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surface terrestre

~ 590 km

altitude (km)
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250
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100
6°

UARS

profil des raies

orbite du satellite
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160 pixels
4 degrés

160 pixels
4 degrés

Champ de vue 1 Champ de vue 2

6 degrés
256 pixels

pixel

groupement de pixels
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Transport
fluide

Transport
cinétique

d’excitation
Taux

TRANSCAR

Dérivés :

Ne, Te

Ti, Vi,
densités

Productions
Chauffage

entrées :
flux EUV

Magnétosphère
Thermosphère

Raies de l’oxygène atomique
Contenu électronique total
Paramètres de la région F2

� ²Hß�� �{î � � ý ¥J÷�»JÀ�G&I4=&2J7 A�?J¥�AB2 =FI4=<2�3:?J¥�; AÇ3:?8?�=@À#=@?<;OI65NÀ�3:I �@C = BED.FG+.HJI.F/D

��
���
�� � � #Y�0� �$�!� 
 � # �]��� &(#Y� �� �
Â =�À#3:I �@C =.I4=.;ö7HG8?�¤o24387´;#¥�A�?�»u; AÇ¾65�= õ I4»¦¥J7 A ;�I8G�?�¤ Â A�C =@?�¤>;>=@?,=�;�G8C î � �  =  �oõ 2 =@7xÀ#=u;#I4=,7§»
�

¤�365JI67§=�C�¨n»¦¾65JG�; A 36?�I4=�;ö7§G�?�¤o24387�;«I:A ¤¼¤öAB2JG<; A Æ�=�I4= ��36C ; ;JÀ�G�?8?#¾654A@I436?8?�=�C�¨n»�Æ�36C�5<; A 36?#I4=�CÇG�2�3:?J¥�; AÇ3:?
Ä8Ã



�{î � î ª«=u¤�¥�7 AB2<; A 36?"I65NÀ�3:I �@C = BED.FG+.HJI.F/D

I4=FI:AÇ¤>;ö7 A�985<; AÇ36? f I4=u¤�»@C =¦¥�;ö7´36?�¤�¤�582J7HG<;ö÷�=@7 ÀFAÇ¾65�=¦¤ S

∂f

∂t
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∂φ(τ, µ, E)

∂τ
= −φ(τ, µ, E)

+
Ne(z)

∑

k nk(z)σT
k (E)

∂

∂E
(L(E)φ(τ, µ, E))

+ sf(τ, µ, E)

+
∑

l

[

nl(z)σT
l (E)

∑

k nk(z)σT
k (E)

∫ 1

−1

dµ′

∫ Emax

E

dE ′Rl(E ′, µ′
→ E, µ)φ(τ, E ′, µ′)

]
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∫
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O2 + hν → O + O(1D) � �{î � É �
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P
630,0
ph (z) = [O2](z)

∫

135→175 nm

σsr(λ)I(λ, z)dλ � �{î � 4 �
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O(1S) → O(1D) + hν (557.7nm) � �{î � � �

Â GN2@7´36I65J¥o; AÇ36?.¤u¨½» ¥�7 A ;<S
P 630,0

ns = A557,7[O(1S)](z) � �{î � = �
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N(2D) + O2 → NO + O(1D) � �{î �! �

G<Æ�= ¥ S
P 630,0

rc1 (z) = krc1[N(2D)](z)[O2](z) � �{î Ã4È �
=�; S

N+ + O2 → NO+ + O � �{î Ã � �
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P 630,0

rc2
(z) = βrc2krc2[N

+](z)[O2](z) � �{î Ã4Ã �
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O(1D) + X → O + X � �6î Ã � �
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2 (z) = kO2

[O2](z) � �{î Ã É �
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3 (z) = kO[O](z) � �{î Ã54 �
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4 (z) = keth

[Ne](z) � �{î Ã � �
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O(1D) → O + hν (630, 0 nm , 636, 4 nm , 639 nm) � �{î Ã = �
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A(1D) = A630,0 + A636,4 + A639
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O + e−ph → O(1S) + e−ph
� �{î�� È �

Â G,2@7´36I65J¥o; AÇ36?.¤u¨½» ¥�7 A ; S

P 557,7
es (z) = [O](z)

∫

σ1S(E)φ(E, z)dE � �{î>� � �
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O+
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O+
2 + e−th → O + O(1S) � �{î�� Ã �
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rd (z) = βrdkrd[O

+
2 ](z)Ne(z) � �{î��5� �
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0, 9 ≤ βrd ≤ 1, 3

ó 36587 krd
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P
557,7
ph (z) = [O2](z)

∫

90→120 nm

σph(λ)I(λ, z)dλ � �{î>� 4 �
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3Σ+
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Â =¹;�G85 �"I4=$7´» GJ¥�; A 36?$¤�¨n»¦¥J7 A ;<S

P
557,7
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ó 36587�¥u=}¾654A0=¦¤>;,I65qÀ�3:I �@C =á¶�Ëz³��^Ô õ ABC�2J7§=@?JI�I4=á28C�5�¤"=J?á¥u36ÀF2<;>=äC =¦¤Õ7HG��u36?�¤�
 À#365�¤ ��I4=
� È � 44È � � =�;�24=@7 À�=�;�I4=$I436?8?�=@7DI4=u¤�ÆJG8C =@587´¤�/�36587 ?JG�C½A �@7´=¦¤FÀ�3!�u=@?8?�=¦¤�I65 Me5 � G�5"¤�36ÀFÀ�=�;�I4=
CB¨nG<;öÀ�34¤o28÷	�@7´=�=@?<;ö7´= � = � =u; � È Ä  � îeó 365870ÿe·«Ü�Î�®��gÙ:Ù6Ù õ C =¦¤QG�À#»@C½AÇ387HG<; AÇ36?�¤DÆ4AÇ=J?8?�=@?<;�=@?&2JGJ7´; AÇ=
I4=&CB¨YAB?J¥�3�7 24387HG<; AÇ3:?&I4=$?�36ÀF9@7´=@5�¤�=¦¤�À�=u¤�587´=¦¤�¤o582828C »@À#=@?<;�G4AB7´=¦¤ î

éçwzÁ(�^jn~"1QPOXDr�M�p Â =«¤o24=¦¥�;ö7´=�5<; A�CnAÇ¤�»�2JG@7eþzA¿¥J÷JGJ7HI4¤ õ � =J?8?�=@CnC ��=�;�ü�3�7 7 � �! : Ä � 2 36587�¥�36?�¤�;ö7 54AB7´=
C =�À�3:I �@C =�¶�Ëz³:Î ��G�»�;>»�=@?87´=¦E:A ¤�;ö7´»�2JG@7k58?�= 2�5�¤�»¦=�C =�Ã � G<Æ87 A�C �  � Ä õ I8G8?�¤�I4=u¤«¥u3:?JI:A ; AÇ3:?�¤0¤�36CÇG4AB7´=¦¤
¥¦G8C�À#=¦¤ � f10.7 = 74

õ =u; < f10.7 >= 87
��î

ú�=�¤o24= ¥o;ö7§=���A¿I4=J?<; A 9:»�2JG@70C =�?858À�»J7§3 � Ä �5� � � G¹=J?�¤�54A ;>=�»u;>»FÀ�3:I:A 9:»�=J?$ÀF58C ; AB28C½A¿G8?<;�2JG@7�Ã,C =�Me5 �
=@?<;ö7´= � É8È � =�;�Ã É4È � õ =�;�2JGJ7 � C =PMe5 �.=@?�I4=¦¤�¤¼3:5�¤OI4= � É8È � î ú�=�;�;>=$À�3:I:A 96¥¦G<; AÇ3:?.GF»u;>».A�?<;ö7§3,�
I654A ;>=$2 36587(¾65�=.C =.À#36I �JC =$7§=J2@7´36I654A ¤¼=�G85"ÀFA =@5 �NC =u¤�À#=¦¤o587§=¦¤�I4=�Mk5 �$I4=$28÷�3 ;>3g»@C = ¥�;ö7´36?�¤N2 G4A ;>=u¤ õ
I{¨Z58?�= 2JG@7´;%��94387§I�I4=�S[��N � : ����'4!F' � � ��,(� !�' ! �ùC 3�7´¤¹I4=¦¤$2 »@7 AÇ3:I4=¦¤¹I{¨nG@¥o; A Æ4A ;>»&¤¼36C G8A�7§= À�AB?4A�À�58À
� þzA¿¥�÷JG@7HI4¤QG�?JI�ü�387x70� �! = Ä ���oõ =u;�I{¨nG�5<;ö7´=F2JG@7�; �$94387HI$I4= % O��+#9N & @	� � ��,(� !F' !��"C 387§¤QI4=¦¤�24»@7 AÇ3:I4=¦¤
I{¨nG@¥o; A Æ4A ;>»�¤�36CÇG4AB7´=&À�G ��ABÀF58À � ï AB?8?4A�?�E6÷JG8À =u;�G�C î � �! =  ����î

Â G 2�3�7 À�58C =&5<; ABCnA ¤¼»u=&2JG@7DC =¦¤�G85<;>=@587´¤¹2436587(369<;>=J?4AB7DC = Me5 �&¤�36C G8A�7§=�=¦¤>;�C G.¤�54A ÆJG�?<;>= S

F (λ) = F74113(λi)(1 + Ai(P − 80)) � �{î Ä  �

3
	 S

• F (λ) =u¤�;#C = Mk5 �$¤�36CÇG4AB7´=�¾65�=&C�¨n36?�¤�3658÷JG8A ;>=F¥u36?8?JG.-´;ö7´=

• F74113(λi)
=¦¤>;�C = Mk5 �"I4="7´»�2�»J7§=@?J¥�=,À#3:I:A 9:»�¥�36ÀFÀ�=$AB?JI:AÇ¾65�»F¥�A ��I4=¦¤�¤�5�¤¹2 36587�CÇGN9 3 -´;>=

I4=&C 3:?�E65�=@587sI{¨½36?JI4= i

• P � 1
2
(f10.7 + < f10.7 >)

• Ai
¤¼3:?<;�C =u¤�¥u3g= �"¥<AÇ=J?<;>¤#I65NÀ�3:I �@C =

Â =,À�3:I �@C =,¶�Ëz³:Î �ù=¦¤>;�I4»¦¥J7 A ;�2JG@7«¤�=¦¤�G�5<;>=J587§¤�¥u36ÀFÀ�=.»u;�G8?<;F2J7§3:24A¿¥u=��ÕC GbÀ#3:I4»@CnA ¤�G<; AÇ3:?,I8G�?�¤
C ="I43:À�G4AB?�=&I4= C�¨�G�»@7´36?�36À�AÇ= õ I65 2 G8A ;�¾65�¨YABC 2�3:587x?4A ;#I4=u¤$7§»¦¤o58C ;�G<;>¤$7§=J2@7´36I654A ¤�G8?<;F94AÇ=@?êC =u¤ Me5 �bI4=
28÷�3 ;>3g»@C = ¥�;ö7´36?�¤$AÇ36?�3 ¤�28÷�»J7 A¿¾65�=u¤ õ G4AB?�¤öA�¾65�=êC =¦¤�;�G85 �êI{¨½»@À�AÇ¤�¤oA 36?b=u;�C =u¤�I4=J?�¤oA ;>»¦¤�»@C = ¥o;ö7§36?4AÇ¾65�=¦¤ î
ú�¨n=u¤�;#2436587s¥�=u;�;>="7HG4AÇ¤�36?$¾65�=$C =$À�3:I �@C =$¶OËz³gÎ �çG.»u;>»�¥�÷�3:AÇ¤öA6I8G�?�¤�¥u=u;�;>=F»u;ö5JI4=&2 36587R2�36587 ?4AB7�C =
Me5 �¹¤�36CÇG4AB7´=Fû.QR"q=J?�=@?<;ö7´»¦=#I4= BED.FG+.HJI.F/D�î^ó G@7k¥u36?<;ö7´= õ 2436587zC G�À#36I4»JCnAÇ¤¼G<; AÇ36?�I4=�28÷�»J?�36À �@?�=¦¤
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þ(AÇ¥J÷JG@7§I4¤$=u;.¥u3:C�CÇG894387§G�;>=J587§¤&¥�36?�¤¼=�ABCnC =@?<;$I{¨l5<; A�CnA ¤¼=J7¹2@7´»�2�»@7´=@?<; A =@C�C =@À#=@?<; C =¦¤�À#3:I �@C =u¤NAÇ¤�¤o5�¤"I4=�CÇG
CnA E6?�»¦=FI4=$¶�Ë(³�� � î
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Â =�À�3:I �@C = í&ý � ý �  È(� �0=¦I:AB? � �! 5 �� � � =¦¤>;O5<; ABCnA ¤¼»F2436587k369<;>=J?4AB7�C G¹¥u36ÀF243 ¤oA ; AÇ36?FI4=�CB¨nG�;öÀ#3,�

¤o28÷	�@7§="?�=@5<;ö7´= î(Â =u¤�2JG@7§G�À �u;ö7´=¦¤�I{¨n=J?<;ö7§»u=.I65NÀ�3:I �@C = í&ý � ý ¤�36?<; S

� C G$I8G�;>=�=�;�CB¨Z÷�=@587´=
� C =¦¤�¥u3g387HI436?8?�»u=¦¤OE4»u34E67§G�28÷4AÇ¾65�=¦¤
� C =¦¤�AB?JI:AÇ¥u=u¤ f10.7

=�; < f10.7 > À#3J�u=@? õ ¥J¨n=u¤�; � � ��I:AB7´="2J7 A ¤O¤�587s;ö7§3gAÇ¤�7´3 ;�G�; A 36?�¤O¤�36CÇG4AB7´=¦¤� C�¨ZA�?JI:A¿¥u= /�36587 ?JG�C½AÇ=@7 Ap
3:5�C =u¤�AB?JI:AÇ¥u=¦¤�;ö7 AB÷�387HG4AB7´=¦¤ ap

Â =u¤DI4=@5 �F¥�36I4=u¤D¥u365828C »¦¤ Me54A¿I4=¦¤�=�;�¥<AB?�»u; AÇ¾65�=¦¤�I4= BED.FG+.HJI.F/D 36?<;�94=¦¤�3:A�?¹I4=¦¤O2J7§3:9eC ¤«Æ�=J7��
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Me54A¿I4= ��î ª«=b28C�5�¤ õ C =bÀ�3:I �@C =b28÷�3 ;>36¥�÷4ABÀ�A¿¾65�=b5<; ABC½AÇ¤�=�G85�¤�¤oAsC =u¤$2@7´3:9eC ¤�I4=¦¤F¥�36À�2 34¤¼G�?<;>¤$?�=J5<;ö7§=¦¤
243:587s¥¦G8CÇ¥J58C =@7DC =u¤�AB?<;>=@?�¤öA ;>»u¤�I65�7HG �¦36?8?�=JÀ�=J?<;�;ö÷�=J7xÀ#34¤�28÷�»J7 AÇ¾65�= î

@�� ��� 0 � @ jn~}f4wz��ckj�i��e~êi��g~gfájni�|bi �zy{d8mow�t@ck� �^v�~ùp
Â =u¤�» ¥�÷JG�?�E =¦¤ I{¨½»@?�=J7§E:A =�=@?<;ö7´=qCÇG�À�G�E6?�»�;>34¤�28÷	�J7§=�=�;ÕCB¨YAÇ36?�34¤o28÷	�@7´=�¤�36?<;NI4» ¥J7 A ;>¤}2JGJ7.C =

2JG@7§G�À �u;ö7´= Qetop

õ ¾654AD7§=@2J7§»u¤¼=J?<;>=äC G�ÆJG�C =@587#I65 Mk5 �çI4=ê¥J÷JG8C =@587�»JC = ¥o;ö7§36?4AÇ¾65�=}G85�¤¼36ÀFÀ#=u;&I4=
CB¨YAÇ3:?�34¤�28÷	�J7§= îzÂ ¨½3�7§I67§=FI4=�E67HG8?JI4=@5870I4=F¥u=&2JG@7§G�À �u;ö7´=�=u¤�;�I4=F¾65�=@CÇ¾65�= µW.m−2 î

Â =$;�G898C =¦G�5 �{î � AB?JI:AÇ¾65�= CB¨YAB?!Me5�=@?J¥u=NI{¨Z58?�=$ÆJG@7 AÇG�; A 36?NI4="¥u=b2JG@7HG8À �u;ö7§="¤o587OC =u¤$2@7´3:9kC ¤¹I4=¦¤$7§G8A =¦¤
I{¨½»@À�AÇ¤�¤oA 36?$I4=�CB¨½3 ����E �@?�= î ú�=�;>=u¤�;�G�»�;>»�=�	k= ¥o;ö5�»&2436587�I4=¦¤O¥�36?JI:A ; A 36?�¤�E4»u3628÷!��¤oAÇ¾65�=¦¤�À�3!�u=@?8?�=¦¤
� f10.7 ∼ 100

õ
Ap ∼ 10

õ �$À�A¿I:A4;>=JÀ�2�¤�C 3:¥¦G8C =�; �$58?�=�CÇG<; A ;ö5JI4=�I4=�É8È o �uîeÂ =u¤�G8C ; A ;ö5JI4=¦¤Q¾65�=�?�365�¤
G<Æ�36?�¤�¤¼»JC = ¥o; AÇ36?8?�»u=¦¤$2 36587�C =¦¤#I4=@5 �ê7HG4AÇ=u¤�¤�36?<;�¥u=J?<;ö7§»u=¦¤¹G85<;>36587�I65b24AÇ¥$I4=NC GÕ7§G8A =N7´365�E4=.=�;�I65
24A¿¥�;ö÷�=J7xÀ#34¤�28÷�»J7 AÇ¾65�=,2 36587�CÇG�7§G8A =�Æ�=@7´;>= î

ª�¨�G82J7 �¦¤"¥�=¦¤ 7´»¦¤o58C ;�G<;>¤ õ ?�365�¤N24365<Æ�36?�¤.I:AB7´=�¾65�=�C = Mk5 �çI4=Õ¥J÷JG8C =J587�»@C = ¥�;ö7´36?4A¿¾65�=�G£58?�=
AB?!Me5�=@?J¥�="¤�587OC Gê2JG@7�; AÇ= ÷JG85<;>="I4=¦¤$2J7§3:9eC ¤¹I{¨½»@À�AÇ¤�¤öAÇ36? I4= CÇGê7§G8A = 7§365�E = õ G<Æ�= ¥�58?�=$ÆJGJ7 A¿G<; AÇ3:?�I4=
CB¨YAB?<;>=J?�¤oA ;>»�»uE8G�C =��P4 �bî ú�=¦¥�A =¦¤>;DI
�¹G85 2 G4A ;«¾65�=¹C = Mk5 �¹I4=�¥�÷JG�C =@587kI4=uÆ4A =@?<;�28Cn5�¤�ABÀF24387´;�G8?<;�G<Æ�= ¥
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;ö7 �u¤ 2 G8A�98C =¦¤�=@?&I4=u¤¼¤�365�¤�I4=FÃ Ä8È ðJÀ I{¨�G8C ; A ;ö5JI4= õ G<Æ�= ¥¹I4=¦¤ Me5J¥�;ö5JG<; AÇ36?�¤�I4=&À#3:AB?�¤�I4=�Ã �Õî
ý A�CB¨½36?b¤�¨ZA�?<;>»@7§=u¤¼¤�=�À�G8A�?<;>=@?JG8?<;��áC�¨ZA�?!Mk5�=J?J¥u= I65&Me5 ��I4=�¥J÷JG8C =@587�¤�587#C =�24AÇ¥,;ö÷�=J7xÀ#34¤�28÷�»J7 AÇ¾65�=
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R�iehB~£v�wz� ��~ RDikh�~ �g~^vxmo~
G�C ; A ;ö5JI4= ü#û " ü�û " G8C ; A ;ö5JI4= ü�û " ü#û "
�¼ðJÀ � A�?4A ; AÇG�C 2436587 Qetop × 3 �¼ðJÀ � AB?4A ; AÇG�C 243:587 Qetop × 3Ã = È � È �{î 4 �5� È î Ã (∼ 6%) Ã4È4È � 4@É î 4 � 4 ={î Ä (∼ 1%)Ã Ä8È Ã4Ã@É î 4 Ã4Ã ={î � (∼ 1%)

� = È Ã �  î>� Ã �! î É (≈)Ã4È4È Ã � É î � Ã � Ä î É (≈)
� 44È Ã4È Ä î Ä Ã4È@Ä î É (≈)� 44È � �{î 4 � �{î �

(≈)
� Ä8È � Ã �6î  � Ã@Ä î � (≈)

¬QÎ�� � �{î ��� �Z?!Me5�=@?J¥�=NI4=u¤�ÆJG@7 A¿G<; AÇ36?�¤¹I4= Me5 �bI4="¥J÷JG8C =@587D»JC =¦¥�;ö7§3:?4A¿¾65�=,¤�587OC = 2@7´3:9kCeI4=u¤$7HG4AÇ=u¤ õ
243:587QC =¦¤#¥u36?JI:A ; AÇ36?�¤�¤o54A ÆJG8?<;>=¦¤LS f10.7 ∼ 100

õ
Ap ∼ 10

õ � ÀFAÇI:A6;>=JÀ�2�¤�C 3:¥¦G8C:=u;���58?�=NC G�; A ;ö5JI4=
I4="É8È o î«Â ="ü#û " =¦¤>;$C =$;�G85 �êI{¨½=@À�AÇ¤�¤öAÇ36?NÆ�36C�58À�A¿¾65�= 2J7 A ¤�G85êÀ�G ��ABÀF58ÀÖI65ê24A¿¥"I{¨n»JÀFA ¤¼¤öAÇ3:? õ =�;
I436?8?�»�=@? photons.cm−3.s−1

¾65JG�¤oA�À�=J?<;�2JGJ¤�7´=¦¤�¤¼=J?<; AB7 õ G<Æ�= ¥�58?.À�G ��ABÀF58À I4=�ÆJGJ7 A¿G<; AÇ3:?�¾654A =¦¤>;�I4=�CB¨½387HI67§=#I65.2 36587H¥�=@?<; î ú�= ¥<A
=¦¤>;�I
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CB¨YAB?!Me5�=@?J¥�=.I65 Me5 �,I4=�¥J÷JG8C =J587s¤¼=<2 G8A ;#9 = G85J¥u36582,À#3:AB?�¤�7´=¦¤�¤¼=J?<; AB7 î
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�� � � � ��
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 � � � �
Â =�À#3:I �@C = BLD.FG+.HJI.F/D 24=J7xÀ#=u;�I{¨n3:9<;>=@?4AB7zC =¦¤�2@7´3:9kC ¤ õ 2436587�I4=u¤�G8C ; A ;ö5JI4=u¤�¥u3:À�2J7 A ¤¼=u¤«=@?<;ö7´=

� È4È&=�; = È4È ðJÀ õ I4=u¤�¾65JG�?<; A ;>»¦¤O¤o54A ÆJG8?<;>=¦¤ S
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557.7 nm green atomic oxygen emission line 
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< Zmax >= 826, 1 × MgII − 54, 7
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Kp − 3h preceding the orbit

557.7 nm thermospheric peak
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Kp − 3h preceding the orbit

557.7 nm thermospheric peak

� ��� � 
�� ! � � � ��� �
�����v�'�u���)�_�
����	V#S0�*+����!�	s�)('���t���f�1�u	Z���1� :]
�
'1>L 1 ��#YLj�
	<����!-�b��� �h0>�������10>�
���P�?�^�?���>�1�A�D�
	s�?��0�	Z���?	��

Kp

�A0�	V	��-*+��0'�������4�E���-CX�
	<0>� *O������	��-*D��	<!I��!I�����4�D�?�H0�	VW�� �"����0'��*
�)��!�	�!-�K� ~ �-*
W���	T	<�-*. ���	����)�A�R� �-*M	�����	<!-*N���4�"���4�E� �A*E���4�"��	g ��R�U� �-*G������0'�)�d�����A��: !�
��n�

�?�U����&'#%���4�N����� 0'�O���������������  �� �"!D#%��&>��!A���)('���K� 3@���a�"�[W����1*N*N�Y�'���N���-C��d�H!�#��1*N*+� 0'�O �0>����#��)('���E�-*"�.���
�?�H0�	Z�'	������D{'A��}� 0�	<*/('���P�?�H0'�c����*/*N���d� �������������  �� �"!O�
	�;-*C�s���?W�� ��:c�������������  �� �"!Q���U��* �h0�	��"�P	�����	<!2�
*N���4�"!-������	F���

Kp

*+����!�	T� ����	 : ?d�
~ �c#���#S�[�
	<�� ����?�B�n!A�"![� �B�I�+�
��!Q*+��	%�?�U��� ��� �
�����X���-*�!�#�� */*
�10'��*�Li�A�D��0'��*�0'W�*N��	g �0'��*������_�K�A��� �"�
����&'#%���4�N����� 0'�RL�('���4�A*N�i���=�?�H0R	<�'	<�:���:
�� �K0'��	B� �-*x ��R� ����	�*����

Kp

� �-*F������* �h0�	��"�-* � ��� �N�)�>&'��	<�j
�� !$&A�

~ �A*n	<!-*+��� �N�4�"*	*�,.-0/.132.-4, �
C ��0�*N!-*[������*n�1� ����	���� �`
d� %d� %u#%0'�4�
	����4��!A&��R� ��#S���4�n�����`�>�?#��?���"�
���10>�b���p�?�^�?�4�"����*+� �"!9�d�H!�#��1*N*
�10'�b���v���U0�	<�'	<�_���c{'A��PL:� 0�	�*o('���p�?�U�������  �� �"!p#M��&'��!A���1('���_�R��&'#S���4�"�
� ���������>�)���

Ap

!��N��� �E��� 0�	<*E!A&���� :Pz$A$A'&�� � 0>��	:���[('���\�A*N�M���-*D#S�-*+��	<�A*BD �����7� ��L@�A���a�"�_W����1*N*N�X���
{'A�� �-*"�=���a�"���?�4�"����0'��	F���

Kp

����?'L �A�Y('���d�A*N�7!I('���  ���� ���4�
:Q���
Ap

����!$A����4 ��?	�0'� � ~ �QW����1*N*/�
�d�^�?�4�"����*
� �"!.�A*N����0'���,*/0'��* �a!� ��R�U��!-�%����	@� �%#S0>��;�� �7*�,.-0/.132.-4,kLK�A�.('�����R�U�A*N�,����*x�
	<;A*l*+��	V��	<�������4�
����	<�A��('���O� �-*S#S0>��;�� �A*.�d�U���
#S0�*+����;�	<�Y�����4�
	<�E*N0'�4�j�A0>������*%��0'��	\*/0>��*;�q!A ���������	�� �-*j ���	T�1����� 0'��*:���
�"��#���!�	Z�4�
��	<� � ~ �4�
�����?�U� ;�	��O����$D���4 ��1����� � � z$A6AK{*&�&7���%���O������*
� �"! � ����	V��*=�A�=���^� � |)!6!'|5&�&S�����'��� �"�-*
����	F�?�U�������  �� �"!$#M��&'��!A���1('�����
$$��� &'	�!G�A�A�a�"�G*N0'��* �a�-*"���?#%�4���10'�M�������������B�������A�=���E�?�U���+���  �� �"!M#M��&'��!A���1('���KLd� � �s��� �l('���;*�, -0/.1 2 -4,
*N0>� �j�-������W�� �E���O	�����	<0>�'���?	��D� �-*j�"�����������A�-*:0'W�*/��	� �!A�-*%����	 D �����7� ��#%0>�4�
	<�E('���E���D#%0>��;�� �O�����4�
�A�
	��E�A0>��*+�1��!�	<!M�A0'#�#%�Y���$W�0'�E0>�4���?�'�K0'��	B!A�
���>�1��	l�1�$	<!���0'��*N�M���A*:!�#�� */*
�10'��*,�
����	T#%0�*+����!�	s�)('���A*
�>�?��	T���-*G���-CP�K��	g�
��	VW��4���10'��*M#%��&>��!A���)('���A*-�

2��"2 ���	��
�� �

�e�R��*�� �_W��4�Y���`	<!A*���#S��	%� �-*O�A0'#���0�	g�"��#S���4�"*O0>W�*/��	� �!-*Y*���	%� �-*�!�#��1*N*
�10'��*O���9�?�H0-C�J�&�;����
�4�"0'#��1('���Q� 0�	�*o('���P�����������  �� �"!P#%��&'��!����)('��������&'#S���4�"�KL6�a����0'�����$��� �"����	�;-*O� �-*% ���	T�)�4���10>��*%('���
�
�U���

!$1



3�������� �
	���
����������������������������������  �� �"!$#%��&'��!����)('����*+��	,� �-*.!�#�� */*
�10'��*

#��1*N�-*G���O!A ��)�������A��������*G�A����������� �
	��KL��A�8�a��	<�R���K��� ��� �-*M��	T�������?�����-CQ	<!-*+��� �N�4�"*=�����A�A�a�"��!A�
������<

|�� ~ ���������  �� �"!$#M��&'��!����)('���Y�Q�����������B�������A�O*+��	,�?�^�?�4�"����*
� �"!Y�A�S�?�U�R� ��� �
�����Y�'�P���)�M�
����	T#%0K*�����!/�
	s�)('���M���Y�1�$	Z���1�S ���	��"��L'��� 0�	<*:('�R�U����� �%���Y�E�
	<;A*S������*���	��?�H!�#��1*N*+� 0'�Y���Y�1�$	Z���1��	<0'��&K��� 3@���a�"�
�����B�������A�E�-*"�G#%0 �?��*=��#Y�K0�	��N���4�"�E('���E�A����� �E�'� �B�-CY*N0'�1���?	��M0'�����O��������&'� �%*N0'�1���?	��C�A!���� �
�����^�

zd� ~ 0R	�*o('���X�?�^�?���>�)���
Kp

����*N*/�D��� A :$���4 ���	<0'� ?>Li�������4�"����*
� �"!$�'�n���1�Y�
����	T#%0�*+����!�	s�)('���$���X�1�
	<��� �Y ���	g�"�D��!-��	<0 ���S�d�U���4 ��?	�0'��{'A��PL��A�E�?�U��� ��� �
�����O�'�n#M�-CR�?#���# �d�U!�#�� */*
�10'�X����&'#S���4�"�D���
#S0>�?��*7���[|"A��n� 3@�A*7 ���	T�1����� 0'��*7*N0'�4�=��	s�?���������R� ��#S���4�G�#'��A*
:X�1�Y�>�?#��?���4��� 0'�D�'�X��	�0'���-*N*���*
�d�H!�#��1*N*+� 0'�	�s���1*/���4�S�?�4�"��	� ������?	F�1�D��!A*o�������  ������ 0'�$��0'���H�1*
�10'��������� �Y���

N2(A
3Σ+

u )
�

%d� ~ �P#%0>��;�� � *�,.-0/.132.-4, 	<����	�0'�'��� �M��0'�4 �������W�� ��#%���4�O� �-*%�"�������R�����-*O�?���'��� �"�-*O����	.� �-*M ��"�
	s�)�4���10'��*.�d�U�������  �� �"!$#M��&'��!A���1('�����

~ �D�N��W�� �-�R�X
���|n	<!-*+��#S�c���������B�������A�X���-*% ���	T�)�4���10>��*E���n�?�U���+���  �� �"!P#%��&'��!A���1('���[*+��	.�?�^�?�4�"����*+� �"!X���
�?�U��� ��� �
�����G�'�Y#M�-CR�?#���# �d�H!�#��1*N*
�10'�M����� ��	<��� ��	�0'��&��G���M���U0-C�J�&�;����G���"0'#��)('����L��A�l�'�Y���1�:�
����	T#%0<�
*+����!�	T�1('���E�����1�D	Z���1�= ���	��"�K� �^�K�R������	<� �g�F('�����?�^�?�4�"����*
� �"!M�'�$���)�.�
����	V#S0�*+����!�	s�)('���������1�D	Z���1�= ���	��"�
�-*"�=���XWK0'���-�����>�)���4�S�K0'��	 *N��	g ��?	i���%�
	<��������	i���D�?�H!A �0>���4���10>�O�'�Y*"J�*N�";�#%����0'����� !M�
����	V#S0�*�����;�	<�/�
�10>��0�*�����;�	<�K�

� ���3� �5	���
�� �����3� !#���5$&�
�J�����������+� � ��'�'�()�*(��+���
η Z η Z,�� $ �0!��3$&7����.
)�.7 $ ���)���

�
Kp : 0 → 6+

&
≈ �

|"A�� �,{'A �
�
|"A��

?A@=B � 
���| � �@�RW�� �I���[	�!-*+��#M���4�%���������B�������A�����$�?�U���+���  �� �"!D#M��&'��!A���1('����*���	e�������4�"����*
� �"!
η
���%�?�U��� ��� �

�
�����
Z
�'�D#%�ICR��#Y��#m�d�H!�#��1*N*+� 0'�����Y� �O	Z���1��	<0'��&��=�A�e�'�D���)�G�
����	V#S0�*+����!�	s�)('���M�����1�D	Z���1�G ���	g�"�KL

!�#��1*N�-*E����	F���U0-C�J�&�;��������"0'#��)('���K�

!$#




��)
��8.�!-*+��#%!

�  �)6)6	9@b 
�
"(��� �
���=� /
�'	<��	a�i� �#���H�
	��
��	Q��	<�i� �
����� ���E���f�' ��#�=��"�	f�%�
"���	P�^"��=��	P�^��	<�i�  '.0/2143��5	�`
�#�m�% �)D@N�0"��=�_�' ��k	��H��"$	S��	P�W�� 2"i����	'�q�
�l)* H��3��#	 *�,.-0/.132.-4, 	2�a��	'�r)6	'�%�
"$	P����� /�� ���
�R@b	�"$)6�_�>�U� �=���
� /
��	�"h��� ���0���� ��S��	W�i� �
����� ���E���R)Q��1A�5�2���87
�
	6�%�
"9�%	'�*��)*� �+�'�� ��,�%B � 	'�>��	0��.
�2�;����	'�( 
�H�
@&	�"$)6�_����	-)*�#	���.D�� �)^@�"�	��
��"�	:�#	]@A?5���5 �)63��5	���	-���
)6���5	P�%�%	��
�%	J7
�
����@5@N��"F�	���
�
�
�,�>�i� �# ��5 2��@A?53�"$	O��	M�#��
�	�"$"�	�`�	��V��	M)* 
�H��"$	�"^7
�
	 *�,.-0/.132.-4, "$	 @�"��'�'	��H��	q�
�jIN ��
 
�
����� �U� ���A��	P����� 1A�
���# �� ��	Q�i� �5��)* ��[@A?53�"$	6�U� �
�5	V@A�!�
�53���	�B

!$!





� ( ��� � � $ �)( � � � � �&	 $ � � � � ��� � $

~ �H0'W��a�I�+��� �G��	s�?���4�?����� ���$�A�D�
	<�� ����?�d���O�
��;-*N�$!A�N��� �S�d�U�R����� J�*N��	l�A�S�����A0'#���	<�����'	��P� �A*Y����!2�
��0'#S;����A*%���[����#��?���-*/�A�����A���>����	V���D('���d��������	Z���1*N*/���4�=���R��*��1�D�
����	V#S0�*�����;�	<�O�"��	V	��-*"�
	<�KL8:�*/�4 �0>�?	
� �A*,�����-C�	<��� �-*,���������4�"0'#S�%�d�H0-C�J�&�;���� <d�1�O	<��� ��	�0'��&��=!�#��1*N�C:B?$%6A'L A$��# �A�.� �O	Z���1�G ���	g�"� :M
�
$1'L 1
��#O� � �U��*S��	<!-���1*N!�#S���4�+L@�
�U���R!� ��R�U��!O�?�^�?�����������������O�?�U���+���  �� �"!E*/0'� ����	<�E���7���O�����������  �� �"!D#%��&>��!A���)('���
*+��	��?�^�?�4�"����*+� �"!M�A�.������� ��� �
�����M�'�$#%�ICR��#Y��# ���%�A�-*=	Z���1�A*-� � �E� �\���+LB� ��('���A*N��� 0'��*N0'��*;� �"�������4�"�C:��A�
�
	Z�4 ����?�-���:�
��;-*N�.�-*"�k���:*/�� �0>��	d*
���?�H0'�E�K���4�e�4���?�H�1*N��	����%	Z�AJA0'������#%���4�����=�?�H0-C�J�&�;����:���"0'#��)('���S��0'��	
0'W4�"�����?	\���-*G	<����*N��� &'����#S���4�"*:*���	i�?�H!A�N�4�,����� �M�
����	V#S0�*+����;�	��S�"��	T	<�A*N�
	���� � 0>��	k#S������	=:DW��1�����A���a�"�
!A�
������L �
�U���>�4���?�H�1*N!Y�����S��0'��W�� �%�R����	<0>������#S0'��!��U�1*/�4���10'� �l�����R� J�*/�S���%��0>����!-�-*�L'�����A0>#Y����	<�R�4�.� �-*
#S�-*+��	<�-*,���M�������4�"��	 �h!�	<0'#S;A�
	�� ��� /�� ��� �A�,� �A*e*+��#Y��� ����� 0'��*e�'��#%0>��;�� �G�d��� 0'��0�*+����;�	���* ,.-0/.132.-4,��
.B!-�-����� �
��� 0'��*[� �-*O�>� �B!�	<���4�"�-*Y!A�N�����-*O('���`��0'��*Y�4 �0'��*Y*+���  �� �-*��A�Y('���@�A0�	V	��-*+��0'�������4�D���-C`������(
��������� �
	��-*=�����A�$#%�R����*/��	s� � <

|�� ~ �_��	<��#�� ��	.�����R��� �
	<�c�?�4�
	<0>�'��� �O� �X�A0'�4�"�
C��"�P���X�A���
	Z�4 ������\���[�
��;-*N�KL :n*o�4 �0>�?	G� �_��0'�������
�����?�U���
#S0�*+����;�	��E���R��*.� ��('������� �=*N0'�4�F0'W�*N��	� �!A�-*G� �A*j!�#�� */*
�10'��*j���Y���U0-C�J�&�;����=���"0'#��)('����L�� �-*
��	T�������?�����-Cn��	<0>�A�A*/*+��*S('�����"0>�����4�%���X	 �'� �����R��*M� �Q��	�0'�'���+���10'�D���Y���-*E	Z���1�A*AL����?��*
�>('���[� �-*
&'	<�R��������	<*=('���X��0>��*S�4 �0'��*
:P��0K�
	��O�>� *��K0�*+� ���10'�Q��0'��	�('���R�4��� �'��	j� �-*S���+���  �� �"!-*G*/0>�1���?	<�A*S���
#%��&>��!A���)('���A*-�

zd� ~ �M�����-CR� ;�#S����������� �
	��O��	�!-*N���4�"�$�?�^�?�4�"��	 �h!�	<0'#S;A�
	��E*����4���)��� ��� /�� � � L'������!I��	T�  ����4�G� �A*S��	T�?�"�
�4�?���A*c��� �1� #S�-*+��	<�w����	D���4�"��	 �h!�	<0'#S!A�
	s�1�t�A�`� �-*n*+��!-��� �d�4� �"!-*`���v�A���`����*N�
	T��#%���4���=r>0'�4�
!A&��R� ��#S���4����	<!-*N���4�"!A*P� �A*Y�
	Z��� �"��#%���4�"*$('���B�
�U����#�� *D���p��0>���4���A�Y�R�����H�)('��!n���-Ct#S�-*+��	<�-*
�K0'��	x0'W4�"������	j� �-*M����	<�R#S;A�
	��-*=�-��	Z�����"!�	s�1*"���)('���A*��4�����U�1*N!-*.�"0'�4�7�R�X� 0'��&[�����A���a�"�Y!��
�����	<\� �-*
���4�"����*
� �"!-*Y�A�Y��� ��� �
�����A*O�'�p���1�Q���_�1�p	Z���1�c	<0'��&��X�A���'�p���1�[�
����	T#%0K*�����!�	T�)('���c���_�1�b	Z���1�
 ���	��"�����$�?�H0IC�J�&K;������4�"0'#��1('�����

%d� � �$�A0'��	�*%�'�D�
	�0>�1*
�1;�#%�O��������� �
	����a�4�G��W�0�	Z��!��1�Q#S0>��!��U� *o�4���10>���'�P	Z��J-0'������#%���4�=���X���U0-C�J"�
&�;��������"0>#��1('������ ��-�O� �D#S0'��;�� � *�, -0/.1 2 -4,�� ����������	<!-*N���4�"!Y�A����0'����('��� ��!-��	s� �%� �O*"�
	V���/�
�
��	��= ���	����)�A�R� �=��������� 0'��0�*+����;�	<�S�����1� �@��	V	��S���e*/0>�O	Z��J-0'������#%���4���)����*�����	g���)����� �S�R�4�"0'��	B�d�����
�
	<�R��*+��0�	��k�4�?��!A���1('���KLK�d� ���G�
	Z����*+��0�	��4�����)���KL��A�i�d������#%0>��;�� �S����0K�"0>������#��1('�����*3\�A�a�"�M����	����1�
��0R	T	<�A*��K0'��� :O�������s�R#��?�H�)��	s�1*/����� 0'�E�4 ��I�G������	<0�&>	Z��#Y#S�=�A0'#���� �
C��KLR�A�F�4 ��I�M� �O���4J�*+�1('���S���
� �Q���R�4�"�Y���
#S0�*+����;�	��Y�"��	T	<�A*N�
	��D�A�G����*N0'�$��0'�����1��&��Y�� ��-������� 0'��0�*+����;�	<�K� ������	<!-*N���4�"� :Q�1�



3\0'�����U��*+� 0'�

���$���Y�A�Y��������� �
	��[� �-*E	<!-�A���4�"*S��!A ���� 0'���K��#S���4�"*=�'�Q#S0>��;�� ��*�, -0/.1 2 -4,kL �A�.���Q����	g���)���"�
�H�1��	e� �-*G�>� �\!�	<���4�"�A*=�R#S!��H�10�	Z�4���10'��*7('��� �
�U���R�R���K0R	g�"!-�A*
:D�A���A0>���D���������R�4�S#%0>�Y�
	<�� ����?�R���
�
��;A*/�K�

{�� ~ �-*Y�����-C9����	T���1��	<*$�����R��� �
	<�-*Y�+C �K0�*/���4�$� �A*X	<!A*���� �N���"*	:v��	<0>��	���#S���4�[����	V� ��	a� ~ �Q��������� �
	<�
{b��	<!A*/���4�"�c�����$!��
�������A0'������	T���R�4���?�^�?�����������������Q�?�U���+���  �� �"!$*/0'� ����	<�D*+��	.� �A*M!�#��1*N*
�10'��*E���
���U0-C�J�&�;����G���"0'#��)('����L��A�7#S0'�4�
	��S('���E� �!���-C�*N0'� ����	<�=���R��*7���U�
C��
	 ��#%����� �
	<�� �� 0'� �����A*N�7���M���-*
����	<�R#S;A�
	��-*O('��� �b� �_������*��d�^�?�����������A�Q*���	7�A�-*�	Z���1�A*ALk�4 ��I�_��������&'� �X*N0'�1���?	�� ��!���� �
���R�?�43\�-*
	�!-*+��� �N�4�"*=0>�4�:!��"![����W��H�1!-*G������* 3k��� 0K�j�A�7�R�?� � z$A$A�{*&A�


�� ~ �G����	V��� ��	\��������� �
	�����	<!A*/���4�"�Y���������B�������A�S���M�?�U���+���  �� �"!E#%��&>��!A���)('���.�"��	V	<�A*N�
	��%*+��	x� �E	Z�AJA0'�"�
����#%���4�=�>�?��	V���O���X���U0-C�J�&�;����O�4�"0'#��)('���KL��A�E#S0'�4�
	��D('���D���A�a�"�$�������  �� �"!��?���'��� �.���-*S ���	T�)�"�
��� 0'��*7��0K�N��W�� �-*�*���	x�?�^�?�4�"����*+� �"!%�'�Y���)�:�
����	V#S0�*�����!�	T�1('���M���M�1��	Z���1�. ���	g�"�KL��A�l���.�
	<;-* �s���?W�� �-*
 ���	s�)�4���10'��*:*���	F�1�[	Z���1�$	<0'��&K��� 3\�-*M	<!A*���� �N���"*G0'�4�:!A�"!$����W��U� !-*G������* 3���� 0K�7���.���^� � z$A$AK{>W<&A�

~ �n�
	<�� ����?�x� �\�-���
��!b������0�	g�"�`��0>���`���A*c	�!-*+��� �N�4�"*P�?�4�"!�	��-*N*o���4�"*X('���l��#S!��U� 0�	<���4�Q��0K�
	<�`�A0'#���	<!2�
������*
�10>�[�'�n	Z�AJA0'������#S���4�S�>����	V���D���[�?�H0-C�J�&�;����O���"0'#��)('���O���R��*��1�D�
����	V#S0�*�����;�	<�D�"��	V	<�A*N�
	���� � �
����	g���)�����H�1��	qLS���F�R������	Z�����[('��� �?�^�?�4�"����*+� �"!v�'�w���)�`�
����	V#S0�*�����!�	T�1('���]���]�1� 	<��� � :t
�
'1'L 1 ��# ���
�?�H0-C�J�&�;����[�4�"0'#��)('���c��0'��	T	Z��� � ���
	<�_���9W�0>�c�-�����>�)���4�O�K0'��	,*/��	� ��?	:�d�^�?���>�)�A���"����	.���c�?�H!A�N�4�����c�1�
�
����	T#%0K*�����;�	<��� �7�����4�
	<�A*O!��
�����-*O*N��	�0'�4���A�����������R�4�$��!-�A�-*N*/����	<�-*X��0'��	:�A0'�)��	V#S��	.�A�-*�	<!A*���� �N���"*
�A�7�A��	��N���?���-*=��#%!��U� 0R	<����� 0'��*%�K���4 ����4�:������0R	�� �A�
	<�Y������0�	��"!A�-*G���X#S0'��;�� � * ,.-0/.132.-4,��4����*/��#YW�� �
���X����	����1�����H�1��	F��!-�A�-*N*/����	<�D�d�H!A�
���>� ��	,� �A*M��0>���4�"*7*����  ��R�4�"* <

� � ���?�H�1*/����� 0'�����Y���������>�)���
MgII

������* *�,.-0/.132.-4,`���$�U� �����A�.��� �����M���
f10.7

� 3\�I�4�R������0�	9�
�"��	Z��� �%�����$#S������� ����	<�$	<����	�!-*N���4�N�4���  �� �"!D���$�?�U���+���  �� �"!�*N0'� ����	<�����R��*S�?�H�+C��
	 ��#%����� �
	<�� �� 0'� �����

� � �
�����M���Y���������B�������A�%���-*S��	<!-������� �N�4���10'��*j���Y����	g���)����� �-*:���R��*G� �A* ��0'���A*:����	<0�	Z��� �A*j*+��	�� �-*
!�#�� */*
�10'��*=���D���U0-C�J�&�;����Y�4�"0'#��)('���K�

� � �
�����$�d� �����P�4�����U� *o�4���10'�X��0'������&'��!-�$���X�?�^�?�4�"����*
� �"![�'�c���)���
����	V#S0�*+����!�	s�)('���[���Q�1�n	Z���1�
 ���	��"�e�A�@�'��� � 3P��0'��	R*+���  �	��7�?�H!A �0'�U�4���10'�:�'�:*"J�*"�";�#S�:��0'����� !:� 0'��0�*+����;�	<�/�q�
����	V#S0�*�����;�	<�K�

3\�_�
	<�� ����?�k���c�
��;-*N�b*A�^�?��*/��	s� �[��0'���_������*c� �9�A���'	��9���v�1�f#S!A�"!A0�	<0'� 0�&>�1�9���t���U�A*������A��Lj���P��0'��*
�4 �0'��*7#%0>�4�
	<!M('����� ��	Z�AJA0'������#%���4�F���Y� �O	Z���1��:�
K
'1'L 1���# �����?�H0IC�J�&K;����S���"0'#��)('����	<����	�!-*N���4�N��� �
���cW�0'�$�"!�#%0 �?�X���Q�?�H!A�N�4�S���P�1�$�
����	T#%0�*+����;�	���� �i0K�
	<�D!��
�����$0'�4 �	<�D��0'���[�����D �0>� �D('�R�^�?��*N��	<��� �
�?�4�"!�	<�A*/*/�R�4�M���$�A0>�4���?������	 :[�+C ��� 0R	���	VL\���_����	g���)�����H�1��	.��0'��	�*o�4 �0>�?	l*+� � �-*E��0>����!-�-*M�A0'���a0>���4�"�-*M���
� � 3m�A�$���-*n	Z���1�A*c�K��	T#%���a�
	Z���1���4�[���_��0R	T	T� &���	S���b�"��#Y��*n	�!-���,� �A*n#%0>��;�� �-*$�
����	T#%0�*+����!�	s�)('���A*
�A�.�d�U�A*N����#%��	:� �A*E��	�06�B� *�� 0'��0�*+����!�	s�)('���-*�L��A�O('���d����	Z��� �7�����h0�	g�"�-*E�?#����U�)�A����� 0'��*G���P#S!A�"!A0�	<0'� 0�&>�1�
���X���U�A*������A��L@���n����	����)�����U� ��	F���n���  ��-�R�����X�?�H0R	TW�� �"0�&>	Z�������1�O���=���Q�?�H�-*"���?#%�4���10'�[���Q� � �a	T�)�+���10'�[('���
*����������U�1('����*+��	F� �A*.*o�4�"���U�U� �"�A*-�

|)AKz



� � ���%� ��� $ � � � 	�� $

|���| � 	�06��� *7���D��� ��� �
�����Y���A*.�A0>���A���4�
	<����� 0'��*M�����4�
	��-* � ���������I���O���E&��R�������)&:���:�"��#
�
��!�	Z�4�
��	<�S�����4�
	<� � ���R�����-�R�=���:�'	<0>� �"�)& :��F	�����0'W�� �S��0>��	����-*k�A0>���>� ���10>��*����.r>0'� ���?�
�-����#S� � �
	Z��� �"*M��� ������* &7�A�7����r'0'� ���?� ������� � � �
	<��� �"*M��0'�4������� !-*�&A�E���������Y���Y�����Y� |I{

|��Hz � 	�06�������G#%��*/*N�, �0>����#��)('���e�A�@���e�"��#���!�	<���
��	��:���.�����4�
#%0K*�����;�	<�,*/0'� ����	<� � �d�U����	�;-*
~ �-�R� � |)!6!$1'&�&��}���������Y���Y�����Y�����Y���Y�����Y���Y�����������Y���Y�����Y� |I


|�� % ~ �A*O�>� �\!�	<���4�"�A*O�A*��K;I�A�A*$���`� �b���R�4�"�Q���
#S0�*+����;�	<�_�10'��� */!A�-*X����	%� � �B�-C`*N0'� ����	<�
� ��� �����Y���Y�����������Y���Y�����Y�����Y���Y�����Y���Y�����������Y���Y�����Y� |)?

|��){ � 	�06��� *F ���	����1�-���-CD���-*7��0'���A���4�
	Z�4���10'��*G�10'���1('���-*j������!�	T�10>���M�A�R�U#%��L :$�1�$�1�4��� �
�����
�����F	<����0'W�� ��L :[#��1�>� ������	<��� 0>�-��� �E���7���D!A�"!K� �����Y���Y�����������Y���Y�����Y� |)1

|��)
 �F�  ��I���-Cn�d�H!�����	<&>� �Q���P���U0-C�J�&�;��������"0>#��1('����� .��-*+���I�+���  ���#%���4�$|�L !$1n� � ���%{dL |)1
� � *N0'�4�S��!I�A�A*/*/���?	<�A*��K0'��	x�+CK�4� �"��	,� �-*.!��N���"*

1D
�A�

1S
�d�Y�����������Y���Y�����Y� |)1

|�� ? 3@0>�4�
	T�?W��4��� 0'�P	����1�4���  ��Y���-*���	<0>�A�-*N*+��*��?#����U�1('��!-*S���R��*E� �-*=!�#��1*N*+� 0'��*%�>����	V���A*%���
�?�H0-C�J�&�;������4�"0'#��)('��� � 	<��� �D	<0'��&K��:Y&��R�������E�A�S	Z���1�M ���	g�"��:D�'	<0>� �"�)&�� 3@��*/����!�#%�
�-*"�j ����1��W�� �Y��0'��	l��� ���-C$*N0'� ����	<�O#S04J-���

f10.7 ∼ 120
LB�����M���+���  �� �"!D#%��&'��!A���1('���

�s����W�� � �
Ap < 10

&�L����4�"0'��	i����|4z
< A6A$�"��#Y��*E� 0'�A�R�R����:X�����$�1�4��� �
����������{�

o
���Y� |)!

|�� 1 �  �0'�U�4���10'�O�'�[��0'#YW�	<�����E�N�������-*>:X� �O*+��	 �s���A���'�$r'0>� �����^�d�����������Y���Y�����Y� z$A
|�� # 3@0>#Y����	<��� */0>�M*+��	��
	�0>�1*7	�0K�N�4���10'��*e*N0'�1���?	��-* � ����#%���'|"!$!$% ����*o('�R� :M��0'�4�7|)!6!$%'&����

�?�^�?���>�1�A�����-*.�N�������-*�L��'�����-C[�����4���?#S!A�
	s�)('���
f10.7

���.�����?�^�?���>�1�A���'�Q#%��&>��!-*
�?��#
MgII

� ���Y���Y�����Y�����Y���Y�����Y�����Y���Y�����Y���Y�����Y�����Y���Y����� z�z

zd��| ���4�"��	 �h!�	<0'#S;A�
	��.����$X�1������� */0>�=���1��*N*+�1('����:S�>� �\!�	<�����A�.���=#M��	<�����%�����U� �K� ~ �S#��?	<0 �?	
*/!�����	Z�4�"����	i�A*N�.���O�
	<��� �"*M��0>���4���?��� !-*A� �����Y���Y�����Y���Y�����������Y���Y�����Y� z$1

zd�Hz ���4�"��	 �h!�	<0'#S;A�
	��O��� $X�1������� */0>��:$������#��D��0'#Y�K����*N!Y���7*"�N�RW����U� */!E�
����	T#��1('����#S���4��� z$!
zd� % �i!-0'#S!A�
	s�1�n���_�1�p#%�A*���	�� ��� /�� � � <  ��1*N!-�n���p�U��#YWK�P('���l�K��	T#%���$�?�U���A('���1*
� ���10>�

���-*M��	<06��� *7 ���	����1�-���-C����A*E���4�"����*
� �"!A*S�d�H!�#��1*N*
�10'� �x���Y���Y�����������Y���Y�����Y� %�z
zd�){ 3@0>�)�'&'��	<����� 0'�O������������*N�
	T��#%���4� ��� /�� � � � ���Y�����Y���Y�����������Y���Y�����Y� %$%
zd�)
 rd����!�#M�$�'�O��!A�"�-���"����	 3 3 � ��� � � /�� � � �p���Y�����Y���Y�����������Y���Y�����Y� %$%



� ��W�� �����A*��'&'��	��-*

zd� ? � C���#Y��� �P���-*��h0'������� 0'��*D�d�U���
��*"�"��#S���4���4�����U�1*N!-�A*Q��0>��	%#S0'��!��U�1*N��	%� �-*�!�#��1*N*
�10'��*
���D�1�X	<��� �$	<0'��&�� � �'&>��	<���'�X�����4�(&:�A�7�'�X���1�M�
����	V#S0�*+����!�	s�)('���Y����� �X	Z���1�M ���	��"�
� �>&'��	<���'�XW���*�&A� �������Y���Y�����Y�����Y���Y�����Y���Y�����������Y���Y�����Y� %$1

zd� 1 $D�-*+��	<�A* � � /�� � � ���.�1�%	Z���1�.	�0'��&��.��	s�1*N�-*e� �,z$!G�4 �	T����|"!$!�z � �
p �

1>L
f10.7 �

|)!'|�� 1'&��
~ �A*��K0>�?�4�"*�	<����	<!A*/���4�"���4�Y� �Y�N���-CQ�d�H!�#��1*N*+� 0'�� �0'����#��)('����LB�
	Z���A!O�����h0'���+���10'�[���
�1�n�1�4��� �
������L@�A���1�X�A0'��	TW��P	�����	<!-*N���4�"�n� �_#S0�JA����������0'����� �$��0�	V	<�A*��K0'�������4�"��� ~ �-*
W���	V	��-*G�d�H��	T	<����	F�?���>�1('�����4�S�?�H!I�-��	��7�sJ����K�u�Y���Y�����Y���Y�����������Y���Y�����Y� %$!

%d��| rd����!�#M�$���$��	T�������?�K�������h0>�������10>������#S���4�.�'�X#%0>��;�� � *�,.-0/.132.-4, �Y���Y�����Y� {�z
%d�Hz � *N*o���1*G�����>� �\!�	<���4�"*E����*.�d�H!I�������4���?�U� 0'������&��$��0>��	x*����  �	<�$�?�H0�	VW�� �"� ��� /�� � � �l���Y� ?$A

{���| .\���1�t	<0'��&��9���f�?�H0-C�J�&�;����9���"0>#��1('���f#%�A*���	�!-� ����	 ��� /�� ��� � �pz$!f�� �	s�?�7|"!$!�z
�
f10.7 = 128, 5

�
Ap = 7

� ~ �-*:�K0>�?�4�"*e��0�	V	<�A*��K0'�������4�l�R�-CO#S�-*+��	<�-* � � /�� � � L'� �-*
� 0�*/����&��-*@����� �7�A0'��	TW��F��0'�4���?�����,�A0�	T	<�-*+��0>�������4�x���-CM	�!-*+��� �N�4�"*x���.�1�S#S0'��!��U� *o�4���10'�
*�,.-0/.132.-4, �����������Y���Y�����Y�����Y���Y�����Y���Y�����������Y���Y�����Y� ?K


{��Hz .\���1�_	<0'��&��c���`�?�H0IC�J�&K;����n�4�"0'#��)('���9#S�-*+��	<!A�v����	 ��� /�� ��� � � !��"�R�4 �� ��	E|"!$!K

�
f10.7 = 73, 7

�
Ap = 7

� ~ �A*M��0>���4�"*.�A0�	V	��-*+��0'�������4�G���-CP#S�-*+��	<�A* � � /�� � � L\� �-*
� 0�*/����&��-*@����� �7�A0'��	TW��F��0'�4���?�����,�A0�	T	<�-*+��0>�������4�x���-CM	�!-*+��� �N�4�"*x���.�1�S#S0'��!��U� *o�4���10'�
*�,.-0/.132.-4, �����������Y���Y�����Y�����Y���Y�����Y���Y�����������Y���Y�����Y� ?K


{�� % .\���1�� ���	��"�D���Q�?�H0-C�J�&�;����$�4�"0'#��)('���[#%�A*���	�!-�n����	 � � /�� � � � �$zK
P0>���"0'W�	<�n|"!$!�z
�
f10.7 = 146, 8

�
Ap = 7

� ~ �A*X�K0>�?�4�"*Y�A0�	V	��-*+��0'�������4�D���-Cv#S�-*+��	<�A* ��� /�� ���
�A�c�1�t�A0>��	VW��`���v�
	Z��� �"*_��� ���?��*P��0�	V	<�A*��K0'��� �R�-Cw	�!-*+��� �N�4�"*n���f� �w#S0'��!��U� *o�4���10'�
*�,.-0/.132.-4, �����������Y���Y�����Y�����Y���Y�����Y���Y�����������Y���Y�����Y� ?$#

{��){ .\���1�. ���	g�"�%�����?�H0-C�J�&�;����=�4�"0'#��)('����#%�A*���	�!-�Y����	 � � /�� � � � �Sz$%Y���-�A��#YW�	<�D|"!$!K

�
f10.7 = 71, 2

�
Ap = 8

� ~ �A*7��0>���4�"*e�A0�	V	��-*+��0'�������4�F���-CD#S�-*+��	<�A* � � /�� � � �A�j�1�
�A0'��	TW��7���S�
	<��� �"*:��� ���?��*e��0�	V	<�A*��K0'�����R�-CY	<!A*���� �N���"*F���S�1��#S0>��!��U� *o�4���10>� * ,.-0/.132.-4, ?$#

{��)
 $D�-*+��	<�A* ��� /�� ��� ���7���U!�#�� */*
�10'�,: ?$%6A'L A%��#O� ~ �-*����������I���-C7���e&��R�������-*�#S0'�4�
	����4�
� �A*O�N�R�-C9�d�H!�#��1*N*
�10'�` �0'����#��)('���n���v#M�-CR�?#���# �d�H!�#��1*N*
�10'�9�R� 0�	<*$('���9� �-*Q�����"�
���I���-CO���E�'	<0 � �"�D#S0'�4�
	<���4�=� �-*.��� ��� �
�����-*.���A*S#%�ICR��#Y��#S*�LB��0>��	@�
	<0>� *7����&'� �A*:*N0<�
�1���?	��-*
�A����� �
�����-CX�>� �B!�	����4�"*A� � ���RW�*/��� */*N�D�A*N�M�����>�)('��!�� � ���-C[*N0'�1���?	��[	�����	<!A*/���4�"!
����	E�?�^�?���>�1�A�

f10.7

� ~ �-*PW���	T	<�A*X�d�H��	T	<����	M��0R	T	<�A*��K0'�������4� :f���U!-�-��	g�O�sJ����c0'W4�"�����
*���	j�1�n#%04JA������� ��0'����� �K� ~ �-*Y� 0�*/�R��&��A*= ���	��"*��?���>�)('�����4��� �-*�	<!A*���� �N���"*M���-*%*
�?#��"�
�1�4���10'��*M��	<!A*/���4�"!-*S*���	,� �A*
�>&'��	��-*={�� |��A�7{��Uz��A�%� �-*=����	Z��� �A*�	�0'��&��-*E� �-*E	<!A*���� �N���"*
���E*+��#Y��� ����� 0'��*G�A0>#Y��� !�#S���4�N���?	<�A*-���Y�����Y���Y�����Y���Y�����������Y���Y�����Y� 1'|

|)A�{



� ��W�� �����A* �'&'��	��-*

{�� ? $D�-*+��	<�A* ��� /�� ��� ���7���U!�#�� */*
�10'�,: ?$%6A'L A%��#O� ~ �-*����������I���-C7���e&��R�������-*�#S0'�4�
	����4�
� �A*O�N�R�-C9�d�H!�#��1*N*
�10'�` �0'����#��)('���n���v#M�-CR�?#���# �d�H!�#��1*N*
�10'�9�R� 0�	<*$('���9� �-*Q�����"�
���I���-C[�����'	<0 � �"��#%0'�4�
	����4�M� �-*=��� ��� �
�����A*=���-*E#M�-CR�?#���#S*��K0'��	x�
	<0>� *=�R��&'� �-*.*N0<�
�1���?	��-*
�A����� �
�����-CX�>� �B!�	����4�"*A� � ���RW�*/��� */*N�D�A*N�M�����>�)('��!�� � ���-C[*N0'�1���?	��[	�����	<!A*/���4�"!
����	��?�^�?���>�1�A�

MgII
� ~ �A*cW���	V	<�A*Q�d�H��	T	<����	E�A0�	T	<�-*+��0>�������4� :f�?�H!I�A��	��O�TJ��K�9���v�1�

#%04JA����������0'���R� ���]�������Y���Y�����Y�����Y���Y�����Y���Y�����������Y���Y�����Y� 1�z

{�� 1 $D�-*+��	<�A* ��� /�� ��� ���7���U!�#�� */*
�10'�,::
�
$1'L 1%��#O� ~ �-*����������I���-C7���e&��R�������-*�#S0'�4�
	����4�
� �A*O�N�R�-C9�d�H!�#��1*N*
�10'�` �0'����#��)('���n���v#M�-CR�?#���# �d�H!�#��1*N*
�10'�9�R� 0�	<*$('���9� �-*Q�����"�
���I���-C ���]�'	<0>� �"� #S0'�4�
	����4�b� �-*_�R� ��� �
�����A*9���A*v#%�-CR�?#���#%*b�K0'��	Y�
	�0>�1*_����&'� �A*
*/0>�1���?	<�A*��A����� �
�����-C]�>� �B!�	����4�"*A� � �v��W�*o�4�1*N*/�_�-*"�P�?���>�1('��!p� �
�B�-Cp*/0'� ����	<�p	<����	�!2�
*/���4�"!P����	.�?�^�?���>�1�A�

f10.7

� ~ �A*YW���	T	<�-*��d�H��	T	<����	:��0�	V	<�A*��K0'�������4�C:_���U!-�-��	g�%�sJ����$���
�1�f#S04J-������� ��0'����� ��� ~ �-*c� 0�*/�R��&K�-*$ ���	g�"*n�����>�)('�����4�P� �A*_	�!-*+��� �N�4�"*Q���A*[*
�?#����1�"�
���10'��*.��	<!A*/���4�"!-*7*+��	�� �-* �'&'��	��-*,{�� %Y�A�F{d�H{Y�A�.� �A*:����	<��� �A*%	<0>��&��-*G� �A*=	�!-*+��� �N�4�"*:���
*+��#Y��� ����� 0'��*G�A0>#Y��� !�#S���4�N���?	<�A*-� ���Y�����Y���Y�����Y���Y�����������Y���Y�����Y� 1K


{�� # $D�-*+��	<�A* ��� /�� ��� ���7���U!�#�� */*
�10'�,::
�
$1'L 1%��#O� ~ �-*����������I���-C7���e&��R�������-*�#S0'�4�
	����4�
� �A*O�N�R�-C9�d�H!�#��1*N*
�10'�` �0'����#��)('���n���v#M�-CR�?#���# �d�H!�#��1*N*
�10'�9�R� 0�	<*$('���9� �-*Q�����"�
���I���-C[�����'	<0 � �"��#%0'�4�
	����4�M� �-*=��� ��� �
�����A*=���-*E#M�-CR�?#���#S*��K0'��	x�
	<0>� *=�R��&'� �-*.*N0<�
�1���?	��-*
�A����� �
�����-CX�>� �B!�	����4�"*A� � ���RW�*/��� */*N�D�A*N�M�����>�)('��!�� � ���-C[*N0'�1���?	��[	�����	<!A*/���4�"!
����	��?�^�?���>�1�A�

MgII
� ~ �A*cW���	V	<�A*Q�d�H��	T	<����	E�A0�	T	<�-*+��0>�������4� :f�?�H!I�A��	��O�TJ��K�9���v�1�

#%04JA����������0'���R� ���]�������Y���Y�����Y�����Y���Y�����Y���Y�����������Y���Y�����Y� 1$?


���| $D0'��!��U� *o�4���10'� $$r&�Ur*�;!$A_���`� �`�>� �\!�	<�������n���X�"��#Y�K!�	<���
��	��P�+C�0�*+����!�	s�)('���P���4�
	<�
���-*��A0>���>� ���10>��*D#M��&'��!A���1('���-*B�h0�	��"�A* �

Ap = 200
&M�A���s����W�� �-* �

Ap = 10
&+Ll��0'��	

�1�
�a0'��	V��!A�D�'��*N0'� *"���)���$���������?� � ~ �-*S�
	�0>�1*S�A0>��	VW��A*Y	�����	<!-*N���4�"���4�Y� �-*%�>� �B!�	<���4�"�-*
�1�4��� �
�����A*�<F
'A

o
� �
	Z��� �n��� �����<&�L A

o
� �U�1&>���9���w�K0>�?�4������� !A* &+Lj��� �a
'A

o
� ���?	<���"* &��>3\�-*

�>� �B!�	������A�A*=�����"��#Y�K!�	<���
��	��Y*N0'�4�:�
	<����!-�A*=�����h0>�������10>�$���$�?��������	���� 0'�A�R� ��� ���Y� #K


|)AK




� ��W�� �����A*��'&'��	��-*


��Hz $D0'��!��U� *o�4���10'�	* ,.-0/.132.-4, ���P���U!�#�� */*
�10'�n���c� �`	Z���1�P	�0'��&����A�M���-*D����	<�R#S;A�
	��-*
��*N*N0'�4�1!-*�LB�K0'��	 ���A*.�A0>���>� ���10>��*S#%��&'��!����)('���A* �s���?W�� �A* � �
	Z��� �"*S��� ������* &j���G��0'��	@���-*
�A0'���>� ���10'��*D#%��&'��!A���1('���-*B�h0�	��"�-* � ��0>���4���?��� !-*�&A� ~ �A*D���R�����-�R�-C :n�'	<0>� �"�KL ���b���R�4�
�A�D�R�t#����U� ���RL.#%0>�4�
	<���4�X�?�^�?�4�"����*+� �"!9�A�X�?�U�R� ��� �
�����_�'�f���1�c�d�U!�#�� */*
�10'�b��� �h0>���/�
���10'�Q���n�?�U�R��&>� ��*/0>�1���?	<� ��!���� �
���R� � rdy � &A� ~ �P���R�����-�R�Q���9W���*�:P�'	�0>� �"�n#S0'�4�
	<�
� �A*7�
	<0>� *���	T�����������R� �-*E	<!-���+���10'��*E	<�A*��K0'��*/�RW�� �-*S�������U!�#�� */*
�10>� � ���P	<0'��&K�)&�:�?$%$A'L A
��# <�� �D	<�I��0'#�W��?�����1*N0'���>�1*N*/0>���1�����  �� � ���M ���	��(&�L � �A*G��#Y�������"*j���-*G����0K�"0 !�� �I���
	�0'��*
*���	,�?�H0-C�J�&�;����Y�4�"0'#��1('��� � ���PW�� ���<&+L����M�1�P����0K�"0>�>�1*N*N0'�4�)�4���10'�D���X�?�H0-C�J�&�;����$#S0<�
� !-�����1���?	�� � ���fW�� ���b���1���?	 &A� 3\�-*P	�!I�������10>��*$*/0'�4�Y�
	Z���A!A�-*P��0>��	E���br�y � ���c
'A

o
�

~ �A*%�
	<0>� *D���R�����-�R�-CQ*+��	G�1�X&��R�������P#%0'�4�
	����4�Y	<�-*+���-�����  ���#S���4�+Lk���������1*Y� �n���R�4�
����*o('�R�H���cW���*ALx�1�$�"��#���!�	Z�4�
��	<�$�+C�0K*�����!�	T�)('����Lk� �-*O	<�R���K0R	g�"*%���A*M��0'���A���4�
	Z�4���10'��*
���-*[�����4�
	<�A* � �������  �� �"!9#%��&'��!A���1('��� �h0�	��"�P*+��	 �s���?W�� �"&���	T� */�A*�:v�����P�R� ��� �
�����n���
zK
'A	=�#OL����.���)���Q� �-*G������*+� �"!-*G!�� �I���
	�0'���)('���A*>:DzK
'A =�# !-&���� ��#%���4���X���Y�����Y� #$?


�� % � 	�06��� *P ���	g���)�A�R�-Cw���-*p����	��"�-*_���u�?�H!A���4�
1
� ���u�?�H0IC�J�&K;����t���"0>#��1('��� � ����� �"!�<

s−1
&A� ~ �-*.�
	Z����*+� ���10'��*E	<���>�1�����  ��-*�L ��!������1�-*E����	F� �-*=�A0 �����4�1���4�"*%�d� � ����*N�"���?�RL */0>�4�

�A0'��*"�N���4�"�-*=�� ��-�O�?�U�R� ��� �
�����K�b�Y�����Y�����Y���Y�����Y���Y�����������Y���Y�����Y� #$#


��){ $D0'��!��U� *o�4���10'�
*�,.-0/.132.-4, ���_�?�H!�#��1*N*+� 0'�`���`�1�p	Z���1�[ ���	g�"�Q�A�Y���A*[����	<�R#S;A�
	��-*
��*N*N0'�4�1!-*�Le��0'��	:���-*���0'���>� ��� 0'��*$#M��&'��!A���1('���-*��s����W�� �A* �

Ap = 10
L@�
	Z��� �"*$��� ���?��*�&

�A�E�K0'��	l���A*%��0'���>� ��� 0'��*�#M��&'��!A���1('���-*
�h0�	��"�-* �
Ap = 200

L ��0 �?�4���?�U� !A* &�� ~ �-*E���R�"�
���I���-C�:E�'	�0>� �"��L ���O�����4�e�A�l�R�O#����U�1���RLd#%0>�4�
	<���4�:�?�^�?�4�"����*
� �"!S�A�7������� ��� �
�����%�'�Y���)�
�d�U!�#�� */*
�10>�n��� �h0>�������10>�n���n�?�U�R��&>� ��*/0>�1���?	<� ��!���� �
����� � r�y � &�� ~ �A*����������I���-C_�'�
W���*$#S0'�4�
	<���4��� �-*��
	<0 �1*���	s�?���������R� �-*�	<!-���+���10'��*�	<�A*��K0'��*o��W�� �A*D���_�?�H!�#��1*N*+� 0'� � ���
	<0'��&K�)& :=
�
'1'L 1O��#OLK�� ��-��:S&����������M���Sr�y � ���
%$A

o
�A� :%�'	�0>� �"�M���Sr�y � ���
1$A

o
�

3@�A*:�
	<0 �1*M	<!-���+���10'��*:*/0'�4�=�1�[	<�I��0'#�W��?�����1*N0'�D�>� */*N0>���)�4���  �� � ���� ���	g�(&�L@� �A*S�?#��������"*
���-*_����0K�"0>!�� �-���
	<0>��*n*���	D���U0-C�J�&�;����p�4�"0'#��1('��� � ��� W�� ���<&+L:�A�_�1�]��!-*/���+���  ��4���10'�
�A0'�U�U� *+� 0'�������U� �$���Q�����5��0K�"�Q#S0'� !-�����1���?	�� � ���_W�� ���X��� ����	�&�� ~ �X���R�����-�R�-CX���_�����4��:
&����������E#%0>�4�
	<��� �-*G	Z������0�	g�"* � �h0�	��"�S���+���  �� �"!�#%��&>��!A���)('���=*+��	 �s���?W�� �%�������  �� �"!)&e���
�A0'�������4�
	<����� 0'�����

O
L
N2

L
N2(A

3
∑+

u )
L��A�e���-*F!�� �I���
	�0'��*�L��K0'��	k�����=��� ��� �
�����%���

|I
'A	=�#D� ~ �D���������I���O���[#����U�1��� :�&����������D#S0'�4�
	<�$� �����-CD���D����0K�"0 !�� �-���
	�0'��*
:
������!�����	�&>�1������?$� � �K0'��	i���-*=r�y � ����%$A$�A� 1$A

o
� ���Y�����������Y���Y�����Y� #$!

|)A6?



� ��W�� �����A* �'&'��	��-*


��)
 $D�-*+��	<�A*>D � � �7� �����A*%�N���-CQ�d�U!�#�� */*
�10'�� �0'�U��#��1('���-*S�A�S���Q�?�U��� ��� �
�����D�'�n���)�D���
�1�w	Z���1� : ?$%6A'L A ��#O� ~ �-*P�N���-Cu�d�H!�#��1*N*
�10'�] �0'����#��)('���A*

η
*N0'�4�X�+C ��	T�?#S!-*n���

����0K�"0'��*A�U��#
−3
�)*
−1
Lk���[� �-*O�R� ��� �
�����-*

Zmax

���%=�#D� ~ �-*Y��0'����!A�-*D*N0'�4�E�
	Z���A!A�-*
��� �h0>�������10>�[���[���������>�)�A�

MgII
L��A�E� �-*�W���	V	��-*S�d�U��	V	<����	F�A0�	T	<�-*+��0>�������4��:P�?�H!I�-��	��

�TJ��K��� ~ � �a����������0'����!-�A*S���Q��0>��	,	�����	<!A*/���4�"�Q� �A* �a0'��	T��!-�A*S�4 ��I�����A*S��0'���>� ��� 0'��*
#M��&'��!����)('���-*>�s����W�� �A* �

Ap ≤ 10
&�L��A�E� � �"���[���D��0'����!A�-*S���� ���	g�E	<����	<!A*/���4�"�n� �-*

�h0�	��"�-*G�������  �� �"!A*M#M��&'��!A���1('���-* �
Ap > 10

&����Y���Y�����Y���Y�����Y�����Y���Y����� !�z

�� ? $D�-*+��	<�A* D �����7� �����-*k�N�R�-CM�d�H!�#��1*N*+� 0'�S �0>����#��)('���-*��A�����M�?�U�R� ��� �
�����.�'�����)�j�
����	9�

#%0K*�����!�	T�)('���O���[� �Q	Z���1��:$
�
'1'L 1c��#O� ~ �A*G�N���-CX�d�H!�#��1*N*+� 0'�$ �0'�U��#��1('���-*
η
*N0'�4�

�+C ��	T��#%!A*D���t����0K�"0'��*A�U��#
−3
�)*
−1
L��A�[� �A*$��� ��� �
�����A*

Zmax

��� =�#O� ~ �A*$��0'����!A�-*
*/0>�4�X�
	<����!-�-*c��� �h0'���+���10'�f��� �?�^�?���>�1�A�

MgII
L:�A�9� �-*9W���	V	<�A*_�d�U��	V	<����	Y�A0�	V	��-* �

��0'�������4��:v���U!-�-��	g�Y�sJ����K� ~ �B�a���9���P��0'����!-�A*D���v��0>��	M	<����	�!-*N���4�"�p� �A*��a0'��	V��!A�-*
�� ��-�D���-*M�A0'���>� ���10'��*O#%��&'��!A���1('���-* �s���?W�� �-* �

Ap ≤ 10
&S�A��� �A*E�'	<0 � �"�-*%���_	<0'��&��

�A0�	V	��-*+��0'�������4�=�R�-CQ	<!A&'	<�A*/*
�10>��*��H�?��!I���?	��-*=�A0�	T	<�-*+��0>�����R�4�"�A*-� ~ � �a���$���Y��0'����!A�-*
���� ���	g�%	<����	�!-*N���4�"�[� �-*��h0�	��"�A*G���+���  �� �"!-*M#%��&'��!����)('���A* �

Ap > 30
&A� ���Y���Y����� !$%


�� 1 � ���-C$�d�H!�#��1*N*
�10'�D �0>����#��)('���-*G�'�X���)�M�
����	T#%0K*�����!�	T�)('���O���$�1�Q	Z���1��:O
K
'1'L 1n��#YL
�
	Z���A!A*D�����h0'������� 0'�`���b�1�v�1�4��� �
�����b��0>��	G������(t0�	VW�� �"�-*$�>� �\!�	<���4�"�-*A� ~ ���a0'��	T��!-�
�A0'��*
�)��!�	<!A�Y�A*N�S� ��A$#P#M��	<*E|)!$!�{ �

Ap = 52
&A� �Y�����Y���Y�����Y�����Y���Y����� !K



�� # ���4�"����*+� �"!��'�����)�%�
����	T#%0K*�����!�	T�)('��� � ��	s�1*�:��?�U�R� ��� �
�������'��#M�-CR�?#���# �d�H!�#��1*N*
�10'�<&
���b�1�]	<��� ��:9
�
'1'L 1 ��#OLk�
	Z���A!_�����h0'������� 0'�p���p�?�^�?���>�1�A�n�
	T����0�	Z���?	<�

Kp

��0R	T	<�A*;�
��0'�������4�F���-C��
	<0>� *S������	<�-*=��	�!I��!I�����4�S�?�H0�	VW�� �"�M�A0'��*
�)��!�	<!-�K� ~ �A*=W���	V	<�A*: ���	g���)�A�R� �-*
	<����	�!-*N���4�"���4�E� �-*%���4�"��	� ������ �-*G�����A0>�)�d�����A��:�!K
��n�j�Y���Y�����������Y���Y�����Y� !$?


�� ! � � ��� �
�������'�c���)�O�
����	T#%0K*�����!�	T�)('���[���Q� �_	<��� ��:X
�
$1'L 19��#YLB�
	<����!-�$��� �h0'���+���10'�
���`���������>�)�A�X�
	T�?��0�	<����	<�

Kp

�A0�	V	��-*+��0'�������4�Y�R�-C_�
	�0>�1*�������	��-*Q��	<!-�A!-�����4�[�?�H0R	TW�� �"�
�A0'��*
�)��!�	<!A��� ~ �A*DW���	V	��-*M ���	����)�A�R� �-*D	�����	<!-*N���4�"���4�$� �A*Y�?�4�"��	� ������ �A*������A0'�)�'�����A� :
!K
��n�p���Y���Y�����������Y���Y�����Y�����Y���Y�����Y���Y�����������Y���Y�����Y� !$1

�e� | � �1�Q�
����	T#%0�*+����!�	s�)('���`���p�1�]	<��� �P ���	��"� �YzK
 (G���"0'W�	<�v|)!6!�z �
f10.7 = 146.8

L

Ap = 7
� ~ �-*Y��0>���4�"*M�A0�	T	<�-*+��0>�������4�E���-C_#S�-*+��	<�-* � � /�� � � ���Y� �-*S�
	<��� �"*O��� ���?��*

�A0�	V	��-*+��0'�������4�[�R�-C 	<!A*���� �N���"* *�,.-0/.132.-4,�� ~ �-*c� 0�*/�R��&K�-*[�A0�	V	��-*+��0'�������4�[�R�-C
	<!A*���� �N���"*%* ,.-0/.132.-4, *o����*p��!��������������A�u��� �"��#Y�K!�	<���
��	�� ������*]� �m	�!I�������10>�
���9��!A*o�������  ������ 0'�t�A0>���U� *+� 0'�������U� �K� ~ �-*$�
	T�1�R��&'� �-*� ���	�*_� �tW���*X*N0'�4�P� �-*c	<!A*���� �N���"*
*�,.-0/.132.-4, �4 ��I�9��!����������R�����b���t�"��#���!�	Z�4�
��	<�p���_���v�N���-Cf���f	<!-���+���10'�]���
A'L %$?d� ~ �-*M�
	T�1�R��&>� �-*M ���	<*D� �P���R�4�%*/0'�4�Y� �A*D	<!-*+��� �N�4�"* *�,.-0/.132.-4,w�4 ��I����!��K���"�
���R�����������"��#���!�	<���
��	��Y���%���Y�N�R�-C$���$	<!I������� 0'�$����A'LH{'1d� ���������Y���Y�����Y� |4zK{

|)A$1





� � $ � � ��� $ �'� ���%�-� ���

|���| 3@0�	T	<�-*+��0>�����R�����O���4�
	��[� �-*E�?���>�1�A�-*
Ap

�A�
Kp

� �d�U����	�;-* $D���4 �� ����� �Y��� �@��	g�
�����U� ��	
� |)!6!'|5&�&�� ���Y�����������Y���Y�����Y�����Y���Y�����Y���Y�����������Y���Y�����Y� z$%

zd��| 3 ��	Z�����"!�	s�1*"���)('���A*����A*i!�#�� */*
�10>��*,#S�-*+��	<!A�-*F����	 ��� /�� ��� � �d�U�R��	<;A*irB����������	Z�%���x�R�?�
� |)!6!$%'&�&Y�Y���Y�����������Y���Y�����Y�����Y���Y�����Y���Y�����������Y���Y�����Y� z$?

zd�Hz ~ �A*l	Z���1�-*e�4�����U�1*N!-�A*,�K0'��	 �1�%#S�-*+��	<�j�'� �h0'���S�A0'�4�������.���G�?�^�?�4�"��	9�h!�	�0'#%;��
	<� ��� /�� ���
� �d�U�R��	<;A*GrB����������	Z�Q���.���^� � |)!$!$%$&�&��Y�����Y���Y�����Y���Y�����������Y���Y�����Y� %K{

zd� % r'0'��	<�A�-*G�d�H!A�N��� 0>������&��$�4�����U�1*N!-�A*E����	 ��� /�� ��� �t�����Y���Y�����������Y���Y�����Y� %K{

%d��| ���������������G���-*l ���	s�)�4���10'��*l���!���-CM���=������� ����	 !�� �-���
	<0>���)('���=*���	x� �M��	<0<�B�����A*7	Z���1�-*�L
��0'��	=� �A*O��0'���>� ��� 0'��*�*����  ��R�4�"�A* <

f10.7 ∼ 100
L
Ap ∼ 10

L :p#��)�>�\�"��#���*[� 0'�A�R�
�A��:_�����X�1�4��� �
�����$���$
'A

o
� ~ � � � � �A*N��� �O�N���-CP�d�U��#�� */*
�10>�X �0'�U��#��1('���X��	T� *E�R�

#M�-CR�?#���# �'�[���)���d�H!�#��1*N*+� 0'�RL �A�.��0>����!����
photons.cm−3.s−1

���Y���Y�����Y� 
'1

{���| � ��W�� �I���O	�!-*+��#M���4�.�?�^�?�������������M�'� ���-C�*N0'�1���?	��S���,������������&'� �=*N0'�1���?	�����!���� �
���R�K*���	
�?�^�?�4�"����*+� �"!

η
�A��������� ��� �
�����

Z
�'�c#M�-CR�?#���# �d�H!�#��1*N*
�10'�Q���Q�1�n	Z���1�X	<0'��&��O�A�%�'�

���)�%�
����	V#S0�*�����!�	T�1('���D���$�1�X	<��� �M ���	g�"�KL !�#��1*N�-*E����	e���U0-C�J�&�;����Y�4�"0'#��)('���K�i�����Y� 1$#


���| � ��W�� �I���%	�!-*+��#M���4�F�?�^�?�������������.���S�����������  �� �"!S#%��&'��!A���1('���:*+��	@�?�^�?�4�"����*+� �"!
η
�A�F�?�U��� �

��� �
�����
Z
�'��#M�-CR�?#���# �d�H!�#��1*N*+� 0'�M���E� ��	Z���1�M	�0'��&��.���e�'�����)�:�
����	T#%0K*�����!�	T�)('���

���D�1�Q	<��� �M ���	��"��L !�#��1*N�-*E����	e�?�H0-C�J�&�;������4�"0'#��)('�������Y���Y�����������Y���Y�����Y� !$#





� � ���¬�%( � 	�� � ���%�

� ���RL �e� �/7j� L � =+��*N06�a�RL�r\��� � L��R��� �k��#��)���KL��G� < �G���
��0>��� �M���I�4�,��	�0'�'���+���10'�Y	Z�4�"�G�R���E�
���M����	����1��� �
������	�&��A���1���?���a�-�����10>�D	Z�4�"�%��*F�C�a��������� 0'�M06�B�
���%&��A0'#%��&'�������)�M�?���>�1�A�-* � � ����� � ~ L�� B��C	� 0@A?�/
��B
�]	'�%B�`	��� L ?�z$1�
dL\|)!6#$%d�

� 	<�R���a0<� � 	<������	<�KL � � � ��LC+������ ��	9� .B0"0e������L �%� �R� L 3\0'�'	��-*/���RL�$n� � ��L7����� � ��&'�����?L � �;< �  ��������4���10>�
�����Q��	<0�*+���-���"*,�h0�	@*"�"0�	V#
�q����#%����0R	T	<�-�����10>��*S�?���
��� �^�4�"��	T������� 0'���R� .B�2�h��	<�����A� �)0'��0�*+������	��KL n��N��B

 @N���%	��]	'�%B�`
����` !$A�z5�;!$A$!>Ldz$A$A�{��

� �������"� L �,� ~ � L.����� y\���?���K���RL
3e� �R��<
M1

�����
E2

�
	Z����*
� ���10>� ��	<0'W���W��?�H� ��� �-* �h0�	�*"�N���"�A* 0=� �
���?�
�
���

2p4
�A0'�)�>&'��	Z�4���10>�n06�7�
���

OI
�1*N0>��� �-���
	<0>���)�Q*N�I('�������A�KL��  
�
"$���=�� 5XJ\C?�/
�����P�*Z��]Zhn:�� �)*���

�r 
��	0���
�#��"�\C?�/
�'�8�P�P`���� L |-{�
�
dLB|)!$#$#d�
� ��	T�U�1��	 +���L �@��	�&���	VL=3l��L +����U�?�RL �R� ~ ��L �B0'�3=+��	��"*�L �j� L������ �G�����?���H�1��	qL��j��< � �
����	T#%0K*�������	T�)�[#%0>�����
W���*N�I�X0>�O*/���"�����H� �"���'	Z��&[�����N�RL nJ�5��B��C	� 0@A?�/
��B8`
���
` !5�"zK{dLB|)!$1$#'�

� ��	g�
�RL 3e� � ��< �G��	<�-�$WK0'�KJ�	<�-���+���10'��*�L nJ�5��B]\C?�/
��B8`�� L %�z6!'L@|)!$?�{��
�@��	�&���	VL 3e��L �k�)�����-��� ��L .���L��7�U�^L:$n��Lx�R��� � ��	V�H�1��	qL +�� < �^#Y��	<0K ���#%���4�M06�,�
������#����?	s�)�-��� �
����	T#%0<�
*+������	s�)�O#S0'����� � �;$ < � �;$�!K{��e�O�A0>#Y����	<�����  ��O	<�� ��1�/0 06�  ���	T�10>��*j�"��#���0�	<�R�� ���	T�)�4���10>��*7�����
��	<0K*��K�I���"*M���O*+��������&��-0>���-*"J$�������U�1�-�4���10'��*�L��  
�
"$���=�A 
X��C	� H��	'�$/�`����
` |)?'|2�
|)1$#>L\|)!$!6#d�

��� ����� J-L � � ~ � L .B0'W������I���RL � ��L ����� � �1�A�AJ���!KL �.�0< �,��#S��	s�)�-��� #S0'�������U����&n06�,*��K0�	Z���>�)�X�10>�X0>�4� �'0"0
�� ����4�"*i��W�0K �� � �Hr 3 � �=L��  
�
"$���=�2 
X=n:��)6 2�[@A?5	�"$���:�
�
� 
5	�"�"$	'����"$�!�
��\]?�/
�'�8� �'`�� � L�z61$%@�"z6#K
dL�|)!6!$?d�

�@0'��������	<���?���KL � � ������3@0>�����-*�L � �4<4���4�"��	 �h��	<0'#S�A�"��	 0G� �
�[�A0>#Y�K����*/���"�-� �'���1� �h0�	 +�0'��	s�1��	k�
	Z����*;�
�h0�	T# *��K�I�+�
	<0�*/�A0'��JAL�� B \C?�/�B�`�� � L�z'L@|)%�{<�
|)%6#'L\|)!6?$%d�

��	V������*�#%�RL'r@��L �=���������U� ��	VL �j��L>�R��� � ��	V�U� ��	VL +�� < �=��� � ��$��az$A$A$AE��#����?	s�)�A�R���
����	V#S0�*+������	��D#%0>�����
0G� �
�X���/0 ���4�N�O��*/*
�?#��?� ����� 0'�D�������A0'��*"�
	Z���?�4�"*G�4�G� 0"0e��	FW�0'��������	gJ�<d���A����	<���+JD�����P��	�0'����	����1�A*AL
�  
�
"����
�N 
X&n:��)6 2��@A?5	�"$���6�=�
� 
  ��#��" Z 
5	�"$"�	'����"$�#�=�b\]?�/
�'�8� �'`"!#�
` |)AK
$%@�
|)A61$A'Ldz6A$A$%d�

����	V��*�L � � �j��L �e����� �A���RL �S� ~ � L��R��� .B0>W�� �KL .�� �j� < � �
���-0�	T� ���)�A�R�i*"�
���KJ906�=�
����	T#%0K*�������	T�)�_�A0>#>�
�K0�*
� ���10>�u����	g�
��	VW��4���10'��*P�'��	T�?��& �R�u�?#������ *
�  ��9&��-0'#%��&'���A���1�9*N�"0�	T#OL$� B%�C	� �@A?�/
�%B&�]	'�%B�`%'�!,`
|-{dLg|-
�{<�
|-{dLg|"?$1'L |)!$!'|��



�k��W��U�10K&'	Z�������1�

����	V��*�L � � �j��L �e����� �-���RL �%� ~ ��L �l����&dL<D � L 3@��	s�1&'�����RL �j�-.���L������ .�0'W�� ��L .k� �j� < �i�-0'#%��&'���A���1�7*N�"0�	V#
� �\�-���"*7�?�=�
���E� 0"0 �i�"0�#��)���'� �2�o�1�4��� �
�����E��������	��
����	V#S0�*+������	<��L � B��C	� �@A?�/
�%B �U	'�%B8`�� ��� ` |-{dL ?61$%@�
|-{dL ?6!'|�L\|"!$!K
��

3k���R#�W���	V�1���?�RL6�R� D � < � �4J�*
�)��*l06���
���.����	<0�	<�%�����E����	<&'� 0)0SL�� �H��	�"$���5���� ����=���C	� �@A?�/
�����P���'	�"���	P� L �i�20
�B0�	 = � �A������#��1� � 	<�A*/*�Lx|)!$?'|��

3k���R��#%�R�RL�r@� < �G���j��W�*N0R	T�4���10'�.�R���M�>� */*N0>���)�4���  ��,0�	�� 0'��� �4�?��&=� �B�I�+�x06�\#S0'��0>����	�0'#M�4���)�.	Z���>�)�4���10>�
���]�R�]�4�
#%0�*+������	��v0'�]� 	<0��N��������&u�I��	g�
� � � ��	���� � �F	Z�5������& �������1�������A��L \C"$ H��	�	������01��o 5X*��?5	
\C?�/
�'�8�%�=� 
  H���#	2�#/�`	��� Ld{'#$%@�q
'A'|�LB|)!$%'|��

3k��� 0K�+L>+���L ~ ���
��������� ;�	<��L,3e��L ~ ��� ����*"�"���RL �R��Lj����� D � �N��*N*/��L (��7< �G���
OI

?$%$Ad� Aw��# �����]
K
'1d� 1
��# ���AJ�&'� 0)0 #S�I��*���	��I�pWAJ�D � � �7� �������b#%0>����� �I�pWAJ ��. � �kr 3 � .kL n:�5��B �C	� 0@A?�/
��B8`"� � L ?'L
|"!K{'1@��|)!$?$A'L>z$A$A�{��

3k��� 0K�+L +�� L ~ �4�
�����?�U� ;�	<�KL=3l� LB�R��� ~ �?� ����*"�"��� ��L8�R�4<0�^���B�������A�Y06�e�
���O&��A0'#%��&'�������)�Y���+���  �� �sJ$0'�$�
���
OI

?$%$Ad� A$�����[
�
$1d� 1P��# ���AJ�&>� 0"0SL � B"�C	� �@A?�/
�%B
�U	P��B L ���-�A���4�"!��

�l0 ��	T����&dL �R� � ��LF����� �F���1�4�)�A� =KL � � � �!< � W�*N0'���4�"�9�>� �B��	����4���)�����R��� ���4�"�-&'	<�R�i��� �I�+�
	<0'�v�
CK��� �N����� 0'�
��	<0�*N*=*/�-�����10>� �h0�	l���"0'#��)��0-C�J�&���� �

VII
� �G���

3 � � 1 � �����
3 � � 1 r_�
	Z����*+� ���10'��*>�a	<0'# {�� A[�"0 %$A

� � L�� B �C	� �@A?�/
�%B
�U	P��B8` '�� L@|-
�{d|�L@|"!$#$!d�

�l0 ��	T����&dL'�R� � � < � W�*N0'���4�"�=�>� �\��	<���4���1�R�������$���4�"�-&'	<�R����� �-���
	<0>�M�+CK�4� �N�4���10'�M��	�0�*/*e*N�I�+���10'���h0�	����"0'#��)�
0-C�J�&���� �

XI
���^#���	�0K ��I�X��	<0K*/*=*/�-����� 0'��*>�h0�	x�
���

3P →1 D
�
	<�R��*
� ��� 0'� �a	�0'# {�� A$�"0 %$A[� � L � B

�C	� �@A?�/
�%B �U	P��B8`"' � L@|)!�
'%'|�LB|)!$!�zd�

� ����	<�����@��L �%�&< � �
#S0�*+����;�	��-*����1����!A�N���?	<�A*AL �(	������WZ ��� � 
 �0�������� ��,� L�z$A$A$A'�

+������ ��	9� .B0"0e����� �%� �R� L�3\0>�'	<�-*/���RL $n� � ��L�.B0'W�� �KL�.k� �j��L.����� . �)����#S0'���dL � ���.� <B7k0"0 ��0 �-*P�
���
�
����	V#S*�������	<�%�R���$�10'��0�*+������	���	��I�����l�"0Y�M&��A0'#M��&'�������)�G*N�"0�	V#���L �T�%14�5	����8� 
 �� 2"$)D�'` �C	� 0@A?�/
��B
�r 
�5 �14"iB 
 	�";B�`"'�� L�z$A$%@�az�zK
dL�|)!$!61d�

+�	<�I����	T�1� =�L �R� � ��L .i��*/���RL �.� D � L � �)���"0�	VL �j� � ��LxrB����	T�RL D � � ��L47k�AJ�*AL � � �e��L ����� ��	s�?�4�"0'�RL 7:� 3e� <
�G���

OI
�
λ5577 	 &%���?	<&>� 0"0 <B0'W�*N��	g ������ 0'��*S�R���P�
CK��� �N�4���10>�n#%�-���������1*+#OL � B��C	� �@A?�/
��B"�U	P��B8`

��� L %$!�z6%'L\|)!61$?d�

+�	<0 �-*N�2�/+>� *�����	qLC3l� L.����� rd�R���RLC7j� � ��<�$Q��� ���1�A0'�)�>&'��	<����� 0'� 7k��	��
	��-�/�/+�0'�3=u	<�-*+��� �"* 0G� �
� ��	T� �A���
� �R���H�k�A0�	V	��I����� 0'��*��h0�	>�h0�	TW��)�������`�
	Z����*+� ���10'��*Q���`�
���

2p4
��0'�)�'&>��	Z�4���10'�RL \C?�/
��B��U	=��B�n�`�� � L

%>|)?$!'LB|)!$#$%d�

|�|Iz



�k�?W��H�10�&>	Z�������1�

+������ ��	9� .B0"0e�����?L��%� �R� L
3@0>�'	<�A*o���RL $n� � � LB. �1*+��W����
�RLC7:��L $D0 �B�A�a�+L .�� �R� L:�R�����M���-&����RL7r@�;< (M�
�
���c*N�I��*/0>���R�F	<�A*��K0'��*N�`06�=�
���c�
����	V#S0�*+������	��9�����w� 0'��0�*+������	<�n�"0t&��-0>#M��&'���A���1�n*N�"0�	V#S*�L � B
�C	� �@A?�/
�%B �U	P��B8`�� � � L'z$%K{'%@�az$%K
'%>L\|)!$!6?d�

�k���1�����dL�$n� L ~ �?� ����*"�"�����R��L �@0'��W�� �R��� �.��L �R���[r>J��  ��-*"�
	<�KL4$n��< �G���O�10>��0�*�������	<��06� �G� �N�R�	<��)���-�R�
�>����	V����� �R���n��0>���
��	V�����>�-��*/�A*AL � �%�0"i���P`"��� � ` !Kz@�
|)A�
dL\|)!6!$!d�

�F��W���	V#%�R�RLRr\� ~ � < �=���M��	<0>�'������� 0'�E06�
O(1S)

�a	<0'#m�>� */*N0'�4�)�4���  ��E	<�-�A0'#�W��?���4���10>�M06�
O+

2

L � �
�;�
"�	�`
� � � L'{$A$#'L@|)!6#$1d�

�F��W���	V#%�R�RLRr\� ~ � < �=���E��	<0>�'������� 0'�M06�
O(1D)

�a	�0'#m�>�1*N*/0>���1�����  ��E	<�I��0'#�W��?���4���10'�%06�
O+

2

L \C�#�=�5	2�;B

 @N���%	 
 ����B8`
� ! L'{'1'L@|)!6#$#d�

7���J�*AL � � �e��L 3@��	T� &'�����RL �j� L �i�������I�KJAL �e� 3e��L�rB����������	Z�dL �j� �j��Ld������Dt��� =���	qL � � 3l� �j� < �=���S ��1*
�?W�� �
���?	�&'� 0"0 �+C ����	T��#%���4�70'� � �
#S0�*+������	�� � C ��� 0�	<��	qL �]�
���� 
 �%��B8`	� L %$?6!'L@|)!$16%d�

7���J�*AL � � �e��L � W�	����RL � � �R��L\r'0>� 0'#S0'�RLBr@� 3l��L@����� �\�A�KL=�R� �/7j�0< �=���� ��1*
�?W�� �$����	<&'� 0"0 �
C ����	T�?#S���4���
�[	<�A �� �20SL \C�#�=�5	2�;B 
 @N�
��	 
 �%��B8`
� ! L�z'|2�;%K
dLB|)!$#$#'�

7k�-���
�RL �.�-+�� LB�R���Qrd����� �-*
�?��&���	qL �e� $n�4< �=����$D&Pz$#6Ac��# ��0'��W�� ���G��*S�P#S0'��� �"0�	�06�F��������&��A*E���
*N0'� ��	e��� �
	<�� �� 0'� ���S�?	T	Z���>�)�����A��L � B��C	� �@A?�/
�%B
�U	P��B8` '�� L #6?$1�z@� #$?$#�z'L�|)!$#6?d�

7k�-���4�+L'�R�-7:��L �.� �R�Kr>�
	s�)� =��1�����dL � � �e�*3k��	T� *N�"����*/���RL �.� 3l� �i�AJ�*N��	qLK�R��� Dt��� �"��	<*/�������)�dL .k� ~ �#< ~ 0"0e��	
�
����	V#S0�*+������	T�1�M�A0>#Y�K0�*+� ���10'�������R��&K�-*7����	T�  ��I�	�a	<0># 0'�4���1�-���������Q	Z������	@�����N�M�N� =
���Y�4�,r'0'���'	<�
r �
	<0'#>� �a0R	<�]�'��	s�?��&v�
���`&>	<�I�4�Q#%��&'���A���1�c*"�"0�	V# 06�	+���W�	T����	�JALG|)!$#$?>L � B&�C	� �@A?�/
�%B �U	P��B8` '�!,`

$1K
'1@�q
'1$1$?'L�|)!$!>|��

7k�-�>�?�RL � � � � < � 	<�A �� */�-�P�
����	V#S0�*+������	s�)�P#%0>�����BW���*N�I�n0'�n#%��*/*S*��K�I���
	�0'#S�A�"��	j�����`�?����0'����	����4�
*/�-�4�a�"��	k���4�N� <&$$r&�Hr �;#6%'L � B��C	� 0@A?�/
��B �]	'�%B�` � �=` |)A'L |)1$A@��|)A'L |)#$#'L�|)!$#6%d�

7k�-�>�?�RL � � � �)< � C��"����*
�10>�E06�@�
��� $$r&�Hr��
����	V#S0�*�������	<�O#S0>�����R�?�4�"0Y�
����#��)���'� �S�����X� 0"0e��	 �4�
#%0K*;�
������	<��L�� B �C	� �@A?�/
�%B
�U	P��B8` '�! L@|K|I
'!@��|�|)1�z'LB|)!$!'|��

7F������L�r@� $n��L�r'0>� 0'#S0'�RLkr@� 3l��L 3k� �I��	�JAL��.���.� L��R��� ��	�0����6�h0>0K�+L � � ~ � < �@��#�����	Z�4�
��	<�P�������������R�����
0<���
���X	��I������� 0'�

N2(A
3
∑+

u ) + O
�?�D�
�����"��	T	<�-*"�
	T�1�R�>�
����	T#%0�*+������	��KL	� B��C	� 0@A?�/
��B	�U	P��B8`�� � �
`

|"A'L ?>|I
<�
|"A'L ?6%$A'L z$A$A$A'�

7F�����H�)��	<�dL .k� ~ � L,����� rB����������	Z�dL �j� �j�+<4D �)���/�"����&'� � $X�1������� */0>� �?�4�"��	9�h��	�0'#%���"��	C�h0�	Y#%�-��*+��	T����&
�l0>����� ��	e�H�?���C0G�)�K�
��*�L�� B���@&�;B 
  H�0BHnJ)WB8` ��! L %6?�z@�;%6?$!'L\|"!$?$?d�

7F���4�"��	��-&�&���	qL 7j� � � L +�� =����?L �j��L������ �e�?� *N0'�RL �e�-.�� < (MW�*/��	� ��4���10'��������	<�2�h��	<�����A�A*S�����P#%0>����� ���4�N�
0>�O*N0'�1��	 � ��� L �a	<0'# #%�-��*+��	<��#%���4�"*S0'� � � � � L �C	� �@A?�/
�%B
�U	'�%BC��	��i�;B�`	� L |�|I{'1'LB|)!$#'|��

|�|)%



�k��W��U�10K&'	Z�������1�

�����A�����1� L ~ � �j��< .B�� ��1*N�I�v*N�N�4���)�9#S0>����� *O06�G�
���P�
����	V#S0�*+������	��9�����p�+C�0�*+������	�� 0G� �
�9��#Y����	T�)�A�R�
�"��#Y�K��	<���
��	�����	<0<�B� �-*�L�
 @b	0��B
�U	 @ B�� � ��` 
 )*����?,�� ���BAn�����"� �@A?�/
��B �:I,��	�"iB8` $$�AJY
dL@|)!$1>|��

�e���?���RL �.� �R��L Dv���U�U�  ���	qL �%��L+$$�67k��	<&dL+$n� �j� L 3k�����RL +�� �,� L �@0'W�� * =+� D � �,��L:����� �  �����*�L �.�!<
3k�U��#M�4�"0'� 0�&KJ_06�M�
C��
	<��#%�v��������	%�4�
#S0�*�������	T�1�v���-��������&]�� ����4�"*�L n��N��B 
 @N�
��	 �]	'�%B�` �?�]��	��-*N*AL
z6A$AK{��

~ ���4�"0�*�L � ��< ~ ��r'0'� ���?� �����s����� � ~ ��r'0'� �����R�A�%� �-*E	<���1�4���10'��*Gr>0'� ���?� � �@��	T	<��L �T���[�' ���` |)!$!$1'�

~ �4�
�����?�U� ;�	<�KL 3e��L $D���4 ��1����� ��L $n��L � #%��	s�^L �S��L �@0�*/������	qL �.��L �@0>��&���	��A�+L4�R� � ~ ��Lk�R��� ~ �R�4�"0�*�L � ��<
$D0>��;�� �-*�LS����	<�R#S;A�
	��-*_��� !-*P���`�����>�)�A�A*P��� #S!A�"!-0�	�0'� 0�& �1�t��� �?�H�-*+�������KL �l0>����#S���4�_	<!-�>�1&�! :
���U0>�-�A��*
�10>�����Y�?� � �"���H�1��	�$D!��"!-0�	<0>� 0�&>� �E���Y��� � *������A�M��� �F	<����0'W�� �O� �-*,#@�;! �k0K ���#YW�	<�D|"!$!'L !I�>� �"!
����	 ~ �4�
�����?��� ;�	���3l�d�A��$n�&$D���4 �� ���U� �KL �����4 ��1��	iz$A$A$Ad�

~ �4�
�����?�U� ;�	<� 3e��L �k�R��� �+L D � � ��L ~ ��#�W��R�U�1���1*�L �e� L�.�0'����0'�RL��=� �R� LF�����fr'0>��������#OL �e�-7:�7< �l0>����� ��	
�"��#Y�K��	<���
��	��-* �a	<0># ( �

1
� &e����	<&'� 0"0 ���S�
���=���AJ4����#%�7�
����	V#S0�*�������	<�S��*e0>W�*/��	� ��I�$W�JS�
��� D � � �

�^#%��&>����& ���4�"��	 �h��	<0'#S�A�"��	 � D �����7� � &k0'�=�
��� � � .\rX*/�4�"�����H� �"��L n:�5��B��C	� �@A?�/
�'�8���
	%`�� � L�z$A6%@�"z'|Iz'L
z6A$A�zd�

~ �4�
�����?�U� ;�	<�KL�3l� L,����� $D���4 ��1����� �KL+$n�!< D �����7� ���
����	T#%0K*�������	<�9�"��#Y�K��	Z�4�
��	<�]����	g�
��	VW��4���10'� �h0R	
#%��&'���A���1�-�����1��JD�������  ��E*+� �
������� 0'��*AL�� B"�C	� �@A?�/
��B
�]	'�%B L\���X��	<�A*/*�LBz$A$AK{��

~ �-�R�RL �R��L � ������0>0K*+� ��	qL $n��L ��	T���I�3=�����	qL �j� L>�R��� � 	s�?�5��L �.� <Rr � r&� $ � � � .\rQ0>W�*/��	� ��4���10'��*F06�@�
���
|Iz$AD�"0 %$A6Ac��# ���-C$ ���	s�)�4���10'��*G�'��	s�?��&��
���[#%�ICR��#Y��# 0<���
����*/0'� ��	k��J���� ��<@���)�h��	������A���h0�	k�
���
|K|��qJA�I��	@*/0'� ��	k��J���� �KL �C	� �@A?�/
�%B
�U	'�%BC��	��;B�`"��' L�z�z$A6%@�"z�z6A$?'L\|"!$!�zd�

~ �-�R�RL �R�&< �G���E*����R�H*: ���	s�)��W�� �D	<���>�1����� 0'�Y�R���Q� �"*S	<��� �A ������A�C�h0�	x�I��	��
�RL nJ�5��B��U	=��B& 
X4n-����"� ��5 �)9/
�=�
�6n-����"� �@A?�/
�'�8�P�P`	���
` %6%@�;%$1>L\|)!$!61d�

~ ��� ����*N�"���RL �R��LR�R��� ��� ����� JAL � � � ~ � < �:�Er'0>� �����<:O�1� �@��	V	<��L \]"�	'�[��	��C�5����	�"G�����F�
�#"$	^��	 �C"�	��5 �I5�#	 L�|)!6!$!d�

~ ��� ����*N�"���RL � ��L �B06�a#M���RL D � L D � */��#YWK��	�&dL=�R� L�(E	<�R�RL � �Ur\� L ����� �l�A �0�	<��L 3e�-.�� < �)0'��� �A����� 0'�[���	�
�4�1������JY�'���M�"0P��	s�?#%��	�JY�����$*/�-�A0'������	gJX����0��"0>��� �I�+�
	<0'��*�< � ����#%��	T�1�-���d#%0>������L nJ�5��B �C	� �@A?�/�Z
�'�8���
	%`�� L #$%5�;!$A'LB|)!$#$!'�

~ ��� ����*N�"���RL=�R� LB�R��� ��� ����� J-L � � � ~ �0< �=��� � � 3 ����� +�z9����	Z��#%���"��	<*M��*=�
	Z���A��	�*M06�e�
���Q� 0'��0�*+������	<�
�����b�
����	T#%0�*+������	��KL �  
�
"����
�� 5X�n:��)6 2��@A?5	�"$��� �
�
� 
  ��!��" Z 
5	�"�"$	P����"��#�=��\]?�/
�'�8� �'` ! �
` 1$1�
<�;1$!6%'L
z6A$A�zd�

~ ��� ����*N�"���RL �R� L>�R��� �@0�	T����	<���?L �R� <>r'0>��*S� �A* �h���-C$�'��r>0'� ���?�6� � ��	<*%�����Y#%!��"!-0�	<0'� 0�&>� �E���O�?�H�-*+�����A�KL
�C"�	��5 �I5�#	 
 ���#	��
��	P�'` z$A6A'|��

|�|-{



�k�?W��H�10�&>	Z�������1�

~ ��� =KL .�� < � 	<0>� =��A�e0'W�*N��	g ������ 0'�S06�B�
���>?$%6A$A 	 �M
�z$A$A 	 �?�4�"����*+� �TJO	Z�4���10D�?�=�
���=���AJ�*+�1���G�R��	�0�	Z� <
��#Y���H�)�A����� 0'���h0R	 �
���$��	<0>�'������� 0'�O0<� ( �

1
� &j ��1���
���$	<�-���+���10'�

N(2D) + O2 → NO + O(1D)
L

�C	� �@A?�/
�%B �U	P��BC�
	2�i�;B8`�� � L�z�zK
'L@|)!$#$%'�

$$������	Z��� �"rB����	T#M�RL�.���<7r>0'�1��	E ���	T�)��W��?�H� �sJf0<���
���t�4�"0'#��)�b0-C�J�&����t&'	��-�����U�?���v��#�� */*
�10'��*9���]�
���
#��)���'� ���R���c� 0"0e��	x�
����	V#S0�*+������	��KL � � � �.� �G���-*
�1*�L��B0�	 = � ���  ���	�*+� �TJAL z$A$AKzd�

$$������	Z��� �"rB����	T#M�RL .���LK�����ErB����������	Z�dL �j� �j� < ~ 0'��&%�"��	V# *N0'� ��	d ���	s�)��W��?�U� �TJ706���
���.���AJ4����#%�:���"0'#��)�
0-C�J�&���� � (

1
r &���#�� */*
�10'��	Z�4�"�%�?�G�
���%#��)���'� �G�R���D� 0)0l��	��
����	V#S0�*�������	<��L�� B �C	� �@A?�/
�%B��]	'�%B�` |"A$!'L

� %'L � A$%6%$A$%'L@|"Ad� |"A�z$! �Kz6A$A$%$� � A'|"A'|)#$%'L z$A6A$%d�

$$���4�N��*�L �j� � � < ~ ��	<&��B?6%$A$A 	 ���?	�&'� 0"0 �?�4�"����*+� �TJY�����������A��#%���4�"*.0'W�*N��	� ��-�Q�?�$�10'��0K*�������	<�O���-��������&
�
C ����	T�?#S���4�"*G��	<���+CK�4� �"�I�_WAJ��
����	T#M��� ��� �-���
	�0'��*AL�� B��C	� 0@A?�/
��B �]	'�%B�`"' ' L #$!$!$%>L\|)!$!�{��

$D��� ��	VL=.��-.�� < � � �
	Z�4 ��10>� �A�j*+���I�+�
	<0�*/�A0>�AJD�R���P	<��#%0��"��*N����*
�?��&�06�x�
���D�����K��	i�4�
#%0�*+������	��KL�
 @N�
��	

 ����B
�]	=��B8`�� � L\|�L |)!$!'|��

$D���4 �� ���U� �KL $n��L��R��� �@��	��
�����U�1��	qL � �4< �=��� �=�a����	s�  ��I�_���1�����A�N��	gJQ�?���>�1�A�-* < ���-*/��	s�?�4���10>�[�R���P�4 ���� �
� �RW����U� �TJAL �U	,����	�� �D 5X �C	� �@A?�/
�����P�P`���' Ld{'|I
dL@|)!6!'|��

����	Z�AJ-�R�����RLB.k� L �l�A*o���^L � ���:��L $D0>�>�^L �:� �j��L�.\��&'���4 ���	Z��0dL�.���L.�R��� rB	s�)�'����	<�R�RLB.k��< �e�AJ�&>� 0"0
����0��"0'#%���
	�J	<��X���20 �R����	<0������RL n(@5@A����	�� �(@&���8� � � � L�z'|)%6#@�"z'|-{�z'L�|)!$#$!d�

(M���R��L 3e� �e��L � �A�"��	<*N0'�RL D � �j��L������ �@�-���sJAL � � 3e��<.$D�I��*���	���#S���4�.06�k*N�I�A0>������	�J"�q��� �-���
	�0'�$*+���I�+�
	Z�
��	<0>�'���A�-��W�JS��� �-���
	�0'�Y��#Y�������F�10'��� �-�4���10>�%06�B�Y����#�W���	 06��*+��#Y��� �G&���*N�-*�L � B� 
X � ?5	�)>B4\]?�/
�'�8� �'`
���
` {d|)A6A@�a{d|"A$?'L�|)!$1'|��

(M	Z���RL � �Ur\� Lj�R���ur �
	T�)�3=�� �R���dL �.� � �+< � ��0��"0>��� �I�+�
	<0'� ���-Cw�?�9�
���9�I��	��
�R�H*_�10>��0�*�������	<��L \C�#�=�5	2�;B

 @N���%	 
 ����B8`���! L\|�|)?'|���|�|)1$1>LB|)!61$#d�

� �?����	qL ~ � �j� < .��-�� ��R�U������� 0'��06�F�
���O�
	Z����*
� ���10>�"��#S0'#%���4�
�a���������10>�Q����� � ����*N�"���?�Q�A0 �����4�1���4�"*��h0R	
�
���

N2(A
3Σ+

u − X1Σ+
g )

�
	Z����*+� ���10'�RL�� B � ?5	�)>BC\]?�/
�%B8` ' ' L %'|"1K{dL@|)!6!$%d�

.\����&���	<�(�"���RL �j� �,�.<.�^���>�)���-*70<�k&K�-0'#%��&>���A���)�%���+���  �� �sJAL��?� �i�A0'#M��&'�������1*+#OL � �
�� �I,�f�0������	��
"�` %Kz$%@�
%6#K{dL � 0'�?� %'L � �-������#��)� � 	��-*N*AL ~ 0'����0'�RL�rd��� �j�1�-&K0dL |)!$#$!'�

.B��W���	�3l� � ��L �k	<�A ��4�
�����RL43l� � ��L $$� �i�I���?L .�� �R� Lk�R��� ~ �4�
����	VL $n�-.���< �G��� � ���K��	 � �
#S0�*+������	T�1�
.��-*N�I��	<���Drd���"�����H� �"� � � � .\r &M#��1*N*
�10'�RL�� B"�C	� �@A?�/
��B
�]	'�%B�` '��
` |)A'L ?K{'%@��|)A'L ?K{'1'L |)!6!$%d�

.x�1������	<��*AL � � �j� Lj�R��� �\0R	T	qL �.� �j��< � � �?�4 ��A*N��� &������ 0'�v06�E�
���9�A0'��*
�1*"�"�����+Jf06�%�
���]�10'��0K*�������	T�)�
#S�I��*+��	<��#S���4�"*.0<� �
���O����0K�"0 ��� �-���
	�0'� ���-CO������*N0'� ��	 � ��� ���-C>L � B	�C	� �@A?�/
�%B��U	P��B8`
��' L>
'?KzK
dL
|"!$#K{��

|�|I




�k��W��U�10K&'	Z�������1�

.x�1������	<��*AL � � �j��L�+������������ J-L
�R� � ��LG�R��� �@0�	V	qL �.� �j� < � ��� � 3�< � *N0'�1��	 � ��� ���-C #S0'�����4�h0R	
����	�0'��0'#��)�E�A�R� �����1�4���10>��*AL�� B"�C	� �@A?�/
��B
�]	'�%B�` '�'=` #$!$#'|2�;#$!$!Kz'LB|"!$!K{��

.B0>W�� �KL .�� �j� L7�R��� .x�1�'� ��J-L � � 3l��< � �
����	V#S0�*+������	<�/�o� 0'��0�*+������	<�/��#S�-*N0�*+������	<�]��� �I���
	�0'�KJ�����#��)�A*
&K������	<�R� �4�?	<�����1�4���10>�Q#S0'����� � ��� $ � � �43 $ &+< � ('������0IC$*/0>�1��	i�+J���� ��#��?���?#���# *
�?#����1�4���10'��* � %$A@�

$A$A	=�#C&�L �C	� �@A?�/
�%B
�U	'�%BC��	��;B�`���� Ld{d|)15�a{�z$A>L\|)!$!�{��

rd������� =KL .k� D �.<&$$�4�
����#%�4���)�-���R*"�
	V�����
��	��Y0<�i�
	<�R��*+��0�	g�7�I('���4���10>��*,�h0�	e#Y��� ���1*+���I�4�1�A*!�>0"0j*AL �]	=��B
 5X �C	� �@A?�/
��B �
�
� 
 @N���%	*\]?�/
�%B�`	� � L�{�z$!5�a{�{�
'LB|)!61$1d�

rB����������	Z�dL �j� �j� L,.B0'W�� �KL,.�� �j��LFyk������&dLkr@� � � ��L $$� ~ �R���'	��-*N*AL 3e��Le����� D �1����*AL,.�� 7:� < �G�1���R�
�����B�������A�S0'�D#��)�'�1�4��� �
�����S���?	<&>� 0"0 < 3@0'#�����	s�1*N0'��06�@*/�4�"�����H� �"�%�R���O&>	<0'�����<�oW���*N�I�O0>W�*/��	� ��4���10'��*
0G� �
� �;��$ � � �43 $ ��	��I�>�)�+���10'��*�L�� B��C	� �@A?�/
�%B �U	P��B Lx|)A$%'L\|I{'1K{d|KL\|)!$!6#d�

rB����������	Z�dL �j� �j� L �G�����?���H�1��	qL �j� L �k����� �+L$D � � ��L r'0'�U�����?#YL �e�97j� L 7k��	<*N0'#YL 3l� L � �U�������^L �R��$n��L ��	V���RL
�R� �/+���L ��	T�����KLdr\� L 3k����	T� 0K�+L � � L 3@0K&�&���	VL ~ � ~ ��L �l�-*/�R���H�?���1��	<*�L �.� � ~ ��L �  ��R��*�L D �9+�� �R� L �e�?	�0'�dL +�� L
�k�4�a���?��&K��	qL .k� ~ � L 7k��	� �� �-��L �.��L 7,��#YL .��-7:��L �i�������R�U�?L �.� �R� D � L ~ � �/0e���U� J��RL � � �R� L ~ 0"0e�KL .k� � � L
(M��	��+L �R� L � ��*"�"��	T��� =�L�+���L � ���?�U� �A�+L (���L � 0"0l������L7� � L .B0>����0'�RL	�=��L Dt��	<�dL D � � � L D � ����*�L .k�97j� L
�����	D ��#Y�K��	s�1*�L �R�&<*D �����7� ��L �
��� D �?���
�^#M��&>�?��& ���4�"��	 �h��	�0'#S�A�"��	i0'���
��� � ������	 � �
#%0�*+������	��
.��-*N�I��	<���Drd���"�����H� �"�KL�� B"�C	� �@A?�/
��B
�]	'�%B�` '�� L@|)A'L 1�zK
@�
|)A'L 1K
'A>LB|)!6!$%d�

rB����������	Z�dL �j� �j��L .B0'W�� �KL .�� �j� L $$� ~ �R���'	��-*N*AL*3e��LK������Dt��	<�dL5D � � � <)D � � �7� �I0'W�*N��	� ��4���10>��*k06���
���

K
'#Q��# ��#��1*N*+� 0'�X���Y�
���$� 0)0l��	x�
����	T#%0K*�������	<��<'�
���$�����B�������A��06���KJ����R#��)��*70'�O�A0'#���0K*+� ���10'�RL
� BNn:��)6 2�%B 
�	�"$";B \C?�/
��B8`���'=` ?�
�
<�;?6?$1'L\|"!$!$1d�

r�����&'�RL � ��L;$$� �e������L!�g� 3l� LFrB����������	<�dL �j� �j��Ljr>0'�������?#YL �e�97j� LF����� Dt��	Z�dL D � � �7< �=��� ( �
1
r &

����J�&'� 0"0 ��#�� */*
�10'�[��*G0'W�*N��	� ��-�`W�JD�
����D � � � ��#M��&>�?��&n�?�4�"��	 �h��	<0'#S�A�"��	e0'�D�
��� � � .\r\L nJ�5��B
�C	� �@A?�/
�'�8�%�=	�`"� � L ?$%$15�;?K{'?>LB|)!6!$?d�

r�����&'� � ��L>�R��� �\JI��&>�?L�r@�)< �@�-*"���?��&Y06�@*N0'� ��	 � ��� ���-C$#S0'����� *.��*+����&O
�
$1$1 	 L ?$%$A$A 	 �R����1$%�z$A
	 ���AJ�&'� 0"0 ��#��1*N*+� 0'��*AL n��N��Bd��� 
 @N�
��	 �U	P��	%��";�%? L � � L@|�|�LdzK
�
'1@�azK
'?�z>L'z$A6A�zd�

r'0'� 0'#S0'�RLFr@� 3e�!< �F� 0"0 #S0'�����x ���	<*
�10>� Ad� !K
dL ~ � r � L � ���  ���	�*+� �TJb06��3\0'� 0�	<����0dL �@0>���1����	 � r � L
|"!$!�zd�

r'0'� 0'#S0'�RL\r\� 3l� LB����� � W�	����RL � � �R� < �G��� ?6%$A_��# ���AJ�&'� 0)0SL�� B �C	� �@A?�/
��B �U	P��B8`�'��
` ?$#'|)1@� ?$#�zK{'L
|"!$#$!d�

rB	s�)�'����	<�R� .���L0$D0'�>�?L �j� �,� L � �����1��# .\���
�RL �.��L �k��	Z�AJ-�����R�RL .���L � ���4�+L �S��L � ��0�	T�?L � ��L@����� 3k���)�
=�	Z��W���	g�TJAL �.� < $Q��� ��� 0F�4 ���� ����&K�
�����AJ4����#%������0K�"0'#S�A�"��	 �e�D���/0 �"0 0'�@�h0�	B�
�����?�4 ��-*"���1&������ 0'��*j0<�
�
�����4�
#%0K*�������	T�)�D��	<0>�A�A*/*N�-*�L �r	%���%�
"$	�)*	��H� 
 �%��	��
�%	6�=�
� 
5	0�%?5�5 ��� �1=/�` ' L�
'#K
<�q
'!'|�L�|)!$!6#d�

|�|"?



�k�?W��H�10�&>	Z�������1�

rB��&>����	Z�RL#$n��L��R��� �i��#%��J-L �S� < �=���,�I('���4�"0�	T�1�R� �l*N�e�?�����
C>L��?� � ('���4�"0�	T�1�R� �l*N�l�������+C�<R|)!K
'1@��|)!$#$?>L
�(	�"���?5	�����	�"�`=n9B8`
�
�
� �qB��r	��A���#	����#	��0���E��	0�
" � L#� � � � �����U� �����?�.{'A>L �Ur ��� � ��W��H�)�-�4���10>�!( ���A��L � ��	T� *AL
|"!$!'|��

� ������*/���RL �.�9.k� L 3 ��	T�1&>���R�RL �j�9.k� L>����� .B��WK��	VL 3l� � �.< �i���4�
	<�R���A0'#���0�*
� ��� 0'�E ���	s�)�4���10'����W�0K ��={'A$A
=�# �'��	s�?��&X�X#M��&'�������)�E*N�"0�	T#OL�� B"�C	� 0@A?�/
��B
�]	'�%B�`�� !2` #$%'|)#5�;#$%�z�
dLB|"!$1'|��

� ��0�	T� � ��LRrB	s�)�'����	<�R�RL .k� L 3���� =�	<�RW���	��sJ-L �.��L $D0>�>�^L �:� �j��LR�R��� �k��	Z�AJ-�����R�RL .k� <�r�� &'��� �'�-���4�,��������	
�
����	V#S0�*+������	T�1�%��0'�4�
	T��W��4���10'�E�"0��
��� ( �

1
r &F
�
$1d� 1$��# ���AJ�&'� 0)0 ��#�� */*
�10>� <'��	<*"�e&'	�0'�����XW���*/�-�

�� ��)�������A�KL��  
�
"����
�4 5X&n:��)6 2�[@A?5	�"$���6�=�
� 
  
�#��" Z 
5	�"$"$	P����"��#�=�b\]?�/
�'�8� �'`"! � L@|4z'|���|4z$#'L'z$A$A$%'�

�G�����?���H�1��	qL �j��Le�����vrB����������	Z�dL �j� �j� <,+������ Jb��0'#Y�K����*/���"�-��$X�1������� *N0'�t���4�"��	9�h��	<0>#%���"��	=06�
�RC��-�
���4�
�O�>� �B��	<�����A��L n(@5@A��B �(@&�;B L � � L@|I
'!$!>L@|)!$#K
d�

�G�����?���H�1��	qL �j��Le����� ��	T���?��*+#M�RLer@� < �=��� $D& � �e�������+C �h0R	E�����K��	=�4�
#%0K*�������	<�p#%0>�����U�U����&dL nJ�5��B
�C	� �@A?�/
�'�8�%�=	 L ��' L�z'|)!5�"z�z$#>L'z$A6A'|��

�G�����?���H�1��	qL �j� L 3���	s�1*"�"0'�����KL �R� L � ��	T�)�RL �j� L 7k��	<*N�KL�$n��L +������U� 0K�+L � � L �e�?	<0>�dL +�� L +R	<���a�"��	qL 3e��L �G��0'�"�
 ������?�RL �R� � � ��L �����Xr'0>��������#OL �e�-7:��<�r���#Y��� ����� 0'�Y06���
�����+C �K��	s�?#S���4�G���4�N���a	<0># D �����7� � �'0"0=�
0>�Y�
��� � � .\r � � � r � */���"�����U� �"�KL�
 �#)W�
�!�
���# �� L�
'!'L 16#@�;!'|KL\|)!$!Kzd�

�G�����?���H�1��	qL �j��L �k����� �+L D ��L ��	V���RL,�R� � +�� LB7i��	�*/!�L $n� L Dt��	Z�dL D ��L7����� 7k��	�*/0>#OL 3l��<��^�"� � �1&>�4�
�A�R�H�?W�	Z�4���10'�:06�'�
��� D �?��� ��#%��& �?��& ���4�"��	 �h��	<0'#S�A�"��	 � D �����7� � &\0'�%WK0���	Z�G�
��� � ���K��	 � �
#%0�*+������	��
.��-*N�I��	<���Drd���"�����H� �"�KL n�@5@A�#��	�� �(@&���8�P�P`	��� L@|"%K
'?@��|)%$?$!'L�|)!$!6#d�

�G�����?���H�1��	qL �j��L<D �1����*AL .k�97j� L�rB����������	Z�dL �j� �j� L������ .B0'W�� �KL .k� �j� < � ��0K�"0'������#��1*"�
	�J%�R�����KJ�����#��1�A*
���`�
����	V#S0�*+������	T�1�p���4�"��	g�
	<0'���1�-������	Z�A*n#S�I��*���	��I�wWAJ_�
��� D �����8��#%��&>�?��& �^�4�"��	 �h��	<0'#S�A�"��	%0>�
WK0���	<� � � .\r <,�v��0'#Y����	T�1*N0'� 0G� �
� ��� � � �43 $ *+��#Y��� ����� 0'��*�L �  
�
"����
�� 
XJn:��)6 2��@A?5	�"$���j�=�
�

  ��#��" Z 
5	�"$"�	'����"$�#�=�&\C?�/
�����P�P`�! � Ld{'AK
@�a{d|I
'L'z$A6A�zd�

�@0'W�� * =
� L=D � �,��< .B�� ��1*N�I�p*/0>�1��	:�+C��
	<��#%�b��� �
	Z�4 ��10'� �A� ���-Cv#S0'�����?L�� B]n:��)* 2�%B 
�	�"$";B:\C?�/
�%B�` � � L
|"A$AK
dLB|)!$!'|��

�@0'W�� * =
� L*D � �j��L>�R��� � ����	� ��1��	qL +�� �j� < � ��� !61 < �^#Y��	<0� ���#S���4�"*:�"0 � � � ��	V	<���>�1�R�����O#%0>�����H�?��&X���
�
����*N06�Z�eC5��	Z��J�*.�R�)�,+ ��� ��L�
  ��#��":\C?�/
�����P�P`"� � � L\|I{'1'L@|"!$!$#d�

�@0'W�� * =
� L D � �,� L Dv0 0>��*AL �S� L � ����	� �� ��	qL +���L � �1��	��I�3=KL .���L +'� 0�J��dL ~ � L �@0'�/0e��	qL �.� L .B0��a�
#M���RL��j� L
����� ( D ��� �"��L (��9.k� < �=���Er ( ~ � .\z$A6A$AY��#Y����	T�)�A�R�R*N0'� ��	k��	V	Z���>�)�����A�Y#%0>�����R�����	�h0�	<�-�-��*N�,�"0>0>�?L
�  
�
"����
�N 
X&n:��)6 2��@A?5	�"$���6�=�
� 
  ��#��" Z 
5	�"$"�	'����"$�#�=�b\]?�/
�'�8� �'`"!#� L@|4z$%6%@�
|4z�
'A'Ldz6A$A$Ad�

�@0�	V	VL#$n�-.���L �@0�	V	VL �.� �j��L������ 7F���4�"��	<�A&�&���	qL 7j� � �#<�r'0'� ��	#���-C= ���	s�)��W��?�U� �TJS�?�7�
���.r'������#%�R���"� .i����&��
��0'�4���?������# ��*.���a�����+���10'�O06�k*/0'� ��	k��J���� ��z'|�L � B"�C	� �@A?�/
�%B
�U	'�%B8`	� � L ?$A6?$%'L@|)!6#$Ad�

|�|)1



�k��W��U�10K&'	Z�������1�

�@0�	V	VL�$n�9.k� L �@0�	V	VL �.� �j��L .x�)������	Z��*�L � � �j��Li�R��� �k����&'Lkr\� � �:<�$X�)�<�%�����]� 0"0 ��� ����� �
�����_#S0'�����\0<�
�
����	V#S0�*+������	T�1����#�� */*
�10>��*AL |��

O+(2P )
16%�z$A 	 �R���

N2(2P )
%$%$1'| 	 L�� B �C	� �@A?�/
�%B
�U	P��B8` ' �
`z>|�Lg|-{'1@�"z>|�Lg|"?$#'L |)!$!$A'�

�\J-��& �^Ler@��L,�R���]r��?��&>�RL � �!< �G���p#%0�	T����0'� 0�&�Jb06�S0-C�J�&����9&'	<�A�����U�����9����J�&'� 0"0 ��#�� */*
�10'�RL nJ�5��B
�C	� �@A?�/
�'�8�%�=	 L ��! L@|I
'!6!@�
|)?6A$?'L�|)!$!$#d�

� �����'����JI�AJ-� � � �,� Lb�R��� r�����&'�RL � � < � �B�I�+�"* 06�w�"��#�����	Z�4�
��	<� �����������������A� 0<�m	��I������� 0'�
N2(A

3
∑+

u )+O
0'�S&'	<�A�����U�����=���AJ�&'� 0"0 ��#��1*N*+� 0'�RL nJ�5��B��C	� 0@A?�/
�����%�=	 L � � LKz$A$%$!5�"z$AK{K
dLKz6A$A�zd�

D �1����*�L>.��-7:��L � � � � �����4�
����&���	qLl�R��� �=���������U� ��	VL �j�7< �i�A0'#M��&'�������)�c*N�"0�	V# ���-��������&f� �B�I�+�"*X0>�
�
���$� 0)0 �o�1�4��� �
�����Y���AJ�*+�1���E�
����	V#S0�*+������	��	�a	<0'# D �����7� �>0>W�*/��	� ��4���10'��*=�4�7�I('������0-C>L��  5�
"$���=�& 5X
n:��)6 2��@A?�Bb�
�
� 
  ��#�0" Z 
�	�"$"�	'����"$�!�
�&\C?�/
��B8`"!��
` |)%$!$%@��|I{'A$A>L'z$A6A�zd�

D �?�����?��&>���R#YL �R� �.��L �l�I�3=
��	VL �.� �S� L �B0$��J�	<� L �R� � � L ����*+����	<*N�KL �R�-.���L �R��� ����&KJAL � �9+���< � ����	�&��A���1�
��� ?$AD� � &.���
#S0�*+������	s�)�$����0K�"0>��� �-���
	<0>��*AL�� B"�C	� 0@A?�/
��B
�]	'�%B�` '�� L@|I
'%$%�
dL\|)!6#$!d�

D � �N��*/*N�KL0(�� L ~ ��� ����*N�"���RL �R��L ~ �4�
�����?��� ;�	��KL 3e��Lk�R��� ��� ���U� JAL � � � ~ � <:$D0>�����U�U�?��&c�
���	( �=?$%6Ad� A_�����

K
'1d� 1X��# �
����	T#%0K*�������	T�)�����AJ�&'� 0"0 �'��	s�?��& � �Hr 3 � �4� D �����7� � �A0 0R	<�>�?���4�"�I�n#%�-��*+��	<��#%���4�"*AL�� B
�C	� �@A?�/
�%B �U	P��B8`�� � �
` zK{dL ?$%$!@�azK{dL ?K
'?'L�|)!$!$!'�

yk������&dLxr@� � � Li�����brB����������	Z�dL �j� �j��< �i���4�
	Z��� 0G������*����P�
���_� 0"0e��	j�
����	T#%0�*+������	��P0'W�*N��	g ��I�]W�J
D �����7� � �'��	T�?��&��
��� � ��	T�?� {<�q
K�
�RL@|)!6!$%$*N�"0�	V#YL �C	� 0@A?�/
��B
�]	'�%BC��	2�i�;B8`�� ��` |)#K
�
<��|)#K
'#>Ldz$A$A6Ad�

yk������&dLKr\� � ��L�������rB����������	Z�dL �j� �j�#< �G���.���AJ4����#%�G����*��%����	<0�	Z�E�?�G�
��� � (
1
� &���#��1*N*
�10'�S0'W�*N��	� ��-�

W�J	D � � �7� �'0'� � � .Br\L $Q��� ���1*/�-��� �Y�A0'�����H�?��&X06�FrB���"� � ��	g�
�n��	�0'���-*N*/�A*AL�� �2��� nhB 
 B��bB��H�%/�`��dB
	��=)*����	<�
�
� �UB �  ��,�' ����#�5�#` � �_�'	=����	�" �-B�
&B8` z$A$AK{d�

|�|"#



� � � � � � $





� � � � � � �

� ( � $ � � � ��� $ ��� 	�� � � � �%( � � �
�¬� � $ � � $

� � � $ � �!� ��� �!� � ���

� �����"!#���%$&����'�'�()�*(��+���
�U�%���0���� �� �  H	��>���#	��H�G� �U��XY��"$	��
��	

O + eph → O(1S) + eph σ1S = 3, 3 × 10−18 cm−2
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O+
2 + eph → O + O(1S) kν=0 = 8, 1 × 10−10

(

1150
Te

)

−1,47 �F��W���	T#M�����g|)!$#$1��

kν=1 = 7, 5 × 10−8
(

300
Te

)0,34 �F��W���	T#M�����g|)!$#$1��
N2

(

A3
∑+

u

)

+ O → N2 + O(1S) kdc = 2, 8 × 10−11
�A�

βdc = 0, 36
� �?�K��	i�A�7�R�?����|)!6#'|��

O2 + hν → O + O(1S) σph(λ)
~ �20=	<�����A�Y�R��� � 0e�R�	��|)!$16%
�

N + O+
2 → NO+ + O(1S) krc = 2, 5 × 10−11

+R	��I����	T�)�3=O���.���^���g|)!$1$?��

O(1S) + O2 → O + O k′

O2
= 4 × 10−12exp

(

−865
Tn

) rB� �R��&K��	k�R�������1��� =��g|)!$#'|��

O(1S) + O → O + O k′

O = 2 × 10−14
rB� �R��&K��	k�R�������1��� =��g|)!$#'|��

O(1S) → O + hν (557, 7nm)
�

557,7 = 1, 215
� �R�U���N�Y�R���Xy\��������������|"!$#$#
�

O(1S) → O + hν (297, 2nm)
�

297,2 = 0.076
� �R�U���N�Y�R���Xy\��������������|"!$#$#
�
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O + eph → O(1D) + eph σ1D(E)
�l0>��	T����& �g|)!$!�z��

O + eth → O(1D) + eth ket = 0, 596 T
1/2
e

9329+Te

(51183+Te)3
� �+C �

(−22756
Te

)
$$�R�4�N��* �g|)!$!K{ �

O+
2 + eth → O + O(1D) kν=0 = 2, 21 10−7(300

Te
)0,46

�F��WK��	T#M�����g|)!$#$#
�
kν=1 = 1, 82 10−7(300

Te
)0,49

�F��WK��	T#M�����g|)!$#$#
�
O2 + hv → O + O(1D) σsr(λ)

�@0�	T	k���.���^���g|)!$#$A��
N(2D) + O2 → NO + O(1D) krc1 = 5 10−12

�@0�	V	i�A�7�R� �g|)!$!$A
�
N+ + O2 → NO+ + O krc2 = 2 10−10

7,���4�
	��-*N*S���.���^���g|)!$1$?
�
O(1D) + N2 → O + N2 kN2

= 2 10−11
�
C �

(107,8
Tn

)
r>�
	���� �:�A�7�R��� �g|)!$1$?
�

O(1D) + O2 → O + O2 k02
= 2, 9 10−11

�+C �
(67,5

Tn
)

r>�
	���� �:�A�7�X�^� �g|)!$1$?
�
O(1D) + O → O + O kO = (3, 730 + 1, 1965 10−1 T 0,5

n

−6, 5898 10−4 Tn) ∗ 10−12
rB���$����� �e�R� &���	V��0 �g|)!$!�z
�

O(1D) + eth → O + eth keth
= 6, 6 10−10

r>0'W�	<�R� ���.���^���g|)!$!�z
�
O(1D) → O + hv(630.0 nm) A630.0 = 7, 1 10−3

+�	<0 �-*N�2� +>�1*+����	
O(1D) → O + hv(636.4 nm) A636.4 = 2, 2 10−3
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1LaboratoiredePlańetologiedeGrenoble,Bâtiment D dephysique,B.P. 53,38041Grenoblecedex 9, France
2ESA ESTEC, POBox 299,2200 AG Noordwijk, TheNetherlands

Received: 10October2003 – Revised: 16January2004– Accepted: 2 February2004– Published:

Abstract. A 1-D fluid/kinetic codeis usedto model WIND
Imaging Interferometer measurements of theatomic oxygen
(3P-1D) red and (1D-1S) greenthermospheric dayglows at
630.0nmand557.7nm. Thismodelling is performedfor dif-
ferentlatitude andsolarzenith angle conditions,in orderto
reproducethemeasurementsall alongthesatelliteorbit. Re-
sults are successfully comparedto the interferometer’s ob-
servations,reproducing themeasuredvolumeemissionrates,
together with themaximumemissionaltitude.A goodagree-
mentis foundregardlessof theposition consideredalong the
satelliteorbit, meaningthatthesolarflux and thesolarzenith
angleinfluencesweresuccessfully taken into account. To-
getherwith this modelstudy, a four-yearredandgreenoxy-
genlinessetof WINDII dataisanalysedwith regardsto those
geophysicalparameters.Correlationsbetweenvolumeemis-
sionratesand solarflux areevaluatedandit is found thatthe
MgII index is bettersuitedto this kind of study than the
f10.7 decimetric index.

Key words. Atmospheric composition and structure (air-
glow and aurora; thermosphere– composition and chem-
istry) – Ionosphere (modeling andforecasting)

1 Int roduction

Studying the atmosphere’s airglow emissionsis a broadre-
searchtopic, which providesvaluableinformation about the
chemical and dynamicalprocessescontrolling the state of
theupper mesosphereandlower thermosphere. Even if this
aeronomic research field is quite new (the word “airglow”
was first usedby Chamberlain (1961)), a number of stud-
ieshavebeendoneto examinethevariousupperatmosphere
emissions. Among thoseemissions, the O(1D) 630.0nm
red andO(1S) 557.7nm green atomicoxygen linesare the
most intenseand, therefore,have been the subjectof nu-
merousstudies,using two complementary approaches: ob-
servations involving ground-basedrocket andsatellitetech-

Correspondence to: F. Culot
(frederic.culot@obs.ujf-grenoble.fr)

niques,and modeling. We focus on the thermospheric day-
glow. Most of the available datawereobtainedeither from
thevisibleairglow instrument (Haysetal.,1973),or from the
WIND Imaging Interferometer(WINDII) (Shepherdet al.,
1993), that we will use here. Ground-based daytime ob-
servations are more recentbecauseof detection problems
due to the presenceof a high solar backgroundagainst a
faint dayglow emission. The first studies were madepos-
sible with the developmentof dayglow photometers(DGP)
(Narayananetal., 1989) andmulti-wavelengthdaytimepho-
tometers(MWDPM) (Sridharanet al.,1998). In averyrecent
paper, Taori et al. (2003) discussedsimultaneousground-
basedobservations of red and greendayglow and outlined
thesignificant importanceof thethermosphericcontribution
to the 557.7nm emission,as already shown by rocket and
satellitemeasurements.

The complementary approachto measurementsis mod-
eling: the different line excitation processesbegin to be
well understood,asshown by theconfrontationof themod-
elling to theobservations.Several papersreview suchworks,
amongthem(SolomonandAbreu,1989)for the redline and
(Singh et al., 1996) for the green line. Most of the recent
studiestry to model WINDII observationswhosedatabase
covers several years,including all geophysical conditions.
However, most of thesestudiesfocusonalimitedset of data.
Amongthemostrecentones,Tyagi and Singh (1998),using
theSolomon’s glow model,have shown a reasonableagree-
mentbetweenmodelleddata anda morphological picture of
WINDII observationsof thegreenline dayglow obtainedbe-
tweenDecember1992 andApril 1993.Witasseet al. (1999)
modeledboththered andgreenlinesemissionsfor EISCAT-
WINDII correlatedobservationsandhighlightedtheneedfor
renewed measurementsof the EUV solar spectrum, that is
oneof themaininput to any glow model.

In addition to this input, someof the reactionratecoeffi-
cientsarestill underdebate.For example,anew temperature
dependant rate coefficient for thereaction N2(A36+

u )+O, is
proposedby Hill et al. (2000). The UpadhayayaandSingh
(2002) and the Singh and Tyagi (2002) papersoutline the
resultingambiguity. They discussboth the EUV spectrum

|4z6#



2 F. Culotet al.: TheOI 630.0and557.7nm dayglow

Fig. 1. Synopsisof theTRANSCAR model.

modelandtheHill et al. (2000)new temperature dependant
coeffic ientfor bestrepresentingWINDII dayglow emissions.

Our work comesnaturally in this modelling perspective
but aimsto give a moreglobal pictureof the thermospheric
WINDII measurementsover its 5 first yearsof observations,
andmoreoverto discussthecurrentability to model themain
features that are observed. For this purpose,we focus on
the altitude and intensity (Volume Emission Rate - VER)
of the 630.0nm dayglow andof the thermosphericlayer of
the555.7nm dayglow, for which a statistical analysisover 5
yearsis done. We modeltheWINDII observations alongthe
satelliteorbit meaning thatwe take into accountthecoupled
influence of local time (or SolarZenith Angle – SZA) and
latitude. This is donefor high andlow solaractivity andfor
bothemissions.

The TRANSCAR model and its glow addedsoftware
(Witasseetal., 1999)thatweusehere,is presentedin thefirst
section. It hasshown its ability to correctlydescribehigh lat-
itudemeasurementsbut needsto betestedagainstothergeo-
physical conditionsandlatitudes.Thecalculationof thepeak
andintensity of the thermospheric emissionsfrom WINDII
instrument is described in thesecond section. Then,the re-
sultsobtainedfrom the modelling of the oxygenemissions
alongtheWINDII orbit are discussed. Finally, thestatistical
behaviour of the thermosphericred and green oxygen line
emissions is presented, asa function of the two main geo-
physical parametersthat characterizethem: thesolarzenith
angleand the solar activity. This statisticalstudy is limited
to periodsof quietmagnetic activity.

2 TRANSCAR model

A complete description of TRANSCAR can be found in
Lilensten and Blelly (2002), including the most recenten-
hancements. Only the global structureof the code will be
recalledhere.However, themodel wasrun only for high lat-
itudesuntil now, and thusadiscussionaboutwhy it’susecan

be extendedto mid- and low-latitudesis included after the
modelpresentation.

2.1 Modeldescription

To giveabrief overview of thecode,onecan saythatTRAN-
SCARis basedon thecoupling of two models:

– A one-dimensionaltime-dependant fluid model of the
ionospherewhich solves the temporal evolution of the
lower moments: concentration, velocity, temperature
and heatflow of the isotropic distribution function of
six ions(O+

2 , N+

2 , NO+, O+, H+ andN+) andelectrons

– A kinetic model which solves the energetic electron
transportequationandprovideselectronheatingand ion
productionrates.

The dynamically couplingof both partsof TRANSCAR is
illustratedby thesynopsisin Fig. 1.

Concerning thephotochemical model usedto simulatethe
red and green oxygenlinesemissions,all of the production
andlossprocesseswith thecorresponding ratesfor theO(1D)
andO(1S) statesaregivenin Witasseetal. (1999). Themain
reactionsusedin themodel aresummarizedin Table 1. Fig-
ure 2 is a scheme that shows the relative contributions of
thesemajor processes. This scheme represents the oxygen
redandgreenlinesat mid-latitudes(around 45◦), at around
12:00local time,andfor weaksolaractivity (f10.7∼120)and
weakmagnetic activity (Ap≤10). The most importantpro-
ductionprocessesat themaximumof thelayersarethepho-
toelectronimpactsandthecollisional deactivation of N2 for
the 557.7nm thermospheric emission, and the dissociative
recombination, togetherwith the photoelectron impactsfor
the630.0nm emission.

UsingtheTRANSCARmodel,Witasseetal. (1999) com-
puted the oxygen thermospheric dayglow at high latitude
(Tromsø,69.6◦ N). They fir st compared the modellediono-
sphereto EuropeanIncoherentScatter(EISCAT) radarmea-
surements. This allowed one to calibrate the neutral at-
mosphere. Then, they compared the airglow results with
WINDII data. In the presentwork, no calibration of the
neutralatmosphere is performed.The vertical profiles of the
majorneutral components aretakendirectly from theempir-
ical model MSIS-90 (Hedin, 1991), andthe EUVAC model
(Richardsetal., 1994)is usedto provide thesolarEUV flux.
Electrondensityandtemperature, ion densities andtemper-
atures,aswell asO(1D) andO(1S) emissionrates, are cal-
culatedconsistently within the model throughout the whole
thermospherealtituderangewithout theuseof any otherem-
pirical model than the two cited above. Lathuillereet al.
(2002)haveshown thattheMSIS-90model wasfully consis-
tent with thermospheric temperaturesdeducedfrom O(1D)
WINDII measurementsfor quiet magnetic activity periods
andhavepointedout thattheMSIS-90modelunderestimates
thesetemperaturesfor largemagneticactivity. Therefore,we
have limi tedthepresentstudyto dayswith low magneticac-
tivity. A discussionaboutthechoiceof thesolarEUV model
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Table 1. Main production processes used in TRANSCAR for the red and green atomic oxygen lines.

630 nm red line 557.7 nm green line

Electron impact Electron impact
O + eph → O(1D) + eph O + eph → O(1S) + eph

Photodissociation of O2 molecules Photodissociation of O2 molecules
O2 + hν → O + O(1D) O2 + hν → O + O(1S)

Dissociative recombination Collisional deactivation of N2
O+

2 + eth → O + O(1D) N2(A36+
u ) + O → N2 + O(1S)

Fig. 2. Relative contributions of processes involved in the green (left-hand side) and red (right-hand side) atomic oxygen day time emissions
(after Witasse et al., 1999). This scheme stands for solar conditions with f10.7∼120, low magnetic activity (Ap<10) and at 12:00 LT.

in TRANSCAR can be found in Lilensten and Blelly (2002)
and Witasse et al. (1999).

In this study, we model the oxygen emissions along a
whole satellite orbit, that corresponds to the zonal mean of
a given day as described below. Each point was obtained
after the TRANSCAR simulation was run for 10 h (in local
time) in order to reduce dependence on initial conditions and
to be sure to be in a steady-state situation. The fluidequa-
tions are solved every second to provide the electron temper-
ature and concentration, and the kinetic code is called every
fi ve minutes, in order to regenerate the heating rates and ion
productions.

2.2 Use of TRANSCAR at mid- and low-latitudes

The geometry of the physics is different in the nightside and
in the dayside. In the nightside, the electrons are coming
along the geomagnetic lines and any secondary electron due
to ionisation through impact is driven along the geomag-
netic line. The secondary electron angular phase function

is strongly forward peaked, while the primary electron keeps
its initial direction (Opal et al., 1971). The movement may be
upward or downward. The pitch angle under which the inci-
dent electron collide with a neutral target is reflectingthe fact
that the electrons rotate around the local line of force, while
the centre of mass follows the line of force. Therefore, in
the nightside, the natural geometry is to describe the move-
ment along the B field. Any projection along the altitude axis
is not possible when the two are perpendicular. At low lati-
tude, the fact that the line of force is almost perpendicular to
the pressure gradient introduces some error that has not been
carefully quantified yet.

The problem has to be reconsidered in the dayside of the
Earth. The reason is that the primary source of electrons
is the solar XUV-EUV flux. The natural geometry is then
the line of sight between the observation altitude and the
Sun. The projection along the vertical axis is taken into ac-
count through a Chapman function. When a photoionisation
occurs, the primary photoelectron is created in any direc-
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Fig. 3. Problem Geometry. The axis s is the solar-terrestrial axis.
At anobservationpoint at the surfaceof theEarth, thesolar zenith
angle is χ . Thevertical axisat this point is z. The local magnetic
fie ld line is representedby thesymbolB, and weconsider anatmo-
sphericslabof thicknessdz.

tion: the angular phasefunction is simply isotropic. Then,
when this primary electroncreates a secondaryproduction
through impact, the secondary electron is forward peaked,
but sincethe primary electron comesfrom any direction, the
result is that on average, the secondary electronshave an
isotropic distribution. This facthasa tremendous impact on
the physics. We may consider2 stepsillustrated in Figs. 3
and4.

In Fig. 3, we consideranatmosphere slab. It is character-
ized by a singledensity value(actually, one per species),a
singletemperature, anda single magnetic anglevalue. The
line of sight is s, thevertical axis is z. A photoelectroncre-
atedin A is projectedon the z axis by a Chapmanfunction
(point A′). There,the motion of its centre of force is along
thelocalmagneticline. Theisotropy meansherethatits pitch
angleis isotropically distributed. Let usconsiderthatit goes
down with anangleµ (with a projection). In thesameslab,
an electron createdin C would be projectedin C′ with an
isotropically distributedpitchangle.Its probability to goup-
ward along the local magnetic line with the pitch angle µ

is exactly the same (1/4π) asthe first electron to escapeA′

downwardwith a pitch angle µ. Theconclusion of this ge-
ometryis that in A′, thereareasmany photoelectronsgoing
in any direction.

To envision the following, we consider Fig. 4. Theques-
tion is now “on which projection is therea variation in the
stationary electronflux?”. This means that we arenow not
dealingwith thephotoproduction but with theelectrontrans-
port, i.e. with the Boltzmannequation. In Fig. 4a, we con-
sideranhorizontal projection. Onthebasisof whatprecedes,
the horizontal projectionof a secondaryelectron createdin
A′ by a collision betweena photoelectron (isotropically cre-
ated)anda neutral is exactly compensatedby a secondary
electron coming from thepoint D′. This is a consequenceof

the isotropy of the photoelectrons (which are now the ion-
ization source). This is alsoa consequence of the fact that
we supposethattheatmosphereis horizontally stratified (or,
as in Fig. 3, stratified parallel to the surfaceof the Earth).
Therefore, thereis no information in the horizontal axis on
thevariationof thestationaryelectronflux.

In Fig. 4b, we look at the vertical projection. An elec-
tron which escapesthe point A′ in a given altitude slab to
the lower (respectively larger) altitudesmeetsa denser (or
weaker) atmosphere.Its absorption by inelasticcollision in-
creasesasthecollision depthincreases.Therefore, it cannot
becompensatedby anelectroncomingfrom apoint E′ in the
closestlowerslab. In short,theelectronfluxvariationsoccur
in theverticalaxis (or in theaxis perpendicular to theatmo-
sphericslab). Whenthemagneticfield is alsohorizontal, the
problembecomessimply local at thescale of the freemean
pathof theelectrons.

This explainswhy theTRANSCAR model is still valid at
middle andlow latitudesin the daysideof the Earth,asthe
resultsshown in Sect. 4.1 will confirm. This configuration
hadalreadybeenusedto forecast theionosphericproduction
in theionosphereof Titan (Galandetal., 1999).

3 WINDII observations

3.1 Theinstrument

The dayglow measurementsare derived from the WIND
Imaging Interferometer (WINDII), flying on board the
NASA UARS satellite launchedon 12 September 1991
and dedicatedto middle atmospherestudies (Reberet al.,
1993). The WINDII instrument is basedon the concept of
a fi eld-widened Michelson interferometer first described by
Bouchareine andConnes(1963),andimplementedin a con-
figuration later conceived by Hilliard andShepherd(1966).
Themostdetailed description of theinstrumentcanbefound
in Shepherdet al. (1993). WINDII, which wasjointly spon-
soredby theCanadianSpace Agency andthe FrenchCentre
Nationald’EtudesSpatiales,in collaborationwith NASA, al-
lows oneto obtain the volume emissionratesof the O(1S),
O(1D), OH andO2 lines, corresponding to analtituderang-
ing from 80 to 300km. Error barson the volume emission
ratesareabout1 to 10 photons.cm−3.s−1. All the data pre-
sentedhereare produced by the WINDII software version
5.11andextractedfrom L2FD fil esthat contain for a given
day the field of view observations, i.e. altitude profiles of
emissionrates,temperaturesand line of sight velocity along
eachorbit.

3.2 Alti tudeandemissionat themaximumof the thermo-
spheric layers

In order to calculatethe intensity and altitude at the maxi-
mum of the O(1D) andO(1S) thermosphericlayer, a least-
squaresfitting is performedontheemissionratealtitudepro-
files, with respectto theshapeof theconsideredemission.
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Fig. 4. Problem Geometry. The magnetic fi eld has an magnetic dip angleθ at the observation point A′. The axis z represents the vertical
axis and the abscissa is the horizontal.
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Fig. 6. WINDII data of the oxygen red emission measured on 1 April 1992 (Ap=13, f10.7=191.4). Dots represent the WINDII 630.0 nm
VER data plotted versus latitude, and the line represents the corresponding zonal average. Error bars indicate the standard deviation.

For the 630.0 nm red line emission, an asymmetrical Gaus-
sian profile was used to describe the measurements (Thuillier
et al., 1992). This function is represented by:

η(z) = ηmaxexp

(

−
1

2

(

z − zmax

x1 + x2z

)2
)

, (1)

where η is the volume emission rate, z is the altitude of the
emission, x1 and x2 are calculated from w1 and w2 which
represent the lower and upper width of the profile (see Fig. 5).

For the 557.7 nm green line thermospheric peak, the pro-
files are best fitted with a Chapman-like function written as
follows:

η(z) = ηmaxexp (1 − b − exp(−b)) , (2)

where b=
z−zmax

H
, with H as the scale height of the Chapman

profile.
This Chapman function was first exposed in Chapman

(1931), and its ability to describe the oxygen green line ther-
mospheric peak was discussed in Maharaj-Sharma and Shep-
herd (2002).

The examples in Fig. 5 show the good agreement between
the theoretical profile s and the oxygen red and green lines
layers. The top panel corresponds to the red line emission
and the bottom one to the green line, with plus markers rep-
resenting the WINDII data and the plain line representing the
corresponding fi t. For the entire set of data, we found a max-
imum deviation of less than 10% in the worst cases, between
the WINDII measurements and the corresponding fit.

3.3 Zonal average

The WINDII data sampling pattern is determined by the in-
terferometer viewing geometry and the UARS orbit charac-
teristics. As described in Shepherd et al. (1993), WINDII
observations are performed at the Earth limb in two direc-
tions, 45 and 135◦ with respect to the UARS velocity vector.
The satellite orbit is circular (radius ∼585 km) and inclined
at ∼57◦. Its period is 96 min and its precession is about
20 min per day. This means that under ideal circumstances,
a given latitude would be uniformly sampled (in Universal
time and longitude) at about the same local time, about 15
times a day, for each of the upleg and downleg orbit seg-
ments, the data from each leg being about 12 h local time
apart. In order to study the statistical variability of the day-
glow with solar flux (solar activity and solar zenith angle),
one has used a zonal average. This process averaged out any
longitudinal variability associated with the dynamical pro-
cesses, like tides and planetary waves, whose influence has
been clearly identifi ed on the O(1S) night-time emission rate
(Shepherd et al., 1997) and on the O(1D) nightglow in the
intertropical zone (Thuillier et al., 2002). Longitudinal vari-
ations of the O(1S) dayglow are also presented in Shepherd
et al. (1997) and Maharaj-Sharma (2003), and discussed in
terms of planetary waves influence. This zonal average con-
sists first in the interpolation of the measurements to regu-
larly spaced latitudes, and then in taking a mean value at
those given latitudes. This average requires a two-step pro-
cess: one with all the peak data (height and intensity) for a
given latitude, and thereafter a second step only taking into
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Fig. 7. 630.0 nm oxygen line – 29 April 1992 – f10.7=128.5, Ap=7. Dots correspond to WINDII measurements and line/diamonds
correspond to TRANSCAR results.

account the measurements within 2σ , σ being the standard
deviation. This second mean allows us to remove a few bad
data points. One example of a zonal mean can be seen in
Fig. 6, which represents the 630.0 nm volume emission rate
maximum, measured by WINDII on 1 April 1992. Individ-
ual measurements used in the mean being at most 20 min LT
apart, correspond to Solar Zenith Angle values less than 3◦

apart at the equator and 5◦ apart at a latitude of 60◦ north or
south.

4 Results

4.1 Modelling of the volume emission rate along the
WINDII orbit

In this section we have chosen to present simulations of
WINDII observations on two days for each thermospheric
layer, one corresponding to low solar activity and the other
to high solar activity. The results are presented as a function
of SZA, which is one of the main parameters that controls
the dayglow, together with solar activity. However, one has
to keep in mind that each SZA corresponds to a given lati-
tude, depending on the satellite orientation, and that the lat-
itude is another parameter that influences the emission rates
through the latitudinal variation of the neutral atmosphere.
This is why on the following figure s, the latitudinal extent of
the measurements is also indicated. The WINDII data have

not been zonally averaged to show the extent of the variabil-
ity of the measurements along the different orbits.

4.1.1 The red line

Figures 7 and 8 show red line measurements taken on 29
April 1992, and 9 January 1995. The f10.7 index for the
first day was equal to 128.5, and the Ap index was 7, and
for the second day we had f10.7=73.7 and Ap=7. The upper
panel shows the evolution of the latitude with regards to the
SZA, the mid panel shows the maximum volume emission
rate in photons.cm−3.s−1 and the bottom panel corresponds
to the altitude in kilometers of the red line emission maxi-
mum, both extracted using Eq. (1). For the VER and altitude
panels, the dots represent the WINDII data and the diamond-
shape curve corresponds to the TRANSCAR results. Those
diamonds indicate the SZA for which the code was run, and
the line is a linear interpolation of the model results between
two runs.

The first noticeable characteristic is a reasonable agree-
ment between the model results and WINDII data: TRAN-
SCAR reproduces correctly the variation of the measure-
ments with solar zenith angle, and this, for weak solar ac-
tivity (on 9 January 1995), or for strong solar activity (on 29
April 1992).

When taking a closer look at the small solar zenith angles,
one can notice a small discrepancy, with modeled VER being
weaker than the ones measured by WINDII, by about 10%.
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Fig. 8. 630.0 nm oxygen line – 9 January 1995 – f10.7=73.7, Ap=7. Dots correspond to WINDII measurements and line/diamonds
correspond to TRANSCAR results.

This underestimation corresponds to low latitudes on 29
April and on 9 January, the underestimation occurs on the
contrary, at middle latitudes, which makes it impossible to
explain the observed discrepancy with a variation in lati-
tudes. Another point is that TRANSCAR does not yet take
into account the influenceof the photoelectrons produced in
the conjugate hemisphere and transported along the magnetic
field lines. But Torr et al. (1990) showed, taking the exam-
ple of the O+(2P) 732 nm and the N2(2P) 337.1 nm emis-
sions which are mainly produced by the action of those en-
ergetic electrons, that the conjugate photoelectrons influence
can only be seen during the night in the winter hemisphere.
Thus, including a proper treatment of conjugate photoelec-
trons in TRANSCAR would not have been significa nt in the
calculation of dayglow emissions. On the other hand, a pos-
sible cause of the discrepancy observed on the red line would
be the weak representativity of the f10.7 index with respect to
the solar EUV activity, compared to the MgII index, as dis-
cussed in Sect. 4.2. As the solar EUV influence is the most
important for small solar zenith angles, this would explain
why the discrepancy is mainly noticeable below SZA=45◦.
TRANSCAR also over-evaluates slightly the peak altitude,
with modelled altitudes higher than the measured ones of
about 10 km. We note that 10 km is the order of magnitude of
the variable altitude step of the model in the F-region, but we
cannot assert that the 10 km discrepancy is due to the model
height resolution. In Fig. 7 and Fig. 8, one can also notice
the very low scattering of the measurements. Only for high

latitudes on 9 April, this scattering increases. This low scat-
tering which corresponds to very low longitudinal variations,
justifies the zonal means used in the following statistics.

4.1.2 The green line

As for the red line, two dates are presented in order to study
the variations of the 557.7 nm oxygen green emission: 25
October 1992 and 23 December 1995. Figures 9 and 10
show TRANSCAR results and WINDII data for those two
days, and we remind the reader here that only the maximum
of the thermospheric layer is presented on those plots. The
f10.7 index for the first day was equal to 146.8, and theAp

index was 7, and for the second day we had f10.7=71.2 and
Ap=8. Those two days were chosen for the similarities in
the satellite orbits, with low solar zenith angles correspond-
ing to low latitudes, and solar zenith angles greater than 60◦

corresponding to latitudes below 30◦ south, as shown on the
upper panels of Figs. 9 and 10. The magnetic activity is also
nearly identical, meaning that the main difference between
those two sets of measurements comes from the solar flux
intensity. For the strong solar flux conditions (25 October
1992), the measured volume emission rates are almost twice
as strong as for the low solar conditions day (23 December
1995). Those large differences were properly reproduced
by the TRANSCAR model. However, a small overestima-
tion is noticeable at low latitudes, but it represents a devia-
tion of less than 10% from the mean and remains inside the
maximum WINDII values. Despite this discrepancy, TRAN-
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Fig. 9. 557.7 nm oxygen thermospheric line – 25 October 1992 – f10.7=146.8, Ap=7. Dots correspond to WINDII measurements and
line/diamonds correspond to TRANSCAR results.

Fig. 10. 557.7 nm oxygen thermospheric line – 23 December 1995 – f10.7=71.2, Ap=8. Dots correspond to WINDII measurements and
line/diamonds correspond to TRANSCAR results.
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Table 2. Geophysical parameters for the three selected days repre-
sented in the frame in Fig. 12. The first date corresponds to the point
at the top of the frame and the last date to the point at the bottom.

day 630.0 nm VER peak MgII f10.7 Ap Latitude
(cm−3.s−1) (degrees)

28 Dec. 1994 201.3 0.2585 75.9 10 46
21 Dec. 1994 199.8 0.2586 82.4 6 42
9 Jan. 1995 176.7 0.2585 73.7 7 −5

SCAR results reproduce reasonably well the maximum alti-
tude and VER observed by WINDII, particularly on 23 De-
cember, where observations are less scattered. The larger
scattering of WINDII data observed in O(1S), as compared to
O(1D), is a general feature of the measurements and may be
related to the greater importance of dynamical phenomena,
such as tides and planetary waves in the lower thermosphere.

4.2 Statistical results

The atomic oxygen emissions data obtained with the WINDII
interferometer from 1992 to 1995 are shown hereafter,
and we stress that only quiet magnetic days are analysed
(Ap≤10). This represents 22 days for the oxygen red emis-
sion line, and 97 for the green line. This small amount of
red emission line data is due to the typical WINDII weekly
schedule, with one day for the red line observations and three
days for the green line observations, but with several periods
without 630.0 nm measurements. We have chosen to present
the zonal means of the maximum volume emission rates and
maximum altitudes as a function of solar activity for three
different solar zenith angles: 30, 50 and 70◦. As was done in
the simulations we used the f10.7 index to represent the solar
activity. We also chose to use the MgII index (Cebula and
DeLand, 1998) which is an alternative proxy for EUV solar
flux. Thuillier and Bruinsma (2001) pointed out the superi-
ority of the MgII index over the f10.7 index with respect to
upper atmosphere heating processes, suggesting to use this
former proxy for thermospheric modelling. Maharaj-Sharma
and Shepherd (2003) in their study of the mesospheric and
thermospheric O(1S) dayglow examined 5 different proxies
of the solar EUV flux,and found also slightly higher correla-
tions with MgII than with f10.7 for the thermospheric layer.

4.2.1 The red line

Figure 11 shows the volume emission rates ηmax and
the emission maximum altitude Zmax, extracted from the
WINDII data using the method described in Sect. 3.2, as a
function of f10.7. Each one of the three plots stands for a dif-
ferent solar zenith angle, respectively, 30, 50 and 70◦ from
top to bottom. Correlation coefficie nts of VER tof10.7 (as-
suming a linear relationship) are indicated on the plots.

Looking at Fig. 11 and considering the intensity of the
emission maximum, i.e. ηmax, one can see that it decreases
with the increase of solar zenith angle. On the top panel (for
a solar zenith angle of χ=30◦), we have a mean value of

roughly 300 photons.cm−3.s−1, while we have on the middle
panel (χ=50◦) roughly 250 photons.cm−3.s−1, and roughly
230 at χ=70◦ (bottom panel). This means a decrease of
about 25% when going from a Sun almost at zenith to a graz-
ing Sun. This result is not surprising because the larger the
solar zenith angle, the larger the atmosphere layer and thus,
the EUV flux decreases and the reaction involving electron
impacts weakens. As previously seen in Fig. 2 this reaction
is one of the preponderant production process involved in the
red line emission. The solar zenith angle influence is very
weak on the emission altitude, and the red line peak remains
around 210 km high when solar zenith angle is smaller or
equal to 70◦.
Regarding the influence of the f10.7 index, one can say that
when the solar activity and then the EUV flux increases, a
greater importance is given to the reaction involving elec-
tron impacts, and then the thermospheric peak is enhanced,
as expected. When considering a solar zenith angle of 30◦,
the variation is quite strong: it increases from 230 to about
350 photons.cm−3.s−1, which is about 50% more, and we
have variations of the same order for solar zenith angles of
50 and 70◦. This rise with solar fluxcan also be seen with
the altitude Zmax of the emission maximum, even if it is less
pronouced than for the peak intensity, with a variation of
about 10% with the increase of the f10.7 index, no matter
which solar zenith angle is considered. The results of the
TRANSCAR simulation presented in Sect. 4.1.1 have been
added in Fig. 11, as green diamonds. Additionnal TRAN-
SCAR simulations for intermediate solar activity conditions
are shown as red circles. Within the more global picture dis-
played by the statistics, one can say that TRANCAR is able
to give a good picture of the main variations of the O(1D)
layer maximum, despite an offset present in the maximum
emission altitude, as already noticed in Sect. 4.1.

Figure 12 shows the same WINDII volume emission rate
and altitude data plotted this time versus the MgII index.
Correlations coeffici ents are significantly higher for the two
smallest solar zenith angles, i.e. when the solar EUV influ-
ence is the most important. The remaining scattering of the
points can be attributed to latitudinal and seasonal variations.
We have examined all points with nearly the same MgII in-
dex but different volume emission rates and have verified that
in all cases the latitude and/or the season were different. A
good example is given by the three points encircled in Fig. 12
(bottom panel). In Table 2 the Ap, f10.7 and MgII indices
for those days are indicated, together with the latitude corre-
sponding to the solar zenith angle of 70◦. One can see that
when the latitude and season are the same (two fi rst points),
the maximum VER are almost identical, however, this is not
the case for the last point. Using the f10.7 index would not
have allowed such an analysis.

4.2.2 The green line

In Fig. 13 the results are presented for the atomic oxygen
green thermospheric peak, in the same format as the red
line. The green line behavior regarding the solar zenith an-
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Fig. 11. WINDII measurements of the 630.0 nm volume emission rates and maximum emission altitudes for quiet geomagnetic days
(Ap≤10), from 1992 to 1995. Data are plotted versus the f10.7 index, and error bars correspond to the standard deviation. Diamonds
correspond to the TRANSCAR simulation results presented in Sect. 4.1.1, and circles are simulations results for intermediate solar activity.

Fig. 12. WINDII measurements of the 630.0 nm volume emission rates and maximum emission altitudes for quiet geomagnetic days
(Ap≤10), from 1992 to 1995. Data are plotted versus the MgII index, and error bars correspond to the standard deviation.
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Fig. 13. WINDII measurements of the 557.7 nm (thermospheric peak) volume emission rates and maximum emission altitudes for quiet
geomagnetic days (Ap≤10), from 1992 to 1995. Data are plotted versus the f10.7 index, and error bars correspond to the standard deviation.
Diamonds correspond to the TRANSCAR simulation results presented in Sect. 4.1.2, and circles are simulations results for intermediate
solar activity.

Fig. 14. WINDII measurements of the 557.7 nm (thermospheric peak) volume emission rates and maximum emission altitudes for quiet
geomagnetic days (Ap≤10), from 1992 to 1995. Data are plotted versus the MgII index, and error bars correspond to the standard deviation.
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gle is quite similar to the 630.0 nm emission comportment,
with a decrease in the emission intensity and an increase
in the emission altitude with solar zenith angle. The de-
crease in emission intensity is strong, starting with a mean
value of roughly 600 photons.cm−3.s−1 at a solar zenith an-
gle of χ=30◦ (upper panel), and ending with a mean value
of roughly 200 photons.cm−3.s−1 at a solar zenith angle of
χ=70◦ (lower panel). For the emission altitude, a weak in-
crease with solar zenith angle is noticeable, with an average
peak altitude going up by 20 km when the solar zenith angle
goes from 30 to 70◦.

For the variations with solar activity, we have quite
a strong fluctuation on the peak intensity: it goes from
500 photons.cm−3.s−1 to 750 at solar zenith angle χ=30◦,
and we have variations of the same order for solar zenith an-
gles of 50 and 70◦. For the emission altitude, the variation
with the solar fluxis quite similar to the red line, with an in-
crease of about 10%. Simulations results have been added as
diamonds and circles in Fig. 13, as was done for the red line.
As previously mentioned in Sect. 4.1.2, one immediately no-
tices an overestimation of the intensities at SZA=30◦. This
overestimation is about 10% for three cases over four. For
larger solar zenith angles, simulations and observations agree
within about 10%. Concerning the maximum emission alti-
tude, TRANSCAR gives a good representation of the mea-
surements.

Figure 14 show the same data as a function of the MgII

proxy. The correlation coefficien ts are signific antly higher
for SZA, equal to 30◦ and 70◦. At 50◦, where the scatter-
ing of data is the largest, no real improvement is, however,
observed.

5 Summary and conclusions

In order to summarize the behavior of the atomic oxygen
emissions with regards to the solar zenith angle and the so-
lar flux variations, one gives hereafter estimations of those
parameters’ influence and their physical interpretation:

1. when solar zenith angle increases from 30◦ to 70◦,

– the peak intensity decreases by about 25% for the
red line, and 70% for the green line. This is mainly
caused by the decrease of the EUV fluxand then the
frequency of the photoelectron impacts, one of the
preponderant production processes for both emis-
sions,

– the peak altitude increases by 10% for the green line
but remains nearly constant for the red line;

2. when solar activity increases by a factor of 3, red and
green line emissions intensity and altitude increase (by
about 50% and 10%, respectively, regardless to the line
considered). This can be interpreted again as the en-
hancement of the reaction involving photoelectron im-
pacts with the increase of the solar EUV flux,

3. a better representativity of the MgII index was found
when describing the relations between the oxygen emis-
sions and the solar EUV activity, demonstrated by better
correlations than with the f10.7 proxy.

Those comportments related to the solar zenith angle and
solar flux variations are appropriately reproduced by our 1-D
fluid/kinetic model TRANSCAR, even if small dissimilar-
ities are noticeable. Those discrepancies were mainly dis-
cussed in terms of the ability of the f10.7 index to represent
the solar EUV thermosphere input. Future simulation works
will try to introduce a different proxy, such as MgII , as in-
put to the neutral atmosphere model. It is likely to be done
by using the new DTM-2000 model (Bruinsma et al., 2003)
which uses this proxy, instead of the MSIS model which in-
volves f10.7.
Possible continuations for statistical data analysis could be
first to quantify the influenceof other geophysical parame-
ters such as the latitude or seasonal variations. This can be
performed only for the thermospheric O(1S) layer, with the
O(1D) database being too small. A second interesting study
would be to look at the oxygen dayglow variations during
active magnetic periods. Reaching a better understanding
of how the airglow fluctuates during magnetic disturbances
would lead to a better knowledge of the high atmosphere re-
sponse to geomagnetic activity, which is important for space
weather users.
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630.0 nm emission
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557.7 nm thermospheric peak
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Kp − 3h preceding the orbit

557.7 nm thermospheric peak
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