. Moreover, recent modeling of AGN polarization have shown that pure polar scattering cannot

afford for the parallel polarization of type 1 Seyfert galaxies. The dichotomy between the parallel and perpendicular

polarization of type 1 and type 2 Seyfert galaxies most probably involves several scattering regions, that may include

a flat equatorial scattering region, a polar scattering region and scattering on the inner edge of the dusty torus

[Goosmann and Gaskell, 2007, Marin et al., 2012].

1.2.4 The intrinsic diversity of AGN and possible complications for unification schemes

The previous sketch of the AGN structure (Fig. 1.2) does not only incorporate different emission components that have

been reliably detected in large samples of AGNs, but also propose an orientation-based unification scheme that explains

the bimodality in the emission line spectra and the various radio morphologies exhibited by AGNs. Nevertheless, there

is observational evidence for some intrinsic diversity in AGNs, especially in their UV/optical and radio luminosities,

and in the surface brightness of their radio extended emission, which suggests that unified schemes interpreting the

diversity in AGN properties only in terms of orientation cannot hold.

The fundamental parameters that govern the observed variety of AGNs are not clearly identified yet. The lumi-

nosity, radio-loudness and orientation appear to be key ingredients. The properties of the accreting black hole system,

i.e., its mass, accretion rate and spin, as well as the morphology and the gas/dust content of the host galaxy may be

important factors too. For instance, unification scenarios based on accretion theory and models of magnetohydrody-

namical jet production postulate that the black hole spin is the primary (although not only) parameter differentiating

radio-loud and radio-quiet objects, while the accretion rate determines the AGN luminosity [Meier, 2002].

Luminosity-dependent effects constitute another complication in the definition of a unified AGN model [Tadhunter,

2008]. The strong correlation between the emission line luminosity and the radio luminosity [e.g., Rawlings and

Saunders, 1991, Tadhunter et al., 1998] suggests that the jet and disk systems are closely coupled [Falcke and Biermann,

1995]. One of the most glaring problem of unified models is that the fraction of AGNs that show broad emission lines

in their spectrum increases with radio power [Lawrence, 1991], and thus with UV/optical luminosity. Similar trend

is detected in radio-quiet AGNs [Simpson, 2005, Zakamska et al., 2006, 2008]. A plausible explanation for this trend

is that the covering factor of the dusty torus significantly decreases with increasing source power. The luminosity of

the photoionizing source indeed controls the sublimation radius of the dust and is also expected to affect the opening

angle of the obscuring torus [Simpson, 2005, Kishimoto et al., 2011].

Moreover, the distribution and composition of the optically-thick medium may evolve over the lifetime of the AGN,

in particular through the feedback effect due to large-scale outflows powered by the AGN. Cosmic evolution can thus

play an important part in the diversity displayed by AGNs, especially when comparing objects at different redshifts.

1.3 The central engine of AGN: black hole and accretion disk

The narrow emission line region and the radio jets and lobes are the only components of AGNs that can be spatially

resolved with current telescopes. The physical mechanisms at the origin of the tremendous energy output coming from

the inner regions of AGNs cannot be directly observed and are hence probed by indirect techniques.
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According to the prevailing paradigm, the large power output of AGNs is produced by gravitational accretion

of matter, through an accretion disk structure, onto a supermassive black hole. This section reviews our current

knowledge of the accretion phenomenon and of the accretion disk at the origin of the continuum spectrum of AGNs.

1.3.1 Accretion Basics

The huge amount of radiation produced by the nuclear region of active galaxies is attributed to the infall of matter

towards a supermassive black hole whose mass ranges from million to billion times that of the Sun. Ultimately, that

accretion is limited by the effects of the radiation pressure experienced by the in-falling plasma. The inward force due

to gravity counterbalances the outward force of radiation pressure, precluding the disruption of the plasma.

The Eddington luminosity, LEdd, is defined as the maximum luminosity that can be released by spherical accretion

onto a black hole of mass MBH. This limit depends on the mass of the black hole and the mean opacity of the accreted

material. It is obtained by equating the gravitational pressure gradient, dPG/dr, to the radiation pressure gradient,

dPR/dr, undergone by the in-falling plasma of density ρ:

dPG

dr
= −GMBHρ

r2
, (1.1)

dPR

dr
= − σTρ

mpc

L

4πr2
. (1.2)

L is the luminosity of the AGN central engine, and r the radial distance to the center of the AGN. G is the gravitational

constant, σT the Thomson cross section, mp the proton mass, and c the light velocity. The plasma is assumed to be

completely ionized hydrogen (which is relevant in most astrophysical environments). The critical luminosity is then

given by:

LEdd =
4π G MBH mp c

σT
≃ 1.3 × 1038 MBH

M⊙
erg s−1 , (1.3)

where M⊙ is the mass of the Sun.

In the absence of angular momentum, the simple spherically symmetric accretion flow described above falls onto

the central object before it has time to radiate. It is therefore unlikely to power AGNs. However, if the gas collapses

into a flattened structure and spirals around the black hole as long as it has some angular momentum, it can radiate

far more efficiently. Viscous heating of the plasma and conversion of thermal into radiative energy is the primary

process involved in the emission of light within the accretion flow [Beckmann and Shrader, 2012].

1.3.2 The structure of the accretion disk

Accretion disk models generally make the assumption that the disk is geometrically thin and optically thick. Those

hypotheses permit an efficient conversion of the gravitational potential energy into radiation. Given the assumption

that the disk is optically thick, its local spectrum can be approximated at each radius by a black body spectrum

depending only on the temperature T (r) at that radius. The integrated spectrum of that idealized disk is then

obtained by summing up the black body emission at every radii. The detailed properties of the accretion disk also

depend on the assumptions made about parameters such as the turbulence and viscosity [Pringle and Rees, 1972,

Shakura and Sunyaev, 1973], the accretion rate, or the presence of jets.

The popular Shakura-Sunyaev thin accretion disk model predicts a temperature profile T (r) ∝ r−3/4, which results

in a continuum spectrum whose UV-optical spectral energy distribution (SED) evolves as a function of the frequency

ν as Fν ∝ ν+1/3 [Shakura and Sunyaev, 1973]. AGN spectra practically never show such blue spectral shape. In

most radio-loud and radio-quiet AGNs, the spectral index measured in the UV-optical domain, αUV O, with Fν ∝ να,
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ranges between −1 and −0.5 [Gaskell et al., 2004]. Kishimoto et al. [2008] nevertheless uncovered continua showing the

characteristic blue slope of the thin disk model in the near-infrared polarized light of several AGNs. They identified

that blue polarized continuum with near-infrared emission scattered from the disk and concluded that the standard

picture of the optically-thick and locally heated disk is approximately correct, at least for the outer radii of the

accretion disk from which near-infrared emission arises. The discrepancies between observations and thin-disk model

predictions at shorter wavelength may then originate from our lack of understanding of the inner regions of the disk.

It can be shown that a thin optically-thick disk with a power-law temperature profile T (r) ∝ r−p emits a power-law

spectrum Fν ∝ ν(3−2/p) [Pringle and Rees, 1972, Shakura and Sunyaev, 1973]. Then −1 ≤ αUV O ≤ −0.5 implies

0.5 ≤ p ≤ 0.57. The former case, T ∝ r−1/2, could correspond to the illumination of the disk by a single central energy

source. The later falls between the limiting cases of the central energy generation, i.e., p = 0.5, and the standard thin

disk, i.e., p = 0.75, in which the local heating results from accretion. In all disk models characterized by p > 0, higher

temperatures are found at smaller radii. Higher energy radiation thus appears to arise from a more compact source

than lower energy radiation.

Observational constraints on the size and temperature profile of the accretion disk set by recent microlensing

studies show several inconsistencies with the thin disk theory. First, the accretion disk sizes that are measured

are generally several times (between 2 to 10) larger than predicted by the thin disk model [Morgan et al., 2010,

Blackburne et al., 2011]. The UV emission appears to arise at a radial distance of a few light days in a majority of

quasars (Table 1.1). Using the microlensing-induced differential magnification measured in 27 pairs of lensed quasar

images, Jiménez-Vicente et al. [2012] determined a maximum likelihood estimate for the accretion disk half-light radius

of R1/2 = 4.7+2.8
−3.7 light days at rest frame wavelength λ = 1736Å. They however raise the important caveat that the

average size of the accretion disk, constrained from microlensing light curves, shrinks noticeably (by ∼ 30%) when

small-amplitude effects are discarded from the analysis. Whether the selection of large-amplitude microlensing events

introduces a bias toward smaller sizes or allows for a better estimate of the accretion disk properties is not clear.

Several microlensing studies [e.g., Anguita et al., 2008, Eigenbrod et al., 2008b, Mosquera et al., 2011, Muñoz

et al., 2011] constrain temperature profiles in agreement with the expectations of the thin disk model, but larger p

are found in a similar number of lensed quasars [e.g., Blackburne et al., 2011, Muñoz et al., 2016]. The statistical

study of quasar accretion disks by Jiménez-Vicente et al. [2014] points to an average temperature profile p = 1.25+0.42
−0.25,

which is steeper than predicted by the thin disk model. Spectral energy distribution and microlensing studies both

question the validity of the thin accretion disk models. On average, the empirical derivation of the temperature profile

of accretion disks from the slope of the UV/optical continuum favors profile shallower than that of Shakura-Sunyaev

model, i.e., p < 0.75. By contrast, microlensing studies uncover accretion disks with steeper temperature profile, i.e.,

p > 0.75, in a significant fraction of lensed quasars. These inconsistent results may be evidence that thin disks are not

realistic representations of the accretion disks of quasars.

Besides, there is a dependence between the black hole mass and the half-light radius of the accretion disk. That

relationship was observationally detected by Morgan et al. [2010], and found to be consistent with the prediction of

the thin disk theory, i.e., R1/2 ∝ M
2/3
BH . Yet, Blackburne et al. [2011] uncovered a much shallower slope in their sample

of 11 lenses. Measuring the relationship between the size of the accretion disk and the mass of the central black hole

is a challenging task, subject to errors on the estimation of both parameters. As shown in Table 1.1, different studies

of a same object generally display some dispersion in the disk size estimates. Moreover, since it is impossible resolve

and trace the stellar or gas dynamics around the nuclei of very distant galaxies, the estimation of black hole masses

relies on indirect methods. The mass of the black hole is usually inferred as the mass required to produce the velocity

broadening of the broad emission lines under the hypothesis that the emitting gas is virialized. Our lack of knowledge

of the kinematics of the BLR is a fundamental limitation in the determination of black hole mass. There is indeed

evidence for outflows and inflows in some broad emission lines (Sect. 1.4). The “virial mass” is also a function of
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the radial distance at which the line emission arises. Again, the innermost regions of AGN being unresolved, that

distance can only be determined indirectly, for example using reverberation mapping (Sect. 1.4). Furthermore, the

measurement of the line width is not trivial and should, ideally, correspond to the variable part of the line whose

emission radius is constrained by reverberation mapping.
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Table 1.1: The half-light radii (Col. 5) and the temperature profiles T (r) ∝ r−p (Col. 6) of the accretion disks determined in 22 gravita-
tionally lensed quasars (listed in Col. 1). The quasars have various black hole masses (Col. 2) and redshifts (Col. 3). Those estimates were
compiled from literature. References are provided in Col. 8. The “type” of microlensing study used to obtain accretion disk measurements
is indicated in Col. 4: SBM=Single-Band Monitoring, MBM=Multi-Band Monitoring, SpM=Spectroscopic Monitoring, Sp=Spectroscopy,
MB=Multi-Band photometry. In contrast to SBM, MBM, and SpM that involve monitoring of microlensing, Sp and MB are based on
single-epoch observations. To allow for comparison, the length scales constrained by the diverse microlensing studies are systematically
converted into half-light radii, and the mean microlens mass is rescaled to 0.3 M⊙.

Quasar
MBH

z Constraint
λ R1/2

p Reference
(109 M⊙) (Å) (lt-days)

QSO2237+0305 1.2 1.69 SBM 2000 2.84+2.60
−1.58 − Kochanek [2004]

MBM 1800 1.05+0.19
−0.58 0.81+0.84

−0.46 Anguita et al. [2008]

SpM 2000 3.63+2.72
−2.29 0.83+0.18

−0.16 Eigenbrod et al. [2008b]

SBM 2000 5.46+3.58
−2.17 − Poindexter and Kochanek [2010]

MBM 2080 3.75+3.73
−1.87 − Morgan et al. [2010]

SBM 2018 9.92+5.10
−3.30 − Mosquera et al. [2013]

MB/Sp 1026 12.9+6.5
−4.5 2.0+8.0

−0.75 Jiménez-Vicente et al. [2014]

SBM 2018 3.0+1.5
−1.5 − Mediavilla et al. [2015a]

SBM 2018 4.2+2.0
−2.0 − Mediavilla et al. [2015b]

MBM 1736 8.5+7.5
−4 1.05+0.56

−0.27 Muñoz et al. [2016]

HE0435-1223 0.5 1.69 MBM 2600 4.72+10.21
−3.78 − Morgan et al. [2010]

MB 2324 4.52+3.88
−3.88 0.77+0.23

−0.25 Mosquera et al. [2011]

MB 1800 3.00+1.89
−1.14 1.49+6.84

−0.67 Blackburne et al. [2011]

MBM 2417 1.61+1.91
−0.86 > 0.2 Blackburne et al. [2014]

MB/Sp 1026 7.11+3.49
−4.20 1.33+1.53

−0.68 Jiménez-Vicente et al. [2014]

- continued on next page -
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Object
MBH

z Constraint
λ R1/2

p Reference
(109 M⊙) (Å) (lt-days)

PG1115+080 1.23 1.72 SBM 3000 20.6+31.2
−7.6 − Morgan et al. [2008]

MBM 2570 37.5+37.3
−22.6 − Morgan et al. [2010]

MB 1800 17.2+18.8
−9.0 2.5−1.45 Blackburne et al. [2011]

HE1104-1804 0.59 2.32 MBM 1300 2.59+2.40
−1.23 0.61+0.21

−0.17 Poindexter et al. [2008]

MBM 2110 7.48+4.38
−3.73 − Morgan et al. [2010]

MB 1013 2.58+2.58
−1.29 0.91+1.09

−0.32 Muñoz et al. [2011]

Sp 3363 3.89+1.3
−1.3 1.43+0.24

−0.18 Motta et al. [2012]

MB/Sp 1026 2.13+1.74
−1.10 1.33+0.89

−0.38 Jiménez-Vicente et al. [2014]

MBM 1982 3.86+3.84
−2.32 1.0+0.1.27

−0.23 Blackburne et al. [2015]

RXJ1131-1231 0.06 0.658 SBM 4000 1.88+0.40
−0.26 − Dai et al. [2010]

MBM 4220 4.72+1.10
−0.69 − Morgan et al. [2010]

MB 2200 17.2+18.8
−9.0 2.5−1.4 Blackburne et al. [2011]

SBS 0909+532 1.95 1.38 Sp 1460 2.2+1.6
−1.6 1.0+1.27

−0.23 Mediavilla et al. [2011]

MB/Sp 1026 2.91+2.33
−2.13 1.0+1.

−0.56 Jiménez-Vicente et al. [2014]

QJ0158-4325 0.16 1.29 MBM 3060 0.75+0.74
−0.37 − Morgan et al. [2010]

FBQ0951+2635 0.89 1.24 MBM 3130 11.9+17.9
−7.1 − Morgan et al. [2010]

SDSS1004+4112 2.02 1.734 MBM 2280 0.75+0.74
−0.37 − Morgan et al. [2010]

- continued on next page -
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Object
MBH

z Constraint
λ R1/2

p Reference
(109 M⊙) (Å) (lt-days)

Sp 3363 4.54+1.95
−1.95 0.91+0.52

−0.24 Motta et al. [2012]

MB/Sp 1026 2.91+1.87
−2.91 1.33+1.52

−0.59 Jiménez-Vicente et al. [2014]

SDSS1138+0314 0.04 2.44 MBM 2030 0.75+2.23
−0.56 − Morgan et al. [2010]

MB 1400 3.2+5.4
−2.0 2.44−1.39 Blackburne et al. [2011]

SDSS1520+530 0.88 1.86 MBM 2450 4.72+2.76
−1.74 − Morgan et al. [2010]

HE0230-2130 0.092 2.162 MB 1500 59.4+70.6
−32.3 −1.780.81

−9.3 Blackburne et al. [2011]

MGJ0414+0534 1.1 2.64 Sp 1712 < 8.2 0.68+0.27
−0.20 Bate et al. [2008]

MB 1700 0.93+1.09
−0.51 0.67+0.84

−24 Blackburne et al. [2011]

RXJ0911+0551 0.41 2.80 Sp 1700 5.21+5.67
−2.71 5.88−4.15 Blackburne et al. [2011]

SDSSJ0924+0219 0.11 1.524 Sp 1400 < 13.85 > 0.75 Floyd et al. [2009]

MBM 2770 0.94+0.94
−0.57 − Morgan et al. [2010]

MB 1400 2.33+2.88
−1.29 5.88−4.37 Blackburne et al. [2011]

HE1113-0641 0.087 1.235 MB 2100 2.33+2.42
−1.19 > 0.77 Blackburne et al. [2011]

SDSSJ1330+1810 1.5 1.393 MB 1500 3.5 − Blackburne et al. [2011]

WFIJ2026-4536 0.79 2.23 MB 1500 6.1+10.7
−3.9 3.7−2.45 Blackburne et al. [2011]

- continued on next page -
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Object
MBH

z Constraint
λ R1/2

p Reference
(109 M⊙) (Å) (lt-days)

WFIJ2033-4723 0.18 1.66 MB 1400 28.0+36.1
−15.8 −1.59+0.72

−7.5 Blackburne et al. [2011]

HE0512-3329 MB/Sp 1026 2.13+1.74
−0.97 0.80+1.02

−0.26 Jiménez-Vicente et al. [2014]

QSO0957+561 0.72 MB/Sp 1026 7.11+7.11
−7.11 4.0+16

−3.13 Jiménez-Vicente et al. [2014]

SDSS1029+2623 MB/Sp 1026 3.9+4.8
−3.9 > 4.0 Jiménez-Vicente et al. [2014]

H1413+117 2.55 Sp 1800 2.35+3.45
−2.15 2.5+2.5

−1.7 Sluse et al. [2015]

19 lenses − − MB/Sp 1736 4.72+2.8
−3.66 − Jiménez-Vicente et al. [2012]

8 lenses − − MB/Sp 1026 2.91+0.97
−0.77 1.25+0.42

−0.25 Jiménez-Vicente et al. [2014]
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1.4. THE BROAD EMISSION LINE REGION

1.4 The broad emission line region

The strong broad emission lines are certainly one of the most distinctive spectral features of quasars. This thesis is

dedicated to the study of the kinematics of the gas emitting those broad emission lines, that is believed to flow in

the immediate vicinity of the central super massive black hole. The strong gravitational field and powerful energy

outputs of the accreting black hole most likely govern the flow of the peripheral gas. Still, the complex shapes and

shifts exhibited by broad emission line profiles remain poorly understood, primarily because the spatial and velocity

structure of the broad emission line region (BLR) cannot be directly observed.

This section first reviews the main features observed in broad emission lines. It then presents a non-exhaustive set

of models of the broad emission line region found in literature. Those models were introduced to account for different

observational properties of the broad emission lines. Each model can only afford for a more or less large subset of

emission line properties. The different kinematics and geometries presented here will be discussed later (in parts II

and III) in the light of the constraints on the BLR structure derived from microlensing measurements.

1.4.1 Observational constraints

The variability of broad emission lines and reverberation mapping

The broad emission lines vary in flux in response to fluctuations in the UV-Optical continuum brightness, on time

scales of days to weeks or longer. This relationship between the intensities of the continuum and broad emission lines

supports the photoionization of clouds optically thick to the incoming ionizing radiation as the origin of line emission.

It furthermore implies a close coupling between the observed UV-optical continuum and the photoionizing continuum

that drives the emission line variations.

Reverberation mapping takes advantage of the variations of the broad emission lines in response to the continuum

fluctuations to constrain the size and the ionization structure of the BLR. It basically consists in the measurement of

the time lags between the variation of the continuum and the response of the broad emission lines. The variation of

the continuum in the UV and in the optical only show a small time lag of the order of a couple days. In type 1 Seyfert

galaxies, reverberation mapping has unveiled that various broad emission lines are characterized by small time delays,

of the order of a few days or weeks [Clavel et al., 1990, 1991, Peterson et al., 1991, 1992, Peterson, 1993, Peterson

and Gaskell, 1991, Maoz et al., 1990, 1993, Dietrich et al., 1993, Dietrich and Kollatschny, 1995, Kaspi et al., 2005,

Denney et al., 2009]. This confirms that the BLR clouds are located quite close to the central engine. In addition, the

measured time lag increases with decreasing ionization level [Peterson, 1993], Hβ delays being on average twice larger

than CIV delays (with one exception: 3C 390.3 in which the lag of CIV is larger than the lag of Hβ by a factor 1.5

[Peterson et al., 2004]). In general, the smaller time lags that are observed in broad emission lines of higher ionization

degree argue in favor of a BLR radially stratified in ionization.

Velocity-resolved reverberation mapping, that consists in measuring the response delay in different parts of the

broad emission line profiles, can allow to reconstruct the geometry and velocity field of the BLR [Blandford and

McKee, 1982]. Most results were obtained for low-ionization Balmer lines, in about 20 type 1 Seyfert galaxies. Various

dependence of the time delay on Doppler velocity shift are seen: some objects show a symmetric pattern, usually with

a delayed response of the line core relatively to its wings, some show a more rapid response of the line red wing, and

others of the line blue wing [Gaskell, 1988, Crenshaw and Blackwell, 1990, Korista et al., 1995, Sergeev et al., 1999,

Bentz et al., 2009, 2010, Denney et al., 2009, 2010, Pancoast et al., 2012, Du et al., 2016]. This could be evidence

for multiple kinematics of the low-ionization region, such as virialized rotation, inflow or outflow. A delayed response

of the core with respect to the wings was detected in the CIV high-ionization line of NGC 4151 [Clavel et al., 1990],

indicating that the low-velocity part of CIV arises from a larger region, in projection, than its high-velocity part.
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The luminosity relationship

The similarity of AGN spectra over many orders of magnitude in luminosity suggests that the size of the BLR grows

with the luminosity of the AGN. The response delays are indeed observed to depend on the luminosity: they range

from about a dozen light days in type 1 Seyfert galaxies up to one hundred light days in luminous quasars. The size of

the BLR derived from reverberation mapping in quasars is consistent with gravitational microlensing measurements.

For example, Sluse et al. [2011] constrained a half-light radius of 66+110
−46 light days for the CIV emission region and

Wayth et al. [2005] measured a half-light radius of 42+228
−25 light days for the CIII]/MgII emission region of the lensed

quasar QSO2237+0305.

Using a sample of about 30 AGNs spanning a 1041 to 1045 erg/s optical luminosity range [Peterson et al., 2004],

Kaspi et al. [2005] showed that the radius of the BLR increases with the optical continuum luminosity of the AGN

as λLλ(5100Å)0.67. Kaspi et al. [2000, 2007] have also carried out reverberation mapping in very luminous quasars,

whose optical luminosities range between λLλ(5100Å) ∼ 1045 − 1047 erg/s. The broad emission lines in the spectra

of luminous quasars are found to lag the continuum variations by about one hundred days [Kaspi et al., 2000], in

agreement with the scaling of the BLR size, RBLR, with the luminosity of the AGN,. Added to the measurement by

Peterson et al. [2005] of the size of the CIV λ1550Å emission region in the least-luminous AGN NGC 4395, which has

an optical luminosity of λLλ(5100Å) = 5.9 × 1039 erg/s, the size-luminosity relation can be traced over 7 orders of

magnitude in AGN luminosity [Kaspi et al., 2007].

The complex profiles of broad emission lines

The redshifts of AGNs are estimated from their emission lines. It can be reliably determined from the peak of the

[OIII] λ5007Å narrow line. Discrepancies are still commonly observed among the measured redshifts of the peaks of the

various broad emission lines. The high ionization lines are generally blueshifted with respect to the lower ionization

lines [e.g., Gaskell, 1982, Richards et al., 2002, 2011, Baskin and Laor, 2005]. The centroids of the low-ionization

Hβ lines always display moderate redshift or blueshift compared to the systemic redshift of the AGN, whereas the

high-ionization CIV lines can show important blueshifts up to a few thousands km/s.

Most broad emission line profiles appear roughly single-peaked but the complex shapes that can be observed raise

the possibility that they are made of several components produced by kinematically and/or geometrically distinct

regions. Many line profile studies [e.g., Brotherton et al., 1994, Sulentic and Marziani, 1999, Sulentic et al., 2000, Zhu

et al., 2009, Sluse et al., 2011] indeed suggest that broad emission lines are composed of a narrow component arising

from a physically distinct extended region, that could be either the NLR itself or an hypothetical intermediate line

region. That intermediate line region, whose existence is not widely accepted, would be smaller than the NLR.

Balmer emission lines with double-peaked profiles characteristic of an emission line arising from a Keplerian disk

have been detected in a dozen radio-loud type 1 AGNs [Eracleous and Halpern, 1994]. Assuming that the broad

single-peaked Balmer line profiles enclose a double-peaked component typical of disk emitters, Popović et al. [2004]

succeeded to fit a dozen Hα and Hβ single-peaked line profiles with a two-component model in which the line wings

originate from a relativistic accretion disk. In most objects where Hβ FWHM> 4000 km/s, especially those showing

a double-peaked Balmer line profile, the CIV line is narrower than the Hβ line. On the other hand, CIV emission

lines broader than Hβ lines are observed when Hβ FWHM< 4000 km/s [Baskin and Laor, 2005]. Whether the objects

showing very broad Balmer lines form a “separate class” of AGNs remains controversial.

The CIV emission line often presents asymmetric profiles, with a stronger blue wing, that are not seen in low-

ionization lines. The blueshift of high-ionization lines is usually interpreted as the evidence for some outflow in AGNs.

Using a sample of 3814 quasar spectra that were classified as a function of the CIV line shift, Richards et al. [2002]

computed composite CIV line profiles for different intervals of CIV blueshifts. Those composite CIV line profiles

display consistent blue wing while the intensity of their peak and red wing drops when the line blueshift increases.
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Richards et al. [2002] hence claimed that “the apparent shift of the CIV emission-line peak is not a shift so much as it

is a lack of flux in the red wing”. Their interpretation of the blueshift of CIV as evidence for absorption rather than

for outflow agrees with the observed decrease of the equivalent width of the CIV broad emission line at increasing line

blueshift [Sulentic et al., 2000, Richards et al., 2002, 2011].

The ionization structure of the BLR

Reverberation mapping has established that the broad emission lines characterized by a higher ionization degree

emerge from more compact emission regions. The stratification of the BLR is supported by the average sizes of 24+22
−15

and 55+150
−35 light days obtained respectively for the high-ionization and the low-ionization regions by Guerras et al.

[2013] based on differential microlensing measurements in 16 gravitationally lensed quasars.

Whether the high- and low-ionization lines originate from regions with different spatial and velocity structures is

controversial. The high- and low-ionization lines often display significant differences in their properties, in particular

in their widths and centroid shifts [e.g., Marziani et al., 1996, Sulentic et al., 2000, Richards et al., 2002, Baskin and

Laor, 2005, Wang et al., 2011], that suggest they arise from regions with distinct kinematics. However, Wang et al.

[2011] unveil that there exists a sample of AGNs, characterized by low accretion rate, in which the line width of CIV is

on average the same as that of MgII. The authors interpret the similar properties of the CIV and MgII broad emission

lines as evidence that they are emitted by the same region, at least in that sample of AGNs.

Besides, the radio-loud and radio-quiet AGNs show notable differences between the properties of their CIV and

Hβ broad line profiles [Marziani et al., 1996]. In radio-quiet objects, the CIV line tends to be significantly blueshifted

and wider than the Hβ line, whereas radio-loud objects show predominantly redshifted and asymmetric Hβ line and

unshifted symmetric CIV line. This suggests that the BLR of radio-loud AGNs has different kinematics and geometry

from the BLR of radio-quiet AGNs. Marziani et al. [1996] conclude that the difference in properties of the high-

and low-ionization lines between radio-loud and radio-quiet AGNs is evidence that they constitute different classes of

objects.

1.4.2 BLR models

“Cloud” models

The thermal broadening of the emission lines is only responsible for a line broadening of the order of 10 km/s. The

BLR gas therefore has to move at speeds of a few thousands km/s to produce the observed widths of the broad

emission lines. Not only is the kinematics of the BLR an area of vigorous debate, but it is not yet established whether

this gas is in a smooth stream or in a system of discrete clouds.

The BLR is traditionally pictured as a mist of cloudlets surrounding the central ionizing source (Fig. 1.2). In this

traditional picture, each individual cloud is highly ionized on the front (facing the ionizing continuum source), and

its ionization degree decreases toward the rear as the column density increases (Fig. 1.3a). This way, high-ionization

lines are emitted at the front of the cloud while the back emits low-ionization lines. If the cloud size is large enough,

it will be mostly neutral on the back. The main advantage of this model is that it successfully reproduces the overall

spectrum of an AGN.

BLR clouds are supposed to be optically thick at the Lyman limit. The lack of observed Lyman continuum

absorption in AGN spectra thus requires the individual clouds to be smaller than the central continuum source, so

that it is never completely occulted by a single cloud. Alternatively, Gaskell [2009] considered a flattened distribution

of the BLR clumps (Fig. 1.3b). In that case, the ionizing radiation is attenuated in the equatorial plane but escapes

near the pole. The additional benefit of the concentration of BLR clouds in a flattened region near the equatorial plane

is that they become self-shielding. The ionization structure of a single cloud then spreads out in radius, which leads to
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Figure 1.3: Schematic cross section of the clumped BLR and torus (on the right) in a plane through the axis of
symmetry (inspired from Gaskell et al. [2007]). (a) In the traditional cloudlet model, each cloud contributes to the
whole emission line spectrum. Clouds are highly ionized on the front (facing the ionizing source) and the ionization
degree decreases towards the rear, as the column density increases. The high-ionization region is cartooned by a light
blue region, and the low-ionization region by a red region. (b) In the self-shielding model, BLR clumps settle in a
flattened geometry, such that the ionizing radiation is attenuated in the equatorial plane. The ionization structure of
a single cloud then spreads out in radius.
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a clear-cut spatial separation of the different ionization levels and provides a better fit to the ionization stratification

constrained by reverberation mapping.

Cloud models however suffer from several limitations. First, a very large number of clouds is required to reproduce

the smoothness of the line profiles. The addition of many narrow emission lines emitted by a collection of clouds with

a velocity dispersion of several hundreds km/s is indeed expected to produce “grainy” composite line profiles. Second,

the mass of the cloud is not sufficient for it to be self-gravitating. Some confinement mechanism is thus needed. It has

been proposed that clouds are embedded in a hot low-density intercloud medium and confined by pressure equilibrium,

but that two-phase model involves an incredibly hot intercloud gas and yields to short-lived clumps [Krolik et al.,

1981]. Magnetic confinement of clouds has also been considered [Rees, 1987]. The stability of the clouds is another

issue, especially if they are radiatively accelerated within a wind or subject to shear within a Keplerian disk.

Keplerian disks and virialized motions

From the current widely accepted paradigm that AGNs harbor a supermassive black hole in their center follows the

idea that the kinematics of the surrounding medium is dominated by its strong gravitational field, and more specifically

that the velocity field is virialized.

There are good observational indications that broad emission lines, especially Balmer lines, are radiated by rotating

material. Compelling evidence comes from the detection of double-peaked Balmer lines [Perez et al., 1988, Chen et al.,

1989, Eracleous and Halpern, 1994, Rodriguez-Ardila et al., 1996, Storchi-Bergmann et al., 1997, Ho et al., 2000,

Shields et al., 2000, Strateva et al., 2003, Eracleous and Halpern, 2003, Popović et al., 2004]. However, only a small

fraction of AGNs shows double-peaked profiles. The single-peaked line profiles seen in most AGNs do not preclude

a disk origin. Single-peaked line profiles can be successfully reproduced either by tuning the parameters of the disk

model [Dumont and Collin-Souffrin, 1990], or by the superposition of several emission components, for example the

addition of a double-peaked component arising from a Keplerian disk and a narrow gaussian component emerging

from a virialized spherical region proposed by Popović et al. [2004].

The broad skewed iron line profile redshifted with respect to the 6.4 keV rest-frame energy of the Kα line of

neutral iron, observed by Tanaka et al. [1995] in the galaxy MCG-6-30-15, was interpreted as a relativistic line profile

originating from the innermost region of the accretion disk. The detection of extremely broad iron K emission lines

around 6.5 keV rest-frame energy is another evidence for X-ray emission in the inner part of the accretion disk but

requires the disk material to highly ionised [Reeves et al., 2001]. It suggests that the accretion disk itself may contribute

to the broad emission lines.

A Keplerian disk, and a virialized velocity field in general, reproduces the delayed response of the line core

highlighted by velocity-resolved reverberation mapping. Indeed, the speed of the flow decreases at larger radial

distances in virialized velocity fields so that lower velocities correspond to longer travel-times. A rotating line-emitting

disk surrounded by a coplanar (equatorial) scattering region is also invoked by Smith et al. [2005] to explain the

observed polarization of the Balmer line, and in particular the rotation of the polarization angle across the line profile.

However, the rotating disk model faces two difficulties: (i) the illumination of the line-emitting material contained

in a thin disk co-planar with the continuum-emitting accretion disk may be problematic, (ii) the faster response of

the red wing of the line with respect to its blue wing indicated by velocity-resolved reverberation mapping. The

illumination problem can be solved by thicker geometries, such as the “bird’s nest” sketched in Gaskell [2009] or the

“bowl” structure proposed by Goad et al. [2012]. The bowl model of Goad et al. [2012] moreover reproduces the

enhanced response of the line red wing on short time-scales.
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Outflow

The blueshifted narrow and broad absorption lines observed in the UV spectra of a fraction of quasars and the

blueshifts commonly observed in the high-ionization emission lines constitute robust evidence for the existence of

outflow in AGNs. The relation between the broad absorption line region and the BLR is however not clear. Broad

absorption lines extend to velocities as high as 0.1 c, and usually several times higher than those observed for the BLR

in the same objects. This argues against a possible connection of those two regions. Yet, there is some indication that

the properties of broad absorption line profiles are correlated with the properties of the corresponding broad emission

lines [Turnshek et al., 1988, Lee and Turnshek, 1995]. Borguet and Hutsemékers [2010] showed that broad absorption

line profiles, from the simple P Cygni-type profiles to the more complex ones, can be efficiently reproduced by a

polar+equatorial wind. This demonstrates that the blueshifted absorption and the emission line seen in the spectra

of BAL QSOs can simultaneously form in a wind.

The geometry of the outflow is a matter of controversy. The “boundary” conditions provided by the biconical

photoionization cones of the NLR may favor a polar wind [Evans et al., 2010]. Other geometries have nevertheless been

proposed as explanatory models of the BLR structure. For instance, Richards et al. [2002] interpreted the blueshifts

commonly observed in high-ionization lines as the result of the absorption of the red wing of the broad emission

line. They explained this lack of flux in the red wing as the obscuration of the receding side of a roughly isotropic

distribution of outflowing clouds by an optically thick equatorial screen (Fig. 1.4). Their model also account for the

moderate shifts of the low-ionization lines by postulating that the diameter of the equatorial screen is intermediate

to that of the high- and low-ionization regions that compose the stratified BLR. On the other hand, Borguet and

Hutsemékers [2010] have studied the CIV broad emission and absorption line profiles observed in a sample of quasars.

They showed that realistic line profile fits can be obtained using a composite BLR model that consists in a fast polar

wind and in a slower and denser equatorial wind that reprocess the ionizing continuum (Fig. 1.5). Elvis [2000] also

addressed the structure of the region at the origin of the prominent emission and absorption features in AGN spectra.

He constructed an empirical funnel-shaped thin shell outflow (Fig. 1.6) that can afford for the presence of broad

and narrow blueshifted absorption lines in the spectra of some quasars. In addition, assuming that BLR clouds are

embedded in the wind naturally explains the correlation between the broad absorption line and the corresponding

broad emission line.

The double-conical structure of the model of Elvis [2000] advantageously account for the double-conical extended

NLR, but it fails to explain the blueshifts of the high-ionization lines [Richards et al., 2002] and to reproduce the

optical/UV polarization [Marin and Goosmann, 2013]. Material arranged in a double-cone moving radially from the

central engine of the AGN may give rise to the double-peaked broad emission line profiles observed in a fraction of

AGNs when the axis of the conical flow is oriented close to the line-of-sight. Yet, this is contradicted by the fact

that most double-peaked emitters are associated with double-lobed radio sources [Eracleous and Halpern, 2003] that

rather indicates an edge-on view. The accelerating wind is also difficult to reconcile with reverberation mapping

measurements. For radially accelerated wind, the higher velocities are indeed located at larger radii. Moreover, polar

winds cannot reproduce the more rapid response of the redshifted part of the emission line since the receding part of

the outflow is located away from the observer.

Disk wind

Disk wind models hypothesize that a wind is driven up out of the rotating accretion disk, possibly by radiation

pressure, gas pressure or magnetic reconnection [e.g., Emmering et al., 1992, Murray et al., 1995]. The wind velocity

field therefore combines both rotational and radial outward motions.

Murray and Chiang [Murray et al., 1995, Chiang and Murray, 1996, Murray and Chiang, 1997] introduced and

investigated an equatorial disk wind model in which a wind stems out of the disk at small radii and is radially
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Figure 1.4: Schematic diagram of the outflowing cloud
scenario proposed by Richards et al. [2002]. The equa-
torial screen is optically thin when seen face-on, and be-
comes optically thick when seen more edge-on so that
it obscures the receding part of the outflow, resulting in
blueshifted emission lines. The moderate line shift ob-
served in low-ionization lines is explained by the equato-
rial screen being smaller than the low-ionization region
in diameter. In consequence, it cannot entirely occult the
receding side of the outflow.

Figure 1.5: Schematic diagram of the polar+equatorial
wind proposed by Borguet and Hutsemékers [2010] to
reproduce the broad emission line and the blueshifted
broad absorption line profile seen in the spectra of BAL
QSOs. That wind model includes a fast polar wind (light
grey) and a denser slower equatorial wind (dark grey)
that both reprocess the radiation emerging from the cen-
tral continuum source.

Figure 1.6: The funnel-shaped thin shell outflow proposed by Elvis [2000] to empirically account for the broad and
narrow blueshifted absorption lines in the spectra of BAL QSOs. Left: narrow absorption lines are produced when
the central continuum source is seen through the narrow section of the wind. Centre: broad absorption lines arise
when the continuum source is viewed down the length of the accelerating outflow. Right: for an unobscured view of
the continuum source, AGN spectra only show prominent emission lines.

Figure 1.7: Schematic representation of the disk wind model of Murray and Chiang [Murray et al., 1995]. The wind
streamlines of the equatorial wind are denoted by curved solid lines.
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accelerated by radiation pressure (Fig. 1.7). This model was first introduced to interpret the broad blueshifted

absorption lines that appear in ∼ 10 % of quasars. It postulates that the broad emission lines arise from the low-

velocity base of an equatorial disk wind that has an opening angle of ∼ 5◦. Broad absorption lines are seen when

the central engine of the quasar is viewed through the radially accelerated wind [Murray et al., 1995]. This scenario

however does not fit well in the AGN unification scheme depicted in Sect. 1.2.3, which implies an obscuring torus

hiding the inner parts of the AGN.

Nevertheless, Murray and Chiang’s disk wind model reproduces most of the characteristics of the broad emission

lines. Its main achievement is to give rise to the single-peaked line profiles observed in most AGN spectra. In addition,

the disk wind can account for the more rapid response of the line red wing [Chiang and Murray, 1996], as well as for

the variety of line shifts and asymmetries displayed by CIV [Murray and Chiang, 1997, Hall and Chajet, 2010] and

Balmer lines [Flohic et al., 2012].

Inflow

AGNs being accretion-powered obviously implies some sort of inflow. It is however unclear whether this infall concerns

the ionized gas in the BLR or rather takes the form of an inflowing stream of molecular gas within an optically thick

Keplerian accretion disk. The fluctuation of the line red wing that precedes the fluctuation of the blue wing, observed

in the CIV and Balmer emission lines of some AGNs, may be evidence for a net infall of the BLR [Gaskell, 2010].

Such inflow may bring interstellar material to the “central engine”. Gaskell [2009] discussed a scenario in which the

interstellar material approaching the nucleus first settles into a thick flattened distribution, the dust torus, and then

gradually spirals inwards. When the material of the torus gets within the dust sublimation radius, the dust evaporates

and the BLR forms. The degree of ionization increases as the gas gets closer to the central nucleus, where it is

eventually accreted. This model naturally accounts for the BLR stratification.

Gaskell and Goosmann [2013] proposed a BLR model that involves scattering in an inflowing medium to explain

the blueshifts commonly observed in high-ionization lines. In contrast with pure disk or outflow models, this scattering

inflow not only reproduces the blueshifts of high-ionization lines but also the faster response of the redshifted part of

the emission line. In this model, the emission line arises from a central compact region and is already “intrinsically”

broadened by some bulk motion ; an outer inflowing medium then scatters part of the emission line into the observer’s

line-of-sight and towards bluer wavelengths. The addition of direct and scattered light results in a blueshifted line

profile, skewed to the blue. Since the scattered blueshifted component arises from the inflow located at larger radial

distances, the emission that composes the blue wing of the line corresponds to a larger time travel, which accounts for

the delayed response of the blue wing relatively to the red one. The inner source of line emission must be significantly

more compact than the surrounding scattering inflow in order to produce significant blueshift. The negligible blueshift

of the low-ionization lines is then explained by their emission at larger radii.

An advantage of the scattering component is that it solves the “smoothness problem” of cloud models. Scattering

in the BLR indeed broadens the narrow lines emitted by each individual BLR cloud. This consequently relaxes the

constraint on the high number of discrete clouds needed to explain the smoothness of the broad emission line profiles.

This model puts particular effort to reconcile and explain broad line phenomenology, in particular the shape and

centroid shift of the emission lines, and the reverberation mapping measurements. However, it does not consider the

faster response of the blue wing seen in some AGNs [e.g., Denney et al., 2009, Bentz et al., 2009, Du et al., 2016].
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GRAVITATIONAL LENSING

According to Einstein’s theory of General Relativity, the structure of space-time is dynamically related to the distri-

bution of matter in the Universe. The stronger the gravitational field of a given body, the more warped the space-time

around that body. The electromagnetic waves that propagate in the curved space-time near a massive object follow

bent geodesics. Large mass concentrations in the Universe, such as stars, galaxies, or clusters, can hereby curve the

trajectories of light rays, in other words they act as “gravitational lenses”. Gravitational lensing provide astronomers

with most convenient natural telescopes to zoom in distant quasars.

This chapter starts with a presentation of the general theory of gravitational lensing. Strong lensing and microlens-

ing are distinguished through their very different lensing scales. As explained in the next chapter, microlensing can

significantly magnify the inner regions of quasars and therefore constitutes a powerful tool to probe their accretion

disk and BLR. Microlensing studies of the innermost regions of quasars are performed in systems composed of multiple

images of a same quasar that result from lensing by a foreground galaxy. In such lensed system, microlensing is caused

by the stars within the lensing galaxy, located on/near the line-of-sight of a given quasar image, such that microlensing

affects the lensed images differently and can be quantified from their intercomparison. This chapter finally presents

the lens equations associated to a Chang-Refsdal lens and to a distribution of mass. They respectively describe the

magnification induced by an idealized single microlens and by a general distribution of microlenses. Those models are

used in the last part of this thesis, dedicated to the modeling of the effect of microlensing on the quasar spectrum.
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2.1 General considerations

Figure 2.1: The geometry of gravitational lensing. Gravitational lensing always involves an observer (O), a source
(S) and a lens (L). DL, DS and DLS designate the observer-lens, observer-source and source-lens angular diameter
distances. θS is the angular position of the source relatively to the observer-lens axis, while θ is the angular position
of the image of the source, produced by the deflected light. α̂ is the deflection angle. The position where a light ray
from the source impacts the plane of the lens is indicated by the two dimensional vector ζ. [Refsdal and Surdej, 1994]

2.1.1 The lens equation

Gravitational lensing always involves three ingredients: the source (S), the observer (O), and the lens (L) lying on or

near the line-of-sight. Since gravitational lensing occurs on cosmological scale (among currently known gravitational

lens systems, most sources are quasars with redshift larger than 1), the observer-source (DS), observer-lens (DL),

and lens-source (DLS) distances are angular diameter distances1 which must be interpreted in the framework of a

cosmological model. The angular position of one image,θ, is related to the true angular position of the source, θS, via

the lens equation:

θ − θS = α(θ) (2.1)

where α(θ) is the reduced deflection angle.

In all cases of astrophysical interest, all angles involved in gravitational lensing problems are very small, due to the

cosmological distances separating the source, the lens and the observer. The reduced deflection angle is then a simple

function of the deflection angle α̂:

α(θ) =
DLS

DS
α̂(ζ) . (2.2)

The deflection angle α̂, due to the gravitational field of the lens, depends on the distance at which radiation flies by

the lens, that is to say the distance ζ between the lens and the location where a light ray originating from the source

impacts the plane of the deflector. The geometry of gravitational lensing and the different (angular) positions that

are invoked in the previous equations are represented in Fig. 2.4. Since the distances involved in gravitational lensing

are supposed to be large and the angles to be small, the true hyperbolic paths taken by the deflected light rays are

approximated by their asymptotes.
1The angular diameter distance is defined as the ratio of the actual size of an object to its observed angular size (in radians).
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Using Eq. (2.2), the lens equation Eq. (2.1) can be rewritten as a relationship between the true angular position

of the source, the angular position of the image(s), and the deflection angle:

θ − θS =
DLS

DS
α̂(ζ) . (2.3)

The lens equation formulates the condition that a light ray that crosses the deflector plane at a distance ζ from the

lens, and that is consequently deflected by α̂(ζ), reaches the observer. The deflection angle and the position of the

source determine the number and the positions of the images. A change of the source position causes a change of

the number and positions of its images. Theory predicts that any transparent mass distribution, under the thin lens

(Sect. 2.5.1) and weak gravitational field approximations, produces an odd number of images [Burke, 1981], as long

as the source is not located on a caustic (Sect. 2.1.3).

2.1.2 Magnification and amplification

The magnification µ of an infinitesimal background source is determined by the ratio between the solid angle dω covered

by the lensed image and the solid angle dωS that would be subtended on the sky by the unlensed source (Fig. 2.2).

The relation between those solid angles is settled by the lens equation, Eq. (2.3), more precisely by the area-distorsions

of the lens mapping θ → θS. More formally, for an unspecified lensing mass distribution, the magnification factor µ

is given by the inverse of the determinant of the Jacobian matrix of the lens mapping:

µ =
dω

dωS
=

∣

∣

∣

∣

det
(

∂θS

∂θ

)∣

∣

∣

∣

−1

. (2.4)

Figure 2.2: The unlensed source and its lensed image as seen projected on the plane of the sky. The magnification
of the lensed image is determined by the ratio between the solid angle it subtends and the solid angle that would be
subtended by the unlensed source [Refsdal and Surdej, 1994].

Since gravitational lensing is not connected with emission or absorption of light, it preserves the surface brightness

of a source, which means that the surface brightness of the image is identical to that of the source in the absence

of lens. The flux from an image is defined as the product of the solid angle covered by that image and its surface

brightness. Since the latter quantity is unchanged, the magnification factor µ simply describes the change of angular

size between the source and the lensed image when that lensed image is resolved. However, if the image is not resolved,

the magnification (the change of solid angle) due to gravitational lensing is only observed as an amplification of the
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image flux. In any case, if the source is mapped into several images, the total magnification is given by the sum of all

individual image magnifications.

Moreover, light bending does not change the frequency of the electromagnetic waves. The magnification factor µ

is independent of the frequency of the deflected radiation. Gravitational lensing is therefore achromatic.

2.1.3 Critical curves and caustics

Eq. (2.4) shows that the magnification factor µ is a function of the image position θ. The regions in the lens plane

where the determinant of the Jacobian matrix, i.e., ∂θS/∂θ, vanishes correspond to “region of infinite magnification”.

Critical curves are thus defined as the regions in the deflector plane where the magnification factor µ diverges. In

fact, the image of the source is not infinitely bright. The divergence of the magnification factor only indicates that

the (implicit) approximation of geometrical optics fails near critical curves and that wave optics must be applied.

The caustic curves or simply “caustics” are obtained by projecting the critical curves onto the source plane, using

the lens equation. The caustics separate regions of low and high magnification in the source plane.

2.1.4 Time delays

When a lens produces two (or more) images of a single source, the light travel times along the different light paths will,

in general, be different. The differences between the light travel times of two lensed images are called “time delays”.

Two effects, very different in nature, contribute to the time delay. When the different images of the background

object are created by different trajectories of the deflected light rays, a first contribution to the light travel time is a

geometrical time delay, which is due to the different path lengths. The second contribution is relativistic. Einstein’s

General Theory of Relativity indeed predicts that the light appears slowed down when it propagates through a curved

space-time, because time is running more slowly in regions of space-time affected by a strong gravitational field. The

stronger the gravitational field, the slower the clock runs. Consequently, a potential time delay may result when the

light rays are under the influence of different gravitational fields, i.e., when the photon trajectories leading to the

different lensed images cross the plane of the deflector at different distance from the lens.

2.2 The Schwarzschild lens

The Schwarzschild lens model is the simplest gravitational lens model. In that simple model, the source and the lens

are supposed to be point-like masses. Since one can always find a plane which simultaneously includes the observer,

the lens, and the source, the three-dimensional geometry illustrated in Fig. 2.4 can be treated as a two-dimensional

problem (Fig. 2.3). Consequently, the vector lens equation Eq. (2.3) describing gravitational lensing reduces to the

scalar equation:

θ DS = θS DS + α̂ DLS . (2.5)

2.2.1 The Einstein angle

The deflection angle α̂ caused by a single point-like mass has a simple expression. In the regime of weak gravitational

fields, in the ideal case of non relativistic perfect fluid, and using the quasi-static approximation, the deflection of a

light ray passing near a mass M at a distance ζ is described by the deflection law [Schneider et al., 1992]:

α̂(ζ) =
4GM

c2ζ
=

2RSC

ζ
≪ 1 (2.6)
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Figure 2.3: The Schwarzschild lens model corresponds to the deflection of a light ray by a point-mass lens. In such
case, the three-dimensional geometry illustrated in Fig. 2.4 for a general gravitational lensing configuration simplifies
into a two-dimensional problem.

where α̂ is the Einstein angle, G the gravitational constant, M the mass of the pointlike lens, ζ the impact parameter,

and RSC the Schwarzschild radius. The Schwarschild radius, RSC = 2 G M/c2, is the event horizon for a non-rotating

black hole, i.e., the radial distance where the escape velocity equals the speed of light so that light cannot escape once

inside that limit. Eq. (2.6) indicates that a more massive lens and/or a smaller impact parameter induce stronger

deflection angle. The expression of the Einstein angle as function of the angular position of the image of the source,

i.e., α̂(θ), is easily derived using the approximation ζ = θ DL.

The equation that relates the image angular position θ to the source angular position θS is obtained by plugging

the expression obtained for the deflection angle, Eq. (2.6), in the lens equation, Eq. (2.5):

θS(θ) = θ − DLS

DSDL

4GM

c2θ
. (2.7)

The position(s) of the image(s) are solution(s) of that lens equation for a given position of the source. The source

position may correspond to several distinct image positions whereas the image position always corresponds to one

source position [Refsdal and Surdej, 1994].

The Schwarzschild lens model always produces two images. For fixed values of θS, i.e., when the location of the

source is known with respect to the lens in projection, Eq. (2.7) is a quadratic equation in the variable θ. This equation

can be solved to compute the location of both images, θ1 and θ2:

θ1,2 =
1
2

(

θS ±
√

θ2
S +

16GM

c2

DLS

DSDL

)

. (2.8)
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2.2.2 The Einstein radius

For the special case in which the observer, the lens and the source are perfectly aligned, a ring-like image forms. Its

angular radius is called the angular Einstein radius θE . The configuration in which a point-like source lies exactly

behind a pointlike lens indeed corresponds to a true angular separation equals to zero, i.e., θS = 0. Injecting this into

Eq. (2.8), the angular positions of the images are found to be symmetric with respect to the observer-lens-source axis:

θ± = ±2

√

GM

c2

DLS

DSDL
. (2.9)

Given the axial symmetry, the image is actually a circle whose radius is equal to θE . That ring image is known as the

Einstein ring. The expression inferred for the angular Einstein radius is thus

θE = 2

√

GM

c2

DLS

DSDL
. (2.10)

This radius defines a reference angular scale for gravitational lensing. It indicates, on the one hand, the order of

magnitude of the separation expected between the different images of a same source and, on the other hand, the area

of the source plane that can be significantly magnified by a lens of mass M . The Einstein radius increases with the

mass M of the deflector, but also depends on the distances to the source and to the lens. Though the Schwarzschild

lens is a simplified and idealistic case, the angular Einstein radius which is inferred from that simple model provides

an extremely useful length scale for gravitational lensing.

2.2.3 The dimensionless lens equation

The Einstein radius can be used to normalize the lens equation Eq. (2.3). Defining y = θS/θE , the dimensionless

angular position of the source, and x = θ/θE , the dimensionless angular position of its image, the lens equation

Eq. (2.3) can be rewritten

y = x − α(x) . (2.11)

In the particular case of deflection by a point mass lens, the dimensionless lens equation is

y = x − x

|x|2
. (2.12)

2.3 Strong lensing and microlensing

The dependence of the angular Einstein radius on the mass M of the gravitational lens directly conditions our ability

to resolve the multiple lensed images of a same background source. A more massive lens leads to greater angular

separation between the images. The separation between the lens images is used to separate between two “lensing

regimes”: strong lensing and microlensing.

Strong lensing deals with gravitational lensing by a large mass, usually a massive galaxy with a mass of ∼ 1012M⊙.

Considering a typical lensing configuration that involves a massive lensing galaxy located at a redshift of zL = 0.5

and a quasar at a redshift of zS = 2, the Einstein radius is of the order of 1 arcsec. “Macro”-images can therefore

be resolved by current telescopes (Fig. ??). Nowadays, more than one hundred of gravitational lenses composed of

multiple lensed quasar images have been cataloged.

On the other hand, microlensing involves one or several microlens(es) with much smaller mass(es). A typical quasar
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Figure 2.4: The HE0435-1223 cosmic mirage seen by the Hubble Space Telescope (credits: NASA, ESA, Sherry Suyu,
Matthew Auger). This mirage is composed of four gravitationally lensed images of a quasar arranged symmetrically
around a galaxy acting as a lens.

microlensing scenario implies the stars contained in the lensing galaxy that act as microlenses. Such micolenses have

masses ∼ 1M⊙. Microlensing also produces multiple images of the source, but those “micro-images” are separated

by an angular distance of θE ≃ 10−6 arcsec, which is orders of magnitude smaller than the resolution power of best

optical telescopes.

It should be emphasized that, in quasar microlensing, the effect of the stellar microlenses within the lensing galaxy

superimposes on the strong lensing caused by the galaxy. In other words, a given quasar image splits into several

unresolved micro-images due to the stars located on or close to its light path. This way, microlensing modifies the

angular area subtended by the quasar macro-image and changes, as a result, its apparent luminosity.

Strong lensing and microlensing are characterized by very different time scales. The region of the source plane that

is significantly magnified by gravitational microlensing indeed varies due to the relative motion between the source,

the lens and the observer. Considering that the Einstein radius θE is an estimate of the angular length in the source

plane over which a lens of mass M can induce a significant magnification, the standard lensing time-scale tE is defined

as the time taken by the source to cross the projected Einstein radius rE = DS θE with an effective relative transverse

velocity v⊥,eff :

tE = rE/v⊥,eff ≃ 15
√

M/M⊙ v−1
600 years [Schmidt and Wambsganss, 2010]. (2.13)

The above expression again postulates a typical lensing configuration with zL = 0.5 and zS = 2. v600 is the effective

relative transverse velocity parametrized in units of 600 km/s. While microlensing can give rise to significant flux

variations over a couple decades, the positions and magnitudes of the quasar macro-images produced by strong lensing

are not expected to change over several millenniums. Microlensing is therefore a dynamic phenomenon, in contrast to

strong lensing that appears static.

The effective relative transverse velocity is defined as the change of the source position with respect to the lens
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measured by the observer. It is a distance weighted combination of the (physical) transverse velocities of the observer,

lens, and source [Kayser et al., 1986, Kochanek, 2004]. The transverse velocity of the observer is the projection of

the heliocentric CMB dipole velocity vCMB ≃ 370 km/s [e.g., Kogut et al., 1993] onto the lens plane. It contributes

more or less largely to v⊥,eff , depending on the location of the lens. The peculiar velocities of the lens and source

also contribute to v⊥,eff . Mediavilla et al. [2016] have estimated the peculiar velocity dispersion of lens galaxies at

z ∼ 0.5 from the rate of microlensing events measured in the lightcurves of 17 gravitational lenses. They obtained

σpec(0.53±0.18) ≃ (638 ± 213)
√

〈M〉/0.3M⊙ km/s (where 〈M〉 is the mean mass of the distribution of microlenses used

to model the lightcurves). When dealing with the time-scale that characterizes microlensing, the velocity dispersion

of the stars in the lensing galaxy constitutes an additional contribution to v⊥,eff . From the previous considerations,

an effective relative transverse velocity of several hundreds km/s appears a reasonable estimate.

Even if the lensing time-scale tE is much smaller for microlensing than for strong lensing, a time scale of the order

of decades is still large. However, observable fluctuations of the microlensing effect can occur on a shorter time interval

that corresponds to the time taken by the source to cross a sharp caustic curve separating regions of low and high

magnification. That crossing time scale tcross is of the order of the time for the source to cross its own radius rs:

tcross = rs/v⊥,eff ≃ 1.5 rs,ld v−1
600 months, (2.14)

where rs,ld is the size of the source in light days. It is therefore possible to observe photometric and/or spectral

variations caused by microlensing over a few month period, making it an even more dynamical phenomenon.

Microlensing and its utility in the study of the inner regions of quasars will be further discussed in Chapter 3.

2.4 The Chang Refsdal lens

A Chang Refsdal lens is a perturbed Schwarzschild lens. It consists in a point mass gravitational lens perturbed by

a constant external shear [Chang and Refsdal, 1979, 1984]. The axisymmetric matter distribution postulated by the

Schwarzschid lens is hardly ever seen in extragalactic lensing. In more realistic cases, the lens that dominates the local

deflection of the light rays is part of a larger environment (e.g., a star in a galaxy, a galaxy in a galaxy cluster), most

likely anisotropic, whose gravitational field can also perturbs the trajectories of the photons.

The natural length scales of the deflector and of the broader system that harbors it usually differ by many orders

of magnitude. At the smaller scale of the main deflector, the gravitational field of the extended structure changes

very little and is assumed to be reasonably well described by a Taylor expansion at the position of the deflector. The

deflection caused by the large-scale structure is

αp(x) = αp(0) +

(

κp + γp 0

0 κp − γp

)

x , (2.15)

where the orientation is chosen to diagonalize the tidal matrix [Schneider et al., 1992]. κp is the convergence and γp

the shear induced by the large-scale structure at the location of the point mass microlens.

This model can represent a simple microlensing configuration in which a star in the lensing galaxy acts as a lens

whose field is perturbed by that of the galaxy. The light rays are thus subject to the combined deflections caused by

the point-mass microlens, on the one hand, and the lensing galaxy as a whole, on the other hand. The dimensionless

lens equation Eq. (2.11) then becomes

y = x − x

||x||2
−
(

κc + γ 0

0 κc − γ

)

x , (2.16)
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Figure 2.5: Chang Refsdal caustics in the source plane obtained for various values of the shear, γ [from Chang and
Refsdal, 1984].

where κc and γ are respectively the convergence and shear caused by the continuously distributed matter that compose

the lensing galaxy (e.g., interstellar gas, dust, dark matter). The convergence and shear can be computed at each

position in the lensing galaxy using a “macro-model” that reproduces the strong lensing effect of the galaxy, i.e., the

positions of the quasar “macro”-images (Sect. 2.3).

The Chang-Refsdal caustics are computed by solving the equation

∣

∣

∣

∣

det
(

∂y

∂x

)
∣

∣

∣

∣

= 0 . (2.17)

The evolution of the shape of the high-magnification caustics in the source plane as function of the shear γ is illustrated

in Fig. 2.5. In this example, the light beam is supposed to cross a negligible amount of galactic matter, i.e., κc = 0.

Eq. (2.17) parametrizes an astroid curve when κc = γ = 0. Astroid-like closed caustics, that are abusively called

“diamond-shaped” caustics in the following chapters of this thesis, are obtained for γ < 1. Deltoid-like pair of

caustics, abusively designated as “triangle-shaped”, result from γ > 1.
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2.5 Gravitational lensing by a distributed mass

The Schwarzschild lens is an idealization. It is nevertheless extremely useful, not only because of its simple properties,

but also because this simple models provide useful orders of magnitude. However, in realistic configurations, the lens

is scarcely satisfactorily described by a point-like mass. Indeed, the deflector may be a complex mass distribution

(e.g., a galaxy) or may not be an isolated entity (e.g., the stars in a galaxy, the galaxies forming a group).

2.5.1 The thin lens approximation

The path and the magnification of a light bundle propagating through space-time are affected by all the matter between

the light source and the observer. However, for most practical purposes, the lensing action is usually dominated by

just one mass concentration at a certain distance between the source and the observer, whose size is small relative

to the cosmological distances involved. The deflection is therefore supposed to take place at a single distance. The

whole mass of the deflector can then be considered to be only located in the plane where the deflection occurs, aka

the lens/deflector plane. The source plane is introduced in a similar manner. These planes are perpendicular to the

deflector-observer line-of-sight (Fig. 2.4). That approximation is called the thin lens approximation.

2.5.2 The deflection angle

If several masses lie near the line-of-sight, each can alter the path of the light. In such realistic case, the deflection

angle α̂(ζ) that appears in the lens equation Eq. (2.3) encompasses the deflection caused by each mass element. It

can become a quite complicated function when the deflector is an extended mass distribution or when there are many

lensing objects.

For geometrically thin lenses, the deflection angles caused by several masses in the lens plane simply add. When

the deflector is an extended mass distribution, the deflection angle due to that extended lensing mass is computed by

integrating (summing) the Einstein angles due to the individual point mass elements which constitute the deflector:

α̂(ζ) =
4G

c2

x

R2

κ(ζ′)
ζ − ζ ′

∣

∣ζ − ζ′
∣

∣

2 dξ′dη′ , (2.18)

κ(ζ) is the surface mass density of the lens at the position ζ = (ξ, η) in the lens plane. The integral Eq. (2.18) extends

over the whole lens plane so that all the individual mass elements of the lens are taken into account in the calculation

of the deflection angle α̂(ζ) for a given impact parameter ζ (i.e. at a given position in the lens plane).

Eq. (2.18) “maps” the value of the deflection angle as a function of the position in the lens (or deflector) plane.

The lens or ray-tracing equation Eq. (2.1) predicts the position(s) θ(θS) of the image(s) for a given position θS of

the source. For an extended source, two adjacent points in the source plane may not be “imaged into” adjacent

positions in the observer plane, since they correspond to different coordinates θS. This results in deformation, thus

(de-)magnification, of the image(s) relative to the original source.

2.5.3 The particular case of microlensing

The general microlensing equation

Although microlensing only addresses a limited region of the lensing galaxy, realistic microlensing configurations may

involve a large number of stellar microlenses, especially if the light path to the quasar image crosses the central region

of the lensing galaxy. All the individual stars acting as microlenses contribute to the deflection with a magnitude
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that depends on their proximity with the line-of-sight to the quasar image. Moreover, like in the Chang Refsdal lens

(Sect. 2.4), the gravitational fields of those microlenses are perturbed by that of the extended lensing galaxy.

Hence, the general microlensing equation [Wambsganss, 1999] encompasses the sum of the deflections induced by

the N∗ discrete microlenses, the shear γ due to the tidal field of the galaxy that harbors them, and the additional

convergence κc of the light beam caused by the smoothly-distributed galactic matter that it intercepts:

y = x −
N∗
∑

i=1

mi (x − xi)

|x − xi|2
−
(

−γ 0

0 γ

)

x − κc x . (2.19)

mi is the mass of the ith microlens, and xi its dimensionless angular position, i.e., its angular position normalized by

the Einstein radius θE .

Simulating microlensing

The complexity of microlensing studies comes from our lack of knowledge of the source, along with the impossibility to

know the arrangement of stars in the distant lensing galaxy. Microlensing simulations therefore deal with the problem

in a statistical way: the effect of gravitational microlensing by the stars contained in the lensing galaxy is modeled as

the magnification caused by a random star field, described by the number density of its stars, and perturbed by the

tidal field of the galaxy.

The convergence κ and the shear γ induced by the lensing galaxy at the intersection between the line-of-sight

towards a given lensed image and the deflector plane are usually obtained from macro-models. The macro-model of

a gravitational lens provides an estimate of the mass of galactic matter crossed by the light path towards a quasar

macro-image, that can either induce microlensing if in the form of discrete “clumps” (e.g., stars), or convergence

of the light bundle if in the form of smooth matter (e.g., gas, dust, dark matter). The convergence κ is generally

divided into two components: the convergence due to the stars, κ∗, and the convergence induced by smooth matter,

κc. Assuming that the mass function or average mass of the distribution of microlenses is fixed, κ∗ determines the

number of individual lensing stars N∗. The stars are assumed randomly distributed over the lens plane.

Practically, modeling the effect of microlensing in a given quasar lensed image requires an estimate of (i) the

convergence due to the lensing galaxy, (ii) the fraction of mass contained in stars, and (iii) the shear at the projected

location of the quasar image in the lens plane. The mass distribution of the stars can be parametrized, for instance

by a power-law. Fig. 2.6 shows an example of a 100 rE × 100 rE (rE = DS θE , the Einstein radius) caustic network in

the source plane produced by a field of stars. This is simulated for the image A of the lensed quasar QSO2237+0305

that is characterized by a convergence κ = κ∗ = 0.394 and a shear γ = 0.395. Given that the line-of-sight towards

image A passes through the galactic bulge, only a dense population of stellar objects is supposed to contribute to the

convergence, i.e., κc = 0. The illustrated magnification pattern was created using the inverse ray-tracing software

designed by Wambsganss [1999]. Microlensing studies use such magnification maps to simulate the temporal and/or

spectral variations induced by microlensing and extract, this way, information about the innermost regions of quasars.
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Figure 2.6: Magnification map produced by a random field of stars representative of the microlensing effect which
affects the image A of the lensed quasar QSO2237+0305. This map specifies the additional magnification induced by
microlensing at each position in the source plane. Microlensing simulation was performed over an area of 100 × 100
Einstein radii. A square of one Einstein radius in size, is plotted in the upper part of the map.

47



3

PROBING THE INNER REGIONS OF QUASAR

WITH MICROLENSING

In the context of quasar lensing, microlensing is the additional deflection undergone by the light rays due the presence

of stellar-mass deflectors in the lensing galaxy. Similarly to strong lensing, that can result in multiple “macro”-images

of the lensed quasar separated by about 1 arcsec, gravitational microlensing can yield the “macro”-image of a quasar

to split into several “micro”-images separated by about ∼ 10−6 arcsec that cannot be resolved with current telescopes.

The only observable effect of microlensing is the amplification of the apparent luminosity of the quasar images. This

chapter explains how microlensing can be used to probe the structure of the accretion disk and BLR of quasars, and

reviews the results that have been achieved using that technique. In the last section, I describe how my thesis intends

to contribute to our knowledge of the BLR by combining observations and modeling.

3.1 Why is quasar microlensing interesting?

The Einstein radius θE , defined in Eq. 2.10, represents the angular cross-section of gravitational lensing, i.e., the

angular radius of an area in the source plane that can be significantly magnified by a lens of mass M . For a typical

configuration with the lensing galaxy located at a redshift zL = 0.5 and the quasar at zS = 2, a stellar microlens

M ≃ 1M⊙ can induce a significant magnification over an angular scale of the order of one microarcsecond, which

corresponds to a length scale rE = DS θE ∼ 10−2 pc. This microlensing cross-section is comparable to the size of

the accretion disk of quasars and is roughly one order of magnitude smaller than the BLR. This ability to “zoom” in

the accretion disk and/or on a portion of the BLR spatial and velocity structure makes gravitational microlensing a

powerful tool to study the innermost regions of quasars.

Gravitational lensing is achromatic in the sense that a lensing mass deflects the trajectories of photons whatever

their wavelength. This way, when strong gravitational lensing by a massive galaxy gives birth to a cosmic mirage

constituted of multiple images of a same background quasar, all the images should have spectra identical to the

spectrum of the unlensed quasar up to a scaling factor. By contrast, significant microlensing magnification occurs on

the scale of the Einstein radius of the microlens so that small sources, such as the accretion disk, are more prone to

large magnifications. The selective magnification of the continuum emission coming from the accretion disk, and of

a part of the broad emission lines emitted by the BLR, can distort the original quasar spectrum. The smaller the

source relative to the Einstein radius, the larger the magnification. The particular interest of microlensing in the

study of the innermost regions of AGNs therefore resides in that relation between the source size and the induced
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magnification. That relation enables to constrain the size and structure of the unresolved inner regions of AGNs from

the measurement of the amplitude of the magnification undergone by the different spectral components.

To extract information about the quasar inner structure, it is crucial to disentangle the spectral and temporal

variations induced only by microlensing from those due to the intrinsic variations of the quasar propagating through

the different quasar images with different time delays, and from those caused by the differential extinction of the images

by the dust in the lensing galaxy [Yonehara et al., 2008]. The spectral differences caused by the differential propagation

of intrinsic variations can be avoided by acquiring spectra separated by proper delays. Quadruply lensed quasars have

the advantage to be characterized by small time lags between the different quasar images, especially when they are

arranged symmetrically. This makes them ideal targets for microlensing studies since it prevents the apparition of

spectral differences due to the propagation of intrinsic variations with different time delays. Besides, in contrast to

differential extinction in the lensing galaxy, microlensing affects differently the continuum and emission lines. In other

words, differential magnification of the continuum and emission lines can only be caused by microlensing. Measuring

the flux ratio between two quasar images in the continuum and in the emission lines is thus an efficient way to highlight

the presence of microlensing. Hutsemékers et al. [2010] developed a decomposition method that exploits the differential

magnification induced by microlensing in the continuum and the emission lines to disentangle the spectral differences

that are caused by microlensing from those that are caused by differential extinction (see Chapter 4).

3.2 Probing the accretion disk

An accretion disk orbiting a supermassive black hole and heated by viscous friction stands as the only plausible

explanation for the compactness and the enormous energy output of AGNs. Direct observation being currently out

of reach, the central engine of AGNs is explored using indirect methods, for example on the basis of the observed

spectral energy distribution (SED), by confronting the observed SED properties to predictions of accretion disk models.

Gravitational microlensing is another indirect technique to gather information about the size and temperature profile

of quasar accretion disks by measuring the magnification of the continuum at different wavelengths. The essential

asset of microlensing is that it offers a model-independent way to probe the small-scale innermost structure of quasars.

3.2.1 Method

The accretion disk structure can be pictured as a collection of multi-color annular sources. The temperature gradient

of the disk determines the radial distance where the bulk of the emission at a wavelength λ occurs. Longer wavelengths

are radiated at larger radii. The radius of the continuum source thus appears to increase at larger wavelength. Since

the amplitude of the microlensing-induced magnification is a function of the source size, it is then possible to probe the

energy profile of the accretion disk through the wavelength dependence of microlensing magnification measured in the

continuum. The slope of the continuum spectrum can also vary from one quasar image to another due to differential

extinction in the lensing galaxy [Yonehara et al., 2008]. The extinction of the bluer (i.e., shorter wavelength) radiation

by the dust content of the region of the lensing galaxy crossed by the light path towards a given quasar image should

be accounted for to disentangle the effect of microlensing on the continuum.

The size of the continuum source essentially determines the intensity of the magnification that can be produced

by microlensing, while the chromaticity of microlensing magnification depends on the temperature gradient. Since the

magnifying structure at the origin of the temporal and spectral changes observed in a microlensed quasar image cannot

be directly determined, the exact size and temperature profile of the accretion disk cannot be immediately inferred

from microlensing measurements. Nevertheless, the properties of the accretion disk can be statistically investigated

on the basis of a random field of stars, that is simulated to reproduce the stellar surface mass density of the galaxy at

the location where the line-of-sight towards the lensed image crosses the lens plane (Sect. 2.5.3).
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The properties of the accretion disk are investigated by comparing observed microlensing lightcurves and chro-

maticity to simulated data. The probability for a disk that has a certain size and temperature profile to reproduce

the observed temporal and spectral variations caused by microlensing is assessed using a microlensing map such as

the one illustrated in Fig. 2.6. The relative motion of the source-lens(es)-observer system, that can result in temporal

fluctuations of the intensity and of the spectrum of a quasar image, is modeled by the motion of the source on that

magnification map. That magnification pattern is constituted of caustics that highly magnify a very narrow region of

the source plane and yield “microlensing events”, i.e., brief and strong increases of the intensity of a (point) source

when it crosses the caustics. A finite source size smooths out the sharp temporal variations caused by caustics. The

motion of a large source across a network of caustics can be modeled as a point source moving across a caustic map

convolved with the surface brightness of the source. Synthetic microlensing lightcurves are obtained for different sizes

of the continuum source as tracks over convolved microlensing patterns. For a given disk size and temperature profile,

a large number of tracks, and thus a large number of simulated lightcurves, are computed. The likelihood of the disk

model is indicated by the number of simulated lightcurves that fit the observations.

3.2.2 Achieved results

Recent microlensing studies have constrained the size and temperature gradient of the accretion disk in several lensed

systems (Table 1.1). Some studies use single-epoch spectroscopic or multiple narrowband photometric observations to

extract and model the chromatic magnification of the continuum emission by gravitational microlensing ; other studies

infer the size of the continuum source from the monitoring of microlensing-induced temporal variations in a single

or in several broad-band filters. Eigenbrod et al. [2008a] have achieved the first long-term (2.2 years) spectroscopic

monitoring of the lensed quasar QSO2237+0305. The combined measurements of the spectral and temporal variations

of the magnitude of microlensing allowed to constrain both the size and temperature profile of the accretion disk. The

size estimates derived for a given lensed system are generally in broad agreement and larger than predicted by the

thin disk model, with an average size of a few light days. However, there is no general agreement on the power-law

exponent p of the temperature gradient T (r) ∝ r−p.

The temperature gradient differs from one gravitational lens to the other. It appears that detailed studies of

individual quasars point towards temperature profile consistent with the Shakura-Sunyaev thin disk model, i.e., p =

3/4, while steeper temperature profiles are derived from the statistical sstudies of a large number of gravitational lenses.

Jiménez-Vicente et al. [2014] determined an average power law exponent of the temperature profile p = 1.25+0.42
−0.25.

Temperature profiles that are essentially compatible with a disk size independent of wavelength, i.e., p > 2, have also

been uncovered in a number of lensed quasars, most being part of the sample analyzed by Blackburne et al. [2011].

Such a strong diversity of the value of p is not expected between objects that are supposed to share the same emission

mechanism. It could be due to differing properties of the accretion disk between individual objects, or to the method

used to constrain the temperature profile of the disk as suggested by the different values of p determined for a given

quasar by different studies (e.g. QSO2237+0305, HE1104-1804 in Table 1.1).

Recently, our research group has obtained the first spectropolarimetric observations of the four images of the

gravitationally lensed quasar H1413+117. They unveiled that the large-amplitude microlensing effect that has been

affecting the image D for several years [Hutsemékers et al., 2010, Sluse et al., 2015, Hutsemékers et al., 2015] also

significantly modifies the polarization of its continuum. Hutsemékers et al. [2015] interpreted the different polarization

degree and angle measured in the continuum and broad absorption lines of image D in comparison with image A,

which is essentially unaffected by microlensing, as evidence for the continuum being scattered off two regions spatially

separated and perpendicularly polarized. They argued that the spectropolarimetric observations are compatible with

a model in which the polarized fraction of the microlensed continuum comes from a compact region located in the

equatorial plane close to the accretion disk, while the more highly polarized non-microlensed continuum comes from
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an extended region located along the polar axis. The separate analysis by Sluse et al. [2015] of the spectral distortions

induced by microlensing in the optical and near-infrared spectrum of image D has revealed the existence of an extended

continuum source not affected by microlensing, such that only partial microlensing of the continuum is observed in

image D. However, that extended continuum source does not seem related to the extended scattering polar region

detected from spectropolarimetry [Hutsemékers et al., 2015].

3.3 Probing the broad line region

As mentioned in Sect. 1.4, reverberation mapping and gravitational microlensing constitute two powerful model-

independent methods to constrain the structure and velocity field of the unresolved BLR. Microlensing is a privileged

technique to probe the inner structure of the distant quasars. Those cosmological sources are indeed characterized

by longer timescales [Kaspi et al., 2000] and lower variability amplitudes [MacLeod et al., 2010] which complicate

reverberation mapping measurements. Since quasars are located at cosmological distances, the measured time delays

are further increased by the cosmological time dilation. For high redshift quasars, reverberation mapping deals with

lag of several hundreds of light days and becomes extremely observationally intensive. The detection and analysis of

differential microlensing of the broad line profiles then appears as the only practical approach to collect information

about the BLR in high redshift sources.

3.3.1 Method

For broad emission lines that originate from a region whose kinematics is ruled by an organized velocity field, different

Doppler shifts are located in different parts of the BLR. In the presence of microlensing, the different areas of the BLR,

that are characterized by different Doppler shifts, can sample different regions of the inhomogeneous magnification

pattern created by the microlenses. This way, the line flux at different Doppler shifts is likely to be differently

magnified by microlensing. Fig. 3.1 illustrates the microlensing-induced line profile distortion resulting from the

differential magnification of a Keplerian disk.

Microlensing can thus induce deformations of the broad emission line profiles, due to differential magnification of

the differently Doppler-shifted parts of the line. Those microlensing-induced line profile distortions depend on the

magnifying structure, on the one hand, and on the velocity structure of the BLR, on the other hand (see Fig. 3.2).

Actually, since the projected area of the emission region at different wavelengths depends on the BLR geometry

and velocity field, constraints on the BLR structure and kinematics can be derived from the measurement of the

microlensing magnification through the broad line profiles. The size-dependent effect of microlensing is used to

reconstruct the BLR structure, large magnification indicating that the line flux originates from a compact emission

region located close to the caustic(s), and small magnification pointing towards more extended emission regions.

Microlensing being a dynamical phenomenon, the line profile distortions are expected to vary in time, as the caustic

pattern resolves different parts of the BLR velocity field when the microlenses are moving.

3.3.2 Achieved results

The effect of gravitational microlensing on the BLR as a function of its geometry and kinematics has been first

theoretically examined by Nemiroff [1988]. The simulations carried out by Abajas et al. [2002], in the light of the

revised smaller BLR size obtained by reverberation mapping [Kaspi et al., 2000], for a set of simple BLR models

have unveiled that microlensing can have a significant effect on the broad emission lines. Those authors showed that

microlensing is able to produce significant magnification and distortion of the broad emission line profiles, leading for

example to measurable shifts of the line centroid in the spectra of microlensed quasar images.
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Figure 3.1: Microlensing-induced distortion of the line profile emitted by a Keplerian disk. The upper panels show
the BLR superimposed on a typical caustic. The middle panels display regions of the rotating disk characterized by
different Doppler shifts that sample different regions of the caustic pattern and are thus differentially magnified. The
resulting distorted line profile is illustrated in the lower panel.
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Figure 3.2: Microlensing of different BLR structures and the resulting line profile distortions. The left panel sketches
two models: a rotating Keplerian disk and a biconical outflow, both seen at intermediate inclination. The location
of the approaching and receding gas is indicated in blue and red, respectively. At different positions on the caustic
structure, indicated by colored losanges in the middle panel, different subregions of the BLR are magnified by the
caustic. The right panel illustrates the corresponding distorted line profiles. Microlensing of the Keplerian disk yields
asymmetric red/blue line profile distortions. By contrast, large differential magnification of the red and blue parts of
the line is not observed when it arises from the biconical outflow.

Actual detection of differential microlensing in the broad emission lines came a couple of years later. Richards et al.

[2004] discovered a strong enhancement in the blue wings of several high-ionization lines in the image A of the lensed

quasar SDSS J1004+4112 relative to its component B. This blue wing enhancement lasted at least 28 days (observed

frame) and then faded. It was re-observed in 2008 by Motta et al. [2012], along with chromatic microlensing of the

continuum which supports the microlensing origin of those deformations of the line profiles. Since then, microlensing

of the emission line regions have been found in several lensed systems [Sluse et al., 2007, 2011, 2012, O’Dowd et al.,

2011, Guerras et al., 2013]. Differential microlensing through the velocity structure of the broad emission line is in

fact rather common in quasar images that show microlensing of their continuum. Differential microlensing is observed

in broad emission lines of various ionization degree and displays diverse patterns, e.g., differential microlensing of the

blue and red wings of the line profile, differential microlensing of the wings and core of the line, etc.

Lewis and Ibata [2004] modeled the influence of microlensing at high optical depth (i.e., caused by a dense network

of caustics) on several BLR models. Their simulations highlighted important differences between the models under

consideration. In particular, the degree of magnification and the shift of the line centroid seem to depend upon the

spatial and velocity structure of the BLR. The authors argue that their modeling of BLR microlensing demonstrates

the possibility to discriminate BLR models via spectroscopic monitoring of multiply imaged quasars. Following that

suggestion, O’Dowd et al. [2011] confronted the differential microlensing observed through the structure of the carbon

high-ionization lines to microlensing simulations conducted using two simple models: an outflow and a Keplerian

model. Their simulations favored the Keplerian over the outflowing model.
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3.4 Purpose of this thesis

The BLR gas, that flows at high velocity in the close vicinity of the supermassive black hole, provides a unique and

important probe of the inner regions and central engine of AGNs. The dynamics of that gas is most likely governed by

the central engine, gravitation and radiation pressure competing. The physical structure of the BLR may also provide

important information about the origin of the gas and the mechanisms fueling the central engine. Furthermore, the

emitted line spectrum offers a diagnostic of the ionizing continuum (λ < 912Å), which is not observable in any other

way. This underscores the importance of developing an understanding of the physics of the BLR.

This thesis is a contribution to the study of the structure and kinematics of the BLR in quasars. Constraints on the

BLR spatial and velocity structure are derived from the microlensing-induced distortions of the broad emission line

profiles observed in a few gravitationally lensed quasars for which excellent data have been obtained. In quasar lensed

images that exhibit differential microlensing through the velocity structure of their broad emission lines, the part of

the quasar spectrum that is affected by microlensing is disentangled from the part that is not using the decomposition

method developed by Sluse et al. [2007] and Hutsemékers et al. [2010] (Chap. 4). Considering that the line component

that is not affected by microlensing must arise from a spatially separated and/or much more extended region than

the microlensed component, the decomposition sets interesting constraints on the BLR spatial and velocity structure.

Chapters 5 & 6 present the analysis of microlensing effects that distort the line profiles in the quadruply-imaged

quasars HE0435-1223 and QSO2237+0305 and the constraints they set on the BLR kinematics and geometry.

This work also extends the modeling efforts of Abajas et al. [2002, 2007] and Lewis and Ibata [2004]. In Chapters 7

to 9, the effect of microlensing on several BLR models is simulated by convolving images of the BLR emission in

different velocity slices sampling the line profile by Chang-Refsdal caustics. This way, distorted line profiles are

computed at every position on the magnification pattern for each model of BLR. The models investigated are a

Keplerian disk, a biconical polar outflow, and an equatorial outflow. The brightness distribution of these models

at different wavelengths is simulated using the Monte Carlo radiative transfer code STOKES [Goosmann and Gaskell,

2007, Marin et al., 2012]. That study benefits from the recent measurements of differential microlensing in the broad

emission lines of quasars. The collection of distorted line profiles obtained for a given BLR model can be compared

to observed line profile distortions. A set of observables that quantify the deformations undergone by the line profile

while being independent of the exact shape of the emission line is defined in chapter 8.

The modeled line profile distortions are in particular compared to the deformation observed in the Hα broad

emission line in the image D of HE0435-1223 and to the CIV and Hα lines in the image A of QSO2237+0305. A

more accurate modeling of the distortions of the low- and high-ionization lines in QSO2237+0305 is obtained using

a caustic network computed specifically for the quasar image A on the basis of macro-models (see Fig. 2.6). Like

the simulations that involve idealistic Chang-Refsdal caustics, those more realistic simulations are compared with the

microlensing measurements in the CIV high-ionization line, on the one hand, and in the Hα low-ionization line, on

the other hand. The ability of the different BLR models to reproduce the effect of microlensing on the high- and

low-ionization regions is assessed. The pair of CIV and Hα fitting models whose positions coincide on the caustic

structure are then identified in order to constrain the ionization structure of the BLR.
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Observing the effect of microlensing on

the broad emission lines
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Overview of Part II

Overview of Part II

This part of the thesis deals with the study of microlensing in gravitationally lensed systems. In the absence of

microlensing, the spectra of the multiple images of the quasar that compose a cosmic mirage are identical up to a

multiplicative factor. Observed spectral differences can thus reveal a microlensing effect. The short time lag between

the different images that compose a quadruply-lensed quasar makes such systems ideal targets for microlensing stud-

ies. Indeed short time delays limit the spectral differences due to the propagation of intrinsic variations with different

delays. This way, spectral differences between lensed images can either be caused by microlensing or by differential

extinction in the lensing galaxy. Chap. 4 presents the Macro-micro decomposition method introduced in Sluse et al.

[2007] and Hutsemékers et al. [2010]. This method allows one to disentangle the microlensing signal from the spectral

variations due to differential extinction. It advantageously does not rely on any models of the broad emission line

region. That decomposition method is used to disentangle the microlensing signal in two quadruply-imaged quasars:

HE0435-1223 (Chap. 5) and QSO2235+0305 (Chap. 6). It unveils the presence of microlensing in the images A and

D of HE0435-1223, and in the images A, B and C of QSO2237+0305. The constraints on the spatial and velocity

structure of the BLR set by the shape of the microlensed component identified in the quasar spectrum are discussed

for each lensed quasar.

Warning: In this part of the thesis, the symbol M does not anymore refer to the mass of the gravitational lens but

to the ratio between the magnifications of two quasar lensed images, produced by the strong lensing due to a massive

galaxy located close to the line of sight to the quasar, aka the “macro-amplification ratio”. Besides, in what follows,

the symbol µ exclusively designates the additional magnification which is caused by microlensing. In the absence of

further precision, µ is taken as the microlensing magnification measured in the continuum.
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4

THE MACRO-MICRO DECOMPOSITION

METHOD

The major difficulty when studying microlensing arises from the fact that other phenomena can induce spectral

differences between the quasar images. The different lensed images correspond to different light paths through the

lensing galaxy such that their spectra, initially identical, are likely to be differently affected by the inhomogeneous

galactic content of interstellar gas and dust. Differential extinction in the lensing galaxy therefore constitutes a tangible

cause of spectral variations, other than microlensing, between quasar images. Not only it dims the quasar luminosity

by absorbing part of the radiation, but it also reddens the quasar spectrum, which modifies the brightness ratios and

the relative spectral slopes of the quasar images. Because multiple images correspond to separate light paths, a delay

in the arrival time is always present between them. The different lensed images therefore offer snapshots of the quasar

at slightly different epochs. Since quasars are variable objects, intrinsic variability propagating with different delays in

the lensed images constitutes another scenario able to explain the observed spectral differences. Both the luminosity

and the spectral energy distribution of quasars can vary over time, with quasars tending to display bluer continua

when they get brighter [Wilhite et al., 2005]. The broad emission lines also fluctuate with time, but to a lesser extent

and with some lag with respect to the continuum.

Microlensing study requires to “extract” the spectral variations that are caused by gravitational microlensing only.

Separating microlensing from intrinsic variability and differential extinction is a challenging task. Indeed, intrinsic

variability can “mimic” the effect of microlensing in the sense that both phenomena can result in a flux ratio that

differs between the continuum and the emission lines. Assuming that the time delays between the quasar images

are known (from monitoring or modeling), the contamination due to quasar intrinsic variability can be removed by

acquiring observations separated by proper delays. On the other hand, extinction by the gas and dust on the line of

sight affects similarly all emissions at a given wavelength, whether they originate from the accretion disk or the BLR.

The Macro-micro decomposition method exploits the ability of microlensing to differentially magnify the continuum

and the emission lines at a given wavelength in order to disentangle the spectral component that is microlensed in a

quasar lensed image, from the component that is not microlensed.

4.1 Basics

The Macro-micro decomposition (MmD) method [Sluse et al., 2007, Hutsemékers et al., 2010] takes advantage of the

relationship between the size of a source and the magnification it experiences due to gravitational microlensing. The
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differential magnification of the continuum emission, that originates from the compact accretion disk, and emission

lines, that emerge from the more extended BLR, modifies the contrast between the lines and continuum in the

quasar image affected by microlensing. The MmD decomposition interprets the spectral differences between two

lensed images of a same quasar as caused by the additional (de-)magnification of a part of the quasar spectrum by

microlensing. Because smaller sources are more sensitive to microlensing, the part of the quasar that is microlensed

most probably comes from a compact emission region. Considering a pair of quasar images in which one image is

unaffected by microlensing, one may assume that their spectra are the superposition of a component FM which is only

macrolensed in both images, and a component FMµ which is both macrolensed and microlensed in the image affected

by microlensing:

F1 = M FM + M µ FMµ , (4.1)

F2 = FM + FMµ . (4.2)

The spectrum of the quasar image which is affected by microlensing is denoted by F1, and the spectrum of the

unaffected one by F2. The macro-amplification ratio M = M1/M2 is the ratio between the magnifications of the

quasar images caused by the lensing galaxy as a whole. Since a massive galaxy magnifies the entire AGN structure,

the whole quasar spectrum undergoes the same macro-magnification (Sect. 2.3). The additional micro-magnification

µ, caused by stellar microlenses located close to the line of sight, only affects a part FMµ of the quasar spectrum.

That microlensed part can then be inferred by inverting Eq. (4.2) and (4.1):

FMµ =
M

A − M

(

F1

M
− F2

)

, (4.3)

FM =
−A

A − M

(

F1

A
− F2

)

, (4.4)

where A = M µ.

Under the hypothesis that the continuum spectrum is always microlensed, the total magnification, A, experienced

by the microlensed part of the quasar spectrum can be determined as the ratio F1/F2 computed in the continuum.

This assumption is supported by microlensing studies which show that the optical continuum arises from a source of

a few light days in size (Sect. 1.3). The continuum is thus more susceptible to be microlensed than the emission lines

that emerge from the more extended BLR (and a fortiori from the NLR). Assuming that the continuum is affected by

microlensing enforces the continuum spectrum to be part of FMµ, and in consequence FM to be null in the intervals

that contain only continuum emission.

The MmD can only highlight the effect of gravitational microlensing if the spectra to which it is applied include

(at least) two differentially microlensed components. Otherwise, if F1 = A F2, Eq. (4.3) and (4.4) simply result in

FMµ = F2 and FM = 0. The MmD is therefore applied to wavelength intervals of the quasar spectrum that contain

emission line(s). Nevertheless, broad emission lines themselves can be affected by microlensing. The MmD then

decomposes every line into a component that is not affected by microlensing and a component that undergoes the

same magnification as the continuum.

The total magnification A, due to the combined effect of macrolensing and microlensing, is estimated in the

continuum adjacent to the line, by setting FM (A) = 0 in the wavelength range free from line flux. Parameter A fixes

the shape of FM , and thus the part of the line profile that is not affected by microlensing, through Eq. (4.4). Because

of the temperature gradient of the accretion disk, the size of the continuum emitting region and consequently the

microlensing magnification may vary as a function of the wavelength. The MmD is thus applied separately to the

different emission lines and to a limited range of wavelengths, over which the magnification µ caused by microlensing

59
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Figure 4.1: (a) MmD obtained when microlensing does not affect the broad emission line, F l. Image 2 is supposed not
microlensed. Macrolensing magnifies image 1 relative to image 2 by M = 1.2, and microlensing additionally magnifies
the continuum emission F c by a factor of µcontinuum = 3. MmD retrieves FMµ = F c and FM = F l. (b) MmD obtained
when microlensing affects a part of the broad emission line. The line component F l,M , corresponding to the line core
and blue wing, is only macrolensed, while the line component F l,µ, corresponding to the line red wing, is microlensed
by a factor of 3, like the continuum, and thus included in FMµ. This way, FMµ = F c + F l,µ and FM = F l,M . (c)
MmD obtained when microlensing affects a part of the broad emission line to a lesser degree than the continuum. The
microlensed component of the line F l,µ, that is magnified by a factor µline = 2.2, is partly included in both FM and
FMµ.

is roughly constant.

4.2 The effect of microlensing on broad emission lines revealed by MmD

In this section, the distorted spectrum and the corresponding MmD are illustrated for different scenarios in which a

part of the emission line is affected by microlensing. In all scenarios, a macro-amplification ratio M = 1.2 is used

to compute the spectrum of image 1. Image 2 is supposed unaffected by microlensing. In the most simple case,

the emission line F l is not affected by microlensing, and is entirely included in the spectral component FM that is

only macrolensed, while the underlying continuum F c constitutes the microlensed part of the quasar spectrum FMµ

(Fig. 4.1a). When microlensing magnifies a part of the line profile F l,µ as the continuum spectrum, this line component

appears in FMµ along with the continuum (Fig. 4.1b).

However, straightforward interpretation of the MmD gets tricky when microlensing magnifies a part of the broad
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line, but to a lesser degree than the continuum. Assuming that the quasar spectrum is the superposition of a continuum

spectrum F c, that is microlensed by µcontinuum, and a line profile F l = F l,M + F l,µ, whose component F l,M is not

affected by microlensing contrary to its component F l,µ that undergoes an additional magnification by µline, Eq. (4.1)

and (4.2) can be rewritten:

F1 = M µcontinuum F c + M µline F l,µ + M F l,M , (4.5)

F2 = F c + F l,µ + F l,M . (4.6)

Using A = M µcontinuum, which enforces FM to be null in continuum intervals, Eq. (4.3) and (4.4) become:

FMµ = F c +
µline − 1

µcontinuum − 1
F l,µ , (4.7)

FM = F l,M +
µcontinuum − µline

µcontinuum − 1
F l,µ . (4.8)

The microlensed component of the line profile F l,µ thus partly appears in both FM and FMµ when less magnified

than the continuum, i.e., 1 < µline < µcontinuum (respectively, when less de-magnified than the continuum, i.e.,

µcontinuum < µline < 1). The MmD therefore cannot distinguish a microlensing effect that magnifies a fraction of the

line flux as the continuum spectrum, from an effect that magnifies a larger part of the line flux with µline smaller than

µcontinuum.

Nevertheless, if µline = µcontinuum over some wavelength range in the line profile, it results from Eq. (4.7) and

(4.8) that the entire line flux belongs to FMµ so that FMµ = F c + F l,µ. On the contrary, if the line flux is not

affected by microlensing over some wavelength range, i.e., µline = 1, it is completely included in FM . Hence, if the

line flux is entirely contained in FMµ (respectively in FM ) in some wavelength interval, this part of the line profile is

unambiguously microlensed as the continuum (resp. not microlensed).

Eq. (4.7) and (4.8) suggest that µline controls the fraction of microlensed line flux contained in FM and FMµ. The

larger the (de-)magnification of the emission line flux, i.e., the closer µline to µcontinuum, the larger the part of the

emission line included in FMµ.

4.3 Empirical determination of the macro-amplification ratio

In the previous section, the macro-amplification ratio, M , was supposed known, either from macro-models or from flux

ratios measured in wavelengths ranges where emission arise from a region too large to be susceptible to microlensing

(i.e., mid-IR, radio, or narrow line region). Still, in the absence of an estimate, M can be empirically determined from

the MmD.

Fig. 4.2 a&b show that the macro-amplification ratio can be determined as the largest value of the parameter M

that keeps FMµ ≥ F c. Values of M larger than the true macro-amplification ratio transfers a part of the continuum

emission in component FM that is only macrolensed, which results in an excess of line emission in FM and “unreal” dip

in the continuum emission contained in FMµ. Part of the continuum emission is thus contained in FM , which disagrees

with the assumption that microlensing, if present, always affects the continuum. When M is smaller than the true

macro-amplification ratio, FMµ contains a larger part of the emission line to compensate the smaller magnification

undergone by the line emission included in FM (Fig. 4.2c). Smaller M thus leads to overestimate the fraction of

microlensed line flux in FMµ and the additional microlensing magnification µ.

Reliable estimate of the macro-amplification ratio as the largest value of M for which FMµ ≥ F c is only possible

if there exists a range of wavelength over which the line flux is not affected by microlensing. As shown in Fig. 4.2c,
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Figure 4.2: Varying M and the impact on the MmD. For values of M smaller than the true macro-amplification ratio,
i.e., M < 1.2, a larger part of the emission line is transferred in FMµ to compensate the smaller magnification of
the part of the line that remains in FM . In (a) & (b), there exists a wavelength interval over which the line flux is
not microlensed. Larger values of M appear to “dig” in the continuum in FMµ and transfer this flux in FM , which
results in falsely strong macrolensed-only line flux. In (c), a fraction of the line flux is microlensed at every wavelength
sampling the line velocity structure. Values of M larger than the true macro-amplification ratio also transfer a part
of the microlensed emission line from FMµ to FM , leading to falsely strong line component in FM . Fake dip in the
continuum only appears for M > 1.8.
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when a part of the line flux is microlensed at every wavelength sampling the line profile, values of M larger than the

true macro-amplification ratio does not always produce fake dip in the continuum included in FMµ.

The dependence of the microlensed spectral component on the value of M is obtained by injecting Eq. (4.5) and

(4.6) with M = M true, the true value of the macro-amplification ratio, in Eq. (4.3):

FMµ = F c +
M trueµline − M

A − M
F l,M +

M true − M

A − M
F l,µ . (4.9)

Forcing the continuum to be included in FMµ, i.e., FMµ ≥ F c, links M to M true through the inequality:

M ≤ 1 + µline F l,µ/F l,M

1 + F l,µ/F l,M
M true (if A > M) . (4.10)

This reveals that M is bounded by the true macro-amplification ratio, i.e., M ≤ M true, in interval(s) over which

the emission line is not affected by microlensing, i.e., F l,µ = 0 or µline = 1. However, in the wavelength range(s)

where F l,µ > 0 and µline > 1, the condition FMµ ≥ F c can be fulfilled for values of M larger than the true macro-

amplification ratio. In this case, the true macro-amplification ratio cannot be empirically determined as the upper

boundary of M .

The MmD obtained taking the largest value of M that respects FMµ ≥ F c in fact corresponds to the minimum

microlensing effect on the BLR that reproduces the line profile distortions observed in the spectrum of the microlensed

quasar image, i.e., image 1. A being fixed by the flux ratio measured in the continuum, increasing M indeed minimizes

µcontinuum and the amount of line emission in FMµ (Fig. 4.2).

The previous paragraphs essentially describe a magnifying microlensing effect, i.e., A > M or equivalently µc > 1.

For a microlensing de-magnification, i.e., A < M , the inequality sign in Eq. (4.10) is reversed and M true constitutes

the lower boundary of M . The MmD that minimizes the amount the line flux in FMµ and the de-magnifying effect

of microlensing is then obtained by minimizing M . In general, the MmD that minimizes the effect of microlensing on

the BLR is obtained by taking M as close as possible to A, and equivalently µcontinuum as close as possible to 1.

4.4 Differential extinction and chromatic microlensing

When the MmD is used to analyze the effect of microlensing on spectra of lensed quasar images that contain several

emission lines, it is separately applied to the different wavelength intervals that frame the line profiles such that

the microlensing magnification cannot significantly change over those limited ranges of wavelengths. Nevertheless,

the temperature profile of the accretion disk causes its apparent size to grow with increasing wavelength, and the

microlensing magnification factor µ can vary over large wavelength ranges. Microlensing “chromaticity” directly

depends on the energy profile of the accretion disk. The structure of the accretion disk of the lensed quasar can

therefore be inferred from the measurement of the microlensing amplitude in the continuum at several wavelengths.

Contrary to microlensing, differential extinction by gas and dust in the lensing galaxy affects the continuum and

emission lines to the same extent. The MmD noticeably unveils the presence of extinction in the lensing galaxy

as fluctuations of the parameter M with wavelength. Macrolensing is achromatic (Sect. 2.3). The true macro-

amplification ratio M true hence does not vary with wavelength. However, even when there is a wavelength interval in

the line profile free from microlensing effect, the value of M may not reflects the true macro-amplification ratio due

to galactic extinction.

In fact, the MmD essentially disentangle the spectral component of the line profile that is magnified like the

continuum. When µcontinuum > µline > 1 (respectively, µcontinuum < µline < 1), the value of M is indeed fixed

by the minimum (resp., maximum) line flux ratio computed between two lensed quasar images after subtracting
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the continuum. This ensures that the part of the line profile where the line flux ratio equals that minimum (resp.,

maximum) value is entirely included in the macrolensed-only component FM . Because emission lines suffer from

extinction by gas and dust in the lensing galaxy, the line flux ratio, and thus the value of M , will be impacted by

differential extinction with an amplitude that varies with wavelength. Denoting the wavelength-dependent differential

extinction as Eλ, the spectra F1 and F2 of a pair of lensed images can be generally expressed as:

F1 = M true Eλ (µcontinuum F c + µline F l,µ + F l,M ) , (4.11)

F2 = F c + F l,µ + F l,M , (4.12)

assuming that image 2 is not affected by microlensing nor by extinction. Injecting these in Eq. (4.3), the constraint

FMµ ≥ F c is then equivalent to M true Eλ − M ≥ 0 in wavelength intervals where F l,µ = 0. The largest value of M

fullfilling that condition is M = M true Eλ. It includes both the macrolensing magnification and the galactic extinction,

that is stronger in the UV than in the optical and becomes negligible in the infrared.

In summary, if the spectra of the lensed quasar images include several emission lines, the factors M and µ, that

are optimized separately over the different line profiles, respectively quantifies extinction in the lensing galaxy and

microlensing chromaticity. Like microlensing, the effect of galactic extinction fades in the infrared so that the macro-

amplification ratio can be properly measured in the mid-infrared or at longer radio wavelengths.
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5

MICROLENSING OF THE BROAD LINE REGION

IN THE LENSED QUASAR HE0435-1223

5.1 Introduction

This chapter presents an observational characterization of microlensing in the quadruply imaged quasar HE0435-1223,

making use of near-infrared spectra that were simultaneously acquired for the four lensed components in October-

December 2009. The main goals of the study was to (i) identify which images were microlensed ; (ii) characterize the

effect of microlensing on the low-ionization Hα emission line contained in the infrared spectra.

In contrast with multi-component decomposition that usually models the broad emission line profiles with Gaussian

mixtures, the Macro-micro decomposition (Chap. 4) has the great advantage of separating the microlensed part of the

quasar spectrum from the part that is not affected by microlensing without making any assumption about the shape

of the differentially magnified spectral components. The MmD therefore constitutes a privileged tool to investigate

the effect of microlensing on the quasar spectrum, in particular on the broad emission lines, in its full complexity.

Microlensing is robustly detected in the quasar images A and D. The microlensing-induced distortions of the

low-ionization Hα line profile differ significantly from one image to another, which is confirmed by the different

microlensed parts of the Hα line that are highlighted by MmD in images A and D. The combination of the symmetric

effect observed in image A and the asymmetric one in image D sets constraints on the line-emitting region. It favors

flattened geometries for the low-ionization region, for example, a Keplerian disk

To our knowledge, this contribution is the first detailed study of the microlensing-induced line profile distortions

aiming to constrain the kinematics of the low-ionization region. Microlensing in the low-ionization Balmer lines is in

general poorly studied because the redshifts of the sources often shift them in the infrared. This study yielded a paper

in A&A presented in its entirety hereafter. Complementary notes related to specific problems of data reduction end

this chapter.
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❽✇➊➋⑧➃➌ ➍➎➏➐➑➎➐➒➓➔→➍➣↔➐↕↔➎➙

➛ ❶❷➂❽➃➋⑤⑩❽❷✇④⑤⑥⑦⑧⑦⑨⑦ ➜ü❷ ❶⑥⑦❷❸⑤❸➊⑧❽③ ❶⑨➜ ⑩❽➊ ➝ü➂❽➃ ➇✌③ ➉➞✌☛✌ ➈❸⑤⑤③ ➟❽❷➊➋⑤❻
➠ ➡❽❹➋❷⑦➋➊❽⑤⑦❸ ⑩❽ ➢⑧❽⑤❝⑧➋⑥ s⑧⑥⑧❝➋⑥③ ❾⑤⑧❿❽❷⑥⑧⑩➋⑩ ❶⑤⑩❷❽⑥ ➈❽➃➃❸③ ❶❿➤ ✈❽❹⑨➥➃⑧❝➋ ☛➉☛③ ➦➞➇☞☛➉✌ ❙➋⑤⑦⑧➋➂❸③ ➢❺⑧➃❽
➧ ④⑤⑥⑦⑧⑦⑨⑦❸ ⑩❽ ❶⑥⑦❷❸➜➨⑥⑧❝➋ ➩❸⑤⑦⑧➫❝⑧➋ ❾⑤⑧❿❽❷⑥⑧⑩➋⑩ ➢➋⑦➭➃⑧❝➋ ⑩❽ ➢❺⑧➃❽③ ✍➦➄☞ ❶❿❽⑤⑧⑩➋ ➯⑧❝⑨➲➋ ➳➋❝➵❽⑤⑤➋③ ❙➋⑤⑦⑧➋➂❸③ ➢❺⑧➃❽
✈❽❝❽⑧❿❽⑩ ✌➞ s❽➥❷⑨➋❷❻ ☛☞✌✍ ➸ ❶❝❝❽❹⑦❽⑩ ✌☞ ❶❹❷⑧➃ ☛☞✌✍

➺➻➼➽➾➺➚➽

❾⑥⑧⑤➂ ⑧⑤➜❷➋❷❽⑩ ⑥❹❽❝⑦❷➋ ❸➜ ⑦❺❽ ➪ ➶ ✌➹➄➘➞ ❼⑨➋⑩❷⑨❹➃❻ ➃❽⑤⑥❽⑩ ❼⑨➋⑥➋❷ ➝❊☞✍➞➉✇✌☛☛➞ ➋❝❼⑨⑧❷❽⑩ ⑧⑤ ☛☞☞➘ ➴⑧⑦❺ ⑦❺❽ ⑥❹❽❝⑦❷❸➂❷➋❹❺ ❙④①s❖①④
➋⑦ ⑦❺❽ ❊❙❖ ➯❽❷❻ ➁➋❷➂❽ ➷❽➃❽⑥❝❸❹❽③ ➴❽ ❺➋❿❽ ⑩❽⑦❽❝⑦❽⑩ ➋ ❝➃❽➋❷ ➊⑧❝❷❸➃❽⑤⑥⑧⑤➂ ❽➬❽❝⑦ ⑧⑤ ⑧➊➋➂❽⑥ ➮ ➋⑤⑩ ➱➤ ✃❺⑧➃❽ ➊⑧❝❷❸➃❽⑤⑥⑧⑤➂ ➋➬❽❝⑦⑥ ⑦❺❽
➥➃⑨❽ ➋⑤⑩ ❷❽⑩ ➴⑧⑤➂⑥ ❸➜ ⑦❺❽ ➝❐ ➃⑧⑤❽ ❹❷❸➫➃❽ ⑧⑤ ⑧➊➋➂❽ ➱ ❿❽❷❻ ⑩⑧➬❽❷❽⑤⑦➃❻③ ⑧⑦ ⑩❽✇➊➋➂⑤⑧➫❽⑥ ⑦❺❽ ➃⑧⑤❽ ❝❸❷❽ ⑧⑤ ⑧➊➋➂❽ ➮➤ ➷❺❽ ❝❸➊➥⑧⑤➋⑦⑧❸⑤ ❸➜
⑦❺❽⑥❽ ⑩⑧➬❽❷❽⑤⑦ ❽➬❽❝⑦⑥ ⑥❽⑦⑥ ❝❸⑤⑥⑦❷➋⑧⑤⑦⑥ ❸⑤ ⑦❺❽ ➃⑧⑤❽✇❽➊⑧⑦⑦⑧⑤➂ ❷❽➂⑧❸⑤❒ ⑦❺❽⑥❽ ❝❸⑤⑥⑦❷➋⑧⑤⑦⑥ ⑥⑨➂➂❽⑥⑦ ⑦❺➋⑦ ➋ ❷❸⑦➋⑦⑧⑤➂ ❷⑧⑤➂ ⑧⑥ ➋⑦ ⑦❺❽ ❸❷⑧➂⑧⑤ ❸➜ ⑦❺❽
➝❐ ➃⑧⑤❽➤ ➯⑧⑥⑧➥➃❽ ⑥❹❽❝⑦❷➋ ❸➥⑦➋⑧⑤❽⑩ ⑧⑤ ☛☞☞✍ ➋⑤⑩ ☛☞✌☛ ⑧⑤⑩⑧❝➋⑦❽ ⑦❺➋⑦ ⑦❺❽ ➳➂④④ ➃⑧⑤❽ ❹❷❸➫➃❽ ⑧⑥ ➊⑧❝❷❸➃❽⑤⑥❽⑩ ⑧⑤ ⑦❺❽ ⑥➋➊❽ ➴➋❻ ➋⑥ ⑦❺❽ ➝❐ ➃⑧⑤❽➤
❖⑨❷ ❷❽⑥⑨➃⑦⑥ ⑦❺❽❷❽➜❸❷❽ ➜➋❿❸⑨❷ ❮➋⑦⑦❽⑤❽⑩ ➂❽❸➊❽⑦❷⑧❽⑥ ➜❸❷ ⑦❺❽ ➃❸➴✇⑧❸⑤⑧❰➋⑦⑧❸⑤ ➃⑧⑤❽✇❽➊⑧⑦⑦⑧⑤➂ ❷❽➂⑧❸⑤③ ➜❸❷ ❽Ï➋➊❹➃❽③ ➋ Ð❽❹➃❽❷⑧➋⑤ ⑩⑧⑥➵➤ ➈⑧❝❸⑤⑧❝➋➃
➊❸⑩❽➃⑥ ❝➋⑤⑤❸⑦ ➥❽ ❷⑨➃❽⑩ ❸⑨⑦ ➥⑨⑦ ❷❽❼⑨⑧❷❽ ➊❸❷❽ ➫⑤❽✇⑦⑨⑤⑧⑤➂➤ s➃⑨Ï ❷➋⑦⑧❸⑥ ➥❽⑦➴❽❽⑤ ⑦❺❽ ⑩⑧➬❽❷❽⑤⑦ ⑧➊➋➂❽⑥ ➋❷❽ ➋➃⑥❸ ⑩❽❷⑧❿❽⑩ ➋⑤⑩ ❝❸⑤➫❷➊ ❮⑨Ï
➋⑤❸➊➋➃⑧❽⑥ ➴⑧⑦❺ ❷❽⑥❹❽❝⑦ ⑦❸ ❽⑥⑦⑧➊➋⑦❽⑥ ➜❷❸➊ ➃❽⑤⑥ ➊❸⑩❽➃⑥ ➴⑧⑦❺ ⑥➊❸❸⑦❺ ➊➋⑥⑥ ⑩⑧⑥⑦❷⑧➥⑨⑦⑧❸⑤⑥➤
ÑÒÓ ÔÕÖ×ØÙ ➂❷➋❿⑧⑦➋⑦⑧❸⑤➋➃ ➃❽⑤⑥⑧⑤➂➌ ➊⑧❝❷❸ Ú ➂➋➃➋Ï⑧❽⑥➌ ➋❝⑦⑧❿❽ Ú ❼⑨➋⑥➋❷⑥➌ ❽➊⑧⑥⑥⑧❸⑤ ➃⑧⑤❽⑥ Ú ❼⑨➋⑥➋❷⑥➌ ⑧⑤⑩⑧❿⑧⑩⑨➋➃➌ ➝❊☞✍➞➉✇✌☛☛➞

ÛÜ ÝÞßàáâãäßåáÞ

æçêëìíêíìîïêð ñìòçîðóïôìïõ ö÷ òîñøêòí îöùóòíô ìï ðóïôìïõ õêðêú✵
ìóô ìô ê øîûóçýþð íîîð ýîç øçîöìïõ íÿó ìïïóç çóõìîïô îý ❞ìôíêïí
qþêôêçô✶▼ìòçîðóïôóô í÷øìòêðð÷ ñêõïìý÷ çóõìîïô îý íÿó ôîþçòó îï
ôòêðóô îý ê ýóû íóïô îý ðìõÿí ❞ê÷ô ✭ó✶õ✶✁ ❙òÿñì❞í ✫❲êñöôõêïôô
✷✄✂✄✆✶ ❚ÿó çóõìîï íÿêí õóïóçêíóô íÿó îøíìòêð êï❞ ❯❱ òîïíìïþþñ
✭ì✶ó✶✁ íÿó êòòçóíìîï ❞ìô❦✆ ìô íÿóçóýîçó ëóç÷ ðì❦óð÷ ✭❞ó✵✆ñêõïì�ó❞
ö÷ ñìòçîðóïôìïõ✁ ûÿìòÿ òêï öó îöôóçëó❞ êô ê ✭❞ó✵✆ñêõïì�òêíìîï
îý íÿó òîïíìïþþñ ôøóòíçþñ ôìïòó ñìòçî✵ìñêõóô êçó ïîí çóôîðëó❞✶
❚ÿó öçîê❞✵ðìïó çóõìîï ✭❇▲❘✆ òêï êðôî öó ê✂óòíó❞ ö÷ ñìòçîðóïô✵
ìïõ✶ ❙ðþôó óí êð✶ ✭✷✄✂✷✆ ÿêëó ôÿîûï íÿêí ñìòçîðóïôìïõ îý íÿó ❇▲❘
ìô òîññîïð÷ ❞óíóòíó❞ ìï ô÷ôíóñô óúÿìöìíìïõ ñìòçîðóïôìïõ îý íÿó
òîïíìïþþñ✶ ✞ïíóçóôíìïõð÷✁ ñìòçîðóïôìïõ îý íÿó ❇▲❘ òêï ôìõïì�✵
òêïíð÷ êðíóç íÿó öçîê❞ óñìôôìîï✵ðìïó øçî�ðóô ✭ó✶õ✶✁ ❆öêùêô óí êð✶
✷✄✄✷❀ ▲óûìô ✫ ✞öêíê ✷✄✄☎✆ ôî íÿêí ìí ñê÷ öó øîôôìöðó íî óúøðîìí
íÿóôó ôøóòíçêð ❞ì✂óçóïòóô íî øçîöó íÿó ❇▲❘ ôíçþòíþçó✶

❲ó ôíþ❞÷ íÿó öçîê❞ óñìôôìîï ðìïóô îý íÿó õçêëìíêíìîïêð ðóïô
ô÷ôíóñ ❍❊✄☎✠✺✵✂✷✷✠ ❞ìôòîëóçó❞ ö÷ ❲ìôîít❦ì óí êð✶ ✭✷✄✄✂✆✶ ✞í
ìô òîñøîôó❞ îý ýîþç qþêôêç ìñêõóô îý ôìñìðêç öçìõÿíïóôô✁ ôóø✵
êçêíó❞ ö÷ êöîþí ✂✳✺✄✄ êï❞ êççêïõó❞ ûìíÿ qþêôì✵øóçýóòí ô÷ññó✵
íç÷ êçîþï❞ íÿó óððìøíìòêð ðóïôìïõ õêðêú÷✶ ❚ÿó qþêôêç ìô êí çó❞✵
ôÿìýí ③s ❂ ✂✳�✻✠ ✭❙ðþôó óí êð✶ ✷✄✂✷✆✶ ❚ÿó çó❞ôÿìýí îý íÿó ðóïô ìô
③❧ ❂ ✄✳☎✺☎� ✭▼îçõêï óí êð✶ ✷✄✄✺✆✶ ❍❊✄☎✠✺✵✂✷✷✠ êøøóêçô íî öó ê
õîî❞ òêï❞ì❞êíó ýîç ôíþ❞÷ìïõ ñìòçîðóïôìïõ ó✂óòí îï íÿó ðìïó øçî✵
�ðóô ✭ó✶õ✶✁❲ìôîít❦ì óí êð✶ ✷✄✄✠✁ êï❞ çóýóçóïòóô íÿóçóìï✆✶
✞ï íÿó ýîððîûìïõ✁ ûó ñêìïð÷ ýîòþô îï íÿó ❞ìôíîçíìîïô îý íÿó

❍✁ ðìïó øçî�ðó ìï íÿó ôøóòíçê îý íÿó qþêôêç✵ðóïôó❞ ìñêõóô îö✵
ôóçëó❞ öóíûóóï ✝òíîöóç êï❞ ❉óòóñöóç ✷✄✄✻✶❲ó êðôî óúêñìïó
▼õ✞✞ ðìïó øçî�ðóô îöôóçëó❞ ìï ◆îëóñöóç êï❞ ❉óòóñöóç ✷✄✄☎✁
☎ ➈➋⑥❽⑩ ❸⑤ ❸➥⑥❽❷❿➋⑦⑧❸⑤⑥ ➊➋⑩❽ ➴⑧⑦❺ ⑦❺❽ ❊❙❖✇➯➁➷③ ➩➋❷➋⑤➋➃③ ➢❺⑧➃❽❒
➩❷❸❹❸⑥➋➃ ☞➦✍➤➈✇☞☞✌➞ ✭➩④➌ ✈⑧Ï①➤
☎☎ ➷➋➥➃❽⑥ ☛③ ➞ ➋⑤⑩ ❶❹❹❽⑤⑩⑧Ï ❶ ➋❷❽ ➋❿➋⑧➃➋➥➃❽ ⑧⑤ ❽➃❽❝⑦❷❸⑤⑧❝ ➜❸❷➊ ➋⑦
❤➓➓✆✝✞✞✟✟✟↔➐➐➒✠➐↔✡➏➣

êï❞ ìï ❙óøíóñöóç ✷✄✂✷✶❲ó �ïêðð÷ ❞çêû ôîñó òîïòðþôìîïô êöîþí
íÿó õóîñóíç÷ êï❞ ❦ìïóñêíìòô îý íÿó ❇▲❘✶

✷Ü ❉☛ß☛ äá❝❝☞äßåáÞ ☛Þâ ♣àáä☞♦♦åÞ✌
✍✎✏✎ ■✑✒✓❛✓❡✔ ✕✖❡✗✘✓❛

❲ó þôó❞ êçòÿìëó ✞ïíóõçêð ❋ìóð❞ ❙øóòíçîôòîø÷ ❞êíê îý ❍❊✄☎✠✺✵
✂✷✷✠ ôóòþçó❞ öóíûóóï ✝òí✶ ✂✻ êï❞ ❉óò✶ ✂✺✁ ✷✄✄✻ êí íÿó ❱óç÷
▲êçõó ❚óðóôòîøó ✭❚êöðó ✷✆✶ ❚ÿó ô÷ôíóñ ÿêô öóóï îöôóçëó❞ ûìíÿ
❙✞◆❋✝◆✞✁ þôìïõ íÿó ✠✄✄ × ✠✄✄ �óð❞✵îý✵ëìóû ✭❋✝❱✆ ûìíÿ ✄✳✂✄✄ ôøê✵
íìêð çóôîðþíìîï✶ ❚ÿó ✙✵öêï❞ õçìôñ ðóê❞ô íî ê ôøóòíçêð òîëóçêõó
îý ❬✂✳☎✺✱ ✂✳✽✺✚ ➭ñ✁ ûÿìòÿ òîïíêìïô íÿó öçîê❞ ❍✁ óñìôôìîï ðìïó✶
❉þó íî î✂ôóíô öóíûóóï óúøîôþçóô✁ ôîñó ðóïôó❞ ìñêõóô ûóçó îò✵
òêôìîïêðð÷ îþíôì❞ó íÿó ❋✝❱✶ ✝ïð÷ íÿó ôøóòíçê îý íÿó qþêôêç ìñ✵
êõóô óïíìçóð÷ óïòðîôó❞ ìï íÿó ❋✝❱ ûóçó óúíçêòíó❞✶

❚ÿó ❞êíê ûóçó òêðìöçêíó❞ êï❞ ✠❉ ❞êíê òþöóô✁ ìï ûÿìòÿ óêòÿ
øðêïó ìô ê ñîïîòÿçîñêíìò ❋✝❱✁ ûóçó öþìðí ûìíÿ íÿó ❊❙✝❘óú
❙✞◆❋✝◆✞ øìøóðìïó ✭ëóçôìîï ✷✶✷✶✻✆✶ ❈îôñìò çê÷ô ûóçó çóñîëó❞
ýçîñ óëóç÷ ñîïîòÿçîñêíìò ❋✝❱ þôìïõ íÿó ✛✜✢✣✤✥✦✧✣ øçîòó✵
❞þçó ✭ëêï ❉î❦❦þñ ✷✄✄✂✆✶ ✞ï ê❞❞ìíìîï✁ íÿó ❙✞◆❋✝◆✞ ❋✝❱ ìô
ïîí þïìýîçñð÷ ìððþñìïêíó❞✶ ❙ìïòó íÿìô ìô ïîí òîççóòíó❞ ýîç ö÷ íÿó
øìøóðìïó✁ ûó êøøðìó❞ êï óñøìçìòêð ìððþñìïêíìîï òîççóòíìîï✟ ûó ❞ì✵
ëì❞ó❞ óêòÿ ñîïîòÿçîñêíìò ❋✝❱ ö÷ ê ïîçñêðìtó❞ ñó❞ìêï ❋✝❱
îý íÿó ìïýçêçó❞ óñøí÷ ô❦÷✶ ◆óëóçíÿóðóôô✁ êô ê øçóòêþíìîïêç÷ ñóê✵
ôþçó✁ ûó ❞ìôòêç❞ó❞ íÿó ôøóòíçê îý íÿó ìñêõóô ûÿîôó øóê❦ ìô ðî✵
òêíó❞ îï ôðìíðóíô ★✽✁ ★✻✁ êï❞ ★✂✄✁ ûÿìòÿ ôÿîû êï ìððþñìïêíìîï
ñìïìñþñ✁ êï❞ îï ôðìíðóí ★✷✺✁ ûÿìòÿ îòòêôìîïêðð÷ ñê÷ ôÿîû ê
❞óýóòí✶

❚ÿó ôøóòíçê îý íÿó qþêôêç ìñêõóô ûóçó óúíçêòíó❞ ýçîñ
íÿó ❞êíê òþöóô ö÷ �ííìïõ ê ôìñøðì�ó❞ ñî❞óð îý íÿó ô÷ôíóñ
íî óêòÿ ñîïîòÿçîñêíìò ❋✝❱✁ þôìïõ ê ñî❞ì�ó❞ ✩✪✫✬✮ øêò❦✵
êõó ✭▼êç❦ûêç❞í ✷✄✄✻✆✶ ✞ï íÿìô ñî❞óð✁ íÿó qþêôêç ìñêõóô ûóçó
ñî❞óððó❞ ûìíÿ ì❞óïíìòêð ✷❉ æêþôôìêï øîìïí ôøçóê❞ ýþïòíìîïô
✭P❙❋ô✆✁ ûÿîôó çóðêíìëó øîôìíìîïô ûóçó �úó❞ íî íÿó êôíçîñóíç÷ îý

❆çíìòðó øþöðìôÿó❞ ö÷ ❊❉P ❙òìóïòóô ▲✂✂✁ øêõó ✂ îý �
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5.2. PAPER
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❛✪✠ ✐♥t✠♥s✐t❒ ❛♥✡ ❛r✠ s✉①✠r✐♠①♦s✠✡✁ ❛♥✡ ❮➴ t❤✠ s①✠❝tr❛✞ ✡✐❰✠r✠♥❝✠s ✩✠➮

t✇✠✠♥ t❤✠ ÏÐ ✞✐♥✠ ①r♦Ñ✞✠s ✐♥ t❤✠ ♥♦r♠❛✞✐❐✠✡ s①✠❝tr❛ ♦❢ ✐♠❛✪✠s ➱ ❛♥✡ ✃✁

①✞♦tt✠✡ ✇✐t❤ ✠rr♦r ✩❛rs ❢♦r ❛ ✇❛✈✠✞✠♥✪t❤ ✩✐♥ ♦❢ ✂✾✂✂✄ Ò♠☛ Ó➴✁ ❡➴ ✦❛♠✠

❢♦r t❤✠ ①❛✐r ♦❢ ✐♠❛✪✠s ✃ ❛♥✡ Ô☛ Õ➴✁ ➘➴ ✦❛♠✠ ❢♦r t❤✠ ①❛✐r ♦❢ ✐♠❛✪✠s ✃

❛♥✡ Ö☛ ✦①✠❝tr❛ ❤❛✈✠ ✩✠✠♥ Ñ✞t✠r✠✡ ✇✐t❤ ❛ Ñ✈✠➮①✐✟✠✞➮✇✐✡✠ ♠✠✡✐❛♥ Ñ✞t✠r

❢♦r ❝✞❛r✐t❒☛

❩❬❏ ➺▼❪❏PP▼❍ ❥▼❑▼ ❵❏❄❏ ❄❏❥❃q❏❥ ❃❭●❍❪ ❑❬❏ ×ØÙÚØÙÛ ②▼q➁➅

▼❪❏◗ ❩❬❏ ❯➓ ❭P●❑ ❭②❏q❑❄▼ ❵❏❄❏ ❏❫❑❄▼q❑❏❥ ●❍ ❑❵❂ ❭❑❏②❭◗ ❽●❄❭❑❹ ➀❂❄

❏▼q❬ ❵▼❺❏P❏❍❪❑❬ ❅●❍❹ ❵❏ ③❑❑❏❥ ▼ ❭❃❣ ❂➀ ❑❵❂ ●❥❏❍❑●q▼P ➺❂Ü▼❑

②❄❂③P❏❭ ❂❍ ❑❬❏ ❑❵❂ ➣❃▼❭▼❄ ●❣▼❪❏❭❹ ❵●❑❬ ❍❂ ②❄●❂❄ ❂❍ ❑❬❏ ●❣▼❪❏

②❂❭●❑●❂❍❭◗ ❩❬❏ ●❣▼❪❏ q❏❍❑❏❄❭ ▼❍❥ ➺❂Ü▼❑ ❵●❥❑❬❭❹ ❥❏❄●❺❏❥ ▼➀❑❏❄

❑❬▼❑ ③❄❭❑ ❭❑❏②❹ ❵❏❄❏ ❭❣❂❂❑❬❏❥ ❵●❑❬ ▼ ❣❏❥●▼❍ ③P❑❏❄ ▼❍❥ ③❑❑❏❥ ❵●❑❬

▼ ❭②P●❍❏ ➀❃❍q❑●❂❍ ❑❂ ❭❏❑ ❑❬❏ ●❍●❑●▼P q❂❍❥●❑●❂❍❭ ❂➀ ❑❬❏ ❭❏q❂❍❥ ③❑◗ ➽❍

❑❬●❭ ❭❏q❂❍❥ ③❑❹ ❑❬❏ ②▼❄▼❣❏❑❏❄❭ ❵❏❄❏ q❂❍❭❑❄▼●❍❏❥ ❑❂ ▼❪❄❏❏ ❵●❑❬ ❑❬❏

❭❣❂❂❑❬❏❥ ❺▼P❃❏❭ ❵●❑❬●❍ ⑨Ý◗ ❩❬❏ ❭②❏q❑❄▼ ❂➀ ●❣▼❪❏❭ ↕ ▼❍❥ ➒ ▼❄❏

②❄❏❭❏❍❑❏❥ ●❍ ❽●❪◗ ➈q◗

Þß àáâãäåæçèáçé áç êëìíÞîïðññÞ

ò➞ó➞ ôõ➠ö➥÷➨➥ øù➫ ú➠➨➫ù➤➥÷➡➠÷û

❽●❪❃❄❏❭ ❳❅ü❪ ❬●❪❬P●❪❬❑ ❑❬❏ ❥●Ü❏❄❏❍q❏❭ ❅❏❑❵❏❏❍ ❑❬❏ ➼ý P●❍❏ ②❄❂➅

③P❏❭ ❂❅❭❏❄❺❏❥ ●❍ ❑❬❏ ❣❏❥●▼❍ ❭②❏q❑❄▼ ❂➀ ❑❬❏ ❥●Ü❏❄❏❍❑ ➣❃▼❭▼❄ ●❣➅

▼❪❏❭❹ ❍❂❄❣▼P●→❏❥ ●❍ ❑❬❏ q❂❍❑●❍❃❃❣◗ ❽❂PP❂❵●❍❪ ❁❂❃❄❅●❍ ❏❑ ▼P◗

❘❯❱❳❳❨❹ ❵❬❂ ●❥❏❍❑●③❏❥ ●❣▼❪❏ ➙ ▼❭ ❑❬❏ ➇P❏▼❭❑ ▼Ü❏q❑❏❥ ❅❴ ❭❑❏P➅

P▼❄ ❣●q❄❂P❏❍❭●❍❪➃❹ ❵❏ ▼❭❭❃❣❏❥ ❑❬▼❑ ❑❬❏ ❭②❏q❑❄❃❣ ❂➀ ●❣▼❪❏ ➙ ●❭

❍❂❑ ▼P❑❏❄❏❥ ❅❴ ❣●q❄❂P❏❍❭●❍❪ ▼❍❥ ❃❭❏❥ ●❑ ▼❭ ❑❬❏ ❄❏➀❏❄❏❍q❏ ❑❂ ❵❬●q❬

❵❏ q❂❣②▼❄❏ ❑❬❏ ❭②❏q❑❄▼ ❂➀ ❑❬❏ ❂❑❬❏❄ ➣❃▼❭▼❄ ●❣▼❪❏❭◗

❩❬❏ ❭②❏q❑❄▼P➅P●❍❏ ②❄❂③P❏❭ ❂➀ ➒ ▼❍❥ ↕ ❥●Ü❏❄ ❭●❪❍●③q▼❍❑P❴ ➀❄❂❣

❑❬❏ ②❄❂③P❏❭ ❂➀ ❑❬❏ ❑❵❂ ❂❑❬❏❄ ●❣▼❪❏❭❹ ➒ ❬▼❺●❍❪ ▼ ❅❄●❪❬❑❏❄ ❄❏❥ ❵●❍❪

❘❭❏❏ ❽●❪❭◗ ❳❅❹q❨ ▼❍❥ ↕ ▼ ➀▼●❍❑❏❄ ❅P❃❏ ❵●❍❪ ❘❭❏❏ ❽●❪❭◗ ❳➀❹❪❨◗ ➲❏

q❂❣②❃❑❏❥ ❣❏❥●▼❍ ❭②❏q❑❄▼ ❂➀ ❑❬❏ ➣❃▼❭▼❄ ●❣▼❪❏❭ ➀❂❄ ❏▼q❬ ●❍❥●❺●❥➅

❃▼P ❂❅❭❏❄❺●❍❪ ❍●❪❬❑◗ ➻❑ ❏❺❏❄❴ ❏②❂q❬❹ ●❣▼❪❏ ➒ ❥●❭②P▼❴❭ ▼ ②❄❂❣●➅

❍❏❍❑ ❄❏❥ ➼ý ❵●❍❪ ▼❍❥ ●❣▼❪❏ ↕ ▼ ❥●❣❣❏❄ ❅P❃❏ ➼ý ❵●❍❪ ❑❬▼❍

●❣▼❪❏ ➙þ ❑❬❏❭❏ ❥●Ü❏❄❏❍q❏❭ ▼❄❏ ❑❬❏❄❏➀❂❄❏ ②❄❂❅▼❅P❴ ❍❂❑ q▼❃❭❏❥ ❅❴

❑❬❏ ●❍❑❄●❍❭●q ❺▼❄●▼❅●P●❑❴ ❂➀ ❑❬❏ ➣❃▼❭▼❄◗ ❩❬●❭ ●❍❑❏❄②❄❏❑▼❑●❂❍ ●❭ ❭❃②➅

②❂❄❑❏❥ ❅❴ ÿ➅❅▼❍❥ P●❪❬❑ q❃❄❺❏❭ ②❃❅P●❭❬❏❥ ●❍ ❁❂❃❄❅●❍ ❏❑ ▼P◗ ❘❯❱❳❳❨❹

❵❬●q❬ ❭❬❂❵ ❑❬▼❑ ❑❬❏ ➂❃❫❏❭ ❂➀ ❑❬❏ ●❣▼❪❏❭ ❬▼❺❏ ❺▼❄●❏❥ ❅❴ P❏❭❭ ❑❬▼❍

❳❱Ý ❥❃❄●❍❪ ❑❬❏ ②❏❄●❂❥ ❂➀ ❑❬❏ ❼➽■❽➄■➽ ❂❅❭❏❄❺▼❑●❂❍❭◗

❩❬❏ P●❍❏ ②❄❂③P❏❭ ❂➀ ●❣▼❪❏❭ ➙ ▼❍❥ ↔ ❂❍P❴ ❭❬❂❵ ❭❣▼PP ❥●Ü❏❄➅

❏❍q❏❭ ●❍ ❑❬❏●❄ ❅P❃❏ ❵●❍❪ ❘❭❏❏ ❽●❪❭◗ ❳❥❹❏❨◗ ❩❬❏ ▼❣②P●❑❃❥❏ ❂➀ ❑❬❏

❥●Ü❏❄❏❍q❏❭ ❅❏❑❵❏❏❍ ➙ ▼❍❥ ↔ ❺▼❄●❏❭ ➀❄❂❣ ❂❍❏ ❂❅❭❏❄❺●❍❪ ❥▼❑❏ ❑❂

▼❍❂❑❬❏❄❹ ❵❬●q❬ ●❍❥●q▼❑❏❭ ❑❬▼❑ ❑❬❏❴ ❣▼❴ ❅❏ ❘②▼❄❑P❴❨ q▼❃❭❏❥ ❅❴ ●❍➅

❑❄●❍❭●q ❺▼❄●▼❅●P●❑❴◗ ❁❂❣②▼❄●❭❂❍ ❂➀ ❭②❏q❑❄▼ ❂❅❑▼●❍❏❥ ❂❍ ➓❏q◗ ❶ ▼❍❥

✷ ❤��✁✂✄✄☎✆✝✞✟✆✠✡✟☎☛☞✌✞✍✎✞✡☎✎✞✌☎✞✟✞✝✉✄☎✆✡s✆✡

▲✶✶✁ ①❛✪✠ ✷ ♦❢ �
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5.2. PAPER

▲✳ ❇r❛�❜❛✁✂ ❡✂ ❛✄✳✿ ▼�❝r♦✄❡✁☎�✁♥ ♦✆ ✂❤❡ ❜r♦❛✝✞✄�✁❡ r❡♥�♦✁ �✁ ✂❤❡ q✟❛✝r✟✉✄② �♠❛♥❡✝ q✟❛☎❛r ❍❊✵✠✡☛✞✶☞☞✡

❋✌✍✎ ✷✎ ❯♣♣✏✑ ♣✒✓✏✔✿ ✝❡❝♦♠✉♦☎�✂�♦✁ ♦✆ ✂❤❡ q✟❛☎❛r ☎✉❡❝✂r✟♠ �✁✂♦ ❛

♠❛❝r♦✄❡✁☎❡✝✞♦✁✄② ❝♦♠✉♦✁❡✁✂ ✭✕✖✱ ❜✄❛❝✗ ✄�✁❡✘ ❛✁✝ ❛ ❝♦♠✉♦✁❡✁✂ ❜♦✂❤

♠❛❝r♦✞ ❛✁✝ ♠�❝r♦✄❡✁☎❡✝ ✭✕✖➭✱ ❜✄✟❡ ✄�✁❡✘ ❜② ❛✉✉✄②�✁♥ ▼♠✙ ✂♦ ✂❤❡

☎✉❡❝✂r❛ ♦✆ �♠❛♥❡☎ ✚ ❛✁✝ ❉✳ ✕✖➭ �☎ ☎❤�✆✂❡✝ ✟✉✇❛r✝ ❜② ✂❤r❡❡ ✟✁�✂☎✳ ❚❤❡

☎✉❡❝✂r✟♠ ♦✆ �♠❛♥❡ ✚ ✭✕✛✱ ♥r❡② ✄�✁❡✘✱ ❛☎☎✟♠❡✝ ✂♦ ❜❡ ✟✁❛✄✂❡r❡✝ ❜② ♠�✞

❝r♦✄❡✁☎�✁♥✱ �☎ ☎❤�✆✂❡✝ ✝♦✇✁✇❛r✝ ✂�✄✄ �✂☎ ❝♦✁✂�✁✟✟♠ �✁✂❡✁☎�✂② �☎ ✁✟✄✄ ❛✁✝

�☎ ☎✟✉❡r�♠✉♦☎❡✝ ♦✁ ✕✖✳ ❚❤❡ ☎✉❡❝✂r❛ ❛r❡ ✣✄✂❡r❡✝ ✇�✂❤ ❛ ✣✈❡✞✉�✐❡✄✞✇�✝❡

♠❡✝�❛✁ ✣✄✂❡r ✆♦r ❝✄❛r�✂②✳ ❚❤❡ ✈❡r✂�❝❛✄ ✝♦✂✂❡✝ ✄�✁❡ �✁✝�❝❛✂❡☎ ✂❤❡ r❡✝☎❤�✆✂❡✝

r❡☎✂ ✇❛✈❡✄❡✁♥✂❤ ♦✆ ✂❤❡ ❍✜ ✄�✁❡✳ ✢✤✥✏✑ ♣✒✓✏✔✿ ☎❛♠❡ ✆♦r ✂❤❡ ✉❛�r ♦✆ ☎✉❡❝✂r❛

♦✆ �♠❛♥❡☎ ✚ ❛✁✝ ❆✳

✦✧★✩ ✪✫✬ ✮✯✯✰ ✲✴✴✸✹s ✺s t✸ ✻✸✺✼✽✴✾ ★✸✻✻✧★t ❢✸✻ t✽✧ t❀❁✧ ❞✧✴✲✾ ✸❢

❂✩❃ ❞✲✾s ❄❈✸✺✻❅❀● ✧t ✲✴✩ ✮✯✪✪■ ❅✧t✹✧✧● t✽✧s✧ t✹✸ ❀❁✲✼✧s✩ ❲✧

❢✸✺●❞ t✽✲t t✽✧ ❞❀❏✧✻✧●★✧s ❞✧★✻✧✲s✧ ❅✺t ❞✸ ●✸t ❑✲●❀s✽✩ ◆✧★✲✺s✧

s❖✧★t✻✲ s✧❖✲✻✲t✧❞ ❅✾ t✽✧ ✧①✲★t t❀❁✧ ❞✧✴✲✾ ✲✻✧ ●✸t ✲❑✲❀✴✲❅✴✧✬ ✹✧

★✲●●✸t ★✸●★✴✺❞✧ ✸● t✽✧ ●✲t✺✻✧ ✸❢ t✽✧ s❁✲✴✴ s❖✧★t✻✲✴ ❞❀❏✧✻✧●★✧s
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❙❖✲✻t ❢✻✸❁ t✽✧ s❖✧★t✻✲✴ ❞❀❏✧✻✧●★✧s ❅✧t✹✧✧● t✽✧ ✴❀●✧ ❖✻✸❱✴✧s

✸❢ s✸❁✧ ✴✧●s✧❞ ❀❁✲✼✧s✬ t✽✧ ❳✺① ✻✲t❀✸s ❞✸ ●✸t ❑✲✻✾ ✹❀t✽ ✹✲❑✧❨

✴✧●✼t✽ ✸❑✧✻ t✽✧ ✸❅s✧✻❑✧❞ ✹✲❑✧✴✧●✼t✽ ✻✲●✼✧✬ ❀● ✲✼✻✧✧❁✧●t ✹❀t✽

t✽✧ ✲❅s✧●★✧ ✸❢ s❀✼●❀❱★✲●t ❞❀❏✧✻✧●t❀✲✴ ✧①t❀●★t❀✸● ❄✲t ✴✧✲st ✸❑✧✻

t✽❀s s❁✲✴✴ ✹✲❑✧✴✧●✼t✽ ✻✲●✼✧■✩

❩❬❭❬ ❪❫❴❵❣❥❦❧③❦④ ⑤⑥❵⑦ ❣⑧ ⑦⑨❦ ③⑤❦❴⑦❵⑩❶

❲✧ ✺s✧❞ t✽✧ ❁✲★✻✸❨❁❀★✻✸ ❞✧★✸❁❖✸s❀t❀✸● ❄❷❁✦■ ❁✧t✽✸❞ ❄❸✴✺s✧

✧t ✲✴✩ ✮✯✯❂❹ ❺✺ts✧❁❻❼✧✻s ✧t ✲✴✩ ✮✯✪✯❹ ❸✴✺s✧ ✧t ✲✴✩ ✮✯✪✮■ t✸ s✧❖✲❨

✻✲t✧ t✽✧ ❖✲✻t ✸❢ t✽✧ ❽✺✲s✲✻ s❖✧★t✻✺❁ t✽✲t ❀s ✲❏✧★t✧❞ ❅✾ ❁❀★✻✸✴✧●s❨

❀●✼ ❢✻✸❁ t✽✧ ❖✲✻t ✹✽❀★✽ ❀s ●✸t✩ ❾✽✧ ❷❁✦ ❀●t✧✻❖✻✧ts t✽✧ ❞❀❢❨

❢✧✻✧●★✧s ❅✧t✹✧✧● t✽✧ s❖✧★t✻✲ ✸❢ ✲ ❖✲❀✻ ✸❢ ✼✻✲❑❀t✲t❀✸●✲✴✴✾ ✴✧●s✧❞

❀❁✲✼✧s✬ ✲●❞ ❀● ❖✲✻t❀★✺✴✲✻ t✽✧ ❞❀❏✧✻✧●★✧s ❅✧t✹✧✧● t✽✧ ✴❀●✧ ❖✻✸❨

❱✴✧s✬ ✺●❞✧✻ t✽✧ ✽✾❖✸t✽✧s❀s t✽✲t ❁❀★✻✸✴✧●s❀●✼ ✲❏✧★ts t✽✧ ★✸●t❀●❨

✺✺❁ ✧❁❀ss❀✸●✬ ❅✺t ❞✸✧s ●✸t ✲❏✧★t t✽✧ ✧❁❀ss❀✸● ✴❀●✧✬ ✸✻ ✲t ✴✧✲st

✲●✾ ✹✲❑✧✴✧●✼t✽ ❀●t✧✻❑✲✴ ✸❢ ❀t ❄★❢✩ ✲❖❖✧●❞❀① ❙ ❀● ❺✺ts✧❁❻❼✧✻s

✧t ✲✴✩ ✮✯✪✯■✩ ❾✽❀s ❁✧t✽✸❞ ✲✴✴✸✹s ✸●✧ t✸ ❞✧t✧✻❁❀●✧ t✽✧ ❁✲★✻✸❨

❁✲✼●❀❱★✲t❀✸● ✻✲t❀✸ ❿ ❅✧t✹✧✧● t✽✧ ❁✲★✻✸❨❀❁✲✼✧s ✸❢ t✽✧ ❽✺✲s✲✻

✲●❞ ✲ ❁❀★✻✸✴✧●s❀●✼ ❢✲★t✸✻ ➀✬ ✹✽❀★✽ ❽✺✲●t❀❱✧s t✽✧ ✲❞❞❀t❀✸●✲✴

❄❞✧❨■❁✲✼●❀❱★✲t❀✸● ★✲✺s✧❞ ❅✾ ❁❀★✻✸✴✧●s❀●✼✩

➁ ➂➃➄➅➆ ➇➈ ➉➊➋➆➌➅➍➎➊➅ ➄ ➏➄➌➅➆ ➃➄➅➊➎Þ➐➄➑➎➍➊

➒● ❘❀✼✩ ✮ ❄✺❖❖✧✻ ❖✲●✧✴■✬ ✹✧ ✲❖❖✴❀✧❞ t✽✧ ❷❁✦ t✸ t✽✧ ❁✧❞❀✲●

s❖✧★t✻✲ ✸❢ ❀❁✲✼✧s P ✲●❞ ➇✬ ★✸❁❖✺t✧❞ ✺s❀●✼ ✲✴✴ t✽✧ ✲❑✲❀✴✲❅✴✧

s❖✧★t✻✲✩ ❲✧ ❞✧✻❀❑✧❞ ✲ ❁✲★✻✸❨❁✲✼●❀❱★✲t❀✸● ✻✲t❀✸ ❿ ➓ ✯➔→❂➧

✯➔✯➣ ✲●❞ ✲ ❁❀★✻✸✴✧●s❀●✼ ❢✲★t✸✻ ➀ ➓ ✪➔↔❃ ➧ ✯➔✪✯✩

❷❀★✻✸✴✧●s❀●✼ ❁✲✼●❀❱✧s t✽✧ ★✸●t❀●✺✺❁ ✸❢ ❀❁✲✼✧ ➇ ✲s ✹✧✴✴

✲s t✽✧ ✻✧❞ ✹❀●✼ ✸❢ ❀ts ❺↕ ✴❀●✧✬ ✹✽❀★✽ ★✲✺s✧s t✽✧ ❞❀s❖✴✲★✧❨

❁✧●t ✸❢ ❀ts ❖✧✲❼ t✸✹✲✻❞s ✴✸●✼✧✻ ✹✲❑✧✴✧●✼t✽s ❄s✧✧ ❘❀✼✩ ✪❢■✩

❷❀★✻✸✴✧●s❀●✼ ✲❏✧★ts ✲❅✸✺t ✫✯➙ ✸❢ t✽✧ ❳✺① ✸❢ t✽✧ ◆✲✴❁✧✻

✧❁❀ss❀✸● ✴❀●✧✩

❋✌✍✎ ➛✎ ➜➝ ➞♦♠✉❛r�☎♦✁ ♦✆ ✂❤❡ ▼♥➟➟ ✄�✁❡ ✉r♦✣✄❡☎ �✁ �♠❛♥❡☎ ✚ ❛✁✝ ❉✱ ♦❜✞

☎❡r✈❡✝ �✁ ☞✵✵✠✳ ➠➝ ➞♦♠✉❛r�☎♦✁ ♦✆ ✂❤❡ ❍✜ ✄�✁❡ ✉r♦✣✄❡☎ ♦✆ �♠❛♥❡☎ ✚

❛✁✝ ❉✱ ♦❜☎❡r✈❡✝ �✁ ☞✵✵➡✳ ➢➝ ➞♦♠✉❛r�☎♦✁ ♦✆ ✂❤❡ ▼♥➟➟ ✄�✁❡ ✉r♦✣✄❡☎ ♦✆

�♠❛♥❡☎ ❆ ❛✁✝ ❉✱ ♦❜☎❡r✈❡✝ �✁ ☞✵✶☞✳ ➟✁ ❡✈❡r② ✉❛✁❡✄✱ ✂❤❡ ❝♦✁✂�✁✟❛ ❤❛✈❡

❜❡❡✁ ☎❝❛✄❡✝ ☎♦ ✂❤❛✂ ✂❤❡② ♦✈❡r✄❛✉✳

❸❀●★✧ t✽✧ t❀❁✧ ❞✧✴✲✾ ❅✧t✹✧✧● P ✲●❞ ➇ ❀s ↔✩✫ ❞✲✾s ❄❈✸✺✻❅❀●

✧t ✲✴✩ ✮✯✪✪■✬ ✹✧ ✺s✧❞ t✽✧ s❖✧★t✻✲ ✸❅t✲❀●✧❞ ✸● ✦✧★✩ ✰ ✲●❞

✦✧★✩ ✪✫ t✸ ✻✧❁✸❑✧ ❀●t✻❀●s❀★ ❑✲✻❀✲❅❀✴❀t✾✩ ❾✽✧ ✻✧s✺✴ts ✸❅t✲❀●✧❞

❢✸✴✴✸✹❀●✼ t✽❀s ❖✻✸★✧❞✺✻✧ ✲✻✧ ●✸❀s❀✧✻ ❅✺t ★✸●s❀st✧●t ✹❀t✽ t✽✧

✲❅✸❑✧ ✲●✲✴✾s❀s✩ ❾✽❀s ❀s ✧①❖✧★t✧❞ ❅✧★✲✺s✧ t✽✧ t❀❁✧ ❞✧✴✲✾ ❀s

s✽✸✻t✧✻ t✽✲● t✽✧ t❀❁✧ s★✲✴✧ ✸❢ ✴✲✻✼✧❨✲❁❖✴❀t✺❞✧ ❀●t✻❀●s❀★ ❑✲✻❀❨

✲t❀✸●s✩ ❾✽❀s s✺❖❖✸✻ts t✽✧ ❁❀★✻✸✴✧●s❀●✼ ❀●t✧✻❖✻✧t✲t❀✸● ✸❢ t✽✧

s❖✧★t✻✲✴ ❞❀❏✧✻✧●★✧s ✸❅s✧✻❑✧❞ ❀● t✽✧ ❺↕ ✧❁❀ss❀✸● ✴❀●✧✩

❷❀★✻✸✴✧●s❀●✼ ✽✲s ❅✧✧● ❞✧t✧★t✧❞ ❀● ❀❁✲✼✧ ➇ ❅✾ ❖✻✧❑❀✸✺s st✺❞❨

❀✧s✩ ❲❀s✸t➤❼❀ ✧t ✲✴✩ ❄✮✯✯➣■ ❢✸✺●❞ s❀✼●✲t✺✻✧s ✸❢ ❁❀★✻✸✴✧●s❀●✼

❀● ➇✬ ✺s❀●✼ t✽✧ ❱✻st s❖✲t❀✲✴✴✾ ✻✧s✸✴❑✧❞ s❖✧★t✻✸s★✸❖❀★ ✸❅❨

s✧✻❑✲t❀✸●s ✸❢ ❺➥✯→➣✫❨✪✮✮➣✬ ✹✽❀★✽ ✹✧✻✧ s✧★✺✻✧❞ ❀● ✮✯✯✮✩

❙❖❖✴✾❀●✼ t✽✧ ❷❁✦ t✸ ❑❀s❀❅✴✧ s❖✧★t✻✲ ✲★❽✺❀✻✧❞ ❀● ✮✯✯→✬

❸✴✺s✧ ✧t ✲✴✩ ❄✮✯✪✮■ ❞✧t✧★t✧❞ ❁❀★✻✸✴✧●s❀●✼ ✸❢ t✽✧ ❈➒➒➒➦ ✲●❞

❷✼➒➒ ✴❀●✧s ❀● t✽✧ s❖✧★t✻✺❁ ✸❢ ❀❁✲✼✧ ➇✩

➁ ➂➃➄➅➆ ➨➈ ➩➆➄➫➏➯ ➋➆➲➃➄➅➊➎Þ➆➋

❾✽✧ ❷❁✦ ✲❖❖✴❀✧❞ t✸ t✽✧ ❖✲❀✻ ✸❢ s❖✧★t✻✲ ➨❨P ❀s ❞❀s❖✴✲✾✧❞

❀● ❘❀✼✩ ✮ ❄✴✸✹✧✻ ❖✲●✧✴■✩ ❾✽✧ ★✸●t❀●✺✺❁ ✧❁❀ss❀✸● ✲●❞ t✽✧

★✸✻✧ ✸❢ t✽✧ ❺↕ ✴❀●✧ ✲✻✧ ❞✧❨❁✲✼●❀❱✧❞ ❅✾ ❁❀★✻✸✴✧●s❀●✼✩

❾✽✧ ❁❀★✻✸✴✧●s❀●✼ ❢✲★t✸✻ ❀s ➀ ➓ ✯➔❂➣ ➧ ✯➔✯✫✩ ❾✽✧ ❁✲★✻✸❨

❁✲✼●❀❱★✲t❀✸● ✻✲t❀✸ ❅✧t✹✧✧● ➨ ✲●❞ P ❀s ❿ ➓ ✪➔❃✮ ➧ ✯➔✪✯✩

❙s ❀● t✽✧ ❖✻✧❑❀✸✺s s✧★t❀✸●✬ ✹✧ ✺s✧❞ s❖✧★t✻✲ s✧★✺✻✧❞ ✸● ✦✧★✩ ✰

✲●❞ ✦✧★✩ ✪✫ t✸ ✻✧❁✸❑✧ ❀●t✻❀●s❀★ ❑✲✻❀✲❅❀✴❀t✾✩ ◆✺t✬ s❀●★✧ ➨ ✲●❞

P ✲✻✧ s✧❖✲✻✲t✧❞ ❅✾ ✲● ✧❀✼✽t❨❞✲✾ t❀❁✧ ❞✧✴✲✾ ❄❈✸✺✻❅❀● ✧t ✲✴✩

✮✯✪✪■✬ t✽❀s ❀s ✸●✴✾ ✲● ✲❖❖✻✸①❀❁✲t✧ ★✸✻✻✧★t❀✸●✩ ❾✽✧ ❷❁✦ ✲❖❨

❖✴❀✧❞ t✸ t✽✧s✧ s❖✧★t✻✲ ✴✧✲❞s t✸ ●✸❀s❀✧✻ ❅✺t ★✸●s❀st✧●t ✻✧s✺✴ts✬

s✺❖❖✸✻t❀●✼ ✸✺✻ ❁❀★✻✸✴✧●s❀●✼ ❀●t✧✻❖✻✧t✲t❀✸●✩

➒●t✧✻✧st❀●✼✴✾✬ ❁❀★✻✸✴✧●s❀●✼ ✲❏✧★ts t✽✧ ✴❀●✧ ❖✻✸❱✴✧ s✾❁❁✧t✻❀❨

★✲✴✴✾ ❀● ➨✬ ❀● ★✸●t✻✲st t✸ t✽✧ ✧❏✧★t t✽✲t ✲✴t✧✻s t✽✧ s❖✧★t✻✺❁

✸❢ ➇✩ ❙❅✸✺t ↔✯➙ ✸❢ t✽✧ ❳✺① ✸❢ t✽✧ ❺↕ ✴❀●✧ ❀s ❁❀★✻✸✴✧●s✧❞✩

❾✽❀s ❀s ●✸t ✺●✧①❖✧★t✧❞ s❀●★✧ ❞✧❨❁✲✼●❀❱★✲t❀✸● ★✲● ✲★t ✸●

❁✸✻✧ ✧①t✧●❞✧❞ ✻✧✼❀✸●s t✽✲● ❁✲✼●❀❱★✲t❀✸● ❄✧✩✼✩ ➳✧✹❀s ➵

➒❅✲t✲ ✮✯✯→■✩

❾✽✲t t✽✧✻✧ ❀s ❁❀★✻✸✴✧●s❀●✼ ❀● ❀❁✲✼✧ ➨ ✽✲s ❅✧✧● s✺✼✼✧st✧❞

❅✲s✧❞ ✸● ❖✽✸t✸❁✧t✻❀★ ❁✸●❀t✸✻❀●✼ ❄➸❀★★❀ ✧t ✲✴✩ ✮✯✪✪❹ ❈✸✺✻❅❀●

✧t ✲✴✩ ✮✯✪✪■✩ ➺s❀●✼ ●✲✻✻✸✹❨❅✲●❞ ❖✽✸t✸❁✧t✻❀★ ❞✲t✲ ✸❅t✲❀●✧❞

❀● ✮✯✯❂✬ ❷✸s❽✺✧✻✲ ✧t ✲✴✩ ❄✮✯✪✪■ ✽✲❑✧ ❞✧t✧★t✧❞ ★✽✻✸❁✲t❀★ ❁❀❨

★✻✸✴✧●s❀●✼ ❀● t✽✧ ★✸●t❀●✺✺❁ ✸❢ ❀❁✲✼✧ ➨✩

❾✽✧ ★✸❁❖✲✻❀s✸● ✸❢ t✽✧ ❳✺① ✻✲t❀✸ ➨➻P ➓ ✪➔→➣ ➧ ✯➔✯➣ ❁✧✲❨

s✺✻✧❞ ❀● t✽✧ ➼ ❅✲●❞ ❄❾✲❅✴✧ ➣■ ✹❀t✽ t✽✧ ★✸●t✧❁❖✸✻✲✻✾ ➽❨❅✲●❞

❁✧✲s✺✻✧❁✧●t ➨➻P ➓ ✪➔✫➣ ➧ ✯➔✯✫ ✸❢ ❈✸✺✻❅❀● ✧t ✲✴✩ ❄✮✯✪✪■

s✺✼✼✧sts ✲ ✹✧✲❼ ★✽✻✸❁✲t❀★ t✻✧●❞✬ ❅✺t ✹✧ ❱●❞ ●✸ ❀●❞❀★✲t❀✸●

✸❢ ★✽✻✸❁✲t❀★❀t✾ ✹✽✧● t✽✧ ➼❨❅✲●❞ ➨➻P ❳✺① ✻✲t❀✸ ❀s ★✸❁❖✲✻✧❞

✹❀t✽ t✽✧ ➾❨✬ ➽❨ ✲●❞ ➂❨❅✲●❞ ❁✧✲s✺✻✧❁✧●ts ❁✲❞✧ ❅✾ ➸❀★★❀

✧t ✲✴✩ ❄✮✯✪✪■ ✲t ✲ s✴❀✼✽t✴✾ ❞❀❏✧✻✧●t ✧❖✸★✽ ❄❙✺✼✩➚❸✧❖✩ ✮✯✯✰■✩

➪➶ ➹➘➴➷➬➴➴➘➮➱ ✃➱❐ ➷➮➱➷❒➬➴➘➮➱➴

❮❬❰❬ Ï❣❶⑤⑥❵❫③❣❧ Ð❫⑦⑨ ⑤❵❦Ñ❫❣⑩③ ③⑦⑩④❫❦③

❾✽✧ ➨➻P ❁✲★✻✸❨❁✲✼●❀❱★✲t❀✸● ✻✲t❀✸ ✹✧ ❞✧t✧✻❁❀●✧❞ ❀s ★✸●s❀s❨

t✧●t ✹❀t✽ t✽✧ ÒÓ ❳✺① ✻✲t❀✸ ➨➻P ➓ ✪➔❂✮ ➧ ✯➔✮➣ ❁✧✲s✺✻✧❞ ❅✾

▲✶✶✱ ✉❛♥❡ ✡ ♦✆ Ô

68



5.2. PAPER

❆✫❆ ✺�✺✁ ▲✶✶ ✭✷✂✶✄☎

❋❛❞✆✝② ✞ ❑✆✆❡♦✟ ✠✡☛☞☞✮✳ ❖✌✍ ♠✆❛✎✌✍✆♠✆✟❡ ❝♦✟✏✍♠✎ ❡❤✆ ✑✴❇

✤✌✒ ✍❛❡✓♦ ❛✟♦♠❛✝② ✠✆✳✔✳✕ ❋❛❞✆✝② ✞ ❑✆✆❡♦✟ ✡☛☞✡✮✳

❚❤✆ ♠❛❝✍♦✖♠❛✔✟✓✏❝❛❡✓♦✟ ✍❛❡✓♦ ▼❉✗✘ ❂ ☛✙✹✚ ➧ ☛✙☛✵ ✇✆ ❞✆✖

✍✓✈✆❞ ✓✎ ✎✓✔✟✓✏❝❛✟❡✝② ✝♦✇✆✍ ❡❤❛✟ ▼❉✗✘ ❂ ☛✙✚✵ ➧ ☛✙☛☞✛ ❛✟❞

☛✙✻✜ ➧ ☛✙☛✡ ♦✢❡❛✓✟✆❞ ✢② ❙✝✌✎✆ ✆❡ ❛✝✳ ✠✡☛☞✡✮✕ ✓✟ ❡❤✆ ❈■■■✣ ❛✟❞

✥✔■■ ✝✓✟✆ ♣✍♦✏✝✆✎ ✍✆✎♣✆❝❡✓✈✆✝②✕ ❛✟❞ ❡❤❛✟ ❡❤✆ ✦✧ ✤✌✒ ✍❛❡✓♦ ★✴❇ ❂

☛✙✜✡ ➧ ☛✙☞✻ ♠✆❛✎✌✍✆❞ ✢② ❋❛❞✆✝② ✞ ❑✆✆❡♦✟ ✠✡☛☞☞✮✳

❙✌❝❤ ❛ ✝♦✇ ★✴❇ ♠❛❝✍♦✖♠❛✔✟✓✏❝❛❡✓♦✟ ✍❛❡✓♦ ✓♠♣✝✓✆✎ ❛

♠✓❝✍♦✖♠❛✔✟✓✏❝❛❡✓♦✟ ♦❢ ❡❤✆ ❝♦✟❡✓✟✌✌♠ ✎❡✍♦✟✔✆✍ ❡❤❛✟ ♣✍✆✈✓♦✌✎✝②

❡❤♦✌✔❤❡✕ ✢♦❡❤ ✓✟ ❡❤✆ ❯❱✖✈✓✎✓✢✝✆ ❛✟❞ ✦✧ ✢❛✟❞✸✳ ■❡ ❛✝✎♦ ✓♠♣✝✓✆✎ ❡❤❛❡

♠✓❝✍♦✝✆✟✎✓✟✔ ❛✩✆❝❡✎ ❛ ✝❛✍✔✆✍ ♣❛✍❡ ♦❢ ❡❤✆ ❈■■■✣ ❛✟❞✥✔■■ ✝✓✟✆✎ ❡❤❛✟

❢♦✌✟❞ ✢② ❙✝✌✎✆ ✆❡ ❛✝✳ ✠✡☛☞✡✮ ✌✎✓✟✔✥♠✪✳ ❚❤✓✎♠✆❡❤♦❞♠✓✟✓♠✓③✆✎

❡❤✆ ♣❛✍❡ ♦❢ ❡❤✆ ✬✯❘ ✆♠✓✎✎✓♦✟ ❡❤❛❡ ✓✎ ♠✓❝✍♦✝✆✟✎✆❞ ❛✟❞ ❡❤✌✎ ♣✍♦✖

✈✓❞✆✎ ❛ ✝♦✇✆✍ ✝✓♠✓❡ ♦❢ ❡❤✆ ♠✓❝✍♦✝✆✟✎✓✟✔ ❢❛❝❡♦✍✳ ❙✌❝❤ ❛ ✝♦✇ ▼❉✗✘
♠❛② ✟♦❡ ✢✆ ✆❛✎✓✝② ✍✆♣✍♦❞✌❝✆❞ ✢② ✎♠♦♦❡❤ ♠❛✎✎ ♠♦❞✆✝✎✳

❖✟ ❡❤✆ ♦❡❤✆✍ ❤❛✟❞✕ ✇✆ ❛✝✎♦ ✓✟✈✆✎❡✓✔❛❡✆❞ ♠✓❝✍♦✝✆✟✎✓✟✔ ✎❝✆✖

✟❛✍✓♦✎ ❝♦✍✍✆✎♣♦✟❞✓✟✔ ❡♦ ▼❉✗✘ ✰ ☛✙✚ ❛✟❞ ▼❉✗✘ ✰ ☛✙✜✕ ♦✢❡❛✓✟✆❞

✢② ❙✝✌✎✆ ✆❡ ❛✝✳ ✠✡☛☞✡✮ ❛✟❞ ❋❛❞✆✝② ✞ ❑✆✆❡♦✟ ✠✡☛☞☞✮✳ ■✟ ✢✍✓✆❢✕ ❢♦✍

▼❉✗✘ ✰ ☛✙✜✕ ❡❤✆♠✓❝✍♦✖❞✆✖♠❛✔✟✓✏❝❛❡✓♦✟ ♦❢ ♦✟✝② ❡❤✆ ✢✝✌✆ ✇✓✟✔ ♦❢

❡❤✆ ❍✱ ✝✓✟✆ ✇♦✌✝❞ ✍✆♣✍♦❞✌❝✆ ❡❤✆ ✝✓✟✆ ♣✍♦✏✝✆ ❞✓✎❡♦✍❡✓♦✟✎ ♦✢✎✆✍✈✆❞

✓✟ ✓♠❛✔✆ ★✕ ✇❤✓✝✆ ❢♦✍ ▼❉✗✘ ✰ ☛✙✚✕ ♠✓❝✍♦✝✆✟✎✓✟✔ ✇♦✌✝❞ ❛✩✆❝❡ ❡❤✆

✇❤♦✝✆ ✝✓✟✆ ♣✍♦✏✝✆✕ ♠❛✔✟✓❢②✓✟✔ ❡❤✆ ❍✱ ✍✆❞ ✇✓✟✔ ❛✟❞ ✎✓♠✌✝❡❛✟✆✖

♦✌✎✝② ❞✆✖♠❛✔✟✓❢②✓✟✔ ✓❡✎ ✢✝✌✆ ✇✓✟✔ ✠❞✆❡❛✓✝✎ ✓✟ ❡❤✆ ✲♣♣✆✟❞✓✒✮✳

◆♦✟✆ ♦❢ ❡❤✆✎✆ ✎❝✆✟❛✍✓♦✎ ❛♣♣✆❛✍✎ ❝♦♠♣✝✆❡✆✝② ✎❛❡✓✎❢❛❝❡♦✍②✕

✔✓✈✆✟ ❡❤✆ ❛✈❛✓✝❛✢✝✆ ❞❛❡❛ ✢✌❡✕ ✍✆✔❛✍❞✝✆✎✎ ♦❢ ❡❤✆ ✎❝✆✟❛✍✓♦ ❝♦✟✎✓❞✖

✆✍✆❞✕ ❡❤✓✎ ❞♦✆✎ ✟♦❡ ❝❤❛✟✔✆ ❡❤✆ ✎❡✍♦✟✔ ♠✓❝✍♦✝✆✟✎✓✟✔ ❞✓❝❤♦❡♦♠②

♦✢✎✆✍✈✆❞ ✢✆❡✇✆✆✟ ❡❤✆ ✢✝✌✆ ❛✟❞ ✍✆❞ ✇✓✟✔✎ ♦❢ ❍✱ ✓✟ ✓♠❛✔✆ ★✳

❚❤✆ ♠✓❝✍♦✝✆✟✎✓✟✔ ✆✩✆❝❡ ❝❛✌✎✓✟✔ ❡❤✆ ❞✓✎♣✝❛❝✆♠✆✟❡ ♦❢ ❡❤✆

♣✆❛✼ ✓✟ ★ ❤❛✎ ❛✝✍✆❛❞② ✢✆✆✟ ♦✢✎✆✍✈✆❞ ✢② ❙✝✌✎✆ ✆❡ ❛✝✳ ✠✡☛☞✡✮ ✓✟

❡❤✆ ✥✔■■ ✝✓✟✆ ♣✍♦✏✝✆✕ ✓✟ ✡☛☛✹ ✠❋✓✔✳ ✵❛✮✳ ■❡ ✓✎ ✎❡✓✝✝ ❞✆❡✆❝❡✆❞ ✓✟

❡❤✆ ✥✔■■ ✝✓✟✆ ♣✍♦✏✝✆ ♦✢❡❛✓✟✆❞ ✓✟ ✡☛☞✡ ✇✓❡❤ ✥❛✔✆✝✝❛✟ ■✥✲❈❙

✠❋✓✔✳ ✵❝✮✽✳ ❚❤✓✎ ✝❛✍✔✆✖❛♠♣✝✓❡✌❞✆ ♠✓❝✍♦✝✆✟✎✓✟✔ ✆✩✆❝❡ ❤✆✟❝✆ ❛♣✖

♣✆❛✍✎ ❡♦ ✢✆ ✎❡❛✢✝✆ ♦✈✆✍ ❡✓♠✆✕ ✓✟ ❛✔✍✆✆♠✆✟❡ ✇✓❡❤ ❡❤✆ ♠✓❝✍♦✝✆✟✎✓✟✔

❡✓♠✆✖✎❝❛✝✆ ✆✎❡✓♠❛❡✆❞ ❢♦✍ ❡❤✆ ❍❊☛✹✵✛✖☞✡✡✵ ✎②✎❡✆♠✾ ✰✵☛
✿
▼✴▼❀

②✆❛✍✎ ✠❝♦✟✎✓❞✆✍✓✟✔ ❛ ✍✆✝❛❡✓✈✆ ❡✍❛✟✎✈✆✍✎✆ ✈✆✝♦❝✓❡② ♦❢ ✻☛☛ ✼♠ ✎❾❁✕

❙❝❤♠✓❞❡ ✞ ❲❛♠✢✎✔❛✟✎✎ ✡☛☞☛✮✳

❃❄❅❄ ●❏P◗❳❨❩❳P❬❳◗ ❭❏r t❪❳ ❫❴❵ ❣❳❏❜❳tr✐

✲ ✍♦❡❛❡✓✟✔ ❞✓✎✼ ✓✎ ❛ ♣♦♣✌✝❛✍ ♠♦❞✆✝ ❢♦✍ ✬❛✝♠✆✍✖✝✓✟✆✖✆♠✓❡❡✓✟✔ ✍✆✖

✔✓♦✟ ✠✆✳✔✳✕ ❙♠✓❡❤ ✆❡ ❛✝✳ ✡☛☛✛❥ ✬♦✟ ✆❡ ❛✝✳ ✡☛☛❦✮✕ ✢✌❡ ✝✆✎✎ ✤❛❡❡✆✟✆❞

✠✆✳✔✳ ❧❛✎✼✆✝✝ ✡☛☛❦❥ ❧♦❛❞ ✆❡ ❛✝✳ ✡☛☞✡✮ ❛✟❞ ✢✓❝♦✟✓❝❛✝ ✠❋✓✎❝❤✆✍ ✆❡ ❛✝✳

✡☛☞☞✮ ✔✆♦♠✆❡✍✓✆✎ ❤❛✈✆ ❛✝✎♦ ✢✆✆✟ ♣✍♦♣♦✎✆❞✳ ❚❤✆ ✇❛② ♠✓❝✍♦✝✆✟✎✖

✓✟✔ ❛✝❡✆✍✎ ❡❤✆ ❍✱ ✝✓✟✆ ✓✟ ✓♠❛✔✆✎ ✑ ❛✟❞ ★ ✎✆❡✎ ❝♦✟✎❡✍❛✓✟❡✎ ♦✟ ❡❤✆

✬✯❘ ✔✆♦♠✆❡✍② ❛✟❞ ✓❡✎ ✈✆✝♦❝✓❡② ✏✆✝❞✳

❙✓♠✌✝❛❡✓♦✟✎ ✠❙❝❤✟✆✓❞✆✍ ✞ ❲❛♠✢✎✔❛✟✎✎ ☞❦❦☛✮ ✎❤♦✇✆❞ ❡❤❛❡

♦✟✝② ❛ ✟♦✟✖✎♣❤✆✍✓❝❛✝✝② ✎②♠♠✆❡✍✓❝ ✬✯❘ ❝❛✟ ✢✆ ❛❡ ❡❤✆ ♦✍✓✔✓✟ ♦❢

❛ ✢✝✌✆♥✍✆❞ ❞✓❝❤♦❡♦♠♦✌✎ ♠✓❝✍♦✝✆✟✎✓✟✔ ✆✩✆❝❡ ❡❤❛❡ ❝❛✌✎✆✎ ❡❤✆ ❞✓✎✖

♣✝❛❝✆♠✆✟❡ ♦❢ ❡❤✆ ♣✆❛✼✕ ❛✎ ♦✢✎✆✍✈✆❞ ✓✟ ✓♠❛✔✆ ★✳

■✟ ✓♠❛✔✆ ★✕ ❡❤✆ ♠♦✎❡ ✢✝✌✆✎❤✓❢❡✆❞ ❛✟❞ ✍✆❞✎❤✓❢❡✆❞ ♣❛✍❡✎ ♦❢ ❡❤✆

❍✱ ✝✓✟✆✕ ✇❤✓❝❤ ❝♦✍✍✆✎♣♦✟❞ ❡♦ ❡❤✆ ❤✓✔❤✖✈✆✝♦❝✓❡② ✆♠✓❡❡✓✟✔ ✍✆✔✓♦✟✎✕

❛✍✆ ❛✩✆❝❡✆❞ ✈✆✍② ❞✓✩✆✍✆✟❡✝② ✢② ♠✓❝✍♦✝✆✟✎✓✟✔✳ ❍✆✟❝✆✕ ❡❤✆ ✍✆✔✓♦✟✎

♦❢ ❡❤✆ ✬✯❘ ❡❤❛❡ ♣✍♦❞✌❝✆ ❡❤✆✎✆ ♣❛✍❡✎ ♦❢ ❡❤✆ ✝✓✟✆ ♣✍♦✏✝✆ ♠✌✎❡ ✢✆

✎♣❛❡✓❛✝✝② ✇✆✝✝ ✎✆♣❛✍❛❡✆❞ ✓✟ ♣✍♦q✆❝❡✓♦✟✳ ■✟ ❛❞❞✓❡✓♦✟✕ ❡❤✆✎✆ ❤✓✔❤✝②

✪♦♣♣✝✆✍✖✎❤✓❢❡✆❞ ♣❛✍❡✎ ♦❢ ❡❤✆ ✝✓✟✆ ❛✍✆ ✟♦❡ ♠✓❝✍♦✝✆✟✎✆❞ ✓✟ ✓♠❛✔✆ ✑✕

✇❤✓❝❤ ✓♠♣✝✓✆✎ ❡❤❛❡ ❡❤✆ ❝♦✍✍✆✎♣♦✟❞✓✟✔ ✆♠✓❡❡✓✟✔ ✍✆✔✓♦✟✎ ❛✍✆ ✟♦❡

♦✟✝② ❞✓✎❡❛✟❡ ❢✍♦♠ ✆❛❝❤ ♦❡❤✆✍ ✓✟ ♣✍♦q✆❝❡✓♦✟✕ ✢✌❡ ❛✝✎♦ ✝♦❝❛❡✆❞ ❛✇❛②

❢✍♦♠ ❡❤✆ ❝✆✟❡✍❛✝ ❝♦✟❡✓✟✌✌♠ ✎♦✌✍❝✆✳ ❖✟ ❡❤✆ ♦❡❤✆✍ ❤❛✟❞✕ ❡❤✆ ❝♦✍✆

s ✉① ④⑤⑥ ⑦⑧ ⑨⑩①❶✁ ✷✂❷ ❸❹ ④⑤⑥ ❺❸①④❻①❼❼❽ ❽⑩❿ ❺❸❽⑥ ❹➀❸❽ ④⑤⑥ ⑩❺❺➀⑥④❻❸①

❶❻➁➂➃ ④⑤⑥➀⑥❹❸➀⑥ ❽❻❺➀❸➄⑥①➁❻①➅ ❽⑩❿ ①❸④ ⑨⑥ ①⑥➅➄❻➅❻⑨➄⑥ ✭➆➄❼➁⑥ ⑥④ ⑩➄➇ ✷✂✶➈☎➇

♦❢ ❡❤✆ ❍✱ ✝✓✟✆✕ ✇❤✓❝❤ ❝♦✍✍✆✎♣♦✟❞✎ ❡♦ ❡❤✆ ✝♦✇✖✈✆✝♦❝✓❡② ♣❛✍❡ ♦❢

❡❤✆ ✬✯❘✕ ✓✎ ❛✩✆❝❡✆❞ ✢② ♠✓❝✍♦✝✆✟✎✓✟✔ ✓✟ ✑✕ ✎♦ ❡❤❛❡ ✓❡ ♠♦✎❡ ✝✓✼✆✝②

❝♦♠✆✎ ❢✍♦♠ ❛ ❝♦♠♣❛❝❡ ✍✆✔✓♦✟ ❝✝♦✎✆ ❡♦ ❡❤✆ ❝♦✟❡✓✟✌✌♠ ✎♦✌✍❝✆ ✓✟

♣✍♦q✆❝❡✓♦✟✳

✲ ✍♦❡❛❡✓✟✔✖✍✓✟✔ ✔✆♦♠✆❡✍② ❢♦✍ ❡❤✆ ❍✱ ✆♠✓❡❡✓✟✔ ✍✆✔✓♦✟ ✏❡✎

❡❤✆✎✆ ❝♦✟✎❡✍❛✓✟❡✎ ✟✓❝✆✝②✕ ❢❛✈♦✌✍✓✟✔ ❑✆♣✝✆✍✓❛✟✖❞✓✎✼ ♠♦❞✆✝✎ ❢♦✍ ❡❤✆

✝♦✇✖✓♦✟✓③❛❡✓♦✟ ✝✓✟✆✖✆♠✓❡❡✓✟✔ ✍✆✔✓♦✟✳ ✬✓❝♦✟✓❝❛✝ ✇✓✟❞✎ ❝❛✟✟♦❡ ✢✆

❝♦♠♣✝✆❡✆✝② ✍✌✝✆❞ ♦✌❡✕ ✢✌❡ ✇✆ ✆✒♣✆❝❡ ❡❤❛❡ ♦✟✝② ✎♣✆❝✓✏❝ ❝♦♠✢✓✖

✟❛❡✓♦✟✎ ♦❢ ✓✟❝✝✓✟❛❡✓♦✟✎ ❛✟❞ ✈✆✝♦❝✓❡② ✏✆✝❞✎ ♦❢ ❡❤✆ ✢✓❝♦✟✆ ✇✓✝✝ ❝♦✟✖

❢♦✍♠✇✓❡❤ ✢♦❡❤ ❡❤✆ ❡②♣✆ ☞ ✟❛❡✌✍✆ ♦❢ ❡❤✆ ✎②✎❡✆♠ ❛✟❞ ❡❤✆ ❝♦✟✎❡✍❛✓✟❡✎

❞✆✍✓✈✆❞ ❢✍♦♠ ♠✓❝✍♦✝✆✟✎✓✟✔✳

■✟ ❢✌❡✌✍✆ ✇♦✍✼✕ ✇✆ ✇✓✝✝ ♠♦✍✆ ➉✌❛✟❡✓❡❛❡✓✈✆✝② ✓✟✈✆✎❡✓✔❛❡✆ ❡❤✆

♠✓❝✍♦✝✆✟✎✓✟✔ ✆✩✆❝❡✎ ♦✟ ✤❛❡❡✆✟✆❞ ❛✟❞ ✢✓❝♦✟✓❝❛✝ ✬✯❘✎ ✌✎✓✟✔ ✎✓♠✖

✌✝❛❡✆❞ ✎♣✆❝❡✍❛✳ ◆✆✇ ✎♣✆❝❡✍❛ ❡❤❛❡ ✎✓♠✌✝❡❛✟✆♦✌✎✝② ❝♦✈✆✍ ❛ ✇✓❞✆✍

✇❛✈✆✝✆✟✔❡❤ ✍❛✟✔✆ ❛✟❞ ❝♦✟❡❛✓✟ ✎✆✈✆✍❛✝ ✢✍♦❛❞ ✆♠✓✎✎✓♦✟ ✝✓✟✆✎

✇♦✌✝❞ ❛✝✎♦ ❛✝✝♦✇ ✌✎ ❡♦ ✔❛❡❤✆✍ ✓✟❢♦✍♠❛❡✓♦✟ ♦✟ ❡❤✆ ✓♦✟✓③❛❡✓♦✟

✎❡✍✌❝❡✌✍✆ ♦❢ ❡❤✆ ✢✍♦❛❞ ✝✓✟✆ ✍✆✔✓♦✟✳

➊➋➌➍➎➏➐➑➒➓➑➔➑➍→➣↔ ↕➙➛➙ ➜➝➞➟➠➡➢➤➥➦➤➨ ➨➩➫➫➠➭➯ ➲➭➠➳ ➵➸➺➻➼➽➾↕ ➦➭➜➟➯ ➟➩➳➚
➪➤➭ ➶➶➶➹➘➴➹➘➙ ➻➷ ➬➨ ➨➩➫➫➠➭➯➤➥ ➪➮ ➯➱➤ ✃➤➭➳➜➟ ➻➤➩➯➨➝➱➤ ➵➠➭➨➝➱➩➟➦➨➦➤➳➤➬➟➚
➨➝➱➜➲➯❐ ➻➵✃ ➫➭➠❒➤➝➯ ➟➩➳➪➤➭ ➷❮➶❰ÏÐ➶➚➶➙

ÑÒÓÒÔÒÕÖÒ×

➛➪➜❒➜➨❐ ➽➙❐ Ø➤➥➬➜Ù➬➢➢➜❐ ➼➙❐ Ø➩Ú➠Û❐ Ü➙ ➛➙❐ Ý➠➫➠Ù➬Þ➝❐ ❮➙ ß➽➙❐ à ➸➨➝➠Û❐ ➛➙ Ï➘➘Ï❐ ➛➫Ü❐
á❰➴❐ ➴â➘

ã➢➜➝➞➪➩➭➟➤❐ Ü➙ ➛➙❐ Ý➠➠➢➤➮❐ ➻➙❐ ä➜➫➫➜➫➠➭➯❐ ➷➙❐ à ➷➝➱➤➝➱➯➤➭❐ Ý➙ ❮➙ Ï➘➶➶❐ ➛➫Ü❐ ❰Ïå❐
➹â

ã➠➟❐ ➼➙❐ Ý➠➫➠Ù➬Þ➝❐ ❮➙ ß➽➙❐ ✃➜Ù➭➬➢➠Ù➬Þ➝❐ ➺➙❐ Ø➩➭➜❐ ✃➙ ❮➙❐ à Ø➤➥➬➜Ù➬➢➢➜❐ ➼➙ Ï➘➘å❐
Ø➺ä➛➷❐ â➘➘❐ åÏâ

➽➠➩➭➪➬➟❐ ➵➙❐ ➽➱➜➟➯➭➮❐ æ➙❐ ä➤Ù➜Û❐ ➾➙❐ ➤➯ ➜➢➙ Ï➘➶➶❐ ➛à➛❐ á➹➴❐ ➛á➹
➥➤ æ➜➩➝➠➩➢➤➩➭➨❐ ✃➙ ➶åâç❐ ➛➟➟➙ ➛➨➯➭➠➫➱➮➨➙❐ ➶➶❐ Ïâ❰
➼➬➦➤➟➪➭➠➥❐ ➛➙❐ ➽➠➩➭➪➬➟❐ ➵➙❐ Ø➤➮➢➜➟❐ ✃➙❐ æ➩➬➨➨➠Û❐ ➽➙❐ à Ø➜➦➜➬➟❐ Ý➙ Ï➘➘➴❐ ➛à➛❐
âá➶❐ ❰áå

➵➜➥➤➢➮❐ ä➙❐ à è➤➤➯➠➟❐ ➽➙ ä➙ Ï➘➶➶❐ ➛Ü❐ ➶â➶❐ ➶➘➶
➵➜➥➤➢➮❐ ä➙❐ à è➤➤➯➠➟❐ ➽➙ ä➙ Ï➘➶Ï❐ Ø➺ä➛➷❐ â➶å❐ å➹➴
➵➬➨➝➱➤➭❐ ↕➙ ➽➙❐ ➽➭➤➟➨➱➜➡❐ ➻➙ Ø➙❐ è➭➜➤➳➤➭❐ ➷➙ ã➙❐ ➤➯ ➜➢➙ Ï➘➶➶❐ ➛➫Ü❐ ❰Ï❰❐ ❰➶
✃➜➨➞➤➢➢❐ ➽➙ Ø➙ Ï➘➘å❐ ➺➤➡ ➛➨➯➭➠➟➙ ä➤Ù➙❐ á➹❐ ➶â➘
✃➠➜➥❐ Ø➙ ä➙❐ è➠➭➬➨➯➜❐ è➙ ↕➙❐ à ä➩é❐ ➛➙ Ü➙ Ï➘➶Ï❐ Ø➺ä➛➷❐ âÏ➴❐ ➹➘ç➴
ê➩➯➨➤➳ë➞➤➭➨❐ ➻➙❐ ã➠➭➦➩➤➯❐ ã➙❐ ➷➢➩➨➤❐ ➻➙❐ ä➬➜➩➥❐ Ý➙❐ à ➛➟➦➩➬➯➜❐ ↕➙ Ï➘➶➘❐ ➛à➛❐
á➶å❐ ➛➶➘➹

è➠➝➱➜➟➤➞❐ ➽➙ ➷➙❐ Ø➠➭➦➜➟❐ ➺➙ ➻➙❐ ➵➜➢➝➠❐ ➼➙ ➼➙❐ ➤➯ ➜➢➙ Ï➘➘➴❐ ➛➫Ü❐ ➴â➘❐ â❰
❮➤➡➬➨❐ ✃➙ ➵➙❐ à ì➪➜➯➜❐ ä➙ ➛➙ Ï➘➘â❐ Ø➺ä➛➷❐ ➹âç❐ Ïâ
Ø➜➭➞➡➜➭➥➯❐ ➽➙ ã➙ Ï➘➘å❐ ➬➟ ➛➨➯➭➠➟➠➳➬➝➜➢ ➻➜➯➜ ➛➟➜➢➮➨➬➨ ➷➠➲➯➡➜➭➤ ➜➟➥ ➷➮➨➯➤➳➨
íæììì❐ ➤➥➨➙ ➻➙ ➛➙ ã➠➱➢➤➟➥➤➭❐ ➻➙ ➻➩➭➜➟➥❐ à Ý➙ ➻➠➡➢➤➭❐ ➛➷Ý ➽➠➟➲➙ ➷➤➭➙❐ â➶➶❐
Ïá➶

Ø➠➭➦➜➟❐ ➺➙ ➻➙❐ è➠➝➱➜➟➤➞❐ ➽➙ ➷➙❐ Ý➤Ù➩➟➠Ù➜❐ ➸➙❐ à ➷➝➱➤➝➱➯➤➭❐ Ý➙ ❮➙ Ï➘➘á❐ ➛Ü❐ ➶Ïå❐
Ïá➹➶

Ø➠➨î➩➤➭➜❐ ➛➙ Ø➙❐ Ø➩Ú➠Û❐ Ü➙ ➛➙❐ Ø➤➥➬➜Ù➬➢➢➜❐ ➼➙❐ à è➠➝➱➜➟➤➞❐ ➽➙ ➷➙ Ï➘➶➶❐ ➛➫Ü❐
❰Ïç❐ ➶âá

ä➬➝➝➬❐ ➻➙❐ Ý➠➤➢➨❐ Ü➙❐ ➼➢➮➬Ù❐ ➛➙❐ ➤➯ ➜➢➙ Ï➘➶➶❐ ➛à➛❐ áÏç❐ ➛âÏ
ä➬➝➱➜➭➥➨❐ ✃➙ ↕➙❐ è➤➤➯➠➟❐ ➽➙ ä➙❐ Ý➬➟➥➠➭❐ ã➙❐ ➤➯ ➜➢➙ Ï➘➘â❐ ➛➫Ü❐ ➴➶➘❐ ➴❰å
➷➝➱➳➬➥➯❐ ä➙ ï➙❐ à ï➜➳➪➨➦➜➟➨➨❐ Ü➙ Ï➘➶➘❐ ✃➤➟➙ ä➤➢➜➯➬Ù➙ ✃➭➜Ù➬➯➙❐ âÏ❐ Ï➶Ï❰
➷➝➱➟➤➬➥➤➭❐ Ý➙❐ à ï➜➳➪➨➦➜➟➨➨❐ Ü➙ ➶åå➘❐ ➛à➛❐ Ï➹❰❐ âÏ
➷➢➩➨➤❐ ➻➙❐ ➽➢➜➤➨➞➤➟➨❐ Ü➙➚➵➙❐ ê➩➯➨➤➳ë➞➤➭➨❐ ➻➙❐ à ➷➩➭➥➤❒❐ Ü➙ Ï➘➘❰❐ ➛à➛❐ â➴ç❐ ççá
➷➢➩➨➤❐ ➻➙❐ ê➩➯➨➤➳ë➞➤➭➨❐ ➻➙❐ ➽➠➩➭➪➬➟❐ ➵➙❐ Ø➤➮➢➜➟❐ ✃➙❐ à ï➜➳➪➨➦➜➟➨➨❐ Ü➙ Ï➘➶Ï❐
➛à➛❐ áââ❐ ➛➴Ï

➷➢➩➨➤❐ ➻➙❐ è➬➨➱➬➳➠➯➠❐ Ø➙❐ ➛➟➦➩➬➯➜❐ ↕➙❐ ï➩➝➞➟➬➯Û❐ ➸➙❐ à ï➜➳➪➨➦➜➟➨➨❐ Ü➙ Ï➘➶➹❐
➛à➛❐ áá➹❐ ➛á➹

➷➳➬➯➱❐ Ü➙ ➼➙❐ ä➠➪➬➟➨➠➟❐ ➛➙❐ ➾➠➩➟➦❐ ➷➙❐ ➛ð➠➟❐ ➻➙ Ü➙❐ à ➽➠➭➪➤➯➯❐ ➼➙ ➛➙ Ï➘➘á❐
Ø➺ä➛➷❐ ➹áå❐ çâ➴

Ù➜➟ ➻➠➞➞➩➳❐ Ý➙ ✃➙ Ï➘➘➶❐ Ý➛➷Ý❐ ➶➶➹❐ ➶âÏ➘
ï➬➨➠➯Û➞➬❐ ❮➙❐ ➽➱➭➬➨➯➢➬➤➪❐ ➺➙❐ ❮➬➩❐ Ø➙ ➽➙❐ ➤➯ ➜➢➙ Ï➘➘➶❐ ➬➟ ✃➭➜Ù➬➯➜➯➬➠➟➜➢ ❮➤➟➨➬➟➦ñ
ä➤➝➤➟➯ Ý➭➠➦➭➤➨➨ ➜➟➥ ➵➩➯➩➭➤ ✃➠❐ ➤➥➨➙ ↕➙ ✃➙ ã➭➜➬➟➤➭➥❐ à ➽➙ ➷➙ è➠➝➱➜➟➤➞❐ ➛➷Ý
➽➠➟➲➙ ➷➤➭➙❐ Ï➹❰❐ ➴➹

ï➬➨➠➯Û➞➬❐ ❮➙❐ ã➤➝➞➤➭❐ ↕➙❐ ➽➱➭➬➨➯➤➟➨➤➟❐ ❮➙❐ ➤➯ ➜➢➙ Ï➘➘➹❐ ➛à➛❐ â➘ç❐ âáá

òóôõö ÷ øù ú óûõ óüóýþóÿþõ ý♥ ø❤õ õþõ❡øûù♥ý❡ õ�ýøýù♥ ù♦ ø❤õ ❥ù✁û♥óþ óø ✂✄✄☎✆✝✝✞✞✞✟✠✠✡☛✠✟✳r☞

✹ ➆♣⑥❺④➀⑩ ❸❹ ❆ ⑩①❶ ❉ ✇⑥➀⑥ ⑩❺❛❼❻➀⑥❶ ➁❻❽❼➄④⑩①⑥❸❼➁➄❿✁ ➁⑥♣⑩➀⑩④⑥➄❿ ❹➀❸❽

➁♣⑥❺④➀⑩ ❸❹ ❇ ⑩①❶ ❈✁ ✇❻④⑤ ⑩ ❶❻✌⑥➀⑥①④ ❻①④⑥➅➀⑩④❻❸① ④❻❽⑥ ✭❚⑩⑨➄⑥ ✷☎➇ ❚⑤❼➁✁

➁♣⑥❺④➀⑩ ❸❹ ❇ ⑩①❶ ❉ ❺⑩①①❸④ ⑨⑥ ➁⑩❹⑥➄❿ ❺❸❽♣⑩➀⑥❶ ✇❻④⑤ ⑥⑩❺⑤ ❸④⑤⑥➀➇

▲✶✶✁ ♣⑩➅⑥ ✄ ❸❹ �
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5.2. PAPER

▲✳ ❇r❛�❜❛✁✂ ❡✂ ❛✄✳✿ ▼�❝r♦✄❡✁☎�✁♥ ♦✆ ✂❤❡ ❜r♦❛✝✞✄�✁❡ r❡♥�♦✁ �✁ ✂❤❡ q✟❛✝r✟✉✄② �♠❛♥❡✝ q✟❛☎❛r ❍❊✵✠✡☛✞✶☞☞✡

❚✌✍❧✎ ✷✏ ❙❝�❡✁✂�✣❝ ♦❜☎❡r✈❛✂�♦✁☎ ♦✆ ❍❊✵✠✡☛✞✶☞☞✡✳

❉❛✂❡ ■♠❛♥❡☎ ●r❛✂�✁♥✴●r�☎♠✴❋�✄✂❡r ■✁☎✂r✟♠❡✁✂ ❊①✉✳ ✂�♠❡ ✭☎s ❙❡❡�✁♥ ✭
✑✑
s ✮�r♠❛☎☎

✶✶✴✶✵✴☞✵✵✠ ✒✱ ✓ ●✡✵✵✸✰●●✠✡☛ ❋❖❘❙✶ ✭❊❙❖✞✸▲✔s ✠ × ✶✠✵✵ ✵✳✠✹ ✶✳✵✡

✶✶✴✶✶✴☞✵✵✠ ✒✱ ✓ ●✡✵✵✸✰●●✠✡☛ ❋❖❘❙✶ ✭❊❙❖✞✸▲✔s ☞ × ✶✠✵✵ ✵✳☛✺ ✶✳✶✶

✶✕✴✶✵✴☞✵✵✕ ❆✱ ✒✱❈✱ ✓ ❍ ❙■✖❋❖✖■ ✭❊❙❖✞✸▲✔s ☞ × ✻✵✵ ✵✳✺✠ ✶✳✵✻

✶✕✴✶✵✴☞✵✵✕ ❆✱ ✒✱ ✓ ❍ ❙■✖❋❖✖■ ✭❊❙❖✞✸▲✔s ☞ × ✻✵✵ ✵✳✕✶ ✶✳✵✡

✵✕✴✶☞✴☞✵✵✕ ❆✱ ✒✱❈✱ ✓ ❍ ❙■✖❋❖✖■ ✭❊❙❖✞✸▲✔s ☛
✗
× ✻✵✵ ✵✳✠✹ ✶✳✶✶

✵✕✴✶☞✴☞✵✵✕ ❆✱ ✒✱ ✓ ❍ ❙■✖❋❖✖■ ✭❊❙❖✞✸▲✔s ✠ × ✻✵✵ ✵✳✠✕ ✶✳☞✵

✶✵✴✶☞✴☞✵✵✕ ✒✱❈ ❍ ❙■✖❋❖✖■ ✭❊❙❖✞✸▲✔s ✠ × ✻✵✵ ✵✳☛✹ ✶✳✵✠

✶☛✴✶☞✴☞✵✵✕ ❆✱ ✒✱❈✱ ✓ ❍ ❙■✖❋❖✖■ ✭❊❙❖✞✸▲✔s ☞ × ✻✵✵ ✵✳✺✡ ✶✳✶☛

✶☛✴✶☞✴☞✵✵✕ ❆✱ ✒✱ ✓ ❍ ❙■✖❋❖✖■ ✭❊❙❖✞✸▲✔s ☞ × ✻✵✵ ✵✳✺✻ ✶✳☞✠

☞✵✴✵✕✴☞✵✶☞ ❆✱ ✓ ●r❛✞✡✵✵ ✄�✁❡☎✴♠♠ ■▼✮✘❙ ✭▼❛♥❡✄✄❛✁✞❇❛❛✝❡s ☞ × ✶✹✵✵ ✵✳✺✠ ✶✳✠✕

☞✵✴✵✕✴☞✵✶☞ ✒✱❈ ●r❛✞✡✵✵ ✄�✁❡☎✴♠♠ ■▼✮✘❙ ✭▼❛♥❡✄✄❛✁✞❇❛❛✝❡s ✶ × ✶✹✵✵ ✵✳✹✹ ✶✳✶✠

☞✵✴✵✕✴☞✵✶☞ ✒✱❈ ●r❛✞✡✵✵ ✄�✁❡☎✴♠♠ ■▼✮✘❙ ✭▼❛♥❡✄✄❛✁✞❇❛❛✝❡s ✶ × ✶☞✵✵ ✵✳✕✠ ✶✳✵✺

◆✙t✎✚✏
✛✗✜

❖✁❡ ❡①✉♦☎✟r❡ ❤❛☎ ❜❡❡✁ ✝�☎❝❛r✝❡✝ ❜❡❝❛✟☎❡ ♦✆ ✂❛r♥❡✂ ♠�☎❛✄�♥✁♠❡✁✂✳

❚✌✍❧✎ ✢✏ ❋✄✟① r❛✂�♦☎ ♦✆ ✂❤❡ ❍❊✵✠✡☛✞✶☞☞✡ ❝♦♠✉♦✁❡✁✂☎ ♠❡❛☎✟r❡✝ ❛✂ ☎❡✈❡r❛✄ ❡✉♦❝❤☎ ✭❝♦♠✉�✄❡✝ ✆r♦♠ ✂❤❡ ✄�✂❡r❛✂✟r❡s✳

❉❛✂❡ ❍✤❉
✗
r❛✁♥❡ ❇❛✁✝ ❆✥✒ ❈✥✒ ✓✥✒ ❘❡✆❡r❡✁❝❡☎

☞✵✵✡ ✮✟♥✳ ☞✹✺✵ ❱ ✶✦✺✵ ➧ ✵✦☞☞ ✵✦✕✡ ➧ ✵✦✵✹ ✵✦✹✹ ➧ ✵✦✶☞ ✶

☞✵✵✡ ✮✟♥✳ ☞✹✺✵ ✧ ✶✦✻✺ ➧ ✵✦✶✶ ✵✦✕✕ ➧ ✵✦✵✠ ✵✦✹✶ ➧ ✵✦✵✻ ✶

☞✵✵✠ ✤❛✁✳ ✡✵✶✡✞✡✵✡✻ ★ ✶✦✺✡ ➧ ✵✦✵☛ ✶✦✵☞ ➧ ✵✦✵☞ ✵✦✹✹ ➧ ✵✦✵☞ ☞

☞✵✵✠ ✤❛✁✳ ✡✵✶☛ ✩ ✶✦☛✺ ➧ ✵✦✶✵ ✶✦✵✵ ➧ ✵✦✵✡ ✵✦✺✕ ➧ ✵✦✵☛ ✶

☞✵✵✺ ❙❡✉✳ ✠✡✻✻ ❏ ✶✦☛✹ ➧ ✵✦✵✕ ✶✦✵✶ ➧ ✵✦✵✹ ✵✦✹✠ ➧ ✵✦✵✻ ✡

☞✵✵✺ ❙❡✉✳ ✠✡✻✻ ✩ ✶✦☛✠ ➧ ✵✦✵✹ ✶✦✵✡ ➧ ✵✦✵✹ ✵✦✹✡ ➧ ✵✦✵✻ ✡

☞✵✵✺ ❙❡✉✳ ✠✡✻✻ ❑ ✶✦✠☞ ➧ ✵✦✵✡ ✶✦✵☞ ➧ ✵✦✵✠ ✵✦✺✕ ➧ ✵✦✵✡ ✡

☞✵✵✺ ❖❝✂✳ ✠✡✶✻✞✠✡✠✵ ★ ☞✦✶✻ ➧ ✵✦✵✠ ✶✦✶✵ ➧ ✵✦✵☞ ✵✦✕✶ ➧ ✵✦✵☞ ☞

☞✵✵✹ ✤✟✄✳✞❖❝✂✳ ✠✻✺☛✞✠✺✠✠ ❱ ✶✦☛✹ ➧ ✵✦✵✹ ✶✦✵✻ ➧ ✵✦✵✻ ✵✦✹☛ ➧ ✵✦✵☛ ✠

☞✵✵✹ ✤✟✄✳✞❖❝✂✳ ✠✻✺☛✞✠✺✠✠ ★ ✶✦☛✻ ➧ ✵✦✵☛ ✶✦✵✻ ➧ ✵✦✵☛ ✵✦✹✠ ➧ ✵✦✵✠ ✠

☞✵✵✹ ✤✟✄✳✞❖❝✂✳ ✠✻✺✠✞✠✺✻✻ ★ ✶✦✻✻ ➧ ✵✦✵✠ ✶✦✶✵ ➧ ✵✦✵✡ ✵✦✹✻ ➧ ✵✦✵☞ ☞

☞✵✵✹ ✤✟✄✳✞❖❝✂✳ ✠✻✺☛✞✠✺✠✠ ✧ ✶✦☛✶ ➧ ✵✦✵✹ ✶✦✵✻ ➧ ✵✦✵✻ ✵✦✹☞ ➧ ✵✦✵✠ ✠

☞✵✵✹ ✮✟♥✳✞❉❡❝✳ ✠✻✹☞✞✠✹☞✕ ★ ✶✦✻✡ ➧ ✵✦✵☛ ✶✦✵✕ ➧ ✵✦✵✡ ✵✦✹✻ ➧ ✵✦✵☞ ☞

☞✵✵✹ ✮✟♥✳ ✠✺✵✕ ❑ ✶✦✠☛ ➧ ✵✦✶✹ ✵✦✺✕ ➧ ✵✦✵✠ ✵✦✻✺ ➧ ✵✦✵✺ ☛

☞✵✵✹ ❉❡❝✳ ✠✹☞☞ ✪
✑

✶✦✺☞ ➧ ✵✦☞✡ ✶✦✵✶ ➧ ✵✦✵✹ ✵✦✹☞ ➧ ✵✦✶✻ ☛

☞✵✵✕ ✮✟♥✳✞❙❡✉✳ ☛✵✻✠✞☛✵✕✠ ❱ ✶✦✠✶ ➧ ✵✦✵✠ ✶✦✵✡ ➧ ✵✦✵☞ ✵✦✹☞ ➧ ✵✦✵☞ ✠

☞✵✵✕ ✮✟♥✳✞❙❡✉✳ ☛✵✻✠✞☛✵✕✠ ★ ✶✦✠✡ ➧ ✵✦✵☛ ✶✦✵☛ ➧ ✵✦✵✡ ✵✦✹✶ ➧ ✵✦✵✡ ✠

☞✵✵✕ ✮✟♥✳✞❙❡✉✳ ☛✵✠✺✞☛✵✕✕ ★ ✶✦☛✡ ➧ ✵✦✵✡ ✶✦✵✹ ➧ ✵✦✵✡ ✵✦✹☞ ➧ ✵✦✵☞ ☞

☞✵✵✕ ✮✟♥✳✞❙❡✉✳ ☛✵✻✠✞☛✵✕✠ ✧ ✶✦✠☛ ➧ ✵✦✵☛ ✶✦✵☛ ➧ ✵✦✵✡ ✵✦✺✕ ➧ ✵✦✵✡ ✠

☞✵✵✕ ❖❝✂✳✞❉❡❝✳ ☛✶✶✶✞☛✶✺✻ ★ ✶✦☛✡ ➧ ✵✦✵☛ ✶✦✵✺ ➧ ✵✦✵✠ ✵✦✹✵ ➧ ✵✦✵✡ ☞

☞✵✵✕ ❖❝✂✳✞❉❡❝✳ ☛✶☞✡✫☛✶✺✠✫☛✶✺☛✫☛✶✹✵ ✩ ✶✦✠✡ ➧ ✵✦✵✡ ✶✦✵☞ ➧ ✵✦✵✡ ✵✦✺☞ ➧ ✵✦✵☞ ✻

◆✙t✎✚✏
✛✗✜
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5.3. COMPLEMENTARY NOTES

5.3 Complementary notes

The near-infrared spectra used in this analysis were collected in October-December 2009 using the SINFONI instrument

(ESO-VLT). SINFONI is an integral field unit (IFU) spectrograph that simultaneously collects the spatial and spectral

luminosity distribution of its target. The interest of this observational technique is that it enables to collect the spectra

of all the components of a gravitational lens simultaneously so that their spectra can be properly disentangled. The

spectra are extracted by iteratively adjusting a simple model of the lensed system on each monochromatic image of

the field of view. The observation, the fitted model, and the residuals, which were not shown in the published Letter,

are illustrated in Fig. 5.1 at two wavelengths: one sampling only the continuum emission and one sampling the Hα

line. SINFONI observations were empirically corrected for a significant illumination defect that we identified. The

illumination of the field of view, built from infrared sky exposures, is presented in Fig. 5.2. It shows a drop by ∼ 20%

in the lower slitlets.

OBSERVATION MODEL RESIDUALS

19/10/2009

F
lu

x

Wavelength (µm)

Spectra of quasar image A extracted from the 

4 observations taken on 19/10/2009.

(b)

(a)

(b)

(a) HE0435-1223

Model = 4 identical PSFs 

+ de Vaucouleurs lensing galaxy

HE0435-1223 (a)

(b)

Spectra extracted from SINFONI 

observation obtained on 19/10/2009 

Model = 4 identical Gaussians PSFs

                + de Vaucouleurs lensing galaxy

A      B          

C      D  

1"

Figure 5.1: The spectra of the quasar images are extracted from a SINFONI observation (here acquired on October
19th, 2009) by fitting a simplified model to each monochromatic image of the gravitational lens. That model includes
four identical Gaussians, representing the unresolved quasar images, and a de Vaucouleurs profile modeling the lensing
galaxy. The aspect of the gravitationally lensed system, the model fitted, and the residuals are displayed at two
wavelengths respectively sampling the Hα emission line (a) and the adjacent continuum emission (b).
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Figure 5.2: The illumination defect of SINFONI field of view (FOV) in band H. The FOV is divided in 32 “horizontal”
slitlets. The illumination drops by about 20% in slitlets in lower part of the FOV. Slitlets #8, 9, and 10 are the most
affected.
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6

THE DIFFERENT ORIGINS OF HIGH- AND

LOW-IONIZATION BROAD EMISSION LINES

REVEALED BY GRAVITATIONAL MICROLENSING

IN THE LENSED QUASAR QSO2237+0305

6.1 Introduction

Because of the difficulty to gather, at the same epoch, spectra in the visible and near-infrared domains where high-

and low-ionization lines generally fall, microlensing-induced line profile deformations in lines of different ionization

degrees have hardly been investigated. The few studies exploiting simultaneous observations of the high- and low-

ionization lines in individual gravitational lenses [e.g., Richards et al., 2004, Guerras et al., 2013] have only considered

the amplitude of microlensing in the high- and low-ionization lines, with the main objective to constrain the (relative)

sizes of their emitting regions.

We took advantage of the existence in the ESO archive of optical and near-infrared spectra of the quadruply imaged

quasar QSO2237+0305, aka the Einstein cross, to conduct the first comparative analysis of the microlensing-induced

line profile distortions in high- and low-ionization lines. Those spectra, obtained at similar epochs, respectively cover

the CIV and Hα emission lines. The goals of this study are (i) to determine whether or not the high- and low-

ionization lines undergo dissimilar deformations due to microlensing, which would suggest that their emission regions

have different sizes and/or spatial and velocity structures ; (ii) set constraints on the geometry and kinematics of the

high- and low-ionization regions.

Like in Chap. 5, the MmD is used to dissect the effect of microlensing on the CIV, CIII], MgII and Hα broad

emission lines in visible and near-infrared spectra of QSO2237+0305. Differential microlensing through the velocity

structure of the high-ionization carbon lines has already been detected and investigated by O’Dowd et al. [2011] and

Sluse et al. [2011]. Single-epoch spectra, obtained by gathering SINFONI and FORS [Eigenbrod et al., 2008a] data

secured in October 2005, that cover the optical to near-infrared domains, are used to complement the analysis of the

high-ionization carbon broad emission lines by that of the low-ionization Hα broad line, and probe the ionization

structure of the BLR.

Our detailed analysis of the microlensing-induced distortions of the CIV and Hα line profiles focuses on the large
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microlensing effect that affects image A of QSO2237+0305 and gives rise to the strongest line profile deformations

with respect to image D, supposed unaffected by microlensing. The MmD unveils very different microlensing effects

in the high-ionization carbon line and in the low-ionization Balmer line: microlensing symmetrically magnifies the

wings of CIV whereas it only magnifies the red wing of Hα. We argue that the differential magnification of the blue

and red wings of Hα favors a flattened, virialized, low-ionization region, whereas the symmetric microlensing effect

measured in CIV can be reproduced by an emission line formed in a polar wind, without the need of fine-tuned caustic

configurations. This study has been published in A&A. The paper is fully reproduced in the next section. Besides,

strong evidence of microlensing are found in images B and C. The smaller-amplitude microlensing effects observed in

the broad emission lines in the spectra of those quasar images were not presented in the paper but are discussed in the

complementary notes (Sect. 6.3) at the end of this Chapter. The results of the MmD of the symmetrically microlensed

CIV and CIII] emission lines are moreover compared to their decomposition into a mixture of three Gaussian functions

in Sect. 6.3.2 of the complementary notes.
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ABSTRACT

We investigate the kinematics and ionization structure of the broad emission line region of the gravitationally lensed quasar
QSO2237+0305 (the Einstein cross) using differential microlensing in the high- and low-ionization broad emission lines. We combine
visible and near-infrared spectra of the four images of the lensed quasar and detect a large-amplitude microlensing effect distorting
the high-ionization CIV and low-ionization Hα line profiles in image A. While microlensing only magnifies the red wing of the
Balmer line, it symmetrically magnifies the wings of the CIV emission line. Given that the same microlensing pattern magnifies both
the high- and low-ionization broad emission line regions, these dissimilar distortions of the line profiles suggest that the high- and
low-ionization regions are governed by different kinematics. Since this quasar is likely viewed at intermediate inclination, we argue
that the differential magnification of the blue and red wings of Hα favors a flattened, virialized, low-ionization region whereas the
symmetric microlensing effect measured in CIV can be reproduced by an emission line formed in a polar wind, without the need of
fine-tuned caustic configurations.

Key words. quasars: individual: Einstein cross – quasars: emission lines

1. Introduction

Gravitational microlensing is a powerful tool to study the in-
nermost regions of quasars. The dense field of stars in the lens-
ing galaxy produces a microlensing magnification pattern in the
source plane, which is constituted of narrow highly-magnifying
caustics separated by large weakly magnifying or de-magnifying
regions (Fig. 1). Significant microlensing magnification occurs
on the scale of the Einstein radius of the microlenses, corre-
sponding to a few dozen light days for a typical gravitational
lens. The caustics can thus resolve the accretion disk and/or sam-
ple the broad emission line region (BLR) of the quasar. Due to
the cosmological distances of quasars, the only observable ef-
fect is the amplification of the continuum and/or the part of the
line profile originating from the magnified region of the BLR
(Kayser et al. 1986; Schmidt & Wambsganss 2010).

Measuring the magnification caused by microlensing in the
different spectral components of the quasar spectrum hence
provides crucial constraints on the (relative) extensions and
positions of their emission regions. In particular, the BLR strat-
ification and ionization structure can be retrieved by compar-
ing the microlensing magnification measured in emission lines
with different ionization degrees. Moreover, the magnification
of only a part of the BLR results in line profile distortions, for
instance displacement of the line centroid. The deformations of
the line profile depend on the caustic pattern, on the one hand,
and on the BLR geometry and kinematics, on the other hand
(e.g., Sluse et al. 2012). Information about the BLR spatial and

⋆ Based on observations made with the ESO-VLT, Paranal, Chile;
Proposals 076.B-0197 and 076.B-0607 (PI: Courbin).

1 ER

100 light-days/0.08 parsec

Fig. 1. 20 × 20 Einstein radii (ER) microlensing magnification map
computed for QSO2237+0305A with a convergence factor κ = 0.394,
a shear γ = 0.395, and a null fraction of continuously distributed mat-
ter, using the microlens code (Wambsganss 1999). Caustics are nar-
row high-magnification features that delineate amplification and de-
amplification regions. A circle with a radius of one ER is plotted in
the upper left corner.

velocity structure can then be inferred from the measurement of
the microlensing signal through the line profile.

The gravitational lens system QSO2237+0305 (Huchra et al.
1985) has been known for years to be a priviledged laboratory for
microlensing studies. The very short time delays, of the order of
one day (e.g., Vakulik et al. 2006), indeed ease the interpretation
of the spectral differences observed between the quasar lensed
images in terms of microlensing-induced differences rather than
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intrinsic variations. This cosmic mirage, also named “Einstein
cross” because of its shape, consists of a zs = 1.695 quasar
gravitationally lensed into four images separated by about 1.5′′

and arranged in a crosslike pattern around a bright zl = 0.0394
barred, Sab lensing galaxy (Yee 1988). This system is known
to show microlensing-induced temporal and spectral variations
(Irwin et al. 1989; Lewis et al. 1996, and references therein). In
addition, Sluse et al. (2011) and O’Dowd et al. (2011) have de-
tected differential microlensing through the velocity structure of
the high-ionization carbon line. This lensed quasar therefore ap-
pears particularly well suited for investigating the structure of
the BLR using gravitational microlensing.

In this work, we analyze near-infrared and visible spectra
of the four lensed quasar images, obtained in October 2005
(Sect. 2). These combined spectra cover a broad wavelength
range that includes the CIV λ1549, CIII] λ1909, MgII λ2798,
and Hα λ6565 lines. We present a detailed study of the mi-
crolensing effect in image A, i.e. the image that shows the largest
differential magnification through the CIV and Hα line profiles
at that epoch (Sect. 3). We aim to disentangle the part of the
quasar spectrum which is microlensed and to build a full pic-
ture of how microlensing is distorting the quasar spectrum in
the rest-frame UV (Sect. 3.1.1) and optical (Sect. 3.1.2). The
constraints on the BLR spatial, velocity and ionization structure
set by the microlensing effect detected in image A are discussed
in Sect. 4.1 and compared to models described in the literature
(Sect. 4.2). Comparison of the microlensing signal in the high-
and low-ionization lines is discussed in Sect. 4.3. Conclusions
and perspectives are presented in Sect. 5.

2. Data collection and reduction

2.1. Near-infrared spectra

From the ESO archive, we retrieved near-infrared spectra of
the quadruply-imaged QSO2237+0305 that was obtained in
October 2005 with the integral field spectrograph SINFONI
mounted on the Yepun telescope (UT4) of the Very Large Tele-
scope (VLT). Observations were performed using the 3′′ × 3′′

field-of-view (FOV) with 0.1′′ spatial resolution and the H-band
grism, whose spectral coverage goes from 1.45 to 1.85 µm and
thus includes the Hα broad emission line. The H-band grism
provides a spectral resolving power around 3000, which corre-
sponds to a spectral resolution of about 100 km s−1. The target
covers a large part of SINFONI FOV so that 600-second expo-
sures of the target and infrared sky were acquired by nodding the
telescope. Table A.1 lists the observing conditions.

The ESORex SINFONI pipeline (version 2.5.2) is used
to perform flat-fielding, distortion correction, wavelength cal-
ibration and sky subtraction, and build 3D-cubes made of
monochromatic images of the FOV. Cosmic rays are removed
from each monochromatic frame with the la_cosmic procedure
(van Dokkum 2001). Non-uniform illumination of the SINFONI
FOV is empirically corrected using 3D-cubes of near-infrared
sky emission. 3D-cubes of infrared sky emission are built sepa-
rately for that purpose. All available sky observations are stacked
over wavelengths to obtain an image of the FOV illumination.
Illumination is found to significantly drop in slitlets #8–10 but
appears constant within a given slitlet. A mean illumination is
therefore computed for each slitlet. These mean slitlet illumina-
tions are then normalized by their median and used to rectify the
illumination variations over the different slitlets composing the
SINFONI FOV.

As in Braibant et al. (2014), the spectra of the four quasar
images are extracted from each 3D-cube by fitting a simplified
model of the lensed system to each monochromatic FOV with a
modified MPFIT package (Markwardt 2009). The quasar images
are modeled with identical 2D Moffat point spread functions
(PSFs) whose relative positions are fixed by Kochanek et al.
(2006) astrometry, while a PSF-convolved de Vaucouleurs pro-
file is used for the bulge of the lensing galaxy (Yee 1988)1. We
neglect the disk component of the spiral galaxy because it is ex-
pected to be about ten thousand times fainter than the galactic
bulge and its brightness is expected to vary by less than 20%
over the SINFONI small FOV. Our model includes a constant
background, which is supposed to account for both the residual
sky and the diffuse galactic disk emission.

To avoid being trapped in a local minimum, we carefully
estimate initial conditions of the model components. First, an
image of the Hα emission of the gravitationally lensed system,
from which the lensing galaxy is essentially absent, is obtained
after subtraction of a linear continuum component estimated in
two continuum intervals aside of the emission line. This high
signal-to-noise picture of the quasar images is used to assess the
PSF shape and the system position on the IFU. Second, the spec-
trum of each quasar image is estimated from the 3D-cube as the
spectrum corresponding to the spatial pixel that contains the PSF
peak and used to remove the quasar emission from the 3D-cube.
The spectrum of the lensing galaxy is then assessed from that
residual 3D-cube, which contains the deblended galactic emis-
sion. We finally fit the PSFs, de Vaucouleurs’ galactic bulge and
constant background altogether. The adjusted model is used to
iteratively improve the spectral extraction.

Each extracted spectrum is corrected for atmospheric extinc-
tion and instrumental response by dividing it by a normalized,
blackbody-corrected, telluric standard star spectrum, acquired
close in time and at comparable airmass. The H-band magni-
tudes of the telluric standard stars are listed in the 2MASS Point
Source Catalog so that the flux calibration can be performed.
Since we are only interested in the spectral distortions caused by
gravitational microlensing, we corrected for the dust extinction
in the lensing galaxy following Eigenbrod et al. (2008a): while
images A and B were found to be free of significant redden-
ing, images C and D were corrected using a Cardelli law with
(AV ,RV ) = (0.2 mag, 3.1).

The error on the spectral flux densities is estimated using the
ratios between multiple spectra of the same quasar image ob-
tained on October 29 and 30 2005, the two consecutive observ-
ing nights during which most observations were taken and that
benefit from good seeing and weather conditions. In each wave-
length bin, the relative error on the monochromatic flux density
is taken as the standard deviation of the ratios computed between
all possible pairs of spectra of a given quasar image:

σ(FλX)/FλX ≃ stdev
(

FλX,epoch i/F
λ
X,epoch j , ∀i , j

)

/
√

2

with X = A, B,C,D.
To increase the signal-to-noise, we computed mean near-

infrared spectra of the quasar images (top right panel of Fig. 2).
We discarded the observations made during the cloudy night of
October 26 2005, as well as those acquired with seeing condi-
tions worse than 0.6′′ (see Table A.1). The spectra of quasar
images whose peak is located on slitlets #8 to 10 were also

1 As validation, we used the de Vaucouleurs’ model described in
Anguita et al. (2008) to perform the spectral extraction and obtained
identical results.
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Fig. 2. a) Visible spectra of the four images of QSO2237+0305 acquired on October 11 2005. b) Mean near-infrared spectra obtained by combining
all the valid spectra secured in October 2005. A typical SINFONI image of the QSO2237+0305 system, obtained by integrating the infrared flux
over wavelength, is illustrated in the right panel. c)–f) Zoom on the CIV, CIII], MgII and Hα line profiles, plotted vs. the Doppler shift relative to the
line laboratory wavelength redshifted to the quasar rest-frame. The spectra were rescaled so that their continua superimpose in the neighborhood
of the lines. Vertical dotted lines indicate the positions of the lines in the quasar rest-frame. Hatched surfaces cover the wavelength ranges that
suffer from important atmospheric absorption. The spectra are smoothed in wavelength using a 3-pixel wide median filter.

excluded. We checked that the spectra selected to compute the
mean spectrum of each image were consistent with each other.

2.2. Visible spectra

Visible spectra of QSO2237+0305 were acquired with the FOcal
Reducer and low dispersion Spectrograph (FORS1) mounted on
Unit Telescope # 2 of the VLT under program ID 076.B-0197
(PI: Courbin). A detailed description of the observation strategy
and data reduction can be found in Eigenbrod et al. (2008a). For
our analysis, we solely consider the spectra acquired on Octo-
ber 11 20052. These spectra are illustrated in the top left panel
of Fig. 2. The FORS1 spectra cover the [3800 Å, 8500 Å] wave-
length range, which contains the CIV, CIII] and MgII emission
lines.

3. Microlensing in QSO2237+0305 lensed images

Figure 2 presents the spectra of the four lensed images of
QSO2237+0305. Aside from the obvious brightness differences,
the spectra of the four quasar images exhibit significant line pro-
file differences, highlighted in the bottom panels of Fig. 2 by
rescaling the spectra so that their continua superimpose in the
line’s immediate surroundings. This emphasizes that (part of)
the line emission does not behave like the underlying contin-
uum emission. Since galactic dust extinction affects continuum
and line emission similarly, and in the absence of significant

2 Visible spectra were also acquired on October 1st and October 21st
2005, simultaneously with the SINFONI observations, but they are
found to deviate from the OGLE lightcurve (Eigenbrod et al. 2008a;
Sluse et al. 2011) and are thus discarded.

time delays between the quasar lensed images, gravitational mi-
crolensing stands as the only phenomenon able to affect dif-
ferently the continuum emission coming from the accretion
disk and the broad lines emitted by the (more) extended BLR
(Yonehara et al. 2008). Compared with the nearly flat continuum
spectrum observed in both images C and D, images A and B dis-
play continua with large slopes, owing to chromatic microlens-
ing of the accretion disk (Eigenbrod et al. 2008a).

Prominent microlensing events have been observed in
the optical light curves of QSO2237+0305 images A, B
and C, built from the OGLE long-term monitoring that ex-
tends over a 12-year period (Woźniak et al. 2000; Udalski et al.
2006), whereas no evidence of microlensing has been reported
for image D (e.g., Eigenbrod et al. 2008a; Mediavilla et al.
2015). The long-term (2.2 years) spectroscopic monitoring of
QSO2237+0305 carried out by Eigenbrod et al. (2008a) be-
tween October 2004 and December 2006 supports image D as
the less affected by microlensing. We accordingly assume that
image D is not affected by microlensing and use its spectrum as
the reference quasar spectrum.

Figure 2 shows that the largest differential microlensing ef-
fect through the velocity structure of the lines takes place in im-
age A. We therefore focus on the microlensing effect that affects
that image. In the following subsections, we study the effect of
microlensing on the line profiles using the macro-micro decom-
position (MmD) method and the narrowband technique, which
have the advantage of making no assumption on the line profiles.
The multi-component decomposition (MCD), used in previous
microlensing studies (Eigenbrod et al. 2008a; Sluse et al. 2011),
does not appear to be well suited because this method only in-
volves symmetric Gaussian functions that cannot reproduce the
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asymmetric magnification of the Balmer line profile caused by
microlensing (see Sect. 3.1.2).

3.1. Macro-micro decomposition (MmD)

We use the MmD method (Sluse et al. 2007, 2012; Hutsemék-
ers et al. 2010) to reveal the part of the broad emission line
that is microlensed as the underlying continuum. This decom-
position method interprets the spectral differences caused by
microlensing between two lensed images under the hypothesis
that microlensing affects more strongly the continuum than the
emission line. This assumption seems reasonable considering
that microlensing is size-dependent and that the BLR is (much)
larger than the accretion disk (e.g., Kaspi et al. 2007; Sluse et al.
2011).

MmD assumes that quasar image spectra, here FD and FA,
can be expressed as linear combinations of a spectral component
that is both macrolensed3 and microlensed, FMµ, and a spec-
tral component that is only macrolensed, FM . In image A, FM

is therefore magnified by M, the A/D macro-amplification ratio,
and FMµ by Mµ, µ being the additional magnification caused by
microlensing.

FA = MFM + MµFMµ (1)
FD = FM + FMµ. (2)

By inverting Eqs. (1) and (2), we can infer FM and FMµ from the
spectra of images A and D.

Following Sluse et al. (2011), we fix the macro-amplification
ratio to M = 1, in agreement with the A/D = 1.00 ± 0.10 flux
ratio measured in the mid-infrared (Agol et al. 2000), which is
supposed to be unaffected by microlensing, and in agreement
with macro-model expectations (Schmidt et al. 1998). The value
of the microlensing factor, µ, is determined independently in the
continuum adjacent to each broad line, so that the FMµ compo-
nent includes the whole underlying continuum spectrum.

We emphasize as a caveat that MmD, at a given Doppler
shift, cannot disentangle the case where a part of the line flux
is magnified like the continuum while the other part is not mi-
crolensed at all, from the case where the line flux is microlensed
but less magnified than the continuum, i.e., 1 < µline < µcontinuum

(see Appendix A of Hutsemékers et al. 2010). Nevertheless,
when the line flux is entirely included in FMµ (respectively
in FM) in some Doppler shift interval, it unambiguously indi-
cates that this part of the line profile is magnified like the contin-
uum (resp. not microlensed).

The decompositions of the CIV and Hα line profiles are il-
lustrated in Fig. 3. We discarded the CIII] and MgII line pro-
files from our analysis. The blue wing of CIII] is indeed blended
with AlIII and SiIII] lines and MgII suffers from important atmo-
spheric absorption, preventing any detailed analysis. The high-
ionization CIV line and the low-ionization Hα line show strik-
ingly different MmD decompositions. This visible dissimilarity
is asserted by the remarkably different shifts between the cen-
troids of the FM and FMµ components observed in the CIV and
Hα lines. The Doppler velocity shift of the line profile centroid,
vcentroid is computed as

vcentroid =

∫

F(v) v dv
∫

F(v) dv
(3)

where v is the Doppler velocity shift relative to the line labora-
tory wavelength and F can be either FM , FMµ or FD.

3 We name “macrolensing” the magnification of the quasar image due
to the whole lensing galaxy.
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Fig. 3. Spectrum of quasar image A decomposed into a microlensed
component FMµ (solid blue line) and a component FM (solid black line)
which is supposed to be unaffected by microlensing. The microlensed
part of the line profile, plotted with a solid red line, is obtained by sub-
tracting the continuum from the microlensed component. Continuum
level is indicated by a solid grey line. For clarity, the microlensed spec-
trum (blue line) is shifted up by 0.5 × 10−16 and 1.0 × 10−16 in the left
and right panels respectively. CIV and Hα line profiles observed in im-
age D, which is supposed to be unaffected by microlensing, are plotted
by a dashed gray line. The CIV line profile was corrected for the inter-
vening absorption, clearly visible in Fig. 2c, before applying MmD. The
macro-amplification ratio, M, and the additional magnification caused
by microlensing, µ, determined for each line are indicated. Wavelengths
are expressed in the quasar reference frame and converted into Doppler
velocity shift, relative to the line laboratory wavelength.

3.1.1. The CIV high-ionization line

The CIV line profile is decomposed into a so-called narrow
component seen in FM , and a broad microlensed component
included in FMµ, which is magnified by 3.05 relatively to FM

(left panel of Fig. 3). This decomposition looks noticeably sym-
metric. The microlensed component contains a large part of the
emission line, revealing that the large-amplitude microlensing
effect which magnifies the UV continuum by µcontinuum = 3.05
also affects a large part of the high-ionization emission line.

FMµ includes the whole line flux emitted at velocities
v < −4000 km s−1 and v > 2000 km s−1, which points out that
both the blueshifted and redshifted high-velocity parts of the
CIV line profile are magnified like the continuum. On the other
hand, FM holds a large fraction of the line core. The core of the
CIV line is definitely less microlensed than the underlying con-
tinuum, but we cannot distinguish whether microlensing highly
magnifies a fraction of the emission line core or whether it mag-
nifies the whole core emission less than the continuum. As no-
ticed by Sluse et al. (2011), the FM component has a FWHM
that is larger than 1500 km s−1 and, as a consequence, cannot be
ascribed to the narrow emission line region.

A similar decomposition of the CIV line profile was ob-
tained by Sluse et al. (2011) except that, in the present decom-
position, we corrected CIV for the intervening absorption4 and
subtracted blended iron emission prior to MmD. We used the

4 The CIV absorption system has been identified as (at least) two
clouds on the quasar line-of-sight, likely located in the quasar host
galaxy (Hintzen et al. 1990; Yee & De Robertis 1991). It is hence most
probably not related to the quasar.
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Table 1. Narrowband A/D flux ratios computed in 7 velocity slices sampling the Hα and CIV broad emission lines, along with 1σ-errors.

Narrowband A/D line flux ratios
Band Velocity slice (km s−1) Hα CIV CIV∗

B3 [−10 000,−6000] 2.83 ± 0.05 4.43 ± 0.38 4.05 ± 0.43
B2 [−6000,−4000] 2.23 ± 0.02 3.41 ± 0.13 3.85 ± 0.21
B1 [−4000,−2000] 1.99 ± 0.01 2.77 ± 0.05 3.13 ± 0.08
C [−1000, 1000] 1.84 ± 0.01 2.15 ± 0.02 2.10 ± 0.02

R1 [2000, 4000] 2.74 ± 0.01 3.76 ± 0.12 3.27 ± 0.07
R2 [4000, 6000] 3.07 ± 3.78 4.23 ± 0.39 4.02 ± 0.23
R3 [6000, 8400] 1.98 ± 3.07 / /

Notes. CIV∗ column indicates flux ratios computed in slices defined with respect to the centroid of CIV macrolensed-only component, i.e.,
blueshifted by −797 km s−1 compared with the CIV laboratory wavelength (Sect. 3.1.1).

same multi-component decomposition (MCD) as those authors
to subtract an empirical iron pseudo-continuum template from
the quasar image spectra. As in Sluse et al. (2011), the detailed
shape of the CIV line profile is reproduced by a sum of three
Gaussian components: an absorption component, and a broad
and a very broad emission component. We corrected the CIV
line for absorption by adding the Gaussian absorption profile fit-
ted with MCD.

The centroid of the FMµ component is blueshifted by

v
CIV,FMµ

centroid = −732 ± 52 km s−1 and the centroid of the FM compo-
nent by vCIV,FM

centroid = −773 ± 89 km s−1 5. The absence of significant
relative shift between the FM and FMµ components of the CIV
line confirms the decomposition symmetry. Besides, the Doppler
shifted centroids of the FM and FMµ components are found to be
compatible with the blueshift of the CIV broad emission line in
the spectrum of image D, vCIV,FMµ+FM

centroid = −798 ± 50 km s−1. An
apparent symmetric trend about the line center was also found
by O’Dowd et al. (2011) in the B/A CIV line flux ratio, using
spectroscopic observations of QSO2237+0305 acquired on June
27th, 2006, with the GMOS instrument on the Gemini-South
telescope.

3.1.2. The Hα low-ionization line

As in the CIV line, a large part of the low-ionization emis-
sion line is magnified by a large-amplitude microlensing ef-
fect. However, contrary to the carbon line, the MmD decom-
poses the Hα line into asymmetric components (right panel of
Fig. 3): while the red wing of the Balmer line profile is entirely
included in FMµ and is thus magnified like the continuum by
µline = µcontinuum = 2.45, the line core and the blue wing are
partly contained in both FM and FMµ, which suggests a smaller
amount of microlensing in that part of the line profile.

The centroid of the Hα line in the spectrum of the im-
age D is found to be compatible with a null Doppler shift,
v

Hα,FMµ+FM

centroid = −141 ± 136 km s−1, but we measure a significant

centroid redshift of the FMµ component of the Hα line, vHα,FMµ

centroid =

126 ± 29 km s−1, and an important blueshift of the centroid of

5 The centroids of the CIV broad emission line in the spectrum of im-
age D, and of the microlensed and macrolensed parts of the CIV line
profile, are computed using Eq. (3), respectively with F = FD, FMµ

and FM . FD and FMµ are integrated over the [−10 000, 10 000] km s−1

velocity range and FM is integrated over the [−6000, 6000] km s−1 in-
terval. When integrated over the same velocity range as FD and FMµ,
v

CIV,FM

centroid = −908 ± 173 km s−1.

the FM component, vHα,FM

centroid = −783 ± 17 km s−1 6. The impor-
tant relative shift between FM and FMµ centroids confirms the
asymmetric effect of microlensing in the Hα low-ionization line.

3.2. Narrowband measurements

To achieve a better understanding of the wing/core and red/blue
microlensing effects affecting respectively the CIV and Hα broad
line profiles, the broad emission lines are sliced in velocity
and the A/D line flux ratio is computed in each narrowband.
This technique highlights differential microlensing throughout
the line profile as variations of the line flux ratio.

We divide the broad line profiles into seven velocity slices.
The line flux of quasar images A and D is integrated over each
wavelength slice and its error is obtained by propagation. The
line flux ratios computed at velocities larger than 6000 km s−1

are affected by very large errors because the line flux of image D
reaches zero in that range. Velocity slices and A/D narrowband
flux ratios computed for Hα and CIV are listed in Table 1.

The A/D flux ratio estimated in the intermediate-velocity red
wing (R1) of Hα is about 25% higher than in the intermediate-
velocity blue wing (B1, B2), in agreement with the larger magni-
fication of the Hα red wing unveiled by MmD (Sect. 3.1.2). The
flux ratio computed in the high-velocity part of the Hα blue wing
(B3) is however consistent with the red wing flux ratio, which
suggests that highly blueshifted Hα line emission is magnified
like the red wing, and hence like the continuum.

Consistent with the larger microlensing effect in the high-
velocity part of the CIV wings that is emphasized by MmD
(Sect. 3.1.1), the A/D line flux ratios are found to increase sig-
nificantly at high velocity in both the blue and red wings of the
CIV line. Narrowband flux ratios reveal that the high-velocity
part of CIV blue and red wings are twice as magnified by mi-
crolensing than the line core.

Yet, the flux ratio computed in the blueshifted part of
CIV line profile (B1, B2) is ∼25% smaller than in the corre-
sponding redshifted interval (R1, R2). This red/blue asymmetry
found in CIV flux ratios could be due to the global blueshift
of the line (Sluse et al. 2011). It indeed vanishes when Doppler
shifted velocity bands are defined with respect to the centroid of
the CIV line (CIV* in Table 1).

A minimum line flux ratio is measured in line core (C) for
both the Hα and CIV lines, which suggests the existence of a

6 The centroid of the Hα broad line profile and the centroid of its
microlensed part are obtained by integrating FD and FMµ over the
[−10 000, 8500] km s−1 interval, using Eq. (3). The centroid of the FM

component is computed in the [−8000, 3000] km s−1 velocity range.
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narrow unmicrolensed component, or at least that the microlens-
ing effect is the weakest in the low-velocity part of both the high-
and low-ionization broad lines.

4. Discussion

4.1. Constraints on the BLR structure

We found very dissimilar microlensing effects in the high-
ionization carbon line and in the low-ionization Balmer line. The
CIV broad emission line indeed appears affected by a wing/core
microlensing effect while a red/blue effect is detected in the
Hα line. Given that high- and low-ionization regions are mag-
nified by the same caustic structure, the different microlensing
effects observed through the CIV and Hα lines, especially at in-
termediate velocities, must arise from different geometry and/or
kinematics of the high- and low-ionization regions.

4.1.1. High-ionization region

The part of the caustic structure sampled by an emission region
determines the magnification it experiences. For a given position
on the magnification pattern, the resulting magnification is thus
directly related to the source size and/or the distance between the
source and the caustic(s). Significant magnification is expected
for sources smaller than the Einstein radius of the system, i.e.,
about 50 lt-days (Wambsganss et al. 1990).

The part of the emission line which is strongly microlensed
like the continuum spectrum must then arise from an emitting
region significantly smaller than the Einstein radius. The size of
the accretion disk of QSO2237+0305 has indeed been inferred to
be smaller than 10 lt-days (e.g., Kochanek 2004; Eigenbrod et al.
2008b; Poindexter & Kochanek 2010). This is also in agree-
ment with the 20 lt-day size determined by Sluse et al. (2011)
for the broadest Gaussian component of the CIV line, which in-
cludes the highly Doppler-shifted line flux. Hence, the high pro-
jected velocities of the high-ionization region velocity field are
expected to concentrate in (a) compact region(s), which is/are
likely to be co-spatial in projection with the continuum source,
so that they sample similar region(s) of the caustic pattern.

On the other hand, all or part of the core of the CIV high-
ionization line originates from a less magnified emission region.
O’Dowd et al. (2011) interpreted the smaller magnification of
the low-velocity part of the carbon line as low projected veloc-
ities that coincide with a low-magnification area of the caustic
structure (Fig. 1). This can occur if the low-velocity part of the
high-ionization region is sufficiently distant from the strongly-
magnifying caustic(s) or sufficiently large to sample the low-
magnification region(s) located farther away from the caustic(s).
The former case implies that the low velocities are spatially sep-
arated from the high velocities and from the central accretion
disk, in projection.

In addition, the symmetric amplification of the redshifted and
blueshifted parts of the CIV line profile requests that correspond-
ing receding and approaching velocities sample similar regions
of the caustic pattern, so that they undergo comparable magni-
fication. This condition is trivially fulfilled when the receding
and approaching parts of the velocity field are co-spatial in pro-
jection. Velocity fields with receding and approaching velocities
spatially separated in projection are not completely ruled out but
seem less likely given that caustic structures are highly asym-
metric, so that fine-tuning would be necessary.

Beside the constraints set on the geometry and kinematics of
the CIV emission region by microlensing, a valid model of the

high-ionization region must generate significant blueshift of the
line profile, such as the −800 km s−1 centroid blueshift measured
for the CIV line in the spectrum of image D.

4.1.2. Low-ionization region

MmD suggests that the redshifted wing of the Hα line is mi-
crolensed like the underlying optical continuum, and thus likely
comes from a compact source lying close to the accretion disk to
sample neighboring regions of the caustic pattern. On the con-
trary, the weaker magnification measured in the blueshifted and
low-velocity parts of the line profile indicates that these parts of
the profile are emitted by regions spatially extended and/or sep-
arated from the continuum source.

The red/blue dichotomy of the microlensing magnification
measured through the Hα line implies that the projected receding
and approaching parts of the velocity field sample different ar-
eas of the caustic pattern. This can occur either when approach-
ing velocities cover an extended region while receding velocities
concentrate in a compact region in projection, or when projected
receding and approaching parts of the velocity field are spatially
separated from each other. The latter scenario is encountered in
various BLR models, in particular in rotating velocity fields but
also in radially expanding equatorial wind seen face-on.

Besides, the narrowband flux ratios suggest that the highly
blueshifted part of the Hα line undergoes a magnification com-
parable to the red wing (Sect. 3.2). The high-velocity part of
the Hα blue wing could therefore come from a compact region,
likely located close to the emission region of the highly red-
shifted part of the line profile and the continuum source seen
in projection.

4.2. Comparison with BLR models

The velocity and spatial structures of the BLR have been in-
vestigated for decades without reaching any consensus. Many
models, involving radial outflow, inflow and/or gravitationally-
dominated motions, with various geometries, are discussed in
the literature. Those models generally reproduce a subset of the
observed broad emission line properties. There is accumulat-
ing evidence suggesting that the BLR contains multiple com-
ponents with different kinematics and/or geometrical properties,
to reproduce the complex line profiles exhibited by the broad
emission lines (e.g., Popović et al. 2004; Richards et al. 2011;
Gaskell & Goosmann 2013; Denney et al. 2009) or to account
for the different properties of high- and low-ionization lines (e.g.,
Baskin & Laor 2005; Shang et al. 2007).

In the following subsections, we confront the constraints on
the CIV and Hα emitting regions derived from microlensing
(Sect. 4.1) to various BLR models described in the literature.
Consistent models are then considered in the context of a global
picture of the BLR (Sect. 4.3).

4.2.1. Keplerian disk

Observational evidence – From the current, widely accepted,
paradigm that the tremendous amounts of energy radiated by
quasars are produced by a supermassive black hole fed by
an accretion disk, follows the idea of a flat, gravitationally-
dominated, BLR. Disk models are supported by the detection
of double-peaked Balmer lines in a few active galactic nuclei
(e.g., Perez et al. 1988; Eracleous & Halpern 1994). Yet, single-
peaked broad emission line profiles are usually observed, which
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Fig. 4. Emission regions of the highly blueshifted, highly redshifted, and low-velocity line flux, illustrated for different BLR models: a polar wind
with a conical shell geometry (rows 1 and 2), an equatorial wind (row 3), and a Keplerian disk (row 4). The winds are radially accelerated. Their
radial outflow is plotted in the left side of the outflow panel, in the plane of the observer line-of-sight for readability. The velocity fields are mapped
with vectors, whose length is representative of the speed. Velocity slices are highlighted on the line profile drawn in the top of the figure, and the
area of the BLR velocity field with matching projected velocities are plotted in the corresponding column. This figure is based on simulations of
the emissivity of different BLR models, which will be the subject of a future paper.

does not preclude the line from forming in a disk, provided that
the emitting disk axis is seen at low inclination or that a part of
the line core comes from a physically and kinematically different
region (e.g., Popović et al. 2004; Murray & Chiang 1997). The
line core that partly arises from an extended emission region can
especially account for the microlensing magnification dropping
in the low-velocity part of both the CIV and Hα lines.
Agreement with the wing/core effect in CIV? In virial/Keplerian
kinematics, the highest velocities are found at the innermost
radii, close to the continuum source. The lower panels of Fig. 4
indeed show that the highest-velocity parts of the line blue and
red wings come from the most compact, innermost, regions,
whereas the line core arises from a much larger region. This
is consistent with the requirement that the core of the CIV line
emerges from a more extended source than the high-velocity part
of the wings (Sect. 4.1.1). However, in Keplerian disks, the ap-
proaching and receding parts of the velocity field are spatially
separated, which cannot produce symmetric microlensing about
the line center, except for specific caustic configurations. In addi-
tion, pure virial/Keplerian dynamics cannot produce a significant

shift in the line profile, which argues against a virialized high-
ionization region.
Agreement with red/blue effect in Hα? A Keplerian disk matches
all the contraints on the low-ionization region derived from mi-
crolensing (Sect. 4.1.2): the red/blue magnification dichotomy
naturally arises from the spatial separation between negative and
positive velocities and, since innermost radii rotate at highest
velocity, regions emitting the most Doppler blueshifted and red-
shifted parts of the Balmer line are located close to each other
and to the continuum source in projection.

4.2.2. Outflow

Observational evidence – An accelerating outflow is usually in-
voked to explain the existence of broad absorption line quasars.
An outflow with an obscured receding part also constitutes a
popular interpretation for high-ionization emission line shifts
(e.g., Richards et al. 2002; Baskin & Laor 2005).

We investigate two outflow models: a polar outflow
with a conical shell geometry and an equatorial outflow.
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QSO2237+0305 axis is supposed to be seen within 50◦ inclina-
tion (Poindexter & Kochanek 2010). We assume that the line-of-
sight does not cross the wind so that it is only seen in emission.

A. Equatorial outflow

As in the Keplerian disk, the approaching and receding parts
of the radially expanding equatorial wind appear spatially sepa-
rated in projection, when seen at intermediate inclination (Fig. 4,
third row of panels). However, unlike the Keplerian disk, the ex-
tremely blueshifted and redshifted parts of the line come from
regions that are located away from each other and from the con-
tinuum source, and are thus unlikely to be similarly magnified.
Agreement with the wing/core effect in CIV? The comparable
magnification of the negative and positive velocities, which are
spatially separated in projection, along with the similar magni-
fication of the continuum source and of the distant emission re-
gions that produce the high-velocity part of the blue and red line
wings, necessitate a properly oriented, symmetric, caustic pat-
tern. Hence, an equatorial outflow could, but is unlikely to re-
produce the wing/core effect in the CIV line.
Agreement with the red/blue effect in Hα? The spatial separa-
tion between the part of the equatorial outflow that approaches
the observer and the part that recedes is consistent with the
red/blue dichotomy of the magnification in the Balmer line. Yet,
the large distance between the continuum source and the region
from which the highly-redshifted part of the line profile origi-
nates, especially in an accelerating outflow, requires a fine-tuned
caustic pattern to magnify these regions similarly, while less af-
fecting the approaching part of the outflow.

B. Polar outflow

In radial outflow, the highest approaching and receding veloc-
ities are located along the line of sight. Highly blueshifted and
redshifted parts of the line wings then emerge from regions close
to each other and to the continuum source in projection. As il-
lustrated in the first row of panels of Fig. 4, the spatial separa-
tion between those regions emitting the high-velocity part of the
line’s blue and red wings is small compared with their exten-
sion, and they even appear partly co-spatial for line of sights that
graze the wind conical shell. While high velocities concentrate
in limited regions of the BLR, lower velocities cover larger re-
gions in projection and are therefore less prone to microlensing
magnification. Although we address type 1 line of sights in this
analysis, we note that corresponding positive and negative veloc-
ities appear to superimpose in projection when the polar wind is
seen edge-on (see the second row of panels of Fig. 4), so that
only symmetric magnification of the blue and red line wings can
occur.
Agreement with the wing/core effect in CIV? A polar wind seen
at grazing incidence fulfills all the constraints on the geometry
and kinematics of the CIV high-ionization region (Sect. 4.1.1).
Symmetric magnification patterns are also exclusively observed
when the polar wind is seen at sufficiently high inclination. Fur-
thermore, partial obscuration of the receding part of the outflow
by material in the equatorial plane provides a natural explanation
for high-ionization line blueshifts.
Agreement with the red/blue effect in Hα? The polar outflow fa-
vors symmetric magnification of the line profile and thus cannot
reproduce the microlensing signal observed in the Hα broad line.

4.2.3. Inflow

Observational evidence – Velocity-resolved reverberation map-
ping measurements performed in a handful of AGNs have

revealed that a variation of the red wing of high-ionization line
profiles generally precedes a variation of the blue wing (e.g.,
Gaskell 1988; Crenshaw & Blackwell 1990; Ulrich & Horne
1996). Gaskell & Goosmann (2013) interpret these results as the
signature of inflowing material that scatters a fraction of the line
emission, coming from an inner gravitationally-dominated re-
gion, into the observer’s line-of-sight and towards bluer wave-
lengths. The addition of direct and scattered light results in a
blueshifted line profile, skewed to the blue. The inner source
of line emission must be significantly more compact than the
surrounding scattering inflow in order to produce significant
blueshift. The negligible blueshift of the low-ionization lines is
then explained by their emission at larger radii from this inner
source.
Agreement with the wing/core effect in CIV? In this model, the
most blueshifted line emission comes from an extended scat-
tering region while the line red wing originates from the inner
Keplerian disk, which is the source of direct line emission, close
to the continuum source. Hence, the regions producing the most
blueshifted and redshifted parts of the high-ionization line pro-
file are located away from each other and likely sample distant
areas of the caustic pattern, which disagrees with the constraints
set by microlensing (Sect. 4.1.1).
Agreement with the red/blue effect in Hα? Assuming that the in-
flowing material scatters a negligible part of the low-ionization
emission line, the low-ionization region just behaves like a
Keplerian disk and conclusions are identical to Sect. 4.2.1.

4.3. The global picture

Similarly to the results found for the lensed quasar HE0435-
1223 (Braibant et al. 2014), a Keplerian disk nicely fits the con-
straints on the low-ionization region derived from the microlens-
ing signal detected in the Hα broad emission line (Sect. 4.2.1).
An equatorial wind cannot be completely ruled out, but involves
fine-tuned caustic configurations to magnify the red wing of the
Hα line like the continuum without magnifying the blue wing.

On the other hand, the symmetric magnification of the
CIV high-ionization line favors a polar wind (Sect. 4.2.2). A
Keplerian disk or an equatorial wind can also match the mi-
crolensing effect detected in the carbon line, but they require a
properly oriented symmetric caustic structure. Moreover, wind
models advantageously provide a straightforward interpretation
of the high-ionization line blueshifts. O’Dowd et al. (2011) in-
terpreted the symmetric trend observed in the B/A magnifi-
cation ratio through the CIV line as the signature of an out-
flow gravitationally-dominated at small radii. Disk-wind models
or coexistence of gravitationally bounded and radiation driven
CIV emission line regions have indeed been proposed by sev-
eral authors (e.g., Chiang & Murray 1996; Wang et al. 2011;
Richards et al. 2011). These combinations of outflow and viri-
alized motions can reproduce both the line blueshift and the
symmetric microlensing effect observed in the CIV line. Nev-
ertheless, the polar outflow has the advantage of interpreting the
wing/core microlensing pattern measured in CIV without need
of a specific caustic pattern and conforms to the requirement that
the geometry and/or kinematics of the high-ionization region dif-
fer from the low-ionization region, best modeled by a Keplerian
disk (Sect. 4.1).

Such a scenario has been proposed by Baskin & Laor (2005),
who explored the relation between the Hβ and CIV lines. Those
authors suggest that a large relative accretion rate, L/LEdd,
could drive a lower density outflow that would contribute
mostly to high-ionization lines while low-ionization lines might
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originate from denser lower-ionization gas lying deeper within
the BLR structure, less affected by radiation pressure and mostly
dominated by gravity.

5. Conclusion

We found that gravitational microlensing magnifies the blue and
red wings of the Hα low-ionization line differently, while it sym-
metrically magnifies the high-ionization CIV broad emission
line. Since the high- and low-ionization regions are magnified
by the same caustic structure, very different microlensing ef-
fects must be due to different kinematics and/or geometry of the
high- and low-ionization gas. We argue that the asymmetric mi-
crolensing magnification observed through the Balmer line pro-
file favors a Keplerian kinematics for the low-ionization region.
In turn, the symmetric microlensing magnification in CIV favors
a polar wind model for the high-ionization region.

We emphasize that a similar red/blue microlensing magnifi-
cation has been detected in the Balmer broad emission line of
the image D of the HE0435-1223 gravitationally lensed quasar
(Braibant et al. 2014), which makes the interpretations involving
caustic fine-tuning less likely and further supports the Keplerian
disk model for the low-ionization region. By contrast, the polar
wind model is the only one that leads to comparable magnifica-
tion of the very blueshifted and redshifted parts of the line profile
when seen at intermediate inclination, whatever the magnifying
caustic structure. Among the 18 quasars for which microlens-
ing of the high-ionization lines is observed (Richards et al. 2004;
Sluse et al. 2012; Guerras et al. 2013), only SDSS J1004+4112
shows a significant differential magnification of the blue and red
wings in the CIV line profile; if indeed caused by microlensing,
this could constitute an important blow to high-ionized gas flow-
ing as a wind. Further study of this object is badly needed. Still,
most systems show no clear differential microlensing and/or a
small amount of microlensing in their high-ionization line pro-
files and thus set no constraint on the high-ionization region ge-
ometry and kinematics.

In the previous paragraph, we implicitly assumed that all
quasars, including the Einstein cross, are similarly constituted.
If so, BLR models can be statistically tested by studying large
amplitude microlensing effects on the high- and low-ionization
lines in other lensed systems. Moreover, better insight into the
BLR structure can be achieved by observing the temporal evo-
lution of the line profile distortions caused by microlensing, in
particular because this enables us to rule out fine-tuned caustic
configurations.
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Appendix A: Observing conditions during near-infrared spectrum acquisition

Table A.1. Near-infrared observations of the lensed quasar, QSO2237+0305, with the SINFONI Integral Field Spectrograph at ESO-VLT (pro-
gram ID 076.B-0607, principal investigator: Courbin).

Civil date Time [UT] Seeing[′′] Airmass Sky
01-10-2005 1h51 0.64 1.162 clear
01-10-2005 2h23 0.64 1.136 clear
02-10-2005 0h43 0.84 1.299 clear
02-10-2005 1h14 0.98 1.216 clear
02-10-2005 1h54 0.64 1.155 clear
14-10-2005 0h02 0.60 1.279 clear
14-10-2005 0h34 0.61 1.203 clear
14-10-2005 0h44 0.61 1.184 clear
14-10-2005 1h28 0.59 1.138 clear
15-10-2005 0h13 0.88 1.239 clear
15-10-2005 0h45 0.90 1.177 clear
15-10-2005 23h51 0.60 1.290 clear
16-10-2005 0h22 0.54 1.210 clear
17-10-2005 0h02 1.14 1.247 not available
17-10-2005 0h33 0.94 1.183 not available
18-10-2005 0h17 0.47 1.204 clear
18-10-2005 0h49 0.47 1.157 clear
19-10-2005 0h13 0.66 1.204 clear
19-10-2005 0h45 0.57 1.157 clear
23-10-2005 0h55 0.45 1.137 clear
23-10-2005 1h26 0.51 1.134 clear
23-10-2005 1h44 0.45 1.141 clear
23-10-2005 2h16 0.43 1.174 clear
24-10-2005 23h59 0.50 1.187 almost clear
25-10-2005 0h30 0.41 1.148 almost clear
25-10-2005 0h51 0.33 1.136 almost clear
25-10-2005 1h23 0.33 1.135 almost clear
26-10-2005 0h19 0.57 1.156 clouds
26-10-2005 0h50 0.70 1.135 clouds
28-10-2005 23h54 0.41 1.171 clear
29-10-2005 0h26 0.57 1.140 clear
29-10-2005 0h36 0.42 1.135 clear
29-10-2005 1h08 0.41 1.135 clear
29-10-2005 23h55 0.49 1.165 clear
30-10-2005 0h27 0.41 1.138 clear
30-10-2005 0h37 0.39 1.134 clear
30-10-2005 1h09 0.45 1.137 clear
30-10-2005 1h51 0.49 1.162 clear
30-10-2005 2h22 0.49 1.239 clear
30-10-2005 2h33 0.47 1.267 clear
30-10-2005 3h05 0.55 1.377 clear
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6.3 Complementary notes

6.3.1 The microlensed part of the line profiles in images B and C revealed by MmD

Beside the large-amplitude microlensing effect detected in the lensed image A, there are also strong evidence for

smaller-amplitude microlensing in images B and C, not discussed in the paper. Both images A and B display different

slopes of the continuum spectrum compared to images C and D (see Fig. 2a in the paper), that can only be ascribed

to chromatic microlensing of the continuum given the very small time delays between the quasar images in this

system. The chromatic microlensing of the continuum in images A and B has been used by Eigenbrod et al. [2008b]

to constrain the temperature profile of the quasar accretion disk. Furthermore, like image A, images B and C show

spectral differences with respect to image D, in particular smaller line/continuum ratios. These are highlighted in

Fig. 2c-f of the paper by rescaling all the continua such that they superimpose in intervals adjacent to each line profile.

In the absence of microlensing, the line profiles would also superimpose. Images A, B, and C instead exhibit line

profiles that appear weaker relatively to the continuum than in the spectrum of image D.

The MmD of the CIV, CIII], MgII, and Hα broad emission lines in the spectra of the microlensed images A, B, and

C are displayed in Fig. 6.1. MmD was applied to the visible spectra acquired on October 11-12th 2005 with the FORS1

spectrograph (ESO-VLT), and to high signal-to-noise median near-infrared spectra computed using SINFONI data

secured during October 2005. The strong magnifying microlensing effect detected in image A affords a higher signal-

to-noise spectrum, producing higher signal-to-noise MmD. On the contrary, the weaker microlensing magnification

in images B and C induces smaller spectral differences with respect to image D and noisier MmD. The A/D and

C/D macro-amplification ratios M are fixed to the flux ratios A/D= 1.00 ± 0.15 and C/D= 0.59 ± 0.12 measured in

mid-infrared [Agol et al., 2000]. For the (B,D) pair of images, it is not possible to obtain MmD of the CIV, MgII,

and Hα lines that verify FMµ ≥ F c when fixing M to the flux ratio B/D= 1.11 ± 0.16 measured in the mid-infrared

[Agol et al., 2000]. The value of M is then determined as the largest value verifying FMµ ≥ F c, and is found to be

M = 1.02 in CIV, M = 1.11 in CIII], and M = 0.90 in the MgII and Hα low-ionization lines.

Images A and C show very similar MmD of the CIV and CIII] emission lines: for both carbon lines, the microlensed

part FMµ includes the wings and a fraction of the core of the lines while the rest of the line core belongs to the

macrolensed-only component FM . An important atmospheric absorption prevents any analysis of the detailed shape

of the MgII line. Asymmetric microlensing effects are clearly detected through the Hα line profile in images A and

C: microlensing only magnifies the red wing of the Hα line in image A, whereas it only magnifies the blue wing in

image C. In the mean time, the microlensing effect that is affecting quasar image B only magnifies the high-velocity

part of the CIV and CIII] line wings while the core of the lines is not microlensed. The MmD of the Hα line in the

lensed image B, using a macro-amplification ratio smaller than the mid-infrared flux ratio, indicates that the line blue

wing is not microlensed while its red wing is magnified by microlensing. However, the MmD results in an artificially

large red wing component included in FMµ, and in a negative component in FM (see bottom center panel of Fig. 6.1).

This could be due to the red wing of the Hα line being more magnified by microlensing than the continuum. Indeed,

considering a wavelength range in which the line flux is microlensed, i.e., F l,M = 0, and more magnified than the

continuum, i.e., µline > µcontinuum, Eq. (4.7) and (4.8) gives FMµ > F c + F l,µ and FM < 0. This is supported by the

B/D flux ratio illustrated in Fig. 6.2, that is larger in the redshifted part of the Balmer line than in the continuum.

Hence, in spite of the low-amplitude microlensing effect observed in image B at the Hα wavelength, the differential

magnification of the blue and red wings of the Balmer line profile constitutes a robust result.

Although the microlensed part of the line profiles and the amplitude of the magnification induced by microlensing

vary between images A, B, and C, the CIV and CIII] high-ionization lines always appear symmetrically affected by

microlensing whereas the Hα ionization is asymmetrically magnified in those three microlensed images. The similar

effects of microlensing, respectively on the high- and low-ionization lines, observed in images A, B, and C, suggest
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that they are quite independent of the exact caustic pattern, which varies between the different lensed images, and

thus mainly depend on the BLR structure.

6.3.2 The multi-component decomposition

The MmD of the CIV and CIII] line profiles illustrated in Fig. 6.1 were obtained after correcting the CIV line profile

for intervening absorption, and CIII] for contamination by AlIII and SiIII] emission lines. This was done following

the multi-component decomposition (MCD) approach implemented in Eigenbrod et al. [2008a] and Sluse et al. [2011].

This technique decomposes the quasar spectrum into (i) a power-law continuum, (ii) a pseudo-continuum due to the

merging of FeII and FeIII emission, and (iii) broad emission lines modeled by Gaussian mixtures. The blended iron

emission is modeled with the template empirically derived by Sluse et al. [2011] from the FORS spectra of image D

obtained between October 13th 2004 and December 6th 2005. Atmospheric absorption windows, i.e. [7600, 7700] Å,

and [8085, 8500] Å in the observer rest-frame, are excluded from the adjustment.

The goal of the MCD is to decompose the emission lines into multiple emission components differentially magnified.

The MCD technique was applied to both the visible and near-infrared spectra acquired for the QSO2237+0305 system.

Following Sluse et al. [2011], the CIV λ1549 and CIII] λ1909 lines are modelled by a sum of three Gaussian functions

to reproduce the detailed shape of the line profile. Other emission lines are modeled with a single Gaussian function.

The CIV line profile is fitted by two emission components and an absorption component ; the CIII] line is fitted by

three emission components. The mixture of three symmetric Gaussian functions used to model the different emission

components in each broad emission line however fail to reproduce the two asymmetric, differentially microlensed,

components of the Hα line profile unveiled by MmD. The following analysis, complementing MmD results, hence

focuses on the visible spectra and the high-ionization CIV line that they contain.

Visible spectra were first shifted to the zs = 1.695 quasar rest-frame, thus to the UV-Optical (UVO) domain.

The spectra of the four quasar images are assumed to contain the same spectral components, with brightnesses that

can vary from one lensed image to the other due to macro- and microlensing. Moreover, the power-law continuum

is allowed to be rescaled by a factor that is a linear function of λ to account for the chromatic microlensing that

can occur over a large wavelength range. All the spectral components are then fitted together, simultaneously on the

spectra of the four quasar images.

The best fit obtained for the quasar lensed image D of QSO2237+0305 is illustrated in Fig. 6.3. Best fit parameters

of the MCD are listed in Table 6.1. The errorbars indicate the scatter between the results obtained by applying the

MCD to the FORS spectra that were obtained on October 1st, 11th and 21st, 2005 [Eigenbrod et al., 2008a] (with

the caveat that the observations taken on October 1st and 21st are not fully consistent with OGLE lightcurves).

Parameters without errorbars were fixed for all epochs. The widths of the Gaussian components of the CIII] line were

especially fixed to the values determined by Sluse et al. [2011] using an averaged emission line profile, constructed by

combining observations secured at different epochs. The result of the fit is used to correct CIV for the absorption

component, and CIII] for the AlIII and SiIII] lines blended with its red wing (Sect. 6.3.1).

Both the CIV and CIII] lines are decomposed into three Gaussian components of increasing width: a narrow

component, which is a narrow absorption component (AC) in CIV and a narrow emission component (NC) in CIII], a

broad emission component (BC) and a very broad emission component (VBC). The components of the CIV and CIII]

line profiles exhibit similar FWHMs. The absence of significant shift between the different Gaussian components of

the carbon lines supports a symmetric magnification of those high-ionization lines. Interestingly, the CIV and CIII]

lines display an apparently linear correlation between the A/D flux ratio and the width of the spectral components.

Fig. 6.4 plots the A/D ratio between the peaks of the Gaussian functions fitted on images A and D, as a function of

their full width at half maximum (FWHM). CIV and CIII] appear to display consistent relations between the A/D

flux ratio and the FWHM. This might be evidence that both lines form in the same region. In agreement with MmD,
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atmospehere

Figure 6.1: MmD applied separately to the CIV, CIII], MgII, and Hα broad line profiles included in the visible and
near-infrared spectra of the lensed quasar Q2237+0305. Image D is taken as the “unmicrolensed” reference, to which
images A, B, and C are compared.
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Figure 6.2: The flux ratio between images B and D through the Hα line profile.

Table 6.1: Multi-component decomposition of QSO2237+0305 visible (UVO in quasar rest-frame) spectra. The
errorbars indicate the scatter between different epochs of observation in October 2005. In the upper part of the table,
Col. 2 gives the power-law index αλ of the fitted power-law UVO continuum. Col. 4-6 give the flux ratio computed
between the power-law continuum components of the different lensed images at the wavelength λ0, specified in Col. 3.
In the lower part, Col. 2 gives the full width at half maximum (FWHM) of the Gaussian components adjusted on
the different emission lines, and Col. 3 gives the centroid λc of those components. The line components are tagged
in Col. 1. While the shape of each line component is simultaneously fitted for all the images composing the lensed
system, its amplitude is allowed to vary from image to image. The corresponding flux ratios are indicated in Col. 4-6.

Power-law continuum:
αλ λ0 (Å) A/Dλ0

B/Dλ0
C/Dλ0

UV O cont. −0.65 ± 0.10 1450 2.95 ± 0.05 1.70 ± 0.04 0.92 ± 0.10
1900 2.87 ± 0.07 1.58 ± 0.05 0.94 ± 0.10

Broad emission lines:
FWHM (km/s) λc (Å) A/D B/D C/D

CIV BC 3087 ± 117 1547.1 ± 0.1 1.62 ± 0.11 0.95 ± 0.04 0.65 ± 0.03
CIV VBC 8429 ± 615 1544.0 ± 0.6 4.04 ± 0.01 1.44 ± 0.11 0.85 ± 0.09
CIV AC 1065 ± 41 1549.0 ± 0.1 2.97 ± 0.41 1.22 ± 0.06 0.91 ± 0.09
CIII] NC 1545 1907.7 ± 0.1 1.30 ± 0.01 1.06 ± 0.03 0.78 ± 0.02
CIII] BC 3400 1912.0 ± 0.1 1.89 ± 0.05 0.98 ± 0.07 0.64 ± 0.11
CIII] VBC 8550 1910 4.30 ± 0.25 1.65 ± 0.21 1.31 ± 0.10
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Figure 6.3: Multi-component decomposition of the visible (UVO, in the quasar rest-frame) spectrum of the image D
of QSO2237+0305. The continuum spectrum is modeled by a power-law. The iron emission is reproduced using the
empirical iron template built iteratively by Sluse et al. [2011] from a dozen of spectra obtained between October 2004
and December 2005 with the FORS1 instrument of the Very Large Telescope (ESO). Broad emission lines are modeled
as a mixture of Gaussian functions. The lower panels illustrate (from left to right) the decomposition of the CIV
and CIII] broad lines into three Gaussian components. The CIII] line is decomposed into narrow (NC), broad (BC)
and very broad (VBC) emission components. The CIV line profile is reproduced by the superposition of a narrow
absorption component (AC), and of broad (BC) and very broad (VBC) emission components. The SiIII] and AlIII
lines that contaminate CIII] are modeled as single Gaussians.
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Figure 6.4: A/D flux ratio vs. FWHM of the gaussian emission components into which the CIV and CIII] broad
emission line profiles were decomposed. Values are listed in Table 6.1.

the high-velocity component corresponds to larger A/D flux ratio, and thus larger microlensing magnification, than

the low-velocity component. This suggests that the highest velocities concentrate in a more compact region than low

velocities. In images B and C, a significant increase of the B/D and C/D flux ratio is only observed between the

NC/BC and the VBC for both CIV and CIII].

6.3.3 Conclusions

Both the MmD (Sect. 6.3.1) and the MCD (Sect. 6.3.2) agree on the symmetry of the effect of microlensing on the

high-ionization carbon lines, as well as on the larger magnification of the high-velocity part of the line wings compared

with the line core. We stress that the decomposition of the line profile into Gaussian components is empirical and

does not necessarily isolate emission coming from physically different regions. Nevertheless, the MmD and MCD

consistently conclude that the high-velocity part of the CIV and CIII] lines experiences a notably larger magnification

than the low-velocity part due to microlensing, indicating that the high-velocity part of the high-ionization region

velocity field concentrates in a small region while lower velocities cover more extended area. Besides, the compatible

increase of the A/D line flux ratio with the FWHM of the Gaussian components of the CIV and CIII] emission lines,

along with the similar MmDs obtained for those lines, suggest that both lines arise from the same emission region.
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Overview of Part III

Overview of Part III

Microlensing measurements have unveiled that the broad emission lines are in general weakly microlensed and display

various symmetric and asymmetric distortions of their profiles [Richards et al., 2004, Wayth et al., 2005, O’Dowd

et al., 2011, Sluse et al., 2011, 2012, Guerras et al., 2013, Braibant et al., 2014, 2016]. The deformations of the broad

emission lines depend on the spatial and velocity structures of their emission regions, and thus constitute a useful

tool to constrain the structure of the BLR. Reconstructing the BLR from the microlensing signal remains a complex

task given that the line profile distortions induced by microlensing depend on the magnification pattern as well, which

cannot be directly observed and may be an intricate caustic network.

Efforts for modeling the effect of microlensing on the broad emission lines have already been made considering the

revised BLR scales obtained from reverberation mapping [Abajas et al., 2002, 2007, Lewis and Ibata, 2004]. This part

of the thesis extends those works by taking into account not only realistic BLR sizes but also the recent observations

of the line flux magnification and line profile distortions caused by microlensing. The first purpose of the study is

to determine whether it is possible to discriminate between BLR models based on microlensing-induced line profile

distortions. Special interest will be given to the probability of the different BLR models to give rise to either symmetric

or asymmetric microlensing effects on the line profiles, considering different caustic networks. The second stage consists

in the modeling of the microlensing effects observed in the HE0435-1223 and QSO2237+0305 lensed systems, which

were presented in detail in the previous chapters. Measurements of the microlensing-induced distorsions observed in

the Hα line profile of HE0435-1223D and in the CIV and Hα lines of QSO2237+0305A are then used as constraints

to discriminate between BLR models.

Modeling the effect of gravitational microlensing on broad emission line profiles is a two-step process that involves,

first, to simulate the emission of the BLR at different wavelengths for several lines-of-sight (Chap. 7) and then to

convolve each monochromatic snapshot of the BLR by caustic structures that model the spatially inhomogeneous

microlensing magnification (Chap. 8). General results are discussed in Chap. 9. Modeling is then confronted to real

measurements obtained for two quadruply imaged quasars: HE0435-1223 (Chap. 10) and QSO2237+0305 (Chap. 11).

The results obtained from modeling the microlensing-induced distortions of the line profiles for different BLR ge-

ometries and kinematics, and from the confrontation between modeling and actual microlensing measurements are

summarized in Chap. 12.
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7

MODELING THE BROAD EMISSION LINE

REGION

7.1 Method

Microlensing-induced line profile deformations are commonly observed in the spectra of gravitationally lensed quasars.

To study how information about the BLR structure can be retraced from those line profile distortions, BLR mi-

crolensing is simulated through convolution of representative BLR models with microlensing magnification maps. The

emission of the BLR at different Doppler velocity shifts is modeled using the Monte Carlo radiative transfer code

STOKES developed by René Goosmann and Frédéric Marin [Goosmann and Gaskell, 2007, Marin et al., 2012, Goos-

mann et al., 2014, ?]. STOKES is a flexible code that allows the definition of an emission region with a parametrizable

cylindrical or conical geometry, and a 3D velocity field.

7.1.1 The geometry of the BLR

Differential magnification of the blueshifted and redshifted parts of broad emission lines, due to microlensing, has been

observed in several lensed systems [Richards et al., 2004, Sluse et al., 2012, Braibant et al., 2014, 2016]. Spherically

symmetric models are therefore discarded from this analysis since negative and positive velocities superpose on the

line-of-sight, preventing any asymmetric magnification.

BLR models commonly invoked in literature are represented using three simple geometries and kinematics: a

radially expanding polar wind, an equatorial wind, and a Keplerian disk. The geometries of those different models

are illustrated in Fig. 7.1. The emission region is optically thin. The conditions of temperature and ionization that

enable line emission are supposed to be reached at some distance from the central ionizing continuum source. This

is mimicked by an “inner BLR radius”, rin, that confines the line-emitting gas to a shell centered on the continuum

source. The inner radius of the BLR is used as a reference scale in the definition of the spatial and velocity structures

of the BLR model.

7.1.2 The velocity field of the BLR

In addition to its geometry, the 3D-velocity field of the emission region can be parametrized. The parametrization of

the radial, vr, and azimuthal velocity, vφ, have been modified in the STOKES code so that these velocities vary as a
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Figure 7.1: Geometries of the BLR models investigated. STOKES allows to parametrize cylindrical and conical emission
regions. The thin Keplerian disk geometry is obtained by taking a height much smaller than the outer radius rout

(upper left). The polar wind geometry is a thin hollow bicone with an opening angle going from α1 = 45◦ to α2 = 60◦

(right). The equatorial wind geometry is built using the same conical geometry as for the polar wind but with α1 = 75◦

and α2 = 90◦, resulting in a flared disk with an opening angle of 30◦ (lower left). In this illustration, the models are
seen nearly “edge-on”, but STOKES secures the emission of those models for all inclination i of the line-of-sight, defined
relative to their symmetry axis.
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function of the radial distance, r. The new parametrization is

vr(r) = v∞ (1 − rf /r)β
, (7.1)

vφ(r, i) = vφ,0 sin(i)

√

rin

r
. (7.2)

The radial velocity law, given by Eq. (7.1), is taken from the description of a wind driven out of the accretion disk by

Murray et al. [1995]. Large radial acceleration occurs at small radii. The terminal velocity then increases smoothly to

reach the velocity at large distance, v∞. β is fixed to 0.5 and the wind launching radius rf is supposed slightly smaller

than the inner radius of the BLR: rf = 0.95rin. The azimuthal velocity, given by Eq. (7.2), evolves with both the

radial distance and the inclination, i, as the pseudo-Keplerian motion defined in Goad et al. [2012]. Maximum velocity,

vφ,0, is reached at the inner radius. The variation of the radial and azimuthal velocities with the radial distance are

shown in Fig. 7.2.

7.1.3 The emissivity of the BLR

The Monte Carlo radiative transfer code STOKES starts the simulation of a photon journey by randomly sampling

its initial position within the volume of the emitting region (here the BLR). The Monte Carlo method is used to

generate a random event x, characterized by a probability density distribution p(x) defined on the interval [0, xmax].

The sampling equation relates a number t, uniformly and randomly sampled in the [0, 1] interval, to x through its

cumulative distribution function (CDF) P (x) =
∫ x

0
p(x′) dx′ :

t = P (x) =

∫ x

0
p(x′) d(x′)

∫ xmax

0
p(x′) d(x′)

. (7.3)

The value of x as a function of t is obtained by inverting this equation.

In its basic version, STOKES assumes a constant density of the emitting material. In agreement with Abajas et al.

[2002, 2007], this has been modified to account for the variation of the emissivity as a power law of the radial distance:

ǫ(r) = ǫ0 (r/rin)−q. Since the emissivity is assumed to only depend on the radius, this only impacts the sampling

equation for the initial radial coordinate r of the photon. In a cylindrical geometry, the CDF of the emission radius,

rem, of a photon is

P (rem) =

∫ 2π

0

∫ h/2

−h/2

∫ rem

rin
ǫ0 (r/rin)−q r dr dz dφ

∫ 2π

0

∫ h/2

−h/2

∫ rout

rin
ǫ0 (r/rin)−q r dr dz dφ

, (7.4)

where (r, φ, z) are the radius, azimuthal angle and height that define the position in a cylindrical coordinate system.

This yields to a sampling equation for the radial distance of the emission that is given by

rem =
(

t r2−q
out + (1 − t) r2−q

in

)1/(2−q)

for q 6= 2 ,

= rin (rout/rin)t for q = 2 . (7.5)

For the outflow models, that are naturally described in a spherical coordinate system (r, φ, i), the CDF of the

emission radius is

P (rem) =

∫ 2π

0

∫ α2

α1

∫ rem

rin
ǫ0 (r/rin)−q r2 sin i dr di dφ

∫ 2π

0

∫ α2

α1

∫ rout

rin
ǫ0 (r/rin)−q r2 sin i dr di dφ

. (7.6)
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Figure 7.2: Left: evolution of the radial velocity, vr, and azimuthal velocity, vφ, with the radius, r. Right: radial
variation of the BLR emissivity as ǫ(r) = ǫ0 (r/rin)−q for different values of the power-law exponent q.

Hence, the sampling equation of the emission radius of a photon in a polar or equatorial wind is

rem =
(

t r3−q
out + (1 − t)r3−q

in

)1/(3−q)

for q 6= 3 ,

= rin (rout/rin)t for q = 3 . (7.7)

rin and rout are respectively the inner and outer radii of the BLR (Fig. 7.1).

Photoionization calculations performed for different broad emission lines by Goad et al. [2012] suggest 1.5 < q < 3.

In their modeling, Abajas et al. [2002] used q = 1.5. Direct disk illumination by a central source corresponds to q = 3

and is widely used in literature [e.g., Eracleous and Halpern, 1994, Rokaki and Boisson, 1999, Bon et al., 2009]. As a

first step, q is fixed to 3. Fig. 7.2 shows that, when the emissivity decreases with the radius as r−3, most of the line

emission occurs within 5 rin and becomes negligible at a distance of 10 rin. The emission of the BLR is thus simulated

between rin and rout = 10 rin, and maps of monochromatic BLR emission are computed over a 20 rin × 20 rin area.

7.1.4 The spatial and spectral samplings

The emission of the BLR is collected by a web of virtual detectors, distributed on a spherical surface around the

central source. The detectors are uniformly distributed along the azimuthal coordinate and are distributed according

to a cosine distribution along the polar coordinate. Each detector captures the photons whose propagation direction

is included in the solid angle it samples. The emission position is then projected onto a distant plane of the sky, which

is orthogonal to the line-of-sight towards the detector. That grid of virtual observers must be sufficiently fine to limit

the image distortion. We consequently pick up 40 azimuthal and 40 polar viewing directions.

Each detector collects BLR emission over a 20 rin × 20 rin spatial area, sampled by 500 × 500 pixels2, and over the
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[−v0, v0] velocity (spectral) range where v0 is the highest velocity that can be reached, i.e., vφ,0 for a pure Keplerian

motion (Eq. 7.2) and v∞ for a pure radial outflow (Eq. 7.1). That spectral range is divided into 20 velocity slices. This

ensures that the line profile is sampled by at least 6 spectral bins, especially the narrower emission line profiles that

originate from a Keplerian disk or an equatorial wind seen nearly face-on, which results in low-projected velocities.

Figure 7.3: The emission of the BLR, here pictured as a Keplerian disk, is collected by a web of virtual detectors
distributed on a spherical surface. In this example, photons are emitted in two spots. The direction parallel to the
line-of-sight of the detector towards the center of the BLR model is indicated by an arrow of the same color as the
detector. An infinitely distant detector would only collect the photons that propagate along that direction. However,
to avoid large waste of photons, all photons whose propagation direction is included in the solid angle sampled by the
detector, materialized by a translucent cone, are captured by that detector. A large number of detectors limits the
error due to that approximation.
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7.1.5 The mean emission radius and direction

A better insight on the size and shape of the BLR, and in particular on the evolution of the extent and position of

the emission region as a function of wavelength, is achieved through the computation of the mean emission radius and

direction. The mean emission radius, ρm, is defined as the radial distance weighted by the (monochromatic) surface

brightness of the BLR seen in projection onto the plane of the sky:

ρm =

∫ rout

0

∫ 2π

0
I(ρ, θ) ρ dθ dρ

∫ rout

0

∫ 2π

0 I(ρ, θ) dθ dρ
. (7.8)

(ρ, θ) are the polar coordinates in the plane of the sky (Fig. 7.3), and I is the intensity of the BLR emission. The

mean emission direction, θm, is obtained similarly:

cos θm =

∫ rout

0

∫ 2π

0
I(ρ, θ) cos θ dθ dρ

∫ rout

0

∫ 2π

0 I(r, θ) dθ dρ
and sin θm =

∫ rout

0

∫ 2π

0
I(ρ, θ) sin θ dθ dρ

∫ rout

0

∫ 2π

0 I(ρ, θ) dθ dρ
. (7.9)

The mean emission radius and direction can be computed using either the BLR emission integrated over wavelength

or the “monochromatic” emission. The latter allows the determination of the position of the emission region as a

function of the Doppler shift. The relative positions of the low- and high-velocity regions of the BLR velocity field,

and of its blueshifted and reshifted parts, are of particular interest when exploring the possibility that microlensing

can produce blue/red and wings/core differential magnification of the line profile. The average distance at which

the emission line emerges is obtained as the mean emission radius computed using the BLR emission integrated over

wavelength.

7.2 Description of the BLR models

7.2.1 The Keplerian disk

The thin Keplerian disk is defined as a cylinder that extends from rin to rout = 10 rin and has a height of 1 rin

(Fig. 7.1). It is animated by a pure azimuthal motion (Eq. 7.2). The appearance of the thin Keplerian disk for several

inclinations of the line-of-sight is presented in Fig. 7.4, rows 1-3. The surface brightness of the models projected onto

the plane of the sky is illustrated wavelength-integrated and in seven narrow bands sampling the velocity structure of

the line profile.

The inclination of the line-of-sight clearly controls the width of the emission line. Low-inclination (i.e., polar)

line-of-sight leads to smaller projected velocities. The inclination of the line-of-sight does not change the overall shape

of the emission region seen at different Doppler velocity shifts. Indeed, whatever the inclination, the low-velocity core

of the line arises from a thin central region while the blue and red line wings originate from the opposite sides of the

disk, the highest velocities coming from a narrow region, close to the center. The blue and red parts of the broad

emission line are clearly emitted by spatially separated regions of the disk.

The mean emission radius computed for the Keplerian disk model is significantly smaller than the mean emission

radius of wind models (Table 7.1). This indicates that a larger fraction of the light is emitted at small radii in the

Keplerian disk. The variation of the mean emission radius and direction through the velocity structure of the line

profile, computed using the BLR “monochromatic” surface brightness, is displayed in Fig. 7.5. From negative to

positive velocities, the mean emission direction smoothly “switches” from one side of the disk to the other. Moreover,

in agreement with the more and more compact emission regions observed at high blue and red Doppler shifts in

Fig. 7.4, the mean emission radius clearly diminishes at high velocities whatever the inclination. The mean emission
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Figure 7.4: The emission of a thin Keplerian disk (KD), a biconical radially expanding polar wind (PW) and a radially
accelerated equatorial wind (EW) is presented as seen in projection on the plane of the sky, for a set of representative
inclinations of the line-of-sight to the detector (quoted in degrees next to the model initials). Col. 1: the wavelength-
integrated surface brightness of the BLR; Col. 2: the emission line profile; Col. 3-9: the surface brightness of the
emission region that contributes to a given velocity range in the line profile. v0 is the maximum velocity at which
the BLR gas flows. In the Keplerian disk and equatorial wind, the maximum projected velocity, that determines the
width of the line at zero intensity, decreases at lower (more polar) inclination of the line-of-sight.
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7.2. DESCRIPTION OF THE BLR MODELS

radius also drops at very low Doppler shift, in the line core. The magnitude of that drop depends on the viewing

angle. The higher the inclination of the line-of-sight, the smaller the mean emission radius of the low-velocity region.

This is due to the orthogonal projection of the circular emission region into an ellipse at high inclinations.
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Figure 7.5: The Keplerian disk model. Upper left: the mean emission radius as a function of the Doppler velocity
shift. Upper right: the mean emission direction relatively to x′-axis as a function of the Doppler shift. Bottom: the
broad emission line profiles.

7.2.2 The polar radially expanding wind

The polar wind is modeled as a biconical shell with an inner opening angle of 45◦ and an outer opening angle of 60◦

(Fig. 7.4). Its velocity field is a pure radial outflow that accelerates outwards following Eq. (7.1).

The line profile that arises from the biconical outflow displays an important lack of flux in its core when the polar

wind is seen at low inclination (Fig. 7.6). The missing low-velocity line flux is due to the non-zero velocity of the

gas at the base of wind (Eq. 7.1), in combination with an inclination which is not sufficient to produce null projected

velocities. Besides, the low-velocity region is confined to the innermost radii of the accelerating outflow when it is seen

at low inclination (i.e., pole-on), so that the drop in the line core corresponds to a net decrease of the mean emission

radius. Such a lack of flux in the line core prevents an accurate detection of possible wing/core effects. Investigations

of the BLR polar wind model are therefore restricted to lines-of-sight with i ≥ 30◦. Since this study focuses on broad

emission lines, the i = 51◦ line-of-sight, that crosses the wind and might give rise to broad absorption lines, is discarded

from the analysis.

As for the Keplerian disk, the mean emission radius of the polar wind changes with the Doppler velocity shift but

the variation is smaller (Fig. 7.6), which implies a smaller difference of compactness between the slow and fast parts of

the flow (seen in projection). The polar wind emission (Fig. 7.4, rows 4-6) appears to originate from a more extended
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Figure 7.6: Same as Fig. 7.5 for the polar wind model.

region than the Keplerian disk, both in integrated and monochromatic line flux, in agreement with the larger mean

emission radius reported in Table 7.1.

In contrast with the Keplerian disk and the equatorial wind (Sect. 7.2.3), the approaching and receding parts of the

velocity field (with respect to the observer) appear partly co-spatial in projection, especially for low and intermediate

velocities. This explains the multiple switches of the mean emission direction between −90◦ to +90◦ within the range

of positive (respectively negative) Doppler shifts (Fig. 7.6). Indeed, since the radially outflowing velocity field shows

no abrupt velocity change but evolves smoothly, those sudden variations of the mean emission direction result from

a change in the contrast between the brightness of the lower (i.e., θm = −90◦) and upper (i.e., θm = +90◦) parts of

the wind. Line emission is indeed seen to emerge from both the upper and lower parts of the polar wind at low to

intermediate Doppler velocity shifts (Fig. 7.4).

7.2.3 The equatorial radially expanding wind

The third model considered is an equatorial radially accelerating wind that has a 30◦ opening angle (Fig. 7.4 and

Eq. 7.1).

As in the Keplerian disk, the equatorial wind exhibits a clean spatial separation between the negative and positive

parts of its velocity field (Fig. 7.4, rows 7-9). However, because of the radial acceleration of the wind, the gas flows

faster at larger distance. Consequently, unlike virialized velocity fields, the mean emission radius increases at higher

Doppler shifts in equatorial winds. Highly approaching and receding velocities are found in the outer parts of the

wind, located in opposite directions, so that the bluest and reddest parts of the line profile come from regions of the

wind that are clearly spatially separated. In the equatorial wind, line emission occurs at radii larger than ∼ 3 rin
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at every Doppler shifts and whatever the inclination (Fig. 7.7), which better constrains the emission direction. this

results in a sharp switch in the mean emission direction between negative and positive regions of the velocity field.
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Figure 7.7: Same as Fig. 7.5 for the equatorial wind model.

Table 7.1: The mean emission radius ρm/rin of the three BLR models, for some representative values of the inclination
of the line-of-sight, considering a rapidly decreasing emissivity ǫ(r) = ǫ0 (rin/r)3.

i = 22◦ i = 34◦ i = 44◦ i = 51◦ i = 62◦

Keplerian disk 2.47 2.35 2.23 2.12 1.96
Polar wind 3.06 3.01 2.98 / 3.04
Equatorial wind 3.73 3.54 3.37 3.20 2.97
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8

MODELING THE EFFECT OF MICROLENSING

8.1 Method

Line profile distortions result from a differential microlensing magnification of the BLR velocity structure. The effect

of microlensing on the broad line emission is modeled by the convolution of the BLR surface brightness with the

magnification map. To simulate distortions of the line profile for a given position of the BLR model on the caustic

structure, the microlensed line flux is computed in each spectral bin of the line profile as the product of the part of

the BLR emission that contributes to the considered range of Doppler velocities with the region of the magnification

pattern it samples (Fig. 8.1). The size of the BLR model is settled with respect to the extent of the caustic structure

by expressing the inner radius of the BLR, rin, the reference length scale of the BLR model, in terms of Einstein

radius, rE , the reference microlensing length scale. The 20 rin × 20 rin BLR model is spatially resampled to match the

spatial sampling of the magnification map. Considering a BLR model that has a surface brightness I(x′, y′, λ) in the

spectral bin centered on λ, and that is located at a position (X, Y ) in the magnification map µ(X, Y ) in the source

plane, the microlensed line flux F (X, Y, λ) that results from the magnification of that “monochromatic snapshot” of

BLR emission is given by

F (X, Y, λ) =
∫ ∫

I(x′, y′, λ) µ(X − x′, Y − y′) dx′dy′ (8.1)

where (X, Y ) and (x′, y′) are respectively the coordinate systems associated to the magnification map in the source

plane, and to the plane of the sky onto which the BLR is projected. Practically, the convolution product of the

BLR surface brightness with the magnification map (Eq. 8.1) yields the microlensed line profile at each position in

the magnification pattern. The effect of microlensing on the broad emission line profile can thus be explored for all

possible positions of the BLR model onto the caustic structure.

As a first step, microlensing is modeled by an idealistic Chang-Refsdal lens (Sect. 2.4). 30 rE ×30 rE magnification

maps, sampled by 6000 × 6000 pixels, are built assuming κc = 0, i.e., no continuously distributed matter at the

location of the microlensing star. Depending on the shear, γ, the Chang-Refsdal lens produces either a “diamond-

shaped” astroid caustic or a pair of “triangle-shaped” deltoid caustics. Magnification maps were computed for γ = 0.5

and γ = 2, to investigate both caustic configurations. The caustic maps are rotated by 30◦, 45◦, 60◦, and 90◦ to ensure

that the study is not biased by alignments with the symmetry axes of the BLR models (Fig. 8.2). Those Chang-Refsdal

lenses are assumed to provide a relevant representation of the magnification by “fold” and “cusp” structures. They

appear as a good compromise between the complexity of a realistic network of caustics and the readability of a

simplified model. Considering different magnification patterns allow to qualitatively study the contribution of the
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Modeling the effect of gravitational microlensing on broad emission lines

r
E
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Figure 8.1: The effect of gravitational microlensing on broad line emission. The illustrated caustic structure is
computed for a (κ, γ) = (0., 0.5) Chang-Refsdal lens (Sect. 2.4). In this example, the BLR is a Keplerian disk seen
nearly face-on, whose size is fixed to rin = 0.1 rE. The Einstein radius, rE , is indicated in the upper panels. The
upper panels show the emission of the Keplerian disk, integrated over the line profile, superimposed on the magnifying
structure. The upper right panel is a zoom of a 2 rE ×2 rE region. The intermediate series of panels present snapshots
of BLR emission in 6 bins of Doppler velocity shifts sampling the line profile, superimposed on the magnification map.
The microlensed line flux is obtained by the multiplication of snapshots of the BLR surface brightness at different
Doppler velocities with the region of the caustic structure sampled by the BLR model. The resulting distorted line
profile is plotted by a solid red line in the lower panel.
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Figure 8.2: Magnification maps obtained for a (κ = 0, γ = 0.5) Chang-Refsdal lens [upper panels] and a (κ = 0, γ = 2)
Chang-Refsdal lens [lower panels]. From left to right, the caustics are rotated by 0◦, 30◦, 45◦, 60◦ and 90◦ to prevent
biases due to alignments between the BLR model symmetry axes and the caustics. The magnification maps are
simulated over a 30 rE × 30 rE region of the source plane but the above panels illustrate a 10 rE × 10 rE zoom of the
caustic structure.

caustic structure to the resulting microlensing signal. Microlensing by a more complex pattern is investigated in

Sect. 11.3, to reproduce the distortions of high- and low-ionization line profiles observed in the spectrum of the image

A of quasar QSO2237+0305.

One of the goal of this study is to investigate a general microlensing configuration. To this end, the spatial scales are

expressed in terms of the relevant length scale of microlensing: the Einstein radius of the microlens, rE (Sect. 2.2.2).

A solar-mass microlens in a “typical” gravitational lens, with the lens and source located at redshifts zL = 0.5 and

zS = 2.0, has an Einstein radius rE ≃ 15.5
√

M/M⊙ light days. This scale varies with the mass M of the microlens

but also with the redshifts of the source and lens. For instance, the QSO2237+0305 lensed system with zS = 1.69 and

zL = 0.04 is characterized by an Einstein radius of ∼ 50
√

M/M⊙ light days. The size of the BLR ranges from a few

up to several hundreds light days [Kaspi et al., 2000, 2005, 2007, Guerras et al., 2013]. Accounting for the range of

Einstein radii in gravitational lenses [Mosquera and Kochanek, 2011], the smallest BLR size is of the order of 0.1 rE .

For each BLR model, nine inner radius values are investigated: rin = 0.1, 0.125, 0.15, 0.175, 0.2, 0.25, 0.35, 0.5, and

0.75 rE, with rout = 10 rin. Given that the mean emission radius of the BLR models is ρm ∼ 3 rin (Table 7.1), this

amounts to a mean emission radius ranging from about 0.3 and 2.3 rE. No significant microlensing effect is expected

for larger BLRs [Refsdal and Stabell, 1991].

8.2 The continuum source

Differential microlensing in the broad emission lines is commonly observed in systems also showing microlensing in

the continuum [Sluse et al., 2012]. Since the accretion disk at the origin of the continuum emission and the BLR are

microlensed by the same caustic structure, the magnification experienced by the continuum provides an important

additional constraint on the position of the system with respect to the caustic pattern. As for the BLR models, the

microlensing magnification experienced by the continuum source is computed at each position on the magnification

map by convolving this map with the surface brightness of the accretion disk (Sect. 8.1), so that each pixel of the
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resulting convolved map holds the microlensed continuum emission. That microlensed flux is then divided by the

initial flux of the continuum to obtain the magnification of the continuum µcont.

The accretion disk is modeled as a disk of constant surface brightness (uniform disk). Mortonson et al. [2005]

showed that the effect of microlensing on circular disk models is rather insensitive to their surface brightness profile.

The half-light radius R1/2 of the continuum source is found to be the primary parameter that controls the amplitude

of the magnification by the caustic structure, the smaller the half-light radius the higher the magnification.

Based on microlensing studies, the measured half-light radii of accretion disks range from 0.75 to 59.4 light days

(after rescaling to a mean microlens mass M = 0.3M⊙), most of them being comprised between 2 and 15 light days

(Table 1.1). Considering that the Einstein radius varies between 5 and 40 light days for M = 0.3M⊙ [Mosquera and

Kochanek, 2011], continuum sources have half-light radii between 0.05 rE and 3 rE . Specifically, uniform disks with an

outer radius rs =
√

2R1/2 fixed at nine different values are investigated: rs = 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.5,

and 0.6 rE.

The accretion disk and the BLR model are assumed to share the same symmetry axis, and their centers are

assumed to coincide. Microlensing effects are therefore simulated for an accretion disk seen under the same inclination

as the BLR model, and magnified by the same caustic structure. Finally, the resulting magnification of the continuum

and the deformations of the line profiles are only computed for realistic models in which the BLR is larger than the

continuum source, i.e., rin ≤ rs

A larger emission region causes a higher “smoothing” of the caustic pattern after convolution. As a result, the

maximum magnification experienced by the continuum decreases when the size of its source increases. In particular,

microlensing magnification larger than two cannot be reproduced for disk sizes rs > rE , whatever the magnification

pattern (Fig. 8.3). Furthermore, larger magnifications are measured for accretion disks seen at high inclination, i.e.

“edge-on”, owing to the smaller projected area of inclined disks.

8.3 Measuring line profile distortions

Given the huge amount of simulated line profiles, the analysis of the effect of microlensing on broad emission lines

requires to characterize the line profile magnification and distortions using a few quantities. Those indicators are built

so that they can be directly and quantitatively compared to observations. The moments of the microlensed line profile

can quantify the distortions caused by microlensing. However, the centroid and width of the line profile (first and

second moments) may be too sensitive to errors due to continuum subtraction. Such errors can significantly affect the

high-velocity part of the line wings, where the line flux is weak, and which is highly pondered in the computation of

the centroid and width. This is not an issue for noise free synthetic spectra, but it can hinder comparison between

modeling and real data. Furthermore, line moments depend on the shape of the broad emission line, which is a major

inconvenient in the comparison of simulations with actual data given the diversity of observed line profiles.

Line profile distortions result from a differential microlensing magnification of the BLR velocity structure. This

study aims to constrain the evolution of the BLR surface brightness with wavelength that is associated to some line

profile distortions induced by microlensing. “Distortion indicators” are therefore designed to quantify the magnification

caused by microlensing in the different parts of the broad emission line, and constrain this way the relative sizes and

positions of their emission regions. Distortion indicators are built based on the magnification, µ(v), undergone by the

emission line at every Doppler velocity shift, v. µ(v) is computed as the ratio between the microlensed (F1, Eq. 4.1)

and non-microlensed (F2, Eq. 4.2) emission line spectra:

µ(v) =
F l

1(v)
F l

2(v)
(8.2)
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Figure 8.3: The magnification of the continuum source, µcont, modeled as a uniform disk microlensed by a Chang-
Refsdal caustic structure (Fig. 8.2). (a) The number of positions and orientations of the uniform emitting disk with
respect to the (κ = 0, γ = 0.5) Chang-Refsdal caustic structure that produce a given µcont. Histograms are computed
for several disk sizes, assuming that the disk is seen nearly face-on, i.e., i = 22◦. (b) The magnification distribution is
plotted as a function of the disk inclination. The outer radius of the disk is fixed to rs = 0.3 rE . (c) and (d) Same as
(a) and (b) for a uniform disk microlensed by a (κ = 0, γ = 2) Chang-Refsdal magnification map.
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Practically, when measuring µ(v) from the spectra of two quasar images, the emission line F l is isolated in both the

microlensed and non-microlensed spectra by subtracting the underlying continuum.

Asymmetric line profile distortions arise from the differential magnification of the blue and red parts of the emission

line. The ratio between the magnification measured at corresponding negative and positive Doppler velocity shifts is

therefore exploited to build an “asymmetry indicator”, AI , and a “red/blue indicator”, RBI:

AI =

∫ vmax

0
|log (µ(v)/µ(−v))| dv
∫ vmax

0
dv

, (8.3)

RBI =

∫ v+

0 log (µ(v)) dv
∫ v+

0 dv
−
∫ 0

v−

log (µ(v)) dv
∫ 0

v−

dv
. (8.4)

v− and v+ are respectively the largest negative and positive values of the range of Doppler velocity shifts covered

by the broad emission line. vmax = max (|v−| , v+). Any differential magnification of the line flux at corresponding

blueshift and redshift increases the value of AI. AI thus indicates whether the blue and red parts of the line profile

show different magnification patterns. On the other hand, RBI > 0 indicates that the red part of the line profile

undergoes, on average, a larger magnification than the blue one.

The ability of microlensing to magnify differently the wings and the core of the line constitutes another interesting

characteristic. A “wing/core indicator”, WCI, is designed using the ratio between the magnification experienced by

the high-velocity line flux and the magnification experienced by the low-velocity line flux:

WCI =

∫ v+

v−

µ(v)/µ(v = 0) dv
∫ v+

v−

dv
. (8.5)

WCI > 1 indicates that the high-velocity part of the line profile (the wings) is, on average, more microlensed than its

low-velocity part (the core).

The magnification µ(v) measured at different Doppler velocities, and consequently the distortion indicators, do not

depend on the profile of the line, since µ(v) is defined as a ratio of line profiles. This is of particular importance to

ease the comparison between simulations and observations, since our BLR models are not tuned to exactly reproduce

the line profiles observed in quasar spectra. In fact, this study privileges the investigation of the spatial and velocity

structure of the BLR rather than its emissivity profile. The magnification caused by microlensing indeed depends on

the size and position of the emission region with respect to the caustic structure, but not on its brightness. The line

profile can be reproduced by rescaling the integrated BLR surface brightness at each wavelength so that it matches

the observed line flux.

In addition, since the distortion indicators are based on ratio between the magnification measured at corresponding

negative and positive Doppler velocities, they do not depend on the magnification due to macrolensing that is constant

over the entire line profile. The distortion indicators can thus be derived without need of a reliable estimate of the

macro-amplification ratio, which is not always available.

Examples of microlensed line profiles and the corresponding distortions indicators are illustrated in Fig. 8.4. Those

microlensed line profiles are computed for different combinations of BLR models magnified by a (κ = 0, γ = 0.5)

Chang-Refsdal caustic pattern. For each orientation of the model with respect to the caustic structure, we randomly

selected three microlensed spectra matching the AI, RBI and WCI criteria, when available. The (κ = 0, γ = 2)

Chang-Refsdal magnification map produces similar results.

The total microlensing-induced magnification of the emission line, µBLR, is obtained as the ratio between the

microlensed line flux and the non-microlensed line flux, after subtraction of the local microlensed and non-microlensed
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8.3. MEASURING LINE PROFILE DISTORTIONS

continua respectively:

µBLR =
1

M

∫ v+

v−

F l
1(v) dv

∫ v+

v−

F l
2(v) dv

=
1

M

∫ v+

v−

F1(v) − F continuum
1 (v) dv

∫ v+

v−

F2 − F continuum
2 (v) dv

. (8.6)

That line flux ratio must be corrected for the macro-amplification ratio, so that it only reflects the magnification due

to microlensing.

-1

°

°

°

°

°

Figure 8.4: Examples of microlensed line profiles for different BLR models magnified by a (κ = 0, γ = 0.5) Chang-
Refsdal caustic, rotated by 0◦, 30◦, 45◦, 60◦, and 90◦. The microlensed line profiles (in orange) are normalized
to the surface of the non-microlensed line profile (in black). Distorted line profiles are classified as a function of the
asymmetry (AI), red/blue (RBI) and wing/core (WCI) indicators. Col. 1-3 illustrate symmetric microlensing effects,
i.e., AI < 0.01, with different relative magnifications of the line wings and core. Col. 4-7 show enhancement of the red
wing with respect to the blue one, i.e., RBI > 0. Some BLR models cannot produce large asymmetric deformations,
i.e., RBI > 0.2.
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9

GENERAL TRENDS

As discussed in the previous sections, microlensed line profiles are computed for each position of the BLR on the

two Chang-Refsdal magnification maps, for the various adopted BLR models, inclinations and radii. The continuum

magnification is also computed for several values of the accretion disk radius and considering the same inclinations as

those of the BLR.

The effect of microlensing is assessed using a set of four observables: µBLR, the magnification experienced by the

broad emission line, µcont, the magnification of the underlying continuum emission, as well as the red/blue, RBI, and

wings/core, WCI, indicators that quantify the line profile distortions (Sect. 8.3). The asymmetry indicator (AI) is of

marginal interest when elements of information brought by the red/blue and wing/core indicators are combined. It is

therefore not considered in the following analysis.

Several parameters are expected to influence the effect of microlensing on those observables. Since the purpose of

this study is to discriminate the different BLR models on the basis of the microlensing-induced line profile distortions,

it is important to examine the effect on the observables not only of the BLR models but also of other parameters which

most often cannot be fixed or evaluated, such as the caustic pattern, the size of the continuum source, the size of the

BLR, the BLR emissivity, and the inclination of the line-of-sight with respect to the accretion disk+BLR symmetry

axis.

For each BLR model seen at different inclinations, the distributions of µBLR, RBI, and WCI, that result from

the magnification either by a diamond-shaped or by a triangle-shaped caustic, are illustrated in Fig. 9.1 for several

BLR sizes, specifically rin = 0.1, 0.25, 0.35, 0.5 and 0.75 rE. A set of representative inclinations is used: 22◦, 44◦, and

62◦ for the Keplerian disk and equatorial wind models, and 34◦, 44◦, and 62◦ for the polar wind model (restricted to

i ≤ 30◦; Sect. 7.2.2). Since it is observationally difficult to distinguish the spectral variation due to small-amplitude

microlensing effect from those due to noise and/or intrinsic variations of the lensed quasar propagating in the quasar

lensed images with different time delays, this study is restricted to microlensing effects magnifying the line flux by

more than 10%, i.e., µBLR > 1.1. A first glance reveals that both caustic structures produce µBLR, RBI, and WCI

distributions that have comparable shapes. For every BLR model, the RBI distribution is symmetric, which means

that red and blue microlensing-induced deformations of the line profiles are equally probable, as expected from the

symmetry of the caustic patterns and BLR models. Although sometimes skewed to WCI > 1 or WCI < 1, the

distributions of WCI indicate that microlensing affects as often the wings as the core of the lines. µBLR clearly varies

with the size of the BLR model, while the geometry and kinematics of the BLR models determine the appearance of

the RBI and WCI histograms.

A more detailed study of the line profile distortions can be achieved by plotting the red/blue indicator as a function

of the wing/core indicator. The (WCI, RBI) two-dimensional distributions produced by a diamond-shaped caustic
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Figure 9.1: Distributions of BLR magnification, µBLR, red/blue indicators, RBI, and wing/core indicators, WCI,
computed for the different BLR models magnified either by a diamond-shaped (Col. 1-3) or a triangle-shaped Chang-
Refsdal caustic (Col. 4-6). The histograms give the number of configurations with different distances and angles of
the BLR model relative to the caustic structure that produce a given range of µBLR, RBI, and WCI. KD stands
for Keplerian disk, PW for polar wind and EW for equatorial wind. The inclination (in degrees) is denoted next to
the model’s initials. The colors correspond to different BLR sizes, rin/rE . Only configurations with µBLR > 1.1 are
shown.
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9.1. THE IMPACT OF THE BLR STRUCTURE AND INCLINATION

and by a pair of triangle-shaped caustics are illustrated in Fig. 9.2 and 9.3, respectively. Three different relative

sizes of the BLR with respect to the continuum source are examined, corresponding to emission lines that arise at

small (1 ≤ rin/rs < 2), large (2 ≤ rin/rs < 5), and much larger (rin/rs ≥ 5) radial distance from the accretion disk.

The (WCI, RBI) distributions are further subdivided as function of the magnification of the continuum emission,

µcont, and of the relative magnification of the emission line, µBLR/µcont. Since no demagnification occurs in the

neighborhood of a diamond-shaped caustic (Fig. 8.3), the microlensing configurations that produce a de-magnification

of the continuum and/or BLR with triangle-shaped caustics are discarded from the analysis to allow a straightforward

comparison.

Fig. 9.2 and 9.3 show that different BLR geometries and kinematics lead to different (WCI, RBI) distributions,

i.e., to different deformations of the line profiles. This suggests that the measurement of WCI and RBI reported in

such “diagnostic diagrams” can provide constraints on the BLR models. For example line profile distortions with large

(WCI, RBI) values can only occur in Keplerian disk models. One also immediately notices that large continuum

and BLR magnification, i.e., 3 ≤ µcont < 5 and µBLR/µcont ≥ 0.6, cannot be reproduced by models involving an

extended BLR, i.e., rin/rs ≥ 5; the subpannels corresponding to such combinations of criteria thus remain empty. In

the following subsections, we discuss the impact of the various parameters in more detail.

9.1 The impact of the BLR structure and inclination

Fig. 9.1 indicates that red/blue asymmetric distortions may be a good discriminant between the polar wind and

other models. Indeed, when seen at low inclination, the magnification of a polar wind only produces microlensed line

profiles characterized by small red/blue asymmetries, i.e., |RBI| < 0.1, whatever the caustic structure. The reason is

that the approaching and receding parts of the polar wind partially superimpose in projection, and are thus similarly

microlensed. This occurs when the line-of-sight peers into the biconical outflow (PW34◦) or grazes its inner shell

(PW44◦). On the contrary, when the line-of-sight grazes the outer shell of the biconical outflow (PW62◦), asymmetric

line profiles can be observed, as for the Keplerian disk (KD) and the equatorial wind (EW) for which there is a

clear-cut separation between the approaching and receding parts of the velocity field (Sect. 7.2.1 & 7.2.3).

Large values of WCI, which correspond to a magnification of the high-velocity part of the line profile higher than

the magnification of its low-velocity part, are less likely to be reproduced by PW62◦ or EW than by models KD or

PW at low inclinations. For both caustic structures, configurations resulting in µBLR ≥ 1.1 and WCI ≥ 1.5 are four

times more numerous for the KD, PW34◦ and PW44◦ models than for the PW62◦ and EW models. This is due to

the fact that the high-velocity regions of the PW62◦ and EW models are more extended in projection and therefore

less affected by microlensing, as indicated by the increase of the mean emission radius with the Doppler shift in EW

models (Sect. 7.2.3), and a mean emission radius that remains larger than 3 rin at high Doppler velocities in PW62◦

(Sect. 7.2.2).

The microlensing effect measured through the line velocity structure (i.e., red/blue and/or wing/core effects) thus

clearly depends on the geometry and kinematics of the BLR. However, although they display different shapes, the

(WCI, RBI) distributions obtained for the different BLR models superimpose on large part of the (WCI, RBI) plane,

in particular when WCI ∼ 1 and RBI ∼ 0. A good discrimination of the BLR models therefore requires sufficiently

strong microlensing effects.

The effect of microlensing on the line that arises from the polar wind, and in particular its ability to differentially

magnify the blue and red parts of the line profile, also depends on the inclination. On the contrary, the effect of

microlensing on the Keplerian disk and equatorial wind models appears insensitive to the inclination. Those effects

are better seen in Fig. 9.2 and 9.3. The (WCI, RBI) distributions computed for the PW62◦ model are significantly

different from those of the PW34◦ and PW44◦ models, whereas they do not change with the inclination for the
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9.1. THE IMPACT OF THE BLR STRUCTURE AND INCLINATION

Figure 9.2: The (WCI, RBI) two-dimensional distributions that result from microlensing of the BLR models by
the diamond-shaped (κ = 0., γ = 0.5) Chang-Refsdal caustic. Models in which the emission line emerges at small
(1 ≤ rin/rs < 2), large (2 ≤ rin/rs < 5), and much larger (rin/rs ≥ 5) radial distances from the accretion disk are
examined separately. The simulations are further divided into several intervals of continuum magnification µcont and
relative BLR magnification µBLR expressed in units of µcont (these quantities are specified at the end of each row).
The Keplerian disk model (KD) seen at 22◦, 44◦, and 62◦, is plotted with shades of blue ; the equatorial wind (EW),
seen at the same inclinations, is plotted with shades of green ; and the polar wind (PW) seen at 34◦, 44◦, and 62◦, in
shades of orange/red. The empty squares translate the inability of extended BLR models (rin/rs ≥ 5) to reproduce
large-amplitude magnification of both the continuum and emission line.
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9.1. THE IMPACT OF THE BLR STRUCTURE AND INCLINATION

Figure 9.3: Same as Fig. 9.2 but for magnification by the triangle-shaped (κ = 0., γ = 2.) Chang-Refsdal caustic.
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9.2. THE IMPACT OF THE SIZE OF THE LINE AND CONTINUUM EMITTING REGIONS

Keplerian disk and the equatorial wind models.

9.2 The impact of the size of the line and continuum emitting regions

The distributions of µBLR plotted in Fig. 9.1 show that the amplitude of the microlensing magnification decreases

for increasing BLR sizes, whatever the BLR model and the caustic structure. Fig. 9.1 also shows that, while the

distributions of WCI and RBI shrink with increasing BLR size, their shape is not strongly modified. This is in

agreement with the behavior of the (WCI, RBI) patterns observed in Figs. 9.2 and 9.3 when varying only the relative

size of the BLR, rin/rs. A weak but sensible dependence between the centroid of the WCI distributions and the size

of the BLR is nevertheless found when selecting asymmetrical microlensing patterns, i.e., |RBI| ≥ 0.1, as illustrated in

Fig. 9.4 (PW34◦ and PW44◦ cannot produce as many asymmetric distortions as the other models, they are discarded

from the following discussion). The mean WCI increases with the radius of the BLR for the KD and PW62◦ models,

and decreases for the EW models. In the KD and PW62◦ models, the asymmetric magnification of the high-velocity

parts of the line profile is favored by the larger spatial separation between the rapidly approaching and receding parts

of the velocity field that results from an increase of the BLR inner radius. The high-velocity regions of the Keplerian

disk and polar wind are otherwise close to the center and to each other in projection. The EW model shows an

opposite behavior because, for increasing BLR sizes, the high-velocity part of the accelerating equatorial outflow,

which is located at larger radii, becomes more and more extended, decreasing the magnification of the bluest and

reddest parts of the emission line.

The radius of the accretion disk is the main parameter controlling the magnification experienced by the continuum

emission (Fig. 8.3). The magnification of the BLR is plotted against the magnification of the continuum source in

Fig. 9.5 and 9.6 for the different BLR models, continuum source sizes, rs, and BLR relative sizes, rin/rs. Despite

considerable scatter, there is a correlation between µBLR and µcont for small BLR sizes, i.e., rin < 0.3 rE , especially

when microlensed by a (κ = 0, γ = 2) caustic. Larger BLR, i.e., rin > 0.5 rE, display a limited range of BLR

magnifications and no apparent correlation with the magnification of the continuum. In fact, a large fraction of

microlensing configurations result in a substantial magnification of the continuum emission while the BLR remains

relatively unmagnified. On the other hand, the smaller BLR models have a non-negligible probability to be more

magnified than the continuum when µcont ∼ 1.5.

The relation between the effect of microlensing on the broad emission lines and the radius of the accretion disk,

rs, is explored in Fig. 9.7. For this purpose, the inner radius of the BLR is fixed to 0.35 rE and the (WCI, RBI)

distributions of the microlensed line profiles are illustrated in several intervals of µBLR and µcont, varying only the

size of the continuum source. Essentially, the shape of the (WCI, RBI) distribution essentially does not change

significantly with the value of rs. On the other hand, for both caustic patterns and for every BLR models, the

(WCI, RBI) distributions seem to shrink when µcont decreases at fixed rs. In that case, a smaller magnification of

the continuum implies a larger distance to the caustics. A larger distance between the continuum source and the

caustics causes the caustics to sample outer, less luminous, regions of the BLR model, then resulting in smaller WCI

and RBI.

9.3 The impact of the caustic structure

Both the diamond-shaped and triangle-shaped caustics produce similar RBI and WCI distributions (Fig. 9.1). How-

ever noticeable differences appears between when plotting RBI as a function of WCI.

While both types of caustics are efficient at producing significant asymmetry in the line profile, i.e., |RBI| ≥
0.1. The (WCI, RBI) two-dimensional distributions (Fig. 9.2 & 9.3) also show that the triangle-shaped caustic can
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9.4. THE IMPACT OF THE EMISSIVITY LAW

Figure 9.4: The WCI distribution as illustrated in Fig. 9.1 after selecting asymmetric line profile distortions, i.e.,
|RBI| & 0.1

induce line profile distortions characterized by larger RBI, and thus more asymmetric, than the diamond-shaped one,

especially for the Keplerian disk and the equatorial wind models. The compact triangle-shaped caustic indeed samples

a smaller region of the source plane, which can exacerbate the contrast between the magnification of the negative and

positive parts of the velocity field.

9.4 The impact of the emissivity law

The BLR models investigated in the previous sections are characterized by an emissivity that decreases steeply with

the radial distance. One could then wonder about the impact of a slower variation of the emissivity on the previous

results.

To estimate the impact of the emissivity law, identical BLR models are investigated, but the power-law emissivity

exponent is set to q = 1.5 instead of q = 3. The (integrated) surface brightness of the resulting models is illustrated

in Fig. 9.8. In that case, there is significant emission arising at the outer radius of the BLR model, i.e., rout = 10 rin

(Fig. 7.2). Such a change of emissivity has virtually no impact on the (WCI, RBI) distributions computed for the

Keplerian disk, and only results in a slight shrinking of the distributions computed for the equatorial wind. However,

significant asymmetries of the microlensed line profile, i.e., |RBI| > 0.1, do not occur anymore for the polar wind,

whatever the magnification pattern and the inclination at which the polar wind is seen (Fig. 9.9 & 9.10). This contrasts

with the results obtained for q = 3, where asymmetric deformations were observed for a polar wind seen at i = 62◦

(Fig. 9.2 & 9.3).

9.5 Summary

The simulations show that distortions of the broad emission lines like those observed in several lensed quasars can be

reproduced using representative BLR models and caustic patterns. Keplerian disks as well as polar and equatorial

wind models of various sizes are explored. The microlensing-induced distortions of the line profiles differ importantly

between BLR models with different geometries and kinematics. In particular, biconical outflows seen at low inclinations

cannot yield significant differential magnification of the approaching and receding part of the velocity field, so that
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Figure 9.5: The magnification of the BLR plotted as a function of the magnification of the continuum source produced
by a diamond-shaped caustic, for different radii of the continuum source, rs, and different relative sizes of the BLR,
rin/rs. Configurations leading to continuum magnification smaller than 10%, i.e., µcont < 1.1, are not considered.
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Figure 9.6: Same as Fig. 9.5 for the magnification caused by a pair of triangle-shaped caustics.
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9.5. SUMMARY

Figure 9.7: The dependence of the line deformations on the size of the continuum source for a fixed BLR radius
rin = 0.35 rE. The (WCI, RBI) distributions are illustrated in several intervals of µcont and µBLR. The radius of
the continuum source is varied between 0.1 rE and rin = 0.35 rE. The upper panel displays the effect of microlensing
modeled as a (κ = 0, γ = 0.5) Chang-Refsdal caustic. The lower panel displays the effect produced by (κ = 0, γ = 2)
Chang-Refsdal caustic.
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Figure 9.8: Same as Fig 7.4 but for BLR models characterized by a slower varying emissivity law ǫ(r) = ǫ0(rin/r)1.5.
The surface brightness of the Keplerian disk (KD), polar wind (PW), and equatorial wind (EW) models is showed
in projection onto the plane of the sky, for a set of representative inclinations, quoted in degrees, next to the model
initials.
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9.5. SUMMARY

Figure 9.9: Same as Fig. 9.2 but for BLR models characterized by a slower varying emissivity law ǫ(r) = ǫ0(rin/r)1.5,
magnified by a (κ = 0, γ = 0.5) Chang-Refsdal caustic.
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9.5. SUMMARY

Figure 9.10: Same as Fig. 9.3 but for BLR models characterized by a slower varying emissivity law ǫ(r) = ǫ0(rin/r)1.5,
magnified by a (κ = 0, γ = 2) Chang-Refsdal caustic.
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9.5. SUMMARY

red/blue asymmetric distortions constitute a good discriminant between the polar wind and other BLR models. The

polar wind is the only model in which the deformations of the line profiles, especially the differential magnification

of the red and blue wings of the line, can depend on the inclination with respect to the line-of-sight. Furthermore,

asymmetric microlensing effects are completely inhibited when the emissivity profile of the polar wind decreases slowly

with the radial distance.

While the spatial and velocity structure of the BLR mostly determines the effect of microlensing through the line

profile, the amplitude of the magnification essentially depends on the size of the BLR. The more extended the emission

region, the more limited the range of possible magnification effects. The BLR is indeed magnified by a large-scale

caustic structure, constituted of areas of low magnification separated by narrow highly magnifying regions, so that

large BLR smears out microlensing effects. On the other hand, the more compact continuum source samples the small-

scale caustic structure of the magnification maps. The magnification of the continuum can thus be much larger. There

is a correlation, yet affected by large scatter, between the magnification of the emission line and the magnification

of the continuum for small BLR sizes. On the contrary, magnifications of the emission line and continuum appears

uncorrelated for extended BLR.

The caustic pattern has a limited influence on the results. Indeed, the line profile deformations produced by the

diamond-shaped and triangle-shaped Chang-Refsdal caustics qualitatively agree, in the sense that if the diamond-

shaped caustic can differentially magnify the red and blue parts of a given BLR model, a similar effect will be caused

by the triangle-shaped caustic. Still, the compact triangle-shaped caustics appears to exacerbate the amplitude of

differential red/blue effects compared to the diamond-shaped caustics. The triangle-shaped caustic indeed samples a

smaller region of the source plane, which makes it more likely to selectively magnify the approaching or receding part

of the BLR velocity field, especially in Keplerian disks and equatorial winds.

The magnification of the emission line µBLR sets an upper limit on the BLR size and, similarly, the magnification

of the continuum µcont sets an upper limit on the size of the continuum source. Since the line profile distortions

mainly depend on the BLR geometry and kinematics, the measurement of the microlensing effect through the velocity

structure of the line is the most promising way to discriminate BLR models. In particular, the (WCI, RBI) diagrams

could serve as “diagnostic diagrams” to disentangle the BLR models on the basis of quantitative measurements.

However, there is a large overlap between the microlensing-induced line profile distortions produced for different BLR

models, particularly when the effect has a weak amplitude. A good discrimination of the BLR models would require

sufficiently strong microlensing effects, at least when only based on single-epoch measurements.

Those modeling results have been published in the Astronomy & Astrophysics journal [Braibant et al., 2017].

126



10

CONFRONTING MODELS TO OBSERVATIONS IN

THE LENSED QUASAR HE0435-1223

In this chapter, actual measurements of the differential microlensing effect that affects the Hα broad emission line in

the image D the lensed quasar HE0435-1223 (Chap. 5) are confronted to simulations. The microlensing effect in the

Hα line profile is characterized by measuring the four indicesµcont, µBLR, RBI, and WCI. The aim is to determine

whether it is possible to discriminate BLR models on the basis of quantitative constraints on BLR microlensing.

10.1 Measurement of microlensing amplfication and distortion indices

From the detailed study of the microlensing effect that affects the near-infrared spectrum (corresponding to the optical

in the reference frame of the quasar) of the quasar image D in the HE0435-1223 lensed system presented in Chap. 5,

the magnification of the continuum emission underlying the Hα line was estimated to be µcont = 1.68 ± 0.10.

The total microlensing-induced magnification of the emission line, µBLR, is obtained as the ratio between the Hα

line flux in image D and the Hα line flux in image B, corrected for the D/B macro-amplification ratio M = 0.47, i.e.,

µBLR =
1

M

∫ v+

v−

F l
D(v) dv

∫ v+

v−

F l
B(v) dv

. (10.1)

Flat continua, plotted as dotted lines in Fig. 10.1, are first subtracted from the spectra of images B and D, individually,

to extract the line flux densities F l
B(v) and F l

D(v). In each image spectrum, the continuum is assessed as the median

value of the flux density in the range [−18000, −14500] kms−1 (i.e., [1.66, 1.68] µm in the observer rest frame). The

line flux is integrated over the whole line profile, i.e., over the [v−, v+] = [−8600, 8600] kms−1 velocity range that is

shaded in light grey in Fig. 10.1. The total microlensing magnification of the BLR is then µBLR = 1.30 ± 0.17.

The red/blue RBI and wing/core WCI indices characterizing the line profile distortions, observed in image D with

respect to image B, are estimated using Eq. (8.4) and (8.5). Distortion indices are based on the wavelength-dependent

magnification of the line flux density caused by microlensing, estimated as:

µ(v) =
1

M

F l
D(v)

F l
B(v)

. (10.2)

M ×µ(v) = F l
D(v)/F l

B(v) is plotted by a red line in Fig. 10.1. It clearly drops in the blue wing of the Hα line, indicating

that this part of the emission line is less affected by microlensing. µ(v), inferred from the spectra of images B and D,
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10.2. COMPARISON WITH SIMULATIONS

Figure 10.1: The near-infrared spectra of the images B and D of the lensed quasar HE0435-1223 showing the Hα
broad emission line. The D/B line flux density ratio F l

D/F l
B = 0.47 × µ(v) (red line) is computed after subtracting

flat continua (dotted lines) from the spectra of images B and D. This ratio varies through the velocity structure of the
broad emission line, indicating differential microlensing of the BLR. µ(v) is smoothed using a 360 kms−1-wide median
filter. Outside the grey-shaded region, the line flux is to weak for µ(v) to be meaningful.

is injected in Eq. (8.4) and (8.5) to obtain WCI = 1.09 ± 0.17 and RBI = 0.15 ± 0.02. The errors on µBLR, WCI

and RBI are obtained by propagating the uncertainty on the line flux densities. That uncertainty is computed as the

quadratic sum of the error on the total flux density and the error on the continuum estimate, the later being taken

as the standard deviation of the continuum values in the [−18000, −14500] kms−1 velocity range. The positive RBI

indicates that the red part of the line profile undergoes, on average, a larger magnification than the blue one. This is

consistent with the microlensed part of the quasar spectrum, made of the continuum and the red wing of the Hα line,

that was extracted using the Macro-micro decomposition in Chap. 5. No significant wings/core effect is measured.

10.2 Comparison with simulations

The magnification µBLR, and the red/blue RBI and wing/core WCI indices that characterize the microlensing-

induced distortion of the Hα line profile, as well as the magnification of the continuum emission µcont, measured in the

image D of the quasar HE0435-1223 are used to select and discriminate the BLR models reproducing observations.

Figs. 10.2 and 10.3 display the (WCI, RBI) distributions of the microlensed lines that match the µcont and µBLR

values measured in the image D. Simulated microlensed line profiles arise from representative BLR models magnified

by diamond-shaped (Fig. 10.2) and a triangle-shaped (Fig. 10.3) Chang-Refsdal caustics. Distorted line profiles are

grouped according to the spatial and velocity structure of the BLR, its emissivity and inclination. They are further

classified according to the size of the continuum source, rs, and to the relative size of the BLR, rin/rs. The range of

WCI and RBI that correspond to the distortions of the Hα line profile are indicated by a grey rectangle superimposed

on top of the simulated (WCI, RBI) distributions. The number of configurations, i.e., positions and orientations of the
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10.3. FIXING THE SIZE OF THE ACCRETION DISK

models relatively to the caustic structure, that reproduce the µcont, µBLR, WCI, and RBI measurements is indicated

for each model and combination of continuum (rs) and BLR (rin/rs) radii. A large number means that the model

can emulate the observed line profile distortions for many caustic configurations ; that model is hence considered “less

fine-tuned”/“more likely”.

The asymmetric microlensing effect distorting the Hα line profile yields a significantly positive RBI that is difficult

to reproduced with a polar wind seen at low inclination, i.e., the PW34◦ and PW44◦ models. However, the PW62◦

model can reproduce the observations, as the Keplerian disk and equatorial wind models, except when the emissivity

of the polar wind decreases slowly with the radial distance, i.e., ǫ = ǫ0(rin/r)q with q = 1.5. When the BLR is

modeled as a Keplerian disk or as an equatorial wind, the configurations with a compact continuum source, i.e.,

0.1 rE ≤ rs ≤ 0.25 rE, and a compact BLR, i.e., 1 ≤ rin/rs < 2, generally fit the constraints on µcont, µBLR, WCI,

and RBI for a large number of positions and orientations relative to the caustic structure. When the emissity decreases

slowly (q = 1.5), models with the largest radii are less likely to (KD models) or cannot (EW models) reproduce the

observations.

The constraints set by the microlensing signal observed in HE0435-1223 at a single-epoch do not enable to robustly

discriminate the BLR models. Indeed, models KD, EW and PW62◦ do fit the microlensing signal observed in quasar

image D for a similar number of different positions and orientations relative to the caustic structure, which implies

that none of these BLR models relies on a fine-tuned position on the caustic pattern to reproduce the distortions of

the Hα line profile.

When plotting the positions of the matching models onto the magnification maps (Fig. 10.4), BLR models with

different geometry and kinematics appear to sample different regions of the caustic pattern, independently of the

continuum source size. Different BLR models are therefore expected to exhibit distinctive temporal variations of the

line profile distortions when moving on the caustic pattern. Spectral monitoring then appears as a promising way to

distinguish the BLR models.

10.3 Fixing the size of the accretion disk

An independent knowledge of the size of the continuum source may constitute an interesting additional constraint

when comparing observations to simulations. On the one hand, the size of the continuum source fixes the smallest

possible inner radius of the BLR. Increasing the size of the continuum source rs implies more extended BLRs given the

constraint rin ≥ rs, thus reducing the range of possible variations of µBLR, WCI, and RBI (Fig. 8.3). On the other

hand, though the size of the accretion disk does not significantly affect the shape of (WCI, RBI) distributions, the

combination of the limited range of continuum magnifications µcont measured in HE0435-1223 with realistic estimate

of the continuum source size can constrain the position of the model on the magnification map.

Several estimates of the size of the accretion disk in HE0435-1223 have been derived from microlensing studies

(Table 1.1). At the wavelength of Hα, half-light radius estimates range from R1/2 ≃ 6 and 30 light days. These values

are computed for a microlens mass M = 0.3 M⊙, and using R1/2(Hα) = R1/2(UV ) × (λHα/λUV )p, where R1/2(UV )

stands for the measured rest-frame UV half-light radius. When p is not simultaneously determined, p = 4/3 is

assumed. Considering that the HE0435-1223 lensed system is characterized by an Einstein radius rE ≃ 11.3 light

days (M = 0.3 M⊙), this is equivalent to a uniformly emitting accretion disk outer radius rs ≃ 1.4 R1/2 ranging from

rs ≃ 0.7 to 4 rE .

The models harboring large continuum sources with rs ≥ 0.6 rE can still reproduce the observations for several

thousands of caustic configurations, depending on the emissivity, geometry, and kinematics of the BLR. When restrict-

ing the analysis to models with rs ≥ 0.6 rE , the Keplerian disk appears the most likely, less fine-tuned, model,first,

because it provides a match for a large number of caustic configurations ((see Figs. 10.2 & 10.3), and second, because
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the matching KD models display a larger variety of relative positions and orientations to the caustics (see Fig. 10.4).

The PW62◦ model with rs ≥ 0.6 rE also fits observations for a large number of caustic configurations, both for the

diamond-shaped and triangle-shaped Chang-Refsdal caustics. Nevertheless, contrary to the polar wind model, Keple-

rian disks can reproduce microlensing measurements for a significant number of caustic configurations whatever their

emissivity law and their inclination with respect to the line-of-sight.

R
B
I

WCI

Figure 10.2: The (RBI, WCI) distributions of the simulated line profiles that arise from the BLR models (KD,
PW, EW) seen at different inclinations (22◦, 34◦, 44◦, 62◦) and magnified by diamond-shaped (κ = 0, γ = 0.5)
Chang-Refsdal caustics. Only the microlensed models that reproduce the µcont and µBLR values measured in the
image D of the quasar HE0435-1223 are selected to compute the (WCI, RBI) distributions. The BLR models that
have an emissivity ǫ0 (rin/r)q that steeply decreases with radius (q = 3) are examined separately from the models
characterized by a slowly decreasing emissivity (q = 1.5). The results of the simulations are displayed for different
ranges of continuum source radii, rs, and BLR relative sizes, rin/rs. The crossed squares correspond to BLR with
rin > 1 rE , not considered in this study (Sect. 8.1). The measured WCI and RBI values are plotted as a small grey
rectangle superimposed on the (WCI, RBI) distributions. The number of configurations matching all the constraints
on µcont, µBLR, WCI, and RBI are indicated for each BLR model and combination of continuum and BLR sizes.
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R
B
I

WCI

Figure 10.3: Same as Fig. 10.2 for triangle-shaped (κ = 0, γ = 2) Chang-Refsdal caustics.
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Figure 10.4: The positions of the BLR models that reproduce the µcont, µBLR, RBI, and WCI measured in image D
of the HE0435-1223 are plotted onto the caustic maps. Models are classified as a function of the size of the continuum
source, rs. The radii of the circles indicate the inner radii of the BLR models. Different colors refer to different BLR
geometries and kinematics.
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11

CONFRONTING MODELS TO OBSERVATIONS IN

THE LENSED QUASAR QSO2237+0305

In this chapter, measurements of the differential microlensing effect that affects the CIV high-ionization line and the

Hα low-ionization line in the image A the lensed quasar QSO2237+0305 (Chap. 6) are confronted to simulations. The

microlensing-induced distortions that are simultaneously detected in high- and low-ionization lines allow to probe the

ionization structure of the BLR.

11.1 Measurement of microlensing amplification and distortion indices

in CIV and Hα lines

Optical and near-infrared spectra of the Einstein cross lensed system, obtained in 2005, have unveiled the existence of

a large-amplitude microlensing effect distorting the CIV and Hα broad emission lines in the quasar image A. The CIV

high-ionization line and the Hα low-ionization line are affected in different ways by microlensing. The magnification

of the continuum at the wavelengths of the CIV and Hα lines was determined using the Macro-micro decomposition

method, yielding µcont = 3.05 ± 0.25 at λCIV and µcont = 2.45 ± 0.25 at λHα (Chap. 6).

The total microlensing-induced of the emission line, µBLR, is estimated using Eq. (8.6) with F1 = FA, F2 = FD

and M = 1 [Braibant et al., 2016]:

µBLR =

∫

F l
A(v) dv

∫

F l
D(v) dv

. (11.1)

The line flux densities, F l
A(v) and F l

D(v), are extracted by subtracting a linear continuum spectrum, fitted in wavelength

intervals neighboring the line profile but containing only continuum emission (hatched areas in Fig. 11.1), independently

in images A and D. The CIV high-ionization line and the Hα low-ionization line are considered separately. The CIV

and Hα line flux densities are then integrated over contiguous velocity ranges in which the line flux is larger than 2%

of the line peak: [v−, v+] = [−7820, 6130] kms−1 for CIV, and [v−, v+] = [−7810, 6700] kms−1 for Hα (shaded areas

in Fig. 11.1). This reduces the noise caused by the line flux dropping to zero at higher Doppler shifts. It results that

microlensing magnifies the CIV line by µBLR = 2.51 ± 0.27, and the Hα line by µBLR = 2.08 ± 0.25. The error on

µBLR is obtained by propagating the error on the line flux F l, computed as the quadratic sum of the error on the total

flux and the error on the continuum estimate, the later being computed as the standard deviation of the flux density

in the [−12700, 12000] kms−1 velocity range for CIV and in the [−21400, −18000] kms−1 velocity range for Hα.
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Figure 11.1: Optical and near-infrared spectra of the images A and D of the quasar QSO2237+0305, that include the
CIV and Hα broad emission lines. The A/D line flux density ratio F l

A/F l
D = µ(v) (red line) is obtained by subtracting

linear continua, fitted over the hatched velocity ranges, from the spectra of images A and D. This ratio is smoothed
using a 200 kms−1-wide median filter. Outside the grey-shaded region, the line ïňĆux density is to weak for µ(v) to
be meaningful.

The red/blue RBI and wing/core WCI distortion indices that characterize the CIV and Hα line profile distortions

are determined using Eq. (8.5) and (8.4), with . The magnification caused by microlensing through the velocity

strucutre of the emission line is computed as µ(v) = F l
A/F l

D, and represented by a red line in Fig. 11.1. The

distortion indices RBI = 0.05 ± 0.03 and WCI = 1.57 ± 0.05 are measured over the [v−, v+] = [−7820, 6130] kms−1

Doppler velocity range of the CIV broad emission line. RBI = 0.11 ± 0.03 and WCI = 1.48 ± 0.06 are obtained

in the [v−, v+] = [−7810, 6700] kms−1 velocity range of the Hα line. The errors are obtained by error propagation.

WCI ≪ 1 indicates a larger magnification of the line wings with respect to the core, in both CIV and Hα lines. The

small RBI measured in the CIV high-ionization line reflects the symmetrical magnification of its blue and red parts.

On the contrary, RBI > 1 measured in the Hα low-ionization line indicates that its red wing is significantly more

microlensed than the blue one.

11.2 Comparison with simulations

11.2.1 The CIV emission region

The (WCI, RBI) distributions obtained for the BLR models that match µcont and µBLR measured in the CIV broad

emission line, when magnified by diamond-shaped or triangle-shaped caustics, are respectively illustrated in Figs. 11.2

and 11.3. For both caustic structures, only the Keplerian disk and the polar wind seen at low inclination, i.e., at

i ≤ 44◦, reproduce the µcont, µBLR, RBI, and WCI indices measured in the CIV high-ionization line.

The high continuum magnification at λCIV, µcont ∼ 3, favors a compact continuum source (Fig. 8.3). The CIV

emission line is also highly magnified by microlensing, µBLR ∼ 2.5, favoring a compact BLR as well. For both caustic
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Figure 11.2: The (WCI, RBI) distributions of microlensed line profiles resulting from the magnification of the BLR
models by diamond-shaped (κ = 0, γ = 0.5) Chang-Refsdal caustics. Only the microlensed models that reproduce
µcont and µBLR measured in the CIV high-ionization line of the image A of quasar QSO2237+0305. The distributions
are plotted for different ranges of continuum source radii, rs, and BLR relative sizes, rin/rs. The crossed squares
correspond to BLR with rin > 1 rE , not considered in this study. The BLR models that have an emissivity ǫ0(rin/r)q

that steeply decreases with radius (q = 3) are examined separately from the models characterized by a slowly decreasing
emissivity (q = 1.5). RBI and WCI indices that characterize the distortions of the CIV line profile are plotted by a
grey rectangle. The number of configurations that reproduce µcont, µBLR, RBI, and WCI is indicated for each BLR
model and combination of continuum and BLR sizes.

structures, the models fitting the µcont, µBLR, WCI, and RBI values measured in the CIV line are composed of a

continuum source with an outer radius rs < 0.25 rE and a BLR with an outer radius rout = 10 rin ≤ 5 rE .

When the emissivity of the BLR model decreases steeply with increasing radii, the models seen at low inclinations

match the microlensing signal observed in CIV for a marginally larger number of caustic configurations. On the other

hand, when the emissivity decreases slowly, only the Keplerian disk can reproduce the deformation of the CIV line

profile, with a probability that increases at larger inclinations.

Considering only the diamond-shaped caustic structure, the Keplerian disk model is found more compatible with

observations than the polar wind. On the contrary, when microlensed by triangle-shaped caustics, the polar wind is

more likely at the origin of the distortions observed in the CIV line profile than the Keplerian disk.
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Figure 11.3: Same as Fig. 11.2 except that microlensing is modeled by triangle-shaped (κ = 0, γ = 2) Chang-Refsdal
caustics.
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Table 11.1: Number of positions in the magnification map that simultaneously reproduce the distortions of the CIV
and Hα line profiles for different pairs of velocity structures of the high-ionization (Col. 1) and low-ionization (Col. 2)
regions. The emissivity of the CIV and Hα regions can decrease more or less steeply with radial distance, either as
ǫ0(rin/r)3 or as ǫ0(rin/r)1.5. The investigated BLR models are made of CIV and Hα emission regions seen at the
same inclination. BLR models are considered to match observations if the positions of the CIV and Hα regions in the
magnification pattern exactly coincide, i.e., if their centers are separated by less than 1 pixel = 0.005 rE. Microlensing
magnification is modeled by (κ = 0, γ = 0.5) diamond-shaped caustics (Col. 3) and (κ = 0, γ = 2) triangle-shaped
caustics (Col. 4).

CIV Hα
Matching positions in (κ = 0, γ = 0.5) Matching positions in (κ = 0, γ = 2)

Chang-Refsdal magnification map Chang-Refsdal magnification map
KD22◦ KD22◦ 0 6
KD34◦ KD34◦ 2 18
KD44◦ KD44◦ 1 0
KD62◦ KD62◦ 0 0
PW34◦ KD34◦ 0 0
PW44◦ KD44◦ 1 0
PW62◦ KD62◦ 0 0
KD62◦ EW62◦ 0 0
KD34◦ PW34◦ 0 2
KD44◦ PW44◦ 0 0
PW34◦ PW34◦ 0 0
PW44◦ PW44◦ 0 0

11.2.2 The Hα emission region

The (WCI, RBI) distributions of the simulated microlensed spectra that reproduce µcont and µBLR measured in the

Hα broad emission line are illustrated in Figs. 11.4 and 11.5, with the effect of microlensing respectively model using

diamond-shaped and triangle-shaped caustics. Different combinations of continuum source, rs, and BLR, rin/rs, sizes

are considered.

The Keplerian disk model stands out as the favored model, whatever the microlensing magnification map. The

polar and equatorial wind may be valid alternatives when magnified by triangle-shaped caustics. If the BLR is modeled

by a wind, either polar or equatorial, microlensed by triangle-shaped caustic structures, the distortions of the Hα line

profile are reproduced for a larger number of caustic configurations when the wind is seen at intermediate inclinations,

i.e., i = 44◦, 62◦.

The magnification of the continuum at λHα and the Hα emission line by a factor larger than 2 favors models

composed of compact continuum source, rs ≤ 0.25 rE, and BLR, rin/rs < 2. BLR models characterized by an

emissivity ǫ0(rin/r)q decreasing sharply at larger radius (q = 3) are more likely to fit the observations than the models

whose emissivity diminishes slowly with radial distance (q = 1.5).

11.2.3 The ionization structure of the BLR

The BLR models and their positions on the Chang-Refsdal caustics that reproduce the microlensing signals observed

in the CIV and Hα broad emission lines are plotted independently in Fig. 11.6 and 11.7. They show that BLR models

with different geometries and kinematics tend to sample different regions of the caustic structures. The high- and

low-ionization regions are magnified by the same caustic, in other words the positions of the CIV and Hα models on the

magnification pattern should exactly coincide so that they sample the same part of the magnification map. The high-

and low-ionization regions are supposed to share their symmetry axis, and thus to be seen at the same inclination.
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Figure 11.4: The (WCI, RBI) distributions of microlensed line profiles resulting from the magnification of the models
by diamond-shaped (κ = 0, γ = 0.5) Chang-Refsdal caustics and matching the µcont and µBLR measured in the Hα
line of image A. Those distributions are plotted for different radii of the continuum source, rs, and different relative
sizes of the BLR inner radius, rin/rs. The crossed squares correspond to BLR with rin > 1 rE , not considered in this
study. The BLR models that have an emissivity ǫ0(rin/r)q that steeply decreases with radius (q = 3) are examined
separately from the models characterized by a slowly decreasing emissivity (q = 1.5). RBI and WCI indices that
characterize the distortions of the Hα line profile are plotted by a grey rectangle. The number of configurations that
reproduce µcont, µBLR, RBI, and WCI is indicated for each BLR model and combination of continuum and BLR
sizes.

Figure 11.5: Same as Fig. 11.4 for models microlensed by triangle-shaped (κ = 0, γ = 2) Chang-Refsdal caustics.

138



11.2. COMPARISON WITH SIMULATIONS

Figure 11.6: Positions of the models reproducing µcont, µBLR, WCI, and RBI indices measured in the CIV high-
ionization line on the diamond-shaped and triangle-shaped caustics. The radii of the circles indicate the inner radius
of the BLR model. Only the 6 rE ×6 rE central region of the magnification map is illustrated since no effect is observed
at larger distance from the caustic.

Figure 11.7: Same as Fig. 11.6 for the BLR models fitting the µcont, µBLR, WCI, and RBI indices measured in the
Hα low-ionization line.
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Figure 11.8: The CIV and Hα line profile distortions are reproduced by high- and low-ionization regions modeled
as Keplerian disks magnified by a (κ = 0, γ = 0.5) diamond-shaped caustic. The Keplerian disk BLR is seen at
34◦ inclination. The wavelength-integrated surface brightness of the CIV (blue) and Hα (red) emission regions are
superimposed on the magnification map. All matching configurations are shown. The emissivity ǫ0(rin/r)q decreases
steeply with the radius, i.e., with q = 3, both in high- and low-ionization regions. The CIV line emerges from a more
compact disk than the Hα line. The radius of the continuum source, rs, is smaller at λCIV than at λHα.
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Figure 11.9: Same as Fig. 11.8, but the CIV and Hα
line profile distortions are reproduced by high- and low-
ionization regions modeled as Keplerian disks seen at 44◦

inclination, magnified by a diamond-shaped caustic.
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Figure 11.10: Same as Fig. 11.8, but the CIV and Hα line
profile distortions are reproduced by a high-ionization
polar wind and a low-ionization Keplerian disk seen at
44◦ inclination, magnified by a diamond-shaped caustic.
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Figure 11.11: The CIV and Hα line profile distortions are reproduced by high- and low-ionization regions modeled as
Keplerian disks magnified by a(κ = 0, γ = 2) triangle-shaped caustic. The Keplerian disk BLR is seen at 22◦ inclina-
tion. The wavelength-integrated surface brightness of the CIV (blue) and Hα (red) emission regions are superimposed
on the magnification map. All matching configurations are shown. The emissivity of the CIV emission region decreases
steeply with the radius, i.e., as ǫ0(rin/r)q with q = 3, while the emissivity of the Hα emission region decreases less
steeply, i.e., with q = 1.5. Contrary to the models magnified by a diamond-shaped caustic (Figs. 11.8-11.10), the CIV
line emerges from a more extended disk than the Hα line, and the radius of the continuum source, rs, is larger at λCIV

than at λHα.
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Figure 11.12: Same as Fig. 11.11, but the CIV and Hα line profile distortions are reproduced by high- and low-ionization
regions modeled as Keplerian disks seen at 34◦ inclination, magnified by a triangle-shaped caustic.
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Figure 11.13: Same as Fig. 11.11, but the CIV and Hα line profile distortions are reproduced by a Keplerian disk high-
ionization region and a polar wind low-ionization region, both seen at 34◦ inclination, magnified by a triangle-shaped
caustic.
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Different pairs of velocity structures, modeling the high- and low-ionization regions of the BLR, are considered. The

ability of each pair of CIV and Hα kinematics to simultaneously reproduce the microlensing-induced distortions

observed in the high- and low-ionization line profiles is estimated through the number of caustic configurations and

combinations of continuum and BLR sizes that yield simulated spectra matching observations (Table 11.1).

Only a limited number of combinations of CIV and Hα velocity structures and caustic configurations can match the

effect of microlensing on the high- and low-ionization lines. The BLR models that reproduce the observed line profile

distortions when microlensing is modeled by diamond-shaped caustics show noticeable differences with respect to the

models matching microlensing measurements when magnified by triangle-shaped caustics. BLR models in which both

CIV and Hα arise from Keplerian disks can reproduce the observations when microlensed either by diamond-shaped or

triangle-shaped Chang-Refsdal caustics. Diamond-shaped caustics favor disk models seen at intermediate inclinations,

i = 34◦, 44◦, with Hα arising from a more extended disk component than CIV, rHα
in > rCIV

in , (Figs. 11.8 & 11.9), while

triangle-shaped caustics favor disk models seen at smaller inclination, i = 22◦, 34◦, with Hα emerging from a more

compact disk than CIV , rHα
in < rCIV

in , (Figs. 11.11 & 11.12). Moreover, the BLR models that fit the observed line

profile distortions when magnified by diamond-shaped caustics are composed of CIV and Hα regions characterized by

an emissivity decreasing steeply with radius, while the emissivity of the Hα low-ionization region is constrained to

decrease more slowly than that of the CIV high-ionization region when they are magnified triangle-shaped caustics.

Figs. 11.11 & 11.12 show that, although the deformations of the CIV and Hα lines can be matched for more

than a couple of positions in the magnification map when the BLR model is magnified by triangle-shaped caustics,

observations are essentially reproduced only by a couple of different caustic configurations. Indeed, several matching

combinations, illustrated in Figs. 11.11 & 11.12, involve the same BLR model oriented similarly with respect to the

caustic structure. The positions of those matching models in the magnification map only differ by a few pixels, i.e.,

∼ 0.01 rE, which is negligible with respect to the size of the continuum rs ≥ 0.1 rE ; those neighboring positions

therefore fundamentally correspond to the same caustic structure. The ability of a BLR model to reproduce the

observed line profile distortions for several neighboring positions in the magnification map indicates some freedom in

the distance between the BLR model and the caustic.

Observations can also be reproduced by models combining Keplerian disk and polar wind components. Like models

in which both CIV and Hα arise from a disk, the diamond-shaped and triangle-shaped caustics favor different BLR

models: the diamond-shaped caustics favor a BLR structure made of a compact highly ionized wind and a more

extended low-ionization Keplerian disk (Fig. 11.10), whereas the triangle-shaped caustics favor a BLR model that

includes a Keplerian disk high-ionization region and a more compact low-ionization wind (Fig. 11.13).

Because the BLR models magnified by triangle-shaped caustics can reproduce the deformations of the CIV and Hα

broad emission lines for a larger number of positions in the magnification map, they may appear more likely. Yet, those

models imply that the CIV line is emitted by a more extended component than the Hα line, which clearly disagrees

with the reverberation mapping measurements. In the next section, the size of the continuum source constrained at

λCIV and λHα is compared to the energy profile of the accretion disk measured in the QSO2237+0305 lensed quasar,

further disproving the BLR models magnified by triangle-shaped caustics.

11.2.4 The energy profile of the accretion disk

As in Sect. 10.3, an independent knowledge of the size and energy profile of the accretion disk is used as an additional

constraint on the modeling. The accretion disk of the QSO2237+0305 lensed quasar have been constrained by several

microlensing studies (Table 1.1). At the rest-frame wavelength of CIV, the half-light radius ranges from R1/2 ≃ 0.9

and 29 light days. These values are computed for a microlens mass M = 0.3 M⊙, following a similar procedure

as in Sect. 10.3. The QSO2237+0305 lensed system is characterized by an Einstein radius rE ≃ 20 light days

(M = 0.3 M⊙), so that the half-light radius of the continuum source ranges between R1/2 ≃ 0.05 rE and 1.5 rE at
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λCIV. This is equivalent to a uniform disk with an outer radius rs ≃ 1.4 R1/2 ranging between rs ≃ 0.07rE and 2 rE .

Yet, continuum sources with an outer radius rs > 0.8 rE are not investigated since that they cannot reproduce the

smallest continuum magnification µcont = 2.45 measured at λHα.

The microlensing-induced distortions of the spectrum observed in the image A of the quasar QSO2237+0305 favor

small continuum sources rs ≤ 0.15 rE, whatever the BLR model and the magnification pattern. That radius is smaller

than the 0.2 rE size constrained by Anguita et al. [2008] and Eigenbrod et al. [2008b], as well as the 0.5 rE radius

found by Sluse et al. [2011] using V-band lightcurves. When microlensing is modeled by diamond-shaped caustics, the

BLR models that simultaneously reproduce the CIV and Hα line profile distortions include a continuum source whose

radius increases from rs = 0.1 rE at λCIV to rs = 0.15 rE at λHα. On the contrary, when microlensing magnification

is modeled by triangle-shaped caustics, the matching BLR models harbor a continuum source whose radius decreases

at larger wavelength, from rs = 0.15 rE at λCIV to rs = 0.10 rE at λHα. The later models completely disagree

with microlensing studies, that are all consistent with longer wavelengths being emitted at larger radii, despite some

dispersion in the temperature profiles of the accretion disk estimated by the different studies.

Independent constraints on the temperature profile of the accretion disk hence favor the BLR models fitting the

observations when magnified by a diamond-shaped caustic. However, the radius of the continuum source that composes

matching models increases with wavelength by a factor of 1.5 between λCIV and λHα, much smller than expected from

microlensing studies. Indeed, estimates of the temperature profile T (r) ∝ r−p of the accretion disk compiled in

Table 1.1 for the QSO2237+0305 lensed quasar set a lower limit on the power-law exponent p ≥ 0.8. This implies that

the continuum emission arises at a radius at least three times larger at λHα than at λCIV. This is twice larger than

the ratio rs(Hα)/rs(CIV) = 1.5 obtained from modeling.

In conclusion, only the models that reproduce the microlensing signal measured in the CIV and Hα lines using

a diamond-shaped caustic have a physical meaning in the sense that they contain a continuum source whose radius

increases at longer wavelengths. That continuum source is compact: rs = 0.1 rE ≃ 2 light days at λCIV, which agrees

with most size estimates obtained for the QSO2237+0305 lensed quasar in Table 1.1. However, the temperature

profile determined by Anguita et al. [2008], Eigenbrod et al. [2008b], Jiménez-Vicente et al. [2014] and Muñoz et al.

[2016]requires the size of the continuum source to increase by a factor larger than 3 betweent λCIV and λHα, which is

at least twice larger than the factor 1.5 constrained from modeling.

11.3 Going further with a caustic network

More realistic modeling of the effect of microlensing on the BLR can be achieved using a caustic network. This complex

magnifying structure is computed using the microlens code [Wambsganss, 1999], considering a convergence of 0.394

and an external shear of 0.395 constrained from the macro-model for the image A of QSO2237+0305 [Schmidt et al.,

1998]. The light path to image A crosses the bulge of the lensing galaxy, which is modeled using a stellar fraction

of 100%, resulting in a dense network of caustics illustrated in Fig. 11.14. The magnification map extends over a

100 rE × 100 rE area of the source plane and is sampled by 10000 × 10000 pixels. Distorted line profiles are obtained

from the convolution of monochromatic images of the synthetic BLR by the caustic network. To limit the impact of

preferential alignment between the symmetry axes of the BLR models and the caustics, microlensed line profiles are

also computed after rotating the magnification map by 90◦ (see Figs. 11.17 & 11.18).

Only the BLR models whose emissivity decreases steeply with radius, i.e., following the power law ǫ = ǫ0(rin/r)3,

are investigated. The (WCI, RBI) distributions of the simulated microlensed spectra that fit the magnification µBLR

of the CIV line and the continuum magnification µcont measured at λCIV are presented in Fig. 11.15. The (WCI, RBI)

distributions obtained considering µBLR measured in the Hα line and µcont measured at λHα are presented in Fig. 11.16.

Those distributions are computed for various combinations of continuum source radii, rs, and BLR relative sizes, rin/rs.
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The radius of the continuum source is varied between rs = 0.1 rE and 0.8 rE. The inner radius of the BLR is forced

to be equal or larger than the outer radius of the continuum source, i.e., rin/rs ≥ 1. For each investigated velocity

structure, in a certain range of rs and rin/rs values, the number of configurations that match the µcont, µBLR, WCI,

and RBI distortion indices measured in the CIV and Hα lines is indicated in the corresponding subfigure of Figs. 11.15

and 11.16 respectively. It is taken as an assessment of the ability of the model to reproduce the line profile distortions.

Fig. 11.15 reveals that the symmetric microlensing effect affecting the high-ionization CIV line can be reproduced

either by a Keplerian disk or by a biconical polar wind seen at inclination smaller than 45◦. On the other hand,

Fig. 11.16 shows that the asymmetric microlensing effect observed in the low-ionization Hα line can only be reproduced

by a Keplerian disk. When microlensing is modeled by a caustic network, simulations favor a continuum source with a

radius rs ≤ 0.5 rE , both at λCIV and λHα, as well as high- and low-ionization regions with an outer radius rout < 5 rE .

For the different BLR geometries and kinematics investigated in this study, the positions in the caustic network leading

to µcont, µBLR, WCI, and RBI matching those measured in the CIV and Hα lines are plotted in Figs. 11.17 and

11.18 respectively. Matching models appear to be preferentially located on the dense parts of the intricate caustic

network.

The ionization structure of the BLR is investigated by identifying the pairs of CIV and Hα models that can

simultaneously reproduce the microlensing effect observed in the high- and low-ionization lines when their centers

coincide on the magnification map. The CIV and Hα emission regions are supposed to be seen at the same inclination.

Matching models consist either of a highly-ionized polar wind and a low-ionization Keplerian disk or of two Keplerian

disks with one of higher ionization degree. For each pair of CIV and Hα models, Table 11.2 lists the number of

combinations of continuum source, BLR sizes and caustic configurations that fit the observations. BLR models in

which both the high- and low-ionization regions are thin Keplerian disks produce matching distorted line profiles for

all inclinations of the line-of-sight, i.e., 22◦ ≤ i ≤ 62◦. By contrast, BLR models in which the CIV line originates from

a polar wind while the Hα line emerges from a Keplerian disk only reproduce the line profile distortions for a specific

inclination of the line-of-sight i = 44◦.

In Appendix A, we present all the configurations that reproduce the microlensing effects observed in the CIV and

Hα broad emission lines (Figs. A.1, A.3, A.5, A.7, A.9), as well as histograms summarizing the distribution of sizes

of the continuum source at λCIV and λHα and the distribution of sizes of the CIV and Hα emission regions that

compose the matching models (Figs. A.2, A.4, A.6, A.8, A.10). In all the matching BLR models, the low-ionization

Hα line emerges from a more extended region than the high-ionization CIV line, whatever the kinematics of the

high-ionization region. However, in some models, the radius of the continuum source decreases at larger wavelengths,

so that the continuum appears to emerge at larger radius at λCIV than at λHα, which is inconsistent with observations

(Sect. 11.2.4). In the fourth column of Table 11.2, we indicate the number of models fitting the microlensing signal

measured in quasar image A that also verify the constraint that the radius of the continuum source rs increases at

larger wavelengths, i.e., rs(λCIV) ≤ rs(λHα). Considering only the models verifying rs(λCIV) ≤ rs(λHα), simulations

favor the BLR models in which both the high- and low-ionization regions are Keplerian disks. The BLR models that

include a highly ionized wind are not completely ruled out but require specific inclination of the line-of-sight and caustic

configuration, as shown in the three last subfigures of Fig. A.9. Besides, in the models that verify rs(λCIV) ≤ rs(λHα),

both the CIV and Hα lines are emitted close to the continuum source, i.e., rCIV
in /rs ∼ 1 and rHα

in /rs ∼ 1. The models

in which both the CIV and Hα lines originate from a Keplerian disk seen at inclination i ≤ 44◦ show a slightly

more extended Hα region: on average rHα
in /rs ∼ 1.3. In addition, some models composed of high- and low-ionization

Keplerian disk regions seen at 44◦ inclination contain a continuum source whose size grows by a factor larger than 2.5

between λCIV and λHα, which is in good agreement with the factor ∼ 3 derived independently (Table 1.1).

This more realistic modeling, based on a complex caustic network, gives results consistent with those obtained

using a simple diamond-shaped Chang-Refsdal caustic. In both cases, observations can be reproduced by models in
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which the low-ionization Hα line arises from a Keplerian disk while the high-ionization CIV line originates either from

a more compact Keplerian disk, or from a compact polar wind. The agreement between the matching models obtained

when modeling microlensing with a caustic network and when modeling microlensing with a diamond-shaped caustic

may be related to the value of the shear γ = 0.395 used to simulate the caustic network being close to the shear

γ = 0.5 that characterizes the diamond-shaped caustic. Nevertheless, in contrast to modeling based on a diamond-

shaped caustic, simulations using an intricate network of caustics show a preference for models in which the high- and

low-ionization regions are modeled as Keplerian disks.

Figure 11.14: 100 rE × 100 rE caustic network simulated for the image A of the lensed quasar QSO2237+0305 using
the microlens code [Wambsganss, 1999]. A 5 rE-radius region in the center of the magnification map is enlarged by
a factor of 3.
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Figure 11.15: The (WCI, RBI) distributions of the microlensed line profiles resulting from the magnification of the
BLR models by the caustic network illustrated in Fig. 11.14, plotted using the models that reproduce µcont and µBLR

measured in the CIV line. Those distributions are plotted for different ranges of radii of the continuum source, rs, and
different relative sizes of the BLR inner radius, rin/rs. All the models investigated have an emissivity that decreases
steeply with the radius, following ǫ = ǫ0(rin/r)3. The empty squares correspond to BLR models with rin > 1 rE , not
considered in this study. RBI and WCI distortion indices measured in the CIV line are plotted by a grey rectangle.
The number of configurations that reproduce µcont, µBLR, RBI and WCI is indicated for each BLR model and
combination of BLR and continuum source sizes.
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Table 11.2: For each pair of velocity structures of the high- and low-ionization regions (Col. 1-2), the number of models
that can simultaneously reproduce the microlensing-induced distortions of the CIV and Hα line profiles is computed
and indicated in Col. 3. Matching BLR models include CIV and Hα regions whose positions coincide on the caustic
network, i.e., whose centers are separated by less than 0.01 rE (1 pixel). Among the models reproducing the observed
line profile distortions, the number of models that verify the additional and independent constraint rs(λCIV) ≤ rs(λHα)
is indicated in Col. 4.

CIV Hα # matching positions on the caustic network # verifying rs(λCIV) ≤ rs(λHα)
KD22◦ KD22◦ 68 68
KD34◦ KD34◦ 16 16
KD44◦ KD44◦ 92 92
KD62◦ KD62◦ 16 5
PW34◦ KD34◦ 0 0
PW44◦ KD44◦ 39 3

Figure 11.16: Same as Fig. 11.15 but for the models reproducing the line profile distortions (µcont, µBLR, RBI and
WCI distortion indices) measured in the Hα line.
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100x10 E 100x10 E

Figure 11.17: The positions in the caustic network of the BLR models that reproduce the distortions (µcont, µBLR,
WCI, and RBI) measured in the CIV broad emission line are indicated by circles. The radii of the circles indicate
the inner radius of the BLR model. The different spatial and velocity structures are represented using different colors.

100x10 E , 100x10 �

Figure 11.18: Same as Fig. 11.17, but plotting the BLR models that reproduce the distortions (µcont, µBLR, WCI,
and RBI) measured in the Hα line.
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12

SUMMARY AND RESULTS OF THE MODELING OF

BLR MICROLENSING

The effect of microlensing on broad emission lines is modeled for three simple BLR spatial and velocity structures:

a Keplerian disk, a biconical polar wind, and an equatorial disk wind. Simulating microlensing-induced distortions

of the line profiles is a two-step process that involves (i) to compute the surface brightness of the BLR model at

different Doppler velocities, and (ii) to convolve each monochromatic snapshot of the BLR by generic Chang-Refsdal

caustics. Chang-Refsdal magnification maps model the spatially inhomogeneous magnification generated by a single

stellar microlens whose gravitational field is perturbed by the tidal field of the surrounding lensing galaxy. Diamond-

shaped and triangle-shaped caustics, respectively characterized by shears γ = 0.5 and γ = 2, are investigated. BLR

microlensing is commonly observed in lensed systems showing microlensing of the continuum. Since the BLR and the

accretion disk of a quasar are microlensed by the same caustic pattern, the magnification of the continuum caused by

microlensing further constrains the caustic configuration. Continuum microlensing is therefore included in modeling,

and simulated by the convolution of the magnification map and a uniform disk that share the same symmetry axis as

the BLR model, i.e., that is seen at the same inclination i of the line-of-sight.

Microlensing-induced deformations of the line profiles are computed for realistic BLR models in which the emission

line arises at larger distance than the continuum, i.e., models in which the inner radius of the broad line emission region

rin is larger than the radius of the continuum source rs. Different combinations of continuum source radii, that range

from rs = 0.1 rE to 0.6 rE , and BLR sizes, that range from rin = 0.1 rE to 0.75 rE, are investigated. The emissivity

profile of the BLR is varied as well, to assess its impact on the resulting microlensed line profiles. The emission of the

BLR is simulated for an emissivity that decreases steeply at increasing radial distance, following ǫ0(rin/r)3, on the

one hand, and that decreases more slowly, following ǫ0(rin/r)1.5, on the other hand. To summarise, the microlensing-

induced line profile deformations associated with three different BLR velocity structures, characterized either by a

steep or more gradual emissivity profile, seen at various inclinations of the line-of-sight, and magnified by two different

caustic structures, are explored in different intervals of values of continuum source radii, rs, and BLR relative sizes,

rin/rs.

A set of four observables is defined to assess the different aspects of the spectral distortions caused by microlensing:

the magnification of the continuum spectrum, µcont, the magnification of the line flux, µBLR, the differential magni-

fication of the line wings with respect to the core, WCI, and the differential magnification of the redshifted part of

the line with respect to its blueshifted part, RBI. Defining a limited set of distortion indices allows to quantitatively

analyze and compare the microlensed line profiles obtained for the different models investigated. The major advantage
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of those indices is that they do not depend on the shape of the broad emission line. This enables to compare actual

measurements of the microlensing-induced line profile distortions with modeling results obtained for simple BLR mod-

els. Such models indeed give rise to simple emission line profiles that fail to reproduce the complex shapes generally

displayed by broad emission lines.

The size of the BLR is the main parameter controlling the maximum amplitude of the magnification experienced by

the emission line, but it has virtually no effect on the ability of microlensing to differentially magnify different parts of

the line profile. Similarly, the magnification of the continuum is principally determined by the radius of the continuum

source. The magnifications measured in the line and continuum fluxes therefore set respectively upper boundaries on

the radii of the BLR and continuum source. The line profile distortions induced by microlensing depend primarily

on the spatial and velocity structure of the BLR and, to a lesser extent, on the magnification pattern. Nevertheless,

the µcont, µBLR, WCI, and RBI indices that characterize the synthetic microlensed line profiles produced for the

different BLR models overlap on large area of the (WCI, RBI) plane, especially for weak microlensing effects, i.e.,

small values of µcont, µBLR, WCI, and RBI. This may prevent the discrimination of the different BLR models based

on single-epoch measurement of the microlensing signal through a line profile, especially during periods of relative

calm in between microlensing events.

The emissivity profile and the inclination of the line-of-sight towards the model appear to have no impact on the

ability of microlensing to differentially magnify the blue and red parts of the broad emission line when it arises from

a Keplerian disk and equatorial wind. By contrast, both the emissivity profile and the inclination of the line-of-sight

can importantly affect the ability of microlensing to cause asymmetric line profile distortions when the line emerges

from the polar wind. Indeed, the polar wind cannot yield a large differential magnification of the red and blue wings

of the line profile when its emissivity decreases slowly with the radius, or when it is seen at inclination i ≤ 44◦. This

contrasts importantly with the Keplerian disk and equatorial wind models that show a clear-cut spatial separation

between the positive and negative parts of their velocity field whatever the inclination, such that microlensing is likely

to differentially magnify the red and blue parts of the emission line. The red/blue asymmetric distortions therefore

constitutes a promising discriminant between the different BLR models.

Modeling results are confronted to microlensing measurements obtained for the gravitational lenses HE0435-1223

and QSO2237+0305. The image D of the HE0435-1223 lensed quasar is affected by a microlensing effect of moderate

amplitude, that magnifies the continuum emission by a factor of 160% and the Hα line by 130%. Microlensing

magnifies the red wing of the Hα line with respect to its blue wing, which results in an asymmetric deformation of

the line profile that cannot be reproduced by a polar wind seen at inclination i ≤ 44◦. However, the constraints set

by the microlensing signal measured in HE0435-1223 at a single-epoch cannot discriminate the Keplerian disk, the

equatorial wind, and the polar wind seen at an inclination i = 62◦, as potential origin of the Hα line. Nevertheless,

using independent constraints on the size of the accretion disk, and restricting the analysis to the models that include a

continuum source with a radius rs ≤ 0.6 rE , yields to somewhat higher probability for Hα to emerge from a Keplerian

disk.

Spectra covering the optical to near-infrared domain, obtained in October 2005 for the QSO2237+0305 lensed

system, have revealed the existence of a large microlensing effect in the quasar image A. Microlensing magnifies the

UV-optical continuum by more than 300% and the near-infrared continuum by nearly 250%. In addition, it visibly

distorts the CIV and Hα line profiles. Dissimilar effects are observed in the high-ionization CIV line and in the low-

ionization Hα line. While microlensing symmetrically magnifies the wings of the CIV line compared with its core, it

asymmetrically affects the red and blue wings of the Hα line. Separate modeling of the effect of microlensing on the

Hα and CIV emission lines favors Hα emission in a Keplerian disk. The emission of Hα in a polar wind yet constitutes

a viable alternative, especially when microlensing is modeled with a triangle-shaped caustic. On the other hand, both

the Keplerian disk and the polar wind model can fit the line profile distortions of the CIV line.
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The simultaneous observation of the effect of microlensing in the CIV and Hα lines is a major asset of the

QSO2237+0305 data set. It indeed provides important additional constraints since any valid model of the BLR,

composed of high- and low-ionization regions that may have different structures, should reproduce both the microlens-

ing signals measured in CIV and Hα. Therefore, assuming that the high- and low-ionization regions share the same

symmetry axis, we identified all the pairs of CIV and Hα models that have identical inclination and position on

the caustic pattern. We find that (i) there exists a few number of configurations reproducing simultaneously the

microlensing-induced distortions of the CIV and Hα emission lines ; (ii) considering only the realistic cases in which

the continuum arises from a larger radius at Hα wavelength (λHα) than at CIV wavelength (λCIV), fitting models are

systematically magnified by a diamond-shaped caustic and consist of a low-ionization Keplerian disk and of a more

compact high-ionization region, that can be either a polar wind or a Keplerian disk ; (iii) modeling appears to privilege

low to intermediate inclinations of the line of sight, i.e., i ≤ 44◦.

Finally, we performed more realistic modeling using an intricate caustic network simulated for the image A of

QSO2237+0305. The results qualitatively agree with those obtained using less sophisticated Chang-Refsdal caustics:

(i) modeling microlensing with a caustic network unambigously favors the emergence of the Hα line from a Keplerian

disk ; (ii) only models in which Hα is emitted by Keplerian disk and CIV by a more compact polar wind or Keplerian

disk can simultaneously fit the microlensing signals seen in the high- and low-ionization lines ; (iii) considering only

models characterized by rs(λHα) ≥ rs(λCIV), fitting BLR models are preferentially seen at angles of inclination smaller

than 44◦. Besides, modeling generally favors the emission of CIV between 0.1 and 0.15 rE while Hα more likely arises

at distance larger than 0.2 rE .
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Conclusions

This thesis is a contribution to the study and understanding of the region at the origin of the broad emission lines,

characteristic of quasar spectra. We exploited the information about the spatial and velocity structure of the BLR that

is contained in the line profile distortions induced by microlensing. Microlens(es) can indeed resolve and magnify a

limited region of the BLR, which results in characteristic spectral deformations. We explored two ways of constraining

the geometry and kinematics of the BLR from spectral observations of gravitationally lensed quasars: (i) retrieve

and analyze the microlensed part of the quasar spectrum, and (ii) model the deformations of the line profiles caused

by microlensing. The first approach observationally constrains the microlensed part of the quasar spectrum using

the Macro-micro decomposition (MmD) method. That decomposition method was applied to high-quality spectra

of the quadruply imaged quasars HE0435-1223 and QSO2237+0305. This way, we detected line profile distortions

that can be robustly attributed to microlensing in the images A and D of HE0435-1223, and in the images A, B,

and C of QSO2237+0305. As a second step, we modeled the effect of microlensing using simplified BLR models and

representative caustic structures, with the aim to compare our simulations to the microlensing-induced line profile

distortions observed in HE0435-1223 and QSO2237+0305.

In the lensed system HE0435-1223, we observationally constrained the structure of the low-ionization region from

the microlensing-induced distortions of the Hα line profile [Braibant et al., 2014]. High-quality near-infrared spectra

were acquired for all the quasar images and contain the Hα line. The images D and A are affected by a microlensing

effect of moderate intensity that magnifies the continuum by 68% (µcont = 1.68) in D and demagnifies it by 27%

(µcont = 0.73) in A. We applied the MmD method to the spectra of the images A and D to untangle the microlensed

fraction of the Hα line. Since the Hα line profiles observed in the spectra of the different quasar images originate from

the same BLR, the differences are only caused by microlenses that alter the quasar spectrum. The structure of the

BLR must account for both the constraints inferred from the line profile distortions in images A and D.

The analysis of the part of the Hα line that is microlensed in the images A and D allows to draw the following

picture of the low-ionization region. (i) In image D, microlensing magnifies only the red wing of the Hα line while

it leaves the blue wing untouched which implies a velocity field with receding and approaching parts that are well

spatially separated in projection. (ii) In image A, microlensing demagnifies the core of the line like the continuum while

it does not affect the high-velocity part of both the blue and red wings, which suggests that the low-velocity region

of the BLR is compact and located close to the continuum source while the highly approaching and highly receding

regions of the BLR are not only separated from each other but also from the central continuum source in projection.

Those constraints favor a flattened geometry, such as a Keplerian disk, at the origin of the Hα line, although biconical

models cannot be ruled out.

In the lensed system QSO2237+0305, we observationally constrained the structure of the BLR using the microlensing-

induced distortions of the CIV and Hα line profiles [Braibant et al., 2016]. The image A is affected by a large-amplitude

microlensing effect that magnifies the continuum by ∼ 150% at Hα wavelength and by ∼ 200% at CIV wavelength.

That large magnification involves configurations in which the continuum source is located on or close to a caustic.

Another interest of the dataset composed of visible and near-infrared spectra acquired at the same epoch is that it

contains both the CIV and Hα broad emission lines, which simultaneously constrain the structure of the high- and

low-ionization regions, and then the ionization structure of the BLR.

In QSO2237+0305, we found that microlensing affects very differently the high- and low-ionization lines. The

decomposition of the microlensed part of the spectrum shows that microlensing only magnifies the red wing of the Hα

line while it symmetrically magnifies the wings of the CIV line. Given that the same microlensing pattern magnifies

both the high- and low-ionization regions, these dissimilar line profile distortions suggest that the high- and low-

ionization regions are governed by different kinematics. Since this quasar is likely viewed at intermediate inclination,

the differential magnification of the blue and red wings of the Hα line favors a flattened, virialized, low-ionization

region, whereas the symmetric microlensing effect measured in CIV can be reproduced by an emission line formed in
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a polar wind without the need of fine-tuned caustic configurations.

With the aim to derive more quantitative predictions about the spatial and velocity structure of the BLR, we

simulated the effect of microlensing on the broad emission lines considering simple and representative BLR models,

specifically a Keplerian disk, a biconical polar wind, and an equatorial disk wind. Broad emission line profiles distorted

by microlensing are simulated by combining those representative BLR models with generic microlensing magnification

maps (specifically idealized diamond-shaped and triangle-shaped Chang-Refsdal caustics). We used a set of three

self-designed observables to characterize the microlensing-induced distortions of the line profile: the magnification of

the emission line (µBLR), the red/blue indicator that quantifies the differential magnification of the red and blue wings

of the line (RBI), and the wings/core indicator that quantifies the differential magnification of the wings and the

core of the line (WCI). Our simulations also include the magnification of the continuum source (µcont), modeled as

a uniformly-emitting disk, caused by microlensing.

Modeling the effect of microlensing yields three robust predictions. (i) Simulations show that the size of the emission

region is the main parameter that determines the maximum amplitude of the magnification caused by microlensing.

When the emission region located close to a high-magnification caustic, the smaller is the region, the larger is the

magnification. A large microlensing magnification thus sets a strong upper limit on the size of the emission region

and on the distance to the caustic. (ii) Simulations show that large red/blue asymmetric distortions of the broad

line profile (|RBI| > 0.1) favor the emission of the line in a disk. The Keplerian disk and equatorial wind models

can indeed yield large red/blue asymmetric distortions whatever their inclination and emissivity profile, due to the

clear-cut spatial separation between the positive and negative parts of their velocity field. By contrast, the polar wind

cannot yield a large differential magnification of the red and blue wings of the line unless special conditions of viewing

angle and emissivity are met. (iii) Weak microlensing effect inducing small line profile distortions (|RBI| < 0.1 and

0.8 < WCI < 1.2) cannot discriminate between the different BLR models when based on single-epoch measurements.

A large number of combinations of BLR sizes and locations on the magnification pattern can indeed produce weak

microlensing effects so that, in the absence of additional information about the relative positions of the emission region

and magnification structure, it is likely to find two configurations with different BLR kinematics that yield similar

microlensing-induced line profile distortions.

Simulations are finally confronted to the microlensing-induced spectral distortions observed in lensed quasars

HE0435-1223 and QSO2237+0305. The distortions of the broad emission lines are characterized using the µBLR,

WCI and RBI indicators. Those indicators and the corresponding errorbars are computed in the limited wavelength

range covered by the broad emission line, after subtracting the continuum spectrum. The models that reproduce the

values of µBLR, WCI and RBI indicators computed from the observations, as well as the constraints on the continuum

magnification (µcont), are singled out and analyzed. Further selection among fitting models can be achieved using

additional information about the continuum source or BLR.

The deformations of moderate amplitude of the Hα broad emission line in the spectrum of the image D of quasar

HE0435-1223 are confronted to simulations. We found that the three BLR models investigated can fit the observations,

although the polar wind can only afford for the asymmetric distortion of the Hα line at specific inclinations of the

line-of-sight. Hence, the sole constraints set by the single-epoch measurements of the effect of microlensing on the

continuum and Hα line cannot discriminate between the Keplerian disk, equatorial and polar wind. To further

discriminate between models, we considered an independent constraint on the size of the accretion disk set by previous

microlensing studies of the optical continuum. Restricting our analysis to the models that include a continuum source

with a radius larger than 0.6 rE results in a somewhat higher probability for Hα to emerge from a Keplerian disk.

The large distortions of the CIV and Hα broad lines in the spectrum of the image A of QSO2237+0305 are

confronted to simulations. As a first step, we modeled independently the effect of microlensing on the CIV high-

ionization line and Hα low-ionization line. The red/blue asymmetric magnification of the Hα line favors its emission
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in a Keplerian disk. On the other hand, the symmetric deformation of the CIV line indicates a Keplerian disk and

a polar wind as likely origins. An additional constraint on the structure of the BLR comes from the simultaneous

observation of the effect of microlensing on the CIV and Hα lines: any valid BLR model, composed of high- and

low-ionization regions that may have different geometries and kinematics, should reproduce both the microlensing-

induced distortions of CIV and Hα line profiles. BLR models that match observations are obtained by identifying all

the pairs of CIV and Hα models that are magnified by the same caustic structure and share the same symmetry axis,

that is to say CIV and Hα models that have identical position on the magnification map and inclination towards the

line-of-sight. We found that only a few configurations can simultaneously reproduce the effect of microlensing on the

CIV and Hα lines. Besides, microlensing studies of the accretion disk of QSO2237+0305 have determined that the

continuum arises at larger radius at Hα wavelength than at CIV wavelength. Taking that additional constraint into

account, only two types of models can fit all observations: (i) models in which Hα originates form a Keplerian disk

and CIV from a more compact Keplerian disk, (ii) models in which Hα arises form a Keplerian disk and CIV from a

more compact polar wind. Simulations thus indicate that the high-ionization CIV line comes from a more compact

region than the low-ionization Hα line. They moreover favor models seen at low to intermediate inclinations (i ≤ 44◦).

More realistic modeling of the effect of microlensing on the BLR is ultimately achieved using a caustic network

that simulates the magnification due to a random distribution of stars along the light-path of quasar image A. Like in

the simulations based on idealized Chang-Refsdal caustics, the models that simultaneously reproduce the distortions

of the CIV and Hα line profiles are identified. The models that match observations when magnified by an intricate

network of caustics are similar to those favored by simulations in which the effect of microlensing was modeled by a

generic diamond-shaped caustic. This more realistic modeling indeed agrees with the emission of the low-ionization

Hα line in a Keplerian disk and the emission of the high-ionization CIV line in a more compact region that can be

either a rotating disk or a polar wind. It also favors low to intermediate inclinations (i ≤ 44◦).

We emphasize that both the HE0435-1223 and QSO2237+0305 lensed systems display a differential magnification

of the blue and red parts of the low-ionization Hα line. This could be evidence that quasars contain a low-ionization

region with a rather flat geometry. The detection of asymmetric distortions in the CIV line profile in the SDSS

J1004+4112 lensed system [Richards et al., 2004, Motta et al., 2012] and in the SDSS J1339+1310 lensed system

[Goicoechea and Shalyapin, 2016] might support scenarios in which both high- and low-ionization lines arise from

disk-like structures. Still, studies of BLR microlensing must be achieved for a larger sample of individual quasars and

in other high- and low-ionization broad lines before any general conclusion about the structure of the BLR in quasars

could be drawn. We note that the asymmetric magnification of the blue and red parts of the low-ionization Hα line

was robustly outlined using Macro-micro decomposition (MmD) method. MmD therefore emerges as a practicable and

straightforward technique to unveil the microlensed part of the quasar spectrum and interpret the microlensing-induced

line profile distortions in terms of constraints on the BLR spatial and velocity structure.

As illustrated by the small-amplitude line profile distortions observed in HE0435-1223, weak microlensing effect

does not allow to discriminate between BLR models. Monitoring and modelling the temporal variations of the spectral

distortions caused by microlensing appears as a very promising way to better constrain the spatial and velocity structure

of the BLR. Simulations indeed show that, to match a given line profile distortion, models with different geometries

and kinematics tend to sample different regions of the caustic pattern. Hence, distinctive temporal variations of

the line profile deformations should be observed for the different BLR geometries and kinematics. Monitoring the

magnification of the continuum and/or broad emission lines caused by microlensing can thus help to confine the

position of the quasar in the magnification map, which restricts the number of possible caustic configurations, and can

improve the discrimination of BLR geometries and kinematics. Reducing the line profile distortions to a few distortion

indices offers a practicable way to quantify and model the temporal variations using a few light curves. Microlensing

events would clearly constitute the most interesting and constraining parts of such temporal study.
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Appendix A

COMBINATIONS OF CAUSTICS AND BLR

MODELS REPRODUCING THE EFFECT OF

MICROLENSING IN QSO2237+0305 A

Hereafter are presented all the configurations that reproduce the microlensing signal observed in the image A of

QSO2237+0305 when the accretion disk and BLR models are magnified by an intricate caustic network. Figs. A.1,

A.3, A.5, and A.7 show all the BLR models and their positions in the caustic network that match the distortions of

the CIV and Hα line profiles when both the high- and low-ionization regions are modeled by Keplerian disks seen

at 22◦, 34◦, 44◦, and 62◦ inclination respectively. Fig. A.9 displays the positions in the caustic network of the BLR

models that match the distortions of the CIV and Hα lines when the high-ionization region is modeled by a polar wind

and the low-ionization region by a Keplerian disk seen at 44◦ inclination. The high-ionization region from which the

CIV line emerges is plotted in blue while the low-ionization region from which the Hα line originates is plotted in red.

In all matching models, the CIV line emerges from an emission region more compact than the emission region of the

Hα line. Figs. A.2, A.4, A.6, A.8, A.10 present histograms that summarize the distributions of sizes of the continuum

source at λCIV and λHα and the distributions of sizes of the CIV and Hα emission regions that compose the matching

models shown in Figs. A.1, A.3, A.5, A.7, A.9 respectively.
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Combinations of caustics and BLR models reproducing microlensing in QSO2237+0305 A

Figure A.1: Positions in the caustic network of the BLR models that simultaneously reproduce the line profile distor-
tions observed in CIV and Hα when both the high- and low-ionization regions are modeled by Keplerian disks seen
at 22◦ inclination. The high-ionization region is plotted in blue and the low-ionization region is plotted in red.
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Combinations of caustics and BLR models reproducing microlensing in QSO2237+0305 A

Figure A.1: Continuation.
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Combinations of caustics and BLR models reproducing microlensing in QSO2237+0305 A

Figure A.1: Continuation.
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Combinations of caustics and BLR models reproducing microlensing in QSO2237+0305 A

68 matching positions on the caustic network simulated for QSO2237+0305A

CIV region = KD22° and Hα region = KD22° 

Figure A.2: Histograms summarizing the distributions of continuum source radii at λCIV and λHα, and the distributions
of sizes of the CIV and Hα emission regions that compose the models reproducing the observations when both CIV
and Hα emerge from Keplerian disks seen at 22◦ inclination. Top Left: histogram of the relative size of the Hα region
with respect to the CIV region. Top Right: histogram of the inner radius of CIV models with respect to the radius
of the continuum source at λCIV. The models that reproduce observations when magnified by the caustic network
rotated by 0◦ and 90◦ are represented separately in different shades of grey. Middle Left: histogram of the relative
radius of the continuum source at λHα with respect to the radius at λCIV. Middle Right: histogram of the inner radius
of Hα models with respect to the radius of the continuum source at λHα. Bottom Left: histogram of the inner radius
of the CIV (blue bars) and Hα (red bars) regions that compose matching BLR models. Bottom Right: histogram of
the radius of the continuum source at λCIV (blue bars) and λHα (red bars).
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Combinations of caustics and BLR models reproducing microlensing in QSO2237+0305 A

Figure A.3: Same as Fig. A.1, but plotting the models that match microlensing measurements when CIV and Hα
regions are modeled by Keplerian disks seen at 34◦ inclination. The emission region of the CIV line is plotted in blue
and the emission region of the Hα line in red.
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Combinations of caustics and BLR models reproducing microlensing in QSO2237+0305 A

16 matching positions on the caustic network simulated for QSO2237+0305A

CIV region = KD34° and Hα region = KD34° 

Figure A.4: Same as Fig. A.2, but the distributions of continuum source radii at λCIV and λHα, and the distributions
of sizes of the CIV and Hα emission regions are computed for the models that reproduce the observations when both
CIV and Hα emerge from Keplerian disks seen at 34◦ inclination.
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Combinations of caustics and BLR models reproducing microlensing in QSO2237+0305 A

Figure A.5: Same as Fig. A.1, but plotting the models that match microlensing measurements when CIV and Hα
regions are modeled by Keplerian disks seen at 44◦ inclination. The emission region of the CIV line is plotted in blue
and the emission region of the Hα line in red.
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Combinations of caustics and BLR models reproducing microlensing in QSO2237+0305 A

Figure A.5: Continuation.
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Combinations of caustics and BLR models reproducing microlensing in QSO2237+0305 A

Figure A.5: Continuation.
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Combinations of caustics and BLR models reproducing microlensing in QSO2237+0305 A

Figure A.6: Same as Fig. A.2, but the distributions of continuum source radii at λCIV and λHα, and the distributions
of sizes of the CIV and Hα emission regions are computed for the models that reproduce the observations when both
CIV and Hα emerge from Keplerian disks seen at 44◦ inclination.
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Combinations of caustics and BLR models reproducing microlensing in QSO2237+0305 A

Figure A.7: Same as Fig. A.1, but plotting the models that match microlensing measurements when CIV and Hα
regions are modeled by Keplerian disks seen at 62◦ inclination. The emission region of the CIV line is plotted in blue
and the emission region of the Hα line in red.
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Combinations of caustics and BLR models reproducing microlensing in QSO2237+0305 A

16 matching positions on the caustic network simulated for QSO2237+0305A

CIV region = KD62° and Hα region = KD62° 

Figure A.8: Same as Fig. A.2, but the distributions of continuum source radii at λCIV and λHα, and the distributions
of sizes of the CIV and Hα emission regions are computed for the models that reproduce the observations when both
CIV and Hα emerge from Keplerian disks seen at 62◦ inclination.
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Combinations of caustics and BLR models reproducing microlensing in QSO2237+0305 A

Figure A.9: Same as Fig. A.1, but plotting the models that match microlensing measurements when the CIV line
arises from a high-ionization polar wind while the Hα line emerges from a Keplerian disk seen at 44◦ inclination. The
emission region of the CIV line is plotted in blue and the emission region of the Hα line in red.
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Combinations of caustics and BLR models reproducing microlensing in QSO2237+0305 A

Figure A.9: Continuation.
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Combinations of caustics and BLR models reproducing microlensing in QSO2237+0305 A

39 matching positions on the caustic network simulated for QSO2237+0305A

CIV region = PW44° and H  region = KD44° 

Figure A.10: Same as Fig. A.2, but the distributions of continuum source radii at λCIV and λHα, and the distributions
of sizes of the CIV and Hα emission regions are computed for the models that reproduce the observations when the
CIV line originates from a polar wind while the Hα line emerges from a Keplerian disk seen at 44◦ inclination.
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L. Braibant, D. Hutsemékers, D. Sluse, and R. Goosmann. Constraining the geometry and kinematics of the quasar

broad emission line region using gravitational microlensing. I. Models and simulations. Astronomy & Astrophysics,

607:A32, November 2017. doi: 10.1051/0004-6361/201731086.

174



BIBLIOGRAPHY

M. S. Brotherton, B. J. Wills, P. J. Francis, and C. C. Steidel. The intermediate line region of QSOs. Astrophysical

Journal, 430:495–504, August 1994. doi: 10.1086/174425.

M. S. Brotherton, W. van Breugel, R. J. Smith, B. J. Boyle, T. Shanks, S. M. Croom, L. Miller, and R. H. Becker.

Discovery of Radio-Loud Broad Absorption Line Quasars Using Ultraviolet Excess and Deep Radio Selection.

Astrophysical Journal, Letter, 505:L7–L10, September 1998. doi: 10.1086/311599.

W. L. Burke. Multiple Gravitational Imaging by Distributed Masses. Astrophysical Journal, Letter, 244:L1, February

1981. doi: 10.1086/183466.

R. D. Cannon, M. V. Penston, and R. A. Brett. Optical monitoring ofradio sources-II. The N-type and Seyfert galaxies.

Monthly Notices of the RAS, 152:79, 1971. doi: 10.1093/mnras/152.1.79.

K. Chang and S. Refsdal. Flux variations of QSO 0957+561 A, B and image splitting by stars near the light path.

Nature, 282:561–564, December 1979. doi: 10.1038/282561a0.

K. Chang and S. Refsdal. Star disturbances in gravitational lens galaxies. Astronomy & Astrophysics, 132:168–178,

March 1984.

K. Chen, J. P. Halpern, and A. V. Filippenko. Kinematic evidence for a relativistic Keplerian disk - ARP 102B.

Astrophysical Journal, 339:742–751, April 1989. doi: 10.1086/167332.

J. Chiang and N. Murray. Reverberation Mapping and the Disk-Wind Model of the Broad-Line Region. Astrophysical

Journal, 466:704, August 1996. doi: 10.1086/177543.

R. Chini, P. L. Biermann, E. Kreysa, and H.-P. Gemuend. 870 and 1300 micron observations of radio quasars.

Astronomy & Astrophysics, 221:L3–L6, August 1989.

J. Clavel, A. Boksenberg, G. E. Bromage, A. Elvius, M. V. Penston, G. C. Perola, M. Santos-Lleo, M. A. J. Snijders,

and M. H. Ulrich. The Ultra-Compact Broad Emission Line Region in NGC4151. Monthly Notices of the RAS, 246:

668, October 1990.

J. Clavel, G. A. Reichert, D. Alloin, D. M. Crenshaw, G. Kriss, J. H. Krolik, M. A. Malkan, H. Netzer, B. M. Peterson,

W. Wamsteker, A. Altamore, T. Baribaud, P. Barr, S. Beck, L. Binette, G. E. Bromage, N. Brosch, A. I. Diaz,

A. V. Filippenko, K. Fricke, C. M. Gaskell, P. Giommi, I. S. Glass, P. Gondhalekar, R. L. Hackney, J. P. Halpern,

D. J. Hutter, S. Joersaeter, A. L. Kinney, W. Kollatschny, A. Koratkar, K. T. Korista, A. Laor, J.-P. Lasota,

E. Leibowitz, D. Maoz, P. G. Martin, T. Mazeh, E. J. A. Meurs, A. D. Nair, P. O’Brien, D. Pelat, E. Perez, G. C.

Perola, R. L. Ptak, P. Rodriguez-Pascual, E. I. Rosenblatt, A. C. Sadun, M. Santos-Lleo, R. A. Shaw, P. S. Smith,

G. M. Stirpe, R. Stoner, W. H. Sun, M.-H. Ulrich, E. van Groningen, and W. Zheng. Steps toward determination

of the size and structure of the broad-line region in active galactic nuclei. I - an 8 month campaign of monitoring

NGC 5548 with IUE. Astrophysical Journal, 366:64–81, January 1991. doi: 10.1086/169540.

D. M. Crenshaw and J. H. Blackwell, Jr. Evidence for a supermassive black hole in the nucleus of the Seyfert galaxy

NGC 5548. Astrophysical Journal, Letter, 358:L37–L40, August 1990. doi: 10.1086/185774.

D. M. Crenshaw, S. B. Kraemer, A. Boggess, S. P. Maran, R. F. Mushotzky, and C.-C. Wu. Intrinsic Absorption

Lines in Seyfert 1 Galaxies. I. Ultraviolet Spectra from the Hubble Space Telescope. Astrophysical Journal, 516:

750–768, May 1999. doi: 10.1086/307144.

X. Dai, C. S. Kochanek, G. Chartas, S. Koz lowski, C. W. Morgan, G. Garmire, and E. Agol. The Sizes of the

X-ray and Optical Emission Regions of RXJ 1131-1231. Astrophysical Journal, 709:278–285, January 2010. doi:

10.1088/0004-637X/709/1/278.

175



BIBLIOGRAPHY

K. D. Denney, B. M. Peterson, R. W. Pogge, A. Adair, D. W. Atlee, K. Au-Yong, M. C. Bentz, J. C. Bird, D. J.

Brokofsky, E. Chisholm, M. L. Comins, M. Dietrich, V. T. Doroshenko, J. D. Eastman, Y. S. Efimov, S. Ewald,

S. Ferbey, C. M. Gaskell, C. H. Hedrick, K. Jackson, S. A. Klimanov, E. S. Klimek, A. K. Kruse, A. Ladéroute, J. B.

Lamb, K. Leighly, T. Minezaki, S. V. Nazarov, C. A. Onken, E. A. Petersen, P. Peterson, S. Poindexter, Y. Sakata,

K. J. Schlesinger, S. G. Sergeev, N. Skolski, L. Stieglitz, J. J. Tobin, C. Unterborn, M. Vestergaard, A. E. Watkins,

L. C. Watson, and Y. Yoshii. Diverse Kinematic Signatures from Reverberation Mapping of the Broad-Line Region

in AGNs. Astrophysical Journal, Letter, 704:L80–L84, October 2009. doi: 10.1088/0004-637X/704/2/L80.

K. D. Denney, B. M. Peterson, R. W. Pogge, A. Adair, D. W. Atlee, K. Au-Yong, M. C. Bentz, J. C. Bird, D. J.

Brokofsky, E. Chisholm, M. L. Comins, M. Dietrich, V. T. Doroshenko, J. D. Eastman, Y. S. Efimov, S. Ewald,

S. Ferbey, C. M. Gaskell, C. H. Hedrick, K. Jackson, S. A. Klimanov, E. S. Klimek, A. K. Kruse, A. Ladéroute,

J. B. Lamb, K. Leighly, T. Minezaki, S. V. Nazarov, C. A. Onken, E. A. Petersen, P. Peterson, S. Poindexter,

Y. Sakata, K. J. Schlesinger, S. G. Sergeev, N. Skolski, L. Stieglitz, J. J. Tobin, C. Unterborn, M. Vestergaard,

A. E. Watkins, L. C. Watson, and Y. Yoshii. Reverberation Mapping Measurements of Black Hole Masses in Six

Local Seyfert Galaxies. Astrophysical Journal, 721:715–737, September 2010. doi: 10.1088/0004-637X/721/1/715.

M. Dietrich and W. Kollatschny. Optical and ultraviolet emission-line variability of NGC 5548. The coordinated UV

and optical monitoring campaign of 1989. Astronomy & Astrophysics, 303:405, November 1995.

M. Dietrich, W. Kollatschny, B. M. Peterson, J. Bechtold, R. Bertram, N. G. Bochkarev, T. A. Boroson, T. E. Carone,

M. Elvis, A. V. Filippenko, C. M. Gaskell, J. P. Huchra, J. B. Hutchings, A. P. Koratkar, K. T. Korista, N. J. Lame,

A. Laor, G. M. MacAlpine, M. A. Malkan, C. Mendes de Oliveira, H. Netzer, J. Penfold, M. V. Penston, E. Perez,

R. W. Pogge, M. W. Richmond, E. I. Rosenblatt, A. I. Shapovalova, J. C. Shields, H. A. Smith, P. S. Smith, W.-H.

Sun, U. Thiele, S. Veilleux, R. M. Wagner, B. J. Wilkes, B. J. Wills, and D. Wills. Steps toward determination

of the size and structure of the broad-line region in active galactic nuclei. IV - Intensity variations of the optical

emission lines of NGC 5548. Astrophysical Journal, 408:416–427, May 1993. doi: 10.1086/172599.

P. Du, K.-X. Lu, C. Hu, J. Qiu, Y.-R. Li, Y.-K. Huang, F. Wang, J.-M. Bai, W.-H. Bian, Y.-F. Yuan, L. C. Ho,

J.-M. Wang, and SEAMBH Collaboration. Supermassive Black Holes with High Accretion Rates in Active Galactic

Nuclei. VI. Velocity-resolved Reverberation Mapping of the Hβ Line. Astrophysical Journal, 820:27, March 2016.

doi: 10.3847/0004-637X/820/1/27.

A. M. Dumont and S. Collin-Souffrin. Line and Continuum Emission from the Outer Regions of Accretion Discs in

Active Galactic Nuclei - Part IV - Line Emission. Astronomy & Astrophysics, 229:313, March 1990.

R. A. Edelson and M. A. Malkan. 0.1-100 microns spectral energy distributions of active galactic nuclei. In M. L.

Sitko, editor, Continuum emission in active galactic nuclei; Proceedings of the Workshop, Tucson, AZ, January

11-14, 1986 (A87-21576 07-90). Cincinnati, OH, University of Cincinnati, 1986, p. 13-22., pages 13–22, 1986.

A. Eigenbrod, F. Courbin, D. Sluse, G. Meylan, and E. Agol. Microlensing variability in the gravitationally lensed

quasar QSO 2237+0305 ≡ the Einstein Cross . I. Spectrophotometric monitoring with the VLT. Astronomy &

Astrophysics, 480:647–661, March 2008a. doi: 10.1051/0004-6361:20078703.

A. Eigenbrod, F. Courbin, G. Meylan, E. Agol, T. Anguita, R. W. Schmidt, and J. Wambsganss. Microlensing

variability in the gravitationally lensed quasar QSO 2237+0305 ≡ the Einstein Cross. II. Energy profile of the

accretion disk. Astronomy & Astrophysics, 490:933–943, November 2008b. doi: 10.1051/0004-6361:200810729.

M. Elitzur and I. Shlosman. The AGN-obscuring Torus: The End of the “Doughnut” Paradigm? Astrophysical

Journal, Letter, 648:L101–L104, September 2006. doi: 10.1086/508158.

176



BIBLIOGRAPHY

M. Elvis. A Structure for Quasars. Astrophysical Journal, 545:63–76, December 2000. doi: 10.1086/317778.

R. T. Emmering, R. D. Blandford, and I. Shlosman. Magnetic acceleration of broad emission-line clouds in active

galactic nuclei. Astrophysical Journal, 385:460–477, February 1992. doi: 10.1086/170955.

M. Eracleous and J. P. Halpern. Doubled-peaked emission lines in active galactic nuclei. Astrophysical Journal

Supplement Series, 90:1–30, January 1994. doi: 10.1086/191856.

M. Eracleous and J. P. Halpern. Completion of a Survey and Detailed Study of Double-peaked Emission Lines in

Radio-loud Active Galactic Nuclei. Astrophysical Journal, 599:886–908, December 2003. doi: 10.1086/379540.

D. A. Evans, P. M. Ogle, H. L. Marshall, M. A. Nowak, S. Bianchi, M. Guainazzi, A. L. Longinotti, D. Dewey, N. S.

Schulz, M. S. Noble, J. Houck, and C. R. Canizares. Searching for AGN Outflows: Spatially Resolved Chandra

HETG Spectroscopy of the NLR Ionization Cone in NGC 1068. In L. Maraschi, G. Ghisellini, R. Della Ceca, and

F. Tavecchio, editors, Accretion and Ejection in AGN: a Global View, volume 427 of Astronomical Society of the

Pacific Conference Series, page 97, October 2010.

H. Falcke and P. L. Biermann. The jet-disk symbiosis. I. Radio to X-ray emission models for quasars. Astronomy &

Astrophysics, 293:665–682, January 1995.

B. L. Fanaroff and J. M. Riley. The morphology of extragalactic radio sources of high and low luminosity. Monthly

Notices of the RAS, 167:31P–36P, May 1974. doi: 10.1093/mnras/167.1.31P.

E. A. Fath. The spectra of some spiral nebulae and globular star clusters. Lick Observatory Bulletin, 5:71–77, 1909.

doi: 10.5479/ADS/bib/1909LicOB.5.71F.

W. S. Fitch, A. G. Pacholczyk, and R. J. Weymann. Light Variations of the Seyfert Galaxy NGC 4151. Astrophysical

Journal, Letter, 150:L67, November 1967. doi: 10.1086/180095.
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D. Sluse, J.-F. Claeskens, D. Hutsemékers, and J. Surdej. Multi-wavelength study of the gravitational lens system

RXS J1131-1231. III. Long slit spectroscopy: micro-lensing probes the QSO structure. Astronomy and Astrophysics,

468:885–901, June 2007. doi: 10.1051/0004-6361:20066821.
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