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Zeeman effect

Projected B-field

Stokes I

Stokes V

Electric vector



Magnetohydrodynamical (MHD) jet

• Toroidal magnetic field around the evolved star
(Vlemmings, Diamond & Imai 2006, Nature 440, 58)
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• ����(late-type star)CJ�HMA:?
�%	E9LPSOQV��Y-(ZF�C�
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• )7!�\ 2000X3000 K
)7>=��B &F1�658+�D��

• -(��W-(.��
– Red giant: M*~1Msun ,  L*~104Lsun *���� (Mira variable)
– Red super giant: M*~10Msun ,  L*~105Lsun �*����

• "/��� (asymptotic giant branch,  AGB)�
–  &/RUNT�$# (hydrogen/helium shell burning)
– ,3��\ dM/dt >10-7 Msun yr-1 (dM/dt >10-12 Msun yr-1 for Sun)
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(Harwig 2005, ARA&A, 43, 435)
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• 80&B/σd[�Z3$ (Si, C)U�LM.XcaPG
• �!$C�(≦1,000K)^UWH`STfhe=]r

– 7
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– Coronal mass ejection

Logarithmic velocity gradient εr e��PD(Z:�Ja>'Y
JSTεr Z��Vkmgm%�VZA<e6�PXOGE

jliqnpo eVbFIR t U"�Qc

v∞=v(r=∞): 21;� (terminal velocity)
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(circumstellar envelope)
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CO J=2-1 in TT Cyg 
(Olofsson et al. 2002)
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0.09 pc



������� ����(radio photosphere)

������� 
��	
������������

Betelgeus 
with HST (opt.) @NASA

Betelgeus 
with VLA (radio) @NRAO
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• M����������2,000"3,000 K
• K (potassium), Na(sodium) ��H, H2���

H-,H2
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T≦8,000 K
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Reid & Menten
(1997)
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SiO/H2O/OH masers in VX Sgr
(Chapman & Cohen 1986)

1 arcsec (~1000 AU)
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W Hydrae (SRb)
SiO J=1-0 
(yellow contour,
Reid & Menten 2007)

H2O 
(grey scale, 
Reid & Menten 1990)

Radio photosphere
(green,
Reid & Menten 2007)10 AU



������ (Reid & Menten 1997)
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• 	, (photosphere)c�� (chromosphere)g

– LSKG�TP�)�g
!%� PPFM'-"�2E(U�HWZODY

– T=2,000d3,000K
• 
�^`	, (molecular photosphere)

– T≧1,000Kg CO, TiO, H2O, SiO, ….1S
�S�"
– �:?%S��g CE=�COECQ3�JCOQJO��
– ��:?%S��g �NMOEH2O[�"
– �@;�4�P�4QJO9*IZY
– ��>PSiOad_dE9*IZY

• BA^`	, (radio photosphere)
– <DB8\]b (H-,H2

-)RVY6.d6.e��f$�
– ��$�S&Z�EXS�/
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– T≈1,000 K,   SiO >>> SiO2 [CA�?��N&,4�\KJ
– �HMSi A$:�L
T5QVHFQ@
– �$"��W�C�DUR@LKU] $/M�70�

• H2OYZXZ<�M� 
– n(H2)≈109cm-3

– RT��IN�#��A�8BU] '	EVYZXZ"�KF
• OHYZXZ<�M� 

– $:-�.LRGHH2OA3;FOHA�SVU
– OP��7�I0�FH?C
– 1612 MHz OH YZXZ] $/�/9
– 1665/1667 MHz OHYZXZ] $/=%9(T>1,000 K)

H2OA2+I�EVOHLKU] $M*6L>U



Asymmetric mass-loss flow and 
formation of stellar jets at final 

stellar evolution

• ���	��
������
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• ���������������

Optical/Near-IR visible (Mira variables)
Mid-IR/OH maser visible 

(OH/IR stars)
Optical visible 

(post AGB stars)

Egg Nebula 
(post-AGB star) ⓒ NASA

Betelgeuse 
(Mira variable) 
ⓒ NASA

W43A
(OH/IR star)
Deguchi et al. 2007



“Water fountains” in 
AGB/post-AGB phases

• Faster than expansion 
velocity of OH maser shell

(Vexp >> 30 km/s)
• Biploar jet or 

spherical fast flow?
(before 2002)

• ~10 water fountains 
discovered to date

W43A

IRAS
16342-3814

IRAS
19134+2131

High velocity H2O maser sources
(Likkel et al. 1992)



W43A: ��������”
����” 

• ���	����(Deguchi et al. 2007)
• ������: ���(P~360d)�OH!" "����
• Jet velocity =145 km/s
• Dynamical age ~50 years

Imai et al. 2002
Nature, 417, 829
Imai 2007, 
IAU Symp. 242
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• 
������� (10#30 km/s) 
• ����:  103#104 years
• OH/IR stars: ����� ����, 

����	��$10-3 Msunyr-1

W43A (Imai et al. 2007, in IAU Symp. 242)



Quenching water fountain
within < 1000 years

Continuum radio emission 
(=planetary nebula) and 
H2O/OH masers 

(tdissociate~50 years) 
in K3-35 

(Miranda et al. 2001)

• Dispersing 
water fountain

• Photodissociation 
destroying 

H2O molecules
5000 AU
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• Precession period ~55 years
• Precession angle amplitude ~5�
• �������	�������

Imai et al. 2005
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NRO 45m spectrum

Spitzer/GLIMPSE

IRAS 18460-0151
(Deguchi et al. 2007)
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• Jet velocity ~ 350 km/s
• Dynamical age ~5 years
• Equatorial flow ~30 km/s
• Both Driven by a single star?



SiO���������������	��

Biconical 
SiO maser flow

(~15 km/s)
|

within 10 AU
|

H2O maser jet

(Imai et al. 2005)  
(Imai 2007, 
in IAUS242)
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SiO v=1 J=1--0 (Imai et al. 1999) 

H2O masers (Maeda et al. 2008)
IRC-10414

Vflow~20 km/s

スローな双極流+赤道流
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~10 AU



WX Psc
(IRC+10011)

J-Band K’-BandH-Band

Scattered light from 
asymmetrical flow?
(Hofmann et al. 2001)

SiO masers
(Soria-Ruiz 
et al. 2004)

“�����”��?
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H2O masers (Inomata et al. 2007)



H2O����������
���	�

Maser radial-velocity field modelVincovic et al. (2004)
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Spitzer/GLIMPSE

NRO 45m spectrum

IRAS 18286-0959
(Deguchi et al. 2007)
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•Jet velocity 
~ 180 km/s

•Dynamical age 
~15 years

単一星?
複数星?
断続的質量放出?

※ジェット放出源が
移動して行くことに
注意



Summary
Magneto-hydrodynamical
Corkscrew/precessing jet
V> 100 km s-1,  T~100 years

Equatorial flow
V~ 30 km s-1

Evolving from   
AGB envelope? 

M*< 8 Msun single 
AGB/post-AGB star
(or binary <10 AU?)

Only 10 water fountains
in the whole Galaxy? 

ⒸNSF
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• ��K 8A��3��;2?15>30D
–.�� v.s. $���

• $�K �%'A�3�FD
–$�3(�*"�6ED9CA
&�HJG (harmonic mode) 30D

–��$�
• 	�A����/$�-�A B%� 
• ��HJGK

�� (fundamental tone)/��+��(first overtone) 
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Pulsation parameter
(Q-parameter) 
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• κ_[]\^a A
DC�(H, He)S���#
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• ���	����
�	��$%#���
• ���! Si�(silicate)*C�(graphite) �"����
• ���& ������'��$���

TiO formation
(Reid &
Goldstone 2002)
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• Stellar atmosphere ������
���	�!��

• ���(=�
��%����
�$��"����$# �

実際はもっと速い(>10km/s)

(optical) stellar atmosphere
molecular atmosphere

radio atmosphere

H2O maser region
1612 MHz 
OH maser region

1R*~2AU
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2 4           6
Distance (R*)

C-rich 
model
(Hofner 
et al. 2003)

Maser observations
(Bains et al. 2003)
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• ��+�')58$��
•  �+.')	%�&21
• ��<(,�2$-(#0 �
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• ��,�+�)!1

• ��,��
– IK Tauri 

(Matsumoto et al. 2008)
– TX Cam

(Diamond & Kemball 2003) �����
��649

SiO masers 
in TX Cam
(Diamond & Kemball 2003)
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• H2O.0,0"�&)(
$ �'�����	�

1�/����+*-32

• ����#�����	�"
�
!0.701.2����)!	�

Shintani et al. (2008)

W Hya
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��

O-rich 	�������
���� : ����� C-
rich ������ (~30 km/s)  (Hofner et al. 2003)

RT Virginis (Imai et al. 2003)
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Shintani et al. (2008)


