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kil�mbn /< 5 $ t nprq TuïBP�rv�|r nprq RfN"hjPGr_`�l�R¹h2�irv�ªhjg}��RSl=hQP�r-hQg}�Qg}RSmFki�0m�RS�Qrv�ªhjRSg}l¢JÜLOl=hjP�r�w�g}�f�Sg®ïBRSl��Ý�
NQra�ahjRSg}l�NaTiï�r6�ag}l�N|Rfm�ra�[g}l��¹�ÝhQP�rBZo� � ki�ahQRS�uRShO�ÓïBR¹hjPÒP�ra�fRS��ki�uN|�ubcb=rªhj�|�Ýgiw��Üë " #%>U#%1 í <��[ë " #�� <>k: ë�: $J8 í 1 í T�ïBP�ra�Qr_b)kzl�m=lÍki�Qr���g}�fg}RSmFki�Gkil�m=hQg}�QgiRfmFki�Gb=gum�rBl�`�bÒs�rv�QN2giw§hQP�r_Zo� � bcgum�riT
�QraNQ��rv�ahQRS�irv�S�iT¢kilGmohjP�r�P�rv�SRf��kz��V�`CBow�`Gl��ahQRfg}l�RfN_mGraîFl�ram�kiNf(���ë " #�� í	� (�ë " #�� í : ë " x $ @ í ë	: $J8 í J�&r�îCBÒhjPGr6�Fki�jkzb=rªhjrv�|N�
 < � # " . < � B F � @ # P < � B @K�z� # "�O < � kilGm N <,�_hjP��|g}`��}PKhjPGRfN[�Fkz�tra�
kil�m���PFkilG�}rBg}l��S� DFE ïBP�Rf��Pc��PFkilG�}rvN(hjPGr�mGRfN|hjkil��ar�gzw�hOï2gÝ�QrvN|g}lFkilG�vr�NQ`���wØki�vraNvT
� " JÜ]-�fN|g�T}ï�r6î B
hjP�r��tg}�Sg}Rfm�ki����hQg}�QgiRfmFki�tb=gum�r�lu`GbÒstra�QN�ë�89$J: í hjg ��� � Tt�|rvNQ��rv�ªhjR¹�}rv�¹�}JÓê6P�rKb=k;B	RfbÒ`Gb l�`�b�stra�
giw[hQP�rK{Fg}`��|Rfrv���vgib=��g}l�ral�hQN�giw(hQP�r�bcg	mGr�RfN�h�kiyzrvl°hQgÑstr ���}� kzl�mohjPGrÒbÍk3BGRSbÒ`�b8l�`�bÒs�rv�-giw
rvì�`Fki�S�S�ÍNQ�Fki�arvm��jkimGR�ki�¢�i�QRfm�RSN � >}�}� T�Rfl g}�|m�rv�6hjg��|rv���|g	m�`G�vr<îFl�rÝN|hQ�Q`��ªhj`��|rvNvJ
ê6P�r �fRSl�r�ki��N|hjkis�Rf�SRShO�&kilFki�¹�uNQRfNÒki��kiRSl�N|hÒhQP�r �QraNQRfN�hjR¹�}r�bcg	m�r�RSl�hjP�RSNKì � ���|giîF�fr�N|P�g�ïBNKhjPFkzhvT�kzN
Rfl��a�QrvkiNQRSl���� " T6hQP�r r�B	��g}l�rvl�h�wØki�ªhjg}��� giwÝ�QraNQRSN|hjR¹�uRShO��� ïBR¹hjP.�|rvNQ��rv�ªh hjg&hQP�r �}�Qg�ï6hQPE�jkzhQr
� ë�� ��� í ��PFkilG�}rvNÓw��Qg}b�� < � $i��giw2hQP�r��QraNQRfN�hjR¹�}r�Rfl�hjra�QlFkz�[b=gum�rKRSl�hQP�r��fRSb=R¹h_giw	� " < � hQg
� <%�%$ HKgiw[hQP�r��ag}l��}rvl�hQRfg}lFkz� hjrvki�QRSl��cb=gum�rÝRfl hjP�r��fRfbcRSh�giw�� " <�� 5 � � 7 J6ê6P�rÒm�ra�tral�m�rvlG�vr
giw�� g}l�� " RfN�NQP�g�ïBl Rflo{ÜRf�GJ�ë�@ í w�g}�-hQP�r�ì ���|giîF�frÝgiwË�(ì0J�ë >�í J_��g}�|�QrvN|�tgil�m�RflG�ÍhjgÍhQP�RfN���PFkilG�}r
giw"hjP�r��SRfl�rvki��N|hjkis�RS�fRShO�iTthQP�r�l�g}l��SRfl�rvki��s�rvPFk��uRfg}�<gzwËhQP�r�b=gum�r�ki�SNQg���PFkzl��}rvNaJ�ê6PFkzhÓRfNaT Rfl hjPGr
NQb=ki�f��� " �Qrv�iRfg}l¢T(hQP�r�bcgum�r�ra�ig}�S�irvNcr�B	�tgil�rvl�hjRfki�f�¹�&ïBR¹hjP hjP�r �fRSl�r�kz�Ò�}�Qg�ï6hQP �QkzhjrzT�kil�m hjPGr
w�`�l�mFkzb=ral�hjki�Übcgum�rÒRfN_rvNQN|rvl�hjRfki�[RSl°hjP�RSN�straPFk��uRfg}�aT§ïBP�Rf�SriTtRfl°hjPGrK��ki�|�}r�� " �|rv�}RSg}l¢T§hQP�rKbcg	m�r
rvl�hjra�QN(hjPGr6~�`	hjP�ra�|w�g}�|mc�|rv�}RSb=r�kil�mKhjPGr6bÍki�il�rahQRf��RSNQ�fkil�m�N[NQkzhj`G�jkzhQrBkzh(r�kz��Pc�|rvN|g}lFkil��arBNQ`���wØki�vrzJ
ê6P�r�l�g}l��SRfl�rvki��straPFk��	RSg}�cPFkiNcstrarvl �ag}l�N|Rfm�ra�Qrvm NQbcg	gihQP��S�&hjg�hj�jkzl�NQR¹h=w��|g}b hjPGror�B	��g}l�ral�hQR�ki�
�}�Qg�ï6hQPÑhjgÒhjPGr<RfNQ�fkil�mÑNQkzhj`G�jkzhQRfg}lÑN|gÒwØki�vJ(ê6PGr<l�raï hO�u�tr<giw>hQP�r<l�g}l��SRfl�rvki�ËRfl�N�h�kis�RS�fR¹hO��RfN�w�g}`Gl�m
Rfl hQP�RfN�bcRfm	ï�k�� giw�hQP�rvN|r l�g}l��SRfl�rvki�Ñs�rvPFk��uRfgi�QN�giw � ê�Z\T6kzN�NQP�g�ïBl Rfl.hjPGr NQPFkimGrvm,ki�Qrvk ë
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ê6P�r<hO�u��Rf�vki�¢r�BGkibc���SrvNBgiw3hjP�r�hQrvbc�tg}�Qki�¢rª�}g �
�f`GhQRfg}l�giwBb=ki�}lGrahjRS�ckil�m�y�RflGrahjRS�=ral�rv�|�}RfraN�giw
hjP�RSN l�rªï ��P�rvlGg}b=ralFk w�g}� hjP�r,��kiN|rvN ë.1 í T
� " < � B @S�%H	TÓkzl�m�ëU� í T2� " < � B � ��� TÝki�QrNQP�g�ïBl RSl {ÜRf�iNvJe�GJ ]�w hjrv� hjP�r r�B	�tgil�rvl�hjRfki�
�}�Qg�ï6hQP RSl8hjP�r%�fRSl�r�kz� �Qra�}RfbcriT hQP�r%b=gum�r
�Qram�`��vraN°RShQN�N|�tgil�hjkil�rag}`�No�i�Qg�ï6hjP �Qkzhjr\kil�m
hjral�m�N"hjg�ral�hjrv�ËhjP�r-~B`GhjP�ra�|w�g}�|m � hO�u��r-�|rv�}RSb=rzJ
LOl hjP�RSN°��PFkzNQriT�hjP�r y�RflGrahjRS��rvlGrv�Q�z�µki�Sb=g}N�h
NjkzhQ`��jk�hjrvNaT3ïBPGRf�frKhQP�r=b=ki�}lGrahjRS�Krvl�ra�Q�i���ag}l �
hjRSlu`GrvNÍhQg�Rfl��a�QrvkiNQr°ïBR¹hjP.�|rvm�`��arvmEhjrab=��g}�Qki�
�jkzhQrÍkzl�m&b=ki�}l�rªhjRS�cRSNQ�fkil�m�NÝ�}�Qg�ï RSl\hQP�r=�|r �
NQRSN|hjR¹�}r_hQRfbcr-N|��ki�SriJ(ê6P�ral¢T0kzw hQrv��b=ki�}l�rªhjRS�-RSN �
��kilGm�N<�}�Qg�ïBRSl��okz�Qg}`�lGm\rvki��P&�|rvNQgilFkil��ar=N|`�� �
wØki�vr�hjgÑ�ag}l�h�ki�ªh<ïBRShjPor�ki��P�gihQP�rv�aT§hjP�r�b=gum�r
NQP�g�ïBNÍhQP�r�kis��Q`G�GhÑ�}�|g�ï6hjP¢J LOl hQP�RfNc��PFkiN|riT
hjP�r�RSl�l�ra�ÒRfN|��kil�mGNKki�Qr�rDB	�tra�f�fram g}`GhQNQRfmGrÑhjP�r
g}`GhQrv� g}l�raN kilGm�N|ìu`Grvrv^ariJ ê6PGr,g}`	hjrv� RSN �
��kilGm�N°�vg��irv� hjP�r kz�fbcg}N|h�ïBP�g}�fr �|rv�}RSg}lµs�r �
hOï�rarvl�hOï2g°�jk�hjRfgilFki�(NQ`G�|wØki�arvNÒkzl�m&hjPGrÑk��}ra�jki�}ram�ì � ���|giîF�Sr=s�rv�ag}b=raN;V0k�h�RSl��v�S`�m�RflG��hQP�rÍb=ki� �
l�rahQRf� k3BGRSNÍw�g}�chjP�RSNÑ��kiN|riJ ê6P�RfN�b=k�� s�rohQP�r ����kzNQb=k\�vgi�f��kz��NQr°gi�Ím�RSNQ�Q`G�GhjRSg}l.w�g}�Í�Sg�ï s�rahjk
l�rv�}kzhjR¹�}r�N|P�r�ki� �G��kiN|bÍkiNaJ {Fg}��hQP�r ��kiN|r ëU� í T-hjPGr NQRfb�`���kzhQRfg}l �QraNQ`��¹hjN°w�g}� � < H t ����3�4
ki�Qr,ki�SNQg ���fgih|hjram@Rfl�{ÜRS��J ��ëØ� í kilGm ëØm í J Lÿh.RSN �a�fr�kz�Q�S��NQP�g�ïBl@hQPFkzh hQP�r yuRSl�rahQRf� rvl�ra�Q�i�
ì�`FkiNQR � NQkzhj`��QkzhjRSg}l��|rv�}RSb=r w�gi�=� < H�t ����3�4 RfN kis�g}`Gh hOï2gµhjRSb=r.�Sg}l��}ra�&hjP�kil�hQPFkzh w�g}���< � t ����3�5 J ê6P�RfN(RSN hjPGr6Njkibcr�kiN[hQP�r6~B`GhjPGrv�|w�gi�QmK�Qra�}Rfbcr�RSl�hjPGr6�vg}l��}ral�hjRfgilFki�GhQr�ki�|Rfl���bcgum�riJ
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LOlog}�|m�rv�6hQgÍN|hQ`�mG� hjPGr�g}�|Rf�}RSl�giw[hQP�RfN�kis��|`��Gh
�}�Qg�ï6hQP giw � ê�Z mG`��QRSl�� hQP�r l�g}l��SRfl�rvki�
��PFkiN|riT(ï2r�P�k��ir��tra�|w�g}�|b=ram NQrª�}rv�Qki�BNQRSbÒ`���k �
hjRSg}l�NvJ��<lGr�gzw-hQP�r��tgiNQNQRSs��fr��vkil�m�RSmFkzhQrvNKw�g}�
hjP�RSN>m�rvN�h�kis�RS�fRS^�kzhQRfg}l<RSN3hQP�r2ì�`FkzNQR � �fRSl�r�ki� bcgum �
RSîF�vkzhjRSg}l�giw�hQP�r=ì����|giîF�Sr=kzl�m\hQP�rÑki�a�vra�frv�Qk �
hjRSg}l\gzw6hjP�r=�fRflGr�ki�ÓRflGN|h�kzs�Rf�SRShO�}J�ê6PGrÑNQRSbÒ`���k �
hjRSg}l¢T2ïBPGrv�Qr�hjP�r��tra�|hj`G�QsFkzhQRfg}lGN=N|rahÍhQg&^arv�Qg
g}l\hQP�r�ï�k��\giw�hjPGrÍkisG�Q`��Gh��}�Qg�ï6hQP�kil�m\hjP�r
NQb=ki�f�Üg}l�rÍRSNÓNQrah�g}l\hQP�rÍb=kiRSl>ë	89$J: < � $ �®í
PFki�|b=g}lGRf�vNaT�NQPGg®ïBN�hjPFkzh hQP�r&bcg	mGr �|rahQ`��Ql�N
sFki��yÑhQgchQP�rÓ�fRflGr�ki�6�}�|g�ï6hjP���PFkiN|r�kilGm°ki��kzRfl
rvl�hjra�QN�hjPGr\~B`GhQP�rv��w�g}�Qm � hO�u�tr��Qra�}RfbcriJ ê6P�RfN
b=rvkil�NËhjPFkzh2hjP�r_b=gum�RSî�rvmÍì � ���Qgiî��fr_mGg	raN�l�gih
m�rvN�h�kisGRf�fRS^vr_hQP�r<bcg	m�r<RSl�hjP�r<�SRfl�rvki��N|hjkis�RS�fRShO�
NQral�NQrzT¢Rfl��a�f`�mGRfl��=kil���gihjP�ra�_P�RS�}P�ra�_PFki�|b=gil �
Rf�aNvJ6LOlohQP�RfNBï�k��iT�hQP�r�ì�`FkiN|R � �fRflGr�ki�6bcg	mGRSîF�vk �
hjRSg}l�giw�hjPGr=ì � �G�QgiîF�Sr���kil�lGgih��|rv���|g	mG`��vrchjP�r
kis��|`��Gh��}�Qg�ï6hQP�giw hjP�rÝbcg	m�rzJ2ê6PGRfN6ï�kzN_ki�SNQg
�vg}l	îF�QbcrvmÓs��_hQP�r"�vg}bc�Fki�|RfNQgil�giw	NQRfb�`���kzhQRfg}lGN
ïBRShQP&�Qram�`��aRfl��°hQP�rÍb=k;B	RfbÒ`Gb5lu`GbÒstra������`��
giw0{Fg}`��|Rfra� bcg	mGriJÜLOl�{ Rf�}NaJ �FëØk í kil�m�ë�s í TihQRfbcr
hj�Qki�vraNÜw�g}�[m�R��§ra�Qral�h[lu`GbÒstra�QN(giw
����`��_kz�Qr6ki�SNQg
���fgzhQhjram¢J3{ÜRf�i`��QraN ��ëYk í kilGm�ëØs í N|P�g�ï�hjP�kzh>hjP�r
hjrab=��g}�jkz�§ra�ig}�f`	hjRfgil�gzw hQP�rÓb=gum�r�s�raw�g}�|r<hjP�r
kis��|`��Gh-�}�Qg�ï6hjPoRfN�l�gih-NQrvlGNQRShQRS�irÒNQg=bÒ`���P°g}l
����`���T ïBP�Rf�Sr-hQP�r<straPFk��uRfg}�2giw>hjP�r<kzs��Q`��	h6�}�Qg�ï6hQP�N|hj�|g}l��}�¹�ÍmGrv��rvl�m�N6gil ��� `�� I	hQPFkzh6RSNvT	�QrvmG`��vRSl��
����`��Ýw��Qg}b�NQgib=r<�a�QRShQRf�vki�§l�`�bÒs�rv�aT!� E TGhQP�rÓ�}�Qg�ï6hjP s�rv�ag}b=raNBb=g}�|r��}ral�hQ�frzJ"��l�hjPGr<gihjP�ra�BPFkil�m¢T
hjP�r_NQRfb�`���kzhQRfg}lGN"ïBR¹hjP#�$� `��Ý�}�Qrvkzhjra��hjPFkzlÍhjP�r<�a�QR¹hjRf�vki�0l�`�bÒs�rv�%� E �}R¹�}r_ki�fbcg}N|hËhjPGr�Njkibcr��|rvNQ`G�Sh�J
ê6P�r<�v�|RShQRf��kz�tl�`�bÒs�rv��� E mGrv��rvl�m�N�g}lÑhQP�r<m�RfN�h�kilG�vr<s�rahOï2rvrvl��QraNQg}l�kil��vrÓN|`��|wØki�arvNaT�� " T�kilGm�R¹h6RfN
����`��!< @ � w�g}��hjP�rÝhO�	�GRf��kz�Ür�BGkibc���Sr�RSl°{ÜRS�}NvJ-�FëYk í kil�m ëØs í J*1�rª�}g}l�m°hQP�rÒ`��G�tra�_s�g}`�l�mFkz�|��giw
hjP�r-NQPFkzm�rvm �Qra�}RfgilÍRflÑ{ÜRf��J @	T�hjPGr_bcg	m�r-m�gurvN�l�gzh�NQPGg®ï,kil��=l�g}l��SRfl�rvki�Ëm�rvN�h�kis�RS�fRS^�kzhQRfg}l¢T�rª�}ral�R¹w
hjP�r<l�`�b�stra�6giw[{Fg}`G�QRfra��PFkz�Qbcg}l�Rf�aN�RfN6RSl��v�|r�kiN|rvm¢J"]�h6hQP�r<stgi`�l�mFki����giw0� " < � B � � HuTGhjP�r<gi`Ghjra�NQra�Fki�jk�hj�QR B giw[hQP�rÝRfl�l�ra�BRfNQ�fkil�m�N�kilGm�hjPGr�RSl�l�rv��NQra�Fki�Qkzhj�|R�B giwÜhjP�rÝg}`GhQrv��g}l�rvN��Qrvki��PohQP�r�NQkibcr
�jkimGR�ki�[��g}N|RShjRSg}l¢J�ê6P�rcl�g}l��SRfl�rvki�<m�raN|h�kzs�Rf�SRf^�k�hjRfgil giw � ê�Z T3PGg®ï2ra�irv�aT[m�gurvNÝl�gihÝg	�a�v`��aT3ïBPGRf��P
b=rvkil�N�hQPFkzhÓhjP�r�RSl�hQrv�Qki�ahQRfg}l�giwËhjP�r�RSl�l�rv�ÝkilGm\g}`	hjrv�<RSNQ�fkil�m�N<RSNÝlGgih<hjP�rcNQ`'&=�aRfral�hÝ�ag}l�m�R¹hjRfgil
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(a) φ(l>0)=0 at t=320

250 300 350 400
10 -8

10 -7

10 -6

10 -5

10 -4

10 -3

m
ag

ne
tic

 &
 k

in
et

ic
 e

ne
rg

ie
s

t

standard
simulation

magnetic energy

kinetic energy

(b) ψ(l>0)=0 at t=320
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ïBP�Rf��P\��kil\str=��ki`GNQrvm&Rfl�hjP�r=�Qra�irv�|NQrvm N|P�r�kz�����|giîF�fr�RSl�k�hQg}y�kib=kiy0JÍLÿh�ï�kiNÝw�g}`�l�m hjPFkzhÝhjPGr
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Rfl�� � ê�Z\JÜZ�g}�|rvg��}ra�vT(hjP�r=NQ��g}l�h�kilGrvg}`�N��}�Qg�ï6hjP&�jkzhQrÍkzh�hjP�RSN�rDB	���fg}N|RS�irÍ��PFkzNQrÑRSN�ki�Sb=giN|hÝRfl �
m�rv��rvlGm�rvl�hKg}l hjP�rc�QraNQRSN|hjR¹�uRShO�}T m�`�rchjg�hQP�rcr�&c�vRSrvl�hÒ�|rv�vgil�l�rv�ªhjRSg}l�giw�hQP�rÍb=ki�}lGrahjRS�ÒîFrv�Sm¢J LOl
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`�l�m�ra��hQP�r�N�hjgu��PFkiN�hjRf�Ýb=ki�}l�rªhjRf�<îFra�fm�N�Rflok�hQg}�QgiRfmFki� �irvg}bcrahQ�|�}J6LOl�hjP�r��Qra�vrvl�h_��ki�|�}r<hjg}y�kib=kiy
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LOlÍhjPGr_��kzNQr�giw hQP�r��Sg®ï 4 mGRfNQ�|`��GhQRfg}l=RflÑk�l�rv��k�hjRS�ir_N|P�r�ki������kiN|bÍk	TuhQP�r_��rv��hj`��|sFkzhjRSg}l�N2�}�Qg�ïBRflG�
ïBRShQP�kÓ�|rvN|RfN|hQRS�irBhQRfbcr�N|��ki�Sr-kz�Qr6NQgib=rªhjRfbcrvNÜg}s�NQra�|�irvmÑkz�Qg}`�lGmcrvki��Pc�jkzhQRfg}lFkz�GNQ`G�|wØki�arvN 5A@ 7 J[]�w hjra�
hjP�r��}�Qg�ï6hjP�RSlÒhjP�r6�|rvNQRSN|hQRS�}r2hjRfbcr�N|��ki�SriT}hQP�r6�tra�|hQ`��QsFk�hjRfgilKNQP�g�ïBN(hjP�r6rDB	���fg}N|RS�ir��}�Qg�ï6hQP¢J[ê6P�raNQr
w�r�kzhQ`��Qr�RfNc�Qgi`��}P��¹� �vg}l�N|RfN�hjrvl�hÑïBR¹hjP g}`��cg}s�NQra�|�zkzhQRfg}l giw�hjPGrol�g}lG�fRflGr�ki��m�raN|h�kzs�Rf�SRf^vram � ê�Z\T
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