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Preface 
 
 
 

Non-Newtonian GFD was the theme of the 2003 Geophysical Fluid Dynamics 
Summer Study Program.  Professor John Hinch (University of Cambridge) gave the 
principal lectures, which amounted to a thorough introduction to the fluid dynamical 
foundation of the subject.  As usual, the principal lectures were followed by a variety of 
seminars, covering a wide range of fields, some non-Newtonian, others not. 
 One newer enterprise this summer was the introduction of a special GFD lecture, 
intended for a more general audience.  This summer’s lecture was given by Andy Woods 
(BP Professor, University of Cambridge), on the general subject of “Volcano 
Mechanics”.  Andy presented material covering the current thinking on the geological 
processes at work in volcanoes, and ideas on how we might model the phenomena from a 
theoretical perspective.  The talk was held in Redfield Auditorium and was attended by 
almost fifty people, drawing in members of the Oceanographic Institution and the local 
community, in addition to the program participants.  The talk was followed by an 
enjoyable reception. 
 This year’s Fellows meshed together fairly well.  The Fellows’ exploits included 
some notable successes on the softball field (against both the other WHOI teams and the 
staff team at the summer’s close).  Their academic accomplishments can be viewed 
elsewhere in this volume. 
 Jean-Luc Thiffeault must be thanked for his tireless service of the computers.  I also 
thank Shreyas Mandre for his important contributions in creating this volume.  Regarding 
the every day scientific and educational aspects of the program, special 
acknowledgements go to Oliver Buhler, Claudia Cenedese, Jean-Luc Thiffeault and 
George Veronis, and to Keith Bradley for his assistance in the Lab. 
 The program continues to be indebted to the W.H.O.I. Academic Programs Office, 
who once more provided a perfect atmosphere in which to run the program.  This year 
Janet Fields stepped down as the administrator of the program, and her place in the 
cottage was competently filled by Jeanne Fleming and Penny Foster.  However, all three 
helped to ensure that the summer ran smoothly. 
 
 
 

Neil J. Balmforth 
26th August 2003 
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GFD 2003 Lecture Schedule

Monday, June 16
10:00 am John Hinch, University of Cambridge, United Kingdom

Phenomena and Rheometry

               2:00 pm      John Hinch
       Constitutive Equations

Tuesday, June 17
10:00 am John Hinch

Simple Flow Calculations

Wednesday, June 18
10:00 am John Hinch

Experiments and Computing

 3:00 pm John Hinch
Micostructural Studies for Rheology

Thursday, June 19
10:00 am John Hinch

Simple Relaxation and Yield Problems

  3:00 pm John Hinch
Instabilities

Friday, June 20
10:00 am John Hinch

Strong Flows

  3:00 pm John Hinch
The Success and Failure of Oldroyd-B (inc converging flows)

Monday, June 23
10:30 am Jean-Luc Thiffeault, Imperial College, United Kingdom

Turbulent Polymers

2:00 pm John A. Whitehead, Physical Oceanography Department, WHOI
Discrete Jumps and Oscillations in Temperature – Salinity Driven

                                             Laboratory Experiments

  Week of June 16 – 20, 2003
  (All talks held in Walsh cottage unless otherwise noted.)

Week of June 23 – 27, 2003
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Tuesday, June 24
10:30 am John Wettlaufer, Yale University

Flow of Unfrozen Water

3:00 pm Physical Oceanography Department Seminar
Location – Clark 507

Wednesday, June 25
10:30 am Linda Smolka, Duke University

Filament Dynamics of Non-Newtonian Fluids in Extensional
Flows

 3:00 pm Philip Morrison, University of Texas at Austin
Fluctuations in Inhomogeneous Systems using Statistical

Mechanics

              5:30 PM                        Project Discussions

Thursday, June 26
10:30 am Oliver Buhler, New York University

       Vortices in a Tea Cup

Friday, June 27
10:00 am Claudia Cenedese, Physical Oceanography Department, WHOI

A Laboratory Model of Thermocline Depth and Exchange
                                                    Fluxes Across Circumpolar Front

Monday, June 30
10:00 am Daniel Joseph, University of Minnesota

Non-Newtonian Fluids I

Tuesday, July 1
10:30 am Daniel Joseph

Non-Newtonian Fluids II

Wednesday, July 2
10:30 am Norman Lebovitz, University of Chicago

Fission Theory Primed

Thursday, July 3
10:30 am                       Joseph B. Keller, Stanford University

       Water Waves

Week of June 30 – July 4, 2003



ix

Friday, July 4
NO LECTURE – DUE TO INDEPENDENCE DAY HOLIDAY

Monday, July 7
10:30 am Slava Solomatov, New Mexico State University

Mantle Convection with Realistic Rheologies

 3:00 pm Andrew Fowler, Oxford University, United Kingdom
Ice Sheets

Tuesday, July 8
10:30 am Lakshminarayanan Mahadevan, Univ. of Cambridge, United Kingdom

The Pseudo-Elasticity of Newtonian Fluids

Wednesday, July 9 
10:00 am Gregory Buck, Saint Anselm College

Natural Entanglements:  Geometry, Topology and a Phase
Transition

Thursday, July 10
10:30 am Greg Hirth, Geology & Geophysics Department, WHOI

Non-Newtonian Viscous Deformation of the Earth’s Mantle

  3:00 pm Ross Griffiths, Australian National University
Solidification in Shear Flows

Friday, July 11
10:30 am Alan Rempel, Yale University

Freezing Dirt:  The Fluid Mechanics of Frost Heave

Monday, July 14
10:30 am Amala Mahadevan, University of Cambridge, United Kingdom

                    Spatial Heterogeneity at the Sea Surface

Tuesday, July 15
10:30 am                       Informal Discussion

Horizontal Convection – Turbulent or Non-Turbulent?

Week of July 7 – 11, 2003

  Week of July 14 – 18, 2003



x

Wednesday, July 16
10:30 am Jean-Luc Thiffeault

Mixing in a Simple Map

Thursday, July 17
10:30 am Oliver Buhler, New York University

Wave Scattering and Remote Recoil

                 3:00 pm                       Edward Spiegel, Columbia University
       The Content of Shape

Friday, July 18
             10:30 am NO LECTURE

  3:00 pm John Bush, Massachusetts Institute of Technology
       Water Walking Insects

Monday, July 21
10:30 am Charles Doering, University of Michigan

The Stochastic Fisher-Kolmogorov-Petrovsky-Piscanov Equation,
Interacting Particles and Duality

  3:00 pm NO LECTURE

Tuesday, July 22
10:30 am Alexander Soloviev, NOVA Southeastern University

Horizontal Mixing in the Western Pacific Warm Pool as a
Nonlinear Diffusion Process

  3:00 pm NO LECTURE

Wednesday, July 23
10:30 am Misha Chertkov, Los Alamos National Laboratory

 Phenomenology of Rayleigh Taylor Turbulence

               3:00 pm                        NO LECTURE

Thursday, July 24
10:30 am Steve Childress, New York University

Experiments on Flapping Flight as a Symmetry Breaking
Bifurcation

                 3:00 pm                       Jennifer MacKinnon, University of California, San Diego
Missing Mixing or Missing Physics:  the Nonlinear Evolution of

Internal Gravity Waves over Rough Topography

Week of July 21 – 25, 2003



xi

Friday, July 25
10:30 am Andrew Belmonte, Penn State University

Introduction to the Dynamics of Wormlike Micellar Fluids

                 3:00 pm                       Andrew Belmonte, Penn State University
Instabilities of Viscoelastic Free Surfaces

Monday, July 28
10:30 am Ian Frigaard, University of British Columbia

Viscoplastic Fluids

                 3:00 pm                       Amy Shen, Washington University
Coating Dynamics with Complex Fluids

Tuesday, July 29
10:30 am Ian Frigaard, University of British Columbia

Stability of Multi-Layer Viscoplastic Flows

                 3:00 pm                       NO LECTURE

Wednesday, July 30
10:30 am Pascale Garaud, University of Cambridge, United Kingdom

Dusty Acretion Disks

                 3:00 pm                       NO LECTURE

Thursday, July 31
10:30 am Chiang Mei, Massachusetts Institute of Technology

Slow Flows of Mud Down a Channel or a Conical Surface

   3:00 pm NO LECTURE

Friday, August 1
10:30 am Joe Pedlosky, Physical Oceanography Department, WHOI

Rossby Basin Modes and their Instabilities

                 3:00 pm                       NO LECTURE

Week of July 28 – August 1, 2003
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Monday, August 4 
 10:30 am Colm-cille Caufield, University of California, San Diego

The Consequences of Stress:  Rigorous Bounds for Environmental
Flows

                 3:00 pm                       Antonello Provenzale, Instituto de Cosmogeofisica
Patterns of Blown Sand

Tuesday, August 5
10:30 am George Field, Harvard University

Dynamo Theory and Magnetic Helicity

                 3:00 pm                       NO LECTURE

Wednesday, August 6 
10:30 am Gordon Ogilvie, University of Cambridge, United Kingdom

The Visco-Elastic/MHD Connection

  3:00 pm                        Andrew Woods, University of Cambridge, United Kingdom
Gravity Currents in Porous Media

Thursday, August 7
10:30 am Yoel Forterre, Universite de Provence, France

Long-surface Wave Instability in Dry Granular Flows

3:00 pm Shreyas Mandre, University of California, Santa Cruz
      Dynamics of Roll Waves

Friday, August 8
10:30 am Richard Craster, Imperial College, United King

Evolving and Cooling Domes of Lava
            
               3:00 pm George Haller, Massachusetts Institute of Technology

Kinematic Theory of Unsteady Separation

Monday, August 11
             10:30 am NO LECTURE

               3:00 pm NO LECTURE

Week of August 4 – 8, 2003

Week of August 11 – 15, 2003
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Tuesday, August 12
10:30 am NO LECTURE

3:00 pm NO LECTURE

Wednesday, August 13
10:30 am NO LECTURE

3:00 pm NO LECTURE

Thursday, August 14
  5:00 pm Andrew Woods, BP Professor, University of Cambridge, UK

Volcano Mechanics – A public lecture at Redfield Auditorium,
reception to follow

Friday, August 15
10:30 am NO LECTURE

3:00 pm NO LECTURE

Monday, August 18
10:30 am NO LECTURE

3:00 pm NO LECTURE

Tuesday, August 19  
10:30 am Christopher Wolfe, Oregon State University

Eddy Formation over Variable Topography

2:00 pm Andrew Thompson, Scripps Institution of Oceanography
Diffusively Driven Overturning from a Stable Density Gradient

             3:15 pm                          Amit Apte, University of Texas at Austin
Wave-Mean-Flow Interaction in Oldroyd-B Fluid

Wednesday, August 20  
10:00 am Anshuman Roy, University of Michigan

Viscoelastic Catenary

Week of August 18 – 22, 2003 – Fellows’ Lectures



xi
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l 1:15 am Neil Burrell, University of Colorado, Boulder
1 _ Layer Quasigeostrophic Equations

               2:15 pm                        Julia Mullarney, Research School of Earth Sciences, Australian National
University
Laboratory Experiments on Non-Linear Rossby Adjustment in a
Channel

              3:30 pm                        Alison Rust, University of Oregon
Volcanic Tremor

Thursday, August 21  
            10:30 am                         JunJun Liu, California Institute of Technology

Stability of Viscoplastic Flow

            11:15 am Joel Miller, Cambridge, University, United Kingdom
Elastic Critical Layers

Thursday, August 22
10:30 am NO LECTURE

               3:00 pm                       NO LECTURE
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Newtonian Fluid

c�4:gN>@?�9  « � 46XmgB?QXBMO5EKBY�R+KN46/f1F5Q46/ /�;=KN/n¾B9-?QgN46/@g�;Q3�XB/G/@9<7�TGKVCha � 3@9
H�46XmgB?QXBM KN/ 1�3@9
7:9-Y[1E5�3@K¢CU5
1�3�Xm1PY)KB?EXw^F9-C`1LKN/�46XB/�TG>�46H�AG?�9<;-4:?�;->�76Xm1�46/@gJ¾BKB?�1�46;=9<5PKN/�7:IqXmRGR$9<Xm?ECU3@9</�1�3@9�RG76XB/@9�465Fr$9</f1ERGXB5L1
3@KB?Q46e-KN/n1�XB7Æai^UKN/D]_^F9-C`1LKN/�4jXB/qTG>�4jH�5\;-XB/qgB9</@9-?QXm1L9�?�9<;-4:?�;->�76Xm1�46/@g
¾BKB?�1�4j;=9<5`9-¾B9</�CU4:1�3�XSTGXm1URG76Xm1L9
r+9<;-XB>�5L9SKBY\1�3@9OXBH�HG4:1�4:KN/�XB7¤9=�D1L9</�5�4:KN/�XB7�¾s465Q;=KN5�4:1_IBa � 3@9O5L1L?�9<XBMO7j46/@9<5�5�3@K¢CU/�3@9-?�9¨Xm?�9O/@KB1h¾mXB7646H
;-7:KN5L9'1LKO1�3@9�R+KN46/f1`5�46/ /2XB5p1�3@9hT�K¢C�465`/�KO7:KN/@gB9-?`RG>�?�9<7:IO?QXBHG46XB7b46/w1�3�465`?�9-gN4:KN/ba
KB?U46/w1L9-?�MO5`KBY � XB/�H �

� � � ± � � ± Å ! ������!�� ������
 � �q ;=KN/�5�1 · ¡� � ¦
� 3�9F9<os>�Xm1�4:KN/2Y)KB? � 465\X
3�Xm?QMSKN/G46;`KN5�;-4j7676Xm1LKB?\9<of>GXm1�4:KN/baÇ��9P?�9<os>�4:?�9E1�3�Xm1 � gBKs9<5p1LK
e-9-?�K
KN/

1�3@9`r+KN>�/GH�Xm?Q4:9<5 � �¬ Ã ( 1LKZ5�Xm1�465�Y[I�1�3@9U;=KN/�HG4:1�4:KN/
KBYb/@K'5�7j4:R�ANXB/�HSC89`9=�DR+9<;=1�1�3@9UMOXª�@46M�>�M�T�K¢C?QXm1L9Z1LK¨KD;-;->@?F4j/�1�3@9ZMJ46H�H�7:9BA@KB? �  ( � Å aUc@KB?PXJ^F9-C`1LKN/�4jXB/qTG>�4jHbA@1�3@9ZXBHGH�4:1�4:KN/�XB7�9=�s1L9</�5Q4:KN/�XB7
¾D465�;=KN5�4:1 I ! ����	�  ¬ XB/�H�rfI¼XmR�RG76Is46/�g 1�3�9l/@Km]_5�7646R¼r$KN>G/�H�Xm?�I�;=KN/�H�4:1�4:KN/�C89lk�/�H�1LK£CU461�3�46/¼X
M�>�7:1�4:RG7j46;-Xm1�4:¾B9P;=KN/�5L1�XB/f1U1�3�Xm1

�� ¥ ® ;=KN5 ¡ÆÅ �f¦ Ã ¡�> ¦
XB/�H�1�3�9-?�9JXm?�9J/�K�?�9<;-4:?Q;->�7jXm1�46/@gw9<H�H�4:9<5<aS. Y81�3@9ORG7jXm1L9O465�r+9</n1hXm1ZXB/£XB/@gN7:9O7jXm?�gB9-?h1�3�XB/ ( 1�3@9</
?�9<;-4:?�;->�76Xm1�46/@g£9<H�H�4:9<5¨Xm?�9�RG?�9<5L9</f1¨9-¾B9</�46/ X�^F9-C`1LKN/�46XB/ TG>�4jHba c@KB?�X�/�KN/D]_^U9-CU1LKN/�46XB/ TG>�46HbA! ������ ��¬ XB/GHwCi9';-XB/�5LKN7:¾B9h9<os>�Xm1�4:KN/ ¡� � ¦\1LKOkG/GHbA

�� ;=KN5�� (Å ® ;=KN5 � � � ± ( Å � Ã ¡�>� ¦
CU3@9-?Q9 � ���� ² � � ± Å !�� ������
�� ! ����	� ap. /l1�3�465`;-XB5�9Z1�3@9-?Q9ZXm?�9
XB7:C\X<ID5U?�9<;-46?Q;->�76Xm1�46/�gS9<H�H�4:9<5UKN/lr+KB1�35�46H�9<5�KBY�1�3@9p5�46/ / ¡ kGgN>@?�9  ¦�a�^UKB1L9p1�3�Xm1�1�3@9<5�989<os>�Xm1�4:KN/G5ÇXmR�R�?�KV�D46MJXm1L981�3�98TGKVC¼YÄXm?¤Y)?�KNM 1�3@9p5�46/ /
5LK
1�3�Xm1p1�3@9�5L1L?Q9<XBMO7646/@9<58Xm?�9�XB7:C\X<ID5`46/¨1�3@9P?QXBH�46XB7+H�46?�9<;=1�4:KN/ba ;\7:KN5�9F1LKS1�3@9�5�4j/ /S1�3@9�5L1L?�9<XBMO7j46/@9<5
M�>�5L1�1�>@?Q/�1LK�Y)KB?QM�1�3�9S¾BKB?�1�46;=9<5-aOc@?QKNM ¡�>� ¦PC89O;-XB/£5L9-9S1�3GXm1h1�3@9OXB/@gN7:9SKBY81�3@9ST�K¢C 46/f1LK�1�3@9
5�46/ /�A@XB/�H�1�3s>�5p1�3�9h5�4:e-9hKBY¤1�3@9h¾BKB?�1�4j;=9<5-AG465`H�9-1L9-?QMO46/@9<HwrsI21�3@9�?QXm1�4:K	� !�� ������
�� ! ����	� a

 � |Sz�� �Sz������F��� �� �Q�S�b� 3'� � ~J�Sz��
c�46/�XB7676IBA$1�3�9
7jXB5L1�5�46MSRG769'T�K¢C�Ci9SCU4j767�;=KN/�5Q46H@9-?h465Ek�r+9-?P5LRG46/�/G46/@gOKBY\XB/��P76H@?QKVIDH � TG>�4jHba � 3@9
;=KN/�5L1�461�>@1�4:¾B9�9<os>�Xm1�4:KN/qKBY�XB/	�P7jH@?�KVIDH ��TG>�4jH24j5\gN4:¾B9</qrsI

´ ¯® ��� ± Å !�� ±���� Ã ¡�
- ¦
CU3@9-?Q9 ��� 465Ç1�3�9`9<76XB5L1�46;U5L1L?�9<5�5-AsXB/�H � 465iXhMS9<XB5�>�?�9`KBYb1�3@9UH�9-Y[KB?QMJXm1�4:KN/OKBY+1�3@9EMO46;=?�KN5L1L?�>�;=1�>@?�9Ba� 3@9�1�4jMS9hH@9-R+9</�H@9</�;=9PKBY � 465`H@9<5�;=?�4:r+9<H¨rsI

� �
���
 � �	��� ± ¡ ���h¦�� � � ®

¥
�
¡ � ® ¥V¦ · ¡�BÑ ¦

Ï>�



w

z

R

c�4:gN>@?�9 � « �E9-KNMS9-1L?�I�KBYUkGr$9-?
5LRG4j/�/�46/@glKBYFXB/ �P76H�?�KVIDH � TG>G46Hba � 3@92TG>�46H�465�RG>�7j7:9<H�Y)?�KNM X
?�9<5L9-?Q¾BKN4:?FrsI�X¨5�RG46/�/�4j/@g
CU3@9-9<7Æap§FY[1L9-?�XOrG?Q4:9-Y�46/�4:1�46XB7�1L?QXB/�5�4:9</f1`?�9-gN46KN/bA�1�3�9'TG>�4jHq465`R�>�767:9<H�46/f1LK
XO;=ID7646/�H�9-?8CF3@KN5L9�?QXBH�4j>�5pH@9<;=?�9<XB5L9<5FXB/�H�¾B9<7:KD;-4:1 I246/G;=?�9<XB5L9<5U4j/w1�3@9hH�4:?�9<;=1�46KN/wKBY¤R+KN5�461�4:¾B9�©@a

� 3@92k�?Q5�1Z1 CiK�1L9-?QMJ5ZKN/�1�3�92?�4:gN3n1
3�XB/�H�5�46H�92H@9<5Q;=?Q4:r+9J1�3@9�5L1L?Q9-1�;Q3�46/�g�KBYF1�3@9�MO46;=?�KN5L1L?�>�;=1�>@?�9
CU3�4j7:9F1�3�9h76XB5L1p1L9-?QM�H�9<5�;=?Q4:r+9<5\?�9<76Xª�@Xm1�4:KN/�r�XB;0/21LKO1�3@9'5L1L9<XBH�I25L1�Xm1L9BA �  ¥mA�KN/qXS1�46MO9P5Q;-XB7:9 � a� 3�9JgB9-KNMS9-1L?�I�Y[KB?�1�3�465ZR�?�KBr�7:9<M�465�5�3@K¢CU/�4j/�k�gN>@?Q9 � a�c�76>G46H�r+9-gN46/�5'46/�Xl?�9<5L9-?�¾BKN46?<A�XB/�H
XmY)1L9-?ZXqrG?Q4:9-Yi4j/�4:1�46XB7¤1L?QXB/�5Q4:9</n1'?�9-gN4:KN/�465hRG>�767:9<H�KN>�1'46/f1LKlXq;=ID7646/�H@9-?�r+9-gN46/G/�46/@gwXm1Z©  ¬ rfI�X
5LRG4j/�/�46/@gZCU3@9-9<7Æa � 3@9�TG>�46Hw465p5�1L?�9-1�;Q3@9<H�XB/�HqXB;-;=9<7:9-?�Xm1L9<Hl5LKO1�3GXm1`1�3@9�¾B9<7:KD;-4:1_I � 46/�;=?�9<XB5�9<5`XB/�H1�3@9P?QXBH�4j>�5�� H@9<;=?�9<XB5L9<5UMSKV¾D46/@g
46/¨1�3@9�H�4:?�9<;=1�4:KN/¨KBY�R+KN5�4:1�46¾B9E©@a � 3@9FT�>D�JXB/�H21L9</�5�4:KN/wXm?�9Pr+KB1�3
;=KN/�5L1�XB/f1FXB/GH�Xm?�9hgN4:¾B9</lrfI

   ( � Ê � ¡�>= ¦
XB/�H

�  ( � Ê ´GµQµ ¡�� ¬ ¦
?�9<5LR+9<;=1�4:¾B9<76IBa;8KN/G5�46H@9-?Q4j/@g�1�3@9F;=KN/G5L1�4:1�>@1�4:¾B9F9<of>GXm1�4:KN/¨XB/GH¨XmR�R�7:Is4j/@g�1�3@9Ur+KN>�/GH�Xm?�I
;=KN/�H�4:1�4:KN/JKBY�/@K'?�XBH�46XB7
5L1L?�9<5Q5pKN/q1�3@9�Y)?�9-9'5Q>@?�YÄXB;=9 ´�¶0¶ W¬ ¡�
- ¦8gN4:¾B9<5

� ¯® ! °
�
° © ±����

¶0¶ · ¡�� ¥V¦
� 3@9</�Af;=KN/�5�4jH@9-?Q46/@g�1�3�9FXª�@46XB7�;=KNMOR$KN/�9</n1iKBY�5L1L?�9<5�58XB/�H2>�5�46/@g�1�3�9F9=�DR�?�9<5�5Q4:KN/SY)KB?iR�?Q9<5�5�>@?�9UgN4:¾B9</
Xmr+KV¾B9BA�Ci9hk�/�H

´ µ�µ  Ï ! °
�
° ©�±��

¡ � µ�µ ® � ¶0¶ ¦ 
� �  Ã ¡��BÅ ¦

CU3@9-?Q9¨C89q3�X<¾B9qMJXBH@92>G5L9wKBYU1�3@9w9=�DR�?�9<5�5�46KN/�5'Y)KB?S1�3@9w1L9</�5�46KN/�XB/GH�1�3�92T�>D�£46/�1�3@9�;=Is7j46/�H@9-?<a
c�46/�XB7676IBAsY)?�KNMv9<os>�Xm1�4:KN/ ¡�BÑ ¦\1�3@9Z5L1L9<XBH@I�5L1�Xm1L9'9<os>�Xm1�4:KN/G5pY[KB?U1�3@9h?QXBH�4jXB7bXB/�HqXª�@46XB7�;=KNMSR+KN/@9</f1�5
KBY�1�3@9hH@9-Y)KB?QMOXm1�4:KN/qKBY � ;-XB/qr+9PC`?Q461L1L9</qXB5

� ° � ¶0¶° ©  ® � ¶0¶ °
�° © ® ¥� ¡ � ¶0¶ ® ¥V¦ ¡��BÏ ¦
� ° � µ�µ° ©  Å � µ�µ °��° © ® ¥� ¡ � µ�µ ® ¥V¦ · ¡�� � ¦

.0/JgB9</�9-?QXB7ÆADY[KB?\XZgN4:¾B9</ � 9-r+KB?QXB32/s>�M'r+9-?<A � 9  � ¸ ¿¸ µ As1�3@9E9<of>GXm1�4:KN/�58Xmr$K¢¾B9�MZ>�5�1ir+9F5�KN7:¾B9<H/s>�MS9-?Q46;-XB7j7:IBa �FKVC89-¾B9-?<AECi9�CU467j7`;=KN/�5�46H�9-?¨1 CiK�764jMO4:1�5SCU3�9-?�9�1�3�9�9<os>�Xm1�4:KN/�5wXm?�9�XB/�XB7:Is1�46;-XB7676I

Ï
-



1L?QXB;=1�XmrG769Ba�. /21�3@9�^F9-C`1LKN/�46XB/�7j46MO4:1iKBY�5�MOXB7j7 � 9-r+KB?QXB3�/s>�M'r+9-?<A � 9�� ¥mA@1�3�9E1 CiKS1L9-?�MO5\KN/w1�3@9
?Q4:gN3f1`3�XB/�H�5Q46H@9�KBY¤9<of>�Xm1�46KN/�5 ¡��BÏ ¦pXB/GH ¡�� � ¦\rGXB7jXB/�;=9�1LKOgN4:¾B9

� ¶0¶�� ¥ ® � °��
° ©
Ã � µQµ�� ¥ ± Å � °��° © · ¡��> ¦

Ð�7j>@gBgN46/@g
1�3@9<5L9'9=�sR�?Q9<5�5�4:KN/�5\Y)KB? � ¶0¶ XB/�H � µ�µ 4j/n1LK ¡��BÅ ¦pgN4:¾B9<5UXO5Q46MSRG7:9P7646/�9<Xm?p9<of>�Xm1�46KN/
Ï@¡ ! ±�� � ¦ °��° ©  � �  Ã ¡��>� ¦

CU3�4j;Q3�3�XB5p1�3�9'5LKN76>@1�46KN/
� ¡ ©s¦  � ¡ ¬ ¦f9=�sR�� �h©

Ï   ¡ ! ±�� � ¦�� · ¡��
- ¦
� 3@9-?Q9-Y[KB?�9�46/¼1�3@9 ^U9-C`1LKN/G46XB/�?�9-gN4jMS9l1�3@9�¾B9<7:KD;-4:1_I�46/G;=?�9<XB5L9<5O9=�DR+KN/@9</f1�46XB767:I�>�/n1�4j7p1�3@9l9<7jXB5L1�46;
7646MJ4:184j5p?�9<XB;Q3�9<HbAG46/wCU3G46;Q3w1�3@9'?�9<76Xª�@Xm1�4:KN/�?QXm1L9'4j5p;=KNMSRGXm?QXmrG769�1LKO1�3@9'5�3�9<Xm?<A@KB? � ¸ ¿¸ µ � ¥ma.0/O1�3@9F9<76XB5L1�46;U7646MO4:1Ç1�3�9U5L1L?�9-1�;�3�46/@gZ1L9-?QM4j/S1�3@9FXª�@46XB7�H�4:?�9<;=1�4:KN/JH@KNMO46/�Xm1L9<5�?QXBH�46XB7G5L1L?�9-1�;Q3G46/@g
XB/�H�¾D465�;=KN5Q4:1_IBA ! ¸ ¿¸ µ � ��� ¶0¶ � ��� µ�µ AGXB/�H�1�3�9-?�9-Y[KB?Q9

´�µ�µ�� ��� µ�µ  � �  · ¡��BÑ ¦
c@?�KNM ¡�� � ¦\C89'3�XV¾B9

� ° � µ�µ° ©  Å � µ�µ °��° © ® ¥� ¡ � µ�µ ¦ ¡��>= ¦
5�46/G;=9 � µQµ�	 ¥ma`Ð�76>@gBgN4j/@g � µ�µ  � � �B 46/f1LKJ1�3G465p9<os>�Xm1�4:KN/�Is4:9<7jH�5`XJ5Q46MSRG7:9�764j/@9<Xm?FH�4:t$9-?�9</f1�46XB79<os>�Xm1�4:KN/�CU3G46;Q3�3�XB5`1�3@9'5LKN76>�1�4:KN/ �  � � ± ©� · ¡.- ¬ ¦
�FR$KN/�?�9<XB;�3�46/@gE1�3@9\9<76XB5L1�4j;�?�9-gN4jMS9\1�3@9i¾B9<76Ks;-4:1 I'KN/�76IhgB?�KVCF5Ç7646/@9<Xm?Q76IBa�^F>GMS9-?Q46;-XB7s?�9<5�>G7:1�5�4j/�H�46;-Xm1L9
1�3�Xm1�1�3@9-?�9p465�XB/SXmr�?�>@R�1�;�3�XB/@gB9`46/�1�3@9pH@ID/�XBMO4j;-5�KBY�1�3@9\1�3@?�9<XBHSXB5�1�3@9\TG>�4jHh1L?QXB/�5Q4:1�4:KN/�5�r+9-1_C89-9</
1�3@9O^F9-C`1LKN/�46XB/£XB/�H�9<76XB5L1�4j;
?�9-gN46MS9<5-a � 3�465E1L?QXB/�5�461�4:KN/�Xªt$9<;=1�5�/@KB1�KN/�76Il1�3@9O¾B9<76Ks;-4:1 IBA�rG>�1hXB765LK
1�3@9h?�XBH�46>�5pKBY�1�3@9'1�3@?�9<XBHlXB5FgN4:¾B9</lY[?�KNM 1�3@9h1�3@?Q9<XBH�
 5`TG>@�wXB/�Hl1L9</�5�4:KN/q?�9<76Xm1�4:KN/�5Q3�4:RG5 ¡�>= ¦UXB/�H
¡�� ¬ ¦�a������������������ �����"!$#%�'&(�*)�+��*)�,-��.0/213�4�5*�6(�

ÏBÑ



���������
	��������������	���������� �"!#�
$&%'�(����	������

)+*-, *-.0/214365

7 8:9(;=<?>-@BA�<DCFE4G

HJI
K�L�MONPNRQTSUK�MWVXIZY#Q\[�M]N�S6^�N�N�QU_a` Q6bBMOc�QTIdK�egf�eh`�`�b�VXegSBL�QTNPKRV0SBL�ehbiegSUKRQ6biMWjTM]I�klcZehKRQ6biMOegf]NPegI�[�egN�NRQTN�NiMOI�k
K�L�Q
m4QTL�eTnaMWVgboVgpDqrVsY�MOI�k=cZehKRQ6bBMOegfON6t(uaK�egI�[�ehbi[veh`�`rehbBehK�^�NRQTNo^�NRQT[vKRV�[�Q6KRQ6bicwMOI�Q(qr^�MO[xbiL�Q6VXfWVgkgy
YzQ6b�Qz[�QTN�SUbiMWm4QT[0M]I�NRQTSUK�MOVXI
{�Vgpr|}QTSUK�^�b�Qo~ht���Q6b�QzY#Q�QTc�`�L�egN�MWj6Q#`�biegSUK�MOS6egfd`�b�VgmrfOQTcZN�M]I0c�QTegN�^�biMOI�k
K�L�Q�biL�Q6VXfWVgkgy�Vgp4I�VXIa����Q6Y\KRVXI�M]egI
qr^�MO[�NT��K�L�Q\MOc�`4Vgb�K�egI�SUQ�Vgp4^�N�MOI�koNRK�egI�[rehbi[
qr^�MO[rN6��egIr[Zc�Q6K�L�Va[�N
p2Vgb\VgmrNRQ6b�naMOI�k
q�V�Y�`�biVg` Q6biK�MWQTN6t

����� ��� �g�������4���
��L�ehK�MON�eZSUVXc�`�fWQ6KRQ+biL�Q6VXfWVgkXM]S6egf�[�QTN�SUbiMW`rK�MWVXI�����QTegN�^�bBMOI�k
K�L�QlN�L�QTehb�n�MONiSUVXN�MWK�yg��I�VgbicZegf�NRKRb�QTNiNRQTN
egI�[�QTfOegN�K�MOS�c�V�[r^�fO^�N(MOI�N�L�QTehb�q�V�Y MON�I�VgK�N�^�¡�S6MWQTI�K
KRV¢[�QTNiSUbiMWm4Q=evq�^�MO[��PegN�K�Y#V£qr^rMO[�N(cZeTy
m4Q�N�M]cZMOfOehbFMOI�K�L�QTN�Q
SBL�ehbiegSUKRQ6biM]NRK�MOS6N+egI�[xygQ6K+L�eTngQ�[�MON�K�MOI�SUK�m4QTL�esn�MOVgbFMOIxQU_aKRQTI�N�MWVXI�egf�q�V�YltoH�KoMON
MOc�`4Vgb�K�egIdK(KRV¢[�V�S6^rc�QTI�K(QU_a` Q6bBMOc�QTIdK�egfz[�Q6K�egMOfON
S6ehb�Q6p¤^�fOfWyg�?MOIrS6fO^�[�MOI�k�c�QTegN�^�biQTc�QTI�K
KRQTSBL�I�MO¥�^�Qg�
qr^�M][¦`rb�Q6`rehbiehK�MWVXI�egI�['c�VXfWQTS6^�f]ehb�Y#QTMOkXL�K�[rMONRKRbiMWm�^�K�MWVXI�N6�\N�V§K�L�ehK�VgK�L�Q6bBN�S6egI'b�Q6`rb�V�[r^�SUQ£K�L�Q
b�QTN�^rfWK�N6t+¨}V�K�L�M]N�QTI�[-� bBL�Q6VXfWVgkXMONRK�NoNRK�^r[�y�NRK�egI�[�ehbB[xq�^�MO[�N6t+��QTMON�N�I�Q6b�©ª~U«?SUV�Vgbi[�MOI�ehKRQT[ve�`�b�V�¬RQTSUK
KRVoQU_aegcwMOI�Q�fWVsY§[�QTIrN�MWK�y+`4VXfWygQ6K�LdyafWQTI�Qzqr^�MO[�NTt-HI
c�VgbiQzbiQTSUQTI�K�ygQTehbiN6��K�L�Q6b�Q�L�egN�m4Q6QTI(e�KRbiegI�NiMWK�MWVXI
p2b�VXc�K�L�Ql^�N�QlVgp�L�VgK�c�QTfWK�N�KRV�SUVXfO[�NRVXfO^�K�MWVXI�N�egN�NRK�egIr[�ehbi[�qr^rMO[�Nzp®Vgb�fWVgkXMONRK�MOS6egf4QTegN�Qgt

¯ IlQU_�egc�`rfWQPVgp�e\cZV�[�Q6bBIlNRK�egI�[�ehbB[+qr^�MO[oMON-K�L�Q#�°~�±�²³cZehkXMOSh´¶µ�qr^�MO[oY�L�MOSiL+SUVXIrN�MONRK�N�Vgp�·at³¸�¹g¹lº
`4VXfWyaMONRVgmr^�K�y�fOQTI�Q�±¤c�VXfWQTS6^�fOehb0Y#QTMWkXLdK({�t³»½¼\~6·g¾�kd¿�c�VXf2µ+egI�[°ÀgºÂÁgQ6b�VXNRQTI�Q=MOI£`4VXfWy�mr^�KRQTI�Qgt�¨\L�Q
�°~�q�^�MO[:M]N(e�ÃzVgkgQ6bZqr^�M][���K�LrehK
M]N6�PVXI�Q�Y�L�MOSBL°LregN(evN�L�QTehb(naMON�SUVXNiMWK�y¢K�LrehK
M]N(eh`r`�b�VT_�MOcZehKRQTfOy
MOI�[�Q6` QTIr[�QTI�K�Vgp?NiL�QTehb�bBehKRQg��K�L�^�NFegfOfWVsY�MOI�kwe�NRQ6`rehbiehK�MWVXIxVgp?N�L�QTehboegI�[�QTfOegNRK�MOS0QUÄ QTSUK�N6tF¨\L�Q6b�Q(MON
kgV�V�[�ehkgb�Q6QTcZQTI�K\egc�VXI�kXNRK\[�MªÄ4Q6b�QTIdKzN�L�QTehb�biL�Q6VXc�Q6KRQ6biN�M]IwK�L�Q+c�QTegNi^�b�QTc�QTIdK�N�Vgp�NiL�QTehb�n�MONiSUVXN�MWK�y
Vgp�K�L�Q0�:~lqr^�MO[�t���VsYzQ6ngQ6bFeZN�Q6biMWQTN�Vgp�QU_�KRQTI�NiMWVXI�egf�naMON�SUVXN�MOK�y�c�QTegN�^�b�QTcZQTI�K�N\[�QTc�VXI�NRKRbiehKRQTN\K�L�ehK
[�MªÄ4Q6b�QTIdK�c�QTegNi^�b�QTc�QTIdK}KRQTSBL�I�MO¥�^�QTN�S6egI(fOQTeg[0KRVoe\biegI�kgQ#Vgp�QU_aKRQTI�N�MWVXIregf�naMON�SUVXN�MOK�MWQTN#©Å¸�«�±¤^�`(KRV�p2VX^�b
Vgbi[�Q6bBN�Vgp�cZehkXI�MWK�^�[�QgÆXNRQ6Q�Ç�kX^�b�Q�¸�p2b�VXcÈ|-QTSUK�^�biQo~ht ¯ bBehK�MWVXI�egfdQU_�`rf]egI�ehK�MWVXI(Vgp�K�L�MON�`rL�QTI�VXc�QTI�VXI
Y�MOf]f�m4QokXMWngQTIxMOI�|-QTSUK�^�biQ�É�t

Ê�ËÌÊrË¤Ê ÍlÎ�Ï�ÐgÑ�Ò2ÐXÏrÓ�Ô�Î�ÕrÖ�Ó®×aØ°Ù
¨\L�Q6biQ�ehb�QvcZegIdy§QU_a` Q6bBMOc�QTIdK�egf�[�MO¡wS6^�fWK�MWQTN�MOIÚc�QTegN�^�biM]I�k¢K�L�Qv`�b�Vg`4Q6b�K�MOQTNZVgp0I�VXI�����Q6Y\KRVXIrMOegI
qr^�M][�N6t�¨\L�QTNRQlMOIrS6fO^�[�QgÛ

Ü�Ý fWV�YMOI�N�K�ehmrMOfOMWKRQTNoMOI¢ÞzVX^�Q6KRKRQwegI�[¢SUVXI�QU��egIr[a�ß`rfOehKRQZeh`�`�ehbiehK�^�NRQTNlS6egI:`�b�Va[�^�SUQ
e(¬�^�c�`£MOI
KRVgbB¥d^�Q0K�L�ehK�cZesy=m4Q+Q6b�biVXI�Q6VX^�N�fWy=MOIdKRQ6b�`�b�Q6KRQT[�egN�egI�MOI�SUb�QTegN�Q0MOI�naMON�SUVXN�MWK�ygt

{gÉ



Ý MWkX^�b�Q+~hÛ?u�K�MOSiÁ���N�f]MW`�p2b�VXc"q�V�Y Vgp e+cwMª_�K�^�b�Q#Vgp S6fOeTy(`4VsY�[�Q6b�egIr[
VXMOf�K�L�b�VX^�kXL�e+¸h·lcZc"[�M]egc�Q6KRQ6b
NRKRQ6QTf�[�ygQlehK0~T{Zcwc�¿�N0© ¹h«ßt

Ü ¨�L�Q0I�Vh��N�f]MW`�m VX^rI�[�ehb�y=SUVXI�[�MWK�MWVXI�ehK�Yzegf]fON\MON�kgQTI�Q6bBegfOfWy�egN�N�^�c�QT[�mr^�K�MON�I�VgK�egfWY�eTyaN�nhegfOMO[
±2ÇrkX^�b�QZ~sµBt

Ü ¨�L�Q6b�Q�S6egI=m4Q�N�f]MW`�`rMOI�koegfOVXI�k(M]I�KRQ6biIregfrfOesygQ6biN6��Á�I�V�Y�I=egNzNiL�QTehb#m�egI�[�MOI�k�t���L�Q6VXc�Q6KRQ6biN�S6egI
m4Ql[�QTNiMWkXI�QT[�KRVZVgmrN�Q6b�ngQlK�L�MON\`rL�QTI�VXc�QTIre�KRV�eTngVXMO[xcZMON�MOIdKRQ6b�`�biQ6K�ehK�MWVXI�N6t

Ü�Ý biMOSUK�MWVXI
p2b�VXc"N�L�QTehbiM]I�k�naMON�SUVX^rN�q�^�MO[�N�MOI�SUb�QTegN�QTN�KRQTcZ` Q6bBehK�^�b�QTNPMOI(K�L�Q�qr^�M][�N6��Y�L�MOSBL(S6eg^rNRQTN
eZb�QT[�^�SUK�MWVXI�M]I�qr^�MO[=naMON�SUVXN�MWK�ygt

Ü�� L�egNRQU��NRQ6`�ehbiehK�MWVXI�egI�[=SUb�y�N�K�egfOfOMON�ehK�MOVXI�Y�MOfOfrS6eg^�NRQoSiL�egI�kgQTN�MOIwbiL�Q6VXfWVgkXM]S6egfr`�biVg` Q6biK�MWQTN6t�¨\L�Q
N�K�egI�[�ehbi[ u�~§±�²³N�MOfOfWy ´¶µwqr^�MO[ ±��Xº ` VXfOy�MON�Vgmr^�K�yafWQTI�Q�MOI'[�QTS6egfOM]I ©Å{�«lmdy�YzQTMWkXLdKBµ�L�egN�m4Q6QTI
`rb�VgmrfWQTcZehK�M]Som QTS6eg^rNRQlMWK�KRQTI�[�N\KRVZ`rL�egNRQlN�Q6`rehbiehKRQgt

Ü�� Q6kgbieg[rehK�MWVXIvVgp?K�L�Q�qr^�MO[x[�^�Q0KRV	��
 bieg[�MOehK�MOVXI��rmrMOVh�ßVgb�kXegI�MON�cwN�Vgboc�QTSiLregI�MOS6egf�m�b�QTehÁaMOI�k
Vgp�`4VXfWyac�Q6biNzm�y=K�L�Q+q�VsYÈMWK�NRQTfWp�±�������]��Ç�kX^�b�Q0¸XµBt

����� ���#�������4� �X�����#�
u�K�egI�[rehbi[lc�Q6K�L�Va[�N�Vgp�qrVsY:Vgm�NRQ6b�nhehK�MWVXIlMOI�S6f]^�[�QP[�MWb�QTSUK}n�MONi^�egfOMON�ehK�MOVXI��TfOegNRQ6b�[�Vg`�`rfWQ6b-egI�QTc�VXc�Q6KRb�y
egI�[0`rehb�K�MOS6fWQzMOcZehkgQ#ngQTfWV�S6M]c�Q6KRb�ygt Ý f]^�MO[+`�biVg` Q6biK�MWQTN-egI�[�q�VsY�SiLrehbiegSUKRQ6biMONRK�M]S6N�S6egI
egfONRV�m4QDMOI�p2Q6b�b�QT[
p2b�VXc cZQTegN�^�b�QTc�QTIdK�N�VgpPqr^�MO[�q�^a_�QTN�egI�[�I�VgbicZegf}N�KRb�QTN�NRQTN�p®VgbFq�V�Y K�L�biVX^�kXL�e=N�MOc�`�fWQ+kgQ6VXc�Q6KRb�y
N�^�SBL0egN}q�VsY°K�L�b�VX^�kXLle\`rMW`4Qgt}¨\L�Q6biQDehb�QDL�V�Y#Q6ngQ6b�SUVXc�`rf]MOS6ehK�MWVXI�N-egNiNRV�S6M]ehKRQT[lY�MWK�LlK�L�MON�KRQTSBL�I�MO¥�^�Qgt
¨\L�Q6biQoM]N�e�fOehb�kgQo`�b�QTN�Ni^�b�Qo[�b�Vg`�ehK�`rMW`4QFQTI�KRbiyg��egI�QUÄ QTSUK�K�L�ehK\S6egI�m4Q+egS6SUVX^�I�KRQT[�p®Vgb�m�y�^�N�MOI�k
e
biegI�kgQ(Vgp?`rMO` QlfOQTI�kgK�L�NFegI�[�QU_aKRbieh`4VXfOehK�MOI�kwK�L�Q
[�ehK�e�KRV�egI�MOI�Ç�I�MWKRQ+`rMW`4Qgt ¯ [�[�MOK�MWVXI�egfOfWy�K�L�Q6b�Q
MON
egI�Q6b�biVgbDegN�NRVaS6MOehKRQT[�Y�MOK�L�c�QTegN�^�biM]I�k+I�VgbicZegf�NRKRbiQTN�NRQTN?^�NiMOI�ko`�b�QTN�Ni^�b�QzK�eh`rNDMOI(K�L�Q�YzegfOf]N6�gm4QTS6eg^�NRQ
q�V�Y `regNRK\K�L�QlL�VXfWQlSUb�QTehKRQTNFI�VgbicZegf�N�KRb�QTN�NRQTN6t


oMON�^�egf]MWjTehK�MWVXI�cZesy=m4QlSUVXc�`�fWQTc�QTIdKRQT[�mdy�egN�N�QTN�N�MOI�kZN�KRb�QTN�NRQTN�p2b�VXc�qrVsY���MOIr[�^�SUQT[�egI�MON�VgKRb�Vg`dy
MOIoK�L�QPVg`rK�MOS6egfXMOI�[�QU_�Vgpab�Q6p2biegSUK�MWVXI+Vgp�K�L�Q?qr^rMO[(±2m�MWb�Q6p2biMOI�kgQTI�SUQ�µBt��ÚL�QTI+`rfOegI�QU�ß`4VXfOehbBMWj6QT[oc�VXI�VaSiL�b�Vh�
cZehK�MOS+f]MWkXL�K�`regNiNRQTN�K�L�b�VX^�kXL�K�L�Q+qr^�MO[=egI�[�K�L�QTI�K�L�b�VX^�kXL�e�NRQTSUVXIr[�`4VXfOehbiMWj6Q6bT�aK�L�Q+m�MWb�Q6p2biMOI�kgQTI�SUQ

¹X·



Ý MWkX^�b�Q�¸�Û � fWVgKwN�L�VsY�MOI�k:[�biehk¢biQT[�^�SUK�MWVXI½p®Vgb=eg¥d^�Q6VX^rN ����� N�VXfO^�K�MWVXI�NZY�MWK�L K�MOcZQ�b�QTfOehKRQT[½KRV
c�QTSBL�egI�MOS6egf?[�Q6kgb�QT[�ehK�MWVXIvVgpz`4VXfWy�cZQ6biN6t�¨�L�QZNRyac0m4VXfONoSUVgb�b�QTN�` VXIr[vKRV�QU_�`4Q6biMOcZQTI�K�N+ehKl[�MWÄ Q6b�QTIdK
�\Q6yaI�VXfO[rNDI�^�c0m4Q6biN�±Ì¸�� ·F¼�~6·����
	����	Â~T»��O~�¼�~6·�����µBt��PMON#K�L�Q�b�QTN�MO[�QTIrSUQ\K�MOc�Q�Vgp�K�L�Q�NRVXf]^�K�MWVXI
MOI�K�L�Q0q�VsY�egIr[����FMON\K�L�QlL�egfWp®��[�Q6kgbieg[�ehK�MOVXI�K�MOc�Qw© ��«ßt

Vgp�K�L�Q�qr^�MO[£S6eg^�N�QTN�SUVXI�N�KRbi^�SUK�MWngQ=egI�[:[�QTN�KRbi^�SUK�MWngQ=MOI�KRQ6bip®Q6b�QTIrSUQwp2biMOI�kgQTNw±2ÇrkX^�b�Q={Xµ+p®biVXc�Y�L�M]SiL
NRKRb�QTNiN�SUVXIdKRVX^�biN
ehb�Q=[�QT[�^�SUQT[�±2Ç�kX^�b�Q�¹dµBt ¯ fOM]I�QTehblb�QTfOehK�MOVXI�N�L�MW`:m Q6K�Y#Q6QTI NRKRb�QTNiN�egI�[ MOI�[�QU_vVgp
b�Q6p2biegSUK�MWVXI:±���µ�MON�NRVXc�Q6K�MOcZQTN�egN�N�^rc�QT[��

������� ��� ±J~sµ
Y�L�Q6biQ � �zK�L�Q�N�KRb�QTN�N�Vg`�K�M]S6egf\SUVdQ6¡�S6MWQTI�K6��MON�e:SUVXI�NRK�egIdK�[�Q6KRQ6bicwMOI�QT[�p2b�VXc e¢N�MOcZ`rfWQ=KRQTNRKwq�V�Ylt
Ý Vgbl¥�^�egfOMWK�ehK�MOngQ(egN�N�QTN�N�c�QTIdKZ±J~sµ�M]N�I�VgKob�QT¥�^�MWbiQT[�L�V�Y#Q6ngQ6blK�L�Q(¥�^�egIdK�MWK�ehK�MWngQ�eh`�`rfOM]S6ehK�MWVXI�VgpDK�L�MON
KRQTSiLrI�MO¥�^�Qx[�Q6`4QTI�[rNZVXI¦K�L�QxnhegfOMO[rMWK�y�VgplK�L�QvNRKRb�QTNiNwVg`�K�M]S6egf�fOesYlt ¨�L�MONwf]eTYÂcZeTy½p2egMOf�m4QTS6eg^�NRQ
mrMWbiQ6p®biM]I�kgQTI�SUQZc�QTegN�^�b�QTNlm4VXI�[¢egf]MWkXI�c�QTIdK0egI�[ I�VgK0K�L�QwcZehkXI�MWK�^r[�QZVgp�K�L�Q=NRKRb�Q6K�SiLrMOI�k�t�¨\L�M]NlMON
`rehb�K�M]S6^�fOehb�y�`�b�VgmrfWQTcwehK�MOSoMOI�NRKRb�VXI�kwQU_�KRQTI�NiMWVXI�egf4q�V�Y�N6t

Ý egM]fO^�b�Q�Vgp\K�L�Q�N�KRb�QTN�NJ�ßVg`�K�M]S6egfzf]eTY YzegN
[�QTc�VXIrNRKRbiehKRQT[ mdy½© À�«#Y�MWK�L N�MOc(^�fWK�egI�Q6VX^�N0c�QTegNi^�b�QU�
c�QTIdK�NFVgp?mrMWb�Q6p2biMOI�kgQTI�SUQ0egI�[�QU_aKRQTI�N�MWVXI�egf�NRKRb�QTNiN�VgpD` VXfOy�c�Q6boNRVXfO^�K�MWVXI�N�M]Ixe�ÇrfOegc�QTIdKoNRKRb�Q6K�SiLrMOI�k
biL�Q6VXcZQ6KRQ6bTtP¨\L�Q#[rehK�eFM]I�[�MOS6ehKRQze�I�VXI���fOMOI�QTehb�b�QTfOehK�MWVXI�NiL�MW`lm4Q6K�YzQ6QTI�NRKRb�QTNiN�egIr[0mrMOb�Q6p®bBMOI�kgQTSUQgt Ý ^�bR�
K�L�Q6bicZVgb�Qg�rNRKRb�QTNiN�b�QTfOe�_�ehK�MWVXI�Y�egN\p¤egNRKRQ6b�K�LregI�mrMWb�Q6p2biMOI�kgQTI�SUQ�biQTfOe�_aehK�MOVXI���fWQTeg[�MOI�k�KRVwe�L�yaNRKRQ6b�QTNiMON
MOI�K�L�Q�NRKRb�QTN�N�Vg`rK�MOS6egf-fOesY ±2Ç�kX^�b�Q �XµBt

�  "!�A <?>-@$#PG

����� %¢���'&a�����X�)(�� �X�����
¨\L�Q6biQ?ehb�QDK�L�biQ6QDc�Q6K�L�Va[�N�Vgp�[�MONiSUb�Q6K�MON�ehK�MWVXIoY�L�MOSiL0ehb�QDSUVXcZc�VXIrfWyF^rNRQT[lMOI+K�L�QDId^rc�Q6biMOS6egfgNRVXf]^�K�MWVXI
Vgp�I�VXIa����Q6Y\KRVXI�M]egIlqr^�M][+q�VsY `�b�Vgm�fWQTcZN6t}¨�L�QTNRQ#ehbiQDÇrI�MOKRQ?QTfWQTc�QTIdK6�gNR`4QTSUKRbiegf�egI�[�ÇrI�MOKRQ?[�MªÄ4Q6b�QTI�SUQ
c�Q6K�L�Va[�N6t Ý MOI�MOKRQ�QTfWQTc�QTIdK?KRQTSiL�IrMO¥d^�QTNDehb�Q\kgV�Va[Zp2VgbD`�b�Vgm�fWQTcZN�Y�MWK�LwSUVXc�`rfWQU_
kgQ6VXc�Q6KRbiMWQTNT��egI�[�egN
NRVXfWngQ6bBNPp®Vgb#QTfOfOMW`rK�MOSDQT¥�^�ehK�MWVXIrN6tDu�`4QTSUKRbiegf�c�Q6K�L�Va[�NPehb�Q�ngQ6b�y�egS6S6^�biehKRQ�mr^�KPVXI�fWy�Y#VgbiÁ(p2VgbD`4Q6biMOV�[�M]S
kgQ6VXc�Q6KRbiMOQTNZN�^�SBL egNZe�Yzesndyd�ßYzegf]f�K�^�m4Qgt°¨\L�Q6y:ehb�Q�Vgp2KRQTI§^�NRQT[ p2Vgb�K�^�b�mr^�fOQTI�K
[�biehkv`�b�Vgm�fWQTcZN6t
Ý MOI�MWKRQ�[�MWÄ Q6b�QTIrSUQ�cZQ6K�L�V�[rN�ehb�Q�b�QTfOehK�MWngQTfOy N�M]c�`rfWQ=egI�[§ehb�Q�c�VXN�K�QTegN�MOfWy eh`�`rfOMWQT[ KRV¢cZeh`r`rehmrfWQ

¹�~



Ý MWkX^�b�Q={�Û � L�VgKRVgkgbieh`rLrN0Vgp�p2biMOI�kgQ�`�ehKRKRQ6biI�N�p®Vgb(qr^�MO[vqrVsY�MOI�k�MOIdKRVxe�NifOMWK+p2Vgb(e�biegI�kgQwVgp\NiL�QTehb
biehKRQTN6t � ehb�Áwp®biM]I�kgQTNDehb�QFehb�QTegNzVgp-[�QTNRKRbi^rSUK�MWngQ�MOIdKRQ6b�p2Q6b�QTI�SUQFegI�[wQTegSBL�eg[�[�MWK�MWVXIregf�p®bBMOI�kgQ�MOIr[�MOS6ehKRQTN
K�L�ehK\K�L�Q0N�fWV�Y bieTy�MON\egI�eg[�[�MWK�MWVXIregf�Y�eTnafWQTI�kgK�L�m4QTL�MOI�[=K�L�Q+p¤egNRK�fOMOkXL�K�biesygt Ý b�VXc ©���«

Ý MWkX^�b�Q�¹�Û�¨\L�Q�ÇrbiNRKPI�VgbicZegf�N�KRb�QTN�N?SUVXIdKRVX^�biN#SUVgb�b�QTNR`4VXI�[�M]I�k�KRV0K�L�Q�q�VsY¦N�L�VsY�IZMOI Ý MWkX^�b�Q\{��d`rehb�K
±2m µBt

¹�¸



Ý MWkX^�b�Q	��Û�u�KRbiQTN�N0ngQ6bBN�^�N(mrMWb�Q6p2biMOI�kgQTI�SUQZp2Vgb�QU_aKRQTI�N�MWVXIregf#qrVsY�egI�[ N�^�mrNRQT¥�^�QTIdK0b�QTf]e�_aehK�MWVXI�ehK�e
biegI�kgQ0Vgp��£QTM]N�NRQTIdm Q6bikwId^rc0m4Q6biN6Æ�egN�KRQ6biMONRÁ Û?��M � ¹�~ht¶Àd�4S6MWbiS6fWQgÛ?��M � ~ ��t³»���N�¥�^�ehb�QgÛ?��M � ¸�t³»�¹��
fOMOI�QgÛ�SUVXI�p®VgbicwehK�MWVXI�[�Q6`4QTI�[�QTIdK Ý � � � c�Va[�QTf�Y�MWK�L��ÚM � ¸�t³»�¹�t

kgQ6VXc�Q6KRbiMOQTN
± � � �����}[�VXcZegMOI�N\K�L�ehKFS6egIxm4Q0cZeh`�`4QT[�VXI�KRV�ew¥�^�eg[�biM]fOehKRQ6biegf�kgbiM][�µBt��£Q(MOIrS6fO^�[�Q+VXI�fOy
e�m�bBMWQ6p}V�ngQ6b�n�MOQ6Y�Vgp�QTegSiLxVgp�K�L�QTN�Q0c�Q6K�L�Va[�N6t Ý Vgb�p2^�b�K�L�Q6b\[�Q6K�egMOf]N6��NRQ6Q � � � ��©Å»�«ßt

�4ËÌÊrË¤Ê ��Ò���Ò®Ñs×	�+Ó2×�Ø°×
� Ñ�Ù
¨\L�Q+[�VXcwegMOI�MON�[�MWnaMO[�QT[=MOIdKRV�e�kgbiMO[=Vgp�KRbiMOegI�kX^�f]ehbzVgb�¥d^�eg[�biMOfOehKRQ6biegf QTfWQTcZQTI�K�N6�}±¤I�VgKRQlK�L�ehK\^�NRQ+Vgp
e�KRbiMOegI�kX^�f]ehb�kgbiM][xS6egIvfWQTeg[xKRV�[�MW¡wS6^�fOK�MWQTN\Y�MOK�L�fOMON�K�`�b�VaSUQTN�N�M]I�k�egN�N�V�S6MOehKRQT[�Y�MOK�L�K�L�Q
NRKRVgbiM]I�k�Vgp
I�QTMWkXLdm4VX^�biMOI�k�QTfWQTcZQTI�K�NBµBt�¨\L�Qw^�I�ÁaI�VsY�I£Ç�QTfO[�NZ±¤Ni^�SiL°egN0ngQTfWVaS6MWK�y�µlehb�QZb�Q6`�biQTNRQTI�KRQT[:mdy£exN�^�c
±2VsngQ6bFK�L�QlQTfOQTc�QTI�K�N µzVgp�K�L�Ql`�b�Va[�^�SUK�Vgp�Á�I�V�Y�I�p¤^�I�SUK�MWVXIrN6�������egI�[�^�I�ÁaI�VsY�I�egcZ`rfOMWK�^�[�QTN6�����

� ±���µ � �� �  �  ±���µ � ±Ì¸Xµ
Y�L�Q6biQ����ehb�Q�b�Q6p2Q6b�b�QT[�KRV0egNDKRQTNRKDp¤^�I�SUK�MOVXI�N6t�¨\L�QTNRQ\N�^rcZcZehK�MWVXI�biQ6`�b�QTNRQTIdK�ehK�MWVXI�N?ehbiQ�N�^�m�NRK�MWK�^�KRQT[
MOIdKRV�K�L�QlkgV�ngQ6biI�MOI�kwQT¥d^�ehK�MOVXI�N6��egI�[�K�L�QTI�VXI�`�b�V�¬RQTSUK�MWVXI�YzQ0L�esngQ����� � �

� ���! #"%$'&( *) � $+ -, �/.1032541687 , � 4 ±���µ/9
: � · � p2Vgb�; � ~ �i¸���� � �=<�� ±Ì{Xµ

Ãzy�b�QT¥�^�MWbBMOI�kZK�L�Q�ehm4VsngQ�biQTfOehK�MWVXI�KRV�L�VXfO[�� YzQ(VgmrK�egMOI£e�NRQ6KoVgpDVgbi[�M]I�ehb�y�[�MªÄ4Q6b�QTIdK�MOegf�QT¥d^�ehK�MOVXI�N
p2Vgb�K�L�Q+p¤^�I�SUK�MWVXIrN>���tz¨\L�QTNRQ0S6egI�m4QlNRVXfWngQT[�QTegN�M]fWyv±� � � ��^�N�MOI�k
e ��^�I�kgQU�1?0^�KRK�eZN�SBL�QTc�Q�µ�KRVwÇrI�[
K�L�Q@�  egI�[�L�QTIrSUQlK�L�Ql^�I�ÁaI�V�Y�I�Ç�QTfO[�NTt

�4ËÌÊrË�� A4ÔD×dÐgÑ�Î�ÏrÓCBÈ×dÑED}ÕGF�Ù
uaMOcwMOfOehbFKRV�K�L�QZÇrIrMWKRQ
QTfWQTc�QTIdK0c�Q6K�L�Va[��}K�L�QZNR`4QTSUKRbiegfPb�Q6`�biQTNRQTI�K�ehK�MOVXI£Vgp�q�VsY�N0MON+e�N�^�cwcZehK�MWVXI
VgpDK�L�Q(`rb�V�[r^�SUK�VgpzegI£^�I�ÁaI�VsY�Ixegc�`�fOMWK�^�[�Q�Y�MWK�L�e�Á�I�VsY�I�mregN�M]N�p¤^�I�SUK�MOVXI ±¤N�^rSiL£egN Ý VX^�biMWQ6boVgb

¹�{



Þ�L�Q6m�yaN�L�Q6n�c�V�[�QTNBµzNRV
�P±��4µ � �� ���   ��� � ±2¹dµ

¨\L�Q+QTfWQ6kXegI�SUQ0Vgp�K�L�M]N\c�Q6K�L�Va[�fOMWQTN�M]I�K�L�Qlp¤egSUK�K�L�ehK�N�`rehK�MOegf-[�Q6bBMWn�ehK�MOngQTN�Vgp\±2¹dµ�m4QTSUVXc�Q0c(^�fª�
K�MW`rf]MOS6ehK�MWVXI�N6��Y�L�MOSBLvehb�Q�Id^�cZQ6biMOS6egfOfWy�N�M]c�`rfWQlKRV�`4Q6b�p2Vgbic��4egI�[�K�L�Q(Q6b�b�VgboKRQ6bicÂMOI�N�^�SBLve�biQ6`�b�QU�
NRQTIdK�ehK�MWVXI�M]N�QU_�`4VXI�QTIdK�MOegfOfWy=N�cZegfOfß�

���¤±���µ � �� �����)�   ��� �
	 ±  � � µ � ±��Xµ

¯ [�MON�eg[�n�egIdK�ehkgQ�VgpDK�L�M]N+c�Q6K�L�Va[£MONFK�L�ehK+K�L�Q�`�b�Va[�^�SUKFVgpzK�YzV�p2^rI�SUK�MWVXI�NFb�QT¥�^�MWb�QTNoN�^rcZcZMOI�k
VsngQ6boSUb�VXN�N\KRQ6bicZN�Y�LrMOSiL�M]N�SUVXc�`r^�K�ehK�MWVXIregfOfWywQU_a`4QTI�N�MWngQg�

�P±��4µ��4±��4µ � ��
�

��

�  � � �    ��� � ± �Xµ

HJI�Vgbi[�Q6b
KRV:eTngVXM][�K�L�MON
QU_a` QTIrNRQg�?`rNRQT^r[�Vh��NR`4QTSUKRbiegf�c�Q6K�L�Va[�N�ehb�Q�^�N�QT[ M]I�NRKRQTeg[�t ¨\L�MON(c�Q6K�L�Va[
S6egfOS6^�f]ehKRQTN�K�L�Q¢[�Q6biMWnhehK�MWngQTN�^�N�M]I�k�±��Xµ�m�^�K�K�L�Q�`rb�V�[r^�SUK�Vgp�p2^rI�SUK�MWVXI�N�MON�S6egfOS6^�f]ehKRQT[�Y�MWK�LÚK�L�Q
egSUK�^�egf4p¤^�I�SUK�MWVXI�nhegfO^�QTNo±¤^�N�MOI�k Ý egNRK Ý VX^�biMWQ6b�KRbiegI�NRp2VgbicZNzKRV�NRY�MOK�SiL�m Q6K�Y#Q6QTI�K�L�QFK�Y#VdµBtz¨}V
eTngVXM][
egfOMOegNiMOI�k+MWKPMON?SUVXcZcZVXI�KRVlb�QTc�V�ngQ�K�L�Q�KRVg`wK�L�MWbi[
Vgp K�L�Q\NR`4QTSUKRbi^�c ±2p2Vgb#¥�^�eg[�bBehK�MOS�I�VXI�fOMOI�QTehbiMWK�MWQTNBµBt
u�`4QTSUKRbiegf�c�Q6K�L�Va[�NFehb�Q(M][�QTegf}p2Vgbo`4Q6biMWVa[�MOSom4VX^�I�[�ehbBMWQTN�mr^�KFS6egI�I�VgKob�Q6`�biQTNRQTI�Ko[�MONiSUVXI�K�MOI�^�MWK�MOQTN\MOI
K�L�QlqrVsY ngQ6b�y�YzQTfOf4m4QTS6eg^�NRQ+K�L�Q0mregN�MON�p¤^�I�SUK�MWVXIrN�ehb�Q0N�c�V�VgK�L�t

�4ËÌÊrË�� ��Ò���Ò®Ñs×���Ò��D×�Î�×��}Ð�×	BÈ×dÑED}ÕGF�Ù
Ý MOI�MWKRQl[rMªÄ Q6biQTI�SUQ0c�Q6K�L�Va[�N�ehb�Q0Y�M][�QTfWywQTcZ`rfWVsygQT[xMOI�c�Va[�QTfOM]I�k�qr^�MO[�[�y�I�egcwMOS6N�`�b�Vgm�fWQTcZN6tz¨\L�MON
c�Q6K�L�Va[ÚMOI�ngVXfOngQTN=e SUV�Vgbi[�MOI�ehKRQ�kgbiMO[ÚNRV K�L�QvfOehm4QTfOfOMOI�k£egI�[�MOIdKRQ6biegSUK�MWVXI¦Vgp0I�Va[�QTN=MON=NRKRbiegMWkXLdKJ�
p2Vgb�YzehbB[�t(¨�L�Q
QT¥d^�ehK�MOVXI�N+ehb�Q�kgQTI�Q6biegf]fWyx[�M]N�SUb�Q6K�MONRQT[�^�N�M]I�k=e�N�QTSUVXI�[a�ßVgbi[�Q6b�SUQTI�KRbiegfD[�MªÄ4Q6b�QTI�S6MOI�k
N�SBL�QTc�Qgt Ý VgbFQU_�egc�`rfWQg��K�L�QlN�QTSUVXI�[�[�Q6bBMWn�ehK�MOngQlMON�eh`�`�b�Vs_aM]cZehKRQT[�m�y

��� ��� �P±�� ��� µ $ ¸ �P±��4µ � �P±�� $�� µ
� ) � ±ßÀgµ

HK#MONzMOc�`4Vgb�K�egIdK?KRV
I�VgKRQFK�L�ehKDK�L�Qo[�MONiSUb�Q6K�MWjTehK�MWVXIw`�b�VaSUQTN�N#S6egI=NRVXc�Q6K�M]c�QTN#fOQTeg[wKRV(Q6b�b�VgbiNTt Ý Vgb
QU_�egc�`rfWQ+K�L�Q0ÇrI�MWKRQ+[�MªÄ4Q6b�QTI�SUQ+QU_a`�b�QTNiN�MWVXI�p2Vgb\K�L�Q0[�MOngQ6b�kgQTI�SUQ+Vgp�bieg[�MOegf4qrVsY�MON�I�VgK�K�L�Q0N�egcZQ0egN
K�L�Q0egIregfWydK�M]S6egf4QU_�`�biQTN�N�MWVXI��

����� ��� ��&����Ú�4��� �! "�Ú����� &a��� &a�4���r�
u�VXfO^�K�MWVXI�NFp®biVXcÂm4QTI�SiL�cwehb�Á�`�biVgmrfWQTcZN+ehb�QZ^rNRQT[£p2VgblKRQTNRK�MOI�k�I�^�c�Q6bBMOS6egfPSUV�[�QTN6t�u�VXc�QwSUVXcwc�VXI
QU_�egc�`rfWQTN\ehbiQ0N�L�V�Y�I�MOI�Ç�kX^�b�Q �
m4QTfWVsYlt

����# $w���r�h�� D�X�
¨\L�Q�`�b�QTN�N�^�b�Q�MOI�K�YzVh��[�MOcZQTI�N�MWVXI�egfrS6egfOS6^�fOehK�MWVXIrNPp®Vgbz��Q6Y�KRVXI�MOegI�qr^rMO[�NPS6egIZm4Q�esngVXMO[�QT[wmdy
K�ehÁaMOI�k
K�L�QZS6^�bBf�Vgp#K�L�QZc�VXc�QTIdK�^�c QT¥�^�ehK�MWVXI£KRV�VgmrK�egMOIvK�L�Q�ngVgb�K�MOS6MOK�y�QT¥�^�ehK�MWVXI-t(��VsYzQ6ngQ6b�K�LrMONoMON+I�VgK
`4VXN�N�MWm�fWQPp®VgbPS6egfOS6^rfOehK�MWVXI�N�MOIdngVXfWn�M]I�k�I�VXIa����Q6Y\KRVXI�M]egI0qr^rMO[�N�m4QTS6eg^�NRQ�egfOfdSUVXc�`4VXI�QTI�K�N�Vgp�K�L�QzNRKRbiQTN�N
KRQTI�NRVgb�ehb�Qlb�QT¥�^�MWb�QT[�KRVwkXMWngQ0egI�egS6S6^�bBehKRQ�[�QTN�SUbBMW`�K�MWVXI=Vgp�K�L�Q+q�V�Ylt
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u�`rL�Q6b�Q+MOI�eZK�^�m4QgÛ

ÞzVXI�KRbBegSUK�MWVXI�Û

�gVX^�biIregf�m4QTehbiM]I�k�Û

�¢eTn�y��ßY�egfOf-`�MW`4QgÛ

� VXcZM]I�ehKRQT[�m�y=NiL�QTehb

� MW¡�S6^�fWK�N�L�ehb�`xSUVgbiI�Q6b

� VdVa[�p2Vgb�NR`4QTSUKRbiegf-c�Q6K�L�V�[�N

� VdVa[�p2Vgb�NR`4QTSUKRbiegf-c�Q6K�L�V�[�N

Ý MWkX^�b�Q ��ÛDÃzQTI�SiLrcZehb�Á�`�b�VgmrfOQTcZN�p®Vgb�KRQTNRK�MOI�kZI�^�c�Q6biM]S6egf�SUV�[�Qgt
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ÞzVXI�NiMO[�Q6b-K�L�Qz`�b�QTNiN�^�b�QPQT¥�^�ehK�MWVXI�±2p®VX^rI�[lm�y+K�ehÁ�M]I�k�K�L�Q�[�MWngQ6bikgQTI�SUQDVgp�K�L�Q�c�VXc�QTIdK�^�c�QT¥d^�ehK�MOVXI�µB�

 ) " �  -, � $ � � �� � �  , ± ���  4�� � � .10 2 486 µ
	 � ±Ì»Xµ
��L�QTI¦N�VXfWn�M]I�k:I�^�c�Q6biMOS6egf]fWy°p2VgbwK�L�Qx`�biQTN�N�^�b�Qg��MOIrSUVXc�`�b�QTN�NiMWmrMOfOMOK�y:MON�^�N�^�egf]fWy NiehK�MONRÇ�QT[½VXI�fWy�KRV
Y�MWK�LrMOI�eZN�cZegfOf Q6b�biVgbT�rNRV�K�L�ehK

 -, � ��· � ±ÌÉXµ
� ngQ6b�cwegI�yÚK�MOc�QTNRKRQ6`�N�K�L�QTNRQ¢N�cZegf]foQ6b�b�VgbiN�S6egI egS6S6^rc�^�f]ehKRQg�ofOQTeg[�MOI�k�KRV§e N�MWkXIrMWÇrS6egIdK=Q6bib�VgbTt
¨\L�M]N0`�biVgmrfWQTc S6egI�m4Q=biQT[�^�SUQT[�^�N�MOI�k�e�p2biegSUK�MWVXI�egf�NRKRQ6` Y�MWK�L `�b�QTN�N�^�b�Qw`�biV�¬JQTSUK�MWVXI-t°¨\L�M]N�I�^a�
c�Q6biM]S6egf�KRQTSiL�IrMO¥d^�Qw±¤^�NRQT[�Y�MOK�L�ÇrI�MWKRQ+[�MªÄ4Q6b�QTI�S6M]I�k��aÇrI�MWKRQ+QTfWQTcZQTI�K�egIr[�NR`4QTSUKRbiegf�c�Q6K�L�Va[�NBµ�ÇrI�[�N
egI eh`�`�b�Vs_aMOcwehKRQ=NRVXf]^�K�MWVXI � � egIr[:K�L�QTI cZehÁgQTN�e�SUVgb�b�QTSUK�MWVXI Y�LrMOSiL:b�QTc�VsngQTN
K�L�QwQ6b�b�Vgb�MOI:K�L�Q
MOI�SUVXcZ`�b�QTN�N�MOmrMOfWK�yZSUVXI�[�MWK�MWVXI�egIr[�kX^�ehbiegIdKRQ6QTN�K�LrehK  -, � � ·�QU_�egSUK�fWygt

¨\L�Q+p®biegSUK�MOVXI�egf-NRKRQ6`�^rNRQTN � �Fp®VX^�Ir[�mdy�NRVXfWnaMOI�k� � $ � �
� � � $ ± � � ,  � µ � �  -, ± ���  4�� � �� 0 2 486 µ � � ±J~6·�µ

Y�MWK�L�K�L�Q+I�Vh��N�f]MW`wm4VX^�I�[rehb�yZSUVXI�[�MWK�MOVXI�egI�[=K�L�QTI=K�L�QF`�b�QTNiN�^�b�QF`�b�V�¬RQTSUK�MWVXI=kXMWngQTN�K�L�QoNRVXfO^�K�MOVXIwp2Vgb
K�L�Q0I�QU_�K�K�MOcZQTNRKRQ6`-� � ����� � � � $ � �  #" ����� � ±J~g~sµ
��VgKRQ0K�L�Q6b�Q6p2Vgb�QlK�LrehK

 , � ����� �  -, � � $ � �  ) " ����� �  , � � $  -, � � � · � ±J~T¸Xµ
¨\L�Q�[�MONieg[�n�egIdK�ehkgQ=Vgp\K�L�MON�KRQTSiL�IrMO¥d^�Q=MON�K�L�ehK
K�L�Q�I�Vh��N�fOMO`:m4VX^�I�[�ehbiyvSUVXIr[�MWK�MWVXI MON(I�VgK�QU_�egSUK�fWy
N�ehK�MONiMWp®QT[�m�y � ����� t
�4Ë �-Ë�� �}Î�Ï�ÐgÑ�Ò2Õ �}ÏrÓ�ÙTÑs×dÔ���Ò®ÑED§Ô�Î�×dÙTÙ � Î�× � Ô F�Ï�Ñs×
¨\L�Qvc�Q6K�L�Va[�[�QTN�SUbiMOm QT[Úehm4VsngQ¢S6egI�m4Q�b�Q6ÇrI�QT[Úm�y½^�N�MOI�k e p2biegSUK�MWVXI�egfoNRKRQ6`'Y�MOK�L¦e `�b�QTNiN�^�b�Q
^�`�[�ehKRQgt0¨�L�MONFMOI�S6fO^�[�QTN�K�L�Q
`�biQTN�N�^�b�Q(KRQ6bic QU_a`rfOMOS6MOK�fWy�MOI�K�L�Q�S6egfOS6^�fOehK�MWVXIrN6�-NRV�eg[�¬�^�NRK�c�QTIdK�N+ehb�Q
cZeg[�QoKRV
K�L�Qo`�b�QTNiN�^�b�QFehKzK�L�QF`rb�Q6n�MOVX^�NDK�M]c�Qg��egN�Vg`�`4VXNRQT[=KRV(biQTS6egfOS6^�fOehK�MOI�k�K�L�Qo`�biQTN�N�^�b�Q�Ç�QTfO[=ehK
QTegSiL�K�MOc�QTNRKRQ6`}t?¨\L�MONzc�Q6K�L�Va[�MON�c(^�SiL�m4Q6KRKRQ6b�ehK\L�egIr[�fOMOI�k�K�L�Qom4VX^�I�[�ehb�y�SUVXI�[�MWK�MWVXIrNzegIr[�fWQTeg[�N
KRVweZS6fOVXNRQ6b�eh`�`�biVT_�MOcZehK�MWVXI�KRV�K�L�QlI�Vh��N�fOMO`�SUVXI�[�MWK�MWVXI-t

¨\L�Q+ngQTfWV�S6MOK�y�ehK\K�L�Qlp2biegSUK�MWVXIregf�NRKRQ6`-� � � MON�kXMWngQTI�mdy� � $ � �
� � � $> #" � ���� ���1$ � � ,  � �  -, � . 0 25416�� ��� �� ���  -, � �  4���� ��� �� � ±J~T{Xµ

Y�L�Q6biQ " � � ��� ) M]N�K�L�Q(`�b�QTNiN�^�b�Q0ehKoK�L�Q
fOegNRKoNRKRQ6`-to¨\L�QTIxK�L�Q
I�VXIa�ßj6Q6b�V�[�MWngQ6bikgQTI�SUQ
Vgp � �0MON�kXMWngQTI
m�y  -, � � � � �  *)! " ��� �� � ±J~U¹dµ
¨\L�QlN�VXfO^�K�MWVXI¢±¤MOIrS6fO^�[�MOI�k0K�L�Ql`rb�QTN�N�^�biQFÇrQTfO[�µ#MON�K�L�QTIx^�`�[�ehKRQT[�mdy

� ����� � � � $ � �  " " ��� �� � ±J~��Xµ

" ��� �� � " � � �� �# " ��� �� � ±J~ �Xµ
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Ý MWkX^�b�Q+ÀdÛ#ÞzVXIdKRVX^�biNzVgp-K�L�QoSUVXI�Ç�kX^�bBehK�MWVXI=KRQTI�NRVgb�SUVXc�`4VXI�QTIdK 	������ � ��ehb�VX^�I�[=e�SUyafOMOIr[�Q6bDp2Vgb
q�V�Y VgpPegI � fO[�biVsya[a��ÃÚqr^�MO[=K�L�b�VX^�kXL�eZfOMOI�QTehb\ehbibieTy�Vgp�SUy�fOM]I�[�Q6biNzY�MWK�L��  � ~ht Ý b�VXc ©ª~6·h«ßt

�4Ë �-Ë�� A Ñ�Ï��	��×dÎ�× F
�rÎhÒ�F�Ù
ÞzQTIdKRbiegfz[�MªÄ4Q6b�QTI�S6MOI�k�S6egI�fWQTeg[°KRVvNR`r^�biMOVX^�N+`�b�QTNiN�^�b�QwcZV�[�QTN=±2VXN�S6MOfOf]ehK�MWVXI�NlVXI°K�L�Q�N�S6egfWQ�Vgp\K�L�Q
kgbiMO[ µBt HJI�ÇrI�MOKRQ�[rMªÄ Q6biQTI�SUQ�KRQTSiL�IrMO¥d^�QTN
K�L�QTNRQ�S6egI m4Q�esngVXMO[�QT[ m�y ^rN�MOI�k£e£NRK�ehkgkgQ6b�QT[¦kgbiMO[-�DMOI
Y�L�M]SiL�[rMªÄ Q6biQTI�K�Ç�QTfO[�N\ehbiQ(L�QTf][�VXI�[�MªÄ4Q6b�QTI�K�`4VXMOI�K�NT��±��������ngQTfWVaS6MWK�MWQTN�VXI�K�L�Q(cZM][�`4VXMOI�K�N�Vgp#SUQTfOfON
m4VX^�I�[�ehbBMWQTN6��NiL�QTehbPNRKRb�QTN�NRQTN�VXI
K�L�Q�SUVgbiI�Q6bBN�egIr[�c�VXcZQTI�K�^�cÈKRQ6bicwN�ehK�K�L�Q�SUQTfOf�SUQTIdKRQ6b µBt?��V�Y#Q6ngQ6bs�
eoNRK�ehkgkgQ6b�QT[wkgbiMO[
MON�I�VgK�`4VXN�N�MWmrfOQDY�MWK�L�ÇrI�MOKRQ#QTfWQTcZQTI�K?c�Va[�QTfONTt�¨\L�M]N�fOQTeTngQTN?egI
QTN�N�QTI�K�MOegf�[rMW¡wS6^�fWK�y
MOI�N�^rSiL�N�SBL�QTc�QTN6t

����� ��������?�X� &�� ��� ����������� �}��� &��D�4�g�X�
¨\L�Q
QTfOf]MW`�K�MOS0`�b�QTN�N�^�b�Q�QT¥�^�ehK�MWVXI£M]Nob�QTfOehK�MWngQTfWyxQTegN�MOfWyxNRVXfWngQT[�t
��V�Y#Q6ngQ6b(K�L�Q�NRKRb�QTNiN+QT¥d^rehK�MWVXI£MON+e
Ldyd`4Q6b�m4VXfOMOS�`rehbiK�MOegfX[�MªÄ4Q6b�QTIdK�MOegfgQT¥�^�ehK�MWVXI(egI�[lK�L�Q6b�Q#MON}I�V�QTegNRylcZQ6K�L�V�[0Vgp�NRVXfO^�K�MOVXI�t-��MWK�L0e�ÇrI�MWKRQ
[�MªÄ4Q6b�QTI�SUQ\SUVa[�Qg�dK�L�Q\c�Q6K�L�Va[�Vgp�SiL�ehbBegSUKRQ6biMONRK�MOS6N#S6egIZm4Q�QTc�`rfWV�ygQT[x±¤^�NiMOI�koK�L�Q�NRKRbiQTegcZfOMOI�QTNPegNDK�L�Q
SiLrehbiegSUKRQ6biMONRK�M]S6NBµBt ¯ I§egfWKRQ6biI�ehK�MOngQ�MON=² mrfOegSiÁ�m Vs_�cwehkXMOSh´DN�^�SBL§egN�K�L�Q�SUVa[�Qx��HJ�F� � � �?Y�L�M]SiL
^�NRQTN�NRQTSUVXI�[½Vgbi[�Q6b�[rMON�SUb�Q6K�MWjTehK�MOVXI§VsngQ6b�K�L�Qx[�VXcZegMOI QU_�SUQ6`�K�MOI K�L�Qxn�M]S6MOI�MWK�y:VgplN�L�VaS�ÁaNZY�L�Q6b�Q
K�L�Q�[�M]N�SUb�Q6K�MWjTehK�MWVXI½MON
Ç�biNRKJ�ßVgbB[�Q6bTt Ý VgbwÇ�I�MWKRQU�ßQTfWQTc�QTIdKZc�Q6K�L�Va[�NZegI½^�`dY�MOI�[�MOI�k�KRQTSiLrI�MO¥�^�Q�S6egI
VhÄ4Q6boe=c�Q6K�L�Va[xVgp?NRVXfO^�K�MWVXI-��L�V�Y#Q6ngQ6b+K�L�M]N�kgQTI�Q6bBehKRQTNFf]ehb�kgQ(I�^�c�Q6bBMOS6egf}[�MWÄ4^�NiMWVXI�t ¯ fWKRQ6biI�ehK�MWngQTfOy
ewf]ehkgbiegI�kXMOegI�kgbBMO[�S6egIxm Ql^rNRQT[��rNRVwK�L�ehK�K�L�Q�kgbiMO[�egI�[�K�L�QlQTfWQTcZQTI�K�NF[�Q6ÇrI�QT[�VXI�MWK\KRbBeTngQTf�egfWVXI�k
Y�MWK�L�K�L�Qlq�VsY0��N�^�SiL�egN\K�L�ehK\QTcZ`rfWVsygQT[�mdy¢©ÅÉ�«ßt

����� �  ��Ú����� &a�4� $w� ���#�ß� �Ú�
¨\L�Q6biQzehb�Q�eoI�^�c0m4Q6b�Vgp�`�biVgmrfWQTcZN�Y�L�MOSBL
[�Q6ngQTfWVg`
Y�L�QTI
SUVXc�`r^�K�MOI�koI�VXIa����Q6Y\KRVXI�MOegI(q�V�Y�N6t?ÞzVXIa�
ngQ6b�kgQTI�SUQ(KRQTNRK�Noehb�QlVgp2KRQTIvI�Q6kXfWQTSUKRQT[�egI�[�I�^�c�Q6bBMOS6egf-MOI�N�K�ehmrMOfOMWK�MOQTNzS6egI�[�Q6ngQTfWVg`xY�L�QTIxN�MOc(^�fOehK�MOI�k
q�V�Y�NDY�MWK�LZN�L�ehbi`�SUVgbiI�Q6bBN6�dMOIdKRQ6b�p¤egSUQTNDm4Q6K�Y#Q6QTI�N�L�QTehbzfOeTygQ6bBN6��egI�[ZK�L�M]IZfOeTygQ6bBNDVgp-L�MOkXLwNRKRb�QTNiN�±�������
ÀgµBt#��Vgb�Q0kgbBMO[�b�QTNRVXfO^�K�MWVXI�MON�I�Q6QT[�QT[�MOI�K�L�QTNRQ0ehbiQTegN6�rL�V�Y#Q6ngQ6boMWK\MON�SUVXc�`�^�K�ehK�MWVXI�egfOfOy�QU_a`4QTI�N�MWngQgt

¯ fOMOcZMWK�ehK�MOVXI§Vgp0K�L�Q ��`�`4Q6b�ÞzVXI�ngQTSUK�MOngQ:��e�_aY#QTf]fFegIr[ � fO[�b�V�y�[a��Ã c�Va[�QTfON=MON=K�L�ehK�K�L�Q6b�Q
eh`�`4QTehb+KRV�m4Q�I�V�NRVXfO^�K�MOVXI�Nop®Vgblf]ehb�kgQ � Q6m VgbBegL¢Id^rc0m4Q6biN�±¤L�MWkXL£N�KRbiegMOI�biehKRQTNBµBt Ý Vgb�q�VsY`regNRKle
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~6·g·x±¤N�Q6Q0|-QTSUK�^�biQ�¸XµBt
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YOd�Ä¬Ycp_a�\�V � qN³=U�YO^HW?Pvf�V6M�\�V.|�MObR[]V6^�b£[@U�bRY�dzPRQ ? m�P_d�f�^=V6bR[oU¹PRQ�McV6d�pRS�U��$xHYOS�UzS�x�P�^`|�U�V.\�V6^HPRQ
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Ä¬Ycp_a�\�V � � ±©b�²8L�^�[@U�V6WZbjS�YO[
f�\@blxHYOd�pZPRQ�|�P_MO��W?V.\8m,V6YOd�p�f�Y�^`S`PR\�S`V6f�me�tS�U�V y�P�x�q�±*m,²=³=U�V(m,V6bRfvu
bRd�fvu�^�|�\@YOd�p
W?Pvf�V6M,S`PT^�S�a�f���S�U�V(YO^`P_MObjS`V6f�|,P_Mc�vW?V.\=[oU�bRYOd�^.q

\@bRf�Y�a�^8«+'ÐP_Y�d�V6f�me��b£^�|�\@YOd�pTPRQ�^`|�\@YOd�p£[]P_d�^`S�bRdeS IFq LN^�^�a�WZYOd�pTS�U�bjS$V6bR[@Ugm,P_d�f�YO^�a�d�f�V.\�pRP_YOd�p
��\�Plx8d�YObRd
W?PRS�YcP_dF}Rx�V{PRm�S�bRYOd�S�U�V{V]Ô,V6[]S�YckRV=^`|�\@Y�d�p8[]P_d�^�S�bRd�S¬PRQ I�Î  -�eªHÀ ? � � bRd�f
^`|�U�V.\�V�\obRf�YOa�^«�Î � � ±�?�À � ²]q?ÆÈQ�x�V�f�V6d�PRS`VZm���� S�U�VZkRV6[]S`PR\�'ÐP_YOd�YOd�p�S�U�V?S�x�P�^�|�U�V.\�V6^.}FS�U�V µ S`PRÂRV6^(f�\@bjp�P_d
S�U�V�^`|�U�V.\�V6^{YO^ �.- ¥�«,±�� ����� � /��²oq�Ë�~�a�bjS�YOd�p�S�U�V�f�\objp�Q*PR\@[]V$xHYOS�UT\@V6^`S`PR\@YOd�p
Q*PR\@[]V � I	�BPRQKS�U�V^`|�\oYOd�p�}vx�V(PRm�S�bRYOd�S�U�V�S�Y�W?V$V.kRP_MOa�S�YcP_dtPRQ
� �

/� Î�� ����� � Å�� � % xHU�V.\�V TÎ�� �
-

�eª
¥���? ����� ��� � q³=U�V$V6~�a�bjS�YcP_dtQ�PR\=S�U�V(f�V.Q*PR\@WZbjS�YcP_d�S`V6d�^`PR\�������� Y�^�PRm�S�bRYOd�V6fzbR^

��¼Î � �� � � �O����� � ±����¬²������ Î � Å � � � ?�« �  � ·Ï
³=U�V�^�S`\�V6^�^�S`V6d�^�PR\8YO^{p_YckRV6dtme�

! Î �$# � � �Á¥#"9� N I$� %
xHU�V.\@V N YO^�S�U�Vtd�a�W m,V.\
f�V6d�^�YcS���PRQNS�U�V�[@U�bRYOd�^.q¸³=U�YO^
YO^
S�U�V ¢ MOf�\@Pl�vfvu �WZP�f�V6M q�ÆÐdÇbg^@U�V6bj\y�P�x�}e¥�YO^�[]P_d�^`S�bRdeS.}�S�U�V8��\o^`S�d�PR\@W�bRM�^`S`\@V6^�^�f�V.|�V6d�f�^4~�a�bRf�\@bjS�YO[.bRM�Mc�
P_d�S�U�V�^`S`\@bRY�dZ\@bjS`VR}�bRd�fTS�U�V
^`V6[]P_d�f�d�PR\@W�bRM!^`S`\�V6^@^8YO^8Ì.V.\�P�qNL8^8x�V�d�PRS`V6f¹YOdtS�U�V ^`V6[]P_d�f�McV6[]S�a�\@VR}�S�U�Y�^HW?Pvf�V6M�p_YOkRV6^Nd�V.p_bjS�YckRV
V]�vS`V6d�^�YcP_d�bRM8kvYO^�[]P_^�YcS��XxHU�V6d /0 �É ÅlÀ��¸m,V6[.bRa�^`V�S�U�V�W?Pvf�V6M8bRMOMcPlx8^�S�U�V�|,P_Mc��WZV.\@^ZS`P�^`S`\�V.S�[oU
YOd�f�V.��d�YcS`V6Mc�Rq
³=U�V.\�VHbj\�VNb(d�a�W(m,V.\4PRQ4±*m,PR\@YOd�pe²K\�V.��d�V6WZV6d�S�^�S`P(S�U�V=m,V6bRfTbRd�f�^`|�\@YOd�p$W?Pvf�V6M��¬L8M�McPlxHY�d�p$S�U�V

|,P_Mc�vW?V.\�S`P?U�blkRV�b
^`|,V6[]S`\@a�WPRQ�YOdeS`V.\@d�bRM�W?Pvf�V6^ '`a�^�S�McV6bRf�^�S`P?b
^`|,V6[]S`\@a�WPRQ!\@V6MObÁ�vbjS�YOP_dTS�Y�W?V6^.q� P_d�^@YOf�V.\@YOd�p�|�P_MO��f�Y�^`|,V.\@^`V?W?P_McV6[.a�M�bj\ x�V6Ycp_UeS |,P_Mc�vW?V.\@^ ^�W?V6bj\@^�P_a�S�S�U�V£\�V6MObÁ��bjS�YcP_d�S�Y�W?VR}Em�a�S
f�P�V6^=d�PRS=PRS�U�V.\�xHYO^`V$W?Pvf�YcQ*��S�U�V(W?Pvf�V6MÃq
LNd�V]��S`\�V6WZV6Mc��YOWZ|�PR\@S�bRd�SN\�V.��d�V6WZV6d�S$bR[.[]P_a�deS�^$Q*PR\NS�U�V�Q©bR[]S$S�U�bjS�|,P_Mc�vW?V.\@^N[.bRd�d�PRS�m,V V]��u

S`V6d�f�V6f�YOd�f�V.��d�YcS`V6Mc�&%�S�U�V.�ÇbRMOMHU�blkRV���d�YcS`VzMcV6d�pRS�UFq ³=U�YO^ZY�^�bR[.[]P_W?|�M�YO^�U�V6f¶me��W?Pvf�YcQ*�vYOd�p¹S�U�V
^`|�\oYOd�p�Q�PR\@[]V MOb6xh^`P?S�U�bjS=S�U�V(\�V6^`S`PR\@YOd�p?Q�PR\@[]V$pRP�V6^=S`P£YOd���d�YcS��Zx8U�V6d�S�U�V�|,P_Mc�vW?V.\�YO^=WZbÁ��YOWZbRM�Mc�
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V]�vS`V6d�f�V6fFq�Lh[]P_WZW?P_dzQ�PR\oW Q�PR\HS�U�YO^{Q*PR\@[]V(MOblx�YO^

� Î �eª?�� �
�

Å � 
 � À�� � %xHU�V.\@V�� Î ?��ZY�^�S�U�V£S`PRS�bRM�McV6d�pRS�U¸PRQ�S�U�V£|�P_MO��W?V.\lqz³=U�YO^ W?Pvf�Yc��[.bjS�YcP_d¸YO^�[.bRMOMcV6f�Ä¬Ë w Ë Q*PR\
Ä¬YOd�YcS`V$Ë4��S`V6d�^@YcP_d w P_d�MOYOd�V6bj\=Ë�MObR^`S�YO[.YOS��Rq
µ P_WZV�PRS�U�V.\£\@V.��d�V6W?V6deS�^�bj\�V��ÇY�d�[.MOa�^�YOP_dXPRQ(d�P_d�M�YOd�V6bj\£m�V6bRf�Q*\@YO[]S�YcP_d,��\�PRS�bjS�YOP_diPRQ�m,V6bRf�^��

d�P_d�M�YOd�V6bj\�YOdeS`V.\@d�bRMFW?Pvf�V6^.q

�4�! �?¡+$.'F¡�	!�
�#� �
�!��E� ���e�
L2|,P_Mc��WZV.\�YOd·bt[]P_d�[]V6deS`\@bjS`V6f�^`P_MOa�S�YcP_dgYO^�d�PRS(Q�\�V.V�S`P�W?P�kRVTbj\�m�YOS`\@bj\@YOMc�zm�V6[.bRa�^`V�d�V6Ycp_Uem,PR\@YOd�p
|,P_Mc�vW?V.\�[oU�bRYOd�^�YOW?|,P_^`V8S`PR|�P_MOPRp_YO[.bRM�[]P_d�^`S`\@bRYOdeS�^.q4L [.MObR^@^�PRQ!WZP�f�V6M�^�[.bRMOMcV6fTS�U�VN\�V.|�S�bjS�YcP_d£W?Pvfvu
V6MO^.}���\@^`S4^�a�pRpRV6^`S`V6f�m��
f�V��NV6d�d�V6^�YOd�Å�<04�Å�� Õ � }�Q*P�[.a�^`V6^EP_d�b(^�YOd�p_McV{|,P_Mc�vW?V.\ExHU�Y�[@UZ^�~�a�YcpRp_MOV6^4bRd�f
^�~�a�Yc\@W�^�bj\�P_a�d�f¸PRS�U�V.\
|,P_Mc�vW?V.\ [oU�bRYOd�^.}EbR^
^�U�P�xHdÇ^�[@U�V6W�bjS�YO[.bRMOMc�·YOdÇÄ¬Ycp_a�\�V 4eq � P_d�^�YOf�V.\ S�U�V

Ä¬Ycp_a�\�V 4 �¬L�|,P_Mc�vW?V.\K[oU�bRYOd�\�V.|�S�bjS�Y�d�p8S�U�\�P_a�p_U�S�U�V{S�a�m,V�Q*PR\@W?V6f�m���|�\�V6^�V6d�[]V{PRQ�PRS�U�V.\E|,P_Mc�vW?V.\@^
W?PRS�YcP_d�PRQ�b£^�YOd�p_MOV(|,P_Mc�vW?V.\6}�ÂRV.V.|�YOd�pTbRM�M!S�U�V�PRS�U�V.\@^N���vV6fFqNL8^�^@a�WZYOd�p�S�U�bjS8S�U�V�[oU�bRYOd¹f�Y´ÔFa�^`V6^
bRMcP_d�p¸YcS�^�McV6d�pRS�U��xHYcS�U�b¸f�Y´ÔFa�^�YcP_d�[]P_d�^`S�bRdeS � |�\�PR|,PR\�S�YcP_d�bRM{S`P��eª=À�¥��H}�x�V�^`V.VzS�U�bjSTS�U�V
f�Y´ÔFa�^�YOP_dTS�Y�W?V�^�[.bRMcV�YO^

  Î � �� Ï ±ÐÅ � ²
µ YOd�[]V�S�U�VHW?P_McV6[.a�M�bj\Ex�V6Ycp_UeS
	 YO^¬|�\�PR|,PR\�S�YOP_d�bRM�S`P�S�U�VHMcV6d�pRS�UF}_S�U�V=bjm,PlkRV8V6~ea�bjS�YcP_dZYOW?|�MOYcV6^�S�U�bjS
S�U�V=f�YcÔ,a�^@YcP_d�S�YOW?V=^�[.bRMcV8YO^¬|�\�PR|,PR\�S�YcP_d�bRMeS`P�	 � q �{a�SEV]�v|�V.\oYOW?V6deS�^Ef�YO^�[.a�^@^`V6f?YOd?¤�V6[]S�a�\�V�Å=^�U�P�xS�U�YO^�|,Plx�V.\{S`P�m,V� Ï 	 q�L{S`S`V6W?|�S�^{S`P?[.bj|�S�a�\@V8S�U�Y�^�V6MOa�^�YckRV  Ï 	 U�blkRV$McV6bRf�S`P?WZbRde�Z\�V.��d�V6W?V6deS�^�PRQS�U�YO^$^@YOW?|�McV�W?Pvf�V6MÃq ¢ d�V
PRQ�S�U�V6W ±*S�U�VZLHu �����W?Pvf�V6M�²8[]P_d�^�YOf�V.\@^NS�U�VZf�V.Q*PR\@WZbjS�YcP_d�^�x8YcS�U¹S�U�V
W?V6bRd�y�PlxnPRQ4bRdzV]Ô,V6[]S�YckRV�S�a�m,V([]P_deS�bRYOd�YOd�p�S�U�V(|,P_Mc�vW?V.\ � � � q�L \�V.��d�V6W?V6deSHPRQES�U�YO^=\�V.��d�V6W?V6deS
[]P_d�^�Y�f�V.\@^�S�U�VTV]Ô,V6[]S?PRQ�\�V.S`\@bR[]S�YcP_dÇPRQ=S�U�VT|,P_Mc�vW?V.\6}KxHU�YO[oU¸MOV6bRf�^(S`P¹bRdÇV]Ô�V6[]S�YOkRV�^@U�\@YOd�ÂvYOd�p�PRQ
S�U�V�S�a�m�VR}�bRMcP_d�p�x8YcS�U�S�U�V�S�a�m�V f�V.Q�PR\oWZbjS�YcP_dFq{L8d�PRS�U�V.\HPRm�k�YOP_a�^�\�V.��d�V6W?V6d�SNYO^�S`P£bRMOMcPlxnQ�PR\8S�U�V
\�V.|�S�bjS�YOP_d�PRQ�PRS�U�V.\�|�P_MO��W?V.\o^.qH³=U�V�MObjS`S`V.\$S�x�P�S�U�V.PR\@YcV6^NU�blkRV�m,V.V6d¹[]P_W m�YOd�V6f�S`PRpRV.S�U�V.\$S`P£p_YckRV
��d�bRM�Mc�ZS�U�V([]PR\@\�V6[]S=|,Plx�V.\HPRQ  Ï 	 � 4 �������������������� �!�"�$#%����&('*),+.-0/��1�����2#3-4�5/7698;:<�(= >?�A@

�  



� 14361�7F1��
DE14G

�´Å�� ��q �?q �{bjS�[@U�V6MOPR\6}��`³=U�V�V]Ô,V6[]S$PRQ4m�\�P�xHd�YObRd�W?PRS�YcP_d�P_d�S�U�V�m�a�McÂt^`S`\@V6^�^�YOd�b£^�a�^�|�V6d�^�YcP_dtPRQ
^`|�U�V.\@YO[.bRM,|�bj\@S�YO[.McV6^.}�����q�ÄKM�a�YOf�rtV6[oUFq��
	F} <04t±ÐÅ�<04-4R²oq

� ��� � q �8q Ñ a�^�^`V6MÃ}��`L�\�V.kvYcV.x�PRQ4S�U�V \�P_MOV(PRQ�[]P_MOMOP_YOf�bRMFQ*PR\@[]V6^�YOdtS�U�V \@U�V.P_McPRpR�tPRQ4^�a�^�|�V6d�^�YcP_d�^.}��
��q Ñ U�V.P_MOPRpR�����} �-S04t±ÐÅ�<-S � ²oq

�  �� Ä�q�¤�q µ bRa�d�f�V.\o^.}�� Ñ U�V.P_McPRp_Y�[.bRMF|�\�PR|,V.\�S�YcV6^{PRQ¬W?P_d�Pvf�YO^�|�V.\o^`V8MObjS`V]�t^`�v^`S`V6WZ^6}�����q � P_M�McP_YOf µ [.YÃq
��� }�Å  z±ÐÅ�< � Ål²oq

� 	 � � q �8q�q Ñ a�^�^`V6MÃ} H�qvL q�q µ b6kvYOMOMcVR}�bRd�f � q Ñ q�q µ [oU�Plx{bRMcS`V.\6} + �(= = �(�!)0&(=
� � ��#4�5/2�2� �('4� ± � bRW(m�\@YOf�pRV> d�YckRV.\@^@YcS�� �4\�V6^@^.} � bRW m�\@YOf�pRVR}�Å�<-S-<_²oq
� Õ �(�Kq u ��q�f�V �NV6d�d�V6^.}�� Ñ V.|�S�bjS�YcP_d�PRQ$bg|,P_Mc��WZV.\Z[@U�bRYOd¶YOd�S�U�Vt|�\@V6^`V6d�[]VtPRQ����vV6fXPRm�^`S�bR[.MOV6^.}��

�_P_a�\@d�bRM,PRQ � U�V6W�YO[.bRM ��Ue��^@YO[.^����F} Õ 4��z±ÐÅ�<04�Ål²oq
� � ��r�q HNP_YÃ}��`Ë4��|�M�bRd�bjS�YcP_d�Q*PR\?S�U�V  �q 	 u |,Plx�V.\TMOblx Q�PR\?kvYO^�[]P_^�YOS���PRQN|,P_Mc�vW?V.\@YO[TMOYO~�a�YOf�^(P_dXS�U�V
m�bR^@YO^�PRQ!S�U�V�S�a�m,V�W?P�f�V6MÃ}����RP_a�\@d�bRM�PRQ ��P_MO��W?V.\ µ [.YcV6d�[]VR} �KP_Mc��WZV.\���Ue��^�Y�[.^�Ë�f�YcS�YcP_d� � } ��� 4
±ÐÅ�<-S� _²oq

� 4 ����q$H�q � MOP_YcÌ.V6bRav�,}�� Ñ V6MObÁ��bjS�YcP_d�bRd�fÇkvYO^�[]P_^�YOS��¸bRd�P_WZbRMc��PRQNW?V6McS�^
WZbRf�V�PRQNMcP_d�p¹V6d�S�bRd�p_McV6f
|,P_Mc�vW?V.\@^�u�S�Y�W?V]u�f�V.|,V6d�f�V6deS{\�V.|�S�bjS�YcP_dF}��TrzbR[]\�P_WZP_McV6[.a�McV6^���	F} 	 � 4 Sz±ÐÅ�<-< � ²oq
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@�ACBED�AGFIH�J KLANMPOQKLF2B&RSANMUTVJWMYXUZUTVD\[�FI]UJI^WF�B�]PFIMYZ�M�D�F2_&HSRS_$FIH$Ha`cbdM�DeBL]UJfRL]�Jfg�g�FIM�HhBL]�FIMeR$]PF
i AW_kjlFdj2JWZUH$TVMPm
R$]PF7HSRS_$FIH$HnTVHo_$FIpqAC^WFID�`sr)MPFLBnANZ�tVDuFlvwg�FIjlRnR$]�JfRhgUZP_$FItVx
FItyJWHSR$TVjLH$ANtVTVD�HzBL]PFIM\jlANp>O
[UTVM�FIDYBLT{R$]|^wTyH$jlANZ�H&X�Z�TVD�H}BnANZ�tVDc[�F�JWDPFI~wZ�JfRSFqTVM|p AwDPFItyTVMPm�K�ANM�OQK�F2B&RSANM�TVJWMcXUZ�TVDUH2�&@LA�BoF2^WF2_C�
R$]�JfRLTyH}MPAWR&R$]PF�j2JWH$FW�
bdH}TVHhJfg�gUJf_$FIMGR}TVM\��mNZP_$F>�f�PR$]PF2_$F)TVHhJ>jlF2_$R$JWTVM�R$TypqF)H$j2JWt{F)jk]�Jf_aJWjlRSF2_kTVHSR$TVj7A i KLANMPOQKLF2B&RSANMUTVJWM

XUZ�TyD�H�R$]�JfRzTVH!Jf[�HSFIM�RzBL]PFIMqH$Z�ja] H$ZP[�HSR$JWM�jlFIH!Jf_$F�pqAwD�FIt{FIDqJWHzJ;p�T�v�A i FItVJWHSR$Tyj}HSANtVTVD�H�JWMUDq^wTyH$jlANZ�H
XUZ�TyD�H2��b�j2jlANZ�MGR$TVMPm i AW_&J��S�2���C���W�����f�����/� �;A i R$]�F;p TVjl_$ANHSRS_aZ�jlR$ZP_$F7JWM�D\R$]PF)Flv�RS_kJqMPAW_kp JWt�HSRS_kFIHSFIH
TVHhFIH$H$FIM�R$TVJWt�RSA R$]PF;DPFIHkjl_kT{g�R$T{ANM�A i H$Z�ja]Yp JfRSF2_kTyJWtVH2�
��]PFIMsJuK�ANM�OQK�F2B&RSANM�TVJWMcXUZ�TVD|TVHLDPF i AW_kpqFID+�UR$]PF
TVM�HSR$JWMGR$JWMPF2ANZ�H�^wTyH$jlANZ�HLH$RS_$FIH$H�R$]�JfR�[�Z�TVtVD�H

ZPgqH$j2JWt{FIH�JWH��+�+�� �WB�]PF2_$Fh�+�!TVH�R$]PFh�2F2_$AfOQH$]�FIJf_!^wTyH$jlANH$T{R�x�A i R$]�Fhp�JfRSF2_kTVJWt���� i BoF}MPA�B�H$ZPg�g�ANHSFoR$]�JfR
R$]PF2_$F\TVH;JcpqFIpqAW_$x R$TVp Fc¡�¢U£)JWH$H$Awj2TVJfRSFID¤BLT{R$]�R$]PFup Tyjl_$ANHSRS_kZ�jlR$Z�_$F BLT{R$]UTVM¥R$]PF�p JfRSF2_aTVJWt���R$]PFIM
R$]PF7DPF i AW_kp JfR$T{ANM\T{RoZUM�DPF2_$mWAwFIH i AW_hJ�jlANM�H$R$JWM�R}H$]PFIJf_n_kJfRSFW�d�� �GBnANZ�tVD�[�F¦�� ¢��!bdHhTVM FItVJWH$R$TVj�H$ANtVTVD�H2�
R$]PF;FItyJWHSR$TVj;HSRS_kFIH$HLJWH$H$Awj2TVJfRSFID|BLT{R$]YHkZ�jk]YJuDPF i AW_kp JfR$T{ANMeBnANZ�tVDY[�F�§¦�� ¢���B�]PF2_$F
§¨TVH}R$]PF;FItyJWHSR$TVj
pqA�D�Z�tVZUH!A i R$]�Fdp JfRSF2_aTVJWt��!b i RSF2_}R$]PF7pqFIpqAW_kx�R$TVpqFdAW_}R$]PFd_$FItVJ©vPJfR$T{ANM�R$TVpqFdA i R$]PF)p JfRSF2_aTVJWt�]�JWH
FItVJfgUH$FID��UR$]PF>HSRS_$FIHkHLBnANZ�tVD|_$FIJWjk]¥J�H$RSFIJWDPxY^fJWtVZPF�B�]�TVjk]|BoANZUtVD|H$j2JWtVF�JWH>¡/�+�zª«§7¢U£��� JWH7HSF2FIMsTVM
��mNZP_kF��f�
�¬R7TyH7_$FIJWHSANM�Jf[UtVF
RSAeR$]UTVMPYA i ¡/�+�nª®§7¢U£dJWH;JWM¥FIM�]�JWMUjlFID¥^wTVHkjlANH$T{RQxW�
�¯M¥AWR$]PF2_)BoAW_aD�H2�
K�ANM�OQKLF2BLRSANM�TVJWM¥XUZ�TyD�H�]UJI^WF Jejk]UJf_kJWjlRSF2_kTVHSR$Tyj
p FIpqAW_$x|R$TypqFqH$j2JWt{F>BL]�TVja]¥TVHd_$F i F2_k_$FID¥RSAeJWH)R$]PF
�$�l�{�I���W�����f�°���/� �2�7�®]PFIMsR$]PFqJfg�g�tVT{FIDY_aJfRSF
A i DPF i AW_ap JfR$T{ANM¥TVH�_$FID�Z�jlFIDsRSA��2F2_$AP��R$]PFIHSFqp JfRSF2_aTVJWtVH
_$FItVJ©v�AC^WF2_ R$]�FIT{_qjk]�Jf_kJWjlRSF2_aTVHSR$TVj�_$FItyJ©v�JfR$T{ANM±R$TypqF�O�J¥jlANM�H$R$T{R$ZPR$T{^WF�g�_$AWg�F2_$R�x¦A i FIJWjk]�p JfRSF2_aTVJWt��
² ]�TyHhgU]PFIMPANpqFIM�ANMeTVHhwM�ACBLMYJWH�HSRS_$FIH$H&_$FItVJ©vPJfR$T{ANM��
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� FLB�TVtVtPMPA�BÇt{AwAWqJfRzR$]PF&XUACB«A i J�KLANM�OQK�F2B&RSANM�TyJWM XUZ�TyD>gUJWHSRzJ�HSgU]PF2_$FW����]�TVt{F&H$ZUjk]�J;X�ACB�j2JWM
[�F;HSRSFIJWDPxYTVMeJWMcÈzZ�tVF2_kTVJWM�HSFIM�HSFW��T{R&p T{mN]GR&[�F;Z�M�H$RSFIJWDPx\TyMYJ É�JfmW_aJWMPmNTVJWM|H$FIM�HSFW�Êb�_kT{mWAs�I�n�f�ÌËzÍ��lÎ
BnAW_$WFID|ANZ�R�R$]PF
Ï�ÈoÐÑH$TVp
Z�tVJfR$TVANM�H}A i R$]PF>t{ANMPm BhJfWF>[�FI]�TVM�D�R$]PF
HSgU]PF2_kF�Z�H$TVM�m R$]PF>r)tVDP_$A�xwD�OQÒ
pqA�DPFIt i AW_dR$]PF>p TVjl_$ANHSRS_aZ�jlR$ZP_$FW��JWH7H$]PACB�McTVM|��mNZP_$F>Ów�dK�AWRSF>R$]�JfR7R$]PF
BnJfWF>mWF2R$H7t{ANMPmWF2_)JWHdR$]PF
ÔdF2[�AW_kJW]¤MwZ�p�[�F2_I��Õ�ÖW��TVM�jl_kFIJWHSFIH2� ² ]�TyH;TVH;[�FIj2JWZ�H$FuJWH�R$]PFuH$]�FIJf_�_kJfRSF\TVH�TyM�jl_$FIJWHSFID���R$]PFuXUZ�TVD
[�FI]�TVM�D>R$]�FLBhJfWFdTVHoHSRS_$F2R$ja]PFID�pqAW_$FLJWM�D\pqAW_$FW�wR$]PF2_$F i AW_$F�_$FI~GZUT{_kTVMPm)J�tVJf_$mWF2_hD�TVHSR$JWM�jlFLRSA�_$FItyJ©v��
�¯M¦�UmNZP_$F\×w�zR$]PF i AW_kjlF\_$FI~wZ�T{_$FID¦RSAspqA�^WFeR$]PF�HSgU]PF2_$F\JfR
JsjlANM�HSR$JWMGR>^WFIt{A�j2T{RQx¤R$]P_$ANZPmN]¤R$]PF

XUZ�TyD«TVHugUt{AWRSRSFID®JfmNJWTVM�HSR�� FITVHkHSFIM�[�F2_$m±MwZ�p�[�F2_¥¡/BL]�TVja] i AW_�R$]�TVH\j2JWHSF p JIxÇ[�FcR$]PANZPmN]GR�A i JWH
R$]PF
D�TVpqFIM�HkT{ANM�t{FIH$H}Hk]PFIJf_�_aJfRSF�£a� ² ]PF i AW_ajlF�TVH�p JWDPF�DUTVpqFIM�H$TVANM�t{FIH$HhBLTVR$]YR$]PF�FI~GZ�TV^©JWt{FIMGR7Ø�RSAWWFIH
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Ï�T{mNZP_$F
���oØwRS_$FIH$Ho[UZ�TytVD�OQZPg�JWMUD�_$FItyJ©v�JfR$T{ANM\TVM\J�^�TVH$jlAwFItVJWHSR$TyjLp JfRSF2_kTyJWt�D�Z�F�RSA>J�H$RSF2g�H$RS_kJWTVMu_kJfRSFW�

Ï�T{mNZP_$F�Ó�����FIt{A�j2T{RQxeTVM�R$]PF�BnJfWF�A i J>_aT{mNTVDeHSgU]�F2_$F;pqAC^�TVMPmqR$]�_$ANZPmN]YJ M�ANM�OQKLF2BLRSANM�TVJWMeXUZUTVD��PJWH
J i Z�M�jlR$T{ANM�A i R$]PF�DUTVHSR$JWM�jlF i _$ANpR$]PF;jlFIMGRSF2_dA i R$]PF�HSgU]PF2_$FW�
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Ï�T{mNZP_$Fe×��eÔd_kJfm¥ANM±R$]PFeHSgU]PF2_$FW�oH$j2JWt{FID�BLT{R$]�ØwRSAWWFIH D�_kJfmP�!gUt{AWRSRSFID°JfmNJWTyM�HSR>R$]PF�� FITVH$HSFIMG[�F2_$m
MwZ�p�[�F2_I�

DP_kJfm�O�R$]�F i AW_kjlF�R$]UJfRoBnANZ�tVDu]�JI^WFd[�F2FIM�_$FI~wZ�T{_kFIDqRSA
p AC^WF7R$]PF�H$gU]PF2_$FdJfRoR$]PFdH$JWpqFd^WFIt{A�j2T{RQx�TyM�J
K�F2B&RSANM�TVJWM)X�Z�TVD7A i ^wTyH$jlANH$T{R�x>¡/�+�Iª�§)¢U£�Í Ó©Î ��b¤jlANpqg�Jf_kTVHSANM)B�T{R$])R$]PF�Flv�g�F2_kTVpqFIMGR$H+H$]PA�BLH�R$]�JfR�R$]PF
i AW_kjlF}_$FI~wZ�T{_$FID
DPAwFIH�MPAWR!DPFIjl_$FIJWHSF&JWH�D�_kJWHSR$TVj2JWtVtVx�JWH�g�_$FID�TyjlRSFID�[wx
R$]PFLr7tVDP_$A�xwDPOQÒ¦j2JWtVj2Z�tyJfR$T{ANMYÍ ×�Î �
JWH!H$]�ACBLM TyM��UmNZP_$F��P� ² ]PF&H$Typ�Z�tyJfR$T{ANM�H�j2JWMq[�F}[�_$ANZPmN]GR�j2t{ANHSF2_!RSA�R$]PF}Flvwg�F2_kTypqFIM�R$JWt�AW[�HSF2_$^fJfR$T{ANM
[wx�j2JWtVj2Z�tVJfR$TVM�m�R$]PF�ØwRSAWWFIH�DP_kJfm¤ZUH$TVMPm R$]PFs�2F2_$AfOQH$]�FIJf_\^�TVH$jlANHkT{RQx°A i R$]PFcXUZ�TVD«TVM�HSRSFIJWD«A i R$]PF
DPF i AW_kp JfR$T{ANM�FIM�]UJWM�jlFID�^wTVHkjlANH$T{RQxW� ² ]�TVH
TVH
[�FIj2JWZ�HSFW�zJWH>R$]PFeHSg�]PF2_$F�TVH�p AC^WFID i JWHSRSF2_|¡�ZPg±RSA�J
tVTVp�T{Ra£a��R$]�F�XUZ�TyD mWF2R$Hqt{FIH$H�R$TVpqF�RSA¥DPF i AW_kpe�s@LFIM�jlF\R$]PFu^wTVHkjlANH$T{RQx¤JWH�HSF2FIM�[wx R$]PFuH$gU]PF2_$F\HSR$TVtVt
_$FIp JWTyM�H��+��� ² BnAcA i R$]PF�TVpqg�AW_$R$JWMGR�Flv�g�F2_kTVpqFIMGR$JWtzAW[�HSF2_$^fJfR$T{ANM�H
R$]�JfR>R$]PF|r7tVDP_kACx�D�OQÒ¨pqA�DPFIt
i JWTVtVH�RSA g�_$FID�TVjlR>Jf_$F�R$]PFetVJf_$mWFeTVMUjl_$FIJWHSF�TVM±DP_kJfms[�F2xWANMUD�J¥jl_kTVR$TVj2JWt��c�eJWM�D�R$]PFep
Z�jk]°tyJf_$mWF2_
BhJfWF�HSF2FIMe[�FI]�TyM�D\R$]PF;HSgU]PF2_kFW�
��]PFIMqJ7HSgU]PF2_kFnpqA�^WFIH�R$]P_$ANZ�mN]
J7K�ANM�OQK�F2B&RSANM�TVJWM>XUZUTVD��WMPF2mNJfR$T{^WF}BhJfWFIH!Jf_$FhAW[UHSF2_k^WFID����¯MqJ

MPF2mNJfR$T{^WF7BhJfWFW�PR$]PFdXUZ�TVD TyM�R$]PFdBhJfWFd_kF2mNT{ANM�A i J�pqA�^wTyMPm
H$gU]PF2_$FdHSR$Jf_$R$HnRSA
p AC^WF;TVMuJ�D�TV_$FIjlR$T{ANM
AWg�g�ANH$T{RSFcRSA±R$]�JfRuA i R$]PF HSgU]PF2_$FW��Ï�T{mNZP_$F Ú Hk]PACBLH�J�j2Jf_$RSAwANM DPFIH$jl_kT{[�TVMPm R$]PFsF���FIjlR2� ² ]PFIHSF
MPF2mNJfR$T{^WFqBhJfWFIH)]�JC^WFq[�F2FIM¥JWH$jl_aT{[�FIDYRSAeR$]PF>]�T{mN]sHSRS_$FIH$H$FIH7R$]�JfR7R$]PF
p AC^�TVMPmeHSgU]PF2_kF�TVMGRS_$A�D�Z�jlFIH
TVM\T{R$HnBnJfWF7_$F2mNTVANM�HhJWH}T{RoDPF i AW_kp HnR$]PF)p Tyjl_$ANHSRS_kZ�jlR$Z�_$FW� ² ]PF�H$RS_$FIH$Hh_$FItVJ©vPJfR$T{ANMuA i R$]PFdXUZ�TyD�J i RSF2_
R$]PF�H$gU]PF2_$F)]�JWH&p AC^WFIDsJIBhJIx i _$ANp Jqg�ANTVMGR}j2JWZ�HSFIHLJqH$FIjlANM�D�Jf_$x�X�A�B;�
bdMPAWR$]PF2_�j2JWtyj2Z�tVJfR$T{ANM BhJWH;DPANM�Fq[Gx¥@�Jf_at{FIM�Í �WÎoZ�HkTVMPm�Je�UM�T{RSF>Flv�RSFIM�H$T{[�t{FqMPANM�OQtVTVM�FIJf_dFItyJWHSR$TVj

¡�Ï�ÈzKdÈ�O��	�7£}p Tyjl_$ANHSRS_kZ�jlR$Z�_$F;pqA�DPFIt�g�_$AWg�ANHSFIDY[Gx
�h]�TytVjlAWRSRLJWM�D��LJWtVtVTyHSANM��PJ ��mNZ�_$F i _kANp BL]�Tyjk]
TVH&Hk]PACBLMcTVMe��mNZ�_$F Ù � ² ]�TyH}H$TVp
Z�tVJfR$T{ANMYD�FIpqANM�HSRS_kJfRSFIH�R$]�JfR�R$]PF;Flv�RSFIM�RdA i MPF2mNJfR$T{^�T{RQxYTyMYJ BhJfWF
TVM�jl_kFIJWHSFIH&JWH&R$]�F)FlvwRSFIM�HkT{[UTVtVTVRQxc¡/gUJf_aJWpqF2RSF2_�ÇTVM���mNZP_kF�£oA i R$]PF�p TVjl_$ANHSRS_aZ�jlR$ZP_$F)TVM�jl_kFIJWHSFIH2�
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Ï�T{mNZP_$F � ��Ôd_kJfm&ANM;R$]�FzHSgU]PF2_kF�gUt{AWRSRSFID;JfmNJWTVMUHSR�� FITVHkHSFIM�[�F2_$m&MwZ�p�[�F2_I��pqFIJWHkZP_$FID)Flv�g�F2_kTVpqFIMGR$JWtVt{xW�

Rigid Sphere 
moving

Stressed region

Negative wake

Ï�TVmNZP_$F Ú � �hJf_kRSAGANMcH$]PACB�TVMPmqJ MPF2mNJfR$T{^WF�BnJfWF�_$F2mNT{ANMe[�FI]�TVMUDuR$]�F;HSgU]PF2_$F

Ï�T{mNZP_kF Ù � ² ]PF;MPF2mNJfR$TV^WF;BnJfWF
JWHLHSF2FIM|TVMeÏ�ÈzKdÈ�O��	��j2JWtVj2Z�tVJfR$TVANM�H2�
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Ï�T{mNZP_$F � �;b gUTVjlR$ZP_kF i _$ANpÃJWM Flv�g�F2_kTVpqFIMGR2�+H$]PA�BLTVMPm�R$]PF Z�gUHSRS_$FIJWp ^WAW_$RSFlv�TVM¥R$]�F jlANM�RS_kJWjlR$TVANM
X�A�B A i J MPANM�OQK�F2B&RSANM�TVJWMYXUZ�TVD��

� ´�µk9z¶ 9L·¤¸ 5>9�5�ºG»¼�¶½6�9d5q?$¸&5 ¾�<q?k:¿6�Æ>8�9d<>Ä�Æ ¸ Â�<>:q:q¼z5 =�9�576�8�¸}=�º
6�?$9d5

É�Jf_kmWF�ZPgUHSRS_kFIJWpÃ^WAW_$R$TVjlFIH�Jf_$F AW[UHSF2_k^WFID�TVM K�ANM�OQKLF2BLRSANM�TVJWM�X�Z�TVD�H�X�ACB�TVMPmeR$]P_$ANZ�mN]�Jejk]�JWMUMPFIt
jlANMGRS_kJWjlR$T{ANM�JWH;H$]PA�BLM [wx �hJf_kR$JWt{ANH;JWM�D��oTVJWZ«Í Ú Îd¡�H$F2F ��mNZP_$F � £a� ² ]�TVH)TVH)JWM�AWR$]PF2_�FlvPJWpqgUt{FqA i
JuX�ACB�BL]�TVja]|p JCxY[�F�Z�MUHSRSFIJWDPxYTVM|R$]PF�É�JfmW_kJWMPmNTVJWMsHSFIM�HSF
BL]�Tyt{F)[�FITVMPm�HSRSFIJWD�x|TVMYR$]�F�ÈzZUt{F2_kTVJWM
HSFIM�H$FW��r7tVD�_$ACx�D�OQÒ pqA�DPFIt�]�JWH;[�F2FIM�ZUHSFID�TVM¥R$]PFuÏ�ÈnÐ¿H$TVp
Z�tVJfR$T{ANM�H7A i H$ZUjk] X�A�BLHu¡SÍ Ù � � Î/£a�u�¯M
��mNZP_kF � �GBnF�j2JWM\HSF2F�R$]PFLg�_kFIH$H$ZP_$F�DP_$AWgc¡�p JWD�F�D�TVp FIM�H$T{ANM�tVFIH$H�BLT{R$]qR$]�F7ØwRSAWWFIHhDP_kJfmG£!JWjl_$ANH$HoR$]PF
jlANMGRS_kJWjlR$T{ANM�gUt{AWRSRSFID;JfmNJWTVMUHSR�R$]PFzÔdF2[�AW_kJW];MwZ�p�[�F2_C� ² ]�TVH�_kFIH$Z�t{R�D�TVHkJfmW_$F2FIH�BLT{R$]7B�]�JfR+TVH�AW[UH$F2_$^WFID
TVM\Flv�g�F2_aTVpqFIMGR$H7¡�H$F2F;��mNZP_$F��N£oBL]PF2_kFITVM�JWMeTVM�T{R$TVJWt�DPFIjl_$FIJWH$F;TVM\R$]PF7g�_$FIH$H$Z�_$FdD�_$AWgYTVH i ANtyt{ACBnFID�[Gx
J�HSRSFIJWD�x±j2tyTVp�[�Z�g°RSA¦JWM�AW_kD�F2_qA i p�JfmNM�T{R$Z�DPFY]UT{mN]PF2_q^fJWtVZPFW� ² ]wZ�H�r7tVD�_$ACx�D�OQÒ H$Z�j2jlFIH$H i Z�tyt{x
g�_$FIDUTVjlR$H}R$]PF�TyM�T{R$TVJWt�H$p JWtyt+DPFIjl_$FIJWHSF
TVM�g�_$FIHkH$ZP_$F;DP_kAWg|Z�MGR$TVt�J��>��A i Jf[�ANZ�R Ú �o@�ACBnF2^WF2_I��T{R i JWTVtVH
RSAeg�_$FIDUTVjlR7R$]PF tVJf_$mWFqZPgUH$RS_$FIJWp ^WAW_$R$TVjlFIH�JWM�D¥R$]PF DP_kJWp�JfR$TVj>TVM�jl_$FIJWHSFqTVM¥gU_$FIH$H$ZP_kF
DP_kAWg�HSF2FIM TVM
jlANM�HSRS_aJWjlR$T{ANM\X�ACBLHzA i H$Z�ja] XUZUTVD�H2��bLmNJWTVM+�wT{RnTVH![�F2RSRSF2_nRSA
Hkj2JWt{FLR$]PF�g�_$FIH$HkZP_$FLDP_kAWg i AW_o]�T{mN]�F2_oÔdF
Z�H$TyMPm>�+��TVMUHSRSFIJWDeA i ¡/�+��ª«§7¢U£hJWH&Flv�gUtVJWTyMPFID i AW_LJ�HSgU]PF2_$F;p AC^�TVMPm TVMeJ K�ANM�OQK�F2B&RSANM�TVJWMYXUZ�TVD��
b�_kT{mWAP�z�2���f���uÍ��lÎ�BoAW_$WFID¥ANZ�RdR$]�F
Ï�ÈoÐ H$TVp
Z�tVJfR$T{ANM|A i J\HSgU]PF2_kF i JWtVtVTVM�m�DPACB�MsJ\R$ZP[�F��UtVt{FID

BLT{R$]ÇJ¤K�ANM�OQK�F2B&RSANM�TVJWMÇXUZ�TyD��oB�]PF2_$FITVMÇJ¤jlANM�H$R$JWM�R i AW_ajlFcBhJWH�Jfg�gUtVT{FID�RSA�pqA�^WF¥R$]PFcHSg�]PF2_$FW�
Ï�T{mNZP_$F>�
	
H$]PACB�HoR$]�Fd^WFItVAwj2T{R�x A i R$]PF)HSg�]PF2_$F�JWHhT{RhDPFIH$jlFIMUD�HoD�ACBLM\R$]PFdR$ZP[�FW��bLmNJWTVM+��r)tVDP_$A�xwD�OQÒ
TVH
R$]PFYpqA�DPFItnR$]�JfR ]�JWH>[�F2FIM±Z�HSFID°TyM¤R$]�F�j2JWtyj2Z�tVJfR$T{ANM��¤�¬M�R$]PFe�UmNZP_$FW�zT{RqTVH
F2^�TVDPFIMGR>R$]�JfRqR$]PF
^WFIt{A�j2T{RQxsA i R$]PF HSgU]PF2_kF
A�^WF2_kH$]PAwAWR$H;R$]�F KLF2B&RSANMUTVJWM ^fJWtVZPFqD�ZP_kTyMPm\H$R$Jf_$R¯OQZPg A i R$]PF i JWtyt�� ² ]�TVH7TVH
D�ZPF)RSA\H$]PFIJf_SO R$]UTVM�M�TVM�mP�zb i RSF2_L_kFIJWjk]�TVM�m�J g�FIJf���R$]PF;^WFIt{A�j2T{R�xe[�F2mNTyM�HhRSAuDPFIjl_kFIJWHSF�JWM�D|[�FIjlANpqFIH
t{FIH$HoR$]�JWM\R$]PF7KLF2BLRSANM�TVJWM\j2JWHSF)J i RSF2_&J
H$Z���j2TVFIM�R$t{xqt{ANM�m�R$TVp FW���¯M�jl_$FIJWHkTVMPm
R$]PFdÔdF2[�AW_kJW]\MGZUp�[�F2_
_$FIH$ZUt{R$H}TVM�R$]PF�H$gU]PF2_$F)H$t{A�BLTVMPm D�ACBLMepqAW_kF�~GZUTVj$�t{xW�
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Ï�T{mNZP_$F � � �z_$FIH$H$Z�_$FcDP_kAWg®JWjl_$ANHkH�R$]PFsjlANMGRS_kJWjlR$T{ANM+�dj2JWtVj2ZUtVJfRSFID�Z�H$TVMPm¤R$]PF¦r7tVDP_kACx�D�OQÒ pqA�DPFIt��
gUt{AWRSRSFID|JfmNJWTVM�HSRLÕ�ÖW�

Ï�T{mNZP_$F����!È�v�g�F2_kTVpqFIMGR$JWt�_kFIH$Z�t{R$HoA i g�_kFIH$H$ZP_$FdDP_$AWg�TVM\J
jlANMGRS_kJWjlR$T{ANM�XUACB�gUt{AWRSRSFID�JfmNJWTVM�H$RhH$RS_kJWTVM
_kJfRSFW�
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Ï�T{mNZP_$F �
	 ����FIt{Awj2TVRQx�A i R$]�F�HSgU]PF2_kFdg�t{AWRSRSFIDYJfmNJWTVM�H$R&R$TVpqF
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Strain RotationShear
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ο

Ï�T{mNZP_kF �W���hØ�]PFIJf_}XUACBEj2JWMY[�F)BL_kT{RSRSFIMYJWH&J�H$Z�p A i HSRS_kJWTVMUTVMPm>JWM�De_$AWR$JfR$T{ANM+�
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������������������������������	�

��]PFIM J)K�ANM�OQKLF2BLRSANM�TVJWM X�Z�TVD
Z�M�DPF2_$mWAwFIH!J)MPANMUtVTVMPFIJf_�DPF i AW_kp JfR$T{ANM+�NRSFIM�H$T{ANMqTyM>R$]PF&HSRS_$FIJWp tyTVMPFIH
DPF2^WFIt{AWg�HzD�ZPFLRSA�R$]PF�tVJf_$mWFL_kFItVJ©v�JfR$TVANM R$TVpqF�A i R$]PF�p Tyjl_$ANHSRS_kZ�jlR$Z�_$FW� ² ]�TVH�RSFIM�HkT{ANM�TVM R$]PF�HSRS_kFIJWp>O
tVTVM�FIH!_$FIH$ZUt{R$HoTyMuMPANMPO �2F2_$AqMPAW_kp JWt�HSRS_$FIH$H$FIHhBLT{R$]�TVM R$]PF7XUZ�TVD���� F;j2JWM\FIHSR$TVp JfRSF7R$]PF)Jfg�g�_kAIvPTVp JfRSF
H$]PFIJf_)JWM�D¥MPAW_ap JWt�HSRS_$FIH$HSFIH)TyMcK�ANM�OQK�F2B&RSANM�TVJWMsXUZ�TyDcDPF i AW_kpqFIDs[wx|J�H$TVpqg�t{F�H$]�FIJf_dXUACB TVMsR$]PF
i ANtVt{ACB�TVMPm;p JWM�M�F2_I� ² ]PF�HkTVpqgUt{F&Hk]PFIJf_zX�A�B®j2JWM\[�FLDPFIjlANp g�ANH$FIDuTVMGRSA�J�gUZP_$FItVx
HSRS_aJWTVM�TVMPm;p AWR$T{ANM
BLT{R$]�R$]PFegU_kTVM�j2T{g�JWtzJ©v�FIHqAW_kT{FIMGRSFID�JfR � Ú! i _$ANpÑR$]PFeJ©v�TyH>A i H$]�FIJf_ JWM�D°J¥gUZP_$F\_$AWR$JfR$T{ANM«JWH TVH
H$]PA�BLMYTVM��UmNZP_$F �W�f�
² ]�F>H$RS_kJWTVM�TVM�mupqAWR$T{ANM j2JWZUHSFIH;J�HSRS_kJWTVMsA i �� ¢s_$FIH$ZUt{R$TVMPm\TVM¥JeH$]PFIJf_;HSRS_$FIHkH7FI~GZ�JWt�RSA|§¦�� ¢¥TVM

R$]PF>p TVjl_$ANH$RS_kZ�jlR$ZP_$FW� �zZP_$F�_$AWR$JfR$T{ANMsR$]PFIMsj2JWZ�HSFIHdR$]PF>p TVjl_$ANHSRS_aZ�jlR$ZP_$F;RSA�JWtVT{mNMsTVM|R$]PF�D�TV_$FIjlR$T{ANM
A i R$]�F
XUACB;��R$]PF2_kF2[Gxst{FIM�D�TVM�muT{RdRSAYjlANpqg�_$FIHkH$T{ANMc[GxcR$]PFqHSRS_kJWTVM�TyMPmupqAWR$TVANM��+JWH)H$]PA�BLM¥TVMs��mNZP_$F
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Strain Rotation

Ï�T{mNZ�_$Fq�IÓ��hØ�]PFIJf_�JWM�DYK�AW_kp JWt�ØwRS_kFIH$HSFIH&TVMeJ�MPANM�OQK�F2B&RSANM�TVJWM�XUZUTVD��

�IÓw� ² ]PF7FlvwRSFIMGRLA i R$]PF;jlANpqgU_$FIH$H$T{ANM|TVHs�� ¢�� ² ]GZ�H
K�AW_kp JWt�ØwRS_kFIH$H�� Ø�]�FIJf_�ØwRS_$FIH$H����� ¢

� � ?$¼zµk:��«8�9	�qµ$¼�
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ØwANpqF)K�ANM�OQK�F2B&RSANM�TVJWM\XUZ�TyD�HoZUM�DPF2_$mWA>J
xwT{FItyD [�FI]�JI^�T{AW_hBL]PFIM�DPF i AW_kpqFID\[�F2xWANM�D�J>tVTVp TVR2��Ø�ZUjk]
XUZ�TyD�H�]UJI^WF JWM�JWH$H$Awj2TVJfRSFID¥x�T{FItVD¥HSRS_kFIH$H7[�F2xWANM�D¥BL]�TVja]¥T{R)Z�M�DPF2_$mWAwFIH7JeD�TVHSR$TyM�jlR�ja]�JWMPmWF�TVMsX�A�B
[�FI]�JI^�T{AW_I� �nANp�pqANM FlvPJWpqgUt{FIHoA i p JfRSF2_kTyJWtVH!R$]�JfRog�ANH$HSFIH$HoJ�x�T{FItVD H$RS_$FIH$HnJf_$F i ANJWp H2��jl_$ANH$H¯OQtyTVMPWFID
mWFItVHhJWM�DugUJWHSRSFIH2���¯MuR$]�TVHnt{FIjlR$ZP_$FdBoFdBLTVtytPR$JWt{�Jf[�ANZPRhH$Z�ja]up JfRSF2_aTVJWtVHnJWM�D\R$]PFIMuD�FIH$jl_kT{[�F�H$ANpqF�A i
R$]PFhjlANp pqANMqJfg�g�tVTVj2JfR$T{ANM�H�A i x�T{FItVD�TVM�mLTVM�R$]PFoRS_aJWM�HSg�AW_$R�A i H$p JWtVtGgUJf_$R$TVj2tVFIH�JWH�BnFItVtwJWH�R$]�FnD�JWM�mWF2_kH
A i ]�JC^wTVM�mYJ|DPFIJWD¦�2ANMPFuTVM¦H$]�Jf_$g�jlAW_kMPF2_kH�A i ja]�JWM�MPFItyH2�u� F\BLTVtyt�R$]�FIM�g�_$A�jlF2FID¤RSA|R$]PF�JfmWFlO ANtyD
H$~wZPF2F2�2Fs�UtVp g�Jf_kJWDPAIv�� b i RSF2_�R$]�JfRuBnFsBLTVtVthR$JWt{ÇJf[�ANZ�R�BL]�JfR\TVH\jlANp pqANM®[�F2RQBnF2FIMÇWF2R$ja]GZ�g
[�AWRSR$t{FIH&JWM�DYANTVt�gUT{g�FItVTVM�FIH2�

�;Jf[�tVJ� Ô�F2[U_$F2mWFIJWH�Í � Î�]�JWH}HkZPmWmWFIHSRSFIDeR$]�JfR i ANJWp HhmWF2R&g�F2_kp�JWMPFIM�R$tVx�D�JWp JfmWFIDYZ�g�ANMux�T{FItVD�O
TVMPmP� ² ]PF2_$F i AW_$FW��JWM¤ZUM�DPF2_kHSR$JWMUD�TVMPm�A i R$]PFuxwTVFItVD�[�FI]�JC^wT{AW_�A i&i ANJWp H�TyH;A i D�TV_$FIjlR�_$FItVF2^©JWM�jlFuRSA
R$]PFIT{_�F
��j2JWjlxW� ² ]PF��UmNZP_$F��I×u]�JWH�[�F2FIMcR$JfWFIM i _kANp ØwR2����JWtVpqFIH	 Ô7ZP_kTyJWM¤Í �©Î � ² ]PF2xYH$]PA�B�]PA�B
R$]PF\xwTVFItVD�TVMPmYH$RS_$FIH$H
JWM�D¤H$RS_kJWTVM�DPFIjl_$FIJWHSF\BLT{R$]¤DPFIjl_$FIJWH$TVM�mc^WANtVZUpqF i _kJWjlR$T{ANM¤A i mNJWH>TVM¦J i ANJWpe�
² ]PFq_a]PF2ANt{AWmNTVj2JWtz[�FI]UJI^�T{AW_;A i JWM�Z�M�MUJWpqFID�jl_$ANH$HSOQtVTVMPWFID¥mWFItoTVH;H$]PA�BLM¦TyM¥��mNZP_$F������uÒnAWR$]¤R$]PF
DPF2mW_$F2F)A i jl_$ANH$HSOQtVTVMP�TVMPm
JWM�D�R$]PF;jlANM�jlFIMGRS_kJfR$T{ANMeA i R$]PF7g�ANt{x�pqF2_}pqANt{FIj2Z�t{FIH i AW_kp TyMPm�R$]�F)mWFIt�BLTVtVt
DPF2RSF2_kp�TVMPF)T{R$H}x�T{FItVDeHSRS_kFIH$H2�

�)T{FItVD�HSRS_$FIHkH&TVHhJWMeTVpqg�AW_$R$JWMGR}~GZ�JWMGR$T{R�xuBL]�FIMuBhJWtVtVH}Jf_kF)[�FITyMPm�g�tVJWHSRSF2_$FID���� i R$]�Fdx�T{FItVD�HSRS_kFIH$H
A i R$]�FogUtyJWHSRSF2_�TVH�RSAGA)tVJf_$mWFW�GT{R�B�TVtVt�M�AWR�X�A�B°^WF2_$x�HkpqAGAWR$]Ut{x7O+HSR$TVj$�TVMPmP�NHktVT{g�gUTyMPm&JWM�D
[�_kTVM�mNTVMPmLTVMGRSA
~wZPFIHSR$T{ANM¥R$]PFuHSFIt i O FIHSRSF2FIpÃA i R$]PFqgUJWTVMGRSF2_I�q@�ACBnF2^WF2_I��T i R$]PFqx�T{FItVD¥HSRS_kFIH$H;TVH7RSAwA|H$p JWtyt���gUJWTVMGR$TVMPm
R$]PFdj2T{FItVTVMPm)B�TVtVt�[�FLJWMuFlvwF2_kj2TyHSF�TVM�p JfwTyMPm;R$]PF�X�AGAW_hD�T{_kRQx>[�FIj2JWZ�HSFLJWtVtUR$]PFLg�tVJfRSF2_zgUJWH$RSFLBLTVtyt�mNT{^WF
TVMuRSA>mW_kJI^�T{RQxW� ² ]PFd��mNZP_$F����qH$]PA�BLHnR$]PFdxwT{FItyD�TVMPm;[�FI]�JC^wTVAW_oA i J>H$ZUHSg�FIM�H$T{ANMqA i × 	�� b�tVZUp TVM�TVZUp
gUJf_$R$Tyj2t{FIH}TVM�JWMYZ�MP�MPA�BLM�HSANt{^WFIMGR2�	�ht{FIJf_at{xW��R$]PF)R$]PF)x�T{FItVD�TVM�m�[�FI]�JI^�T{AW_&TVH}H$RS_$ANMPmNt{xumWAC^WF2_kMPFID|[Gx
R$]PF;g�@½A i R$]PF�H$ZUHSg�FIM�H$T{ANM���bdMeFlvwg�tVJWM�JfR$T{ANM i AW_&R$]�TVH}TyH&HSR$TVtVt�tVJWjkwTyMPmP�
bdMPAWR$]PF2_}TVMGRSF2_$FIHSR$TVM�m�F���FIjlR}A i x�T{FItVD�H$RS_$FIH$H}j2JWM\[�FdHSF2FIM�TVMuR$]PF7HSFID�TVp FIM�R$JfR$T{ANM\A i _aT{mNTVDugUJf_$R$T�O

j2t{FIH!TyM J;ÒhTVMPmN]�JWp¨XUZ�TVD����¬MqAW_aDPF2_ i AW_zR$]PF&g�Jf_$R$TVj2t{FhRSA�H$FID�TVpqFIMGR2�NR$]PFLH$RS_$FIH$H!D�Z�F}RSA�mW_kJC^wT{R$JfR$TVANM�JWt
i AW_kjlF;H$]PANZ�tyD�[�F7]�T{mN]PF2_hR$]�JWM�R$]PF7x�T{FItVD\HSRS_$FIH$HhA i R$]PF7XUZ�TyD�����]PFIM�R$]�JfR}]�JfgUg�FIMUH2�wJ>X�Z�TVD _kF2mNT{ANM
TVH;jl_kFIJfRSFID¤Jf_$ANZUM�D R$]PF g�Jf_$R$TVj2t{FqR$]�JfR�BLTVtVt�j2JWZ�H$F�T{R;RSA|jl_aZ�TVHSFqR$]P_kANZPmN]�R$]PFuÒnTyMPmN]�JWpÃXUZUTVD JWM�D
HSFID�TypqFIM�R2��JWH
j2JWM¤[�F�H$F2FIM¤TVM���mNZP_$Fs���P�|ÏPAW_>R$]PFuj2JWH$FuA i JcHSgU]PF2_kTyj2JWt�gUJf_$R$TVj2tVFW��R$]PF2_kFuJf_$F\RQBnA
HSR$JfmNM�JfR$TVANM¦g�ANTVMGR$H;BL]�F2_$F R$]PF\HSRS_$FIH$H�TVH;[�FIt{A�B x�T{FItVD�HSRS_kFIH$H2�e@LFIMUjlFW��R$]�F2x _$FIp JWTVM¤Z�M�DPF i AW_kpqFID
JWM�DYj2JWM|[�FdRS_kFIJfRSFIDcJWH�HSANtVTVD\_$F2mNT{ANMUH2�zÔdF2R$JWTVt{FIDYj2JWtyj2Z�tVJfR$T{ANM�H i AW_&R$]UTVH}g�_$AW[�t{FIp j2JWMY[�F i ANZUM�DeTVM
BnAW_$u[wxeÒnF2_kTVH��I�o�f�+Í��
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Ï�T{mNZ�_$F �I×�� �)T{FItVDeHSRS_kJWTyMYJWM�D�x�T{FItVDeHSRS_$FIHkH}A i J i ANJWp �dH2�z^WANtVZ�pqF i _kJWjlR$T{ANMeA i mNJWH2�
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Yield surface
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wall wall

Ï�T{mNZ�_$F ��� �nØwFID�TypqFIM�R$JfR$TVANMeA i J�HSgU]PF2_$F;TyMeJqÒnTyMPmN]�JWpXUZUTVD��

��]PFIM�J�ÒhTVM�mN]�JWpÑxwTVFItVD±XUZ�TVD�X�A�BLHqR$]P_kANZPmN]°J _$FIjlR$JWMPmNZUtVJf_�jk]UJWM�MPFIt��oR$]PFYXUZ�TyD�M�FIJf_ R$]PF
jlAW_kMPF2_�j2JWMY_$FIp JWTyMeZ�M�x�T{FItVD�FID\JWH�HSF2FIMYTVM��UmNZP_$F � Ú �

� ����<>¼!¼���¼���µ 
 À>¸}8�¸}:q9	�
�¯M¦R$]�TyH�HSFIjlR$TVANM���BoF\BLTVtyt�R$JWt{¦Jf[�ANZPR
R$]PF�H$~GZ�F2F2�2Fu�Utyp gUJf_aJWDPAIv��sÏ�T{_aHSR2��BoF�BLTVtyt!DPFIH$jl_kTV[�F�R$]�TVH
gUJf_kJWD�AIv��zb i RSF2_LR$]UJfR2��BoF�BLTVtVt�JWD�DP_$FIHkH}R$]PF�HSANtyZPR$T{ANM\A i R$]�TVHhg�_$AW[�t{FIp Í��W�W���IÓ��+�I×fÎ �
bdH�H$]�ACBLM�TVM;Ï�T{mP��� Ù �fBnFojlANM�H$TyDPF2_�J&��tVp A i ÒhTVMPmN]�JWp X�Z�TVD)DPFIH$jl_aT{[�FID)TVM)RSF2_kp H�A i J �hJf_$RSFIHkTVJWM

jlAwAW_kD�TVM�JfRSF}HSx�HSRSFIp ¡�
���G£�TVM
BL]�Tyjk]�
�TVH�R$]PF&]PAW_aT{�2ANM�R$JWtPJWMUD��;R$]PFh^WF2_$R$TVj2JWt���É+F2R�R$]�FhjlFIMGRSF2_!A i R$]PF
�UtVptyT{FdJfRLR$]PF;AW_kT{mNTyM���� i BoF�Hk~GZPF2F2�2F�R$]PF)�UtVp BLTVR$]uR$]�F;^WF2_$R$TVj2JWt�^WFItVAwj2T{R�x����fÓ i _$ANpJf[�AC^WF
JWM�D
R$]PF;^WF2_kR$TVj2JWt+^WFIt{A�j2T{R�x������fÓ i _kANp[�FIt{ACB;�UR$]PF;�UtVp BLTVtVt�pqA�^WF
]PAW_aT{�2ANM�R$JWtyt{xuB�T{R$]�R$]PF;^WFIt{A�j2T{R�x��
JWM�De^WF2_kR$TVj2JWtVt{x�BLT{R$]YR$]PF;^WFIt{A�j2T{RQx�� ¡ Ø�]PA�BLMYTVMY��mNZP_$F � Ù £a�n� i R$]PF�F���FIjlRLA i mW_kJC^wT{R�xYTVHLTVmNMPAW_$FID��
R$]PF�p ANpqFIM�R$ZUpFI~GZUJfR$T{ANM�H i AW_&R$]PF;��tVp Jf_$F �
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Ï�TVmNZP_$F � Ú ���dMGxwT{FItyDPFID\�2ANMPF�TVM�R$]�F;jlAW_kMPF2_&A i Jq_$FIjlR$JWM�mNZ�tVJf_Lja]�JWM�MPFIt��
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Ï�T{mNZ�_$Fq� Ù �hØ�~wZPF2F2�ITVMPmqA i R$]PF;��tVp
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ÏPAW_dJ ÒhTVMPmN]�JWpX�Z�TVD��wR$]PF)_$FItVJfR$TVANM�H$]�T{g�[�F2RQBnF2FIMYR$]�F�HSRS_$FIH$HLJWM�DYHSRS_kJWTyM�_kJfRSF�TVH� ��� T i�� � ��� ��� � ¡�×N£
� � ¡
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BL]PF2_kF ��;TVHnR$]PF)x�T{FItVD\HSRS_$FIH$H2� � TVHnR$]PF;HSRS_aJWTVM\_kJfRSF)RSFIM�HSAW_&JWM�D��¥TVHnR$]PF;H$RS_$FIH$HhRSFIM�HSAW_C� � j2JWMe[�F
Flv�g�_$FIH$HSFID|JWH �

� ��� �! �� ¡�� 'oª �  �£�� ¡�� 'zª �  �£ � ' � - ¡ Ú £

² ]PFuHSFIjlANM�D�TVM�^fJf_kTVJWMGR;A i R$]PF\HSRS_kJWTVM¦_kJfRSF�RSFIMUHSAW_
JWMUD�R$]PF\HSRS_$FIH$H�RSFIM�HSAW_>Jf_$F � � � � ��� �� � � �
JWM�D � � � � � �� � � ��_$FIH$g�FIjlR$TV^WFIt{xW�¤� FcMPANM�OQD�TVp FIM�H$T{ANM�JWtyT{�2F�R$]PFepqANp FIM�R$Z�p FI~GZ�JfR$TVANM°TVM±R$]PF
i ANtVt{ACB�TVMPm>BnJCxW�}É+F2R �Ç[�F)R$]PF�]PAW_kTV�2ANM�R$JWt+tVFIMPmWR$]YH$j2JWt{FW��� [�F)R$]�F;^WF2_$R$TVj2JWt�t{FIMPmWR$]YH$j2JWtVFW�UJWM�D �
[�F)R$]PF�H$j2JWtVF i AW_�R$]PF;^WF2_$R$TVj2JWt+^WFIt{Awj2TVRQxW� ² ]PFIMeR$]PF�]�AW_kT{�2ANMGR$JWt�^WFIt{A�j2T{RQx��cj2JWM|[�F;H$j2JWt{FIDYJWH ���� �JWM�D�HSRS_kJWTyM�_kJfRSF)RSFIMUHSAW_��¨j2JWM�[�FdH$j2JWtVFID\JWH�� � �!b�tVH$A�BnF)H$j2JWt{F ���,���! ('d[Gx � � ��"! JWMUD �! " ���!'�'�[Gx� �� �UJWM�DeR$]�F;g�_$FIH$HkH$ZP_$F � [wx � � � !� ! �oÉ�F2R$# � � � �hØ�TVMUjlF)R$]PF�]PAW_kTV�2ANM�R$JWt+tVFIMPmWR$]YH$j2JWt{F �ÇTVHLp�Z�ja]tVJf_$mWF2_)R$]UJWMcR$]�F
^WF2_kR$TVj2JWt�t{FIMPmWR$]¥H$j2JWt{F��¤��BoF ]UJI^WF%#'& �f� �)( ¡ ��� ���& ('I£ ( ¡ �& " ���!'�'I£a� ² ]PFIM
R$]PF�M�ANM�OQD�TVpqFIMUH$T{ANM�JWtVTV�2FID FI~wZ�JfR$T{ANM|j2JWMY[�F)BL_kT{RSRSFIMeJWH �
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² ]wZ�H2�PR$]PF)gU_$FIH$H$ZP_kF7TyH&MPAWR&J i Z�M�jlR$T{ANM�A i R$]PF;]�FIT{mN]�R}RSA.+ ¡-# � £ �
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Plug

Ï�T{mNZP_$F � � � �otVZPmq^WFIt{A�j2T{R�x\gU_$AW�Ut{F)TVM�R$]PF;ZUM�x�T{FItVDPFID\_$F2mNTVANMeA i R$]PF)�UtVpe�
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Ð|FIJWH$ZP_$FIpqFIMGR�Hk]PACBLH�R$]�JfR�R$]�F�g�_$FIHkH$ZP_$FqDP_$AWg¤g�F2_�Z�M�T{R;tVFIMPmWR$]�TVM R$]�F�ANTVt�g�T{g�FIH)TVH�× Ú 	����� � �
TVMcR$]PF��
	 	��ÑtVANMPmug�T{g�F;RSFIHSR2� ² ]PF2_kF i AW_$FW��R$]PF
mWFIt�BLTVtyt�X�ACB��7Ï�AW_)R$]PF>×���� t{ANM�mugUTVg�FW��R$]PF
RSAWR$JWt
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R$]PFug�_$A�D�Z�jlR$T{ANM HSRSAWg�H2��R$]�F�gUT{g�FqjlAwANtVH2��JWM�D�R$]PF�mWFItojlANMGRS_kJWjlR$H2�YÔdAwFIH�R$]PFumWFIt!X�A�B ANZ�R;A i R$]PF
Flv�gUJWM�H$T{ANM�gUT{g�F�` ÒnF i AW_kFuJWM�HSBnF2_kTVM�mYR$]�TVH�~GZPFIH$R$T{ANM���tVF2R�Z�H�t{AGAW JfR
JYWF2R$jk]wZPg±[�AWRSR$t{F�gU_$AW[Ut{FIp
JWM�DYj2JWtyj2Z�tVJfRSF�]PA�B½p
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Ï�T{mNZP_$F;� ��� ² ]�F}X�ACBÇA i mWFIt�TVM�H$TyDPFoR$]�F&Flvwg�JWM�H$T{ANM>gUTVg�F}TVHzH$TVp TVtyJf_�RSA�R$]�JfR!A i WF2R$jk]wZPg�TVMqJ)[�AWRSR$t{FW�
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R$]PF;]PFITVmN]�R}A i R$]PF)WF2R$jk]wZPgsTVM�R$]PF)[�AWRSR$t{F � ����¡�
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@�ACBED�AGFIH�J KLANMPOQKLF2B&RSANMUTVJWMYXUZUTVD\[�FI]UJI^WF�B�]PFIMYZ�M�D�F2_&HSRS_$FIH$Ha`cbdM�DeBL]UJfRL]�Jfg�g�FIM�HhBL]�FIMeR$]PF
i AW_kjlFdj2JWZUH$TVMPm
R$]PF7HSRS_$FIH$HnTVHo_$FIpqAC^WFID�`sr)MPFLBnANZ�tVDuFlvwg�FIjlRnR$]�JfRhgUZP_$FItVx
FItyJWHSR$TVjLH$ANtVTVD�HzBL]PFIM\jlANp>O
[UTVM�FIDYBLT{R$]|^wTyH$jlANZ�H&X�Z�TVD�H}BnANZ�tVDc[�F�JWDPFI~wZ�JfRSFqTVM|p AwDPFItyTVMPm�K�ANM�OQK�F2B&RSANM�TVJWMcXUZ�TVDUH2�&@LA�BoF2^WF2_C�
R$]�JfRLTyH}MPAWR&R$]PF�j2JWH$FW�
bdH}TVHhJfg�gUJf_$FIMGR}TVM\��mNZP_$F>�f�PR$]PF2_$F)TVHhJ>jlF2_$R$JWTVM�R$TypqF)H$j2JWt{F)jk]�Jf_aJWjlRSF2_kTVHSR$TVj7A i KLANMPOQKLF2B&RSANMUTVJWM

XUZ�TyD�H�R$]�JfRzTVH!Jf[�HSFIM�RzBL]PFIMqH$Z�ja] H$ZP[�HSR$JWM�jlFIH!Jf_$F�pqAwD�FIt{FIDqJWHzJ;p�T�v�A i FItVJWHSR$Tyj}HSANtVTVD�H�JWMUDq^wTyH$jlANZ�H
XUZ�TyD�H2��b�j2jlANZ�MGR$TVMPm i AW_&J��S�2���C���W�����f�����/� �;A i R$]�F;p TVjl_$ANHSRS_aZ�jlR$ZP_$F7JWM�D\R$]PF)Flv�RS_kJqMPAW_kp JWt�HSRS_kFIHSFIH
TVHhFIH$H$FIM�R$TVJWt�RSA R$]PF;DPFIHkjl_kT{g�R$T{ANM�A i H$Z�ja]Yp JfRSF2_kTyJWtVH2�
��]PFIMsJuK�ANM�OQK�F2B&RSANM�TVJWMcXUZ�TVD|TVHLDPF i AW_kpqFID+�UR$]PF
TVM�HSR$JWMGR$JWMPF2ANZ�H�^wTyH$jlANZ�HLH$RS_$FIH$H�R$]�JfR�[�Z�TVtVD�H

ZPgqH$j2JWt{FIH�JWH��+�+�� �WB�]PF2_$Fh�+�!TVH�R$]PFh�2F2_$AfOQH$]�FIJf_!^wTyH$jlANH$T{R�x�A i R$]�Fhp�JfRSF2_kTVJWt���� i BoF}MPA�B�H$ZPg�g�ANHSFoR$]�JfR
R$]PF2_$F\TVH;JcpqFIpqAW_$x R$TVp Fc¡�¢U£)JWH$H$Awj2TVJfRSFID¤BLT{R$]�R$]PFup Tyjl_$ANHSRS_kZ�jlR$Z�_$F BLT{R$]UTVM¥R$]PF�p JfRSF2_aTVJWt���R$]PFIM
R$]PF7DPF i AW_kp JfR$T{ANM\T{RoZUM�DPF2_$mWAwFIH i AW_hJ�jlANM�H$R$JWM�R}H$]PFIJf_n_kJfRSFW�d�� �GBnANZ�tVD�[�F¦�� ¢��!bdHhTVM FItVJWH$R$TVj�H$ANtVTVD�H2�
R$]PF;FItyJWHSR$TVj;HSRS_kFIH$HLJWH$H$Awj2TVJfRSFID|BLT{R$]YHkZ�jk]YJuDPF i AW_kp JfR$T{ANMeBnANZ�tVDY[�F�§¦�� ¢���B�]PF2_$F
§¨TVH}R$]PF;FItyJWHSR$TVj
pqA�D�Z�tVZUH!A i R$]�Fdp JfRSF2_aTVJWt��!b i RSF2_}R$]PF7pqFIpqAW_kx�R$TVpqFdAW_}R$]PFd_$FItVJ©vPJfR$T{ANM�R$TVpqFdA i R$]PF)p JfRSF2_aTVJWt�]�JWH
FItVJfgUH$FID��UR$]PF>HSRS_$FIHkHLBnANZ�tVD|_$FIJWjk]¥J�H$RSFIJWDPxY^fJWtVZPF�B�]�TVjk]|BoANZUtVD|H$j2JWtVF�JWH>¡/�+�zª«§7¢U£��� JWH7HSF2FIMsTVM
��mNZP_kF��f�
�¬R7TyH7_$FIJWHSANM�Jf[UtVF
RSAeR$]UTVMPYA i ¡/�+�nª®§7¢U£dJWH;JWM¥FIM�]�JWMUjlFID¥^wTVHkjlANH$T{RQxW�
�¯M¥AWR$]PF2_)BoAW_aD�H2�
K�ANM�OQKLF2BLRSANM�TVJWM¥XUZ�TyD�H�]UJI^WF Jejk]UJf_kJWjlRSF2_kTVHSR$Tyj
p FIpqAW_$x|R$TypqFqH$j2JWt{F>BL]�TVja]¥TVHd_$F i F2_k_$FID¥RSAeJWH)R$]PF
�$�l�{�I���W�����f�°���/� �2�7�®]PFIMsR$]PFqJfg�g�tVT{FIDY_aJfRSF
A i DPF i AW_ap JfR$T{ANM¥TVH�_$FID�Z�jlFIDsRSA��2F2_$AP��R$]PFIHSFqp JfRSF2_aTVJWtVH
_$FItVJ©v�AC^WF2_ R$]�FIT{_qjk]�Jf_kJWjlRSF2_aTVHSR$TVj�_$FItyJ©v�JfR$T{ANM±R$TypqF�O�J¥jlANM�H$R$T{R$ZPR$T{^WF�g�_$AWg�F2_$R�x¦A i FIJWjk]�p JfRSF2_aTVJWt��
² ]�TyHhgU]PFIMPANpqFIM�ANMeTVHhwM�ACBLMYJWH�HSRS_$FIH$H&_$FItVJ©vPJfR$T{ANM��
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� FLB�TVtVtPMPA�BÇt{AwAWqJfRzR$]PF&XUACB«A i J�KLANM�OQK�F2B&RSANM�TyJWM XUZ�TyD>gUJWHSRzJ�HSgU]PF2_$FW����]�TVt{F&H$ZUjk]�J;X�ACB�j2JWM
[�F;HSRSFIJWDPxYTVMeJWMcÈzZ�tVF2_kTVJWM�HSFIM�HSFW��T{R&p T{mN]GR&[�F;Z�M�H$RSFIJWDPx\TyMYJ É�JfmW_aJWMPmNTVJWM|H$FIM�HSFW�Êb�_kT{mWAs�I�n�f�ÌËzÍ��lÎ
BnAW_$WFID|ANZ�R�R$]PF
Ï�ÈoÐÑH$TVp
Z�tVJfR$TVANM�H}A i R$]PF>t{ANMPm BhJfWF>[�FI]�TVM�D�R$]PF
HSgU]PF2_kF�Z�H$TVM�m R$]PF>r)tVDP_$A�xwD�OQÒ
pqA�DPFIt i AW_dR$]PF>p TVjl_$ANHSRS_aZ�jlR$ZP_$FW��JWH7H$]PACB�McTVM|��mNZP_$F>Ów�dK�AWRSF>R$]�JfR7R$]PF
BnJfWF>mWF2R$H7t{ANMPmWF2_)JWHdR$]PF
ÔdF2[�AW_kJW]¤MwZ�p�[�F2_I��Õ�ÖW��TVM�jl_kFIJWHSFIH2� ² ]�TyH;TVH;[�FIj2JWZ�H$FuJWH�R$]PFuH$]�FIJf_�_kJfRSF\TVH�TyM�jl_$FIJWHSFID���R$]PFuXUZ�TVD
[�FI]�TVM�D>R$]�FLBhJfWFdTVHoHSRS_$F2R$ja]PFID�pqAW_$FLJWM�D\pqAW_$FW�wR$]PF2_$F i AW_$F�_$FI~GZUT{_kTVMPm)J�tVJf_$mWF2_hD�TVHSR$JWM�jlFLRSA�_$FItyJ©v��
�¯M¦�UmNZP_$F\×w�zR$]PF i AW_kjlF\_$FI~wZ�T{_$FID¦RSAspqA�^WFeR$]PF�HSgU]PF2_$F\JfR
JsjlANM�HSR$JWMGR>^WFIt{A�j2T{RQx¤R$]P_$ANZPmN]¤R$]PF

XUZ�TyD«TVHugUt{AWRSRSFID®JfmNJWTVM�HSR�� FITVHkHSFIM�[�F2_$m±MwZ�p�[�F2_¥¡/BL]�TVja] i AW_�R$]�TVH\j2JWHSF p JIxÇ[�FcR$]PANZPmN]GR�A i JWH
R$]PF
D�TVpqFIM�HkT{ANM�t{FIH$H}Hk]PFIJf_�_aJfRSF�£a� ² ]PF i AW_ajlF�TVH�p JWDPF�DUTVpqFIM�H$TVANM�t{FIH$HhBLTVR$]YR$]PF�FI~GZ�TV^©JWt{FIMGR7Ø�RSAWWFIH
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Ï�T{mNZP_$F
���oØwRS_$FIH$Ho[UZ�TytVD�OQZPg�JWMUD�_$FItyJ©v�JfR$T{ANM\TVM\J�^�TVH$jlAwFItVJWHSR$TyjLp JfRSF2_kTyJWt�D�Z�F�RSA>J�H$RSF2g�H$RS_kJWTVMu_kJfRSFW�

Ï�T{mNZP_$F�Ó�����FIt{A�j2T{RQxeTVM�R$]PF�BnJfWF�A i J>_aT{mNTVDeHSgU]�F2_$F;pqAC^�TVMPmqR$]�_$ANZPmN]YJ M�ANM�OQKLF2BLRSANM�TVJWMeXUZUTVD��PJWH
J i Z�M�jlR$T{ANM�A i R$]PF�DUTVHSR$JWM�jlF i _$ANpR$]PF;jlFIMGRSF2_dA i R$]PF�HSgU]PF2_$FW�
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Ï�T{mNZP_$Fe×��eÔd_kJfm¥ANM±R$]PFeHSgU]PF2_$FW�oH$j2JWt{FID�BLT{R$]�ØwRSAWWFIH D�_kJfmP�!gUt{AWRSRSFID°JfmNJWTyM�HSR>R$]PF�� FITVH$HSFIMG[�F2_$m
MwZ�p�[�F2_I�

DP_kJfm�O�R$]�F i AW_kjlF�R$]UJfRoBnANZ�tVDu]�JI^WFd[�F2FIM�_$FI~wZ�T{_kFIDqRSA
p AC^WF7R$]PF�H$gU]PF2_$FdJfRoR$]PFdH$JWpqFd^WFIt{A�j2T{RQx�TyM�J
K�F2B&RSANM�TVJWM)X�Z�TVD7A i ^wTyH$jlANH$T{R�x>¡/�+�Iª�§)¢U£�Í Ó©Î ��b¤jlANpqg�Jf_kTVHSANM)B�T{R$])R$]PF�Flv�g�F2_kTVpqFIMGR$H+H$]PA�BLH�R$]�JfR�R$]PF
i AW_kjlF}_$FI~wZ�T{_$FID
DPAwFIH�MPAWR!DPFIjl_$FIJWHSF&JWH�D�_kJWHSR$TVj2JWtVtVx�JWH�g�_$FID�TyjlRSFID�[wx
R$]PFLr7tVDP_$A�xwDPOQÒ¦j2JWtVj2Z�tyJfR$T{ANMYÍ ×�Î �
JWH!H$]�ACBLM TyM��UmNZP_$F��P� ² ]PF&H$Typ�Z�tyJfR$T{ANM�H�j2JWMq[�F}[�_$ANZPmN]GR�j2t{ANHSF2_!RSA�R$]PF}Flvwg�F2_kTypqFIM�R$JWt�AW[�HSF2_$^fJfR$T{ANM
[wx�j2JWtVj2Z�tVJfR$TVM�m�R$]PF�ØwRSAWWFIH�DP_kJfm¤ZUH$TVMPm R$]PFs�2F2_$AfOQH$]�FIJf_\^�TVH$jlANHkT{RQx°A i R$]PFcXUZ�TVD«TVM�HSRSFIJWD«A i R$]PF
DPF i AW_kp JfR$T{ANM�FIM�]UJWM�jlFID�^wTVHkjlANH$T{RQxW� ² ]�TVH
TVH
[�FIj2JWZ�HSFW�zJWH>R$]PFeHSg�]PF2_$F�TVH�p AC^WFID i JWHSRSF2_|¡�ZPg±RSA�J
tVTVp�T{Ra£a��R$]�F�XUZ�TyD mWF2R$Hqt{FIH$H�R$TVpqF�RSA¥DPF i AW_kpe�s@LFIM�jlF\R$]PFu^wTVHkjlANH$T{RQx¤JWH�HSF2FIM�[wx R$]PFuH$gU]PF2_$F\HSR$TVtVt
_$FIp JWTyM�H��+��� ² BnAcA i R$]PF�TVpqg�AW_$R$JWMGR�Flv�g�F2_kTVpqFIMGR$JWtzAW[�HSF2_$^fJfR$T{ANM�H
R$]�JfR>R$]PF|r7tVDP_kACx�D�OQÒ¨pqA�DPFIt
i JWTVtVH�RSA g�_$FID�TVjlR>Jf_$F�R$]PFetVJf_$mWFeTVMUjl_$FIJWHSF�TVM±DP_kJfms[�F2xWANMUD�J¥jl_kTVR$TVj2JWt��c�eJWM�D�R$]PFep
Z�jk]°tyJf_$mWF2_
BhJfWF�HSF2FIMe[�FI]�TyM�D\R$]PF;HSgU]PF2_kFW�
��]PFIMqJ7HSgU]PF2_kFnpqA�^WFIH�R$]P_$ANZ�mN]
J7K�ANM�OQK�F2B&RSANM�TVJWM>XUZUTVD��WMPF2mNJfR$T{^WF}BhJfWFIH!Jf_$FhAW[UHSF2_k^WFID����¯MqJ

MPF2mNJfR$T{^WF7BhJfWFW�PR$]PFdXUZ�TVD TyM�R$]PFdBhJfWFd_kF2mNT{ANM�A i J�pqA�^wTyMPm
H$gU]PF2_$FdHSR$Jf_$R$HnRSA
p AC^WF;TVMuJ�D�TV_$FIjlR$T{ANM
AWg�g�ANH$T{RSFcRSA±R$]�JfRuA i R$]PF HSgU]PF2_$FW��Ï�T{mNZP_$F Ú Hk]PACBLH�J�j2Jf_$RSAwANM DPFIH$jl_kT{[�TVMPm R$]PFsF���FIjlR2� ² ]PFIHSF
MPF2mNJfR$T{^WFqBhJfWFIH)]�JC^WFq[�F2FIM¥JWH$jl_aT{[�FIDYRSAeR$]PF>]�T{mN]sHSRS_$FIH$H$FIH7R$]�JfR7R$]PF
p AC^�TVMPmeHSgU]PF2_kF�TVMGRS_$A�D�Z�jlFIH
TVM\T{R$HnBnJfWF7_$F2mNTVANM�HhJWH}T{RoDPF i AW_kp HnR$]PF)p Tyjl_$ANHSRS_kZ�jlR$Z�_$FW� ² ]PF�H$RS_$FIH$Hh_$FItVJ©vPJfR$T{ANMuA i R$]PFdXUZ�TyD�J i RSF2_
R$]PF�H$gU]PF2_$F)]�JWH&p AC^WFIDsJIBhJIx i _$ANp Jqg�ANTVMGR}j2JWZ�HSFIHLJqH$FIjlANM�D�Jf_$x�X�A�B;�
bdMPAWR$]PF2_�j2JWtyj2Z�tVJfR$T{ANM BhJWH;DPANM�Fq[Gx¥@�Jf_at{FIM�Í �WÎoZ�HkTVMPm�Je�UM�T{RSF>Flv�RSFIM�H$T{[�t{FqMPANM�OQtVTVM�FIJf_dFItyJWHSR$TVj

¡�Ï�ÈzKdÈ�O��	�7£}p Tyjl_$ANHSRS_kZ�jlR$Z�_$F;pqA�DPFIt�g�_$AWg�ANHSFIDY[Gx
�h]�TytVjlAWRSRLJWM�D��LJWtVtVTyHSANM��PJ ��mNZ�_$F i _kANp BL]�Tyjk]
TVH&Hk]PACBLMcTVMe��mNZ�_$F Ù � ² ]�TyH}H$TVp
Z�tVJfR$T{ANMYD�FIpqANM�HSRS_kJfRSFIH�R$]�JfR�R$]PF;Flv�RSFIM�RdA i MPF2mNJfR$T{^�T{RQxYTyMYJ BhJfWF
TVM�jl_kFIJWHSFIH&JWH&R$]�F)FlvwRSFIM�HkT{[UTVtVTVRQxc¡/gUJf_aJWpqF2RSF2_�ÇTVM���mNZP_kF�£oA i R$]PF�p TVjl_$ANHSRS_aZ�jlR$ZP_$F)TVM�jl_kFIJWHSFIH2�
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Ï�T{mNZP_$F � ��Ôd_kJfm&ANM;R$]�FzHSgU]PF2_kF�gUt{AWRSRSFID;JfmNJWTVMUHSR�� FITVHkHSFIM�[�F2_$m&MwZ�p�[�F2_I��pqFIJWHkZP_$FID)Flv�g�F2_kTVpqFIMGR$JWtVt{xW�

Rigid Sphere 
moving

Stressed region

Negative wake

Ï�TVmNZP_$F Ú � �hJf_kRSAGANMcH$]PACB�TVMPmqJ MPF2mNJfR$T{^WF�BnJfWF�_$F2mNT{ANMe[�FI]�TVMUDuR$]�F;HSgU]PF2_$F

Ï�T{mNZP_kF Ù � ² ]PF;MPF2mNJfR$TV^WF;BnJfWF
JWHLHSF2FIM|TVMeÏ�ÈzKdÈ�O��	��j2JWtVj2Z�tVJfR$TVANM�H2�
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Ï�T{mNZP_$F � �;b gUTVjlR$ZP_kF i _$ANpÃJWM Flv�g�F2_kTVpqFIMGR2�+H$]PA�BLTVMPm�R$]PF Z�gUHSRS_$FIJWp ^WAW_$RSFlv�TVM¥R$]�F jlANM�RS_kJWjlR$TVANM
X�A�B A i J MPANM�OQK�F2B&RSANM�TVJWMYXUZ�TVD��
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6�?$9d5

É�Jf_kmWF�ZPgUHSRS_kFIJWpÃ^WAW_$R$TVjlFIH�Jf_$F AW[UHSF2_k^WFID�TVM K�ANM�OQKLF2BLRSANM�TVJWM�X�Z�TVD�H�X�ACB�TVMPmeR$]P_$ANZ�mN]�Jejk]�JWMUMPFIt
jlANMGRS_kJWjlR$T{ANM�JWH;H$]PA�BLM [wx �hJf_kR$JWt{ANH;JWM�D��oTVJWZ«Í Ú Îd¡�H$F2F ��mNZP_$F � £a� ² ]�TVH)TVH)JWM�AWR$]PF2_�FlvPJWpqgUt{FqA i
JuX�ACB�BL]�TVja]|p JCxY[�F�Z�MUHSRSFIJWDPxYTVM|R$]PF�É�JfmW_kJWMPmNTVJWMsHSFIM�HSF
BL]�Tyt{F)[�FITVMPm�HSRSFIJWD�x|TVMYR$]�F�ÈzZUt{F2_kTVJWM
HSFIM�H$FW��r7tVD�_$ACx�D�OQÒ pqA�DPFIt�]�JWH;[�F2FIM�ZUHSFID�TVM¥R$]PFuÏ�ÈnÐ¿H$TVp
Z�tVJfR$T{ANM�H7A i H$ZUjk] X�A�BLHu¡SÍ Ù � � Î/£a�u�¯M
��mNZP_kF � �GBnF�j2JWM\HSF2F�R$]PFLg�_kFIH$H$ZP_$F�DP_$AWgc¡�p JWD�F�D�TVp FIM�H$T{ANM�tVFIH$H�BLT{R$]qR$]�F7ØwRSAWWFIHhDP_kJfmG£!JWjl_$ANH$HoR$]PF
jlANMGRS_kJWjlR$T{ANM�gUt{AWRSRSFID;JfmNJWTVMUHSR�R$]PFzÔdF2[�AW_kJW];MwZ�p�[�F2_C� ² ]�TVH�_kFIH$Z�t{R�D�TVHkJfmW_$F2FIH�BLT{R$]7B�]�JfR+TVH�AW[UH$F2_$^WFID
TVM\Flv�g�F2_aTVpqFIMGR$H7¡�H$F2F;��mNZP_$F��N£oBL]PF2_kFITVM�JWMeTVM�T{R$TVJWt�DPFIjl_$FIJWH$F;TVM\R$]PF7g�_$FIH$H$Z�_$FdD�_$AWgYTVH i ANtyt{ACBnFID�[Gx
J�HSRSFIJWD�x±j2tyTVp�[�Z�g°RSA¦JWM�AW_kD�F2_qA i p�JfmNM�T{R$Z�DPFY]UT{mN]PF2_q^fJWtVZPFW� ² ]wZ�H�r7tVD�_$ACx�D�OQÒ H$Z�j2jlFIH$H i Z�tyt{x
g�_$FIDUTVjlR$H}R$]PF�TyM�T{R$TVJWt�H$p JWtyt+DPFIjl_$FIJWHSF
TVM�g�_$FIHkH$ZP_$F;DP_kAWg|Z�MGR$TVt�J��>��A i Jf[�ANZ�R Ú �o@�ACBnF2^WF2_I��T{R i JWTVtVH
RSAeg�_$FIDUTVjlR7R$]PF tVJf_$mWFqZPgUH$RS_$FIJWp ^WAW_$R$TVjlFIH�JWM�D¥R$]PF DP_kJWp�JfR$TVj>TVM�jl_$FIJWHSFqTVM¥gU_$FIH$H$ZP_kF
DP_kAWg�HSF2FIM TVM
jlANM�HSRS_aJWjlR$T{ANM\X�ACBLHzA i H$Z�ja] XUZUTVD�H2��bLmNJWTVM+�wT{RnTVH![�F2RSRSF2_nRSA
Hkj2JWt{FLR$]PF�g�_$FIH$HkZP_$FLDP_kAWg i AW_o]�T{mN]�F2_oÔdF
Z�H$TyMPm>�+��TVMUHSRSFIJWDeA i ¡/�+��ª«§7¢U£hJWH&Flv�gUtVJWTyMPFID i AW_LJ�HSgU]PF2_$F;p AC^�TVMPm TVMeJ K�ANM�OQK�F2B&RSANM�TVJWMYXUZ�TVD��
b�_kT{mWAP�z�2���f���uÍ��lÎ�BoAW_$WFID¥ANZ�RdR$]�F
Ï�ÈoÐ H$TVp
Z�tVJfR$T{ANM|A i J\HSgU]PF2_kF i JWtVtVTVM�m�DPACB�MsJ\R$ZP[�F��UtVt{FID

BLT{R$]ÇJ¤K�ANM�OQK�F2B&RSANM�TVJWMÇXUZ�TyD��oB�]PF2_$FITVMÇJ¤jlANM�H$R$JWM�R i AW_ajlFcBhJWH�Jfg�gUtVT{FID�RSA�pqA�^WF¥R$]PFcHSg�]PF2_$FW�
Ï�T{mNZP_$F>�
	
H$]PACB�HoR$]�Fd^WFItVAwj2T{R�x A i R$]PF)HSg�]PF2_$F�JWHhT{RhDPFIH$jlFIMUD�HoD�ACBLM\R$]PFdR$ZP[�FW��bLmNJWTVM+��r)tVDP_$A�xwD�OQÒ
TVH
R$]PFYpqA�DPFItnR$]�JfR ]�JWH>[�F2FIM±Z�HSFID°TyM¤R$]�F�j2JWtyj2Z�tVJfR$T{ANM��¤�¬M�R$]PFe�UmNZP_$FW�zT{RqTVH
F2^�TVDPFIMGR>R$]�JfRqR$]PF
^WFIt{A�j2T{RQxsA i R$]PF HSgU]PF2_kF
A�^WF2_kH$]PAwAWR$H;R$]�F KLF2B&RSANMUTVJWM ^fJWtVZPFqD�ZP_kTyMPm\H$R$Jf_$R¯OQZPg A i R$]PF i JWtyt�� ² ]�TVH7TVH
D�ZPF)RSA\H$]PFIJf_SO R$]UTVM�M�TVM�mP�zb i RSF2_L_kFIJWjk]�TVM�m�J g�FIJf���R$]PF;^WFIt{A�j2T{R�xe[�F2mNTyM�HhRSAuDPFIjl_kFIJWHSF�JWM�D|[�FIjlANpqFIH
t{FIH$HoR$]�JWM\R$]PF7KLF2BLRSANM�TVJWM\j2JWHSF)J i RSF2_&J
H$Z���j2TVFIM�R$t{xqt{ANM�m�R$TVp FW���¯M�jl_$FIJWHkTVMPm
R$]PFdÔdF2[�AW_kJW]\MGZUp�[�F2_
_$FIH$ZUt{R$H}TVM�R$]PF�H$gU]PF2_$F)H$t{A�BLTVMPm D�ACBLMepqAW_kF�~GZUTVj$�t{xW�
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Ï�T{mNZP_$F � � �z_$FIH$H$Z�_$FcDP_kAWg®JWjl_$ANHkH�R$]PFsjlANMGRS_kJWjlR$T{ANM+�dj2JWtVj2ZUtVJfRSFID�Z�H$TVMPm¤R$]PF¦r7tVDP_kACx�D�OQÒ pqA�DPFIt��
gUt{AWRSRSFID|JfmNJWTVM�HSRLÕ�ÖW�

Ï�T{mNZP_$F����!È�v�g�F2_kTVpqFIMGR$JWt�_kFIH$Z�t{R$HoA i g�_kFIH$H$ZP_$FdDP_$AWg�TVM\J
jlANMGRS_kJWjlR$T{ANM�XUACB�gUt{AWRSRSFID�JfmNJWTVM�H$RhH$RS_kJWTVM
_kJfRSFW�
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Ï�T{mNZP_$F �
	 ����FIt{Awj2TVRQx�A i R$]�F�HSgU]PF2_kFdg�t{AWRSRSFIDYJfmNJWTVM�H$R&R$TVpqF
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Ï�T{mNZP_kF �W���hØ�]PFIJf_}XUACBEj2JWMY[�F)BL_kT{RSRSFIMYJWH&J�H$Z�p A i HSRS_kJWTVMUTVMPm>JWM�De_$AWR$JfR$T{ANM+�
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��]PFIM J)K�ANM�OQKLF2BLRSANM�TVJWM X�Z�TVD
Z�M�DPF2_$mWAwFIH!J)MPANMUtVTVMPFIJf_�DPF i AW_kp JfR$T{ANM+�NRSFIM�H$T{ANMqTyM>R$]PF&HSRS_$FIJWp tyTVMPFIH
DPF2^WFIt{AWg�HzD�ZPFLRSA�R$]PF�tVJf_$mWFL_kFItVJ©v�JfR$TVANM R$TVpqF�A i R$]PF�p Tyjl_$ANHSRS_kZ�jlR$Z�_$FW� ² ]�TVH�RSFIM�HkT{ANM�TVM R$]PF�HSRS_kFIJWp>O
tVTVM�FIH!_$FIH$ZUt{R$HoTyMuMPANMPO �2F2_$AqMPAW_kp JWt�HSRS_$FIH$H$FIHhBLT{R$]�TVM R$]PF7XUZ�TVD���� F;j2JWM\FIHSR$TVp JfRSF7R$]PF)Jfg�g�_kAIvPTVp JfRSF
H$]PFIJf_)JWM�D¥MPAW_ap JWt�HSRS_$FIH$HSFIH)TyMcK�ANM�OQK�F2B&RSANM�TVJWMsXUZ�TyDcDPF i AW_kpqFIDs[wx|J�H$TVpqg�t{F�H$]�FIJf_dXUACB TVMsR$]PF
i ANtVt{ACB�TVMPm;p JWM�M�F2_I� ² ]PF�HkTVpqgUt{F&Hk]PFIJf_zX�A�B®j2JWM\[�FLDPFIjlANp g�ANH$FIDuTVMGRSA�J�gUZP_$FItVx
HSRS_aJWTVM�TVMPm;p AWR$T{ANM
BLT{R$]�R$]PFegU_kTVM�j2T{g�JWtzJ©v�FIHqAW_kT{FIMGRSFID�JfR � Ú! i _$ANpÑR$]PFeJ©v�TyH>A i H$]�FIJf_ JWM�D°J¥gUZP_$F\_$AWR$JfR$T{ANM«JWH TVH
H$]PA�BLMYTVM��UmNZP_$F �W�f�
² ]�F>H$RS_kJWTVM�TVM�mupqAWR$T{ANM j2JWZUHSFIH;J�HSRS_kJWTVMsA i �� ¢s_$FIH$ZUt{R$TVMPm\TVM¥JeH$]PFIJf_;HSRS_$FIHkH7FI~GZ�JWt�RSA|§¦�� ¢¥TVM

R$]PF>p TVjl_$ANH$RS_kZ�jlR$ZP_$FW� �zZP_$F�_$AWR$JfR$T{ANMsR$]PFIMsj2JWZ�HSFIHdR$]PF>p TVjl_$ANHSRS_aZ�jlR$ZP_$F;RSA�JWtVT{mNMsTVM|R$]PF�D�TV_$FIjlR$T{ANM
A i R$]�F
XUACB;��R$]PF2_kF2[Gxst{FIM�D�TVM�muT{RdRSAYjlANpqg�_$FIHkH$T{ANMc[GxcR$]PFqHSRS_kJWTVM�TyMPmupqAWR$TVANM��+JWH)H$]PA�BLM¥TVMs��mNZP_$F
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Strain Rotation

Ï�T{mNZ�_$Fq�IÓ��hØ�]PFIJf_�JWM�DYK�AW_kp JWt�ØwRS_kFIH$HSFIH&TVMeJ�MPANM�OQK�F2B&RSANM�TVJWM�XUZUTVD��

�IÓw� ² ]PF7FlvwRSFIMGRLA i R$]PF;jlANpqgU_$FIH$H$T{ANM|TVHs�� ¢�� ² ]GZ�H
K�AW_kp JWt�ØwRS_kFIH$H�� Ø�]�FIJf_�ØwRS_$FIH$H����� ¢
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ØwANpqF)K�ANM�OQK�F2B&RSANM�TVJWM\XUZ�TyD�HoZUM�DPF2_$mWA>J
xwT{FItyD [�FI]�JI^�T{AW_hBL]PFIM�DPF i AW_kpqFID\[�F2xWANM�D�J>tVTVp TVR2��Ø�ZUjk]
XUZ�TyD�H�]UJI^WF JWM�JWH$H$Awj2TVJfRSFID¥x�T{FItVD¥HSRS_kFIH$H7[�F2xWANM�D¥BL]�TVja]¥T{R)Z�M�DPF2_$mWAwFIH7JeD�TVHSR$TyM�jlR�ja]�JWMPmWF�TVMsX�A�B
[�FI]�JI^�T{AW_I� �nANp�pqANM FlvPJWpqgUt{FIHoA i p JfRSF2_kTyJWtVH!R$]�JfRog�ANH$HSFIH$HoJ�x�T{FItVD H$RS_$FIH$HnJf_$F i ANJWp H2��jl_$ANH$H¯OQtyTVMPWFID
mWFItVHhJWM�DugUJWHSRSFIH2���¯MuR$]�TVHnt{FIjlR$ZP_$FdBoFdBLTVtytPR$JWt{�Jf[�ANZPRhH$Z�ja]up JfRSF2_aTVJWtVHnJWM�D\R$]PFIMuD�FIH$jl_kT{[�F�H$ANpqF�A i
R$]PFhjlANp pqANMqJfg�g�tVTVj2JfR$T{ANM�H�A i x�T{FItVD�TVM�mLTVM�R$]PFoRS_aJWM�HSg�AW_$R�A i H$p JWtVtGgUJf_$R$TVj2tVFIH�JWH�BnFItVtwJWH�R$]�FnD�JWM�mWF2_kH
A i ]�JC^wTVM�mYJ|DPFIJWD¦�2ANMPFuTVM¦H$]�Jf_$g�jlAW_kMPF2_kH�A i ja]�JWM�MPFItyH2�u� F\BLTVtyt�R$]�FIM�g�_$A�jlF2FID¤RSA|R$]PF�JfmWFlO ANtyD
H$~wZPF2F2�2Fs�UtVp g�Jf_kJWDPAIv�� b i RSF2_�R$]�JfRuBnFsBLTVtVthR$JWt{ÇJf[�ANZ�R�BL]�JfR\TVH\jlANp pqANM®[�F2RQBnF2FIMÇWF2R$ja]GZ�g
[�AWRSR$t{FIH&JWM�DYANTVt�gUT{g�FItVTVM�FIH2�

�;Jf[�tVJ� Ô�F2[U_$F2mWFIJWH�Í � Î�]�JWH}HkZPmWmWFIHSRSFIDeR$]�JfR i ANJWp HhmWF2R&g�F2_kp�JWMPFIM�R$tVx�D�JWp JfmWFIDYZ�g�ANMux�T{FItVD�O
TVMPmP� ² ]PF2_$F i AW_$FW��JWM¤ZUM�DPF2_kHSR$JWMUD�TVMPm�A i R$]PFuxwTVFItVD�[�FI]�JC^wT{AW_�A i&i ANJWp H�TyH;A i D�TV_$FIjlR�_$FItVF2^©JWM�jlFuRSA
R$]PFIT{_�F
��j2JWjlxW� ² ]PF��UmNZP_$F��I×u]�JWH�[�F2FIMcR$JfWFIM i _kANp ØwR2����JWtVpqFIH	 Ô7ZP_kTyJWM¤Í �©Î � ² ]PF2xYH$]PA�B�]PA�B
R$]PF\xwTVFItVD�TVMPmYH$RS_$FIH$H
JWM�D¤H$RS_kJWTVM�DPFIjl_$FIJWHSF\BLT{R$]¤DPFIjl_$FIJWH$TVM�mc^WANtVZUpqF i _kJWjlR$T{ANM¤A i mNJWH>TVM¦J i ANJWpe�
² ]PFq_a]PF2ANt{AWmNTVj2JWtz[�FI]UJI^�T{AW_;A i JWM�Z�M�MUJWpqFID�jl_$ANH$HSOQtVTVMPWFID¥mWFItoTVH;H$]PA�BLM¦TyM¥��mNZP_$F������uÒnAWR$]¤R$]PF
DPF2mW_$F2F)A i jl_$ANH$HSOQtVTVMP�TVMPm
JWM�D�R$]PF;jlANM�jlFIMGRS_kJfR$T{ANMeA i R$]PF7g�ANt{x�pqF2_}pqANt{FIj2Z�t{FIH i AW_kp TyMPm�R$]�F)mWFIt�BLTVtVt
DPF2RSF2_kp�TVMPF)T{R$H}x�T{FItVDeHSRS_kFIH$H2�

�)T{FItVD�HSRS_$FIHkH&TVHhJWMeTVpqg�AW_$R$JWMGR}~GZ�JWMGR$T{R�xuBL]�FIMuBhJWtVtVH}Jf_kF)[�FITyMPm�g�tVJWHSRSF2_$FID���� i R$]�Fdx�T{FItVD�HSRS_kFIH$H
A i R$]�FogUtyJWHSRSF2_�TVH�RSAGA)tVJf_$mWFW�GT{R�B�TVtVt�M�AWR�X�A�B°^WF2_$x�HkpqAGAWR$]Ut{x7O+HSR$TVj$�TVMPmP�NHktVT{g�gUTyMPm&JWM�D
[�_kTVM�mNTVMPmLTVMGRSA
~wZPFIHSR$T{ANM¥R$]PFuHSFIt i O FIHSRSF2FIpÃA i R$]PFqgUJWTVMGRSF2_I�q@�ACBnF2^WF2_I��T i R$]PFqx�T{FItVD¥HSRS_kFIH$H;TVH7RSAwA|H$p JWtyt���gUJWTVMGR$TVMPm
R$]PFdj2T{FItVTVMPm)B�TVtVt�[�FLJWMuFlvwF2_kj2TyHSF�TVM�p JfwTyMPm;R$]PF�X�AGAW_hD�T{_kRQx>[�FIj2JWZ�HSFLJWtVtUR$]PFLg�tVJfRSF2_zgUJWH$RSFLBLTVtyt�mNT{^WF
TVMuRSA>mW_kJI^�T{RQxW� ² ]PFd��mNZP_$F����qH$]PA�BLHnR$]PFdxwT{FItyD�TVMPm;[�FI]�JC^wTVAW_oA i J>H$ZUHSg�FIM�H$T{ANMqA i × 	�� b�tVZUp TVM�TVZUp
gUJf_$R$Tyj2t{FIH}TVM�JWMYZ�MP�MPA�BLM�HSANt{^WFIMGR2�	�ht{FIJf_at{xW��R$]PF)R$]PF)x�T{FItVD�TVM�m�[�FI]�JI^�T{AW_&TVH}H$RS_$ANMPmNt{xumWAC^WF2_kMPFID|[Gx
R$]PF;g�@½A i R$]PF�H$ZUHSg�FIM�H$T{ANM���bdMeFlvwg�tVJWM�JfR$T{ANM i AW_&R$]�TVH}TyH&HSR$TVtVt�tVJWjkwTyMPmP�
bdMPAWR$]PF2_}TVMGRSF2_$FIHSR$TVM�m�F���FIjlR}A i x�T{FItVD�H$RS_$FIH$H}j2JWM\[�FdHSF2FIM�TVMuR$]PF7HSFID�TVp FIM�R$JfR$T{ANM\A i _aT{mNTVDugUJf_$R$T�O

j2t{FIH!TyM J;ÒhTVMPmN]�JWp¨XUZ�TVD����¬MqAW_aDPF2_ i AW_zR$]PF&g�Jf_$R$TVj2t{FhRSA�H$FID�TVpqFIMGR2�NR$]PFLH$RS_$FIH$H!D�Z�F}RSA�mW_kJC^wT{R$JfR$TVANM�JWt
i AW_kjlF;H$]PANZ�tyD�[�F7]�T{mN]PF2_hR$]�JWM�R$]PF7x�T{FItVD\HSRS_$FIH$HhA i R$]PF7XUZ�TyD�����]PFIM�R$]�JfR}]�JfgUg�FIMUH2�wJ>X�Z�TVD _kF2mNT{ANM
TVH;jl_kFIJfRSFID¤Jf_$ANZUM�D R$]PF g�Jf_$R$TVj2t{FqR$]�JfR�BLTVtVt�j2JWZ�H$F�T{R;RSA|jl_aZ�TVHSFqR$]P_kANZPmN]�R$]PFuÒnTyMPmN]�JWpÃXUZUTVD JWM�D
HSFID�TypqFIM�R2��JWH
j2JWM¤[�F�H$F2FIM¤TVM���mNZP_$Fs���P�|ÏPAW_>R$]PFuj2JWH$FuA i JcHSgU]PF2_kTyj2JWt�gUJf_$R$TVj2tVFW��R$]PF2_kFuJf_$F\RQBnA
HSR$JfmNM�JfR$TVANM¦g�ANTVMGR$H;BL]�F2_$F R$]PF\HSRS_$FIH$H�TVH;[�FIt{A�B x�T{FItVD�HSRS_kFIH$H2�e@LFIMUjlFW��R$]�F2x _$FIp JWTVM¤Z�M�DPF i AW_kpqFID
JWM�DYj2JWM|[�FdRS_kFIJfRSFIDcJWH�HSANtVTVD\_$F2mNT{ANMUH2�zÔdF2R$JWTVt{FIDYj2JWtyj2Z�tVJfR$T{ANM�H i AW_&R$]UTVH}g�_$AW[�t{FIp j2JWMY[�F i ANZUM�DeTVM
BnAW_$u[wxeÒnF2_kTVH��I�o�f�+Í��
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Ï�T{mNZ�_$F ��� �nØwFID�TypqFIM�R$JfR$TVANMeA i J�HSgU]PF2_$F;TyMeJqÒnTyMPmN]�JWpXUZUTVD��

��]PFIM�J�ÒhTVM�mN]�JWpÑxwTVFItVD±XUZ�TVD�X�A�BLHqR$]P_kANZPmN]°J _$FIjlR$JWMPmNZUtVJf_�jk]UJWM�MPFIt��oR$]PFYXUZ�TyD�M�FIJf_ R$]PF
jlAW_kMPF2_�j2JWMY_$FIp JWTyMeZ�M�x�T{FItVD�FID\JWH�HSF2FIMYTVM��UmNZP_$F � Ú �
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�¯M¦R$]�TyH�HSFIjlR$TVANM���BoF\BLTVtyt�R$JWt{¦Jf[�ANZPR
R$]PF�H$~GZ�F2F2�2Fu�Utyp gUJf_aJWDPAIv��sÏ�T{_aHSR2��BoF�BLTVtyt!DPFIH$jl_kTV[�F�R$]�TVH
gUJf_kJWD�AIv��zb i RSF2_LR$]UJfR2��BoF�BLTVtVt�JWD�DP_$FIHkH}R$]PF�HSANtyZPR$T{ANM\A i R$]�TVHhg�_$AW[�t{FIp Í��W�W���IÓ��+�I×fÎ �
bdH�H$]�ACBLM�TVM;Ï�T{mP��� Ù �fBnFojlANM�H$TyDPF2_�J&��tVp A i ÒhTVMPmN]�JWp X�Z�TVD)DPFIH$jl_aT{[�FID)TVM)RSF2_kp H�A i J �hJf_$RSFIHkTVJWM

jlAwAW_kD�TVM�JfRSF}HSx�HSRSFIp ¡�
���G£�TVM
BL]�Tyjk]�
�TVH�R$]PF&]PAW_aT{�2ANM�R$JWtPJWMUD��;R$]PFh^WF2_$R$TVj2JWt���É+F2R�R$]�FhjlFIMGRSF2_!A i R$]PF
�UtVptyT{FdJfRLR$]PF;AW_kT{mNTyM���� i BoF�Hk~GZPF2F2�2F�R$]PF)�UtVp BLTVR$]uR$]�F;^WF2_$R$TVj2JWt�^WFItVAwj2T{R�x����fÓ i _$ANpJf[�AC^WF
JWM�D
R$]PF;^WF2_kR$TVj2JWt+^WFIt{A�j2T{R�x������fÓ i _kANp[�FIt{ACB;�UR$]PF;�UtVp BLTVtVt�pqA�^WF
]PAW_aT{�2ANM�R$JWtyt{xuB�T{R$]�R$]PF;^WFIt{A�j2T{R�x��
JWM�De^WF2_kR$TVj2JWtVt{x�BLT{R$]YR$]PF;^WFIt{A�j2T{RQx�� ¡ Ø�]PA�BLMYTVMY��mNZP_$F � Ù £a�n� i R$]PF�F���FIjlRLA i mW_kJC^wT{R�xYTVHLTVmNMPAW_$FID��
R$]PF�p ANpqFIM�R$ZUpFI~GZUJfR$T{ANM�H i AW_&R$]PF;��tVp Jf_$F �
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Ï�TVmNZP_$F � Ú ���dMGxwT{FItyDPFID\�2ANMPF�TVM�R$]�F;jlAW_kMPF2_&A i Jq_$FIjlR$JWM�mNZ�tVJf_Lja]�JWM�MPFIt��
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² ]PFuHSFIjlANM�D�TVM�^fJf_kTVJWMGR;A i R$]PF\HSRS_kJWTVM¦_kJfRSF�RSFIMUHSAW_
JWMUD�R$]PF\HSRS_$FIH$H�RSFIM�HSAW_>Jf_$F � � � � ��� �� � � �
JWM�D � � � � � �� � � ��_$FIH$g�FIjlR$TV^WFIt{xW�¤� FcMPANM�OQD�TVp FIM�H$T{ANM�JWtyT{�2F�R$]PFepqANp FIM�R$Z�p FI~GZ�JfR$TVANM°TVM±R$]PF
i ANtVt{ACB�TVMPm>BnJCxW�}É+F2R �Ç[�F)R$]PF�]PAW_kTV�2ANM�R$JWt+tVFIMPmWR$]YH$j2JWt{FW��� [�F)R$]�F;^WF2_$R$TVj2JWt�t{FIMPmWR$]YH$j2JWtVFW�UJWM�D �
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extensibility of fluid
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Oldroyd−B

FENE

Numerics problems with Oldroyd−B,
µ < 0!

E

µ ext
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I J�KL2MONQP�R S�LOT-NUK

VWYX[Z]\!^]_]`GZba	c�deWf^]g�h"Xi`-jbZbk-dl^m\�hQno`-^mprqtsvu$wxWY^m\�y�z�WYk-dej�dlk|{]}/k"X[p�a2Xi`GZbk-z!`-X~Z]\�y�y!Xia�k-c��WiZ]h-k-h�c�Z<j]X
h-c!^��1\�k-c�Zbk�`�Zba	dey�`-Xij]Xi`�h-Z]��h�de\�k-c�XE_]`�Z]y	dlX[\�k�^]n�k"X[p�a2Xi`GZbk-z!`-X�Z]\�y�h-Z]�ede\�dek�{��1dlk-c�y!Xia�k-c�deh�Z
WY^mp�pf^m\(noX[Zbk-z!`-X�de\�p�Z]\�{�Zb`-X[Z]hi}�X[h"a8X[WideZ]���l{�d�\�a8^m�eZb`�`�Xi_mdl^m\�h����Y�	}3�[������s1c!X[h"X~^mh�Wide�e�eZbk-dl^m\	hQde\
k"X[pfa8Xi`�Zbk-z!`�X3Z]\�y h-Z]��de\�dlk|{A�1c�deWGc�Zb`�X3k|{�a�deWiZ]�e�l{A^m\ k-c!X&^]`�y�Xi`�^]n�k"X[\�h�^]n�pfXik"Xi`Gh�Zb`-X&k-c!^mz!_mc�k�k"^Ag8X
Z�h-de_m\�Zbk-z!`-XA^]n�c!^]`�de�i^m\�k-Z]�*d�\�k"`�z	h-dl^m\�hi��svc�X[h"XQde\�k"`�z�h-dl^m\	h3Zb`�XQ^]n�k"X[\�`-XinoXi`-`-X[y�k"^�Z]hvk-c!Xi`�p�^mc�Z]�ede\!X
de\�k"`�z�h-de^m\�h3g2X[WiZ]z	h"XAk-c!Xi{�Zb`-X�y!`�dej]X[\�g�{�a�`-^HWYX[h-h"X[ht`�X[�eZbk"X[y�k"^�k-c!XQy	d��2Xi`�X[\�kvy�dl�8z�h�de\!_�a�`-^]a8Xi`-k-dlX[h
^]n�c!X[Zbk1Z]\�y�h�Z]�lki}�^]`v�1c	ZbkvdehvWY^mp�pf^m\	�l{� H\!^��1\¡Z]hvy!^mz�g	�lXAy�d��Oz�h-dl^m\*�
u�^mz!g	�eX~y�d��Oz�h-dl^m\�WiZ]\�^HWiWiz!`��1c!X[\¢k|�,^¢WY^mpfa8^m\!X[\�k-h�WY^m\�k"`�dlg�z!k"X�k"^�k-c!X�y!X[\	h-dlk�{�^]nvZ�£	z�dey

wxh-z�WGc�Z]h�c!X[Zbk�Z]\�y�h-Z]�lk�de\�k-c�X�^�WYX[Z]\2�G}�g�z!kAk-c!Xi{¢y�d��Oz�h"XfZbk�y	d��2Xi`�X[\�kA`�Zbk"X[h[��u�^mz!g	�eX~y�d��Oz�h-dlj]X
WY^m\�j]X[WYk-dl^m\¤`-Xin�Xi`Gh�k"^Ek-c!X�WiZ]h"X��1c!X[\�^m\!X~^]ntk-c�X~WY^mpfa8^m\!X[\�k-h�deh�h"k-Zbg	�l{¢h"k"`GZbk-dl¥�X[yO}�k-c!X�h-X[WY^m\�y
WY^mpfa8^m\!X[\�k�deh�h"k"`GZbk-dl¥�X[y�de\�Z�y�X[h"k-Zbg	de�ede�[de\!_Eh-X[\�h"X]}3g	z!kfk-c!X�£	z	dey¦deh ^<j]Xi`�Z]���1h"k-Zbg	�e{(h"k"`�Zbk-de¥�X[yO�
u�^mz!g	�lX�y�d��Oz�h-dlj]X�WY^m\�j]X[WYk-dl^m\�deh�k-c!X~a�`�^�WYX[h-h�g�{¢�Uc�deW�c�a8^]k"X[\�k-deZ]�§X[\!Xi`-_]{�h"k"^]`�X[y(de\�k-c!X�y�X[h"k-Z©¨
g	de��dl�[de\!_�WY^mpfa8^m\!X[\�k�deh`-X[�lX[Z]h"X[y*��svc!Xi`-X�Zb`-Xfk|�,^Ea8^mh-h-dlg	�eX�WY^m\!¥�_mz�`�Zbk-dl^m\�hAno^]`�y!^mz�g	�lXfy�d��Oz�h-dl^m\
ZbkAZ]\¢de\�k"Xi`-noZ]WYX g8Xik��3XiX[\¢k|�,^�£	z	dey�hi��ª|n§k-c!Xfh-�l^<�3Xi`Qy�d��Oz�h-d�\!_~WY^mpfa8^m\!X[\�kAdehy!X[h"k-Zbg	de��dl�[de\!_!}�k-c�deh
deh1 �\!^��1\�Z]h�Z�¥	\!_]Xi`Gde\!_�de\�k"Xi`-nxZ]WYX�Z]\�y�dln«k-c!X�noZ]h-k"Xi`y	d��8z	h-de\!_fWY^mpfa8^m\!X[\�k�d�h1y!X[h"k-Zbg�de�edl�[de\�_fk-c�deh
deh� �\!^��1\¤Z]h�Z�y�d��Oz�h-dej]X~de\�k"Xi`-noZ]WYX]��¬)WY^mpfa	�eXik"X�`-XijHdlXi�^]n1y!^mz!g	�eX~y�d��Oz�h-dl^m\�WiZ]\�g8X~no^mz�\�y(de\
k-c!X�h"X[p�de\�Z]�®�,^]`- ¢^m\�g	z!^�{mZ]\�WY{¢XY�2X[WYk-h de\�£	z�dey	hg�{¢s�z!`�\!Xi`����[¯©�3Z]\�y(Z�y�d�h-Wiz�h-h-de^m\�^]n&y�^mz!g	�lX
y�d��Oz�h-dej]X�a	`-^�WYX[h�h"X[hvdepfa8^]`-k-Z]\�ktde\�k-c!XQ^HWYX[Z]\�WiZ]\�g8X�no^mz�\�y�d�\�k-c!XQ`-XijHdlXi�°g�{�±!W�c�p�dek"k��³²©���
s/^�z�\�y!Xi`Gh"k-Z]\�y�c!^<��y�^mz!g	�lXy�d��Oz�h-dl^m\�WiZ]\�_]X[\!Xi`�Zbk"X�k-c!Xi`�pf^mc�Z]��de\!Xde\�k"`Gz�h-dl^m\�h§¥�`�h"ktWY^m\�h�dey!Xi`

�eZbk"Xi`�Z]��}®y!X[\�h-dlk|{�¨�WY^mp�a2X[\	h-Zbk-de\!_¡_]`GZ]y�dlX[\�k-h�^]n1k"X[pfa8Xi`�Zbk-z!`-X�Z]\�y¦h-Z]�ede\�dek�{¢Z]\�y¤Z�j]Xi`-k-d�WiZ]�3h-k"`�Zbk-d�¨
¥	WiZbk-dl^m\�k-c�Zbk�h�z!a�a8^]`-k-hAh-Z]�lk�¥	\!_]Xi`�de\�_�n�^]`�XY´HZ]pfa��lX]��ª�n3k-c�dehAg	Z]h�deW�h"k-Zbk"X�dehQk-c!X[\�a2Xi`�k-z!`-g8X[y�g�{
Z]�lk"Xi`�\	Zbk-de\!_�h�c!X[Zb`U�i^m\�X[hi}�k-c�X��eZbk"Xi`�Z]�/_]`�Z]y�deX[\�k-hU�1de�e��WY`-X[Zbk"XfZ]�lk"Xi`�\�Zbk-de\�_�`-Xi_mdl^m\�hU�1c!Xi`�X�k-c!X�h-Z]�lk
¥	\!_]Xi`Gh�Zb`�X�h"k"`�X[\!_]k-c!X[\!X[yµwo�1c!X[\¤_]`-X[Zbk"Xi`�WY^m\�WYX[\�k"`GZbk-dl^m\�h ^]n1h-Z]�ek�`Gz�\�^�j]Xi`~WY^m�ey!Xi` �&Zbk"Xi`:��Z]\�y
�3X[Zb ]X[\!X[y¶wo�Uc!X[\�WY^m�ey!Xi`��&Zbk"Xi`�d�hf^<j]Xi`�h-Z]�lk|{(�&Zbk"Xi`:�G��±!de\�WYX�¥	\!_]Xi`Gde\!_¢�lX[Z]y�h k"^�Z�y!^<�1\��&Zb`�y
y!X[\�h�dlk�{¡£�zH´2}2k-c!X `-Xi_mdl^m\	h�Zbg8^�j]X�de\�WY`-X[Z]h"X[yE¥	\!_]Xi`Gde\!_¢wok-c!X �3Zb`�p·h-Z]�ek�{��&Zbk"Xi`:�Ug8X[WY^mpfX �edl_mc�k"Xi`[�
ª�n3k-c�Xi`-X~dehQh-^mpfX~de\�dek-deZ]��h-�l^]a8Xfk"^�k-c�X~h-c!X[Zb`-X[y�a8Xi`-k-z!`-g	Zbk-de^m\�h�k-c!X~�&Zb`�p¸h�Z]�lk�{��&Zbk"Xi`��1d��e�«WY^m\H¨
k-de\�z!XQk"^�`�deh"XQZ]\�y�a�`-^]a	Zb_mZbk"X]}��1c�de�eXAk-c!X�WY^m�ey�n�`-X[h�c�`-Xi_mdl^m\�h1�1de�e�Oh�de\! ~�Uc�de�lXAa�`�^]a	Zb_mZbk-de\!_~d�\�k-c!X
^]a�a8^mh-dlk"X�y�dl`-X[WYk-dl^m\*�,¬¹h-W�c�X[p�Zbk-deW�^]n�k-c	dehvpf^Hy!X[�º}��Uc�deW�c¡�3Z]hU¥�`�h"ktXY´Ha	�eZ]d�\!X[y�g�{¡±Hk"Xi`�\(���]�Y�«Z]\�y
`-XijHdlXi�3X[y�`-X[WYX[\�k-�l{�g�{�»1z�y	y�deW- �Z]\�y¡¼AXi`�`��³½©��}	Zba�a8X[Zb`�htde\�¥	_mz!`-X��b�
¾ c�de�lXAk-c�X�pf^Hy!X[�*y!X[h�WY`�dlg8X[y¡Zbg8^<j]X�Z]h-h-z�pfX[h1k-c�Zbk�k-c!XQj]Xi`-k-deWiZ]��y!X[\�h�dlk�{�_]`�Z]y�deX[\�k1d�hvde\�dlk-d�Z]�e�l{

h"k"`�Zbk-de¥�X[y�de\fZA¥�\!_]Xi`�de\!_Ah"X[\	h"X]}�k-c!Xi`�X1c�Z[j]X1g2XiX[\�^]g	h"Xi`-jbZbk-dl^m\�h�^]nOde\�k"`�z�h�dl^m\�n�^]`�p~Zbk-dl^m\�de\ `-Xi_mde^m\�h
�1c!Xi`�X�k-c!X ^HWYX[Z]\�dehh"k-Zbg	�e{�h"k"`�Zbk-dl¥	X[y�d�\�g8^]k-c�k"X[pfa8Xi`�Zbk-z!`-XfZ]\�y�h-Z]��de\�dlk|{����[�©����svc	deh1`GZ]deh"X[h�k-c!X

�Y��½



Cold
Fresh

Warm
Salty

Heat
flux Salt

flux

Heat
fluxSalt

flux

Diffusive

Diffusive

Fingers

x

z
Density

Density
flux

flux

� dl_mz!`-X����«±HWGc!X[p�Zbk-deW3y�deZb_]`GZ]p°^]n	ZUk-c!Xi`�pf^mc	Z]�ede\!X®de\�k"`�z�h�dl^m\~�³½©����ª�\�k-c!X,¥	\!_]Xi`�de\�_v`-Xi_mdl^m\�g8Xik��3XiX[\
k-c!X�k��3^�y�dl�8z�h�dlj]XQde\�k"Xi`-noZ]WYX[h[}�k-c!X�y!^<�U\��&Zb`�y�y�X[\�h-dlk|{�£�zH´¡WiZ]z�h"X[hUk-c!X��&Zb`�p�}2h-Z]�lk�{�£�z�dey�k"^�`�deh"X
Z]h1dekta�`-^]a	Zb_mZbk"X[h1k"^�k-c!XQ`�de_mc�ki}!�1c	de�lX�k-c!X�WY^m�eyO}!no`-X[h-c�£�z�dey�g8X[WY^mpfX[h1y!X[\	h"Xi`1Z]\�y�h-d�\! �h[�

� z!X[h"k-dl^m\f^]n*c�^<��k-c�Xi`�pf^mc�Z]�ed�\!Xtde\�k"`Gz�h-dl^m\�h�WiZ]\~n�^]`Gp.de\fk-c�X1�eZ]W- f^]nOZAj]Xi`�k-deWiZ]�	h"k"`GZbk-dl¥	WiZbk-dl^m\~k-c�Zbk
h-z!a	a2^]`�k-h3y�^mz!g	�lXAy�d��Oz�h-de^m\O�
svc�XQZ]dep ^]n«k-c�deh&a�`�^���X[WYk1d�htk"^�a�`-X[h-X[\�k1Z~pf^�y�X[�8n�^]`�de\�k"`Gz�h-dl^m\�no^]`�p�Zbk-dl^m\¡y�`�dlj]X[\�g�{�j]Xi`�k-deWiZ]�

y�d��Oz�h-de^m\�de\�Z��eZ<{]Xi`Q^]n,WY^m\�h-k-Z]\�k�y�X[\�h-dlk|{]}Og	z!k�eZbk"Xi`�Z]�«_]`�Z]y�deX[\�k-h^]n3k��3^¡y�d��Oz�h-de\�_�WY^mpfa8^m\!X[\�k-hi�
svc!X¢�eZ<{]Xi`�h-dlk-h�Zbg8^�j]X�Z¦`-X[h"Xi`-j]^mdl`�k-c	Zbk¡c�Z]h¡c�dl_mc�Xi`�WY^m\	WYX[\�k"`�Zbk-de^m\�h¡de\�g8^]k-cµWY^mpfa8^m\!X[\�k-h¡h"^
k-c�Zbk�k-c�X�h"{Hh"k"X[p0dehfh"k-Zbg��l{¤h-k"`�Zbk-dl¥�X[y d�\¦g2^]k-c�WY^mpfa8^m\!X[\�k-h[��ª�\ h-X[WYk-dl^m\ ���3X¡g�`�deXi£�{(y�d�h-Wiz�h-h
a�`-XijHdl^mz�h&�eZbg8^]`�Zbk"^]`�{�XY´Ha8Xi`�depfX[\�k-h&k-c�Zbkvc�Z<j]X�WY^m\�h-dey�Xi`-X[y�h-dep�d��eZb`,a	`-^]g	�lX[p�h[��ª�\�h"X[WYk-dl^m\E¯ Z]\�y��
�3X�y!X[h-WY`�deg2XAk-c�XQXY´�a8Xi`�d�pfX[\�k-h1WiZb`-`�dlX[y�^mz�kv^<j]Xi`k-c!X�h�z�p�pfXi`1Z]\	y�^mz!`v^]g	h-Xi`-j©Zbk-de^m\�hi�3ª�\¡h-X[WYk-dl^m\
� �,X�a�`�X[h"X[\�k Z�h-depfa��lX�pf^Hy!X[�,^]n1c!^��)y!X[\�h-dlk|{�Z]\�y(k-c!X�de\�k"`�z�h-dl^m\(�lX[\!_]k-c�h�Xij]^m�lj]X]�¦±�X[WYk-dl^m\ ½
WY^m\�k-Z]de\�ht`-X[h�z��lk-h3n�`�^mp ^mz!`tXY´�a8Xi`�d�pfX[\�k-htZ]\	y�Zfy�deh-Wiz�h�h-dl^m\�^]n/c!^��°k-c!Xi{�WY^mpfa	Zb`-XAk"^fk-c!XAk-c�Xi^]`-{]}
Z]\�y��3XQ¥	\	deh-c��1dlk-c�h"^mp�XQWY^m\�Wi�ez�h-de^m\�htZ]\�y¡h-z�_]_]X[h"k-dl^m\�htno^]`vnxz!k-z!`-XA�3^]`- �de\�h"X[WYk-dl^m\����
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svc!Xi`�X�c�Z]h g8XiX[\¦Z�\�z	p�g8Xi` ^]n1a�`�Xij�dl^mz	h�h-k-z�y�dlX[h�WY^m\�h-dey�Xi`�de\!_��eZbg8^]`�Zbk"^]`-{(p�^�y!X[��h�^]n�de\�k"`Gz�h-dl^m\
no^]`�p�Zbk-dl^m\¦de\(y!^mz!g	�lX�y�d��Oz�h-dlj]X�h"{�h-k"X[p�hi��¬U�e�,^]nvk-c!X�pf^Hy!X[�eh�y�deh-Wiz	h-h"X[y�c�Xi`-X�z	h"X�Z�h-z!_mZb`���h-Z]�lk
h"{Hh"k"X[p Z]hQ^]a�a8^mh"X[y�k"^EZ�c�X[Zbk���h-Z]�lk�h-{�h"k"X[p¡��s1c�dehQdeh�Z�WY^mp�pf^m\(a�`�Z]WYk-d�WYX�de\���Zbg2^]`GZbk"^]`-{��,^]`- 
g8X[WiZ]z�h"X ^]n§k-c�X�WY^mpfa	�edeWiZbk-de^m\�h1k-c	ZbkQZb`�deh"Xfy�z!X�k"^¡c!X[ZbkQ�l^mh�h"X[h�k-c!`-^mz!_mc�k-c!X �&Z]�e�eh�^]n§k-c�X�XY´Ha8Xi`"¨
depfX[\�k-Z]�/k-Z]\! �� � ^]`Ak-c	dehUh�Z]pfX�`�X[Z]h"^m\��,X Z]�eh"^�z�h"X Z�h-z!_mZb`���h-Z]�ek�h"{Hh"k"X[p·de\Ek-c!X�XY´�a8Xi`�dep�X[\�k-hUk"^
g8X�y!X[h-WY`Gdlg8X[y�g2X[�e^<�Q�&ª�kUh-c!^mz	�ey�g8X�\!^]k"X[yEk-c�Zbk1�1c	de�lXAc!X[Zbky�d��Oz�h"X[hQ�! " ~k-depfX[hUnoZ]h"k"Xi`�k-c�Z]\Eh-Z]�lki}
de\(k-c!X�h-z!_mZb`���h-Z]�ek�h"{Hh"k"X[p�}®h�Z]�lk�y	d��8z	h"X[hQ^m\��e{¢k-c!`-XiX�k-depfX[h Z]h�noZ]h"kfZ]h h-z!_mZb`<��s/`�Z]y�dlk-de^m\�Z]�e�l{$#
wxc!Xi`-X]}�h�Z]�lkG�§`-Xin�Xi`Gh,k"^fk-c�X�nxZ]h"k"Xi`vy�dl�8z�h�de\!_�WY^mpfa8^m\!X[\�ktZ]\�y&%�wxc!Xi`-X]}�h-z�_mZb`:�§`-Xin�Xi`Gh,k"^fk-c�Xh��l^<�3Xi`
y�d��Oz�h-d�\!_�WY^mp�a2^m\�X[\�ki�
»Uz�y�y�deW� �Z]\�yfs�z!`�\!Xi`v�('��	de\ Zh"k-z�y�{�nxZ]p�de�edeZb`G�l{ �\!^��1\fZ]h�k-c!X*)�q&c�`�deh"k-p�Z]h�k"`-XiXtXY´Ha8Xi`�depfX[\�ki},+

¥�`�h-k&�e^�^] ]X[y¡Zbkvc�^]`�dl�i^m\�k-Z]�*de\�k"`�z�h-dl^m\	h§no`-^mp)Zfh"k-Zbg��lXAy!X[\�h-dlk|{�_]`GZ]y�dlX[\�ki�®svc!Xi{~¥��e�lX[y�k-c!XQ�lXinokvZ]\�y
`�dl_mc�k�c�Z]\	y�h-dey�X[hO^]n�Z1y�dej�dey�X[yUk-Z]\� A�1dlk-cQZUh"k-Zbg	�l{Ah"k"`�Zbk-de¥�X[y�h-z�_mZb`/Z]\�y�h-Z]�lk/h-^m�ez!k-dl^m\A`�X[h"a8X[WYk-dlj]X[�l{]�
svc!XUh"k"`�Zbk-dl¥	WiZbk-de^m\�h®�3Xi`-XUh-Xik,z!a~h-^�k-c�Zbk,k-c!Xi`-X1�3Xi`-X1\�^�c!^]`�de�i^m\�k-Z]��y!X[\�h-dlk|{ _]`�Z]y�dlX[\�k-h§Z]\�{��Uc!Xi`-X]�
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¬&kQk-c!Xfh"k-Zb`�kQ^]n,k-c�X�XY´Ha8Xi`�depfX[\�kk-c!Xfg	Zb`-`GdlXi`�3Z]hA`�X[pf^<j]X[y��1c�deWGc�WY`�X[Zbk"X[y�a8Xi`-k-z!`-g�Zbk-dl^m\�hUk-c�Zbk
Z]�e�l^��,X[y�g8^]k-c ¥	\!_]Xi`Gde\!_�Z]\�y y�d��Oz�h-dlj]X¡de\�k"Xi`-nxZ]WYX[h~k"^(n�^]`Gp���s1c!X�h"k-z�y�{¤no^mz�\�y k-c�Zbk~¥	\�_]Xi`�de\!_
y!^mp�d�\�Zbk"X[y�k-c!X j]Xi`-k-deWiZ]��£	zH´HX[h��*h-z!_mZb`�{Ede\�k"`�z�h-de^m\�hi}	�Uc�deW�c��l^mh"kAy!X[\	h-dlk�{�k-c!`-^mz!_mc�h-z!_mZb`¥	\�_]Xi`�hi}
`-^mh"XfZ]hAk-c�Xi{�a�`-^]a�Zb_mZbk"X[y¢k"^�k-c!X `�dl_mc�ki}O�1c�de�eX�h-Z]�lk|{�d�\�k"`�z	h-dl^m\�hUn�X[���/Z]hAk-c�Xi{�a�`-^]a�Zb_mZbk"X[y¢k"^�k-c!X
�lXinoki�U¬ h-Xi`�dlX[hU^]n§de\�k"`�z�h-dl^m\	htn�^]`GpfX[yEd�\¡k-c!X�k-Z]\! 2}2k-c�X�c!X[dl_mc�k�^]n®�1c�deWGc¡�&Z]hy!Xik"Xi`�p�de\�X[y¡g�{¡k-c!X
de\�dek-deZ]��y�X[\�h-dlk|{�h"k"`�Zbk-de¥	WiZbk-dl^m\O�«»1z�y	y�deW- 2}��§c	de�e�edla�h*Z]\�yfs�z!`�\!Xi`1���:��`-Xik-z�`�\!X[y�k"^Qk-c!X[h"XtXY´Ha8Xi`�depfX[\�k-h
Z]\�yEWY^mpfa	�lXik"X[y�Z�p�^]`-X�k-c!^]`�^mz!_mcEh-k-z�y!{�k-c�Zbkde\�Wi�ez�y�X[y�k-c!Xi^]`�dlX[hUn�^]`Uk-c!X�a�`-^]a	Zb_mZbk-dl^m\�h"a8XiX[y¡^]n
k-c!X�\�^mh"X[hvZ]\�y�^�j]Xi`-k-z!`�\	de\!_�Widl`�Wiz	�eZbk-dl^m\�h3k-c�Zbkv^HWiWiz!`v�Udlk-c�de\�X[Z]W�c�de\�k"`�z�h-de^m\O�

� ^]k-de\!_h-dep�d��eZb`�dlk-dlX[h*g2Xik|�,XiX[\ k-c�Xi`�pf^mc�Z]�ed�\!X,de\�k"`�z�h�dl^m\�h*Z]\�y�_]`�Z<j�dek�{�Wiz�`-`-X[\�k-hi}���Z©´H�3^]`-k-c�{�� � �
WY^mpfa	�eXik"X[y�Z]\�XY´Ha8Xi`�depfX[\�k-Z]�*h"k-z�y�{�^m\Ey!^mz!g	�lXAy�dl�8z�h�dlj]X_]`�Z[jHdlk�{¡Wiz�`-`-X[\�k-hi���UX�WY^m\�h-d�y!Xi`-X[y�g8^]k-c
k-c!XQ`�X[�lX[Z]h"X�^]n�Z~¥!´�X[y¡j]^m�ez�pfXQ^]n«£	z	dey�Z]\�y¡Z�WY^m\�h"k-Z]\�kUde\!£	^<�°no^]`1g8^]k-c¡y�dl�8z�h�dlj]XQZ]\�y�¥	\�_]Xi`�de\!_
de\�k"Xi`-nxZ]WYX[hi�	��Z©´H�3^]`-k-c�{¤no^mz�\�y(k-c�Zbkfc!^]`�dl�i^m\�k-Z]�&pf^mpfX[\�k-z�p WY^mz��ey¤g8X~k"`�Z]\�h-n�Xi`-`�X[y¤Z]WY`�^mh-h k-c!X
de\�k"Xi`-nxZ]WYX�^]n«k-c!X�Wiz!`�`-X[\�kUZ]\�y�de\�p�Z]\�{�WiZ]h"X[hUk-c�dehvk"`�Z]\�h"noXi`Uy!^mp~de\�Zbk"X[y�k-c!X�j�d�h-WY^mz�htno^]`�WYX[h�pf^]`-X
WY^mp�pf^m\	�l{fZ]h-h"^HWideZbk"X[y��1dlk-cf_]`�Z<j�dek�{~Wiz!`�`-X[\�k-h[�«s1c�deh®a	`-^�WYX[h�h®�&Z]h,pf^Hy!X[�lX[y�Z]h,Z�y!^mz!g	�eX1y�d��Oz�h-dlj]X
`-Xik-Zb`�y	de\!_ n�^]`GWYXQk-c�Zbk1y!Xia8X[\�y�X[y�^m\�g8^]k-c�k-c!XQc!^]`�de�i^m\�k-Z]�Oj]X[�e^�Widlk|{�^]n�k-c�XQWiz!`-`-X[\�kvZ]\�y¡Zfj]Xi`�k-deWiZ]�
j]X[�l^HWidlk�{�y!Xi¥	\!X[y�g�{~k-c!X�`�Zbk-dl^ ^]n*k-c!Xj]Xi`-k-d�WiZ]�8£	zH´�k"^ k-c!Xj]Xi`-k-deWiZ]�8y!X[\�h�dlk�{�_]`GZ]y�dlX[\�k,^]n/k-c!XApf^]`-X
`�Zba	d�y��l{�k"`�Z]\	h"n�Xi`�`-X[y�WY^mpfa8^m\!X[\�k�w %¦no^]`1Z ¥	\!_]Xi`Gde\!_fde\�k"Xi`-noZ]WYX�Z]\�y #�no^]`1Z�y�dl�8z�h�dlj]XAde\�k"Xi`�noZ]WYX��G�


 ^mh-c	dey�ZH} � Zb_mZ]h-c�d�p�Z�Z]\	y��EZ�� �b�«�eZbk"Xi`�z	h"X[y�k-c	dehvy!^mz!g��lX�y�d��Oz�h-dej]XA`-Xik-Zb`�y�de\�_�n�^]`GWYX�k"^�c!X[�la
XY´Ha	�eZ]de\�k-c!X[de`v^]g	h"Xi`-jbZbk-dl^m\�h1^]n�y!^mz!g	�lXQy	d��8z	h-dlj]XA�l^HW- �XY´HWGc�Z]\!_]X�XY´�a8Xi`�d�pfX[\�k-h[�§svc!XQXY´Ha8Xi`�depfX[\�k-h
WY^m\�h-d�y!Xi`-X[y�c!^mp�^]_]X[\!Xi^mz�h3h"^m�ez!k-dl^m\	h�^]nOh-z!_mZb`&Z]\�y�h-Z]�lk,h"Xia	Zb`�Zbk"X[y�g�{fZ�g	Zb`-`�dlXi`<��¬�h-�ede_mc�k§y�X[\�h-dlk|{
y�d��8Xi`-X[\�WYX�g8Xik|�,XiX[\�k-c!X®k|�,^h-dey!X[h*^]n�k-c�X®k-Z]\! Ay!Xik"Xi`�p�d�\!X[yA�1c!Xik-c�Xi`*k-c!X,h�z!_mZb`�h"^m�ez�k-dl^m\A`�Z]\Qz	\�y!Xi`
k-c!X�h-Z]�lkUh-^m�ez!k-dl^m\¡Z]\	y�_]X[\!Xi`GZbk"X[y�Z�y�d��Oz�h-dlj]XQd�\�k"Xi`-nxZ]WYX�^]`�Z]�lk"Xi`G\�Zbk-dlj]X[�l{�k-c!X�h-z!_mZb`h"^m�ez!k-dl^m\¡`�Z]\
^<j]Xi`&k-c!X�h-Z]�lk3h"^m�ez!k-dl^m\�Z]\�y�no^]`�pfX[y�Z�¥�\!_]Xi`�de\!_Qd�\�k"Xi`-nxZ]WYX]� 
 ^mh-c�d�y�Z���������§n�^mz	\�y�k-c�Zbk,k-c!X�lX[\!_]k-c
^]ntk-c!X�de\�k"`Gz�h-dl^m\�hQ_]`-Xi� ��de\!X[Zb`��l{��1dlk-c�k-depfX]}«Z]\�y(k-c!Xi{�y!Xij]X[�l^]a8X[y�Z�h-dep�a	�lXfk-c!Xi^]`-{¢k"^�XY´Ha	�eZ]de\
k-c�deht��de\!X[Zb`t`-X[�eZbk-de^m\�h-c�dla��
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� Xin�^]`�XfX[Z]W�c¢XY´Ha8Xi`�depfX[\�kUno^mz!`Ah"^m�ez�k-dl^m\�hi}8WY^]`-`-X[h"a8^m\�y	de\!_~k"^�k-c!X no^mz!``-Xi_mdl^m\�hp�Zb`� ]X[y¢de\�¥�_mz!`-X
��}H�,Xi`�XUa�`�Xia	Zb`-X[y�z�h-de\!_�y�deh"k-d��e�lX[y �&Zbk"Xi`[}!a	z!`-X�WiZ]\!Xh-z!_mZb`Qwo^]g�k-Z]de\!X[y�no`-^mp Z�_]`-^HWYXi`-{�h"k"^]`-X��,Z]\�y
 ]^mh-c!Xi`�h-Z]�lki��±�^m�ez�k-dl^m\�h �fZ]\�y���c�Z]y�Z�y!X[\�h-dlk|{�^]n&Zba�a�`-^<´Hd�p�Zbk"X[�l{¦�b�, m��_��©Wip��]}*g�z!kQWY^m\�k-Z]d�\!X[y
y�d��8Xi`-X[\�k3WY^m\	WYX[\�k"`�Zbk-de^m\�h&^]n�h-z!_mZb`tZ]\�y�h-Z]�eki��ª�\�^m\!XWY^m\!¥�_mz!`�Zbk-de^m\�k-c�X�WY^m\�k"`�dlg	z�k-dl^m\~^]n/h-z!_mZb`&k"^
k-c!XQy!X[\	h-dlk�{�^]n�h-^m�ez!k-dl^m\��A�&Z]htk��UdeWYXAk-c�Zbkt^]n«h-Z]�lki}!�1c�d��lX�d�\�h"^m�ez!k-dl^m\���}�k-c�XQWY^m\�k"`�deg	z!k-dl^m\�^]n«h-Z]�lk
k"^�k-c�X~y!X[\�h-dek�{��3Z]h�k��1deWYX~k-c�Zbk�^]nth-z!_mZb`<�~ª�\¢k-c!X~h"X[WY^m\	y�WY^m\!¥�_mz�`�Zbk-dl^m\O}�h"^m�ez!k-dl^m\���WY^m\�k-Z]d�\!X[y
^m\��l{�h-z!_mZb`vZ]\�y�h-^m�ez!k-dl^m\¡� WY^m\�k-Z]de\!X[y�^m\	�l{�h-Z]�eki��ª�\�Z]�e�2XY´Ha8Xi`�depfX[\�k-hth"^m�ez!k-de^m\��Q�3Z]hvy�{]X[y�g	�ez!X]�
� {�y	de�ez!k-de\�_~�1dlk-c¢y	deh"k-de�e�eX[y¡�&Zbk"Xi`[}�k-c!X�y!X[\�h-dlk-deX[hU^]n3k-c!X[h"Xfk|�,^�z!a�a8Xi`A�eZ[{]Xi`GhA�,Xi`�X�h"XikQX � z�Z]�«k"^
 �"! �! $#&%3_��©Wip��tz�h�de\!_UZ]\f¬�\�k"^m\'��Z]Zb`§a�`-X[Wideh-de^m\�y!X[\	h-dlk"^mpfXik"Xi`[�®±�^m�ez�k-dl^m\�¯�}�WY^mpfa8^mh"X[y ^]n	g8^]k-c
h-Z]�lktZ]\�y�h�z!_mZb`[}!c�Z]y�Zfy!X[\�h�dlk�{�^]n&�b�, � _��©Wip � �Udlk-c�k-c!XAh-Z]pfXQWY^m\�WYX[\�k"`�Zbk-dl^m\�^]n«h-Z]�lktZ]hth"^m��z!k-dl^m\
��� � de\	Z]�e�l{�h"^m�ez!k-dl^m\���c�Z]y�Z�y!X[\�h-dlk|{�^]n1�b�, m½ � _��©Wip��Q�1dek-c�Zb_mZ]de\�k-c!X�h-Z]pfX h-Z]�lkUWY^m\	WYX[\�k"`�Zbk-de^m\
Z]h&h"^m�ez!k-de^m\�h3��Z]\�y�¯��®svc!XZba�a�`�^]a�`�deZbk"X � z�Z]\�k-dlk-dlX[h3^]n�h�Z]�lk3Z]\	y�h-z�_mZb`&\�X[WYX[h-h-Zb`-{�k"^ WY`�X[Zbk"X�k-c�X[h"X
h"^m�ez�k-dl^m\�hf�3Xi`-X�y!Xik"Xi`Gp�de\!X[y�no`-^mp »1z�y�y	deW- ¦Z]\�y ±Hc	dl`-k-Wi�ed��8X��,������svc!X�h"^m��z!k-dl^m\�h �3Xi`-XEZ]���l^<�3X[y
k"^Eh�dlkA^<j]Xi`�\	dl_mc�k�k"^�Z]W�c	dlXij]X~`-^�^mp$k"X[p�a2Xi`GZbk-z!`-X]��s1c�dehAp�de\	dep�dl�iX[y�k-c!X�XY�8X[WYk-h�^]n3k"X[p�a2Xi`GZbk-z!`-X
£	z�WYk-z	Zbk-dl^m\�htZ]\�y¡c�X[Zbk1y�d��Oz�h-dl^m\�de\�k-c�XQXY´�a8Xi`�d�pfX[\�k-h[�
svc�XAXY´�a8Xi`�dep�X[\�k-h&�3Xi`-X�WY^m\�y	z�WYk"X[y�de\�Z(�/Xi`Gh"a8XY´�k-Z]\! ¡½� �Wip �l^m\!_!}��� �Wip y!XiXia�Z]\�y��! �Wip

�1dey�X]�§svc!XQk-Z]\� ��&Z]hU¥�k"k"X[y¡�1dek-c�Z~�l^HW- �_mZbk"X�k-c	ZbkUWY^mz��ey¡g2XA`GZ]deh"X[y�k"^�Z]\�{¡c!X[de_mc�kvZ]\�y�¥!´HX[y¡de\
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� dl_mz!`-X�� �3udeZb_]`�Z]p ^]n��eZbg8^]`�Zbk"^]`-{�X � z�dla	pfX[\�ki�v±�^m�ez!k-dl^m\	hA��Z]\�y��fc�Z[j]X�k-c!X�h�Z]pfX�y!X[\	h-dlk�{]}�g	z!k
Zb`-X¡WY^mpfa8^mh"X[y¦^]ny�d��8Xi`-X[\�kfWY^m\�WYX[\�k"`GZbk-dl^m\�hf^]nh-z!_mZb`�Z]\�y�h�Z]�lki�¤s1c!X�y!X[\�h-dlk|{(y�z�X�k"^�h�z!_mZb`�deh
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j]X[�l^HWidlk�{�k-c�Zbk�&Z]hQZ]�eh"^�y!Xia8X[\�y!X[\�k�^m\�k-c!Xfc!X[dl_mc�k�^]n,k-c!Xfz!a�a8Xi`�eZ[{]Xi`[��ª�\¢Z]���/XY´Ha8Xi`�depfX[\�k-h�k-c!X
�lXinok��&Zb`�y�p�^<jHde\!_�de\�k"`�z�h�dl^m\¢c�dlkAk-c!X~X[\�y��&Z]�e��¥�`Gh"k�Z]\�y¢_]X[\�Xi`�Z]�e�l{¢y�dey¢\�^]k�h"XiX[prk"^Eh-�l^��z!a8^m\
\!X[Zb`�d�\!_�k-c�X�X[\	y��&Z]�e�º��svc�XU`�de_mc�k|�3Zb`�y�p�^<jHde\!_f�l^<�3Xi`vde\�k"`�z�h-de^m\~y�dey�h-�l^��°z!a8^m\�\�X[Zb`�de\!_�k-c!XX[\�y
�&Z]�e�º�
ª�\ Z]�e��k-c!X&XY´�a8Xi`�dep�X[\�k-h��1dlk-c�ZAh-p�Z]����Z]h"a8X[WYk«`�Zbk-dl^!}�^m\��l{Qk|�,^Q�eZ<{]Xi`�h«�3Xi`-X&^]g	h"Xi`-j]X[y k"^Ano^]`�p¹de\

k-c!X§z�a�a8Xi`2`�Xi_mdl^m\A�1dlk-ck-c�X§Wi�lX[Zb`[}bh-Z]�lk|{��eZ<{]Xi`/`Gz�\�\�de\�_§^<j]Xi`�k-c!X§y�{]X[yO}�h-z�_mZb`-{���Z[{]Xi`[�«svc!X®de\�k"Xi`-nxZ]WYX
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� dl_mz!`-X�¯ ���§c!^]k"^]_]`�Zba�c�hv^]n«de\�dlk-d�Zbk-dl^m\�^]n�XY´Ha8Xi`�depfX[\�kv� � Zbk�w �!� � � � '�h[}�w��Y� �+� �[�]�~hi}/w �[� � �
� '©��h[�
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� dl_mz!`-XA� �"�,c!^]k"^]_]`�Zba	c¡^]n�`Gdl_mc�k�¨�p�^<jHde\!_��l^��,Xi`�de\�k"`Gz�h-dl^m\�no`-^mp XY´Ha2Xi`GdepfX[\�kt� � Zbk�� � �! � �  H�

g8Xik��3XiX[\¡k-c!X[h-XAk��3^�`-Xi_mdl^m\�hv`-X[p�Z]de\!X[y�h�c�Zb`-a�k-c!`-^mz�_mc!^mz!k&k-c!XAXY´Ha2Xi`GdepfX[\�kvz�\�k-d��2WY^m\�j]X[WYk-dl^m\�`�Z]\
y!^��1\fZ]\�y�y�dl�8z�h�dl^m\�h-k-Zb`-k"X[yfk"^Qk-c�d�W- ]X[\fk-c!Xvd�\�k"Xi`-nxZ]WYX1h-�e^<�1�l{]�®q3^m\�j]X[WYk-dl^m\~��Z]h"k"X[yfno^]`®pf^mh"k®^]n2k-c!X
XY´Ha2Xi`GdepfX[\�k�Z]�lk-c!^mz!_mc¤dlk��,X[Zb ]X[\!X[y¦h"k"X[Z]y	de�l{�k-c!`-^mz!_mc�^mz!ki��svc!X�WY^m\�j]X[WYk-dej]X¡pf^]k-dl^m\�h�Zba�a8X[Zb`-X[y
k"^¡c�Z<j]X~Z�j]Xi`-k-deWiZ]���lX[\�_]k-cH¨�h-WiZ]�lX]}*�Uc�deW�c��&Z]hQpf^mh"kQ��dl ]X[�l{�y!Xik"Xi`Gp�de\!X[y�g�{�k-c!X�h-c�X[Zb`Qde\�k-c!Xfk��3^
�eZ<{]Xi`�h1y�d�h-Wiz�h-h"X[y�g8X[�l^��Q�,q3^m\�j]X[WYk-dl^m\¡�&Z]hv\!^]kv^]g�h"Xi`-j]X[y¡de\�Z `�Xi_mdl^m\�XY´Hk"X[\�y�de\!_fZ�WYX[\�k-depfXik"Xi`U^]`
k��3^fg8X[c�de\�y~k-c!XAc!X[Z]y�^]n�k-c�XWiz�`-`-X[\�kAwo¥	_mz!`-X����G�®ª|ktdeh3a8^mh-h-deg	�lX1k-c	Zbk3k-c	deh&�lX[\!_]k-cH¨�h-WiZ]�eXd�h,`�X[�eZbk"X[y
k"^�k-c!X�y�d��Oz�h-dljHdlk�{f^]n«k-c!X�h-Z]�lkvZ]\�y�k-c�XAj]X[�l^�Widek�{�^]n/k-c�X�\!^mh"X]�

����� � *������ ����� $���!#"	� ��"�!#*

� X[h-dey!X[hk-c�X �eXin�k|�3Zb`�y¢Z]\	y�`�dl_mc�k��&Zb`�y�a�`-^]a	Zb_mZbk-de^m\�^]n§k-c!X�z!a	a2Xi`Z]\�y¢�l^��,Xi`Qd�\�k"`�z	h-dl^m\�hU`-X[h"a8X[W:¨
k-dlj]X[�l{]}«k-c!Xi`�X~�&Z]h�Z]�eh-^�Z]\�^�j]Xi`-k-z!`�\	de\!_�Widl`GWiz��eZbk-dl^m\¢�Udlk-c�de\¢X[Z]WGc¦�eZ[{]Xi`[�¡s1c!X~h"X[\�h-X~^]ntk-c�deh�Widl`"¨
Wiz��eZbk-de^m\¡�&Z]hUWi�l^HW- ��1deh-X�de\�g8^]k-cE�eZ[{]Xi`�h�Z]\�y�de\�_]X[\!Xi`GZ]��k-c!X�j]X[�l^HWidlk-dlX[hv�3Xi`-X�_]`-X[Zbk"Xi`k-c�Z]\¡k-c�^mh"X
^]n3k-c!X~de\�k"`�z�h-de^m\�hi��s1c�dehnoX[Zbk-z!`-Xf�&Z]hQ^]g	h"Xi`�j]X[y�Z]\�y¢WY^mp�pfX[\�k"X[y�z�a2^m\�g�{�»1z�y�y	deW-  ��� ���������:���

 deh-z�Z]�ede�[Zbk-dl^m\��1dlk-c�k-c!XQz�h"X^]n�y!{]XQWY`-{Hh"k-Z]�ehth-c!^��,X[y�h"k"`-^m\!_�h-c�X[Zb`t^�WiWiz!`�`-X[y�Z]�l^m\!_fk-c!XAde\�k"Xi`-nxZ]WYX
g8Xik��3XiX[\�k-c!X~k��3^�`-Xi_mdl^m\	hA^]n,£�z�dey¢Z]hAk-c!X�c!^]`�dl�i^m\�k-Z]��j]X[�l^HWidlk�{¢dehQk"^¡k-c!X~�lXinok~wxz!a�h��l^]a8X���de\�k-c!X
z!a�a8Xi`3�eZ[{]Xi`tZ]\�y�k"^ k-c!XU`Gdl_mc�kwxy!^<�U\�h-�e^]a2X��®de\�k-c!X��e^<�3Xi`&��Z[{]Xi`[�®»1Xik-z!`�\�£�^<�1h3�3Xi`-X�k"^�k-c!X�`�dl_mc�k
\!X[Zb`�k-c!Xvh�z!`-nxZ]WYXvde\�k-c!Xvz!a�a8Xi`«�eZ[{]Xi`§Z]\	y k"^Ak-c!Xv�lXinok«\�X[Zb`®k-c!Xtde\�k"Xi`-noZ]WYXt�Udlk-c k-c!X&`-X[h"Xi`-j]^mde`§de\�k-c!X
�l^��,Xi`®�eZ<{]Xi`[�§V�g	h"Xi`�j©Zbk-dl^m\	h/Z]�eh-^h-XiX[pfX[y k"^Ade\�y�deWiZbk"X3`-Xi_mdl^m\	h/^]n2c�dl_mc�h-c!X[Zb`�g8^]k-c \!X[Zb`«k-c!Xth-z!`-nxZ]WYX
Z]\�y�Zbkk-c!X�d�\�k"Xi`-nxZ]WYX�g2Xik|�,XiX[\�k-c�X�z!a	a2Xi`��eZ[{]Xi`AZ]\�yE`-X[h"Xi`�j]^mdl`[�uU{]XfWY`-{Hh"k-Z]�eh�k-c�Zbk�noX[�e��k-c�`-^mz!_mc
k-c!Xfz!a�a8Xi`�eZ[{]Xi`Qh�c!^<�3X[y�k-c�ZbkAj]X[�l^HWidlk-dlX[hde\Ek-c!Xf�l^<�3Xi`A`-X[h"Xi`�j]^mdl`A�,Xi`�X�j]Xi`�{Eh-p�Z]���/WY^mpfa�Zb`-X[y�k"^
k-c!X�j]X[�l^HWidlk-dlX[hde\Ek-c!Xfz!a�a8Xi`U�eZ<{]Xi`[� ¾ c�de�lX��,X XY´Ha2X[WYkA\!^�\!Xik�k"`�Z]\�h"a8^]`-k�^<j]Xi`Ak-c�X�X[\�k-dl`-X c!X[dl_mc�k
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^]n�k-c�XQz!a�a8Xi`3��Z[{]Xi`[}!k-c!Xi`�X��&Z]hvZ \!Xiktk"`�Z]\	h"a8^]`-k,^]n/£	z�dey�k"^fk-c!XQ�lXinok&de\�k-c!XQWi�lX[Zb`v�eZ<{]Xi`1Z]\�y�Zf\!Xik
k"`�Z]\�h-a2^]`�ktk"^�k-c!XA`�dl_mc�k1de\�k-c�XAg	�ez!XY¨�y!{]X[y��eZ[{]Xi`�h-de\�WYXk-c!X�h��l^]a8X[y�de\�k"Xi`�noZ]WYX�WY^m\�k-de\�z!X[y�k"^�£�Zbk"k"X[\
z�\�k-de�OdlkvZba�a8X[Zb`-X[y�c�^]`�dl�i^m\�k-Z]�º�

� ��N ������T�� �'� �������®N1M��
	 ��� 	�
��������������


¾ X�g8Xi_mde\¤k-c�deh�h"X[WYk-dl^m\¦g�{��v`Gdlk-de\!_�y!^<�1\¤k-c!X�_]^�j]Xi`�\�de\!_¢X � z�Zbk-dl^m\	h�no^]`f^mz!` XY´Ha2Xi`GdepfX[\�ki� ¾ X
Z]h-h-z	pfX¢Z(k|�,^b¨�y	depfX[\�h-de^m\�Z]�º}1de\	WY^mpfa�`-X[h-h�dlg	�lX]} � ^mz�h-h�de\!X[h � h-Z]�ek�Z]\	y�h�z!_mZb`¡h"{Hh"k"X[p w #¸Z]\�y %
`-X[h"a8X[WYk-dlj]X[�e{!�G�®svc�XAX � z�Zbk-de^m\�ht^]n�pf^]k-dl^m\¡Zb`�XQ_mdlj]X[\�g�{
����� w���� 
 � ������w�� #�� �� %����  �"!$#%
 � w��<�

# ���� w�����#A� �'&)( ! # #�� wº�m�
% �*�� w�����%®��'&*+ !$# %,� wº¯m�- ���,�.� / �0�1�324� 
 � !5# �6� wo���7 � 7 � w��  � # �� %®� w � �

�1c!Xi`�X � � �7 � 8 78 # � � � �7 � 8 78 % wº½m�
Zb`-X3k-c!X,WY^�X�9~WidlX[\�k-h«^]n!XY´Ha	Z]\�h-dl^m\�^]n	h-Z]�lk�Z]\�y�h-z!_mZb`�`-X[h"a8X[WYk-dlj]X[�l{QZ]\�y � `-Xia	`-X[h"X[\�k-h�k-c!X1:mZ]WY^]g�deZ]\O�
svc!X[h-X�X � z�Zbk-dl^m\�h�`-Xia�`-X[h-X[\�k�k-c!XEWiz�`��v^]nQk-c�XEc!^]`�de�i^m\�k-Z]��Z]\�y j]Xi`-k-deWiZ]�pf^mpfX[\�k-z�p X � z�Zbk-de^m\�hi}
WY^m\�h"Xi`�j©Zbk-dl^m\¡^]n/h-Z]�lki}�WY^m\	h"Xi`-jbZbk-dl^m\�^]n�h�z!_mZb`vZ]\�y�WY^m\�h"Xi`�j©Zbk-dl^m\¡^]n/p�Z]h-h[�®ª|ktdeh � z�deW� ��e{~Zba�a	Zb`-X[\�k
no`-^mp k-c!X[h"X�X � z	Zbk-dl^m\�h�k-c�Zbkfdlk��,^mz���y�g8X�y�d;9~Wiz��ek�k"^¢h"^m�lj]X�k-c!X[h"X�X � z�Zbk-dl^m\�h Z]\�Z]�e{�k-deWiZ]���l{]}®Z]\�y
Xij]X[\�\�z	pfXi`�deWiZ]�e�e{�dlk1�,^mz���y¡g8X�Z�\!^m\H¨�k"`�dljHdeZ]�Ok-Z]h- ��1s1c!Xi`-Xino^]`-X]}2d�\�k-c!X h-WY^]a8X�^]n�k-c�deh1a�`-^��"X[WYk1�3X
c�Z<j]X�Zbk"k"X[pfa�k"X[y�k"^~z�\�y�Xi`�h"k-Z]\�y�a	Zb`�k-ht^]n/k-c�XQa�`-^]g	�eX[p `�Zbk-c!Xi`vk-c�Z]\�Z�WY^mpfa	�lXik"X�h"^m�ez!k-dl^m\*�
¾ X�¥�`�h"k�WY^m\�h-dey�Xi`-X[y k-c!X�de\�dlk-d�Zbk-dl^m\¦^]nQk-c!XEXY´�a8Xi`�dep�X[\�k�g�{ Z]h-h-z	p�de\!_�k-c	Zbk~k-c!XEg	Zb`-`�dlXi`�deh

`-X[pf^�j]X[y�d�\�h"k-Z]\�k-Z]\!Xi^mz�h-�l{��1dlk-c!^mz�k®Z]\�{fy�deh-k-z!`-g	Z]\�WYX[h�Zbk§k-depfX+� �  H� � X[WiZ]z�h"X1^]n8k-c!XUy�d��8Xi`-X[\�WYX[h
de\�y	d��8z	h-dl^m\�`�Zbk"X[hi}��,X1XY´�a8X[WYk§k-c	Zbk,Zbk§X[Zb`G�l{�k-d�pfX[h®�3X1WiZ]\�\!Xi_m�lX[WYk§k-c�XvXY�2X[WYk-h,^]n*h-z!_mZb`,y�d��Oz�h-dl^m\O�
¬ h-depfa	�eX1a�`-^]g��lX[pd�h§k"^�WY^m\�h�dey!Xi`&k-c!Xc!^]`�dl�i^m\�k-Z]�Oy�d��Oz�h-dl^m\~^]n/h-Z]�ek3Z]WY`-^mh�h&k-c!Xj]Xi`-k-deWiZ]�Ode\�k"Xi`"¨

nxZ]WYX�h"Xia�Zb`�Zbk-de\!_�k-c!X1k|�,^ `-Xi_mde^m\�h,d�\�k-c!X�z!a�a8Xi`,�eZ<{]Xi`[�®¬&k3X[Zb`��l{fk-depfX[h,�3X�Z]h-h�z�pfX1k-c�X�\!^m\!¨��ede\!X[Zb`
k"Xi`�p�h�de\�k-c!Xf_]^<j]Xi`�\	de\!_�X � z�Zbk-dl^m\�hAZbg8^<j]X�Zb`-X�h-p�Z]�e�«Z]\�y�k-c	Zbk�Z]WY`-^mh-hAk-c�Xfn�`-^m\�k 8 �=< 8 2b� ¾ X
h-dep�a	�l{~h"^m�ej]XQk-c!XQy�d��Oz�h-de^m\�X � z�Zbk-dl^m\*}

# � �'&.(�#���� w �]�
�1dlk-c(k-c!X�g8^mz�\�y�Zb`-{�WY^m\	y�dlk-dl^m\�h #?>  EZ]hA@�> �6B Z]\�y #?> C�# � Z]hD@�>  B���±�^m�ljHde\!_
k-c!X[h"X�X � z�Zbk-dl^m\�h _mdej]X[hfz�h Z�h-^m�ez!k-dl^m\¤de\¤k"Xi`�p�h�^]n1k-c�X�Xi`�`-^]` noz�\	WYk-dl^m\O}�g	z!k��3X��Ude�e�§WGc!^�^mh"X�k"^
h"^m�lj]XEk-c!X�y�dl�8z�h�dl^m\¦X � z	Zbk-dl^m\�z�h�de\!_ ��Zba��eZ]WYX�k"`�Z]\	h"n�^]`Gp�h~h"^��,X�WiZ]\ z�h-X¡k-c!XEh-^m�ez!k-dl^m\ d�\�k-c!X
pf^mpfX[\�k-z�p X � z�Zbk-dl^m\�Z]h��,X[�e���¤¬Un�k"Xi`~k-Zb �de\�_�k-c�X ��Zba	�eZ]WYX�k"`GZ]\�h"no^]`�p ^]nUX � z�Zbk-dl^m\ ��Z]\�y¦k-c!X
g8^mz�\�y�Zb`�{~WY^m\�y�dlk-de^m\�h&�,X�¥	\�y�k-c!XQh"^m��z!k-dl^m\�de\ �/Zba	�eZ]WYX�h"a�Z]WYX�deh&_mdlj]X[\�g�{

E# � C�# ��GF H �I�¢XY´HaKJL�NM F&)( @"O)P @RQ  w 'm�

E# � C�# ��GF XY´HaKJLM F&)( @"O @RS  .T wº²m�
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� dl_mz!`-X � � �,�l^]k�^]ntj]Xi`�k-deWiZ]�§j]X[�e^�Widlk|{�Z]h�Z�noz	\�WYk-dl^m\�^]nta8^mh-dek-dl^m\¢no`-^mp$k-c!X�j]Xi`-k-deWiZ]�3de\�k"Xi`-noZ]WYX�Zbk
jbZb`�dl^mz�h&k-dep�X[hvWiZ]z�h"X[y�g�{�c!^]`�dl�i^m\�k-Z]�*y�dl�8z�h�dl^m\�^]n�h-Z]�eki�

� Xi_m�lX[WYk-de\!_�k-c!X�\!^m\���de\!X[Zb` k"Xi`�p�h�d�\¦k-c!X¡Wiz!`��&^]nk-c!X¡pf^mp�X[\�k-z�p0X � z�Zbk-de^m\�Z]\�y�y!`�^]a�a	de\!_
y!Xi`�dej©Zbk-dlj]X[hv�1dlk-c�`-X[h"a8X[WYktk"^��~�,X�h"XiXi �k"^~h"^m�lj]X]}

� ��� � �0��� � #��  � � ������� T w��! ��
¬U_mZ]de\¡�3XQa�`-^HWYXiX[y¡g�{�k-Zb �d�\!_fk-c!X �/Zba	�eZ]WYXQk"`GZ]\�h"no^]`�p ^]n«k-c�dehtX � z�Zbk-dl^m\*}	Z]\�y¡Zba�a��l{�k-c�XQXY´�a	`-X[h�¨
h-dl^m\	h«n�^]` E# k-c�Zbk��,X1n�^mz�\	yfZbg2^�j]X]� ¾ X1WiZ]\~h-^m�lj]Xtk-c�deh«X � z�Zbk-dl^m\fno^]` E� ��� Z]\�yfde\�k"Xi_]`�Zbk"Xv^m\�WYX1�1dlk-c
`-X[h"a8X[WYkk"^=@�� ¾ Xfk-c!X[\�k"`�Z]\	h"n�^]`Gp·g	Z]W- �k"^�k-c!Xfk-depfXfy!^mp~Z]de\�z�h-de\!_�k-c!XfWY^m\�j]^m�ez!k-dl^m\¢k-c�Xi^]`-X[p
k"^�¥	\	y �,� ^]`

- � � �,C�# �� � H �� � �& ( P #�� H��
�
�
� Xi`-nxWmw��	���,�¢Xi`-nxWmw��	
m����� / P � @RQ  .� w��]�<�

�1c!Xi`�X�	� � @��b�	� &.( /�Z]\�y��	
 � @��b� � � /�����h-de\!_Ak-c�X1h-Z]pfXUa�`-^HWYX[y�z!`-Xt�3X1WiZ]\�¥�\�yfk-c!Xvj]Xi`�k-deWiZ]�
j]X[�l^HWidlk�{fno^]` @ S  H}�Z]\	y�¥	\�y k-c	Zbk,dlk§d�h��"z	h"k�k-c!X1^]a	a2^mh�dlk"Xt^]n8k-c!X1XY´Ha�`-X[h-h�dl^m\f_mdlj]X[\�Zbg2^�j]X]�®¬�a	�l^]k
^]n3k-c!Xfj]Xi`-k-deWiZ]��j]X[�e^�Widlk|{�Z]h�Z�noz�\	WYk-dl^m\�^]n3y	deh"k-Z]\�WYX no`-^mp·k-c!X�de\�k"Xi`-nxZ]WYX~ZbkAj©Zb`Gdl^mz�hk-depfX[hAz	h-de\!_
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de\�WY`�X[Z]h"X�d�\�y!X[\	h-dlk�{�y�z!X1k"^�y	d��8z	h-dl^m\fg�{�k-Zb Hde\!_ k-c!XpfX[Z]\�y!X[\�h-dek�{�de\�WY`�X[Z]h"X�Z]WY`�^mh-h&k-c!XAy�d��Oz�h-dlj]X
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� `�^mp X � z�Zbk-dl^m\	h�wº�]½m�UZ]\�y(wº�"'m�1�3X�WiZ]\�h"XiX�k-c�Zbk1k-c!X�`�z�\H¨�y�^<�1\�k-depfXQno^]`Uk-c�X�y!X[\�h�dlk�{ �-z�pfa
Z]WY`-^mh-h�k-c!X�de\�k"Xi`�noZ]WYX�deh 
¢^]` ��� �
� �4&.(�no^]`�k-c!X�n�^mz!`-¨�k-c�dl`�y�h£�zH´���Z[� ^]`�k-c!X�y�d��Oz�h-dlj]Xf£	z!´��eZ<�
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Expt. 14 (h=1.5 cm)
Expt. 15 (h=2.0 cm)
Expt. 17 (h=2.2 cm)

Position (cm) 

� dl_mz!`-X�½ �Au�X[\�h-dlk|{�d�\Ek-c�X�z!a�a8Xi`���Z[{]Xi`�Z]hQZ�nxz�\�WYk-de^m\E^]n,a8^mh-dlk-dl^m\�de\�k-c!Xfk-Z]\! �Zbn�k"Xi`�`�z�\H¨�y!^��1\
wog8Xik��3XiX[\µ½� (Z]\�y '� ¤p�de\�z!k"X[h~Zbnok"Xi`�de\�dlk-deZbk-de^m\���n�^]`�p�d�´HX[y�h-^m�ez!k-dl^m\ de\�dlk-deZ]�1WY^m\�y�dlk-dl^m\	hi�µsvc!X
^]a8X[\�h-{�p�g8^m�eh§WY^]`-`�X[h"a8^m\�y�k"^fpfX[Z]h-z�`-X[pfX[\�k-h§k-Zb ]X[\�Zbg8^<j]Xk-c!Xde\�k"Xi`-nxZ]WYX�Z]\�y�Wi�l^mh"X[y�h"{Hp�g8^m�eh§k"^
pfX[Z]h-z�`-X[pfX[\�k-hvk-Zb ]X[\¡g8X[�l^��°k-c!XQde\�k"Xi`-nxZ]WYX]�,u�X[\�h-dek�{�y!X[WY`-X[Z]h"X[hUZ]�l^m\!_�k-c!X ��¨�Z©´!dehi�
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Expt. 18 (h=1.8 cm)
Expt. 22 (h=2.5 cm)

Position (cm) 

� dl_mz!`-X �-�Au�X[\�h-dlk|{�d�\Ek-c�X�z!a�a8Xi`���Z[{]Xi`�Z]hQZ�nxz�\�WYk-de^m\E^]n,a8^mh-dlk-dl^m\�de\�k-c!Xfk-Z]\! �Zbn�k"Xi`�`�z�\H¨�y!^��1\
wog8Xik��3XiX[\�½� QZ]\	y '� Qp�de\�z!k"X[h�Zbnok"Xi`§de\�dek-deZbk-dl^m\��*n�^]`§a	z!`-Xth-Z]�lk ��a�z!`-Xvh-z!_mZb`,de\�dlk-deZ]��WY^m\�y�dek-dl^m\�hi��svc!X
^]a8X[\�h-{�p�g8^m�eh§WY^]`-`�X[h"a8^m\�y�k"^fpfX[Z]h-z�`-X[pfX[\�k-h§k-Zb ]X[\�Zbg8^<j]Xk-c!Xde\�k"Xi`-nxZ]WYX�Z]\�y�Wi�l^mh"X[y�h"{Hp�g8^m�eh§k"^
pfX[Z]h-z�`-X[pfX[\�k-hvk-Zb ]X[\¡g8X[�l^��°k-c!XQde\�k"Xi`-nxZ]WYX]�,u�X[\�h-dek�{�y!X[WY`-X[Z]h"X[hUZ]�l^m\!_�k-c!X ��¨�Z©´!dehi�
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� dl_mz!`-X ' ��uUX[\	h-dlk�{�pfX[Z]h-z�`-X[pfX[\�k-h�Z]hQZ�nxz�\�WYk-de^m\�^]n,k-dep�Xfn�`-^mp$XY´�a8Xi`�dep�X[\�kQ� ����s1c!Xfh"{�p�g8^m�eh
`-XinoXi`�k"^�y�d��8Xi`-X[\�kQc�X[dl_mc�k-h��1c!Xi`-X�h-Z]pfa	�lX[hQ�,Xi`-X~`-X[pf^<j]X[y¤Z]h�de\�y�deWiZbk"X[y¢d�\¢k-c!X� ]Xi{�Zbg8^<j]X]��¬��e�
h-Z]pfa��lX[h&�,Xi`�XQ`-X[pf^�j]X[y�no`-^mp k-c!XQWYX[\�k"Xi`�^]n/k-c!X�k-Z]\! ��

`-X[h"a8X[WYk-dlj]X[�e{]�®¬Uh1_mdlj]X[\�X[Zb`��edeXi`[} 
��¹�! ��QhvZ]\	y
��� �
�& ( �

�iWipEw T, � Wip��
� ! �! # � Wip �©h # � ��! �! � h�T wº¯©���

� dl_mz!`-X '�p�Z[{�k-c!X[\�de\�y�deWiZbk"XAk-c	Zbkvk-c!XQno^mz!`"¨�k-c�de`�y�h&�eZ[�¶dehvZ�y�X[WYX[\�k�Zba�a�`-^<´Hdep~Zbk-dl^m\�Wi�l^mh"XQk"^�k-c!X
de\�k"Xi`-nxZ]WYX]}Og	z!k1k-c�X Z]h�h-z�pfa�k-de^m\¡k-c�Zbkg8^]k-c��eZ[{]Xi`�hZb`-X �3X[�e��¨�p�dl´�X[yEdehWYXi`-k-Z]de\��l{¡\�^]kUjbZ]�edeyO�¬��eh"^!}
Zbnok"Xi`�`�z�\!¨�y!^<�1\*}O�,XfXY´Ha8X[WYk C 7 
 � 7 � w �,C�#�Yw�� � �O�G� � ^]`�Z¡y�dl�8z�h�dlj]X�d�\�k"Xi`-nxZ]WYX~Z]\�y � � Q ��}
s�z!`�\!Xi`f���[¯©�«_mdlj]X[h � �  .T � �"�~n�^]`AZ�^m\!XY¨�y�dep�X[\�h-dl^m\�Z]�/h-Z]�lk���h-z�_mZb`h-{�h"k"X[p¡��svc�Xi`-Xin�^]`�X��3X�XY´Ha8X[WYkC 7 
  .T ' � 7 ��w �,C�#�U^]`  H�, !� ����_��©Wip��fno^]`Ak-c!Xfa	z�`-Xfh-Z]�lk ��a	z!`�X h�z!_mZb`�de\�k-dlk-deZ]�«WY^m\�y�dek-dl^m\�hi�fVz!`
pfX[Z]h-z�`-X[pfX[\�k-hUh-c�^<��k-c	Zbk1k-c!X�y!X[\�h-dlk|{�y�d��8Xi`-X[\�WYX�dehUh-p�Z]�e�eXi`vk-c�Z]\¡k-c	dehtX[h"k-dep~Zbk"X�g�{�Z�nxZ]WYk"^]`�^]n
��^]`U¯��§s1c�deh&p�Z[{�g8XXY´�a	��Z]de\!X[y�g�{�k-c!XAnxZ]WYkvk-c�ZbkvZbk1�eX[Z]h"kvZbktk-c!XQde\�dek-deZbk-dl^m\�^]n/^mz!`1XY´�a8Xi`�dep�X[\�ki}
��� � ��Z]\�y�Z]h ��� Zba�a�`-^mZ]WGc!X[h��b} ��Z]�eh"^�Zba�a�`�^mZ]W�c!X[h��b� � z!`-k-c�Xi`�pf^]`-X]}®^mz�`�h"{�h-k"X[p deh�k��3^b¨
y�dep�X[\�h-dl^m\�Z]��}��1c	de�lXs/z!`G\!Xi`�� h&jbZ]�ez!XAno^]` ���&Z]hvy!Xi`Gdlj]X[y�no`-^mp)Zf^m\!XY¨�y	depfX[\�h-de^m\�Z]�8h"{�h-k"X[p��

� dl_mz!`�X[h�²�Z]\�y �! �h-c!^<� pfX[Z]h-z!`�X[pfX[\�k-h�^]n,k-c�X�n�`�^m\�kQa8^mh-dek-dl^m\�^]n3k-c�X~z!a�a8Xi`AZ]\�y��l^��,Xi`�de\H¨
k"`�z�h�dl^m\�h&`-X[h"a8X[WYk-dlj]X[�e{�Z]hUZfnoz	\�WYk-dl^m\�^]n«k-depfXAno`-^mp)k-c�XQXY´�a8Xi`�d�pfX[\�k-h&�Udlk-c�a	z!`�Xh�Z]�lk ��a	z!`-XQh�z!_mZb`
de\�dek-deZ]�/WY^m\	y�dlk-dl^m\�h[� svc�Xfj©Zb`�de^mz�hAh"{Hp�g8^m�eh`-Xia	`-X[h"X[\�kQy�d��8Xi`-X[\�kAde\	dlk-deZ]��k-c�deW� �\!X[h�h"X[h ��� � � `�^mp
g8^]k-cf¥�_mz!`�X[h®dlk®deh�Wi�lX[Zb`,k-c�Zbk®k-c!XUde\�k"`Gz�h-dl^m\�j]X[�l^HWidlk�{fy!Xia8X[\�y	h�h"k"`-^m\!_m�l{�^m\fk-c!XU�eZ[{]Xi`3y!Xia�k-cO� � ^]k-c
¥�_mz!`�X[hAc�Z[j]X��l^]_b¨��l^]_�Z©´HX[hQZ]\�y¢jbZb`�dl^mz	ha2^��,Xi`��eZ[� `�X[�eZbk-dl^m\�hAZb`-X�h-c!^<�U\¢�1dlk-c�y�Z]h-c�X[y��ede\!X[h�no^]`
`-XinoXi`-X[\�WYX]��svc!X¡�lX[\!_]k-c ^]n�k-c�X�z!a�a8Xi`�de\�k"`�z�h-de^m\¤h-XiX[p�h�k"^�y�Xia2X[\	y��ede\!X[Zb`��e{�^m\�k-dep�X]}3h"^�k-c�Zbk
k-c!X�j]X[�l^�Widek�{¡dehvWY^m\	h"k-Z]\�ki�Usvc!Xi`-X�Zb`�X�\!^�a	`-^m\!^mz�\�WYX[y�X[\�y¡�&Z]�e�OXY�8X[WYk-hi}OZ]�lk-c!^mz�_mc¡k-c!Xi`-X�p�Z[{¡g8X
h"^mpfX��eZbk"XY¨�k-depfX1g2X[c	Z[jHdl^mz!`§Z]\�y~Z�W�c	Z]\!_]XUde\�`-Xi_mdepfXvno^]`§k-c�X1h-�l^��,X[h"k,XY´�a8Xi`�d�pfX[\�k��Uc!Xi`-X � ���¹�4T �
Wip�� �¡^mh"k�^]n&k-c!X~pfX[Z]h-z�`-X[pfX[\�k-hQ^]n3k-c!X~�l^��,Xi`�de\�k"`Gz�h-dl^m\�hAh-XiX[p$k"^�de\	y�deWiZbk"Xfk-c�ZbkQk-c�X�j]X[�l^HWidlk�{
dehQZba	a�`-^[´!dep�Zbk"X[�e{�WY^m\�h-k-Z]\�ki}�Z]�lk-c!^mz�_mc¢k-c!Xi`-X�y!^�X[h�h"XiX[p$k"^Eg2X�ZEpf^m\!^]k"^m\�d�W�de\�WY`-X[Z]h-X�de\�h-�l^]a8X
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� dl_mz!`-X ² � ��^mh-dlk-dl^m\E^]n§z!a	a2Xi`Ude\�k"`Gz�h-dl^m\�n�`-^m\�k-h�Z]h�Z�nxz�\�WYk-dl^m\E^]n®k-depfX�n�^]`�a	z!`�X�h-Z]�lk ��a�z!`-X�h�z!_mZb`
de\�dek-deZ]�8WY^m\�y�dlk-dl^m\	hi� �/^��,Xi`�eZ<�°`-X[�eZbk-dl^m\	htZb`-X�h-c!^��1\��1dek-c�y�Z]h-c!X[y��ed�\!X[h&n�^]`1`-Xin�Xi`�X[\�WYX]�
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� dl_mz!`-X��! � ��^mh-dlk-de^m\¡^]n��l^<�3Xi`de\�k"`Gz�h-dl^m\�no`-^m\�k-h1Z]h1Z~noz	\�WYk-dl^m\�^]n«k-depfX�n�^]`Ua	z!`-X�h�Z]�lk ��a	z!`-XQh�z!_mZb`
de\�dek-deZ]�8WY^m\�y�dlk-dl^m\	hi� �/^��,Xi`�eZ<�°`-X[�eZbk-dl^m\	htZb`-X�h-c!^��1\��1dek-c�y�Z]h-c!X[y��ed�\!X[h&n�^]`1`-Xin�Xi`�X[\�WYX]�
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Mixed Solutions
Pure sugar/Pure salt

slope = .0065 

slope = 0.020 

� dl_mz!`-Xv�]��� ��^mh-dlk-dl^m\^]n!z!a�a8Xi`*de\�k"`�z�h�dl^m\�n�`-^m\�k-h*\!^m\!¨�y�depfX[\�h�dl^m\�Z]�edl�iX[yU�1dlk-c`�X[h"a8X[WYk*k"^1z!a�a8Xi`O�eZ<{]Xi`
k-c�deW� �\�X[h-hi�«Va2X[\�h"{�p�g8^m�ehO`-XinoXi`�k"^Ua	z!`-X®h�Z]�lk ��a	z!`-X,h-z!_mZb`/d�\�dlk-deZ]�bWY^m\�y�dek-dl^m\�hi}©Wi�l^mh"X[y�h-{�p�g8^m�ehO`-XinoXi`
k"^~p�dl´�X[y�h"^m��z!k-dl^m\�htde\	dlk-deZ]�8WY^m\�y�dlk-de^m\�hi�
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L ~ t 

L ~ t 

� dl_mz!`-X��[� � ��^mh-dek-dl^m\Q^]n	�e^<�3Xi`«d�\�k"`�z	h-dl^m\Ano`-^m\�k-h/\!^m\!¨�y�depfX[\�h�dl^m\�Z]�edl�iX[y�Udlk-cQ`-X[h-a2X[WYk�k"^z!a�a8Xi`��eZ<{]Xi`
k-c�deW� �\�X[h-hi�«Va2X[\�h"{�p�g8^m�ehO`-XinoXi`�k"^Ua	z!`-X®h�Z]�lk ��a	z!`-X,h-z!_mZb`/d�\�dlk-deZ]�bWY^m\�y�dek-dl^m\�hi}©Wi�l^mh"X[y�h-{�p�g8^m�ehO`-XinoXi`
k"^~p�dl´�X[y�h"^m��z!k-dl^m\�htde\	dlk-deZ]�8WY^m\�y�dlk-de^m\�hi�

�[½]¯



de\(¥�_mz!`-X��! ��1dlk-c¤de\�WY`-X[Z]h-d�\!_E�eZ<{]Xi`�y!Xia�k-cO� � ^]`�ZEj]Xi`-{�y!XiXia�z!a	a2Xi`��eZ[{]Xi`<} ��� � � T, �Wip¡}®k-c!X
j]X[�l^HWidlk�{¡d�\�WY`-X[Z]h"X[hU�1dlk-c�k-depfXQ�1dek-c � � � � � # ^]` � � � � � # �vs1c!Xi`-X�d�h1Z~p�z�WGcEpf^]`�X�a�`-^m\�^mz�\�WYX[y
X[\�y¦�&Z]�e�3XY�2X[WYk�de\¤k-c!X��l^<�3Xi`~�eZ<{]Xi`~de\�k"`�z�h-dl^m\¤y�z!X�k"^�h"k"`GZbk-dl¥	WiZbk-dl^m\¦k-c�Zbk�Zb`Gdeh"X[h Zbkfk-c!X¡z!a�a8Xi`
�eZ<{]Xi`���`-X[h"Xi`-j]^mde`3de\�k"Xi`-nxZ]WYX1�1c�X[\�¥	�e��de\!_k-c!X1k-Z]\� ���svc�d�h®�lX[Z]y�h§k"^�ZQg��l^�W� �d�\!_Q£�^��Q}��1c	deW�c~n�XiX[�eh§k-c!X
a�`-X[h-X[\�WYXA^]n«k-c!XAX[\�y��&Z]�e�*p�z�W�c¡X[Zb`��edlXi`tk-c�Z]\¡k-c!X�z!a�a8Xi`tde\�k"`�z�h-de^m\��³�b���

� de\�Z]���l{]}*de\�¥�_mz!`-X[hf�]�~Z]\�y��[���3X�c�Z[j]X~\�^m\H¨�y�depfX[\	h-dl^m\�Z]�ede�iX[y¡k-c!X��lX[\�_]k-c�^]n,k-c!X�d�\�k"`�z	h-dl^m\�h
�1dlk-c�k-c!X�d�\�dlk-deZ]�®c�X[dl_mc�k � �b}�Z]\�y(de\�Wi�ez�y�X[y¢g8^]k-c�k-c!X�p�d�´HX[y�h"^m��z!k-dl^m\�de\	dlk-deZ]�®WY^m\�y	dlk-dl^m\ wxWi�e^mh"X[y
h"{Hp�g8^m�eh:�&Z]\�yEk-c!X�a�z!`-X�h�Z]�lk ��a	z!`-X�h-z!_mZb`Ade\�dlk-d�Z]�*WY^m\�y�dlk-de^m\�h�wo^]a8X[\�h"{�p�g8^m�ehG�G� � dl_mz�`-X��]��h-c!^��1h
k-c!X�z!a�a8Xi`�de\�k"`�z�h-de^m\�y�Zbk-ZH}«�1c�deWGc�h"XiX[prk"^�WY^m�e�eZba	h"X�h"^�k-c	Zbk � h-WiZ]�lX[h��ede\!X[Zb`G�l{E�Udlk-c ��� �Esvc�deh
Zb_]`-XiX[h��1dlk-c�k-c!Xfno^]`�WYXfg	Z]�eZ]\	WYX�Zb`-_mz�pfX[\�kA_mdlj]X[\�de\ wº¯]¯m�G� ¾ X~c�Z[j]X�Z]�eh"^¡de\�Wi��z�y!X[yEk-c!X�Z[j]Xi`�Zb_]X
h-�l^]a8X]}2^]`Aa8X[\!Xik"`�Zbk-dl^m\�j]X[�l^HWidlk�{]}O^]n§k-c!X XY´�a8Xi`�dep�X[\�k-h�no^]`�g8^]k-c�de\�dlk-d�Z]��WY^m\�y�dek-dl^m\�hi�Asvc!X�j]X[�l^HWidlk�{
^]nvk-c!X�a	z!`�X~h"^m�ez!k-de^m\�h�deh�Zba�a�`�^[´!dep�Zbk"X[�l{¢k-c!`�XiX~k-depfX[h �eZb`�_]Xi`�k-c�Z]\(k-c!X�p�d�´HX[y�h"^m��z!k-dl^m\�hi��ª|k deh
k"`�z!X1k-c�Zbk �,C�# � d�h�k-c!`-XiXvk-d�pfX[h®�eZb`-_]Xi`,n�^]`§k-c!Xva	z!`�Xvh"^m�ez!k-dl^m\	h«k-c�Z]\fno^]`§k-c!X1p~d�´�X[yfh-^m�ez!k-dl^m\�h[}mg	z!k
no`-^mp$wº¯]¯m�,�,XAXY´Ha8X[WYktk-c!Xj]X[�l^HWidlk�{�k"^fj©Zb`�{��edl ]Xfw �,C�# �©� � � �b�®svc!XAy�Zbk-ZfZ]�eh"^fWY^m�e��Zba	h"X[h&nxZ]dl`��l{f�3X[�e�
�1c!X[\E�3X�\!^m\!¨�y�depfX[\�h�dl^m\�Z]�edl�iXAk-c�X��lX[\�_]k-c�^]n®k-c�X��l^��,Xi`Ade\�k"`�z�h�dl^m\O�1svc�X�y�dl�2Xi`-X[\	WYX�de\�j]X[�l^�Widek-dlX[h
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�����Y������°=�=y���� �'����y|�]�z�,�i~�py����'�Oy|}���~�y|�({��'��{��|�����©�'�$�����z��{��,���Y±�����y����i����{��=��{�� �,��{��(�'���p~�i~��p~����
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å��i� � � � � 1  ! � � � á ��� Ý(ã ��

³ Ô 
�¬	� Í�µ�¬	� ��¬�³�¶ ³ Ô 
�¬Òµ2³ ê�¬�³�³
Í Ô 
�¬ 
 Í�µ�¬Ò´ 
�¬Ò´�� ³�¬ÒÍ�� Ô ê�¬ *�ê 
�¬¤Ô�Í
ê Ô 
�¬ * Í�µ�¬Ò¶ ³�Í�¬	��¶ ³ Ô *�¬Ò¶�µ ³�¬Ò´��

 Ô 
�¬Ò¶ Í�µ�¬	� ³�Í�¬	��Í Ô2¬	� Ô ³ ��¬�³�µ Ô2¬Ò´�´
� Ô ��¬Ò´ Í�µ�¬Òµ ³�µ�¬Òê�� Ô2¬Òê�� Ô Í�´�¬ *�Í Ô2¬	��Ô
¶ Ô ¶�¬�³ Í�µ�¬Òµ ³�ê�¬	��ê Ô2¬�³ � Ô ¶�Ô2¬	��� Ô2¬ÒÍ��
* ³ 
�¬	� Í�*�¬	� ��¬ 
 * ³ Ô2¬ÒÍ�Í 
�¬Ò´�¶ ê�¬¤Ô�Í
µ Í�¬Òµ ¶ Í�µ�¬ * 
�¬Òµ�´ ³ Ô2¬ 
 * ��¬ 
i³ Í�¬ *�*
´ Í�¬ÒÍ 
�¬	� Í�µ�¬ 
 ³�Í�¬ 
 * Ô2¬	� Ô2¬ 
`´ ³ 
�¬Ò´�µ ³�¬¤Ô�Ô
³OÔ ³�¬Òê 
�¬Ò¶ Í�µ�¬Ò´ ³�Í�¬	��Í Ô2¬	� Ô2¬ÒÍ�µ ³ ��¬�³�µ Ô2¬Ò´�´
³�³ ê�¬�³ 
�¬�³ Í�µ�¬ * ³�Í�¬	� 
 Ô2¬	� Ô2¬ *�¶ ³ 
�¬Òê 
 ³�¬¤Ô �
³�Í ³ ê�¬Ò´ Í�´ ��¬¤Ô�Í ³�¬ÒÍ�� Ô2¬ÒÍ�¶ ê�¬	� 
 
�¬ÒÍ 

³�ê Í�¬ÒÍ 
�¬ * Í�µ�¬Òµ ��¬¤Ô�³ ³�¬ÒÍ�� Ô2¬ 
 * ê�¬Òµ�µ ê�¬Òµ�¶
³ 
 
�¬�³ ��¬�³ Í�´ ��¬¤Ô�¶ ³�¬ÒÍ�� Ô2¬Òµ�Ô 
�¬¤Ô�¶ ê�¬Ò¶�´
³ � Í ¶�¬Òê Í�µ�¬ 
 ³�ê�¬ 
`´ Ô2¬�³ � Ô2¬Òê�Í ¶2³�¬ 
 � Ô2¬ÒÍ 

³�¶ Í�¬Òµ ��¬ 
 Í�µ�¬Ò¶ ³�ê�¬	��ê Ô2¬�³ � Ô2¬	��Í ��¶�¬Ò´�* Ô2¬ÒÍ�¶
³ * 
�¬	� ¶ Í�µ ³�ê�¬	��Í Ô2¬�³ � Ô2¬ * � ¶�Ô2¬¤Ô�¶ Ô2¬ÒÍ��
³�µ ³�¬ * ��¬Ò´ Í�´�¬Òê ³�µ�¬Òê�´ Ô2¬Òê�� Ô2¬ÒÍ�´ Í�´�¬ *�¶ Ô2¬	��Ô
³�´ ê�¬�³ ¶�¬ 
 Í�µ�¬	� ³�µ�¬ 
 * Ô2¬Òê�� Ô2¬ 
`µ ê2³�¬¤Ô�¶ Ô2¬ 
`µ
Í�Ô 
�¬ * ¶ Í�´ ³�µ�¬Òê�µ Ô2¬Òê�� Ô2¬ *�µ ê�Ô2¬¤Ô�Ô Ô2¬	��Ô
Í2³ ³�¬ÒÍ 
�¬ 
 Í�´ ³�Í�¬	��ê ³ Ô2¬ÒÍ�* *�¬ 
`Í Í�¬¤Ô�Í
Í�Í Í�¬Òê 
�¬Òµ Í�´�¬ÒÍ ³�Í�¬	��¶ ³ Ô2¬ 
`µ *�¬ *�* ³�¬Ò´�ê
Í�ê ê 
�¬ 
 Í�´�¬Ò¶ ³�Í�¬	��Í ³ Ô2¬Ò¶�µ *�¬ 
`Í Í�¬¤Ô�Í
Í 
 ³�¬	� � Í�´�¬Òê ��¬	��´ ³ Ô2¬Òê ��¬ÒÍ�´ Í�¬Òµ 

Í�� ³�¬Ò´ 
 Í�µ�¬Òµ ��¬	��¶ ³ Ô2¬ 
`µ 
�¬ *�³ ê�¬�³�µ
Í�¶ ê�¬	� 
�¬ * Í�´�¬Ò´ ��¬	��* ³ Ô2¬ * 
 ��¬�³�Í Í�¬Ò´�ê

Å�{��,���$³�Ó�Ç2�i�p�p{�y|�����4�]®2�	�OyW~���������{��,y|�,�i�O¬b·���,�,{�yW{����O�'�Oy|�"{�y���~����]���"�i�i~�����¬�Å��i����~����� ���������
{��i���i���i�(�/{���Ô2¬�³ �¢� ~��©{�����y|�,�i�O¬

Í2³�µ
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�� {��i�
�(�Oy���{��������������~����`�����&���Y���p�'�Y�({�yW�����i���,�i~�p����y��?{��]��¬bÅ������i�i���Oy¢��{����Oy/���\��~����`��� �i~���~�� �ey������¢���
�����z�i{�� �/{��/�i���i{�����&�i����� y�����{��i� ������� �i~��p~�� �������,{��p�����py|�O��~���� �/{��/���������,������¬S·��=�'�Oy/�����
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(b). Dimensionless yield stress B
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Improved Vertical Average Model
Long Wave Expansion for Boundary Layer Model
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Non-Newtonian fluids occur commonly in our world. These fluids, such as
toothpaste, saliva, oils, mud and lava, exhibit a number of behaviors that are
different from Newtonian fluids and have a number of additional material
properties. In general, these differences arise because the fluid has a
microstructure that influences the flow. In section 2 we will present a collection of
some of the interesting phenomena arising from flow nonlinearities, the inhibition
of stretching, elastic effects and normal stresses. In section 3 we will discuss a
variety of devices for measuring material properties, a process known as
rheometry.
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