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Studies of Magnetic Helicity Injection and

Magnetic Free Energy in Solar Active Regions
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1 IntroductionBDCFEHGJILKNMHOQPFRTSVUXWZY\[T]D^N_X`baLcdGJeDfZKhgTi\Wkjhlm]D^Q_\`baonpgbikWrqHs\tvuTwyxbzr{| gD}H~������X�
(magnetic helicity)

z��J�F�mKDMdOmPDRD�F�XGHWhgFiX�Had�FtZ�X�NKTCDE�tZ�����N�CDE��Z�\Ih�kWL����GHeJfh�
(1)
MdOmPDRD�F�ozb�d�VfrKL�D�D�X ¢¡Q£T¤N¥F¦§WhgD}H~����m�§�v¨F©FwoWªV«oxb[Q¬D­ ®°¯

2 ±J² � (2) ³\´\µ sJ�V�dfm¶D�b_otZ�J·¹¸L�m~������X�Z¨F©DwoWQ«TºVK§»D¼D½§ ¢¡p¾¿¡s§�hÀ\Á�nrWNÂbÃ ®°¯
3 ±J² � (3)

PDRD�F�oWhgFiX�Had�Q ¢¡p¾¿¡Äs\frgFiJÅyÆDÇbad�XnÈK§ÉFÊ�¸L�HËoÌZÍÎVÏ ®ÑÐ
X ÒFÓDÔ �VÕ ² nrWhuFw�xb[mÂbÃH�mÖD×DÉFÊ | fVËoÌZÍrÎVÏkWLØV¼H¦§WhÙJ·Ú®°¯ 4 ±J² � (4)

ËoÌÍTWb]F^N_\`baL¬bÛDÜFÝdGJeDfZgF}Þ�r£Q^Hßb�yàLáhWhÅoÆTÇ�aH�â®ÑgT}Þ�r£N^Hß��yàháHÌva�ã ² t�¾kfb�TäWLK\ËkÌ�ÍTW
X Ò �FÕFåFæ\WrçTS ®Ñ¯ 5 ±V² �bèJéVW ± GVILKFgTikW\jhlm]D^N_X`baonpgF}V~*�v�m�§�mzm��F��ê\ëo¸L�hì§GmKFíDCDEkWd�Z�\z��J�F��îTï | fh�

2 ðòñôó õ/ö3÷=ø"ùôú	û ü¹ðþýÚÿ ���������
	��
�ËkÌ�Í�[��pKbMHONPFRTSDUXWb]D^N_X`baLc\ILKbgTikWkjLlm]D^N_\`�a
(EF )

GVeVf\n�����¡�sXfL���QWLgiyWyjmlb]J^�_o`DaVIQKNgDi��TÕ
(B)
  ¡��V��ám���L_DgDi��bÕ

(BP )
t��F�D��¾ ¡ skfLKd�JÍhgDi��bÕ

(Bs)
z���frgFioWT]V^m_k`TabGHeJfh�

B = BP + Bs

EF =

∫
Bs

8π
dV�QW��! v["�F�oáh���Z_�gTi§  ¡�W$#TsdILKbg�% Ò ®ÑgTi ² WrqHsmÝ�&�nT¸v�hSHsXfL�����r�NKmPFRTSVUt�{ | MdO Ô }�'Tzb�V�F�HIhKTg!% Ò z)(�����*VÆ$+�,�-/.10 sbÝ/&�t�{ |32 -HeJfkn��4� ¡Äs\fh��5 $�! 76�8\[���WL»F¼\z��X� KhgF}§]D^N_X`baFWL¬TÛFÜFÝ\ILgF}¿�r£N^Hßb�oàháZGVeVf!�Hn�-:9<; WL»¼�x)=�>yz?�o�vë ¡v dzD[§���m�k¸Z ¢¸L[/-¹¡ÈKA@?�!BQKyËyÌrÍVWhÎJÏ¿nÈ�J�V�yWQgDi��TÕ�thÂbÃ | fon�X������ �[QK4C�Dyxb[QCDEkI�E�Fh�!GDsJ�V�V[F���HBVCDE§GHIhKHE$#hK

GOES
6/8XGm»D¼ µ s§�HËoÌZÍWLÐ

X ÒFÓDÔ �VÕ�np�D�D�VgFi���ÕkW)I�JFzm�J�F�:K!L�Kr�D�D�VgFi���Õ§ ¢¡hËoÌZÍrÎVÏ�®ÑÐ X ÒFÓDÔ �Õ ² t�ØV¼ | f3MHW:N�O�Pdz��J�F�AQ/R*¸L�N�b�kzhKF�D�D�oWhgFi���Õ\[H�QtZ���Q�mKTÐ X Ò �VÕkW�S4TåFæyt�êXë | fZK\£b¤h¥�'bWLgTi!�mÕ*npgF}¿�r£N^Hßb�oàháhWVU�WFw ®ÑgF}Þ�Z£N^Hßb�oàhádÌva*ã ² zm�V��3K!L§�N�H�Zs ¡ZW)X/Yoz��J�F�HIhKF¯
4 ± KD¯ 5 ± GNï5L ¡Äs\fh�
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Zyzh{Þ¸h�?�� rzNKmgDiyW".[0vsTÝ�&yINKmgDiyWyjmlb]J^�_o`Da�n]\\�!J)^�tV_ �Q�V�§fh�V`4aJKFgDiW".b0�sotZ{ | U4WVw\GdeHfrgJ}H~��Z���X�bzb�J�D�mKh�V�V�k ¹¡�M§O Ô }H'N¦XWh¨D©Dw¢tZ¬V­ | fdc�e-�fmÉ µ s§�N�FB�g�h4R/ioWh¯ 2 ± nÈ¯ 3 ± GHIhKJgD}H~������X�Z¨F©DwoWhªV«oxb[QÀ\ÁdtdK!LbKy~�����d� ¨T©kWrÊ/jFÜFÝ\zm�D�T�3Q�Rytv�y�N�h���QW��5 [hgF}J~*� �m�d� ¨T©FwkWLªF«kx�[hÀXÁJtkK�Ld�LCTEILBVCDE�-3l\äT�DGHeJfh�eJfVm�n�'Tzb�V�F�mgD}H~������X�
(HM)

ImèHéJW��� Zzhu/o µ s\fh�
HM =

∫
A · BdV

eJfZ�4n§ ¢¡ZW)I�pDgD}H~������X�Z¨F©Dw
(dHR/dt)

ImèHéJWrqX ¢¡p¾¿¡Äs\fh�
∂HR

∂t
= 2

∫
((AP · V )B − (AP · B)V ) · ndS

sDÕTi
(V )
K�gTi

(B)
K/t\ß¹ã _��F�oáQ�/�Z_

(AP )
zm�V�T�VILK��T�F�kW$t\ß¢ã _�,�um^�ã]uFÆ:vF �¡ ¾f5�dn�-DG�wbfh�bgD}H~������X�

(HM )
nxI�pDgD}H~������X�

(HR)
z��J�F�HIhKFB�iozb��ê\ë | fh�
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aHEmGHWh�F�oz��J�F�mgD}H~��v���H��¨F©oWL¬D­ytZ�d�NKr���5'TWh�F�
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1
@J�

)
KTPDÉ\[QPDR�t3�"�\fr�F�

(
èHéNK�PDRD�F�H�

10
@J�

)
K��/��¸��V�dfr�F�

(
èHéNK"�/�V�F�H�

5@J�
)
 ¢¡pKDíD�F�oWhí�S$�kzb�d�VfrK

1476
�kWhgD}H~������X�Z¨F©���tZ¾k�N�

�rs*¡Lzb�H�D��K�íV�D�\GdWb~¿�Z�b�X�Z¨D©JwyW/S�TQÉ4�DK:�VÕ����DKTg��Vw����ozb�H�D�AK�LX��n"�
� KHèHéJW)X/Y�tZ¾k�N�íD�F��-4S4TQÉ�� | fTz��Fsò®����:�?�NK�PDR/�?�NK"�/���?� ² KF~������§��¨F©DwoWr��PdI)���*¸�Kb~�����X�Z¨F©DwoW:���V½DK/�/�V½�-3��� | frÀ\Á�-3�¿¡Äs§��®��

1 �D² ��VÕ4�� 4¡ozb�H�V�AK5LX��nA� � KLPJRV�D�yW�~Þ�Z�b�X�Z¨D©Vw�IQK)¢4£V�\GA¤JK4¥A£J�\G3¦yWQ½ tknfrÀ\Ádtd�!�§�N���Zs§IhKbMdO Ô }§Gm»D¼ µ s\frK)§kWLqdsbÝ/& ® ËF�FÆDÇdá�ã©¨ S ª4« Wd£T¤N¥T_Xa�* ²nd¬:­kWhÀ\ÁTGHeJfh�"�/�V�F�XGHI��NW��� �[QÀ\ÁVI)�¿¡Äsd[T \���N�g��Fw/�/ /¡\zm�D�T�$K�Ld�kn3� � KQg"�Fw�-:®/¯ | fbzm�TsmK�~*�v�m�H�v¨T©TwkW ÓFÔ ½!-$�/� | fXn�1 pÀ\Á�-m¾¿¡Äs§��®��
1 °V² �TPDRD�F�¿nx�/�V�F�XGHIhK±�NW ÓDÔ ½kWhg/�Dwoz)p | frÀ1wmIr²k[Hfh�¾�¡�sH�N~*�v�m�H�v¨T©\W"S�ThÉ/�TK"�FÕ��/ FKmg��Fw��� \WrX�YkIrKF~ �v�m�d� ¨T©FÊ�jTÜFÝFKdeVfm�I)p�³�´���µoWhg/�4¶kWhåDæ�nx\�;�Jr^*¸��V�dfkn¸·5GDs\fh�

4 ðþýÚÿ �������zy|{ óº¹�»½¼½¾ �
	��
�p�³�´���µXGmg/�4¶�t:.10QfrÜDÝkW$¿J�¢nF¸��mK
Σ À Y (Longcope et al. 1998

�FèHéNK
LC
�

)
-$Á�Ây¡sXfL�?��sHILKmg���¶5-NK3p/³§[��Zz��m�L��.±0D¡�sXf\npKmg��/¶\WVÃkW3.H0 s¢n¸Ä/p�Å�ÆkW3.±0Äs4-!ÇTWÈD�ozbG�wbfrK*n��1 À YXGHeJfh�

LC
z��b�h�mKAp�³�´�'Vt3�:É | frg/�4¶kzFIhKVp�³�nrW)I/Ê4ËJ·Xz��k� KVÌ4�\[".10 s�-m¨yfkn��1 ¸XY�-N¾*¡�sV�D�Hfr�)Í�ÎDWh«bºdGJILKNg���¶!-$p/³/´yt:�)É*¸r�LìXWLK$p/³/´yt�Ï?ÐDzVÑX�b�D�HfZg��/¶*n

p�³kW)I/Ê4ËJ·ot$�4�NKT�D�D�XGHWm~������X�Z¨F©Dw�tkÒkäV�N�
p4³4´¢�kµyWQg��!¶oWQÝ�&�® gDi?�bÕ!¨Fg��!¶ �kµyW:ÓDÕ ² zT�H�D�dIQKb»V¼�xFz$K5Lkf 2 I4Ô:Õ\Gde� K�ZV�DCDEkz���fdW4Ryxb[T¶D�b_T½�tkÖ��Hzk¸L�N�kp�³�´�'TWhg/�4¶kI

1
BoWhg/�4¶§GHeJfknx×Du*¸L�N�

p�³kW)Ø�Ù4Ú�Û�W4Rkz���frK/p�³/Ü�Ý\W)Þ/ß�x3à�áHaN_TKAsVÕ�tZ�J·¹¸L�N�
X�YÞnV¸Z��KAÍâÎN�H· ¸h�mÅ�ÆVÇTa§�QG§IhKh»J¼V½[�o�

2 ã�ä �]å\�m½?-�¾Þ¡ sX���rg4��¶¿n]I�Ê!ËH·| fVp�³kWb¶D�b_TK/p�³�´���µoWhg/�4¶kWhÝ/&k[H�rz��J�F�mK µ ¡�[HfrQ/R�-3æ/ÜXGHeJfkn��4� ¡Äs\fh�
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5 ç èêéìë�í î X ïñðóò�ô�õ÷ö üøôúù½û�üñýÿþ��������	��

�������������������� �"! #%$ &('*),+.-./10
4 243�576�8 É:9<; + 21 =�>�?7@BADCBE F ; - 5�GD>.H:ICBJ +"K1LNM%O.��PBQ�R ?7@BA:>TS U X V:W4X�Y -%Z [ \4]_^ 5.0e-7 W/m2 `ba - 1.7e-2 W/m2

^�cDR.K
W [ d >.e:f�g�h,i `ba J a )jR*-*k V ljmne:f_o�XDp - ?7@BATq:r7>.s tvuBw ' Y -_x ?7@BA:>Ty4z�>{4| P ;~}%�D� '*)jRT� ?7@BA:>TS U X V:W4X P����"�7� C~�_� K� ) a >*W [:d e�f4� �:� hDi1C �4�b;�} - ?j@~ABy zj>B� & 8%� � }"�D� +nKB�1� >Te�f4� �:� hDi1C�4�4� RjP�-1$1&('B),+ ?j@~A1>*S:U1W Xj8T� � R��.��� V #n�j� a )�R
x V1��?1�����_� M%� C¡ <¢ P¡�¢¤£ �¥K � >T¦ `ba J a )jR ?7@BA:>TS U:W4X P¤$ &('*),+ S:U W X�>T§1¨_©�C ?�@BABy4z1� & >n§1¨,© Pª Q ; +nK � >TH1I - 60 X45D«4> ¬:A C~­D® R q�r�> ¬:A*e�f,o%X (Bs)

P�-,¯ >*q1r�>Ts:t�u Q w ' C �°D± - ?�² � i�h 3 ³ X�>n§1¨_© ^ ?7@BA*y4z�C~� &_^�´�R £ #%µ `j¶ +�x¸· 2
�¥K¹ 8 -"º:»:¼1½7�B�¾xÀ¿ Á w - 1-8Å

� C~Â:X�> ��Ã"^n\:Ä ; - Å4ÆjM ��� M%� ? � � �nÇ(P¤È É�Ê ? � ��"Ç >nË �,M*Ç C"Ì%Í ; + H:I -_Î4Ï u Q 1-8 Å > º » ? � � �"Ç (Fthe,1−8) Y - 5�GD>�Ð_¢B8"Ñ1= ;~}�,R.K
Fthe,1−8 ∝ B3.7L2.7

B Y,Ò1Ó"Ô�Õ1>.e:f_o�X - L Y.e ÖØ×TÒ �,� ¬(Ù M q:r7>.Ú:Û�u Q w '.^,cDR.K ?7@BATq:r7>nÜ1Ý4Þ ^�cR
B̄s

P ?7@BATq:r7>.s tvuBw ' Ltyp >.V:�(? �ß�~��� M�� CB  ¶ + H:I - 5�GD>"Ñ1= �Tà (Ffit,FR)
# Ja )_+"K

Ffit,FR ∝ B̄3.6±0.7
s L2.6±0.9

typ

§�¨�YBU ´.�1#"-nÎ:ÏáPãâ�ä � R.��Ã"# J a ),+nK � ) a >D?�@~A #"- Ò�ÓnÔ_Õ�>Te1fáå.æ"ç �"�jè h4C�éê � �_´ ¶ } ��RjP Ì ° ) ± - � >*H1I�Y.ë�ì ^Dc4RTK�$1& u�8:Y - ?�@~A � h O Y ; ± ; ± -,Å � M ¬ í� e:f78 \j� �4î�CB­�® R.K

6 ï ðòñôó X õ÷ö�ø÷ùûúýü þ�ÿ�� ����� ü�� 	�

����� ���ýð � ��� 

����:� ^ Y - ?�@~A1> X V (1-8Å) ? � � �nÇ >��1W���� (impulsive phase

K 5DG - IP) C���� � R � P�^"-Ò1Ó"Ô�Õ1>.e:f_o�X - e ÖØ×TÒ �,� ¬(Ù M @~h � C ���4+"K ?7@BA:> LNM%O.� Y /�� P �"!~^�cDR.KÒ�ÓnÔ,Õ�>D?�@~A � h O C 200 #j> � h O 8 µ%$�-'&4� h O > ( È<P�-n¼�½�) ³vC *,+ ; -'&4� h O 8%�� } >BW X�-�.vC�/ ;1032 ® } - X Vj>*W X�-4.vC���� ; +nK6567�) ³�Y98;: ^�< a>= - ç �"�jè h1>@?�AC *�+ ;¡} +nK ( È > +1� > Å ÆjM �,� M%� ? � � �nÇ C�B ° R Ò�ÓnÔ_Õ�>Te�f,o%X P�-@&4� h O ( È >�23 34C�C -D. ' ® } -n$ &N'*)_+ W4XD-D.�> IP CE�D� ^�´�R Þ�C ��� +"KT� h O ( È >1243 34C�Y -1�GF� ` >@HDI�C � ¶ } - ×TÒ �,� ¬vÙ M @~h �KJ;L�´NM ° a )jRTK J a )_+ Þ�Y - 0.015< Bcor/Bpht <0.20
-

0.0077< MA <0.65
-4^�cDR.K

Bpht

P
Bcor YTW [ d P�- Ò1Ó"Ô�Õ1>.e:f_o�X - MA Y.e ÖØ×TÒ �,� ¬(Ù M@~h � ^�cDR.Kº » ? � � �"Ç Y - Â X�8@ODP ; +Tº »4¼:½v�*� P ç"Q4�.¬(Ù M��4R í�h x 5�G - EM

K,SDT �VU X�> 2W PYX4Z > Z � > Z�^Dc4RTK.$:&�'B)�R W X;[nV `Na Y - 1-8Å
P

0.5-4Å > 2
Á w�>�gDh�i�C � ¶ } - Â:XP

EM C ����R � P¡# ^�´�R.K *4+ ; + W4X�["V `ba6\ �^] 8.Â X P EM C ���n- Ñ�_ ; +"K X V�? � ��"Ç #6` U78 Q�R 2'a ^%- � ) a >.Þ�C ��� +vP �,b - ?�² � i�h 3 ³ X�>n§1¨ ^�â�ä ; +"Kc +.- $ &N'*)_+ W4XD-D. P *4+ `ba J + W4XD-D.�>@d:WD�e� (decay phase
K 5�G - DP) 8�� � }%���+vP �,b - 5�GD> 3 f�g78 µh$ a )_+"K 1

- $ & Þ # *4+4ÞbÐ%ikjDp ` 8@d:W K 2
-:$ & Þ P *4+4Þ # é êâ�ä�K

3
-:$ & Þ # *4+4ÞbÐ%iklDm�8@d:W K 1 8�� � } Y - d:WD�e�D8 <4� } \ - e ÖØ×TÒ �,� ¬(Ù M 8�ÐR ( È,# j4p ` 8 n � ¶ } �DRjP Ì ° a )�RTK 3 8%� � } Y -�op5 8_Ð R Ò�Ó.Ô � h O `(a >9q�rj>�d�svCÌ%Í � R £ #6t�uhvvP Ì ° a )jR.K
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7 Summary

#DwDx Ï�y 8 <4� } Y -'z;{6|D} �3~j>1ç �%��è h@� ^�cDR e1f7>�g4h,i x ����������������� �"!%- 3¹V� e�f �j� � � gDh�i � C � ¶ } -4� ×¡¬%����� »4� >9�D*�u Q@� m -_¯ > 9D�4��� - W [:d >*e1f4� �� h,i:C � ¶ + ?7@BA:>Ty4z�>T� & - ¬ ATe:f_o�X�C � ¶ + ?7@BA:> X V:W4XD-D.�>9�D� P e ÖØ×TÒ �,�¬�Ù M @¡h � - 8%� � }'��� C~  ¶ +nK H1I�Y�«'��>���i ^Dc i - e1f�>�å.æ"ç �"�jè h - e1Ö � ×¡¬%�,�8�� � } >@I � u Q.Î E�C � ��R £ # ^�´%+"K
# ��� ^ Y - � ) a >9q Î�� > Î E P:P \ 8 -��j� � �D�_�%� ���:�n! > | � C.o FK�D� ; +nK��j+1Q^z{"$:&4�4�¾x�� > ^%�:# ¢ �%« # i - � ) c ^�PE�@] > Á w ^ rj>�� � gDh�i # J a )�RTâ l -�Z « $:&,^Y - � ) c ^�P Y�� QDR~Á w�C � ¶ } - Ò�ÓnÔ -���� e1f�> $:&�#   2 )�-v' a 8:YBW [:¿:d > �j� � �D��%� ���:�n! \ J a ) Ð,¢ P ;¡} ��RTK � ) a > ��� � �D�_�"� �ã�:�n! > | � 8_Ð�i - ?�@~A1> � ×�� h�D� - Ò1Ó"Ô6( È%�@��Q � 8.� � RBÎ E # � c R £ #6¡D¢N'*)jR.K

·
1:
x¤£�·.�,|D} q:r 7978 > � ×~¬��_�E� »D� >1243^¥D¦ KDx¨§7·.� e�© ��x¨ª�«D� 8.� � R^� ×~¬��_�

� »��¾x­¬�«4� > µD® K'§�·%^ Y9¯,«nq1r -,|�} q1r -,°�± q1r�> ¿ } > � ×¡¬"�,��� »�� C O Ó,� � ;�}cDR.K

·
2: 60 X�5�«D>4¬ ATq:r7>.e:fD� � � h,i x ¬ ATe:f_o�X Bax

- q:r7>.s tvuBw ' TL
� C ?:���¡�_� M� ;~} J + ?7@BA:> X V:W4X x

x
«D�bP�-�$ &N'*)_+

X V:W4X x
y
«D�¥K S \�² � §1¨_©,Y�?,² � i�h 3 ³X K A Ç ij× Ç_� (‘*’) Y X

�1�nÇ ?�@~A - ‘♦’ Y M
�:�nÇ ?�@~A - ‘+’ Y C

�:�.Ç ?�@~A - ‘4’ Y A
-

B
��"Ç ?7@BADCE³ � K
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