
JP4.6
���������	��
��	�����������
��������������������

-
���������	������������������
����	�������	�����! "�	��

����$#%������&'����(����&'�	)�*+�	���	���
,.-0/0132546/ 1* 7 -080109;:<46=>13?@46/ 2 =>10A3?@4613BC/ 3

17EDGFHF ,.I0J@1046KML>NPOQ46R6S!80TVU@WMX6=>-080Y%=
2Z R6Y%80OQ[0-0L>NPL]\@L>[0=>NPR6Y%L>10R6I025=>10^_-080/3J@1046KML>NPOQ46R6S

3̀ =>R6468010=>Xa,.L>KML>NPL],.R680NPYb25=>c080NP=>R680NPS

1.Introductiondfe]g h>iPjlknmGknoGpQqrm�eao;s�jutGhaoGv+o�iPjxwyo;z>o;{ |}kno;w�~nm;juo;w�|}e
�������!����mGeam;{ ��j�iPj��f�0tGiPm;{ |}v��y�y�y�y���lpQ|}gPmGg�oGg�m;{ �
1997). � h>iPjEjutGhaoGv+o�kypQ|yw}�at;o;j�gPs�|+sni eaw+� iPo;{ wyjEmGg�gPs�|g i v+o�{ o;z>o;{ ju�Vg hao!~no;�	i e>e>i ea��|y��g hao�� i pQj�g3z>|y{ �>v+o�jut;mGe
mGeaw�g hao�oGeaw}i ea�b|y�+g hao�juo;t;|}eaw�z>|y{ �>v+o�jut;mGeaq mGeaw
pQoGg pfiPo;z>o;jCg hao�knoGpfg �>pf~nmGg iP|}e�kypQo;juj��>pQo¡mGeaw�gPoGv¢knoGpQmGg �>pQo
� iPo;{ wyj%mGgEg haoCv¢iPwywy{ oCg i v+o�|y�£g hao@gPs�|¡z>|y{ �>v+o�jut;mGeaju�
¤ |}v¢knmGpQo;wHsni g h�kypQo;z	iP|}�aj]v+oGg ha|ywyjuq�g hao!eao;s¥jutGhaoGv+o
t;|}eaj�iPwyoGpQjng hao�oG¦am;tGg�g i v+o�|y��o;m;tGh@~no;mGv�kn|yj�i g iP|}e�|y�rg hao
pQm;wymGp�jut;mGe mGeaw��ajuo;j�g hao�g h>pQo;o�v+|}v+oGe>g �>v§o;¨}�amGg iP|}eaj5m;j
s�o;mG©%t;|}eaj�g pQmGi e>gPj��ª|}pag haonpQoGg pfiPo;z>m;{ ju�
«]¬f�®5¯>°�±E²�³	±3´�µ�¶E· ¸5¯>¹ ±3º�»
�Cj¼i e½�������!���¾mGeam;{ ��j�iPj¿�

Scialom1990À q�m;{ {pQoGg pfiPo;z>o;wÁz>mGpfiPmG~n{ o;jÂmGpQoÃoG¦>kypQo;jujuo;wÄ~y�Åg h>pQo;o
-w}i v+oGeaj�iP|}eam;{ÆoG¦>knmGeaj�iP|}eajÇ|y� È�o;�>oGeaw}pQoÉkn|y{ �_ea|}v¢iPm;{ juq

snh>iPtGh i eat;{ �awyoÊgPs�| Ë}� sni eaw � iPo;{ wyjÁmGeaw
g haoGpfv+|yw}�_eamGv¢iPtÊ� iPo;{ wyju� � haoÌg h>pQo;oÌv+|}v+oGe>g �>v
o;¨}�amGg iP|}eajuqÍt;|}e>g i e>�aoÎo;¨}�amGg iP|}eaqÍmGeawÏ~n|}�>eawymGpf�
t;|}eaw}i g iP|}eaj%mGpQoC�ajuo;w�m;j%s�o;mG©Çt;|}eaj�g pQmGi e>gPjEi eÆg hao�t;|yj�g
� �>eatGg iP|}ea� � h>iPj3jutGhaoGv+o@�ajuo;jEgPs�|¡z>|y{ �>v+o�jut;mGeaj!� pQ|}vo;m;tGh�|y�rg haoVgPs�|�pQm;wymGpQj�gP|

derive
g haoEsni eaw@� iPo;{ wyj5mGglg hao

~no;�	i e>e>i ea�ÐmGeawÐoGeaw}i ea�Ñg i v+o;j�mGeaw¼gP|¼pQoGg pfiPo;z>o�g hao
knoGpfg �>pf~nmGg iP|}eÒkypQo;juj��>pQoÔÓ!Õ�mGeaw§gPoGv¢knoGpQmGg �>pQoÌÖx×+Ø
� iPo;{ wyjxmGg0g hao�v¢iPwywy{ o�g i v+o�|y�yg hao�z>|y{ �>v+o�jut;mGeaj0i e¢g h>pQo;o

-w}i v+oGeaj�iP|}eam;{+j�knm;t;o;� � hao�t;|yj�gP� �>eatGg iP|}e't;|}e>gPmGi eaj¡�ª|}�>pgPoGpfv+juq}g hamGgriPjuq

Ù�oGpQo;q}g hao�� i pQj�grgPoGpfv�iPj
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snh>iPtGh§wyo;� i eao;j%g haoHw}iPj�gPmGeat;o�~noGgPs�o;oGe�mGeam;{ �_g iPt;m;{!mGeaw
o
~njuoGpQz>o;w�pQm;w}iPm;{]sni eawyju�V���>pfi ea��g hao%pQoGg pfiPo;z>m;{xknoGpfiP|ywyq
g hao�pQoGg pfiPo;z>o;w�sni eaw�� iPo;{ w¡iPjÚ{ i eao;mGpQ{ �Ûi e>gPoGpfkn|y{ mGgPo;w¡i e
g i v+o�gP|Æ� i g�g hao�|}~njuoGpQz>o;w3pQm;w}iPm;{�sni eawyjCmGg�g hao]g i v+o�|y�
__________________ÜÞÝxßyàuàuá;â�ãnßyäyåyæ ä}çÅèyéyê ëyßyàìèyåyåyàuá;âuâ �í�îh>�>eÍÈni �aq
ï�e>iPz>oGpQj�i g �Ç|y����©a{ mGha|}v+m;q��y�y�}ð��.ñ]|}��wyq.�!|}pfv+mGe���ò
óyËy�y�y�y�ro

-
v+mGiP{ �r{ i �aj_ô!j�kyi ©ao;� �>tGea� |}�a� o;w}�a�

o;m;tGh3~no;mGvÑkn|yj�i g iP|}ea� � h>iPj�g pQo;mGg v+oGe>gniPj��ª|}�>eawEgP|E~no5�ajuo;� �a{i e3i v¢kypQ|yz	i ea�Eg hao�m;t;tG�>pQm;tG��|y�lg hao£pQoGg pfiPo;z>m;{ ju�aÙ�oGpQo;q
H
iPj�m

v+mGg pfi ¦Ég hamGg�g pQmGeaju�ª|}pfv+j@g hao%pQoGg pfiPo;z>o;wÉsni eaw�i e ¤ mGpfgPo;j�iPmGe
j�knm;t;obi e>gP|õpQm;w}iPm;{�sni eawõi eöÈ�o;�>oGeaw}pQo÷j�knm;t;o;q

B
g hao

oG¦>knmGeaj�iP|}e t;|yo;�ª� iPtGiPoGe>gPj5|y�nsni eaw�t;|}v¢kn|}eaoGe>gPjuqrmGeaw
Vr

obs g hao|}~njuoGpQz>o;wxpQm;w}iPm;{rsni eawyju�
� hao�juo;t;|}eawxgPoGpfv¼t;|}e>gPmGi eajMg h>pQo;o�s�o;mG© constrains:
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C
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-
hamGeaw+j�iPwyo;j

|y�_g hao��ª|y{ { |ysni ea�Vg h>pQo;o
momentum
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:
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� haoGpQoCmGpQoC� iPz>o�pQoGg pfiPo;z>m;{�z>mGpfiPmG~n{ o;ju��û ’ g hao�ea|}eaw}i v+oGeaj�iP|}eam;{knoGpfg �>pf~nmGg iP|}eaj£kypQo;juj��>pQo;qÇüxýlþ�ÿ����Ûkn|}gPoGe>g iPm;{lgPoGv¢knoGpQmGg �>pQo
perturbations

q�mGeaw��
u
q

v
q

wÀ g haoEg h>pQo;o3sni eaw�t;|}v¢kn|}eaoGe>gPju�Ù�oGpQo;q
cp
iPj.g hao]j�kno;tGiP� iPt5hao;mGg�mGg�t;|}eaj�gPmGe>gakypQo;juj��>pQo;q��

0c
g hao

kn|}gPoGe>g iPm;{agPoGv¢knoGpQmGg �>pQo+|y��g hao¢pQo;�ªoGpQoGeat;o+j�gPmGgPo+�f�	iPz>oGe�~y�Hm
soundi

ea��kypQ|y� iP{ o
)
q]mGeawÚg hao�g h>pQo;o

S-terms represent
g hao

o;�ª�ªo;tGgPj�|y�_g �>pf~y�a{ oGe>g�w}iP�ª� �aj�iP|}ea�
JCON iPjxg haoCs�o;mG©¡t;|}eaj�g pQmGi eaj�|y�£t;|}e>g i e>�aoCo;¨}�amGg iP|}e¡mGeaw

JB iPj�g hao boundary
t;|}eaj�g pQmGi eaju� � hao;juo�gPs�|ÇgPoGpfv+j�mGpQooG¦>kypQo;jujuo;wÑw}i pQo;tGgP{ ��~y��g h>pQo;o

-
w}i v+oGeaj�iP|}eam;{+oG¦>gPoGeaj�iP|}eaj�|y�

È�o;�>oGeaw}pQo�kn|
lynomials

�!ï!j�i ea��g hao¼j�gPmGeawymGpQw¥t;|}e����a�>mGgPo
�	pQm;w}iPoGe>g�m;{ �>|}pfi g h>v+q%g hao

coefficients in
g haoÛÈ�o;�>oGeaw}pQo

kn|y{ �_ea|}v¢iPm;{MoG¦>knmGeaj�iP|}eaj
of
�
u
q
v
q
w
q�û ’ q�� c’ À mGpQo�juo;mGpQtGhao;wxgP|v¢i e>i v¢i	�;o�
ÆmGeaw+g haoGeÇj��>~nj�g i g �>gPo;w+i e>gP|%g hao oG¦>knmGeaj�iP|}eaj�gP|

�	iPz>ong hao�sni eaw¢mGeaw
thermodynamic

� iPo;{ wyju�
�]¬�E®5»5¯	»���¹ ¯>°�»]¹fµ�¶E· ¸5¯	®5²¥´P¸5²E¸]´�²E¸5¯	¸

The
gP|}pfeam;w}iPtEj��>knoGpQt;o;{ {lj�gP|}pfv§j�i v¢�a{ mGgPo;w�~y�]���x�x�%����m;|

oGgE�y�y�y� À |}e��y�]�HmG�Æ�y�yóyó¢eao;mGp£�!o;{�tGi g �Ú|y�5��©a{ mGha|}v+m�iPj
�ajuo;w£gP|£gPo;j�g3g hao.eao;s�jutGhaoGv+o;� � s�|]z>|y{ �>v+o�jut;mGeajV|y�>pQm;w}iPm;{

(1)BconMO JJJJJ +++=



z>o;{ |ytGi g �ímGpQo÷�>oGeaoGpQmGgPo;wõ~y�ÒkypQ| �uo;tGg i ea�'g hao¼v+|ywyo;{
j�i v¢�a{ mGgPo;w�Ë}� sni eawyj�|}e>gP|Çg hao�w}i pQo;tGg iP|}eaj�|y�%pQm;wymGp
beams

qCj�i v¢iP{ mGpQ{ �ÇgP|���ð�� �x��� jut;mGeajuqC�ª|}p�g hao�g i v+o
knoGpfiP|ywÛ~noGgPs�o;oGe����y�y�¼mGeaw¼ó �y�y�¼ju�

The
j�i v¢�a{ mGgPo;w

winds
mGg��y�y�y�!j

are
�ajuo;w�gP|Co;z>m;{ �amGgPoVg haoVknoGpQ�ª|}pfv+mGeat;o

|y�
the
v+oGg ha|ywy� � hao�m;t;tG�>pQm;tG��mGeaw�¨}�am;{ i g ��|y� g haopQoGg pfiPo;z>m;{ j

are
v+o;m;j��>pQo;wÆ~y��g hao��ª|y{ { |ysni ea��j�gPmGg iPj�g iPt;juq

pfv+juq�pQo;{ mGg iPz>o�pfv+jÚ� pfpQo À mGeawÇt;|}pfpQo;{ mGg iP|}ebt;|yo;�ª� iPtGiPoGe>gPj
(cc)
� � haonpQo;j��a{ gPj�mGpQo�{ iPj�gPo;wxi e Table 1.�0iP�	�>pQo¡��t;|}v¢knmGpQo;j@g hao+pQoGg pfiPo;z>o;w

fields
sni g hHg hao

simulate
wy�a�Cj!j�ha|ysneaqag hao�pQoGg pfiPo;z>o;wÚ� iPo;{ wyj�v+mGgPtGh�g hao

j�i v¢�a{ mGgPo;wÑ¨}�>i gPoÇs�o;{ { ��dfe�knmGpfg iPtG�a{ mGpQq�g haoÛj�i v¢�a{ mGg iP|}e
j�ha|ys�j�m�j�g pQ|}ea���>knw}pQm;� gHsni g h¼kn|yj�i g iPz>o�gPoGv¢knoGpQmGg �>pQo
knoGpfg �>pf~nmGg iP|}eÉsni g h>i e�g hao¢�>knw}pQm;� g�mGg£g hao¢v¢iPwywy{ o+{ o;z>o;{ ju�
� hao�kypQo;juj��>pQo�knoGpfg �>pf~nmGg iP|}e�iPj�eao;�>mGg iPz>oE� kn|yj�i g iPz>o À i e]g haopQo;mGp÷�f� pQ|}e>g À |y��g hao÷j�gP|}pfv+� � hao;juo÷j�g pf�atGg �>pQo;j'mGpQo�ªm;z>|}pQmG~n{ o¢gP|!g hao¢i e>gPoGeaj�iP� iPt;mGg iP|}eH|y��g hao%j�gP|}pfv mGeaw�mGpQo
m;{ {rs�o;{ {rt;mGkyg �>pQo;wx~y�Eg haonpQoGg pfiPo;z>m;{ ju�
� ¬	��¶Eµ�µ�¸]´�

dfe�g h>iPj�knmGknoGpQq m�eao;s�jutGhaoGv+o�iPj

developed
gP|

retrie
z>o�Ë}� sni eaw

and thermodynamic
� iPo;{ wyj�� pQ|}v

dual-
�!|}kykn{ oGpÑpQm;wymGpõ|}~njuoGpQz>mGg iP|}e

s
� � hao¿jutGhaoGv+oÑiPjgPo;j�gPo;w!sni g h�j�i v¢�a{ mGgPo;w�pQm;wymGp�wymGgPm¢�ª|}p�m¢j��>knoGpQt;o;{ {�j�gP|}pfv

mGeaw�g hao�pQo;j��a{ gPj¡mGpQo�z>oGpf�§oGeat;|}�>pQm;�	i ea�>� � haoÉjutGhaoGv+o�iPjtG�>pfpQoGe>gP{ �¥~noGi ea��gPo;j�gPo;wõsni g h¥��ð�� �x���ÔwymGgPmbmGeaw�g hao
pQo;j��a{ gPj�sniP{ {Q~nonkypQo;juoGe>gPo;w¢mGgrg hao�t;|}ea�ªoGpQoGeat;o;�
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-
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�y�y�y�y�>�65!mGpfiPmGg iP|}eam;{>v+oGg ha|ywC�ª|}p�g hao�mGeam;{ ��j�iPj£|y�rg h>pQo;o

-w}i v+oGeaj�iP|}eam;{!sni eaw�� iPo;{ wyj�� pQ|}v gPs�|Æ�!|}kykn{ oGp�pQm;wymGpQj
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� mG~n{ o;�¥ÈniPj�g�|y�_pQoGg pfiPo;z>o;wxpQo;j��a{ g �>e>i g��fz>o;{ |ytGi g ���Qv�9Pjuq;: ’ �r�y� -4 q=< c’ ��ò )
6600 7200 6900

u v w u v w > ' ? '

cc 0.9674 0.9502 0.6903 0.9600 0.9355 0.7605 0.8490 0.6200
rre 0.2126 0.3136 0.7272 0.2432 0.3611 0.6549 0.5790 0.8124
rms 3.6123 3.5113 3.9474 4.1053 4.1671 4.1664 2.1923 1.6521

�fm;� À �fm � À �fm;Ë À

� ~n� À � ~ � À � ~nË À

�0iP�>�y�y�}ï�kyknoGpaknmGeao;{ �@5!oGpfg iPt;m;{rtGpQ|yjuj
-
juo;tGg iP|}eaj�mGg

x =10
©>v¼|y�_g hao�j�i v¢�a{ mGgPo;w¢z>oGpfg iPt;m;{

v
o;{ |ytGi g ��qys¡t;|}e>gP|}�>pQj��fm;� À qknoGpfg �>pf~nmGg iP|}e�gPoGv¢knoGpQmGg �>pQo��

a2À q}kypQo;juj��>pQo�� a3À mGg êBA 6900s.
È�|ys�oGpaknmGeao;{ �Q�CjMi e�g haon�>kyknoGpaknmGeao;{Q~y�>g��ª|}pag hao

retrievals.


