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VLBI 5 ? 3 M 'r�s
(wy�m: �℄(�'q�bg 210008)da�jTQ0�Y℄e��~��~9�%�3�i7XgÆ.�3B)k�_�F�JQ���}4�Y℄e�DM�7$3 VLBI oQ�&!�Y{�DME N	4W�i��Q%DM� q�Æ_�MX�i��~�fj�%i7� q�~9K*�3i7Xg�U\[�B!�4Æ_�%Ns�{�%�B)�'{i�Q%�3�i�B��m�3�u0��/uu0�'0/!NZ��e�kJX{�X�3B)f-3Æ����℄��u0�℄��8 = +��3Xg�%OMX��{DMgO4B9�P145.2 ��� TW#KC�A

1 ����un^Æ+N3��2�Wf�A(j-t/�&/. /��fg3,��~W�I_�� ���2Wf=�[Z(���G�$a��|nP��h*X2Æ�N<=�t/�X\d
� HII 
ei���D�h6Wf��8Æ��+NrE��2dKÆ��+N-=���2�h6Wf�HwÆ�N�| HI F.�ru��2�Wf [1] �E�k – e,�* HI �F.�p�<D4�R,q��i,WfÆ[RWfeI��2v�h6��8Æ&+ HI ?�}�(���G�$aÆ[��L�k –e,���\b���2Wf�^�:��G�$ [2] �h���PEC�nPÆ! CO Æ�}�RD4�a H I v�,q��i,WfÆC�\W< [3] �G|Æ&+�}�)yÆC�?}��G�$aD|��h�T!��2h6Wfd�OG� 1976 i Georgelin � Georgelin (GG76) [4] W
i�X�rjnP��L6IF�2011-01-04 � \<IF�2011-02-21ih[D�y<���m)℄ (11073054, 10733030) �y<���m)℄vV�} (10621303); 9738� (2007CB

815403)
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F.�.�YyÆT!4�V2Q�a���2WfsS���I[V[Z�~&+A(j}�Æ0&��2h��AW
LKe,#��o�E�)y�~(� (1) �h�P$��h��A� (2) E����`L��EA(j}�[�Æ0
C�V6IrE9A(j}��IdA(j}�� (3) �z�B5A(�yv�	��*L�oA(j}�l=��0W�(!�96 (Perseus) Æ0�ry�v�ry�d���h6�Humphreys [5] [y�k 132◦∼138◦ 
/d� Per OB1 � Cas OB6 XSÆ��r,}��;� 2.2 kpc ��8Æ&�96v�C�?� HII 
��A(j}��;� 4.5 kpc �[V{��W��o4_w+7�`AÆ0IE�96���EA(j>^%Z O ZX�r,}�G���A(j}�,��G�$aÆ���NGe�
oJ)|h����2h6Wf�fp!zÆ GG76[Z��.����2h6Wf�=�[Zv n^ (a| 30 a) �
2 '"&PNY$���P/}��&/�iS�A=I$NLW�t	�$NLW*I� ErjE0ÆyP/h,`` 1 mas �)Æ&z�h���z}�;� 100 pc Æ<�[meK +h�P$ryMd�z�}��!z~E��2?�d(Q�#�$NLWÆh,4d~xR�NU/1Æl4d:5Æs�_�x:*C<?�R�nPE.�E0�fp3_&AQ/ (very long baseline interferometry Æ0 VLBI) 3V�kLP/h,xRp�NU/1Æ���99Gi�E.�E0�HnPh,���6Æ&��}0W�nP6��ph,-�~��H��_� +$NLWru�nP0-�~&�Lx� VLBA (Very Long Baseline Array) Æk}� EVN (The European VLBI Network) ��/�
VERA (VLBI for the Earth Rotation study and Astrometry) �[R0-�iSP/��2v��zÆJ)��2h6Wf�$�A(!$4&q�yvÆLx� VLBA k| 10 6i�A^Æy�A�ph,�k��P/1Æ|-,��Rh,P/�I�

VLBI $NLWP/I�|P/��2d�z&+���wÆA(8[5�D3+���z�b;�AA(}8g
�LW��� VLBI meP/,yoQC�F.���6Æ��oQ�XzI���nP6Æ8E��2dCL6�I VLBI ����ru3L�CL B^oQ (; 1 AU) �3 (>108 K) Æ�zd� VLBI nP� G_=��X\d
�~( 22 GHz ℄CLÆ 6.7 � 12.2 GHz >xCL- 1.6 GHz �&CL��&CL&+yq?��oC<?Q�Æ}8�s4 VLBI �P/h,Æ�zGK
��LWP/�_=6�℄CL��_=6e#��R�C<?Æ�℄CLRZ^^O+ 1 a Æ�zÆP/o�LW;ÆJV#2�P/AU�"�O+ 3 V=Æ[w~\6�nP;A�>xCL�RZ�_Æ�TWz?W 12 GHz �>xCL�RZa| 10 a [6] ÆC�[yCL�e#��iR�C<?Æ�o�Y/�, (<100) Æme���yFj�fp 6.7 GHz >xCL�8�Y/6 (>1 000) Æ���yq?�Æ��S��H��Æl� y��_=6;Æ!	Mn��S��HImH�
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3 VLBI Tj.�|R1�(1�d$NLWP/Æ0P/��2d�zD3+���z�A(Æ4d� VLBI D�M�3V��^ ��yD�M�I�|E_=6�Md�P�6gAa^tK��(Æ�P�6�sh�sh?�D�:�Æ��Ly� _=6�G,Yyv�D�M�eiO=�J�8V,�(s?�Æ-#�h��QW�zP/�
3.1 YR&A-Xf

VLBI D�M��h,S{6��s�Q8I_=6�(m6�N}�Æ0�(N
(switching angle) �3�UQ��_ÆD�M��D���+-V6gA�N}��q?<R�H<�Æ�"��6Æ3�qnP�(N2,Æ3RqnPK�O+ 1◦ �y|I�(;A (switching time) Æ0(m6�_=6gAM~�;AAUÆ�}Æq?<R;A4d</Æ�qnP2CxÆ8RqK��sE 20 s �)��HD�M����( VLBI ^v�A�2	�p0W��}0WÆ6��p0W-�~�Æyv2	��}0W3�VdU��9r^Æ! VLBA �kGI�~)y�P�6�p��U0WL�_=6��pp�Æ8;U0WL �s(s?�Æ}8�H_=6��ph,����~��HKI_��HD�M�h,��~tp�lÆ3�J|�6a^D�M�nP;Æy�(N��(;A*~D�FO�6�VL�~\-�~3D�M�nP��H�
3.1.1 kp�~&�va�~���SÆIJV�A�~�D�0W�6Æ�I_� VLBI Rh,P/��~W���S* 60 km ��~vÆC��4�*rEva�sÆ�va�~Æ�3;S���℄_~��~�Y.?G�+ 1 Æ�o4v	6�LA(Q}��O=Æ[5D�sh�8E3;Sg*Æ&+ryF.Æ�~.��\d�/�b�����Æfd��S�.�E�|��S;L[5Y.Æ}8�|4M=�D�shÆ[ysh.nPq?dsA>2m2�3qs3;S�shÆ_�� VLBA Dm}18J)4[Z�o&-KC�d��I;zq+jKCÆo��+�A��#N-��℄sS*�R,Æ�.5VDm�E[g*"=4�Vh*:�/ (�~&℄_~Q,�:��|) Æ�o�A�Y.?�e:�Æ[VKC.g�(sKCÆo��+�A��#N�E�#AKÆQ�3;S �o�; 2 m �sh�fp9�>m( 0.3 m Æ�8Æ&+℄_~��e:�Æ�|9�3;S�tDshIR,(sa��(sKCeiEJV�A*�|�e:��h*D�0W�k����IDm}I(3;S�(ssh[Z���SQ��C�s(:��qsKCÆ-"=Ezg*h*�(sKC���v�#��Q,eih	G���~�5V�ry"(|(���:��EryrE�#,�AK;Æv	6AK�����/ (TEC) �:�?�} 5×1017 m−2 (��) FO
1×1017 m−2 (�A) �E 1.6 GHz Æv�#AK�}�O/ei} 8 m(��) :� 1.6 m(�A) �3 VLBI nP�_Æ/�;A�JV�A�J|�GD�Æ�zÆqs��S0WI�VB^z~�D�0W�6�



� 126 ���������%�k�b�Q������� 29 ��(s��SQ��~I4E�|*S�~�o TEC [5D	��:��|�3.�nP�_Æ�z~�Iv�t[���S�; (MSTIDs)Æo�℄se,� 100∼300 m·s−1 Æ|w 10∼60 min, E_;�2� km ��Z�℄G ∆TEC �;� 1015m−2(�� TEC � 1%) �3 VLBI nP8tÆ MSTIDs  �o���D�0W�=EÆDm}[Z�I(Zlqs%(s��S�tDsh�? 1 Zl VLBA Dm}�F`��~[5�v�#AKsh�&?v�lE�qr
(1.6 GHz � 6.7 GHz CL) ��SQ���HB^���I!z6�i�Æ�|EC��i��q?*P/�sh�kg��S� TEC(0Æ S/X A=) Æ�eFO��SQ��(!ÆEq? 1.4∼1.7 GHz d� �(AC�;nP�6eiMn��SQ��:�Æ�RwT�A�f�;nP 2.3 GHz � 8.4 GHz �E3�6�P���zP/nP;Æ�^� \qnP�Mn��SQ��$ 1 VLBA Z8GQ%).,H(J.N0�`*g� r� (EN) wb�� /cm  �T /cm

1 43.1 GHz ({�v) 3 0.5

2 22.2 GHz (^) 3 2

3 12.2 GHz (?y) 3 6

4 6.7 GHz (?y) 3 20

5 1.6 GHz ( )) 3 300

3.1.2 jlomjlqn�(CD�M�v-V�mH�MYwI�(N��(;A�4K*Æ<O��(N�</��(;Aei#�<h��P/Wz��I~E_=6�MdX�V�8oQ�P�6CGI�I ��GÆ%yERqE0���P�6�(m6IEG���#NnPÆ�zÆEDm}[Zv�0WI&EP�6�(m6gAG���#N[5�ER�#NAKÆ0�O��(NÆ[R0W������4Z�[V)yÆ4d��(NfeOC�9RR��#N��(;A~	E�(wA�~D���	:�4dO+$V|wÆ0E�(wA[V=sO/4dO+ λ/2($VE_) �!z[V�IGF�Æ`HE,S-VP�6nPgA�D�IG�$�Æ���_ÆD�,S()y�I(
�D�,SKGe5d( �_=6��J��(;AEq?�+ 5 GHz ;Æ�~&3;S�$�8O+ 5 GHz;ÆK�~&��S�$�E�	E0*D�M��d`KC��+�~�IÆo�s4�(;A��(N��4E���(Q�� D�M�Æ4dE����(NgdX
K�P�6�[}�P�6�	(oQ�%ZE��WfÆC�eiE�6Y&A*�R�aI2 ( G��6ÆEO+�$�(;AAUd�9�+ 10) ��4#�R�(s?�ÆP�6��p0W�	�sE2VEXgd��^�D�M�3Vei�D3�p�h,�+ 1 mas �~�\R�h,4d�
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4 j�R&�:8��EZ�4�26�HP/0W��Say�Æ 2006 i Xu �� [7] #�4z�
u�mN� Lx� VLBA h�P$4�96v�t/�X\d
 W3OH �}�Æh,� 2%��Hh,���~�I�~Æy|InP6��ph,-_=6.P�6�N}��ERh,P/vÆ����E+h�P$YVpT�wi�~sh�E 12 GHz,

VLBA Dm}�[Z3[ysh�0W�"� 10 cm �!z��0W,���s4P/h,��4Z�[V)yÆmNnP4CH+��G�AK�Æ�3�ph,�R (�+
1 mas) �2:VoQ��.�6Æ�|P/oN���sh�	ZJVpT�wi�~shÆ��sh0WFO 0.2 cm ��4X W3OH 
/Md���.�6ÆmNQ8} VLBA P�6o�
5"X-V��oQ.�6ÆoN� W3OH �N}�; 1◦ �fp[3 VLBA D�M�nP�k�iÆ�I&+2	0W�^ei�sD�M���ph,Æ82	0W._=6�P�6�N}�_QDm��zmN� Lx� VLA (Very

Large array)Æbn� W3OH \d�P�6Æd`�X4�V.W3OH }�m( 0.5◦ �)�oQ��.�6 [8] ÆC#�[V6�h��p (h,�+ 50 mas) �[R�8,��O)4 VLBA �nPh,�} 2003 i 8 =n 2004 i 8 =Æd3 W3OH v� 12.2 GHz >xCLa^4 5 |nPÆ#�4o�$NLW� (0.512±0.010) mas Æ0 (1.95±0.04) kpc (!� 1 lD) Æb�Z�4�96�}�`A�[Vh,L��zP/�h,xR4 100,Æ.0�
�u4�$jv$NLWP/�z}��T;2� [9] �o���E+Æ}z��eiiSP/aV��2�

� 1 ��WDM!E4,%W)n7� qi<B�;�
W3OH �KX*o8hC��!rZ��lNo	GKXw�+w7'�[zDBAEF5-*o8 J0230+621,

J0231+628 � J0235+622 	ÆCJA# 5 XO[�h���XJOZ��/KX�>�.X�`D2	



� 128 ���������%�k�b�Q������� 29 ��% $NLWnPn4e�6�h�}�Æ�}eiZlB^��_w^Æh,�; 1 km· s−1 �W
^ (-}�) �LKe,ei[5D3+ryA(�$�e,���E��2vryA(�h,� 1 km· s−1 ÆnP
/\=��Ae,?/L.h��P$Æ&z�$��2YVKC�A(jÆh��P$��2�h��A�y|I�W$s��Y�t/CHÆkg�.t���Æ�|h6v.t=:�A(��ÆDxQ,E AIEK
��2� Xu ���Wz&/H
Q,E A [9] Æ	�Æ[�~�/�nP�d=�
5 BeSSel 7�

2009iLx�� The Astrophysical JournalE��w<?4 5o26$U [10−14] Æ�SPD4dw& VLBA nP#�� 10 V�t/�X\d
�&$NLW�$�}�-oN�$�A(�[R6�}�� 0.7∼5.9 kpc Æ�RP/h,� 0.006 mas �h� Reid�� [15] [y	;�k�� 18 V&LW�$�}��lT���2A(jMY�mN<=�KC6�LW}�2oN�A(j}�O�%yz~�IÆmN<=4l(6(�V2	A(Æ[R6�wÆA(e,216�O 15 km· s−1 �)���[I��#>*Q|h�P$�n�t/�X\d
�$�A(Æ�zÆ�|C1[ywTA(ÆmNe�lT���2A(�m���2�h�e,216� 220 km· s−1 \�Æ; 250 km· s−1 Æ&z�l��2�t/\�Æ�;I=Eb�� 1.5 ,�[VWz�-	)I��2Wf�A(j��Vz�
uC��o�NzT2V��2�A(jMY��t/�X\d
A(e,2}��l"X
5�l�A(G 15 km· s−1 Æ[��	�t/�X\d
e(1�A(t>%Z}��l�l�A(jMY()y��zÆ Schönrich �� [16] zTC14��l
5ÆmN<=�Zl�Æ�k.s����ryA(MY(���0WÆ�zmNZl4T�MY�}T�MY�Æ�t/�X\d
� 15 km· s−1 ��^�k��jOÆm(2 km· s−1 4�(�\6�LWWz�a�IDx�t/�X\d
IE�E.��2ym�AG��A(�k����IÆ�R�t/�X\d
�E��wTA(Æ! Sanna �� [17] <=4�V 60 km· s−1 9��W�A(Æ8 Xu �� [18] �<=4�V9��W�ReA(�:�ASÆ��A(j}�&/**2LW}��ÆE℄R
/W}3n� 2 ,Æ[_W��2�Wf�A(2�"�tKh*X2\LC�&+d`�Z�4��S��HÆ Rygl ��� EVN nP 6.7 GHz >xCLCd`�#�4�R�t/�X\d
�$NLW [19] ÆY/m��[�CL (>1 000) �aV�ÆSa^$NLWP/xa4�i�_=6�=EÆ& Reid 9���2�k#�4 VLBA
{�j_=��eg�[VI_�bCY� BeSSeL Survey (Bar and Spiral Structure Legacy Survey Æ0
+#:�6�) Æ�k#�a| 5 000 h � VLBA nP;A�E�d 5∼6 idÆLJi#�a| 20% � VLBAnP;A �nPa| 500 V℄CL�>xCL6��;Æ��I�nPÆmN�#�4
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VLA, Green Bank Telescope � Effelsberg 100 m ��9ra| 300 h �nP;AÆ!z{�t[�6�E.��$>*IQ|�#h	[R^��P���dÆ��2�i,�t/-$�A(L.����$Æ&z�lEl(i,*�.t�CHÆ[3+$/ru�.tEX2\d�w�v�� Inmz~��
6 zn�Æ4Yhvk7�
6.1 VERA

VERA I�/JJ��M +P/��2Wf�o�$�A(��VQ/^�&+�~qz��s4D�M��h,ÆVERA 064ei�;P/_=6�(m6�Q/^Æoe(Q�Mn�~D�VB�VERA&CHE�/~
� 4 V VLBIpT�dÆ�_&A 2 300 km��|2Q-V6gA�D�ÆE��;Æ==D�M�� VERA � 4 VpT+ 2002 i 3 =JdÆ 2002 i 11 =�BPnP�_��lÆ�k�4:2V�z�LW�16Gv\66�LWWzL .bH� VERA .��2WfDm��j_=(�
(1) P/��2d 500 V℄CL�z�uCL�$NLWÆ!s��2�$��J�
(2) P/[RCL�^ÆiSRD��2d�z�$�e,\�
(3) P/ Mira :X�}�ÆJ)y|rm2�
VERA �d�V2Qz~�^�I% ℄CL#�4�X\d
 S269 (Sharpless 269)�LW}�Æ&zl1E S269 $sd�t/n, 30% ��.t [15] � VERA � VLBA \d49D�t`*D�Fj��VxS��ASÆ��oN�nPWzD�+)Æ�zD�2Q�kk�:�ASÆ��\A��j_=�KCz"Æ*\d4t`m2�6SI VLBA . VERA �}MY2Q�
(1) �AY/ (10 : 4) �
(2) �Ais (25 : 20 m) �
(3) �_&A (8 600 : 2 300 km) �
(4) \�~� (0∼4 000 : 0 m) �
(5) nP;A ((� : -�) �
(6) VERA �;nP-VDd�6Æ VLBA KG^����_Æ3�zP/8t VLBA 97+ VERA ÆC� VLBA I�VA^46i�dU�($�0-Æ8�nPh,�ka| VERA � Ak 10 mas Æ� 5 mas �)�

6.2 1_ VLBI P�V�E�P/$NLW��I'p VLBI nP� (East Asia VLBI Network Æ0
EAVN) � EAVN &�+�/��x�vx�ÆCH+ 6 000 km ?�d� 19 p.��9r�d�yKP?�}�/O�4�'~Ænvx,<^{��WÆIF[*�A�6�Q,��� VLBI ^ÆnP8V,�3#, 106

∼ 107 K � 2012 iÆ*~LJdp}����( 65 m .��9r�!z[V�9r=" EAVN Æ16nP� 6.7

GHz >xCLLa| 1 000 V�!ze���Mn��SQ�Æ3tP��2 3 kpc d
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�azA(�:�Æ��%p� LBA (Long Baseline Array) bE℄P 6.7 GHz >xCLa^LWP/����6YCL6CHEa�ÆLBA Eru��2WfASL({���E$H�:�ASÆ LBA �KC EAVN �A�
��L,��xRP/h,�
6.3 GAIAk}��x� GAIA (Global Astrometric Interferometer for Astrophysics) 16LE 2012i6��E 5 a �;A"ÆGAIA L3��2d3+ 20 mag ��; 10�V�za^nPÆ�$oNY��p�LW}�-3,�:�Æ&z3��2�|6��z2	Wf-yA(j�w�#>��S�b��vV��� GAIA ^�ErjE0Æ�ÆS*��Mr-	Lqz�Ho�nPe+-P/h,��8Æ!z. VLBI nPDW
Æo��?LE��f,*�O)�.�nP�LWWzeiEaV�ÆSG�Mr
/3rjnPa^$=�_� VLBI LWP/�h,�k� GAIA � Ah,Æ83 GAIA �_Æm(,,KC36Le�[yh,��|[-yG�E0nPWz�32ÆLE��f,*xRrjP/�h,Æ�\6�6ei�3na| GAIA � Ah,�:�ASÆ GAIA ~/�nPWzdU.gdS�Æ( VLBI LW}���
dÆ}8fJlh5���2Wf�16E�� 10 a dÆ VLBI nPLh�P$ 1 000 V�)�X\d
�$NLWÆ8
GAIA KL�Y�6�z�LWÆ�
-VE0�nPWzÆ&zLT!l\b���2h6Wf-o�$�A(�h	h��h��A��.t[Z�J)Æ�V�T���2$�.tWf-A(�mLP=E+NS��&ASV�
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Probing the Spiral Structure and Kinematics of the Milky

Way with VLBI Techniques

XU Ye

(Purple Mountain Observatory, Chinese Academy of Sciences, Nanjing 210009, China)

Abstract: A large project is being carried out by several groups throughout the world. The goal

is to reinforce the foundations of models of the spiral structure of the Milky Way by measuring

distances directly to regions of star formation across the Milky Way using VLBI techniques. The

way is to determine trigonometric parallaxes to strong maser sources, which are associated with

regions of star formation and their attendant HII regions. With accurate distances, one should

be able to determine the locations of the spiral arms, and produce an extensive map of the 3-

dimensional structure of bright material associated with young stars that define spiral structure.

In addition to distances, the project also yields excellent measurements of secular proper motions,

with accuracies of 1 km· s−1. Combining radial velocity measurements with proper motions (and

distances) yields full 3-dimensional velocities, relative to the motion of the Sun. Thus, through

this project, one will also determine the full kinematics of star forming regions in the Milky

Way, which will accurately define the rotation curve of the Milky Way and, in turn, its enclosed

mass as a function of Galactocentric radius. Finally, one should be able to show how material

in spiral arms actually moves, to characterize the occasional large kinematic anomalies (such as

in the Perseus Arm), and hopefully to understand why these anomalies occur. At present, the

preliminary results indicate that our galaxy is more massive and spins much faster than previously

thought.
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