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Magnetic excitations in SrCu2O3 : A Raman scattering study

A. Gößling, U. Kuhlmann, and C. Thomsen
Institut für Festkörperphysik, Technische Universität Berlin, Hardenbergstr. 36, D-10623 Berlin, Germany
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We investigated temperature-dependent Raman spectra of the one-dimensional spin-ladder compound
SrCu2O3 . At low temperatures a two-magnon peak is identified at 3160610 cm21 and its temperature depen-
dence analyzed in terms of a thermal-expansion model. We find that the two-magnon peak position must
include a cyclic ring exchange of Jcycl /J'50.09–0.25 with a coupling constant along the rungs of J'

'1215 cm21 ~1750 K! in order to be consistent with other experiments and theoretical results.
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Antiferromagnetic copper oxide spin ladders have been
investigated intensively from a theoretical and experimental
point of view.1 Superconducting under high pressure2 they
form a bridge between one-dimensional ~1D! Heisenberg
chains and a 2D Heisenberg square lattice, which is also a
model for high-Tc superconductors. The magnetic ground
state of a spin ladder is surprisingly not a long-ranged Néel
state but a short-ranged resonating valence bond state.3 The
first excited state is separated from the ground state by a
finite energy D . The spin gap was predicted theoretically4,5

and later confirmed experimentally.6

Typical realizations of a two-leg spin ladder are the com-
pounds SrCu2O3 ~Ref. 7! and ~Sr,Ca,La!14Cu24O41 .8 The
first compound is a prototype of weakly coupled Cu2O3 spin
ladders while the latter consists of a ladder and a Cu2O edge
sharing chain part. In contrast to SrCu2O3 ,
~Sr,Ca,La!14Cu24O41 is intrinsically doped with holes. A
schematic view of the compound SrCu2O3 is shown in Fig.
1. Cu atoms, represented by d orbitals, are antiferromagneti-
cally coupled via an intermediate oxygen p orbital by
superexchange.9 The Sr atoms are located in between the
planes containing the Cu2O3 atoms. The coupling constants
along the legs and the rungs are denoted with J i and J' . The
interladder coupling is negligible to first approximation be-
cause the superexchange via a Cu-O-Cu path with a 90°
bond angle has a smaller orbital overlap than with a bond
angle of 180°.10 Thus a ladder can be considered an isolated
quasi-one-dimensional object with a Heisenberg Hamiltonian
H5J'( rungSi•Sj1J i( legSi•Sj . In the literature coupling ra-
tios J i /J';1.7–2.0 have been reported11,12 taking the
Hamiltonian mentioned above into account for analyzing the
data. On the other hand, with almost identical Cu-Cu dis-
tances in leg and rung direction7,8,13 one would expect an
isotropic ratio J i /J';1. This picture was also confirmed by
an analysis of optical conductivity data.14 Recently the inclu-
sion of a cyclic ring exchange Jcycl was suggested in order to
resolve the discrepancy between the geometrical consider-
ations and J i /J';1.7–2.0.15–17 This ring exchange can be
understood as a superposition of clockwise and counter
clockwise permutations of four spins around a plaquette
~positions ABCD in Fig. 1!. A term Hcycl5Jcycl( iKABCD

i

with KABCD 5 (SASB)(SCSD) 1 (SASD)(SBSC) 2(SASC)
3(SBSD) has to be added to the conventional Heisenberg
Hamiltonian H.18 In order to achieve the isotropic limit of
J i /J';1 a ring exchange of Jcycl /J';0.18–0.30 was
introduced.16,17

In this paper we studied the Raman spectra of the two-leg
S5

1
2 spin-ladder compound SrCu2O3 . In addition to

phonons we investigated the two-magnon peak in this com-
pound at temperatures between 25 and 300 K. We find that
the inclusion of a ring exchange is necessary for the under-
standing of the magnetic properties of SrCu2O3 .

Polycrystalline SrCu2O3 was grown under high pressure
as described by Löffert et al.19 The crystallographic structure
was verified by x-ray diffraction. In addition to SrCu2O3
small amounts of Sr2Cu3O5 , CuO, and Cu2O were detected.
Measurements were performed using a LabRam spectrom-
eter ~Dilor! including a grating with 600 and 1800
grooves/mm in backscattering geometry and a multichannel
charge-coupled device ~CCD! detector. An Ar1 laser spot
~488 nm! was focused by a 803 microscope objective on

FIG. 1. Schematic view of the two-leg ladder SrCu2O3 projected
on the ab plane. The Sr atoms are located in between the planes
containing the Cu2O3 atoms. The magnetic coupling constants
along the rungs and the legs are indicated by J' and J i and the
cyclic ring exchange by Jcycl . The coupling between two Cu d
orbitals is caused by superexchange interaction via an O p orbital.
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UWV XZY\[ZY ]_^a`ZbdcecfV gdh ikjlV mnipoqV r\sutvV bxwzy{sut|teipo}wk~�b�oltv��i�tq��b{�eh i�X�h spjdjdipo�^�sp�a�kV mnipo}V r\s�t�V bxwkbxw�tv��i�oq�dw�X{c��{g{��m�i\s{w�jdipo���h V �fi
jlV mnipoqV r\sutvV bxw�s{w�j��\�ac���m�mni�tvoqV ��jlV m�ipo}V r\s�tvV bxwpcabxwntv��i�h i\X{c�Y

���x� �¡ �� ¢ ¢W£Z¢ ��¤¦¥d§¨��§�§x©ª¢ £{«v§l¬�� ©«��{§®£W¯x¯W¢ � °{£d«u� ¤±©¨��§{°p«�� ¤�©{��²

³ª´�µ ¶¸·�¹�º�»½¼
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¯d£{«�«�§x¬È©_²¿���x� �� z£{�¨°d£W©d¤�©x� °d£W¢Ô� ©¿«��{§ª°d£{��§ª¤xÇ�«u�{§½Â±� Á�§x¬|� Ép§{Â¦°l��£W� ©¦¥{§{°d£WÍ{�f§¿«��{§x¬�§Ê� �¤±©W¢ Îª¤±©d§® z£\Îª¤lÇ
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¤xÇ¡«u�d§ªÂÓ� Á�§l¬|� Ép§{Â¦°x�d£Z� ©_²UTl§�«4V%WYX�ÂW§x©{¤W«�§Æ£Æ�f«v£{«�§ª n� «u�CWæ¬ÈÍW©dÀl�Ã§\Ø�°x� «v§�ÂÊ«�¤×«u¬|� ¯W¢ §�«e�ªÕ)WdË�«u¬|� ¯W¢ ¤�©¿�f«v£{«v§ � Ì
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 ��{§x¬�§Cl Âx§x©d¤x«v§p�Ê¯�£W� ¬¾�¿¤xÇ£dÂ)P�£d°{§x©�«½¬|ÍW©{Àx�{² ���d§Þ� ©{ÂW§\ØCl °d£W©ß£W¢ �f¤ ¥d§>�W� §p �§{Âæ«�¤à°{¤�Íx©{«Ã«u�d§Þ¥d¤±©dÂx�
°{¤�©x©d§{°�«u� ©{À¨£dÂ)P�£d°{§x©�«�¬|Íx©dÀl�{²k���{§�£d°�«u� ¤±©�¤xÇÔ«u�{§¨¢ ¤Z°d£W¢\¤�¯d§l¬q£{«v¤_¬¾� j-a,f g�` Õ1l � ¤�©¨©{§x� ÀÓ�W¥d¤_¬|� ©{À¬ÈÍW©dÀl��� ��À±� �d§x©� ©ª��£Z¥Z²�ãä²'&Z²Ã���d§l¬�§ª£l¬�§Ö©{¤ ] gnm � ©C�"!Ã¥{§{°d£WÍ{�f§¿«u�d§¿«È �¤xËf¢ §{Àæ¢ £dÂxÂW§x¬�°�¤�©{�f§x¬'�d§p��«u�d§Ê¯�£�¬|� «ÈÎ¿°{¤�©d°�§x¬|©W� ©dÀ«u�d§½¬�§2o�§{°�«u� ¤�©£Z¥{¤�Í{«z«u�d§Ã°{§x©{«�§x¬È¢ � ©d§¨¤lÇa«u�d§¿¢ £dÂWÂx§x¬e²
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s\o¾i�jdipwpb{tei�jªgu�:9Òs�w�jÃtvoqV ydh bxwpc�g��<; . ����ipo¾i�tv��i�cf�dy�ipo¾c��po}V y\t�V w�jlV �\s�teiuc�tv��iÃmnspXlw�i�tvV �=4l�{s�w\tv�dm wd�dm�g�ipo|Y>)Ù��i
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E F F� � ÇÈ¤Ó¬�«u�d§¨ç�¬¾�f«zÇ|¤�Íx¬�«u¬|� ¯W¢ ¤�©��§{°p«v¤_¬¾��²��� ©{°{§�¤±©d§�°{£Z©x©d¤W«kÇÈ¤_¬|Á £W©%$ � .Ò¤±¥<Pe§{°�«kÇ�¬�¤�Á £��p� ©dÀ±¢ §Ã¬|Íx©dÀlË|«�¬È� ¯W¢ ¤±©�«u�{§x¬�§Ã� �n©{¤ + m ÇÈ¤_¬ä«u�W� ��¤�¥���§x¬'�d£W¥W¢ §Z²���d§�°{¤�©{«u¬|� ¥WÍ{«u� ¤±©�¤lÇ8+�* f 2 ��3 � �Ù¤lÇ�¤Ó¬�Âx§x¬:&3. ^,+ ¢ §d£dÂ±� ©{À¨«v¤ª©d¤ �W� �\� ¥W¢ §�°x�d£W©dÀW§p�n� ©Òá�� Àä²_ãä² ãä²zêÄ¤�©{«u¬|� ¥WÍ{«u� ¤±©{��¤xÇ
�W� ÀÓ�d§x¬±«u¬|� ¯x¢ ¤�©n°x�d£W©W©d§l¢ ��£l¬�§�§\ØW¯d§{°�«�§{Â�«�¤½¥d§�§2�{§x©n�pÁ�£Z¢ ¢ §x¬e²ÄÅ¡¢ ¢l¬¾§x¢ £{«u� �d§� �§x� ÀÓ�{«e�z£dÂWÂ¿ÍW¯�«�¤½ÍW©W� «ÈÎp²kÅa�Ù°d£W©
¥d§¿�f§{§x©Ê� ©Üá�� À�²�ãä² ãÖ«u�{§®ç�¬��f«¡Ç|¤±ÍW¬�¬�§l¢ £{«�� �d§Ã �§l� À±��«���ÇvÍx¢ ç�¢ ¢Z«u�W� �®¬�§�;ÓÍW� ¬�§lÁ�§x©�«� �� «��½À±¬�§d£{«¨¯�¬�§{°x� �p� ¤�©Z²®ál¤Ó¬
� � .Æ«u�{§®�p� ©{À±¢ §p«�Á¨£dÂW§Çv¬¾¤�Á «È �¤ß� �f¤�¢ £{«�§{ÂlËf¬|ÍW©{ÀÆ«u¬|� ¯x¢ ¤�©���°{¤±©{«v£W� ©{�n«u�d§ÃÇ�ÍW¢ ¢W �§x� ÀÓ�{«�¤xÇ�«u�d§®°{¤�©{�\� ÂW§l¬�§{Â
¤�¯d§l¬q£{«v¤_¬e²ÖÅ���� � ©{°x¬�§d£{��§p�¨«��{§Ö«u¬|� ¯x¢ ¤�©��Ã�v«v£l¬¾«¨«�¤ ¯{¤�¢ £l¬|� É�§½«u�d§x� ¬�§x©2�W� ¬¾¤�©WÁ�§x©{«\Ì�«��{§Ö«È �¤lË�«u¬|� ¯W¢ ¤�©½ �§x� ÀÓ�{«
ÂW§{°l¬�§d£{��§��n£W©{ÂÊÁÒÍx¢ «u� Ë�«u¬|� ¯x¢ ¤�©�f«v£{«�§���ÀZ£W� ©¨ �§x� ÀÓ�{«\²
áÓ¬�¤±Á «��{§Ò¬�§��\ÍW¢ «e���p�{¤� n©�ÇÈ¤_¬�«u�{§�$ � &�£W©dÂ$ � .Ã°d£{�f§��n� «z°{£Z©¥{§�°{¤�©{°x¢ Í{ÂW§{Â�«u��£{«a«u�d§M=1?
@3A¨«u¬|� ¯W¢ ¤�©� �£W©®§�Ø�°{§x¢ ¢ §x©{«�°x�d¤�� °{§�Ç|¤_¬Ä£5;±Íd£d�\� Ë�¯d£l¬¾«u� °x¢ §¨Âx§���°l¬|� ¯{«u� ¤±©½� ©®«u�{§ª¢ £dÂxÂW§x¬��vÎ��f«�§xÁ®²¨áx¤_¬ �à©d¤W«Ù«v¤W¤ß¢ £l¬¾ÀW§®Á�¤W�f«
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) sum
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0.997

0.723

0.239

0.037

UWV XZYl[ZY [Z^ ��i�h s�t�V t\iz�ÄipV Xl�\t�c�~�b�o±t���i 8 C x�bxy�ipo�s�t�bdo � ��� . � ��� . � � s�254ZYl[ZY 6ZY ]xg{��Y )z��i�����s\o¾i��\s{h ���dh s�t�i\j�sp���ub�o¾jlV w�X�t�b254ZY�6ZY [ZY#*1fª�dy�t�b®s{w�jÒV w���h ��jlV w�Xbdo�jdipo *1xZ���¿s{w�j[®V w)�ª~�b�o � C �Z��6Òs{w�j¨]ªo¾iuc�y�i���tvV t\iph �fYR)z��i¡t�b{t�s�hZV w\t�i�wpcfV t}������ �z�{s\c�g�i�ipw®i(?�tvoqs\��tei�jÃ~Èo�bxm tv��i}*�] ��� b�o¾jdipo�o¾iucf�dh tz~�b�o�tv��iXlo¾bx�dw�jÃcetes�teiipw�ipo�X��Òy�ipo�cfydV w¿s\����bdo�jlV w�XÃt|b 254ZY6ZY [ZY�* �ZY
¤lÇz«u�{§®�p¯{§{°�«u¬q£W¢W �§x� À±�{«�� ��°d£W¯{«uÍx¬�§{ÂÜ¥\Î¿£ÒÇÈ§p  «u¬|� ¯W¢ ¤�©��{²����d§l¬�§pÇÈ¤Ó¬�§Ã°d£W¢ °xÍx¢ £{«u� ¤�©{�n°{¤±©{«v£W� ©W� ©{Àª¤�©W¢ Î¿£ÒÇÈ§p 
«u¬|� ¯W¢ ¤�©��¡�pÍ�Æ°{§¨«v¤Æ§\ØW¯W¢ £W� ©¿Á�¤W�v«�¤xÇa«u�d§¿¯W�pÎ{�\� °��¡Ç|¤_¬��
	�&�%.ä²
³ª´�� 
��· � ��� � �l»�®· �d¹ 2 ·��
Ïë©�«u�W� ���f§{°�«u� ¤�©�«u�d§�§x©{§x¬�À�Î�¯�¬�¤�¯d§l¬¾«u� §��a¤xÇä«u�d§�«È �¤xË�¢ §�ÀÒ¢ £dÂWÂx§x¬Ó�vÎ��f«�§xÁ £l¬�§¡ÂÓ� ��°lÍ{�f�f§{Âä²����d§�Ç|¤W°xÍ{��� ��¢ £Z� Â�¤�©
«}ÎW¯W� °d£W¢_£{�p¯{§{°�«e�� n�W� °x�Ö�d£��d§Ò«u�{§Ò�f«u¬�¤±©dÀW§p�f«¨� ©�o�Í{§x©d°{§Ã¤�©Ã«u�d§¿¤±©d§pË�«u¬|� ¯W¢ ¤�©Ò£W©{ÂÆ«u�d§Ò«È �¤xË�«u¬|� ¯x¢ ¤�©�\¯d§{°�«u¬q£W¢
¯�¬�¤±¯d§x¬¾«u� §p��£W©dÂ½¤�©Ã«u�d§¿¬�§x¢ £d«u� �{§¿¯d¤W�\� «u� ¤�©{��¤lÇ�ÁÒÍx¢ «u� Ë�«u¬|� ¯x¢ ¤�©°�¤�©{«u� ©xÍ�£Ã«�¤Æ§d£d°x�¤W«u�{§x¬e²
prq��rqFu��4| �����8� y
�7~��7{ {��8{Z| ���
���{§Ü£d°�«u� ¤�©¦¤xÇ � � � ¤�© V .-X� z£{�½°d£W¢ °xÍx¢ £{«v§�ÂèÍx¯Ü«�¤�&�å � � ¤Ó¬�Âx§x¬Ù¤�©×£Ü°x¢ Í��f«�§x¬�¤lÇ5&"eà¬|ÍW©{Àx�¿«�¤æç�©{Âæ«u�d§
ÀÓ¬�¤�Íx©dÂæ�v«v£d«�§ß§x©d§l¬�ÀlÎp²è���d§Þ¬¾§��pÍx¢ «Ö� �½£ &�å ���ª¤Ó¬�Âx§x¬�¯{¤�¢ Îx©d¤�ÁÃ� £W¢�� © �k² Ï «Ö� �½«u�d§Ü§�Øl£d°�«Ò§x©d§x¬¾ÀlÎÜ¤lÇ�«u�d§
� ©�ç�©W� «�§��vÎ��f«�§xÁ «v¤«u�d§�À±� �{§x©�¤Ó¬�Âx§x¬e²����d§�°{¤Z§�Æ°x� §x©{«e��£l¬�§¡Ç�¬q£d°�«u� ¤�©{��¤lÇa� ©{«�§{Àx§x¬¾�z£W©dÂ¨«u�d§x¬�§\Ç|¤_¬�§�Çv¬¾§{§�Çv¬�¤±Á
¬¾¤�ÍW©{Â±� ©{À¿§x¬|¬�¤_¬¾��²a���d§¨��§x¬È� §���£dÀ±¬�§{§� n� «u�Ã«u�d§½©WÍWÁ�§x¬|� °d£W¢_¬�§��pÍx¢ «e�nÀ±� �{§x©½¥�Î��a�d§l©dÀ½§�«�£W¢ë²�L%$�6-.
Oe²
���{§¯x¢ £W� ©¨¯d¤±¢ ÎW©{¤�ÁÒ� £Z¢�� ��ÂW§x¯x� °�«�§{Â£{��ÂZ£{�p�{§{Â¿¢ � ©d§�� ©Ãá±� Àä²xãä²%Nä²����d§���¤�¢ � Â®¢ � ©d§p��°{¤Ó¬È¬�§��p¯{¤�©dÂn«�¤ÇÈ¤�ÍW¬�ÂÓ� ÝÄ§x¬�Ë
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§x©{«�Â±¢ ¤ZÀ�Ë)5Ô£dÂ87§�§\Ød«u¬q£W¯d¤±¢ £W©{«e�Õ|��§{§¿ê���£W¯�«p² e�I¡¤xÇa«u�W� � ;ÓÍ�£W©{«u� «}Î¿£W©{Â½°{¤�©{�v«u� «uÍ{«�§¿£Æ¬¾§x¢ � £W¥W¢ §�§\Ød«u¬q£W¯{¤�¢ £{«u� ¤�©_²
���d§«u¬|ÍW©{°d£{«v§�Â¿��§x¬|� §���¬�§��\ÍW¢ «¡°{£Z©½¥{§¨«�¬ÈÍ{�f«�§{Â¦Íx¯Ò«�¤�/= .�� ãä²

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
x

−1.0

−0.8

−0.6

−0.4

ε 0/
J ⊥

various Dlog−Pades
truncated series

UWV XZYW[ZY �Z^ � o¾bx�dw�j�c�t�suteini�w�ipo¾X���y�ipo cfydV w�s\c�~È�dw���tvV bxw�b{~ �äY')z��i�ydh s�V w�c�ipo}V iucÙo�iucf�dh t�V czjdipydV ��tei�js\c�j�s�c���i�jÃh V w�idY
U{bx�do jlV �äipo�ipw\t��kh b�X��f`Ós\j	�ins{ydy�o�b ?{V m�s�w\t�cRs�
 [Z� ��È��
 �Z� f�|��
 fZ� ���s{w�j�
 �Z� [�¾�zs\o¾i¡c��pb\��w�s�czcebxh V jÃh V w�i�c�Y

prq��rqED v �z{����Y|������'��� ���'y��+{Z| y��'���
���d§�§pÝÄ§{°�«u� �{§*�a£WÁÃ� ¢ «�¤�©W� £Z©*� � � � �a°d£W¢ °xÍx¢ £{«v§�ÂÃ� ©�«u�d§¡¤±©d§pË�«u¬|� ¯W¢ ¤�©�°x��£W©x©d§x¢{Íx¯¡«�¤¤Ó¬�Âx§x¬_&på¿� ©?� � � �Y!)(Y����²���d§x¬¾§x¥�Î«��{§Ò¤±©d§pË�«u¬|� ¯W¢ ¤�©¨Â±� �\¯d§x¬¾�\� ¤�©��nÕ ��I � $ ��V�� � � V���Xg �� a � �n¤�¥�«f£W� ©{§{Âä²a���{§Ò¤±©d§pË�«u¬|� ¯W¢ ¤�©¨Â±� �\¯d§x¬¾�\� ¤�©��£{�Ò£ÊÀ±¢ ¤�¥�£W¢ ÁÃ� ©W� ÁÃÍWÁ Ç|¤_¬ � ��� ÌÄ«u�d§Æ¤�©d§\Ë�«u¬|� ¯W¢ ¤�©ªÀZ£W¯���Õ��vIp²ßÏë©ßá�� À�²�ã�² *×«u�{§Æ«u¬|Íx©d°d£{«�§{Â¦��§l¬|� §��¨ÇÈ¤Ó¬
�nÕ��vI�� ���p�{¤� n©Ò£{��£ÃÂZ£{�p�{§{Â¦¢ � ©{§Z²a���d§¨«u¬|ÍW©{°d£{«�§{Â¿��§x¬È� §��¡Ç|¤_¬��nÕ1�,I¡£W©dÂ � � Õ1�,I�� �¨¬�§l¢ � £W¥W¢ §ÃÍW¯Ã«�¤9�Ub .���
�²
���{§���¤±¢ � ÂÒ£Z©{ÂÒÂx¤W«e«�§{Âª¢ � ©d§���� ©Òá�� À�²_ãä² *ÃÂW§x¯x� °�«Ù¥x� £{��§{ÂÃÂ±¢ ¤ZÀ 5ä£�Â87§¡§\Ød«u¬q£W¯d¤±¢ £W©{«e��ÕÈ��§{§ ��§{°�«\²eä²%6�I�Ç|¤_¬ä«u�{§

¤�©d§\Ë�«u¬|� ¯W¢ ¤�©ÀZ£W¯��nÕ1�,I)(Y� � ²����{§ª¥x� £{�¨Í{��§�ÂÊ� ��«��d£{«¡«��{§Ò¤±©d§pË�«u¬|� ¯W¢ ¤�©¨ÀZ£W¯ �  ��{§x©ªÁ�§d£{�\ÍW¬�§{ÂÊ� ©Ò«u�{§ª¬|Íx©dÀ
°{¤�Íx¯W¢ � ©{À � � ��£��{§¿«v¤ß£W¯W¯�¬�¤Z£�°l�ª£ª°{¤�©{�v«v£Z©�«�ÇÈ¤Ó¬	� ! � ²¿���d§Ê¢ £d«e«�§x¬�ÇÈ¤�¢ ¢ ¤d Ù��Çv¬�¤±ÁÛ«u�d§¿Ç|£�°p«�«u��£{«�«u�{§
¤�©d§\Ë�«u¬|� ¯W¢ ¤�©ÃÀZ£W¯ �r(
�Y!��f°d£W¢ §���£{� &3( �Þ� Ça«È �¤��k§x� �f§x©W¥{§x¬�À½°x�d£W� ©{�n£l¬¾§Ã°�¤�ÍW¯x¢ §{ÂÖ¥�Î®£Ò�pÁ�£W¢ ¢�� � L $-6�&ZÌ)$xå�eYOe²
���d§×§\Ø{«�¬�£Z¯{¤�¢ £{«u� ¤�©â� �5�d§x¬�Î×�v«v£Z¥x¢ §ÜÇ|¤_¬¡«u�d§ß¤�©d§\Ë�«u¬|� ¯W¢ ¤�©ÜÀW£Z¯Z² ���d§×¤�©{§pË�«u¬|� ¯x¢ ¤�©ÜÀW£W¯ÜÇ|¤_¬�«u�d§â� ��¤x«�¬¾¤�¯W� °
¢ £dÂWÂx§x¬�Õ�� � &SI�� �!�r(
����b .�� e�.xåÔ²�Ïë©d°l¬�§d£{�p� ©{À¿«u�d§®°�¤�ÍW¯x¢ � ©dÀÒ«v¤9�<� &Ã¤�©W¢ ÎÆ¢ §d£dÂx�¡«�¤¦£Ò�\Á¨£W¢ ¢Z£dÂWÂÓ� «u� ¤�©�£W¢¬�§{ÂÓÍd°�«u� ¤�©n¤lÇ��r(
�3��²kÅ Á�¤Ó¬¾§nÂx§�«v£W� ¢ §{Â¨ÂÓ� ��°xÍ��f�\� ¤�©�¤xÇ «u�d§�¤�©d§\Ë�«u¬|� ¯W¢ ¤�©�ÀZ£W¯ZÌZ§��p¯{§{°x� £W¢ ¢ Î�¤xÇ�«u�d§�£{�vÎWÁÃ¯{«�¤W«u� °p�
�|! � ÌZ �� ¢ ¢Ó¥d§ÃÀ±� �{§x©½� ©«u�d§½©d§\Ø{«�°x�d£W¯{«�§x¬e²
���{§¦¤�©d§\Ë�«u¬|� ¯W¢ ¤�©ÆÂ±� �\¯d§x¬È� ¤�©"��Õ ��I/(
��� � �®�p�{¤� n©ß� ©âá±� Àä²aã�²'&3.ä²×���d§Æ«u¬|ÍW©{°d£{«v§�Âß�f§x¬|� §��ª� �M��£W¢ � ÂèÍW¯Ö«�¤

�/=0.���
Ò�p� ÁÒ� ¢ £l¬ä«�¤®«u�{§¨°d£{��§�¤lÇ�«u�d§�¤�©d§pË|«�¬È� ¯W¢ ¤±©�ÀW£W¯_²¡ál¤Ó¬Ä¢ £l¬�Àx§x¬\�d£W¢ Íd§��Ù¤xÇ �¦£�ÂxÂ±� «u� ¤±©�£W¢{§�Ød«u¬q£W¯d¤�¢ £d«u� ¤±©Ò� �
©d§{§�ÂW§{Â�²����d§�¬�§p�pÍW¢ «���Âx§x¯W� °p«v§�ÂÒ� ©Ãá�� À�²lãä²'&3.� �§x¬¾§n¤±¥{«v£W� ©d§{ÂÃ¥\Î¨Í��p� ©{À�«u�d§¨Á�§p«��{¤ZÂ¨¤xÇÄ� ©{«�§x¬|©d£W¢d¯�£l¬q£WÁ�§�«�§x¬¾�
£{�k§\ØW¯W¢ £W� ©{§{Â�� ©��±§{°�«\²"eÔ² å ²Ä���{§n¥x¢ £d°xÚ�°xÍx¬'�d§���£l¬�§�«u�d§Ù«u¬|Íx©d°d£{«�§{Â���§x¬È� §���� ©Ù«u�{§n� ©�«v§l¬|©�£W¢�¯d£l¬q£WÁ�§�«�§x¬x n� «u�d¤±Í{«
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−1]
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0.5

1.0
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x)
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truncated
dlogPadé[7,7]
dlogPadé[6,8]
dlogPadé[8,6]

UWV XZYä[ZY �Z^���w�i��qtvo}V ydh bxwÒX�s{y�� s �Ó� C�� s�����jdipy�ipw�jlV w�XÃbxwtv��iÃy{s\oqs�mni�teipo �ÔY:)z��i�j�s�cf��i\j¿h V w�i�cf�pbp��c�tv��i�bxw�i��
t�o}V ydh bxwÆX�s{yÊs�c¨bxg\t�s{V w�i�jÆ~Èo�bxm t���i®tvo}�dw���t�sutei�jÆc�ipoqV iuc�Y )z��i®b{tv��ipoztv�do¾i�i¿�p�do t\iuc�cf�pbp� tv��iÆgdV s\c�i�j¦jlh b�XZ`Óspj �i
i(?�tvo�s{ypbxh s{w\t|c 
 �Z� ��È� 
 [Z� [��s�w�j�
 �Z� ��|Y

Í��p� ©{Àª£W©�Î�Ç�ÍW¬¾«u�{§x¬�§\Ød«u¬q£W¯{¤�¢ £{«u� ¤�©_²����d§¨À±¬¾§pÎ°xÍx¬'�d§��¡�\�d¤d  ¬�§p�pÍW¢ «��� n�d§l¬�§£W©Ò£�ÂxÂ±� «u� ¤±©�£W¢�L'&-&WÌ%6
O�Â±¢ ¤ZÀ 5ä£�Â87§
§�Ød«u¬q£W¯d¤�¢ £d«u� ¤±©®� ��Í���§{Â�²a���d§��\Á¨£W¢ ¢lÂÓ� ÝÄ§x¬�§x©{°{§���¥{§�«È �§{§l©�«u�d§®¥x¢ £d°xÚ�£Z©{ÂÒ«u�d§ÀÓ¬�§pÎ¨°lÍW¬'�{§�Ç|¤_¬ «u�d§®� ��¤W«u¬�¤�¯x� °
Õ1� � &SI�°d£{��§�Âx§xÁ�¤±©{�f«u¬q£{«�§Ù«u��£{«�§2�{§x©�«u�d§z«�¬ÈÍW©d°{£d«�§{Ân��§x¬È� §��z� ©�«u�d§�� ©{«�§x¬|©d£Z¢p¯�£l¬�£ZÁ�§�«�§x¬ZÀ±� �{§��z;ÓÍ�£W©{«u� «v£{«u� �d§¬¾§��pÍx¢ «e�Íx¯Ã«v¤½«u�d§p��§ ��£W¢ Íd§p��¤xÇ	��²
Å�« � � .�«u�d§���Î{�v«v§lÁ � �a°{¤±ÁÒ¯x¢ §�«�§x¢ Î�¢ ¤Z°d£W¢�¬¾§��pÍx¢ «u� ©dÀÒ� ©�£roÔ£{«ÄÂ±� �\¯d§x¬��p� ¤�© ��Õ ��I/(
� � � &Z²Ä���d§¡ÂÓ� �p¯{§x¬¾�p� ¤�©� �½°{¤W�\� ©d§pËf¢ � Úu§ªÇ|¤_¬Ùç�©x� «�§I�
	 .���
�² áx¤_¬�¢ £�¬�ÀW§x¬+��£W¢ Í{§��¿¤xÇ�� «��{§Ü¤�©d§\Ë�«u¬|� ¯W¢ ¤�©ÖÂ±� �\¯d§x¬¾�\� ¤�©Ê�p�d¤d z�ª£Þ¢ ¤Z°d£W¢

ÁÃ� ©x� ÁÒÍxÁ £d« � � .Æ�\�W� Ç}«u� ©dÀ½«u�d§ÒÀ±¢ ¤�¥d£W¢�Á�£pØZ� ÁÃÍWÁ	£\ z£�ÎÃÇ�¬�¤�Á � � .Æ«�¤ � � � (76ä²����W� ��Âx§2�d§x¢ ¤�¯WÁ�§x©{«°{£Z©®¥d§¿ÍW©{ÂW§x¬¾�v«�¤Z¤ZÂÆ� ©«È �¤® z£\Î{� �Ù� ©«u�d§¿¢ � ÁÃ� «z¤xÇÙ� ��¤�¢ £{«�§{Â¿°l��£W� ©{�¡£Z©{ÂÖ� ©¨«u�{§½¬ÈÍW©dÀ�Ë�«u¬|� ¯x¢ ¤�©®¯x� °�«uÍW¬¾§Z²a���d§
ÂÓ� �p¯{§x¬¾�\� ¤�©Ã¤xÇz£W©ª� ��¤±¢ £{«v§�Â �k§x� �f§x©W¥{§x¬�À½°x�d£Z� ©Æ� �n��ÎWÁÃÁ�§p«�¬È� °®£W¥{¤�Í{« � � � (76ª£W©dÂ¦� «�� ��ÀZ£W¯x¢ §��f�¡ÇÈ¤Ó¬�� � .£W©{Â � � � Õ|��§�§Üê��d£Z¯�«\² 
Ip²¿���d§ªÂÓ� ¯Æ£{« � � .Ü¤xÇÙ«u�d§ª¤�©d§\Ë�«u¬|� ¯W¢ ¤�©½ÂÓ� �p¯{§x¬¾�p� ¤�©¿ÇÈ¤Ó¬�«u�d§½�\¯W� ©pË�¢ £dÂWÂx§x¬¡� �«u�{§x¬�§pÇÈ¤Ó¬¾§Ò£Ê¯�¬�§{°lÍW¬¾�f¤Ó¬�¤xÇ�«u�d§Ò�p¯W� ©�Ëe°x�d£W� ©ª¯W��Î��p� °p�{²,�Ã©®«u�{§¿¤W«u�d§x¬z��£W©dÂ�Ì�«u�d§®Â±� ¯Ò°d£W©Æ¥d§ÆÍx©dÂx§x¬¾�f«�¤Z¤WÂÊ£{�
£¿°�¤�©{�f§�;±Í{§x©d°{§¤xÇ�«u�{§®°x¢ ¤x��§x©{§��f�n¤xÇ�«u�d§Ã«u�W¬�§{§\Ë�«u¬|� ¯W¢ ¤�©Ã°{¤�©�«�� ©WÍWÍxÁ¿²�Ï «¡ n� ¢ ¢±¥d§�p�d¤d n©Ö� © � ÍW¥{�f§{°�«\² ãä² eÔ² å
«u�d£d««u�d§Æ«u�W¬�§{§\Ë�«u¬|� ¯W¢ ¤�©Æ°{¤�©�«�� ©WÍWÍxÁ °{¤�Á�§��Ò°x¢ ¤W�f§Æ«�¤æ«u�{§Ê¤�©{§pË�«u¬|� ¯x¢ ¤�©ÆÂ±� �p¯d§l¬¾�p� ¤±©_Ì�§p�p¯d§�°x� £W¢ ¢ ÎÊ£{« � � .äÌ¯xÍ{�\�W� ©{À¿«��{§Ò¤±©d§pË�«u¬|� ¯W¢ ¤�©¨Â±� �\¯d§x¬¾�\� ¤�©Âx¤� n©� z£�¬�Âä²
���d§Ü¢ £{«e«v§l¬¡£W¢ �f¤ß§�ØZ¯W¢ £Z� ©{�¨«u��£{«Â±� �Æ°xÍW¢ «u� §p�¿� ©ª«u�d§Æ§\Ød«u¬q£W¯d¤±¢ £{«�� ¤�©ª¤xÇ¡«u�{§Ö¤�©{§pË�«u¬|� ¯x¢ ¤�©ªÂÓ� �p¯{§x¬¾�\� ¤�©Ö£l¬|� ��§

Á�£W� ©W¢ ÎÊ©d§{£l¬�� � .Æ n�W� ¢ §¿«u�d§¿§\Ø{«u¬q£W¯d¤�¢ £{«u� ¤�©ÒÇ|¤_¬Ù¢ £l¬�ÀW§l¬:��£W¢ Í{§���¤lÇ �â� ���u£�ÇÈ§¿§2�d§l©®ÇÈ¤Ó¬z�{§x¬�ÎÖ¢ £l¬�Àx§M��£W¢ Í{§��¤lÇ���²â���{§æ¬�§��\ÍW¢ «e�Ò�p�d¤d n©Þ� ©Þá�� À�²�ãä²'&3.æ£l¬�§ß� ©U;ÓÍ�£W©{«u� «v£{«u� �d§Ü£dÀÓ¬�§{§xÁ�§x©{«� n� «u�×¤W«u�{§x¬��f§x¬|� §��®§\ØZ¯d£W©{�p� ¤�©
¬¾§��pÍx¢ «e� L $-6-6
OeÌ±§\Ø�£�°p«�Â±� £�Àx¤�©�£W¢ � É{£{«u� ¤�©5L%$-6-$
Ok£W©dÂ��� ��� ¬�§��\ÍW¢ «e�ML%$-6xåYOe²
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UWV XZY_[ZY�*1xZ^ ��w�i��qtvo}V ydh bxw¨jlV cfy�ipo¾cfV bxw � s��W��~�bdo�jlV �Ôipo¾ipw\t'tps{h ��iuczb{~ �����
x�� x���x�� ���&x�� ]	�&x�� ���&x�� ���J*
� x�� *
� ��� *
� f�� ��� x��dY)z��i�o�iucf�dh t�c��Äipo�i�bxg\t�s{V w�i�j¨gu���pcfV w�X�tv��i�mni�tv�pb�j�b{~ÄV w\teipo}w{s�hdy{s\oqs�mni�teipo¾cÄs�cai(?{ydh s�V w�i�j¨V w^8Zi���tuY/fZY ]_Y )z��i�gdh sp�p�
�p�do t\iucÄs\o�i�tv��iatvoq�dw��\s�tei�jzc�ipoqV iuc�V wztv��izV w\teipo}w{s�hpy{s\o�s{m�iut�i�od��V tv�pbx�\tÄs{w\�a~È�do tv��ipoZik?�t�oqs�ypbxh sutvV bxwxYi)Ù��i�Xlo¾i������do#t\iuc
cf�pbp�âo�iucf�dh t�cÄ����i�o¾izs{w�spjdjlV tvV bxw{s�h 
 * *{� ���jlh b�XZ`Ós\j	�izi(?�tvo�s{ypbxh s�t�V bxwnV c��pcvi�jZYaU{bdoÓtv��iz�ps�c�izb{~±tv��i�V c�b{t�o¾bxydV �¡h spjdjdipo
� C *Òik?�t�oqs�ypbxh s�w\t�cn~�bdoÙgpb{tv�½i(?�tvo�s{ypbxh s�tvV bxw½c��p��ipmniuc�s\o�i®ydh b{tÈtei�jÖcf�pbp��V w�X¿tv�{sut�ikt\ipw®tv��i½ydh s{V w½c�ipoqV iuc�XlV t\iuc4l�{s{w\tvV t�sutvV t\i�o¾iuc��dh t�ca~�b�o�tv��iuc�i tps{h ��iuc�b{~ �äY

prq��rqts�����:�2�Y| �����'���������:� ��������� ~ ���kx+�����8� y7�7~n�7{�y
ÏÐ©Ö«u�W� �Ã��§�°�«u� ¤�©Ö«��{§Ö«È �¤lË�«u¬|� ¯W¢ ¤�©Æ§x©d§l¬�ÀlÎ×¯�¬�¤�¯{§x¬¾«u� §��Ã£l¬¾§ÖÂx§���°x¬È� ¥d§{Â�²ÊÅa�ª� ¢ ¢ Í��f«u¬q£{«�§{Â×ÇÈ¤_¬z«u�{§Ê¤�©{§pË�«u¬|� ¯x¢ ¤�©
Â±� �\¯d§x¬��p� ¤�©¡¤�©d§��\�d¤�Íx¢ Â¨Â±� �v«u� ©dÀÓÍW� �\�¨¥d§�«È �§�§x©?� 	�.���
� n�d§x¬�§¡«u�d§�¯x��Î{�\� °���¤xÇä«u�d§¡�p¯x� ©�Ë�¢ £�ÂxÂW§x¬ � ��ÂW¤�ÁÃ� ©�£{«�§{Â
¯WÍx¬�§x¢ ÎÃ¥�Î®¬|Íx©dÀ½¯W��Î��p� °p�¡£W©dÂ����e.�� 
 n�d§x¬�§�«��{§�°x¬�¤x�f��¤
�d§x¬�Çv¬�¤±Á ¢ £�ÂxÂW§x¬ä«�¤¿°x��£W� ©Ã¯W�pÎ{�\� °���¥{§{À±� ©{�{²�Ïë©�«u�{§
Ç|¤±¢ ¢ ¤d �� ©{ÀÖ¬�§��\ÍW¢ «e��ÇÈ¤Ó¬ � � .�� eÆ£W©dÂ� � &�%.ª£l¬¾§�\�d¤d �©½� ¢ ¢ Í{�v«u¬q£{«�� ©dÀ¿«u�d§��f§Ã«} �¤Æ°{£d�f§��{²Ïë©¡£W©d£Z¢ ¤ZÀlÎ�«�¤�«u�d§��p¯x� ©�Ëe°l��£W� ©�°d£{��§zÂ±� �f°xÍ{�v��§{Â¨� ©�ê���£W¯{«\² 
äÌ�«È �¤n«�¬È� ¯W¢ ¤±©{� Ç|¤_¬|Á £z«} �¤xË�«u¬|� ¯x¢ ¤�©z°{¤�©�«�� ©WÍWÍxÁ¿²
Å�ÂWÂ±� «�� ¤�©�£W¢ ¢ ÎpÌÓ«È �¤xË�«u¬|� ¯W¢ ¤�©ª¥{¤�ÍW©{ÂÆ¤_¬�£W©{«u� ¥d¤±ÍW©dÂ½�v«f£{«�§��£�¬�§ÇÈ¤_¬|Á�§�Â½ÂW§x¯{§x©dÂÓ� ©dÀ½¤�©Ò«u�d§Ã«v¤x«f£W¢W�p¯W� ©¿¤xÇ�«u�{§
«È �¤æ«u¬|� ¯W¢ ¤�©���L'&dãZãäÌ2&dã4*äÌ�&3N�&WÌ�& *Zã�Ì2& *�NäÌ/65e�&ZÌ)6 *-NäÌ/$�65eYOe²ÞÏë©Þá�� Àä²�ãä²'&-&ª«u�d§Æ«È �¤xË�«u¬|� ¯x¢ ¤�©Æ°{¤±©{«u� ©WÍxÍWÁ £W©dÂ
«u�d§«È �¤xË�«u¬|� ¯x¢ ¤�©½¥{¤�ÍW©{Â¿�f«v£{«v§p�¨£l¬�§¨Âx§x¯W� °�«�§{Â¿Ç|¤_¬Ä£/I?� � .�� eÆ£W©dÂ¦¥/I � � &� .ä² R�¤W«�§«u�d£d«¡«u�{§Ã«�¤W«v£W¢W�\¯W� ©$ � 6½°d£{�f§¨ n�d§l¬�§Ã£Z©®£W©{«u� ¥{¤�ÍW©{Â¿§\ØW� �f«e� L'&dãZã
O�� �¨©{¤W«�ÂÓ� ��°xÍ��f�f§{Â¦�d§x¬�§W²���{§��f«u¬|Íd°p«�Íx¬�§��n£{« � � .�� eª£l¬�§*;ÓÍW� «�§�ÇÈ§d£{«uÍW¬�§x¢ §��f�¡ÂÓÍd§�«�¤½«u�d§¨°{¤x�p� ©{§pË|ÇÈ¤Ó¬|Á ¤xÇÄ«u�d§¨¤�©{§pË�«u¬|� ¯x¢ ¤�©�Â±� �\¯d§x¬�Ë
�p� ¤±©ÊÕ|�f§{§Æá�� Àä²Ôãä²'&-&d£/Ip²z���d§Ò°{¤�©{«u� ©xÍWÍxÁ ��£{��«u�{§Æ¢ £l¬¾ÀW§��v«Ù �� Âx«u�½£{« � � .Ê£W©dÂ¦¥d§�°{¤�Á�§��¨Á�¤�©{¤W«�¤�©W� °d£W¢ ¢ Î�pÁ�£W¢ ¢ §x¬ÄÇ|¤_¬�ç�©x� «�§ÆÁ�¤�Á�§x©{«uÍWÁ ¬�§{£�°l�W� ©{Àª£ �d§x¬�ÎÒ�pÁ�£W¢ ¢W n� Âl«��ÃÇÈ¤Ó¬ � � � ²�Å�«n£W¥{¤�Í{« � � .�� å � Ìä£ $ � &£W©dÂÃ£�$ � .«} �¤xË�«u¬|� ¯x¢ ¤�©�¥{¤�ÍW©{Â��f«v£{«v§�§xÁ�§x¬�ÀW§�Ç�¬�¤�Á «u�{§�°{¤±©{«u� ©WÍxÍWÁ®²����{§¥x� ©dÂÓ� ©dÀ¨§x©{§x¬�À�În¤xÇ «u�d§ $ � &
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1−Triplon dispersion
S=0 bound state
S=1 bound state

a)

b)
2−Triplon continuum

UWV XZY_[ZY�* *{^ ��w�iu�qtvoqV ydh bxws{w�j�t}��b{�qtvoqV ydh bxw�i�w�ipo¾XlV iuc�b{~�tv��i�tq��b{�eh i�X¿h spjdjdipoä~�b�o�� C x�� f<sÈs���s�w�j � C * s|g{��Y )Ù��i
t��dV �p��cebxh V jÒgdh sp�p�nh V w�i�jdi�wpb{t�i�catv��i¡bxw�i��qtvo}V ydh bxw�jlV cfy�ipo�c�V bxw � s �x�uY )z��i¡Xlo�i���cebxh V jÃh V w�iucz��bdo}o¾iucfypbxw�jnt�b¨tv��inh bp�Äipos�w�j®tv��i®�dydy�i�oai�jdXdi¨b{~�t���i¨tq��b{�}t�o}V ydh bxw¿�ubxw\tvV wd�d�dmYV)z��iÒj�s�cf��i\j®Xlo�i��®h V w�iuc�jdi�wpb{t�itv��i � C *¨tq��b{�}t�o}V ydh bxw
gpbx�dw�j�c�t�suteiuczs{w�j�tv��i�h bxw�Xj�s\cf��i�j�Xlo¾iu��h V w�i�cz�ub�oqo�iucfypbxw�jnt|bt���i � C x�t}��b{�qtvo}V ydh bxw¨gpbx�dw�j�cetes�teiuc�Y

¥{¤�ÍW©{ÂÊ�f«v£{«�§¦� �¨�pÁ�£W¢ ¢ §x¬a«u�d£Z©ª«u�{§�$ � .æ¥d¤�Íx©dÂÊ�v«f£{«�§Z²Ò���d§ªÂ±� �\¯d§x¬��p� ¤�©¿¤xÇ�«u�{§I$ � &Ê¥d¤�Íx©dÂÖ�v«v£d«�§Ü� �Á�¤�©{¤W«�¤�©W� °�£W¯W¯�¬�¤_£d°x�x� ©dÀ � � �  n�W� ¢ §n«u�d§�ÂÓ� �p¯{§x¬¾�p� ¤�©�¤xÇ�«��{§%$ � .Æ¥d¤±ÍW©dÂ¨�v«f£{«�§®� �Ù£W¢ Á�¤x�f«8oä£d«��\�d¤d �� ©{À£ªÁ¨£pØZ� ÁÒÍxÁ £{«�£W¥d¤�Í�« �9= .�� 

�
£Z©{Âª£ªÁÃ� ©W� ©WÍWÁ £d« � ��� ²���d§��\� «uÍ�£{«u� ¤�©Ã£{« � � &��\�d¤d Ù��Á�¤_¬�§Ò¯�¬�¤�©{¤�ÍW©{°{§{Â�Ç|§{£d«uÍx¬�§���Õ|�f§{§½á�� À�²Óãä²'&-&l¥/Ip²k���{§�Ç|¤_¬|Á ¤xÇÄ«��{§�«È �¤xË

«u¬|� ¯W¢ ¤�©¿°{¤�©�«�� ©WÍWÍxÁ �d£{�¨°x��£W©{ÀW§{ÂÖÂ±Íd§¿«�¤¦«u�d§Ê¢ ¤Z°d£W¢äÁÃ� ©W� ÁÒÍxÁ ¤xÇz«u�d§½¤�©{§pË�«u¬|� ¯x¢ ¤�©®Â±� �\¯d§x¬¾�\� ¤�©½£d« � � .ä²���{§ÒÁÃ� ©W� ÁÃÍWÁ  n� Âx«u�¤xÇ�«u�d§¨°�¤�©{«u� ©xÍWÍWÁ �d£d�Ù�p�W� ÇÈ«�§{ÂÇv¬�¤±Á � � � £{« � � .�� eÒ«v¤�� =
�
(76ä²k���W� ��¬�§��\ÍW¢ «e�

� ©¨£¨°x�d£Z©{ÀW§�¤xÇ�«u�d§�ÂÓ� �p¯{§x¬¾�p� ¤�©�¤lÇÄ«u�{§�«È �¤xË|«�¬È� ¯W¢ ¤±©Ò¥{¤�ÍW©{Â�v«v£d«�§���² ��¤W«u�Ã¥d¤�Íx©dÂ�f«v£{«v§p���p�{¤�  £ÒÁ¨£pØW� ÁÒÍxÁ
£{« � =

�
(
6Ö£W©dÂ¦£ÊÁÃ� ©W� ÁÒÍxÁÛ£{« � � � ²����{§Ö¥W� ©{Â±� ©{ÀÖ§l©d§x¬�À�Î¿¤lÇz«u�{§ $ � &Æ¥{¤�ÍW©{ÂÖ�f«v£{«�§Ê� ���\Á¨£W¢ ¢xÇ|¤_¬£W¢ Á�¤W�v«�£W¢ ¢��xËD��£W¢ Íd§p�� n�W� ¢ §¨«��{§ $ � .Ê¥d¤±ÍW©dÂÒ�f«v£{«v§½¢ � §p�� �§x¢ ¢Ó¥d§x¢ ¤�  «��{§¨«È �¤xË�«u¬|� ¯x¢ ¤�©°�¤�©{«u� ©xÍWÍWÁ £Z©{ÂÊ��£{�

£Ç�£W� ¬|¢ Î¿¢ £l¬�Àx§¨Â±� �\¯d§x¬��p� ¤�©Z²

prq��rq���� ����� ���2�Y|�� ���'���������:� �����z~
���x� �Ü¯�£l¬�«Æ¯�¬�§��f§x©{«e�¦� ©pÇ|¤_¬|Á�£{«�� ¤�©×£W¥d¤±Í{«®«u�{§è¬¾§x¢ £{«u� �d§â¯d¤x�p� «u� ¤�©Ü¤xÇ®ÁÃÍW¢ «u� Ë|«�¬È� ¯W¢ ¤±©×°{¤�©�«�� ©WÍ�£àÕ|«u�W¬�§�§pËÒ£W©dÂ
ÇÈ¤�Íx¬�Ë�«u¬|� ¯x¢ ¤�©/I�«�¤Ü¤�©d§\Ën£W©dÂÖ«} �¤xË�«u¬|� ¯x¢ ¤�©®§x©d§x¬¾À±� §���ÂW§l¯d§x©{Â±� ©{ÀÖ¤�©®«u�d§Ê¯�£�¬q£WÁ�§�«�§x¬���²¨���W� �®� ©�ÇÈ¤Ó¬|Á�£{«u� ¤�©ª� �
§�Ød«u¬�§xÁ�§x¢ Î½� ÁÃ¯d¤_¬¾«v£W©{«�Ç|¤_¬�«u�d§½� ©{«�§x¬È¯l¬¾§�«v£d«u� ¤±©¨¤xÇa«u�{§½¬¾§��pÍx¢ «e�� n�W� °x�¨ �� ¢ ¢Ó¥d§¨�p�{¤� n©½� ©¨ÇÈ¤�¢ ¢ ¤d �� ©dÀÒ�f§{°�«u� ¤�©��{²
Ïë©Ü«u�d§¦�\¯W� ©pË�¢ £dÂWÂx§x¬eÌ�¤�©x¢ Î×°x�d£Z©x©d§x¢ �Ò n� «u�â¥d¤W«u�×¤WÂWÂÞ¤_¬�¥{¤W«u�×§2�d§l©â©WÍxÁÒ¥{§x¬�¤xÇ�«u¬|� ¯W¢ ¤�©{�¿£l¬�§¦°{¤±©W©d§�°�«�§{Â
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S=0 bound state
S=1 bound state1−Triplon dispersion

3−Triplon continuum

4−Triplon continuum

2−Triplon continuum

UWV XZY�[ZY�* �Z^���dh tvV �}t�o}V ydh bxwª�ubxw\tvV wd�{s®b{~ztv��iÒtq��b{�eh i�XÜh spjdjdipo�~�b�o � C x�� fÜs\o¾i®cf�pbp��wxY ��w�i���s{w�j½tv�do�i�i��qtvo}V ydh bxw
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S=0 bound state
S=1 bound state

1−Triplon dispersion

3−Triplon continuum

4−Triplon continuum

2−Triplon continuum

UWV XZY�[ZY#*16Z^ �¨�dh tvV �qtvo}V ydh bxw¡�ubxw\tvV wd�{s�b{~_t���i�tq��b{�eh i�Xnh s\jdjdi�ox~�bdo � C *{Y ��w�i��Ôs{w�jÙtv�do¾i�iu�qtvoqV ydh bxwzipw�ipo�XlV iuc�s\o�iacf�pbp��w
V w�tv��i¨h i�~¾t�y{s�w�iph h����dV h i�tq��b{��s{w�j¨~�bx�do��qtvoqV ydh bxw�ipw�i�o¾XlV i�cÙs\o�i�jdipydV ��tei�jÒV w�tv��i¨oqV Xl�\t¡y{s�w�iph YR)z��i¨wpb{t�sutvV bxwÒV c�tv��i
cvs{mni�s�cÙV w®UWV XZYx[ZY�* �ZY
³ª´�� ��� � ·�� � 2 ¹ 0 ¹ 2 » � �
���W� ��¯d£l¬¾«��p�{¤� z��¬�§��\ÍW¢ «e�kÇÈ¤Ó¬_«u�{§¡ÂlÎW©d£WÁÒ� °{£Z¢��v«u¬|Íd°�«uÍx¬�§ÙÇ�£d°�«�¤_¬Ó¤xÇä«��{§¡�p¯W� ©�Ë�¢ £dÂxÂW§x¬e²�Ïë©�«��{§�Ç|¤�¢ ¢ ¤� n� ©{À¬�§p�pÍW¢ «��
£l¬�§�p�{¤� n©Ç|¤_¬�«��{§Ò¤±©d§pË�«u¬|� ¯W¢ ¤�©Ò£W©{Âª«u�{§Ò«È �¤xË|«�¬È� ¯W¢ ¤±©Ã°{¤�©{«u¬|� ¥WÍ{«u� ¤±©«v¤ª«u�d§Ã�p¯d§�°�«u¬q£W¢ZÂx§x©{�\� «ÈÎ®£W©�£W¢ ¤ZÀÓÍd§¨«�¤
«u�d§½°d£{��§½¤lÇÙ«u�d§®Â±� Á�§x¬|� Ép§{ÂÊ£Z©{ÂÆÇ�¬|Í{�v«u¬q£{«v§�ÂÊ�p¯x� ©�Ëe°l��£W� ©¦ÕÈ��§{§ �±§{°�«\² 
ä² å I\²����d§��f§¿«È �¤¦°{¤±©{«u¬|� ¥xÍ{«u� ¤�©��¨£l¬�§
«u�d§½Á�¤W�v«�¬�§x¢ §2��£W©{«Ù¤�©d§p��Ç|¤_¬�«u�d§Ã§\Ø�°x�d£W©dÀW§¨°�¤�ÍW¯x¢ � ©dÀl��°{¤�©��p� Âx§x¬�§{ÂÊÕÈ��§{§ ��§�°�«\²äãä² å Ip²

prq
	rqFuwv �z{����Y|������'�����\���z�Y|��tx��z� �'���
���d§®£�°p«�� ¤�©Ã¤xÇ�«u�d§ÇvÍx¢ ¢x¤�¥{�f§x¬'��£W¥x¢ § E F F F V m � 2�� � ��Âx§{°{¤�ÁÃ¯d¤W�f§{ÂÊ� ©Ã«u�d§Ò¤�©d§pË|«�¬È� ¯W¢ ¤±©°x��£W©x©d§x¢W¤�©Ã«u�d§ÃÀ±¬�¤�Íx©dÂ�f«v£{«�§ÃÇÈ¤Ó¬ ç_Ø�§�Â½¤�©d§pË|«�¬È� ¯W¢ ¤±©¿Á�¤±Á�§x©�«uÍWÁ �×¥�Î¨ �¬È� «u� ©dÀ

E F F F V m � 2�� V .-X �� F F Fm � 2�� Õ ��I�V���X # Õeã�²�
ä²'&SI
 ��{§x¬�§¨«u�d§Ò£WÁÒ¯x¢ � «uÍdÂx§��  F F Fm � 2�� £�¬�§¨À±� �{§x©½¥�Î

 F F Fm � 2�� ��� ma � 6 h M�� a �
mM °{¤W�pÕ ��_ I � Õeã�²�
ä²%6�I
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UWV XZYä[ZY�*�]_^���w�i��qtvo}V ydh bxwÃcfy�i\��tvo�s{hWjdipwpcfV t}� � � s��W�Ù~�b�o 	 � � � Y®��s\cf��i�j®Xlo¾iu�h V w�i¨�ub�oqo�iucfypbxw�j{czt|b � C x�� � fZ� j�s\cf��i�j
gdh sp�p��jdi�ydV ��t�c � C x�� fZ�Zcebxh V jXlo�i���h V w�i�o¾i�ypo�iuc�ipw\t�c � C x�� [ f®s�w�j�cebxh V jÒgdh s\�p��h V w�injdipwpb{teiuc � C *
� xZY

���{§Ü�pÍWÁ ¬|ÍW©��½¤Y�d§l¬�£Z¢ ¢a¬|ÍW©{Àx�{_%@ .ä² ���{§×£WÁÒ¯x¢ � «uÍdÂx§�� � mM °{¤_¬|¬�§��\¯d¤�©{Âß«�¤è«u�d§×¤�¯d§l¬q£{«v¤_¬J$ �m<f L ² ���d§
£WÁÃ¯W¢ � «�Í{ÂW§�� � `M ¤xÇ K � `/f L ÂW¤ ©d¤W«ª©d§{§�Âß«�¤ ¥d§Ê°d£W¢ °xÍW¢ £d«�§{Â×��§l¯�£l¬q£{«�§x¢ Îß¥d§�°d£WÍ{��§ß� «®°{£Z©æ¥d§¦Âx§�«�§x¬|ÁÃ� ©d§�Âà¥�Î
Í��p� ©{À½«��{§ª� ©��d§l¬¾�p� ¤±©¨�vÎxÁÒÁ�§�«u¬�Î®¤xÇa«u�d§¿¢ £dÂWÂx§x¬�¯W¢ Í���«��{§¨�vÎWÁÃÁ�§�«u¬�Î¿°�¤�©d°{§l¬|©W� ©{ÀÒ«u�d§½¬�§2o�§{°p«�� ¤�©Ã£W¥d¤�Í�«�«u�d§
°�§x©{«�§x¬|¢ � ©d§Æ¤xÇ�«��{§æ¢ £dÂWÂx§x¬e²<�Ã©d§Ê¤�¥{«v£W� ©{� � `M �  � mM £Z©{Â � m^ M � � mM ��¤æ«��d£{«Ò¤±©W¢ Î¦£WÁÒ¯x¢ � «uÍdÂx§�� � mM  �� «u�©{¤�©�Ëf©d§{ÀW£d«u� �{§ d ��£��d§¨«�¤Ü¥d§ÂW§�«�§x¬ÈÁÒ� ©{§{Âä²
���{§¡¤�©d§\Ë�«u¬|� ¯W¢ ¤�©¡°{¤±©{«u¬|� ¥xÍ{«u� ¤�©Ù«v¤�«u�{§nÂ�ÎW©d£ZÁÃ� °d£W¢u�v«u¬|Íd°�«uÍx¬�§ÙÇ�£d°�«�¤_¬Ô� ��Âx¤�ÁÒ� ©�£W©{« ÇÈ¤Ó¬_«u�{§n°�¤�ÍW¯x¢ � ©dÀl�k°{¤±©{�p� ÂlË
§l¬�§{Â¿�d§x¬¾§¡ÇÈ¤_¬Ô£W¢ ¢lÁ�¤�Á�§l©{«v£_²k���d§ �xË�¬¾§���¤�¢ �d§{Â¨�p¯{§{°�«u¬q£W¢\ �§x� À±��«�+ m Õ ��I¡� �z�\�d¤d �©� ©Òá�� À�²Zãä²�&�å¨Ç|¤_¬;� � .�� 65eÔÌ� � .�� eÔÌ � � .�� ã5eß£W©dÂ�� � &Z²Æ���d§¦¬�§p�pÍW¢ «�Ç|¤_¬ � � &Ü� �½� ©Ö£dÀ±¬�§{§lÁ�§x©�«� n� «u�Ö§\Øl£d°�«¨ÂÓ� £dÀW¤�©d£W¢ � É�£d«u� ¤±©ÂW£{«f£ L%$-6-N
O�²
ÅÄ«8� � .äÌZ«u�d§�«�¤W«v£W¢��p¯{§{°�«u¬q£W¢d �§x� ÀÓ�{«¡� ��� ©�«��{§¨¤�©d§\Ë�«u¬|� ¯W¢ ¤�©�°l��£W©W©{§x¢ë²k���{§x¬�§pÇÈ¤Ó¬¾§�«u�d§ �lË�¬�§��f¤�¢ �{§{ÂÒ�\¯d§{°�«u¬q£W¢ �§l� À±��«ÙÇ|¤_¬�� � .¦� �'+ m Õ ��I � &3(då ²a��ÍW¬|©x� ©dÀ½¤±© �kÌÓ«u�d§Ã¤�©d§\Ë�«u¬|� ¯W¢ ¤�©¨�p¯{§{°�«u¬q£W¢� �§x� ÀÓ�{«�Âx§{°x¬�§{£d�f§���ÇÈ¤Ó¬��\Á¨£W¢ ¢Á�¤�Á�§x©{«v£Ã n�W� ¢ §ª� «�� ©d°l¬�§d£{��§���ÇÈ¤_¬�Á�¤�Á�§x©{«v£Æ©{§d£l¬�� � � ²nÏÐ©Ã«u�d§½©d§\Ø{«¡�pÍx¥{��§�°�«u� ¤�©ª� «Ù n� ¢ ¢±¥d§¨�p�{¤� n©Ã«u��£{««u�{§Æ«È �¤lË�«u¬|� ¯W¢ ¤�©ª°{¤�©�«u¬|� ¥WÍ�«u� ¤�©Æ¤xÇ¡«u�{§ÖÂ�ÎW©�£WÁÃ� °d£W¢Ó�f«u¬|Í{°�«uÍW¬�§½Ç|£�°p«v¤_¬8��£W©x� �p�{§��Ò£d«�� � .�²Æ���{§x¬�§pÇÈ¤_¬�§®«u�d§�\¯d§{°p«�¬�£Z¢u �§l� À±��«�¤xÇä«u�d§�¤�©d§\Ë�«u¬|� ¯W¢ ¤�©¡°x�d£W©W©d§l¢{©d§d£�¬_«u�W� ��Á�¤�Á�§x©{«uÍWÁ � �a�p�x� Ç}«v§�ÂÒÁ�¤x�f«u¢ Î�«�¤¨«��{§�«u�W¬�§{§\Ë�«u¬|� ¯W¢ ¤�©
°l��£W©W©{§x¢ë²�Ï «�°d£W©ª¥d§Ã°{¤�©{°x¢ Í{ÂW§{ÂÒÇ�¬�¤�Á á±� Àä²�ãä²'&�åÆ«u��£{«¡«u�d§�p¯{§{°�«u¬q£W¢x �§l� À±��«�� ©Ã«u�d§Ã¤�©d§pË|«�¬È� ¯W¢ ¤±©Ã°x��£W©W©{§x¢Ó� �
°�¤�©d°{§l©{«u¬q£{«�§{Â¿£W¥d¤±Í{«�� � � ÇÈ¤Ó¬Ä� ©d°l¬�§d£{�p� ©{À���²����W� �¡£dÀ±¬�§�§��z n� «u�¨ç�©dÂ±� ©dÀx��Çv¬¾¤�Á ¥d¤W�f¤�©W� É�£{«u� ¤�©� n�d§l¬�§�«u�d§
°{£d�f§®¤xÇa �§{£ZÚd¢ ÎÖ� ©�«�§x¬q£d°�«u� ©dÀª°x�d£W� ©{�� �n�f«uÍdÂÓ� §{Âä²J�Ã©{§Ãç�©dÂl��£��{Ë�¯d§d£WÚ½� ©Ã«u�d§®ÂlÎW©d£WÁÒ� °{£Z¢l�v«�¬ÈÍd°�«uÍW¬¾§ÃÇ|£�°p«v¤_¬
� ©«��{§Ã�\ÍW¬|¬¾¤�ÍW©{Â±� ©{À¿¤xÇa«u�d§½Á�¤�Á�§l©{«uÍWÁ � � � °�¤Ó¬|¬¾§��p¯{¤�©dÂÓ� ©dÀÃ«v¤ª«u�d§§\Ød°x� «v£{«�� ¤�©Ã¤xÇ�¤�©{§¨«�¬È� ¯W¢ ¤±©4L%$-6�&�Oe²
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UWV XZY_[ZY�*1fZ^ )k��b{�}tvoqV ydh bxw�cfy�i��ut�oqs�hljdipwpcfV tq��� � s�� � � ��~�b�o 	�� �±^�sÈs�� � C x�� fÒs{w�jGs|g{� � C *
� xZY )z��i�Xlo¾i���cebxh V j®h V w�iuc
m�s\oq��t���iÃh b\��ipoas{w�jÃtv��iÃ�dydy�ipo�i\jdXdi�b{~�tv��i�t}��b{�qtvoqV ydh bxw®�ubxw\tvV wd�d�dm¨Y=)z��iÃgdh sp�p��cebxh V jÆh V w�iucnjdi�wpb{t�i�tv��i�t}��b{�
tvoqV ydh bxw�gpbx�dw�j�c�t�suteiuc�Yv)z��izj�s\oq��Xlo¾iu��j�s�cf��i\jnh V w�iÙjdipwpb{teiuc tv��i�h bp�Äipoäg{s�w�j�i\jdXdiab{~Ótv��ia~�bx�do��qtvoqV ydh bxw��ubxw\tvV wd�d�dm¨Yz w s|g{� s{w�spjdjlV tvV bxw{s�h�j�spoq�ÄXlo¾i��kcebxh V j�h V w�i�V cÄV w���h ��jdi�j����dV �p�zV c�saXl�dV jdiÄt�bÙtv��i�iu��i�h V wd�\V w�X�tv��i�m�V jlg{s{w�jac&4l�{s\o�i���o¾bdb{t
cfV w�Xl�dh s\o}V tvV i�c�Y

prq
	rqED�����:�2�Y| �����'���������:�Y| �tx��:� �'���
���d§¿«È �¤lË�«u¬|� ¯W¢ ¤�©¿°�¤�©{«u¬|� ¥xÍ{«u� ¤�©Ò«�¤Ê«u�d§½Â�ÎW©�£WÁÃ� °d£W¢Z�v«u¬|Íd°�«uÍx¬�§®Ç�£d°�«�¤_¬Ù¬�§l¯l¬¾§���§x©�«e��«u�d§½¤±©W¢ Î®�p� É�£W¥W¢ §¿°�¤�©{«u¬|� Ë
¥WÍ�«�� ¤�©¦¥d§p�p� Âx§���«u�d§½¤�©{§pË�«u¬|� ¯x¢ ¤�©Æ¯�£l¬�«�ÂÓ� ��°xÍ��f�f§{Âæ� ©½«u�{§Ê¢ £{�f«n�pÍW¥���§{°p«�� ¤�©ÜÕ|�f§{§ ��§{°p«p²�ãä² å Ip²4Rk§2�{§x¬¾«u�d§x¢ §��f�
� «e�ª¤Y�d§l¬q£W¢ ¢Ô�\¯d§{°�«u¬q£W¢Ô �§l� À±��«Æ� �5;±ÍW� «v§Ö�pÁ�£Z¢ ¢�Õ + `)f 2 ��3 B .��%$æÇÈ¤_¬ � B &� e�Ip² áx¤_¬¾«uÍW©d£{«v§l¢ ÎÊ«u�{§¦«È �¤xË�«u¬|� ¯x¢ ¤�©
°{¤�©�«�¬È� ¥WÍ�«�� ¤�©¿� �¨¯�¬�¤W«�§{°�«�§{ÂÆ¥\Î½� «��¨¯d£l¬|� «ÈÎp²kÅa�nÂ±� ��°xÍ��f��§�ÂÊ� ©���§{°p«p²�ãä²%$�Ì�£W¢ ¢x°{¤±©{«u¬|� ¥xÍ{«u� ¤�©��¡°d£W©½¥d§°x¢ £{�v�p� ç�§{Â
°{¤�©{°{§x¬|©x� ©dÀß«��{§â¯�£l¬|� «ÈÎ{c ÂW§l©d¤W«u� ©{ÀÞ«u�d§×¤�¯d§l¬q£{«v¤_¬�¤xÇÃ¬�§2o�§{°p«�� ¤�©×£W¥d¤±Í{«®«u�{§ß°�§x©{«�§x¬�Ëf¢ � ©d§Ê¤xÇ�«u�{§è¢ £�ÂxÂW§x¬
£{�ªÂW§x¯x� °�«�§{Â � ©èá�� Àä²�ãä² eÔ² ê���£W©x©d§x¢ �¿§\Ø�°x� «v§�Â ¥�Î E F F F ��£��{§Ü¤ZÂWÂ ¯d£l¬|� «}Î×£W©dÂè°x�d£W©W©d§l¢ �½§\Ød°x� «�§{Â ¥�Î E F T
��£��d§¨§��d§x©¿¯d£l¬|� «}ÎÃ£{��� �¡��§�§x©�Ç�¬�¤�Á[aI;ä²±ãä² $ä²�
ä²k���{§¨«È �¤xË�«u¬|� ¯x¢ ¤�©�°{¤�©{«u¬|� ¥WÍ{«u� ¤±©®� �¡«u�d§l¬�§pÇÈ¤Ó¬�§n«u�d§ÂW¤�ÁÃ� ©d£Z©�«
°{¤�©�«�¬È� ¥WÍ�«�� ¤�©Ö n� «u�Ü§��d§x©Ö�vÎxÁÒÁ�§�«u¬�Îß£W©dÂ×��¤Þ¤xÇ¯d¤W�v�p� ¥x¢ §Ê§\ØW¯d§x¬È� Á�§l©{«v£W¢�¬�§x¢ §2��£W©d°�§×� ©��p¯x� «�§Ê¤xÇ� «e�½¤Y�{§x¬q£W¢ ¢
�p¯{§{°�«u¬q£W¢� �§x� À±��«�� �¡�\Á¨£W¢ ¢ë²
�Ã©d§�ÂW§�°{¤�ÁÃ¯d¤W�f§��k«u�d§n£d°�«u� ¤�©�¤lÇÔ«u�d§�Ç�ÍW¢ ¢\¤�¥���§x¬���£W¥W¢ § E F T V ` � 2�� � ©�«u�d§¡«È �¤xË�«u¬|� ¯W¢ ¤�©�°x��£W©x©d§x¢\¤�©�«��{§�À±¬�¤�Íx©dÂ�f«v£{«�§ÃÇÈ¤Ó¬ ç_Ø�§�Â¿«È �¤xË�«u¬|� ¯x¢ ¤�©¿Á�¤�Á�§x©{«uÍxÁ �
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UWV XZY [ZY�*u[Z^ )a��b{�qtvoqV ydh bxw®c�y�i���tvo�s{h_jdipwpc�V tq� � � s�� � � ��~�b�oat|b{t�s{h±cfydV w®r�i�o�bÖs�t�� C x�� fZY�)z��i®�dydy�ipozy{s�w�i�hZcf�pbp��c
o¾iucf�dh t�cÔ~�bdoWbxgpcvipo#tps{gdh i 	��{s�w�jztv��i�h bp�Äipo�y{s�w�iphujdipydV ��t�cÄo�iucf�dh t�cÔ~�b�o 	�� � Yi)Ù��iaXlo¾i��acebxh V j�h V w�iuc�o�ipy�o¾iuc�i�w\t|c�tv��i�h bp�Äipo
s�w�jntv��in�dydy�ipo g{s�w�j�i�jdXdiÙb{~Ôtv��i�t}��b{�qtvo}V ydh bxw��ubxw\tvV wd�d�dm¨Yv)z��i�gdh sp�p�Ùc�bxh V jÃh V w�i¡jdipwpb{teiucktv��i � C x�tq��b{�}t�o}V ydh bxw
gpbx�dw�jÆc�t�s�teidY )z��i¿j�s�c���i�jÆj�s\o}�ÒXlo¾i��Æh V w�iÆmns\o}��c�tv��i½ypbdc�V tvV bxwÆb{~Ùt���iÆh b\��ipo¡g{s�w�jÖi�jdXdi®b{~ztv��iÒ~�bx�do �}tvoqV ydh bxw
�ubxw\tvV wd�d�dmY

� ��¬¾§{Â±Í{°{§{Â®¥�Î��vÎxÁÒÁ�§�«u¬�În ��x� ¢ §n£Ã¢ £l¬¾ÀW§¡°{¤�©�«u� ©WÍxÍWÁ §\ØW� �f«e��� ©�«u�d§ $ � .¨°x�d£W©W©d§l¢ë²k���d§ � � .�«È �¤lË�«u¬|� ¯W¢ ¤�©�\¯d§{°p«�¬�£Z¢±Âx§x©{�\� «ÈÎÜ¬�§l¯l¬¾§���§x©�«e��«u�d§¦¢ §d£dÂ±� ©dÀÊ°�¤�©{«u¬|� ¥xÍ{«u� ¤�©®«�¤×«u�{§ ��£WÁ�£Z©Ê¬�§��p¯{¤�©{�f§Ê� ©½�\¯W� ©pË�¢ £dÂWÂx§x¬¾� L'&�N-.
Oe²
���{§ ��£WÁ�£Z©½¢ � ©d§pË|�p��£W¯{§½� �n«u�{§��£WÁ�§¨Ç|¤_¬ E F £W©{Â E F F L�&3N-.
Oe²����x� �n°d£W©Ã°x¢ §d£l¬È¢ Î¿¥d§��§�§x©½� ©Öá�� À�²äãä²�&dã½£W©dÂ
á±� Àä²Óãä²�&3Nä²ÙÏ «�ÇÈ¤�¢ ¢ ¤� z�z«u�d£d«�«u�d§�«u�x¬�§{§pË�«u¬|� ¯W¢ ¤�©�°{¤�©�«u¬|� ¥WÍ�«u� ¤�©�¤xÇ E F F ��£{�z«v¤M��£W©W� �\��ÇÈ¤Ó¬ � � .ä²a���{§ ��£ZÁ�£W©¤±¯d§x¬q£{«�¤_¬��d£{��£W©Ò§2�d§l©Æ¯d£l¬|� «}Î>L 64*5eYOÄ��¤Æ«��d£{«�� «�ÂW¤Z§p��¤�©x¢ ÎÒ°{¤�Íx¯W¢ §¨«�¤Ö�\¯W� ©Ò¤�¥���§x¬'�d£W¥W¢ §��¡ n� «u�¿§��d§x©ª¯�£�¬|� «ÈÎp²
���{§x¬�§pÇÈ¤_¬�§�«u�d§���£ZÁ�£W©½¬�§��\¯d¤�©���§°{¤�ÁÃ¯�¬|� ��§p��¤�©W¢ Î¨¤xÇ�°x�d£Z©x©d§x¢ �� �� «u�®£W©Ã§2�d§l©½©WÍWÁÃ¥d§l¬�¤lÇa«u¬|� ¯W¢ ¤�©{��²
���{§n¢ � ©d§��p��£W¯{§�£{« � � .�� ��Âx¤�ÁÃ� ©�£{«�§{Â�¥�ÎÙ«u�d§�«È �¤xË�«u¬|� ¯W¢ ¤�©�¯{§d£WÚk ��x� °x��¥d§�°{¤�Á�§����p��£�¬|¯d§x¬±ÍW¯{¤�©�� ©d°l¬�§d£{�p� ©{À��²�ÏÐ©®£dÂWÂÓ� «u� ¤�©ZÌ�£Ò°x��£l¬�£�°p«v§l¬|� �f«u� °�Ép§x¬�¤ª§xÁ�§x¬�Àx§���ÇÈ¤Ó¬��C@�.���
Ê� ©{�\� ÂW§¨«u�d§Ã°{¤�©�«u� ©WÍxÍWÁÛ¯�¬�¤ZÂÓÍd°x� ©dÀ½£Ò�f§{°{¤�©{Â
¯{§d£WÚ®£d«Ã�W� ÀÓ�d§x¬a§x©d§x¬¾À±� §���°x¢ §d£�¬|¢ ÎM�W� �\� ¥W¢ §¿£d«�� � &¦Õ|�f§{§Üá�� À�²�ãä²'&3NI L'&3N-.�Ì�&3N-N7Oe²���d§½ÂZ£{�\�d§{Â¦ÂW£l¬|ÚÒÀ±¬¾§pÎ¢ � ©d§ª� ©¦á±� Àä² ã�²'&dãÆ£Z©{Âæá±� Àä² ã�²'&3NªÂW§x©{¤W«�§���«u�d§ª¢ ¤d �§x¬z¥d£W©dÂÆ§{ÂWÀx§®¤xÇ�«u�d§Ç|¤�Íx¬�Ë�«u¬|� ¯x¢ ¤�©Ã°{¤±©{«u� ©WÍxÍWÁ®²¨Ï «n°d£W©
¥{§�§\ØW¯d§{°p«v§�ÂÃ«u��£{«�«u�d§�°x��£l¬�£�°p«v§l¬|� �f«u� °�Ép§x¬�¤Æ� ©{�p� ÂW§�«��{§Ò¥�£W©{Â®£W©dÂ«u�d§n��§{°{¤±©dÂ½¯d§d£WÚn£{«¡�W� ÀÓ�d§x¬ä§x©{§x¬�À±� §��z£l¬�§
Á�¤ZÂÓ� ç�§{ÂÆ¥�Î¿¢ � Ç|§pË|«�� Á�§�§\Ý�§�°�«e� L%$-6 
7Oe²a���d§®� ÁÃ¯W¢ � °d£{«u� ¤�©{��Ç|¤_¬ «u�d§¨§�ØZ¯d§l¬|� Á�§x©{«v£W¢ ��£WÁ¨£W©¿¢ � ©d§pË��\��£W¯d§n �� ¢ ¢Z¥d§
ÂÓ� ��°lÍ{�f�f§{Â¦� ©½Á�¤Ó¬�§¨Âx§�«v£W� ¢Ó� ©Ã«��{§¿©d§\Ø{«¡°x��£W¯�«v§l¬e²
���{§�«È �¤Ã¤�¥{�f§x¬'�d£Z¥x¢ §�� E F £W©dÂ E F F �p�{¤�  Â±� Ý�§l¬�§x©{«��p¯d§�°�«u¬q£W¢x¯�¬�¤�¯{§x¬¾«u� §��aÇÈ¤Ó¬Óç�©W� «v§Á�¤±Á�§x©�«uÍWÁ®ÌZ§��p¯{§{°x� £W¢ ¢ Î
ÇÈ¤_¬k¢ £l¬�Àx§ÒÁ�¤�Á�§l©{«v£½©{§d£l¬ � � � ²����d§��p¯{§{°�«u¬q£W¢lÂW§l©{�p� «ÈÎ¤xÇ E F £{« � � � Â±� �p¯W¢ £\Î{��£W©Ã£W¢ Á�¤W�v«¡£W©{«u� Ë�¥{¤�ÍW©{Â
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UWV XZYx[ZY#* �Z^ )k��b{�}tvoqV ydh bxw�cfy�i���tvoqs�h�jdipwpc�V tq� � � s�� � � �a~�bdo�t�b{t�s{h{cfydV w�r�i�o�bsut � C *
� xZY ��iuc��dh t�ck~�bdoÔbxgpc�ipo#tps{gdh i 	��ZV c
cf�pbp��w�V wntv��i��dydy�ipo y{s{w�iphds{w�j¨o�iucf�dh t|ck~�b�o 	�� �Ws\o¾i¡jdipydV ��tei�jV w�tv��i�h bp�Äipo�y{s�w�iph Y,)z��i¡Xlo¾iu��c�bxh V j®h V w�i�o¾ipy�o¾iucvipw\t�c
tv��i¨h bp�Äipo�s�w�j¨t���i��dydy�ipo�g{s�w�ji\jdXdi�b{~�tv��intq��b{�}t�o}V ydh bxw¨�ubxw\tvV wd�d�dmYg)z��i�gdh s\����c�bxh V j½h V w�i�jdi�wpb{t�i�c�tv��i � C x
t}��b{�qtvoqV ydh bxw¦gpbx�dw�jÖc�t�suteidY )z��i¿j�s�c���i�jÖj�spoq�®Xlo¾iu�Æh V w�iÆm�s\oq�uc�t���iÆypbdc�V tvV bxwÆb{~�tv��iÆh bp�Äipo�g{s{w�jÖi\jdXdiÒb{~�tv��i
~�bx�do��qtvoqV ydh bxw��ubxw\tvV wd�d�dmY

�f«v£{«�§Ò ��x� ¢ §¨«u�d§Ò¤�¥{�f§x¬'��£W¥x¢ § E F F �\�d¤d Ù��£Ö¥�¬�¤_£dÂÖ�xÍWÁÃ¯Ò°{§x©{«�§x¬¾§{Â¦� ©Ã«��{§ªÁÃ� ÂxÂ±¢ §¤xÇ�«u�d§½¥�£W©{Âä²Ù���{§ªÁÃ� Â�Ë
¥�£W©dÂ½�);±Í�£�¬�§pË�¬�¤W¤W«��p� ©dÀ±Íx¢ £l¬|� «�� §���¯�¬�§���§l©{«�� ©Ã«u�d§9$ � &Ò°{£d�f§®£�¬�§®£W¢ �f¤×¯�¬�§p��§x©�«ÙÇ|¤_¬ E F F £Z©{ÂªÇÈ¤_¬ E F ²*�Ä¤x«��¤�¥{�f§x¬'�d£Z¥x¢ §��n�p�{¤�  �p�d£l¬|¯Ò�f«u¬|Í{°�«uÍW¬�§��Ã� ©{�\� ÂW§Ã«u�d§¿°{¤±©{«u� ©WÍxÍWÁ ©{§d£l¬ � � � (
6Ö£{«�x� À±�®§x©{§x¬�À±� §��{²�Ï «n°d£W©Ö¥{§§\ØZ¯{§{°�«�§{Â¿«u��£{«�«u�{§���§�f«u¬|Í{°�«uÍW¬�§���£l¬¾§½¥�¬�¤Z£�Âx§x©d§�Â®Â±Í{§¨«v¤Ü¢ � ÇÈ§pË�«u� Á�§¨§pÝÄ§{°�«e��²
���d§×Â±� �f«u¬|� ¥xÍ{«u� ¤�©×¤lÇ��p¯{§{°�«u¬q£W¢  �§x� ÀÓ�{«ÃÇ|¤_¬¡«u�d§<$ � .Þ«} �¤xË�«u¬|� ¯x¢ ¤�©Þ¥{¤�ÍW©{ÂÞ�f«v£{«�§à� �ªÂ±� ÝÄ§x¬�§l©{«Ç|¤_¬�¥d¤x«��¤�¥{�f§x¬'�d£Z¥x¢ §��z£{�Ù°{£Z©Ã¥d§¨©W� °{§x¢ În��§�§x©Ò� ©�«u�{§Ã¬|� ÀÓ�{«�¯d£Z©{§x¢ ��¤xÇ�á�� Àä²Zã�²'& *ä²k���{§��\¯d§{°�«u¬q£W¢\ �§x� ÀÓ�{«�¤xÇ�«u�d§¥d¤�Íx©dÂ
�f«v£{«�§ª£d« � � � ��£W©x� �p�{§���ÇÈ¤Ó¬ E F  n�W� ¢ §Æ� «¨� �ÒÁ�£pØZ� Á�£W¢ZÇ|¤_¬ E F F ²����x� ��Ç|£d°�«n£W©dÂÖ«u�{§®«È �¤¦§\Ø{«u¬�§xÁ�£ª¤lÇz«u�{§Â±� �\¯d§x¬��p� ¤�©¿¤xÇz«��{§¿«È �¤xË�«u¬|� ¯W¢ ¤�©Ö¥d¤�Íx©dÂÆ�f«v£{«v§Æ£{« � � � (
6Ê£Z©{Â � � � £l¬¾§¿°x¬|Í{°x� £W¢WÇÈ¤Ó¬�«u�d§½§\ØW¯d§x¬|� Á�§x©�«v£Z¢
ÂW§�«�§x¬ÈÁÒ� ©d£{«�� ¤�©¡¤xÇä«u�d§J$ � .�«È �¤xË�«u¬|� ¯x¢ ¤�©�¥d¤�Íx©dÂ��v«v£d«�§¨� ©¡°lÍW¯�¬q£{«�§�¢ £dÂWÂW§l¬_�vÎ��f«�§xÁ���¥�Î�� ©�Ç�¬q£l¬�§�Â�£W¥{�f¤Ó¬È¯{«u� ¤�©L%64*-N7Oe²����d§ª� ©�Ç�¬q£l¬¾§{Â½£W¥{�f¤Ó¬|¯�«u� ¤�©¨ n� ¢ ¢±¥d§®ÂÓ� ��°lÍ{�f�f§{Â¦� ©ÆÁ�¤_¬�§ÂW§�«v£W� ¢±� ©Ã«u�d§Æ©{§\Ød«�°l��£W¯{«�§x¬e² Rk¤W«�§Ò«u�d£d«¡«u�{§
� ©{«�§x¬���§{°�«u� ¤±©®¤lÇ�«��{§Ò«È �¤lË�«u¬|� ¯W¢ ¤�©Ò°{¤�©{«u� ©xÍWÍxÁ	£Z©{Â½«��{§ÃÇÈ¤�ÍW¬ Ë�«u¬|� ¯W¢ ¤�©Ã°{¤�©�«�� ©WÍWÍxÁ � �©d¤W«�� ÁÒ¯{¤Ó¬¾«v£W©{«�ÇÈ¤_¬Ä«u�{§
«È �¤xË�«u¬|� ¯W¢ ¤�©½¥{¤�ÍW©{Â®�f«v£{«�§Z²
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UWV XZY{[ZY�* �Z^,)k�Äb{�qtvoqV ydh bxw � C xngpbx�dw�j�c�t�suteiaipw�ipo�X���s�w�jÙcfy�i��ut�oqs�hf�ÄipV Xl�\tÔ~�b�o � C x�� f:s|�dydy�ipoÓy{s{w�iph ��s�w�j � C *
� xs|h bp�ÄipoÔy{s{w�iph ��Y �di�~¾t�y{s{w�iph c\^�)z��i�cebxh V jnXlo�i��Ùh V w�izjdipwpb{teiuc�t���i�h bp�Äipo±i�jdXdi�b{~±t���i�tq��b{�}tvoqV ydh bxw��ubxw\tvV wd�d�dm s{w�jÙt���i
cebxh V j®gdh sp�p��h V w�injdipydV ��t�c�tv��i�jlV c�y�ipo�cfV bxw�b{~�tv��i � C xtq��b{�}tvoqV ydh bxwgpbx�dw�j�c�t�s�t�i�Y � V Xl�\tzy{s�w�i�h c�^ )z��i ����o�iucebxh t\i�j
cfy�i���tvo�s{hl�ÄipV Xl�\t�b{~ktv��i � C xÒtq�Äb{�qtvoqV ydh bxw®gpbx�dw�jÃc�t�s�tei¨V c�cf�pb\��wÒs�cnmni\s�c��do¾i�jÒgu��	 � sqcebxh V jÆh V w�i\�¡s�w�j¿g���	 � �s}j�s�c���i�jh V w�ip��Y
³ª´ � � º 0 ��¹Ô· � ������� 0 � �
���x� �k°l��£W¯{«�§x¬ÓÂx§d£W¢ �� �� «u�¡«u�{§�§x©d§l¬�ÀlÎ�£W©dÂ�«��{§Ù�p¯{§{°�«u¬q£W¢{¯�¬�¤�¯{§x¬¾«u� §���¤xÇ±«u�d§�«} �¤xË�¢ §{ÀM�k§x� ��§x©x¥d§x¬�À¡�\¯W� ©pË�¢ £dÂWÂx§x¬e²
���{§Ã¯{§x¬¾«uÍW¬|¥d£{«�� �d§n°{¤�©{«u� ©xÍd¤�Í��¡ÍW©W� «f£�¬�În«�¬�£Z©��vÇÈ¤Ó¬ÈÁ¨£{«u� ¤�©¨� ��� ÁÃ¯W¢ §lÁ�§x©�«�§{ÂÃ£Z¥{¤�Í{«a«u�{§Ã¢ � ÁÃ� «a¤lÇ_��£W©W� �\�W� ©{Àª¢ §{À
°�¤�ÍW¯x¢ � ©dÀ�²a���d§x¬¾§pÇ|¤_¬�§�«u�{§½¥d£{�p� °M;±Íd£d�\� Ë�¯d£l¬¾«u� °x¢ §Ã� ��«��{§ª¬ÈÍW©dÀ�Ë�«u¬|� ¯x¢ ¤�©_²
Ï «Ò� �¨�p�d¤d n©ª«��d£{«�«u�d§¦¢ §d£dÂÓ� ©dÀÖ°x��£W©W©{§x¢ ��Ìa©d£WÁ�§x¢ Îª¤�©d§\Ën£W©dÂ¦«È �¤xË|«�¬È� ¯W¢ ¤±©_Ì °{¤�©�«v£Z� ©¦Á�¤x�f«�¤lÇ�«u�d§¿�\¯d§{°�«u¬q£W¢
 �§l� À±��«ÙÍW¯n«�¤��/= &� eä²rRk§2�{§x¬¾«u�d§x¢ §��f��«u�W¬�§�§pËa£W©{Â�Ç|¤�Íx¬�Ë�«u¬|� ¯x¢ ¤�©�°l��£W©W©{§x¢ ��°{¤�©�«�¬È� ¥WÍ�«v§n£��\� É�£Z¥x¢ §¨¯�£l¬¾«�«v¤«u�d§
«�¤W«v£W¢p�p¯d§�°�«u¬q£W¢p �§x� À±�{«�� ©�°{¤�ÁÃ¯�£l¬È� ��¤�©Ù«�¤Ã«u�d§n°d£{��§n¤xÇ «u�{§�ÂÓ� Á�§l¬|� Ép§{Â£W©dÂ�Ç�¬|Í{�v«�¬�£d«�§{Â¨�\¯W� ©pËe°x��£W� ©nÂÓ� ��°lÍ{�f�f§{Â
� ©¿«u�d§Ê¢ £{�v«�°x�d£W¯{«�§x¬e²5��§x©d°{§Ò«��{§Ö¬|Íx©dÀlË|«�¬È� ¯W¢ ¤±©5;ÓÍ�£{�p� Ëf¯�£l¬¾«u� °l¢ §Æ¯x� °�«uÍW¬�§ª� �®¢ §p�f�¨§pÝÄ§{°p«�� �d§ÃÇÈ¤_¬+�Y! � � � ¥WÍ�«
�v«u� ¢ ¢l �¤Ó¬|Ú��n£W©{Âª£Æ¢ §{À�Ë�«u¬|� ¯W¢ ¤�©¿¯W� °�«uÍW¬�§®ÁÃ� À±��«�¥d§¿Á�¤Ó¬¾§½Í���§pÇ�ÍW¢l«u�d§l¬�§Z²
a ©d§l¬�ÀlÎª¯�¬�¤�¯{§x¬¾«u� §���¢ � Úu§«��{§®¤�©{§pË�«u¬|� ¯x¢ ¤�©ÃÂÓ� �p¯{§x¬¾�p� ¤�©_ÌÓ«u�d§Æ¥d£W©dÂW§�ÂWÀW§p��¤lÇ�«��{§Ò«È �¤lË�«u¬|� ¯W¢ ¤�©Ã°{¤�©�«�� ©WÍWÍxÁ	£W©dÂ
«u�{§¿Â±� �\¯d§x¬��p� ¤�©®¤xÇ�«u�d§®«} �¤xË�«u¬|� ¯x¢ ¤�©ª¥d¤�Íx©dÂª�f«v£{«�§��®¥WÍ�«�£Z¢ ��¤Ê«u�d§ª¯d¤W�\� «u� ¤�©®¤xÇ�«u�d§®«u�W¬¾§{§pËn£W©dÂ½ÇÈ¤�ÍW¬�Ë|«�¬È� ¯W¢ ¤±©
°�¤�©{«u� ©xÍ�£½£l¬�§ª¯�¬�§���§l©{«�§{Âä²n���d§®¤�©d§pË|«�¬È� ¯W¢ ¤±©®ÂÓ� �p¯{§x¬¾�\� ¤�©®°x��£W©dÀx§���Ç�¬�¤�Á £½°{¤W�\� ©d§\Ë�¢ � Ú�§ÇÈ¤Ó¬ÈÁÛ£{«��pÁ�£W¢ ¢Ó°{¤±Í�Ë
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)Ôs{gdh i �ZY �Z^>+���tvV bxwÒb{~atv��i¨bxy�ipoqsut�b�o�c �-������. bxw½ypo¾b�jl����tzc�t�s�teiuc�b{~zspj�7�s\��i�w\t¡oq�dw�X{c\Y38ÓV w�Xlh i�t�cns\o�i¨jdipwpb{tei�jªg��V9
s�w�jÒtvoqV ydh bxwpc�gu�G; . ����ipo�intv��i�cf�dy�i�o�c��po}V y\t�V w�jlV �psuteiucÙtv��iÃmnspXlw�i�tvV �34l�{s{w\tv�dm wd�dm�g�ipo�Y>)z��iÃo¾i�mns{V wdV w�X®m�sutvoqV ?
iph ipmnipw\t�c��\s{w¨g�i�~�bx�dw�jg����pc�V w�X �->@ � �����B C �- �����D B Y
Á�§xÁ�¤Ó¬ Î�²+��Í�«a£dÂWÂÓ� «u� ¤�©d£Z¢ ¢ Î�°{£l¬�§�ÁÃÍ{�f«�¥d§�«v£WÚu§x©¨� ©�°x�d¤W¤W�p� ©{À�«u�d§¡°�¤Ó¬|¬¾§{°�«�°x¢ Í��f«�§x¬Ó�p� É�§�ÇÈ¤Ó¬_«u�{§n°{£Z¢ °xÍW¢ £{«u� ¤�©Z²
Ïë©Ã°{¤�©�«u¬q£{�f«Ù«�¤½«u�d§£W¯W¯x¢ � °d£{«u� ¤�©���� ©¨«u�{§½¯�¬�§��W� ¤�Í���°x�d£W¯{«�§x¬¾��ÌÓ«u�{§Ã°l¢ Í{�v«v§l¬��p� Ép§¨«v¤ª°d£W¢ °lÍW¢ £{«�§�¤_¬�ÂW§x¬ �Ü� ©¨«u�d§
«u�{§x¬|Á�¤ZÂlÎx©�£WÁÒ� °d£W¢Ô¢ � ÁÃ� «�°�¤Ó¬|¬¾§{°�«u¢ ÎÊ� �¿©d¤W«:PuÍ��f« � � &W²¿���W� �¿� �¿� ¢ ¢ Í��f«u¬q£{«�§{ÂÞ� ©×á�� Àä²nNä²%6ÊÇÈ¤Ó¬�£ª«u�W� ¬�ÂÜ¤_¬�Âx§x¬
¯�¬�¤W°{§��f� ] ^I` ] a ] ` ¬�§x©{¤Ó¬|Á�£W¢ � É�� ©dÀn«u�d§�¢ ¤Z°d£W¢{�{¤�¯W¯x� ©dÀ�£ZÁÃ¯W¢ � «uÍdÂW§ � a ²����pÍ�£W¢ ¢ ÎÕe£{��� ©¡«u�d§�¢ £{�f«�«È �¤¨°x��£W¯�«v§l¬¾�
I«u�{§Ö¢ §pÇ}«uÁ�¤W�v«�«�¬È� ¯W¢ §p«�Âx¤Z§��Ã©d¤W«¨©d§�§{ÂÆ«�¤æ¥{§Æ� ©{°x¢ Í{ÂW§{ÂÜ� ©Ò«��{§¿°d£W¢ °xÍx¢ £{«u� ¤�©ª� ©½¤_¬�Âx§x¬�«�¤¦¤±¥{«v£W� ©¿«u�d§®°{¤Ó¬È¬�§{°�«
¬¾§��pÍx¢ «e�n� ©�«u�d§n«��{§x¬|Á�¤ZÂlÎx©�£WÁÃ� °�¢ � ÁÃ� «�¥d§{°{£ZÍ���§�«u�d§�¤
�d§x¬q£W¢ ¢�£WÁÃ¯W¢ � «uÍ{ÂW§¨� �zÉp§x¬�¤¨ÇÈ¤Ó¬�¯�¬�¤Z°{§p�f��§p��� ©d°x¢ Í{Â±� ©{À�«u�W� �
«u¬|� ¯W¢ §�«\²����W� �� ��Â±� ÝÄ§x¬�§l©{«�� ©«��{§Ò°{£d�f§¤xÇkç�©W� «�§�ÇÈ¤�ÍW¬�Ë|�p¯W� ©¿� ©{«�§x¬�£�°p«�� ¤�©{��²
Ï «ÙÇÈ¤�¢ ¢ ¤d z�Ù«u��£{«¡¤�©{§®��£{�¡«�¤¦Í{��§°x¢ Í{�f«�§x¬���¤xÇk�\� É�§4&"e¿«�¤ª°d£W¢ °xÍx¢ £{«�§�«��{§¤�©d§pË|«�¬È� ¯W¢ ¤±©���§�°�«�¤Ó¬aÍx¯«v¤ª¤_¬�ÂW§l¬�&-&
£W©{Â®«u�d§�«È �¤xË|«�¬È� ¯W¢ ¤±©��f§{°�«�¤Ó¬Ô«v¤½¤_¬�Âx§x¬8&3.�²a���d§��u£WÁ�§Ò�d¤±¢ Âx��«u¬|Í{§�Ç|¤_¬Ô«u�{§¨°x¢ Í{�v«�§x¬�°x�{¤�� °{§�«�¤½°{¤±ÁÒ¯xÍ{«�§�«u�d§
§\Ý�§�°�«u� �d§¤�¥���§x¬'�d£W¥W¢ §���²
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«u�d£d«a«u�{§x¬�§¨� �n©{¤¿¯W��£{�f§n«u¬q£W©{�\� «u� ¤�©�ÇÈ¤Ó¬;� � / � � .§\Ø�°�§x¯{«�£{« � � � Ìx«��{§�°{£d�f§�¤lÇ�«È �¤ª� ��¤�¢ £{«�§{Â��\¯W� ©pËe°x��£W� ©��{²
���{§×À±¬�¤�Íx©dÂÞ�v«v£d«�§×¤xÇ�«��{§Ü�vÎ{�v«�§xÁ � �ªÂW¤±ÁÒ� ©d£{«v§�Â ¥�Îè¬|ÍW©{ÀlË��\� ©dÀÓ¢ §�«e�® n�W� °x�è� �½«��{§×¤Ó¬|� À±� ©Ê¤xÇ�«u�{§è©d£WÁ�§
¬ÈÍW©dÀ�Ë��p� ©dÀ±¢ §�«Ò¯x��£{��§Z²®���W� �¿¯x��£{��§¦� �°x�d£l¬q£d°�«�§x¬|� É�§{Â×¥�ÎÆ£ªç�©W� «v§¦¬|Íx©dÀ�Ë�«u¬|� ¯W¢ ¤�©½ÀW£Z¯Z²ÊÏë©ª«��{§¿Ç|¤�¢ ¢ ¤� n� ©{ÀÖ«u�d§
ÂÓ� ��°lÍ{�f�\� ¤�©Ü� �½¬�§p�f«u¬|� °�«�§{Â¦«�¤Ü«u�d§��a£WÁÒ� ¢ «�¤�©W� £W©ÊÕ1Nä²'&Z² $�Ip²½Å�©Ö£W©�£W¢ ¤ZÀx¤�Í{�¨ÂÓ� ��°lÍ{�f�\� ¤�©½ÇÈ¤Ó¬�«u�{§Q�a£WÁÃ� ¢ «�¤�©x� £W©
Õ<Nä²'&Z²%6I¡°{£Z©½¥{§�Ç|¤�Íx©dÂÊ� ©���§pÇf²�L%6-.4*7Oe²
ál¤_¬k£Ã°{§x¬¾«v£W� ©¨ç�©W� «v§ � �0/ � Ì±«u�d§½¬|Íx©dÀlË|�p� ©{À±¢ §�«n¯W�d£d�f§ª� ��ÂW§��v«f£W¥x� ¢ � Ép§{Âª£W©dÂ¦¥�¬�§d£WÚ���ÂW¤d n©Ò£d«¡£Ãç�©W� «�§*��£W¢ Í{§Ã¤lÇ
� �0/ � ÂW§x¯{§x©dÂÓ� ©dÀÒ¤�© ��²����d§x¬�§�£l¬�§��f§2�d§x¬�£Z¢_©{§p e;ÓÍ�£W©{«uÍxÁ ¯W�d£{��§���¯{¤W�f�\� ¥W¢ § L%$-6�&ZÌ)$-$4*@?I$xå�$
Oe²��Ã©d§¨¤�¥�«v£Z� ©{�
£¿�\¯d¤�©�«f£W©{§{¤�Í{�\¢ Î®Â±� Á�§x¬|� Ép§{Â¦¯W�d£{��§Ò n�d§x¬¾§Ò«u�d§¿ÂÓ� Á�§x¬¾��£l¬�§Æ¢ ¤Z°d£{«�§{Â¦� ©ª£ÖÁ�§d£W©dÂx§x¬�Ë�¢ � Úu§�f«u¬|Íd°p«�Íx¬�§¿¤�©Ò«u�d§
¢ §{Àx�¿ÕÈ��§{§Üá�� Àä²�ãä² å�IpÌ ��°d£W¢ £l¬�£Z©{Â �d§�°�«�¤Ó¬�°l�W� ¬q£W¢ � «ÈÎÖ¯x��£{��§p�{Ì�£Ü¯x��£{��§½¤lÇ¡ÂW¤±ÁÒ� ©d£W©{«n°{¤�¢ ¢ � ©d§d£�¬��\¯W� ©ª°�¤Ó¬|¬¾§x¢ £�Ë
«u� ¤±©{�n£W©dÂ®£¨ÇÈ§x¬|¬�¤±Á¨£dÀ±©{§�«u� °Ã¯x��£{��§ L $-$4*
Oe²S�k¤d �§2�{§x¬eÌ±¬¾§d£W¢�«È �¤xË�¢ §�ÀÆ¢ £dÂWÂx§x¬�°xÍx¯�¬q£{«v§��vÎ{�v«�§xÁ���£l¬¾§¨£W¢  z£\Î{�n� ©
«u�{§Ö¬|ÍW©{ÀlË��\� ©dÀÓ¢ §�«¨¯W�d£{��§ZÌ�¥xÍ{«¨¬�§x¢ £{«u� �{§x¢ Î®°x¢ ¤W�f§Ò«�¤Ê«u�d§5;ÓÍ�£W©{«uÍxÁ ¯W�d£{��§Ò«u¬q£W©��p� «u� ¤�©®«�¤Ê«u�d§¿�p¯{¤�©{«v£W©d§�¤�Í{�\¢ Î
ÂÓ� Á�§x¬|� Ép§{Â½¯W��£{�f§5L%$-6�&�Oe²a���d§x¬¾§pÇ|¤_¬�§ZÌÓ� «¡� ��� ©Ò� ÁÃ¯d¤_¬¾«v£Z©�«a«�¤ÊÍW©dÂx§x¬¾�v«f£W©{ÂÒ«u�d§Ò¯�¬�¤±¯d§x¬¾«u� §p�Ù¤xÇ�«u�W� ��«u¬q£W©{�p� «�� ¤�©_²
Ïë©Ã«u�d§¨Ç|¤�¢ ¢ ¤� n� ©{ÀÒ«u�d§Ã§\Ød«�§x©��p� ¤±©Ã¤xÇk«u�d§½¬|Íx©dÀlË|�p� ©{À±¢ §�«n¯W�d£d�f§¿� �n°d£W¢ °xÍW¢ £d«�§{Â�²
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UWV XZY �ZY �Z^ z h h �pc�tvo�s�tvV bxwnb{~Ôtv��i¡�p�pbxV ��i�b{~���h �pc�teipo�cfV r�iuck~�b�o�tv��iÙtq��b{�eh i�Xh spjdjdipo±��V tv��~�bx�do �ÈcfydV w�V w\teipoqs\��tvV bxwpc�Y � o¾i�i�ws}Xlo�i��p���pV o¾�ph iuc�jdipwpb{tei�cfV w�Xlh i�t�o}�dw�X{c�s{w�j½gdh ��i~s}j�s\o}�����pV o¾�ph iuc¡jdipwpb{tei¨i(?p�pV t�i\jtvoqV ydh i�t�c¡bxwtv��iÃoq�dw�X{c�Y>)Ù��iA0Óo�c�t
i(?�teipw�jdi\j�ph �pcet�i�o�b��\�p�do�c¡V w¨t���i�jdipydV �ut�i\j¨tv�dV o�j¨bdo�jdipo�ypo¾b���iucec$# D � #&%'# � ~�b�o�s{w�bxw\�ÈcfV tei¨�pbxydydV w�X¿ypo¾b���iucec^;(%pYAz w
sV0_o¾c�t¡c�teipyÃtq�Äb½tvoqV ydh i�t�c�s\o�i¨�po¾i\s�tei�jªh i�~¾t¡~Èo¾bxm tv��iÒV wdV tvV s{hZtvo}V ydh iut�g��)# � Y )z��i�cvi��ubxw�j¿c�teipy½V c�s{w½V w\teipo�sp��tvV bxw
y�o�b���i�cec*#+%�h V wd�pV w�Xªs{h hWtv�do�i�i�tvoqV ydh i�t�c�Y<z wtv��iÒh s\c�t�c�teipyÃtv��i�tq��b¿tvo}V ydh iut|c�h i�~¾tns\o�is�wdwdV �dV h s�tei�j½g��)# D � o¾i�cf�dh tvV w�X
V ws¨o¾ipwpb�oqm�s{h V r\s�tvV bxwnb{~�tv��i�h b��\s{hZ�pbxydydV w�X�teipoqm ; % Y$,Ôb{tei�tv�{s�tatv��i�s{m�ydh V tv��jdi�~�b�oÔtv�dV c�y�o�b���iuc�cÙV w�tv��i�tq��b{�eh i�X
h s\jdjdipo±��V tv�pbx�\t����\�ph V �¡i(?p���{s�w�Xdi�V c�r�ipo�b_Y ��wdh �Ù~�b�o�0ÓwdV teiÙ~�bx�do �ÈcfydV w�V w\teipoqs\��tvV bxw¡tv��i��ph �pc�teipo��{s\ckt|bÃg�i¡�p�pbdcvipwns\c
V w�jlV �\s�tei�jÃV w�b�o¾jdipoät|bÃbxg\tes{V wntv��i���bdo}o¾i���tzo�iucf�dh t�czV w�tv��i�tv��ipoqm�b�j���w{s�m�V �¡h V m�V tuY

���{§â�f«v£W©dÂZ£�¬�Â £W¯W¯�¬�¤_£d°x�æ«�¤ °d£W¢ °xÍx¢ £{«v§Þ£ ¯x��£{��§â«u¬q£W©��p� «u� ¤�© ¢ � ©{§æ �� «��à�f§x¬|� §p�¦§\ØW¯�£W©{�\� ¤�©{�æ� �¦«�¤ Í{�f§
Â±¢ ¤WÀ 5Ô£dÂ87§Ê§\Ød«u¬q£W¯d¤±¢ £W©{«e�Æ¤�© �nÕ��:#�� �0/ �
IÆ£{�ÖÂ±� �f°xÍ{�v��§{Â � © ��§�°�«\² eÔ²%6ä² Å�¯W¯W¢ ÎW� ©{Àâ«��x� �Ê£Z¯x¯�¬�¤_£d°x�Ü«�¤ «u�{§
¯�¬�¤�¥W¢ §xÁ	Íx©dÂx§x¬��f«uÍdÂ�Î«��x� �¡ÎW� §l¢ Âx��¬¾§x¢ � £W¥W¢ §Ò¬�§��\ÍW¢ «e�n¤�©W¢ Î¿� ©Ã£ �d§x¬�Î�\Á¨£W¢ ¢_¬¾§{À±� ¤±©Ã£W¥d¤�Í�«Ù«u�d§§\Ø�£�°p«�¢ Î¿Úd©d¤d �©
¯W�d£d�f§Ò«u¬q£W©{�\� «u� ¤�©Æ¯d¤�� ©{« L � � &7(Se�#�� � / � � &7( eYOzÕ ��§�§®À±¬¾§pÎ®�);±Íd£l¬�§½� ©¦á±� Àä²_N�² å Ip² �k§x©d§x¬�£Z¢ ¢ ÎpÌ±ÇÈ¤Ó¬ � � � �0/ �«u�d§ÃÂ±� �\¯d§x¬¾�\� ¤�©Ò£W©dÂ¿«u�{§ÃÀW£W¯¿£�¬�§®Úd©d¤d �©Ò§\Ø�£d°�«u¢ Î�L%6-NxåYO

�nÕ ��I)(Y��� � & � Õ<6z°{¤W�\Õ ��I  $�I � Õ1Nä²'&{£�I
�nÕ��:# �,I)(Y� � � &> e � � Õ1N�²'&x¥/I

���d§ª¬�§��pÍx¢ «e��§\Ø{«u¬q£W¯d¤�¢ £{«�§{Â¦� ©%�Þ£l¬�§ª¬�§x¢ � £W¥x¢ §�Ç|¤_¬�� X L%.��'&�#/.��%$7O� n�d§x¬�§Ã«u�d§¿ÀW£Z¯®°x¢ ¤x��§��¢ � ©{§d£l¬|¢ Î½� ©'�Þ£W©dÂ
� �0/ � ²
Ïë©Ã«��{§ÇÈ¤�¢ ¢ ¤� n� ©dÀ�ÌÓ£W©Ò£�Â7��£W©d°�§{Â½§\Ød«u¬q£W¯{¤�¢ £{«u� ¤�©¨«�§{°x�x©W� ;ÓÍd§�� L 6-.Zã@?\6�.4*
Oa� ��Í���§{Â¦� ©Ã¤_¬�ÂW§l¬�«v¤Ü� ©2�d§��v«�� ÀZ£{«�§

«u�d§½¬|ÍW©{ÀlË��\� ©dÀÓ¢ §�«�¯x��£{��§�ÇÈ¤Ó¬�¢ £�¬�ÀW§x¬qéÓ¢ ¤d �§x¬\�d£W¢ Íd§��n¤xÇ �ß£W©dÂ��� / �{²����{§�f§x¬|� §p��§�ØZ¯�£W©��p� ¤�©®� �n§\ØZ¯�¬�§��v��§{ÂÊ©{¤W«
� ©§\Ø{«�§x¬|©�£W¢_¯d£l¬q£WÁ�§p«v§l¬¾��¢ � Úu§J�×£Z©{Â%� �0/ � Ì ¥xÍ{«n� ©Ã£W© E @�B.-�=F@��7HÔ§x©d§x¬¾ÀlÎpÌW�p� ÁÒ� ¢ £l¬k� ©¨�\¯W� ¬È� «z«�¤ª£W©Ã£W¯W¯�¬�¤Z£�°l��ÇÈ¤Ó¬
«u�d§¦Ï �p� ©{ÀßÁ�¤ZÂW§x¢�L%6-.Zã7Oe²����d§Ê� ÂW§d£¿¤xÇn� ©�«v§l¬|©�£W¢ä¯d£l¬q£WÁ�§�«�§x¬¾�� z£d�Ò� ©{«u¬�¤ZÂÓÍd°{§�Â×� ©½£½ÀW§x©{§x¬q£W¢WÇÈ¤Ó¬ÈÁ � © �±§{°�«\²
eÔ² å ² �Ã©{§ÃÂx§pç�©d§��

/ Õ��vI � &> �nÕ1�,I � &A �nÕ��:#
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UWV XZY �ZY 6Z^���h sp�p�¡h V w�iuckcf�pb\�ßt���iÙjlh b�XZ`Óspj �izik?�t�oqs�ypbxh s�w\t�cÄ~�bdo�� ����� �½sut�� C *�s\cas�~È�dw���tvV bxw�b{~ � C � ����� � �äY )Ù��iXlo¾i��Òh V w�iÃV cns:0lt|tei�j®cfydh V w�i����dV �p��~�bxh h bp��c�t���is\c���m�y\t�b{t�V �g�ip�{s1t�V bdoR24ZY �ZY 6ZY �¿��V tv�
	 C x�� ]�*s�w�j�	� C x�� � f
sutÙcfmns{h hStps{h ��iuc�b{~ �ns{w�jÒs{ydy�o�b ?{V m�suteiucatv��i¨s
tps�V h s{gdh i�jlh b�XZ`Ós\j	�i¨o¾i�cf�dh t�c�Yd)z��iypbxV w\t�c¡m�s\o}�fi�jÒgu��c�t�s\o¾cÙs\o�incvi�t
g��¿�{s{w�j®t�bÖXl�dV jdi�tv��icfydh V w�ic�m¡bdb{tv�dh �½V wÒtv��i®V w\teipoqmni�jlV s�teiÃo¾i�XlV bxwxY~)Ù��iÃi(?�tvo�s{ypbxh s�tvV bxwªV wÊUWV XZY �ZY ]¦o�i
4l�dV o�iuc
s\��tv�{s{h h �nbxwdh �¡tv��i tps{h ��iuc���� x�� fZY
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UWV XZY �ZY ]_^>2/?�tvo�s{ypbxh s�t�i\j¨cfydV w¨X�s�ypc�~�bdo tv��i���s�m�V h t�bxwdV s{wG24ZY �ZY#*{Y 6½V w�t���i 
 �
�
� ����� � �eydh s{w�i3sqc�i�i¨m�s�V w�tei(?�t���Y )z��iXlo�i��zh V w�iÙV cÔtv��ikbxg\t�s�V w�i�j�yd�{s�c�iÄtvo�s{wpcfV t�V bxw�h V w�i � C x�s�w�j�tv��iaXlo¾i��ac&4l�{spo¾iaV c tv��iai(?�sp��tvh �Ù�pwpb\��w�t�oqs�wpc�V tvV bxw�ypbxV w\t
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� ����� C * � f�|Y )z��inypbxV w\t�czmns\o}�fi�j¨g���Xlo¾iu�¡��V o¾��h iuc�s{w�j�ipoqo¾bdo g{s\o¾czV w�jlV �\suteiÙtv��i¡iuc�tvV mns�tei�j�sp���p�doqs\�u�Ùb{~

tv��i¨i(?�tvo�s{ypbxh s�tvV bxwpc�Y ��w¨tv��iÃh i�~¾tÙc�V jdi�b{~kt���i�tvoqs�wpcfV tvV bxw®h V w�i�tv��i�c���cet�i�m V c�V w¨tv��ioq�dw�X��ÈcfV w�Xlh i�t¡yd�{s\c�id�±bxw�tv��i
o}V Xl�\tacfV jdi�V w�tv��i¡cfypbxw\t�s{w�iubx�pcfh �¡jlV m�i�oqV r�i\j�yd�{s\c�idY
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 ��{§x¬�§ ��� ��� (ZÕ � � HJIn� �¡«u�{§ �d£W¢ Íd§¤xÇ��¦ n�d§x¬�§¨«u�d§ÀW£Z¯ �d£W©W� �\�d§���ÇÈ¤Ó¬ À±� �{§x©<H�²a���d§l¬�§pÇÈ¤Ó¬�§WÌW«u�d§ÂW§x¬È� ��£{«u� �d§¤xÇ � ÇÈ¤Ó¬��\Á¨£W¢ ¢�H�£{« / � &ZÌÔ�ë² §Z²	� � � �{Ì � �nÀ±� �{§x©½¥�Î
� � Õ / � &-#
HJI �  Õ � � HJI `

� � � � H � Õ1N�²%$ä²%N�I
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1−Triplon dispersion

3−Triplon continuum

4−Triplon continuum

2−Triplon continuum

UWV XZY �ZY�*1xZ^ ��dh tvV �}tvoqV ydh bxw½�ubxw\tvV wd�{s®b{~�tv��i¨t}��b{��h i�XÊh s\jdjdipoa~�b�o � C *Òs{w�j � ����� C x��#*®spo¾ic��pb\��wxY ��w�i��ns�w�j
tv�do¾i\i��qtvoqV ydh bxw�i�w�ipo¾XlV iucÙs\o�injdipydV ��tei�jÒV w�tv��i�h i�~¾t�y{s{w�iphd���dV h i�tq��b{��s{w�j�~�bx�do �}tvoqV ydh bxw�ipw�ipo�XlV iuc�s\o¾i�ydh b{t|tei�j®V w�tv��i
o}V Xl�\t�y{s{w�iph Y �di�~¾tÙy{s{w�iph ^')Ù��i�cebxh V j½gdh sp�p��h V w�i�jdipwpb{teiuc�t���i�bxw�i��}t�o}V ydh bxw�jlV cfy�i�o�cfV bxw � s��W��Y )z��i�Xlo¾i���cebxh V j®h V w�iuc�ub�oqo�iucfypbxw�j�t�btv��i�h b\��ipo�s{w�j�tv��i��dydy�ipo�i�jdXdi¡b{~�tv��i¡tv�do�i�i��qtvo}V ydh bxw��ubxw\tvV wd�d�dm V w��ph ��jlV w�XÃgdV w�jlV w�X¨i �äi���t�c�Y')z��i
j�s\cf��i�j½Xlo�i��®h V w�iuc�jdipwpb{teit���i¿h bp�Äipozg{s�w�j½i�jdXdib{~�tv��i¨tv�do¾i�iu�qtvoqV ydh bxw®�ubxw\tvV wd�d�dm	w�i�Xlh i\��tvV w�XÆgdV w�jlV w�X½i �äi\��t�c�Y
� V Xl�\tÄy{s�w�i�h ^i)z��iacebxh V j�gdh s\�p�zh V w�iucÄ�ub�oqo�iucfypbxw�j�t�b¡tv��izh bp�Äipo�s�w�jztv��iz�dydy�ipo_i�jdXdiab{~_tv��iktq�Äb{�qtvoqV ydh bxw��ubxw\tvV wd�d�dm¨Y)z��i�j�s\cf��i�j�gdh sp�p��h V w�i¡�ub�oqo¾i�cfypbxw�j{c�t�b�tv��i^s � C x��Ätq��b{�}t�o}V ydh bxw�gpbx�dw�jnc�t�suteidY )z��iÙcebxh V j�Xlo�i��nh V w�i�ckjdi�wpb{t�iztv��i
h b\�Äi�o s�w�j�tv��in�dydy�ipoÔg{s�w�j�i�jdXdiÙb{~�tv��iÙ~�bx�do �}tvoqV ydh bxw¡�ubxw\tvV wd�d�dm¨Yv)z��i�j�s\cf��i�jnXlo�i��nh V w�i¡jdi�ydV ��t�c�tv��i¡h b\��ipo g{s�w�j
i�jdXdi�b{~ t���i¡~�bx�do �qtvo}V ydh bxw��ubxw\tvV wd�d�dm w�i�Xlh i���tvV w�XgdV w�jlV w�X¨i �äi\��t�c�Y

� ´�� ��� � ·�� � 2 ¹ 0 ¹ 2 » � �
���W� ��¯�£�¬¾«�ÂW§d£W¢ �a n� «u��«u�{§�ÂlÎx©�£WÁÃ� °d£W¢��v«u¬|Íd°�«uÍx¬�§nÇ|£d°�«�¤Ó¬�¤xÇ�«u�d§n«È �¤xË�¢ §{À¿¢ £dÂWÂW§l¬± n� «u��ÇÈ¤�Íx¬�Ë��p¯x� ©¨� ©�«v§l¬q£d°�«u� ¤�©_²��§��pÍx¢ «e�¡£l¬�§��p�{¤� n©nÇ|¤_¬ä«u�{§�¤�©d§\Ëa£W©dÂ«u�d§�«} �¤xË�«u¬|� ¯x¢ ¤�©�°{¤�©�«�¬È� ¥WÍ�«�� ¤�©� ��x� °x��°d£W¯{«uÍW¬�§¨Á�¤W�f«�¤xÇ�«u�d§��\¯d§{°p«�¬�£Z¢
 �§x� ÀÓ�{«�Õ|�f§{§ ��§{°p«p²\Nä² å�Ip²
� q
	rqFuwv �z{����Y|������'�����\���z�Y|��tx��z� �'���
���d§½Á�¤x�f«�� ÁÃ¯d¤_¬¾«v£W©{«Ù°{¤�©{«u¬|� ¥WÍ{«u� ¤±©¨«�¤ª«u�{§ÒÂ�ÎW©�£WÁÃ� °d£W¢��f«u¬|Í{°�«uÍW¬�§¨Ç|£�°p«v¤_¬a� �¡«u�d§½¢ §d£dÂÓ� ©dÀ¿¤±©d§pË�«u¬|� ¯W¢ ¤�©¨°{¤�©�Ë
«u¬|� ¥WÍ�«u� ¤�©_²Ö���d§ �xË�¬¾§���¤�¢ �d§{ÂÜ�p¯{§{°�«u¬q£W¢± �§x� À±��«�ÇÈ¤Ó¬ ��� / � � .Ü z£{�ÒÂÓ� ��°lÍ{�f�f§{Âè� © ��§{°�«\²�ãä²�
ä²Ö���d§Ö�\¯d§{°p«�¬�£Z¢
 �§x� ÀÓ�{«�� ��£W¢  z£\Î���£�°�°xÍWÁÃÍW¢ £{«�§{Âª£l¬¾¤�ÍW©{Â � � � ² �a¯d¤±©Æ� ©d°x¬�§{£d�\� ©dÀ ��ÌÓ«u�d§Ò�\¯d§{°p«�¬�£Z¢� �§x� À±�{«�ÂW§{°x¬¾§d£{��§��¡ÇÈ¤Ó¬�pÁ�£W¢ ¢�Á�¤�Á�§x©{«v£Ò£Z©{Â½°{¤�©{°{§x©{«u¬q£{«�§���Á�¤Ó¬¾§£Z©{Â¦Á�¤_¬�§£{« � � � Õ|�f§{§ªá�� Àä²�ãä²'&på Ip²
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UWV XZY��ZY#* *{^d)z��i�bxw�i��}t�o}V ydh bxw�cfy�i��ut�oqs�hxjdipwpc�V tq� � � s��W�z~�b�o 	)� � �Ósut � C *¨V c�cf�pbp��wxYd)z��i�cebxh V j½gdh sp�p�¨h V w�i�jdi�wpb{t�i�c
� ����� C x�� xZ�Wtv��i�j�s�c���i�jgdh ��i�h V w�i � ����� C x�� x fÒs{w�j�t���i�h bxw�X��Èj�s\cf��i�j�Xlo�i�ipw�h V w�i � ����� C x���*{Y
���d§ª§pÝÄ§{°p«�¤xÇ¡«u�{§ªÇÈ¤�ÍW¬ Ë��p¯x� ©¦� ©�«v§l¬q£d°�«u� ¤�©ª¤�©ª«u�{§Ö¤�©{§pË�«u¬|� ¯x¢ ¤�©½�\¯d§{°p«�¬�£Z¢Ó �§x� À±�{«Ã� ��p�{¤� n©Ü� ©ßá�� À�²:N�²'&-&
§�Ø�§xÁÃ¯W¢ � çä§�ÂÃÇÈ¤Ó¬ � � &� n� «u� � �0/ � � .ÊÕ|�f¤�¢ � Âª¥W¢ £d°xÚ¢ � ©{§SIpÌ � �0/ � � .��%.5eÊÕ�ÂW£{�p�d§�ÂÖ¥W¢ Í{§®¢ � ©{§SIÙ£W©dÂ'� �0/ � � .��'&Õv¢ ¤�©dÂ�ËeÂZ£{�\�d§{Â×À±¬¾§{§x©×¢ � ©{§SIp²ÜÅ�¢ ¢ §�Ød«u¬q£W¯d¤�¢ £d«u� ¤±©{�¨ �§x¬�§ÖÂW¤�©{§×Í��p� ©{Àß«u�d§×Á�§p«��{¤ZÂß¤xÇ� ©{«�§x¬|©d£W¢Ä¯d£l¬q£WÁ�§p«v§l¬¾�
¯x¢ Í{��£dÂWÂÓ� «u� ¤�©�£W¢\L%N�#)6
O 5ä£dÂ 7§§\Ød«u¬q£W¯d¤±¢ £{«�� ¤�©_²nÏ «�°d£W©Æ¥d§��§{§l©¿°x¢ §d£l¬|¢ Î½� ©Êá±� Àä²�Nä²'&-&«u��£{«�«��{§®§pÝÄ§{°p«¡¤xÇ�� � / �
¤±©½«u�d§ �lË�¬�§��f¤�¢ �d§�ÂÊ¤�©{§pË�«u¬|� ¯x¢ ¤�©Ò�p¯d§�°�«u¬q£W¢_ �§x� À±��«Ã� ���p� ÁÃ� ¢ £�¬k«�¤¦«u�d§½§pÝÄ§{°�«�¤xÇ8��²Ã���{§¿�p¯{§{°�«u¬q£W¢Z �§x� ÀÓ�{«� �
¬¾§{Â±Í{°{§{Â¨£{«��\Á¨£W¢ ¢�Á�¤�Á�§x©{«v£¥xÍ{«Ù� «z� ©{°x¬�§d£{��§p��£l¬�¤�Íx©dÂ�� ��� ²k���{§¡ç�©{Â±� ©{Àx�a�pÍ{ÀWÀx§��f«k«u�d£d«Ä«u�d§n¤�©d§pË|«�¬È� ¯W¢ ¤±©�\¯d§{°p«�¬�£Z¢� �§x� À±�{«n©d§d£�¬�«��{§¿¯W��£{�f§«u¬q£W©��p� «u� ¤�©«�¤ª«u�d§¿Á�§{£Z©{ÂW§x¬ Ë�¢ � Ú�§�Â±� Á�§x¬|� É{£{«u� ¤�©¿� ��Àx¤Y�d§l¬|©d§{Âª¥�ÎÃ¤�©W¢ ÎÃ¤±©d§
Á�¤ZÂx§æ£{«�� � �  n�W� °x�è��£{�¦©d§�À±¢ � ÀÓ� ¥W¢ §Ê�p¯{§{°�«u¬q£W¢� �§x� À±��«\² ��� ÁÃ� ¢ £�¬¨¬�§��pÍx¢ «e�¿ �§x¬�§ß£W¢ ��¤ÞÇÈ¤�Íx©dÂ ¥�Îß§\Ø�£�°p«
ÂÓ� £dÀW¤�©d£W¢ � �u£{«u� ¤�© L%$-6-N
O�²
� q
	rqED�4���:���Y|������'�����\���z�Y|��tx��z� �'���
���{§n«} �¤xË�«u¬|� ¯x¢ ¤�©�°{¤±©{«u¬|� ¥xÍ{«u� ¤�©¡«�¤«u�d§nÂlÎW©d£WÁÒ� °{£Z¢��v«u¬|Íd°�«uÍx¬�§�Ç|£d°�«�¤Ó¬ � ��«u�{§¢ §{£�ÂÓ� ©dÀ�°{¤�©{«u¬|� ¥WÍ{«u� ¤±©� �� «���§2�{§x©
¯d£l¬|� «}Î¿£{��Â±� �f°xÍ{�v��§{Â×� © ��§{°p«p²Ôãä²�
ä²�Ï «e��«�¤W«v£W¢Z�p¯{§{°�«u¬q£W¢W �§l� À±��«��p¢ � À±�{«u¢ ÎÆ� ©{°x¬�§d£{��§p�¥�ÎÒ«uÍW¬|©x� ©dÀÆ¤�©����0/ �ÒÕÈ��§{§�±§{°�«\²ZNä² å Ip²Ò���d§ªÀW§l©d§x¬|� °Ö¬�§x¢ £{«u� �{§¿�p¯d§�°�«u¬q£W¢_ �§x� À±��«Ò� �Ã£W¥{¤�Í{«*6-.;: «�¤�$-.;: ¤xÇ�«u�d§¦¢ §{£�ÂÓ� ©dÀÊ¤�©d§pË|«�¬È� ¯W¢ ¤±©
°�¤�©{«u¬|� ¥xÍ{«u� ¤�©�Ç|¤_¬a¬�§d£W¢ � �v«u� °*��£W¢ Íd§p��¤xÇ�°xÍx¯l¬�£d«�§¿¢ £dÂWÂx§x¬¾��²
Ïë©Æá�� Àä²INä²�&36®«u�d§¿¬�§��\ÍW¢ «�Ç|¤_¬�«u�d§¨«È �¤xË�«u¬|� ¯W¢ ¤�©�°{¤�©�«�¬È� ¥WÍ�«�� ¤�©¨«�¤½«��{§ÂlÎW©d£WÁÒ� °{£Z¢��v«u¬|Íd°�«uÍx¬�§�Ç�£d°�«�¤_¬k� �¡�p�{¤� n©
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UWV XZY �ZY�* �Z^ )z��i�tq�Äb{�qtvoqV ydh bxwcfy�i���tvo�s{hxjdipwpcfV tq��� � s�� � � ��~�bdo 	 � � ��V tv� � C *
� x½s{w�j � ����� C x�� x�sÈs���� � ����� C x�� x fs|g{�ns�w�j�� ����� C x���*~sÈ�\�nV cncf�pb\��wxY:)z��i¨Xlo¾iu�h V w�iucnjdi�wpb{t�i�tv��iÃh b\�Äi�o�s{w�jtv��iÒ�dydy�ipo�i\jdXdi�b{~�tv��i�t}��b{�qtvoqV ydh bxw
�ubxw\tvV wd�d�dm¨Yv)z��i�gdh sp�p��h V w�iuczV w�jlV �\s�teizt���i¡jlV cfy�ipo¾cfV bxw�b{~Ôt���i � C *ztq��b{�}tvoqV ydh bxw�gpbx�dw�j�c�t�s�t�i�Yu)z��i�h bxw�X��|j�s�cf��i\j
j�s\o}�¡Xlo�i���h V w�iuc�jdipydV ��tkt���i�h bp�Äipo i\jdXdi�b{~�tv��i � C *¡~�bx�do �qtvo}V ydh bxw��ubxw\tvV wd�d�dm¨Y
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UWV XZY �ZY�*16Z^g)z��i¡tq��b{�}t�o}V ydh bxw � C *�gpbx�dw�j�cetes�teinipw�i�o¾X���s{w�j�t���incfy�i���tvoqs�h{�ÄipV Xl�\ta~�b�o � C *
� x¿s�w�j)� ����� C x�� x f
s\o¾incf�pb\��wxY �di�~¾tÙy{s{w�iph ^')z��i�c�bxh V j®Xlo¾iu��h V w�i�jdipwpb{teiuc�tv��i�h bp�ÄipoÄi�jdXdinb{~�tv��i�t}��b{�qtvo}V ydh bxw¨�ubxw\tvV wd�d�dm s�w�jcebxh V j
gdh ��i:sÈj�s\oq�\�Ùh V w�i�jdipydV ��t�catv��i�jlV cfy�i�o�cfV bxw�b{~�tv��i � C *¡t}��b{�qtvoqV ydh bxwgpbx�dw�jc�t�suteidY �ÔV Xl�\tÙy{s�w�i�h ^')z��i ����o�iucebxh t\i�j
cfy�i���tvo�s{h���ipV Xl�\tkb{~�tv��i � C *�tq��b{�}tvoqV ydh bxw¨gpbx�dw�j�c�t�sutei�V c�ydh b{tÈtei�jZY

 n�W� °x�ÃÀ±� �{§��¨¬|� �f§«�¤Ü� ©{«�§x¬¾§��f«u� ©{À½°x��£W©dÀx§���¤xÇa«u�{§½¢ � ©d§pË|�p��£W¯{§Ã¤lÇa«u�d§¨«È �¤xË�«u¬|� ¯W¢ ¤�©�\¯d§{°p«�¬�£Z¢xÂx§x©{�\� «ÈÎp²
���{§ÖÂÓ� �p¯{§x¬¾�\� ¤�©Æ¤xÇ�«u�d§�$ � &½«È �¤xË�«u¬|� ¯W¢ ¤�©Ü¥{¤�ÍW©{Â¦�f«v£{«�§ß� �ÒÂW§x©{¤W«�§{Â×£{�Ò£ß¥W¢ Í{§½��¤�¢ � Âè¢ � ©d§¦� ©æá�� À�²:N�²'&36£W©{ÂÜ� ©Ò«u�{§Æ¢ §pÇ}«�¯d£W©d§x¢W¤xÇ�á�� Àx�{²äãä²'& 
Æ£W©dÂ�Nä²'&�$ä²nÏë©Ã«u�d§Æ¬È� À±��«�¯�£W©d§l¢W¤lÇa«u�d§Æ¢ £d«e«�§x¬�ç�À±ÍW¬¾§���«��{§ �lË�¬�§p��¤�¢ �{§{Â
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UWV XZY �ZY�*�]_^')k��b{�}t�o}V ydh bxw�cfy�i���tvo�s{h{jdipwpc�V tq��� � s�� � � ����V tv� � C xÃs�t � C *
� x���V tv� � ����� C x�� x f<sÈs���s{w�j � ����� C x���*s|g{�¡V c�cf�pbp��wxYd)z��i��dydy�ipo�y{s{w�iph c��ub�oqo¾i�cfypbxw�j�t�b 	 � s{w�j¨tv��i�h b\��ipoky{s�w�iph c�t�b 	 � � Y )z��inXlo�i��¨h V w�iuc¡jdipwpb{tei�t���i
h bp�Äipo�s{w�jªtv��iª�dydy�ipo�i�jdXdi®b{~ztv��iÒtq��b{�}tvoqV ydh bxwª��bxw\t�V wd�d�dm¨Y|)z��iªgdh sp�p�½h V w�iucÃV w�jlV �\s�t�iÒtv��i¿jlV cfy�i�o�cfV bxw¿b{~Ùt���i
� C x�tq��b{�}tvoqV ydh bxwngpbx�dw�j�c�t�s�teidY �{bxw�X��Èj�s\cf��i�j�j�s\oq��Xlo¾iu�¡h V w�iucÄjdi�ydV ��t�tv��i�h bp�Äipo±i�jdXdi�b{~�t���i � C *a~�bx�do �}tvoqV ydh bxw
�ubxw\tvV wd�d�dmY
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UWV XZY �ZY�*1fZ^g)k��b{�}t�o}V ydh bxw � C x®gpbx�dw�j�c�t�s�teinipw�ipo�X���s�w�j�c�y�i���tvo�s{h��Äi�V Xl�\tk~�bdo � C *
� x¨��V tv� � ����� C x�� x f}s|�dydy�ipo
y{s{w�iph � s{w�j � C *
� x���V tv� � ����� C x���* s�h bp�ÄipoÓy{s{w�iph ��V c cf�pbp��wxY �di�~¾t y{s{w�iph c�^�)Ù��iÄc�bxh V j¡Xlo�i��zh V w�iajdipwpb{teiucÔtv��i�h bp�Äipo
i�jdXdi�b{~�tv��i�tq�Äb{�qtvoqV ydh bxw��ubxw\tvV wd�d�dm s{w�j�tv��i�cebxh V j®gdh s\����h V w�injdi�ydV ��t�c�tv��i�jlV cfy�ipo¾cfV bxw�b{~�t���i � C x�t}��b{�qtvoqV ydh bxw
gpbx�dw�j�c�t�s�t�i�Y �ÔV Xl�\t�y{s{w�iph c�^v)z��i ���eo¾iucebxh t\i�j�cfy�i���tvoqs�h\�Äi�V Xl�\tÄb{~Ôtv��i � C x�tq��b{�}tvoqV ydh bxw�gpbx�dw�jnc�t�s�teinV czydh b{t|tei�j
s\cÙmni\s�c��do¾i�j¨g��)	�� sqcebxh V jÒh V w�i\�zs�w�jÃgu�)	)� ��sÈj�s�cf��i\j¨h V w�i\�uY
«u��£W©æ� ©Ö«u�{§ $ � &Ö°{£d�f§ÊÂÓÍd§ª«v¤×«u�d§×¢ £l¬�Àx§x¬�¥W� ©{Â±� ©{ÀÜ§x©d§x¬¾ÀlÎÖ¤xÇ�«u�d§�$ � .Ü«È �¤xË|«�¬È� ¯W¢ ¤±©Ü¥d¤�Íx©dÂÜ�f«v£{«�§Z²���W� �Ù¤Y�d§l¬|¢ £W¯n�p¢ � ÀÓ�{«u¢ Î�§x©W�d£Z©{°{§{Â¿¥�Î�«u�d§�Ç|¤±ÍW¬�Ë��\¯W� ©Ã� ©�«v§l¬q£d°�«u� ¤�©{��²rRk¤W«�§�«u�d£d«�«u�d§�«È �¤xË�«u¬|� ¯x¢ ¤�©¥d¤±ÍW©dÂ�f«v£{«�§
� �®¢ ¤W°d£{«v§�Âß¥d§l¢ ¤�  «u�d§¿ÇÈ¤�ÍW¬�Ë|«�¬È� ¯W¢ ¤±©¿°{¤±©{«u� ©WÍxÍWÁ ÕÈÇÈ¤Ó¬a£Z¢ ¢ÔÁ�¤±Á�§x©�«v£�I��f¤¦«u��£{«Ò©{¤Ü°{¤Ó¬È¬�§{°�«u� ¤�©��nÂ±Íd§¿«�¤Þ¢ � Ç|§pË
«u� Á�§ª§pÝÄ§{°p«��¨£l¬�§Ö¯�¬�§��f§x©{«�ÇÈ¤Ó¬a«u�x� �¿¯�£l¬�«�¤lÇ�«u�d§¿«È �¤lË�«u¬|� ¯W¢ ¤�©½°{¤±©{«u¬|� ¥xÍ{«u� ¤�©Z²ªÏë©Ö£dÂWÂÓ� «u� ¤�©_ÌÔ«u�{§¿«È �¤xË�«u¬|� ¯x¢ ¤�©
°{¤�©�«�¬È� ¥WÍ�«�� ¤�©×Â±� �p¯W¢ £\Î{�½¤±©W¢ Îâ¥�¬�¤Z£�Â×Ç|§{£d«uÍx¬�§��®ÇÈ¤Ó¬¨¢ £l¬�ÀW§ßÁ�¤�Á�§x©�«f£_² ���d§x¬�§\Ç|¤_¬�§ß¢ � Ç|§\Ë�«u� Á�§Ü§\Ý�§�°�«e�½�p�d¤±ÍW¢ Â
��£��d§½¤±©W¢ Î¦ÁÃ� ©{¤Ó¬�§\Ý�§�°�«e�¤�©½«u�W� �¿¯d£l¬¾«�¤xÇz«��{§½�p¯d§�°�«u¬|ÍWÁ®²®���x� �®� �ÂÓ� ÝÄ§x¬�§x©�«�ÇÈ¤_¬a�pÁ�£W¢ ¢�Á�¤�Á�§x©�«f£_²��k§x¬�§
¬�§x¢ £{«u� �{§x¢ Î�p�d£l¬|¯�v«�¬ÈÍd°�«uÍW¬¾§���£l¬�§®¯�¬�§��f§x©{«n� ©Ã«��{§¿¢ � ©d§\Ë��p�d£Z¯{§� ��x� °x�¨ n� ¢ ¢Ó¥d§Ò£�Ý�§�°�«�§{ÂÊ¥�Î½� ©d°x¢ ÍdÂ±� ©dÀÖ¯{¤W�f�\� ¥W¢ §
ÂW§{°{£\Î{��¤xÇk«È �¤½«�¬È� ¯W¢ ¤±©{��� ©�«v¤¿ÇÈ¤�ÍW¬�«u¬|� ¯x¢ ¤�©��{²a���d§½¢ £{«e«�§x¬� �� ¢ ¢±¥{§Â±� �f°xÍ{�v��§{Â¦� ©«u�d§½©d§�Ød«��\ÍW¥{�f§{°�«u� ¤�©Z²

� qtprqED��*~ ��~ ��y��+{ �\�Y|,�8y �\��� �
���W� ���pÍW¥���§{°p«�� ¤�©½Âx§d£W¢ �� n� «u�½«u�d§¿«È �¤lË�«u¬|� ¯W¢ ¤�©¿°�¤�©{«u¬|� ¥xÍ{«u� ¤�©Ò«�¤Ê«u�d§ ��£WÁ¨£W©Ö¬�§��p¯{¤�©{�f§Z²����{§¿¤�¥{�f§x¬'�d£Z¥x¢ §��
� 2 ����� Õ�� 3 � � I�Ç|¤_¬�Á¨£dÀÓ©d§�«u� °¿¢ � ÀÓ�{«��f°d£{«e«v§l¬|� ©dÀÜ� ©ª¬|Íx©dÀlËf¬|ÍW©{À¦Õf¢ §{À�Ë�¢ §{ÀI�¯{¤�¢ £l¬È� É{£{«u� ¤�©£l¬�§¨«u�d§�� � .¦¯�£l¬�«¡¤xÇE F Õ E F F I*L'&3N-.�Ì/64*5eäÌ/64* 
�Ì)$-$�N
O

� 3 � � � 
3 � �a h � Õ K:m1f � K:m<f � Nnm � K_`/f � K_`/f � Nnm I Õ1Nä²'&{£�I

� 2 ����� �  2
�����a h � K:m<f � K_`)f � � Õ1N�²'&x¥/I
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3 � �a £W©dÂ  2
�����a ÂW§l¯d§x©{Â¨¤�©�«u�d§¨ÍW©dÂx§x¬|¢ Îx� ©dÀÃÁÒ� °l¬�¤W��°�¤�¯W� °¡§l¢ §{°�«u¬�¤�©x� °�Á�¤ZÂW§l¢ë²ÙÏ «Ù� �¡¥d§pÎp¤�©{Â�«u�d§

�f°{¤�¯{§½¤xÇ�«u�d§¦¯�¬�§��f§x©{«� �¤_¬|Ú«�¤ß°�¤�ÁÒ¯xÍ{«�§¿«u�d§xÁ®²{aI;±Íd£W¢ ¢ ÎpÌ�©d¤Þ¬�§p��¤�©d£d«u� ©{À ��£WÁ¨£W©ª§\Ød°x� «v£{«u� ¤�©¦¯�¬�¤Z°�§��f�f§��
£�¬�§°{¤�©{�\� ÂW§l¬�§{Âä² ��§p�pÍW¢ «��¡ n� ¢ ¢Ó¥d§ÀÓ� �d§x©½� ©½ÍW©W� «��n¤xÇk«��{§Ç|£d°�«�¤Ó¬�� L  3 � �a O ` Íx©dÂ L  2 � ���a O ` ²
ê��d£Z©x©d§x¢ �n n� «u�ª¤ZÂxÂ×©xÍWÁÃ¥d§x¬�¤lÇz«u¬|� ¯W¢ ¤�©��¨£l¬¾§Æ� ©d£�°�°{§��f�\� ¥W¢ §ª¥�Î ��£WÁ�£Z©Ò��°{£d«e«�§x¬|� ©dÀÊÂÓÍd§®«�¤Ê«u�{§Ö� ©��d£l¬|� £W©{°{§
¤lÇ�«u�d§�«} �¤½¤�¥{�f§x¬'��£W¥x¢ §�� � 3 � � £W©dÂ � 2 � ���  �� «��½¬¾§��p¯{§{°�«�«�¤Ê¬�§2o�§{°�«u� ¤�©�£W¥d¤�Í�«z«u�{§¨°{§x©{«�§x¬È¢ � ©d§�¤xÇÄ«��{§®¢ £dÂWÂx§x¬e²
���xÍ{��¤�©x¢ Î¨§�Ø�°x� «v£{«u� ¤�©��Ù �� «��Ã§��d§x©¿©xÍWÁÃ¥d§x¬ ¤xÇk«u¬|� ¯x¢ ¤�©���Á¨£{«e«�§x¬e²a���{§x¬�§pÇÈ¤Ó¬¾§�«u�d§¿¢ §d£dÂÓ� ©dÀÒ°{¤�©{«u¬|� ¥WÍ{«u� ¤±©{�Ù«�¤
«u�{§ ��£WÁ¨£W©½¬�§p�p¯d¤±©{��§°{¤±Á�§�Ç�¬�¤�Á «u�{§ 6lË|«�¬È� ¯W¢ ¤±©Ã£W©dÂ¿«u�d§åWË�«u¬|� ¯x¢ ¤�©¨�f§{°�«�¤_¬e²
Ïë©Æá�� À�²�N�²'& 
�Õe£�Ëe° IÙ£W©dÂÊ� ©ªá±� Àä²INä²'&{ã�Õe£�Ëe°SIpÌZ«u�{§½¬¾§��pÍx¢ «zÇÈ¤Ó¬�«u�{§«} �¤xË�«u¬|� ¯x¢ ¤�©°{¤±©{«u¬|� ¥xÍ{«u� ¤�©�Ç|¤_¬a¥d¤W«u�¤±¥{��§l¬'��Ë
£W¥x¢ §��Ù n� «u� � X Z .�� e �/.�� ã5e ��&5�%.���&5�%65e�]�£W©{Â'� �0/ � X Z .��%.��).��%.5e �).��'&S]Ã� ���p�{¤� n©_²aÅ�¢ ¢�°lÍW¬'�{§��¡£l¬¾§Ò©d¤_¬|Á�£Z¢ � É�§�Â
«�¤�.�� å�L  `a OÙ£W©dÂ¦�\�W� Ç}«�§{Âæ¥�Î� � ©ª¤_¬�ÂW§x¬k«v¤×ÂÓ� �f«u� ©{À±ÍW� �p�Ü¥d§p«È �§{§x©®«��{§5��£l¬|� ¤�Í{��°xÍW¬'�{§��{²Ò���d§¦¢ � ©{§®�p�d£W¯d§¦� �«u�{§Ò�u£WÁ�§ÇÈ¤_¬ � �0/ � � .Æ£d�¨Á�§x©{«u� ¤±©d§{ÂÆ£W¢ ¬�§d£dÂ�Î½� © ��§{°�«\²äãä² ãÜÕ|��§{§Ò£W¢ ��¤�L%$xå_ã
O�I�¥d§{°d£WÍ���§«��{§>�a£WÁÃ� ¢ «�¤�©x� £W©� ��£¨ �§x� ÀÓ�{«�§{Â¿�pÍxÁ ¤xÇa«u�d§«È �¤ª¤�¥���§x¬'�d£W¥W¢ §�� � � � 2 ����� � � � 3 � � ÕÈÇÈ¤_¬  a � &SIp²a���xÍ{��«u�d§Ã§\Ø�°x� «v§�Â¿�f«v£{«v§
� 2 � ��� V .-X�§�;±Íd£W¢ �= ?� � 3 � � V .-X�§\Ø�°�§x¯{«aÇÈ¤Ó¬ £°�¤�ÁÒ¯{¤�©d§l©{«¡¯�¬�¤�¯d¤_¬¾«u� ¤�©d£W¢p«�¤¿«u�d§¨ÀÓ¬�¤�Íx©dÂ�f«v£{«v§�V .-Xa n�W� °x�¨Âx¤Z§��
©{¤W«�Á�£{«�«�§x¬k£{«Ùç�©W� «�§�Ç�¬�§�;±Í{§x©d°l� §��{²
á±� ¬¾�f«¨«u�{§Ê°d£{��§9��� / � � .â� �Ò°{¤�©{�\� ÂW§l¬�§{ÂâÕuá�� Àä²zN�²'& 
Z£Ö£Z©{Âàá�� Àä²UNä²'&dãZ£/Ip²Ö���d§ª�p¯�¬�§d£dÂ×¤xÇ�«u�d§Ü¢ � ©{§��Ã¤�©� ©d°x¬�§{£d�\� ©dÀ�è� ©dÂ±� °d£{«v§p��°x¢ §d£l¬|¢ Î�«��{§Æ� ©{°x¬�§d£{�\� ©dÀ¦¥�£W©{Â½ n� Âl«��Z²¨áx¤_¬Ä�pÁ�£Z¢ ¢ �ß«u�d§ ��£ZÁ�£W©ª� ©{«�§x©��p� «ÈÎÒ�p�{¤� z��£

�v«u¬�¤�©dÀÆ¬�§���¤±©�£W©d°{§©d§d£�¬ «u�d§®¢ ¤d �§x¬�¥d£W©dÂ®§�ÂWÀW§ L'&3N-.
O�²a���W� ��¬¾§���¤�©d£W©d°{§� ��£°{¤�©{�f§�;±Í{§x©d°�§�¤xÇÄ«u�d§ 6lË�«u¬|� ¯W¢ §�«
£{«e«u¬q£d°�«u� ¤�©ª¤±©Ü©d§x� ÀÓ�W¥{¤Ó¬|� ©dÀ½�p� «�§���L%6�e�&ZÌ/$lå�N
Oe²���� ©{°{§¿«u�d§ÊÚd� ©{§�«u� °ª§x©d§l¬�ÀlÎ¿¤xÇ�«u�d§¦¬�§l¢ £{«�� �d§ÖÁ�¤W«u� ¤�©ª¤lÇ�«u�d§
«u¬|� ¯W¢ ¤�©��Ã� ©d°x¬�§{£d�f§���Ç|¤_¬z¢ £l¬�ÀW§l¬��ß«u�d§Æ� ©�o�Íd§l©d°{§Ã¤xÇ�«u�d§¿£{«e«u¬q£d°�«u� ¤�©¿ÂW§{°x¬¾§d£{��§���²n���{§x¬�§pÇÈ¤_¬�§ZÌÓ«��{§Æ¬�§p��¤�©d£Z©{°{§
� ��¬q£W¯W� ÂÓ¢ ÎÃ¥l¬¾¤_£dÂW§x©{§{Â®£W©{ÂÒ�p�x� Ç}«v§�ÂÒ«�¤¿«u�d§¨°{§x©�«�§x¬ ¤xÇÄ«u�d§¨°{¤±©{«u� ©WÍxÍWÁ®²�ÏÐ© �W� §\  ¤xÇ�«u�d§£W©�£W¢ Î�Él� �¡¤xÇ�«u�d§��p¯x� ©
ÀW£W¯ L%$xå;*
O�¤�©d§n�p�{¤�ÍW¢ Âª©d¤W«�§�«u�d£d«n� «¡� ��©{¤W«¡¯d¤W�v�p� ¥x¢ §�«�¤½ÂW§�«�§{°p«z«u�d§�¤�©{�f§�«Ù¤lÇ�«u�d§*6lË�«u¬|� ¯x¢ ¤�©_Ì±©d¤�©pË�¬�§��f¤�©�£W©{«��£WÁ�£Z©¿°{¤�©�«�� ©WÍWÍxÁ¿Ì�� ² §Z²Ô«È n� °{§®«u�{§¿�p¯W� ©½ÀZ£W¯ZÌa¬¾§x¢ � £W¥W¢ ÎÒÇÈ¤Ó¬�� � .�� åÞ¥d§�°d£WÍ{��§Ò«��{§x¬�§Ö� �¨¤�©W¢ ÎÊ¢ � «e«u¢ §Ò �§l� À±��«
£{«�«��{§Ê¢ ¤d �§x¬Ù¥d£Z©{ÂÊ§{ÂxÀW§ L'&�N-.
Oe²½á_ÍW¬¾«u�{§x¬|Á�¤Ó¬�§WÌ�� «Ã� ��Ç|¤±ÍW©dÂÆ«u��£{«�«u�{§Ê©d¤�©pË�¬�§��f¤�©�£W©{«¨¢ � ©d§®�\��£W¯d§��Âx¤æ©d¤x«
Âx§x¯d§l©dÂÖÁÃÍd°x�¨¤�©�«u�d§§\Ød°x� «�§{ÂÃ�f«v£{«v§ �*V .-X�²a���d§ ;±Íd£W¢ � «v£{«�� �d§�ÇÈ§d£{«uÍW¬�§���ÂW§x¯{§x©dÂÖÁ�¤_¬�§�¤�©�«��{§¿Úd� ©d§�«u� °p��£W©dÂ
¤±©«��{§ª� ©{«�§x¬q£d°�«u� ¤�©�«��d£W©®¤±©«��{§ªÁ�£{«u¬|� ØÒ§x¢ §lÁ�§x©�«e�{²
Ïë©Þá�� Àx��²zNä²�& 
Z£Ê£W©{ÂQN�²'&dãZ£ÆÇÈ¤_¬8� � .���
�Ìk£Ê��§�°{¤�©dÂâ¯{§d£WÚÊ� � �W� �\� ¥W¢ §Ü©{§d£l¬z«u�d§ÜÍW¯W¯{§x¬n¥d¤�Íx©dÂZ£�¬�ÎÆ¤xÇ�«u�d§6�Ë�«u¬|� ¯W¢ ¤�©Æ°{¤�©�«�� ©WÍWÍxÁ¿Ì�¥d§{°�¤�ÁÒ� ©dÀÞÁ�¤Ó¬�§¦¯�¬�¤�©{¤�ÍW©{°{§{Â¦¤±©ß� ©d°x¬�§{£d�\� ©dÀ � L'&3N-.äÌ)$-$-N
O�²Ê���W� �ÇÈ§d£{«uÍW¬�§¦� �Ã«u�d§

°�¤�ÁÒ¥x� ©d§�ÂÖ§pÝÄ§{°p«�¤lÇ*&pË|«�¬È� ¯W¢ ¤±©ÖÚd� ©{§�«u� °���Ì�6lË�«u¬|� ¯x¢ ¤�©Æ� ©{«�§x¬q£d°�«u� ¤±©½£W©dÂ×Á¨£{«u¬|� Ø½§x¢ §xÁ�§x©�«���²½á�� ¬¾�v«\Ì�«u�{§¿¤Z°{°xÍx¬�Ë
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UWV XZY �ZY � �Z^ �±bxm�y{s\oqV cebxw¨b{~ktv��i �äs{m�s�wÒo¾iucfypbxwpcvinb{~ ��s ���äs��	�Ô� � �
�

� � s�� q ����� q n o/r�l�� 
 6{] �����V tv�t���i¨�ps�h �p�dh s�tei�jtq��b{�}t�o}V ydh bxwÊ�ubxw\tvoqV gd�\tvV bxwÆ~�bdo � C *
� � f×��V t���� ����� C x�� x �æs�w�j ��� C * *1x xd�pm D �ÒV w��ph ��jlV w�XÆtv��i½i �Ôi���t¨b{~�s
m¡b�jl�dh sutvV bxw s p�� r� q n o/r�l���Y +kw¦spjdjlV tvV bxw{s�h�gpo¾bls\jdi�wdV w�XÖb{~ � C x�� x �ÞV c¿�pc�i�jZY + m¡b�jl�dh sutvV bxw � � C ���\[×b{~
c�tvo¾ipw�X�tv� � � ��� C f�� s�w�jªs½m�b�jl�dh s�t�V bxwÒb{~ ��� C 6��p[ªb{~�cet�o�ipw�Xl� � � ��� C *1x�� spo¾iÃs{ydydh V i�j½cfV m��dh tes{w�iubx�pcfh �fYs�� ,-, 2�� ,0/�1�2�3 ��o}�dw�Xypbxh s\o}V r\s�t�V bxw�s�w�j s�3 *�� 2�� ,�/01�2�3 �zh i�XÃypbxh s\oqV r\sutvV bxwxY

«u¬|� ¯W¢ ¤�©��Æ n� «u� Á�¤�Á�§x©{«v£ � ` �  � m £W©dÂ §x©d§x¬¾À±� §�� �nÕ � m I � �nÕ � ` Ip²	���xÍ{�Ê£èÀZ£W¯ � ©Þ«u�d§Þ¤�©d§pË|«�¬È� ¯W¢ ¤±©
ÂÓ� �p¯{§x¬¾�\� ¤�©Ò£{« ���Ã°d£WÍ{�f§���£®°{¤_¬|¬�§��\¯d¤�©{Â±� ©{ÀÇÈ§d£{«uÍW¬�§¿� ©«u�{§ ��£WÁ¨£W©½¢ � ©d§£{«S6 ���Z²
���{§¿Á�¤W�v«��f«u¬|� Úd� ©dÀ½°x�d£W©dÀW§¿� ©�«��{§ ��£WÁ�£Z©®¢ � ©d§��\��£W¯d§¿� �n£½©d§p  ÇÈ§d£{«uÍW¬�§£{«�£Z¥{¤�Í{« & 
-.-.¿°lÁ ^�m ²STl¤Z¤�Úd� ©{À
£{«�«u�{§Ò¤�©{§pË�«u¬|� ¯x¢ ¤�©ÂÓ� �p¯{§x¬¾�\� ¤�©{��� ©Æá�� Àä²\Nä²%6�eÔÌZ«u�d§Ã¤�©W¢ Î½¢ ¤� �Ëe§x©{§x¬�ÀlÎ¨ÀZ£W¯½� ©{«u¬�¤WÂ±Íd°�§{ÂÖ¥�Î«u�d§½Á�¤ZÂÓÍW¢ £{«u� ¤�©��
� �°d£WÍ{��§�ÂÞ¥\Î¿«��{§�9 & � 
-(lãæÁ�¤ZÂ±Íx¢ £{«u� ¤�©® n�W� °x�Æ°d£WÍ{�f§��Ã£ÖÀW£Z¯Ê� ©ª«u�d§ ��£ZÁ�£W©¦¬�§��\¯d¤�©���§Æ£{«�«È �¤Ü«u� Á�§��
«u�x� �®§l©d§x¬�À�Îp²��aÍ{«¨«u�{§x¬�§¦� �Ò£W©¦£dÂxÂ±� «u� ¤�©d£W¢��\��£l¬È¯Ü¯d§d£WÚÊ� ©{�p� ÂW§½«u�W� �ÒÀZ£W¯×¬�§{ÀÓ� ¤�©¿ n�d§x¬¾§Æ«u�d§½ n� Âx«u�Ê¤xÇ¡«u�d§
¯{§d£WÚÊ� �ÃÀÓ� �d§x©Ü¥�Îª«u�d§Ü¥�¬�¤_£dÂW§l©W� ©{À �Ù²ÆÅ	ÁÃ� ÂlËeÀW£W¯ª«È �¤xË�«u¬|� ¯x¢ ¤�©¦¥{¤�ÍW©{Â¦�f«v£{«�§ß� �«u�d§x¬¾§pÇ|¤_¬�§®ÇÈ¤�ÍW©{Âæ� ©Æ«u�d§��£WÁ�£Z©ß¬�§��\¯d¤�©���§ª ��x� °x�Ê¤Ó¬|� À±� ©d£d«�§��Ç�¬�¤�Á «u�d§Ê�v«u¬|Íd°�«uÍx¬q£W¢�Á�¤ZÂ±Íx¢ £{«�� ¤�© 9 & � 
�(lã�²àÏë©dÂx§{§{Â�Ì�£�ÂxÂ±� «u� ¤±©�£W¢
�v«u¬|Íd°�«uÍx¬�§���£l¬¾§�£W¢ ��¤ÃÇ|¤�Íx©dÂ½� ©�«u�{§�§\ØZ¯{§x¬|� Á�§x©�«�£d«Ù£W¥d¤�Í�« &dã-.-.W°lÁ ^�m � ©®¥{¤W«u�®¯d¤±¢ £l¬|� É�£{«u� ¤�©{�z£W©dÂª� ©£W¢ Á�¤W�v«
£W¢ ¢WÁ�§xÁÃ¥d§l¬¾�Ù¤lÇ�«u�d§�«v§l¢ §x¯W�{¤�©d§©WÍxÁÒ¥{§x¬ °{¤±ÁÒ¯{¤�ÍW©{Âx� L%$xå *
O�²a���d§��v«�¬ÈÍd°�«uÍW¬�£Z¢WÁ�¤ZÂÓÍW¢ £{«u� ¤�©*9 & � $�(�ãÒ¤�©x¢ Î� ©�o�Íd§x©{°{§��¡«u�d§¨�\¯d§{°�«u¬|ÍxÁ �p¢ � À±�{«u¢ ÎÒ£{«��x� À±�Ã§l©d§x¬�ÀÓ� §���²
���d§§\ØW¯d§x¬È� Á�§l©{«v£W¢_¬�§x¢ §2�d£W©d°{§�¤lÇk«u�d§½Á�¤WÂ±ÍW¢ £d«u� ¤±©¨¤�©«u�d§¿� ©pÇv¬�£l¬�§{Â®£Z¥���¤_¬|¯{«u� ¤±©¿� ©�Tx£ *	� ` ê�£�
	� 
{ê�Í ` � � � m � �¬�£d«u�{§x¬��pÁ�£W¢ ¢ë²¿���x� �¿� �Â±Í{§¿«�¤×«u�{§Ü¬¾§x¢ £{«u� �d§x¢ ÎÊ¥�¬�¤_£dÂÖ�\¯d§{°p«�¬�£Ó²®Å ¬�§x¢ £d«u� �{§x¢ ÎÖ¢ £l¬�Àx§Ö¥�¬�¤_£dÂW§x©x� ©dÀ×��£{��«�¤â¥d§
Í���§{Â® n�W� °x�¨ z£{�p�d§p��¤�Í{«z«��{§¿� ©{«u¬�¤ZÂÓÍd°{§�ÂÆ©d§\  �f«u¬|Í{°�«uÍW¬�§���²nÏë©Ò£dÂWÂÓ� «u� ¤�©_ÌZ«u�{§x¬�§£l¬�§£d°�«uÍd£Z¢ ¢ Î¨«È �¤ªÂ±� Ý�§l¬�§x©{«
¯x�d¤�©{¤�©{��� ©��d¤±¢ �d§{ÂÆ� ©Ã§2�d§l¬�Î½¯d¤�¢ £l¬|� É�£{«�� ¤�©4L%$5e�&2O���¤ª«��d£{«Ùç�©d§¨�f«u¬|Í{°�«uÍW¬�§���£l¬¾§£��{§x¬q£dÀW§�Â½¤�Í{«\²
�k§x©d§l¬|� °d£W¢ ¢ ÎpÌÓ«u�d§Ö¢ £�¬�ÀW§��v«�§pÝÄ§{°�«�¤xÇ�«u�d§ÆÁ�¤ZÂÓÍW¢ £{«u� ¤�©��¨� ��¤�©Ò«u�d§®«} �¤ß¢ ¤d zË�§x©d§x¬¾ÀlÎª¯d§d£WÚ���¤Ó¬|� À±� ©d£d«u� ©{À¿Çv¬�¤±Á
«u�{§Ã«È �¤lË�«u¬|� ¯W¢ ¤�©½¥d¤�Íx©dÂ¿�v«f£{«�§Z²�ÏÐ©®£W©�£W¢ ¤�;lÎ«�¤Æ«u�{§Ò¤�©{§pË�«u¬|� ¯x¢ ¤�©ÂÓ� �p¯{§x¬¾�\� ¤�©_Ì_«u�d§½Á�¤ZÂ±Íx¢ £{«�� ¤�©{�n£W¢ �f¤Ü� ©dÂ±Í{°{§
ÀW£W¯{�¿� ©½«u�{§ÆÂÓ� �p¯{§x¬¾�\� ¤�©ª¤xÇÙ«u�d§½«È �¤xË�«u¬|� ¯W¢ ¤�©Ö¥d¤�Íx©dÂÊ�v«v£d«�§Ö£W©dÂÊ«u�d§l¬�§pÇÈ¤Ó¬�§Æ©d§p 	ÁÒ� ©x� Á�£Ö£W©dÂÞÁ�£pØZ� Á�£Æ£l¬�§
� ©{«u¬�¤ZÂÓÍd°{§{ÂÊ n�W� °x�¦ÀÓ� �d§Ü¬|� �f§Æ«�¤ ��£W©��k¤Y�d§½�\� ©dÀÓÍW¢ £l¬È� «u� §��½� ©Æ«u�d§ÆÂW§x©��p� «ÈÎÊ¤xÇ��v«f£{«�§���²Þê�¤±©{��§�;±Íd§l©{«u¢ ÎpÌ�©{§p 
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UWV XZY �ZY �d[Z^ �±bxm�y{s\oqV cebxwÒb{~�tv��i®V w\~Èo�s\o�i�j½s�gpceb�oqy\tvV bxwÒb{~ ��s���� � �äs	�
� �	�Ô� � �
�

� � s p�� r��q n o/r�l��ns�t # C ] �â��V tv�Òtv��i
t}��b{�qtvoqV ydh bxwÊ�ubxw\tvo}V gd�\tvV bxwÊ�\s{h ���dh s�t�i\jÜgu�����i)[s�� q � � ��q n o/r�lp�®V w��ph ��jlV w�XÊtv��i½i �Ôi���t¨b{~nc�tvoq���ut��doqs�h m�b�jl�dh s�tvV bxwpc
� � C ���\[Ãb{~�c�tvo¾ipw�X�tv��� � ��� C f�� s�w�j � � C 6��\[Ãb{~�c�tvo¾ipw�X�tv��� � ��� C *1x�� ~�bdo � � � � � C *
� � fZ� � ��� � � � � C x�� x �Z�
��� C *1x � xk�pm D �f� ��! "$#%�& C fd[ xk�pm D �f� � � �(' #%�& C � � xÃ�pm D �fY 8Wbxh V j®gdh s\�p��h V w�i���bdo}o¾iucfypbxw�j{ckt�b¿s>0ÓwdV tei�g�o�blspjdipwdV w�X
b{~ � C x�� x f � �×s{w�j½h bxw�X¿j�s�c���i�j®gdh s\�p�Ãh V w�i¨jlV cfydh s���c � C x�� x � ��� Y:s�)+*-, ,0/�10203 ��`Zbxh s\o}V r\s�tvV bxwÃy{spo�s{h h i�hlt|b®tv��i
h i�X{c�Ygs546*�7
7�*-8 ,�/01�2�3 ���Ô�dw�Xypbxh s\o}V r\s�tvV bxwxY

Í{�\Í�£W¢ ¢ Î�\Á¨£W¢ ¢±¯d§d£WÚ���£l¬|� ��§®� ©«u�d§½� ©pÇv¬q£�¬�§{Â¿£W¥���¤_¬|¯{«u� ¤�©��p¯d§�°�«u¬q£_²
ÏÐ©¦á�� Àä²�N�²%6ZãÖ«u�d§Æ� ©�Ç�¬q£l¬�§�ÂÊ£W¥{�f¤Ó¬È¯{«u� ¤�©Æ� ©d°l¢ ÍdÂÓ� ©dÀª«u�d§¿§pÝÄ§{°p«�¤lÇÙ�v«�¬ÈÍd°�«uÍW¬�£Z¢äÁ�¤ZÂÓÍW¢ £{«u� ¤�©��Ò� ��Â±� �\¯W¢ £\Îp§{Â¦� ©
£W©�£W¢ ¤ZÀ�Î�«�¤ªá�� Àä²
Nä² 6�&Z² ��� ÁÃÍW¢ «v£W©d§�¤�Í{��Á�¤ZÂ±Íx¢ £{«u� ¤�©{�z9 & � 
�(lã�¤xÇÔ�v«�¬¾§x©dÀl«�� <


��	� � e :	£Z©{Â 9 & � $�(�ã�¤xÇ�f«u¬�§x©{Àx«u� < +"�	� � &3.;: £l¬¾§®Í{��§�Âä²a���d§¿Á�£W� ©§pÝÄ§{°�«Ù£{«�¢ ¤d  §l©d§x¬�ÀÓ� §���� �¡«��{§Ã£Z¯x¯d§d£�¬q£W©d°{§�¤xÇ�£W©Ò£dÂWÂÓ� «u� ¤�©�£W¢
¥WÍ�«[�d§x¬ Î�pÁ�£Z¢ ¢xÇÈ§d£{«uÍW¬�§®¥{§�«È �§{§x©«u�{§«} �¤×¯{§d£WÚ���¤_¬|� ÀÓ� ©�£{«u� ©{ÀÃÇ�¬�¤�Á «u�d§ $ � .¿«È �¤xË�«u¬|� ¯x¢ ¤�©¿¥{¤�ÍW©{Â¿�f«v£{«�§Z²���d§Þ£�ÂxÂ±� «u� ¤±©�£W¢��v«u¬|Íd°�«uÍx¬�§ � �Ê£â°{¤�©���§�;ÓÍd§x©{°{§×¤xÇ«u�d§�9 & � 
�(�ã Á�¤ZÂ±Íx¢ £{«u� ¤�©ß¤�¯{§x©W� ©{À £âÀZ£W¯à� ©Þ«u�{§
Â±� �\¯d§x¬��p� ¤�©®¤xÇz«u�d§Ö¥{¤�ÍW©{ÂÖ�f«v£{«�§Z²¿Ï «Ã� ��£W¢ Á�¤x�f«¨� ©��x� �p� ¥W¢ §ÒÂ±Íd§Ò«v¤Ö«��{§ª£dÂWÂ±� «�� ¤�©�£W¢±¥l¬¾¤_£dÂW§x©x� ©dÀ � � .��%.5e�� �¥d§x� ©dÀß¤xÇn«��{§Ê�u£WÁ�§Ê�p� É�§×£{�><


��	� Õ|�f¤�¢ � Âè¥W¢ £�°lÚ¦¢ � ©{§SIp²ß���d§æ¯�¬|� ©{°x� ¯x¢ §ª§pÝÄ§{°�«Ã°d£W©æ¥{§Ê��§�§x©ÊÇÈ¤Ó¬z«u�d§æ¢ ¤�©dÀÂZ£{�p�{§{ÂÜ¢ � ©d§ÃÂW§l¯W� °�«u� ©{À¿«u�d§®°{£d�f§®¤xÇ � � .��%.-6-� � ²����{§59 & � $�(�ãÊÁ�¤WÂ±ÍW¢ £d«u� ¤±©¿£�ÝÄ§{°�«e�Á�¤x�f«u¢ ÎÒ«��{§Æ�x� À±�§x©d§l¬�ÀlÎ½¯d£l¬¾«�¤lÇa«u�d§�p¯d§�°�«u¬|ÍWÁ®²
�Ã©d§�°{£Z©�°{¤�©{°x¢ ÍdÂx§z«u��£{«�«u�d§¡§pÝÄ§{°�«�¤xÇ�Á�¤ZÂ±Íx¢ £{«v§�Â�§\Ød°x��£W©{ÀW§Ù°�¤�ÍW¯x¢ � ©dÀl�z� ©Ù«u�d§�¢ £dÂxÂW§x¬Ó°{£Z©n¥d§¡°�¤�©��{§x©W� §l©{«u¢ Î
�f«uÍdÂÓ� §{Âà¥\ÎÜ£dÂWÂ±� ©dÀ×«��{§æÁ�¤ZÂ±Íx¢ £{«�� ¤�©Ö¤�©¦«u�d§ß¢ §2�d§l¢ ¤xÇn«u�d§¦§\Ý�§�°�«u� �d§Æ�vÎ{�v«�§xÁ¿Ì¡�ë² §W²a£�ÇÈ«�§x¬Ù«��{§¦°{¤�©�«u� ©WÍ{¤�Í{�
ÍW©x� «v£l¬�Î�«u¬q£W©{��Ç|¤_¬|Á�£d«u� ¤±©_²����{§Á�¤ZÂÓÍW¢ £{«u� ¤�©¨� ©{Â±Í{°{§{Â®¥�Î�«u�d§�ÂÓ� ÝÄ§x¬|� ©{ÀÒ¯d§l¬|� ¤ZÂÓ� °x� «ÈÎ¡¤xÇ�°x�d£Z� ©{�z£W©dÂ®¢ £dÂWÂx§x¬¾��� ©
«u�d§Ò«�§x¢ §x¯W�{¤�©d§®©xÍWÁÃ¥d§x¬�°{¤�ÁÃ¯d¤�Íx©dÂl��À±� �{§½¬È� ��§«�¤Æ�\Á¨£W¢ ¢±¥WÍ�«�¯W�pÎ{�p� °d£W¢�� ©�«�§x¬�§��v«�� ©dÀ½�f«u¬|Í{°�«uÍW¬�§���² Rk¤x«v§¨«u��£{«
«u�d§½� ©�o�Íd§l©d°{§¨¤�©«u�{§�\¯d§{°p«�¬¾¤W��°{¤±¯W� °®¢ � ©d§¨�p�d£Z¯{§��¨� �¡�pÁ�£W¢ ¢Ó¥d§{°{£ZÍ���§¨«u�d§½� ©dÂÓÍd°{§�Â¿ÀZ£W¯{�n¤�¯{§x©�ÇÈ¤Ó¬�§l©d§x¬�ÀÓ� §��
 ��{§x¬�§�«u�d§¨�\¯d§{°�«u¬q£W¢d �§x� À±�{«�� �¡�\Á¨£W¢ ¢ë²�Ïë©Ã°{¤�©�«u¬q£{�f«Ù«u�{§x¬�§£l¬�§��f«u¬�¤�©{À½°x��£W©dÀx§���� Ça£ÃÀW£W¯¤�¯d§l©{��£{«�§l©d§x¬�ÀÓ� §��
 ��{§x¬�§½«u�d§½�p¯{§{°�«u¬q£W¢Ó �§x� ÀÓ�{«Ò� �°{¤�©d°�§x©{«u¬q£{«�§{Â L%$�$-N
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 6 � �� +zY � bdr\s\o�� � Y ��h �dm�g�ipo�XZ��`ZY ��Y �lV t|tvh iu��bdb�jZ��ÄY 8äYx��ipwdwdV c��+,kY ��b{t�b\��s{mnsl� �kY52_V cvs{�\V �ls{w�j 8äY-�Ô�p�dV j�s��W`ä�\��c�Y

�äikt�Y �di�t|tuY!(��x�x �d[{]Sx�* s�� x x 6���Y

 6 � 6� �®Y t�Y�� V m�m�ipo}mns{wdwx����Y � i��p�{��8äY+��V iph id����Y ��h V w�Xdiph ipo��Ws{w�j �ÄY � ����p�dw�ipo|����bxw�j���m�sut !"x{]Sx � ��*1fZY
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®§x� ©Æ¥{§���¤±©dÂW§l¬�§x¬ �z£Z©xÚ¨ÀÓ� ¢ « �k§l¬|¬|©I5�¬|� �Z² Ë ��¤WÉx² �¡¬e² ���¤W«eÉ ��² �a�W¬|� À®Ç��ÍW¬�ÂÓ� § \a§x¬�ÀZ£W¥{§���¤d �� §ÂÓ� §¿� ©{«�§x©��p� �{§�Ä§p«�¬¾§xÍWÍx©dÀßÂW§x¬��d¤_¬|¢ � §�ÀW§x©{ÂW§x©ªÅ�¬|¥{§x� «\² �a©{É��£W�x¢ � ÀW§ �k§��p¯�¬��£d°x�d§¦Íx©dÂ ��� �pÚdÍ{�v�p� ¤±©d§x©ß¥W� ¢ ÂW§x©ÖÂ±� § �z¬|ÍW©{Â±¢ £dÀW§
Ç��Íx¬�Â±� §¨Àx§p �¤�©W©{§x©d§l©}a�¬ÈÚu§x©x©{«u©W� �v��§Z² a � ©{§½� ©ÃÂ±� §��f§x¬�Å�¬¾«Ù�v«v£d«e«�ç�©dÂx§x©dÂx§ÒÅ�¬|¥{§x� «e�u£{«uÁ�¤x�p¯W�	�£Z¬¾§� 
�ÍW©���°x�{§®� °x�
ÁÒ� ¬k£WÍ{°x�¨Ç��Íx¬�Â±� § �aÍxÚdÍW©pÇÈ«\²
�z§p�v �§x� «�§x¬¾§x©æ¥{§{ÂZ£W©xÚu§ß� °x�æÁÃ� °x�ß¥d§l�8�k§x¬È¬|© 5�¬¾¤xÇ�² �¡¬e² a�² ��Íx¢ ¢ §x¬�Ë,�a£l¬¾«uÁ�£Z©x©½Ç��Íx¬�ÂÓ� §ßÚ�¤�©{�v«�¬ÈÍWÚ�«u� �d§ßÍW©dÂ
Úd¬|� «u� �f°x�d§4��§{À±¢ §l� «uÍW©dÀªÁ�§l� ©d§x¬ Å¡¬È¥d§x� «�� ©��p¥d§p��¤�©{ÂW§x¬�§� ��£W�W¬�§x©{ÂÒÂx§x¬ Æ� «f£�¬|¥d§x� «v§l¬¾��§xÁÃ� ©d£l¬�§Z²r��§x¬|¬|©95�¬�¤xÇf² ��¬�²�z² ��Íx�W¢ �f°x�W¢ §�ÀW§x¢�ÀÓ� ¢ «�Á�§x� © �z£W©WÚnÇ��Íx¬�ÂW§x©½Íx©{«�§x¬¾�v«�Í�«�Ép§x©{ÂW§x©ªÍW©{ÂÊÁ�¤x«�� �W� §x¬¾§x©dÂx§x©}a � ©�o�Í{�v�{²
a�� ©â¥d§��f¤�©dÂx§x¬�§ �z£W©WÚÖÀ±� ¢ « �¡¬e² ¿£l¬ÈÚdÍ{� �Ù¬��Íx©W� ©{ÀW§x¬zÇ��Íx¬�ÍW©�É��£W�W¢ � ÀW§æÏ ÂW§�§x©âÍW©{Â �a§p�p¯�¬��£d°x�d§ZÌ�ÂÓ� §ÞÁÒ� ¬¨� ©{��Ë
¥d§��f¤�©dÂx§x¬�§Â±� §Ò§\ØW¯d§x¬È� Á�§l©{«�§x¢ ¢ § � � °x��«�©��£W�d§x¬�Àx§x¥�¬q£d°x�{«n��£W¥d§x©ªÍx©dÂ½ÉlÍÒ§x� ©d§xÁ ÀÓ¬�¤��p§x©:\�§x¬��f«��£Z©{Â±©x� ��Àx§p �� ©W©
ÀW§pÇ��ÍW�x¬¾«n�d£W¥d§x©Z²�Ä§�ÂZ£W©WÚ�§x©�Á��¤Z°x��«v§n� °x�nÁÒ� °l��£WÍd°x��¥d§x� 5�¬�¤xÇf² �¡¬e² Ö²���¬q£dÂx§x©�Íx©dÂÃ¥{§x� 5�¬¾¤xÇ�² ��¬�²ZáÔ² Æ� ¢ £ÙÇ��ÍW¬ZÂ±� § �Ä§�À±Í{«v£d°x�pË
«uÍW©dÀÊÁ�§x� ©{§x¬�Å�¬|¥{§x� «\² 5�¬�¤xÇf² �¡¬e²_Å�² áÓ¬�§l� ÁÒÍ�«u�À±� ¢ «Ù§x� © �z£Z©xÚ�Ç��ÍW¬ Â±� § ��a¥d§l¬|©�£W�WÁ�§¨ÂW§p��5�¬��Í�Ç�ÍW©{Àx� �{¤Ó¬��p� «eÉp§��{²�Ä§l��Å�¢ §�Øl£W©dÂx§x¬ ��§x� ��°l�W¢ëÌzÅ¡¢ §\Øl£W©dÂx§x¬ ���Íx�W¢ §x¬�Ì�ê��W¬È� �f«u� £W© ��©{§�«e«�§x¬eÌ��±§x¥�£{�f«u� £W© ��� ¬¾��°x�x©d§x¬Íx©dÂ � 7§x¥d£{�f«u� §x©
��Í��pÍ{§x¢�¥d§{ÂW£Z©xÚu§Ö� °x�ÜÁÒ� °x�¿Ç��Íx¬�Â±� §Ê¯l¬¾¤ZÂ±ÍxÚ�«�� �d§ÊÍW©{ÂÊ��°l���¤�©{§ �±«u� ÁÃÁÒÍx©dÀÞ� Á ���ÍW¬�¤�&-&3.ä²�a�� ©Ü¥d§��f¤�©dÂx§x¬�§x¬
�Ù£W©xÚ�ÀÓ� ¢ «�£ZÍ{°x��ê�£l¬¾�v«�§x© ��£�£d�zÍW©dÂ¨Å�¢ §�Øl£W©dÂx§x¬����Íx�W¢ §l¬WÇ��Íx¬ÓÂ±� § T��¤W�\ÍW©{À �W� §l¢ §x¬Ô©xÍWÁ�§x¬|� �f°x�d§x¬ Íx©dÂ�°�¤�ÁÒ¯xÍ{«�§x¬�Ë
¤Ó¬È� §x©{«u� §l¬¾«�§x¬ 5�¬�¤�¥x¢ §xÁ�§Z²
a�� ©ßÀW§��f¤�©dÂx§x¬¾«�§x¬��z£Z©xÚÜÀÓ� ¢ «Öê��x¬|� �f«u� £W© ��©d§�«e«�§x¬nÇ��Íx¬nÂ±� §Ü§pÝÄ§xÚ�«u� �{§àÍx©dÂè§x¬ Ç|¤�¢ À±¬�§x� °x�d§ �aÍ{��£WÁÒÁ�§x©�£�¬|¥d§x� «p²
��� §���� �v«�§x� © �Ä§x� �p¯W� §x¢�ÂZ£�Ç��ÍW¬eÌZÂW£{�f�¡ÂÓ� §®���£WÍ�ç�À½� ©ÂW§l¬ 5���Î{�\� Ú©W� °l�{«�¯l¬�£ZÚ�«u� É�� §x¬�«v§¨�Ä§d£WÁ¨£�¬|¥d§x� «a��§x�x¬a©��Í{«eÉ�¢ � °x�
��§x� ©ÆÚu£W©W©½ÍW©{Â½§x�d§l¬�Á�§x�x¬k£W¢ �� �§l©W� Àx§x¬Ä§x� ©dÀx§���§p«�É\«Ù �§x¬¾ÂW§x©¨�f¤�¢ ¢ «�§Z²
�è§x� «v§l¬|�W� ©�ÂZ£W©WÚ�§®� °x��Å¡¢ §\Øl£W©dÂx§x¬����¤���¢ � ©dÀ�Ì ¿£�¬�°{¤ � � ©{Âx«\ÌÓ�k£WÁ�£l¬q£ RzÍW©x©d§x¬�Ì_Å¡©{Â±¬�§{£d�*T��£WÍd°x�x¢ �ëÌ65�¬�¤xÇf² ��¬�²
���W� ¢ ¤ �Ä¤�¯W¯Ò£W©{ÂC5�¬¾¤xÇ�² �¡¬e²��a£l¬�«�ÁÃÍ{« ®¤�©x� §x©¨Ç��Íx¬a�W� ¢ Çv¬�§l� °x�d§ÃÍW©dÂ®Ç�¬|Í{°x�{«u¥�£�¬�§ ��� �pÚdÍ{�v�p� ¤±©d§x©Z²
®§x� ©d§x¬Æáx£WÁÒ� ¢ � §âÂZ£W©xÚu§ � °x�ÞÇ��ÍW¬¨Â±� §èÂÓÍW¬�°x�{ÀW§x�{§x©dÂx§ �a©{«�§x¬¾�v«��Í�«eÉlÍx©dÀä² ��� ¬�À±� « �a�{¤Ó¬¾Ép§x¢�ÀÓ� ¢ «ÖÂZ£{�×À±¬��¤��\«v§
�Ù£W©xÚu§��f°x���¤�©½� ©�P�§�ÂW§x¬+�z� ©��p� °l�{«\²
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ÏÐ©¨Â±� §��f§x¬ Å�¬|¥{§x� «a n� ¬�Â®§l� ©d§Ò¯{§x¬¾«uÍW¬È¥�£{«u� �d§���§{£Z¢ � �p� §l¬|ÍW©{ÀÒ�Ä§x� ¢ °x�{§x©{É�£W�W¢�§x¬|�d£Z¢ «v§l©dÂW§l¬�Úu¤±©{«u� ©WÍx� §x¬|¢ � °x�d§l¬ä��¬q£W©{��Ë
Ç|¤_¬|Á�£{«�� ¤�©d§x©Ù¥d§x©xÍ{«eÉp«\ÌZÍWÁ ÂÓ� §�§x©d§x¬¾ÀW§�«u� �f°x�d§x©¡Íx©dÂ¡�p¯{§xÚ�«u¬q£W¢ §x©^a � ÀW§x©���°x�d£�ÇÈ«_;ÓÍ�£{�p� Ëe§x� ©{Â±� Á�§x©{�\� ¤�©d£Z¢ §x¬ � Í�£W©pË
«�§x©�£W©{«u� ÇÈ§x¬|¬¾¤�Á¨£dÀÓ©d§�«�§¿É�Íª�f«uÍdÂÓ� §x¬�§x©Z²���� §Ü¥{§�«u¬q£d°x�{«�§�«�§x© �_Î{�v«v§lÁ�§ª�p� ©{Â×£WÍ�Ç�§x� ©d§xÁ �z� «e«�§x¬zÂW§pç�©W� §x¬¾«ÍW©dÂ
§x¬|¢ £WÍx¥d§x©§l� ©d§®¯{§x¬¾«uÍW¬|¥d£{«�� �d§ ��§x��£W©dÂÓ¢ ÍW©{Àä² aÓ�� n� ¬�Â"Pe§p �§x� ¢ �¡§x� ©½Ú�¤�ÁÒ¯x¢ §�«e«zÂ±� Á�§x¬|� �\� §x¬¾«�§¨Å�Í{�fÀZ£W©dÀl�fÉ�Í{�v«f£W©{Â
Ç��Íx¬�Â±� §ª��¬�£Z©��vÇÈ¤Ó¬ÈÁ¨£{«u� ¤�©Æ£WÍ���ÀW§\  �£W�W¢ «\²���§x¬��Ù¬|Íx©dÂlÉlÍ��f«v£W©dÂâ� �f«�ÂW§x¬ ��� ©dÀ±Íx¢ §�«e«�Ë)5�¬�¤ZÂÓÍWÚ�«eÉ�Í{�f«v£W©dÂæ£W©dÂÜÂW£d�
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