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p + A → K± + X

- µ± + νµ(ν̄µ)
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- µ± + νµ(ν̄µ)

- e± + νe(ν̄e) + ν̄µ(νµ)
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� 3:6EMON:G56E&(.5F>)�+-&(.�F@+4<�W>G5+-.:+4'���+-&/<(MON:+4.X+4&(.ÝBD+-G5&(3:K�n@=>9>KXK#)�+4'�A-3Ý+4&(.:+46�=c3:6EA4A-+-&�)7&/F@+-.Xº`9;l
<(W>6E&/'7W;)E&(9@.!G5+-6���)79@KL+2+4.U)7<�W;.:F�'8+-&/.:+-6q��W>N:.�\ � 356EMON¹G:&/+2º�9@<�W;6E&('EW;)7&/9@.!bq+46EG:+4.¹G:&(+^��)E9@KX+
A43�+-<(+4=U)76E&/'EMON:+4. � &(?I9@<(+4.!3:.:GL+-KL&/)E)E&(+46E+-.#+-<(+4=U)76E9>KÝW>F>.:+4)E&('EMON5+ � )76EW>N:<(35.:F�G:3:6EMONLG:&/+�A-+-&�)8l
</&(MON:+2¢�+-67|;.:G:+-683:.:FXG:+-' � &/?j9@<� Ç+-</G:+-'4\
�d+4bd+-F>)a'E&(MON�GQW>'aF>+-<�W;G:+-.:+��`+4&(</MON:+-.�KL&/)k+4&(.:+46 � +-'8MONcb^&/.:G:&/F@=>+4&/)

v < c′
nj+46EF@&/i5)a'8&(MON�+4&�l

.5+#'8Ë[KLKX+¦)768&('EMON5+#�a.59@6EG:.c3:.5F¹G:+-6 � &(?I9@<(+�3:K G:&/+#��+-&/<(MON:+4.[i:W>N:.�\ � W>G:3:68MON�.:&(KLK#)^GQW;'
_5ij+46ÈW></<(+ � &(?I9@</+L&/.U)7+-F>6E&(+468)E+ � &/?j9></ Ç+-</GÅG:+-.ez�+-6*)!0235<(<�W>.e3:.5Ge+-'�i:<(+4&(i5)�'E9@KL&/)o=;+-&(.5+
68+-'83:</)E&(+-68+-.:G5+ � )76EW>N:<(35.:F�_:i:6E&/F:\
��+-&/<(MON:+4.�n:G:&/+{'E&/MONDN:&/.:F@+4F@+-.�KX&�)�+-&/.:+-6 � +-'8MONUb^&(.:G:&/F@=>+4&/)^r@9>.

v >
c

n

~�À \ �@�

iI+4bd+-F>+-.�n�N:+-iI+-.!G5&(+ � Ë[KXKL+4)E6E&/+�G5+-6 � &(?I9@<�W>.59@6EG:.c3:.5FaW>3Y �h�G:W>'ìGQW;67W>3:'�6E+4'E3:<�)7&/+-6E+4.:G:+ � &�l
?I9@</KX9@KL+-.U)�r@+46E3:68'7W>MONU)LG:&/+�u�KX&/'E'8&(9@.�+-<(+4=U)76E9>KÝW>F>.:+4)E&('EMON5+-6 � )767W;N:<(3:.5F ��� 6E3:� À ��\ � &/+-'8+
b^&/6EG�&(.e�2i:NQ|>.:F>&(F@=;+-&/)or@9>.fG:+-6È��+-&/<(MON:+4.:F@+4'EMONUb^&(.:G5&(F@=;+-&/)È&(.�+4&(.:+4KHiI+-'*)7&/KXK#)E+-.gz¬&(.Yl
=;+-<ÊA-356k��+-&/<(MON:+4.ciQW>N:.�W>i:F@+4'8)76EW>N:<�)y\ � +46kz¬&/.:=>+4<

θ
A¦b^&('EMON5+-.��23:'Ei56E+-&�)73:.5F@'E68&(MONU)73:.5FÝG:+46
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pq+-68+-.:=;9srcl � )76EW>N:</3:.:F�3:.5G��q+¦bq+4F@3:.:F@'86E&/MONc)E3:.:F¹G:+4'a��+-&/<(MON:+4.:'a+46EF@&/i5)k'E&(MON�b^&(+� Ç9@<(F;)kW>3:'
G:+46^¢�W;=[353:KXF>+-'EMONUb^&/.:G:&(F>=>+-&�)

c
3:.:G�G:+-6^��+-&/<(MON:+4.:F@+-'8MONUb^&(.:G:&/F@=>+4&/)

v
¿

θ = arccos
c

nv
.

~ÁÀ \ À �

�q+4'E&/)EA4)oGQW>'oF@+4<�W>G:+4.:+��`+4&(</MON:+-.�G:&(+!3:.U)E+-6E+ � 68+-.:A4F@+-'8MONUb^&(.:G:&/F@=>+4&/)
v = c′

ni56E+-&�)7+¦)�'8&(MON
G:&/+ � )76EW>N:<(35.:F�&(.�]ì<(35F@6E&/MONc)E3:.:F�W>35'�hQ+-'^+46EF@&/i5)^'E&/MON

θ = 0
\

]ì_:6LG:+4. � 6E+-.5A4 ÁW></<
v → c

<�|>Æ;)�'E&(MON G:+-6L Ç_:6�GQW>'ÝBD+-G5&(3:K MONQW>6EW>=U)7+46E&('*)7&/'EMON:+�z¬&(.:=;+-<
iI+-6E+4MON:.:+4.�¿

θMax = arccos
1

n
.

~ÁÀ \��c�

� W>KL&/)^+46EF@&/i5)^'E&/MON�A43:K �q+-&/'E?:&/+-<� Ç_:6kGQW>'2BD+4G:&(35K u�&/'-nÏGQW>'^+4&(.:+4.��q68+-MONc3:.:F@'8&(.:G5+¦ÜDr@9@.
n ≈ 1.33

iI+-'E&�)7A¦)yn�+-&/. MONQW;67W>=U)7+46E&/'8)7&/'EMON:+46Xz¬&/.:=>+4<^r>9@.
θMax ≈ 41.2◦

\ Ä 35'7W>KLKX+4.:F@+ml
 ÁW>Æ>)È+-6EF>&(i5)�'8&(MON�nwG:W>ÆÅG:+-6Xpq+-68+-.:=;9srclTuwvx+4=c)Ý+-&/. � MONcbd+-</<(+4.:+4vj+-=U)X&('8)-nwGQW�G:&/+	u�KL&('8'E&/9@.
r@9>.£+4<(+4=c)E6E9@KXW>F@.5+4)7&/'EMON:+46 � )E67W>N:</3:.:F�.c3:6�W;if+-&(.5+-6ÈiI+-'*)7&(KLK#)E+-.e��+-&/<(MON:+4.:F@+-'8MONUb^&(.:G:&/F;l
=>+4&/)-nqG:+46�'E9@F>+-.QW>.5.c)E+-. � MONUbd+-<(</+-.:F>+-'EMONUb^&/.:G:&(F>=>+-&�)

v = c/n
W>35 ¡)768&/)8)y\ � &(+�A-3:F@+4N:�@68&(F@+

� MONUbd+-<(</+-.:+4.:+-68F@&(+oiI+-6E+4MON:.:+¦)a'8&(MON�F@+-KX|>Æ:¿

Es = γs · m0c
2

~ÁÀ \��@�
KL&/)

γs =
1

√

1 − βs
2

=
1

√

1 − 1
n2

.
~ÁÀ \ � �

� 3:68MON:Zc3:+-6*)¹+-&/.»B�Ë>9@.�KL&/)�+4&(.:+46�B�W;'E'E+Dr@9@.
m0c

2 = 105.65
BD+¼¢ GQW>'¹B�+-G:&/3:K u�&('-n

iI+-6E+4MON:.:+¦)�'E&(MON�G:&(+ � MONUbq+4<(<(+4.:+-.5+-6EF>&(+�A43
Es = 160

B�+¼¢!\`�23:' � <(+4&(MONc3:.:F ~�À \��@�{+-6EF>&(i5)
'E&/MON�nUGQW>Æ�G:+46�¥9@6E+4.c)EA4 ÁW>=U)E9@6

γs

nUW>i�G:+4KCpq+-68+-.:=;9srcl � )76EW>N:</3:.:F#+4KX&�)E)E&(+-6*)ìb^&/6EG�n@iI+-&Y Ç+-'8)E+-6
u�.:+-68F@&(+�r@9>.�G:+-6aB�W>'8'E+ÈG5+-6k�`+4&(<(MON5+-.�W>i5NQ|>.:F>)-\ � W>G:3:68MON�+-&/F@.:+¦)a'8&(MON�G5&(+#BD+-'8'E3:.:F¹G5+-6
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pq+46E+4.:=>9srUl � )E67W>N5<(3:.:FXW>3:MONDA-3:6^��+-&/<(MON:+4.:&(G:+4.U)7&/V:=;W�)7&(9>.�\

� &(+È�2i:'E9@68?5)7&/9@.:'8<�|>.:F>+-.�3:.:GÅ+¦vx+4=c)E&/r>+-. � )768+-3:<(|>.:F@+4.�r@9@.gu�&('$35.:G�zeW>'8'E+46{'E&(.5Gg&/.�G:+46
�`W>iI+-</<(+ À \�ÂoW>35 ÇF@+4<(&/'8)7+¦)y\

��� 2!0�4�� � 0	� 
����� ���

-/.���� ����� 0	�F5���1���5�6 �
[
�

] 90 − 100 50 − 60

��� 7�� ����� 4�1���5�6 �
[
�

] 25 − 30 2000

� ��. � 1�1 � �!7�8�9 -/.���� ����� 0	�F5���1���5�6 � 4�5S2���� 7�� ����� 4�1���5�6 ��� �F5 � 0	� 4�5S2!
����� ���
"$# �&%�%(' 7

ST.��ai5i:&(</G:3:.:F À \ À &/'8)kG:&(+�9@?Y)7&('8MON:+ � )768+-3:3:.5F�3:.:GD�ai:'89@6E?5)E&(9@.	 Ç_:6�r@+46E'8MON:&(+4G:+-.:+!��&/+4 Ç+4.
&/K � _:G:?I9@< t[u�&/'#F@+4A-+4&(F>)-\ � &/+���&(+¦ Ç+-.QW>i5NQ|>.:F@&/F@=>+4&/)#A4b^&('8MON:+-.}Â@Âs�>�ÈK 3:.:G£� À �@�!KH35.:G
G5&(+»z�+4<(</+-.:<(|>.:F@+4.QW>i:NQ|;.:F@&(F>=>+-&�)fA4b^&/'EMON:+4. À �@�È.:K 3:.5G � �@�!.:K  Ç_56 G:+4. +¦vx+4=c)E&/r>+-.
� )76E+43:=>9[+()LA4&(+-.U)E+-. ~ <(&(.5=['7��3:.:G  Ç_56}G5&(+½�ai:'89@6E?Y)7&(9>. ~ 6E+-MONU)E'O�}'8&(.:G W><('»'8MONQW;)8)7&(+468)E+
* iI+-6*PÏ|>MON:+4.HGQW;6EF@+4'8)7+4<(<�)y\ � +46 ¥Ê3Y ¡)7i:<(|>'EMON:+4.cij+4&/)76EW>F�A-3:6 � )E6E+-353:.:F�3:.:G G:+-6½6E+4&(.:+
u�&/'EiI+-&/)E67W>FfA43:6��ai:'89@6E?5)E&(9@.}'E&/.:G W><('¹'*)7+-&/<�W>i:F@+4'EMON:6E|>F>)E+ * iI+-68PQ|>MON:+-.RA-3}'E+-N5+-.�\ � &(+
F>+-'8)E6E&/MON:+-<�)7+o¥&(.:&/+� Ç_56 � )76E+43:3:.:F>+-.�iI+-&�Â@Âs�>�ÈK A-+-&/F>)ynÏGQW;ÆXG:&/+ � )768+-3:3:.5F�W>.�¥Ê3Y ¡)7i:<(W>'E+4.
.:W>N:+-A43�3:.QW;i:NQ|>.:F>&(F�r>9@.�G:+46Xz�+-</<(+-.5<�|>.:F>+�&/'8)-\ � &(+D02+-&/F@3:.:F�&(. G:+-6XG:3:6EMON5F@+-A49@F@+-.5+-.
¥&/.:&(+� Ç_:6d�ai:'89@6E?5)E&(9@.Xij+4& � �@�!.:KC&('8)d&(.XG:+-6d�`+4KX?I+-6EW;)73567W>i:N:|>.:F@&/F@=>+4&/)dG:+-6d'E?I+-A-&�VQ'EMON5+-.
u�&/'7W>i:'89@6E?Y)7&(9>. � ��MO=[� � ��iI+-F@68_:.:G:+¦)y\
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ST.�02+-3Y)76E&/.:9>)E+-<(+4'E=;9@?j+4.�i:&/<(G:+4.gW;)7KL9@'E?5NQ|>6E&/'EMON:+L0k+-35)E6E&(.59@'�GQW>'�G:9@KL&(.:&/+-68+-.:G:+4. � .U)7+46*l
F@683:.:G:'8&(F@.QW;<ñ\ Ä 356!¤k+4G:3:=U)7&/9@.®G:+-' � .c)E+-68F@6E3:.5G:+-'�b^&(68GfG:&(+	u�6EG5+	W><('�]ì&/</)E+-6�r>+-6*bq+4.:G:+4)
3:.:GD+-'kbq+46EG:+4.�.c3:6 � &(F@.QW;<(+{F@+4KX+4'E'E+4.�nIG:&(+�G:3:68MON�G:&/+o=;9@KL?:<(+¦)E)7+ou�6EG5+#?:689@?QW>F@&/+-68+-.�\QST.
�ai5i:&(</G:3:.:F À \���'E&(.5GXG:&/+�r@+46E'EMON5&(+-G5+-.:+$��+-&/<(MON:+4.X35.:GXA43Ý+468bqW>68)E+-.:G:+4.�]ì</_:'E'8+kW>i:F@+4i:&(</G:+4)-\

ν

µ

ν

Erde

Atmosphäre

p

p

Extraterrestrische Atmosphärische

Atmosphärische

~1 ~100

~10 8

Neutrinos

Myonen

Neutrinos

Detektor

-/.�.�0�132!4�5�6 �!7 �S9��Z�B���������(�F��I]E � �����T� �K������I���� � ,�
�
^� + ,F�`:�� P �;� ������ ��������@ �	��� Q
���������BI������� ����K�

Ì�ÍÁÎÏÍ/Ì Ð��ÇÑ�Ù$Ô�ÑcÒ���ÁÑU×IÑcÒ������4Û���Ò�Ö��UÑ����-Ñ	×IÖIÔ �"!jÖIÔÊÑ[Ô
� 3:68MON:G:68&(.:F>)q+-&/.¹B�Ë>9@.�B�W;)E+-6E&/+>nc&('*)q'89sbq9@N5<x+-&/.ÝG:&/'E=c6E+¦)7+46�W></'qW>35MON�+-&/.Ý=>9>.c)E&(.c3:&/+-6E</&(MON:+46
u�.:+-68F@&(+¦r@+46E<(35'8)

dE/dx
A43eij+49@iQW>MONU)E+-.�\ � +-6#=;9@.U)7&/.[35&(+-68<(&/MON:+Ýu�.:+46EF@&/+4r>+-6E</3:'8)#F@+-'8MON:&(+4NU)

G:3:68MON�ST9@.5&('7W�)7&(9>.�3:.:G�<�|>Æ;)^'E&(MON	G:356EMON�G5&(+��q+¦)7N:+ml´�q</9YMONYlT]Q9@6EKL+-<jij+4'EMON:68+-&(iI+-.x\I�2i	+-&(.5+-6
B�Ë>9@.:+-.5+-6EF>&(+ar>9@.

Eµ > 500
� +¼¢ G59@KX&/.:&(+46E+4.XG:&/+aG:&/'E=c6E+¦)7+4.¹u�.:+-68F@&(+¦r@+-68<(3:'*)7+;\ � W>'d'E&(.5G

º�6E9@A4+-'8'E+>nxG:&(+�+-&(.5+#+-.5F¹ij+4F@6E+4.:A4)E+È67|>35KX</&(MON:+�u�.:+-68F@&(+4G:+-?I9@'E&�)7&/9@.�A43:6$]Q9@</F@+�N:W>ij+4.�nÏb^&(+
iI+-&('8?:&(+4<('*bq+4&('E+�G:&/+L�q6E+4KX'8'8)76EW>N:</3:.:F:nG:&/+�+-<(+4=U)76E9>KÝW>F>.:+4)E&('EMON5+-.�z�+-MON5'E+-<�b^&(68=[35.:F@+-.�KX&�)
É{+-68.:+-.Å9[G:+-6$G5&(+!º`W@W>6Ei5&(<(G53:.:F:\ � .U)7+46��q+4)E67W>MONU)E3:.:F�G:+-'{=;9@KX?5<(+4)8)7+4.Åu�.5+-6EF>&(+-iI+-68+-&/MON:+-'
'E+¦)7A¦)�'E&/MONÝG:+46dF>+-'7W;K#)7+2u�.:+-68F@&(+¦r@+-68<(3:'*)�W>35'dG:+4KC=>9@.U)7&/.c3:&(+46E<(&/MON:+-.Xu�.:+-68F@&(+¦r@+46E<(35'8) ~ ST9@.:& l
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dE

dx

∣

∣

∣

total
=

dE

dx

∣

∣

∣

Ionisation
+

dE

dx

∣

∣

∣

Brems.
+

dE

dx

∣

∣

∣

Paarerz.
+

dE

dx

∣

∣

∣

Photonukl.

~�À \ ¾@�
�2iDB�Ë@9@.5+-.:+46EF@&/+-.Dr>9@.

10
� +¼¢ =�W>.:.	G:+46^F@+-'EW>K#)7+ou�.:+46EF@&/+4r@+46E</3:'8)kG:3:68MON

dEµ

dx
= −α −

E

K

~�À \��U�

KL&/)
K−1 = K−1

brems + K−1
Paar + K−1

Hadron

3:.:G
α ≈ 2

ßqë��
� æ�� 2

iI+-'8MON:6E&/+-iI+-.�bq+46EG:+4. ��� W>&(�@�;��\
ST.D�ai:i5&(<(G53:.:F À \���&('*)2G5+-6 � +-'EW>K#)E+-.:+46EF@&/+4r@+46E</3:'8)kr@9@.�B�Ë@9@.5+-.�&(K u�&/' ~ G:3:.:=;+-</i:<�W>3DF@+¦l
'*)768&(MON:+4</)7+�¥&/.:&(+y�¦n['E9sb^&(+�+-&/.:+{�a.5?QW>'E'83:.:FXW>.	G:&(+4'E+oÉ{3:68r>+�KX&�)�G:+46^]Ï35.:=U)7&(9>. À \�� ~ F>6E_:.:+
¥&/.:&(+y�dGQW>68F@+-'*)7+-</</)-\

dE/dx=a+bE
a=0.259 [ GeV/mwe ],
b=0.363 ⋅ 10-3[ 1/mwe ]
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Eµ > 10
� +¼¢ 'E+4N:6^F@35)^G:356EMON�G5&(+ � <(+-&/MONc3:.:F

dEµ

dx
= a + b · Eµ.

~�À \��U�

KL&/)
a ≈ 2

ßqë��æ�� 3:.5G
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�������
�

optischen Moduls (OM) 

sphäre
Glas-

Optisches

Modul

Silikongel

HV-Teiler

Lichtdiffusor

60 m

AMANDA im Jahr 2000

Vergrößerung eines

(maßstabsgetreu skaliert)

200 m

Eiffelturm zum Größenvergleich

Tiefe

Oberfläche
50 m

1000 m

2350 m

2000 m

1500 m

810 m

1150 m

AMANDA-A (oben)

Vergrößerung von

AMANDA-B10 (unten)

AMANDA-A

AMANDA-B10

Hauptkabel

PMT
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g(y) =

∫ b

a

A(y, x)f(x)dx + b(y) + ε(y) .
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Aj(y)dy,
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−2 ln L(~f)
iI+-'*)7&/KXK#)b^&/6EG�\ � &/+dF>+-'E35MONc)E+-.�º`W>67W>KL+4)E+-6

~a
bq+46EG:+4.

G:3:68MON��a.5?QW>'E'8+-.�G5+-'a</&(.:+-W>6E+4.D�23:'EG56E3:MO=c' �5\��XW>.�G:&/+ � W;)7+4.�iI+-'8)E&(KLK#)y\ � .U)7+462G:+46a�2.Yl
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gmeas
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gi(~a)
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S(~a) =
∑

i

(

gi(~a) − gmeas
i · ln gi(~a)

)

.
~ �5\ �U�
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~a
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~̃a
\

� .U)E+-6È¢�+-6*bq+4.:G:3:.5FgG5+-' � 67W>G:&/+-.U)7+4. ~h
3:.:G®G:+-6 �2+-'8'E+Ot5B�W;)E6E&�Ü

H
+-68F@&(iY)È'E&/MONe Ç_:6ÈG:&/+
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S(~a)
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S(~a) = S(~̃a) + (~a − ~̃a)T ~h +
1

2
(~a − ~̃a)T H (~a − ~̃a).
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~f = A−1~g.
~ �5\�Âs�U�
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fMC
i

A-3XG:+-6�6E+4=>9@.:'*)7683:&(+468)7+4.��a.5AyW>N:<
W;.Du�68+-&(F>.:&('8'E+-.�&(K 'E+4<(iI+-.��q&(.

gMC
i

KÈ3:</)E&(?:</&(A4&(+-6*)y¿

fi = gmeas
i ×

(

fMC
i

gMC
i

)

.
~ �5\�Â@ÂÃ�
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τ · r(f)

N:&/.:A-3:F>+4 Ç_:F>)-n�G:+-6L]ì</3:=U)73QW�)7&(9>.:+-.®3:.U)7+46EG:68_:MO=U)�3:.5G�GQW>G53:6EMON G:&(+�¥�@'E35.:F�G5+-6
F>+-'E35MONc)E+-.�¢�+-68)E+-&/<(3:.:F

f(x)
F@<(|;)E)E+4)y¿

R(f) = −2 ln ·L(f) + τ · r(f)
~ �Y\/ÂÃ�>�

É{</+-&(.5+-6`bd+-68G:+-.5G:+
τ
tcz�+-68)E+^'EMONQW><�)7+4.LG5+-.X¤k+4F@3:<�W;6E&('8&(+46E3:.:F>'E+4vj+-=U)�&/KXKL+-6�bq+4&/)E+-6�W>i�n;bq9;l
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τ
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)E3:.:F�A-3Ubd+-&/'E+-.x\ � &(+^¥�@'E35.:Fo Ç_56
f(x)

b^&/6EG�F@<(W;)E)E+-6-n��8+�F@<�W�)E)7+46wG:+46d¤^+-F>3:<�W>68&('8&(+-683:.:F@'*)7+46EK
b^&/6EG�\
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f(x)
r@+468bd+-.:G:+¦) ~ñ� <(+-&/MONc3:.:F �5\�Â À �m\ � &(+-'8+
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r(f(x)) =

∫
(

dkf(x)

dyk

)2

dx.
~ �5\�Â À �
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r(f)
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r@+468bd+-.:G5+4)abd+-68G:+-.x¿

r(f) =

∫
(

d2f(x)

dy2

)2

dx,
~ �5\�Â��c�

r(f) =
∑

j

fj ln
fj

εj
.

~ �5\/Â �@�

u�'$F@&/i5)a35.c)E+-68'EMON:&/+-G:</&(MON:+#)E+-MON:.5&('EMON5+�¤k+-W><(&/'E&(+46E3:.5F@+-.�nÏ&/.�G:+4.:+-.�G:&/+È¤^+-F@35<�W>68&('E&/+-683:.:FL&(.
+-&/.:+-6�=;9@.U)7689@<(</&(+-6*)7+4.��268)^&/KX?:</+-KL+-.U)7&/+-6*)�&('*)y\ � &(+{G:68+-&Ê�q+4=;W;.:.U)7+-'*)7+4.�'E&/.:G�¿

•
� ¢ � t � &(.:F>3:<�W>6k¢�W><(35+ � +-M49@KX?I9@'8&/)7&/9@. � �aÉ�� �;��¿�ST.gG:&(+4'E+-K�º�689@F@6EW>KXK�b^&(68GgG5&(+
É�68_:KLKÈ3:.:FLW></'^¤k+4F@3:<�W;6E&('8&(+46E3:.:F>'E?QW>6EW>KL+4)7+46dr>+-68bd+-.5G:+4)-\

•
¤k+4G:3:A4&(+-6*)7+ � 6E9>'E'´t[u�.U)E6E9@?:&/+ ~ B�¤�����BD+4)EN:9[G:+ ��� MON:� �>��¿ST.�G:&/+-'8+-6�BD+4)EN:9[G:+Lb^&/6EG
A4b^&('8MON:+-.gG:+46oBD&(.:&/KÝW;<(+-. � 6E9>'E'�u�.U)76E9>?:&(+ ~ i:A4b�\BD+4)EN:9YG5+LB�W�ÜY&(KXW><(+46au�.U)7689@?:&/+s�
3:.:G�G:+-62BD+¦)7N:9[G:+oG:+-6^=c<(+4&(.:'*)7+-. �$3QW>G567W;)E+o&/.U)7+-68?j9><(&(+468)-\

•
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f(x) =

m
∑
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ajpj(x)
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R(~a) = S(~̃a) + (~a − ~̃a)T ~h +
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2
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2
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n P (n|µ) µbest,n P (n|µbest,n) R(n|µ) Rang

0 0.030 0. 0.050 0.607 6

1 0.106 0. 0.149 0.708 5

2 0.185 0. 0.224 0.826 3

3 0.216 0. 0.224 0.963 2

4 0.189 1. 0.195 0.966 1

5 0.132 2. 0.175 0.753 4

6 0.077 3. 0.161 0.480 7

7 0.039 4. 0.149 0.259 8

8 0.017 5. 0.140 0.121 9

9 0.007 6. 0.132 0.050 10

10 0.002 7. 0.125 0.018 11

11 0.001 8. 0.119 0.006 12
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,%-/.10�0!24365!7!-!8�9;:�<69>=@?BAC5!?B-D5�24?E0F?GA�?GHJI!-�?BKL?B-NMO0P?BAC?G-DQR:RS>TVUWA�?G-!XB?G-/YZ26K1[O7!\C8O?B=@]OI!36KC?G-
.^UW_`T�abMc5!?B3434?B-edO?GA�8R3426HJI!?G-�<gf126?h\�HJIi[gKCKC24?BA�KL?hjk34]OHJI!?1lmaon�p@Tc0PMO7!-!5rqsXG?G268OKt?G26-!?@.u0!\CHJIi]vK�w
XG7�-!8x5!?BA1MR0F?GA�?G-�UWA�?G-!XB?E5!?B\u.^UW_`TVjy347!\�\C?G\Ez{abn|p^:�9G}~<Ff1?GAuMR0F?GAC?>p^[O-!5�5!24?B\C?GA1jk3�]gHJI!?
8R260�K�?G26-!?uMO0P?BAC?uUWA�?G-!XB?^����A@��7!?B3436?G-�[O-���5!26?^MO��KL26\CHJIx5�24HJI�K|0P?BXG�!8R3624HJI�n�I!MOKLMO-cTV_u?B7�KLA�MR-cT
�N?GHJI!\�?G36=�26AC��7!-!8O?G-�\C26-!5�l

τγn >> 1
q�<g��26-!?'U�AC?B-!XG?|���!AtMR��KL26\CHJI�5��!-!-!?'��7�?G3436?G-xl

τγn < 1
q

24\�K�5!7!A�HJIo5!26?�7!-�KL?GA�?e�@?G8RA�?G-!XB7!-!8�5!?GA�\CHJI![gKCKC24?GA�KL?B-ojk34]OHJI!?�8R?B8R?G0F?G-�<
f�[O\1abMc5!?G363t�bl~aon�p'T�Yx[v�!q'AC?B�!AL]g\C?G-�KC24?GA�K^5!?G-bYx[v�V26Yx[O36?G-�_^?G7�KCAC24-�MO�i7!��dRMR-o�@3�[g\L[OA�?G-
24-��!I�MOKLMvT�Ii[O5!A�MR-!24\�HJI!?G-��N?GHJI!\�?G36=�26AC��7!-!8O?G-�z�aon�p^:�9G}~<
f1?BA�24\�MOKLA�MR�P?b_u?B7�KLA�24-!Mg�i7!��dOMR-�j�p@Tc,C,�UW[O34[v�V24?G- =�7!AC5�?�24-¡z��'�@pu:�¢£}10F?GA�?GHJI!-!?¤K�7!-!5
24\�Ke24-¥.10!0�24345�7!-!8D9¦:�<§9Z5�7!ACHJI�5![O\�a�MV5!?B343�¨�5i[OA�8R?G\�KL?G3636KG<�©u-�KL?BAE�h?GAC��HJ�c\�24HJI�KL268R7!-!8bdRMR-
_u?B7�KLA�24-!McMR\�XG24363�[gKC24MR-�?G-x26\�K�5i[g\^A�?G\�7!36KC24?GA�?G-!5�?Eªc�P?B��KCAC7!Y«8R34?B24HJI�¬

E2
ν

dNν

dEν
= 1.43τeff · 10−7GeV cm−2 −1 sr−1.

l*9¦:�<§9£q

u26?GA�0P?B2t26\�K
τeff

5!24?W?B®P?G��KC26dR?EMR��KL26\CHJI!?e¯`24?¤��?>dOMR-/n�ACMOKCMR-cT�UW[OYZYx[¦T���?BHJI!\C?B36=�26AC��7!-!8R?B-
z°�'�'p^:�¢v}~<£f�[O\�a�MV5!?B343�¨�24-e.10!0�24345�7!-!8W9¦:�<§9hXB?G268OKt5!?G-�Y�[v�V24Y�[O36?G-�jk367!�����!As?G24-�?hMR�VKL24\�HJI!?
¯`24?¤��?�dRMR-

τeff = 0.2
<

f126?¥abMc5!?G3634?odOMR-±z�_1ao�'QR¨g}�7!-!5±z{ª�ª�QR²g}18R?GI!?B-³dOMR-�?G26-!?GA�´^MRACA�?G34[gKL26MR-µXB=�26\CHJI!?B-¶5�?GA
·^T�AL[;¸¥��Y�26\C\�24MR-/7!-�5D5�?GAe_u?B7�KLA�24-!Mc?GYZ24\�\C24MO-odRMR-D5!?BAe\�?G360P?B-N.^UW_`T���7!?B3436?�[O7!\B<��@?G265!?
abMc5!?G3634?e�O¹R-�-!?G-/5!7�ACHJI/5!26?>26-o5!26?G\C?BA1.uAC0F?G26Ku0F?GAC?BHJI!-!?¤KL?G-¥MR0F?GA�?G-¥QR:RS>TVUWA�?G-!XB?G-�\�KJ[OA��
?G26-!8R?B\CHJI!AC]O-!��K�=@?BAC5!?B-�<|f�[O\�\C?BI!A�I!MVHJIº[O0!8O?G\CHJI!]gKLX¤KL?oabMV5�?G343hdRMR-³z�ª!ª�QR²g}`=�7�AC5!?�5i[OA*w
[O7���I�24-DY�Mc5!26»!XG24?BA�KG�P=@[O\EXB7�?G26-!?GY	7�Y	?G24-�?G-NjF[g��KCMRA�9¦:�AC?G5�7!XG26?GA�KC?G-¼jy347!�����!I!A�KL?g�t5�?GA
24-�z{ªcKC?;:�¢£}i0P?B\CHJI!A�24?B0P?B-Z26\�KG�O\C26?GI!?@.10!0!26345!7�-!8�9¦:�<§9^abMc5!?G363V½�<�¾�7!\C]gKLXB3424HJI�=�7�AC5!?B-x¿�\�XG24363�[vw
KL26MR-!?B-�0F?GA��!HJ��\C26HJI�KC248OKG�!=@Mc5!7!A�HJIo5!?BA^jk347!��7�YÀ?G26-!?G-bjr[O��KLMRA���=h?G26KC?GA`A�?G5!7!XB24?BA�K�=�7!AC5�?O<
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�����WM � ����M���� ���#���������?��@�)�u������\�R��M ���&���R�GD:������U_M ����1Q2T�cn@�������
���:��0&0 ���������:����0ch\x{�����G����z~��C�)M_�����JXZDR�:�&XZD�0 �����}���PM ��DR�u����
�>0ED���D��������_��� �]Xl�PM>	�<��}	#���G���X`�L�������ka|�@����������D����W[����#���w��b
M ����UV�>r�0P�@t�u�����r_�#;@���|<�D�0EDR�)� ���Z����M��c�@��132
�i�:����0&0~j]x{�>��������z
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f126?�0P?BAC?BHJI!-!?BKC?G-bQR:�SeT�U�AC?B-!XG?B-�\C24-�5��@?G8RA�?G-!XB7!-!8R?B-�5!?G\`8R?B\L[OY>KL?G-�26\CMOKCACMR�F?G-x?¤�cKLAC[gKL?BA�w
AC?B\�KCAC24\�HJI!?G- _^?G7�KCAC26-!MO�i7!\�\C?B\EdRMR-�dO?GA�\CHJI!26?G5!?B-!?G-º��7!?G3634��3�[g\C\C?B-�<t�@?GXBMR8R?B- [O7��`5!?B-¼_u?B7Vw
KLA�24-!Mg�i7!\C\B�y5�?GA>dOMR-¼?G26-!?GA>?G26-!XG?B34-!?B- ��7!?G3634��3�[O\�\C?Z?GA�='[OA�KL?¤K�=�24A�5��s�O¹R-!-�?G-¼5!26?x?GA�Y�2§KCKC?G3§w
KL?B-DUWA�?G-!XB?G-�=h?G2§KL?GA1?G24-�8R?G\�HJI!AL]O-���K�=h?GA�5!?G- z°�`Uea + :#"v}~<F,%Y ��MR368R?G-�5!?G-o=h?GA�5!?G-D-�7!A�5!26?
��7!?G3634?B-�0P?¤KLAC[OHJI�KL?BKG�O5!26?'\CM¦=hMRI!3cdRMR-�UW[OY�Y�[gKC?G34?B\C�gMR�P?B-��v[O34\k[O7!HJI�dOMR-Z_u?G7VKLAC26-!MOKC?G34?B\C�gMgw
�F?G-�0F?GMR0![OHJI�KL?BK`=h?GA�5!?G-��g¹R-!-!?B-��!7!Y 5!?B-�Yx[£��26Yx[g3iY�?B�R0i[OA�?G-�_^?G7�KCAC24-�MO�i7!�edRMR-�5!26?G\�?GA
��7!?G3634��3�[g\C\C?�XB7b0F?G\�KL26Y�YZ?G-�<
,%- Ii[O5!A�MR-!24\�HJI!?G- ªVXB?G-i[OA�24?B- =h?GA�5!?G- n�I�MOKLMR-�?G- Y�2§K���-!?GA�8R24?B- 26Y ¯t?�$^Tc�@?GA�?G24HJI
l ¯t?�$^Tcn�I�MOKLMR-�?G-Fq�XG7!\C[OY�YZ?G-�Y�2§K|_u?B7�KLA�24-!MR\|�!A�MV5!7�XG24?BA�KG<Vf1[O5!7!A�HJI��O¹R-�-!?G-���7!?B3436?G-Z7!-Vw
KL?BAy.u-!-i[OI�Y�?�?G26-!?G\tIi[O5�ACMR-!26\CHJI!?B-�ªVXB?G-i[OA�24MR\s\�M£=hMRI!3c5!7!A�HJI�5!26?@a�?G\C\�7!-!8�5�?GAt?GYZ26KCKC24?BA�KL?B-
n�I!MOKCMR-!?G-��R[O36\k[O7�HJI�5!7!ACHJI�5�24?`a�?G\C\�7!-!8W5!?BA�?GYZ26K�KL24?BA�KC?G->_u?G7VKLAC26-!MR\y0P?BMR0i[OHJI�KL?¤K�=@?BAC5!?B-�<
.17V��8RAC7!-�5�5!?G\1\C?GI�A���34?G26-!?G-b��?BHJI!\C?B36=�24A���7!-!8R\&%c7�?GAC\�HJI!-!2§KCKL?B\edOMR-¥_u?B7�KLA�24-!MO\1YZ26K1ao[gKC?¤w
AC26?o�!A�MR�i[O8O24?GA�?G- _u?G7VKLAC26-!MR\�-i[OI!?BXG7µdR?BAC367!\�K���AC?G2^dRMR- 5�?GA���7!?B3434?�0!26\xXG7�A���AC5!?g<'f�[OI�?GA
?G-�KC\C�!A�24HJI�K�5i[O\�_^?G7�KCAC24-�MR\C�F?G��KLA�7!Y [OYÀ��7!?B3436MRA�Kh5!?GY«[O7��t5!?BA`��AC5!?�0F?GMR0![OHJI�KL?BKC?G-�_u?B7Vw
KLA�24-!MO\C�F?G��KLA�7!Yb�V5i[O\^[O7���8OAC7!-!5�5�?GA^p^MgKCdR?BAC\�HJI!24?B0!7!-!8

z
7�Y«?G26-!?G-�jr[O��KLMOA

(1 + z)
26-�5!?GA

��-!?GA�8R24?bdR?GA�\CHJI!MO0P?B-¡24\�K;<hf1?GA�dOMR-�?G26-!?GA���7!?B3436?oYZ26K�?G24-�?GA�p�MOKCdO?GA�\CHJI!26?G0!7!-�8
zmax

XG7
?GA�='[gA�KL?B-!5!?>_u?B7�KLA�24-!MO�!7!��24\�KG¬

dN

dEν
(zmax) = φ0 ·

zmax
∫

z=0

(Eν · (1 + z))−2 · ρ(z)
dVc

dz
dz .

l*9¦:�<{�Rq

u26?GA�0P?B2!24\�K
φ0

5!?BA�_uMRA�Yx[O3624\�24?GA�7!-!8R\�� [O��KLMRAB�
ρ(z)

5!26?`Y�2§KL0F?B=h?G8OKC?`f126HJI�KC?�7!-!5
Eν ·(1+z)5!26?���-�?GAC8O24?`5!?BAh_^?G7�KCAC26-!MR\|[OY ��7!?B3436MRA�K�z°�`Uea + :#"£}m<�jy�!A�5!?G-ZYZ26K E2

ν

8R?¤=�24HJI�KL?¤KL?B-�jk367!�
?GA�8R240VK�\C24HJI�¬

E2
ν

dN

dEν
(zmax) = φ0 ·

zmax
∫

z=0

(1 + z)−2 · ρ(z)
dVc

dz
dz .

l*9¦:�<�¨�q

©u-�KC?GA'$�?GA�=@?B-!5!7!-!8x5!?G\^��-�K%=�24HJ��347!-�8R\�� [O��KCMRAC\B¬

ζ(zmax) =

zmax
∫

z=0

(1 + z)−2 · ρ(z)
dVc

dz
dz

l*9¦:�<°½�q

3�]g�OK`\C26HJI�U�34?B24HJI�7!-!8�9¦:V<{¨�dR?BAC?B24-�� [OHJI�?G-oXB7�¬

E2
ν

dN

dEν
(zmax) = φ0 · ζ(zmax) .

l*9¦:�<{¢Rq

$�?GA�8R3426HJI!?G-¼YZ26KE_u?B7�KLA�24-!MO\�24\�K�5!26?�p^?B24HJI�=h?G26KC?�dRMR-¼¯t?�$^Tcn�I�MOKLMR-�?G- \C?GI�A�0P?B8RAC?B-!XBKG�k5i[
\C26?�[O7���8OAC7!-!5x24I!A�?GAh�N?GHJI�\C?G3§=�24A��c7�-!8�Y�2§K@5!?B-�?¤�cKLAC[O8�[O34[O��KL24\�HJI!?G-�^24-�KL?BAC8RA�7!-!5!��I!MOKLMO-!?G-
[O0!\�MRAC0�24?GA�K1=h?GA�5!?G-�<sfu?G\CI![O340/�g¹R-!-!?B-DYZ26Ku5!?BAWf1?BKC?G��KL26MR-�dRMR-¥¯t?�$^TVn�I!MgKLMR-!?B-��P-�7!A�-![vw
I!?e��7!?B3434?B-�0P?BMR0i[OHJI�KC?BK�=@?BAC5!?B-�<rf126?�0!24\�I!?GA`?B-�K���?GA�-�KC?G\�KL?O�r0F?GMR0![OHJI�KL?BKC?>��7�?G3436?�3426?G8OK@0P?B2
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?B24-!?BA�p�MOKCdO?GAC\�HJI!24?B0!7!-!8edRMR-
z = 0.538

z°¯�n�� + :#"v}~<Rf�[g\|I�?G24�gK;�O5�?GA�XG7�8R?GI!¹OAC248O?�_u?G7VKLAC26-!Mgw�!7!��dRMR-x��7!?G3634?B-��g5�24?'YZ26K�Ue[OYZY�[gKL?B34?G\��OMR�F?G-�0F?GMO0i[OHJI�KL?¤K�=@?BAC5!?B-x�O¹O-!-!?G-���24\�K�?G0F?G-�� [O3634\
[g7��@��7�?G3436?G-/YZ26K�?B24-!?BA�Yx[£��26Yx[g34?G-op^MgKCdR?BAC\�HJI!24?B0!7!-!8�dRMR-

zmax = 0.5
0P?B8RAC?B-!XBKG<s�@?GXBMgw

8O?G-�[g7��`5!?B-�8R?BY�?B\C\C?B-!?G- U�?G\C[OYEKC-!?G7�KCAC26-!MO�i7!��24\�KE5�?GA>_u?G7VKLAC26-!MO�i7��bdRMO-¼��7!?G3634?B-�YZ26K
zmax < 0.5

7!Y�?B24-!?B-�jr[O��KLMRA
η(zmax)

��36?G24-�?GA^[O34\�5!?BAuXB7o0F?GMR0![OHJI�KL?G-�5!?�U�?G\L[gYEKL-!?B7�KLA�2§w
-�MO�i7!�!<Of1?GA�.u0!\CMRA���KL26MR-!\�� [O��KLMRA

η
=�24A�5��!0F?GA�5i[O\ $�?BACIi]g36KL-�24\�5!?B\hUW?B\L[OYEKC-!?G7VKLAC26-!MO�i7�\C\C?B\

XB7!Y�_^?G7�KCAC24-�MO�i7!��dRMO-���7!?B3434?B-�Y�2§K
z < zmax

0F?G\�KC24YZYEK;¬

η(zmax) =
dN/dEν(z = ∞)

dN/dEν(zmax)
.

l�9¦:�<�²�q

a�26K�^2436��?udRMR-�UW36?G24HJI�7!-�8�9¦:�<{¢��v[O-�-�U�34?B24HJI�7!-!8�9¦:�<�²�dR?BAC?G26-�� [OHJI�K�=@?BAC5!?B-�XG7�¬

η(zmax) =
ζ(z = ∞)

ζ(zmax)
.

l�9¦:�< "Rq
©^-�KL?GA $�?GA�=h?G-�5!7!-!8�5!?B\ .10!\�MRAC�VKL24MO-!\�� [O��KCMRA�34]O�OK�\C24HJI)5�?GA U�?G\C[OYEKC�!7!�#?¤�cKCAL[gKC?GA�w
A�?G\�KLAC26\CHJI!?BA±_u?G7VKLAC26-!MR\B�¥[O7��º5!?G- Yx[£��26Yx[g34?G-#_u?G7VKLAC26-!MO�i7�� dOMR-)��7!?B3436?G-��b5!24? YZ26K
¯t?�$^Tcn�I�MOKLMR-�?G-�0P?BMR0i[OHJI�KL0![OAu\�24-!5��!7!YZAC?GHJI�-!?G-�¬

dN

dEν

∣

∣

∣

TeV
=

dN

dEν

∣

∣

∣

zmax

= η(zmax)
−1 dN

dEν

∣

∣

∣

z=∞
.

l�9¦:�<���q
fu?GA�Yx[£��26Yx[g34?�_u?G7VKLAC26-!MO�i7��DdOMR-º¯t?�$^TV��7�?G3436?G- �v[O-!- YZ26K�?B24-!?BAZMO0P?BAC?G-ºQR:�SeT�U�AC?B-!XG?
5�?G\uUW?B\L[OY>KC�i7!\�\C?B\G�

(φ · E2)90%

[O7��

E2
ν ·

dN

dEν

∣

∣

∣

TeV
<

(φ · E2)90%

η(zmax)
.

l�9¦:�<�Q�q
[g0!8R?G\�HJIi]gKCXBK|=@?BAC5!?B-�<�fu24?�24-�´W[O�!26KC?G3iQW0F?GAC?BHJI!-!?¤KL?�MR0F?GA�?uUWA�?G-!XB?u5!?B\`U�?G\C[OYEKC�!7!\C\�?G\|24Y
��-!?BAC8R26?G0F?GA�?G24HJI�dOMR-

316
¯y?�$±0!26\

1
ny?�$�24\�KG¬

(φ · E2
ν)90% = 3.26 · 10−8 GeV cm−2 s−1 sr−1 .

l*9¦:�<§9¦:�q
©^-�KL?GA $�?BA�=h?G-!5�7!-!8x5�?GA`.10�\CMRA���KL26MR-�� [O��KLMOAC?G-

η(zmax = 0.5) = 17
7!-!5

η(zmax = 1) = 5z°�`Uea + :#"£}��v[O-!-�5!?BA Yx[v�V26Yx[O36?�_^?G7�KCAC26-!MO�i7!�ÀdOMR- ��7!?G3634?G-	5�24? 8R36?G26HJI!XG?B26KL268ÀYZ26K
¯t?�$^Tcn�I�MOKLMR-�?G-�0P?BMR0i[OHJI�KL?¤Ku=h?GA�5!?G-b�O¹R-�-!?G-o[O7��

E2
ν ·

dN

dEν

∣

∣

∣

TeV
(zmax = 0.5) < 1.9 · 10−9 GeV cm−2 s−1 sr−1 .

l*9¦:�<§9R9£q
0F?GXB24?BIc7�-!8R\�=h?G26\C?>[O7��

E2
ν ·

dN

dEν

∣

∣

∣

TeV
(zmax = 1.0) < 6.5 · 10−9 GeV cm−2 s−1 sr−1 .

l*9¦:�<§9£�Rq
0F?G8OAC?G-�XBK1=h?GA�5!?G-�<�f1?GA1Yx[v�V26Yx[O36?e_u?G7VKLAC26-!MO�i7������!A1[O-!5!?BAC?���-!?BAC8R26?G0F?GAC?B24HJI!?E24\�K124-b¯k[vw
0F?G3634?�9;:�<69�[O7V��8R?G3624\�KC?BKG<�,%-º.u0!0!26345!7!-�8¼9¦:�<{�/\�24-!5 5!26?�MR0P?BAC?B-µU�AC?B-!XG?B-º���!A

zmax = 0.55![OAC8R?B\�KC?G343§K;<Vf124?B\C?W\C?BI!A���34?G26-!?G-�jk36�!\C\�?�\C26-!5�\C?G360!\�K^YZ26K@?G24-�?GY
1 km3 8OACMR�R?B-�_u?G7VKLAC26-!MgwKC?G36?G\C�gMR��=�24?�,%HG?��@7!0P?^�v[O7!Y YZ?G�O0i[OAG<R��\�26\�K�5i[OI�?GA�\C26-!-�dRMR363i24\CMgKLACMO�P?`_^?G7�KCAC26-!MO�i7!\�\CYZ?G\*w
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E2
ν · (dN/dEν)

∣

∣

∣

TeV

[ �����
��� 2· � · �
	

]

E [ ���� ] (φ · E2
ν)90%

[ �����
��� 2· � · �
	

]

zmax = 0.5 zmax = 1.0

50 � 100 6.51 · 10−8 3.8 · 10−9 1.3 · 10−8

100 � 316 5.17 · 10−8 3.0 · 10−9 1.0 · 10−8

316 � 1000 3.26 · 10−8 1.9 · 10−9 6.5 · 10−9
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�)�&XZD�0 �}�]�^M�u�������1Q2�� ���)�@�)���� u����

zmax = 0.5
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zmax = 1.0
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]

Volkova atm νµ+ ν
–

µ

Obere 90%-Grenze

TeV (zmax=0.5)

AMANDA-II, entfaltete

atm νµ+ ν
–

µ - Daten
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�}���PM ��DR�u���������F ���:��0&0 ��� x{�e�V	 + ��j�zL���W�v/#A

zmax
I����&��� ��� �
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KLA�7!YZ\��!ACMO�PMRA�KL26MR-i[O3^XG7

φs ∝ E−2 5!7!A�HJI!8R?B����I!A�K�l~´W[O��26KL?B31QRq¤<'f1[¼dc26?G34?�jk347!�OY�Mc5!?G3634??¤�cKCAL[gKC?GACA�?G\�KLAC26\CHJI!?BAx_^?G7�KCAC26-!MR\�?G26- ªV�F?G��KLA�7!Y)�PMO\�KL7�3424?BAC?B-��k5i[g\�-!24HJI�KZ�!ACMO�PMRA�KL26MR-i[O3|XG7
E−2 24\�K;��24\�K�?B24-!?�,%-�KL?BAC�!A�?BKJ[vKL24MO- 5!?BAx0!26\CI!?BA�0F?GA�?GHJI!-!?¤KL?B- MR0P?BAC?B-�UWA�?G-!XB?G-µ0F?GXB�!8R3624HJI5!26?G\C?BA`abMc5!?B3434?�-!26HJI�K'24YZYZ?GA�?G26-!5!?B7�KL268!<cf124?u�@?GA�?GHJI!-�7!-�8Z5�?GA@MO0P?BAC?G-�UWA�?G-!XB?G-�YZ26K|5!?BY
I!26?GA�0F?G\CHJI�AC24?B0P?B-!?G- $�?GA�� [gI!AC?B-µl ´e[g�!26KC?G3�Q�q126\�KW26Y�YZ?GA�YZ26K�5!?GAen�ACMc5!7!��KL26MR-¥?G26-!?GA�\�?GI!A
8RA�MR�R?G-/.u-!X;[gI!3�abMR-�KC?�T �'[OA�34MvTVªV24Y�7�3�[gKC24MR-!?B-�dO?GA�0!7!-!5!?B-�7!-�5D5![OI!?GA�XB7/XG?B26KJ[g7�� =@?B-!5!268!�
7!YÀ\�24?����!A�?B24-!? $124?G36X;[OI�3�dRMR-oabMc5!?G3634?B-�5�7!ACHJI!XB7����!I!A�?G-�<
�@?B2k5!?BA�[O-i[O3§¸�KL24\�HJI!?G-¥�h?GAC?BHJI!-�7!-!8�dRMO-N��A�?G248O-!24\C[O-!X;[gI!34?B-b=h?GAC5�?G-¥24Y .136348R?BY�?B24-!?B-o5!26?
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8�[gKC24MR-/5�?GA�¯t?G2436HJI!?G-DXG7�Y	f1?BKC?G��KLMOAe0F?GA��!HJ��\C26HJI�KC248OKG<t��\�=h?GA�5!?G-���?G5!McHJIN�g?G26-!?�8R?G-i[g7!?G-
,%-���MRA�Yx[vKL24MO-!?G-�0F?GXB�!8R3426HJI�5!?GAh[O-!8R?¤=@?B-!5!?¤KL?G-x.1-i[O3§¸c\C?GYZ?BKCI!Mc5!?`XG7!A@ab?B\C\C7�-!8E5!?BA|��A�?G268gw
-!26\L[O-!XG[OI!36?G-¼?G26-�0P?BXGMR8R?B-�<�f�[gI!?GA�26\�K�5!?BA $�?GA�8R34?B24HJI¼?B24-!?BAEKLI!?BMRAC?¤KL26\CHJI 0P?B\�KC24YZYEKL?B- ��A*w
?G268R-!26\L[O-!XG[OI!3iYZ26K|5!?BAh8R?BY�?B\C\�?G-!?B-���A�?G268R-!24\C[O-!XG[OI!3r7!-!8R?B-i[O7�<cf126?G\h8R243§K�24-!\�0P?B\CMR-!5�?GAC?u0P?B2
ab?¤KLI!Mc5!?G-¥=�24?E5!?GAWAC?B8R7!34[OAC26\C24?BA�KC?G-/��-�KC� [O3§KL7!-�8�24-/5!?BAe5�24?�?B-�K�� [O36KC?BKC?G-¥,%-�KL?GA�dg[O343624-!Ii[g36KL?
YZ26KL?B24-i[g-!5!?GAh�OMRA�AC?B3424?BA�K�\�24-!5�<!�@?G2�0F?G�v[O-�-�KC?GA^´uMOACAC?B3�[gKC24MR-x5!?GA�?G-�K�� [O36KC?BKL?B-���-�?GAC8O24?G26-�KL?GA*w
dg[O3436?x26\�K�?B\�Y�¹R8O3424HJI��t5�24?���AC?B248R-�24\L[g-!X;[OI�34?G-��k5!26?�Y�2§K�5!?BA�24- ´W[O�!2§KL?B3h½/0F?G\�HJI!AC26?G0F?G-!?B-
.1-![O36¸c\C?BY�?¤KLI!Mc5!?u0P?B\�KL26Y�Y>K|=h?GA�5!?G-��V���!Ah0P?B3424?B0!248O?ujy347!�RYZMc5!?G3634?'XB7�0P?BAC?BHJI!-!?G-�<if124?u0P?�w
AC?BHJI!-!?¤KL?G-�KCI!?GMRA�?BKC24\CHJI�?G-Z��AC?G268R-!26\L[O-!XG[OI!36?G-��g¹R-!-!?B-Z5![O5!7!A�HJI�5!24A�?G��K�YZ26Ky5!?G-�?B-�KC� [O3§KL?BKC?G-
�N?GA�KC?G-odO?GA�8R3426HJI!?G-o=h?GA�5!?G-�<�u26?GA�XG7b=�26AC5b5!24?W��[gI!AC\�HJI!?G26-!3426HJI!�O?B26K;�F��AC?B248R-�24\C\�?E26-b?B24-!?BY
0F?G\�KC24YZYEKL?B- ��-!?GA�8R24?B24-�KL?BA�dg[O3431l 26Y ��MO348R?B-!5!?G- [g34\��@26-�0F?GXG?B24HJI!-�?BK�q�XB7 YZ?G\�\C?B-���24-¼.u0Vw
Ii]O-�8R248R�g?G2§K'dRMRYÀ=@[OI!A�?G-b_u?B7�KLA�24-!MO�!7!��0P?BAC?GHJI�-!?BKG<

������� � �  � ���  ���*+1�*���  �� ��� $��u� ( � +1�����|�*���*+h$V���"! ���*�

.17V��8RAC7!-�5D5�?GAe´uMRA�AC?B3�[gKC24MR-�?B-�KC� [O3§KL?BKC?GA�,%-�KL?BA�dg[O363424-�Ii[O36KC?E�g¹R-!-!?B-N\�24Y�7!3624?BA�KL?E��AC?G268R-!26\C\C?g�
5!26?1XG7�Y«��-!?BAC8R26?G24-�KC?GA�dg[O363

i
8R?GI�¹RAC?B-���26-x?G26-�0F?G-i[OHJI�0i[gA�KL?B\`,%-�KL?GA�dg[O343

j
?B-�KC� [O3§KL?BKh=@?BAC5�?G-�<

f�[O5�7!ACHJI�=�24A�5�5!24?h.1-!XG[OI!3i[g-���A�?G268R-!24\�\C?B-�24-�?B24-!?BY�\��P?BXG26»!\CHJI!?B-x�@26-�5!7!A�HJI�5!24?'0F?G-![OHJIVw
0i[OA�KL?B-¼�@24-�\E5!26AC?G��K>0P?B?G26-��i7!�OKG<k�h?G2|0P?B�g[g-!-�KL?GA��@24-!�gMRACA�?G34[gKL26MR-N�v[O-�-�5!24?���[OI!AC\�HJI!?G26-Vw
3426HJI!�O?B26K`?B-�KC� [O3§KL?BKC?���AC?B248R-!26\C\�?�24-�?B24-!?BY«0F?G\�KC24YZYEKL?B-��@26-

b
XG7�YZ?G\�\C?G-�26-�.10!Ii]g-!8R248O�O?G2§K

dRMOY�='[gI!AC?B-�_u?B7�KLA�24-!Mg�i7!�W0P?BAC?BHJI!-!?BK|=h?GAC5�?G-�<cf126?^,%-�KC?G8RAC[gKL26MR-��!0F?GA�5!24?B\C?`��[OI!AC\�HJI!?G26-Vw
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3624HJI!�g?G2§K�3624?¤��?GA�K�5!26?bY�[v�V24Y�[O3'XB7 Y�?B\C\C?B-!5!?/��A�?G248O-!24\C[O-!X;[gI!3�24Y �@26-
b
<'f�[g5!7!ACHJI �v[O-�-

����AE0F?G3426?G0!268R?xabMV5�?G3436?�5�24?���AC?B248R-�24\L[g-!X;[OI�3h5!26AC?B��K�0P?BAC?GHJI�-!?BK�7!-�5¼Y�2§KE5!?BAEKJ[vKL\L]gHJI!3426HJI
8O?GYZ?G\C\�?G-!?B-���A�?G248O-!24\C[O-!X;[gI!3kdR?BAC8R3624HJI!?B-/=@?BAC5!?B-�<tf124?�´^MRACA�?G34[gKL26MR-�0F?G-i[OHJI�0i[gA�KL?BAW,%-�KC?GA*w
dg[O3634?'�v[O-�-x5!7!A�HJIx5!26?^��-�K�� [O36KC7!-!8e?G24-�?G\|?G24-�XG?G36-!?G-�8R?B����3436KC?G-Z��-!?GA�8R24?B24-�KL?BA�dg[O3634\�0F?G\�KL24YZYEK
=h?GA�5!?G-�<�f�[OXB7�=�24A�5�?G26- ªV�F?G��KLA�7!Y l

dN/dEν = 10−6 · E−2
ν
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F (log(Eν/MeV )) = A · e−
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log(Eν/MeV )−x0

σ
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50 � 100 8.64 · 10−8 6.51 · 10−8
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316 � 1000 −− 3.26 · 10−8
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S(x) =
∑

j

ajBj,k(x)
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Bj,1(x) =







1 tj ≤ x < tj+1

0
\CMR-!\�K

l�.E<{�Rq

Bj,k(x) =
x − tj

tj+k−1 − tj
Bj,k−1(x) +

tj+k − x

tj+k − tj+1
Bj+1,k−1(x)

l .E<�¨�q
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� � ��� � � �

� � ����� � ��� �
����� �

��� � $&+�*�$�� � * � ��� %

log(Eν/
�����

) Eν [ ���� ] � � � � *�� � � �
2000 2000 − 2003

3
-
1 � 3

-
3 1

-
2 � 2

-
0 38.64 126.30

3
-
3 � 3

-
5 2

-
0 � 3

-
2 33.74 123.99

3
-
5 � 3

-
7 3

-
2 � 5

-
0 26.37 108.16

3
-
7 � 3

-
9 5

-
0 � 7

-
9 18.20 70.34

3
-
9 � 4

-
1 7

-
9 � 12

-
6 11.31 41.60

4
-
1 � 4

-
3 12

-
6 � 20

-
0 6.66 23.56

4
-
3 � 4

-
5 20

-
0 � 31

-
6 3.81 11.51

4
-
5 � 4

-
7 31

-
6 � 50

-
1 2.06 5.96

4
-
7 � 5

-
0 50

-
1 � 100

-
0 1.25 3.64

5
-
0 � 5

-
5 100

-
0 � 316

-
2 0.36 1.26

5
-
5 � 6

-
0 316

-
2 � 1000

-
0 0.00 0.00
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� � �

φ · E2
ν

[ �����
��� 2· � · �
	

]

log(Eν/
��� �

) Eν [ � � � ] � � � � *�� � � �
2000 2000 − 2003

3, 39 +0,11
−0,09 2.43 +0.48

−0.73 (1.37 ± 0.50) · 10−5 (1.44 ± 0.46) · 10−5

3, 59 +0,11
−0,09 3.85 +0.69

−1.16 (7.52 ± 2.86) · 10−6 (8.32 ± 2.69) · 10−6

3, 78 +0,12
−0,09 6.09 +1.08

−1.85 (4.26 ± 1.77) · 10−6 (4.68 ± 1.58) · 10−6

3, 98 +0,12
−0,08 9.65 +1.71

−2.94 (2.13 ± 1.00) · 10−6 (2.28 ± 0.82) · 10−6

4, 18 +0,12
−0,08 15.28 +2.69

−4.67 (1.10 ± 0.64) · 10−6 (1.16 ± 0.47) · 10−6

4, 38 +0,12
−0,08 24.21 +4.25

−7.42 (6.35 ± 5.06) · 10−7 (5.64 ± 2.72) · 10−7

4, 58 +0,12
−0,08 38.34 +6.72

−11.78 (3.11 ± 3.63) · 10−7 (2.65 ± 1.56) · 10−7

4, 81 +0,19
−0,11 65.14 +15.02

−34.86 (1.33 ± 2.65) · 10−7 (1.14 ± 0.82) · 10−7

5, 16 +0,34
−0,16 142.90 +42.90

−173.32 (0.31 ± 1.87) · 10−7 (3.37 ± 3.92) · 10−8
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�V<§9¦²µn�A�?G5!26HBKL26MR-!\`MO�y5!2§®�7!\�?W\C�F?GHBKCAL[�MO�yI!248RI�?B-!?GA�8O¸�-!?G7VKLAC26-!MR\�<e<><e<e<><W<e<>< ¨R�
¨�<§9 ªcHJI!?GY�[gKL26\CHJI!?EªV��24XBXG?W?G26-!?G\^_^?G7�KCAC24-�MV5!?¤KL?B��KCMRAC\B<�<W<><e<e<><e<><e<e<><W<e<>< ¨O²
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¨�<§9 "µf1?GA�\�HJI!?GY�[gKL26\CHJI!?e.17V��0i[O7�dRMR-b,%HG?��@7!0P? <><e<e<><e<><e<e<e<e<e<><e<><e<e< ¢O¨
½!<§9 ªVHJI!?BYx[gKC24\�HJI!?ef�[OAC\�KL?B34347�-!8�5!?GA�.1-![O36¸c\C?B�O?¤KCKL?g< <><e<><e<e<e<e<e<><e<><e<e< ¢R¢
½!<{� ab?BKCI!Mc5!?G-�XG7!A^�@?B\�KC24YZY�7!-!8�?B24-!?BA^MO0P?BAC?G-bQR:�SeT�U�AC?B-!XG? <e<e<e<><e<><e<e< ¢O²
¢V<§9 ab7!3§KL2 T �t[;¸O?GA*Tcny?GA�HG?B��KLA�MR-!\�Y�2§K`XB=h?G2�dO?GAC5�?GHJ��KL?B-¥��0F?G-�?G-�<#<e<e<><e<><e<e< ¢ �
¢V<{� ªVHJI!?BYx[gKC24\�HJI!?ef�[OAC\�KL?B34347�-!8�?G24-�?G\^_u?B7!ACMR-�\G< <e<e<><e<><e<e<e<e<e<><e<><e<e< ¢OQ
¢V<�¨ ªV248OY�MR265i[O36?u.u��KC26dc24?BAC7!-�8R\���7!-���KC24MR-�< <W<><e<><e<e<><e<><e<e<e<e<e<><e<><e<e< ¢OQ
¢V<°½ _u?B7�KLA�24-!Mc?G-!?BAC8R26?G�gMRACA�?G3�[vKL24MO-�5!?GAuab?G[O-�.�f � l~�O:R:R:¦T��O:R:R¨Rq/<e<e<><e<><e<e< ²��
¢V<{¢ _u?B7�KLA�24-!Mc?G-!?BAC8R26?G�gMRACA�?G3�[vKL24MO-�5!?GAuab?G[O- �t��¯ lm�O:R:O:£T��O:R:O¨�q <e<e<><e<><e<e< ²��
¢V<�² _u?B7�KLA�24-!Mc?G-!?BAC8R26?G�gMRACA�?G3�[vKL24MO-�5!?GA^pua�ª �t��¯ lm�O:R:O:£T��O:R:O¨�q <e<e<><e<><e<e< ²R¨
¢V< " _u?B7�KLA�24-!Mc?G-!?BAC8R26?G�gMRACA�?G3�[vKL24MO-�5!?GA^_u>9�lm�O:O:R:£T��O:O:R¨�q�<><e<e<e<e<e<><e<><e<e< ²R¨
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²�<{� $�?GA�8R34?B24HJI�¬i��-!?BAC8R26?G\��P?B��KCAC7!Y l~�O:R:R:RqhY�2§K�[gKCY�MR\��!Ii]OA�24\�HJI!?G-babMR-�KC?�T �'[OA�34M!< �R¨
²�<�¨ $�?GA�8R3m<§¬!jk367!�R\��P?B��KCAC7!Y	lm�O:R:O:�qhYZ26K�[gKCY�MO\C�!Ii]gAC24\�HJI!?G-bjk367!��-i[OHJI $�MR34�gM¦dO[V< �O½



� �@, �#�����QFH[��s�l<�Ss/_	V� �W	V� �����#��S

²�<°½ $�?BAC8R3~<6¬|jk367!�R\��P?B��KCAC7!Y lm�g:R:R:�q�Y�2§K�[gKLYZMR\C��Ii]OAC26\CHJI!?B- jk367!��-i[gHJI �'[OA�AG�
^MR-!5i[V<@<W<><e<e<><e<><e<e<><e<W<><e<><e<e<><e<><e<W<><e<e<><e<><e<e<><W<e<>< �R¢

²�<{¢ $�?BAC8R3~<6¬|jk367!�R\��P?B��KCAC7!Y lm�g:R:R:�q�Y�2§K�[gKLYZMR\C��Ii]OAC26\CHJI!?B- jk367!��-i[gHJI �'[OA�AG�
^MR-!5i[�7!-!5 $�MR36�OM¦dg[�< <e<><e<W<><e<><e<e<><e<><e<W<><e<e<><e<><e<e<><W<e<>< �O²

²�<�² ��� ��TV��24-!8R[O0P?¤dg[OAC24[O0!34?B-Dl~:R:¦TV:R¨�q�¬iªcKCAC?G7�T�7!-�5on�ACMg»i345!24[O8RAC[OY�Y�<e<><W<e<>< � �

²�< " $�?BAC8R3~<6¬!��-�?GAC8O24?G\��P?B��KLAC7�Y l~:R:£Tc:R¨�qhYZ26K�[vKLYZMR\C�!I!]OAC26\CHJI!?B-�abMO-�KC?�T �'[gAC34M�<u< �OQ
²�<�� $�?BAC8R3~<6¬!jk347!�O\C�F?G��KLA�7!Y	l :R:£TV:R¨Rq@Y�2§K`[gKCY�MR\��!Ii]OA�24\�HJI!?G-bjk347���-i[OHJI $�MR34�gM£dg[�<WQO:
²�<�Q $�?BAC8R3~<6¬�jk347!�O\C�F?G��KLA�7!Y l~:R:¦TV:R¨�quYZ26Ke[vKLYZMR\C�!I!]OAC26\CHJI!?B-�jk367!��-i[OHJIN�'[OA�AG�

^MR-!5i[V<@<W<><e<e<><e<><e<e<><e<W<><e<><e<e<><e<><e<W<><e<e<><e<><e<e<><W<e<>< QV9
²�<§9¦: $�?BAC8R3~<6¬yjk367!�R\C�F?G��KCAC7!Y l~:O:vw*:R¨RqWYZ26KE[gKLYZMR\��!Ii]OA�24\CHJI�?G-¼jk367!�o-![OHJI �'[OA�AG�

^MR-!5i[�7!-!5 $�MR36�OM¦dg[�< <e<><e<W<><e<><e<e<><e<><e<W<><e<e<><e<><e<e<><W<e<>< QR�
²�<§9R9¼jy347!�R\��P?B��KLAC?B-bYZ26K`[gKLYZMR\C��Ii]OAC26\CHJI!?BYÀ_^?G7�KCAC24-�MO�i7!�RYZMc5!?G363�-i[OHJI $�MR36�OM¦dg[�< QO¨
"V<§9 $�?BAC8R3~<6¬!jk347!�O\C�F?G��KLA�?G-�Y�2§K`�!ACMOY���KC?G- $�MRA�I!?GA�\L[O8R?B-�l~�O:R:R:Rq¤<W<><e<e<><W<e<>< QO²
"V<{� $�?BAC8R3~<6¬!jk347!�O\C�F?G��KLA�?G-�Y�2§K`�!ACMOY���KC?G- $�MRA�I!?GA�\L[O8R?B-�<1<e<e<><e<><e<e<><W<e<>< Q "
"V<�¨ $�?BAC8R3~<6¬!jk347!�O\C�F?G��KLA�?G-�Y�2§K`5!?G-�0F?G\�KC?G-��!ACMOY���KC?G- $�MRACI�?GAC\C[O8R?B-�<�<><W<e<>< Q �
��<§9 ¿�0F?GA�?>QO:�SeT�UWA�?G-!XB?G-�5!?G\uU�?G\C[OYEKL-�?G7�KCAC24-�MO�i7!\�\C?G\El ��34[O\C\�24\CHJIiq¤<�<e<><W<e<><�9¦:R:
��<{� $�MO34�OM¦dg[£Tc.u-!�i[O\�\C7!-�8!<#<e<><e<W<><e<><e<e<><e<><e<W<><e<e<><e<><e<e<><W<e<><�9¦:R¨
��<�¨ ¿�0F?GA�? QR:�SeT�U�AC?B-!XG?B-�5!?G\µ?��cKLAL[vKL?GA�AC?B\�KLA�24\�HJI!?G- _u?B7�KLA�24-!MO�!7!�R0F?G26KCAL[O8O?G\
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µ = 0

7!-!5
µ = 1.0 · 10−8 U�?�$±HGY −2 \ −1 \CA −1 q�<�<><e<e<><e<><e<e<><W<e<><�9R9¦²

Q�<�² ��-�KC� [g36KL?¤KL?1_u?G7VKLAC26-!Mc?G-!?BAC8R26?G\C�F?G��KCAC?G-����!A`ªV26Y�7!34[gKL26MR-!?G-�5!?B\ �R[OI!A�?G\'�O:R:R:
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µ = 1.0 · 10−7 UW?�$ HBY −2 \ −1 \CA −1 � µ = 1.0 · 10−6 UW?�$±HGY −2 \ −1 \CA −1 q¤<�9R9 "
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