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1 �����

����Æ����������������������������������
��������������������������������� ������
����!���� �!�"���  ��� "�����#�������!� 
#�!�$��!$%&"%'����(�!!)�"& [1]  �%#�����'#��
"�$"�� "�����$( �"#�)%**����&%��+#��+�$%
��#��,-�"&��"��,&� [2,3]  

���� "�����'�('$.-.��% �$.&�'() (laminar) � "
��* [4,5] #"/�(���)(�'+ &%�����,&"/���'0 Parker [6] �
()-*.�1)23�4,*�%&,&!*��"/ � Steenbeck �� [7] )-/�0
���5&0�0��*5+!�6+�"�� α +5, ∇× (αB)  '�(,-�,&.�
�0�� α – ω � "��"0��+ ����1-" !"%#,1"���.2/-�
2(3*#�$�#� "����+*.�#" 

$78 [8] 9'#3�4"#5�����!�� (II) 6��� "��Æ�/8���
0��/%:�'#���� #/;��41�0��4� "��!0�12����
�2+ 2 2 541!0�1226��0���&7�!%��7382 3 58941!

��  !"#:2004-02-27 ; $%"#:2004-12-15
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2 �345=

��&7��!% ##9)6��� "(2*.�>��<3����4*0?7
���12�:4(26����!=6 
2.1 <&'()*+,-./012

+;#>���4*�8?�����(���%=6 8?�1��4*.�,,*
���9!%&9.:�@,&� (Parker [6] )-*.) � �!�0?7����!@;/
- )<�/%<A'=7- 1 $..>)$.��8?%�54����6+���'0
17 $.7B=�.& [9]  8?2/A&0< 11 yr �"&(� 5B�6!8?1-&�/
707,CC�D�D8".(16 (1) CC8?�-&�/77,!�!?�9((�0E
��-&8?!�8!?8(2) ����!9/�8?!��&?E�,&�����: 22 yr

�(��>@A (Hale) (�8 (3) 6!8?�F!�FB�0< 4◦ �2:�-&8?$��
FB�> Joy (1 'G'(�&�2?���3!�?709'#GH$" [10]  Maunder

(1913) )-*.�?H8?Æ*4;7;�"&�@C< ��<D�/1 1755�A'�8
?(�%#2('����( < 1 �IE��2 23 ( (J-����() �@C< 1<
BC68?=C0�>FB�K�'��(A';5LE�8?=��0Æ7,M'±30◦ F
��D7;�*FB4;�!0�F�,M' ±15◦ -.���(.?,M' ±8◦  �*8?
�0Æ7���"&8N# Spörer (1 

@ 1 ���DG@ [70]

>��?&�%E6I H> 20 �'���(��AB� �$ @57����C
8 D3���I6�����2+��0�JKE5��J/%&�5!���9FAK
7� 10Be �14C ��,G�BH>�%��(�������AB [11]  Eddy [12] "% Hoyt

� Schatten [13] F1-H.�!9 400 yr )����;�"&H: �< 2 �B;IG."
. #6 (1) 17 $.. (1645∼1715�) .&(����!9�> Maunder !98 (2) <2(
��L7'#�O!!-*�=2(� [14]  

0?7������� #�F�N�=!?� 8?���32*0'L��3:F
�.&�B>BP 6 'M�>'7�F7��;I������N��F7 [15,16]  �(&J
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@ 2 �NNCQ��D�K?@ [1]

4;����,M�OF�N� Benevolenskaya �� [17] � 1996∼1997 ���!9���
�5�,M2>�12���5!!*?E-/5�PLEE7�RJ��&0��(��
5�P'!9�F7�@%�-(��5�P�S�2(3=F���F7&J 

AM���3�+��,A&BC�Q���� #��� 'D7 〈J · b〉 �3�%
D7 〈u · ∇×u〉 �!�� #8#� "�����*.�"�EG 1��3�H��
<B��R1 'D7�K*,� 〈JrBr〉  ��4;�LE� 〈JrBr〉 �0#S�5E��
0#O [18∼20]  �(734I6��3 Hα NO�2)=IH>�7�(P�>LE�#
-L�5E�#.L [21,22]  X �E��,�1289&!9�E�T; [23]  

��4*0?7��12)�000E���!F�$"�:4� "��8""� 
'9(UÆ7�K*�!�,*��(�: π �!FQ/8!*��?EQ/0��8?!
0� [24]  ��12�#� "���9)*.�EG�9;8�T� "(2�#� 
2.2 <&'3456789:;<.Æ=>?@

"-�����&7��!%7VR$JK� �'9)(2;5B#� 412E�
�%�LL 7��$. 80 �%�S%+#��+������:�@.�7V���!!
��$W�MN�2�#9)6��� "(2*.�<3 T�� GONE (Global Oscillation

Network Group, 1995) � SOHO – MDI (1996) .&$/�#����S26�UVW�W1
02*(FO��*#�$%�����&7�7V��!% #C#�&F �!0�"
�C3�����!%7V�P�����&7,MG (tachocline) @�Q)8�0?7�!
% #�P���?P,'�JUXE 
2.2.1 <ABCDEFGHIJ

< 3 #��&7��!%7V8< [25]  :�@. 0.04 R� XQ&V'("(�K*M
G@�� 0.96∼0.74 R� #�'@ JUXENO$RH0EK�D'�Y7V'(!W@�
'R�)7'"0�;����?7�!$%&� �,&,�S�'���4*�IJC
Y�&7S'���=6�8��'@Z7�'!W�?H [26]  0.74∼0.67 R� ��$. 90

�%&1�S%�&�(,K*MG@ [27]  
?E7K*"&�S7')Æ7X["\] ��&7?E7�,M�< 4 TU [28]  

�'@�?E7NOTK*,M��I�Æ*,M UÆ7�?E77Æ*VP�#Æ7�?
E77Æ*Q9 0.67 R� ".#&7^U_�@��:`�XE ?��5!�'@,&
�KL5!�!0�0?7?P'2>V3 
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@ 3 ������	��� [25]

@ 4 �����RW�
V��S�aY�MM�WNO [28]

XYZXbP[cd\�Z[Q\cYT]UV^

2.2.2 <KLMN
1 Mt. Wilson �/Z���8?3�T%�_�1273,G4;���4*`V'Æ

*JUXEM�W��V'?P*&�?P,' 2(3�e%f.�!*4*'�E70<
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# 15 m/s [30]  &%�S%�?Z4;�S
�'K�7> 0.85 R� ?P'GH!* (�
< 5) �a?*?P'W[12> Parker –

Youshimula\]T;,.�'LE��?1�
 ",&�,*��b�*FB*cd�>\
R] α(∂Ω/∂r) < 0  �,MG@�UÆ7,
∂Ω/∂r > 0 (�< 3)�D�LE� α > 0�e�
[T;�I>b�5*!*cd�41273
Sg \'�'@Y76+FB*?P'�]
K� "b*FB*cd�B?�(T-H>
#X A(+*�1��8�(1�!*?P
'��^$Y'!3hZ� �?*?P'>
>V' Hathaway � Nandy [31] 5!�8?
'U((�&*UÆV;����H.�'K
Y7�?*'E# 1.2 m/s  Dikpati �� [32]

,.5!���&^ Li]^$"����&3
H.?P'�f_`7BP>!W@�> 0.71

R� F� a?P'gijM#�1�'@�
S'5!�C�� �'� "(2)!�*
�^/'�'@ '[W�?P,'"/��
��� "(2 "%�412_6 FB* @ 5 �N`\� [32]

@ 6 ��aV��a_W�
b`�Q� [1]

Æ GONG cÆa�kclm^

�?P'EX(�G'����(��
_7 [33,34] �!�����J-�"/(
��,7 [35]  
2.2.3 <OPQR

Spiegel � Zahn [27] )-�,MG
@%����� ,MG@F0`�X
E^U@*�'@!n�3:�> rc =

(0.704 ± 0.002)R� X��]7 w RH0
?���S'V3+"� w = (0.052 ±
0.010)R� [36] �&7V'",�K*M
G < 6 #1 GONG H>�$9Æ7�
LEE77Fb�"&05 B"G.�

',MG@F��UÆ7EKV0�LEPX8#ÆY%!?8)Æ7�LENO$RH0E
K Gilman � Fox [37,38] ,.��0OK*�b��'.&,*��;Æ*JUXE(h�
$d(� ��LE�$d(��,*��%&B&�#�,MG@�7V ,MG@�Q
)��"�� 6 (1) �&�MGS'^?P,'?H�'@�_�&^����H"_
� [39,40] �S�? Li �]^� He �co "%�4�S%�1273(P [41] 8 (2) �&�
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?��V3B &P&^�`�XE8 (3) !�,&Si� "��-�T6 1) ,�K*M
GB,&,7# 105 G �,,*�8 2)1!*�,&,*�� α +58B',MG@)5!
�9!�$d(� [42] ^$d�ZO (shallow-water) (d,&8 3) 10,MG(7,F0e
`e�!W@)�,*� V[J_�;� 
2.2.4 <STUV

��&74� "�0�A("�j2��\f52 η �1,?\f ηmol �S'�\f
β 07,CC�� ηmol � β  /-"]��H. η 7��K*"&�p2 '�'K&71

η =
c2

4πσ
BH η ≈ 104 cm2/s ��I6_�_��� ηt ≈ 0.1 lu ��) l ≈ 5 × 109 cm �

u ≈ 3× 102 cm/s �; β ≈ 1.5× 1011 cm2/s � �S'\f((I^[R�������,&
�"0�����!! [43]  &a-��'� "(2'#k&�:< 7 �S'\f,M \
f' 0.6 R� X0<VP 108 cm2/s �':�@F� 0.97∼1 R� XBP>OIJ�\f*��
f?!*� 'J0!7�412*!\ [32]  <<

@ 7 �_ggCc��lS���g [32]

3 �bm`a

3.1 <WXYZ[
/-M#�OH(������!!���"/����Æ?RXh3�*5���T

4&�(��&J L &" σ #��0d,M�1bcih+!CBH.�*5+!6

∂B

∂t
= ∇× (U × B) + η∇2B . (1)

S (1) dB"G.��H>ic�� "#>\[W�� B(r, t) �E7� U(r, t) $��\
6��>#�!%� " ic�!%� "j%8# N – S +!C��*5+!��("q
e�!!��/-�1-""]iC�,e% &'�� "��'#�'f(E7�kd
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.8#���>#3�%� " '� "��.G&��9��*.!0'"��?� "
�� [44,45]  �(�\E7�I���XE ($P�r0d) �$ OH�����,& [46] 8
�s�I�JUXE Ω(r, θ) �?P,' Up 8$ ,&F�N����� [47]  �10OF
�N49?7���E7��0��3k&�0�td�;BlA�*�/< [44] �>#�0
��� /���E7�,n,##

B = 〈B〉 + b , (2)

U = 〈U〉 + u , (3)

�) 〈B〉#�0��>0�7""&�fF��e6R��0 [1]  B&�����06 〈B〉 =
1
2π

∫
dφB ^5g�06 〈B〉 = limN→∞

1
N

∑N
i=1 Bi(r, t)  E7 U 9�, B ��0R]K

LT; �0�40?7��5��"&�49?7��5��4'RS'�0 / (2) �(3)

d%++! (1) �'(a�f�:. (��I �:R]) BH�0�TR]�+!6

∂

∂t
〈B〉 = ∇× (〈U 〉 × 〈B〉 + ε) + η∇2〈B〉 , (4)

�) ε �10S'E7��S'��$�!$%&�,&�S' �! l � HB ; (l �HB

,n#S'?7��0�o#)��00d�*9��S'� ε = αB −β∇×B ��) β #S
'�\f52 �0m�*9��S'���

α ≈ −1
3
τc〈u · ω〉 , (5)

�) ω = ∇× u � τc #S')�?E;� (4) d!�0 (1) d�"�"&�+!)VP�
(, α〈B〉 �O��(,G=��0� 〈B〉 $�0?� "(��/< [9]  /,># α +
5��(41�0�%49?7E7� u �D7��17""���!$%&,&� !?
H��0?7�(�Z&H"F&��/-(P=M���� ""/�0'#!!$( 
>JULE5!MGhjV'�!*��,&,*� (Ω +5) �i' α +5�%&.Eg#
!*� ��0������2(3�&�?P,'�5��@'V3�� "/�AM(
"�!! [48,49]  hP�0�� "��0!!"%(a�f�:���T02(3in�a
��epM#�0���jk�� "!!�#� 
3.2 <WXYÆ=>.]^

'F�Nkd.��lo5)��� B B,#C

B = B ik + B jk = B(r, θ, t)eφ + ∇× [A(r, θ, t)eφ] , (6)

�) eφ #,*9FH�8 B #,*�,�8 A #!*�Ho�+*,* 2(3LLE7
�I�LE U = r sin θΩeφ �9;6+MGH� Ω = r sin θ∇Ω �EgC�?lo�%++!
(4) BH.���!*�,*7,�!�,nR]6

∂tA = αB + β∇2A , (7)
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∂tB = Ωz∂xA − α∇2A + β∇2B . (8)

J (8) d) α ,B90 Ω ,;�α ,Bgkf�N# α – Ω � "8J Ω ,B90 α ,;�
Ω ,Bgkf�N# α2 � "8J Ω ,� α ,!J;�# α2Ω � " (h α2 � "4
&#Omi=d�,*�!* �!9a�,7��4��� #$\���5&0���
 "�� [5]  ������ α – Ω � "�a'((qlkd.8BH>Si=d� α2 �
 " [50]  

4 �nguvmhl

XS,MG@gQ("��,*��,&"/'#PC�wN ��� "��o��
nx���!*�$"�> α +5��&Fb�F� 4�($"!�5�00F�N� 
"(2/-�0��'1x6l*� "�5�V32� " 
4.1 <_`Æ=>

�$. 70 �%���A'�N>��:�@%�".����"",���;�,�
5�P=dV'� 'LL,*5�P,7# 60∼100 kG ;BH>4 Joy (1_6"%�7
3 J,7 |B| < 60 kG;�,*5�Po'#ÆX.&�2?84 Joy(1$\8J |B| > 100

kG ;�5�P'y6+*�>9&.:�@ [51]  20 $. 90 �%$-���� "(2T
,&�,*��$O! 104 G �L �(+*(2T,&����!%?iY["�0�J
UXE8A(+*M#,,*��!*��,&��&'�'3:^(�!W@��?H,
7BP 105 G �,,*�p>� α +5�S��'�,&� �pr�� "�3> [52]  

Parker [53] *.&l*� "���#X�[T- ('ÆpAlo5.��E�� "
%�0� L (x, y, z) ,n%4�R)�Æ*�,*�K*� z = 0 #�7�'@ (z > 0) �
.7MG@ (z < 0) �l*���7�'@�.7MG@,n ��\f52 η � n ��)
η > n  1,*�,&!*�� α +5�&' z > 0 ��'@3:��"/#)p!%&0�
.3���'7s�D?�LE�$/4E7\6,&��)7 �' z < 0 �3:�(0d
MG duy/dz = G �?H!*�E"#,*� qlkd�%&�q �$9�\f52�3
:\6'(���qH>"4*b=d' z = 0 �*m x +*cd�� "# l*0t�
,R]

max|B−
y |/max|B+

y | ∝ (η/n)1/2 . (9)

J η/n � 1 ;�' z < 0 3:;B,&",�,*��9;' z > 0 �3:GHm� By �?
H α +5Hn3> 

Zhang �� [54] )-'ÆpAlo5)9)�W@l*� "(2�r<0�'$P6
��qlkd.l*� "��z3>� �< 8 TU�(�/���J,C 4 '3:6
−∞ < z < −∆ �_�&@� −∆ < z < 0 �,MG@� 0 < z < d ��'@� d < z < ∞ �
M7f�@�� 4 '3: �$9��\f52�5! 3 Cl*�o�kd\6'(���
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qH>$;VP�O�cd�l*� "
b /+{ H>,MG@&���pq
7V�����7V"0!7�1�3:
��\fR"X( 
4.2 <abcd*Æ=>

q>�'@�S'$ BC 105 G

�,,*����i-6+ Babcock [55]

� Leighton [56] ����M#!*�1
����4*2:�6!��3�\f
,&��,*�s1,MG@�,K*
MG%&,& Choudhuri �� [57] '
Babcock – Leighton (2 ( 8N B – L ( @ 8 �|urj������au�� [53]

2) )6+�?P,' ?P,')jK�4*!*�!*3��>/gK>,MG@�'K*
MG%&.,&,*���> B – L 5�V32� "�89<r Dikpati � Charbonneau
[58] 'F�N�lo5)�/(2%�54�� 

>�� B – L 5�V32� "$ Xs��',& Maunder !9/$ tne%�?
H��9,[�r��(!*�!V' Dikpati � Gilman [59] �&�I6�!%$d(��
?&ZO(2BH>',MG@)1O�' A,&� α +5! $;VP�$d(�ZO
(mK*cd�,&ut�)7���)7��.K*3�!$%&�,&K*�0�3�%
D7�> α +5��5,MG@�5�V32� " [60]  

'�lo5)�/E7�4UC

U = u(r, θ) + r sin θΩ(r, θ)eφ , (10)

�)��d.q-(,#?P'��/(,%4JUXE�1�S%BH>�4Pd i/ (6)

d%+ (4) d�BH>!*�,*,�,nR]6

∂A

∂t
+

1
r sin θ

(u · ∇)(r sin θA) = η

(
∇2 − 1

r2 sin2 θ

)
A + αBφ + S(r, θ; Bφ) , (11)

∂Bφ

∂t
+

1
r

[
∂

∂r
(rurBφ) +

∂

∂θ
(uθBφ)

]
= r sin θ(Bp · ∇)Ω −∇η ×∇× Bφeφ+

η

(
∇− 1

r2 sin2 θ

)
Bφ , (12)

d)� (11) d� S(r, θ; Bφ) ,%4!*��! 
0�5�V32� "(2�3n��e)'!, S �4Pd� < 9 IU� B – L 5

�V32� "�# �) (a) <� r = 0.7 R� X�,*�,7;��"& 1<BC�UÆ
7X H>4@C<_6"%�FB*4;,��a'#Æ7Xu.&�!*4;���1
0,MG@#Æ7S�K*MG�C�8 (b) <�4*!*��;� – Æ7,M�BH>4
12(P�,!*,��mFB*,��a!*�,BP 360 G �B0012* 10 G  ��
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F�N5�V32(2�w9 x��)Æ7,&�!*�10?P'�%&�'!3vZ
�C� AM�1�L<8BH>OQ�!F05�>!3K*�1S>O["\];�UÆ
,*�#O*����0 Dikpati � Charbonneau [58] W,.�0?7���7V�(�'
#1Æ*MGk/�!*�FB*,�1K*MG,& �,MG@�5�V32� "�B
,&4< 9 l:�73�9;'#X B – L 5�V32� "ms;�WBH. r = 0.7 R�
X� 'D7�Æ7 – ;�,M (< 10) ��(,MA&;I-L�412(P��/(2r
0�((2�Is #$( 

@ 9 B – L vnwt�����D� – V�aY [58]

(a) r = 0.7 R� vÆtw; (b) Zowtw^

@ 10 �Mxpuvnwt���� r = 0.7 R� x���q��D� – V�aY [60]
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4.3 <efgh.Æ=>)*
-*0�(20#F�N(2� �$ #�����=C�Z&!!)�u���F

7�OF�N&J A��(�� "(2'4; [61,62] �'((�JULE� α ,Mkd
.��0�� " ,&OF�N(d a10�J;12�^/���A�(2r I^O
Q�Æ*�K*JUXE,M Moss [63] s&�0��S%73�E7�2>�,G�(6
+OE�� α vy"/ (α-quenched �>��,7P>�Q*;���o$ \f�yl�&
PS'�\fgu/� �,&�OE�+5) � α = α0 cos θ/(1 + B2) �9)�89�OF
�N� "(2 734;�@6@�� "j2�'F�N7,w�&�kd.�OF�N
�� 4F�N�w9V'�� '((!7�#���F7&J aMoss �e%kf��
�9!�?P'� A 

Bigazzi � Ruzmaikin [64] )-s&OF�N� α +59)�����0�� "(2 
(���0��(aO�N(d�K*�Æ*,M�2�4��F7$"!t5 �0�0
�*5+! (4) �O�N��, B g,##

B = − r ×∇T︸ ︷︷ ︸
Ætw

+∇× (−r ×∇S)︸ ︷︷ ︸
wtw

, (13)

�) T � S ,n%4,*�!*o��,� (� T ) B+C".=d6

T (r, θ, φ) =
N∑

m=0

T m(r, θ)eimφ + cc . (14)

I[W m = 1 � m = 0 0�(d�\6��
(αB)1 = α0B1 + εα1B0 , (15)

d) ε ?5�0�(d$��\6,7 � m = 0 � m = 1 ,nk&$9�&�q*kd�
>/2*8#00,*�!*o S �T �+! Bigazzi � Ruzmaikin [64] H.6 (1) OF�
N(de)'�'KY7�>Æ7 30◦ F�8 (2)OF�N�F�N(d��\6?HOF�
N7,DS�����(� 9;�(�WH.�(d$��!F05 

5 �vx}xw

x��� "�'+�������'(2"%�0���&7��!%2+%�89
u[ c4�� "����e)#X40?7�� #�0���3��!�(��$" 
A(+*�#,1"12�&�vz�:�@�9?7��84������wG05�00
!�!�{7� "��#/[ j% �{7� "���/-���0�1x6(�M#
��9?7��10?7� ",&8A(�M#����1��IJ�OIJCY�S'
�#& � #,&�>XE� "�� /(�1xB $"�� [65]  

�0?7� "���P�y>&%�S%��+?���"023�>�s�"W0
|$"z[#X �6 α +5�QG"/�,&Fb��'KY7?P'�+*�09%�
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FB*4;�#����&^�G'� "!!����,MG@���"%��z4,�
�!$%&�S'�\f527K*�"&%���"/� �-������yW>#WC
��!%� "���#�� Tobias [66] ' Cartesian lo)9)�89 α – ω � "(2�
6+�,&����!%?i��((2 ,&'#��(�D&PMauder!9 �+*�
2(3�+oRH012/-�1-"0�D>1- !�*# 

`�**>�$"M�x�M#/-�".N'+*�e%"*H9y 2(�s&&
��(22>����hz Schatten�� [67] )-I6��� "��� 21 ��(�8?
%�hz�$/(��e%$;H>in [68,69]  /�I689� Bobcockzr(2�*.�
0� SODA (Solar Dynamo Amplitude) hz ?�D� 23 �24 (�����2>�hz �
�e%f�x�"0x� ��� "���q/�$(��$%�hz������/�
0(24hzt5���e%�"%s&&��(2#�7((��� #�e%"K��
5�x�;/y!�+*$(82s�� "#�('X1j2 —— S'\f52���e
%8�T2(3`+ �$. 70 �80 �%���4*�\f���yHRJW 7�12+
#�*#�I612?{&7��\f #85�;/y!�+*82{���^U(�g&
�0W2(2kf Schubert � Zhang [50] ��'W0!7�Y��G'� "!!%�&
3.0�W�yW R$"sC�zq�� 

7�12+#�2(3*#�� Yohkoh � SOHO 5!$;$0|zoH>$%�12
^{ 1}0 2005 � 9 M��� Solar-B I^:%�!{M� X �E|z�!o*.���
����!$%&�0�AB AM� 2007� NASA o�����!%�/Z ��#,1
"�12o'$0XQ?7�*.$W������;����Z&AB�iP�&%1-
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Progress in Solar Dynamo Theories

JIANG Jie, WANG Jing-xiu

(National Astronomical Observatories, Chinese Academy of Sciences, Beijing 100012, China)

Abstract: The solar dynamo, which explains the origin and the evolution of all magnetic fields

observed on the sun, is the fundamental and essential question of Solar Physics. Scientific inquiry

into the question is more than an academic exercise. It is important to the development of space

technology and the prediction of terrestrial climate. With the development of helioseismology,

the solar dynamo has made great progresses. Staring from the observation, the paper summarizes

some observations on the solar surface and the dynamic construction interior. The basic theories

and the central models are introduced. Some unsolved problems are discussed.
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