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I�JLKNMDOQPSRQT�OLUWVSPSXYJZJZJZJZJZJ[JZJZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJ \
I�J]I_^`OQTZa�UWbcT�VSXdT�edf'T�UWbcOQTgJ[JZJZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJ \
I�J hia�UWbcT�VSVSPSXCjdedPlknmdP�UWXdT�PSopUWbWqsrSRQVSPSX'qsPutlq�UWT�bcOQTZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJ"K�v

I�J hwJLK MDOQPSRQT�OLUWVSPSX"JZJ[JZJZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJ"K�v
I�J hwJ]I ^`OQTZa�UWbcT�VSVSPSX=qsPxT�OQPST�byXdRzq�UcUWT�Pl{|bcT�PS}�~>�s��rST�JZJZJZJZJ[JZJZJZJZJZJZJ"K�v
I�J hwJ h knmdP�UWXdT�PSopUWbcT�VSVSPSX�OQf�k�qsrSf'T�P%�ST�b|KdJ>��edbcPSoc��rST�Pl�`�S�Sbce��wOQf�q�UWOQedP�J"K��
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hwJLKNMDOQPSRQT�OLUWVSPSXYJZJZJZJZJZJ[JZJZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJ�Id�
hwJ]I�{[qsocr� ��SbWq�UWTs¡�a�UWbcVS¢�UWVSb£VSPS�Yt%e��ST�RQRQT¤}�VSb£��OQRQ�SVSPSXAjdedP�{[qsocr� ��SbWq�U-qsP

¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qson{|bcT�PS}�~>�s��rST�P�JZJZJZJZJZJ[JZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJ�Is©
hwJ h_�y�Socedbc�wUWOQedP%qsPuª¬«�T�bp~>�s��rST�P­JZJZJZJZJZJZJZJ[JZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJ®hdv
hwJ �i^¬qso�¯[qs�SOQRQRzqsbp°�T�RQRQT�PSf'e��ST�RQRSJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJ®hd©

hwJ �SJLK ª¬«�T�bp~>�s��rST�P%UWOQT�±6T�b²~�¦SococOQXdT�b`t%T��SOQT�P JZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJ®hd©
hwJ �SJ]I ª¬«�T�bp~>�s��rST�Pl�S¦SPSPST�b ¥ RQ¦SococOQXd¢sT�OLUWop³�RQf'T´JZJZJZJZJZJZJZJ[JZJZJZJZJZJZJ­��I

hwJ]�_MG�w��T�bcOQf'T�P�UWT�RQRQT|µ�P�UWT�bcocVS��r�VSPSXdT�P¶qsP ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qso�{|bcT�PS}�~>�s��rST�P·JZJZJ��dI
hwJ]��JLK ^`OQT[¸Dbced«�T�P�VSf'XdT�«SVSPSX¶JZJZJZJZJZJZJ[JZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJ��sh
hwJ]��J]I ^¬qso�¹�qs«�edbc�SOLº�bWqs¢�UWedf'T�UWT�by^¬»"JZJZJ[JZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJ��s©
hwJ]��J h ^`OQTZt%T�ococVSPSXdT�P2qsf¼¹�qs«�edbc�SOLº�bWqs¢�UWedf'T�UWT�b²^¬»CJZJZJZJZJ[JZJZJZJZJZJZJ��s»

hwJ ©_�`P�qsRL �ocT[�ST�b�^¬q�UWT�PiJ[JZJZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJ®©dv
hwJ ©wJLK �`P�qsRL �ocT[�ST�b�knT�~�T�¢�UWOLj�OLU���UWT�Px�ST�by½¾qsococT�b¨§¨¸Dbced��qsPu{|bcT�PS}�~>�s��rST=JZJZJ®©wK
hwJ ©wJ]I �`P�qsRL �ocT[�ST�b�knT�~�T�¢�UWOLj�OLU���UWT�Px�ST�b`{|RL �}�T�bcOQP�§À¿Àoced«SVwU�qsPl{|bcT�PS}�~>�s��rSTÁJ®©d»

hwJ]\�Â�VSoWqsf'f'T�Pw±�qsococVSPSXCVSPS�l^`OQoc¢�VSococOQedPÃJZJZJZJ[JZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJ�\sh
Ä�Å �6�lÆy��Ç������68>�>���
	��È� � ��� � �������dEGF������lÉÊF��������68>���xË����6��� < ��7���8>��� H �
�SJLKNMDOQPSRQT�OLUWVSPSXYJZJZJZJZJZJ[JZJZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJ�\d�
�SJ]I_^¬qsoyjdT�bpUWOQ¢�qsRQT[^`OQ��r�UWT��Sbces³�R�°²�sococbcOQXdT�b�Ì`q�UWbcOQVSf'r�qsRQedXdT�PSOQ�Í¹1mdocVSPSXdT�PÎJZJZJZJ�\s©
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�SJ]I�JLK ��T�bcT���rSP�VSPSX[�ST�b knT�~�T�¢�UWOLj�OLU���UWT�PZ°²�sococbcOQXdT�b Ì`q�UWbcOQVSf'r�qsRQedXdT�PSOQ�Z¹1m�§
ocVSPSXdT�P JZJZJZJZJZJ[JZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJZJZJZJZJ[JZJZJZJZJ�\s©

�SJ]I�J]I knT�~�T�¢�UWOLj�OLU���UWocf'T�ococVSPSXdT�PuqsPÍ°²�sococbcOQXdT�PuawqsRQ}�RQmdocVSPSXdT�PiJZJ[JZJZJZJZJ®»dv
�SJ h�^`OQT|�SOLº�VSocT a�UWbcT�VSVSPSX�qsPuª¬«�T�bp~>�s��rST�P%~�¦SococOQXdT�b�t%T��SOQT�P5JZJZJZJZJ[JZJZJZJZJ®»�I

�SJ hwJLK MDOQPSRQT�OLUWVSPSX"JZJZJZJ[JZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJZJZJZJZJ[JZJZJZJZJ®»�I
�SJ hwJ]I ^`OQT�� edRQVSf'T�P�§pa�UWbcVS¢�UWVSbc��T�qs¢�o2jdedP�°²�sococbcOQXdT�P)awqsRQ}�RQmdocVSPSXdT�PÃVSPS�

½¾qsococT�b%JZJZJZJZJZJ[JZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJZJZJZJZJ[JZJZJZJZJ®»dh
�SJ hwJ h ^`OQT[MG�w��T�bcOQf'T�P�UWTZqsP%�ST�b`a�UWbWqsrSRQRQOQPSOQT�¿¨^ K�vs« JZJZJZJZJZJZJ[JZJZJZJZJ®»d©
�SJ hwJ � ^¬q�UWT�P�qsP�qsRL �ocT JZJ[JZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJZJZJZJZJ[JZJZJZJZJ®»d»

�SJ �i^`OQT[��T�bcT���rSP�VSPSX=�ST�bn�SOLº�VSocT�Pua�UWbcT�VSVSPSX'f'OLUyT�OQPST�fg{|OLUcUWT�bcf'e��ST�RQR JZJZJZJZJ��dh
�SJ �SJLK MDOQPSRQT�OLUWVSPSX"JZJZJZJ[JZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJZJZJZJZJ[JZJZJZJZJ��dh
�SJ �SJ]I ^¬qso`{|OLUcUWT�bcf'e��ST�RQR?JZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJZJZJZJZJ[JZJZJZJZJ��s�

�SJ]��Â�VSoWqsf'f'T�Pw±�qsococVSPSXlJZJZJZJ[JZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJZJZJZJZJ[JZJZJZJZJ�K�vdv
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¿ÀP��ST�b Ì`q�UWVSb }��srSRQT�P ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qso {|bcT�PS}�~>�s��rST�P=}�V=qsRQRLU��sXdRQOQ��rST�P�MDbcoc��rST�OQP�VSPSXdT�P�JwÌ�TÈ§
«�T�PlOQrSbcT�b�XdbcVSPS�SRQT�XdT�PS�ST�Pl�Sr� �ocOQ¢�qsRQOQoc��rST�PuMDOQXdT�PSoc��r�q�±
U�¡��SOQT {|bcT�PS}�TZ}�°nOQoc��rST�P2�ST�fÁ~�¦SococO §
XdT�P=VSPS�=X�qsop±6mdbcf'OQXdT�PC�`XdXdbcT�X�qsbc}�VSopU�qsPS�=��qsbc}�VSopUWT�RQRQT�P�¡�r�qs«�T�P ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qso�{|bcT�PS}�~>��§
��rST�Puj�OQT�RQT|°�T�OLUWT�bcTZ��rST�f'OQoc��rSTÊVSPS�l�Sr� �ocOQ¢�qsRQOQoc��rST MDOQXdT�PSrST�OLUWT�P�¡>�SOQTZocOQTZ}�V%°nOQ��r�UWOQXdT�PlVSPS�
OQP�UWT�bcT�ocoWqsP�UWT�Pua�UWVS�SOQT�PSed«�
cT�¢�UWT�Pxf�qs��rST�P�J�a�e�oc�SOQT�RQT�P=ocOQ��rÍXdT�bWqs�ST|qsPÍ�SOQT�ocT�P%{|bcT�PS}�~>�s��rST�P
T�OQPST �¬OQT�RQ}�qsrSRwjdedP�«SOQedRQedXdOQoc��rST�P�¡���rST�f'OQoc��rST�P�VSPS���Sr� �ocOQ¢�qsRQOQoc��rST�P=¸Dbced}�T�ococT�Pxqs«�J��`RQoDUÀ ��SO §
oc��rST|��T�OQoc�SOQT�RQTnocT�OQT�P�rSOQT�b²{[qsoWqsVSopU�qsVSoc��rSbcT�qs¢�UWOQedPST�P=XdT�P�qsPSP�U�¡�°nOQT�ocOQT�qsP��ST�Pxª¬«�T�bp~>�s��rST�P
�ST�b1½?T�RLUWf'T�T�bcTGjdedbc¢sedf'f'T�P[VSPS�Z��qso�t%T�T�bp°²qsococT�bGf'OLU�RQT�«�T�PSop°nOQ��r�UWOQXdT�f�awqsVST�bcopUWesº�jdT�bcocedb¨§
XdT�P�oce�°nOQT²T�OQPST�P
��T�OQR��ST�oGjdedf t%T�PSoc��rST�P'�Sbce��SVS}�OQT�bpUWT�PC¯�edrSRQT�PS�SOQe��wOQ�So�OQPÊ��qso t%T�T�bp°²qsococT�b
RQT�OLUWT�P�¡SOQPx�ST�fÁT�on��qsPSP%XdT�oc��T�OQ��rST�bpUn°�T�bc�ST�Pu¢�qsPSP�J
^¬qso�qsRQRLU��sXdRQOQ��rST`��OQRQ�ÍT�OQPST�b ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qson{|bcT�PS}�~>�s��rSTZopUWT�RQRLUnocOQ��rlqsRQoyT�OQP%qs«SbcVS�wUWT�b

� «�T�bcX�qsPSXCjdedPlT�OQPST�b�¸Dr�qsocTZocT�rSb�rSedrST�b�^`OQ��r�UWTZOQPxT�OQPSTZ¸Dr�qsocTZXdT�bcOQPSXdT�bcT�b�^`OQ��r�UWTZ��qsb�J�¿ÀopU
�SOQT�ocT�{|bcT�PS}�~>�s��rSTÊ¢sT�OQPST�P¶�sV��dT�bcT�P2MDOQPw~�¦SococT�P¶qsVSocXdT�ocT�UW}�U�¡�°nOQT }�VSf ��T�OQoc�SOQT�R1½ OQPS�le��ST�b
f'T���r�qsPSOQoc��rST�f ^`bcVS��¢>¡�oce�T�bcoc��rST�OQP�U¬�SOQT {|bcT�PS}�~>�s��rSTÊqsRQo�qs«SocedRQVwU�XdRzq�UcU�J�^`OQT�ocT
��r�qsbWqs¢�UWTÈ§
bcOQocOQT�bcVSPSXÊ�ST�b ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qsoy{|bcT�PS}�~>�s��rST|}�T�OQXsU²ocOQ��rÍ«�T�O�T�OQPST�b�XdT�P�qsVST�bcT�P%��T�UWbWqs��r�UWVSPSX
qsRQon}�VlXdbced«�J�a�e'r�qs«�T�Puµ�P�UWT�bcocVS��r�VSPSXdT�P¶qsPlVSPSXdT�opUWmdbpUWT�P ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qso�{|bcT�PS}�~>�s��rST�P
OQP%�ST�PuRQT�UW}�UWT�P��dqsrSbc}�T�rSP�UWT�P2XdT�}�T�OQXsU�¡>��qsoco¬ª¬«�T�bp~>�s��rST�Pu~�¦SococOQXdT�b¬t%T��SOQT�P���mdrST�Pw~�VS¢�UWV�q�§
UWOQedPST�PÍqsVw±
°�T�OQocT�P�¡w�ST�bcT�P=½?T�RQRQT�PSRz�sPSXdT�P�ocOQ��r=«�T�XdOQPSPST�PS��jdedP%Â�T�P�UWOQf'T�UWT�bcP=«SOQo�OQP��SOQT|{|bcm�§
�dT�PSedbc�SP�VSPSX�jdedPx�²UWedf'T�PxVSPS�%t%edRQT�¢�¦SRQT�PÍ±6edbpUWocT�UW}�T�P�J�^`OQT�ocT���mdrST�Pw~�VS¢�UWV�q�UWOQedPST�P�¡S�SOQT¬oce
XdT�P�qsPSP�UWT�P2¯[qs�SOQRQRzqsbp°�T�RQRQT�P�¡�°�T�bc�ST�Pu�SVSbc��r%UWrST�bcf'OQoc��rST ¥ RQVS¢�UWV�q�UWOQedPST�PxOQP%�ST�b ¥ RQ¦SococOQXd¢sT�OLU
qsPSXdT�bcT�XsU�J�a�OQTxjdT�bcRQT�OQrST�P ¥ RQ¦SococOQXd¢sT�OLUWoced«�T�bp~>�s��rST�P+T�OQPSTl��r�qsbWqs¢�UWT�bcOQopUWOQoc��rSTuk�qsVSOQXd¢sT�OLU�¡D�SOQT
��rST�f'OQoc��rSTZVSPS�%�Sr� �ocOQ¢�qsRQOQoc��rSTZ¸Dbced}�T�ococTZ«�T�T�OQPw~�VSococT�Pl¢�qsPSP�J
��edf'�SVwUWT�bcocOQfÊVSRzq�UWOQedPST�PCjdedPÍoc��T�}�OQT�RQRQT�P ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qso²{|bcT�PS}�~>�s��rST�PÍ°nOQT`}�VSf���T�O §
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oc�SOQT�R�jdedPx°²�sococbcOQXdT�PuawqsRQ}�RQmdocVSPSXdT�Pxr�qs«�T�PxXdT�}�T�OQXsU�¡S��qsocon�SOQT|¿ÀedPST�P�jdT�bpUWT�OQRQVSPSX'OQPx�ST�b ¥ RQ¦So¨§
ocOQXd¢sT�OLU'OQP-�ST�b'Ì`�srSTx�ST�b={|bcT�PS}�~>�s��rST%PSOQ��r�U'�ST�b'OQP-�ST�b � edRQVSf'T�Pw~�¦SococOQXd¢sT�OLUCT�P�UWoc�SbcOQ��r�U�J
a�edf'OLU UWbcT�UWT�PCPST�«�T�P'�ST�P�^`OQ��r�UWT�~�VS¢�UWV�q�UWOQedPST�P�qsPC�ST�b ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qsoD{|bcT�PS}�~>�s��rST`qsVS��r
a�UWesº�f'T�PSXdT�Pw~�VS¢�UWV�q�UWOQedPST�PlqsVw±�� XdrSedoWqsR
Isvdv���� J
MDOQPSTÊ°�T�OLUWT�bcT ��r�qsbWqs¢�UWT�bcOQopUWOQ¢l�ST�b ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qso[{|bcT�PS}�~>�s��rSTs¡1�SOQT�OQf qsRQRLU��sXdRQOQ��rST�P

¹1T�«�T�PxPSOQ��r�UnedrSPST`½?T�OLUWT�bcT�oy«�T�ed«�qs��r�UWT�Uy°�T�bc�ST�P%¢�qsPSP�¡ 
cT��Se���rxT�OQPST�PÍXdbce �dT�PxMDOQPw~�VSoconqsVw±
�SOQT¬ª¬«�T�bp~>�s��rST�P�«�T�oc��r�q�º�T�PSrST�OLU²jdedP ¥ RQ¦SococOQXd¢sT�OLUWT�P'r�q�U�¡�OQopU �SOQTy½?T���rSocT�RL°nOQbc¢�VSPSXÊ}�°nOQoc��rST�P
�ST�b ¥ RQ¦SococOQXd¢sT�OLU�VSPS� �ST�bD{[qsoc�Sr�qsocT�¦S«�T�b��ST�b ¥ RQ¦SococOQXd¢sT�OLU�J�^`OQT�ocT ½?T���rSocT�RL°nOQbc¢�VSPSX¬¢�qsPSP ��q�§
}�VZ±6¦SrSbcT�P�¡���qsoco�ocOQ��r�t%edRQT�¢�¦SRQT qsVSo��ST�b {[qsoc�Sr�qsocT�qsVw±��ST�b ¥ RQ¦SococOQXd¢sT�OLUWoced«�T�bp~>�s��rST�qs«SRzqsXdT�bcP
VSPS��ocedf'OLU �ST�bcT�P��Sr� �ocOQ¢�qsRQOQoc��rST�P�MDOQXdT�PSoc��r�q�±
UWT�P=OQf � T�bcXdRQT�OQ��r'}�V'T�OQPST�b bcT�OQPST�P=ª¬«�T�bp~>�s��rST
jdT�bW�sPS�ST�bpUy°�T�bc�ST�P�J>a�eÊ°nOQbc�=«�T�OQoc�SOQT�RQop°�T�OQocT`�SOQT`�SVSbc��rxf�qs¢�bcedoc¢sed�SOQoc��rST[t%T�UWrSe��ST�P�� a�UWT�OQX�§
bcedrSbcf'T�UWrSe��ST�e��ST�bZ½ OQRQrST�RQf'OQ�SRzq�UcUWT��nXdT�f'T�ococT�PSTxª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX �SVSbc��r£�SOQT���T�RQTÈ§
XdVSPSX��ST�b�ª¬«�T�bp~>�s��rST|jdT�bW�sPS�ST�bpU�J�^`T�oy½?T�OLUWT�bcT�P=°nOQbc�Í�SVSbc��rx�SOQT¬�y�Socedbc�wUWOQedP=jdedPl{[qsocf'e�§
RQT�¢�¦SRQT�PCqsVw±�T�OQPST�b ¥ RQ¦SococOQXd¢sT�OLUWoced«�T�bp~>�s��rST²��qso a�UWesº�f'T�PSXdT�P�qsPSXdT�«�esUDqsP��SOQT�ocT�b {|bcT�PS}�~>�s��rST
ocOQXdPSOL³�¢�qsP�UnT�bcrSmdr�U�J
¿Àf�k�qsrSf'T�PÍ�SOQT�ocT�by�`bc«�T�OLUyocedRQR��SOQT ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qsoy{|bcT�PS}�~>�s��rST|jdT�bcoc��rSOQT��ST�PST�b¬a� �o¨§

UWT�f'T'f'OLU[�ST�P£t%T�UWrSe��ST�P¾�ST�b knmdP�UWXdT�PSopUWbcT�VSVSPSXuVSP�UWT�bcocVS��r�UÊ°�T�bc�ST�P�JG¹�q�UWT�bWqsRQT'qsRQoZqsVS��r
jdT�bpUWOQ¢�qsRQT|a�UWbcVS¢�UWVSbcT�PÍ�ST�bn{|bcT�PS}�~>�s��rST`°�T�bc�ST�Px«�T�UWbWqs��r�UWT�U�JS^¬qs}�V=°nVSbc�ST�P%knmdP�UWXdT�PSbcT�~�T�¢d§
UWOLj�OLU���UWocf'T�ococVSPSXdT�PÊ�SVSbc��rSXdT�±6¦SrSbpU�¡��SOQT��`Vw±6oc��rSRQVSoco ¦S«�T�b��SOQT jdT�bpUWOQ¢�qsRQT�^`OQ��r�UWT�opUWbcVS¢�UWVSbDT�OQPST�b
¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qsoG{|bcT�PS}�~>�s��rST²RQOQT�±6T�bcP�J�^`OQT�ocTyt%T�UWrSe��ST�T�bcf'mdXdRQOQ��r�U��SOQT²t%T�ococVSPSX¬jdedP ¥ OQRQf�§
�SOQ��¢sT�PuVSPS�2ª¬«�T�bp~>�s��rST�PSbWqsVSOQXd¢sT�OLUWT�Pl~�¦SococOQXdT�b�e��ST�bn±6T�opUWT�b¬t%T��SOQT�P�¡�qsVS��rl°�T�PSPu�SOQT�ocTZP�VSb
OQP �ST�b�{|bcm �dT�PSedbc�SP�VSPSXxjdedP¾T�OQPSOQXdT�P	�`PSXdopUWmdf
�

10−10 f��¬RQOQT�XdT�P�J1^`OQT'Rzq�UWT�bWqsRQT'a�UWbcVS¢�UWVSb
jdedP ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qsoD{|bcT�PS}�~>�s��rST�P'°nVSbc�STnf'OLU �ST�b�t%T�UWrSe��STy�ST�b �SOLº�VSocT�P'knmdP�UWXdT�PSopUWbcT�V�§
VSPSX=VSP�UWT�b�opUWbcT�OL±6T�PS�ST�f MDOQPw±�qsRQR�{|¿¨^�� {|bWqs}�OQPSX'¿ÀPS��OQ�ST�PS��TÊ^`OLº�bWqs��UWOQedP
��VSP�UWT�bcocVS��r�U�J1^`OQT�ocT
a�UWbcT�VSf'T�UWrSe��STZRQOQT�±6T�bpU�¿ÀPw±6edbcf�q�UWOQedPST�Px¦S«�T�b�Rzq�UWT�bWqsRQT[¯�edbcbcT�Rzq�UWOQedPST�P%qsVw± ª¬«�T�bp~>�s��rST�P�J�^`OQT
{|bcm �dT�PSedbc�SP�VSPSX%�SOQT�ocT�b[Rzq�UWT�bWqsRQT�P a�UWbcVS¢�UWVSbcT�P ¢smdPSPST�P?ocOQ��r }�°nOQoc��rST�P¾q�UWedf�qsbcT�P ¹��sPSXdT�P�§
T�OQPSrST�OLUWT�P%«SOQoyrSOQPx}�V%T�OQPSOQXdT�P%t%OQ¢�bcedf'T�UWT�bcPxT�bcopUWbcT���¢sT�P�J
�`RQo"¸Dbced«�T�PSop �opUWT�f'TY°nVSbc�ST�P �SOQTÁ{|bcT�PS}�~>�s��rST�P jdedP ½¾qsococT�b¨§¨¸Dbced��qsP�¡¾{|RL �}�T�bcOQP�§

¿Àoced«SVwU�qsPloce�°nOQT|�SOQT ª¬«�T�bp~>�s��rST�PxjdedP%°²�sococbcOQXdT�PuawqsRQ}�RQmdocVSPSXdT�PxVSPS�x½¾qsococT�bnXdT�°²�srSRLU�J
¿Àf a� �opUWT�f ½¾qsococT�b¨§¨¸Dbced��qsP2¢smdPSPST�P¶ocOQ��r2VSP�UWT�b|oc��T�}�OQT�RQRQT�Pu^`bcVS��¢d§�VSPS����T�f'��T�bWq�UWVSb¨§

«�T��SOQPSXdVSPSXdT�P£qsP¾�ST�b ½¾qsococT�b¨§p{[qso�{|bcT�PS}�~>�s��rSTÍ¢�bcOQopU�qsRQRQOQPST � T�bc«SOQPS�SVSPSXdT�P£«SOQRQ�ST�P�J�^`OQT�ocT
ocexXdT�P�qsPSP�UWT�P¾{[qsocr� ��SbWq�UWT�¢sedf'f'T�P2OQP2�ST�b[Ì`q�UWVSb|OQP2�ST�b ¥ edbcfgjdedP?t%T�UWr�qsPSr� ��SbWq�U[jdedb
VSPS��RQOQT�±6T�bcP�T�OQPST�P'«�T��ST�VwUWT�PS�ST�PÍ��T�OLUWbWqsX|}�VSf)XdRQed«�qsRQT�PC¯�edrSRQT�PSopUWesº�r�qsVSocr�qsRLU�J�{[qsocr� ��SbWq�UWT
RzqsococT�P ocOQ��rÊVSP�UWT�b	� T�bp°�T�PS�SVSPSX¬jdT�bcoc��rSOQT��ST�PSopUWT�b {[qsocT OQf�¹�qs«�edb�op �P�UWrST�UWOQocOQT�bcT�P�Js^`OQT���T�ed«�§
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qs��r�UWVSPSXC�ST�o���OQRQ�SVSPSXdoc�Sbced}�T�ococT�onqsVw±�f'edRQT�¢�VSRzqsbcT�b�MD«�T�PST[OQopU 
cT��Se���rx«SOQo²rST�VwUWT|PSe���rxPSOQ��r�U
XdT�RQVSPSXdT�P�J�¿ÀP=�ST�b²¹1OLUWT�bWq�UWVSb °�T�bc�ST�PÍ}�VSbyÂ�T�OLU��SbcT�O>jdT�bcoc��rSOQT��ST�PST �yrST�edbcOQT�P=}�VSb²Ì�VS¢�RQT�q�UWOQedP
jdedP¤{[qsocr� ��SbWq�UWT�P¤qsP¾�ST�b ½¾qsococT�b¨§p{[qsoC{|bcT�PS}�~>�s��rST=«�T�oc��rSbcOQT�«�T�P�JD¯|T�OQPST��SOQT�ocT�b
�yrST�edbcO §
T�P+¢sedPSP�UWT%TÈ�w��T�bcOQf'T�P�UWT�RQR²«�T�RQT�XsUC°�T�bc�ST�P�J ^`OQTÍ½¾qsococT�b¨§¨¸Dbced��qsP {|bcT�PS}�~>�s��rSTx°nVSbc�ST%f'OLU
knmdP�UWXdT�PSbcT�~�T�¢�UWOLj�OLU���UWocf'T�ococVSPSXdT�P-VSP�UWT�bC��T��SOQPSXdVSPSXdT�P¾VSP�UWT�bcocVS��r�U�¡ �SOQT�T�OQPSTÍ{[qsocr� ��SbWq�Up§
«SOQRQ�SVSPSX[T�bcf'mdXdRQOQ��rST�P�J�Â�°�T���¢C�ST�b µ�P�UWT�bcocVS��r�VSPSXÊ°²qsb �SOQT`a�VS��rST�P�qs��r=Ì�VS¢�RQT�q�UWOQedPSoc¢sT�OQf'T�P
jdedPl¸Dbced��qsPSr� ��SbWq�U�¡�°�T�RQ��rST[UWrST�edbcT�UWOQoc��rxjdedbWqsVSocXdT�oWqsXsU�°�T�bc�ST�P�J
^¬qsoya� �opUWT�f¼{|RL �}�T�bcOQP�§À¿Àoced«SVwU�qsP'°nVSbc�ST|qsRQoyt%e��ST�RQRQop �opUWT�f)±6¦Sb��SOQT¬µ�P�UWT�bcocVS��r�VSPSXCocT�rSb

�S¦SPSPST�buqs�Socedbc«SOQT�bpUWT�b ¥ OQRQf'T2qsVw± ¥ RQ¦SococOQXd¢sT�OLUWoced«�T�bp~>�s��rST�P­XdT�°²�srSRLU�J�MDox°nVSbc�ST?�SOQT ¥ bWq�§
XdT�opUWT�RQRQVSPSX-VSP�UWT�bcocVS��r�U�¡�ed« �SOQT ��mdrST�Pw~�VS¢�UWV�q�UWOQedPST�PAT�OQPST�bÍf'edRQT�¢�VSRzqsb=�S¦SPSPST�P ¥ RQ¦SococOQX�§
¢sT�OLUWococ��rSOQ��r�U[OQfgk�qsrSf'T�Pl�ST�o¬oce=XdT�P�qsPSP�UWT�P¶¯[qs�SOQRQRzqsbp°�T�RQRQT�PSf'e��ST�RQRQo «�T�oc��rSbcOQT�«�T�Pu°�T�bc�ST�P
¢smdPSPST�P�J ¥ bc¦SrST�bcT TÈ�w��T�bcOQf'T�P�UWT�RQRQT[�`bc«�T�OLUWT�Plr�qs«�T�PuXdT�}�T�OQXsU�¡>��qsoco¬T�o`}�°nOQoc��rST�P2�ST�b¬qsVSo�T�O §
PST�f´MG�w��T�bcOQf'T�P�U�«�T�opUWOQf'f UWT�P£ª¬«�T�bp~>�s��rST�PSbWqsVSOQXd¢sT�OLU�T�OQPST�o��S¦SPSPST�P ¥ OQRQf'o[VSPS�£�ST�bCqsVw±
�ST�bl�²qsocOQo%�ST�ou¯[qs�SOQRQRzqsbp°�T�RQRQT�PSf'e��ST�RQRLo'«�T�bcT���rSPST�UWT�P ¥ OQRQf'bWqsVSOQXd¢sT�OLU�«�T�ocedPS�ST�bcol«�T�O[ocT�rSb
�S¦SPSPST�P ¥ OQRQf'T�P?}�V£�`«�°�T�OQ��r�VSPSXdT�P+¢sedf'f U�J ^`OQTÍ¯[qs�SOQRQRzqsbp°�T�RQRQT�PSbWqsVSOQXd¢sT�OLUWT�P¶�SOQT�ocT�bÊocT�rSb
�S¦SPSPST�P ¥ OQRQf'T=°�T�bc�ST�P �SVSbc��r/�SOQT��yrST�edbcOQTl¦S«�T�bcoc��r���UW}�U�J²MDOQPST%¦S«SRQOQ��rST � edbcXdT�rST�PSop°�T�OQocT
«�T�OG�ST�b¬µ�P�UWT�bcocVS��r�VSPSX%�S¦SPSPST�b ¥ OQRQf'T|OQopU¬�SOQTZ�y�Socedbc�wUWOQedP2qsVSo¬T�OQPST�b|{[qsoc�Sr�qsocT PSOQT��SbcOQXdT�P
^`bcVS��¢�o �SVSbc��r'¯|¦SrSRQT�P�T�OQPST�oG±6T�opUWT�P�a�VS«SopUWbWq�UWT�o�J�^`OQT²es±
U ¢sedf'�SRQTÈ�wTna�UWbcVS¢�UWVSbD�ST�b a�VS«SopUWbWq�Up§
ed«�T�bp~>�s��rSTuoce�°nOQTu�SOQT2a�U��sbc¢sTu�ST�bÍ¯�ed�S�SRQVSPSX?}�°nOQoc��rST�P �ST�f a�VS«SopUWbWq�UÍVSPS� �ST�bÍa���rSOQ��r�U
XdOQPSXdT�PxOQPx�SOQT|�`P�qsRL �ocT[�ST�bnXdT�f'T�ococT�PST�Puk�qsVSOQXd¢sT�OLUWT�P%qsRQon¸GqsbWqsf'T�UWT�byT�OQP�J
^`OQT OQPZ�SOQT�ocT�b��`bc«�T�OLU�jdT�bp°�T�PS�ST�UWT�P�a� �opUWT�f'T²qsVSo�T�OQPST�b�~�¦SococOQXdT�P VSPS�ÊT�OQPST�b�X�qsop±6mdbcf'OQXdT�P

¸Dr�qsocTlT�bcRzqsVS«�T�P+T�o�¡ VSP�UWT�bcoc��rSOQT��SRQOQ��rST ¥ OQRQf'�SOQ��¢sT�P-f'OLUcUWT�RQoC^`bcVS��¢�jsqsbcOzq�UWOQedP¤}�V/T�bc}�T�VSXdT�P
VSPS�-ocedf'OLUÊ�SVSbc��r¤�SOQT=�`Vw±6P�qsrSf'TÍT�OQPST�bÊ�y�Socedbc�wUWOQedPSocOQocesUWrST�bcf'T=�SOQTx¯�ed�S�SRQVSPSX2}�°nOQoc��rST�P
a�VS«SopUWbWq�UnVSPS� ¥ OQRQf)}�Vx«�T�opUWOQf'f'T�P�Jw^`T�oy½?T�OLUWT�bcT�P=°�T�OQopUn��qso²~�¦SococOQXdTZa�VS«SopUWbWq�UyT�OQPST¬°�edrSR
�ST�³�PSOQT�bpUWTCT�OQPw±�qs��r¶}�V «�T�oc��rSbcT�OQ«�T�PS�STCjdT�bpUWOQ¢�qsRQT'ª¬«�T�bp~>�s��rST�PSopUWbcVS¢�UWVSbÊqsVw±¨J1^¬qsrST�b[T�bcf'mdX�§
RQOQ��rST�P¤µ�P�UWT�bcocVS��r�VSPSXdT�P qsP-�ST�b'{|RL �}�T�bcOQP�§À¿Àoced«SVwU�qsP¤{|bcT�PS}�~>�s��rST%T�OQPST�bcocT�OLUWo��SVSbc��r¤OQrSbcT�P
rSedrST�Pl¿ÀPw±6edbcf�q�UWOQedPSocXdT�r�qsRLUyVSPS�2qsPS�ST�bcT�bcocT�OLUWo��SVSbc��ru�SOQTZMDOQPw±�qs��rSrST�OLU��ST�o`XdT�°²�srSRLUWT�P2a� �o¨§
UWT�f'oy�SOQT � «�T�bc�Sbc¦w±6VSPSXC�ST�on«�T�opUWT�rST�PS�ST�P2t%e��ST�RQRQo²}�VSbn¯[qs�SOQRQRzqsbp°�T�RQRQT�PSbWqsVSOQXd¢sT�OLU oce�°nOQT|�SOQT
OQf k�qsrSf'T�PC�SOQT�ocT�bD�`bc«�T�OLU �SVSbc��rSXdT�±6¦SrSbpUWT�P=MDbp°�T�OLUWT�bcVSPSXdT�P��SOQT�ocT�o�t%e��ST�RQRQo�J�^¬qsbc¦S«�T�bDrSOQP�§
qsVSo²¢sedPSP�UWT|�SOQT ¥ bWqsXdT`«�T�r�qsPS�ST�RLU�°�T�bc�ST�P�¡Sed«=�SOQT¬knmdP�UWXdT�PSbcT�~�T�¢�UWedf'T�UWbcOQT`T�OQPST`}�VwjdT�bcRz�sococO §
XdTCt%T�UWrSe��ST�}�VSb¬�`Vw±6P�qsrSf'T jdedP2�y�Socedbc�wUWOQedPSocOQocesUWrST�bcf'T�P2OQopU�J�¿Àf � T�bcXdRQT�OQ��ru}�V¶¦S«SRQOQ��rST�P
t%T�UWrSe��ST�P�¡ °�T�RQ��rST ¥ OQRQf'�SOQ��¢sT�P£P�VSb'OQPS�SOQbcT�¢�U'¦S«�T�b'�SOQTx«�T�On�ST�b'�y�Socedbc�wUWOQedP-jdT�bc«SbWqsVS��r�§
UWT �y�Socedbc«�q�UWf'T�PSXdT «�T�opUWOQf'f'T�P�¡�³�PS�ST�U¬«�T�O��ST�b`rSOQT�bnjdT�bp°�T�PS�ST�UWT�P¾t%T�UWrSe��STÊT�OQPSTZ�SOQbcT�¢�UWT
t%T�ococVSPSX=�ST�b ¥ OQRQf'�SOQ��¢sT¬VSPS� ¥ OQRQf'opUWbcVS¢�UWVSb²opU�q�UcU�J
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^`T�b|}�°�T�OLUWT ��T�OQR �SOQT�ocT�b|�`bc«�T�OLU|«�T�oc��r���±
UWOQXsU|ocOQ��r¶f'OLU¬�ST�P ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qso|{|bcT�PS}�~>��§
��rST�P?jdedP¶½¾qsococT�bZVSPS� °²�sococbcOQXdT�P£awqsRQ}�RQmdocVSPSXdT�P�J�t%edRQT�¢�VSRzqsb[^� �P�qsf'OQ¢ � tl^ �[a�OQfÊVSRzq�UWOQe�§
PST�Pl�SOQT�ocT�b`a� �opUWT�f'T[oWqsXdT�P%T�OQPST[�`P�§ «S}�°[J>�`«SbcT�OQ��rST�bcVSPSX'jdedP%¿ÀedPST�PlqsP%�ST�b ¥ RQ¦SococOQXd¢sT�OLUWo¨§
{[qso {|bcT�PS}�~>�s��rST²jdedbWqsVSo � X�qsbcbcT�UcUÈIsvdvs�S¡���qsoc��rST�¢wIsvdvdh � J�Ì�T�«�T�P��ST�bD��T�qsbc«�T�OLUWVSPSX¬�ST�b ¥ bWqsXdTs¡
ed«xocOQ��rÍ�SOQT�ocT�bnM º�T�¢�UnTÈ�w��T�bcOQf'T�P�UWT�RQR��SVSbc��rlknmdP�UWXdT�PSbcT�~�T�¢�UWOLj�OLU���UWocf'T�ococVSPSXdT�PxP�qs��r�°�T�OQocT�P
Rz�socopU�¡�°nVSbc�STC«�T�OD�SOQT�ocT�P¾a� �opUWT�f'T�P?qsVw±��SOQT�µ�P�UWT�bcocVS��r�VSPSXu�ST�b ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSXlOQP
�`«Sr��sPSXdOQXd¢sT�OLUn�ST�bn«�T�UWbWqs��r�UWT�UWT�Pu¹��sPSXdT�PSoc¢�qsRzq�T�OQPSXdT�X�qsPSXdT�P�J
MDOQPSTy�`«Sr��sPSXdOQXd¢sT�OLUD�ST�b�ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX jdedP'�ST�b «�T�UWbWqs��r�UWT�UWT�P=¹��sPSXdT�PSoc¢�qsRzq|T�O §

PST�o'a� �opUWT�f'o °nVSbc�ST�jdedP¤t%T���¢sT �������	� � f'T���¢sTsK � �d© ��UWrST�edbcT�UWOQoc��r¾jdedbWqsVSocXdT�oWqsXsU�VSPS�¾jdedP
¥ bWqs�SOQP ���
���	� TÈ�w��T�bcOQf'T�P�UWT�RQR�«�T�opU���UWOQXsU�� ±6bWqs�SOQP>Isvdvdv � J�^`OQT�OQfÃk�qsrSf'T�P �SOQT�ocT�bG�`bc«�T�OLUG�SVSbc��r�§
XdT�±6¦SrSbpUWT�P®MG�w��T�bcOQf'T�P�UWT¶}�VSbx�SOLº�VSocT�P­knmdP�UWXdT�PSopUWbcT�VSVSPSX+VSP�UWT�b%opUWbcT�OL±6T�PS�ST�f MDOQPw±�qsRQR|qsP
½¾qsococT�b|VSPS�2°²�sococbcOQXdT�P awqsRQ}�RQmdocVSPSXdT�Pl°nVSbc�ST�XdT�P�VwUW}�U�¡�VSf �SOQT XdT�«SbW�sVS��rSRQOQ��rSTCa�UWbcT�VwUWrST�e�§
bcOQTs¡s�SOQTy}�VSbD�`PS��qsococVSPSX[jdedPCTÈ�w��T�bcOQf'T�P�UWT�RQRQT�PC^¬q�UWT�PCXdT�P�VwUW}�U °nOQbc��¡dqsVw±�OQrSbcTn{|¦SRLUWOQXd¢sT�OLUG}�V
¦S«�T�bc�Sbc¦w±6T�P�J�½?T�OLUWT�bcrSOQP%°nVSbc�ST T�OQPl�`PSoWq�UW}Ê}�VuT�OQPST�b�TÈ�Sqs¢�UWT�bcT�P ¥ edbcfÊVSRQOQT�bcVSPSX'�ST�b¬a�UWbcT�V�§
UWrST�edbcOQT²XdT�ocVS��r�U VSPS�COQf"k�qsrSf'T�P��ST�b }�VSb � T�bp±6¦SXdVSPSX[opUWT�rST�PS�ST�P�knT�ococedVSbc��T�P'T�OQPSTn��T�bcT���r�§
P�VSPSX'�ST�b�qsVSon�SOQT�ocT�f¼�`PSoWq�UW}[rST�bpjdedbcXdT�rST�PS�ST�P¶a�UWbcT�V���VST�bcoc��rSPSOLUcUWT �SVSbc��rSXdT�±6¦SrSbpU�J
^`OQT �`bc«�T�OLU¬XdRQOQT��ST�bpU¬ocOQ��r2OQPl±6edRQXdT�PS�ST ��T�OQRQT�
�¿Àf �`PSoc��rSRQVSocoZqsPu�SOQT�ocT�MDOQPSRQT�OLUWVSPSX'±6edRQXsU

T�OQPx¯[qs�SOLUWT�R�¦S«�T�b²T�RzqsopUWOQoc��rST|knmdP�UWXdT�PSopUWbcT�VSVSPSXC}�VSby��T�oc��rSbcT�OQ«SVSPSXC�ST�byXdbcVSPS�SRQT�XdT�PS�ST�PÍTÈ��§
��T�bcOQf'T�P�UWT�RQRQT�P¾t%T�UWrSe��ST�P�¡G�SOQT'OQP?�SOQT�ocT�b �`bc«�T�OLUÊqsPSXdT�°²qsPS�wU °nVSbc�ST�P�J ^`T�b�a���r�°�T�bc�SVSPS¢�U
�SOQT�ocT�o|¯[qs�SOLUWT�RQo�RQOQT�XsU`qsVw±D�ST�b|��T�oc��rSbcT�OQ«SVSPSXÍ�ST�b¬knmdP�UWXdT�PSbcT�~�T�¢�UWOLj�OLU���UWocf'T�ococVSPSXÍVSPS�u�ST�b
�SOLº�VSocT�Pua�UWbcT�VSVSPSX'VSP�UWT�b�opUWbcT�OL±6T�PS�ST�f¼MDOQPw±�qsRQR J
¿Àf���qsbWqsVw±S±6edRQXdT�PS�ST�PÊ¯[qs�SOLUWT�Rd°nOQbc�ÊqsVw±��SOQT ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qso�{|bcT�PS}�~>�s��rST²�ST�bDa� �opUWT�f'T

½¾qsococT�b¨§¨¸Dbced��qsPuVSPS�¶{|RL �}�T�bcOQP�§À¿Àoced«SVwU�qsPlT�OQPSXdT�X�qsPSXdT�P�J�^¬qs«�T�O�RQOQT�XsUn�ST�b ¥ ed¢�VSo¬qsVw± knmdP�Up§
XdT�PSbcT�~�T�¢�UWOLj�OLU���UWocf'T�ococVSPSXdT�P�¡��SOQTnqsP'�SOQT�ocT�P'«�T�OQ�ST�P=a� �opUWT�f'T�P��SVSbc��rSXdT�±6¦SrSbpU °�edbc�ST�P�ocOQPS��J
^`OQT�ocT�b ��T�OQR�«�T�XdOQPSP�U�f'OLUnT�OQPST�f � «�T�bc«SRQOQ��¢=¦S«�T�b¬{[qsocr� ��SbWq�UWT VSPS�l�y�Socedbc�wUWOQedPlqsVw± ª¬«�T�b¨§
~>�s��rST�P�¡�VSf¼�SOQTÊt%esUWOLjsq�UWOQedPxoce�°nOQT �SOQTÊÂ�OQT�RQocT�UW}�VSPSX'�ST�b¬^¬q�UWT�P�qsP�qsRL �ocT }�V%jdT�bc�ST�VwUWRQOQ��rST�P�J
^¬qsbWqsVw±�±6edRQXsU[T�OQPST'��T�oc��rSbcT�OQ«SVSPSXu�ST�o ¯[qs�SOQRQRzqsbp°�T�RQRQT�PSf'e��ST�RQRQo�¡�OQP¶�ST�bZ�SOQTÊ±6¦SbZ�SOQTC^¬q�UWT�P�§
OQP�UWT�bc�SbcT�U�q�UWOQedPÍPSesUÀ°�T�PS�SOQXdT�P%f�q�UWrST�f�q�UWOQoc��rST�P ¥ edbcfÊVSRQOQT�bcVSPSXdT�P'±6¦Sbn¯[qs�SOQRQRzqsbp°�T�RQRQT�PSbWqsVSOQX�§
¢sT�OLUWT�PÊjdedP'ª¬«�T�bp~>�s��rST�P�~�¦SococOQXdT�bDt%T��SOQT�P�rST�bcXdT�RQT�OLUWT�UG°�T�bc�ST�P�J�^`T�b a���r�°�T�bc�SVSPS¢�U RQOQT�XsU qsVw±
�ST�b���T�bcT���rSP�VSPSX��ST�b�¯[qs�SOQRQRzqsbp°�T�RQRQT�PSbWqsVSOQXd¢sT�OLUGTÈ��UWbcT�f �S¦SPSPST�b ¥ OQRQf'Ts¡s�ST�bcT�P=^`OQ��¢sT`P�VSb�T�O §
PSOQXdT t%edRQT�¢�¦SRQRzqsXdT�Px«�T�UWbW�sXsU�J>Ì`qs��rl�ST�f¼�`«Soc��rSRQVSoco`�ST�bnUWrST�edbcT�UWOQoc��rST�P�� edbc«�T�UWbWqs��r�UWVSPSXdT�P
±6edRQXsU T�OQPST¬^¬qsbcopUWT�RQRQVSPSX �ST�b²µ�P�UWT�bcocVS��r�VSPSXdT�P%�ST�b�½¾qsococT�b¨§¨¸Dbced��qsP=VSPS�x{|RL �}�T�bcOQP�§À¿Àoced«SVwU�qsP
{|bcT�PS}�~>�s��rSTsJ�^`OQT�ocT�bZ¸GqsbWqsXdbWqs�Sr¶T�P�UWr��sRLU|�SOQTC��T�oc��rSbcT�OQ«SVSPSXl�ST�b|�SVSbc��rSXdT�±6¦SrSbpUWT�P¾MG�w��T�bcO §
f'T�P�UWT�oce�°nOQTn�ST�bcT�P��`P�qsRL �ocTnVSPS��¿ÀP�UWT�bc�SbcT�U�q�UWOQedPCOQf)k�qsrSf'T�PC�ST�b OQP'�ST�PCjdedbcrST�bcXdT�rST�PS�ST�P
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¯[qs�SOLUWT�RQPx«�T�oc��rSbcOQT�«�T�PST�P¶t%e��ST�RQRQTsJ�¹1T�UW}�UWT�PS�SRQOQ��rx±6edRQXsUnT�OQPST[¢�VSbc}�TÊÂ�VSoWqsf'f'T�Pw±�qsococVSPSX'�ST�b
MDbcXdT�«SPSOQococTsJ
^`T�b }�°�T�OLUWT �yrST�f'T�PSoc��r�°�T�bc�SVSPS¢�U��SOQT�ocT�bÊ�`bc«�T�OLU «�T�r�qsPS�ST�RLUÊ�SOQT�µ�P�UWT�bcocVS��r�VSPSXdT�P+qsP

½¾qsococT�b`VSPS�uqsPx°²�sococbcOQXdT�P2awqsRQ}�RQmdocVSPSXdT�P�J>^`T�b�T�bcopUWT ¸GqsbWqsXdbWqs�Sr%�SOQT�ocT�o¬¯[qs�SOLUWT�RQoy«�T�oc��r���±z§
UWOQXsUGocOQ��rÊf'OLU��ST�b�jdT�bpUWOQ¢�qsRQT�PCa�UWbcVS¢�UWVSbG�ST�b ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qsoG{|bcT�PS}�~>�s��rST�°²�sococbcOQXdT�b awqsRQ}�RQm�§
ocVSPSXdT�P�JwÌ`qs��r�T�OQPST�b ¢�VSbc}�T�PÍ^¬qsbcopUWT�RQRQVSPSXZ�ST�b UWrST�edbcT�UWOQoc��rST�P � edbWqsVSocoWqsXdT�P�¦S«�T�b �SOQTn¿ÀedPST�P�§
jdT�bpUWT�OQRQVSPSXxqsP2�ST�P ¥ RQ¦SococOQXd¢sT�OLUWoced«�T�bp~>�s��rST�P2±6edRQXsU`T�OQPST�^`OQoc¢�VSococOQedP¶¦S«�T�b¬�SOQTCt%T�ococ«�qsbc¢sT�OLU
�ST�b�jdedP¤�ST�b �yrST�edbcOQTÍjdedbWqsVSocXdT�oWqsXsUWT�P+MDbcXdT�«SPSOQococTxf'OLUcUWT�RQo�knmdP�UWXdT�PSbcT�~�T�¢�UWOLj�OLU���UWocTÈ�w��T�bcO §
f'T�P�UWT�P'VSPS��T�OQPSTy¢�VSbc}�T`^¬qsbcopUWT�RQRQVSPSX[�ST�b�knmdP�UWXdT�PSbcT�~�T�¢�UWOLj�OLU���UWocf'T�ococVSPSXdT�P�¡��SOQTnqsP'�SOQT�ocT�P
a� �opUWT�f'T�P?�SVSbc��rSXdT�±6¦SrSbpU[°nVSbc�ST�P�J��`PSoc��rSRQOQT �dT�PS�2°nOQbc�¶�SOQT��SOLº�VSocTCknmdP�UWXdT�PSopUWbcT�VSVSPSXS¡��SOQT
qsP=�ST�Pxª¬«�T�bp~>�s��rST�PÍ�ST�b�°²�sococbcOQXdT�PxawqsRQ}�RQmdocVSPSXdT�P�VSPS�=�ST�o�½¾qsococT�bco²�SVSbc��rSXdT�±6¦SrSbpU²°nVSbc�STs¡
�SOQoc¢�VwUWOQT�bpU�J�Ì`qs��r��ST�b�^¬qsbcopUWT�RQRQVSPSXZ�ST�b TÈ�w��T�bcOQf'T�P�UWT�RQRQT�P�µ�P�UWT�bcocVS��r�VSPSXdT�PxqsP'�ST�P�XdT�P�qsPSP�§
UWT�Pxa� �opUWT�f'T�P=oce�°nOQT`�ST�bcT�P=�`P�qsRL �ocT�OQf k�qsrSf'T�P'�ST�b�OQf)¯[qs�SOLUWT�R�I|jdedbcXdT�opUWT�RQRLUWT�P �yrST�edbcOQT
°nOQbc��qsVw±�T�OQPSTnf'mdXdRQOQ��rSTnMDbp°�T�OLUWT�bcVSPSX �SOQT�ocT�b �yrST�edbcOQTnT�OQPSXdT�X�qsPSXdT�P�J�^`T�b }�°�T�OLUWT ��T�OQR�T�PS�ST�U
f'OLU|T�OQPST�b|¢�VSbc}�T�P£Â�VSoWqsf'f'T�Pw±�qsococVSPSXSJ1�`«Soc��rSRQOQT �dT�PS�¶±6edRQXsU|T�OQPST'Â�VSoWqsf'f'T�Pw±�qsococVSPSX%qsRQRQT�b
OQP2�SOQT�ocT�b¬�`bc«�T�OLU|T�bc}�OQT�RLUWT�P2MDbcXdT�«SPSOQococTsJ�MDbcX��sPS}�VSPSXdT�P¶�ST�b¬T�OQPS}�T�RQPST�P¶¯[qs�SOLUWT�R�³�PS�ST�P¶ocOQ��r
OQPx�ST�P%�`PSr��sPSXdT�P%� ¡>� VSPS� �`J
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¿Àf k�qsrSf'T�P?�SOQT�ocT�b �`bc«�T�OLUZ°nVSbc�ST�P£}�VSbÊµ�P�UWT�bcocVS��r�VSPSX2jdedP ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qsoÊ{|bcT�PS}�~>��§
��rST�P¶knmdP�UWXdT�PSopUWbcT�VSf'T�UWrSe��ST�P2T�OQPSXdT�ocT�UW}�U�J�^¬qsrST�b`ocedRQR�OQf¼P�VSPu±6edRQXdT�PS�ST�Pu¯[qs�SOLUWT�R�qsVw± �SOQT
t%mdXdRQOQ��rS¢sT�OLUWT�P¾T�OQPSXdT�X�qsPSXdT�P¾°�T�bc�ST�P�¡ f'OLUcUWT�RQoZT�RzqsopUWOQoc��rST�bÊknmdP�UWXdT�PSopUWbcT�VSVSPSX¶¿ÀPw±6edbcf�q�UWOQe�§
PST�P ¦S«�T�b�T�OQPZ}�V VSP�UWT�bcocVS��rST�PS�ST�o a� �opUWT�fÃ}�V XdT�°nOQPSPST�P�¡�°�T�RQ��rST�oGT�OQPST e��ST�b�f'T�rSbcT�bcT²{|bcT�PS}È§
~>�s��rST�P¾«�T�ocOLUW}�U�J�^¬qso �`qsVS�wU�qsVSXdT�PSf'T�bc¢2RQOQT�XsU|��qs«�T�O qsVw±²�ST�bZ��T�UWbWqs��r�UWVSPSXu�ST�b knmdP�UWXdT�P�§
bcT�~�T�¢�UWOLj�OLU���UWocf'T�ococVSPSX��|k�k ����§¨k�q� 'knT�~�T���UWedf'T�UWbp  � VSPS�=�ST�b��SOLº�VSocT�P=knmdP�UWXdT�PSopUWbcT�VSVSPSX
VSP�UWT�b�opUWbcT�OL±6T�PS�ST�f¼MDOQPw±�qsRQR1{|¿¨^ � {|bWqs}�OQPSX�¿ÀPS��OQ�ST�PS��TZ^`OLº�bWqs��UWOQedP
�ÈJ


�� 
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¿ÀP �ST�f P�VSP¶±6edRQXdT�PS�ST�P ¸GqsbWqsXdbWqs�SrST�P ocedRQRGT�OQPSTCknmdP�UWXdT�PSopUWbcT�VSXdT�edf'T�UWbcOQT�«�T�UWbWqs��r�UWT�UZ°�T�b¨§
�ST�P�¡>°nOQTZocOQT[OQP%�ST�b`�`«S«SOQRQ�SVSPSX�I�JLK ��qsbcXdT�opUWT�RQRLU�OQopU�J>MDOQPlknmdP�UWXdT�PSopUWbWqsrSR�UWbcT�º�TZT�OQPSTÊª¬«�T�b¨§
~>�s��rST VSP�UWT�b��ST�fgMDOQPw±�qsRQRQop°nOQPS¢sT�R

αi
VSPS�%°nOQbc�%VSP�UWT�b��ST�fÁ½ OQPS¢sT�R

αf
qsPl�ST�b`ª¬«�T�bp~>�s��rST

OQP¾�ST�P-¦S«�T�bÊ�ST�bCª¬«�T�bp~>�s��rSTÍXdT�RQT�XdT�PST�P �`qsRQ«SbWqsVSf XdT�opUWbcT�VwU�J MDOQP ��T�OQR �ST�o�T�OQPw±�qsRQRQT�PS�ST�P
knmdP�UWXdT�PSopUWbWqsrSRQT�o=°nOQbc�/VSP�UWT�bÍ�ST�fÎ½ OQPS¢sT�R

αt
OQP/��qso%tlq�UWT�bcOzqsR�XdT�«Sbce���rST�P�Jy��T�UWbWqs��r�UWT�U

f�qsP?P�VSbCa�UWbcT�VSVSPSX2OQPSPST�bcr�qsRQ«?T�OQPST�bÊMD«�T�PSTs¡G�SOQT'ocT�PS¢�bcT���r�U'}�VSb�¸Dbced«�T�PSed«�T�bp~>�s��rST=opUWT�r�U
VSPS�'OQPÊ°�T�RQ��rST�b �ST�bDT�OQPw±�qsRQRQT�PS�ST²VSPS�CbcT�~�T�¢�UWOQT�bpUWT�knmdP�UWXdT�PSopUWbWqsrSR�RQOQT�XsU�¡�oceZoc�SbcOQ��r�U f�qsP�jdedP
�ST�b`oce�XdT�P�qsPSP�UWT�P2¿ÀP�§À�SRzqsPST {|T�edf'T�UWbcOQTsJS½ OQRQR1f�qsP%}�VSoW��UW}�RQOQ��r2a�UWbcT�VS«�T�OLUWbW�sXdTZ«�T�UWbWqs��r�UWT�P�¡
�SOQTCqsV��dT�bcr�qsRQ«¶�SOQT�ocT�bZMD«�T�PST'RQOQT�XdT�P�¡�oce%fÊVSocoZT�OQP2°�T�OLUWT�bcT�b a�UWbcT�V�°nOQPS¢sT�R ¡��ST�b[ocexXdT�P�qsPSP�§
UWTÊª¬VwUp§Àes±z§À�SRzqsPST`½ OQPS¢sT�R

φ
¡��ST�³�PSOQT�bpU�°�T�bc�ST�P�J �sTZP�qs��rl�ST�b�OQf¼MG�w��T�bcOQf'T�P�UnjdT�bp°�T�PS�ST�UWT�P
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�`«S«SOQRQ�SVSPSX£I�JLK 
 ^¬qsbcopUWT�RQRQVSPSX �ST�bÍa�UWbcT�VSXdT�edf'T�UWbcOQTsJ MDOQP/knmdP�UWXdT�PSopUWbWqsrSRn±��sRQRLUCVSP�UWT�b��ST�f
½ OQPS¢sT�R

αi
qsVw±²�SOQT�¸Dbced«�T�PSed«�T�bp~>�s��rST�VSPS� °nOQbc� UWT�OQRL°�T�OQocTCVSP�UWT�b �ST�f ½ OQPS¢sT�R

αt
OQP ��qso

tlq�UWT�bcOzqsR¬XdT�«Sbce���rST�P­oce�°nOQT2VSP�UWT�b%�ST�P ½ OQPS¢sT�RQP
αf

VSPS�
φ
OQP ��qso � edRQVSf'T�P ¦S«�T�bx�ST�b

¸Dbced«�T�PSed«�T�bp~>�s��rSTÍXdT�opUWbcT�VwU�JDª¬«�T�P?°nOQbc�?�SVSbc��r-MDOQPw±6¦SrSbcVSPSXu�ST�o ½ OQPS¢sT�RQo
φ
�SOQT=ª¬VwUp§Àes±z§

�SRzqsPSTZ{|T�edf'T�UWbcOQT¬��qsbcXdT�opUWT�RQRLU�¡w°²�srSbcT�PS�lVSP�UWT�P%�SOQT|¿ÀP�§À�SRzqsPSTZ{|T�edf'T�UWbcOQT¬}�VlocT�rST�PlOQopU�J

a�UWbcT�VSXdT�edf'T�UWbcOQTÊVSP�UWT�bcoc��rST�OQ�ST�UZf�qsPu�ST�f'P�qs��r¶}�°nOQoc��rST�P¶¿ÀP�§À�SRzqsPSTCt%T�ococVSPSXxVSPS�?ª¬VwUp§Àes±z§
�SRzqsPST2t%T�ococVSPSXSJ²MDOQP a���T�}�OzqsRL±�qsRQR²�ST�b�¿ÀP�§À�SRzqsPSTut%T�ococVSPSX-OQopU��SOQTlknT�~�T�¢�UWOLj�OLU���UWocf'T�ococVSPSX
���|k�k �È¡�«�T�O��ST�b P�VSb�a�UWbcT�VS«�T�OLUWbW�sXdTnVSP�UWT�b �ST�P���T��SOQPSXdVSPSXdT�P

αi = αf
VSPS�

φ = 0
«�T�UWbWqs��r�§

UWT�Un°�T�bc�ST�P�J
Â�VSbÍf�q�UWrST�f�q�UWOQoc��rST�PA��T�oc��rSbcT�OQ«SVSPSX+�ST�ola�UWbcT�VS�Sbced}�T�ococT�ol°nOQbc� �SOQT2T�OQPw±�qsRQRQT�PS�STuVSPS�

XdT�opUWbcT�VwUWT'knmdP�UWXdT�PSopUWbWqsrSRQVSPSXx�SVSbc��r¶T�«�T�PST�½?T�RQRQT�P ~Ei(~ki), ~Et(~kt)
VSPS� ~Ef(~kf)

f'OLU¬OQrSbcT�P
½?T�RQRQT�P�jdT�¢�UWedbcT�P ~ki

¡ ~kt
VSPS� ~kf

«�T�oc��rSbcOQT�«�T�P�J�^`OQT¶«�T�O|T�OQPST�f knmdP�UWXdT�PSopUWbcT�VSTÈ�w��T�bcOQf'T�P�U
XdT�f'T�ococT�PST a�UWbcT�VSOQP�UWT�PSocOLU���U�°nOQbc� qsRQo ¥ VSPS¢�UWOQedP/�ST�o�½?T�RQRQT�P�jdT�¢�UWedbc¦S«�T�bpUWbWqsXdT�o

~q = ~ki −
~kf
qsVSocXdT��Sbc¦S��¢�U�J�^`OQT2�`«Sr��sPSXdOQXd¢sT�OLUÍ�ST�oÍ½?T�RQRQT�P�jdT�¢�UWedbc¦S«�T�bpUWbWqsXdT�o

~q
jdedP­MDOQPw±�qsRQRQo¨§ÊVSPS�

a�UWbcT�V�°nOQPS¢sT�Rw¢�qsPSP�qsPSr�qsPS�Ê�ST�b�OQP �`«S«SOQRQ�SVSPSX¬I�JLK���qsbcXdT�opUWT�RQRLUWT�P�a�UWbcT�VSXdT�edf'T�UWbcOQT�qs«SXdT�RQT�OLUWT�U
°�T�bc�ST�P�J�MDoy±6edRQXsU 


~q =







qx

qy

qz






= |~ki|







cos(αf) cos(φ) − cos(αi)

cos(αi) sin(φ)

sin(αi) + sin(αf )






.

� I�JLK��
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¥ ¦SbCT�OQPSTlknmdP�UWXdT�PSbcT�~�T�¢�UWOLj�OLU���UWocf'T�ococVSPSXS¡ «�T�On�ST�b
αi = αf

VSPS�
φ = 0◦

XdOQRLU�¡G±6edRQXsU
��qsbWqsVSo 


~qXRR =







0

0

qz






= |~ki|







0

0

2 sin(αi)






=

4π

λ







0

0

sin(αi)






.
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^¬qs«�T�O�°nVSbc�ST`�SOQT���T�}�OQT�r�VSPSX |~ki| = 2π
λ

jdT�bp°�T�PS�ST�Uyf'OLU �ST�b ½?T�RQRQT�PSRz�sPSXdT
λ
�ST�b OQf)MG�w��T�bcO §

f'T�P�UyjdT�bp°�T�PS�ST�UWT�P2knmdP�UWXdT�PSopUWbWqsrSRQVSPSXSJSMDo²±��sRQRLUyqsVw±¨¡w��qsocoy«�T�O�T�OQPST�bnknmdP�UWXdT�PSbcT�~�T�¢�UWOLj�OLU���U
P�VSby½?T�RQRQT�P�jdT�¢�UWedbc¦S«�T�bpUWbW�sXdT[ocT�PS¢�bcT���r�U|}�VSbn¸Dbced«�T�PSed«�T�bp~>�s��rST[jdedbc¢sedf'f'T�P�J>^`OQT�onr�q�Un}�VSb
¥ edRQXdTs¡���qsoco��SOQT¬knmdP�UWXdT�PSbcT�~�T�¢�UWOLj�OLU���U�P�VSb²¿ÀPw±6edbcf�q�UWOQedPST�P'¦S«�T�b���qso jdT�bpUWOQ¢�qsRQT`MDRQT�¢�UWbcedPST�P�§
�SOQ��r�UWT��Sbces³�R�T�OQPST�b�{|bcT�PS}�~>�s��rSTZRQOQT�±6T�bpU�J
MDOQP[°�T�OLUWT�bcT�bDa���T�}�OzqsRL±�qsRQRd«�T�}�¦SXdRQOQ��rZ�ST�bDa�UWbcT�VSXdT�edf'T�UWbcOQT OQopUG�SOQT�ª¬VwUp§Àes±z§À�SRzqsPST�t%T�ococVSPSXS¡

«�T�O1�ST�bn�SOQT[��T��SOQPSXdVSPSX
αi ≈ αf ≈ 0

VSPS�
φ 6= 0

XdOQRLU�Jw�`VSon�SOQT�ocT�Pl��T��SOQPSXdVSPSXdT�Px±6edRQXsU 


~q ≈ 2π

λ







cos(φ) − 1

sin(φ)

0






.

� I�J h �

^`OQT�ocTZ��T��SOQPSXdVSPSX�°nOQbc�xOQPxT�OQPST�fÁbcT�qsRQT�P%MG�w��T�bcOQf'T�P�Un�SVSbc��rlT�OQPST�P%MDOQPw±�qsRQRQop°nOQPS¢sT�R
αi
bcT�q�§

RQOQocOQT�bpU�¡>�ST�b|VSP�UWT�bcr�qsRQ«2�ST�o|¢�bcOLUWOQoc��rST�Pu½ OQPS¢sT�RQo¬�ST�b ��esU�qsRQbcT�~�T�¢�UWOQedPu�ST�o[¸Dbced«�T�PSf�q�UWT�bcOzqsRQo
αc
�6ocOQT�rST[±6edRQXdT�PS�ST�P%¸GqsbWqsXdbWqs�SrST�P
�yRQOQT�XsU�JSMD«�T�PSoce'°nOQbc�%T�OQPua�UWbcT�V�°nOQPS¢sT�R

αf
XdT�°²�srSRLU�¡��ST�b

RQT�OQ��r�U ed«�T�bcr�qsRQ«�jdedP
αc
RQOQT�XsU�Jd��T�O>�SOQT�ocT�f t%T�ococf'e��SVSo UWbcT�UWT�P'P�VSb ½?T�RQRQT�P�jdT�¢�UWedbc¦S«�T�bpUWbW�sXdT

qsVw±¨¡1�SOQT���qsbWqsRQRQT�RG}�VSbZ¸Dbced«�T�PSed«�T�bp~>�s��rST'RQOQT�XdT�P�J1^`OQT�o[«�T��ST�VwUWT�U�¡���qsocoÊt%T�ococVSPSXdT�P�¡��SOQT�OQP
�SOQT�ocT�b[{|T�edf'T�UWbcOQT �SVSbc��rSXdT�±6¦SrSbpU|°�T�bc�ST�P�¡�¿ÀPw±6edbcf�q�UWOQedPST�Pl¦S«�T�b¬�SOQTÊRzq�UWT�bWqsRQT a�UWbcVS¢�UWVSb|�ST�b
¸Dbced«�T[T�P�UWr�qsRLUWT�P�J
MDoy°nOQbc�x�ST�f'P�qs��rl�ST�VwUWRQOQ��r�¡S��qsoco��SOQTZa�UWbcT�VSXdT�edf'T�UWbcOQT[qsP%�ST�P%XdT�°n¦SPSoc��r�UWT�P2¿ÀPw±6edbcf�q�§

UWOQedPSocXdT�r�qsRLUy�ST�bn�SVSbc��rSXdT�±6¦SrSbpUWT�P2t%T�ococVSPSXdT�P2qsPSXdT���qsocopU�°�T�bc�ST�PlfÊVSoco�J
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�sTÊP�qs��ru«�T�UWbWqs��r�UWT�UWT�f�a� �opUWT�f ¢smdPSPST�PujdT�bcoc��rSOQT��ST�PSTC�`PSoW��UW}�T }�VSb¬f�q�UWrST�f�q�UWOQoc��rST�Pu��TÈ§
oc��rSbcT�OQ«SVSPSXÊ�ST�b²a�UWbcT�VSVSPSX jdedP�T�RQT�¢�UWbcedf�qsXdPST�UWOQoc��rST�b²a�UWbWqsrSRQVSPSX qsP'T�OQPST�b²{|bcT�PS}�~>�s��rST�jdT�b¨§
°�T�PS�ST�Ul°�T�bc�ST�P�J¬^¬qsox°�edrSR[«�T�¢�qsPSP�UWT�opUWT � edbcXdT�rST�P­OQopU%�SOQT ��T�bcT���rSP�VSPSX/�ST�bua�UWbcT�VSVSPSX
qsP¤T�OQPST�bCOQ�ST�qsR²XdRzq�UcUWT�P+ª¬«�T�bp~>�s��rSTxVSP�UWT�b'�ST�b � T�bp°�T�PS�SVSPSX¾�ST�b ¥ bcT�ocPST�R'& oc��rST�P ¥ edbcf'T�RQP
� 
Wqs��¢�ocedP�K �d»���� J���T�O��SOQT�ocT�b � edbcXdT�rST�PSop°�T�OQocT °nOQbc�l�ST�f t%T��SOQVSfged«�T�b¨§²VSPS�uVSP�UWT�bcr�qsRQ«l�ST�b
{|bcT�PS}�~>�s��rST=T�OQP?f�q�UWT�bcOzqsRzqs«Sr��sPSXdOQXdT�b¬��bcT���r�VSPSXdocOQPS�STÈ�

n
}�VSXdT�°nOQT�ocT�P�J ^`OQT�ocT�bZOQopU OQf�XdTÈ§

°²�srSRLUWT�Putlq�UWT�bcOzqsR�T�OQPSTZ¯�edPSopU�qsP�UWTsJ>^`OQT�ocT�o¬t%e��ST�RQR�OQopU�qsVS��rl«�T�O��ST�b¬a�UWbcT�VSVSPSXCjdedPlknmdP�Up§
XdT�PSopUWbWqsrSRQVSPSX?qsP+tlq�UWT�bcOzqsRQed«�T�bp~>�s��rST�P+qsP�°�T�PS�S«�qsb'VSPS�-°nOQbc�-«�T�Oy�ST�bC�`VSop°�T�bpUWVSPSX?jdedP
knT�~�T�¢�UWOLj�OLU���UWocf'T�ococVSPSXdT�P¤r��sVw³�X2jdT�bp°�T�PS�ST�U�J ^¬qsrST�b�ocedRQRQT�P£�SOQTx{|bcVSPS�SRzqsXdT�P¾�SOQT�ocT�o�t%e�§
�ST�RQRQoy¢�VSbc}[oc¢�OQ}�}�OQT�bpUn°�T�bc�ST�P�J
��T�On�ST�bÍa�UWbcT�VSVSPSX£qsP+f'OQ¢�bcedoc¢sed�SOQoc��rST�P a�UWbcVS¢�UWVSbcT�P�¡��SOQT%T�OQPST%opU�qsbc¢sT�� qsbcOzq�UWOQedP-�ST�o

��bcT���r�VSPSXdocOQPS�STÈ�wT�oDqsVw±w¢�VSbc}�T�P ¹��sPSXdT�PSoc¢�qsRQT�PZqsVw±
°�T�OQocT�P�¡�OQopU1�SOQT ��T�bcT���rSP�VSPSX`�ST�bGa�UWbcT�VSVSPSX
�SVSbc��r �SOQT ¥ bcT�ocPST�R'& oc��rST�P ¥ edbcf'T�RQPuP�VSb|PSe���r¶ocT�rSb|«�T�oc��rSbW�sPS¢�U f'mdXdRQOQ��r�J>�`P¶�SOQT�ocT�bZa�UWT�RQRQT
fÊVSoco²T�OQPST¬f�q�UWrST�f�q�UWOQoc��rST`��T�oc��rSbcT�OQ«SVSPSXC�ST�byMDRQT�¢�UWbcedPST�PS�SOQ��r�UWT�jdT�bpUWT�OQRQVSPSX�XdT�±6VSPS�ST�PÍVSPS�
�SOQTÊa�UWbcT�VSVSPSXxqsPl�SOQT�ocT�b � T�bpUWT�OQRQVSPSX'OQfgk�qsrSf'T�Pl�ST�bZKdJ���edbcPSoc��rST�P¶Ì`�srST�bcVSPSX=«�T�bcT���rSPST�U
°�T�bc�ST�P�J

�������'� ()���+*,!.-/� #�#���%102�3� �����4-5%2��0�!6!$� �879-/� ��:<;>=2?/@��

��T�OG�ST�b¬��T�bcT���rSP�VSPSXx�ST�b`jdedP2T�OQPST�b`OQ�ST�qsR�XdRzq�UcUWT�P2ª¬«�T�bp~>�s��rSTÊXdT�opUWbcT�VwUWT�P knmdP�UWXdT�PSopUWbWqsr�§
RQVSPSX�°nOQbc�x��qsonopUWbcT�VST�PS�ST�tlq�UWT�bcOzqsR��SVSbc��rl�ST�Pl��bcT���r�VSPSXdocOQPS�STÈ�

n = 1 − δ + iβ
� I�J � �

��r�qsbWqs¢�UWT�bcOQocOQT�bpU�¡d°�T�RQ��rST�b ocOQ��r'}�VSoWqsf'f'T�PSocT�UW}�U�qsVSo �ST�f)knT�qsRLUWT�OQR
1−δ

¡��ST�b �SOQTn^`OQoc��T�bcocOQedP
T�RQT�¢�UWbcedf�qsXdPST�UWOQoc��rST�b ½?T�RQRQT�P�OQfYtlq�UWT�bcOzqsR�«�T�oc��rSbcT�OQ«wU�¡wVSPS�=qsVSo��ST�f ¿Àf�qsXdOQP��sbpUWT�OQR

β
¡�°�T�R §

��rST�bC�SOQT=�`«Socedbc�wUWOQedP£�ST�b'a�UWbWqsrSRQVSPSXuOQf´tlq�UWT�bcOzqsR�«�T�bc¦S��¢�ocOQ��r�UWOQXsU�JD^`T�bC��bcT���r�VSPSXdocOQPS�STÈ�
n
Rz�socopUCocOQ��r+VSP�UWT�b � T�bp°�T�PS�SVSPSX¾T�OQPST�o�ª¬oc}�OQRQRzq�UWedbcf'e��ST�RQRQo[±6¦SbC�SOQT � T�bpUWT�OQRQVSPSX¶�ST�b�MDRQT�¢d§

UWbcedPST�P+OQPSPST�bcr�qsRQ«¤�ST�o'opUWbcT�VST�PS�ST�PAtlq�UWT�bcOzqsRQo�«�T�bcT���rSPST�P�J²��T�On�SOQT�ocT�fÎt%e��ST�RQR²°nOQbc�¤��qso
MDRQT�¢�UWbcedPST�PSop �opUWT�f �ST�bCOQf tlq�UWT�bcOzqsR²«�T�³�PS�SRQOQ��rST�P¤�²UWedf'T=jdedP¤�ST�bCT�OQPS�SbcOQPSXdT�PS�ST�P¤T�RQT�¢d§
UWbcedf�qsXdPST�UWOQoc��rST�P=½?T�RQRQT�}�Vla���r�°nOQPSXdVSPSXdT�P%qsPSXdT�bcT�XsU�Jw^`OQT[a�UWbcT�V�qsf'�SRQOLUWVS�ST

f(~q, ~ω)
T�OQPST�o
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ocedRQ��rST�Pua� �opUWT�f'o�OQopUn��qsPSP%�SVSbc��r�� qsRQocPSOQT�RQocT�P>Isvdvs� �

f(~q, ~ω) = f 0(~q) + f ′(~ω) + if ′′(~ω)
� I�J]� �

XdT�XdT�«�T�P�¡>f'OLUy�ST�f¼�²UWedfC±6edbcfC±�qs¢�UWedb
f 0(~q)

VSPS�%�ST�PlT�PST�bcXdOQT�qs«Sr��sPSXdOQXdT�P%^`OQoc��T�bcocOQedPSoc¢sedb¨§
bcT�¢�UWVSbcT�P

f ′(~ω)
VSPS�

if ′′(~ω)
¡��ST�b ¥ bcT ��VST�PS}

ω
VSPS���ST�f��SVSbc��r

2π
XdT�UWT�OQRLUWT�PÊ¸DRzqsPS��¢�oc��rST�P

½ OQbc¢�VSPSXdo ��V�qsP�UWVSf
~ = h/2π

JD¿ÀopU��SOQTx�`PSbcT�XdVSPSXdop±6bcT ��VST�PS}uXdbce �¶XdT�XdT�P�¦S«�T�b�ed�wUWOQoc��rST�P
¥ bcT ��VST�PS}�T�PlVSPS�xT�P�Uc±6T�bcP�U�jdedPx�ST�PlknT�ocedP�qsPS}�±6bcT ��VST�PS}�T�Pu�ST�byOQPSPST�bcT�P%MDRQT�¢�UWbcedPST�PSoc��r�qsRQT�P
�ST�b �²UWedf'Ts¡�r�q�UÊ�ST�b OQf ¥ edRQXdT�PS�ST�P?^`OQoc��T�bcocOQedP¾XdT�P�qsPSP�UWT ��T�OQR

δ
�ST�oÊ��bcT���r�VSPSXdocOQPS�STÈ�wT�o

�SOQT ¥ edbcf
δ =

2πρf 0(0)r0

k2
i

,
� I�J © �

f'OLU��ST�b ¹�qs�SVSPSXdoc�SOQ��r�UWT
ρ
¡��ST�f�¢�RzqsococOQoc��rST�P�MDRQT�¢�UWbcedPST�PSbWqs�SOQVSo

r0
VSPS�Ê�ST�b a�UWbcT�V�qsf'�SRQOLUWVS�ST

OQP � edbp°²�sbpUWocbcOQ��r�UWVSPSX
f 0(q = 0)

J>^`OQT|�`«Socedbc�wUWOQedP
β
r�q�U�OQPÍ�SOQT�ocT�b�Ì`�srST�bcVSPSX'�SOQT ¥ edbcf

β =
µ

2ki
.

� I�J]\ �

��OQT�bc«�T�O1OQopU
µ
�ST�bn�`«Socedbc�wUWOQedPSoc¢se�T��'}�OQT�P�U��ST�o¬tlq�UWT�bcOzqsRQo�J

^`OQT��`P�°�T�PS�SVSPSX �ST�b'a�UWT�UWOQXd¢sT�OLUWoc«�T��SOQPSXdVSPSXl±6¦SbÊ�SOQT�T�RQT�¢�UWbcedf�qsXdPST�UWOQoc��rST�P ¥ T�RQ�ST�bÊqsP
�ST�b {|bcT�PS}�~>�s��rSTC±6¦SrSbpUZqsVw±��SOQT ¥ bcT�ocPST�R'& oc��rST�P ¥ edbcf'T�RQPl±6¦Sb|�ST�P?knT�~�T�¢�UWOQedPSoc¢se�T��'}�OQT�P�UWT�P
r
VSPS�%�ST�P ��bWqsPSocf'OQococOQedPSoc¢se�T��'}�OQT�P�UWT�P

t

r =
ki,z − kt,z

ki,z + kt,z
≈ αi − αt

αi + αt
,

� I�J » �

t =
2ki,z

ki,z + kt,z
≈ 2αi

αi + αf

� I�J � �
VSPS�%��qso`a�PST�RQRQOQVSo & oc��rSTZ��bcT���r�VSPSXdocXdT�ocT�UW}

cos(αi) = n cos(αt).
� I�JLK�v �

^`T�bC¿ÀPS�STÈ�
z
«�T�oc��rSbcT�OQ«wU'�SOQT

z
§¨¯�edf'��edPST�P�UWTÍ�ST�o 
cT�°�T�OQRQOQXdT�P¾½?T�RQRQT�P�jdT�¢�UWedbco�J MDOQPSTÍf'mdX�§

RQOQ��rSTCVSP�UWT�bcoc��rSOQT��SRQOQ��rST�¸�edRzqsbcOQoWq�UWOQedP2�ST�b[T�OQPw±�qsRQRQT�PS�ST�P2½?T�RQRQTÊ°nOQbc�?qsP �SOQT�ocT�bÊa�UWT�RQRQT�PSOQ��r�U
«�T�UWbWqs��r�UWT�U�Jd�`VSoD�ST�f)a�PST�RQRQOQVSo & oc��rST�PC��bcT���r�VSPSXdocXdT�ocT�UW}n±6edRQXsUG±6¦SbG¢�RQT�OQPST�½ OQPS¢sT�Rw�SVSbc��rCT�OQPST
�Gq� �RQedbnMDP�UÀ°nOQ��¢�RQVSPSX

αt =
√

α2
i − 2δ + 2iβ.

� I�JLKdK��
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µ�P�UWT�b �ST�b � T�bcP�qs��rSRz�sococOQXdVSPSXZ�ST�b �`«Socedbc�wUWOQedP
β
±6edRQXsU�¡d��qsoco

αt
OQ�ST�P�UWOQoc��r�v[OQopU�¡s°�T�PSP

α2
i =

2δ ≡ α2
c

J�^¬qsbWqsVSo|±6edRQXsU�¡���qsoco
αt
VSP�UWT�bcr�qsRQ«¶jdedP

αc
T�OQPSTC¢sedf'�SRQTÈ�wT�Â�qsrSR OQopU�J1��T�UWbWqs��r�UWT�U

f�qsP%�SOQT[�`VSoc«SbcT�OLUWVSPSX'�ST�bnUWbWqsPSocf'OLUcUWOQT�bpUWT�PÍ½?T�RQRQT|��qsbWqsRQRQT�R�}�VSb¬ª¬«�T�bp~>�s��rST�PSPSedbcf�qsRQT�P�¡�oce
OQopUn�SOQT�ocT[�Sbced��edbpUWOQedP�qsR�}�V

eiktzz ≈ eiαtz,
� I�JLK�I �

f'OLU
k = |~kt|/n

J�^¬qsbWqsVSoD±6edRQXsU�¡���qsoco �SOQT�UWbWqsPSocf'OLUcUWOQT�bpUWT�½?T�RQRQT²OQPÊjdT�bpUWOQ¢�qsRQT�b knOQ��r�UWVSPSXZqsVS��r
edrSPST��`«Socedbc�wUWOQedP

β
TÈ�w��edPST�P�UWOQT�RQRGXdT����sf'�w±
U`°nOQbc�uVSPS�2T�OQPST�MDOQPS�SbcOQPSXsUWOQT�±6T

Λ
«�T�ocOLUW}�U�¡��SOQT

�SVSbc��r
Λ =

1

2ki=(αt)

� I�JLK�h �
XdT�XdT�«�T�P­OQopU�J µ�P�UWT�bl��T�qs��r�UWVSPSX/�ST�b%�`«Socedbc�wUWOQedP

β
°nOQbc�A�ST�VwUWRQOQ��r�¡y��qsoco

αt
«�T�OZqsRQRQT�P

0 1 2 3 4 5
10

1

10
2

10
3

10
4

10
5

10
6

α
i
/α

c

Λ
 [Å

]

�`«S«SOQRQ�SVSPSXÍI�J]I 
�^¬qsbcopUWT�RQRQVSPSX��ST�b`MDOQPS�SbcOQPSXsUWOQT�±6T[�ST�b¬knmdP�UWXdT�PSopUWbWqsrSRQVSPSX=qsRQo ¥ VSPS¢�UWOQedPl�ST�o
qsVw± �ST�P%¢�bcOLUWOQoc��rST�Px½ OQPS¢sT�R1�ST�b ��esU�qsRQbcT�~�T�¢�UWOQedP

αc
PSedbcf'OQT�bpUWT�PxMDOQPw±�qsRQRQop°nOQPS¢sT�RQo

αi
J

MDOQPw±�qsRQRQop°nOQPS¢sT�RQP�T�OQPST�P'¿Àf�qsXdOQP��sbpUWT�OQR�«�T�ocOLUW}�U�¡��ST�b 
cT��Se���r'ed«�T�bcr�qsRQ«C�ST�o ¢�bcOLUWOQoc��rST�PC½ OQPS¢sT�RQo
�ST�b ��esU�qsRQbcT�~�T�¢�UWOQedP|jdT�bcXdRQT�OQ��rSop°�T�OQocT ¢�RQT�OQP|OQopU�J�^`OQTDUWbWqsPSocf'OLUcUWOQT�bpUWT�½?T�RQRQT °nOQbc�[��qsrST�b�OQf'f'T�b
OQPÍjdT�bpUWOQ¢�qsRQT�bnknOQ��r�UWVSPSXCXdT����sf'�w±
U�J
^`OQT¶bcT�~�T�¢�UWOQT�bpUWT¶¿ÀP�UWT�PSocOLU���U

R = |r|2 OQopU%VSP�UWT�bcr�qsRQ«AVSPS�A«�T�OQf MDbcbcT�OQ��rST�P­�ST�o%¢�bcO §
UWOQoc��rST�P¾½ OQPS¢sT�RQoÊ�ST�b ��esU�qsRQbcT�~�T�¢�UWOQedP

αc
P�qsrST�«�T�O`KdJ�¿ÀP£�ST�P£�`«S«SOQRQ�SVSPSXdT�P£I�J]I%VSPS�¤I�J h

ocOQPS�C�SOQT � T�bcRz�sVw±6T²�ST�b MDOQPS�SbcOQPSXsUWOQT�±6T
Λ
¡s�ST�o��¬V�qs�SbWq�UWo �ST�o ��bWqsPSocf'OQococOQedPSoc¢se�T��'}�OQT�P�UWT�P |t|2VSPS�=�ST�o��¬V�qs�SbWq�UWo �ST�oyknT�~�T�¢�UWOQedPSoc¢se�T��'}�OQT�P�UWT�P |r|2 qsRQo ¥ VSPS¢�UWOQedP'�ST�oyMDOQPw±�qsRQRQop°nOQPS¢sT�RQo αi��qsbcXdT�opUWT�RQRLU�J ��OQT�bc«�T�O�°nVSbc�STZ�ST�b`MDOQPw±�qsRQRQop°nOQPS¢sT�R

αi
qsVw± �ST�Pl¢�bcOLUWOQoc��rST�P%½ OQPS¢sT�R��ST�b ��esU�qsR §
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2
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0

α
i
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c

|r
|2

�`«S«SOQRQ�SVSPSX%I�J h 
1^¬qsbcopUWT�RQRQVSPSXÍ�ST�b���bWqsPSocf'OQococOQedPSop±6VSPS¢�UWOQedP |t|2 VSPS�¶�ST�bZknT�~�T�¢�UWOLj�OLU���U |r|2T�OQPST�bnOQ�ST�qsR�XdRzq�UcUWT�P%ª¬«�T�bp~>�s��rSTsJ

bcT�~�T�¢�UWOQedP
αc
PSedbcf'OQT�bpU�J�^`OQT`}�VSby^¬qsbcopUWT�RQRQVSPSX �ST�byMDOQPS�SbcOQPSXsUWOQT�±6T

Λ
«�T�PSmsUWOQXsUWT�P=¸GqsbWqsf'T�UWT�b

±6¦Sb
αc ≈ 0.15◦

¡
k ≈ 4 ∗ 1010 K���f�VSPS�

β ≈ 10−8 T�P�UWoc�SbcT���rST�P¤�ST�PST�P¾T�OQPST�o UÀ ��SOQoc��rST�P
knmdP�UWXdT�PSbcT�~�T�¢�UWOLj�OLU���UWocTÈ�w��T�bcOQf'T�P�UWT�o�f'OLU�T�OQPST�b�¸DrSesUWedPST�PST�PST�bcXdOQT jdedP »²¢sT �¤VSPS�[T�OQPST�b�¸Dbce�§
«�Ts¡G�ST�bcT�P-MDRQT�¢�UWbcedPST�PS�SOQ��r�UWTÍ�ST�b �ST�o ½¾qsococT�bco�XdRQT�OQ��r�U�J tlqsP¾T�bc¢sT�PSP�U'�ST�VwUWRQOQ��r�¡���qsocoÊ�SOQT
MDOQPS�SbcOQPSXsUWOQT�±6T��ST�byknmdP�UWXdT�PSopUWbWqsrSRQVSPSX�«�T�O�T�OQPST�f�MDOQPw±�qsRQRQop°nOQPS¢sT�R>VSP�UWT�bcr�qsRQ«Í�ST�oy¢�bcOLUWOQoc��rST�P
½ OQPS¢sT�RQoC�ST�b ��esU�qsRQbcT�~�T�¢�UWOQedP

αc
OQP-�ST�b�{|bcm �dT�PSedbc�SP�VSPSX¶jdedP¤P�VSb'T�OQPSOQXdT�P¤Ì`qsPSedf'T�UWT�bcP

RQOQT�XsU�J���T�OQf � «�T�bcoc��rSbcT�OLUWT�PljdedP
αc
°²�s��rSopU

Λ
opU�qsbc¢xqsP�J�^¬qsrST�bn°�T�bc�ST�Pued«�T�bp~>�s��rST�PSocT�PSocO §

UWOLjdTÊMG�w��T�bcOQf'T�P�UWTÊr��sVw³�X=«�T�OGMDOQPw±�qsRQRQop°nOQPS¢sT�RQP%VSP�UWT�bcr�qsRQ«ljdedP
αc
�SVSbc��rSXdT�±6¦SrSbpU�J��`PSr�qsPS�

jdedP£�`«S«SOQRQ�SVSPSX2I�J h%°nOQbc�?�ST�VwUWRQOQ��r�¡���qsocoÊ�ST�b
��bWqsPSocf'OQococOQedPSoc¢se�T��'}�OQT�P�UÊ«�T�O
αi = αc

T�OQP
tlq��wOQfÊVSfÃT�bcbcT�OQ��r�U VSPS��ed«�T�bcr�qsRQ«ZjdedP

αc
qsVw±>T�OQPST�PÊ¢sedPSopU�qsP�UWT�P�½?T�bpUGjdedP=Kyqs«w±��sRQRLU�J�^`OQT�ocT

½ OQPS¢sT�Rzqs«Sr��sPSXdOQXd¢sT�OLU �ST�o ��bWqsPSocf'OQococOQedPSoc¢se�T��'}�OQT�P�UWT�P=¢�qsPSP�«�T�O�knmdP�UWXdT�PSopUWbcT�VSTÈ�w��T�bcOQf'T�P�§
UWT�P-}�VSf �`Vw±
UWbcT�UWT�P£jdedP£¿ÀP�UWT�PSocOLU���UWocf�q��wOQf�q%±6¦SrSbcT�P�¡ �ST�P-oce2XdT�P�qsPSP�UWT�P�� edPST���q¶¸�T�qs¢�o
�  dedPST���qwK �d©dh � J��`PSr�qsPS�2�`«S«SOQRQ�SVSPSX=I�J h�OQopU`}�VuT�bc¢sT�PSPST�P�¡���qsoco¬�SOQT bcT�~�T�¢�UWOQT�bpUWT ¿ÀP�UWT�PSocOLU���U
VSP�UWT�bcr�qsRQ«ZjdedP

αc
OQ�ST�P�UWOQoc��r�K OQopU�VSPS� ed«�T�bcr�qsRQ«[jdedP

αc
opU�qsbc¢Zqs«w±��sRQRLU�J�¿Àf�P��s��rSopUWT�P�¯[qs�SOLUWT�R

°nOQbc�x�SOQT�ocT�b � T�bcRzqsVw±GVSP�UWT�b�MDOQP�«�T�}�VSX'T�OQPST�b`ª¬«�T�bp~>�s��rST�PSbWqsVSOQXd¢sT�OLUnXdT�P�qsVST�b�qsP�qsRL �ocOQT�bpU�J



3�Ä :=< ��	�8>������	�����7�7���8?���A@CBD����EGF��������

��������� ���2� !$%2� ��� !.-/� #�#���%3��� �502@�� � �	���4- �2��

� -/���.?/@�� ��������-����

� ��� 0�!$���2�

^`OQT®{|bcVSPS�SRzqsXdT }�VSb+��T�bcT���rSP�VSPSX)�ST�b-OQPYT�OQPST�f5knmdP�UWXdT�PSopUWbcT�VSTÈ�w��T�bcOQf'T�P�U+jdedP�T�OQPST�b
¥ RQ¦SococOQXd¢sT�OLUWoced«�T�bp~>�s��rST[XdT�opUWbcT�VwUWT�P2a�UWbWqsrSRQVSPSXCOQopUn�SOQTCKdJ���edbcPSoc��rSTÊÌ`�srST�bcVSPSXSJ��`VSon�SOQT�ocT�b
¢�qsPSPx±6¦Sbn�SOQT[qsPxT�OQPST�fÁT�RQT�¢�UWbcedPSOQoc��rST�P2a� �opUWT�f¼XdT�opUWbcT�VwUWTZT�RQT�¢�UWbcedf�qsXdPST�UWOQoc��rSTZa�UWbWqsrSRQVSPSX
±6edRQXdT�PS�STZa�UWbcT�V�qsf'�SRQOLUWVS�ST¬rST�bcXdT�RQT�OLUWT�Uy°�T�bc�ST�P � qsRQocPSOQT�RQocT�P>Isvdvs� � 


rV = −r0

∫

V

d3rρ(~r)ei~q ~r,
� I�JLK�� �

f'OLUy�ST�b�MDRQT�¢�UWbcedPST�PS�SOQ��r�UWT
ρ(~r)

¡S�ST�f � edRQVSf'T�P
V
VSPS�%�ST�fgª¬bpUWopjdT�¢�UWedb

~r
J

¥ ¦Sb¬�ST�P a���T�}�OzqsRL±�qsRQR��ST�bZa�UWbcT�VSVSPSXxqsP¶T�OQPST�b[tlq�UWT�bcOzqsRQed«�T�bp~>�s��rST ocedRQRQT�PuP�VSP2±6edRQXdT�PS�ST
� T�bcT�OQPw±�qs��r�VSPSXdT�PlXdT�RLUWT�P 

KdJn^`OQTZMDRQT�¢�UWbcedPST�PS�SOQ��r�UWT VSP�UWT�bcr�qsRQ«%VSPS�led«�T�bcr�qsRQ«x�ST�b¬{|bcT�PS}�~>�s��rST OQopUn¢sedPSopU�qsP�U¬VSPS�
T�oyXdOQ«wUyqsPÍ�ST�b�{|bcT�PS}�~>�s��rST[T�OQPST�PÍVSPSopUWT�UWOQXdT�P � «�T�bcX�qsPSX��ST�bnMDRQT�¢�UWbcedPST�PS�SOQ��r�UWT|f'OLU
�ST�b�MDRQT�¢�UWbcedPST�PS�SOQ��r�UWT��SOLº�T�bcT�PS}

∆ρ
J

I�Jn^`OQT�OQP���qsoytlq�UWT�bcOzqsR�T�OQPS�SbcOQPSXdT�PS�ST�T�RQT�¢�UWbcedf�qsXdPST�UWOQoc��rSTn½?T�RQRQTn°nOQbc�'f'OLU }�VSPST�rSf'T�P�§
�ST�b �yOQT�±6T[XdT����sf'�w±
U�J

hwJn^`OQT¾ª¬«�T�bp~>�s��rST�Pw~�VS¢�UWV�q�UWOQedPST�P­°�T�bc�ST�P®P�VSb%�SVSbc��r­T�OQPST?��T�°�T�XdVSPSX/OQP jdT�bpUWOQ¢�qsRQT�b
knOQ��r�UWVSPSX�«�T�oc��rSbcOQT�«�T�P�¡�Rzq�UWT�bWqsRQT`��T�°�T�XdVSPSXdT�P%¢smdPSPST�PÍjdT�bcP�qs��rSRz�sococOQXsU²°�T�bc�ST�P�J>^`OQTÈ§
ocT¶ª¬«�T�bp~>�s��rST�Pw~�VS¢�U�q�UWOQedPST�P/RzqsococT�P/ocOQ��r/�SVSbc��r T�OQPST ��mdrST�P�§ ��mdrST�P ¯�edbcbcT�Rzq�UWOQedPSo¨§
±6VSPS¢�UWOQedP

C(~r)
«�T�oc��rSbcT�OQ«�T�P�¡SqsVSo �ST�b�ocOQ��r=T�OQPST�f'OLUcUWRQT�bcTnk`tua ��kne�esU²t%T�qsPxa ��V�qsbcT��

k�qsVSOQXd¢sT�OQ¢sT�OLU
σ
�ST�b`ª¬«�T�bp~>�s��rSTZ«�T�bcT���rSPST�PlRz�socopU�J

½ OQT ocOQ��r rST�bWqsVSocopUWT�RQRQT�P °nOQbc��¡�opUWT�RQRQT�P �SOQT�¸DVSPS¢�UWT¬K�VSPS��h`Ì`�srST�bcVSPSXdT�PÊ��qsb�¡��SOQT «�T�O��ST�b
��T�r�qsPS�SRQVSPSX?�ST�b��SOLº�VSocT�P/knmdP�UWXdT�PSopUWbcT�VSVSPSX¾«�T�O�rSedrST�P¤½?T�RQRQT�P�jdT�¢�UWedbc¦S«�T�bpUWbW�sXdT�P/PSOQ��r�U
f'T�rSbZjdT�bp°�T�PS�ST�U�°�T�bc�ST�P£�S¦Sbp±6T�P�J MDOQPST'XdT�P�qsVST=��T�r�qsPS�SRQVSPSXu�ST�bÊ��T�XdbcOLº�T�¯�edbcbcT�Rzq�UWOQedPSo¨§
±6VSPS¢�UWOQedPxVSPS�2ª¬«�T�bp~>�s��rST�PSbWqsVSOQXd¢sT�OLUy³�PS�ST�U`ocOQ��rxOQP%¯[qs�SOLUWT�R1hwJ
µ�P�UWT�b��ST�b²��T�qs��r�UWVSPSX��ST�b²¸DVSPS¢�UWTÊK`«SOQo�h ¢�qsPSP���qso � edRQVSf'T�PSOQP�UWT�XdbWqsR�OQP�T�OQPÍª¬«�T�bp~>��§

��rST�PSOQP�UWT�XdbWqsR�VSf'XdT�°²qsPS�ST�RLU °�T�bc�ST�P�JSa�edf'OLU «�T�PSmsUWOQXsU f�qsP'T�OQPST�f�q�UWrST�f�q�UWOQoc��rST���T�oc��rSbcT�O §
«SVSPSX��ST�bntlq�UWT�bcOzqsRQed«�T�bp~>�s��rSTs¡�°²�srSbcT�PS�x�SOQT`OQPSPST�bcr�qsRQ«��ST�ontlq�UWT�bcOzqsRQo XdT�RQT�XdT�PST�P%{|bcT�PS}�T�P
�ST�o¬a�UWbcT�VwjdedRQVSf'T�PSon¢sT�OQPST�Pl��T�OLUWbWqsXC}�VSfÁ¿ÀP�UWT�XdbWqsR1RQOQT�±6T�bcP�J�MDoy±6edRQXsU � qsRQocPSOQT�RQocT�P>Isvdvs� � 


rA = −r0∆ρ
1

iqz

∫

A

d2rei~q ~r.
� I�JLK�� �
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A
OQopUu�SOQT¶jdedf knmdP�UWXdT�PSopUWbWqsrSRZ«�T�RQT�VS��r�UWT�UWT¤ª¬«�T�bp~>�s��rSTsJ¬^`T�bl�SOLº�T�bcT�P�UWOQT�RQRQT?a�UWbcT�V���VST�b¨§

oc��rSPSOLUcU dσ
dΩ

¡�°�T�RQ��rST�b[�SOQTÊOQPuT�OQP¶k�qsVSf °nOQPS¢sT�RQT�RQT�f'T�P�U
dΩ

XdT�opUWbcT�VwUWT�a�UWbWqsrSRQVSPSXdocOQP�UWT�PSocOLU���U
«�T�oc��rSbcT�OQ«wU�¡�°nOQbc�x�SVSbc��rl��qso���T�UWbWqsXdo ��V�qs�SbWq�Un�ST�b`a�UWbcT�V�qsf'�SRQOLUWVS�ST|XdT�«SOQRQ�ST�U 


dσ

dΩ
=

(

r0∆ρ

qz

)2 ∫ ∫

d2rd2r′ei~q (~r−~r′).
� I�JLK�© �

��T�oc��rSbcT�OQ«wU'f�qsP£�SOQT%ª¬«�T�bp~>�s��rSTx�ST�o'a�UWbcT�VST�bcoC�SVSbc��r¤T�OQPST ��mdrST�P�§ ��mdrST�P+¯�edbcbcT�Rzq�UWOQedPSo¨§
±6VSPS¢�UWOQedP

C(~r)
¡Soce'¢�qsPSP ¥ edbcf'T�R1I�JLK�©�}�V�� ocOQPSr�qwK �d»d»w¡�qsRQocPSOQRQocT�P>Isvdvs� �

dσ

dΩ
=

(

r0∆ρ

qz

)2(
A0

sin(αi)

)

e−q2
zσ2

∫

dxdyeq2
zC(~r)ei(qxx+qyy) � I�JLK�\ �

VSf'XdT�±6edbcf U=°�T�bc�ST�P�J¬{|RQT�OQ��r�VSPSX+I�JLK�\?¢�qsPSPAP�VSP­VSP�UWT�bx�ST�b%��T��SOQPSXdVSPSX
C(~r) → 0

±6¦Sb
x, y → ∞ OQP2}�°�T�O ��T�OQRQXdRQT�OQ��r�VSPSXdT�P2qsVw±6XdT�oc��qsRLUWT�P2°�T�bc�ST�P�¡�jdedP¶�ST�PST�P �ST�b|T�bcopUWT ��T�OQR �SOQT
oc��T�¢�VSRz�sbcT a�UWbcT�VSVSPSX'VSPS�%�ST�bn}�°�T�OLUWT ��T�OQR��SOQT|�SOLº�VSocT a�UWbcT�VSVSPSX'«�T�oc��rSbcT�OQ«wU�J

dσ

dΩ
=

(

dσ

dΩ

)

spek

+

(

dσ

dΩ

)

diffus

dσ

dΩ
=

(

r0∆ρ2π

qz

)2( A

sin(αi)

)

e−q2
zσ2

δ(qx)δ(qy)+

(

r0∆ρ

qz

)2( A

sin(αi)

)

e−q2
zσ2
∫

dxdy
(

eq2
z(C(x,y)) − 1

)

ei(qxx+qyy). ���������
	
^`T�byT�bcopUWT ��T�OQR��ST�o²½ OQbc¢�VSPSXdo ��VST�bcoc��rSPSOLUcUWT�oy°nOQbc�=�SVSbc��rx�SOQT`«�T�OQ�ST�PÍ^`T�RLU�q�§¨^`OQopUWbcOQ«SVwUWOQedPST�P
qsVw±G�SOQT[oc��T�¢�VSRz�sbcTZ��T��SOQPSXdVSPSX

αi = αf
VSPS�

φ = 0◦
T�OQPSXdT�oc��rSbW�sPS¢�U�J

Å �6� :=< ��	�8>��������EG����	��

��
	�Fw	
t%OLUn�ST�b�^`T�³�PSOLUWOQedP

(

dσ

dΩ

)

F

≡
(

r0∆ρ2π

qz

)2(
A

sin(αi)

)

� I�JLK � �
±6edRQXsU

(

dσ

dΩ

)

spek

=

(

dσ

dΩ

)

F

e−q2
zσ2

.
� I�J]Isv �

��OQT�bc«�T�OnOQopU ( dσ
dΩ

)

F

�SOQT ¥ bcT�ocPST�R §¨knT�~�T�¢�UWOLj�OLU���U�¡D�SOQT%�SOQTlknT�~�T�¢�UWOLj�OLU���U�T�OQPST�b'OQ�ST�qsRyXdRzq�UcUWT�P
ª¬«�T�bp~>�s��rSTy«�T�oc��rSbcT�OQ«wU�J�^`VSbc��r'�SOQT²��T�bcT���rSP�VSPSXZ�ST�o k�qsVSf °nOQPS¢sT�RQT�RQT�f'T�P�UWo

dΩ
T�bcr��sRLU f�qsP
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�SOQT|¿ÀP�UWT�PSocOLU���U
IF
�ST�byXdT�opUWbcT�VwUWT�Pua�UWbWqsrSRQVSPSXS¡wPSedbcf'OQT�bpUyqsVw±G�SOQT¬T�OQPw±�qsRQRQT�PS�ST|a�UWbWqsrSRQVSPSXdocOQP�§

UWT�PSocOLU���U
I0
�Sbce ¥ Rz�s��rST

IF/I0 =
(4πr0∆ρ)2

q4
z

.
� I�J]I�K��

^`OQT?knT�~�T�¢�UWOLj�OLU���UlT�OQPST�buª¬«�T�bp~>�s��rST ±��sRQRLUx�ST�f'P�qs��r­opU�qsbc¢ f'OLUx}�VSPST�rSf'T�PS�ST�f ½?T�RQRQT�P�§
jdT�¢�UWedbc¦S«�T�bpUWbWqsX/ocT�PS¢�bcT���r�U2}�VSbla�VS«SopUWbWq�UWed«�T�bp~>�s��rST¾qs«AVSPS�A°nOQbc�A}�VSoW��UW}�RQOQ��rAXdT����sf'�w±
U
�SVSbc��r®T�OQPST�P­^`T�«� dTÈ§ ½¾qsRQRQT�b%�srSPSRQOQ��rST�P ¥ qs¢�UWedb�¡�°�T�RQ��rST�bl�SOQT¶k�qsVSOQXd¢sT�OLUx�ST�blª¬«�T�bp~>�s��rST
«�T�oc��rSbcT�OQ«wU�J�^¬qCP�qs��r ¥ edbcf'T�R�I�J]IsvC«�T�O1T�OQPST�b`knT�~�T�¢�UWOLj�OLU���UWocf'T�ococVSPSX'¢sT�OQPST[½?T�RQRQT�P�jdT�¢�UWedb¨§
¦S«�T�bpUWbW�sXdT¬��qsbWqsRQRQT�R�}�VSby¸Dbced«�T�PSed«�T�bp~>�s��rST|jdedbc¢sedf'f'T�P�¡w«�T�OQPSr�qsRLUWT�U��SOQT¬«�T�O��SOQT�ocT�fÁMG�w��TÈ§
bcOQf'T�P�UnXdT�f'T�ococT�PST�a�UWbWqsrSRQVSPSXdocOQP�UWT�PSocOLU���UyP�VSb�¿ÀPw±6edbcf�q�UWOQedPST�PÍ¦S«�T�bn��qso�Rzq�UWT�bWqsR�XdT�f'OLUcUWT�RLUWT
jdT�bpUWOQ¢�qsRQT²MDRQT�¢�UWbcedPST�PS�SOQ��r�UWT��Sbces³�RST�OQPST�b ¸Dbced«�T�PSed«�T�bp~>�s��rSTsJ�^`OQT²k�qsVSOQXd¢sT�OLU

σ
OQopU ocedf'OLUGT�OQPST

¦S«�T�b²�SOQT�jdedfÁknmdP�UWXdT�PSopUWbWqsrSR�«�T�RQT�VS��r�UWT�UWT ¥ Rz�s��rST`XdT�f'OLUcUWT�RLUWT`{|bcm �dTsJw^`T�o²½?T�OLUWT�bcT�PÍfÊVSoco
«�T�qs��r�UWT�Uy°�T�bc�ST�P�¡���qsoco²�SOQT`XdT�oWqsf UWT¬XdT�opUWbcT�VwUWT[a�UWbWqsrSRQVSPSXÊT�OQPST[a�VSf'f'T`qsVSo²oc��T�¢�VSRz�sb²VSPS�
�SOLº�VSonXdT�opUWbcT�VwUWT�b¬a�UWbWqsrSRQVSPSXCOQopU�J>µ�fÁTÈ�w��T�bcOQf'T�P�UWT�RQR1�SOQTZknT�~�T�¢�UWOLj�OLU���UnT�OQPST�b�¸Dbced«�T�PSed«�T�b¨§
~>�s��rSTZ}�Vl«�T�opUWOQf'f'T�P�¡SfÊVSoconT�«�T�Pw±�qsRQRQoy�SOQT|�SOLº�VSocT a�UWbcT�VSVSPSX�XdT�f'T�ococT�P%°�T�bc�ST�P�¡�VSfÁ�SOQT�ocT
«�T�Ow�ST�b �`VSop°�T�bpUWVSPSX|jdedP��ST�bGOQPÊoc��T�¢�VSRz�sbcT�b ��T��SOQPSXdVSPSX¬XdT�f'T�ococT�PST�PC¿ÀP�UWT�PSocOLU���UD}�V�ocVS«wUWbWq�§
rSOQT�bcT�P�J�^`OQT�t%T�ococVSPSXZ�ST�b �SOLº�VSoDXdT�opUWbcT�VwUWT�P'¿ÀP�UWT�PSocOLU���U T�bp±6edRQXsUWT²OQf"k�qsrSf'T�PC�SOQT�ocT�bD�`bc«�T�OLU
�SVSbc��r+T�OQPSTÍRQedPSXdOLUWVS�SOQP�qsR �SOLº�VSocTlt%T�ococVSPSXS¡ «�T�O²�ST�bC�ST�b�½ OQPS¢sT�R

αf
VSf´T�OQPST�P-XdT�bcOQPSXdT�P

��T�UWbWqsX
∆αf

qsVSo �ST�b oc��T�¢�VSRz�sbcT�P=��T��SOQPSXdVSPSX rST�bWqsVSo «�T�°�T�XsU °nVSbc�ST �
αf = αi +∆αf

¡�f'OLU
∆αf = 0.1◦

�ÈJ
^`OQTÊ{|RQT�OQ��r�VSPSX=I�J]IsvCXdOQRLUnopUWbcT�PSX=XdT�PSedf'f'T�P%P�VSb�±6¦Sb�MG�w��T�bcOQf'T�P�UWTs¡�«�T�O��ST�PST�P2�SOQT[TÈ��§

��T�bcOQf'T�P�UWT�RQRQT[�`Vw~�mdocVSPSX=jdT�bcP�qs��rSRz�sococOQXsU`°�T�bc�ST�P2¢�qsPSP�¡���J r�J��SOQT k�qsVSOQXd¢sT�OLU
σ
OQopU`T�OQPljdedf

TÈ�w��T�bcOQf'T�P�UWT�RQRQT�P¾�`Vw±6«�qsV¾VSP�qs«Sr��sPSXdOQXdT�bÊ¸GqsbWqsf'T�UWT�b�J�¿ÀP£T�OQPST�f bcT�qsRQT�P£MG�w��T�bcOQf'T�P�U�ocOQPS�

cT��Se���r �SOQT jdT�bp°�T�PS�ST�UWTy^`T�UWT�¢�UWedbWqsVw~�mdocVSPSXS¡��SOQT ¸Dbced«�T�PSXdbcm �dT VSPS� �SOQT T�PS�SRQOQ��rST ¯�edr��sbcT�PS}È§
Rz�sPSXdTÍ�ST�b�jdT�bp°�T�PS�ST�UWT�P knmdP�UWXdT�PSopUWbWqsrSRQVSPSX PSOQ��r�UCjdT�bcP�qs��rSRz�sococOQXd«�qsb�J µ�f´T�OQPSTÍT�PS�SRQOQ��rSTs¡
TÈ�w��T�bcOQf'T�P�UWT�RQRQT'�`Vw~�mdocVSPSXuf'OLU[OQP?�SOQT���T�bcT���rSP�VSPSX2�ST�o �SOLº�T�bcT�P�UWOQT�RQRQT�P¾a�UWbcT�V���VST�bcoc��rSPSOLUp§
UWT�oÊT�OQPw~�OQT �dT�P?}�V¾RzqsococT�P�¡�°nOQbc�?�ST�bÊ¿ÀP�UWT�XdbWqsPS�¾OQP ¥ edbcf'T�R I�JLK�\%f'OLU[T�OQPST�b ¥ VSPS¢�UWOQedP

Ξ(~r)fÊVSRLUWOQ�SRQOQ}�OQT�bpU�¡�°�T�RQ��rST'��qso[¿ÀP�UWT�XdbWqsR qsVw±²�ST�P OQf MG�w��T�bcOQf'T�P�UZ}�VSX��sPSXdRQOQ��rST�P?ª¬bpUWocbWqsVSfÊ«�TÈ§
bcT�OQ��r¤T�OQPSoc��rSbW�sPS¢�U � rST�OQRQf�qsPSP>IsvdvwK � J�¯�edbcbcT�Rzq�UWOQedPST�P�¡G�ST�bcT�P+knT�OQ��r�°�T�OLUWTÍXdbcm �dT�bCqsRQoÊ�SOQT�ocT�b
T�OQPSXdT�oc��rSbW�sPS¢�UWTl��T�bcT�OQ��r-OQopU�¡ ¢smdPSPST�P¤ocedf'OLUÊPSOQ��r�UCf'T�rSb�«�T�UWbWqs��r�UWT�UC°�T�bc�ST�P�J ^`OQT�o�±6¦SrSbpU
��qs}�V�¡ ��qsoco'�SOQTxk�qsVSOQXd¢sT�OLU

σ
T�OQPST�b ¥ RQ¦SococOQXd¢sT�OLUWoced«�T�bp~>�s��rST%�SVSbc��r+T�OQPST=jdedf TÈ�w��T�bcOQf'T�P�§

UWT�RQRQT�P%�`Vw±6«�qsVuqs«Sr��sPSXdOQXdT[k�qsVSOQXd¢sT�OLU
σeff
¡��SOQT[OQP%�ST�P%±6edRQXdT�PS�ST�Pl¯[qs�SOLUWT�RQPx�ST�³�PSOQT�bpU�°nOQbc��¡

T�bcocT�UW}�U�°�T�bc�ST�PlfÊVSoco�J
^`OQT[f�q�UWrST�f�q�UWOQoc��rST[��T�UWbWqs��r�UWVSPSX��ST�o��SOLº�T�bcT�P�UWOQT�RQRQT�P%a�UWbcT�V���VST�bcoc��rSPSOLUcUWT�o¬T�OQPST�bnT�OQPS}�O §
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XdT�P/ª¬«�T�bp~>�s��rSTx¢�qsPSP+qsVw±`�SOQTÍ��T�UWbWqs��r�UWVSPSX?�ST�bCknmdP�UWXdT�PSopUWbcT�VSVSPSX¾qsP-f'T�rSbcT�bcT�P/ª¬«�T�b¨§
~>�s��rST�P�¡���J�r�J�qsP2a���rSOQ��r�UWop �opUWT�f'T�P�¡�qsVSocXdT�°�T�OLUWT�U`°�T�bc�ST�P�J�^¬q�OQfgk�qsrSf'T�Pl�SOQT�ocT�b`�`bc«�T�OLU
a� �opUWT�f'T f'OLUyf�q��wOQf�qsR�}�°�T�O {|bcT�PS}�oc��rSOQ��r�UWT�PuVSP�UWT�bcocVS��r�U¬°�T�bc�ST�P�¡�ocedRQRQT�PlqsP%�SOQT�ocT�b`a�UWT�RQRQT
�SOQT ±6¦Sb �ST�bcT�PC�`P�qsRL �ocT�°nOQ��r�UWOQXdT�PCa�UWbcT�V���VST�bcoc��rSPSOLUcUWTy±6¦SbDknT�~�T�¢�UWOLj�OLU���UWT�PÊXdT�P�qsPSP�UD°�T�bc�ST�P�J
�`VSocX�qsPSXdoc�SVSPS¢�U�}�VSb ��T�bcT���rSP�VSPSX �SOQT�ocT�b a�UWbcT�V���VST�bcoc��rSPSOLUcUWT�OQopUD�SOQTy��T�oc��rSbcT�OQ«SVSPSXZ�ST�oDjdT�b¨§
UWOQ¢�qsRQT�PxMDRQT�¢�UWbcedPST�PS�SOQ��r�UWT��Sbces³�RQo��SVSbc��r%T�OQPST a�VSf'f'T|qsVSon}�°�T�O ��T�q�j�OQocOQ�ST ¥ VSPS¢�UWOQedPST�P

ρ(x, y, z) = ∆ρ1θ(z − h1(x, y)) + ∆ρ2θ(z − h2(x, y)),
� I�J]IdI �

f'OLU`�ST�b[MDRQT�¢�UWbcedPST�PS�SOQ��r�UWT��SOLº�T�bcT�PS}
∆ρ1

}�°nOQoc��rST�P¾a�VS«SopUWbWq�U|VSPS�?a���rSOQ��r�U[VSPS�2�ST�b[MDRQT�¢d§
UWbcedPST�PS�SOQ��r�UWT��SOLº�T�bcT�PS}

∆ρ2
}�°nOQoc��rST�P �ST�b[a���rSOQ��r�UZVSPS�2�ST�bZ{[qsoc�Sr�qsocTs¡��SOQTÊocOQ��r2¦S«�T�b|�ST�b

¸Dbced«�TZ«�T�³�PS�ST�U�J
h1
VSPS�

h2
ocOQPS�%�SOQT|jdT�bpUWOQ¢�qsRQT�P%�`VSocRQT�PS¢�VSPSXdT�Pu�ST�b¬ª¬«�T�bp~>�s��rST�Puqsf ª¬bpU

~r = (x, y)
Jw¿Àf¼k�qsrSf'T�PÍ�ST�b|KdJ���edbcPSoc��rST�Pl�`�S�Sbce��wOQf�q�UWOQedP�±6¦SrSbpUy�SOQT�ocT�o�MDRQT�¢�UWbcedPST�PS�SOQ��r�§

UWT��Sbces³�R1}�V%T�OQPST�fÁ�SOLº�T�bcT�P�UWOQT�RQRQT�P%a�UWbcT�V���VST�bcoc��rSPSOLUcU�¡>�ST�bn�Sbced��edbpUWOQedP�qsR�}�V

dσ

dΩ
∝ 1

q2
z

(

∑

i=1,2

[

∆ρ2
i e

−q2
zσ2

i

∫

dxdyeq2
zCii(x,y)Ξ(x, y)

]

+

2∆ρ1∆ρ2 cos(qzlm)e−
1
2
q2
z(σ2

1+σ2
2) ×

∫

dxdyeq2
zC12(x,y)Ξ(x, y)

)

� I�J]Ish �
OQopU�J ��OQT�bc«�T�OyOQopU

σ1
�SOQT%a�VS«SopUWbWq�UWbWqsVSOQXd¢sT�OLU'VSPS�

σ2
�SOQT ¥ OQRQf'bWqsVSOQXd¢sT�OLU�J�^`T�b�¯|bcT�VS}�¢sedbcbcTÈ§

Rzq�UWOQedPSopUWT�bcf
C12(x, y)

«�T�oc��rSbcT�OQ«wU'�SOQT ��mdrST�P�§ ��mdrST�P¤¯�edbcbcT�Rzq�UWOQedP¾}�°nOQoc��rST�P+�ST�P-«�T�OQ�ST�P
{|bcT�PS}�~>�s��rST�P�J ^`T�bC¿ÀP�UWT�bp±6T�bcbcT�PS}�UWT�bcf �SOQT�ocT�b�{|RQT�OQ��r�VSPSX � I�J a�VSf'f�qsPS�
�Z±6¦SrSbpUC}�V/ª¬oc}�OQR §
Rzq�UWOQedPST�Puf'OLU`�ST�b[¸�T�bcOQe��ST

2π/lm
��¯|OQT�ococOQPSX�§ ±6bcOQPSXdT�o � ¢�OQT�ococOQPSXSK �dhwK � ��OQPu�ST�b[knT�~�T�¢�UWOLj�OLU���U�¡

qsVSo¬�ST�b`ocOQ��ru�SOQT ¥ OQRQf'�SOQ��¢sT
lm
«�T�bcT���rSPST�P¶Rz�socopU�J ¥ ¦SrSbcT�Pu«�T�OQ�ST�{|bcT�PS}�~>�s��rST�P¶¢sedbcbcT�RQOQT�bpUWT

e��ST�b�qsP�UWOQ¢sedbcbcT�RQOQT�bpUWT|��T�°�T�XdVSPSXdT�P2qsVSo�¡�oce'«�T�°nOQbc¢�U��ST�b`¯|bcT�VS}�¢sedbcbcT�Rzq�UWOQedPSopUWT�bcf�T�«�T�Pw±�qsRQRQo
¿ÀP�UWT�PSocOLU���UWocedoc}�OQRQRzq�UWOQedPST�PxOQPx�ST�b`�SOLº�VSocT�Pua�UWbcT�VSVSPSX � opUWT�UcUWPST�b�K � �d© � J�^`OQTZMDOQPw±6¦SrSbcVSPSX�T�OQPST�b
T�PS�SRQOQ��rST�P/^`T�UWT�¢�UWedbWqsVw~�mdocVSPSX ±6¦SrSbpU�qsVw±¬T�OQPST�P¤�SOLº�T�bcT�P�UWOQT�RQRQT�P+a�UWbcT�V���VST�bcoc��rSPSOLUcU�±6¦SbC�SOQT
oc��T�¢�VSRz�sbcTZknT�~�T�¢�UWOLj�OLU���U�¡w°�T�RQ��rST�b��SOQT ¥ edbcf
(

dσ

dΩ

)

ref

=
1

q2
z

(

∆ρ2
1e

−q2
zσ2

1eff + ∆ρ2
2e

−q2
zσ2

2eff + 2∆ρ1∆ρ2 cos(qzlm)e
− 1

2
q2
z(σ1eff

+σ2
2eff

)
)

����� ��� 	

f'OLUG�ST�P�T�º�T�¢�UWOLjdT�P'k�qsVSOQXd¢sT�OLUWT�P
σ1eff

VSPS�
σ2eff

r�q�U�Js^`VSbc��rC�SOQT ¥ edbcf'T�RSI�J]I��`°nOQbc�Ê�ST�VwUWRQOQ��r�¡
��qsoco �SOQTnknT�~�T�¢�UWOLj�OLU���U T�OQPST�o�a���rSOQ��r�UWop �opUWT�f'o�¿ÀPw±6edbcf�q�UWOQedPST�P�¦S«�T�b �SOQTnk�qsVSOQXd¢sT�OLU �ST�o�a�VS«�§
opUWbWq�UWT�onVSPS�%�ST�b`a���rSOQ��r�U�¡��SOQTZa���rSOQ��r�UW�SOQ��¢sTZVSPS�%�SOQT[MDRQT�¢�UWbcedPST�PS�SOQ��r�UWT�¢sedP�UWbWqsopUWT

∆ρ1
VSPS�
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∆ρ2
T�P�UWr��sRLU�J�^`OQTCqs«SocedRQVwUWT�P¶MDRQT�¢�UWbcedPST�PS�SOQ��r�UWT�P ocOQPS� 
cT��Se���r¶PSOQ��r�U[�SOQbcT�¢�U[f'T�ococ«�qsb�J1^`OQT

rSOQT�b OQf�k�qsrSf'T�P��ST�b²KdJd��edbcPSoc��rST�P�Ì`�srST�bcVSPSX|�SVSbc��rSXdT�±6¦SrSbpUWT���T�bcT���rSP�VSPSXZ�ST�bDknT�~�T�¢�UWOLj�O §
U���U jdT�bcRQOQT�bpU OQrSbcT�{|¦SRLUWOQXd¢sT�OLU�¡�°�T�PSP��ST�b MDOQPw±�qsRQRQop°nOQPS¢sT�RwOQPC�ST�b�{|bcm �dT�PSedbc�SP�VSPSXZe��ST�bDVSP�UWT�b¨§
r�qsRQ«x�ST�o�¢�bcOLUWOQoc��rST�Px½ OQPS¢sT�RQon�ST�b ��esU�qsRQbcT�~�T�¢�UWOQedPxRQOQT�XsU

αi < 3αc
� UWedRzqsP�K � � � � JS^`OQT|½¾qsrSb¨§

oc��rST�OQPSRQOQ��rS¢sT�OLU�±6¦Sb t%T�rSbp±�qs��rSopUWbcT�VS�Sbced}�T�ococTnOQopU�«�T�O��SOQT�ocT�P PSOQT��SbcOQXdT�P[½ OQPS¢sT�RQP oce`rSe���r�¡���qsoco
�SOQT¬qsRQRQT�OQPSOQXdTy��T�r�qsPS�SRQVSPSX jdedPÍMDOQPw±�qs��rSopUWbcT�VS�Sbced}�T�ococT�P�¡S°nOQT�T�o²�SOQTZKdJw��edbcPSoc��rST|Ì`�srST�bcVSPSX
jdedbWqsVSococT�UW}�U�¡dVSPS}�VSbcT�OQ��rST�PS�COQopU�J�MDOQPST�bcT�qsRQOQopUWOQoc��rST�bcT²��T�oc��rSbcT�OQ«SVSPSX|�ST�b knT�~�T�¢�UWOLj�OLU���UGT�bcr��sRLU
f�qsPx�SVSbc��rl��qso�MDbcocT�UW}�UWT�P%jdedP

qz
�SVSbc��r

q′z = 2k sin(
√

α2
i + α2

c)
� UWedRzqsP�K � � � � J

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
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−6
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−4

10
−2

10
0

q
z
 [Å−1]

In
te

ns
itä

t I
/I 0

�`«S«SOQRQ�SVSPSX=I�J ��
�MDOQPST qsPl�ST�b¬a� �PS��rSbcesUWbcedPSopUWbWqsrSRQVSPSXdo ��VST�RQRQTÊ^¬M ¹ ��� qsVw±6XdT�PSedf'f'T�PSTZknTÈ§
~�T�¢�UWOLj�OLU���UnT�OQPST�onf'OLUn¸�edRL �opUÀ �bcedR1«�T�oc��rSOQ��r�UWT�UWT�P¶a�OQRQOQ}�OQVSf °²q�±6T�bco�JwMDonocOQPS�%�ST�VwUWRQOQ��rx�SOQTZª¬o¨§
}�OQRQRzq�UWOQedPST�P�OQP=�ST�bnknT�~�T�¢�UWOLj�OLU���U²}�VxT�bc¢sT�PSPST�P�¡>�SOQT|kn¦S��¢�oc��rSRQVSoco`qsVw±��SOQT ¥ OQRQf'�SOQ��¢sT�XdT�«�T�P�J
^`OQT ¥ OQRQf'�SOQ��¢sTC�ST�o�¸�edRL �opUÀ �bcedR ¥ OQRQf'o[«�T�UWbcVSXuOQP¾�SOQT�ocT�f ��T�OQoc�SOQT�R�K�hs� � J Ì`�srST�bcT�oÊocOQT�rST
� ¢�bp �°n¢�q�Isvdv���� J

¿ÀPx�ST�bn�`«S«SOQRQ�SVSPSX'I�J ��OQopUnT�OQPST[knT�~�T�¢�UWOLj�OLU���UnT�OQPST�oyf'OLUy¸�edRL �opUWT�bcedR1«�T�oc��rSOQ��r�UWT�UWT�P¶a�OQRQO §
}�OQVSf °²q�±6T�bco|��qsbcXdT�opUWT�RQRLU�J�^`OQT ¥ OQRQf'�SOQ��¢sTZ«�T�UWbcVSX2K�hs��� J1^`T�VwUWRQOQ��r2ocOQPS�2�SOQT �SVSbc��r ¥ edbcf'T�R
I�J]I��2«�T�oc��rSbcOQT�«�T�PST�P+¯|OQT�ococOQPSX�§ ±6bcOQPSXdT�oZ}�V-T�bc¢sT�PSPST�P�J ^`OQT=f'OLU opUWT�OQXdT�PS�ST�f ½?T�RQRQT�P�jdT�¢�UWedb¨§
¦S«�T�bpUWbWqsXÍopU�qsbc¢uqs«w±�qsRQRQT�PS�ST ¿ÀP�UWT�PSocOLU���U[f�qs��r�U|�ST�VwUWRQOQ��r�¡���qsoco|}�VSb|�`Vw±6P�qsrSf'T jdedP knT�~�T�¢d§
UWOLj�OLU���UWT�P�¦S«�T�b²T�OQPST�P=Xdbce �dT�P�½?T�RQRQT�P�jdT�¢�UWedbc¦S«�T�bpUWbWqsXdoc«�T�bcT�OQ��r%a�UWbWqsrSRQVSPSXdo ��VST�RQRQT�P=«�T�PSmsUWOQXsU
°�T�bc�ST�P�¡��SOQT|T�OQPST|rSedrST[¿ÀP�UWT�PSocOLU���U�RQOQT�±6T�bcP�J
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t%T�UWrSe��ST�P[}�VSb��`PS��qsococVSPSXnjdedP knT�~�T�¢�UWOLj�OLU���UWoc��q�UWT�P|°�T�bc�ST�PZOQf­�`PSr�qsPSXn�¾jdedbcXdT�opUWT�RQRLU�J

Å �6�u����� 7����¶Ë�	�����7�7���8

^`OQT'��T�bcT���rSP�VSPSXu�ST�oÊa�UWbcT�V���VST�bcoc��rSOLUcUWT�oÊ�ST�b[�SOLº�VSocT�P£a�UWbcT�VSVSPSXloc��rSRQOQT �sU[ocOQ��r?qsP ¥ edbcf'T�R
I�JLK�» qsP�J�¿ÀP��ST�P�±6edRQXdT�PS�ST�P=�`VSop±6¦SrSbcVSPSXdT�P�°nOQbc�ÍqsVw±1�ST�P=}�°�T�OLUWT�Pxa�VSf'f�qsPS�

(dσ/dΩ)diffusOQP£{|RQT�OQ��r�VSPSXuI�JLK�»%T�OQPSXdT�X�qsPSXdT�P�J�^`OQT�ocTÍ{|RQT�OQ��r�VSPSXl¢�qsPSP¾�SVSbc��r¾T�OQPST�¯�e�edbc�SOQP�q�UWT�P�UWbWqsPSo¨§
±6edbcf�q�UWOQedP � ocOQPSr�qwK �d»d» �1OQPx¸�edRzqsbc¢se�edbc�SOQP�q�UWT�PxOQPx�SOQT ¥ edbcf

(

dσ

dΩ

)

diffus

=

(

r0∆ρ

qz

)2 (
A0

sin(αi)

)

2πe−q2
zσ2

∞
∫

0

drr(eq2
zC(r) − 1)J0(q||r)

� I�J]Id� �

XdT�«SbWqs��r�UD°�T�bc�ST�P�¡df'OLU
q|| =

√

q2
x + q2

y

VSPS�
r =

√

x2 + y2
J
J0(q||r)

OQopU �SOQT²��T�ococT�RL±6VSPS¢�UWOQedP
vwJ�ª¬bc�SP�VSPSXSJ�½ OQT�OQf ¯[qs�SOLUWT�RDhÍP��srST�b|«�T�oc��rSbcOQT�«�T�P�¡�¢�qsPSP¶�SOQT ��mdrST�P�§ ��mdrST�P?¯�edbcbcT�Rzq�UWO §
edPSop±6VSPS¢�UWOQedP

C(r)
T�OQPST�b ¥ RQ¦SococOQXd¢sT�OLUWoced«�T�bp~>�s��rST[�SVSbc��r

C(r) =
kBT

2πγ
K0(qlcr),

f'OLUy�ST�bn��edRLUW}�f�qsPS¢sedPSopU�qsP�UWT�P
kB
¡��ST�b ��T�f'��T�bWq�UWVSb

T
¡S�ST�b`ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX

γ
VSPS�

�ST�b|f'e��SOL³�}�OQT�bpUWT�P2��T�ococT�RL±6VSPS¢�UWOQedP I�J��`bpU�¡1vwJ1ª¬bc�SP�VSPSX
K0

qsVSocXdT��Sbc¦S��¢�U[°�T�bc�ST�P�J�^`T�b|oce
XdT�P�qsPSP�UWT²VSP�UWT�bcT�½?T�RQRQT�P�jdT�¢�UWedbc��VwUWesº

qlc
¡�°�T�RQ��rST�bD�SOQT OQf�MG�w��T�bcOQf'T�P�U f'T�ococ«�qsbcT�f'OQPSOQf�qsRQT

OQP�jdT�bcocTn½?T�RQRQT�PSRz�sPSXdT²�ST�o ¯[qs�SOQRQRzqsbp°�T�RQRQT�PSoc��T�¢�UWbcVSf'oG«�T�opUWOQf'f U�¡�°nOQbc�CT�«�T�Pw±�qsRQRQo OQf ¯[qs�SOLUWT�R
h=�ST�³�PSOQT�bpU�J�^¬qso[MDOQPSocT�UW}�T�P¶�ST�b[¯�edbcbcT�Rzq�UWOQedPSop±6VSPS¢�UWOQedPlOQP¶{|RQT�OQ��rSP�VSPSX%I�J]Id�C±6¦SrSbpU[qsVw± T�OQP
¿ÀP�UWT�XdbWqsR ¡d��qso qsP�qsRL �UWOQoc��rCPSOQ��r�U TÈ�Sqs¢�U�XdT�RQmdopUD°�T�bc�ST�P�¢�qsPSP�J�MDOQPCf'mdXdRQOQ��rST�bD¹1mdocVSPSXdop°�T�X OQopU
�SOQT�Ì`�srST�bcVSPSXx�ST�b|f'e��SOL³�}�OQT�bpUWT�Pu��T�ococT�RL±6VSPS¢�UWOQedP

K0(qlcr)
�SVSbc��r¶T�OQPST�P¶RQedX�qsbcOLUWrSf'OQoc��rST�P

� T�bcRzqsVw±¨J�^¬qsbWqsVSoy±6edRQXsU 


(

dσ

dΩ

)

diffus

=

(

r0∆ρ

qz

)2(
A0

sin(αi)

)

2πe−q2
zσ2

∞
∫

0

drrq−η
lc (r−η − 1)J0(q||r),

� I�J]Is© �

f'OLU
η = q2

zσ
2/2
J�^`OQT�ocT�o�¿ÀP�UWT�XdbWqsR1r�q�Un�SOQT[¹1mdocVSPSX � XdbWqs�SopUWT�OQP�K �d»wK �

(

dσ

dΩ

)

diffus

=

(

r0∆ρ

qz

)2(
A0

sin(αi)

)

2πe−q2
zσ2

21−ηqη−2
||

Γ(1 − 1/2η)

Γ(η/2)
,

� I�J]Id\ �
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f'OLUÊ�ST�b'{[qsf'f�q�±6VSPS¢�UWOQedP
Γ
J ¥ ¦SbÊ¢�RQT�OQPST

η
OQopU��SOQT=�`«Sr��sPSXdOQXd¢sT�OLU��ST�b'a�UWbcT�VSOQP�UWT�PSocOLU���U�¿

jdedf¼Rzq�UWT�bWqsRQT�P=½?T�RQRQT�P�jdT�¢�UWedbc¦S«�T�bpUWbWqsXC�SVSbc��r
I(q||) ∝ 1/q2

||

XdT�XdT�«�T�P�J
^¬q'�SOQTZ}�VSb`��T�bcT���rSP�VSPSXÍ�ST�b`�SOLº�VSocT�P2a�UWbcT�VSOQP�UWT�PSocOLU���U�jdT�bp°�T�PS�ST�UWTC¯�edbcbcT�Rzq�UWOQedPSop±6VSPS¢d§

UWOQedPuP�VSb`�SOQT �SVSbc��r¶¯[qs�SOQRQRzqsbp°�T�RQRQT�PÍjdT�bcVSbcoWqs��r�UWT�P?¯�edbcbcT�Rzq�UWOQedPST�PuqsVw± �ST�b|ª¬«�T�bp~>�s��rST�«�TÈ§
oc��rSbcT�OQ«wU�¡wfÊVSoco²¦S«�T�b��SOQT�ocT�P%a�UWbcT�VS«�T�OLUWbWqsXÊrSOQP�qsVSo PSe���rÍT�OQP � edRQVSf'T�PSopUWbcT�VS«�T�OLUWbWqsX qs�S�SOQT�bpU
°�T�bc�ST�P�J`^`OQT�ocT�bxOQopUxr�qsVS�wUWoW�s��rSRQOQ��r jdedPA�ST�b%MDOQPS�SbcOQPSXsUWOQT�±6Tu�ST�o%knmdP�UWXdT�PSopUWbWqsrSRQT�oxOQP �SOQT
¥ RQ¦SococOQXd¢sT�OLU�qs«Sr��sPSXdOQX � f'edbWq�Isvdvdhw¡�RQO
Isvdv���� J

(

dσ

dΩ

)

Vo

∝ kBTκT

2=(qt
z)

,
� I�J]Is» �

f'OLU²�ST�b²OQocesUWrST�bcf'T�Px¯�edf'�SbcT�ococOQ«SOQRQOLU���U
κT
VSPS�x�ST�f�¿Àf�qsXdOQP��sbpUWT�OQR��ST�o²½?T�RQRQT�P�jdT�¢�UWedbc¦S«�T�b¨§

UWbWqsXdT�o OQf�t%T��SOQVSf
qt
z = kz,t,f +kz,t

J
kz,t,f

OQopUG�SVSbc��r
kz,t,f = k

√

(n2 − cos(αf)2)
XdT�XdT�«�T�P�J

½?T�bc�ST�P t%T�ococVSPSXdT�P «�T�OC½?T�RQRQT�P�jdT�¢�UWedbc¦S«�T�bpUWbW�sXdT�P
q
�SVSbc��rSXdT�±6¦SrSbpU�¡ �ST�bcT�P)¿ÀP�jdT�bcocT

r = 2π/q
XdT�bWqs�ST¶OQP �ST�bu{|bcm �dT�PSedbc�SP�VSPSX£UÀ ��SOQoc��rST�bu¹��sPSXdT�P�qs«SopU��sPS�ST¶OQf a�UWbcT�VSf'T��SO §

VSf´RQOQT�XdT�P�¡G«�T�OQoc�SOQT�RQop°�T�OQocT=�ST�f´�`«SopU�qsPS�¤�ST�b't%edRQT�¢�¦SRQTÍOQP£T�OQPST�b ¥ RQ¦SococOQXd¢sT�OLU�¡Goce2UWbcT�UWT�P
}�VSoW��UW}�RQOQ��rST[¿ÀP�UWT�PSocOLU���UWocf�q��wOQf�q OQf¼a�UWbcT�VSocOQXdP�qsR1qsVw±¨J�^`OQT�ocT a�UWbcVS¢�UWVSbc��T�qs¢�o�fÊ¦SococT�P%T�«�T�P�§
±�qsRQRQo²«�T�O1�ST�bn�`VSop°�T�bpUWVSPSX��ST�bn�SOLº�VSocT�Pla�UWbcT�VSVSPSX'«�T�qs��r�UWT�U�°�T�bc�ST�P�J�^`OQTZ��T�bcT���rSP�VSPSX��ST�b
¹�qsXdT VSPS�Ê�ST�b ¥ edbcf�T�OQPST�oDa�UWbcVS¢�UWVSbc��T�qs¢�o qsRQo ¥ VSPS¢�UWOQedP �ST�o�½?T�RQRQT�P�jdT�¢�UWedbc¦S«�T�bpUWbWqsXdT�oG¢�qsPSP
°nOQTZ«�T�O��ST�b`��T�r�qsPS�SRQVSPSX'jdedPl½?T�RQRQT�P�«�T�°�T�XdVSPSXdT�P2qsVw±D�ST�b|ª¬«�T�bp~>�s��rST ¦S«�T�b��SOQTZ�`P�qsRL �ocT
�ST�b ¯�edbcbcT�Rzq�UWOQedPST�P¶OQP¶�ST�b MDRQT�¢�UWbcedPST�PS�SOQ��r�UWT�jdT�bpUWT�OQRQVSPSXlXdT�oc��rST�rST�P�JDÂ�VSbZ��T�bcT���rSP�VSPSXu�ST�b
¥ edbcf �ST�o�a�UWbcVS¢�UWVSbc��T�qs¢�oCOQopU 
cT��Se���r-�SOQTÍ¯|T�PSP�UWPSOQo��ST�bCMDRQT�¢�UWbcedPST�PS�SOQ��r�UWT�jdT�bpUWT�OQRQVSPSX OQP�§
PST�bcr�qsRQ«¾�ST�b ¥ RQ¦SococOQXd¢sT�OLU PSesUÀ°�T�PS�SOQXSJG^¬qsrST�b °nVSbc�ST�P-OQf k�qsrSf'T�P¾�SOQT�ocT�b �`bc«�T�OLUÊ�SOQT'±6¦Sb
�SOQT=�`VSop°�T�bpUWVSPSX¶�ST�bÊ�SOLº�VSocT�P¤a�UWbcT�VSTÈ�w��T�bcOQf'T�P�UWT=PSesUÀ°�T�PS�SOQXdT�P¤¹�qsXdT�P¾VSPS� ¥ edbcf'T�P?�ST�b
� edRQVSf'T�P�§pa�UWbcVS¢�UWVSbc��T�qs¢�o²qsP��ST�b²a�UWbWqsrSRQRQOQPSOQTn��R �[�ST�b²a� �PS��rSbcesUWbcedPSopUWbWqsrSRQVSPSXdo ��VST�RQRQT¬^¬M ¹�§
��� ��^`edbpUWfÊVSPS�ST�b�MDRQT�¢�UWbcedPST�PSoc��T�OQ��rST�bcbcOQPSX'�`PSRzqsXdT�� � UWedRzqsP>Isvdvdh ��XdT�f'T�ococT�P�J
^`OQT�OQf k�qsrSf'T�P¾�ST�b�KdJ ��edbcPSoc��rST�P¤Ì`�srST�bcVSPSXu«�T�bcT���rSPST�UWT�P/a�UWbcT�V���VST�bcoc��rSPSOLUcUWTxocOQPS�

±6¦Sb ¢�RQT�OQPSTyMDOQP�§1VSPS�C�`VSop±�qsRQRQop°nOQPS¢sT�RwVSPSXdT�P�qsV�¡d��q[t%T�rSbp±�qs��rSopUWbcT�VSVSPSXZPSOQ��r�U «�T�bc¦S��¢�ocOQ��r�UWOQXsU
°nOQbc��Jwµ�fY�SOQT¬knmdP�UWXdT�PSopUWbcT�VSVSPSXC«�T�O�¢�RQT�OQPST�P�½ OQPS¢sT�RQPÍT�«�T�Pw±�qsRQRQo f�q�UWrST�f�q�UWOQoc��r�«�T�oc��rSbcT�O §
«�T�P¾}�V?¢smdPSPST�P�¡�°nOQbc� �SOQT�^`OQopUWedbpUWT�� ½¾q�jdT=��edbcP?�`�S�Sbce��wOQf�q�UWOQedP ��^²½A��� �[rST�bWqsPSXdT�}�e�§
XdT�P � ocOQPSr�qwK �d»d»w¡S�SOQT�UWoc��r>Isvdvs�S¡�j�OQPST� �qsbc��K �d»�I�� J>^`OQT�ocTÊt%T�UWrSe��STZoc��rSRQOQT �sU��SOQT a�UWbcT�VSVSPSX��ST�b
OQP2��qsoZtlq�UWT�bcOzqsRGT�OQPSXdT��SbcVSPSXdT�PST�P2½?T�RQRQTÊf'OLU¬OQP2�SOQT���T�bcT���rSP�VSPSX%�ST�o a�UWbcT�V���VST�bcoc��rSPSOLUcUWT�o
T�OQP�¡�OQPS�ST�f��ST�b`a�UWbcT�VS�Sbced}�T�oco`OQPÍ}�°�T�O ��T�OQRQ�Sbced}�T�ococT[ocT���qsbcOQT�bpUy°nOQbc��J�^`T�b�T�bcopUWT���T�OQRQ�Sbced}�T�oco
«�T�oc��rSbcT�OQ«wU �SOQT'a�UWbcT�VSVSPSX%T�OQPST�b[T�RQT�¢�UWbcedf�qsXdPST�UWOQoc��rST�P2½?T�RQRQTCqsP¶T�OQPST�b[rSedf'edXdT�PST�P?ª¬«�T�b¨§
~>�s��rSTs¡ �ST�bÊ}�°�T�OLUWTÍ�SOQT'½?T���rSocT�RL°nOQbc¢�VSPSX2�ST�b�OQP?��qsoCtlq�UWT�bcOzqsR T�OQPS�SbcOQPSXdT�PS�ST�P¾½?T�RQRQT'f'OLU
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�SedbpU[jdedbcr�qsPS�ST�PST�P¾¿ÀPSrSedf'edXdT�PSOLU���UWT�P¶�ST�b MDRQT�¢�UWbcedPST�PS�SOQ��r�UWT�jdT�bpUWT�OQRQVSPSXSJ��`P �SOQT�ocT�b a�UWT�RQRQT
ocedRQRQT�P-P�VSbC�SOQTxMDbp°�T�OLUWT�bcVSPSXdT�P+�ST�bCOQf´k�qsrSf'T�P¤�ST�bxKdJD��edbcPSoc��rST�P Ì`�srST�bcVSPSX T�bc}�OQT�RLUWT�P
MDbcXdT�«SPSOQococTl�SVSbc��r+�SOQT%^²½A��� jdedbcXdT�opUWT�RQRLUC°�T�bc�ST�P�J�^`OQT��`PS�ST�bcVSPSXdT�P�¡ �SOQTxocOQ��r+«�T�On�ST�b
��T�bcT���rSP�VSPSXl�ST�oÊa�UWbcT�V���VST�bcoc��rSPSOLUcUWT�oZT�bcXdT�«�T�P�¡1«�T�opUWT�rST�P?OQP¶�ST�bZt%VSRLUWOQ�SRQOQ¢�q�UWOQedP%�ST�b ¥ edb¨§
f'T�R�I�J]Id\ÍVSPS�-I�J]Is»xf'OLUZ�ST�b ��bWqsPSocf'OQococOQedPSop±6VSPS¢�UWOQedP �ST�b T�OQPw±�qsRQRQT�PS�ST�P¶VSPS�£qsVSop±�qsRQRQT�PS�ST�P
a�UWbWqsrSRQVSPSX

tin =
2kz,i

kz,i+kz,t

VSPS�
tout =

2kz,f

kz,f+kz,t,f

J1½?T�OLUWT�bcrSOQP2°nOQbc�¶�ST�b[½?T�RQRQT�P�jdT�¢�UWedbc¦S«�T�b¨§
UWbWqsX=ocT�PS¢�bcT���r�UZ}�VSb|¸Dbced«�T�PSed«�T�bp~>�s��rST

qz
�SVSbc��r2�ST�Pu½?T�RQRQT�P�jdT�¢�UWedbc¦S«�T�bpUWbWqsXÍOQf t%T��SOQVSf

qt
z

T�bcocT�UW}�U�J
Â�VSoWqsf'f'T�Pw±�qsococT�PS�xT�bcXdOQ«wUnocOQ��rx±6¦Sby�ST�Pl�SOLº�T�bcT�P�UWOQT�RQRQT�Pxa�UWbcT�V���VST�bcoc��rSPSOLUcU

dσ

dΩ
=

(

|tin||tout|r0∆ρ

qt
z

)2( A0

sin(αi)

)[

2πe−q2
zσ2

21−ηqη−2
||

Γ(1 − 1/2η)

Γ(η/2)
+

kBTκT

2=(qt
z)

]

. ����� ���
	

^¬qs«�T�O�OQopU�OQPÊ{|RQT�OQ��r�VSPSX|I�J]I �n�SOQT�ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX
γ
�ST�b�}�VÊVSP�UWT�bcocVS��rST�PS�ST�P ¥ RQ¦SococOQX�§

¢sT�OLUnT�OQPS}�VSocT�UW}�T�P�J�^`OQT�ocT|T�P�UWoc�SbcOQ��r�Un±6¦Sby¢�RQT�OQPST`½?T�RQRQT�P�jdT�¢�UWedbc¦S«�T�bpUWbW�sXdT
q||
�ST�by¢�RzqsococOQoc��rST�P

ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSXS¡�°nOQTnocOQTn«�T�OQoc�SOQT�RQop°�T�OQocTnVSP�UWT�b �ST�b � T�bp°�T�PS�SVSPSX jdedP'½ OQRQrST�RQf'OQ�SRzq�Up§
UWT�P%XdT�f'T�ococT�P%°�T�bc�ST�Pl¢�qsPSP�� qs��qsf'ocedP�K � ��\�� J
^`OQT �`PSP�qsrSf'T T�OQPST�b qsVw±>qsRQRQT�P ¹��sPSXdT�PSoc¢�qsRQT�PÊ¢sedPSopU�qsP�UWT�P'ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX[OQopU 
cTÈ§

�Se���rxP�qs��rut%T���¢sT ��� ���	� � f'T���¢sTsK � �d© ��PSOQ��r�Un¢sedbcbcT�¢�U�JS¿ÀP%T�OQPST�f¼t%e��ST�RQR�}�VSbn��T�oc��rSbcT�OQ«SVSPSX
�ST�bCª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX¶°nVSbc�STÍVSP�UWT�bCÂ�VSrSOQRL±6T�P�qsrSf'T'�ST�b�^`OQ��r�UWTÈ§ ¥ VSPS¢�UWOQedP�qsR § �yrST�edbcOQT
T�OQPSTl�`«Sr��sPSXdOQXd¢sT�OLU��ST�bÍª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX£jdedP �ST�b�«�T�UWbWqs��r�UWT�UWT�PA¹��sPSXdT�PSoc¢�qsRzq «�TÈ§
bcT���rSPST�U�J�^`OQT�ocT�o t%e��ST�RQR ¡���qso[opUWbcT�PSXxXdT�PSedf'f'T�P¶P�VSb¬±6¦Sb ¥ RQ¦SococOQXd¢sT�OLUWT�P¶Xd¦SRLUWOQX=OQopU�¡��ST�bcT�P
t%edRQT�¢�¦SRQTye��ST�b �²UWedf'Ty¦S«�T�b bcesU�q�UWOQedPSocop �f'f'T�UWbcOQoc��rSTy¸�esUWT�P�UWOzqsRQTyf'OLUWT�OQP�qsPS�ST�bG°�T���rSocT�RL°nOQb¨§
¢sT�P�¡�«�qsocOQT�bpU`qsVw±D�ST�b`��T�bcT���rSP�VSPSXÍ�ST�b`}�VSb`¯|bc¦Sf'fÊVSPSX'�ST�b ¥ RQ¦SococOQXd¢sT�OLUWoced«�T�bp~>�s��rST «�T�PSm�§
UWOQXsUWT�P£MDPST�bcXdOQTsJ ^¬qu�SOQT�ocTÍknT���rSP�VSPSX¶ocT�rSbCqsVw±
°�T�PS�SOQX2OQopU�¡�ocedRQR�qsP£�SOQT�ocT�bCa�UWT�RQRQT�P�VSbÊ��qso
MDPS�ST�bcXdT�«SPSOQo²°nOQT��ST�bcXdT�XdT�«�T�Px°�T�bc�ST�P�J>^`OQT�ocT�oyr�q�UnqsRQo ¥ VSPS¢�UWOQedP=�ST�oyRzq�UWT�bWqsRQT�P�½?T�RQRQT�P�jdT�¢d§
UWedbc¦S«�T�bpUWbWqsXdT�on�SOQT ¥ edbcf

γ(q||) = γ0

(

1 − 2

3
q||rM +

1

2

[

(0.74C2
H − CH)

(

ξ

rM

)2

− 1

2

]

(q||rM)2+

1

3

[

CH
ξ2

r2
M

− 1

5

]

(q||rM)3 + O((q||rM)4)

)

,
� I�J hdv �

f'OLU �ST�b � edRQVSf'T�P�§¨¯�edbcbcT�Rzq�UWOQedPSocRz�sPSXdT
ξ
¡��ST�f f'edRQT�¢�VSRzqsbcT�P¾k�qs�SOQVSo

rM
VSPS�£�ST�bÊf�qs¢�bce�§

oc¢sed�SOQoc��r+XdT�f'T�ococT�PST�P ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX
γ0
JD^`OQTÍ�`f'�SRQOLUWVS�ST

CH
OQopUCT�OQPSTÍ�SOQf'T�PSocO §

edPSocRQedocTs¡�UWT�f'��T�bWq�UWVSbcVSP�qs«Sr��sPSXdOQXdT={|bcm �dTs¡��SOQT��ST�b���T��SOQPSXdVSPSX
0 < CH < 1

XdT�P�¦SXsU�JG¿ÀP
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�`«S«SOQRQ�SVSPSXxI�J]�'OQopU¬�ST�b � T�bcRzqsVw±D�ST�b[ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSXlqsRQo ¥ VSPS¢�UWOQedPu�ST�o`½?T�RQRQT�P�jdT�¢d§
UWedbc¦S«�T�bpUWbWqsXdT�o�±6¦Sb�T�OQPST[½¾qsococT�bced«�T�bp~>�s��rSTÊ��qsbcXdT�opUWT�RQRLU�J>^`OQT }�Vl�SOQT�ocT�f Â�°�T���¢%«�T�PSmsUWOQXsUWT�P
opUWesº�oc��T�}�OL³�oc��rST�P¤¸GqsbWqsf'T�UWT�bZ°nVSbc�ST�P£qsVSo�� f'edbWq�Isvdvdh � T�P�UWPSedf'f'T�P�JGtlqsP¾¢�qsPSP¾�ST�VwUWRQOQ��r
T�OQPST`knT��SVS¢�UWOQedP��ST�byª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX

γ(q||)
T�bc¢sT�PSPST�P�¡�°�T�RQ��rST¬«�T�O>T�UÀ°²q

0.5
� −1 OQrSb

tlq��wOQfÊVSfgr�q�U�J���T�O�PSe���rurSmdrST�bcT�Pl½?T�RQRQT�P�jdT�¢�UWedbc¦S«�T�bpUWbW�sXdT�PuOQopU`T�OQPlopU�qsbc¢sT�b¬�`PSopUWOQT�X��ST�b
ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX¾}�V-«�T�ed«�qs��r�UWT�P�J ��T�O²f'edRQT�¢�VSRzqsbcT�P£¹��sPSXdT�PSoc¢�qsRQT�P£°nOQbc�-�ST�bÊ½?T�bpU
�ST�b'¢�RzqsococOQoc��rST�P ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX

γ0
°�T�OLU'¦S«�T�bpUWbcesº�T�P�JD½ OQbc�¤�SOQT�ocTx�`«Sr��sPSXdOQXd¢sT�OLU

10
−2

10
−1

10
0

0.4

0.6

0.8

1

1.2

1.4

1.6

q
||
 [Å−1]

γ/
γ 0

�`«S«SOQRQ�SVSPSX+I�J]� 
²^`OQT?ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX¤jdedP ½¾qsococT�b%qsVw±Êq�UWedf�qsbcT�P ¹��sPSXdT�PSoc¢�qsRQT�P�¡
«�T�bcT���rSPST�U²P�qs��rÍ{|RQT�OQ��r�VSPSXÊI�J hdvwJ�^`OQTy±6¦Sb �SOQT���T�bcT���rSP�VSPSXÊ«�T�PSmsUWOQXsUWT�P�¸GqsbWqsf'T�UWT�bD°nVSbc�ST�P
� f'edbWq�Isvdvdh ��T�P�UWPSedf'f'T�P�J

�ST�byª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSXCf'OLU OQP��SOQT`��T�bcT���rSP�VSPSX��ST�b��SOLº�VSocT�PÍa�UWbcT�VSVSPSXÊT�OQP�«�T�}�edXdT�P�¡�oce
°�T�OQ��r�U �ST�b � T�bcRzqsVw± jdedP¾I�J]I �Í«�T�ODXdbce �dT�P

q||
jdedf � T�bcr�qsRLUWT�P ∝ 1/q2

||

qs«�J�¿ÀP?�`«S«SOQRQ�SVSPSX
I�J ©ZOQopU �SOQTn�`«Sr��sPSXdOQXd¢sT�OLU �ST�b �SOLº�VSocT�Pxa�UWbcT�VSVSPSXZjdedf)½?T�RQRQT�P�jdT�¢�UWedbc¦S«�T�bpUWbWqsX

q||
±6¦Sb «�T�OQ�ST

¥ �sRQRQTs¡>��J�r�J�±6¦Sb¬�ST�P ¥ qsRQR�T�OQPST�b¬¢sedPSopU�qsP�UWT�P¾ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSXlVSPS�2�ST�P¶T�OQPST�b[ª¬«�T�b¨§
~>�s��rST�PSoc��qsPSP�VSPSX=P�qs��r ¥ edbcf'T�R1I�J hdvw¡S��qsbcXdT�opUWT�RQRLU�JS^`OQT[OQPÍ�SOQT�ocT�bn�`«S«SOQRQ�SVSPSX���qsbcXdT�opUWT�RQRLUWT�P
¿ÀP�UWT�PSocOLU���UWopjdT�bcRz�sVw±6TlocOQPS�+qsP¤�SOQTla�UWbcT�VSXdT�edf'T�UWbcOQTÍ�ST�b�qsP¤�ST�b=a�UWbWqsrSRQRQOQPSOQT�¿¨^ K�vs«�¡ M awk ¥
��MDVSbced��T�qsP¾a� �PS��rSbcesUWbcedP?k�qs�SOzq�UWOQedP ¥ qs��OQRQRQOLUÀ  �y�SVSbc��rSXdT�±6¦SrSbpUWT�P?MG�w��T�bcOQf'T�P�UWT'qsPSXdT���qsocopU�J
^`OQT�oy«�T��ST�VwUWT�U�¡S��qsocoy�SOQT¬�SVSbc��rx�SOQT[a�UWbcT�VSXdT�edf'T�UWbcOQT`VSPS�%¸�edRzqsbcOQoWq�UWOQedP'�ST�bnknmdP�UWXdT�PSopUWbWqsr�§
RQVSPSX|XdT�XdT�«�T�PST�P�¯�edbcbcT�¢�UWVSbcT�P'f'OLU OQP��SOQTn��T�bcT���rSP�VSPSX �ST�o a�UWbcT�V���VST�bcoc��rSPSOLUcUWT�o�T�OQP�«�T�}�edXdT�P
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°nVSbc�ST�P�JGtlqsP T�bc¢sT�PSP�U �ST�VwUWRQOQ��r¶OQf ��T�bcT�OQ��r¶}�°nOQoc��rST�P
q|| ≈ 0.1

� −1 VSPS� q|| ≈ 0.9
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0

�`«S«SOQRQ�SVSPSXÍI�J © 
���T�bcT���rSP�VSPSXx�ST�b`�SOLº�VSocT�P¶a�UWbcT�VSOQP�UWT�PSocOLU���U�J�^`VSbc��rSXdT�}�edXdT�PSTC¹1OQPSOQT�
�µ�P�UWT�b
� T�bp°�T�PS�SVSPSX¬T�OQPST�b�°�T�RQRQT�P�jdT�¢�UWedbWqs«Sr��sPSXdOQXdT�PÊª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX|P�qs��r�{|RQT�OQ��r�VSPSX¬I�J hdvwJ
a�UWbcOQ��rS�SVSPS¢�UWOQT�bpUWT ¹1OQPSOQT�
�µ�P�UWT�b � T�bp°�T�PS�SVSPSX¬T�OQPST�b�¢sedPSopU�qsP�UWT�P�ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSXSJs^`OQT
XdT�opUWbcOQ��rST�RLUWTC¹1OQPSOQTÊ«�T�oc��rSbcT�OQ«wUZ�ST�P �SVSbc��r � edRQVSf'T�PSopUWbcT�VSVSPSXÍjdT�bcVSbcoWqs��r�UWT�P-a�UWbcT�VS«�T�OLUWbWqsXSJ
^`OQT���T�bcT���rSP�VSPSX`°nVSbc�ST²qsVw±��SOQT OQf�MG�w��T�bcOQf'T�P�U qsPZ�ST�b�¿¨^ K�vs« ��M awk ¥ ��jdT�bp°�T�PS�ST�UWTna�UWbcT�V�§
XdT�edf'T�UWbcOQT[qsPSXdT���qsocopU�J�^`OQT a�UWT�OQXdVSPSXdoW�sPS�ST�bcVSPSX�«�T�O

q|| ≈ 0.1
� −1 OQopU�qsVw± �SOQT�ocT[XdT�edf'T�UWbcO §oc��rST�P2¯�edbcbcT�¢�UWVSbcT�P%}�VSbc¦S��¢�}�Vw±6¦SrSbcT�P�J

�ST�P?µ�P�UWT�bcoc��rSOQT�� }�°nOQoc��rST�P �ST�f ¥ qsRQR�¢sedPSopU�qsP�UWT�b ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX �6��qsbcXdT�opUWT�RQRLU|qsRQo
opUWbcOQ��rS�SVSPS¢�UWOQT�bpUWT2¹1OQPSOQT��ÊVSPS�/�ST�f ¥ qsRQRyT�OQPST�bÍª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX-P�qs��r ¥ edbcf'T�R`I�J hdv
�6�SVSbc��ru�SOQTZ�SVSbc��rSXdT�}�edXdT�PSTÊ¹1OQPSOQT[��qsbcXdT�opUWT�RQRLU �ÈJ>^¬qso`MDOQPSocT�UW}�T�Pu�ST�b�°�T�RQRQT�P�jdT�¢�UWedbWqs«Sr��sPSXdO §
XdT�P¶ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSXÍ±6¦SrSbpU¬OQPl�SOQT�ocT�f ��T�bcT�OQ��ru}�VuT�OQPST�b|Â�VSP�qsrSf'TZ�ST�b|a�UWbcT�VSOQP�UWT�P�§
ocOLU���U�J�Â�VSb � T�bWqsPSoc��r�qsVSRQOQ��r�VSPSXÊOQopU T�«�T�Pw±�qsRQRQoD�ST�b �SVSbc��r=�SOQT � edRQVSf'T�PSopUWbcT�VSVSPSXZjdT�bcVSbcoWqs��r�UWT
a�UWbcT�VS«�T�OLUWbWqsX%��qsbcXdT�opUWT�RQRLU �6XdT�opUWbcOQ��rST�RLUWT'¹1OQPSOQT��ÈJ1^`OQT�ocT�bZOQopU[opU�qsbc¢ujdedP?�ST�f MDOQPw±�qsRQRQop°nOQPS¢sT�R
�ST�b[knmdP�UWXdT�PSopUWbWqsrSRQVSPSX%qsVw± �SOQT�¸Dbced«�T�PSed«�T�bp~>�s��rST'qs«Sr��sPSXdOQX=VSPS�¶°n¦Sbc�ST���qsoZa�UWbcT�VSoc��T�¢d§
UWbcVSf �Sedf'OQPSOQT�bcT�P�¡ °�T�PSP­�SOQT�ocT�bÍed«�T�bcr�qsRQ« �ST�ox¢�bcOLUWOQoc��rST�P ½ OQPS¢sT�RQoÍ�ST�b ��esU�qsRQbcT�~�T�¢�UWOQedP
RQOQT�XdT�PÍ°n¦Sbc�STsJ
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^`T�b"¿ÀPSr�qsRLU��SOQT�ocT�o ¯[qs�SOLUWT�RQo�«�T�±�qsocopU ocOQ��r f'OLU�knmdP�UWXdT�PSbcT�~�T�¢�UWOLj�OLU���UWocf'T�ococVSPSXdT�P qsP
¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qso%{|bcT�PS}�~>�s��rST�P��ST�bua� �opUWT�f'T ½¾qsococT�b¨§¨¸Dbced��qsP­VSPS��{|RL �}�T�bcOQP�§À¿Àoced«SVwU�qsP�J
^`OQT|t%esUWOLjsq�UWOQedPC±6¦Sb��SOQT¬µ�P�UWT�bcocVS��r�VSPSXdT�P%�SOQT�ocT�bya� �opUWT�f'T`°²qsb²�SOQT¬a�VS��rST|P�qs��r ��OQP�°�T�OQocT�P
±6¦Sb-T�OQPSTA{[qsocr� ��SbWq�UW«SOQRQ�SVSPSX�qsPY�ST�b£½¾qsococT�b¨§¨¸Dbced��qsPÁ{|bcT�PS}�~>�s��rSTsJ�MDbcopUWTAknmdP�UWXdT�PSbcTÈ§
~�T�¢�UWOLj�OLU���UWocf'T�ococVSPSXdT�P qsP+�ST�bC½¾qsococT�b¨§¨¸Dbced��qsP {|bcT�PS}�~>�s��rST%°nOQT�ocT�P qsVw±|�SOQT ¥ edbcf�q�UWOQedP
T�OQPST�o¾¸Dbced��qsPw³�RQf'o?qsVw±Í�ST�b ½¾qsococT�bced«�T�bp~>�s��rST/rSOQP�JZ^`OQT/^`OQ��¢sT+VSPS�)k�qsVSOQXd¢sT�OLU �SOQT�ocT�o
¸Dbced��qsPw³�RQf'ox¢sedPSP�UWT�P­�SVSbc��r�^`bcVS��¢��sPS�ST�bcVSPSX+jsqsbcOQOQT�bpU=°�T�bc�ST�P�J`^`OQT�ocT¾t%mdXdRQOQ��rS¢sT�OLUx}�VSb
�`Vw±6P�qsrSf'TCT�OQPST�b|�y�Socedbc�wUWOQedPSocOQocesUWrST�bcf'Ts¡��SOQT�}�VSoW��UW}�RQOQ��r }�VSbZ^`OQ��¢sTC�ST�o qsVw±��ST�b|½¾qsococT�b¨§
ed«�T�bp~>�s��rST`qs�Socedbc«SOQT�bpUWT�P={[qsop³�RQf'o PSe���r'�ST�ococT�PÍk�qsVSOQXd¢sT�OLUDRQOQT�±6T�bpU�¡df�qs��r�U ��qso VSP�UWT�bcocVS��r�UWT
a� �opUWT�f }�V T�OQPST�f OQ�ST�qsRQT�P?t%e��ST�RQR }�VSf a�UWVS�SOQVSf jdedP VSP�UWT�bcT�OQP�qsPS�ST�b[°�T���rSocT�RL°nOQbc¢sT�PS�ST�P
~�VS¢�UWVSOQT�bcT�PS�ST�P {|bcT�PS}�~>�s��rST�P�Jx^¬qsrST�b/°nVSbc�ST�P }�VSoW��UW}�RQOQ��rSTÃknmdP�UWXdT�PSbcT�~�T�¢�UWOLj�OLU���UWocf'T�o¨§
ocVSPSXdT�P qsPÃ�ST�b {|RL �}�T�bcOQP�§À¿Àoced«SVwU�qsP"{|bcT�PS}�~>�s��rST£jdedbcXdT�PSedf'f'T�PÃVSPS��OQf�k�qsrSf'T�P��ST�o
¯[qs�SOQRQRzqsbp°�T�RQRQT�PSf'e��ST�RQRQo|qsP�qsRL �ocOQT�bpU�JG^`OQT�ocT�o'¯[qs�SOLUWT�R «�T�OQPSr�qsRLUWT�UÊ��qsrST�bCqsf �`Pw±�qsPSX2T�OQPST�P
¢�VSbc}�T�P � «�T�bc«SRQOQ��¢Í¦S«�T�b|{[qsocr� ��SbWq�UWT VSPS�l�ST�bcT�P¶��OQRQ�SVSPSXS¡�XdT�±6edRQXsUyjdedPu�ST�b¬��T�oc��rSbcT�OQ«SVSPSX
jdedP-�y�Socedbc�wUWOQedP-qsVw±¬ª¬«�T�bp~>�s��rST�P¤oce�°nOQT=T�OQPST�b�^¬qsbcopUWT�RQRQVSPSX2�ST�oC¯[qs�SOQRQRzqsbp°�T�RQRQT�PSf'e��ST�RQRQo�J
^¬qsbWqsVw±Í±6edRQXsU?�SOQT/��T�oc��rSbcT�OQ«SVSPSX��ST�b£MG�w��T�bcOQf'T�P�UWT/qsP �ST�P ½¾qsococT�b¨§¨¸Dbced��qsP)VSPS�)�ST�P
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µ�P�UWT�b²rSedrST�f�^`bcVS��¢�VSPS�Í«�T�O�PSOQT��SbcOQXdT�P ��T�f'��T�bWq�UWVSbcT�PÍ¢smdPSPST�P=½¾qsococT�bcf'edRQT�¢�¦SRQT`}�VSoWqsf�§
f'T�PÍf'OLU�jdT�bcoc��rSOQT��ST�PST�P2{[qsocf'edRQT�¢�¦SRQT�P�oceCXdT�P�qsPSP�UWTZ{[qsocr� ��SbWq�UWT|«SOQRQ�ST�P � ocRQe�qsP>Isvdvdhw¡�ocRQe�§
qsP�K � �d»w¡sf�q���Isvdvdvw¡sT�PSXdRQT�}�edo�K � �dh � J�{[qsocr� ��SbWq�UWTyocOQPS�'¯[��³�XdopUWbcVS¢�UWVSbcT�P�¡�«�T�O��ST�PST�PC½¾qsococT�b¨§
f'edRQT�¢�¦SRQTD�SOQT ¯[��³�XdT ±6edbcf'T�P�¡��SOQT �SVSbc��r �SOQT�{[qsopU�q�UWedf'TDOQf®¿ÀPSPST�bcT�PÊ�SOQT�ocT�bG¯[��³�XdT ¦S«�T�b��SOQT
r� ��Sbced�SrSed«�T ½?T���rSocT�RL°nOQbc¢�VSPSX=opU�qs«SOQRQOQocOQT�bpU²°�T�bc�ST�P�J�¿ÀPl�ST�b`Ì`q�UWVSb�XdOQ«wU�T�o`Xdbce �dT � edbc¢sedf�§
f'T�P£qsP-{[qsocr� ��SbWq�UWT�P�¡G¦S«�T�bp°nOQT�XdT�PS�-t%T�UWr�qsPSr� ��SbWq�U�J ^`OQT�ocT�³�PS�ST�UÊf�qsP?OQP?�ST�b
�yOQT�±6ocT�Ts¡
qs«�T�byqsVS��rxOQPÍ¸�T�bcf�q�±6bcedopUW«�m��ST�P�JS^`edbpUyrST�bcbcoc��rST�P%T�OQPST�bcocT�OLUWoy^`bcVS��¢d§�VSPS� ��T�f'��T�bWq�UWVSbpjdT�b¨§
r��sRLUWPSOQococTs¡��SOQT�T�OQPSTÍ��OQRQ�SVSPSX%jdedP¤{[qsocr� ��SbWq�UWT�P£T�bcRzqsVS«�T�P�¡ qsPS�ST�bcT�bcocT�OLUWoÊXdOQ«wU T�o��SedbpUÊT�OQP
XdT�P�¦SXdT�PS� rSedrST�o��`PSXdT�«�esUGqsP|½¾qsococT�b�VSPS�Ê{[qso � f�q���Isvdvdv � J�½?T�XdT�PZ�ST�b�rSedrST�P � edbc¢sedf'f'T�P
«SOQRQ�ST�P=�SOQT¬{[qsocr� ��SbWq�UWT¬T�OQPST�PÍf'mdXdRQOQ��rST�PC±6edococOQRQT�P=MDPST�bcXdOQT�UWbW�sXdT�b ±6¦Sb��SOQT|Â�VS¢�VSPw±
U�¡�°²qso²ocOQT
OQf md¢sedPSedf'OQoc��rST�P�¡�qs«�T�b�qsVS��r�OQf md¢sedRQedXdOQoc��rST�P=a�OQPSPST�}�V�T�OQPST�b OQP�UWT�bcT�ocoWqsP�UWT�Pxa�UWesº�XdbcVS�S��T
f�qs��r�U�J
�sTÍP�qs��r/t%edRQT�¢�¦SRL±6edbcf VSPS�+{|bcm �dTÍ�ST�oCT�OQPSXdT�oc��rSRQedococT�PST�P/{[qsopUWT�oC¢sedf'f'T�P£�SbcT�O²jdT�b¨§

oc��rSOQT��ST�PSTZ{[qsocr� ��SbWq�UWopUWbcVS¢�UWVSbcT�P�¡�a�UWbcVS¢�UWVSb�¿�¡Sa�UWbcVS¢�UWVSb�¿c¿ VSPS�xa�UWbcVS¢�UWVSb �Z¡�jdedb�Jw^`OQT`MDRQTÈ§
f'T�P�U�qsbc}�T�RQRQT��ST�b a�UWbcVS¢�UWVSb ¿�r�q�UD«�T�Owf�q��wOQf�qsRQT�b���T�ocT�UW}�VSPSXZ�SOQTya�UWm���rSOQedf'T�UWbcOQT

X8(H2O)46 ��®«�T�}�T�OQ��rSPST�U²�ST�Px{[qsopU�J�½ OQTn«�T�O��ST�P=}�°�T�O�°�T�OLUWT�bcT�Pxa�UWbcVS¢�UWVSbcT�PÍocOQPS��P�VSb UWT�OQR §�e��ST�b jdedRQR §
«�T�ocT�UW}�UWTuMDRQT�f'T�P�U�qsbc}�T�RQRQT�P¤opU�qs«SOQR ¡ RQT�T�bcT��n ��SbWq�UWXdOLUcUWT�bCocOQPS�¤T�o 
cT��Se���r+PSOQ��r�U�J ��T�On�SOQT�ocT�P
±6T�rSRLU[�SOQT�opU�qs«SOQRQOQocOQT�bcT�PS�ST r� ��Sbced�SrSed«�T�{[qsopUp§p{|OLUcUWT�b�½?T���rSocT�RL°nOQbc¢�VSPSXSJ�^`OQTCMDRQT�f'T�P�U�qsbc}�T�R §
RQTZ�ST�b¬a�UWbcVS¢�UWVSb`¿²OQopU`¢�VS«SOQoc��ruf'OLUnT�OQPST�b¬{|OLUcUWT�bc¢sedPSopU�qsP�UWT�P%jdedPu��qwJ�K�I � � T�PSXdRQT�}�edo�K � �dh � J
a�OQTyOQopU qsVSoD}�°�T�O ��T�UWbWqs¢�qsOQ�ST���qsrST��ST�bcP'VSPS�CocT���rSo ��T�P�U�qsXdedP�qsRQT�PC^`e��ST�¢�qsrST��ST�bcP=qsVw±6XdT�«�qsVwU�J
^`OQTCk�qsVSf'XdbcVS�S��T �ST�bZa�UWbcVS¢�UWVSb|¿�OQopU|¸Df�hsP�J �  ��SOQoc��rST=a�UWbcVS¢�UWVSb|¿ �n ��SbWq�Up§¨��OQRQ�SPST�b`ocOQPS�
t%T�UWr�qsP�¡>�`bcXdedP�¡�¯�edrSRQT�PS�SOQe��wOQ�ÍVSPS�lM UWr�qsP�J
{[qsocr� ��SbWq�UWTl�ST�b=a�UWbcVS¢�UWVSb�¿c¿Ê¢�bcOQopU�qsRQRQOQocOQT�bcT�P-T�«�T�Pw±�qsRQRQoC¢�VS«SOQoc��r/f'OLU'T�OQPST�bCUÀ ��SOQoc��rST�P

{|OLUcUWT�bc¢sedPSopU�qsP�UWT�P jdedP=K�\ � � ��q�j�OQ�SocedP�K �d»d© � J�^`OQT�k�qsVSf'XdbcVS�S��T �SOQT�ocT�bDa�UWbcVS¢�UWVSb�OQopU ¥ ��hsf%J
^`OQTCa�UWm���rSOQedf'T�UWbcOQTZ�ST�b[a�UWbcVS¢�UWVSb|¿c¿ �n ��SbWq�UWTÊOQopU

X24(H2O)136
J�^`OQT�¯[��³�XdTÊ�ST�b[a�UWbcVS¢�UWVSb

¿c¿�¡�ocT���rS}�T�rSPÍ¢�RQT�OQPST�^`e��ST���qsrST��ST�b�VSPS�=qs��r�U�Xdbce �dT ��TÈ�Sqs¢�qsOQ�ST���qsrST��ST�b�¡�ocOQPS�'Xdbcm �dT�b qsRQo �SOQT
�ST�b`a�UWbcVS¢�UWVSbn¿�J>^¬qsrST�bnocOQPS�x�SOQTZ{[qsopUWf'edRQT�¢�¦SRQT`�ST�b`a�UWbcVS¢�UWVSbn¿c¿ r��sVw³�X'Xdbcm �dT�bcTZt%edRQT�¢�¦SRQT
°nOQT ¸Dbced��qsP�¡�¿Àoced«SVwU�qsPuVSPS�¶a���r�°�T�±6T�RQrSTÈ�Sq�~�VSedbcOQ��J�¿ÀPl�ST�b`�`«S«SOQRQ�SVSPSX�hwJLK ocOQPS�2{|OLUcUWT�bn�ST�b
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a�UWbcVS¢�UWVSbn¿�VSPS�%�ST�b`a�UWbcVS¢�UWVSbn¿c¿���qsbcXdT�opUWT�RQRLU�J

�`«S«SOQRQ�SVSPSX�hwJLK 
w^¬qsbcopUWT�RQRQVSPSXÊ�ST�bn{[qsocr� ��SbWq�UWopUWbcVS¢�UWVSbcT�Px¿ ��q � VSPS�Í¿c¿ �6«
�ÈJw^`OQT[{[qsopU�q�UWedf'T
ocOQPS�%P�VSbn«�T�O1�ST�b`a�UWbcVS¢�UWVSbn¿ ��qsbcXdT�opUWT�RQRLU�J�Ì`qs��r�� T�f'�w°�T�« � J

MDOQPSTZ°�T�OLUWT�bcTs¡�oce=XdT�P�qsPSP�UWTCa�UWbcVS¢�UWVSb ��OQopU|qsVSo¬hd©'½¾qsococT�bcf'edRQT�¢�¦SRQT�P2qsVw±6XdT�«�qsVwU¬VSPS�
¢�qsPSP�f�q��wOQf�qsR|ocT���rSo {[qsopU�q�UWedf'T?qsVw±6PST�rSf'T�P�J¬^`T�U�qsOQRQRQOQT�bpUWT�bcT¶¿ÀPw±6edbcf�q�UWOQedPST�P­¦S«�T�bu�SOQT
a�UWbcVS¢�UWVSb �®³�PS�ST�PlocOQ��r%OQP � ocRQe�qsP�K � �d»w¡w�SbWq�UcU�K � ��\�� J
^¬q�T�OQPuopU�qsbc¢sT�o|OQPS�SVSopUWbcOQT�RQRQT�on¿ÀP�UWT�bcT�ococT'qsPu�ST�b � T�bcrSOQPS�ST�bcVSPSX�jdedP {[qsocr� ��SbWq�UW«SOQRQ�SVSPSX

«�T�OQoc�SOQT�RQop°�T�OQocTZOQP2{[qsoc�SOQ��T�RQOQPST�on«�T�opUWT�r�U�¡�XdOQ«wU`T�o`T�OQPSTZXdbce �dTZ�`PS}�qsrSR�TÈ�w��T�bcOQf'T�P�UWT�RQRQT�bn�`b¨§
«�T�OLUWT�P�¡��SOQTCocOQ��r¾f'OLU[�ST�bÊa�U�qs«SOQRQOLU���U¬jdedP-{[qsocr� ��SbWq�UWT�P¾«�T�oc��r���±
UWOQXdT�P�JGa�e%°nVSbc�ST��SOQT �n �§
�SbWq�UWopU�qs«SOQRQOLU���U�OQPx�`«Sr��sPSXdOQXd¢sT�OLU²jdedPl^`bcVS��¢>¡ ��T�f'��T�bWq�UWVSbyVSPS�%�ST�by�`P�°�T�ocT�PSrST�OLU`jdedPx�y��§
�SOLUWOLjdT�P � XdOzq�jsqsbcOQPSO
Isvdvdhw¡wf'e�edO 
cT�b�Isvdv�I�¡Sf�qsrSf'e�e���qsXdrS��qsf=Isvdv�I�¡�ocT�bpj�OQe�Isvdv�I�¡>edrSfÊVSbWq�Isvdv�I��
VSP�UWT�bcocVS��r�U�J²^`T�b ¥ edbcf�q�UWOQedP¾f�qs¢�bcedoc¢sed�SOQoc��rST�b={[qsocr� ��SbWq�UWf'T�PSXdT�P¤XdT�r�U'r��sVw³�X T�OQPSTx¿ÀP�§
�SVS¢�UWOQedPSoc}�T�OLU jdedbWqsVSo�¡wOQP'�ST�b���qso f'T�U�qsopU�qs«SOQRQTy½¾qsococT�b¨§p{[qso²a� �opUWT�f jdT�bp°�T�OQRLU�¡�edrSPST���qsoco²T�o
}�VSbÊ��OQRQ�SVSPSX%f�qs¢�bcedoc¢sed�SOQoc��rST�b�t%T�PSXdT�P?jdedP-{[qsocr� ��SbWq�U ¢sedf'f U�J�¿ÀPS�SVS¢�UWOQedPSoc}�T�OLUWT�P¾}�°nO §
oc��rST�P+t%OQP�VwUWT�P£VSPS� �GqsXdT�P � ocRQe�qsP�K � �d»w¡�XdOzq�jsqsbcOQPSO
Isvdvdh � ¡�qs«Sr��sPSXdOQX%jdedP£TÈ�w��T�bcOQf'T�P�UWT�RQRQT�P
µ�f'XdT�«SVSPSXdoc��qsbWqsf'T�UWT�bcP¾VSPS�¾jdedP£�ST�f XdT�°²�srSRLUWT�P-{[qso�¡�ocOQPS�¾«�T�¢�qsPSP�U�JDa�el°nVSbc�ST�P£jdT�b¨§
oc��rSOQT��ST�PST|{[qsocr� ��SbWq�UW«SOQRQ�SPST�b OQP={|bcVS�S��T�P�RzqsPSXdT�bDVSPS��¢�VSbc}�T�b�¿ÀPS�SVS¢�UWOQedPSoc}�T�OLUWT�P�T�OQPSXdT�edbc��§
PST�U � ocRQe�qsP�K � �d» � J>^`T�b�XdT�P�qsVST�Â�T�OLUW�SVSPS¢�U�¡�qsP%�ST�fgT�o`}�VlT�OQPST�b�f�qs¢�bcedoc¢sed�SOQoc��rST�P2��OQRQ�SVSPSX
jdedPÍ{[qsocr� ��SbWq�U�¢sedf'f U�¡dOQopU 
cT��Se���r�PSOQ��r�U jdedbWqsVSocoWqsXd«�qsb�J�MDb VSP�UWT�bcRQOQT�XsU T�OQPST�b opU�q�UWOQopUWOQoc��rST�P
� T�bpUWT�OQRQVSPSXSJ
^`T�b ¥ edbcf�q�UWOQedPSoc�Sbced}�T�oco ³�PS�ST�Uyf'T�OQopU�qsP=�ST�b ½¾qsococT�b¨§p{[qsoy{|bcT�PS}�~>�s��rST|opU�q�UcU�¡�°²qso²f'OLU

�ST�f rSedrST�P?{[qsoWqsPSXdT�«�esUZqsP¶�ST�bZ{|bcT�PS}�~>�s��rSTCT�bc¢�Rz�sbpU¬°�T�bc�ST�P?¢�qsPSP�J1MDOQPST�opU�qsbc¢sT'µ�P�UWT�b¨§
¢�¦SrSRQVSPSX?VSPS�/��T�°�T�XdVSPSX?�ST�oÍa� �opUWT�f'o'«�T�oc��rSRQT�VSPSOQXsU��SOQTl{[qsocr� ��SbWq�UW«SOQRQ�SVSPSX¶ocOQXdPSOL³�¢�qsP�U
� XdOzq�jsqsbcOQPSO
Isvdvdh � J�^`T�bCqsVw±`f'edRQT�¢�VSRzqsbcT�b MD«�T�PST%qs«SRzqsVw±6T�PS�ST ¥ edbcf�q�UWOQedPSoc�Sbced}�T�oco jdedP+{[qso¨§
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r� ��SbWq�UWT�P-OQopUÊPSe���r£PSOQ��r�UÊTÈ�w��T�bcOQf'T�P�UWT�RQR XdT�¢�Rz�sbpU °�edbc�ST�P�JD^¬qsrST�bÊ¢se�TÈ�wOQopUWOQT�bcT�P¾«SOQoÊrST�VwUWT
�SbcT�O�jdT�bcoc��rSOQT��ST�PSTÊt%e��ST�RQRQTs¡w�SOQT¬�SOQT ¥ edbcf�q�UWOQedP'jdedPu{[qsocr� ��SbWq�UWT�P%qsVw±Gf'edRQT�¢�VSRzqsbcT�bya�¢�qsRzq
«�T�oc��rSbcT�OQ«�T�P�J
a�e¬oWqsXsUD�SOQT�oce|XdT�P�qsPSP�UWT ��RQVSopUWT�bDÌ�VS��RQT�q�UWOQedP �n ���esUWrST�ocOQo � ocRQe�qsP�K � �d» ���SOQTy��OQRQ�SVSPSX�jdedP

Rzqs«SOQRQT�P ��RQVSopUWT�bcP?jdedbWqsVSo�¡G«�T�opUWT�rST�PS�¤qsVSo T�OQPST�f {[qsopUWf'edRQT�¢�¦SR ¡1VSf'XdT�«�T�P?jdedP-Isv%«SOQo�Is»
½¾qsococT�bcf'edRQT�¢�¦SRQT�P�JG^`OQT'�`PS}�qsrSR �ST�bZ½¾qsococT�bcf'edRQT�¢�¦SRQT'r��sPSXsU jdedP¾�ST�b�{|bcm �dT'�ST�o�{[qsopUWT�o
qs«�J ^`OQTx�ST�P {[qsopU'VSf'XdT�«�T�PS�ST�P t%edRQT�¢�¦SRQTx«SOQRQ�ST�P-oc��rSedP/OQP-�SOQT�ocT�fÎa�U�qs�SOQVSf´T�OQPST%¯[��§
³�XdopUWbcVS¢�UWVSb�¡��SOQT ¥ bWqsXdf'T�P�UWT�P/�ST�o=oc����UWT�bcT�P �n ��SbWq�UWXdOLUcUWT�bco=�srSPST�RQP�J�^`OQTu��OQRQ�SVSPSX �SOQT�ocT�b
¯[��³�Xs±6bWqsXdf'T�P�UWT ocT�UW}�U[oces±6edbpU¬P�qs��r¶�ST�b|¹1mdocVSPSXÍT�OQPST�o[{[qsopUWf'edRQT�¢�¦SRQo�OQf¼½¾qsococT�b¬T�OQP�J1Â�VSb
��OQRQ�SVSPSXZjdedRQRQopU��sPS�SOQXdT�b²{[qsocr� ��SbWq�UW¢���³�XdT¬¢sedf'f U²T�o�¡�°�T�PSPxXdT�P�¦SXdT�PS�%¯[��³�Xs±6bWqsXdf'T�P�UWT�}�VSb
�`XdXdRQedf'T�bWq�UWOQedP�jdedbcr�qsPS�ST�PxocOQPS��J�¿ÀopU²�SOQT�ocT�bnÂ�T�OLUW�SVSPS¢�U²T�bcbcT�OQ��r�U�¡woceÊocT�UW}�UyT�OQP=Rzq�°nOQPST�P�qsbpUWO §
XdT�o�½¾qs��rSopUWVSf¼jdedP¶{[qsocr� ��SbWq�U`T�OQP�¡�°²qso`}�VSb`��OQRQ�SVSPSX'f�qs¢�bcedoc¢sed�SOQoc��rST�b|{[qsocr� ��SbWq�UWf'T�P�§
XdT�P'±6¦SrSbpU�Jd½ OQTyT�bp°²�srSP�U²OQopU �SOQTn�`PS}�qsrSR>�ST�b �ST�PÍ{[qsopU VSf'XdT�«�T�PS�ST�PC½¾qsococT�bcf'edRQT�¢�¦SRQTyjdedP
�ST�bZ{|bcm �dTÊ�ST�o {[qsopUWT�o[qs«Sr��sPSXdOQXSJ�^`OQT�o|¢�qsPSP¶��qs}�V2±6¦SrSbcT�P�¡���qsoco|«�T�opUWOQf'f UWTC{[qsocr� ��SbWq�Up§
±6bWqsXdf'T�P�UWTÍ«�T�jdedbc}�VSXsUCXdT�«SOQRQ�ST�U °�T�bc�ST�P�J ��T�OQoc�SOQT�RQop°�T�OQocT=VSf'XdT�«�T�P-ocOQ��r¤¸Dbced��qsPSf'edRQT�¢�¦SRQT
f'OLU Is»Í½¾qsococT�bcf'edRQT�¢�¦SRQT�P�¡1°²qsoZP�VSbZ}�VSb ��OQRQ�SVSPSXx�ST�b »xXdbce �sjdedRQVSf'OQXdT�P ��TÈ�Sqs¢�qsOQ�ST���qsrSTÈ§
�ST�b`±6¦SrSbpU�¡�°²�srSbcT�PS�¶�SOQT ¢�RQT�OQPST�bcT�P2^`e��ST���qsrST��ST�b|PSOQ��r�U|XdT�«SOQRQ�ST�U`°�T�bc�ST�P�J1^¬qsrST�b`°nOQbc�uOQf
k�qsrSf'T�PZ�ST�b ��RQVSopUWT�bGÌ�VS��RQT�q�UWOQedP �n ���esUWrST�ocOQo��SOQT ¿ÀPS�SVS¢�UWOQedPSoc}�T�OLUG}�VSbG��OQRQ�SVSPSXyjdedP f�qs¢�bce�§
oc¢sed�SOQoc��rST�Pu¸Dbced��qsPSr� ��SbWq�UWf'T�PSXdT�PlqsRQo�ocT�rSbnRzqsPSXÊT�OQPSXdT�oc��r���UW}�U�¡S°²qsoyTÈ�w��T�bcOQf'T�P�UWT�RQR�«�T�opU���§
UWOQXsU²°nOQbc�	� XdOzq�jsqsbcOQPSO
Isvdvdh � J��`PS�ST�bcT {[qsocr� ��SbWq�UW«SOQRQ�SPST�bye��ST�b�t%OQoc��r�VSPSXdT�P%jdedPxjdT�bcoc��rSOQT��ST�P
Xdbce �dT�P�{[qsopUWf'edRQT�¢�¦SRQT�PZ«�T�ocOLUW}�T�PÊ¢�¦Sbc}�T�bcT�¿ÀPS�SVS¢�UWOQedPSoc}�T�OLUWT�PÊ}�VSb ��OQRQ�SVSPSX�f�qs¢�bcedoc¢sed�SOQoc��rST�b
{[qsocr� ��SbWq�UWf'T�PSXdT�P�¡���qÊ�SOQT�ocT[qsRQRQT¬¯[��³�Xs±6bWqsXdf'T�P�UWT¬«SOQRQ�ST�PÍ¢smdPSPST�P�¡��SOQT|}�VSb ¥ edbcf�q�UWOQedP�T�O §
PST�b|jdedRQRQopU��sPS�SOQXdT�P {[qsocr� ��SbWq�UZMDRQT�f'T�P�U�qsbc}�T�RQRQTÊ«�T�PSmsUWOQXsU¬°�T�bc�ST�P�J�^`OQT'{|bcVSPS�SRzqsXdT ±6¦Sb|�SOQT
��OQRQ�SVSPSX'jdedP {[qsocr� ��SbWq�U¬OQopU`OQf k�qsrSf'T�Pl�ST�b���RQVSopUWT�b¬Ì�VS��RQT�q�UWOQedP �n ���esUWrST�ocOQo`VSP�UWT�b|qsP�§
�ST�bcT�fY��qso � edbcr�qsPS�ST�PSocT�OQPÍXdT�P�¦SXdT�PS�ÍXdbce �dT�b²t%T�PSXdT�PxqsPx{[qsopUWf'edRQT�¢�¦SRQT�P�¡��SOQT�OQf)½¾qsococT�b
XdT�RQmdopU¬ocOQPS��J��`Vw±6XdbcVSPS�u�ST�b`XdT�bcOQPSXdT�P2¹1mdocRQOQ��rS¢sT�OLU�jdedP {[qsocT�Pl°nOQTÊ¸Dbced��qsPuOQP%½¾qsococT�b�¡��SOQT
OQf ��T�bcT�OQ��r¾jdedP

10−5 � ��bc��Isvdvdh ��RQOQT�XsU�¡1OQopU P�qs��r¾�SOQT�ocT�f´t%e��ST�RQR �SOQT={[qsocr� ��SbWq�U���OQRQ�SVSPSX
T�rST�bnqsPÍ�ST�b�½¾qsococT�b¨§p{[qson{|bcT�PS}�~>�s��rST|}�VÍT�bp°²qsbpUWT�P�¡S��qÊT�oy�SedbpU²T�OQPÍT�bcrSmdr�UWT�oy�`PSXdT�«�esUnqsP
{[qsocf'edRQT�¢�¦SRQT�PÍXdOQ«wU�J
MDOQPx}�°�T�OLUWT�o`t%e��ST�RQR ¡�°�T�RQ��rST�o��SOQT[��OQRQ�SVSPSXÊjdedPu{[qsocr� ��SbWq�Un«�T�r�qsPS�ST�RLU�¡�«�T�oc��rSbcT�OQ«wU��SOQT

Ì�VS¢�RQT�q�UWOQedP¶jdedP£{[qsocr� ��SbWq�UWopUWbcVS¢�UWVSbcT�P-qsRQo[T�OQPST�P£{|bcT�PS}�~>�s��rST�PST�º�T�¢�U�¡G«�T�O �ST�f �SOQT'MG�wO §
opUWT�PS}¬T�OQPST�b ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qso�{|bcT�PS}�~>�s��rST¬T�OQP�XdbcVSPS�SRQT�XdT�PS�ST�oyMDRQT�f'T�P�U�OQopU�Jw^`OQT¬{|bcVSPS�SRzq�§
XdT�Pl�SOQT�ocT�b¬{|bcT�PS}�~>�s��rST�P�UWrST�edbcOQTZ°nVSbc�ST�P%jdedP2kne��SXdT�b ��� ���	� � bce��SXdT�b�K � �dv ��±6edbcfÊVSRQOQT�bpU�Jw¿Àf
k�qsrSf'T�P-�SOQT�ocT�b �yrST�edbcOQTÍ¢sedf'f U�T�o'}�VSbC��OQRQ�SVSPSXujdedP/{[qsocr� ��SbWq�U�¡ °�T�PSP/{[qsopUWf'edRQT�¢�¦SRQT
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qsP2�ST�b`½¾qsococT�b¨§p{[qsoZ{|bcT�PS}�~>�s��rST�oc��edP�U�qsP2XdT�±6edbcf UWT�¯[��³�XdopUWbcVS¢�UWVSbcT�P¶«�T�ocT�UW}�T�P¶VSPS�¶opU�q�§
«SOQRQOQocOQT�bcT�P�J�^`OQT�½¾qsococT�bcf'edRQT�¢�¦SRQT�°�T�bc�ST�P?��qs�SVSbc��r?OQP OQrSbcT�b[^� �P�qsf'OQ¢uXdT�rST�f'f U[VSPS�?��qso
{|OLUcUWT�b °nOQbc�'opU�qs«SOQRQOQocOQT�bpU�Jd^`OQT�ocT�oyt%e��ST�RQRS°nVSbc�ST�jdedP=¯ jsqsf'f'T ��� ���	� � ¢�jsqsf'f'T�Isvdvdv �ST�bp°�T�O §
UWT�bpU�JG��T�O �SOQT�ocT�bÊMDbp°�T�OLUWT�bcVSPSXuopUWT�RQRLUZ��qso � edbcr�qsPS�ST�PSocT�OQP?T�OQPST�b[½¾qsococT�b¨§p{[qso�{|bcT�PS}�~>�s��rST
T�«�T�Pw±�qsRQRQo²T�OQPx}�T�P�UWbWqsRQT�onMDRQT�f'T�P�Un��qsb�J�¹�qsVwU�¯ jsqsf'f'T ��� ���	� ¢sedf'f UnT�oy�SVSbc��rl�y�Socedbc�wUWOQedP
jdedP¶{[qsocf'edRQT�¢�¦SRQT�PlqsPl�ST�b�½¾qsococT�b¨§p{[qso¬{|bcT�PS}�~>�s��rSTÊVSPS�l�ST�bcT�P � T�bcf'OQoc��r�VSPSX�f'OLUn½¾qso¨§
ocT�bcf'edRQT�¢�¦SRQT�P¶}�VSb[��OQRQ�SVSPSX=jdedP¾{[qsopUp§ ½¾qsococT�b ��RQVSopUWT�bcP�J1^`OQT�ocTCr�qs«�T�P T�OQPST�OQf � T�bcXdRQT�OQ��r
}�VSf�f'OLUZ{[qso|XdT�oW��UcUWOQXsUWT�P¶½¾qsococT�b[rSmdrST�bcT={[qsoc¢sedPS}�T�P�UWbWq�UWOQedP VSPS� opUWT�RQRQT�P �SOQTCÌ�VS¢�RQT�q�UWO §
edPSoc¢sT�OQf'T ±6¦Sb¬�SOQT�{[qsocr� ��SbWq�UW«SOQRQ�SVSPSX=��qsb�¡��SOQTÊT�OQPSocT�UW}�U�¡�°�T�PSP¶�SOQT ��RQVSopUWT�b¬T�OQPST ¢�bcOLUWOQoc��rST
{|bcm �dT|¦S«�T�bcoc��rSbcOLUcUWT�Plr�qs«�T�P�J
MDOQP2�SbcOLUcUWT�o[t%e��ST�RQR ¡��SOQTÊocexXdT�P�qsPSP�UWTC¹1e���qsR a�UWbcVS��UWVSbcOQPSX �n ���esUWrST�ocOQo�¡�°nVSbc�ST�jdedP?k[J

k�qs�Sr�qs¢�bcOQocrSP�qsP2VSPS�¶�`J�¹DJ ��bcedVwUZIsvdv�I � bWqs�Sr�qs¢�bcOQocrSP�qsP>Isvdv�I���±6edbcfÊVSRQOQT�bpU�J>^`OQT�ocT�oZt%e��ST�RQR
«�T�oc��rSbcT�OQ«wUC�SOQTÍ��OQRQ�SVSPSXljdedP+{[qsocr� ��SbWq�UCqsRQoÊT�OQPST�P£opU�q�UWOQopUWOQoc��rST�P¤¸Dbced}�T�oco�¡D«�T�O��ST�f ocOQ��r
�SOQT2OQf ½¾qsococT�bxXdT�RQmdopUWT�PA{[qsopUWf'edRQT�¢�¦SRQTu}�Vw±��sRQRQOQX¾qsVw± ¸�edocOLUWOQedPST�P qsPSedbc�SPST�P�¡y�SOQTuocOQT2OQf
�n ��SbWq�UW¢���³�Xx«�T�ocOLUW}�T�P�J1¿ÀopU[�SOQT�ocT�o {|OLUcUWT�b¬Xdbce �ÍXdT�P�VSXS¡�ocex¢�qsPSP¶T�o[}�VSbZa�U�qs«SOQRQOQocOQT�bcVSPSX��ST�o
½¾qsococT�bcPST�UW}�°�T�bc¢sT�o²¢sedf'f'T�P�¡�°�T�RQ��rST�o �SOQTn{[qsopUWf'edRQT�¢�¦SRQT VSf'XdOQ«wU�Jsa�edf'OLU OQopU �SOQT�ocT�o t%e��ST�RQR
jdedP%�ST�b�MG�wOQopUWT�PS}ZT�OQPST�b²½¾qsococT�b¨§p{[qso`{|bcT�PS}�~>�s��rSTZVSP�qs«Sr��sPSXdOQXSJ
�`RQRQT rSOQT�bGjdedbcXdT�opUWT�RQRLUWT�P't%e��ST�RQRQT�¢sedPSP�UWT�P'PSe���r�PSOQ��r�U TÈ�w��T�bcOQf'T�P�UWT�RQR�«�T�opU���UWOQXsU °�T�bc�ST�P�J

MDo�RQOQT�XsUC��qsrST�b�P�qsrSTs¡ �SOQTx½¾qsococT�b¨§p{[qso={|bcT�PS}�~>�s��rSTuVSP�UWT�b � T�bp°�T�PS�SVSPSX¾jdedP {[qsocT�P+}�V
VSP�UWT�bcocVS��rST�P�¡��SOQT|}�VSoWqsf'f'T�Pxf'OLU²½¾qsococT�b`{[qsocr� ��SbWq�U`«SOQRQ�ST�PÍ¢smdPSPST�P�J
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�`PÊT�OQPST�b ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qsoG{|bcT�PS}�~>�s��rST²¢�qsPSP T�o }�VSbG�y�Socedbc�wUWOQedPZjdedPC{[qsocf'edRQT�¢�¦SRQT�PZ¢sedf�§
f'T�P�¡�°²qso }�VSb �`VSoc«SOQRQ�SVSPSX[jdedP�f'edRQT�¢�VSRzqsbD�S¦SPSPST�P ¥ OQRQf'T�PCqsVw±��ST�PÍª¬«�T�bp~>�s��rST�P�~�¦SococOQXdT�b
t%T��SOQT�P/±6¦SrSbpU�J�¿Àf ±6edRQXdT�PS�ST�P ¸GqsbWqsXdbWqs�SrST�P ocedRQR���qsrST�b�T�OQP/¢�VSbc}�T�b � «�T�bc«SRQOQ��¢-¦S«�T�b=�SOQT
��T�oc��rSbcT�OQ«SVSPSX¤�ST�bÍ�y�Socedbc�wUWOQedP/jdedP­t%edRQT�¢�¦SRQT�P qsVw±[±6T�opUWT�P e��ST�b�~�¦SococOQXdT�P­ª¬«�T�bp~>�s��rST�P
XdT�XdT�«�T�P/°�T�bc�ST�P�J²^¬qs«�T�O�ocedRQRQT�P a� �opUWT�f'Tu«�T�UWbWqs��r�UWT�U=°�T�bc�ST�P�¡�«�T�O��ST�PST�P �SOQTl�y�Sr��socOQedP
}�°nOQoc��rST�P+qs�Socedbc«SOQT�bpUWT�f ¥ OQRQf�VSPS�¤a�VS«SopUWbWq�U�Xdbcm �dT�b OQopU�qsRQoZ�SOQT ¥ OQRQf'¢sedr��socOQedP�J�^`OQT�oÊ«�TÈ§
�ST�VwUWT�U�¡w��qsoco�ocOQ��r=OQf'f'T�b T�OQP�XdT�oc��rSRQedococT�PST�b ¥ OQRQf)qsVw±1�ST�fÁa�VS«SopUWbWq�UyqsVSoc«SbcT�OLUWT�U²VSPS�=T�o�}�V
¢sT�OQPST�b ��bced�w±6T�P�«SOQRQ�SVSPSX2¢sedf'f U �6T�o�XdOQ«wU�¢sT�OQPST%��T�PST�UW}�VSPSXdoc¦S«�T�bcX��sPSXdT%T�bcopUWT�b�ª¬bc�SP�VSPSX �
� «�T�bpUWbWqsPS�>Isvdvdv � JG^`T�bC{|bcVSPS�?±6¦Sb �SOQT��y�Socedbc�wUWOQedP?jdedP-t%edRQT�¢�¦SRQT�P£qsVw±y~�¦SococOQXdT�P£e��ST�bZ±6TÈ§
opUWT�P�a�VS«SopUWbWq�UWed«�T�bp~>�s��rST�P'OQopUD��qso � edbcr�qsPS�ST�PSocT�OQP�jdedP � qsP��ST�b ½¾qdqsRQo�½?T���rSocT�RL°nOQbc¢�VSPSXdT�P
}�°nOQoc��rST�P£�ST�P-{[qsocf'edRQT�¢�¦SRQT�P VSPS�¾�ST�bÊª¬«�T�bp~>�s��rST=�ST�o�a�VS«SopUWbWq�UWT�o�JG^`OQT � qsP?�ST�b[½¾qdqsRQo
½?T���rSocT�RL°nOQbc¢�VSPSX'°nOQbc�%�SVSbc��rx~�VS¢�UWVSOQT�bcT�PS�ST ^`OQ��edRQT¬jdT�bcVSbcoWqs��r�U�J�^`OQT�on¢smdPSPST�Pl��T�bcf�qsPST�P�§
UWT ^`OQ��edRQT[ocT�OQP�¡>�ST�bcT�P¶ª¬bcOQT�P�UWOQT�bcVSPSXdT�P

cT��Se���rl~�VS¢�UWVSOQT�bcT�P�¡�OQPS�SVS}�OQT�bpUWTZ^`OQ��edRQT|e��ST�b�PSOQ��r�U
��T�bcf�qsPST�P�UWT�^`OQ��edRQTsJ�^`OQTC��esUWT�P�UWOQT�RQRQT�MDPST�bcXdOQT��SOQT�ocT�b[½?T���rSocT�RL°nOQbc¢�VSPSXlqsRQo ¥ VSPS¢�UWOQedP¶�ST�o
�`«SopU�qsPS�ST�o

r
¢�qsPSPx�SVSbc��rl�SOQT ¥ edbcf'T�R � q�UW¢�OQPSo�K � �dh �

VVDW =
−C

r6

��hwJLK��

«�T�oc��rSbcOQT�«�T�P¾°�T�bc�ST�P�JD^`T�bÊ¸GqsbWqsf'T�UWT�b
C
OQopU T�OQPST'opUWesº>§Àoc��T�}�OL³�oc��rSTx{|bcm �dTs¡��ST�b �SOQT=a�U��sb¨§

¢sTu�ST�b�½?T���rSocT�RL°nOQbc¢�VSPSX£«�T�oc��rSbcT�OQ«wU�J²µ�f T�OQP a� �opUWT�f%¡�«�T�opUWT�rST�PS� qsVSo=T�OQPST�f a�VS«SopUWbWq�U
VSPS�¾T�OQPST�f��S¦SPSPST�P£qs�Socedbc«SOQT�bpUWT�P ¥ OQRQf%¡�f�q�UWrST�f�q�UWOQoc��r ��qsbcopUWT�RQRQT�P }�V?¢smdPSPST�P�¡�°nOQbc� �SOQT
¥ bcT�OQT�MDPST�bcXdOQT

G
�ST�o�a� �opUWT�f'oÊ«�T�bcT���rSPST�U�¡G��q%�ST�bcT�P-t%OQPSOQf�q=UWrST�bcf'e��w �P�qsf'OQoc��r?opU�qs«SOQRQT

Â�VSopU��sPS�STs¡���J r�J�opU�qs«SOQRQT ¥ OQRQf'Ts¡>«�T�oc��rSbcT�OQ«�T�P�J1^`OQT ¥ bcT�OQT�MDPST�bcXdOQT
G
T�P�UWr��sRLU|T�OQPST�bcocT�OLUWo¬�SOQT

½?T���rSocT�RL°nOQbc¢�VSPSXdocT�PST�bcXdOQT=}�°nOQoc��rST�P ¥ OQRQf VSPS�-a�VS«SopUWbWq�U�¡�qsPS�ST�bcT�bcocT�OLUWoÊ�SOQT ¥ bcT�OQT�MDPST�bcXdOQT
�ST�o`qs�Socedbc«SOQT�bpUWT�P ¥ OQRQf'o�¡w�SOQT|T�OQPST ¥ VSPS¢�UWOQedPx�ST�o¬{[qsoc�SbcVS��¢�o�OQopU�J
¿Àf ¥ edRQXdT�PS�ST�P+ocedRQRnT�OQP a� �opUWT�f «�T�UWbWqs��r�UWT�U=°�T�bc�ST�P�¡ °nOQTlT�o�OQP+�`«S«SOQRQ�SVSPSX¾hwJ]I¶��qsb¨§

XdT�opUWT�RQRLU�OQopU�J ^`OQTu{[qsoc�Sr�qsocTl«SOQRQ�ST�U'}�VSoWqsf'f'T�P+f'OLU'�ST�b=qs�Socedbc«SOQT�bpUWT�P a���rSOQ��r�UÍVSPS�/�ST�f
a�VS«SopUWbWq�U¬T�OQP%UWrST�bcf'e��w �P�qsf'OQoc��ruqsVSocXdT�XdRQOQ��rST�PST�o|a� �opUWT�f%J�^¬qsrST�b`XdRQT�OQ��r�U`ocOQ��ru��qso`��rST�f'O §
oc��rST ¸�esUWT�P�UWOzqsR��ST�o¬{[qsocT�o

µg
�ST�fÁ��rST�f'OQoc��rST�Pl¸�esUWT�P�UWOzqsR1�ST�b²~�¦SococOQXdT�Pl¸Dr�qsocT

µf
qsP�J>^`OQT

^`bcVS��¢�qs«Sr��sPSXdOQXd¢sT�OLU|�ST�o|��rST�f'OQoc��rST�P¶¸�esUWT�P�UWOzqsRQo
µg
OQopU¬�SVSbc��r

µ = µ0 + RT ln(p/p0)
XdTÈ§

XdT�«�T�P � q�UW¢�OQPSo�K � �dh � ¡�f'OLU¬�ST�b[{[qsoc¢sedPSopU�qsP�UWT�P
R = 8.31

� � ��¯ f'edR �È¡>�ST�b ��T�f'��T�bWq�UWVSb
T
¡

�ST�f {[qsoc�SbcVS��¢
p
J�^`T�b ^`bcVS��¢

p0
°nOQbc� OQP¶�SOQT�ocT�f ¥ qsRQR XdRQT�OQ��r¶�ST�f ¯�edPS�ST�PSoWq�UWOQedPSoc�SbcVS��¢
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�ST�o¬T�P�UWoc�SbcT���rST�PS�ST�P¾{[qsocT�o`«�T�O��ST�b ��T�f'��T�bWq�UWVSb ��XdT�ocT�UW}�U�J�^`OQT�{|bcm �dT
µ0
OQopU`ocedf'OLU���qso

��rST�f'OQoc��rST|¸�esUWT�P�UWOzqsR>�ST�oy{[qsocT�o�«�T�O�¯�edPS�ST�PSoWq�UWOQedP�J�^¬qsbWqsVSo�T�bcXdOQ«wU�ocOQ��r��SOQT ¥ bcT�OQT�MDPST�bcXdOQT

�`«S«SOQRQ�SVSPSXÍhwJ]I 
�^¬qsbcopUWT�RQRQVSPSX=T�OQPST�o[a� �opUWT�f'o�¡�«�T�opUWT�rST�PS�?qsVSo¬T�OQPST�b[{[qsoc�Sr�qsocTs¡�T�OQPST�f qs��§
ocedbc«SOQT�bpUWT�P ¥ OQRQf VSPS�ÍT�OQPST�f�a�VS«SopUWbWq�U�JS^`T�byqs�Socedbc«SOQT�bpUWT ¥ OQRQf"°nOQbc��OQP=�SOQT�ocT�fY��T�OQoc�SOQT�R�qsRQo
rSedf'edXdT�P2qsPSXdT�PSedf'f'T�P�J�a�VS«SopUWbWq�UWed«�T�bp~>�s��rST�VSPS� ¥ OQRQf'ed«�T�bp~>�s��rST[«�T�ocOLUW}�T�P2¢sT�OQPST�^� �P�q�§
f'OQ¢>J

G = nµ
f'OLU��ST�bna�UWesº�f'T�PSXdT

n
� OQP=f'edR � J���T�UWbWqs��r�UWT�Unf�qsP=P�VSPxT�OQPÍMDOQPSrST�OLUWopjdedRQVSf'T�P�¡���qso

XdT�f'T�ococT�P�}�VSb�{[qsoc�Sr�qsocT�T�OQPST ��T�OQRQ��rST�PS�SOQ��r�UWT��SOLº�T�bcT�PS}
ρt = ρtschicht

−ρtgas

«�T�ocOLUW}�U VSPS���SOQT
��mdrST

l
r�q�U�¡SoceC±6edRQXsU²±6¦Sby�SOQT ¥ bcT�OQT|MDPST�bcXdOQT[�Sbce ¥ Rz�s��rST � �Se�T�bcb�K � � �s� � 


G =

(

µ0/NA − µ

NA

)

ρtl =

(

µ0/NA −
(

µ0/NA − kBT ln

(

p0

p

)))

ρtl,
��hwJ]I �

f'OLUÊ�ST�bÊ��jdedX�qs�Sbce�§pÂ�qsrSR
NA
J ��T�O��ST�bC��T�bcT���rSP�VSPSX �ST�oÊjdedP-�ST�b � qsP£�ST�b ½¾qdqsRQo ½?T���r�§

ocT�RL°nOQbc¢�VSPSX=qsVSocXdT�rST�PS�ST�P2��T�OLUWbWqsXdon}�V ¥ bcT�OQT�PlMDPST�bcXdOQT[«�T�UWbWqs��r�UWT�U¬f�qsP%T�OQPxjdT�bcT�OQPw±�qs��r�UWT�o
t%e��ST�RQR ¡d«�T�opUWT�rST�PS�ÍqsVSo }�°�T�O���qsbWqsRQRQT�RQT�P�MD«�T�PST�P�¡��SOQTy¦S«�T�b � qsP'�ST�bD½¾qdqsRQo ¯|bW��±
UWTnf'OLUWT�OQP�§
qsPS�ST�bZ°�T���rSocT�RL°nOQbc¢sT�P�JDµ�f �SOQT'XdT�oWqsf UWTC½?T���rSocT�RL°nOQbc¢�VSPSXdocT�PST�bcXdOQTÍqsRQRQT�b[VSP�UWT�bcr�qsRQ«¾T�OQPST�b

cT�°�T�OQRQOQXdT�P¶MD«�T�PST'RQOQT�XdT�PS�ST�P ^`OQ��edRQTÊ}�V «�T�bcT���rSPST�P�¡�°nOQbc�¶¦S«�T�b[�SOQT�ocT'��T�OLUWbW�sXdT�OQP�UWT�XdbcOQT�bpU
� qs��qsf'ocedP�K � ��\���VSPS�%T�o�T�bcXdOQ«wUyocOQ��r 


VH = − Aeff

12πl2
.

��hwJ h �
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Aeff
OQopU|�SOQT�ocexXdT�P�qsPSP�UWTCT�º�T�¢�UWOLjdT �`qsf�qs¢sT�bc¢sedPSopU�qsP�UWTs¡�ocOQT�opUWT�RQRLU|T�OQPST�op �opUWT�f'oc��T�}�OL³�oc��rST

{|bcm �dT ��qsb�J�^¬q��SOQTÊT�º�T�¢�UWOLjdT �`qsf�qs¢sT�bc¢sedPSopU�qsP�UWT�T�OQPSTC{|bcm �dT OQopU�¡��SOQT T�OQPST�bcocT�OLUWo`jdedP2�ST�P
°�T���rSocT�RL°nOQbc¢sT�PS�ST�P)tlq�UWT�bcOzqsRQOQT�P�¡nqsPS�ST�bcT�bcocT�OLUWoljdedP®�ST�buXdT�edf'T�UWbcOQoc��rST�P®�`PSedbc�SP�VSPSX qs«�§
r��sPSXsU�¡�°�T�bc�ST�PÍOQP'�ST�b²¹1OLUWT�bWq�UWVSb Ì`�srST�bcVSPSXdop±6edbcf'T�RQPC±6¦Sb �SOQT �`qsf�qs¢sT�bc¢sedPSopU�qsP�UWT¬XdT�P�qsPSP�U�J
�`Vw±6XdbcVSPS�=jdedPÍknT�U�qsbc�SOQT�bcVSPSXdocT�º�T�¢�UWT�PÍ°nOQbc�

Aeff
ocedX�qsb�ed«�T�bcr�qsRQ«'jdedP ¥ OQRQf'�SOQ��¢sT�P'jdedP=��qwJ

K�vdv �­}�VÍT�OQPST�b ¥ VSPS¢�UWOQedP��ST�b ¥ OQRQf'�SOQ��¢sTsJ�µ�P�UWT�b � T�bcP�qs��rSRz�sococOQXdVSPSX jdedPxknT�U�qsbc�SOQT�bcVSPSXdocT�±z§
±6T�¢�UWT�Pl¢�qsPSP%�SOQT��`qsf�qs¢sT�bc¢sedPSopU�qsP�UWTZ�SVSbc��r�� OQocbWqsT�Rzqs��r�j�OQRQRQO K � �wK �

Aeff ≈ 3

4
kBT

(

εSubstrat − εFilm

εSubstrat + εFilm

)(

εGas − εFilm

εGas + εFilm

)

��hwJ � �

+hνe
3

8
√

2

(n2
Substrat − n2

Film)(n2
Gas − n2

Film)
√

n2
Substrat + n2

Film

√

n2
Gas + n2

Film(
√

n2
Substrat + n2

Film +
√

n2
Gas + n2

Film)
,

f'OLU��ST�f ¸DRzqsPS��¢�oc��rST�P ½ OQbc¢�VSPSXdo ��V�qsP�UWVSf
h
VSPS� �ST�b�f'OLUcUWRQT�bcT�P+�`«Socedbc�wUWOQedPSop±6bcT ��VST�PS}

νe ≈ 3 · 1015Hz
«�T�oc��rSbcOQT�«�T�PÍ°�T�bc�ST�P�J

n
VSPS�

ε
«�T�oc��rSbcT�OQ«�T�Px�ST�P%��bcT���r�VSPSXdocOQPS�STÈ�xVSPS�Í�SOQT

opU�q�UWOQoc��rST ¸�T�bcf'T�qs«SOQRQOLU���U²�ST�b`t%T��SOQT�P%OQfYocOQ��r�UW«�qsbcT�P2a���T�¢�UWbWqsRQ«�T�bcT�OQ��r�J
��T�qs��r�UWT�U f�qsPZP�VSP�¡���qsoco���qsoDa�VS«SopUWbWq�UGVSPS� �ST�b ¥ OQRQfAOQP �ST�b�~�¦SococOQXdT�PÊ¸Dr�qsocT jdedbcRQOQT�XdT�P�¡

oce'¢�qsPSP%�SOQT|XdT�oWqsf UWT ¥ bcT�OQT|MDPST�bcXdOQT[�Sbce ¥ Rz�s��rST|�SVSbc��r

G = γ1 + γ2 −
Aeff

12πl2
+ lkBTρtln

(

p

p0

)

,
��hwJ]� �

f'OLU'�ST�bÍª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX-�ST�oÍa�VS«SopUWbWq�UWT�o
γ1
VSPS�/�ST�bÍª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX-�ST�o

¥ OQRQf'T�o
γ2
¡wqsVSocXdT��Sbc¦S��¢�U²°�T�bc�ST�P�JS^`OQT`��T�bcT���rSP�VSPSXÊjdedP ¥ OQRQf'�SOQ��¢sT�PCOQP'�`«Sr��sPSXdOQXd¢sT�OLU jdedf

{[qsoc�SbcVS��¢
p
¢�qsPSP?P�VSP£¦S«�T�b �SOQT=t%OQPSOQf'OQT�bcVSPSXx�ST�b ¥ bcT�OQT�P¾MDPST�bcXdOQT�P�qs��r-{|RQT�OQ��r�VSPSXuhwJ]�

T�bp±6edRQXdT�P�J²^`OQTlT�bcopUWT2�`«SRQT�OLUWVSPSX¾�ST�b ¥ bcT�OQT�P MDPST�bcXdOQTlP�qs��r �ST�b ¥ OQRQf'�SOQ��¢sT
l
OQopU=XdT�XdT�«�T�P

�SVSbc��r 

∂G

∂l
=

Aeff

6πl3
+ ρtkBT ln

(

p

p0

)

= 0.
��hwJ © �

^`VSbc��ru��qso��`Vw~�mdocT�Pu�SOQT�ocT�b¬{|RQT�OQ��r�VSPSX'P�qs��rl�ST�b ¥ OQRQf'�SOQ��¢sT
lm
OQfgt%OQPSOQfÊVSfÁ�ST�o`¸�esUWT�P�§

UWOzqsRQo²T�bcXdOQ«wUnocOQ��r%�SOQTZ{|RQT�OQ��r�VSPSX�±6¦SbyT�OQPST[�y�Socedbc�wUWOQedPSocOQocesUWrST�bcf'T�


lm =

(

Aeff

6πρtkBT ln(p/p0)

)1/3

.
��hwJ]\ �

^`OQT��`«Sr��sPSXdOQXd¢sT�OLU �ST�b ¥ bcT�OQT�P�MDPST�bcXdOQTyjdedP��ST�b ¥ OQRQf'�SOQ��¢sT
l
«�T�OSjdT�bcoc��rSOQT��ST�PST�P%^`bc¦S��¢sT�P

pOQopU OQPÊ�`«S«SOQRQ�SVSPSX|hwJ h�°nOQT��ST�bcXdT�XdT�«�T�P�J�^`OQTyt%OQPSOQf�q��ST�b ¥ bcT�OQT�P�MDPST�bcXdOQT�«SOQRQ�ST�PÊ�ST�P � T�bcRzqsVw±
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�`«S«SOQRQ�SVSPSX%hwJ h 
�^`OQT ¥ bcT�OQTCMDPST�bcXdOQTCT�OQPST�oÊa� �opUWT�f'o�¡�«�T�opUWT�rST�PS�£qsVSo[T�OQPST�f a�VS«SopUWbWq�U VSPS�
T�OQPST�f´qs�Socedbc«SOQT�bpUWT�P ¥ OQRQf qsRQo ¥ VSPS¢�UWOQedP£�ST�b ¥ OQRQf'�SOQ��¢sT'«�T�O�jdT�bcoc��rSOQT��ST�PST�P/^`bc¦S��¢sT�P�J ¿ÀP
{|bWqsVwUWmdPST�P'ocOQPS�C�SOQT²jdT�bcoc��rSOQT��ST�PST�Px��T�OLUWbW�sXdTy}�VSb ¥ bcT�OQT�P'MDPST�bcXdOQTy��qsbcXdT�opUWT�RQRLU�¡dopUWbcOQ��rS�SVSPS¢d§
UWOQT�bpUÍ�ST�b=½?T���rSocT�RL°nOQbc¢�VSPSXdopUWT�bcf VSPS� �SVSbc��rSXdT�rST�PS�­XdbWqsV �ST�bx��T�OLUWbWqsX¾�ST�ox��rST�f'OQoc��rST�P
¸�esUWT�P�UWOzqsRQo�J�Ì�OQT��SbcOQXdTÊ^`bc¦S��¢sTC«�T�°nOQbc¢sT�P¶T�OQPSTÊXdbce �dTCa�UWT�OQXdVSPSX=�ST�o|��rST�f'OQoc��rST�P?¸�esUWT�P�UWOzqsRQo
qsRQo ¥ VSPS¢�UWOQedP¾�ST�b ¥ OQRQf'�SOQ��¢sT'VSPS�£ocedf'OLU ¥ OQRQf'TCf'OLU XdT�bcOQPSXdT�bÊ^`OQ��¢sTsJD^`VSbc��r-�SOQT=¸DVSPS¢�UWT
°nOQbc�x�SOQT[¹�qsXdT[�ST�bn�y�Socedbc�wUWOQedPSocOQocesUWrST�bcf'T|��qsbcXdT�opUWT�RQRLU�J

�ST�bn�y�Socedbc�wUWOQedPSocOQocesUWrST�bcf'T�P%qs«�J ¥ ¦Sb 
cT��ST�Pl^`bcVS��¢=°nVSbc�ST�Pl�SOQT[��T�OLUWbW�sXdT|�ST�on��rST�f'OQoc��rST�P
¸�esUWT�P�UWOzqsRQo�VSPS�Ê�ST�oG½?T���rSocT�RL°nOQbc¢�VSPSXdopUWT�bcf'o T�OQPS}�T�RQP ��qsbcXdT�opUWT�RQRLU�J�MDo�°nOQbc� �ST�VwUWRQOQ��r�¡���qsoco T�o
P�VSb�}�VSbn�`VSoc«SOQRQ�SVSPSXCopU�qs«SOQRQT�b ¥ OQRQf'T¬¢sedf'f U�¡w°�T�PSPl�SOQT|T�º�T�¢�UWOLjdT �`qsf�qs¢sT�bc¢sedPSopU�qsP�UWT

AeffOQP%{|RQT�OQ��r�VSPSX�hwJ]\ PST�X�q�UWOLj'OQopU�JS^`T�o²½?T�OLUWT�bcT�PÍ�SOLjdT�bcXdOQT�bpUy�SOQT ¥ OQRQf'�SOQ��¢sT�T�OQPST�o ¥ OQRQf'o�¡�°�T�PSP
�ST�b�{[qsoc�SbcVS��¢

p
�ST�P£¯�edPS�ST�PSoWq�UWOQedPSoc�SbcVS��¢

p0
�ST�oÊT�P�UWoc�SbcT���rST�PS�ST�P/{[qsocT�o T�bcbcT�OQ��r�U�JG^`T�b

� T�bcRzqsVw±G�ST�b�¿ÀocesUWrST�bcf'T�P%OQPx�`«Sr��sPSXdOQXd¢sT�OLUn�ST�o¬{[qsoc�SbcVS��¢sT�o`T�P�UWoc�SbcOQ��r�U¬�ST�bnT�OQPST�b ¥ bcT�PS¢sT�R §
�`qsRQocT� �§ ��OQRQR � ¥ � � � � ±6bcT�PS¢sT�R K �s��©w¡SrSOQRQR K �s� �w¡�r�qsRQocT� �K �s��» �1¿ÀocesUWrST�bcf'T�P�J
Â�VSbÊTÈ�w��T�bcOQf'T�P�UWT�RQRQT�P£�`Vw±6P�qsrSf'T�jdedP¤�y�Socedbc�wUWOQedPSocOQocesUWrST�bcf'T�P¾°�T�bc�ST�P¤jdT�bcoc��rSOQT��ST�PST

t%T�UWrSe��ST�P/T�OQPSXdT�ocT�UW}�U�J ^`OQT�ocT%ocOQPS�+}�VSf'T�OQopU'OQPS�SOQbcT�¢�UWTlt%T�UWrSe��ST�P�¡ ��J r�J T�oC³�PS�ST�U=¢sT�OQPST
RQed¢�qsRQT=t%T�ococVSPSX¶�ST�b ¥ OQRQf'�SOQ��¢sT�qsRQo ¥ VSPS¢�UWOQedP¾�ST�oC{[qsoc�SbcVS��¢�o�opU�q�UcU�J �`�sVw³�XljdT�bp°�T�PS�ST�UWT
t%T�UWrSe��ST�P2ocOQPS�ujdedRQVSf'T�UWbcOQoc��rST e��ST�b`XdbWq�j�OQf'T�UWbcOQoc��rST�t%T�ococVSPSXdT�P � ¢sT�RQRQT�b�Isvdv���� ¡�«�T�O��ST�PST�P
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tlq�UWT�bcOzqsRQOQT�P�¡�°�T�RQ��rSTlT�OQPSTÍocT�rSb'Xdbce �dTlª¬«�T�bp~>�s��rST%«�T�ocOLUW}�T�P�¡ T�OQPST�b'{[qsoc�Sr�qsocTlqsVSocXdT�ocT�UW}�U
°�T�bc�ST�P%VSPS�ÍqsPSoc��rSRQOQT �dT�PS�ÍT�OQPST|^`bcVS��¢��sPS�ST�bcVSPSXCOQP��ST�bn{[qsoc�Sr�qsocT¬e��ST�b²T�OQPST|{|T�°nOQ��r�UWoW�sP�§
�ST�bcVSPSX'�ST�o`¸Dbced«�T�PSf�q�UWT�bcOzqsRQo²XdT�f'T�ococT�Px°nOQbc��J
MDOQPST`°�T�OLUWT�bcTZt%mdXdRQOQ��rS¢sT�OLU²«�T�opUWT�r�U�OQP=�ST�b�t%T�ococVSPSX'T�OQPST�by¯[qs��qs}�OLU���UWoW�sPS�ST�bcVSPSXS¡�°�T�PSP

T�OQPC¸Dbced«�T�PSX�qsoD¦S«�T�bD��qso ¸Dbced«�T�PSf�q�UWT�bcOzqsR�XdT�RQT�OLUWT�UG°nOQbc��¡�°�T�RQ��rST�o ocOQ��rC}�°nOQoc��rST�P'}�°�T�O>¯�edP�§
�ST�PSoWq�UWedbc�SRzq�UcUWT�P�«�T�³�PS�ST�U � ¢sT�RQRQT�b�Isvdv���� Js^`OQT�ocT²rSOQT�bGjdedbcXdT�opUWT�RQRLUWT�P't%T�UWrSe��ST�PCRQOQT�±6T�bcP 
cT��Se���r
RQT��SOQXdRQOQ��r�¿ÀPw±6edbcf�q�UWOQedPST�P�¦S«�T�b ��qso � T�bcr��sRLUWPSOQo }�°nOQoc��rST�P��ST�b�qsPSXdT�«�esUWT�PST�P=¸Dbced«�T�PSed«�T�bp~>��§
��rST[VSPS�Í�ST�fÁqs�Socedbc«SOQT�bpUWT�P%{[qsopjdedRQVSf'T�P�¡�°²�srSbcT�PS�%�SOQT|a�UWbcVS¢�UWVSby�ST�onqs�Socedbc«SOQT�bpUWT�P ¥ OQRQf'o
PSOQ��r�U�«�T�opUWOQf'f U²°�T�bc�ST�Pl¢�qsPSP�J
MDOQPST=�SOQbcT�¢�UWTxt%T�ococVSPSX2jdedP ¥ OQRQf'�SOQ��¢sT�P?VSPS�£ocedf'OLU jdedP£�y�Socedbc�wUWOQedPSocOQocesUWrST�bcf'T�P£OQopU

f'OLU �ST�b²ª¬«�T�bp~>�s��rST�P�§¨¸DRzqsocf'edPST�P�§pa���T�¢�UWbcedoc¢sed�SOQT � rST�bcf'OQPSXdr�qsVSo�K � ��\��>f'mdXdRQOQ��r�J���T�O>�SOQT�ocT�b
t%T�UWrSe��ST[°nOQbc�%�SOQT ¥ OQRQf'�SOQ��¢sT¬�ST�o��y�Socedbc«�q�UWo��SVSbc��ruknT�~�T�¢�UWOLj�OLU���UWocf'T�ococVSPSXdT�PlOQfYj�OQocVST�R §
RQT�P2½?T�RQRQT�PSRz�sPSXdT�P�«�T�bcT�OQ��r¶�SVSbc��rSXdT�±6¦SrSbpU�J�^`OQT ¥ OQRQf'�SOQ��¢sTÊ¢�qsPSP¶VSP�UWT�b � T�bp°�T�PS�SVSPSXl�SOQT�ocT�b
t%T�UWrSe��ST=f'OLUZT�OQPST�bÊ{|T�P�qsVSOQXd¢sT�OLUZXdT�f'T�ococT�P¾°�T�bc�ST�P�¡G�SOQT�OQf a�VS«�qsPSXdopUWbcmdfÊ«�T�bcT�OQ��r¾RQOQT�XsU�J
a�OQTÊOQopU 
cT��Se���r?qsVw±²a� �opUWT�f'T�«�T�oc��rSbW�sPS¢�U�¡��ST�bcT�P?a�VS«SopUWbWq�UZqsVSo|T�OQPST�f �S¦SPSPST�P?t%T�U�qsRQRL³�RQf
«�T�opUWT�r�U�J
^`OQTlt%T�ococVSPSX jdedP ¥ OQRQf'�SOQ��¢sT�P-qsRQo ¥ VSPS¢�UWOQedP-�ST�o={[qsoc�SbcVS��¢�o�f'OLU��ST�b�t%T�UWrSe��ST%�ST�b

knmdP�UWXdT�PSbcT�~�T�¢�UWOLj�OLU���UWocf'T�ococVSPSXlopUWT�RQRLU|ocedf'OLU|T�OQPSTCMDbp°�T�OLUWT�bcVSPSX%VSPS� � T�bc«�T�ococT�bcVSPSXl�SOQT�ocT�b
t%T�UWrSe��ST�PZ��qsb�¡���qyocOQTD}�VSoW��UW}�RQOQ��r[¿ÀPw±6edbcf�q�UWOQedPST�P¬¦S«�T�b��SOQT ª¬«�T�bp~>�s��rST�P�§�VSPS� ¥ OQRQf'opUWbcVS¢�UWVSb
RQOQT�±6T�bpU�J
��T�O��ST�b ��T�bcRQT�OLUWVSPSXCjdedP {|RQT�OQ��r�VSPSX=hwJ]\�°nVSbc�ST �SOQTÊ^� �P�qsf'OQ¢Í�ST�b|a�VS«SopUWbWq�UWed«�T�bp~>�s��rST

VSPS�Ê�SOQT �ST�b ¥ OQRQf'ed«�T�bp~>�s��rST PSOQ��r�UG«�T�bc¦S��¢�ocOQ��r�UWOQXsU�J�½ OQT ocOQ��rÊOQf­±6edRQXdT�PS�ST�PÊ¯[qs�SOLUWT�R�rST�bWqsVSo¨§
opUWT�RQRQT�P °nOQbc��¡�OQopU �SOQT ¥ OQRQf'�SOQ��¢sT T�«�T�Pw±�qsRQRQoG�SVSbc��r��SOQT ��mdrST�Pw~�VS¢�UWV�q�UWOQedPST�P��ST�b ¥ OQRQf'ed«�T�bp~>��§
��rST «�T�T�OQPw~�VSocopU�J�^`¦SPSPST ¥ OQRQf'T�°nVSbc�ST�PuOQPÍjdT�bcoc��rSOQT��ST�PST�P2�`bc«�T�OLUWT�P%TÈ�w��T�bcOQf'T�P�UWT�RQR�VSP�UWT�b¨§
ocVS��r�U�Js^¬qs«�T�O�°nVSbc�ST�PÊr�qsVS�wUWoW�s��rSRQOQ��r �S¦SPSPST ¥ OQRQf'TDqsVw±w±6T�opUWT�P�a�VS«SopUWbWq�UWT�PÊ�SVSbc��r �y�Socedbc�wUWO §
edPuT�bc}�T�VSXsU|VSPS�2�SOQT�ocTÊf'OLUcUWT�RQo�knmdP�UWXdT�PSopUWbcT�VSVSPSXÍVSP�UWT�bcocVS��r�U � rST�OQRQf�qsPSP>IsvdvwKd¡��Se�T�bcb�K � �d»w¡
�Se�T�bcb�K � � � � J²^¬qso �`qsVS�wU�qsVSXdT�PSf'T�bc¢+«�T�O`�SOQT�ocT�PAµ�P�UWT�bcocVS��r�VSPSXdT�P®RzqsX£qsVw±Z�ST�b%a�UWbcVS¢�UWVSb
VSPS�¤^� �P�qsf'OQ¢ �ST�b ¥ OQRQf'ed«�T�bp~>�s��rSTs¡�°�T�RQ��rSTÍ�SVSbc��r¤OQrSbcTÍk�qsVSOQXd¢sT�OLU

σ
«�T�oc��rSbcOQT�«�T�P-°nOQbc��J

MG�w��T�bcOQf'T�P�UWT|r�qs«�T�PÍXdT�}�T�OQXsU�¡���qsocoy�SOQT|k�qsVSOQXd¢sT�OLU�T�OQPST�oy�S¦SPSPST�P ¥ OQRQf'o T�OQPST ¥ VSPS¢�UWOQedP=�ST�b
¥ OQRQf'�SOQ��¢sTZOQopU � rST�OQRQf�qsPSP>IsvdvwK � ¡S°²qso¬�SVSbc��r¶T�OQPST�Â�VSP�qsrSf'T �ST�b|¯�ed�S�SRQVSPSX=}�°nOQoc��rST�P?a�VS«�§
opUWbWq�UnVSPS� ¥ OQRQf)VSPS�%ocedf'OLU²�SVSbc��r%�`«SP�qsrSf'T|�ST�bn^� �P�qsf'OQ¢�OQf ¥ OQRQf «�T�O�ocOQPS¢sT�PS�ST�b ¥ OQRQf�§
�SOQ��¢sT T�bc¢�Rz�sbpU�°nOQbc� � �Se�T�bcb�K � � � � J�MDo�TÈ�wOQopUWOQT�bcT�PZVSP�UWT�bcoc��rSOQT��SRQOQ��rST �`PSoW��UW}�T }�VSb���T�oc��rSbcT�OQ«SVSPSX
�ST�b[ª¬«�T�bp~>�s��rST�Pw~�VS¢�UWV�q�UWOQedPST�P2�S¦SPSPST�b ¥ OQRQf'T � f'T���¢sTsK � �d©s«�¡�f'T���¢sT�IsvdvwKd¡�rST�OQRQf�qsPSP>IsvdvwKd¡
RQO
Isvdv�I�� JDa�e °nVSbc�ST%jdedP t%T���¢sT ��� ���	� T�OQP/t%e��ST�RQRyT�P�UÀ°nOQ��¢sT�RLU�¡ °�T�RQ��rST�o=�SOQTÍUWrST�bcf'OQoc��rST�P
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¥ RQVS¢�UWV�q�UWOQedPST�P[OQPZT�OQPST�f��S¦SPSPST�P ¥ OQRQf­«�T�O��ST�bG��T�oc��rSbcT�OQ«SVSPSX�jdedPÊ�y�Socedbc�wUWOQedPSocOQocesUWrST�bcf'T�P
«�T�bc¦S��¢�ocOQ��r�UWOQXsU � f'T���¢sTsK � �d©s«�¡�f'T���¢sT�IsvdvwKd¡Sjdedbc«�T�bcX�IsvdvwK � J���T�bcT���rSP�VSPSXdT�Pl±6¦SrSbpUWT�P%}�V%�ST�f
MDbcXdT�«SPSOQo�¡���qsoco²«�T�ocedPS�ST�bco ¥ OQRQf'Tyf'OLU T�OQPST�b²^`OQ��¢sT¬VSP�UWT�bcr�qsRQ«'jdedPx�ZPSf T�OQPST�OQf � T�bcXdRQT�OQ��r
}�VSb ¥ � �-¿ÀocesUWrST�bcf'T�P T�bcrSmdr�UWT ¥ OQRQf'�SOQ��¢sT qsVw±
°�T�OQocT�P�J�^`OQT�o�°nOQbc� qsVw±S�SOQTDUWrST�bcf'OQoc��rST�P ¥ RQVS¢d§
UWV�q�UWOQedPST�PC}�VSbc¦S��¢�XdT�±6¦SrSbpU�J�^`OQTn��T�oc��rSbcT�OQ«SVSPSXZjdedP=t%T�ococ��q�UWT�P�OQf k�qsrSf'T�P��SOQT�ocT�o�t%e��ST�RQRQo
RQT�XdT�P 
cT��Se���rlT�OQPST[jdedPu�ST�b ¥ OQRQf'�SOQ��¢sTZqs«Sr��sPSXdOQXdT ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSXÍ�ST�o`�y�Socedbc«�q�UWT�o
P�qsrSTsJ�IsvdvwKy°nVSbc�STyjdedP=t%T���¢sT ��� ���	� T�OQP�t%e��ST�RQRS}�VSb ��T�oc��rSbcT�OQ«SVSPSXZT�OQPST�b�t%T�fÊ«SbWqsP�jdT�bcms±z§
±6T�P�UWRQOQ��r�U�¡�°�T�RQ��rST|OQP=T�OQPST�fY«�T�RQOQT�«SOQXdT�P=¸�esUWT�P�UWOzqsR�oc��r�°nOQPSXsU�J�MDbcopUWT¬�`P�°�T�PS�SVSPSXC±�qsPS�Í�SOQT�ocT
�yrST�edbcOQT%OQP+�ST�b=��T�oc��rSbcT�OQ«SVSPSX?jdedP ¹1OQ�SOQ�+��OQRzq� dT�bcP � f'T���¢sT�Isvdvdh � J ��T�OQRQf�qsPSP ��� ���	� T�P�Up§
°nOQ��¢sT�RLUWT�PÍT�OQP%t%e��ST�RQR�}�VSb²��T�oc��rSbcT�OQ«SVSPSXC�ST�byk�qsVSOQXd¢sT�OLU��S¦SPSPST�b ¥ OQRQf'Ts¡��ST�bcT�P%ª¬«�T�bp~>�s��rST
OQP�T�OQPST�f�½?T���rSocT�RL°nOQbc¢�VSPSXdoc��esUWT�P�UWOzqsR�oc��r�°nOQPSXsU�J�^¬qso ½?T���rSocT�RL°nOQbc¢�VSPSXdoc��esUWT�P�UWOzqsR

G
°nVSbc�ST

�SVSbc��r¶T�OQPST �Gq� �RQedbcT�P�UÀ°nOQ��¢�RQVSPSXÍVSP�UWT�b|��T�bc¦S��¢�ocOQ��r�UWOQXdVSPSXxXdT�bWqs�ST�b ��T�bcf'TÊOQP
n
¡
G ∝ 1/lnm��qsbcXdT�opUWT�RQRLU�J ^`OQT�ocT%��T�bcT���rSP�VSPSXdT�P+°nOQT�ocT�P¤qsVw±`T�OQPST � T�bcf'OQPS�ST�bcVSPSX2�ST�b ¥ OQRQf'bWqsVSOQXd¢sT�OLUWT�P

«�T�O�PSOQT��SbcOQXdT�P ¥ OQRQf'�SOQ��¢sT�P=rSOQP�JS¹1O ��� ���	� � RQO
Isvdv�I���«�T�P�VwUW}�T�P%�SOQT[t%T�UWrSe��ST[�ST�b ¥ VSPS¢�UWOQedP�qsR §
OQP�UWT�XdbWq�UWOQedP�¡1VSf �ST�P?T�bcopUWT�P-qsPSr�qsbcf'edPSOQoc��rST�P ��T�bcf �ST�oZ½?T���rSocT�RL°nOQbc¢�VSPSXdoc��esUWT�P�UWOzqsRQo OQP
�SOQT=��T�bcT���rSP�VSPSX2jdedP-ª¬«�T�bp~>�s��rST�Pw~�VS¢�UWV�q�UWOQedPST�P£�S¦SPSPST�b ¥ OQRQf'TCT�OQPS}�VS«�T�}�OQT�rST�P�JG^`OQT�f'OLU
�SOQT�ocT�f t%e��ST�RQR�«�T�bcT���rSPST�UWT�P ¥ OQRQf'�SOQ��¢sT�P[°nOQT�ocT�P�T�OQPST��SVSbc��r�OQrSbcT�k�qsVSOQXd¢sT�OLUGT�bcrSmdr�UWTy^`OQ��¢sT
jdedb�J
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¿ÀPx�ST�fYP�VSPÍ±6edRQXdT�PS�ST�PÍ¯[qs�SOLUWT�R�ocedRQR�XdT�P�qsVST�byqsVw±��SOQT[a�UWbcVS¢�UWVSb�jdedPlª¬«�T�bp~>�s��rST�PÍ~�¦SococOQXdT�b
t%T��SOQT�P T�OQPSXdT�X�qsPSXdT�P[°�T�bc�ST�P�Js^¬qs«�T�O�°nOQbc�ZOQf®T�bcopUWT�P ��T�OQR��SOQT�ª¬«�T�bp~>�s��rST�T�OQPST�b ¥ RQ¦SococOQXd¢sT�OLU
«�T�UWbWqs��r�UWT�U�¡��ST�bcT�P��yOQT�±6TZj�OQT�R�Xdbcm �dT�b`OQopU¬qsRQo`�SOQT[½?T�RQRQT�PSRz�sPSXdT�Pl�ST�b|qsVw±DOQrSb¬qsVSocXdT�«SOQRQ�ST�UWT�P
½?T�RQRQT�P�J ¿Àf´��qsbWqsVw±n±6edRQXdT�PS�ST�P ��T�OQRyocedRQR��SOQT�ocT%MDOQPSoc��rSbW�sPS¢�VSPSX¾qsVw±6XdT�rSed«�T�P£°�T�bc�ST�P+VSPS�
½?T�RQRQT�P�«�T�°�T�XdVSPSXdT�P£qsVw±²�S¦SPSPST�P ¥ OQRQf'T�P2«�T�UWbWqs��r�UWT�U °�T�bc�ST�P�¡��SOQTCocOQ��r?T�«�T�Pw±�qsRQRQoZqsVw±²�ST�b
ª¬«�T�bp~>�s��rSTÍT�OQPST�o ~�¦SococOQXdT�P¤t%T��SOQVSf'o «�T�³�PS�ST�P�JD��T�O��ST�b���T�UWbWqs��r�UWVSPSX2°nOQbc� 
cT��Se���r¾jdedP
T�OQPST�bnOQ�ST�qsRQT�P ¥ RQ¦SococOQXd¢sT�OLU�qsVSocXdT�X�qsPSXdT�P�¡��ST�bcT�P �¬OQoc¢sedocOLU���UyjdT�bcP�qs��rSRz�sococOQXd«�qsbnOQopU�J

����� ��� �
	 �4-$;>=2?/@�� � !$����� �4- ;�
�� �.��%2�4-�� � ����� �

½?T�RQRQT�P�¡��SOQT�ocOQ��r�qsVw±�ª¬«�T�bp~>�s��rST�PÊ~�¦SococOQXdT�bDt%T��SOQT�P�qsVSoc«SbcT�OLUWT�P�¡socOQPS�ÊqsVSo �ST�fÃ�`RQRLU�qsXn°�edrSR
«�T�¢�qsPSP�U�J���T�Ow�SOQT�ocT�P'qsRQRLU��sXdRQOQ��rST�P ¸Dr��sPSedf'T�PST�P�r�qsPS�ST�RLUDT�o ocOQ��r 
cT��Se���r�f'T�OQopUWT�PSo VSf�½?T�R §
RQT�P?f'OLU|½?T�RQRQT�PSRz�sPSXdT�P }�°nOQoc��rST�P¤Â�T�P�UWOQf'T�UWT�bcP VSPS�-t%T�UWT�bcP�¡�°�T�RQ��rST��SVSbc��r¾f'T���r�qsPSOQoc��rST
a�UWmdbcVSPSXdT�P �ST�bÊª¬«�T�bp~>�s��rST�°nOQTC}sJ��`J1�SVSbc��r¶½ OQPS�ST�OQP�°nOQbc¢�VSPSX%T�P�UWopUWT�rST�P�JG^`OQT��`f'�SRQOLUWV�§
�ST�P �SOQT�ocT�b¬½?T�RQRQT�P2¢smdPSPST�P?T�«�T�Pw±�qsRQRQo¬T�OQPSOQXdT�t%T�UWT�b[T�bcbcT�OQ��rST�P�J�^`OQT�bc¦S��¢�UWbcT�OQ«�T�PS�ST'¯|bWq�±
U�¡
�SOQT �ST�b[a�UWmdbcVSPSX=VSPS�uocedf'OLU`�ST�b`jdT�bpUWOQ¢�qsRQT�Pl�`VSocRQT�PS¢�VSPSXÍ�ST�b ¥ RQ¦SococOQXd¢sT�OLUWoced«�T�bp~>�s��rST T�P�Up§
XdT�XdT�P�°nOQbc¢�U�¡ OQopUÊ�SOQTÍ{|bWq�j�OLU�q�UWOQedP�J�MDOQPST�f�q�UWrST�f�q�UWOQoc��rST=��T�oc��rSbcT�OQ«SVSPSX¶�ST�bÊ�`VSoc«SbcT�OLUWVSPSX
ocedRQ��rST�b|½?T�RQRQT�P�¡��SOQT�OQf ¥ edRQXdT�PS�ST�P?a���r�°�T�bcT�°�T�RQRQT�P¾XdT�P�qsPSP�U[°�T�bc�ST�P�¡1³�PS�ST�UZOQf k�qsrSf'T�P
�ST�b �n ��Sbce��w �P�qsf'OQ¢�opU�q�UcU�VSPS�x±6¦SrSbpU�}�V%T�OQPST�bn^`OQoc��T�bcocOQedPSocbcT�Rzq�UWOQedP � XdT�bpUWrSocT�P�K � �dh �

cschwere =

√

gλ

2π
,

��hwJ » �
°�T�RQ��rSTÊ�ST�P2Â�VSoWqsf'f'T�PSr�qsPSX'}�°nOQoc��rST�P2�ST�bn½?T�RQRQT�PSRz�sPSXdT

λ
VSPS�u�ST�b`¸Dr�qsocT�PSXdT�oc��r�°nOQPS�SOQX�§

¢sT�OLU
cschwere

�ST�b�½?T�RQRQT`«�T�oc��rSbcT�OQ«wU�J
g
OQopU²�SOQT¬MDbc�S«�T�oc��rSRQT�VSPSOQXdVSPSXSJS�`P�qsRQedX }�VSbnª¬�wUWOQ¢�°nOQbc�

�SOQTxÂ�VSP�qsrSf'T��ST�bC¸Dr�qsocT�PSXdT�oc��r�°nOQPS�SOQXd¢sT�OLU'f'OLU �ST�b ½?T�RQRQT�PSRz�sPSXdT=qsRQo PSedbcf�qsRQT�^`OQoc��T�bcocO §
edPÍ«�T�}�T�OQ��rSPST�U�JS½?T�RQRQT�P�«�T�°�T�XdVSPSXdT�P%qsVw±Gª¬«�T�bp~>�s��rST�PÍ~�¦SococOQXdT�b�t%T��SOQT�P=³�PS�ST�P 
cT��Se���r%qsVw±
¹��sPSXdT�PSoc¢�qsRQT�PC«SOQo }�V'q�UWedf�qsbcT�P�¹��sPSXdT�PST�OQPSrST�OLUWT�P�opU�q�UcU�Jd^`OQTnqsVw±��SOQT�ocT�P'¹��sPSXdT�PSoc¢�qsRQT�P�}�VSb
�`VSocRQT�PS¢�VSPSXl�ST�b ¥ RQ¦SococOQXd¢sT�OLUWoced«�T�bp~>�s��rSTC«�T�PSmsUWOQXsUWT'{|bWq�j�OLU�q�UWOQedPSocT�PST�bcXdOQTÊOQopUZocT�rSb[XdT�bcOQPSXS¡
jdT�bcXdRQOQ��rST�P£f'OLU �ST�bCMDPST�bcXdOQTs¡��SOQTÍqsVw±6XdT�«SbWqs��r�UÊ°�T�bc�ST�P-fÊVSoco�¡ VSf �SOQTÍª¬«�T�bp~>�s��rSTÍXdT�XdT�P
�SOQT[ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX'�ST�b ¥ RQ¦SococOQXd¢sT�OLU�}�VÍjdT�bp±6edbcf'T�P�JS^¬qsrST�b²�Sedf'OQPSOQT�bcT�P=OQf)½?T�RQRQT�P�§
Rz�sPSXdT�P�«�T�bcT�OQ��rÊVSP�UWT�bcr�qsRQ« jdedP�T�OQPST�f"Â�T�P�UWOQf'T�UWT�bG�SOQT�¯[qs�SOQRQRzqsbp°�T�RQRQT�P[��qso�½?T�RQRQT�PSoc��T�¢�UWbcVSf
T�OQPST�b ¥ RQ¦SococOQXd¢sT�OLUWoced«�T�bp~>�s��rSTsJ�^`OQT�o�OQopU�qsPSr�qsPS�ZjdedP �`«S«SOQRQ�SVSPSX�hwJ ��T�bcocOQ��r�UWRQOQ��r�J�^`edbpU�OQopU��SOQT
^`OQoc��T�bcocOQedPSocbcT�Rzq�UWOQedP=±6¦Sb�a���r�°�T�bcT�°�T�RQRQT�PlVSPS�%�SOQT[^`OQoc��T�bcocOQedPSocbcT�Rzq�UWOQedP�±6¦Sbn¯[qs�SOQRQRzqsbp°�T�RQRQT�P�¡
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�SOQT|�SVSbc��r

ckapp =

√

2πγ

ρλ

��hwJ � �
XdT�XdT�«�T�PlOQopU�¡�qsRQo ¥ VSPS¢�UWOQedP%�ST�bn½?T�RQRQT�PSRz�sPSXdT|��qsbcXdT�opUWT�RQRLU � XdT�bpUWrSocT�P�K � �dh � J

ρ
OQopU��SOQTZ^`OQ��r�UWT

�ST�b ¥ RQ¦SococOQXd¢sT�OLU�J>tlqsP%T�bc¢sT�PSP�U�¡���qsoco��SOQTZ¸Dr�qsocT�PSXdT�oc��r�°nOQPS�SOQXd¢sT�OLU¬�ST�b`¯[qs�SOQRQRzqsbp°�T�RQRQT�P�f'OLU
}�VSPST�rSf'T�PS�ST�bn½?T�RQRQT�PSRz�sPSXdT|qs«SPSOQf'f U�¡w�SOQT�ocTZqsRQoce�T�OQPSTZqsPSedbcf�qsRQT¬^`OQoc��T�bcocOQedPx«�T�ocOLUW}�T�P�J
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Schwerewellen
Kapillarwellen
Gesamt

�`«S«SOQRQ�SVSPSXChwJ ��
�¸Dr�qsocT�PSXdT�oc��r�°nOQPS�SOQXd¢sT�OLU�jdedPua���r�°�T�bcTÈ§²VSPS�%¯[qs�SOQRQRzqsbp°�T�RQRQT�P=qsRQo ¥ VSPS¢�UWOQedP
OQrSbcT�bD½?T�RQRQT�PSRz�sPSXdTsJd^`OQTn�SVSbc��rSXdT�}�edXdT�PST¬¹1OQPSOQTyopUWT�RQRLUD�SOQT`a�VSf'f'TnqsVSo «�T�OQ�ST�P'�`P�UWT�OQRQT�PC��qsb�J

^`OQT|jdedRQRQopU��sPS�SOQXdTZ^`OQoc��T�bcocOQedPSocbcT�Rzq�UWOQedP�¡S��J r�J>�SOQTÊa�VSf'f'TZqsVSo��ST�f ¯[qs�SOQRQRzqsb¨§DVSPS�u�ST�f
a���r�°�T�bcT�°�T�RQRQT�P�qsP�UWT�OQR ¡ OQopU�T�«�T�Pw±�qsRQRQoCOQP¤�`«S«SOQRQ�SVSPSX?hwJ �?��qsbcXdT�opUWT�RQRLU�JD^`OQTl¹�qsXdT%�ST�oÍt%OQPSO §
fÊVSf'o��ST�³�PSOQT�bpUGT�OQPST�bcocT�OLUWo��ST�P � «�T�bcX�qsPSXnjdedP�¯[qs�SOQRQRzqsbp°�T�RQRQT�P¬}�VCa���r�°�T�bcT�°�T�RQRQT�P�¡dqsPS�ST�bcT�b¨§
ocT�OLUWo²�SOQT`f'OQPSOQf�qsRQT²�`VSoc«SbcT�OLUWVSPSXdocXdT�oc��r�°nOQPS�SOQXd¢sT�OLU�¡S�SOQT`T�OQPST`½?T�RQRQT`qsVw±�T�OQPST�b ¥ RQ¦SococOQXd¢sT�OLUWo¨§
ed«�T�bp~>�s��rST�«�T�ocOLUW}�T�P¾¢�qsPSP�J�^`OQT�ocTC½?T�RQRQT�PSRz�sPSXdTÊ°nOQbc�¾qsRQo[��VwUWesº-½?T�RQRQT�PSRz�sPSXdT�«�T�}�T�OQ��rSPST�U�J
¥ ¦Sb'½¾qsococT�b=«�T�UWbW�sXsU=�SOQT�ocT¶{|T�oc��r�°nOQPS�SOQXd¢sT�OLU=��qwJ�vwJ h�I f ��o�«�T�O�T�OQPST�b'½?T�RQRQT�PSRz�sPSXdTxjdedP
T�UÀ°²quT�OQPST�f Â�T�P�UWOQf'T�UWT�b�JG^`OQT'ocOQ��r-qsVw±y�ST�bCª¬«�T�bp~>�s��rST=T�OQPST�b ¥ RQ¦SococOQXd¢sT�OLU qsVSoc«SbcT�OLUWT�PS�ST�P
½?T�RQRQT�Pl±6¦SrSbcT�P¶}�V2T�OQPST�b¬�`Vw±6bWqsVSVSPSX=�ST�bZª¬«�T�bp~>�s��rSTsJ�½ OQT TÈ�w��T�bcOQf'T�P�UWT�RQRQTÊµ�P�UWT�bcocVS��r�VSP�§
XdT�P�XdT�}�T�OQXsU r�qs«�T�P�¡s«�T�ocOLUW}�T�P ¥ RQ¦SococOQXd¢sT�OLUWoced«�T�bp~>�s��rST�P�T�OQPSTy¯[qs�SOQRQRzqsbp°�T�RQRQT�PSbWqsVSOQXd¢sT�OLU�OQPÊ�ST�b
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{|bcm �dT�PSedbc�SP�VSPSX=jdedP2T�OQPSOQXdT�P �`PSXdopUWmdf%¡��SOQTÊT�bcr�qsRLUWT�Pu«SRQT�OQ«wU�¡�qsVS��ru°�T�PSP¶�SOQT ¥ RQ¦SococOQXd¢sT�OLU
PSOQ��r�U�jdedP¤qsV��dT�P£XdT�opUWmdbpUÊ°nOQbc� � «SbWqsocRzqsV�K �d»d» � JG^`T�b'{|bcVSPS�¾±6¦SbÊ�SOQT�ocT�o � T�bcr�qsRLUWT�P£OQopU��SOQT
�`PSbcT�XdVSPSXCjdedPuª¬«�T�bp~>�s��rST�P�«�T�°�T�XdVSPSXdT�P2�SVSbc��rxUWrST�bcf'OQoc��rST ¥ RQVS¢�UWV�q�UWOQedPST�P�J�½ OQT|ocOQ��rxOQf
¥ edRQXdT�PS�ST�P?}�T�OQXdT�P °nOQbc��¡�±6¦SrSbcT�P¾�SOQT�ocT ¥ RQVS¢�UWV�q�UWOQedPST�P }�V?T�OQPST�b ¯[qs�SOQRQRzqsbp°�T�RQRQT�PSbWqsVSOQXd¢sT�OLU�¡
�SOQT r�qsVS�wUWoW�s��rSRQOQ��rujdedPu�ST�b ��T�f'��T�bWq�UWVSb`VSPS�2�ST�b|ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX%�ST�b ¥ RQ¦SococOQXd¢sT�OLU
qs«Sr��sPSXsU�J

Å �6� � �S�G�����6�S��ÉÊ�����6��������7��68>�>���
	Z���������'E 7���	�7��6�������������A@CBD����EGF������

�`VSocX�qsPSXdoc�SVSPS¢�U ±6¦Sb[�SOQTC��T�bcT���rSP�VSPSXu�ST�bZk�qsVSOQXd¢sT�OLU[T�OQPST�b[�SVSbc��r¾¯[qs�SOQRQRzqsbp°�T�RQRQT�Plf'e��SV�§
RQOQT�bpUWT�P ¥ RQ¦SococOQXd¢sT�OLUWoced«�T�bp~>�s��rST�OQopU �SOQT�MDPST�bcXdOQT��Sbce[ª¬«�T�bp~>�s��rST�PST�RQT�f'T�P�U�¡s�SOQT�qsVw±6}�V�°�T�PS�ST�P
OQopU�¡SVSfÁ�SOQTZª¬«�T�bp~>�s��rST[}�V%¢�bc¦Sf'f'T�P�JS^¬qs«�T�O�°nOQbc�xT�OQPST�bcocT�OLUWoy�ST�b���T�OLUWbWqsX�«�T�bcT���rSPST�U�¡>�ST�b
jdedP£�ST�b � T�bcXdbcm �dT�bcVSPSXu�ST�bCª¬«�T�bp~>�s��rST=XdT�XdT�P£�SOQTÍª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX¶XdT�RQT�OQopUWT�U °�T�b¨§
�ST�PxfÊVSoco�¡�qsPS�ST�bcT�bcocT�OLUWoy�ST�by��T�OLUWbWqsXS¡��ST�by«�T�O��ST�by�`PSrST�«SVSPSXC�ST�b ¥ RQ¦SococOQXd¢sT�OLUyqsfÁª¬bpUy�ST�b
¯|bc¦Sf'fÊVSPSX�XdT�XdT�P2�SOQTÊ{|bWq�j�OLU�q�UWOQedPlqsVw±6XdT�«SbWqs��r�U¬°�T�bc�ST�P2fÊVSoco�J�^`OQT�{|T�oWqsf UWT�PST�bcXdOQT

∆UOQopUn��qsPSP%XdT�XdT�«�T�P%�SVSbc��r � RQO
IsvdvwKd¡�«SbWqsocRzqsV�K �d»d»w¡wf'edRQRQT�b�K �d©����

∆U =
γ

2

∫

d2r|||∇h(~r||)|2 +
ρg

2

∫

d2r||h
2(~r||).

��hwJLK�v �

h(~r||)
OQopUn�SOQT|jdT�bpUWOQ¢�qsRQT|�`VSocRQT�PS¢�VSPSX��ST�b¬ª¬«�T�bp~>�s��rST qsfgª¬bpU

~r||
OQP%�ST�b ¥ RQ¦SococOQXd¢sT�OLUWocT�«�T�PST

VSPS�£«�T�oc��rSbcT�OQ«wU�ocedf'OLUZ�SOQT=¯�edP�UWVSb �ST�b�ª¬«�T�bp~>�s��rSTÍqsRQo ¥ VSPS¢�UWOQedP?�ST�b Rzq�UWT�bWqsRQT�P?¯�e�edbc�SO §
P�q�UWT�P

x
VSPS�

y
JwMDbcocT�UW}�U�f�qsP=P�VSP

h(~r||)
�SVSbc��r%OQrSbcT ¥ edVSbcOQT�bpUWbWqsPSop±6edbcf'OQT�bpUWT

h̃(~q||)
¡�°�T�RQ��rST

�SVSbc��r
h(~r||) =

(

1

2π

)2 ∫

d2q||h̃(~q||)e
i~q|| ~r||

��hwJLKdK��
f'OLU

h(~r||)
jdT�bc¢�P�¦S�w±
U¬OQopU�¡SoceCT�bcr��sRLUnf�qsPÍ±6¦Sby�SOQT[MDPST�bcXdOQT[�ST�o`a� �opUWT�f'o

∆U =
1

2

∫

d2q||
(

γ|~q|||2 + ρg
)

h̃(~q||)h̃(−~q||).
��hwJLK�I �

^`OQT�o�XdOQRLUDVSP�UWT�b��ST�b � edbWqsVSococT�UW}�VSPSXS¡���qsoco��SOQT`{|bcm �dT
h(~r||)

bcT�qsR>OQopU�¡���J�r�J
h̃∗(~q||) = h̃(−~q||)

� rST�OQRQf�qsPSP>IsvdvwK � J���T�UWbWqs��r�UWT�UZf�qsP2P�VSP¶�SOQT�MDPST�bcXdOQT
∆U

qsRQo¬T�OQPSTCa�VSf'f'Ts¡��SOQTÊ�SVSbc��r �SOQT
MDPST�bcXdOQT�PCT�OQPS}�T�RQPST�b ª¬oc}�OQRQRzq�UWedbcT�P f'OLU T�OQPST�f�½?T�RQRQT�P�jdT�¢�UWedb

~q||
XdT�«SOQRQ�ST�UG°nOQbc��¡doce|¢�qsPSPCf�qsP

VSP�UWT�bD�`P�°�T�PS�SVSPSX[�ST�o � ��VSOQ��qsbpUWOLUWOQedPSopUWrST�edbcT�f'o � XdT�bpUWrSocT�P�K � �dh �S�ST�P�¿ÀP�UWT�XdbWqsPS��XdRQT�OQ��rÊ�ST�b
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MDPST�bcXdOQT
kBT/2

T�OQPST�byT�OQPS}�T�RQPST�Pua���r�°nOQPSXdVSPSXdocf'e��ST[ocT�UW}�T�P 


kBT

2
= 1/2(γ|~q|||2 + ρg)4π2 < h̃(~q||)h̃(−~q||) > .

��hwJLK�h �

a�edf'OLUyT�bcXdOQ«wUnocOQ��r%�SOQT|f'OLUcUWRQT�bcT`�`VSocRQT�PS¢�VSPSX��Sbce�a���r�°nOQPSXdVSPSXdocf'e��ST�


< h̃(~q||)h̃(−~q||) >=
kBT

4π2γ

1

q2
|| + q2

grav

,
��hwJLK�� �

f'OLUy�ST�fÁVSP�UWT�bcT�Px½?T�RQRQT�P�jdT�¢�UWedbc��VwUWesº
qgrav =

√

ρg/γ
¡S°�T�RQ��rST�bnT�OQPST[^`OLjdT�bcXdT�PS}Z�ST�on�`VSo¨§

�SbcVS��¢sT�o¬hwJLK��C«�T�O
q|| → 0

jdT�bcrSOQPS�ST�bpU�J
< h̃(~q||)h̃(−~q||) >

°nOQbc�lqsVS��rua���T�¢�UWbWqsRQTZ¹1T�OQopUWVSPSXdo¨§
�SOQ��r�UWTxXdT�P�qsPSP�U�J ^`OQTx¯[qs�SOQRQRzqsbp°�T�RQRQT�PSbWqsVSOQXd¢sT�OLU

σ
�ST�b ¥ RQ¦SococOQXd¢sT�OLUWoced«�T�bp~>�s��rSTxT�bcXdOQ«wUCocOQ��r

qsVSo �ST�b ¿ÀP�UWT�XdbWq�UWOQedPC�ST�b²{|RQT�OQ��r�VSPSX hwJLK��Z¦S«�T�b �ST�P�TÈ�w��T�bcOQf'T�P�UWT�RQR�}�VSX��sPSXdRQOQ��rST�P=a���T�¢�UWbWqsR §
«�T�bcT�OQ��r 


σ2 =

∫ qmax

qgrav

d2q|| < h̃(~q||)h̃(−~q||) >=
kBT

2πγ
ln

(

qmax

qgrav

)

.
��hwJLK�� �

^`T�b�oce'XdT�P�qsPSP�UWTZed«�T�bcT[½?T�RQRQT�P�jdT�¢�UWedbc��VwUWesº
qmax

OQopU��SVSbc��rl�ST�PlOQP�jdT�bcocT�P2t%edRQT�¢�¦SRQ�SVSbc��r�§
f'T�ococT�b��ST�b=t%edRQT�¢�¦SRQT%�ST�³�PSOQT�bpU�¡ �SOQTx�SOQT ¥ RQ¦SococOQXd¢sT�OLUC«SOQRQ�ST�P �

qmax = π/rM
¡
rM

OQopU'�ST�b
t%edRQT�¢�¦SRQbWqs�SOQVSo �ÈJy^`OQT¶k�qsVSOQXd¢sT�OLUÍT�OQPST�b ¥ RQ¦SococOQXd¢sT�OLUWoced«�T�bp~>�s��rST¶OQopUxocedf'OLUÍT�OQPST ¥ VSPS¢�UWOQedP
�ST�b ��T�f'��T�bWq�UWVSb

T
VSPS�%�ST�b`ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX

γ
J

½ OQT�OQPÍ¯[qs�SOLUWT�R�IZT�bp°²�srSP�Uy°nVSbc�STs¡wfÊVSoco²«�T�O��ST�by^`VSbc��rw±6¦SrSbcVSPSXCT�OQPST�o²knmdP�UWXdT�PSbcT�~�T�¢d§
UWOLj�OLU���UWocTÈ�w��T�bcOQf'T�P�UWT�oG�SOQT²T�PS�SRQOQ��rST²^`T�UWT�¢�UWedbWqsVw~�mdocVSPSXZ«�T�Ow�ST�b �`P�qsRL �ocT²�ST�bDqsVw±6XdT�PSedf'f'TÈ§
PST�P�^¬q�UWT�P'«�T�bc¦S��¢�ocOQ��r�UWOQXsU °�T�bc�ST�P�J�^`OQT�oD±6¦SrSbpU ��qs}�V�¡���qsoco �SOQTyVSP�UWT�bcT�¿ÀP�UWT�XdbWqsRQXdbcT�PS}�T

qgrav«�T�O �ST�b ��T�bcT���rSP�VSPSX2�ST�b k�qsVSOQXd¢sT�OLU[�SVSbc��r?�ST�P¾OQP �ST�bZknT�XdT�R Xdbcm �dT�bcT�P?VSP�UWT�bcT�P?½?T�RQRQT�P�§
jdT�¢�UWedbc��VwUWesº

qres
T�bcocT�UW}�Uy°nOQbc��Jw^`T�byVSP�UWT�bcT¬½?T�RQRQT�P�jdT�¢�UWedbc��VwUWesºuOQopU²T�OQPST`jdedf�MG�w��T�bcOQf'T�P�U

qs«Sr��sPSXdOQXdT`{|bcm �dTsJ�¿Àf ¥ qsRQRQT²T�OQPST�o �SVSbc��r��SOQTn�`Vw~�mdocVSPSXÊ«�T�opUWOQf'f UWT�P�½?T�RQRQT�P�jdT�¢�UWedbc��VwUWesº�o
OQopUC�SOQT�ocT�bC�SVSbc��r

qres ≈ 1/2qz∆αf
XdT�XdT�«�T�P � «SbWqsocRzqsV�K �d»d» � J ^`OQTl{|bcm �dT

∆αf
«�T�bcT���rSPST�U

ocOQ��rx��qs«�T�O1qsVSon�ST�b��`º�P�VSPSXC�ST�o�^`T�UWT�¢�UWedbcoc��qsRLUWT�o�J>^`OQT[qsVSoyT�OQPST�fÁknmdP�UWXdT�PSbcT�~�T�¢�UWOLj�OLU���UWo¨§
TÈ�w��T�bcOQf'T�P�UDrST�bpjdedbcXdT�rST�PS�STnk�qsVSOQXd¢sT�OLU

σeff = σeff(qz)
OQopU ocedf'OLUGT�OQPST jdedf�TÈ�w��T�bcOQf'T�P�UWT�RQRQT�P

�`Vw±6«�qsV�qs«Sr��sPSXdOQXdT�{|bcm �dT VSPS�Ê¢�qsPSP jdedPÊ�ST�bGrSOQT�b�«�T�bcT���rSPST�UWT�P'k�qsVSOQXd¢sT�OLU�T�OQPST�b�VSPST�PS�SRQOQ��r
UWOQT�±6T�PxVSPS�%Rzq�UWT�bWqsR�VSPST�PS�SRQOQ��rÍ°�T�OLU`qsVSocXdT��ST�rSP�UWT�P ¥ RQ¦SococOQXd¢sT�OLUWoced«�T�bp~>�s��rSTZqs«�°�T�OQ��rST�P�J
^`T�oÍ½?T�OLUWT�bcT�PAocT�OZqsP �SOQT�ocT�bla�UWT�RQRQT2T�bp°²�srSP�U�¡n��qsocoxT�OQPST ¥ RQ¦SococOQXd¢sT�OLUWoced«�T�bp~>�s��rST¶PSTÈ§

«�T�P¤�ST�bC�SVSbc��r+�w �P�qsf'OQoc��rST ¥ RQVS¢�UWV�q�UWOQedPST�P£jdT�bcVSbcoWqs��r�UWT�P ¯[qs�SOQRQRzqsbp°�T�RQRQT�PSbWqsVSOQXd¢sT�OLUZT�OQPST
ocelXdT�P�qsPSP�UWT�OQP�UWbcOQPSocOQoc��rST�k�qsVSOQXd¢sT�OLU[«�T�ocOLUW}�U�¡��SOQT'OQP �ST�bÊ{|bcm �dT�PSedbc�SP�VSPSX%jdedP?��qwJ�T�OQPST�f
�`PSXdopUWmdf RQOQT�XdT�P2ocedRQR � «SbWqsocRzqsV�K �d»d»w¡�e���¢seSK � �s� � J1^`OQT�ocTCOQP�UWbcOQPSocOQoc��rSTCk�qsVSOQXd¢sT�OLU|OQopU[OQP¶�ST�f
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opUWT�UWOQXdT�P � «�T�bcX�qsPSX=jdedP2�ST�b ¥ RQ¦SococOQXd�Sr�qsocTÊOQPu�SOQT�{[qsoc�Sr�qsocT�«�T�Xdbc¦SPS�ST�U�J1a�OQT °nOQbc� 
cT��Se���r
jdedPC�ST�b ¯[qs�SOQRQRzqsbp°�T�RQRQT�PSbWqsVSOQXd¢sT�OLU�¦S«�T�bcRzqsXdT�bpU VSPS�COQopUDTÈ�w��T�bcOQf'T�P�UWT�RQRwPSOQ��r�U �SOQbcT�¢�UDf'T�ococ«�qsb�J

� �>�������6�w	��6�������À7�����	��6�������
Â�VSb���T�bcT���rSP�VSPSX=jdedPuk�qsVSOQXd¢sT�OLUWT�Px«�T�RQOQT�«SOQXdT�bnª¬«�T�bp~>�s��rST�PuOQopU�T�o�PSesUÀ°�T�PS�SOQXS¡>T�OQPST[XdT�T�OQX�§
PST�UWT¬f�q�UWrST�f�q�UWOQoc��rST���T�oc��rSbcT�OQ«SVSPSX��ST�byª¬«�T�bp~>�s��rST`}�V�³�PS�ST�P�JwMDOQPST|t%mdXdRQOQ��rS¢sT�OLU «�T�opUWT�r�U
��qsbcOQP�¡��SOQT²ª¬«�T�bp~>�s��rST�PSopUWbcVS¢�UWVSb qsRQo�T�OQPST ¥ VSPS¢�UWOQedP

h(~r||)
}�V�«�T�oc��rSbcT�OQ«�T�P�¡s�SOQT 
cT��ST�f ª¬bpUWo¨§

jdT�¢�UWedb
~r||
OQPSPST�bcr�qsRQ« �ST�bCª¬«�T�bp~>�s��rST=T�OQPST'�`VSocRQT�PS¢�VSPSX2OQP jdT�bpUWOQ¢�qsRQT�b knOQ��r�UWVSPSXu}�V�°�T�OQopU�J

^¬q 
cT��Se���r=�SOQT`XdT�P�qsVST|a�UWbcVS¢�UWVSb²�ST�byª¬«�T�bp~>�s��rST¬OQfY^`T�U�qsOQR>es±
U²PSOQ��r�U²«�T�¢�qsPSP�U²OQopU�¡�OQopU��SOQTÈ§
ocT��`bpU|�ST�b[��T�oc��rSbcT�OQ«SVSPSXx�Sbced«SRQT�f�q�UWOQoc��r�J�^¬qsrST�b|OQopU¬T�OQPSTÊopU�q�UWOQopUWOQoc��rSTC��T�oc��rSbcT�OQ«SVSPSXx�ST�b
ª¬«�T�bp~>�s��rST�P �SVSbc��r?¯�edbcbcT�Rzq�UWOQedPSop±6VSPS¢�UWOQedPST�Pujdedbc}�VS}�OQT�rST�P�J�^`OQT ��mdrST�P�§ ��mdrST�P ¯�edbcbcT�Rzq�UWO §
edPSop±6VSPS¢�UWOQedP%OQopUn�ST�³�PSOQT�bpU��SVSbc��r�� UWedRzqsP�K � � � �

C(~R||) =
1

A

∫

A

d2r||h(~r||)h(~r|| + ~R||) ≡< h(~r||)h(~r|| + ~R||) >~r||,
��hwJLK�© �

f'OLU|�ST�f OQP2�ST�b ª¬«�T�bp~>�s��rSTCRQOQT�XdT�PS�ST�P � T�¢�UWedb ~R||
J�^¬qso[¿ÀP�UWT�XdbWqsR fÊVSoco[rSOQT�bc«�T�O ¦S«�T�b[T�OQP

qsVSocbcT�OQ��rST�PS� Xdbce �dT�o ��T�OQRQopUW¦S��¢
A
�ST�bxª¬«�T�bp~>�s��rST2«�T�bcT���rSPST�UÍ°�T�bc�ST�P�Jy^`OQTuk�qsVSOQXd¢sT�OLU

σT�OQPST�b`ª¬«�T�bp~>�s��rST[OQopUn��qsPSP%�SVSbc��r

σ2 = C(0) =< h2(~r||) >~r||

��hwJLK�\ �

�ST�³�PSOQT�bpU�J2��T�O¾�ST�bÃ��T�bcT���rSP�VSPSXgjdedP a�UWbcT�V���VST�bcoc��rSPSOLUcUWT�P °nOQbc��r��sVw³�X¼�SOQT ¥ edVSbcOQT�b¨§
��bWqsPSop±6edbcf'OQT�bpUWT|�ST�b ��mdrST�P�§ ��mdrST�Pl¯�edbcbcT�Rzq�UWOQedPSop±6VSPS¢�UWOQedP

C̃(~q||)
jdT�bp°�T�PS�ST�U 


C̃(~q||) =

∫

d2R||C(~R||)e
−i~q|| ~R||.

��hwJLK�» �

^`VSbc��r��`P�°�T�PS�SVSPSX[�ST�o�½ OQT�PST�b¨§¨¯|rSOQPS��rSOQP �yrST�edbcT�f'o��  �qsXdRQedf%K �d»�\���¢�qsPSPÊXdT�}�T�OQXsU�°�T�bc�ST�P�¡
��qsocoD�SOQTna���T�¢�UWbWqsRQTn¹1T�OQopUWVSPSXdoc�SOQ��r�UWTyT�OQPST�b ¥ RQ¦SococOQXd¢sT�OLUWoced«�T�bp~>�s��rST � {|RQT�OQ��r�VSPSX[hwJLK�� ���SVSbc��r
C̃(~q||)

��qsbcXdT�opUWT�RQRLUy°�T�bc�ST�Pl¢�qsPSP�J>^¬qsbWqsVSoy±6edRQXsU²±6¦Sby�SOQT[k�qsVSOQXd¢sT�OLUyT�OQPST�b`ª¬«�T�bp±��s��rST
σ



σ2 =

∫

d2q||C̃(~q||) =

∫

d2q|| < h̃(~q||)h̃(−~q||) > .
��hwJLK � �

^`OQT¤^¬qsbcopUWT�RQRQVSPSX �ST�b ��mdrST�P�§ ��mdrST�P"¯�edbcbcT�Rzq�UWOQedPSop±6VSPS¢�UWOQedP�OQf ª¬bpUWocbWqsVSf�¢�qsPSP�ocedf'OLU
�SVSbc��r=�SOQT ¥ edVSbcOQT�bpUWbWqsPSop±6edbcf�q�UWOQedPÊ�ST�b²a���T�¢�UWbWqsRQT�P=¹1T�OQopUWVSPSXdoc�SOQ��r�UWT

C̃(~q||)
«�T�bcT���rSPST�U²°�T�b¨§
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�ST�P�J�^`VSbc��r%�SOQT ¥ edVSbcOQT�bpUWbWqsPSop±6edbcf�q�UWOQedP'jdedPu{|RQT�OQ��r�VSPSX'hwJLK���T�bcr��sRLUnf�qsPx«�T�OQoc�SOQT�RQop°�T�OQocT

C(R) =
kBT

2πγ
K0(qlcR),

��hwJ]Isv �

f'OLU��ST�bGf'e��SOL³�}�OQT�bpUWT�PZ��T�ococT�RL±6VSPS¢�UWOQedPÊ}�°�T�OLUWT�bG�`bpU P�VSRQRLUWT�bGª¬bc�SP�VSPSX
K0
VSPS�Ê�ST�fÃVSP�UWT�bcT�P

½?T�RQRQT�P�jdT�¢�UWedbc��VwUWesº
qlc
J�¿ÀPx�`«S«SOQRQ�SVSPSXChwJ]�ÊOQopUn�ST�b ��V�qsRQOLU�q�UWOLjdT � T�bcRzqsVw±��ST�b ��mdrST�P�§ ��mdrST�P

¯�edbcbcT�Rzq�UWOQedPSop±6VSPS¢�UWOQedP¶T�OQPST�b|½¾qsococT�bced«�T�bp~>�s��rST���qsbcXdT�opUWT�RQRLU�J�t%OLUZXdbcm �dT�b|°�T�bc�ST�PS�ST�f �`«�§
opU�qsPS�

R
PSOQf'f U �SOQT�¯�edbcbcT�Rzq�UWOQedPC}�°nOQoc��rST�P=}�°�T�O�¸DVSPS¢�UWT�PÍqsVw±1T�OQPST�b�ª¬«�T�bp~>�s��rST`opUWT�UWOQX qs«�J

^¬qso`tlq��wOQfÊVSf��ST�bn¯�edbcbcT�Rzq�UWOQedPSop±6VSPS¢�UWOQedP=OQopUyOQPÍ�SOQT�ocT�b�^¬qsbcopUWT�RQRQVSPSXCqsVw± K[PSedbcf'OQT�bpU�J ¥ ¦Sb
R → 0

�SOLjdT�bcXdOQT�bpU
C(R)

J�MDo|fÊVSoco|ocedf'OLU¬T�OQPST�f'OQPSOQf�qsRQT[¹��sPSXdTÊT�OQPSXdT�±6¦SrSbpU¬°�T�bc�ST�P�¡�VSP�§
UWT�bcr�qsRQ«��ST�b²�SOQT`¯�edbcbcT�Rzq�UWOQedPSop±6VSPS¢�UWOQedP'¢sT�OQPST¬��T�OLUWbW�sXdT�}�VSb²k�qsVSOQXd¢sT�OLU�RQOQT�±6T�bpU�J�^`OQT�ocT¬¹��sPSXdT
OQopU[�SVSbc��r?�SOQT�f'OQPSOQf�qsRQT ¯[qs�SOQRQRzqsbp°�T�RQRQT�PSRz�sPSXdT[�ST�³�PSOQT�bpUZVSPS� «�T�O ¥ RQ¦SococOQXd¢sT�OLUWT�P2°nOQT�½¾qso¨§
ocT�bÍ�SVSbc��r �ST�PAk�qs�SOQVSo=�ST�b ¥ RQ¦SococOQXd¢sT�OLUWocf'edRQT�¢�¦SRQT

rM
«�T�opUWOQf'f U�J���T�O¬�ST�bÍ��T�UWbWqs��r�UWVSPSX

�ST�b ¥ edVSbcOQT�b¨§ ��bWqsPSop±6edbcf'OQT�bpUWT�P jdedP/{|RQT�OQ��r�VSPSX2hwJ]IsvuT�P�UWoc�SbcOQ��r�U'�SOQT�o��ST�bCMDOQPw±6¦SrSbcVSPSX2�ST�o
½?T�RQRQT�P�jdT�¢�UWedbc��VwUWesº�o

qmax
J

10
−10

10
−8

10
−6

10
−4

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

R [m]

C
(R

)

�`«S«SOQRQ�SVSPSX�hwJ]� 
 �¬V�qsRQOLU�q�UWOLjdT�b � T�bcRzqsVw±x�ST�b ��mdrST�P�§ ��mdrST�P ¯�edbcbcT�Rzq�UWOQedPSop±6VSPS¢�UWOQedP T�OQPST�b
½¾qsococT�bced«�T�bp~>�s��rST �6��qso`tlq��wOQfÊVSf�OQopU�qsVw±�K[PSedbcf'OQT�bpU �ÈJ

^¬qu«�T�O²�ST�b���T�oc��rSbcT�OQ«SVSPSX¶jdedP+ª¬«�T�bp~>�s��rST�P¤�SOQT�ocTÍqsRQoÊRzq�UWT�bWqsR OQocesUWbced�£qsPSXdT�PSedf'f'T�P
°�T�bc�ST�P�¡�XdOQ«wU�T�oGqsVw±S�ST�b ª¬«�T�bp~>�s��rST ¢sT�OQPST�PÊqsVSocXdT�}�T�OQ��rSPST�UWT�P���T�}�VSXdoc�SVSPS¢�U�Js^¬qso�«�T��ST�VwUWT�U�¡



Ä�9
:=< ��	�8>��������EG����	��

��
	�Fw	����?������7���8>���¤��� �������"�����������W�Z���>����� 7����

� �
�1�����������W�����>BG71	���� � �������dEGF������

��qsocoy�SOQT ��mdrST�P�§ ��mdrST�Px¯�edbcbcT�Rzq�UWOQedPSop±6VSPS¢�UWOQedP'P�VSb�jdedPÍ�ST�b²bcT�Rzq�UWOLjdT�PÍ^`OLº�T�bcT�PS} |~r(x, y)−
~R(X, Y )| }�°nOQoc��rST�Pl}�°�T�O�¸DVSPS¢�UWT�PlOQPx�ST�b`ª¬«�T�bp~>�s��rST qs«Sr��sPSXsU�J^`OQT ��T�oc��rSbcT�OQ«SVSPSX=jdedP¶ª¬«�T�bp~>�s��rST�Pw~�VS¢�UWV�q�UWOQedPST�P2�SVSbc��r¶¯�edbcbcT�Rzq�UWOQedPSop±6VSPS¢�UWOQedPST�P%OQopU
PSOQ��r�U%qsVw± T�OQPSTl±6bcT�O`~�VS¢�UWVSOQT�bcT�PS�ST?ª¬«�T�bp~>�s��rST¶«�T�oc��rSbW�sPS¢�U�J`a�e¾°nOQbc� «�T�OQoc�SOQT�RQop°�T�OQocTu«�T�O
T�OQPST�f a� �opUWT�f%¡�«�T�opUWT�rST�PS�£qsVSo[f'T�rSbcT�bcT�P£ª¬«�T�bp~>�s��rST�P�¡��SOQT�¢sedPw±6edbcf'T'��T�°�T�XdVSPSXl�SOQT�ocT�b
ª¬«�T�bp~>�s��rST�Pl�SVSbc��rloce'XdT�P�qsPSP�UWTZ¯|bcT�VS}�¢sedbcbcT�Rzq�UWOQedPSop±6VSPS¢�UWOQedPST�Px«�T�oc��rSbcOQT�«�T�P�J

����� �'� �
	 �4-$;>=2?/@�� � � 
������4-�� � 
�� �.��%��2� �"! ���>��� �

¿Àf ±6edRQXdT�PS�ST�P/¯[qs�SOLUWT�RyocedRQR�qsVw±¬�SOQTuª¬«�T�bp~>�s��rST�PSbWqsVSOQXd¢sT�OLU�ocT�rSb��S¦SPSPST�b�~�¦SococOQXdT�b ¥ OQRQf'T
T�OQPSXdT�X�qsPSXdT�P%°�T�bc�ST�P�J���T�O��ST�b`��T�UWbWqs��r�UWVSPSX=�ST�b|ª¬«�T�bp~>�s��rST�Pw~�VS¢�UWV�q�UWOQedPST�Pu�SOQT�ocT�b¬t%T��SO §
T�P/fÊVSoco�«�T�bc¦S��¢�ocOQ��r�UWOQXsU'°�T�bc�ST�P�¡���qsoco��SOQTuª¬«�T�bp~>�s��rSTl�ST�o ¥ OQRQf'T�o�PSOQ��r�U�f'T�rSb�qsRQo�±6bcT�O
~�VS¢�UWVSOQT�bcT�PS�ST�o%a� �opUWT�fÎ«�T�oc��rSbcOQT�«�T�P/°�T�bc�ST�P ¢�qsPSP�J²a�e?¢sedf'f U�T�o=qsVw±6XdbcVSPS�/�ST�b�XdT�bcOQP�§
XdT�P ¥ RQ¦SococOQXd¢sT�OLUWopUWOQT�±6Ts¡��SOQT2OQP �ST�PArSOQT�bÍ«�T�UWbWqs��r�UWT�UWT�P ¥ �sRQRQT�P/P�VSbxT�OQPSOQXdT �`PSXdopUWbcmdf «SOQo
Ì`qsPSedf'T�UWT�b|«�T�UWbW�sXsU�¡�}�V¶½?T���rSocT�RL°nOQbc¢�VSPSXdT�P?}�°nOQoc��rST�P¾�ST�bZa�VS«SopUWbWq�UWed«�T�bp~>�s��rST � ¥ RQ¦SococOQX�§
¢sT�OLUWocXdbcVSPS�
�¬VSPS� �ST�b ª¬«�T�bp~>�s��rST'�ST�o[�S¦SPSPST�P ¥ OQRQf'o�J�^¬qso a�VS«SopUWbWq�U|°nOQbc�¶OQf ¥ edRQXdT�PS�ST�P
T�«�T�Pw±�qsRQRQoyqsRQo²~�¦SococOQXS¡ 
cT��Se���rlqsRQo²f'OLUy�ST�b�a���rSOQ��r�UWocVS«SopU�qsPS} PSOQ��r�Unf'OQoc��r�«�qsbnqsPSXdT�PSedf'f'T�P�J
^`OQT�½?T���rSocT�RL°nOQbc¢�VSPSX|}�°nOQoc��rST�PC�ST�P�«�T�OQ�ST�P ¥ RQ¦SococOQXd¢sT�OLUWoced«�T�bp~>�s��rST�P ±6¦SrSbpUD}�V�T�OQPST�b ¯�ed�S��§
RQVSPSX �ST�byª¬«�T�bp~>�s��rST�Pw~�VS¢�UWV�q�UWOQedPST�P�Jw��T�O��ST�b²��T�bcT���rSP�VSPSX��ST�b ¥ OQRQf'bWqsVSOQXd¢sT�OLU fÊVSoco���qsrST�b
��qso XdT�oWqsf UWT`a� �opUWT�f%¡�«�T�opUWT�rST�PS�ÍqsVSo�a�VS«SopUWbWq�U�VSPS� ¥ OQRQf%¡�«�T�UWbWqs��r�UWT�U °�T�bc�ST�P�Jw^`OQT�¯�ed�S��§
RQVSPSXx}�°nOQoc��rST�P?«�T�OQ�ST�P¾ª¬«�T�bp~>�s��rST�P °nOQbc�¶�SVSbc��r?�SOQT ¥ bcT�OQTCMDPST�bcXdOQT�«�T�oc��rSbcOQT�«�T�P�¡1°nOQTCocOQT
OQP¾{|RQT�OQ��r�VSPSXlhwJ]�=±6edbcfÊVSRQOQT�bpU|OQopU�J�Â�VSb � T�bcT�OQPw±�qs��r�VSPSXl�ST�bZf�q�UWrST�f�q�UWOQoc��rST�P?��T�r�qsPS�SRQVSPSX
°nOQbc�=�SOQT�ocT|{|RQT�OQ��r�VSPSXZOQP�T�OQPST �Gq� �RQedbcbcT�OQrST�VSf �SOQT¬{|RQT�OQ��rSXdT�°nOQ��r�UWoc��edocOLUWOQedP

lm
T�P�UÀ°nOQ��¢sT�RLU�J

∆G(l) ≈ 1

2

∂2G

∂l2

∣

∣

∣

∣

lm

h(~r)2 +
1

6

∂3G

∂l3

∣

∣

∣

∣

lm

h(~r)3 +
1

24

∂4G

∂l4

∣

∣

∣

∣

lm

h(~r)4 + ... .
��hwJ]I�K��

tlqsPZ«�T�qs��r�UWTs¡���qsoco�T�o�ocOQ��rZ��qs«�T�O�VSf®T�OQPST MDPST�bcXdOQT��sPS�ST�bcVSPSX��ST�o a� �opUWT�f'o�OQP[�`«Sr��sPSXdOQXd¢sT�OLU
�ST�b ¥ OQRQf'�SOQ��¢sT²r�qsPS�ST�RLU�J�^¬qsrST�b T�bcoc��rST�OQP�U��SOQTnvwJ�ª¬bc�SP�VSPSXZ�ST�b �Gq� �RQedbcT�P�UÀ°nOQ��¢�RQVSPSXZPSOQ��r�U OQP
¥ edbcf'T�R1hwJ]I�KdJS^`OQTCKdJ>ª¬bc�SP�VSPSX'�ST�b �Gq� �RQedbcT�P�UÀ°nOQ��¢�RQVSPSX'qsP%�ST�b ¥ OQRQf'�SOQ��¢sT

lm
OQopUnOQ�ST�P�UWOQoc��r

P�VSRQR J �sT P�qs��r a�U��sbc¢sT �ST�b¬¯�ed�S�SRQVSPSX
B = ∂2G

∂l2
∝ 1/l4

}�°nOQoc��rST�P?a�VS«SopUWbWq�UWed«�T�bp~>�s��rSTÊVSPS�
¥ OQRQf'ed«�T�bp~>�s��rSTÊ¢�qsPSP �SOQTCMDP�UÀ°nOQ��¢�RQVSPSXloc��rSedP P�qs��r?�ST�b[}�°�T�OLUWT�P¾ª¬bc�SP�VSPSXuqs«SXdT�«Sbce���rST�P
°�T�bc�ST�P£e��ST�b[fÊVSoco «SOQo[}�VSb[j�OQT�bpUWT�P£ª¬bc�SP�VSPSXlf'OLU[OQP �SOQT'��T�bcT���rSP�VSPSX2�ST�bÊª¬«�T�bp~>�s��rST�P�§
bWqsVSOQXd¢sT�OLUWT�P£T�OQP�«�T�}�edXdT�P¾°�T�bc�ST�P�J MDo�}�T�OQXsUÊocOQ��r�¡ ��qsoco ±6¦Sb ¥ OQRQf'�SOQ��¢sT�P¾ed«�T�bcr�qsRQ«?jdedP£��qwJ
»dv �ÃT�OQPSTZ��T�oc��rSbcT�OQ«SVSPSX��ST�o¬{|bcT�PS}�~>�s��rST�PS��esUWT�P�UWOzqsRQo��SVSbc��rl�SOQT|r�qsbcf'edPSOQoc��rSTZÌ`�srST�bcVSPSX
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��MDP�UÀ°nOQ��¢�RQVSPSXÊ�ST�on{|bcT�PS}�~>�s��rST�PS��esUWT�P�UWOzqsRQo P�VSb�«SOQo�}�VSb²I�JSª¬bc�SP�VSPSX � jdedRQRQ¢sedf'f'T�P�qsVSocbcT�O §
��rST�PS�xOQopU � RQO
IsvdvwK � J�^`OQT�ocT�b²�`PSoWq�UW}`}�VSby��T�oc��rSbcT�OQ«SVSPSX��ST�bya���rSOQ��r�Up§ VSPS�xa�VS«SopUWbWq�UWbWqsVSOQXd¢sT�OLU
ocedRQR�P�VSP%«�T�oc��rSbcOQT�«�T�P%°�T�bc�ST�P�J

Å �6�u���S���?������������� 
=������� �����?�w	��6���

¿Àf k�qsrSf'T�P2�ST�b|r�qsbcf'edPSOQoc��rST�P2�`�S�Sbce��wOQf�q�UWOQedPl°nOQbc�2�SOQT ¥ bcT�OQT�MDPST�bcXdOQTÊ�Sbce ¥ Rz�s��rST ±6¦Sb
��qsona�VS«SopUWbWq�U²VSPS�Í�SOQT ¥ OQRQf'ed«�T�bp~>�s��rSTn«�T�bcT���rSPST�U�J�^`OQT¬¯�ed�S�SRQVSPSX }�°nOQoc��rST�Px«�T�OQ�ST�Pxª¬«�T�b¨§
~>�s��rST�P�°nOQbc� �SVSbc��r��ST�P�r�qsbcf'edPSOQoc��rST�P
��T�bcf�OQPC{|RQT�OQ��r�VSPSX¬hwJ]I�K�«�T�bc¦S��¢�ocOQ��r�UWOQXsU�JdMDo T�bcXdOQ«wU
ocOQ��r%�ST�f'P�qs��r�� RQO
IsvdvwK �

U =
1

A

∫

d2r||
∑

i=1,2

[

γi(1 +
1

2
|∇h2

i (~r||)| +
1

2
g∆ρih

2
i (~r||))

]

+
1

2
B
(

h1(~r||) − h2(~r||)
)2 ����� � �
	

e��ST�b�¡�P�qs��r%�ST�f¼MDbcocT�UW}�T�PljdedP
h(~r||)

�SVSbc��r%OQrSbcT ¥ edVSbcOQT�b ��bWqsPSop±6edbcf'OQT�bpUWT
h̃(~q||)

¡

U =
∑

i=1,2

(

γi +

∫

d2q||
1

2
(B + g∆ρi + γi|~q|||2)h̃i(~q||)h̃i(−~q||)

)

− ����� ���
	

1

2
B

∫

d2q||[h̃1(~q||)h̃2(−~q||) + h̃1(−~q||)h̃2(~q||)].

^`OQTn{|bcm �dT
∆ρi

«�T�oc��rSbcT�OQ«wUDrSOQT�bc«�T�Ow�SOQT²^`OQ��r�UWT��SOLº�T�bcT�PS}nqsP��ST�b
i
§ UWT�P'{|bcT�PS}�~>�s��rSTsJd½ OQT�«�T�O

�ST�bZ��T�bcT���rSP�VSPSXu�ST�bZk�qsVSOQXd¢sT�OLU[T�OQPST�b|T�OQPS}�T�RQPST�P¶±6bcT�O ~�VS¢�UWVSOQT�bcT�PS�ST�P£ª¬«�T�bp~>�s��rSTC°�T�bc�ST�P
�SOQT ��mdrST�P�§ ��mdrST�P£¯�edbcbcT�Rzq�UWOQedPSop±6VSPS¢�UWOQedPST�P?�ST�b «�T�OQ�ST�P-ª¬«�T�bp~>�s��rST�P£�SVSbc��r£�SOQT��`P�°�T�P�§
�SVSPSXÍ�ST�o � ��VSOQ��qsbpUWOLUWOQedPSopUWrST�edbcT�f'o�«�T�bcT���rSPST�U�J1^`OQT�o`OQopU 
cT��Se���ru�SVSbc��r¶�SOQT ¯�ed�S�SRQVSPSX=�ST�b
«�T�OQ�ST�PÍª¬«�T�bp~>�s��rST�P=T�bcrST�«SRQOQ��r=qsVw±
°²�sPS�SOQXdT�b�J�MDOQPST`^¬qsbcopUWT�RQRQVSPSXZ�ST�b���T�bcT���rSP�VSPSX��ST�b�¯�edb¨§
bcT�Rzq�UWOQedPSop±6VSPS¢�UWOQedPST�P=OQopUyOQP � f�qsPSP>IsvdvwK ��}�VÍ³�PS�ST�P�J�MDoyT�bcXdT�«�T�PxocOQ��rÍ±6¦Sb²�SOQT|¯�edbcbcT�Rzq�UWOQedPSo¨§
±6VSPS¢�UWOQedP �ST�bÊa�VS«SopUWbWq�Up§¬VSPS�?�ST�b ¥ OQRQf'ed«�T�bp~>�s��rST�oce�°nOQTC±6¦Sb[�ST�P¾¯|bcT�VS}�¢sedbcbcT�Rzq�UWOQedPSopUWT�bcf
< h̃1(−~q||)h̃2(~q||) >

±6edRQXdT�PS�ST|�`VSoc�Sbc¦S��¢sT � f�qsPSP>IsvdvwKd¡wRQO
IsvdvwK � 


< h̃1(~q||)h̃1(−~q||) >=
2

A

kBT (B/2 + g∆ρ2/2 + γ2q
2
||/2)

4(B/2 + g∆ρ2/2 + γ2q2
||/2)(B/2 + g∆ρ1/2 + γ1q2

||/2) − B2
, ����� ��� 	

< h̃2(~q||)h̃2(−~q||) >=
2

A

kBT (B/2 + g∆ρ1/2 + γ1q
2
||/2)

4(B/2 + g∆ρ1/2 + γ1q2
||/2)(B/2 + g∆ρ2/2 + γ2q2

||/2) − B2
, ����� ���
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< h̃1(~q||)h̃2(−~q||) >=
2

A

kBTB

4(B/2 + g∆ρ1/2 + γ1q2
||/2)(B/2 + g∆ρ2/2 + γ2q2

||/2) − B2
. ����� ���
	

�������
	��
�
	�����������������������������������	 ��!"��� �#����!$�
�&%'�
����	 �#�$����($)����*�
� ��� ��� ���*� ��� ���,+ �

< h̃2(~q||)h̃2(−~q||) >=
2kBT

A

B/2 + γ1q
2
||/2

Bq2
||
(γ1 + γ2) + γ1γ2q4

||

����� �$- 	

VSPS�
< h̃1(~q||)h̃1(−~q||) >=

2kBT

A

B/2 + γ2q
2
||/2

Bq2
||(γ1 + γ2) + γ1γ2q

4
||

��hwJ]Is» �

jdT�bcT�OQPw±�qs��r�U�°�T�bc�ST�P�J
Â�VSbn��T�bcT���rSP�VSPSX=�ST�bnk�qsVSOQXd¢sT�OLUWT�PxfÊVSoconP�VSPl��qson¿ÀP�UWT�XdbWqsR

σ2 =
A

4π2

∫

d2q|| < h̃(~q||)h̃(−~q||) >=
A

2π

∫ qmax

qmin

qdq < h̃(q)h̃(−q) > ����� ���
	

f'OLU
q = |~q|||

«�T�bcT���rSPST�U�°�T�bc�ST�P�J
^`VSbc��r?MDOQPSocT�UW}�T�P¶OQP¶hwJ]I �=T�bcXdOQ«wU|ocOQ��r �6rSOQT�b|qsf ��T�OQoc�SOQT�RG�ST�bZa���rSOQ��r�UWbWqsVSOQXd¢sT�OLU

σ2
XdTÈ§

}�T�OQXsU � 


σ2
2 =

kBT

2π

(
∫ qmax

qmin

dq
B

q(B(γ1 + γ2) + γ1γ2q2)
+

∫ qmax

qmin

dq
γ1q

B(γ1 + γ2) + γ1γ2q2

)

. ����� ��.
	

t%OLU[�ST�bZ^`T�³�PSOLUWOQedP
a = B(γ1+γ2)

γ1γ2

¢smdPSPST�P?�SOQT�«�T�OQ�ST�P¶¿ÀP�UWT�XdbWqsRQT�OQP2T�OQPSTC«�T�¢�qsPSP�UWT � «SbcedP�§
opUWT�OQP�K � �wK � ¥ edbcf�XdT�«SbWqs��r�U�°�T�bc�ST�P 


σ2
2 =

kBT

2π

(

B

γ1γ2

∫ qmax

qmin

dq
1

q(a + q2)
+

1

γ2

∫ qmax

qmin

dq
q

a + q2

)

����� ��� 	

=
kBT

4πγ2

(

B

γ1a
ln

(

q2

a + q2

)∣

∣

∣

∣

qmax

qmin

+
(

ln(a + q2)
)

∣

∣

∣

∣

∣

qmax

qmin



 .

^`VSbc��r�MDOQPSocT�UW}�T�PC�ST�b ª¬«�T�b¨§1VSPS�'µ�P�UWT�bcXdbcT�PS}�T�P'T�bcr��sRLU f�qsPÊRQT�UW}�UWT�PS�SRQOQ��rÊ±6¦Sb ��qso �¬V�qs�SbWq�U
�ST�b�k�qsVSOQXd¢sT�OLU

σ2



σ2
2 =

kBT

4πγ2

(

B

γ1a
ln

(

q2
max(a + q2

min)

q2
min(a + q2

max)

)

+ ln

(

a + q2
max

a + q2
min

))

. ����� � �
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�`«S«SOQRQ�SVSPSX/hwJ © 
¬a�VS«SopUWbWq�Up§	�6�SVSbc��rSXdT�}�edXdT�PST-¹1OQPSOQT��Íoce�°nOQT ¥ OQRQf'bWqsVSOQXd¢sT�OLUWT�P �6XdT�opUWbcOQ��rST�R §
UWT­¹1OQPSOQT��È¡Ê«�T�bcT���rSPST�U P�qs��r��ST�b¤r�qsbcf'edPSOQoc��rST�PY�`�S�Sbce��wOQf�q�UWOQedP�JCa���r�°²qsbc}�
=knT���rSP�VSPSX
±6¦Sb

γSubstrat = 0.062 N/m, γFilm = 0.011 N/m
J[{|bWqsV 
|knT���rSP�VSPSX ±6¦Sb

γSubstrat =
0.016 N/m, γFilm = 0.011 N/m

MDOQPSTZqsP�qsRQedXdT|knT���rSP�VSPSX�T�bcXdOQ«wUy±6¦Sby��qso �¬V�qs�SbWq�Un�ST�b`a�VS«SopUWbWq�UWbWqsVSOQXd¢sT�OLU
σ1




σ2
1 =

kBT

4πγ1

(

B

γ1a
ln

(

q2
max(a + q2

min)

q2
min(a + q2

max)

)

+ ln

(

a + q2
max

a + q2
min

))

. ����� ���
	

¿ÀPu�`«S«SOQRQ�SVSPSX=hwJ ©�ocOQPS�u�SOQTÊa�VS«SopUWbWq�Up§yVSPS� ¥ OQRQf'bWqsVSOQXd¢sT�OLUWT�PÍ±6¦Sb�}�°�T�OGjdT�bcoc��rSOQT��ST�PST ¥ �sRQRQT
��qsbcXdT�opUWT�RQRLU�J²¿Àf T�bcopUWT�P ¥ qsRQR �6oc��r�°²qsbc}�T£¹1OQPSOQT�P
�'°nVSbc�ST�P­�SOQT k�qsVSOQXd¢sT�OLUWT�P ±6¦SbxT�OQP®a� �o¨§
UWT�f f'OLUCopU�qsbc¢sT�PAª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSXdoc�SOLº�T�bcT�PS}�T�PA«�T�bcT���rSPST�U�J²^`OQTuª¬«�T�bp~>�s��rST�PSoc��qsP�§
P�VSPSXl�ST�oÊa�VS«SopUWbWq�UWT�o «�T�UWbcVSX

γSubstrat = 0.062
Ì ��f�VSPS� �SOQTC�ST�o ¥ OQRQf'o

γFilm = 0.011Ì ��f%¡S°²qso�T�OQPST�f a� �opUWT�f%¡>«�T�opUWT�rST�PS�¶qsVSo�T�OQPST�fg{|RL �}�T�bcOQPSocVS«SopUWbWq�U`VSPS�lT�OQPST�f ¥ OQRQfÁqsVSo
~�¦SococOQXdT�f"¿Àoced«SVwU�qsP�¡dT�P�UWoc�SbcOQ��r�U�J�MDo °nOQbc�Ê�ST�VwUWRQOQ��r�¡s��qsocoD�SOQT �`PS�ST�bcVSPSXdT�PCOQP��ST�b a�VS«SopUWbWq�Up§
bWqsVSOQXd¢sT�OLU ocT�rSb²XdT�bcOQPSXZocOQPS��¡�°²�srSbcT�PS�=ocOQ��r=�SOQT ¥ OQRQf'bWqsVSOQXd¢sT�OLU f'OLU ocOQPS¢sT�PS�ST�b ¥ OQRQf'�SOQ��¢sTnqsP
��qso�a�VS«SopUWbWq�U`qsPS��qsocopU�JS¿ÀfÁ}�°�T�OLUWT�P ¥ qsRQR �6XdbWqsVx��qsbcXdT�opUWT�RQRLU � OQopUn�SOQT[ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX
�ST�o�a�VS«SopUWbWq�UWT�o�qsVw±²T�OQPST�P?½?T�bpUZjdedP

0.016
Ì ��f�XdT�ocT�PS¢�UÊ°�edbc�ST�P�J ��OQT�b[ocOQPS�?}�VSoW��UW}�RQOQ��r

opU�qsbc¢sT �`PS�ST�bcVSPSXdT�PlOQPx�ST�b`a�VS«SopUWbWq�UWbWqsVSOQXd¢sT�OLUn}�V%T�bc¢sT�PSPST�P�J
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Å �6�l�������S���?������������� 
=������� �����?�w	��6���
¥ ¦Sb|a� �opUWT�f'Ts¡�«�T�O��ST�PST�P¶�SOQT ¯�ed�S�SRQVSPSX�}�°nOQoc��rST�P¶�ST�f a�VS«SopUWbWq�U¬VSPS�2�ST�f qs�Socedbc«SOQT�bpUWT�P
¥ OQRQf ocT�rSb Xdbce �lOQopU�¡1bcT�OQ��r�UÊ}�VSb ��T�bcT���rSP�VSPSX2�ST�b ¥ OQRQf'�SOQ��¢sT�VSPS�?�ST�b ¥ OQRQf'bWqsVSOQXd¢sT�OLU¬T�OQPST
MDP�UÀ°nOQ��¢�RQVSPSX=�ST�b ¥ bcT�OQT�PlMDPST�bcXdOQT[«SOQon}�VSb�}�°�T�OLUWT�P¶ª¬bc�SP�VSPSX�PSOQ��r�U�f'T�rSb`qsVSo�J�µ�f ��T�bcf'T
rSmdrST�bcT�b|ª¬bc�SP�VSPSX=f'OLU�OQP%�SOQT ��T�bcT���rSP�VSPSXxT�OQPS}�VS«�T�}�OQT�rST�P�¡�fÊVSoco`��qso|a� �opUWT�f%¡�«�T�opUWT�rST�PS�
qsVSoy�ST�bna�VS«SopUWbWq�UWed«�T�bp~>�s��rST[VSPS�x�ST�bnª¬«�T�bp~>�s��rST|�ST�o�qs�Socedbc«SOQT�bpUWT�P ¥ OQRQf'o�¡�OQPÍ}�°�T�O�opU�q�UWOQo¨§
UWOQoc��ruVSP�qs«Sr��sPSXdOQXC~�VS¢�UWVSOQT�bcT�PS�ST�a� �opUWT�f'T }�T�bcRQT�XsU�°�T�bc�ST�P�J>½ OQTZOQf�jdedbcrST�bcXdT�rST�PS�ST�P¶¯[q�§
�SOLUWT�R�XdT�}�T�OQXsUG°nVSbc�STs¡dOQopUG�SOQT�ocT�o � edbcXdT�rST�P�«�T�Ow�ST�b ��T�bcT���rSP�VSPSXZ�ST�b ¥ OQRQf'bWqsVSOQXd¢sT�OLU�f'mdXdRQOQ��r�¡
°�T�PSP=ocOQ��r��SOQT¬ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSXdT�PÍ�ST�b rSOQT�b «�T�r�qsPS�ST�RLUWT�PÍa� �opUWT�f'T�opU�qsbc¢�VSP�UWT�bcoc��rST�O §
�ST�P�J ¥ ¦Sb �SOQTÍa� �opUWT�f'T�½¾qsococT�b¨§¨¸Dbced��qsP£e��ST�b�{|RL �}�T�bcOQP�§À¿Àoced«SVwU�qsP °nOQbc�¾�SOQT�ocTÍ��T��SOQPSXdVSPSX
qsRQo T�bp±6¦SRQRLUDqsPSXdT�PSedf'f'T�PÊVSPS�C�SOQTnª¬«�T�bp~>�s��rSTy�ST�o�a�VS«SopUWbWq�UWT�o qsRQo T�OQP�opU�qsbcbcT�o�¡ 
cT��Se���rCbWqsVST�o
t%T��SOQVSfÁ«�T�r�qsPS�ST�RLU�J
µ�f��SOQT|k�qsVSOQXd¢sT�OLUy�ST�o�qs�Socedbc«SOQT�bpUWT�P ¥ OQRQf'o }�VxT�bcr�qsRLUWT�P�¡SfÊVSocoy��qsrST�bn�SOQT[a�VSf'f'T|qsVSo

�ST�b`�SVSbc��ru�SOQTÊª¬«�T�bp~>�s��rST�Pw~�VS¢�UWV�q�UWOQedPST�P2�ST�o ¥ OQRQf'o²jdT�bcVSbcoWqs��r�UWT�P k�qsVSOQXd¢sT�OLU�VSPS�lT�OQPST�f
knT��SRQOQ¢�q�UWOQedPSopUWT�bcf

χ(~q||)
«�T�bcT���rSPST�U�°�T�bc�ST�P�J�^`T�bnknT��SRQOQ¢�q�UWOQedPSopUWT�bcfY«�T�oc��rSbcT�OQ«wU���qs«�T�O��SOQT

knT�¢sedPSopUWbcVS¢�UWOQedP �ST�bÍa�VS«SopUWbWq�UWbWqsVSOQXd¢sT�OLU�OQP+�ST�bÍª¬«�T�bp~>�s��rSTu�ST�o ¥ OQRQf'o � UWedRzqsP�K � � �w¡ bced«�§
«SOQPSo�K � �wK � J

h̃2(~q||) = h̃(~q||) + χ(~q||)h̃1(~q||),
��hwJ hs� �

f'OLU
χ(~q||) =

Aeff/2πγ

Aeff/2πγ + ~q 2
|| l4m

.
��hwJ h�� �

µ�P�UWT�b¶�ST�b¶�`PSP�qsrSf'Ts¡¬��qsoco
h
VSPS�

h1
VSP�qs«Sr��sPSXdOQX/jdedPST�OQP�qsPS�ST�b2~�VS¢�UWVSOQT�bcT�P�¡|��J r�J

<

h̃(~q||)h̃1(~q||) >= 0
¡S±6edRQXsU 


< h̃2(~q||)h̃2(−~q||) >=< h̃(~q||)h̃(−~q||) > +χ2(~q||) < h̃1(~q||)h̃1(−~q||) > .
��hwJ hd© �

Â�VSb���T�bcT���rSP�VSPSXÍ�ST�b ¥ OQRQf'�SOQ��¢sT¬VSPS�l�ST�b¬a���rSOQ��r�UWbWqsVSOQXd¢sT�OLU�°nOQbc�%�SOQT t%T�UWrSe��STZ�ST�b ¥ VSPS¢d§
UWOQedP�qsRQOQP�UWT�XdbWq�UWOQedP[jdT�bp°�T�PS�ST�U�¡��SOQTy«�T�ocedPS�ST�bco OQPC�ST�b �¬V�qsP�UWT�Pw±6T�RQ�wUWrST�edbcOQTyOQrSbcT²�`P�°�T�PS�SVSPSX
³�PS�ST�U�J�^`T�b¬{|bcVSPS�x±6¦Sby�SOQT|½¾qsrSR1�SOQT�ocT�b�knT���rST�PSf'T�UWrSe��STZOQopU��SOQTZt%mdXdRQOQ��rS¢sT�OLU�¡�¯�edbcbcT�Rzq�UWO §
edPSop±6VSPS¢�UWOQedPST�PZ�SVSbc��r ¥ VSPS¢�UWOQedP�qsRQTG��qsbc}�VSopUWT�RQRQT�P[VSPS�Z�SOQT�ocTD�SVSbc��rZT�OQPST�P[«�T�¢�qsPSP�UWT�P f�q�UWrSTÈ§
f�q�UWOQoc��rST�P ¥ edbcf�qsRQOQocfÊVSo�}�V�«�T�bcT���rSPST�P�J�^`OQT�ocT�t%T�UWrSe��ST²°nVSbc�STyOQP � RQO
Isvdv�I���jdT�bp°�T�PS�ST�U�¡�VSf
�ST�PuT�bcopUWT�P2qsPSr�qsbcf'edPSOQoc��rST�P ��T�bcf �6�SbcOLUcUWTÊª¬bc�SP�VSPSX��ST�b �Gq� �RQedbcT�P�UÀ°nOQ��¢�RQVSPSX=�ST�o|{|bcT�PS}È§
~>�s��rST�PS��esUWT�P�UWOzqsRQo �|f'OLUZOQP �SOQT'��T�bcT���rSP�VSPSX2�ST�b �SOLº�VSocT�P£a�UWbcT�VSVSPSX2qsP?�S¦SPSPST�P?~�¦SococOQXdT�P
¥ OQRQf'T�P+T�OQPS}�VS«�T�}�OQT�rST�P�JyMDOQPST�P � «�T�bc«SRQOQ��¢¤¦S«�T�b=�SOQT2t%T�UWrSe��ST2�ST�b ¥ VSPS¢�UWOQedP�qsRQOQP�UWT�XdbWq�UWO §
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edP£³�PS�ST�UCf�qsP£OQP � }�OQPSP 
cVSopUWOQP�K �d» � � JG^¬q2�SOQT=XdT�oWqsf UWTÍ��T�bcT���rSP�VSPSX?�ST�b ¥ OQRQf'bWqsVSOQXd¢sT�OLUWT�P
ocT�rSb RzqsPSXxOQopU�¡�°nOQbc� ocOQTCOQf ¥ edRQXdT�PS�ST�P P�VSbZopUWOQ��rS�SVSPS¢�U�qsbpUWOQX%oc¢�OQ}�}�OQT�bpU�J�MDOQPST�qsVSop±6¦SrSbcRQOQ��rST
knT���rSP�VSPSX'³�PS�ST�U`ocOQ��rxOQf��`PSr�qsPSX��`J
�`VSocX�qsPSXdoc�SVSPS¢�Un�ST�bnknT���rSP�VSPSXCOQopUy�SOQT ¥ VSPS¢�UWOQedP�qsRQ��qsbcopUWT�RQRQVSPSXZ�ST�bn¯�edbcbcT�Rzq�UWOQedPSop±6VSPS¢d§

UWOQedP�¡��SOQT=�SOQT�mdbpUWRQOQ��rST=¯�edbcbcT�Rzq�UWOQedP?�ST�b � qsbcOzqs«SRQT�P
h(~r1)

VSPS�
h(~r2)

OQP¾�ST�b ¥ RQ¦SococOQXd¢sT�OLUWo¨§
ed«�T�bp~>�s��rSTZ«�T�oc��rSbcT�OQ«wU 


< h(~r1)h(~r2) >= Z−1(J = 0)

[

δ

δJ(~r1)

δ

δJ(~r2)
Z(J)

]∣

∣

∣

∣

J=0

,
��hwJ h�\ �

f'OLUy�ST�b�¸GqsbpUWOLUWOQedPSop±6VSPS¢�UWOQedP

Z(J) = e
−βVI

(

δ
δJ(u)

)

e
1
2
J∆J ����� � �
	

VSPS�
J∆J =

∫

d2u

∫

d2vJ(u)∆(u, v)J(v). ����� ���
	

∆
OQopUn�ST�³�PSOQT�bpU�¦S«�T�b 


∆(u, v) =
1

β(2π)2

∫

d2q
eiq(u−v)

γq2 + m2
. ����� ��.
	

^`OQT � qsbcOzqs«SRQT�P
u
VSPS�

v
r�qs«�T�P'�SOQT ¥ VSPS¢�UWOQedPCT�OQPST�o ¸DRzq�UW}�r�qsRLUWT�bco�¡

β = 1/kBT
J�¿ÀP'�ST�f)rSOQT�b

«�T�UWbWqs��r�UWT�UWT�P ¥ qsRQR�XdOQRLU � RQO
Isvdv�I��
m2 =

∂2G

∂l2

∣

∣

∣

∣

lm

����� � � 	
VSPS�

VI =

∫

d2r

(

1

3

∂3G

∂l3

∣

∣

∣

∣

lm

h(~r)3 +
1

12

∂4G

∂l4

∣

∣

∣

∣

lm

h(~r)4

)

≡
∫

d2r(C h(~r)3 + D h(~r)4). ����� � �
	

^`VSbc��ruMDOQPSocT�UW}�T�P%jdedPu{|RQT�OQ��r�VSPSX'hwJ ��IÊOQPl{|RQT�OQ��r�VSPSXChwJ hd»�T�bcr��sRLUnf�qsP 


e−βVI( δ
δJ(~r)) = e

−β
∫

d2r
(

C( δ
δJ(~r))

3
+D( δ

δJ(~r))
4
)

.
��hwJ ��h �

a�T�UW}�UÊf�qsP P�VSP?jdedbWqsVSo�¡���qsoco �SOQT���T�OLUWbW�sXdTC�ST�bÊqsPSr�qsbcf'edPSOQoc��rST�P ��T�bcf'T'}�VSf {|bcT�PS}�~>��§
��rST�PS��esUWT�P�UWOzqsR ¢�RQT�OQPuocOQPS��¡�ocex¢�qsPSP2f�qsP¶{|RQT�OQ��r�VSPSXÍhwJ ��h=OQPuT�OQPST
�Gq� �RQedbcbcT�OQrSTÊT�P�UÀ°nOQ��¢sT�RQP
VSPS�%T�o�T�bcXdOQ«wUyocOQ��r

Z(J) ≈
(

1 − β

∫

d2r

(

C

(

δ

δJ(~r)

)3

+ D

(

δ

δJ(~r)

)4
))

e
1
2
J∆J . ����� � � 	
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µ�P�UWT�b��ST�b � T�bp°�T�PS�SVSPSX��ST�b�OQf �`PSr�qsPSXÊqsVw±6XdT�±6¦SrSbpUWT�P=^`T�³�PSOLUWOQedPST�P=�`J �Z«SOQo��`JLK�I|¢smdPSPST�P
�SOQTZ¸�esUWT�PS}�T�P%jdedP

(δ/δJ(~r))
«�T�bcT���rSPST�U�°�T�bc�ST�PlVSPS�%T�on±6edRQXsU 


δ

δJ(~r)
e

1
2
J∆J =

1

2
(∆J + J∆)e

1
2
J∆J ,

(

δ

δJ(~r)

)2

e
1
2
J∆J =

(

∆(~r, ~r) +
1

4
(∆J + J∆)2

)

e
1
2
J∆J ,

(

δ

δJ(~r)

)3

e
1
2
J∆J =

(

3

2
∆(~r, ~r)(∆J + J∆) +

1

8
(∆J + J∆)3

)

e
1
2
J∆J ,

(

δ

δJ(~r)

)4

e
1
2
J∆J =

(

3∆(~r, ~r)∆(~r, ~r) +
3

2
∆(~r, ~r)(∆J + J∆)2 +

1

16
(∆J + J∆)4

)

e
1
2
J∆J .

^`OQT¬¸GqsbpUWOLUWOQedPSop±6VSPS¢�UWOQedP
Z
¢�qsPSP=P�VSP�±6¦Sb 
cT��ST�P ��T�bcfY�ST�b �Gq� �RQedbcbcT�OQrST�«�T�bcT���rSPST�Uy°�T�bc�ST�P�J

¥ ¦Sb²�ST�P ��T�bcf ∝ l3
°nVSbc�ST|�SOQT�o²OQP � RQO
Isvdv�I��>�SVSbc��rSXdT�±6¦SrSbpU�J>^`OQT�ocT|knT���rSP�VSPSXdT�Px±6¦SrSbpUWT�Px}�V

�ST�f MDbcXdT�«SPSOQo�¡���qsoco¬�ST�b|T�bcopUWTCqsPSr�qsbcf'edPSOQoc��rST
��T�bcf ¢sT�OQPST�P MDOQPw~�VSoco|qsVw± �SOQT�k�qsVSOQXd¢sT�OLU
�ST�o ¥ OQRQf'oZr�q�U�¡ �SOQT ¥ OQRQf'�SOQ��¢sT 
cT��Se���r¤RQT�OQ��r�U�T�bcrSmdr�U�JD^¬q2�SOQT ¥ OQRQf'�SOQ��¢sT�PST�bcrSmdr�VSPSX2T�OQPST
�SOQbcT�¢�UWT|�`VSop°nOQbc¢�VSPSX�qsVw±��SOQT¬�y�Socedbc�wUWOQedPSocOQocesUWrST�bcf'T|T�OQPST�oy�S¦SPSPST�P ¥ OQRQf'o r�q�U�¡SocedRQR��SOQT�ocT�o
MDbcXdT�«SPSOQoy°nOQT|±6edRQXsU²P�qs��r�jdedRQRQ}�edXdT�Px°�T�bc�ST�P�J

Å ���=������	��l�������S���?������������� �������

Â�VSbZ��T�bcT���rSP�VSPSX2�ST�b ¥ OQRQf'�SOQ��¢sT�P��sPS�ST�bcVSPSXÍ°nOQbc� �SOQTC¸GqsbpUWOLUWOQedPSop±6VSPS¢�UWOQedP2±6¦Sb[�ST�P?T�bcopUWT�P
qsPSr�qsbcf'edPSOQoc��rST�P���T�bcfÁ«�T�bcT���rSPST�U 


Z(J) =

(

1 − βC

∫

d2r

(

3

2
∆(~r, ~r)(∆J + J∆) +

1

8
(∆J + J∆)3

))

e
1
2
J∆J . ����� � �
	

^`OQT ¥ OQRQf'�SOQ��¢sTs¡w��JSr�J��ST�b�MDbp°²qsbpUWVSPSXdop°�T�bpU
< h(~r1) >

OQopUn�ST�³�PSOQT�bpUn�SVSbc��r

< h(~r1) >= Z−1(J = 0)

[

δ

δJ(~r1)
Z(J)

]∣

∣

∣

∣

J=0

. ����� ���
	

t%OLU
~r1 = 0

±6edRQXsU²±6¦Sby�ST�PuMDbp°²qsbpUWVSPSXdop°�T�bpU 


< h(0) >= −3Cσ2
h

m2
= 2

σ2
h

lm
.

��hwJ ��\ �

^¬qs«�T�O²OQopU
lm
�SVSbc��r+{|RQT�OQ��r�VSPSX¶hwJ]\l�ST�³�PSOQT�bpU�VSPS�

σh
OQopU��SOQT ¥ OQRQf'bWqsVSOQXd¢sT�OLU�¡�°nOQT=ocOQT=OQf

k�qsrSf'T�PC�ST�b r�qsbcf'edPSOQoc��rST�PC�`�S�Sbce��wOQf�q�UWOQedP�«�T�bcT���rSPST�U °nOQbc��J�^`OQTyXdT�oWqsf UWT ¥ OQRQf'�SOQ��¢sT
lmg
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«�T�bcT���rSPST�U¬ocOQ��r%qsVSon�ST�b`a�VSf'f'T

lmg = lm + 2
σ2

h

lm
.

��hwJ ��» �

Å �����dÉÊ���
	��%�������S���?������������� �������

Â�VSb|��T�bcT���rSP�VSPSX%�ST�o[��T�OLUWbWqsXdT�o¬�ST�o|}�°�T�OLUWT�P qsPSr�qsbcf'edPSOQoc��rST�P���T�bcf'o¬}�VSb ¥ OQRQf'bWqsVSOQXd¢sT�OLU
°nOQbc�l�SOQT ��mdrST�P�§ ��mdrST�Pu¯�edbcbcT�Rzq�UWOQedPSop±6VSPS¢�UWOQedP

< h(~r1)h(~r2) >
P�qs��ru�ST�b`^`T�³�PSOLUWOQedPlhwJ h�\

«�T�bcT���rSPST�U�J�^`OQT[¸GqsbpUWOLUWOQedPSop±6VSPS¢�UWOQedPÍr�q�Un��qs«�T�O1�SOQT ¥ edbcf

Z(J) = a(J)b(J), ����� � �
	
f'OLU

a(J) =

(

1 − βD

∫

d2r

(

3∆(~r, ~r)∆(~r, ~r) +
3

2
∆(~r, ~r)(∆J + J∆)2 +

1

16
(∆J + J∆)4

))

����� ��.
	VSPS�
b(J) = e

1
2
J∆J .

��hwJ]��K��
t%OLUy�ST�byqs«S¢�¦Sbc}�T�PS�ST�Pua���rSbcT�OQ«�°�T�OQocT

∆′(~ri, ~rj) = 1/2(∆(~ri, ~rj) + ∆(~rj, ~ri))
«�T�¢sedf'f Uy�SOQT

��mdrST�P�§ ��mdrST�P%¯�edbcbcT�Rzq�UWOQedPSop±6VSPS¢�UWOQedP'P�qs��rxRz�sPSXdT�bcT�b²knT���rSP�VSPSX �6o�JS�`PSr�qsPSXC� � �SOQT ¥ edbcf 


< h(~r1)h(~r2) >= ∆′(~r2, ~r1) − 12βD

∫

d2r∆(0, 0)∆′(~r2, ~r)∆
′(~r1, ~r). ����� � �
	

^¬qso �¬V�qs�SbWq�U��ST�b�k�qsVSOQXd¢sT�OLU
< h(0)h(0) >

OQopUn�ST�f'P�qs��r%XdT�XdT�«�T�P%�SVSbc��r

< h(0)h(0) >= σ2
h

(

1 − 12βD

∫

d2r∆′(0, ~r)∆′(~r, 0)

)

. ����� ���
	

^`OQT[k�qsVSOQXd¢sT�OLU
σ
�ST�o ¥ OQRQf'o�edrSPST[knT��SRQOQ¢�q�UWOQedPSopUWT�bcfYT�bcXdOQ«wUyocOQ��r%ocedf'OLU �6o�JS�`PSr�qsPSX�� ��}�V

< h(0)h(0) >= σ2 = σ2
h

(

1 − 3D

πβγ

(

1

m2
− 1

m2 + q2
maxγ

))

. ����� ��� 	

^`OQT�oÊ«�T��ST�VwUWT�U�¡ ��qsoco��SOQTÍk�qsVSOQXd¢sT�OLU �ST�o ¥ OQRQf'o�¡�°nOQT=ocOQT=OQf k�qsrSf'T�P¾�ST�bÊr�qsbcf'edPSOQoc��rST�P
�`�S�Sbce��wOQf�q�UWOQedP'«�T�bcT���rSPST�U²°nOQbc��¡�«�T�ocedPS�ST�bco²«�T�O�ocT�rSb²PSOQT��SbcOQXdT�P ¥ OQRQf'�SOQ��¢sT�P'rST�bWqs«SXdT�ocT�UW}�U
°nOQbc��J²^`OQT¶{|T�oWqsf UWbWqsVSOQXd¢sT�OLU�T�bcXdOQ«wUÍocOQ��r P�VSP �SVSbc��rAMDOQPSocT�UW}�T�P jdedPA{|RQT�OQ��r�VSPSX-hwJ]���¾OQP
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{|RQT�OQ��r�VSPSX'hwJ hd© 


σ2
2 = σ2

h

(

1 − 3D

πβγ

(

1

m2
− 1

m2 + q2
maxγ

))

+
A

4π2

quc
∫

qlc

d2qχ(q)2 < h̃1(~q||)h̃1(−~q||) > .

��hwJ]�d� �
¿ÀPC�`«S«SOQRQ�SVSPSX[hwJ]\¬ocOQPS�C�SOQTnMDbcXdT�«SPSOQococTn�ST�b �SVSbc��rSXdT�±6¦SrSbpUWT�P=knT���rSP�VSPSXdT�P'±6¦SbDT�OQP�a� �opUWT�f%¡
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Schichtdicke l
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σ 
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]

�`«S«SOQRQ�SVSPSXlhwJ]\ 
�^¬qsbcopUWT�RQRQVSPSX%�ST�b P�qs��r?�ST�b r�qsbcf'edPSOQoc��rST�P?�`�S�Sbce��wOQf�q�UWOQedP �6XdT�opUWbcOQ��rST�RLUWT
¹1OQPSOQT���VSPS�¶VSP�UWT�b[MDOQP�«�T�}�VSXx�ST�b|rSmdrST�bcT�P¾ª¬bc�SP�VSPSXdT�P �6�SVSbc��rSXdT�}�edXdT�PST'¹1OQPSOQT��n«�T�bcT���rSPSTÈ§
UWT�P ¥ OQRQf'bWqsVSOQXd¢sT�OLUWT�P�J�^`OQTxa�VS«SopUWbWq�UWbWqsVSOQXd¢sT�OLU �6opUWbcOQ��rS�SVSPS¢�UWOQT�bpU �Z°nVSbc�STÍOQf k�qsrSf'T�P£�ST�b
r�qsbcf'edPSOQoc��rST�P=�`�S�Sbce��wOQf�q�UWOQedP�«�T�bcT���rSPST�U�J>tlqsP=T�bc¢sT�PSP�Un�ST�VwUWRQOQ��r=�SOQT � T�bcf'OQPS�ST�bcVSPSX �ST�b
¥ OQRQf'bWqsVSOQXd¢sT�OLUn«�T�O�XdT�bcOQPSXdT�P ¥ OQRQf'�SOQ��¢sT�P�J�^`OQT�a�VS«SopUWbWq�UWbWqsVSOQXd¢sT�OLU¬T�bp±��srSbpU¬�SbWqs¢�UWOQoc��r2¢sT�OQPST
�`PS�ST�bcVSPSXdT�Plf'OLUy�ST�b ¥ OQRQf'�SOQ��¢sTsJ

«�T�opUWT�rST�PS�¶qsVSo`T�OQPST�b¬{|RL �}�T�bcOQPSed«�T�bp~>�s��rSTZVSPS�uT�OQPST�f ¥ OQRQf¼qsVSon~�¦SococOQXdT�fg¿Àoced«SVwU�qsP�¡���qsb¨§
XdT�opUWT�RQRLU�J1^`OQTCk�qsVSOQXd¢sT�OLU[�ST�o a�VS«SopUWbWq�UWT�oZOQopU[f'OLUZ{|RQT�OQ��r�VSPSX%hwJ hdhÍ«�T�bcT���rSPST�UZ°�edbc�ST�P�J�^`OQT
¥ OQRQf'bWqsVSOQXd¢sT�OLUCOQopU'±6¦Sb�«�T�OQ�ST ¥ �sRQRQTs¡ r�qsbcf'edPSOQoc��rSTlVSPS� qsPSr�qsbcf'edPSOQoc��rSTl�`�S�Sbce��wOQf�q�UWOQedP�¡
��qsbcXdT�opUWT�RQRLU�J�tlqsP'T�bc¢sT�PSP�U²�ST�VwUWRQOQ��r�¡���qsoco ocOQ��r��SOQT ¥ OQRQf'bWqsVSOQXd¢sT�OLUGf'OLU qs«SPST�rSf'T�PS�ST�b ¥ OQRQf�§
�SOQ��¢sT'qsP2�SOQT�a�VS«SopUWbWq�UWbWqsVSOQXd¢sT�OLU[qsPS��qsocopU�J1^¬qso[MDOQP�«�T�}�OQT�rST�P¶�ST�b|qsPSr�qsbcf'edPSOQoc��rST�P���T�bcf'T
jdT�bcopU��sbc¢�UC�SOQT�ocT�P-M º�T�¢�UC«�T�ocedPS�ST�bco�«�T�O PSOQT��SbcOQXdT�P ¥ OQRQf'�SOQ��¢sT�P�J�^`OQT=k�qsVSOQXd¢sT�OLU �ST�oCa�VS«�§
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opUWbWq�UWT�oC°nOQbc�-�SVSbc��r+�ST�P ¥ OQRQf P�VSbCocT�rSbCXdT�bcOQPSX¶«�T�T�OQPw~�VSocopU�J ^`OQT=±6¦SbC�SOQTx��T�bcT���rSP�VSPSXdT�P
«�T�PSmsUWOQXsUWT�Px¸GqsbWqsf'T�UWT�b�¡w°nOQT|�SOQT¬T�º�T�¢�UWOLjdT �`qsf�qs¢sT�bc¢sedPSopU�qsP�UWTZVSPS�lª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSP�§
XdT�P�¡�opU�qsf'f'T�P/qsVSo��ST�b=�`VSop°�T�bpUWVSPSX£jdedP knT�~�T�¢�UWOLj�OLU���UWoc��q�UWT�P�¡��SOQT%OQfÎk�qsrSf'T�P+�SOQT�ocT�b
�`bc«�T�OLU�qsVw±6XdT�PSedf'f'T�P=°nVSbc�ST�P�J
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½¾qsococT�b¨§À�`RQ¢�qsP {|bcT�PS}�~>�s��rST�P/°nVSbc�ST�P f'OLU'f�qs¢�bcedoc¢sed�SOQoc��rST�PAt%T�UWrSe��ST�P/°nOQTl�ST�bÍa�UWT�OQX�§
bcedrSbcf'T�UWrSe��ST � f�qsococedVS�SO K ��\�� ��e��ST�b²�ST�bn¯�edP�U�qs¢�UÀ°nOQPS¢sT�RQf'T�ococVSPSX � oWqs��rSo�K � �����1VSP�UWT�bcocVS��r�U�J
^¬qs«�T�O °nVSbc�STÍ�SOQT �`PS�ST�bcVSPSX2�ST�b�ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX �ST�oÊ½¾qsococT�bco�qsRQo ¥ VSPS¢�UWOQedP¾�ST�o
{[qsoc�SbcVS��¢sT�o XdT�f'T�ococT�P�J¬¿ÀPSocXdT�oWqsf U¶¢sedPSP�UWT-f'OLUlopUWT�OQXdT�PS�ST�f {[qsoc�SbcVS��¢­T�OQPST£�`«SP�qsrSf'T
�ST�b�ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX?XdT�f'T�ococT�P-°�T�bc�ST�P�J µ�f �y�Socedbc�wUWOQedPSocOQocesUWrST�bcf'T�P£jdT�bcoc��rSOQT��STÈ§
PST�b ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qsona� �opUWT�f'T qsVw±6}�VSPST�rSf'T�P�¡�°nVSbc�ST|jdedPu¯[qsbcXdT�b ��� ���	� �SOQT {[qsoc��rSbcedf�q�§
UWedXdbWqs�SrSOQTCT�OQPSXdT�ocT�UW}�U � ¢�qsbcXdT�b�K ��\�Kd¡1¢�OQPSXSK ��\�K � J�MDOQPST'�`P�qsRL �ocT'�SOQT�ocT�bÊ^¬q�UWT�P�¡��SOQTC}�VSbÊ��TÈ§
opUWOQf'fÊVSPSX%jdedP �¬OQbcOzqsRQ¢se�T��'}�OQT�P�UWT�P?rST�bWqsPSXdT�}�edXdT�P¾°nVSbc�ST�P�¡�³�PS�ST�UÊocOQ��r£OQP � ��T�UWrSOQ��qwK � �d©w¡
��T�UWrSOQ��q�Isvdvdh �SVSPS� � �Sed«S«So�Isvdvdv � J�^`OQbcT�¢�UWT ¥ OQRQf'�SOQ��¢sT�P�«�T�opUWOQf'fÊVSPSXdT�P�¡�°nOQTyocOQTy«�T�OQoc�SOQT�RQop°�T�O §
ocT «�T�O��ST�b�knmdP�UWXdT�PSbcT�~�T�¢�UWedf'T�UWbcOQT �SVSbc��rSXdT�±6¦SrSbpU�°�T�bc�ST�P�¡�ocOQPS�Zf'OLU��SOQT�ocT�PÊt%T�UWrSe��ST�P PSOQ��r�U
f'mdXdRQOQ��r�J
¿Àf)k�qsrSf'T�PC�SOQT�ocT�b �`bc«�T�OLU °nVSbc�ST�P=µ�P�UWT�bcocVS��r�VSPSXdT�PxqsPC�ST�P ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qso {|bcT�PS}È§

~>�s��rST�Plf'OLUy�ST�b`t%T�UWrSe��STZ�ST�b�knmdP�UWXdT�PSbcT�~�T�¢�UWOLj�OLU���UWocf'T�ococVSPSX��SVSbc��rSXdT�±6¦SrSbpU�J�^¬q�«�T�O1�SOQTÈ§
ocT�P¤t%T�ococVSPSXdT�P¤knmdP�UWXdT�PSopUWbWqsrSRQVSPSXuT�OQPST�b knmdP�UWXdT�PSbcmdrSbcT�T�OQPSXdT�ocT�UW}�UÊ°nVSbc�STs¡�°²qsb T�o PSesUp§
°�T�PS�SOQXS¡GT�OQP-{[qso }�V¾jdT�bp°�T�PS�ST�P�¡ °�T�RQ��rST�o�oc��rSedP£VSP�UWT�bÊbcT�Rzq�UWOLj¶PSOQT��SbcOQXdT�P£^`bc¦S��¢sT�P+{[qso¨§
r� ��SbWq�U%«SOQRQ�ST�P/¢�qsPSP «S}�°[J²¢sedPS�ST�PSocOQT�bpU�Jn^¬qs�SVSbc��r °�T�bc�ST�PA�SOQTu�`Pw±6edbc�ST�bcVSPSXdT�PAqsP T�OQPST
}�V¾¢sedPSopUWbcVSOQT�bcT�PS�STÍ¸Dbced«�T�PS}�T�RQRQT'OQf ��OQP�«SRQOQ��¢2qsVw±nOQrSbcTCf'T���r�qsPSOQoc��rSTxa�U�qs«SOQRQOLU���U|VSPS�¾OQrSbcT
��bWqsPSocf'OLUcUWOLj�OLU���U[±6¦Sb�knmdP�UWXdT�PSopUWbWqsrSRQVSPSXu�ST�VwUWRQOQ��r£XdT�ocT�PS¢�U�JD^¬qsoCa� �opUWT�f ½¾qsococT�b¨§¨¸Dbced��qsP
OQopUZ±6¦SbZocedRQ��rST=µ�P�UWT�bcocVS��r�VSPSXdT�P¤OQ�ST�qsR J1^`T�b f'OQPSOQf�qsRQT�^`bcVS��¢ «�T�O T�OQPST�b ��T�f'��T�bWq�UWVSb[jdedP
0◦
�`¡�«�T�O1�ST�fg¸Dbced��qsPSr� ��SbWq�U`opU�qs«SOQR�OQopU�¡�RQOQT�XsUy«�T�O1��qwJ1KdJ »C«�qsb � ocRQe�qsP�K � �d»soces±
U � J�Â�VSb�¯�edP�§

�ST�PSoWq�UWOQedPljdedPl~�¦SococOQXdT�f ¸Dbced��qsPu¢sedf'f U`T�o`«�T�O
T = 0◦

�­«�T�O��SJ]\C«�qsb�J�MDo`OQopU`�ST�f'P�qs��r
f'mdXdRQOQ��r�¡���qso`½¾qsococT�b¨§p{[qso[a� �opUWT�f �SVSbc��r ^`bcVS��¢�opUWT�OQXdT�bcVSPSXxOQPlT�OQPST�P2opU�qsbc¢xVSP�UWT�bc¢�¦SrSRLUWT�P
Â�VSopU�qsPS�%}�VxjdT�bcocT�UW}�T�P�J
¸Dbced��qsP

(C3H8)
OQopU ¢sT�UcUWT�Pw±6mdbcf'OQX qsVw±6XdT�«�qsVwU VSPS��r�q�U T�OQPST�P=t%edRQT�¢�¦SRQ�SVSbc��rSf'T�ococT�b jdedP

��qwJ�©wJ h	� � ocRQe�qsP>Isvdvdh � J MDOQPSTua�¢�OQ}�}�Tl�ST�bÍt%edRQT�¢�¦SRQopUWbcVS¢�UWVSb�OQopU�OQP+�`«S«�J�hwJ » ��qsbcXdT�opUWT�RQRLU�J
¸Dbced��qsP¤«SOQRQ�ST�UCf'OLUÊ½¾qsococT�b�¸Dbced��qsPSr� ��SbWq�U��ST�b�a�UWbcVS¢�UWVSbC¿c¿�J ^¬qs«�T�On¢sedf'f UCT�oC}�VSb���TÈ§
ocT�UW}�VSPSX��ST�b�»�Xdbce �dT�P���TÈ�Sqs¢�qsOQ�ST���qsrST��ST�b�¡>�SOQT|bcT�opUWRQOQ��rST�P K�©�¢�RQT�OQPST�P%¯[��³�XdT|«SRQT�OQ«�T�PxRQT�T�b�J
^`OQTCMDRQT�f'T�P�U�qsbc}�T�RQRQTÊ�ST�o[¸Dbced��qsPSr� ��SbWq�UWT�oZr�q�U[T�OQPSTC{|OLUcUWT�bc¢sedPSopU�qsP�UWTÊjdedP¤K�\�J � � � ��q�j�OQ��§
ocedP�K �d»d© � J
^`OQT�µ�P�UWT�bcocVS��r�VSPSXÊ�ST�b ½¾qsococT�b¨§¨¸Dbced��qsPÍ{|bcT�PS}�~>�s��rST�ocedRQRLUWTy«�T�O�T�OQPST�b ��T�f'��T�bWq�UWVSbDjdedP

��qwJ
0◦
���SVSbc��rSXdT�±6¦SrSbpUZ°�T�bc�ST�P¾VSPS� VSP�UWT�bÊ{[qsoc�Sbc¦S��¢sT�P�¡G�SOQT�T�oZT�bcf'mdXdRQOQ��rST�P�¡�T�OQPSTC¢sedf�§
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�`«S«SOQRQ�SVSPSX'hwJ » 
>a���rST�f�q�UWOQoc��rSTÊÂ�T�OQ��rSP�VSPSXdT�Pl�ST�o�¿Àoced«SVwU�qsP�§ �6RQOQPS¢�o ��VSPS�u¸Dbced��qsPSf'edRQT�¢�¦SRQo
�6bcT���r�UWo � � PSOQopUÀ°�T�« � Jd^`OQT�¯�edrSRQT�PSopUWesº�q�UWedf'T ocOQPS� Xdbc¦SP VSPS� �SOQT ½¾qsococT�bcopUWesº�q�UWedf'T ocOQPS�Z°�T�O �
��qsbcXdT�opUWT�RQRLU�J

�SRQT�UcUWT[�y�Socedbc�wUWOQedPSocOQocesUWrST�bcf'T[qsVw±6}�VSPST�rSf'T�P�J
Â�VSb XdT�P�qsVST�bcT�P-µ�P�UWT�bcocVS��r�VSPSX?�ST�oÊ�y�Socedbc�wUWOQedPSopjdT�bcr�qsRLUWT�PSoÊjdedP¤{[qso�qsVw± ¥ RQ¦SococOQXd¢sT�O §

UWT�P¾«�T�}�¦SXdRQOQ��r �ST�bÊ¯[qs�SOQRQRzqsbp°�T�RQRQT�PSbWqsVSOQXd¢sT�OLU¬�ST�b qs�Socedbc«SOQT�bpUWT�P ¥ OQRQf'TÊ°nVSbc�ST���qso�a� �opUWT�f
{|RL �}�T�bcOQP�§À¿Àoced«SVwU�qsP¤XdT�°²�srSRLU�J²{|RL �}�T�bcOQP �

C3H8O3
��OQopU�T�OQPST%OQP+�ST�b=ª¬«�T�bp~>�s��rST�PSopUWbcT�VSVSPSX

r��sVw³�X£T�OQPSXdT�ocT�UW}�UWT?a�VS«SopU�qsPS}s¡²��q¾ocOQTu�Sbced«SRQT�f'RQedo'}�V �SbW�s��qsbcOQT�bcT�P/OQopUÍVSPS� T�OQPSTurSmdrST�bcT
�¬OQoc¢sedocOLU���UxqsRQo�½¾qsococT�bÍ«�T�ocOLUW}�U�Jy^`OQT�o=f�qs��r�Ul{|RL �}�T�bcOQPSed«�T�bp~>�s��rST�P VSPST�f'�w³�PS�SRQOQ��rST�bÍXdTÈ§
XdT�P �¬OQ«SbWq�UWOQedPST�P�¡>�SOQTÊ«�T�OQoc�SOQT�RQop°�T�OQocT jdedf ^`OLº�bWqs¢�UWedf'T�UWT�b�jdT�bcVSbcoWqs��r�UZ°�T�bc�ST�P�J1¿Àoced«SVwU�qsP
�
C4H10

��r�q�UGT�OQPST�PZOQf � T�bcXdRQT�OQ��rZ}�VSfÃ¸Dbced��qsP PSe���r PSOQT��SbcOQXdT�bcT�P ¯�edPS�ST�PSoWq�UWOQedPSoc�SbcVS��¢>Js��T�O
15◦
��RQOQT�XsU`�SOQT�ocT�b|«�T�ODI�J]\�«�qsb�J�^¬qso|¿Àoced«SVwU�qsPSf'edRQT�¢�¦SRGOQopU¬OQP2�`«S«SOQRQ�SVSPSXÍhwJ »=qs«SXdT�«SOQRQ�ST�U�J

MDo�r�q�U�T�OQPSTnopUWT�bcPw±6mdbcf'OQXdT`a�UWbcVS¢�UWVSb�f'OLU T�OQPST�fYt%edRQT�¢�¦SRQbWqs�SOQVSoDjdedP���qwJ�©wJ]� � � ocRQe�qsP>Isvdvdh � J

��������� ()����� -�� 	 � � #�� %2� 	>#���%

¥ ¦Sb �SOQT=µ�P�UWT�bcocVS��r�VSPSX¶jdedP ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qsoÊ{|bcT�PS}�~>�s��rST�P-fÊVSocopUWT=T�OQPST�PST�VSTÍ¸Dbced«�T�P�§
}�T�RQRQT2¢sedPSopUWbcVSOQT�bpUx°�T�bc�ST�P�¡���q¾jdedbcr�qsPS�ST�PST¾¸Dbced«�T�PS}�T�RQRQT�P PSOQ��r�Ux±6¦Sbx�ST�P­��T�UWbcOQT�«AVSP�UWT�b
rSedrST�Pl^`bc¦S��¢sT�Pu«SOQoy}�Vu�Ê«�qsb�qsVSocXdT�RQT�XsUy°²qsbcT�P�J��`RQo�{|bcVSPS�SRzqsXdT¬±6¦Sby�SOQT[Ì�T�VS¢sedPSopUWbcVS¢�UWOQedP
�SOQT�P�UWT'T�OQPST'¸Dbced«�T�PS}�T�RQRQTC}�VSb µ�P�UWT�bcocVS��r�VSPSXujdedP-ª¬«�T�bp~>�s��rST�P ~�¦SococOQXdT�bÊt%T��SOQT�P�¡1°nOQTCocOQT
OQP � ocT� ��ST�R
Isvdvdh � «�T�oc��rSbcOQT�«�T�P?OQopU�J1^`OQT�ocT'¸Dbced«�T�PS}�T�RQRQTC«SOQT�UWT�UZqsVw±6XdbcVSPS� OQrSbcT�o|�`Vw±6«�qsVSoZ�SOQT
t%mdXdRQOQ��rS¢sT�OLU�T�OQPST�bnocT�rSb`XdT�P�qsVST�P ��T�f'��T�bWq�UWVSbcbcT�XdT�RQVSPSX'�ST�b`¸Dbced«�T�PSed«�T�bp~>�s��rST oce�°nOQTZT�OQPST
XdVwUWTÊ¿ÀocedRzq�UWOQedP%�ST�b|¸Dbced«�T XdT�XdT�P¶�sV��dT�bcTÊMDOQPw~�¦SococTÊ°nOQTÊ^`bcVS��¢d§nVSPS����T�f'��T�bWq�UWVSbcoc��r�°²qsP�§
¢�VSPSXdT�P�J1^`OQT ±6¦Sb`�SOQT�t%T�ococVSPSX%VSP�UWT�b`jdT�bcoc��rSOQT��ST�PST�P£{[qsoc�Sbc¦S��¢sT�P¶PST�V2¢sedPSopUWbcVSOQT�bpUWT'Â�T�RQRQT
«�T�opUWT�r�UCqsVSoZT�OQPST�b qsVSo bcedopUc±6bcT�OQT�f a�U�qsrSR XdT�«�qsVwUWT�P?¿ÀPSPST�PS}�T�RQRQTs¡��SOQT'VSP�UWT�bÊ^`bcVS��¢¶XdT�ocT�UW}�U
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°�T�bc�ST�P=¢�qsPSPCVSPS�'T�OQPST�b qsVSo �`RQVSf'OQPSOQVSfÃXdT�±6T�bpUWOQXsUWT�PC�`V��dT�PS}�T�RQRQTsJ�MDOQPST`a�¢�OQ}�}�Tnoce�°nOQT�¸DrSe�§
UWedo`�ST�b`¸Dbced«�T�PS}�T�RQRQTZocOQPS�lOQP%�`«S«SOQRQ�SVSPSX�hwJ �'��qsbcXdT�opUWT�RQRLU�J�¿ÀPl�ST�b`¿ÀPSPST�PS}�T�RQRQTZ«�T�³�PS�ST�U¬ocOQ��r

�`«S«SOQRQ�SVSPSX�hwJ � 
>^¬qsbcopUWT�RQRQVSPSX'�ST�b�¸Dbced«�T�PS}�T�RQRQTsJ�ª¬«�T�P%OQopU�T�OQPSTÊa�¢�OQ}�}�TZ�ST�b¬Â�T�RQRQT¬°nOQT��ST�bcXdTÈ§
XdT�«�T�P�J�µ�P�UWT�PÍocOQPS�Í�SOQT`XdT�msº�PST�UWT¬�`V��dT�PS}�T�RQRQT¬VSPS�Í�SOQT`¿ÀPSPST�PS}�T�RQRQT¬}�VÍocT�rST�P�J�tlqsPÍT�bc¢sT�PSP�U
�ST�VwUWRQOQ��r¤�SOQTxqsVw±¬�SOQTÍ¿ÀPSPST�PS}�T�RQRQT%qsVw±6XdT�oc��rSbWqsVS«wUWT�P/k�qsrSf'T�P-VSPS�+�ST�P¤OQP-�ST�bC¿ÀPSPST�PS}�T�RQRQT
VSP�UWT�bcXdT�«SbWqs��r�UWT�P2¸Dbced«�T�P�UWT�RQRQT�b�J

T�OQPST�~>qs��rSTÍa���r�qsRQT'qsVSo[bcedopUc±6bcT�OQT�f a�U�qsrSR ¡1�SOQT�T�OQPST�P?^`VSbc��rSf'T�ococT�b jdedP+K�IsvÍf'f «�T�ocOLUW}�U�J
¿ÀP£�SOQT�ocTÍa���r�qsRQT'°nOQbc�¾�SOQT�}�V¾VSP�UWT�bcocVS��rST�PS�ST%¸Dbced«�T�PSocVS«SopU�qsPS}ÍT�OQPSXdT�±6¦SRQRLU�J�^`OQT �yOQT�±6T��ST�b
¥ RQ¦SococOQXd¢sT�OLU`jsqsbcOQOQT�bpU 
cTÊP�qs��r ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSXxVSPS� ¥ ¦SRQRQXdbWqs�%}�°nOQ��rST�P-KÊf'fgVSPS� I
f'f%J1�`f ^`T���¢sT�R��ST�bZ¿ÀPSPST�PS}�T�RQRQTs¡�OQP �ST�f ocOQ��r¾qsVS��r?}�°�T�O�^`VSbc��rw±6¦SrSbcVSPSXdT�P¾±6¦SbZ�SOQT�{[qso
Â�V�§ZVSPS�+�`«SRQT�OLUWVSPSX2«�T�³�PS�ST�P�¡ ocOQPS�¤}�°�T�O�¸ U�K�vdv ��T�f'��T�bWq�UWVSbcocT�PSocedbcT�P/qsPSXdT�«SbWqs��r�U�¡DjdedP
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�ST�PST�P T�OQPST�b'OQP+�SOQTx~�¦SococOQXdTu¸Dbced«�T%T�OQP�U�qsVS��r�UÍVSPS�+�ST�b=qsPS�ST�bcTl�SOQT���T�f'��T�bWq�UWVSb��ST�o�OQP
�ST�b¬Â�T�RQRQT[«�T�³�PS�SRQOQ��rST�P2{[qsocT�o�f'OQocopU�J�a�edf'OLUn¢smdPSPST�P2T�jdT�P�UWVST�RQRQT ��T�f'��T�bWq�UWVSbcVSP�UWT�bcoc��rSOQT��ST
}�°nOQoc��rST�P �ST�b|~�¦SococOQXdT�P ¸Dr�qsocTCVSPS�¶�ST�bZ{[qsoc�Sr�qsocT�XdT�f'T�ococT�P¶°�T�bc�ST�P�J1�`P 
cT�°�T�OQRQo¬XdT�XdT�P�§
¦S«�T�bcRQOQT�XdT�PS�ST�PCa�T�OLUWT�PÊ�ST�bG¿ÀPSPST�PS}�T�RQRQT�«�T�³�PS�ST�P�ocOQ��r ¥ T�PSopUWT�b�¡��SVSbc��r��SOQT²knmdP�UWXdT�PSopUWbWqsrSRQVSPSX
T�OQP�§ VSPS�ÍqsVSopUWbcT�UWT�PÍ¢�qsPSP�J�µ�f �SOQT`¸Dbced«�T�PS}�T�RQRQT¬qsP'jdT�bcoc��rSOQT��ST�PSTZa�UWbcT�VSXdT�edf'T�UWbcOQT�PÍqsPS��qso¨§
ocT�P }�V/¢smdPSPST�P�¡ °nVSbc�ST�P qsVw±|�SOQT%bcT�Rzq�UWOLj£Xdbce �dT�P ¥ T�PSopUWT�bcmsº�P�VSPSXdT�P �ST�b�¿ÀPSPST�PS}�T�RQRQT%jdedP
�ST�P¶�`V��dT�PSocT�OLUWT�P k�qsrSf'T�P¶qsVw±6XdT�oc��rSbWqsVS«wU�¡�OQPu°�T�RQ��rST��SOQT ±6¦Sb¬��qso[MG�w��T�bcOQf'T�P�U|ed�wUWOQf�qsRQT
¥ T�PSopUWT�bp±6edbcf XdT�±6bW�sopU|OQopU�J��`Vw± �SOQTÊ�ST�f�Â�T�RQRQT�PSOQPSPST�bcT�Pu}�VSXdT�°²qsPS�wUWT�P¾a�T�OLUWT�P2�ST�b[k�qsrSf'T�P
°nVSbc�ST²¯[qs�wUWedPw±6edRQOQTDf'OLU�T�OQPST�bG^`OQ��¢sT jdedPC�sv

µ
fÃqsVw±6XdT�¢�RQT�«wU�J �¬OLUWedPSbcOQPSXdT �SOQT�PST�P «�T�OQf��`Vw±z§

oc��rSbWqsVS«�T�P'�ST�b k�qsrSf'T�PÊVSPS�C�ST�oD¿ÀPSPST�PS}�T�RQRQT�PS�ST���¢sT�RQo }�VSb �`«��SOQ��r�UWVSPSXSJ�^¬q¬�SOQT �¬OLUWedPSbcOQPSXdT
XdT�XdT�P �SOQT�¯[qs�wUWedPw±6edRQOQT�P¶qs«��SOQ��r�UWT�P�¡�¢sedf'f U[T�o[}�V¶¢sT�OQPST�f�¯�edP�U�qs¢�UZ}�°nOQoc��rST�P?�ST�f }�VSf
¯|RQT�«�T�P?�ST�b ¥ edRQOQT�PujdT�bp°�T�PS�ST�UWT�P¤¯|RQT�«�T�bZVSPS�?�ST�f�OQP �ST�b ¿ÀPSPST�PS}�T�RQRQT'«�T�³�PS�SRQOQ��rST�P£{[qso�J
^¬qso'�`Vw±6¢�RQT�«�T�P¤�ST�b'¯[qs�wUWedPw±6edRQOQT�P-qsVw±`�SOQTx�`V��dT�PSocT�OLUWT�P¤�ST�b ¥ T�PSopUWT�bC°n¦Sbc�ST%«�T�OyrSedrST�P
^`bc¦S��¢sT�PuOQPSPST�bcr�qsRQ«x�ST�b`Â�T�RQRQT¬}�VSfÁ�`«SbcT�O �dT�Px�ST�b ¥ edRQOQT�P=±6¦SrSbcT�P�J
^`OQT¬¿ÀPSPST�PS}�T�RQRQT|OQopUnqsVw±�T�OQPST�f ½A�sbcf'T�U�qsVSoc��rST�bnf'edP�UWOQT�bpU�¡��ST�b²°nOQT��ST�bcVSf�}�°�T���¢�o�UWrST�b¨§

f'OQoc��rST�b�¿ÀocedRzq�UWOQedP?jdedP¤T�OQPST�f �S¦SPSPST�P+knOQPSX¶qsVSoC^`T�P�UWbcOQP-XdT�UWbWqsXdT�P£°nOQbc��JD^`T�bÊ½A�sbcf'TÈ§
U�qsVSoc��rST�b�¢�qsPSP¾°²qsrSRL°�T�OQocTÍf'OLU ¢�qsRLUWT�f a�UWOQ��¢�opUWesº/e��ST�b f'OLU T�OQPST�f ~�¦SococOQXdT�P-¯|¦SrSRQf'OLUcUWT�R
XdT�¢�¦SrSRLUy°�T�bc�ST�P�J>^`OQT[knT�XdT�RQVSPSX��ST�bn¸Dbced«�T�P�UWT�f'��T�bWq�UWVSbyT�bp±6edRQXsU²�SVSbc��r%T�OQPST ��T�OQ}�±6edRQOQTs¡��SOQT
ocOQ��r+}�°nOQoc��rST�P/¿ÀPSPST�PS}�T�RQRQT%VSPS�¤½A�sbcf'T�U�qsVSoc��rST�b�«�T�³�PS�ST�U�VSPS�+�SOQT ��T�f'��T�bWq�UWVSb'�ST�b'¿ÀP�§
PST�PS}�T�RQRQT=T�OQPSOQXdT=¯|T�RLj�OQP¾ed«�T�bcr�qsRQ«¾�ST�b jdedf ½A�sbcf'T�U�qsVSoc��rST�bÊjdedbcXdT�XdT�«�T�PST�P ��T�f'��T�bWq�UWVSb
opU�qs«SOQRQOQocOQT�bpU�J MDOQPST ��T�f'��T�bWq�UWVSbcopUWT�VST�bcVSPSX¾�ST�b ¥ OQbcf�q2¹�qs¢sT�ocrSedbcT � Rzqs¢sT�°�T�« �`bcT�XdVSRQOQT�bpUC�SOQT
��T�f'��T�bWq�UWVSb'�ST�b=¸Dbced«�T%�SVSbc��r � qsbcOzq�UWOQedP£�ST�o��ST�b ��T�OQ}�±6edRQOQTÍ}�VSXdT�±6¦SrSbpUWT�PAa�UWbcedf'T�o�J �`RQo
knT�±6T�bcT�PS}�UWT�f'��T�bWq�UWVSb�¢�qsPSPloce�°�edrSR��SOQT���T�f'��T�bWq�UWVSb��ST�o¬{[qsocT�o¬qsRQo�qsVS��rl�SOQT[�ST�b ¥ RQ¦SococOQX�§
¢sT�OLUn�SOQT�PST�P�J�½A�sbcf'T�U�qsVSoc��rST�byVSPS�x¿ÀPSPST�PS}�T�RQRQT|ocOQPS�Íf'OLU��ST�by�`V��dT�PS}�T�RQRQT`±6T�opUyjdT�bcoc��rSbWqsVS«wU�J
^`OQTy�`V��dT�PS}�T�RQRQTy«�T�ocOLUW}�UDT�«�T�Pw±�qsRQRQo }�°�T�O ¥ T�PSopUWT�b�¡�«�T�¢�RQT�«wU f'OLU �sv

µ
f��SOQ��¢sT�P�¯[qs�wUWedPw±6edRQOQT�P�¡

±6¦Sb��SOQT`T�OQP�UWbcT�UWT�PS�ST¬VSPS�ÍqsVSopUWbcT�UWT�PS�ST[knmdP�UWXdT�PSopUWbWqsrSRQVSPSXSJw^`OQT`�`V��dT�PS}�T�RQRQT`¢�qsPSP=T�P�UÀ°�T��ST�b
T�jsqs¢�VSOQT�bpUD°�T�bc�ST�P�¡d°²qso �ST�bGUWrST�bcf'OQoc��rST�P'¿ÀocedRzq�UWOQedP �ST�bD¿ÀPSPST�PS}�T�RQRQTy�SOQT�P�U�¡de��ST�b VSP�UWT�bDT�OQPST�P
^`bcVS��¢'jdedP%IZ«�qsb XdT�ocT�UW}�Uy°�T�bc�ST�P�¡SVSf �SOQT`�S¦SPSPST�Px¯[qs�wUWedPw±6T�PSopUWT�b²�ST�b�¿ÀPSPST�PS}�T�RQRQT¬«�T�O�rSe�§
rST�P2^`bc¦S��¢sT�P¶}�VlT�P�UWRzqsopUWT�P�J�^`OQT ��T�±6¦SRQRQVSPSX'�ST�b`¿ÀPSPST�PS}�T�RQRQTZf'OLU�T�OQPST�fg¸Dbced«�T�PSX�qso`T�bp±6edRQXsU
¦S«�T�bGÂ�VSRQT�OLUWVSPSXdT�P�¡��SOQTDocT�OLUWRQOQ��r[�SVSbc��rZ�SOQTD½¾qsPS�SVSPSX��ST�b��`V��dT�PS}�T�RQRQTDVSPS� �SVSbc��rZ�ST�PÊ^`T���¢sT�R
�ST�b�¿ÀPSPST�PS}�T�RQRQT[XdT�±6¦SrSbpUn°�T�bc�ST�P�J���T�O�T�OQPST�bn^`bcVS��¢sT�bcrSmdr�VSPSXÍe��ST�bnT�OQPST�fg{[qsoWqsVSopU�qsVSoc��rlOQP
�ST�b¬¿ÀPSPST�PS}�T�RQRQT fÊVSoco`��qsrST�b¬¢sT�OQPST �ST�b¬«�T�OQ�ST�P¶Â�T�RQRQT�P%XdT�msº�PST�U¬°�T�bc�ST�P�J�^`T�b[{[qsoc�SbcVS��¢%OQP
�ST�bZ¿ÀPSPST�PS}�T�RQRQT�°nOQbc� �SVSbc��r?T�OQP¾tlqsPSedf'T�UWT�bZqsf {[qsoc}�Vw~�VSoco f'OLU[T�OQPST�b[�`Vw~�mdocVSPSX%jdedP+K
fÊ«�qsbyf'edPSOLUWedbcOQocOQT�bpU�J
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�`RQRQT t%T�ococVSPSXdT�PÊqsP ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qso1{|bcT�PS}�~>�s��rST�P ocOQPS�ZqsP[�ST�f®¹�qs«�edbc�SOLº�bWqs¢�UWedf'T�UWT�b�^¬»
qsfÁ¹1T�rSbcopUWVSrSR��ST�bnMG�w��T�bcOQf'T�P�UWT�RQRQT�PÍ¸Dr� �ocOQ¢�¿¨q��ST�byµ�PSOLjdT�bcocOLU���Un^`edbpUWfÊVSPS�Í�SVSbc��rSXdT�±6¦SrSbpU
°�edbc�ST�P�J�MDOQP'¸DrSesUWeZ�ST�o ^`OLº�bWqs¢�UWedf'T�UWT�bco OQopU OQP��`«S«SOQRQ�SVSPSXZhwJLK�v¬°nOQT��ST�bcXdT�XdT�«�T�P�J�^¬qso�^`OL±z§
±6bWqs¢�UWedf'T�UWT�b OQopU T�OQP�{|T�bW��U �ST�b ¥ OQbcf�q|��bcVS¢sT�b�¡���qso OQPC�ST�b oceZXdT�P�qsPSP�UWT�P

θ−2θ
{|T�edf'T�UWbcOQT

qsbc«�T�OLUWT�P ¢�qsPSP�J�^`OQT�oZ«�T��ST�VwUWT�U�¡���qsoco �SOQT � qsbcOzq�UWOQedP2�ST�o MDOQPw±�qsRQRQop°nOQPS¢sT�RQo�¡�VSP�UWT�bZ�ST�f��ST�b
knmdP�UWXdT�PSopUWbWqsrSRDqsVw± �SOQT�¸Dbced«�T�PSed«�T�bp~>�s��rST�UWbcOLº�U�¡�PSOQ��r�U|�SVSbc��r¶T�OQPSTC¸Dbced«�T�PSbcesU�q�UWOQedP�¡�ocedP�§
�ST�bcP'�SVSbc��r�T�OQPSTnknesU�q�UWOQedP��ST�b a�UWbWqsrSRQVSPSXdo ��VST�RQRQTyVSf �SOQTn¸Dbced«�Ty«�T�°�T�bc¢�opUWT�RQRQOQXsUD°nOQbc��J�^`OQT�o
OQopU|±6¦Sb|�SOQTCµ�P�UWT�bcocVS��r�VSPSXljdedP¾ª¬«�T�bp~>�s��rST�P ~�¦SococOQXdT�b[¸Dbced«�T�P }�°nOQPSXdT�PS� PSesUÀ°�T�PS�SOQXSJ1�`RQo
a�UWbWqsrSRQVSPSXdo ��VST�RQRQT²�SOQT�P�U T�OQPSTyknmdP�UWXdT�PSbcmdrSbcTyf'OLU T�OQPST�bD¯|VS�w±6T�bWqsPSe��STsJ�^`OQT²jdedPC�ST�b ¯|VS�w±6T�b¨§
qsPSe��ST|qsVSocXdT�rST�PS�ST

CuKα1

§pa�UWbWqsrSRQVSPSXÊf'OLU�T�OQPST�b²MDPST�bcXdOQT`jdedP%»dvs��» T � �
λ = 1.54

� � °nOQbc�
�SVSbc��r?T�OQPST�P?{|md«�T�RQoc�SOQT�XdT�R�� �SOQT�UWoc��r>Isvdvs� �D��qsbWqsRQRQT�RQOQocOQT�bpU�J�Â�VSoW��UW}�RQOQ��r¶qsVw±
UWbcT�UWT�PS�ST'¯�edf'��e�§
PST�P�UWT�PÍOQfYa�UWbWqsrSRQVSPSXdococ��T�¢�UWbcVSf �ST�b²knmdP�UWXdT�PSbcmdrSbcTs¡�°nOQT��SOQT

CuKβ

§ VSPS�=�SOQT`��bcT�f'ocopUWbWqsr�§
RQVSPSXS¡�°�T�bc�ST�P¾�SVSbc��r?�ST�P¾{|md«�T�RQoc�SOQT�XdT�R VSP�UWT�bc�Sbc¦S��¢�U�J Â�°�T�O °�T�OLUWT�bcT�a���qsRLUWop �opUWT�f'T'rSOQP�UWT�b
�ST�f�{|md«�T�RQoc�SOQT�XdT�R�oc��rSbW�sPS¢sT�P �SOQT�a�UWbWqsrSRQXdT�edf'T�UWbcOQT qsVw± T�OQPST ��mdrST jdedP vwJLKÊf'fgVSPS� qsVw±
T�OQPSTÊ��bcT�OLUWTZjdedPu��qwJ�K�v'f'fgT�OQP�J�^`OQTÊ¸DbcOQf��sbcOQP�UWT�PSocOLU���Un�SOQT�ocT�o|knmdP�UWXdT�PSopUWbWqsrSRQT�o`RQOQT�XsU�«�T�O
I0 ≈ 5 ∗ 107 K���o�JSÂ�VSb���T�oc��rSbW�sPS¢�VSPSXC�ST�b²OQP��ST�PÍ^`T�UWT�¢�UWedb²T�OQPw±�qsRQRQT�PS�ST�P=a�UWbWqsrSRQVSPSXdocOQP�UWT�P�§
ocOLU���U �SOQT�P�U T�OQPC�`VwUWe�qs«Socedbc«�T�bcop �opUWT�fYf'OLU j�OQT�b ¯|VS�w±6T�bp±6edRQOQT�P�VSP�UWT�bcoc��rSOQT��SRQOQ��rST�b�^`OQ��¢sTsJw^`T�b
�`«SopU�qsPS�+}�°nOQoc��rST�P+�ST�b�a�UWbWqsrSRQVSPSXdo ��VST�RQRQTÍVSPS�+�ST�f ^`bcT�rS}�T�P�UWbcVSf �ST�o�^`OLº�bWqs¢�UWedf'T�UWT�bco
«�T�UWbW�sXsU²�svdv|f'f%J�^`T�b�^`T�UWT�¢�UWedb�¡�T�OQP�Ì`q�UWbcOQVSf'OQe��SOQ��a�}�OQP�UWOQRQRzq�UWOQedPSo¨§¨^`T�UWT�¢�UWedb�¡�OQopU T�«�T�Pw±�qsRQRQo
qsP�T�OQPST�f�VSf��SOQT²¸Dbced«�T²�SbcT�r�«�qsbcT�PC�`bcf�«�T�±6T�opUWOQXsU�J � edbG�ST�f"^`T�UWT�¢�UWedbD«�T�³�PS�ST�PCocOQ��r�}�°�T�O
��RQT�PS�ST�PSop �opUWT�f'Ts¡d}�°nOQoc��rST�PC�ST�PST�P�T�OQPCa�edRQRQT�bcoc��qsRLU�«�T�±6T�opUWOQXsUGOQopU�Js^`OQT��Sbced«�T�PSocT�OLUWOQXdT���RQT�PS�ST
f'OLUnT�OQPST�bnjdT�bpUWOQ¢�qsRQT�Pla���qsRLUWrSmdrST[jdedPuvwJ ©Cf'fÁ�SOQT�P�U�}�VSb`µ�P�UWT�bc�Sbc¦S��¢�VSPSX=jdedP2a�UWbcT�VSopUWbWqsr�§
RQVSPSXS¡�°²�srSbcT�PS�2�SOQTZ�ST�UWT�¢�UWedbcocT�OLUWOQXdT ��RQT�PS�STZf'OLU�T�OQPST�bnjdT�bpUWOQ¢�qsRQT�P2a���qsRLUWrSmdrST[jdedP2vwJ]ICf'f
�SOQT²�`Vw~�mdocVSPSX|�ST�o ^`OLº�bWqs¢�UWedf'T�UWT�bcoG�ST�³�PSOQT�bpU�Jd^`OQT²�`Vw~�mdocVSPSX|�ST�o ^`OLº�bWqs¢�UWedf'T�UWT�bco «�T�UWbcVSX
«�T�O��ST�b²jdT�bp°�T�PS�ST�UWT�Pu��RQT�PS�ST�PST�OQPSopUWT�RQRQVSPSX

0.4
f'bWqs��JSMDOQPST¬}�VxVSP�UWT�bcocVS��rST�PS�ST ¸Dbced«�T|e��ST�b

T�OQPSTÊ¸Dbced«�T�PS}�T�RQRQT[¢�qsPSP2qsVw±DT�OQPST�f �yOQoc��ruf'edP�UWOQT�bpUn°�T�bc�ST�P�¡��ST�b`OQPlqsRQRQTZk�qsVSf'bcOQ��r�UWVSPSXdT�P
UWbWqsPSocRzq�UWOQT�bpU¬°�T�bc�ST�P?¢�qsPSP�J�MDOQPST�P }�VSoW��UW}�RQOQ��rST�P?knesU�q�UWOQedPSop±6bcT�OQrST�OLUWocXdbWqs�u«�T�ocOLUW}�U[�ST�bZ¸Dbce�§
«�T�P�UWOQoc��rlPSOQ��r�U�¡S°²qson«�T�O1�ST�b�µ�P�UWT�bcocVS��r�VSPSX�~�¦SococOQXdT�b�¸Dbced«�T�P%¢sT�OQPl¸Dbced«SRQT�f���qsbcopUWT�RQRLU�J
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�`«S«SOQRQ�SVSPSX'hwJLK�v 
�^¬qso���bcVS¢sT�b`qs�wjsqsPS��TZ¹�qs«�edbc�SOLº�bWqs¢�UWedf'T�UWT�b ��^¬» �²f'OLUn¸Dbced«�T�PS}�T�RQRQTsJS�`Vw±
�ST�bnbcT���r�UWT�P¶a�T�OLUWT|�ST�o�¸DrSesUWedonOQopUn�SOQT���T�f'��T�bWq�UWVSbcopUWT�VST�bcVSPSX'}�V%T�bc¢sT�PSPST�P�J
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MDo °nVSbc�ST�P't%T�ococVSPSXdT�P�qsPÊ�ST�P�a� �opUWT�f'T�PÊ½¾qsococT�b¨§¨¸Dbced��qsP�VSPS�'{|RL �}�T�bcOQP�§À¿Àoced«SVwU�qsPÊ�SVSbc��r�§
XdT�±6¦SrSbpU�Js^¬qs«�T�O�°nVSbc�ST�P��SOQT²t%T�ococ��q�UWT�P��ST�b {|RL �}�T�bcOQP�§À¿Àoced«SVwU�qsP�{|bcT�PS}�~>�s��rST�OQP }�°�T�OSt%T�oco¨§
}�T�OLUWT�PCVSPS�C�SOQT�t%T�ococ��q�UWT�P'�ST�b ½¾qsococT�b¨§¨¸Dbced��qsP={|bcT�PS}�~>�s��rSTnOQP�T�OQPST�b t%T�ococ}�T�OLU�qsVw±6XdT�PSedf�§
f'T�P�J

Å �6�%�"�����������W�Z���>����� � �������dEGF������
^`OQTlt%T�ococVSPSXdT�P qsP-�ST�bC½¾qsococT�b¨§¨¸Dbced��qsP/{|bcT�PS}�~>�s��rST%°nVSbc�ST�P+«�T�OyT�OQPST�b�½¾qsococT�bpUWT�f'��TÈ§
bWq�UWVSb�jdedP

(0◦ ± 0.1◦) C
�SVSbc��rSXdT�±6¦SrSbpU�J ^¬q¶�ST�b�¯�edPS�ST�PSoWq�UWOQedPSoc�SbcVS��¢£jdedP+¸Dbced��qsP¤«�T�O

�SOQT�ocT�b ��T�f'��T�bWq�UWVSb'«�T�On�SJ]\¶«�qsbCRQOQT�XsU�¡G°nVSbc�ST�P knT�~�T�¢�UWOLj�OLU���UWT�P/qsP+�ST�bC½¾qsococT�b¨§¨¸Dbced��qsP
{|bcT�PS}�~>�s��rST�«�T�OG¸Dbced��qsPS�Sbc¦S��¢sT�P¶}�°nOQoc��rST�P-KdJ v'«�qsb`VSPS�u�SJ ©�«�qsb��SVSbc��rSXdT�±6¦SrSbpU�J��`RQo¬¸Dbce�§
«�T�PSX�qsoy°nVSbc�ST[¸Dbced��qsP%hwJ]� � � �wJ ����� knT�OQPSrST�OLU � �ST�b ¥ OQbcf�qÊt%T�ococT�b¨§p{|bcOQT�ocrST�OQf�jdT�bp°�T�PS�ST�U�J
^¬qso|½¾qsococT�b[opU�qsf'f U|qsVSo[T�OQPST�b[t%OQRQRQOQ��edbcTZ�`PSRzqsXdTÊ�ST�o ¥ qs��r�«�T�bcT�OQ��rSoZ¸Dr� �ocOQ¢�qsRQOQoc��rST ��rSTÈ§
f'OQT`¿D�ST�byµ�PSOLjdT�bcocOLU���Uy^`edbpUWfÊVSPS��J � edb²��T�XdOQPSP=�ST�bnt%T�ococVSPSXdT�PÍ°nVSbc�ST|��qso�½¾qsococT�b²OQP=�SOQT
¸Dbced«�T�PS}�T�RQRQTZXdT�±6¦SRQRLU�VSPS�l�SOQTZ¿ÀPSPST�PS}�T�RQRQT T�OQPSOQXdT t%OQP�VwUWT�Plf'OLU�X�qsop±6mdbcf'OQXdT�f¼a�UWOQ��¢�opUWesº?XdTÈ§
oc�S¦SRLU�JS^`OQT�oy�SOQT�P�Uy�ST�b � T�bc�SbW�sPSXdVSPSXC�ST�byk�qsVSf'RQVw±
U�¡��ST�bcT�Pla���rSfÊVwUW}�qsP�UWT�OQRQT¬ocOQ��rxocedPSopU�qsVw±
�ST�b�½¾qsococT�bced«�T�bp~>�s��rST�PSOQT��ST�bcoc��rSRzqsXdT�PZ°n¦Sbc�ST�P�J�Ì`qs��r �ST�f�a��S¦SRQT�PZf'OLUGa�UWOQ��¢�opUWesºCVSPS� �ST�f
M jsqs¢�VSOQT�bcT�PC�ST�b �`V��dT�PS}�T�RQRQT²¢sedPSP�UWTyT�OQPSTyknT�~�T�¢�UWOLj�OLU���U �ST�bG½¾qsococT�b¨§pa�UWOQ��¢�opUWesº%{|bcT�PS}�~>�s��rST
qsVw±6XdT�PSedf'f'T�P °�T�bc�ST�P�JD^`OQT�ocT=�SOQT�P�UÊ«�T�O �ST�bÊ^¬q�UWT�P�qsVSop°�T�bpUWVSPSX qsRQoÊ¯[qsRQOQ«SbWq�UWOQedPSocop �opUWT�f
±6¦Sb T�OQPST²½¾qsococT�bced«�T�bp~>�s��rSTs¡��SOQT�±6bcT�O�jdedPC�y�Socedbc«�q�UWT�PCOQopU�JdÌ`qs��rC�ST�b �`Vw±6P�qsrSf'T²�ST�b knT�~�T�¢d§
UWOLj�OLU���U`qsPu�ST�b�½¾qsococT�b¨§pa�UWOQ��¢�opUWesº£{|bcT�PS}�~>�s��rST °nVSbc�STÊ�SOQTZ¿ÀPSPST�PS}�T�RQRQTZ±6¦Sb���qwJ�K�v=t%OQP�VwUWT�P
f'OLU ¸Dbced��qsPÊXdT�oc�S¦SRLU�¡sVSfÃ�ST�P'a�UWOQ��¢�opUWesºÍqsVSoG�ST�b ¿ÀPSPST�PS}�T�RQRQT²}�V jdT�bc�SbW�sPSXdT�P�J�Ì`qs��r�T�OQPST�b�K�v
f'OQP�¦wUWOQXdT�PZ½¾qsbpUWT�}�T�OLU�¡sOQP �ST�b ocOQ��r��SOQTy{[qsopUWT�f'��T�bWq�UWVSb qsPÊ�SOQTyÂ�T�RQRQT�P�UWT�f'��T�bWq�UWVSbGqsPS��qsocopUWTs¡
¢sedPSP�UWT|f'OLU �ST�b��`Vw±6P�qsrSf'T�jdedPxknT�~�T�¢�UWOLj�OLU���UWT�P=�ST�b ½¾qsococT�b¨§¨¸Dbced��qsP%{|bcT�PS}�~>�s��rST¬«�T�XdedP�§
PST�P�°�T�bc�ST�P�J�Â�VSbDMDP�UWRzqsopUWVSPSX|�ST�bD¯[qs�wUWedPw±6T�PSopUWT�bD�ST�b ¿ÀPSPST�PS}�T�RQRQT�°nVSbc�STy«�T�OS^`bc¦S��¢sT�P'¦S«�T�b
hwJ]�Z«�qsb²�SOQT`�`V��dT�PS}�T�RQRQT`f'OLUya�UWOQ��¢�opUWesºuVSP�UWT�b²T�OQPST�f�^`bcVS��¢'jdedP%IZ«�qsb²«�T�±6¦SRQRLU�J���OQo²qsVw±��SOQT
t%T�ococVSPSX'«�T�OQf rSm���rSopUWT�Pl{[qsoc�SbcVS��¢'jdedPx�SJ © «�qsb�°nVSbc�ST 
cT��ST[t%T�ococVSPSX'f'OQPS�ST�opUWT�PSonIZf�qsR
°nOQT��ST�bcrSedRLU�J�Â�VSb ��T�opUWOQf'fÊVSPSX|�ST�b �SOLº�VSoDXdT�opUWbcT�VwUWT�P=a�UWbWqsrSRQVSPSX|°nVSbc�STnP�qs��r 
cT��ST�b knT�~�T�¢d§
UWOLj�OLU���U�T�OQPST¬RQedPSXdOLUWVS�SOQP�qsR��SOLº�VSocT[t%T�ococVSPSXC�SVSbc��rSXdT�±6¦SrSbpU�J���T�O��SOQT�ocT�bnt%T�ococVSPSX�°nVSbc�ST|�ST�b
^`T�UWT�¢�UWedb[VSf

0.1◦
}�V¶Xdbcm �dT�bcT�P2½ OQPS¢sT�RQP2XdT�XdT�P¶�ST�P2jdedP �ST�b[¸Dbced«�T�bcT�~�T�¢�UWOQT�bpUWT�P knmdP�Up§

XdT�PSopUWbWqsrSR�jdT�bcoc��rSed«�T�P�J>¿ÀPSocXdT�oWqsf Uy°nVSbc�ST�Px«�T�O�\ZjdT�bcoc��rSOQT��ST�PST�Pu^`bc¦S��¢sT�PuknT�~�T�¢�UWOLj�OLU���UWT�P
qsVw±6XdT�PSedf'f'T�P�J�MDoZ}�T�OQXsUWTCocOQ��r�¡���qsoco[°²�srSbcT�PS�¾�ST�bÊt%T�ococVSPSXdT�P¾T�OQP ��T�f'��T�bWq�UWVSbcXdbWqs�SOQT�P�U
OQP-�ST�b�Â�T�RQRQTÍqsVw±
UWbWq�U�JD^`OQT�oCr�q�UcUWTx}�VSb ¥ edRQXdTs¡ ��qsocoC�SOQT%{[qsopUWT�f'��T�bWq�UWVSb�¦S«�T�bC�ST�b'¸Dbced«�T
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f�q��wOQf�qsR
2◦
�¤¦S«�T�b �ST�b ½¾qsococT�bpUWT�f'��T�bWq�UWVSb jdedP

0◦
�¤RzqsXSJ�^¬qso ¢�qsPSP�f'OLU �ST�b T�OQPSocT�OLUWOQXdT�P�¡

qsP?�ST�bÊ��e��ST�PSocT�OLUWT�qsPSXdT�«SbWqs��r�UWT�P-¯|¦SrSRQVSPSX%�ST�b�Â�T�RQRQT�T�bc¢�Rz�sbpUZ°�T�bc�ST�P�JG^`OQT�o f�qs��r�U ocOQ��r
«�T�ocedPS�ST�bcon«�T�O�rSedrST�P%^`bc¦S��¢sT�P%«�T�f'T�bc¢�«�qsb�¡w«�T�O��ST�PST�P%qsVS��rx�SOQT`�`V��dT�PS}�T�RQRQT¬VSP�UWT�bn^`bcVS��¢
XdT�ocT�UW}�U�°nVSbc�STsJ
�`PSoc��rSRQOQT �dT�PS�l°nVSbc�ST � �GqsXdT RzqsPSX'�SOQT ¸Dbced«�T�PS}�T�RQRQTZVSP�UWT�b¬T�OQPST�fg¸Dbced��qsPS�SbcVS��¢xjdedP2�

«�qsbyVSPS�xT�OQPST�b²½¾qsococT�bpUWT�f'��T�bWq�UWVSb²jdedP
0◦
� XdT�r�qsRLUWT�P�¡wVSfÁT�OQPST¬�`«Soc��r���UW}�VSPSX'±6¦Sb²�SOQT|¿ÀP�§

�SVS¢�UWOQedPSoc}�T�OLUWT�Px�ST�bn¸Dbced��qsPSr� ��SbWq�UW«SOQRQ�SVSPSXÊ}�Vx«�T�¢sedf'f'T�P�J�½A�srSbcT�PS�x�SOQT�ocT�b�Â�T�OLU�°nVSbc�ST�P
¢sT�OQPST'knT�~�T�¢�UWOLj�OLU���UWT�P qsVw±6XdT�PSedf'f'T�P�J�MDo¬°²qsb 
cT��Se���r¶¢sT�OQPSTCf�qs¢�bcedoc¢sed�SOQoc��rST'¸Dbced��qsPSr� �§
�SbWq�UW«SOQRQ�SVSPSX�}�VÊ«�T�ed«�qs��r�UWT�P�¡�°�T�RQ��rST²ocOQ��rÊT�P�UÀ°�T��ST�bD�SVSbc��rÊ�SOQT���OQRQ�SVSPSX�ocOQ��r�UW«�qsbcT�b �n ��SbWq�Up§
f'T�PSXdT�P¾e��ST�bZ�SVSbc��r£T�OQPST'opU�qsbc¢sT � T�bcbcOQPSXdT�bcVSPSXl�ST�oÊ¸Dbced��qsPS�SbcVS��¢�o�«�T�f'T�bc¢�«�qsbZXdT�f�qs��r�U
r���UcUWTsJ

��������7���8>��� ��� ����� � �
�1�����������W�����>BG71	���� � �������dEGF������
^`T�b'�`«SRzqsVw±`�ST�b�t%T�ococVSPSXdT�P/T�P�UWoc�SbWqs��r/�ST�f qsP¤�ST�b�½¾qsococT�b¨§¨¸Dbced��qsP {|bcT�PS}�~>�s��rSTsJ µ�f
�ST�P ��T�f'��T�bWq�UWVSbcXdbWqs�SOQT�P�UWT�P¶OQP2�ST�b[¸Dbced«�T�PS}�T�RQRQTÊocexXdT�bcOQPSX�°nOQT�f'mdXdRQOQ��rl}�V¶r�qsRLUWT�P�¡�°nVSb¨§
�ST�P=�SOQT`t%T�ococVSPSXdT�P%qsP��ST�fYa� �opUWT�fÁ{|RL �}�T�bcOQP�§À¿Àoced«SVwU�qsP'«�T�O>T�OQPST�b ��T�f'��T�bWq�UWVSb jdedP

15.8◦�+�SVSbc��rSXdT�±6¦SrSbpU�JwMDOQPST�RQT�OQ��r�UWT�¯|¦SrSRQVSPSX �ST�b�¸Dbced«�T�PS}�T�RQRQT�VSP�UWT�b �SOQT`k�qsVSf UWT�f'��T�bWq�UWVSb r�q�U
ocOQ��r¶T�bp±�qsrSbcVSPSXdocXdT�f�� �%qsRQo¬ocOQPSP�jdedRQR T�bp°nOQT�ocT�P�J�^¬qs�SVSbc��r ¢sedPSP�UWTCT�OQPST�opU�qs«SOQRQT�bcT
��T�f'��T�bWq�§
UWVSbcopUWT�VST�bcVSPSX%T�bc}�OQT�RLU`°�T�bc�ST�P�J�Â�VS�ST�f OQopU|«�T�O �SOQT�ocT�b � edbcXdT�rST�PSop°�T�OQocTC�ST�b[��e��ST�P2�ST�b|¿ÀP�§
PST�PS}�T�RQRQT �SOQTD¢��sRLUWT�opUWT�a�UWT�RQRQT OQP[�ST�b�¸Dbced«�T�PS}�T�RQRQTs¡�°²qso�T�OQPZÌ�OQT��ST�bcoc��rSRzqsXdT�P[jdedPZjdT�bc�SVSPSopUWT�UWT�P
¸Dbced«�T�P�qsP�UWT�OQRQT�P¶qsP2�ST�P ¯[qs�wUWedPw±6T�PSopUWT�bcP2jdT�bcrSOQPS�ST�bpU�J ¥ ¦Sb¬�SOQTCt%T�ococVSPSXdT�P °nVSbc�ST�¿Àoced«SV�§
U�qsP I�J]� ��knT�OQPSrST�OLU � �wJ]��� �C�ST�b ¥ OQbcf�q?t%T�ococT�b%{|bcOQT�ocrST�OQf´jdT�bp°�T�PS�ST�U�Jn^¬qso�jdT�bp°�T�PS�ST�UWT
{|RL �}�T�bcOQP'r�q�UcUWT�T�OQPST`knT�OQPSrST�OLU jdedP�Xdbcm �dT�b

99%
VSPS�=opU�qsf'f UDjdedP=�ST�b ¥ OQbcf�qZt%T�bc¢>J�¿ÀPSocXdTÈ§

oWqsf Un°nVSbc�ST�PuknT�~�T�¢�UWOLj�OLU���UWT�Px�ST�b`{|RL �}�T�bcOQP�§À¿Àoced«SVwU�qsPl{|bcT�PS}�~>�s��rSTZ«�T�O�IsvÊjdT�bcoc��rSOQT��ST�PST�P
^`bc¦S��¢sT�P�}�°nOQoc��rST�P"K «�qsbxVSPS�®I�J ©-«�qsbÍ�SVSbc��rSXdT�±6¦SrSbpU�J�^`OQT knT�~�T�¢�UWOLj�OLU���UWT�P °nVSbc�ST�P­OQP
}�°�T�O�t%T�ococ}�T�OLUWT�PxqsVw±6XdT�PSedf'f'T�P�J�Â�VSb MDOQ��r�VSPSXÊ�ST�o²a� �opUWT�f'o °nVSbc�ST`T�OQPST`knT�~�T�¢�UWOLj�OLU���U �ST�b
{|RL �}�T�bcOQP�§pa�UWOQ��¢�opUWesº {|bcT�PS}�~>�s��rSTZXdT�f'T�ococT�P�J
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^`OQT'�`P�qsRL �ocT�P¾�ST�b qsP?�ST�P£a� �opUWT�f'T�P?½¾qsococT�b¨§¨¸Dbced��qsP¾VSPS�£{|RL �}�T�bcOQP�§À¿Àoced«SVwU�qsP �SVSbc��rSXdTÈ§
±6¦SrSbpUWT�P2knmdP�UWXdT�PSbcT�~�T�¢�UWOLj�OLU���UWT�P%T�P�UWoc�SbcT���rST�P¶ocOQ��r�J�^¬qsrST�b`ocedRQR�qsP%�SOQT�ocT�b¬a�UWT�RQRQT[�SOQT[XdT�PSTÈ§
bcT�RQRQT � edbcXdT�rST�PSop°�T�OQocTZ«�T�O1�ST�b�^¬q�UWT�P�qsP�qsRL �ocT[«�T�oc��rSbcOQT�«�T�P%°�T�bc�ST�P�J

�Gqs«�T�RQRQT�hwJLK 
�^`OQT`tlq�UWT�bcOzqsRQ¢sedPSopU�qsP�UWT�P'�ST�b jdT�bp°�T�PS�ST�UWT�Pla�UWesº�Ty½¾qsococT�b�¡S{|RL �}�T�bcOQP�¡�¸Dbced��qsP
VSPS�%¿Àoced«SVwU�qsP�J�^`OQT[¸GqsbWqsf'T�UWT�b²opU�qsf'f'T�PxqsVSo 
>q 
SMG��UWbWqs��edRzq�UWOQedPÍqsVSoy�ST�P%��bcT���r�VSPSXdocOQPS�SO §
}�T�oÊ�ST�b ¯�edrSRQT�P�°²qsococT�bcopUWesº�Tx��VwU�qsP�¡�¸�T�P�U�qsP�¡ ��TÈ�SqsP¾VSPS�£ª¬¢�U�qsP � ��bc��Isvdvdh � ¡�« 
 � PSOQopUÀ°�T�« � ¡
� 
 � ocRQe�qsP>Isvdvdh � ¡w± 
 � «SbWqsocRzqsV�K �d»d» � ¡wr 
 � ocT� ��ST�RQ�SOQoco � ¡>ocedPSopU � ��bc��Isvdvdh � J

½¾qsococT�b
(T = 0◦C)

{|RL �}�T�bcOQP ¸Dbced��qsP ¿Àoced«SVwU�qsP
¥ edbcf'T�R

H2O C3H8O3 C3H8 C4H10ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX
γ
� f�Ì ��f � \d��J ©s� ©�I�J]�

10.1b 11.3b

^`OQ��r�UWT � X ����f 3 � vwJ � � �d» KdJ]Is©wK�h
0.523b 0.562b

^`OQ��r�UWT�� {[qso � � X ����f 3 � § §
0.010b 0.007b

�`«Socedbc�wUWOQedP
β · 108 KdJ]I KdJ]I vwJ]I vwJ h

^`OQoc��T�bcocOQedP
δ · 106 hwJ © �SJ � I�J v I�JLK

t%edRQXdT�°nOQ��r�U � X ��f'edR � K�»wJ vwK�� ��I�J v �s� �d�SJ v �d© �s»wJLK�IdI
t%edRQT�¢�¦SRQ�SVSbc��rSf'T�ococT�b � � �

3.86f 5.7h 6.3d 6.5d

��bcT���r�VSPSXdocOQPS�STÈ�
n

KdJ hdhs� KdJ ��\���©
1.3387a KdJ hdh�Is©

¸�T�bcf'T�qs«SOQRQOLU���U � ¥ RQ¦SococOQXd¢sT�OLU �
εf

»dvwJLK�vdv ��©wJ]�sh KdJ ©d©�\s» KdJ]\d��K�»
¸�T�bcf'T�qs«SOQRQOLU���U � {[qso �

εg
§ § KdJ vdv�Isv KdJ vdv�Is©

¿Àf T�bcopUWT�P¤a���rSbcOLUcUÊ�ST�bÊ^¬q�UWT�P�qsP�qsRL �ocT�°nVSbc�ST�P£�SOQT�RQedPSXdOLUWVS�SOQP�qsR �SOLº�VSocT�P-t%T�ococVSPSXdT�P
jdedPu�ST�PuknT�~�T�¢�UWOLj�OLU���UWT�Puqs«SXdT�}�edXdT�P�J�^`OQT[P�VSPljdedf¼�SOLº�VSocT�P2a�UWbcT�VSocOQXdP�qsR�XdT�UWbcT�PSP�UWT�P2knTÈ§
~�T�¢�UWOLj�OLU���UWT�PÊ°nVSbc�ST�P'VSP�UWT�b � T�bp°�T�PS�SVSPSXZ�ST�o M º�T�¢�UWOLjdT�P'^`OQ��r�UWT�t%e��ST�RQRQo qsPSXdT���qsocopU�J�MDOQPST
¢�VSbc}�TC^¬qsbcopUWT�RQRQVSPSX=�ST�o|M º�T�¢�UWOLjdT�P ^`OQ��r�UWTCt%e��ST�RQRQo � UWedRzqsP�K � � � ��OQopU¬OQPu�`PSr�qsPSX=� }�Vu³�P�§
�ST�P�J�µ�fY�SOQT`�`PS}�qsrSR�qsP=±6bcT�OQT�PÍ¸GqsbWqsf'T�UWT�bcPÍoce�XdT�bcOQPSX °nOQT`f'mdXdRQOQ��r�}�VÍr�qsRLUWT�P�¡�°nVSbc�ST|�SOQT
knT�~�T�¢�UWOLj�OLU���U��ST�bCa�VS«SopUWbWq�Up§pa�UWOQ��¢�opUWesºA{|bcT�PS}�~>�s��rSTxqsPSXdT���qsocopU�JD^`OQT=ocOQ��r¤qsVSoÊ�SOQT�ocT�b��`P�§
��qsococVSPSXÊT�bcXdT�«�T�PS�ST`^`OQoc��T�bcocOQedP

δ
�ST�o²a�VS«SopUWbWq�UWT�o °nVSbc�STn±6¦Sb qsRQRQT²±6edRQXdT�PS�ST�P'�`PS��qsococVSPSXdT�P

¦S«�T�bcPSedf'f'T�P�J�^`OQT`«�T�PSmsUWOQXsUWT�P'½?T�bpUWT�±6¦Sb��SOQT��`«Socedbc�wUWOQedPSoc¢sedbcbcT�¢�UWVSb²�ST�o²��bcT���r�VSPSXdocOQPS�STÈ§
�wT�o

β
��qs«S¢�¦Sbc}�T�PS�C�`«Socedbc�wUWOQedP

β
�1°nVSbc�ST�P'qsVSo �ST�PC^`OQ��r�UWT�P �6o�J �Gqs«�T�RQRQT²hwJLK����ST�bGT�OQPS}�T�RQPST�P

a�VS«SopU�qsPS}�T�P=f'OLUcUWT�RQo�� �wbWq� �°�T�« ��«�T�bcT���rSPST�U�Jw^`OQTyOQPC�ST�P=t%T�ococVSPSXdT�P�jdT�bp°�T�PS�ST�UWT�P%a�VS«SopU�qsP�§
}�T�P?r�qs«�T�P T�OQPSTCbcT�Rzq�UWOLjuPSOQT��SbcOQXdT��`«Socedbc�wUWOQedP�¡��SOQTC�SOQTCknT�~�T�¢�UWOLj�OLU���UWT�P ¢�qsVSf «�T�T�OQPw~�VSocopU
VSPS�£ocedf'OLU �SOQT=�`PS��qsococVSPSXdT�P-bcT�Rzq�UWOLj¶VSPST�f'�w³�PS�SRQOQ��r¾XdT�XdT�P�¦S«�T�b��ST�b � qsbcOzq�UWOQedP �ST�bÊ�`«�§
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ocedbc�wUWOQedPxf�qs��r�U�J
¿Àf ¥ qsRQRQT��ST�b�{|RL �}�T�bcOQP�§À¿Àoced«SVwU�qsPxknT�~�T�¢�UWOLj�OLU���UWT�P=°nVSbc�ST[T�«�T�Pw±�qsRQRQo��SOQTZa�VS«SopUWbWq�UWbWqsVSOQX�§

¢sT�OLUn±6¦SbnqsRQRQT`±6edRQXdT�PS�ST�Px�`PS��qsococVSPSXdT�Pu¦S«�T�bcPSedf'f'T�P�J
��T�ocedPS�ST�bco�«�T�O�PSOQT��SbcOQXdT�P£^`bc¦S��¢sT�P¤ocOQPS�£�SOQT ¥ OQRQf'�SOQ��¢sT�P¾ocT�rSbÊXdT�bcOQPSXuVSPS�£ocedf'OLUÊ�SOQT

�`PS��qsococVSPSXdoc��qsbWqsf'T�UWT�b ¥ OQRQf'�SOQ��¢sTs¡ ¥ OQRQf'bWqsVSOQXd¢sT�OLU�VSPS� ¥ OQRQf'�SOQoc��T�bcocOQedPÍqsVw±6XdbcVSPS�l�ST�b�XdTÈ§
bcOQPSXdT�P¤½?T�RQRQT�P�jdT�¢�UWedbc¦S«�T�bpUWbW�sXdT%jdedP/f�q��wOQf�qsR

qzmax = 0.45
� f'OLUWT�OQP�qsPS�ST�b�XdT�¢sed�S��T�RLU�J

^¬qsrST�b`°nVSbc�STÊ�SOQTÊ^`OQoc��T�bcocOQedPu�ST�o ¥ OQRQf'onP�VSb¬«�T�OGknT�~�T�¢�UWOLj�OLU���UWT�P�¡��SOQT VSP�UWT�b¬rSedrST�P {[qso¨§
�Sbc¦S��¢sT�P/�SVSbc��rSXdT�±6¦SrSbpU'°nVSbc�ST�P�¡ qsPSXdT���qsocopU�J ^`OQTÍocOQ��r¤��qsbWqsVSoCT�bcXdT�«�T�PS�ST�P/^`OQoc��T�bcocOQedPST�P
°nVSbc�ST�P%±6¦SbnknT�~�T�¢�UWOLj�OLU���UWT�P%«�T�O1PSOQT��SbcOQXdT�Px^`bc¦S��¢sT�Pu¦S«�T�bcPSedf'f'T�P�J
^`OQT�qsPSXdT���qsocopUWT�P ¥ OQRQf'�SOQ��¢sT�PCVSPS� ¥ OQRQf'bWqsVSOQXd¢sT�OLUWT�P °nVSbc�ST�P=OQP'T�OQPST�f }�°�T�OLUWT�Pxa���rSbcOLUcU

OQf�k�qsrSf'T�P �ST�b�OQf�¯[qs�SOLUWT�R�hwJ ��jdedbcXdT�opUWT�RQRLUWT�P �y�Socedbc�wUWOQedPSo¨§�VSPS��¯[qs�SOQRQRzqsbp°�T�RQRQT�P �yrST�edbcOQT�P
qsP�qsRL �ocOQT�bpU�JdÂ�VÊ�SOQT�ocT�f)Â�°�T���¢Z°nVSbc�STy�SOQT ¥ OQRQf'�SOQ��¢sT�qsRQo ¥ VSPS¢�UWOQedPÊ�ST�o {[qsoc�SbcVS��¢sT�o OQPÊT�OQPST�b
�y�Socedbc�wUWOQedPSocOQocesUWrST�bcf'T���qsbcXdT�opUWT�RQRLU�J�^`OQT�o T�bcf'mdXdRQOQ��r�U P�qs��r��ST�Px{|RQT�OQ��r�VSPSXdT�P=hwJ]\|VSPS�ÍhwJ ��»
�SOQT|��T�opUWOQf'fÊVSPSXÊ�ST�byT�º�T�¢�UWOLjdT�P��`qsf�qs¢sT�bc¢sedPSopU�qsP�UWT�P

Aeff
JS^`OQT|��T�opUWOQf'fÊVSPSXÊ�ST�byT�º�T�¢�UWO §

jdT�P �`qsf�qs¢sT�bc¢sedPSopU�qsP�UWT�P2T�bcf'mdXdRQOQ��r�U`T�o�¡��SOQTÊa�VS«SopUWbWq�Up§yVSPS� ¥ OQRQf'bWqsVSOQXd¢sT�OLUnqsRQo ¥ VSPS¢�UWOQedP
�ST�b ¥ OQRQf'�SOQ��¢sT¬OQfÁk�qsrSf'T�P%�ST�bnr�qsbcf'edPSOQoc��rST�P%VSPS�uqsPSr�qsbcf'edPSOQoc��rST�P%�`�S�Sbce��wOQf�q�UWOQedPÍ}�V
«�T�bcT���rSPST�P=VSPS�'f'OLUD�ST�P'TÈ�w��T�bcOQf'T�P�UWT�RQRQT�P'^¬q�UWT�P'}�VCjdT�bcXdRQT�OQ��rST�P�J�^`OQTy±6¦SbD�SOQTn�`VSop°�T�bpUWVSPSX
�ST�b�knT�~�T�¢�UWOLj�OLU���UWT�P%«�T�PSmsUWOQXsUWT�Px¸GqsbWqsf'T�UWT�bnocOQPS�xOQPx�ST�b �Gqs«�T�RQRQT|hwJLKZ}�VSoWqsf'f'T�PSXdT�±�qsocopU�J

��������� �9��02��� �.� ���4- �5�4;>� �,!$�����"!$=�!$� � ���4-�� 0 � �.�4- � � -�� �>02��79-/� ��: �
;>=2?/@��

½A�srSbcT�PS�%�ST�byj�OQT�b �GqsXdTs¡SOQPÍ�ST�PST�Pl�SOQT[¸Dbced«�T�PS}�T�RQRQT¬VSP�UWT�bn�C«�qsbn¸Dbced��qsPS�SbcVS��¢ÍVSPS�%T�OQPST�b
��T�f'��T�bWq�UWVSb�jdedP

0◦
�+XdT�r�qsRLUWT�P=°nVSbc�STs¡w¢sedPSP�UWT|¢sT�OQPST[{[qsocr� ��SbWq�U ¥ edbcf�q�UWOQedP'«�T�ed«�qs��r�UWT�U

°�T�bc�ST�P�¡w°�T��ST�byed�wUWOQoc��r=f'OLUcUWT�RQo���T�ed«�qs��r�UWVSPSX��SVSbc��rÍ�SOQT¬¯[qs�wUWedP ¥ T�PSopUWT�b²PSe���r=�SVSbc��rxT�OQP
�`«SocOQPS¢sT�Pl�ST�o¬Â�T�RQRQT�PS�SbcVS��¢sT�o�¡S°²qso�T�OQPST ¥ edRQXdT¬�ST�b�¸Dbced��qsPSr� ��SbWq�UW«SOQRQ�SVSPSXCXdT�°�T�ocT�Pl°²�sbcTsJ
^`OQT¤�`VSop°�T�bpUWVSPSXÃ�ST�b¾qsf �`Pw±�qsPSX®�SVSbc��rSXdT�±6¦SrSbpUWT�P knT�~�T�¢�UWOLj�OLU���U¾qsP �ST�b ½¾qsococT�b¨§

a�UWOQ��¢�opUWesº2{|bcT�PS}�~>�s��rST¬T�bcX�qs«'±6¦Sb �SOQT`^`OQoc��T�bcocOQedP��ST�o�½¾qsococT�bco
δwasser = (3.7± 0.1) · 10−6 J

^`OQT�ocT�b'½?T�bpU=opUWOQf'f UCOQf k�qsrSf'T�P+�ST�o ¥ T�rSRQT�bco�f'OLUC�ST�f ¹1OLUWT�bWq�UWVSbp°�T�bpU �6ocOQT�rST �Gqs«�T�RQRQT
hwJLK��²¦S«�T�bcT�OQP�J ¥ ¦Sbn�SOQT ª¬«�T�bp~>�s��rST�PSbWqsVSOQXd¢sT�OLU��ST�bn½¾qsococT�bced«�T�bp~>�s��rST °nVSbc�STZT�OQPx½?T�bpU�jdedP
σwasser = (3.65 ± 0.2)

�ÁT�bcf'OLUcUWT�RLU�JGÂ�VSf � T�bcXdRQT�OQ��r¾°nVSbc�STÍ�SOQTÍk�qsVSOQXd¢sT�OLUÊ�ST�bÊ½¾qsococT�b¨§
ed«�T�bp~>�s��rSTlP�qs��r ¥ edbcf'T�R�hwJLK��2«�T�bcT���rSPST�U�J²^¬qs«�T�On°nVSbc�STl�SOQT%VSP�UWT�bcTu¿ÀP�UWT�XdbWq�UWOQedPSocXdbcT�PS}�T
qgrav

�SVSbc��r¶�ST�P¶qsVw~�mdocVSPSXdoc«�T��SOQPSXsUWT�P2VSP�UWT�bcT�P2½?T�RQRQT�P�jdT�¢�UWedbc��VwUWesº
qlc
T�bcocT�UW}�U�J�MDo¬T�bcX�qs«

ocOQ��r%T�OQPSTZk�qsVSOQXd¢sT�OLU²jdedP
σth = 2.90

� J>^`T�b�µ�P�UWT�bcoc��rSOQT��u}�°nOQoc��rST�Pl�ST�bn«�T�bcT���rSPST�UWT�PuVSPS�
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�ST�b XdT�f'T�ococT�PST�P¤k�qsVSOQXd¢sT�OLUZ¢�qsPSP¾�SVSbc��r¾RQT�OQ��r�UWT �¬OQ«SbWq�UWOQedPST�P �ST�oÊ^`OLº�bWqs¢�UWedf'T�UWT�bco[°²�sr�§
bcT�PS�Ê�ST�bDt%T�ococVSPSX¬T�bc¢�Rz�sbpU�°�T�bc�ST�P�¡�°²qsoG«�T�ocedPS�ST�bco ¥ RQ¦SococOQXd¢sT�OLUWT�P f'OLU�PSOQT��SbcOQXdT�b �¬OQoc¢sedocOLU���U
«�T�T�OQPw~�VSocopU�JwÌ�T�VST�bcT¬knT�~�T�¢�UWOLj�OLU���UWocf'T�ococVSPSXdT�P=f'OLUDjdT�bcoc��rSOQT��ST�PST�Px¸Dbced«�T�PSocVS«SopU�qsPS}�T�PxVSP�§
UWT�bcoc��rSOQT��SRQOQ��rST�b �¬OQoc¢sedocOLU���Un«�T�opU���UWOQXdT�Px�SOQT�o�J
¿ÀPl�`«S«SOQRQ�SVSPSX�hwJLKdKZocOQPS�l�SOQT knT�~�T�¢�UWOLj�OLU���UWT�Pl�ST�bn½¾qsococT�b¨§pa�UWOQ��¢�opUWesº?VSPS�u�ST�bn½¾qsococT�b¨§

¸Dbced��qsP�{|bcT�PS}�~>�s��rST²qsRQo ¥ VSPS¢�UWOQedP[�ST�o�½?T�RQRQT�P�jdT�¢�UWedbc¦S«�T�bpUWbWqsXdT�o
qz
°nOQT��ST�bcXdT�XdT�«�T�P�J�^`VSbc��r

��qso²�`Vw±
UWbcT�UWT�P�jdedP%ª¬oc}�OQRQRzq�UWOQedPST�P�¡d�ST�bcT�Px¸�T�bcOQe��ST`f'OLU opUWT�OQXdT�PS�ST�f�^`bcVS��¢=qs«SPSOQf'f U�¡d°nOQbc�
�ST�VwUWRQOQ��r�¡d��qsoco ocOQ��r'T�OQPSTy�S¦SPSPST`a���rSOQ��r�U²qsVw±��ST�b ½¾qsococT�bced«�T�bp~>�s��rST¬qsVSoc«SOQRQ�ST�U�¡s�ST�bcT�P�^`OQ��¢sT
f'OLUC}�VSPST�rSf'T�PS�ST�f ^`bcVS��¢¤qsP�°²�s��rSopU�J�^`OQT ¥ T�rSRQT�bC�ST�b'T�OQPS}�T�RQPST�P/t%T�ococ�SVSPS¢�UWT2ocOQPS�+qsVSo
{|bc¦SPS�ST�P¶�ST�b � «�T�bcocOQ��r�UWRQOQ��rS¢sT�OLU|OQPu�`«S«SOQRQ�SVSPSXÍhwJLKdK�PSOQ��r�U|��qsbcXdT�opUWT�RQRLU � �SOQTCa�UWbcT�VSVSPSXx�ST�bt%T�ococ��q�UWT�PuXdOQ«wUyT�OQPST[XdVwUWT[�`«Soc��r���UW}�VSPSX��ST�b ¥ T�rSRQT�by�ST�bnT�OQPS}�T�RQPST�Plt%T�ococ�SVSPS¢�UWTsJ

10−8

10−7

10−6

10−5

10−4

10−3

10−2

10−1

100

 0.45 0.4 0.35 0.3 0.25 0.2 0.15 0.1 0.05

I/I
0

qz [Å
−1]

N2 1.0 bar
Propan 1.0 bar
Propan 2.0 bar
Propan 3.0 bar
Propan 3.5 bar
Propan 4.0 bar
Propan 4.5 bar
Propan 4.6 bar

�`«S«SOQRQ�SVSPSX'hwJLKdK 
�knT�~�T�¢�UWOLj�OLU���UWT�Px�ST�by½¾qsococT�b¨§¨¸Dbced��qsPu{|bcT�PS}�~>�s��rSTsJ

¿ÀP �ST�b��`«S«SOQRQ�SVSPSX`hwJLKdK ocOQPS� T�«�T�Pw±�qsRQRQo��SOQT �`PS��qsococVSPSXdT�P��ST�b�T�OQPS}�T�RQPST�PÊknT�~�T�¢�UWOLj�OLU���UWT�P
}�V�ocT�rST�P�J�MDoG±��sRQRLUGqsVw±¨¡���qsoco ocOQ��r��SOQT²knT�~�T�¢�UWOLj�OLU���U�¡�XdT�f'T�ococT�PC«�T�OwT�OQPST�f�¸Dbced��qsPS�SbcVS��¢ZjdedP
KdJ v[«�qsb�¡�¢�qsVSf jdedP��ST�b knT�~�T�¢�UWOLj�OLU���U T�OQPST�bD½¾qsococT�b¨§pa�UWOQ��¢�opUWesºu{|bcT�PS}�~>�s��rST�VSP�UWT�bcoc��rST�OQ�ST�U�J
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MDo=OQopU�ocedf'OLU�T�«�T�Pw±�qsRQRQoCf'mdXdRQOQ��r�¡D�SOQT�ocTuknT�~�T�¢�UWOLj�OLU���U=edrSPSTu¸Dbced��qsPSoc��rSOQ��r�UxqsPS}�VS��qsococT�P�¡

cT��Se���r¶f'OLU`T�bcrSmdr�UWT�bZa�VS«SopUWbWq�UWbWqsVSOQXd¢sT�OLU�J1ª¬«2ocOQ��r2«�T�O �SOQT�ocT�f PSOQT��SbcOQXdT�P2^`bcVS��¢uT�OQP ¥ OQRQf
qsVSoc«SOQRQ�ST�U�¡GOQopU�«�T�Oy�ST�P-rSOQT�bÊT�bcbcT�OQ��r�«�qsbcT�P-½?T�RQRQT�P�jdT�¢�UWedbc¦S«�T�bpUWbW�sXdT�P¤PSOQ��r�UC}�V-¢�Rz�sbcT�P�JDMDo
±��sRQRLUyT�«�T�Pw±�qsRQRQoyqsVw±¨¡���qsoco��SOQT|�`PS��qsococVSPSX��ST�b�knT�~�T�¢�UWOLj�OLU���Un«�T�O1T�OQPST�f¼^`bcVS��¢ÍjdedP%�SJ ©C«�qsb
OQf ��T�bcT�OQ��r'vwJ v�� � −1 < qz <

vwJLK � −1 jdedPC�ST�b�t%T�ococVSPSX opU�qsbc¢�qs«�°�T�OQ��r�U�J�^`OQT�ocT�o � T�bcr�qsRLUWT�P
�ST�b t%T�ococ��q�UWT�P?OQopU|�SVSbc��r?T�OQPST ��T�f'��T�bWq�UWVSbcOQPSopU�qs«SOQRQOLU���U�OQP2�ST�bZ¸Dbced«�T�PS}�T�RQRQT�}�V¶T�bc¢�Rz�sbcT�P�¡
�SOQT��SVSbc��r-T�OQPST�P¾¢�VSbc}�±6bcOQopUWOQXdT�P¾�`VSop±�qsRQR �ST�o ½A�sbcf'T�U�qsVSoc��rST�bcoÊjdT�bcVSbcoWqs��r�UC°nVSbc�STsJG¿ÀP£�ST�b
�Gqs«�T�RQRQT¬hwJ]IZocOQPS�Í�SOQT¬qsPSXdT���qsocopUWT�P%¸GqsbWqsf'T�UWT�b�±6¦Sb��SOQT[t%T�ococVSPSXdT�PlqsP=�ST�b²½¾qsococT�b¨§¨¸Dbced��qsP
{|bcT�PS}�~>�s��rSTyT�OQPSXdT�UWbWqsXdT�P�Jd^`OQT²qsPSXdT�XdT�«�T�PST�P ¥ T�rSRQT�b�°nVSbc�ST�PC�SVSbc��r � qsbcOzq�UWOQedPZ�SOQT�ocT�bD¸GqsbWq�§
f'T�UWT�byqs«SXdT�oc��r���UW}�U�J ¥ ¦Sb²�SOQT`rSedrST�P ¥ OQRQf'�SOQ��¢sT�P'°nVSbc�ST|T�OQPST¬^`OQoc��T�bcocOQedPÍ�ST�byqs�Socedbc«SOQT�bpUWT�P
a���rSOQ��r�UyjdedP

δprop = (1.9± 0.2) · 10−6 T�bcf'OLUcUWT�RLU�J�^¬qÊ�SOQT�ocT�b ½?T�bpUy�ST�fY�ST�o²~�¦SococOQXdT�Px¸Dbce�§
��qsPSo

δproplit
= 2.0 · 10−6 XdRQT�OQ��r�U�¡w°nVSbc�STZqsVS��rx«�T�O1�SOQT�ocT�f¼a� �opUWT�f δprop

¢sedPSopU�qsP�U�XdT�ocT�UW}�U
VSPS�¾ocedf'OLU[P�VSbZPSe���r¾�SOQT ¥ OQRQf'bWqsVSOQXd¢sT�OLU¬VSPS� ¥ OQRQf'�SOQ��¢sT�«�T�O �ST�P¾�`PS��qsococVSPSXdT�P?jsqsbcOQOQT�bpU�J
^`OQT ocOQ��r2qsVSo`�ST�P2�`PS��qsococVSPSXdT�P¶T�bcXdT�«�T�PS�ST�P¶^`OQoc��T�bcocOQedPSoc�Sbces³�RQTZocOQPS�uOQPl�`«S«SOQRQ�SVSPSX=hwJLK�I
��qsbcXdT�opUWT�RQRLU�J

�Gqs«�T�RQRQT|hwJ]I 
�k�qsVSOQXd¢sT�OLUWT�PxVSPS� ¥ OQRQf'�SOQ��¢sT�PÍ�ST�o�qs�Socedbc«SOQT�bpUWT�Pl¸Dbced��qsPSo�J
^`bcVS��¢

p ± 0.02 [bar]
k�qsVSOQXd¢sT�OLUy�ST�o ¥ OQRQf'o

σ ± 0.5
� � � ¥ OQRQf'�SOQ��¢sT

lm ± 1.00
� � �

KdJ vdv hwJLK hwJ �
I�J vdv hwJ]\ ��J �
hwJ vdv hwJ � »wJLK
hwJ]�sv �SJ]� �wJ v
�SJ vdv ��J]� K�I�J v
�SJ]�sv ©wJ v IsvwJ v
�SJ ©dv \�J]\ Id��J v

µ�f"�SOQT � T�bcfÊVwUWVSPSX[}�V'«�T�¢�bW��±
UWOQXdT�P�¡d��qsoco T�o ocOQ��r'«�T�OS�ST�f)qs�Socedbc«SOQT�bpUWT�P ¥ OQRQf�VSf"T�OQPST
a���rSOQ��r�UÊqsVSo¬~�¦SococOQXdT�f ¸Dbced��qsP¶r�qsPS�ST�RLU�¡�°nVSbc�ST'VSP�UWT�b Â�VSrSOQRL±6T�P�qsrSf'TZjdedP � PSOQopUÀ°�T�« � VSPS�
� �wbWq� �°�T�« ���SOQT�^`OQoc��T�bcocOQedPCjdedP�¸Dbced��qsPSr� ��SbWq�U�f'OLU jdT�bcoc��rSOQT��ST�PST�by¯[��³�Xd«�T�ocT�UW}�VSPSX «�T�bcT���r�§
PST�U�J�^`OQTZ}�VSb`��T�bcT���rSP�VSPSX=«�T�PSmsUWOQXsUWTZ^`OQ��r�UWT �ST�o`¸Dbced��qsPSr� ��SbWq�UWT�o

ρprophy = 0.947
X ����f 3

opU�qsf'f U qsVSo � VS��rSOQ��q�Isvdv�I�� JdMDo T�bcXdOQ«wUDocOQ��r�±6¦Sb jdedRQRQopU��sPS�SOQX|VSP�«�T�ocT�UW}�UWT`¯[��³�XdTyT�OQPSTn^`OQoc��T�b¨§
ocOQedPujdedP

δleer = 2.96 · 10−6 VSPS�2±6¦Sb|T�OQPSTÊjdedRQRQopU��sPS�SOQXdTÊ¯[��³�Xd«�T�ocT�UW}�VSPSXxT�OQPSTC^`OQoc��T�bcocOQedP
jdedP

δvoll = 3.4 ·10−6 ¡�jdedbWqsVSocXdT�ocT�UW}�U�¡�T�o «SOQRQ�ST�PCocOQ��r�XdT�oc��rSRQedococT�PST[a���rSOQ��r�UWT�P�Jw^`T�b���T�bcT�OQ��r
}�°nOQoc��rST�P¶�SOQT�ocT�P2«�T�OQ�ST�Pl½?T�bpUWT�P2OQopU¬OQPl�`«S«SOQRQ�SVSPSXÍhwJLK�IC�SVSbc��r¶}�°�T�O�°²qdqsXdT�bcT���r�UWT'¹1OQPSOQT�P
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�`«S«SOQRQ�SVSPSXChwJLK�I 
S^`OQT|qsPx�SOQT|knT�~�T�¢�UWOLj�OLU���UWT�PÍ�ST�b²½¾qsococT�b¨§¨¸Dbced��qsPl{|bcT�PS}�~>�s��rSTZqsPSXdT���qsoco¨§
UWT�P¤^`OQoc��T�bcocOQedPSoc�Sbces³�RQTsJG^`OQTÍ¸Dbces³�RQT�ocOQPS�-qsVw±n�SOQTÍ^`OQoc��T�bcocOQedP¾�ST�oÊ½¾qsococT�bco�oc¢�qsRQOQT�bpU�JG^`OQT
VSP�UWT�bcT¬°²qdqsXdT�bcT���r�UWT[¹1OQPSOQT�f�qsbc¢�OQT�bpU��SOQT¬qsVw±1½¾qsococT�byPSedbcf'OQT�bpUWT`^`OQoc��T�bcocOQedP�jdedf ~�¦SococOQXdT�P
¸Dbced��qsP�J�¿Àf���T�bcT�OQ��r }�°nOQoc��rST�PÊ�ST�PZ}�°�T�O�ed«�T�bcT�P[°²qdqsXdT�bcT���r�UWT�PC¹1OQPSOQT�P¬°²�sbcT �SOQT ^`OQoc��T�bcocOQedP
T�OQPST�bnXdT�oc��rSRQedococT�PST�P��n ��SbWq�UWoc��rSOQ��r�U`}�V%T�bp°²qsbpUWT�P�J

f�qsbc¢�OQT�bpU�JwMDOQPST ��T�OQRQ«�T��ST���¢�VSPSX��ST�b�½¾qsococT�bced«�T�bp~>�s��rST[�SVSbc��r%{[qsocr� ��SbWq�UW¢���³�XdT¬r���UcUWT¬T�OQPST
opU�qsbc¢sTÊÂ�VSP�qsrSf'T|�ST�b�k�qsVSOQXd¢sT�OLU²jdT�bcVSbcoWqs��r�U�¡>°²qso 
cT��Se���r%PSOQ��r�U�«�T�ed«�qs��r�UWT�Un°nVSbc�STsJ
�`PSr�qsPS�£�`«S«SOQRQ�SVSPSX2hwJLK�I%oce�°nOQTÍ�SVSbc��r-�ST�P � T�bcXdRQT�OQ��r¾�ST�bCqsPSXdT���qsocopUWT�P ¥ OQRQf'�SOQoc��T�b¨§

ocOQedPST�P °nOQbc� �ST�VwUWRQOQ��r�¡���qsocoxocOQ��r f'OLU=}�VSPST�rSf'T�PS�ST�f ¸Dbced��qsPS�SbcVS��¢/T�OQP ¥ OQRQf ~�¦SococOQXdT�P
¸Dbced��qsPSo`qsVSoc«SOQRQ�ST�U�J>^`OQT�ocT�b ¥ OQRQfY«�T�ocOLUW}�U�T�OQPST[f'OLUnocT�OQPST�b�^`OQ��¢sTÊqsP�°²qs��rSocT�PS�ST�k�qsVSOQXd¢sT�OLU�J
MD«�T�Pw±�qsRQRQo�°nVSbc�ST|¢sT�OQPST[qs«SbcVS�wUWT �`PS�ST�bcVSPSX'�ST�b ¥ OQRQf'bWqsVSOQXd¢sT�OLU «�T�ed«�qs��r�UWT�U�¡��SOQT`jdedPxT�OQPST�b
¥ edbcf�q�UWOQedP�jdedP �n ��SbWq�Uc±6bWqsXdf'T�P�UWT�PxjdT�bcVSbcoWqs��r�U`°�T�bc�ST�Pl¢smdPSP�UWTsJ
¿Àf�±6edRQXdT�PS�ST�P ��T�OQR �ST�b �`VSop°�T�bpUWVSPSX2°nVSbc�ST�P£�SOQT ¥ OQRQf'bWqsVSOQXd¢sT�OLUWT�P¶qsRQo ¥ VSPS¢�UWOQedP?�ST�b

¥ OQRQf'�SOQ��¢sT�P¾oce�°nOQTÍ�SOQT ¥ OQRQf'�SOQ��¢sT�P¾qsRQo ¥ VSPS¢�UWOQedP¾�ST�o'^`bcVS��¢�o'qsP�qsRL �ocOQT�bpU�J ^`OQT�ocTÍ�`«Sr��sP�§
XdOQXd¢sT�OLUWT�P?°nVSbc�ST�P¤qsPSoc��rSRQOQT �dT�PS�£f'OLU �ST�P£OQP£¯[qs�SOLUWT�R�hwJ �urST�bcXdT�RQT�OLUWT�UWT�P¾�`VSoc�Sbc¦S��¢sT�P¤±6¦Sb
k�qsVSOQXd¢sT�OLUWT�PAVSPS� ¥ OQRQf'�SOQ��¢sT�P/jdT�bcXdRQOQ��rST�P�J�^`OQT¶�y�Socedbc�wUWOQedPSocOQocesUWrST�bcf'T¶P�qs��r�{|RQT�OQ��r�VSPSX
hwJ ��» OQopU�}�VSoWqsf'f'T�P+f'OLU'�ST�P qsPSXdT���qsocopUWT�P ¥ OQRQf'�SOQ��¢sT�P¤OQP+�`«S«SOQRQ�SVSPSX?hwJLK�h ��qsbcXdT�opUWT�RQRLU�J
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tlqsP¶T�bc¢sT�PSP�UZ�ST�VwUWRQOQ��r2�SOQTCÂ�VSP�qsrSf'TÊ�ST�b[¸Dbced��qsPw³�RQf'�SOQ��¢sTÊf'OLU¬opUWT�OQXdT�PS�ST�f ^`bcVS��¢>J�^`T�b
}�VSbu�`PS��qsococVSPSX �ST�b2�y�Socedbc�wUWOQedPSocOQocesUWrST�bcf'T?«�T�PSmsUWOQXsUWT?ed«�T�bcT?½?T�RQRQT�P�jdT�¢�UWedbc��VwUWesº

qmax°nOQbc�¤��qs«�T�OnqsVSoC�ST�f t%edRQT�¢�¦SRQbWqs�SOQVSo��ST�o�¸Dbced��qsPSoCVSPS�+�ST�bCVSP�UWT�bcTx½?T�RQRQT�P�jdT�¢�UWedbc��VwUWesº
qlc
qsVSo|�ST�b¬�`Vw~�mdocVSPSXÍ�ST�o[^`OLº�bWqs¢�UWedf'T�UWT�bco

∆α = 0.4
f'bWqs�u«�T�bcT���rSPST�U�J�^`VSbc��r¶�SOQTÊ�`P�§

��qsococVSPSXu�ST�b[¿ÀocesUWrST�bcf'T'P�qs��r?�ST�P-{|RQT�OQ��r�VSPSXdT�P?hwJ]\ÍVSPS�¾hwJ ��»ÍT�bcXdOQ«wUZocOQ��r?T�OQPSTCT�º�T�¢�UWOLjdT
�`qsf�qs¢sT�bc¢sedPSopU�qsP�UWT jdedP

Aeffharm
= (−1.3 ± 0.1) · 10−19 �£±6¦Sb%�SOQT¶r�qsbcf'edPSOQoc��rST¶VSPS�

Aeffanharm
= (−1.2 ± 0.1) · 10−19 �2±6¦Sb'�SOQT%qsPSr�qsbcf'edPSOQoc��rSTx�`�S�Sbce��wOQf�q�UWOQedP�J MDOQPST%��TÈ§

bcT���rSP�VSPSX2�ST�b T�º�T�¢�UWOLjdT�P �`qsf�qs¢sT�bc¢sedPSopU�qsP�UWT�P£P�qs��r ¥ edbcf'T�R hwJ �lT�bcXdOQ«wUZT�OQPST�P ½?T�bpU jdedP
Aeffth

= −2.4 · 10−22 �w¡S°�T�RQ��rST�bnopU�qsbc¢�jdedPl�ST�fÁTÈ�w��T�bcOQf'T�P�UWT�RQRQT�PÍ½?T�bpUWT�Plqs«�°�T�OQ��r�U�J
^`OQT�qsPSXdT���qsocopUWT�P ¥ OQRQf'bWqsVSOQXd¢sT�OLUWT�PÊ�ST�o�qs�Socedbc«SOQT�bpUWT�P=¸Dbced��qsPSo ocOQPS�'OQP'�`«S«SOQRQ�SVSPSXZhwJLK��

qsRQo ¥ VSPS¢�UWOQedPx�ST�b ¥ OQRQf'�SOQ��¢sT¬��qsbcXdT�opUWT�RQRLU�J�tlqsPlT�bc¢sT�PSP�U`�ST�VwUWRQOQ��r%�SOQTZÂ�VSP�qsrSf'T[�ST�b ¥ OQRQf�§
bWqsVSOQXd¢sT�OLUÍf'OLUÍ�ST�b ¥ OQRQf'�SOQ��¢sTsJ�^`OQT2PSOQT��SbcOQXdopUWT ¥ OQRQf'bWqsVSOQXd¢sT�OLUCjdedP

σ =
hwJLK ��«�T�O|T�OQPST�b

¥ OQRQf'�SOQ��¢sT|jdedP
lm =

hwJ h � ��T�P�UWoc�SbcOQ��r�U|OQfgk�qsrSf'T�Pl�ST�o ¥ T�rSRQT�bco��ST�b¬k�qsVSOQXd¢sT�OLU��ST�o|a�VS«�§
opUWbWq�UWT�o�JG^`OQTCf�q��wOQf�qsRQT ¥ OQRQf'bWqsVSOQXd¢sT�OLU`jdedP£\�J]\ �)°nVSbc�ST�«�T�ODT�OQPST�b ¥ OQRQf'�SOQ��¢sT jdedP£Id� �
T�bcbcT�OQ��r�U�Js¿ÀP��`«S«SOQRQ�SVSPSX|hwJLK��`ocOQPS��T�«�T�Pw±�qsRQRQo��SOQT�P�qs��r��ST�P�{|RQT�OQ��r�VSPSXdT�P�hwJ h�I �6r�qsbcf'edPSOQoc��rST
�`�S�Sbce��wOQf�q�UWOQedP
�`VSPS�£hwJ]�d�	��qsPSr�qsbcf'edPSOQoc��rST'�`�S�Sbce��wOQf�q�UWOQedP
�`«�T�bcT���rSPST�UWT�P-k�qsVSOQXd¢sT�OLUWT�P
��qsbcXdT�opUWT�RQRLU�J�MDo¬}�T�OQXsU`ocOQ��r�¡���qsoco¬�SOQTZr�qsbcf'edPSOQoc��rST �`�S�Sbce��wOQf�q�UWOQedP%�SOQTZ�`«Sr��sPSXdOQXd¢sT�OLU`�ST�b
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�`«S«SOQRQ�SVSPSX-hwJLK�h 
�^`OQT¶qsVSo=�ST�bÍ�`PS��qsococVSPSX¤�ST�bxknT�~�T�¢�UWOLj�OLU���UWT�P rST�bpjdedbcXdT�rST�PS�ST�P ¥ OQRQf�§
�SOQ��¢sT�P qsRQo ¥ VSPS¢�UWOQedP¤�ST�oÍ{[qsoc�SbcVS��¢�o�J�^`T�bÍ{[qsoc�SbcVS��¢-OQopU�qsVw±|�ST�P ¯�edPS�ST�PSoWq�UWOQedPSoc�SbcVS��¢
p0 = 4.7

«�qsby�ST�o`¸Dbced��qsPSon«�T�O
T = 0◦

� PSedbcf'OQT�bpU�J
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qsVSo��ST�P¤t%T�ococVSPSXdT�P¤rST�bpjdedbcXdT�rST�PS�ST�P+k�qsVSOQXd¢sT�OLUWT�P?jdedP-�ST�b ¥ OQRQf'�SOQ��¢sT'PSOQ��r�U�TÈ�Sqs¢�UC«�TÈ§
oc��rSbcT�OQ«wU�J�¿ÀPSoc«�T�ocedPS�ST�bcT�«�T�O�PSOQT��SbcOQXdT�P ¥ OQRQf'�SOQ��¢sT�PxRQOQT�XsU��SOQT[«�T�bcT���rSPST�UWTCk�qsVSOQXd¢sT�OLUnop �opUWTÈ§
f�q�UWOQoc��rled«�T�bcr�qsRQ«%�ST�b|t%T�ococT�bcXdT�«SPSOQococTsJ1MDbcopU¬VSP�UWT�b¬MDOQP�«�T�}�OQT�r�VSPSX=�ST�b`rSmdrST�bcT�P¶ª¬bc�SP�VSP�§
XdT�Pu�ST�o[{|bcT�PS}�~>�s��rST�P�§¨¸�esUWT�P�UWOzqsRQo`OQPl�SOQT ��T�bcT���rSP�VSPSXx�ST�b ¥ OQRQf'bWqsVSOQXd¢sT�OLU²°�T�bc�ST�P2�SOQT qsVSo
�ST�b t%T�ococVSPSX|rST�bpjdedbcXdT�rST�PS�ST�P'^¬q�UWT�P�XdVwUGbcT��Sbce��SVS}�OQT�bpU�Js��T�O�«�T�OQ�ST�P���T�bcT���rSP�VSPSXdT�P�°nVSbc�ST
�SOQT|ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX

γprop = 0.0035
Ì ��f �ST�oyqs�Socedbc«SOQT�bpUWT�P ¥ OQRQf'T�o qsVw±���qwJ�K��shZ�ST�o

OQP �ST�bZ¹1OLUWT�bWq�UWVSb[qsV �'PS�S«�qsbcT�P ½?T�bpUWT�oZ�ST�bÊª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX
γproplit

= 0.011
Ì ��f

� PSOQopUÀ°�T�« � bcT��SVS}�OQT�bpU�J�^`OQT�ocT'knT��SVS¢�UWOQedP¶OQopUZqsVw±6XdbcVSPS� �ST�b|rSedrST�P?k�qsVSOQXd¢sT�OLUWT�P¶«�T�ODXdbce �dT�P
¥ OQRQf'�SOQ��¢sT�PÍPSesUÀ°�T�PS�SOQXS¡S�SOQT|�SVSbc��r%�SOQT[ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX

γproplit
= 0.011

Ì ��f�PSOQ��r�U
bcT��Sbce��SVS}�OQT�bpUZ°�T�bc�ST�P�JG^`OQT�o|°nOQbc�?qsPSr�qsPS�?�`«S«SOQRQ�SVSPSX%hwJLK�� �6VSP�UWT�P
�|T�bcocOQ��r�UWRQOQ��r�J�^`edbpUZOQopU
�ST�b � T�bcRzqsVw± �ST�b ¥ OQRQf'bWqsVSOQXd¢sT�OLU²VSP�UWT�b��ST�b � T�bp°�T�PS�SVSPSX=jdedP

γproplit

°nOQT��ST�bcXdT�XdT�«�T�P�J�tlqsP
T�bc¢sT�PSP�U¬�ST�VwUWRQOQ��rx�SOQT|opU�qsbc¢sT�Pl�`«�°�T�OQ��r�VSPSXdT�Pu«�T�O1rSedrST�P ¥ OQRQf'�SOQ��¢sT�P�J
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�`«S«SOQRQ�SVSPSXAhwJLK���
|^`OQT-�`«Sr��sPSXdOQXd¢sT�OLU2�ST�b ¥ OQRQf'bWqsVSOQXd¢sT�OLUuqsRQo ¥ VSPS¢�UWOQedPÃ�ST�b ¥ OQRQf'�SOQ��¢sTsJ
a�UWbcOQ��rS�SVSPS¢�UWOQT�bpU 
�^`OQT OQf k�qsrSf'T�Pu�ST�b¬r�qsbcf'edPSOQoc��rST�Pu�`�S�Sbce��wOQf�q�UWOQedP%«�T�bcT���rSPST�UWT ¥ OQRQf�§
bWqsVSOQXd¢sT�OLU�J�^`VSbc��rSXdT�}�edXdT�P 
�^`OQT�OQf k�qsrSf'T�P2�ST�bZqsPSr�qsbcf'edPSOQoc��rST�P Ì`�srST�bcVSPSXx«�T�bcT���rSPST�UWT
¥ OQRQf'bWqsVSOQXd¢sT�OLU�Js{|T�opUWbcOQ��rST�RLU 
�^`OQTyUWrST�edbcT�UWOQoc��rST|a�VS«SopUWbWq�UWbWqsVSOQXd¢sT�OLU

σth = 2.9
� J�ª¬«�T�PC°nVSb¨§

�ST��SOQT=ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX¶�ST�o ¥ OQRQf'o[qsPSXdT���qsocopU�¡�°²�srSbcT�PS�£VSP�UWT�P£�ST�b ¹1OLUWT�bWq�UWVSbp°�T�bpU
jdT�bp°�T�PS�ST�U`°nVSbc�STsJ
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�������'� �9��02��� �.� ���4- �5�4;>� �,!$�����"!$=�!$� � ���4- 7 ����: �4-/��� ��� � � 	>#�!$02�
79-/� ��:<;>=2?/@��

^`OQTlqsP+�ST�b={|RL �}�T�bcOQP�§À¿Àoced«SVwU�qsP/{|bcT�PS}�oc��rSOQ��r�UÍXdT�f'T�ococT�PST�P knT�~�T�¢�UWOLj�OLU���UWT�P+ocOQPS�+OQP¤�ST�P
�`«S«SOQRQ�SVSPSXdT�P�hwJLK��|VSPS�=hwJLK�©[��qsbcXdT�opUWT�RQRLU�J�^`OQT�^¬q�UWT�PSoW��UW}�T`�ST�b «�T�OQ�ST�PÍt%T�ococ}�T�OLUWT�P�°nVSbc�ST�P
}�VxT�OQPST�fÁ^¬q�UWT�PSoWq�UW}|}�VSoWqsf'f'T�PSXdT�±�qsocopU�¡S��qÊocOQT¬VSP�UWT�by�ST�PSocT�RQ«�T�P%TÈ�w��T�bcOQf'T�P�UWT�RQRQT�PÍ��T��SOQP�§
XdVSPSXdT�P�qsVw±6XdT�PSedf'f'T�P�°nVSbc�ST�P�J�^`OQT ¥ T�rSRQT�bD�ST�b T�OQPS}�T�RQPST�P=t%T�ococ�SVSPS¢�UWT`¢smdPSPST�P��SVSbc��r��SOQT
a�UWbcT�VSVSPSX��ST�b�¸DVSPS¢�UWTZVSP�UWT�bcT�OQP�qsPS�ST�b�qs«SXdT�oc��r���UW}�U�°�T�bc�ST�P�J
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�`«S«SOQRQ�SVSPSXxhwJLK�� 
�¹1OQPS¢�o 
1knT�~�T�¢�UWOLj�OLU���UWT�P2�ST�bZ{|RL �}�T�bcOQP�§À¿Àoced«SVwU�qsP¶{|bcT�PS}�~>�s��rSTC�ST�b¬T�bcopUWT�P
t%T�ococ}�T�OLU�J�^`OQTZknT�~�T�¢�UWOLj�OLU���UWT�P%ocOQPS�%}�VSbn«�T�ococT�bcT�P � «�T�bcocOQ��r�U�jdT�bpUWOQ¢�qsR1XdT�XdT�PST�OQP�qsPS�ST�bnjdT�b¨§
oc��rSed«�T�P�J�knT���r�UWo 
�^`OQTÊocOQ��r qsVSo|�ST�P2�`PS��qsococVSPSXdT�P?�ST�b|knT�~�T�¢�UWOLj�OLU���UWT�P2T�bcXdT�«�T�PS�ST�P?^`OQo¨§
��T�bcocOQedPSoc�Sbces³�RQTsJ
Ì`qs��rC�ST�f"�`«S}�VSX[�ST�oD�SOLº�VSo XdT�opUWbcT�VwUWT�P=a�OQXdP�qsRQo�jdedPC�ST�P'knT�~�T�¢�UWOLj�OLU���UWT�PÊ°nVSbc�ST�PC�SOQTÈ§

ocT=f'OLU[�ST�f M º�T�¢�UWOLjdT�P£^`OQ��r�UWTxt%e��ST�RQR qsPSXdT���qsocopU�J a�VS«SopUWbWq�UWbWqsVSOQXd¢sT�OLU VSPS�-a�VS«SopUWbWq�UW�SOQo¨§
��T�bcocOQedP=°nVSbc�ST�PxqsVSo²�ST�byknT�~�T�¢�UWOLj�OLU���UyqsPÍ�ST�bn{|RL �}�T�bcOQP�§pa�UWOQ��¢�opUWesºuª¬«�T�bp~>�s��rST|«�T�opUWOQf'f U�J
^`OQT ^`OQoc��T�bcocOQedPl�ST�o|{|RL �}�T�bcOQPSo�«�T�UWbcVSX

δglyexp = (4.2 ± 0.1) · 10−6 VSPS�lRQOQT�XsUnocedf'OLU�T�UÀ°²qso
VSP�UWT�by�ST�bnqsVSo²�ST�fÁ¹1OLUWT�bWq�UWVSbp°�T�bpUy�ST�b�{|RL �}�T�bcOQPS�SOQ��r�UWT � ��bc��Isvdvdh ��«�T�bcT���rSPST�UWT�Pu^`OQoc��T�bcocOQedP
δglylit

= 4.4 · 10−6 J ^`OQT�ocOQ��r£qsVSoÊ�ST�bcocT�RQ«�T�P£�`PS��qsococVSPSX2T�bcXdT�«�T�PS�STxk�qsVSOQXd¢sT�OLU �ST�oC{|RL �§
}�T�bcOQPSoÊr�q�UÊT�OQPST�P¾½?T�bpU jdedP

σgly = (3.2 ± 0.1)
�ÁVSPS�£T�P�UWoc�SbcOQ��r�U�ocedf'OLU �ST�b�k�qsVSOQXd¢sT�OLU

σglyth
= 3.2

� ¡��SOQTCocOQ��r¾qsVSo ¥ edbcf'T�R hwJLK��ÍVSP�UWT�b � T�bp°�T�PS�SVSPSXu�ST�oÊqsVw~�mdocVSPSXdoc«�T��SOQPSXsUWT�P
VSP�UWT�bcT�P=½?T�RQRQT�P�jdT�¢�UWedbc��VwUWesº�o�T�bcXdOQ«wU�Jd½ OQTn«�T�O>�ST�b �`VSop°�T�bpUWVSPSX��ST�b ½¾qsococT�b¨§¨¸Dbced��qsPxt%T�o¨§
ocVSPSXdT�P?°nVSbc�ST�P¾«�T�O �ST�bZ�`P�qsRL �ocT'�ST�bÊ{|RL �}�T�bcOQP�§À¿Àoced«SVwU�qsP?^¬q�UWT�P¾�SOQT ¥ OQRQf'bWqsVSOQXd¢sT�OLU¬VSPS�
¥ OQRQf'�SOQ��¢sT`qsRQo��`PS��qsococVSPSXdoc��qsbWqsf'T�UWT�byXdT�°²�srSRLU�Jw^`T�by�`«Socedbc�wUWOQedPSoc��qsbWqsf'T�UWT�b

β
�6ocOQT�rST �Gq�§

«�T�RQRQT�hwJLK���°nVSbc�ST²f'OLU � �wbWq� �°�T�« ��«�T�opUWOQf'f U�VSPS�Ê°²�srSbcT�PS���ST�bG�`PS��qsococVSPSX|PSOQ��r�UGjdT�bW�sPS�ST�bpU�J
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�`«S«SOQRQ�SVSPSX¶hwJLK�© 
G¹1OQPS¢�o 
DknT�~�T�¢�UWOLj�OLU���UWT�P£�ST�b'{|RL �}�T�bcOQP�§À¿Àoced«SVwU�qsP¤{|bcT�PS}�~>�s��rSTx�ST�bÊ}�°�T�O §
UWT�P?t%T�ococ}�T�OLU�J1^`OQT�knT�~�T�¢�UWOLj�OLU���UWT�P2ocOQPS�2}�VSb|«�T�ococT�bcT�P � «�T�bcocOQ��r�U|jdT�bpUWOQ¢�qsRGXdT�XdT�PST�OQP�qsPS�ST�b
jdT�bcoc��rSed«�T�P�J`knT���r�UWo 
�^`OQT¶qsVSox�ST�PA�`PS��qsococVSPSXdT�P­�ST�b%knT�~�T�¢�UWOLj�OLU���UWT�P rST�bpjdedbcXdT�rST�PS�ST�P
^`OQoc��T�bcocOQedPSoc�Sbces³�RQTsJ
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^`OQT[^`OQoc��T�bcocOQedPx�ST�o�qs�Socedbc«SOQT�bpUWT�P ¥ OQRQf'o °nVSbc�ST[P�VSby«�T�O1rSmdrST�bcT�P ¥ OQRQf'�SOQ��¢sT�P=jsqsbcOQOQT�bpU�JwMDo
T�bcX�qs«locOQ��r%T�OQPx½?T�bpU�jdedP

δibut = (2.3 ± 0.2) · 10−6 ¡S°�T�RQ��rST�b`OQf¼k�qsrSf'T�P%�ST�b ¥ T�rSRQT�bnf'OLU
�ST�f qsVSo �ST�b�¹1OLUWT�bWq�UWVSbD«�T�opUWOQf'f UWT�P�½?T�bpU ±6¦Sb �SOQT�^`OQoc��T�bcocOQedP

δibutlit = 2.1 ·10−6 ¦S«�T�bcT�OQP�§
opUWOQf'f U�J>^`OQTÊqsVSo`�ST�Pu�`PS��qsococVSPSXdT�P2rST�bpjdedbcXdT�rST�PS�ST�P k�qsVSOQXd¢sT�OLUWT�PlVSPS� ¥ OQRQf'�SOQ��¢sT�P%ocOQPS�
OQPu�ST�b �Gqs«�T�RQRQT hwJ h�}�Vu³�PS�ST�P�J�^`OQT ocOQ��r¶qsVSo`�ST�P2�`PS��qsococVSPSXdT�P¶T�bcXdT�«�T�PS�ST�P ^`OQoc��T�bcocOQedPSo¨§
�Sbces³�RQT�ocOQPS�£OQP?�ST�P-�`«S«SOQRQ�SVSPSXdT�P¾hwJLK��%VSPS�-hwJLK�©l��qsbcXdT�opUWT�RQRLU�J��`RQRQT�qsPSXdT�XdT�«�T�PST�P ¥ T�rSRQT�b
°nVSbc�ST�PÍ°nOQT¬«�T�O��ST�Px�`PS��qsococVSPSXdT�Px�ST�b�½¾qsococT�b¨§¨¸Dbced��qsPxknT�~�T�¢�UWOLj�OLU���UWT�P=�SVSbc��r � qsbcOzq�UWOQedP
�ST�bn�`PS��qsococVSPSXdoc��qsbWqsf'T�UWT�b`qs«SXdT�oc��r���UW}�U�J

�Gqs«�T�RQRQT[hwJ h 
�k�qsVSOQXd¢sT�OLUWT�PÍVSPS�u^`OQ��¢sT�Pl�ST�b�qs�Socedbc«SOQT�bpUWT�Px¿Àoced«SVwU�qsPw³�RQf'TsJ
���������

p ± 0.02 [bar] 	�
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¿ÀP£�`«S«SOQRQ�SVSPSXuhwJLK�\%ocOQPS�£�SOQT�oce2«�T�opUWOQf'f UWT�P ¥ OQRQf'�SOQ��¢sT�P¾qsRQo ¥ VSPS¢�UWOQedP¾�ST�o�qsVw±��ST�P
¯�edPS�ST�PSoWq�UWOQedPSoc�SbcVS��¢

p0 = 2.66
«�qsbuPSedbcf'OQT�bpUWT�PÃ{[qsoc�SbcVS��¢�o¶qsVw±6XdT�UWbWqsXdT�P�J¬^`OQT�ocT¾}�T�O §

XdT�P?�ST�P¾��r�qsbWqs¢�UWT�bcOQopUWOQoc��rST�P � T�bcRzqsVw±²T�OQPST�bZ�y�Socedbc�wUWOQedPSocOQocesUWrST�bcf'TsJ�^`OQT'T�º�T�¢�UWOLjdT �`qsf�q�§
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¢sT�bc¢sedPSopU�qsP�UWT
Aeff

°nVSbc�STx�SVSbc��r¤�SOQT ¥ edbcf'T�RQP£hwJ]\uVSPS�¤hwJ ��»2OQf k�qsrSf'T�P£�ST�bCr�qsbcf'edPSO §
oc��rST�P-VSPS�-qsPSr�qsbcf'edPSOQoc��rST�P£�`�S�Sbce��wOQf�q�UWOQedP }�V

Aeffharm
= (−9.0 ± 0.5) · 10−20 �uVSPS�

Aeffanharm
= (−6.8 ± 0.5) · 10−20 ���SVSbc��r2�`PS��qsococVSPSX%qsPl�SOQT �y�Socedbc�wUWOQedPSocOQocesUWrST�bcf'T «�TÈ§

opUWOQf'f U�J�^`OQT`��T�bcT���rSP�VSPSX��ST�b �`qsf�qs¢sT�bc¢sedPSopU�qsP�UWT¬P�qs��rÍ{|RQT�OQ��r�VSPSXÊhwJ �ZT�bcXdOQ«wU T�OQPST�P'½?T�bpU
jdedP

Aeffth
= −1.3 ·10−20 �wJ�^`OQT²}�VSb ��T�bcT���rSP�VSPSX «�T�PSmsUWOQXsUWT�P�opUWesº�oc��T�}�OL³�oc��rST�P�¸GqsbWqsf'T�UWT�b

ocOQPS�l�ST�b �Gqs«�T�RQRQTZhwJLKZ}�VlT�P�UWPST�rSf'T�P�J>�`VS��ruOQP%�SOQT�ocT�f ¥ qsRQR�RQOQT�XsUy�SOQTZqsVSo��ST�P2t%T�ococVSPSXdT�P
rST�bpjdedbcXdT�rST�PS�ST �`qsf�qs¢sT�bc¢sedPSopU�qsP�UWT�¦S«�T�b[�ST�b[«�T�bcT���rSPST�UWT�P �`qsf�qs¢sT�bc¢sedPSopU�qsP�UWT�P�¡�
cT��Se���r
OQf´{|T�XdT�PSoWq�UW}Í}�VSf a� �opUWT�f ½¾qsococT�b¨§¨¸Dbced��qsP-OQP£�ST�bcocT�RQ«�T�P+{|bcm �dT�PSedbc�SP�VSPSXSJG�`«S«SOQRQ�SVSPSX
hwJLK�»ZopUWT�RQRLU �SOQT�«�T�opUWOQf'f UWT�P ¥ OQRQf'bWqsVSOQXd¢sT�OLUWT�PCqsRQo ¥ VSPS¢�UWOQedP'�ST�b ¥ OQRQf'�SOQ��¢sT�P'��qsb�J�^`OQT`P�qs��r
�ST�P-{|RQT�OQ��r�VSPSXdT�P?hwJ h�IÍVSPS�£hwJ]�d�Í«�T�bcT���rSPST�UWT�P ¥ OQRQf'bWqsVSOQXd¢sT�OLUWT�P2qsRQo ¥ VSPS¢�UWOQedP?�ST�b ¥ OQRQf�§
�SOQ��¢sT%ocOQPS�¤T�«�T�Pw±�qsRQRQo�OQP-�`«S«SOQRQ�SVSPSX hwJLK�»¶��qsbcXdT�opUWT�RQRLU�J�MDoC°nOQbc�¤�ST�VwUWRQOQ��r�¡D��qsocoCocOQ��r+�SOQT
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�`«S«SOQRQ�SVSPSX�hwJLK�\ 
>^`OQT qsVSo��ST�Pl�`PS��qsococVSPSXdT�P2�ST�b`knT�~�T�¢�UWOLj�OLU���UWT�PlrST�bpjdedbcXdT�rST�PS�ST�P ¥ OQRQf�§
�SOQ��¢sT�PuqsRQo ¥ VSPS¢�UWOQedPx�ST�onbcT�Rzq�UWOLjdT�Pl{[qsoc�SbcVS��¢�o�J
¥ OQRQf'bWqsVSOQXd¢sT�OLU²«�T�O1XdT�bcOQPSXdT�P ¥ OQRQf'�SOQ��¢sT�Px�ST�b¬a�VS«SopUWbWq�UWbWqsVSOQXd¢sT�OLU`qsPS��qsocopU�J>�`«lT�OQPST�b�^`OQ��¢sT
jdedP

7±1
�-opUWT�OQXsU��SOQT k�qsVSOQXd¢sT�OLU1f'OLU��ST�b ¥ OQRQf'�SOQ��¢sTDqsPZVSPS� T�bcbcT�OQ��r�UG«�T�O��ST�b�Xdbcm �sUWT�P ¥ OQRQf�§

�SOQ��¢sT¬jdedPlIdI�J h �®�ST�Pxf�q��wOQf�qsRQT�PC½?T�bpU²jdedP
σibut = 8

� J�^`OQT�ocT�b � T�bcRzqsVw±��ST�b ¥ OQRQf'bWqsVSOQX�§
¢sT�OLUyqsRQo ¥ VSPS¢�UWOQedP��ST�b ¥ OQRQf'�SOQ��¢sTy°nOQbc��OQf k�qsrSf'T�P��ST�b²qsPSr�qsbcf'edPSOQoc��rST�P��`�S�Sbce��wOQf�q�UWOQedP
ocT�rSb�XdVwU �SVSbc��r ¥ edbcf'T�R>hwJ]�d�|«�T�oc��rSbcOQT�«�T�P�¡�°²�srSbcT�PS���SOQTnr�qsbcf'edPSOQoc��rST��`�S�Sbce��wOQf�q�UWOQedP�«�T�O
XdT�bcOQPSXdT�P ¥ OQRQf'�SOQ��¢sT�P'�ST�VwUWRQOQ��r�¦S«�T�b��ST�PÍTÈ�w��T�bcOQf'T�P�UWT�RQRQT�P�k�qsVSOQXd¢sT�OLUWT�P�RQOQT�XsU�J�^`OQT�}�VSb²��TÈ§
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�`«S«SOQRQ�SVSPSX�hwJLK�» 
>^`OQT qsVSo��ST�Pl�`PS��qsococVSPSXdT�P2�ST�b`knT�~�T�¢�UWOLj�OLU���UWT�PlrST�bpjdedbcXdT�rST�PS�ST�P ¥ OQRQf�§
bWqsVSOQXd¢sT�OLUWT�P%qsRQo ¥ VSPS¢�UWOQedPx�ST�b ¥ OQRQf'�SOQ��¢sTsJ

bcT���rSP�VSPSX2�ST�b ¥ OQRQf'bWqsVSOQXd¢sT�OLU`jdT�bp°�T�PS�ST�UWTxª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX2�ST�o ¿Àoced«SVwU�qsPSo fÊVSocopUWTs¡
°nOQT²«�T�Ow�ST�f a� �opUWT�f�½¾qsococT�b¨§¨¸Dbced��qsP�¡�qsVw±>��qwJwK��sh`�ST�oD¹1OLUWT�bWq�UWVSbp°�T�bpUWT�o qs«SXdT�ocT�PS¢�UD°�T�bc�ST�P
�
γibut = 0.0038

Ì ��f��ÈJ�½ OQT�«�T�Ow�ST�bDµ�P�UWT�bcocVS��r�VSPSX �ST�bG½¾qsococT�b¨§¨¸Dbced��qsP�{|bcT�PS}�~>�s��rSTy}�T�OQXsU
ocOQ��r¶�ST�f'P�qs��r�¡1��qsoco|�SOQTCª¬«�T�bp~>�s��rSTC�ST�oZqs�Socedbc«SOQT�bpUWT�P ¥ OQRQf'o��SVSbc��r¶��qsoZ¯[qs�SOQRQRzqsbp°�T�RQRQT�P�§
f'e��ST�RQRD«�T�oc��rSbcOQT�«�T�P¾°�T�bc�ST�P£¢�qsPSP�J�^`OQT�o OQopU 
cT��Se���r¾P�VSb f'mdXdRQOQ��r�¡�°�T�PSP-qsPSr�qsbcf'edPSOQoc��rST
��T�bcf'T��ST�o {|bcT�PS}�~>�s��rST�PS��esUWT�P�UWOzqsRQo[f'OLU¬OQP2�SOQT���T�bcT���rSP�VSPSXl�ST�b ¥ OQRQf'bWqsVSOQXd¢sT�OLUWT�P%T�OQP�«�TÈ§
}�edXdT�Px°�T�bc�ST�P�J



��� H � 7������¾�?���	� ������7���8-7���� Å �����17������6��� H �

� ��� � �	� 
)+ +,�(��� 

� � �����,���	��!"� � � �	� �&��*��

^`OQTZµ�P�UWT�bcocVS��r�VSPSXdT�P qsP%�ST�by½¾qsococT�b¨§¨¸Dbced��qsP2{|bcT�PS}�~>�s��rST r�qs«�T�P%XdT�}�T�OQXsU�¡���qsoco�T�o�ocT�RQ«SopU
«�T�O|T�OQPST�bxopU�qsbc¢sT�P®µ�P�UWT�bc¢�¦SrSRQVSPSX¤�ST�ol¸Dbced«�T�PSop �opUWT�f'o%}�VA¢sT�OQPST�bxf'OLUxknmdP�UWXdT�PSbcT�~�T�¢�UWO §
j�OLU���UWocf'T�ococVSPSXdT�PÃP�qs��r�°�T�OQoc«�qsbcT�P �n ��SbWq�UW«SOQRQ�SVSPSX qsP��ST�bl½¾qsococT�b¨§¨¸Dbced��qsP"{|bcT�PS}�~>�s��rST
¢sedf'f U�J¬t%OLUuopUWT�OQXdT�PS�ST�f ^`bcVS��¢®qs�Socedbc«SOQT�bpUuT�OQP ¥ OQRQf qsVSou¸Dbced��qsPSf'edRQT�¢�¦SRQT�P�qsVw±C�ST�b
½¾qsococT�bced«�T�bp~>�s��rSTsJn^¬qsoÍ�`PSXdT�«�esUxqsP ¸Dbced��qsPSf'edRQT�¢�¦SRQT�P/}�VSbx{[qsocr� ��SbWq�UW«SOQRQ�SVSPSX¾OQopUÍoce�§
f'OLUZqsP?�ST�b[½¾qsococT�b¨§p{[qso�{|bcT�PS}�~>�s��rST�opU�qsbc¢2T�bcrSmdr�U�JG^`OQT �Gq�UWoWqs��rSTs¡���qsoco �ST�PSPSe���r¾¢sT�OQPST
�n ��SbWq�UW«SOQRQ�SVSPSXZT�OQPSocT�UW}�U�¡�oc��rST�OQP�U²�SOQT �n ��SbWq�UW«SOQRQ�SVSPSXdopUWrST�edbcOQTnP�qs��r=kne��SXdT�b VSPS�=¯ jsqsf'f'T
PSOQ��r�U�}�V%«�T�opU���UWOQXdT�P�J
^¬qsoC�y�Socedbc�wUWOQedPSopjdT�bcr�qsRLUWT�P¤jdedP/¸Dbced��qsP+qsVw±�½¾qsococT�b'«SOQT�UWT�U'�SOQTlt%mdXdRQOQ��rS¢sT�OLU�¡ ¥ OQRQf�§

�SOQ��¢sT�PZjdedPÊqs�Socedbc«SOQT�bpUWT�PÊ{[qsop³�RQf'T�P[VSPS�Z�ST�bcT�PÊk�qsVSOQXd¢sT�OLUWT�PZqsRQo ¥ VSPS¢�UWOQedP[�ST�o {[qsoc�SbcVS��¢sT�o
}�V2«�T�opUWOQf'f'T�P�J�^`OQTÊ�`P�qsRL �ocTÊ�ST�b¬«�T�OGT�OQPST�b ��T�f'��T�bWq�UWVSb�jdedP

0◦
��qsVw±6XdT�PSedf'f'T�PST�P2knTÈ§

~�T�¢�UWOLj�OLU���UWT�P2}�T�OQXsU|T�OQPSTCÂ�VSP�qsrSf'TÊ�ST�b ¥ OQRQf'bWqsVSOQXd¢sT�OLUnf'OLU¬�ST�b ¥ OQRQf'�SOQ��¢sTs¡>�SOQTÊ�SVSbc��r¶��qso
¯[qs�SOQRQRzqsbp°�T�RQRQT�PSf'e��ST�RQRS«�T�oc��rSbcOQT�«�T�P%°�T�bc�ST�Pl¢�qsPSP�J>t%T�ococVSPSXdT�P2qsPx�ST�b�{|RL �}�T�bcOQP�§À¿Àoced«SVwU�qsP
{|bcT�PS}�~>�s��rST��SOQT�P�UWT�P }�VSbZXdT�P�qsVST�bcT�P?�`P�qsRL �ocTC�SOQT�ocT�oZ�y�Socedbc�wUWOQedPSopjdT�bcr�qsRLUWT�PSo[jdedP£{[qsocT�P
qsVw± �ST�bZª¬«�T�bp~>�s��rSTÊjdedP ¥ RQ¦SococOQXd¢sT�OLUWT�P�J�^`OQT���T�UWbWqs��r�UWVSPSXx�SOQT�ocT�b[^¬q�UWT�P¶«�T�RQT�XsU�¡���qsoco|�SOQT
¥ OQRQf'bWqsVSOQXd¢sT�OLU[T�OQPST�o�qs�Socedbc«SOQT�bpUWT�P ¥ OQRQf'oZ«�T�O�ocT�rSb�PSOQT��SbcOQXdT�P ¥ OQRQf'�SOQ��¢sT�P?P�VSbÊVSP�UWT�b��ST�b
MDOQP�«�T�}�OQT�r�VSPSX|�ST�b qsPSr�qsbcf'edPSOQoc��rST�P
��T�bcf'T��ST�o {|bcT�PS}�~>�s��rST�PS��esUWT�P�UWOzqsRQo «�T�oc��rSbcOQT�«�T�PÊ°�T�b¨§
�ST�P ¢�qsPSP�J�^¬qs«�T�O�fÊVSoco�}�VSb��`PS��qsococVSPSX£�ST�b=knT�~�T�¢�UWOLj�OLU���UWoc��q�UWT�P/«�T�OQ�ST�bÍa� �opUWT�f'TlT�OQPST
ª¬«�T�bp~>�s��rST�PSoc��qsPSPSP�VSPSX2�ST�o ¥ OQRQf'o¬XdT�°²�srSRLU|°�T�bc�ST�P�¡��SOQTÊ°�T�OLUZVSP�UWT�bZ�ST�f�¹1OLUWT�bWq�UWVSbp°�T�bpU
RQOQT�XsU�J�^`OQT�ocT�o�MDbcXdT�«SPSOQoZ°nVSbc�ST=T�«�T�Pw±�qsRQRQoZ«�T�O �S¦SPSPST�P¤qs�Socedbc«SOQT�bpUWT�P ¥ OQRQf'T�P qsVw±`a�OQRQOQ}�OQVSf
«�T�ed«�qs��r�UWT�U � �Se�T�bcb�K � � � ��VSPS�=°�T�OQopUyocedf'OLU²qsVw±�T�OQP ��r�qsbWqs¢�UWT�bcOQopUWOQ¢�VSfY�SOQT�ocT�bya� �opUWT�f'T|rSOQP�J
MDOQPSTCf'mdXdRQOQ��rST�MDbc¢�Rz�sbcVSPSXÍ±6¦Sb|�SOQT�ocT�o � T�bcr�qsRLUWT�P¶¢smdPSP�UWT'�SOQT �Gq�UWoWqs��rST'ocT�OQP�¡1��qsocoZT�o[ocOQ��r
«�T�O��ST�fÁqs�Socedbc«SOQT�bpUWT�P ¥ OQRQf VSf�T�OQPST ¥ RQ¦SococOQXd¢sT�OLUyr�qsPS�ST�RLU�¡w�SOQT¬�SVSbc��r%��qso � edbcr�qsPS�ST�PSocT�OQP
�ST�b jdT�bpUWOQ¢�qsR�°nOQbc¢sT�PS�ST�P � qsP��ST�b ½¾qdqsRQo ½?T���rSocT�RL°nOQbc¢�VSPSXÊopU�qs«SOQRQOQocOQT�bpU °nOQbc��J�^`OQT�¯�edr��socOQedP
OQPSPST�bcr�qsRQ«?�ST�o ¥ OQRQf'o|bcT�OQ��r�U 
cT��Se���r¾PSe���r?PSOQ��r�U�qsVSo�¡�VSf T�OQPST=ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX¶}�V
T�bc}�T�VSXdT�P�¡>�SOQT|f'OLUy�ST�bnT�OQPST�b � edRQVSf'T�Pw~�¦SococOQXd¢sT�OLU²jdT�bcXdRQT�OQ��r�«�qsbnOQopU�J
^`T�oy½?T�OLUWT�bcT�PÍRQOQT�XdT�PÍ�SOQT¬T�º�T�¢�UWOLjdT�P �`qsf�qs¢sT�bc¢sedPSopU�qsP�UWT�Pl¦S«�T�by�ST�PST�P�¡��SOQT¬ocOQ��rx�SVSbc��r

T�OQPST'��T�bcT���rSP�VSPSXuP�qs��r ¥ edbcf'T�RDhwJ �xT�bcXdT�«�T�P�J�MDOQPSTCf'mdXdRQOQ��rST�MDbc¢�Rz�sbcVSPSXx±6¦Sb[�SOQT�OQf � T�b¨§
XdRQT�OQ��r }�VSb��yrST�edbcOQTCrSedrST�P?T�º�T�¢�UWOLjdT�P �`qsf�qs¢sT�bc¢sedPSopU�qsP�UWT�P?°²�sbcT'T�OQPSTC}�V VSPSXdT�P�qsVST��`P�§
X�qs«�T=�ST�o'��bcT���r�VSPSXdocOQPS�STÈ�wT�oC±6¦SbÊf'edRQT�¢�VSRzqsb �S¦SPSPST ¥ OQRQf'Ts¡1°�T�RQ��rST�b�f'mdXdRQOQ��rST�bp°�T�OQocT=P�VSb
±6¦SbZ�SOQ��¢sT�bcT ¥ OQRQf'TÊXd¦SRLUWOQXxOQopU�J�MDOQPST �`PS�ST�bcVSPSXu�SOQT�ocT�oÊ¸GqsbWqsf'T�UWT�bcoZ}�V¾¢�RQT�OQPST�bcT�P ½?T�bpUWT�P�¡
«�T�OQoc�SOQT�RQop°�T�OQocT

(nprop = 1.165)
¡�°n¦Sbc�STÊ�SOQT �`qsf�qs¢sT�bc¢sedPSopU�qsP�UWT��ST�o¬¸Dbced��qsPSo|qsVw± ½¾qsococT�b
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«SOQoCqsVw±`T�OQPST�P-½?T�bpU�jdedP
Aeffth

≈ 1 · 10−20 �2jdT�bcoc��rSOQT�«�T�P�¡D°²�srSbcT�PS�+�SOQT �`qsf�qs¢sT�bc¢sedP�§
opU�qsP�UWTu�ST�o�¿Àoced«SVwU�qsPSo=qsVw±Z{|RL �}�T�bcOQP+P�VSb�XdT�bcOQPSXdT��`PS�ST�bcVSPSXdT�P «�T�O�T�OQPST�b � qsbcOzq�UWOQedP-�ST�o
��bcT���r�VSPSXdocOQPS�STÈ�wT�o%�ST�oÍ¿Àoced«SVwU�qsP ¥ OQRQf'oC}�T�OQXsU�J ¿ÀP �`«S«SOQRQ�SVSPSX¾hwJLK �?OQopU=�ST�b � T�bcRzqsVw±[�ST�b
T�º�T�¢�UWOLjdT�P �`qsf�qs¢sT�bc¢sedPSopU�qsP�UWT�P/qsRQo ¥ VSPS¢�UWOQedP-�ST�o'��bcT���r�VSPSXdocOQPS�STÈ�wT�o=�ST�o ¥ OQRQf'o ��qsbcXdTÈ§
opUWT�RQRLU�J>tlqsP%¢�qsPSP%�ST�VwUWRQOQ��rx�SOQT|opU�qsbc¢sT �`PS�ST�bcVSPSX��ST�bnT�º�T�¢�UWOLjdT�P �`qsf�qs¢sT�bc¢sedPSopU�qsP�UWT�Pl«�T�O
�ST�f´a� �opUWT�f ½¾qsococT�b¨§¨¸Dbced��qsP¾T�bc¢sT�PSPST�P�¡G°²�srSbcT�PS�£�SOQT'T�º�T�¢�UWOLjdT �`qsf�qs¢sT�bc¢sedPSopU�qsP�UWT=�ST�o
a� �opUWT�f'o¬{|RL �}�T�bcOQP�§À¿Àoced«SVwU�qsPx¢sT�OQPST[opU�qsbc¢sT�P �`PS�ST�bcVSPSXdT�PlT�bp±��srSbpU�J

1.1 1.15 1.2 1.25 1.3 1.35 1.4
10

−22

10
−21

10
−20

n

|A
ef

f| [
J]

�`«S«SOQRQ�SVSPSX'hwJLK � 
�^`OQT[�`«Sr��sPSXdOQXd¢sT�OLUy�ST�o`��T�UWbWqsXdon�ST�bnT�º�T�¢�UWOLjdT�P �`qsf�qs¢sT�bc¢sedPSopU�qsP�UWT�PuqsRQo
¥ VSPS¢�UWOQedP �ST�o ��bcT���r�VSPSXdocOQPS�STÈ�wT�oÊ�ST�o ¥ OQRQf'o�J�¿ÀP?oc��r�°²qsbc}�OQopUZ�SOQT�T�º�T�¢�UWOLjdT �`qsf�qs¢sT�bc¢sedP�§
opU�qsP�UWT¬�ST�ona� �opUWT�f'o�½¾qsococT�b¨§¨¸Dbced��qsP�¡wOQP�XdbWqsV=�SOQT��ST�ona� �opUWT�f'on{|RL �}�T�bcOQP�§À¿Àoced«SVwU�qsP���qsbcXdTÈ§
opUWT�RQRLU�J�^`OQTZ}�°�T�OGocT�PS¢�bcT���r�UWT�P?¹1OQPSOQT�P%f�qsbc¢�OQT�bcT�P 
cT�°�T�OQRQo��SOQT ¹�qsXdTZ�ST�o¬��bcT���r�VSPSXdocOQPS�STÈ�wT�o�¡
°nOQT[T�bnOQPÍ�ST�b�¹1OLUWT�bWq�UWVSby}�Vx³�PS�ST�P%OQopU�J
MDo ¢sedPSP�UWT`XdT�}�T�OQXsU °�T�bc�ST�P�¡w��qsoco �SOQT`t%T�UWrSe��ST`�ST�b�knmdP�UWXdT�PSbcT�~�T�¢�UWOLj�OLU���UWocf'T�ococVSPSX }�VSb

��T�opUWOQf'fÊVSPSX�T�OQPST�b`�y�Socedbc�wUWOQedPSocOQocesUWrST�bcf'T�PuXdT�T�OQXdPST�U¬OQopU�J�^`OQTÊ��T�bc¦S��¢�ocOQ��r�UWOQXdVSPSXx�ST�b¬qsP�§
r�qsbcf'edPSOQoc��rST�P ��T�bcf'T%�ST�o'½?T���rSocT�RL°nOQbc¢�VSPSXdoc��esUWT�P�UWOzqsRQT�o�T�bcRzqsVS«wU'T�o�¡ �SOQTlt%T�ococ��q�UWT�P OQf
k�qsrSf'T�P?�ST�o ¯[qs�SOQRQRzqsbp°�T�RQRQT�PSf'e��ST�RQRQo�}�V?«�T�oc��rSbcT�OQ«�T�P¾VSPS�?«�T�°nOQbc¢�U }�VSoW��UW}�RQOQ��r?T�OQPST � T�b¨§
oc��rSOQT�«SVSPSXZ�ST�b �`qsf�qs¢sT�bc¢sedPSopU�qsP�UWT�P�}�VCXdT�bcOQPSXdT�bcT�P�½?T�bpUWT�P�J�Ì�T�«�T�P'�ST�bD¿ÀPw±6edbcf�q�UWOQedPÊ¦S«�T�b
¥ OQRQf'�SOQ��¢sT�PÊ°�T�bc�ST�P'}�VSoW��UW}�RQOQ��rC¿ÀPw±6edbcf�q�UWOQedPST�PÊ¦S«�T�b �SOQTna�UWbcVS¢�UWVSb VSPS�C�SOQT�ª¬«�T�bp~>�s��rSTn�ST�o
¥ OQRQf'o�XdT�RQOQT�±6T�bpU�¡�^¬q�UWT�P�¡��SOQTÊ�SOQTÊ¢�RzqsococOQoc��rST�P?t%T�UWrSe��ST�P }�VSb[��T�opUWOQf'fÊVSPSX�jdedP¶�y�Socedbc�wUWO §
edPSocOQocesUWrST�bcf'T�P%PSOQ��r�U�rST�bcXdT�«�T�P�J
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¿Àf P�VSP¤}�°�T�OLUWT�P ��T�OQR��ST�b��`bc«�T�OLUÊ°�T�bc�ST�P/µ�P�UWT�bcocVS��r�VSPSXdT�P/qsP£°²�sococbcOQXdT�P+awqsRQ}�RQmdocVSPSXdT�P
VSPS� ½¾qsococT�bZVSP�UWT�bZ�ST�b � T�bp°�T�PS�SVSPSXu�ST�b awqsRQ}�T'Ì`q�UWbcOQVSfC~�VSedbcOQ� ��Ì`q ¥ �È¡1Ì`q�UWbcOQVSf'��rSRQedbcOQ�
��Ì`q ��R �È¡�Ì`q�UWbcOQVSfÊ«Sbcedf'OQ� ��Ì`qd��b ��VSPS�ÊÌ`q�UWbcOQVSf'OQe��SOQ� ��Ì`qs¿ ����qsbcXdT�opUWT�RQRLU�J�^`T�bGa���r�°�T�bc�SVSPS¢�U
RQOQT�XsUyqsVw±��ST�b�t%T�ococVSPSX'�ST�b²�SOLº�VSocT�Pla�UWbcT�VSVSPSXCqsPÍ�ST�Plª¬«�T�bp~>�s��rST�P%�SOQT�ocT�by¹1mdocVSPSXdT�PxVSPS�
qsP=½¾qsococT�b�J�^¬qs«�T�O�°nOQbc�ÍqsVw±��SOQT|¸Dbced«SRQT�f�q�UWOQ¢Ê�ST�b�°�T�RQRQT�P�jdT�¢�UWedbWqs«Sr��sPSXdOQXdT�Plª¬«�T�bp~>�s��rST�P�§
oc��qsPSP�VSPSX'jdedP ¥ RQ¦SococOQXd¢sT�OLUWT�PxT�OQPSXdT�X�qsPSXdT�P�J
MDOQP%°�T�OLUWT�bcT�b �yrST�f'T�PSoc��r�°�T�bc�SVSPS¢�U RQOQT�XsU�OQPl�ST�b¬��T�opUWOQf'fÊVSPSX'�ST�o`jdT�bpUWOQ¢�qsRQT�Pu^`OQ��r�UWTÈ§

�Sbces³�RQo °²�sococbcOQXdT�b²awqsRQ}�RQmdocVSPSXdT�P'f'OLU �ST�b²t%T�UWrSe��ST��ST�b²knmdP�UWXdT�PSbcT�~�T�¢�UWOLj�OLU���UWocf'T�ococVSPSXSJ�^¬q
ocOQ��r%�SOQT�ocT�o �yrST�f�q�jdedP%�ST�b�µ�P�UWT�bcocVS��r�VSPSXdocf'T�UWrSe��STÊrST�b�qsP%��qsoyjdedbcrST�bcXdT�rST�PS�STÊ¯[qs�SOLUWT�R
qsPSoc��rSRQOQT �sU�¡w°nOQbc�xT�o�OQfY±6edRQXdT�PS�ST�Px�`«Soc��rSPSOLUcU�«�T�r�qsPS�ST�RLU�J
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a���rSedP£OQP¾�ST�P¾T�bcopUWT�P �dqsrSbc}�T�rSP�UWT�P£�ST�oCIsvwJ �dqsrSbcr�VSPS�ST�bpUWoÊ°nVSbc�ST�P£�`bc«�T�OLUWT�P¾}�VSb ¿ÀedPST�P�§
jdT�bpUWT�OQRQVSPSX|OQP °²�sococbcOQXdT�P'awqsRQ}�RQmdocVSPSXdT�P jdT�bcmsº�T�P�UWRQOQ��r�U � edPSoWqsXdT�b�K �dhs�S¡�rST� ��w°�T�OQRQT�b�K �wK�v � Jd^¬qso
OQP?�ST�b �`bc«�T�OLU[jdedP-ÌZJGª¬PSoWqsXdT�bZjdedbcXdT�opUWT�RQRLUWT=t%e��ST�RQRD±6¦SbZ�SOQT'¿ÀedPST�P�jdT�bpUWT�OQRQVSPSXuOQP °²�sococbcO §
XdT�P?awqsRQ}�RQmdocVSPSXdT�P2«�qsocOQT�bpUWT�qsVw±�T�RQT�¢�UWbcedopU�q�UWOQoc��rST�P ��T�bcT���rSP�VSPSXdT�P�J�¿ÀedPST�P�¡��SOQT�ocOQ��r2OQP2�ST�b
Ì`�srST[�ST�b ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qsoy{|bcT�PS}�~>�s��rSTZ«�T�³�PS�ST�P�¡�T�bc}�T�VSXdT�P%OQPÍ�ST�b`{[qsoc�Sr�qsocT|T�OQPSTZa��SOQTÈ§
XdT�RQRzqs�SVSPSXS¡��SOQT²qsVw±6XdbcVSPS�Ê�ST�bGOQf � T�bcXdRQT�OQ��r }�VSb ¥ RQ¦SococOQXd¢sT�OLUGXdT�bcOQPSXdT�bcT�P�^`OQT�RQT�¢�UWbcOQ}�OLU���UWoc¢sedP�§
opU�qsP�UWT�Px�ST�bn{[qsoc�Sr�qsocT[qs«SopUWe �dT�PS�xqsVw±���qso²¿ÀedP=°nOQbc¢�U�Jw^`OQT�o²±6¦SrSbpU²}�VxT�OQPST�b � T�bcf'OQPS�ST�bcVSPSX
�ST�b�¿ÀedPST�PS¢sedPS}�T�P�UWbWq�UWOQedP-OQP¾�ST�b�P��srST�bcT�P¤µ�f'XdT�«SVSPSX2�ST�b ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qso�{|bcT�PS}�~>�s��rST
VSPS��ocedf'OLUD«�T�O��ST�P'rSOQT�bD«�T�UWbWqs��r�UWT�UWT�P�°²�sococbcOQXdT�P=awqsRQ}�RQmdocVSPSXdT�PC}�V'T�OQPST�b � T�bcbcOQPSXdT�bcVSPSX[�ST�b
MDRQT�¢�UWbcedPST�PS�SOQ��r�UWTZOQf � T�bcXdRQT�OQ��rx}�VSb � edRQVSf'T�P�§¨MDRQT�¢�UWbcedPST�PS�SOQ��r�UWTsJ
¿ÀPx�ST�PxRQT�UW}�UWT�P �dqsrSbcT�Px°nVSbc�ST�PxjdedPÍjdT�bcoc��rSOQT��ST�PST�Pl°nOQococT�PSoc��r�q�±
UWRQOQ��rST�Pu{|bcVS�S��T�Plt%e�§

RQT�¢�VSRzqsbD^� �P�qsf'OQ¢ � tl^ �Da�OQfÊVSRzq�UWOQedPST�P �SVSbc��rSXdT�±6¦SrSbpU�¡d°�T�RQ��rST���qso � T�bcr�qsRLUWT�PÊjdedP'¿ÀedPST�PCOQP
�ST�b Ì`�srST��ST�b ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qsoG{|bcT�PS}�~>�s��rST�°²�sococbcOQXdT�b ¹1mdocVSPSXdT�PÊ«�T�oc��rSbcT�OQ«�T�P�Jd��T�ocedPS�ST�bco
rST�bpjdedbcXdT�rSed«�T�PÊocT�OQT�P rSOQT�b��SOQT�tl^/a�OQfÊVSRzq�UWOQedPST�P¬jdedPÊ¸�J �sVSPSXs°nOQbpUWr ��� � ��� � 
cVSPSXs°nOQbpUWr>Isvdv�I�¡

cVSPSXs°nOQbpUWr>IsvdvwKd¡ 
cVSPSXs°nOQbpUWr>Isvdvdvw¡�X�qsbcbcT�UcUÈIsvdvs� ��VSPS�Í^ Jw¸Gqsoc��rST�¢ ��� � ��� � ��qsoc��rST�¢wIsvdvdh � J�ª¬«�§
°�edrSR�}�°nOQoc��rST�Pu�ST�PljdedPl�ST�Pu«�T�OQ�ST�Pu{|bcVS�S��T�P%jdT�bp°�T�PS�ST�UWT�P?t%e��ST�RQRQT�Plµ�P�UWT�bcoc��rSOQT��STÊ«�TÈ§
opUWT�rST�P�¡�±6¦SrSbcT�PC«�T�OQ�STy}�VCT�OQPST�f�jdedP'�ST�b ª¬PSoWqsXdT�b �yrST�edbcOQTnqs«�°�T�OQ��rST�PS�ST�PÍMDbcXdT�«SPSOQo�Jd¿ÀedPST�P
f'OLU ¢�RQT�OQPST�f�¿ÀedPST�PSbWqs�SOQVSo °�T�bc�ST�P¾jdedP£�ST�b ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qso {|bcT�PS}�~>�s��rST=±6T�bcPSXdT�r�qsRLUWT�P�¡
°²�srSbcT�PS�£ocOQ��r?¿ÀedPST�P¾f'OLUZXdbce �dT�P¾k�qs�SOQT�P «�T�jdedbc}�VSXsU�qsP?�ST�b ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qso {|bcT�PS}�~>��§
��rST[qsVw±6r�qsRLUWT�P�J�½A�srSbcT�PS�ÍOQP=�ST�b²�`bc«�T�OLU jdedPx¸Gqsoc��rST�¢=��qso � T�bcr�qsRLUWT�P=�ST�b�¿ÀedPST�PxqsVw±�T�OQPST�P
bcT�OQPST�P�{|bcm �dT�PST�º�T�¢�U }�VSbc¦S��¢�XdT�±6¦SrSbpU °nOQbc��¡dRQOQT�XsU �SOQTy��T�Xdbc¦SPS�SVSPSXZOQP��ST�bD�`bc«�T�OLU jdedP �sVSPSX�§
°nOQbpUWrxOQPx�ST�bnf'OLUy�ST�fÁ¿ÀedPST�PSbWqs�SOQVSonopUWT�OQXdT�PS�ST�Pl¸�edRzqsbcOQocOQT�bc«�qsbc¢sT�OLUy�ST�bn¿ÀedPST�P�J

� �'����� 
 �4-/� ?/@�� #���% ���4- �5�4;>� �,!$�����"!$=�!$� ��� = � �6-/��%2�4-	� 0�!.-/��#�� @�02�����
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¿Àf ¥ edRQXdT�PS�ST�P¾ocedRQR�qsVw±��SOQT=MDbcXdT�«SPSOQococTÍ�ST�bCtl^ga�OQfÊVSRzq�UWOQedPST�P¶jdedP¤^ J ¸Gqsoc��rST�¢¾XdT�P�qsV�§
T�b¬T�OQPSXdT�X�qsPSXdT�P%°�T�bc�ST�P�J�¿ÀPSoc«�T�ocedPS�ST�bcT�ocedRQR��SOQT ¥ bWqsXdT XdT�¢�Rz�sbpU�°�T�bc�ST�P�¡�ed«u�SOQTZ�`PSbcT�OQ��rSTÈ§
bcVSPSX|«S}�°[Jd�`«SbcT�OQ��rST�bcVSPSX¬jdedPC¿ÀedPST�PÊjdT�bcoc��rSOQT��ST�PST�b�awqsRQ}�RQmdocVSPSXdT�P�qsP��ST�b ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qso
{|bcT�PS}�~>�s��rSTnf'OLUcUWT�RQoGknmdP�UWXdT�PSbcT�~�T�¢�UWOLj�OLU���UWT�P�P�qs��rSXdT�°nOQT�ocT�P�°�T�bc�ST�P'¢�qsPSP�Jd^`OQT²OQPÊ�ST�P�tl^
a�OQfÊVSRzq�UWOQedPST�P VSP�UWT�bcocVS��r�UWT�P+¸Dbced«�T�P�jdedRQVSf'OQP�qxr�q�UcUWT�P£T�OQPST ��mdrST'jdedP K�vdv ��VSPS�¾T�OQPST�P
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� 2 J�½?T�XdT�P-�ST�bÊXdT�bcOQPSXdT�P£�`VSoc�ST�rSP�VSPSX �ST�bC¸Dbced«�T�PSed«�T�bp~>�s��rST
°nVSbc�ST�P%RzqsPSXdbcT�OQ��r�°�T�OLUWOQXdT¬¯�edbcbcT�Rzq�UWOQedPST�PÍOQPÍ�ST�Pla�OQfÊVSRzq�UWOQedPST�P�PSOQ��r�Un«�T�UWbWqs��r�UWT�U�J>MDonr�qsP�§
�ST�RLU�ocOQ��r���qsrST�b�VSfYª¬«�T�bp~>�s��rST�P�¡w�SOQT�PSOQ��r�U��SVSbc��rÍ¯[qs�SOQRQRzqsbp°�T�RQRQT�P�f'e��SVSRQOQT�bpU ocOQPS��J�^¬qsrST�b
°nOQbc�Í��qso²ocOQfÊVSRQOQT�bpUWT`MDRQT�¢�UWbcedPST�PS�SOQ��r�UWT��Sbces³�R1qsRQo�OQP�UWbcOQPSocOQoc��rST�oy^`OQ��r�UWT��Sbces³�R�«�T�UWbWqs��r�UWT�U�JS¿ÀP
�`«S«SOQRQ�SVSPSX`�SJLK�ocOQPS�ÊMDRQT�¢�UWbcedPST�PS�SOQ��r�UWT��Sbces³�RQT²�ST�bD{|bcT�PS}�~>�s��rST�PÊjdedPÊ��qwJdI�f'edRzqsbcT�P|°²�sococbcO §
XdT�P¶Ì`q�UWbcOQVSf'r�qsRQedXdT�PSOQ�l¹1mdocVSPSXdT�P ��Ì`q ¥ ¡�Ì`q ��R ¡�Ì`qd��b¬VSPS�¶Ì`qs¿ �n°nOQT��ST�bcXdT�XdT�«�T�P�J1^¬qs«�T�O
OQopU qsVw±��ST�b �`«Soc}�OQococTn�ST�bDjdT�bpUWOQ¢�qsRQT²�`«SopU�qsPS�'}�VCT�OQPST�bDOQPC�ST�b ¹1mdocVSPSX[��qsbWqsRQRQT�Rw}�VSb ¹1mdocVSPSXdo¨§
ed«�T�bp~>�s��rSTÊRQOQT�XdT�PS�ST�PuMD«�T�PSTÊOQP �`PSXdopUWbcmdf%¡�qsVw±D�ST�b[ª¬bc�SOQP�q�UWTZ�SOQT qsVw± �ST�P � edRQVSf'T�P�°�T�bpU
PSedbcf'OQT�bpUWT%^`OQoc��T�bcocOQedP

δ
�6«�T�bcT���rSPST�U=±6¦Sb�»w¡ v��¶¢sT � �C��qsbcXdT�opUWT�RQRLU�J ¥ ¦SbC�SOQT�ocTu^¬qsbcopUWT�RQRQVSPSX

°nVSbc�STZ��qso�}�VSb`a�OQfÊVSRzq�UWOQedP=«�T�P�VwUW}�UWTÊ¸Dbced«�T�P�jdedRQVSf'T�PlqsVw± �SOQT|jdT�bpUWOQ¢�qsRQT|�y��rSocTÊ�Sbce 
cOQ}�OQT�bpU
VSPS�/�ST�bcT�P MDRQT�¢�UWbcedPST�PS�SOQ��r�UWTl}�T�OLUWRQOQ��r¤XdT�f'OLUcUWT�RLU�J tlqsP+T�bc¢sT�PSP�UÍ�ST�VwUWRQOQ��r+T�OQPSTxjdedP/�ST�f
XdT�°²�srSRLUWT�P%�`PSOQedPxop �opUWT�f�q�UWOQoc��rlqs«Sr��sPSXdOQXdT � T�bW�sPS�ST�bcVSPSX'�ST�o`^`OQoc��T�bcocOQedPSoc�Sbces³�RQo�J
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z [Å]

NaF
NaCl
NaBr

NaI

�`«S«SOQRQ�SVSPSXZ�SJLK 
�^¬qsbcopUWT�RQRQVSPSXZ�ST�b�^`OQoc��T�bcocOQedPSoc�Sbces³�RQTn�ST�b °²�sococbcOQXdT�PÍawqsRQ}�RQmdocVSPSXdT�P'f'OLU �ST�P
awqsRQ}�T�P%Ì`q ¥ ¡�Ì`q ��R�Ì`qd��byVSPS�lÌ`qs¿�¡�RQOQPS¢�o²edrSPSTs¡�bcT���r�UWo�f'OLUn��T�bc¦S��¢�ocOQ��r�UWOQXdVSPSX'�ST�b�¯[qs�SOQR §
Rzqsbp°�T�RQRQT�PSbWqsVSOQXd¢sT�OLU

^`OQT'Ì`q�UWbcOQVSfC~�VSedbcOQ�¶¹1mdocVSPSX%}�T�OQXsUZT�OQPSTC�ST�VwUWRQOQ��rST � T�bcf'OQPS�ST�bcVSPSX%�ST�b ^`OQoc��T�bcocOQedP qsP
�ST�b ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qso {|bcT�PS}�~>�s��rSTs¡d°²�srSbcT�PS����qsoD^`OQoc��T�bcocOQedPSoc�Sbces³�Rw�ST�bDÌ`q�UWbcOQVSf'OQe��SOQ�Z¹1m�§
ocVSPSX|T�OQPST²�ST�VwUWRQOQ��rSTyMDbcrSmdr�VSPSX[qsP��ST�b {|bcT�PS}�~>�s��rSTy}�T�OQXsU�Js^`OQTy¸Dbces³�RQT��ST�bDÌ`q�UWbcOQVSf'��rSRQedbcOQ�
VSPS��Ì`q�UWbcOQVSfÊ«Sbcedf'OQ�Z¹1mdocVSPSXdT�P�PST�rSf'T�PCÂ�°nOQoc��rST�PSopUWT�RQRQVSPSXdT�PÊ}�°nOQoc��rST�P��ST�P�}�°�T�OwT�bp°²�srSP�§
UWT�Pltlq��wOQf�qsRQ��edocOLUWOQedPST�P'T�OQP�J>Â�VSb � T�bc�ST�VwUWRQOQ��r�VSPSXC�ST�byop �opUWT�f�q�UWOQoc��rST�P%�`«Sr��sPSXdOQXd¢sT�OLUy�ST�b
�`PSOQedPST�P�jdT�bpUWT�OQRQVSPSX?jdedfÎ¿ÀedPST�PSbWqs�SOQVSo=ocOQPS�/OQP+�ST�b �Gqs«�T�RQRQT%�SJLKu�SOQTl¿ÀedPST�PSbWqs�SOQT�P/�ST�b=OQP
�ST�Pua�OQfÊVSRzq�UWOQedPST�P�jdT�bp°�T�PS�ST�UWT�Pu¿ÀedPST�P%}�VSoWqsf'f'T�PSXdT�opUWT�RQRLU�JS�`VSon�SOQT�ocT�by¢�qsPSP%�ST�VwUWRQOQ��rx�SOQT
Â�VSP�qsrSf'Tx�ST�o'¿ÀedPST�PSbWqs�SOQVSo�jdedf ¥ RQVSedbcOQ�£}�VSf ¿Àe��SOQ�¤qs«SXdT�RQT�ocT�P-°�T�bc�ST�P�J�^`T�oC½?T�OLUWT�bcT�P
}�T�OQXsU[ocOQ��r�¡1��qsoco[��qso[¯[q�UWOQedP

Na+ T�OQPST�P OQf � T�bcXdRQT�OQ��r¶}�V¶�ST�P �`PSOQedPST�P¶XdT�bcOQPSXdT�P¶¿ÀedPST�P�§
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bWqs�SOQVSo�r�q�U²VSPS�Í��qsrST�b °nOQT`��qso ¥ RQVSedbcOQ�CjdedPÍ�ST�b ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qso²{|bcT�PS}�~>�s��rST¬jdT�bc�SbW�sPSXsU
°nOQbc��J�½ OQT�OQf�jdedbcrST�bcXdT�rST�PS�ST�P¤�`«SoWq�UW}ÍT�bp°²�srSP�U�¡ ocOQPS�¾«�T�O��ST�bCa�OQfÊVSRzq�UWOQedP �ST�b�^`OQoc��T�b¨§
ocOQedPSoc�Sbces³�RQTl¢sT�OQPSTu¯[qs�SOQRQRzqsbp°�T�RQRQT�P£«�T�bc¦S��¢�ocOQ��r�UWOQXsU�J²MDo=OQopU���qsrST�b�}�V/T�bp°²qsbpUWT�P�¡���qsoco=�SOQT
ocOQfÊVSRQOQT�bpUWT�P-^`OQoc��T�bcocOQedPSoc�Sbces³�RQTx«�T�OybcT�qsRQT�P-Xdbce �s~>�s��rSOQXdT�P¤¸Dbced«�T�P¤�SVSbc��r/¯[qs�SOQRQRzqsbp°�T�RQRQT�P
XdT�XdRz��UcUWT�U²°�T�bc�ST�P�J�^`OQT�ocT {|Rz��UcUWVSPSXÊfÊVSocon«�T�O1T�OQPST�f � T�bcXdRQT�OQ��rÍ�ST�b`a�OQfÊVSRzq�UWOQedPST�P�f'OLUnMDb¨§
XdT�«SPSOQococT�P¤qsVSoÊknmdP�UWXdT�PSbcT�~�T�¢�UWOLj�OLU���UWocTÈ�w��T�bcOQf'T�P�UWT�P£«�T�bc¦S��¢�ocOQ��r�UWOQXsUÊ°�T�bc�ST�P�JD^¬quXdbce �s~>��§
��rSOQXdT � edRQVSf'OQP�q|qsVw±6XdbcVSPS���ST�b�«�T�XdbcT�PS}�UWT�PÍknT���rSPST�bcRQT�OQopUWVSPSX PSOQ��r�U�f'OLU�tl^�a�OQfÊVSRzq�UWOQedPST�P
«�T�oc��rSbcT�OQ«S«�qsbÊocOQPS��¡�ocedRQRD±6edRQXdT�PS�ST�bZ�`PSoWq�UW}�}�VSbÊ��T�bcT���rSP�VSPSXujdedP£knmdP�UWXdT�PSbcT�~�T�¢�UWOLj�OLU���UWT�P
°²�sococbcOQXdT�b`awqsRQ}�RQmdocVSPSXdT�PÍjdT�bp°�T�PS�ST�U`°�T�bc�ST�P 


�Gqs«�T�RQRQTD�SJLK 
�a�UWesº�oc��T�}�OL³�oc��rST²¸GqsbWqsf'T�UWT�b1jdedPZ°²�sococbcOQXdT�P Ì`q�UWbcOQVSf'r�qsRQedXdT�PSOQ�|¹1mdocVSPSXdT�P VSPS�
½¾qsococT�b�J²^`OQTx¿ÀedPST�PSbWqs�SOQT�P/XdT�RLUWT�P-±6¦Sb'¿ÀedPST�P/OQP+¯|bcOQopU�qsRQRQT�P-VSPS�+¢smdPSPST�P ocedf'OLU�jdedP/�ST�P
k�qs�SOQT�P�XdT�RQmdopUWT�b ¿ÀedPST�PÍqs«�°�T�OQ��rST�P�JSq 
 � ��bc��Isvdvdh � ¡�« 
 � «�e�T�bcPSopUWT�OQP�K ��\�K � ¡���
 � T��w°²qsbc��K ��Is» � ¡�T�

� ¢sT�ococRQT�b�K �d»�I��
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 	 � ��	 a � ��� !�" $�$ !�" ,
! !�" -�( '�" '*# �
����	 � 	 � 
 ��� ����
 
 ��� ��	 a � ��� ≈ 1.1 ≈ 1.1 ≈ 1.1 ≈ 1.1

�
��� ���/����� % � � � 
 ��� � ���.� � � ≈ 1

!�" !0) !�" $�, !�" &�) !
� � � � 
 ��� �

a � ���.� � � � &+'�" # %*,
" & !�#/'�" - !�&/-
" - !�,
" #
� � � ���
����� ��
 � ���
������� � �
� � � ���0� � 10−4

����� 
0� �
2.94a 3.2b 3.2b 4.591a

 � ���"!#�����
� 	 �"� 
�	$	 � 	 � � �%�.� � �
0.080c 0.078e 0.076e 0.072c

¿ÀP2T�OQPST�f T�bcopUWT�P?a���rSbcOLUcU¬°nOQbc�2T�OQP¶^`OQoc��T�bcocOQedPSoc�Sbces³�R qsVSo¬T�OQPST�b[tl^Ya�OQfÊVSRzq�UWOQedP�¡S°�T�R §
��rST�o ¢sT�OQPSTn¿ÀedPST�P'�`P�§�e��ST�b �`«SbcT�OQ��rST�bcVSPSXZqsPC�ST�b ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qso {|bcT�PS}�~>�s��rST�qsVw±
°�T�OQopU�¡
f'OLU'T�OQPST�b�{[qsV��s±6VSPS¢�UWOQedP¤XdT�±�qsRLUWT�U�JD�`RQo�¯|bcOLUWT�bcOQVSf ±6¦Sb'��qso'�`VSoc«SRQT�OQ«�T�P+T�OQPST�b'�`P�§Êe��ST�b
�`«SbcT�OQ��rST�bcVSPSXl°nVSbc�ST=�SOQT'�`PS��qsococ«�qsbc¢sT�OLUÊ�ST�oÊ^`OQoc��T�bcocOQedPSoc�Sbces³�RQoZ�SVSbc��r¾T�OQPST=MDbcbcedbp±6VSPS¢d§
UWOQedP XdT�°²�srSRLU�¡�°�T�RQ��rST �SOQT2OQP�UWbcOQPSocOQoc��rST k�qsVSOQXd¢sT�OLU

σ0
T�P�UWr��sRLU�Jy^`VSbc��r­�SOQT ¥ qsRLUWVSPSX£f'OLU

T�OQPST�b�{[qsV��s±6VSPS¢�UWOQedP °nOQbc�?�SOQT=k�qsVSOQXd¢sT�OLUZ�SOQT�ocT�o�¸Dbces³�RQo qsVw±nT�OQPST�P?½?T�bpUÊT�bcrSmdr�U�¡��ST�b�qsP
ocedRQ��r¤T�OQPST�f´MDOQ��r�§pa� �opUWT�f´XdT�f'T�ococT�P-°nOQbc�-VSPS�¤ocedf'OLUÊ�SOQTx¯[qs�SOQRQRzqsbp°�T�RQRQT�PSbWqsVSOQXd¢sT�OLU[T�P�Up§
r��sRLU�J1^`OQT�XdRQT�OQ��rST ¥ qsRLUWVSPSXÍ¢�qsPSP¶P�VSP¾qsP¶�ST�P ¦S«SbcOQXdT�P ^`OQoc��T�bcocOQedPSoc�Sbces³�RQT�P¶�SVSbc��rSXdT�±6¦SrSbpU
°�T�bc�ST�P�J��`PSoc��rSRQOQT �dT�PS�Ê°nOQbc��qsVSo �ST�P�XdT�XdRz��UcUWT�UWT�P�^`OQoc��T�bcocOQedPSoc�Sbces³�RQT�P�f'OLUcUWT�RQo�¸GqsbcbWq�UcUD�`R §
XdedbcOLUWrSfÊVSo � ��qsbcbWq�UcU�K ����� �D�SOQT'knT�~�T�¢�UWOLj�OLU���U[�ST�bZVSP�UWT�bcocVS��r�UWT�P-¹1mdocVSPSX%«�T�bcT���rSPST�U�J a�edf'OLU
¢�qsPSP=T�OQPST`�`VSocoWqsXdT¬¦S«�T�b²�SOQT`Ì`qs��r�°�T�OQoc«�qsbc¢sT�OLUn�ST�b�¿ÀedPST�PÍ�`P�§ «S}�°[Jw�`«SbcT�OQ��rST�bcVSPSXCqsP=�ST�b
¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qson{|bcT�PS}�~>�s��rSTZf'OLUcUWT�RQoyknmdP�UWXdT�PSbcT�~�T�¢�UWOLj�OLU���UnXdT�XdT�«�T�Px°�T�bc�ST�P�J
^¬qso rSOQT�b «�T�oc��rSbcOQT�«�T�PST � T�bp±�qsrSbcT�P'°nVSbc�STn±6¦Sb �SOQTnOQP'�`«S«SOQRQ�SVSPSXZ�SJLK���qsbcXdT�opUWT�RQRLUWT�P�^`OQo¨§
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��T�bcocOQedPSoc�Sbces³�RQT`�SVSbc��rSXdT�±6¦SrSbpU�JS�`RQo²MDOQ��rSop �opUWT�f�°nVSbc�ST¬�SOQT[a�OQfÊVSRzq�UWOQedPC�ST�b�°²�sococbcOQXdT�PxÌ`q�§
UWbcOQVSf'��rSRQedbcOQ�l¹1mdocVSPSXxXdT�P�VwUW}�U�J1^¬qso|^`OQoc��T�bcocOQedPSoc�Sbces³�R ¢sedPSP�UWT��SVSbc��r¶T�OQPST�MDbcbcedbp±6VSPS¢�UWOQedP
f'OLU �ST�b OQP�UWbcOQPSocOQoc��rST�P'k�qsVSOQXd¢sT�OLU

σ0 = 1.25
� ��qsbcXdT�opUWT�RQRLUG°�T�bc�ST�P�J�^`VSbc��r'�SOQT ¥ qsRLUWVSPSX¬f'OLU

T�OQPST�b {[qsV��s±6VSPS¢�UWOQedP °nVSbc�STy�SOQTyk�qsVSOQXd¢sT�OLU qsVw±�T�OQPST�PCqsP�T�OQPST�bG°²�sococbcOQXdT�P'Ì`q ��RS¹1mdocVSPSX[XdTÈ§
f'T�ococT�PST�P�½?T�bpU jdedP=hwJ]� � T�bcrSmdr�U�J�^`OQTn¦S«SbcOQXdT�P�^`OQoc��T�bcocOQedPSoc�Sbces³�RQTs¡s°nOQTnocOQTnOQPC�`«S«SOQRQ�SVSPSX
�SJLK �6RQOQPS¢�o �²}�V2ocT�rST�P2ocOQPS��¡>°nVSbc�ST�P2f'OLU�T�OQPST�b¬{[qsV��s±6VSPS¢�UWOQedPlXdRQT�OQ��rST�b`��bcT�OLUWTZXdT�±�qsRLUWT�U�J>¿ÀP
�`«S«SOQRQ�SVSPSX¶�SJLK��6bcT���r�UWo �CocOQPS�-�SOQTxXdT�XdRz��UcUWT�UWT�P¤^`OQoc��T�bcocOQedPSoc�Sbces³�RQTÍ��qsbcXdT�opUWT�RQRLU�JD��T�OyOQrSbcT�b
��T�UWbWqs��r�UWVSPSX¤°nOQbc� �ST�VwUWRQOQ��r�¡y��qsocox�SOQT¶opU�qsbc¢sT�P®µ�P�UWT�bcoc��rSOQT��ST OQP �ST�P­OQP�UWbcOQPSocOQoc��rST�PA^`O §
oc��T�bcocOQedPSoc�Sbces³�RQT�PÍ�SVSbc��rx�SOQT¬¯[qs�SOQRQRzqsbp°�T�RQRQT�PSbWqsVSOQXd¢sT�OLUDOQP=T�OQPST�fYrSedrST�P%tlq �dT¬VSP�UWT�bc�Sbc¦S��¢�U
°�T�bc�ST�P�J
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σ = (3.5± 0.1)  Å

�`«S«SOQRQ�SVSPSXZ�SJ]I 
�^¬qsbcopUWT�RQRQVSPSXZ�ST�b�knT�~�T�¢�UWOLj�OLU���UWT�P'°²�sococbcOQXdT�b²awqsRQ}�RQmdocVSPSXdT�P'f'OLU �ST�PÍawqsRQ}�T�P
Ì`q ¥ ¡�Ì`q ��R ¡�Ì`qd��b VSPS�ÍÌ`qs¿�J�¹1OQPS¢�o edrSPST`VSPS��bcT���r�UWo²f'OLU ��T�bc¦S��¢�ocOQ��r�UWOQXdVSPSX��ST�b�¯[qs�SOQRQRzqsb¨§
°�T�RQRQT�PSbWqsVSOQXd¢sT�OLU�J

�`VSon�ST�P%OQP�UWbcOQPSocOQoc��rST�P%VSPS�l�ST�P%XdT�±�qsRLUWT�UWT�P%^`OQoc��T�bcocOQedPSoc�Sbces³�RQT�Px°nVSbc�ST�Plf'OLUcUWT�RQoy¸Gqsb¨§
bWq�UcU=�`RQXdedbcOLUWrSfÊVSo'knT�~�T�¢�UWOLj�OLU���UWT�P «�T�bcT���rSPST�U�Jy^`OQT�ocTu«�T�bcT���rSPST�UWT�PAknT�~�T�¢�UWOLj�OLU���UWT�P/ocOQPS�
OQPA�ST�bx�`«S«SOQRQ�SVSPSX-�SJ]I£��qsbcXdT�opUWT�RQRLU�JntlqsPAT�bc¢sT�PSP�Uu�ST�VwUWRQOQ��r�¡y��qsoco%�SOQT¶�`VSop°nOQbc¢�VSPSX+�ST�b
¿ÀedPST�P�jdT�bpUWT�OQRQVSPSX�T�bcopU`P�qs��rlT�OQPST�f¼�`«w±�qsRQR��ST�b�bcT�~�T�¢�UWOQT�bpUWT�Pu¿ÀP�UWT�PSocOLU���U�VSf¼��qwJ>}�°�mdRL± {|bcm�§
�dT�PSedbc�SP�VSPSXdT�P¤ocOQ��r�UW«�qsb °nOQbc��JG¿ÀP-�ST�bÊ�`«S«SOQRQ�SVSPSX2�SJ hlocOQPS�-�SOQT=¹1edX�qsbcOLUWrSf'T�P¾�ST�bÊ�SVSbc��r
�SOQT ¥ bcT�ocPST�RQbcT�~�T�¢�UWOLj�OLU���UWT�P¶�SOLj�OQ�SOQT�bpUWT�P¶knT�~�T�¢�UWOLj�OLU���UWT�P qsRQo ¥ VSPS¢�UWOQedP¶�ST�o �¬V�qs�SbWq�UWT�o|�ST�o
½?T�RQRQT�P�jdT�¢�UWedbc¦S«�T�bpUWbWqsXdT�o���qsbcXdT�opUWT�RQRLU�J�^`OQT�ocTZ}�T�OQXdT�P%�ST�VwUWRQOQ��rST�bn�SOQT � T�bW�sPS�ST�bcVSPSXdT�Pl�SVSbc��r
�SOQT'VSP�UWT�bcoc��rSOQT��SRQOQ��rST�¿ÀedPST�P�jdT�bpUWT�OQRQVSPSXSJGÂ�VSb � T�bWqsPSoc��r�qsVSRQOQ��r�VSPSXuOQopUZOQP �ST�P¾�`«S«SOQRQ�SVSPSXdT�P
�SJ]I�VSPS�%�SJ h��ST�bnf'OLUy�ST�fg¹�qs«�edbc�SOLº�bWqs¢�UWedf'T�UWT�b²}�VSX��sPSXdRQOQ��rST¬½?T�RQRQT�P�jdT�¢�UWedbc«�T�bcT�OQ��r%�SVSbc��r
T�OQPST�ocT�PS¢�bcT���r�UWTÍ¹1OQPSOQT f�qsbc¢�OQT�bpU�J1Â�VSoW��UW}�RQOQ��r2°nVSbc�STC�SOQTCknT�~�T�¢�UWOLj�OLU���U|T�OQPST�b[hwJ]���)bWqsVST�P
½¾qsococT�bcRQmdocVSPSXÍ��qsbcXdT�opUWT�RQRLU�¡��ST�bcT�P¶k�qsVSOQXd¢sT�OLU`VSfgT�OQPST�P ¥ T�rSRQT�b�jdedP ±0.1

��jsqsbcOQOQT�bpUn°nVSb¨§
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�`«S«SOQRQ�SVSPSXZ�SJ h 
�^¬qsbcopUWT�RQRQVSPSXZ�ST�b �SVSbc��r=�SOQT ¥ bcT�ocPST�RQbcT�~�T�¢�UWOLj�OLU���U XdT�UWT�OQRLUWT�P�knT�~�T�¢�UWOLj�OLU���UWT�P
jdedP¾°²�sococbcOQXdT�P¤awqsRQ}�RQmdocVSPSXdT�P?f'OLUZ�ST�P¤awqsRQ}�T�P£Ì`q ¥ ¡�Ì`q ��R²Ì`qd��bZVSPS�-Ì`qs¿�JG¹1OQPS¢�o edrSPSTs¡
bcT���r�UWo`f'OLUy��T�bc¦S��¢�ocOQ��r�UWOQXdVSPSX��ST�b�¯[qs�SOQRQRzqsbp°�T�RQRQT�PSbWqsVSOQXd¢sT�OLU�J

�STsJ�tlqsP¶T�bc¢sT�PSP�U�¡1��qsoco[�SOQT �`PS�ST�bcVSPSXdT�P �ST�b|¦S«SbcOQXdT�P¶knT�~�T�¢�UWOLj�OLU���UWT�P¶OQf TÈ�w��T�bcOQf'T�P�UWT�RQR
}�VSX��sPSXdRQOQ��rST�P%��T�bcT�OQ��rlOQPSPST�bcr�qsRQ«Í�SOQT�ocT�b ¥ T�rSRQT�byRQOQT�XdT�P�J
^¬qsbWqsVSoÍ±6edRQXsU�¡²��qsoco%�SOQT¶qsf ¹�qs«�edbc�SOLº�bWqs¢�UWedf'T�UWT�bÍqsVw±6XdT�PSedf'f'T�PST�P­knT�~�T�¢�UWOLj�OLU���UWT�P

¢sT�OQPST�bcRQT�O`ª¬oc}�OQRQRzq�UWOQedPST�P�¡�rST�bpjdedbcXdT�bcVw±6T�P+�SVSbc��r+T�OQPSTla���rSOQ��r�UW«SOQRQ�SVSPSX?qsP¤�ST�b�ª¬«�T�bp~>�s��rSTs¡
qsVw±
°�T�OQocT�PlocedRQRLUWT�P�J

� �'���'� �5�4;>� �,!$�����"!$=�! � � � � �.#���%2� �302� � = � �6-/��%2� �8*�02��: ��� �.#���%2� �

µ�f"�SOQTyOQfÃjdedbWqsPSXdT�X�qsPSXdT�PST�P'¯[qs�SOLUWT�Rw�SVSbc��rSXdT�±6¦SrSbpUWT�P=knT���rSP�VSPSXdT�P�}�VC¦S«�T�bc�Sbc¦w±6T�P�¡s°nVSb¨§
�ST�PxknmdP�UWXdT�PSbcT�~�T�¢�UWOLj�OLU���UWT�PÍqsP�½¾qsococT�b�¡SÌ`qs¿ §�¡wÌ`qd��b¨§�¡�Ì`q ��R § VSPS�xÌ`q ¥ ¹1mdocVSPSXdT�PÍ�SVSbc��r�§
XdT�±6¦SrSbpU�J�^¬q|�SOQT�ocT�t%T�ococVSPSXdT�P'T�«�T�Pw±�qsRQRQo }�VSb � edbc«�T�bcT�OLUWVSPSX|�ST�b t%T�ococVSPSXdT�P�f'OLU �`f'edRzqsbcT�P
awqsRQ}�RQmdocVSPSXdT�P¾qsP?�ST�b M awk ¥ �6ocOQT�rST'P��s��rSopUWT�o�¯[qs�SOLUWT�R �¬�SOQT�P�UWT�P�¡1°nVSbc�ST�P?±6¦SbZ�SOQT�knT�~�T�¢d§
UWOLj�OLU���UWocf'T�ococVSPSXdT�PuT�«�T�Pw±�qsRQRQo¬�'f'edRzqsbcTZ¹1mdocVSPSXdT�PujdT�bp°�T�PS�ST�U�J�Ì�VSb¬�SOQT Ì`q ¥ ¹1mdocVSPSX�°²qsb
°�T�XdT�PÍ�ST�b�XdT�bcOQPSXdT�PÍ¹1mdocRQOQ��rS¢sT�OLU �ST�oyÌ`q ¥ OQP'½¾qsococT�b¬K`f'edRzqsb�J�^¬qZocOQ��r=OQP ��T�opUWf'T�ococVSPSXdT�P
rST�bWqsVSocXdT�opUWT�RQRLU|r�q�U�¡���qsoco|ocOQ��r¶OQPur�qsPS�ST�RQoc¦S«SRQOQ��rST�P awqsRQ}�T�P¶PSe���r2XdT�bcOQPSXdTCt%T�PSXdT�P edbcX�qsPSO §
oc��rST�b²knT�ocOQ�SVST�P'«�T�³�PS�ST�P�¡�°nVSbc�ST�P=qsRQRQT²OQPC�ST�P=µ�P�UWT�bcocVS��r�VSPSXdT�P=jdT�bp°�T�PS�ST�UWT�P%awqsRQ}�TnVSP�UWT�b
a�UWOQ��¢�opUWesº�q�UWf'edoc�Sr��sbcT=qsVSocXdT�rST�OQ}�U�¡�VSf �SOQT'edbcX�qsPSOQoc��rST�P£kn¦S��¢�opU��sPS�ST=}�V¾}�T�bcopUWmdbcT�P�J ^`OQT�o
XdT�oc��r�qsr=«�T�O ��T�f'��T�bWq�UWVSbcT�P'jdedP
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UWT¬qsVSo�T�OQPST�b²t%OQRQRQOQ��edbcT²�`PSRzqsXdT��ST�b²¸Dr� �ocOQ¢�qsRQOQoc��rST�P ��rST�f'OQT�¿ �ST�b²µ�PSOLjdT�bcocOLU���U²^`edbpUWfÊVSPS��J
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¹1mdocVSPSXdT�PÍRQT�OQ��r�U²VSP�UWT�b²�ST�b²�ST�o�½¾qsococT�bcoyRQOQT�XdT�P�J�^`OQT�ocT[a���r�°²qsPS¢�VSPSXdT�PlRQOQT�XdT�P 
cT��Se���rÍ}�VSf
Xdbcm �sUWT�P ��T�OQRdOQPSPST�bcr�qsRQ«[�ST�b ¥ T�rSRQT�bc«�qsRQ¢sT�P�J�MDOQP � T�bcXdRQT�OQ��rZf'OLU1�ST�PZP�qs��r�{|RQT�OQ��r�VSPSX�hwJLK��²«�TÈ§
bcT���rSPST�UWT�P=k�qsVSOQXd¢sT�OLUWT�PÊ}�T�OQXsU °nOQT²«�T�OS�ST�bDµ�P�UWT�bcocVS��r�VSPSX �ST�b ½¾qsococT�b¨§¨¸Dbced��qsP�{|bcT�PS}�~>�s��rST
T�OQPST�MDbcrSmdr�VSPSXÍ�ST�b|k�qsVSOQXd¢sT�OLU�¡>�SOQTZ°nOQT��ST�bcVSf �SVSbc��r2RQT�OQ��r�UWT �¬OQ«SbWq�UWOQedPST�Pl�ST�o[^`OLº�bWqs¢�UWe�§
f'T�UWT�bco[T�bc¢�Rz�sbpU[°�T�bc�ST�P?¢�qsPSP�J�^¬qx¢sT�OQPST�bcRQT�O a���rSOQ��r�UW«SOQRQ�SVSPSX%«�T�ed«�qs��r�UWT�UZ°�T�bc�ST�P?¢sedPSP�UWTs¡
°nVSbc�ST�P?�SOQTCOQf jdedbcrST�bcXdT�rST�PS�ST�P£¯[qs�SOLUWT�R �SVSbc��rSXdT�±6¦SrSbpUWT�P¾�`«Soc��r���UW}�VSPSXdT�P¾«�T�opU���UWOQXsU�J�¿ÀP
�ST�PÍP�VSP�±6edRQXdT�PS�ST�PÍ¯[qs�SOLUWT�RQPC°nOQbc�=ocedf'OLU jdedP=T�OQPST�b ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qso�{|bcT�PS}�~>�s��rST[qsVSocXdTÈ§
X�qsPSXdT�P�¡��SOQT|¢sT�OQPST�bcRQT�O1P�qs��r�°�T�OQoc«�qsbcTÊa���rSOQ��r�UW«SOQRQ�SVSPSX'}�T�OQXsU�J
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¿ÀP �SOQT�ocT�f�¯[qs�SOLUWT�RG°�T�bc�ST�P¾µ�P�UWT�bcocVS��r�VSPSXdT�P¾�ST�b ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qso[{|bcT�PS}�~>�s��rSTCf'OLU|�ST�b
t%T�UWrSe��ST`�ST�b �SOLº�VSocT�P=knmdP�UWXdT�PSopUWbcT�VSVSPSXÊ��qsbcXdT�opUWT�RQRLU�Js½ OQTnOQf)¯[qs�SOLUWT�R�I|«�T�oc��rSbcOQT�«�T�P�¡�RQOQTÈ§
±6T�bpUD�SOQT�ocTna�UWbcT�VSf'T�UWrSe��ST²¿ÀPw±6edbcf�q�UWOQedPST�P ¦S«�T�b �SOQT�Rzq�UWT�bWqsRQT²a�UWbcVS¢�UWVSb T�OQPST�b ª¬«�T�bp~>�s��rSTsJd^¬q
«�T�O�T�OQPST�fYMDOQPw±�qsRQRQop°nOQPS¢sT�R��ST�oyknmdP�UWXdT�PSopUWbWqsrSRQT�o²qsVw±1T�OQPST ¥ RQ¦SococOQXd¢sT�OLUWoced«�T�bp~>�s��rST�ed«�T�bcr�qsRQ«
�ST�o=¢�bcOLUWOQoc��rST�P¤½ OQPS¢sT�RQo��ST�b ��esU�qsRQbcT�~�T�¢�UWOQedP¤�SOQT�ocT�b'UWOQT�±¬OQP+��qso=tlq�UWT�bcOzqsRnT�OQPS�SbcOQPSXsU�¡DOQopU
��qso bcT�ocVSRLUWOQT�bcT�PS�ST=a�UWbcT�VSocOQXdP�qsRDT�OQPST=a�VSf'f'T'qsVSoZT�OQPST�f a�OQXdP�qsR ¡���qso[jdedP¾ed«�T�bp~>�s��rST�PSP�q�§
rST�P knT�XdOQedPST�P2XdT�opUWbcT�VwU|°nOQbc��¡�VSPS�2T�OQPST�f ocT�rSb|opU�qsbc¢sT�P � edRQVSf'T�PSopUWbcT�VSocOQXdP�qsR J�µ�f �SOQT�ocT�o
µ�PSXdRQT�OQ��rSXdT�°nOQ��r�U²}�V�jdT�bcf'T�OQ�ST�P�¡�°nOQbc��«�T�O�T�OQPST�f ed«�T�bp~>�s��rST�PSocT�PSocOLUWOLjdT�P%a�UWbcT�VSTÈ�w��T�bcOQf'T�P�U
T�OQP¾MDOQPw±�qsRQRQop°nOQPS¢sT�RDXdT�°²�srSRLU�¡��ST�b VSP�UWT�bcr�qsRQ«?�ST�o ¢�bcOLUWOQoc��rST�P?½ OQPS¢sT�RQo �ST�b ��esU�qsRQbcT�~�T�¢�UWOQedP
RQOQT�XsU�J�^`OQT�o ±6¦SrSbpU�}�V=T�OQPST�b�knT��SVS¢�UWOQedP��ST�b²MDOQPS�SbcOQPSXsUWOQT�±6TnqsVw±1��qwJw�[PSf VSPS��ocedf'OLU }�V=T�OQPST�b
^`edf'OQP�qsPS}n�ST�o jdedP=�ST�byª¬«�T�bp~>�s��rST`XdT�opUWbcT�VwUWT�Pxa�OQXdP�qsRQo�J�^`OQT�P�VSP'±6edRQXdT�PS�ST�P=¸GqsbWqsXdbWqs�SrST�P
ocedRQRQT�P=T�OQPST�P � «�T�bc«SRQOQ��¢'¦S«�T�b��SOQT¬OQP��SOQT�ocT�bna�UWbcT�VSXdT�edf'T�UWbcOQT`�SVSbc��rSXdT�±6¦SrSbpUWT�P%MG�w��T�bcOQf'T�P�UWT
qsP£½¾qsococT�bCVSPS�£°²�sococbcOQXdT�P+awqsRQ}�RQmdocVSPSXdT�P£XdT�«�T�P�J ^`T�f jdedbWqsVSoCXdT�r�UCT�OQPSTÍ¢�VSbc}�TlÂ�VSoWqsf�§
f'T�Pw±�qsococVSPSXÍ�ST�b[t%T�ococVSPSXdT�P�¡1�SOQT }�VSb¬��T�opUWOQf'fÊVSPSX=�ST�b � edRQVSf'T�P�§pa�UWbcVS¢�UWVSbc��T�qs¢�o|qsPu�ST�b
a�UWbWqsrSRQRQOQPSOQT¬��R �CqsP%�ST�b¬a� �PS��rSbcesUWbcedPSopUWbWqsrSRQVSPSXdo ��VST�RQRQT ^¬M ¹ �����SVSbc��rSXdT�±6¦SrSbpU�°nVSbc�ST�P�¡���q
�SOQT�ocT ^¬q�UWT�Pl}�VSbn�`VSop°�T�bpUWVSPSX=�ST�b`qsP%�ST�b¬a�UWbWqsrSRQRQOQPSOQT`¿¨^ K�vs«%�ST�b`M awk ¥ ��MDVSbced��T�qsPua� �P�§
��rSbcesUWbcedPlk�qs�SOzq�UWOQedP ¥ qs��OQRQOLUÀ  � � T�ocbp±
°�T�« �G�SVSbc��rSXdT�±6¦SrSbpUWT�P2t%T�ococVSPSXdT�Pu«�T�PSmsUWOQXsU²°�T�bc�ST�P�J
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½ OQTyOQf"}�°�T�OLUWT�P�¯[qs�SOLUWT�RS«�T�oc��rSbcOQT�«�T�P'°nVSbc�STs¡djdT�bcVSbcoWqs��rST�Px¯�edbcbcT�Rzq�UWOQedPST�PÊOQPC�ST�b MDRQT�¢�UWbce�§
PST�PS�SOQ��r�UWT�jdT�bpUWT�OQRQVSPSXlT�OQPST�b ¥ RQ¦SococOQXd¢sT�OLU|��qso[�`Vw±
UWbcT�UWT�P¶jdedP?¿ÀP�UWT�PSocOLU���UWocf�q��wOQf�q�OQP¶T�OQPST�f
a�UWbcT�VSTÈ�w��T�bcOQf'T�P�U�J �sTlP�qs��r/«�T�UWbWqs��r�UWT�UWT�bÍ¹��sPSXdT�PSoc¢�qsRzq RzqsococT�P/ocOQ��r/�`«SopU�qsPS�/VSPS� ¥ edbcf
�ST�by�SOQT ¥ RQ¦SococOQXd¢sT�OLUy«SOQRQ�ST�PS�ST�P%t%edRQT�¢�¦SRQT|e��ST�b²�²UWedf'T[qsPSr�qsPS�x�SOQT�ocT�by¿ÀP�UWT�PSocOLU���UWocf�q��wOQf�q
OQ�ST�P�UWOL³�}�OQT�bcT�P�JG¿ÀopUC�SOQT�XdT�P�qsVSTxMDRQT�¢�UWbcedPST�PS�SOQ��r�UWT�jdT�bpUWT�OQRQVSPSX¶�ST�b ¥ RQ¦SococOQXd¢sT�OLUÊ«�T�¢�qsPSP�U�¡ oce
RzqsococT�PÍocOQ��rÍ�SOQT ¥ edbcf�§GVSPS�%a�UWbcVS¢�UWVSbp±�qs¢�UWedbcT�PÍVSP�UWT�bnÂ�VSrSOQRL±6T�P�qsrSf'T��ST�b¬KdJw��edbcPSoc��rST�P%Ì`��§
rST�bcVSPSXÍ«�T�bcT���rSPST�P�J1^¬q��SOQT MDRQT�¢�UWbcedPST�PS�SOQ��r�UWT�jdT�bpUWT�OQRQVSPSX 
cT��Se���ru«�T�O��ST�Pu°²�sococbcOQXdT�P awqsRQ}È§
RQmdocVSPSXdT�P�VSPS�=«�T�OQf ½¾qsococT�b�PSOQ��r�U�XdT�XdT�«�T�P�°²qsb�¡�°nVSbc�ST�PÍ�SOQT � edRQVSf'T�P�§pa�UWbcVS¢�UWVSbc��T�qs¢�o�qsP
�ST�b`a�UWbWqsrSRQRQOQPSOQT¬��R ��qsf¼^¬M ¹ ���ÃXdT�f'T�ococT�P�J
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^`OQTZt%T�ococVSPSX��ST�b � edRQVSf'T�P�§pa�UWbcVS¢�UWVSbc��T�qs¢�o²jdT�bcoc��rSOQT��ST�PST�b|awqsRQ}�RQmdocVSPSXdT�Pxoce�°nOQT|jdedPx½¾qso¨§
ocT�b�°nVSbc�ST�PxqsP=�ST�bya�UWbWqsrSRQRQOQPSOQTn��R �ZqsfY^¬M ¹ ���®�SVSbc��rSXdT�±6¦SrSbpU�JSMDOQPST`oc��rST�f�q�UWOQoc��rST[Â�T�OQ��r�§
P�VSPSX2�ST�b�a�UWbWqsrSRQRQOQPSOQT �lOQopU OQP?�`«S«SOQRQ�SVSPSXl�SJ]�%��qsbcXdT�opUWT�RQRLU�J�^`OQTÍa�UWbWqsrSRQVSPSXdo ��VST�RQRQT'OQopUÊT�OQP
ocVS�SbWqsRQT�OLUWT�PS�ST�byqsop �f'f'T�UWbcOQoc��rST�b ½ OQXdXdRQT�b�¡�°�T�RQ��rST�b²T�OQPST¬¢�bcOLUWOQoc��rST¬¸DrSesUWedPST�PST�PST�bcXdOQT¬jdedPx»
¢sT �+«�T�ocOLUW}�U�J�^`T�b�^`ed�S��T�RQ¢�bcOQopU�qsRQRQf'edPSe���rSbcedf�q�UWedb>OQopU�f'OLU1}�°�T�Owa�O ��hwKdK���¯|bcOQopU�qsRQRQT�P|«�T�opUW¦S��¢�U
VSPS�2RQOQT�±6T�bpU`f'edPSe���rSbcedf�q�UWOQoc��rST knmdP�UWXdT�PSopUWbWqsrSRQVSPSX=OQPuT�OQPST�f MDPST�bcXdOQT�«�T�bcT�OQ��r2}�°nOQoc��rST�P?�
¢sT �YVSPS� hdv=¢sT �ÊJ1^`OQTCMDPST�bcXdOQT�qsVw~�mdocVSPSXx�ST�oZt%edPSe���rSbcedf�q�UWedbco¬«�T�UWbW�sXsU

∆E/E ≈ 10−4 J
µ�fÁ�ST�P%knmdP�UWXdT�PSopUWbWqsrSR�qsVw±GT�OQPST¬°²qdqsXdT�bcT���r�UWT ¥ RQ¦SococOQXd¢sT�OLUWoced«�T�bp~>�s��rST|}�V%«�T�VSXdT�P�¡w°nVSbc�ST
T�OQPxa�OQRQOQ}�OQVSf'oc�SOQT�XdT�Rw¢sedPSopUWbcVSOQT�bpU�¡��ST�byI�§¨hZf)jdedb��ST�f�MG�w��T�bcOQf'T�P�U��ST�PxknmdP�UWXdT�PSopUWbWqsrSR�VSf
«SOQo[}�V?T�OQPSOQXdT'Â�T�rSP�UWT�R�{|bWqs�¶OQP2jdT�bpUWOQ¢�qsRQT�bZknOQ��r�UWVSPSXlqs«SRQT�PS¢�U�J�^¬qsrST�bZ¢sedPSP�UWT'�SOQTCXdRQT�OQ��rST
a�UWbcT�VSXdT�edf'T�UWbcOQT�°nOQT=qsP£�ST�b'a�UWbWqsrSRQRQOQPSOQTC¿¨^ K�vs«¾jdT�bp°�T�PS�ST�U'°�T�bc�ST�P�¡D��J r�JGT�oÊ°nVSbc�ST�P-«�T�O
T�OQPST�f�VSP�UWT�b²¢sedPSopU�qsP�UWT�f�½ OQPS¢sT�R1qsVw±��SOQT|¸Dbced«�T�PSed«�T�bp~>�s��rST|T�OQPw±�qsRQRQT�PS�ST�PÍknmdP�UWXdT�PSopUWbWqsrSR
ª¬VwUp§Àes±z§À�SRzqsPST�t%T�ococVSPSXdT�P-�SVSbc��rSXdT�±6¦SrSbpU�JD{|T�P�qsVST�bcT�¿ÀPw±6edbcf�q�UWOQedPST�P ¦S«�T�b �SOQTÍa�UWbWqsrSRQRQOQPSOQT
��R ��³�PS�ST�PlocOQ��rlOQP	� ¢�bp �°n¢�q�Isvdv���¡>��qsVSRQVSo�Isvdv���� J>^`OQT|±6¦Sbn�SOQTZµ�P�UWT�bcocVS��r�VSPSXÍ�ST�b � edRQVSf'T�P�§
a�UWbcVS¢�UWVSbc��T�qs¢�o�XdT�P�VwUW}�UWT ¸Dbced«�T�PS}�T�RQRQT|«�T�opUWT�r�U`qsVSonT�OQPST�byf'OLUy¯[qs�wUWedPxVSf'¢�RQT�OQ�ST�UWT�PlÂ�T�RQRQTs¡
�SOQT|T�OQPST�Px¸Dbced«�T�P�UWT�RQRQT�bnqsVSonMD�ST�RQopU�qsrSR�f'OLU²T�OQPST�fÁ^`VSbc��rSf'T�ococT�bnjdedPlIsvdvÊf'f�«�T�OQPSr�qsRLUWT�U�J
^`OQT�ocTl¸Dbced«�T�PS}�T�RQRQTxOQopU�qsVw±¬�ST�f a�T���rSo¨§¨¯|bcT�OQo=^`OLº�bWqs¢�UWedf'T�UWT�b��ST�b=a�UWbWqsrSRQRQOQPSOQT=��R �2f'edP�§
UWOQT�bpU�¡s°�T�RQ��rST�o oW�sf UWRQOQ��rSTy}�VSb µ�P�UWT�bcocVS��r�VSPSX��ST�b ¥ RQ¦SococOQXd¢sT�OLUWT�PCPSesUÀ°�T�PS�SOQXdT�P ¥ bcT�OQrST�OLUWocXdbWq�§
�ST|«�T�ocOLUW}�U � ¢�bp �°n¢�q�Isvdv���� JS�`RQo²^`T�UWT�¢�UWedby�SOQT�P�UWT¬T�OQPxÌ`q�UWbcOQVSf'OQe��SOQ��a�}�OQP�UWOQRQRzq�UWOQedPSoc�ST�UWT�¢�UWedb�¡
OQP-KCf�MDP�Uc±6T�bcP�VSPSX%jdedf ^`bcT�rS}�T�P�UWbcVSf �ST�oZ^`OLº�bWqs¢�UWedf'T�UWT�bco�J � edb|�ST�f�^`T�UWT�¢�UWedbZ«�T�³�P�§



�SÄ Å �6�uÆy��Ç������68>�>���
	��È� � ��� � �������dEGF������lÉÊF��������68>���xË����6��� < ��7���8>���

�`«S«SOQRQ�SVSPSXC�SJ]� 
>a���rST�f�q�UWOQoc��rST ^¬qsbcopUWT�RQRQVSPSX��ST�b`a�UWbWqsrSRQRQOQPSOQT¬��R �wJ

�ST�P-ocOQ��r£}�°�T�Oy��RQT�PS�ST�PSop �opUWT�f'Ts¡GjdedP-�ST�PST�P-��qsoÊ�ST�b�¸Dbced«�T=}�VSXdT�°²qsPS�wUWTÍr�qsVS�wUWoW�s��rSRQOQ��r
}�VSb µ�P�UWT�bc�Sbc¦S��¢�VSPSXljdedP¾a�UWbcT�VSopUWbWqsrSRQVSPSX%T�OQPSXdT�ocT�UW}�U[°nOQbc��¡�°²�srSbcT�PS�?��qso[�ST�UWT�¢�UWedbcocT�OLUWOQXdT
��RQT�PS�ST�PSop �opUWT�f ��^`T�UWT�¢�UWedbc«SRQT�PS�ST��y�SOQT|�`Vw~�mdocVSPSX��ST�o�^`OLº�bWqs¢�UWedf'T�UWT�bcoy«�T�opUWOQf'f U�J

Å 7������	�ÀÇ�����7���8-����� ��������7���8>��� ��� �����%Ë�	����������������6� ��� �
^¬q��SOQTÊt%T�ococVSPSXdT�P qsPu�ST�b|a�UWbWqsrSRQRQOQPSOQT¬¿¨^ K�vs«2qsP¶�Cf'edRzqsbcT�PuawqsRQ}�RQmdocVSPSXdT�Pl�SVSbc��rSXdT�±6¦SrSbpU
°nVSbc�ST�P�¡�°nVSbc�ST�±6¦Sb �SOQT�µ�P�UWT�bcocVS��r�VSPSX��ST�b � edRQVSf'T�P�§pa�UWbcVS¢�UWVSbc��T�qs¢�o �SOQT�ocT�RQ«�T�¯�edPS}�T�P�UWbWq�§
UWOQedP£XdT�°²�srSRLU�JD^`OQTxMDPST�bcXdOQTx�ST�b�T�OQPw±�qsRQRQT�PS�ST�P-knmdP�UWXdT�PSopUWbWqsrSRQVSPSX¶«�T�UWbcVSX-K���J]Il¢sT � «S}�°[J
K�hwJ v�¢sT �ÊJ>^`T�by½?T���rSocT�R�}�VSbnMDPST�bcXdOQT¬jdedP K�hwJ v�¢sT �Ã°nVSbc�ST[�SVSbc��rSXdT�±6¦SrSbpU�¡���q��SOQT[��bcedfÁ¯
�`«Socedbc�wUWOQedPSoc¢�qsP�UWTC«�T�O²K�hwJ]��¢sT �YRQOQT�XsU�J�^`OQTÊ�SVSbc��r �SOQT��`«Socedbc�wUWOQedP2rST�bpjdedbcXdT�bcVw±6T�PST ¥ RQVSe�§
bcT�oc}�T�PS}�opUWbWqsrSRQVSPSXZ«�T�°nOQbc¢�UDT�OQPÊ}�VCrSedrST�o µ�P�UWT�bcXdbcVSPS�SocOQXdP�qsR JsMDo °nVSbc�ST�PC�SOQT�XdRQT�OQ��rST�P'awqsRQ}�T
jdT�bp°�T�PS�ST�U�¡w�SOQTnqsVS��r�oc��rSedP=qsPC�ST�b M awk ¥ VSPS��qsf)¹�qs«�edbc�SOLº�bWqs¢�UWedf'T�UWT�bD^¬» � T�bp°�T�PS�SVSPSX
±�qsPS�ST�P�JS^¬qso²«�T�PSmsUWOQXsUWTn½¾qsococT�b²opU�qsf'f UWT`qsVSo²T�OQPST�byt%OQRQRQOQ��edbcT²�`PSRzqsXdT��ST�by¸Dr� �ocOQ¢�qsRQOQoc��rST�P
��rST�f'OQT=¿Z�ST�bCµ�PSOLjdT�bcocOLU���UC^`edbpUWfÊVSPS��J �`RQRQTÍt%T�ococVSPSXdT�P-°nVSbc�ST�P¤«�T�Oyk�qsVSf UWT�f'��T�bWq�UWVSb
�SVSbc��rSXdT�±6¦SrSbpU�J�Â�VSb|µ�P�UWT�bc�Sbc¦S��¢�VSPSXl�ST�b[a�UWbcT�VSVSPSX%qsP¶�ST�b¬ocOQ��r¶¦S«�T�b|�ST�b|¸Dbced«�T�«�T�³�PS�SRQO §
��rST�P {[qsoWq�UWf'edoc�Sr��sbcT[°nVSbc�STÊ�SOQT ¸Dbced«�T�PS}�T�RQRQT f'OLUn½¾qsococT�b`XdT�oW��UcUWOQXsUWT�f ��T�RQOQVSf¼XdT�oc�S¦SRLU�J
^`T�b MDOQPw±�qsRQRQop°nOQPS¢sT�Rd�ST�o knmdP�UWXdT�PSopUWbWqsrSRQT�oGqsVw±��SOQT ¸Dbced«�T�PSed«�T�bp~>�s��rST�«�T�UWbcVSX

0.2◦
¡�°²qso�T�UÀ°²q

�ST�fÁ�Sed�S��T�RLUWT�Px¢�bcOLUWOQoc��rST�PÍ½ OQPS¢sT�R1�ST�b ��esU�qsRQbcT�~�T�¢�UWOQedP=jdedPx½¾qsococT�bn«�T�O�T�OQPST�bn¸DrSesUWedPST�P�§
T�PST�bcXdOQT�jdedPxK�h`¢sT � T�P�UWoc�SbcOQ��r�U�J�^`OQT�jdT�bpUWOQ¢�qsRQT �`º�P�VSPSX|�ST�b ^`T�UWT�¢�UWedbc«SRQT�PS�STy«�T�UWbcVSX[»¬f'f%¡
�SOQTyrSedbcOQ}�edP�U�qsRQT �`º�P�VSPSXCKnf'f%Jd{|T�P�qsVST�bcTn¿ÀPw±6edbcf�q�UWOQedPST�PÊ¦S«�T�bD�ST�P � T�bcocVS��rSoWqsVw±6«�qsV�VSPS�
�SOQTZ^`VSbc��rw±6¦SrSbcVSPSX��ST�b`t%T�ococVSPSXdT�P%³�PS�ST�PlocOQ��r%OQP	� ¢�bp �°n¢�qs�SOQ�SR � J
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Å �6� �Ê���S��BD���
	�7���8'�����n���l�����¬Ë�	����������������6� ��� � ��7	� 8>�������¾�?������� ������������8>��BG���������
µ�fg�SOQTZqsPu�ST�b¬a�UWbWqsrSRQRQOQPSOQT|��R �CXdT�f'T�ococT�PST�P � edRQVSf'T�P�§pa�UWbcVS¢�UWVSbc��T�qs¢�o�}�VSb¬^¬q�UWT�P�qsP�qsRL �ocT
±6¦Sb �SOQT²qsPÊ�ST�bDM awk ¥ qsVw±6XdT�PSedf'f'T�PST�PCa���T�¢�UWbcT�P�}�VÊjdT�bp°�T�PS�ST�P�¡�°nVSbc�ST²�SOQT�¿ÀP�UWT�PSocOLU���UD�ST�b
XdT�opUWbcT�VwUWT�P£a�UWbWqsrSRQVSPSXxqsRQo ¥ VSPS¢�UWOQedP2�ST�oZ��T�UWbWqsXdo|�ST�o|½?T�RQRQT�P�jdT�¢�UWedbc¦S«�T�bpUWbWqsXdo[«�T�bcT���rSPST�U
VSPS�l�SOQT|�SVSbc��ru�ST�P � T�bcocVS��rSoWqsVw±6«�qsVuPSmsUWOQXdT�P%XdT�edf'T�UWbcOQoc��rST�Pl¯�edbcbcT�¢�UWVSbcT�Pl�SVSbc��rSXdT�±6¦SrSbpU�J
^`OQT�ocT²¯�edbcbcT�¢�UWVSbcT�P�«�T�OQPSr�qsRLUWT�PZ��qso�jdedf ª¬VwUp§Àes±z§À�SRzqsPST ½ OQPS¢sT�Rwqs«Sr��sPSXdOQXdT T�º�T�¢�UWOLjdTya�UWbcT�V�§
jdedRQVSf'T�P�¡s°�T�RQ��rST�o �SVSbc��r��SOQTyrSedbcOQ}�edP�U�qsRQT�P �`º�P�VSPSXdT�P'�ST�b ^`T�UWT�¢�UWedbc«SRQT�PS�ST�P�VSPS�'�SOQTn¸Dbce�§

cT�¢�UWOQedPl�ST�b�jdT�bpUWOQ¢�qsRQT�Pua�UWbWqsrSRQrSmdrST qsVw±D�SOQT ¸Dbced«�T�PSed«�T�bp~>�s��rSTÊ«�T�opUWOQf'f Un°nOQbc�%VSPS�uT�OQPST�P
� T�bcRzqsVw±�qsVw±
°�T�OQopU�¡��ST�b¬�Sbced��edbpUWOQedP�qsR�}�VSf ¯�edocOQP�VSo|�ST�o ª¬VwUp§Àes±z§À�SRzqsPST[½ OQPS¢sT�RQo

φ
OQopU�J�^`T�o

½?T�OLUWT�bcT�P °nVSbc�ST²�SOQT�¸�edRzqsbcOQoWq�UWOQedPSoWqs«Sr��sPSXdOQXd¢sT�OLU1�ST�b a�UWbWqsrSRQVSPSXdocOQP�UWT�PSocOLU���U�f'OLU�OQP �SOQT�¯�edb¨§
bcT�¢�UWVSb�qsVw±6XdT�PSedf'f'T�P�¡���q[�SOQT�qsP'�ST�b²a�UWbWqsrSRQRQOQPSOQT²��R �|jdT�bp°�T�PS�ST�UWT[a�UWbWqsrSRQVSPSXZRQOQPST�qsb OQP'�ST�b
a�UWbcT�VST�«�T�PSTZ��edRzqsbcOQocOQT�bpU²OQopU�JS¿ÀPx�`«S«SOQRQ�SVSPSXC�SJ ©�ocOQPS�x�SOQTZa���T�¢�UWbcT�Px±6¦Sbn�SOQT`°²�sococbcOQXdT�P2awqsRQ}È§
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�`«S«SOQRQ�SVSPSX �SJ © 
 ^`OQTlqsP+�ST�bÍa�UWbWqsrSRQRQOQPSOQTÍ��R �¶XdT�f'T�ococT�PST�P � edRQVSf'T�P�§pa�UWbcVS¢�UWVSbc��T�qs¢�oCjdedP
½¾qsococT�b�¡�°²�sococbcOQXdT�b�Ì`q ��R ¡�Ì`qd��b�¡�Ì`qs¿²¹1mdocVSPSX � �Êf'edRzqsb �ÈJ

RQmdocVSPSXdT�P'VSPS�C½¾qsococT�b ��qsbcXdT�opUWT�RQRLU�Jd^`OQTy±6¦Sb ½¾qsococT�b ��r�qsbWqs¢�UWT�bcOQopUWOQoc��rST�^`ed�S��T�RQopUWbcVS¢�UWVSb �ST�o
a�UWbcVS¢�UWVSbc��T�qs¢�o�OQopUn�ST�VwUWRQOQ��r%}�V%T�bc¢sT�PSPST�P�J�^`OQT�ocT[Rz�socopUnocOQ��rlqsVw± �ST�P%f'OLUcUWRQT�bcT�PxawqsVST�bcopUWesº>§
awqsVST�bcopUWesº+�`«SopU�qsPS�¾VSPS�¾�ST�P¾f'OLUcUWRQT�bcT�P¶�`«SopU�qsPS�?jdedP£knT�XdOQedPST�P?PSOQT��SbcOQXdT�bZMDRQT�¢�UWbcedPST�P�§
�SOQ��r�UWT'OQP �ST�b ¥ RQ¦SococOQXd¢sT�OLUZ}�VSbc¦S��¢�±6¦SrSbcT�P � «�qsbc¢sT�b�Isvdvdv � J���T�O �ST�P?°²�sococbcOQXdT�P£awqsRQ}�RQmdocVSPSXdT�P
°nOQbc�¾T�OQP?f'OLUZ�ST�b ¿ÀedPST�PSXdbcm �dT�}�VSPST�rSf'T�PS�ST�b'a�UWbcT�VS«�T�OLUWbWqsXlOQf ½?T�RQRQT�P�jdT�¢�UWedbc«�T�bcT�OQ��r£VSP�§
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UWT�bcr�qsRQ«��ST�o�½¾qsococT�bcopUWbcVS¢�UWVSbp±�qs¢�UWedbco²�ST�VwUWRQOQ��r�Jw^`OQT�ocT�b�Rz�socopU�ocOQ��rÍqsVw±1�SOQT�f'OLUcUWRQT�bcT�P'¿ÀedP�§À¿ÀedP
�`«SopU��sPS�ST²}�VSbc¦S��¢�±6¦SrSbcT�P�JdMDOQPST�XdT�P�qsVST�bcT��`P�qsRL �ocT �SOQT�ocT�b ^¬q�UWT�P ³�PS�ST�U ocOQ��r OQP�� ¢�bp �°n¢�qs�SOQ� �
VSPS�%ocedRQR1qsPx�SOQT�ocT�b�a�UWT�RQRQT¬PSOQ��r�U�P��srST�bn«�T�r�qsPS�ST�RLUy°�T�bc�ST�P�J�Â�VSbyMDOQP�«SOQPS�SVSPSXC�SOQT�ocT�b�^¬q�UWT�P
OQP2�SOQT �`VSop°�T�bpUWVSPSX%�ST�b|qsP2�ST�b[M awk ¥ qsVw±6XdT�PSedf'f'T�PST�P¶a���T�¢�UWbcT�P2°nVSbc�ST�P¶�SOQTÊXdT�f'T�ococTÈ§
PST�Pxa�UWbcVS¢�UWVSbp±�qs¢�UWedbcT�P=�SVSbc��r=T�OQPST|a�VSf'f'TyjdedPx{[qsV��s±6VSPS¢�UWOQedPST�P'«�T�oc��rSbcOQT�«�T�P�JS^`OQT�ocT`ocOQPS�
T�«�T�Pw±�qsRQRQoyOQPx�`«S«SOQRQ�SVSPSX��SJ ©CqsRQoy�SVSbc��rSXdT�}�edXdT�PSTÊ¹1OQPSOQT¬��qsbcXdT�opUWT�RQRLU�J

� ������� ()��� � � � �4-/��� � � !$� 02� ���4-)*,!.-/02@������������ � (+��� 	

¿ÀP �ST�P P�VSP ±6edRQXdT�PS�ST�P ��T�OQRQ¢�qs�SOLUWT�RQP+ocedRQRQT�P+�SOQT2MG�w��T�bcOQf'T�P�UWTu«�T�oc��rSbcOQT�«�T�P °�T�bc�ST�P�¡y�SOQT
qsP£�ST�bCa�UWbWqsrSRQRQOQPSOQT�¿¨^ K�vs«£�ST�b�M awk ¥ �SVSbc��rSXdT�±6¦SrSbpUÊ°�edbc�ST�P-ocOQPS��J ^`T�b�^¬qsbcopUWT�RQRQVSPSXu�ST�o
t%T�ococ�SRzq�UW}�T�olVSPS�A�ST�bl^`VSbc��rw±6¦SrSbcVSPSX+�ST�b%MG�w��T�bcOQf'T�P�UWT¶±6edRQXsUÍ�SOQT¶^¬q�UWT�P�qsP�qsRL �ocT VSP�UWT�b
MDOQP�«�T�}�VSX'�ST�bnOQfYjdedbWqsPSXdT�X�qsPSXdT�PST�Pu¯[qs�SOLUWT�R�qsP�qsRL �ocOQT�bpUWT�P � edRQVSf'T�P�§pa�UWbcVS¢�UWVSbc��T�qs¢�o�J

Å ��� ���������G�6�w	��%� Å¶3
� B
^`OQT[�SOLº�VSocT a�UWbcT�VSVSPSX=qsPx°²�sococbcOQXdT�PuawqsRQ}�RQmdocVSPSXdT�PxVSPS�%½¾qsococT�bn°nVSbc�ST qsPx�ST�b¬a�UWbWqsrSRQRQOQPSOQT
¿¨^ K�vs« �ST�o%MDRQT�¢�UWbcedPST�PSoc��T�OQ��rST�bcbcOQPSXdoxM awk ¥ �SVSbc��rSXdT�±6¦SrSbpU�Jn^`OQT2qsP �ST�bÍ¿¨^ K�vs« XdT�P�VwUW}È§
UWT knmdP�UWXdT�PSopUWbWqsrSRQVSPSX-°nOQbc� �SVSbc��r­�SbcT�O[µ�PS�SVSRzq�UWedbcT�P � °nOQRQRQTsK � ��I��`T�bc}�T�VSXsU�¡n�SOQT2��qsbWqsRQRQT�R
XdT�P�VwUW}�U °�T�bc�ST�P£¢smdPSPST�P�JG^`OQT=a�UWbWqsrSRQRQOQPSOQTÊOQopUZf'OLU[T�OQPST�f ^`ed�S��T�RQ¢�bcOQopU�qsRQRQf'edPSe���rSbcedf�q�UWedb
qsVSocXdT�opU�q�UcUWT�U�¡��ST�b�°²qsrSRL°�T�OQocTuf'OLU�^`Ozqsf�qsP�U �¨KdKdK���e��ST�b=^`Ozqsf�qsP�U � IdIsv �C¯|bcOQopU�qsRQRQT�P¤«�TÈ§
opUW¦S��¢�U¬OQopU�J�^`T�b�}�VSX��sPSXdRQOQ��rST[MDPST�bcXdOQT�«�T�bcT�OQ��rl�ST�b�knmdP�UWXdT�PSopUWbWqsrSRQVSPSX'T�bcopUWbcT���¢�U¬ocOQ��rxjdedP2\
¢sT � «SOQoDIdIn¢sT �/«�T�O�T�OQPST�b MDPST�bcXdOQT�qsVw~�mdocVSPSX`jdedP

∆E/E = 5.9·10−5 ��^`Ozqsf�qsP�U��¨KdKdK�� �1VSPS�
∆E/E = 2.3 · 10−5 J�^`T�b²¸DrSesUWedPST�Pw~�VSocoyqsfYª¬bpU��ST�b�¸Dbced«�T`«�T�UWbW�sXsU I0 = 1 · 1012/s/mm2

«�T�OZT�OQPST�f a�UWbcedf jdedP K�vdv¤f'� VSPS�®T�OQPST�bl¸DrSesUWedPST�PST�PST�bcXdOQT¶jdedP �¤¢sT �ÊJ¬Â�VSblµ�P�UWT�b¨§
�Sbc¦S��¢�VSPSX�rSmdrST�bcT�b �`qsbcf'edPSOQoc��rST�b � °nOQRQRQTsK � ��I���opUWT�rST�Pl}�°�T�OGa��SOQT�XdT�R�}�VSb � T�bp±6¦SXdVSPSXSJ
^¬qso qsPÊ�ST�bDa�UWbWqsrSRQRQOQPSOQT ¿¨^ K�vs«ÊXdT�P�VwUW}�UWTy^`OLº�bWqs¢�UWedf'T�UWT�b�OQopU�±6¦SbG�SOLº�VSocT²a�UWbcT�VSVSPSX|VSP�UWT�b

opUWbcT�OL±6T�PS�ST�f MDOQPw±�qsRQRG�ST�b knmdP�UWXdT�PSopUWbWqsrSRQVSPSX%qsVw±²�SOQTC¸Dbced«�T�PSed«�T�bp~>�s��rST'~�¦SococOQXdT�b t%T��SOQT�P
ed�wUWOQf'OQT�bpU�J�MDOQPST2�`«S«SOQRQ�SVSPSX£�ST�o%^`OLº�bWqs¢�UWedf'T�UWT�bcoÍOQopUx}�VSoWqsf'f'T�P f'OLUÍT�OQPST�f ¸DrSesUWe-OQP
�`«S«SOQRQ�SVSPSX¬�SJ]\`}�VCocT�rST�P�J�^`OQTy¸Dbced«�T�PS}�T�RQRQT²OQopUDqsVw±�T�OQPST�f ¸Dbced«�T�P�UWOQoc��rC«�T�±6T�opUWOQXsU�J�t%OLU ��OQRL±6T
�ST�b
��bWqsPSocRzq�UWOQedPSo¨§¬VSPS�-knesU�q�UWOQedPSop±6bcT�OQrST�OLUWocXdbWqs�STC�ST�oC¸Dbced«�T�P�UWOQoc��rST�o�¢�qsPSP¾�SOQTÍ¸Dbced«�T�OQf
a�UWbWqsrSR 
cVSopUWOQT�bpU1°�T�bc�ST�P�J�Â�VSb���T�opUWOQf'fÊVSPSX²�ST�o�MDOQPSX�qsPSXdop~�VSococT�o

I0
�SOQT�P�U1T�OQPZÌ`q�UWbcOQVSf'OQe��SOQ��§

a�}�OQP�UWOQRQRzq�UWOQedPSoc�ST�UWT�¢�UWedb�¡w�ST�bn�SOQT[qsP%�ST�b�¹1Vw±
UnT�RzqsopUWOQoc��r%XdT�opUWbcT�VwUWTÊa�UWbWqsrSRQVSPSXCf'edPSOLUWedbcOQocOQT�bpU
VSPS�%ocedf'OLUyT�OQP%}�VSf¼MDOQPSX�qsPSXdop~�VSocon�Sbced��edbpUWOQedP�qsRQT�ona�OQXdP�qsR�RQOQT�±6T�bpU�J
^`T�bÊ^`T�UWT�¢�UWedb�¡Gf'OLU|°�T�RQ��rST�f �SOQT'�SOLº�VSo XdT�opUWbcT�VwUWTÍa�UWbWqsrSRQVSPSXlXdT�f'T�ococT�P¾°nOQbc��¡�OQopUÊqsP
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�`«S«SOQRQ�SVSPSX��SJ]\ 
>^¬qso�^`OLº�bWqs¢�UWedf'T�UWT�b²�ST�b`a�UWbWqsrSRQRQOQPSOQT`¿¨^ K�vs«�¡�P�qs��r�� OQ��K�vs«�°�T�« � J

T�OQPST�f¼^`T�UWT�¢�UWedbWqsbcfg«�T�±6T�opUWOQXsU�¡S�ST�b�ocOQ��r%oce�°�edrSR�OQP%�ST�byjdT�bpUWOQ¢�qsRQT�PlMD«�T�PST qsRQonqsVS��rlOQPx�ST�b
rSedbcOQ}�edP�U�qsRQT�P=MD«�T�PST|VSf �SOQT¬¸Dbced«�T¬«�T�°�T�XdT�PxRz�socopU�J�¿ÀfYk�qsrSf'T�P=�SOQT�ocT�b²�`bc«�T�OLU °nVSbc�ST|T�OQP
RQOQPST�qsbcT�b�¡S��edocOLUWOQedPSocT�f'�w³�PS�SRQOQ��rST�bn^`T�UWT�¢�UWedb ��¸ aw^ �²jdT�bp°�T�PS�ST�U�J�^`OQT�ocT�b`^`T�UWT�¢�UWedb�r�q�U�T�OQPST
P�VwUW}�«�qsbcT ��mdrSTDjdedP�K��svdvyf'f%J�^`OQT�ocT ��mdrSTD°nOQbc�Z�SVSbc��r T�OQPST�P �¬OQT�RQ¢�qsP�qsRzqsP�qsRL �oWq�UWedb�OQPCK�v�I��
¯[qsP��sRQT�VSP�UWT�bpUWT�OQRLU�J�½A�srSbcT�PS� �ST�b[jdT�bpUWOQ¢�qsRQTÊ½ OQPS¢sT�RD�ST�o ^`T�UWT�¢�UWedbWqsbcf'T�o[P�VSbZVSf °�T�PSOQXdT
{|bWqs�=}�VSb²jdedRQRQT�P=�`VSocP�VwUW}�VSPSXC�ST�bn^`T�UWT�¢�UWedbcrSmdrST¬jdT�bp±�qsrSbcT�PÍ°nOQbc��¡�°nOQbc�=�ST�by^`T�UWT�¢�UWedbWqsbcf
OQPC�ST�b ��edbcOQ}�edP�U�qsRQT�PCVSf f'T�rSbcT�bcTn}�T�rSP={|bWqs��jdT�bp±�qsrSbcT�P�¡�VSf Xdbce �dT²½?T�RQRQT�P�jdT�¢�UWedbc¦S«�T�bpUWbW��§
XdT���qsbWqsRQRQT�R�}�VSb�¸Dbced«�T�PSed«�T�bp~>�s��rST¬}�V=T�bcbcT�OQ��rST�P�JSÂ�°nOQoc��rST�PÍ¸Dbced«�T�VSPS�Í^`T�UWT�¢�UWedb�«�T�³�PS�ST�P
ocOQ��r�}�°�T�O���RQT�PS�ST�PSop �opUWT�f'Ts¡��SOQTn�SVSbc��r=T�OQP'T�jsqs¢�VSOQT�bpUWT�o��`RQVSf'OQPSOQVSf'�Sbces³�R�jdT�bc«SVSPS�ST�P=ocOQPS��¡
VSfga�UWbcT�VSopUWbWqsrSRQVSPSX'}�V%VSP�UWT�bc�Sbc¦S��¢sT�P�J

Å 7������	�ÀÇ�����7���8£����� ��������7���8>��� ��� �����%Ë�	����������������6�Í� Å¶3
� B
�`P2�ST�b[a�UWbWqsrSRQRQOQPSOQT|¿¨^ K�vs«u°nVSbc�ST�P¶�SOQT XdRQT�OQ��rST�P2T�«�T�Pw±�qsRQRQonUWrST�bcf'OQoc��r2«�T�r�qsPS�ST�RLUWT�P awqsRQ}�T
°nOQTx«�T�O²�ST�P/µ�P�UWT�bcocVS��r�VSPSXdT�P qsf ¹�qs«�edbc�SOLº�bWqs¢�UWedf'T�UWT�b�^¬»ujdT�bp°�T�PS�ST�U�J²µ�f´�SOQTÍ¿ÀedPST�P
�`«SopU��sPS�STlOQPSPST�bcr�qsRQ«¤�ST�bÍawqsRQ}�RQmdocVSPSXdT�P¤}�V/«�T�oc��rSbW�sPS¢sT�P�¡�°nVSbc�STlT�OQPSTu�2f'edRzqsbcTlawqsRQ}�RQm�§
ocVSPSX'jdT�bp°�T�PS�ST�U�J�MDOQPSTZ}�VlPSOQT��SbcOQXdT[¯�edPS}�T�P�UWbWq�UWOQedP%r���UcUWTZT�OQPST � T�bcoc��rSOQT�«SVSPSX=�ST�b�¿ÀedP�§À¿ÀedP
a�UWbcVS¢�UWVSbp±�qs¢�UWedbcT�P�}�V�¢�RQT�OQPST�bcT�P ½?T�RQRQT�P�jdT�¢�UWedbc¦S«�T�bpUWbW�sXdT�P�f'OLU�ocOQ��r�XdT�«SbWqs��r�U�¡�°²qso �SOQT��`VSo¨§
°�T�bpUWVSPSX=�ST�onjdedP2¯[qs�SOQRQRzqsbp°�T�RQRQT�P=�Sedf'OQPSOQT�bpUWT�Pla�UWbcT�VS«�T�OLUWbWqsXdT�onT�bcoc��r�°�T�bpU[r���UcUWTsJ � edPl�ST�b
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µ�P�UWT�bcocVS��r�VSPSX'T�OQPST�b`K|f'edRzqsbcT�P�Ì`q ¥ ¹1mdocVSPSX °nVSbc�ST[qsVw±6XdbcVSPS�=�ST�b²PSOQT��SbcOQXdT�P=¯�edPS}�T�P�UWbWq�§
UWOQedP%qs«SXdT�ocT�rST�P�J�^¬qson}�VSb ��T�bcopUWT�RQRQVSPSXC�ST�b`awqsRQ}�RQmdocVSPSXdT�Px«�T�PSmsUWOQXsUWT¬½¾qsococT�bnopU�qsf'f UWT[qsVSo
T�OQPST�b²t%OQRQRQOQ��edbcT²�`PSRzqsXdTn�ST�b²a�UWbWqsrSRQRQOQPSOQT²¿¨^ K�vwJ�Ì`qs��r��ST�f �`PSbc¦SrSbcT�P=�ST�b�¹1mdocVSPSXdT�P'°nVSbc�ST
�SOQT ¥ RQ¦SococOQXd¢sT�OLU[OQP T�OQPSTC��qwJ

10 · 10 cm2 Xdbce �dT ��T�~�edP�°²qsPSPST=XdT�±6¦SRQRLU�J�^`OQT�ocT ��T�~�edP�°²qsPSPST
°nVSbc�STn°²�srSbcT�PS�=�ST�b�t%T�ococVSPSXdT�P=VSP�UWT�b T�OQPST�b f'OLU ½¾qsococT�b XdT�oW��UcUWOQXsUWT�P ��T�RQOQVSf�q�UWf'edoc�Sr��sbcT
XdT�r�qsRLUWT�P�Jw^`T�b²MDOQPw±�qsRQRQop°nOQPS¢sT�R

αi
¡�VSP�UWT�b²�ST�f �SOQT¬knmdP�UWXdT�PSopUWbWqsrSRQVSPSXÊqsVw±1�SOQT¬¸Dbced«�T�PSed«�T�b¨§

~>�s��rSTÊUWbWq�±¨¡>«�T�UWbcVSX
0.093◦

J�^¬q��SOQT P�VwUW}�«�qsbcT�¹��sPSXdTÊ�ST�b¬¸Dbced«�T�PSed«�T�bp~>�s��rSTCqsVw± VSP�UWT�bÊK�v
��f T�OQPSXdT�oc��rSbW�sPS¢�UC°²qsb�¡ fÊVSocopUWTÍ�SOQT ��mdrST=�ST�oCT�OQPw±�qsRQRQT�PS�ST�P£knmdP�UWXdT�PSopUWbWqsrSRQT�o�qsVw±

0.067f'f�«�T�oc��rSbW�sPS¢�UÊ°�T�bc�ST�P�JD^`OQT=a�UWbWqsrSRQ«SbcT�OLUWTC«�T�UWbcVSX
0.2

f'f%J�^`T�bÊ^`T�UWT�¢�UWedbcoc��qsRLUÊ«�T�±�qsPS�
ocOQ��r=OQP�T�OQPST�b²MDP�Uc±6T�bcP�VSPSXÊjdedP

1145
f'f)}�VSfY^`bcT�rS�SVSPS¢�Un�ST�o²^`OLº�bWqs¢�UWedf'T�UWT�bco VSPS�=r�q�UcUWT

T�OQPST[rSedbcOQ}�edP�U�qsRQT �`º�P�VSPSXCjdedPlvwJ]�Êf'f%J
^¬q��SOQT²t%T�ococVSPSXdT�P��ST�b��SOLº�VSo�XdT�opUWbcT�VwUWT�PCa�UWbWqsrSRQVSPSX`«SOQo�}�V ±6¦SPw±�a�UWVSPS�ST�PÊ�Sbce|t%T�ococVSPSX

��qsVST�bpUWT�P�¡�°nVSbc�STnT�OQPST`t%T�ococVSPSX OQP�T�OQPS}�T�RQPST`t%T�ococ«�T�bcT�OQ��rST¬qsVw±6XdT�UWT�OQRLU�¡�}�°nOQoc��rST�P��ST�PST�P��SOQT
��mdrST2�ST�b%ª¬«�T�bp~>�s��rST2«�T�}�¦SXdRQOQ��r �ST�bxa�UWbWqsrSRQrSmdrSTu¢sedP�UWbcedRQRQOQT�bpU�°nVSbc�STsJy��T�O¬T�OQPST�f ª¬VwUp§
es±z§À�SRzqsPSTu½ OQPS¢sT�R|jdedP�vwJ]� ◦ °nVSbc�ST «�T�O 
cT��ST�b%VSP�UWT�bcocVS��r�UWT�P�¸Dbced«�T¶T�OQP®t%T�ococ�SVSPS¢�U2f'OLU
rSedrST�bZa�U�q�UWOQopUWOQ¢%qsVw±6XdT�PSedf'f'T�P�¡�VSf �SOQT � T�bpUWT�OQRQVSPSX=�ST�b|�SOLº�VSo¬XdT�opUWbcT�VwUWT�P¾a�UWbWqsrSRQVSPSXÍqsRQo
¥ VSPS¢�UWOQedP=jdedP

qz
}�VxVSP�UWT�bcocVS��rST�P�J�Ì`qs��r

cT��ST�b�t%T�ococVSPSX'�ST�by�SOLº�VSo²XdT�opUWbcT�VwUWT�Pua�UWbWqsrSRQVSPSX

°nVSbc�STZT�OQPSTZt%T�ococVSPSX��ST�o`a�UWbWqsrSRQVSPSXdocVSP�UWT�bcXdbcVSPS�ST�on�SVSbc��rSXdT�±6¦SrSbpU�¡>«�T�O��ST�bn�SOQT[¸Dbced«�T|VSf
T�OQPST�P?t%OQRQRQOQf'T�UWT�byP�qs��r¶VSP�UWT�P qsVSo|�ST�f�a�UWbWqsrSRG«�T�°�T�XsU|°nVSbc�STsJ��`RQRQT�t%T�ococVSPSXdT�P¶°nVSbc�ST�P
«�T�O1T�OQPST�b�¸DrSesUWedPST�PST�PST�bcXdOQT|jdedP

8.35
¢sT � �

αcH2O,8.35keV
= 0.148◦

�²�SVSbc��rSXdT�±6¦SrSbpU�J

� ������� ()0�!$� ��02��02��� �.�

^`OQT¶^¬q�UWT�P�qsP�qsRL �ocT2XdRQOQT��ST�bpU=ocOQ��r OQP �SbcT�O ��T�OQRQTsJ�¿Àf T�bcopUWT�P®a���rSbcOLUcUÍ°nVSbc�ST�P �SOQT¶qsP �ST�b
a�UWbWqsrSRQRQOQPSOQTDqsVw±6XdT�PSedf'f'T�PST�P ^¬q�UWT�P «�T�qsbc«�T�OLUWT�U�J�^`OQT�o�«�T�OQPSr�qsRLUWT�U��SOQT Ì�edbcf'OQT�bcVSPSXn�ST�b�jdedf
¸ aw^YqsVw±6XdT�PSedf'f'T�PST�P ^¬q�UWT�P¶�SVSbc��r �ST�P T�OQPw±�qsRQRQT�PS�ST�P2¸DrSesUWedPST�Pw~�VSocoZoce�°nOQT��ST�P �`«S}�VSX
�ST�o|µ�P�UWT�bcXdbcVSPS�SocOQXdP�qsRQT�o�J>¿ÀPu�`«S«SOQRQ�SVSPSX'�SJ »'OQopU`qsPSr�qsPS�uT�OQPST�o`��T�OQoc�SOQT�RQonjdedf¼½¾qsococT�b`T�OQP
oce?«�T�qsbc«�T�OLUWT�UWT�o�a���T�¢�UWbcVSf ��qsbcXdT�opUWT�RQRLU�J tlqsP¤¢�qsPSP¤�ST�VwUWRQOQ��r-�ST�P+�`«w±�qsRQR²�ST�bC¿ÀP�UWT�PSocOLU���U
f'OLUÍ}�VSPST�rSf'T�PS�ST�f a�UWbcT�V�°nOQPS¢sT�R

φ
T�bc¢sT�PSPST�P�J�^`T�ox½?T�OLUWT�bcT�PA¢�qsPSP ��qsox�`Vw±
UWbcT�UWT�PA�ST�b

� edPST���qÍ¿ÀP�UWT�PSocOLU���UWT�P¶qsf ��T�XdOQPSP2�ST�b|^`T�UWT�¢�UWedbcoc��qsPSo[«�T�ed«�qs��r�UWT�U[°�T�bc�ST�P�J1µ�f qsVS��r2«�T�O
Xdbce �dT�Pla�UWbcT�V�°nOQPS¢sT�RQP

φ
T�OQPST[qsVSocbcT�OQ��rST�PS�lrSedrST[^¬q�UWT�PSopU�q�UWOQopUWOQ¢�}�V%T�bcRzqsPSXdT�P�¡w°nVSbc�ST[¦S«�T�b

qsRQRQTÍP�VwUW}�«�qsbcT�P/^`T�UWT�¢�UWedbc¢�qsP��sRQTxOQP�UWT�XdbcOQT�bpUCVSPS�+�SOQT
qz
§À�`«Sr��sPSXdOQXd¢sT�OLU��ST�b=a���T�¢�UWbcT�P/qsP�§

r�qsPS�¤�ST�b�¸ aw^ a���T�¢�UWbcT�P+VSP�UWT�b'�ST�f a�UWbcT�V�°nOQPS¢sT�R
φ = 0.5◦

VSP�UWT�bcocVS��r�U�J�^`OQTx¦S«�T�bC�SOQT
¯[qsP��sRQT%�ST�o=^`T�UWT�¢�UWedbco=OQP�UWT�XdbcOQT�bpUWT�P/a���T�¢�UWbcT�P+±6¦Sb'½¾qsococT�b�VSPS�+�SOQTlÌ`q ��R §�¡ Ì`qd��b¨§ÊVSPS�
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�`«S«SOQRQ�SVSPSXC�SJ » 
>a�UWbcT�VSoc��T�¢�UWbcVSfgT�OQPST�b²½¾qsococT�bced«�T�bp~>�s��rSTsJ

Ì`qs¿ ¹1mdocVSPSXdT�P�ocOQPS�'OQPC�`«S«SOQRQ�SVSPSX[�SJ �ZqsRQo ¥ VSPS¢�UWOQedPC�ST�o ½?T�RQRQT�P�jdT�¢�UWedbc¦S«�T�bpUWbWqsXdT�o ��qsbWqsRQRQT�R
}�VSb|¸Dbced«�T�PSed«�T�bp~>�s��rST

q||
}�V2ocT�rST�P�J�^`T�VwUWRQOQ��ruOQopU¬�ST�b`�`«w±�qsRQR��ST�b`¿ÀP�UWT�PSocOLU���U¬f'OLU`opUWT�OQXdT�P�§

�ST�f)½?T�RQRQT�P�jdT�¢�UWedbc¦S«�T�bpUWbWqsXÊ}�V�T�bc¢sT�PSPST�P�J�^`T�o ½?T�OLUWT�bcT�P=T�bc¢sT�PSP�Uyf�qsP'��qso²MDOQPSocT�UW}�T�P=�ST�b
a�UWbcVS¢�UWVSbc��T�qs¢�o�¡�°�T�RQ��rSTZf'OLUy}�VSPST�rSf'T�PS�ST�b��`PSOQedPSXdbcm �dT[qsPx¿ÀP�UWT�PSocOLU���U�XdT�°nOQPSPST�P�J
¿ÀP/T�OQPST�f }�°�T�OLUWT�P �`VSop°�T�bpUWVSPSXdococ��rSbcOLUcUÍ±6edRQXsU��SOQTut%e��ST�RQRQOQT�bcVSPSX?�ST�bÍa�UWbcT�VSoc��T�¢�UWbcT�P�J

^¬qs}�VC°nVSbc�ST`{|RQT�OQ��r�VSPSX I�J]I �|qsPC�SOQTyTÈ�w��T�bcOQf'T�P�UWT�RQRQT�PC¸GqsbWqsf'T�UWT�b qsPSXdT���qsocopU�¡���Jdr�J��SOQTy¸�e�§
RzqsbcOQoWq�UWOQedPSoWqs«Sr��sPSXdOQXd¢sT�OLUy�ST�b|a�UWbcT�VSVSPSX=oce�°nOQTZ��qso`T�º�T�¢�UWOLjdTCa�UWbcT�VwjdedRQVSf'T�P%°nVSbc�ST�P2VSP�UWT�b
��T�qs��r�UWVSPSX[�ST�b {|T�edf'T�UWbcOQT �ST�oDTÈ�w��T�bcOQf'T�P�UWT�RQRQT�P �`Vw±6«�qsVSo «�T�bcT���rSPST�U�J�^`T�b {|bWqs�Ê�ST�bGRQOQPST�q�§
bcT�PÊ¸�edRzqsbcOQoWq�UWOQedP|°nVSbc�ST�qsVw±�\sv �AXdT�oc��r���UW}�U�Js^¬qsbWqsVw±S±6edRQXsU��SOQT ��T�bcT���rSP�VSPSX|�ST�b a�UWbcT�VSOQP�UWT�P�§
ocOLU���UD±6¦Sb 
cT��ST�P=¯[qsP�qsRS�ST�o ¸ aw^­qsP 
cT��ST�PÍª¬VwUp§Àes±z§À�SRzqsPST ½ OQPS¢sT�R

φ
J�^`OQTyrSOQT�bp±6¦SbD«�T�PSmsUWOQXsUWT�P

¸GqsbWqsf'T�UWT�b�±6¦Sb¬�SOQT�ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX
γ0
¡�OQocesUWrST�bcf'T ¯�edf'�SbcT�ococOQ«SOQRQOLU���U

κT
oce�°nOQTÊ�SOQT

^`OQ��r�UWT²¢smdPSPST�PÊ�ST�b �Gqs«�T�RQRQT �SJLK�T�P�UWPSedf'f'T�PZ°�T�bc�ST�P�J�^`T�b ��T�OLUWbWqsX��ST�b qsfÃ^¬M ¹ ���/XdT�f'T�o¨§
ocT�PST�P � edRQVSf'T�P�§pa�UWbcVS¢�UWVSbc��T�qs¢�o�°nVSbc�ST�±6¦Sb 
cT��ST�P�T�OQPS}�T�RQPST�PÊ^`T�UWT�¢�UWedbc¢�qsP�qsRw«�T�bcT���rSPST�U VSPS�
f'OLU��ST�f � edRQVSf'T�PSopUWbcT�VwUWT�bcf fÊVSRLUWOQ�SRQOQ}�OQT�bpU�J�^¬qs«�T�O�°nVSbc�ST|«�T�bc¦S��¢�ocOQ��r�UWOQXsU�¡w��qsocoy�SVSbc��rx�SOQT
ª¬«�T�bp~>�s��rST�PSopUWbcT�VSXdT�edf'T�UWbcOQT�¢�qsVSf �`P�UWT�OQRQTÊOQP

qz
}�VSf�a�UWbcVS¢�UWVSbc��T�qs¢u«�T�OLUWbWqsXdT�P�J�^`OQT�o|OQopU
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o

 qll[Å
−1]

H2O
NaCl
NaBr

NaI

�`«S«SOQRQ�SVSPSXÍ�SJ � 
�^`OQT�qsP2�ST�bZa�UWbWqsrSRQRQOQPSOQT[¿¨^ K�vs« qsVw±6XdT�PSedf'f'T�PST�P2�SOLº�VSocT�P a�UWbcT�VSoc��T�¢�UWbcT�P
jdedP¾jdT�bcoc��rSOQT��ST�PST�P/awqsRQ}�RQmdocVSPSXdT�P?VSPS�?½¾qsococT�bÊoce�°nOQT��ST�bcT�P£�`PS��qsococVSPSXdT�P-qsRQo ¥ VSPS¢�UWOQedP
jdedP

q||
J>^`VSbc��rSXdT�}�edXdT�PlVSPS�%opUWbcOQ��rS�SVSPS¢�UWOQT�bpU 


γ = γ(q||)
¡��SVSPS¢�UWOQT�bpU

γ = γ0
J

OQP2�ST�b¬PSOQT��SbcOQXdT�P2MDOQPS�SbcOQPSXsUWOQT�±6T �ST�b|knmdP�UWXdT�PSopUWbWqsrSRQVSPSXÍOQPu��qsoZtlq�UWT�bcOzqsR�«�T�Xdbc¦SPS�ST�U�J1^¬qso
a�UWbcT�VSocOQXdP�qsR>jdT�bpUWOQ¢�qsRQT�b²¯�edbcbcT�Rzq�UWOQedPST�PC°nOQbc�=rSOQT�bc�SVSbc��rÍopU�qsbc¢CVSP�UWT�bc�Sbc¦S��¢�U � j�OQPST� �qsbc��K �d»�I�� J
^`OQT�a�UWbcT�VSVSPSX=qsPuT�OQPST�b¬ª¬«�T�bp~>�s��rST T�bc}�T�VSXsU¬ocedf'OLU�¢sT�OQPST�PuOQP |~q| ¢sedPSopU�qsP�UWT�P2¿ÀP�UWT�PSocOLU���UWo¨§jdT�bcRzqsVw±¨¡ ocedPS�ST�bcP¤«�T�°nOQbc¢�UCT�OQPST=�`«Soc��r�°²�s��r�VSPSX¾�ST�o�a�UWbcVS¢�UWVSbc��T�qs¢�oCf'OLUÊopUWT�OQXdT�PS�ST�f

qz
§

�`P�UWT�OQRnOQf ½?T�RQRQT�P�jdT�¢�UWedbc¦S«�T�bpUWbWqsXSJ ^`OQT�ocT2{|T�°nOQ��r�UWVSPSX °nVSbc�ST 
cT��Se���r+PSOQ��r�U�TÈ�Sqs¢�U=P�qs��r
� j�OQPST� �qsbc��K �d»�I�� «�T�bcT���rSPST�U�¡1ocedPS�ST�bcP2�SVSbc��r¶T�OQPSTÊRQOQPST�qsbcTÊ{|T�°nOQ��r�UWVSPSXxP�qs��r2bcT�Rzq�UWOLjdT�f

q||
§

�`P�UWT�OQR �SVSbc��rSXdT�±6¦SrSbpU�JG^`OQTCocelf'OLU[T�OQPST�bZ¢sedPSopU�qsP�UWT�P-ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX2«�T�bcT���rSPST�UWT�P
a���T�¢�UWbcT�P-ocOQPS�¾OQP¾�`«S«SOQRQ�SVSPSXl�SJ �l�SVSbc��r£XdT��SVSPS¢�UWT�UWTx¹1OQPSOQT�P?��qsbcXdT�opUWT�RQRLU�J�^`OQT�¿ÀP�UWT�PSocOLU���U
�ST�b a���T�¢�UWbcT�PÊ°nVSbc�STyqsVw±��ST�P�T�bcopUWT�P't%T�ococ�SVSPS¢�U OQf�TÈ�w��T�bcOQf'T�P�UWT�RQRQT�P�a���T�¢�UWbcVSf�PSedbcf'OQT�bpU�J
MDo|ocOQPS�¶�ST�VwUWRQOQ��r2�SOQTÊ�`«�°�T�OQ��r�VSPSXdT�P ed«�T�bcr�qsRQ«ujdedP

q|| = 0.1
� −1 }�V¶T�bc¢sT�PSPST�P�J�^`OQTÊ«�TÈ§

bcT���rSPST�UWTn¿ÀP�UWT�PSocOLU���U VSP�UWT�bcoc��rSbcT�OLUWT�U ed«�T�bcr�qsRQ«Ê�SOQT�ocT�o ½?T�RQRQT�P�jdT�¢�UWedbc¦S«�T�bpUWbWqsXdT�oD�ST�VwUWRQOQ��r��SOQT
XdT�f'T�ococT�PSTZ¿ÀP�UWT�PSocOLU���U�J
^`OQT�ocT=^`OQoc¢�bcT���qsPS}=Rz�socopU ocOQ��r?jdT�bcopUWT�rST�P�¡G°�T�PSP-OQP T�OQPST�f �SbcOLUcUWT�P-a���rSbcOLUcU �SOQTC°�T�RQRQT�P�§

jdT�¢�UWedbWqs«Sr��sPSXdOQXdT%ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX?P�qs��r+t%T���¢sT�� {|RQT�OQ��r�VSPSX I�J hdv �Zf'OLU OQP£�SOQTÍ��TÈ§
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bcT���rSP�VSPSX=�ST�b`a�UWbcT�VSOQP�UWT�PSocOLU���U�T�OQP�«�T�}�edXdT�P%°nOQbc��J ��OQT�bc«�T�O�°nVSbc�ST�PlT�bcopU`P�VSbn�SOQT � edRQVSf'T�P�§
¯�edbcbcT�Rzq�UWOQedPSocRz�sPSXdT

ξ
VSPS�x�ST�bnt%edRQT�¢�¦SRQbWqs�SOQVSo

rM
}�VSb²�`PS��qsococVSPSXCjdT�bp°�T�PS�ST�U�J�^`OQT�o�±6¦SrSbpUWT

«�T�O��ST�b���T�UWbWqs��r�UWVSPSX��ST�b�^`T�UWT�¢�UWedbcoc��qsPSoy«�T�O
q|| = 0.5◦

«�T�O>T�OQPST�f ��T�OQR>�ST�b²t%T�ococVSPSXdT�Px}�V
¢sT�OQPST�b²XdVwUWT�P � «�T�bcT�OQPSopUWOQf'fÊVSPSXZ}�°nOQoc��rST�Plt%T�ococVSPSXCVSPS�ÍknT���rSP�VSPSXSJ�^¬qsrST�b °nVSbc�ST¬T�«�T�P�§
±�qsRQRQo[�SOQTCf�qs¢�bcedoc¢sed�SOQoc��rSTxª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX

γ0
qsRQo[�`PS��qsococVSPSXdoc��qsbWqsf'T�UWT�b jdT�bp°�T�P�§

�ST�U�J�t%OLU��SOQT�ocT�f�¸GqsbWqsf'T�UWT�b1°nVSbc�ST�P �SOQT ^`T�UWT�¢�UWedbcoc��qsPSo qsPSXdT���qsocopU�¡�°²qso�T�OQPST knT�oc¢�qsRQOQT�bcVSPSX
�ST�b¬ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSXÍP�qs��r2{|RQT�OQ��r�VSPSX�I�J hdvC«�T�°nOQbc¢�U�J>^`OQT�ocT�o � edbcXdT�rST�PlOQopU�f'mdXdRQOQ��r�¡
��qÍ«�T�OD¢�RQT�OQPST�P a�UWbcT�V�°nOQPS¢sT�RQP �SOQT � T�bp°�T�PS�SVSPSXl�ST�b[f�qs¢�bcedoc¢sed�SOQoc��rST�P¾ª¬«�T�bp~>�s��rST�PSoc��qsP�§
P�VSPSX2PSe���r£XdT�bcT���r�Uc±6T�bpUWOQXsU�OQopU�JG^`OQT��`PS��qsococVSPSXdT�P¤oce�°nOQT=�SOQT�XdT�f'T�ococT�PST�P¤^`T�UWT�¢�UWedbcoc��qsPSo

101

100

10−1

10−2

10−3

10−4

0.60.50.40.30.20.10

I/I
o

 qz[Å
−1]

H2O
NaCl
NaBr

NaI

�`«S«SOQRQ�SVSPSXx�SJLK�v 
1^`OQT�«�T�ODT�OQPST�f ª¬VwUp§Àes±z§À�SRzqsPST ½ OQPS¢sT�R
φ = 0.5◦

XdT�f'T�ococT�PST�P£^`T�UWT�¢�UWedb¨§
oc��qsPSo�VSPS�%�ST�bcT�Pl�`PS��qsococVSPSXdT�P ��¹1OQPSOQT�P
�ÈJ

ocOQPS� OQP �`«S«SOQRQ�SVSPSXx�SJLK�vx��qsbcXdT�opUWT�RQRLU�J1^`OQT�qsPSXdT���qsocopUWT�P£ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSXdT�P-ocOQPS� OQP
�Gqs«�T�RQRQTÍ�SJ h¶}�VSoWqsf'f'T�PSXdT�±�qsocopU�J�tlqsP¤T�bc¢sT�PSP�U�¡ ��qsocoC±6¦SbC�SOQTÍ°²�sococbcOQXdT�P/Ì`qd��b¨§ VSPS�+Ì`qs¿
¹1mdocVSPSXdT�Px�SOQT|ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX'f'OLU��ST�f�¹1OLUWT�bWq�UWVSbp°�T�bpUy¦S«�T�bcT�OQPSopUWOQf'f U �6o�J��Gqs«�T�RQRQT
�SJLK��È¡G°²�srSbcT�PS�+�SOQT%ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX£�ST�o�½¾qsococT�bco'}�V¤rSe���r¤VSPS�¤�SOQTlª¬«�T�bp~>�s��rST�P�§
oc��qsPSP�VSPSXÍ�ST�b`°²�sococbcOQXdT�P¶Ì`q ��RG¹1mdocVSPSX=}�V2PSOQT��SbcOQX'OQopU�J�Ì`qs��r2�SOQT�ocT�b`�`PS��qsococVSPSX=°nVSbc�ST�P
�SOQT�¦S«�T�b

qz
OQP�UWT�XdbcOQT�bpUWT�P=a���T�¢�UWbcT�P=�SVSbc��r � qsbcOzq�UWOQedP��ST�b � edRQVSf'T�P�§¨¯�edbcbcT�Rzq�UWOQedPSocRz�sPSXdT�VSPS�

�ST�o|t%edRQT�¢�¦SRQbWqs�SOQVSo�OQPu{|RQT�OQ��r�VSPSX=I�J hdv�qsPSXdT���qsocopU�J�^`OQTZocOQ��ru��qsbWqsVSo�T�bcXdT�«�T�PS�ST�P � T�bcRz�sVw±6T
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�ST�b «�T�bcT���rSPST�UWT�PÍa�UWbcT�VSOQP�UWT�PSocOLU���U ocOQPS�COQP��`«S«SOQRQ�SVSPSX|�SJ �|VSP�UWT�b MDOQP�«�T�}�VSX[�ST�b XdT�f'T�ococT�PST�P
� edRQVSf'T�P�§pa�UWbcVS¢�UWVSbc��T�qs¢�o qsRQo[�SVSbc��rSXdT�}�edXdT�PSTÍ¹1OQPSOQT�P VSPS�?edrSPST=MDOQP�«�T�}�VSXl�ST�b � edRQVSf'T�P�§
a�UWbcVS¢�UWVSbc��T�qs¢�o[qsRQo`opUWbcOQ��rS�SVSPS¢�UWOQT�bpUWT�¹1OQPSOQT�Pl��qsbcXdT�opUWT�RQRLU�J�^`OQT XdT�f'T�ococT�PST�P?a���T�¢�UWbcT�P2¢smdP�§
PST�Pu�ST�f'P�qs��rlf'OLUnT�OQPST�by°�T�RQRQT�P�jdT�¢�UWedbWqs«Sr��sPSXdOQXdT�P¶ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSXÍP�qs��r2t%T���¢sT ���
���	� qsPSXdT���qsocopU�°�T�bc�ST�P�J�^`OQT ocOQ��r qsVSo��ST�b��`PS��qsococVSPSX`T�bcXdT�«�T�PS�ST�PÊ¸GqsbWqsf'T�UWT�b1ocOQPS�ZOQP��Gqs«�T�R §
RQT|�SJ h�}�VSoWqsf'f'T�PSXdT�±�qsocopU�J�^`OQTZt%edRQT�¢�¦SRQbWqs�SOQT�P

rM
oc��rST�OQPST�P%±6¦SbnqsRQRQT`VSP�UWT�bcocVS��r�UWT�P2¸Dbced«�T�P

ocT�rSbnXdbce �S¡�T�OQP ��bcT�PS��¡S�ST�bnqsVS��rxOQP � f'edbWq�Isvdvdh ��}�VxocT�rST�P%OQopU�JS^`OQT � edRQVSf'T�Px¯�edbcbcT�Rzq�UWOQedPSo¨§
Rz�sPSXdT�PuopUWOQf'f'T�Pl��qsXdT�XdT�Puf'OLU`�ST�f OQP � f'edbWq�Isvdvdh ��XdT�P�qsPSP�UWT�P¶¹1OLUWT�bWq�UWVSbp°�T�bpU

ξlitH2O
≈ 3

��XdVwUn¦S«�T�bcT�OQP�J�^`OQT¬Xdbce �dT�Plt%edRQT�¢�¦SRQbWqs�SOQT�P=VSPS�%�`«�°�T�OQ��r�VSPSXdT�PlOQPÍ�ST�byf�qs¢�bcedoc¢sed�SOQoc��rST�P
ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX ¢smdPSPST�PC�SVSbc��rC�SOQTnt%e��ST�RQRzqsPSP�qsrSf'T�P «�T�OS�ST�bD��T�bcT���rSP�VSPSXZ�ST�b °�T�R §
RQT�P�jdT�¢�UWedbWqs«Sr��sPSXdOQXdT�P�ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSXZjdT�bcVSbcoWqs��r�U °�T�bc�ST�P�J�^¬qso OQPÊ�ST�b ��T�bcT���rSP�VSPSX
jdT�bp°�T�PS�ST�UWT[t%e��ST�RQRS«�T�oc��rSbcT�OQ«wU T�OQPST ¥ RQ¦SococOQXd¢sT�OLU�¡s�ST�bcT�P=t%edRQT�¢�¦SRQTybcesU�q�UWOQedPSocop �f'f'T�UWbcOQoc��rST
RzqsPSXdbcT�OQ��r�°�T�OLUWOQXdT�½?T���rSocT�RL°nOQbc¢�VSPSXdoc��esUWT�P�UWOzqsRQT'«�T�ocOLUW}�T�P�¡�T�OQPST'�`PSP�qsrSf'Ts¡��SOQT�±6¦SbZ½¾qsococT�b
PSOQ��r�U¬TÈ�Sqs¢�U|OQopU�J�^`T�b � T�bcRzqsVw± �ST�b|ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX%qsRQo ¥ VSPS¢�UWOQedP%jdedP

q||
OQopU`OQPl�`«�§

�Gqs«�T�RQRQT=�SJ h 
 ^`OQTÍ�SVSbc��r-�SOQTÍ�`PS��qsococVSPSX¶�ST�b��SOLº�VSocT�P+a�UWbcT�VSVSPSX T�bcf'OLUcUWT�RLUWT�P£¸GqsbWqsf'T�UWT�b
rM
¡
γ0
VSPS�

ξ
J

� 
�� � � 
�� � � 
�� H2O� � � �����
� � 
 ��� ���
rM ± 0.5 � ��� )+" # ,
" ) !.' !�#

� � � �
� � 	 
 � ������� 
 ��� ��	 � � � 	 ���
ξ ± 0.5 � ��� &�" % &�" ' $
" ' $
" %

 � ���"!#�����
� 	 �"� 
�	$	 � 	 �
γexp ± 0.002 � �%�.� � #
" #+)*% #
" #+)0, #
" #+)0( #
" #�,/%

«SOQRQ�SVSPSXC�SJLKdK¬±6¦Sbn�SOQT¬jdT�bcoc��rSOQT��ST�PST�P2¸Dbced«�T�PSop �opUWT�f'TZ��qsbcXdT�opUWT�RQRLU�J>tlqsP%T�bc¢sT�PSP�U`T�OQPST�Px±6¦Sb
qsRQRQTy¸Dbced«�T�P��srSPSRQOQ��rST�P � T�bcRzqsVw±��ST�b�ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSXSJw^`T�b ¥ T�rSRQT�bc¢�qsP�qsRS�ST�b � T�bcRz�sVw±6T
OQopU�qsf ��T�OQoc�SOQT�R �ST�o ½¾qsococT�bco��SVSbc��r¾±6T�OQP¾XdT��SVSPS¢�UWT�UWTx¹1OQPSOQT�P?oc¢�OQ}�}�OQT�bpU�JG^`T�VwUWRQOQ��r¾OQopUÊ�SOQT
opU�qsbc¢sT=knT��SVS¢�UWOQedP �ST�bÊª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX2}�°nOQoc��rST�P

q|| ≈ 0.1
� −1 VSPS� q|| ≈ 1

� −1

}�V?T�bc¢sT�PSPST�P�¡�°�T�RQ��rST'}�V?T�OQPST�b Â�VSP�qsrSf'T��ST�b[�SOLº�VSocT�P£a�UWbcT�VSVSPSX%«�T�ODXdbce �dT�P¶½?T�RQRQT�P�jdT�¢d§
UWedbc¦S«�T�bpUWbW�sXdT�Px±6¦SrSbpU�J
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 qll[Å
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�`«S«SOQRQ�SVSPSX¶�SJLKdK 
D^`OQTxocOQ��r+qsVSoC�ST�bC�`PS��qsococVSPSX?�ST�b�a�UWbcT�VSOQP�UWT�PSocOLU���U'T�bcXdT�«�T�PS�ST�P ª¬«�T�b¨§
~>�s��rST�PSoc��qsPSP�VSPSXdT�P�JG�`RQRQT � T�bcRz�sVw±6T�ocOQPS�?qsVw±��SOQT�f�qs¢�bcedoc¢sed�SOQoc��rST=ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX
�ST�b�
cT�°�T�OQRQOQXdT�P+¸Dbced«�TuPSedbcf'OQT�bpU�J ¥ ¦Sb��SOQTuª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX¤�ST�o�½¾qsococT�bcT�oÍOQopU'±6T�OQP
opUWbcOQ��rS�SVSPS¢�UWOQT�bpU��ST�b ¥ T�rSRQT�bc¢�qsP�qsR1qs«SXdT�«SOQRQ�ST�U�J

����� !"��� 
 �-%'� � ��� ����� ���-% ����� �	�&�(� #��&%'�(������� +,��� �������(+
� ���&� �-% +,*
�������

� ��� ��� �	������� �"!$#���%

½ OQTlOQP/�ST�P jdedbcrST�bcXdT�rST�PS�ST�P­¯[qs�SOLUWT�RQP+«�T�oc��rSbcOQT�«�T�P�¡�°�T�bc�ST�P «�T�O`�ST�bÍ��T�bcT���rSP�VSPSX¤�ST�b
�SOLº�VSocT�P-a�UWbcT�VSVSPSX2Ì`�srST�bcVSPSXdT�P¾�SVSbc��rSXdT�±6¦SrSbpU�JDa�e%°�T�bc�ST�P£Rzq�UWT�bWqsRQTC��T�°�T�XdVSPSXdT�P£OQP?�ST�b
¥ RQ¦SococOQXd¢sT�OLUWoced«�T�bp~>�s��rST PSOQ��r�U¬«�T�UWbWqs��r�UWT�U�J�^`T�o�½?T�OLUWT�bcT�Pl°nOQbc�l�SOQT ¥ RQ¦SococOQXd¢sT�OLU¬qsRQonOQf � e�§
RQVSf'T�P£OQocesUWbced��T�o't%T��SOQVSf «�T�oc��rSbcOQT�«�T�P�¡ °�T�RQ��rST�oC¢sT�OQPST�bcRQT�Ona���r�°²qsPS¢�VSPSXdT�P/OQP£�ST�b'MDRQT�¢d§
UWbcedPST�PS�SOQ��r�UWTs¡�rST�bpjdedbcXdT�bcVw±6T�P'�SVSbc��r'½?T�RQRQT�P�«�T�°�T�XdVSPSXdT�P'e��ST�bD�SVSbc��r��SOQTyf'edRQT�¢�VSRzqsbcT�P���TÈ§
opU�qsPS�wUWT�OQRQT��ST�b ¥ RQ¦SococOQXd¢sT�OLU�¡�qsVw±
°�T�OQopU�Jw^`OQT�ocT�o � edbcXdT�rST�P=OQopU�«�T�O��ST�b²��T�UWbWqs��r�UWVSPSXÊjdedP=¢�RQT�O §
PST�P=½?T�RQRQT�P�jdT�¢�UWedbc¦S«�T�bpUWbW�sXdT�Px��qsbWqsRQRQT�R�}�VSby¸Dbced«�T�PSed«�T�bp~>�s��rST¬°nOQT`}sJ �`Jw«�T�O�¿ÀP�§À�SRzqsPST|t%T�o¨§
ocVSPSXdT�PuXdT�bcT���r�Uc±6T�bpUWOQXsU�J>��T�O��SOQT�ocT�P2t%T�ococVSPSXdT�Pu°nOQbc�x�SOQT[OQPSPST�bcTÊa�UWbcVS¢�UWVSb��ST�b ¥ RQ¦SococOQXd¢sT�OLU
PSOQ��r�U[qsVw±6XdT�RQmdopU�J�Â�VS�ST�f bcT�OQ��r�U|�SOQTÊqsRQRQT�OQPSOQXdT[��T�UWbWqs��r�UWVSPSXx�ST�b¬jdT�bpUWOQ¢�qsRQT�P2��T�°�T�XdVSPSXx�ST�b
¥ RQ¦SococOQXd¢sT�OLUWoced«�T�bp~>�s��rSTÊ�SVSbc��r2�SOQTZ«�T�OG�SOQT�ocT�P¶MG�w��T�bcOQf'T�P�UWT�PuT�bp±6¦SRQRLUWT ��T��SOQPSXdVSPSX

qz > q||jdedRQRQ¢sedf'f'T�P¶qsVSo�J ¥ ¦Sb|Xdbce �dT�Rzq�UWT�bWqsRQTZ½?T�RQRQT�P�jdT�¢�UWedbc¦S«�T�bpUWbW�sXdTs¡�°nOQT�ocOQT�«�T�O ª¬VwUp§Àes±z§À�SRzqsPST
t%T�ococVSPSXdT�P2qsVw±
UWbcT�UWT�P�¡�ocOQPS�x�SOQT�ocT � T�bcT�OQPw±�qs��r�VSPSXdT�PlPSOQ��r�U�f'T�rSbyXd¦SRLUWOQXSJ
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^¬qsrST�b[ocedRQRGP�VSP?T�OQP qsRLUWT�bcP�q�UWOLjdT�b¬�`PSoWq�UW}C}�VSbZ��T�bcT���rSP�VSPSXl�ST�b[�SOLº�VSocT�P¾a�UWbcT�VSVSPSXlqsP
T�OQPST�b ¥ RQ¦SococOQXd¢sT�OLUWoced«�T�bp~>�s��rST�jdedbcXdT�opUWT�RQRLU¬°�T�bc�ST�P�J�^`OQT�ocT�b|�`PSoWq�UW}C«�T�bc¦S��¢�ocOQ��r�UWOQXsUZ�SOQTC��TÈ§
°�T�XdVSPSX2�ST�b � edRQVSf'T�Pw~�¦SococOQXd¢sT�OLU�¡��SOQT'�SVSbc��r-�SOQT'�`VSoc«SbcT�OLUWVSPSXu�ST�b�¯[qs�SOQRQRzqsbp°�T�RQRQT�qsP¾�ST�b
ª¬«�T�bp~>�s��rST�jdT�bcVSbcoWqs��r�U²°nOQbc��VSPS��«SOQo }�V�T�OQPST�b �yOQT�±6TnjdedP�T�OQPST�b r�qsRQ«�T�PC½?T�RQRQT�PSRz�sPSXdTyopU�q�UcUp§
³�PS�ST�U�Jw^`T�o ½?T�OLUWT�bcT�PC°�T�bc�ST�PxqsVS��r�Rzq�UWT�bWqsRQTn��T�°�T�XdVSPSXdT�P=�ST�b ¥ RQ¦SococOQXd¢sT�OLU «�T�bc¦S��¢�ocOQ��r�UWOQXsU�J

� ��� �'� ()0 �57 �"!6!$�4- � � ��� ���

¿Àfg±6edRQXdT�PS�ST�Pl�`«Soc��rSPSOLUcU¬ocedRQR���qso|a�UWbcT�VwjdedRQVSf'T�Pu�SVSbc��r2T�OQP2{|OLUcUWT�bcf'e��ST�RQR�XdT�P��srST�bpU`°�T�b¨§
�ST�P�¡�°nOQT|T�onOQPx�ST�bn�`«S«SOQRQ�SVSPSXC�SJLK�I ��qsbcXdT�opUWT�RQRLUnOQopU�J

5 10 15 20 25 30
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x [a.u.]

z 
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.u
.]

�`«S«SOQRQ�SVSPSX �SJLK�I 
�a���rST�f�q�UWOQoc��rSTu^¬qsbcopUWT�RQRQVSPSX �ST�oÍ{|OLUcUWT�bcf'e��ST�RQRQo�J ^`OQTlqsP¤�ST�bÍa�UWbcT�VSVSPSX
«�T�UWT�OQRQOQXsUWT�Pl¹�qs�SVSPSXdT�P2ocOQPS�uOQPlT�OQPST�f {|OLUcUWT�b`qsPSXdT�edbc�SPST�U¬VSPS�u±6¦SrSbcT�PuVSf OQrSbcTÊ{|RQT�OQ��rSXdTÈ§
°nOQ��r�UWoc��edocOLUWOQedPx¢�bcT�OQop±6mdbcf'OQXdT|��T�°�T�XdVSPSXdT�PuqsVSo�J

^`OQT�¸�edocOLUWOQedPST�P?�ST�bÊqsP?�ST�b�a�UWbcT�VSVSPSXu«�T�UWT�OQRQOQXsUWT�P ¹�qs�SVSPSXdT�P¾ocT�OQT�P¾�SVSbc��r£�ST�P-ª¬bpUWo¨§
jdT�¢�UWedb

~rn = ~Rn + ~un
XdT�XdT�«�T�P�¡���J r�J>�SOQTZ��T�°�T�XdVSPSX��ST�b¬a�UWbcT�VST�b�VSfÁ�SOQT {|RQT�OQ��rSXdT�°nOQ��r�UWo¨§

��edocOLUWOQedP ~Rn
°nOQbc�u�SVSbc��r

~un
«�T�oc��rSbcOQT�«�T�P�J�^`OQT�{|RQT�OQ��rSXdT�°nOQ��r�UWoc��edocOLUWOQedPu¢�qsPSP2�SVSbc��r¶}�°�T�O

edbpUWrSedXdedP�qsRQT�� T�¢�UWedbcT�P
~a||
VSPS�

~az
«�T�oc��rSbcOQT�«�T�P °�T�bc�ST�P�¡�jdedP �ST�PST�P T�OQPST�b=��qsbWqsRQRQT�Rn}�VSb

ª¬«�T�bp~>�s��rSTZRQOQT�XsUyVSPS�%�ST�b�qsPS�ST�bcT[ocT�PS¢�bcT���r�U¬}�V%OQrSb�J

~Rn = n||~an||
+ nz~anz

�6�SJLK��

^`OQT�ocT�oÊt%e��ST�RQR edbcOQT�P�UWOQT�bpU|ocOQ��r qsP T�OQPST�b|�`bc«�T�OLU¬jdedP?^`VwUcU�qxVSPS�¾a�OQPSr�q � �SVwUcU�qwK �d»wK � J1^`T�b
�`VSocX�qsPSXdoc�SVSPS¢�U²�ST�b ��T�bcT���rSP�VSPSXÊ�ST�b �SOLº�VSocT�PÍa�UWbcT�VSVSPSXZOQopU�{|RQT�OQ��r�VSPSXÊI�JLK�©wJ�^`T�b jdedP'�ST�b
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¸Dbced«�T�PSXdT�edf'T�UWbcOQT�VSPS�£�ST�f ½?T�RQRQT�P�jdT�¢�UWedbc¦S«�T�bpUWbWqsX¶qs«Sr��sPSXdOQXdT'�`P�UWT�OQR�}�VSbCa�UWbcT�VSVSPSX2OQopU
XdT�XdT�«�T�P%�SVSbc��r

dσ

dΩ
∝ S(~q) =

〈

Σn,mei~q(~rn−~rm)
〉

.
�6�SJ]I �

µ�P�UWT�b � T�bp°�T�PS�SVSPSX'jdedPu{|RQT�OQ��r�VSPSXC�SJLK[Rz�socopUnocOQ��r%�SOQT�ocT {|RQT�OQ��r�VSPSXC}�V

S(~q) =
∞
∑

n||,m||=−∞

Λ
∑

nz ,mz

eiq||a||(n||−m||)+iqzaz(nz−mz)
〈

ei~q(~un−~um)
〉

=

∞
∑

n||,m||=−∞

Λ
∑

nz,mz

eiq||a||(n||−m||)+iqzaz(nz−mz) ·
〈

eiq||(u||(n||,nz)−u||(m||,mz))+iqz(uz(n||,nz)−uz(m||,mz))
〉

VSfC±6edbcf'T�P�J>^`OQTÊa�VSf'f�q�UWOQedPÍT�bp±6edRQXsU�OQPxjdT�bpUWOQ¢�qsRQT�b�knOQ��r�UWVSPSX�«SOQonOQP%�SOQT MDOQPS�SbcOQPSXsUWOQT�±6T|�ST�b
knmdP�UWXdT�PSopUWbWqsrSRQVSPSX

Λ
J µ�P�UWT�bÍÂ�VSrSOQRL±6T�P�qsrSf'T=�ST�o=�²qs¢sT�b¨§ �`qsVSoc�Sedbpº �yrST�edbcT�f'o'¢�qsPSP+��qso

opU�q�UWOQopUWOQoc��rST t%OLUcUWT�R��ST�b�MG�w��edPST�P�UWOzqsRL±6VSPS¢�UWOQedPxP�qs��r%�ST�b�knT���rST�PSbcT�XdT�R

< ea+b >= e
1
2
(<a2>+<b2>+2<ab>) �6�SJ h �

VSf'XdT�±6edbcf U`°�T�bc�ST�P�J ¥ ¦Sb¬�SOQTÊT�OQPS}�T�RQPST�P?a�VSf'f�qsPS�ST�P2OQf MG�w��edPST�P�UWT�P?�ST�b¬bcT���r�UWT�P£a�T�OLUWT
jdedPu{|RQT�OQ��r�VSPSXC�SJ h�T�bcXdOQ«wUnocOQ��r 


< (iq||[u||(n||, nz) − u||(m||, mz)])
2 >

�6�SJ � �
= q2

||(− < u||(n||, nz)
2 > − < u||(m||, mz)

2 > +2 < u||(n||, nz)u||(m||, mz) >),

< (iqz[uz(n||, nz) − uz(m||, mz)])
2 >

�6�SJ]� �
= q2

z(− < uz(n||, nz)
2 > − < uz(m||, mz)

2 > +2 < uz(n||, nz)uz(m||, mz) >)

VSPS�

< −q||qz[up(n||, nz) − u||(m||, mz)][uz(n||, nz) − uz(m||, mz)] >
�6�SJ © �

= −q||qz[< u||(n||, nz)uz(n||, nz) > − < u||(n||, nz)uz(m||, mz) > −
< u||(mx, mz)uz(nx, nz) > + < u||(m||, mz)uz(m||, mz) >].

¿ÀP£�`PSr�qsPSX2�"°nOQbc�¾XdT�}�T�OQXsU�¡���qsocoC{|RQT�OQ��r�VSPSXu�SJ ©lOQ�ST�P�UWOQoc��r-vlOQopU�¡�°�T�PSP£f�qsP¾T�OQPST'½?T�R §
RQT�P�«�T�°�T�XdVSPSX�jdedbWqsVSococT�UW}�U�¡�«�T�O��ST�b��SOQT ¥ RQ¦SococOQXd¢sT�OLUWopUWT�OQRQ��rST�Pl¯|bcT�OQoc«�T�°�T�XdVSPSXdT�PuVSfgOQrSbcT�P
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a���r�°�T�bc�SVSPS¢�U[qsVSop±6¦SrSbcT�P�J
S(~q)

«�T�¢sedf'f Unocedf'OLUy�SOQT ¥ edbcf

S(~q) =

∞
∑

n||,m||=−∞

Λ
∑

nz,mz=0

eiq||a||(n||−m||)+iqzaz(nz−mz)

×eq2
z(−<uz(n||,nz)2>−<uz(m||,mz)2>+2<uz(n||,nz)uz(m||,mz)>)

×eq2
||
(−<u||(n||,nz)2>−<u||(m||,mz)2>+2<u||(n||,nz)u||(m||,mz)>).

�6�SJ]\ �

^¬qnoce�°�edrSR��SOQT ¥ RQ¦SococOQXd¢sT�OLUWoced«�T�bp~>�s��rST qsRQo�qsVS��r[�SOQTDocOQ��r[VSP�UWT�b��ST�b�ª¬«�T�bp~>�s��rST «�T�³�PS�SRQOQ��rST�P
{|OLUcUWT�bcT�«�T�PST�P'qsRQoGRzq�UWT�bWqsR�OQocesUWbced�Ê«�T�UWbWqs��r�UWT�U °�T�bc�ST�PC¢smdPSPST�P�¡�¢�qsPSP�T�OQPSTna�VSf'f�q�UWOQedP ¦S«�T�b
m||

�SOQbcT�¢�U�qsVSocXdT�±6¦SrSbpUn°�T�bc�ST�PlVSPS�%T�on±6edRQXsU

S(~q) = 2N

N
∑

n||=−N

Λ
∑

nz ,mz=0

eiq||a||(n||)+iqzaz(nz−mz)

×eq2
z(−<uz(0,nz)2>−<uz(0,mz)2>+2<uz(n||,nz)uz(0,mz)>)

×eq2
||
(−<u||(0,nz)2>−<u||(0,mz)2>+2<u||(n||,nz)u||(0,mz)>).

�6�SJ » �

^¬qs«�T�O>°nVSbc�ST¬¦S«�T�b�T�OQP�rSOQPSbcT�OQ��rST�PS��Xdbce �dT�o²MDRQT�f'T�P�U��ST�oy{|OLUcUWT�bco f'OLU�Ì Rzq�UWT�bWqsR�jdT�bpUWT�OQRLUWT�P
{|OLUcUWT�bc�SVSPS¢�UWT�P¶ocVSf'f'OQT�bpU�J�Ì`qs��r¶�`PSr�qsPSXx��ocOQPS�2�SOQTÊRzq�UWT�bWqsRQT�PlVSPS�2jdT�bpUWOQ¢�qsRQT�P¶¯�edbcbcT�Rzq�§
UWOQedPSop±6VSPS¢�UWOQedPST�P

< u||(0, nz)u||(n||, mz) >
VSPS�

< uz(0, nz)uz(n||, mz) >
XdT�XdT�«�T�PÍ�SVSbc��r 


< u||(0, nz)u||(n||, mz) >=

qmax
∫

qmin

dq
J0(qa||n||)

q
e−qaz(nz+mz) �6�SJ � �

VSPS�

< uz(0, nz)uz(n||, mz) >=

qmax
∫

qmin

dq
J0(qa||n||)

q
e−qaz(nz+mz).

�6�SJLK�v �

^`T�o¬½?T�OLUWT�bcT�PuT�bcXdOQ«wU¬ocOQ��r2T�OQPSTZjdT�bpUWOQ¢�qsRQTs¡�P�VSPujdedP2�ST�b|tlq�UWT�bcOzqsRLUWOQT�±6TZqs«Sr��sPSXdOQXdT f'OLUcUWT�bcT
��V�qs�SbWq�UWOQoc��rSTZ�`VSocRQT�PS¢�VSPSX'�ST�b ¥ RQ¦SococOQXd¢sT�OLUWopUWT�OQRQ��rST�P 
cT��ST�bnRzq�UWT�bWqsRQT�P%{|OLUcUWT�bcT�«�T�PST

< uz(0, nz)uz(0, nz) >=
kBT

2πγ

qmax
∫

qmin

dq
e−2qaznz

q
.

�6�SJLKdK��

Â�VSbZTÈ�Sqs¢�UWT�P-��T�bcT���rSP�VSPSXujdedP
S(q)

fÊ¦SocopUWT�P¾P�VSP¾��qsoZ¿ÀP�UWT�XdbWqsR ¦S«�T�bZ�ST�P¾}�VSX��sPSXdRQOQ��rST�P
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½?T�RQRQT�P�jdT�¢�UWedbc«�T�bcT�OQ��r VSPS�2}�°�T�OD¿ÀP�UWT�XdbWqsRQTÊ¦S«�T�b|��qso[¸Dbced«�T�P�jdedRQVSf'T�P¶XdT�RQmdopU`°�T�bc�ST�P�J�^`OQT
¹1mdocVSPSXx�SOQT�ocT�b|¿ÀP�UWT�XdbWqsRQTÊT�bp°nOQT�o|ocOQ��r¶qsRQo¬PSOQ��r�U|UWbcOLj�OzqsR J��`RQRQT�bc�SOQPSXdo`¢�qsPSP¶�SVSbc��r¶T�OQPST�MDOQP�§
oc��rSbW�sPS¢�VSPSX-�ST�oxt%e��ST�RQRQo�qsVw± ¥ RQ¦SococOQXd¢sT�OLUWT�P/f'OLU'rSedrST�bÍª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSXS¡²°nOQT%ocOQT
}sJ �`J�«�T�O ~�¦SococOQXdT�P¤t%T�U�qsRQRQT�P¶jdedbc¢sedf'f U�¡��SOQT�knT���rSP�VSPSXu±6edbpUWXdT�ocT�UW}�U °�T�bc�ST�P�J MDOQPST�Xdbce �dT
ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX�±6¦SrSbpU²}�VÍ¢�RQT�OQPST�P��`f'�SRQOLUWVS�ST�P'�ST�bnª¬«�T�bp~>�s��rST�Pw~�VS¢�UWV�q�UWOQedPST�P�J�a�e�§
f'OLUy¢smdPSPST�Pl}�°�T�O��ST�bn�SbcT�O�MG�w��edPST�P�UWOzqsRL±6VSPS¢�UWOQedPST�PxOQPl{|RQT�OQ��r�VSPSXC�SJ »�OQPxT�OQPST��Gq� �RQedbcbcT�OQrST
T�P�UÀ°nOQ��¢sT�RLU�°�T�bc�ST�P�J

S(q)
r�q�U�P�VSP%�SOQT ¥ edbcf

S(q) = 2N

N
∑

np=−N

Λ
∑

nz ,mz=0

eiq||a||(n||)+iqzaz(nz−mz)×

[

2 < u||(n||, nz)u||(0, mz) > +2 < uz(n||, nz)uz(0, mz) > +A(nz, mz)
]

,
�6�SJLK�I �

f'OLU
A(nz, mz) = 1 + q2

||(− < u||(0, nz)
2 > − < u||(0, mz)

2 >)+

q2
z(− < uz(0, nz)

2 > − < uz(0, mz)
2 >).

�6�SJLK�h �
^¬q

A(nz, mz)
jdedP

n||
VSP�qs«Sr��sPSXdOQX�OQopU�¡S¢�qsPSP

S(q)
OQP

S(q) = 2N

Λ
∑

nz,mz=0

eiqzaz(nz−mz)δ(q||)A(nz, mz)+

N
∑

n||=−N

Λ
∑

nz ,mz=0

eiq||a||(n||)+iqzaz(nz−mz)[2 < u||(n||, nz)u||(0, mz) > +2 < uz(n||, nz)uz(0, mz) >]

�6�SJLK�� �
VSf'XdT�±6edbcf UÊ°�T�bc�ST�P�J�^`VSbc��r+�SOQTxMDOQPw±6¦SrSbcVSPSX �ST�b'^`T�RLU�q¶^`OQopUWbcOQ«SVwUWOQedP

δ(q||)
¢�qsPSP¤ocedf'OLU

a � � �²OQPxT�OQPST�P%oc��T�¢�VSRz�sbcT�P%VSPS�%OQPxT�OQPST�Px�SOLº�VSocT�P���T�OQR

S(q)diff =
N
∑

n||=−N

Λ
∑

nz ,mz=0

eiq||a||(n||)+iqzaz(nz−mz)

·[2 < u||(n||, nz)u||(0, mz) > +2 < uz(n||, nz)uz(0, mz) >]
�6�SJLK�� �

qsVw±6XdT�oc��qsRLUWT�PÊ°�T�bc�ST�P�J�{|RQT�OQ��r�VSPSX¬�SJLK��n°nOQbc���SVSbc��r'MDOQPSocT�UW}�T�PC�ST�b ¯�edbcbcT�Rzq�UWOQedPSop±6VSPS¢�UWOQedPST�P
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}�V

S(q) =
kBT

2πγ

1

q2
||

(q2
|| + q2

z)
Λ
∑

nz,mz=0

eiqzaz(nz−mz)e−q||az(nz+mz) �6�SJLK�© �

VSf'XdT�±6edbcf U�J�t%OLU �ST�b OQP�jdT�bcocT�PxMDOQPS�SbcOQPSXsUWOQT�±6T
L
�ST�b²knmdP�UWXdT�PSopUWbWqsrSRQVSPSXZOQP'��qso²¸Dbced«�T�PSf�q�§

UWT�bcOzqsR�¢�qsPSP%�SOQT[^`ed�S��T�RQocVSf'f'T|OQPÍT�OQP%¿ÀP�UWT�XdbWqsR1VSf'XdT�±6edbcf U²°�T�bc�ST�P 


Λ
∑

nz ,mz=0

eiqzaz(nz−mz)e−q||az(nz+mz) ∝
∣

∣

∣

∣

∫

dzeiqzze−iz(q||+L)

∣

∣

∣

∣

2

=
1

(q|| + L)2 + q2
z

.
�6�SJLK�\ �

a�edf'OLUyr�q�U
S(q)diff

�SOQT ¥ edbcf
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¥ ¦Sb
1/L ≈ 100

�ÃVSPS�
q|| > 0.01

� −1 OQopU

S(q) ∝ 1

γq2
||
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¥ ¦Sb�Xdbce �dTÊª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSXdT�P2°nOQbc�%�ST�f'P�qs��ru��qso`MDbcXdT�«SPSOQo�}�VSb¬��T�oc��rSbcT�OQ«SVSPSX=�ST�b
�SOLº�VSocT�P a�UWbcT�VSVSPSXÍqsVSo|¯[qs�SOLUWT�RGI'bcT��Sbce��SVS}�OQT�bpU�J ¥ ¦Sb`�SOQTÊa�UWbcT�VSVSPSXxqsPl°²�sococbcOQXdT�P¶¹1mdocVSP�§
XdT�P OQopU[�SOQT�ocT'Ì`�srST�bcVSPSX

cT��Se���r PSOQ��r�UZXd¦SRLUWOQXS¡���qÍ�SOQT�PSOQT��SbcOQXdT'ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSXu}�V
opU�qsbc¢sT�P¶ª¬«�T�bp~>�s��rST�Pw~�VS¢�UWV�q�UWOQedPST�Pl±6¦SrSbpU�J�a�UWbcT�VSTÈ�w��T�bcOQf'T�P�UWT qsP2ª¬«�T�bp~>�s��rST�P%jdedPl~�¦SococO §
XdT�Pxt%T�U�qsRQRQT�P�¡��SOQT�T�OQPST�ocT�rSb�rSedrST|ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSXC«�T�ocOLUW}�T�P�¡�°nOQT`ocOQT�«�T�OQoc�SOQT�RQop°�T�OQocT
jdedP¶¹1O ��� � ��� � RQO
Isvdvs�S¡�RQO
Isvdv������SVSbc��rSXdT�±6¦SrSbpU¬°�edbc�ST�P¶ocOQPS��¡�ocedRQRLUWT�P 
cT��Se���r2�SVSbc��r2��qso¬rSOQT�b
rST�bcXdT�RQT�OLUWT�UWTZMDbcXdT�«SPSOQoybcT��Sbce��SVS}�OQT�bpUn°�T�bc�ST�P�J
¿Àf�P�VSP ±6edRQXdT�PS�ST�P �`«Soc��rSPSOLUcU ocedRQR�XdT�P�qsVST�b qsVw± ¥ edbcf'T�R��SJLKdK�T�OQPSXdT�X�qsPSXdT�PZ°�T�bc�ST�P�JdMDOQPST

P�VSf'f'T�bcOQoc��rSTZ¿ÀP�UWT�XdbWq�UWOQedPÍjdedP2{|RQT�OQ��r�VSPSX'�SJLKdK[¦S«�T�b
q||
RQOQT�±6T�bpUnT�OQPST�P � T�bcRzqsVw± �ST�bnf'OLUcUWRQTÈ§

bcT�P ��V�qs�SbWq�UWOQoc��rST�Pl�`VSocRQT�PS¢�VSPSX��ST�b¬{|OLUcUWT�bpUWT�OQRQ��rST�P
L(z)

qsRQo ¥ VSPS¢�UWOQedPx�ST�b¬tlq�UWT�bcOzqsRLUWOQT�±6T
z
¡w°nOQT¬T�b²OQP=�`«S«SOQRQ�SVSPSXÊ�SJLK�h �6RQOQPS¢�o � qsf���T�OQoc�SOQT�R�T�OQPST�b�½¾qsococT�bced«�T�bp~>�s��rST[��qsbcXdT�opUWT�RQRLU²OQopU�J
tlqsP?T�bc¢sT�PSP�UÊ�ST�VwUWRQOQ��r �SOQT�f'OLU[�ST�b tlq�UWT�bcOzqsRLUWOQT�±6TÊ}�VSPST�rSf'T�PS�ST=^¬�sf'�w±6VSPSX%�ST�b ¥ RQ¦SococOQX�§
¢sT�OLUWoc«�T�°�T�XdVSPSXSJ1^`OQT�ocT���T�°�T�XdVSPSX=³�PS�ST�U 
cT��Se���r2«SOQo�}�V2T�OQPST�b �yOQT�±6TZjdedPu��qwJ

107 �"opU�q�UcU�J
��T�O �ST�b ��T�UWbWqs��r�UWVSPSXljdedP-a�UWbcT�VSTÈ�w��T�bcOQf'T�P�UWT�P�¡��SOQT'VSP�UWT�b opUWbcT�OL±6T�PS�ST�f MDOQPw±�qsRQRD�SVSbc��rSXdTÈ§
±6¦SrSbpU=°�T�bc�ST�P�¡²fÊVSoco�
cT��Se���r �SOQTlT�PS�SRQOQ��rSTuMDOQPS�SbcOQPSXsUWOQT�±6T%�ST�bÍknmdP�UWXdT�PSopUWbWqsrSRQVSPSX¾OQP+��qso
tlq�UWT�bcOzqsR «�T�qs��r�UWT�UZ°�T�bc�ST�P�JG^`OQT�ocTCRQOQT�XsU|«�T�OD¢�RQT�OQPST�P¶½?T�RQRQT�P�jdT�¢�UWedbc¦S«�T�bpUWbW�sXdT�P VSP�UWT�bcr�qsRQ«

cT�PST�b �yOQT�±6Ts¡�«�T�O��ST�bn�SOQT[¯[qs�SOQRQRzqsbp°�T�RQRQT�P�«�T�°�T�XdVSPSX�qs«SXdT�¢�RQVSPSXdT�PxOQopU�J���T�O1�ST�bn��T�bcT���rSP�VSPSX
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�`«S«SOQRQ�SVSPSXÍ�SJLK�h 
1¹1OQPS¢�o 
�^¬qsbcopUWT�RQRQVSPSXÍ�ST�b[¦S«�T�b
q||
OQP�UWT�XdbcOQT�bpUWT�P ��mdrST�Pw~�VS¢�UWV�q�UWOQedPST�P �ST�b

{|OLUcUWT�bcT�«�T�PST�PlqsRQo ¥ VSPS¢�UWOQedP%�ST�b �yOQT�±6T
z
J�knT���r�UWo 
�^¬qsbcopUWT�RQRQVSPSXC�ST�bn°�T�RQRQT�P�jdT�¢�UWedbWqs«Sr��sPSXdO §

XdT�P£��T�OLUWbW�sXdTC}�VSbÊª¬«�T�bp~>�s��rST�PSbWqsVSOQXd¢sT�OLU �6XdT�opUWbcOQ��rST�RLU 
�P�qs��r-{|RQT�OQ��r�VSPSXlhwJLK�� � �SVSbc��rSXdT�}�e�§XdT�P 
�OQPS¢sedr��sbcT�P�UWT a�VSf'f�q�UWOQedP
�ÈJ

T�OQPST�b|T�º�T�¢�UWOLjdT�P�¡�OQPS¢sedr��sbcT�P�UZocVSf'f'OQT�bpUWT�P¶k�qsVSOQXd¢sT�OLU|�ST�b ª¬«�T�bp~>�s��rSTs¡1��J r�J1«�T�O �ST�b[¿ÀP�UWTÈ§
XdbWq�UWOQedPÍ¦S«�T�bn�SOQT ¥ RQ¦SococOQXd¢sT�OLUWopUWOQT�±6Ts¡w°nOQbc�x��qsrST�bn�SOQT[MDOQPS�SbcOQPSXsUWOQT�±6T¬�ST�b`knmdP�UWXdT�PSopUWbWqsrSRQVSPSX
qsRQo¬ed«�T�bcTÊ¿ÀP�UWT�XdbWq�UWOQedPSocXdbcT�PS}�T�XdT�°²�srSRLU�¡1qsVS��r2°�T�PSP¶ocOQ��r¶�SOQT�¯[qs�SOQRQRzqsbp°�T�RQRQT�P�«�T�°�T�XdVSPSX�OQP
PSe���r=UWOQT�±6T�bcT`knT�XdOQedPST�P�±6edbpUWocT�UW}�U�Jw^`T�by��T�OLUWbWqsX }�VSb�OQPS¢sedr��sbcT�P�U²ocVSf'f'OQT�bpUWT�P=k�qsVSOQXd¢sT�OLU²qsRQo
¥ VSPS¢�UWOQedP��ST�oD½?T�RQRQT�P�jdT�¢�UWedbc¦S«�T�bpUWbWqsXdT�o OQopUDT�«�T�Pw±�qsRQRQo OQPÊ�`«S«SOQRQ�SVSPSX|�SJLK�h �6bcT���r�UWo�¡��SVSbc��rSXdTÈ§
}�edXdT�PSTÊ¹1OQPSOQT�����qsbcXdT�opUWT�RQRLU�J�Â�VSf � T�bcXdRQT�OQ��rx°nVSbc�ST �ST�b`��T�OLUWbWqsX'}�VSb`k�qsVSOQXd¢sT�OLUnP�qs��r¶{|RQT�O §
��r�VSPSX'hwJLK��Ê«�T�bcT���rSPST�UnVSPS�xT�«�T�Pw±�qsRQRQo OQP=�`«S«SOQRQ�SVSPSXÊ�SJLK�h �6XdT�opUWbcOQ��rST�RLUWT¬¹1OQPSOQT��D��qsbcXdT�opUWT�RQRLU�J
tlqsP%T�bc¢sT�PSP�U¬T�OQPST�Px~>qs��rST�bcT�P � T�bcRzqsVw±G�ST�bnOQPS¢sedr��sbcT�P�U�ocVSf'f'OQT�bpUWT�P%k�qsVSOQXd¢sT�OLUnP�qs��rl�ST�f
{|OLUcUWT�bcf'e��ST�RQR ¡s°²qso²T�OQP=¿ÀPS�SOQ}�±6¦Sb�T�OQPST¬MDbcrSmdr�VSPSX��ST�b²�SOLº�VSocT�P%a�UWbcT�VSVSPSX�OQf � T�bcXdRQT�OQ��r=}�VSb
knT���rSP�VSPSXxP�qs��r ¥ edbcf'T�R�hwJLK���ocT�OQPu¢�qsPSP�J�MDo`ocT�O 
cT��Se���r¶qsPSXdT�f'T�bc¢�U�¡���qsoco¬T�o¬ocOQ��r2«�T�O��ST�b
��T�bcT���rSP�VSPSX¾P�qs��r ¥ edbcf'T�R��SJLKdKxVSf T�OQPSTxOQPS¢sedr��sbcT�P�UWTla�VSf'f�q�UWOQedP¾r�qsPS�ST�RLU�¡ �SOQT=¢sT�OQPST�P
�SOQbcT�¢�UWT�Plkn¦S��¢�oc��rSRQVSoco¬qsVw± �SOQT|OQPÍT�OQPST�fga�UWbcT�VSTÈ�w��T�bcOQf'T�P�U�XdT�f'T�ococT�PST k�qsVSOQXd¢sT�OLUn}�VSRz�socopU�J
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¿Àf�T�bcopUWT�P ��T�OQR��SOQT�ocT�on¯[qs�SOLUWT�RQo °nVSbc�ST�P%�SOQT¬MDRQT�¢�UWbcedPST�PS�SOQ��r�UWT��Sbces³�RQT¬°²�sococbcOQXdT�bnÌ`q�UWbcOQVSf�§
r�qsRQedXdT�PSOQ�l¹1mdocVSPSXdT�P2VSP�UWT�bcocVS��r�U�J1^`OQT�t%esUWOLjsq�UWOQedPx±6¦Sb��SOQT�ocTÊµ�P�UWT�bcocVS��r�VSPSXx°²qsbcT�P¶t%edRQTÈ§
¢�VSRzqsbn^� �P�qsf'OQ¢Ía�OQfÊVSRzq�UWOQedPST�P�¡��SOQT|T�OQPSTZa���rSOQ��r�UW«SOQRQ�SVSPSX'qsPx�ST�b ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qson{|bcT�PS}È§
~>�s��rST[jdedbWqsVSocoWqsXdT�P�J
MDoG¢sedPSP�UWT²XdT�}�T�OQXsU�°�T�bc�ST�P�¡d��qsocoG�SOQT�ocTya���rSOQ��r�UW«SOQRQ�SVSPSX¬�SVSbc��r��SOQT�¯[qs�SOQRQRzqsbp°�T�RQRQT�PSbWqsVSOQX�§

¢sT�OLUyjdT�bpUWOQ¢�qsR�opU�qsbc¢�XdT�XdRz��UcUWT�U²°nOQbc��JSMDOQPxÌ`qs��r�°�T�OQonf'OLUcUWT�RQo²knmdP�UWXdT�PSbcT�~�T�¢�UWOLj�OLU���UWocf'T�ococVSPSX
oc��rST�OQP�U'��qsrST�b�oc��r�°�T�b'f'mdXdRQOQ��r�¡�°²qso��SVSbc��r+knT�~�T�¢�UWOLj�OLU���UWocf'T�ococVSPSXdT�P+qsf ¹�qs«�edbc�SOLº�bWqs¢d§
UWedf'T�UWT�b'^¬» «�T�opU���UWOQXsU�°�T�bc�ST�P/¢sedPSP�UWTsJ �`RQRQTxqsVw±6XdT�PSedf'f'T�PST�P+knT�~�T�¢�UWOLj�OLU���UWT�P¤¢sedPSP�UWT�P
�SVSbc��r-T�OQP¾^`OQoc��T�bcocOQedPSoc�Sbces³�R�f'OLUZP�VSb T�OQPST�b ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qsoÊ{|bcT�PS}�~>�s��rST=edrSPST=}�VSoW��UW}È§
RQOQ��rST¾a���rSOQ��r�Ul«�T�oc��rSbcOQT�«�T�P®°�T�bc�ST�P�J ¥ qsRQRQoÍT�OQPST ¿ÀedPST�P­�`P�§=e��ST�b%�`«SbcT�OQ��rST�bcVSPSX/qsP­�ST�b
¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qsox{|bcT�PS}�~>�s��rST?qsVw±
UWbcOLUcU�¡�oce¤RQOQT�XsU=�SOQT�ocT¶VSP�UWT�bcr�qsRQ« �ST�b%Ì`qs��r�°�T�OQocXdbcT�PS}�Ts¡
�SOQT[�SVSbc��r%��qsonOQPx�SOQT�ocT�bn�`bc«�T�OLU²jdT�bp°�T�PS�ST�UWT�^`OLº�bWqs¢�UWedf'T�UWT�byXdT�XdT�«�T�Px°nOQbc��J
a�edf'OLU¬¢sedPSP�UWTC«�T�O �ST�b[�`VSop°�T�bpUWVSPSX%�ST�b[�SOLº�VSocT�P?a�UWbcT�VSVSPSXlqsP2�ST�P ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qso

{|bcT�PS}�~>�s��rST�P¤�ST�b'awqsRQ}�RQmdocVSPSXdT�P¾jdedP+{|bcT�PS}�~>�s��rST�P+qsVSocXdT�X�qsPSXdT�P£°�T�bc�ST�P�¡ °�T�RQ��rSTx¢sT�OQPST
P�qs��r�°�T�OQoc«�qsbcT�a���rSOQ��r�UW«SOQRQ�SVSPSX'qsVw±
°�T�OQocT�P�J
^`OQT[qsPx�ST�b`a�UWbWqsrSRQRQOQPSOQT�¿¨^ K�vs«%�SVSbc��rSXdT�±6¦SrSbpUWT�P2t%T�ococVSPSXdT�Pu�ST�bn�SOLº�VSocT�Pua�UWbcT�VSVSPSX�qsP

�ST�P ¥ RQ¦SococOQXd¢sT�OLUWoced«�T�bp~>�s��rST�Px°²�sococbcOQXdT�b�Ì`q�UWbcOQVSf'r�qsRQedXdT�PSOQ�Í¹1mdocVSPSXdT�P%VSPS�x½¾qsococT�b�¢sedPSP�§
UWT�P?�SVSbc��r¾��T�qs��r�UWVSPSXu�ST�b|°�T�RQRQT�P�jdT�¢�UWedbWqs«Sr��sPSXdOQXdT�P£ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSXuP�qs��r£t%T���¢sT
��� ���	� «�T�oc��rSbcOQT�«�T�PC°�T�bc�ST�P�J�^`OQTyocOQ��r�qsVSoD�ST�bD�`PS��qsococVSPSX T�bcXdT�«�T�PS�ST�P=t%edRQT�¢�¦SRQbWqs�SOQT�P�ocOQPS�
T�OQPSrST�OLUWRQOQ��r�Xdbcm �dT�b qsRQoD�SOQTyOQPC�ST�b ¹1OLUWT�bWq�UWVSb qsV �'PS�S«�qsbcT�P'½?T�bpUWTs¡d°²qso f'OLUD�ST�f jdedP=t%T���¢sT
��� ���	� jdT�bp°�T�PS�ST�UWT�P t%e��ST�RQR�T�OQPST�b � qsP%�ST�by½¾qdqsRQo ¥ RQ¦SococOQXd¢sT�OLUn}�VSoWqsf'f'T�PSr��sPSXdT�Px¢smdPSP�UWTsJ
Â�VSbnTÈ�Sqs¢�UWT�bcT�P2��T�oc��rSbcT�OQ«SVSPSX��ST�b��SOLº�VSocT�Pua�UWbcT�VSVSPSX'°nVSbc�STZ�SOQT[Rzq�UWT�bWqsRQT[¯�edf'��edPST�P�§

UWT=�ST�b �SVSbc��r£�SOQTÍt%edRQT�¢�¦SRQT��SVSbc��rSXdT�±6¦SrSbpUWT�P-¯|bcT�OQoc«�T�°�T�XdVSPSX2XdT�P�qsVSoceu°nOQT��SOQTCjdT�bpUWOQ¢�qsRQT
^¬�sf'�w±6VSPSX|�SOQT�ocT�b ��T�°�T�XdVSPSX[f'OLU OQPÊ�SOQTy��T�bcT���rSP�VSPSXZ�ST�o �SOLº�T�bcT�P�UWOQT�RQRQT�P�a�UWbcT�V���VST�bcoc��rSPSOLUp§
UWT�oGqsVw±6XdT�PSedf'f'T�P�J�^`OQT�ocT���T�bcT���rSP�VSPSX`°nVSbc�ST ±6¦Sb1~�¦SococOQXdT�t%T��SOQT�P f'OLU1rSedrST�b ª¬«�T�bp~>�s��rST�P�§
oc��qsPSP�VSPSX'�SVSbc��rSXdT�±6¦SrSbpUnVSPS�Í}�T�OQXsUyT�OQPST

1/q2
||

�`«Sr��sPSXdOQXd¢sT�OLU²�ST�by�SOLº�VSo²XdT�opUWbcT�VwUWT�Pla�UWbWqsr�§
RQVSPSXCjdedf¼½?T�RQRQT�P�jdT�¢�UWedbc¦S«�T�bpUWbWqsX���qsbWqsRQRQT�R�}�VSb`¸Dbced«�T�PSed«�T�bp~>�s��rSTsJ�^`OQT�ocT�o¬MDbcXdT�«SPSOQon°�T�OQopU
��qsbWqsVw±yrSOQP�¡1��qsoco ��qso[jdT�bp°�T�PS�ST�UWT%{|OLUcUWT�bcf'e��ST�RQR ¡�qsVS��r?°�T�PSP¾T�o T�OQP opU�qsbc¢ujdT�bcT�OQPw±�qs��r�UWT�o
t%e��ST�RQR�T�OQPST�b ¥ RQ¦SococOQXd¢sT�OLU²��qsbcopUWT�RQRLU�¡��ST�b²bcOQ��r�UWOQXdT`�`PSoWq�UW}�Un}�VSby¹1mdocVSPSX��ST�o�a�UWbcT�VS�Sbced«SRQT�f'o
OQopU�J
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¿Àf k�qsrSf'T�P �SOQT�ocT�b£�`bc«�T�OLU?°nVSbc�ST�PY}�°�T�OxVSP�UWT�bcoc��rSOQT��SRQOQ��rST �yrST�f'T�PSXdT�«SOQT�UWT f'OLU¾�ST�P
t%T�UWrSe��ST�P¾�ST�bZT�RzqsopUWOQoc��rST�P¾ed«�T�bp~>�s��rST�PSocT�PSocOLUWOLjdT�P-knmdP�UWXdT�PSopUWbcT�VSVSPSXuVSP�UWT�bcocVS��r�U�JG¿Àf T�b¨§
opUWT�P ��T�OQRy�ST�bC�`bc«�T�OLU�°nVSbc�ST�P+�SOQT ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qso'{|bcT�PS}�~>�s��rST�P¤½¾qsococT�b¨§¨¸Dbced��qsP+VSPS�
{|RL �}�T�bcOQP�§À¿Àoced«SVwU�qsPl«�T�}�¦SXdRQOQ��ru�ST�b|a�UWbcVS¢�UWVSbc«SOQRQ�SVSPSX=qsPu�SOQT�ocT�P¶{|bcT�PS}�~>�s��rST�P¶VSP�UWT�bcocVS��r�U�J
^¬qso=a� �opUWT�f ½¾qsococT�b¨§¨¸Dbced��qsP¤�SOQT�P�UWTx}�VSb�µ�P�UWT�bcocVS��r�VSPSX£�ST�b�{[qsocr� ��SbWq�UW«SOQRQ�SVSPSX qsP¤�ST�b
½¾qsococT�b¨§p{[qso {|bcT�PS}�~>�s��rSTsJGµ�P�UWT�bcocVS��r�VSPSXdT�P-qsP �SOQT�ocT�b {|bcT�PS}�~>�s��rST'VSP�UWT�b ��T��SOQPSXdVSPSXdT�P�¡
VSP�UWT�b��ST�PST�P=�SOQT���OQRQ�SVSPSX[jdedPÍ{[qsocr� ��SbWq�U²T�bp°²qsbpUWT�U °nOQbc��¡�¢sedPSP�UWT�P=¢sT�OQPST�bcRQT�O ��OQP�°�T�OQocT¬qsVw±
�SOQT ¥ edbcf�q�UWOQedPÍjdedP2¸Dbced��qsPSr� ��SbWq�U|e��ST�b`¸Dbced��qsPSr� ��SbWq�Uc±6bWqsXdf'T�P�UWT�P2RQOQT�±6T�bcP�¡S°nOQT ocOQT P�qs��r
�ST�b ��RQVSopUWT�b�Ì�VS��RQT�q�UWOQedP �n ���esUWrST�ocOQo VSPS���ST�fYt%e��ST�RQR�P�qs��r=¯ jsqsf'f'T ��� ���	� jdedbWqsVSocXdT�oWqsXsU
°�T�bc�ST�P�J
MDol°nVSbc�ST�
cT��Se���rÃ�SOQT?�y�Socedbc�wUWOQedP®jdedP�f'edRQT�¢�VSRzqsb%�S¦SPSPST�P�¸Dbced��qsPw³�RQf'T�P�qsVw±'�ST�b

½¾qsococT�bced«�T�bp~>�s��rST%«�T�ed«�qs��r�UWT�U�J ^`OQT=UWrST�edbcT�UWOQoc��rST�P/t%e��ST�RQRQT=}�VSb'{[qsocr� ��SbWq�U���OQRQ�SVSPSX2qsP
�ST�b ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qso {|bcT�PS}�~>�s��rSTn¢sedPSP�UWT�P'ocedf'OLU PSOQ��r�U «�T�opU���UWOQXsU °�T�bc�ST�P�J�µ�f"�SOQT�ocT�a� �o¨§
UWT�f'T «�T�}�¦SXdRQOQ��r �ST�bD{[qsocr� ��SbWq�U ¥ edbcf�q�UWOQedP¬°�T�OLUWT�bG}�VÊVSP�UWT�bcocVS��rST�P�¡s°nVSbc�ST²oc��rSedP °²�srSbcT�PS�
�SOQT�ocT�b¬�`bc«�T�OLU¬T�OQPST PST�VST�^`bcVS��¢�}�T�RQRQTÊT�P�UÀ°nOQ��¢sT�RLU�¡��SOQT �SOQTÊµ�P�UWT�bcocVS��r�VSPSXxjdedP {[qso¨§ ½¾qsococT�b
{|bcT�PS}�~>�s��rST�PxVSP�UWT�b²^`bc¦S��¢sT�P%«SOQo }�VÍ©dv «�qsb T�bcf'mdXdRQOQ��r�U�J��`RQo�PST�VST�oy¸Dbced«�T�PSop �opUWT�fY°nVSbc�ST
��qsoZa� �opUWT�f ½¾qsococT�b

CO2
XdT�°²�srSRLU�¡���q

CO2
T�OQPST�rSmdrST�bcTC¹1mdocRQOQ��rS¢sT�OLU|OQf ½¾qsococT�b|«�T�ocOLUW}�U

VSPS�locedf'OLU�T�OQP%Xdbcm �dT�bcT�o¬{[qsoWqsPSXdT�«�esU�OQP%�ST�bn~�¦SococOQXdT�Pu¸Dr�qsocT «�T�opUWT�r�U�J�^`T�o�½?T�OLUWT�bcT�PlocedRQR
�SOQTna�VS��rSTnP�qs��r ��OQP�°�T�OQocT�PÊ±6¦Sb �SOQTy��OQRQ�SVSPSX`jdedP�{[qsocr� ��SbWq�U qsVw±��SOQTn{|bcT�PS}�~>�s��rST`a�OQRQOQ}�OQVSf�§
CO2

§ XdT�oW��UcUWOQXsUWT�o ½¾qsococT�bnqsVSocXdT�°�T�OLUWT�Uy°�T�bc�ST�P�J��`PÍ�SOQT�ocT�f¼a� �opUWT�fÁocedRQR��SOQT|knedRQRQT��ST�b�a�O §
RQOQ}�OQVSf'ed«�T�bp~>�s��rST|qsRQo�a�VS«SopUWbWq�U�}�VSb�¯|T�OQfÊ«SOQRQ�SVSPSX jdedPu{[qsocr� ��SbWq�U�VSP�UWT�bcocVS��r�U`°�T�bc�ST�P�J
^¬qso �y�Socedbc�wUWOQedPSopjdT�bcr�qsRLUWT�P�jdedP�{[qsocT�PCqsVw± ¥ RQ¦SococOQXd¢sT�OLUWoced«�T�bp~>�s��rST�P�°nVSbc�STy�SVSbc��r�°�T�O §

UWT�bcT¬MG�w��T�bcOQf'T�P�UWT¬qsP��ST�b²{|RL �}�T�bcOQP�§À¿Àoced«SVwU�qsPÍ{|bcT�PS}�~>�s��rST`VSP�UWT�bcocVS��r�U�J�^`T�bya���r�°�T�bc�SVSPS¢�U
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�ST�b�µ�P�UWT�bcocVS��r�VSPSXÊRzqsX|��qs«�T�O>qsVw±��ST�b �`P�qsRL �ocTn�ST�b�ª¬«�T�bp~>�s��rST�PSopUWbcVS¢�UWVSb��ST�b qs�Socedbc«SOQT�bpUWT�P
¥ OQRQf'TÍqsRQo ¥ VSPS¢�UWOQedP-�ST�b ¥ OQRQf'�SOQ��¢sTsJ MDOQPSTlÂ�VSP�qsrSf'Tx�ST�b ¥ OQRQf'bWqsVSOQXd¢sT�OLU f'OLU�opUWT�OQXdT�PS�ST�b
¥ OQRQf'�SOQ��¢sTn°nVSbc�ST¬«�T�ed«�qs��r�UWT�U�J�^`OQT�ocT�o � T�bcr�qsRLUWT�P=¢sedPSP�UWT|�SVSbc��rÍ�SOQT`�`P�°�T�PS�SVSPSXCT�OQPST�o²T�b¨§
°�T�OLUWT�bpUWT�P t%e��ST�RQRQo�±6¦Sb`�SOQTÊ¯[qs�SOQRQRzqsbp°�T�RQRQT�PSbWqsVSOQXd¢sT�OLU²�S¦SPSPST�b ¥ OQRQf'T|UWrST�edbcT�UWOQoc��r2«�T�oc��rSbcOQTÈ§
«�T�P2°�T�bc�ST�P�J�^`OQT�ocT't%T�UWrSe��STC«�T�OQPSr�qsRLUWT�U¬PST�«�T�P �ST�b[��T�bcT���rSP�VSPSXl�ST�b[k�qsVSOQXd¢sT�OLU¬�SOQTC��TÈ§
opUWOQf'fÊVSPSX��ST�b�¯�ed�S�SRQVSPSXC}�°nOQoc��rST�Pl�ST�fÁ~�¦SococOQXdT�Pua�VS«SopUWbWq�U�VSPS�%�ST�f ¥ OQRQf%J
^`OQT�µ�P�UWT�bcocVS��r�VSPSX2�ST�b ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qso {|bcT�PS}�~>�s��rST�P¾opUWT�RQRLUZocedf'OLUZT�OQPSTCPST�VST�RQed¢�q�§

RQTlt%T�UWrSe��ST%}�VSbC�`Vw±6P�qsrSf'TÍjdedP¤�y�Socedbc�wUWOQedPSocOQocesUWrST�bcf'T�P¤��qsb�¡ °�T�RQ��rST%OQf � T�bcXdRQT�OQ��r-}�V
qsPS�ST�bcT�P¤t%T�UWrSe��ST�P£}�VSbÊ��T�opUWOQf'fÊVSPSX%jdedP¾�y�Socedbc�wUWOQedPSocOQocesUWrST�bcf'T�P¾XdT�P�qsVST�¿ÀPw±6edbcf�q�UWOQe�§
PST�P¶¦S«�T�b`�SOQTCa�UWbcVS¢�UWVSb¬�ST�o|qs�Socedbc«SOQT�bpUWT�P ¥ OQRQf'onRQOQT�±6T�bpU�J�^`OQTÊµ�P�UWT�bcocVS��r�VSPSXl�ST�b[a� �opUWT�f'T
}�T�OQXsU�OQf � T�bcXdRQT�OQ��r¾}�V¤knT���rSP�VSPSXdT�P¤T�OQPST�ocT�rSb�rSedrSTx¯�ed�S�SRQVSPSXu}�°nOQoc��rST�P/a�VS«SopUWbWq�U�VSPS�
¥ OQRQf%J�^`OQT�ocT�o � T�bcr�qsRLUWT�P ¢smdPSP�UWT=qsVw±²�SOQT'µ�PS}�VSRz�sococOQXd¢sT�OLUZ�ST�bZ«�T�opUWT�rST�PS�ST�P �yrST�edbcOQT�P?}�VSb
��T�bcT���rSP�VSPSX£jdedP �`qsf�qs¢sT�bc¢sedPSopU�qsP�UWT�P rSOQP�°�T�OQocT�P�J�^`OQT�ocTloc��rSRQOQT �dT�P a�UWesº���qsbWqsf'T�UWT�bC°nOQT
�ST�P¤��bcT���r�VSPSXdocOQPS�STÈ�-e��ST�bÊ�SOQT�bcT�Rzq�UWOLjdT=¸�T�bcf'T�qs«SOQRQOLU���UZOQP¾�SOQT=knT���rSP�VSPSX T�OQP�¡��SOQT��SVSbc��r
t%T�ococVSPSXdT�P2qsP%f�qs¢�bcedoc¢sed�SOQoc��rST�Pl¸Dr�qsocT�PlXdT�°�edPSPST�P%°�T�bc�ST�P�J
^`OQT`OQfYk�qsrSf'T�P=�SOQT�ocT�b²�`bc«�T�OLU jdT�bp°�T�PS�ST�UWT�P2a� �opUWT�f'T¬}�T�OQXdT�PÍ��qso�UÀ ��SOQoc��rST � T�bcr�qsRLUWT�P

T�OQPST�bDr� ��Sbced�SrSed«�T�PC½?T���rSocT�RL°nOQbc¢�VSPSXZ}�°nOQoc��rST�P=a�VS«SopUWbWq�U VSPS� ¥ OQRQf%Jsa�e[¢smdPSPST�P'��qso ¥ OQRQf�§
VSPS�=a�VS«SopUWbWq�UWf�q�UWT�bcOzqsRSqsRQoDPSOQ��r�U f'OLUWT�OQP�qsPS�ST�b f'OQoc��r�«�qsb qsPSXdT�PSedf'f'T�PÊ°�T�bc�ST�P�J�½?T�OLUWT�bcrSOQP
¢sedPSP�UWTn�SVSbc��r'�ST�PCXdbce �dT�PCµ�P�UWT�bcoc��rSOQT���}�°nOQoc��rST�P'�ST�b ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX �ST�o a�VS«SopUWbWq�§
UWT�oGVSPS�Ê�ST�o ¥ OQRQf'o1�ST�bGMDOQPw~�VSocoG�ST�o ¥ OQRQf'o�qsVw±���qso a�VS«SopUWbWq�UGjdT�bcP�qs��rSRz�sococOQXsU�°�T�bc�ST�P�Js¿ÀPÊ}�V�§
¢�¦SPw±
UWOQXdT�P��`bc«�T�OLUWT�P�ocedRQRQT�P �SOQT�ocTyMDOQPSoc��rSbW�sPS¢�VSPSXdT�P'�SVSbc��rC�SOQT ½¾qsrSRSqsPS�ST�bcT�b a� �opUWT�f'Ts¡d�SOQT
UWT�OQRL°�T�OQocT�f'OLUWT�OQP�qsPS�ST�b�f'OQoc��r�«�qsb�ocOQPS�Ê«S}�°[JsT�OQPST��srSPSRQOQ��rSTyª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX[«�T�ocOLUW}�T�P�¡
qsVw±6XdT�rSed«�T�Pu°�T�bc�ST�P�J1MDbcopUWTCt%T�ococVSPSXdT�P?qsPuT�OQPST�f a� �opUWT�f ¸�edRL ��Sbced�� �RQT�PSXdRL ���edR §À¿Àoced«SVwU�qsP
°nVSbc�ST�Pxoc��rSedPÍ�SVSbc��rSXdT�±6¦SrSbpUyVSPS�Í}�T�OQXdT�P=T�OQP�jdedRQRQ¢sedf'f'T�P�qsPS�ST�bcT�o � T�bcr�qsRLUWT�P�Jw��T�O��SOQT�ocT�P
ocT�rSb�XdVwU f'OLUWT�OQP�qsPS�ST�bDf'OQoc��r�«�qsbcT�P=¯�edf'��edPST�P�UWT�P�oc��rST�OQP�U�T�o²qsVS��r�«�T�O�^`bc¦S��¢sT�P�¡w�SOQTnP�qsrST
qsf)¯�edPS�ST�PSoWq�UWOQedPSoc�SbcVS��¢C�ST�o ¿Àoced«SVwU�qsPSo RQOQT�XdT�P�¡d}�V'¢sT�OQPST�bcRQT�O�a���rSOQ��r�UW«SOQRQ�SVSPSXZ}�V'¢sedf'f'T�P�J
¿Àf´}�°�T�OLUWT�P ��T�OQRy�ST�bC�`bc«�T�OLUC°nVSbc�ST�P+�SOQTlª¬«�T�bp~>�s��rST�P+jdedP-°²�sococbcOQXdT�b=awqsRQ}�RQmdocVSPSXdT�P

VSPS� ½¾qsococT�bxVSP�UWT�bcocVS��r�U�J�¿ÀPAT�OQPST�bÍ¢�VSbc}�T�P®^¬qsbcopUWT�RQRQVSPSX¾°nVSbc�ST¶�ST�f'edPSopUWbcOQT�bpU�¡²��qsocox�SOQT
�SVSbc��rAt%edRQT�¢�VSRzqsb'^� �P�qsf'OQ¢+a�OQfÊVSRzq�UWOQedPST�P¾jdedbWqsVSocXdT�oWqsXsUWTu�`PSbcT�OQ��rST�bcVSPSX?jdedP ¿ÀedPST�P qsP
�ST�b ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qsoÊ{|bcT�PS}�~>�s��rST=±6¦SbÊ�SOQTÍt%T�UWrSe��STÍ�ST�b�knmdP�UWXdT�PSbcT�~�T�¢�UWOLj�OLU���UWocf'T�ococVSPSX
qsfY^`OLº�bWqs¢�UWedf'T�UWT�b�^¬»�qsV��dT�bcr�qsRQ«��ST�b�XdT�XdT�«�T�PST�PxÌ`qs��r�°�T�OQocXdbcT�PS}�T�P%RQOQT�XsU�J�^`OQT�ocT�oyMDbcXdT�«�§
PSOQoD¢sedPSP�UWT��SVSbc��r�knmdP�UWXdT�PSbcT�~�T�¢�UWOLj�OLU���UWocf'T�ococVSPSXdT�P�«�T�opU���UWOQXsU °�T�bc�ST�P�J�µ�f �ST�P�Ì`qs��r�°�T�OQo
�SOQT�ocT�b �`PSbcT�OQ��rST�bcVSPSX|}�V ±6¦SrSbcT�P�¡socedRQRLUWT�qsVw±�T�RQT�f'T�P�UWocT�RQT�¢�UWOLjdTnt%T�UWrSe��ST�PÊ°nOQT�oc��T�¢�UWbcedoc¢sed�SO §
oc��rSTÊt%T�UWrSe��ST�P	� XdrSedoWqsR
Isvdv�����e��ST�bnqsPSedbcf�qsRQT¬knmdP�UWXdT�PSopUWbcT�VSVSPSX'}�VSbc¦S��¢�XdT�XdbcOLº�T�Px°�T�bc�ST�P�J
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^`OQTxRzq�UWT�bWqsRQT%a�UWbcVS¢�UWVSb'�SOQT�ocT�b ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qso'{|bcT�PS}�~>�s��rST�P+°nVSbc�ST%f'OLUC�ST�b=t%T�UWrSe��ST
�ST�bn�SOLº�VSocT�PlknmdP�UWXdT�PSopUWbcT�VSVSPSX�VSP�UWT�bcocVS��r�U�J1Â�VSby�`P�qsRL �ocT[�SOQT�ocT�b�^¬q�UWT�P%°nVSbc�ST�P2t%T�ococVSP�§
XdT�PÍ�ST�b � edRQVSf'T�P�§pa�UWbcVS¢�UWVSbc��T�qs¢�o��SVSbc��rSXdT�±6¦SrSbpU�J�^`OQT¬�`VSop°�T�bpUWVSPSXC�ST�b²�SOLº�VSocT�P%a�UWbcT�VSVSPSX
±6¦SrSbpUWT|VSP�UWT�by�ST�b � T�bp°�T�PS�SVSPSX'�ST�o�t%e��ST�RQRQo�T�OQPST�b�°�T�RQRQT�P�jdT�¢�UWedbWqs«Sr��sPSXdOQXdT�Plª¬«�T�bp~>�s��rST�P�§
oc��qsPSP�VSPSXZP�qs��r=t%T���¢sT ��� ���	� }�VCT�OQPST�bDocT�rSb XdVwUWT�P � «�T�bcT�OQPSopUWOQf'fÊVSPSX¬f'OLU �ST�b �yrST�edbcOQTsJ�MDo
°nVSbc�ST 
cT��Se���r%qsVS��rx�SOQT ¥ bWqsXdT`P�qs��rx�ST�b�{|¦SRLUWOQXd¢sT�OLU��ST�b�±6¦Sb²�SOQT�ocT|�`VSop°�T�bpUWVSPSX'XdT�P�VwUW}�UWT�P
�yrST�edbcOQT|�SOQoc¢�VwUWOQT�bpU�J>a�eCoc�SOQT�RLUn«�T�O�Xdbce �dT�PxRzq�UWT�bWqsRQT�P�½?T�RQRQT�P�jdT�¢�UWedbc¦S«�T�bpUWbW�sXdT�P%�SOQT|Rzq�UWT�bWqsRQT
��T�°�T�XdVSPSX%�ST�b ¥ RQ¦SococOQXd¢sT�OLUWocf'edRQT�¢�¦SRQTZT�OQPSTÊf'mdXdRQOQ��rST knedRQRQTsJ�MD«�T�Pw±�qsRQRQo�°nVSbc�ST��SOQTZ°�T�RQRQT�P�§
Rz�sPSXdT�P�qs«Sr��sPSXdOQXdTC^¬�sf'�w±6VSPSX%�ST�b ¯|bcT�OQoc«�T�°�T�XdVSPSXS¡��SOQTC�SOQT ¥ RQ¦SococOQXd¢sT�OLUWocf'edRQT�¢�¦SRQT��SVSbc��r�§
±6¦SrSbcT�P�¡�f'OLU[OQP �SOQT'��T�bcT���rSP�VSPSX2�ST�bÊa�UWbcT�VSVSPSXlT�OQPSXdT�oc��rSRQedococT�P�JG^`OQT�ocT=knT���rSP�VSPSXu¢sedPSP�UWT
P�VSb ±6¦Sb ¥ RQ¦SococOQXd¢sT�OLUWT�PCf'OLUDrSedrST�b�ª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX�qsP�qsRL �UWOQoc��r'�SVSbc��rSXdT�±6¦SrSbpU °�T�bc�ST�P
VSPS�ÍbcT��Sbce��SVS}�OQT�bpUWT¬��qso�¢�RzqsococOQoc��rST[MDbcXdT�«SPSOQo�¡�°²qsoyT�OQP��ST�VwUWRQOQ��rST�b ��OQP�°�T�OQo ±6¦Sb���qso²bcOQ��r�UWOQXdT
� edbcXdT�rST�P�}�VSb ¹1mdocVSPSX �ST�o²a�UWbcT�VS�Sbced«SRQT�f'o OQopU�J�^`OQT ¥ bWqsXdTs¡dOQP�°nOQT�°�T�OLU ��qso�a�UWbcT�VSocOQXdP�qsR�ocT�rSb
bWqsVST�byª¬«�T�bp~>�s��rST�P�jdedPÍ^`OQ��r�UWT�~�VS¢�UWV�q�UWOQedPST�P=OQPSPST�bcr�qsRQ«��ST�b ¥ RQ¦SococOQXd¢sT�OLU «�T�T�OQPw~�VSocopU²°nOQbc��¡
OQopUnocedf'OLUyOQf'f'T�b²PSe���r%esº�T�P�J
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Â�VSbZ�`VSop°�T�bpUWVSPSXujdedP£knT�~�T�¢�UWOLj�OLU���UWT�P °�T�bc�ST�P£r��sVw³�XlP�VSf'f'T�bcOQoc��rSTÍt%T�UWrSe��ST�P?°nOQT'�ST�b
¸GqsbcbWq�UcU��`RQXdedbcOLUWrSfÊVSo � ��qsbcbWq�UcU�K ����� ��XdT�P�VwUW}�U�¡G°�T�RQ��rST�b'qsVS��r-�SOQTÍ{|bcVSPS�SRzqsXdT=�ST�b�^¬q�UWT�P�§
qsVSop°�T�bpUWVSPSX�f'OLU �ST�fYM º�T�¢�UWOLjdT�Px^`OQ��r�UWT|t%e��ST�RQR>��qsbcopUWT�RQRLU�J�^`T�b��`VSocX�qsPSXdoc�SVSPS¢�Uy}�VSb ��T�b¨§
RQT�OLUWVSPSX��ST�o`¸GqsbcbWq�Un�`RQXdedbcOLUWrSfÊVSo²ocOQPS�x�SOQT ¥ bcT�ocPST�R'& oc��rST�P ¥ edbcf'T�RQP�J

r =
ki,z − kt,z

ki,z + kt,z
,

�6� JLK��

t =
2ki,z

ki,z + kt,z
,

�6� J]I �

f'OLU
ki,z = k sin(αi)

VSPS�
kt,z = nk sin(αt) = k

√

n2 − cos(αi)2
J���T�opUWT�r�U`T�OQPua� �opUWT�f qsVSo

ÌÃa���rSOQ��r�UWT�P%f'OLU�VSP�UWT�bcoc��rSOQT��SRQOQ��rST�f¼��bcT���r�VSPSXdocOQPS�STÈ��¡>oceC¢smdPSPST�P%�SOQT�ocT ¥ edbcf'T�RQP=OLUWT�bWq�UWOLj
qsPSXdT�°�T�PS�ST�UZ°�T�bc�ST�P VSPS�¶T�o|T�bcXdT�«�T�P ocOQ��ru±6¦Sb|�SOQT 
��ÊK�§ UWTC{|bcT�PS}�oc��rSOQ��r�UZ�SOQT�knT�¢�VSbcocOQedPSo¨§
±6edbcf'T�RQP�±6¦Sby�SOQT¬�`f'�SRQOLUWVS�ST�PÍ�ST�bybcT�~�T�¢�UWOQT�bpUWT�Px¿ÀP�UWT�PSocOLU���U

Rj+1
VSPS�x�SOQT|�`f'�SRQOLUWVS�ST�P=�ST�b

UWbWqsPSocf'OLUcUWOQT�bpUWT�PÍ¿ÀP�UWT�PSocOLU���U
Tj+1

� UWedRzqsP�K � � � � 


Rj+1 =
1

tj+1,j

(

Tjrj+1,je
−i(kz,j+1+kz,j+1)zj + Rje

−i(kz,j+1−kz,j)zj
)

,
�6� J h �

Tj+1 =
1

tj+1,j

(

Tje
i(kz,j+1−kz,j)zj + Rjrj+1,je

i(kz,j+1+kz,j)zj
)

,
�6� J � �

f'OLU �ST�b²a�U�qsbpUW«�T��SOQPSXdVSPSX
T1 = 0

±6¦Sb �SOQT¬ª¬«�T�bp~>�s��rST`�ST�o²a���rSOQ��r�UWop �opUWT�f'oyoce�°nOQT
RN+1 = 0±6¦SbÊ��qsoCa�VS«SopUWbWq�U�JDt%OLUÊ�SOQT�ocT�P-}�°�T�OyknT�¢�VSbcocOQedPSop±6edbcf'T�RQP¾OQopUÊT�oÊf'mdXdRQOQ��r�¡�«�T�XdOQPSPST�PS�¾jdedP

�ST�b`a�VS«SopUWbWq�UWed«�T�bp~>�s��rSTZ�SOQT[knT�~�T�¢�UWOLj�OLU���UnT�OQPST�o`a���rSOQ��r�UWop �opUWT�f'o`}�V%«�T�bcT���rSPST�P�J
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¹1OQT�XsUÊT�OQP+a���rSOQ��r�UWop �opUWT�f´jdedb�¡DOQP£�ST�f �SOQT=T�OQPS}�T�RQPST�P+a���rSOQ��r�UWXdbcT�PS}�T�P+T�OQPST=jdedP¤Ì�VSRQR
jdT�bcoc��rSOQT��ST�PSTlk�qsVSOQXd¢sT�OLUÊ«�T�ocOLUW}�T�P�¡ oce2XdOQ«wUÊT�o�f'T�rSbcT�bcTxt%mdXdRQOQ��rS¢sT�OLUWT�P�¡G�SOQT�ocT=f'OLUÊOQP¾�SOQT
��T�bcT���rSP�VSPSX¶�ST�bÊknT�~�T�¢�UWOLj�OLU���UÊT�OQPw~�OQT �dT�P?}�V¾RzqsococT�P�JG^`OQT�T�OQPw±�qs��rSopUWTxt%T�UWrSe��ST�OQopU �SVSbc��r
T�OQPST2Â�T�bcRQT�XdVSPSX?XdT�XdT�«�T�P�¡��SOQT%��qso=MDRQT�¢�UWbcedPST�PS�SOQ��r�UWT��Sbces³�R`OQP¤j�OQT�RQT%ocT�rSb=�S¦SPSPSTs¡ 
cT��Se���r
XdRzq�UcUWTya���rSOQ��r�UWT�PCf'OLUGVSP�UWT�bcoc��rSOQT��SRQOQ��rST�P'��bcT���r�VSPSXdocOQPS�SOQ}�T�oDP�}�T�bcRQT�XsU�Jdt%OLU �SOQT�ocT�b t%T�UWrSe��ST
OQopU�T�«�T�Pw±�qsRQRQo��SOQT ��T�r�qsPS�SRQVSPSX�jdedP�a� �opUWT�f'T�PÊf'mdXdRQOQ��r�¡��ST�bcT�PÊMDRQT�¢�UWbcedPST�PS�SOQ��r�UWT��Sbces³�R�PSOQ��r�U
OQP¾qsP�qsRL �UWOQoc��rST�b ¥ edbcf jdedbcRQOQT�XsUZe��ST�b[T�OQPST�P¾ocT�rSbZ¢sedf'�SRQTÈ�wT�P � T�bcRzqsVw±²r�q�U�J��`Vw±6XdbcVSPS�?�ST�b
j�OQT�RQT�P ��T�OQRQoc��rSOQ��r�UWT�P?OQopUZ�SOQT�ocT�o � T�bp±�qsrSbcT�P 
cT��Se���r ocT�rSb bcT���rST�PSOQP�UWT�PSocOLj�JGMDo[°nOQbc� «�T�OD�ST�b
^`OQoc¢�VSococOQedPl�ST�o�M º�T�¢�UWOLjdT�Pu^`OQ��r�UWT�f'e��ST�RQRQo�°nOQT��ST�b�qsVw±6XdT�XdbcOLº�T�P�J

MDOQPST °�T�OLUWT�bcTCt%T�UWrSe��ST�«�T�opUWT�r�U[OQPu�ST�b[^¬qsbcopUWT�RQRQVSPSX=�ST�o|¢sedP�UWOQP�VSOQT�bcRQOQ��rST�P � «�T�bcX�qsPSXdo
}�°nOQoc��rST�P¶}�°�T�O a���rSOQ��r�UWT�P¶�SVSbc��r¶MDbcbcedbp±6VSPS¢�UWOQedPST�P2e��ST�b`r� ���T�bc«�edRQOQoc��rST ¥ VSPS¢�UWOQedPST�P�J�^`OQTÈ§
ocT�o � edbcXdT�rST�PÍocT�O�rSOQT�b�qsf���T�OQoc�SOQT�R>T�OQPST�oyMDRQT�¢�UWbcedPST�PS�SOQ��r�UWT�jdT�bcRzqsVw±6oy�ST�f'edPSopUWbcOQT�bpU�¡��ST�ococT�P
��bcT���r�VSPSXdocOQPS�STÈ�l�SVSbc��rlT�OQPST[MDbcbcedbp±6VSPS¢�UWOQedPxXdT�XdT�«�T�P%OQopU 


nj =
nj + nj+1

2
− nj − nj+1

2
erf

(

z − zj√
2σj

)

.
�6� J]� �

^`VSbc��r/T�OQPSTlÂ�T�bcRQT�XdVSPSX �ST�bCbWqsVST�P {|bcT�PS}�~>�s��rST%OQP¤T�OQPST � T�bpUWT�OQRQVSPSX2jdedP ��T�OQRL±��s��rST�P�¡D�SOQT
T�OQPSTÍ¢sedPSopU�qsP�UWTlMDRQT�¢�UWbcedPST�PS�SOQ��r�UWTx«�T�ocOLUW}�T�P�¡D�ST�bcT�P ��mdrST�P�jdT�bpUWT�OQRQVSPSX 
cT��Se���r-�SVSbc��r+T�OQPST
��mdrST�P�jdT�bpUWT�OQRQVSPSXdop±6VSPS¢�UWOQedP

P (z)
XdT�XdT�«�T�P%OQopU�¡S¢�qsPSP%�SOQT[k�qsVSOQXd¢sT�OLUy�SVSbc��r

σ2 =

∫

(z − µ)2P (z)dz,
�6� J © �

f'OLU
µ =

∫

zP (z)dz
�6� J]\ �

«�T�oc��rSbcOQT�«�T�PC°�T�bc�ST�P�J ¥ ¦SbD��qsoDqsPSXdT�XdT�«�T�PST�MDRQT�¢�UWbcedPST�PS�SOQ��r�UWT��Sbces³�R�OQopU
Pj(z)

«�T�OQoc�SOQT�RQop°�T�O §
ocTZ�SVSbc��r

Pj(z) =
1√

2πσj

e
− z2

2σ2
j

�6� J » �
XdT�XdT�«�T�P�J�t%OLUn�ST�bn^`T�³�PSOLUWOQedP

fj(k) = eikµj

∫

e−ikzPj(z)dz
�6� J � �

¢smdPSPST�PÍPST�VST¬�`VSoc�Sbc¦S��¢sT|±6¦Sb �SOQT`bcT�~�T�¢�UWOQT�bpUWT`VSPS��UWbWqsPSocf'OLUcUWOQT�bpUWTn¿ÀP�UWT�PSocOLU���UyqsP=�ST�b
j +1

§
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� H

UWT�Pu{|bcT�PS}�oc��rSOQ��r�U¬qsPSXdT�XdT�«�T�P%°�T�bc�ST�P 


Rj+1 =
1

t̃j+1,j

(

Tj r̃j+1,je
−i(kz,j+1+kz,j+1)zj + Rje

−i(kz,j+1−kz,j)zj
)

,
�6� JLK�v �

Tj+1 =
1

ftt̃j+1,j

(

Tje
i(kz,j+1−kz,j)zj + Rjfrr̃j+1,je

i(kz,j+1+kz,j)zj
)

,
�6� JLKdK��

f'OLU
r̃j =

fj(kz,j+1 + kz,j)

fj(kz,j+1 − kz,j)

rj+1,j,
�6� JLK�I �

t̃j+1,j =
1

fj(kz,j+1 − kz,j)
tj+1,j

�6� JLK�h �
VSPS�

fr =
fj(kz,j+1 − kz,j)

fj(−kz,j+1 + kz,j)

fj(−kz,j+1 − kz,j)

fj(kz,j+1 + kz,j)
,

�6� JLK�� �

ft =
fj(kz,j+1 − kz,j)

fj(−kz,j+1 − kz,j)
.

�6� JLK�� �
^`OQT�ocT`¿ UWT�bWq�UWOQedPSop±6edbcf'T�R�OQopU 
cT��Se���r=P�VSb�qsP�°�T�PS�S«�qsb�¡�°�T�PSP=�SOQT`^`OQ��¢sT`�ST�b²a���rSOQ��r�UWT�PÍXdbcm �dT�b
OQopUÊqsRQoZ�ST�bcT�P£k�qsVSOQXd¢sT�OLUWT�P�J1¿ÀopUÊ�SOQT�o PSOQ��r�U �ST�b ¥ qsRQR ¡�oce%±6¦SrSbpUÊ�SOQT'^¬qsbcopUWT�RQRQVSPSXl�ST�bÊMDRQT�¢d§
UWbcedPST�PS�SOQ��r�UWT'P�qs��r¾{|RQT�OQ��r�VSPSXÍ� J]�=}�V VSPSopUWT�UWOQXdT�P¾a��Sbc¦SPSXdT�P OQf MDRQT�¢�UWbcedPST�PS�SOQ��r�UWT��Sbces³�R J
^`OQT�o OQopUÊ��qsbcOQP?«�T�Xdbc¦SPS�ST�U�¡G��qsoco �ST�b�^`T�³�PSOLUWOQedPSoc«�T�bcT�OQ��r�¡GqsVw±y�ST�f �SOQT={|RQT�OQ��r�VSPSXuXd¦SRLUWOQX
OQopU�¡�¢�RQT�OQPST�bDOQopU qsRQoD�ST�b ��T�bcT�OQ��r�¡�OQPC�ST�f)�SOQTnMDbcbcedbp±6VSPS¢�UWOQedPCT�OQPST�P'¢sedPSopU�qsP�UWT�P�½?T�bpU RQOQT�±6T�bpU�J
¿ÀP �SOQT�ocT�f ¥ qsRQRGfÊVSocoZT�OQP?t%e��ST�RQR }�VSb ��T�oc��rSbcT�OQ«SVSPSXl�ST�oÊa���rSOQ��r�UWop �opUWT�f'o XdT�±6VSPS�ST�P °�T�b¨§
�ST�P�¡d��qso �SOQTy��T�bcT�OQ��rSTyVSP�UWT�bcoc��rSOQT��SRQOQ��rST�b MDRQT�¢�UWbcedPST�PS�SOQ��r�UWTyopUWT�UWOQX¬f'OLUWT�OQP�qsPS�ST�b�jdT�bc«SOQPS�ST�U�J
^`OQT�onRQT�OQopUWT�Uy��qsoyoceCXdT�P�qsPSP�UWTZM º�T�¢�UWOLjdTZ^`OQ��r�UWT t%e��ST�RQR � UWedRzqsP�K � � � � Jw^`OQT[��T�bcT���rSP�VSPSX��ST�b
knT�~�T�¢�UWOLj�OLU���U[T�OQPST�oZa���rSOQ��r�UWop �opUWT�f'o T�bp±6edRQXsU¬OQf k�qsrSf'T�P2�ST�oZM º�T�¢�UWOLjdT�P?^`OQ��r�UWT�t%e��ST�RQRQo
OQPl}�°�T�O a���rSbcOLUcUWT�P�J�¿Àf¼T�bcopUWT�P a���rSbcOLUcU�°nOQbc�lT�OQP%opUWT�UWOQXdT�o¬MDRQT�¢�UWbcedPST�PS�SOQ��r�UWT��Sbces³�R�XdT�«SOQRQ�ST�U�J
^`OQT�o[T�bp±6edRQXsU[�SVSbc��r?��qso Â�VSoWqsf'f'T�PSocT�UW}�T�P jdedP?MDbcbcedb¨§�e��ST�b[r� ���T�bc«�edRQOQoc��rST�P ¥ VSPS¢�UWOQedPST�P
Yj(z)

J�µ�f T�OQPST�PCopUWT�UWOQXdT�P � «�T�bcX�qsPSX[}�°nOQoc��rST�P��ST�PCT�OQPS}�T�RQPST�P=a���rSOQ��r�UWT�P'}�V'T�bc}�OQT�RQT�P�¡s°nOQbc�
T�OQPST�½¾qsrSbcoc��rST�OQPSRQOQ��rS¢sT�OLUWop±6VSPS¢�UWOQedP

Wj(z)
�ST�³�PSOQT�bpU�¡G°�T�RQ��rSTÍ�SOQT�½¾qsrSbcoc��rST�OQPSRQOQ��rS¢sT�OLUC«�TÈ§

oc��rSbcT�OQ«wU�¡>OQPÍ�ST�b �yOQT�±6T
z
�ST�b�¸Dbced«�T[�`P�UWT�OQRQT|�ST�b 
¨§ UWT�Pla���rSOQ��r�U�jdedbc}�Vw³�PS�ST�P 


Wj(z) =

{

1/2(1 + Yj(z − zj)) ∀z ≤ χj

1/2(1 − Yj(z − zj−1)) ∀z > χj

.
�6� JLK�© �

χj
«�T�oc��rSbcT�OQ«wU�rSOQT�bc«�T�O �SOQT'jdT�bpUWOQ¢�qsRQT�¸�edocOLUWOQedP?OQP?�ST�b�¸Dbced«�Ts¡GqsP¾�ST�b ocOQ��r¾�ST�b � «�T�bcX�qsPSX



3
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jdedPl�ST�b`a���rSOQ��r�U 
¨§�K[}�VSb`a���rSOQ��r�U 
n«�T�³�PS�ST�U 


χj =
σjzj−1 + σj−1zj

σj + σj−1
.

�6� JLK�\ �

^¬qso`^`OQoc��T�bcocOQedPSoc�Sbces³�R�T�bcXdOQ«wUnocOQ��r%ocedf'OLUy}�V

δ(z) =

N+1
∑

j=1

δjWj(z)

N+1
∑

j=1

Wj(z)

,
�6� JLK�» �

f'OLU|�ST�b[^`OQoc��T�bcocOQedP¶�ST�b 
¨§ UWT�P?a���rSOQ��r�U
δj
J1^`OQT�ocT�o[opUWT�UWOQXdTC^`OQoc��T�bcocOQedPSoc�Sbces³�RD¢�qsPSP¶P�VSP OQP

j�OQT�RQTC�S¦SPSPST�XdRzq�UcUWT'a���rSOQ��r�UWT�P£}�T�bcRQT�XsU[°�T�bc�ST�P�JG^`OQT�knT�~�T�¢�UWOLj�OLU���UZ�SOQT�ocT�oÊa���rSOQ��r�UWop �opUWT�f'o
°nOQbc�%��qsPSPxOQf�}�°�T�OLUWT�P2a���rSbcOLUcUnf'OLUy�ST�f¼¸GqsbcbWq�U��`RQXdedbcOLUWrSfÊVSo�«�T�bcT���rSPST�U�J
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^`OQT[¿ÀP�UWT�XdbWqsRQ��qsbcopUWT�RQRQVSPSX�T�OQPST�bn¸GqsbpUWOLUWOQedPSop±6VSPS¢�UWOQedPÍOQopU 


Z(β) =

∫

[dh(~r)]e−β∆F (h), � % ��� 	

f'OLU1�ST�b�edbpUWoWqs«Sr��sPSXdOQXdT�P � qsbcOzqs«SRQT�P
h(~r)

VSPS� �ST�f ¥ VSPS¢�UWOQedP�qsR
F (h)

J�¿ÀPZ�SOQT�ocT�f ¥ qsRQRsocT�O��SOQT
� qsbcOzqs«SRQT

h(~r)
�SOQTn�`VSocRQT�PS¢�VSPSXÊ�ST�b ¥ OQRQf'ed«�T�bp~>�s��rSTnqsfYª¬bpU

~r
J�^`OQT�¯�edbcbcT�Rzq�UWOQedPSop±6VSPS¢�UWOQedP�¡

�SOQT²�SOQT²mdbpUWRQOQ��rST²¯�edbcbcT�Rzq�UWOQedPÊ�ST�b � qsbcOzqs«SRQT�P
h(~r1)

VSPS�
h(~r2)

OQPÊ�ST�b ¥ RQ¦SococOQXd¢sT�OLUWoced«�T�bp~>�s��rST
«�T�oc��rSbcT�OQ«wU�¡>¢�qsPSP%OQPÍ�ST�b ¥ edbcf

< h(~r1)h(~r2) >= Z−1

∫

[dh]h(~r1)h(~r2)e
−β∆F (h) � % � �
	

��qsbcXdT�opUWT�RQRLUy°�T�bc�ST�P�J�{|RQT�OQ��r�VSPSX'�`J]IÊ¢�qsPSP%OQPx�SOQT ¥ edbcf

< h(~r1)h(~r2) >= Z−1(J = 0)

[

δ

δJ(~r1)

δ

δJ(~r2)
Z(J)

]∣

∣

∣

∣

J=0

� % � �
	

¦S«�T�bp±6¦SrSbpUn°�T�bc�ST�P�¡>f'OLU
Z(J) = e

−βVI

(

δ
δJ(u)

)

e1/2J∆J � % � � 	
VSPS�

J∆J =

∫

d2u

∫

d2vJ(u)∆(u, v)J(v). � % � �
	

∆
OQopUn�ST�³�PSOQT�bpU��SVSbc��r 


∆(u, v) =
1

β(2π)2

∫

d2q
eiq(u−v)

γq2 + m2
. � % � �
	



3>3
� Å �6�l�������S���?�����������������������?�

¿ÀP%�SOQT�ocT�f ¥ qsRQR�«�T�oc��rSbcT�OQ«wU
m2 �SOQT[¯�ed�S�SRQVSPSX � RQO
Isvdv�I��

m2 =
∂2G

∂l2

∣

∣

∣

∣

lm

� % � - 	

VSPS�

VI =

∫

d2r

(

1

3

∂3G

∂l3

∣

∣

∣

∣

lm

h(~r)3 +
1

12

∂4G

∂l4

∣

∣

∣

∣

lm

h(~r)4

)

≡
∫

d2r
(

C h(~r)3 + D h(~r)4
)

. � % � �
	

¹1T�UW}�UWT�PS�SRQOQ��rx°�T�bc�ST�PlPSe���r%�SOQT[^`T�³�PSOLUWOQedPST�P

δ

δJ(~r)
= δ(~w − ~r), � % � �
	

��qs«�T�O1OQopU
δ(~w − ~r)

�SOQT[^`T�RLU�qs�SOQopUWbcOQ«SVwUWOQedP�¡

δ

δJ(~r1)
(∆J) = ∆(~r, ~r1), � % ��� .
	

δ

δJ(~r1)
(J∆) = ∆(~r1, ~r) � % ��� � 	

VSPS�

δ

δJ(~r)
(J∆J) =

δ

δJ(~r)

∫

d2u

∫

d2vJ(~u)∆(~u,~v)J(~v) � % �����
	

=

∫

d2v∆(~r, ~v)J(~v) +

∫

d2v∆(~v, ~r)J(~v) = ∆J + J∆

}�VSb���T�bcT���rSP�VSPSX��ST�b�¯�edbcbcT�Rzq�UWOQedPSop±6VSPS¢�UWOQedPST�PÍ«�T�PSmsUWOQXsU�JS^`VSbc��rlMDOQPSocT�UW}�T�Pl�ST�b�{|RQT�OQ��r�VSPSX
�`J »COQP%�`J �CT�bcr��sRLUnf�qsP

e−βVI( δ
δJ(~r)) = e

−β
∫

d2r
(

C( δ
δJ(~r))

3
+D( δ

δJ(~r))
4
)

.
���`JLK�h �

a�T�UW}�U�f�qsP£P�VSP¤jdedbWqsVSo�¡D��qsoC�SOQTx��T�OLUWbW�sXdTÍ�ST�b'qsPSr�qsbcf'edPSOQoc��rST�P ��T�bcf'TÍ}�VSfÎ{|bcT�PS}�~>��§
��rST�PS��esUWT�P�UWOzqsR�¢�RQT�OQPlocOQPS��¡>oce�¢�qsPSPuf�qsPu{|RQT�OQ��r�VSPSX=�`JLK�h'OQP%T�OQPST �Gq� �RQedbcbcT�OQrSTZT�P�UÀ°nOQ��¢sT�RQP
VSPS�%T�o�T�bcXdOQ«wUyocOQ��r

e
−β

∫

d2r

(

C
(

δ
δJ(~r)

)3
+D

(

δ
δJ(~r)

)4
)

≈ 1 − β

∫

d2r

(

C

(

δ

δJ(~r)

)3

+ D

(

δ

δJ(~r)

)4
)

. � % ��� � 	
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{|RQT�OQ��r�VSPSX'�`J �Cr�q�U�P�VSP%�SOQT ¥ edbcf 


Z(J) ≈
(

1 − β

∫

d2r

(

C

(

δ

δJ(~r)

)3

+ D

(

δ

δJ(~r)

)4
))

e1/2J∆J . � % ��� �
	

µ�P�UWT�b-�ST�b�� T�bp°�T�PS�SVSPSX"�ST�b¤{|RQT�OQ��r�VSPSXdT�PY�`J �Ã«SOQo£�`JLK�I®¢smdPSPST�P��SOQT ¸�esUWT�PS}�T�PYjdedP
(δ/δJ(~r))

«�T�bcT���rSPST�U�°�T�bc�ST�PlVSPS�lT�oy±6edRQXsU 


δ

δJ(~r)
e1/2J∆J =

1

2
(∆J + J∆)e1/2J∆J , � % ��� �
	

(

δ

δJ(~r)

)2

e1/2J∆J =

(

∆(~r, ~r) +
1

4
(∆J + J∆)2

)

e1/2J∆J , � % ��� - 	
(

δ

δJ(~r)

)3

e1/2J∆J =

(

3

2
∆(~r, ~r)(∆J + J∆) +

1

8
(∆J + J∆)3

)

e1/2J∆J , � % �����
	
(

δ

δJ(~r)

)4

e1/2J∆J =

(

3∆(~r, ~r)∆(~r, ~r) +
3

2
∆(~r, ~r)(∆J + J∆)4

)

e1/2J∆J . � % ��� �
	

^`OQT¬¸GqsbpUWOLUWOQedPSop±6VSPS¢�UWOQedP
Z
¢�qsPSP�P�VSP=±6¦Sb 
cT��ST�P ��T�bcfY�ST�b �Gq� �RQedbcbcT�OQrST�«�T�bcT���rSPST�Uy°�T�bc�ST�P�J

Â�VSb1��T�bcT���rSP�VSPSX`�ST�b ¥ OQRQf'�SOQ��¢sT�P��sPS�ST�bcVSPSX²°nOQbc�|�SOQT ¸GqsbpUWOLUWOQedPSop±6VSPS¢�UWOQedP¬±6¦Sb��ST�PZT�bcopUWT�P
qsPSr�qsbcf'edPSOQoc��rST�P���T�bcfÁ«�T�bcT���rSPST�U 


Z(J) =

(

1 − βC

∫

d2r

(

3

2
∆(~r, ~r)(∆JJ∆) +

1

8
(∆J + J∆)3

))

e1/2J∆J . � % � ��.
	

^`OQT ¥ OQRQf'�SOQ��¢sTs¡���J�r�J��ST�b�MDbp°²qsbpUWVSPSXdop°�T�bpU
< h(~r1) >

OQopUn�ST�³�PSOQT�bpUn�SVSbc��r

< h(r1) >= Z−1(J = 0)

[

δ

δJ(~r1)
Z(J)

]∣

∣

∣

∣

J=0

. � % � ��� 	

^¬qs«�T�O UWbW�sXsUZP�VSbZ�ST�bZT�bcopUWT ��T�OQR �ST�o ¿ÀP�UWT�XdbWqsPS�ST�P?jdedP£{|RQT�OQ��r�VSPSXu�`J]Isvx}�VSb ��T�bcT���rSP�VSPSX
«�T�O � RQO
Isvdv�I�� J

< h(~r1) >= −βC

∫

d2r
3

2
∆(~r, ~r)(∆(~r1, ~r) + ∆(~r, ~r1)) � % � � �
	

t%OLU
~r1 = 0

±6edRQXsU 


< h(0) >=
3

2
βC∆(0, 0)

∫

d2r(∆(0, ~r) + ∆(~r, 0)). � % � ���
	

µ�P�UWT�b � T�bp°�T�PS�SVSPSX'jdedPu{|RQT�OQ��r�VSPSX'�`J ©Ê±6edRQXsU²±6¦Sb
∆(0, 0)




∆(0, 0) =
kBT

2πγ

∫ qmax

0
dq

q

q2 + m2/γ
=

kBT

4πγ
ln

(

m2/γ + q2
max

m2/γ

)

. � % � ��� 	
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^`OQT�ocT�b �`VSoc�SbcVS��¢ÊT�P�UWoc�SbcOQ��r�UD�ST�b a���rSOQ��r�UWbWqsVSOQXd¢sT�OLU�¡�°nOQT�ocOQT²OQfÃk�qsrSf'T�PÊ�ST�b r�qsbcf'edPSOQoc��rST�P
�`�S�Sbce��wOQf�q�UWOQedPx«�T�bcT���rSPST�U¬°�T�bc�ST�P2¢�qsPSP�J�^`OQTZ}�°�T�OG¦S«SbcOQXdT�P%¿ÀP�UWT�XdbWqsRQTZ¢smdPSPST�P2�SVSbc��ru�SOQT
µ�fC±6edbcfÊVSPSX

∫

d2r∆(0, ~r) =

∫

d2r∆(~r, 0) =
1

β(2π)2

∫

d2r

∫

d2q
e−i~q ~r

γq2 + m2

=
1

β(2π)2

∫

d2q
(2π)2δ2(~q)

γq2 + m2
, � % � ���
	

f'OLUy�ST�bn}�°�T�OQ�SOQf'T�PSocOQedP�qsRQT�Px^`T�RLU�qs�SOQopUWbcOQ«SVwUWOQedP
δ2(~q)

XdT�RQmdopUy°�T�bc�ST�P 

∫

d2r∆(0, ~r) =
kBT

m2
.

���`J]Is© �

^`T�b`MDbp°²qsbpUWVSPSXdop°�T�bpU
< h(0) >

OQopUn�ST�f'P�qs��r

< h(0) >= −3Cσ2
h

m2
= 2

σ2
h

lm
,

���`J]Id\ �

°�ed«�T�O
lm
�SVSbc��r2�SOQTÊ{|RQT�OQ��r�VSPSX=hwJ]\'�ST�³�PSOQT�bpU¬OQopU�J�^`OQT XdT�oWqsf UWT ¥ OQRQf'�SOQ��¢sT

lmg
«SOQRQ�ST�U�ocOQ��r

qsVSon�ST�b`a�VSf'f'T
lmg = lm + 2

σ2
h

lm
.

���`J]Is» �

Â�VSb���T�bcT���rSP�VSPSXÍ�ST�o`��T�OLUWbWqsXdT�o��ST�o�}�°�T�OLUWT�P2qsPSr�qsbcf'edPSOQoc��rST�P���T�bcf'o�}�VSb ¥ OQRQf'bWqsVSOQX�§
¢sT�OLU¬°nOQbc�l�SOQT
��mdrST�P�§ ��mdrST�P¶¯�edbcbcT�Rzq�UWOQedPSop±6VSPS¢�UWOQedP

< h(~r1)h(~r2) >
P�qs��r2�ST�b¬^`T�³�PSOLUWOQedP

�`J hC«�T�bcT���rSPST�U�J�^`OQTZ¸GqsbpUWOLUWOQedPSop±6VSPS¢�UWOQedPÍr�q�Un��qs«�T�O1�SOQT ¥ edbcf

Z(J) = a(J)b(J) � % � ���
	
f'OLU

a(J) =

(

1 − βD

∫

d2r

(

3∆(~r, ~r)∆(~r, ~r) +
3

2
∆(~r, ~r)(∆J + J∆)2 +

1

16
(∆J + J∆)4

))

� % � ��.
	VSPS�
b(J) = e1/2J∆J .

���`J hwK��
^`T�b�ocOQ��r%OQPl{|RQT�OQ��r�VSPSX'�`J hCOQPSPST�bcr�qsRQ«x�ST�bnT���¢�OQXdT�Pu¯|Rzqsf'f'T�bcP=«�T�³�PS�ST�PS�ST ��T�OQR1�ST�b`{|RQT�O §



3>3��

��r�VSPSX�¢�qsPSP%�SVSbc��r

δ

δJ(~r1)

δ

δJ(~r2)
Z(J) = a′′(J)b(J) + 2a′(J)b′(J) + a(J)b′′(J)

���`J h�I �

qsVSocXdT��Sbc¦S��¢�U`°�T�bc�ST�P�J�^¬q
b′(J = 0) = 0

OQopU�¡wjdT�bcT�OQPw±�qs��r�U`ocOQ��r%�SOQT�oy}�V

δ

δJ(~r1)

δ

δJ(~r2)
Z(J) = a′′(J)b(J) + a(J)b′′(J).

���`J hdh �

¿ÀPÍT�OQPST�fYT�bcopUWT�Pla���rSbcOLUcU²ocedRQR��ST�b ¥ qs¢�UWedb
a′′ «�T�UWbWqs��r�UWT�Uy°�T�bc�ST�P�J�^`OQT¬T�bcopUWT¬�`«SRQT�OLUWVSPSX jdedP

δ

δJ(~r1)

(

δ

δJ(~r2)
Z(J)

)∣

∣

∣

∣

J=0

���`J hs� �

«�T�bcT���rSPST�U¬ocOQ��rx}�V
δ

δJ(~r2)
Z(J)

=
δ

δJ(~v)

(

3∆(0, 0) +
3

2
∆(0, 0)[∆(~v, ~r)J(~v) + J(~v)∆(~r, ~v)]2 +

1

16
[∆(~v, ~r)J(~v) + J(~v)∆]4

)

= 3∆(0, 0)[∆(~r2, ~r) + ∆(~r, ~r2)][∆(~v, ~r)J(~v) + J(~v)∆(~r, ~v)]

+
1

4
[∆(~r2, ~r) + ∆(~r, ~r2)][∆(~v, ~r)J(~v) + J(~v)∆(~r, ~v)]3. � % � ���
	

^`OQT[}�°�T�OLUWT[�`«SRQT�OLUWVSPSX�P�qs��r
J(~r1)

qsPx�ST�b`a�UWT�RQRQT
J = 0

±6¦SrSbpU�}�V

δ

δJ(~r1)

(

δ

δJ(~r2)
Z(J)

)∣

∣

∣

∣

J=0

= 2∆(0, 0)[∆(~r2, ~r)+∆(~r, ~r2)][∆(~r1, ~r)+∆(~r, ~r1)].
���`J hd© �

^`T�bn}�°�T�OLUWTÊa�VSf'f�qsPS�Í�ST�b`{|RQT�OQ��r�VSPSX'�`J hdh�OQopUn��qso�¸Dbce��SVS¢�U`qsVSo

a(0) = 1 − βD

∫

d2r3∆(~r, ~r)∆(~r, ~r)
���`J h�\ �

VSPS�
b′′(0) =

δ

δJ(~r1)

δ

δJ(~r2)
e1/2J∆J

∣

∣

∣

∣

J=0

=
1

2
(∆(~r1, ~r2) + ∆(~r2, ~r1)). � % � � �
	

t%OLU��ST�bGqs«S¢�¦Sbc}�T�PS�ST�P'a���rSbcT�OQ«�°�T�OQocT
∆′(~ri, ~rj) = 1/2(∆(~ri, ~rj)+∆(~rj, ~ri))

r�q�U��SOQT ��mdrST�P�§



3>3�Ä Å �6�l�������S���?�����������������������?�

��mdrST�Pl¯�edbcbcT�Rzq�UWOQedPSop±6VSPS¢�UWOQedPÍ�SOQT ¥ edbcf 


< h(~r1)h(~r2) >=
∆′(~r2, ~r1) × [1 − 3βD

∫

d2r∆(~r, ~r)2] − 12βD
∫

d2r∆(0, 0)∆′(~r2, ~r)∆
′(~r1, ~r)

1 − 3βD
∫

d2r∆(~r, ~r)2
.

� % � ���
	µ�fÁ�SOQTZ{|RQT�OQ��r�VSPSX'�`J h ��}�VxjdT�bcT�OQPw±�qs��rST�P�¡>°nOQbc�x�ST�b`Â��srSRQT�b�jdedPl�`J h �C�SVSbc��r%�ST�P���T�bcf
(

∆′(~r1, ~r2) − 12βD

∫

d2r∆(0, 0)∆′(~r2, ~r)∆
′(~r1, ~r)

)

×
(

1 − 3βD

∫

d2r∆(~r, ~r)2
)

� % � ��.
	

T�bcocT�UW}�U�¡n°�T�RQ��rST�blocOQ��rAjdedf VSbcoc�Sbc¦SPSXdRQOQ��rST�P�Â��srSRQT�bÍP�VSb%�SVSbc��r®T�OQPST�P�a�VSf'f�qsPS�ST�PA�ST�b
ª¬bc�SP�VSPSX

D2 << 1
VSP�UWT�bcoc��rST�OQ�ST�U�J�^¬qsbWqsVSoy±6edRQXsU 


< h(~r1)h(~r2) >= ∆′(~r2, ~r1) − 12βD

∫

d2r∆(0, 0)∆′(~r2, ~r)∆
′(~r1, ~r). � % � � � 	

< h(0)h(0) >
OQopUnXdT�XdT�«�T�P%�SVSbc��r

< h(0)h(0) >= ∆′(0, 0) − 12βD

∫

d2r∆(0, 0)∆′(0, ~r)∆′(0, ~r)

= σ2

(

1 − 12βD

∫

d2r∆′(0, ~r)∆′(~r, 0)

)

. � % � � �
	
MDo�fÊVSocon�ST�f'P�qs��r%��qson¿ÀP�UWT�XdbWqsR

1

4

∫

d2r[∆(0, ~r) + ∆(~r, 0)][∆(0, ~r) + ∆(~r, 0)] � % � � �
	

f'OLU
∆(0, ~r) + ∆(~r, 0) =

1

β(2π)2

∫

d2q
ei~q ~r + e−i~q ~r

γq2 + m2
� % � � � 	

XdT�RQmdopUy°�T�bc�ST�P�J�^¬qsoyjdedRQRQopU��sPS�SOQXdT¬¿ÀP�UWT�XdbWqsR1r�q�Unocedf'OLUy�SOQT ¥ edbcf 


1

4

∫

d2r[∆(0, ~r) + ∆(~r, 0)][∆(0, ~r) + ∆(~r, 0)]

=
1

β264π4

∫ ∫ ∫

d2rd2q1d
2q2

ei~r(~q1+~q2) + ei~r(~q1−~q2) + e−i~r(~q1−~q2) + e−i~r(~q1+~q2)

(γq2
1 + m2)(γq2

2 + m2)
� % � � �
	

=
1

β216π4

∫ ∫

d2q1d
2q2

δ(~q1 + ~q2) + δ(~q1 − ~q2) + δ(−~q1 + ~q2) + δ(~q1 + ~q2)

(γq2
1 + m2)(γq2

2 + m2)
� % � ���
	

=
(2π)2

β216π4

∫

d2q1
1

(γq2
1 + m2)2

� % � �"- 	



3>3��

=
(2π)3

β216π4γ2

∫ qmax

0
dq1

q1

(q2
1 + m2/γ)2

. � % � � �
	
^`OQT�ocT�o�¿ÀP�UWT�XdbWqsR1T�bcXdOQ«wU 


1

4πβ2γ

(

1

m2
− 1

m2 + q2
maxγ

)

. � % � � �
	
^¬qso �¬V�qs�SbWq�U��ST�b ¥ OQRQf'bWqsVSOQXd¢sT�OLU

σ
¡�edrSPSTZknT��SRQOQ¢�q�UWOQedPSopUWT�bcf%¡�T�bcXdOQ«wUnocOQ��r%��qs�SVSbc��rl}�V

< h(0)h(0) >= σ2 = σ2
h

(

1 − 3D

πβγ

(

1

m2
− 1

m2 + q2
maxγ

))

. � % � ��.
	





3>3 H

� ���� "�	� �

� �"*%*%(/!1 �#%. � ��$ � ��� �Y#%. � � (/� � � * (/.1� (

� !���$Í$Í. � �"(/.�#%$�� � (+*��	�"02� (

�`P+�SOQT�ocT�b=a�UWT�RQRQTÍocedRQRQT�P-�SOQTx«�T�On�ST�b � T�bp°�T�PS�SVSPSX£�ST�o={|OLUcUWT�bcf'e��ST�RQRQT�o «�T�P�VwUW}�UWT�P/�`VSo¨§
�Sbc¦S��¢sTÊ±6¦Sb��SOQT ¯�edbcbcT�Rzq�UWOQedPSop±6VSPS¢�UWOQedPST�PxrST�bcXdT�RQT�OLUWT�U�°�T�bc�ST�P�J��`VSocX�qsPSXdoc�SVSPS¢�U|OQopU`�SOQTZ��TÈ§
UWbWqs��r�UWVSPSX?T�OQPST�o={|OLUcUWT�bc�SVSPS¢�UWT�o ~R

¡ qsP¤�ST�ococT�P ¸�edocOLUWOQedP-ocOQ��r+T�OQP/a�UWbcT�VST�b'«�T�³�PS�ST�U�¡ �ST�b
�ST�b�¯[qs�SOQRQRzqsbp°�T�RQRQT�P�«�T�°�T�XdVSPSX|±6edRQXsU VSPS�=ocedf'OLU T�OQPST�¯|bcT�OQoc«�T�°�T�XdVSPSXÊVSf)�ST�Px{|OLUcUWT�bc�SVSPS¢�U
qsVSop±6¦SrSbpU�J>^`OQTZ��T�°�T�XdVSPSX�¢�qsPSPx�SVSbc��rl�SOQT[¯�e�edbc�SOQP�q�UWT�P

u||(k, r) = A(k) · sin(kr)
� �`JLK��

VSPS�
uz(k, r) = A(k) · cos(kr)

� �`J]I �
«�T�oc��rSbcOQT�«�T�P+°�T�bc�ST�P�J�^`OQTx�`f'�SRQOLUWVS�ST=ocT�On��qs«�T�OnP�VSb'T�OQPST ¥ VSPS¢�UWOQedP-�ST�oC½?T�RQRQT�P�jdT�¢�UWedbco
A(k)

J>^`OQT[¯�edbcbcT�Rzq�UWOQedPSop±6VSPS¢�UWOQedP
< uz(k, r)uz(k, r + R) >r

r�q�Unocedf'OLUy�SOQT ¥ edbcf

< uz(k, r)uz(k, r + R) >r= A(k)2

∫

dr (cos(kr) cos(k(r + R))
� �`J h �

=
A(k)2

2

∫

dr (cos(kR) + cos(k(R + 2r)))

=
A(k2)

2

[

cos(kR)

∫

dr (cos(2kr)) − sin(kR)

∫

dr (sin(2kr))

]

=
A(k2)

2
[B cos(kR) + cos(kR) < cos(2kr) >r − sin(kR) < sin(2kr) >r] ,



3>3 � � �>�������6�w	��6�������À7�����	��6���������ÀÇ��=�������uÆy��Ç������68>�>���
	����>BD����EGF������

f'OLUy�ST�fgª¬«�T�bp~>�s��rST�PST�RQT�f'T�P�U
B
J

< uz(k, r)uz(k, r + R) >r=
A(k2)

2
B cos(kR).

� �`J � �

^`OQT�ocT�b��`VSoc�SbcVS��¢Í¢�qsPSP%}�V

< uz(k, r)uz(k, r + R) >r=
1

2π

qmax
∫

qmin

dq q
J0(q(r − R))

q2

� �`J]� �

VSf'XdT�°²qsPS�ST�RLUD°�T�bc�ST�P�J�^`OQTn¯�edbcbcT�Rzq�UWOQedPSop±6VSPS¢�UWOQedP
< uz(k, r)uz(k, r+R) >r

¢�qsPSP�±6edRQXdT�P�§
�ST�bp°�T�OQocTZVSf'XdT�±6edbcf U²°�T�bc�ST�P 


< uz(k, r)uz(k, r + R) >r= A(k)2

∫

dr sin(kr) sin(k(r + R))
� �`J © �

= A(k)2 1

2

∫

dr (cos(kR) − cos(k(r + R)))

= A(k)2

[

cos(kR)

∫

dr + cos(kR)

∫

dr (− cos(k2r)) + sin(kR)

∫

dr (sin(kr))

]

= A(k)2 1

2
B cos(kR).

� �`J]\ �

< uz(k, r)uz(k, r + R) >r
°nOQbc�%ocedf'OLUyT�«�T�Pw±�qsRQRQo²�SVSbc��r

< ux(k, r)ux(k, r + R) >r=
1

2π

qmax
∫

qmin

dq q
J0(q(r − R))

q2

«�T�oc��rSbcOQT�«�T�P�J

^`OQT[¯|bcT�VS}�¢sedbcbcT�Rzq�UWOQedPSopUWT�bcf'T|ocOQPS�%�SVSbc��r

< u||(k, r)uz(k, r + R) >r=

∫

drA(k)2 sin(kr) cos(k(r + R))
� �`J » �

= A(k)2 1

2

∫

dr (sin(k(2r + R)) + sin(−kR))

= A(k)2 1

2

[

sin(−kR)

∫

dr + cos(kR)

∫

dr (sin(k2r)) + sin(kR)

∫

dr (cos(2kr))

]



3>3 �

= A(k)2 1

2
B sin(−kR)

� �`J � �
VSPS�

< uz(k, r), u||(k, r + R) >r= A(k)2

∫

dr cos(kr) sin(k(r + R))
� �`JLK�v �

= A(k)2 1

2

∫

dr (sin(k(2r + R)) − sin(−kR))

= A(k)2 1

2

[

− sin(−kR)

∫

dr + cos(kR)

∫

dr (sin(2kr)) + sin(kR)

∫

dr (cos(2kr))

]

= −A(k)2B sin(−kR)
� �`JLKdK��

XdT�XdT�«�T�P�J>^`T�f'P�qs��rlOQopU

< uz(k, r), u||(k, r + R) >r + < u||(k, r)uz(k, r + R) >r= 0.
� �`JLK�I �





� �
	������w	�7���
�������������������� �

� .�#x(+*l �#�� *Í&)(+*%,-(/.102����.1$

� qs��qsf'ocedP�K � ��\���� J�½ÃJ��y��qsf'ocedP�¡��������
	�� ����
 � �
� 	�� ��� ��������� � � � � � ��¡ �sedrSPu½ OQRQT� ��
a�edPSo�¡�¿ÀPS�sJL¡>Ì�T�° � edbc¢ �¨K � ��\ �

� qsRQocPSOQT�RQocT�P>Isvdvs� � �sT�PSoÃ�`RQo¨§¨Ì�OQT�RQocT�P�¡u^`T�o t%��t%edbcbce�°[¡�� � �
� �
� � � ��� � �"! �
�#�%$'&
� � �(�������
	��)�)* ��J1»s�S¡ �sedrSP¶½ OQRQT�  &

a�edPSo�¡�¹�UW��¡1Ì�T�° � edbc¢>¡ ��rSOQ��rST�opUWT�b�¡1½?T�OQPSrST�OQf%¡
��bcOQoc«�qsPSTs¡>a�OQPSX�qs��edbcTs¡���edbcedP�UWe � Isvdvs� �
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� ��bc��Isvdvdh �l^ J=k[J'¹1OQ�STs¡�¸Dr�J ^ J 
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3�Ä�3 ¡1K��SK�§�K�� � �¨K �d»d© �

� �Sed«S«So�Isvdvdv � �ZJ>^`ed«S«So�¡�¹�qsPSXdfÊVSOQb�¡ 3�� ¡S��\�� � � Isvdvdv �
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� �SVwUcU�qwK �d»wK ��¸�J�^`VwUcU�qw¡�a�J>¯�J>a�OQPSr�qw¡�¸Dr� �o�J�knT�j�J>¹1T�UcU�JL¡ Ä H ¡��sv �¨K �d»wK��

� T��w°²qsbc��K ��Is» ��MD�w°²qsbc� ½ÃJ/½¾qsocr�«SVSbcP�¡ �Sr�J ^ JL¡�� � � �
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� T�f'�w°�T�« � r�UcUW� 
 � ��T�f'��J qdqs�SXSJ edbcX ��UWT���rSPSOQ��qsR���qsbcT�qso ��X�qso��nr� ��SbWq�UWT�o ��³�XdVSbcT�vdhwJ XdOL±
� Isvdvd© �

� T�PSXdRQT�}�edo�K � �dh ��¸�J>MDPSXdRQT�}�edo�¡�¿ÀPS��J>MDPSXSJ ��rST�f%J>knT�o�JL¡ �>9 ¡�K�Id��K�§�K�Id\�� �¨K � �dh �

� T�ocbp±
°�T�« ��r�UcUW� 
 � ��°y°y°[J T�ocbp±¨J ±6b � Isvdv�� �

� ±6bWqs�SOQP>Isvdvdv � �`J ¥ bWqs�SOQP�¡¶� J¾��bcT�ocRzqsV�¡?^ J¾¹1VS}�T�U�¡¾^ J¾a�f'OQRQXdOQT�o�¡ t J?�`RQ«�qw¡ ÌZJ
��edVS�ST�U�¡>¯�J>t%T���¢sT

&
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� ±6bcT�PS¢sT�R K �s��© �
�wJ ¥ bcT�PS¢sT�R ¡'+-	 � ��� 	�� D:� � � � � ����� 	��1��	�! �)*Êª���±6edbc��µ�PSOLjdT�bcocOLUÀ ®¸DbcT�oco�¡
Ì�T�° � edbc¢ �¨K �s��© �

� X�qsbcbcT�UcUÈIsvdvs� �1�`J �`J�{[qsbcbcT�UcU�¡>a���OQT�PS��Ts¡ � ��� ¡1KdK���© � Isvdvs� �

� XdT�bpUWrSocT�P�K � �dh � �`J?{|T�bpUWrSocT�P�¡ �ZJ � edXdT�R ¡ �������
	�4�*���� � =?�#N ��O � *¤a��SbcOQPSXdT�b � T�b¨§
RzqsXS¡S��T�bcRQOQP	�¨K � �dh �

� XdrSedoWqsR
Isvdv����'a�JÊ{|rSedoWqsR ¡ �wJ �`J ��T�f'f'OQPSXdT�b�¡��ZJZ��RQVSrSf%¡Z�`J a�JÊt%VSP�¡ MyJ ¹DJZ^ J
��T�«�T�PSopUWbcT�OLU�¡²{�J ¯|T�UcUWRQT�b�¡ ^ J ¥ J�ª¬XdRQT�UWbcT�Ts¡ ¥ J�{�J knT ��VST 
ceS¡²t J²awqsRQf'T�bcedP�¡ a���OQT�PS��Ts¡
� � H ¡>�s©dh � Isvdv�� �

� XdOzq�jsqsbcOQPSO
Isvdvdh � �`J|{|Ozq�jsqsbcOQPSO ¡ ¥ J¬tlqs����OQedPSO ¡¬t J¬¹DJ|awqsP�U�qsbcT�RQRQO ¡n¿ÀPS��J¬MDPSXSJ ��rST�f%J
knT�o�JL¡ Ä�9 ¡1K���K�\�§�K��dI�K � Isvdvdh �

� XdbWqs�SopUWT�OQP�K �d»wK �Ak[J+{|bWqs�SopUWT�OQP�¡ ��� � � �
�2& * � � �"!K�;4 ��& � � ! � � � � OK� ��� � � � ��� � * � T�b¨§
RzqsX �`qsbcbp x^`T�VwUWoc��r�¡ �yr�VSP �¨K �d»wK��

� r�qsRQocT� �K �s��» ��{�J ^ J �`qsRQocT� d¡ �wJ ��rST�f%J>¸Dr� �o�JL¡ 3�� ¡ �dhwK �¨K �s��» �

� rST�OQRQf�qsPSP>IsvdvwK �Ík[J ¯�J ��T�OQRQf�qsPSP�¡Ct J ¥ VS¢�VwUWeS¡'qsPS�¼¸�J]a�J�¸�T�bcocr�qsP�¡=¸Dr� �o�J knT�j�J �`¡
�>� ¡>Isv�����v�� � IsvdvwK��

� rST�bcf'OQPSXdr�qsVSo�K � ��\��+a�J ��T�bcf'OQPSXdr�qsVSo�¡ �wJ � edbc«�T�bcXS¡ �ZJ?{[qsV�¡ k[J ��edPSbWqs�wU�¡?^ J
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�¨K � ��\ �

� rST� ��w°�T�OQRQT�b�K �wK�v �1� J ��T� ��w°�T�OQRQT�b�¡��`PSP�qsRQT�Px�ST�b�¸Dr� �ocOQ¢>¡>¿ � ¥ edRQXdT|hdhÍK���� �¨K �wK�v �
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�#� � � � �
� �	�K��� ��� � � � � � 8 � � � � �)* 2th T��SO §
UWOQedP�¡w�y��qs�ST�f'OQ�Z¸DbcT�oco�¡�Ì�T�° � edbc¢>¡ �¨K � �wK��
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� 
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��Ä ¡1K���� � Isvdvdv �
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cVSPSXs°nOQbpUWr>Isvdvdvdq �S¸�J��sVSPSXs°nOQbpUWr�¡�^ J �wJ ��ed«SOzqso�¡ �wJ�¸Dr� �o�J ��rST�f%J��`¡ 3
��Ä ¡�\d\sv�I � Isvdvdv �

� 
cVSPSXs°nOQbpUWr>IsvdvwK �S¸�J �sVSPSXs°nOQbpUWr�¡�^ J��wJ ��ed«SOzqso�¡��wJ�¸Dr� �o�J ��rST�f%J��`¡ 3
��� ¡SK�vs��©d» � IsvdvwK��

� 
cVSPSXs°nOQbpUWr>Isvdv�I��x¸�J �sVSPSXs°nOQbpUWr�¡C^ J �wJ ��ed«SOzqso�¡ �wJC¸Dr� �o�J ��rST�f%JC�`¡ 3
� � ¡C©dhd©wK
� Isvdv�I �

� ¢�qsbcXdT�b�K ��\�K �?�`Ju¹DJl¯[qsbcXdT�b�¡lk[J �`J��²qsopUWT�RQRQo�¡l¸�Jl� Jua�T�°�T�RQR ¡%� J �`qsbpUW¢sed�w±¨¡ �wJ
¸Dr� �o�J ��rST�f%JL¡ H � ¡>hd»�\sv �¨K ��\�K��

� ¢sT�RQRQT�b�Isvdv���� �wJ¶µZJ¶¯|T�RQRQT�b�¡uk[J a�U�qsVS�wU�¡ @ � � = ! ��� � B � 	�� � � �1��	 � 	 01� 	 � *-a��SbcOQPSXdT�b�¡
Ì�T�° � edbc¢ � Isvdv�� �

� ¢sT�ococRQT�b�K �d»�I�� ��J V�J]t Jx¯|T�ococRQT�b�¡ÍÌZJ � J=�`«�qs¢�VSf'e�jsqw¡ÍÌZJ �ÊJ � qsocT�PSOQP�¡xt J=� Jx{|edb¨§
�SedP�¡>knVSococOzqsP �sedVSbcP�qsR1es± ¸Dr� �ocOQ��qsR ��rST�f'OQopUWbp d¡ � � �¨K�� �¨K �d»�I �

� ¢�OQT�ococOQPSXSK �dhwK � �ZJ>¯|OQT�ococOQPSXS¡S�`PSP�J>¸Dr� �o�J ��Ì � � � ¡�\�K�� �¨K �dhwK�� �
� ¢�OQPSXSK ��\�K � �wJÍ½ÃJ%¯|OQPSXS¡Í� J �²q�UcUWT�b 
cT�Ts¡l�`J%¹DJ%¯[qsbcXdT�b�¡��wJ%¸Dr� �o�J���rST�f%JL¡ H � ¡
Id\s© � �¨K ��\�K��

� ¢�bp �°n¢�q�Isvdv������`JÊ¯|bp �°n¢�qw¡Ct J�¸GqsVSRQVSo�¡ �`JCa�UWT�bcPST�f�qsPSP�¡�t J � edRQf'T�b�¡Z� J�knT�f�§
rSes±¨¡u{�JlÌ�e�°²qs¢>¡u� JuÌ�T�±6T��Se�j�¡2�`Ju¸�msUWT�b�¡2t J2a��SOQT�XdT�R ¡ut J ��edRzqsP�¡ �sedVSbcP�qsR?es±
a� �PS��rSbcesUWbcedPlbWqs�SOzq�UWOQedP�¡ 3�� ¡ » � Isvdvd© �
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� *�^`OQ�SRQedf�qsbc«�T�OLU � Isvdv�� �

� ¢�jsqsf'f'T�Isvdvdv �l�`J�¯ jsqsf'f'Ts¡C�`PSP�qsRQo+es±¶UWrST®Ì�T�° � edbc¢ �y��qs�ST�f  Áes±?a���OQT�PS��T�o
�wK�I 
 � �d©�§p�svwK � Isvdvdv �

� Rzqs¢sT�°�T�« ��r�UcUW� 
 � ��°y°y°[J Rzqs¢sT�ocrSedbcTsJ ��edf � Isvdv�� �

� RQO
IsvdvwK � t J ¹1O ¡g� J]t J �yOQ¢�rSedPSe�j�¡ ^ J �wJ	��r�qsOQ¢seS¡ qsPS� t J ¹DJ a���rSRQedococf�qsP�¡
¸Dr� �o�J�knT�j�J>¹1T�UcU�JL¡ � � ¡�� �dhs��§p� �dh�\�� IsvdvwK��

� RQO
Isvdv�I��1t J>¹1O ¡�t J ¹DJ�a���rSRQedococf�qsP�¡>¸Dr� �o�J�knT�j�J>M �>� ¡>vd©wK�©dvd» � Isvdv�I �

� RQO
Isvdvs� �¤^`edPSX��wV ¹1O ¡?��OQP ��qsPSXS¡¾��OQPSr�V�q ¹1OQP�¡¾tlq�UWO t%T�bcedP�¡ �sT�º {|T�«Sr�qsbc�wU�¡
�yOQf¼{|bWqs«�T�bnqsPS�ua�UWV�qsbpUn� J>knOQ��Ts¡�¸Dr� �o�J�knT�j�J>¹1T�UcU�JL¡ �>9 ¡1K�hd©wK�v�I�Isvdvs�

� RQO
Isvdv����Ê^ JZ¹1O ¡ �ÊJ �sOzqsPSXS¡|�`J[¹1OQP�¡[t J t%T�bcedP�¡ a�J|� J[knOQ��Ts¡[¸Dr� �o�J knT�j�JZ�`¡ H 9 ¡
Ish�����Is©�§�K � Isvdv�� �

� f�qsrSf'e�e���qsXdrS��qsf=Isvdv�I���MyJ�tlqsrSf'e�e���qsXdrS��qsf%¡­¸�JÃk�q 
 ��OQocrSPSedO ¡ �wJ���rST�f%J
MDPSXSJ>^¬q�U�qw¡ Ä H ¡�Id\s»�§pIs»wK � Isvdv�I �

� f�qsPSP>IsvdvwK � �wJ¶�y�SOQP´tlqsPSP�¡¶¸�J ^ J ��bcedVSocT�b"qsPS� ½ÃJ �ÊJ?t%T� dT�b�¡ �`�S�SRQOQT�� ª¬��§
UWOQ��o�¡ Ä�� ¡���v ��I � IsvdvwK��

� f�qsococedVS�SO K ��\�� �Sk[J�tlqsococedVS�SO>qsPS�C� J�^ J�¯|OQPSX��sb�JL¡��wJ�¸Dr� �o�J ��rST�f%JL¡ H � ¡�IdIs©�I �¨K ��\�� �

� f�q���Isvdvdv �ut J=^ Jxtlq�� 
 ��� � � ��� @ � � � � ! � ��� � *u¯|RQV�°�T�b �y��qs�ST�f'OQ�®¸DVS«SRQOQocrST�bco�¡
^`edbc�SbcT���r�U � Isvdvdv �

� f'T���¢sTsK � �d© ��¯�J�k[J�t%T���¢sTÊqsPS�la�J>^`OQT�UWbcOQ��r�¡�¸Dr� �o�J�knT�j�J>My¡ � � ¡�©�\s©d© �¨K � �d© �

� f'T���¢sTsK � �d©s« ��¯�J k[J>t%T���¢sTÊqsPS� �wJ>¯|bcOQf%¡w¸Dr� �o�J�knT�j�J>�`¡ �>� ¡>Isv�\sh �¨K � �d© �

� f'T���¢sT�IsvdvwK ��¯�J>t%T���¢sTs¡ �wJ ¸Dr� �o�J	
 ��edPS�ST�PSo�J�tlq�UcUWT�b 3�� ¡���©wK�� � IsvdvwK��
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� f'T���¢sT�Isvdvdh ��¯�J k[J>t%T���¢sTs¡ �|J �²qsrSbcOLU�q�U�¡ ¥ J>{|bWqsPST�b�¡�¹�qsPSXdfÊVSOQb�¡ 3 � ¡�Isvd»dv � Isvdvdh �

� f'edRQRQT�b�K �d©�����¸Dr� �o�J�knT�j�J�¹1T�UcU�JL¡ 3�� ¡>©�Ish �¨K �d©�� �

� f'e�edO 
cT�b�Isvdv�I�� t J2t J2t%e�edO 
cT�b¨§ jsqsP �ST�P ��T�VwjdT�R ¡��`J��wJl¸�T�UWT�bco�¡ �wJl�ST a�°²qdqsP
�`bcedPSo�¡ ¥ RQVSOQ�x¸Dr�qsocTZM ��VSOQRQOQ«SbcOzqw¡ 3 �>� ¡�I�����§pId� � � Isvdv�I �

� f'edbWq�Isvdvdh ��a�J�t%edbWqw¡ �wJ ^¬qsOQRQRzqsP�U�¡Z¯�JÊt%T���¢sTs¡C^ JÊ¹1VS}�T�U�¡Ê� J ��bcT�ocRzqsV�¡Êt J �`RQ«�qw¡
�`J�a�UWbcVwUWr�¡�¸Dr� �o�J�knT�j�J>¹1T�UcU�J � � ¡>I�K�©wK�vwK � Isvdvdh �

� PSOQopUÀ°�T�« ��r�UcUW� 
 � ��°�T�«S«�e�ed¢>J PSOQopU�J Xde�j	� Isvdvd© �

� e���¢seSK � �s� �Í�`J]t J'ª¬��¢seS¡��ÊJ]ÂGJ ½?V�¡�MyJ �`JCa�OQbcesU�qw¡�a�J ¯�J�a�OQPSr�q�qsPS��t J�^`T�VwUWoc��r�¡
¸Dr� �o�J�knT�j�J>¹1T�UcU�JL¡ H 9 ¡�I���I �¨K � �s� �

� edrSfÊVSbWq�Isvdv�I��Ík[J'ª¬rSfÊVSbWqw¡'a�JC¯[qsocrSOL°²qs}�qs¢�O ¡Ca�J�a�rSOQesU�qw¡ �ZJ ��ocV 
cO ¡ ��J �ZJ't%e�§
bcO ¡SMDPST�bp %qsPS� ¥ VSRQT�o�¡ 3�� ¡1KdK��SK�§�KdK���\�� Isvdv�I �

� edPSoWqsXdT�b�K �dhs� ��¹DJ>ª¬PSoWqsXdT�b�¡�awqsf�qsbWqso�¡�ÌZJ>ÌZJ��|J �wJ ��rST�fg¸Dr� �o�JL¡ 9 ¡��dIs» �¨K �dhs� �

� ��qsbcbWq�UcU�K ����� � �ZJ �wJ�¸GqsbcbWq�UcU�¡>¸Dr� �o�J�knT�j�JL¡ �>� ¡�h�� ��§¨hd© � �¨K � ��� �

� ��qsoc��rST�¢wIsvdvdh �G^`OQT�UWf�qsby¸Gqsoc��rST�¢>¡��SbcOLjsq�UWT[¯�edf'fÊVSPSOQ¢�q�UWOQedP

� ��qsVSRQVSo�Isvdv����%t J'¸GqsVSRQVSo�¡Ck[J ¥ T�PS�wU�¡ �`J'a�UWT�bcPST�f�qsPSP�¡ �`J'{|VwUcU�¡ �ZJ ��m�jdT�R ¡'t J
� edRQf'T�b�¡�t J ��edRzqsP�¡�¯�Jn½ OQRQRQTs¡|¡ �sedVSbcP�qsRZes±'a� �PS��rSbcesUWbcedP�bWqs�SOzq�UWOQedP 3�9 ¡¬I���©�§pId�sv
� Isvdv�� �

� ��T�UWrSOQ��qwK � �d© �1�`J�� J>¸�T�UWrSOQ��qw¡�¹�qsPSXdfÊVSOQb�¡ 3�9 ¡��s»���K �¨K � �d© �

� ��T�UWrSOQ��q�Isvdvdh �-�`J2� J¶¸�T�UWrSOQ��qw¡?t J ¹DJ {|RzqsococT�b�¡2MyJ �ZJ ��edPSXS¡ ¹�qsPSXdfÊVSOQb�¡ 3 � ¡
©d»�Isv � Isvdvdh �
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� �SOQT�UWoc��r>Isvdvs� �AµZJ-¸DOQT�UWoc��r�¡��ÊJ ��edRL d¡ �|J¤�²qsVSfÊ«�qs��r � 	 O � � � ��� � � � 	�� � $'&�� � �
�:� ��� � �
� 	 ��O *Ga��SbcOQPSXdT�b�¡�Ì�T�° � edbc¢ � Isvdvs� �

� �SbWq�UcU�K � ��\���knedP�qsRQ� t J ¸DbWq�UcU�¡ ^`edPSX�§ �`qsO�t%T�O ¡ �yOzqsP�§pt%OQP {|VSeS¡ MyJ ^`T�PS�w 
a�RQe�qsP�¡ �sb�JL¡ �wJ ��rST�f%J>¸Dr� �o�¡ 3
� � ¡��SK�»�\�§À�SK �����¨K � ��\ �

� bWqs�Sr�qs¢�bcOQocrSP�qsP>Isvdv�I��lk[J'k�qs�Sr�qs¢�bcOQocrSP�qsP�q qsPS�¼�`J�¹DJ ��bcedVwU�¡ �wJ ��rST�f%J�¸Dr� �o�JL¡
3>3 H ¡�K�\s»d©�§�K�\ �d©w¡ � Isvdv�I �

� bced«S«SOQPSo�K � �wK �=t J]ª kned«S«SOQPSo�¡Ê^ J �`PS�ST�RQf�qsP�¡
�wJ ¥ J �se�qsPSP� d¡Ê¸Dr� �o�JCknT�j�J � ¡ Ä�� ¡
��hs�d� �¨K � �wK��

� bce��SXdT�b�K � �dv �1¸�J�t J>kne��SXdT�b�¡ �wJ>¸Dr� �o�J ��rST�f%JL¡ �SÄ ¡>©dvd»dv�§¨©dvd» � �¨K � �dv �

� oWqs��rSo�K � �����1½ÃJ�awqs��rSo�¡ �ÊJ>t%T� �P�¡ ��edRQRQedOQ�Sona�VSbp±¨JS� ¡ �SÄ ¡�I �wK �¨K � ��� �

� ocT�bpj�OQe�Isvdv�I��¾¸�a�T�bpj�OQeS¡u¸�JuMDPSXdRQT�}�edo�¡ ��bp �opU�qsR-{|bce�°yUWr qsPS� ^`T�ocOQXdP�¡ � ¡u©wK�§¨©d©
� Isvdvdh �

� ocT� ��ST�R
Isvdvdh � �|JÍa�T� ��ST�R ¡�� JÍtlqs�SocT�P�¡xt JÍa��SbcVSPSXS¡=t J ��edRzqsP�¡={�J={|bc¦S«�T�RlqsPS�
½ÃJ>¸DbcT�oco�¡�knT�j�J�a���O JS¿ÀPSopUWbcVSf%J H Ä ¡S��vdhdh � Isvdvdh �

� ocT� ��ST�RQ�SOQoco � �yOQRQe a�T� ��ST�R ¡ @ �	� ��� 0 �
� N�� �)� �
��� ��	 � � � 	 �
� �
��� � � + � BG	 � �	�K�#7 ��� � �
� *
^`OQococT�bpU�q�UWOQedP�¡�¯|OQT�R � Isvdvdv �

� ocOQPSr�qwK �d»d» �%a�J ¯�J�a�OQPSr�qw¡CMyJ �`J=a�OQbcesU�qw¡Ca�J�{[qsbcesºG¡ �ZJ �`J�a�U�qsPSRQT� d¡'¸Dr� �o�J knT�j�J=�`¡
� � ¡>IdI ��\ �¨K �d»d» �

� ocRQe�qsP�K � �d» �uMyJx^`T�PS�w  a�RQe�qsP �sb�¡ 
 �	����� ��� � � � ! � ��� � � ��� 
 ��� � � ��� @ � � � � � tlqsb¨§
��T�R�^`T�¢�¢sT�b�¡�Ì�T�° � edbc¢>¡1K � �d» �

� ocRQe�qsP�K � �d»soces±
U ��a�es±
UÀ°²qsbcT[}�V�� ocRQe�qsP�K � �d» �

� ocRQe�qsP>Isvdvdh �1MyJ>^`T�PS�w la�RQe�qsP��sb�¡>Ì�� �nµ`k�My¡ Ä�9 � ¡>h��sh � Isvdvdh �
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� opUWT�UcUWPST�b�K � �d© � �wJ a�UWT�UcUWPST�b�¡/¹DJ/a���r�°²qsRQe�°noc¢� d¡AªÊJ �ZJ a�T�T���¢>¡ t J ��edRzqsP�¡£½ÃJ
¸DbcT�oco�¡ �`J�a���r�°²qsbc}
�ZJwj�J>¯[�sPST�R ¡�¸Dr� �o�J�knT�j�J>�`¡ �>� ¡1K�h �d» �¨K � �d© �

� UWedRzqsP�K � � � ��t J ��edRzqsP�¡ $'& � � ���:� ��� � �
� 	 ��O � � � � �:��� � I ��� � �
� D:��	 � 8�	 � � �)*ya��SbcOQPSXdT�b
��bWqs��UWonOQPlt%e��ST�bcPl¸Dr� �ocOQ��o � edR J�K���» � a��SbcOQPSXdT�b�¡���T�bcRQOQP�¡�K � � � �

� UWedRzqsP>Isvdvdh �=t J ��edRzqsP�¡ �|J ½?T�OQo�¡ ¯�JZ½ OQRQRQTs¡ �`JZ½?T�opUW�Sr�qsR ¡�a� �PS��rSbcesUWbcedPYk�qs�SOzq�§
UWOQedPxÌ�T�°no�¡ 3�� � I�¡ ��§�KdK

� VS��rSOQ��q�Isvdv�I�� �|JÊµ���rSOQ��qw¡ �|JÊMD«SOQP�VSf�qw¡Êa�J �Gqs¢sT� d¡ �wJÊÌ`qsXde�qsPS� �ZJÊÌ`qsbcOLU�qw¡ �wJ
¸Dr� �o�J ��rST�f%J>�`¡ 3
� � ¡�»�Isv�§¨»�Is© � Isvdv�I �

� j�OQPST� �qsbc��K �d»�I���{�J �ZJ �¬OQPST� �qsbc��¡>¸Dr� �o�J�knT�j�J��`¡ 9 � ¡��SK���© �¨K �d»�I �

� jdedbc«�T�bcX�IsvdvwK � �wJ � edbc«�T�bcXS¡¶a�J ��T�bcf'OQPSXdr�qsVSoÃqsPS� ¯�J¶t%T���¢sTs¡¾¸Dr� �o�J knT�j�J ¹1T�UcU�JL¡
� H ¡1K �d©wK�v�� � IsvdvwK��

� °nOQRQRQTsK � ��I�� ¯�JÃ½ OQRQRQTs¡ �������
	�4 ! �
� D � 	 � �)� �
�G0 � ���)� � � � � 	 O �
� � � ! ��� � �)� � � ��� � �2&
� ��� � � � � ��O � �1� ��� � �
� * ��T�VS«SPST�b¬a�UWVS�SOQT�P�«S¦S��rST�b�¡�a�UWVwUcUWX�qsbpU �¨K � ��I �

� �wbWq� �°�T�« �Gr�UcUW� 
 � ��°y°y°[J �È�wbceSJ RQ«SR J Xde�j ��ed�wUWOQ��qsR��n��edPSopU�qsP�UWo � � Isvdvd© �

�  �qsXdRQedf%K �d»�\��Í� J�t J ��qsXdRQedf%¡ 
 � �#� ���	��� 	�� � D:� � � � � ��� � � ��� 	�� � �K� � �K� ! � ���	��� � !
� �K� ! � � 8:� � 4 � 	�� � �|¡�a��SbcOQPSXdT�b�a�T�bcOQT�onOQPla�U�q�UWOQopUWOQ��o � edR J�Kd¡>a��SbcOQPSXdT�b�¡���T�bcRQOQP	�¨K �d»�\ �

�  dedPST���qwK �d©dh � ��J � edPST���qw¡�¸Dr� �o�JÍknT�j�JL¡ 3��13 ¡=IsvwK�v �¨K �d©dh � � }�r�qsPSX�Isvdvdv �ua�rSO § �¬O
Â�r�qsPSXS¡y{|V�qsPSX�§ �sOQP ��rST�P�¡ ��r�qsPSX�§ ¥ T�PSX¤tlqw¡y¹�qsP�§ �|OQPSX ��qsPSXS¡ �yOzqsP�§pt%OQP {|VSeS¡ �wJ
��rST�f%J>MDPSXSJ>^¬q�U�qw¡ Ä�� ¡ �dvd»�§ �wKdK � Isvdvdv �

� }�OQPSP 
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I�JLKN^`OQTZa�UWbcT�VSXdT�edf'T�UWbcOQT�Px¿ÀP�§À�SRzqsPST|VSPS�uª¬VwUp§Àes±z§À�SRzqsPSTsJ¾JZJZJZJZJZJ[JZJZJZJZJZJZJ »
I�J]I_MDOQPS�SbcOQPSXsUWOQT�±6T¬�ST�b�knmdP�UWXdT�PSopUWbWqsrSRQVSPSX'qsRQo ¥ VSPS¢�UWOQedPÍ�ST�o`MDOQPw±�qsRQRQop°nOQPS¢sT�RQo

αi
J K�I

I�J h�^`OQT ��bWqsPSocf'OQococOQedPSop±6VSPS¢�UWOQedP£VSPS�¤knT�~�T�¢�UWOLj�OLU���UCqsRQo ¥ VSPS¢�UWOQedPST�P£�ST�o'MDOQP�§
±�qsRQRQop°nOQPS¢sT�RQo

αi
J JZJZJ[JZJZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJ"K�h

I�J �i��T�OQoc�SOQT�R�T�OQPST�bnknT�~�T�¢�UWOLj�OLU���U�J�JZJZJZJZJZJZJZJ[JZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJ"K�»
I�J]�_^`OQTZª¬«�T�bp~>�s��rST�PSoc��qsPSP�VSPSX=P�qs��r2t%T���¢sTsJÁJ[JZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJ�IdI
I�J ©���T�bcT���rSPST�UWT�a�UWbcT�VSOQP�UWT�PSocOLU���UnT�OQPST�on�SOLº�VSocT�Pua�UWbcT�VSTÈ�w��T�bcOQf'T�P�UWT�o�J�JZJZJZJZJZJ�Ish
hwJLK;{[qsocr� ��SbWq�U�¡�a�UWbcVS¢�UWVSbn¿�VSPS�ua�UWbcVS¢�UWVSbn¿c¿�J¾J[JZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJ�Id\
hwJ]I�� T�bWqsPSoc��r�qsVSRQOQ��r�VSPSX'T�OQPST�o�qs�Socedbc«SOQT�bpUWT�P ¥ OQRQf'o�JAJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJ®hwK
hwJ h�^`OQT ¥ bcT�OQT[MDPST�bcXdOQTZqsRQo ¥ VSPS¢�UWOQedPx�ST�o`^`bcVS��¢�o�VSPS�%�ST�b ¥ OQRQf'�SOQ��¢sTsJ JZJZJZJZJ®hdh
hwJ �i^`OQoc��T�bcocOQedPSocbcT�Rzq�UWOQedP=±6¦Sb²½¾qsococT�bp°�T�RQRQT�P�J-JZJ[JZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJ®h�\
hwJ]�_¯�edbcbcT�Rzq�UWOQedPSop±6VSPS¢�UWOQedP£T�OQPST�b��SVSbc��r/¯[qs�SOQRQRzqsbp°�T�RQRQT�P?f'e��SVSRQOQT�bpUWT�P¾½¾qsococT�b¨§

ed«�T�bp~>�s��rSTsJ`JZJZJZJZJZJ[JZJZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJ­�SK
hwJ ©iª¬«�T�bp~>�s��rST�PSbWqsVSOQXd¢sT�OLUWT�P%P�qs��r%�ST�bnr�qsbcf'edPSOQoc��rST�P%�`�S�Sbce��wOQf�q�UWOQedP�J�JZJZJZJZJ­���
hwJ]\_��T�bcT���rSPST�UWT ¥ OQRQf'bWqsVSOQXd¢sT�OLUWT�P�J£JZJZJZJZJZJZJ[JZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJ��sv
hwJ »ia�¢�OQ}�}�T[�ST�o�¿Àoced«SVwU�qsP�§ VSPS�l¸Dbced��qsPSf'edRQT�¢�¦SRQo�JÃJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJ��sh
hwJ �ia�¢�OQ}�}�T[�ST�b�¸Dbced«�T�PS}�T�RQRQTsJ�JZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJ����
hwJLK�v/^¬qso�¹�qs«�edbc�SOLº�bWqs¢�UWedf'T�UWT�by^¬»wJ�JZJZJZJZJZJZJ[JZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJ��d\
hwJLKdK£knT�~�T�¢�UWOLj�OLU���UWT�Px�ST�by½¾qsococT�b¨§¨¸Dbced��qsPu{|bcT�PS}�~>�s��rSTsJgJZJZJZJZJZJ[JZJZJZJZJZJZJ®©�I
hwJLK�I¤�`PSXdT���qsocopUWT ^`OQoc��T�bcocOQedPSoc�Sbces³�RQT|�ST�by½¾qsococT�b¨§¨¸Dbced��qsPu{|bcT�PS}�~>�s��rSTsJ¤JZJZJZJZJ®©s�
hwJLK�h/^`OQT|¿ÀocesUWrST�bcf'T[�ST�o¬a� �opUWT�f'oy½¾qsococT�b¨§¨¸Dbced��qsP�J JZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJ®©��
hwJLK�� ^`OQT[k�qsVSOQXd¢sT�OLUy�ST�o`¸Dbced��qsPw³�RQf'onqsRQo ¥ VSPS¢�UWOQedPx�ST�b ¥ OQRQf'�SOQ��¢sT`J[JZJZJZJZJZJZJ®©�\
hwJLK��+^`OQT[knT�~�T�¢�UWOLj�OLU���UWT�Pu{|RL �}�T�bcOQP�§À¿Àoced«SVwU�qsP�¡wT�bcopUWTÊt%T�ococ}�T�OLU�JlJZJZJ[JZJZJZJZJZJZJ®©d»
hwJLK�©/^`OQT[knT�~�T�¢�UWOLj�OLU���UWT�Pu{|RL �}�T�bcOQP�§À¿Àoced«SVwU�qsP�¡w}�°�T�OLUWTÊt%T�ococ}�T�OLU�J­JZJ[JZJZJZJZJZJZJ®© �
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hwJLK�\+^`OQTC^`OQ��¢sT'�ST�o[¿Àoced«SVwU�qsPw³�RQf'o[qsRQo ¥ VSPS¢�UWOQedP¶�ST�oZqsVw±��ST�P?¯�edPS�ST�PSoWq�UWOQedPSo¨§
�SbcVS��¢ÍPSedbcf'OQT�bpUWT�P%{[qsoc�SbcVS��¢�o�J�JZJZJZJZJZJZJZJ[JZJZJZJZJZJZJZJZJZJZJ[JZJZJZJZJ�\�K

hwJLK�»/^`OQT[k�qsVSOQXd¢sT�OLUn�ST�on¿Àoced«SVwU�qsPw³�RQf'onqsRQo ¥ VSPS¢�UWOQedPx�ST�b ¥ OQRQf'�SOQ��¢sTsJ J[JZJZJZJZJ�\dI
hwJLK �/^`OQTyT�º�T�¢�UWOLjdT �`qsf�qs¢sT�bc¢sedPSopU�qsP�UWT`qsRQo ¥ VSPS¢�UWOQedPÊ�ST�o ��bcT���r�VSPSXdocOQPS�STÈ�wT�o��ST�o

¥ OQRQf'o�JÃJZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJZJZJZJZJ[JZJZJZJZJ�\��
�SJLK ¿ÀP�UWbcOQPSocOQoc��rSTZ^`OQoc��T�bcocOQedPSoc�Sbces³�RQTsJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJZJZJZJZJ[JZJZJZJZJ�\d\
�SJ]I�a�OQfÊVSRQOQT�bpUWT[knT�~�T�¢�UWOLj�OLU���UWT�Pl�ST�b ¥ RQ¦SococOQXd¢sT�OLUWo¨§p{[qso`{|bcT�PS}�~>�s��rST�Pl°²�sococbcOQXdT�b

awqsRQ}�RQmdocVSPSXdT�P�J JZJZJZJZJZJ[JZJZJZJZJZJZJZJZJZJ[JZJZJZJZJZJZJZJZJZJZJ[JZJZJZJZJ�\ �
�SJ hia�OQfÊVSRQOQT�bpUWT¬knT�~�T�¢�UWOLj�OLU���UWT�P%�ST�by°²�sococbcOQXdT�PuawqsRQ}�RQmdocVSPSXdT�PxXdT�UWT�OQRLUy�SVSbc��r
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½A�srSbcT�PS�®�ST�b%�SbcT�O �dqsrSbcTs¡nOQPA�ST�PST�P®�SOQT�ocT �`bc«�T�OLU%T�P�UWopU�qsPS�ST�P�OQopU�¡yopU�qsPS�ST�P®f'OQb=j�OQT�RQT
¸�T�bcocedPST�PlVSP�UWT�bcopUW¦wUW}�T�PS��¡�qsVw±6fÊVSP�UWT�bcPS�xVSPS�%rSOQRL±6bcT�OQ��r=}�VSb`a�T�OLUWTsJS¿À��r%f'm���r�UWT|f'OQ��rÍ��qsrST�b
«�T�O�qsRQR��SOQT�ocT�Pl¸�T�bcocedPST�Pl«�T���qsPS¢sT�P�¡�qsVS��r%°�T�PSP%ocOQT[PSOQ��r�U�P�qsf'T�P�UWRQOQ��rÍXdT�P�qsPSP�Un°�T�bc�ST�P�J
�`PZT�bcopUWT�b a�UWT�RQRQTDf'm���r�UWT OQ��rZf'OQ��r[«�T�O�¸Dbces±¨J�^`b�J�t J ��edRzqsP[«�T���qsPS¢sT�P�¡��ST�b�f'OQ��rZOQP[ocT�OQPST

�`bc«�T�OLUWocXdbcVS�S��T|qsVw±6XdT�PSedf'f'T�P�r�q�UyVSPS�Íocedf'OLU���qsoyMDP�UWopUWT�rST�P%�SOQT�ocT�b²�`bc«�T�OLU²T�bcf'mdXdRQOQ��r�UWTsJ
½A�srSbcT�PS�?f'T�OQPST�bZ¸Dbcedf'esUWOQedP2X�qs« T�b[f'OQb|OQf'f'T�b¬�SOQT ¥ bcT�OQrST�OLUWT�P�¡��SOQTCPSesUÀ°�T�PS�SOQXx°²qsbcT�P�¡
VSf �SOQT�ocT �`bc«�T�OLU%}�V­T�P�UÀ°nOQ��¢sT�RQP�J ��rSbcOQopUWOzqsP®{|VwUcU%XdOQRLUÍf'T�OQP «�T�ocedPS�ST�bcT�bu^¬qsPS¢>¡���q-T�b
f'OQb'opUWT�UWoÍf'OLU'XdVwUWT�f k�q�U=}�VSbxa�T�OLUWTlopU�qsPS� VSPS� 
cT��STu½ OQbcbcVSPSX?f'T�OQPST�bcocT�OLUWo�f'OLU=knVSrST
VSPS�¾{|T�RzqsococT�PSrST�OLUZRQmdopUWTsJ1MDb[RQOQT �ÍPSOQT��ST�P?¯�edP�U�qs¢�U qs«S«SbcT���rST�P?VSPS� opUWT�RQRLUWT�ocOQ��r 
cT��ST�bc}�T�OLU
f'T�OQPST�P ¥ bWqsXdT�P�J Ì�OQ��r�U�°�T�PSOQXdT�b'��qsPS¢sT�P f'm���r�UWT%OQ��r ��rSbcOQopUWOzqsP/a�UWT�bcPST�f�qsPSP�J�MDb'opU�qsPS�
f'OQbZ°²�srSbcT�PS�¤f'T�OQPST�bÊX�qsPS}�T�P+Â�T�OLUCqsf ^¬M ¹ ���gf'OLU�k�q�U�VSPS� �Gq�UC}�VSb � T�bp±6¦SXdVSPSXSJ ^`OQT
Â�VSoWqsf'f'T�P�qsbc«�T�OLUyr�q�Un°nOQbc¢�RQOQ��rla���q �'XdT�f�qs��r�U�J�tlqsbpUWOQP � edRQf'T�b²°²qsbn¦S«�T�bn�SOQT[X�qsPS}�T Â�T�OLU
f'T�OQPST�o'a�UWVS�SOQVSf'oÊT�OQP¾UWbcT�VST�b'��T�XdRQT�OLUWT�b VSPS�¤ocedbcXsUWTÍPSOQ��r�UCP�VSbÊ°²�srSbcT�PS�¤�ST�b��`bc«�T�OLUÊ±6¦Sb
bcT�OQ��rSRQOQ��rxXdVwUWT a�UWOQf'fÊVSPSXSJ
¸Dbces±¨JÊ^`b�JCk[J ½ OQP�UWT�b£f'm���r�UWT OQ��r ±6¦Sb£�SOQT �`Vw±6P�qsrSf'T OQP)��qso¤{|bWqs�SVSOQT�bpUWT�PS¢sedRQRQT�X

&]a�UWbcVS¢�UWVSb¨§¨^� �P�qsf'OQ¢d§¨��T�}�OQT�r�VSPSXdT�P OQP f'OQ¢�bcedopUWbcVS¢�UWVSbcOQT�bpUWT�P a� �opUWT�f'T�P4&¶��qsPS¢sT�P�J?t%T�OQP
^¬qsPS¢¾XdT�r�UCT�«�T�Pw±�qsRQRQo�qsP¤^`b�J ^`OQT�UWf�qsbÊ¸Gqsoc��rST�¢>¡�¸Dr� �ocOQ¢�qsRQOQoc��rST���rST�f'OQTÍ¿c¿�¡Dµ�PSOLjdT�bcocOLU���U
^`edbpUWfÊVSPS� ±6¦Sbx��qso%}�VSb � T�bp±6¦SXdVSPSX¤opUWT�RQRQT�P �ST�butl^ ^¬q�UWT�P�J`t%OQ��r�qsT�R a��SbcVSPSX¤r�q�UlqsVw±
j�OQT�RQT�P t%T�ococ}�T�OLUWT�P XdT�rSedRL±6T�P�VSPS� ocOQ��r qsRQo­~�T�O �dOQXdT�bÃtlq�UWrSRzqs«�§¨¸DbcedXdbWqsf'f'OQT�bcT�b T�OQPST�P
Ì`qsf'T�PlXdT�f�qs��r�U�J ��T�PSPSOQPSXxa�UWT�bcPST�f�qsPSPuVSPS� ��rSbcOQopUWOzqsPlknT�UcUWOQX���qsPS¢sTÊOQ��r%±6¦Sb`�SOQT[j�OQT�RQT�P
°nOQococT�PSoc��r�q�±
UWRQOQ��rST�PÃVSPS�ÃqsV��dT�bp°nOQococT�PSoc��r�q�±
UWRQOQ��rST�PÃ^`OQoc¢�VSococOQedPST�P�J|¸Dbces±¨J`^`b�J|t J¬¹1mdoc��rST
f'm���r�UWTÍOQ��r¾±6¦Sb��SOQT �yOQ�S�SoÊ}�VSbCknT�OQPSOQXdVSPSXljdedP+awqsRQ}�T�P-��qsPS¢sT�P�JD�`RQTÈ�?jdedP¤��edRQT�P£��qsPS¢sT
OQ��r"±6¦Sb?ocT�OQPST�P)rSOQRL±6bcT�OQ��rST�P k�q�U¾VSPS� ±6¦Sb?�SOQT¤�`P�qsRL �ocT/�ST�b9& �SbcT���¢�OQXdT�P4&�awqsRQ}�RQmdocVSPSXdT�P�J
��T�bcbcP2knVS�SRQes±DVSPS�u�ST�P¶t%OLU�qsbc«�T�OLUWT�bcP%�ST�o|¯�edPSopUWbcVS¢�UWOQedPSoc«S¦Sbcedo`oce�°nOQT�a�J ¥ bcOQ��¢sT VSPS�u�ST�P
t%OLU�qsbc«�T�OLUWT�bcP¶�ST�b[f'T���r�qsPSOQoc��rST�P ½?T�bc¢�opU�q�UcUZXdOQRLU¬f'T�OQP¶«�T�ocedPS�ST�bcT�b ^¬qsPS¢>¡���qÍf'OLU|�SOQT�ocT�b
�`bc«�T�OLUlT�OQPST£t%T�PSXdT¾Ì�T�VS¢sedPSopUWbcVS¢�UWOQedPST�P��SVSbc��rSXdT�±6¦SrSbpUu°�T�bc�ST�P�fÊVSocopUWT�P�¡`�SOQT ��qsPSP®OQP
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bcT�XdT�RQf�� �dOQXdT�PÍ�`«SopU��sPS�ST�P%}�V%T�OQPST�f & µ��SXdbWqs�ST &�OQPx�ST�by½?T�bc¢�opU�q�UcUn°nOQT��ST�b�qsVw±
U�qsVS��r�UWT�P�J
^`T�Plt%OLU�qsbc«�T�OLUWT�bcP��ST�bna�UWbWqsrSRQRQOQPSOQTn¿¨^ K�vs«xM awk ¥ ¡w«�T�ocedPS�ST�bco���T�bcPS�%a�UWbcVwUWr�¡�ª¬RQT�X�¯�e�§

PSe�jsqsRQe�j/VSPS�A¹1VwUW}2½ OQT�XdT�bpUÍoce�°nOQT¶�ST�P­t%OLU�qsbc«�T�OLUWT�bcP �ST�b%a�UWbWqsrSRQRQOQPSOQT��[IdI�«AÌ¬aw¹�a�¡yMyJ
^`O
tlqsocO�VSPS�%�`J�ª¬��¢seCf'm���r�UWT|OQ��r=±6¦Sb²�SOQT¬ocT�rSbyXdVwUWT|��T�UWbcT�VSVSPSX�°²�srSbcT�PS�%�ST�b�t%T�ococ}�T�OLUWT�P
��qsPS¢sT�P�J
¥ ¦Sb1T�OQPZXdVwUWT�o��`bc«�T�OLUWoc¢�RQOQf�q�ocedbcXsUWT�PÊqsRQRQT t%OLU�qsbc«�T�OLUWT�b1�ST�oG¹1T�rSbcopUWVSrSRQT�oGMG�w��T�bcOQf'T�P�UWT�RQRQT

¸Dr� �ocOQ¢Í¿¨qCVSPS�%�SOQT[^¬M ¹ ���n§pt%OLU�qsbc«�T�OLUWT�b�J
t%T�OQPC«�T�ocedPS�ST�bcT�b ^¬qsPS¢ÊXdOQRLUGf'T�OQPST�b ¥ bcT�VSPS�SOQP�awqs«SOQPST �  �bcOQoDVSPS�Cf'T�OQPST�P'MDRLUWT�bcP ��rSbcO §

opU�quVSPS� ��T�RQXdT=¸GqsVSRQVSo�JDa�OQT�r�qs«�T�P£f'OQ��r?OQf'f'T�bZOQP?f'T�OQPST�b �`bc«�T�OLUÊVSP�UWT�bcopUW¦wUW}�UCVSPS�£T�b¨§
f'mdXdRQOQ��r�UWT�PÍf'OQb²T�OQPxocedbcXdT�Pw±6bcT�OQT�o ¥ edbcoc��rST�P�J
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��OQT�bcf'OLU²T�bc¢�Rz�sbcT[OQ��r%qsPlMDOQ�ST�o`a�U�q�UcU�¡S��qsocon�SOQT¬jdedbcRQOQT�XdT�PS�STZ^`OQococT�bpU�q�UWOQedP=§�qs«SXdT�ocT�rST�P%jdedP
�ST�b ��T�bWq�UWVSPSXl�SVSbc��r¾f'T�OQPST�°nOQococT�PSoc��r�q�±
UWRQOQ��rST�P£¹1T�rSbcT�b|§`P�qs��r¾¿ÀPSr�qsRLUZVSPS� ¥ edbcf f'T�OQPST
T�OQXdT�PST[�`bc«�T�OLU�OQopU�J�a�OQT¬°nVSbc�STZ°�T��ST�b�X�qsPS}ZPSe���r%OQP���T�OQRQT�P%qsPlqsPS�ST�bcT�b¬a�UWT�RQRQT|OQf¼k�qsrSf'T�P
T�OQPST�o£¸Dbc¦w±6VSPSXdopjdT�bp±�qsrSbcT�PSo£jdedbcXdT�RQT�XsU�J ¥ bc¦SrST�bcT/¸Dbcedf'esUWOQedPSopjdT�bcocVS��rST/°nVSbc�ST�P jdedP)f'OQb
PSOQ��r�UnjdedbcXdT�PSedf'f'T�P�J
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