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Concordance Model (ΩΛ=0.7 , h=0.6, χ2
d.o.f=4.6)

Defects

82 % C.M. + 18 % defects (∆l=25, χ2
d.o.f=1.1)
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Strong field b=6M scattering (a/M=1)
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Strong field b=6M scattering (a/M=–1)
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UeHR~ANPHRKIHRNk_�JL[TX<Y<UWMv_`cPK �ycPMT]lctJLg-_WY<KVJ3_`MO]\JL[O[v�b]lcAJLNPX<HRa�_WcPH�]RY<K'dPg-_lJ3_`MOYLNAJL[AX<UeMOQznAJLaeH\Q
Y<N'_`cPH�aWY<[Tg-_`MTY<N'H\UWUeY<U�H\ae_WMOKIJi_`Hiq���cPHRaWH+_�� d;H\a�YiZ7JL[OXLY<UWMv_`cPK'a�dP[hJ.�'JLNIMOK'dfYLUe_lJiN1_�UeY<[OH
MTNrYi_`cPHRUyJLUWH\JLayYLZD]RY<K'dPg-_lJ3_`MOYLNAJL[?d-c1� aeMO]\a�� HLq XPq��AN1gPK'H\UeMO]\JL[sUWHR[hJi_WMT� MT_��Lq

CAY<Um]\JLd-_`g-UWHxJLNPQ ]RUWMT_WMO]\JL[�ae].Ji_e_`HRUWMON-X!YLZy_`cPHta�_`UWMTNPX�_`c-HtH %fH\]R_Waz]\Y<NPN-H\]R_WH\Q �yMT_Wc
_WcPHIUeYL_lJ3_`MOYLN!YLZj_WcPHIn-[hJL]lp�c-Y<[OH'JLUeHz�LH\U���d-UWYLZwY<g-NPQsqD��JLUe_WMhJL[T[T����MT_uMOauUeH\[hJ3_`H\Q _`Yx_`c-H
ZBJL]�_�_WcAJi_�_WcPH QPUWJLX<X<MTNPX}MTNk_`Y�UeYL_lJi_WMOY<N�H %fH\]�_�MONP]RUWH\JLaWHRa�_`cPHI�<H\[TY^]RMT_���YLZ�_`c-HV]\HRNk_`U`Ji[
dAJiUe_�YiZ�_`cPH�ae_WUWMON-XZ�5JLa�aWHRH\N!nk��JiN�H�� _`HRUWNAJi[DY<nPaeH\U��<H\U ��ZwY<U�dPUWY<XLU`JLQPHbaW]\Ji_W_WH\UeMONPXtJiNPQ
QPHR]\UeH.JLaeH\auMT_�ZwY<U�_WcPHmUeHR_`UeY<X<UWJLQPHmae].Ji_e_`H\UeMONPX-q � H\]\JLgPaeH�MT_�MOa+H\JLaWMTH\U+_WY ].J3_`]lc J aW[TY��jHRU
K'Y��^MTNPX�Y<nN�eHR]R_��P_`cPHu]\UeMT_WMO].Ji[?MOK'dAJL]�_�dAJLUWJLK'HR_`HRU 3 � MTa�X<UWH\Ji_`HRU�ZwY<U�UWH�_`UWYLX<U`JLQ-HoKIYL_WMOY<N
_WcAJLN ZwY<U�_`cPHrdPUWYLX<U`JLQ-HrYLNPHLq 8�Hr].JL[T]\gP[OJi_`HRQ _WcPHr]\UWMv_`MT].JL[�MTKIdPJL]R_zdAJiU`JLK'HR_WH\U'JLaIJ
ZwgPN-]R_`MTY<NVYiZs�<HR[OY ]\MT_��zYiZ�_`cPH�ae_`UeMONPXbZwY<U�nP[hJL]lpzcPYL[OH\a��yMT_WcVQPM %?HRUWHRN1_�JLNPX<g-[hJLU�K'Y<KIHRNk_lJ-q
��cPHRaWHIdP[OYL_WaocAJ.�<HIMONk_`HRUWH\a�_`MTNPXtZwH.Ji_WgPUWHRabZwY<U -!JiNPQ � �� ]\[TY<aWHz_`YZ�<q2/�N�_WcPMOauUeH\X<MTKIH
_WcPH�]\HRN1_WU`JL[DdAJLUe_uYiZ�_WcPH�ae_WUWMTNPXt].JLN aedfHRNPQ�J ]RY<NPaeMOQPHRU`JLnP[THzJLK'Y<gPNk_oYLZ�_`MTKIH�KIY�� MON-X
MTNr_WcPH�nP[OJL]lptcPY<[THo�^MT]\MTNPMT_��xn;HRZwY<UeH�Mv_�X<HR_Wa�]\JLd-_`g-UWH\Q}Y<U�HRaW]\JLdfHRa\q���cPMOa�KIJLpLHRa+aWg-]lc J
UeH\X<MTKIHuYLZ�]RUWMT_WMO]\JL[�aW]\Ji_W_WH\UWMTNPXVc-MOX<cP[v�x]\Y<K'dP[TMO].J3_`H\Q?q�7^MONP]RH�_WcPH�a��^a�_`HRK�MOa�NPY<N ��[OMTNPH.JiU��
JLN-QI_`c-H\UWH�JLUeH�_���Y �1gAJL[TMT_lJ3_`MT�LH\[v��QPM %?HRUWHRN1_�~ANAJi[;a�_lJi_WH\a��B].Jid-_`gPUeH�JLN-QVaW]\Ji_W_WH\UeMONPX*��Y<N-H
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]\JLNSH��^d;H\]�_zH\[OHRKIHRNk_`a�YiZy]lcAJLYL_WMO]Vn;H\cPJ�� MTY<U�MTN�_`cPMTa�]\JLaWHiqB7^gP]lc J}]lcAJiYL_`MT]Vn;H\cAJ.� MOY<U
Y ]\]RgPUWa�ZwYLU�H��-JLK'dP[THVMON�_`cPH J �^MOae� K'KIH�_`UeMO]'].JLaeHV�ycPH\N J}]RMOUe]\gP[OJLU�[TY^YLd�YLZ�J}]RY<aWK'MO]
a�_`UWMTNPXzKIY��LH\ayMONt_`c-H*7 ]lc1�jJLU �\aW]lc-MO[OQ)nP[hJi]lp cPY<[THoKIH�_`UWMT]  � � � q

��NPH�]\JLN!JL[TaWYIKVJLpiH�_WcPH�ZwY<[T[OY��yMON-X'YLnPaWHRUe�iJi_`MTY<Nsq ��cPH�MONk_`HRUWNAJL[GX<HRY<KIH�_`U��xY<N}_`c-H
��Y<UW[TQPaWc-H\HR_�YLZ^_`cPH�ae_WUWMON-X�MTaGQ-H\aW]RUWMTnfHRQmnk�bJy_WMOK'H�Q-H\d;H\NPQPHRNk_D_���Yi��QPMTKIHRNPaWMTY<NAJL[LKIH�_`UWMT]Lq
8 cPHRNV_`c-H�a�_`UWMTNPX�]RUWY<aeaWHRa�_`c-H+HR�LH\Nk_�cPYLUWM��RY<N'YLZ?_WcPH+nPg-[Op�nP[OJL]lp�cPY<[TH�� J�UeH\X<MTY<NIYLNI_`c-H
a�_`UWMTNPX�aWg-UeZBJL]RHoMOajZwY<UeKIHRQ �ycPH\UeHuMT_�MTa�MOK'd;Y<aWaeMOnP[TH�_WY']RY<K'KmgPNPMT].Ji_WH��yMT_Wc _`cPHodPJLUe_Wa�YLZ
_WcPH�a�_`UeMONPXb�ycPMO]lctJiUWH�Y<g-_`aeMOQPHy_`c-H+nPgP[Tp�nP[hJi]lp�cPY<[OH�HR�LH\Nk_�cPYLUWM��RY<Nsq�/�NIYL_`c-H\U���Y<UeQPa��-J
_���Yi��Q-MOK'H\NPaeMOY<NAJi[<nP[hJi]lpocPY<[OH�MOa7]RUWH.J3_`H\Q?q���cPH�QPH\X<UeH\HRaDYLZPZwUeH\HRQPY<K$[OMv� MONPXyY<Nb_`cPH�ae_WUWMON-X
aegPUeZBJL]RH��sHiq X-q�_`U`JiNPae�LH\UWaeHzae_`UeMONPXVdfHRUe_`g-UWnAJi_WMOY<N-a��?d-UWY<dAJiXkJi_`H�MON}_WcPMOa�_��jYi�{QPMOK'H\N-aWMOYLNAJL[
aedAJL]\H�_`MTKIHb�yMT_`c}J��@� � nP[hJi]lprc-Y<[OHbMON�Mv_  + � � +�� �5q�CAUeY<K _`cPMTa���� � d;Y<MONk_�YLZ�� MOH�� �f_`c-H
ae].Ji_e_`H\UeMONPX�YLZ�_`cPHrae_WUWMON-X��yMv_`c _`cPHr]\UeMT_`MT].JL[jMOK'dAJL]R_'dAJiU`JLK'HR_WH\UzMOa'JLN HR�LH\Nk_xJi_z_`c-H
_WcPUWHRaWcPY<[TQ YLZ�_WcPH � � nP[OJL]lpScPY<[THVZwY<UeKVJi_WMOY<N?q���NPHt]\JLN KVJLpiHrJ�]\Y<N,�eHR]R_WgPUWHx_`cAJ3_'J
ZwY<UeKVJ3_`MOYLN�YLZ�J � ��a�_`UeMONPXL��cPY<[THVY<n;HR� am_WcPHtaW]\JL[OMTNPX}[OJ��ya�aeMOK'MO[OJLU�_`Y�_WcPH gPNPMv�<HRUWa`Ji[
ae].JL[TMONPX [hJ.�yazN1gPK'H\UWMT].JL[T[T��QPMOae]\Y��<HRUWH\Q n1� 
jc-Y<d-_`g-MOp  + 5 �yMON _WcPH)XLH\NPHRU`JL[�_`c-H\Y<U�� YLZ
UeH\[hJ3_`MT� Mv_��<q*7^MOK'MO[OJLU�H3%?HR]R_WabZwY<U�Jt��Y<Ue[OQ QPY<KIJLMON!MTNk_`H\UWJL]R_WMONPX �yMv_`c�J nP[OJL]lp�cPY<[TH��jJLa
QPMTaW]RgPaWaeH\Q}MTN  ��� � �%� �5q

CDMTNAJL[O[v� �A��H�ae_`g-QPMOHRQ ,@FG/�254;,�/10 � �L,@2B8;4 8 : �A4�4�� � 2 = / 4 * 2w8;4 � C � 0 �P4G/	�V2 ,@F �
FG2B6;F7/10
� � 2 = / 4 * 2w8f4 � C�� �3F� �-0�� * �iFG2 C � ��C � �3E F78 C / q
��cPH 
 � �r].JiaWH}]RY<UWUeH\aedfY<N-QPa'_WY�J�]\Y<aeKIMT]tae_WUWMON-X�� 
 � � _WY�J QPY<KIJLMTN �jJL[T[ �

�ycPMT[OH 
 � � ].JiNVn;H�MTNk_`H\UedPUWH�_`HRQ JLa�_`c-H�Y<n-aWH\U��iJLnP[OHygPN-MT�<HRUWaeH+MON�_WcPH�]RY<Nk_`H��^_�YLZ?nPU`JLN-H
��Y<UW[TQtKIY QPHR[Oa\q�8�HoQ-H\UWMv�<HRQx_WcPHoX<HRNPH\UWJL[fZwY<UeK|YiZG_WcPH�d;H\U�_`gPUenAJi_`MTY<N H � gPJi_`MTY<NPa�ZwY<UjJLN

 ��nPUWJLNPHoMONt_WcPHunAJL]lp1X<UWYLgPNPQrYLZ�J�� 
 1����{��QPMTKIHRNPaWMTY<NAJL[;nP[hJi]lp cPY<[TH�MONt_`c-Hu��H.Jip ~AH\[TQ
JLd-dPUWY��^MOKIJi_`MTY<Nsq

CAY<U�Y^QPQIN1gPKmn;H\UjYiZ�aWdAJ3_`MhJi[;n-U`JLNPH�QPMOK'H\N-aWMOYLNPa�nk�IgPaWMTNPX�]RY<Nk�<HRNPMOHRN1_�KVJi_WcPH\KIJi_WMv�
]\JL[A_`U`JiNPaeZwY<UeKVJ3_`MOYLNPa��jH�QPH\UeMT�LH\QV_WcPH�]R[OY<aeH\Q'ZwY<UWK�aeY<[Og-_WMOY<NzYLZ?_`cPH � � ?�[hJLK�nfHRUe_�H��1gAJ@�
_WMOY<N �yMv_`c J�aedPcPHRUWMO]\JL[O[v� ae� KIK'HR_WUWMT]�aWY<g-UW]\H��waWHRH JLdPd;H\NPQPM � � ��q 8�H JidPdP[OMTH\Q _WcPMOa
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UeH\aWg-[T_m_WY _WcPHtK'Y<ae_�MTNk_`H\UeH\a�_`MON-X!].JLaeHtYLZ�J!_WcPUWHRH��{nPU`JLN-HtMON J�aWdPJL]\H�_`MOK'H �yMT_Wc H�� _`UWJ
QPMTKIHRNPaWMTY<NPaj�yc-H\UWHu��H�Y<n^_lJLMTNPH\QrJ�X<H\N-H\U`Ji[�aWY<[Tg-_`MTY<Nsq

8�H)]\JL[O]RgP[hJi_WH\Q _`cPHrMONPQ-gP]\HRQ X<HRY<KIH�_`U�� Y<N _WcPH}nPUWJLNPHrX<H\N-H\U`J3_`H\Q n1� J KIY�� MON-X
nP[OJL]lp�cPY<[OHiq ?+a�]\Y<NPaeMOQPHRUWHRQ n1�SJ}nPUWJLNPH Y<n-aWH\U��<HRUm_`cPMTamX<H\YLKIH�_`Ue��]\JLN nfHVY<n-_lJiMONPHRQ
nk� aWYL[T� MONPX � 
 1 �
����Q-MOK'H\NPaeMOY<NAJi[ ��MONPa�_`HRMON � a�H �1gAJi_`MTY<NPao�yMT_Wc�JxNPY<N �{�iJLNPMTaWcPMTNPXxUWMOXLc1_
cAJiNPQ aWMTQPHLq�8�H+]\JL[O]RgP[hJ3_`H\Q'_`cPH�H %fH\]�_`MT�LH�ae_WUWHRaWa��{H\NPHRUWXL�V_`H\N-aWY<U�]\Y<UeUWH\aedfYLNPQPMON-X�_`Y�_WcPMOa
� aWcAJiQPY�����KIJi_W_WH\U �vq
8�H�aWc-Y@��H\Qz_`cPJi_�_`c-H\UWH�H��^MOae_�UeH\X<MTY<NPaD�yc-H\UWHyJ�n-U`JLNPH�YLnPaWHRUe�<HRU�aWH\HRa
JLN JLdPdAJLUeH\Nk_j� MTY<[hJi_WMOY<NzYLZsH\NPHRUWXL�I]\Y<N-QPMT_WMOY<NPaRq ��cPH � aWcPJLQPY�����KIJi_W_WH\U �^Ji[OaWY�J %fH\]R_Waj_`c-H
dPUeY<dAJLX<Ji_`MTY<N YLZ�_WH\a�_}dAJiUe_`MT]\[TH\axJLNPQ9[OMTX<ck_xY<N _`cPH nPUWJLNPHLq 8�H QPHRKIYLNPae_WU`Ji_WH\Q _WcPMOa
nk�!QPHRUWMv�^MTNPXtUWHRaWgP[v_`aoZwY<U�Q-H �AHR]R_`MTY<N�YLZj[TMOX<ck_+dPUWY<dPJLXkJi_WMONPXtMTN�_`cPHzMON-QPgP]\HRQ�aedAJL]RHR_`MTKIH
K'HR_WUWMO]�Y<N�_WcPHznPU`JiNPHLq�?+abH��^d;H\]�_`H\Q ��UeH\aWg-[T_`a�JLUeH'� g-MT_`HzQPM %?HRUWHRN1_uZwUeY<K _WcPH � � 1 � ���
QPMTKIHRNPaWMTY<NAJL[ UWHRaWgP[v_`aRq�/{_��jYLgP[OQzn;H�MONk_`HRUWH\a�_`MTNPXo_`Yuae_WgPQ-��H��<H\Nk_WgAJL[ Y<nPaeH\Ue�iJi_WMOY<NPJL[^_WH\ae_Wa
�ycPMT]lcS�jYLgP[OQSMTNPQPMT].Ji_WHI_`cPJi_�_WcPH � aWcAJLQ-Y@���{KVJ3_W_`HRU �DJLNPQS_`c1gPa�_`cPH H�� _`U`J�Q-MOK'H\NPaeMOY<NPa
MTN �AgPHRNP]\Ho_`c-Hbd-c1� aeMO]\a�YLZ�Y<gPU � � 1\� ���{QPMOK'H\NPaeMOY<NPJL[;��Y<Ue[OQsq

��NPH�YLZ-_`cPH�d;Y<aeaWMOn-[OH�MONk_`HRUWH\a�_`MTNPXoJLdPd-[OMO]\Ji_`MTY<NuYLZA_`c-H � aWcAJLQ-Y@� KIJi_W_WH\U �@H3%?HR]R_�K'MOX<ck_
n;Hm_`cPH�ZwY<[T[OY��yMON-XPq</{Z�_`c-H\UWHzH��-MTae_Wa�JtQPMT[Og-_WH\Q NPY<N ��UWHR[hJi_WMT� MOa�_`MT]�XkJiaoYLZja�_lJLn-[OH�H\[TH\K'H\N^�
_`JLUe� K'MONPMjnP[hJL]lp c-Y<[OHRa'MTN _WcPH}H�� _`U`J�QPMOK'H\N-aWMOYLNPa���MT_`azX<UWJ.�^Mv_lJi_WMOY<NPJL[�JL]�_`MTY<N YLN _`c-H
nPUWJLNPH���Y<gP[OQ n;HzaWMOK'MO[OJLUy_`Yt_`cPH �eYLnPaWHRUe�iJLnP[TH��xQAJLUep�KVJ3_W_`HRU���dPUeY��^MTQPH\Q!_WcPH � � 1 �����
QPMTKIHRNPaWMTY<NAJL[fQPH\N-aWMT_�� YLZ�_WcPMOayXkJia�MOa 
 & �ycPHRUWH

������� �� 
 & � & � � �^q<�Lq<� �

	 H\UWH ����� MOao_`cPH'KIJLaWauQPHRNPaWMv_���YiZj_`c-HIQAJiUWp�KIJi_W_WH\URq;CAY<U ������
 �	� � @� X��3]\K � Y<N-H
cAJia
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7^MTNP]\H�_`cPHyJ.�<HRU`JLXLH�QPMOa�_lJLNP]RH�n;HR_���H\H\N'_`cPHjnPgP[OpbnP[OJL]lp�cPYL[OH\a�� 
 � � � ��� � & �&
�<MOa�K�gP]lc�[hJLUeX<H\U

_WcAJLNx_`cPH�nP[hJL]lpVcPY<[OHuUWJLQPMOg-a � ��� �yMv_`c}Jz�LH\Ue�rcPMTX<c)JL]\]RgPU`JL]��rY<NPHb].JLN)]\Y<NPaeMOQPHRU�aegP]lc
XkJiax_WY n;H!�<HRUe�9QPMO[Tg-_`HRQ9JLNPQ9NPH\X<[TH\]�_r_WcPH�X<U`J.� MT_`Ji_`MTY<NAJL[�MONk_`HRU`JL]�_`MOYLN9n;HR_���H\HRN�_`c-H
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nP[OJL]lpmcPYL[OH\aRq�� QPMOa�_`MTNPX<gPMTaWcPMTNPXodPUWYLdfHRUe_��zYLZf_`cPMTa�K'Y QPH\[PMTa�_`cAJi_�_WcPH\UeH+JLUeHyNPY�d-c1� aeMO].Ji[
dAJiUe_`MT]\[TH\a�Y<Nt_`c-Hbn-U`JLNPHuUeH\aWd;Y<NPaeMOnP[TH�ZwY<U�_`c-HbQPJLUWp KIJi_e_`H\URq

� �! #�" ��" � � # �o&��	� � �%$
��cPH�N1gPKIHRUWMT].JL[ aWY<[v�<HRU���H�gPaWHRQmZwY<U7_`cPH�aWMOK�gP[hJi_WMOY<N-a�dPUWY��<HRQ�_`Y+n;Hj]\JLdAJLn-[OHjYiZAHR�LY<[T� MON-X
]RY<aWK'MO]�ae_`UeMONPXLa�MON}�iJLUeMOH�_��}YLZ�aeMT_WgAJi_`MTY<NPa�MONP]R[OgPQPMTNPXV]RUWMv_`MO]\JL[GaW].J3_W_`HRUWMTNPXPq 	 Y���HR�LH\U��7MTN
_WcPH dPUeH\aWHRNk_zae_lJ3_`HI_WcPH aeY<[T�LH\UmMTa�NPYL_�].JLdPJLnP[OH'_`Y�H��<Y<[v�<HxJ}]\JLd-_WgPUWHRQ ae_`UeMONPX)ZwY<UmJLNk�
UeH.JLaeY<NAJLnP[TH+JiKIY<g-N1_�YLZs_WMOK'HLq ��c-H+dPUeY<nP[OHRK MOa�_`cAJi_�_`c-H+dAJLU�_�YLZ?_`cPH�ae_`UeMONPX�MONPaeMOQPHy_`c-H
H��<H\Nk_ycPYLUWM��RY<N'&1gPMT]lp1[T�'dP[Og-NPX<H\a�MONk_`Y�_`cPH�aWMON-X<gP[hJiUWMT_���JLNPQV_WcPH�aWMTKmgP[OJi_`MTY<NzNPH\]RH\aWaWJLUWMT[T�
]RU`JLaecPH\aRq%( MONP]RH+_`cPH+dAJLUe_jYLZ�_`c-H�ae_WUWMON-XmMONPaeMOQPH�_`cPH+cPY<UWM �\Y<NV].JLNtNPYi_yJ*)fH\]R_�_`cPH+dAJLUe_�YLZ
_WcPH+a�_`UWMTNPXmY<g^_`aWMTQPH��1��Ho].JLN � MONVdPUWMTNP]\MTdP[OH � MTX<NPY<UeH�_WcPH�dAJiUe_�YiZs_`cPH+ae_`UeMONPX�MONPaeMOQPHiq ��cPMTa
H�)?HR]R_`Mv�<HR[T�xMONk_WUWY QPgP]\HRa�JLN}JLUe_WMT~A]RMhJL[?nfY<g-NPQAJLU��}J3_�_WcPH�c-Y<UWM,+\Y<Nx�ycPMO]lc}KmgPae_�n;H�QPH\JL[T_
�yMv_`cIJLdPdPUeY<dPUWMOJi_`HR[T�Lq
-�H�cAJ.�LH+H��^d;H\UeMOK'H\Nk_`HRQ JunPMT_��yMT_WcIaeY<K'H�d-UWH\ae]\UeMOd-_WMOY<NPa�nPg-_�_`c-H
UeH\aWg-[T_`a��jHRUWHuNPYL_�aWJi_`MTaeZBJL]�_`Y<U��<q�.�N-ZwY<Ue_WgPNAJi_WH\[v�I_WMOK'H+]\YLNPae_WU`JLMTN1_Wa�QPMTQtNPYL_yJL[T[OY�� gPa�_WY
dPg-UWaWg-Hb_WcPMOa�_WY<dPMO]�Zwg-Ue_`c-H\U\q
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2 ��nPUWJLNPH\a�nk��_WcPH�cPMTX<cPH\U�Q-MOK'H\NPaeMOY<NAJi[inP[OJL]lp+c-Y<[OHRa�MON�_`c-H�ae_`UeY<NPX�~AHR[OQuUWHRX<MOK'HLq43jHR].JLgPaeH
YLZ�_`cPH�aWdPc-H\UWMT].JL[7a��^K'K'HR_`U��t_`cPMTa�MTayH5)fH\]R_WMT�LH\[T�)J � �%6 � ���{QPMOK'H\N-aWMOYLNAJL[?d-UWY<nP[TH\Krq%-�H
ZwHRH\[1_`cAJi_G_`c-HjN1gPK'H\UWMT].JL[1aeY<[T�LH\UDg-aWH\QmZwYLU�a�_`UWMTNPX+aeMOKmg-[hJi_WMOY<NoaecPY<gP[TQmnfH�JLnP[TH�_WY+d;H\U�ZwY<UWK
_WcPHuaWMOK�gP[hJi_WMOY<N-a��yMT_WcPY<g-_yKIJ70eY<U�K'Y QPMT~A]\Ji_`MTY<NPaRq



� ���

� � � � � � ��� �

� ����������� ��� � � � � � � � � ���9� � 	 � � �
� �

� N _`cPMTazJLdPd;H\NPQ-M � ��H)Q-H\aW]RUWMTnfHt_`c-HrQ-HR_lJiMO[Oa�YLZ+_WcPHxN g-KIHRUWMO]\JL[�ae]lcPH\K'H)g-aWH\Q MON Y<g-U
aeMOKmgP[OJi_`MTY<NPa�YLZ�_WcPH�]\YLaWK'MO]�ae_WUWMTNPXxaW].J3_W_`HRUWMTNPXrJLNPQ ].JLd^_`gPUeHLq �+abJL[TUWH.JiQ-��K'H\Nk_`MTY<NPHRQ
MTN�aegPnPaWHR]R_WMOY<N � q�^q�����HjH��^dP[OY<Mv_7_`cPH�ae� KIK'HR_WUe�uYLZPY<gPUGdPUWY<n-[OH\K JiNPQ�aeMOKmgP[OJi_`H�YLNP[T�uY<N-H
cAJi[TZ�YLZ�_WcPHmae_WUWMTNPX ]\YLUWUWHRaWd;Y<NPQPMTNPX _`YI_`cPHmN-Y<N^��d;Y<aeMT_`Mv�<Hb�LJi[OgPHRa�YLZ�_`c-H�� ]\Y Y<UWQ-MONAJi_WHLq
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]RY^Y<UeQPMONPJi_`H��������������! � �#"5q � N �ycAJ3_�ZwY<[O[TY@�yab�jHt�yMT[O[j]\JL[O[�_`cPHtdPJLUe_�YiZ�_WcPHtae_WUWMON-X
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a��^K�nfY<[Ta\q ( MONP]RH�ZwY<U+N-Y<N^��]RUWMv_`MO]\JL[7aW]\Ji_W_WH\UWMTNPX _`c-Hmae_WUWMON-X QPY H\a�NPYi_o]\Y<K'H�_WY^YV]\[OYLaWH�_WY
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��cPHxH5& gPJi_`MTY<NPazYLZ�KIYL_WMOY<NSZwYLUzJ ]RY<aWK'MO]ta�_`UeMONPX MONS_WcPHx]\Y<N^ZwY<UWKIJL[�XkJigPX<HtcAJ.�<Hx_`c-H
ZwY<UeK � �^q8 q � � �

�*),+ �.-) � + 6 )/+ �0-) � + 621 -�3,4 � � - ��5 �*) � 3) � ) � 4) � 6 ) � 3) � ) � 4) �7698 � ��q� q � �
� _DMOa�J+ae� ae_WH\K YLZPZwY<gPU�aWHRKIM ��[OMTNPH.JiU�c1� d;H\UenfY<[TMO]�QPM,)fH\UeH\Nk_`MOJL[1H &1gAJi_WMOY<N-aDYLZ aeH\]\YLNPQ�Y<UWQ-H\U\q
-�HuaWY<[v�<H\Qx_`c-HbH5&1gAJi_`MTY<NPayN1gPK'H\UWMT].JL[T[T�'nk�xgPaWMTNPX�_`cPHo~AN-MT_`HoQ-M,)fH\UWHRNP]\HbK'HR_`c-Y^Qsq
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� ��q9�^q�� ��UWH\Q-gP]\H _WY�_`cPHV��H\[T[�p1NPY��yN aWH\]RY<NPQ Y<UeQPH\U�]RH\Nk_`HRUWH\Q H��^dPUeH\aeaWMOYLNPa\q 7 YLU�_`c-H
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7 MTX<gPUWH ��q � aWcPY��ya�_WcPUWHRHVQPM )?HRUWH\Nk_�X<UWMTQ�d;Y<MONk_Wau_WY<X<H�_`cPHRU��yMT_WcSJL[T[�MT_WabN-H\MOXLc n;Y<Uea
gPaeH\Q}_WYV]\JL[O]RgP[hJi_WH�Ji[O[s_`c-H�QPHRUWMT�iJi_WMT�LH\a\q���YL_`MT]\Hu_`cPHb_��jY d;Y<MTN1_Wa+J3_�_WcPH�n;Y<UWQ-H\U�YLZ�_`c-H
+RY<NPH\a��yMT_`c}QPM,)fH\UeH\Nk_�X<UeMOQ)aWdAJL]RMONPX-q -�H�aWc-Y@�	QPM )?HRUWHRN1_��! #"!$&%!')(��yZwYLU�]\JL[O]RgP[hJi_WMONPXz_`c-H
QPHRUWMv�LJ3_`MT�LH\aRq -�Ht].JiN ].JL[T]\gP[OJi_`H'_`cPHtaedAJi_`MOJL[�QPH\UeMT�iJi_`Mv�<HRamZwY<U�_WcPHtdfYLMONk_ � 8 > 8 ��g-aWMON-X
NPYi_b_WcPHVQ-MOUWHR]R_bUWMTX<ck_bNPH\MTX<c1nfY<U �!8 >*� ��nPg-_b_`cPH'NPHRMOX<c1n;Y<UucAJ.�^MTNPX)_WcPH'a`JLK'HIQ-MOae_`JLNP]RH
ZwUeY<K _WcPH X<UWMTQ9d;Y<MTN1_,+ � 8 >!� � q � N9_WcPMOat�jJ.� �jH�].JiN�JL[v��J.� argPaWH!_`c-H�aeMOK'dP[OMv~AH\Q
ZwY<UeKmgP[OJLa � ��q� q 
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Ji_WH�H��^dPUeH\aWaeMOY<N-a�MTNk_`YoH &1gAJ3_`MOYLNPa�YLZ;KIYi_`MOYLN��jHyY<n^_lJLMTN�Joae� ae_WH\K�YLZ;]\YLgPdP[OHRQ & gPJLQPU`J3_`MO]
H5& gPJi_`MTY<NPajZwY<U�_`cPH+gPNPp1NPY��yNt�LJi[OgPH � - � �=<
�	� >,�A@ ��ZwY<U�H.JL]lc EAq���cPH\aeH��jHoaeY<[T�LH�N1gPK'H\U��
MT].JL[T[T� gPaeMONPX�_`cPH.��HR��_WY<N^�#/�JLdPc-aWY<N K'HR_WcPY^Q ZwY<UVNPYLN^��[TMONPH\JLUzae� ae_WH\K'atYLZuH &1gAJi_WMOY<N-a



��� ��	�������� �  � 	���� � �4� ��� �
��	�� ��� 	�� ������� ����� 		� 	 � ���

τ

∆τ 2

∆τ 3

6 7 8 101 2 3 954

σ

1

2

3

4

5

6

h

7 MTX<gPUeH ��q ��� �+NrH��-JLK'dP[OHuYLZDJ �wNPY<N^�{gPNPMvZwY<UWK ��X<UeMOQsq � _�cPMOXLcP[OMTX<ck_`aj_WcPUWHRH�X<UeMOQxd;Y<MONk_`a
�wKVJLUepLHRQInk�'Ju]\UWYLaWa ��_`YLX<HR_WcPH\U��yMT_WcVJi[O[-_WcPHydfY<MTNk_`a�NPH\HRQPH\QIZwY<U�_`cPH�].Ji[O]\g-[hJi_WMOY<NmYiZ?_`c-H
QPHRUWMv�LJ3_`MT�LH\a��wKVJLUepLHRQ)nk�tZwgP[T[?]\MTUW]R[OH\a ��q

�waWH\H'HLq XPq � 8�� " � q /yH\d;H.Ji_WMONPXt_`c-H'�ycPYL[OH'dPUWY ]\HRQPgPUWHIJLXkJiMON�JLNPQ�JLXkJLMTN ��H JiQ-�iJLNP]\Hz_`c-H
aeY<[Og-_WMOY<NtMTNk_`Y�_`cPHoZwg-_WgPUWHiq

(^MTNP]\HV_WcPH H5& gPJi_`MTY<NPa�ZwY<U�QPM,)fH\UeH\Nk_ EL��a�JiUWHVMTNPQPHRdfHRNPQPH\Nk_�_WcPMOamd-UWY ]\H\Q-gPUWHtMTa���H\[O[
aegPMT_WH\Q ZwY<U�dAJLUWJL[O[TH\[TM/+.J3_`MOYLNsq � _'�jJLazMOK'dP[TH\K'H\Nk_`HRQ gPaWMTNPX!_`cPH ��dfHRN�����JLd-dP[OMT].Ji_WMOY<N
dPUeY<X<UWJLK$MONk_`HRUeZBJL]RHLq���cPMOaGMOa�J�NAJ3_`gPUWJL[1]lcPY<MO]RHjaeMONP]RH�_`c-HjJL[TX<Y<UeMT_`c-K�MOaGK'H\QPMTgPK$X<U`JiMONPHRQ
JLN-Qx_Wc1gPa�N-YL_yaWgPMv_`HRQrZwY<U�_WcPHuKIYLUWHoX<HRNPH\UWJL[��)H\aea`JLXLH���JLaWaeMONPX � Nk_`H\U�ZBJL]\H ���	� � � q��Yi_`H)_WcAJi_I�jH�UegPN MTN1_WY J�d-UWY<nP[TH\K Ji_I_`cPHr~AUWa�_tX<UWMTQ d;Y<MTN1_VaWMTNP]\H)MT_IQPY^HRaVNPYi_
cAJ.�LHxJ�[OHRZ _mNPH\MTX<c1nfY<U�NPH\HRQPH\Q _`Y!]\JL[O]RgP[hJi_WHI_WcPH aWdPJi_`MOJL[jQPHRUWMv�LJ3_`MT�LH\aRq ��cPHRUWH�ZwY<UWH ��H
HRMT_`c-H\U dPUeH\ae]\UWMTnfH!]RH\U�_lJLMTN�
��� $�������� %�� $���') '�� $ �'Y<U [TY<aWH)Y<NPH!X<UeMOQ d;Y<MONk_tH\JL]lc _`MTKIH
a�_`H\d?q -�HtH��^d;H\UWMTKIHRNk_`H\Q �yMv_`c n;YL_`c JLd-dPUWYkJi]lcPH\azJLN-QS�jHx]lcPY<aeH _`cPHt[OJi_W_WH\UbZwY<U�_`c-H
JL]�_`gAJi[�].JL[T]\gP[OJi_`MTY<NPaRq � _zUWH5& g-MOUWHRa'J�[TY<NPX<HRUmae_WUWMON-X�aeH\X<K'H\Nk_'nPg-_'Mv_�QPY H\azNPYL_zaeg )?HRU
ZwUeY<K�JLU�_`MvZBJL]R_Wa�UWH\[OJi_`HRQt_`Y�_`cPHuY<N-[T�tJidPdPUWY��^MOKIJi_WHonfY<g-NPQAJLU��t]\Y<N-QPMT_WMOY<NPaRq
��cPH�]RY<NPae_WU`JLMTNk_�H &1gAJi_WMOY<NPa�JL[OaeY�dP[hJ.�mJLN�MOK'dfYLUe_lJiN1_�UWYL[OH�MTN�_`cPH�N1gPK'H\UeMO]\JL[-aeMOKmgP[OJ3�

_WMOY<NPaRq
��[T_WcPY<gPX<c��jH�QPYoN-YL_�NPHRH\Q�_`c-H\K _`YoaWYL[T�<H�_`cPH�H5&1gAJi_`MTY<NPa�YiZ KIYL_WMOY<Nb�jHj].JLN�gPaeH
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_WcPH\K�Jia�JLNzMONPQPMT].Ji_WY<UDYiZf_WcPH�JL]\]RgPU`JL]���YLZ _`c-H�aeY<[Og^_`MOYLNsq � N'dPUeMONP]RMOdP[TH��i_WcPHy]\Y<N-ae_`UWJLMONk_Wa
aecPY<gP[TQrn;Hua`Ji_WMOa�~AH\Q}Ji_�JL[O[f_`MOK'H\a�ZwYLUyJL[O[;_`cPHbX<UWMTQtdfYLMONk_`aRq 	 Y��jH��<H\U��faeMONP]RHuY<gPUyMONPMv_`MOJL[
]RY<NPQPMv_`MOYLNPabJLUWHINPYL_�H��-JL]R_mJLNPQSQ-gPHI_WY�J)aeY<[Og^_`MOYLN�HRUWUWYLU�NPHR]\H\aea`JLUeMO[v��MTNk_`UWY QPgP]RH\Q�n1�
JLNk�!N1gPK'H\UeMO]\JL[DdPUeY^]RH\QPg-UWH�_`cPHz]RY<NPae_WU`JLMTNPa�_`HRNPQ _`Ytn;H'[TH\aeauJLNPQ [OHRaWaoa`J3_`MOa�~AH\Q�JLa���H
JLQ^�LJiNP]\Ho_`c-HbaeY<[Og^_`MOYLN ZwgPUe_WcPH\URq�-�HoK'Y<NPMT_WY<Uj_WcPHu]\Y<NPa�_`UWJLMONPayJ3_yHR�<HRUe�x_`MTKIH+ae_`HRd}JiNPQ
�ycPHRNV_`c-HR�'H��^]\HRH\Qt]RH\Ue_`JLMON'_`cPUeH\aecPY<[OQ'�jH�UWHRae_lJiUe_�_`cPH�aWY<[Tg-_`MTY<Nz�yMT_`cIdAJLUWJLKIH�_`HRUWa�_`cAJi_
aecPY<gP[TQrUeH\QPg-]\Hu_`cPHuaWYL[Og-_WMOY<NtHRUWUWYLU �wHLq XPq �P�jHugPaeH�QPHRNPaWHRU�XLUWMOQ ��q
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� NmYLgPU�H��^dfHRUWMOK'H\Nk_`Ji_`MTY<Nb�yMv_`cb_`cPH�N g-KIHRUWMO]Ra���H�ZwY<g-NPQ�_`cPJi_�J�gPNPMvZwY<UWK$X<UeMOQ �BY<UGK'H\aWc �
MTa�NPYi_maWg-MT_lJinP[OH�ZwY<UbaWMTKmgP[hJ3_`MOYLNPauYLZ�aW]\Ji_W_WH\UeMONPX}�yMv_`c�aWKIJL[O[�MTKIdAJi]R_�dAJLU`JiKIH�_`H\Uea�JiNPQ
UeH\[hJ3_`MT� MTae_`MT]��<H\[TY^]RMT_WMOH\a��LHRaWd;H\]\MOJL[O[v�oZwY<UDd-UWY<X<UWJLQPH�aW].J3_W_`HRUWMTNPXonk�mJ+n-[hJL]lpbcPY<[TH��yMv_`cm[OJLUWX<H
JLN-X<gP[hJiU�KIYLKIHRN1_WgPKrq ��c-H�UeH.JLaeY<NrZwYLUy_WcPMOayMTa�_`cAJi_�QPg-UWMON-Xz_WcPHbaW].J3_W_`HRUWMTNPX�_`cPHbae_WUWMON-X
QPH��<HR[OY<dPa�UeH\X<MTY<NPab�yMT_`c c-MOX<c �wH�� _`UeMONPaeMO] ��]\gPU��iJi_`gPUeH �BHiq X-q���Ji_�_`cPH p1MTNPp1a ���ycPHRUWH _`c-H
~AN-MT_`HtQ-M,)fH\UWHRNP]\HxZwY<UeKmgP[hJia�KIMTX<ck_�nfHxNPYi_VJi]\]\g-U`Ji_WHLq �+[OaeY�_WcPHxae_WUWMON-X�]\JLN N g-KIHRUWMv�
]\JL[O[v� &eae_WUWHR_W]lc�(���M q HLq �D_WcPHtdPck� aWMO]\JL[jQ-MOae_`JLNP]RH nfH�_��jHRH\N _��jY!N-H\MOXLc n;Y<UeMONPX�d;Y<MTN1_Wa�]\JLN
aeMOX<NPMv~A].JiN1_W[T�IMONP]RUWH\JLaWHiq
���^d-MO].Ji[O[T���j_`c-H\aWH}UWH\XLMOY<NPaI]\Y<N-ae_`Mv_`g-_WH}Y<N-[T� aWKIJL[T[yZwUWJL]R_WMOY<N YLZ�_WcPH}aeMOKmgP[OJi_`HRQ �f�

QPYLKVJLMTN JLNPQ _`cPHzUeH\ae_�YLZ�_`cPHza�_`UWMTNPXxMOauUWHR[hJi_WMT�LH\[T�'&ea�_`U`JiMOX<ck_,(-q ��NPHzaeY<[Og-_WMOY<N�_WYr_WcPMOa
dPUeY<nP[TH\K �jY<g-[OQ n;H�_`Y MON-]\UWH\JLaWH�_WcPH!N1gPKmn;H\UtYLZbX<UeMOQ d;Y<MTN1_WaV_`c1gPaxQPHR]\UeH.JLaeMONPX _`c-H
X<UeMOQ�aedAJL]RMONPXPq ��cPMTaoMOa��?cPY��jH��<H\U���N-YL_�ZwH.JiaWMOn-[OH�ZwUeY<K d-U`JL]�_`MO]\JL[Dd;Y<MTN1_�YLZ��^MTHR� + _`c-H
]\JL[O]RgP[hJi_WMOY<Nu��Y<gP[OQ�_lJLpiH�JLNmMTNP]\UeH\QPMTnP[OH�JLK'Y<gPNk_DYiZA_`MOK'HLq ��NPYL_`c-H\U�aeY<[Og-_WMOY<N�MOa7_`Y�KIJLpiH
_WcPH�X<UWMTQ!QPH\N-aWH\UuY<N-[T�}Ji_�_`c-H�dP[hJL]RHm�ycPH\UeHzMT_�MTa�NPHRH\QPHRQ ��M5q Hiq��f_`YxgPaWHzJ.$ � $	� � $�' 
 �����
K'H\aecsq

��NPH�MTKId;Y<Ue_`JLNk_�ZwH\Ji_`g-UWHoYLZ�_WcPH�aWYL[Og-_WMOY<N MTa�_WcAJi_�_WcPH�]\UeMT_WMO].Ji[fUeH\X<MTY<NPa�JiUWH�K'Y��^MTNPXPq
��cPMTa K'H.JLNPaI_`cAJi_V_`cPH!K'H\aec KmgPae_ nfH JLd-dPUWY<d-UWMhJ3_`H\[v� JLQ10egPa�_`HRQ Jia _`cPH�aeMOKmg-[hJi_WMOY<N
JLQ^�LJiNP]\HRa\q ��cPHbdPUWY ]\HRQPgPUWHuMTa�]\JL[O[TH\Q ������  '���"��,"*��� � "�� $&"��,"!$� Bq
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� N�Y<g-U�aWMTKmgP[hJ3_`MOYLNPa��jH�gPaeH\Q�_���YoQPM,)fH\UeH\Nk_�JLQAJid-_`Mv�<Hj_WH\]lcPNPM,&1gPH\aRq 7 MOUeae_�MTa�J+_WH\]lcPNPM,&1gPH
gPaeH\Q'ZwY<U�aWMTKmgP[hJ3_`MON-X+NPY<N ��]\UeMT_WMO].Ji[-aW]\Ji_W_WH\UeMONPXo�ycPHRNI��H�p1NPY�� _WcPH &1gAJL[OMv_lJi_WMT�LH�ZwH.Ji_WgPUWHRa
YLZj_`cPH'aWY<[Tg-_`MTY<N �GM q HLq ��Jrp MTNPp!dPUeY<dAJLXkJ3_`MON-Xr�yMv_`c�_WcPH'aWd;H\H\Q YiZ�[OMTX<ck_bJ��jJ.��ZwUeY<K_`c-H
]RH\Nk_`HRU�YLZG_`c-Hba�_`UeMONPXPq 7 MOX<gPUeH���q9��aW]lcPHRKVJi_WMO]\JL[O[v�VaecPY��ya�_WcPHuae_`UegP]R_WgPUWHbYLZG_`cPHuX<UeMOQsq
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END OF SIMULATION

KINK

SMALL TIME STEPS

LARGE TIME STEPS

X=0

DENSE ZONE
σ=0

7 MOX<g-UWH ��q9� � ( _WUWgP]�_`gPUeH�YiZ�_WcPHuN g-KIHRUWMO]\JL[sX<UeMOQ

��_y_`cPHon;H\XLMONPNPMTNPX�YLZG_`cPHuaeMOKmgP[OJi_`MTY<NI_WcPHuQPH\N-aWH +\Y<NPHuMTa�[OY ].Ji_WH\QxJi_�_WcPHu]\H\Nk_WH\U�YLZ
_WcPH�ae_WUWMON-X �ycPH\UeHz_WcPHzp1MONPp)MOa�X<YLMONPX _WYtnfH�]RUWH.J3_`H\Q�JiZ _WH\U+_WcPHzaW].J3_W_`HRUWMTNPXxJi_ � % �-q
��cPH��yMOQ-_Wc YLZs_WcPH+Q-H\NPaeH�+\Y<N-H�MOa�_lJLpiH\NV_WYmn;H�JLdPd-UWY��^MOKIJi_`HR[T�m_��yMT]\H�_WcPH��yMTQ-_`cVYLZs_`c-H
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nk�

� 
 � �
� 8 � ��q � q � � �

��cPHxQPHRNPaWMv_��SYLZ�_`c-HtQPH\NPaeH +\Y<NPHxJi[OaWY!Q-H\d;H\NPQPa'Y<NS_WcPHt�yMOQ-_Wc YLZy_`cPHxp1MONPp�+ MONSY<g-U
aeMOKmgP[OJi_`MTY<NI_WcPHoU`J3_`MOY�YLZ7_`cPHuQPHRNPaWHo_`Ym_WcPH$&eNPYLUWKIJL[ (�+RY<NPHoQPHRNPaWMv_��tU`JiNPX<H\QtZwUeY<K ��_WY
� � q%��Z _WH\U�_`c-H�ae].Ji_e_`H\UeMONPX'�jHbd;H\UWMTY^Q-MO].Ji[O[T�'K'Y<NPMv_`Y<U�_WcPH�d;Y<aeMT_`MTY<NxYLZD_WcPHbp MTNPpV�yMv_`cPMTN
_WcPH�Q-H\NPaeH +\YLNPHLq �+a�aWY Y<N}Ji_�MT_�UWH\JL]lcPH\a�J'dPUeH\ae]\UWMTnfHRQ�QPMTae_lJiNP]\HuZwUWY<K�_WcPHbH\NPQ)YLZ�_`c-H
QPHRNPaWH�+\Y<NPH��jH+aWcPMvZ _�_WcPH+QPHRNPaWH�+\Y<NPH�_`Y���JiUWQV_WcPH+HRNPQ YLZs_WcPH+a�_`UeMONPXPq ��YL_WH�_`cPJi_j_WcPH\UeH
MTa�JiNPYL_`c-H\U �BaWc-Y<Ue_WH\U �uQPH\N-aWH'+RY<NPHVJi_�_WcPH'H\QPX<HIYLZj_WcPHVa�_`UeMONPXPq ��cPHVdPg-UWd;Y<aWHIY<Ub_WcPMOa
aeH\]\YLNPQ�QPHRNPaWH�+RY<NPH�MOay_`YVd-UWHR�LH\Nk_$&e]Rg-_W_WMONPX�(VY ) _`c-H�ae_WUWMTNPX'_WY^Y &1gPMO]lp1[T� �wHR�<HRUe�r_`MTKIH
a�_`H\dx��H�[TY<aWHoY<N-HbXLUWMOQtd;Y<MTN1_ ��q

?jcAJLN-X<MONPXS_WcPH!X<UeMOQ a�_`UWg-]R_`g-UWH!MONk�LY<[T�LH\axJS]\UeH.Ji_WMOY<N YiZ $&"�� X<UeMOQ d;Y<MTN1_Wa\q ��cPMTa
K'H.JLN-a�_WcAJi_���H�cPJ��LH�_WY�JiaWaWMTX<NIJLdPdPUeY<dPUWMOJi_`H��iJL[TgPH\a�YiZ � - _WYb_WcPHyNPHR�y[v�z]\UeH.Ji_WH\Q'X<UWMTQ
d;Y<MONk_Wa\q��YtQ-Y _`cAJi_+�jH�gPaeH�]\gPn-MO]�aWd-[OMON-H�MONk_WH\UWd;Y<[OJi_`MTY<N}gPaeMONPXxJi[O[7_`cPHmd;Y<MTN1_Wa�YLZ�_`c-H
�wY<[OQ �GX<UWMTQsq�3�H\].JigPaWHyYLZ;_`cPH�a�� KIK'HR_WUe� ��� ���x�jH�p1NPY�� _`cAJi_�HRMT_WcPH\U�_WcPH�~AUWa�_�Y<U�_`c-H
aeH\]\YLNPQxQPH\UeMT�iJi_`Mv�<HRaj�yMT_Wc UWHRaWd;H\]R_�_WY �!MOQ-H\Nk_`MT].JL[T[T���iJLNPMTaWctJi_ � % �-q���_�_`c-H�[OH�Z _`K'Y<ae_
HRNPQSYLZ�_WcPH a�_`UWMTNPX)��HV]lc-Y^Y<aeHV_`c-H &eNAJ3_`gPUWJL[ (raWdP[TMONPH']\YLNPQPMT_WMOY<N ��M5q Hiq��D��HV]lc-Y^Y<aeHV_`c-H
aeH\]\YLNPQ}QPHRUWMv�LJ3_`MT�LH\a�ZwY<UyJi[O[ �0- _`Y��iJLNPMOaecr_WcPH\UeHLq
��������� � 	�
� ��	�����	���	���� ��� � #�(
	 ������	 (*�� #��&% � %�#�(*) 
#�(-� � 	.�&%���0

?jUeMT_`MT].JL[�aW]\Ji_W_WH\UWMTNPX!d;Y<aWaeH\aWaIJ!X<UWH\Ji_z]lcAJL[T[OHRNPX<HVZwY<U�N1gPK'H\UeMO]\JL[jaeMOKmgP[OJi_`MTY<Nsq �+az]\JLN
n;H�aeH\HRN}ZwUWY<K|~AX<gPUeH 8^q ��ZwY<Uy]\H\U�_lJLMTN}MTNPdPg-_�dAJLUWJLK'HR_`HRUWa�_`c-H�aWcPJLdfHbYLZ�_`cPHbae_WUWMON-XI]\JLN
n;H�&1gPMT_WHo]\Y<K'dP[TMO].J3_`H\QVJLNPQt_`c-Ho]\Y<K'dPg-_`Ji_`MTY<NAJL[ X<UeMOQtKmgPa�_�UWH :AH\]�_y_`cPMTajZBJL]R_\q (^MON-]\H�MTN
_WcPMOa�]\JLaWH���HyQPYuNPYL_�cAJ.�LH+JLNk��dPUWMTY<U�p1NPY��y[OHRQPX<HyYLZ _`cPH�aeY<[Og^_`MOYLNm_`cPH�K'H\aec'UeHR~AN-H\K'H\Nk_
JL[TX<Y<UeMT_`c-K|Kmg-ae_�nfHbJLnP[THo_`YIJLQ10egPa�_�_WcPH�XLUWMOQrJLg^_`Y<KIJi_`MT].JL[T[T�IJL]R]\Y<UeQPMONPXz_`Y'aWYLKIHo��H\[O[
QPH�~ANPHRQ}]\UeMT_WH\UWMOJ-q

��gPUm_`UeH.Ji_WKIHRNk_�MOamMTN aWdPMTUWMv_�aWMTKIMT[hJLUo_`Y�_WcPH�3jH\UeX<H\UzJiNPQ���[OMOXLH\UmJi[OX<Y<UeMT_WcPK � 8 � " q
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-�H H\ae_WMOKIJi_`H�_WcPH aWY<[Tg-_`MTY<N H\UeUWY<UxJi_rUeH\X<gP[OJLUtMONk_WH\Ue�iJL[TaxJLNPQ _`cPHRN�JiQ10egPae_x_WcPH X<UWMTQ
JL]R]\Y<UeQPMON-X<[T�Lq � _zKVJ.��cAJLdPd;H\N _`cAJ3_'Ji_�_`cPH &e]lc-H\]lp1dfYLMONk_,(��jHt~ANPQ _`c-HrHRUWUeY<Um_`Y n;H
[OJLUWX<HRU�_WcAJLNVJ�]\HRUe_lJiMONV_WY<[OHRU`JLNP]RH�[THR�LH\[ q ��Y�UeH\K'H\aWc-MONPX�J3_�_WcPMOa�dfY<MTNk_j]\JLN UWHRQPgP]RH�_`cAJi_
HRUWUWYLU'aeMONP]RHt_`cPHrH\UeUWY<UzMOazJi[OUWH\JLQ-�S_WcPH\UeHLq - cAJi_'�jHrNPHRH\Q _WY QPY�MTa�_`Y�UWHR_WgPUWN nAJL]lp
_WY _`cPHzdPUeHR� MOY<g-ab]lc-H\]lp1dfYLMONk_�JLNPQ gPaWH'JtQPHRNPaWHRU�X<UeMOQ Ji_�dP[hJL]RH\ao�ycPMT]lc�]\JLN MON :PgPH\NP]RH
_WcPH�dAJiUe_�YLZ�_`c-H�X<UeMOQx�yMT_`cr_`cPH�MONk_`YL[OH\UWJLnP[THbaeY<[Og^_`MOYLN)HRUWUWYLU\q ��cPMOa�aWMv_`gAJ3_`MOYLN)]RH\Ue_`JLMON-[T�
Y ]\]RgPUWay�ycPH\Nr_`cPHbae_WUWMTNPXIdPJLaWaeH\a�_WcPHunP[hJi]lptcPY<[OHiq ( gPdPd;Y<aWHu_`cAJ3_�_WcPH 2 �{_Wc)]lc-H\]lp1dfYLMONk_
�jJLa�nfH�ZwY<UWH�_WcPHyaW].J3_W_`HRUWMTNPXuY^]R]\gPUeUWH\Q?q ��_�_`cPMTa�a�_lJLXLH�Y<gPU�X<UWMTQ�MOa�UeH\[hJ3_`MT�LH\[v�maWdPJLUWaeH�JiNPQ
_WcPH�HRUWUWYLU+]lcPHR]lp�dAJLaeaWH\a��yMv_`cPYLg-_�JiN1�)NPHRH\Q!YLZ�UeH\K'H\aWc-MONPXPq 	 Y���HR�<HRU��s_WcPH � 2 6 � �{�{_Wc
]lcPHR]lp1dfY<MTNk_yY^]R]\gPUea�JiZ _`HRUj_`c-H�aW]\Ji_W_WH\UWMTNPX��ycPHRNt_`cPH�a�_`UeMONPXmMTajQPMTae_WY<Ue_WH\QxJLNPQVae_`UeHR_W]lcPH\Q
MTNr_WcPH�UeH\X<MTY<N)JLUWY<g-NPQ)_WcPH�]RH\Nk_`HRU\q ��nk�^MTY<gPae[T� �A_WcPH�HRae_WMOKIJi_`HRQ)aeY<[Og-_WMOY<NrH\UeUWY<Uy�yMO[T[sn;H
�LH\Ue�I[hJiUWX<HyaWYb�jH+UWH\a�_lJLU�_�_WcPH+]\JL[O]RgP[hJ3_`MOYLNzZwUeY<K _`c-H�d;Y<aWMv_`MTY<NVJ3_�_WcPH 2 �{_`cI]lcPH\]lp1d;Y<MONk_\q
��cPMTam_`MTKIH c-Y@��HR�LH\U��j�jHrJLQ70egPae_�_WcPHxdAJLUe_zYiZ�_WcPHxKIHRaWc ].JigPa`JL[T[T��]\Y<N-NPH\]�_`H\Q _`Y!_`c-H
[OJLUWX<H�HRUWUeY<U�UWH\XLMOY<Nsq � NVJbaWH\N-aWH�_WcPHy~AUWa�_ja�_`UWMTNPXbdAJLaWa�aWHRUe�LH\QtJLa�JudPUWY<n;Hy_`Ue� MTNPXb_WYb~PNPQ
Y<g^_��ycAJi_y[TMOH\a�JLcPH.JiQsq � _yKVJ.�IcAJLdPd;H\Nx_`cPJi_�HR�LH\N)JiZ _`HRU�_`cPHuJiQ10egPae_WKIHRNk_�_`cPHoaeY<[Og-_WMOY<N
�yMT[O[1NPYL_�dPJLaWaD_WcPH � 2 6 � ��� _`cm]lcPHR]lp1dfY<MTNk_�JLNPQm_`c-H�dPUWY ]\HRQPgPUeHj�yMO[T[^cAJ.�LHj_`Yon;H�UWHRdfH\Ji_`HRQ
aeHR�<HRU`JL[�_WMOK'H\a�gPNk_`MT[?_`c-Hb]RY<NPQPMv_`MTY<NPa�ZwY<U�aegP]\]RH\aWa�ZwgP[G]lcPH\]lp1d;Y<MONk_+JLUWHuK'HR_.q

�+aoMTKId;Y<U�_lJLNk_oJiaoKVJLp1MTNPXV_`c-H�X<UWMTQ!QPH\NPaeH\UbJi_uUeH\X<MTY<NPa+�yMv_`c!cPMTX<c!aWY<[Tg-_`MTY<N�HRUWUWYLU
MTaI_`c-H�Y<dPd;Y<aWMv_`HrdPUWY ]\HRaWa + _`cPH�UWJLUWH�~A].J3_`MOYLN YLZo_`c-H}X<UeMOQsq ��cPMOa cPJLdPd;H\NPatJ3Z _`H\U J
aegP]\]RH\aWa�ZwgP[s]lcPHR]lp1dfY<MTNk_�Ji_�UWHRX<MOY<N-a��yMv_`cI_WcPH�H\ae_WMOKIJi_`HRQVaeY<[Og-_WMOY<NzHRUWUWYLU�[TY@��H\U�_`cAJiNI_`c-H
_WY<[OHRU`JLNP]RHLq � N�dPUWJL]R_WMO]\Hz��HIMTN1_WUWY QPgP]RHVJx[OMTKIMv_+_`Yr_`cPH'dPUeY^]RH\aWa�aWYx_`cAJ3_�_WcPHIQ-MOae_`JLNP]RH
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interpolated values saved at current time step
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