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VXWZY�[]\�^`_ a�bc[2dZegfihjbckmln\�h�kmoph7bg[]bcqjfih7bgkrl
s \tqvuwqvh7Y![]\!qyx!km[]oZec\1z�\!q

{}|vki~�\�h�a�bcl�dZq

�yfropoRkm|�h s \t|7\�x�WZ\!|vx�WZ\�l��H^����r��_ �yk��m\�[2�Z|v\��r�m�r�2_ �r�]oZfr�m\!q

�F�H���M�(�Z�r��� VXWZbgq�q�hjd s u#x!km[]o�fi|7\!q`h7WZ\
froZopegbcxMfih7bgkrl#kr��q7\��r\!|7fre��ifr|7bgfrl�hjq�kr�Xh7WZ\
���Q  [%k s \�e}�9kr|�h7WZ\�oZ|v\ s bcx�h7bgkrl¡kr��fnqvh�fiege0fr|7krdZl s f
h£¢¤k(¥£�Ak s u¦�y§¨�©frbc|v�9krbgeDª�«
¬ WZ\!l�¥£{Hfih7\!e}h£¢¤k(¥£egf�ur\!|`[]k s \!efrl s f®��\!bcx�W�fr| s h2¢¤frece0egfM¢�x!km[��ZbclZ\ s kr|�lZkih�¢�b¯hjW
hjWZ\�°±\�l�hj\!|}x�km|7|v\!x�h7bgkrl4ª>VXWZ\���\!bcx�W�fr| s h¢¤frece¯¥²e³fM¢ s kw\!q´lZkrh}�rbc�r\yfµ�rk�k s oZ|7\ s bcx�hjbckml
kr�Rh7WZ\�qvhjfregeD¶�\!b¯hjWZ\�|¢�b¯hjW%km|>¢�b¯hjWZkrdph}hjWZ\y°±\�l�h7\!|x!km|v|7\�x�hjbckml4¶�fre¯hjWZkrdZ�mW�hjWZbcqq7\!x�kml s
kmophjbckml�bcqF[]km|v\�frx�x!dZ|7fihj\®�9kr|�lZkmlw¥ s \1h�frx�WZ\ s�· k�¢�q!ª¸VXWZ\®qvh�fiege�bgq�lZkrhFop|7\ s bgx1hj\ s
\!b¯hjWZ\�|���u¹hjWZ\nkm|7bc�mbcl�fre ¬ WZ\�l�¥º{Nfihj\�eyh£¢0ki¥£egfMum\!|»[]k s \�ey�pdph»¢0\!ece�op|7\ s bgx1hj\ s bc�µh7WZ\
°±\!l�hj\�|yx�km|7|v\!x1hjbckml±bcq�f sZs \ s ª
¼±½�¾À¿vÁ`Â �(ÃN�r� VNdZ|v�ZdZec\!lZx�\2[]k s \!ecegbclZ�Z¶�x�km[]oZ|7\�q7qvbg�Zec\r¶Rfrbc|v�9kmbceD¶ZWZbc�mW±ecb¯�ÄhM¶�qvhjfrece
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��� ���	� � � ¬ \1h7hj\��1hjd s \�x!km[]o�fi|7\Xec\!q>oA\!|��9km|7[%frlZx�\!q s \ s \!d�z2�m\�|7q7bckmlZq s d�[]k s Y!ec\
�»��� q7dZ|tegfnop|�� s bgx1hjbckml s�� dZl s ��x!|7kwx�WZ\�[%\�l�h�f���|7k s uwl�fr[]b! �dZ\»frdph7kmdZ| s"� dZl¦oZ|7k�#Ze
��§¨��f s \�d�z x!kr|7oZq�ª%$µl f
x�kmlZqvb s ��|�� s"� dZlZ\]o�fr|�hÊec\%[]k s Y!ec\��Zb ¥£x�kmdZx�WZ\ s \ ¬ WZ\�l�¥
{Hfih7\!e}\�h s"� frdphj|v\�o�fi|vh�dZlZ\»egkmb s \%o�fr|vkmb s \»��\�bgx�W�fi| s h!¶Hec\!q s \!d�z&���r\!l�hjdp\!eceg\�[%\�l�h
x!km[��Zbgl'�!q]fM�m\�x�dZl hj\�|7[]\�x!kr|7|7\�x�h7\!dZ| s'(*) °±\!l�h7\!|!ª §�\»[%k s Y�eg\ s \Fegkrb s \�o�fr|7krb
s \ ��\�bgx�WZfr| s h
lp\�oZ|�� s bch
oZfrq�eg\ s �!x�|7kwx�WZ\![]\!l�h!¶tf��r\!x kmd3q7frlZq�egf¡x!km|v|7\!x1hjbckml s \
°±\!l�hj\�|!¶0�Zbg\�l+ �dZ\nx!\1h7hj\ s \�|7lZbcY!|v\±x�km|7|v\!x1hjbckml�fropoRkm|�hj\�dZlp\n[]\�bgeceg\�dZ|7\±oZ|�� s bcx�hjbckml
s \!q,�!x!krdZeg\�[]\!l�hÊlZkml s �!x�kmege-�!q�ª�§�\ s �!x�|7kwx�WZ\![]\!l�hÊl � \�qvhÊo�fiqyoZ|.� s b¯hµoZfr|yec\2[]k s Y!ec\
�Zb¯¥²x!kmdpx�WZ\�qjfilZqFegf x!km|v|7\�x�hjbckml s \ °±\!l�h7\!|!¶�x!\1h7h7\�x!km|v|7\�x�hjbckml�\�l3|7\1�rfilZx�WZ\ s krlZlZ\
frx!x�Y!q ) dplZ\t�RkmlplZ\toR\�| s bcx�h7bgkml s d s �!x�|7kwx�WZ\![]\�l�h!ª
/ Â �U� ¿ �10 � �±� °±k s �!ecbcqjfih7bgkml s \2egf%h7dZ|7�Zdpeg\�lZx!\i¶4x!km[]oZ|v\!qvq7bc�Zeg\i¶4oZ|vk�#�eD¶RW�uwoR\�|7qvdZq�¥
hj\!l�hjfihjbckml4¶ s ��x!|vk�x�WZ\�[]\!l�h
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«X\!|7k s uwl�fr[]bcxMfre¨q�hjd s bc\!qykr�Hh7WZ\�\1zwhj\�|7l�fre¨qvW�froA\�kr�>frl±frbg|vx!|7fi�Äh�W�fM�m\2�A\!\�l®|v\Mfrecb+*�\ s
s dZ|7bclZ� h7WZ\�egfrqvh»hjWZ|v\!\ s \!xMf s \!q�¢�b¯hjW f<q7\!|vbg\�q�kr�Ê[]k s \!ecq�¢�b¯hjW3bclZx!|v\MfrqvbglZ�#x�km[`¥
oZeg\âz�bch£u-,µqv[»fiegeNoR\�|vhjdp|7��fih7bgkrl�oRkrh7\!l�hjbgfre · k�¢t¶4�9dZegeNoRkihj\!l�h7b³fre · k�¢t¶/.´dZeg\�|!¶0.´dZec\!|21
3¤kmdZl s fr|vu�egfMum\�|!¶A��\1uwlZkme s q�¥²«.�r\!|jfi�m\ s ��fM�wbg\�|�¥�a�hjk54i\!q76D��«��µa98âª

.}frx�W¹kr��h7WZ\!qv\n[]k s \!ecq�W�frq��A\!\�l¹dZq7\1�9dZe�fih]f�q�h�fr�m\�ki��fibg|vx!|jf(�Äh]frl�fre¯uwq7bcq%frl s
kmophjbc[]b+*!fihjbckml4ª:3¤d�h%h7k s f�u hjWZ\�|7\
bgq»f�lZ\!\ s lZkih»krlZecu �9km|]frl�fre¯uwq7bclZ�¡fil s dpl s \!|º¥
qvh�fil s bclZ���Zd�h�fiegqvk%�9km|�oZ|v\ s bcx�h7bglp��q7kr[%\�x!kr[%opeg\âz®opWZ\!lZkr[%\�l�f»qvdZx�W�frq�qv\!o�fr|7fihjbckml
fr|7kmdpl s WZbg�rW�¥£ecbc�Äh�x�kml'#��rdZ|jfih7bgkrlZq!¶�bclnkr| s \�|�h7k s \!qvbg�ml±lZ\�¢J\<;%x!bc\!l�h�oZ|7k s dZx1hjq!ª

VXWpbgq�[]\MfrlZqXh7W�fihy��«��µaF[]k s \!ecqyqvWZkmdZe s �A\�froZoZecbc\ s hjk]x!km[]oZec\1zn�r\!km[]\�h7|7bc\!q�ª
��k�¢t¶0¢0\nWZf��r\nh7k |7\!x!frece¤hjW�f(h%��«��µa#bgl��mkrec�r\�f�egkih]kr��[]k s \!ecq�¢�bch7W �ifr|vbgkrdZq

x!km[]oZec\1z�b¯hjbc\!qµfil s oZ|7\ s bgx1hjb¯�wbch£urª
=<\Ffi|7\]h�fre>4�bglZ�®fr�Akmdph�x!km[]oZec\1z�b¯h£u&#�|vqvh2q7bclZx!\»bch�bgq2f±oZ|v\ s kr[%bcl�frl�h��Dfrx�h7km|�bcl

hjWZ\tx�WZkmbcx!\�kr�Hf�[%k s \�e?ª
VXWp\?3�fre s ¢�bcl�¥º§�km[%f(z<[]k s \!eD¶H�9km|2\âzpfr[]oZeg\i¶ s kw\!q2lpkrh`bcl��mkme¯�m\
frl�u<\1zwhj|7f s b¯� ¥

�9\!|7\�l�hjbgfre�\  �d�fih7bgkrl4¶�frl s hjWpbgqX|v\!oZ|v\!q7\�l�hjqµfilnbc[]oRkr|vh�fil�h�f s �ifrl�h�fr�m\Êbcl
xMfrqv\tkr�¨�m\!|�u
\1z�oR\�lZq7b¯�m\�xMfrecx!dpe³fih7bgkrlZq�kml±lpkrh�q7k%oRk�¢0\!|��9dZe�x!km[]oZd�hj\!|vq @��ZdphXh7WZbcq�bcq�lZkrh�hjWp\Ê[%krqvh
bg[]oAkm|vhjfrl�h`bcq7q7dp\Fhjk s fMuA@}hjWp\ s \!egfMu#frl s \!lZ�mbclZ\�\!|2h7bg[]\�bcq`lZk�¢ [%kr|7\Fbc[]oRkm|�h�frl�h!¶
frl s �9|7km[ hjWZfihtoRkrbgl�htkr�}�wbg\1¢t¶.h7WZ\B3�fre s ¢�bcl�¥º§�km[%f(z�[]k s \�e´bgqÊ�r\!lZ\�|jfrececu®¢¤\�ege s \â¥
oR\�l s frl�hÊkr�f»|7\!�rdZe³fi|76Dop|7\��9\�|jfr�pecu  �d�frq7b ¥£kr|vhjWpkm�mkml�fieC8�#�lZ\`[]\!qvW�lZ\Mfi|�hjWZ\2lZki¥£qvegbco
�Rkmdpl s fr|�umª

DydZ|7bclZ�»f]eckmlZ��h7bg[]\r¶�b¯h�W�frq��A\!\!ln�A\!ecbg\1�m\ s hjW�f(h ���¡  []k s \�egqX¢0\!|v\�lpkrhyfrx!x�d�¥
|jfih7\��9km|y\1zwhj\�|7l�fre · k�¢�q!ª�E£l��Dfrx�h!¶Rh7WZ\`�AkmdZl s fi|vunhj|7\!fihj[]\�l�hµbgqÊqvkFbg[]oAkm|vhjfrl�hµhjWZfih
[»fil�u
x!frecx!dZegfihjbckmlnoZ|7k��wb s \ s ��f s |7\!qvdZe¯hjq s dZ\thjk]l�dZ[]\!|7bcxMfieNbcl�frx�x!dZ|7frx!bc\!q�lZ\Mfi|�h7WZ\
�Rkmdpl s fr|�umª

30kmdZl s fi|7bc\!q�xMfrl
�A\th7|7\!fihj\ s ��uFh£¢0k�[%frlZlp\!|7q<,

FHG ���%��IJ�"K������>��#L�&����7M!�>��'N	����-O%§�kU¢�¥£��\1uwlZkme s q��9kr|7[2dpe³fih7bgkrlZqt|7\��9\�|Êhjk�hjWZ\%frxâ¥
hjd�fie4l�dZ[]\!|7bcxMfie�q7bc[2dZegfihjbckml±kr�¨hjWZ\teckU¢�¥£��\1uwlZkme s q� wdZfrq7b¨egfr[]bgl�fi|Xo�fr|vh�ki�.h7WZ\
�RkrdZl s fr|�u�egf�ur\!|�ª�VXWZbcq2kmo�hjbckml<lp\!x!\�q7q7fr|vu hjWp\%dpq7\�ki��f#�lZ\%[]\!q7W<lZ\Mfi|th7WZ\
�RkrdZl s fr|�um¶¨lZkrh�kmlpecu��9kr|µhjWZ\]�m\�egkwx!b¯h£um¶N�Zdph�frecq7k
�9km|Êx!eckmq7dp|7\]�rfi|7bgfr�Zec\!q!¶¨hjWZfih
q7WZk�¢ lZ\!fr|0h7WZ\y¢¤freceÀx!kr[%opeg\âz��ifr|vb³fih7bgkrl»hjWZfih�[�dZqvhX�A\y¢0\!eceÀx!froph7dZ|7\ s �9km|h7WZ\
�meckm��freRfrx!x�dZ|jfix�u�fiech7WZkmdZ�mWFh7WZ\!bc|Xk�¢�l
oZW�u�qvbgx!fre�[]\MfrlpbglZ��bcqX|jf(hjWZ\�|  �dZ\!q�hjbckml�¥
fr�Zec\rªPE£l®km| s \!|Xhjk%�m\1hy|vb s kr�Hh7WZ\�x!km[]oZec\1zn�A\!W�fM�wbckm|�kr�.hjWp\�x�egkmqvdZ|7\��ifr|7bgfr�Zec\
  ¶Zbch�bcq�oRkmqvq7bc�Zec\th7k»[%fih7x�Wnh7WZ\Êh£¢¤k(¥£\  �d�f(hjbckml±[]k s \!e4¢�b¯hjW±f]q7bclZ�mec\1¥£\� �d�fihjbckml
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�	� M #
kmlZ\i¶�froZoZe¯uwbglp�»kmlpecu�lp\Mfr|�h7WZ\Ê¢�freceD¶�frl s |7\�ecuwbclZ�»krl±f�ec\!lZ�ihjWnq7xMfieg\i¶�frl s hjWZbcq
bgqXh7WZ\Êh£¢¤ki¥²e³fMur\!|��9km|7[�dZe³f(hjbckml4ª

F�
 	� �!��I �"K������>��# �&����7M �>��' 	�����# Oy«�lpkrhjWZ\�|y¢¤fMu±h7k s \!fre.¢�b¯hjW±hjWZ\�q7[%freceNqvxMfrec\!q
lZ\Mfi|�hjWZ\#�AkmdZl s fr|vu¸bcq�hjk fropoZ|7kMz�bg[%fih7\!e¯u q7kme¯�m\¹hjWp\![ ¢�b¯hjW frl�frl�fiecu�hjbcx
[]k s \�e?ª�VXWZbcqµbcq�h7WZ\�¢¤freceNegfM¢ kmoph7bgkmlÀ¶A¢�WZbcx�W frecegk�¢ x!fregx�dZegfihjbckmlZq�¢�bch7W�[2dZx�W
x!k�fi|7q7\�|>[]\!qvWZ\!q0frl s h7WZ\!|v\��9km|v\XoZ|7k��wb s \X\Mfrqvbg\�|}frl s []km|7\Xl�dZ[]\�|7bcxMfrececu�#�l�fr�Zec\
|7\�q7dZe¯hjq�ª

VXWp\�h£¢0kFfr�Ak��m\��r\!|vq7bckmlZqµfiq7q7dp[%\�hjW�f(hyh7WZ\�lp\Mfr|º¥²¢¤frege · k�¢ f(h7h�fibglZqyfrl±\  �dZbcegbc��¥
|7bcdZ[
ª E²h.bgq¨¢0\!ece¯¥ 4wlpkU¢�l�hjW�fih.bcl2[]kmq�hNbcl�hj\�|7\!q�hjbclZ�µx!frq7\�q!¶rh7WZbgq s kw\!q¨lZkrh.WZkre s ªN«#�m\!|�u
q7bc[%opeg\�[]k s \�e?¶poZ|7kmoAkmqv\ s ��u±°n\!l�hj\�|!¶�dZqv\!q�hjWZ\23¤|7f s q7WZf�¢Je³fM¢ �9km|�h�f�4�bclZ�%bgl�hjk%frxâ¥
x!kmdZl�h´lpkml�¥£\� �dZbgecbc�Z|7bcdZ[
ª>VXWZbcq>[]k s \!epx!frl`�A\�\Mfiq7bcecu�bgl�h7|7k s dZx!\ s bgl`h7WZ\ �>�2  []k s \!eDª

VXWp\FoZdZ|voRkmqv\�kr�¤hjWZbcq�¢0km|�4 bcq�h7k�x!km[]o�fi|7\»h7WZ\��A\!WZf��wbckm|7q�kr��f®x�e³fiq7q7bcxMfie0h£¢0ki¥
e³fMum\�|y[]k s \!eD¶�kr�Hf%|7fihjWZ\�|y[]k s \!|vln¢¤frece¨e³fM¢¸oZ|vkmoAkmq7\ s ��un��\!bcx�W�fr| s hM¶Afrl s kr�Nh7WZ\!bc|
\1zwhj\�lZq7bckmlZqybgl��mkrec�wbclZ�»h7WZ\�°±\!l�hj\�|yx�km|7|v\!x1hjbckml4ª
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«�q�f%�Zfrq7bcx���«��µa�[%k s \�e?¶Zh7WZ\ �`�¡  [%k s \�e4¢�bch7W±h£¢0ki¥£egfMum\!|��9km|v[2dZegfihjbckml
kr� ¬ WZ\!l
frl s {Hfih7\!e�¢¤frege ¥ºf s ~vfrx!\�l�h�h7dZ|7�pdZeg\�lZx!\�bcq�x�kmlZqvb s \�|7\ s ª

����� �����������! #"%$'&(���*)+�,�'- �,).$'/��0�21��3$!�4-
VXWZ\®��\�uwlZkre s q�fM�m\!|7fr�m\ s ��fM�wbc\!|�¥ºawhjk�4r\!q�qvuwqvh7\![ |7\�ecuwbclZ�<h7k¦h7WZ\ �n�   []k s \!eXbcq
¢�|7b¯h7hj\�l±bcl±f]x�kmlZqv\!|v�ifih7bc�r\��9km|v[�frq576598;: 5=<?>@6;A5CB : 5=DE>F6GA5=H IJKML N 5=OP>F6GA59B : 57QR>F6GA5CH ST: 5.UO.>F6GA59B : 5VUQ�>@6;A5CH :XW >F6GA

¢�Wp\!|7\ ,

F 6Y>ZB4[\H7[]8^A bcq�f �9dZlZx�h7bgkrl�fre�fr|7|7fMu#¢�bch7WQ�ifrecdZ\!q»bgl`_ Oba ¶¤h7WZ\nx!km[]oAkmlZ\!l�h7q�kr�
¢�WZbcx�W�fr|v\µhjWZ\tlZkml s bg[]\�lZq7bckml�frecbcq7\ s x!kmlZqv\!|��rf(hjb¯�m\��ifr|vb³fi�Zeg\�q!ª

Æ9ç.Ù�Æ9è



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

F <?>@6GA frl s D?>@6GA fr|7\µh7WZ\tx!kml��m\�x�h7bc�r\ · d�z��9dplZx�h7bgkmlpq!ª
F OP>F6GA ¶ QR>F6GA fr|7\�hjWZ\�e³fr[]bcl�fr|��bcq7x�kmdZq · d�z�\!q!ª�KRL�bcq¤hjWp\�egfr[]bgl�fi|���\�uwlZkme s q
l�dZ[2�A\!|�km�phjfrbclZ\ s fih�hjWZ\tlZkrl s bc[%\�lZq7bckml�fiegbcqjfih7bgkrl4ª

F UOP>F6GA ¶ UQM>@6GA fr|7\µh7dZ|7�Zdpeg\�l�h��wbgqvx!kmdpq · dwz
�9dZlZx�h7bgkrlZq!ª
F W >F6GA bcq�h7WZ\tq7kmdp|7x!\thj\�|7[�|v\!egfihj\ s h7k�hjWZ\ �`�¡  []k s \!eDª��bgqvx!kmdpq�hjdp|7�ZdZec\!l�h�qvh7|7\!qvq`frecq7k±bgl��rkmec�r\!q�f s bgfr�mkmlZfre>hj\�|7[�������� �
	�� 6 	�� bcqth7WZ\

b s \�l�hjb¯h£u
[»f(hj|7b z98¤hjW�fih�bcq�frx!x�kmdZl�hj\ s h7WZ|7kmdp�mW®fil±f s WZkwxt�ifr|vb³fi�Zeg\Êx�WZfrlZ�m\ ,���� ������ � I � :
�� � �� � I � :�� � � ¢�WZ\!|v\ � I � J : �� >�� � J A
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§¨\1h  �� [\H�� �R\tlZkmlw¥ s bc[]\!lZqvbgkmlZfre¨o�fr|jfi[%\1hj\�|7q s \�#ZlZ\ s frqX�9kmegeck�¢�q ,

 � I   � [ 6!) 8

H � I �  �
�
H ' 6 �M� 8

VXWZ\n�r\!eck�x�bch£u  � ¶Xfrecq7k¦xMfiegec\ s �9|vbgx1hjbckml¹�m\!eckwx!b¯h£um¶Xbcq s \ #�lZ\ s ��uQ[]\!frlZq]hjWZ\nq7WZ\!fr|
qvhj|v\!qvq�h7\!lZqvkm| � 1 f(h�h7WZ\Ê¢�fiege  � I � � 1� ' 6 �� 8
��\�bgx�W�fi| s hy¢�frece ¥£egf�¢�fiegeck�¢�q�hjk»x!kmlZlp\!x�hyhjWZ\�e³fi[%bcl�fr|yq7dZ�w¥£egf�ur\!| · kU¢¸¢�b¯hjW±hjWZ\�egkm�(¥
fr|7b¯hjWZ[]bcx7*!kmlp\%ki�0h7WZ\��RkrdZl s fr|�u�egfMum\!|�ª]VXWZbgqÊ¢¤frece>e³fM¢�bgq s \�q7x!|vbg�A\ s bcl s \1h�frbcecq�bcl
+ � -?ª%E²h�xMfrln�A\µ¢�|7b¯h7hj\�l�frq��9kregeck�¢�q ,

 � I J
�
��� , J : � H � / : � '�� N J �  �
	

�� � � H �J J  �� � � � � � S ' 6 ���58
VXWZbgq»¢�frece ¥£egf�¢ bcqFq7dpbchjfr�Zec\®hjk s \!q7x�|7bc�R\�h7WZ\ · kU¢ �9km|�frl�bclZx!kr[%op|7\!qvq7bc�Zec\¦�AkmdZl s ¥
fr|vu®e³fMum\�| @Nbchtx!frl �R\]\![]oZeck�um\ s hjk
q�hjd s u qvegbc�mW�hje¯u�x�km[]oZ|7\�q7q7bc�Zec\��AkmdZl s fr|vu®e³fMum\�|7q
¢�bch7WZkmdphyfroZop|7\!x�b³fi�Zeg\�\!|v|7km|vq!ª

��\!bcx�W�fr| s h2¢¤frece¯¥²e³fM¢�WZfrq�h7WZ\»f s �ifrl�h�fr�r\»kr� s \!qvx!|vbg�ZbclZ��krlZx!\]�9km|�frece}h7WZ\]hjWZ|v\!\
h£u�oA\!qykr�>�A\!WZf��wbckm|�ki�HhjWp\�hjdp|7�ZdZec\!l�h��Rkmdpl s fr|�u
e³fMum\�|!¶Al�fr[]\!e¯um¶�hjWp\2egfr[]bgl�fi|yegfMum\!|�¶
hjWZ\�egkr��fr|7b¯hjWp[%bcx�krlZ\�fil s h7WZ\�bcl�hj\!|v[]\ s bgfihj\�e³fMum\�|!¶whjW�fihbcq¤�m\�lZ\!|7frececu%lZkrh s \�q7x!|vbg�A\ s
bgl<dZq7d�fie¢¤freceegfM¢�q!ª
VXWZbcq2bcq�bcecegdZq�hj|7fihj\ s bgl �Hbg�pª �5@´f±eckm��fi|7b¯hjWZ[]bcx»oZeckrh�W�frq��R\�\!l
\![]oZeckUur\ s frq»dZq7d�fiege¯uJ¶Xqvk hjWZfih�h7WZ\®eckm��fr|vbch7WZ[]bgx±�R\�W�fM�wbgkm|�bgq»|7\!op|7\!qv\!l�hj\ s ��u f
qvhj|7frbc�mW�h�ecbclZ\]kml�hjWZ\]oZeckrhMª =<\]lZkrh7\]h7W�fihÊh7WZ\]�Zd��R\!|�*!kmlp\%bcqtegbc[]bch7\ s kml �Rkrhvhjkm[
��u��rfiegdZ\ H�� I ( frl s kml
hjkmo
��u H�� I �%��ª

VXW�dZq�¶X��\!bcx�W�fr| s h»¢¤frece¯¥²e³fM¢�qv\!\�[%q%hjk oZ|v\ s bcx�h%¢�bch7W�f��mkwk s frx�x!dZ|7frx�u fiege¤h7WZ\
s b��R\!|v\!l�h�o�fr|�hjqtkr�¤f
�AkmdZl s fr|vu�e³fMum\�| @N[%kr|7\!k��r\!|!¶.b¯htbgqtq7d ;»x�bg\�l�hje¯u<|v\!�mdpe³fr|tkml WZbcq
s km[%frbcl�kr� s \�#�lpbch7bgkmlnfrl s h7WZbcqX|7\!op|7\!qv\!l�hjq�frlnf s �rfil�hjfr�m\��9kr|¤hjWZ\�lwdp[%\�|7bcxMfre�qvbg[�d�¥
e³fih7bgkrl4ª

VXWpbgq%�m\!|vq7bckml�kr�Ê��\�bgx�W�fi| s h%¢�fiege ¥£egfM¢ bgq%q7dZb¯h�fi�Zeg\nhjk<qvhjd s u · k�¢�q»¢�b¯hjW qvegbc�mW�h
x!km[]oZ|v\!q7qvbg�pbgecbch£uQ\��R\!x1hjq�frl s qv[%fregeXh7\![]oR\�|jfih7dZ|7\±�m|jf s bg\�l�hjq»¢�b¯hjWpkmdph�froZoZ|v\!x!bgfr�Zec\
\!|7|vkm|7q�ª
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Reichardt wall law
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Reichardt wall law

<-- Buffer zone -->
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�M^ � � K5���������>����	�� ���-�B� �M �����7�
�	� M #
� � �
" �X�N!/�	� " ���.���»$��� ���� � �(��� &��� 1��!��� �.��� �n���

- �.���n ���"

E£lnh7WZbgq�qv\!x�h7bgkrl4¶�¢¤\��mb¯�m\thjWZ\t[%frbcln�9\!fihjdZ|v\!q�kr�NhjWZ\tl�dZ[]\!|vbgx!fre¨[%\1hjWZk s q�\![]oZeck�um\ s
bgl
hjWZbcqX¢¤kr|�4��9km|Xqvkme¯��bclZ�]hjWZ\ · k�¢¸op|7km�Zec\!['�mbc�r\!l±��u�hjWZ\toZ|v\��wbgkrdZqy\� �d�fihjbckml4ª

 M��� ����"%$'&("�� �b&(� ( �'� $'&
	 " $9&(���
VXWZ\´q7o�f(hjbgfre s bcq7x�|7\�h7b+*!fihjbckml�kr�whjWZ\ · dpb s \  �d�f(hjbckmlZq¨bgq��Zfrq7\ s kmltf #�lpbch7\´\!ec\![]\!l�h � #�lZb¯hj\
�mkmecdZ[]\´�9km|7[�dZe³f(hjbckmltkmlÊdZlZq�hj|7dpx�hjdp|7\ s []\!q7Wp\!q!ª E²h�x!km[��ZbclZ\!qNfX��kw\´dZo�¢�bcl s qvx�WZ\![]\�q
�9km|�x!km[]oZd�hjbclZ��h7WZ\}x!kml��r\!x�h7bc�r\ · d�z�\�q!¶mfil s h7WZ\���fieg\�|�4�bgl�x!\�l�hj\!|v\ s [%\1hjWZk s �9km|�\��ifre ¥
d�fihjbclZ��h7WZ\��wbcq7x�kmdZqµhj\�|7[]q!ª�aw\!x!krl s km| s \!|�qvo�frx�\]frx!x�dZ|jfrx1u®bcqÊfrx�Wpbg\1�m\ s h7WZ|7kmdp�mW�f
oZbg\�x!\1¢�bgqv\»ecbglp\Mfr|tbcl�h7\!|voRkmegfih7bgkml []\�h7WZk s �Zfrq7\ s kml�h7WZ\»° �µa ¬ § 6×°±kmlpkrhjkmlpbgx ��o�¥
¢�bgl s a�x�WZ\�[%\��9km| ¬ kmlZqv\!|��rf(hjbckmlF§¨fM¢�q�8>oZ|vk�x�\ s dZ|v\ + � ¶ ).-?¶wfrl s hjWZ\�qvegkmoA\�egbc[]bchjfihjbckml
freg�rkm|7b¯hjWZ[ + �M��-Xx!frlQ�A\�\![]oZeck�um\ s bclQkm| s \!|`h7k s fr[]o¹km|�\!ecbg[]bcl�fih7\
h7WZ\
q7oZdp|7bckmdZq
kmq7x�bgece³f(hjbckmlZqÊhjW�f(h�[%fMu�kwx!x�dZ|tbgl hjWZ\��wbcx!bclZbch£u ki� s bcq7x�kml�hjbcl�dZbch7bg\�q!ª E£l hjWp\�km| s \�|Êhjk
s bgqvx!|v\�hjb>*!\¦frx�x!dZ|7fihj\�ecu kr� · k�¢*\� �d�fihjbckml kml3q�hj|7\1hjx�WZ\ s []\�q7WZ\�q
¢0\ dZq7\�h7WZ\�x!\�egecq
bgl�hj|vk s dZx!\ s ��u 3�fr|�hjW + � � -¨frl s egfihj\�|���u ¬ ª7�µbck5*Mfih + �U�2-?ª
 M�F� �T&^- � �b&(� ( �'� $'&
	 " $9&(���
��kr|Hq7krec�wbclZ��frx!x�dZ|jfih7\!e¯u�frl s \<;%x!bc\!l�hje¯u`h7WZ\ · k�¢ \  �d�fih7bgkmlpq0f #�|7q�hv¥£kr| s \�|>km|>qv\!x!krl s ¥
km| s \�|0h7bg[]\1¥£frx!x�dZ|jf(hj\µbc[]oZegbcx!b¯h�frec�mkm|vbch7WZ[�bgq0\![]oZeckUur\ s ªVXWZ\µh7bg[]\ s bcq7x�|7\1hjb>*Mfih7bgkml�bcq
��frq7\ s kml%fµq7\!x�kml s ¥²km| s \!|´��frx�4�¢¤fr| s%s b �À\�|7\�lZx!\�q7x�Wp\![]\rª}VXWZ\XlZkrlZegbclZ\!fr| · k�¢�\� wdZf(¥
hjbckmlZq s \!|vbc�r\ s �9|vkm[�h7WZ\�h7WZ\�hjbc[%\â¥ s bcq7x�|7\1hjb>*Mfih7bgkmlFfr|7\�q7krec�r\ s ��u%f s \��9\�x�hv¥²x!km|v|7\�x�hjbckml
6?�y\1¢Xhjkmlw¥£ecb+4i\
8X[%\1hjWZk s + ���w¶��M^.-?ª

 � -
-  �!/�	Ê�.���� �¨� &��.	� ! - �.��$
!/0�.1�2�

����� ��� ����$ $'/�� $!���3$�( ",���
VXWZ\ �m\!km[]\1hj|vu�bgqnfrl h£¢¤k(¥£x!kr[%oAkmlZ\�l�h®fibg|��9kmbgeµ��§¨� �r�m� �rª VXWZbcq±�m\�km[]\�h7|vu�¢¤frq
x!kmlZqvb s \!|7\ s bcl frl \1z�oA\!|vbg[]\!l�hn��u �ifrl s \�l 30\!|7� + ��-?ª VXWp\�hj\!q�hv¥²xMfrqv\�x�WZkmq7\�l bcq
¢¤\�ege 4�lZk�¢�l fiq�fFh7\!qvh�x!frq7\%kr�¤frl .}dp|7kmoA\Mfrl¦oZ|vki~�\!x1hM¶ + �U�*-×ª»a�\�\ + � � ->�9km|tf�|7\�x!\!l�h
xMfrecx!dZegfih7bgkmlÀª VXWZ\¦��\1uwlZkme s q
lwdp[2�A\!|
bgq � ' � J��0J � a fil s hjWZ\¦°®fix�W l�dZ[��R\�|nbcq
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�8' J	� ��ª®«'q7\��r\!|7freXfrlZ�reg\�q`kr��fihvh�frx�4 ¢¤\�|7\Fhjf�4r\�l¡�9|7km[ � s \��m|7\�\�hjk J	�8' J s \!�m|v\!\�q!ª
D�bgq�hj|vbg�Zd�hjbckmlZqXkr�4h7WZ\µoZ|v\!qvq7dZ|v\µx!kw\<;%x!bc\!l�h ���tfr|v\µfM�ifrbce³fr�peg\i¶�hjkr�m\�h7WZ\!|¢�bch7W�hjWZ\�egb¯�Äh
x!kw\<;%x!bc\!l�hMª�VXWZ\�ecbc�Ähµx!kw\<;%x!bc\!l�htq7WpkU¢�q�f�q�hj|vkmlZ��qvhjfihjbcx�qvhjfreceN�9km|�frlZ�mec\!qÊkr�f(h7h�fix�4
[%kr|7\ÊhjW�fil ��� s \!�m|v\!\!q�ª

Dy\!|7b¯�m\ s �9|7kr[©hjWp\�\âzpoA\!|vbg[]\�l�h7q!¶Rfrl±fr�Zq7x�bgqvqjf%kr�>��ªÓ�m�`¢¤frq�x�WZkmq7\�l±�9km|�h7WZ\tq7WZb¯�Äh
�9|7km[ egfr[]bglZfr|�h7k»h7dZ|7�Zdpeg\�l�hµbgl±�Rkrh7W®[]k s \!ecq!ª�VXWZbcq�[]\Mfrlpq�hjW�f(hyh7WZ\�x�k�\";%x!bc\!l�hÊkr�
hjWZ\`h7dZ|7�Zdpeg\�l�ht�wbcq7x!krq7b¯h£u��rfi|7bc\!qÊecbglZ\!fr|7e¯u��A\!\1h£¢¤\�\!l *�\!|vk
�ifrecdZ\ 6ÄhjWZ\�egfr[]bglZfr| · k�¢ 8
frl s hjWZ\Ê�ifrecdZ\tkr� �

�
s \�#�lZ\ s ��u�hjdp|7�ZdZec\!l�h�[]k s \!e

��� � � ��� � �����
� I �

�
� � �
	 � � ¢�WZ\!|v\ �

�
� � �
	 I � � � + J [ ��� # + � [ J � �8' � � � � B

� ' � � 1 1
«�ecq7k]hjWZ\Ê¢¤frege�q�hj|v\!q7qyfihX¢¤frece�bgq�x!kr|7|7\�x�h7\ s fiq��9kregeck�¢�q ,

� 1 I > J � � � � � ��	 A ��1 : � � � � ��	 �����1
¢�WZ\!|v\�h7WZ\Ê�rfiegdZ\ � �1 bcq�oZ|7kroRkm|�hjbckml�freRhjk]h�frlZ�r\!l�hjbgfre4�m\�egkwx!b¯h£u±frl s hjWZ\Ê�ifrecdZ\ � ���1 bcq
s \!|vbc�r\ s �9|vkm[���\!bcx�W�fr| s hye³fM¢ 6��U�58âª

«�x�km[][%krl []\!qvW bcq�dZqv\ s �9km|t�Rkrh7W<[]k s \!ecq!ª»VXWZbcq�bcq�oAkmqvq7bc�Zeg\%q7bclZx�\»hjWp\]¢¤frece
e³fM¢�[]k s \!e�|v\!ecbg\�q0kml»frl»frl�fre¯u�hjbcxyegfMum\�|h7WZbgx�4�lZ\�q7q � h7W�fihbcq0oZ|v\!qvx!|7bc�A\ s ��u]dZqv\!|0frl s
lZkrh´hjWp|7kmdZ�rW]h7WZ\XhjWZbcx�4�lZ\!qvq¤kr��h7WZ\�#�|7q�h0[]\�q7W%|7k�¢tª E£l]hjWZ\�q7\� �dZ\!eD¶w¢0\�W�frq}km�Zqv\!|��m\ s
hjW�fihXh7WZ\t�R\�qvh�|7\�q7dZe¯hjq�¢0\!|7\�km�phjfrbclZ\ s ¢�bch7W � I � � J � �  ª��km|µh7WZbcq�h7\!qvh�xMfiq7\r¶¨hjWp\»x�km[]oZdphj\ s �ifrecdZ\!q�kr� H�� fr|v\ s \!oZbcx�h7\ s bcl �Nbg�Zª.�wªB=<\
lZkrhj\Êh7W�fih�hjWZ\�q7\��ifrecdZ\�q�fr|v\�freg[]kmq�hy�9krdZ|Xhjbc[%\�q�qv[»fiegec\!|�hjW�fil±hjWp\�[]b sZs ec\2oAkmbgl�h�kr�
hjWZ\%egkr��fr|7b¯hjWp[%bcx�|v\!�mbckmlH6Dq7\�\ �Hbc�Zª � 81ª�VXWp\!|7\1�9km|7\i¶>bcl¡[%frl�u<oZfr|vh�kr��h7WZ\%¢¤freceh7WZ\
[»f(hjx�WZbclZ�%bgq�froZopegbc\ s bgl�hjWp\�dpoZoR\�|�|7\!�rbgkmlnkr�.hjWZ\t�Zd��À\�|J*�kmlZ\iª

� � �2" - 	t�N!&��2� ���X�i���N� &4�.	� � 

« #�|7q�h�q7\�|7bc\!q
kr��xMfiegx�dZe³f(hjbckmlZq�W�fM�m\��A\!\�l x!kml s dZx�h7\ s bgl3km| s \!|»hjk#x!kr[%oZfr|7\®h7WZ\
oZ|7\�q7q7dp|7\�kmdphjopdphjq�oZ|vkU�wb s \ s ��u�hjWZ\Êh£¢0k%�9kmececkU¢�bclZ�%kmoph7bgkmlpq ,

¥»hjWZ\Êh£¢0k»egfMum\�|�[]k s \!e4¢�b¯hjW®°±\�l�h7\!|�x!km|v|7\�x�hjbckml4¶
¥»hjWZ\Ê¢¤frece�e³fM¢ []k s \!e4¢�b¯hjWpkmdph�°±\!l�h7\!|�x!km|v|7\!x1hjbckml4ª
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� � � � K5���������>����	�� ���-�B� �M �����7�
�	� M #
E²h»fropoR\!fr|7q`h7W�fih��9km|�[]\ s bgdZ[ filZ�mec\!q]kr��fih7hjfrx�4 qvdZx�W�frq � s \��m|7\�\!q%dZo#hjk ���

s \!�m|v\!\�q�6 �Hbc�mq�ªp�(¥ � 81¶w�AkrhjWF[]k s \!eAoZ|vkU�wb s \Êb s \!l�hjbcxMfiege¯uF�mkwk s oZ|v\!q7qvdZ|7\ s bgq�hj|7bc�Zdph7bgkrl4ª
��k�¢¤\1�m\!|�¶0�9km|]filZ�mec\!q�kr� ����frl s �!^ s \!�m|v\!\!q 6!�Hbg�rq!ª´��¥ ��� 8â¶}f�q7[%frece s \��wbgfihjbckml

bgq�km�Zqv\!|v�r\ s kml · fro±oZ|7\�q7q7dp|7\ s bcqvh7|7bc�Zdph7bgkmlÀ¶A¢�WZbcec\r¶4fibg|��9kmbge s bgq�hj|7bc�Zdph7bgkrl�fr|7\�W�fr| s e¯u
s bgq�hjbclZ�mdZbcq7WZfr�Zec\rªJa�bglpx!\�\âzpoA\!|vbg[]\�l�h7q
fr|7\±fM�ifrbgegfr�Zec\±�9kr|]h7WZ\ �M�pª �®frlZ�mec\r¶0¢¤\�x!frl
lZkrhj\Xh7W�fih´hjWp\�h£¢0ki¥²e³fMum\�|0x!frecx!dZegfihjbckml%bgq}qvegbc�mW�hje¯u]�R\1h7h7\!|}kml%dZoZoA\!|}q7b s \r¶wq7ecbc�mW�hje¯u�eg\�q7q
�mk�k s kmlnegk�¢0\!|�q7b s \iª
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Experimental points

�Hbc�mdZ|7\t� , D�bgq�hj|vbg�Zd�hjbckmlZq�krl±�y§¨� frbc|v�9kmbce�� ���

� � �2" - 	t�N!&��2�
&'�(��� &��.	� ! #/0�2�
$
1�.1�2�
&

�Hbg�rq!ª � ��¥ �U��q7WpkU¢ hjWZ\ s bcqvh7|7bc�ZdphjbckmlF°®frx�W�l�dZ[��R\�|�9kr|>h£¢¤kth£uwoR\�q¤kr� · k�¢ _ qvh7\Mf s u
6?frlZ�reg\�kr�´f(h7h�fix�4 ���pª � s \��m|7\�\!q 8yfrl s dZlZq�hj\Mf s u
¢�bch7W±hjWp\�q�h�freceP6 � � ª � s \!�m|v\!\�q�81ªL=<\
lZkrhjbcx!\]hjWZfiht�9km|�fnq�hj\Mf s u · k�¢��RkihjW¦[%k s \�e 6D��\�bgx�WZfr| s h�egf�¢�frl s h£¢¤ki¥²e³fMur\!|�8t�mb¯�m\
froZoZ|vk�z�bc[%fihj\�ecu�h7WZ\�qjfi[%\]|v\!q7dpech!ª73¤dphÊ�9km|µh7WZ\�dZlZq�hj\!f s u · k�¢�km�ph�fibglZ\ s ¢�bch7W h7WZ\
h£¢¤ki¥²e³fMur\!|
[]k s \�ey¢�b¯hjW °±\�l�h7\!|
x!kr|7|7\�x�h7bgkml3¢0\ km�Zq7\�|v�r\<f¡eckmlZ�#qv\!o�fi|jfih7bgkml *�kmlZ\
¢�WZbgx�W q�h�fr|�hjqtfihÊec\Mf s bglp�n\ s �m\`ki�h7WZ\�[%frbcl frbg|��9kmbce 6 �Nbg�Zª � � 8âª�«�h�hjWZ\�q7fr[]\]frlZ�mec\
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�Nbg�mdp|7\ ����, Dybgq�hj|7bc�Zdph7bgkrlZq�kml · fio � J (7' J �
kr�¨fihvh�frx�4�¶Z��\!bcx�W�fr| s h � q¤¢¤freceÀegf�¢ op|7\ s bgx1hjq�kmlpecu�f�q�hj\Mf s u�qvkmecdphjbckmlF¢�b¯hjWZkmd�h�q7\�o�fr|7f(¥
hjbckml/6 �Nbg�Zª��U�581ª

«�h ����ª � s \!�m|v\!\!q�¶ZhjWZ\t��\!bcx�W�fr| s h�[]k s \�eÀ�mb¯�m\�q�f��9dpege¯u�fihvh�frx�Wp\ s�· k�¢ ¢�b¯hjWnWZbc�mW
egb¯�ÄhMª0{´|7\!qvq7dZ|v\ s bcqvh7|7bc�ZdphjbckmlZqyfr|v\��r\!|vunqvbg[]bce³fr|�hjk]hjWp\�op|7\��wbckmdZqykmlZ\!q�¶�¢�bch7W4¶ÀfioZo�fr|º¥
\!l�hje¯u¡fil \��r\!l#�A\�hvhj\!|�egb¯�ÄhMª E£l¡x�kml�hj|jfiqvhM¶NhjWZ\%h£¢¤ki¥²e³fMur\!|`[]k s \!e�mb¯�m\�frl<dZlZq�hj\Mf s u
· k�¢t¶�¢�b¯hjW3qv\!o�fi|jfih7bgkmlÀ¶yfil s oZ|v\!q7qvdZ|7\ s bgq�hj|7bc�Zdph7bgkrlZq�q7WZk�¢ f s |7fr[%fihjbcxMfiege¯u x�km[`¥
oZ|7\�q7q7\ s oZ|v\!qvq7dZ|v\2x!dp|v�m\i¶�\!q7oA\!x�b³fiege¯u��9km|�hjWp\�[%frbcl±frbg|��9kmbce 6 �Hbc�Zª �M�(¥ �M^ 8

��km| � � ª � s \��m|7\�\!q!¶´h7WZ\
��\�bgx�WZfr| s h`[%k s \�e¤�mb¯�m\�q�qvhjbcece�egb¯�Äh�bclZx!|v\![]\!l�h!¶0fil s qvh7bgece
q7bc[%bcegfr|}x!dZ|��m\!q�ª%= \ s \�oZbgx1h�fiegqvk2frl]bclZqvhjfrl�h�frlp\!kmdZq|7\�q7dZe¯h�9km|>hjWZ\Xh£¢0ki¥£egfMum\�|0[]k s \!eD¶
hjW�fih�bcq�f�egb¯h7h7eg\ s b ;%x!dZe¯hyh7k]\1z�oZeckmbchy�A\!xMfidZq7\tkr�HdZlZqvh7\Mf s bglZ\�q7q 6 �Hbc�Zª �U��¥ � � 8âª

VXWp\`egb¯�Ähyx!kw\<;%x!bc\!l�ht[]\MfrqvdZ|7\ s kml�frece�hjWZ\`fr�Rk��r\2x!kr[%opdph�fih7bgkrlZqµbcq s \�oZbgx1hj\ s bcl
�Hbg�rq!ª �U�wª ��km|>dZlZq�hj\!f s u · k�¢�q!¶�¢0\ydZqv\�fÊh7bg[]\�fM�m\�|jfr�m\ s ecbc�Ähx�k�\";»x�bg\�l�hMª%E²h0froZoA\Mfr|vq
hjW�fihNhjWZ\X�rk�k s oZ|v\ s bcx�h7bgkml]kr��h7WZ\�q�h�freceZ�mb¯�m\�l%��u�hjWZ\¤h£¢0ki¥²e³fMum\�|´[]k s \�eZbcq>x!km[]oZec\�h7\!e¯u
[%bcq7qv\ s ��u�h7WZ\���\�bgx�WZfr| s h�egfM¢ []k s \!eDª
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NLR_13.1

mach,  min = 0,  max = 0.766412

NLR_16.1

mach,  min = 0,  max = 0.476184

�Hbg�rdZ|7\ � �5,±awhjfrece�op|7\ s bgx1hjbckmlQ�9km|]f¦��§¨� frbc|v�9krbge�¢�b¯hjW hjWZ\
h£¢¤k(¥£egf�ur\!|%[]k s \�e�frl s
°±\!l�hj\�|yx�km|7|v\!x1hjbckml 69x!kmdp|vhj\�qvu
kr���pª ��|jfilZx!\�q7xMf(h7hjk 8

«�lZ�mec\ V¨¢¤ki¥²e³fMur\!| ��\!x�W�fi| s hye³fM¢ ��\!bcx�W�fr| s h�e³fM¢ .Hz�oR\�|7bc[%\�l�h�fre
kr�>f(h7h�fix�4 []k s \!e ¢�bch7W�°±\�l�hj\!| s fih�f

����ª � ��ª � ^�� ��ª � � � ��ª � �r� ��ª � �m�
����ª � �pª �U�r� �pªÌ��) � �pª �U� ) �pª �M^ �
�M^pª � �pª � � � �pª �M^ � �pª �*)m� �pª �*)��

VHfr�peg\ �5, ¬ kr[%oZfr|7bcq7kmlnecbc�Äh�x�k�\";»x�bg\�l�hjqyfr|7\Êx�km[]oZdphj\ s ¢�b¯hjW�h£¢0ki¥£egfMum\!|�[]k s \!eÀ¢�b¯hjW
°±\!l�hj\�|Nx�km|7|v\!x1hjbckml4¶i��\�bgx�W�fi| s hNe³fM¢t¶i��\�bgx�WZfr| s h.egfM¢¡¢�bch7W`°n\!l�hj\�|Hfrl s \âzpoA\!|vbg[]\�l�hjfre
|7\!qvdZe¯hjq

�M��� � �4&�(C/�",� �M$�� "���� �("�� "�� � � �4��$!��� ( ���!�'� (=$9&(���
VXWZbgqyq7\�x�hjbckml�bcqy�9kwx!dZqv\ s krl±hjWp\2x!kr[2�Zbcl�fih7bgkml�ki�}��\�bgx�WZfr| s hy¢�fiege.e³fM¢�frl s °±\�l�h7\!|
x!km|v|7\!x1hjbckml4ª��q7bclZ�3hjWZ\ °n\!l�hj\�|¦[]k s b #�xMfih7bgkrl�bcl x!km[��Zbcl�fihjbckml¸¢�b¯hjW¸hjWZ\¹��\!bcx�W�fr| s h egf�¢
[%k s \�e�frececkU¢�q»hjk¡fix�WZbg\1�m\�[]km|v\�frx�x!dZ|7fihj\�|v\!qvdZech7qFbcl�oZ|7\ s bcx�hjbckml3kr�µqvhj\!f s u · k�¢tª
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�m� � � K5���������>����	�� ���-�B� �M �����7�
�	� M #
NLR - 13.1 (Reichardt law)

Mach number
min = 0.,  max = 0.757483

NLR - 16.1 (Reichardt law)

Mach number
min = 0.,  max = 0.850114

�Hbg�rdZ|7\��U� ,��Heck�¢ oZ|v\ s bcx�h7bgkrl®�9km|�f%��§¨�¸frbc|v�9kmbce4¢�bch7W±h7WZ\���\�bgx�W�fi| s hye³fM¢t¶AfrlZ�reg\tkr�
fih7hjfrx�4%_ ���pª ��frl s � � ª � s \!�r|7\!\�q
E£l�VHfr�peg\ �µ¢0\µx!frl�q7\�\µhjWZ\µbc[]oZ|7k��r\![]\!l�hykr��hjWZ\�egb¯�ÄhXx!kw\<;%x�bg\�l�hX�ifrecdZ\µbcl�x!kr[%oZfr|7b ¥
q7kml�¢�b¯hjW]��\!bcx�W�fr| s h0egfM¢ x�km[]oZdphjfihjbckmlZq�ª = \�fiegqvkÊkm�Zq7\�|v�r\�h7W�fih>h7WZ\Xx�W�frlp�m\XxMfr|v|7bc\ s
��u�bgl�hj|vk s dZx!bclZ�
hjWZ\%°±\�l�hj\!|�x!kr|7|7\�x�h7bgkml bcq�f
ecb¯h7hjec\ s bcqjfropoRkmbcl�hjbclZ�
�9km|tfrl¦frlZ�mec\�kr�
���pª � s \!�m|v\!\!q�ª

« x!km[]o�fr|vbgqvkml�kr��hjWp\�oZ|7\�q7qvdZ|7\�x!kw\<;%x�bg\�l�h}kr�ph�frbclZ\ s ��u�hjWZ\���\�bgx�W�fi| s h´¢¤frecepegf�¢
¢�bch7W�°n\!l�hj\�|0x�km|7|v\!x�h7bgkrl»fil s hjWZ\Xh£¢0ki¥£egfMum\!|}[]k s \!e�frecq7kÊ¢�b¯hjW»°±\�l�h7\!|[]k s b #�x!fihjbckml
s \!oZbcx�h7\ s bgl �Hbc�mq�ª � � ¥ �*)pª E²h�fropoR\!fr|7q�h7W�fih�h7WZ\t|7\!qvdZe¯hjq�km�phjfrbglp\ s ��uFhjWZ\t��\!bcx�W�fr| s h
¢�frece�egf�¢J[]k s \�e4¢�bch7W±kr|�¢�bch7WZkmdph�°±\�l�h7\!|�x!km|v|7\�x�hjbckml±fr|7\� �dZb¯hj\ÊhjWp\�q7fr[]\rª

¬ krl��r\!|vq7e¯um¶Nfihtfrl frlp�meg\�ki�fih7hjfrx�4®kr� J � ' J s \��m|7\�\!q�¶4hjWZ\�ecbc�Ähµx!kw\<;%x!bc\!l�h�#�l�frece¯u
qvh�fi�Zbgecb>*!\tfih �mª � ��¶Zf2�ifrecdZ\�h7W�fih�bcqXkr�¨x�km[]o�fr|jfi�Zeg\  �d�fiegb¯h£u�h7k2hjW�f(hXkr��hjWp\�h£¢¤k(¥£egf�ur\!|
x!km[]oZdphjfihjbckml 6Dqv\!\ �Hbc�Zª �U�58

� � �2�
/� ��
&.1�2�
&

E£lnh7WZbgq�qvh7d s ur¶Ah£¢0k»[]k s \!ecq�|7\!op|7\!qv\!l�hjbclZ��h£¢0k»�Dfi[%bcecbg\�qyW�fM�r\2�A\!\!l±x!km[]o�fi|7\ s �9km|�f
hj\!q�h�xMfrqv\�|v\!oZ|v\!qv\!l�h�fih7bc�r\`kr�Nqvhjfrege�op|7\ s bgx1hjbckml±op|7km�Zec\![]q�ª
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fih7hjfrx�4%_ ���pª � s \!�r|7\!\�q
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Experimental points

�Hbg�rdZ|7\ �*)�,%D�bcqvh7|7bc�Zdph7bgkmlpqXkr�¨oZ|7\�q7qvdZ|7\Êx�k�\";»x�bg\�l�h�kml · froÀ¶ZfrlZ�reg\µki�.fih7hjfrx�4�_ ���pª �
s \!�m|v\!\�q

VXWp\
��\�bgx�W�fi| s h�¢¤frece¤egf�¢ bcq]f®[]k s \!|7l#¢¤frece¤egf�¢'frecegk�¢�bclZ� f®�mkwk s |7\�q7kmecdphjbckml
kr�}hjWZ\��AkmdZl s fr|vu®e³fMum\�|µ�9km|Êf�egfr|7�m\2x�WZkmbcx!\]kr��RkrdZl s fr|�u�egfMum\!|Êh7WZbgx�4�lZ\�q7q�ª7E²h s kw\!q
lZkrh`lp\!\ s fn�m\!|�u�#�lp\F[]\!q7W fih�¢�fiege¤frl s x!frl#�R\»bgl#op|jfrx1hjbcx!\ � h7k ���±h7bg[]\�q`eg\�q7q
\1z�oR\�lZq7b¯�m\�hjW�fil®f�eckU¢�¥£��\1uwlZkme s q�h7|7\!fihj[]\!l�h!ª

VXWp\»h£¢0ki¥£egfMum\!| ¬ WZ\!l�¥£{Hfih7\!e0[%k s \�ebcq`fnegk�¢�¥£��\1u�lpkme s q2hj|v\Mfih7[%\�l�h`kr�X[]\ s bgdp[
x!kmq�hM¶�q7bclZx!\�b¯h
bgq�|jfih7WZ\!|�|vkm�ZdZq�h
frl s3s kw\!q�lpkrh�bcl��rkme¯�m\�hjWZ\�|v\!qvkmegd�hjbckml kr�thjWZ\  
�rfi|7bgfr�Zec\�fihµ¢¤frece?ª�E²htlZ\!\ s qÊWZk�¢¤\1�m\�|2f #�lp\�[%\�q7W<fihµ¢¤freceH�9km|�h7WZ\�|7\�q7kmecdphjbckml kr� �
frl s kr�N[%\!frl · kU¢ �ifr|7bgfr�Zec\!q�ª

¬ kr[%opdph�fih7bgkrlZqFW�fM�m\��A\!\�l3oR\�|v�9km|v[]\ s �9km|]hjWZ\®�Rkrh7W�[]k s \!ecq�¢�bch7W�hjWZ\®qjfr[]\
[%\�q7W4¶�f #�lZ\�kmlZ\i¶ybcl km| s \!|Fhjk¹fM�rkmb s l�dZ[]\!|vbgx!freÊbglZfrx!x�dZ|jfrx�bg\�q!ª 3¤kihjW3q7\�|7bc\!q
kr�
xMfrecx!dZegfih7bgkmlnW�fM�m\�q7WpkU¢�l±|7km�pdZqvh7lZ\!qvq!¶Afrl s x!km[]o�fi|jfr�Zec\tx!km[]oZd�h�fih7bgkmlZfre�x!kmq�hMª

VXWp\t��\�bgx�W�fi| s h�¢¤fregeÀe³fM¢ oZ|7k s dZx�\ s �R\�qvh�|v\!q7dpech7q�¢�b¯hjWnf`qv[»fiege4�AkmdZl s fr|vu�e³fMur\!|
hjWZbcx�4�lZ\!qvq!¶¤x�km|7|v\!qvoRkml s bglp� h7k�hjWZ\��pd��À\�| *!krlZ\�@�b¯h�W�fiq��R\�\!l#\1zpfr[]bclZ\ s ¢�b¯hjW#hjWZbcq
kmophjbckml4ª E²h`�A\!W�fM�m\�q�¢¤\�ege�9km|`frlp�meg\�q`kr��fihvh�frx�4¦ec\!q7q`h7W�frl h7WZ\F\âzpoA\!|vbg[]\�l�hjfreXqvhjfrece
kmlZ\r¶��pdphXhjWZ\tq�h�frece�bgq�lZkihyop|7\ s bgx1hj\ s ª
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VXWp\ ¬ WZ\�l�¥º{Nfihj\�e�[%k s \�eZoZ|7\�q7\�l�h7\ s Wp\!|7\��A\!W�fM�r\!q¤ecb>4r\ 6Dkm|´qvegbc�mW�hje¯u]�R\1h7h7\!|´hjW�fil 8
hjWZ\»qvh�fil s fr| s ¢�fiege ¥£egfM¢��9km|�qv[%frege0frlZ�reg\�q2kr��f(h7h�fix�4A¶N¢�bch7W#frl¡dZl s \!|voZ|7\ s bgx1hjbckml#kr�
hjWZ\tecbc�Äh!ª´VXWZ\�q�h�frece4bcq�lZkrh�oZ|7\ s bcx�hj\ s \�bch7WZ\!|�ª

E²��¢¤\¦bcl�h7|7k s dZx�\ h7WZ\ °±\!l�hj\�|±x�km|7|v\!x1hjbckml bcl �Rkrh7W []k s \!ecq!¶�bchnxMfi|7|7bc\!qn[]bglpkm|
[%k s b #�xMf(hjbckmlZq�hjk`h7WZ\t��\!bcx�W�fr| s h�e³fM¢ �R\1�9km|7\µq�h�freceD¶�frl s lZkrh¤um\�hyf`�mkwk s qvhjfrege4frlZ�mec\
oZ|7\ s bgx1hjbckml4ª

E²hµxMfr|v|7bc\!q�fFq7ecbg�rW�h7ecu®�R\1h7h7\!|Êbc[%op|7k��m\�[%\�l�h�h7kFhjWZ\2h£¢0ki¥²e³fMum\�|t[%k s \�eH�9km|µfilZ�mec\!q
egk�¢0\!|]hjW�frlQqvhjfrege @�[%f�uw�A\nh7WZbcq»|v\![%fr|�4¡h7\!l s q%h7k<oZ|vk��m\±h7W�fih%kmdZ|][]\!qvW ¢¤frq»lpkrh
qvhjbcece´\!lZkmdp�mW �mkwk s �9kr|µhjWZ\�h£¢0ki¥£egfMum\!|�[]k s \�e?ª �yk�¢0\��r\!|!¶Hbgl�hj|vk s dZx!bclZ�
hjWZ\»°±\�l�h7\!|
x!km|v|7\!x1hjbckml]bgl]hjkµh7WZ\Xh£¢¤k(¥£egf�ur\!|}x!kr|7|7\�x�h7bgkml%frececkU¢�qfÊ�mkwk s op|7\ s bgx1hjbckml»ki�Rq�h�frece�frlZ�reg\iª

� � /������y�' ���$�����" �����.&

VXWZ\
��§¨� frbg|��9kmbce¤[]\!qvW¹¢¤frq�oZ|vk���b s \ s ��u �µb¯h7hjkr|7bck¦a�\!ec[]bgl 6D«yeg\�lZbgf(¥£V.dZ|7bcl 8âª =<\
hjW�frl�4 ���!|��m[]\ ��|7frlZx!\�q7x!fih7h7k%�9km|Xop|7k��wb s bclZ�]hjWZ\Êh£¢0ki¥£egfMum\�|yqvkr�Äh£¢�fi|7\rª
� �X�i�X�.���
/¤��&

+ � - �pª $`ª �ybcl9*!\ ,���M  � M!� �"�	���1¶�°±x �t|7fM¢�¥ �ybcece?¶���\�¢�
km| 4�¶/6 �*)m� ) 81ª
+ ��- �0ªÓ�tª4°n\!l�hj\�|!¶���Àkml�fre¨V¨¢¤k(¥�.  �d�fihjbckml �]��� V.dZ|7�pdZeg\�lZx!\%°nk s \�egq��9km|�«X\�|7k s u�¥
l�fr[]bcx �Hegk�¢�q���¶7� ���M���L��� �"����5�������! (¶��*) )m�pª

+ �.- �pª «2ª-.%4(fr|7\�|7bcl�fr|vbgq�¶ �¤ªÓ�tª�°±\�l�hj\!|�¶"� ¬ km[]oZdphjfihjbckml
kr�>a�\!o�fi|jfih7\ s fil s �ylZq�hj\Mf s u
�Heck�¢�q�¢�b¯hjW $µlZ\1¥0frl s V¨¢¤k(¥L.  �d�fih7bgkrl®V.dZ|7�Zdpeg\�lZx!\`°±k s \!ecq���¶7� ���M�#�L��� �"$�&% �
�!'(���(¶ �*) )r^Zª

+ ^ -2D�ªÌ«�ª �rkmWZlpq7kml4¶>§}ªÓaRª � bclZ�Z¶)�º«�°®fihjWp\![%fihjbcxMfiege¯u#awbg[]oZec\FV.dZ|7�Zdpeg\�lZx!\ ¬ eckmq7dp|7\
°±k s \!e`�9kr|�«�h7hjfrx�WZ\ s frl s a�\!oZfr|jfih7\ s VNdp|7�ZdZec\!l�h 3¤kmdZl s fr|vu¸§.fMur\!|7q���¶.� ���M�
*���M ��-��� ¶8�}kre?ªA�r��¶ZoZo4ª�� � � ^i¥ � � )���¶ �*) � �wª

+ ��- �pª ��|7frlZx�\!q7x!fih7h7kZ¶+�v° �1hjWZk s \!q
[�dZech7bg�r|7bcegec\!q
o�fr|Ffr�m�meckm[%�!|7fihjbckml s bc|7\�x�hjbckmlZlp\!eceg\
oAkmdZ| eg\¹x!fregx�dZe s"� ��x!kmdpeg\�[%\�l�hjq h7dZ|7�Zdpeg\�l�h7q��j¶�� �",�#
� �!� �.-0//� 	����"�#"	�'�1:�!�32�	4���
5 �6� �!	 ��� � � ' 	7� ��� 	 #1¶ �*) ) � ª
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� � � � K5���������>����	�� ���-�B� �M �����7�
�	� M #
+ � -�{.ª �]ª ��d�frlZ�Z¶µ{Nª 3¤|7f s q7WZf�¢ frl s VÊª��pª ¬ kmf�4�eg\1um¶ �ºV.dZ|7�pdZeg\�lZx!\ °±k s \!ecq
�9km|
¬ km[]oZ|v\!q7qvbg�peg\ 3¤kmdZl s fr|vu
§¨fMum\�|7q���¶7� ���M� *���M ��-��� ¶8�}kre?ª����w¶Z«�oZ|vbge �	)�)r^Zª

+ ��-23yª��frl s \�l 30\!|7�p¶ ��3¤kmdZl s fr|vuQe³fMur\!|�[]\MfrqvdZ|7\�[]\!l�hjqnkml f h£¢0ki¥ s bc[]\!lZqvbgkrl�fre
¢�bclZ�±¢�b¯hjW · fro �j¶H�yfihjbckml�fre´«X\�|7kmqvo�frx�\F§¨fr�Akm|jfih7km|vur¶.��§¨��V���� )m�m��) ��¶�«y[]q�¥
hj\�| s fi[n¶�VXWp\���\�h7WZ\!|ve³frl s q!¶ �*)��.)pª

+�� -23yª5�frl®§�\!\!|�¶�£VNk�¢¤fr| s q�hjWZ\ �ye¯hjbc[%fihj\ ¬ kmlZq7\�|v�ifih7bc�r\7D�b �À\�|7\!lpx!\]a�x�Wp\![]\ � ,Af
a�\�x!kml s ¥ $µ| s \�|�a�\  �dZ\�e>hjk �Êk s dZlZk�� � q�°±\1hjWZk s ��¶�* O � ��� ��O�� �!K
# O³¶ �}kme?ªÀ����¶4opo4ª
� � � �����r�p¶ �*)�� )�ª

+ ).-t«�ª D�\�|v�wbg\�d�zR¶ �vawh7\Mf s u .´dZeg\�|ya�bg[�dZegfihjbckmlZq ��q7bclZ� ��lZqvh7|7dZx1hjdZ|v\ s °±\!qvWZ\!q���¶��-���� ���� ��� ����#"' 	�' M '�� G �6�"'NM! � 5 �""	���#1¶��*) � ��ª
+ ����- �]ª�D2ª��frl�«�ec��f s fp¶ 3�ª��frl]§�\�\!|´\�h%= ª = ª���kr�R\�|vhjq�¶ �º« ¬ kr[%oZfr|jfih7bc�r\yawhjd s u
kr� ¬ km[]oZdphjfihjbckml�fie}°±\�h7WZk s qÊbgl ¬ kmqv[]bgx �tfrq Dyuwl�fr[]bcx!q���¶#��#"'  ���-O � #"'N �6� �!K
# O³¶�}kmeDª �M� � ¶ZoZoÀª�� � � � ^Z¶ �*) � ��ª

+ � � -tVÊª �pª 3�fr|�hjW4¶ �º«yq7oA\!x�h7q2kr�¤dZlZq�hj|7dpx�hjdp|7\ s �r|7b s q2fil s #�lpbch7\1¥²�rkmecdZ[]\Fq7kme¯�m\�|7q��9km|
hjWp\ .´dZec\!|µfil s ��fM�wbc\!|�¥ºawhjk�4r\!q�\  �d�fih7bgkmlpq��â¶��-��� � ��"� ��� � ��#"'N	�' M!'�� G �6�"'NM! � 5 �"�
�	���#1¶ �*)�)i^Zª

+ �U�2- ¬ ª��µbck5*Mf(hM¶+� ¬ frecx!dZe s"� ��x!kmdpeg\�[%\�l�hjq®q�h�fih7bgkrlZl�frbc|7\�q�\�h
bclZqvhjfihjbckmlZl�fibg|v\!q ) oR\â¥
hjb¯htlZkm[��Z|7\ s \][%frx�W4¶.\�h�\!l<[%frbgecegfr�m\!qtY1hjbc|7Y!q���¶ � �",�#
� �!� �.-0//� 	����" #"	�'�1 �!� 2�	4���
5 �6� �!	 ��� � � ' 	7� ��� 	 #1¶ �*) ) � ª

+ ����- � ª�3¤kmWZ[]\�|!¶Z{.ª ��\![B4r\�|!¶�\�h ��ª�a�hj\�hvhj\�|!¶ �£VXWZ\ D�\1�9\!x1h ¬ km|7|v\!x�h7bgkrln«yoZoZ|vk�frx�W �j¶
� ��� �-M!' O 5 M �!��O³¶8�}kmeDªA��¶Zopo4ª�� �����w¶ �*) � ^pª

+ �M^.-���ªZ°®fr|vh7bgl�\1h ��ª �tdZbcece³fr| s ¶ �£« a�\�x!kml s ¥ $µ| s \�| D�\1�9\!x�h ¬ km|v|7\�x�hjbckmlna�x�Wp\![]\Ê�9km|�ylpqvhj\!f s un{´|7kr�Zeg\�[]q���¶ � ��� �-M!'�O%���-��� � M!	 ��#1¶8�}kmeDª��m��¶Zopo4ª ) �p�m�w¶ �*)�) � ª
+ �U�2- = ª ��fmfrqv\r¶ .Xª ¬ W�fropdphM¶ .Xª .´egqvWZkme>*r¶�°<ª «2ª�§�\!qvx�W9*!bclZ\�|¤frl s ��ª���ª�°±dZ\!ecec\!| 6D\ s ¥
b¯hjkm|vq�81¶ . ¬ «��y{H¥�.´dZ|vkmoA\Mfrl ¬ km[]oZdph�f(hjbckml�fre�«X\�|7k s uwl�fr[]bgx�qµ��\!qv\Mfr|vx�W�{´|7ki~�\�x�h�,�frecb s fihjbckml kr� ¬ � D x�k s \!q�frl s «�qvq7\!qvq7[]\!l�h�ki�¤V.dZ|7�pdZeg\�lZx!\F°±k s \!ecq!¶ 2���'���# ���
2 M ���"�	4������� � M!	 �	� �6������� 	4��#1¶�� � ¶ �µbc\�¢0\!� �}\�|7egfr�Z¶��*) ) � ª
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+ � � -2D2ª ��ª � kmdZ�Akm�mbgfrlZlpbgq0frl s � ª ¬ ª �tbgfrlZl�f 4rkm�meckmd4¶���E£[]oZec\![%frl�hjfihjbckml�frl s frqvq7\!qvq�¥
[]\!l�h%kr��egk�¢�¥£��\1u�lpkme s q%h7dZ|7�Zdpeg\�lZx!\
[]k s \!ecq]�9kr|]frbg|��9kmbce · k�¢�q]kml¹dZlZq�hj|7dpx�hjdp|7\ s
�m|vb s q��â¶ . ¬X¬ $t°±«µa � �i�m�m�p¶-3�fr|vx!\�egkmlZfp¶Aa�o�frbcl4¶Zh7k»fioZoR\!fr|

+ �U�2- �]ª ¬ fr|v|��i¶ �����!qvkmecdphjbckml s�� ��x!kmdZec\![]\�l�hNhjdZ|v�ZdZec\!l�hjqHx!km[]oZ|v\!q7qvbg�peg\�q>qvhjfihjbckmlZl�fibg|v\!q
o�fr|�[%��h7WZk s \!qµ[�dZech7bg�r|7bcegec\!q���¶ � �",�#
� �!���.-0//� 	����"�#"	�'�17�!�$2 	4��� 5 �6� �!	 ��� � � 'N	7� ��� 	 #1¶
�*)�)m��ª

+ � � - �yd�frlp� {Nª �]ªc¶�3¤|jf s q7W�fM¢'{Nªc¶ ¬ kmf�4�eg\1u¡VÊª �pªg¶ �ºV.dZ|v�ZdZec\!lZx�\®°nk s \�egq`�9kr| ¬ km[`¥
oZ|v\!q7qvbg�peg\�3¤kmdZl s fr|vu�§.fMur\!|7q��×¥ � ���M� *���M ��-��� ¶8�}kre¨����¶ZoZoÀªA�r��� �p�(^��p¶��	)�)r^Zª

+ �*)�-�°±\!l�hj\�| �0ªÓ�tªg¶ ���Àkml�freÀV.¢0ki¥£\� �d�fihjbckml �]� � V.dZ|7�Zdpeg\�lZx!\`°±k s \!ecq��9kr|�«X\�|7k s u�¥
l�fr[]bcx �Hegk�¢�q���¶7� ���M� ���5�������! (¶ �	)�)m�pª

+ �r��- ��ª ¬ ª ¬ WZ\!lÀ¶��`ª ¬ ªm{Hf(hj\!eD¶ ����\Mfr|º¥ = frece�V.dZ|7�pdZeg\�lZx!\y°±k s \�egq>�9km| ¬ km[]oZec\1z �Negk�¢�q
E£lZx�egd s bglZ��a�\�o�fr|jf(hjbckml ��¶7� ���M� *9��M!��-��� ¶7�}kmeDª�� � ¶Zopo4ª � ^ � � � ^ � ¶ �*) ��� ª
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