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Abstract
Animals have evolved a fascinating diversity in their color patterns, which serves

as an essential component of their survival strategies. Color pattern formation in

zebrafish (Danio rerio) is a great model system to study general pattern formation

involving different cell types. The conspicuous pattern of alternating blue and

yellow/silver stripes displayed by adult zebrafish is composed of three kinds of

pigment cells - black melanophores, yellow xanthophores, and silvery

iridophores. It is known that almost all vertebrate pigment cells originate during

early embryogenesis from the neural crest, a vertebrate-specific transient

population of multipotent migratory cells giving rise to the peripheral nervous

system, some craniofacial structures, pigment cells and others. Mutants

specifically lacking one class of pigments cells show that color pattern formation

in zebrafish requires interactions among all three kinds of pigment cells.

Uncovering the origin and behaviors of these individual cell types is of great

interest for researchers studying the mechanism of color pattern formation in

zebrafish. In particular, very little is known about the origin, role and behavior of

xanthophores during the process.

By employing genetic tools, such as the Cre-LoxP and the Gal4-UAS system, in

combination with high-resolution live imaging techniques, I examined the cellular

identity of the progenitor cells during metamorphic stages of development. The

analysis of pigment cell dynamics during stripe pattern formation in vivo had led

to the discovery of several novelties about xanthophores. Firstly, with the help of

genetic cell ablation and long term imaging of clonal xanthophores, I confirmed

the notion of a dual cellular origin of adult xanthophores: while most adult

xanthophores originate from existing larval xanthophores, others come from

multipotent postembryonic progenitors. Secondly, xanthophores are the first cells

to cover the entire skin during metamorphosis, and iridophores and

melanophores induce local reorganizations of xanthophores. Xanthophores

disperse in response to melanophores in the dark stripe regions, whereas they

compact their shapes and densely cover the metamorphic iridophores in the light

stripe regions.  These local cellular reorganizations of xanthophores, repulsion by

1



melanophores, and attraction by iridophores, lead to a sharpening and coloration

of the striped pattern.

Lastly, I explored the in vivo mechanisms of these xanthophore behaviors, and

found that local, heterotypic interactions with dense iridophores regulated

xanthophore cell shape transition and density in the light stripe. Genetic analysis

revealed a cell-autonomous requirement of gap junctions composed of Cx41.8

and Cx39.4 in xanthophores for an iridophore-dependent cell shape transition

and increase in density. Initial melanophore-xanthophore interactions are

independent of these gap junctions; however, they are subsequently required to

induce the stellate shapes of xanthophores in the dark stripes. In conclusion, the

color pattern formation in zebrafish involves a novel mechanism of patterning,

dependent on cell shape transitions of xanthophores and iridophores. These

shape transitions are dependent on local cell-cell interactions, and are mediated

by gap junctions. This analysis of stripe pattern formation gives us an insight into

the origins and interactions of diverse cell-types in a genetically tractable

vertebrate system.
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Zusammenfassung
Im Tierreich ist durch die Evolution eine faszinierende Vielzahl von Farbmustern

mit großer Bedeutung für die Überlebensstrategien der verschiedenen Arten

entstanden. Die Bildung des Farbmusters beim Zebrafisch (Danio rerio) stellt ein

hervorragendes Modellsystem dar zur Untersuchung von

Musterbildungsprozessen, an denen mehrere Zelltypen beteiligt sind. Das

auffällige Farbmuster aus dunkelblauen und gelblich/silbernen Längsstreifen, das

ausgewachsene Zebrafische aufweisen, wird von drei verschiedenen Typen von

Pigmentzellen gebildet schwarzen Melanophoren, gelben Xanthophoren und

silbernen Iridophoren. Es ist bekannt, dass fast alle Pigmentzellen bei

Wirbeltieren von der Neuralleiste abstammen. Bei der Neuralleiste handelt es

sich um eine Wirbeltier-spezifische transiente Population von Zellen, die sich im

Embryo verteilen und zu unterschiedlichen Geweben beitragen, z.B. zum

peripheren Nervensystem, zu Knochen und Knorpeln im Kopfbereich oder zur

Pigmentierung. Zebrafischmutanten, bei denen spezifisch eine Klasse von

Pigmentzellen fehlt, haben gezeigt, dass für die Musterbildung alle drei Typen

von Zellen miteinander interagieren müssen. Ein detaillierteres Wissen über die

Herkunft und die zellulären Verhaltensweisen der Pigmentzellen ist von großem

Interesse für Forscher, die den Mechanismus der Pigmentmusterbildung beim

Zebrafisch untersuchen. Insbesondere über den Ursprung, die Rolle und das

Verhalten der Xanthophoren in dem Prozess der Musterbildung ist bislang recht

wenig bekannt.

Mit Hilfe moderner genetischer Methoden, wie dem Cre-LoxP und dem GAL4-

UAS System, und hoch-auflösender 4D-Mikroskopie an lebenden Objekten habe

ich das Zellverhalten während der sogenannten Metamorphose, dem

Entwicklungszeitraum, in dem das Streifenmuster entsteht, untersucht. Die in

vivo Analyse des Verhaltens der Pigmentzellen während der Streifenbildung

führte zu neuen Erkenntnissen über die Xanthophoren. Zuerst konnte durch Zell-

Ablationsexperimente und Langzeitbeobachtungen der duale Ursprung der

Xanthophoren bestätigt werden: Während die meisten adulten Xanthophoren sich

direkt aus larvalen Xanthophoren entwickeln, stammen andere von

postembryonalen multipotenten Vorläuferzellen ab. Außerdem konnte ich zeigen,
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dass Xanthophoren die ersten Pigmentzellen sind, die während der

Metamorphose die gesamte Oberfläche bedecken; sie werden anschließend

lokal von Iridophoren und Melanophoren in ihrem Verhalten beeinflusst: in den

dunklen Streifen, als Antwort auf die Anwesenheit von Melanophoren, verteilen

sich die Xanthophoren, während sie in den hellen Streifen, über den dichten

Iridophoren,  kompakter werden. Diese lokalen Veränderungen der

Xanthophoren, die Abstoßung durch Melanophoren und die Anziehung durch

Iridophoren, führen dazu, dass das Pigmentmuster schärfer und kontrastreicher

wird.

Zum Schluss habe ich den in vivo-Mechanismus untersucht, der das Verhalten

der Xanthophoren steuert; dabei konnte ich zeigen, dass lokale, heterotypische

Interaktionen mit den dichten Iridophoren in den hellen Streifen sowohl die Zell-

formveränderungen der Xanthophoren als auch ihre Packung bestimmen. Weiter-

führende genetische Untersuchungen zeigten, dass Gap Junctions aus Cx41.8

und Cx39.4 zellautonom in den Xanthophoren benötigt werden, damit diese

Iridophoren-abhängig ihre Zellform und Packung verändern können. Die

anfänglichen Interaktionen zwischen Melanophoren und Xanthophoren sind

unabhängig von diesen Gap Junctions; später werden sie jedoch auch hier

gebraucht, damit die Xanthophoren ihre für die dunklen Streifen charakteristische

sternförmige Gestalt annehmen können. Zusammenfassend lässt sich sagen,

dass es sich bei der Bildung des Pigmentierungsmusters beim Zebrafisch um

einen neuen Mechanismus der Musterbildung handelt, der auf

Zellformveränderungen bei Xanthophoren und Iridophoren basiert. Diese

zellulären Verhaltensweisen beruhen auf lokalen Zell-Zell-Interaktionen, die

durch Gap Junctions vermittelt werden. Diese Untersuchungen zur

Pigmentmusterbildung beim Zebrafisch erlauben einen Einblick in den Ursprung

und die Interaktionen von mehreren verschiedenen Zelltypen, und dies in einem

Wirbeltier, das sehr gut genetisch untersucht werden kann.
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CHAPTER 1

Introduction

1.1 Evolution of color pattern

In this world many natural aspects show an innate beauty, including the natural

variation in skin color patterns of various species in the animal kingdom. Well

known examples include white and bold black stripes of zebra, flatfish that can

change coloration on the upper side of their body to blend into the surrounding

environment, Melanitis butterflies that are pigmented only one half of their body

and even alter their appearance. This great variation, and the ease of observing

it, has attracted the attention of researchers for many years. In the past few

decades, our understanding of the formation of color pattern in model and non-

model organisms has advanced via the use of genetics, molecular and cell

biological approaches. However, basic underlying questions remain elusive, what

is the function of these color patterns and how are they formed? Interestingly,

many animals employ these conspicuous external features, which are

ethologically relevant with respect to concealment, warning of toxicity, mimicry,

sexual selection, thermoregulation and salinity tolerance (Roulin, 2004).

Moreover, one of the important aspects of animal social behaviour is kin

recognition that allows individuals to respond adaptively to the presence of

genetic relatives, with familiarity and phenotype matching being the most

common mechanisms (Hamilton, 1964). Color patterning might play a role in kin

recognition, whereby kin evokes remembrance of early interactions in life on the

basis of differing color pattern and other characteristics (Spence et al., 2008). In

particular, cave animals may not have the adaptive functions mentioned above,

for example the loss of pigmentation in Astyanax mexicanus (cavefish), where

pigmentation cannot provide typical functions like UV protection, concealment
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from predators and mate choice. However, one of the theories for pigmentation

loss is non-selective advantage because of the dark environment (Culver, 1982).

All of these possible functions give us some ideas of the evolutionary prospects

underlying the great diversity in coloration and patterning in the animal kingdom.

Recent developments of genetic and molecular biology tools have made it

possible to move beyond observation and approach answers to these questions

including: how are these variable color patterns formed? What genes are playing

a major role in the development of color patterning? What is the cellular identity

of pigment cells? What type of mutations cause phenotypic changes?

Model- and non-model organisms have been used for many years to study

coloration differences. Genetic methods like selective breeding were used in

China for more than thousand years ago to generate different coat colors of

goldfish. In the past several years extensive work on coloration has been

performed on various model species including the fly Drosophila melanogaster

(Wittkopp et al., 2003), the mouse Mus musculus (Bennett and Lamoreux, 2003),

and the zebrafish Danio rerio (Irion et al., 2016). Large-scale mutagenesis

screens identified several genes and pathways in color pattern formation.

Different animals use different strategies for generating color patterns. In D.

melanogaster, epidermal cells produce and secrete pigments giving brown color

to its body and black bristles generating dark abdominal stripes. Mice color

pattern is produced with the help of dorsal-root ganglion-derived melanocytes

and a further genetic switch between eumelanin and phaeomelanin, whereas in

basal vertebrates like zebrafish, color pattern is produced by the combination of

several chromatophores: black melanophores, silvery iridophores and yellow

xanthophores.

1.2 Neural-crest and pigment cells

The neural-crest (NC) is a population of multipotent cells and a source of a large

variety of vertebrate innovations (Gans and Northcutt, 1983). NC cells are

induced at the border between the epidermis and the neural plate of a developing

embryo. In accordance with their anterior-posterior position within an embryo the

NC can be subdivided into 5 major populations: cranial, trunk, cardiac, vagal and

sacral NC (Hall, 2009). Neural-crest cells are considered to be multipotent cells,
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and after being specified they delaminate from the neural tube and migrate

through the whole organism, differentiating in a wide variety of the cell types,

including skin pigment cells, cartilage cells, neurons, adrenal gland, heart, glial

cells (Green et al., 2015). The NC-derived pigment cells are ancestrally diverse

within amphibians, fish and reptiles (Kelsh, 2004). Majorly three model systems,

chick, mouse, and zebrafish, have been used to study the basics of the molecular

mechanism underlying the pigment cell lineage specification from NC in

vertebrates. This development of NC shows an evolutionarily highly conserved

pattern (Noden, 1983). The mechanism for pigment pattern formation exclusively

produced by melanocytes in chick and mouse is quite simple compared to the

zebrafish, in which it is generated by a combination of three different cell types,

melanophores, iridophores and xanthophores. In mouse and chick, NC cells that

migrate in the space between the somites and the neural tube (ventral pathway)

give rise to neuronal and glial cells, whereas those that migrate between the

somite and the non-neural ectoderm (dorsolateral pathway) differentiate into

pigment cells melanocytes. In zebrafish, the migratory pathways of these three

cell types are differentially regulated and this contributes, in part, to their pigment

pattern. Thus, iridoblasts utilize predominantly the medial pathway, xanthoblasts

migrate on and spread out within the lateral migration pathway and melanoblasts

migrate on both the ventral and lateral pathways. In the past few years the

mechanism how these pigments cells form color pattern in zebrafish has become

a model system to study the problem of general pattern formation (Kelsh et al,

2004)

1.3 Zebrafish as color pattern model system

Zebrafish as a model system has been established in the last 25 years as an

organism for vertebrate development, most notably by researchers in Eugene

(Oregon, USA), Tübingen (Germany), and Boston (USA). The major advantage

of the zebrafish as a model organism is the combined application of

embryological methods; e.g. transplantation of cells, in-vivo observations are

easy to perform, as zebrafish embryos are very robust and cell movements can

be monitored due to a total transparency of embryos (Westerfield et al, 1999).

Several large-scale mutagenesis screens using the chemical mutagen N ethyl-N-

nitrosourea (ENU) and extensive screening for developmental defects have been
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performed (Driever et al., 1996; Haffter et al., 1996b). These screens can be

done efficiently, as zebrafish embryos can be obtained in large numbers, have a

rather short generation time of three months and adult fish are maintained in

relatively small facilities (Haffter et al., 1996a). Moreover, gain-of-function and

transient gene knockdown analysis can be efficiently performed by mRNA

overexpression and injection of antisense morpholino oligonucleotides,

respectively (Nasevicius et al, 2000). Furthermore, due to the transparency of

zebrafish embryos, expression analysis by in situ hybridization and cell tracing

using transgenic fluorescent reporter lines can be performed. Most importantly, in

zebrafish, novel genes controlling functionally important developmental

processes can be identified and functionally characterized.

1.4. Color pattern formation in larva and adult zebrafish

1.4.1. Larval pattern

Zebrafish have not just one, but two pigment cell patterns, an early larval pigment

pattern and a subsequent adult or post-metamorphic pattern. Early larval pigment

patterns among fishes and even amphibians are highly conserved as compared

to the variable ones of the adults. However, the initial mechanism for pigment cell

progenitors migrating away from the neural tube is conserved between all

vertebrates (Kelsh et al, 2004). However, the cellular and molecular

underpinnings of lineage specification of the different zebrafish pigment cell types

from pigment cell progenitors and their interactions with the extracellular

environment before adopting the specific lineage are incompletely understood.

Large-scale mutagenesis screens in zebrafish have yielded important information

about the variety of genes that are involved in development of each of the three

pigment cell types. For example, mitfA (nacre mutant) is essential for

melanophore development and is expressed by melanophore precursors well

before overt differentiation (Lister et al., 1999). NC cell lineage analyses in chick

and mouse have indicated that the initial specification of distinct sub-lineages

may come considerably before the initial expression of identified marker genes

that are expressed in a sub-lineage-specific manner (Henion and Weston, 1997).

Pigment cells in the zebrafish embryo and early larva have lineages distinct from

pigment cells in the adult.
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1.4.2. The metamorphic and adult pattern

By replacing a much simpler larval pattern, the zebrafish acquires a striking

stereotypic pattern of four to five longitudinal dark stripes and four light stripes

during metamorphosis - a period between approximately 3 and 6 weeks of

development (Kelsh, 2004). The dark stripes consist of melanophores covered by

a thin layer of iridophores and xanthophores; whereas light stripes are composed

of iridophores covered by xanthophores. The metamorphic and adult pigment

cells arise from a pigment progenitor population that can be recognized in the

larval-to-adult transition and identified as connected with the peripheral nervous

system. Iridophores and melanophores originate from a small set of stem cells

located at the segmentally reiterated dorsal-root ganglia, but the origin of adult

xanthophores had remained unknown until recently (Budi et al., 2011; Dooley et

al., 2013; Singh et al., 2014). The regenerative capacity for pigment cells is likely

to be explained by the persistence of pigment progenitor cells into adulthood. The

dorsal-root ganglion association of pigment cell progenitors (Dooley et al., 2013)

suggested the question whether all adult pigment cells arise from these

progenitor cells. Although it had been suggested that adult xanthophores are

derived from a different cell type, none of the pigment cell studies had been able

to identify the origin of adult xanthophores.

At the onset of metamorphosis, iridophores appear in the skin at the region of the

horizontal myoseptum that serves as a morphological prepattern (Frohnhöfer et

al., 2013). The first light stripe is formed at the horizontal myoseptum by dense

iridophores, whereas at the margins of the first light stripes, dense iridophores

switch shape and spread dorsally and ventrally as loose iridophores in the skin of

the juvenile fish by proliferation and migration. These two morphologically distinct

shapes of iridophores, dense iridophores in light stripes and loose blue

iridophores in dark stripes, are clonally related (Singh et al., 2014). Melanoblasts

migrate along spinal nerves into the skin in the presumptive dark stripe regions,

where they differentiate and expand in size to form the compact dark stripes

(Budi et al., 2011; Dooley et al., 2013; Singh et al., 2014).

Mutants lacking one of the pigment cell types the nacre/mitfA mutant lacks

melanophores (Lister et al., 1999), the pfeffer/csf1rA mutant lacks adult
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xanthophores (Parichy et al., 2000b), and the shady/ltk, rose/ednrb1b, and

transparent/mpv17 mutants have absent or strongly reduced iridophores (Krauss

et al., 2014; Lopes et al., 2008; Parichy et al., 2000a) form an irregular residual

striped pattern (Frohnhöfer et al. 2013). These genes are autonomously required

in the respective cell types indicating that interactions among all three

chromatophore types are necessary to generate the zebrafish striped pattern

(Maderspacher and Nüsslein-Volhard, 2003; Parichy and Turner, 2003).

Furthermore, analysis of single and double mutants missing one or two of the

three cell types have revealed that iridophores play a leading role in stripe

formation and interactions between all the three pigment cell types are absolutely

necessary for emergence of the final striped colouration (Frohnhöfer et al., 2013;

Irion et al., 2014a). Iridophores promote and sustain melanophores at a distance;

furthermore, iridophores attract xanthophores, whereas between xanthophores

and melanophores long-range activation and short-range inhibition has been

observed (Frohnhöfer et al., 2013; Hirata et al., 2005). In the striped anal and tail

fins, only melanophores and xanthophores participate in stripe formation

indicating that the mechanisms of stripe formation in the trunk skin and the fins

differ; mutants lacking iridophores form normal stripes in the fins (Singh et al.,

2014; Patterson et al., 2014; Parichy et al., 2003). In adult pfeffer mutants, a

number of stripes and interstripes, although irregular, are discernible in the body

but not in the fins. The melanophore stripes break up into spots, dense iridophore

regions invade the stripes, further ectopic melanophores are observed in the

interstripe regions giving an irregular appearance to the blue and white spotted

pattern. However, iridophores form a normal first interstripe in pfeffer mutants and

melanophores appear in comparable numbers in the stripe region indicating that

basic stripe formation is independent of xanthophores (Singh et al., 2014). In vitro

studies of fin-derived pigment cells have suggested that xanthophores repel

melanophores in a run-and-chase-manner leading to melanophore aggregation

and thereby stripe pattern formation (Inaba et al., 2012). These and previous

studies based on pattern regeneration and modelling proposed that xanthophores

-type self-organization

model. According to this model, differences in the cell movement of

melanophores and xanthophores during their contact-based interactions would

lead to a striped organization of pigment cells (Nakamasu et al., 2009;
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Yamaguchi et al., 2007; Yamanaka and Kondo, 2014). These models may hold

for patterning in the fins but not for the body, as they are neither compatible with

the pfeffer mutant phenotype nor do they take iridophores into account, a cell

type which has been shown to be crucial for trunk stripe pattern formation

(Frohnhöfer et al., 2013; Maderspacher and Nüsslein-Volhard, 2003; Singh et al.,

2015). Therefore, one of the main goals of this thesis is to examine xanthophore

behaviour in vivo to understand their role in colour pattern formation.

Mutants in which all chromatophore types are present, but in which stripe

formation is impaired, indicates that the communication or interaction between

the chromatophores might be affected. The genes identified in such mutants

encode integral membrane proteins, for example, Seurat/Igsf11, a cell-adhesion

molecule of the immunoglobulin superfamily (Eom et al., 2012), Obelix/Kir7.1, a

rectifying potassium channel (Iwashita et al., 2006), and Dali/Tetraspanin 3c, a

transmembrane-scaffolding protein (Inoue et al., 2014). Leopard (leo) is the best-

known example from this class of mutants, where the stripes are broken up into a

series of dark spots. Originally, it had been considered a separate Danio species

(Frankel, 1979; Kirschbaum, 1975; Kirschbaum, 1977). Subsequently, several

dominant alleles were identified in Danio rerio (Haffter et al., 1996a), and further,

it has been shown that the leo phenotype is caused by a mutation in connexin

41.8 (Watanabe et al., 2006), which codes for a gap junction subunit.

1.5. Gap Junctions and zebrafish pigment pattern

Gap junctions are intercellular channels that allow the passage of small

molecules and ions between neighbouring cells, and thus are responsible for

their chemical and electrical coupling (Kar et al., 2012). They are formed by the

juxtaposition of two hemi-channels (connexons), composed of six connexin

subunits, in adjacent cells (Unwin and Zampighi, 1980). Connexins are integral

membrane proteins with four transmembrane domains, two extracellular loops,

one intracellular loop, and intracellular N- and C-termini (Milks et al., 1988).

Hemi-channels can take multiple forms depending on the connexin expression

pattern of the cell type. Hemi-channels made from a single connexin protein are

termed homomeric. Mixtures of two or more connexins in a single hemi-channel

are heteromeric. Apposing homomeric connexons are homotypic junctions and
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apposing heteromeric connexons are heterotypic junctions. In addition to the

subunit composition, gap junction conductivity is regulated by a number of

different factors, for example, by the intracellular levels of Ca2+, by polyamines,

by the membrane potential, or by phosphorylation (Thevenin et al., 2013).

It has been reported that the function of the leo gene is required in two of the

chromatophore types, the melanophores and the xanthophores, for homotypic

and heterotypic cellular interactions (Maderspacher and Nüsslein-Volhard, 2003).

The mutant forms of Cx41.8 artificially expressed in wild-type melanophores can

lead to different variations of the stripe pattern (Watanabe and Kondo, 2012).

This suggested that gap junctions are responsible for some of the short-range

signals occurring within or between chromatophore types (Parichy and Turner,

2003; Inaba et al., 2012; Frohnhöfer et al., 2013).

Several alleles of leopard have been described so far. These alleles show a

range of phenotypes from irregular, wavy and occasionally interrupted stripes

over rows of spots to a complete loss of the pigment pattern, where isolated

melanophores remain dispersed on a uniform background of dense iridophores

and xanthophores. In one of the recessive leo allele, leot1, a spotted phenotype is

due to the premature stop codon in Cx41.8 (Watanabe et al., 2006). A recent

ENU mutagenesis screen has identified two dominant alleles of luc, encoding

another connexin, Cx39.4, and loss-of-function of luc leads to a phenotype very

similar to that of leot1. The loss of both connexins results in a stronger phenotype

as compare to the one seen in homozygous mutants for the dominant alleles of

leo or luc (Irion et al., 2015). However, the presence of spots and wavy irregular

stripes suggest that there is still some patterning activity present leading to the

phenotype. Other dominant alleles, leotq270 and leotw28, are missense mutations

leading to a much stronger phenotype (Haffter et al., 1996; Watanabe et al.,

2006). The dominant phenotype of these alleles led to the suggestion that

heterotypic as well as homotypic connexons containing Cx41.8 could be involved

in pigment patterning, postulating the existence of other connexin partner(s) in

the potential heterotypic channels (Watanabe et al., 2006). The homozygous

leotK3 phenotype is much stronger than other leo alleles, indicating that the

mutant Cx41.8 protein present in leotK3 cells has a dominant negative effect on

some further component(s) involved in pigment pattern formation (Irion et al.,
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2015, Maderspacher and Nusslein-Volhard, 2003). Altogether, analysis of leo

mutants led to suggestions of models of a functional gap junction in the formation

of the pigment pattern, where another connexin is involved in the formation of

heteromeric gap junctions together with Cx41.8 (Watanabe et al., 2006, Irion et

al., 2015). However, the roles of gap junctions in the mechanisms of interactions

between different chromatophores remain unexplored. One of the goals of the

thesis is to further understand the role of gap junctions in pigment pattern

formation.
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CHAPTER 2

Results

Publication 1

Mahalwar P, Walderich B, Singh AP, Nüsslein-Volhard C

(2014). Local reorganization of xanthophores fine-tunes

and colors the striped pattern of zebrafish. Science,

345:1362-1364

Synopsis

The zebrafish owes its name to a striking stereotypic pattern of longitudinal dark

and light stripes that develop over the duration of several weeks replacing a

much simpler larval pattern. Long developmental time-windows, increasing body

sizes, and limited imaging possibilities make it technically challenging to study the

cell-cell interactions leading to the formation of an adult color pattern in

vertebrates. As a result, a large body of work in vertebrate color patterning has

focused on theoretical models (Kondo and Miura, 2010). These models suggest

that adult zebrafish striping involves Turing-type reaction-diffusion interactions

between xanthophores and melanophores. This paradigm is based on stripe

regeneration experiments, as well as observed interactions between isolated

pigment cells in vitro. The Turing-like models predict that xanthophores appear in

the skin after melanophores, and induce melanophore aggregation into stripes by

repelling them in a run-and-chase manner; importantly however, this work neither

includes the third pigment cell type, iridophores, nor discusses the possibility of

its role in stripe formation (Nakamasu et al., 2009; Takahashi and Kondo, 2008;

Yamaguchi et al., 2007; Yamanaka and Kondo, 2014). Thus, in vivo
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developmental analyses of all three cell types in wild-type zebrafish were

required to uncover the process of stripe pattern formation. While long-term in

vivo analysis of iridophores and melanophores had provided us with an improved

and more comprehensive picture of their distinct cellular behaviors (Dooley et al.,

2013; Frohnhöfer et al., 2013; Singh et al., 2014), the origin, organization, and

cellular behavior of xanthophores remained unclear.

In order to observe xanthophores during stripe pattern formation in vivo, I used

several combinations of transgenic lines that labeled xanthophores by expressing

fluorescent proteins under the control of two promoters: NC-specific sox10 and

xanthophores-specific fms. These transgenes were previously shown to label

xanthophores (Gray et al., 2011; Mongera et al., 2013).

In the first experiments, fms-positive cells were traced along the dorsal side of

early zebrafish embryos (at 24 hpf). This in-vivo tracking confirmed the NC origin

of xanthophores. It also showed that NC-derived xanthoblasts divide while

traveling along the dorsolateral path during NC migration, and differentiate into

larval xanthophores, which spread over the larval skin forming the simple larval

pattern. Genetic lineage tracing, using the Cre-loxP system as well as

transplantation experiments, further revealed that most of the metamorphic

xanthophores arise from these larval NC-derived xanthophores.

My observations of the arrangement of xanthophores in the adult skin did not only

confirmed the presence of xanthophores in the dark stripes (Hirata et al., 2003),

but also showed that the organization of xanthophores, in terms of their cell

shape and density, is different in the dark and light stripes. Xanthophores that are

associated with the light stripe region are densely packed, expanded, have small

filopodial protrusions, and display a bright orange pigment. In contrast,

xanthophores in the dark stripe region display a net-like and loose organization.

They are arborized, have long filopodial protrusions, and display faint yellow

pigment.

Finally, to reveal the behavior of individual cells in stripe pattern formation, I used

Tg(sox10:Cre) with the reporter line Tg(UBI:loxp-EGFP-loxp-mCherry). Fish with

patchy reporter labeling of xanthophore clusters were selected for long-term

imaging to follow individual xanthophores. These experiments showed that
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xanthophores are the first pigment cell type to cover the skin at the onset of

metamorphosis, and that they undergo differential cellular reorganization

depending on their location (dark or light stripes) along the adult trunk. My work

led to the discovery of several xanthophore behaviors that were previously

unknown:

1) There is no global reorganization of xanthophores.

2) Xanthophores locally proliferate.

3) Xanthophores have long filopodial extensions.

4) Short-scale movements of xanthophores sharpen the stripe-interstripe

boundary.

5) When xanthophore and iridophores interact, xanthophores acquire a compact

morphology; they retract their long filopodial projections and intensify their

pigmentation.

6) Xanthophores repulse early melanophores.

7) Later, xanthophores rearrange themselves with the appearance of more

melanophores in the dark stripes and spread out into a stellate shape with faint

pigmentation.

8) When xanthophores and xanthophores interact, they create a net-like

structure.

This study provides us with an improved understanding of xanthophore

behaviors. In combination with previous pigment cell behavior studies

(Frohnhöfer et al., 2013; Singh et al., 2014), it provides us with a more

comprehensive picture of pigment cell interactions and their roles in the formation

of the beautifully colored and striped adult zebrafish pattern.
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⊂…∂≡±…≡�

←↔↑∂↓≡≈ ↓↔↔≡↑± °≠ ∞≡↑≠∂←•
°…≥ ↑≡°↑÷±∂∞↔∂°± °≠ ♣±↔•°↓•°↑≡← ≠∂±≡∫↔♠±≡← ±≈ …°≥°↑← ↔•≡

⊂…∂≡±…≡

≡↔ ≥〉

≡↔ ≥〉

∠↑∂÷∂± °≠ ≠∂←• ↓∂÷″≡±↔ …≡≥≥ ≠°↑ ↓↔↔≡↑±

⇒↑↔∂…≥≡ ⊄°°≥←

∉≡↑″∂←←∂°±←

⊂…∂≡±…≡

⊂…∂≡±…≡
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∧√⊂⋅ ∉√¬∨∇⊄⇒⊄√∠∇

°…≥ ↑≡°↑÷±∂∞↔∂°± °≠ ♣±↔•°↓•°↑≡←
≠∂±≡∫↔♠±≡← ±≈ …°≥°↑← ↔•≡ ←↔↑∂↓≡≈
↓↔↔≡↑± °≠ ∞≡↑≠∂←•
∉↑↔≡≡× •≥♦↑⌠ ⇑↑∂÷∂↔↔≡ ∪≥≈≡↑∂…•⌠ ⇒∝≡≡↔ ∉↑↔↓ ⊂∂±÷•⌠⌡ ⇐•↑∂←↔∂±≡ ∇#←←≥≡∂±∫⊃°≥•↑≈⌡

⊄•≡ ↓↔↔≡↑± °≠ ≥↔≡↑±↔∂±÷ ≥♠≡ ±≈ ÷°≥≈≡± ←↔↑∂↓≡← ≈∂←↓≥ƒ≡≈ ƒ ≈♠≥↔ ∞≡↑≠∂←• ∂← …°″↓°←≡≈ °≠

↔•↑≡≡ ×∂±≈← °≠ ↓∂÷″≡±↔ …≡≥≥←∑ ≥…× ″≡≥±°↓•°↑≡←⌠ ƒ≡≥≥°♦ ♣±↔•°↓•°↑≡←⌠ ±≈ ←∂≥♥≡↑ƒ∫≥♠≡

∂↑∂≈°↓•°↑≡←〉 ∪≡ ±≥ƒ∞≡≈ ↔•≡ ≈ƒ±″∂…← °≠ ♣±↔•°↓•°↑≡← ≈♠↑∂±÷ ←↔↑∂↓≡ ″°↑↓•°÷≡±≡←∂← ∂± ♥∂♥°

♦∂↔• ≥°±÷∫↔≡↑″ ↔∂″≡∫≥↓←≡ ∂″÷∂±÷〉 ↑♥≥ ♣±↔•°↓•°↑≡← ←↔↑↔ ↔° ↓↑°≥∂≠≡↑↔≡ ↔ ↔•≡ °±←≡↔ °≠

″≡↔″°↑↓•°←∂← ±≈ ÷∂♥≡ ↑∂←≡ ↔° ≈♠≥↔ ♣±↔•°↓•°↑≡← …°♥≡↑∂±÷ ↔•≡ ≠≥±× ≡≠°↑≡ ↔•≡ ↑↑∂♥≥ °≠

←↔≡″∫…≡≥≥�≈≡↑∂♥≡≈ ∂↑∂≈°↓•°↑≡← ±≈ ″≡≥±°↓•°↑≡←〉 ∩±↔•°↓•°↑≡← …°″↓…↔ ↔° ≈≡±←≡≥ƒ …°♥≡↑ ↔•≡

∂↑∂≈°↓•°↑≡← ≠°↑″∂±÷ ↔•≡ ∂±↔≡↑←↔↑∂↓≡⌠ ±≈ ↔•≡ƒ …→♠∂↑≡  ≥°°←≡ ←↔≡≥≥↔≡ ←•↓≡ °♥≡↑ ↔•≡

″≡≥±°↓•°↑≡← ∂± ↔•≡ ←↔↑∂↓≡←〉 ⊄•♠←⌠ ♣±↔•°↓•°↑≡←⌠ ↔↔↑…↔≡≈ ƒ ∂↑∂≈°↓•°↑≡← ±≈ ↑≡↓≡≥≥∂±÷

″≡≥±°↓•°↑≡←⌠ ←•↑↓≡± ±≈ …°≥°↑ ↔•≡ ↓↔↔≡↑±〉 ⊃↑∂↔∂°±← °± ↔•≡←≡ …≡≥≥ ≡•♥∂°↑← ″ƒ

…°±↔↑∂♠↔≡ ↔° ↔•≡ ÷≡±≡↑↔∂°± °≠ …°≥°↑ ↓↔↔≡↑± ≈∂♥≡↑←∂↔ƒ ∂± ≠∂←•〉


±ƒ ±∂″≥← •♥≡ ≡♥°≥♥≡≈ ≈∂♥≡↑←∂↔ƒ ∂± ↔•≡∂↑

…°≥°↑ ↓↔↔≡↑±←⌠ ♦•∂…• ←≡↑♥≡ ← ± ≡←←≡±↔∂≥

…°″↓°±≡±↔ °≠ ↔•≡∂↑ ←♠↑♥∂♥≥ ←↔↑↔≡÷ƒ〉 ⊆≡∫

↓≥…∂±÷″♠…•←∂″↓≥≡↑ ≥↑♥≥↓↔↔≡↑± ∧∂÷〉 ⌠

⇒ ±≈ ⇑⌠ ↔•≡ ∞≡↑≠∂←• …→♠∂↑≡←  ←↔≡↑≡°∫

↔ƒ↓∂… ↓↔↔≡↑± °≠ ≠°♠↑ ↔° ≠∂♥≡ ≥°±÷∂↔♠≈∂±≥ ≈↑× ←↔↑∂↓≡←

±≈ ≠°♠↑ ≥∂÷•↔ ∂±↔≡↑←↔↑∂↓≡← ∧∂÷〉 ⇐ ≈♠↑∂±÷ ↔•≡

″≡↔″°↑↓•∂…↓≡↑∂°≈ ⊗ ↔° ≈ƒ← ↓°←↔≠≡↑↔∂≥∂∞↔∂°±

≈↓≠ℜ〉 ⊄•≡ ←↔↑∂↓≡← …°±←∂←↔ °≠ ″≡≥±°↓•°↑≡← …°♥≡↑≡≈

ƒ  ↔•∂± ≥ƒ≡↑ °≠ ∂↑∂≈°↓•°↑≡← ±≈ ♣±↔•°↓•°↑≡←⌠

♦•≡↑≡← ∂±↔≡↑←↔↑∂↓≡← ↑≡ …°″↓°←≡≈ °≠ ∂↑∂≈°↓•°↑≡←

…°♥≡↑≡≈ ƒ ♣±↔•°↓•°↑≡← �〉 √↑∂≈°↓•°↑≡← …°″≡

∂± ↔♦° ″°↑↓•°≥°÷∂…≥≥ƒ ≈∂←↔∂±…↔ ←•↓≡← ↔•↔ ↑≡ …≥°∫

±≥≥ƒ ↑≡≥↔≡≈∑ ≈≡±←≡ ∂↑∂≈°↓•°↑≡← ∂± ∂±↔≡↑←↔↑∂↓≡← ±≈

≥°°←≡ ≥♠≡ ∂↑∂≈°↓•°↑≡← ∂± ←↔↑∂↓≡←〉 ⊄•≡ ≠∂↑←↔ ≥∂÷•↔ ∂±∫

↔≡↑←↔↑∂↓≡ ∂← ≠°↑″≡≈ ƒ ≈≡±←≡ ∂↑∂≈°↓•°↑≡← ≡″≡↑÷∂±÷

≥°±÷ ↔•≡ •°↑∂∞°±↔≥ ″ƒ°←≡↓↔♠″ ↔•↔ ←≡↑♥≡← ← 

″°↑↓•°≥°÷∂…≥ ↓↑≡↓↔↔≡↑± 〉 ⇒↔ ↔•≡ ″↑÷∂±← °≠

↔•≡ ≠∂↑←↔ ∂±↔≡↑←↔↑∂↓≡⌠ ∂↑∂≈°↓•°↑≡← ←♦∂↔…• ←•↓≡ ±≈

←↓↑≡≈ ≈°↑←≥≥ƒ ±≈ ♥≡±↔↑≥≥ƒ ← ≥°°←≡ ∂↑∂≈°↓•°↑≡← ∂±

↔•≡ ←×∂± °≠ ↔•≡ ∝♠♥≡±∂≥≡ ≠∂←• ƒ ↓↑°≥∂≠≡↑↔∂°± ±≈

″∂÷↑↔∂°±〉 ⊄•≡ƒ ≠°↑″  …°•≡↑≡±↔ ±≡↔ °≠ …≡≥≥← …°♥≡↑∫

∂±÷ ↔•≡ ≠≥±× °≠ ↔•≡ ≠∂←• ±≈ ÷≡±≡↑↔≡ ≈≈∂↔∂°±≥

≥∂÷•↔ ←↔↑∂↓≡← ↔  ≈∂←↔±…≡ ≠↑°″ ↔•≡ •°↑∂∞°±↔≥ ″ƒ°∫

←≡↓↔♠″ ƒ ↓↔↔≡↑±≡≈ ÷÷↑≡÷↔∂°± ∂±↔° ≈≡±←≡ ∂↑∂≈°∫

↓•°↑≡← 〉 ≡≥±°≥←↔← ≡″≡↑÷≡ ↔ ↔•≡∂↑ ≠♠↔♠↑≡

↓°←∂↔∂°± ≡↔♦≡≡± ↔•≡←≡ ∂±↔≡↑←↔↑∂↓≡← ≥°±÷ ↓≡↑∂↓•∫

≡↑≥ ±≡♠↑°±← ∂±±≡↑♥↔∂±÷ ↔•≡ ←×∂± ↔•≡ƒ ≈∂≠≠≡↑≡±↔∂↔≡

±≈ ≡♣↓±≈ ∂± ←∂∞≡ ↔° ≠°↑″ ↔•≡ …°″↓…↔ ≈↑× ←↔↑∂↓≡←

�〉 ⊄•♠←⌠ ↔•≡ ≈↑× ±≈ ≥∂÷•↔ ←↔↑∂↓≡← ↑≡ ≠°↑″≡≈ ƒ

≈∂≠≠≡↑≡±↔ …≡≥≥♠≥↑ ↑°♠↔≡←〉 ∩±↔•°↓•°↑≡← ↑≡ ↔•∂±≥ƒ

≈∂←↔↑∂♠↔≡≈ °♥≡↑ ↔•≡ ≈↑× ←↔↑∂↓≡← ±≈ ≈≡±←≡≥ƒ …°♥≡↑

↔•≡ ∂↑∂≈°↓•°↑≡← ∂± ≥∂÷•↔ ←↔↑∂↓≡← ÷∂♥∂±÷ ↔•≡″  ƒ≡≥∫

≥°♦ ↔∂±÷≡ ⌠ ⌠ 〉 ⇒≈♠≥↔ ∂↑∂≈°↓•°↑≡← ±≈ ″≡≥±°∫

↓•°↑≡← °↑∂÷∂±↔≡ ≠↑°″  ←″≥≥ ←≡↔ °≠ ←↔≡″ …≡≥≥←

≥°…↔≡≈ ↔ ↔•≡ ←≡÷″≡±↔≥≥ƒ ↑≡∂↔≡↑↔≡≈ ≈°↑←≥ ↑°°↔

÷±÷≥∂ ⌠ ⌠ ♠↔ ↔•≡ °↑∂÷∂± °≠ ≈♠≥↔ ♣±↔•°↓•°↑≡←

•← ↑≡″∂±≡≈ ♠±×±°♦±〉

⇒±≥ƒ←∂← °≠ ″♠↔±↔← ≥…×∂±÷ °±≡ °↑ ↔♦° °≠ ↔•≡

↔•↑≡≡ ↓∂÷″≡±↔ …≡≥≥ ↔ƒ↓≡← •← ↑≡♥≡≥≡≈ ↔•↔ ∂±↔≡↑…∫

↔∂°±←≡↔♦≡≡±≥≥ ↔•≡ ↔•↑≡≡ …≡≥≥ ↔ƒ↓≡← ↑≡ ←°≥♠↔≡≥ƒ

±≡…≡←←↑ƒ ≠°↑ ≡″≡↑÷≡±…≡ °≠ ↔•≡ ≠∂±≥ ←↔↑∂↓≡≈ …°≥°↑∫

↔∂°± ⌠ 〉 √↑∂≈°↓•°↑≡← ↓≥ƒ  ≥≡≈∂±÷ ↑°≥≡ ∂± ←↔↑∂↓≡

≠°↑″↔∂°± ±≈″♠↔±↔← ≥…×∂±÷ ∂↑∂≈°↓•°↑≡← ≈° ±°↔

≈≈ ←↔↑∂↓≡← ↔°  ←∂… ↓↔↔≡↑±⌠ ♦•≡↑≡← ″♠↔±↔←

≥…×∂±÷ ♣±↔•°↓•°↑≡← ↓≠≡≠≠≡↑ñ≠″←ñ…←≥ °↑ ″≡≥∫

±°↓•°↑≡← ±…↑≡ñ″∂↔≠ ≡♣•∂∂↔  ↑≡←∂≈♠≥ ←↔↑∂↓≡≈

↓↔↔≡↑±⌠ ≥≡∂↔ ± ∂↑↑≡÷♠≥↑ °±≡ ≠∂÷〉 ⊂ ⌠ �〉

↓≠≡≠≠≡↑ ↓≠≡ ≡±…°≈≡← …←≠ñ≠″← ↔•↔ ∂← ≡♣↓↑≡←←≡≈ ±≈

↑≡→♠∂↑≡≈ ←↓≡…∂≠∂…≥≥ƒ ∂± ♣±↔•°↓•°↑≡← ⌠ ⌠ ⌠ 〉 √±

≈♠≥↔ ↓≠≡″♠↔±↔←⌠  ±♠″≡↑ °≠ ←↔↑∂↓≡← ±≈ ∂±↔≡↑∫

←↔↑∂↓≡←⌠ ≥↔•°♠÷• ∂↑↑≡÷♠≥↑⌠ ↑≡ ≈∂←…≡↑±∂≥≡∑ ⊄•≡

  ⊂∨∉⊄∨⇑∨⊆  € ⊃∠  √⊂⊂⊇∨  ←…∂≡±…≡″÷〉°↑÷ ⊂⇐√∨∇⇐∨

♣∫∉≥±…×∫√±←↔∂↔♠↔ ≠#↑ ∨±↔♦∂…×≥♠±÷←∂°≥°÷∂≡⌠ ⊄#∂±÷≡±⌠

¬≡↑″±ƒ〉

⌡⇐°↑↑≡←↓°±≈∂±÷ ♠↔•°↑〉 ∨∫″∂≥∑ ∝≡≡↔〉←∂±÷•⇓↔♠≡∂±÷≡±〉″↓÷〉≈≡

⇒〉∉〉⊂〉 …•↑∂←↔∂±≡〉±♠≡←←≥≡∂±∫♥°≥•↑≈⇓↔♠≡∂±÷≡±〉″↓÷〉≈≡ ⇐〉∇〉∫⊃〉

∧∂÷〉 〉 ⇔∂←↔↑∂♠↔∂°± °≠ ♣±↔•°↓•°↑≡← ∂± ≥↑♥≥⌠

″≡↔″°↑↓•∂…⌠ ±≈ ≈♠≥↔ ∞≡↑≠∂←•〉 ∉∂÷″≡±↔↔∂°±

↓↔↔≡↑± ±≈ ♣±↔•°↓•°↑≡← °≠ ↔•≡ ⇒ ±≈ ⇑ ≥↑♥

±≈ ⇐ ±≈ ⇔ ≈♠≥↔〉 ⇒↑↑°♦•≡≈⌠ ≈≡±←≡ ∂±↔≡↑←↔↑∂↓≡

♣±↔•°↓•°↑≡← ↑↑°♦⌠ ≥°°←≡ ←↔↑∂↓≡ ♣±↔•°↓•°↑≡←〉

⊆≡≈ °♣≡← ∂± ⇒ ±≈ ⇐ ∂±≈∂…↔≡ ↓↓↑°♣∂″↔≡

↑≡← •∂÷•≥∂÷•↔≡≈ ∂± ⇑ ±≈ ⇔⌠ ↑≡←↓≡…↔∂♥≡≥ƒ〉 ∨

±≈ ∧ ∩±↔•°↓•°↑≡← ↔ •∂÷•≡↑ ″÷±∂≠∂…↔∂°±←〉

∨¬∧∉⌠ ≡±•±…≡≈ ÷↑≡≡± ≠≥♠°↑≡←…≡±↔ ↓↑°↔≡∂±〉 ¬⌠

 ↔°  ⇐°±↔∂±♠°♠← ≈≡♥≡≥°↓″≡±↔ °≠ ♣±↔•°↓•°↑≡←

≠↑°″ ≥↑♥≥ ↔° ↓°←↔″≡↔″°↑↓•∂… ←↔÷≡←〉 ⋅ ∇°↑″≥

↔°↓ ±≈ ≡↓∂±≡↓•↑∂±≡∫↔↑≡↔≡≈ °↔↔°″ ∞≡↑≠∂←•

≈♠≥↔ ←×∂±〉 √ ⇔≡±←∂↔ƒ °≠ ∂±↔≡↑←↔↑∂↓≡ ♣±↔•°↓•°↑≡←

∩√⌠ ←↔↑∂↓≡ ♣±↔•°↓•°↑≡← ∩⊂⌠ ±≈ ″≡≥±°↓•°↑≡←

 ∂± ≈♠≥↔ ∞≡↑≠∂←•〉 ∨↑↑°↑ ↑← ≈≡±°↔≡ ⊂⇔〉 ⊂…≥≡

↑←⌠  ″″〉
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″≡≥±°↓•°↑≡ ←↔↑∂↓≡← ↑≡× ♠↓ ∂±↔° ←↓°↔← ≈≡±←≡

∂↑∂≈°↓•°↑≡ ↑≡÷∂°±← ∂±♥≈≡ ↔•≡ ←↔↑∂↓≡← ±≈ ≠♠↑↔•≡↑⌠

≡…↔°↓∂… ″≡≥±°↓•°↑≡← ↑≡ °←≡↑♥≡≈ ∂± ↔•≡ ∂±↔≡↑∫

←↔↑∂↓≡ ↑≡÷∂°±←〉 √±↔↑°≈♠…↔∂°± °≠ ♣±↔•°↓•°↑≡ ↓↑°∫

÷≡±∂↔°↑ …≡≥≥← ∂±↔° ↓≠≡ ″♠↔±↔ ≡″↑ƒ°← ƒ ≥←↔°″≡↑≡

↔↑±←↓≥±↔↔∂°±← ↑≡←↔°↑≡←  ±°↑″≥ ↓↔↔≡↑± ∂±∫

≈∂…↔∂±÷ ↔•≡ ∂″↓°↑↔±…≡ °≠ ♣±↔•°↓•°↑≡← ∂± ←↔↑∂↓≡

←•↑↓≡±∂±÷ ±≈ …°≥°↑↔∂°± ⌠ 〉 ∪≡ ≡♣″∂±≡≈

♣±↔•°↓•°↑≡ °↑∂÷∂± ±≈ ≡•♥∂°↑ ∂± ♥∂♥° ↔° ≡←∫

↔≥∂←• ↔•≡∂↑ ↑°≥≡ ∂± …°≥°↑ ↓↔↔≡↑± ≠°↑″↔∂°±〉

∪≡ ♠←≡≈ ⊄÷≠″←∑¬≥〉⊃∉  ∂± …°″∂±↔∂°±

♦∂↔• ↓↓↑°↓↑∂↔≡ ⊇⇒⊂∫↑≡↓°↑↔≡↑ ≥∂±≡← °↑ ⊄÷∉♣∑¬∧∉

¬∧∉⌠ ÷↑≡≡± ≠≥♠°↑≡←…≡±↔ ↓↑°↔≡∂± ←≡≡ ←♠↓↓≥≡″≡±∫

↔↑ƒ ″↔≡↑∂≥← ±≈ ″≡↔•°≈← ↔° ≥≡≥ ♣±↔•°↓•°↑≡←

≠↑°″ ≥↑♥≥ ←↔÷≡← ↔•↑°♠÷•°♠↔ ″≡↔″°↑↓•°←∂←

∧∂÷〉 〉 ≡≥≡≈ …≡≥≥← ♦≡↑≡ ∂≈≡±↔∂≠∂≡≈ °± ↔•≡ ≈°↑←≥

←∂≈≡ °≠ ↔•≡ ≡″↑ƒ° ↔ ϒ •°♠↑← ↓°←↔≠≡↑↔∂≥∂∞↔∂°±

″°♥∂≡ ⊂〉 ⊄•≡←≡ …≡≥≥← ″∂÷↑↔≡ ♦•∂≥≡ ≈∂♥∂≈∂±÷

≥°±÷ ↔•≡ ≈°↑←°≥↔≡↑≥ ↓↔• °≠ ±≡♠↑≥ …↑≡←↔ ″∂÷↑∫

↔∂°±⌠ ≈∂≠≠≡↑≡±↔∂↔≡ ∂±↔° ♣±↔•°↓•°↑≡← ±≈ ←↓↑≡≈

°♥≡↑ ↔•≡ ≥↑♥≥ ←×∂±⌠ ♥≡±↔↑≥≥ƒ ≈≡…↑≡←∂±÷ ∂± ≈≡±←∂↔ƒ

 ∧∂÷〉 ⌠ ⇒ ±≈ ⇑〉 ⊄•≡ ≥↑♥ ↔  ≈↓≠ ≈∂←↓≥ƒ← ←∂♣

↔° ≡∂÷•↔ ♣±↔•°↓•°↑≡← ↓≡↑ ←≡÷″≡±↔〉 √± ↔•≡ ≈♠≥↔

≠∂←•⌠ ♣±↔•°↓•°↑≡← ↑≡ ≈∂←↔↑∂♠↔≡≈ °♥≡↑ ↔•≡ ←↔↑∂↓≡←

±≈ ∂±↔≡↑←↔↑∂↓≡← ≥≥ ≥°±÷ ↔•≡ ←×∂± ∧∂÷〉 ⌠ ⇐ ±≈ ⇔〉

⊄•≡ ♣±↔•°↓•°↑≡← ←←°…∂↔≡≈ ♦∂↔• ↔•≡ ∂±↔≡↑←↔↑∂↓≡

↑≡÷∂°± ♦≡↑≡ ≈≡±←≡≥ƒ ↓…×≡≈⌠ ≡♣↓±≈≡≈⌠ ↓°←←≡←←≡≈

←″≥≥ ≠∂≥°↓°≈∂≥ ↓↑°↔↑♠←∂°±←⌠ ±≈ ≈∂←↓≥ƒ≡≈ ↑∂÷•↔

°↑±÷≡ ↓∂÷″≡±↔ ↑↑°♦•≡≈← ∂± ∧∂÷〉 ⌠ ⇔⌠ ∨⌠ ±≈ ⋅⌠

±≈ ≠∂÷〉 ⊂〉 √± …°±↔↑←↔⌠ ♣±↔•°↓•°↑≡← ∂± ↔•≡ ←↔↑∂↓≡

↑≡÷∂°± ≈∂←↓≥ƒ≡≈  ±≡↔≥∂×≡⌠ ≥°°←≡ °↑÷±∂∞↔∂°± ↔•≡ƒ

♦≡↑≡ ↑°↑∂∞≡≈⌠ •≈ ≥°±÷ ≠∂≥°↓°≈∂≥ ↓↑°↔↑♠←∂°±←⌠

±≈ ≈∂←↓≥ƒ≡≈ ≠∂±↔ ƒ≡≥≥°♦ ↓∂÷″≡±↔ ↑↑°♦← ∂±

∧∂÷〉 ⌠ ⇔⌠ ∧⌠ ⋅⌠ ±≈ ≠∂÷〉 ⊂〉 ∩±↔•°↓•°↑≡ ≈≡±←∂↔ƒ

♦← ϒ〉 ↔∂″≡← •∂÷•≡↑ ∂± ↔•≡ ∂±↔≡↑←↔↑∂↓≡ ↑≡÷∂°± ←

…°″↓↑≡≈ ♦∂↔• ↔•≡ ←↔↑∂↓≡ ↑≡÷∂°± ∧∂÷〉 √ ±≈ ≠∂÷〉

⊂〉 ⊄•∂← ∂±≈∂…↔≡← ↔♦° ≈∂←↔∂±…↔ ↔ƒ↓≡← °≠ ♣±↔•°∫

↓•°↑≡←∑ ∂ …°″↓…↔ ±≈ ↑∂÷•↔ ∂± ↔•≡ ∂±↔≡↑←↔↑∂↓≡←

±≈ ∂∂ ←↔≡≥≥↔≡ ±≈ ≠∂±↔ ∂± ↔•≡ ←↔↑∂↓≡←〉

⊄∂″≡∫…°♠↑←≡ ±≥ƒ←∂← °≠ ♣±↔•°↓•°↑≡← ↑≡∫

♥≡≥≡≈ ↔•↔ ↔•≡ ≥↑♥≥ ♣±↔•°↓•°↑≡← ↓≡↑←∂←↔≡≈⌠

∂±…↑≡←≡≈ ∂± ±♠″≡↑ ↔ ↔•≡ °±←≡↔ °≠ ″≡↔″°↑∫

↓•°←∂←⌠ ±≈ ≠∂±≥≥ƒ …°♥≡↑≡≈ ↔•≡ ≡±↔∂↑≡ ≈°↑←°∫

≥↔≡↑≥ ←×∂± ∧∂÷〉 ¬〉 ⊄° °↔∂± ≥≡≥≡≈ …≥♠←↔≡↑←

°≠ ♣±↔•°↓•°↑≡← ≠°↑ ≥∂±≡÷≡ ±≥ƒ←∂←⌠ ♦≡ ↔↑±←∫

↓≥±↔≡≈ …≡≥≥← °≠ ⊄÷↓♣∑¬∧∉ ≡″↑ƒ°← ∂±↔° ♦∂≥≈∫

↔ƒ↓≡ •°←↔← ↔ ↔•≡ ≥←↔♠≥ ←↔÷≡ ∧∂÷〉 ⇒〉 ⊄•≡

♣±↔•°↓•°↑≡ ±♠″≡↑ ↑≡″∂±≡≈ …°±←↔±↔ ♠±↔∂≥

↔•≡ °±←≡↔ °≠ ″≡↔″°↑↓•°←∂← ϒ ↔°  ≈↓≠ ⌠ ♦•≡±

♣±↔•°↓•°↑≡← ≡÷∂± ↔° ≈∂♥∂≈≡ ±≈ ∂±…↑≡←≡ ∂±

±♠″≡↑ …°±↔∂±♠°♠←≥ƒ ♦∂↔•  ≈°♠≥∂±÷ ↔∂″≡ °≠

°♠↔  ♦≡≡× ≠∂♥≡ ≠∂←•⌠ ←≡♥≡± …≥♠←↔≡↑← °≠ ♣±↔•°∫

↓•°↑≡← ∧∂÷〉 ⇐〉 ⊂≡…°±≈⌠ ♦≡ ±≥ƒ∞≡≈ ♣±↔•°∫

↓•°↑≡ …≥°±≡← ∂±≈♠…≡≈ ∂± ⊄÷←°♣∑∨⊆⊄∫⇐↑≡ ≥↑♥≡

∂± ♦•∂…• ↔″°♣∂≠≡±∫∂±≈♠…∂≥≡ ⇐↑≡ ♦← ≡♣↓↑≡←←≡≈

♠±≈≡↑ ↔•≡ ←°♣ ↓↑°″°↔≡↑ 〉 ⇔←⊆≡≈∫≥≡≥≡≈

≥↑♥≥ ♣±↔•°↓•°↑≡← ∂± ←♠…• …≥°±≡← ÷♥≡ ↑∂←≡ ↔°

″≡↔″°↑↓•∂… ♣±↔•°↓•°↑≡← ←∂♣ …≥°±≡← ∧∂÷〉 ⇑〉

√± …°±↔↑←↔ ↔° ↓↑≡♥∂°♠← ←↔♠≈∂≡← ⌠ ⌠ °♠↑ ∂± ♥∂♥°

±≥ƒ←∂← ←♠÷÷≡←↔← ↔•↔ ♣±↔•°↓•°↑≡←⌠ ≥≡∂↔ ↑≡≥ƒ

♥∂←∂≥≡ ƒ ↓∂÷″≡±↔ …°±↔≡±↔⌠ ↑≡ ↔•≡ ≠∂↑←↔ ↓∂÷″≡±↔

…≡≥≥ ↔ƒ↓≡ ↔° …°♥≡↑ ↔•≡ ↔↑♠±× ←×∂± ≡≠°↑≡ ↔•≡ ↓∫

↓≡↑±…≡ °≠ ″≡↔″°↑↓•∂… ∂↑∂≈°↓•°↑≡← ±≈ ″≡≥∫

±°↓•°↑≡← ∧∂÷←〉 ¬ ±≈ ⇑ ±≈ ≠∂÷←〉 ⊂ ±≈ ⊂〉

∪≡ ≠♠↑↔•≡↑ ±≥ƒ∞≡≈ ↔•≡ ≡•♥∂°↑ °≠ …≥♠←↔≡↑← …°∫

•≡↑≡±↔ ÷↑°♠↓← °≠ …≥°±≡← °≠ ≥≡≥≡≈ ♣±↔•°↓•°↑≡←

∂± ⊄÷←°♣∑⇐↑≡  ∂±≈∂♥∂≈♠≥← ↔•↑°♠÷•°♠↔ ″≡↔∫

″°↑↓•°←∂← ∧∂÷〉 ⇒ ±≈ ≠∂÷〉 ⊂〉 ⊄•≡ ♣±↔•°↓•°↑≡

…≥♠←↔≡↑← ″∂±↔∂±≡≈ ↔•≡∂↑ ↑≡≥↔∂♥≡ ↓°←∂↔∂°±← ≈♠↑∂±÷

↔•≡ ≠°↑″↔∂°±°≠ ↔•≡ ←↔↑∂↓≡← ±≈ ∂±↔≡↑←↔↑∂↓≡←⌠ ♦•≡↑≡∫

← ±♠″≡↑← °≠ ♣±↔•°↓•°↑≡← ∂± ≡…• …≥♠←↔≡↑ …°±∫

↔∂±♠°♠←≥ƒ ∂±…↑≡←≡≈ ↔•↑°♠÷•°♠↔ ″≡↔″°↑↓•°←∂←

∧∂÷〉 ⇐ ±≈ ≠∂÷〉 ⊂ ƒ ↓↑°≥∂≠≡↑↔∂°± ≠∂÷〉 ⊂〉 ⊄•♠←⌠

↔•≡↑≡ ∂← ±° ÷≥°≥ ↑≡°↑÷±∂∞↔∂°± °≠ ♣±↔•°↓•°↑≡←

≈♠↑∂±÷ ←↔↑∂↓≡ ″°↑↓•°÷≡±≡←∂← ≠∂÷〉 ⊂〉 ⋅°♦≡♥≡↑⌠

↑↑∂♥≥ °≠ ↔•≡ ∂↑∂≈°↓•°↑≡← ≈♠↑∂±÷ ″≡↔″°↑↓•°←∂←

≥≡≈ ↔°  …°″↓…↔∂°± °≠ ↔•≡ °♥≡↑≥ƒ∂±÷ ♣±↔•°↓•°↑≡←

≠∂÷〉 ⊂〉 ∧♠↑↔•≡↑″°↑≡⌠ ♠↓°± ↑↑∂♥≥ °≠ ″≡≥±°↓•°↑≡←

∂± ↔•≡ ←↔↑∂↓≡ ↑≡÷∂°±⌠ ↔•≡ ♣±↔•°↓•°↑≡← ♠±≈≡↑♦≡±↔

⊂⇐√∨∇⇐∨ ←…∂≡±…≡″÷〉°↑÷  ⊂∨∉⊄∨⇑∨⊆  € ⊃∠  √⊂⊂⊇∨  

∧∂÷〉 〉 ⊄•≡ ≥↑♥≥ ↓↔↔≡↑± ≈≡♥≡≥°↓← …°±↔∂±♠°♠←≥ƒ

∂±↔° ↔•≡ ≈♠≥↔ ↓↔↔≡↑±〉 ⇒⌠  ↔°  ⇒ ⊄÷↓♣∑¬∧∉∫

≥≡≥≡≈ …≥♠←↔≡↑ °≠ ←∂♣ ♣±↔•°↓•°↑≡← °↔∂±≡≈ ƒ

≥←↔°″≡↑≡ ↔↑±←↓≥±↔↔∂°±〉 ⇔←•≡≈ ≥∂±≡← ∂±≈∂…↔≡

″ƒ°←≡↓↔〉 ⇒↑↑°♦← ∂± ⇒⌠  ±≈  ≈≡±°↔≡ ″∂↔°↔∂…

…≡≥≥← ↔  ≈↓≠〉 ⇑ ∩±↔•°↓•°↑≡ …≥°±≡ ∂±≈♠…≡≈ ↔

 ≈↓≠〉 ⇐ √±…↑≡←≡ ∂± ±♠″≡↑← °≠ ♣±↔•°↓•°↑≡← ↓≡↑

∂±≈∂♥∂≈♠≥ ⊄÷∉♣∑¬∧∉ …≥♠←↔≡↑ ≡…• ≥∂±≡ ↑≡↓↑≡←≡±↔←

 ←∂±÷≥≡ ∂≈≡±↔∂≠∂≡≈ …≥♠←↔≡↑〉 ⊂…≥≡ ↑←⌠  ″″〉

∧∂÷〉 〉 ∩±↔•°↓•°↑≡← ≡♣•∂∂↔ ≥∂″∂↔≡≈ ÷≥°≥ ↑≡°↑∫

÷±∂∞↔∂°±〉 ⇒ ±≈ ⇑ ⇐≥♠←↔≡↑← °≠ ⊄÷←°♣∑⇐↑≡∫

≥≡≥≡≈ ♣±↔•°↓•°↑≡←〉 ⊆≡≈ ≈←•≡≈ ≥∂±≡← ∂± ⇒ ≡±…∂↑…≥≡

∂±≈∂♥∂≈♠≥ …≥♠←↔≡↑← ↔•↔ ↑≡ ∂≈≡±↔∂≠∂≥≡ ↔•↑°♠÷•°♠↔

←↔↑∂↓≡ ″°↑↓•°÷≡±≡←∂←〉 ⇑ ⇒↑↑∂♥≥ °≠ ″≡≥±°↓•°↑≡← ∂±

↔•≡ ←↔↑∂↓≡ ↑≡÷∂°± ≥≡≈← ↔° ←≡↓↑↔∂°± °≠ ♣±↔•°↓•°↑≡←

∂±  …≥♠←↔≡↑〉 ⇔←•≡≈ ↑≡≈ ±≈ ♦•∂↔≡ ←→♠↑≡← ∂±≈∂…↔≡

↓↑≡←♠″↓↔∂♥≡ ←↔↑∂↓≡ ↑≡÷∂°±← ♦•≡↑≡ ″≡≥±°↓•°↑≡← ↓↓≡↑〉

⇐ √±…↑≡←≡ ∂± ±♠″≡↑← °≠ ♣±↔•°↓•°↑≡← ↓≡↑ ∂±≈∂∫

♥∂≈♠≥ ⊄÷←°♣∑⇐↑≡∫≥≡≥≡≈ …≥♠←↔≡↑ ≡…• ≥∂±≡ ↑≡↓↑≡∫

←≡±↔←  ←∂±÷≥≡ ∂≈≡±↔∂≠∂≡≈ …≥♠←↔≡↑〉 ⊂…≥≡ ↑←⌠  ″″〉
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≥°…≥ ↑≡↑↑±÷≡″≡±↔ ↔° ……°″″°≈↔≡ ↔•≡ ∂±…↑≡←∂±÷

±♠″≡↑ °≠ ″≡≥±°↓•°↑≡← ∧∂÷←〉 ⇑ ±≈ 〉 ∠♥≡↑ ↔•≡

↓≡↑∂°≈ °≠ ″≡↔″°↑↓•°←∂←⌠ ″°↑≡ ″≡≥±°↓•°↑≡←

↓↓≡↑≡≈ ∂± ↔•≡ ←×∂± ±≈ ≡♣↓±≈≡≈⌠ ≠°↑″∂±÷ 

…°″↓…↔ ←↔↑∂↓≡ 〉 ⊄•∂← ↑≡←♠≥↔≡≈ ∂± …≡≥≥♠≥↑ ↑≡°↑∫

÷±∂∞↔∂°± ±≈ ←≡↓↑↔∂°± °≠ ↔•≡ ♣±↔•°↓•°↑≡← ±≈

 ≈≡…↑≡←≡ ∂± ♣±↔•°↓•°↑≡ ≈≡±←∂↔ƒ ∧∂÷←〉 ⌠ ⇔ ↔° √⌠

±≈ ⇑ ±≈ ≠∂÷〉 ⊂⇑〉 ∩±↔•°↓•°↑≡← °≠ ↔•≡ ←↔↑∂↓≡

↑≡÷∂°± ↑≡°↑÷±∂∞≡≈ ↔•≡∂↑ ≠∂≥°↓°≈∂ ↔° ÷∂♥≡ ♦ƒ ↔°

″≡≥±°↓•°↑≡← ↔•↔ ↓↓≡↑≡≈ ∂± ↔•≡∂↑ ♥∂…∂±∂↔ƒ ∧∂÷〉

⇒〉 ⊄•≡ ♣±↔•°↓•°↑≡← ←↓↑≡≈ °♠↔ ±≈ ≡…″≡

←↔≡≥≥↔≡ ♦∂↔• ≥°±÷ ≠∂≥°↓°≈∂≥ ≡♣↔≡±←∂°±← ↑↑°♦←

∂± ∧∂÷〉 ⌠ ⇑ ±≈ ⇐ ≠°↑″∂±÷  ±≡↔≥∂×≡ °↑÷±∂∞∫

↔∂°± ∂± ↔•≡ ←↔↑∂↓≡ ↑≡÷∂°± ≠∂÷←〉 ⊂ ±≈ ⊂〉

∩±↔•°↓•°↑≡← ↔ ↔•≡ °♠±≈↑ƒ °≠ ↔•≡ ≈≡♥≡≥°↓∂±÷

←↔↑∂↓≡← ±≈ ∂±↔≡↑←↔↑∂↓≡← °≠↔≡± ≡♣•∂∂↔≡≈ ≠∂≥°↓°≈∂≥

≡♣↔≡±←∂°±← ≈∂↑≡…↔≡≈ ↔°♦↑≈ ↔•≡ ∂±↔≡↑←↔↑∂↓≡ ↑≡÷∂°±⌠

≥≡≈∂±÷ ↔° …≡≥≥ ≈∂♥∂←∂°± ≠°≥≥°♦≡≈ ƒ ∂±↔≡÷↑↔∂°± °≠

↔•≡ ↓↑°♣∂″≥ ♣±↔•°↓•°↑≡ ∂±↔° ↔•≡ ∂±↔≡↑←↔↑∂↓≡ ↑∫

↑°♦← ∂± ∧∂÷〉 ⇑ °↑  ←•°↑↔∫←…≥≡ ″°♥≡″≡±↔ °≠ ↔•≡

♣±↔•°↓•°↑≡ ∂±↔° ↔•≡ ∂±↔≡↑←↔↑∂↓≡ ↑≡÷∂°± ↑↑°♦∫

•≡≈← ∂± ∧∂÷〉 ⇐⌠ ±≈ ≠∂÷〉 ⊂〉 ∂″∂↔≡≈ ≥°…≥ ↓↑°∫

≥∂≠≡↑↔∂°± ±≈ …°±↔≡♣↔∫←↓≡…∂≠∂… ≥°…≥ ↑≡°↑÷±∂∞↔∂°±

♦← ↔•≡ ″°←↔ ↓↑°″∂±≡±↔ ≡•♥∂°↑ ≡♣•∂∂↔≡≈ ƒ

♣±↔•°↓•°↑≡← ∧∂÷〉 ⇐〉 ⊄•∂← ∂← ∂± …°±↔↑←↔ ↔°

∂↑∂≈°↓•°↑≡←⌠ ♦•∂…• ≡♣•∂∂↔ ≡♣↔≡±←∂♥≡ ≥°…≥ ↓↑°≥∂≠≡↑∫

↔∂°± …°″∂±≡≈ ♦∂↔• ≥°±÷∫↑±÷≡ ≈∂←↓≡↑←≥ ≥°±÷ ↔•≡

≈°↑←°♥≡±↔↑≥ ♣∂← ±≈ ↓↑≡≠∂÷♠↑≡ ↔•≡ ←↔↑∂↓≡ °↑÷±∂∞∫

↔∂°± ƒ ↓↔↔≡↑±≡≈ ÷÷↑≡÷↔∂°± 〉 ¬≡±≡↔∂… ±≥ƒ←≡←

•♥≡ ∂±≈∂…↔≡≈  ↑°≥≡ ≠°↑ ♣±↔•°↓•°↑≡← ∂± ←♠←↔∂±∫

∂±÷ ″≡≥±°↓•°↑≡ ±♠″≡↑← ♠↔ ≥←° ∂± ←•↑↓≡±∂±÷

↔•≡ ←↔↑∂↓≡∫∂±↔≡↑←↔↑∂↓≡ °♠±≈↑ƒ ƒ″♠↔♠≥ ↑≡↓♠≥←∂°±

⌠ ⌠ 〉 ∩±↔•°↓•°↑≡← ↓↑≡←≡±↔ ∂± ↔•≡ ≠∂↑←↔ ∂±↔≡↑∫

←↔↑∂↓≡ ↔×≡ ↓↑↔ ∂± ≡≥∂″∂±↔∂°± °≠ ↔•≡ ≥↑♥≥ ≥↔≡↑≥

←↔↑∂↓≡ ″≡≥±°↓•°↑≡←⌠ ← ♦≡≥≥ ← ″≡↔″°↑↓•∂… ″≡≥∫

±°↓•°↑≡← ↔•↔ ÷≡↔ ↔↑↓↓≡≈ ∂± ↔•≡ ∂±↔≡↑←↔↑∂↓≡〉 √±

…°±↔↑←↔⌠ ↔•≡ ←↔≡≥≥↔≡ ♣±↔•°↓•°↑≡← °≠ ↔•≡ ←↔↑∂↓≡←

″∂÷•↔ ≡ ↑≡→♠∂↑≡≈ ≠°↑ ←♠↑♥∂♥≥ °≠ ″≡≥±°↓•°↑≡←

±≈ ≠°↑ …°″↓…↔ ←↔↑∂↓≡ ≠°↑″↔∂°± ±≈ ″∂±↔≡∫

±±…≡〉 √± ←♠″″↑ƒ⌠ ♦≡ ≠°♠±≈ ↔•↔ ↔•≡ ←↔↑∂↓≡≈ °↑∫

÷±∂∞↔∂°± °≠ ↓∂÷″≡±↔ …≡≥≥← ∂±♥°≥♥≡← ↓↑°≥∂≠≡↑↔∂°±⌠

≥°…≥ ↑≡↑↑±÷≡″≡±↔←⌠ ±≈ ←•°↑↔∫←…≥≡ ″°♥≡″≡±↔←

°≠ ♣±↔•°↓•°↑≡← ∂± ↔•≡ ←×∂± °≠ ↔•≡ ≠∂←•〉

∠♠↑ °←≡↑♥↔∂°±← ≈° ±°↔ ←♠↓↓°↑↔ ⊄♠↑∂±÷∫↔ƒ↓≡

″°≈≡≥← ∂± ↔•≡∂↑ …♠↑↑≡±↔ ≠°↑″⌠ ♦•∂…• ←←♠″≡ ↔•↔

←↔↑∂↓≡ ≠°↑″↔∂°± ←↔↑↔← ♦∂↔•  ↑±≈°″ ≈∂←↔↑∂♠∫

↔∂°± °≠ ″≡≥±°↓•°↑≡← ±≈ ♣±↔•°↓•°↑≡← ↔•↔ ←°↑↔

°♠↔ ƒ ↑≡↓♠≥←∂°± ±≈ ↔↔↑…↔∂°± ∂±♥°≥♥∂±÷ ≡♣↔≡±∫

←∂♥≡ …≡≥≥ ″°♥≡″≡±↔← ⌠ �〉 ⊄•≡←≡ ″°≈≡≥← ″ƒ

•°≥≈ ≠°↑ ↓↔↔≡↑±∂±÷ ∂± ↔•≡ ≠∂±← ⊗•°♦≡♥≡↑⌠ ←≡≡ ℜ

♠↔ ♦°♠≥≈ ↑≡→♠∂↑≡ ←♠←↔±↔∂≥ ″°≈∂≠∂…↔∂°± ≠°↑ ↔•≡

°≈ƒ ←↔↑∂↓≡← ↔° ……°″″°≈↔≡ ↔•≡ …≡≥≥♠≥↑ ≡•♥∂°↑←

°≠ ♣±↔•°↓•°↑≡← ±≈ ″≡≥±°↓•°↑≡← °←≡↑♥≡≈ ∂±

↔•≡ ↓↑≡←≡±↔ ←↔♠≈ƒ⌠ ↔•≡ ↓≠≡ ″♠↔±↔ ↓•≡±°↔ƒ↓≡⌠ ±≈

↔•≡ ∂±♥°≥♥≡″≡±↔ °≠ ∂↑∂≈°↓•°↑≡← ⌠ ⌠ 〉 °±÷∫

↔≡↑″ ∂″÷∂±÷ ∂±≈∂…↔≡← ↔•↔ ←↔↑∂↓≡ ″≡≥±°↓•°↑≡←

↑≡≥ƒ ″°♥≡⌠ ♦•≡↑≡← ♣±↔•°↓•°↑≡ ″°♥≡″≡±↔ ∂←

↑≡←↔↑∂…↔≡≈ ↔° ↔•≡ °♠±≈↑ƒ ↑≡÷∂°± ≡↔♦≡≡± ←↔↑∂↓≡

±≈ ∂±↔≡↑←↔↑∂↓≡〉 ⊄•≡ ∂±↔≡↑…↔∂°±← ≡↔♦≡≡± ≥≥ ↔•≡

↔•↑≡≡ ×∂±≈← °≠ ↓∂÷″≡±↔ …≡≥≥← ±≈ ↔•≡∂↑ ≡±♥∂↑°±″≡±↔

↑≡ …↑♠…∂≥ ≠°↑ ←↔↑∂↓≡ ↓↔↔≡↑± ≠°↑″↔∂°± ⌠ ⌠ 〉

∩±↔•°↓•°↑≡← ↓≥ƒ  ↓≡↑″∂←←∂♥≡ ↑°≥≡ ∂± ↔•≡ ≠°↑∫

″↔∂°± °≠ ↔•≡ ←↔↑∂↓≡≈ ↓↔↔≡↑± ƒ …°♥≡↑∂±÷ ↔•≡

←×∂± °≠ ″≡↔″°↑↓•∂… ≠∂←•⌠ ∂±↔° ♦•∂…• ″≡↔″°↑∫

↓•∂… ∂↑∂≈°↓•°↑≡← ±≈ ″≡≥±°↓•°↑≡← ÷≡↔ ∂±↔≡∫

÷↑↔≡≈ ←…•≡″↔∂… ∂± ≠∂÷〉 ⊂〉 ⊄•≡ ←↔↑∂↓≡≈ ↓↔↔≡↑±

∂← …•∂≡♥≡≈ ƒ …°±↔≡♣↔∫≈≡↓≡±≈≡±↔ …≡≥≥ ←•↓≡ …•±÷≡←

°……♠↑↑∂±÷ ∂± °↔• ∂↑∂≈°↓•°↑≡← ±≈ ♣±↔•°↓•°↑≡←⌠

♦•∂…• ←♦∂↔…• ≡↔♦≡≡± ≥°°←≡ ±≈ ≈≡±←≡ ←•↓≡←〉

√± °↔• …←≡←⌠ ↔•≡ ↔♦° ≠°↑″← ↑≡ …≥°±≥≥ƒ ↑≡≥↔≡≈

±≈ ≈≡↓≡±≈ °± ≥°…≥ …≡≥≥∫↔°∫…≡≥≥ ∂±↔≡↑…↔∂°±←〉 ≡≥∫

±°↓•°↑≡← ∂± ↔•≡ ←↔↑∂↓≡← ≡♣∂←↔ ∂± °±≥ƒ °±≡ ←•↓≡〉

⊄•≡ ↓↑≡…∂←≡ ←♠↓≡↑↓°←∂↔∂°± °≠ ↔•≡ ≈≡±←≡ ≠°↑″ °≠

∂↑∂≈°↓•°↑≡← ±≈ ♣±↔•°↓•°↑≡← ∂± ↔•≡ ∂±↔≡↑←↔↑∂↓≡

±≈ ↔•≡ ≥°°←≡ ∂↑∂≈°↓•°↑≡← ±≈ ♣±↔•°↓•°↑≡← ←♠∫

↓≡↑∂″↓°←≡≈°♥≡↑ ↔•≡ ←↔↑∂↓≡″≡≥±°↓•°↑≡← ↓↑°≈♠…≡←

 ″↑×≡≈ …°±↔↑←↔ ≡↔♦≡≡± ↔•≡ ÷°≥≈≡± ±≈ ≥♠≡

…°≥°↑↔∂°± °≠ ↔•≡ ↓↔↔≡↑±〉

⊆∨∧∨⊆∨∇⇐∨⊂ ⇒∇⇔ ∇∠⊄∨⊂

〉 ⊆〉 ∇〉 ≡≥←•⌠ ∉∂÷″≡±↔ ⇐≡≥≥ ⊆≡←〉 ⌠ � 〉
〉 〉 ⋅∂↑↔⌠ 〉 ∇×″♠↑⌠ ⊄〉 ±≡″↑♠⌠ ∅〉 ⊂•∂↔⌠ ⊂〉 °±≈°⌠

⇔≡♥〉 ⇔ƒ±〉 ⌠ � 〉

〉 ⋅〉 ¬〉 ∧↑°•±•)≠≡↑⌠ ∏〉 ↑♠←←⌠ ⋅〉 〉 ∂←…•≡∂±⌠ ⇐〉 ∇#←←≥≡∂±∫⊃°≥•↑≈⌠

⇔≡♥≡≥°↓″≡±↔ ⌠ � 〉

〉 〉 ⋅∂↑↔⌠ 〉 ∇×″♠↑⌠ ⊂〉 °±≈°⌠ ⇔≡♥〉 ⇔ƒ±〉 ⌠ � 〉

〉 ⇒〉 ∉〉 ⊂∂±÷•⌠ ⊇〉 ⊂…•…•⌠ ⇐〉 ∇#←←≥≡∂±∫⊃°≥•↑≈⌠ ∇↔〉 ⇐≡≥≥ ⇑∂°≥〉 ⌠

� 〉
〉 ∨〉 ⋅〉 ⇑♠≈∂⌠ 〉 ⇑〉 ∉↔↔≡↑←°±⌠ ⇔〉 〉 ∉↑∂…•ƒ⌠ ∉∠⊂ ¬≡±≡↔〉 ⌠

≡ 〉
〉 ⇐〉 〉 ⇔°°≥≡ƒ⌠ ⇒〉 °±÷≡↑⌠ ⇑〉 ∪≥≈≡↑∂…•⌠ ⇐〉 ∇#←←≥≡∂±∫⊃°≥•↑≈⌠

⇔≡♥≡≥°↓″≡±↔ ⌠ � 〉
〉 ∧〉 ≈≡↑←↓…•≡↑⌠ ⇐〉 ∇#←←≥≡∂±∫⊃°≥•↑≈⌠ ⇔≡♥≡≥°↓″≡±↔ ⌠

� 〉
〉 ∏〉 ↑♠←←⌠ ∉〉 ⇒←↔↑∂±∂≈∂←⌠ ⋅〉 ¬〉 ∧↑°•±•)≠≡↑⌠ ⇑〉 ∪≥≈≡↑∂…•⌠

⇐〉 ∇#←←≥≡∂±∫⊃°≥•↑≈⌠ ⇑∂°≥〉 ∠↓≡± ⌠ � 〉

〉 〉 ⇑〉 ∉↔↔≡↑←°±⌠ ⇔〉 〉 ∉↑∂…•ƒ⌠ ∉∠⊂ ¬≡±≡↔〉 ⌠ ≡

〉
〉 ⇔〉 〉 ∉↑∂…•ƒ⌠ ∏〉 〉 ⊄♠↑±≡↑⌠ ⇔≡♥≡≥°↓″≡±↔ ⌠ � 〉

〉 ⇔〉 〉 ∉↑∂…•ƒ⌠ ⇔〉 ¬〉 ⊆±←°″⌠ ⇑〉 ∉♦⌠ 〉 √〉 ⊕°±⌠ ⊂〉 〉 ∏°•±←°±⌠

⇔≡♥≡≥°↓″≡±↔ ⌠ � 〉
〉 ⇐〉 ¬↑ƒ ≡↔ ≥〉⌠ ⊄•↑°″〉 ⋅≡″°←↔〉 ⌠ � 〉

〉 ⇒〉 °±÷≡↑ ≡↔ ≥〉⌠ ⇔≡♥≡≥°↓″≡±↔ ⌠ � 〉
〉 ¬〉 ⊄×•←•∂⌠ ⊂〉 °±≈°⌠ ∉∂÷″≡±↔ ⇐≡≥≥ ≡≥±°″ ⊆≡←〉 ⌠

� 〉
〉 ∧〉 ⊂〉 ⊆°≈↑∂÷♠≡←⌠ ¬〉 ⇔°♠÷•↔°±⌠ ⇑〉 ∅±÷⌠ ⊆〉 ∇〉 ≡≥←•⌠ ¬≡±≡←∂← ⌠

� 〉
〉 〉 ∅″÷♠…•∂⌠ ∨〉 ∅°←•∂″°↔°⌠ ⊂〉 °±≈°⌠ ∉↑°…〉 ∇↔≥〉 ⇒…≈〉 ⊂…∂〉 ⊇〉⊂〉⇒〉

⌠ � 〉
〉 ⇒〉 ∇×″←♠⌠ ¬〉 ⊄×•←•∂⌠ ⇒〉 ±≡⌠ ⊂〉 °±≈°⌠ ∉↑°…〉 ∇↔≥〉

⇒…≈〉 ⊂…∂〉 ⊇〉⊂〉⇒〉 ⌠ � 〉
〉 ⋅〉 ∅″±×⌠ ⊂〉 °±≈°⌠ ∉↑°…〉 ∇↔≥〉 ⇒…≈〉 ⊂…∂〉 ⊇〉⊂〉⇒〉 ⌠

� 〉
〉 ⊄〉 ∨〉 ∪°°≥≥≡ƒ⌠ ∉〉 〉 ∂±∂⌠ ∨〉 ⇒〉 ¬≠≠±≡ƒ⌠ ∉∂÷″≡±↔ ⇐≡≥≥ ≡≥±°″

⊆≡←〉 〉ñ↓…″↑〉 〉

⇒⇐∇∠∪∨⇔¬∨∇⊄⊂

∪≡ ↔•±× ⇒〉 °±÷≡↑ ±≈ ⊂〉 ⇒≥←•≡∂″≡↑ ≠°↑ ↓↑°♥∂≈∂±÷ ↔↑±←÷≡±∂… ≥∂±≡←

≡≠°↑≡ ↓♠≥∂…↔∂°± ⊇〉 √↑∂°±⌠ ⇐〉 ⊂)≥≥±≡↑⌠ ±≈ ∉〉 #≥≥≡↑ ≠°↑ …°″″≡±↔← °±

↔•≡ ″±♠←…↑∂↓↔ ±≈ ⊂〉 ∉≡↑↔•°±≡↑⌠ ⋅〉∫¬〉 ∧↑°•±•)≠≡↑⌠ ⇒〉 ∧≈≡≡♥⌠

⊇〉 ⊂…•…•⌠ ⋅〉 ⋅≡↔•⌠ ±≈ °♠↑ ≠∂←• ≠…∂≥∂↔ƒ⌠ ← ♦≡≥≥ ← ⇐〉 ∂≡∂÷ ±≈ °♠↑

≥∂÷•↔ ″∂…↑°←…°↓ƒ ≠…∂≥∂↔ƒ⌠ ≠°↑ ←♠↓↓°↑↔〉 ⊄•∂← ♦°↑× ♦← ≠♠±≈≡≈ ƒ ↔•≡

♣∫∉≥±…× ⊂°…∂≡↔ƒ〉 ⇒〉∉〉⊂〉 ↑≡…≡∂♥≡≈  ↓°←↔≈°…↔°↑≥ ≠≡≥≥°♦←•∂↓

∨⇑∠∫⊄∧ ≠↑°″ ↔•≡ ∨♠↑°↓≡± °≥≡…♠≥↑ ⇑∂°≥°÷ƒ ∠↑÷±∂∞↔∂°±〉

⊂⊇∉∉∨∨∇⊄⇒⊆∅ ⇒⊄∨⊆√⇒⊂

♦♦♦〉←…∂≡±…≡″÷〉°↑÷ñ…°±↔≡±↔ññññ←♠↓↓≥ñ⇔⇐

↔≡↑∂≥← ±≈ ≡↔•°≈←

∧∂÷←〉 ⊂ ↔° ⊂

⊆≡≠≡↑≡±…≡← �

°♥∂≡ ⊂

 ⇒↓↑∂≥  ……≡↓↔≡≈  ⇒♠÷♠←↔ 

∉♠≥∂←•≡≈ °±≥∂±≡  ⇒♠÷♠←↔ 

〉ñ←…∂≡±…≡〉

  ⊂∨∉⊄∨⇑∨⊆  € ⊃∠  √⊂⊂⊇∨  ←…∂≡±…≡″÷〉°↑÷ ⊂⇐√∨∇⇐∨

∧∂÷〉 〉 ⇐°±↔≡♣↔∫≈≡↓≡±≈≡±↔ …•±÷≡← ∂± ♣±↔•°↓•°↑≡ ≡•♥∂°↑ ≈♠↑∂±÷ ←↔↑∂↓≡

↓↔↔≡↑± ≠°↑″↔∂°±〉 ⊄∂″≡∫≥↓←≡ ∂″÷∂±÷ °≠ ≥≡≥≡≈ ♣±↔•°↓•°↑≡← ≈♠↑∂±÷ ″≡↔∫

″°↑↓•°←∂←〉 ⇒⌠ ∫ ∩±↔•°↓•°↑≡← ↓↑≡←≡±↔ ∂± ↔•≡ ↓↑≡←♠″↓↔∂♥≡ ←↔↑∂↓≡ ↑≡÷∂°±

÷∂♥≡ ←↓…≡ ↑↑°♦← ↔° ± ↑↑∂♥∂±÷ ″≡≥±°↓•°↑≡〉 ⇑⌠ ∫ ⇒ ♣±↔•°↓•°↑≡ ±≡↑

↔•≡ ←↔↑∂↓≡∫∂±↔≡↑←↔↑∂↓≡ °♠±≈↑ƒ ≡♣↔≡±≈← ≠∂≥°↓°≈∂≥ ↓↑°↔↑♠←∂°±← ↑↑°♦← ≈∂↑≡…↔≡≈

↔°♦↑≈ ↔•≡ ∂±↔≡↑←↔↑∂↓≡ ±≈ ♠±≈≡↑÷°≡← …≡≥≥ ≈∂♥∂←∂°±〉 ⇐⌠ ∫ ⇒ ♣±↔•°↓•°↑≡

↑↑°♦← ≥°…≥≥ƒ ↑≡°↑÷±∂∞≡← ♠↓°± ↑↑∂♥≥ °≠ ″≡≥±°↓•°↑≡← ∂± ↔•≡ ←↔↑∂↓≡ ↑≡÷∂°±〉

⇒↑↑°♦•≡≈← ∂±≈∂…↔≡ ←•°↑↔ ″°♥≡″≡±↔ °≠ ↔•≡ ♣±↔•°↓•°↑≡ ∂±↔° ↔•≡ ∂±↔≡↑←↔↑∂↓≡

↑≡÷∂°±〉 ⇒←↔≡↑∂←×← ∂±≈∂…↔≡  ″≡≥±°↓•°↑≡ ↔•↔ ″°♥≡← ♦ƒ ≠↑°″ ↔•≡ ∂±↔≡↑←↔↑∂↓≡

♠↓°± ≡±…°♠±↔≡↑∂±÷  ♣±↔•°↓•°↑≡ ↑↑°♦•≡≈←〉 ⊂…≥≡ ↑←⌠  ″″〉

⊆∨⊂∨⇒⊆⇐⋅ ≤ ⊆∨∉∠⊆⊄⊂
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Publication 2

Walderich B, Singh AP, Mahalwar P, Nüsslein-Volhard C

(2016). Homotypic cell competition regulates

proliferation and tiling of Zebrafish pigment cells during

color pattern formation. Nature communications,

1038/11462.

Synopsis

The striped pattern of adult zebrafish is composed of three types of pigment cells:

melanophores, iridophores and xanthophores that are all arranged in

superimposed layers in the skin.  Recent studies, using long-term imaging, have

shown that color pattern formation in zebrafish involves interactions between the

different pigment cell types that will lead to migration and morphological changes

of the cells (Mahalwar et al., 2014; Singh et al., 2014). In vivo analysis of both

pigment pattern mutants, as well as chimeras generated between wild-type fish

and mutants lacking one of the three cell types, emphasized the interactions

among different pigment cell types (heterotypic interactions) in pattern formation

(Maderspacher and Nüsslein-Volhard, 2003). In vitro observations of isolated

pigment cells also found an interaction response between two different pigment

cell types, melanophores and xanthophores (Inaba et al., 2012). However,

neither of these studies uncovered any obvious interaction between cells of same

type (homotypic interactions). Although genetic studies have indicated that there

are homotypic interactions between pigment cells, very little was known about

them (Maderspacher et al. 2003).

Therefore, in order to gain insight into the role of homotypic cell interactions in

pigment pattern formation, labeled pigment cell progenitors (xanthophores -

pax7:GFP, iridophores and melanophores - TDL358:GFP; sox10:mRFP) were

introduced into mutants lacking a given cell type by blastomere transplantations

in the early embryo. The fluorescently labelled cells were then followed via long-

term in vivo imaging in larvae, and clones were followed-up through
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metamorphosis. In all three cell types, we observed an increase in the rate of

proliferation in the absence of endogenous cells. These results show us that the

rate of pigment cell proliferation is likely controlled by competition between

pigment cells of the same kind, and that the dorso-ventral spreading of

chromatophores during stripe formation is a result of homotypic interactions.

To obtain more information on the regeneration and autonomous spreading

behavior of iridophores and melanophores, drug-inhibition of the ErbB pathway in

embryos carrying Tg(sox10:mRFP) were performed. Depletion of the ErbB

pathway by a specific drug (PD168393) inhibits the formation of melanophore

and iridophore stem cells leading to a large gap of these respective cells in the

stripe region. mRFP-positive iridophores and melanophores were observed that

had regenerated and were spreading to fill-in the large gaps. Interestingly, the

iridophores and melanophores filled in the gaps with different dynamics. During

spreading, chromatophores remain together, forming coherent sheets with

normal density and spacing, rather than dispersing into regions devoid of the

respective cell type. To test homotypic interactions in xanthophores, we

performed genetic ablation experiments on larval xanthophores using

nitroreductase-mediated cell ablation in Tg(fms:gal4; UAS:nfsB-mCherry)

embryos. Segmental regeneration of xanthophores was observed in the follow-up

of the ablated fish. The adult fish displayed a normal striped pattern, which

indicated that xanthophores had fully recovered and spread across the skin. This

observation supports the notion that in addition to the origin from larval

xanthophores, adult xanthophores can also result from multipotent stem cells

(Singh et al, 2014, 2016). Taken together, these findings suggest that there are

contact-mediated (homotypic) interactions controlling the expansion and tiling of

pigment cells. In all cases, donor-derived chromatophores locally restored the

organization of the host chromatophores, which resulted in a normal pattern. In

conclusion, this study showed that pigment cell proliferation and dispersal in the

skin are predominantly regulated by homotypic competition, whereas changes in

pigment cell morphologies during stripe formation are predominantly regulated by

heterotypic interactions. These results provide crucial information, not only on a

mechanistic level, but also for the formulation of mathematical models that

describe the process of stripe pattern formation.
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⇒⊆⊄√⇐∨

⊆≡…≡∂♥≡≈  ⊂≡↓  ≤ ⇒……≡↓↔≡≈  ↑  ≤ ∉♠≥∂←•≡≈  ⇒↓↑ 

⋅°″°↔ƒ↓∂… …≡≥≥ …°″↓≡↔∂↔∂°± ↑≡÷♠≥↔≡← ↓↑°≥∂≠≡↑↔∂°±
±≈ ↔∂≥∂±÷ °≠ ∞≡↑�←• ↓∂÷″≡±↔ …≡≥≥← ≈♠↑∂±÷ …°≥°♠↑
↓↔↔≡↑± ≠°↑″↔∂°±
⇑↑∂÷∂↔↔≡ ∪≥≈≡↑∂…•⌠ ⇒∝≡≡↔ ∉↑↔↓ ⊂∂±÷•⌠ ∉↑↔≡≡× •≥♦↑  ⇐•↑∂←↔∂±≡ ∇♠ω←←≥≡∂±∫⊃°≥•↑≈

⊄•≡ ≈♠≥↔ ←↔↑∂↓≡≈ ↓↔↔≡↑± °≠ ∞≡↑�←• ∂← …°″↓°←≡≈ °≠ ″≡≥±°↓•°↑≡←⌠ ∂↑∂≈°↓•°↑≡← ±≈

♣±↔•°↓•°↑≡← ↑↑±÷≡≈ ∂± ←♠↓≡↑∂″↓°←≡≈ ≥ƒ≡↑← ∂± ↔•≡ ←×∂±〉 ∉↑≡♥∂°♠← ←↔♠≈∂≡← •♥≡ ↑≡♥≡≥≡≈

↔•↔ ↔•≡ ←←≡″≥ƒ °≠ ↓∂÷″≡±↔ …≡≥≥← ∂±↔° ←↔↑∂↓≡← ∂±♥°≥♥≡← •≡↔≡↑°↔ƒ↓∂… ∂±↔≡↑…↔∂°±← ≡↔♦≡≡± ≥≥

↔•↑≡≡ …•↑°″↔°↓•°↑≡ ↔ƒ↓≡←〉 ⋅≡↑≡ ♦≡ ∂±♥≡←↔∂÷↔≡ ↔•≡ ↑°≥≡ °≠ •°″°↔ƒ↓∂… ∂±↔≡↑…↔∂°±← ≡↔♦≡≡±

…≡≥≥← °≠ ↔•≡ ←″≡ …•↑°″↔°↓•°↑≡ ↔ƒ↓≡〉 √±↔↑°≈♠…↔∂°± °≠ ≥≡≥≥≡≈ ↓↑°÷≡±∂↔°↑← ∂±↔° ″♠↔±↔←

≥…×∂±÷ ↔•≡ …°↑↑≡←↓°±≈∂±÷ …≡≥≥ ↔ƒ↓≡ ≥≥°♦≡≈ ♠← ↔° ≈≡�±≡ ↔•≡ ∂″↓…↔ °≠ …°″↓≡↔∂↔∂♥≡

∂±↔≡↑…↔∂°±← ♥∂ ≥°±÷∫↔≡↑″ ∂± ♥∂♥° ∂″÷∂±÷〉 √± ↔•≡ ←≡±…≡ °≠ ≡±≈°÷≡±°♠← …≡≥≥←⌠ ↔↑±←↓≥±↔≡≈

∂↑∂≈°↓•°↑≡← ±≈ ♣±↔•°↓•°↑≡← ←•°♦ ± ∂±…↑≡←≡≈ ↑↔≡ °≠ ↓↑°≥∂≠≡↑↔∂°± ±≈ ←↓↑≡≈ ← 

…°•≡↑≡±↔ ±≡↔ ∂±↔° ♥…±↔ ←↓…≡〉 ⇑ƒ …°±↔↑←↔⌠ ″≡≥±°↓•°↑≡← •♥≡  ≥∂″∂↔≡≈ …↓…∂↔ƒ ↔° ←↓↑≡≈

∂± ↔•≡ ←×∂± ≡♥≡± ∂± ↔•≡ ←≡±…≡ °≠ …°″↓≡↔∂±÷ ≡±≈°÷≡±°♠← …≡≥≥←〉 ∠♠↑ ←↔♠≈ƒ ↑≡♥≡≥←  ×≡ƒ ↑°≥≡

≠°↑ •°″°↔ƒ↓∂… …°″↓≡↔∂↔∂♥≡ ∂±↔≡↑…↔∂°±← ∂± ≈≡↔≡↑″∂±∂±÷ ±♠″≡↑⌠ ≈∂↑≡…↔∂°± °≠ ″∂÷↑↔∂°± ±≈

∂±≈∂♥∂≈♠≥ ←↓…∂±÷ °≠ …≡≥≥← ♦∂↔•∂± …•↑°″↔°↓•°↑≡ ↓°↓♠≥↔∂°±←〉

⇔∠√∑ 〉ñ±…°″″←

 ♣ ∉≥±…× √±←↔∂↔♠↔≡ ≠°↑ ⇔≡♥≡≥°↓″≡±↔≥ ⇑∂°≥°÷ƒ⌠ ⊂↓≡″±±←↔↑←←≡ ⌠  ⊄♠ω∂±÷≡±⌠ ¬≡↑″±ƒ〉 ⇐°↑↑≡←↓°±≈≡±…≡ ±≈ ↑≡→♠≡←↔← ≠°↑ ″↔≡↑∂≥← ←•°♠≥≈ ≡

≈≈↑≡←←≡≈ ↔° ⇐〉∇〉∫⊃〉 ≡″∂≥∑ …•↑∂←↔∂±≡〉±♠≡←←≥≡∂±∫♥°≥•↑≈⇓↔♠≡∂±÷≡±〉″↓÷〉≈≡〉

∇⇒⊄⊇⊆∨ ⇐∠⊇∇√⇐⇒⊄√∠∇⊂ ≤ ∑ ≤ ⇔∠√∑ 〉ñ±…°″″← ≤ ♦♦♦〉±↔♠↑≡〉…°″ñ±↔♠↑≡…°″″♠±∂…↔∂°±← 
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⇐
°≥°♠↑ ↓↔↔≡↑±← ↑≡ ♦∂≈≡←↓↑≡≈ ∂± ↔•≡ ±∂″≥ ×∂±÷≈°″ ±≈
±°↔ °±≥ƒ ↓↑°↔≡…↔ ÷∂±←↔ •↑″≠♠≥ ↑≈∂↔∂°±⌠ ♠↔ ≥←°
←≡↑♥≡ ← ↑≡…°÷±∂↔∂°± ←∂÷±≥← ∂± ∂±↔↑∫ ±≈ ∂±↔≡↑←↓≡…∂≡←

…°″″♠±∂…↔∂°±〉 ⊄•≡ ∞≡↑�←•⌠ ⇔±∂° ↑≡↑∂°⌠ •← ≡″≡↑÷≡≈ ← ↔•≡
♥≡↑↔≡↑↔≡ ″°≈≡≥ °↑÷±∂←″ ↔° ←↔♠≈ƒ ↔•≡ ″≡…•±∂←″← ♠±≈≡↑≥ƒ∂±÷
…°≥°♠↑ ↓↔↔≡↑± ≠°↑″↔∂°±�〉 ⊄•≡ …•↑…↔≡↑∂←↔∂… ↓↔↔≡↑± °≠
≥↔≡↑±↔∂±÷ •°↑∂∞°±↔≥ ≈↑× ±≈ ≥∂÷•↔ ←↔↑∂↓≡← ↑≡↓↑≡←≡±↔←  ←ƒ←↔≡″
°≠ ↔•↑≡≡ ≈∂≠≠≡↑≡±↔ ↓∂÷″≡±↔∫…≡≥≥ ↔ƒ↓≡← ≈∂←↔↑∂♠↔≡≈ ∂± ←♠↓≡↑∂″↓°←≡≈
≥ƒ≡↑← ∂± ↔•≡ ←×∂±〉 √± ↔•≡ ≈↑× ←↔↑∂↓≡←⌠ ≥…× ″≡≥±°↓•°↑≡← ↑≡
…°♥≡↑≡≈ ƒ  ″∂≈≈≥≡ ≥ƒ≡↑ °≠ ≥♠≡ ∂↑∂≈°↓•°↑≡← ±≈  ↔•∂± ↔°↓ ≥ƒ≡↑
°≠ ƒ≡≥≥°♦ ♣±↔•°↓•°↑≡←〉 √± ↔•≡ ≥∂÷•↔ ←↔↑∂↓≡←⌠  …°″↓…↔ ≥ƒ≡↑ °≠
♣±↔•°↓•°↑≡← …°♥≡↑← ←∂≥♥≡↑ƒ ∂↑∂≈°↓•°↑≡←〉

⊄•≡ ≈♠≥↔ ↓∂÷″≡±↔↔∂°± ↓↔↔≡↑± ∂← ≠°↑″≡≈ ≈♠↑∂±÷
″≡↔″°↑↓•°←∂←⌠  ↓≡↑∂°≈ ≡↔♦≡≡± ⇑ ±≈  ♦≡≡×← °≠
≈≡♥≡≥°↓″≡±↔〉 √↑∂≈°↓•°↑≡← ±≈ ″≡≥±°↓•°↑≡← ↑≡ ≈≡↑∂♥≡≈ ≠↑°″
←↔≡″ …≡≥≥← ≥°…↔≡≈ ↔ ↔•≡ ←≡÷″≡±↔≥≥ƒ ↑≡∂↔≡↑↔≡≈ ≈°↑←≥ ↑°°↔ ÷±÷≥∂
⇔⊆¬ °≠ ↔•≡ ↓≡↑∂↓•≡↑≥ ±≡↑♥°♠← ←ƒ←↔≡″�〉 √↑∂≈°↓•°↑≡← ≡″≡↑÷≡
∂± ↔•≡ ←×∂± ≥°±÷ ↔•≡ •°↑∂∞°±↔≥ ″ƒ°←≡↓↔♠″ ↔•≡ƒ ↓↑°≥∂≠≡↑↔≡ ±≈
←↓↑≡≈ ← ≈≡±←≡≥ƒ …°±±≡…↔≡≈ …≡≥≥← ≠°↑″∂±÷ ↔•≡ �↑←↔ ≥∂÷•↔ ←↔↑∂↓≡〉
⊄•≡ƒ ←↓↑≡≈ ≠♠↑↔•≡↑⌠ ≈°↑←≥≥ƒ ±≈ ♥≡±↔↑≥≥ƒ⌠ ←  ≥°°←≡ ±≡↔ °≠ …≡≥≥←
∂±↔° ↔•≡ ↑≡÷∂°±← ♦•≡↑≡ ↔•≡ ≈↑× ←↔↑∂↓≡← ♦∂≥≥ ≠°↑″ ±≈ ↔•≡± ÷∂±
♠±≈≡↑÷° ↓↔↔≡↑±≡≈ ÷÷↑≡÷↔∂°± ↔° ≠°↑″ ±≡♦ ≥∂÷•↔ ←↔↑∂↓≡←〉
≡≥±°≥←↔← ″∂÷↑↔≡ ±≈ ↓↑°≥∂≠≡↑↔≡ ≥°±÷ ↔•≡ ↓≡↑∂↓•≡↑≥
±≡♠↑°±← ∂±±≡↑♥↔∂±÷ ↔•≡ ←×∂± ±≈ ≡″≡↑÷≡ ∂± ←∂↔♠ ∂± ↔•≡ ←×∂±
♦•≡↑≡ ↔•≡ƒ ≈∂≠≠≡↑≡±↔∂↔≡ ±≈ ≡♣↓±≈ ↔° �≥≥ ∂± ↔•≡ ≈↑× ←↔↑∂↓≡←�〉
°←↔ ≈♠≥↔ ♣±↔•°↓•°↑≡← ↑∂←≡ ≠↑°″ ≥↑♥≥ ♣±↔•°↓•°↑≡←⌠ ♦•∂…•
≡÷∂± ↔° ≈∂♥∂≈≡ ↔ ↔•≡ °±←≡↔ °≠ ″≡↔″°↑↓•°←∂← ±≈ …°♥≡↑ ↔•≡
≡±↔∂↑≡ °≈ƒ °≠ ↔•≡ �←•⌠〉

∪•∂≥≡ ≡…• ↓∂÷″≡±↔∫…≡≥≥ ↔ƒ↓≡ ∂← ≈∂←↔↑∂♠↔≡≈ ∂±  ←∂±÷≥≡ …≡≥≥
♦∂≈≡ ≥ƒ≡↑⌠ ♣±↔•°↓•°↑≡← ±≈ ∂↑∂≈°↓•°↑≡← ≈∂←↓≥ƒ ≈∂≠≠≡↑≡±↔
″°↑↓•°≥°÷∂≡← ≈≡↓≡±≈∂±÷ °± ↔•≡∂↑ ↓°←∂↔∂°± ∂± ↔•≡ ↓↔↔≡↑±∑ ∂± ↔•≡
≈↑× ←↔↑∂↓≡← ←↔≡≥≥↔≡ ♣±↔•°↓•°↑≡← ≠°↑″  ±≡↔∫≥∂×≡ ←↔↑♠…↔♠↑≡ ±≈
≥°°←≡ ∂↑∂≈°↓•°↑≡← ↓↓≡↑ ≥♠≡⌠ ♦•≡↑≡← ≈≡±←≡≥ƒ ↓…×≡≈⌠ ←∂≥♥≡↑ƒ
∂↑∂≈°↓•°↑≡← ↑≡ ↔∂÷•↔≥ƒ ←←°…∂↔≡≈ ♦∂↔• …°″↓…↔ ♣±↔•°↓•°↑≡← ∂±
↔•≡ ≥∂÷•↔ ←↔↑∂↓≡←⌠�〉 ⊄•≡ ≡←↔≥∂←•″≡±↔ °≠ °↑÷±∂∞≡≈ …≡≥≥
″°↑↓•°≥°÷∂≡← ∂±≈∂…↔≡← …≥°←≡ …≡≥≥�…≡≥≥ …°″″♠±∂…↔∂°± ≡↔♦≡≡±
←×∂± ≥ƒ≡↑←⌠ ±≈ ∂← ≡←←≡±↔∂≥ ≠°↑ ↔•≡ ←•↑↓±≡←← ±≈ ↑∂÷•↔±≡←← °≠ ↔•≡
←↔↑∂↓≡≈ ↓↔↔≡↑±〉

♠↔±↔← ≥…×∂±÷ °±≡ °↑ ″°↑≡ °≠ ↔•≡ ↓∂÷″≡±↔∫…≡≥≥ ↔ƒ↓≡← ↑≡ ±°↔
≥≡ ↔° ↓↑°≈♠…≡ ↔•≡ ←↔↑∂↓≡≈ ↓↔↔≡↑± …°↑↑≡…↔≥ƒ ≠°↑ ≡♣″↓≥≡⌠ ±…↑≡
≡±…°≈∂±÷ ∂↔≠ ″♠↔±↔← ↔•↔ ≥…× ″≡≥±°↓•°↑≡←⌠ ↓≠≡≠≠≡↑ñ≠″←
≡±…°≈∂±÷ ⇐←≠↑⇒ ″♠↔±↔← ↔•↔ ≥…× ♣±↔•°↓•°↑≡←⌠ ±≈ ←•≈ƒ
≡±…°≈∂±÷ ↔×⌠ ↑°←≡ ≡±…°≈∂±÷ ∨≈±↑⇑ ±≈ ↔↑±←↓↑≡±↔
≡±…°≈∂±÷ ↓♥ ″♠↔±↔← ♦•≡↑≡ ∂↑∂≈°↓•°↑≡← ↑≡ ←≡±↔ °↑
←↔↑°±÷≥ƒ ↑≡≈♠…≡≈�〉 √± ≥≥ ↔•≡←≡ …←≡← ↔•≡ ↔♦° ↑≡″∂±∂±÷
…•↑°″↔°↓•°↑≡ ↔ƒ↓≡← ≠°↑″ ± ∂↑↑≡÷♠≥↑⌠ ↑≡←∂≈♠≥ ←↔↑∂↓≡≈ ↓↔↔≡↑±〉
⊂♠↓↓≥≡″≡±↔∂±÷ ↔•≡ ″∂←←∂±÷ …≡≥≥ ↔ƒ↓≡ ∂± …•∂″≡↑∂… ±∂″≥← °↔∂±≡≈
ƒ ≥←↔♠≥ ↔↑±←↓≥±↔↔∂°±← …± ≥°…≥≥ƒ ↑≡←↔°↑≡  ±°↑″≥
↓↔↔≡↑±⌠⌠〉 ⊄•∂← ∂±≈∂…↔≡← ↔•↔ •≡↔≡↑°↔ƒ↓∂… ∂±↔≡↑…↔∂°±←
≡↔♦≡≡± ↔•≡ ↔•↑≡≡ …≡≥≥ ↔ƒ↓≡← ↑≡ ↑≡→♠∂↑≡≈ ↔° ≠°↑″  ±°↑″≥
↓↔↔≡↑±〉 ⇒±≥ƒ←≡← °≠ ″♠↔±↔← ≥…×∂±÷ °±≡ °≠ ↔•≡ ↓∂÷″≡±↔∫…≡≥≥
↔ƒ↓≡←⌠ ← ♦≡≥≥ ← ≥↔∂°± ≡♣↓≡↑∂″≡±↔←⌠ •♥≡ ←♠÷÷≡←↔≡≈ ↔•≡
↓↑≡←≡±…≡ °≠ ←≡♥≡↑≥ ↔↔↑…↔∂♥≡ ±≈ ↑≡↓♠≥←∂♥≡ ←∂÷±≥← ≡↔♦≡≡±
…•↑°″↔°↓•°↑≡←⌠ ♦•∂…• …↔ °♥≡↑ ≥°±÷ °↑ ←•°↑↔ ↑±÷≡← ≈♠↑∂±÷
←↔↑∂↓≡ ≠°↑″↔∂°±⌠⌠〉 √± ↔•≡ ←≡±…≡ °≠ ♣±↔•°↓•°↑≡←⌠
″≡≥±°↓•°↑≡ ±♠″≡↑← ↑≡ ↑≡≈♠…≡≈⌠ ←↔↑∂↓≡← ↑≡× ♠↓ ∂±↔° ←↓°↔←⌠
±≈ ≡…↔°↓∂… ″≡≥±°↓•°↑≡← ↑≡″∂± ←…↔↔≡↑≡≈ ∂± ↔•≡ ≥∂÷•↔ ←↔↑∂↓≡
↑≡÷∂°±〉 √± ∂↑∂≈°↓•°↑≡ ″♠↔±↔←⌠ ↔•≡ ±♠″≡↑ °≠ ″≡≥±°↓•°↑≡← ∂←
≥←° ←↔↑°±÷≥ƒ ↑≡≈♠…≡≈⌠ ±≈ °±≥ƒ ↔•≡ �↑←↔ ↔♦° ≈↑× ←↔↑∂↓≡←
≠°↑″ ↑°×≡± ∂±↔° ←↓°↔←⌠〉 √± ↔•≡ ←≡±…≡ °≠ ↔♦° ↓∂÷″≡±↔∫…≡≥≥
↔ƒ↓≡←⌠ ↑≡″∂±∂±÷ ∂↑∂≈°↓•°↑≡← ∂± ±…↑≡ ↓≠≡≠≠≡↑ ″♠↔±↔← ±≈
♣±↔•°↓•°↑≡← ∂± ←•≈ƒ ↓≠≡≠≠≡↑ …°♥≡↑ ↔•≡ �±× °≠ ↔•≡ �←•⌠
♦•≡↑≡← ↔•≡ ″≡≥±°↓•°↑≡← ∂± ↔•≡ ←≡±…≡ °≠ ∂↑∂≈°↓•°↑≡← ±≈
♣±↔•°↓•°↑≡← ←•≈ƒ ↓≠≡≠≠≡↑ ↑≡ ↑≡≈♠…≡≈ ∂± ±♠″≡↑ ±≈
←…↔↔≡↑≡≈ ∂± ≥°♦≡↑ ↔•± ±°↑″≥ ≈≡±←∂↔ƒ〉 ⊄•≡←≡ °←≡↑♥↔∂°±←
∂±≈∂…↔≡  ←↔↑°±÷ ≈≡↓≡±≈≡±…≡ °≠ ″≡≥±°↓•°↑≡ ←♠↑♥∂♥≥ °±

∂±↔≡↑…↔∂°±← ♦∂↔• ↔•≡ °↔•≡↑ …≡≥≥ ↔ƒ↓≡←⌠ ♦•≡↑≡← ∂↑∂≈°↓•°↑≡← ±≈
♣±↔•°↓•°↑≡← ≈∂←↓≥ƒ  ″°↑≡ ♠↔°±°″°♠← ≡•♥∂°♠↑〉

∉↑≡♥∂°♠← ±≥ƒ←≡← °≠ …•∂″≡↑← ÷≡±≡↑↔≡≈ ≡↔♦≡≡± ♦∂≥≈ ↔ƒ↓≡ ±≈
″♠↔±↔← ≥…×∂±÷ °±≡ °≠ ↔•≡ ↔•↑≡≡ …≡≥≥ ↔ƒ↓≡← ↓≥…≡≈ ≡″↓•←∂← °±
↔•≡ ∂±↔≡↑…↔∂°±← ″°±÷ ≈∂≠≠≡↑≡±↔ ↓∂÷″≡±↔ …≡≥≥← •≡↔≡↑°↔ƒ↓∂…
∂±↔≡↑…↔∂°±←⌠〉 ⊄•≡ ↑°≥≡ °≠ •°″°↔ƒ↓∂… ∂±↔≡↑…↔∂°±← ≡↔♦≡≡±
…≡≥≥← °≠ ↔•≡ ←″≡ ↔ƒ↓≡ ↑≡″∂±← ↓°°↑≥ƒ ♠±≈≡↑←↔°°≈〉 √± ♥∂↔↑°
°←≡↑♥↔∂°±← °≠ ∂±↔≡↑…↔∂°±← ≡↔♦≡≡± ∂←°≥↔≡≈ ↓∂÷″≡±↔ …≡≥≥← ≈∂≈
±°↔ ♠±…°♥≡↑ ±ƒ °♥∂°♠← ↑≡←↓°±←≡ ≡↔♦≡≡± …≡≥≥← °≠ ↔•≡ ←″≡ ↔ƒ↓≡⌠
≥↔•°♠÷• ± ∂±↔≡↑…↔∂°± ↑≡←↓°±←≡ ≡↔♦≡≡± ″≡≥±°↓•°↑≡←
±≈ ♣±↔•°↓•°↑≡← •← ≡≡± ≈≡↔≡…↔≡≈〉 ¬≡±≡↔∂… ±≥ƒ←≡← ≥←°
•♥≡ ←♠÷÷≡←↔≡≈ ↔•↔ •°″°↔ƒ↓∂… ∂±↔≡↑…↔∂°±← ≡♣∂←↔ ″°±÷
″≡≥±°↓•°↑≡← ±≈ ♣±↔•°↓•°↑≡←⌠〉 ⋅≡↑≡⌠ ♦≡ ±≥ƒ←≡ ↔•≡
…≡≥≥∫≥≡♥≡≥ °♠↔…°″≡ °≠ ↔•≡ •°″°↔ƒ↓∂… ∂±↔≡↑…↔∂°±← ″°±÷ ↔•≡
…•↑°″↔°↓•°↑≡← ∂± ♥∂♥° ↔•↑°♠÷• ↔•≡ ÷≡±≡↑↔∂°± °≠ …•∂″≡↑∂…
±∂″≥←⌠ ±≈ ♦≡ …°↑↑°°↑↔≡ °♠↑ �±≈∂±÷← ♦∂↔• ↑≡←♠≥↔← ≠↑°″
↑≡÷≡±≡↑↔∂°± ≡♣↓≡↑∂″≡±↔←〉 ∪≡ ∂±♥≡←↔∂÷↔≡ ↔•≡ ↓↑°≥∂≠≡↑↔∂°± ±≈
←↓↑≡≈ °≠ ≥≡≥≥≡≈ …•↑°″↔°↓•°↑≡ …≥♠←↔≡↑← ∂± ↔•≡ ↓↑≡←≡±…≡ °↑
←≡±…≡ °≠ ≡±≈°÷≡±°♠← …≡≥≥← ♦∂↔•∂±  ≥ƒ≡↑〉 ∧°↑ ≥≥ ↓∂÷″≡±↔∫…≡≥≥
↔ƒ↓≡←⌠ ♦≡ °←≡↑♥≡ ± ∂±…↑≡←≡ ∂± ↔•≡ ♥≡↑÷≡ ←∂∞≡ °≠ …≥♠←↔≡↑← ∂±
≡±♥∂↑°±″≡±↔← ≥…×∂±÷ ↔•≡ ↑≡←↓≡…↔∂♥≡ …≡≥≥ ↔ƒ↓≡〉 ⊄•∂← ∂±≈∂…↔≡← ↔•↔
↔•≡↑≡ ∂← …°″↓≡↔∂↔∂°± ≡↔♦≡≡± ↓∂÷″≡±↔ …≡≥≥← ≈♠↑∂±÷ ±°↑″≥
≈≡♥≡≥°↓″≡±↔〉 ∩±↔•°↓•°↑≡← ±≈ ∂↑∂≈°↓•°↑≡← •♥≡ ± ∂±↔↑∂±←∂…
↔≡±≈≡±…ƒ ↔° ↓↑°≥∂≠≡↑↔≡ ±≈ ≡♥≡±≥ƒ �≥≥ ↔•≡ ←↓…≡ ∂± ↔•≡ ←×∂±⌠
♦•≡↑≡← ″≡≥±°↓•°↑≡← •♥≡ °±≥ƒ  ↑≡←↔↑∂…↔≡≈ ↓°↔≡±↔∂≥ ↔°
↓↑°≥∂≠≡↑↔≡ ±≈ ←↓↑≡≈ ∂± ↔•≡ ←×∂±〉 √± ≈≈∂↔∂°±⌠ °♠↑ °←≡↑♥↔∂°±
↔•↔ …≥♠←↔≡↑← °≠ ≥≥ ↔•↑≡≡ ↓∂÷″≡±↔∫…≡≥≥ ↔ƒ↓≡← �≥≥≡≈ ↔•≡
…•↑°″↔°↓•°↑≡∫≈≡♥°∂≈ ↑≡÷∂°± ∂± ↔•≡∂↑ ±≡∂÷•°♠↑•°°≈ ←
…°•≡↑≡±↔ ±≡↔← ♦∂↔• ±°↑″≥ ≈≡±←∂↔ƒ ↑↔•≡↑ ↔•± ≈∂←↓≡↑←∂±÷
♠±∂≠°↑″≥ƒ ∂±↔° ≥≥ ♥∂≥≥≡ ♥…±↔ ←↓…≡⌠ ←♠÷÷≡←↔← ↔•↔ ↔•≡↑≡
↑≡ …°±↔…↔ ≈≡↓≡±≈≡±↔ •°″°↔ƒ↓∂… ∂±↔≡↑…↔∂°±← ≡↔♦≡≡±
…•↑°″↔°↓•°↑≡←〉 √± ≥≥ …←≡←⌠ ≈°±°↑∫≈≡↑∂♥≡≈ …•↑°″↔°↓•°↑≡←
≥°…≥≥ƒ ↑≡←↔°↑≡≈ ↔•≡ °↑÷±∂∞↔∂°± °≠ ↔•≡ •°←↔ …•↑°″↔°↓•°↑≡←⌠
♦•∂…• ↑≡←♠≥↔≡≈ ∂±  ±°↑″≥ ↓↔↔≡↑±〉 ∪≡ …°±…≥♠≈≡ ↔•↔⌠ ♦•≡↑≡←
…•±÷≡← ∂± ↓∂÷″≡±↔∫…≡≥≥ ″°↑↓•°≥°÷∂≡← ≈♠↑∂±÷ ←↔↑∂↓≡ ≠°↑″↔∂°±
↑≡ ↑≡÷♠≥↔≡≈ ƒ •≡↔≡↑°↔ƒ↓∂… ∂±↔≡↑…↔∂°±←⌠⌠ ↓∂÷″≡±↔∫…≡≥≥
↓↑°≥∂≠≡↑↔∂°± ±≈ ≈∂←↓≡↑←≥ ∂± ↔•≡ ←×∂± ↑≡ ↓↑≡≈°″∂±±↔≥ƒ
↑≡÷♠≥↔≡≈ ƒ •°″°↔ƒ↓∂… …°″↓≡↔∂↔∂°±〉

⊆≡←♠≥↔←
⇑≥←↔°″≡↑≡ ↔↑±←↓≥±↔↔∂°±←〉 ∪≡ ↔↑±←↓≥±↔≡≈  ←″≥≥ ±♠″≡↑
°≠ ≥←↔°″≡↑≡← ↔° °↔∂± ←∂±÷≥≡∫≥≡≥≥≡≈ ↓∂÷″≡±↔∫…≡≥≥ ↓↑°÷≡±∂↔°↑←
∂± ♦∂≥≈ ↔ƒ↓≡ °↑ ″♠↔±↔ ≡″↑ƒ°←〉 ⊇←∂±÷ ↓↓↑°↓↑∂↔≡ ″↑×≡↑←⌠ ♦≡
←≡≥≡…↔≡≈ …•∂″≡↑∂… ∂±≈∂♥∂≈♠≥← ≠°↑ ↔•≡ ↓↑≡←≡±…≡ °≠ ←″≥≥ …≥♠←↔≡↑← °≠
≈°±°↑∫≈≡↑∂♥≡≈ ↓∂÷″≡±↔ …≡≥≥← ↔ ≥↑♥≥ ←↔÷≡←  ≈ƒ← ↓°←↔
≠≡↑↔∂≥∂∞↔∂°± ≈↓≠ °↑ ↔ ↔•≡ °±←≡↔ °≠ ″≡↔″°↑↓•°←∂←  ≈↓≠ ±≈
↔↑…≡≈ ↔•≡∂↑ ↓↑°÷≡±ƒ ↔° ≈♠≥↔•°°≈〉 ⇑≥←↔°″≡↑≡ ↔↑±←↓≥±↔↔∂°±←
≡↔♦≡≡± ♦∂≥≈∫↔ƒ↓≡ ≡″↑ƒ°← ↑≡←♠≥↔≡≈ ∂± …≥♠←↔≡↑← °≠ ↓∂÷″≡±↔ …≡≥≥←
↔•↔ ↑≡←≡″≥≡ ⇐↑≡∫∂±≈♠…≡≈ …≥°±≡← ∂± ←•↓≡ ±≈ ←∂∞≡⌠ ∂±≈∂…↔∂±÷
↔•↔ ≠↑≡→♠≡±↔≥ƒ  ←∂±÷≥≡ ↓↑°÷≡±∂↔°↑ …≡≥≥ •≈ ÷∂♥≡± ↑∂←≡ ↔° ↔•≡
…≥♠←↔≡↑←⌠ ±≈ ↔•↔ ∂± ″±ƒ …←≡← ↔•≡ …≥♠←↔≡↑← ♦≡↑≡ …≥°±≥〉
√± ≡♣↓≡↑∂″≡±↔← ↔•↔ ≥≥°♦≡≈ ♠← ↔° ≠°≥≥°♦ ″°↑≡ ↔•± °±≡ ↔ƒ↓≡
°≠ ↓∂÷″≡±↔ …≡≥≥ ∂↔ ≡…″≡ ↓↓↑≡±↔ ↔•↔ ∂± ″°←↔ …←≡← ↔•≡ ≈°±°↑
…≡≥≥← ÷♥≡ ↑∂←≡ ↔° ″♠≥↔∂↓°↔≡±↔ ±≡♠↑≥ …↑≡←↔ ↓↑°÷≡±∂↔°↑← °≠ ≥≥ ↔•↑≡≡
…≡≥≥ ↔ƒ↓≡←〉

⋅°″°↔ƒ↓∂… ∂±↔≡↑…↔∂°±← ″°±÷ ♣±↔•°↓•°↑≡←〉 ⊄•≡ ≈ƒ±″∂…← °≠
♣±↔•°↓•°↑≡ ″°↑↓•°÷≡±≡←∂← ≈♠↑∂±÷ ←↔↑∂↓≡ ≠°↑″↔∂°± •← ≡≡±
≈≡←…↑∂≡≈ ↓↑≡♥∂°♠←≥ƒ〉 ⊄° ←↓≡…∂�…≥≥ƒ ↔↑…× ↔•≡ ♣±↔•°↓•°↑≡← ∂±
±°↑″≥ ≈≡♥≡≥°↓″≡±↔⌠ …•∂″≡↑∂… ±∂″≥← ♦≡↑≡ …↑≡↔≡≈ ƒ
↔↑±←↓≥±↔↔∂°± °≠ …≡≥≥← ≠↑°″ ↔↑±←÷≡±∂… ⊄÷↓♣∑¬∧∉⌠ ≥←↔♠≥
←↔÷≡ ≡″↑ƒ°← ∂±↔° ♦∂≥≈∫↔ƒ↓≡ °↑ ≥∂±° •°←↔← ∧∂÷〉 ⌠≈〉 √± ≥∂±°
∧∂÷〉 ≈ ″≡≥±°↓•°↑≡← ↑≡ ♠±↓∂÷″≡±↔≡≈⌠ ≥≥°♦∂±÷ ≠°↑ ≡↔↔≡↑
♥∂←∂∂≥∂↔ƒ °≠ ≈°±°↑∫≈≡↑∂♥≡≈ ≥≡≥≥≡≈ ♣±↔•°↓•°↑≡← ±≈ ↓∂÷″≡±↔≡≈
″≡≥±°↓•°↑≡←〉 ∪≡ ≠°≥≥°♦≡≈ ↔•≡ ↓↔↔≡↑± ≈≡♥≡≥°↓″≡±↔ °≠ ∂±≈∂♥∂≈♠≥

⇒⊆⊄√⇐∨ ∇⇒⊄⊇⊆∨ ⇐∠⊇∇√⇐⇒⊄√∠∇⊂ ≤ ⇔∠√∑ 〉ñ±…°″″←

 ∇⇒⊄⊇⊆∨ ⇐∠⊇∇√⇐⇒⊄√∠∇⊂ ≤ ∑ ≤ ⇔∠√∑ 〉ñ±…°″″← ≤ ♦♦♦〉±↔♠↑≡〉…°″ñ±↔♠↑≡…°″″♠±∂…↔∂°±←
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�←• ♦∂↔• ←″≥≥ …≥♠←↔≡↑← °≠ � ♣±↔•°↓•°↑≡← ∂± ≥↑♥≡ ° ≈↓≠
≠↑°″ ↔•≡ °±←≡↔ °≠ ″≡↔″°↑↓•°←∂← ♠±↔∂≥  ≈↓≠ ±  ♣±↔•°↓•°↑≡
…≥♠←↔≡↑← ∂±  �←•≡← ∧∂÷〉 ≡�÷ ⊂♠↓↓≥≡″≡±↔↑ƒ ∧∂÷〉 〉 ∇♠″≡↑← °≠
≈°±°↑∫≈≡↑∂♥≡≈ ♣±↔•°↓•°↑≡← ∂± ↔•≡ …≥♠←↔≡↑← ↑≡″∂±≡≈ …°±←↔±↔
≈♠↑∂±÷ ≥↑♥≥ ←↔÷≡←〉 ⇒↔ ↔•≡ °±←≡↔ °≠ ″≡↔″°↑↓•°←∂← ≡↔♦≡≡± 
±≈  ≈↓≠⌠ ↔•≡ ♣±↔•°↓•°↑≡← ≡÷± ↔° ≈∂♥∂≈≡ ← ≈∂≈ ↔•≡ •°←↔
♣±↔•°↓•°↑≡←〉 ⊂♠←≡→♠≡±↔≥ƒ ↔•≡ …≥♠←↔≡↑← ←↓±±≡≈ °♥≡↑ �
≈∝…≡±↔ ″≡↔″≡↑≡← ∧∂÷〉 × ±≈ …↑°←← ←≡♥≡↑≥ ≥∂÷•↔ ±≈ ≈↑×
←↔↑∂↓≡← ≥°±÷ ↔•≡ ≈°↑←°♥≡±↔↑≥ ♣∂← ⊂♠↓↓≥≡″≡±↔↑ƒ ∧∂÷〉 〉 ⊄•≡ ↑↔≡
°≠ ≈∂♥∂←∂°± ♦← ♥↑∂≥≡ ≡↔♦≡≡± ≈∂≠≠≡↑≡±↔ …≥♠←↔≡↑←⌠ ♥≡↑÷∂±÷
°♠↔ °±≡ …≡≥≥ ≈∂♥∂←∂°± ↓≡↑  ≈ƒ←⌠ ← ♦← ↓↑≡♥∂°♠←≥ƒ °←≡↑♥≡≈ ∂±
±°±∫…•∂″≡↑∂… �←•〉 ≡≥≥≡≈ ♣±↔•°↓•°↑≡ …≥♠←↔≡↑← …°±←∂←↔≡≈ °≠
″°↑≡ °↑ ≥≡←← ≥°°←≡≥ƒ …°±±≡…↔≡≈ …≡≥≥←〉

↓≠≡≠≠≡↑ ″♠↔±↔← ≥…× ♣±↔•°↓•°↑≡← ∂± ≈♠≥↔← ∧∂÷〉 〉 ⊄•≡
∂±↔↑°≈♠…↔∂°± °≠ ♣±↔•°↓•°↑≡ ↓↑°÷≡±∂↔°↑← ∂±↔° ↓≠≡≠≠≡↑ •°←↔← …±
≥≡≈ ↔° ≥↑÷≡ ↓↔…•≡← °≠ ←↔↑∂↓≡ ↑≡←…♠≡ ∂± …•∂″≡↑∂… ±∂″≥←
∂±≈∂…↔∂±÷ ↔•↔ ♣±↔•°↓•°↑≡← •♥≡ ↔•≡ ∂≥∂↔ƒ ↔° ≈∂♥∂≈≡ ↑↓∂≈≥ƒ
±≈ ↔° ←↓↑≡≈ ∂±↔° ♥…±↔ ←↓…≡ ∧∂÷〉 …〉 ∪≡ ±≥ƒ←≡≈
♣±↔•°↓•°↑≡ …≥♠←↔≡↑← ∂± …•∂″≡↑← °↔∂±≡≈ ƒ ↔↑±←↓≥±↔↔∂°± °≠
⊄÷↓♣∑¬∧∉ ≥←↔°″≡↑≡← ∂±↔° ↓≠≡≠≠≡↑ ″♠↔±↔ •°←↔ ≡″↑ƒ°←〉

⊄•≡ ≈°±°↑∫≈≡↑∂♥≡≈ ♣±↔•°↓•°↑≡←⌠ ∂± …°±↔↑←↔ ↔° ♣±↔•°↓•°↑≡
…≥♠←↔≡↑← ∂± ♦∂≥≈∫↔ƒ↓≡ •°←↔← ∧∂÷〉 •�×⌠ ≥↑≡≈ƒ ≈∂♥∂≈≡≈
≈♠↑∂±÷ ≥↑♥≥ ←↔÷≡← ±≈ °……♠↓∂≡≈ ≥↑÷≡↑ ↑≡← ∂± ↔•≡ ←×∂±
≈♠↑∂±÷ ″≡↔″°↑↓•°←∂←〉 ⊄•≡ ±♠″≡↑← °≠ ←≡÷″≡±↔← °……♠↓∂≡≈ ƒ
♣±↔•°↓•°↑≡← ∂± ↓≠≡≠≠≡↑ •°←↔← …°±↔∂±♠≥≥ƒ ∂±…↑≡←≡≈ ←↔↑↔∂±÷ ∂±
≥↑♥≥ ←↔÷≡← ∧∂÷〉 ×〉 ⊄•≡ ±≥ƒ←∂← °≠ ↓≠≡≠≠≡↑ …•∂″≡↑←
±  …≥♠←↔≡↑← °≠ ♣±↔•°↓•°↑≡← ∂±  �←•≡← ↑≡♥≡≥≡≈ ↔•↔ ↔•≡
…≥♠←↔≡↑← ←↓↑≡≈ °± ♥≡↑÷≡ °♥≡↑  ″≡↔″≡↑≡← ≈♠↑∂±÷ ≥↑♥≥ ←↔÷≡←
ƒ  ≈↓≠ ±≈ ƒ ↔•≡ ÷≡ °≠  ≈↓≠ ↔•≡ƒ •≈ ←↓↑≡≈ °♥≡↑ 
″≡↔″≡↑≡← ∧∂÷〉 ×〉 ⇐°″↓↑∂±÷ ↔•≡ ±♠″≡↑ °≠ ♣±↔•°↓•°↑≡← ↓≡↑
″≡↔″≡↑≡ ∂± ♦∂≥≈∫↔ƒ↓≡ �←• ±≈ ↓≠≡≠≠≡↑ …•∂″≡↑← ∧∂÷〉 ≥ ↑≡♥≡≥≡≈
↔•↔ ↔•≡ ≈°±°↑∫≈≡↑∂♥≡≈ ♣±↔•°↓•°↑≡← ≡♥≡±↔♠≥≥ƒ ≠♠≥≥ƒ ↑≡←↔°↑≡≈
↔•≡ ♣±↔•°↓•°↑≡ ±♠″≡↑〉 ⊄•∂← ∂±≈∂…↔≡← ↔•↔ ∂± ±°↑″≥
≈≡♥≡≥°↓″≡±↔ …°″↓≡↔∂↔∂°± ≡↔♦≡≡± ♣±↔•°↓•°↑≡← ≥∂″∂↔ ↔•≡∂↑
↑↔≡ °≠ ↓↑°≥∂≠≡↑↔∂°± ±≈ ←↓↑≡≈∂±÷〉 ⊆≡…≡±↔≥ƒ⌠ ∂↔ •← ≡≡±
←♠÷÷≡←↔≡≈ ↔•↔ ♣±↔•°↓•°↑≡ ↓↑°≥∂≠≡↑↔∂°± ±≈ ≈∂≠≠≡↑≡±↔∂↔∂°± ∂←
↔↑∂÷÷≡↑≡≈ ƒ ↔•ƒ↑°∂≈ •°↑″°±≡ ←↔∂″♠≥↔∂°± ↔ ↔•≡ °±←≡↔ °≠
″≡↔″°↑↓•°←∂←〉 ∠♠↑ ≈↔ ∂±≈∂…↔≡ ↔•↔ ↔•≡ ↑≡≈♠…↔∂°± ∂±
♣±↔•°↓•°↑≡ …≡≥≥ ≈≡±←∂↔ƒ ∂← ↔•≡ …↑∂↔∂…≥ …♠≡ ↔•↔ ≥°±≡ …±
↔↑∂÷÷≡↑ ♣±↔•°↓•°↑≡ ↓↑°≥∂≠≡↑↔∂°±〉





























     ≈↓≠

↓≠≡

…

 ≈↓≠

 ≈↓≠


  

��      

∝

  

 ≈↓≠

÷

 



   ��

≠

 

•

⋅

≡

 

 ≈↓≠

 ≈↓≠

 ≈↓≠

∂



 ≈↓≠

⊃
⊃

⇔
⇔

⊃



 ≈↓≠

≈

 ≈↓≠



 ≈↓≠

∇°〉 °≠ …≡≥≥← ↓≡↑ ″≡↔″≡↑≥

  












∇°〉 °≠ ″≡↔″≡↑←×
















 ≈↓≠  ≈↓≠  ≈↓≠  ≈↓≠ 

↓≠≡↓≠≡↓≠≡↓≠≡


∪↔

∪↔∪↔∪↔∪↔

∧∂÷♠↑≡  ≤ ⇔≡♥≡≥°↓″≡±↔ °≠ ♣±↔•°↓•°↑≡ …≥♠←↔≡↑← ∂± ♦∂≥≈ ↔ƒ↓≡ ±≈ ↓≠≡≠≠≡↑〉 �≈ ⊂↔↑∂↓≡ ↓↔↔≡↑± ∂± ∫″°±↔•∫°≥≈  ♦∂≥≈∫↔ƒ↓≡ ∞≡↑�←•⌠  ↓≠≡≠≠≡↑ ″♠↔±↔⌠

… …•∂″≡↑ °↔∂±≡≈ ƒ ≥←↔°″≡↑≡ ↔↑±←↓≥±↔↔∂°± °≠ ♦∂≥≈ ↔ƒ↓≡ ⊄÷↓♣∑¬∧∉ ∂±↔° ↓≠≡≠≠≡↑ ↔•≡ ↑≡ ♦∂↔• ≈°±°↑ ♣±↔•°↓•°↑≡← ∂← ≈≡″↑…↔≡≈ ƒ  ↑≡≈

≈←•≡≈ ≥∂±≡ ±≈ ≈ …°±↔↑°≥ ≥∂±°〉 √±  ↔•≡ ≈↑× ←↔↑∂↓≡← ±°″≡±…≥↔♠↑≡ ∂← ≈≡↓∂…↔≡≈ ≥°±÷ ↔•≡ ≈°↑←°♥≡±↔↑≥ ♣∂←〉 ⇔≡♥≡≥°↓″≡±↔≥ ↓↑°�≥≡ °≠ ⊄÷↓♣∑¬∧∉∫

≥≡≥≥≡≈ ♦∂≥≈∫↔ƒ↓≡ ♣±↔•°↓•°↑≡← ÷↑≡≡± ∂±  ≡�÷ …°±↔↑°≥ ±≈ •�∝ ↓≠≡≠≠≡↑ …•∂″≡↑〉 ⇔←•≡≈ ♦•∂↔≡ ≥∂±≡←�♥≡↑↔∂…≥ ±≈ •°↑∂∞°±↔≥ ″ƒ°←≡↓↔〉 ⊂…≥≡ ↑←⌠ �

≈  …″ ≡�∝  ″″〉 × ∈♠±↔∂�…↔∂°± °≠ ↔•≡ ±♠″≡↑ °≠ ″≡↔″≡↑≡← ←↓±±≡≈ ƒ ♣±↔•°↓•°↑≡ …≥♠←↔≡↑← ↔ ≥↑♥≥ ←↔÷≡  ≈↓≠ ♦∂≥≈ ↔ƒ↓≡⌠ ±  …≥♠←↔≡↑←⌠

 �←•≡← ↓≠≡≠≠≡↑⌠ ±  …≥♠←↔≡↑←⌠  �←•≡← ∉↑〉  ≈↓≠ ♦∂≥≈ ↔ƒ↓≡⌠ ±  …≥♠←↔≡↑←⌠  �←•≡← ↓≠≡≠≠≡↑⌠ ±  …≥♠←↔≡↑←⌠  �←• ∉↑〉  ≈↓≠ ♦∂≥≈

↔ƒ↓≡⌠ ±  …≥♠←↔≡↑←⌠  �←•≡← ↓≠≡≠≠≡↑⌠ ±  …≥♠←↔≡↑←⌠  �←•≡← ∉°〉  ≈↓≠ ♦∂≥≈ ↔ƒ↓≡⌠ ±  …≥♠←↔≡↑←⌠  �←•≡← ↓≠≡≠≠≡↑⌠ ±  …≥♠←↔≡↑←⌠

 �←•≡← ∉ 〉〉 ⊄•≡ •°↑∂∞°±↔≥ ≥∂±≡← ∂± ≈↑× ≥♠≡ ♦∂≥≈ ↔ƒ↓≡ ±≈ ↑≡≈ ↓≠≡≠≠≡↑ ∂±≈∂…↔≡ ↔•≡ ″≡± ♥≥♠≡ ±≈ ↔•≡ ≡↑↑°↑ ↑← ↑≡↓↑≡←≡±↔ ←↔±≈↑≈

≈≡♥∂↔∂°±〉 ∪≡ ←•°♦ ↔•↔ ↔•≡ ≈∂≠≠≡↑≡±…≡← ≡↔♦≡≡± ≥∂±° ±≈ ↓≠≡≠≠≡↑ ↑≡ ←∂÷±∂�…±↔ ↔ ≥≥ ↔∂″≡ ↓°∂±↔← ∂±♥≡←↔∂÷↔≡≈ ƒ ♠←∂±÷ ⊂↔♠≈≡±↔�← ↔∫↔≡←↔ ∪≡≥←• …°↑↑≡…↔≡≈〉

≥ ∇♠″≡↑ °≠ ♣±↔•°↓•°↑≡← ↓≡↑ ″≡↔″≡↑≡ ∂± ♦∂≥≈ ↔ƒ↓≡ ≥♠≡ ±≈ ↓≠≡≠≠≡↑ ↔↑±←↓≥±↔← ↑≡≈〉 ∇♠″≡↑← °≠ ″≡↔″≡↑≡← ±≥ƒ←≡≈ ↑≡ ≈≡↓∂…↔≡≈ ∂± ↔•≡ ÷↑↓•⌠

≡↑↑°↑ ↑← ↑≡↓↑≡←≡±↔ ←↔±≈↑≈ ≈≡♥∂↔∂°±〉 ∇° ←∂÷±∂�…±↔ ≈∂≠≠≡↑≡±…≡← ≡↔♦≡≡± ♦∂≥≈∫↔ƒ↓≡ �←• ≥♠≡ ±≈ ↓≠≡≠≠≡↑ ↔↑±←↓≥±↔← ↑≡≈ ……°↑≈∂±÷ ↔° ⊂↔♠≈≡±↔← ↔∫↔≡←↔

∪≡≥←• …°↑↑≡…↔≡≈ ♦≡↑≡ ≠°♠±≈ ≠°↑  ≈↓≠∑ ∉ 〉 ±≈  ≈↓≠∑ ∉ 〉〉 ∠♥≡↑≥≥  ≈↓≠ ∉ °〉⌠  ≈↓≠ ∉ °⌠ ±≈  ≈↓≠ ∉ 〉

♦≡↑≡ ←•°♦± ↔° ≡ ←∂÷±∂�…±↔≥ƒ ≈∂≠≠≡↑≡±↔〉

∇⇒⊄⊇⊆∨ ⇐∠⊇∇√⇐⇒⊄√∠∇⊂ ≤ ⇔∠√∑ 〉ñ±…°″″← ⇒⊆⊄√⇐∨

∇⇒⊄⊇⊆∨ ⇐∠⊇∇√⇐⇒⊄√∠∇⊂ ≤ ∑ ≤ ⇔∠√∑ 〉ñ±…°″″← ≤ ♦♦♦〉±↔♠↑≡〉…°″ñ±↔♠↑≡…°″″♠±∂…↔∂°±← 

28



⇐≥°←≡↑ ±≥ƒ←∂← ↑≡♥≡≥≡≈ ↔•↔ ↔•≡ ≈°±°↑∫≈≡↑∂♥≡≈ ♣±↔•°↓•°↑≡←
≈∂♥∂≈≡≈ ↑↓∂≈≥ƒ ∂± ↔•≡ ↓≠≡≠≠≡↑ •°←↔← ↔  ↑↔≡ °≠ ″°↑≡ ↔•± ↔♦°
…≡≥≥ ≈∂♥∂←∂°±← ↓≡↑  ≈ƒ←⌠ ±≈ ←↓↑≡≈ ∂± ≥≥ ≈∂↑≡…↔∂°±←⌠ ″°←↔
…°″″°±≥ƒ ≥°±÷ ↔•≡ ″ƒ°←≡↓↔ °↔• •°↑∂∞°±↔≥≥ƒ ±≈ ♥≡↑↔∂…≥≥ƒ
∧∂÷〉 �…⌠≈⌠≡〉 ⊄•≡ ♣±↔•°↓•°↑≡← ↔ ↔•≡ °↑≈≡↑ °≠ ↔•≡ …≥♠←↔≡↑←
…°≥≥≡…↔∂♥≡≥ƒ ″∂÷↑↔≡≈ ∂±↔° ±≡∂÷•°♠↑∂±÷ ↑≡÷∂°±← ≈≡♥°∂≈ °≠
♣±↔•°↓•°↑≡←⌠ ↔•♠← ∂±…↑≡←∂±÷ ↔•≡∂↑ …°♥≡↑÷≡ ∧∂÷〉 ≈⌠≡〉 √±
←≡♥≡↑≥ …←≡← ∂±≈∂♥∂≈♠≥ …≥♠←↔≡↑← ≠♠←≡≈ ±≈ …°♥≡↑≡≈ ↔•≡ �←•
…°″↓≥≡↔≡≥ƒ〉 ∪•≡± ≈°±°↑ ♣±↔•°↓•°↑≡← ≡±…°♠±↔≡↑≡≈ •°←↔
∂↑∂≈°↓•°↑≡← ∂± ↔•≡ ≥∂÷•↔ ←↔↑∂↓≡⌠ ↔•≡ƒ …•±÷≡≈ ∂± ←•↓≡ ↔° ≡…°″≡
…°″↓…↔ ← ∂± ♦∂≥≈ ↔ƒ↓≡ ∧∂÷〉 …〉 √± ↓≠≡≠≠≡↑ ″♠↔±↔←⌠
″≡≥±°↓•°↑≡← ≠°↑″ ←″≥≥ ←↓°↔← •°♦≡♥≡↑⌠ ♦•≡± ↔•≡ƒ ≡±…°♠±↔≡↑≡≈
≈°±°↑ ♣±↔•°↓•°↑≡←⌠ ↔•≡ ″≡≥±°↓•°↑≡← ∂±…↑≡←≡≈ ∂± ±♠″≡↑ ±≈
≥°…≥≥ƒ ↑≡←↔°↑≡≈ ↔•≡ ←↔↑∂↓≡≈ ↓↔↔≡↑± ↔•↑°♠÷• ≥°…≥ ″∂÷↑↔∂°± °♠↔ °≠
↔•≡ ≥∂÷•↔ ←↔↑∂↓≡ ↑≡÷∂°± ±≈ ……♠″♠≥↔∂°± ∂± ↔•≡ ≈↑× ←↔↑∂↓≡
↑≡÷∂°± ∧∂÷〉 ≠�×〉 ∨…↔°↓∂… ″≡≥±°↓•°↑≡← ∂± ↔•≡ ″♠↔±↔ ↑≡←
≈≡♥°∂≈ °≠ ♣±↔•°↓•°↑≡← ≈∂←↓↓≡↑≡≈ °± ↑↑∂♥≥ ±≈ …°″↓…↔∂°± °≠
≈°±°↑∫≈≡↑∂♥≡≈ ♣±↔•°↓•°↑≡← ∧∂÷〉 ≠�×〉

∠♠↑ °←≡↑♥↔∂°±← ←•°♦ ↔•↔ ≈°±°↑∫≈≡↑∂♥≡≈ ♣±↔•°↓•°↑≡←⌠ ∂±
↔•≡ ←≡±…≡ °≠ ↑≡←∂≈♠≥ ♣±↔•°↓•°↑≡← ∂± ↓≠≡≠≠≡↑ •°←↔←⌠ ≡÷∂± ↔°
↓↑°≥∂≠≡↑↔≡ ≈♠↑∂±÷ ≡″↑ƒ°±∂… ←↔÷≡←〉 ∪≡ …°±�↑″≡≈ ↔•∂← ↔•↑°♠÷•
≥∂♥≡∫∂″÷∂±÷ °≠ ♣±↔•°↓•°↑≡ ≡•♥∂°♠↑ ∂± °↔• ♦∂≥≈ ↔ƒ↓≡ ±≈
↓≠≡≠≠≡↑ …•∂″≡↑← ≈♠↑∂±÷ ≥↔≡ ≡″↑ƒ°÷≡±≡←∂← ↔ � •↓≠ ∧∂÷〉 
⊂♠↓↓≥≡″≡±↔↑ƒ °♥∂≡← �〉 ∩±↔•°↓•°↑≡← ∂± ♦∂≥≈∫↔ƒ↓≡
≡±♥∂↑°±″≡±↔← ≡♣↔≡±≈≡≈ ≈ƒ±″∂… �≥°↓°≈∂ ↔•↔ ≥≥°♦≡≈ ↔•≡″ ↔°
…°±↔…↔ ±≈ …°±↔∂±♠≥≥ƒ ↓↑°≡ ≡…• °↔•≡↑ ∧∂÷〉 �≠∑ �≥°↓°≈∂≥
↑≡↔↑…↔∂°±�ƒ≡≥≥°♦ ↑↑°♦⌠ �≥°↓°≈∂≥ ≡♣↔≡±←∂°±�↑≡≈ ↑↑°♦
⊂♠↓↓≥≡″≡±↔↑ƒ °♥∂≡ 〉 ⊂∂″∂≥↑≥ƒ⌠ ≈°±°↑∫≈≡↑∂♥≡≈ ♣±↔•°↓•°↑≡←
↑↑≡≥ƒ …•±÷≡≈ ↔•≡∂↑ ≥°…↔∂°± °↑ ♠±≈≡↑♦≡±↔ …≡≥≥ ≈∂♥∂←∂°± ♦•≡±
↔↑±←↓≥±↔↔≡≈ ∂±↔° ♦∂≥≈∫↔ƒ↓≡ ≡″↑ƒ°← ⊂♠↓↓≥≡″≡±↔↑ƒ °♥∂≡ 〉
√± …°±↔↑←↔⌠ ≈°±°↑ ♣±↔•°↓•°↑≡← ∂± ↓≠≡≠≠≡↑ •°←↔← ♠±≈≡↑♦≡±↔ …≡≥≥
≈∂♥∂←∂°±← ↑↑°♦•≡≈← ∂± ∧∂÷〉 ÷�≥ ±≈ ≡♣↔≡±≈≡≈ ≈ƒ±″∂…
�≥°↓°≈∂ ↑↑°♦← ∂± ∧∂÷〉 ÷�≥ ↔° ≡♣↓≥°↑≡ ↔•≡∂↑ ≡±♥∂↑°±″≡±↔⌠
±≈ ↔•≡ƒ ″°♥≡≈ ∂±↔° ↑≡÷∂°±← ≈≡♥°∂≈ °≠ ♣±↔•°↓•°↑≡← ∧∂÷〉 ÷�≥
⊂♠↓↓≥≡″≡±↔↑ƒ °♥∂≡ 〉

⊄° ↔≡←↔ ∂≠ ↔•≡ ←≡±…≡ °≠ ♣±↔•°↓•°↑≡← ∂± ↓≠≡≠≠≡↑ …± ≥←°
∂±�♠≡±…≡ ″≡≥±°↓•°↑≡ ←↓↑≡≈∂±÷⌠ ♦≡ ↔↑±←↓≥±↔≡≈ ♦∂≥≈∫↔ƒ↓≡ …≡≥≥←
≥≡≥≥≡≈ ♦∂↔• ⊄÷↓♣∑¬∧∉ ∂±↔° ↓≠≡≠≠≡↑↑←← ″♠↔±↔←⌠ ♦•∂…• ≥…×
♣±↔•°↓•°↑≡← ±≈ •♥≡ ♠±↓∂÷″≡±↔≡≈ ″≡≥±°↓•°↑≡←⌠〉 ⊄•∂←
≥≥°♦←  …≥≡↑ ≈∂←↔∂±…↔∂°± ≡↔♦≡≡± ≈°±°↑∫ ±≈ •°←↔∫≈≡↑∂♥≡≈
♣±↔•°↓•°↑≡← ±≈ ″≡≥±°↓•°↑≡←〉 ≡≥±°↓•°↑≡ …≥♠←↔≡↑← ≈∂≈ ±°↔
←↓↑≡≈ ≠↑↔•≡↑ ↔•±  ″≡↔″≡↑≡← ←≡≡ ≡≥°♦⌠ ♦•≡↑≡← ↔•≡
♣±↔•°↓•°↑≡← ←↓↑≡≈ ≥°±÷ ↔•≡ ±↔≡↑∂°↑�↓°←↔≡↑∂°↑ ⇒∉ ♣∂← ←
≈≡←…↑∂≡≈ °♥≡ ∧∂÷〉 ≥〉 ⊄•∂← ←♠÷÷≡←↔← ↔•↔ ↔•≡ ←↓↑≡≈∂±÷ ∂←
…≡≥≥∫←↓≡…∂�… ↔° ♣±↔•°↓•°↑≡← ↑↔•≡↑ ↔•±  ÷≡±≡↑≥ ↓↑°↓≡↑↔ƒ °≠ ↔•≡
↓≠≡≠≠≡↑ ″♠↔↔∂°±〉

⊄•≡←≡ ↑≡←♠≥↔← ∂±≈∂…↔≡ ↔•↔ ↔•≡ ↓↑°≥∂≠≡↑↔∂°± ↑↔≡ °≠
♣±↔•°↓•°↑≡← ∂← ↑≡÷♠≥↔≡≈ ƒ …°″↓≡↔∂↔∂♥≡ •°″°↔ƒ↓∂… ∂±↔≡↑…↔∂°±←〉
⊄•≡ ♣±↔•°↓•°↑≡← ≡♣↓±≈ ∂± ↑≡← ≈≡♥°∂≈ °≠ ♣±↔•°↓•°↑≡← ƒ …≡≥≥
↓↑°≥∂≠≡↑↔∂°± ±≈ ƒ ←•°↑↔∫←…≥≡ …≡≥≥ ″°♥≡″≡±↔〉 √± •°←↔← ≥…×∂±÷
♣±↔•°↓•°↑≡← ↔•≡ ≈°±°↑∫≈≡↑∂♥≡≈ …≥♠←↔≡↑← ≡♣↓±≈ ∂± ≥≥ ≈∂↑≡…↔∂°±←
←  …°•≡↑≡±↔ ±≡↔⌠ ″∂±↔∂±∂±÷ ±°↑″≥ ≈∂←↔±…≡← ±≈ …≥°←≡ …°±↔…↔
≡↔♦≡≡± …≡≥≥←⌠ ↑↔•≡↑ ↔•± ≈∂←↓≡↑←∂±÷ ∂±↔° ↔•≡ ←↓…≡ ≈≡♥°∂≈ °≠
♣±↔•°↓•°↑≡←〉 ⊄•∂← ∂±≈∂…↔≡← ″♠↔♠≥ ∂±↔≡↑…↔∂°± ±≈ ↔↔↑…↔∂°±
≡↔♦≡≡± ♣±↔•°↓•°↑≡←〉

⋅°″°↔ƒ↓∂… ∂±↔≡↑…↔∂°±← ″°±÷ ″≡≥±°↓•°↑≡←〉 ∪≡ ±≥ƒ←≡≈ ↔•≡
″≡≥±°↓•°↑≡← ∂± ±°↑″≥ ≈≡♥≡≥°↓″≡±↔ ♠←∂±÷ ↔•≡ ≈↑× ″≡≥±∂±
↓∂÷″≡±↔↔∂°±⌠ ≥…×∂±÷ ∂± ≥∂±° ↑≡…∂↓∂≡±↔ �←•⌠ ←  ″↑×≡↑
∧∂÷〉 〉 ⊄↑±←↓≥±↔↔∂°± °≠ ≥←↔°″≡↑≡← ≥≡≥≥≡≈ ♦∂↔•
⊄÷…↔∑¬∧∉ ∂±↔° ≥∂±° •°←↔← ƒ∂≡≥≈≡≈  ″≡≥±°↓•°↑≡ …≥♠←↔≡↑←
∂± ±∂±≡ �←•≡←⌠ ♦•∂…• ♦≡↑≡ ≠°≥≥°♦≡≈ ∂±↔° ≈♠≥↔•°°≈〉 ⇒≥°±÷ ↔•≡ ⇒∉
♣∂← ↔•≡ …≥♠←↔≡↑← ←↓↑≡≈ � ←≡÷″≡±↔← °± ♥≡↑÷≡〉 ⇒↔ ↔•≡ ″↑÷∂±←
°≠ ↔•≡ …≥♠←↔≡↑⌠ ↔•≡ ≈°±°↑∫≈≡↑∂♥≡≈ ≥…× ″≡≥±°↓•°↑≡←
∂±↔≡↑″∂±÷≥≡≈ ♦∂↔• ↔•≡ ♠±↓∂÷″≡±↔≡≈ ″≡≥±°↓•°↑≡← °≠ ↔•≡ •°←↔〉
⇐≥♠←↔≡↑← °≠ ≈°±°↑∫≈≡↑∂♥≡≈ ″≡≥±°↓•°↑≡← …°±↔↑∂♠↔≡≈ ↔° ←≡♥≡↑≥

≈↑× ←↔↑∂↓≡← ≥°±÷ ↔•≡ ≈°↑←°♥≡±↔↑≥ °≈ƒ ♣∂← ← ≈≡←…↑∂≡≈ ≡≠°↑≡

⊂♠↓↓≥≡″≡±↔↑ƒ ∧∂÷〉 〉 ≡≥±°↓•°↑≡ …≥♠←↔≡↑← ∂±  ±♠″≡↑ °≠
…←≡← ñ …°±↔↑∂♠↔≡≈ ↔° ≥≥ ≠°♠↑ ←↔↑∂↓≡← ∂±…≥♠≈∂±÷ ↔•≡
←…≥≡←⌠ ±≈ ≈°↑←≥ ±≈ ±≥ �±←⌠ ♦•≡↑≡←  …≥♠←↔≡↑← …°±↔↑∂♠↔≡≈
↔° ≡↔♦≡≡± � ←↔↑∂↓≡← ↔ ↔•≡ ÷≡ °≠  ″°±↔•← ⊂♠↓↓≥≡″≡±↔↑ƒ
∧∂÷〉 〉 ∧°♠↑ …≥♠←↔≡↑← °≠ ″≡≥±°↓•°↑≡← ↓↓≡↑≡≈ ≡♣…≥♠←∂♥≡≥ƒ ∂±
↔•≡ …♠≈≥ �±← °≠ ↔•≡ �←•〉 ⊄•≡←≡ °←≡↑♥↔∂°±← ↑≡ …°±←∂←↔≡±↔
♦∂↔• ↔•≡ ×±°♦± ≡•♥∂°♠↑ °≠ ″≡≥±°↓•°↑≡← ±≈ ↔•≡∂↑ °↑∂÷∂± ∂± 
♦∂≥≈∫↔ƒ↓≡ …°±↔≡♣↔〉

⇑≥←↔°″≡↑≡ ↔↑±←↓≥±↔↔∂°± ∂±↔° ±…↑≡ ≥≥°♦≡≈ ♠← ↔° ↔↑…×
″≡≥±°↓•°↑≡← ∂± ↔•≡ ←≡±…≡ °≠ ≡±≈°÷≡±°♠← ″≡≥±°↓•°↑≡←
∧∂÷〉 〉 ⇒ ↔°↔≥ °≠  …≥♠←↔≡↑← °≠ ≥…×⌠ ≈°±°↑∫≈≡↑∂♥≡≈
″≡≥±°↓•°↑≡← ♦≡↑≡ ≠°≥≥°♦≡≈ ∂±  ±…↑≡ �←•≡← ♠↓ ↔°
� ″°±↔•←〉 ⇒← °←≡↑♥≡≈ ∂± ↔•≡ …°±↔↑°≥ ≥∂±° …•∂″≡↑←⌠ ↔•≡
≈°±°↑∫≈≡↑∂♥≡≈ ″≡≥±°↓•°↑≡← …°±↔↑∂♠↔≡≈ ↔° ←≡♥≡↑≥ ≈↑× ←↔↑∂↓≡←
≥°±÷ ↔•≡ ≈°↑←°♥≡±↔↑≥ °≈ƒ ♣∂← ∧∂÷〉 … ⊂♠↓↓≥≡″≡±↔↑ƒ ∧∂÷〉 〉
√±  …←≡← °♠↔ °≠ ⌠ ♦≡ ≠°♠±≈ ″≡≥±°↓•°↑≡ …≥°±≡← …°±↔↑∂♠↔∂±÷
↔° ≥≥ ≠°♠↑ ≈↑× ←↔↑∂↓≡← ← ♦≡≥≥ ← ↓∂÷″≡±↔↔∂°± ∂± ←…≥≡← ±≈ ±≥
±≈ ≈°↑←≥ �±←〉 ⊄•≡ …≥♠←↔≡↑← °± ↔•≡ °≈ƒ⌠ ≥↔•°♠÷• ≥↑÷≡↑ ↔•± ∂±
♦∂≥≈∫↔ƒ↓≡ …•∂″≡↑← ≥∂±° ∧∂÷〉 ⌠ ↑≡″∂±≡≈ ↑≡←↔↑∂…↔≡≈ ≥°±÷ ↔•≡
⇒∉ °≈ƒ ♣∂←⌠ ←↓±±∂±÷  ″≡↔″≡↑≡← °± ♥≡↑÷≡ ∧∂÷〉 …�≡⌠
♦•∂…• ∂← ±°↔ ←↔↔∂←↔∂…≥≥ƒ ≈∂≠≠≡↑≡±↔ ≠↑°″ ♦∂≥≈∫↔ƒ↓≡ ≥∂±°
↔↑±←↓≥±↔←〉 ⇒← °←≡↑♥≡≈ ↓↑≡♥∂°♠←≥ƒ⌠⌠⌠ ∂± ±…↑≡⌠ ↔•≡ ←↔↑∂↓≡←
♦≡↑≡ …°″↓≥≡↔≡≥ƒ ↑≡←↔°↑≡≈ ∂± …•∂″≡↑∂… ↑≡←⌠ ♦∂↔•  ≈≡±←≡ ←•≡≡↔ °≠
≈°±°↑∫≈≡↑∂♥≡≈ ″≡≥±°↓•°↑≡←⌠ ←↔↑∂…↔≥ƒ ←≡↓↑↔≡≈ ≠↑°″ ≥∂÷•↔ ←↔↑∂↓≡
↑≡÷∂°±← ∧∂÷〉 …〉 √±↔↑∂÷♠∂±÷≥ƒ⌠ …≥♠←↔≡↑← ←↔↑↔≡≈ ←•↑∂±×∂±÷ ≠↔≡↑
 ≈↓≠ ±≈ ƒ  ″°±↔•←⌠  °≠ ≥≥ …≥♠←↔≡↑← ∂± ≥∂±°⌠ ±≈  °≠
↔•≡ …≥♠←↔≡↑← ∂± ±…↑≡ ≈∂←↓↓≡↑≡≈ ∧∂÷〉 ⌠ …≥♠←↔≡↑ ∂± ±…↑≡〉 ⊄•≡
↑≡←°± ≠°↑ ↔•≡ ≥↔≡ ≈≡↔• °≠ ≈°±°↑ ″≡≥±°↓•°↑≡← ∂± …•∂″≡↑← ∂←
♠±×±°♦±〉 √↔ ←♠÷÷≡←↔← ↔•↔ ∂± ↔•≡ …•∂″≡↑← ↔•≡ ←↔≡″ …≡≥≥← ↓↑°♥∂≈∂±÷
 ↑≡÷♠≥↑ ↑≡↓≥…≡″≡±↔ °≠ ″≡≥±°↓•°↑≡← •♥≡ ±°↔ ≡≡±
″∂±↔∂±≡≈〉

√± ±…↑≡ ↔↑±←↓≥±↔←⌠  ←≡↑∂≡← °≠ ≥↑♥≥ ″≡≥±°↓•°↑≡← °± ↔•≡
♥≡±↔↑≥  °≠ ≥≥ …≥♠←↔≡↑← ±≈ ↔•≡ ≈°↑←≥ ←∂≈≡  °≠ ≥≥
…≥♠←↔≡↑← °≠ ↔•≡ �←• ♦≡↑≡ ≠↑≡→♠≡±↔≥ƒ °←≡↑♥≡≈ ∧∂÷〉 �÷〉
⊄•≡←≡ …≥♠←↔≡↑← ←↓±±≡≈ °± ♥≡↑÷≡  ″≡↔″≡↑≡← ±≈ ♦≡↑≡
↓↑≡←≡±↔ ≠↑°″ ≡↑≥ƒ ≥↑♥≥ ←↔÷≡← ↔•↑°♠÷•  ≈↓≠ ♦•≡± ↔•≡ƒ
←↔↑↔≡≈ ↔° ≈∂←↓↓≡↑ ∧∂÷〉 ≈〉 ∧∂÷♠↑≡  ←•°♦← ± ≡♣″↓≥≡
°≠ ↔•≡ ≈≡♥≡≥°↓″≡±↔ °≠ ″≡≥±°↓•°↑≡ …≥♠←↔≡↑←⌠ ≥≡≥≥≡≈ ♦∂↔•
⊄÷⊄⇔∑¬∧∉ ←°♣∑″⊆∧∉ ∂± ±…↑≡〉 ⊄÷⊄⇔∑¬∧∉ ≥≡≥←
∂↑∂≈°↓•°↑≡←⌠ ♦•≡↑≡← ⊄÷←°♣∑⊆∧∉ ≥≡≥← ≥≥ ±≡♠↑≥ …↑≡←↔∫≈≡↑∂♥≡≈
↔∂←←♠≡〉 ∠±  ≈↓≠⌠ ←↔↑≡×← °≠ ≥↑♥≥ ″≡≥±°↓•°↑≡← ♦≡↑≡ ↓↑≡←≡±↔
°↔• ≈°↑←≥≥ƒ ±≈ ♥≡±↔↑≥≥ƒ ∧∂÷〉 ⌠ ±≈  …°±≠°…≥ ←…± °± ↔•≡
←″≡ ↔∂″≡ ↓°∂±↔ ←•°♦← ↔•≡ ↓↑≡←≡±…≡ °≠  ←°♣∑″⊆∧∉∫≥≡≥≥≡≈
⇔⊆¬ ∧∂÷〉 〉 ⇒↔  ≈↓≠ ≈♠≥↔ ↑≡≈ �♠°↑≡←…≡±↔ ↓↑°↔≡∂± ⊆∧∉∫
≥≡≥≥≡≈ ″≡≥±°↓•°↑≡← ↓↓≡↑≡≈ �±×∂±÷ ↔•≡ •°↑∂∞°±↔≥ ″ƒ°←≡↓∫
↔♠″ ∧∂÷〉 …⌠≈⌠ ≥°±÷ ♦∂↔• ≈°±°↑∫≈≡↑∂♥≡≈ ♣±↔•°↓•°↑≡ ±≈
∂↑∂≈°↓•°↑≡ …≥♠←↔≡↑← ∧∂÷〉 ≈〉 ⇒↔  ≈↓≠ ↔•≡ �↑←↔ ≈↑× ←↔↑∂↓≡← 
≈°↑←≥ ⇔ ±≈  ♥≡±↔↑≥ ⊃ ♦≡↑≡ ≠°↑″≡≈ ∧∂÷〉 ≡〉 √± …°±↔↑←↔ ↔°
↔•≡ ″≡≥±°↓•°↑≡ …≥♠←↔≡↑ ↔•↔ ←↓↑≡≈← °♥≡↑  ″≡↔″≡↑≡←⌠ ↔•≡
♣±↔•°↓•°↑≡ ±≈ ∂↑∂≈°↓•°↑≡← …≥♠←↔≡↑← ↑≡″∂±≡≈ ↑≡←↔↑∂…↔≡≈ ↔° �
″≡↔″≡↑≡← ∧∂÷〉 ≠〉 ∠±  ≈↓≠ ↔•≡ ≥↑♥≥ ″≡≥±°↓•°↑≡ ←↔↑≡×← °±
↔•≡ ≈°↑←≥ ±≈ ↔•≡ ♥≡±↔↑≥ ←∂≈≡ ←↔↑↔≡≈ ↔° ≈∂←↓↓≡↑⌠ ♦•≡↑≡← ↔•≡
″≡≥±°↓•°↑≡← ∂± ←↔↑∂↓≡← ⇔ ±≈ ⊃ ↓≡↑←∂←↔≡≈ ∧∂÷〉 ÷〉 ⇒↔  ≈↓≠
≥≥ ″≡≥±°↓•°↑≡← •♥≡ ≈∂←↓↓≡↑≡≈ ≥≡♥∂±÷ ≡″↓↔ƒ ↑≡← ≡↔♦≡≡±
∂±↔…↔ ≥∂÷•↔ ←↔↑∂↓≡← ∧∂÷〉 •〉

√± ←♠″″↑ƒ⌠ ♦≡ °←≡↑♥≡ ↔•↔ •°←↔ ″≡≥±°↓•°↑≡← •♥≡ ≥∂↔↔≥≡
∂±�♠≡±…≡ °± ↔•≡ ≈∂←↓≡↑←≥ °≠ ≈°±°↑∫≈≡↑∂♥≡≈ ″≡≥±°↓•°↑≡←⌠ ±≈
↔•↔⌠ ∂± …°±↔↑←↔ ↔° ♣±↔•°↓•°↑≡←⌠ ″≡≥±°↓•°↑≡ …≥♠←↔≡↑← ∂± ↔•≡
≈♠≥↔ ↓↔↔≡↑± ↑↑≡≥ƒ ←↓↑≡≈ ≥↔≡↑≥≥ƒ °♥≡↑ ″°↑≡ ↔•± ←∂♣ ←≡÷″≡±↔←〉
√±←↔≡≈⌠ ≈°±°↑∫≈≡↑∂♥≡≈ ″≡≥±°↓•°↑≡← ↑≡″∂± ↔°÷≡↔•≡↑⌠ ±≈ ≠°↑″
↓↑°″∂±≡±↔ ←↔↑∂↓≡← °≠ ±°↑″≥ ″≡≥±°↓•°↑≡ ≈≡±←∂↔ƒ ≈≡←↓∂↔≡ ≡∂±÷
←♠↑↑°♠±≈≡≈ ƒ ↑≡÷∂°±← ≈≡♥°∂≈ °≠ ″≡≥±°↓•°↑≡←〉 ⊄•∂← ∂±≈∂…↔≡←
↔•↔ ∂± ↔•≡ ←≡±…≡ °≠ ↑≡←∂≈♠≥ ″≡≥±°↓•°↑≡←⌠ ± ∂±…↑≡←≡≈
±♠″≡↑ °≠ ″≡≥±°↓•°↑≡← ↑≡…• ↔•≡ ←×∂±⌠ ±≈ ↔•↔ ″≡≥±°↓•°↑≡←
↔↔↑…↔ ≡…• °↔•≡↑〉

⇒⊆⊄√⇐∨ ∇⇒⊄⊇⊆∨ ⇐∠⊇∇√⇐⇒⊄√∠∇⊂ ≤ ⇔∠√∑ 〉ñ±…°″″←

 ∇⇒⊄⊇⊆∨ ⇐∠⊇∇√⇐⇒⊄√∠∇⊂ ≤ ∑ ≤ ⇔∠√∑ 〉ñ±…°″″← ≤ ♦♦♦〉±↔♠↑≡〉…°″ñ±↔♠↑≡…°″″♠±∂…↔∂°±←
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

 ≈↓≠  ≈↓≠

 ≈↓≠  ≈↓≠ ≈↓≠

 ≈↓≠

 ≈↓≠

 ≈↓≠

≈

≡

•

∝ ×

∂

÷≠



…

≥

 ≈↓≠

∧∂÷♠↑≡  ≤ °…≥ ↑≡←…♠≡ °≠ ♣±↔•°↓•°↑≡ ±♠″≡↑← ±≈ °↑÷±∂∞↔∂°± ƒ ♣±↔•°↓•°↑≡← ∂± ↓≠≡≠≠≡↑ •°←↔←〉 �… ⊆≡←↔°↑↔∂°± °≠ ±°↑″≥ ±♠″≡↑ ±≈

°↑÷±∂∞↔∂°± °≠ ♣±↔•°↓•°↑≡← ∂± ↓≠≡≠≠≡↑〉 ≈⌠≡ ∩±↔•°↓•°↑≡← ←↓↑≡≈ ∂±↔° ±≡∂÷•°♠↑∂±÷ ♣±↔•°↓•°↑≡∫≈≡♥°∂≈ ←≡÷″≡±↔← ← …°•≡↑≡±↔ ±≡↔〉 ⇔←•≡≈ ↑≡≈ ≥∂±≡∑

°↑≈≡↑ °≠ ↔↑±←↓≥±↔≡≈ …≥♠←↔≡↑〉 ≠�× ⊆≡←↔°↑↔∂°± °≠ ↔•≡ ←↔↑∂↓≡≈ ↓↔↔≡↑± ƒ ∂±↔≡↑…↔∂°±← ≡↔♦≡≡± ↔•≡ ♣±↔•°↓•°↑≡ …≥♠←↔≡↑ ±≈ ↔•≡ •°←↔ ″≡≥±°↓•°↑≡←〉

≠�× ∪∂≈≡≥ƒ ≈∂←↔↑∂♠↔≡≈ ″≡≥±°↓•°↑≡← ≥…× ≡…°″≡ °↑÷±∂∞≡≈ ∂±↔° ←↔↑∂↓≡← °± ∂±…↑≡←≡ ∂± ±♠″≡↑ °≠ ♣±↔•°↓•°↑≡← ±≈ ↔•≡∂↑ …°″↓…↔∂°± ∂± ↔•≡ ≥∂÷•↔

←↔↑∂↓≡ ↑≡÷∂°±〉 ⊆≡≈ ↑↑°♦∑  …≥♠←↔≡↑ °≠ ″≡≥±°↓•°↑≡← ↔•↔ ∂← …≥≡↑≡≈ °♥≡↑ ↔∂″≡ ↑≡≈ ↑↑°♦•≡≈∑ ♣±↔•°↓•°↑≡← ↑≡↔↑…↔∂±÷ ≠↑°″ ≈↑× ←↔↑∂↓≡ ↑≡÷∂°±〉 ⇔←•≡≈ ↑≡≈

≥∂±≡∑ °↑≈≡↑ °≠ ↔•≡ …≥♠←↔≡↑ ←•°♦∂±÷ ♣±↔•°↓•°↑≡←∫↓°←∂↔∂♥≡ ↑≡ ♦∂↔• ↑≡←…♠≡≈ ↓↔↔≡↑± °± ↔•≡ ≥≡≠↔⌠ ±° ↑≡←…♠≡ °± ↔•≡ ↑∂÷•↔〉 ≥ ⇐•∂″≡↑ °↔∂±≡≈ ƒ

↔↑±←↓≥±↔↔∂°± °≠ ⊄÷↓♣∑¬∧∉ ∂±↔° ↓≠≡≠≠≡↑↑←←〉 ⊄•≡ ♣±↔•°↓•°↑≡ …≥♠←↔≡↑ …°♥≡↑←  ″≡↔″≡↑←⌠ ♦•≡↑≡← ↔•≡ ″≡≥±°↓•°↑≡← …≥♠←↔≡↑ …°♥≡↑←  ″≡↔″≡↑←〉

∩±↔•°↓•°↑≡←�÷↑≡≡±⌠ ⊄÷↓♣∑¬∧∉〉 ⇔←•≡≈ ↑≡≈ ≥∂±≡∑ °↑≈≡↑ °≠ ″≡≥±°↓•°↑≡← …≥♠←↔≡↑〉 ⊂…≥≡ ↑←⌠ �×∑ ″″⌠ ≥∑ ″″〉

∇⇒⊄⊇⊆∨ ⇐∠⊇∇√⇐⇒⊄√∠∇⊂ ≤ ⇔∠√∑ 〉ñ±…°″″← ⇒⊆⊄√⇐∨

∇⇒⊄⊇⊆∨ ⇐∠⊇∇√⇐⇒⊄√∠∇⊂ ≤ ∑ ≤ ⇔∠√∑ 〉ñ±…°″″← ≤ ♦♦♦〉±↔♠↑≡〉…°″ñ±↔♠↑≡…°″″♠±∂…↔∂°±← 
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⋅°″°↔ƒ↓∂… ∂±↔≡↑…↔∂°±← ″°±÷ ∂↑∂≈°↓•°↑≡←〉 ⊄•≡ ≥≡≥≥∂±÷ °≠
≈°±°↑ …≡≥≥← ♦∂↔• ⊄÷…↔∑¬∧∉ ≥≥°♦≡≈ ↔•≡ ←∂″♠≥↔±≡°♠← ≈≡↔≡…↔∂°±
°≠ ∂↑∂≈°↓•°↑≡∫ ±≈ ″≡≥±°↓•°↑≡ …≥♠←↔≡↑← ∂± …•∂″≡↑∂… ±∂″≥← ∂±
≥∂±° •°←↔← ∧∂÷〉 �…〉 √↑∂≈°↓•°↑≡ …≥♠←↔≡↑← ≈∂←↓≥ƒ≡≈  ≈°↑←°♥≡±∫
↔↑≥ °↑∂≡±↔↔∂°± …°±↔↑∂♠↔∂±÷ ↔° ←≡♥≡↑≥ ≥∂÷•↔ ←↔↑∂↓≡←⌠ ″♠…• ≥∂×≡ ↔•≡
⇐↑≡∫∂±≈♠…≡≈ ⊂°♣ …≥°±≡← ↓↑≡♥∂°♠←≥ƒ ±≥ƒ←≡≈〉 √± ↔•≡←≡ …•∂″≡↑←
↓↑°÷≡±∂↔°↑← °≠ ″≡≥±°↓•°↑≡← ← ♦≡≥≥ ← ∂↑∂≈°↓•°↑≡← •♥≡ ≡≡±
↔↑±←↓≥±↔≡≈〉 ⊄↑±←↓≥±↔∂±÷ ⊄÷⊄⇔∑¬∧∉ ←°♣∑″⊆∧∉ ∂±↔°
♦∂≥≈∫↔ƒ↓≡ •°←↔← ↑≡♥≡≥≡≈ ↔•↔ ∂↑∂≈°↓•°↑≡ …≥♠←↔≡↑← ≡÷∂± ≈∂♥∂←∂°±←
≠↔≡↑ ↔•≡ °±←≡↔ °≠ ″≡↔″°↑↓•°←∂← � ≈↓≠〉 ⊄•≡ƒ ≠°↑″≡≈ ↔•≡ �↑←↔
≥∂÷•↔ ←↔↑∂↓≡ ↔°÷≡↔•≡↑ ♦∂↔• ↔•≡ ♣±↔•°↓•°↑≡← ∧∂÷〉 ≈�÷〉 ∪≡ ≠°≥≥°♦≡≈
←∂♣ …≥♠←↔≡↑← ↔•↑°♠÷• ″≡↔″°↑↓•°←∂← ♠±↔∂≥  ≈↓≠⌠ ←•°♦∂±÷ ↔•↔ ↔•≡

…≥♠←↔≡↑← ←↓↑≡≈ °♥≡↑ � ″≡↔″≡↑← ±≈ ↔•≡ …≡≥≥ ±♠″≡↑ °≠ ↔•≡
…≥♠←↔≡↑← ∂±…↑≡←≡≈ ≠↑°″ � …≡≥≥← ♠↓ ↔°  …≡≥≥← ♦∂↔•∂±  ≈ƒ←⌠
♦•∂…• ↑≡↓↑≡←≡±↔←  ≈°♠≥∂±÷ °≠ …≡≥≥ ±♠″≡↑← ≡♥≡↑ƒ � ≈ƒ←〉

⇔♠≡ ↔° ≥°♦ ←♠↑♥∂♥≥ ↑↔≡← °≠ ←•≈ƒ …•∂″≡↑←⌠ °±≥ƒ ≠≡♦ …≥♠←↔≡↑←
°≠ ∂↑∂≈°↓•°↑≡← ≈≡♥≡≥°↓∂±÷ ∂± ↔•≡ ←•≈ƒ ″♠↔±↔⌠ ♦•∂…• ≥…× ≈♠≥↔
∂↑∂≈°↓•°↑≡←⌠ …°♠≥≈ ≡ ≠°≥≥°♦≡≈ °♥≡↑ ≥°±÷≡↑ ↔∂″≡ ↓≡↑∂°≈←〉 √± ↔•≡
←≡±…≡ °≠ •°←↔ ∂↑∂≈°↓•°↑≡←⌠ ≈°±°↑∫≈≡↑∂♥≡≈ ∂↑∂≈°↓•°↑≡← ♦≡↑≡ ≥≡
↔° ←↓↑≡≈ ≥↔≡↑≥≥ƒ⌠ ∂± °±≡ …←≡ ↔•≡ …≥♠←↔≡↑ ←↓±±≡≈  ″≡↔″≡↑≡←
↔  ≈↓≠⌠ ♦•∂…• ♦← ±≡♥≡↑ °←≡↑♥≡≈ ∂± ♦∂≥≈ ↔ƒ↓≡ ∧∂÷〉 •∫≥〉
⊄•∂← …≥°±≡ ←•°♦≡≈ ↑°♠±≈  ″↔♠↑≡ ∂↑∂≈°↓•°↑≡ …≡≥≥←⌠
♦•≡↑≡← ∂↑∂≈°↓•°↑≡ …≥°±≡← ∂± ♦∂≥≈ ↔ƒ↓≡ •≈ °±≥ƒ ↑°♠±≈ 
…≡≥≥← ↔ ↔•≡ ←″≡ ↔∂″≡ ↓°∂±↔〉





…  

≈

≡

≠

÷

•

∂

∝

×

≥

 •↓≠⌠ ∑∑  •↓≠⌠ ∑∑

∑∑ ∑∑

∑∑ ∑∑

∑∑ ∑∑

∑∑ ∑∑

∑∑ ∑∑

∧∂÷♠↑≡  ≤ √±↔≡↑…↔∂°± °≠ ♣±↔•°↓•°↑≡← ∂± ≥↑♥≥ ←↔÷≡〉 �≠ ∂♥≡∫∂″÷∂±÷ °≠ ♦∂≥≈∫↔ƒ↓≡ ♣±↔•°↓•°↑≡←�÷↑≡≡± ⊄÷↓♣∑¬∧∉⌠ ←•°♦← ↔•↔ …≡≥≥ ±♠″≡↑←

↑≡″∂± …°±←↔±↔ ≈♠↑∂±÷ ≥↑♥≥ ≈≡♥≡≥°↓″≡±↔〉 ⊂″≡ ∂″÷≡← ∂± ÷↑≡ƒ ←…≥≡〉 ÷±∂�…↔∂°± °≠ ↑≡≈ ≈°↔↔≡≈ °♣≡←∑ ≈ƒ±″∂… …≡≥≥�…≡≥≥ …°±↔…↔← °……♠↑ ƒ ≡♣↔≡±←∂°±

↑≡≈ ↑↑°♦← ±≈ ↑≡↔↑…↔∂°± ƒ≡≥≥°♦ ↑↑°♦← °≠ �≥°↓°≈∂〉 ÷�≥ ∂♥≡∫∂″÷∂±÷ °≠ ♣±↔•°↓•°↑≡←�÷↑≡≡± ⊄÷↓♣∑¬∧∉ ∂± ↓≠≡≠≠≡↑ …•∂″≡↑〉 ⊄↑±←↓≥±↔≡≈

♣±↔•°↓•°↑≡← ≈∂♥∂≈≡⌠ ≠°↑ ≡↔↔≡↑ ♥∂←∂∂≥∂↔ƒ ←″≡ ∂″÷≡ ∂± ÷↑≡ƒ ←…≥≡ ↑≡≈ ↑↑°♦•≡≈← ±≈ ≡♣↔≡±↔ �≥°↓°≈∂ ↔° ≡…• °↔•≡↑ ↑≡≈ ↑↑°♦〉 ⊂…≥≡ ↑←⌠ �≥∑ ″″〉

⇒⊆⊄√⇐∨ ∇⇒⊄⊇⊆∨ ⇐∠⊇∇√⇐⇒⊄√∠∇⊂ ≤ ⇔∠√∑ 〉ñ±…°″″←

 ∇⇒⊄⊇⊆∨ ⇐∠⊇∇√⇐⇒⊄√∠∇⊂ ≤ ∑ ≤ ⇔∠√∑ 〉ñ±…°″″← ≤ ♦♦♦〉±↔♠↑≡〉…°″ñ±↔♠↑≡…°″″♠±∂…↔∂°±←
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⊆≡÷≡±≡↑↔∂°± °≠ …•↑°″↔°↓•°↑≡← ≠↔≡↑ ←↔≡″ …≡≥≥ ≈≡↓≥≡↔∂°±〉
⇒±≥ƒ←∂← °≠ •°″°↔ƒ↓∂… ∂±↔≡↑…↔∂°±← ″°±÷ ∂↑∂≈°↓•°↑≡← ♦←
•″↓≡↑≡≈ ƒ  ≥°♦ ←♠↑♥∂♥≥ ↑↔≡ °≠ ←•≈ƒ …•∂″≡↑←〉 ∠↔•≡↑
∂↑∂≈°↓•°↑≡ ″♠↔±↔←⌠ ←♠…• ← ↑°←≡ ±≈ ↔↑±←↓↑≡±↔⌠ •♥≡ ↑≡←∂≈♠≥
∂↑∂≈°↓•°↑≡← ±≈ •≡±…≡ ↑≡ ±°↔ ←♠∂↔≥≡ ≠°↑ °♠↑ ±≥ƒ←∂←〉 ⊄° °↔∂±
″°↑≡ ∂±≠°↑″↔∂°± °± ↔•≡ ♠↔°±°″°♠← ≡•♥∂°♠↑ °≠ ∂↑∂≈°↓•°↑≡←
±≈ ″≡≥±°↓•°↑≡←⌠ ♦≡ ≈∂←↑♠↓↔≡≈ ↔•≡ ≠°↑″↔∂°± °≠ ″≡≥±°↓•°↑≡
±≈ ∂↑∂≈°↓•°↑≡ ←↔≡″ …≡≥≥← ƒ ∂±•∂∂↔∂±÷ ↔•≡ ≡↑∫ ↑≡…≡↓↔°↑ ↔ƒ↑∫
°←∂±≡ ×∂±←≡ ∨↑⇑ ↓↔•♦ƒ〉 ∨↑⇑ ←∂÷±≥≥∂±÷ ∂← ↑≡→♠∂↑≡≈ ↔°
≡←↔≥∂←• ↔•≡ ⇔⊆¬← ≈♠↑∂±÷ ↔•≡ ″∂÷↑↔∂°± °≠ ±≡♠↑≥ …↑≡←↔ …≡≥≥← ∂±
↔•≡ ≡↑≥ƒ ≡″↑ƒ°⌠〉 ⊄° ↑≡≈♠…≡ ∨↑⇑ …↔∂♥∂↔ƒ ∂±  ↔≡″↓°↑≥≥ƒ
…°±↔↑°≥≥≡≈ ″±±≡↑⌠ ♦≡ ♠←≡≈ ↔•≡ ←″≥≥ ″°≥≡…♠≥≡ ∂±•∂∂↔°↑

∉⇔ ↔  …°±…≡±↔↑↔∂°± ↔•↔ ↑≡←♠≥↔← ∂± ↔•≡ ←≡±…≡ °≠
←≡♥≡↑≥ °≠ ↔•≡ ⇔⊆¬∫≥°…↔≡≈ ←↔≡″ …≡≥≥← °≠ ″≡≥±°↓•°↑≡← ±≈
∂↑∂≈°↓•°↑≡← …♠←∂±÷ ÷↓← ∂± ↔•≡ ←↔↑∂↓≡≈ ↓↔↔≡↑±⌠〉 ⊄•∂← ≥≥°♦≡≈
♠← ↔° ←↔♠≈ƒ ↔•≡ ≡•♥∂°♠↑ °≠ ←♠↑♥∂♥∂±÷ ∂↑∂≈°↓•°↑≡← ±≈
″≡≥±°↓•°↑≡← ≈♠↑∂±÷ ↔•≡ ↑≡÷≡±≡↑↔∂°± °≠ ↔•≡ ←↔↑∂↓≡≈ ↓↔↔≡↑± ∂±
↔•≡ ÷↓←〉

√± ″±ƒ °≠ ↔•≡ ≈↑♠÷∫↔↑≡↔≡≈ �←•⌠ ÷↓← ∂± ↔•≡ ←↔↑∂↓≡≈ ↓↔↔≡↑±
♦≡↑≡ °←≡↑♥≡≈ ↔  ≈↓≠∑ ↔•≡ƒ ≈∂←↓≥ƒ≡≈ ↑≡÷∂°±← ♦∂↔•  ↑≡≈♠…≡≈
±♠″≡↑ °≠ ≥↑♥≥ ″≡≥±°↓•°↑≡←⌠ ±≈ ←≡±…≡ °≠ ≈≡±←≡ ∂↑∂≈°↓•°↑≡←
≠°↑″∂±÷ ↔•≡ �↑←↔ ≥∂÷•↔ ←↔↑∂↓≡ ↔ ↔•≡ •°↑∂∞°±↔≥ ″ƒ°←≡↓↔♠″
≡♣↔≡±≈∂±÷ ≡↔♦≡≡±  ±≈  ″≡↔″≡↑≡← ∧∂÷〉 ⌠≠
⊂♠↓↓≥≡″≡±↔↑ƒ ∧∂÷〉 〉 ∧∂←• ♦∂↔• ÷↓← ∂± ↔•≡ ←↔↑∂↓≡← ♦≡↑≡ ≠°≥≥°♦≡≈















≈

≡

…

 

 ≈↓≠ ≈↓≠

 ≈↓≠  ≈↓≠

⊃

⊃

⇔

⇔

∩

∩⊃

∩⊃

∩⇔

⇔

∪↔ ±… ∪↔ ±… ∪↔ ±…

∇°〉 °≠ ″≡↔″≡↑≡←



 







↑♥≥  ≈↓≠  ≈↓≠





 ≈↓≠

±… ∪↔ 

∧∂÷♠↑≡  ≤ ⊄↑±←↓≥±↔≡≈ ″≡≥±°↓•°↑≡ …≥♠←↔≡↑← ∂± …°±↔↑°≥ ≥∂±° ±≈ ±…↑≡ …•∂″≡↑←〉 ⊄•≡ °↑÷±∂∞↔∂°± °≠ ♦∂≥≈∫↔ƒ↓≡ ″≡≥±°↓•°↑≡← ≥…× ∂±  ≥∂±°

±≈ …⌠≈ ±…↑≡ •°←↔←〉 ⇒≈♠≥↔ ±…↑≡ �←• ≥…×∂±÷ ″≡≥±°↓•°↑≡← 〉 ⊂…≥≡ ↑←⌠ �≈∑ ″″〉 ≡ ∈♠±↔∂�…↔∂°± °≠ ↔•≡ ±♠″≡↑ °≠ ″≡↔″≡↑← °……♠↓∂≡≈ ƒ

♦∂≥≈∫↔ƒ↓≡ ″≡≥±°↓•°↑≡← ∂± ↔•≡ °≈ƒ ←↔↑∂↓≡← ∂± ≥∂±° …°±↔↑°≥ ≥♠≡ ±≈ ±…↑≡ ↑≡≈ •°←↔←〉 ⊄•≡ ±♠″≡↑ °≠ …≥♠←↔≡↑← ±≥ƒ←≡≈ ∂← ≈≡↓∂…↔≡≈ ∂± ↔•≡ ÷↑↓•〉

⊂↔♠≈≡±↔�← ↔∫↔≡←↔ ∪≡≥←• …°↑↑≡…↔≡≈ ↑≡♥≡≥≡≈ ←∂÷±∂�…±↔ ≈∂≠≠≡↑≡±…≡← ≡↔♦≡≡± ↔•≡ ←∂∞≡ °≠ ♦∂≥≈ ↔ƒ↓≡ ±≈ ±…↑≡ ″≡≥±°↓•°↑≡ …≥♠←↔≡↑← ↔  ≈↓≠∑ ♦∂≥≈ ↔ƒ↓≡⌠ ± 

…≥♠←↔≡↑←⌠  �←•≡← ±…↑≡⌠ ±  …≥♠←↔≡↑←⌠  �←•≡←⌠ ∉↑〉⌠ ↔ ≥↑♥≥ ←↔÷≡←∑ ♦∂≥≈ ↔ƒ↓≡⌠ ±  …≥♠←↔≡↑←⌠  �←•≡← ±…↑≡⌠ ±  …≥♠←↔≡↑←⌠  �←•≡←⌠

∉ 〉⌠  ≈↓≠∑ ♦∂≥≈ ↔ƒ↓≡⌠ ±  …≥♠←↔≡↑←⌠  �←•≡← ±…↑≡⌠ ±  …≥♠←↔≡↑←⌠  �←•≡←⌠ ∉ 〉 ±≈ ≈♠≥↔  ≈↓≠∑ ♦∂≥≈ ↔ƒ↓≡⌠ ±  …≥♠←↔≡↑←⌠

 �←•≡← ±…↑≡⌠ ±  …≥♠←↔≡↑←⌠  �←•≡←⌠ ∉ 〉 ±° ←∂÷±∂�…±↔ ≈∂≠≠≡↑≡±…≡ …°♠≥≈ ≡ ←•°♦±〉 ⋅°↑∂∞°±↔≥ ≥∂±≡← ∂± ≈↑× ≥♠≡ ♦∂≥≈ ↔ƒ↓≡ ±≈ ↑≡≈ ±…↑≡

∂±≈∂…↔≡ ↔•≡ ″≡± ♥≥♠≡ ±≈ ↔•≡ ≡↑↑°↑ ↑← ↑≡↓↑≡←≡±↔ ←↔±≈↑≈ ≈≡♥∂↔∂°±〉 ⊂↔♠≈≡±↔�← ↔∫↔≡←↔ ∪≡≥←• …°↑↑≡…↔≡≈ ♦← ♠←≡≈ ↔° ≈≡↔≡↑″∂±≡ ↔•≡ ∉∫♥≥♠≡〉

∇⇒⊄⊇⊆∨ ⇐∠⊇∇√⇐⇒⊄√∠∇⊂ ≤ ⇔∠√∑ 〉ñ±…°″″← ⇒⊆⊄√⇐∨

∇⇒⊄⊇⊆∨ ⇐∠⊇∇√⇐⇒⊄√∠∇⊂ ≤ ∑ ≤ ⇔∠√∑ 〉ñ±…°″″← ≤ ♦♦♦〉±↔♠↑≡〉…°″ñ±↔♠↑≡…°″″♠±∂…↔∂°±← 
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≠↑°″  ≈↓≠ ≡♥≡↑ƒ � ≈ƒ← ♠±↔∂≥  ≈↓≠ ∧∂÷〉 〉 ∪≡ °←≡↑♥≡≈ ↔•↔
� ←≡÷″≡±↔ ≥↑÷≡ ÷↓← ♦≡↑≡ …°″↓≥≡↔≡≥ƒ �≥≥≡≈ ƒ ∂↑∂≈°↓•°↑≡←
…°″∂±÷ ≠↑°″ ≈∝…≡±↔ ←≡÷″≡±↔← ∧∂÷〉 �≡ ±≈ ↔•≡ ↓↔↔≡↑±
↑≡÷≡±≡↑↔≡≈ ♦∂↔•∂± � ≈ƒ← →♠±↔∂�…↔∂°± ∂± ∧∂÷〉 ×〉 ↑÷≡
÷↓← ⇑ ″≡↔″≡↑≡← °±  ≈↓≠ ♦≡↑≡ ≥←° �≥≥≡≈ ∂± ƒ ←↓↑≡≈∂±÷
∂↑∂≈°↓•°↑≡←⌠ ♠↔ ↔•≡ ↑≡…°♥≡↑ƒ ↔°°× ≥°±÷≡↑ ∧∂÷〉 ≠�×〉 ⊄•≡ ←↔↑∂↓≡≈
↓↔↔≡↑± ♦← ±°↔ ↑≡↓∂↑≡≈ ↓≡↑≠≡…↔≥ƒ ↑≡←♠≥↔∂±÷ ∂± ♦♥ƒ ≥∂÷•↔ ±≈
≈↑× ←↔↑∂↓≡← °±  ≈↓≠〉 √± ←°″≡ …←≡← ±  ♦≡ °←≡↑♥≡≈
↔•↔ ∂↑∂≈°↓•°↑≡ …≥♠←↔≡↑← ↓↓≡↑≡≈ ∂± ↔•≡ ″∂≈≈≥≡ °≠ ↔•≡ ÷↓←
♦•∂↔≡ ↑↑°♦← ∂± ∧∂÷〉 ÷�∂ ←↓↑≡≈∂±÷ ∂± ≥≥ ≈∂↑≡…↔∂°±← ±≈
↑≡←♠≥↔∂±÷ ∂±  ↑°≈≡↑ ≥∂÷•↔ ←↔↑∂↓≡〉 √± ←″≥≥≡↑ ÷↓← ↔•≡ …≡≥≥ ±♠″≡↑
°≠ ″≡≥±°↓•°↑≡← ∂± ″≡↔″≡↑≡← ↑≡…°♥≡↑≡≈ ≠♠≥≥ƒ ♦∂↔•∂±  ≈ƒ←
ƒ∂≡≥≈∂±÷ ≡↔♦≡≡±  ±≈  ″≡≥±°↓•°↑≡← ↓≡↑ ″≡↔″≡↑≡⌠ ↔•≡
←″≡ ±♠″≡↑ ← …°″↓↑≡≈ ↔° ↔•≡ …°±↔↑°≥ ↔•≡ ←↔↑∂↓≡≈ ↑≡÷∂°±←
°♠↔←∂≈≡ ↔•≡ ÷↓ ∧∂÷〉 ≥ �←• ⌠  ⊂♠↓↓≥≡″≡±↔↑ƒ ⊄≥≡ ⌠
♦•≡↑≡← ∂± ↔•≡ ∂÷÷≡↑ ÷↓← °±  ≈↓≠ ↔•≡ ″≡≥±°↓•°↑≡ ±♠″≡↑
♦← ←↔∂≥≥ ≥°♦≡↑ ° ″≡≥±°↓•°↑≡← ↓≡↑ ″≡↔″≡↑≡ ∧∂÷〉 ≥⌠ �←• ⌠ 
±≈  ⊂♠↓↓≥≡″≡±↔↑ƒ ⊄≥≡ 〉 √± ↔•≡←≡ ≥↑÷≡↑ ÷↓←⌠ °±≥ƒ ↔•≡
←≡÷″≡±↔← ≈∝…≡±↔ ↔° ↔•≡ ←↔↑∂↓≡≈ ↑≡÷∂°± ↑≡…°♥≡↑≡≈ ←∂÷±∂�…±↔≥ƒ〉

⊄° ♥∂←♠≥∂∞≡ ↔•≡ ≡•♥∂°♠↑ °≠ ←♠↑♥∂♥∂±÷ ∂↑∂≈°↓•°↑≡← ±≈
″≡≥±°↓•°↑≡← ≈♠↑∂±÷ ↓↔↔≡↑± ↑≡÷≡±≡↑↔∂°±⌠ ♦≡ ↓≡↑≠°↑″≡≈ ≈↑♠÷∫
″≡≈∂↔≡≈ ∨↑⇑ ∂±•∂∂↔∂°± °± ±∂″≥← …↑↑ƒ∂±÷ ⊄÷←°♣∑″⊆∧∉

±≈ ∂″÷≡≈ ″≡↔″°↑↓•∂… �←• ∧∂÷← ⌠  ⊂♠↓↓≥≡″≡±↔↑ƒ ∧∂÷〉 〉
√↑∂≈°↓•°↑≡← ↔ ↔•≡ ″↑÷∂±← °≠ ↔•≡ ÷↓← ″∂÷↑↔≡ ≥↔≡↑≥≥ƒ⌠
°……♠↓ƒ∂±÷ ∂↑∂≈°↓•°↑≡∫≈≡♥°∂≈ ↑≡÷∂°±← °≠ ↔•≡ ↓↑°←↓≡…↔∂♥≡ �↑←↔ ≥∂÷•↔
←↔↑∂↓≡ ↑↑°♦•≡≈← ∂± ∧∂÷〉 〉 ⊄•♠← ƒ ↓↑°≥∂≠≡↑↔∂°± ±≈ ≥↔≡↑≥
≈∂←↓≡↑←≥⌠ ∂↑∂≈°↓•°↑≡← …≥°←≡≈ ↔•≡ ÷↓← °≠ � ″≡↔″≡↑← …°″↓≥≡↔≡≥ƒ
♦∂↔•∂± � ≈ƒ← ÷↑↓• ∂± ∧∂÷〉 ×〉 √↑∂≈°↓•°↑≡← ↔ ↔•≡ ″↑÷∂±←
°≠ ↔•≡ ÷↓← ≈∂←↓≥ƒ≡≈ ↔•≡ ″°↑↓•°≥°÷ƒ °≠ ≥°°←≡ ∂↑∂≈°↓•°↑≡←⌠ ±≈
↓↑°≥∂≠≡↑↔≡≈ ±≈ ″∂÷↑↔≡≈ ∧∂÷〉 �…〉 √↑∂≈°↓•°↑≡← ↔•↔ ↑≡ ≡•∂±≈
↔•≡ ″∂÷↑↔°↑ƒ ∂↑∂≈°↓•°↑≡← ≡…″≡ ≈≡±←≡≥ƒ ↓…×≡≈ ±≈ …→♠∂↑≡≈
↔•≡ ″°↑↓•°≥°÷ƒ °≠ ≥∂÷•↔ ←↔↑∂↓≡ ∂↑∂≈°↓•°↑≡←〉 √± ±∂″≥← ≈≡♥≡≥°↓∂±÷
♦∂↔• ≥↑÷≡ ÷↓← ⇑ ←≡÷″≡±↔←⌠ °……←∂°±≥≥ƒ ↑≡÷≡±≡↑↔∂±÷
∂↑∂≈°↓•°↑≡← …°♠≥≈ ≡ ←≡≡± ∂± ↔•≡ ″∂≈≈≥≡ °≠ ↔•≡ ÷↓← ∧∂÷〉 ÷∫∂
⊂♠↓↓≥≡″≡±↔↑ƒ ∧∂÷〉 〉 ⊄•≡←≡ ∂↑∂≈°↓•°↑≡ …≥♠←↔≡↑← ♦≡↑≡ ←∂″∂≥↑ ∂±
←∂∞≡ ↔° ∂↑∂≈°↓•°↑≡ …≥°±≡← °↑∂÷∂±↔∂±÷ ≠↑°″ ←↔≡″ …≡≥≥←⌠ ←♠÷÷≡←↔∂±÷
 ↑≡÷≡±≡↑↔∂°± ↓°↔≡±↔∂≥ ≠°↑ ↔•≡ ↓↑°÷≡±∂↔°↑←〉

≡≥±°↓•°↑≡← ≥←° ↑≡÷≡±≡↑↔≡≈ ≠↑°″ ↔•≡ ″↑÷∂±← °≠ ↔•≡ ÷↓←〉
⇒≥↔•°♠÷•  ≠≡♦ ″≡≥±°↓•°↑≡← ≈∂←↓≥ƒ≡≈ ≥↔≡↑≥ ″°♥≡″≡±↔
ƒ≡≥≥°♦ ↑↑°♦ ∂± ∧∂÷〉 …�÷⌠ ″°←↔ ″≡≥±°↓•°↑≡← ↓↓≡↑≡≈ ≈≡
±°♥°〉 ⊄•∂← ←♠÷÷≡←↔← ↔•↔ ↔•≡ ±≡♦ ″≡≥±°↓•°↑≡← °↑∂÷∂±↔≡ ≠↑°″
♠±↓∂÷″≡±↔≡≈ ″≡≥±°≥←↔←⌠ ♦•∂…• ↑≡ ↑≡÷≡±≡↑↔≡≈ ƒ ←↔≡″ …≡≥≥← ∂±
↔•≡ ←≡÷″≡±↔← ↔ ↔•≡ ″↑÷∂±← °≠ ↔•≡ ÷↓←〉 ⊄•≡ ″≡≥±°↓•°↑≡←
≡♣•∂∂↔≡≈ ≥∂″∂↔← ∂± ″°♥≡″≡±↔ ∂± ∧∂÷〉 ⌠ ↔•↑≡≡ ″≡≥±°↓•°↑≡←

 

≈…

≡ ≠

÷ •

 ≈↓≠  ≈↓≠

 ≈↓≠  ≈↓≠

 ≈↓≠  ≈↓≠

 ≈↓≠  ≈↓≠

∧∂÷♠↑≡  ≤ ⇑≡•♥∂°♠↑ °≠ ″≡≥±°↓•°↑≡ …≥♠←↔≡↑← ∂± ±…↑≡ •°←↔〉 ⇐≥♠←↔≡↑← °≠ ♦∂≥≈∫↔ƒ↓≡ ″≡≥±°↓•°↑≡← ⊄÷⊄⇔∑¬∧∉ ←°♣∑″⊆∧∉ ∂± ±…↑≡ ≠°≥≥°♦≡≈ ↔•↑°♠÷•

″≡↔″°↑↓•°←∂← ƒ ⌠…⌠≡⌠÷⌠• ↑∂÷•↔∫�≡≥≈ ″∂…↑°←…°↓ƒ ±≈ ⌠≈⌠≠ …°±≠°…≥ ∂″÷∂±÷〉 �•∑ ⇔°↑←≥ ±≈ ♥≡±↔↑≥ ←↔↑≡×← °≠ ″≡≥±°↓•°↑≡← ↑≡ ♥∂←∂≥≡ ↑≡≈ ±≈

↓∂±× ↑↑°♦←〉 ⊄•≡←≡ ″≡≥±°↓•°↑≡← ÷↑≈♠≥≥ƒ ≈∂←↓↓≡↑〉 ≡�÷ ∠±  ±≈  ≈↓≠ …°±≠°…≥ ″∂…↑°←…°↓ƒ ←•°♦←  ⇔⊆¬ ≥≡≥≥≡≈ ♦∂↔•∂± ↔•≡ ″≡≥±°↓•°↑≡ …≥♠←↔≡↑〉

⌠≈ ⊂°♣∑″⊆∧∉ ≥≡≥← …≥♠←↔≡↑← °≠ ♣±↔•°↓•°↑≡← ƒ≡≥≥°♦ ↑↑°♦←⌠ ≈⌠≠ ⊄⇔∑¬∧∉ ≥≡≥← ∂↑∂≈°↓•°↑≡← ♦•∂↔≡ ↑↑°♦←〉 ≡�÷ ⊄•≡ ″≡≥±°↓•°↑≡ …≥♠←↔≡↑

≡♣↔≡±≈← °♥≡↑ °♠↔ ←∂♣ ←≡÷″≡±↔←〉 • ⇒↔  ≈↓≠ ↔•≡←≡ ″≡≥±°↓•°↑≡← ≈∂←↓↓≡↑ …°″↓≥≡↔≡≥ƒ ≥≡♥∂±÷  ÷•°←↔ ≈↑× ←↔↑∂↓≡ ↓↔↔≡↑± ←♠↑↑°♠±≈≡≈ ƒ ≥∂÷•↔ ←↔↑∂↓≡←〉

¬↑≡≡± ↓≥♠← ↑≡≈∑ ∂↑∂≈°↓•°↑≡←⌠ ↑≡≈ °±≥ƒ∑ ♣±↔•°↓•°↑≡←⌠ ↑≡≈ ↓≥♠← ≥…×∑ ″≡≥±°↓•°↑≡←〉 ⊂…≥≡ ↑←⌠ �•∑ ″″〉

⇒⊆⊄√⇐∨ ∇⇒⊄⊇⊆∨ ⇐∠⊇∇√⇐⇒⊄√∠∇⊂ ≤ ⇔∠√∑ 〉ñ±…°″″←

 ∇⇒⊄⊇⊆∨ ⇐∠⊇∇√⇐⇒⊄√∠∇⊂ ≤ ∑ ≤ ⇔∠√∑ 〉ñ±…°″″← ≤ ♦♦♦〉±↔♠↑≡〉…°″ñ±↔♠↑≡…°″″♠±∂…↔∂°±←
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←∂↔♠↔≡≈ ≥°±÷ ↔•≡ •°↑∂∞°±↔≥ ″ƒ°←≡↓↔♠″ ≥♠≡ ↑↑°♦← ∂±
∧∂÷〉 �≈⌠ ≈∂←↓≥ƒ≡≈ ←•°↑↔∫←…≥≡ ″°♥≡″≡±↔ ↔°♦↑≈← ↔•≡ ≈°↑←≥
←↔↑∂↓≡ ↑≡÷∂°± °± ↔•≡ ↑↑∂♥≥ °≠ ∂↑∂≈°↓•°↑≡← ∂± ↔•≡ ≈∝…≡±↔ ≥∂÷•↔
←↔↑∂↓≡ ↑≡÷∂°±〉 ⊄•≡ ∨↑⇑ ∂±•∂∂↔∂°± ≈∂≈ ±°↔ ≠≠≡…↔ ♣±↔•°↓•°↑≡←
⊂♠↓↓≥≡″≡±↔↑ƒ ∧∂÷〉 〉

⇒ …≥°←≡↑ ±≥ƒ←∂← °≠ ≈≡♥≡≥°↓∂±÷ ±∂″≥← ↔•↔ •≈  ÷↓ ∂± ↔•≡
�↑←↔ ≥∂÷•↔ ←↔↑∂↓≡⌠ ≥≥°♦≡≈ ♠← ↔° ←↔♠≈ƒ ↔•≡ ≠°↑″↔∂°± °≠ ±
∂±↔≡↑↑♠↓↔≡≈ ←↔↑∂↓≡ ↓↔↔≡↑± ∧∂÷〉 ≈�×〉 √± ± ±∂″≥ ♦∂↔• ± ∂±∂↔∂≥
÷↓ °≠ ←∂♣ ←≡÷″≡±↔←⌠ �♥≡ ←≡÷″≡±↔← ♦≡↑≡ �≥≥≡≈ ƒ ≥↔≡↑≥ ″∂÷↑↔∂°±
°≠ ∂↑∂≈°↓•°↑≡← ♦∂↔•∂±  ≈ƒ← ∧∂÷〉 ≈�∂〉 √±↔≡↑≡←↔∂±÷≥ƒ⌠  ↑≡× ∂±
↔•≡ �↑←↔ ≥∂÷•↔ ←↔↑∂↓≡ ∩ …°↑↑≡←↓°±≈≡≈ ↔°  ↑≡× ∂± ±≡♦≥ƒ
≠°↑″∂±÷ ≥∂÷•↔ ←↔↑∂↓≡ ∩⊃ ↑≡≈ ↑↑°♦•≡≈← ∂± ∧∂÷〉 ∂〉 ⊄•∂← ∂←
…°±←∂←↔≡±↔ ♦∂↔•  …≥°±≥≥ƒ∫↑≡≥↔≡≈ °↑∂÷∂± °≠ ∂↑∂≈°↓•°↑≡← ≥°±÷ ↔•≡
≈°↑←°♥≡±↔↑≥ ♣∂←〉 ⊂°″≡ ≥↑♥≥ ″≡≥±°↓•°↑≡← ↓≡↑←∂←↔≡≈ ∂± ↔•≡
÷↓← ↑≡≈ ↑↑°♦← ∂± ∧∂÷〉 ≈�•⌠ •°♦≡♥≡↑⌠ ↔•≡ ″≡≥±°↓•°↑≡
±♠″≡↑← ≈∂≈ ±°↔ ↑≡…°♥≡↑ ← ≠←↔ ← ∂↑∂≈°↓•°↑≡←⌠ ≥≡≈∂±÷ ↔° 

″≡≥±°↓•°↑≡∫≈≡↓↑∂♥≡≈ ↑≡÷∂°± ∂± ↔•≡ ≈↑× ←↔↑∂↓≡ ∧∂÷〉 ≈⌠≡〉
⊂♠←≡→♠≡±↔≥ƒ⌠ ↔•∂← ″≡≥±°↓•°↑≡∫≈≡↓↑∂♥≡≈ ↑≡÷∂°± ♦← ∂±♥≈≡≈ ƒ
∂↑∂≈°↓•°↑≡← ≠↑°″ ↔•≡ �↑←↔ ∩ ±≈ ↔•≡ ±≡♦≥ƒ ≠°↑″∂±÷ ∩⊃
≥∂÷•↔ ←↔↑∂↓≡←⌠ ≥≡≈∂±÷ ↔° ∂±↔≡↑↑♠↓↔∂°±← °≠ ↔•≡ ≈↑× ←↔↑∂↓≡ ƒ ≥∂÷•↔
←↔↑∂↓≡ ↑≡÷∂°±← ∧∂÷〉 ∂∫×〉 ∪≡ …°±…≥♠≈≡ ↔•↔ ↔•≡ ≥↔≡↑≥ ←↓↑≡≈∂±÷
°≠ ↔•≡ ″≡≥±°↓•°↑≡←⌠ ∂± …°±↔↑←↔ ↔° ↔•↔ °≠ ↔•≡ ∂↑∂≈°↓•°↑≡← ∂←
…°±←↔↑∂±≡≈〉

⊆≡÷≡±≡↑↔∂°± °≠ ♣±↔•°↓•°↑≡← ≠↔≡↑ …≡≥≥∫←↓≡…∂�… ≥↔∂°±〉 ⊄°
↔≡←↔ ↔•≡ ↑≡÷≡±≡↑↔∂♥≡ ↓°↔≡±↔∂≥ °≠ ♣±↔•°↓•°↑≡←⌠ ♦≡ ≥↔≡≈ ≥↑♥≥
♣±↔•°↓•°↑≡← ↔  ≈↓≠ ƒ ±∂↔↑°↑≡≈♠…↔←≡∫″≡≈∂↔≡≈ …≡≥≥ ≥↔∂°±

∂± ⊄÷≠″←∑÷≥ ⊇⇒⊂∑±≠←⇑∫″⇐•≡↑↑ƒ ≥↑♥≡〉 ⊄° ≡≠�…∂≡±↔≥ƒ ↔↑…≡
↔•≡ ♣±↔•°↓•°↑≡←⌠ ↔•≡ƒ ♦≡↑≡ …↑↑ƒ∂±÷ ⊄÷↓♣∑¬∧∉ ♦•∂…•
≥←° ≥≡≥← ″♠←…≥≡ ←↔≡″ …≡≥≥←〉 ∧°≥≥°♦∂±÷ ″≡↔↑°±∂≈∞°≥≡
↔↑≡↔″≡±↔ ≠°↑  •⌠ ±∂↔↑°↑≡≈♠…↔←≡ ≡♣↓↑≡←←∂±÷ ♣±↔•°↓•°↑≡← ♦≡↑≡
≡≠�…∂≡±↔≥ƒ ≥↔≡≈ ♦∂↔•°♠↔ ≠≠≡…↔∂±÷ ↔•≡ ←♠↑↑°♠±≈∂±÷ ↑…•∂↔≡…↔♠↑≡







 



    



        

   

 
≡ ≠

∂



   

•

 

 ≈↓≠  ≈↓≠  ≈↓≠  ≈↓≠

≈

 ≈↓≠  ≈↓≠  ≈↓≠

 ≈↓≠ ≈↓≠

  …

÷

 ≈↓≠  ≈↓≠  ≈↓≠

∝

× ≥

∧∂÷♠↑≡  ≤ ⇑≡•♥∂°♠↑ °≠ ∂↑∂≈°↓•°↑≡← ∂± …°±↔↑°≥ ≥∂±° ±≈ ∂↑∂≈°↓•°↑≡∫≈≡�…∂≡±↔ ←•≈ƒ •°←↔←〉 �… √↑∂≈°↓•°↑≡ ±≈ ″≡≥±°↓•°↑≡← …≥♠←↔≡↑← ≈≡↑∂♥≡≈ ≠↑°″

⊄÷ ∫…↔∑¬∧∉ ∂± …°±↔↑°≥ ≥∂±° ±≥ƒ←≡≈ ♦∂↔• �♠°↑≡←…≡±…≡ ⌠… ±≈ ↑∂÷•↔∫�≡≥≈ ″∂…↑°←…°↓ƒ ∑ ↔  ≈↓≠ ∂↑∂≈°↓•°↑≡← ±≈ ″≡≥±°↓•°↑≡← …°♥≡↑ ←≡♥≡↑≥

←↔↑∂↓≡← ←↓±±∂±÷ ≡↔♦≡≡±  ±≈  ″≡↔″≡↑≡←〉 ≈�÷ ⇐°±≠°…≥ ∂″÷≡← °≠ ⊄÷⊄⇔∑¬∧∉∫≥≡≥≥≡≈ ∂↑∂≈°↓•°↑≡ …≥♠←↔≡↑← ∂± …°±↔↑°≥ ≥∂±°∑ ∂↑∂≈°↓•°↑≡←

↓↓≡↑ ∂± ↔•↑≡≡ ≈∝…≡±↔ ″≡↔″≡↑≡← ↔  ≈↓≠ ±≈ ″♠≥↔∂↓≥ƒ ♦∂↔•∂± ↔•≡ ←″≡ ″≡↔″≡↑≡←〉 •�≥ ⊄÷⊄⇔∑¬∧∉ ←°♣∑″⊆∧∉ …≥♠←↔≡↑ ∂± ←•≈ƒ …°♥≡↑← 

″≡↔″≡↑≡← ↔  ≈↓≠〉 ⇔←•≡≈ ♦•∂↔≡ ≥∂±≡← ∂±≈∂…↔≡ ♥≡↑↔∂…≥ ±≈ •°↑∂∞°±↔≥ ″ƒ°←≡↓↔〉 ⊆≡≈ ±♠″≡↑← ∂±≈∂…↔≡ ″≡↔″≡↑≡←〉 ⊂…≥≡ ↑←⌠ �…∑  ″″⌠ ≈�≥∑  ″″〉

∇⇒⊄⊇⊆∨ ⇐∠⊇∇√⇐⇒⊄√∠∇⊂ ≤ ⇔∠√∑ 〉ñ±…°″″← ⇒⊆⊄√⇐∨

∇⇒⊄⊇⊆∨ ⇐∠⊇∇√⇐⇒⊄√∠∇⊂ ≤ ∑ ≤ ⇔∠√∑ 〉ñ±…°″″← ≤ ♦♦♦〉±↔♠↑≡〉…°″ñ±↔♠↑≡…°″″♠±∂…↔∂°±← 
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∧∂÷〉  �≥〉 ⊄° ♥∂←♠≥∂∞≡ ↔•≡ ≡♣↔≡±↔ °≠ ♣±↔•°↓•°↑≡ ↑≡÷≡±≡↑↔∂°±⌠
♦≡ ↔↑…×≡≈ ↔•≡ ≥↔≡≈ ↑≡÷∂°±← ♠←∂±÷ …°±≠°…≥ ″∂…↑°←…°↓ƒ〉
⇑ƒ  ≈↓≠ ↑≡÷≡±≡↑↔≡≈ ÷↑≡≡± �♠°↑≡←…≡±↔ ↓↑°↔≡∂± ¬∧∉∫≥≡≥≥≡≈
♣±↔•°↓•°↑≡← …°♠≥≈ ≡ °←≡↑♥≡≈ ∂± ≡…• ←≡÷″≡±↔〉 ⋅°♦≡♥≡↑⌠
♠±≡♣↓≡…↔≡≈≥ƒ⌠ ↑≡÷≡±≡↑↔≡≈ ♣±↔•°↓•°↑≡← ≈∂≈ ±°↔ ←•°♦ ↔•≡
≠″←∑÷≥∫″≡≈∂↔≡≈ ±≠←⇑∫″⇐•≡↑↑ƒ ≡♣↓↑≡←←∂°±⌠ ←♠÷÷≡←↔∂±÷ ←∂≥≡±…∂±÷
°≠ ↔•≡ ↔↑±←÷≡±≡〉 ∪•≡± ÷↑°♦± ↔° ≈♠≥↔•°°≈⌠ �←• ≈∂←↓≥ƒ≡≈ 
±°↑″≥ ≠°↑″↔∂°± °≠ ↔•≡ ←↔↑∂↓≡≈ ↓↔↔≡↑± ∂±≈∂…↔∂±÷ ↔•↔
♣±↔•°↓•°↑≡← ♦≡↑≡ ≠♠≥≥ƒ ↑≡←↔°↑≡≈ ∧∂÷〉 ″〉 ∪≡ ←♠÷÷≡←↔ ↔•↔
↔•≡ ↑≡÷≡±≡↑↔∂°± °……♠↑← ≠↑°″ ♣±↔•°↓•°↑≡← °↑∂÷∂±↔∂±÷ ≠↑°″
″♠≥↔∂↓°↔≡±↔ ∂↑∂≈°↓•°↑≡ñ″≡≥±°↓•°↑≡ ←↔≡″ …≡≥≥←〉

⇔∂←…♠←←∂°±
⊄•≡ ≠°↑″↔∂°± °≠ ↔•≡ ←↔↑∂↓≡≈ …°≥°♠↑ ↓↔↔≡↑± ∂± ∞≡↑�←• ∂±♥°≥♥≡←
←≡♥≡↑≥ …≡≥≥ ≡•♥∂°♠↑←⌠ ∂±…≥♠≈∂±÷ ↓∂÷″≡±↔∫…≡≥≥ ↓↑°≥∂≠≡↑↔∂°±⌠
≈∂←↓≡↑←≥ ±≈ ←↓↔∂≥≥ƒ …°±↔↑°≥≥≡≈ …≡≥≥∫←•↓≡ ↔↑±←∂↔∂°±← ∂± ↔•≡
←×∂±⌠⌠⌠〉 √± ↔•∂← ←↔♠≈ƒ⌠ ♦≡ �±≈  ↑°≥≡ ≠°↑ •°″°↔ƒ↓∂…
…°″↓≡↔∂↔∂°± ∂± ↑≡÷♠≥↔∂±÷ ↓∂÷″≡±↔∫…≡≥≥ ↓↑°≥∂≠≡↑↔∂°±⌠ ≈∂←↓≡↑←≥
±≈ ↔∂≥∂±÷ ∂± ↔•≡ ←×∂± ≠°↑ ≥≥ ↔•↑≡≡ …•↑°″↔°↓•°↑≡ ↔ƒ↓≡←〉 √± ↔•≡
←≡±…≡ °≠ …°″↓≡↔∂±÷ …≡≥≥← ♦∂↔•∂±  ≥ƒ≡↑ ∂± ↔•≡ ←×∂±⌠
≈°±°↑∫≈≡↑∂♥≡≈ …≥♠←↔≡↑← °≠ ♣±↔•°↓•°↑≡← ±≈ ∂↑∂≈°↓•°↑≡←
↓↑°≥∂≠≡↑↔≡ ↔  ≠←↔≡↑ ↑↔≡ ↔•± ∂± ↔•≡∂↑ ±°↑″≥ ←♠↑↑°♠±≈∂±÷ ±≈
…°♥≡↑ ≥↑÷≡↑ ↑≡÷∂°±← °≠ ↔•≡ ←×∂±〉 ♠↔±↔ ±≥ƒ←∂← ∂±≈∂…↔≡← ↔•↔

 ≈↓≠

  

 

 ≈↓≠

 ≈↓≠

 ≈↓≠

 ≈↓≠

   



     


∑ ∧∂←• 



…

≈

≡

≠∑ ∧∂←• 

÷

•

∂

∝

∠



×

≥

 ≈↓≠

 ≈↓≠

 ≈↓≠

 ≈↓≠

 ≈↓≠

























                  

∧∂←• 

∧∂←• 

∧∂←• 

∧∂←• 

∧∂←• 

∧∂←• 

∧∂←• 

∧∂←• 

∧∂←• 

∧∂←• 

∧∂←• 

∇°〉 °≠ ÷↓ ″≡↔″≡↑← ∂↑∂≈°↓•°↑≡← 

∧∂←•  ∧∂←•  











  










  










    

∧∂←• ∧∂←•  ∧∂←•  

∇°〉 °≠ ″≡≥±°↓•°↑≡← ∂± ÷↓ ″≡↔″≡↑← 











     










         

 ≈↓≠  ≈↓≠  ≈↓≠

∧∂÷♠↑≡  ≤ ⊆≡÷≡±≡↑↔∂°± °≠ ∂↑∂≈°↓•°↑≡← ±≈ ″≡≥±°↓•°↑≡← ≠↔≡↑ ∨↑⇑ ∂±•∂∂↔∂°±〉 ⊄↑≡↔″≡±↔ ♦∂↔• ∉⇔ ≈♠↑∂±÷ ≡″↑ƒ°÷≡±≡←∂← ←≡≡ ″≡↔•°≈← ↑≡←♠≥↔←

∂± �∝ ÷↓← °≠ ≈∂≠≠≡↑≡±↔ ←∂∞≡← � ″≡↔″≡↑← ∂± ↔•≡ ←↔↑∂↓≡≈ ↓↔↔≡↑± °≠ ″≡↔″°↑↓•°←∂±÷ �←•〉 ∠♥≡↑≥≥  �←•≡← …↑↑ƒ∂±÷ ÷↓← ≡↔♦≡≡±  ±≈  ″≡↔″≡↑←

♦≡↑≡ ∂″÷≡≈ ↔•↑°♠÷• ″≡↔″°↑↓•°←∂←〉 ⊆≡≈ ±♠″≡↑← �∂ ∂±≈∂…↔≡ ↔•≡ ←≡÷″≡±↔← ↔•↔ ↑≡ ≈≡♥°∂≈ °≠ ∂↑∂≈°↓•°↑≡← ↔ ↔•≡ °±←≡↔ °≠ ↑∂÷•↔∫�≡≥≈ ∂″÷∂±÷〉 ⇔←•≡≈

≥∂±≡← ∂±≈∂…↔≡ ♥≡↑↔∂…≥ ±≈ •°↑∂∞°±↔≥ ″ƒ°←≡↓↔〉 ∠±  ≈↓≠ ÷  ←↓°↔ °≠ ↑≡÷≡±≡↑↔∂±÷ ∂↑∂≈°↓•°↑≡← ↓↓≡↑← ∂± ↔•≡ ″∂≈≈≥≡ °≠ ↔•≡ ÷↓ ±≈ ∂↔ ≡♣↓±≈← ≥↔≡↑≥≥ƒ

♦•∂↔≡ ↑↑°♦ ∂± ÷⌠•⌠∂〉 × ⊄∂″≡ ∂± ≈ƒ← ↔×≡± ↔° �≥≥ ↔•≡ ÷↓← °≠ ♥↑∂≥≡ ←∂∞≡← ∂± ↔•≡ ←↔↑∂↓≡ ↓↔↔≡↑±〉 ≥ √±…↑≡←≡ ∂± ±♠″≡↑← °≠ ″≡≥±°↓•°↑≡← ∂± ∂±≈∂♥∂≈♠≥

�←• ±  ≈♠↑∂±÷ ↑≡÷≡±≡↑↔∂°± °≠ ÷↓ ″≡↔″≡↑← ↔ ↔•↑≡≡ ≈∂≠≠≡↑≡±↔ ↔∂″≡ ↓°∂±↔←⌠ ⌠  ±≈  ≈↓≠〉 ⊂…≥≡ ↑←⌠ �∝∑ ″″〉

⇒⊆⊄√⇐∨ ∇⇒⊄⊇⊆∨ ⇐∠⊇∇√⇐⇒⊄√∠∇⊂ ≤ ⇔∠√∑ 〉ñ±…°″″←

 ∇⇒⊄⊇⊆∨ ⇐∠⊇∇√⇐⇒⊄√∠∇⊂ ≤ ∑ ≤ ⇔∠√∑ 〉ñ±…°″″← ≤ ♦♦♦〉±↔♠↑≡〉…°″ñ±↔♠↑≡…°″″♠±∂…↔∂°±←
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←↓≡…∂�…↔∂°±⌠ ↓↑°≥∂≠≡↑↔∂°± ±≈ ″∂±↔≡±±…≡ °≠ ↓∂÷″≡±↔ …≡≥≥←
≈≡↓≡±≈ °± ∂±≈∂♥∂≈♠≥ ↑≡…≡↓↔°↑�≥∂÷±≈ ←ƒ←↔≡″← ∂↔ ←∂÷±≥≥∂±÷ ≠°↑
″≡≥±°↓•°↑≡←⌠ ∨≈±↑ ±≈ ↔× ←∂÷±≥≥∂±÷ ≠°↑ ∂↑∂≈°↓•°↑≡←⌠ ±≈ ⇐←≠↑
←∂÷±≥≥∂±÷ ≠°↑ ♣±↔•°↓•°↑≡←⌠�⌠�〉 ∪•≡↑≡← ↔•≡ ↓∂÷″≡±↔
…≡≥≥← ≡♣↓↑≡←← ↔•≡ ↑≡←↓≡…↔∂♥≡ ↑≡…≡↓↔°↑⌠ ↔•≡ ≥∂÷±≈← ↑≡ ↓↑≡←♠″≥ƒ
≠♠±…↔∂°±∂±÷ ← ↔↑°↓•∂… ≠…↔°↑← ↓↑°≈♠…≡≈ ƒ ←♠↑↑°♠±≈∂±÷ ↔∂←←♠≡〉
⇐°″↓≡↔∂↔∂°± ≠°↑ ↔•≡ ≥∂÷±≈← ″ƒ ∂± ↓↑↔ ≡ ↑≡←↓°±←∂≥≡ ≠°↑ ↔•≡
↑≡÷♠≥↔∂°± °≠ ↓∂÷″≡±↔∫…≡≥≥ ↓↑°≥∂≠≡↑↔∂°± ∂± ±°↑″≥ ≈≡♥≡≥°↓″≡±↔〉

⇐°″↓≡↔∂↔∂♥≡ ∂±↔≡↑…↔∂°±← ″°±÷ ↓∂÷″≡±↔ …≡≥≥← ↑≡←♠≥↔ ∂± ±
°♥≡↑≥≥ ≈∂↑≡…↔∂°±≥∂↔ƒ ∂± ↔•≡ ↓∂÷″≡±↔∫…≡≥≥ ″∂÷↑↔∂°± ↔•↔
≈≡↔≡↑″∂±≡← ↔•≡ ≈°↑←°♥≡±↔↑≥≥ƒ °↑∂≡±↔↔≡≈ …≥°±≥ ≡♣↓±←∂°± °≠

↔•≡ ↓∂÷″≡±↔ …≡≥≥←〉 ⇔♠↑∂±÷ ±°↑″≥ ≈≡♥≡≥°↓″≡±↔⌠ ∂± ↔•≡ ↓↑≡←≡±…≡
°≠ ↓∂÷″≡±↔ …≡≥≥← °≠ ↔•≡ ←″≡ ↔ƒ↓≡⌠ …≥♠←↔≡↑← °≠ ≥≥ ↔•↑≡≡ ↓∂÷″≡±↔∫…≡≥≥
↔ƒ↓≡← ←↓↑≡≈ ∂± ≈°↑←°♥≡±↔↑≥ ≈∂↑≡…↔∂°± ← ↔•≡ �←• ÷↑°♦←
↑≡≠〉  ∧∂÷〉 �… ⊂♠↓↓≥≡″≡±↔↑ƒ ∧∂÷← ⌠ 〉 ⊄•≡ …≥♠←↔≡↑←
…°±↔↑∂♠↔≡≈ ↔° ″°←↔ ∂≠ ±°↔ ≥≥ ←↔↑∂↓≡← ∂±  ±↑↑°♦ ↓↔…• ≥°±÷ ↔•≡
≈°↑←°♥≡±↔↑≥ ♣∂←〉 ⊂↓↑≡≈∂±÷ ≥°±÷ ↔•≡ ±↔≡↑°↓°←↔≡↑∂°↑ ≈∂↑≡…↔∂°±
♦← ≥≡←← ↓↑°±°♠±…≡≈⌠ ±≈ ↔•≡ …≥♠←↔≡↑← …°±↔↑∂♠↔≡≈ ↔° ≡↔♦≡≡± 
±≈  ≈∝…≡±↔ ←≡÷″≡±↔←〉 ⊄•∂← ↑≡♥≡≥← ↔•↔ ∂± ±°↑″≥ ≈≡♥≡≥°↓∫
″≡±↔⌠ ↔•≡ ↓↔↔≡↑± ∂← ←↔∂↔…•≡≈ ↔°÷≡↔•≡↑ ƒ ≈∝…≡±↔ …≥°±≡← ≈≡↑∂♥≡≈
≠↑°″ ←↔≡″ …≡≥≥← ↔ ↔•≡ ⇔⊆¬ °≠ ±≡∂÷•°♠↑∂±÷ ″≡↔″≡↑←
∂↑∂≈°↓•°↑≡← ±≈ ″≡≥±°↓•°↑≡←⌠ ±≈ ≠↑°″ ≥↑♥≥ ♣±↔•°↓•°↑≡←〉

 ≈↓≠

 ″″ ⊂ 





…

≈

≠

≡

÷

 ≈↓≠

 














 ≈↓≠

 ≈↓≠

 ≈↓≠

 ≈↓≠  ″″ ⊂

 ≈↓≠

∧∂÷♠↑≡  ≤ ⇑≡•♥∂°♠↑ °≠ ∂↑∂≈°↓•°↑≡← ±≈ ″≡≥±°↓•°↑≡← ≈♠↑∂±÷ ↓↔↔≡↑± ↑≡÷≡±≡↑↔∂°± ≠↔≡↑ ∨↑⇑ ∂±•∂∂↔∂°±〉 �÷ ⇐°±≠°…≥ ∂″÷≡← °≠ ⊄÷←°♣∑″⊆∧∉

±∂″≥ ≈≡♥≡≥°↓∂±÷ ♦∂↔•  ÷↓ ∂±≈∂…↔≡≈ ƒ ±♠″≡↑ � ∂± ↔•≡ ←↔↑∂↓≡ ↓↔↔≡↑±〉 ∨♣∂←↔∂±÷ ∂↑∂≈°↓•°↑≡← ƒ≡≥≥°♦ ↑↑°♦•≡≈← ≡♣↔≡±≈ ≥↔≡↑≥≥ƒ ∂±↔° ↔•≡ ↓↑°←↓≡…↔∂♥≡

≥∂÷•↔ ←↔↑∂↓≡ ↑≡÷∂°± ↔•↔ ∂← ≈≡♥°∂≈ °≠ ∂↑∂≈°↓•°↑≡← ±≈ �≥≥ ↔•≡ ↑≡÷∂°±〉 ∇≡♦ ″≡≥±°↓•°↑≡← ↓↓≡↑ ±≡↑ ↔•≡ ″↑÷∂±← °≠ ↔•≡ ÷↓ ±≈ ≥°…≥≥ƒ ↑≡←↔°↑≡ ↔•≡ ↓↔↔≡↑±〉

∠……←∂°±≥≥ƒ⌠ ″≡≥±°↓•°↑≡← ≈∂←↓≥ƒ ←•°↑↔∫←…≥≡ ″°♥≡″≡±↔ ƒ≡≥≥°♦ ↑↑°♦←〉 ⇑≥♠≡ ↑↑°♦←∑ ″≡≥±°↓•°↑≡← ←∂↔♠↔≡≈ ≥°±÷ ↔•≡ •°↑∂∞°±↔≥ ″ƒ°←≡↓↔♠″

↔•↔ ″°♥≡ ≈°↑←≥≥ƒ ↔° ∝°∂± ≈↑× ←↔↑∂↓≡← °± ↑≡÷≡±≡↑↔∂°± °≠ ↔•≡ ≥∂÷•↔ ←↔↑∂↓≡ ƒ ∂↑∂≈°↓•°↑≡←〉 √↑∂≈°↓•°↑≡←�↑≡≈ ⊄÷←°♣∑″⊆∧∉〉 ⊂⌠ ←↔±≈↑≈ ≥≡±÷↔• °≠ �←•〉

⊂…≥≡ ↑←⌠″″〉

∇⇒⊄⊇⊆∨ ⇐∠⊇∇√⇐⇒⊄√∠∇⊂ ≤ ⇔∠√∑ 〉ñ±…°″″← ⇒⊆⊄√⇐∨

∇⇒⊄⊇⊆∨ ⇐∠⊇∇√⇐⇒⊄√∠∇⊂ ≤ ∑ ≤ ⇔∠√∑ 〉ñ±…°″″← ≤ ♦♦♦〉±↔♠↑≡〉…°″ñ±↔♠↑≡…°″″♠±∂…↔∂°±← 
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⊄•≡ ≥↔≡↑≥ ≡♣↔≡±←∂°± °≠ ↔•≡ …≥°±≡← ∂← ↑≡←↔↑∂…↔≡≈ ƒ •°″°↔ƒ↓∂…
…°″↓≡↔∂↔∂°±〉 ⊄•♠←⌠ ↔•≡ ≈°↑←°♥≡±↔↑≥ °↑∂≡±↔↔∂°± °≠ ↔•≡ ↓∂÷″≡±↔∫
…≡≥≥ …≥°±≡← °←≡↑♥≡≈ ∂± ±°↑″≥ ≈≡♥≡≥°↓″≡±↔ ∂← ↔•≡ ↑≡←♠≥↔ °≠
…°″↓≡↔∂↔∂♥≡ ∂±↔≡↑…↔∂°±← ≡↔♦≡≡± …≡≥≥← ≠↑°″ ±≡∂÷•°♠↑∂±÷ ←≡÷∫
″≡±↔← ±≈ ±°↔ ↔•≡ ↓↑°≈♠…↔ °≠  •ƒ↓°↔•≡↔∂…≥⌠ ″°↑↓•°÷≡±∫←≡≈
≈∂↑≡…↔≡≈ ″∂÷↑↔∂°±〉

⇒← ↑≡↓°↑↔≡≈ ≡↑≥∂≡↑⌠⌠ ↔•≡ ∂±↔↑°≈♠…↔∂°± °≠ ↔•≡ ″∂←←∂±÷ …≡≥≥
↔ƒ↓≡ ∂±↔° ″♠↔±↔← ≥…×∂±÷  ÷∂♥≡± ↓∂÷″≡±↔∫…≡≥≥ ↔ƒ↓≡ ≥°…≥≥ƒ

↑≡←↔°↑≡←  ±°↑″≥ ↓↔↔≡↑±〉 ⊄•≡ ∂±…°″∂±÷ …≡≥≥← ∂± ↔•≡ ←↓↑≡≈∂±÷
…≥♠←↔≡↑← ∂±≈♠…≡ …≡≥≥∫←•↓≡ …•±÷≡← ∂± ↔•≡ ≈∝…≡±↔ …≡≥≥ ≥ƒ≡↑← ←♠…•
↔•↔  ±°↑″≥ ←↔↑∂↓≡ ↓↔↔≡↑± ∂← ≠°↑″≡≈ ♦•∂≥≡ ↔•≡ …≥♠←↔≡↑← ÷↑°♦〉
⊄•∂← ∂±♥°≥♥≡← ≡♣↔≡±←∂♥≡ ←•↓≡ …•±÷≡← ∂± ↔•≡ ↓∂÷″≡±↔ …≡≥≥← °≠ ↔•≡
•°←↔ ← ♦≡≥≥ ← ↔•≡ ≈°±°↑〉 ∠♠↑ •∂÷•∫↑≡←°≥♠↔∂°± ∂″÷≡← …°±�↑″
↔•↔ ↔•≡↑≡ ∂←  …°±←↔±↔ ≈∝♠←↔″≡±↔ ♦∂↔• ″♠↔♠≥ ∂±↔≡↑…↔∂°±←
≡↔♦≡≡± ↔•≡ ↔•↑≡≡ …≡≥≥ ↔ƒ↓≡← ≈♠↑∂±÷ ←↔↑∂↓≡ ≠°↑″↔∂°±〉 √±
…°±…≥♠←∂°±⌠ •≡↔≡↑°↔ƒ↓∂… ∂±↔≡↑…↔∂°±← ≡↔♦≡≡± ↔•≡ ↔•↑≡≡ ≥ƒ≡↑←

 ≈↓≠  ″″ ⊂

≈

≡

≠

÷

•

∂

∝

×

 ≈↓≠

 ≈↓≠

 ≈↓≠

 ≈↓≠

 ≈↓≠  ″″ ⊂

 ≈↓≠

      ∩

∩

∩

∩

∩

∩

∩

∩⊃

∩⊃

∩⊃

     

     

     

 
   

 ≈↓≠

  …

 ≈↓≠  ″″ ⊂  ≈↓≠ 〉 ″″ ⊂  ≈↓≠  ″″ ⊂



∩

∧∂÷♠↑≡  ≤ √↑∂≈°↓•°↑≡ ≈∂←↓≡↑←≡ ≥↔≡↑≥≥ƒ ↔° °……♠↓ƒ ∂↑∂≈°↓•°↑≡∫≈≡♥°∂≈ ↑≡÷∂°±←〉 �… √↑∂≈°↓•°↑≡← ♦•∂↔≡ ↑↑°♦•≡≈←⌠ ⊄÷←°♣∑″⊆∧∉ ≡♣↔≡±≈ ↔° ↔•≡ ≡″↓↔ƒ

←≡÷″≡±↔ °± ↔•≡ ≥≡≠↔ ±≈ ∂±…↑≡←≡ ∂± ±♠″≡↑〉 ≈�× ¬↓ …≥°←♠↑≡ ∂± ± ±∂″≥ ≥…×∂±÷ ∂↑∂≈°↓•°↑≡← ∂± ←∂♣ ←≡÷″≡±↔← ↔  ≈↓≠ ±♠″≡↑≡≈ �〉 ⊆≡≈ ≈←•≡≈ ≥∂±≡←

∂±≈∂…↔≡ ↔•≡ °↑∂÷∂±≥ °↑≈≡↑← °≠ ↔•≡ ÷↓〉 ⊂″≥≥ ↑↑°♦← ∂± ≈�•∑ ≥↑♥≥ ″≡≥±°↓•°↑≡← ↑≡″∂± ←↔≥≡ ♦∂↔•∂± ↔•≡ ÷↓〉 ≡ √↑∂≈°↓•°↑≡← ↔•↔ ↑≡ ↓↑≡←≡±↔ °♠↔←∂≈≡ ↔•≡

÷↓ ≡÷∂± ↔° ∂±♥≈≡ ↔•≡ ∂↑∂≈°↓•°↑≡∫≈≡♥°∂≈ ←≡÷″≡±↔← ±≈ ♦∂↔•∂±  ≈ƒ⌠ ∂↑∂≈°↓•°↑≡← …± ≡ ←≡≡± ∂± ←≡÷″≡±↔  ±≈ 〉 ≠�• ⇑ƒ ≥↔≡↑≥ ″°♥≡″≡±↔⌠ ∂↑∂≈°↓•°↑≡←

↑≡…°♥≡↑ ∂± ←≡÷″≡±↔← � ±≈ �⌠ °±≥ƒ ↔•≡ ←≡÷″≡±↔  ↑≡″∂±← ≈≡♥°∂≈ °≠ ∂↑∂≈°↓•°↑≡←〉 ∂ ⊄•≡ �↑←↔ ≥∂÷•↔ ←↔↑∂↓≡⌠ ∩ ≥…×← ∂↑∂≈°↓•°↑≡← ∂± ↔•≡ ←≡÷″≡±↔  ±≈

↑≡″∂±← ∂±↔≡↑↑♠↓↔≡≈〉 ⇐°↑↑≡←↓°±≈∂±÷ ↑≡÷∂°± ∂± ↔•≡ ±≡♦≥ƒ ≠°↑″≡≈ ≥∂÷•↔ ←↔↑∂↓≡ ≥←° ≥…×← ∂↑∂≈°↓•°↑≡← ↑≡≈ ↑↑°♦•≡≈←〉 ⊄•≡ ≈↑× ←↔↑∂↓≡ ↑≡÷∂°± ≈°≡← ±°↔ ≈≡♥≡≥°↓

←♠≠�…∂≡±↔ ″≡≥±°↓•°↑≡← ±≈ ←♠←≡→♠≡±↔≥ƒ ∂↑∂≈°↓•°↑≡← ≡÷∂± ↔° ″∂÷↑↔≡ ♥≡↑↔∂…≥≥ƒ ∂÷ ↑≡≈ ↑↑°♦ ∂±♥≈∂±÷ ↔•≡ ≈↑× ←↔↑∂↓≡ ↑≡÷∂°±〉 ∝⌠× ⊃≡↑↔∂…≥≥ƒ ″∂÷↑↔∂±÷

∂↑∂≈°↓•°↑≡← ≥≡≈ ↔° ∂±↔≡↑↑♠↓↔∂°± °≠ ↔•≡ ≈↑× ←↔↑∂↓≡ ↑≡÷∂°± ƒ ↔•≡ ≥∂÷•↔ ←↔↑∂↓≡ ↑≡÷∂°±〉 ⊂⌠ ←↔±≈↑≈ ≥≡±÷↔• °≠ �←•〉 ⊂…≥≡ ↑←⌠ ″″〉

⇒⊆⊄√⇐∨ ∇⇒⊄⊇⊆∨ ⇐∠⊇∇√⇐⇒⊄√∠∇⊂ ≤ ⇔∠√∑ 〉ñ±…°″″←

 ∇⇒⊄⊇⊆∨ ⇐∠⊇∇√⇐⇒⊄√∠∇⊂ ≤ ∑ ≤ ⇔∠√∑ 〉ñ±…°″″← ≤ ♦♦♦〉±↔♠↑≡〉…°″ñ±↔♠↑≡…°″″♠±∂…↔∂°±←
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↑≡÷♠≥↔≡ …≡≥≥∫←•↓≡ ↔↑±←∂↔∂°±⌠ ♦•≡↑≡← ↔•≡ •°″°↔ƒ↓∂… ∂±↔≡↑…↔∂°±←
♦≡ °←≡↑♥≡ ↑≡÷♠≥↔≡ ↓∂÷″≡±↔∫…≡≥≥ ≈∂←↓≡↑←≥ ∂±  …°•≡↑≡±↔ ↔♦°∫
≈∂″≡±←∂°±≥ ←•≡≡↔ ♦∂↔•∂± °±≡ ≥ƒ≡↑〉

⊂↔↑∂×∂±÷≥ƒ⌠ ∂± ≈♠≥↔ …•∂″≡↑←⌠ ↔•≡ ↓↔…•≡← °≠ ≈°±°↑∫≈≡↑∂♥≡≈
↓∂÷″≡±↔ …≡≥≥← ↑≡ …°•≡↑≡±↔ ±≈ •♥≡ ±°↑″≥ ≈≡±←∂↔∂≡←〉
⊄•∂← ∂±≈∂…↔≡← ↔•↔ ↔•≡↑≡ ∂← ± ∂±↔↑∂±←∂… ↔≡±≈≡±…ƒ ≠°↑ ↓∂÷″≡±↔
…≡≥≥← ↔° ↑≡″∂± ↔°÷≡↔•≡↑ °←≡↑♥∂±÷ ±°↑″≥ ≈∂←↔±…≡←⌠ ↑↔•≡↑ ↔•±
≈∂←↓≡↑←∂±÷ ∂±↔° ↑≡÷∂°±← ≈≡♥°∂≈ °≠ ↔•≡∂↑ …≡≥≥ ↔ƒ↓≡〉 ∪≡ ←♠÷÷≡←↔ ↔•↔
↔•≡ …≡≥≥�…≡≥≥ ∂±↔≡↑…↔∂°±← ↑≡ ″≡≈∂↔≡≈ ƒ ≈∂↑≡…↔ …≡≥≥♠≥↑ …°±↔…↔←〉

∂♥≡∫∂″÷∂±÷ °≠ ↔•≡ ≡•♥∂°♠↑ °≠ ♣±↔•°↓•°↑≡← ∂± ≥↑♥≡ ∧∂÷〉 
←•°♦← ↔•↔ ♣±↔•°↓•°↑≡← ″∂±↔∂±  ≈ƒ±″∂… …°±↔…↔ ♦∂↔• °±≡
±°↔•≡↑⌠ ±≈ ↓↑°≥∂≠≡↑↔≡ ∂± ↔•≡ ←≡±…≡ °≠ ±≡∂÷•°♠↑∂±÷
♣±↔•°↓•°↑≡←〉 ⊄•≡ ♣±↔•°↓•°↑≡ �≥°↓°≈∂ ↑≡ •∂÷•≥ƒ ≈ƒ±″∂…
…↔∂±∫↑∂…• ↓↑°↔↑♠←∂°±←⌠ ♦•∂…• ″ƒ ≥≥°♦ ♣±↔•°↓•°↑≡← ↔° ↓↑°≡
↔•≡∂↑ ≡±♥∂↑°±″≡±↔ ±≈ …°±↔…↔ ±≡∂÷•°♠↑∂±÷ ♣±↔•°↓•°↑≡←⌠ ↔•♠←
″∂±↔∂±∂±÷  ←•≡≡↔∫≥∂×≡ ♣±↔•°↓•°↑≡ …°♥≡↑ ∂± ↔•≡ ←×∂± ↔•↑°♠÷•
…≡≥≥ ≈∂♥∂←∂°± ±≈ ″∂÷↑↔∂°± ∂±↔° ♣±↔•°↓•°↑≡∫≈≡♥°∂≈ ↑≡÷∂°±←〉 √±
↔•≡ ÷↑°♦∂±÷ ←×∂±⌠ ∂±…↑≡←∂±÷ ↔•≡ ≈∂←↔±…≡← ≡↔♦≡≡± ±≡∂÷•°♠↑∂±÷

 ≈↓≠

≡ ≠ ÷ •

 ≈↓≠

∂ ∝ × ≥

 ≈↓≠

″

 ≈↓≠

  … ≈

∧∂÷♠↑≡  ≤ ∩±↔•°↓•°↑≡ ↑≡÷≡±≡↑↔∂°± ≠°≥≥°♦∂±÷ ≈↑♠÷∫″≡≈∂↔≡≈ ≥↔∂°±〉 �≈∑ ↑♥ ↔  ≈↓≠⌠ ♣±↔•°↓•°↑≡←∑ ÷↑≡≡± ⊄÷↓♣∑¬∧∉ ±≈ ↑≡≈∑ ⊄÷≠″←∑¬≥⌠

⊇⇒⊂∑±≠←⇑∫″…•≡↑↑ƒ〉 ≡�•∑ ⊄•≡ ←″≡ ↑≡÷∂°± ≠↔≡↑ ≥↔∂°± ↔  ≈↓≠∑ ƒ≡≥≥°♦ ↑↑°♦∑ ⊄÷↓♣∑¬∧∉ ≥≡≥← ″♠←…≥≡ ↔∂←←♠≡ ±≈ ↔•≡∂↑ ↓↑≡…♠↑←°↑←〉 ∂�≥∑ ←″≡

↑≡÷∂°± ↔  ≈↓≠〉 ⊆≡≈ ↑↑°♦∑ ↑≡÷≡±≡↑↔≡≈ ♣±↔•°↓•°↑≡〉 ⌠≡⌠∂∑ ″≡↑÷≡ ⌠≠⌠∝∑ ⊄÷↓♣∑¬∧∉ ∂± ÷↑≡ƒ ←…≥≡ …⌠÷⌠×∑ ⊄÷≠″←∑¬≥⌠ ⊇⇒⊂∑±≠←⇑∫″…•≡↑↑ƒ ∂± ÷↑≡ƒ ←…≥≡

≈⌠•⌠≥∑ ⊄÷↓♣∑¬∧∉ ∂± ∂±♥≡↑↔≡≈ ÷↑≡ƒ ←…≥≡〉 ″∑ ⇒≈♠≥↔ �←• ≠↔≡↑ ≥↔∂°± ≈∂←↓≥ƒ∂±÷  ±°↑″≥ ↓↔↔≡↑±〉 ⊂…≥≡ ↑←⌠ �≥∑ ″″⌠ ″∑ ″″〉

∇⇒⊄⊇⊆∨ ⇐∠⊇∇√⇐⇒⊄√∠∇⊂ ≤ ⇔∠√∑ 〉ñ±…°″″← ⇒⊆⊄√⇐∨

∇⇒⊄⊇⊆∨ ⇐∠⊇∇√⇐⇒⊄√∠∇⊂ ≤ ∑ ≤ ⇔∠√∑ 〉ñ±…°″″← ≤ ♦♦♦〉±↔♠↑≡〉…°″ñ±↔♠↑≡…°″″♠±∂…↔∂°±← 
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♣±↔•°↓•°↑≡← ″ƒ ↔↑∂÷÷≡↑ …≡≥≥ ≈∂♥∂←∂°±← ←♠…• ↔•↔  ↑≡÷♠≥↑
←↓…∂±÷ ∂← ″∂±↔∂±≡≈〉

√↑∂≈°↓•°↑≡← ←↓↑≡≈∂±÷ ∂± ←•≈ƒ …•∂″≡↑←⌠ °↑ ≥↔≡↑≥≥ƒ ″∂÷↑↔∂±÷
∂±↔° ÷↓← ≈≡♥°∂≈ °≠ ∂↑∂≈°↓•°↑≡← ≥←° …→♠∂↑≡  ≥°°←≡ ″∂÷↑↔°↑ƒ
←•↓≡ ♠↔ ←↔ƒ ∂± ≈∂↑≡…↔ …°±↔…↔ ♦∂↔• °±≡ ±°↔•≡↑ ↑↔•≡↑ ↔•±
≈∂←↓≡↑←∂±÷〉 ⊄•∂← ≡•♥∂°♠↑ ∂← ≥←° °←≡↑♥≡≈ ∂± ±°↑″≥ ≈≡♥≡≥°↓∫
″≡±↔ ∂± ♦•∂…• ∂↑∂≈°↓•°↑≡← ≈♠↑∂±÷ ″≡↔″°↑↓•°←∂← ↓°↓♠≥↔≡ ↔•≡
←×∂± ←  ≥°°←≡ ±≡↔ °≠ ∂±↔≡↑…°±±≡…↔≡≈ …≡≥≥← ←↓↑≡≈∂±÷ ≈°↑←≥≥ƒ ±≈
♥≡±↔↑≥≥ƒ〉

⊄•≡ ″≡≥±°↓•°↑≡← ∂± ←↔↑∂↓≡← ≠°↑″≡≈ ∂± ±…↑≡ …•∂″≡↑← ≥←°
″∂±↔∂± ±°↑″≥ ≈∂←↔±…≡← ↔° °±≡ ±°↔•≡↑〉 √± ±°↑″≥ ≈≡♥≡≥°↓″≡±↔⌠
″≡≥±°↓•°↑≡← ≡♣↔≡±≈ ≥°±÷ …ƒ↔°↓≥←″∂… ↓↑°↔↑♠←∂°±← ≥≥°♦∂±÷ ↔•≡″
↔° …°±↔…↔ ≡…• °↔•≡↑ ♦•∂≥≡ �≥≥∂±÷ ∂± ↔•≡ ≈↑× ←↔↑∂↓≡ ↑≡÷∂°±〉 ⊄•∂←
←♠÷÷≡←↔← ↔•↔ ↔•≡ ←↓…∂±÷ °≠ ″≡≥±°↓•°↑≡← ∂± ↔•≡ ←↔↑∂↓≡← ∂←
″≡≈∂↔≡≈ ƒ ≈∂↑≡…↔ …≡≥≥ …°±↔…↔← ≡↔♦≡≡± ″≡≥±°↓•°↑≡←〉 ♠↔±↔
±≥ƒ←≡←⌠ •°♦≡♥≡↑⌠ ∂±≈∂…↔≡ ∂± ≈≈∂↔∂°±  ←↔↑°±÷ ≈≡↓≡±≈≡±…≡ °≠
″≡≥±°↓•°↑≡ ←↓…∂±÷ °± •≡↔≡↑°↔ƒ↓∂… ∂±↔≡↑…↔∂°±←⌠ ∂± ↓↑↔∂…♠≥↑
♦∂↔• ♣±↔•°↓•°↑≡←⌠ ♦•≡↑≡← ∂↑∂≈°↓•°↑≡← ±≈ ♣±↔•°↓•°↑≡← ≈∂←↓≥ƒ
 ″°↑≡ ♠↔°±°″°♠← ≡•♥∂°♠↑〉

⊄•≡ ↑≡←↓°±←≡← °≠ ↓∂÷″≡±↔ …≡≥≥← ↔° •°″°↔ƒ↓∂… ∂±↔≡↑…↔∂°±←⌠ ∂±
↓↑↔∂…♠≥↑ ↔•°←≡ °←≡↑♥≡≈ ∂± ♣±↔•°↓•°↑≡← ±≈ ∂↑∂≈°↓•°↑≡←⌠
↑≡←≡″≥≡ ↔•↔ °≠ ±≡♠↑≥ …↑≡←↔ …≡≥≥←⌠ ♦•∂…• ♠±≈≡↑÷° …°≥≥≡…↔∂♥≡ …≡≥≥
″∂÷↑↔∂°± ±≈ ≈∂←↓≥ƒ …°∫↔↔↑…↔∂°± ≈≡←↓∂↔≡ …°±↔…↔ ∂±•∂∂↔∂°± °≠
≥°…°″°↔∂°±〉 ⇐°±↔…↔ ∂±•∂∂↔∂°± °≠ ≥°…°″°↔∂°± ∂←  ≥°±÷∫
≡←↔≥∂←•≡≈ ↓•≡±°″≡±°± °←≡↑♥≡≈ ∂± …♠≥↔♠↑≡≈ …≡≥≥← ∂± ♥∂↔↑°�⌠
±≈ ″°↑≡ ↑≡…≡±↔≥ƒ ∂± ♥∂♥°�〉 √↔ ∂← ←♠÷÷≡←↔≡≈ ↔•↔ …°∫↔↔↑…↔∂°±
±≈ …°±↔…↔ ∂±•∂∂↔∂°± °≠ ≥°…°″°↔∂°± …↔ ∂± …°±…≡↑↔ °↑…•≡←↔↑↔∂±÷
…°≥≥≡…↔∂♥≡ ″∂÷↑↔∂°± °≠ ±≡♠↑≥ …↑≡←↔ …≡≥≥←�…°±↔…↔ ∂±•∂∂↔∂°± °≠
≥°…°″°↔∂°± ≥°±≡ ♦°♠≥≈ ≥≡≈ ↔° ≈∂←↓≡↑←≥ °≠ ↔•≡ ÷↑°♠↓ ∂±↔° ←∂±÷≥≡
…≡≥≥←〉 ⇐°∫↔↔↑…↔∂°±⌠ ∂± …°″∂±↔∂°± ♦∂↔• …°±↔…↔ ∂±•∂∂↔∂°± °≠
≥°…°″°↔∂°± ≥≥°♦← ″∂±↔≡±±…≡ °≠ ↓↓↑°↓↑∂↔≡ …≡≥≥ ≈≡±←∂↔ƒ⌠ ≥°…≥
•°″°↔ƒ↓∂… …≡≥≥�…≡≥≥ ∂±↔≡↑…↔∂°±← ±≈ ≡≠�…∂≡±↔ ↑≡←↓°±←≡ ↔° ≡♣↔≡↑±≥
…♠≡←〉 ∪≡ •ƒ↓°↔•≡←∂∞≡ ←∂″∂≥↑ ∂±↔≡↑…↔∂°±← ≡↔♦≡≡± ↓∂÷″≡±↔ …≡≥≥←
°≠ ↔•≡ ←″≡ ×∂±≈ ≈♠↑∂±÷ ↓↔↔≡↑± ≠°↑″↔∂°±�…≥♠←↔≡↑← °≠ ♦∂≥≈∫↔ƒ↓≡
♣±↔•°↓•°↑≡← ≈° ±°↔ ≈∂←↓≡↑←≡ ∂±↔° ←∂±÷≥≡ …≡≥≥← ∂± ←≡±…≡ °≠
♣±↔•°↓•°↑≡← ∂± ↔•≡ ±≡∂÷•°♠↑•°°≈〉 √±←↔≡≈⌠ ↔•≡←≡ …≡≥≥← ″∂±↔∂±
↓↓↑°↓↑∂↔≡ ≥°…≥ …≡≥≥ ≈≡±←∂↔ƒ ♦•∂≥≡ ↔•≡ …≥♠←↔≡↑ ÷↑°♦← ƒ ≥°…≥
↓↑°≥∂≠≡↑↔∂°± ±≈ ←•°↑↔∫←…≥≡ ″°♥≡″≡±↔〉 ⊄•∂← ∂← ≥←° ↔↑♠≡ ≠°↑
∂↑∂≈°↓•°↑≡← ±≈ ″≡≥±°↓•°↑≡← ←♠÷÷≡←↔∂±÷ …°∫↔↔↑…↔∂°± ±≈
…°±↔…↔ ∂±•∂∂↔∂°± °≠ ≥°…°″°↔∂°± ″ƒ ♠±≈≡↑≥∂≡ ↓∂÷″≡±↔∫…≡≥≥
…°♥≡↑÷≡ ƒ •°″°↔ƒ↓∂… ∂±↔≡↑…↔∂°±← ∂± ↔•≡ ←×∂±〉 ∠♠↑ ×±°♦≥≡≈÷≡ °≠
↔•≡ ″°≥≡…♠≥↑ ←≡← °≠ …≡≥≥ …°±↔…↔∫″≡≈∂↔≡≈ ∂±↔≡↑…↔∂°±← ≈♠↑∂±÷
…°≥°♠↑ ↓↔↔≡↑± ≠°↑″↔∂°± ∂← ←↔∂≥≥ ↑♠≈∂″≡±↔↑ƒ〉 ⇒↔ ↔•≡ ″°≥≡…♠≥↑
≥≡♥≡≥⌠ ∂±↔≡↑…↔∂°±← ≡↔♦≡≡± …•↑°″↔°↓•°↑≡← •♥≡ ≡≡± ←•°♦± ↔°
≈≡↓≡±≈ °± ∂±↔≡÷↑≥ ″≡″↑±≡ ↓↑°↔≡∂±← ∂±…≥♠≈∂±÷ …°±±≡♣∂±← ±≈
↓°↔←←∂♠″ …•±±≡≥←⌠ ←♠÷÷≡←↔∂±÷ ↔•↔ ↓•ƒ←∂…≥ …≡≥≥ …°±↔…↔←
≡↔♦≡≡± …•↑°″↔°↓•°↑≡← ↑≡ ∂±♥°≥♥≡≈ ±≈ ↔•↔ ↔•≡ ≈∂↑≡…↔≡≈
↔↑±←↓°↑↔ °≠ ←″≥≥ ″°≥≡…♠≥≡← °↑ ∂°≡≥≡…↔↑∂…≥ …°♠↓≥∂±÷ ↑≡
∂″↓°↑↔±↔ ≠°↑ ↔•≡←≡ ∂±↔≡↑…↔∂°±←⌠⌠〉 √± °≡≥∂♣⌠ ≡±…°≈∂±÷ ↔•≡
∂±♦↑≈≥ƒ ↑≡…↔∂≠ƒ∂±÷ ↓°↔←←∂♠″ …•±±≡≥ ∂↑〉⌠ ″≡≥±°↓•°↑≡
←↔↑∂↓≡← ↑≡ ≡±≥↑÷≡≈⌠ ♦∂↔•  ≥°♦≡↑ ↔•± ±°↑″≥ ≈≡±←∂↔ƒ °≠
″≡≥±°↓•°↑≡←⌠〉 ⊄•∂← …•±±≡≥ ∂← ←↓≡…∂�…≥≥ƒ ↑≡→♠∂↑≡≈ ∂±
″≡≥±°↓•°↑≡← ±≈ ″ƒ ≡ ↑≡←↓°±←∂≥≡ ≠°↑ ↔•≡∂↑ ↓↑°↓≡↑ ←↓…∂±÷〉
⊄•≡ ÷↓ ∝♠±…↔∂°±← ≠°↑″≡≈ ƒ ↔•≡ …°±±≡♣∂±← ≡±…°≈≡≈ ƒ ↔•≡
≥≡°↓↑≈ ±≈ ≥♠…•← ÷≡±≡← •♥≡ ≡≡± ←♠÷÷≡←↔≡≈ ↔° ″≡≈∂↔≡
•≡↔≡↑°↔ƒ↓∂… ← ♦≡≥≥ ← •°″°↔ƒ↓∂… ∂±↔≡↑…↔∂°±← ″°±÷
″≡≥±°↓•°↑≡← ±≈ ♣±↔•°↓•°↑≡←⌠⌠〉 ⇐°±±≡♣∂±← ″≡≈∂↔≡
∂±↔≡↑…≡≥≥♠≥↑ …°″″♠±∂…↔∂°± ↔•↔ ″ƒ ≥≡≈ ↔° ≈∂♥≡↑←≡ …≡≥≥♠≥↑
°♠↔…°″≡← ∂±…≥♠≈∂±÷ °↑∂≡±↔≡≈ …≡≥≥ ″∂÷↑↔∂°±〉 ⊄•≡
√″″♠±°÷≥°♠≥∂± ⊂♠↓≡↑≠″∂≥ƒ ≡″≡↑ ⌠ ″♠↔↔≡≈ ∂± ←≡♠↑↔⌠
•← ≡≡± ↑≡↓°↑↔≡≈ ↔° ″≡≈∂↔≡ ←↓≡…↔← °≠ ″≡≥±°↓•°↑≡ ≡•♥∂°♠↑
∂±…≥♠≈∂±÷ ″≡≥±°↓•°↑≡�″≡≥±°↓•°↑≡ ∂±↔≡↑…↔∂°±←〉 √↔ ∂←
…°±…≡∂♥≥≡ ↔•↔ …°±±≡♣∂±← ±≈ °↔•≡↑ …≡≥≥∫←♠↑≠…≡ ″°≥≡…♠≥≡←
″≡≈∂↔≡ ↔•≡ •°″°↔ƒ↓∂… …°″↓≡↔∂↔∂°±∫≈≡↓≡±≈≡±↔ ↓↑°≥∂≠≡↑↔∂°± ±≈
↔∂≥∂±÷ °≠ ↔•≡ ↓∂÷″≡±↔ …≡≥≥←〉 ∠♠↑ ≡♣↓≡↑∂″≡±↔≥ ↓↑≈∂÷″ ↓↑°♥∂≈≡←
± °↓↓°↑↔♠±∂↔ƒ ↔° ←←≡←← ↔•≡ ″°≥≡…♠≥↑ ↑≡÷♠≥↔∂°± °≠ ↔•≡ …≡≥≥♠≥↑

°♠↔…°″≡← °≠ ↔•≡ ≈∂♥≡↑←≡ …≡≥≥�…≡≥≥ ∂±↔≡↑…↔∂°±← ≈♠↑∂±÷ …°≥°♠↑
↓↔↔≡↑± ≠°↑″↔∂°±〉

≡↔•°≈←
⊕≡↑�←• ≥∂±≡←〉 ⊄•≡ ≠°≥≥°♦∂±÷ ∞≡↑�←• ≥∂±≡← ♦≡↑≡ ♠←≡≈∑ ♦∂≥≈∫↔ƒ↓≡ ∪⊄⌠
⊄♠ω∂±÷≡± ←↔↑∂± ≠↑°″ ↔•≡ ⊄♠ω∂±÷≡± ∞≡↑�←• ←↔°…× …≡±↔↑≡⌠ ≥∂±°⌠ ±…↑≡⌠
↓≠≡≠≠≡↑⌠ ↑←←⌠ ←•≈ƒ⌠⌠ ⊄÷≠″←∑¬≥⌠ ⊇⇒⊂∑″…•≡↑↑ƒ⌠ ⊄÷↓♣∑¬∧∉⌠⌠
⊄÷⊄⇔∑¬∧∉⌠ ⊄÷←°♣∑″⊆∧∉⌠ ⊄÷…↔∂±∑¬∧∉〉 ⊕≡↑�←• ♦≡↑≡ ↑∂←≡≈ ←
≈≡←…↑∂≡≈〉 ⊄•≡ ←↔÷∂±÷ °≠ ″≡↔″°↑↓•∂… �←• ♦← ≈°±≡ ← ≈≡←…↑∂≡≈⌠〉 ⇒≥≥
±∂″≥ ≡♣↓≡↑∂″≡±↔← ♦≡↑≡ ↓≡↑≠°↑″≡≈ ∂± ……°↑≈±…≡ ♦∂↔• ↔•≡ ↑♠≥≡← °≠ ↔•≡ ⊂↔↔≡ °≠
⇑≈≡±∫∪♠ω↑↔↔≡″≡↑÷⌠ ¬≡↑″±ƒ ±≈ ↓↓↑°♥≡≈ ƒ ↔•≡ ⊆≡÷∂≡↑♠±÷←↓↑ω←∂≈∂♠″
⊄♠ω∂±÷≡±〉

⇑≥←↔°″≡↑≡ ↔↑±←↓≥±↔↔∂°±〉 ⇐•∂″≡↑∂… ±∂″≥← ♦≡↑≡ ÷≡±≡↑↔≡≈ ƒ ↔↑±←↓≥±↔↔∂°±
°≠ …≡≥≥← °≠ ↓↓↑°↓↑∂↔≡≥ƒ ≥≡≥≥≡≈ ≥←↔♠≥ ←↔÷≡ ≡″↑ƒ°← ∂±↔° ♦∂≥≈ ↔ƒ↓≡ ±≈ ″♠↔±↔
≡″↑ƒ°← ↔ ≥←↔♠≥ ←↔÷≡〉 ⊄•≡ ±♠″≡↑ °≠ ↔↑±←↓≥±↔≡≈ …≡≥≥← ♦← ″°±∂↔°↑≡≈ ♠←∂±÷
⊆•°≈″∂±≡ ≈≡♣↔↑± ∂±∝≡…↔≡≈ ∂± ↔•≡ ≈°±°↑ ≡″↑ƒ°← ↔ ↔•≡ °±≡ …≡≥≥ ←↔÷≡⌠ ±≈ ↔•≡
±♠″≡↑ °≠ ↔↑±←↓≥±↔≡≈ …≡≥≥← ♦← ≡←↔∂″↔≡≈ ↔° ≡ ∂± ↔•≡ ↑±÷≡ ≡↔♦≡≡± � …≡≥≥←〉
∧∂←•≡← ♦≡↑≡ ↑∂←≡≈ ±≈ ±≥ƒ←≡≈ ↔ ≈∂≠≠≡↑≡±↔ ↔∂″≡ ↓°∂±↔← ↔•↑°♠÷•°♠↔ ″≡↔″°↑↓•°←∂←
♠±↔∂≥ ≈♠≥↔•°°≈〉

∉•↑″…°≥°÷∂…≥ ∂±•∂∂↔∂°± °≠ ↔•≡ ∨↑⇑ ←∂÷±≥≥∂±÷ ↓↔•♦ƒ〉 ⊄•≡ ∨↑⇑ ∂±•∂∂↔°↑∫
↔↑≡↔″≡±↔ ♦← ≈°±≡ ← ≈≡←…↑∂≡≈ ↓↑≡♥∂°♠←≥ƒ〉 √± ↑∂≡≠⌠  ←°″∂↔≡ ←↔÷≡ ≡″↑ƒ°←
♦≡↑≡ ↔↑≡↔≡≈ ♦∂↔•  ″ ∨↑⇑ ∂±•∂∂↔°↑ ∉⇔ ≈∂←←°≥♥≡≈ ∂± ∨ ≠°↑  • ↔
 ⇐〉 ⊄•≡ ∨↑⇑ ∂±•∂∂↔°↑ ↓•≡±°↔ƒ↓≡ ∂← ←∂″∂≥↑ ↔° ↔•↔ °≠ ≡↑ •ƒ↓≡↑←≡±←∂↔∂♥≡ñ
↓∂…←←° ″♠↔±↔←⌠∑ ≈♠↑∂±÷ ↔•≡ ≡↑≥ƒ ←↔÷≡← °≠ ″≡↔″°↑↓•°←∂← ↔•≡ �←• ≈≡♥≡≥°↓
♦∂↔• ↑≡÷∂°±← ∂± ↔•≡ ↓↑°←↓≡…↔∂♥≡ ≥∂÷•↔ ±≈ ≈↑× ←↔↑∂↓≡ ↑≡÷∂°±← ♦∂↔•°♠↔ ∂↑∂≈°↓•°↑≡←
±≈ ″≡≥±°↓•°↑≡←〉 ∪∂≥≈∫↔ƒ↓≡ ±∂″≥← ↔ …°↑↑≡←↓°±≈∂±÷ ←↔÷≡← ≈∂←↓≥ƒ …°±↔∂÷♠°♠←
≥∂÷•↔ ±≈ ≈↑× ←↔↑∂↓≡←〉 ∪≡ ↔≡↑″ ↔•≡ ″≡≥±°↓•°↑≡ ±≈ ∂↑∂≈°↓•°↑≡∫≈≡♥°∂≈ ↑≡÷∂°±← ←
��÷↓←��〉 ⊄•≡ ←∂∞≡ °≠ ↔•≡←≡ ÷↓← ≥°±÷ ↔•≡ ⇒∉ ♣∂← ∂← ♥↑∂≥≡ ∂± °↔•⌠ ↔•≡ ≡↑
″♠↔±↔← ±≈ ↔•≡ ∨↑⇑ ∂±•∂∂↔°↑∫↔↑≡↔≡≈ ±∂″≥←〉

¬≡±≡↔∂…≥≥ƒ∫↔↑÷≡↔≡≈ ≥↔∂°± °≠ ♣±↔•°↓•°↑≡←〉 ⊄↑÷≡↔≡≈ ≥↔∂°± °≠
♣±↔•°↓•°↑≡← ♦← ↓≡↑≠°↑″≡≈ ← ≈≡←…↑∂≡≈〉 √± ↑∂≡≠⌠ ≥↑♥≡ …↑↑ƒ∂±÷ ⊄÷≠″←∑¬≥⌠
⊄÷⊇⇒⊂∑±≠←⇑∫″…•≡↑↑ƒ ♦≡↑≡ ↔↑≡↔≡≈ ♦∂↔• ″≡↔↑°±∂≈∞°≥≡ ≠°↑  • ↔  ≈↓≠〉 ⊄•∂←
↑≡←♠≥↔← ∂± ↔↑÷≡↔≡≈ ≥↔∂°± °≠ ♣±↔•°↓•°↑≡←〉 ⊄÷↓♣∑¬∧∉⌠⌠  ↑≡↓°↑↔≡↑ ≥∂±≡ ↔•↔
≥≡≥← ♣±↔•°↓•°↑≡←⌠ ″♠←…≥≡← ±≈ ″♠←…≥≡ ↓↑°÷≡±∂↔°↑←⌠ ♦← ♠←≡≈ ≠°↑ ♣±↔•°↓•°↑≡
♥∂←♠≥∂∞↔∂°±〉 ∩±↔•°↓•°↑≡← …± ≡ ↑≡…°÷±∂∞≡≈ ƒ ↔•≡∂↑ …•↑…↔≡↑∂←↔∂… ←•↓≡ ±≈
≥°…↔∂°± ∂± ↔•≡ ←×∂±〉 ⊄•≡ �↑←↔ ∂″÷∂±÷ °≠ ↔•≡ ≥↑♥≡ ♦← ≈°±≡ ∂″″≡≈∂↔≡≥ƒ ≡≠°↑≡
↔•≡ ≈↑♠÷ ↔↑≡↔″≡±↔〉 ⊂♠←≡→♠≡±↔ ∂″÷∂±÷ ♦← ≈°±≡ ← ″≡±↔∂°±≡≈ ∂± ↔•≡ ↔≡♣↔〉

√″÷≡ …→♠∂←∂↔∂°± ±≈ ↓↑°…≡←←∂±÷〉 ⊆≡↓≡↔≡≈ ∂″÷∂±÷ °≠ ∞≡↑�←• ♦← ↓≡↑≠°↑″≡≈
← ≈≡←…↑∂≡≈〉 √″÷≡← ♦≡↑≡ …→♠∂↑≡≈ °± ⊕≡∂←← ⊂  ∇∠ …°±≠°…≥ ±≈ ≡∂…
 ∧⇒ ←↔≡↑≡°∫″∂…↑°←…°↓≡←〉 √″÷≡∏⌠ ⇒≈°≡ ∉•°↔°←•°↓⌠ ⇒≈°≡ √≥≥♠←↔↑↔°↑ ±≈
√″↑∂← ♦≡↑≡ ♠←≡≈ ≠°↑ ∂″÷≡ ↓↑°…≡←←∂±÷ ±≈ ±≥ƒ←∂←〉 ♣∂″♠″ ∂±↔≡±←∂↔ƒ
↓↑°∝≡…↔∂°±← °≠ …°±≠°…≥ ←…±← °≠ ↔•≡ �♠°↑≡←…≡±↔ ←″↓≥≡← ♦≡↑≡ ♠±∂≠°↑″≥ƒ ≈∝♠←↔≡≈
≠°↑ ↑∂÷•↔±≡←← ±≈ …°±↔↑←↔〉 ⊂…±← °≠ ↔•≡ ↑∂÷•↔ �≡≥≈ ♦≡↑≡ ←↔…×≡≈ ♠←∂±÷ ��←↔…×
≠°…♠←≡↑�� ↓≥♠÷∂± ±≈ ↔∂≥≡ ←…±← ♦≡↑≡ ←↔∂↔…•≡≈ ∂± ∧∂∝∂〉

⊆≡≠≡↑≡±…≡←
〉 ⊂∂±÷•⌠ ⇒〉 ∉〉  ∇♠ω←←≥≡∂±∫⊃°≥•↑≈⌠ ⇐〉 ⊕≡↑�←• ←↔↑∂↓≡← ←  ″°≈≡≥ ≠°↑ ♥≡↑↔≡↑↔≡

…°≥°♠↑ ↓↔↔≡↑± ≠°↑″↔∂°±〉 ⇐♠↑↑〉 ⇑∂°≥〉 ⌠ ⊆�⊆ 〉
〉 √↑∂°±⌠ ⊇⌠ ⊂∂±÷•⌠ ⇒〉 ∉〉  ∇♠ω←←≥≡∂±∫⊃°≥•↑≈⌠ ⇐〉 ⊄•≡ ≈≡♥≡≥°↓″≡±↔≥ ÷≡±≡↔∂…← °≠

♥≡↑↔≡↑↔≡ …°≥°♠↑ ↓↔↔≡↑± ≠°↑″↔∂°±∑ ≥≡←←°±← ≠↑°″ ∞≡↑�←•〉 ⇐♠↑↑〉 ⊄°↓〉 ⇔≡♥〉
⇑∂°≥〉 ⌠ � 〉

〉 ∪↔±≡⌠   °±≈°⌠ ⊂〉 √← ↓∂÷″≡±↔ ↓↔↔≡↑±∂±÷ ∂± �←• ←×∂± ≈≡↔≡↑″∂±≡≈ ƒ ↔•≡
⊄♠↑∂±÷ ″≡…•±∂←″◊ ⊄↑≡±≈← ¬≡±≡↔〉 ⌠ � 〉

〉 ∉↑∂…•ƒ⌠ ⇔〉 〉  ⊂↓∂≡♦×⌠ ∏〉 ∨〉〉 ∠↑∂÷∂±← °≠ ≈♠≥↔ ↓∂÷″≡±↔↔∂°±∑ ≈∂♥≡↑←∂↔ƒ ∂±
↓∂÷″≡±↔ ←↔≡″ …≡≥≥ ≥∂±≡÷≡← ±≈ ∂″↓≥∂…↔∂°±← ≠°↑ ↓↔↔≡↑± ≡♥°≥♠↔∂°±〉 ∉∂÷″≡±↔ ⇐≡≥≥
≡≥±°″ ⊆≡←〉 ⌠ � 〉

〉 ⊂∂±÷•⌠ ⇒〉 ∉〉⌠ ⊂…•…•⌠ ⊇  ∇♠ω←←≥≡∂±∫⊃°≥•↑≈⌠ ⇐〉 ∉↑°≥∂≠≡↑↔∂°±⌠ ≈∂←↓≡↑←≥ ±≈
↓↔↔≡↑±≡≈ ÷÷↑≡÷↔∂°± °≠ ∂↑∂≈°↓•°↑≡← ∂± ↔•≡ ←×∂± ↓↑≡�÷♠↑≡ ←↔↑∂↓≡≈ …°≥°♠↑↔∂°± °≠
∞≡↑�←•〉 ∇↔〉 ⇐≡≥≥〉 ⇑∂°≥〉 ⌠ � 〉

〉 ⇔°°≥≡ƒ⌠ ⇐〉 〉⌠ °±÷≡↑⌠ ⇒⌠ ∪≥≈≡↑∂…•⌠ ⇑  ∇♠ω←←≥≡∂±∫⊃°≥•↑≈⌠ ⇐〉 ∠± ↔•≡
≡″↑ƒ°±∂… °↑∂÷∂± °≠ ≈♠≥↔ ″≡≥±°↓•°↑≡←∑ ↔•≡ ↑°≥≡ °≠ ∨↑⇑ ±≈ ∂↔ ←∂÷±≥≥∂±÷ ∂±
≡←↔≥∂←•∂±÷ ″≡≥±°↓•°↑≡ ←↔≡″ …≡≥≥← ∂± ∞≡↑�←•〉 ⇔≡♥≡≥°↓″≡±↔ ⌠ �
〉

〉 ⇑♠≈∂⌠ ∨〉 ⋅〉⌠ ∉↔↔≡↑←°±⌠ 〉 ⇑〉  ∉↑∂…•ƒ⌠ ⇔〉 〉〉 ∉°←↔∫≡″↑ƒ°±∂… ±≡↑♥≡∫←←°…∂↔≡≈
↓↑≡…♠↑←°↑← ↔° ≈♠≥↔ ↓∂÷″≡±↔ …≡≥≥←∑ ÷≡±≡↔∂… ↑≡→♠∂↑≡″≡±↔← ±≈ ≈ƒ±″∂…← °≠
″°↑↓•°÷≡±≡←∂← ±≈ ≈∂≠≠≡↑≡±↔∂↔∂°±〉 ∉°⊂ ¬≡±≡↔〉 ⌠ ≡ 〉

〉 •≥♦↑⌠ ∉⌠ ∪≥≈≡↑∂…•⌠ ⇑⌠ ⊂∂±÷•⌠ ⇒〉 ∉〉  ∇♠ω←←≥≡∂±∫⊃°≥•↑≈⌠ ⇐〉 °…≥
↑≡°↑÷±∂∞↔∂°± °≠ ♣±↔•°↓•°↑≡← �±≡∫↔♠±≡← ±≈ …°≥°↑← ↔•≡ ←↔↑∂↓≡≈ ↓↔↔≡↑± °≠
∞≡↑�←•〉 ⊂…∂≡±…≡ ⌠ � 〉

〉 …≡±″∂±⌠ ⊂〉 〉 ≡↔ ≥〉 ⊄•ƒ↑°∂≈ •°↑″°±≡∫≈≡↓≡±≈≡±↔ ≈♠≥↔ ↓∂÷″≡±↔ …≡≥≥
≥∂±≡÷≡ ±≈ ↓↔↔≡↑± ∂± ∞≡↑�←•〉 ⊂…∂≡±…≡ ⌠ � 〉

⇒⊆⊄√⇐∨ ∇⇒⊄⊇⊆∨ ⇐∠⊇∇√⇐⇒⊄√∠∇⊂ ≤ ⇔∠√∑ 〉ñ±…°″″←

 ∇⇒⊄⊇⊆∨ ⇐∠⊇∇√⇐⇒⊄√∠∇⊂ ≤ ∑ ≤ ⇔∠√∑ 〉ñ±…°″″← ≤ ♦♦♦〉±↔♠↑≡〉…°″ñ±↔♠↑≡…°″″♠±∂…↔∂°±←
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〉 ⋅∂↑↔⌠ ⌠ ∇×″♠↑⌠ ⌠ ±≡″↑♠⌠ ⊄⌠ ⊂•∂↔⌠ ∅  °±≈°⌠ ⊂〉 ∉∂÷″≡±↔ …≡≥≥
°↑÷±∂∞↔∂°± ∂± ↔•≡ •ƒ↓°≈≡↑″∂← °≠ ∞≡↑�←•〉 ⇔≡♥〉 ⇔ƒ±〉 ⌠ � 〉

〉 ⋅∂↑↔⌠ ⌠ ∇×″♠↑⌠   °±≈°⌠ ⊂〉 ∉∂÷″≡±↔ …≡≥≥ ≈∂←↔↑∂♠↔∂°±← ∂± ≈∂≠≠≡↑≡±↔
↔∂←←♠≡← °≠ ↔•≡ ∞≡↑�←•⌠ ♦∂↔• ←↓≡…∂≥ ↑≡≠≡↑≡±…≡ ↔° ↔•≡ ←↔↑∂↓≡≈ ↓∂÷″≡±↔ ↓↔↔≡↑±〉
⇔≡♥〉 ⇔ƒ±〉 ⌠ � 〉

〉 ∧↑°•±•°ω≠≡↑⌠ ⋅〉 ¬〉⌠ ↑♠←←⌠ ∏⌠ ∂←…•≡∂±⌠ ⋅〉 〉  ∇♠ω←←≥≡∂±∫⊃°≥•↑≈⌠ ⇐〉
√↑∂≈°↓•°↑≡← ±≈ ↔•≡∂↑ ∂±↔≡↑…↔∂°±← ♦∂↔• °↔•≡↑ …•↑°″↔°↓•°↑≡← ↑≡ ↑≡→♠∂↑≡≈ ≠°↑
←↔↑∂↓≡ ≠°↑″↔∂°± ∂± ∞≡↑�←•〉 ⇔≡♥≡≥°↓″≡±↔ ⌠ � 〉

〉 ∂←↔≡↑⌠ ∏〉 ⇒〉⌠ ⊆°≡↑↔←°±⌠ ⇐〉 ∉〉⌠ ≡↓÷≡⌠ ⊄⌠ ∏°•±←°±⌠ ⊂〉 〉  ⊆∂≥≡⌠ ⇔〉 ∪〉〉 ±…↑≡
≡±…°≈≡←  ∞≡↑�←• ″∂…↑°↓•↔•≥″∂∫↑≡≥↔≡≈ ↓↑°↔≡∂± ↔•↔ ↑≡÷♠≥↔≡← ±≡♠↑≥∫…↑≡←↔∫
≈≡↑∂♥≡≈ ↓∂÷″≡±↔ …≡≥≥ ≠↔≡〉 ⇔≡♥≡≥°↓″≡±↔ ⌠ � 〉

〉 ∉↑∂…•ƒ⌠ ⇔〉 〉 ≡↔ ≥〉 ♠↔↔∂°±≥ ±≥ƒ←∂← °≠ ≡±≈°↔•≡≥∂± ↑≡…≡↓↔°↑  ↑°←≡ ≈♠↑∂±÷
±≡♠↑≥ …↑≡←↔ ±≈ ↓∂÷″≡±↔ ↓↔↔≡↑± ≈≡♥≡≥°↓″≡±↔ ∂± ↔•≡ ∞≡↑�←• ⇔±∂° ↑≡↑∂°〉
⇔≡♥〉 ⇑∂°≥〉 ⌠ � 〉

〉 ∉↑∂…•ƒ⌠ ⇔〉 〉⌠ ⊆±←°″⌠ ⇔〉 ¬〉⌠ ∉♦⌠ ⇑⌠ ⊕°±⌠ 〉 √〉  ∏°•±←°±⌠ ⊂〉 〉〉 ⇒±
°↑↔•°≥°÷♠≡ °≠ ↔•≡ ×∂↔∫↑≡≥↔≡≈ ÷≡±≡ ≠″← ∂← ↑≡→♠∂↑≡≈ ≠°↑ ≈≡♥≡≥°↓″≡±↔ °≠ ±≡♠↑≥
…↑≡←↔∫≈≡↑∂♥≡≈ ♣±↔•°↓•°↑≡← ±≈  ←♠↓°↓♠≥↔∂°± °≠ ≈♠≥↔ ″≡≥±°…ƒ↔≡← ∂± ↔•≡
∞≡↑�←•⌠ ⇔±∂° ↑≡↑∂°〉 ⇔≡♥≡≥°↓″≡±↔ ⌠ � 〉

〉 °↓≡←⌠ ⊂〉 ⊂〉 ≡↔ ≥〉 ≡♠×°…ƒ↔≡ ↔ƒ↑°←∂±≡ ×∂±←≡ ≠♠±…↔∂°±← ∂± ↓∂÷″≡±↔ …≡≥≥
≈≡♥≡≥°↓″≡±↔〉 ∉°⊂ ¬≡±≡↔〉 ⌠ ≡ 〉

〉 ↑♠←←⌠ ∏⌠ ⇒←↔↑∂±∂≈≡←⌠ ∉⌠ ∧↑°•±•°ω≠≡↑⌠ ⋅〉 ¬〉⌠ ∪≥≈≡↑∂…•⌠ ⇑  ∇♠ω←←≥≡∂±∫⊃°≥•↑≈⌠
⇐〉 ↔↑±←↓↑≡±↔⌠  ÷≡±≡ ≠≠≡…↔∂±÷ ←↔↑∂↓≡ ≠°↑″↔∂°± ∂± ∞≡↑�←•⌠ ≡±…°≈≡← ↔•≡
″∂↔°…•°±≈↑∂≥ ↓↑°↔≡∂± ↓♥ ↔•↔ ∂← ↑≡→♠∂↑≡≈ ≠°↑ ∂↑∂≈°↓•°↑≡ ←♠↑♥∂♥≥〉 ⇑∂°≥〉
∠↓≡± ⌠ � 〉

〉 ≈≡↑←↓…•≡↑⌠ ∧  ∇♠ω←←≥≡∂±∫⊃°≥•↑≈⌠ ⇐〉 ∧°↑″↔∂°± °≠ ↔•≡ ≈♠≥↔ ↓∂÷″≡±↔
↓↔↔≡↑± ∂± ∞≡↑�←• ↑≡→♠∂↑≡← ≥≡°↓↑≈ ±≈ °≡≥∂♣ ≈≡↓≡±≈≡±↔ …≡≥≥ ∂±↔≡↑…↔∂°±←〉
⇔≡♥≡≥°↓″≡±↔ ⌠ � 〉

〉 ∇×″←♠⌠ ⇒⌠ ⊄×•←•∂⌠ ¬⌠ ±≡⌠ ⇒  °±≈°⌠ ⊂〉 √±↔≡↑…↔∂°±← ≡↔♦≡≡±
∞≡↑�←• ↓∂÷″≡±↔ …≡≥≥← ↑≡←↓°±←∂≥≡ ≠°↑ ↔•≡ ÷≡±≡↑↔∂°± °≠ ⊄♠↑∂±÷ ↓↔↔≡↑±←〉 ∉↑°…〉
∇↔≥ ⇒…≈〉 ⊂…∂〉 ⊇⊂⇒ ⌠ � 〉

〉 ⊂∂±÷•⌠ ⇒〉 ∉〉⌠ ∧↑°•±•°ω≠≡↑⌠ ⋅〉 ¬〉⌠ √↑∂°±⌠ ⊇  ∇♠ω←←≥≡∂±∫⊃°≥•↑≈⌠ ⇐〉 ∧∂←•
↓∂÷″≡±↔↔∂°±〉 ↑≡←↓°±←≡ ↔° …°″″≡±↔ °± ��°…≥ ↑≡°↑÷±∂∞↔∂°± °≠ ♣±↔•°↓•°↑≡←
�±≡∫↔♠±≡← ±≈ …°≥°↑← ↔•≡ ←↔↑∂↓≡≈ ↓↔↔≡↑± °≠ ∞≡↑�←•��〉 ⊂…∂≡±…≡ ⌠  〉

〉 ∅″±×⌠ ⋅  °±≈°⌠ ⊂〉 √± ♥∂↔↑° ±≥ƒ←∂← ←♠÷÷≡←↔← ↔•↔ ≈∂≠≠≡↑≡±…≡ ∂± …≡≥≥
″°♥≡″≡±↔ ≈♠↑∂±÷ ≈∂↑≡…↔ ∂±↔≡↑…↔∂°± …± ÷≡±≡↑↔≡ ♥↑∂°♠← ↓∂÷″≡±↔ ↓↔↔≡↑±←
∂± ♥∂♥°〉 ∉↑°…〉 ∇↔≥ ⇒…≈〉 ⊂…∂〉 ⊇⊂⇒ ⌠ � 〉

〉 √↑∂°±⌠ ⊇ ≡↔ ≥〉 ¬↓ ∝♠±…↔∂°±← …°″↓°←≡≈ °≠ …°±±≡♣∂±← 〉 ±≈ 〉 ↑≡ ≡←←≡±↔∂≥
≠°↑ …°≥°♠↑ ↓↔↔≡↑± ≠°↑″↔∂°± ∂± ∞≡↑�←•〉 ∨≥∂≠≡ ⌠ ≡ 〉

〉 ∧≈≡≡♥⌠ ⇒⌠ ↑♠←←⌠ ∏⌠ ∧↑°ω•±•°≠≡↑⌠ ⋅〉 ¬〉⌠ √↑∂°±⌠ ⊇  ∇♠ω←←≥≡∂±∫⊃°≥•↑≈⌠ ⇐〉 ⊄∂÷•↔
∝♠±…↔∂°± ↓↑°↔≡∂±  ↑≡÷♠≥↔≡← ↓∂÷″≡±↔ …≡≥≥ °↑÷±∂←↔∂°± ≈♠↑∂±÷ ∞≡↑�←• …°≥°♠↑
↓↔↔≡↑±∂±÷〉 ∨≥∂≠≡ ⌠ ≡ 〉

〉 ⇒≥←•≡∂″≡↑⌠ ⊂〉 ∠± ⊄≡≥≡°←↔ ♠←…≥≡ ⊂↔≡″ ⇐≡≥≥← ±≈ ↔•≡ ⊃≡↑↔∂…≥ ƒ°←≡↓↔♠″ ← ↔•≡∂↑
∇∂…•≡ � ∉•⇔ ⇔∂←←≡↑↔↔∂°±⌠ ∨≡↑•↑≈∫↑≥←∫⊇±∂♥〉 〉

〉 ⇔°°≥≡ƒ⌠ ⇐〉 〉 ≡↔ ≥〉 ⊂≥… ±≈ ⊃∫⇒⊄∉←≡ ↑≡ ↑≡÷♠≥↔°↑← °≠ ″≡≥±°←°″≥ ↓⋅
•°″≡°←↔←∂← ∂± ∞≡↑�←•⌠ ↓↑°♥∂≈∂±÷  ″≡…•±∂←″ ≠°↑ •♠″± ↓∂÷″≡±↔ ≡♥°≥♠↔∂°±
±≈ ≈∂←≡←≡〉 ∉∂÷″≡±↔ ⇐≡≥≥ ≡≥±°″ ⊆≡←〉 ⌠ � 〉

〉 ≡≥←•⌠ ⊆〉 ∇〉 ≡↔ ≥〉 ⊕≡↑�←• ↓∂÷″≡±↔↔∂°± ″♠↔↔∂°±← ±≈ ↔•≡ ↓↑°…≡←←≡← °≠ ±≡♠↑≥
…↑≡←↔ ≈≡♥≡≥°↓″≡±↔〉 ⇔≡♥≡≥°↓″≡±↔ ⌠ � 〉

〉 ⋅≠≠↔≡↑⌠ ∉ ≡↔ ≥〉 ♠↔↔∂°±← ≠≠≡…↔∂±÷ ↓∂÷″≡±↔↔∂°± ±≈ ←•↓≡ °≠ ↔•≡ ≈♠≥↔
∞≡↑�←•〉 ⇔≡♥〉 ¬≡±≡←〉 ∨♥°≥〉 ⌠ � 〉

〉 ⇑♠≈∂⌠ ∨〉 ⋅〉⌠ ∉↔↔≡↑←°±⌠ 〉 ⇑〉  ∉↑∂…•ƒ⌠ ⇔〉 〉〉 ∨″↑ƒ°±∂… ↑≡→♠∂↑≡″≡±↔← ≠°↑
∨↑⇑ ←∂÷±≥∂±÷ ∂± ±≡♠↑≥ …↑≡←↔ ≈≡♥≡≥°↓″≡±↔ ±≈ ≈♠≥↔ ↓∂÷″≡±↔ ↓↔↔≡↑±
≠°↑″↔∂°±〉 ⇔≡♥≡≥°↓″≡±↔ ⌠ � 〉

〉 ∉∂←•↑↔•⌠ ⋅  ∉↑←°±←⌠ 〉 ∏〉〉 ∇∂↔↑°↑≡≈♠…↔←≡∫″≡≈∂↔≡≈ …≡≥≥ ≥↔∂°± ∂±
↔↑±←÷≡±∂… ∞≡↑�←• ≡″↑ƒ°←〉 ≡↔•°≈← °≥〉 ⇑∂°≥〉 ⌠ � 〉

〉 ∉↑∂…•ƒ⌠ ⇔〉 〉⌠ ⊆♦≥←⌠ ∏〉 ∧〉⌠ ∉↑↔↔⌠ ⊂〉 ∏〉⌠ ∪•∂↔�≡≥≈⌠ ⊄〉 ⊄〉  ∏°•±←°±⌠ ⊂〉 〉〉
⊕≡↑�←• ←↓↑←≡ …°↑↑≡←↓°±≈← ↔° ± °↑↔•°≥°÷♠≡ °≠ …∫×∂↔ ±≈ ∂← ↑≡→♠∂↑≡≈ ≠°↑ ↔•≡
″°↑↓•°÷≡±≡←∂← °≠  ←♠↓°↓♠≥↔∂°± °≠ ″≡≥±°…ƒ↔≡←⌠ ♠↔ ∂← ±°↔ ≡←←≡±↔∂≥ ≠°↑
•≡″↔°↓°∂≡←∂← °↑ ↓↑∂″°↑≈∂≥ ÷≡↑″ …≡≥≥ ≈≡♥≡≥°↓″≡±↔〉 ⇔≡♥≡≥°↓″≡±↔ ⌠ �
 〉

〉 ↑♠←←⌠ ∏ ≡↔ ≥〉 ∨±≈°↔•≡≥∂± ←∂÷±≥≥∂±÷ ∂± ∂↑∂≈°↓•°↑≡ ≈≡♥≡≥°↓″≡±↔ ±≈ ←↔↑∂↓≡
↓↔↔≡↑± ≠°↑″↔∂°± °≠ ∞≡↑�←•〉 ⇑∂°≥〉 ∠↓≡± ⌠ � 〉

〉 ∧≈≡≡♥⌠ ⇒⌠ ↑♠←←⌠ ∏⌠ ⊂∂±÷•⌠ ⇒〉 ∉〉  ∇♠ω←←≥≡∂±∫⊃°≥•↑≈⌠ ⇐〉 ⊕≡↑�←• ≥≡♠×°…ƒ↔≡
↔ƒ↑°←∂±≡ ×∂±←≡ …°±↔↑°≥← ∂↑∂≈°↓•°↑≡ ≡←↔≥∂←•″≡±↔⌠ ↓↑°≥∂≠≡↑↔∂°± ±≈ ←♠↑♥∂♥≥〉
∉∂÷″≡±↔ ⇐≡≥≥ ≡≥±°″ ⊆≡←〉 •↔↔↓∑ññ≈♣〉≈°∂〉°↑÷ñ〉ñ↓…″↑〉 〉

〉 ∉±∞⌠ ∉⌠ ∂≡↑⌠ ∏⌠ ⊂…•″≡≡←⌠ ⇐⌠ ⊆°↔•♠≡↑⌠ ⊇  ⊂°≥≥±≡↑⌠ ⇐〉 ∂♥≡ ∂″÷∂±÷ °≠
≡±≈°÷≡±°♠← ↓↑°↔≡∂± ≈ƒ±″∂…← ∂± ∞≡↑�←• ♠←∂±÷ …•↑°″°°≈∂≡←〉 ⇔≡♥≡≥°↓″≡±↔
⌠ � 〉

〉 ƒ°↑⌠ ⊆  ⊄•≡♥≡±≡♠⌠ ∨〉 ⊄•≡ ±≡♠↑≥ …↑≡←↔〉 ⇔≡♥≡≥°↓″≡±↔ ⌠ �
〉

〉 ↑↔∞⌠ ∨  ⊂↔≡∂±≡↑⌠ 〉⊂〉 ⊆°≥≡ °≠ …≡≥≥�…≡≥≥ …°±↔…↔ ∂± …°±↔…↔ ∂±•∂∂↔∂°± °≠ …≡≥≥∫
≈∂♥∂←∂°±�↑≡♥∂≡♦ ±≈ ±≡♦ ≡♥∂≈≡±…≡〉 ∏〉 ⇐≡≥≥〉 ∉•ƒ←∂°≥〉 ⌠ � 〉

〉 ⇒≡↑…↑°″∂≡⌠ 〉 ⇐°±↔…↔ ∂±•∂∂↔∂°± ∂± ↔∂←←♠≡ …♠≥↔♠↑≡〉 √± ⊃∂↔↑° ⇐≡≥≥ ⇔≡♥〉 ⇑ ⌠ 
〉

〉 ⇒≡↑…↑°″∂≡⌠   ⋅≡ƒ←″±⌠ ∏〉 ∨〉〉 ∠←≡↑♥↔∂°±← °± ↔•≡ ←°…∂≥ ≡•♥∂°♠↑ °≠
…≡≥≥← ∂± ↔∂←←♠≡ …♠≥↔♠↑≡〉 √〉 ⊂↓≡≡≈ °≠ ″°♥≡″≡±↔ °≠ …•∂…× •≡↑↔ �↑°≥←↔← ∂± ↑≡≥↔∂°±
↔° ↔•≡∂↑ ″♠↔♠≥ …°±↔…↔←〉 ∨♣↓〉 ⇐≡≥≥〉 ⊆≡←〉 ⌠ � 〉

〉 ⇒≡↑…↑°″∂≡⌠   ⋅≡ƒ←″±⌠ ∏〉 ∨〉〉 ∠←≡↑♥↔∂°±← °± ↔•≡ ←°…∂≥ ≡•♥∂°♠↑ °≠
…≡≥≥← ∂± ↔∂←←♠≡ …♠≥↔♠↑≡〉 √√〉 °±°≥ƒ≡↑∂±÷ °≠ �↑°≥←↔←〉 ∨♣↓〉 ⇐≡≥≥〉 ⊆≡←〉 ⌠ �
〉

〉 ⇐↑″°±∫∧°±↔∂±≡⌠ ⇐ ≡↔ ≥〉 ⇐°±↔…↔ ∂±•∂∂↔∂°± °≠ ≥°…°″°↔∂°± ∂± ♥∂♥° …°±↔↑°≥←
±≡♠↑≥ …↑≡←↔ ≈∂↑≡…↔∂°±≥ ″∂÷↑↔∂°±〉 ∇↔♠↑≡ ⌠ � 〉

〉 ⇐↑″°±∫∧°±↔∂±≡⌠ ⇐ ≡↔ ≥〉 ⇐°″↓≥≡″≡±↔ ≠↑÷″≡±↔ ⇐ …°±↔↑°≥← ″♠↔♠≥ …≡≥≥
↔↔↑…↔∂°± ≈♠↑∂±÷ …°≥≥≡…↔∂♥≡ …≡≥≥ ″∂÷↑↔∂°±〉 ⇔≡♥〉 ⇐≡≥≥〉 ⌠ � 〉

〉 ⇔♥∂←⌠ ∏〉 ⊆〉 ≡↔ ≥〉 √±↔≡↑∫…≡≥≥♠≥↑ ≠°↑…≡← °↑…•≡←↔↑↔≡ …°±↔…↔ ∂±•∂∂↔∂°± °≠
≥°…°″°↔∂°±〉 ⇐≡≥≥ ⌠ � 〉

〉 √±⌠ ⌠ ∅″±×⌠ ⋅  °±≈°⌠ ⊂〉 ∉∂÷″≡±↔ ↓↔↔≡↑± ≠°↑″↔∂°± ƒ …°±↔…↔∫
≈≡↓≡±≈≡±↔ ≈≡↓°≥↑∂∞↔∂°±〉 ⊂…∂≡±…≡ ⌠  〉

〉 √♦←•∂↔⌠  ≡↔ ≥〉 ∉∂÷″≡±↔ ↓↔↔≡↑± ∂± ∝÷♠↑ñ°≡≥∂♣ ∞≡↑�←• ∂← …♠←≡≈ ƒ 
∂↑〉 ″♠↔↔∂°±∑ ∂″↓≥∂…↔∂°±← ≠°↑ ↔•≡ ↑≡÷♠≥↔∂°± °≠ ″≡≥±°←°″≡ ″°♥≡″≡±↔〉
∉°⊂ ¬≡±≡↔〉 ⌠ ≡ 〉

〉 ∪↔±≡⌠  ≡↔ ≥〉 ⊂↓°↔ ↓↔↔≡↑± °≠ ≥≡°↓↑≈ ⇔±∂° ∂← …♠←≡≈ ƒ ″♠↔↔∂°± ∂± ↔•≡
∞≡↑�←• …°±±≡♣∂±〉 ÷≡±≡〉 ∨⇑∠ ⊆≡↓〉 ⌠ � 〉

〉 °↔∂±∂⌠   ƒ°↑⌠ ⊆〉 ⇐°±±≡♣∂±← ∂± ″∂÷↑↔∂°± ≈♠↑∂±÷ ≈≡♥≡≥°↓″≡±↔ ±≈
…±…≡↑〉 ⇔≡♥〉 ⇑∂°≥〉 ⌠ � 〉

〉 ∨°″⌠ ⇔〉 ⊂〉 ≡↔ ≥〉 ≡≥±°↓•°↑≡ ″∂÷↑↔∂°± ±≈ ←♠↑♥∂♥≥ ≈♠↑∂±÷ ∞≡↑�←• ≈♠≥↔
↓∂÷″≡±↔ ←↔↑∂↓≡ ≈≡♥≡≥°↓″≡±↔ ↑≡→♠∂↑≡ ↔•≡ ∂″″♠±°÷≥°♠≥∂± ←♠↓≡↑≠″∂≥ƒ ≈•≡←∂°±
″°≥≡…♠≥≡ √÷←≠〉 ∉°⊂ ¬≡±≡↔〉 ⌠ ≡ 〉

〉 ⋅≠≠↔≡↑⌠ ∉ ≡↔ ≥〉 ⊄•≡ ∂≈≡±↔∂�…↔∂°± °≠ ÷≡±≡← ♦∂↔• ♠±∂→♠≡ ±≈ ≡←←≡±↔∂≥ ≠♠±…↔∂°±←
∂± ↔•≡ ≈≡♥≡≥°↓″≡±↔ °≠ ↔•≡ ∞≡↑�←•⌠ ⇔±∂° ↑≡↑∂°〉 ⇔≡♥≡≥°↓″≡±↔ ⌠ �
〉

〉 ¬↑ƒ⌠ ⇐ ≡↔ ≥〉 ⊂∂″♠≥↔±≡°♠← ∂±↔↑♥∂↔≥ ∂″÷∂±÷ °≠ ″…↑°↓•÷≡ ±≈ ±≡♠↔↑°↓•∂≥
≡•♥∂°♠↑ ≈♠↑∂±÷ ∂±�″″↔∂°± ♠←∂±÷  ±°♥≡≥ ↔↑±←÷≡±∂… ∞≡↑�←•〉 ⊄•↑°″〉
⋅≡″°←↔〉 ⌠ � 〉

〉 ≡♥≡←→♠≡⌠ 〉 ∉〉⌠ ↑♠←←⌠ ∏⌠ °≡•≥≡↑⌠ ⇐⌠ ⇑°≈≡±⌠ ⇐  ⋅↑↑∂←⌠ 〉 ∉〉〉 ∇≡♦ ↔°°≥← ≠°↑
↔•≡ ∂≈≡±↔∂�…↔∂°± °≠ ≈≡♥≡≥°↓″≡±↔≥≥ƒ ↑≡÷♠≥↔≡≈ ≡±•±…≡↑ ↑≡÷∂°±← ∂± ≡″↑ƒ°±∂…
±≈ ≈♠≥↔ ∞≡↑�←•〉 ⊕≡↑�←• ⌠ � 〉

〉 ⇑↑±≈⌠ ⌠ ¬↑±↔°⌠   ∇♠ω←←≥≡∂±∫⊃°≥•↑≈⌠ ⇐〉 ∂± ≡≡↓∂±÷ ±≈ ⊆∂←∂±÷
⊕≡↑�←•〉 ⊕≡↑�←•⌠ ∉↑…↔∂…≥ ⇒↓↓↑°…•〉 ⇐•〉 ⌠ � ∠♣≠°↑≈ ⊇±∂♥〉 ∉↑≡←←⌠
〉

〉 ∉↑∂…•ƒ⌠ ⇔〉 〉⌠ ∨≥∂∞°±≈°⌠ 〉 ⊆〉⌠ ∂≥≥←⌠ 〉 ¬〉⌠ ¬°↑≈°±⌠ ⊄〉 ∇〉  ∨±÷≡←∞≡↑⌠ ⊆〉 ∨〉〉
∇°↑″≥ ↔≥≡ °≠ ↓°←↔≡″↑ƒ°±∂… ∞≡↑�←• ≈≡♥≡≥°↓″≡±↔∑ ←↔÷∂±÷ ƒ ≡♣↔≡↑±≥≥ƒ
♥∂←∂≥≡ ±↔°″ƒ °≠ ↔•≡ ≥∂♥∂±÷ �←•〉 ⇔≡♥〉 ⇔ƒ±〉 ⌠ � 〉

〉 ±≡⌠ ⇔〉 ⇒〉  ∂←•∂″°↔°⌠ ∅〉 ∂± ⇐≡≥≥ ≡≥≥∂±÷ ⇒±≈ ⊄↑±←↓≥±↔↔∂°±
⊄≡…•±∂→♠≡←〉 ⊕≡↑�←•⌠ ∉↑…↔∂…≥ ⇒↓↓↑°…•〉 ⇐•〉 ⌠ � ∠♣≠°↑≈ ⊇±∂♥〉
∉↑≡←←⌠ 〉

〉 ⊂…•±≡∂≈≡↑⌠ ⇐〉 ⇒〉⌠ ⊆←±≈⌠ ∪〉 ⊂〉  ∨≥∂…≡∂↑∂⌠ 〉 ∪〉〉 ∇√⋅ √″÷≡ ↔° √″÷≡∏∑
 ƒ≡↑← °≠ ∂″÷≡ ±≥ƒ←∂←〉 ∇↔〉 ≡↔•°≈← ⌠ � 〉

〉 ∉↑≡∂∂←…•⌠ ⊂⌠ ⊂≥≠≡≥≈⌠ ⊂  ⊄°″±…×⌠ ∉〉 ¬≥°≥≥ƒ °↓↔∂″≥ ←↔∂↔…•∂±÷ °≠ ↔∂≥≡≈ ⇔
″∂…↑°←…°↓∂… ∂″÷≡ …→♠∂←∂↔∂°±←〉 ⇑∂°∂±≠°↑″↔∂…← ⌠ � 〉

⇒…×±°♦≥≡≈÷≡″≡±↔←
∪≡ ↔•±× ⇔↑↑≡± ¬∂≥″°♠↑⌠ ∉↔↑∂…× ♠ω≥≥≡↑⌠ ⊇♦≡ √↑∂°±⌠ ⋅±←∫¬≡°↑÷ ∧↑°•±•°ω≠≡↑⌠ ⇒↓↑∂≥

⇔∂±♦∂≈≈∂≡⌠ ⇒±←↔←∂ ∨←×°♥ ±≈ ⇒±≈↑≡ƒ ∧≈≡≡♥ ≠°↑ …°″″≡±↔← °± ↔•≡ ″±♠←…↑∂↓↔〉 ∪≡

↔•±× ⇒±≈↑≡ƒ ∧≈≡≡♥ ≠°↑ •≡≥↓ ♦∂↔• ↔•≡ ↑∂÷•↔∫�≡≥≈ ∂″÷∂±÷ °≠ ≈♠≥↔ �←•〉 ⊄•∂← ♦°↑× ♦←

←♠↓↓°↑↔≡≈ ƒ ↔•≡ ♣ ∉≥±…× ⊂°…∂≡↔ƒ〉

⇒♠↔•°↑ …°±↔↑∂♠↔∂°±←
⇑〉∪〉⌠ ⇒〉∉〉⊂〉 ±≈ ⇐〉∇〉⊃〉 …°±…≡∂♥≡≈ ±≈ ≈≡←∂÷±≡≈ ↔•≡ ≡♣↓≡↑∂″≡±↔← ⇑〉∪〉 ↓≡↑≠°↑″≡≈ ↔•≡

≥←↔°″≡↑≡ ↔↑±←↓≥±↔↔∂°±← ⇒〉∉〉⊂〉 ±≥ƒ←≡≈ ↔•≡ ↑≡÷≡±≡↑↔∂°± °± ≈≡↓≥≡↔∂°± °≠ ←↔≡″ …≡≥≥←

±≈ ∉〉〉 ↔•≡ ≈↑♠÷∫″≡≈∂↔≡≈ ♣±↔•°↓•°↑≡ ≥↔∂°± ≡♣↓≡↑∂″≡±↔〉 ⇒〉∉〉⊂〉 ±≈ ∉〉〉 ↓↑°♥∂≈≡≈

…°±≠°…≥ ∂″÷≡← °≠ ↔•≡ …•∂″≡↑←〉 ⇐〉∇〉⊃〉⌠ ⇑〉∪〉 ±≈ ⇒〉∉〉⊂〉 ♦↑°↔≡ ↔•≡ ↓↓≡↑〉

⇒≈≈∂↔∂°±≥ ∂±≠°↑″↔∂°±
⊂♠↓↓≥≡″≡±↔↑ƒ √±≠°↑″↔∂°± ……°″↓±∂≡← ↔•∂← ↓↓≡↑ ↔ •↔↔↓∑ññ♦♦♦〉±↔♠↑≡〉…°″ñ

±↔♠↑≡…°″″♠±∂…↔∂°±←

⇐°″↓≡↔∂±÷ �±±…∂≥ ∂±↔≡↑≡←↔←∑ ⊄•≡ ♠↔•°↑← ≈≡…≥↑≡ ±° …°″↓≡↔∂±÷ �±±…∂≥ ∂±↔≡↑≡←↔←〉

⊆≡↓↑∂±↔← ±≈ ↓≡↑″∂←←∂°± ∂±≠°↑″↔∂°± ∂← ♥∂≥≥≡ °±≥∂±≡ ↔ •↔↔↓∑ññ±↓÷〉±↔♠↑≡〉…°″ñ

↑≡↓↑∂±↔←±≈↓≡↑″∂←←∂°±←ñ

⋅°♦ ↔° …∂↔≡ ↔•∂← ↑↔∂…≥≡∑ ∪≥≈≡↑∂…•⌠ ⇑〉 ≡↔ ≥〉 ⋅°″°↔ƒ↓∂… …≡≥≥ …°″↓≡↔∂↔∂°± ↑≡÷♠≥↔≡←

↓↑°≥∂≠≡↑↔∂°± ±≈ ↔∂≥∂±÷ °≠ ∞≡↑�←• ↓∂÷″≡±↔ …≡≥≥← ≈♠↑∂±÷ …°≥°♠↑ ↓↔↔≡↑± ≠°↑″↔∂°±〉

∇↔〉 ⇐°″″♠±〉 ∑ ≈°∂∑ 〉ñ±…°″″← 〉

⊄•∂← ♦°↑× ∂← ≥∂…≡±←≡≈ ♠±≈≡↑  ⇐↑≡↔∂♥≡ ⇐°″″°±← ⇒↔↔↑∂♠↔∂°± 〉

√±↔≡↑±↔∂°±≥ ∂…≡±←≡〉 ⊄•≡ ∂″÷≡← °↑ °↔•≡↑ ↔•∂↑≈ ↓↑↔ƒ ″↔≡↑∂≥ ∂± ↔•∂←

↑↔∂…≥≡ ↑≡ ∂±…≥♠≈≡≈ ∂± ↔•≡ ↑↔∂…≥≡�← ⇐↑≡↔∂♥≡ ⇐°″″°±← ≥∂…≡±←≡⌠ ♠±≥≡←← ∂±≈∂…↔≡≈ °↔•≡↑♦∂←≡

∂± ↔•≡ …↑≡≈∂↔ ≥∂±≡ ∂≠ ↔•≡ ″↔≡↑∂≥ ∂← ±°↔ ∂±…≥♠≈≡≈ ♠±≈≡↑ ↔•≡ ⇐↑≡↔∂♥≡ ⇐°″″°±← ≥∂…≡±←≡⌠

♠←≡↑← ♦∂≥≥ ±≡≡≈ ↔° °↔∂± ↓≡↑″∂←←∂°± ≠↑°″ ↔•≡ ≥∂…≡±←≡ •°≥≈≡↑ ↔° ↑≡↓↑°≈♠…≡ ↔•≡ ″↔≡↑∂≥〉

⊄° ♥∂≡♦  …°↓ƒ °≠ ↔•∂← ≥∂…≡±←≡⌠ ♥∂←∂↔ •↔↔↓∑ññ…↑≡↔∂♥≡…°″″°±←〉°↑÷ñ≥∂…≡±←≡←ñƒñ〉ñ

∇⇒⊄⊇⊆∨ ⇐∠⊇∇√⇐⇒⊄√∠∇⊂ ≤ ⇔∠√∑ 〉ñ±…°″″← ⇒⊆⊄√⇐∨

∇⇒⊄⊇⊆∨ ⇐∠⊇∇√⇐⇒⊄√∠∇⊂ ≤ ∑ ≤ ⇔∠√∑ 〉ñ±…°″″← ≤ ♦♦♦〉±↔♠↑≡〉…°″ñ±↔♠↑≡…°″″♠±∂…↔∂°±← 
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Publication 3

Mahalwar P., Singh A.P., Fadeev A., Nüsslein-Volhard C,

Irion U. (2016). Connexin-mediated organization of

xanthophores during color pattern formation in
zebrafish. (submitted)

Synopsis

Large-scale mutagenesis screens in zebrafish have yielded important information

about a variety of genes that are involved in the formation of the stripe pattern.

Mutants in which all chromatophore types develop, but in which stripe formation

is impaired, are of particular interest, because they may provide insights about

the molecular mechanisms of cell cell interactions underlying stripe formation.

Several mutants have been described in which dark stripes are broken into spots.

Of these, spotted mutants, leo and luchs encode components of gap junctions

involved in cell cell communications (Irion et al., 2014a; Maderspacher and

Nüsslein-Volhard, 2003; Watanabe et al., 2006). The functions of both connexins

are required in melanophores and xanthophores, but not in iridophores. leo

mutant melanophores show a range of spotted pattern from small melanophore

spotted patches to individually distributed ones (Irion et al., 2014a), however the

phenotype associated with xanthophores remains unclear. Genetic evidence

suggests that in the absence of one of the two connexins homomeric channels

can form that still retain some functionality and lead to the formation of spots. The

complete absence of both connexins leads to the loss of all patterning, and a

small number of individual melanophores appear on a continuous sheet of dense

iridophores. Both leo and luc are required in xanthophores and melanophores but

not in iridophores (Irion et al. 2014a). These findings strongly suggested that both

connexins form heterotypic gap junctions mediating the signaling between

xanthophores and melanophores and recently this has been confirmed

biochemically (Watanabe et al., 2015). Iridophores, a third pigment cell type, are

also important for the patterning process; however, their mechanisms of

interaction with melanophores or xanthophores remain unexplored. To better
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understand the communication between pigment cell types, I generated

combinations of several transgenic lines in various mutant backgrounds. I

analyzed xanthophore cell shape and density in mutants lacking melanophores

(nac) and iridophores (shd). In the absence of iridophores (shd), xanthophores

remain at low density and display stellate cell shapes. In contrast, in the absence

of melanophores (nac), xanthophores in the light stripe regions show higher

density and a compact shape like wild type. This indicates that the higher density

of xanthophores in light stripes could be due to the presence of tight iridophores. I

have confirmed these results by analyzing xanthophore densities in an iridophore

stem cell mutant (erbb3b) with a missing patch of the iridophores, and in a

complementary situation in an iridophore mutant (rose) with residual small

patches of tight iridophores.

Further, I have analyzed xanthophores in leo mutants, in which all chromatophore

types develop, but stripe formation is impaired (dark stripes are broken into

spots). A lower density of light stripe xanthophores was observed in leo mutants

similar to that observed in iridophore mutants (shd). We concluded that

iridophores and xanthophores interact directly and that gap junctions composed

of Cx41.8 and Cx39.4 are involved in these cell-cell communications. I also

analyzed xanthophore behaviors with respect to melanophores in leo mutants to

have a better understanding of the role of leo in melanophore-xanthophore

interaction. These analyses showed us that the xanthophore repulsion by the

appearance of early melanophores is independent of leo. Also, the

rearrangement and stellate shape of adult xanthophores, and the appearance of

more melanophores in the dark stripes, is dependent on the leo genotype in

xanthophores. Finally, blastula transplantations confirm a cell-autonomous

requirement of Cx41.8 and Cx39.4 in xanthophores to acquire a stellate and

compact shape in connection with melanophores and tight iridophores

respectively, and suggest the possibility of heterotypic and heteromeric gap

junction with melanophore and iridophores.

In conclusion, this study showed that tight iridophores are required for

xanthophores to increase in density and adopt a compact shape. The cellular

interactions leading to these behaviors depend on gap junctions formed by leo

and luc. We also show that melanophore-xanthophore interactions can be divided
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into two phases, whereby the initial interaction is independent of leo/luc gap

junctions, they are essential during later stages. These results show the

importance of all three types of pigment cells in the process of pattern formation

and demonstrate the complexity of their interactions.
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Θ∆Ρ∆≅ΘΒΓ ≅ΘΣΗΒΚ∆

Γδσδθνσξοηβ ηµσδθβσηνµρ θδφτκσδ βδκκ ργοδ µχ χδµρησξ χτθηµφ

βνκνθ οσσδθµ ενθλσηνµ ηµ ψδαθεηργ
Οθσδδϕ Λγκϖθ)+∝+ ≅ιδδσ Οθσο Ρηµφγ�+ ≅µχθδξ Εχδδυƒ+ Βγθηρσηµδ Μτρρκδηµ,Υνκγθχ µχ Τϖδ Ηθηνµ∝

≅ΑΡΣΘ≅ΒΣ

Σγδ βνµροηβτντρ ρσθηοδχ βνκνθσηνµ νε ψδαθεηργ ηρ οθνχτβδχ αξ βδκκ,

βδκκ ηµσδθβσηνµρ λνµφ σγθδδ χηεεδθδµσ σξοδρ νε βγθνλσνογνθδρ9

ακβϕ λδκµνογνθδρ+ νθµφδ.ξδκκνϖ ωµσγνογνθδρ µχ ρηκυδθξ.ακτδ

ηθηχνογνθδρ− Χτθηµφ βνκνθ οσσδθµ ενθλσηνµ ωµσγνογνθδρ τµχδθφν

χθλσηβ βδκκ ργοδ σθµρησηνµρ µχ βπτηθδ χηεεδθδµσ χδµρησηδρ+

κδχηµφ σν βνλοβσ µχ νθµφδ ωµσγνογνθδρ σ γηφγ χδµρησξ ηµ σγδ

κηφγσ ρσθηοδρ+ µχ ρσδκκσδ+ εηµσκξ οηφλδµσδχ ωµσγνογνθδρ σ κνϖ

χδµρησξ ηµ σγδ χθϕ ρσθηοδρ− Γδθδ+ ϖδ ηµυδρσηφσδ σγδ λδβγµηρσηβ αρηρ

νε σγδρδ βδκκ αδγυηνθρ ηµ υηυν+ µχ ργνϖ σγσ κνβκ+ γδσδθνσξοηβ

ηµσδθβσηνµρ ϖησγ χδµρδ ηθηχνογνθδρ θδφτκσδ ωµσγνογνθδ βδκκ ργοδ

σθµρησηνµ µχ χδµρησξ− Φδµδσηβ µκξρηρ θδυδκρ  βδκκ,τσνµνλντρ

θδπτηθδλδµσ νε φο ιτµβσηνµρ βνλονρδχ νε Βω30−7 µχ Βω28−3 ηµ

ωµσγνογνθδρ ενθ σγδηθ ηθηχνογνθδ,χδοδµχδµσ βδκκ ργοδ σθµρησηνµ µχ

ηµβθδρδ ηµ χδµρησξ ηµ κηφγσ,ρσθηοδ θδφηνµρ− Ηµησηκ λδκµνογνθδ,

ωµσγνογνθδ ηµσδθβσηνµρ θδ ηµχδοδµχδµσ νε σγδρδ φο ιτµβσηνµρ:

γνϖδυδθ+ ρταρδπτδµσκξ σγδξ θδ κρν θδπτηθδχ σν ηµχτβδ σγδ

βπτηρησηνµ νε ρσδκκσδ ργοδρ ηµ ωµσγνογνθδρ νε σγδ χθϕ ρσθηοδρ− Ηµ

ρτλλθξ+ ϖδ βνµβκτχδ σγσ+ ϖγδθδρ γνλνσξοηβ ηµσδθβσηνµρ θδφτκσδ

ωµσγνογνθδ βνυδθφδ ηµ σγδ ρϕηµ+ σγδηθ βδκκ ργοδ σθµρησηνµρ

µχ χδµρησξ ηρ θδφτκσδχ αξ φο ιτµβσηνµ,λδχησδχ+ γδσδθνσξοηβ

ηµσδθβσηνµρ ϖησγ ηθηχνογνθδρ µχ λδκµνογνθδρ−

ϑ∆Ξ ςΝΘΧΡ9 Οηφλδµσ οσσδθµ ενθλσηνµ+ Βδκκ,βδκκ ηµσδθβσηνµρ+

Φο ιτµβσηνµρ+ Ωµσγνογνθδρ+ Ηθηχνογνθδρ+ Λδκµνογνθδρ+ Ψδαθεηργ

ΗΜΣΘΝΧΤΒΣΗΝΜ

Σγδ ρσθηοδχ βνκνθσηνµ νε χτκσ ψδαθεηργ γρ δλδθφδχ ρ  λνχδκ

ρξρσδλ σν ρστχξ οσσδθµ ενθλσηνµ αξ βδκκ,βδκκ ηµσδθβσηνµ ηµ υηυν

∋Ηθηνµ δσ κ−+ 1/05: ϑδκργ+ 1//3: Οθηβγξ µχ Ροηδϖϕ+ 1/04: Ρηµφγ

µχ Μρρκδηµ,Υνκγθχ+ 1/04: ςσµαδ µχ ϑνµχν+ 1/04(− Σγδ

οσσδθµ νε κνµφηστχηµκ χθϕ µχ κηφγσ ρσθηοδρ νµ σγδ εκµϕ νε σγδ

εηργ ηρ βνλονρδχ νε ακβϕ λδκµνογνθδρ+ νθµφδ.ξδκκνϖ

ωµσγνογνθδρ µχ ρηκυδθξ νθ ακτηργ ηθηχνογνθδρ− Σγηρ βνκνθ

οσσδθµ ηρ οθνχτβδχ χτθηµφ  ογρδ βκκδχ λδσλνθογνρηρ+ αξ σγδ

οθδβηρδ θθµφδλδµσ µχ ρτοδθηλονρησηνµ νε κκ σγθδδ βδκκ σξοδρ ηµ

σγδ ρϕηµ νε σγδ εηργ ∋Γηθσ δσ κ−+ 1//2+ 1//4: Οθηβγξ δσ κ−+ 1//8(−

Ηµ σγδ χθϕ ρσθηοδρ+ λδκµνογνθδρ θδ βνυδθδχ αξ κννρδ ακτδ

ηθηχνογνθδρ µχ  µδσ νε γηφγκξ αθµβγδχ ∋ρσδκκσδ( µχ εηµσκξ

βνκνθδχ ωµσγνογνθδρ: ϖγδθδρ σγδ κηφγσ ρσθηοδρ θδ βνλονρδχ νε

µ δοησγδκηκ,κηϕδ ργδδσ νε χδµρδ ηθηχνογνθδρ βνυδθδχ αξ  βνλοβσ

µδσ νε νθµφδ ωµσγνογνθδρ ∋Εηφ− 0≅( ∋Λγκϖθ δσ κ−+ 1/03:

Ρηµφγ δσ κ−+ 1/05+ 1/03(− Γνλνσξοηβ ηµσδθβσηνµρ αδσϖδδµ βδκκρ νε

σγδ ρλδ σξοδ χδσδθληµδ σγδηθ βνκκδβσηυδ ληφθσηνµ µχ ροβηµφ

χτθηµφ οσσδθµ ενθλσηνµ ∋ςκχδθηβγ δσ κ−+ 1/05(− ≅κσγντφγ ησ ηρ

βκδθ σγσ γδσδθνσξοηβ ηµσδθβσηνµρ λνµφ κκ σγθδδ σξοδρ νε οηφλδµσ

βδκκρ θδ µδβδρρθξ σν φδµδθσδ σγδ ρσθηοδχ οσσδθµ ∋Εθνγµγ⌡εδθ

δσ κ−+ 1/02: Ηθηνµ δσ κ−+ 1/03: Ρηµφγ δσ κ−+ 1/04(+ σγδ ντσβνλδ νε

σγδρδ γδσδθνσξοηβ ηµσδθβσηνµρ σ σγδ βδκκτκθ κδυδκ ηρ µνσ

τµχδθρσννχ− Ηµ λτσµσρ ϖγδθδ νµδ σξοδ νε οηφλδµσ βδκκρ ηρ

αρδµσ Ζενθ δωλοκδ µβθδ.λησε κβϕηµφ λδκµνογνθδρ ∋Κηρσδθ

δσ κ−+ 0888(+ οεδεεδθ.βρε0θ κβϕηµφ ωµσγνογνθδρ ∋Οθηβγξ δσ κ−+

1///α( νθ ργχξ.κσϕ κβϕηµφ ηθηχνογνθδρ ∋Εχδδυ δσ κ−+ 1/05:

Κνοδρ δσ κ−+ 1//7(∴+ νµκξ θδλµµσρ νε σγδ µνθλκ ρσθηοδ οσσδθµ θδ

ενθλδχ αξ σγδ θδληµηµφ σϖν σξοδρ νε βδκκρ ∋ρδδ δωλοκδρ ηµ

Εηφ− 0(− Σνφδσγδθ ϖησγ χσ εθνλ ακσηνµ δωοδθηλδµσρ ∋Μϕλρτ

δσ κ−+ 1//8: Ξλφτβγη δσ κ−+ 1//6(+ σγηρ ηµχηβσδρ σγσ  µτλαδθ

νε γδσδθνσξοηβ ηµσδθβσηνµρ λνµφ σγδ χηεεδθδµσ σξοδρ νε οηφλδµσ

βδκκρ θδ δρρδµσηκ ενθ σγδ φδµδθσηνµ νε σγδ οσσδθµ ∋Εθνγµγ⌡εδθ

δσ κ−+ 1/02: Λχδθροβγδθ µχ Μρρκδηµ,Υνκγθχ+ 1//2(− ≅σ σγδ

λνκδβτκθ κδυδκ  εδϖ βνλονµδµσρ λδχησηµφ σγδρδ γδσδθνσξοηβ

ηµσδθβσηνµρ γυδ αδδµ ηχδµσηεηδχ ρν εθ+ ηµβκτχηµφ φο ιτµβσηνµρ

µχ ηνµ βγµµδκρ ∋Ηθηνµ δσ κ−+ 1/03: Ηϖργησ δσ κ−+ 1//5:

ςσµαδ δσ κ−+ 1//5(− Φο ιτµβσηνµρ θδ λδλαθµδ βγµµδκρ

κκνϖηµφ σγδ βνλλτµηβσηνµ αδσϖδδµ µδηφγανθηµφ βδκκρ+ µχ ϖδ

γυδ οθδυηντρκξ ργνϖµ σγσ σϖν χηεεδθδµσ ρτατµησρ νε φο

ιτµβσηνµρ+ Βω30−7 µχ Βω28−3 δµβνχδχ αξ σγδ κδνοθχ ∋κδν(

∋ςσµαδ δσ κ−+ 1//5( µχ κτβγρ ∋κτβ( ∋Ηθηνµ δσ κ−+ 1/03( φδµδρ+

θδροδβσηυδκξ+ θδ θδπτηθδχ ηµ λδκµνογνθδρ µχ ωµσγνογνθδρ+ ατσ

µνσ ηµ ηθηχνογνθδρ ενθ µνθλκ οσσδθµ ενθλσηνµ− Ηµ ανσγ κδν µχ

κτβ κνρρ,νε,ετµβσηνµ λτσµσρ σγδ χθϕ λδκµνογνθδ ρσθηοδρ θδ

χηρρνκυδχ ηµσν ρονσρ+ µχ σγδ κηφγσ ρσθηοδ θδρ θδ δωοµχδχ−

Χνληµµσ γξοδθλνθογηβ κκδκδρ νε ανσγ κδν µχ κτβ δωηρσ+ µχ

σγδξ κδχ σν λδµχδθηµφ λδκµνογνθδ οσσδθµρ νθ δυδµ ρονσρ ηµ

γδσδθνψξφντρ εηργ− Χντακδ λτσµσρ ενθ κδν µχ κτβ κνρρ,νε,

ετµβσηνµ κκδκδρ χηροκξ  υδθξ ρδυδθδ ογδµνσξοδ+ σγδ οσσδθµ ηρ

βνλοκδσδκξ χηρρνκυδχ ϖησγ ρηµφκδ λδκµνογνθδρ ρβσσδθδχ νµ 

τµηενθλ κηφγσ ργδδσ νε δοησγδκηκ,κηϕδ χδµρδ ηθηχνογνθδρ βνυδθδχ

αξ  µδσ νε ωµσγνογνθδρ− Λτσµσρ γνλνψξφντρ ενθ σγδ ρσθνµφδρσ

νε σγδ χνληµµσ κδν κκδκδρ+ κδνσϑ2+ ργνϖ σγδ ρλδ ρσθνµφ

ογδµνσξοδ+ θφτηµφ σγσ ανσγ βνµµδωηµρ βµ ενθλ γδσδθνλδθηβ

µχ γνλνλδθηβ φο ιτµβσηνµρ ∋Ηθηνµ δσ κ−+ 1/03: Λχδθροβγδθ

µχ Μρρκδηµ,Υνκγθχ+ 1//2(+ ϖγηβγ ϖρ βνµεηθλδχ αξ ηµ υησθν

ρστχηδρ ∋ςσµαδ δσ κ−+ 1/04(− Σγηρ ρτφφδρσρ σγσ σγδ

βνλλτµηβσηνµ αδσϖδδµ ωµσγνογνθδρ µχ λδκµνογνθδρ υη

γδσδθνλδθηβ φο ιτµβσηνµρ οθνυηχδρ ρηφµκρ σν σγδ χδµρδ

ηθηχνογνθδρ σν ηµχτβδ σγδ σθµρησηνµ ηµσν σγδ κννρδ ργοδ

θδπτηθδχ ενθ χθϕ ρσθηοδ ενθλσηνµ−Θδβδηυδχ 4 Νβσναδθ 1/05: ≅ββδοσδχ 00 Νβσναδθ 1/05

Λω Οκµβϕ Ηµρσηστσδ ενθ Χδυδκνολδµσκ Αηνκνφξ+ Ροδλµµρσθρρδ 24+ Σταηµφδµ
61/65+ Φδθλµξ−
)Οθδρδµσ χχθδρρ9 ∆θµρσ % Ξντµφ ΦλαΓ+ ∆ρβγανθµ+ Εθµϕετθσ.Λ 5465/+ Φδθλµξ−
�Οθδρδµσ χχθδρρ9 Μνυθσηρ Ηµρσηστσδρ ενθ ΑηνΛδχηβκ Θδρδθβγ+ 14/ Λρρβγτρδσσρ
≅υδ+ Βλαθηχφδ+ Λ≅ /1028+ ΤΡ≅− ƒΟθδρδµσ χχθδρρ9 Λω Οκµβϕ Ηµρσηστσδ ενθ
Ηµεδβσηνµ Αηνκνφξ+ Βγθησδοκσψ 0+ Αδθκηµ 0/006+ Φδθλµξ−

∝≅τσγνθρ ενθ βνθθδρονµχδµβδ ∋Οθσδδϕ−λγκϖθ?στδαηµφδµ−λοφ−χδ:
τϖδ−ηθηνµ?στδαηµφδµ−λοφ−χδ(

Τ−Η−+ ////,///2,1712,473/

Σγηρ ηρ µ Νοδµ ≅ββδρρ θσηβκδ χηρσθηατσδχ τµχδθ σγδ σδθλρ νε σγδ Βθδσηυδ Βνλλνµρ ≅σσθηατσηνµ

Κηβδµρδ ∋γσσο9..βθδσηυδβνλλνµρ−νθφ.κηβδµρδρ.αξ.2−/(+ ϖγηβγ οδθλησρ τµθδρσθηβσδχ τρδ+

χηρσθηατσηνµ µχ θδοθνχτβσηνµ ηµ µξ λδχητλ οθνυηχδχ σγσ σγδ νθηφηµκ ϖνθϕ ηρ οθνοδθκξ σσθηατσδχ−

057/
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ϑδξ εδστθδρ νε σγδ ρσθηοδ οσσδθµηµφ οθνβδρρ θδ σγδ βπτηρησηνµ νε

οθδβηρδ βδκκ ργοδρ+ ρ ϖδκκ ρ σγδ βνθθδβσ βδκκ χδµρησξ µχ σγδ

οοθνοθησδ βνκνθσηνµ− Ωµσγνογνθδρ βπτηθδ σγδηθ ργοδ+ χδµρησξ

µχ βνκνθ ηµ  βνµσδωσ,χδοδµχδµσ λµµδθ+ ηµ σγδ κηφγσ ρσθηοδ θδρ

σγδξ θδ οθδρδµσ σ γηφγ χδµρησξ ρ βνλοβσ µχ αθηφγσ νθµφδ βδκκρ+

ϖγδθδρ σγδξ θδ ρσδκκσδ+ εηµσκξ οηφλδµσδχ µχ σ κνϖδθ χδµρησξ

ηµ σγδ χθϕ,ρσθηοδ θδφηνµρ− Σν ηµυδρσηφσδ σγδ βδκκτκθ µχ

λνκδβτκθ αρηρ νε σγδρδ βδκκ αδγυηνθρ+ γδθδ ϖδ τρδ εκτνθδρβδµσκξ

καδκδχ ωµσγνογνθδρ βνλαηµδχ ϖησγ κνµφ,σδθλ ηµ υηυν ηλφηµφ ηµ

υθηντρ λτσµσρ σγσ εεδβσ οηφλδµσ βδκκ χδυδκνολδµσ µχ σγδηθ

ηµσδθβσηνµρ− ςδ ναρδθυδ σγσ γδσδθνσξοηβ ηµσδθβσηνµρ ϖησγ

ηθηχνογνθδρ µχ λδκµνογνθδρ θδφτκσδ βνµσδωσ,χδοδµχδµσ βγµφδρ

ηµ βδκκ ργοδ µχ χδµρησξ νε ωµσγνογνθδρ− ςδ ργνϖ σγσ χδµρδ

ηθηχνογνθδρ θδ θδπτηθδχ σν ηµρσθτβσ ωµσγνογνθδρ σν ηµβθδρδ ηµ

χδµρησξ µχ χνοσ  βνλοβσ ργοδ− Σγδ βδκκτκθ ηµσδθβσηνµρ κδχηµφ

σν σγδρδ αδγυηνθρ χδοδµχ νµ φο ιτµβσηνµρ ενθλδχ αξ κδν µχ κτβ−

Ετθσγδθ+ ϖδ ργνϖ σγσ λδκµνογνθδ,ωµσγνογνθδ ηµσδθβσηνµρ βµ αδ

χηυηχδχ ηµσν σϖν ογρδρ9 µ ηµησηκ ογρδ+ ηµχδοδµχδµσ νε κδν.κτβ φο

ιτµβσηνµρ+ µχ  κσδθ ογρδ+ χτθηµφ ϖγηβγ σγδρδ ιτµβσηνµρ θδ

δρρδµσηκ− Ντθ θδρτκσρ δλογρηψδ σγδ ηλονθσµβδ νε µ ηµ υηυνλνχδκ

σν ρστχξ γδσδθνσξοηβ βδκκ,βδκκ ηµσδθβσηνµρ µχ σγδηθ βνµρδπτδµβδρ ενθ

βδκκ οθνκηεδθσηνµ µχ αδγυηνθ+ ρ ϖδκκ ρ σγδ ρτησαηκησξ νε ψδαθεηργ

σν ηµυδρσηφσδ σγδ θνκδ νε φο ιτµβσηνµρ ηµ υηυν−

Θ∆ΡΤΚΣΡ

Ωµσγνογνθδ χδµρησξ ηρ θδχτβδχ ηµ λτσµσρ κβϕηµφ

ηθηχνογνθδρ+ µχ ηµ λτσµσρ κβϕηµφ ετµβσηνµκ φο ιτµβσηνµρ

Ηµ χτκσ ψδαθεηργ ωµσγνογνθδρ θδ οθδρδµσ ηµ κηφγσ ρσθηοδρ µχ χθϕ

ρσθηοδρ− Ηµ σγδ χθϕ ρσθηοδρ σγδξ βνυδθ σγδ λδκµνογνθδρ σ θδκσηυδκξ

κνϖ χδµρησξ+ χηροκξ  ρσδκκσδ ργοδ µχ εηµσ βνκνθσηνµ: µχ ηµ σγδ

κηφγσ ρσθηοδρ ωµσγνογνθδ χδµρησξ ηρ λτβγ γηφγδθ+ σγδ βδκκρ θδ λνθδ

βνλοβσ µχ λνθδ ηµσδµρδκξ οηφλδµσδχ ∋Εηφ− 0≅+Α0,Α4( ∋Γηθσ

δσ κ−+ 1//2: Λγκϖθ δσ κ−+ 1/03(− Σν ηµυδρσηφσδ ϖγδσγδθ σγδρδ

χηεεδθδµβδρ χδοδµχ τονµ σγδ οθδρδµβδ νε ηθηχνογνθδρ µχ

λδκµνογνθδρ+ µχ σγδηθ ηµσδθβσηνµρ ϖησγ ωµσγνογνθδρ+ ϖδ

µκξψδχ ωµσγνογνθδ χηρσθηατσηνµ ηµ ργχξ+ ϖγηβγ κβϕ λνρσ

ηθηχνογνθδρ ∋Εηφ− 0Β(+ ηµ µβθδ+ ϖγηβγ κβϕ λδκµνογνθδρ

∋Εηφ− 0Χ(+ µχ ηµ κδνσϑ2+ ηµ ϖγηβγ φο ιτµβσηνµ,λδχησδχ βδκκ,βδκκ

ηµσδθβσηνµρ λνµφ ωµσγνογνθδρ µχ λδκµνογνθδρ θδ ανκηργδχ ηµ

 χνρδ,χδοδµχδµσ λµµδθ ∋κδνσϑ2 γνλνψξφνσδ ηµ Εηφ− 0∆: κδνσϑ2

Εηφ− 0− Οηφλδµσ βδκκ νθφµηψσηνµ ηµϖηκχ,σξοδ µχ λτσµσ ψδαθεηργ− ∋≅( ςηκχ,σξοδ ψδαθεηργ+ µχ ∋Α0( βκνρδ το υηδϖ νε σγδ ρσθηοδ οσσδθµ ργνϖηµφ κηφγσ µχ χθϕ

ρσθηοδ θδφηνµρ− ∋Α1,4( Ρβγδλσηβ νθφµηψσηνµ νε οηφλδµσ βδκκρ9 ∋Α1( ωµσγνογνθδρ θδ βνλοβσ µχ χδµρδκξ οβϕδχ ηµ σγδ κηφγσ ρσθηοδ+ κννρδ µχ ρσδκκσδ ηµ σγδχθϕ

ρσθηοδ: ∋Α2( ηθηχνογνθδ κξδθ αδµδσγ ωµσγνογνθδρ � δοησγδκηκ,κηϕδ οβϕηµφ νε ρηκυδθξ ηθηχνογνθδρ ηµ σγδ κηφγσ ρσθηοδ+ κννρδ µχ ακτδ ηµ σγδ χθϕ ρσθηοδ: ∋Α3(

λδκµνογνθδρ θδ νµκξ οθδρδµσ ηµ σγδ χθϕ ρσθηοδ θδφηνµ: ∋Α4( οθδβηρδ ρτοδθηλονρησηνµ νε κκ σγδ σγθδδ βδκκ σξοδρ θδρτκσρ ηµ φνκχδµ κηφγσ ρσθηοδρ µχ ακτδ.ακβϕ χθϕ

ρσθηοδρ− ∋Β( ργχξ κβϕ λνρσ ηθηχνογνθδρ− ∋Χ( µβθδ κβϕρ κκ σγδ µδτθκ βθδρσ,χδθηυδχλδκµνογνθδρ− ∋∆( Γνλνψξφντρ κδνοθχσϑ2.σϑ2− ∋Ε( Γδσδθνψξφντρ κδνοθχ σϑ2.∗−
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γδσδθνψξφνσδ ηµ Εηφ− 0Ε(− Εηφ− 1 ργνϖρ ωµσγνογνθδ χηρσθηατσηνµ µχ

λνθογνκνφξ ηµ σγδ ρϕηµ νε χτκσ ψδαθεηργ ηµ σγδρδ λτσµσρ µχ ηµ ϖηκχ

σξοδ ∋Εηφ− 1≅0,∆3+ πτµσηεηβσηνµ ηµ Εηφ− 1Ε: ρδδ Λσδθηκρ µχ

Λδσγνχρ ενθ καδκηµφ µχ βντµσηµφ νε ωµσγνογνθδρ(− Χδµρδ

ηθηχνογνθδρ σγσ ργνϖ µ δοησγδκηκ,κηϕδ νθφµηψσηνµ θδ οθδρδµσ ηµ

σγδ κηφγσ,ρσθηοδ θδφηνµρ νε ϖηκχ,σξοδ εηργ+ ηµ µβ λτσµσρ µχ ηµ

γνλνψξφντρ κδνσϑ2.σϑ2 λτσµσρ+ ρ ργνϖµ αξ λδλαθµδ κνβκηψδχ

Σιο0≅ ∋Εηφ− Ρ0( ∋Εχδδυ δσ κ−+ 1/04(−

≅ρ βνλοθδχ σν σγδ ωµσγνογνθδ χδµρησξ ηµ σγδ κηφγσ,ρσθηοδ θδφηνµρ

νε ϖηκχ σξοδ ∋ 24/°23 βδκκ.λλ1: µ<0/ µηλκρ(+ ϖδ ναρδθυδ υδθξ

κνϖ χδµρησηδρ νε ωµσγνογνθδρ ηµ ργχξ ∋ 005°04 βδκκρ.λλ1: µ<0/

µηλκρ(+ µχ ηµ κδνσϑ2 λτσµσρ ∋ 057°10 βδκκρ.λλ1: µ<0/ µηλκρ(

ηµ γδσδθνψξφνσδρ+ µχ ∋ 038°01 βδκκρ.λλ1: µ<0/ µηλκρ( ηµ

γνλνψξφνσδρ− Ηµ µβθδ λτσµσρ+ ϖγδθδ µν λδκµνογνθδρ θδ

οθδρδµσ µχ χδµρδ ηθηχνογνθδρ ενθλ νµκξ  θτχηλδµσθξ εηθρσ κηφγσ

ρσθηοδ ϖησγ ηθθδφτκθ ανθχδθρ σνϖθχρ κννρδ ηθηχνογνθδρ βγθβσδθηρσηβ

νε χθϕ ρσθηοδρ ∋Εηφ− 0Χ( ∋Εθνγµγ⌡εδθ δσ κ−+ 1/02(+ ϖδ εηµχ σγσ

ωµσγνογνθδρ βνυδθηµφ σγδ χδµρδ δοησγδκηκ,κηϕδ ργδδσ νε ηθηχνογνθδρ

ργνϖ θντφγκξ σγδ ρλδ χδµρησξ ∋ 26/°13 βδκκρ.λλ1: µ<0/ µηλκρ(

ρ ηµ σγδ κηφγσ ρσθηοδρ νε ϖηκχ,σξοδ εηργ− Σγτρ ηθηχνογνθδρ+ ατσ µνσ

λδκµνογνθδρ+ θδ µδβδρρθξ ενθ σγδ γηφγ χδµρησξ νε ωµσγνογνθδρ ηµ

σγδ κηφγσ,ρσθηοδ θδφηνµρ− Ηµ σγδ θδφηνµρ ϖγδθδ κννρδ ηθηχνογνθδρ θδ

οθδρδµσ ηµ µβ λτσµσρ+ βνθθδρονµχηµφ σν χθϕ,ρσθηοδ θδφηνµρ ηµ ϖηκχ

σξοδ+ σγδ χδµρησξ νε ωµσγνογνθδρ ηρ ρηφµηεηβµσκξ κνϖδθ ∋ 118°07

βδκκρ.λλ1: µ<7 µηλκρ(+ ατσ ρσηκκ γηφγδθ σγµ ηµ ϖηκχ,σξοδ χθϕ

ρσθηοδρ− Σγηρ ρτφφδρσρ σγσ σγδ θδχτβσηνµ ηµ σγδ χδµρησξ νε

ωµσγνογνθδρ ηµ σγδ χθϕ ρσθηοδρ ηρ χδοδµχδµσ νµ λδκµνογνθδρ−

Ρσθηϕηµφκξ+ ϖδ εηµχ  µδσ νε ωµσγνογνθδρ νε τµηενθλ κνϖ χδµρησξ

βνυδθηµφ σγδ δοησγδκηκ,κηϕδ χδµρδ ργδδσ νε ηθηχνογνθδρ ηµ κδνσϑ2

λτσµσρ− Σγηρ κνϖ χδµρησξνε ωµσγνογνθδρ+ βνλοθακδ σν σγδ χδµρησξ

ναρδθυδχ ηµ ργχ λτσµσρ+ ηµχηβσδρ  βνλλτµηβσηνµ χδεδβσ αδσϖδδµ

ωµσγνογνθδρ µχ ηθηχνογνθδρ ηµ κδνσϑ2−

Ωµσγνογνθδ νθφµηψσηνµ χδοδµχρ τονµ σγδ οθδρδµβδ νε

δοησγδκηκ,κηϕδ χδµρδ ηθηχνογνθδρ µχ ετµβσηνµκ φο

ιτµβσηνµρ

Σγδ µκξρηρ νε ωµσγνογνθδ ργοδ µχ χηρσθηατσηνµ τρηµφ βδκκ σξοδ,

ροδβηεηβ λθϕδθρ ετθσγδθ θδυδκδχ σγδ θνκδ νε βδκκ,βδκκ ηµσδθβσηνµρ

ηµ ωµσγνογνθδ νθφµηψσηνµ ∋Εηφ− 1≅0,∆3: Εηφ− 2(− Ηµ ϖηκχ,σξοδ

µηλκρ+ ϖδ ναρδθυδχ  µδσ νε βνλοβσ µχ χδµρδκξ οβϕδχ

ωµσγνογνθδρ ηµ σγδ κηφγσ ρσθηοδ θδρ ∋θθνϖγδχρ ηµ Εηφ− 1≅2,≅3(+

µχ κννρδ βδκκρ ϖησγ  ρσδκκσδ οοδθµβδ ηµ σγδ χθϕ ρσθηοδρ ∋θθνϖ

ηµ Εηφ− 1≅2: Εηφ− Ρ1≅(− Ηµ ργχξ λτσµσρ+ ηµ σγδ αρδµβδ νε

ηθηχνογνθδρ µν βνλοβσ ωµσγνογνθδρ θδ χδσδβσακδ ηµ σγδ κηφγσ

ρσθηοδρ+ σγδ βδκκρ χηροκξ  αθµβγδχ λνθογνκνφξ ϖησγ σγηµ βδκκτκθ

οθνιδβσηνµρ ∋Εηφ− 1Α0,Α3: θθνϖρ ηµ Εηφ− 1Α2,Α3(− Ηµ µβθδ+ ηµ σγδ

αρδµβδρ νε λδκµνογνθδρ ωµσγνογνθδρ θδ βνλοβσ ηµ σγδ θδφηνµρ

ϖησγ χδµρδ ηθηχνογνθδρ ∋Εηφ− 1Β0,Β3: θθνϖγδχρ ηµ Εηφ− 1Β2,Β3(−

Γνϖδυδθ+ ηµ σγδ θδφηνµρ χδυνηχ νε χδµρδ ηθηχνογνθδρ+ σγδ

ωµσγνογνθδρ χν µνσ βπτηθδ  βνλοβσ ργοδ+ σγδξ οοδθ ρσθ,

κηϕδ µχ θδ κννρδκξ οβϕδχ ∋θθνϖρ ηµ Εηφ− 1Β2,Β3(− Ρσθηϕηµφκξ+ ϖδ

εντµχ  τµηενθλ χηρσθηατσηνµ νε ωµσγνογνθδρ+ καδησ σ κνϖ χδµρησξ+

ηµ σγδ σθτµϕ κνµφ σγδ χνθρν,υδµσθκ ωηρ ηµ γνλνψξφντρ κδνσϑ2

λτσµσρ ∋Εηφ− 1Χ0,Χ3: θθνϖγδχρ ηµ Εηφ− 1Χ2,Χ3(− Σν ετθσγδθ

ηµυδρσηφσδ σγδ βνµρδπτδµβδρ νε µνµ,ετµβσηνµκ φο ιτµβσηνµ

βγµµδκρ νµ ωµσγνογνθδ αδγυηνθ ηµ υηυν+ ϖδ ηλφδχ καδκδχ

ωµσγνογνθδρ ηµ ϖηκχ,σξοδ µχ κδνσϑ2λτσµσ εηργ σ 04 λλ ρσµχθχ

κδµφσγ ∋ΡΚ(+ σγδ ρσφδ ϖγδµ λτσµσρ ρσθσ σν χηεεδθ ογδµνσξοηβκκξ

εθνλ ϖηκχ σξοδ− Σγδ τµηενθλ χηρσθηατσηνµ νε ωµσγνογνθδρ ϖρ

υηρηακδ ηµ κδνσϑ2 λτσµσρ δυδµ σ σγηρ ρσφδ+ ϖγδθδρ ϖηκχ,σξοδ

µηλκρ κθδχξ χηροκξδχ  γηφγδθ χδµρησξ νε ωµσγνογνθδρ ηµ σγδ

κηφγσ ρσθηοδρ ρ βνλοθδχ σν σγδ χθϕ ρσθηοδρ ∋Εηφ− Ρ1Α(− Ηµ

γδσδθνψξφντρ κδνσϑ2λτσµσρ+ ϖγηβγ οθνχτβδ λδκµνογνθδ ρονσρ+ σγδ

χηρσθηατσηνµ νε ωµσγνογνθδρ ηρ χηεεδθδµσ αδσϖδδµ κηφγσ θδρ µχ

χθϕ ρονσρ ∋Εηφ− 1∆0,∆3(− Σγδρδ χσ ηµχηβσδ σγσ φο ιτµβσηνµ,

χδοδµχδµσ βδκκτκθ ηµσδθβσηνµρ ϖησγ σγδ νσγδθ σϖν σξοδρ νε

βγθνλσνογνθδρ θδ µδβδρρθξ ενθ σγδ βπτηρησηνµ νε σγδ

οοθνοθησδ ρηψδ µχ ργοδ νε ωµσγνογνθδρ ηµ σγδ ρϕηµ νε ψδαθεηργ−

Ωµσγνογνθδ λνθογνκνφξ χδοδµχρ νµ ηθηχνογνθδρ

Ωµσγνογνθδρ ηµ κδνσϑ2λτσµσρ οοδθ σν αδ κθφδθ σγµ ηµ ϖηκχ σξοδ

µχ ργνϖ  χηεεδθδµσ λνθογνκνφξ ∋Εηφ− Ρ1(− Σν πτµσηεξ σγδρδ

χηεεδθδµβδρ+ ϖδ λδρτθδχ σγδ βστκ βδκκτκθ θδ µχ σγδ θδ νε 

ρηλοκδ ονκξφνµ βνυδθηµφ σγδ βδκκ ∋βνµυδω γτκκ( ενθ ηµχηυηχτκ

ωµσγνογνθδρ εθνλ ϖηκχ σξοδ µχ λτσµσρ ∋ρδδ Λσδθηκρ µχ

Λδσγνχρ ενθ σγδ λδρτθδλδµσ νε βδκκ θδ(− Ηµ ϖηκχ σξοδ+ βνλοβσ

ωµσγνογνθδρ νε σγδ κηφγσ ρσθηοδ ∋Εηφ− 2≅( µχ ρσδκκσδ ωµσγνογνθδρ

νε σγδ χθϕ ρσθηοδρ ∋Εηφ− 2Α( ργνϖ χηρσηµβσ λνθογνκνφηδρ+ θδεκδβσδχ ηµ

σγδ χηεεδθδµσ θσηνρ νε βδκκτκθ θδ σν βνµυδω γτκκ ∋Εηφ− 2∆,Ε(−

Ωµσγνογνθδρ ηµ γνλνψξφντρ κδνσϑ2 λτσµσρ ργνϖ λνθογνκνφξ

σγσ ηρ µδησγδθ ηχδµσηβκ σν βνλοβσ ωµσγνογνθδρ νε σγδ κηφγσ ρσθηοδρ

µνθ σν ρσδκκσδ βδκκρ νε σγδ χθϕ ρσθηοδρ ηµ ϖηκχ σξοδ ∋Εηφ− 2Β:

πτµσηεηβσηνµ ηµ Εηφ− 2∆,Ε(− ςδ εηµχ σγσ σγδ θδ βνυδθδχ αξ σγδ

ωµσγνογνθδρ ηµ κδνσϑ2λτσµσρ ηρ κθφδθ σγµ ενθ βνλοβσ κηφγσ ρσθηοδ

ωµσγνογνθδρ ηµ ϖηκχ σξοδ: γνϖδυδθ+ σγδ θσην νε βδκκτκθ θδ σν

βνµυδω γτκκ ηρ λθφηµκκξ κνϖδθ+ ηµχηβσηµφ σγσ σγδ βδκκ λνθογνκνφξ

ηρ ρκηφγσκξ κδρρ βνλοβσ− Ηµ σγδ αρδµβδ νε ηθηχνογνθδρ+ ηµ ργχξ

λτσµσρ+ ωµσγνογνθδρ χηροκξ µ ηµσδθλδχησδ ογδµνσξοδ+ ατσ

σγδξ θδ βκδθκξ λνθδ αθµβγδχ σγµ ηµ κδνσϑ2 λτσµσρ ∋Εηφ− 2Χ:

πτµσηεηβσηνµ ηµ Εηφ− 2∆,Ε(−

Σν βνµεηθλ σγδ θνκδ νε χδµρδ ηθηχνογνθδρ ηµ κδχηµφ σν  γηφγδθ

χδµρησξ µχ λνθδ βνλοβσ νθφµηψσηνµ νε ωµσγνογνθδρ+ ϖδ ηλφδχ

καδκδχ ωµσγνογνθδρ ηµ ργχξ µχ θνρδ ∋Οθηβγξ δσ κ−+ 1///(

λτσµσρ− Σγδξ ανσγ κβϕ ηθηχνογνθδρ+ ατσ ρνλδσηλδρ οθνχτβδ θµχνλ

ρλκκ οσβγδρ νε χδµρδ �δρβοδθ� ηθηχνογνθδρ ∋Εθνγµγ⌡εδθ δσ κ−+

1/02(− Γδθδ ϖδ ναρδθυδ  γηφγδθ χδµρησξ νε ωµσγνογνθδρ ρρνβησδχ

ϖησγ σγδρδ οσβγδρ νε χδµρδ ηθηχνογνθδρ ρ βνλοθδχ σν σγδ θδρ

ντσρηχδ+ ϖγδθδ µν ηθηχνογνθδρ θδ οθδρδµσ ∋Εηφ− 3≅: Εηφ− Ρ2(− ≅

ρηληκθ ρηστσηνµ ηρ εντµχ ηµ δθαα2αλτσµσρ ∋ϕ γξοδθρδµρησηυδ+ γορ

νθ οηβρρν( ∋Ατχη δσ κ−+ 1//7(− Χτδ σν  οθσηκ αρδµβδ νε χνθρκ θννσ

φµφκη µχ σγδ ρρνβησδχ λδκµνογνθδ µχ ηθηχνογνθδ ρσδλ βδκκρ+

κθφδ ονθσηνµρ νε σγδ ανχξ ηµ δθαα2α λτσµσρ θδ χδυνηχ νε

ηθηχνογνθδρ µχ λδκµνογνθδρ− δθαα2ασ10300 ηρ  ϖδϕ κκδκδ+ ϖγηβγ

κδχρ σν υθηακδ ληρρηµφ οσβγδρ νε ηθηχνογνθδρ µχ λδκµνογνθδρ

∋Χννκδξ δσ κ−+ 1/02(− Γνϖδυδθ+ ωµσγνογνθδρ θδ τµεεδβσδχ ηµ σγδρδ

λτσµσρ µχ θδ οθδρδµσ ηµ σγδ θδφηνµρ κβϕηµφ λδκµνογνθδρ µχ

ηθηχνογνθδρ− Σγηρ κκνϖδχ τρ σν ρστχξ σγδ χδµρησξ µχ ργοδρ νε

ωµσγνογνθδρ ηµ σγδ αρδµβδ νε σγδ νσγδθ σϖν οηφλδµσ βδκκ σξοδρ−

Βνµρηρσδµσ ϖησγ ντθ εηµχηµφρ ηµ ργχξ µχ µβθδ λτσµσρ+ ϖδ

ναρδθυδχ  κνϖ χδµρησξ νε ωµσγνογνθδρ ϖησγ σγηµ βδκκτκθ οθνιδβσηνµρ

ηµ σγδ οσβγδρ χδυνηχ νε λδκµνογνθδρ µχ ηθηχνογνθδρ ηµ δθαα2α

λτσµσρ ∋Εηφ− 3Α(− Ηµ σγδρδ λτσµσρ ηθηχνογνθδρ χηυηχδ µχ ρκνϖκξ

εηκκ σγδ φορ ∋Χννκδξ δσ κ−+ 1/02: ςκχδθηβγ δσ κ−+ 1/05(+ ρ σγηρ

γοοδµρ ϖδ κρν ρδδ  βγµφδ ηµ ργοδ µχ βνλοβσµδρρ νε

ωµσγνογνθδρ ∋Εηφ− 3Α(+ βνµρηρσδµσ ϖησγ µ ηµρσθτβσηυδ θνκδ νε χδµρδ

ηθηχνογνθδρ ηµ σγηρ οθνβδρρ− Σγδρδ σγθδδ ηµχδοδµχδµσ ναρδθυσηνµρ

βνµεηθλ σγσ σγδ βκνρδ ροβηµφ µχ βνλοβσ νθφµηψσηνµ νε

ωµσγνογνθδρ χδοδµχρ νµ σγδ ηµσδθβσηνµ ϖησγ σγδ δοησγδκηκ,κηϕδ

ργδδσ νε χδµρδ ηθηχνογνθδρ−

Σϕδµ σνφδσγδθ+ σγδρδ θδρτκσρ ργνϖ  χηθδβσ θνκδ νε ηθηχνογνθδρ

ηµ σγδ θδφτκσηνµ νε ωµσγνογνθδ αδγυηνθ+ θδφθχηµφ βδκκ ργοδ

µχ χδµρησξ− Ηµ σγδ αρδµβδ νε ηθηχνογνθδρ+ ηµ ργχξ λτσµσρ+

ωµσγνογνθδρ ρσξ σ κνϖ χδµρησξ µχ χν µνσ χηροκξ βνλοβσ βδκκ

ργοδρ− Λδκµνογνθδρ θδ µνσ ηµυνκυδχ ηµ σγδ βγµφδ ηµ βδκκ χδµρησξ
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Εηφ− 1− Χδµρησξ µχ νθφµηψσηνµ νε ωµσγνογνθδρ ηµ υθηντρ οηφλδµσ βδκκλτσµσρ− ΧρΘδχ,ονρησηυδ ωµσγνογνθδρ καδκδχ ϖησγΣφ∋ ελρ9Φκ3−ΥΟ05(:Σφ∋Τ≅Ρ9

Βθδ(: Σφ∋ βσηµ19κνωΟ,ΡΣΝΟ,κνωΟ,ΧρΘδχ,δωοθδρρ( ηµ ϖηκχ σξοδ µχ λτσµσρ− Χτδ σν υθηδφσδχ δωοθδρρηνµ νε σγδ σθµρφδµδρ µνσ κκ ωµσγνογνθδρ θδ καδκκδχ−

∋≅0,3( ςηκχ σξοδ− ∋≅0( Οηφλδµσσηνµ οσσδθµ ηµ χτκσ ϖηκχ,σξοδ εηργ ∋ΣΤ(+ ΚΡ+ κηφγσ ρσθηοδ: ΧΡ+ χθϕ ρσθηοδ− ∋≅1( βνλοβσ ωµσγνογνθδρ ∋θθνϖγδχ( ηµ σγδ κηφγσ ρσθηοδ

µχ κννρδ ωµσγνογνθδρ ∋θθνϖ( σγδ ηµ χθϕ ρσθηοδ θδρ− ∋≅2( ≅ λφµηεηδχ ηλφδ νε σγδ κηφγσ ρσθηοδ θδφηνµ ηµ ϖηκχ,σξοδ εηργ ∋θδχ χνσσδχ ανω ηµ ≅2( ργνϖρ σγδ γηφγ

χδµρησξ νε βνλοβσ ωµσγνογνθδρ ∋θδχ θθνϖγδχ(− ∋Α0,3( Γνλνψξφντρ ργχξλτσµσρ κβϕηµφ ηθηχνογνθδρ− ∋Α0+Α1( Νυδθυηδϖ ργνϖηµφ σγδ θδρηχτκ λδκµνογνθδ

οσσδθµ ηµ σγδ λτσµσ− Ηµ ∋Α1+Α2( σγδ τµηενθλ νθφµηψσηνµ νε ωµσγνογνθδρ ∋φθδδµ θθνϖ( ηρ υηρηακδ− ∋Α3( Λφµηεηδχ ηλφδ ∋θδχ χνσσδχ ανω ηµ Α2( ργνϖρ κνϖδθ

χδµρησξ µχ χηεεδθδµσ λνθογνκνφξ νε ωµσγνογνθδρ ∋φθδδµ θθνϖ(− ∋Β0,3( Γνλνψξφντρ µβθδλτσµσρ κβϕηµφ λδκµνογνθδρ− ∋Β0+Β1( Νυδθυηδϖ ργνϖηµφ ηθθδφτκθ

θδρ νε δοησγδκηκ,κηϕδ χδµρδ ηθηχνογνθδρ: ΚΡ+ κηφγσ ρσθηοδ− Ηµ ∋Β2( σγδ βνλοβσ ∋θθνϖγδχ( µχ κννρδ ∋θθνϖ( ργοδ νε ωµσγνογνθδρ ηρ υηρηακδ− ∋Β3( Λφµηεηδχ

ηλφδ ∋θδχ χνσσδχ ανω ηµ Β2( ργνϖρ γηφγ ∋θθνϖγδχ( µχ κνϖ ∋θθνϖ( χδµρησξ νε ωµσγνογνθδρ σ  κηφγσ ρσθηοδ ανθχδθ θδ ∋χνσσδχ θδχ κηµδ(− ∋Χ0,3( Γνλνψξφντρ

κδνσϑ2σϑ2 λτσµσ− ∋Χ0+Χ1( Νυδθυηδϖ ργνϖηµφ σγσ κκ σγθδδ οηφλδµσ βδκκ σξοδρ θδ οθδρδµσ− Ηµ ∋Χ2+Χ3( σγδ κνϖ χδµρησξ µχ τµηενθλ χηρσθηατσηνµ νε ωµσγνογνθδρ

∋φθδδµ θθνϖγδχ( ηρ υηρηακδ: ∋Χ3( λφµηεηδχ ηλφδ ∋θδχ χνσσδχ ανω ηµ Χ2( ργνϖρ τµηενθλ βδκκ ργοδ µχ χηρσθηατσηνµ νε ωµσγνογνθδρ ∋φθδδµ θθνϖγδχ(−

∋∆0,3( Γδσδθνψξφντρ κδνσϑ2 λτσµσρ− ∋∆0+∆1( Νυδθυηδϖ ηµχηβσηµφ σγδ κηφγσ ρσθηοδ ∋ΚΡ( µχ χθϕ ρσθηοδ ∋ΧΡ( θδρ− Ηµ ∋∆2( σγδ κνϖ χδµρησξ ατσ µνµ,τµηενθλ

χηρσθηατσηνµ νε ωµσγνογνθδρ ηµ κηφγσ ∋φθδδµ θθνϖ γδχ( µχ χθϕ ∋θδχ θθνϖ( ρσθηοδ θδφηνµρ ηρ υηρηακδ− ∋∆3( Λφµηεηδχ ηλφδ ∋θδχ χνσσδχ ανω ηµ ∆2( ργνϖηµφ ρσδκκσδ

∋θθνϖ( µχ βνλοβσ ∋φθδδµ θθνϖγδχ( ωµσγνογνθδρ ϖησγ κνϖδθ χδµρησξ σ  λδκµνογνθδ ρονσ αντµχθξ ∋χνσσδχ θδχ κηµδ(− Ρβκδ αθρ9 4// ×λ− ∋Ε( Φθογ

ργνϖηµφ σγδ χδµρησξ ∋µτλαδθ νε ωµσγνογνθδρ οδθ λλ1( ηµ κηφγσ νθ χθϕ ρσθηοδ θδφηνµρ νε ϖηκχ σξοδ µχ λτσµσρ− Υκτδρ θδ οθδρδµσδχ ρ λδµ° ρσµχθχ

χδυησηνµ− ≅ρσδθηρϕ ηµχηβσδ σγδ ρσσηρσηβκ ρηφµηεηβµβδ βνλοθδχ σν σγδ βδκκ χδµρησξ ηµ ϖηκχ,σξοδ κηφγσ ρσθηοδ τρηµφ Ρστχδµσ�ρ σ,σδρσ− ςηκχ,σξοδ βνλοβσ ∋ςΣ,Β( ηµ κηφγσ

ρσθηοδ ∋ΚΡ(9 238−61 βδκκρ.λλ1 °22−56+ςηκχ,σξοδ ρσδκκσδ ∋ςΣ,Ρ( ηµ χθϕ ρσθηοδ ∋ΧΡ(9 028−71 βδκκρ.λλ1°08−05 ∋Ο;/−///0(: γνλνψξφντρ ργχξ κηφγσ ρσθηοδ ∋ργχξ ,ΚΡ(9

005−15 βδκκρ.λλ1°03−44 ∋Ο;/−///0(+ γνλνψξφντρ µβθδ κηφγσ ρσθηοδ ∋µβθδ ,ΚΡ(9 258−43 βδκκρ.λλ1°13−2/+ γνλνψξφντρ µβθδ χθϕ ρσθηοδ ∋µβθδ ,ΧΡ(9 118 βδκκρ.λλ1

°07+ γδσδθνψξφντρ+ κδνσϑ2 κηφγσ ρσθηοδ ∋κδνσϑ2.∗ , ΚΡ(9 057−/2 βδκκρ.λλ1°10−/5 ∋Ο;/−///0(+ γνλνψξφντρ κδνσϑ2 κηφγσ ρσθηοδ ∋κδνσϑ2.σϑ2 , ΚΡ(9 037−60 βδκκρ.λλ1°01−17

∋Ο;/−///0(− µ<0/ χτκσ ∋8/ χοε( εηργ οδθ φδµνσξοδ+ δωβδοσ ενθ µβθδ χθϕ ρσθηοδ+ µ<7−
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νθ λνθογνκνφξ νε σγδ κηφγσ ρσθηοδ ωµσγνογνθδρ+ ρ σγδρδ οθνβδρρδρ

κρν γοοδµ ηµ σγδ αρδµβδ νε λδκµνογνθδρ ηµ µβθδ λτσµσρ− Σγηρ

ρτφφδρσρ σγσ σγδ βγµφδρ ηµ χδµρησξ µχ ργοδ νε ωµσγνογνθδρ θδ

λδχησδχ αξ σγδηθ κνβκ ηµσδθβσηνµρ ϖησγ σγδ δοησγδκηκ,κηϕδ χδµρδ

ηθηχνογνθδρ νε σγδ κηφγσ,ρσθηοδ θδφηνµρ+ µχ µνσ αξ κνµφ,θµφδ

ηµσδθβσηνµρ ϖησγ σγδ λδκµνογνθδρ νε σγδ χθϕ,ρσθηοδ θδφηνµρ−

≅θθηυκ νε χδµρδ ηθηχνογνθδρ σ σγδ νµρδσ νε λδσλνθογνρηρ

οθνλνσδρ µ ηµβθδρδ ηµ ωµσγνογνθδ χδµρησξ

Σν ετθσγδθ ηµυδρσηφσδ σγδ χξµληβρ νε σγδ ναρδθυδχ ωµσγνογνθδ

αδγυηνθρ+ ϖδ ενκκνϖδχ εκτνθδρβδµσκξ καδκδχ ωµσγνογνθδρ νυδθ

ρδυδθκ ϖδδϕρ ηµ ϖηκχ,σξοδ+ ργχξ µχ κδνσϑ2 λτσµσ εηργ χτθηµφ

λδσλνθογνρηρ ∋Εηφ− 4≅0,Χ(− ςδ εντµχ σγσ ηµ σγδ αδφηµµηµφ+

αδενθδ λδσλνθογηβ ηθηχνογνθδρ µχ λδκµνογνθδρ οοδθ ηµ σγδ

ρϕηµ+ ωµσγνογνθδρ βνυδθ σγδ ανχξ τµηενθλκξ ρ  βνγδθδµσ µδσ: σγδθδ

ηρ µν χηεεδθδµβδ ηµ σγδ χδµρησηδρ µχ νθφµηψσηνµ νε ωµσγνογνθδρ ηµ

κκ σγθδδ βρδρ ∋Εηφ− 4≅0+Α0+Β0+Χ(− ςγδµ ηθηχνογνθδρ οοδθ κνµφ

σγδ γνθηψνµσκ λξνρδοστλ ηµ σγδ ρϕηµ νε ϖηκχ,σξοδ εηργ σγδ χηρσµβδρ

αδσϖδδµ µδηφγανθηµφ ωµσγνογνθδρ χδβθδρδ ∋Εηφ− 4Χ(+ µχ

βνµρδπτδµσκξ σγδ βδκκρ αδβνλδ λνθδ βνλοβσ µχ σγδηθ χδµρησξ

ηµβθδρδρ+ κδχηµφ σν βκδθκξ χηρσηµβσ ωµσγνογνθδ ονοτκσηνµρ ηµ σγδ

χθϕ µχ κηφγσ ρσθηοδ θδρ ∋θδχ θθνϖ µχ θθνϖγδχ ηµ Εηφ− 4≅1,≅4:

Εηφ− Ρ3≅( ∋Λγκϖθ δσ κ−+ 1/03(− Ηµ ργχξ λτσµσρ+ ϖγδθδ µν

ηθηχνογνθδρ οοδθ χτθηµφ λδσλνθογνρηρ+ χηρσµβδρ αδσϖδδµ

µδηφγανθηµφ ωµσγνογνθδρ χν µνσ χδβθδρδ ∋Εηφ− 4Χ( µχ σγδ βδκκ

χδµρησξ θδληµρ κνϖ µχ τµηενθλ ∋φθδδµ θθνϖ ηµ Εηφ− 4Α1,Α4:

Εηφ− Ρ3Α(− ≅κρν ηµ γνλνψξφντρ κδνσϑ2 λτσµσρ σγδ χδµρησξ νε

ωµσγνογνθδρ θδληµρ κνϖ µχ τµηενθλ χτθηµφ σγδ βντθρδ νε

λδσλνθογνρηρ ∋φθδδµ θθνϖγδχ ηµ Εηφ− 4Β0,Β4+Χ: Εηφ− 3Β(− Σγηρ

µκξρηρ ρτφφδρσρ σγσ σγδ βδκκ,βδκκ βνλλτµηβσηνµ αδσϖδδµ

ωµσγνογνθδρ µχ ηθηχνογνθδρ ηµ κδν λτσµσρ ηρ εεδβσδχ κθδχξ

χτθηµφ δθκξ ρσφδρ νε λδσλνθογνρηρ+ αδενθδ σγδ οοδθµβδ νε

λδκµνογνθδρ− Σγδθδενθδ ϖδ βνµβκτχδ σγσ ηθηχνογνθδρ µχ

ωµσγνογνθδρ ηµσδθβσ χηθδβσκξ µχ σγσ φο ιτµβσηνµρ βνλονρδχ νε

Βω30−7 µχ Βω28−3 θδ ηµυνκυδχ ηµ σγδρδ βδκκ,βδκκ βνλλτµηβσηνµρ−

Λτκση,κδυδκ λδκµνογνθδ�ωµσγνογνθδ ηµσδθβσηνµρ

ςγδµ λδκµνογνθδρ οοδθ ηµ σγδ ρϕηµ νε ϖηκχ,σξοδ εηργ χτθηµφ

λδσλνθογνρηρ+ ωµσγνογνθδρ ηµ σγδ υηβηµησξ θδσθβσ σγδηθ

βδκκτκθ οθνσθτρηνµρ σν φηυδ ϖξ ∋Εηφ− 5≅0,≅2: Εηφ− Ρ4≅(−

Ετθσγδθ+ ϖησγ σγδ οοδθµβδ νε λνθδ λδκµνογνθδρ ηµ σγδ

οθδρτλοσηυδ χθϕ,ρσθηοδ θδφηνµρ+ ωµσγνογνθδρ βγµφδ σγδηθ

ργοδ µχ αδβνλδ ρσδκκσδ ∋Εηφ− 5Χ0,Χ0 ( ∋Λγκϖθ δσ κ−+

1/03(− Σν σδρσ ηε σγδρδ αδγυηνθρ θδ χδοδµχδµσ νµ ηθηχνογνθδρ+

ϖγηβγ θδ οθδρδµσ ηµ σγδ χθϕ µχ κηφγσ,ρσθηοδ θδφηνµρ+ νθ

ρνκδκξ νµ λδκµνογνθδρ ηµ σγδ χθϕ ρσθηοδρ+ ϖδ ναρδθυδχ

ωµσγνογνθδρ µχ λδκµνογνθδρ ηµ ργχξ λτσµσρ− ςδ εντµχ

σγσ ωµσγνογνθδρ θδνθφµηψδ σγδηθ οθνσθτρηνµρ µχ αδβνλδ

Εηφ− 2− Ωµσγνογνθδ βδκκ λνθογνκνφηδρ− ∋≅,Χ( Γηφγ θδρνκτσηνµ ηλφδρ νε ωµσγνογνθδρ ηµ ϖηκχ σξοδ µχ λτσµσρ ργνϖηµφ σγδ χηεεδθδµσ λνθογνκνφηδρ−

∋≅( ςηκχ,σξοδ βνλοβσ ωµσγνογνθδ+ ∋Α( ϖηκχ,σξοδ ρσδκκσδ ωµσγνογνθδ+ ∋Β( κδνσϑ2.σϑ2 ωµσγνογνθδ µχ ∋Χ( ργχξ ωµσγνογνθδ+ ρβκδ αθ9 1/ ×λ− ∋∆( Φθογ

χδοηβσηµφ σγδ βδκκ θδρ ∋φθδδµ αθρ( µχ σγδ θδρ νε  ρηλοκδ ονκξφνµ βνυδθηµφ σγδ βδκκρ ∋βνµυδω γτκκ+ θδχ αθρ( ενθ ηµχηυηχτκ ωµσγνογνθδρ ηµ χηεεδθδµσ φδµνσξοδρ

∋µ<04 χτκσ ∋8/ χοε( εηργ οδθ φδµνσξοδ(− ∋Ε( Φθογ ργνϖηµφ σγδ θσηνρ νε βδκκτκθ θδρ σν βνµυδω γτκκ θδρ ρ  λδρτθδ σν πτµσηεξ σγδ χηεεδθδµβδρ ηµ βδκκ

λνθογνκνφξ αδσϖδδµ ϖηκχ σξοδ+ κδνσϑ2.σϑ2 µχ ργχξλτσµσρ− Σγδ θσην ενθ βνλοβσ ωµσγνογνθδρ ηµ ϖηκχ σξοδ ηρ ρηφµηεηβµσκξ γηφγδθ σγµ ενθ ϖηκχ,σξοδ ρσδκκσδ

ωµσγνογνθδρ ∋Ο;/−///0(+ ωµσγνογνθδρ ηµ κδνσϑ2.σϑ2 ∋Ο;/−/0( µχ ργχξ ∋Ο;/−///0( λτσµσρ− ≅ρσδθηρϕρ ηµχηβσδ σγδ ρσσηρσηβκ ρηφµηεηβµβδ τρηµφ Ρστχδµσ�ρ σ,σδρσ

µχ δθθνθ αθρ ηµχηβσδ ρσµχθχ χδυησηνµρ−
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ρσδκκσδ ϖγδµ σγδξ δµβντµσδθ λδκµνογνθδρ+ δυδµ ηµ σγδ αρδµβδ

νε ηθηχνογνθδρ ∋Εηφ− 5Α0,Α2+Χ1,Χ1 + Εηφ− Ρ4Α(− Σγηρ ηµχηβσδρ

σγσ χηθδβσ ηµσδθβσηνµρ αδσϖδδµ λδκµνογνθδρ µχ ωµσγνογνθδρ

κδχ σν σγδ ναρδθυδχ βδκκτκθ αδγυηνθρ µχ σγσ ηθηχνογνθδρ θδ

µνσ ηµυνκυδχ ηµ σγδρδ οθνβδρρδρ− Ηµ γνλνψξφντρ κδνσϑ2 λτσµσρ

ϖδ εντµχ σγσ ωµσγνογνθδρ κρν θδβσ σν µδϖκξ θθηυηµφ

λδκµνογνθδρ αξ θδσθβσηµφ σγδηθ βδκκτκθ οθνσθτρηνµρ+ σγτρ

λϕηµφ ροβδ ενθ σγδ λδκµνογνθδρ ∋Εηφ− 5Β0,Β2+ Εηφ− Ρ4Β(−

Γνϖδυδθ+ σγδξ χν µνσ τκσηλσδκξ βγµφδ σγδηθ ργοδ σν αδβνλδ

ρσδκκσδ+ κηϕδ σγδξ χν ηµ σγδ χθϕ,ρσθηοδ θδφηνµρ νε ϖηκχ,σξοδ

εηργ ∋Εηφ− 5Χ3,Χ3 (− Ηµ γδσδθνψξφντρ κδνσϑ2 λτσµσρ σγδ

ωµσγνογνθδρ νµ σνο νε σγδ λδκµνογνθδ ρονσρ αδβνλδ

ρσδκκσδ+ χδλνµρσθσηµφ σγσ ρνλδ φο ιτµβσηνµ ηµσδθβδκκτκθ

ρηφµκηµφ βσηυησξ ηρ ρσηκκ οθδρδµσ ηµ σγδρδ γδσδθνψξφνσδρ

∋Εηφ− 5Χ2,Χ2 (− Εθνλ σγηρ µκξρηρ+ ϖδ βνµβκτχδ σγσ

λδκµνογνθδρ εηθρσ ηµχτβδ ωµσγνογνθδρ σν θδσθβσ σγδηθ βδκκτκθ

οθνσθτρηνµρ+ ενκκνϖδχ κσδθ αξ σγδ βπτηρησηνµ νε σγδ

βγθβσδθηρσηβ ρσδκκσδ λνθογνκνφξ νε σγδ ωµσγνογνθδρ ηµ σγδ

χθϕ ρσθηοδ− ςγδθδρ σγδ δθκξ ροδβσρ νε σγηρ ηµσδθβσηνµ θδ κδν,

ηµχδοδµχδµσ+ σγδ βπτηρησηνµ νε σγδ εηµκ ρσδκκσδ ργοδ χνδρ

χδοδµχ τονµ κδν,λδχησδχ ηµσδθβσηνµρ αδσϖδδµ λδκµνογνθδρ

µχ ωµσγνογνθδρ+ ρ ησ χνδρ µνσ νββτθ ηµ κδνσϕ2 λτσµσρ−

Εηφ− 3− Ηθηχνογνθδρ κδχ σν  γηφγδθ χδµρησξ µχ βγµφδ ηµ σγδ νθφµηψσηνµ νε ωµσγνογνθδρ− ∋≅( ≅χτκσ ργχξ λτσµσ ϖησγ ΧρΘδχ,ονρησηυδ ωµσγνογνθδ

οσβγδρ καδκδχ ϖησγ Σφ∋ ελρ9Φκ3−ΥΟ05(: Σφ∋Τ≅Ρ9Βθδ(: Σφ∋ βσηµ19κνωΟ,ΡΣΝΟ,κνωΟ,ΧρΘδχ,δωοθδρρ(− Ωµσγνογνθδρ ργνϖ  βνλοβσ νθφµηψσηνµ µχ γηφγδθ

χδµρησξ ∋θδχ θθνϖγδχ ηµ≅0 µχ ≅1 ( νµ σνονε δρβοδθ ηθηχνογνθδρ ∋ντσκηµδχ ηµ≅0 µχϖγησδ θθνϖ ηµ≅1 (− Σγδξθδ ρσδκκσδµχ κννρδκξ οβϕδχνµ σνονε σγδ χθϕ

ρσθηοδλδκµνογνθδρ ∋θδχ θθνϖ ηµ ≅0 µχ ≅2 (− ∋≅3,3 ( Λφµηεηδχ ηλφδ νε σγδ εηθρσ κηφγσ,ρσθηοδ θδφηνµ ργνϖρ σγδ ρσδκκσδ ργοδ νε ωµσγνογνθδρ ηµ σγδ αρδµβδ νε

σγδ νσγδθ σϖν οηφλδµσ βδκκ σξοδρ ∋φθδδµ θθνϖ ηµ ≅0 µχ ≅3 (− ∋Α( δθαα2ασ10300 λδσλνθογηβ εηργ ργνϖηµφ  οσβγ νε ληρρηµφ ηθηχνογνθδρ µχ οσβγξ βκνµδρ νε

λΒγδθθξ,ονρησηυδ ωµσγνογνθδρ καδκδχ ϖησγ Σφ∋ρνω0/9Βθδ(:Σφ∋ΤΑΗ9κνωο,∆ΦΕΟ,κνωο,λΒγδθθξ(− Σγδ θδβνυδθξ νε ηθηχνογνθδρ ∋ντσκηµδχ ηµ Α0 µχΑ1+ ϖγησδ θθνϖ ηµ

Α1( κδχρ σν χδµρδθ µχ λνθδ βνλοβσ ωµσγνογνθδρ ∋θδχ θθνϖγδχ ηµ Α2(: ηµ σγδ αρδµβδ νε ηθηχνογνθδρ ωµσγνογνθδρ θδληµ σ κνϖδθ χδµρησξ− Ρβκδ αθ9

0// ×λ− ∋Α3( Φθογ ργνϖηµφ σγδ χηρσµβδρ ∋ηµ ×λ( αδσϖδδµ σγδ βδµσδθρ νε µδηφγανθηµφ ωµσγνογνθδρ ηµ σγδ αρδµβδ νθ οθδρδµβδ νε ηθηχνογνθδρ ∋µ<04 οηθρ(−
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Φο ιτµβσηνµρ θδ βδκκ,τσνµνλντρκξ θδπτηθδχ ηµ

ωµσγνογνθδρ ενθ σγδηθ βδκκ ργοδ σθµρησηνµ

ςγδµ ϖδ σθµροκµσδχ Σφ∋οω69ΦΕΟ(,καδκδχ ϖηκχ,σξοδ

ωµσγνογνθδρ ηµσν γνλνψξφντρ κδνσϑ2 λτσµσ γνρσρ βθθξηµφ Σφ

∋ϕησ9Φ≅Κ3+Τ≅Ρ9λΒγδθθξ(+ ϖγηβγ καδκρ ωµσγνογνθδρ µχ

λδκµνογνθδρ+ ϖδ εντµχ  βκδθ χηεεδθδµβδ ηµ σγδ χδµρησξ µχ ργοδ

αδσϖδδµ ϖηκχ,σξοδ µχλτσµσ ωµσγνογνθδρ ηµ σγδ θδρτκσηµφ βγηλδθηβ

µηλκρ− Σγδϖηκχ,σξοδ βδκκρ θδ βνλοβσ µχλνθδ χδµρδκξ νθφµηψδχ

σγµ σγδ λτσµσ βδκκρ ∋Εηφ− 6≅(− Ετθσγδθ+ ηµ χθϕ,ρσθηοδ θδφηνµρ ϖηκχ,

σξοδ ωµσγνογνθδρ βπτηθδ  ρσδκκσδ ργοδ δυδµ ηµ σγδ οθδρδµβδ νε

λτσµσ λδκµνογνθδρ ∋Εηφ− 6Α(− Βνµυδθρδκξ+λτσµσ ωµσγνογνθδρ χν

µνσ θδρονµχ σν σγδ οθδρδµβδ νε ϖηκχ,σξοδ λδκµνογνθδρ: γνϖδυδθ+

ϖηκχ,σξοδ ωµσγνογνθδρ χν θδρονµχ µχ ργνϖ ρσδκκσδ ργοδρ

∋Εηφ− 6Β(− Σγηρ ργνϖρ σγσ φο ιτµβσηνµρ θδ τσνµνλντρκξ θδπτηθδχ

ηµ ωµσγνογνθδρ ενθ σγδ χδµρδ µχ βνλοβσ νθφµηψσηνµ ηµ σγδ κηφγσ

ρσθηοδρ µχ σγδ ρσδκκσδ ργοδρ ηµ σγδ χθϕ ρσθηοδρ−

ΧΗΡΒΤΡΡΗΝΜ

Ηµ σγηρ ρστχξ ϖδ µκξψδχ σγδ βδκκ,βδκκ ηµσδθβσηνµρ χτθηµφ οηφλδµσ

οσσδθµ ενθλσηνµ ηµ ψδαθεηργ εθνλ  ωµσγνογνθδ οδθροδβσηυδ− Σγδ

Εηφ− 4− Χδυδκνολδµσ νε ωµσγνογνθδ χηρσθηατσηνµµχνθφµηψσηνµχτθηµφ ρσθηοδ οσσδθµ ενθλσηνµ− Σηλδ,κορδ ηλφδρ νε ΧρΘδχ,ονρησηυδ ωµσγνογνθδρ καδκδχ

ϖησγ Σφ∋ελρ9Φκ3−ΥΟ05(:Σφ∋Τ≅Ρ9Βθδ(:Σφ∋ βσηµ19κνωΟ,ΡΣΝΟ,κνωΟ,ΧρΘδχ,δωοθδρρ( ηµϖηκχ σξοδµχλτσµσρ χτθηµφλδσλνθογνρηρ− ∋≅0,4(ςηκχ,σξοδ ωµσγνογνθδρ

θδνθφµηψδ τονµ σγδ θθηυκ νε λδσλνθογηβ ηθηχνογνθδρ µχλδκµνογνθδρ ενθλ  τµηενθλ χδµρησξ ηµσν σϖν χηεεδθδµσ ενθλρ9 ρσδκκσδ µχ κδρρ χδµρδ ∋θδχ θθνϖγδχ( ηµ

σγδ χθϕ,ρσθηοδ θδρ ∋αδσϖδδµ σγδ θδχχνσσδχ κηµδρ(+ µχβνλοβσ µχχδµρδ ηµ σγδ κηφγσ,ρσθηοδ θδρ ∋θδχ θθνϖγδχρ(− ∋Α0,4( Ωµσγνογνθδρ ηµ ργχξλτσµσρ ρσξ σ 

τµηενθλ χδµρησξ ∋φθδδµ θθνϖ( ηµ σγδ χθϕ,ρσθηοδ θδρ ∋αδσϖδδµ σγδ θδχ χνσσδχ κηµδρ(− ∋Β0,4( Ηµ γνλνψξφντρ κδνσϑ2 λτσµσρ ωµσγνογνθδρ ρσξ σ  τµηενθλ χδµρησξ

∋φθδδµ θθνϖγδχ( κκ νυδθ σγδ ανχξ νε σγδ εηργ δυδµ εσδθ σγδ θθηυκ νε ηθηχνογνθδρ µχ λδκµνογνθδρ+ χθϕ,ρσθηοδ θδρ θδ ργνϖµ αδσϖδδµ θδχ χνσσδχ κηµδρ− Ρβκδ

αθρ9 0// ×λ− ∋Χ( Φθογ ργνϖηµφ σγδ χηεεδθδµβδρ ηµ βδκκ χδµρησηδρ χτθηµφ χδυδκνολδµσ νε ϖηκχ σξοδ+ κδνσϑ2 µχ ργχξλτσµσρ− Σγδ χηρσµβδρ ∋ηµ ×λ( αδσϖδδµ σγδ

βδµσδθρ νε µδηφγανθηµφ ωµσγνογνθδρ ηµ σγδοθνροδβσηυδ κηφγσ,ρσθηοδ θδφηνµρ σ υθηντρχδυδκνολδµσκ σηλδονηµσρ θδ χδοηβσδχ ∋µ<14βδκκ οηθρ εθνλ 4 εηργ οδθ φδµνσξοδ(−

∆θθνθ αθρ ηµχηβσδ ρσµχθχ χδυησηνµρ− ≅ρσδθηρϕρ ηµχηβσδ σγδ ρσσηρσηβκ ρηφµηεηβµβδ βνλοθδχ σν ϖηκχ σξοδ τρηµφ Ρστχδµσ �ρ σ,σδρσ ∋κκ Ο υκτδρ θδ Ο;/−///0(−
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ντσβνλδ νε βδκκ,βδκκ ηµσδθβσηνµρ χδοδµχρ τονµ σγδ βγθνλσνογνθδ

σξοδρ ηµυνκυδχ− ςδ ναρδθυδ σγσ γδσδθνσξοηβ ∋ωµσγνογνθδ,

ηθηχνογνθδ µχ ωµσγνογνθδ,λδκµνογνθδ( ηµσδθβσηνµρ θδφτκσδ

χηεεδθδµσηκ χδµρησξ µχ ργοδ νε ωµσγνογνθδρ− Ησ ϖρ θδβδµσκξ

ργνϖµ σγσ γνλνσξοηβ ∋ωµσγνογνθδ,ωµσγνογνθδ( ηµσδθβσηνµρ

θδφτκσδ σγδ ωµσγνογνθδ βνυδθφδ ηµ σγδ ρϕηµ ∋ςκχδθηβγ δσ κ−+

1/05(− Σϕδµ σνφδσγδθ+ ϖδ βνµβκτχδ σγσ  βνλαηµσηνµ νε

γνλνσξοηβ µχ γδσδθνσξοηβ ηµσδθβσηνµρ θδφτκσδ οθδβηρδ οσσδθµηµφ

νε ωµσγνογνθδρ χτθηµφ βνκνθ οσσδθµ ενθλσηνµ−

ςδ εντµχ σγσ γδσδθνσξοηβ ηµσδθβσηνµρ ϖησγ δοησγδκηκ,κηϕδ χδµρδ

ηθηχνογνθδρ θδ θδπτηθδχ ενθ ωµσγνογνθδρ σν ηµβθδρδ σγδηθ

βνλοβσµδρρ ηµ κηφγσ,ρσθηοδ θδφηνµρ− Ηµ σγδ αρδµβδ νε ηθηχνογνθδρ+

ηµ ργχξ λτσµσρ+ ωµσγνογνθδ χδµρησξ ρσξρ κνϖ µχ χνδρ µνσ

ηµβθδρδ χτθηµφ λδσλνθογνρηρ− ςγδµ ηθηχνογνθδρ φθχτκκξ

θδβνυδθ ηµ δθαα2α λτσµσρ µχ ρσθσ σν εηκκ ηµ φορ οθδυηντρκξ

χδυνηχ νε ηθηχνογνθδρ+ ωµσγνογνθδ χδµρησξ κρν ηµβθδρδρ− Σγηρ

ωµσγνογνθδ αδγυηνθ χνδρ µνσ χδοδµχ νµ σγδ οθδρδµβδ νε

λδκµνογνθδρ+ ρ ησ κρν νββτθρ ηµ µβθδ λτσµσρ− Οθδυηντρκξ ησ

ϖρ θδονθσδχ σγσ ηθηχνογνθδρ βσ νµ ωµσγνογνθδρ υη Βρε0+ µ

δωσθβδκκτκθ κηφµχ δωοθδρρδχ ηµ ηθηχνογνθδρ σγσ οθνλνσδρ

ωµσγνογνθδ χδυδκνολδµσ ∋Οσσδθρνµ µχ Οθηβγξ+ 1/02(−

Γνϖδυδθ+ σγδ ηµσδθβσηνµ ϖδ εηµχ αδσϖδδµ χδµρδ ηθηχνογνθδρ µχ

ωµσγνογνθδρ ηρ κηϕδκξ σν αδ λνθδ χηθδβσ+ ρ ησ θδπτηθδρ ετµβσηνµκ φο

ιτµβσηνµρ λχδ εθνλ Βω30−7 µχ Βω28−3− Ηµ κδνσϑ2 λτσµσρ+ ϖγδθδ

σγδρδ βγµµδκρ θδ µνµ,ετµβσηνµκ+ ωµσγνογνθδρ ρσξ σ κνϖ χδµρησξ

χδροησδ σγδ οθδρδµβδ νε ηθηχνογνθδρ− Ντθ σθµροκµσσηνµ δωοδθηλδµσρ

ργνϖ σγσ σγηρ θδπτηθδλδµσ ηρ βδκκ,τσνµνλντρ σν ωµσγνογνθδρ+

ϖγηβγ ηρ ηµ φθδδλδµσ ϖησγ ντθ οθδυηντρ εηµχηµφρ σγσ Βω30−7 µχ

Βω28−3 θδ νµκξ θδπτηθδχ ηµ ωµσγνογνθδρ µχ λδκµνογνθδρ+ ατσ

µνσ ηµ ηθηχνογνθδρ ∋Ηθηνµ δσ κ−+ 1/03: Λχδθροβγδθ µχ Μρρκδηµ,

Υνκγθχ+ 1//2(− Ηε σγηρ γδσδθνσξοηβ ηµσδθβσηνµ λνµφ ηθηχνογνθδρ

µχ ωµσγνογνθδρ νββτθρ ηµχδδχ υη φο ιτµβσηνµρ+ µχ µνσ ρηλοκξ

υη γδλη,βγµµδκρ ηµ σγδ ωµσγνογνθδ οκρλ λδλαθµδ+  χηεεδθδµσ

βνµµδωηµ νµ σγδ ηθηχνογνθδ ρηχδ λτρσ δωηρσ− Ρτβγ  βνµµδωηµ γρ µνσ

ξδσ αδδµ ηχδµσηεηδχ+ γνϖδυδθ+ ντθ γξονσγδρηρ σγσ ησ δωηρσρ ληφγσ αδ

βνθθνανθσδχ αξ σγδ µκξρηρ νε ρβγβγαθδσσ ∋ραθ( λτσµσρ+ ϖγδθδ 

ρονσσδχ οσσδθµ ηρ οθνχτβδχ− Ησ ϖρ ργνϖµ σγσ Σιο0≅ ηρ εεδβσδχ ηµ

σγηρ λτσµσ+ σγδ οθνσδηµ ηρ ροδβηεηβκκξ δωοθδρρδχ ηµ ηθηχνογνθδρ µχ

ϕµνϖµ σν ηµσδθβσ ϖησγ σγδ Β,σδθληµη νε ρδυδθκ βνµµδωηµρ ∋Εχδδυ

δσ κ−+ 1/04(− Σγηρ βντκχ οθνυηχδ σγδ κηµϕ εθνλ φο ιτµβσηνµρ σν σγδ

βξσνοκρλ ηµ ηθηχνογνθδρ− Θδυδθρδ φδµδσηβ οοθνβγδρ λξ αδ τρδετκ

ηµ ηχδµσηεξηµφ µνυδκ ηθηχνογνθδ,ροδβηεηβ φο ιτµβσηνµ βνλονµδµσρ

∋Ηθηνµ δσ κ−+ 1/03α: Γϖµφ δσ κ−+ 1/02+α(−

Σγδ ηµσδθβσηνµρ αδσϖδδµ ωµσγνογνθδρ µχλδκµνογνθδρ+ ϖγηβγ

κδχ σν ργοδ βγµφδρ ηµ σγδ ωµσγνογνθδρ+ θδ νµκξ οθσηκκξ

λδχησδχ αξ σγδ ϕµνϖµ φο ιτµβσηνµρ+ ρ ηµ γνλνψξφντρ κδνσϑ2

λτσµσρ ϖδ ρσηκκ ναρδθυδ σγσ ωµσγνογνθδρ βκδθκξ ρδµρδ σγδ

οοδθηµφ λδκµνογνθδρ µχ θδθθµφδ σγδηθ βδκκτκθ οθνσθτρηνµρ:

γνϖδυδθ+ σγδξ χν µνσ τκσηλσδκξ βγµφδ σγδηθ ργοδ σν αδβνλδ

ρσδκκσδ− Σγηρ ηµχηβσδρ σγσ σγδθδ θδ σ κδρσ σϖν ρσδορ ηµ σγδ

ηµσδθβσηνµρ αδσϖδδµ λδκµνογνθδρ µχ ωµσγνογνθδρ µχ σγσ σγδ

ηµησηκ θδβνφµησηνµ ηρ ηµχδοδµχδµσ νε κδν µχ κτβ φο ιτµβσηνµρ− Σγδ

ρηφµκηµφ λνκδβτκδρ σγσ λδχησδ σγηρ ηµησηκ ηµσδθβσηνµ θδ

τµϕµνϖµ: γνϖδυδθ+ ρδυδθκ λνκδβτκδρ ρτβγ ρ ϑβµι02+ µ ηµϖθχ

θδβσηεξηµφ ονσρρητλ βγµµδκ ∋Ηµα δσ κ−+ 1/01(: ροδθληχηµδ+ 

ονκξληµδ ∋Εθνγµγ⌡εδθ δσ κ−+ 1/05(: Σδσθροµηµ2β+ 

σθµρλδλαθµδ ρβεενκχηµφ οθνσδηµ ∋Ηµντδ δσ κ−+ 1/03(: µχ

Μνσβγ.Χδκσ ρηφµκηµφ ∋∆νλ δσ κ−+ 1/04: Γλχ δσ κ−+ 1/03(

γυδ αδδµ ηχδµσηεηδχ σγσ θδφτκσδ βδκκ,βδκκ ηµσδθβσηνµρ χτθηµφ βνκνθ

οσσδθµ ενθλσηνµ− Ησ ηρ ονρρηακδ σγσ ρνλδ νε σγδρδ λνκδβτκδρ

λδχησδ φο ιτµβσηνµ,ηµχδοδµχδµσ βνλλτµηβσηνµ αδσϖδδµ

λδκµνογνθδρ µχ ωµσγνογνθδρ−

Κσδθ ρσδορ χτθηµφ σγδ ηµσδθβσηνµρ αδσϖδδµ λδκµνογνθδρ µχ

ωµσγνογνθδρ θδ χδοδµχδµσ νµ ετµβσηνµκ φο ιτµβσηνµρ ρ σγδξ

χνµ�σ νββτθ ηµ γνλνψξφντρ κδνσϑ2 λτσµσρ− Γνϖδυδθ+ ντθ

σθµροκµσσηνµ δωοδθηλδµσρ ργνϖ σγσ ϖηκχ,σξοδ ωµσγνογνθδρ βµ

ρσηκκ θδρονµχ σν λτσµσ λδκµνογνθδρ+ ρτφφδρσηµφ σγσ νµ σγδ

λδκµνογνθδ ρηχδ χηεεδθδµσ βνµµδωηµρ βντκχ αδ ηµυνκυδχ ηµ σγδ

Εηφ− 5− Ωµσγνογνθδ,λδκµνογνθδ ηµσδθβσηνµρ− ∋≅,Β( Σηλδ,κορδ θδβνθχηµφρ νε λδκµνογνθδρ µχ ΧρΘδχ,καδκδχ ωµσγνογνθδρ χτθηµφ λδσλνθογνρηρ−

∋≅0,2( ςηκχ,σξοδ+ ∋Α0,2( ργχξ µχ ∋Β0,2( γνλνψξφντρ κδνσϑ2 λτσµσ ωµσγνογνθδρ θδσθβσ σγδηθ οθνσθτρηνµρ σν φηυδ ροβδ σν σγδ µδϖκξ θθηυηµφ λδκµνογνθδρ

∋ηµρηχδ ϖγησδ χνσσδχ βηθβκδρ(− ∋Χ0,0 ( ςηκχ,σξοδ+ ∋Χ1,1 ( ργχξ µχ ∋Χ2,2 ( γδσδθνψξφντρ κδνσϑ2.∗ ωµσγνογνθδρ ∋ϖγησδ µχ θδχ θθνϖρ( θδνθφµηψδ σγδλρδκυδρ σν

χνοσ ρσδκκσδ ργοδρ τονµ σγδ θθηυκ νε λνθδ λδκµνογνθδρ ηµ σγδ οθδρτλοσηυδ χθϕ,ρσθηοδ θδφηνµρ− ∋Χ3,3 ( Ηµ γνλνψξφντρ κδνσϑ2.σϑ2 λτσµσρ ωµσγνογνθδρ

∋φθδδµ θθνϖγδχ+ ωµσγνογνθδ ανυδ λδκµνογνθδ( χν µνσ χνοσ  ρσδκκσδ ργοδ µνθ κννρδ λνθογνκνφξ− Ρβκδ αθρ9 0// ×λ−
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φδµδθσηνµ νε γδσδθνσξοηβ µχ γδσδθνλδθηβ φο ιτµβσηνµρ− Χτδ σν ησρ

λδµαηκησξ σν φδµδσηβ µχ βδκκ αηνκνφηβκ ηµυδρσηφσηνµ οηφλδµσ

οσσδθµ ενθλσηνµ+ σγδ ψδαθεηργ ηρ µ σσθβσηυδ λνχδκ ρξρσδλ σν

ρστχξ σγδ ενθλσηνµ µχ ετµβσηνµ νε φο ιτµβσηνµρ ηµ υηυν− Ησ ϖηκκ αδ

ηµσδθδρσηµφ σν ρδδ ηε νσγδθ βνµµδωηµρ+ δωοθδρρδχ ηµ ηθηχνογνθδρ νθ

λδκµνογνθδρ+ βµ αδ ηχδµσηεηδχ µχ γνϖ σγδξ ληφγσ εεδβσ σγδ

φσηµφ οθνοδθσηδρ νε φο ιτµβσηνµρ−

Ηµ ρτλλθξ+ ϖδ χδλνµρσθσδ σγσ φο ιτµβσηνµρ θδ θδπτηθδχ ηµ

ωµσγνογνθδρ ενθ σγδ βδκκ ργοδ σθµρησηνµρ ηµ θδρονµρδ σν νσγδθ

βγθνλσνογνθδρ− ςδ κρν ργνϖ σγσ ηθηχνογνθδρ θδ µ ηµσδφθκ οθσ

νε σγδ βδκκ,βδκκ ηµσδθβσηνµ µδσϖνθϕ θδρονµρηακδ ενθ φδµδθσηµφ σγδ

ρσθηοδχ οσσδθµ− Ντθ οθδυηντρ ρστχξ ρτφφδρσδχ σγσ ωµσγνογνθδρ µχ

λδκµνογνθδρ σνφδσγδθ ηµρσθτβσ σγδ οσσδθµηµφ νε ηθηχνογνθδρ+ γδθδϖδ

ργνϖ σγσ ηθηχνογνθδρ+ ηµ στθµ+ θδ θδπτηθδχ σν νθφµηψδ ωµσγνογνθδρ+

ρτφφδρσηµφ σγσ τκσηλσδκξ  εδδχ,αβϕλδβγµηρλ ηµυνκυηµφ βνµσβσ,

αρδχ ηµσδθβσηνµρ αδσϖδδµ κκ σγθδδ σξοδρ νε οηφλδµσ βδκκρ ηρ σγδ

αρηρ νε ρσθηοδ οσσδθµ ενθλσηνµ ηµ σγδ ανχξ νε ψδαθεηργ− ςδ ρτφφδρσ

σγσ βνκνθ οσσδθµ ενθλσηνµ ηµ ψδαθεηργ ηµυνκυδρ  µνυδκ λδβγµηρλ

νε οσσδθµηµφ χδοδµχδµσ νµ βδκκ ργοδ σθµρησηνµρ νε ωµσγνογνθδρ

µχ ηθηχνογνθδρ− Σγδρδ ργοδ σθµρησηνµρ θδ χδοδµχδµσ νµ κνβκ

βδκκ,βδκκ ηµσδθβσηνµρ λδχησδχ αξ φο ιτµβσηνµρ−

Λ≅Σ∆ΘΗ≅ΚΡ ≅ΜΧ Λ∆ΣΓΝΧΡ

Ψδαθεηργ κηµδρ

Σγδ ενκκνϖηµφ ψδαθεηργ κηµδρ ϖδθδ τρδχ9 ϖηκχ σξοδ ∋ςΣ( ∋ΣΤ ρσθηµ εθνλ σγδ

Σαηµφδµ ψδαθεηργ ρσνβϕ βδµσδθ(+ µβθδϖ1 ∋Κηρσδθ δσ κ−+ 0888(+ ργχξι8ρ0

∋Κνοδρ δσ κ−+ 1//7(+ κδνσϑ2 ∋Ηθηνµ δσ κ−+ 1/03(+ θνρδσ≅Μ06Ω ∋ϑθτρρ δσ κ−+

1/03(+ γορ.δθαα2ασ10300 ∋Χννκδξ δσ κ−+ 1/02(+ Σφ∋ ελρ9Φ≅Κ3( ∋Φθξ δσ κ−+

1/00(+ Σφ∋Τ≅Ρ9Βθδ( ∋Λγκϖθ δσ κ−+ 1/03(+ Σφ∋ βσηµ19κνωΟ,ΡΣΝΟ,κνωΟ,

ΧρΘδχ,δωοθδρρ( ∋Αδθσθµχ δσ κ−+ 1/0/(+ Σφ∋ϕησ9Φ≅Κ3+Τ≅Ρ9λΒγδθθξ(

∋≅µδκκη δσ κ−+ 1//8(+ Σφ∋ρνω0/9Βθδ( ∋Θνχθηφτδρ δσ κ−+ 1/01( µχ Σφ∋ΤΑΗ9

κνωο,φεο,κνωο,λβγδθθξ( ∋Λνρηλµµ δσ κ−+ 1/00(+ Σφ∋Τ≅Ρ9∆ΦΕΟ,Β≅≅Ω(

∋Εδθµµχδρ δσ κ−+ 1/01(+ Σφ∋οω69ΦΕΟ( ∋≅κργδηλδθ+ 1/01(−

Ψδαθεηργ ϖδθδ θηρδχ ρ χδρβθηαδχ οθδυηντρκξ ∋Αθµχ δσ κ−+ 1//1(− Σγδ

ρσφηµφ νε λδσλνθογηβ εηργ ϖρ χνµδ ρ χδρβθηαδχ ∋Οθηβγξ+ 1//5(−

≅κκ µηλκ δωοδθηλδµσρ ϖδθδ οδθενθλδχ ηµ ββνθχµβδ ϖησγ σγδ θτκδρ νε

σγδ Ρσσδ νε Αχδµ,ςθσσδλαδθφ+ Φδθλµξ µχ οοθνυδχ αξ σγδ

Θδφηδθτµφροθρηχητλ Σαηµφδµ ∋≅ϕσδµψδηβγδµ9 24.8074−35,4 µχ 24.

8074−71,6(−

Χηεεδθδµσ λδσγνχρ νε καδκηµφ ωµσγνογνθδρ

Χηεεδθδµσ σθµρφδµηβ κηµδρ καδκηµφ ωµσγνογνθδρ ϖδθδ τρδχ ηµ υθηντρ

βνλαηµσηνµρ− ≅κκ νε σγδλ θδ ρσακδ σθµρφδµηβ κηµδρ+ ϖγηβγ ϖδθδ βθνρρδχ

ηµσν υθηντρ λτσµσ αβϕφθντµχρ− Σγδξ καδκ ωµσγνογνθδρ τρηµφ σγθδδ

χηεεδθδµσ οθνλνσδθρ9 µδτθκ βθδρσ,ροδβηεηβ+ ρνω 0/: οηφλδµσ βδκκ,ροδβηεηβ+

ϕησ≅: µχ ωµσγνογνθδ,ροδβηεηβ+ ελρ− Σγδρδ οθνλνσδθρ γυδ αδδµ ργνϖµ σν

καδκ ωµσγνογνθδρ ∋≅µδκκη δσ κ−+ 1//8: Φθξ δσ κ−+ 1/00: Λνµφδθ δσ κ−+

1/02(− Σφ∋ρνω0/9Βθδ( ϖρ τρδχ ηµ βνλαηµσηνµ ϖησγ Σφ∋ΤΑΗ9κνωο,∆ΦΕΟ,

κνωο,λΒγδθθξ( ενθ σγδ µκξρηρ νε ωµσγνογνθδρ ηµ σγδ γορ λτσµσ

αβϕφθντµχ− Σφ∋ϕησ9Φ≅Κ3( ϖρ τρδχ ηµ βνλαηµσηνµ ϖησγ Σφ∋Τ≅Ρ9

λΒγδθθξ( σν υηρτκηψδ χτκσ ωµσγνογνθδρ ηµ θρδ λτσµσρ− Σφ∋ ελρ9Φκ3−

ΥΟ05( εηργ ϖδθδ βθνρρδχ ϖησγ σγδ ενκκνϖηµφ θδονθσδθ κηµδρ σν χθηυδ

εκτνθνογνθδ δωοθδρρηνµ δωβκτρηυδκξ ηµ ωµσγνογνθδρ9 Σφ∋Τ≅Ρ9∆ΦΕΟ,

Β≅≅Ω(+ Σφ∋Τ≅Ρ9Βθδ( µχ Σφ∋ βσηµ9κνωο,ΡΣΝΟ,κνωο,ΧρΘδχ(− Σγηρ

βνλαηµσηνµ νε εντθ σθµρφδµδρ καδκρ νµκξ ωµσγνογνθδρ+ µχ ϖρ τρδχ

ενθ σγδ ενκκνϖ,το ρστχηδρ νε βκτρσδθρ ρ ϖδκκ ρ ηµχηυηχτκ ωµσγνογνθδρ− Ηµ

λνρσ νε βρδρ µνσ κκ ωµσγνογνθδρ θδ εκτνθδρβδµσκξ καδκδχ+ χτδ σν σγδ

υθηδφσηνµ.οσβγηµδρρ βθδσδχ αξ σγδ βνλαηµσηνµ νε σγδ Φ≅Κ3+ Τ≅Ρ µχ

Εηφ− 6− Σθµροκµσσηνµ νε ϖηκχ,σξοδ ωµσγνογνθδρ καδκδχ ϖησγ Σφ∋οω69ΦΕΟ( ηµσν κδνσϑ2.σϑ2λτσµσρ βθθξηµφ Σφ∋ϕησ9Φ≅Κ3(:Σφ∋Τ≅Ρ9λΒγδθθξ(−

∋≅0( Χηεεδθδµσ χδµρησξ νε ϖηκχ,σξοδ ∋φθδδµ βδκκρ+ θδχ θθνϖ γδχ ηµ ≅2( µχ λτσµσ ωµσγνογνθδρ ∋θδχ βδκκρ+ φθδδµ θθνϖ γδχ ηµ ≅1( ηµ µ χτκσ βγηλδθηβ µηλκ−

∋≅3( Φθογ ργνϖηµφ σγδ χηρσµβδρ ∋ηµ ×λ( αδσϖδδµ σγδ βδµσδθρ νε µδηφγανθηµφ ϖηκχ,σξοδ µχλτσµσ ωµσγνογνθδ οηθρ ηµ σγδ βγηλδθ+ δθθνθ αθρ ηµχηβσδ ρσµχθχ

χδυησηνµ ∋µ<04 οηθρ(− ∋Α( ≅ ϖηκχ,σξοδ ωµσγνογνθδ ∋καδκδχ ϖησγ ΦΕΟ( αδβνλδρ ρσδκκσδ ∋θδχ θθνϖ ηµ Α2( ηµ θδρονµρδ σν  λτσµσ λδκµνογνθδ ∋καδκδχ

ϖησγ λΒγδθθξ+ ξδκκνϖ θθνϖ ηµ Α1(− ςγησδ θθνϖ ηµ Α1 ονηµσρ σν ϖηκχ,σξοδ λδκµνογνθδρ− ∋Β( Μν θδρονµρδ µχ βγµφδ ηµ ργοδ νε λτσµσ ωµσγνογνθδρ ∋καδκδχ

ϖησγ λΒγδθθξ+ φθδδµ θθνϖγδχ ηµ Β1( ηµ θδρονµρδ σν ϖηκχ,σξοδ λδκµνογνθδρ ∋µν εκτνθδρβδµσ καδκ+ ϖγησδ θθνϖ ηµ Β1(− Θδχ θθνϖ ηµ Β2 ονηµσρ σν ϖηκχ,σξοδ

ωµσγνογνθδρ ∋καδκδχ ϖησγ ΦΕΟ( ργνϖηµφ ϖηκχ,σξοδ λνθογνκνφξ ηµ θδρονµρδ σν ϖηκχ,σξοδ λδκµνογνθδρ−
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θδρονµχδθ σθµρφδµηβ κηµδρ− Υθηδφσδχ καδκηµφ κκνϖρ τρ σν ρδδ ηµχηυηχτκ

βδκκρ+ µχ ενκκνϖ σγδλ χτθηµφ σγδ βντθρδ νε χδυδκνολδµσ µχ χηρσηµφτηργ

αδσϖδδµ χηεεδθδµσ λνθογνκνφηδρ−

Βντµσηµφ νε ωµσγνογνθδρ

Ωµσγνογνθδ µτλαδθρ ϖδθδ βντµσδχ τρηµφ σγδ ρβµρ ϖησγλτκσηοκδ βγµµδκρ9

σθµρφδµηβ λθϕδθ ∋υθηδφσηνµ(+ τσν,εκτνθδρβδµβδ ∋µν υθηδφσηνµ( µχ

αθηφγσ εηδκχ− ≅τσν,εκτνθδρβδµβδ λθϕρ κκ σγδ ωµσγνογνθδρ: γνϖδυδθ+ χντακδ

καδκηµφ ϖρ οδθενθλδχ σν βνµεηθλ σγδ οθδρδµβδ νε ωµσγνογνθδρ− Νµκξ

θδφηνµρ βνθθδρονµχηµφ σν σγδ εηθρσ κηφγσ ρσθηοδϖδθδ τρδχ ενθ βντµσηµφ ηµ κκ σγδ

λτσµσρ− Ωµσγνογνθδ βντµσηµφ ϖρ χνµδ τρηµφ σγδ �βδκκ βντµσδθ� οκτφηµ ηµ

Εηιη ∋Ρβγηµχδκηµ δσ κ−+ 1/01(− Σδµ θδχηµφρ εθνλ σδµ εηργ οδθ φδµδσηβ

αβϕφθντµχ ϖδθδ τρδχ σν νασηµ σγδ χδµρησηδρ µχ θδροδβσηυδ ρσµχθχ

χδυησηνµρ−

≅θδ+ χηρσµβδ µχ χδµρησξ νε ωµσγνογνθδρ

Γηφγ θδρνκτσηνµ ηλφδρ ϖδθδ σϕδµ σν θδρνκυδ χηεεδθδµβδρ αδσϖδδµ χηεεδθδµσ

λνθογνκνφηδρ νε ωµσγνογνθδρ ηµ υθηντρ αβϕφθντµχρ− Σν βκβτκσδ σγδ

βδκκτκθ θδρ+ ηλφδ σγθδργνκχρ ϖδθδ ρδσ τρηµφ σγδ λδµ κφνθησγλ µχ σγδ

υκτδρ ϖδθδ βκβτκσδχ τρηµφ σγδ λδρτθδ νοσηνµ ηµ ΗλφδΙ− Σν νασηµ 

πτµσησσηυδ λδρτθδ ενθ σγδ χηεεδθδµσ βδκκ λνθογνκνφηδρ+ σγδ βνµυδω γτκκ

θδ υκτδ νε σγδ βνθθδρονµχηµφ βδκκ ϖρ κρν βκβτκσδχ− Σγδ εηµκ υκτδρ

ργνϖµ ηµ Εηφ− 0 ϖδθδ βκβτκσδχ ρ σγδ θσηνρ αδσϖδδµ σγδ σνσκ βδκκτκθ θδρ

µχ σγδ θδρ νε σγδ βνµυδω γτκκ− 04 ηµχηυηχτκ βδκκρ οδθ φδµδσηβ αβϕφθντµχ

ϖδθδ τρδχ σν βκβτκσδ σγδ θδρ µχ ρσµχθχ χδυησηνµ υκτδρ ηµ Εηφ− 0−

Χηρσµβδρ αδσϖδδµ σγδ βδµσδθρ νε µδηφγανθηµφ ωµσγνογνθδρ ϖδθδ λδρτθδχ

τρηµφ ΗλφδΙ−

Ηλφδ βπτηρησηνµ µχ οθνβδρρηµφ

Θδοδσδχ ηλφηµφ νε ψδαθεηργ ϖρ οδθενθλδχ ρ χδρβθηαδχ ηµ Ρηµφγ δσ κ−

∋1/03(− Ηλφδρ ϖδθδ βπτηθδχ νµ  Ψδηρρ ΚΡΛ 67/ ΜΚΝ βνµενβκ

ληβθνρβνοδ− Εηιη ∋Ρβγηµχδκηµ δσ κ−+ 1/01( µχ ≅χναδ Ηκκτρσθσνθ ϖδθδ τρδχ

ενθ ηλφδ οθνβδρρηµφ µχ µκξρηρ− Λωηλτλ ηµσδµρησξ οθνιδβσηνµρ νε

βνµενβκ ρβµρ νε σγδ εκτνθδρβδµσ ρλοκδρ ϖδθδ τµηενθλκξ χιτρσδχ ενθ

αθηφγσµδρρ µχ βνµσθρσ− Ρβµρ νε σγδ αθηφγσ εηδκχ ϖδθδ ρσβϕδχ τρηµφ σγδ

�ρσβϕ ενβτρδθ� οκτφηµ µχ σηκδ ρβµρ−

Ακρσνλδθδ σθµροκµσσηνµρ

Βγηλδθηβ µηλκρ ϖδθδ φδµδθσδχ αξ σθµροκµσσηνµ νε εδϖ βδκκρ εθνλ

ϖηκχ,σξοδ δλαθξνρ βθθξηµφ Σφ∋οω69ΦΕΟ( ηµσν κδνσϑ2.σϕ2 λτσµσ δλαθξνρ

βθθξηµφ Σφ∋ϕησ9Φ≅Κ3+Τ≅Ρ9λΒγδθθξ( σ ακρστκ ρσφδ ∋ϑµδ µχ

ϑηργηλνσν+ 1//1(−

Ηλλτµνγηρσνβγδληρσθξ

≅µσηανχξ ρσηµηµφρ ϖδθδ οδθενθλδχ ρ χδρβθηαδχ οθδυηντρκξ ∋Εχδδυ δσ κ−+

1/04(− µση,Σιο0Β ϖρ τρδχ 090//+ ρ ρδβνµχθξ µσηανχξ ≅κδω Εκτνθ 377

φνσ µση,λντρδ ∋Ηµυησθνφδµ.Λνκδβτκθ Οθναδρ+ ≅00//7( ϖρ τρδχ 093//−

≅βϕµνϖκδχφδλδµσρ

ςδ σγµϕ Γµρ,Φδνθφ Εθνγµγνεδθ ενθ λµξ ηµρηφγσετκ χηρβτρρηνµρ+ µχ ϑσγδθηµδ

Θνφδθρ+ ≅οθηκ Χηµϖηχχηδ µχ ΟσθηβϕΛτκκδθ ενθ βνλλδµσρ νµ σγδ λµτρβθηοσ− ςδ κρν

σγµϕ Γδηϕδ Γδσγ+ Σταηµφδµ εηργ εβηκησξ λδλαδθρ µχ Βγθηρσηµ Κηδαηφ εθνλ κηφγσ

ληβθνρβνοξ εβηκησξ ενθ φθδσ ρτοονθσ−

Βνλοδσηµφ ηµσδθδρσρ

Σγδ τσγνθρ χδβκθδ µν βνλοδσηµφ νθ εηµµβηκ ηµσδθδρσρ−

≅τσγνθ βνµσθηατσηνµρ

Ο−Λ−+ Β−Μ−,Υ− µχ Τ−Η− βνµβδηυδχ σγδ οθνιδβσ: Ο−Λ− οδθενθλδχ σγδ δωοδθηλδµσρ+ Τ−Η−

οδθενθλδχ σγδ ακρστκ σθµροκµσσηνµρ: ≅−Ο−Ρ− οθνυηχδχ χσ ενθ θνρδ λτσµσ µχ

≅−Ε− οδθενθλδχ µσηανχξ ρσηµηµφ− Ο−Λ−+ ≅−Ο−Ρ−+ Β−Μ−Υ− µχΤ−Η− ϖθνσδ σγδ λµτρβθηοσ−

Ετµχηµφ

Σγηρ ϖνθϕ ϖρ ετµχδχ αξ σγδ Λω,Οκµβϕ Ρνβηδσξ−

Ρτοοκδλδµσθξ ηµενθλσηνµ

Ρτοοκδλδµσθξ ηµενθλσηνµ υηκακδ νµκηµδ σ

γσσο9..αην−αηνκνφηρσρ−νθφ.κννϕτο.χνη.0/−0131.αην−/11140−ρτοοκδλδµσκ

Θδεδθδµβδρ
≅κργδηλδθ+ Ρ− ∋1/01(− Νµ Σδκνρσ λτρβκδ ρσδλ βδκκ µχ σγδ υδθσηβκ λξνρδοστλ ρ

σγδηθ µηβγδ− ΟγΧ Χηρρδθσηνµ+ ∆αδθγθχ,ϑθκρ,Τµηυ− 0,138−

≅µδκκη+ Υ−+ Ρµσνθηδκκν+Β−+ Χηρσδκ+ Λ−+ ϑνρσδθ+ Θ− ς−+ Βηββθδκκη+ Ε− Χ− µχ Ληνµδ+ Λ−

∋1//8(− Φκνακ θδοθδρρηνµ νε βµβδθ φδµδ δωοθδρρηνµ ηµ  ψδαθεηργ λνχδκ νε

λδκµνλ ηρ κηµϕδχ σν δοηφδµδσηβ θδφτκσηνµ− Ψδαθεηργ 5+ 306,313−

Αδθσθµχ+ Ι− Ξ−+ Βγη+ Μ− Β−+ Ρµσνρν+ Α−+ Σδµφ+ Ρ−+ Ρσηµηδθ+ Χ− Ξ− Θ− µχ Σθυδθ+ Χ−

∋1/0/(− Γδλσνονηδσηβ ρσδλ βδκκρ χδθηυδ χηθδβσκξ εθνλ νθσηβ δµχνσγδκητλ χτθηµφ

χδυδκνολδµσ− Μστθδ 353+ 0/7,000−

Αθµχ+ Λ−+ Φθµσν+ Λ− µχ Μτρρκδηµ,Υνκγθχ+ Β− ∋1//1(− ϑδδοηµφ µχ θηρηµφ

ψδαθεηργ− Ηµ Ψδαθεηργ9 ≅ Οθβσηβκ ≅οοθνβγ ∋δχ− Β− Μτρρκδηµ,Υνκγθχ µχ

Θ− Χγλ( οο− 6,26− Μδϖ Ξνθϕ9 Νωενθχ Τµηυδθρησξ Οθδρρ−

Ατχη+ ∆− Γ−+ Οσσδθρνµ+ Κ− Α− µχ Οθηβγξ+ Χ− Λ− ∋1//7(− ∆λαθξνµηβ θδπτηθδλδµσρ

ενθ ∆θαΑ ρηφµκηµφ ηµ µδτθκ βθδρσ χδυδκνολδµσ µχ χτκσ οηφλδµσ οσσδθµ

ενθλσηνµ− Χδυδκνολδµσ 024+ 15/2,1503−

Χννκδξ+ Β− Λ−+ Λνµφδθ+ ≅−+ ςκχδθηβγ+ Α− µχ Μτρρκδηµ,Υνκγθχ+ Β− ∋1/02(− Νµ

σγδ δλαθξνµηβ νθηφηµ νε χτκσ λδκµνογνθδρ9 σγδ θνκδ νε ∆θαΑ µχ ϑησ ρηφµκκηµφ ηµ

δρσακηργηµφ λδκµνογνθδ ρσδλ βδκκρ ηµ ψδαθεηργ− Χδυδκνολδµσ 03/+ 0//2,0/02−

∆νλ+ Χ− Ρ−+ Αηµ+ ∆− Ι−+ Οσσδθρνµ+ Κ− Α−+ Φθντσ+ Λ− ∆− µχ Οθηβγξ+ Χ− Λ− ∋1/04(−

Κνµφ,χηρσµβδ βνλλτµηβσηνµ αξ ροδβηκηψδχ βδκκτκθ οθνιδβσηνµρ χτθηµφ οηφλδµσ

οσσδθµ χδυδκνολδµσ µχ δυνκτσηνµ− δΚηεδ 3+ δ013/0−

Εχδδυ+ ≅−+ ϑθτρρ+ Ι−+ Εθνγµγνεδθ+ Γ− Φ−+ Ηθηνµ+ Τ− µχ Μτρρκδηµ,Υνκγθχ+ Β−

∋1/04(− Σηφγσ ιτµβσηνµ οθνσδηµ 0 θδφτκσδρ οηφλδµσ βδκκ νθφµηρσηνµ χτθηµφ

ψδαθεηργ βνκντθ οσσδθµηµφ− δΚηεδ 3+ 0600−

Εχδδυ+ ≅−+ ϑθτρρ+ Ι−+ Ρηµφγ+ ≅− Ο− µχ Μτρρκδηµ,Υνκγθχ+ Β− ∋1/05(− Ψδαθεηργ

Κδτβνβξσδ σξθνρηµδ ϕηµρδ βνµσθνκρ ηθηχνογνθδ δρσακηργλδµσ+ οθνκηεδθσηνµ µχ

ρτθυηυκ− Οηφλδµσ Βδκκ Λδκµνλ Θδρ− 18+ 173,185−

Εδθµµχδρ+ ≅− Λ−+ Εδθν+ ϑ−+ ≅θθδµαδθφ+ ≅− Α−+ Αδθφδθνµ+ Ρ− ≅−+ Χθηδυδθ+ ς− µχ

Ατθφδρρ+ Γ− ≅− ∋1/01(− Χδδο αθηµ ογνσνθδβδοσνθρ βνµσθνκ κηφγσ,ρδδϕηµφ αδγυηνθ

ηµ ψδαθεηργ κθυδ− Βτθθ− Αηνκ− 11+ 1/31,1/36−

Εθνγµγνεδθ+ Γ− Φ−+ ϑθτρρ+ Ι−+ Ληρβγδηµ+ Γ−,Λ− µχ Μτρρκδηµ,Υνκγθχ+ Β−

∋1/02(− Ηθηχνογνθδρ µχ σγδηθ ηµσδθβσηνµρ ϖησγ νσγδθ βγθνλσνογνθδρ θδ θδπτηθδχ

ενθ ρσθηοδ ενθλσηνµ ηµ ψδαθεηργ− Χδυδκνολδµσ 03/+ 1886,2//6−

Εθνγµγνεδθ+ Γ− Φ−+ Φδηφδθ,Θτχνκογ+ Ρ−+ Οσσϕξ+ Λ−+ Λδηωµδθ+ Λ−+ Γτγµ+ Β−+

Ληρβγδηµ+ Γ−,Λ−+ Φδηρκδθ+ Θ−+ Φδγθηµφ+ Η−+ Λχδθροβγδθ+ Ε−+ Μτρρκδηµ,

Υνκγθχ+ Β− δσ κ− ∋1/05(− Ροδθληχηµδ+ ατσ µνσ ροδθληµδ+ ηρ δρρδµσηκ ενθ

οηφλδµσ οσσδθµ ενθλσηνµ ηµ ψδαθεηργ− Αηνκ− Νοδµ 4+ 625,633−

Φθξ+ Β−+ Κνξµδρ+ Β− ≅−+ ςγξσδ+ Λ− ϑ− Α−+ Βθνρρλµ+ Χ− Β−+ Θδµργϖ+ Ρ− ≅− µχ

Βγηβν+ Σ− Ι− ≅− ∋1/00(− Ρηλτκσµδντρ ηµσθυησκ ηλφηµφ νε λβθνογφδ µχ

µδτσθνογηκ αδγυηντθ χτθηµφ ηµεκλλσηνµ τρηµφ  µνυδκ σθµρφδµηβ ψδαθεηργ−

Σγθνλα− Γδλνρσ− 0/4+ 700,708−

Γλχ+ Γ−+ ςσµαδ+ Λ−+ Κτ+ Γ− ∆−+ Μηργηχ+ Σ−+ Γρδφϖ+ Σ−+ Οθηβγξ+ Χ− Λ−

µχ ϑνµχν+ Ρ− ∋1/03(− Ηµυνκυδλδµσ νε Χδκσ.Μνσβγ ρηφµκηµφ ηµ ψδαθεηργ χτκσ

οηφλδµσ ρσθηοδ οσσδθµηµφ− Χδυδκνολδµσ 030+ 207,213−

Γηθσ+ Λ−+ Μϕλτθ+ ϑ−+ ϑµδλθτ+ Σ−+ Ργηασ+ Ξ− µχ ϑνµχν+ Ρ− ∋1//2(−

Οηφλδµσ βδκκ νθφµηψσηνµ ηµ σγδ γξονχδθληρ νε ψδαθεηργ− Χδυ− Χξµ− 116+ 386,4/2−

Γηθσ+ Λ−+ Μϕλτθ+ ϑ−,Η− µχ ϑνµχν+ Ρ− ∋1//4(− Οηφλδµσ βδκκ χηρσθηατσηνµρ ηµ

χηεεδθδµσ σηρρτδρ νε σγδ ψδαθεηργ+ ϖησγ ροδβηκ θδεδθδµβδ σν σγδ ρσθηοδχ οηφλδµσ

οσσδθµ− Χδυ− Χξµ− 123+ 182,2//−

Γϖµφ+ ς− Ξ−+ Ετ+ Ξ−+ Θδξνµ+ Χ−+ Λδχδθ+ Λ− Κ−+ ϑηµη+ Ο−+ Ρµχδθ+ Ι− Χ−+ Ιντµφ+

Ι− ϑ−+ Οδσδθρνµ+ Θ− Σ− µχ Ξδγ+ Ι−,Θ− Ι− ∋1/02(− Γδθησακδ µχ οθδβηρδ ψδαθεηργ

φδµνλδ δχησηµφ τρηµφ  ΒΘΗΡΟΘ,Βρ ρξρσδλ− ΟΚνΡ ΝΜ∆ 7+ δ576/7−

Γϖµφ+ ς− Ξ−+ Ετ+ Ξ−+ Θδξνµ+ Χ−+ Λδχδθ+ Λ− Κ−+ Σρη+ Ρ− Π−+ Ρµχδθ+ Ι− Χ−+

Οδσδθρνµ+ Θ− Σ−+ Ξδγ+ Ι−,Θ− Ι− µχ Ιντµφ+ Ι− ϑ− ∋1/02α(− ∆εεηβηδµσ φδµνλδ δχησηµφ

ηµ ψδαθεηργ τρηµφ  ΒΘΗΡΟΘ,Βρ ρξρσδλ− Μσ− Αηνσδβγµνκ− 20+ 116,118−

Ηµα+ Λ−+ Ξλµϕ+ Γ− µχ ϑνµχν+ Ρ− ∋1/01(− Οηφλδµσ οσσδθµ ενθλσηνµ αξ

βνµσβσ,χδοδµχδµσ χδονκθηψσηνµ− Ρβηδµβδ 224+ 566−

Ηµντδ+ Ρ−+ ϑνµχν+ Ρ−+ Οθηβγξ+ Χ− Λ− µχ ςσµαδ+ Λ− ∋1/03(− Σδσθροµηµ 2β

θδπτηθδλδµσ ενθ οηφλδµσ βδκκ ηµσδθβσηνµρ µχ αντµχθξ ενθλσηνµ ηµ ψδαθεηργ

χτκσ οηφλδµσ ρσθηοδρ− Οηφλδµσ Βδκκ Λδκµνλ Θδρ− 16+ 08/,1//−

Ηθηνµ+ Τ−+ Εθνγµγνεδθ+ Γ− Φ−+ ϑθτρρ+ Ι−+ ∅νκϕ Βγλονκκηνµ+ Σ−+ Ληρβγδηµ+ Γ−,

Λ−+ Φδηφδθ,Θτχνκογ+ Ρ−+ ςδηκδθ+ Β− µχ Μτρρκδηµ,Υνκγθχ+ Β− ∋1/03(− Φο

ιτµβσηνµρ βνλονρδχ νε βνµµδωηµρ 30−7 µχ 28−3 θδ δρρδµσηκ ενθ βνκντθ οσσδθµ

ενθλσηνµ ηµ ψδαθεηργ− δΚηεδ 2+ δ/4014−

Ηθηνµ+ Τ−+ ϑθτρρ+ Ι− µχ Μτρρκδηµ,Υνκγθχ+ Β− ∋1/03α(− Οθδβηρδ µχ δεεηβηδµσ

φδµνλδ δχησηµφ ηµ ψδαθεηργ τρηµφ σγδ ΒΘΗΡΟΘ.Βρ8 ρξρσδλ− Χδυδκνολδµσ 030+

3716,372/−

Ηθηνµ+ Τ−+ Ρηµφγ+ ≅− Ο− µχ Μτρρκδηµ,Υνκγθχ+ Β− ∋1/05(− Σγδ Χδυδκνολδµσκ

Φδµδσηβρ νε Υδθσδαθσδ Βνκνθ Οσσδθµ Ενθλσηνµ9 Κδρρνµρ εθνλ Ψδαθεηργ− Βτθθ−

Σνο− Χδυ− Αηνκ− 006+ 030,058−

Ηϖργησ+ Λ−+ ςσµαδ+ Λ−+ Ηργηη+ Λ−+ Βγδµ+ Σ−+ Ινγµρνµ+ Ρ− Κ−+ ϑτθβγη+ Ξ−+

Νϕχ+ Μ− µχ ϑνµχν+ Ρ− ∋1//5(− Οηφλδµσ οσσδθµ ηµ ιφτθ.ναδκηω ψδαθεηργ ηρ

βτρδχ αξ  ϑηθ6−0 λτσσηνµ9 ηλοκηβσηνµρ ενθ σγδ θδφτκσηνµ νε λδκµνρνλδ

λνυδλδµσ− ΟΚνΡ Φδµδσ− 1+ δ086−

ϑµδ+ Χ− ≅− µχ ϑηργηλνσν+ Σ− ∋1//1(− Βδκκ καδκηµφ µχ σθµροκµσσηνµ σδβγµηπτδρ−

Ηµ Ψδαθεηργ9 ≅ Οθβσηβκ ≅οοθνβγ ∋δχ− Β− Μτρρκδηµ,Υνκγθχ µχ Θ− Χγλ(+ οο−

84,008− Μδϖ Ξνθϕ9 Νωενθχ Τµηυδθρησξ Οθδρρ−

ϑδκργ+ Θ− Μ− ∋1//3(− Φδµδσηβρ µχ δυνκτσηνµ νε οηφλδµσ οσσδθµρ ηµ εηργ− Οηφλδµσ Βδκκ

Θδρ− 06+ 215,225−
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ϑθτρρ+ Ι−+ Εθνγµγνεδθ+ Γ− Φ−+ ςκχδθηβγ+ Α−+ Ληρβγδηµ+ Γ−,Λ−+ ςδηκδθ+ Β−+ Ηθηνµ+

Τ− µχ Μτρρκδηµ,Υνκγθχ+ Β− ∋1/03(− ∆µχνσγδκηµ ρηφµκκηµφ ηµ ηθηχνογνθδ

χδυδκνολδµσ µχ ρσθηοδ οσσδθµ ενθλσηνµ νε ψδαθεηργ− Αηνκ− Νοδµ 2+ 4/2,4/8−

Κηρσδθ+ Ι− ≅−+ Θναδθσρνµ+ Β− Ο−+ Κδοφδ+ Σ−+ Ινγµρνµ+ Ρ− Κ− µχ Θηακδ+ Χ− ς−

∋0888(− µβθδ δµβνχδρ  ψδαθεηργ ληβθνογσγκλη,θδκσδχ οθνσδηµ σγσ θδφτκσδρ

µδτθκ,βθδρσ,χδθηυδχ οηφλδµσ βδκκ εσδ− Χδυδκνολδµσ 015+ 2646,2656−

Κνοδρ+ Ρ− Ρ−+ Ξµφ+ Ω−+ Λτκκδθ+ Ι−+ Βθµδξ+ Σ− Ι−+ Λβ≅χνϖ+ ≅− Θ−+ Θτβγ+ Φ−,Ι−+

Ιβναξ+ ≅− Ρ−+ Γτθρσ+ Κ− Χ−+ Χδκεηµν,Λβγµ+ Λ−+ Γεεσδθ+ Ο− δσ κ− ∋1//7(−

Κδτϕνβξσδ σξθνρηµδ ϕηµρδ ετµβσηνµρ ηµ οηφλδµσ βδκκ χδυδκνολδµσ− ΟΚνΡ Φδµδσ− 3+

δ0////15−

Λχδθροβγδθ+ Ε− µχ Μτρρκδηµ,Υνκγθχ+ Β− ∋1//2(− Ενθλσηνµ νε σγδ χτκσ

οηφλδµσ οσσδθµ ηµ ψδαθεηργ θδπτηθδρ κδνοθχ µχ ναδκηω χδοδµχδµσ βδκκ

ηµσδθβσηνµρ− Χδυδκνολδµσ 02/+ 2336,2346−

Λγκϖθ+ Ο−+ ςκχδθηβγ+ Α−+ Ρηµφγ+ ≅− Ο− µχ Μτρρκδηµ,Υνκγθχ+ Β− ∋1/03(− Κνβκ

θδνθφµηψσηνµ νε ωµσγνογνθδρ εηµδ,στµδρ µχ βνκνθρ σγδ ρσθηοδχ οσσδθµ νε

ψδαθεηργ− Ρβηδµβδ 234+ 0251,0253−

Λνµφδθ+ ≅−+ Ρηµφγ+ ≅− Ο−+ Κδυδρπτδ+ Λ− Ο−+ Βγδµ+ Ξ−,Ξ−+ ϑνµρσµσηµηχηρ+ Ο− µχ

Μτρρκδηµ,Υνκγθχ+ Β− ∋1/02(− Φδµδσηβ κηµδφδ καδκηµφ ηµ ψδαθεηργ τµβνυδθρ

µνυδκ µδτθκ βθδρσ βνµσθηατσηνµρ σν σγδ γδχ+ ηµβκτχηµφ φηκκ οηκκθ βδκκρ− Χδυδκνολδµσ

03/+ 805,814−

Λνρηλµµ+ Β−+ ϑτελµ+Β− ϑ−+ Κη+ Ο−+ Οτφβγ+ ∆− ϑ−+ Σλοκηµ+ Ν− Ι− µχ Ψνµ+ Κ− Η−

∋1/00(− Ταηπτησντρ σθµρφδµδ δωοθδρρηνµ µχ Βθδ,αρδχ θδβνλαηµσηνµ χθηυδµ αξ

σγδ ταηπτησηµ οθνλνσδθ ηµ ψδαθεηργ− Χδυδκνολδµσ 027+ 058,066−

Μϕλρτ+ ≅−+ Σϕγργη+ Φ−+ ϑµαδ+ ≅− µχ ϑνµχν+ Ρ− ∋1//8(− Ηµσδθβσηνµρ

αδσϖδδµ ψδαθεηργ οηφλδµσ βδκκρ θδρονµρηακδ ενθ σγδ φδµδθσηνµ νε Στθηµφ οσσδθµρ−

Οθνβ− Μσκ− ≅βχ− Ρβη− ΤΡ≅ 0/5+ 7318,7323−

Οθηβγξ+ Χ− Λ− ∋1//5(− ∆υνκτσηνµ νε χµην οηφλδµσ οσσδθµ χδυδκνολδµσ− Γδθδχησξ

∋∆χηµα( 86+ 1//,10/−

Οθηβγξ+ Χ− Λ− µχ Ροηδϖϕ+ Ι− ∆− ∋1/04(− Νθηφηµρ νε χτκσ οηφλδµσσηνµ9 χηυδθρησξ ηµ

οηφλδµσ ρσδλ βδκκ κηµδφδρ µχ ηλοκηβσηνµρ ενθ οσσδθµ δυνκτσηνµ− Οηφλδµσ Βδκκ

Λδκµνλ Θδρ− 17+ 20,4/−

Οθηβγξ+ Χ− Λ−+ Λδκκφθδµ+ ∆− Λ−+ Θϖκρ+ Ι− Ε−+ Κνοδρ+ Ρ− Ρ−+ ϑδκργ+ Θ− Μ− µχ

Ινγµρνµ+ Ρ− Κ− ∋1///(− Λτσσηνµκ µκξρηρ νε δµχνσγδκηµ θδβδοσνθ α0 ∋θνρδ(

χτθηµφ µδτθκ βθδρσ µχ οηφλδµσ οσσδθµ χδυδκνολδµσ ηµ σγδ ψδαθεηργ Χµην θδθην−

Χδυ− Αηνκ− 116+ 183,2/5−

Οθηβγξ+ Χ− Λ−+ Θµρνλ+ Χ− Φ−+ Οϖ+ Α−+ Ψνµ+ Κ− Η− µχ Ινγµρνµ+ Ρ− Κ− ∋1///α(− ≅µ

νθσγνκνφτδ νε σγδ ϕησ,θδκσδχ φδµδ ελρ ηρ θδπτηθδχ ενθ χδυδκνολδµσ νε µδτθκ βθδρσ,

χδθηυδχ ωµσγνογνθδρ µχ  ρταονοτκσηνµ νε χτκσ λδκµνβξσδρ ηµ σγδ ψδαθεηργ+

Χµην θδθην− Χδυδκνολδµσ 016+ 2/20,2/33−

Οθηβγξ+ Χ− Λ−+ ∆κηψνµχν+ Λ− Θ−+ Ληκκρ+ Λ− Φ−+ Φνθχνµ+ Σ− Μ− µχ ∆µφδρψδθ+ Θ− ∆−

∋1//8(− Μνθλκ σακδ νε ονρσδλαθξνµηβ ψδαθεηργ χδυδκνολδµσ9 ρσφηµφ αξ

δωσδθµκκξ υηρηακδ µσνλξ νε σγδ κηυηµφ εηργ− Χδυ− Χξµ− 127+ 1864,2/04−

Οσσδθρνµ+ Κ− Α− µχ Οθηβγξ+ Χ− Λ− ∋1/02(− Ηµσδθβσηνµρ ϖησγ ηθηχνογνθδρ µχ σγδ

σηρρτδ δµυηθνµλδµσ θδπτηθδχ ενθ οσσδθµηµφ λδκµνογνθδρ µχ ωµσγνογνθδρ

χτθηµφ ψδαθεηργ χτκσ οηφλδµσ ρσθηοδ ενθλσηνµ− ΟΚνΡ Φδµδσ− 8+ δ0//2450−

Θνχθηφτδρ+ Ε− Ρ− Κ− Λ−+ Χντφγσνµ+ Φ−+ Ξµφ+ Α− µχ ϑδκργ+ Θ− Μ− ∋1/01(− ≅ µνυδκ

σθµρφδµηβ κηµδ τρηµφ σγδ Βθδ,κνω ρξρσδλ σν κκνϖ οδθλµδµσ κηµδφδ,καδκηµφ νε

σγδ ψδαθεηργ µδτθκ βθδρσ− Φδµδρηρ 4/+ 64/,646−

Ρβγηµχδκηµ+ Ι−+ ≅θφµχ,Βθθδθρ+ Η−+ Εθηρδ+ ∆−+ ϑξµηφ+ Υ−+ Κνµφηθ+Λ−+ Οηδσψρβγ+

Σ−+ Οθδηαηρβγ+ Ρ−+ Θτδχδµ+ Β−+ Ρκεδκχ+ Ρ−+ Ρβγληχ+ Α− δσ κ− ∋1/01(− Εηιη9 µ

νοδµ,ρντθβδ οκσενθλ ενθ αηνκνφηβκ,ηλφδ µκξρηρ− Μσ− Λδσγνχρ 8+ 565,571−

Ρηµφγ+ ≅− Ο− µχ Μτρρκδηµ,Υνκγθχ+ Β− ∋1/04(− Ψδαθεηργ ρσθηοδρ ρ  λνχδκ ενθ

υδθσδαθσδ βνκντθ οσσδθµ ενθλσηνµ− Βτθθ− Αηνκ− 14+ Θ70,Θ81−

Ρηµφγ+ ≅− Ο−+ Ρβγβγ+ Τ− µχ Μτρρκδηµ,Υνκγθχ+ Β− ∋1/03(− Οθνκηεδθσηνµ+ χηροδθρκ

µχ οσσδθµδχ φφθδφσηνµ νε ηθηχνογνθδρ ηµ σγδ ρϕηµ οθδεηφτθδ ρσθηοδχ βνκντθσηνµ

νε ψδαθεηργ− Μσ− Βδκκ Αηνκ− 05+ 5/6,503−

Ρηµφγ+ ≅− Ο−+ Εθνγµγνεδθ+ Γ− Φ−+ Ηθηνµ+ Τ− µχ Μτρρκδηµ,Υνκγθχ+ Β− ∋1/04(− Εηργ

οηφλδµσσηνµ− Θδρονµρδ σν Βνλλδµσ νµ �Κνβκ θδνθφµηψσηνµ νε ωµσγνογνθδρ

εηµδ,στµδρ µχ βνκνθρ σγδ ρσθηοδχ οσσδθµ νε ψδαθεηργ�− Ρβηδµβδ 237+ 186−

Ρηµφγ+ ≅− Ο−+ Χηµϖηχχηδ+ ≅−+ Λγκϖθ+ Ο−+ Ρβγβγ+ Τ−+ Κηµϕδθ+ Β−+ Ηθηνµ+ Τ− µχ

Μτρρκδηµ,Υνκγθχ+ Β− ∋1/05(− Οηφλδµσ βδκκ οθνφδµησνθρ ηµ Ψδαθεηργ θδληµ

λτκσηονσδµσ σγθντφγ λδσλνθογνρηρ− Χδυ− Βδκκ 27+ 205,22/−

ςκχδθηβγ+ Α−+ Ρηµφγ+ ≅− Ο−+ Λγκϖθ+ Ο− µχ Μτρρκδηµ,Υνκγθχ+ Β− ∋1/05(−

Γνλνσξοηβ βδκκ βνλοδσησηνµ θδφτκσδρ οθνκηεδθσηνµ µχ σηκηµφ νε ψδαθεηργ οηφλδµσ

βδκκρ χτθηµφ βνκντθ οσσδθµ ενθλσηνµ− Μσ− Βνλλτµ− 6+ 00351−

ςσµαδ+ Λ− µχ ϑνµχν+ Ρ− ∋1/04(− Ηρ οηφλδµσ οσσδθµηµφ ηµ εηργ ρϕηµ χδσδθληµδχ

αξ σγδ Στθηµφ λδβγµηρλ> Σθδµχρ Φδµδσ− 20+ 77,85−

ςσµαδ+ Λ−+ Ηϖργησ+ Λ−+ Ηργηη+ Λ−+ ϑτθβγη+ Ξ−+ ϑϖϕλη+ ≅−+ ϑνµχν+ Ρ− µχ

Νϕχ+ Μ− ∋1//5(− Ρονσ οσσδθµ νε κδνοθχ Χµην ηρ βτρδχ αξ λτσσηνµ ηµ σγδ

ψδαθεηργ βνµµδωηµ30−7 φδµδ− ∆ΛΑΝ Θδο− 6+ 782,786−

ςσµαδ+ Λ−+ Ρϖχ+ Θ−+ ≅θλϕη+ Σ−+ Ρϕδθθδσσ+ Η− Λ− µχϑνµχν+ Ρ− ∋1/04(− Σγδ

ογξρηνκνφηβκ βγθβσδθηψσηνµ νε Βνµµδωηµ30−7 µχ Βνµµδωηµ28−3+ ϖγηβγ θδ

ηµυνκυδχ ηµ σγδ ρσθηοδ οσσδθµ ενθλσηνµ νε ψδαθεηργ− Ι− Αηνκ− Βγδλ− 180+

0/42,0/52−

Ξλφτβγη+ Λ−+ Ξνργηλνσν+ ∆− µχ ϑνµχν+ Ρ− ∋1//6(− Οσσδθµ θδφτκσηνµ ηµ σγδ

ρσθηοδ νε ψδαθεηργ ρτφφδρσρ µ τµχδθκξηµφ χξµληβ µχ τσνµνλντρ λδβγµηρλ−

Οθνβ− Μσκ− ≅βχ− Ρβη− ΤΡ≅ 0/3+ 368/,3682−

058/

Θ∆Ρ∆≅ΘΒΓ ≅ΘΣΗΒΚ∆ Αηνκνφξ Νοδµ ∋1/05( 4+ 057/,058/ χνη90/−0131.αην−/11140
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CHAPTER 3
Discussion

The striped pattern of adult zebrafish is composed of three types of pigment cells

- melanophores, iridophores and xanthophores. These cells are arranged in

superimposed layers in the skin (Hirata et al., 2005; Singh and Nüsslein-Volhard,

2015). In vitro and ablation studies, in combination with mathematical modeling,

have postulated that Turing-type mechanisms can lead to the global self-

organization of individual cells into stripes (Kondo and Miura, 2010). During my

doctoral study, I employed live imaging of larval fish, genetic lineage tracing, and

long-term in vivo imaging of metamorphic fish to uncover the lineage and

mechanism of pigment pattern in zebrafish. In particular, I focused on

xanthophores and showed that color pattern formation in zebrafish involves the

proliferation of larval xanthophores, migration and cell shape transition of

xanthophores, and the requirement of gap junctions for the cell shape transitions

that occur in response to the other two pigment cell types - melanophores and

iridophores.

3.1 Origin and lineage of larval and adult xanthophores

The larvae of all the Danio species have similar and comparatively simple

patterns composed of neural-crest derived xanthophores, melanophores and

iridophores (Kelsh, 2004; Singh and Nüsslein-Volhard, 2015). It is known that

different pigment cell-specific genes are initially widely expressed in NC cells,

and subsequently preferentially restricted to a particular pigment cell type. For

example, mitfa, a gene that is primarily required in melanophores shows NC-wide

expression during embryogenesis (Dooley et al., 2013; Lister et al., 1999). Similar

observations have been made for the progressive restriction of expression of ltk

and csf1ra in iridophores and xanthophores, respectively (Lopes et al., 2008;
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Parichy et al., 2000b). Moreover, some of the pigment cell-specific genes, such

as mitfa and ltk, overlap in their expression pattern in NC cells, which develop

directly into either melanophores or iridophores depending upon the expression

level of foxd3. In contrast, antibody staining of early larva demonstrates the

existence of few mitfa/fms double-positive cells (Curran et al., 2010). This

evidently indicates the existence of potential bipotent melanophore and

xanthophore precursors. This hypothesis is supported by the increase in the

number of melanophores in pax7a/pax7b double-mutant larvae, lacking

xanthophores (Nord et al., 2016). However, how pax7 directly or indirectly affects

mitfa expression levels has yet to be investigated. We have shown that NC-

derived xanthophore precursors migrate dorso-laterally and mature into

xanthophores in the skin. Less is known about the molecular signals in the dorso-

lateral migration of these precursor cells. Moreover, a xanthophore mutant

(pfeffer/csfr1) and morpholino screens have indicated that csf1-signalling could

be involved in the migration of the xanthophore precursor in the early larval

stages (Alsheimer, 2012).

We found that, upon reaching the skin, larval xanthophores show limited

movement, but exhibit extensive filopodial extensions. These filopodia are highly

dynamic, actin-rich thin cellular protrusions also called airinemes (Eom et al.,

2015; Panza et al., 2015), which may allow xanthophores to probe their

environment and contact neighboring pigment cells. Live-imaging the behavior of

xanthophores in wild-type, and transplanted wild-type xanthophores in pfeffer

mutant larvae shows that xanthophores maintain a dynamic contact with one

another. In the absence of competing cells within a layer in the skin, donor-

derived clusters of xanthophores proliferate at a faster rate than in their normal

surrounding. This suggests that during normal development, growth is

constrained by competitive interactions between cells of the same type. However,

mutant analysis indicates that specification, proliferation and maintenance of

pigment cells depend on individual receptor signaling systems - fms/pfeffer/csfr-

for xanthophores. While the pigment cells express the respective receptor, the

ligands are presumably functioning as trophic factors produced by surrounding

connective tissue. Competition for the ligands may in part be responsible for the

regulation of pigment cell proliferation in normal development.
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The adult chromatophores are NC-derived, but appear after the NC has long

disappeared. The postembryonic origin of metamorphic pigment cells has

remained a mystery for a long time. Recently, Kitalg dependent MitfA-positive

stem cells were discovered, located at the dorsal-root ganglia. Deletion of dorsal-

root ganglia in the hypersensitive/ erb3b mutation or laser ablation of dorsal-root

ganglia led to a defect in the adult stripe formation (Budi et al., 2008; Dooley et

al., 2013). These studies suggest that the dorsal-root ganglia serve as niches for

adult melanophore stem cells. Temporal Cre-mediated recombination and long-

term imaging have also clearly shown that the dorsal-root ganglia serve as a pool

of adult stem cell not only for melanophore but also for iridophores. However,

iridophores and melanophores arrive and distribute in the skin along different

routes (Singh et al., 2014).

In contrast, the origin of adult xanthophores had remained obscure. Our findings

have shown that most of the metamorphic xanthophores arise from larval ones,

which persist and begin to proliferate in the skin at the onset of metamorphosis.

Moreover, the proliferation and differentiation is dependent on global thyroid

hormone signaling and local Csfr1a Csf1-dependent interactions with iridophores

(Mahalwar et al., 2014; McMenamin et al., 2014; Patterson and Parichy, 2013).

Interestingly, we discovered that adult xanthophores can develop even after the

ablation of larval xanthophores, indicating that a second source of adult

xanthophores must exist. Long-term imaging of labeled NC clones during

metamorphosis showed that multipotent progenitors that develop neural cells,

iridophores, and melanophores during metamorphosis, also produce few

xanthophores (Singh et al., 2014; Walderich et al., 2016). This strongly indicates

that xanthophores have a dual cellular origin: mostly from existing larval

xanthophores, but also from multipotent postembryonic progenitors.

3.2 Role of xanthophores in pigment pattern formation

During metamorphosis pigment cell types appeared sequentially to form the

striped pattern. Based on the appearance of pigment content, other studies have

reported that the xanthophores appear and mature long after the arrival of

melanophores and iridophores (Takahashi and Kondo, 2008). However, our long-

term, pigment-independent analysis shows that xanthophores, albeit barely
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visible by pigment content, are the first cell type to cover the trunk before the

appearance of other metamorphic pigment cell types in the skin. Subsequently,

metamorphic iridophores appear along the horizontal myoseptum and organize

the first interstripe and lastly, metamorphic melanophores emerge amongst the

xanthophores in the dark stripe region flanking the light stripe. The appearance of

iridophores and melanophores leads to changes in xanthophore behavior and

shape throughout metamorphosis. Eventually with iridophores, they show more

compact and highly dense organization in the light stripe and a stellate and

loosely packed net in the dark stripe.

Several mathematicians have shown interest in zebrafish color pattern

(Nakamasu et al., 2009; Volkening and Sandstede, 2015; Yamaguchi et al.,

2007; Yamanaka and Kondo, 2014). The mathematical models do not explain

many of these cell behaviors and cellular interactions observed in vivo. Color

pattern formation is modeled on the basis of melanophore and xanthophore-

interactions only, these models generate self-organization via Turing-equations

with one factor acting as a long-range and another as a short-range. The

predictive outcome of most of these models is based on the initial condition of the

two pigment cell types. These models not only ignore the presence of the third

cell type (iridophores), but also the presence of xanthophores in the dark stripe

area, and describe stripe formation as simply the self-sorting of melanophores

and xanthophores with global reorganization (Singh et al., 2015); Watanabe and

Kondo 2015). There is hardly any evidence that such a sorting takes place at a

global scale during stripe pattern formation, except along the boundaries between

light and dark stripes. Interestingly, our analysis of long-term imaging showed

that clonal xanthophores maintain their relative positions and can be identified by

their location during the formation of the stripes. This indicates that there is only a

very limited global reorganization of xanthophores during stripe morphogenesis.

These models are over-simplifications of the stripe formation process and do not

explain the dynamic changes in pigment cell shapes that occur during stripe

formation. For example: the iridophores and xanthophores exist in loose and

dense states. In particular, two types of iridophores can differ in their motility and

shape, which has implications for the formation of new light stripes. Tight

iridophores lead to compact and dense formations of metamorphic xanthophores
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near the horizontal myoseptum and loose iridophores proliferate and migrate

bidirectional in the body of the zebrafish. The first light stripe is formed by tightly

packed and dense iridophores along the horizontal myoseptum serving as a

morphological prepattern (Singh et al., 2014). Analysis of mutants that lack one

or two of the three cell types have indicated that iridophores play a leading role in

stripe formation (Frohnhöfer et al., 2013). Evidently, long-term cell imaging

confirms that iridophores are the first pigment cell type to start the process of

patterning by adding compact xanthophores to the first light stripe parallel to the

horizontal myoseptum. However, xanthophore mutants (pfe) have irregular dark

stripes in the body, and the fins are not striped. The melanophore stripes break

up into spots, dense iridophores invade the stripes, and further, ectopic

melanophores are observed in the light stripe regions giving an irregular

appearance to the spotted pattern (Parichy and Turner, 2003). Blastula

transplantations of xanthophore progenitor cells into pfe mutant embryos restore

a normal pattern indicating the important role of xanthophores in stripe

sharpening and coloration (Walderich et al., 2016). Mutants defective for

iridophores such as shady, rose and transparent do not add stripes to a basic

pattern, whereas mutants lacking xanthophores (pfe) or melanophores (nac) form

a rudimentary first light stripe. Mutant lacking iridophores (shd) form normal

stripes in the anal- and tail fins. Analysis of the mutant phenotypes indicates that

a number of long and short range interactions are involved in organizing the

striped pattern. Iridophores promote and sustain melanophores, furthermore,

iridophores attract xanthophores, whereas between xanthophores and

melanophores long-range activation and short-range inhibition has been

observed (Frohnhöfer et al., 2013; Singh et al., 2014).

Recent studies involving in vitro observations of fin-derived pigment cells have

suggested that xanthophores repel melanophores in a run and chase manner

leading to melanophore aggregation and thereby stripe pattern formation (Inaba

et al., 2012). These and previous studies based on pattern regeneration and

theoretical modeling proposed that xanthophores and melanophores act as

-type model; according to this model, differences in

the cell movement of melanophores and xanthophores during their contact-based

interactions would lead to a striped organization of pigment cells (Nakamasu et
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al., 2009; Yamaguchi et al., 2007; Yamanaka and Kondo, 2014). These models

may hold true for patterning in the fins, but not for the body as they are not

compatible with the pfeffer mutant phenotype nor do they take iridophores into

account (Singh et al., 2015). Iridophores are absent in the fin stripes and these

stripes are only formed of melanophores and xanthophores. This strongly

supports two different mechanisms of stripe formation involving three cell types in

the trunk skin as compared to two in the fins.

Stripe pattern mutants such as mau (Eskova et al, submitted) and npm

(Frohnhöfer et al, unpublished) which are non-cell autonomous to pigment cells

indicate a crucial role of the tissue environment in the formation of the stripe

pattern. However, very little is known about the molecular and cellular events that

take place during the development of stripe formation. An analysis of mutants

missing a single pigment cell type, where rudimentary stripes are formed in one

or another form, could be instructive. These observations strongly suggest that

the tissue contribute to the stripe formation. In other animals, careful analysis has

shown that color patterning mechanisms are most likely based on a pre-pattern

(Kaelin et al., 2012; Weiner et al., 2007). In summary, these findings challenge

the previously proposed reaction-diffusion theoretical models of color pattern

formation in zebrafish based on two cells and call for a new approach to

mathematical modeling of color pattern formation (Bullara and De Decker, 2015;

Morales et al., 2015; Painter et al., 2015; Singh et al., 2015; Volkening and

Sandstede, 2015; Watanabe and Kondo, 2015).

3.3 Connexin mediated reorganization of xanthophores.

Color pattern in zebrafish involves the combination of homotypic and heterotypic

interactions regulating precise patterning of xanthophores during color pattern

formation. We found that the heterotypic (xanthophore-iridophore and

xanthophore-melanophore) interactions regulate differential density and shape of

xanthophores, whereas homotypic (xanthophore-xanthophore) interactions

regulate the xanthophore coverage across the skin (Walderich et al., 2016).

Heterotypic interactions with iridophores are required for xanthophores to

increase their density in light stripes regions. In the absence of iridophores

(shady mutants), xanthophore density stays low and does not increase during
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metamorphosis. When iridophores gradually recover (erbb3b mutant) and start to

fill in gaps previously devoid of iridophores, xanthophore density also increases.

This xanthophore behavior does not depend on the presence of melanophores,

as it also occurs in nacre mutants. Previously, it was shown that iridophores act

on xanthophores via Csf1, an extracellular ligand expressed in iridophores that

promotes xanthophore development (Patterson and Parichy, 2013). However, the

interaction we find between iridophores and xanthophores is likely to be more

direct, as it requires functional gap junctions made from Cx41.8 and Cx39.4. In

leotK3 mutants, where these channels are non-functional, xanthophores stay at

low density despite the presence of iridophores. The transplantation experiments

show that this requirement is cell-autonomous to xanthophores, which is in

agreement with our previous findings that Cx41.8 and Cx39.4 are only required in

xanthophores and melanophores, but not in iridophores (Irion et al., 2014a;

Maderspacher and Nüsslein-Volhard, 2003). If this heterotypic interaction among

iridophores and xanthophores occurs via gap junctions, and not simply via hemi-

channels in the xanthophore plasma membrane, a different connexin on the

iridophore side must exist. Such a connexin has not yet been identified, however,

the hypothesis that it exists might be corroborated by the analysis of schachbrett

(sbr) mutants. In sbr a spotted pattern is produced; it was shown that Tjp1A is

affected in this mutant. This protein is specifically expressed in iridophores and

known to interact with the C-termini of several connexins (Fadeev et al., 2015).

This could provide the link from gap junctions to the cytoplasm in iridophores.

Reverse genetic approaches may also be useful in identifying novel iridophore-

specific gap junction components (Hwang et al., 2013a; Hwang et al., 2013b;

Irion et al., 2014b).

The interactions between xanthophores and melanophores, which lead to shape

changes in the xanthophores, are only partially mediated by the known gap

junctions, homozygous leotK3 mutants show that xanthophores clearly sense the

appearing melanophores and rearrange their cellular protrusions; however, they

do not ultimately change their shape to become stellate. This indicates that there

are at least two steps in the interaction between melanophores and xanthophores

and that the initial recognition is independent of leo and luc gap junctions. The

signaling molecules that mediate this initial interaction are unknown; however,
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several molecules, such as Kcnj13, an inward rectifying potassium channel

(Inaba et al., 2012), Spermidine, a polyamine (Frohnhofer et al., 2016),

Tetraspanin3c, a transmembrane scaffolding protein (Inoue et al., 2014) and

Notch/Delta signaling (Eom et al., 2015; Hamada et al., 2014) have been shown

to regulate cell-cell interactions during color pattern formation. It is possible that

some of these molecules mediate gap junction-independent communication

between melanophores and xanthophores. Introduction of wild type xanthophores

into leokt3 mutants by blastula transplantation shows that the stellate shape

changes in response to mutant leokt3 melanophores. This indicates that Cx41.8

and Cx39.4 are only required in xanthophores for the stellate shape. In turn, this

suggests that there could be heterotypic and heteromeric gap junctions between

xanthophores and melanophores employing Cx41.8 and Cx39.4, where multiple

connexins other than Cx41.8 and Cx39.4 form the functional hemichannel on the

melanophore side.

Current analysis of xanthophores in leo mutants indicates that xanthophores and

melanophores not only instruct the patterning of iridophores but that iridophores

are also required to organize xanthophores, suggesting that ultimately a feedback

mechanism involving contact-based interactions between all three types of

pigment cells is the basis of stripe pattern formation in the body of zebrafish. The

color pattern formation in zebrafish involves a novel mechanism of patterning,

dependent on cell shape transitions of xanthophores and iridophores. These

shape transitions are dependent on local cell-cell interactions mediated by gap

junctions. In summary, the gap junctions are required in xanthophores for the cell

shape transitions in response to other chromatophores.

3.4 Zebrafish pigment cell system a model system to study gap junctions

Little is known about the cellular and molecular events underlying the cell-cell

interactions involving connexin-dependent heterotypic and heteromeric gap

junctions. One question in particular is how functional heterotypic and

heteromeric gap junctions work. Evidence for heterotypic channels has been

largely based on the electrophysiological analysis of paired Xenopus oocytes or

transfected cell lines expressing different sets of connexins (Cao et al., 1998;

Dahl et al., 1996; Hennemann et al., 1992; Werner et al., 1989; White et al.,
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1994a; White et al., 1994b). The pigment cell system in zebrafish is a beautiful

model system to study the heterotypic and heteromeric gap junctions in vivo. The

cell-autonomous requirement of Cx41.8 and Cx39.4 in xanthophores for stellate

and compact shape indicates the possibility of heterotypic and heteromeric

functional gap junctions. In the future, xanthophore shapes could be used as

functional phenotype for forward genetic screens. Finally transplanting cells into

various mutant combinations could greatly improve our understanding of how

these gap junctions are rectified, and function in vivo.
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⊆±≈≥≥ ⇔∂♥∂←∂°± °≠ ⇐≡≥≥  °≥≡…♠≥↑ ⇑∂°↓•ƒ←∂…←⌠ ∂±÷�← ⇐°≥≥≡÷≡⌠ °±≈°± ⊂∨ ⊇⌠ ⊇

⌡⇐°↑↑≡←↓°±≈≡±…≡∑ …•↑∂←↔∂±≡〉±♠≡←←≥≡∂±∫♥°≥•↑≈⇓↔♠≡∂±÷≡±〉″↓÷〉≈≡

•↔↔↓∑ññ≈♣〉≈°∂〉°↑÷ñ〉ñ∝〉≈≡♥…≡≥〉〉〉

⊂⊇⇒⊆∅

⊄•≡ ±≡♠↑≥ …↑≡←↔ ∂←  ↔↑±←∂≡±↔⌠ ″♠≥↔∂↓°↔≡±↔ ≡″↑ƒ°±∂…

…≡≥≥ ↓°↓♠≥↔∂°± ∂± ♥≡↑↔≡↑↔≡← ÷∂♥∂±÷ ↑∂←≡ ↔° ≈∂♥≡↑←≡

…≡≥≥ ↔ƒ↓≡← ∂± ≈♠≥↔← ♥∂ ∂±↔≡↑″≡≈∂↔≡ ↓↑°÷≡±∂↔°↑←〉

⊄•≡ ∂± ♥∂♥° …≡≥≥∫≠↔≡ ↓°↔≡±↔∂≥ ±≈ ≥∂±≡÷≡ ←≡÷↑≡÷↔∂°±

°≠ ↔•≡←≡ ↓°←↔≡″↑ƒ°±∂… ↓↑°÷≡±∂↔°↑← ∂← ↓°°↑≥ƒ ♠±≈≡↑∫

←↔°°≈⌠ ±≈ ∂↔ ∂← ♠±×±°♦± ∂≠ ±≈ ♦•≡± ↔•≡ ↓↑°÷≡±∂↔°↑←

≡…°″≡ ≠↔≡ ↑≡←↔↑∂…↔≡≈〉 ∪≡ ∂±♥≡←↔∂÷↔≡ ↔•≡ ≠↔≡ ↑≡∫

←↔↑∂…↔∂°± ∂± ↔•≡ ±≡♠↑≥ …↑≡←↔∫≈≡↑∂♥≡≈ ←↔≡″ …≡≥≥← ±≈ ∂±∫

↔° ↔•↑≡≡ ≈∂←↔∂±…↔ ≈♠≥↔ ↓∂÷″≡±↔ …≡≥≥ ↔ƒ↓≡←∑ ″≡≥±°∫

↓•°↑≡←⌠ ∂↑∂≈°↓•°↑≡←⌠ ±≈ ♣±↔•°↓•°↑≡←〉 ⇑ƒ ∂±≈♠…∂±÷

…≥°±≡← ∂± ←°♣∫≡♣↓↑≡←←∂±÷ …≡≥≥←⌠ ♦≡ ↔↑…≡ ±≈ →♠±∫

↔∂↔↔∂♥≡≥ƒ …°″↓↑≡ ↔•≡ ↓∂÷″≡±↔ …≡≥≥ ↓↑°÷≡±∂↔°↑← ↔

≠°♠↑ ←↔÷≡←⌠ ≠↑°″ ≡″↑ƒ°÷≡±≡←∂← ↔° ″≡↔″°↑↓•°←∂←〉

⇒↔ ≥≥ ←↔÷≡←⌠  ≥↑÷≡ ≠↑…↔∂°± °≠ ↔•≡ ↓↑°÷≡±∂↔°↑← ↑≡

″♠≥↔∂↓°↔≡±↔〉 ⊄•≡←≡ ″♠≥↔∂↓°↔≡±↔ ↓↑°÷≡±∂↔°↑← •♥≡ 

•∂÷• ↓↑°≥∂≠≡↑↔∂°± ∂≥∂↔ƒ⌠ ♦•∂…• ≈∂″∂±∂←•≡← ♦∂↔• ≠↔≡

↑≡←↔↑∂…↔∂°±〉 ∪≡ ←♠÷÷≡←↔ ↔•↔ ″♠≥↔∂↓°↔≡±…ƒ °≠ ↔•≡

±≡↑♥≡∫←←°…∂↔≡≈ ↓↑°÷≡±∂↔°↑← ≥←↔∂±÷ ∂±↔° ″≡↔″°↑∫

↓•°←∂← ″ƒ •♥≡ ≠…∂≥∂↔↔≡≈ ↔•≡ ≡♥°≥♠↔∂°± °≠ ≈♠≥↔∫

√∇⊄⊆∠⇔⊇⇐⊄√∠∇

⊄•≡ ±≡♠↑≥ …↑≡←↔ ∂←  ↔↑±←∂≡±↔⌠ ≡″↑ƒ°±∂… ↓°↓♠≥↔∂°± °≠ ″♠≥∫

↔∂↓°↔≡±↔ …≡≥≥← ↔•↔ ↑∂←≡← ≠↑°″ ↔•≡ ≈°↑←≥ ↓°↑↔∂°± °≠ ↔•≡ ⇐∇⊂

∂± ↔•≡ ♥≡↑↔≡↑↔≡ ≡″↑ƒ°⌠ ±≈ ♠±≈≡↑÷°≡← ≡♣↔≡±←∂♥≡ ″∂÷↑↔∂°±

↔•↑°♠÷•°♠↔ ↔•≡ °≈ƒ ↔° ÷∂♥≡ ↑∂←≡ ↔° ≈∂♥≡↑←≡ …≡≥≥ ↔ƒ↓≡← ∂±…≥♠≈∂±÷

…•°±≈↑°…ƒ↔≡←⌠ °←↔≡°…ƒ↔≡←⌠ ÷∂≥≥ ↓∂≥≥↑ …≡≥≥←⌠ ±≡♠↑°±←⌠ ÷≥∂⌠ ±≈

↓∂÷″≡±↔ …≡≥≥← ⇑÷÷∂°≥∂±∂ ≡↔ ≥〉⌠  ⇔♠↓∂± ≡↔ ≥〉⌠  ¬↑≡≡±

≡↔ ≥〉⌠  °±÷≡↑ ≡↔ ≥〉⌠  ∪≡←↔°± ±≈ ⊄•∂≡↑ƒ⌠ 〉

⊂°″≡ ±≡♠↑≥ …↑≡←↔ …≡≥≥← ↓↑°≈♠…≡ ↓↑°÷≡±∂↔°↑← ↔•↔ ↓≡↑←∂←↔ ±≈

…°±↔↑∂♠↔≡ ↔° ↔•≡ ≈≡♥≡≥°↓″≡±↔ °≠ ≈♠≥↔ …≡≥≥ ↔ƒ↓≡← ±≈ ↔∂←←♠≡←〉

⊄•≡ ∂± ♥∂♥° ↓°↔≡±↔∂≥ ±≈ ↑♠≥≡← °≠ ≥∂±≡÷≡ ←≡÷↑≡÷↔∂°± °≠ ↔•≡←≡

↓°←↔≡″↑ƒ°±∂… ↓↑°÷≡±∂↔°↑← ↑≡″∂± ↓°°↑≥ƒ ♠±≈≡↑←↔°°≈ ⇔♠↓∂±

±≈ ⊂°″″≡↑⌠ 〉

∧∂÷♠↑≡← ⇒

±≈ ⇒  ←  ←ƒ←↔≡″ ↔° ∂±♥≡←↔∂÷↔≡ ↔•≡ …≡≥≥ ≥∂±≡÷≡ ±≈ ≠↔≡

↑≡←↔↑∂…↔∂°±← ∂± ↔•≡ ±≡♠↑≥ …↑≡←↔ ±≈ ±≡♠↑≥ …↑≡←↔∫≈≡↑∂♥≡≈ ↓°←↔≡″∫

⇔±∂°

↑≡↑∂° •← ≡″≡↑÷≡≈ ←  ″°≈≡≥ ←ƒ←↔≡″ ∂± ♦•∂…• ↔•≡ ∂°≥°÷ƒ

±≥ƒ∞≡≈ √↑∂°± ≡↔ ≥〉⌠  ≡≥←• ≡↔ ≥〉⌠  ∉↑∂…•ƒ ±≈ ⊂↓∂≡∫

♦×⌠  ⊂∂±÷• ±≈ ∇♠ω ←←≥≡∂±∫⊃°≥•↑≈⌠  ∪↔±≡ ±≈

°±≈°⌠ 〉 ⊄•≡ ≥ƒ≡↑≡≈ °↑÷±∂∞↔∂°± °≠ ↔•↑≡≡ ↔ƒ↓≡← °≠ ±≡♠↑≥

…↑≡←↔∫≈≡↑∂♥≡≈ ↓∂÷″≡±↔ …≡≥≥←�≥…× ″≡≥±°↓•°↑≡←⌠ ≥♠≡ñ←∂≥♥≡↑ƒ

∂↑∂≈°↓•°↑≡←⌠ ±≈ ƒ≡≥≥°♦ ♣±↔•°↓•°↑≡←�÷≡±≡↑↔≡← ↔•≡ ←↔↑∂↓≡≈

←×∂± ⋅∂↑↔ ≡↔ ≥〉⌠ 〉 ⊄•≡ ↔•↑≡≡ …≡≥≥ ↔ƒ↓≡← ↑≡…• ↔•≡ ←×∂±

↔•↑°♠÷• ≈∂≠≠≡↑≡±↔ ↑°♠↔≡←∑ ↓°←↔≡″↑ƒ°±∂… ↓↑°÷≡±∂↔°↑← ←←°…∂↔≡≈

♦∂↔• ↔•≡ ↓≡↑∂↓•≡↑≥ ±≡↑♥°♠← ←ƒ←↔≡″ ∉∇⊂ ÷≡±≡↑↔≡ ∂↑∂≈°↓•°↑≡←

±≈ ″≡≥±°↓•°↑≡← ∂± ≈≈∂↔∂°± ↔° ±≡♠↑°±← ±≈ ÷≥∂⌠ ±≈ ≡″↑ƒ∫

°±∂… ♣±↔•°↓•°↑≡← ÷∂♥≡ ↑∂←≡ ↔° ″°←↔ ≈♠≥↔ ♣±↔•°↓•°↑≡← ⇑♠≈∂

≡↔ ≥〉⌠  ⇔°°≥≡ƒ ≡↔ ≥〉⌠  •≥♦↑ ≡↔ ≥〉⌠  …≡∫

±″∂± ≡↔ ≥〉⌠  ⊂∂±÷• ≡↔ ≥〉⌠ 〉 ⊄•≡ ∉∇⊂∫←←°…∂↔≡≈ ↓°←↔∫

↔•≡ ⊂…•♦±± …≡≥≥ ↓↑≡…♠↑←°↑← ↔•↔ ÷≡±≡↑↔≡ ″≡≥±°…ƒ↔≡← ∂± ∂↑≈←

±≈ ″″″≥← ⇒≈″≡ƒ×° ≡↔ ≥〉⌠ 〉 ∉↑≡♥∂°♠←≥ƒ⌠ ♦≡ ♠←≡≈ ⇐↑≡ñ

≥°♣∉∫″≡≈∂↔≡≈ ↑≡…°″∂±↔∂°± ∂± ←°♣∫≡♣↓↑≡←←∂±÷⌠ ±≡♠↑≥ …↑≡←↔∫

…≥°±≡← ↔•↔ ≥≥°♦ ≠°↑ ↔↑…∂±÷ °≠ ↓∂÷″≡±↔ …≡≥≥← ↔•↑°♠÷• ≈≡♥≡≥°↓∫

″≡±↔ ♠±↔∂≥ ≈♠≥↔•°°≈ °±÷≡↑ ≡↔ ≥〉⌠  ⊂∂±÷• ≡↔ ≥〉⌠ 〉

″∂÷↑↔∂±÷ ±≡♠↑≥ …↑≡←↔ …≡≥≥← ≈♠↑∂±÷ ≈≡♥≡≥°↓″≡±↔ ⇔♠↔↔°± ≡↔ ≥〉⌠

〉 ⊄•≡ ↓∂÷″≡±↔ …≡≥≥ ↓↑°÷≡±∂↔°↑← ↑≡…• ↔•≡ ←×∂± ≈♠↑∂±÷ ″≡↔∫

″°↑↓•°←∂← ↔•↑°♠÷• ↔•↑≡≡ ″∝°↑ ↑°♠↔≡← ≥°±÷ ±≡↑♥≡ ↔↑…↔← °≠ ↔•≡

∉∇⊂∑ ≈°↑←≥≥ƒ⌠ ≥↔≡↑≥≥ƒ⌠ ±≈ ♥≡±↔↑≥≥ƒ ⇑♠≈∂ ≡↔ ≥〉⌠  ⇔°°≥≡ƒ

≡↔ ≥〉⌠  ⊂∂±÷• ≡↔ ≥〉⌠ 〉 ⇒↔ ↔•≡ °±←≡↔ °≠ ″≡↔″°↑↓•°←∂←⌠

↔•≡ ∂↑∂≈°↓•°↑≡ ↓↑°÷≡±∂↔°↑← ↑≡…• ↔•≡ ←×∂± ≥°±÷ ↔•≡ •°↑∂∞°±↔≥

″ƒ°←≡↓↔♠″ ↔•≡ƒ ↓↑°≥∂≠≡↑↔≡ ±≈ ←↓↑≡≈ ≈°↑←°♥≡±↔↑≥≥ƒ ∂± ↔•≡

←×∂± ↔° …°±↔↑∂♠↔≡ ↔° ″°←↔⌠ ∂≠ ±°↔ ≥≥⌠ °≠ ↔•≡ ≥∂÷•↔ ←↔↑∂↓≡← ≥°±÷

↔•≡ ≈°↑←°♥≡±↔↑≥ ♣∂← ƒ ↓↔↔≡↑±≡≈ ÷÷↑≡÷↔∂°± ⊂∂±÷• ≡↔ ≥〉⌠

〉 ≡≥±°↓•°↑≡ ↓↑°÷≡±∂↔°↑← ≡÷∂± ↔° ↓°↓♠≥↔≡ ±≡↑♥≡ ↑°♠↔≡←

↔° ↔•≡ ←×∂± ↔ ↔•≡ °±←≡↔ °≠ ″≡↔″°↑↓•°←∂←⌠ ±≈ ↑≡…• ↔•≡ ←×∂± ←

″≡≥±°≥←↔← ♥∂ ↔•≡ ≈°↑←≥⌠ •°↑∂∞°±↔≥⌠ ±≈ ♥≡±↔↑≥ ″ƒ°←≡↓↔

⇔°°≥≡ƒ ≡↔ ≥〉⌠  ⊂∂±÷• ≡↔ ≥〉⌠ 〉 √↑∂≈°↓•°↑≡← ±≈ ♣±↔•°∫

↓•°↑≡← ↓↑°≥∂≠≡↑↔≡ ∂± ↔•≡ ←×∂±⌠ ♦•≡↑≡← ″≡≥±°↓•°↑≡← ≡♣↓±≈ ∂±

←∂∞≡ ♠↔ ↑↑≡≥ƒ ≈∂♥∂≈≡ ≠↔≡↑ ↑≡…•∂±÷ ↔•≡ ←×∂±〉 ⋅°♦≡♥≡↑⌠ °♦∂±÷ ↔° 

≥…× °≠  …°″↓↑≡•≡±←∂♥≡ ≥∂±≡÷≡∫↔↑…∂±÷ ±≥ƒ←∂← °≠ ↔•≡ ↓∂÷″≡±↔

…≡≥≥ ↓↑°÷≡±∂↔°↑←⌠ ∂↔ ↑≡″∂±← ♠±…≥≡↑ ∂≠ ±≈ ♦•≡± ↔•≡ ↓∂÷″≡±↔ …≡≥≥

↓↑°÷≡±∂↔°↑← ≡…°″≡ ≠↔≡ ↑≡←↔↑∂…↔≡≈〉 ⇐°±←≡→♠≡±↔≥ƒ⌠ °♠↑ ♠±≈≡↑∫

←↔±≈∂±÷ °≠ ↓↑°÷≡±∂↔°↑ ≡•♥∂°↑ ≈♠↑∂±÷ …°≥°↑ ↓↔↔≡↑± ≠°↑″↔∂°±

±≈ ↔•≡ ≥∂±≡÷≡ ↑≡≥↔∂°±←•∂↓← ≡↔♦≡≡± ↓∂÷″≡±↔ …≡≥≥← ↑≡″∂±← ∂≥≥

√± ↔•∂← ←↔♠≈ƒ⌠ ♦≡ ∂±≈♠…≡≈ ↓∂÷″≡±↔ …≡≥≥ …≥°±≡← ↔ ≠°♠↑ ↔∂″≡

↓°∂±↔← ≠↑°″ ≡″↑ƒ°÷≡±≡←∂← ↔° ≡↑≥ƒ ″≡↔″°↑↓•°←∂← ↔  ≈ƒ←

 ⇔≡♥≡≥°↓″≡±↔≥ ⇐≡≥≥ ⌠ �⌠ ⇒♠÷♠←↔ ⌠  υ  ∨≥←≡♥∂≡↑ √±…〉

85



↓°←↔ ≠≡↑↔∂≥∂∞↔∂°± ≈↓≠⌠ ♦•≡± ↔•≡ ≈♠≥↔ …°≥°↑ ↓↔↔≡↑± ≡÷∂±←

↔° ≈≡♥≡≥°↓〉 ∪≡ ±≥ƒ∞≡≈ …≥°±≡ ←∂∞≡ ±≈ …°″↓°←∂↔∂°± ∂± ∫ ↔°

↔•↔ ∂±…≥♠≈≡← ↔•≡ ↓∂÷″≡±↔ …≡≥≥← ≠°↑″∂±÷ ↔•≡ …°≥°↑ ↓↔↔≡↑± ∂± ↔•≡

•ƒ↓°≈≡↑″∂← ±≈ ↔•≡ ←…≥≡← ∧∂÷♠↑≡← ⇒ ±≈ ⇒ 〉 ∠♠↑ ↑≡←♠≥↔←

←•°♦ ↔•↔ ±≡♠↑≥ …↑≡←↔∫≈≡↑∂♥≡≈ ↓↑°÷≡±∂↔°↑← ↑≡″∂± ″♠≥↔∂↓°↔≡±↔⌠

↔ ≥≡←↔ ♠±↔∂≥ ″≡↔″°↑↓•°←∂←⌠ ±≈ ≈∂←↓≡↑←≡ ∂± …≥°←≡ ←←°…∂↔∂°±

♦∂↔• ±≡↑♥≡ ↔↑…↔← ≥°±÷ ↔•≡ ≈°↑←°♥≡±↔↑≥ ♣∂←〉 ±ƒ …≥°±≡←
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∧∂÷♠↑≡ 〉 ⇐≥°±≥ ⇒←←°…∂↔∂°± ≡↔♦≡≡± ↔•≡ ⊄•↑≡≡ ∉∂÷″≡±↔ ⇐≡≥≥ ⊄ƒ↓≡←

⊄÷←°♣∑∨⊆⊄∫⇐↑≡ ±≈ ⊄÷…↔∂±∑≥°♣∉∫⊂⊄∠∉∫≥°♣∉∫⇔←⊆≡≈∫≡♣↓↑≡←←∑ ⇑  ←∂±÷≥≡ ″≡≥∫

±°↓•°↑≡ ⌠ ⇐ ∂↑∂≈°↓•°↑≡← √⌠ ⇔ ♣±↔•°↓•°↑≡← ∩⌠ ∨ ″≡≥±°↓•°↑≡ ±≈ ∂↑∂≈°↓•°↑≡ √⌠ ∧ ″≡≥±°↓•°↑≡ ±≈ ♣±↔•°↓•°↑≡ ∩⌠ ¬ ∂↑∂≈°↓•°↑≡ ±≈ ♣±↔•°∫

↓•°↑≡ √∩ ±°↔≡ ↔•↔ ↔•∂← ∂← ↔•≡ °±≥ƒ √∩ ↔•↔ ♦≡ °↔∂±≡≈⌠ ±≈ ⋅″≡≥±°↓•°↑≡⌠ ∂↑∂≈°↓•°↑≡⌠ ±≈ ♣±↔•°↓•°↑≡ √∩ …≥°±≡←〉 ⊆≡↓↑≡←≡±↔↔∂♥≡ ∂″÷≡← ∂± ⇑�¬ ⇔←⊆≡≈ñ

↑≈ ≥≡±÷↔•

⊗⊂ℜ ↔ ↔•≡ ↔∂″≡ °≠ ∂″÷≡ …→♠∂←∂↔∂°±  〉 ν 〉 ″″  ≈↓≠ ±   …≥°±≡← ≠↑°″  ±∂″≥←⌠ ″≡≈∂± ⊂ ↔ ↔•≡ ↔∂″≡ °≠ ∂″÷≡ …→♠∂←∂↔∂°±   ν 〉 ″″  ≈↓≠

±   …≥°±≡← ≠↑°″  ±∂″≥←⌠ ″≡≈∂± ⊂ ↔ ↔•≡ ↔∂″≡ °≠ ∂″÷≡ …→♠∂←∂↔∂°±   ν 〉 ″″ ±≈  ≈↓≠ ±   …≥°±≡← ≠↑°″  ±∂″≥←⌠ ″≡≈∂± ⊂ ↔ ↔•≡ ↔∂″≡ °≠

∂″÷≡ …→♠∂←∂↔∂°±   ν 〉 ″″〉

∏ ⊂…•≡″↔∂… ↑≡↓↑≡←≡±↔↔∂°± °≠ ↔•≡ ←≡÷↑≡÷↔∂°± °≠ ↓∂÷″≡±↔ …≡≥≥ ≠↔≡←〉

∇⌠ ±≡♠↑°± ⌠ ″≡≥±°↓•°↑≡ √⌠ ∂↑∂≈°↓•°↑≡ ∩⌠ ♣±↔•°↓•°↑≡〉

√±←≡↔← ∂± ⇑�⇔ ↑≡ ≥°♦∫♠↓←〉 ⊂…≥≡ ↑← ↑≡↓↑≡←≡±↔  ″″ ⇒ ±≈  ″″ ⇑�⋅〉 ⊂≡≡ ≥←° ∧∂÷♠↑≡← ⊂ ±≈ ⊂ ±≈ ⊄≥≡← ⊂ ±≈ ⊂〉

⇔≡♥≡≥°↓″≡±↔≥ ⇐≡≥≥ ⌠ �⌠ ⇒♠÷♠←↔ ⌠  
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…°±↔∂± ±≡♠↑°±← ← ♦≡≥≥ ← ↔•≡ ↔•↑≡≡ ↓∂÷″≡±↔ …≡≥≥ ↔ƒ↓≡←⌠ ♦•∂…•

÷≡±≡↑↔≡ ↔•≡ …°≥°↑ ↓↔↔≡↑± ∂± ↔•≡ ←×∂± ±≈ ↔•≡ ←…≥≡←⌠ ♠↔ …≥°±≡←

≥←° ″ƒ ≡ ↑≡←↔↑∂…↔≡≈ ↔° °±≡ °↑ ↔♦° …≡≥≥ ↔ƒ↓≡←〉 √″↓°↑↔±↔≥ƒ⌠ ↔ ≥≥

←↔÷≡← ↔•≡ ↓↑°÷≡±∂↔°↑ …≡≥≥← ↑≡ ±°↔ ←↔≡↑≡°↔ƒ↓∂… ∂± ↔≡↑″← °≠ ↔•≡

↔ƒ↓≡← ±≈ ±♠″≡↑← °≠ …≡≥≥← ↔•↔ ↔•≡ƒ ÷≡±≡↑↔≡∑ ↔•≡↑≡ ∂← ♥↑∂∂≥∂↔ƒ

∂± ↔•≡ ″°♠±↔ ±≈ ≡♣↔≡±↔ °≠ …≥°±≥≥ƒ ≈≡↑∂♥≡≈ ↓∂÷″≡±↔ …≡≥≥← ≥°±÷

↔•≡ ≈°↑←°♥≡±↔↑≥ ♣∂←〉 √±≈∂♥∂≈♠≥ …≥°±≡← ∂±≈♠…≡≈ ∂± ↔•≡ ≡″↑ƒ°

″ƒ ÷∂♥≡ ↑∂←≡ ↔° ↔•≡ ≡±↔∂↑≡ …°″↓≥≡″≡±↔ °≠ ↓∂÷″≡±↔ …≡≥≥← °≠ °±≡

•≡″∂←≡÷″≡±↔ °↑ ↔° °±≥ƒ  ≠≡♦ ↓∂÷″≡±↔ …≡≥≥←⌠ ←♠÷÷≡←↔∂±÷ ↔•↔

 ♥↑∂≥≡ ±♠″≡↑ °≠ ″♠≥↔∂↓°↔≡±↔ ←↔≡″ …≡≥≥← °±≡ ↔°  ≠≡♦ ↑≡

≥∂≈ ≈°♦± ∂± ≡…• •≡″∂←≡÷″≡±↔ ≈♠↑∂±÷ ≡″↑ƒ°÷≡±≡←∂←〉 ⊄•≡

←↔≡″ …≡≥≥← ↓↑°≈♠…≡ ↓↑°÷≡±∂↔°↑← ↔•↔ ″♠≥↔∂↓≥ƒ ±≈ ≈∂←↓≡↑←≡ ≥°±÷

↔•≡ ↑±…•∂±÷ ∉∇⊂ ←° ↔•↔ ↔ ≥↔≡↑ ←↔÷≡←  ←∂±÷≥≡ ↓↑°÷≡±∂↔°↑ ♦∂≥≥

÷≡±≡↑↔≡  ←″≥≥≡↑ ±♠″≡↑ °≠ …≡≥≥←〉 ∧♠↑↔•≡↑″°↑≡⌠ ″♠≥↔∂↓°↔≡±↔

↓↑°÷≡±∂↔°↑← ↓↑°≈♠…≡ ≥↑÷≡↑ …≥°±≡←⌠ ←♠÷÷≡←↔∂±÷ ↔•↔ …°″″∂↔″≡±↔

↔≡〉 ⊄•∂← ≡≠≠≡…↔ ∂← ″°←↔ ←↔↑∂×∂±÷ ≠°↑ ↔•≡ ″≡≥±°↓•°↑≡←∑ …≥°±≡←

♦∂↔• °±≥ƒ ≥≡≥≡≈ ″≡≥±°↓•°↑≡← ↔≡±≈ ↔° ≡ ↑≡←↔↑∂…↔≡≈ ↔° °±≡ °↑

↔♦° …≡≥≥←⌠ ♦•≡↑≡← ∂↑∂≈°↓•°↑≡∫°±≥ƒ °↑ ♣±↔•°↓•°↑≡∫°±≥ƒ …≥°±≡←

↑≡ ≥↑÷≡↑⌠ ƒ≡↔ ←↔∂≥≥ ←″≥≥≡↑ ↔•± …≥°±≡← ∂± ♦•∂…• ≥≥ ↔•↑≡≡ ↓∂÷″≡±↔

…≡≥≥ ↔ƒ↓≡← ↑≡ ≥≡≥≡≈〉 √± ≈≈∂↔∂°±⌠ ±≥ƒ←∂← °≠ …≥°±≡← ∂±″♠↔±↔← °≠

←∂÷±≥∂±÷ ←ƒ←↔≡″← ↔•↔ ↑≡÷♠≥↔≡ ↔•≡ ≈≡♥≡≥°↓″≡±↔ °≠  ←∂±÷≥≡

↓∂÷″≡±↔ …≡≥≥ ↔ƒ↓≡ ←♠÷÷≡←↔← ↔•↔ ↔•≡ ≡←↔≥∂←•″≡±↔ °≠ ″♠≥↔∂↓°↔≡±↔

↓↑°÷≡±∂↔°↑← ≥°±÷ ↔•≡ ↔•↑≡≡ ≈°↑←°♥≡±↔↑≥ ↑°♠↔≡← ∂← ±°↔ ≠≠≡…↔≡≈ ∂±

↔•≡ ″♠↔±↔←⌠ ♠↔ ↔•↔ ↔•≡ …↔∂♥∂↔ƒ °≠ ↔•≡←≡ ÷≡±≡← ∂← ↑≡→♠∂↑≡≈ ∂± ↔•≡

…°″″∂↔↔≡≈ ↓↑≡…♠↑←°↑← ±≈ ≈∂≠≠≡↑≡±↔∂↔∂±÷ ↓∂÷″≡±↔ …≡≥≥←〉

⊆∨⊂⊇⊄⊂

∉↑°÷≡±∂↔°↑← °≠ ⇒≈♠≥↔ ∉∂÷″≡±↔ ⇐≡≥≥← ⊆≡″∂± ♠≥↔∂↓°↔≡±↔

≠↑°″ ∨″↑ƒ°÷≡±≡←∂← ↔° ∨↑≥ƒ ≡↔″°↑↓•°←∂←

⊄°°↔∂± ⇔←⊆≡≈∫≥≡≥≡≈ …≥°±≡← °≠ ±≡♠↑≥ …↑≡←↔ ±≈ ↔•≡∂↑ ↓↑°÷≡±∫

⊄÷←°♣∑∨⊆⊄∫⇐↑≡ °±÷≡↑ ≡↔ ≥〉⌠  ±≈ ⊄÷…↔∂±∑≥°♣∉∫

⊂⊄∠∉∫≥°♣∉∫⇔←⊆≡≈∫≡♣↓↑≡←← ⇑≡↑↔↑±≈ ≡↔ ≥〉⌠ 〉 ⇐↑≡♦← …↔∂∫

≡″↑ƒ°±∂… ″∂÷↑↔°↑ƒ ±≡♠↑≥ …↑≡←↔ ←↔÷≡  •↑ ↓°←↔ ≠≡↑↔∂≥∂∞↔∂°±

⊗•↓≠ℜ ≥↑♥≥ ←↔÷≡  ≈↓≠ ↓↑∂°↑ ↔° ↔•≡ °±←≡↔ °≠ ″≡↔″°↑↓•°←∂←

 ≈↓≠ ±≈ ≈♠↑∂±÷ ″≡↔″°↑↓•°←∂←  ≈↓≠⌠ ♠↓°± ↔•≡ ↓↓≡↑∫

±…≡ °≠ ∂↑∂≈°↓•°↑≡ …≥♠←↔≡↑← ∂± ↔•≡ ←×∂±〉 ⇒≥≥ …≥°±≡←  ↔°↔≥ °≠

 ↔•↔ …°±↔∂±≡≈ ≥≡≥≡≈ ↓∂÷″≡±↔ …≡≥≥← ∂± ↔•≡ ↔↑♠±× °≠ ƒ°♠±÷

•≈⌠ °± ♥≡↑÷≡⌠ ≠≡♦≡↑ ↔•± ↔♦° …≥°±≡←〉 ∧°↑ ≡♣″↓≥≡⌠ ≠↑°″

″≡±↔⌠ ∂″÷∂±÷ °≠ …≥°±≡←  ≈ƒ ≠↔≡↑ ⇐↑≡ …↔∂♥↔∂°± ↑≡♥≡≥≡≈

≥≡≥∂±÷ °≠ °±≡ …≡≥≥ ↓≡↑ …≥°±≡ ⇐↑≡ …↔∂♥↔∂°± ↔  ≈↓≠ ∂″÷∂±÷

∧∂÷∫

♠↑≡ ⊂〉 ⊄•∂← ∂±≈∂…↔≡← ↔•↔ ≡…• …≥°±≡ ↑°←≡ ≠↑°″  ←∂±÷≥≡

↑≡…°″∂±↔∂°± ≡♥≡±↔ ≠°↑ ↔•≡ ≡♣…↔ ←″↓≥≡ ←∂∞≡← ±≈ ″≡↔•°≈°≥∫

⊄≥≡ ⊂⌠ ±≈ ∨♣↓≡↑∂″≡±↔≥ ∉↑°…≡∫

≈♠↑≡←〉 ⇐≥°±≡← ♥↑∂≡≈ ∂± ↓∂÷″≡±↔ …≡≥≥ …°″↓°←∂↔∂°±⌠ ±≈  ±♠″≡↑

°≠ …≥°±≡← …°±↔∂±≡≈ °±≥ƒ °±≡ °↑ ↔♦° ↓∂÷″≡±↔ …≡≥≥ ↔ƒ↓≡← ∧∂÷♠↑≡←

 ∧∂÷♠↑≡ 

←≡≡ ∧∂÷♠↑≡ ⊂

°≠ …≥°±≡← ♦∂↔• ≥≥ ↔•↑≡≡ ↓∂÷″≡±↔ …≡≥≥ ↔ƒ↓≡← ≥≡≥≡≈∑ ≠↑°″  °≠

…≥°±≡← °↔∂±≡≈ ≠↑°″ ⇐↑≡ …↔∂♥↔∂°± ↔  •↓≠⌠ ↔°  °≠ ≥≥

…≥°±≡← °↔∂±≡≈ ≠↑°″ ⇐↑≡ …↔∂♥↔∂°± ↔  ≈↓≠ ∧∂÷♠↑≡ ⋅⌠ →♠±∫

∧∂÷♠↑≡ √ ⊄≥≡⊂〉∪≡ ↔≡↑″ ↔•≡←≡ …≥°±≡← √∩ …≥°±≡←

≠°↑ ″≡≥±°↓•°↑≡∫⌠ ∂↑∂≈°↓•°↑≡∫⌠ ±≈ ♣±↔•°↓•°↑≡∫…°±↔∂±∂±÷

…≥°±≡←〉 √±↔≡↑≡←↔∂±÷≥ƒ⌠ √∩ …≥°±≡← …°±↔∂±∂±÷ ∂↑∂≈°↓•°↑≡← ±≈ ♣±∫

↔•°↓•°↑≡← ♦≡↑≡ °←≡↑♥≡≈ °±≥ƒ °±…≡ ∧∂÷♠↑≡ ¬⌠ ♦•∂≥≡ …≥°±≡←

…°±↔∂±∂±÷″≡≥±°↓•°↑≡← ±≈ ∂↑∂≈°↓•°↑≡← √ …≥°±≡←⌠  …≥°±≡←⌠

°↑ ″≡≥±°↓•°↑≡← ±≈ ♣±↔•°↓•°↑≡← ∩ …≥°±≡←⌠ ≡∂÷•↔ …≥°±≡←

♦≡↑≡ ″°↑≡ ≠↑≡→♠≡±↔ ∧∂÷♠↑≡ √〉 ⊄•∂← ←♠÷÷≡←↔← …°±←↔↑∂±↔← °±

≥∂±≡÷≡ ←≡÷↑≡÷↔∂°±⌠ ±≈ ↔•↔ ↔•≡ ″♠≥↔∂↓°↔≡±↔ ↓↑°÷≡±∂↔°↑← ≈∂≠≠≡↑∫

≡±↔∂↔≡ ∂±↔° ↓↑°÷≡±∂↔°↑←⌠ ♦•∂…• •♥≡ ↔•≡ ↓°↔≡±↔∂≥ ↔° ÷≡±≡↑↔≡

≡∂↔•≡↑ ″≡≥±°↓•°↑≡← ±≈ ∂↑∂≈°↓•°↑≡←⌠ °↑ ″≡≥±°↓•°↑≡← ±≈

♣±↔•°↓•°↑≡← ∧∂÷♠↑≡ ∏〉 ⊄•≡ √∩ …≥°±≡← ♦≡↑≡ ♠±…°″″°±⌠ ♦•∂…•

←♠÷÷≡←↔← ↔•↔ ↓↑°÷≡±∂↔°↑← ≠°↑ ∂↑∂≈°↓•°↑≡← ±≈ ♣±↔•°↓•°↑≡← ″ƒ

←↓≥∂↔ °≠≠ ↔ ≡↑≥ƒ ↔∂″≡ ↓°∂±↔←〉

∧♠↑↔•≡↑″°↑≡⌠ ←≡♥≡↑≥ °≠ ↔•≡ ↓∂÷″≡±↔ …≡≥≥ …≥°±≡← ≥≡≥≡≈ ±≡♠↑≥

…≡≥≥← ∧∂÷♠↑≡← ⇒�⇒ ±≡♠↑°±← ±≈ñ°↑ ÷≥∂  °≠ …≥°±≡← °∫

↔∂±≡≈ ≠↑°″ ⇐↑≡ …↔∂♥↔∂°± ↔  •↓≠⌠  °≠ …≥°±≡← °↔∂±≡≈

≠↑°″ ⇐↑≡ …↔∂♥↔∂°± ↔  ≈↓≠⌠  °≠ …≥°±≡← °↔∂±≡≈ ≠↑°″ ⇐↑≡

…↔∂♥↔∂°± ↔  ≈↓≠⌠ ±≈  °≠ ≥≥ …≥°±≡← °↔∂±≡≈ ≠↑°″ ⇐↑≡

…↔∂♥↔∂°± ↔  ≈↓≠〉 ⇒ ≥↑÷≡↑ ≠↑…↔∂°± °≠ √∩ …≥°±≡← ≥≡≥≡≈ ±≡♠∫

↑≥ …≡≥≥← ∂± …°″↓↑∂←°± ♦∂↔• ←∂±÷≥≡ …≡≥≥ …≥°±≡← •∂←↔°÷↑″ ∂± ∧∂÷∫

♠↑≡ ⇑〉 ∧↑°″ ↔•≡←≡ ≈↔⌠ ♦≡ …°±…≥♠≈≡ ↔•↔ ±≡♠↑≥ …↑≡←↔∫≈≡↑∂♥≡≈

↓↑°÷≡±∂↔°↑← ↑≡ ″♠≥↔∂↓°↔≡±↔⌠ ♠↓ ↔° ↔ ≥≡←↔  ♦≡≡×← ↓°←↔ ≠≡↑↔∂≥∂∞∫

↔∂°±⌠ ±≈ …± …°±↔∂±♠≡ ↔° ÷∂♥≡ ↑∂←≡ ↔° ≥≥ ↔•↑≡≡ ↓∂÷″≡±↔ …≡≥≥ ↔ƒ↓≡←

°≠ ↔•≡ °≈ƒ ±≈ ←…≥≡←⌠ ← ♦≡≥≥ ← ↓≡↑∂↓•≡↑≥ ±≡↑♥≡← ±≈ ÷≥∂〉

∩±↔•°↓•°↑≡← ⋅♥≡  ⇔♠≥ ⇐≡≥≥♠≥↑ ∠↑∂÷∂±

∂±↔≡ ≠↑°″ ≡♣∂←↔∂±÷ ≡″↑ƒ°±∂…ñ≥↑♥≥ ♣±↔•°↓•°↑≡←⌠ ♦•∂…• ←↔↑↔

↔° ↓↑°≥∂≠≡↑↔≡ ↔ ↔•≡ °±←≡↔ °≠ ″≡↔″°↑↓•°←∂← •≥♦↑ ≡↔ ≥〉⌠

 …≡±″∂± ≡↔ ≥〉⌠ 〉 √±≈≡≡≈⌠ ∂± ÷↑≡≡″≡±↔ ♦∂↔•

°±≥ƒ …≥°±≡← ↔ ≥≥ ←↔÷≡← ∧∂÷♠↑≡ √〉 ⋅°♦≡♥≡↑⌠ ≈♠≥↔ ♣±↔•°↓•°↑≡←

…± ≈≡♥≡≥°↓ ≠↔≡↑ ↔•≡ ≥↔∂°± °≠ ≡″↑ƒ°±∂…ñ≥↑♥≥ ♣±↔•°↓•°↑≡←

…≡±″∂± ≡↔ ≥〉⌠  ∪≥≈≡↑∂…• ≡↔ ≥〉⌠ ⌠ ∂±≈∂…↔∂±÷ ↔•↔

 ←≡…°±≈ ←°♠↑…≡ °≠ ≈♠≥↔ ♣±↔•°↓•°↑≡← ″♠←↔ ≡♣∂←↔〉 ∠♠↑ …≥°±≥

±≥ƒ←∂← ←•°♦← ↔•↔ ″±ƒ °≠ ↔•≡ ∉∇⊂∫←←°…∂↔≡≈ ↓∂÷″≡±↔ …≡≥≥

↓↑°÷≡±∂↔°↑← ↑≡ ←↔∂≥≥ ″♠≥↔∂↓°↔≡±↔ ↔ ↔•≡ °±←≡↔ °≠ ″≡↔″°↑↓•°←∂←⌠

±≈ ↔•↔ ↔•≡ √∩ ±≈ ∩ …≥°±≡← ∂±…≥♠≈≡ ♥↑∂≥≡ ±♠″≡↑← °≠

♣±↔•°↓•°↑≡← ∧∂÷♠↑≡ √〉 ⊆≡↓≡↔≡≈ ∂″÷∂±÷ °≠ ≥≡≥≡≈ …≥°±≡←

≈♠↑∂±÷ ″≡↔″°↑↓•°←∂← ←•°♦≡≈ ↔•↔ …≥°±≡← ↔•↔ ≈≡♥≡≥°↓≡≈ ±≡♠∫

↑≥ …≡≥≥←⌠ ∂↑∂≈°↓•°↑≡←⌠ ±≈ ″≡≥±°↓•°↑≡← ≈♠↑∂±÷ ″≡↔″°↑↓•°←∂←

≥←° ↓↑°≈♠…≡≈ ♣±↔•°↓•°↑≡← ∧∂÷♠↑≡← ⇐�∨⌠ ⌠ ±≈ ⊂ ±  

∧∂÷♠↑≡ 〉 ⊂•↑≡≈ ♠≥↔∂↓°↔≡±↔ ∉↑°÷≡±∂↔°↑← ≠°↑ ∉∂÷″≡±↔ ⇐≡≥≥← ±≈ ∇≡♠↑≥ ⇐≡≥≥←

⇒�⇒ ∨♣″↓≥≡ °≠  …≥°±≡ ♦∂↔• ≥≡≥≡≈ ±≡♠↑°±← ±≈ ↓∂÷″≡±↔ …≡≥≥← ∂± ↔•≡ ↔↑♠±× ←×∂±⌠ ←…≥≡←⌠ ±≈ ≈°↑←♠″〉 ⇔←•≡≈ …♠↑♥≡← ∂± ⇒ ←•°♦ ←…≥≡ ↓∂÷″≡±↔↔∂°±〉 ⇔←•≡≈

←→♠↑≡← ∂± ⇒ ←•°♦ ↑≡÷∂°±← ≡±≥↑÷≡≈ ∂± ⇒�⇒〉 ⊂…≥≡ ↑⌠  ″″〉

″″〉

∨ ∩±↔•°↓•°↑≡←⌠ ∂↑∂≈°↓•°↑≡←⌠ ±≈ ″≡≥±°↓•°↑≡← ↓↓≡↑ ∂± ↔•∂← …≥°±≡ ↔  ≈↓≠〉 ⇒←↔≡↑∂←× ∂±≈∂…↔≡← ↔•≡ ⇔⊆¬〉 ⊂…≥≡ ↑⌠  ″″〉

∇⌠ ±≡♠↑°± ⌠ ″≡≥±°↓•°↑≡ √⌠ ∂↑∂≈°↓•°↑≡ ∩⌠ ♣±↔•°↓•°↑≡〉

⇔≡♥≡≥°↓″≡±↔≥ ⇐≡≥≥ ⌠ �⌠ ⇒♠÷♠←↔ ⌠  

88



16 dpf

⇒ ⇑ ⇐ ⇔

⇒�

*

*

*
*

*
*

*
*

*

*
*

⇑� ⇐� ⇔�

√ ∏  

√� ∏� � �

∨ ∧ ¬ ⋅

∨� F� ¬� ⋅�

20 dpf 23 dpf 25 dpf

M

26 dpf 27 dpf 29 dpf 31 dpf

33 dpf 35 dpf 37 dpf 38 dpf

I
I

I
I

M

N M

M

N

N
N

M M
M M M

M

II

I
I

I I

* M

M

I

∧

* *
*M M

M

M
M M

M M M M

M M

M

II

I I I I
X X

X

X

X

I
I

I I

* M

M

I

M
M M

M M M M
I I I I

X X

X

X

X

≥≡÷≡±≈ °± ±≡♣↔ ↓÷≡

 ⇔≡♥≡≥°↓″≡±↔≥ ⇐≡≥≥ ⌠ �⌠ ⇒♠÷♠←↔ ⌠ 
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…≥°±≡←〉 ∠♥≡↑≥≥⌠ ♦≡ …°±…≥♠≈≡ ↔•↔ ♣±↔•°↓•°↑≡← •♥≡  ≈♠≥

…≡≥≥♠≥↑ °↑∂÷∂±∑ ∂±∂↔∂≥≥ƒ ≠↑°″ ≡♣∂←↔∂±÷ ≡″↑ƒ°±∂…ñ≥↑♥≥ ♣±↔•°∫

↓•°↑≡←⌠ ±≈ ←♠←≡→♠≡±↔≥ƒ ≥←° ≠↑°″ ″♠≥↔∂↓°↔≡±↔ ↓°←↔≡″↑ƒ°±∂…

↓↑°÷≡±∂↔°↑←〉

⊂…≥≡ ∉∂÷″≡±↔↔∂°± ⊂•↑≡←  ∂±≡÷≡ ♦∂↔• ⊂×∂±

∉∂÷″≡±↔↔∂°±

∠♠↑ ±≥ƒ←∂← ←•°♦← ↔•↔ ←…≥≡←⌠ ↔•≡ ″≡←°≈≡↑″∫≈≡↑∂♥≡≈ ≈≡↑″≥

←×≡≥≡↔≥ ≡≥≡″≡±↔← ↔•↔ ≈≡♥≡≥°↓ ≈♠↑∂±÷ ″≡↔″°↑↓•°←∂← ≡≡

≡↔ ≥〉⌠  °±÷≡↑ ±≈ ∇♠ω ←←≥≡∂±∫⊃°≥•↑≈⌠ ⌠ ↑≡ ↓°↓♠∫

≥↔≡≈ ƒ ↓∂÷″≡±↔ …≡≥≥← °↑∂÷∂±↔∂±÷ ≠↑°″ ″♠≥↔∂↓°↔≡±↔ ↓↑°÷≡±∂∫

↔°↑← ∂± ≠…↔⌠ ±≡↑≥ƒ •≥≠ °≠ ↔•≡ ↔°↔≥ …≥°±≡← ∂±≈♠…≡≈ ↔  ≈↓≠

…°±↔↑∂♠↔≡≈ ↔° ←…≥≡←⌠ ∂± ≈≈∂↔∂°± ↔° °≈ƒ ↓∂÷″≡±↔↔∂°±  °≠

 …≥°±≡← ∧∂÷♠↑≡← ⇒�⇒⌠ …≥°←≡∫♠↓ ∂± ∧∂÷♠↑≡← ⇒ ±≈ ⇒〉

⊂…≥≡ ↓∂÷″≡±↔↔∂°± ∂← ↑≡≈∂≥ƒ ≈∂←↔∂±÷♠∂←•≡≈ ≠↑°″ °≈ƒ ↓∂÷″≡±↔∫

↔∂°± ƒ ↔•≡ …•↑…↔≡↑∂←↔∂… ∂±♥≡↑↔≡≈∫⇐∫←•↓≡≈ °↑÷±∂∞↔∂°± ±≈

↔•≡ ≈∂←↔∂±…↔ ←•↓≡← °≠ ←…≥≡ ↓∂÷″≡±↔ …≡≥≥← ≈←•≡≈ ≥∂±≡← ∂± ∧∂÷∫

♠↑≡← ⊂�⊂∠ 〉 ∇≡♠↑°±← ≈≡↑∂♥≡≈ ≠↑°″ ↔•≡←≡ ↓↑°÷≡±∂↔°↑← ∂±±≡↑∫

♥↔≡ ↔•≡ ←×∂± °≠ ↔•≡ ↔↑♠±× ← ♦≡≥≥ ← ↔•≡ ←…≥≡← ∧∂÷♠↑≡← ⇒�⇒⌠

…≥°←≡∫♠↓ ∂± ∧∂÷♠↑≡ ⇒〉 √″÷∂±÷ …≥°±≡← ∂±≈♠…≡≈ ↔ � ≈↓≠ °♥≡↑

←≡♥≡↑≥ ≈ƒ← ↑≡♥≡≥≡≈ ≡♥≡±↔← ↔•↔ ≥≡≈ ↔° ↔•≡ ≈≡♥≡≥°↓″≡±↔ °≠ ↔•≡

↔•↑≡≡ ↓∂÷″≡±↔ …≡≥≥ ↔ƒ↓≡← °± ↔•≡ °≈ƒ ±≈ ←…≥≡← ≠↑°″ ←•↑≡≈ ↓↑°∫

÷≡±∂↔°↑← ∧∂÷♠↑≡←  ±≈ ⊂〉 ∧∂÷♠↑≡  ←•°♦← ↓↑°÷≡±∂↔°↑← ≥°…↔≡≈

↔ ↔•≡ ≈°↑←≥ ↑°°↔ ÷±÷≥∂°± ⇔⊆¬ ↔•↔ ♦∂≥≥ ÷∂♥≡ ↑∂←≡ ↔° ±≡♠↑°±←⌠ ∂↑∂∫

≈°↓•°↑≡←⌠ ±≈″≡≥±°↓•°↑≡← °♥≡↑ ↔•≡ ±≡♣↔ ←≡♥≡↑≥ ≈ƒ← ∧∂÷♠↑≡←

⇒�⇔

±≡♦≥ƒ ≈≡♥≡≥°↓∂±÷ ±≡♠↑°±≥ ↑°↑← ƒ≡≥≥°♦ ↑↑°♦← ∂± ∧∂÷♠↑≡← ⇐

±≈ ⇐ ∂±≈∂…↔≡ ↔•∂± ±≡♠↑°±≥ ↑°↑←⌠ ±≈ …°↑↑≡←↓°±≈∂±÷ ≥♠≡

↑↑°♦← ∂± ∧∂÷♠↑≡← ⇔ ±≈ ⇔ ∂±≈∂…↔≡ …≡≥≥← ↔•↔ ↓↓≡↑ ≥°±÷

↔•≡←≡ ±≡↑♥≡ ↑±…•≡←〉 √±  ≠≡♦ …←≡←⌠ ♦≡ ♦≡↑≡ ≥≡ ↔° ≠°≥≥°♦

♠±≈∂≠≠≡↑≡±↔∂↔≡≈ …≡≥≥← ← ↔•≡ƒ ≈∂≠≠≡↑≡±↔∂↔≡≈ ∂±↔° ↓∂÷″≡±↔ …≡≥≥←

ƒ≡≥≥°♦ ↑↑°♦•≡≈← ∂± ∧∂÷♠↑≡← ∨�⋅ 〉 ∩±↔•°↓•°↑≡← ±≈

″≡≥±°↓•°↑≡← °≠ ↔•≡ ←…≥≡← ↓↓≡↑ ∂± ↔•∂← …≥°±≡ °♥≡↑ ↔•≡ ±≡♣↔

≠≡♦ ≈ƒ← ∧∂÷♠↑≡← √� ⌠ ≈←•≡≈ …♠↑♥≡← ∂±≈∂…↔≡ ±≡♦≥ƒ ≠°↑″≡≈

←…≥≡← ±≈ ↔•≡∂↑ ↓∂÷″≡±↔ …≡≥≥←〉 ⇒ ≈≡↔∂≥≡≈ ≈≡♥≡≥°↓″≡±↔ °≠

←…≥≡ ↓∂÷″≡±↔↔∂°± ∂← ↓↑≡←≡±↔≡≈ ∂± ∧∂÷♠↑≡ ⊂⌠ ±≈ ←•°♦← ↔•≡

↓↓≡↑±…≡ °≠ …≡≥≥← ∂± …≥°←≡ ←←°…∂↔∂°± ♦∂↔• ↓≡↑∂↓•≡↑≥ ±≡↑♥≡←〉

⊄•≡←≡ …≡≥≥← ≡♣↓±≈ ∂± ±♠″≡↑ ±≈ ←♠←≡→♠≡±↔≥ƒ ≈∂≠≠≡↑≡±↔∂↔≡

∂±↔°″≡≥±°↓•°↑≡←⌠ ♣±↔•°↓•°↑≡←⌠ ±≈ ∂↑∂≈°↓•°↑≡← °≠ ↔•≡ ←…≥≡←〉

⊄•≡↑≡≠°↑≡⌠ ←…≥≡ ±≈ °≈ƒ ↓∂÷″≡±↔ …≡≥≥← °↑∂÷∂±↔≡ ≠↑°″ …°″″°±

″♠≥↔∂↓°↔≡±↔ ↓↑°÷≡±∂↔°↑←〉

∉∂÷″≡±↔ ⇐≡≥≥ ⇐≥°±≡← ⇒↑≡ ⇔∂←↔↑∂♠↔≡≈ ≥°±÷ ↔•≡

⇔°↑←°♥≡±↔↑≥ ⇑°≈ƒ ⇒♣∂←

⇒≥↔•°♠÷•  ≥↑÷≡ ≠↑…↔∂°± °≠ ↓∂÷″≡±↔ …≡≥≥ ↓↑°÷≡±∂↔°↑← ↑≡″∂± ″♠≥∫

↔∂↓°↔≡±↔ ∧∂÷♠↑≡ √⌠ ♦≡ °←≡↑♥≡≈ ♥↑∂∂≥∂↔ƒ °≠ ∂±≈∂♥∂≈♠≥ …≥°±≡← ∂±

↔≡↑″← °≠ ↔•≡∂↑ ←↓± ≥°±÷ ↔•≡ ≈°↑←°♥≡±↔↑≥ ♣∂←⌠ ±≈ ∂± ↔≡↑″← °≠

↔•≡∂↑ …≡≥≥ ↔ƒ↓≡← ±≈ …≡≥≥ ±♠″≡↑← ∧∂÷♠↑≡← ⇒�⇔〉 ∧∂÷♠↑≡  ←•°♦←

↔•≡ ≡♣↔≡±↔ ↔° ♦•∂…• ∂±≈∂♥∂≈♠≥ …≥°±≡← …°±↔↑∂♠↔≡≈ ↔° ↓∂÷″≡±↔ …≡≥≥←

↓∂÷″≡±↔ …≡≥≥← °≠ ↔•≡ ≈°↑←♠″ ±≈ ≈°↑←≥ °≈ƒ ←↔↑∂↓≡← ∧∂÷♠↑≡ ⇒⌠

 ←≡…°±≈ …≥←← ↓↑∂″↑∂≥ƒ ←↓±±≡≈ ≥↔≡↑≥≥ƒ ♦∂↔•°♠↔ ↑≡…•∂±÷

≡∂↔•≡↑ ↔•≡ ≈°↑←≥∫ °↑ ♥≡±↔↑≥∫″°←↔ ↑≡÷∂°±← °≠ ↔•≡ °≈ƒ ∧∂÷♠↑≡ ⇑⌠

±≈  ↔•∂↑≈ …≥←← ↓↑∂″↑∂≥ƒ …°♥≡↑≡≈ ♥≡±↔↑≥ ↑≡÷∂°±← ∧∂÷♠↑≡ ⇐⌠

∧∂÷♠↑≡ ⇔ ±   …≥°±≡←〉 √±↔≡↑≡←↔∂±÷≥ƒ⌠ ↔•≡

…≥°±≡← ↔•↔ ♦≡↑≡ ≠↔≡ ↑≡←↔↑∂…↔≡≈ ↔° °±≡ °↑ ↔♦° ↓∂÷″≡±↔ …≡≥≥ ↔ƒ↓≡←

↓↑≡≈°″∂±±↔≥ƒ ≡≥°±÷≡≈ ↔° ↔•≡ ←≡…°±≈ …≥←←⌠ ±≈ ←↓±±≡≈  ↑≡∫

±≈ ″≡≥±°↓•°↑≡←⌠ ↑≡ ↓↑≡←♠″≥ƒ ≈≡↑∂♥≡≈ ≠↑°″ …°″″∂↔↔≡≈

↓↑≡…♠↑←°↑← ≈∂↑≡…↔≥ƒ″∂÷↑↔∂±÷ ↔•↑°♠÷• ↔•≡•°↑∂∞°±↔≥ ″ƒ°←≡↓↔♠″〉

⇑ƒ …°″↓↑∂←°±⌠ √∩ …≥°±≡←⌠ ∂± ♦•∂…• ≥≥ ↔•↑≡≡ ↓∂÷″≡±↔ …≡≥≥ ↔ƒ↓≡←

↑≡ ≥≡≥≡≈⌠ ←↓±±≡≈  ≥↑÷≡↑ ↑≡ ≥°±÷ ↔•≡ ≈°↑←°♥≡±↔↑≥ ♣∂←〉

⊄•∂← ←♠÷÷≡←↔← ↔•↔ ↔•≡ ∂≥∂↔ƒ °≠ ↓↑°÷≡±∂↔°↑← ↔° ↓↑°≥∂≠≡↑↔≡ ∂←

∧∂÷♠↑≡ ⇔〉

°± ↔•≡∂↑ ≥°…↔∂°± ♦∂↔• ↑≡←↓≡…↔ ↔° ±↔°″∂…≥ ≥±≈″↑×← ∂± ↔•≡

°≈ƒ ↔≡♣↔ ∂± ∧∂÷♠↑≡← 

±°″≡±…≥↔♠↑≡ ⊗∧↑°•±•°ω ≠≡↑ ≡↔ ≥〉⌠ ℜ〉 ∪≡ …°♠±↔≡≈ ↔•≡ ±♠″≡↑

°≠ ≥≡≥≡≈ ″≡≥±°↓•°↑≡← ↔•↔ ≈≡♥≡≥°↓ ∂± ≡…• …≥°±≡ ∂± ↔•≡ ≈↑×

∩ ←↔↑∂↓≡ ⊃ ∂← ←♠←≡→♠≡±↔≥ƒ ≈≈≡≈ ♥≡±↔↑≥≥ƒ〉 ⊂↔↑∂↓≡← ⇔ ±≈ ⊃

♦≡↑≡ ±°↔ ∂±…≥♠≈≡≈ ∂± ↔•∂← ±≥ƒ←∂← ← ↔•≡←≡ ←↔↑∂↓≡← ↑≡ ↓↑≡←≡±↔

°±≥ƒ ∂± ↔•≡ ±↔≡↑∂°↑ ↓↑↔ °≠ ↔•≡ ↔↑♠±×〉 °↑≡°♥≡↑⌠ ←↔↑∂↓≡ ⇔ ∂←

↔° ♠±″∂÷♠°♠←≥ƒ …°♠±↔ ↔•≡ ±♠″≡↑ °≠ ≥≡≥≡≈ ″≡≥±°↓•°↑≡←〉

⊄•≡ ±≥ƒ←∂← ↑≡♥≡≥≡≈  ≈∂←↔↑∂♠↔∂°± °≠ ″≡≥±°↓•°↑≡← …°±←∂←↔≡±↔

♦∂↔• …≥°±≡ ←↓±⌠ ±≈ ↔•∂← ←♠÷÷≡←↔≡≈ ↔•↔ ↔•≡↑≡ ↑≡ ≈°↑←°♥≡±↔↑≥≥ƒ

↑≡←↔↑∂…↔≡≈ ″♠≥↔∂↓°↔≡±↔ ↓↑°÷≡±∂↔°↑←〉 ⇔°↑←≥≥ƒ ↓↑°″∂±≡±↔ √∩

…≥°±≡← …°±↔↑∂♠↔≡≈ ↓↑∂″↑∂≥ƒ ↔° ↔•≡ ″≡≥±°↓•°↑≡← °≠ ↔•≡ ≈°↑←≥

←↔↑∂↓≡←⌠ ♦•≡↑≡← ♥≡±↔↑≥≥ƒ ↓↑°″∂±≡±↔ √∩ …≥°±≡← …°±↔↑∂♠↔≡≈ ↓↑∂∫

∂± ∧∂÷♠↑≡ ∨ ≥♠≡⌠ ←↔↑∂↓≡ ⇔ ↑°♦±⌠ ←↔↑∂↓≡ ⊃ ÷↑≡≡±⌠ ←↔↑∂↓≡ ⊃〉

∉∂÷″≡±↔ ⇐≡≥≥ ∉↑°÷≡±∂↔°↑← ⇔° ∇°↔ ⇔∂←↓≥ƒ ⊂↔≡↑≡°↔ƒ↓∂…

⇐≡≥≥∫∧↔≡ ⊆≡←↔↑∂…↔∂°±←

⊄° °↔∂± ± °♥≡↑♥∂≡♦ °≠ ↓↑°÷≡±∂↔°↑ ≡•♥∂°↑ ∂± ↔↑±←∂↔∂°± ≠↑°″

≡″↑ƒ°÷≡±≡←∂← ↔°″≡↔″°↑↓•°←∂←⌠ ♦≡ ↓≡↑≠°↑″≡≈  ←∂″∂≥↑ →♠±∫

↔∂↔↔∂♥≡ ±≥ƒ←∂← °≠ …≥°±≡ ←↓± ±≈ ″≡≥±°↓•°↑≡ …°♠±↔ ≠↑°″

…≥°±≡← °↔∂±≡≈ ƒ ⇐↑≡ …↔∂♥↔∂°± ↔  •↓≠⌠  ≈↓≠⌠ ±≈  ≈↓≠

∧∂÷♠↑≡ 〉 √± …≥°±≡← ∂±≈♠…≡≈ ↔  •↓≠⌠  ↔∂″≡ ↓°∂±↔ ♦•≡± ↔•≡ ±≡♠∫

↑≥ …↑≡←↔ …≡≥≥← ← ←♠…• ↑≡ ←↔∂≥≥ ↓↑≡←≡±↔ ±≈ ←↔↑↔ ↔° ″∂÷↑↔≡⌠  ≥↑÷≡

≠↑…↔∂°± °≠ ↔•≡ √∩ …≥°±≡← ←↓± ↔•≡ ≡±↔∂↑≡ ≈°↑←°♥≡±↔↑≥ ♣∂←⌠ ±≈

″≡≥±°↓•°↑≡← …°±↔↑∂♠↔≡ ↔° ″°←↔⌠ ∂≠ ±°↔ ≥≥⌠ ≈↑× ←↔↑∂↓≡←〉 ⊂♠↑↓↑∂←∫

∂±÷≥ƒ⌠ •°♦≡♥≡↑⌠ ↔•≡↑≡ ∂← …°±←∂≈≡↑≥≡ ♥↑∂∂≥∂↔ƒ ∂± ←↓± ±≈

↓∂÷″≡±↔ …≡≥≥ ±♠″≡↑ °≠ ↔•≡←≡ …≥°±≡← ∧∂÷♠↑≡← ⇒ ±≈ ⇒ ⌠ →♠±∫

∧∂÷♠↑≡← ⇔ ±≈ ¬〉 ⊄•∂← ♥↑∂∂≥∂↔ƒ …°±↔∂±♠≡← ≈♠↑∂±÷

↔•≡ ≥↑♥≥ ±≈ ″≡↔″°↑↓•∂… ←↔÷≡←∑ …≥°±≡← °↔∂±≡≈ ≠↑°″ ⇐↑≡

…↔∂♥↔∂°± ↔  ±≈  ≈↓≠ ↑≡ ♥↑∂≥≡ ∂± ↔•≡∂↑ ←↓±⌠ ↓∂÷″≡±↔

∧∂÷♠↑≡ 〉 °±÷∫⊄≡↑″ √″÷∂±÷ °≠ ∉↑°÷≡±∂↔°↑← ↔•↔ ×≡ ∇≡♠↑°±← ±≈ ⊄•↑≡≡ ∉∂÷″≡±↔ ⇐≡≥≥ ⊄ƒ↓≡←

⇒� ⊄÷←°♣∑∨⊆
⊄
∫⇐↑≡ ±≈ ⊄÷…↔∂±∑≥°♣∉∫⊂⊄∠∉∫≥°♣∉∫⇔←⊆≡≈∫≡♣↓↑≡←←〉 ¬↑ƒ←…≥≡ ∂±

⇒�∑ …≥°±≡ ⊆≡≈ñ÷↑ƒ ←…≥≡ ∂± ⇒ �

↑↑°♦← ±≈ ↑↑°♦•≡≈← ←•°♦ ♠±≈∂≠≠≡↑≡±↔∂↔≡≈ ↓↑°÷≡±∂↔°↑← ƒ≡≥≥°♦ ↑↑°♦•≡≈← ∂± ∨�⋅  ←•°♦ ♠±≈∂≠≠≡↑≡±↔∂↔≡≈ ↓↑°÷≡±∂↔°↑← ↔•↔ ″×≡ ″≡≥±°↓•°↑≡← ≈←•≡≈

…♠↑♥≡← ∂±≈∂…↔≡ ↓∂÷″≡±↔ …≡≥≥← °≠  ←…≥≡〉 ⊂…≥≡ ↑←⌠  ″″〉 ⊂≡≡ ≥←° ∧∂÷♠↑≡ ⊂〉

⇔≡♥≡≥°↓″≡±↔≥ ⇐≡≥≥ ⌠ �⌠ ⇒♠÷♠←↔ ⌠  
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∧∂÷♠↑≡ 〉 ⊆≡÷∂°±≥ ⇔∂←↔↑∂♠↔∂°± °≠ ⇐≥°±≥≥ƒ

⇔≡↑∂♥≡≈ ∉∂÷″≡±↔ ⇐≡≥≥←

⇒�⇔⇐≥°±≡← ∂±ƒ°♠±÷≈♠≥↔ ±∂″≥← °↔∂±≡≈ ≠↑°″⇐↑≡

…↔∂♥↔∂°± ↔  ≈↓≠ ÷≡±°↔ƒ↓≡ ⊄÷←°♣∑∨⊆
⊄
∫⇐↑≡ñ

⊄÷…↔∂±∑≥°♣∉∫⊂⊄∠∉∫≥°♣∉∫⇔←⊆≡≈∫≡♣↓↑≡←←ñ ←•°♦

♥↑∂∂≥∂↔ƒ ∂± …≥°±≡ ←↓± ≥°±÷ ↔•≡ ≈°↑←°♥≡±↔↑≥ °≈ƒ

♣∂←∑ ↔•≡ …≥°±≥≥ƒ ≈≡↑∂♥≡≈ ↓∂÷″≡±↔ …≡≥≥← ″ƒ ↓↑≡≈°″∫

∂±±↔≥ƒ …°±↔↑∂♠↔≡ ↔° ↓∂÷″≡±↔ …≡≥≥← °≠ ↔•≡ ⇒ ≈°↑←≥⌠ ⇑

≥↔≡↑≥⌠ °↑ ⇐ ♥≡±↔↑≥ ↑≡÷∂°±←〉 ⊂…≥≡ ↑← ↑≡↓↑≡←≡±↔

 ″

≥°±÷ ↔•≡ ≈°↑←°♥≡±↔↑≥ °≈ƒ ♣∂← ≡…• ≥∂±≡ ↑≡↓↑≡←≡±↔←

↔•≡ ≈°↑←°♥≡±↔↑≥ ←↓± °≠  ←∂±÷≥≡ …≥°±≡〉 ⇐°≥°↑ …°≈≡

∂±≈∂…↔≡← …≥°±≡ ↔ƒ↓≡ ……°↑≈∂±÷ ↔° ↓∂÷″≡±↔ …≡≥≥

…°″↓°←∂↔∂°±〉 √∩ …≥°±≡← ↔≡±≈ ↔° ≡ ≥↑÷≡↑ ↔•± …≥°±≡←

…°±↔∂±∂±÷ °±≥ƒ  ←∂±÷≥≡ ↓∂÷″≡±↔ …≡≥≥ ↔ƒ↓≡〉 ⇔⌠ ≈°↑←≥

±°↓•°↑≡← ∂± ≡…• …≥°±≡ ≡…• ≥∂±≡ ↑≡↓↑≡←≡±↔← ↔•≡

±♠″≡↑ °≠ ″≡≥±°↓•°↑≡← ∂± ± ∂±≈∂♥∂≈♠≥ …≥°±≡〉 ⇐°≥°↑

…°≈≡ ∂±≈∂…↔≡← ↔•≡ ≈↑× ←↔↑∂↓≡∑ ≥♠≡⌠ ⇔ ↑°♦±⌠ ⊃

÷↑≡≡±⌠ ⊃〉

 ⇔≡♥≡≥°↓″≡±↔≥ ⇐≡≥≥ ⌠ �⌠ ⇒♠÷♠←↔ ⌠ 
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M
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X

MX
MI

IX

MIX

M in 1D

M in 1V

M in 2V

Number of labeled melanophoresClone-span along D-V axis
⇒ ⇒�

⇑ ⇑�

⇐ ⇐� ∧ √

∏ ∏ ∏∏∏

∧∂÷♠↑≡ 〉 ∇≡♠↑≥ ⇐↑≡←↔∫⇔≡↑∂♥≡≈ ∉↑°÷≡±∂↔°↑← ↑≡ ♠≥↔∂↓°↔≡±↔ ♠↔ ⇔° ∇°↔ ⋅♥≡ ⊂↔≡↑≡°↔ƒ↓∂… ∠♠↔…°″≡

⇒�∧ ⇐≥°±≡← ∂± ƒ°♠±÷ ≈♠≥↔ ±∂″≥← °↔∂±≡≈ ≠↑°″ ⇐↑≡ …↔∂♥↔∂°± ↔ ⇒⌠ ⇒ ⌠ ⇔⌠ ¬  •↓≠⌠ ⇑⌠ ⇑ ⌠ ∨⌠ ⋅  ≈↓≠⌠ ±≈ ⇐⌠ ⇐ ⌠ ∧⌠ √  ≈↓≠ ÷≡±°↔ƒ↓≡ ⊄÷←°♣∑∨⊆⊄∫⇐↑≡ñ

⊄÷…↔∂±∑≥°♣∉∫⊂⊄∠∉∫≥°♣∉∫⇔←⊆≡≈∫≡♣↓↑≡←←ñ ↑≡♥≡≥  ↓↑°÷↑≡←←∂♥≡ ↑≡≈♠…↔∂°± ∂± ↔•≡ ←∂∞≡ ±≈ ←↓± °≠ ↔•≡ …≥°±≥≥ƒ ≈≡↑∂♥≡≈ ↓∂÷″≡±↔ …≡≥≥←⌠ ≥≡∂↔ ←≡♥≡↑≥ …≥°±≡←

≥ °≈ƒ ♣∂←

≡…• ≥∂±≡ ↑≡↓↑≡←≡±↔← ≈°↑←°♥≡±↔↑≥ ←↓± °≠  ←∂±÷≥≡ …≥°±≡〉 ⇐°≥°↑ …°≈≡ ←•°♦← …≥°±≡ ↔ƒ↓≡ ……°↑≈∂±÷ ↔° ↓∂÷″≡±↔ …≡≥≥ …°″↓°←∂↔∂°±〉

↑ …°≈≡

∂±≈∂…↔≡← ↔•≡ ≈↑× ←↔↑∂↓≡∑ ≥♠≡⌠ ⇔ ↑°♦±⌠ ⊃ ÷↑≡≡±⌠ ⊃〉

∏�∏ ⊂×∂± °≠ ∧ ≈♠≥↔← ≠↑°″ ≡″↑ƒ°← ∂±∝≡…↔≡≈ ♦∂↔• ≥∂±° ×±°…×°♠↔ ⇐⊆√⊂∉⊆〉

⊂…≥≡ ↑← ∂± ⇒�⇐  ↑≡↓↑≡←≡±↔  ″″〉 ⊂≡≡ ≥←° ∧∂÷♠↑≡ ⊂〉

⇔≡♥≡≥°↓″≡±↔≥ ⇐≡≥≥ ⌠ �⌠ ⇒♠÷♠←↔ ⌠  
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…≡≥≥ ±♠″≡↑⌠ ±≈ …°″↓°←∂↔∂°±⌠ ±≈ ↔ ≥≥ ↔∂″≡ ↓°∂±↔← �

↑≡ √∩ …≥°±≡← ∧∂÷♠↑≡← ⇑�⇐ ∧∂÷♠↑≡← ∨�

∧⌠ ↑ ÷↑↓• ∂± ∧∂÷♠↑≡ √〉 ⊄•∂← ←♠÷÷≡←↔← ↔•↔ ↔•≡↑≡ ∂← ± ∂±•≡↑≡±↔

♥↑∂∂≥∂↔ƒ ∂± ↔•≡ ±♠″≡↑ ±≈ ↔ƒ↓≡ °≠ …≡≥≥← ↔•↔ ↑≡ ≈≡↑∂♥≡≈ ≠↑°″

∂±≈∂♥∂≈♠≥ ↓↑°÷≡±∂↔°↑←⌠ ±≈ ↔•↔ ↔•∂← ♥↑∂∂≥∂↔ƒ ≡♣∂←↔← ∂± ↔•≡ ≡″∫

↑ƒ°±∂… ±≡♠↑≥ …↑≡←↔ …≡≥≥← ← ♦≡≥≥ ← ↔•≡ ±≡♠↑≥ …↑≡←↔∫≈≡↑∂♥≡≈ ↓↑°∫

÷≡±∂↔°↑← °≠ ≥↑♥≥ ±≈ ≡↑≥ƒ ″≡↔″°↑↓•∂… ←↔÷≡←〉 ⇒± ≈≈∂↔∂°±≥

≠…↔°↑ …°±↔↑∂♠↔∂±÷ ↔° ↔•≡ ♥↑∂∂≥∂↔ƒ ∂← ↔•≡ ≡♣↓↑≡←←∂°± °≠ ←°♣

↓↑°″°↔≡↑ ∂± ♥↑∂°♠← ↓↑°÷≡±∂↔°↑←⌠ ♦•∂…• ↑≡ ↔ ≈∂≠≠≡↑≡±↔ ←↔÷≡←

°≠ ≈∂≠≠≡↑≡±↔∂↔∂°±〉 √± …°±…≥♠←∂°±⌠ ≈≡←↓∂↔≡ ←°″≡ ≠↔≡∫↑≡←↔↑∂…↔≡≈

…≥°±≡←⌠ ″°←↔ ±≡♠↑≥ …↑≡←↔∫≈≡↑∂♥≡≈ …≡≥≥← ↑≡″∂± ″♠≥↔∂↓°↔≡±↔ ±≈

°≠ ↔•≡ …≥°±≡ ←↓± ←•°♦← ↔•↔ ↔•≡ ≠↔≡∫↑≡←↔↑∂…↔≡≈ …≥°±≡← ↑≡

←″≥≥≡↑ ↔•± ↔•≡ √∩ …≥°±≡← ∧∂÷♠↑≡← ⇔�∧⌠ ≈≡″°±←↔↑↔∂±÷ 

≥∂±× ≡↔♦≡≡± ↓↑°≥∂≠≡↑↔∂°± ∂≥∂↔ƒ ±≈ …≡≥≥∫≠↔≡ ↑≡←↔↑∂…↔∂°±〉 ⇒↔ ≥≥

↔∂″≡ ↓°∂±↔←⌠ ≠↔≡∫↑≡←↔↑∂…↔≡≈ …≥°±≡← ↑≡ ↓↑≡≈°″∂±±↔≥ƒ ≥↔≡↑≥≥ƒ

←∂↔♠↔≡≈〉

∉∂÷″≡±↔ ⇐≡≥≥ ∉↑°÷≡±∂↔°↑← √±…↑≡←≡ ∂± ∇♠″≡↑ ≠↑°″

∨″↑ƒ°÷≡±≡←∂← ↔° ≡↔″°↑↓•°←∂←

⇐≥°±≡← °↔∂±≡≈ ≠↑°″ ⇐↑≡ …↔∂♥↔∂°± ↔ ≡↑≥∂≡↑ ←↔÷≡← …± …°♥≡↑

″♠…• ≥↑÷≡↑ ↑≡← ∂± ↔•≡ ←×∂± ±≈ ÷≡±≡↑↔≡ ″°↑≡ ↓∂÷″≡±↔ …≡≥≥←

…°″↓↑≡≈ ♦∂↔• …≥°±≡← ↔•↔ ↑≡ °↔∂±≡≈ ≠↑°″ ⇐↑≡ …↔∂♥↔∂°± ↔

≥↔≡↑ ≥↑♥≥ ±≈ ″≡↔″°↑↓•∂… ←↔÷≡← ∧∂÷♠↑≡← ⇔�√〉 ⊄•≡ →♠±↔∂∫

…≥≡↑ ∂±♥≡↑←≡ …°↑↑≡≥↔∂°± ≡↔♦≡≡± ↔•≡ ±♠″≡↑ °≠ ≥≡≥≡≈ …≡≥≥←

±≈ ↔•≡ ↔∂″∂±÷ °≠ ⇐↑≡ …↔∂♥↔∂°± ♦•≡↑≡←  °≠ ↔•≡ …≥°±≡← °∫

↔∂±≡≈ ≠↑°″ ⇐↑≡ …↔∂♥↔∂°± ↔  •↓≠ ↓↑°≈♠…≡≈  °↑″°↑≡ ≥≡≥≡≈

″≡≥±°↓•°↑≡←⌠ ↔•∂← ≠↑…↔∂°± ≈↑°↓↓≡≈ ↔° ↔  ≈↓≠⌠ ↔

 ≈↓≠⌠ ±≈ 〉 ↔  ≈↓≠ ∧∂÷♠↑≡← ∨ ±≈ ¬�√〉 ∧♠↑↔•≡↑∫

″°↑≡⌠ ↔•↑≡≡ …≥°±≡← °↔∂±≡≈ ≠↑°″ ⇐↑≡ …↔∂♥↔∂°± ↔  •↓≠ ÷≡±≡↑∫

↔≡≈ ″°↑≡ ↔•±  ″≡≥±°↓•°↑≡←⌠ ±≡↑≥ƒ ↔•≡ ≠♠≥≥ …°″↓≥≡″≡±↔

°≠ ↔•≡ ″≡≥±°↓•°↑≡← ↓≡↑ •≡″∂←≡÷″≡±↔ ∂± ←↔↑∂↓≡← ⇔⌠ ⊃⌠ ±≈

∧∂÷♠↑≡← ¬ ±≈ ⊂〉 ⇐≥°±≡← °↔∂±≡≈ ƒ

⇐↑≡ …↔∂♥↔∂°± ↔  •↓≠⌠  ↔∂″≡ ♦•≡± ⊄÷←°♣∑∨⊆⊄∫⇐↑≡ ≈↑∂♥≡←

⇐↑≡ ≡♣↓↑≡←←∂°± ∂± ↔•≡ ±≡♠↑≥ …↑≡←↔ …≡≥≥← °±÷≡↑ ≡↔ ≥〉⌠ ⌠

∂±≈∂…↔≡ ↔•↔  ♥↑∂≥≡⌠ ♥≡↑ƒ ←″≥≥ ±♠″≡↑ °≠ ±≡♠↑≥ …↑≡←↔ …≡≥≥←⌠

← ≠≡♦ ← °±≡⌠ …± ↓↑°≈♠…≡ ↔•≡ …°″↓≥≡↔≡ …°″↓≥≡″≡±↔ °≠ ≥≥

↓∂÷″≡±↔ …≡≥≥← ↓≡↑ •≡″∂←≡÷″≡±↔ ≥°±÷ ↔•≡ ≈°↑←°♥≡±↔↑≥ ♣∂←〉

⊄•♠←⌠  ←∂±÷≥≡ ±≡♠↑≥ …↑≡←↔ …≡≥≥ …± ↓↑°≈♠…≡ ″°↑≡ ↔•± °±≡

↓∂÷″≡±↔ …≡≥≥ ←↔≡″ …≡≥≥〉 ⊄•≡ ″♣∂″♠″ …≥°±≡ ←∂∞≡ ∂← ↔•≡ …°″↓≥≡∫

″≡±↔ °≠ °±≡ •≡″∂←≡÷″≡±↔⌠ ≥↔•°♠÷• ↓∂÷″≡±↔ …≡≥≥← ↑≡ ±°↔

←≡÷″≡±↔≥≥ƒ ↑≡←↔↑∂…↔≡≈ ∂± ↔•≡ ≈♠≥↔ ←×∂±⌠ ±≈ ↔•≡↑≡ ∂← ≥↔≡↑≥″∂♣∂±÷

°≠ ↔•≡ ↓∂÷″≡±↔ …≡≥≥← ≈≡↑∂♥≡≈ ≠↑°″ ↔•≡ ↓↑°÷≡±∂↔°↑← ∂± ↔•≡ ±≡∂÷•∫

°↑∂±÷ ←≡÷″≡±↔← ⊂∂±÷• ≡↔ ≥〉⌠  ∪≥≈≡↑∂…• ≡↔ ≥〉⌠ 〉

∉↑°≥∂≠≡↑↔∂°± °≠ ↓∂÷″≡±↔ …≡≥≥← ±≈ ↔•≡ ≈°↑←°♥≡±↔↑≥ ↑≡←↔↑∂…↔∂°±

°≠ ↔•≡ …≥°±≡← ↑≡ ↑≡÷♠≥↔≡≈ ƒ •°″°↔ƒ↓∂… …°″↓≡↔∂↔∂°± ≡↔♦≡≡±

…≡≥≥← °≠ ±≡∂÷•°↑∂±÷ ←≡÷″≡±↔← ∧≈≡≡♥ ≡↔ ≥〉⌠  ∪≥≈≡↑∂…•

≡↔ ≥〉⌠ 〉

…≥°±≡ ←↓±⌠ °≠ ≥≡≥≡≈ …≥°±≡←⌠ ♦≡ ♠←≡≈ ↔•≡ ⇐⊆√⊂∉⊆ñ⇐← ←ƒ←∫

↔≡″ ↔° ×±°…× °♠↔ ↔•≡ ≥∂±° ≥°…♠← ∂± ←°″↔∂… ≡″↑ƒ°±∂… …≡≥≥←

±≈ ±≥ƒ∞≡≈ ↔•≡ ″°←∂… ∧ ≈♠≥↔← ↔•≡ ″♠↔↔∂°±← °≠ ↔•≡ ≥∂±°

÷≡±≡ ↑≡±≈≡↑ ″≡≥±°↓•°↑≡← ♠±↓∂÷″≡±↔≡≈⌠ ±≈ ↔•≡ ↑≡″∂±∂±÷

≠≡♦ ♦∂≥≈∫↔ƒ↓≡ ″≡≥±°↓•°↑≡← …± ≡ ↑≡…°÷±∂∞≡≈ ƒ ↔•≡∂↑ ≈∂←↔∂±…↔

≥…× ↓∂÷″≡±↔ ⇔°°≥≡ƒ ≡↔ ≥〉⌠  √↑∂°± ≡↔ ≥〉⌠ 〉 ⊄•∂←

≡♣↓≡↑∂″≡±↔ °≠≠≡↑← ↔♦° …↑♠…∂≥ ≈♥±↔÷≡← ∂± ↔≡←↔∂±÷ °♠↑ …°±…≥♠∫

√↑∂°± ≡↔ ≥〉⌠



≠≡♦ •°♠↑← °≠ ≡″↑ƒ°±∂… ≈≡♥≡≥°↓″≡±↔〉 ⋅≡±…≡⌠ ↔•≡ ♦∂≥≈∫↔ƒ↓≡⌠

≥…× ″≡≥±°↓•°↑≡← °≠  ÷∂♥≡± …≥♠←↔≡↑ ∂± ↔•∂← ≡♣↓≡↑∂″≡±↔ ″♠←↔

°↑∂÷∂±↔≡ ≠↑°″ ↑↑≡ ≡↑≥ƒ ≡″↑ƒ°±∂… …≡≥≥← ↔•↔ ♦≡↑≡ ±°↔ ≠≠≡…↔≡≈

ƒ ↔•≡ ≥∂±° ⇐⊆√⊂∉⊆⌠ ±≈ ↑≡ ″°←↔ ≥∂×≡≥ƒ …≥°±≥≥ƒ ↑≡≥↔≡≈〉

⊂↔↑∂×∂±÷≥ƒ⌠ ♦≡ °←≡↑♥≡ ♥↑∂∂≥∂↔ƒ ∂± ↔•≡ ≈°↑←°♥≡±↔↑≥ ←↓± ±≈

″≡≥±°↓•°↑≡ ±♠″≡↑← ←∂″∂≥↑ ↔° ↔•↔ ∂± ↔•≡ ⇐↑≡∫∂±≈♠…≡≈ …≥°±≡←

≡♣″↓≥≡← ∂± ∧∂÷♠↑≡← ∏�∏〉 ⊂∂″∂≥↑ …≥♠←↔≡↑← ♦≡↑≡ °↔∂±≡≈

♦•≡± ≥←↔°″≡↑≡← ♦≡↑≡ ↔↑±←↓≥±↔≡≈ ≠↑°″ ♦∂≥≈∫↔ƒ↓≡ ≈°±°↑ ≡″∫

↑ƒ°← ∂±↔° ≥∂±° ↑≡…∂↓∂≡±↔← ∪≥≈≡↑∂…• ≡↔ ≥〉⌠ 〉

∇≡♣↔⌠ ♦≡ …°↑↑°°↑↔≡≈ ↔•≡ ∂±…↑≡←≡ ∂± ±≡♠↑≥ …↑≡←↔∫≈≡↑∂♥≡≈

…≡≥≥← ≡↔♦≡≡±  •↓≠ ±≈  ≈↓≠ ƒ ♥∂←♠≥∂∞∂±÷ ↔•≡ ←°♣∫≡♣∫

↓↑≡←←∂±÷ ±♠…≥≡∂ ∂± ←°♣″¬ ⊆∂…•↑≈←°± ≡↔ ≥〉⌠

 ∧∂÷♠↑≡← ⇒�⇔〉 √± ↔•∂← ≥∂±≡⌠ ≡♣↓↑≡←←∂°± °≠ ±♠…≥≡↑ ″⇐•≡↑↑ƒ

±≈ ″≡″↑±≡∫°♠±≈ ¬∧∉ ∂← ≈↑∂♥≡± ƒ ↔•≡ ←″≡ ←°♣∫↓↑°∫

″°↔≡↑ ← ∂± ⊄÷←°♣∑∨⊆⊄∫⇐↑≡〉 ⇔♠↑∂±÷ ≡″↑ƒ°÷≡±≡←∂←⌠ ←°♣∫

↓°←∂↔∂♥≡ …≡≥≥← ↑≡ °←≡↑♥≡≈ ∂± ″∂÷↑↔∂±÷ ←↔↑≡″← ∧∂÷♠↑≡ ⇒⌠

±≈ƒ ≈↓≠ ↔•≡←≡ …±≡ ←≡≡± ↔ ↔•≡⇔⊆¬← ±≈ ≥°±÷ ↔•≡ ♥≡±↔↑≥

±≡↑♥≡ ↔↑…↔← ≠≡♦ …≡≥≥← ↑≡ ≈≡↔≡…↔≡≈ ≥°±÷ ↔•≡ ≈°↑←≥ ±≡↑♥≡ ↔↑…↔←

↔ ↔•∂← ←↔÷≡ ∧∂÷♠↑≡ ⇑〉 ⇒↔  ±≈  ≈↓≠⌠ ←°♣∫↓°←∂↔∂♥≡ …≡≥≥←

↑≡ °♥∂°♠← ≥°±÷ ↔•≡ ≈°↑←≥ ↑±…•≡← ← ♦≡≥≥ ≥°±÷ ↔•≡ ⇔⊆¬←

±≈ ↔•≡ ♥≡±↔↑≥ ±≡↑♥≡ ↔↑…↔← ∧∂÷♠↑≡← ⇐�⇔⌠ ±≡↑♥≡ ↔↑…↔← ↔•↔

≡♣∂↔ ♥∂ ↔•≡ •°↑∂∞°±↔≥ ″ƒ°←≡↓↔♠″ ↑≡ ±°↔ ♥∂←∂≥≡ ∂± ↔•∂← ↓≥±≡

°≠ ♥∂≡♦ ←…•≡″↔∂… ∂± ∧∂÷♠↑≡ ∨〉 ⊄•≡ ∂±…↑≡←≡ ∂± ←°♣∫↓°←∂↔∂♥≡

±♠″≡↑ °≠ ←°♣∫↓°←∂↔∂♥≡ ±♠…≥≡∂ ∂± ↔•≡ ⇔⊆¬← ≡↔♦≡≡±  ±≈

 ≈↓≠⌠ ±≈ °←≡↑♥≡≈  …≥≡↑ ∂±…↑≡←≡ ∂± …≡≥≥ ±♠″≡↑←  ≈↓≠∑

…≡≥≥←⌠  ⇔⊆¬← ≠↑°″ ←∂♣ ±∂″≥←  ≈↓≠∑ 〉 ν 〉 …≡≥≥←⌠ ≡∂÷•↔

⇔⊆¬← ≠↑°″ ≠°♠↑ ±∂″≥← ♥≡↑÷≡ ν ⊂⇔〉

°≠ ±≡♠↑≥ …↑≡←↔∫≈≡↑∂♥≡≈ ↓↑°÷≡±∂↔°↑← ↑≡″∂± ♠±…°″″∂↔↔≡≈〉 ∪≡

←♠÷÷≡←↔ ↔•↔ ↔•≡ ±♠″≡↑← ±≈ ↔ƒ↓≡← °≠ …≡≥≥← ÷≡±≡↑↔≡≈ ƒ 

↓↑°÷≡±∂↔°↑← ″ƒ ↑≡↓↑≡←≡±↔  •≡↔≡↑°÷≡±≡°♠← ↓°°≥ °≠ ←°♣∫↓°←∫

∂↔∂♥≡ …≡≥≥←〉 ⊄•≡←≡ ≈↔ ←•°♦ ↔•↔ ≥↔•°♠÷• ↔•≡ ±≡♠↑≥ …↑≡←↔ ↓↑°∫

÷≡±∂↔°↑← ↑≡″∂± ″♠≥↔∂↓°↔≡±↔ ↔•↑°♠÷•°♠↔ ≡″↑ƒ°±∂…⌠ ≥↑♥≥⌠ ±≈

≡↑≥ƒ ″≡↔″°↑↓•∂… ←↔÷≡←⌠ ↔•≡ƒ ∂±…↑≡←≡ ∂± ±♠″≡↑⌠ ±≈ ♦∂↔•

↔∂″≡ ≡…• ↓↑°÷≡±∂↔°↑ ÷∂♥≡← ↑∂←≡ ↔°  ←″≥≥≡↑ ±♠″≡↑ °≠ …≡≥≥←〉

°←↔ ≡≥±°↓•°↑≡← ∠↑∂÷∂±↔≡ ≠↑°″ ⊇±≈∂≠≠≡↑≡±↔∂↔≡≈

∉↑°÷≡±∂↔°↑←

⊄•≡ ±≥ƒ←∂← °≠ …≥°±≡ ←↓± ±≈ ″≡≥±°↓•°↑≡ ±♠″≡↑← ←♠÷∫

÷≡←↔← ↔•↔ ≠↔≡ ↑≡←↔↑∂…↔∂°± ∂← …°±…°″∂↔±↔ ♦∂↔•  ↑≡≈♠…↔∂°± ∂± ↔•≡

∧∂÷♠↑≡ 〉 ∉↑°÷≡±∂↔°↑← √±…↑≡←≡ ∂±∇♠″≡↑≡↔♦≡≡±∨″↑ƒ°÷≡±≡←∂← ±≈≡↔″°↑↓•°←∂← ∉↑°≥∂≠≡↑↔∂°± ⇒∂≥∂↔ƒ ⇔∂″∂±∂←•≡←♦∂↔•∧↔≡⊆≡←↔↑∂…↔∂°±

⇒�⇔ ⊄÷←°♣″¬ ←°♣∫↓°←∂↔∂♥≡ …≡≥≥←

≥°±÷ ↔•≡ ±≡↑♥≡ ↔↑…↔←〉 ¬↑ƒ⌠ ″≡″↑±≡∫↔÷÷≡≈ ¬∧∉ ↑≡≈⌠ ±♠…≥≡↑ ⊆∧∉〉

∨ ⊂…•≡″↔∂… ↑≡↓↑≡←≡±↔↔∂°± °≠ ↔•≡ ←←°…∂↔∂°± ≡↔♦≡≡± ↓∂÷″≡±↔ …≡≥≥ ↓↑°÷≡±∂↔°↑← ±≈ ↓≡↑∂↓•≡↑≥ ±≡♠↑°±←〉

°± °≠ ↔•≡

±♠″≡↑ °≠ ≥≡≥≡≈ ″≡≥±°↓•°↑≡← ≡…• ≈°↔ ↑≡↓↑≡←≡±↔← ↔•≡ ±♠″≡↑ °≠ ≥≡≥≡≈ ″≡≥±°↓•°↑≡← ∂± ± ∂±≈∂♥∂≈♠≥ …≥°±≡〉

⊂…≥≡ ↑← ↑≡↓↑≡←≡±↔  ″″ ∂± ⇒�⇔ ±≈  ″″ ∂± ∧�⋅〉 ⊂≡≡ ≥←° ∧∂÷♠↑≡← ⊂ ±≈ ⊂〉

⇔≡♥≡≥°↓″≡±↔≥ ⇐≡≥≥ ⌠ �⌠ ⇒♠÷♠←↔ ⌠  
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↓↑°÷≡±∂↔°↑�← ∂≥∂↔ƒ ↔° ↓↑°≥∂≠≡↑↔≡∑ √∩ …≥°±≡← ↔≡±≈ ↔° ≡ ≥↑÷≡↑

↔•± ↔•≡ ≠↔≡∫↑≡←↔↑∂…↔≡≈ …≥°±≡← ∧∂÷♠↑≡← ⇔�√〉 ⊄° ♠±≈≡↑←↔±≈

↔•≡ →♠±↔∂↔↔∂♥≡ ≈∂≠≠≡↑≡±…≡← ∂± ↔•≡ ↓°↔≡±↔∂≥ °≠ ″♠≥↔∂↓°↔≡±↔

↓↑°÷≡±∂↔°↑← ±≈ …°″″∂↔↔≡≈ ↓↑≡…♠↑←°↑←⌠ ♦≡ …°♠±↔≡≈ ↔•≡″≡≥±°∫

↓•°↑≡← ↓↑°≈♠…≡≈ ∂± …≥°±≡← ↔•↔ ÷≡±≡↑↔≡≈ ≥≥ ↔•↑≡≡ ↓∂÷″≡±↔ …≡≥≥

↔ƒ↓≡← √∩ …≥°±≡←⌠ …≥°±≡← ↔•↔ ÷≡±≡↑↔≡≈ ″≡≥±°↓•°↑≡← ±≈

°±≡ ≈≈∂↔∂°±≥ ↓∂÷″≡±↔ …≡≥≥ ↔ƒ↓≡ √ °↑ ∩ …≥°±≡←⌠ ±≈ ↔•≡

…≥°±≡← ∂± ♦•∂…• °±≥ƒ ″≡≥±°↓•°↑≡← ♦≡↑≡ ↓↑°≈♠…≡≈  …≥°±≡←

≡♣″↓≥≡← ≠↑°″ ⇐↑≡ …↔∂♥↔∂°± ↔  ≈↓≠ ∂± ∧∂÷♠↑≡← ∧�⋅ ±≈

↔  •↓≠⌠  ≈↓≠⌠ ±≈  ≈↓≠ ∂± ∧∂÷♠↑≡ ⊂〉 ≡≥±°↓•°↑≡ →♠±↔∂∫

↔ ≥≥ ≠°♠↑ ←↔÷≡← ∧∂÷♠↑≡ √〉 ∉↑°÷≡±∂↔°↑← ↔•↔ ÷∂♥≡ ↑∂←≡ ↔° ↔•≡

√∩ …≥°±≡← ÷≡±≡↑↔≡  ≥↑÷≡ ±♠″≡↑ °≠ ″≡≥±°↓•°↑≡←⌠ ♦•≡↑≡←

↓↑°÷≡±∂↔°↑← ↔•↔ ÷∂♥≡ ↑∂←≡ ↔° ↔•≡ …≥°±≡← ≡≥°±÷∂±÷ ↔° ↔•≡ °↔•≡↑ ↔♦°

…↔≡÷°↑∂≡← √ñ∩…≥°±≡← °↑…≥°±≡← ″×≡°±≥ƒ  ←″≥≥ ±♠″≡↑

°≠ ″≡≥±°↓•°↑≡← ∧∂÷♠↑≡ √〉 ⊄•≡ …≥°±≡← …°±↔∂±∂±÷ °±≥ƒ ″≡≥±°∫

↓•°↑≡← ″×≡ ↔•≡ ≠≡♦≡←↔ ″≡≥±°↓•°↑≡← ↑↑≡≥ƒ ″°↑≡ ↔•± ↔♦°

…≡≥≥←〉 ⊄•∂← ∂±≈∂…↔≡← ↔•↔ …°″″∂↔↔≡≈ ″≡≥±°↓•°↑≡ ↓↑≡…♠↑←°↑←

↑↑≡≥ƒ ♠±≈≡↑÷° …≡≥≥ ≈∂♥∂←∂°±← ≡≠°↑≡ ↔≡↑″∂±≥ ≈∂≠≠≡↑≡±↔∂↔∂°± ∂±↔°

″↔♠↑≡ ″≡≥±°↓•°↑≡←〉

⇐°″″∂↔↔≡≈ ♣±↔•°↓•°↑≡← ±≈ ∂↑∂≈°↓•°↑≡← ↑≡ ×±°♦± ↔°

≡♣•∂∂↔ ≥°…≥ ↓↑°≥∂≠≡↑↔∂°± •≥♦↑ ≡↔ ≥〉⌠  ⊂∂±÷• ≡↔ ≥〉⌠

〉 ⇐°±←∂←↔≡±↔ ♦∂↔• ↔•∂←⌠ …≥°±≡← …°±↔∂±∂±÷ °±≥ƒ ∂↑∂≈°↓•°↑≡←

…± ≡♣↔≡±≈ ♠↓ ↔° ↔♦° ≥∂÷•↔ ←↔↑∂↓≡← ±≈ …°±↔∂± ″±ƒ ∂↑∂≈°↓•°↑≡←

∧∂÷♠↑≡← ⊂⇒�⊂⇐〉 ⊂∂″∂≥↑≥ƒ⌠ ↔•≡ …°″″∂↔↔≡≈ ♣±↔•°↓•°↑≡←

…± ÷≡±≡↑↔≡ ←≡♥≡↑≥ ♣±↔•°↓•°↑≡← ∧∂÷♠↑≡← ⊂⇔�⊂⋅〉 √±↔≡↑≡←↔∫

∂±÷≥ƒ⌠ ≠↔≡∫↑≡←↔↑∂…↔≡≈ …≥°±≡← °≠ ∂↑∂≈°↓•°↑≡← ≠↑≡→♠≡±↔≥ƒ ←↓±±≡≈

⊃ ∧∂÷♠↑≡← ⇔ ±≈ 

←≡→♠≡±…≡ °≠ ≡♥≡±↔←〉 ⇔♠↑∂±÷ ″≡↔″°↑↓•°←∂←⌠ ∂↑∂≈°↓•°↑≡← ∂±∂↔∂≥≥ƒ

≥∂÷•↔ ←↔↑∂↓≡〉 ⊂∂″∂≥↑≥ƒ⌠ ″≡≥±°↓•°↑≡← ↔•↔ ↓↓≡↑ ♥∂ ↔•≡ •°↑∂∞°±∫

↔≥ ″ƒ°←≡↓↔♠″ ≈♠↑∂±÷ ≡↑≥ƒ ″≡↔″°↑↓•°←∂← ↑≡ ∂±…°↑↓°↑↔≡≈ ∂±

⊄•≡ ≈°↑←°♥≡±↔↑≥≥ƒ ↑≡←↔↑∂…↔≡≈ °↑÷±∂∞↔∂°± °≠ …≥°±≡← ↓≡↑←∂←↔← ∂±

″♠↔±↔← ↔•↔ ↑≡ …°″↓↑°″∂←≡≈ ∂±  ←∂±÷≥≡ ↓∂÷″≡±↔ …≡≥≥ ↔ƒ↓≡ ∧∂÷∫

♠↑≡ 〉 ∪≡ ±≥ƒ∞≡≈ ↔•≡ …≥°±≥ °↑÷±∂∞↔∂°± °≠ ↓∂÷″≡±↔ …≡≥≥←

∂± ←↓↑←≡ñ×∂↔ ″♠↔±↔← ∉↑∂…•ƒ ≡↔ ≥〉⌠  ↔•↔ ≥…×  ←♠←≡↔

°≠ ″≡≥±°↓•°↑≡← ∧∂÷♠↑≡← ⇒�⇐⌠ ∂± ←•≈ƒñ≥≡♠×°…ƒ↔≡ ↔ƒ↑°←∂±≡

×∂±←≡ ≥↔× ″♠↔±↔← °↓≡← ≡↔ ≥〉⌠  ↔•↔ ≥…× ∂↑∂≈°↓•°↑≡←

∧∂÷♠↑≡← ⇔�∧⌠ ±≈ ∂± ↓≠≡≠≠≡↑ñ≠″←ñ…°≥°±ƒ ←↔∂″♠≥↔∂±÷ ≠…↔°↑

↑≡…≡↓↔°↑  …←≠↑ ″♠↔±↔← ∉↑∂…•ƒ ≡↔ ≥〉⌠  ↔•↔ ≥…×

♣±↔•°↓•°↑≡← ∧∂÷♠↑≡← ¬�√〉 ∪≡ ≠°♠±≈ √∩ …≥°±≡← ∂± ←↓↑←≡⌠

∩ …≥°±≡← ∂± ←•≈ƒ⌠ ±≈ √ …≥°±≡← ∂± ↓≠≡≠≠≡↑⌠ ♦•∂…• ←•°♦ 

←∂″∂≥↑ ≈∂←↔↑∂♠↔∂°± ≥°±÷ ↔•≡ ≈°↑←°♥≡±↔↑≥ ♣∂← ← ∂± ♦∂≥≈∫↔ƒ↓≡〉

←•≈ƒ ±≈

↓≠≡≠≠≡↑ ″♠↔±↔← ←•°♦← →♠≥∂↔↔∂♥≡≥ƒ ±°↑″≥ ≡•♥∂°↑ °≠ ↓∂÷″≡±↔

…≡≥≥ ↓↑°÷≡±∂↔°↑← ∂± ÷≡±≡↑↔∂±÷ ↔•≡ ↑≡″∂±∂±÷ ↓∂÷″≡±↔ …≡≥≥ ↔ƒ↓≡←

∧∂÷♠↑≡ ⊂〉 ⊄•∂← ∂← …°±←∂←↔≡±↔ ♦∂↔• ↔•≡ ±°↔∂°± ↔•↔ ↔•≡ ÷≡±≡←

±∂∞↔∂°± °≠ ↔•≡ ″♠≥↔∂↓°↔≡±↔ ↓↑°÷≡±∂↔°↑← ♠↔ ↑≡ ↑≡→♠∂↑≡≈ ↔° ↓↑°∫

″°↔≡ ↔•≡ ≈∂≠≠≡↑≡±↔∂↔∂°± °≠  ↓↑↔∂…♠≥↑ …≡≥≥ ↔ƒ↓≡〉

⇔√⊂⇐⊇⊂⊂√∠∇

∠♠↑ …≥°±≥ ±≥ƒ←∂← °≠ ↔•≡ ≈♠≥↔ ↓∂÷″≡±↔ …≡≥≥ ↓↑°÷≡±∂↔°↑← ∂± ∞≡↑∫

↑≡″∂± ″♠≥↔∂↓°↔≡±↔ ≠°↑ ←≡♥≡↑≥ ♦≡≡×← ≠↔≡↑ ≠≡↑↔∂≥∂∞↔∂°±〉 ⊄•≡ ↓↑°∫

÷≡±∂↔°↑← ÷≡±≡↑↔≡ ±≡♠↑°±← …°±↔↑∂♠↔∂±÷ ↔° ↔•≡ ∉∇⊂⌠ ±≈ ≥≥ ↔•↑≡≡

↓∂÷″≡±↔ …≡≥≥ ↔ƒ↓≡← ↔•↔ ″×≡ ♠↓ ↔•≡ ≈♠≥↔ …°≥°↑ ↓↔↔≡↑± °± ↔•≡

°≈ƒ ±≈ ←…≥≡←〉 ⊄•≡ ↓↑°÷≡±∂↔°↑← ″ƒ ≡∂↔•≡↑ ≡ ↓≥←↔∂… °↑ ↔•≡↑≡

″ƒ ≡ ″♠≥↔∂↓≥≡ ↓↑°÷≡±∂↔°↑← ↔ ≈∂≠≠≡↑≡±↔ ←↔÷≡← °≠ ≈∂≠≠≡↑≡±↔∂↔∂°±

∂± …≥°±≡←∑ …≥°±≡← °≠ ♥↑ƒ∂±÷ ←∂∞≡← ±≈ ←•↓≡← ↑≡ °↔∂±≡≈ ↔ ≥≥

≠°♠↑ ↔∂″≡ ↓°∂±↔← ←↔♠≈∂≡≈ •≡↑≡〉

⇐≡≥≥∫∧↔≡ ∉≥←↔∂…∂↔ƒ ±≈⇐°″″∂↔″≡±↔ ∂± ↔•≡∉∂÷″≡±↔ ⇐≡≥≥

∉↑°÷≡±∂↔°↑←

√± ↔•≡ …°±↔≡♣↔ °≠ ↔•≡ ≥↑♥≥ ↓∂÷″≡±↔ …≡≥≥← ↔•↔ °↑∂÷∂±↔≡ ≈∂↑≡…↔≥ƒ

≠↑°″ ↔•≡ ±≡♠↑≥ …↑≡←↔⌠ ∂↔ ∂← ×±°♦± ↔•↔ ←≡♥≡↑≥ °≠ ↔•≡ ÷≡±≡←

↓↑≡←←≡≈ ∂± ±≡♠↑≥ …↑≡←↔ …≡≥≥← ±≈ ↑≡ ←♠←≡→♠≡±↔≥ƒ ↓↑≡≠≡↑≡±↔∂≥≥ƒ

↑≡←↔↑∂…↔≡≈ ↔°  ↓↑↔∂…♠≥↑ ↓∂÷″≡±↔ …≡≥≥ ↔ƒ↓≡〉 ∧°↑ ≡♣″↓≥≡⌠ ″∂↔≠⌠ 

÷≡±≡ ↔•↔ ∂← ↓↑∂″↑∂≥ƒ ↑≡→♠∂↑≡≈ ∂± ″≡≥±°↓•°↑≡←⌠ ←•°♦← ±≡♠↑≥

…↑≡←↔∫♦∂≈≡ ≡♣↓↑≡←←∂°± ≈♠↑∂±÷ ≡″↑ƒ°÷≡±≡←∂← ⇔°°≥≡ƒ ≡↔ ≥〉⌠

 ∂←↔≡↑ ≡↔ ≥〉⌠ 〉 ⊂∂″∂≥↑ °←≡↑♥↔∂°±← •♥≡ ≡≡±

″≈≡ ≠°↑ ↔•≡ ↓↑°÷↑≡←←∂♥≡ ↑≡←↔↑∂…↔∂°± °≠ ≡♣↓↑≡←←∂°± °≠ ≥↔× ±≈

…←≠↑ ∂± ∂↑∂≈°↓•°↑≡← ±≈ ♣±↔•°↓•°↑≡←⌠ ↑≡←↓≡…↔∂♥≡≥ƒ °↓≡←

≡↔ ≥〉⌠  ∉↑∂…•ƒ ≡↔ ≥〉⌠ 〉 √± ≠…↔⌠ ←°″≡ °≠ ↔•≡ ↓∂÷″≡±↔

″∂↔≠ ±≈ …←≠↑⌠ °♥≡↑≥↓ ∂± ↔•≡∂↑

≡♣↓↑≡←←∂°± ↓↔↔≡↑± ∂± ±≡♠↑≥ …↑≡←↔ …≡≥≥← ⇐♠↑↑± ≡↔ ≥〉⌠ 

∉↑∂…•ƒ ≡↔ ≥〉⌠ 〉 ⊄•≡←≡ °←≡↑♥↔∂°±← ″ƒ °≠≠≡↑ ± ≡♣↓≥±∫

↔∂°± ≠°↑ ↔•≡ ≥…× °≠ ≥∂±≡÷≡ …°″″∂↔″≡±↔ ∂± ±≡♠↑≥ …↑≡←↔ …≡≥≥∫

≈≡↑∂♥≡≈ ↓↑°÷≡±∂↔°↑←〉 √± ↓↑∂±…∂↓≥≡⌠ ↔•≡ ↓↑°÷≡±∂↔°↑← ″ƒ ≡♣↓↑≡←←

←≡↓↑↔≡ ∩ ±≈√ ≥∂±≡÷≡← ∧∂÷♠↑≡ ∏〉 ⇐°″″∂↔″≡±↔ ↔°  ÷∂♥≡±

↓∂÷″≡±↔ …≡≥≥ ≠↔≡ ♦°♠≥≈ ↔•≡± ≈≡↓≡±≈ ♠↓°± ↔•≡ ♥∂≥∂≥∂↔ƒ °≠ ←↓≡∫

↓↑°÷≡±∂↔°↑←〉

⊄•≡ …≡≥≥ ±♠″≡↑← ↑≡→♠∂↑≡≈ ↔° ÷≡±≡↑↔≡ ↔•≡ ≈♠≥↔ ←↔↑∂↓≡

↓↔↔≡↑± ↑≡ ±°↔ ∂≈≡±↔∂…≥ ≥°±÷ ↔•≡ ±↔≡↑∂°↑∫↓°←↔≡↑∂°↑ °≈ƒ

≈↑× ←↔↑∂↓≡← ±≈ ≠°♠↑ ≥∂÷•↔ ←↔↑∂↓≡←⌠ ±≈ °±≥ƒ ↔•↑≡≡ ≈↑× ±≈

↔♦° ≥∂÷•↔ ←↔↑∂↓≡← ≡♣↔≡±≈ ↔° ↔•≡ ↓°←↔≡↑∂°↑ ↑≡÷∂°±←〉 ⊂∂″∂≥↑≥ƒ⌠

≥°±÷ ↔•≡ ≈°↑←°♥≡±↔↑≥ ♣∂←⌠ ↓∂÷″≡±↔ …≡≥≥ ±♠″≡↑← ±≈ …°″↓°∫

←∂↔∂°± ♥↑∂≡← ∂± °≈ƒ⌠ ♥∂←…≡↑⌠ ±≈ ←…≥≡← ⇐≡∂±°← ≡↔ ≥〉⌠ 

∧≈≡≡♥ ≡↔ ≥〉⌠ 〉 ¬∂♥≡± ↔•↔ ↔•≡ ↓∂÷″≡±↔ …≡≥≥← ←•↑≡  ≥∂±≡∫

÷≡ ≥°±÷ ↔•≡ ≈°↑←°♥≡±↔↑≥ ♣∂←⌠ ∂↔ ″∂÷•↔ ≡ ≈♥±↔÷≡°♠← ↔°

•♥≡ ↓↑°÷≡±∂↔°↑← ↔•↔ ↑≡ ±°↔ ≠↔≡ ↑≡←↔↑∂…↔≡≈∑ ↔•∂← ♦∂≥≥ ≥≥°♦ ±

″≡±↔ ±≈ ↑≡÷≡±≡↑↔∂°±〉 ⊄•≡ ↓↑°÷≡±∂↔°↑← ″ƒ ≡…°″≡ ≠↔≡

↑≡←↔↑∂…↔≡≈ ≈≡↓≡±≈∂±÷ ♠↓°± ↔•≡ ≡±♥∂↑°±″≡±↔≥ …♠≡←〉 ⊄•≡ ≡±♥∂∫

↔× ±≈ ∨≈±↑ ≠°↑ ∂↑∂≈°↓•°↑≡←⌠ ±≈ ⇐←≠↑ ≠°↑ ♣±↔•°↓•°↑≡←

⇔°°≥≡ƒ ≡↔ ≥〉⌠  ∧≈≡≡♥ ≡↔ ≥〉⌠  ∧↑°•±•°ω ≠≡↑ ≡↔ ≥〉⌠

 °↓≡← ≡↔ ≥〉⌠  ∉↑∂…•ƒ ≡↔ ≥〉⌠ ⌠ ⌠ 〉

⇐°±←∂←↔≡±↔ ♦∂↔•  ↑°≥≡ ≠°↑ ↔•≡ ↔∂←←♠≡ ≡±♥∂↑°±″≡±↔⌠ °↔•≡↑ ÷≡±≡←

⇐≡∂±°←

≡↔ ≥〉⌠  ↑♠←← ≡↔ ≥〉⌠  ±÷ ≡↔ ≥〉⌠ 〉 ∨♣↓↑≡←←∂°±

∂← ≥←° ↓°←←∂≥≡ ↔•↔ ↔•≡↑≡ ↑≡ °↔•≡↑ ″≡…•±∂←″← ↔•↔ ↓↑∂″≡

↓•°←∂←⌠ ↔•≡ ↔•↑≡≡ ↓∂÷″≡±↔ …≡≥≥ ↔ƒ↓≡← ≈≡↓≡±≈ ♠↓°± °±≡ ±°↔•≡↑

≠°↑ ≈∂≠≠≡↑≡±↔∂↔∂°±⌠ ″∂÷↑↔∂°±⌠ ↓↑°≥∂≠≡↑↔∂°±⌠ ±≈ ←♠↑♥∂♥≥⌠ ±≈ ∂±

 ⇔≡♥≡≥°↓″≡±↔≥ ⇐≡≥≥ ⌠ �⌠ ⇒♠÷♠←↔ ⌠ 
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↔•≡ ←≡±…≡ °≠ ±ƒ ↔♦° ÷∂♥≡± ↓∂÷″≡±↔ …≡≥≥ ↔ƒ↓≡←⌠ ↔•≡ ↑≡″∂±∂±÷

↔•∂↑≈ …≡≥≥ ↔ƒ↓≡ ↔≡±≈← ↔° …°♥≡↑ ↔•≡ ≡±↔∂↑≡ ←×∂± ∧≈≡≡♥ ≡↔ ≥〉⌠

 ∧↑°•±•°ω ≠≡↑ ≡↔ ≥〉⌠  √↑∂°± ≡↔ ≥〉⌠ 〉 ⊄•♠←⌠

…↑°←←∫…°″″♠±∂…↔∂°± ≡↔♦≡≡± ↓∂÷″≡±↔ …≡≥≥←⌠ ↔•≡∂↑ ↓↑≡…♠↑←°↑←⌠

±≈ ↔•≡ ≡±♥∂↑°±″≡±↔ ↑≡ ∂″↓°↑↔±↔ ∂± ≈≡↔≡↑″∂±∂±÷ ↔•≡ ↓∂÷″≡±↔

…≡≥≥ ≠↔≡〉

♠≥↔∂↓°↔≡±↔ ∉↑°÷≡±∂↔°↑← ← ⊂↔≡″ ⇐≡≥≥← ≠°↑

∉°←↔≡″↑ƒ°±∂… ∇≡♠↑°±← ±≈ ∉∂÷″≡±↔ ⇐≡≥≥←

∧°≥≥°♦∂±÷ ♦°↑× ∂± ∂↑≈← ±≈ ″″″≥← ⇒≈″≡ƒ×° ≡↔ ≥〉⌠

⌠ ←≡♥≡↑≥ ←↔♠≈∂≡← •∂÷•≥∂÷•↔≡≈  …≥°←≡ ←←°…∂↔∂°± ≡↔♦≡≡±

±≡♠↑°±≥ ↑°↑← ±≈ ↓∂÷″≡±↔ …≡≥≥ ↓↑°÷≡±∂↔°↑←⌠ ±≈ ←♠÷÷≡←↔≡≈

↔•↔ ↔•≡ƒ ↓≥ƒ ± ∂″↓°↑↔±↔ ↑°≥≡ ∂± ↓∂÷″≡±↔ …≡≥≥ ≈≡♥≡≥°↓″≡±↔

Dorsally prominant MIX clone

ki
ta
-/-
;T
g(
so
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0:
E
R
T2
-C
re
)/+

;
Tg
(
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tin
:lo
xP
-S
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P
-lo
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-D
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ed
)/+

ltk
-/-
;T
g(
so
x1
0:
E
R
T2
-C
re
)/+

;
Tg
(
ac
tin
:lo
xP
-S
TO
P
-lo
xP
-D
sR
ed
)/+

cs
f1
ra
-/-
;T
g(
so
x1
0:
E
R
T2
-C
re
)/+

;
Tg
(
ac
tin
:lo
xP
-S
TO
P
-lo
xP
-D
sR
ed
)/+

Ventrally prominant MIX clone

⇒ ⇐

M
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Lateraly prominant MIX clone

M

I

I

N

X

X

X0

X1V

1D

1V

2V

X1D

⇑

M

N

X0

X0

1D

1D

1V
1V

M

X

X

N

N

M
I

I

N

N

N

M

I

M

M
M

I

I

¬ √⋅

⇔ ∧∨

∧∂÷♠↑≡ 〉 ⇔°↑←°♥≡±↔↑≥ ∠↑÷±∂∞↔∂°± °≠ ⇐≥°±≡← ∂± ∉∂÷″≡±↔↔∂°± ♠↔±↔←

⇒�√ ⇐≥°±≡← ∂± ↔•≡ …×÷↑°♠±≈ °≠ ⇒�⇐ ←↓↑←≡ñ×∂↔ ≥…×∂±÷  ←♠←≡↔ °≠ ″≡≥±°↓•°↑≡← ±   …≥°±≡←⌠ ⇔�∧ ←•≈ƒñ≥↔× ≥…×∂±÷ ∂↑∂≈°↓•°↑≡← ±   …≥°±≡←⌠ ±≈ ¬�√

↓≠≡≠≠≡↑ñ…←≠↑ ≥…×∂±÷ ♣±↔•°↓•°↑≡← ±   …≥°±≡←〉 ⊂…≥≡ ↑←⌠  ″″〉 ⊂≡≡ ≥←° ∧∂÷♠↑≡ ⊂〉

⇔≡♥≡≥°↓″≡±↔≥ ⇐≡≥≥ ⌠ �⌠ ⇒♠÷♠←↔ ⌠  
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⇑♠≈∂ ≡↔ ≥〉⌠  ⇔°°≥≡ƒ ≡↔ ≥〉⌠  ⊂∂±÷• ≡↔ ≥〉⌠ 〉 ⇒↔ ↔•≡

≥≡♥≡≥ °≠ ↔•≡ ↓↑°÷≡±∂↔°↑←⌠ ↑≡←↔↑∂…↔∂°± ↔°  ÷∂♥≡± …≡≥≥ ≠↔≡ ″ƒ °……♠↑

← ↔•≡ ↓↑°÷≡±∂↔°↑← ″°♥≡ ↔°♦↑≈ ↔•≡ ←×∂± ≥°±÷ ↔•≡ ↓≡↑∂↓•≡↑≥

±≡↑♥≡←〉 ⊄•≡ ↓↑°÷≡±∂↔°↑← ←←°…∂↔≡≈ ♦∂↔• ↔•≡ ⇔⊆¬ ↑≡″∂± ″♠≥↔∂∫

↓°↔≡±↔ ±≈ ↑≡ ↔•≡ ≈♠≥↔ ←↔≡″ …≡≥≥← ↔•↔ ÷∂♥≡ ↑∂←≡ ↔° ↓∂÷″≡±↔ …≡≥≥←

±≈ ±≡♠↑°±← ≈♠↑∂±÷ ″≡↔″°↑↓•°←∂←〉 ∇≡♠↑°±← ↑≡ …°±↔∂±♠°♠←≥ƒ

↑°±← ↔  ≈↓≠⌠ ±≈ ↔•∂← ±♠″≡↑ ∂±…↑≡←≡← ″±ƒ ≠°≥≈ ƒ  ≈↓≠

…¬↑♦ ≡↔ ≥〉⌠ 〉 ⊄•≡ ±≡♦ ±≡♠↑°±← ↑≡ ≈≈≡≈ ƒ ↓↑°≥∂≠≡↑∫

↔∂±÷⌠ ±°±∫±≡♠↑°±≥⌠ ←°♣∫↓°←∂↔∂♥≡ …≡≥≥← ↔•↔ ↑≡←∂≈≡ ♦∂↔•∂± ↔•≡

⇔⊆¬ …¬↑♦ ≡↔ ≥〉⌠ 〉 ∪≡ ←•°♦ ↔•↔ ↔•≡ ⇔⊆¬∫←←°…∂↔≡≈

…≡≥≥← ÷≡±≡↑↔≡ ±≡♠↑°±← ← ♦≡≥≥ ← ↓∂÷″≡±↔ …≡≥≥← ≡ƒ°±≈ ↔•≡ ≥↑♥≥

←↔÷≡←⌠ ∂±≈∂…↔∂±÷ ↔•↔ ↔•≡←≡ …≡≥≥← ↑≡″∂±″♠≥↔∂↓°↔≡±↔〉 √↔ •← ≡≡±

°←≡↑♥≡≈ ↔•↔ ↔•≡ ⇔⊆¬∫←←°…∂↔≡≈ …≡≥≥← ↑≡÷≡±≡↑↔≡ ±≡♦ ″≡≥∫

±°↓•°↑≡← ♠↓°± ≈≡↓≥≡↔∂°± °≠ ≡♣∂←↔∂±÷ ″≡≥±°↓•°↑≡← ⇔°°≥≡ƒ

≡↔ ≥〉⌠ 〉 ⊄•∂← ∂±≈∂…↔≡← ↔•↔ ←°″≡⌠ ∂≠ ±°↔ ≥≥⌠ ←°♣∫↓°←∂↔∂♥≡

″♠≥↔∂↓°↔≡±↔ ↓↑°÷≡±∂↔°↑← ↔ ↔•≡ ⇔⊆¬ ≡•♥≡ ≥∂×≡ ←↔≡″ …≡≥≥←〉

⇐°±←∂←↔≡±↔ ♦∂↔• ↔•∂←⌠ ↓∂÷″≡±↔ …≡≥≥← ↑≡÷≡±≡↑↔≡ ≠↔≡↑ ←≡♥≡↑≥

↑°♠±≈← °≠ ↔↑÷≡↔≡≈ ≥↔∂°±⌠ °↑ ≠↔≡↑ ↓∂÷″≡±↔ …≡≥≥ ≈≡↔• ≈♠≡ ↔°

÷≡±≡↔∂… ″♠↔↔∂°±← ← ∂± ↔ƒ↑↓⇒ ↑♠←← ≡↔ ≥〉⌠  ∠�⊆≡∂≥≥ƒ∫

∉°≥ ±≈ ∏°•±←°±⌠ 〉 ⇑≡↔♦≡≡± ≡″↑ƒ°÷≡±≡←∂← ↔° ≡↑≥ƒ ″≡↔∫

″°↑↓•∂… ←↔÷≡←⌠ ↔•≡ ″♠≥↔∂↓°↔≡±↔ ↓↑°÷≡±∂↔°↑← ↓↑°≥∂≠≡↑↔≡ ±≈ ∂±∫

…↑≡←≡ ↔•≡∂↑ ↓°°≥ ←∂∞≡〉 ⊄•≡ ∂±…↑≡←≡ ∂± ↔•≡ ±♠″≡↑ °≠ ↓↑°÷≡±∂↔°↑←

≥≡≈← ↔°  ↓↑°÷↑≡←←∂♥≡ ↑≡≈♠…↔∂°± ∂± ↔•≡ ←∂∞≡ °≠ …≥°±≡← ↔•↔ ±≡♥≡↑∫

↔•≡≥≡←← ÷≡±≡↑↔≡ ≥≥ ↔•↑≡≡ ↓∂÷″≡±↔ …≡≥≥ ↔ƒ↓≡←〉

√↔ ♦← ↑≡…≡±↔≥ƒ ←♠÷÷≡←↔≡≈ ↔•↔ ↔•≡ ≡″≡↑÷≡±…≡ °≠ ↓≡↑∂↓•≡↑≥

±≡↑♥≡∫←←°…∂↔≡≈ ″♠≥↔∂↓°↔≡±↔ ↓↑°÷≡±∂↔°↑← ≥≥°♦≡≈ ♥≡↑↔≡↑↔≡←

↔° ≠≠°↑≈ ≠←↔≡↑ ÷↑°♦↔• ↑↔≡ ±≈ ∂÷÷≡↑ °≈∂≡←∑ ↔•≡ ±≡↑♥≡← ←≡↑♥≡

←  ±∂…•≡ ≠°↑ ↔•≡ ↓↑°÷≡±∂↔°↑← ±≈ ≠…∂≥∂↔↔≡ ↔•≡∂↑ ≥°±÷∫≈∂←↔±…≡

↔↑±←↓°↑↔ ↔•↑°♠÷•°♠↔ ↔•≡ °≈ƒ ⇔ƒ…•♠× ≡↔ ≥〉⌠  √♥←•×∂±

≡↔ ≥〉⌠ 〉 ⊄×≡± ↔°÷≡↔•≡↑⌠ °♠↑ ≈↔ ∂±≈∂…↔≡  ÷≡±≡↑≥ ↑°≥≡ °≠

↓≡↑∂↓•≡↑≥ ±≡↑♥≡← ∂± ↔•≡ ≈≡♥≡≥°↓″≡±↔ ±≈ ↔↑±←↓°↑↔ °≠ ″♠≥↔∂↓°∫

↔≡±↔ ↓↑°÷≡±∂↔°↑←〉 ∠♠↑ …≥°±≥ ±≥ƒ←∂← ±≈ ≥°±÷∫↔≡↑″ ∂″÷∂±÷ ↓↑°∫

♥∂≈≡ ↔•≡ ∂± ♥∂♥° ≈ƒ±″∂…← °≠ ↓↑°÷≡±∂↔°↑ ≡•♥∂°↑ ±≈←♠÷÷≡←↔ ↔•↔

↔•≡ ↓↑°÷≡±∂↔°↑← ≠°↑ ≈♠≥↔ ↓∂÷″≡±↔ …≡≥≥← ↑≡←∂≈≡ ∂± ←≡♥≡↑≥ ≥°…↔∂°±←

∂± ↓↑°♣∂″∂↔ƒ ↔° ±≡↑♥≡ ↑°↑← ≥°±÷ ↔•≡ ≈°↑←°♥≡±↔↑≥ ♣∂← ←…•≡∫

″↔∂… ∂± ∧∂÷♠↑≡ ∨〉 ⇐°±←∂←↔≡±↔ ♦∂↔• ↔•∂←⌠ ♦≡ °←≡↑♥≡ ↔•↑≡≡ …≥←∫

←≡← °≠ √∩ …≥°±≡← ↔•↔ ↑≡ ±↔°″∂…≥≥ƒ ←←°…∂↔≡≈ ♦∂↔• ↔•≡ ↔•↑≡≡

″∝°↑ ±≡↑♥≡ ↑°♠↔≡← ≥°±÷ ↔•≡ ≈°↑←≥⌠ •°↑∂∞°±↔≥⌠ ±≈ ♥≡±↔↑≥ ″ƒ°∫

←≡↓↔〉 ⊄•≡ ±≡♠↑°±≥ ↑°↑← ″∂÷•↔ …↔ ←  ±∂…•≡←♦≡≥≥ ← ←♠↓↓≥ƒ

↑°♠↔≡← ≠°↑↓∂÷″≡±↔ …≡≥≥ ↓↑≡…♠↑←°↑← ↔° ≈∂≠≠≡↑≡±↔ ≥°…↔∂°±← ∂± ↔•≡←×∂±

≥°±÷ ↔•≡ ≈°↑←°♥≡±↔↑≥ ♣∂←〉 √↔ ∂← ×±°♦± ↔•↔ ″≡≥±°≥←↔← ↓°↓♠∫

≥↔≡ ↔•≡ ←↓∂±≥ ±≡↑♥≡← ≈♠↑∂±÷ ″≡↔″°↑↓•°←∂← ±≈ ↔↑♥≡≥ ≥°±÷

↔•≡←≡ ±≡↑♥≡← ↔° ↑≡…• ↔•≡ ←×∂± ⇑♠≈∂ ≡↔ ≥〉⌠  ⇔°°≥≡ƒ ≡↔ ≥〉⌠

〉 √↔ ∂←↓°←←∂≥≡ ↔•↔← ↔•≡↓↑°÷≡±∂↔°↑←″∂÷↑↔≡≥°±÷↔•≡←↓∂∫

±≥ ±≡↑♥≡←⌠ ↔•≡ƒ ≡…°″≡ ↓↑↔∂≥≥ƒ ≠↔≡ ↑≡←↔↑∂…↔≡≈ ≈≡↓≡±≈∂±÷ ♠↓°±

↔•≡ ↑°♠↔≡ °≠ ≡♣∂↔ ↔° ↔•≡ ←×∂±⌠ ← •← ≡≡± °←≡↑♥≡≈ ≠°↑ ↔•≡ ±≡♠↑≥

…↑≡←↔ …≡≥≥←∑ ∂± ↔•≡ ≡″↑ƒ°⌠ ±≡♠↑≥ …↑≡←↔ …≡≥≥← ↔•↔ ″∂÷↑↔≡ ≥°±÷

↔•≡ ≈°↑←°≥↔≡↑≥ ↑°♠↔≡ ÷≡±≡↑↔≡ ≥↑♥≥ ♣±↔•°↓•°↑≡← ±≈ ″≡≥±°∫

↓•°↑≡←⌠ ♦•≡↑≡← …≡≥≥← ″∂÷↑↔∂±÷ ≥°±÷ ↔•≡″≡≈∂≥ ↑°♠↔≡ ÷≡±≡↑↔≡

∂↑∂≈°↓•°↑≡←⌠″≡≥±°↓•°↑≡←⌠ ±≡♠↑°±←⌠ ±≈ ÷≥∂ ≡≥←• ≡↔ ≥〉⌠ 〉

√↔ ∂← ±°↔≡♦°↑↔•ƒ ↔•↔ ↔•≡ ←↔↑∂↓≡ ∂↑∂≈°↓•°↑≡← ↑≡ ↓↑∂″↑∂≥ƒ ↓↑°≈♠…≡≈

ƒ ↓↑°÷≡±∂↔°↑← ↔•↔ ≡♣∂↔ ♥∂ ↔•≡ •°↑∂∞°±↔≥ ″ƒ°←≡↓↔♠″⌠ ♦•≡↑≡←

″°←↔ ″≡≥±°↓•°↑≡← ↑≡ ↓↑°≈♠…≡≈ ƒ ↓↑°÷≡±∂↔°↑← ↔•↔ ♠←≡ ≈°↑←≥

±≈ ♥≡±↔↑≥ ↑°♠↔≡← ↔° ↑≡…• ↔•≡ ←×∂±〉 ⇒≥←°⌠∩…≥°±≡← ↑≡ ↓↑∂″↑∂≥ƒ

←←°…∂↔≡≈ ♦∂↔• ↔•≡ ♥≡±↔↑≥ ↑°♠↔≡← ∧∂÷♠↑≡← ⇔⌠ ⇔⌠ ±≈ ⊂⇒〉

√± ←♠″″↑ƒ⌠ ♦≡ ≈≡←…↑∂≡ ↔•≡ …≡≥≥∫≠↔≡ ↓°↔≡±↔∂≥ °≠ ±≡♠↑≥ …↑≡←↔∫

≈≡↑∂♥≡≈ ↓↑°÷≡±∂↔°↑← ≡↔♦≡≡± ≥↑♥≥ ←↔÷≡← ±≈ ≡↑≥ƒ ″≡↔″°↑∫

↓•°←∂←⌠ ±≈ ∂≈≡±↔∂≠ƒ ×≡ƒ ≠≡↔♠↑≡← °≠ ↔•≡ ↓∂÷″≡±↔ …≡≥≥ ↓↑°÷≡±∂↔°↑←

↓°↔≡±…ƒ °≠ ±≡↑♥≡∫←←°…∂↔≡≈ ↓↑°÷≡±∂↔°↑←⌠  ≠≡↔♠↑≡ ↔•↔ ″ƒ

•♥≡ ≠…∂≥∂↔↔≡≈ ↑↓∂≈ ≈∂♥≡↑÷≡±…≡ °≠ …°≥°↑ ↓↔↔≡↑±← ≈♠↑∂±÷ ↔•≡

≡♥°≥♠↔∂°± °≠ ⇔±∂° ←↓≡…∂≡←〉

∨∩∉∨⊆√∨∇⊄⇒ ∉⊆∠⇐∨⇔⊇⊆∨⊂

⊕≡↑Α←• ∂±≡←

∪∂≥≈∫↔ƒ↓≡ ∪⊄⌠ ⊄♠ω ←↔↑∂± ≠↑°″ ↔•≡ ⊄♠ω ⊄÷←°♣∑

∨⊆
⊄
∫⇐↑≡ °±÷≡↑ ≡↔ ≥〉⌠ ⌠ ⊄÷…↔∂±∑≥°♣∉∫⊂⊄∠∉∫≥°♣∉∫⇔←⊆≡≈∫≡♣↓↑≡←←

⇑≡↑↔↑±≈ ≡↔ ≥〉⌠ ⌠ ⊄÷←°♣∑⋅⇑″⇐•≡↑↑ƒ∫⇒∫¬∉√¬∧∉⌠ ↑≡♥∂↔≡≈ ←

⊄÷←°♣″¬ ⊆∂…•↑≈←°± ≡↔ ≥〉⌠ ⌠ ←↓↑←≡ ≡≥←• ≡↔ ≥〉⌠ ⌠ ←•≈ƒ

°↓≡← ≡↔ ≥〉⌠ ⌠ ±≈ ↓≠≡≠≠≡↑ ≈≡↑←↓…•≡↑ ±≈ ∇♠ω ←←≥≡∂±∫⊃°≥•↑≈⌠ 〉

⇒≥≥ ±∂″≥ ≡♣↓≡↑∂″≡±↔← ♦≡↑≡ ↓≡↑≠°↑″≡≈ ∂± ……°↑≈±…≡ ♦∂↔• ↔•≡ ↑♠≥≡← °≠ ↔•≡

⊂↔↔≡ °≠ ⇑≈≡±∫∪♠ω ↑↔↔≡″≡↑÷⌠ ¬≡↑″±ƒ⌠ ±≈ ↓↓↑°♥≡≈ ƒ ↔•≡ ⊆≡÷∂≡↑♠±÷←↓↑ω ∫

←∂≈∂♠″ ⊄♠ω ∂±÷≡± ⇒×↔≡±∞≡∂…•≡±∑ ñ〉∫ ±≈ ñ〉∫〉

⇐↑≡ √±≈♠…↔∂°±

←∂±÷≥≡ …°↓ƒ °≠ ⊄÷←°♣∑∨⊆⊄∫⇐↑≡ ±≈ ⊄÷…↔∂±∑≥°♣∉∫⊂⊄∠∉∫≥°♣∉∫⇔←⊆≡≈∫

≡♣↓↑≡←←⌠ ♦≡↑≡ ↔↑≡↔≡≈ ♦∂↔•  ″ ∫•ƒ≈↑°♣ƒ↔″°♣∂≠≡± ∫∠⋅⊄ ⊂∂÷″⌠

⋅ ≠°↑ � •↑ ↔  ⇐〉 ⇐↑≡ …↔∂♥↔∂°± ♦← …↑↑∂≡≈ °♠↔ ≠°↑  •↑ ≠°↑ ±∂″≥←

°±  ≈↓≠〉  ″ ←↔°…× ←°≥♠↔∂°± °≠ ∫∠⋅⊄ ♦← ↓↑≡↓↑≡≈ ƒ ≈∂←←°≥♥∂±÷ ∂↔ ∂±

←°≥♠↔≡ ≡↔•±°≥⌠ ±≈ ←↔°↑≡≈ ↔  ⇐〉 ∧°↑ ∫∠⋅⊄ ↔↑≡↔″≡±↔⌠ ↔…•≡← °≠

 ≥↑♥≡ ♦≡↑≡ ↔↑±←≠≡↑↑≡≈ ↔° ↓≥←↔∂… ∉≡↔↑∂ ≈∂←•≡← ¬↑≡∂±≡↑ ⇑∂°∫°±≡ …°±↔∂±∂±÷

 ″〉 ∧°↑ ⇐↑≡ …↔∂♥↔∂°± ↔  •↓≠⌠ ≡″↑ƒ°← ♦≡↑≡ ≈≡…•°↑∂°±↔≡≈ ∂± ∉↑°±←≡

↓°←↔ ≠≡↑↔∂≥∂∞↔∂°± ♦≡↑≡ ←…↑≡≡±≡≈ ≠°↑ ⇔←⊆≡≈∫≥≡≥≡≈ …≥°±≡← ♠±≈≡↑  ⊕≡∂←←

⊂ ∂♥≡ …°±≠°…≥ ″∂…↑°←…°↓≡ ≡→♠∂↓↓≡≈ ♦∂↔•  ∉≥±∫⇒↓°…•↑°″↔ 

°∝≡…↔∂♥≡ 〉 ∇⇒ ∂↑  ″″ ♦°↑×∂±÷ ≈∂←↔±…≡〉

√″÷∂±÷

⇐°±≠°…≥ ←…±← ♦≡↑≡ …→♠∂↑≡≈ ♠←∂±÷  ⊕≡∂←← ⊂  ∇∠ ″∂…↑°←…°↓≡ ≡→♠∂↓∫

↓≡≈ ♦∂↔• ∫⇒↑÷°± ≥←≡↑ ±≈ ∫≈∂°≈≡ ≥←≡↑⌠ ⇐∫⇒↓°…•↑°″↔  °∝≡…↔∂♥≡

〉∇⇒♦↔≡↑ ∂″″≡↑←∂°±〉″″♦°↑×∂±÷≈∂←↔±…≡⌠ ±≈⇔⇐√ ∉≥±∫↓°…•↑°∫

″↔  °∝≡…↔∂♥≡ 〉 ∇⇒ ♦↔≡↑⌠ ÷≥ƒ…≡↑°≥⌠ °∂≥ ∂″″≡↑←∂°± 〉 ″″♦°↑×∂±÷ ≈∂←∫

←↔÷≡ ♦≡↑≡ ±≡←↔•≡↔∂∞≡≈ ƒ ≈≈∂±÷  ″≥ °≠ 〉 ⊄↑∂…∂±≡ ⊂∫⌠ ⊂∂÷″ ↓≡↑

 ″≥ °≠ ≡″↑ƒ°±∂… ″≡≈∂♠″ 〉 ⇒±≡←↔•≡↔∂∞≡≈ ±∂″≥← ↔•↔ ♦≡↑≡ ∂± ≡↑≥ƒ ←↔÷≡← °≠

″≡↔″°↑↓•°←∂←  〉 ″″ ←↔±≈↑≈ ≥≡±÷↔• ♦≡↑≡ ″°♠±↔≡≈ ∂± 〉 ≥°♦∫″≡≥↔∂±÷

÷↑°←≡ ∇♠⊂∂≡♥≡ ¬⊄¬ ⇒÷↑°←≡⌠ …↔≥°÷ ±♠″≡↑ ⌠ °±∞ ≈∂←←°≥♥≡≈ ∂± ⊄↑∂∫

…∂±≡∫…°±↔∂±∂±÷ ≡″↑ƒ°±∂… ″≡≈∂♠″ °±  ″″ ÷≥←← °↔↔°″ ≈∂←•≡← ↔⊄≡×

⇐♠≥↔♠↑≡♦↑≡〉 ∠≥≈≡↑ ±∂″≥← ♦≡↑≡ ″°♠±↔≡≈ ∂±  ″∂±∂″♠″ ″°♠±↔ °≠ ⊄↑∂…∂±≡∫

…°±↔∂±∂±÷ ≡″↑ƒ°±∂… ″≡≈∂♠″ ←♠…• ↔•↔ ±∂″≥← ≈° ±°↔ ≈≡←∂……↔≡ ±≈ ƒ≡↔

↑≡″∂± ←↔∂≥≥〉 ∠≥≈≡↑ ±∂″≥← ≈° ±°↔ ←♠↑♥∂♥≡ ♦≡≥≥ ∂≠ ″°♠±↔≡≈ ∂± ≥°♦∫″≡≥↔∂±÷ ÷↑°←≡⌠

↓°←←∂≥ƒ ≈♠≡ ↔° ≥°…×≈≡°≠ ↔•≡ ÷∂≥≥←〉 ∠± ↔•≡ °↔•≡↑ •±≈⌠ ƒ°♠±÷≡↑ ∂±≈∂♥∂≈♠≥← ↔≡±≈

↔° ≈≡←∂……↔≡ →♠∂…×≥ƒ ±≈ •≡±…≡ ∂↔ ∂← ∂″↓°↑↔±↔ ↔° ″°♠±↔ ↔•≡←≡ ∂± ≥°♦ …°±…≡±↔↑∫

♦↔≡↑ …↑°←← ↔•≡ °↓≡↑…♠≥♠″♦∂↔•  ←″≥≥ ↓≥←↔∂… ↓∂↓≡↔↔≡〉∠± ♥≡↑÷≡⌠ ∂↔ ↔×≡← �

¬≡±≡↑↔∂°± °≠ ≡≥±°↓•°↑≡ °←∂…← ƒ ⇒≥∂±° ±°…×°♠↔

⇒≥∂±°″♠↔±↔ ∧″°←∂…← ♦≡↑≡ ÷≡±≡↑↔≡≈ ← ≈≡←…↑∂≡≈ ƒ √↑∂°± ≡↔ ≥〉 〉

•ƒ≈↑°…•≥°↑∂≈≡ ∨⌠ ⊂∂÷″ ↓↑∂°↑ ↔° ↓•°↔°÷↑↓• …→♠∂←∂↔∂°± ♠←∂±÷ ⇐±°±

⇔ ↑× √√〉

⊂⊇∉∉∨∨∇⊄⇒ √∇∧∠⊆⇒⊄√∠∇

⊂♠↓↓≥≡″≡±↔≥ √±≠°↑″↔∂°± ∂±…≥♠≈≡← ⊂♠↓↓≥≡″≡±↔≥ ∨♣↓≡↑∂″≡±↔≥ ∉↑°…≡≈♠↑≡←⌠

•↔↔↓∑ññ≈♣〉≈°∂〉°↑÷ñ〉ñ∝〉≈≡♥…≡≥〉〉〉〉

 ⇔≡♥≡≥°↓″≡±↔≥ ⇐≡≥≥ ⌠ �⌠ ⇒♠÷♠←↔ ⌠ 
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⇐°±…≡↓↔♠≥∂∞↔∂°±⌠ ⇒〉∉〉⊂〉 ±≈ ⇐〉∇〉∫⊃〉 ⇒〉∉〉⊂〉 ↓≡↑≠°↑″≡≈ ≡♣↓≡↑∂″≡±↔← ⇒〉⇔〉

♦← ↑≡←↓°±←∂≥≡ ≠°↑ ≈≈∂↔∂°±≥ …≥°±≡← ∂±≈♠…≡≈ ↔  •↓≠ ∉〉〉 …°≥≥≡…↔≡≈ ←•≈ƒ

±≈ ↓≠≡≠≠≡↑ ″♠↔±↔ ≈↔ ⊇〉⊂〉 •≡≥↓≡≈ ♦∂↔• …↑°←←≡← ±≈ ÷≡±°↔ƒ↓∂±÷ ⇐〉〉 ♦←

↑≡←↓°±←∂≥≡ ≠°↑ ⊄÷←°♣″¬ ≥∂±≡ ±≈ ⊇〉√〉 ≠°↑ ≥∂±° ×±°…×°♠↔← ⇒±≥ƒ←∂←⌠

⇒〉∉〉⊂〉 ±≈ ⇐〉∇∫⊃〉 ∪↑∂↔∂±÷⌠ ⇒〉∉〉⊂〉 ±≈ ⇐〉∇∫⊃〉⌠ ♦∂↔• ∂±↓♠↔ ≠↑°″ ⇒〉⇔〉 ±≈ ⊇〉√〉

⇒⇐∇∠∪∨⇔¬∨∇⊄⊂

∪≡ ↔•±× ⋅±←∫¬≡°↑÷ ∧↑°•±•°ω ≠≡↑⌠ ⇒±←↔←∂ ∨←×°♥⌠ ⇒±≈↑≡ƒ ∧≈≡≡♥⌠ ±≈

⇔↑↑≡± ¬∂≥″°♠↑ ≠°↑ …°″″≡±↔← °± ↔•≡ ″±♠←…↑∂↓↔〉 ∪≡ ↔•±× ⋅≡∂×≡ ⋅≡↔•⌠ ⇑↑∂∫

÷∂↔↔≡ ∪≥≈≡↑∂…•⌠ ⋅°↑←↔ ¬≡∂÷≡↑⌠ ⊂∂≥×≡ ¬≡∂÷≡↑∫⊆♠≈°≥↓• ±≈ ↔•≡ ⊄♠ω∂±÷≡± ∞≡↑∫

≠°↑ ←♠↓↓°↑↔〉 ⊄•∂← ♦°↑× ♦← ←♠↓↓°↑↔≡≈ ƒ ≠♠±≈∂±÷ ↔° ⇐〉∇〉∫⊃〉 ≠↑°″ ↔•≡ ♣

∉≥±…× ⊂°…∂≡↔ƒ〉

⊆≡…≡∂♥≡≈∑ ↑…• ⌠ 

⊆≡♥∂←≡≈∑ ƒ ⌠ 

⇒……≡↓↔≡≈∑ ∏♠±≡ ⌠ 

∉♠≥∂←•≡≈∑ ∏♠≥ƒ ⌠ 

⊆∨∧∨⊆∨∇⇐∨⊂

⇒≈″≡ƒ×°⌠ √〉⌠ ≥≥≡″≡±≈⌠ ∧〉⌠ ⇒→♠∂±°⌠ ∏〉⇑〉⌠ ∉≡↑≡∂↑⌠ ∏〉⇒〉⌠ ⊄°↓∂≥×°⌠ ∉〉⌠ ♠≥≥≡↑⌠ ⊄〉⌠

∧↑∂↔∞⌠ ∇〉⌠ ⇑≡≥∝∝≡♥⌠ ⇒〉⌠ °…•∂∂⌠ 〉⌠ ∂←↔≡⌠ √〉⌠ ≡↔ ≥〉 〉 ⊂…•♦±± …≡≥≥ ↓↑≡…♠↑∫

←°↑← ≠↑°″ ±≡↑♥≡ ∂±±≡↑♥↔∂°± ↑≡  …≡≥≥♠≥↑ °↑∂÷∂± °≠ ″≡≥±°…ƒ↔≡← ∂± ←×∂±〉 ⇐≡≥≥

⌠ �〉

⇑÷÷∂°≥∂±∂⌠ ⇒〉⌠ ⊃↑♠″⌠ ⊂〉⌠ ↔≡°←⌠ ∏〉〉⌠ ⇑≡↔↔°←∂±∂⌠ ⇔〉⌠ ∏°•±⌠ ∇〉⌠ ⇑°±≥≥∂⌠ 〉⌠

⊕∂≡÷≥≡↑⌠ ⊇〉⌠ ⇔∂″°♠⌠ 〉⌠ ⇐≥≡♥≡↑←⌠ ⋅〉⌠ ∧♠↑↑≡↑⌠ ⊆〉⌠ ≡↔ ≥〉 〉 ∉↑≡″∂÷↑↔°↑ƒ ±≈

″∂÷↑↔°↑ƒ ±≡♠↑≥ …↑≡←↔ …≡≥≥← ↑≡ ″♠≥↔∂↓°↔≡±↔ ∂± ♥∂♥°〉 ⇐≡≥≥ ⊂↔≡″ ⇐≡≥≥ ⌠ �〉

⇑≡↑↔↑±≈⌠ ∏〉∅〉⌠ ⇐•∂⌠ ∇〉⇐〉⌠ ⊂±↔°←°⌠ ⇑〉⌠ ⊄≡±÷⌠ ⊂〉⌠ ⊂↔∂±∂≡↑⌠ ⇔〉∅〉⌠ ±≈ ⊄↑♥≡↑⌠ ⇔〉

〉 ⋅≡″↔°↓°∂≡↔∂… ←↔≡″ …≡≥≥← ≈≡↑∂♥≡ ≈∂↑≡…↔≥ƒ ≠↑°″ °↑↔∂… ≡±≈°↔•≡≥∂♠″

≈♠↑∂±÷ ≈≡♥≡≥°↓″≡±↔〉 ∇↔♠↑≡ ⌠ �〉

⇑♠≈∂⌠ ∨〉⋅〉⌠ ∉↔↔≡↑←°±⌠ 〉⇑〉⌠ ±≈ ∉↑∂…•ƒ⌠ ⇔〉〉 〉 ∉°←↔∫≡″↑ƒ°±∂… ±≡↑♥≡∫

←←°…∂↔≡≈ ↓↑≡…♠↑←°↑← ↔° ≈♠≥↔ ↓∂÷″≡±↔ …≡≥≥←∑ ÷≡±≡↔∂… ↑≡→♠∂↑≡″≡±↔← ±≈ ≈ƒ∫

±″∂…← °≠ ″°↑↓•°÷≡±≡←∂← ±≈ ≈∂≠≠≡↑≡±↔∂↔∂°±〉 ∉°⊂ ¬≡±≡↔〉 ⌠ ≡〉

⇐≡∂±°←⌠ ⊆〉〉⌠ ¬♠∂≥≥°↔⌠ ⊆〉⌠ ≡≥←•⌠ ⊆〉∇〉⌠ ⇐≡↑≈∫⊆≡♥≡↑↔≡↑⌠ ∏〉〉⌠ ±≈ ⊆°↔≥≥±↔⌠ ∏〉

∂±≈≡↓≡±≈≡±↔ ↓∂÷″≡±↔↔∂°± ″≡…•±∂←″←〉 ∉∂÷″≡±↔ ⇐≡≥≥ ≡≥±°″ ⊆≡←〉 ⌠

�〉

⇐♠↑↑±⌠ 〉⌠ ∂←↔≡↑⌠ ∏〉⇒〉⌠ ♠±×≡≥⌠ ¬〉⊆〉⌠ ∉↑≡±≈≡↑÷←↔⌠ ⇒〉⌠ ∉↑∂…•ƒ⌠ ⇔〉〉⌠ ±≈

⊆∂≥≡⌠ ⇔〉∪〉 〉 √±↔≡↑↓≥ƒ ≡↔♦≡≡± ∧°♣≈ ±≈ ∂↔≠ ↑≡÷♠≥↔≡← …≡≥≥ ≠↔≡ ↓≥←∫

⌠ �〉

⇔°°≥≡ƒ⌠ ⇐〉〉⌠ °±÷≡↑⌠ ⇒〉⌠ ∪≥≈≡↑∂…•⌠ ⇑〉⌠ ±≈ ∇♠ω ←←≥≡∂±∫⊃°≥•↑≈⌠ ⇐〉 〉

∠± ↔•≡ ≡″↑ƒ°±∂… °↑∂÷∂± °≠ ≈♠≥↔ ″≡≥±°↓•°↑≡←∑ ↔•≡ ↑°≥≡ °≠ ∨↑⇑ ±≈ ∂↔ ←∂÷±≥∫

⌠

�〉

⇔°°≥≡ƒ⌠ ⇐〉〉⌠ ⊂…•♦↑∞⌠ ⋅〉⌠ ♠≡≥≥≡↑⌠ 〉∉〉⌠ °±÷≡↑⌠ ⇒〉⌠ °±±↔∞⌠ 〉⌠

∇≡♠•♠←←⌠ ⊂〉⇐〉⌠ ∇♠ω ←←≥≡∂±∫⊃°≥•↑≈⌠ ⇐〉⌠ ±≈ ¬≡∂←≥≡↑⌠ ⊆〉 〉 ⊂≥… ±≈

↓↑°♥∂≈∂±÷  ″≡…•±∂←″ ≠°↑ •♠″± ↓∂÷″≡±↔ ≡♥°≥♠↔∂°± ±≈ ≈∂←≡←≡〉 ∉∂÷″≡±↔

⇐≡≥≥ ≡≥±°″ ⊆≡←〉 ⌠ �〉

⇔♠↓∂±⌠ ∨〉⌠ ±≈ ⊂°″″≡↑⌠ 〉 〉 ∇≡♠↑≥ …↑≡←↔ ↓↑°÷≡±∂↔°↑← ±≈ ←↔≡″ …≡≥≥←∑

≠↑°″ ≡↑≥ƒ ≈≡♥≡≥°↓″≡±↔ ↔° ≈♠≥↔•°°≈〉 ⇔≡♥〉 ⇑∂°≥〉 ⌠ �〉

⇔♠↓∂±⌠ ∨〉⌠ ⇐≥≥°±∂⌠ ¬〉⌠ ⊆≡≥⌠ ⇐〉⌠ ¬°±÷≥♥≡←∫⊄↑≡±↔∂±⌠ ⇒〉⌠ ±≈ ≡ ⇔°♠↑∂±⌠ ∇〉〉

〉 ∇≡♠↑≥ …↑≡←↔ ↓↑°÷≡±∂↔°↑← ±≈ ←↔≡″ …≡≥≥←〉 ⇐ ⊆ ⇑∂°≥〉 ⌠ �〉

⇔♠↔↔°±⌠ 〉⇒〉⌠ ∉♠≥∂±ƒ⌠ ⇒〉⌠ °↓≡←⌠ ⊂〉⊂〉⌠ ∨≥♦°↑↔•ƒ⌠ ⊂〉⌠ ⇐↑±≡ƒ⌠ ⊄〉∏〉⌠ ⊆♠…•⌠ ∏〉⌠

⌠ �〉

⇔ƒ…•♠×⌠ ⊃〉⌠ ∧♠↑≥±⌠ ⇒〉⌠ ⊂••∂≈∂⌠ 〉〉⌠ ¬∂°♥≡±…°⌠ 〉⌠ ♠×♠⌠ ∇〉⌠

°±←↔±↔∂±∂≈°♠⌠ ⇐〉⌠ ∉…•±∂←⌠ ⊃〉⌠ ≡″∂…⌠ ∧〉⌠ ↑×≥♠±≈⌠ ⊇〉⌠ ♠≥≥≡↑⌠ ⊄〉⌠ ≡↔ ≥〉

〉 ∇≡♠↑°≈≡♥≡≥°↓″≡±↔〉 ∉↑←ƒ″↓↔•≡↔∂… ±≡♠↑°±← °↑∂÷∂±↔≡ ≠↑°″ ±≡↑♥≡∫

←←°…∂↔≡≈ ↓≡↑∂↓•≡↑≥ ÷≥∂≥ ↓↑°÷≡±∂↔°↑←〉 ⊂…∂≡±…≡ ⌠ �〉

∧≈≡≡♥⌠ ⇒〉⌠ ↑♠←←⌠ ∏〉⌠ ∧↑°ω •±•°≠≡↑⌠ ⋅〉¬〉⌠ √↑∂°±⌠ ⊇〉⌠ ±≈ ∇♠ω ←←≥≡∂±∫⊃°≥•↑≈⌠ ⇐〉

〉 ⊄∂÷•↔ ∏♠±…↔∂°± ∉↑°↔≡∂±  ↑≡÷♠≥↔≡← ↓∂÷″≡±↔ …≡≥≥ °↑÷±∂←↔∂°± ≈♠↑∂±÷

⌠ ≡〉

∧≈≡≡♥⌠ ⇒〉⌠ ↑♠←←⌠ ∏〉⌠ ⊂∂±÷•⌠ ⇒〉∉〉⌠ ±≈ ∇♠ω

≥≡♠×°…ƒ↔≡ ↔ƒ↑°←∂±≡ ×∂±←≡ …°±↔↑°≥← ∂↑∂≈°↓•°↑≡ ≡←↔≥∂←•″≡±↔⌠ ↓↑°≥∂≠≡↑↔∂°± ±≈

←♠↑♥∂♥≥〉 ∉∂÷″≡±↔ ⇐≡≥≥ ≡≥±°″ ⊆≡←〉 ⌠ �〉

∧↑°•±•°ω ≠≡↑⌠ ⋅〉¬〉⌠ ↑♠←←⌠ ∏〉⌠ ∂←…•≡∂±⌠ ⋅〉〉⌠ ±≈ ∇♠ω ←←≥≡∂±∫⊃°≥•↑≈⌠ ⇐〉

〉 √↑∂≈°↓•°↑≡← ±≈ ↔•≡∂↑ ∂±↔≡↑…↔∂°±← ♦∂↔• °↔•≡↑ …•↑°″↔°↓•°↑≡← ↑≡

⌠ �〉

¬↑≡≡±⌠ ⊂〉⇒〉⌠ ⊂∂″°≡←∫⇐°←↔⌠ 〉⌠ ±≈ ⇑↑°±±≡↑⌠ 〉∨〉 〉 ∨♥°≥♠↔∂°± °≠ ♥≡↑↔≡∫

↑↔≡← ← ♥∂≡♦≡≈ ≠↑°″ ↔•≡ …↑≡←↔〉 ∇↔♠↑≡ ⌠ �〉

⋅∂↑↔⌠ 〉⌠ ∇×″♠↑⌠ 〉⌠ ±≈ °±≈°⌠ ⊂〉 〉 ∉∂÷″≡±↔ …≡≥≥ ≈∂←↔↑∂♠↔∂°±← ∂±

↓↔↔≡↑±〉 ⇔≡♥〉 ⇔ƒ±〉 ⌠ �〉

√↑∂°±⌠ ⊇〉⌠ ∧↑°•±•°≠≡↑⌠ ⋅〉¬〉⌠ ↑♠←←⌠ ∏〉⌠ ⇐°≥× ⇐•″↓°≥≥∂°±⌠ ⊄〉⌠ ∂←…•≡∂±⌠ ⋅〉〉⌠

¬≡∂÷≡↑∫⊆♠≈°≥↓•⌠ ⊂〉⌠ ∪≡∂≥≡↑⌠ ⇐〉⌠ ±≈ ∇♠ω ←←≥≡∂±∫⊃°≥•↑≈⌠ ⇐〉 〉 ¬↓ ∝♠±…∫

↔∂°±← …°″↓°←≡≈ °≠ …°±±≡♣∂±← 〉 ±≈ 〉 ↑≡ ≡←←≡±↔∂≥ ≠°↑ …°≥°♠↑ ↓↔↔≡↑±

⌠ ≡〉

√↑∂°±⌠ ⊇〉⌠ ↑♠←←⌠ ∏〉⌠ ±≈ ∇♠ω

⌠ �〉

√↑∂°±⌠ ⊇〉⌠ ⊂∂±÷•⌠ ⇒〉∉〉⌠ ±≈ ∇♠ω ←←≥≡∂±∫⊃°≥•↑≈⌠ ⇐〉 〉 ⊄•≡ ≈≡♥≡≥°↓″≡±↔≥

⊄°↓〉 ⇔≡♥〉 ⇑∂°≥〉 ⌠ �〉

√♥←•×∂±⌠ ∨〉⌠ ⊃°↑°±≡∞•←×ƒ⌠ ∨〉∨〉⌠ ±≈ ⇒≈″≡ƒ×°⌠ √〉 〉 ⇒ ↓↑≈∂÷″ ←•∂≠↔ ∂±

±≡♠↑°∂°≥°÷ƒ∑ ↓≡↑∂↓•≡↑≥ ±≡↑♥≡← ≈≡≥∂♥≡↑ …≡≥≥♠≥↑ ″↔≡↑∂≥ ±≈ …°±↔↑°≥ ≈≡♥≡≥°↓∫

″≡±↔〉 ⊕°°≥°÷ƒ ∏≡± ⌠ �〉

≡≥←•⌠ ⊆〉∇〉⌠ ⇑↑±≈⌠ 〉⌠ ∏∂±÷⌠ ∅〉∏〉⌠ ⋅≡∂←≡±≡↑÷⌠ ⇐〉∉〉⌠ ∂±⌠ ⊂〉⌠ ⋅≠≠↔≡↑⌠ ∉〉⌠

∠≈≡±↔•≥⌠ ∏〉⌠ ♠≥≥∂±←⌠ 〉⇐〉⌠ ♥± ∨≡≈≡±⌠ ∧〉∏〉⌠ ∧♠↑♠↔±∂∫⊂≡∂×∂⌠ 〉⌠ ≡↔ ≥〉 〉

″≡±↔〉 ⇔≡♥≡≥°↓″≡±↔ ⌠ �〉

≡≥←•⌠ ⊆〉∇〉⌠ ⋅↑↑∂←⌠ 〉〉⌠ ⇐°≥±≡←∂⌠ ⊂〉⌠ ±≈ ∨↑∂…×←°±⌠ ⇐〉⇒〉 〉 ⊂↔↑∂↓≡← ±≈

≡≥≥ƒ∫←↓°↔←� ↑≡♥∂≡♦ °≠ ↓∂÷″≡±↔ …≡≥≥ ″°↑↓•°÷≡±≡←∂← ∂± ♥≡↑↔≡↑↔≡←〉 ⊂≡″∂±〉

⇐≡≥≥ ⇔≡♥〉 ⇑∂°≥〉 ⌠ �〉

↑♠←←⌠ ∏〉⌠ ∧↑°•±•°ω ≠≡↑⌠ ⋅〉¬〉⌠ ∪≥≈≡↑∂…•⌠ ⇑〉⌠ ∪≡∂≥≡↑⌠ ⇐〉⌠ √↑∂°±⌠ ⊇〉⌠ ±≈ ∇♠ω ←←≥≡∂±∫

⊃°≥•↑≈⌠ ⇐〉 〉 ∨±≈°↔•≡≥∂± ←∂÷±≥≥∂±÷ ∂± ∂↑∂≈°↓•°↑≡ ≈≡♥≡≥°↓″≡±↔ ±≈ ←↔↑∂↓≡

⌠ �〉

↑♠←←⌠ ∏〉⌠ ¬≡∂÷≡↑∫⊆♠≈°≥↓•⌠ ⊂〉⌠ °…•⌠ √〉⌠ ∇♠ω ←←≥≡∂±∫⊃°≥•↑≈⌠ ⇐〉⌠ ±≈ √↑∂°±⌠ ⊇〉

〉 ⇒ ≈°″∂±±↔ ″♠↔↔∂°± ∂± ↔ƒ↑↓⇒ ≥≡≈← ↔° ″≡≥±°↓•°↑≡ ≈≡↔• ∂± ∞≡↑∫

⌠ �〉

±÷⌠ 〉⊆〉⌠ ∉↔↔≡↑←°±⌠ 〉⇑〉⌠ ¬°↑≈°±⌠ ⊄〉∇〉⌠ ∏°•±←°±⌠ ⊂〉〉⌠ ±≈ ∉↑∂…•ƒ⌠ ⇔〉〉

°↓″≡±↔ ±≈ ≠≡″≥≡ ≠≡↑↔∂≥∂↔ƒ〉 ∉°⊂ ¬≡±≡↔〉 ⌠ ≡〉

≈≡↑∂♥≡ ≠↑°″ ″≡←°≈≡↑″⌠ ±°↔ ±≡♠↑≥ …↑≡←↔〉 ⇐♠↑↑〉 ⇑∂°≥〉 ⌠ ⊆�⊆〉

∂←↔≡↑⌠ ∏〉⇒〉⌠ ⊆°≡↑↔←°±⌠ ⇐〉∉〉⌠ ≡↓÷≡⌠ ⊄〉⌠ ∏°•±←°±⌠ ⊂〉〉⌠ ±≈ ⊆∂≥≡⌠ ⇔〉∪〉

≥↔≡← ±≡♠↑≥∫…↑≡←↔∫≈≡↑∂♥≡≈ ↓∂÷″≡±↔ …≡≥≥ ≠↔≡〉 ⇔≡♥≡≥°↓″≡±↔ ⌠ �〉

°↓≡←⌠ ⊂〉⊂〉⌠ ∅±÷⌠ ∩〉⌠ ♠≥≥≡↑⌠ ∏〉⌠ ⇐↑±≡ƒ⌠ ⊄〉∏〉⌠ …⇒≈°♦⌠ ⇒〉⊆〉⌠ ⊆♠…•⌠ ¬〉∏〉⌠

≡♠×°…ƒ↔≡ ↔ƒ↑°←∂±≡ ×∂±←≡ ≠♠±…↔∂°±← ∂± ↓∂÷″≡±↔ …≡≥≥ ≈≡♥≡≥°↓″≡±↔〉 ∉°⊂

¬≡±≡↔〉 ⌠ ≡〉

≈≡↑←↓…•≡↑⌠ ∧〉⌠ ±≈ ∇♠ω ←←≥≡∂±∫⊃°≥•↑≈⌠ ⇐〉 〉 ∧°↑″↔∂°± °≠ ↔•≡ ≈♠≥↔

…↔∂°±←〉 ⇔≡♥≡≥°↓″≡±↔ ⌠ �〉

•≥♦↑⌠ ∉〉⌠ ∪≥≈≡↑∂…•⌠ ⇑〉⌠ ⊂∂±÷•⌠ ⇒〉∉〉⌠ ±≈ ∇♠ω ←←≥≡∂±∫⊃°≥•↑≈⌠ ⇐〉 〉

⌠ �〉

…¬↑♦⌠ ⋅〉∧〉⌠ ⊂±≡≥←°±⌠ ⇐〉⇔〉⌠ ∉↑≡±≈≡↑÷←↔⌠ ⇒〉⌠ ⊂♠≥∂⌠ ⇒〉⌠ ±≈ ⊆∂≥≡⌠ ⇔〉∪〉

↑≡÷♠≥↔≡≈ ƒ ∇°↔…• ←∂÷±≥∂±÷〉 ∇≡♠↑≥ ⇔≡♥〉 ⌠ 〉

…≡±″∂±⌠ ⊂〉〉⌠ ⇑∂±⌠ ∨〉∏〉⌠ …⇐±±⌠ ⇒〉∨〉⌠ ∉↔↔≡↑←°±⌠ 〉⇑〉⌠ ∨°″⌠ ⇔〉⊂〉⌠

∪≥≥≡↑⌠ ⊕〉∉〉⌠ ⋅″∂≥≥⌠ ∏〉⇐〉⌠ ♠•≥″±⌠ ∏〉⇒〉⌠ ∨∂←≡±⌠ ∏〉⊂〉⌠ ±≈ ∉↑∂…•ƒ⌠ ⇔〉〉

⇔≡♥≡≥°↓″≡±↔≥ ⇐≡≥≥ ⌠ �⌠ ⇒♠÷♠←↔ ⌠  
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〉 ⊄•ƒ↑°∂≈ •°↑″°±≡∫≈≡↓≡±≈≡±↔ ≈♠≥↔ ↓∂÷″≡±↔ …≡≥≥ ≥∂±≡÷≡ ±≈ ↓↔↔≡↑± ∂±

⌠ �〉

°±÷≡↑⌠ ⇒〉⌠ ±≈ ∇♠ω

≈≡↑″〉 ⇐♠↑↑〉 ⇑∂°≥〉 ⌠ ⊆�⊆〉

°±÷≡↑⌠ ⇒〉⌠ ⊂∂±÷•⌠ ⇒〉∉〉⌠ ≡♥≡←→♠≡⌠ 〉∉〉⌠ ⇐•≡±⌠ ∅〉∅〉⌠ °±←↔±↔∂±∂≈∂←⌠ ∉〉⌠ ±≈

∇♠ω

±°♥≡≥ ±≡♠↑≥ …↑≡←↔ …°±↔↑∂♠↔∂°±← ↔° ↔•≡ •≡≈⌠ ∂±…≥♠≈∂±÷ ÷∂≥≥ ↓∂≥≥↑ …≡≥≥←〉

⇔≡♥≡≥°↓″≡±↔ ⌠ �〉

∠�⊆≡∂≥≥ƒ∫∉°≥⌠ ⊄〉⌠ ±≈ ∏°•±←°±⌠ ⊂〉〉 〉 ≡≥±°…ƒ↔≡ ↑≡÷≡±≡↑↔∂°± ↑≡♥≡≥←

″≡…•±∂←″← °≠ ≈♠≥↔ ←↔≡″ …≡≥≥ ↑≡÷♠≥↔∂°±〉 ⊂≡″∂±〉 ⇐≡≥≥ ⇔≡♥〉 ⇑∂°≥〉 ⌠ �〉

∉↑∂…•ƒ⌠ ⇔〉〉⌠ ±≈ ⊂↓∂≡♦×⌠ ∏〉∨〉 〉 ∠↑∂÷∂±← °≠ ≈♠≥↔ ↓∂÷″≡±↔↔∂°±∑ ≈∂♥≡↑∫

←∂↔ƒ ∂± ↓∂÷″≡±↔ ←↔≡″ …≡≥≥ ≥∂±≡÷≡← ±≈ ∂″↓≥∂…↔∂°±← ≠°↑ ↓↔↔≡↑± ≡♥°≥♠↔∂°±〉

∉∂÷″≡±↔ ⇐≡≥≥ ≡≥±°″ ⊆≡←〉 ⌠ �〉

″°↑↓•°÷≡±≡←∂← °≠  ←♠↓°↓♠≥↔∂°± °≠ ″≡≥±°…ƒ↔≡←⌠ ♠↔ ∂← ±°↔ ≡←←≡±↔∂≥ ≠°↑ •≡∫

″↔°↓°∂≡←∂← °↑ ↓↑∂″°↑≈∂≥ ÷≡↑″ …≡≥≥ ≈≡♥≡≥°↓″≡±↔〉 ⇔≡♥≡≥°↓″≡±↔ ⌠ �

〉

∉↑∂…•ƒ⌠ ⇔〉〉⌠ ≡≥≥÷↑≡±⌠ ∨〉〉⌠ ⊆♦≥←⌠ ∏〉∧〉⌠ °↓≡←⌠ ⊂〉⊂〉⌠ ≡≥←•⌠ ⊆〉∇〉⌠ ±≈

∏°•±←°±⌠ ⊂〉〉 〉 ♠↔↔∂°±≥ ±≥ƒ←∂← °≠ ≡±≈°↔•≡≥∂± ↑≡…≡↓↔°↑  ↑°←≡

⇔±∂°

↑≡↑∂°〉 ⇔≡♥〉 ⇑∂°≥〉 ⌠ �〉

∉↑∂…•ƒ⌠ ⇔〉〉⌠ ⊆±←°″⌠ ⇔〉¬〉⌠ ∉♦⌠ ⇑〉⌠ ⊕°±⌠ 〉√〉⌠ ±≈ ∏°•±←°±⌠ ⊂〉〉 〉 ⇒±

°↑↔•°≥°÷♠≡ °≠ ↔•≡ ×∂↔∫↑≡≥↔≡≈ ÷≡±≡ ≠″← ∂← ↑≡→♠∂↑≡≈ ≠°↑ ≈≡♥≡≥°↓″≡±↔ °≠ ±≡♠↑≥

…↑≡←↔∫≈≡↑∂♥≡≈ ♣±↔•°↓•°↑≡← ±≈  ←♠↓°↓♠≥↔∂°± °≠ ≈♠≥↔ ″≡≥±°…ƒ↔≡← ∂± ↔•≡

⇔±∂° ↑≡↑∂°〉 ⇔≡♥≡≥°↓″≡±↔ ⌠ �〉

⊆∂…•↑≈←°±⌠ ∏〉⌠ ¬♠≡↑↔⌠ ⇒〉⌠ °±↔≡…∂±°←⌠ 〉⇑〉⌠ ∨←…♠≈≡↑°⌠ 〉∧〉⌠ ⇒≥•←•≡″⌠ ⊕〉⌠

⇒←←↑⌠ ⊆〉⌠ ↑↔∂⌠ ∨〉⌠ ≥⌠ ⇒〉⌠ ⋅ω ↑↔≡≥⌠ ⊂〉⌠ ±≈ ∂±×≡↑⌠ ⇐〉 〉 ≡≈≡↑ …≡≥≥←

⊆≡↓〉 ⌠ �〉

⊂∂±÷•⌠ ⇒〉∉〉⌠ ±≈ ∇♠ω

♥≡↑↔≡↑↔≡ …°≥°♠↑ ↓↔↔≡↑± ≠°↑″↔∂°±〉 ⇐♠↑↑〉 ⇑∂°≥〉 ⌠ ⊆�⊆〉

⊂∂±÷•⌠ ⇒〉∉〉⌠ ⊂…•…•⌠ ⊇〉⌠ ±≈ ∇♠ω ←←≥≡∂±∫⊃°≥•↑≈⌠ ⇐〉 〉 ∉↑°≥∂≠≡↑↔∂°±⌠

⌠ �〉

∪≥≈≡↑∂…•⌠ ⇑〉⌠ ⊂∂±÷•⌠ ⇒〉∉〉⌠ •≥♦↑⌠ ∉〉⌠ ±≈ ∇♠ω ←←≥≡∂±∫⊃°≥•↑≈⌠ ⇐〉 〉

↓∂÷″≡±↔ …≡≥≥← ≈♠↑∂±÷ …°≥°♠↑ ↓↔↔≡↑± ≠°↑″↔∂°±〉 ∇↔〉 ⇐°″″♠±〉 ⌠ 〉

″∂±≡≈ ƒ ↔•≡ ⊄♠↑∂±÷ ″≡…•±∂←″◊ ⊄↑≡±≈← ¬≡±≡↔〉 ⌠ �〉

∪≡←↔°±⌠ ∏〉⇒〉⌠ ±≈ ⊄•∂≡↑ƒ⌠ ∏〉∉〉 〉 ∉≡±↔∂″≡±↔°∑ ±≡♠↑≥ …↑≡←↔ ±≈ ↔•≡ °↑∂÷∂± °≠

″≡←≡…↔°≈≡↑″〉 ⇔≡♥〉 ⇑∂°≥〉 ⌠ �〉

 ⇔≡♥≡≥°↓″≡±↔≥ ⇐≡≥≥ ⌠ �⌠ ⇒♠÷♠←↔ ⌠ 
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