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• FICI�"?*25)>7/��

• &�%(��� (radiative transfer equation)6
FICI

• ������� (population equation)6FICI

���FICI8,4=AIHID

1. .��
��!�� (non thermodynamical equilibrium)
@EGBI����9�$ (level inversion)

2. FICI�# (maser excitation) 
= @EGBI����91:�3 (pumping)

+ @EGBI��-0;9+� (decay)
3. FICI��9	� (amplification) 6

����9 <': (beaming)
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• 6)/4KLB�8�*=9Q
• 6)/4	�EIGH+

�*=9Q

• 6)/4�,+�&79Q
• %9AE9�,:Q
• 6)/4.9�8N2-O

JMDM+�*=9Q

• JMDM��0=.9�9 �
�NP�$�"O:Q

• .9�:N����8O��5
6)<34�;>19Q

• .9�+�;>1'9
��9�
:Q

�� ��
��C@F

SiO msers 
in TX Cam
(Diamond & Kemball 2003)
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• ��T"ICN&�BX?Kg5�*6
– 5��Z"IX6g5a^bZ"IX6
– "IEa^b:V4�1NLOU9N
&�@YXO:��BX

– 5�1O�+6=5a^bJ��@YX�+6
⇨ DO�+;,?GI8XK�J<X
⇨�A=�(N�H=�
g��%
�J<XF>�!Ma^bJ7XRL3!�

�&�0Z�'J<YQUW� @YX

– 5�1O�+6≠5a^bJ��@YX�+6
⇨ DO�+P,?GI8M8?KNMX
⇨ �O	$�Z#X-S?K;J<M8
eJ<YQ��:VJ<I8Ef

⇨ &�^c]F>;�X
52�8d6K�9�eg2�8a^bZ"IXf;�
�AM>YQ[_K�B

SiO maser model
(Lockett & Elitzur 1992)



-��1�: (thermodynamical equilibrium)
-��1.0@n,�l_di`moJ��@U�N]\/�

• _di`m�!JbjV/�

• _di`mV)
⇨=YIT_di`mVA"p�V/�X
-�(thermalization)

• .�n*�o�RV_di`mn-o�?V$'

1. ��p��BV96 n�� >> +� >> &�o
2. �*n+� >> &�o��5V>_di`mUZ\E> 
3. D4(V"�p��

�_di`m�?V��W	�pD4(

• &�UHK\0�1T-��1/�q E� (black body)
– -�!JTF

⇨ E"�JTFVOI[MV.�W2PEU;G\WL
– �<1,3J3%U8^]\⇨ ��T#V7�#S	�#
– 7�/�#Wficgk��UTPQF\WL

– D4("�����WehkaC#U�PQF\WL
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• ���#�
$��"*06+:&�!

• 26/38� (Boltzmann distribution)

• 148,�� (Planck function)

– 7(5:9-:8.�� (Raileigh-Jeans approximation)

– )':8�� (Wien approximation)
)':8��#��%

)':8#	��&
���"��
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• KQULW'�D8!YKQULW&�
– 9)%D �YGH�=KQULW&�E
– 9)%D��YGH:=KQULW&�E

• 9��/'�
– n�: .�,GHF(%6
– n�: �+�,

• 	�D���/'�7D4*: .�, �
�C	����708D�-DTWP

• 	�D�1�/'�7D4*Y 9% �
– 	��12D�H#CGH

$;BTWP?<I

R: Rydberg 
constant

2��	�D��
(J: �15�", I: ��TWSVOX
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• ,0�%�- (statistical equilibrium)
�ORSPU"��I*��I��>�HQTHGL

• / AML���X
2�13�)� (radiative transfer equation)=K��

�$�%#	�%�-H<@L'&

ORSPU
�>QT

⇔V54+=K6�AMLW��>/ AML
�:>/ F?L9(�N�E�J

�B#!VORSPU��!WN�;

�7��8N�KCL#!JY
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(local thermodynamical equilibrium, LTE)

• ���45 �2�+/2��,8
•  ���#7<>?=@$*6�*0"8
• <>?=@��5(&:-#
⇨ A��45B��
���$��)982��1%8
• �����*0	�,85-

LTE��4!8263.8
��;�'3)"



���+LTE��'� 0>
• ��(�	


– nH=10;1010 cm-3 <<< NA<2846:�==6.02�1023

– 3795;*./'/!*1� t~104 years
– ��-�#)"�!��-��

• ��(����
– �	� R~1 pc =3�1016 m,  M~100 Msun=2�1032 kg
– �	���&�%��+LTE',($0��!�0



�E�
�����
1. ���
=�����

9;# !��"���� !+1.66.32 *3+,,.*.+27"
:;E���� !()63547.32 *3+,,.*.+27"

<;# �	��> !347.*(0 7-.*/2+66"
&;E���� !6385*+ ,82*7.32"
���
��E

&; $ %; !'"C@AB?��D
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�2��6
)/'�)$ (0/'$4����2	�5
0/�'�)$-#0

$"�*/ %# -#0
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2. 	���"�����

�%'(&)���"�
�"� ��

population equation

アインシュタイン係数 (Einstein coefficient)
A12: 自然発光
(spontaneous emission)
B21：吸収( absorption)
B12：誘導発光

(stimulated emission)

C: 衝突
P, Γ: 他のエネルギー
準位粒子とのやりとり

*��!$��#"
�����
"��+



�!���=�!���
• .8/�-4A, B��2�
• %$�I
• �
��� &�"�� 
BE?CG	�

T=Tex: excitation temperature
• ��1: ��056����13' ;
@E<HFAE22,13

�#0(6
9:G=D>:G��
��1&�7

�
-��+/*)



��/,$(collision)=��
• ��2: ��/,$?C

• ��3: ��/,$=+���?C0HKOIRPLO@29?C

,$3�7F!�@NS'�?)&��T>��
Ncr: *���(critical density) �	
#/<@Ncr≅ NH

Ns>>Ncr ?��: ��1FA4�SUMOJNQ�T>.:5 S9
BE��6GFTU�>��3-�6GF

 "��S�>�(T3

�78;2;D�%



`dYd%�i9LTE �JEMOJ
• ^a[_c��>QJBT

– <SV\aXd:�LJ�>I?QJ3�I*��-
– V\aXd ���J���2 (level inversion)
– /�e�	fATBDJ�2 �?<S�7.�ATS
– `dYd��>>^a[_c��>Q��ATS�&��

• �8J�7WZ
– 54+GKI=
– 2d3b]a+GK`dYdK1�G@I=

V\aXd�-�gV\aXd6��i�� (heat bath)
– '!K"�PRBFH�A=?;

�,
�h��HJ7J0)K<S

– ��(7 (~3K) OME��HNICS

2V\aXdb]a+GK`dYdU1�G@I=#$Kj
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�����% loss rate
��&%
�!���
+ΔE�)*(*
� hν
"$������,



Profile function

�
����	�� E%#$�����

• ΔP>0�%#$����
• Iν >> Is�����!�%#$������

����	"������

Saturation intensity scale

Inversion process efficiency



Reservoir (heat bath)
• /2-21.0"% ��
���&reservoir3��4%

�"�'*�

• ��)+������
35���4$( !/2

-2������+*

• ��6
/2-2�$( !

reservoir%
�&	�,
��#�

Reservoir
(multi levels)

j
i

Maser system

Maser levels

ΔP

Γ
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• 57��0population equation: ����1�$
Angle averaged intensity
ΔΩ: maser beam solid angle


��!%6�"1�%,-�8��Iν:�7+#
>����&0#	�? ⇧

Source function Sν=εν/κν.����3:��)+#

(96:��1�'!?



Escape probability method
• Radiative transfer eq. < population eq.,8�'1:

V.V. Sobolev (1958)-��
• Escape probability β: �-=>(,8%.�1��5��

��4���4	+�
A

• "�/;:����: radiative transfer eq. 79

?��!*2* �@

• Escape factor

�#)�5�<��03/+ ��2�&��<$63/+



Large velocity gradient (LVG)��
• ��$���'$�
%���)!#	&��')(
• Sobolev length s:

• Logarithmic velocity gradient

���
r

z P

�
��$��

θ P’

����$�*�� "��



LVG���4��


@>A=-4CE
�%2εr3/&0"(μB9��+#μ4!�1+0��+2*&$

@>A=-4DE
��3� �,7��(6��*87?A:A4�
)
���3"(μB3��,71�'.�#SiO?A:A;><=�

(εr�B5OH?A:A;><=�(εr	B4
�'�3/&0��+2*&$
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• Jν<<Js or eν≈ Jν / Js : ��� (unsaturated)%&$&
κν≈ κ0ν ( κν�Jν����"��

• Jν>>Js or eν≈ ' : �� (saturated)%&$&
κν≈ Js κ0ν / Jν ( κν�Jν����

κ τ����#�!�������!

S0�����

Ie=0�	�

Conversion efficiency factor



�	(saturation)��(1202

�	1202$)�%/&����*��'��#+
�*��(��'(*�!-��.+"#

1202��.�,�!�
⇩

1202��)reservoir(
����*����'(*�!-

��)
��'�� #���&-



Conversion efficiency factor��������

• Conversion efficiency factor:
• Saturation intensity scale:

• Saturation (eν~1): maser system��������
�	
�������������	
�����



• Thermal emission: Iν~Sν
• Maser emission: Iν>>Sν

Γ~10-10N s-1,  N~106(for OH)�1010 (for H2O, SiO)cm-3

η~0.01
� >105 (ln γ >11) ��
����	

�����������
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��$�SmD� 6.B@;70(�%�
FGEG (J&<<Js)�=%�FGEG(J&>>Js);
��;��I&D�?(��(�;��'0) :
�058;A+:	/CB;-�
09/*)
340( %�FGEG;��<I&DJ&:
2;>>�.�,5�,5�*)



.1*1��#��
• 	���"����2≈��3��!%2����	�� �3
�4)(+���-0,&'/

����#”profile function”

����#��4)(+�#$$

��
.1*1#��



Line narrowing
Intensity!line width relation

H2O�!�!� �

�������
����400!
1,000K
�����
������� �
���
	������



Line re-broadening
• 7:0:�����$# !��	�: 

• Jν%594-.8,��

• Line center �(����$#)

• 16/283:/��$# !�)

• Jν=Js�(�"��ΔνD$�)

• 7:0:���&
+(#�< ����"&7:0:��;
���%�����'%����#�*)



EFBF��3-@������

• 	��*#'��3EFBF	�*�,2@
–�&�EFBF05"'CFD32?<-'

• �2@��3!:EFBF��*�%-@
–�&�EFBF05�%5�2'
G��$�S03=./4967��*�8@)>H

–&�EFBF05�%*
+'
G&�3=./���� 3�%*�@)>H

14��)>4EFBF��3=./;�%*�(>A@
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• Source function �)%��-��� ��

���&�'�
%�����#+"
�%���$�'�
%���(),+

• �	�



Unsaturated core, saturated zone

-κ0νz                       -κ0νzsν 0                κ0νzsν κ0νz 

Unsaturated coresaturated zone saturated zone

Iν- Iν+

Elitzur 
1990
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