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zai%UWS��PT�YyU�S"Yyzai�_ K�cBVacBl[l[UWl j h"Vr�=zai%\]U�T%cA\�AFRAi"VrT�h"V]zai"lmcBh�{OUWS��PT�h"V]zai6UWY[S%UWS 7�cBS%T"\^_]R,B�T%cA\�AFRAi"V
wxYyUpT"UWV T�h"V]zai6T"UWS6k1Y[S"nCcBS"n Z�UWV^lmcA\]\aU S�u EAS%S%UWS�~P�Fh%\]n�UpT�V &%zau�_rwxY[V]T�T�YyUp\tT�h"V]zai6T"Y[U�srh"V]zai"lmcBh�{ �
wdcBi"V]\]zai%UWY[S"l[Yyzai"uCUWY[_

W
���!&"VdlmcBS"n�Ur� c_K"Y[l[lmcBV]UWS�Y[\]_d\^YyU�S�h"VdT"U >%S"YyUWV^_=T�h"V]zai T"UWS�srh"V]zai"��Up\a\]UWV

D
h"S%T�T�YyUJZ*`BS"n�U

L
T"UWVF� c_K"Y[l[lmcBV]U $	� �����F0X��� *��f���,;�28�

1/W = 1 +
3

4
(1 +

L

D
) .
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s cB�PUWY7wxh"V]T"U cBS"n�UWS%RA����UWS��%T%c_B�T�YyU �'UWY[lyzai%UWS�cB� �Fh�{3_^V]U)"�RAV]_=cBS�T"UWVx� c_K"Y[l[lmcBV]UWS2N"I
S"S%UWSgwdcBS%T
S"Yyzai�_�
8R,K"_^Yy\]zai��V]U 5�UWug_^YyUWV^_?w?UWV]T"UWS��g\]RAS%T"UWV^S�T�YyUp\]U�T�Y "�h%\;wxYyUpT"UWV?Z�UWV^lmcA\]\aUWS���T7~ i�~�	^UpT"U A=Yyzai�_^h"S"n
Yy\^_�n�lyUWYyzai�wdcBi"V]\]zai%UWY[S"l[Yyzai�~���&"VrT"UWS��'UWY[lyzai%UWSX5%h0B�ZCRAS�T"UWV 4��PUWV65�`Azai%U UWV^n�Y[�"_t\^Yyzai�T%cBVacBh%\rUWY[S%U
��R�\^Y[S�h%\]Z�UWV^_]UWY[l[h"S"n%~ 9 lycBh�\^Y[S"n�uCRAS"S�_]U@cBS�cBl[eg_^Yy\]zai j UWY[n�UWS��5T%c_B�h"S�_]UWV T�YyUp\]UWS bdUpT�Y[S"n�h"S"n�UWS T�YyU
��RAV^� T"UWVO7�Y[S"u�UWl[ZCUWV^_]UWY[l[h"S"n S�h"V�Z�RA� Q�UWV^i�`Bl[_^S"Yy\ j wxYy\]zai%UWS@s�h"V]zai"��Up\a\]UWV�h"S%T Z*`BS"n�UFT"Up\ AFRAi �
V]Up\�cB�"i�`BS"n�_f~gC�Y[_1T"UWV1��S"S�cBi"��UxUWY[S%UWV1T�Y "�h%\]UWS A�U 5�U egYyRAS�T%U V��'UWY[lyzai%UWSLcBS�T"UWV�� c_K"Y[l[lmcBV]UWS�wdcBS%T
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Austrittswinkel ϑ [a.u.]
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����������������������! #"$���%�'&( %)*),+.-0/210 %�
��)3 �4��5�!+.-6/0 %-87,9;: <�=?>�4@�A7(9B:DC�=E:
9BF!1;4G�H %IJ&( ��LKM �4�&��%��/�NEOEPRQS4G-0/0��-0/J:
<6F0KM �4�&��%��/UT�>0 %�WV���-X1;��&�YEZ0 �:

UWV^n�UW�PUWS \^Yyzai cBh%\?n�UpRA��UW_^V^Yy\azai%UWS � �PUWV^lyUWn�h"S"n�UWS $
5�� ���� 39�(����f�g;���2�cBS�cBl[eg_^Yy\]zai%Ut�Fh%\aT�V &%zau�UF{ &"V
T�YyU 7�Y[S"uCU l[ZCUWV^_]UWY[l[h"S"n

I(ϑ)
T"UWV=UW��Y[_^_^YyUWV^_]UWS��'UWY[lyzai%UWS $	� �����80X� ��*��f���,;�28~ C�cBS h"S�_]UWV]\]zai�U YyT"UW_

j wxYy\]zai%UWS b?UWY[_^Va`Bn�UWS��7T�YyU�T�Y[V]UWu�_rZCRA� k�Y[S"nCcBS"n T"Up\ AFRAi"V]Up\t\^_acB����UWS |
Idir

�=h"S%T�w?UWlyzai%UWS���T�YyU
cBh�{?T"UW� 7�UWn T�h"V]zai T%cA\ AFRAi"Vt��Y[S%T"Up\^_]UWS%\ UWY[S%UWSc7}cBS%T"\^_]R,B UWV^lyUW�"_ i�cB�PUWS |

Iw
� ~/>�h"V Q�UWVacBS �

\]zai�cBh"l[Yyzai�h"S"n \^Y[S%TLT�YyUFbdUWY[_^Va`Bn�U j h%\a`B_ j l[Yyzai@Y[So�F�"��~���~[��T%cBV^n�Up\^_]UWl[l[_f~�>�h"V?k1Y[S�_]UWY[l[h"S"n�wxh"V]T"U�T"UWV
qrV]UWS j wxY[S"uCUWl αG

UWY[S"n�U {�&"i"V^_f�
αG =

cBV]zW_acBS D
L

~��'UWY[lyzai%UWS��'T"UWV]UWS}��h%\^_^V^Y[_^_]\^wxY[S"uCUWl
ϑ
n�VFE,B�UWV cBly\

αG
Yy\^_��C� &%\]\]UWS@T�YyUD7�cBS%TLn�Up\]_]R,B�UWSoi�cB�PUWS�~

va
�PUp\]zai"V]UWY[�"_dT�YyUFS%RAV^��YyUWV^_]Ut�'UWY[lyzai%UWS%\^_]R,B�VacB_]U cB�

� c_K"Y[l[lmcBV]UWS�cBh%\^_^V^Yy_^_Fh"S�T�wxY[V]T wdUWY _aU VFh"S�_]UWSKT�Yy\^ugh"_^YyUWV^_f~

0 < ϑ < αG :
CKY[_FT"UWV=���"u�&"V j h"S"n b = L

D · 1
tan ϑ

n�Y[l[_f�

Idir(ϑ) = cosϑ · 2

π
· { cBV]zpR�\ b− b ·

√

1− b2} , | ��~ � �

Iw(ϑ) =
1

π
·cosϑ·{2va·(b·

√

1− b2+
cBV]\^Y[S

b)+
8

3
·va·

1

tanϑ
·(1−(1− b2)

3

2 )} . | ��~H;��
>�h"� ��Y[n�S�cBl�h"S�_]UWVFT"UW�87�Y[S"uCUWl

ϑ
_^Va`Bn�_FT�YyU n�Up\acB� _]U � c_K"Y[l[lmcBV]U �PUWY&~

αG < ϑ < π
2

� Idir(ϑ) = 0 .
|^��~ ���

Iw(ϑ) = cosϑ · va · {1 +
8

3π
· 1

tanϑ
} . | ��~ ���

>�h �PUfcAzai�_]UWSLYy\^_��AT%c_B j h"� ��Y[n�S�cBl%h"S�_]UWV�T"UW� 7�Y[S"uCUWl
ϑ
S�h"V�UWY[S��'UWY[l%T"Up\OAFRAi"V]Up\

l
�PUWY[_^Va`Bn�_ |

l = D
tan ϑ

� ~

s cA\-ADEAi"V]zai�U S�wxh"V]T"U?cBly\5�1h"S"ug_]�Ch%UWl[lyUdcBS"n�UWS%RA����UWS��BwdcA\*{�&"V5T�YyU���UWYy\]_]UWS��1`Bl[lyU ��Y[S T%U S�U S��LcBS
T�YyUM7�Y[S"uCUWl[Z�UWV^_]UWY[l[h"S"n Y[S�n�V]R,B�UW� ���%\^_acBS%T�Z�RA� � c_K"Y[l[lmcBV]UWS�cBh�\^_^V^Y[_^_xcBh%\��PUW_^VacAzai�_]UW_��Cn�h"_;U V^{�&"l[l[_
Yy\^_f~���ly\xqrV]UWS j {&cBl[l�{�&"VdUWY[S AFRAi"V;��Y[_dT"UWV Z*`BS"n�Utv�h"l[lPUWV^n�Y[�"_x\^Yyzai�cBh%\dT"UWS���h%\]T�V &%zau�UWSo{ &"V I(ϑ)
{3RAl[n�UWV^Yyzai�_^Y[n T�YyU ��R�\^Y[S�h%\^ZCUWV^_]UWY[l[h"S"n �PUWS�_]\LK"V]Upzai%UWS%T�T"UW� ��cBl[l'UWY[S%UWVrh"S%UWS%T�l[Yyzai6T &"S"S%UWS6b?lyUWS%T"U�~
srYyUt�Fh%\]T�V &%zauCU

I(ϑ)
\^Y[S%T�\]R S%RAV^��YyUWV^_��"T%c_B�n�Y[l _��

I(0) = 1
~XC�Y _xT�YyUp\]UWVxvrRAV^��YyUWV^h"S"n��PUWV]Upzai"S%UW_

\^Yyzai j ~�bt~���Y[_��PUWuAcBS"S�_aU V��5lm`Azai%UWS%\^_]R,B�VacB_]U ν0
cB� k1Y[S"nCcBS"n�h"S%T�T"UWV <�h%UWV]\]zai"S"Y[_^_]\L5�`Azai%U

R2π
T"UWVF� c_K"Y[l[lmcBV]U�T"UWVFs�h"V]zai%\ cB_ j cBSK�'UWY[lyzai%UWS Γ j h��

Γ =

∫ 2π

0

∫ π
2

0

ν0

π
R2π I(ϑ) sinϑ dϑ dϕ = I0 · 2π

∫ π
2

0
I(ϑ) sinϑ dϑ .

| ��~H@��
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I(ϑ)
Yy\^_�cBly\]R n�lyUWYyzai j h%\aU _ j UWS���Y[_FT"UWVFS%RAV^��YyUWV^_]UWS6��_^VacBi"l[Y[S�_]UWS%\]Y[_a`B_FY[SKT"UWVDAFYyzai�_^h"S"n ϑ Y[SK�'UWY[l �

zai%UWS K"V]Rt�gUWugh"S%T"U;h"S%T���_]UWVacAT�YmcBS�~
I0
n�Y[�"_5T"UWS �5l[h0BtcBh�{�T"UWV5�=zai%\]U?cBS h"S%T lm`_B�_5\]Yyzai ��Y[_1qrl&~���~H@

�PUWYP�PUWuAcBS"S�_aU �-srh"V]zai%\acB_ j cBh%\^V]Upzai"S%UWS�~XI8S@T�YyUp\aUWVx�gzai"V]UWY[��wdU Yy\aUr�PUWV]Upzai"S%UW_x\^Yyzai�T�YyU��5l[h0B�T�Yyzai�_]U
UWY[S%Up\F�tS�h%T"\]UWS2N�k1��Y[_]_]UWV]\��PU Y�n�UWn�UW�PUWS%UW� s�h%V]zai%\acB_ j Γ

cBh%\ |3\^YyUWi%U�cBh%zai $�- �� � � � (�f�g@ � 2 � �

Icos
0 =

Γ

π
.

| ��~����

stUWV�M��<�" ����� ���!� 
NA"�
χ
cBly\�Q�UWV^i�`Bl[_^S"Yy\�T"UWV I
S�_]UWS%\^Y[_a`B_

I0
j h"V I
S�_]UWS%\^Y[_a`B_ I �����0

UWY[S%Up\ �tS�h%T"\aUWS2N
k1��Y[_^_]UWV]\F�PUWY�n�lyUWYyzai%UW� srh"V]zai%\acB_ j lm`_B�_F\^YyzaiKT%cB��Y[_FUWY[S�{&cAzai�cBS"n�UW�PUWS��

χ =
I0
I
�����

0

=
π

2π
∫ π

2

0 I(ϑ) sinϑdϑ
.

| ��~HG��

s cA\ C�c e�Y[� h"� T"UWV?�'l[h0B�T�Yyzai�_aU
j0
cBh�{�UWY[Son�UpT%cAzai�_]Up\x��h"�%\^_^VacB_;Y[� ���%\^_acBS%T

r
UWV^n�Y[�"_?\^YyzaioT%cBS"S

j h��

j0 =
I0
r2

=
χ · I �����0

r2
=
χ · Γ
r2 π

| Y[SK�'UWY[lyzai%UWSK"V]R��5lm`Azai%U h"S%T >PUWY[_ �
.

| ��~ ���

bdUWYdT"UWV����"lyUWY[_^h"S"n T"UWV���h%\]T�V &%zauCUL{ &"V T�YyU+7�Y[S"uCUWl[Z�UWV^_]UWY[l[h"S"n wxh"V]T"U�cBS"n�UWS%RA����UWS���T%c_B6T�YyU
� c_K"Y[l[lmcBV]U�UWY[S%UWS q cA\]�PUWi�`Bl[_]UWV;��Y[_;T"UWV;�'UWY[lyzai%UWS j cBi"lyT"Yyzai�_]U n0

��Y[_;UWY[S%UW� j w?UWY[_]UWSoZCUWV^�"Y[S%T"UW_��CY[S
T"UW� T�YyU��'UWY[lyzai%UWS j cBi"lyT�Yyz i�_]U�ZCUWV^S�cAzai"lm`A\]\^Y[n���cBV;Yy\^_��C\]R�T%c_B�u�UWY[S%UF�'UWY[lyzai%UWS@Y[SoT"UWSoUWV]\^_]UWSobdUWi�`Bl �
_]UWV j h"V &%zaugu�UWi"V]UWS uVEAS"S%UWS�~'srYyU�qtUp\]zaigwxY[S%T�Y[n�u�UWY[_]\^ZCUWV^_]UWY[l[h"S"n6Y[� UWV]\^_]UWS bdUWi�`Bl[_]UWV \]UWY;Yy\]RA_^V]R,K��
\]R�T%c_BL\^Yyzai�cBh%\=T"UWV=��Y[_^_^lyUWV]UWS��'UWY[lyzai%UWS"n�Up\]zai�w=Y[S%T�Y[n�u�UWY[_

ṽ
T�YyU �'lm`Azai%UWS%\]_]R,B�VacB_]U

ν0
UWV^n�Y[�"_ j h��

ν0 =
1

4
ṽ n0 .

| ��~[�f���

srYyU�S%RAV^��YyUWV^_]U@��_]R,B�VacB_]U
va

Yy\^_�T%cBi%UWV�T"U >%S"YyUWV^_ &"�PUWV�T�YyU�_acB_]\a`Azai"l[Yyzai cB� AFRAi"VacBh%\^nCcBS"nKi%UWV^V �
\]zai%UWS%T"U ��_]R,B�VacB_aU

νa
j h"Vr��_]R,B�VacB_]U Y[� UWV]\^_]UWSKbdUWi�`Bl[_]UWV

ν0
�

va =
νa

ν0
.

| ��~[�����

srYyU b?UWY[_^Va`Bn�U
Iw(ϑ)

T"UWVr�'UWY[lyzai%UWS��PT�YyU���Y[S%T"Up\^_]UWS%\tUWY[S%UWS=7}cBS%T"\^_]R,B@UWV^lyUW�"_ri�cB�PUWS���\^Y[S%TKS"Yyzai�_
S�h"VFT�h"V]zaiKT%cA\xQ�UWV^i�`Bl[_^S"Yy\FT"Up\=srh"V]zai"��Up\]\]UWV]\

D j h"VDZ*`BS"n�U L T%UW\DADEAi"V]zai%UWS%\=�PUp\^_^Y[��� _��%\aRAS �
T"UWV^S�i�`BS"n�UWS$cBh%zai�ZCRAS�T�YyUp\]UWVLS%RAV^��YyUWV^_]UWS ��_]R,B�V cB_]U

va
cB� A�RAi"VacBh%\^_^V^Y[_^_�cB��~�s cBi%UWVoYy\^_oUp\

UWY[S%U�w?Up\]UWS�_^l[Yyzai%U�Q�RAVacBh%\a\]UW_ j h"S"n {�&"V T�YyU�bdUp\^_^Y[��� h"S"n�T"UWV 7�Y[S"u�UWl[ZCUWV^_]UWY[l[h"S"n �*T"UWS�s�Yyzai�_]UfcB� �
{&cBl[lrUWS�_^lmcBS"n T"UWV�� c_K"Y[l[lmcBV]U�h"S%T�T%cB��Y[_ T�YyU6��_]R,B�VacB_]U cB� �Fh%\^_^V^Y[_^_@V^Yyzai�_^Y[n j h��PUp\azai"V]UWY[�PUWS�~��
QrYyUWlyUoQ�UWV]\^h%zai%U &"�PUWV�T�YyU qrVFE,B�U@T"UWV _acB_]\a`Azai"l[Yyzai%UWS ��_]R,B�V cB_]U@wdcBV]UWS 	^UpT"R�zai Y[S"uCRAS%\^Yy\^_]UWS�_�� T%c
T�YyU�I8S�_]UWn�VacB_^YyRAS T"UWV7�Y[S"uCUWl[Z�UWV^_]UWY[l[h"S"n &"�PUWV�T"UWS)�tcBl[�"VacBh"� cB�"i�`BS"n�Y[n�ZCRAS)T"UWV7}cBi"l�ZCRAS
D/L

S"Yyzaig_=T"UWS _acB_]\ `Azai"l[Yyzai%UWSKsrh"V]zaiX5%h0BLUWV^nCcB�PUWS $�~2� (+.8 �UW_�cBl&~��f�g@���2 �;$��4�.� .8( � �-9�.8, �f�g@���2 �
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S�`BV]UWSK��cBl[l 	 UpT"R�zai j wxY[S"n�UWS%T�S%RA_
w?UWS%T�Y[n%~
qtRA_^_
wdcBlyT $[�f���,;32�uCRAS"S�_]UtT�h"V]zai�T�YyUrY[_]UWVacB_^Y[Z�U Z^E�\^h%S"n�T"UWV 9 lmcBh%\]Y[S"n�\]zai%UWS�srY "7UWV]UWS�_^YmcBl[n�lyU Yyz i�h"S �
n�UWSL{ &"V AFRAi"V]U��PU l[YyUW�"Y[n�UWVMZ'`BS"n�UrT�YyU�\]_acB_^YyRAS�`BV]U�Q�UWV^_]UWY[l[h"S"n T"UWV=��_]R,B�VacB_]UrT"UWVd�'UWY[lyzai%UWS�UWS�_^lmcBS"n
T"UWV�� c_K%Y l[lmcBV]U��PUWV]Upzai"S%UWS�h%S%T�UWV^i"YyUWl[_F{�&"V

va
UWY[S%UWS�\]UWi"V�UWY[S�{OcAzai%UWS��Fh%\]T�V^h%zau��%srh"V]zai�T�YyU k�Y[S �

\]zai"Va`BS"ugh"S"n �7T%c_B T�YyU�s�h"V]zai"lmcBh�{3wdcBi"V]\]zai%UWY[S%l[Yyzai"uCUWY[_ { &"V T�YyU���_^VacBi"l[_]UWY[lyzai%UWS cBS 	 UpT"UW� 4�V^_ T"UWV
� c_K"Y[l[lmcBV]UKY[� \^_acB_^YyRAS�`BV]UWS���cBl lFn�lyUWYyzai�\aUWY[S� h0B ��UWV^i�`Bl[_ �LcBS�UWY[S%UWS j h"V CKY[_^_]UKT"Up\ A�RAi"V]Up\
K"h"S"ug_]\^e�����UW_^V^Yy\azai%UWS Q�UWV^lmcBh�{?{ &"V T�YyU�srYyzai�_]U�~���&"V u�h"V j U AFRAi"V]U�Yy\^_ T"UWV srYyzai�_]UWn�VacAT�YyUWS�_�UWS�_ �
lmcBS"n@T"Up\ AFRAi"V]Up\FuCRAS%\^_acBS�_����PU Y'lm`BS"n�UWV]UWScAFRAi"V]UWSK�PUp\]Y[_ j _�UWV�Y[S�T"UWV C�Y[_^_]U�UWY[S%UWS C�Y[S"Y[�LcBl[w?UWV^_
h"S%T�S"Y[��� _ j h}�PUWYyT"UWS k1S%T"UWS i"Y[S j h�~ qtRA_^_
wxcBlyT�uCRAS"S�_]U@cB�PUWV j UWY[n�UWS��'T�c_B�T"UWV�srYyzai�_]UfcB��{OcBl[l
w?UWS"Y[n�\^_]UWS%\dY[S�T"UWVdvt`Bi%UrT"Up\ AFRAi"VacBh%\]nCcBS"n�\dT�h"V]zai UWY[S%Url[Y[S%UfcBV]Ut�"h%S"u�_^YyRAS��PUp\]zai"V^YyUW�PUWS�w?UWV]T"UWS
uAcBS"S�~Cs cB�PUWY�ZCUWV^lm`Bh�{3_�T"UWVxqrVacAT�YyUWS�_?\]R ��T%c_B��PUWY�l[Y[S%UfcBV]UWV?kfe�_^Vac_KPRAlmcB_^YyRAS�T"UWV 7�UWV^_;� � j w ~ n0
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= (c1 . . . cI
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x =
6 −1 · d .
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I8S�T"UWV@bxcfeCUp\]\]zai%UWS 7}cBi"V]\]zai%UWY[S"l[Yyzai"uCUWY[_]\^_^i%UpRAV^YyU�wxY[V]T�UWY[S%U7}cBi"V]\]zai%UWY[S"l[Yyzai"u�UWY[_�S"Yyzai�_owxYyU�Y[S
T"UWVrRAV]_^i%R�T"RPe�UWS���_acB_^Yy\^_^Y[u�cBly\�V]UWlmcB_^Y[ZCU��r`BhX>%n�uCUWY[_rh"S%T�T%cB��Y[_ cBly\tcB�%\aRAl[h"_]U�qrVFE,B�U �PUW_^VacAzai�_]UW_��
\]RAS%T"UWV^S�cBly\ 7�cBi"V^i%UWY[_]\^n�VacAT UWY[S%UWVd��e2KPRA_^i%Up\]UrT"U >%S"YyUWV^_%$
	?9�9-9t� �f���g@�28~gk�\?n�Y[�"_du�UWY[S%UtcB�%\aRAl h%_]UWS
7�cBi"Va\]zai%UWY[S"l[Yyzai"u�UWY[_]UWS���T%cL\^YyU�Y[����UWVrZ�RAS�T"UWV�n�UWS�cBh%UWS �"KPU j Y?> j YyUWV^h"S"n T"UWVr��Y[S�_]UWV^n�V^h"S%T�Y[S�{ORAV �
�LcB_^YyRAS

I
cB�"i�`BS"n�UWS�~5srYyUp\]UWVT7}cBi"V^i%UWY[_]\^n�VacAT UWY[S%UWV�b?UWi�cBh0K"_^h"S%n

A
wxY[V]T}T�h"V]zai}T"Y[UL�PUpT�Y[S"n�_]U

7�cBi"Va\]zai%UWY[S"l[Yyzai"u�UWY[_
p(A|I) cBh%\^n�UpT�V &%zaug_f~�k1Y[S%U�vrRAV^��YyUWV^h"S"n�UWV^n�Y[�"_L\]Yyzai &"�PUWV�T�YyU���h"����UWS �

V]UWn�UWl&�

p(A|I) + p(Ā|I) = 1 ,
| � ~[���

�f�
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w?RA�PUWY
Ā
T%cA\ q UWn�U Sg_]UWY[l?T"UWV�bdUWi�cBh0K"_^h"S"n

A
�PUWT%U h%_]UWS \aRAl[l&~	C�Y[_ T"UWV ��V]R�T�h"u�_^V]UWn�UWldlm`_B�_ \]Yyzai

T�YyU 7�cBi"V]\azai%UWY[S"l[Yyzai"u�UWY[_���T%c_B j w?UWY1bdUWi�cBh0K"_^h"S"n�UWS��,h"S%T6b j h"n�lyUWYyzai n	&"l[_^Y[n \^Y[S%T ��T�h"V]zai6Y[i"V]U
k1Y[S j UWl[wdcBi"V]\azai%UWY[S"lyYyzai"uCUWY[_]UWS6cBh%\]T�V &%zauCUWS��

p(A,B|I) = p(A|B, I) · p(B|I) = p(B|A, I) · p(A|I) . | � ~ � �

srYyUTA�Upzai%UWS"V]UWn�UWl[S j h"V���h�cBS�_^Y[_acB_^Y[ZCUWS�bdUp\]zai"V]UWY[�"h"S"n@wxh"V]T"UWS�Z�RAS 9 RPeKUWS�_
wxYyzauCUWl[_ $
5���� �f�B�V@�2
h"S%T \^Y[S%T cBS�cBlyRAn j h T"UWS AFUWn�UWl[S {�&"VY7�cBi"V]\]zai%UWY[S"l[Yyzai"uCUWY[_]UWS)S�cAzai T"UWVKsrU >%S"Y[_^YyRAS &"�PUWVKT�YyU
V]UWlmcB_^Y[ZCUWSK�t`BhX>%n�u�UWY[_]UWSD$
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��h�{ ��cBh%UWS%T�cBh�{PT�YyUp\]UWS �PUWYyT"UWS��De�YyRA��UWS��BlmcA\]\]UWS \]Yyzai T�YyU?�PUWYyT"UWSoqrV^h"S%T�n�lyUWYyzai�h"S"n�UpSLT"UWV1bdcfeCUp\ �
\]zai%UWSY7}cBi"V]\]zai%UWY[S"l[Yyzai"u�UWY[_]\]_^i%UpRAV^YyU�cB�"lyUWY[_]UWS��
���dstcA\FbdcfeCUp\]\]zai%U �di%UpRAV]UW���

p(A|B, I) =
p(B|A, I) · p(A|I)

p(B|I) .
| � ~H;��

� � C�cBV^n�Y[S�cBl[Yy\^YyUWV^h"S"n%�
p(A|I) =

∫

p(A,B|I) dB .
| � ~ ���

7 `Bi"V]UWS%T�Y[S T"UWV�RAV^_^i%R�T"RPe"UWS��_acB_^Yy\^_^Y[u S�h"V Z�RAV^wd`BV]_]\ n�UWV^Yyzai�_]UW_]U@��h%\]\acBn�UWS�n�UW�LcAzai�_ w?UWV]T"UWS
uVEAS"S%UWS���UWV^lmcBh"�"_�T�YyUxbdcfeCUp\]\]zai�U=��_acB_^Yy\^_^Y[u Y[S�ZCUWV]\]Ux�1V]RA�"lyUW��U j h�l E�\]UWS��AwxYyUx\^YyUdY[S�T%U V�s cB_]UWS�cBS�c �
l[e�\]U�Z�RAV^i%UWV^V]\azai%UWS�~bC6cBS�Yy\^_ j ~�bt~PT%cBVacBS�Y[S�_]UWV]Up\]\]YyUWV^_���wxYyU n�h"_tUWY[S C�R�T"UWl[l5h"S�_]UWVtbdUWV &%zau�\^Yyzai�_^Y �
n�h"S"ntT%UW\5Q�RAV^wxYy\]\]UWS%\ T�YyU?s cB_]UWS��PUp\]zai"V]UWY[�"_f~Ak�\ \]UWY

H
UWY[S%U?��e"KPRA_^i%Up\aU �BT�YyU;�LcBS Y[S�Q�UWV^�"Y[S%T�h"S"n

��Y[_rT"UWS�s cB_]UWS
D
h"S%TKT"UW� Q�RAV^wxYy\a\]UWS

I
&"�PUWVLK"V &�{OUWS�� E�zai�_]U�~�s cA\�bxcfe�Up\a\]zai%U �xi%UpRAV]UW� lm`_B�_

\^YyzaiKT%cBS"SK\]zai"V]UWY[�PUWS�cBly\f�

p(H|D, I) ∝ p(D|H, I) · p(H|I) . | � ~ ���

k�\;n�UWl[Y[S"n�_?S�h"S@T�YyU�A &%zaugwd`BV^_]\^V]Upzai"S�h"S"n ��Y[S%T"UW� T�YyUFY[S�_]UWV]Up\a\^YyUWV]UWS%T"U qrVFE,B�U
p(H|D, I) ��Y[_?T"UWV

Y[S T"UWV A�UWn�UWl;UWY[S�{OcAzai T�h"V]zai j h�{�&"i"V]UWS%T"UpS Q�RAV^wd`BV^_]\^V]Upzai"S�h"S"n p(D|H, I) ZCUWV^u�S�&0K�{ _�wxY[V]T7~5s�YyU
Q�RAV^wd`BV^_]\^wdcBi"V]\]zai%UWY[S"l[Yyz i"u�UWY[_

p(D|H, I) S%UWS"S�_��LcBSoT%cB�PUWY�x��  Q���P���1A A K N��%h"S"u�_^YyRAS�~���YyUxw?UWYy\]_�T"UWS
s cB_]UWS UWY[S%U 7}cBi"V]\]zai%UWY[S"l[Yyzai"u�UWY[_ j h���{�&"V T"UWS ��cBl[l �'T%c_B�T�YyUo�Fe2KPRA_^i%Up\]U j h"_^V^Y "P_f~'srYyUp\]U 7�cBi"V �
\]zai%UWY[S"l[Yyzai"uCUWY[_@� h0B S%R�zai���Y[_@T"UWV I8S�{ORAV^�LcB_^YyRAS &"�PUWV�T%cA\+C�R�T"UWl[l �?T"UWV�\]RAn�UWS�cBS"S�_]UWS � ����A"� N
7}cBi"V]\]zai%UWY[S"l[Yyzai"uCUWY _

p(H|I) � h"l[_^Y[K"l[Y j YyUWV^_ w?UWV]T"UWS�~^7�Yyzai�_^Y[nKT%cB�PUWY�Yy\^_��7T%c_BKT"UWV � ����A"�
p(H|I)

T%cA\ Q�RAV^wxYy\]\]UWS &"�PUWV T%cA\��1V]RA�"lyUW� wxYyT"UWV]\LK"YyUWn�UWl[_ h"S%T T%cB��Y[_�h"S�cB�"i�`BS"n�Y[n�ZCRAS�T"UWS�s cB_]UWS
D

Yy\^_f~�srYyUxn�Up\]h%zai�_]UrqrVFE,B�U
p(H|D, I) ��T�YyUFT�YyUXx��  "���P���1A A K=h"S%T�T"UWS � ���AQ�5��Y[_]UWY[S�cBS%T"UWV?Z�UWV^�"Y[S%T"UW_��

S%UWS"S�_=�LcBS � A���
G������A"� NV7�cBi"V]\]zai�U Y[S"l[Yyz i"u�UWY[_ �%w?UWY[l*\^YyU T�YyU 7}cBi"V]\]zai%UWY[S"l[Yyzai"u�UWY[_={ &"V=T�YyU ��e"KPRA_^i%U �
\]UrS�cAzai srh"V]zai�{ &"i"V^h"S"n�T"UWV C�Up\]\]h"S"n�cBS"n�Y[�"_f~0C6cBS�uAcBS"S T�cA\dbxcfeCUp\]\]zai%Ut�di%UpRAV]UW� T%cBi%UWVFcBh%zai
cBly\ Z�UWV^S0K"V]R j U B Z�UWV]\]_]UWi%UWS���T�h"V]zai�T"UWS�T%cA\�Z�RAVLT"UWV C�Up\a\^h"S"n �PU u�cBS"S�_]U � ����A"� NV7�Yy\]\]UWS3&"�PUWV
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CKY[_�T"UWV �6����A"� NV7�cBi"V]\]zai�U Y[S"l[Yyzai"uCUWY[_LYy\^_�Up\ � EAn�l[Yyzai���T%cA\ �PUp\]_]UWi%UWS%T"U Q�RAV]wxYy\]\]UWS Y[ST�YyU ��S�c �
l[eg\aU�T"UWV�s cB_]UWS}UWY[SX5%YyU B�UWS j h lmcA\]\]UWS�~�srYyU I
S�{3RAV^�LcB_^YyRAS��PUp\^_aU ig_�T%cB�PUWY�Y[S�T"UWV AFUWn�UWl;cBh%\�T"UW�
k1V^wdcBV^_^h"S"n�\^w?UpV^_

µ
UWY[S%UWV�4��%\aUWV^ZAcB�"lyUWS

x
�

µ =< x >=

∫

x · p(x|I) dx , | � ~H@��

��Y[_FT"UWVFv�RAV^��YyUWV^h"S"n%� ∫

p(x|I) dx = 1 .
| � ~����

��U�S�cAzaic7�Yy\]\]UWS%\a\^_acBS%T�lmcA\]\]UWS \^Yyzai T%cB�PUWY ZCUWV]\]zai"YyUpT"UWS%U C=EAn�l[Yyzai"uCUWY[_]UWS6{�&%VtT�YyU��"KPU j Y?> j YyUWV^h"S"n
T"UWV 7�cBi"V]\azai%UWY[S"l[Yyzai"u�UWY[_]\^ZCUWV^_]UWY[l[h"S%n�UWS

p(x|I) h"S�_]UWV]\azai%UWYyT"UWS�~xsrYyU�Y[� w?UWY[_]UWV]UWS ZCUWV^w?UWS%T"UW_]UWS
uAcBS"S��LcBS�wxYyUt{3RAl[n�_FUWY[S�_]UWY[lyUWS��

�t��k�\=U e�Yy\^_^YyUWV^_=u�UWY[SKT"UW_acBY[l[l[YyUWV^_]Up\FQ�RAV^wxYy\]\]UWS��
XF� uCUWY[S%U Z^E�\^h"S"n�T%UW\t�1V]RA�"lyUW��\ j h��PUWZ�RAV j h"n�UWS��Pwd`Bi"l[_t�LcBS6UWY[S%UT5�cAzai%U ��ZCRAS�T"UWVJ4�� �
\]UWV^ZAcB�"lyUWS

x
h"S�cB�"i�`BS"n�Y[n�U 7�cBi"Va\]zai%UWY[S"l[Yyzai"u�UWY[_]\^ZCUWV^_]UWY[l[h"S%n%~�srYyU vrRAV^��YyUWV^h"S"n�\^�PUpT�Y[S"n�h"S"n

{�&"i"V^_=Y[� �PUW_^VacAzai�_]UW_]UWS=I
S�_]UWV^Z�cBl[l j h {3RAl[n�UWS%T"UWV���RAV^���

p(x|I) =
1

xmax − xmin
=
uCRAS%\^_f~ ��Y[_

xmin < x < xmax .
| � ~HG��

b=��k�\xYy\]_xS�h"VFT"UWV=k�V^wdcBV^_^h"S"n�\^w?UWV^_rT"UWV�4��%\]UWV^Z�cB�"lyU SK�PUWu�cBS"S�_f�
I8� cBl[l[n�U ��UWY[S%UWSon�Y[�"_;Up\1h"S%UWS%T�l[YyzaioZ�YyUWlyUM7}cBi"V]\]zai%UWY[S"l[Yyzai"uCUWY[_]\^Z�UWV^_]UWY[l[h%S"n�UWS���T�YyU j h"� n�lyUWY �
zai%UWS k�V^wdcBV^_^h"S"n�\^w?UWV^_�{�&"i"V]UWS uVEAS"S%UWS�~7X�� �PUWY�T"UWV��"KPU j Y?>%uAcB_^YyRAS}T"UWV Q�UWV^_]UWY[l[h"S"n &"�PUWV
T"UWS)k�V^wdcBV^_^h"S"n�\^w?UWV^_6i"Y[S�cBh%\�uCUWY[S%U w?UWY[_]UWV]U >�h%\acB_ j Y[S�{ORAV^�LcB_^YyRAS,U Y[SX5�Y[U B�UWS j h lmcA\]\aUWS��
wd`Bi"l[_��LcBS T�YyU�Q�UWV^_]UWY[l[h"S"n ��Y[_�T"UWV�n�VFE,B�_]UWS X�S%\^Yyzai%UWV^i%UWY[_��xT�YyU6��Y[_ T"UWV vrRAV^��YyUWV^h"S"n
Z�UWV]UWY[S���cBV;Yy\^_f~���ly\�UWY[S C6c_B {�&"V�T�YyUp\aU=X�S��PUp\^_^Y[��� _^i%UWY[_;u�cBS"S��LcBSoT�YyUr��i�cBS"S%RAS � k1S�_^VaR,K"YyU
S
�PUWS�h"_ j UWSD$
	����-(7( �-( �f�B�VG�28�

S = −
∑

p(x|I) · ln
(

p(x|I)
)

.
| � ~ ���

C�c e�Y[��YyUWV^_ �LcBS T�YyU k1S�_^V]R,K"YyU h"S�_]UWV�T"UWS j w?UWY vrUW�PUWS��PUpT�Y[S"n�h"S"n�UWS Z�RAS qtl&~ � ~H@}h"S%T
qrl&~ � ~���S�cAzai T"UW� ��cfe�S%Up\]\azai%UWS}��V^Y[S j Y[K $�~i� # (+.  L�f�gGg;�2 �*\]RKUWV^n�Y[�"_�\^Yyzai cBly\�Q�UWV^_]UWY[l[h"S"n
{�&"V

x
$
	?9 9 9t� �f���g@�28�

p(x|µ, I) =
1

µ
· exp(−x/µ) .

| � ~[�f���



��� � ������� ��� � � � ����� � � �

9 ��stUWV=k1V^wdcBV]_^h"S"n�\^w?UWV^_rT"UWV�4��%\]UWV^ZAcB�"lyUWS�\]R�wxYyU T"Up\]\]UWS���UWi"lyUWV ε \]Y[S%T��PUWu�cBS"S�_f�
srYyU���_acBS%T%cBV]T%cB��w?UWYyz i�h"S%n

σ
Yy\^_=T"U >%S"YyUWV^_ &"�PUWVFT"UWSKk1V^wdcBV^_^h"S"n�\^w?UWV]_�T"UWV=��h�cAT�VacB_^Yy\]zai%UWS

�F��wdUWY[zaigh"S"nLT"Up\ 7 UWV^_]Up\=ZCRA�8C�Y[_^_]UWl[w?UWV^_f�

σ2(xi) =< (xi− < xi >)2 >=< xi
2 > − < xi >

2 .
| � ~[�����

vFY[��� _x�LcBS T�YyUt� UWS"S�_^S"Yy\=T"UWVF��_acBS%T%cBV]T%cB��w?UWYmzai�h"S%n
σ
cBly\dw?UWY[_]UWV]U v�UW�PUWS��PUpT�Y[S"n�h"S%n�Y S

T%cA\=�CcfegS%Up\]\]zai�U ��V^Y[S j Y[K�cBh�{ �
< ε2 >= σ2 ,

| � ~[� � �

\]R�UWV^n�Y[�"_F\]Yyzai�{ &"V=T�YyUp\]UWSK��cBl[l&�

p(x|µ, σ, I) =
1√
2πσ

· exp
(

−(x− µ)2

2σ2

)

.
| � ~[�P;��

srYyU q cBh0B�\azai%U�v�RAV^�LcBl[ZCUWV^_]UWY[l[h"S"n Yy\^_tcBly\]R@T�YyU j wdUWY?K�cBVacB��UW_^V^Y[n�U Q�UWV^_]UWY[l[h"S"n���Y[_rn�VFE,B�_]UWV
k1S�_^V]R,K"YyU�~

s ��stUWV=k1V^wdcBV]_^h"S"n�\^w?UWV^_���T"UWV]UWSK��UWi"lyUWV=h"S%T�T"UWVFstU >%S"Y[_^YyRAS%\^�PUWV]UWYyzai�\^Y[S%T �PUWuAcBS"S�_f�
��&"V Z�YyUWlyU ��S�w?UWS%T�h"S"n�UWS lm`_B�_K\^Yyzai cBly\ >�h�\acB_ j Y[S�{3RAV^�LcB_^YyRAS)S%R�zai cBh%\]S�&"_ j UWS��=T%c_B �PUWY
UWY[S%UWV?n�UpUWY[n�S%UW_]UWS�vrRAV^��YyUWV^h"S"n�T�YyU 4��%\aU V]ZAcB�"lyUWS�S�h"V?Y[S�UWY[S%UW� �PUWn�V]UWS j _]UWSYI8S�_aU V]ZAcBl[l $ � �[��2
T"U >%S"YyUWV^_�\^Y[S%T7~ C6cBS ZCU V]w?UWS%T"UW_@T%cBS"S�T"RAV^_�cBly\LQ�UWV^_]UWY[l[h"S"n�\^{ h"S"ug_^YyRAS�S"Yyzai�_@T�YyU6q cBh0B_N
Q�UWV^_]UWY[l[h"S"n ��\]RAS�T"UWV^SKT�YyU \aRAn�UWS�cBS"S�_]U �PUW_ac&NCQ�UWV^_]UWY[l[h"S"n@$	�).2� � �-( UW_FcBl&~��f������28�

p(x|µ, σ, I) =
1

Z
· xa−1 · (1− x)b−1 ,

| � ~[�W���

��Y[_

Z =
Γ(a) · Γ(a)

Γ(a+ b)
, a =

(1− µ)µ− σ2

σ2
· µ h"S%T

b =
(1− µ)

µ
· a .

��YyU �PUp\^Y[_ j _FvFh"l[ly\]_]UWl[lyUWS�cBS�T%U SI
S�_]UWV^Z�cBl[l[n�V]UWS j U S�h"S%T�{�&"V a, b > 1
uCUWY[S%U ��Y[S"n�h"lmcBV^Y[_a`B_]UWS�~

� ��� ��� � �8����08�
.�� �1��� �������5���8�*�

srYyU x��  "���P���1A A K N��"h"S"ug_^YyRAS
p(D|H, I) �PUp\]zai"V]UWY[�"_�T�YyU@Q�RAV^wd`BV^_]\^V]Upzai"S�h"S"n � S�`B��l[YyzaiT�YyU 7}cBi"V �

\]zai%UWY[S"l[Yyzai"uCUWY[_��"T�YyUtZCRAV^l[Y[UWn�UWS%T"UWSKs cB_]UWS
D j h���Up\]\aUWS��gh"S�_]UWV=T"UWVdQ�RAVacBh%\]\]UW_ j h"S"n �"T%c_B�T�YyUt��e �

KPRA_^i%Up\]U j h"_^V^Y "�_f~gsrYyUr�%UWi"lyUWV ε \^Y[S%ToT"U >%S"YyUWV^_ &"�PUWVdT�YyUr����w?UWYyzai�h"S"n j wxYy\]zai%UWS T"UWSon�UW��Up\a\]UWS%UWS
s cB_]UWS

D
h%S%T T"UW� ZCRA�8C�R�T"UWl[l�ZCRAV^i%UWV^n�Up\acBn�_]UWS7 UWV^_

M
�

ε = D −M .
| � ~ �f���

��YyU UWV^lmcBh"�PUWSKUp\��"UWY[S%UWSKU eXK"l[Y j Y[_]UWSK��h%\]T�V^h%zauo{�&"V p(D|H, I) cBS j h"n�UW�PUWS�~�� UWS"S�_=�LcBSKT%cA\=UWV]\^_]U
h"S%T�T%cA\ j wdU Y[_]UTC�RA��U Sg_FT"UWV=Q�UWV^_]UWY[l[h"S"n�\ {3h"S"ug_^YyRASKT"UWVF��UWi"lyUWV

< ε >= 0
h"S%T

< ε2 >= σ2 ,



� ������� ��� � � � ��� � ��� � � ;

\]Rdlm`_B�_'\^Yyzai�UW�PUWS%\]RxwxYyU1Y[� ��cBl[lCT"Up\ � ����A"���1| 9 ��T�YyU;q cBh0B�\]zai%U�Q�UWV^_]UWY[l[h"S"n�\ {3h"S"ug_^YyRAS�cBly\��%h"S"ug_^YyRAS
��Y[_�T%U V�i E�zai%\^_]UWS k1S�_^VaR,K"YyUoh"S%T�{ORAl[n�l[Y[zai ��Y[_ T"UW� S"YyUpT�V^Y[n�\^_]UWSqtVacAT cBS >�h%\ cB_ j Y[S�{3RAV^�LcB_^YyRAS
i%UWV^lyUWY[_]UWS��

p(D|H, I) = p(ε|µ = 0, σ, I) =
1√
2πσ

· exp
(

− ε2

2σ2

)

=
1√
2πσ

· exp
(

−(D −M)2

2σ2

)

.
| � ~[�P@��

� ������� +-�"��9���:=�*08�
� �p+-�"��.��1���

>�YyUWl T"UWVrs cB_]UWS�cBS�cBl[e�\]U Yy\]_rUW\tRB{ _���S%UW�PUWS T"UW� n�Up\]h%zai�_]UWS 7�UWV^_
x
UWY[S%UWV K"i�eg\^Y[u�cBl[Yy\]zai%UWS qrVFE,B�U

cBh%zai UWY[S%U �%UWi"lyUWVacBS"nCcB�PU�T%cD{�&"V j h6UWV^i�cBl[_]UWS�~ C6cBS�Yy\^_ cBly\]R�cB� k1V^wdcBV^_^h"S"n�\^w?UWV^_
< x >

\]R�wxYyU
T"Up\]\]UWS ��_ cBS%T%cBV]T%cB��w?UWYyzaigh"S"n

σ(x)
Y[S�_]UWV]Up\]\^YyUWV^_f~%��YyU��PUWV]Upzai"S%UWS \^YyzaioS�cAzai�qrl&~ � ~H@ h"S%T qtlO~ � ~[���

nCcBS j cBl[l[n�UW��UWY[S�cBh%\FT"UW� r
NC_]UWSC�RA��UWS�_FT"UWV 7�cBi"V]\]zai%UWY[S"l[Yyzai"uCUWY[_]\^ZCUWV^_]UWY[l[h"S"n

p(x|I) �

< xr > =

∫
xr · p(x|I) dx
∫
p(x|I) dx

��Y[_
r = 1, 2 .

| � ~[�����

srYyU�bdUp\^_^Y[��� h"S"n T"UWV 7�cBi"V]\]zai%UWY[S"l[Yyzai"uCUWY[_]\^ZCUWV^_]UWY[l[h"S"n
p(x|I) n�UW\azai"YyUWi�_L��Y[_oT"UWS$qrV^h"S%T�n�lyUWY �

zai�h"S"n�UWS)T"UWV�bxcfeCUW\a\]zai%UWS 7}cBi"V]\]zai%UWY[S"l[Yyzai"u�UWY[_]\]_^i%UpRAV^YyU�~�k1Y[S%U�cBS�cBl[eg_^Yy\]zai%UaZ^E�\]h"S"nYy\^_�T%cB��Y[_
cB�PUWV@Y[� cBl[l[n�UW��UWY[S%UWS S"Yyzai�_�� EAn�l[Yyzai�~dk1Y[S%U�S�h"����UWV^Yy\]zai%U Z^E�\^h"S"n T"UWV��%VacBn�Up\^_]UWl[l[h"S"nUWV^i�`Bl[_
�LcBS ��Y[_ ��Y[l {OU�ZCRAS C�RAS�_]U �:9 cBV^lyR � C�UW_^i�R�T"UWS���Y[S%T"UW� �LcBS�T%cA\ ��V]RA�"lyUW� T�h"V]zai�T�YyU C�RCT%U l[l[YyU �
V^h"S"noZCRAS >�h�{&cBl[ly\^n�VFE,B�UWS�l E�\^_f~ C6cBSKw &"V {OUWl[_rT%cB�PUWY5UWY[S%U��FS j cBi"l'ZCRAS N j h�{&`Bl[l[Y[n�UWS6k1V]UWY[n�S"Yy\]\]UWS

x
n�UW�L`_BoT"UWV=Z�RASKT"UWV=��V]RA�"lyUW��\^_]UWl[l[h"S"noZCRAV^n�UWn�UW�PUWS%UWS7�cBi%V]\]zai%UWY[S"l[Yyzai"u�UWY[_]\]Z�UWV^_]UWY[l[h"S%n

p(x|I) �

{x}n=1,N .

s cA\rV � _]U C�RA��UWS�_ T"UWVtQ�UWV^_]UWY[l[h"S"n�UWV^n�Y[�"_ \^Yyzai6T�cBS"S6UWY[S�{&cAzai &"�PUWV T�YyU���h"����U �"��� ����k�Y[S j UWlyUWV �
UWY[n�S"Yy\]\]U {x}n

cBh%\f�

< xr >=
1

N
·

N∑

n=1

({x}n)r .
| � ~[�PG��

srYyUdi"YyUWV1ZCUWV^w?UWS%T"UW_]U C�UW_^V]R,KPRAl[Yy\:N"C�UW_^i%R�T"U�$�� . �/,z��6 ��� 9  �UW_�cBl&~��f���g;�2"��cA\^YyUWV^_;cBh�{�UWY[S%UW� �<�"��=
K!A(' ���"�P �T�h"V]zai T"UWS �1i�cA\aUWS"VacBh"� ZCRAS

p(x|I) �'w?RA�PUWYdT�YyU@UWV j UWh"n�_]UWS >�h�{OcBl[ly\^n�V E,B�U S
x
S"Yyzai�_

h"S�cB�"i�`BS"n�Y[n6Z�RAS%UWY[S�cBS%T"UWV�\^Y[S%T7~'k�\ i�cBS%T"UWl[_ \^Yyzai}ZgYyUWl[��UWi"V�h"� UWY[S%UWS C6cBV^uCR�Z �:9 i�cBY[S � C�RAS�_]U �
9 cBV^lyR N��1V]R j U B|�C 9 C 9 � �*�PUWYdT"UW� T"UWV 	 UWw?UWY[ly\ {3RAl[n�UWS%T"U+7 h"V { �'T"UWV T�YyUR>�h�{OcBl[ly\^n�VFE,B�U {x}n+1UWV j UWh"n�_��%ZCRASKT"UW� cBug_^h%UWl[lyUWS7�UWV^_ {x}n

cB�%i�`BS"n�_ $	�)99� �4 UW_�cBl&~��f���g@�28~%s�YyU�k1S�_]\]zai%UWYyT�h"S"n ��RA�
T"UWVFS%UWh%UT7 UWV^_rcBly\t��_acBV^_
w?UWV^_tcBu j U K"_^YyUWV^_rR�T"UWV�Z�UWV^w?RAV {OUWSKwxY[V]T ��\^_]UWh%UWV^_�T"Y[U \]RAn�UWS�cBS"S�_]U �������=

G�#��T �O �
�A"�

ρ
~ � �PU VFK"V &�{ _ wxY[V]T}�PUWY 	 UpT"UW� C�cBV^uCR�Z � s�h"V]zai"lmcBh�{ n {�&"V T�YyU�cBug_^h%UWl[lyU >�h�{OcBl[ly\ j cBi"l

{x}n
T"UWV 7�UWV^_ T"UWV �%����� 
G�#��T1�O 3
��A"��~ I�\^_tT"UWV �%h"S"u�_^YyRAS%\^wdU V]_r{ &"V {x}n

n�VFE,B�UWV�cBly\r{�&"V {x}n−1
�

\]R�wxY[V]T�T"UWVT7 h"V {FcBu j U K"_^YyUWV^_ h"S%T�T"UWV 7 UWV^_ j h"V���h"����ULY[S qrl&~ � ~[�PG i"Y[S j h"n�U j `Bi"l[_f~fI
\^_�T�YyUp\
S"Yyzai�_=T"UWVF��cBl[l �%\]R�wxY[V]T�T"UWVM7 UWV^_x_^V]RA_ j T"UW� S"Yyzai�_xZCUWV^w?RAV {3UWS�~ C�cBS �"Y[lyT"UW_FT"UWS=<�h%RA_^YyUWS�_

q
cBh%\



� � � ������� ��� � � � ����� � � �

T"UWS��PUWYyT"UWS��"h"S"ug_^YyRAS%\^w?UWV^_]UWS

q =
p({x}n| I)
p({x}n−1| I)

| � ~[�f���

h"S%T ZCUWV^n�lyUWYyzai�_oY[i"S���Y[_@UWY[S%UWVoY[� I8Sg_]UWV^ZAcBl[lL2 � �[��2rn�U j RAn�UWS%UWS >�h�{&cBl[ly\ j cBi"l&~;��cBl[ly\ q n�VFE,B�UWV cBly\
T�YyUp\]U%>�h�{OcBl[ly\ j cBi"l�Yy\^_��CwxY[V]T@T"UWV?S%UWh%UD7�UWV^_ {x}n

UW�PUWS�{&cBl[ly\xcBu j U K"_^YyUWV^_dh"S%T�cBly\;S%UWh%UWV=��_acBV^_
w?UWV^_
n�UWwd`Bi"l[_f~�s cAT�h"V]zai�Yy\]_x�PUWY�UWY[S%UWVF� h"l[_^Y[��R�T%cBlyUWS�Q�UWV^_]UWY[l[h"S"noT�YyUJC=EAn�l[Yyzai"uCUWY[_=n�UWn�UW�PUWS���\^Yyzai�cBh%\
UWY[S%UW� UW_
wdcBY[n�UWS vrUW�PUWS"�Lc egY[� h"� i%UWVacBh%\ j h"�PUWw?UWn�UpS�~�I�\^_ q uglyUWY S�U V cBly\�T�YyU >�h�{&cBl[ly\ j cBi"l �*wxY[V]T
T"UWV h"V]\LK"V &"S"n�l[Yyzai%U 7�UWV^_ {x}n−1

cBS%\^_acB_^_�T"Up\�cBu�_^h%UWl[lyUWS�7�UWV^_]Up\ {xi}n

UWV^S%UWh"_�cBly\L��_acBV^_
w?UWV^_
�PUWS�h"_ j _f~CX�S�cB�"i�`BS"n�Y[n�Z�RA� k1V^n�UW�"S"Yy\;T"Up\1Q�UWV^n�lyUWYyzai%\�wxY[V]T 	^UpT"R�zaiLT"UWV�7�UWV^_1ZCRAS {x} �PUWY 	^UpT"UW�7 h"V { j h"Vt��h"����U Y[S�qtl&~ � ~[�PG�i"Y[S j h"n�U j `Bi%l[_�h"S%T�u�UWY[S7 UWV^_FZ�UWV^w?RAV {OUWS�~�s�YyU��"K"V^h"S"n�w?UWY[_]U�ZCRAS
UWY[S%UWV >�h"{OcBl[ly\ j cBi"l {x}n

j h"VdS�`Azai%\^_]UWS {x}n+1

\^_]UWl[l[_d�LcBS T%cB�PUWY�\]R�UWY[S��"T%c_B S�h"VxT�YyUt�r`Bl {3_]UrT"UWV
7 &"V {3U;cBu j U K"_^YyUWV^_5w?UWV]T"UWS�~Ds cAT�h"V]zai�Yy\^_*nCcBVacBS�_^YyUWV^_��AT%c_B��LcBS�T"UWS ��i�cA\]UWS"VacBh"�,cB�HU)"7UWu�_^Y[Z�\^_]UWS
cB�%\^h%zai�_f~�s�YyU	������1
G�#��T1�O 3
��A"�

ρ
UWS�_]\LK"V^Yyzai�_�T"UWVxS%RAV^��YyUWV^_]UWS=7�cBi"V]\azai%UWY[S"l[Yyzai"u�UWY[_]\^ZCUWV^_]UWY[l[h"S%n

ρ =
p(x|I)

∫
p(x|I) dx

| � ~ � ���

cBh%\@qrl&~ � ~[���g~�stc6�PUWY[� C�UW_^VaR,KPRAl Yy\ � Q�UWV {&cBi"V]UWS�S�h"VLT�YyU V]UWlmcB_^Y[ZCU � S%T"UWV^h"S"n}T"UWVLsrYyzai�_]U { h%S"u �
_^YyRAS Y[S�_]UWV]Up\]\]YyUWV^_�� w?UWlyzai%U�T�YyU�S%UWh%U >�h�{&cBl[ly\^n�VFE,B�U Y[� Q�UWV^n�lyUWYyzai j h"VLcBl[_]UWS �PUWw?UWV^_]UW_��1� h0B T�YyU
vrRAV^��YyUWV^h"S"no\]UWl[�%\^_xS�h"VFU e�Yy\^_^YyUWV]UWS�� 	^UpT"R�zai�S"Yyzai�_=�PUWuAcBS"S�_�\]UWY[S�~

� D�� � bOUESXWzY WzUgWzY cdJ�� bO` � JLK WzbOS�� cdZES � UE`z` JTSO`���JLV�W K�JTS ] Y*W �	JLK
� U��EJT`z` P�QOJTS\_ UEQ K�` PRQ	JTY[S��[Y[PRQ VdJTY Wz`2WzQ	JTZEK�YFJ

>�YyUWlPT"UWV?�Ch�cBS�_^Y[_acB_^Y[ZCUWS@��S�cBl[e�\]U=Z�RAS C6cA\]\]UWS%\FKPUWu�_^V]UWSLYy\]_;Up\��CT�YyUF�'UWY[lyzai%UWS j cBi%lyUWS�T%U V C�RAlyUWu�&"lyU
Y[SKUWY S�U � q cA\^n�UW��Yy\]zai j h��PUp\^_^Y[����UWS���\]R�wxYyU UWY S�U ��UWi"lyUWVacBS"nCcB�PU {�&"V=T"UWS�n�U {3h"S%T"UWS%UWS7 UWV^_ j h
UWV^i�cBl[_]UWS�~fC6cBS Yy\^_�T%cBi%UWV�{�&"V 	 UpT"U �"KPU j YyUp\ i cB� k1V^wdcBV^_^h"S"n�\^w?UWV^_�T"UWV �'UWY[lyzai%UWS j cBi%l < xi >\]R�wxYyUFT"Up\]\]UWS@��_acBS%T%cBV]T%cB��w?UpYyzai�h"S%n

σ(xi)
Y[S�_]UWV]Up\]\]YyUWV^_f~VI8� ��cBl[l�T"Up\�vtcAzai�w?UWYy\]Up\�Z�RAS ArcAT�Y[uAcBlyUWS

Yy\^_1�LcBS j h%\ `B_ j l[Y[zai@cBh%zaiocBSLT"UWS n bdUWY[_^Va`Bn�UWS cni
	^UpT"UWV?�"KPU j YyUW\ i j h"� �%VacBn���UWS�_^YyUWV^h"S%n�\^� h%\^_]UWV

ci

h%S%T T%U VaU S���UWi"lyUWV=Y[S�_]UWV]Up\]\^YyUWV^_f~
srYyUp\]UtqrVFE,B�UWS�\]RAl[lyUWS�cBh%\?T"UWV C�Up\a\^h"S"n UWY[S%Up\=q cA\^n�UW��Yy\]zai%Up\

dg
�PUWV]Upzai"S%UW_dw?UWV]T"UWS�~"�gR�w?RAi"l�T�YyU

{ &"V*T�YyU;�Ch�cBS�_]Y _ cB_^Y[Z�U;��S�cBl[eg\]U�S%RA_
w?UWS%T�Y[n�U?��S j cBi"lCZCRAS J−1
� cBl[Y[�"V^YyUWV^��Up\]\^h"S%n�UWS

d1, . . . ,dJ−1
�

cBly\5cBh%zai T�YyU�X�S%\^Yyzai%UWV^i%UWY[_]UWS
s1, . . . , sJ−1

cBl[lyUWV�C�U B�w?UWV^_]U;\]RAl[lyUWS�T%cB�PUWYgY S�T�YyU;��h%\^w?UWV^_^h"S"n���Y[_ �
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∫
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1
∏N

n=1(
√
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−
N∑
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i cni · xi,j)
2

2σ 2
n,j

)

.
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∏
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7 RAl {3VacB� N�� c_K"Y[l[lmcBV]U �'wxYyU�Up\ ZCRAS Z�cBS >�e�l�h"S%T qtUfcBl[e $[�f�gGg@32?h"S%T b?Yy\]zai"lyUWV�h"S%T bdUWV^_]UWl $[�f���g;32
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Gaszuleitung Kapillare
Heizströme

hinteres   vorderes
      Filament
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PWPA=
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1B4  �.-  %4*-! %P Q -X1  PW4,&�1  %�L/0 � ���10 E&( �- �M�B��NE �� ��OE� /�+.-0/UNE %�E>0+.-X1  %-U4@��& :

ZCUWV^wxY[V^u�l[Yyzai�_�wxh"V]T"U�~^7�YyU�\^Yyzai Y[S�UWY[S%UW� UWV]\]_]UWS Q�UWV]\^h%zai 	^UpT"R�zai i%UWVacBh%\]\^_]UWl[l[_]U �*UWS�_]\]_]UWi%UWS �PUWY
T"UW� �1V^Y[S j Y[K T"UWV k1lyUWug_^V]RAS%UWS%\^_]R,B�i%UWY j h"S"n �5T%cA\�ZCRAS}T�YyUp\]UWS}��h"_]RAV]UWS cBS"n�UWw?UWS%T"UW_�wxh"V]T"U �*�PUWY
i%RAi%UW� �'UWY[lyzai%UWS%T�h"V]z i%\acB_ j UWS%UWV^n�UW_^Yy\]zai%U �'UWY[lyzai%UWS Y S UWY[S%UW� S"Yyzai�_ _]RAlyUWV^YyUWV^��cBV]UWS �Fh%\]�Lc_B �5\]R
T%c_B@i"YyUWVtUWY[S%U cBS%T"UWV]U���V^_rT"UWVr�rUWY j h"S"n�UWY[S"n�Up\]UW_ j _twxh"V]T"U��PT�YyU�T�Y[V]UWug_]U ��V]Up\^Yy\^_^Y[ZCU ��UWY j h"S"n�T"UWV
� c_K"Y[l[lmcBV]U�~
srYyU?Y[� ArcBi"��UWS�T"UWV Z�RAV^l[YyUWn�UWS%T"UWSL�FV^�PUWY[_1UWS�_
wxYyzauCUWl[_]Ux�FS%RAV]T�S�h"S%ntYy\^_ Y[S ���"��~,;�~[�d\azai%UW�LcB_^Yy\]zai
n�U j UWY[n�_f�%srYyUt� c_K"Y[l[lmcBV]U Yy\]_=cBS UWY[S%UW� k1S%T"U ��Y[_=T"UWVdn�UpUWV]T"UW_]UWS6q cA\^ZCUWV]\]RAV^n�h"S"n�ZCU V]�"h"S%T"UWS��%cB�
cBS%T"UWV]UWSLk1S%T"Ux�PU >%S%T"UWSo\^Yyzai j w?UWY%UWlyUWu�_^V]Y[\azai%UF��_^V]RA� j h�{ &"i"V^h"S"n�UpS�~ � �PUWV�T�YyUp\]Ux�PU YyT"UWSL��RAS�_acBu �
_]U �DY[S��F�%��~,;�~[�dcBly\ �5Y[lmcB��UWS�_]Ud�PU j UWYyzai"S%UW_��Alm`_B�_1\^Yyzai�h"S�cB�"i�`BS"n�Y[n Z�RAS%UWY[S�cBS%T"UWV;��_^V]RA� j h�{ &"i"V]UWS��
T"UWV T�h"V]zai T�YyUo� c_K"Y[l[lmcBV]U cB�X5%YyU B�_f~ srYyUo�5Y[lmcB��UWS�_]U@�PUp\^_]UWi%UWS cBh%\�T &"S"S%UWS 7 RAl {3VacB� N�srVa`Bi�_]UWS��
T�YyU@��Y[_�UWY[S%UWY S%i�cBl[��7�Y[S%T�h"S"n�UWS h"� T�YyU�� c_K"Y[l[lycBVaU�n�UWwxYyzau�UWl[_�\^Y[S%T7~5srYyU@UWlyUWug_^V^Yy\]zai%U���RAS�_acBu �
_^YyUWV^h"S"n j h"V�� c_K"Y[l[lmcBV]U@UWV {ORAl[n�_�T%cB�PUWY;S�h%V T�h%V]zai T�YyUL��Upzai�cBS"Yy\]zai%U �"K�cBS"S�h"S"n%~5srYyUL�5Y[lmcB��UWS�_]U
\]UWl[�%\^_�\^Y[S%T &"�PUWV <�h%UW_]\]zai�ZCUWV]\]zai"VacBh"�"h"S"n�UWS6��Y[_F�LcA\]\^Y[ZCUWS��rh K�{3UWV]\^_acBS"n�UWS�Z�UWV^�"h"S%T"UWS��PT�YyU cBly\
��_^V]RA� j h"lyUWY[_^h"S%n�UWS�T�YyUWS%UWS�~CsrYyU=� c_K"Y[l[lmcBV]UFYy\^_;cB� cBS%T"UWV]UWSok�S%T"U=Y[SLUWY[S%UWSLwdcA\]\]UWV^n�UWu�&"i"l[_]UWS���n�U �
UWV]T"UW_]UWS �th0K�{3UWV^�%l[R�zau�UWY[S"n�UW�PUW_^_]UW_f~7s�YyU���_^V]RA�LcB��{3h"i"Vtn�Up\]zai"YyUWi�_ &"�PUWVtT�YyU�� &"i"l[lyUWY[_^h"S"n�UWS�~ C�Y[_
UWY[S%UWV i�cBS%T"UWly\ &"�"l[Yyzai%UWS Q;cBu�h%h"� Z�UWV]\]zai"VacBh%�"h"S"n6Yy\^_ T%cA\ k1S%T"U�T"UWV � c_K"Y[l[lmcBV]U���Y[_ T"UWV�q cA\ j h �
lyUWY[_^h"S"n�ZCUWV^�"h"S%T"UWS�~�k�Y S�U�wdcA\]\]UWV^n�UWu�&"i"l[_]U �th0K�{3UWV^�"lyUWS%T"U � ��� Z�RAVtT"UWV��"K"Y[_ j U T"UWVt� c_K"Y[l[lmcBV]U
T�YyUWS�_ cBly\���_]VacBi"l[h"S"n�\]\]zai�h"_ j {�&"V T�YyU j h �PUWi�cBS%T"UWl[S%T"UpS}�1V]RA�PUWS�~�s cA\ qrV^h"S%TXK"V^Y[S j Y[K}T�YyUp\]UWV V]U �
\^Yy\^_^Y[ZCUWS <�h%UWl[lyULwxh"V]T"UoZ�RAS}�rRAV^S��*� cB����lyUWV�h"S%T}� c_K0KPUWldUWS�_
wxYyzau�UWl[_�h"S%TaK�cB_]UWS�_^YyUWV^_J$[�f�����328~
srYyU;Y[S�T"UWV ZCRAV^l[YyUWn�UWS%T"UWS��FV^�PUWY[_1UWS�_
wxYyzauCUWl[_]Ux��S%RAV]T�S�h"S"nt��Y[_ j w?UWY�n�UW_^V]UWS"S�_]UWS@��_^V]RA� j h�{�&"i%V^h"S �
n�UWS�UWV^lmcBh"�"_=UWY[S%UtQ�cBV^YmcB_^YyRAS�T"UWV=�Fh%\aT"UWi"S�h"S"n�T"Up\dn�UWi%UWY j _]UWS�bdUWV]UWYyzai%\=T"UWV=� c_K"Y[l lmcBV]U \]R�w=Y[U T"Up\
�'UW� KPUWVacB_^h"V^n�V cAT�YyUWSg_]UWSUWS�_^lmcBS"n6T"UWV�� c_K"Y[l[lmcBV]U@h"S%T}n�Y[�"_ T%cB��Y[_ T�YyU C EAn�l[Yyzai"u�UWY[_�� \]R�w?RAi"l?T�YyU
��Y[_^_^lyUWV]U Q�UWV^w?UWY[l j UWY[_�T"UWV��'UWY[lyzai%UWSKY[� n�UWi%UWY j _]UWS�Q�RAl[h"��UWS�cBly\�cBh%zai�T�YyU 7�Y[S"u�UWl[ZCUWV^_]UWY[l[h"S"noT"UWV
srYy\]\]R j YmcB_^YyRAS%\LK"V]R�T�h%u�_]U j h �PUpUWY[SX5%h%\]\]UWS��1wxYyU�\FK�`B_]UWV n�U j UWY[n�_�wxY[V]T7~1srYyU@n�Up\ cB� _]U �FS%RAV]T�Sgh"S"n
T"UWV <�h%UWl[lyULYy\^_ ��Y[_ ;�� ��� s�h"V]zai%��UW\a\]UWV�� EAn�l[Yyzai%\^_ uCRA� K�cBu�_�n�UWi�cBl[_]UWS}h"S%T lm`_B�_ \^Yyzai}T%cBi%UWV
cBS 	^UpT"U Q;cBugh"h"�Lc_K0K�cBVacB_^h"V cBS�UWY[S%UWS n�UWS%RAV^� _]UWS �5lmcBS%\]zai�T"UWV�qrVFE,B�U 9 � ;���cBS��"V^Y[S"n�UWS�~'srYyU
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��UWY j h"S"noT"UWVF� c_K"Y[l lmcBV]U UWV {3RAl[n�_FT�h"V]zaiKT"V]UWY���V]R j Up\]\]U��

• T�Y[V]UWug_]U Z�UWYy\^_^h"S"n�\aT"U KPR�\^Y[_^YyRASY[� i%UWY[B�UWS �'UWY[lxT"UWV�� c_K"Y[l[lmcBV]UKcBh�{ n�V^h"S%T T"Up\ T"RAV^_ i�RAi%UWS
UWlyUWug_^V^Yy\]zai%UWS7�YyT"UWV]\^_acBS%T"Up\

• 7 `BV^��UWlyUWY[_^h"S"nLZCRAS�T"UWS�i%UWY[B�UWS��'Y[lmcB��UWS�_]UWS

• ��_^VacBi"l[h"S"noT%U VF�5Y[lmcB��UWS�_]U�~

��U6S�cAzai �'UW� KPUWVacB_^h"V�h%S%T$srY[��UWS%\^YyRAS"YyUWV^h"S"n�T"UWV�� c_K"Y[l[lmcBV]U h"S%T T"UWV �5Y[lmcB��UWS�_]U ZCUWV]\]zai"YyUW�"_
\^Yyzai T"UWV$V]UWlmcB_^Y[ZCU bdUWY[_^VacBn j wxYy\]zai%UWS�T�YyUp\]UWS�T�V]UWY ��S�_]UWY[lyUWS�~+7 `Bi"V]UWS%T \^Yyzai �PUWY6n�UWV^Y[S"n�UWV
�'UW� KPUWVacB_^h"V@T�YyUK� c_K"Y[l[lmcBV]U�\^_a`BV^uCUWVLUWV^i"Y[_ j _�cBly\LT�YyUK�5Y[lycB��UWSg_]U�h"S%T T%cB��Y[_@T"UWVLUWV]\^_]UK�1V]R j U B
cBl[lyUWY[S%U ZCRAV^i%UWV^V]\]zai�_���T"RA��Y[S"YyUWV^_�ZCRAV�cBl[lyUW� �PUWY'T &"S"S%UWS��'Y[lmcB��UWS�_]UWS�h"S%T�i%RAi%UWS��'UW� KPUWVacB_^h"V]UWS
cBh�{ n�V^h%S%T T"UWV � 4 � �F�%i�`BS"n�Y[n�u�UWY[_�T�YyU���_^VacBi"l[h"S"nKT"UWV i%UWY[B�UWS �5Y[lmcB��UWS�_]U�~7srYyU�s�Y[��UWS%\^YyRAS%UWS�T"UWV
Y[� A�cBi"��UWS)T�YyUp\aUWV��FV^�PUWY[_KZCUWV^w?UWS%T"UW_]UWS <�h%UWl[lyU}\^Y[S%T Y[S)�F�%��~D;�~[�}cBh�{3n�U {�&%i"V^_f~FbdUWY UWY[S%UW�
��_^V]RA� ZCRAS � × �C���)UWV^n�Y[�"_�\^Yyzai�UWY[S%UJC6c e�Y �LcBl[_]UW� KPUWVacB_]h"V�Z�RAS � ��������~

�BD � ��� ��JLK�YF] JTSXWzJ�� �[JLK � b�� HOUEb 
 b K�h QOU K�U V�WzJLK�Y[` Y[JLK�bOS��
�OJT` �JTY �[P�QOJTS M b	`z` JT`

�gR�w?RAi"l={�&"VocB_]RA�LcBV]UWS 7�cA\]\aU Va\^_]R#" cBly\ocBh%zai { &"V C�UW_^i�egl N"A�cAT�Y[u�cBlyU >%S%T"UW_L�LcBSY[S T"UWV Z�Y[_]U �
VacB_^h"V T�YyULbdUp\]zai"V]UWY[�"h"S"n�UWY[S%UWV AFUWY[i%U�Z�RAS <�h%UWl[lyU S��*T"Y[UocBh�{=T"UWV�_^i%UWV^��Yy\]zai%UWS srYy\]\]R j YmcB_^YyRAS�Y[S
UWY[S%UWV�i%UWY[B�UWSo� c_K"Y[l[lmcBV]U=��cA\]YyUWV]UWS�~1>�hLbdUWn�Y[S"SoT�YyUp\]UWV���V^�PUWY[_�U e�Yy\^_^YyUWV^_]UWSLY[SLT"UWV Z�Y[_]UWVacB_^h"V�	 UpT"R�zai
u�UWY[S%U���h�cBS�_^Y[_acB_^Y[ZCUWS���S"nCcB�PUWS &"�PUWV�_acB_]\a`Azai"l[Yyzai%U �5l[h0B�T�Yyzai�_]UWS6cBS=A�cAT�Y[u�cBlyUWS���T�YyU ��Y[_�\]RAlyzai%UWS
<�h%UWl[lyUWS UWV^V]UWYyzai�_ w?UWV]T"UWS�~5��h�{ nCcB�PUoT�YyUp\]UWV���V^�PUWY[_�wdcBV�Up\ j h}ZCUWV]\^h%zai%UWS���{ &"V UWY[S%U <�h%UWl[lyU�{ &"V
cB_]RA�LcBV]UWS=7}cA\]\]UWV]\^_]R#"6h"S%T { &"VDC�U _]i�e�l N"ArcAT�Y[uAcBlyU�T�YyU��5l h B�T�Yyzai�_]U�cBly\F�%h"S"u�_^YyRAS�T"Up\��F�%\]_acBS%T"\
Z�RASLT%U V <�h%UWl[lyU�cB�%\aRAl h%_ j ho�Ch�cBS�_^Y?> j YyUWV]UWS�~�s c j hLYy\^_�Up\�S%RA_
w?UWS%T�Y[n �CS%UW�PUWSoT"UW� �'UWY[lyzai%UWS%T�h"V]zai �
\acB_ j h"S%T�T"UW� s�Yy\a\]R j YmcB_^YyRAS%\^n�VacAT cBh%zai T�YyU 7�Y[S"uCUWl[ZCUWV^_]UWY[l[h"S"n�T"UWV�cBh%\^_]V]UW_]UWS%T"UWS �'UWY[lyzai%UWS j h
�PUp\^_^Y[����UWS�~���h%\ T"UW� srh"V]zai%\acB_ j h"S%T�T"UW�,srYy\]\aR j YmcB_^YyRAS%\^n�VacAT�UWV^i�`Bl[_1�LcBS�T"UWSLcB�%\]RAl[h"_]UWS��5l[h0B
Y[S}T"UWS}�tcBl[�"VacBh"��~'srYyUL� UWS"S�_^S"Yy\�T"UWVT7�Y[S"u�UWl[ZCUWV^_]UWY[l[h"S"n�UWV^lmcBh"�"_�Up\ �7lyRAu�cBl;T�YyUL�5l[h0B�T�Yyzai�_]U j h
�PUWV]Upzai"S%UWS�~���ly\�C�U B���UW_^i%R�T"Uxwxh"V]T"U=T�YyUdwxY[S"u�UWlmcBh�{3n�UWl E�\^_]U C�cA\a\]UWS%\LKPUWug_^V]RA��UW_^V^YyU=cBS"n�UWw?UWS%T"UW_f~
stUWVF�Fh�{3��cBh j h"V 9 i�cBVacBug_]UWV^Yy\^YyUWV^h"S"noh"S%T=<�h�cBS�_^Y?> j YyUWV^h%S"n@T"Up\F�'UWY[lyzai%UWSX5%h%\]\]Up\FYy\^_=Y[SK�F�"��~1;�~ �
n�U j UWY[n�_f~gsrYyU <�h%UWl[lyU�Yy\]_?cBS�UWY[S%U�Xr��Q N�� cB����UWV?��Y[_?UWY[S%UW�-bdcA\]Y[\aT�V^h%zau

< 3 · 10−10 � ��cBVxcBS"n�U �
5�cBS%\]zai�_dh"S%To��Y[_xUWY[S%UWVdUWZ�cBugh"YyUWV^��cBV]UWSKq cA\^ZCUWV]\]RAV^n�h"S"n Z�UWV^�"h"S%T"UWS�~���_acB�"Y[lyU q cA\]U�w?UWV]T"UWS &"�PUWV
UWY[S%UWSL{ &"V;v

2
u�cBl[Y[�"V^YyUWV^_]UWS��'lyR�w?zpRASg_^V]RAl[lyUWV |�C���� Cc;g;���� n�UWV]UWn�UWl[_��g� j RA��UW_^i�cBSowxY[V]T@cBh%\?UWY[S%UW�

��Up\^_^uVEAVLKPUWV^u�RA� K"lyU e}Y[S UWY[S%UW� �PUWi%UWY j ��cBV]UWS AFUp\]UWV^ZCRAY[V _^i%UWV^��Yy\]zai}{3V]UWY[n�Up\]UW_ j _f~5stUWV��5l[h0B�V]UWn�lyUWV
UWV^lmcBh"�"_=T�YyUtsrR�\]YyUWV^h"S"n �PUWY�uCRAS%\^_acBS�_]UW�-srh"V]zai%\ cB_ j R�T"UWVxT�YyU AFUWn�UWl[h"S"n��PUWY�u�RAS�\^_acBS�_]UW�-srV^h%zau
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�� � � � � 	!�5�! %P��0&�4@�H�5�! "$���%��&� %)*)�+B-0/ 1  H�  � �  �� 4*P  %-J&( %)*)  %-��?+ � >B�0+B� �;+.�������.�%�.IJ&( %� 4@� 4  %�'+.-0/?1  H�
�J %4*)��5�! �-���&��%�.�6)@�':�� >.�'& �.- 1  4G-�PWP :

Y[S�T"UWVtq cA\ j h"lyUWY[_^h"S"n%~Pstc j h�Yy\^_FY[S�T"UWV q cA\^lyUWY[_^h"S"n@UWY[S�� c_K�c j Y[_a`B_]\^�LcBS�RA��UW_aUWVrY[S�_]UWn�V^YyUWV^_���T"Up\ �
\]UWS$��Y[n�S�cBlrcBly\ AFUWn�UWl[n�VFE,B�U�T�YyUWS�_f~6>�h%\a`B_ j l[Yyzai�UWV^lmcBh"�"_@T�YyU�h"S�cB�"i�`BS"n�Y[n�U�srV^h%zaug��Up\]\^h"S"n ��T�YyU
�%h"S"ug_^YyRAS�T"Up\��5l[h0B�V]UWn�lyUWV]\rR�T"UWVrT"UWS=Z�UWY[_
w?UWV^_tT"UWV���S%RAV]T�S�h"S"n j h &"�PUWVLK"V &�{3UWS�~�stUWV A�UWn�lyUWVFYy\^_
�PUp\]zai"Va`BS"ug_5cBh�{7��\]zpzW� ��T%cA\*UWS�_]\LK"V^Yyzai�_

4, 5·1017 �5U Y[lyzai%UWS K"V]R��gUWugh"S%T"U�~�bdUWYCT�YyUp\]UW�)srh"V]zai%\acB_ j
\^_]UWl[l[_?\^Yyzai@cB�"i�`BS"n�Y[n ZCRASoT"UWVdq cA\acBV^_;UWY[SL�Lc e�Y[�LcBlyUWV?srV^h%zau�Y[SoT"UWV;� cB����UWV?Z�RAS

3 ·10−5 � ��cBV
UWY[S�~ � �PUWVrUWY[S%UWS6��h%\^_^YyUWV^��cBl[n�uAcBS"S�T�YyU <�h%UWl[lyU n�UWn�UWS�&"�PUWV T"UWVtk1Y[S�_^V^Y[_^_]\FE#"�S�h"S"n�Y[S�UWY[S%U j w?UWY[_]U
Xr�FQDN�� cB����UWV�| <�C6� N�� cB����UWV �LcBh%\^n�UWV^Yyzai�_]UW_�wdUWV]T"UWS�~�srY[V]UWu�_�i"Y[S�_]UWVLT"UWVLk1Y[S�_^V^Y[_^_]\FE#"�S�h"S"n
T�YyUp\]UWV?T�Y "7UWV]UWS�_^YyUWl[lPn�U K%h"� K"_]UWS j w?UWY[_]UWS�� cB����U V?�PU >%S%T"UW_d\^YyzaioY[S@c e�YmcBlyUWV A=Yyzai�_^h"S"n�T"UWV j e�l[Y[S �
T�V^Yy\]zai%U I
RAS"Yy\ cB_^YyRAS%\^VacBh"� T"Up\JC�cA\a\]UWS%\LKPUWug_^V]RA��UW_]UWV]\L|3��e2K��7��I
stk�v �tcBlyR � ����� ~ I
��I
RAS"Yy\acB_]RAV
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ρ
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Ψ
h"S%T

∆
cBh%\f�

ρ = tan Ψ ei∆ ��Y[_
Ψ ∈ [0◦, 90◦], ∆ ∈ [0◦, 360◦] .
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∆
ZCUWV^w?UWS%T"UW_��LcBS UWY[S

R,K"_^Yy\]zai%Up\�C�R�T"UWl[l �AT%cA\5T�cA\1�gzai"Yyzai�_]\]eg\^_aU � �PUp\^_]UWi%UWS%T�cBh%\���h"�%\^_^VacB_��AUWZCUWS�_^h%UWl[lyUW� I
S�_]UWV {OcAzpU;h"S%T
T"UWVdcBh�{3wdcAzai%\]UWS%T"UWS�R�T"UWVdUWV]R�T�YyUWV]UWS%T"UWSK�gzai"Yyzai�_?�PUp\]zai"V]UWY[�"_ |3\^YyUWi%U���S"i�cBS"n 9 �W~�� cBVacB��UW_]UWVxT"Up\
C�R�T"UWl[ly\�\]Y S�T�T"UWV�u�RA� K"lyU e"UFb;VaUWzaigh"S"n�\^Y[S%T"U eLT"Up\ 	^UWw?UWY[l[Y[n�UWS+C�cB_]UWV^YmcBly\�h"S%TLT"Up\]\aUWSLsrYyzau�U�~C�Fh%\
T"UWV;��S0K�cA\]\^h"S"n T"Up\ C�R�T"UWl[ly\dcBSoT�YyUDC�Up\a\^h"S"n lmcA\]\]UWSo\^YyzaioT�YyUp\]U 7�UWV^_]U=��Y[_�n�V]R,B�UWVxqtUWS�cBh"Y[n�uCUWY[_
�PUp\^_^Y[����UWS�~=�Fh%\ T"UWV j UWY[_^l[Yyzai%UWS ����{3RAl[n�U6T"UWVYC�U BgK"h"S"ug_]U UWV^i�`Bl[_ �LcBS j h%\ `B_ j l[Y[zai S%R�zai T�YyU
��h�{ wdcAzai%\6NL� j w ~%k1V]R�\]YyRAS%\^VacB_]U�~



� �������	��
 �

� �������������	��
 ���� � ���������	�	�����

���������������! #"�$%�'&(��)+*,�.-/�0���21�34��-5��&6�����#�/7.$4�.-.�'�8���9&(�.):);�.�=<>���.3?)@&�"A&(�#���:�5BC3D&E���.-�&'F,�A�G�IH.JD-K�����MLOND"�P
-/"QBC&(��-��:�����.-.3?�?R2�?�.-TSU�.�')@V�NW�.�4��&E-/"QN0);�.�XH.J?-#"A&�YA�X"A-Z�.�\[#"Q�����.-��.&�Y/]^3?�%�M_���&'N?`Q)@aC<b"c���:BQ"�);�X��3?-/V�N0P
R0�'H.J0N?-.&M*�3D-/�0�.�Udfeg��-	);��&h1i&(�kjml���V�N0�n�'&G&Tl5����V.N0-Z�.��l�&o�����kp6-GR0�ql.�n�:�5���r�?�.-s[t�ZV.Nc�i�.)u*��:-�Bq3D�?Rv�0�.-
w 34"��9&E� xy1����.-�&(�.�2<b"c���:BQ"�)z�.&E-/"�N0){���k�t�E&,"�P.LI|u}ma�~�V.N0�GV.N?&(�.�Ud

�K�5� ���#���������%���U�5�9�Z�����g�#���#���^�T���Z�Z���#���g�n�9�U�>�g�5���

�I�(����� ���(���Q +¡n�(¢U£A�� ¥¤\¦¥ O¤¨§©¢����Qªn«0�C£A �¬
+®E¯9®E¯%®'¯ °o±0²´³oµ4¶�·U¸g±D¹'ºX»U¼%½�µW¾i¼%¿�µ4²Q±?¿�À^µ4ºiºi±?²Cºi¾i¼nÁ
Â(ÃÅÄ4Æ�Ç8È+É@Ê5Æ.Ç�ËQÊ/Ì4ÇXÍnÃnÄ4Æ�Ã�ÎZÉ{Ï5ÐÑÌ4Ã?Ê5Æ.Ç5ÎZÏ5Ð4É;Æ�ÄWÒ{É;Ï5ÐnÆ2ÓÔÆ�ÕcÆAÖIËQÊZ×�ØÙËQÇZÆ�Ã�ÓÔË�ÎZÎ5Æ�ÇZÎ/ÊZ×QÚÛÃ9Ë�Ï5Ð4Ü�Ì?Ý6Æ�É;Î5Æ�Ã+Þ
ßàÆ�áUÆ�Ã�Ä4Æ�Ãk×�â4Ê/É;Î5Ï5ÐnÆ�Ã�ã=Æ�Ê/Ðn×?Ä4Æ�Ã+Ö�ÄWÉ;ÆKÉ{ÃkÄ4Æ�Ç�ãkÆ�Ð4Ç/ÜqËQÐ4ÒyÃ?Ì4Ç�Ò@É{Ã4É;Æ�Ã4ÕcÆ�ØXÉ{ÊZÊZÆ�Ò{ÊZÆXäàÉ;Ï5Ð?ÊZÆ�ÃkÒ{É;Æ.åGÆ�Ç/Ã+Ö
ÕAÉ{á4ÊÙÆ�ÎÙÆ�É{ÃnÆ2æàÆ�É{ÐnÆoçc×�Ã�ãkÆ�Ê/Ðn×?Ä4Æ�Ã+ÖèÄWÉ;Æ2Æ�ÎÙÆ�Ç/ÒhËQÌ4áUÆ�Ã+ÖèÄ4Æ�ÃÅÕcÆ�Ç/É;Ï5ÐDÊZÆ�ÊZÆ�ÃÛéyÒ{Ì4ê�ç0×�ÃÛËQÊZ×�ØÙËQÇZÆ�Ø
ÓÔË�Î5ÎZÆ�ÇZÎ/ÊZ×QÚ�Ü�ÌoáUÆ�ÎZÊ/É{ØXØ8Æ�Ã+Þ9Â�Ã2Ä4Æ�Ã2Ø8Æ�É;Î/ÊZÆ�Ã=é�ëQÒ{Ò{Æ�ÃìÝ6Æ�É;Î/ÊbØÙËQÃìÉ@ÐnÃXíîÆ�Ä4×?Ï5Ð2Ã4É;Ï5ÐDÊ>ÄWÉ{ÇZÆ�ïDÊbÃ9Ë�Ï5Ð+Ö
ÎZ×�ÃnÄ4Æ�Ç/ÃÔÉ{ÃnÄWÉ{ÇZÆ�ïDÊKÝ�É;Æ8Æ�Ê�ÝðË2ÄWÌ4ÇZÏ5ÐñÄWÉ;ÆÙæ>Æ�ï0×�Øgá4É{Ã9ËQÊ/É;×�ÃnÎ/ÝðëQÇ/Ø8Æ´ËQÌWå�ÇZÆ�É{ÃnÆ�ÃñãkÆ�Ê5ËQÒ{Ò;×�áUÆ�Çîò%ë�Ï5ÐnÆ�Ã
óõô÷ö�ønù+ù+ønöÅúiûAüAûQý ×?Ä4Æ�ÇKÄ4Ì4ÇZÏ5ÐÔÄWÉ;Æ8þbÄ4ÎZ×�Ç/â4Ê/É;×�ÃrËQÌWåðï?Ç/É;ÎZÊ5ËQÒ{Ò{É{ÃnÆ�ÃrÿàáUÆ�Çîò%ë�Ï5ÐnÆ�Ãñá4É;ÎfÜ�Ì4ÇfáUÆ�ïAËQÃ4Ã��
ÊZÆ�Ã��WëQÊ/Ê/É{ÕAÌ4Ã4ÕcÎ/áUÆ�Ä4Æ�Ï5ïDÌ4Ã4Õ óõô��yö�ù��	��
¥ø�¥ø9ö Æ�Ê>ËQÒ�Þ úiûAû��Qý Þ?Â�Ã´ÎZ×�Ò;Ï5ÐnÆ�ÃTé�ëQÒ{Ò;Æ�Ã´ØgÌ4ê#ÄWÉ;ÆàÓ É{Ç/ï?Ì4Ã4Õ
áUÆ�ÇZÆ�É{ÊZÎKÎZÆ�Ð4ÇmÕcÆ�Ã9ËQÌ�áUÆ�ïAËQÃ4Ã?ÊKÎZÆ�É{Ã+Ö�Ä4Æ�Ã4ÃÔÄWÉ;Æ8þàÌnÎZÎ5ËQÕcÆ�ïDÇ5ËCå'ÊmÐ9ëQÃ4ÕAÊKÎ/Ê5ËQÇ/ïkÄnËiç0×�ÃÔËQá¥Ö�Ý�É;Æ8Æ��4ËQïDÊ
ØÙËQÃoÄWÉ;Æ���ÇZ×�ÜiÆ�Î5ÎZÆ�ïcÆ�Ã4Ã?ÊiÞ���É{ÃnÆ��%ÌnÎ5ËQØXØ8Æ�ÃnÎZÊZÆ�Ò{Ò{Ì4Ã4Õ8Ä4Æ�ÇðÝ�É;Ï5Ð?Ê/É{ÕcÎ/ÊZÆ�Ã2ã=Æ�Ê/Ðn×?Ä4Æ�ÃTÍnÃnÄ4Æ�Ê�Î/É;Ï5Ð´áUÆ�É
��ËQÇZçcÆ��fÌ4ÃnÄ#é9Æ�Ð4ÇZÆ�Ã?á9Ë�Ï5Ð ó{úiû����Cý Þcÿ>å'ÊyÕcÆ�ÎZÏ5Ð4É;Æ�Ð?Ê�Ä4Æ�Ç�ß÷Ë�Ï5Ð?Ý6Æ�É;Î�ØXÉ{Ê�Æ�É{ÃnÆ�Ø ãkË�Î5ÎZÆ�ÃnÎ/âUÆ�ïDÊ/ÇZ×�Ø8Æ�ÊZÆ�ÇiÞ
þ>áUÆ�Ç#ËQÌnÏ5ÐÔÐ4É;Æ�ÇKÝ�É{ÇZÄrËQÌWå'ÕAÇ/Ì4ÃnÄñÆ��DâUÆ�Ç/É{Ø8Æ�Ã?ÊZÆ�Ò{Ò;Æ�Ç��DÏ5Ð?Ý�É;Æ�Ç/É{ÕAï0Æ�É{ÊZÆ�Ã Ä4Æ�Çgß�Ë�Ï5Ð?Ý6Æ�É;ÎKÉ{ÃñÄ4Æ�ÃÔØ8Æ�É��
Î/ÊZÆ�Ãgé�ëQÒ{Ò;Æ�ÃgÃ4É;Ï5Ð?ÊOÄWÉ{ÇZÆ�ïDÊiÖqÎZ×�ÃnÄ4Æ�Ç/ÃKÃ?Ì4Ç¥É{ÃnÄWÉ{ÇZÆ�ïDÊ¥ÕcÆ.å��4Ð4Ç/ÊiÞqã�ËQÃgË�Ä4Î5×�Ç/á4É;Æ�Ç/ÊyËQÊZ×�ØÙËQÇZÆ�Ã#ÓÔË�ÎZÎ5Æ�ÇZÎ/ÊZ×QÚ
ËQÌWåUÇZÆiËQï?Ê/É{ç0Æ�Ã8ãkÆ�Ê5ËQÒ{Ò;×�áUÆ�Çîò%ë�Ï5ÐnÆ�ÃÙÌ4ÃnÄ��?Ì9ËQÃ?Ê/É@ÍnÜ�É;Æ�Ç/ÊèÄWÉ;Æ�ã=Æ�Ã4ÕcÆbËQÃXÓñË�ÎZÎZÆ�ÇZÎ/ÊZ×QÚ�Ö�Ä4Æ�Ç�áUÆ�ÉnÄ4Æ�ÇèËQÃ��
ÎZÏ5Ð4Ò{É;Æ�êcÆ�ÃnÄ4Æ�Ã´Ê/ÐnÆ�Ç/ØXÉ;ÎZÏ5ÐnÆ�Ã´ä÷Æ�ÎZ×�Ç/â4Ê/É;×�ÃMÉ{ÃMé9×�Ç/Ø çc×�ÃÙØ8×�Ò;Æ�ï?Ì4ÒhËQÇZÆ�Ø ÓñË�ÎZÎZÆ�ÇZÎ/ÊZ×QÚ2ÄWÉ;Æ�ÿàáUÆ�Çîò%ë�Ï5ÐnÆ

 ú



 � �������	��
������
�����
�����������
���� �!�����"���������$#��

ç0Æ�Ç/ÒhëQêAÊiÞ�äàÉ;ÆðÄnËQØXÉ{Ê�â4Ç/É{Ã4Ü�É{â4É;Æ�Ò{Ò4Ø&%�ÕAÒ{É;Ï5ÐnÆ�'6Æ�ÎZÊ/É{ØXØgÌ4Ã4ÕmÄ4Æ�Ç�ÓÛÉ{Ã4ï0Æ�Ò{ç0Æ�Ç/ÊZÆ�É{Ò{Ì4Ã4Õ÷É;Î/Ê�ËQáUÆ�ÇIËQÌWåEÕAÇ/Ì4ÃnÄ
Ä4Æ�ÇèÃn×�Ê�Ý6Æ�ÃnÄ4É@ÕcÆ�ÃTä÷Æ�ÊZÆ�ïDÊZ×�Çîò%ë�Ï5ÐnÆàÉ{ÃÙÄnÆ.Ç6þ>ÌWò(%AÎZÌ4Ã4ÕKáUÆ�ÎZÏ5Ð4Ç5ëQÃ4ïDÊiÞ?ãkËQÃÙØgÌ4êKáUÆ�ÉUÄ4Æ�Ø*)èÆ�ÇîåGËQÐ4ÇZÆ�Ã
í/Æ�Ä4×?Ï5Ð#Î/É;Ï5ÐnÆ�ÇZÎ/ÊZÆ�Ò{Ò;Æ�Ã+ÖQÄnËQêàØÙËQÃ#áUÆ�É?ÕcÆ�Ç/É{Ã4ÕcÆ�Ã+'ðÆ�ÄnÆ�Ï5ïDÌ4Ã4ÕcÎ/ÕAÇ5Ë�Ä4Æ�Ã8ËQÇ/áUÆ�É{ÊZÆ�ÊiÖQÄnË>ÎZ×�ÃnÎZÊOÄWÉ;Æ,þ�ÄnÎZ×�Ç/â��
Ê/É;×�ÃnÎ/Ç5ËQÊZÆ6Ã4É;Ï5Ð?ÊyØ8Æ�Ð4Ç�ÄWÉ{ÇZÆ�ïDÊyâ4ÇZ×�âU×�Ç/Ê/É;×�Ã9ËQÒWÜ�Ì4Ø^éyÒ{Ì4ê�É;Î/ÊiÞ	�IÉ{á4ÒWÆ�Ê�ËQÒ�ÞCÐ9ËQáUÆ�Ãtï �4Ç/Ü�Ò{É;Ï5ÐXËQÒ;Î�Æ�ÇZÎ/ÊZÆ,Æ�É��
ÃnÆ,Ê/ÐnÆ�Ç/ØXÉ;ÎZÏ5ÐnÆ-,àÌnÆ�Ò{Ò;ÆAÖ�ÄWÉ;Æ,Ã9Ë�Ï5ÐXÄ4Æ�Ø.'ðÆ�Ç/ÊZÆ�Ò0/ ��Ç/É{Ã4ÜiÉ{âÙËQÇ/áUÆ�É{ÊZÆ�Ê óõô21 � � 
43?ønö Ì4ÃnÄ ô÷ønö�5�ø63=úiûAû��Qý Ö
Ì+Þ ËWÞ�ØXÉ{ÊKÄWÉ;Æ�ÎZÆ�ÇKã=Æ�Ê/Ðn×?Ä4ÆÙÆ�ÇîåE×�Ò{ÕAÇZÆ�É;Ï5Ð �?Ì9ËQÃ?Ê/É@ÍnÜ�É;Æ�Ç/Ê ó87-1:9;3 Æ�Ê>ËQÒ�Þ úiûAû��Qý Þ�Â�Ø=<÷Æ�ÕcÆ�ÃnÎ�ËQÊ/Ü8Ü�Ì�Ä4Æ�Ã
ÕcÆ�Ç/É{Ã4ÕcÆ�Ã8éyÒ �nÎZÎZÆ�Ã#É{ÃXÄ4Æ�ÇZÆ�ÃXþàÇ/áUÆ�É{Ê�Ý �4ÇZÄ4ÆðÄWÉ;Æ6É{Ø�ç0×�Ç/Ò{É;Æ�ÕcÆ�ÃnÄ4Æ�Ã8é%ËQÒ{Ò4ËQÃ4ÕcÆ�ÎZÊ/ÇZÆ�á4ÊZÆ�éOÒ{Ì4êcÄWÉ;Ï5Ð?ÊZÆbËQÌWå
ÄnË�Î �?Ì4ánÎ/Ê/Ç5ËQÊ6ç0×�Ã

1016 Ï�Ø −2 Î −1 Ü�Ì´ÎZÆ�Ð4Ç,ïDÌ4Ç/ÜiÆ�Ã � �WâU×AÎ/É{Ê/É;×�ÃnÎ/ÜiÆ�É{ÊZÆ�Ã´å��4Ð4ÇZÆ�Ã+Ö?ÄWÉ;Æ�×�Ð4ÃnÆ>Ý6Æ�É{ÊZÆ�ÇZÆ�Ã
ËQâ4â9ËQÇ5ËQÊ/É{ç0Æ�Ã=þ>ÌWåEÝðËQÃnÄoÃ4É;Ï5Ð?ÊbÜ�Ìoï0×�Ã?Ê/ÇZ×�Ò{Ò{É;Æ�ÇZÆ�ÃìÝðëQÇZÆ�Ã+Þ
ä�É;Æ�Æ��nËQï?ÊZÆ>'ðÆ�Ð9ËQÃnÄWÒ{Ì4Ã4Õ Ä4Æ�Ç Ê/ÐnÆ�Ç/ØXÉ;ÎZÏ5ÐnÆ�Ã�ä�É;ÎZÎZ×�Ü�ÉhËQÊ/É;×�Ã É{Ã Æ�É{ÃnÆ�Ç ÐnÆ�É{êcÆ�Ã@?mËQânÉ@Ò{ÒhËQÇZÆ^ÝðËQÇ
Ü�ÌA'ðÆ�ÕAÉ{Ã4Ã Ä4Æ�Ç þàÇ/áUÆ�É{Ê É{Ã Ä4Æ�Ç È�É{ÊZÆ�Ç5ËQÊ/Ì4Ç Ã4É;Ï5Ð?Ê Ü�Ì�ÍnÃnÄ4Æ�Ã+ÞÔÂ(Ã�çDÉ;Æ�Ò;Æ�Ã þàÇ/áUÆ�É{ÊZÆ�Ã �4áUÆ�Ç
ÄWÉ;Æ ��Ç/ÜiÆ�Ì4ÕAÌ4Ã4Õsçc×�Ã ËQÊZ×�ØÙËQÇZÆ�Ø ÓñË�ÎZÎZÆ�ÇZÎZÊZ×QÚ Ý�É{ÇZÄ Ä4Æ�Ç �IÇZ×�ÜiÆ�ê\ÄWÌ4ÇZÏ5Ð ÄWÉ;ÆB<÷Ò;Æ�É;Ï5Ð4ÕcÆ�Ý�É{Ï5ÐDÊZÎC/
ä�É;ÎZÎZ×�Ü�ÉhËQÊ/É;×�Ã áUÆ�Î5Ï5Ð4Ç/É;Æ�áUÆ�Ã ó ô21 � � 
43?ønö Ì4ÃnÄ ô÷ønö�5�ø63=úiûAû��Qý Ö óEDF1G5 �+ö�ö � Ì4ÃnÄIH ø61 �qønöÑúiû��AüQý Ö
ó0J��4K�LNMOL Ì4ÃnÄQP L�RSL�9Uø	úiûAûWú�ý ÞCÂ�Ø¨é%ËQÒ{Ò?ÄnÆ.Ç�äàÉ;ÎZÎ5×�Ü�ÉhËQÊ/É;×�ÃgÉ{Ã#Ä4Æ�ÇOÐnÆ�É{êcÆ�Ã+?fËQâ4É{Ò@ÒhËQÇZÆ6É;Î/ÊOÄ4Æ�Çyä�Ç/ÌnÏ5ï
Æ�Ã?Ê/ÒhËQÃ4ÕìÄ4Æ�ÇT?fËQâ4É{Ò{ÒhËQÇZÆ÷í/Æ�Ä4×?Ï5Ð�Æ�É{ÃnÆtï0×�ØXâ4Ò{É{Ü�É;Æ�Ç/ÊZÆ8énÌ4Ã4ï?Ê/É;×�ÃÔÄ4Æ�ÇTUOÆ�ØXâUÆ�Ç5ËQÊ/Ì4ÇfÌ4Ã9Ä�Ä4Æ�Îfä�Ì4ÇZÏ5Ð��
Î5ËQÊ/ÜiÆ�ÎiÞ?Â�ÃMÄ4Æ�Ç6È�É{ÊZÆ�Ç5ËQÊ/Ì4Ç6ÍnÃnÄ4Æ�ÃTÎ/É;Ï5Ð´Ä4Æ�Î/Ð9ËQÒ{áMÌ4Ã?Ê5Æ.Ç5ÎZÏ5Ð4É;Æ�ÄWÒ{É;Ï5ÐnÆ÷þ>ÃnÃ9ËQÐ4Ø8Æ�Ã �náUÆ.ÇðÄ4Æ�ÃMØXÉ{Ê/Ê/Ò;Æ�ÇZÆ�Ã
ä�Ç/ÌnÏ5ïWVO)�É{Ê/Ì4Ç/ÇZ×XÌ4ÃnÄoÓÔÆ�É;ÎZÆ�Ç�Ø8Æ�Î5ÎZÆ�Ã2ÄnÆ.Ã=äàÇ/ÌnÏ5ïTÉ{Ã2Ä4Æ�Ç-?fËQØXØ8Æ�ÇiÖnÉ{ÃìÄWÉ;ÆfÄ4Æ�ÇbÓñË�ÎZÎZÆ�ÇZÎ/ÊZ×QÚ�ËQÌnÎ �
Î/Ê/ÇX%�ØgÊiÖY'6É;ÎZÏ5Ð4Ò;Æ�Ç�ÌnÃnÄZ'6Æ�Ç/ÊZÆ�Ò+áUÆ�ÇZÆ�Ï5Ð4ÃnÆ�ÃìÄ4Æ�Ã2ä�Ç/ÌnÏ5ïTËQØ[?fËQâ4É{Ò{ÒhËQÇZÆ�Ã9ËQÌnÎ/Ê/Ç/É{ÊZÊiÞ ��É{á4Ò+Æ�Ê>ËQÒ�ÞWÐ9ËQáUÆ�Ã
ÕcÆ�ÜiÆ�É{ÕAÊiÖ4ÄnËQêtÒ;Æ�Ê/Ü�ÊZÆ�ÇZÆ�ÎðØXÉ{Ê�Ä4Æ�ÇZÆ�Ã2Æ��DâUÆ�Ç/É{Ø8Æ�Ã?ÊZÆ�Ò{Ò;Æ�Ã ��Ç/ÕcÆ�á4Ã4É;Î5ÎZÆ�ÃoÉ{Ø Ó É;Ä4Æ�ÇZÎ/â4Ç/ÌnÏ5Ð2Î/ÊZÆ�Ð?Ê ó{úiûAû��Cý Þ
þàÌWå'ÕAÇ/Ì4ÃnÄ8Ä4Æ�Ç�UyËQÊZÎ5Ë�Ï5ÐnÆAÖcÄ9ËQêKËQÊZ×�ØÙËQÇZÆ�ÇèÓñË�ÎZÎZÆ�ÇZÎ/ÊZ×QÚTÎ5Æ�Ð4Ç�ÇZÆiËQï?ÊZÉ@çtÉ{ÎZÊ�Ì4ÃnÄ8ÄnËQÐnÆ�ÇIØXÉ{ÊèÄ4Æ�Ø ã�Ë�Î �
ÎZÆ�ÃnÎ/âUÆ�ïDÊ/ÇZ×�Ø8Æ�ÊZÆ�ÇðÃ?Ì4Ç�ÎZÏ5Ð?Ý6Æ�Ç6Ã9Ë�Ï5Ð4Ü�Ì?Ý6Æ�É;ÎZÆ�ÃoÉ;Î/Ê ó H L�30ö\L�]Oø9ù Ì4ÃnÄ J\1:3^]yønö\LÛúiû�� � ý Ö0ÍnÃnÄ4Æ�ÊðØÙËQÃ
Ã?Ì4ÇmÎ5Æ�Ð4Ç�Ý6Æ�Ã4É{ÕcÆXþàÇ/áUÆ�É{ÊZÆ�Ã+Ö�ÄWÉ;ÆXËQÊZ×�ØÙËQÇZÆ�Ã�ÓÔË�Î5ÎZÆ�ÇZÎ/ÊZ×QÚÔØXÉ{ÊfÄ4Æ�Ø ã�Ë�ÎZÎZÆ�ÃnÎ/âUÆ�ïDÊ/ÇZ×�Ø8Æ�ÊZÆ�ÇfÄWÉ{ÇZÆ�ï?Ê
Ã9Ë�Ï5Ð?Ý6Æ�É;ÎZÆ�Ã+Þ_UyÎZÏ5ÐnÆ�ÇZÎ/É;Ï5Ð ÜcÞE'÷ÞyÕcÆ�ÒhËQÃ4Õ�Ä4Æ�ÇXß�Ë�Ï5ÐDÝ6Æ�É;ÎtØXÉ{ÊtÕcÆ�Ý�%�Ð4Ã4Ò{É;Ï5ÐnÆ�ÇÙãkË�Î5ÎZÆ�ÃnÎ/âUÆ�ïDÊ/ÇZ×�Ø8Æ�Ê/Ç/É;Æ
ó{úiûAû��Cý Ö ��Î/Ì=Ì4ÃnÄ`U¥Ì4Ã4Õ ó{úiûAû � ý Ì4ÃnÄ`?mË�Æ��(ßàÌ4ÃnÆtÆ�ÊfËQÒ�Þ ó{úiûAû"aCý ØXÉ{Ê÷ÄnÆ.ÇmÂCU�ã ��/?ãkÆ�Ê/Ðn×?Ä4ÆAÞ�Â�ÃkÄWÉ;Æ��
ÎZÆ�Çèþ>Ç/áUÆ�É{ÊèÝ�Ì4ÇZÄ4Æ�ç0Æ�ÇZÎ/ÌnÏ5Ð?ÊiÖAØXÉ{ÊèÄ4Æ�ÃÙáUÆ�É;Ä4Æ�Ã8Ò;Æ�Ê/Ü�Ê/ÕcÆ�Ã9ËQÃ4ÃDÊZÆ�Ã´ãkÆ�Ê/Ðn×?Ä4Æ�ÃMËQÊZ×�ØÙËQÇZÆ�ÃMÓÔË�Î5ÎZÆ�ÇZÎ/ÊZ×QÚ
ÄWÉ{ÇZÆ�ïDÊyÜ�ÌtØ8Æ�ÎZÎZÆ�Ã+Þ �>É;Æ�Ç/áUÆ�ÉWÝ�Ì4ÇZÄ4ÆbËQÌWå'ÕAÇ/Ì4ÃnÄXÄ4Æ�Çyç0×�Ç/ÐnÆ�Ç�Æ�Ç/ÝðëQÐ4Ã?ÊZÆ�Ã���ÇZ×�á4Ò;Æ�Ø8Æ�Ä4Æ�Î�ãkË�Î5ÎZÆ�ÃnÎ/âUÆ�ï �
Ê/ÇZ×�Ø8Æ�ÊZÆ�ÇZÎgáUÆ�É{Ø ß�Ë�Ï5Ð?Ý6Æ�É;Îgçc×�ÃñãkË�Î5ÎZÆ ú ä÷Æ�Ì4ÊZÆ�Ç/É{Ì4Ø Î/Ê5ËQÊ/Ê ��ÇZ×�Ê/É{Ì4Ø ç0Æ�Ç/Ý6Æ�ÃnÄ4Æ�ÊiÞOÂ�ÃÔþàá4á+Þ  nÞ ú
Î/É{ÃnÄTå �4ÇbÄ4É{ÆfÂCU�ã ��/?ã=Æ�Ê/Ðn×?Ä4ÆfÌ4ÃnÄoÄWÉ;Æ �?Ê5ËQÃnÄnËQÇZÄ �(ã �oÆ��4Æ�ØXâ4ÒhËQÇ/É;ÎZÏ5Ð �?âUÆ�ï?Ê/ÇZÆ�ÃìÕcÆ�ÜiÆ�É@ÕAÊqÞ
bàÃ?ÊZÆ�Ç/Ð9ËQÒ{á Ä4Æ�Ç �DÏ5Ð?Ý6Æ�Ò{Ò;Æ^Ä4Æ�ÇvÄWÉ;ÎZÎZ×�Ü�ÉhËQÊ/É{ç0Æ�Ã Â�×�Ã4É;Î�ËQÊ/É;×�Ã�ç0×�Ã�ÓñË�ÎZÎZÆ�ÇZÎ/ÊZ×QÚ�Ø8×�Ò;Æ�ï �4Ò;Æ�ÃdcEÎ/É;Æ�ÐnÆ
UyËQá+Þ  nÞ úfe ÖIáUÆ�É>Æ�É{ÃnÆ�Ç ��Ò;Æ�ï?Ê/ÇZ×�Ã9Æ.Ã9Æ.Ã9Æ�Ç/ÕAÉ;Æ=çc×�Ã ú  ñÆ	) É;Î/ÊÙÄnË�Î �?É{ÕAÃ9ËQÒ�ËQÌWåmã�Ë�ÎZÎZÆ � Ã?Ì4ÇMÄWÌ4ÇZÏ5Ð
ÄWÉ;ÆÙÄWÉ{ÇZÆ�ï?ÊZÆ �?ÊZ×�êAÉ;×�Ã4É;Î�ËQÊ/É;×�Ãñç0×�ÃÔä �(þ�ÊZ×�Ø8Æ�ÃrËQÌnÎKÄ4Æ�Ø �?Ê/Ç5ËQÐ4Ò,áUÆ�Î/Ê/É{ØXØgÊiÞ�'ðÆ�Éèï�ËQÒ{ÊZÆ�Çg?fËQâ4É{Ò{ÒhËQÇZÆ
É;Î/Ê�Ä4Æ�Î/Ð9ËQÒ{á=ï0Æ�É{Ã �DÉ@ÕAÃ%ËQÒOÜ�ÌkÄ4Æ�ÊZÆ�ïDÊ/É;Æ�ÇZÆ�Ã+Þ\'ðÆ�É �"� a"h ?i?fËQâ4É{Ò{ÒhËQÇZÆ�Ã?ÊZÆ�ØXâUÆ�Ç5ËQÊ/ÌnÇ÷Ò;ëQêAÊ÷Î/É;Ï5Ð�ËQÊZ×�ØÙË	�
ÇZÆ�Î>ä÷Æ�Ì4ÊZÆ�Ç/É{Ì4Ø�Æ�É{ÃnÄ4Æ�Ì4Ê/É{ÕMÃ9Ë�Ï5Ð?Ý6Æ�É;ÎZÆ�Ã+Þ �IÎ>ÕAÉ{á4Ê>ïcÆ�É{ÃnÆ�ÃQbàÃ?ÊZÆ�Ç/ÕAÇ/Ì4ÃnÄWáUÆ�É{Ê/Ç5ËQÕ9Þ;'6Ò;Æ�ÃnÄ4Æ�Ê>ØÙËQÃ=Ä4Æ�Ã
�?Ê/Ç5ËQÐ4ÒðËQÌnÎqÖ¥ÎZ×2ØXÉ{êAÊgØÙËQÃñïcÆ�É{Ã �?É{ÕAÃ9ËQÒ�Þ ��É{ÃnÆj)èÆ�ÇîåGëQÒ;Î5Ï5Ð?Ì4Ã4Õ=Ä4Æ�Î��?É{ÕAÃ9ËQÒ;Îgï�ËQÃ4ÃrÎ/É;Ï5ÐÔÃ?Ì4Ç#ÄWÌ4ÇZÏ5Ð
ËQÃ4ÕcÆ�ÇZÆ�ÕAÊZÆgã=×�Ò;Æ�ï �4Ò;ÆfÆ�Ç/ÕcÆ�áUÆ�Ã+Ö4å��4Ç>ÄWÉ;ÆfÄWÉ;Æ �DÏ5Ð?Ý6Æ�Ò{Ò;Æ�ÃnÆ�Ç/ÕAÉ;Æ#Æ.ÇZÃ4É;Æ�Ä4Ç/É{ÕAÊ>É;Î/ÊiÞnä÷Æ�Ç-'ðÆ�É{Ê/Ç5ËQÕ8É;ÎZÊ>ËQáUÆ�Ç
ØXÉ{Ê�Ä4Æ�Ø �DÉ@ÕAÃ%ËQÒnËQÌWåUã�Ë�ÎZÎZÆ  �å��4Ç�ÄWÉ;ÆðÄWÉ{ÇZÆ�ïDÊZÆðÂ ×�Ã4É;Î5ËQÊ/É;×�Ãtç0×�Ãtä

2
ËQá4Ü�ÌnÎZÏ5Ð9ëQÊ/ÜiÆ�Ã8Ì4ÃnÄ�ÖQÝ�É;Æ6ØÙËQÃXÉ{Ã



�������	��
������
�����
�����������
���� �!�����"� � �����$#��  �

1 2 3 4

0,1

1

10

 

 

 T
Kap

= 2250 K
 T

Kap
= 1300 K

          Untergrund

S
ig

na
l Q

M
S

 (
a.

u.
)

Masse (amu)

1 2 3 4 5

1E-4

1E-3

0,01

0,1

1

 

 

 T
Kap

=2250 K
 T

Kap
=  300 K

          Untergrund

S
ig

na
l Q

M
S

 (
a.

u.
)

Masse (amu)

������������	�
������������������� �"!$#&%('()*�,+�'(-��/.0�"-213�(45+6�".7!849-:-;!8+=<��"-?>*�@#A#B�")�#8C��BDE+�.B'/-��/+6�B.GF,H�!I)5D��B#KJL!IM�<�N
OQP >*RTS@>U�(+��E'T<��GVW�����X�E� �B!Y#[Z,�"!

Ee− \&]_^ �Q`aF�bc�(����+6�0#;JL!IM�<�N R�+6�/)d<��/._<eS9>*R5S9>U�/+��E'T<��(V������X�E� �B!Y#[Z,�"!
Ee− \;f_g �_`LF

þ>áná+Þ� nÞ ú Æ�Ç/ï0Æ�Ã4Ã?ÊiÖ4É{Ã2ÕAÌ4ÊZÆ�Ç>ß�ëQÐnÆ�Ç/Ì4Ã4ÕÙçcÆ�Ç/Ã9Ë�Ï5Ð4Òhë�Î5Î/É{ÕAá9ËQÇiÞnämË�Î �?É{ÕAÃ9ËQÒyËQÌWå�ã�Ë�ÎZÎZÆ÷Ü�Ý6Æ�É¥Î/â4É;Æ�ÕcÆ�Ò{Ê
ËQÒ;ÎZ×XÄ4É@Ç5Æ.ïDÊ>ÄWÉ;ÆféyÒ@ÌnêcÄWÉ;Ï5Ð?ÊZÆfçc×�Ã2ä�É{Ø UOÆ�É{Ò;Ï5ÐnÆ�ÃnÎ/Ê/Ç5ËQÐ4ÒOÝ�É;Ä4Æ�ÇiÞ
'ðÆ�ÉyÆ�É@Ã9Æ.Ç ��Ò;Æ�ïDÊ/ÇZ×�ÃnÆ�ÃnÆ�ÃnÆ�Ç/ÕcÉ;Æ#ç0×�Ãih h Æ�) ÎZÆ�Ê/Ü�Ê�Î/É;Ï5ÐkÄnË�Î �?É{ÕAÃ9ËQÒ�ËQÌWåèãkË�Î5ÎZÆfÜ�Ý6Æ�É�ËQÌnÎàØ8Æ�Ð4ÇZÆ�ÇZÆ�Ã
þ>ÃDÊZÆ�É{Ò{Æ�Ã=Ü�ÌnÎ5ËQØXØ8Æ�Ã+Þ �9Ì9Î5ëQÊ/Ü�Ò{É;Ï5ÐìÜ�Ì=Ä4Æ�Ø �?É{ÕAÃ9ËQÒyËQÌnÎ>Ä4Æ�ÇàÄWÉ{ÇZÆ�ï?ÊZÆ�ÃkÂ�×�Ã4É;Î5ËQÊ/É;×�Ãìç0×�Ãìä ËQÌnÎ>Ä4Æ�Ø
UOÆ�É{Ò;Ï5ÐnÆ�ÃnÎ/Ê/Ç5ËQÐ4Ò �4áUÆ�Ç/ÒhËQÕcÆ�Ç/ÃÛÎ/É;Ï5Ð!'6Æ�É{Ê/Ç5ëQÕcÆ=ËQÌnÎÙÄ4Æ�ØAb>Ã?ÊZÆ�Ç/ÕAÇ/ÌnÃnÄÑÌ4ÃnÄÅÄ4Æ�Ø �?Ê/Ç5ËQÐ4ÒàÄWÌ4ÇZÏ5Ð�ÄWÉ;Æ
ÄWÉ;ÎZÎZ×�Ü�ÉhËQÊ/É{ç0ÆmÂ�×�ÃnÉ{Î�ËQÊ/É;×�Ãoç0×�Ãoä

2
Ì4ÃnÄoÄ4Æ�ÇbÄWÉ{ÇZÆ�ïDÊZÆ�Ã2Â ×�Ã4É;Î5ËQÊ/É;×�Ãoç0×�Ã �

2
ÖWÄnË�Î>ËQÒ;Î�)IÆ�Ç/Ì4Ã4ÇZÆ�É{Ã4É{ÕAÌ4Ã4Õ

É{Ø ä�Æ�Ì4ÊZÆ�Ç/É{Ì4Ø Æ�ÃDÊ/Ð9ËQÒ{ÊZÆ�ÃñÉ;Î/Ê cEæ>Æ�É{Ã4ÐnÆ�É{Ê#ä
2
V ûAû Ö �kjFe Þ¥þàÃ?ÊZÆ�É{Ò;ÆAÖ¥ÄWÉ;ÆÙÄWÌ4ÇZÏ5ÐñÄWÉ;ÆÙÂ ×�Ã4É;Î5ËQÊ/É;×�ÃÔç0×�Ã

�àä�Æ�Ã?ÊZÎ/ÊZÆ�ÐnÆ�Ã+Ö�Ý6Æ�ÇZÄ4Æ�ÃÅÉ{Ø Ý6Æ�É{ÊZÆ�ÇZÆ�ÃÅç0Æ�Ç/Ã9Ë�Ï5Ð4Òhë�ÎZÎ/É{ÕAÊiÞ�'ðÆ.É{Ê/Ç�ëQÕcÆoÄ4Æ�Î&b>Ã?ÊZÆ�Ç/ÕAÇ/Ì4ÃnÄ4Î8ÒhË�ÎZÎZÆ�ÃÑÎZÉ;Ï5Ð
ÄWÌ4ÇZÏ5ÐÔÆ�É{ÃnÆ8ã=Æ�ÎZÎZÌ4Ã4ÕTØXÉ{ÊKÄ4Æ�ÇT'6Ò;Æ�ÃnÄ4ÆXÉ{Ø �?Ê/Ç5ËQÐ4Ò;Æ�Ã4Õ0ËQÃ4Õ=áUÆ�Î/Ê/É{ØXØ8Æ�Ã+Þ¥þ>ÌnÎfÆ�É{ÃnÆ�ÇKã=Æ�ÎZÎZÌ4Ã4ÕTáUÆ�É
Æ�É{ÃnÆ�Ç�Ã4É;Æ�ÄWÇ/É{ÕcÆ�Ã ?fËQâ4É{Ò{ÒhËQÇZÆ�Ã?ÊZÆ�ØXâ�Æ�Ç5ËQÊZÌ4Ç c ú �"h"h ? e Ö�áUÆ�ÉnÄ4Æ�Ç�Ãn×?Ï5Ð8ïcÆ�É{ÃnÆ�ä�É;ÎZÎZ×�Ü�ÉhËQÊ/É;×�ÃÙÎ/Ê5ËQÊ/ÊîÍnÃnÄ4Æ�ÊiÖ
áUÆ�Î/Ê/É{ØXØgÊKØÙËQÃñÄ4Æ�Ã 'ðÆ�É{Ê/Ç5ËQÕìç0×�ÃÔä

2
Ì4ÃnÄ �

2
Þ4'ðÆ�É,Ä4Æ�Çfç0Æ�Ç/Ý6Æ�ÃnÄ4Æ�ÊZÆ�Ãrþ>ánÎZÊ/É{ØXØgÌ4Ã4Õ=Ä4Æ�ÎKã�Ë�Î �

ÎZÆ�ÃnÎ/âUÆ�ïDÊ/ÇZ×�Ø8Æ�ÊZÆ�ÇZÎ>Æ�Ç/Ð9ëQÒ{ÊbØÙËQÃìÆ�É{ÃnÆ�Ã2Ó�Æ�Ç/Êðå��4ÇbÄnË�Î �?É{ÕAÃ9ËQÒ{çcÆ�Ç/Ð9ëQÒ{Ê/Ã4ÉhÎ>çc×�Ã2ã�Ë�ÎZÎZÆ � Ü�Ì2ã�Ë�ÎZÎZÆ  
çc×�Ã� jml ÞnäàÌ4ÇZÏ5ÐìÄWÉ;Æ �?Ì4á4Ê/Ç5ËQïDÊ/É;×�ÃìÄnÆ�Î>ÎZ×táUÆ�Î/Ê/É{ØXØgÊZÆ�Ã=þàÃ?ÊZÆ�É{Ò;Î�Ì4ÃnÄ2Ä4Æ�Î bàÃ?ÊZÆ�Ç/ÕAÇ/Ì4ÃnÄWáUÆ�É{Ê/Ç5ËQÕcÆiÎ
Æ�Ç/ÕAÉ{á4Ê>ÎZÉ{Ï5ÐìÄnË�Î �?É{ÕAÃ9ËQÒ+å �4Ç>ÄnË�Î>ËQÊZ×�ØÙËQÇZÆKä÷Æ�Ì4ÊZÆ�Ç/É{Ì4Ø É{Ø �?Ê/Ç5ËQÐ4Ò�Þ

��n@o �qpGr9setAuYn@o �Tv7w�xypQzYzIp_oTpQoTp_{A|}uIp ~�uY{7se�5oT|}�7�e�TpQ{"�Av"wToTuIt�t �qpQ��pQ{7pQoT�
�

+
�

+
p
− ⇒ �

+ + 2e− �G�T� � p�� 6 · 10−15
v0�

2 ���E����� p0tKr9z:� �_�}�e�Q�
�

+
�

2 +
p
− ⇒ �

+ + . . . �_�5� �}� p�� 1 · 10−15
vQ�

2 ���;���_� p0tKr@z � �_�@�}�G�
� +

2

�
2 +

p
− ⇒ � +

2 + 2e− �(�,�  � p�� 1 · 10−16
vQ�

2 ���;���_� p0tKr@z � �_�@�}�G�
�L� �W ����� �����E� bc�0�9DE+�!�'()5#AD9�/)E¡/M¢�(V}RE����� �"MYM��")E�")��".A£}!��")[49)d<¤<��B.B�B)&C��9._+�!¢�BMIM��¦¥§!I.7D�49),£�#0¨,4e�B.7#Q���5)T!�+A+6��Z,�"!
©

e− = 70
�Q`yV�<@!¢�cª�«9.3<��B)[�����X�E� �B!Y#¬%('/)[�T+6'/-¤�9.B�B-13�(4T+��".7!�49-®� !�����+�!I£�#A!I)�<�F



 � �������	��
������
�����
�����������
���� �!�����"���������$#��

ã=É{ÊèÄ4Æ�Ø ÇZÆ�Ø8×�ÊZÆ /O,�ã �Xï0×�Ã4Ã?ÊZÆ>ËQÊZ×�ØÙËQÇZÆ�Î6ä�Æ�Ì4ÊZÆ�Ç/É{Ì4Ø ØXÉ{ÊèáUÆ�É;Ä4Æ�ÃMãkÆ�Ê/Ðn×?Ä4Æ�ÃÙÃ4É;Ï5Ð?ÊèÃ9Ë�Ï5Ð4ÕcÆ�Ý�É;Æ��
ÎZÆ�Ã8Ý6Æ�ÇZÄnÆ.Ã¥Þ�bàØ É{ÃMÄ4Æ�ÃÙÂ ×�Ã4É;Î5ËQÊ/É;×�ÃnÎ/Ç5ËQÌ4Ø Ü�ÌÙÕcÆ�ÒhËQÃ4ÕcÆ�Ã+Ö0Ø �nÎZÎZÆ�ÃMÄWÉ;Æbþ�ÊZ×�Ø8ÆbØ8Æ�Ð4ÇZÆ�ÇZÆ>ÓÔËQÃnÄ4Î/ÊX% �
êcÆ�ç0×�Ò{Ò@å �nÐ4ÇZÆ�Ã+ÖDÝ6×XÎ/É;Æ�ØXÉ{ÊðÕAÇZ×�êcÆ�Ç�ÓñËQÐ4ÇZÎZÏ5ÐnÆ�É{Ã4Ò{É;Ï5Ð4ï0Æ�É{ÊbÇZÆ�ïc×�Øgá4É{Ã4É;Æ�ÇZÆ�Ã+ÞnþàÌWåEÕAÇ/Ì4ÃnÄTÄWÉ;Æ�ÎZÆ�Ç�Ðn×�ÐnÆ�Ã
�n�.-.)u30��&E*è"QN0-���V.NW���:�n)u�GV.NcB����E&Uï0×�ØXØgÊ6Æ�Î6Ý6Æ�Ä4Æ�Ç6Ü�ÌTÆ�É{ÃnÆ�Ç��>ÃnÄnÆ.ÇZÌ4Ã4Õ#É{ÃTÄ4Æ�ÃMÇ5Æ.ÒhËQÊ/É{ç0Æ�Ã �?É{ÕAÃ9ËQÒ{É{Ã?ÊZÆ�Ã��
Î/É{Ê5ëQÊZÆ�Ã2Ü�Ý�É;ÎZÏ5Ð9Æ.Ã=ãkË�Î5ÎZÆ � Ì4ÃnÄ  nÖWÃn×?Ï5Ð2Ü�ÌìÆ�É{ÃnÆ�Ç��àÃnÄ4Æ�Ç/Ì4Ã4Õ8É{Ø ��ËQÇ/Ê/ÉhËQÒ;ÄWÇ/ÌnÏ�ïUÞ
�%ÌnÎ5ëQÊ/Ü�Ò{É;Ï5Ð�Ü�Ì4Ø�ÄWÉ{ÇZÆ�ïDÊZÆ�Ã�ß÷Ë�Ï5Ð?Ý6Æ�É;ÎmØXÉ{ÊfÄ4Æ�Ø=,�ã �ìÝ�Ì4Ç5Ä4ÆXÆ�É{ÃnÆXÆ�É{ÃWå�Ë�Ï5ÐnÆtÉ{ÃnÄWÉ{ÇZÆ�ïDÊZÆXãkÆ�Ê/Ðn×?Ä4Æ
Æ�Ã?Ê�Ý�É;Ï5ï0Æ�Ò{ÊiÖ6Ä4É{ÆkÆ�Î´Æ�Ç/ÒhËQÌ4á4ÊiÖðÄWÉ;Æ �?Ê/Ç5ËQÐ4Ò@åG×�Ç/ØgÌ4Ã4Õ Ì4ÃnÄ ÄWÉ;Æ�ËQánÎZ×�Ò{Ì4ÊZÆ ,àÌ9ËQÃ?Ê/É{Ê5ëQÊ2ËQÃvËQÊZ×�ØÙËQÇZÆ�Ø
ÓñË�ÎZÎZÆ�ÇZÎ/ÊZ×QÚrËQÌnÎmÄ4Æ�Ã�,�ã ��/?ã=Æ�ÎZÎZÌ4Ã4ÕcÆ�Ã�Ü�Ì �4áUÆ�Ç/â4Ç �WåEÆ�Ã+Þ �?É;Æ#á9Ë�Î/É;Æ�Ç/ÊfËQÌWå6Ä4Æ�Ç÷ÓÔÆ�Ï5ÐnÎZÆ�Ò{Ý�É{Ç/ïDÌ4Ã4Õ
ç0×�Ã8ËQÊZ×�ØÙËQÇZÆ�Ø ÓñË�ÎZÎZÆ�ÇZÎZÊZ×QÚMØXÉ{ÊèË	��� V � �(éOÉ{Ò{Ø8Æ�Ã8Ì4ÃnÄXÝ�É{ÇZÄ8ËQØ ��ÃnÄ4Æ�ÄWÉ;Æ�Î5Æ�Î_?fËQâ4É{ÊZÆ�Ò;ÎIáUÆ�Ð9ËQÃnÄ4Æ�Ò{ÊiÞ
'ðÆ�çc×�ÇOÄWÉ;ÆIþàánÎZ×�Ò{Ì4Ê �0Ì9ËQÃDÊ/É@ÍnÜ�É{Æ�Ç/ÌnÃ4Õ�Æ�Ç/ÒhëQÌ4ÊZÆ�Ç/ÊOÝ�É{ÇZÄ�ÖiÎ5×�Ò{Ò�íîÆ�Ä4×?Ï5ÐKÜ�ÌnÆ�ÇZÎ/Ê¥ÄWÉ;ÆèénÇ5ËQÕcÆ�ÕcÆ�ïDÒhëQÇ/Ê+ÝðÆ.Ç5Ä4Æ�Ã+Ö
Ý�É;ÆfÄ4Æ�Ç>ä�É;ÎZÎZ×�Ü�ÉhËQÊ/É;×�ÃnÎ/â4ÇZ×�ÜiÆ�êÙç0×�ÃoÓñË�ÎZÎZÆ�ÇZÎ/ÊZ×QÚ�É{Ã2Ä4Æ�ÇbÓÔ×�ÒuåEÇ5ËQØ�/N?fËQâ4É{Ò{ÒhËQÇZÆKÜ�Ì2áUÆ�ÎZÏ5Ð4ÇZÆ�É{áUÆ�ÃìÉ;Î/ÊiÞ

+®E¯%®'¯%®�� À^±0¶�·Oºi±	�:¸Ù¹'²�
�y½��	»%¼U½ÑÀ^µ4ºqºi±0²Qº�¾i¼nÁ�¿Ô¹:¾tÀ^¼�����²Cµn¿
�%Ì4Ç÷ä�É;ÎZÎZ×�Ü�ÉhËQÊ/É;×�Ã�çc×�ÃkÓÔË�Î5ÎZÆ�ÇZÎ/ÊZ×QÚ�Ý�É{ÇZÄ=åGË�ÎZÊ÷ËQÌnÎZÎZÏ5Ð4Ò{É;Æ�êAÒ{É;Ï5Ð�ÓÔ×�Ò@å'Ç5ËQØ�ç0Æ�Ç/Ý6Æ�ÃnÄ4Æ�ÊiÖ�ÄnËMÆ�ÎàÃ4É;Ï5Ð?Ê
Ã?Ì4ÇbÄ9Ë�Î�ãkÆ�Ê5ËQÒ{Ò+ØXÉ{ÊbÄ4Æ�Ø Ð6%?Ï5ÐnÎZÊZÆ�Ã �DÏ5Ð4Ø8Æ�Ò{Ü�â4Ì4Ã4ï?Ê>ç0×�Ã �Aü"a"h ?^Ì4ÃnÄ2Ä4Æ�Ø Ã4É;Æ�ÄWÇ/É{ÕcÎZÊZÆ�ÃìämËQØXâWå �
ÄWÇ/ÌnÏ5ïKÉ;Î/ÊqÖQÎZ×�ÃnÄ4Æ�Ç/Ã8ËQÌnÏ5ÐtÝ6Æ�É{Ò4Æ�Î�Æ�É{ÃnÆ6ÕcÆ�Ç/É{Ã4ÕcÆ�È4%AÎ/Ò{É;Ï5Ð4ï0Æ�É{Êyå��4ÇyÓÔË�Î5ÎZÆ�ÇZÎ/ÊZ×QÚMÎZÆ�Ò{ánÎ/ÊyáUÆ�É4ÎZÆ�Ð4Ç�Ðn×�ÐnÆ�Ã
UOÆ�ØXâUÆ�Ç5ËQÊ/Ì4ÇZÆ�Ã�áUÆ�Î/É{Ê/Ü�Ê÷Ì4ÃnÄkïcÆ�É{ÃnÆ � �WÄWÇ/É;Ä4Ægá4É{Ò;Ä4Æ�ÊiÞ�ä�É;Æ+',É{ÃnÄWÌ4Ã4ÕcÎ5Æ�ÃnÆ�Ç/ÕAÉ;Æ�Ã	Ì4ÃnÄ�ÄWÉ;Æ#þbÄ4ÎZ×�Ç/â4Ê/É��
×�ÃnÎ/Ü�ÌnÎZÊ5ëQÃnÄ4Æbçc×�Ã8ÓñË�ÎZÎZÆ�ÇZÎZÊZ×QÚ2ËQÌWå�ÓÔ×�Ò@å'Ç5ËQØ�/ �IÉ@Ãnï?Ç/É;Î/Ê5ËQÒ{Ò;×�á�Æ�Çîò%ëAÏ5ÐnÆ�ÃTÎ/É{ÃnÄXÉ{ÃMÄ4Æ�ÇèÈ�É{ÊZÆ�Ç5ËQÊ/Ì4ÇðÎZÆ�Ð4Ç
ÕAÌ4ÊðÌ4ÃDÊZÆ�ÇZÎ/ÌnÏ5Ð?Ê ó��nø
+ùÅúiû h üQý ÞWämË�Î�)èÆ�Ç/Ð9ËQÒ{ÊZÆ�ÃTå��4Ç6âU×�Ò �Dï?ÇZÉ{ÎZÊ5ËQÒ{Ò{É{ÃnÆ ��ÇZ×�áUÆ�ÃoÉ;Î/Êyí/Æ�Ä4×?Ï5ÐoÎ/Ê5ËQÇ/ïÙç0×�Ã
Ä4Æ�Ç-'ðÆ�ÎZÏ5Ð9ËCÚ�Æ.ÃnÐnÆ�É@Ê>Ì4ÃnÄ2Ä4Æ�Ç�ÿàáUÆ�Çîò%ë�Ï5ÐnÆ�ÃnÎ/ÊZÇ/Ì4ï?Ê/Ì4Ç�Ä4Æ�Ç ��ÇZ×�áUÆgËQá4Ð9ëQÃ4ÕAÉ{ÕnÞ9ä�É;Æ÷å �4ÇbÄWÉ;ÆmáUÆ�Ã?Ì4Ê/Ü�ÊZÆ
?fËQâ4É{Ò{ÒhËQÇZÆèÊ5ËQÊZÎ5ë�Ï5Ð4Ò{É;Ï5Ðgç0×�Ç/ÐnÆ�Ç/ÇZÎZÏ5ÐnÆ�ÃnÄ4Æ,þbÄ4ÎZ×�Ç/â4Ê/É;×�ÃnÎ/ïDÉ{ÃnÆ�Ê/É{ï÷ïAËQÃ4ÃfØÙËQÃKÉ{ÃgÆ�É{ÃnÆ�Ø )è×�Ç/ç0Æ�ÇZÎ/ÌnÏ5ÐfØXÉ{Ê
Æ�É{ÃnÆ�Ø=<mË�Î/ÕcÆ�ØXÉ;ÎZÏ5Ð�ËQÌnÎmä

2
Ì4ÃnÄ �

2
Ä4Æ�Ø8×�ÃnÎ/Ê/ÇZÉ{Æ�ÇZÆ�Ã4V+þàá4á+Þ  nÞ � ÜiÆ�É{ÕAÊfÄ4Æ�Ã`)IÆ�Ç/ÒhËQÌWå6Ä4Æ�Çmã�Ë�ÎZÎZÆ�Ã

� Ö � Ì4ÃnÄ  nÖ0Ý�É;ÆàÎ/É;Æ>ØXÉ{Ê6Ä4Æ�Ø Ò{É{ÃnÆ��(×Qå �(Î/É{ÕAÐ?ÊC/?ã�Ë�ÎZÎZÆ�ÃnÎZâUÆ�ï?Ê/ÇZ×�Ø8Æ�ÊZÆ�ÇðØXÉ{Ê&h h Æ�) ��Ò;Æ�ï?ÊZÇZ×�ÃnÆ�ÃnÆ�ÃnÆ�Ç/ÕAÉ;Æ
ÕcÆ�Ø8Æ�ÎZÎZÆ�ÃÔÝ�Ì4ÇZÄ4Æ�Ã+Þ �%ÌnÎ5ëQÊ/Ü�Ò{É;Ï5ÐÔÝ�Ì4ÇZÄ4ÆÙÄ4Æ�ÇT)èÆ�Ç/ÒhËQÌWåðç0×�ÃÔãkË�ÎZÎ5Æ ú Ì4ÃnÄ � áUÆ.É ú  ìÆ�) ÕcÆ�Ø8Æ�ÎZÎZÆ�Ã+Ö
Ì4Ø ÄWÉ;ÆàËQÊZ×�ØÙËQÇZÆ�Ã��?âUÆ�Ü�É;Æ�Î �ÛÌ4ÃnÄMä Ü�ÌÙÉ;Ä4Æ�Ã?Ê/É@ÍnÜ�É;Æ�ÇZÆ�Ã¥Þ ��É{Ã�<mÆ�ØXÉ;ÎZÏ5Ð´ËQÌnÎ,ä÷Æ�Ì4ÊZÆ�Ç/É{Ì4Ø Ì4ÃnÄ8ÓñË�Î �

500 1000 1500 2000 2500

1

0

0

 

 

 M 2
 M 3
 M 4
  D
  H

S
ig

na
l Q

M
S

 (
a.

u.
)

Kapillarentemperatur (K)

� ����������	�
�� ������d1¬�9# ©� C��".7!I- �B)E+ -;!�+a�"!Y)E�B-��=�9#��
£T�"-;!Y#Q�X�i�T4@#��

2

49)d<�1
2 � �"!I£�+7N�¥��9#7#"�B.7#_+6' � ��<}#B'(.!�

Z/!��".G+d<@!$#A#B' � !$�T+�!8%,F#"¬Z,�B.A���9M8Z�%('() ]9g@g}g$ %(�B.AM¢¡ %�+�¥¤�@#��
#B�"."#Q+�'&� <@!�� $ �_C�!IMYM¢�/.0�")E� �/)d<U)T!�����+3)E4@. �/M$#��

2

49)d<
1

2

#B'()d<,�".7)k�/M$#'�K1 F)(¬+�'(-��/.0��R9C�� � !��B# <��B#B'(.(Z/!��".0�")* �(<�'T�X�§�"."#Q+W�5Z ] +}g@g�$ F



�������	��
������
�����
�����������
���� �!�����"� � �����$#��  a

1 2 3 4 5

vor CH4 Betrieb

nach CH4 Betrieb
  24h D2

  12h D2

  2h D2

  Beginn D2 

Dissoziation von D
2

bei 2000 K

 

 

S
ig

na
l Q

M
S

 [
a.

u.
]

Masse [amu]

������������	�
�� �� � �������X���"!Y)E�". $ '(�TM��")5#_+6' ��Z,�BM¢�"£�49),£<��". $ �_C�!YMIM¢�/.0�")����/)d< !$#Q+ <@!�� (KD�+�!8%G!8+6¡,+ <��0#k¥�'/MIª��
.B�/-¤#0V¬¥��9#7#B�"."#Q+�'&� � 4k<@!Y#7#B' � !Y!��".0�")dVW#Q+6�/.7D�%(�".7- !Y)	�
<��".G+7F �aM8«9�E�") !Y) ¥��9#7#"�B.7#_+6' � M$¡#%5+U<@!¢� (=D�+�!8%(!8+8¡,+
M¢�/),£�#7�9- � !¢�(<��".c�/)5#_+6�B!�£T�")�F

ÎZÆ�ÇZÎ/ÊZ×QÚkÉ{Ø ã=É;ÎZÏ5Ð?Ì4Ã4ÕcÎ/ç0Æ�Ç/Ð9ëQÒ{Ê/Ã4É;Î ú V ú Ý�Ì4ÇZÄ4ÆmØXÉ{ÊbÆ�É{ÃnÆ�Ø éyÒ{Ì4êXç0×�Ã h Ö ú ÎZÏ�Ï�Ø Ä4×AÎ/É;Æ�Ç/Ê�Ì4ÃnÄ2ÄnËQáUÆ�É
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Â(Ø¨ÎZâUÆ�Ü�É;Æ�Ò{Ò{Æ�Ãté%ËQÒ{ÒDÄ4Æ�ÇOä�É;ÎZÎZ×�Ü�ÉhËQÊ/É;×�ÃtÆ�É{ÃnÆ�Î¥Ü�Ý6Æ�ÉhËQÊZ×�ØXÉ{ÕcÆ�Ãtãk×�Ò;Æ�ï �4Ò;ÎOá4É;Æ�ÊZÆ�ÊyÎ/É;Ï5Ð#Æ�É@Ã9ÆIÜ�ÝðÆ.É{ÊZÆ6ãQ%�Õ �
Ò{É;Ï5Ð4ïcÆ�É{ÊmÄ4Æ�Ç ,àÌ9ËQÃ?Ê/É@ÍnÜ�É;Æ�Ç/Ì4Ã4ÕìËQÃ¥ÖUÄWÉ;Æ#ÄWÉ;Æ�ÎZÆ�Î ��ÇZ×�ánÒ{Æ�Ø�Ä4Æ�Ç ?fËQÒ{É{á4Ç/É;Æ�Ç/Ì4Ã4ÕoÌ4ØXÕcÆ�Ð?Ê÷Ì4ÃnÄ�Ä4Æ�Î/Ð9ËQÒ{á
É{Ø�Ý6Æ�É{ÊZÆ�ÇZÆ�ÃXç0Æ�ÇîåE×�Ò{ÕAÊyÝðÆ.Ç5Ä4Æ�ÃXÎZ×�Ò{Ò	VQã�ËQÃ#ØXÉ{êAÊ�Ä4Æ�Ãtä�É;ÎZÎ5×�Ü�ÉhËQÊ/É;×�ÃnÎZÕAÇ5Ë�Ä#Ì4ÃnÄtÄWÉ;Æ,Ó É{Ã4ï0Æ.Ò{ç0Æ�Ç/ÊZÆ�É{Ò{Ì4Ã4Õ
Ì4Ã9ËQá4Ð9ëQÃ4ÕAÉ{ÕÙç0×�ÃnÆ�É{Ã9ËQÃnÄ4Æ�ÇiÖnÃ4É;Ï5Ð?ÊàËQÒ;ÎàËQánÎZ×�Ò{Ì4ÊZÆAÖnÎ5×�ÃnÄ4Æ�Ç/Ã=ËQÒ;Î�ÇZÆ�ÒhËQÊ/É{ç0Æg<�ÇX%�êcÆ�Ã+Þ

+®E¯9®E¯%®@ °o±0²M°2¹'ºiºi¼ �?¹:µW¾q¹'¼U½¥º#�%²Cµ 	
b>Ø!ÄWÉ;Æ÷þ>ánÎ5×�Ò{Ì4Ê/ï�ËQÒ{É{á4Ç/É;Æ�Ç/Ì4Ã4ÕXØXÉ{Ê�Æ�É{ÃnÆ�ÇðæàÆ.åEÆ�ÇZÆ�Ã4Ü�Ø8Æ�ÎZÎZÌ4Ã4Õ#Ü�ÌTÌ4ØXÕcÆ�ÐnÆ�Ã+ÖDÝ�É{ÇZÄTÄWÉ;Æ UOÆ�ØXâUÆ�Ç5ËQÊ/Ì4Ç
T
Ä4Æ�Ç�?fËQâ4É{Ò{ÒhËQÇZÆ÷ÎZ×KÝ6Æ�É{Ê6Æ�Ç/Ð6%�Ð?ÊiÖDá4É;Î6Æ�Î,Ü�ÌTÆ�É{ÃnÆ�Ç �WëQÊ/Ê/É{ÕAÌ4Ã4ÕXÄ4Æ�Î,ØXÉ{Ê6Ä4Æ�Ø!ãkË�Î5ÎZÆ�ÃnÎ/âUÆ�ïDÊ/ÇZ×�Ø8Æ�ÊZÆ�Ç

ÕcÆ�Ø8Æ�ÎZÎZÆ�ÃnÆ�Ã �?É{ÕAÃ9ËQÒ;Îyï0×�ØXØgÊiÞQä�É;Æ�ÎZÆ�Ø �WëQÊ/Ê/É{ÕAÌ4Ã4ÕcÎ/Ý6Æ�Ç/Ê�Ý�É{ÇZÄgç0×�Ò{Ò;Î/Ê5ëQÃnÄWÉ{ÕcÆ6ä�É;ÎZÎ5×�Ü�ÉhËQÊ/É;×�Ã#Ü�Ì4ÕcÆ�×�ÇZÄ �
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�IÎvÎ5×�Ò{Ò�Ê/ÇZ×�Ê/ÜiÄ4Æ�Ø ç0Æ�ÇZÎ/ÌnÏ5Ð?Ê Ý6Æ�ÇZÄ4Æ�Ã+Ö2Ä4Æ�Ã ä�É;ÎZÎZ×�Ü�ÉhËQÊ/É;×�ÃnÎZâ4ÇZ×�ÜiÆ�ê ØXÉ{Ê\Ä4Æ�Ç <÷Ò;Æ�É;Ï5Ð4ÕcÆ�Ý�É;Ï5Ð?ÊZÎC/
ä�É;ÎZÎZ×�Ü�ÉhËQÊ/É;×�ÃvÜ�ÌváUÆ�ÎZÏ5Ð4ÇZÆ�É{áUÆ�Ã+Ö�Ì4Ø�ÄnËQØXÉ{ÊìÄ4Æ�Ã ÕcÆ�Ø8Æ�Î5ÎZÆ�ÃnÆ�Ã �?É{ÕAÃ9ËQÒ{ç0Æ�Ç/ÒhËQÌWåtÜ�Ì\Æ�Ç/ï?ÒhëQÇZÆ�Ã+Þbþ>ÌnÎ
Ä4Æ�Ç-'ðÆ�Ü�É;Æ�Ð?Ì4Ã4Õ

ä
2 ⇔ 2

ä c  nÞ � e
Æ�Ç/ÕAÉ{á4Ê>ÎZÉ;Ï5ÐTå��4ÇbÄWÉ;Æg<�Ò;Æ�É;Ï5Ð4ÕcÆ�Ý�É;Ï5Ð?ÊZÎ/ï0×�ÃnÎ/Ê5ËQÃ?ÊZÆKÃ9Ë�Ï5ÐìÄ4Æ�Ø Ï5ÐnÆ�ØXÉ;ÎZÏ5ÐnÆ�Ã`<�Ò;Æ�É;Ï5Ð4ÕcÆ�Ý�É;Ï5Ð?Ê V

Kp(T ) =
[p � ]2

[p �
2
]

c'â2É{Ãoá9ËQÇ e
.

c  nÞ ��e
�?É;Æ8É;ÎZÊfÃ?Ì4ÇKáUÆ�ÎZÊ/É{ØXØgÊtËQÌnÎgÄ4Æ�Ø )èÆ�Ç/Ð9ëQÒ{Ê/Ã4É;Î#Ä4Æ�Ç ��ËQÇ/Ê/ÉhËQÒ;ÄWÇ �nÏ5ï0Æ

p �
Ì4ÃnÄ

p �
2

Ì4ÃnÄÔÌ4Ã9ËQá4Ð9ëQÃ4ÕAÉ{Õ
ç0×�Ø <÷Æ�Î5ËQØgÊZÄWÇ/ÌnÏ5ï

p
Ì4ÃnÄTÉ;ÎZÊ�Ä4Æ�ÎZÐ9ËQÒ{á2Ã?Ì4ÇbÆ�É{ÃnÆfénÌ4Ã4ï?ÊZÉ{×�ÃìÄ4Æ�Ç-UOÆ�ØXâUÆ�Ç5ËQÊ/Ì4ÇiÞ9ä÷Æ�Ç )IÆ�Ç/ÒhËQÌWå�ïAËQÃ4Ã

ØXÉ{Ê�åE×�Ò{ÕcÆ�ÃnÄ4Æ�Ç2<�Ò;Æ�É;Ï5Ð?Ì4Ã4ÕÙáUÆ�ÎZÏ5Ð4Ç/É;Æ�áUÆ�ÃìÝ6Æ�ÇZÄ4Æ�Ã óõôSLOö 1:ùÅúiûAû"aQý V

log(Kp(T )) = −23700/T + 6,35
c U É{Ã ?mÆ�Ò{ç?É{Ã e

.
c  nÞ  e

ä÷Æ�Ç�ä�É;ÎZÎZ×�Ü�ÉhËQÊ/É;×�ÃnÎZÕAÇ5Ë�ÄXÎZÆ�ÉDåG×�Ò{ÕcÆ�ÃnÄ4Æ�Ç/ØÙËQêcÆ�ÃÙÄ4Æ.ÍnÃ4É;Æ�Ç/Ê Vcä�É;ÎZÎZ×�Ü�É{É;Æ�Ç/Ê�ç0×�ÃXÆ�É{ÃnÆ�Ç�ÕcÆ�ÕcÆ�áUÆ�ÃnÆ�ÃÙþ>Ã4ÜqËQÐ4Ò
ç0×�Ã

N0
ã=×�Ò;Æ�ï �4Ò;Æ�Ã=Ä4Æ�Ç>þàÃ?ÊZÆ�É{Ò

α
ÖnÎZ×8Î/É{ÃnÄoÃ?Ì4Ç>Ãn×?Ï5Ð

(1− α)N0
ã=×�Ò;Æ�ï �4Ò;Æfçc×�Ç/Ð9ËQÃnÄ4Æ�Ã+ÞW<�Ò;Æ�É;Ï5Ð��

ÜiÆ�É{Ê/É{Õ8Æ�Ã?Ê5Î/ÊZÆ�ÐnÆ�Ã
2αN0

þ�ÊZ×�Ø8ÆAÖ4ÎZ×tÄnËQê8ÄWÉ;Æ <÷Æ�Î�ËQØgÊ/ÊZÆ�É{Ò;Ï5ÐnÆ�Ã4ÜqËQÐ4ÒníîÆ�Ê/Ü�Ê
(1 + α)N0

áUÆ�Ê/Ç5ëQÕAÊiÞnã=É{Ê
ÄWÉ;Æ�ÎZÆ�Ç>ä÷Æ.ÍnÃ4É{Ê/É;×�Ã=Æ�Ç/ÕAÉ{á4Ê>Î/É;Ï5Ðoå �4Ç>ÄWÉ;Æ ��ËQÇ/Ê/ÉhËQÒ;ÄWÇ �nÏ5ï0Æ

p
V

p �
2

=
1− α

1 + α
· p Ì4ÃnÄ

p � =
2α

1 + α
· p á4Ü�ÝfÞ

p �
2

=
1− α

2α
· p � . c  nÞ a�e

ä�Ì4ÇZÏ5Ð=Æ�É{ÃnÎ5Æ�Ê/ÜiÆ�Ã=çc×�Ã`<�Ò�Þ nÞ a É{Ã`<�Ò�Þ nÞ � Æ�Ç/Ð9ëQÒ{ÊàØÙËQÃkÄnËQÃ4ÃkÆ�É{ÃnÆ�Ã=þàÌnÎZÄWÇ/ÌnÏ5ïTå �4ÇàÄ4Æ�Ã=ä�É;ÎZÎ5×�Ü�ÉhË	�
Ê/É;×�ÃnÎ/ÕAÇ5Ë�ÄTÉ{ÃTþàá4Ð9ëQÃ4ÕAÉ{ÕAï0Æ�É{Êðç0×�ÃTÄ4Æ�Ç�UOÆ�ØXâUÆ�Ç5ËQÊ/Ì4Ç

T
c'É{Ã�?mÆ�Ò{çDÉ{Ã e Ì4ÃnÄTÄ4Æ�Ø þ>á9ÎZ×�Ò{Ì4ÊZÄWÇ/ÌnÏ5ï

p
c'É{Ã

á9ËQÇ e V

α(p, T ) =

√

Kp(T )

4p+Kp(T )
.

c  nÞ ü�e
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þ>Ì9Î�Ä4Æ�Ã	ã=Æ�Î5Î/Ì4Ã4ÕcÆ�Ã�Æ�Ç/ÕAÉ{á4ÊmÎ/É;Ï5Ð+Ö�ÄnËQêTÎ/É;Ï5Ð	ÄWÉ;ÆgÓ É{Ã4ïcÆ�Ò{ç0Æ�Ç/ÊZÆ�É{Ò{Ì4Ã4Õ2Ä4Æ�Ç2UOÆ�É{Ò;Ï5ÐnÆ�Ã	áUÆ�É�Æ�É{ÃnÆ�Ç ?fË	�
â4É{Ò{ÒhËQÇZÆ�Ã?ÊZÆ�ØXâUÆ�Ç�ËQÊ/Ì4ÇgÜ�Ý�É;ÎZÏ5ÐnÆ�Ã ú  h"h ? Ì4ÃnÄ � a"h"h ? Ã?Ì4ÇKÎZÏ5Ð?Ý�Ë�Ï5ÐñëQÃnÄ4Æ�Ç/ÊiÞ¥ãìÉ{ÊKÄ4Æ�ÇKß÷ëQÐnÆ�Ç/Ì4Ã4Õ
Æ�É{ÃnÆ�Ç¥ï0×�ÃnÎ/Ê5ËQÃ?ÊZÆ�ÃKÓ É{Ã4ïcÆ�Ò{ç0Æ�Ç/ÊZÆ�É{Ò{Ì4Ã4ÕàÉ;Î/Ê¥ÄWÉ;ÆIÕcÆ�Ø8Æ�ÎZÎZÆ�ÃnÆ �?Ê/Ç5ËQÐ4Ò{É{Ã?ÊZÆ�ÃnÎ/É{Ê5ëQÊyâ4ÇZ×�âU×�Ç/Ê/É;×�Ã9ËQÒDÜ�Ì4Ø UOÆ�É{Ò��
Ï5ÐnÆ�ÃnÄWÌ4ÇZÏ5ÐnÎ5ËQÊ/ÜcÞ�b>Ã?ÊZÆ�ÇIÄ4Æ�ÇIÆ�É{ÃWå�Ë�Ï5ÐnÎ/ÊZÆ�Ã8þàÃ4Ã9ËQÐ4Ø8Æ�Æ�É{ÃnÆ�ÇIÉ;ÎZ×�Ê/ÇZ×�âUÆ�Ã <mÆ�Î5Ï5Ð?Ý�É{ÃnÄWÉ{ÕAïcÆ�É{ÊZÎZçcÆ�Ç/ÊZÆ�É{Ò{Ì4Ã4Õ
áUÆ�É{Ø ��É{Ã?Ê/Ç/É{Ê/ÊmÉ{Ã	ÄWÉ;ÆF?fËQâ4É{Ò{ÒhËQÇZÆtáUÆ�ÇZÆ�Ï5Ð4ÃnÆ�ÊKÎ/É;Ï5Ð	Ä4Æ�ÇfäàÌ4ÇZÏ5ÐnÎ�ËQÊ/Ü

Γ
É{Ø 'ðÆ�ÇZÆ�É;Ï5Ð�Ä4Æ�Çfã=×�Ò;Æ�ïDÌ4ÒhËQÇ �

Î/Ê/ÇX%�ØgÌ4Ã4Õ2ËQÌnÎ�Ä4Æ�Ç2UOÆ�É{Ò;Ï5ÐnÆ�Ã4ÕcÆ�ÎZÏ5Ð?Ý�É{Ã9ÄWÉ{ÕAï0Æ�É{Ê
v̄
ÌnÃnÄ=Ä4Æ�Ç÷ä�É;Ï5Ð?ÊZÆ

n
ØXÉ{Ê÷Ä4Æ�ÇT,àÌnÆ�ÇZÎZÏ5Ð4Ã4É{Ê/ÊZÎîò%ë�Ï5ÐnÆ

Ä4Æ�Ç-?fËQâ4É{Ò{ÒhËQÇZÆ
R2π

å��4ÇbÄWÉ;ÆTUOÆ�É{Ò;Ï5ÐnÆ�ÃnÎZ×�Ç/ÊZÆ �2ËQÌnÎ V

Γx =
1

4
nxv̄x ·R2π ·W .

c  nÞ�h e
þ>Ì4å'ÕAÇ/Ì4ÃnÄ2Ä4Æ�Ç>ãkË�Î5ÎZÆ�ÃnÆ�Ç/Ð9ËQÒ{Ê/Ì4Ã4ÕÙÕAÉ{Ò{Ê V

Γ �
2
(T0) =

1

2
· Γ � (T ) + Γ �

2
(T ) .

c  nÞ ��e

ämËQØXÉ{Ê>Æ�Ç/ÕAÉ{á4Ê>Î/É;Ï5Ð4V
Γ �

2
(T0) =

1

2
·Γ � (T )+

1

4
n �

2
v̄ �

2
·R2π ·W

︸ ︷︷ ︸

,

c  nÞ û�e
=

1− α

2α

v̄ �
2

v̄ �
· Γ � (T )

Ì4ÃnÄoØXÉ{Ê v̄ �
2

v̄ �
=

1√
2

: Γ � (T ) =
2
√

2α

1− α+
√

2α
· Γ �

2
(T0) .

c  nÞ ú h�e

'ðÆ�É�ÄWÉ;Æ�ÎZÆ�Ç�þàá4Ò;Æ�É{Ê/Ì4Ã4ÕXÝ�Ì4ÇZÄ4ÆfËQÃ4ÕcÆ�Ãn×�ØXØ8Æ�Ã¥ÖnÄnËQê8ÄWÉ;Æ÷ä�Ì4ÇZÏ5Ð4ÒhËQÌWå'ÝðËQÐ4Ç5ÎZÏ5ÐnÆ�É{Ã4Ò{É;Ï�Ð4ïcÆ�É{Ê
W

å �4ÇðØ8× �
Ò;Æ�ï?Ì4ÒhËQÇZÆ�ÃìÌ4ÃnÄìËQÊZ×�ØÙËQÇZÆ�ÃìÓñË�ÎZÎZÆ�ÇZÎ/ÊZ×QÚkÉ;Ä4Æ�Ã?Ê/É;Î5Ï5Ð2É;Î/ÊiÞ
ÓÛÉ{Ò{ÒyØÙËQÃ=ØXÉ{ÊT<�Ò�Þ  nÞ ú h Ä4Æ�Ã )IÆ�Ç/ÒhËQÌWå,Ä4Æ�Ç��?É{ÕAÃ9ËQÒ;ÆgÉ{Ãkþàá4á+Þ  nÞ  ´Ã9Ë�Ï5Ð?ç0×�Ò@Ò{Ü�É;Æ�ÐnÆ�Ã+Ö�ÎZ×Ùá4Ò;Æ�É{á4Ê�Ãn×?Ï5Ð
ÄWÉ;Æ=énÇ5ËQÕcÆ=Ü�ÌÛïDÒhëQÇZÆ�Ã+Ö,Ý�É;Æ=Ä4Æ�ÇTÎ/É;Ï5ÐÛØXÉ{ÊTÄ4Æ�Ç UyÆ.ØXâUÆ�Ç5ËQÊZÌ4Ç2ëQÃnÄ4Æ�Ç/ÃnÄ4Æ�äàÇ/ÌnÏ5ïÅÜ�Ì Î/âUÆ�Ü�É@ÍnÜ�É;Æ�ÇZÆ�Ã
É;Î/ÊiÞ���É{á4Ò6Æ�ÊgËQÒ�Þ+Ð9ËQáUÆ�ÃÔÌ4ÃDÊZÆ�ÇgÄ4Æ�Çgþ>Ã4Ã9ËQÐ4Ø8ÆMÆ�É{ÃnÆ�ÇKÉ;ÎZ×�Ê/ÇZ×�âUÆ�Ã <mÆ�ÎZÏ5Ð?Ý�É{ÃnÄWÉ{ÕAï0Æ�É{ÊZÎ/çcÆ�Ç/ÊZÆ�É{Ò{Ì4ÃnÕ�ËQØ
þ>Ì9Î/Õ0ËQÃ4ÕrÄ4Æ�ÎMæà×�Ð4ÇZÆ�ÎMÆ�É{ÃnÆ�Ã ä�Ç/ÌnÏ5ïÑáUÆ�ÇZÆ�Ï5Ð4ÃnÆ�Ê cEÎZÉ;Æ�ÐnÆkËQÌnÏ5Ð óõô21 �	� 
430ø9ö Ì4ÃnÄ ô�ø9ö�5�ø63=úiûAû��Qý:e
Ì4ÃnÄ�ÄnËQØXÉ{ÊfÆ�É{ÃnÆ�Ã�Æ��Wâ4Ò{É{Ü�É{ÊZÆ�Ã�þàÌnÎZÄWÇ/ÌnÏ5ï2å��4ÇmÄ4Æ�Ã	ä�É;ÎZÎZ×�Ü�ÉhËQÊ/É;×�ÃnÎZÕAÇ5Ë�Ä�É{Ã	þàá4Ð9ëQÃ4ÕAÉ{ÕAïcÆ�É{Êfçc×�Ã	ÄWÉ;Æ��
ÎZÆ�Ø ä�Ç/ÌnÏ5ï=Ì4ÃnÄ	Ä4Æ�ÇTUOÆ�ØXâUÆ�Ç5ËQÊ/Ì4ÇgÄ4Æ�Îmæ-%�Ð4ÇZÏ5ÐnÆ�ÃnÎKËQÃ4ÕcÆ�ÕcÆ�áUÆ�Ã ó{úiûAû��Cý Þ�ä�É;ÆtþàÃ4Ã9ËQÐ4Ø8ÆAÖ+ÄWÉ;Æ&<mÆ��
ÎZÏ5Ð?Ý�É{ÃnÄWÉ{ÕAï0Æ�É{ÊZÎ/ç0Æ�Ç/ÊZÆ�É{Ò{Ì4Ã4ÕXËQØ þàÌnÎ/Õ0ËQÃ4ÕgÄ4Æ�Î,æ>×�Ð4ÇZÆ�Î,ÎZÆ�ÉnÉ;ÎZ×�Ê/ÇZ×�â+Ö0É;Î/Ê�í/Æ�Ä4×?Ï5ÐÙÃ4É;Ï5Ð?ÊèÕcÆ�ÇZÆ�Ï5Ð?ÊîåGÆ�Ç/Ê/É{ÕAÊ
óõô÷ø61 � ønö 1'ù�� � Ì4ÃnÄ Dtø9ö � 5�ønöÑúiû h aQý Þðä÷Æ�ÇTä�É;ÎZÎ5×�Ü�ÉhËQÊ/É;×�ÃnÎ/ÕAÇ5Ë�Ä ç�ËQÇ/É{É;Æ�Ç/ÊoÃ?Ì4ÇTÎ5Ï5Ð?ÝðË�Ï5Ð ØXÉ{ÊoÄ4Æ�Ø
ä�Ç/ÌnÏ5ïUÖ+ËQáUÆ�ÇKÄ4Æ�Ì4Ê/Ò{É;Ï5Ð�ØXÉ{ÊKÄ4Æ�ÇTUOÆ�ØXâUÆ�Ç5ËQÊ/Ì4ÇiÞ¥ä÷Æ�Î/Ð9ËQÒ{á	ïAËQÃ4Ã	ØÙËQÃ	É{Ã�Æ�ÇZÎZÊZÆ�Çfß�ëQÐnÆ�Ç/ÌnÃ4ÕìËQÃnÃnÆ�Ð��
Ø8Æ�Ã+Ö4ÄnËQêXÄWÉ;Æ÷Î/É;Ï5ÐTØXÉ{ÊbÄ4Æ�Ç�UOÆ�ØXâUÆ�Ç5ËQÊ/Ì4ÇàëQÃnÄ4Æ�Ç/ÃnÄ4Æ�Ãìä�Ç/ÌnÏ5ï?ç0Æ�Ç/Ð9ëQÒ{Ê/Ã4É;ÎZÎZÆ÷É{ÃoÄ4Æ�Ç�?fËQâ4É{Ò{ÒhËQÇZÆmÃ4É;Ï5Ð?Ê
Ý6Æ�ÎZÆ�Ã?Ê/Ò{É;Ï5Ð	ËQÌWå,ÄWÉ;Ægä�É;ÎZÎZ×�Ü�ÉhËQÊ/É;×�Ã	ËQÌnÎ/Ý�É{Ç/ï0Æ�Ã+Þ;bàÃ?ÊZÆ�Ç�ÄWÉ;Æ�ÎZÆ�Ç÷þ>Ã4Ã9ËQÐ4Ø8ÆgáUÆ�ÎZÏ5Ð4ÇZÆ�É{á4Ê <�Ò�Þ  nÞ ú h Ä4Æ�Ã
�?É{ÕAÃ9ËQÒ{çcÆ�Ç/ÒhËQÌWå�çc×�ÃoËQÊZ×�ØÙËQÇZÆ�Ø ÓñË�ÎZÎZÆ�ÇZÎ/ÊZ×QÚ�Ö?Ä4Æ�ÃTØÙËQÃoÆ�Ç/Ð9ëQÒ{ÊiÖDÝ6Æ�Ã4ÃTáUÆ�É�ïc×�ÃnÎZÊ5ËQÃ?ÊZÆ�Ø äàÌ4ÇZÏ5Ð9Î5ËQÊ/Ü
ÄWÉ;ÆT?fËQâ4É{Ò{ÒhËQÇZÆ�Ã?ÊZÆ�ØXâ�Æ�Ç5ËQÊ/ÌnÇàÆ�Ç/Ð6%�Ð?Ê>Ý�É{ÇZÄ�Þ
Â(Ã�þàá4á+Þ� nÞ  ´É;ÎZÊ÷ÄWÉ;Æ�'ðÆ�ÇZÆ�Ï5Ð4Ã?Ì4Ã4Õ2ÕcÆ.ØÙëQêQ<�Ò�Þ  nÞ ú h å��4Ç÷ÄWÉ;Æ#Ü�Ý6Æ�É�Ì4Ã?ÊZÆ�ÇZÎZÏ5Ð4É;Æ�ÄWÒ{É;Ï5ÐnÆ�Ã�ä�Ì4ÇZÏ5ÐnÎ�ëQÊ/ÜiÆ
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ËQÒ;ÎmÄWÌ4ÇZÏ5ÐnÕcÆ.Üi×�ÕcÆ�ÃnÆÙÈ�É{Ã4É;ÆXÆ�É{Ã4ÕcÆ�ÜiÆ�É;Ï5Ð4ÃnÆ�ÊiÞ+ã�ËQÃ	Æ�Ç/Ð%ëQÒ@Êmå �4ÇmáUÆ�É;Ä4ÆXé�ëQÒ{Ò;ÆXÆ�É{ÃnÆtÜ�ÌWå'Ç/É;Æ�Ä4Æ�ÃnÎ/ÊZÆ�Ò{Ò;Æ�ÃnÄ4Æ
� áUÆ�ÇZÆ�É{ÃnÎ/Ê/É{ØXØgÌ4Ã4ÕÔÜ�Ý�É;ÎZÏ5ÐnÆ�Ã�ämËQÊZÆ�ÃÑÌ4ÃnÄÑãk×?Ä4Æ�Ò{Ò{ïDÌ4Ç/çcÆAÞIä�Æ�Ç8ä�Ç/ÌnÏ5ï�Ö�Ä4Æ�ÇXÉ{ÃÅÄ4Æ�Ç&'ðÆ�ÇZÆ�Ï5Ð4Ã?Ì4Ã4Õ
Ä4Æ�ÎMä�É;ÎZÎZ×�Ü�ÉhËQÊ/É;×�ÃnÎ/ÕAÇ�Ë�Ä4Æ�Î´Æ�É{Ã4ÕcÆ�Ð?ÊiÖèÝ�Ì4ÇZÄ4Æ=ÄnËQáUÆ�É÷ËQÒ;ÎMéyÉ{Ê/â9ËQÇ5ËQØ8Æ�ÊZÆ�Ç´ç0Æ�Ç/Ý6Æ�ÃnÄ4Æ�ÊiÞ ��ÇMÉ;Î/ÊMÄnËQØXÉ{Ê
Æ�É{ÃoÆ.Ú�Æ�ïDÊ/É{çcÆ�Ç�ä�Ç/ÌnÏ5ïMÌ4ÃnÄTÆ�Ã?ÊZÎ/â4Ç/É;Ï5Ð?Ê�ï0Æ�É{ÃnÆ�Ø!Ç5Æ�Æ�Ò{Ò;Æ�ÃìäàÇ/Ì9Ï5ïUÞWß÷Ë�Ï5ÐoÄ4Æ�Ç�ãk×?Ä4Æ�Ò{Ò{çc×�ÇZÎZÊZÆ�Ò{Ò{Ì4Ã4ÕXç0×�Ã
UOÎZÏ5ÐnÆ�ÇZÎZÉ;Ï5Ð#Ì4ÃnÄ#ç0×�Ã+'ð×�Ã4É{Ã ó{úiûAû��Cý Ü�Ì4Ç �?Ê/Ç5ËQÐ4Ò@åE×�Ç/ØgÌnÃ4ÕmÉ{ÃtÄ4Æ�Ç�ÐnÆ�É{êcÆ�ÃF?fËQâ4É{Ò{ÒhËQÇZÆTcEÎZÉ;Æ�ÐnÆ6þàá4á+Þ ú Þ ��e
É;Î/Ê�Æ�ÇàÕAÒ{Æ�É;Ï5Ð4Ü�ÌnÎ5Æ�Ê/ÜiÆ�Ã�ØXÉ{Ê�Æ�É{ÃnÆ�Ø�ä�Ç/ÌnÏ5ï�Ö%Ä4Æ�ÇàÉ{ÃkÆ�É{ÃnÆ�Ø©çDÉ{Ç/Ê/ÌnÆ�Ò{Ò;Æ�Ã )è×�Ò{Ì4Ø8Æ�Ã=ç0×�ÇàÄ4Æ�Ç�ÎZÊ/Ç5ËQÐ4Ò@åE×�Ç �
Ø8Æ�ÃnÄ4Æ�Ã�?fËQâ4É{Ò{ÒhËQÇZÆ8ÐnÆ�Ç/ÇZÎZÏ5ÐDÊiÞ�þàÌWåEÕAÇ/Ì4ÃnÄ	Ä4Æ�Çfïc×�ØXâ4Ò;Æ��4Æ�Ã )I×�Ç/Õ0ëQÃ4ÕcÆXÉ{ÃÔÄ4Æ�ÇT?fËQâ4É{Ò{ÒhËQÇZÆ8ÒhëQêAÊKÎ/É;Ï5Ð
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Î/Ê5ËQÊ/ÊîÍnÃnÄ4Æ�ÊiÖ%ËQá2Ì4ÃnÄ2ÄWÉ;Æ÷Ó É{Ã4ï0Æ�Ò{çcÆ�Ç/ÊZÆ�É{Ò{Ì4Ã4ÕÙÝ�É{ÇZÄoá4ÇZÆ�É{ÊZÆ�ÇiÞ
Â(Ãkþ>á4á+Þ  nÞ a Ë8É;Î/Ê>Ü�ÌnÎ�ëQÊ/Ü�Ò{É;Ï5ÐkÜ�ÌkÄ4Æ�ÃkãkÆ�êAâ4Ì4Ã4ïDÊZÆ�ÃkÄ4Æ�ÇS)èÆ�Ç/ÒhËQÌWåèÄ4Æ�Î �DÉ@ÕAÃ%ËQÒ{Î÷Æ�É{Ã4ÕcÆ�ÜiÆ�É;Ï5Ð4ÃnÆ�ÊiÖUÝ�É;Æ
ØÙËQÃìÆ�ÎbØXÉ{Ê>Ä4Æ�ÃkËQÃ9ËQÒ �?Ê/É;ÎZÏ5Ð9Æ.Ã=þàÌnÎZÄWÇ �nÏ5ï0Æ�Ã ú Þ � á4É;Î ú Þ a Ì4ÃnÄìÆ�É{ÃnÆ�Ø Ò@É{ÃnÆiËQÇZÆ�Ãkä�É;Ï5Ð?ÊZÆ�ÕAÇ5Ë�ÄWÉ;Æ�Ã?ÊZÆ�Ã
Ã9Ë�Ï5Ð <�Ò�Þ ú Þ ú  2Æ�Ç/Ð9ëQÒ{ÊiÞ+þàÒ;Î�åEÇZÆ�É;Æ�Ç���ËQÇ�ËQØ8Æ.Ê5Æ.ÇgÜ�Ì4ÇfþàÃ4â9Ë�ÎZÎ/Ì4Ã4ÕoÜ�Ý�É;ÎZÏ5ÐnÆ�ÃÔãkÆ�ÎZÎ/Ì4Ã4ÕoÌ4ÃnÄ	ãk×?Ä4Æ�Ò{Ò
Ý�Ì4ÇZÄ4ÆàÄWÉ;Æ>Æ.Ú�Æ�ïDÊ/É{ç0ÆbÈ¥ëQÃ4ÕcÆ

L �
	
áUÆ�Ã?Ì4Ê/Ü�ÊiÞ �IÎ,Æ�Ç/ÕAÉ{á4Ê6Î/É;Ï5Ð8å �4Ç6ËQÒ{Ò;Æ>ä�Ì4ÇZÏ5ÐnÎ5ëQÊ/ÜiÆàÆ�É{ÃnÆbÐnÆ�Ç/ç0×�Ç/Ç5ËQÕcÆ�Ã��

Ä4Æ � áUÆ�ÇZÆ�É{ÃnÎ/Ê/É{ØXØgÌ4Ã4ÕKÜ�Ý�É;ÎZÏ5ÐnÆ�ÃÙãk×?Ä4Æ�Ò{Ò4Ì4ÃnÄ�� �DâUÆ�Ç/É{Ø8Æ�Ã?ÊiÞ0ä�É;ÆðÕcÆ.åEÌ4ÃnÄ4Æ�ÃnÆ�Ã8ÓÔÆ�Ç/ÊZÆ6å��4Ç
L ��	

ÎZÉ{ÃnÄ
É{Ã UyËQá+Þ  nÞ � Ü�ÌnÎ5ËQØXØ8Æ�Ã4ÕcÆ�Î/ÊZÆ�Ò{Ò{ÊqÞWä�É;ÆàþàÃ4â9Ë�ÎZÎ/Ì4ÃnÕgØXÉ{ÊðÄWÉ;Æ�ÎZÆ�ÇðËQÃ%ËQÒ��DÊ/É;ÎZÏ5ÐnÆ�ÃoénÌ4Ã4ï?Ê/É;×�ÃTÆ�Ç/ÒhËQÌ4á4Ê�Æ�ÎiÖ
ÄWÉ;ÆàÕcÆ�Ø8Æ�ÎZÎZÆ�ÃnÆ�ÃTÓÛÉ{Ã4ï0Æ�Ò{çcÆ�Ç/ÊZÆ�É{Ò{Ì4Ã4ÕcÆ�Ãoá4É;Î û"h ◦ Ü�Ì´Æ��WÊ/Ç5ËQâU×�Ò{É;Æ�ÇZÆ�Ã+Þ4þ>ÌnÎ6Ä4Æ�ÇðÂ�Ã?ÊZÆ�ÕAÇ5ËQÊ/É;×�Ã �4áUÆ�ÇðÄ4Æ�Ã
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2 × 35 A
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�÷ËQÒ{á4Ç5ËQÌ4Ø Æ�Ç/Ð9ëQÒ{Ê�ØÙËQÃXÄnËQÃ4ÃXÕcÆ�ØÙëQêg<�Ò�Þ ú Þ � Ä4Æ�Ã#$4�Z"QBq�'�?RèH�"cV�&�YA-.ÖAÄ4Æ�Ç�Ä4Æ�Ãj<÷Æ�Ý�É{Ã4ÃÙËQÃXÂ�Ã?ÊZÆ�ÃnÎ/É{Ê5ëQÊ
ÕcÆ�ÕcÆ�Ã �4áUÆ�ÇIÆ�É{ÃnÆ�Ø.?÷Ã?ÌnÄ4Î5Æ�Ã / ��ØXÉ{Ê/ÊZÆ�ÇèËQÌnÎ5ÄWÇ �nÏ5ï?ÊiÞ �%Ì4Ç )èÆ�Ç5ËQÃnÎZÏ5Ð9ËQÌ4Ò{É;Ï5Ð?Ì4Ã4ÕfÄWÉ;Æ�ÎZÆ�Î�<÷Æ�Ý�É{Ã4ÃnÎiÖ�Î/É{ÃnÄ
ÄWÉ;ÆàËQÃ4ÕcÆ�â9ËQêAÊZÆ�ÃMÓ É{Ã4ï0Æ�Ò{çcÆ�Ç/ÊZÆ�É{Ò{Ì4Ã4ÕcÆ�Ã´É{ÃÙþàá4á+Þ� nÞ ü Ü�ÌnÎ5ëQÊ/Ü�Ò{É;Ï5ÐMÉ{ÃMÆ�É{ÃnÆ�Ç�)IÆ�ïDÊZ×�Ç/ÕAÇ5ËCÍnïXÕcÆ�ÜiÆ�É@ÕAÊqÞ �?É;Æ
Î/É{ÃnÄoËQÌWå�Ä4Æ�Ç �?Ê/Ç5ËQÐ4ÒhË�Ï5ÐnÎ5ÆfËQÌWå�ÄWÉ;Æ÷Â�Ã?ÊZÆ�ÃnÎ/É{Ê5ëQÊðÃn×�Ç/ØXÉ;Æ�Ç/ÊiÖnÄWÉ;Æ÷Æ�É{ÃI?à×AÎ/É{Ã?ÌnÎC/ �IØXÉ{Ê/ÊZÆ�ÇbáUÆ�É�ÕAÒ;Æ�É;Ï5ÐnÆ�Ø
ä�Ì4ÇZÏ5ÐnÎ5ËQÊ/Ü#Æ�Ç/Ü�É;Æ�Ò;Æ�Ã=Ý �4ÇZÄ4ÆAÞ9ã�ËQÃ=Î/É;Æ�Ð?Ê>É{Ã=ÄWÉ;Æ�ÎZÆ�Çàþ>ÌWåEÊ/Ç5ËQÕAÌ4Ã4Õ´Ä4Æ�Ì4Ê/Ò{É;Ï5ÐkÄ4Æ�Ã )I×�Ç/ÊZÆ�É{ÒyÄ4Æ�ÇS?fËQâ4É{Ò��
ÒhËQÇZÆmáUÆ�É+ÕcÆ�Ç/É{Ã4ÕcÆ�Ø©ä�Ì4ÇZÏ5ÐnÎ5ËQÊ/ÜfÕcÆ�ÕcÆ�Ã �4áUÆ�ÇàÆ�É{ÃnÆ�Ø �à×�ÐnÒ@Ç�ËQÌ4Ø ØXÉ{Ê>Æ�É{ÃnÆ�Ç-'6Ò;Æ�ÃnÄ4Æ�Ã6%QÚUÃDÌ4Ã4ÕnÞ
�%ÌnÎ5ËQØXØ8Æ�ÃÔØXÉ{ÊfÄWÉ;Æ�ÎZÆ�Ø $4�Z"QBC�:�?RgH�"cVi&�Y�-

χ
ÒhëQêAÊfÎ/É;Ï5ÐÔËQÌnÎfÄ4Æ�Ø íîÆ�Ý6Æ�É{Ò{É{ÕcÆ�Ãñä�Ì4ÇZÏ5ÐnÎ5ËQÊ/ÜMËQÃ	Ø8×�Ò;Æ��

ïDÌ4ÒhËQÇZÆ�Ø ä÷Æ�Ì4ÊZÆ�Ç/É{Ì4Ø
Γ(
ä

2)
Ì4ÃnÄTÄ4Æ�Ø!ÕcÆ�Ø8Æ�ÎZÎZÆ�Ãoä�É;ÎZÎZ×�Ü�ÉhËQÊ/É;×�ÃnÎ/ÕAÇ5Ë�Ä

α
ÄWÉ;ÆmËQánÎZ×�Ò{Ì4ÊZÆ÷éyÒ{Ì4êcÄWÉ;Ï5Ð?ÊZÆ

áUÆ�Î/Ê/É{ØXØ8Æ�Ã+Þ9ã=É{ÊS<�Ò�Þ  nÞ ú h Ì4ÃnÄQ<�Ò�Þ ú Þ�htÆ�Ç/ÕAÉ{á4Ê>ÎZÉ;Ï5Ð4V

I0 = χ · 2
√

2α

1− α+
√

2α
· 1

π
· Γ(

ä
2)

c'É{Ã UOÆ�É{Ò;Ï5ÐnÆ�ÃìÇ5Ë�Ä −1 Î −1) .
c  nÞ úAúfe

'ðÆ�ÉbÆ�É{ÃnÆ�Çj?fËQâ4É{Ò{ÒhËQÇZÆ�Ã?ÊZÆ�ØXâ�Æ�Ç5ËQÊZÌ4ÇÙç0×�Ã �"� a"h ? Æ�Ç/ÕAÉ{á4ÊÙÎ/É;Ï5ÐÅÄnËQÇ5ËQÌnÎXå �4Ç8Æ�É{ÃnÆ�Ã�ä�Ì4ÇZÏ5ÐnÎ5ËQÊ/Ü2ç0×�Ã
h Ö ��� ÎZÏ�Ï�Ø Æ�É{ÃnÆÙéyÒ{Ì4êcÄWÉ;Ï5Ð?ÊZÆ8ç0×�Ã4V

I0 = (2, 2 ± 0, 8) · 1017 Ç5Ë�Ä −1 Î −1 Þ+ä�Æ�ÇKÓ�Æ�Ç/ÊfÉ;ÎZÊfÄnËQØXÉ{ÊKÌ4Ø
Æ�É{ÃnÆQ<�Ç %�êcÆ.Ã9×�ÇZÄWÃ?Ì4Ã4ÕÔÐ6%�Ð9Æ.Ç´ËQÒ;ÎÙÄ4Æ�Ç8Ü�Ìnçc×�Ç8ØXÉ{ÊÙÄ4Æ�Ç �

2
/N?fËQÒ{É{á4Ç/É;Æ�Ç/Ø8Æ�ÎZÎ/Ì4Ã4ÕñáUÆ�Î/Ê/É{ØXØgÊZÆ2ÓÔÆ�Ç/Ê

cEÎ/É;Æ�ÐnÆ ?fËQâ+Þ  nÞ ú Þ ú Þ ��e Þ�IÎ�áUÆ�Î/Ê5ëQÊ/É{ÕAÊbÎZÉ;Ï5ÐoÄnËQØXÉ{Ê>ÄWÉ;Æ ��Ç/ÝðËQÇ/Ê/Ì4Ã4ÕnÖ9ÄnËQêÙËQÌWåEÕAÇ/Ì4ÃnÄoÄ4Æ�ÇbæàÆiËQï?Ê/É{çDÉ{Ê5ëQÊ
ç0×�Ã	ËQÊZ×�ØÙËQÇZÆ�Ø�ä÷Æ�Ì4ÊZÆ�Ç/É{Ì4Ø áUÆ�É�Ä4Æ�Ç÷ïc×�Ã?ç0Æ�Ã?Ê/É;×�ÃnÆ�Ò{Ò;Æ�Ã ?fËQÒ{É{á4Ç/É;Æ�Ç/Ì4Ã4ÕìÄ4Æ�Î÷ã�Ë�ÎZÎZÆ�ÃnÎ/âUÆ�ïDÊ/ÇZ×�Ø8Æ�ÊZÆ�ÇZÎ
Ä4Æ�ÇbÊ5ËQÊZÎ5ë�Ï5Ð4Ò{É;Ï5ÐnÆKéyÒ{Ì4ê8Ì4Ã?ÊZÆ�ÇZÎZÏ5Ð9ëQÊ/Ü�Ê>Ý�É{ÇZÄ�Þ
Â�Ãfþàá4á+Þ  nÞ�hðÉ;Î/Ê¥Ä4Æ�Ç �DÉ@ÕAÃ%ËQÒ@ç0Æ�Ç/ÒhËQÌWå4å��4ÇOËQÊZ×�ØÙËQÇZÆ�ÎOä÷Æ�Ì4ÊZÆ�Ç/É{Ì4Ø¨É{ÃKþàá4Ð9ëQÃ4ÕAÉ{ÕAïcÆ�É{ÊOçc×�Øsä�Ì4ÇZÏ5ÐnÎ�ËQÊ/Ü6ËQÃ
ä

2
å��4Ç¥Æ�É{ÃnÆ ?fËQâ4É{Ò{ÒhËQÇZÆ�Ã?ÊZÆ�ØXâ�Æ�Ç5ËQÊZÌ4Çyç0×�Ã �"� a"h ?ÛËQÌWåEÕcÆ�Ê/Ç5ËQÕcÆ�Ã+ÞCã�ËQÃgÆ�Ç/ï0Æ�Ã4Ã?ÊiÖCÄnËQêàÆ�É{ÃnÆ ��Ç/Ð6%�Ð?Ì4Ã4Õ

Ä4Æ�Î�ä�Ì4ÇZÏ5ÐnÎ5ËQÊ/ÜiÆ�Î �4áUÆ�Ç h Ö ��� ÎZÏ�Ï�Ø©Ü�Ì=ïcÆ�É{ÃnÆ�ÇàÝ6Æ�Î5Æ�Ã?Ê/Ò{É;Ï5ÐnÆ�Ã �?ÊZÆ�É{ÕcÆ�Ç/Ì4Ã4ÕoÄ4Æ�Ç�éOÒ{Ì4êcÄWÉ;Ï5Ð?ÊZÆXËQÌWåèÄnË�Î
�?Ì4ánÎ/Ê/Ç5ËQÊXå��4Ð4Ç/ÊiÞ�Â�ÃÑÄ4Æ�Ø ã�ËQêcÆAÖ�Ý�É;Æ2Ä4Æ�Ç8ä�Ì4ÇZÏ5ÐnÎ5ËQÊ/Ü2Ü�Ì4Ã4É{ØXØgÊiÖ�å�ëQÒ{Ò{Ê8Ä4Æ�Ç#$n�Z"QBq�:�DR8H�"cV�&�YA-gÌ4ÃnÄ
Ä4Æ�Çmä�É;ÎZÎZ×�Ü�ÉhËQÊ/É;×�ÃnÎ/ÕAÇ5Ë�Ä�ËQÌWåEÕAÇ/Ì4ÃnÄ�Ä4Æ�ÎmÎ/ÊZÆ�É{ÕcÆ�ÃnÄ4Æ�Ã�ä�Ç/ÌnÏ5ïDÎiÞ�þ>ÌnÎ÷ÄWÉ;Æ�ÎZÆ�ÇmãkÆ�ÎZÎ/Ì4Ã4ÕTÒhëQêAÊmÎ/É;Ï5ÐkÃ?Ì4Ã
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Ì4ØXÕcÆ�ïcÆ�Ð4ÇZÊÙÜ�ÌnÎ5ËQØXØ8Æ�ÃÛØXÉ{ÊMÄ4Æ�Ø ç0×�Ç/ÐnÆ�ÇÙáUÆ�Î/Ê/É{ØXØgÊZÆ�ÃÅ$n�/"QBC�:�?R´H�"cVi&�Y�-XÄ4Æ�ÇMä�É;ÎZÎZ×�Ü�ÉhËQÊ/É;×�ÃnÎ/ÕAÇ5Ë�Ä
ËQÌnÏ5Ð2å��4Ç>ÄWÉ;ÆfÐn×�ÐnÆ�Ãkä�Ì4ÇZÏ5ÐnÎ5ëQÊ/ÜiÆ#ËQÃ4ÕcÆ�áUÆ�Ã+Ö9áUÆ�ÉOÄ4Æ�ÃnÆ�ÃkÄWÉ;ÆfØÙË	�DÉ{ØÙËQÒ;ÆgUOÆ�ØXâUÆ�Ç5ËQÊ/Ì4Ç�ç0×�Ã � a"a"h ?
Ã4É;Ï5Ð?ÊmÜ�Ì4Çmç0×�Ò{Ò;Î/Ê5ëQÃnÄWÉ{ÕcÆ�Ã�ä�É;ÎZÎ5×�Ü�ÉhËQÊ/É;×�ÃÔËQÌnÎ/ÇZÆ�É;Ï5Ð?ÊmÌ4Ã9Ä�Ä4Æ�ÎZÐ9ËQÒ{á�ÄWÉ;ÆtãkÆ�Ê/Ðn×?Ä4ÆXÄ4Æ�ÇT?fËQÒ{É{á4Ç/É;Æ�Ç/Ì4Ã4Õ
Ã4É;Ï5Ð?Ê#ËQÃ4ÕcÆ�Ý6Æ�ÃnÄ4Æ�ÊgÝ6Æ�ÇZÄ4Æ�ÃÔïc×�Ã4Ã?ÊZÆAÞ¥Â(Ã�UyËQá+Þ  nÞ � ÎZÉ{ÃnÄkå��4ÇKÎZÆ�Ï5ÐnÎmç0Æ�ÇZÎZÏ5Ð4É;Æ�Ä4Æ�ÃnÆÙä�Ì4ÇZÏ5ÐnÎ5ëQÊ/ÜiÆÙÄWÉ;Æ
Æ�Ç/ØXÉ{Ê/ÊZÆ�Ò{ÊZÆ�Ã2Ó�Æ�Ç/ÊZÆàå��4ÇðÄ4Æ�Ãoä�É;ÎZÎZ×�Ü�ÉhËQÊ/É;×�ÃnÎZÕAÇ5Ë�Ä

α
ÖDÄWÉ;Æ÷Æ.Ú�Æ�ï?ÊZÉ@ç0Æ�ÈOëQÃ4ÕcÆ

L ��	
ÖDÄ4Æ�Ã´$4�Z"QBq�'�?R>H�"cVi&�Y�-

χ
Ì4ÃnÄ2ÄWÉ;ÆfþàánÎZ×�Ò{Ì4ÊîònÌ4êcÄWÉ;Ï5Ð?ÊZÆ�Ã

I0
Ì4ÃnÄ

j0
Ü�ÌnÎ�ËQØXØ8Æ�Ã4ÕcÆ�Î/ÊZÆ�Ò{Ò{ÊiÞ

�IÎ�á4Ò;Æ�É{á4ÊðåEÆ�ÎZÊ/Ü�ÌnÎ/ÊZÆ�Ò{Ò;Æ�Ã+Ö4ÄnËQêXáUÆ�É+ÄWÉ;Æ�ÎZÆ�Ç�ÄWÉ{ÇZÆ�ïDÊZÆ�ÃQ,àÌ9ËQÃ?Ê/É@ÍnÜ�É;Æ�Ç/ÌnÃ4ÕMÄ4Æ�Î�UOÆ�É{Ò;Ï5ÐnÆ�ÃnÎ/Ê/Ç5ËQÐ4Ò;ÎbÃ?Ì4ÇbÄ4Æ�Ç
ä�Ì4ÇZÏ5ÐWònÌ4ê	ËQÃÔØ8×�Ò;Æ�ïDÌ4ÒhËQÇZÆ�Ø ÓñË�ÎZÎZÆ�ÇZÎ/ÊZ×QÚÛËQánÎZ×�Ò{Ì4ÊgáUÆ�ï�ËQÃ4Ã?ÊtÎZÆ�É{ÃÔØgÌ4ênÞOä÷Æ�Ç#ä�É;ÎZÎZ×�Ü�ÉhËQÊ/É;×�ÃnÎ/ÕAÇ5Ë�Ä
Ì4ÃnÄÅÄWÉ;ÆoÓ É@ÃnïcÆ�Ò{ç0Æ�Ç/ÊZÆ�É{Ò{Ì4Ã4ÕÔÕcÆ�ÐnÆ�ÃÅÃ?Ì4ÇMËQÒ;Î8ÇZÆ�ÒhËQÊ/É{çcÆ <�ÇX%�êcÆ�Ã�Æ�É{Ã+ÖIÄWÉ;Æoï0Æ�É{ÃnÆI?fËQÒ{É{á4Ç/É;Æ�Ç/Ì4Ã4ÕrÄ4Æ�Î
ãkË�Î5ÎZÆ�ÃnÎ/âUÆ�ïDÊ/ÇZ×�Ø8Æ�ÊZÆ�ÇZÎbçc×�Ç5ËQÌ9ÎZÎZÆ�Ê/ÜiÆ�Ã+Þ
ä�É;Æ�å��4Çbä÷Æ�Ì4ÊZÆ�Ç/É{Ì4Ø ÕcÆ.å'Ì4ÃnÄ4Æ�ÃnÆ�Ã ��Ç/ÕcÆ�á4Ã4É;ÎZÎ5Æmï�%�Ã4ÃnÆ�Ã �0Ì9ËQÒ{É{Ê5ËQÊ/É{ç2ËQÌWå �IÇZ×�Ê/É{Ì4Ø �4áUÆ�Ç/Ê/Ç5ËQÕcÆ�ÃìÝ6Æ�Ç �
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É{Ã��(Î/É{Ê/ÌÙç0Æ�ÇîåE×�Ò{ÕAÊiÞ0ä�Ì4ÇZÏ5ÐMÄnË�Î �WËQÌnÆ�ÇZÎ/ÊZ×QÚ�â4ÒhË�Î/ØÙËfïc×�ØXØgÊ,Æ�ÎèÜ�ÌMÆ.É{ÃnÆ�Ø �DÏ5Ð4É;Ï5Ð?Ê5ËQá4Ê/Ç5ËQÕXËQáUÆ�ÇèÜ�ÌÙï0Æ�É��
ÃnÆ�Ç�)èÆ�Ç5ëQÃnÄ4Æ�Ç/Ì4Ã4Õ÷Ä4Æ�Ç �DÏ5Ð4É;Ï5Ð?ÊZÆ�É{ÕcÆ�ÃnÎ5Ï5Ð9ËCåEÊZÆ�Ã ó	�_LOù � �4L � � ø9öÑúiûAûAûQý ÖCÎZ×>ÄnËQêmËQÌnÎOÄ4Æ�ÇyþàÃ4â9Ë�ÎZÎZÌ4Ã4Õ
Ä4Æ�Ç#ãkÆ�êAÝ6Æ�Ç/ÊZÆMØXÉ{Ê#Æ�É{ÃnÆ�Ø ×�â4Ê/É;Î5Ï5ÐnÆ�Ã ã=×?Ä4Æ�Ò{ÒðÄWÉ;Æ �DÏ5Ð4É;Ï5Ð?ÊZÄWÉ;Ï5ï0ÆMÌ4ÃnÄrÄ4Æ�Ç�'6ÇZÆ�Ï5Ð?Ì4Ã4ÕcÎ/É{ÃnÄ4Æ��rÄ4Æ�Ç
��ÇZ×AÎ/É;×�ÃnÎ/â4Ç5×�áUÆmáUÆ�Î/Ê/É{ØXØgÊ�Ý6Æ�ÇZÄnÆ.Ã2ï�%�Ã4ÃnÆ�Ã+Þ4ãìÉ{ÊbÄWÉ;Æ�ÎZÆ�Ç �DÏ5Ð4É;Ï5Ð?ÊZÄWÉ;Ï5ïcÆfÆ�Ç/ÕAÉ{á4Ê>Î/É;Ï5Ð2ËQÌnÎbÄ4Æ�Ç � � ��/
ã=Æ�Î5Î/Ì4Ã4ÕKÄWÉ;Æðå��4ÇèÄWÉ;Æ ��ÇZ×AÎZÉ;×�ÃnÎ5ËQÌnÎ/áUÆ�Ì4ÊZÆ>Ý�É;Ï5Ð?Ê/É{ÕcÆ-?à×�Ð4Ò;Æ�ÃnÎZÊZ×QÚ�ÄWÉ;Ï5Ð?ÊZÆ>Ü�Ì

(9, 2±0, 9) ·1022 Ï�Ø −3 Þ
Ó�Æ�É{ÊZÆ�ÇZÆ �DÏ5Ð4É;Ï5Ð?ÊZÆ�É{ÕcÆ�ÃnÎ5Ï5Ð9ËCå'Ê5Æ.ÃÛÎ/É{ÃnÄrÉ{Ã UyËQá+Þ  nÞ � Ü�ÌnÎ5ËQØXØ8Æ�Ã4ÕcÆ.å�ËQêAÊiÞ �IÎtÐ9ËQÃnÄ4Æ�Ò{ÊÙÎ/É;Ï5Ð áUÆ�É�Ä4Æ�Ã
�DÏ5Ð4É;Ï5Ð?ÊZÆ�ÃoÌ4Ø!Ê �Dâ4É;ÎZÏ5ÐnÆ�
�Ð9ËQÇ/ÊZÆ�mË	��� V � /?éyÉ{Ò{Ø8ÆAÖWÉ{ÃTÄnÆ.Ç�È+É{ÊZÆ�Ç5ËQÊ/Ì4Ç�Ø8Æ�É;Î/ÊbËQÒ;Îm�A�E"��8Y��%�W)u�hBA�fV5"�-il/YA�
� e��bL��àáUÆ�ÜiÆ.É;Ï5Ð4Ã9Æ.ÊqÞ
ä�É;Æ��DÏ5Ð4É;Ï5Ð?ÊZÆ�Ã2Ý�Ì4ÇZÄ4Æ�Ã=ËQÌWåyÆ�É{ÃnÆ�Ã2áUÆ�Ý6Æ�ÕAÒ{É;Ï5ÐnÆ�Ã ��ÇZ×�áUÆ�Ã4Ð9ËQÒ{Ê5Æ�ÇbÕcÆ�ïDÒ;Æ�ØXØgÊ�Ì4ÃnÄTÉ{Ø þ>ánÎZÊ5ËQÃnÄ´ç0×�Ã
 ü ØXØ^çc×�Ç�ÄWÉ;Æ ,àÌnÆ�Ò{Ò;ÆðâU×AÎ/É{Ê/É;×�Ã4É;Æ�Ç/ÊiÞAä÷Æ�Ç �?Ì4ánÎ/Ê/Ç5ËQÊ/Ð9ËQÒ{ÊZÆ�ÇIÉ;Î/Ê�ËQÌnÎ_?÷Ì4âWåEÆ�Ç�ÕcÆ�åGÆ�Ç/Ê/É{ÕAÊ�Ì4ÃnÄ#Ý�É{ÇZÄ#ØXÉ{Ê
Æ�É{ÃnÆ�Ø�ãkËQÃ?ÊZÆ�Ò{ÐnÆ�É{Ü�Ò;Æ�É{ÊZÆ�ÇfÇ5Æ�ÎZÉ;Î/Ê/É{çìÕcÆ�ÐnÆ�É{Ü�ÊiÞ�ä�É;Æ+UOÆ�ØXâUÆ�Ç5ËQÊ/Ì4ÇfÝ�É{ÇZÄkØXÉ{ÊmÆ�É{ÃnÆ�Ø É{Ã	Ä4Æ�Ã �?Ì4ánÎZÊ/Ç5ËQÊ �
Ð9ËQÒ{ÊZÆ�Ç�Æ�É{Ã4ÕcÆ�ïDÒ;Æ�á4ÊZÆ�Ã���É;ÎZÆ�Ã /N?à×�ÃnÎ/Ê5ËQÃ?Ê�ËQÃ /NUðÐ9Æ�Ç/Ø8×DÆ�Ò;Æ�ØÙÆ�Ã?ÊIÕcÆ�Ø8Æ�ÎZÎZÆ�ÃtÌ4ÃnÄtÄWÌ4ÇZÏ5ÐXæ>Æ�ÕAÌ4Ò{É;Æ�ÇZÆ�Ã8Ä4Æ�Î
�àÆ�É{ÜiÎZÊ/ÇZ×�Ø8Î>ËQÌ4å ü"a"h ? ÕcÆ�Ð9ËQÒ{ÊZÆ�Ã+Þ
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�DÆ�Ê/Ü�ÊðØÙËQÃTÄWÉ;Æ÷Ë	��� V � � �DÏ5Ð4É;Ï5Ð?ÊðáUÆ�É ü"a"h ?�Ä4Æ�Ø!éyÒ{Ì4êXËQÃoËQÊZ×�ØÙËQÇZÆ�Ø!ÓñË�ÎZÎZÆ�ÇZÎZÊZ×QÚ=ËQÌnÎiÖDÎZ×gïc×�ØXØgÊ
Æ�ÎmÜ�Ì4ÇfÊ/ÐnÆ�Ç/ØXÉ;ÎZÏ5ÐrËQï?Ê/É{çDÉ;Æ�Ç/ÊZÆ�Ã+Ö+Ï5ÐnÆ�ØXÉ;Î5Ï5ÐnÆ�Ã �IÇZ×AÎ/É;×�Ã�Ì4ÃnÄ�ÄnËQØXÉ{ÊgËQá4Ð9ëQÃ4ÕAÉ{Õìç0×�Ø Ò;×�ïAËQÒèËQÌ4å'Ê/ÇZÆ.å �
åGÆ�ÃnÄ4Æ�ÃÙéOÒ{Ì4êfÜ�Ì4Ø �DÏ5Ð4É;Ï5Ð?Ê5ËQá4Ê/Ç5ËQÕ9Þ0þàá4á+Þ� nÞ � ÜiÆ�É{ÕAÊèÆ�É{ÃnÆ�Ð9ËQÇ/Ê5Æ>Ë	��� V � � �DÏ5Ð4É;Ï5Ð?Ê,çc×�Ã ú h"h Ã4Ø ä�É;Ï5ï0ÆAÖ
ÄWÉ;ÆMå��4Ç  a ã=É{Ã?Ì4ÊZÆ�ÃÅÆ.É{ÃnÆ�Ø �?Ê/Ç5ËQÐ4Ò>ËQÃÅËQÊZ×�ØÙËQÇZÆ�Ø ä�Æ�Ì4ÊZÆ�Ç/É{Ì4Ø ËQÌnÎ/ÕcÆ�ÎZÆ�Ê/Ü�ÊXÝðËQÇiÞ�ã�ËQÃÑÆ.ÇZïcÆ�Ã4Ã?Ê
ËQÃ4Ð9ËQÃnÄÛÄ4Æ�ÇÙÂ�Ã?ÊZÆ�ÇîåGÆ�ÇZÆ�Ã4Ü�åGËQÇ/áUÆ�ÃÛÉ{Ã�ÄnÆ.ÇMþàÌWåEÃ9ËQÐ4Ø8ÆoáUÆ�ÇZÆ�É{ÊZÎMØXÉ{Ê8á4Ò;×�êcÆ�Ø þ>ÌnÕcÆ�ÖèÄnËQêñÆ�Î8Ü�Ì�Æ�É��
ÃnÆ�Ø �DÏ5Ð4É;Ï5Ð?Ê5ËQá4Ê/Ç�ËQÕìÕcÆ.ï0×�ØXØ8Æ�Ã�É;Î/ÊiÖ�Ý6×�áUÆ�ÉIÎ/É;Ï5Ð	É{Ø �UÆ�Ã?Ê/Ç/Ì4Ø Ä4Æ�Ç �DÏ5Ð4É;Ï5Ð?ÊiÖ+ÄWÉ;ÆtÕcÆ�ÕcÆ�Ã �4áUÆ�ÇKÄ4Æ�Ç
?fËQâ4É{Ò{ÒhËQÇZÆ�Ã6%QÚ�Ã?Ì4Ã4ÕMâU×AÎZÉ{Ê/É;×�Ã4É;Æ�Ç/Ê>ÝðËQÇiÖ9Æ�É{ÃìãkË	�WÉ{ØgÌ4Ø©ËQÃnÄ4Æ�Ì4Ê5Æ.ÊqÞ9ä÷Æ�Ç��DÏ5Ð4É;Ï5Ð?Ê5ËQá4Ê/Ç5ËQÕMÝ�Ì4Ç5Ä4ÆmØXÉ{Ê
Æ�É{ÃnÆ�Ø Æ�� �(Î/É{Ê/Ì / ��Ò{Ò{É{ânÎZ×�Ø8Æ�ÊZÆ�Ç �0Ì9ËQÃ?Ê/É@ÍnÜ�É;Æ�Ç/ÊiÞ,Â�ÃÅþàá4á+Þ  nÞ û É;ÎZÊ8ÄWÉ;Æìþ>ÌnÎZÝ6Æ�Ç/Ê/Ì4Ã4ÕÔÄ4Æ�ÇMÆ�ÇZ×?ÄWÉ;Æ�Ç/ÊZÆ�Ã
Ë	��� V � /��DÏ5Ð4É;Ï5Ð?Ê,çc×�ÃÙþàá4á+Þ� nÞ � ÕcÆ�ÜiÆ�É{ÕAÊiÞcÓ É;ÆðáUÆ�ÇZÆ�É{ÊZÎ6ËQÌWå�Ä4Æ�Ø ��Ðn×�ÊZ×fÜ�ÌÙÎZÆ�ÐnÆ�Ã+ÖAÍnÃnÄ4Æ�ÊèÄ4Æ�ÇèÕAÇX%�êAÊZÆ
ã�ËQÊZÆ�Ç/ÉhËQÒhËQá4Ê/Ç5ËQÕkÉ{ÃñÄ4Æ�Ç#ãìÉ{Ê/ÊZÆÙÄ4Æ�Ç ��ÇZ×�áUÆMÎ/Ê�ËQÊ/ÊiÞ¥ãìÉ{ÊKÜ�Ì4ÃnÆ�Ð4Ø8Æ�ÃnÄ4Æ�Ø�þàánÎ/Ê5ËQÃnÄ�ç0×�ÃÔÄ4Æ�Ç#ãìÉ{Ê/Ê5Æ
Ì4ÃnÄoÄnËQØXÉ{Ê�ÕAÇX%�êcÆ�ÇZÆ�Ã2ÓÛÉ{Ã4ï0Æ�Ò{ÃTÜ�Ì4Çbßà×�Ç/ØÙËQÒ;Æ�Ã2Ã4É{ØXØgÊbÄWÉ;Æ �IÇZ×AÎ/É;×�ÃnÎ/Ê/É;Æ.åGÆmÄ4Æ�Ì4Ê/Ò{É;Ï5ÐìËQá+Þ4þ>Ò;Î�ßàÌ4Ò{Ò��
â4Ì4Ã4ïDÊðÉ{Ã2þàá4á+Þ  nÞ û Ý�Ì4ÇZÄ4ÆmÄWÉ;Æ �DÏ5Ð4É;Ï5Ð?ÊZÄWÉ;Ï5ï0ÆmÌ4Ã?ÊZÆ�ÇbÄ4Æ�Ç�ïDÇZÆ�É;Î/Ç/Ì4ÃnÄ4Æ�Ã2ã�Ë�Î/ï0ÆàÕcÆ�ÝðëQÐ4Ò{ÊiÖ4Ì4Ã?ÊZÆ�ÇbÄ4Æ�Ç
Æ�ÎyÜ�Ìtï0Æ�É{ÃnÆ�Ç �IÇZ×AÎ/É;×�ÃtÕcÆ�ï0×�ØXØ8Æ�ÃXÉ;Î/ÊiÞQä�É;Æðþ>ÌnÎ/Ý6Æ�Ç/Ê/ÌnÃ4ÕmÆ�Ç/ÕAÉ{á4Ê�Æ�É{ÃnÆ�Ã �WÏ5Ð4É;Ï5Ð?Ê5ËQá4Ê/Ç5ËQÕfÉ{Ø �UÆ�Ã?Ê/Ç/Ì4Ø
ç0×�Ã a hDÖ a Ã4Ø2Ö%ÝðË�Î�Æ�É{ÃnÆ�Ç÷þ>Ã4ÜqËQÐ4Ò�ËQÃ ?à×�Ð4Ò;Æ�ÃnÎ/ÊZ×QÚ+ËQÊZ×�Ø8Æ�Ã�ç0×�Ã

5, 3 · 1017 Ï�Ø −2 Æ�Ã?ÊZÎ/â4Ç/É;Ï5Ð?ÊiÞUã=É{Ê
Ä4Æ�ÇfáUÆ�ïAËQÃ4Ã?ÊZÆ�ÃñþàÌnÎ/áUÆ�Ì4ÊZÆMËQÌnÎKÄ4Æ�ÇKÈ�É{ÊZÆ�Ç5ËQÊZÌ4ÇKÜ�Ý�É;Î5Ï5ÐnÆ�Ã ú j Ì4ÃnÄ  j Æ�Ç/ÕAÉ{á4ÊgÎ/É;Ï5ÐÔÄnËQÇ5ËQÌ9ÎKÆ�É{ÃnÆ
éyÒ{Ì4êcÄWÉ;Ï5Ð?ÊZÆgËQÃ=ËQÊZ×�ØÙËQÇZÆ�Ø©ä÷Æ�Ì4ÊZÆ�Ç/É{Ì4Ø çc×�Ã

(0, 5− 2) · 1016 Ï�Ø −2 Î −1 Þ
ã=É{ÊKÄ4Æ�Ø ,�ã �kÝ�Ì4ÇZÄnÆÙÄ4Æ�ÇgéyÒ{Ì4êkËQÃñËQÊZ×�ØÙËQÇZÆ�Ø ä÷Æ.ÌnÊZÆ�Ç/É{Ì4Ø áUÆ�ÉèÉ;Ä4Æ�Ã?Ê/É;ÎZÏ5ÐnÆ�ÃrÆ��DâUÆ�Ç/É{Ø8Æ�Ã?ÊZÆ�Ò{Ò;Æ�Ã
'ðÆ�ÄWÉ{Ã4ÕAÌ4Ã4ÕcÆ�Ã+Ö,Ä�Þ Ð+Þ�áUÆ�É>Æ�É{ÃnÆ�Ø ä�Ì4ÇZÏ5ÐnÎ5ËQÊ/Üìç0×�Ã h Ö ��� ÎZÏ�Ï�Ø ËQÃÅØ8×�Ò;Æ�ï?Ì4ÒhËQÇZÆ�Ø ä÷Æ�Ì4ÊZÆ�Ç/É{Ì4Ø Ì4ÃnÄ
Æ�É{ÃnÆ�Ç UOÆ�ØXâUÆ�Ç5ËQÊ/Ì4Ç,çc×�Ã �"� a"h ?XÖAÜ�ÌQc

1, 0±0, 3) ·1016 Ï�Ø −2 Î −1 áUÆ�Î/Ê/É{ØXØgÊiÞ0þàÌnÎIÄ4Æ�ÇIÕcÆ�Ø8Æ�Î5ÎZÆ�ÃnÆ�Ã
?à×�Ð4Ò;Æ�ÃnÎ/ÊZ×QÚ�ÄWÉ;Ï5Ð?ÊZÆ2Æ�Ç/ÕAÉ{á4Ê8Î/É;Ï5Ð Ì4ØXÕcÆ�ï0Æ.ÐnÇ/Ê8ÄnËQÇ5ËQÌnÎXÆ�É{ÃnÆoþ>ÌnÎZáUÆ�Ì4ÊZÆ´ç0×�Ã c

2 ± 0, 7) · 10−2 Æ�ÇZ× �
ÄWÉ;Æ�Ç/ÊZÆ�Ã�?à×�Ð4Ò;Æ�ÃnÎ/ÊZ×QÚ+ËQÊZ×�Ø8Æ�ÃTâ4ÇZ×gÆ�É{ÃWåGËQÒ{Ò;Æ�ÃnÄ4Æ�Ø!ä÷Æ�Ì4ÊZÆ�Ç/É{Ì4ØÙËQÊZ×�ØìÖDÝðË�ÎèØXÉ{Ê6Ä4Æ�Ã´È�É{ÊZÆ�Ç5ËQÊ/Ì4ÇZÝ6Æ�Ç/ÊZÆ�Ã
ÎZÆ�Ð4ÇbÕAÌ4Ê �4áUÆ�ÇZÆ�É{ÃnÎ/Ê/É{ØXØgÊiÞ

+®E¯%®'¯%® � � ±0²�� �'±D¹'¶Q· ������� �à²Q¼9ºq¹'¼U½¥ºq¿Ô±c¾q·O¼
	O±
ä�É;Æ ��ÇZ×AÎ/É;×�ÃnÎ/Ø8Æ�Ê/Ð9×0ÄnÆ#Ý�Ì4ÇZÄ4ÆgÃ4É;Ï5Ð?ÊàÃDÌ4Ç�Æ�Ã?Ê�Ý�É;Ï5ï0Æ.Ò{ÊiÖUÌ4Ø�ÄWÉ;Æ+,àÌnÆ�Ò{Ò;ÆKå��4Ç�� 0 Ü�Ì �?Ì9ËQÃ?Ê/É@ÍnÜ�É;Æ�ÇZÆ�Ã+Ö
ÎZ×�ÃnÄ4Æ�Ç/Ã\ËQÌnÏ5Ð Ì4Ø�ËQÌWågÆ�É{ÃWå�Ë�Ï5ÐnÆkÓ�Æ�É;ÎZÆkÄWÉ;Æ �?Ê/Ç5ËQÐ4Ò@åG×�Ç/Ø�Ä4Æ�ÇI,àÌnÆ�Ò{Ò;Æ �4áUÆ�Ç/â4Ç �4åEÆ�Ã Ü�Ì ï�%�Ã4ÃnÆ�Ã+Þ
þàÌWå'ÕAÇ/Ì4ÃnÄÑÄ4Æ�ÇFUyËQÊZÎ5Ë�Ï5ÐnÆAÖ�ÄnËQê	ÄWÉ;ÆI,àÌnÆ�Ò{Ò;ÆTÉ{ÃÑÆ�É{ÃnÆ�ÇÙËQÃnÄ4Æ�ÇZÆ�ÃÅþ>â4â%ËQÇ5ËQÊ/Ì4Ç��0Ì9ËQÃ?Ê/É@ÍnÜ�É;Æ�Ç/Ê8Ý�Ì4ÇZÄ4ÆAÖ
ËQÒ;ÎgÎ/É;ÆXÜ�Ì4Ø �?Ê/ÌnÄWÉ{Ì4Ø Ä4Æ�ÇKÓñË�Ï5ÐnÎ/Ê/Ì4Ø8Î/Ø8Æ�Ï5Ð9ËQÃ4É;Î/Ø8Æ�Ã Æ�É{Ã4ÕcÆ�ÎZÆ�Ê/Ü�ÊgÝ�É{ÇZÄ+Ö+ïAËQÃ4ÃñÆ�ÎKâ4Ç/É{Ã4Ü�É{â4É;Æ�Ò{Ò6Ü�Ì
þàá?Ý6Æ�É;Ï5Ð?Ì4Ã4ÕcÆ�ÃoÉ{ÃoÄ4Æ�Ç �?Ê/Ç5ËQÐ4Ò@åG×�Ç/Ø ïc×�ØXØ8Æ�Ã+Þ(<�Ò;Æ�É;Ï5ÐnÆ�ÎðÕAÉ{Ò{ÊðáUÆ�É�Æ�É{ÃnÆ�Ø Æ�çcÆ�Ã?Ê/ÌnÆ�Ò{Ò;Æ�ÃoÓÔÆ�Ï5ÐnÎZÆ�Ò�Ä4Æ�Ç
?fËQâ4É{Ò{ÒhËQÇZÆAÞ
Â�Ãñþàá4á+Þ� nÞ ú h ËìÉ;Î/Ê#ÄnË�Î �IÇ/ÕcÆ�á4Ã4É;ÎtÆ�É{ÃnÆ�ÇgØXÉ{ÊtÄ4Æ�Ç ��ÇZ×AÎ/É;×�ÃnÎ/â4ÇZ×�áUÆ´Ì4ÃnÄñÆ�É{ÃnÆ�Ç#ØXÉ{Ê#Ä4Æ�Ø ã�Ë�ÎZÎZÆ�Ã��
Î/âUÆ�ïDÊ/ÇZ×�Ø8Æ�ÊZÆ�Ç�ÕcÆ�Ø8Æ�ÎZÎZÆ�ÃnÆ�Ã�ÓÛÉ{Ã4ï0Æ�Ò{çcÆ�Ç/ÊZÆ�É{Ò{Ì4Ã4ÕTÕcÆ�ÜiÆ�É{ÕAÊiÞUä�É;ÆgUOÆ�ØXâUÆ�Ç5ËQÊ/Ì4ÇfÄ4Æ�Ç ?fËQâ4É{Ò{ÒhËQÇZÆ#áUÆ�Ê/Ç/Ì4Õ
É{ÃoáUÆ�É;Ä4Æ�Ãìé�ëQÒ{Ò;Æ�Ã �"� a"h ?^Ì4ÃnÄoÄ4Æ�Çbä�Ì4ÇZÏ5ÐnÎ5ËQÊ/ÜKËQÃoØ8×�Ò;Æ�ïDÌ4ÒhËQÇZÆ�Ø ä÷Æ�Ì4ÊZÆ�Ç/É{Ì4Ø h Ö h�� Î5Ï�Ï�Ø2Þ�%ÌoáUÆ��
Ë�Ï5Ð?ÊZÆ�ÃìÉ;Î/ÊiÖ4ÄnËQêXå��4ÇbÄ4Æ�ÃI)èÆ�Ç/ÕAÒ;Æ�É;Ï5ÐìÄWÉ;ÆmØXÉ{Ê>Ä4Æ�Ø ,�ã �´ÕcÆ�Ø8Æ�ÎZÎZÆ�ÃnÆféyÒ{Ì4êcÄWÉ;Ï5Ð?ÊZÆfç0×�Ã2ÎZâ4Ð9ëQÇ/É;ÎZÏ5ÐnÆ�Ç
ËQÌWåàÆ�áUÆ�ÃnÆI<÷Æ�×�Ø8Æ�Ê/Ç/É;Æ´Ì4ØXÕcÆ�ÇZÆ�Ï5Ð4ÃnÆ�ÊXÝ6Æ�ÇZÄ4Æ�Ã ØgÌ4ênÖyÄnË=ÎZÉ;Ï5ÐrÄnË�Îtã�Ë�ÎZÎZÆ�ÃnÎ/âUÆ�ïDÊ/ÇZ×�Ø8Æ�ÊZÆ�ÇXËQÌWåàÆ�É��
ÃnÆ�Ø ?÷ÇZÆ�É;ÎZáU×�ÕcÆ�ÃoÌ4Ø Ä4Æ�ÃZ?fËQâ4É{Ò{ÒhËQÇZÆ�Ã9ËQÌ9Î/Ê/Ç/É{Ê/ÊbáUÆ�Ý6Æ�ÕAÊiÖWÝ6×�Ð4É{Ã4ÕcÆ�ÕcÆ�ÃìÄnË�Î ��ÇZ×AÎ/É;×�ÃnÎZâ4ÇZ×QÍnÒ¥ËQÌWåyÄ4Æ�Ç
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Æ�áUÆ�ÃnÆ�Ã ��Ç5×�áUÆ>ÕcÆ�Ø8Æ�ÎZÎZÆ�ÃMÝ�É{ÇZÄ�Þ?ä÷Æ�Ç�)èÆ�Ç/ÕAÒ;Æ�É;Ï5ÐMÉ{Ã´þ>áná+Þ  nÞ ú h ËfÜiÆ�É{ÕAÊ6Æ�É{ÃnÆ>âUÆ�ÇîåEÆ�ïDÊZÆ � áUÆ�ÇZÆ�É{ÃnÎ/Ê/É{Ø �
ØgÌ4Ã4ÕMÜ�Ý�É;ÎZÏ5ÐnÆ�ÃkÄ4Æ�Ã=ØXÉ{ÊàÄ4Æ�Ã=Ì4Ã?ÊZÆ�ÇZÎZÏ5Ð4É;Æ�ÄWÒ{É;Ï5ÐnÆ�Ã	ã=Æ�Ê/Ðn×?Ä4Æ�Ã=ÕcÆ�Ø8Æ�Î5ÎZÆ�ÃnÆ�Ã=ÓÛÉ{Ã4ï0Æ�Ò{ç0Æ.ÇZÊZÆ�É@Ò{Ì4Ã4ÕcÆ�Ã+Þ
ämË�ÎàÜiÆ�É{ÕAÊ�Ã4É;Ï5Ð?Ê�Ã?Ì4ÇiÖUÄnËQêTÄWÉ;Æ+,àÌ9ËQÃ?Ê/É@ÍnÜ�É;Æ�Ç/ÌnÃ4Õ2Ä4Æ�Ç ,àÌnÆ�Ò{Ò;ÆXËQÌWåèÄWÉ;Æ#ä÷Æ�âU×AÎ/É{Ê/É;×�ÃnÎ/ïAËQØXØ8Æ�Ç �4áUÆ�Ç �
Ê/Ç5ËQÕAá9ËQÇèÉ;Î/ÊiÖcÎZ×�ÃnÄ4Æ�Ç/ÃMÄ4Æ�Ø8×�ÃnÎ/Ê/Ç/É;Æ�Ç/ÊðËQÌnÏ5ÐÙÄWÉ;Æ�ÕAÌnÊZÆbþàÃ?Ý6Æ�ÃnÄWá9ËQÇ/ïcÆ�É{Ê6Ä4Æ�Ç ��ÇZ×AÎ/É;×�ÃnÎZØ8Æ�Ê/Ðn×?Ä4ÆAÞ?ã�ËQÃ
Ð9ËQÊmÄ9ËQØXÉ@ÊKÆ�É{ÃnÆtÆ�É{ÃWå�Ë�Ï5ÐnÆXã %�ÕAÒ{É;Ï5Ð4ïcÆ�É{ÊmÕcÆ.åEÌ4ÃnÄ4Æ�Ã+Ö�ÄWÉ;ÆtÓ É{Ã4ïcÆ�Ò{ç0Æ�Ç/ÊZÆ�É{Ò{Ì4Ã4ÕoÌ4ÃnÄ	Ä4Æ�Ã�þ>á9ÎZ×�Ò{Ì4ÊîònÌ4ê
Æ�É{ÃnÆ�Ç ,àÌnÆ�Ò{Ò;Æmå �4Ç>ËQÊZ×�ØÙËQÇZÆ�ÃìÓñË�ÎZÎZÆ�ÇZÎZÊZ×QÚkÜ�ÌoØ8Æ�Î5ÎZÆ�Ã+Þ
b>ÃDÊZÆ�ÇàÄ4Æ�ÇàþàÃ4Ã9ËQÐ4Ø8ÆAÖ%ÄnËQêMÄWÉ;Ægþ>ÌnÎ/áUÆ�Ì4ÊZÆgÄ4Æ�ÇàÏ5ÐnÆ�ØXÉ;ÎZÏ5ÐnÆ�Ã ��ÇZ×AÎ/É;×�Ãìå��4Ç>ä÷Æ�Ì4ÊZÆ�Ç/É{Ì4Ø�Ì4ÃnÄ ��ÇZ×�Ê/É��
Ì4Ø©É;Ä4Æ�Ã?Ê/É;ÎZÏ5ÐkÉ;ÎZÊiÖnÒhëQêAÊ÷Î/É;Ï5Ð=ØXÉ{Ê�Ä4É{Æ�Î5Æ�Ç�ãkÆ�Ê/Ðn×?Ä4ÆgÄnÆ.Ç � 0 /?éyÒ{Ì4ê´áUÆ�É{Ø '6Æ�Ê/Ç/É;Æ�ákØXÉ{Ê�ÓÔË�ÎZÎ5Æ�ÇZÎ/ÊZ×QÚ
áUÆ�Î/Ê/É{ØXØ8Æ�Ã+Þ�'ðÆ�ÉbÄ4Æ�Ã�Æ��DâUÆ�Ç/É{Ø8Æ�Ã?ÊZÆ�Ò{Ò;Æ�Ã 'ðÆ�ÄWÉ{Ã4ÕAÌ4Ã4ÕcÆ�Ã�ç0×�Ã h Ö ú ÎZÏ�Ï�Ø ä�Ì4ÇZÏ5ÐnÎ5ËQÊ/Ü2Ì4ÃnÄ � ú h"h ?
?fËQâ4É{Ò{ÒhËQÇZÆ�Ã?ÊZÆ�ØXâ�Æ�Ç5ËQÊZÌ4ÇiÖWÄWÉ;ÆàÎ/â9ëQÊZÆ�Çèå �4Ç,Ä4É{Æ>ÓñË�Ï5ÐnÎ/Ê/Ì4Ø8ÎZÆ��WâUÆ�Ç/É{Ø8Æ�Ã?ÊZÆ�çcÆ�Ç/Ý6Æ�ÃnÄ4Æ�Ê6Ý6Æ�ÇZÄ4Æ�Ã+ÖDÆ�Ç/ÕAÉ{á4Ê
Î/É;Ï5ÐìËQÌWå�ÄnË�Î��?Ì4ánÎ/Ê/Ç5ËQÊbÉ{Ã� ü ØXØ þàánÎ/Ê5ËQÃnÄ2Æ�É{ÃnÆféyÒ{Ì4êcÄWÉ;Ï5Ð?ÊZÆfçc×�Ã

(4± 1) · 1015 Ï�Ø −2 Î −1 Þ

+®E¯9®E¯%®�� ��¹E½�� ��� 	y±0º �%±?·O±?¹ �A¾i±D½��t±0²Q±?¹'¶�·¥º8µ ��� 	y¹'±2À�¹E½�
9± �:»%±?²q¾i±?¹ � �y½ �
Â(Ã�þ>á4á+Þ  nÞ ú h á	É;Î/ÊmÆ�áUÆ�ÃWå�ËQÒ{Ò;ÎfÆ�É{Ã )IÆ�Ç/ÕAÒ;Æ�É;Ï5ÐÔÄ4Æ�Çfã=Æ�Î5Î/Ì4Ã4ÕoÄ4Æ�ÇmÓÛÉ{Ã4ï0Æ�Ò{ç0Æ�Ç/ÊZÆ�É{Ò{Ì4Ã4Õoå �4ÇfËQÊZ×�ØÙËQÇZÆ�Î
ä÷Æ�Ì4ÊZÆ�Ç/É{Ì4Ø ØXÉ{ÊkÄ4Æ�Ç ��ÇZ×AÎ/É;×�ÃnÎ/â4ÇZ×�áUÆrÌ4ÃnÄ¨Ä4Æ�Ø ã �vÕcÆ�ÜiÆ�É{ÕAÊiÞ <÷Æ�ÕcÆ�Ã �4áUÆ�Ç	þ>á4á+Þ  nÞ ú h Ë�É;Î/ÊìÉ{Ã
ÄWÉ;Æ�ÎZÆ�Ø é%ËQÒ{ÒyáUÆ�ÉyÕAÒ;Æ�É;Ï5ÐnÆ�Ø@UOÆ�É{Ò;Ï5ÐnÆ�ÃnÄWÌ4ÇZÏ5ÐnÎ�ËQÊ/ÜXÌ4ÃnÄ=ÕAÒ;Æ�É;Ï5ÐnÆ�Ç �?â4É{Ê/ÜiÆ�Ã?ÊZÆ�ØXâ�Æ�Ç5ËQÊ/ÌnÇfÄ4Æ�Ç2?fËQâ4É{Ò{ÒhËQÇZÆ
Ã?Ì4ÇèÄWÉ;Æ�þàÌnÎZÄ4Æ�Ð4Ã?Ì4Ã4ÕgÄ4Æ�Î�ÕcÆ�ÐnÆ�É{Ü�ÊZÆ�Ã 'ðÆ�ÇZÆ�É;Ï5ÐnÎIç0Æ.Ç�ëQÃnÄ4Æ�Ç/ÊIÝ6×�ÇZÄ4Æ�Ã+Þ0Â(Ø )èÆ�Ç/ÕAÒ;Æ�É;Ï5Ð8Ü�ÌÙÄ4Æ�Ø Î/â4É{Ê/ÜiÆ�Ã
��ÇZ×QÍnÒyÉ{Ø�×�áUÆ.Ç5Æ.Ã`'6É{Ò;ÄìÒ{É;Æ�ÕAÊàÉ{Ø©Ì4Ã?ÊZÆ�ÇZÆ�Ãké%ËQÒ{ÒyÆ�É{ÃkÄ4Æ�Ì4Ê/Ò{É;Ï5ÐnÆ�Î �à×�Ð4Ò{â4ÇZ×QÍnÒyç0×�ÇiÞ9ä�É;ÆKã %�ÕAÒ{É;Ï5Ð4ï0Æ.É{ÊiÖ
ÄnËQêÔÎ/É;Ï5ÐÑÌ4Ã?ÊZÆ�Ç8áUÆ�Î/Ê/É{ØXØgÊZÆ�Ã bàØ8Î/Ê5ëQÃnÄ4Æ�Ã�Æ�É{Ã ��×�Ð4Ò{â4ÇZ×QÍnÒ�ËQÌnÎ/á4É{Ò;Ä4Æ�ÊiÖ�Ý�Ì4ÇZÄ4ÆoáUÆ�ÇZÆ�É{ÊZÎ8ç0×�Ã ),ËQÃ
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� �DÒbÌ4ÃnÄ <÷ÆiËQÒ � ó{úiû��AüCý Æ�Ç/ÝðëQÐ4Ã?ÊMÌ4ÃnÄ�çc×�Ã UOÎZÏ5ÐnÆ�ÇZÎ/É;Ï5ÐÛÌ4ÃnÄÅç0×�Ã '6×�Ã4É{Ã ó{úiûAû��Cý ËQÃnÎ�ËQÊ/Ü�Ý6Æ�É;ÎZÆ
Æ��WâUÆ�Ç/É{Ø8Æ�Ã?ÊZÆ�Ò{Ò�ÕcÆ.å'Ì4ÃnÄ4Æ�Ã+Þ �IÉ{á4ÒkÆ�ÊvËQÒ�Þ ó{úiûAû��Cý Î5ËQÕAÊZÆ�Ã�ØXÉ{ÊÛÉ{Ð4ÇZÆ�Ç ãk×�Ã?ÊZÆ / �ðËQÇ/Ò;× /��?É{ØgÌ4Ò:ËQÊ/É;×�Ã
Æ�áUÆ�ÃWå�ËQÒ{Ò;Î>Æ�É{Ã ��×�Ð4Ò{â4ÇZ×QÍnÒ¥çc×�Ç5ËQÌnÎqÖWï0×�Ã4Ã?ÊZÆ�ÃìÆ�ÎàËQÌWå'ÕAÇ/ÌnÃnÄ2Ä4Æ�Ç>Î5Ï5Ð4Ò;Æ�Ï5ÐDÊZÆ�ÃìÓÛÉ{Ã4ï0Æ�ÒhËQÌWò(%AÎ/Ì4Ã4ÕÙÉ{Ð4ÇZÆ�Ç
ãkÆ�êAØ8Æ�Ê/Ðn×?Ä4ÆgËQáUÆ�Ç>Æ��DâUÆ�Ç/É{Ø8Æ�Ã?Ê5Æ.Ò{ÒOÃ4É;Ï5Ð?ÊbáUÆ�Î/Ê5ëQÊ/É{ÕcÆ�Ã+Þ
ä�É;Æ � �DÉ;Î/ÊZÆ�Ã4ÜñÆ�É{ÃnÆ�Î ��×�Ð4Ò{â4ÇZ×QÍnÒ;ÎìÒhëQêAÊ=Î/É;Ï5Ð\ØXÉ{Ê=Ä4Æ�Ø Ð4É;Æ�Ç2åE×�Ç/ØgÌ4Ò{É;Æ�Ç/ÊZÆ�Ã�ãk×?Ä4Æ�Ò{ÒgÄ4Æ�Ç �?Ê/Ç5ËQÐ4Ò��
åG×�Ç/ØgÌ4Ã4ÕÑÎZÆ�Ð4ÇTÆ�É{ÃWå�Ë�Ï5Ð Æ�Ç/ïDÒhëQÇZÆ�Ã4V ��Ã?ÊZÎ5Ï5ÐnÆ�É;Ä4Æ�ÃnÄ å �4ÇTÄWÉ;Æ �?Ê/Ç5ËQÐ4Ò@åG×�Ç/ØgÌ4Ã4ÕÑÉ;Î/ÊTÄ4Æ�Ç�'ðÆ�ÇZÆ�É;Ï5ÐvÄ4Æ�Ç
?fËQâ4É{Ò{ÒhËQÇZÆ=ØXÉ{Ê´Ä4Æ�Ç´Æ.Ú�Æ�ï?Ê/É{ç0Æ�ÃÛÈOëQÃ4ÕcÆ

L ��	
ÖIÉ{Ã Ä4Æ�Ç´ã=×�Ò;Æ�ïDÌ4ÒhËQÇZÎ/Ê/ÇX%�ØgÌ4Ã4Õ ÐnÆ�Ç/ÇZÎZÏ5Ð?ÊiÞ,é �4ÇMï?Ò;Æ�É{ÃnÆ

Ó É{Ã4ïcÆ�ÒWÜ�Ì4Ç �?Ê/Ç5ËQÐ4ÒhË�Ï5ÐnÎZÆðÕAÉ{á4ÊIÆ�Î�þàÃ?ÊZÆ�É{Ò;ÆðÉ{Ø �?Ê/Ç5ËQÐ4Ò�ÖAÄWÉ;Æ6ÓñËQÃnÄ4Î/ÊX%�êcÆðÉ{Ã
L ��	

Æ�ÇîåGËQÐnÇZÆ�ÃtÐ9ËQáUÆ�ÃXÌ4ÃnÄ
Ý6Æ�Ò;Ï5ÐnÆAÖ+ÄWÉ;Æ

L ��	
×�Ð4ÃnÆXÓñËQÃnÄ4Î/ÊZ×�êoâ9Ë�Î5Î/É;Æ�ÇZÆ�Ã	ï�%�Ã4ÃnÆ�Ã!cEÎ/É;Æ�ÐnÆ8þ>á4á+Þ ú Þ úfe Þ+ß÷ËQÐnÆXÄ4Æ�Ç �?Ê/Ç5ËQÐ4ÒhË�Ï5ÐnÎZÆ

É;Î/Ê�Ä4Æ�Ç�þàÃ?ÊZÆ�É{Ò�ÄWÉ;Æ�ÎZÆ�Ç�ÄWÉ{ÇZÆ�ïDÊZÆ�ÃIUOÆ�É{Ò;Ï5ÐnÆ�ÃìËQØ!ÕAÇX%�êAÊZÆ�Ã+Þ4Â�Ø!é%ËQÒ{Ò;ÆmÄ4Æ�ÇðÓÛÉ{Ã4ï0Æ�Ò{ç0Æ�Ç/ÊZÆ�É{Ò{Ì4Ã4ÕXç0×�ÃoËQÊZ× �
ØÙËQÇZÆ�Ø ä�Æ�Ì4ÊZÆ�Ç/É{Ì4Ø áUÆ�Ä4Æ�Ì4ÊZÆ�Ê>ÄWÉ;Æ�ÎiÖWÄnËQêXÃ9ËQÐnÆmÄnÆ.Ç �?Ê/Ç5ËQÐ4ÒhË�Ï5ÐnÎ5ÆmÃ?Ì4Ç�ÄnËQÃnÃìËQÊZ×�ØÙËQÇZÆ�Îbä÷Æ�Ì4ÊZÆ�Ç/É{Ì4Ø
ç0×�Ç/Ð9ËQÃnÄ4Æ�ÃÙÉ;Î/ÊiÖAÝðÆ.ÃnÃÙÄ4É{Æ�ÎèáUÆ�ÇZÆ�É{ÊZÎèç0×�ÇèÄ4Æ�Ø*'ðÆ�ÇZÆ�É;Ï5Ð

L ��	
ÖAÉ{ÃÙÄ4Æ�Ø ãk×�Ò;Æ�ï?Ì4ÒhËQÇZÎ/Ê/Ç %�ØgÌ4Ã4Õ#Æ�É{ÃnÎZÆ�Ê/Ü�ÊiÖ

ÕcÆ�á4É{Ò;Ä4Æ�Ê6Ý�É{ÇZÄ�Þ?æ>Æ�ÄWÌ4Ü�É;Æ�Ç/Ê6ØÙËQÃ´ÄWÉ;Æ>ÕcÆ.Ð9Æ.É{Ü�ÊZÆ�ÈOëQÃ4ÕcÆàÄ4Æ�Ç�?fËQâ4É{Ò{ÒhËQÇZÆ�ÎZ×qÝ6Æ�É{ÊiÖ?ÄnËQê#ÄWÉ;Æàä�É;ÎZÎZ×�Ü�ÉhËQÊ/É;×�Ã
ç0×�Ãrä

2
Æ.Ç5Î/ÊgÉ{Ø 'ðÆ�ÇZÆ�É;Ï5Ð Ä4Æ�Çtãk×�Ò;Æ�ï?Ì4ÒhËQÇZÎZÊ/ÇX%�ØgÌ4Ã4Õ	Æ�É{ÃnÎZÆ�Ê/ÜiÆ�Ã ïAËQÃ4Ã+ÖOÎ5×ìÉ;Î/Ê#Æ�É{Ã ��×�Ð4Ò{â4ÇZ×QÍnÒðÄWÉ;Æ

é9×�Ò{ÕcÆAÞ bàØ ÄWÉ;Æ�ÎTÜ�Ì ç0Æ�Ç/Ø8Æ�É;Ä4Æ�Ã+ÖðØgÌ4êÑÄ4Æ�ÇTÕcÆ�ÐnÆ�É{Ü�ÊZÆ 'ðÆ�ÇZÆ�É;Ï5ÐsËQÒ;ÎZ×rÝ6Æ�ÎZÆ�Ã?Ê/Ò{É;Ï5ÐvÕAÇX%�êcÆ�ÇìËQÒ;ÎTÄ4Æ�Ç
'ðÆ�ÇZÆ�É;Ï5Ð�Ä4Æ�Çfãk×�Ò;Æ�ï?Ì4ÒhËQÇZÎZÊ/ÇX%�ØgÌ4Ã4ÕìÎZÆ�É{Ã+Þ�é �4Ç �?Ê/Ç5ËQÐ4Ò �?ÌnÆ�Ò{Ò;Æ�Ã+Ö+ÄWÉ;ÆtáUÆ�ÉIÎZÆ�Ð4ÇmÕcÆ�Ç/É{Ã4ÕcÆ�Ø ä�Ì4ÇZÏ5ÐnÎ5ËQÊ/Ü
ËQÇ/áUÆ�É{ÊZÆ�Ã	Ì4ÃnÄkÄ4Æ�Î/Ð9ËQÒ{á	ÄWÉ;Æ#ÕcÆ�Î5ËQØgÊZÆ+?fËQâ4É{Ò{ÒhËQÇZÆ#Ü�Ì4Ç �?Ê/Ç5ËQÐ4Ò@åE×�Ç/Ø#Ì4Ã4ÕoÃ?Ì4Ê/ÜiÆ�Ã+ÖUá4Ò;Æ�É{á4ÊfËQÒ;Î÷þàÌnÎ/Ý6Æ�Õ
Ã?Ì4ÇiÖ�Ä4Æ�Ã ?fËQâ4É{Ò{Ò;ËQÇ5Æ.Ã �0ÌnÆ�ÇZÎZÏ5ÐnÃ4É{Ê/ÊfÜ�Ì`'ðÆ�ÕAÉ{Ã4Ã	Ä4Æ�Î�ÕcÆ�ÐnÆ�É{Ü�ÊZÆ�Ã 'ðÆ�ÇZÆ�É;Ï5ÐnÎmÎZ×MÜ�ÌkÕcÆ�Î/Ê5ËQÒ{ÊZÆ�Ã+Ö�ÄnËQêTÄWÉ;Æ
�?Ê/Ç5ËQÐ4Ò{ÊZÆ�É{Ò;Ï5ÐnÆ�Ã ÐnÆ�É{êcÆìÓ ëQÃnÄ4Æ=Î/ÊZ×�êcÆ�Ã�Ø �nÎZÎZÆ�Ã+ÞèämËQÜ�Ì�ïAËQÃ4ÃÅØÙËQÃÛÝ6×�Ò{Ò0/ ×?Ä4Æ�ÇMÎZÏ5ÐDÝðËQØXØÙËQÇ/Ê/É{ÕcÆ
?à×�ÃnÎ/Ê/Ç/Ì4ïDÊ/É;×�ÃnÆ�ÃkËQÌnÎ�Ó�×�Ò@åEÇ5ËQØ ç0Æ�Ç/Ý6Æ�ÃnÄ4Æ�Ã ó0J�
WL 
 Æ�ÊàËQÒ�Þ úiû�� h ý Ö4ÝðË�ÎbÎ/É;Ï5ÐnÆ�ÇZÎ/ÊZÆ�Ò{Ò{ÊiÖnÄnËQêMËQÌnÏ5ÐìËQÌWå
Ä4Æ�Ç��?Ê/Ç5ËQÐ4ÒhË�Ï5ÐnÎZÆgËQÊZ×�ØÙËQÇZÆ �?âUÆ�Ü�É;Æ�Î>Æ�ØXÉ{Ê/Ê/É;Æ�Ç/Ê>Ý6Æ�ÇZÄ4Æ�Ã+Þ
��É{ÃnÆÔÝðÆ.É{ÊZÆ�ÇZÆ �DÏ5Ð4Ò{Ì4ê�åG×�Ò{ÕcÆ�Ç/Ì4Ã4ÕvËQÌnÎkÄWÉ;Æ�Î5Æ�ÇQUyËQÊZÎ�Ë�Ï5ÐnÆÔÉ;Î/ÊiÖ>ÄnËQê ÄWÉ;ÆÔã�Ë	�DÉ{ØÙËQÒ{ÊZÆ�ØXâUÆ�Ç5ËQÊZÌ4Ç�Ä4Æ�Ç
?fËQâ4É{Ò{ÒhËQÇZÆ Ã4É;Ï5Ð?ÊÑÃn×�Ê�Ý6Æ�ÃnÄWÉ{ÕcÆ�Ç/Ý6Æ�É;ÎZÆ\ËQÃ Ä4Æ�Ç �?â4É{Ê/ÜiÆ ÐnÆ�Ç/ÇZÎ5Ï5ÐnÆ�Ã!ØgÌ4ênÞXÂ(Ø '6Æ�ÇZÆ�É;Ï5Ð Ä4Æ�ÇÑãk× �
Ò;Æ�ïDÌ4ÒhËQÇZÎ/Ê/ÇX%�ØgÌ4Ã4Õ¨ï0×�ØXØgÊñÆ�Î�Ü�Ì ïcÆ�É{ÃnÆ�Ã æ>Æ�ï0×�Øgá4É{Ã9ËQÊ/É;×�ÃnÎZÎZÊX%�êcÆ�Ã É{Ã Ä4Æ�Ç <mË�Î/â4Ð9Ë�Î5ÆAÖfÎZ×\ÄnËQê
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É{Ø.UOÆ�ØXâUÆ�Ç5ËQÊ/Ì4Ç/áUÆ�ÇZÆ�É;Ï5ÐXÜ�Ý�É;ÎZÏ5ÐnÆ�Ã*h,h�Ì4ÃnÄ � ü"h"h ?XÞQãkÆ�Ê/Ð9ËQÃXË�Ä4ÎZ×�Ç/á4É;Æ�Ç/Ê�Ä4Æ�ØXÃ9Ë�Ï5ÐtáUÆ�ÉDæ�ËQÌ4ØgÊZÆ�Ø �
âUÆ�Ç5ËQÊ/Ì4Ç�ËQÌWå+âU×�Ò �?ïDÇ/É;Î/Ê5ËQÒ{Ò{É{ÃnÆ�Ø ÓÔ×�Ò@å'Ç5ËQØ á4É;ÎèÜ�Ì´Æ�É{ÃnÆ�Ç,ç0×�Ò{Ò;Î/Ê5ëQÃnÄWÉ{ÕcÆ�Ã�'ðÆ�Ä4Æ�Ï5ï?Ì4Ã4ÕtÄ4Æ�Ç�ÿàáUÆ�Çîò%ë�Ï5ÐnÆ
ó0J�� 
���
�30ønö Ì4ÃnÄ�� ø63 
WL��Wønù�úiûAûAüQý ÞW'ðÆ�É�Ð6%�ÐnÆ�ÇZÆ�Ã�UOÆ�ØXâUÆ�Ç5ËQÊ/Ì4ÇZÆ�ÃÔïc×�ØXØgÊfÆ�ÎmÜ�Ì4Ø ÓñË�Ï5ÐnÎ/Ê/Ì4Ø
ç0×�Ãtïc×�Ð4Ò;Æ�ÃnÎ/ÊZ×QÚ�Ð9ËQÒ{Ê/É{ÕcÆ�Ã �DÏ5Ð4É;Ï5Ð?ÊZÆ�Ã+ÖcÆ�Ç/ïDÒhëQÇ/á9ËQÇIÄWÌ4ÇZÏ5Ð8ÄWÉ;ÆðÄWÉ;Î5ÎZ×�Ü�ÉhËQÊ/É{çcÆ��,ÐnÆ�ØXÉ;ÎZ×�Ç/â4Ê/É;×�Ã8áUÆ�É6UOÆ�Ø �
âUÆ�Ç5ËQÊ/Ì4ÇZÆ�Ã �4áUÆ�Ç ü"h"h ? ó{úiû h aCý Þ � %�Ç/Ü#Ì4ÃnÄ�È�É{ÃnÄ4Æ�Ã4ØÙËQÉ;Æ�Ç ó{úiû h	 ý Ì4Ã?ÊZÆ�ÇZÎ/ÌnÏ5Ð?ÊZÆ�Ã�ÄWÉ;ÆgÓÔÆ�Ï5ÐnÎZÆ�Ò{Ý�É{Ç �
ïDÌ4Ã4Õ�çc×�Ã�ã=Æ�Ê/Ð9ËQÃ�ØXÉ{ÊÙßàÉ;×�áÑÌ4ÃnÄ!UyËQÃ?Ê5ËQÒ>Ì4ÃnÄÅÆ�Ç/ï?ÒhëQÇ/ÊZÆ�Ã�É{Ð4ÇZÆ ��Ç/ÕcÆ�á4Ã4É;ÎZÎZÆ2ØXÉ{ÊÙÄ4Æ�Ç8ÕAÒ;Æ�É;Ï5ÐnÆ�Ã
ãk×?Ä4Æ�Ò{Ò{çc×�ÇZÎ/Ê5Æ.Ò{Ò{Ì4Ã4ÕnÞ�ä÷Æ�ØXÃ9Ë�Ï5Ð�Ë�Ä4ÎZ×�Ç/á4É;Æ�Ç/ÊmãkÆ.ÊZÐ9ËQÃkáUÆ�É�ÄWÉ;Æ�ÎZÆ�Ã�ãkÆ�Ê5ËQÒ{Ò;Æ�ÃkÜ�ÌnÆ�ÇZÎZÊmËQÌWå,Ä4Æ�ÇfÿàáUÆ�Ç �
ò%ë�Ï5ÐnÆ6Ì4ÃnÄ#Î/â9ËQÒ{ÊZÆ�Ê�Ä9ËQÃ4Ã#É{Ã#ç?É;Æ�Ç�ËQÌWåGÆ�É{Ã9ËQÃnÄ4Æ�ÇîåE×�Ò{ÕcÆ�ÃnÄnÆ�Ã �DÏ5Ð4Ç/É{Ê/ÊZÆ�ÃXÄWÉ;Æ,ÓñË�ÎZÎZÆ�ÇZÎZÊZ×QÚ�ËQÊZ×�Ø8ÆðËQá+ÖQÄWÉ;Æ
É{Ã8ÄWÉ;Æ-<mË�Î/â4Ð9Ë�ÎZÆ�Ä4Æ�ÎZ×�Ç/á4É;Æ�ÇZÆ�Ã+Þcþàá4Ð9ëQÃ4ÕAÉ{Õmç0×�ÃXÄ4Æ�Ç�UOÆ�ØXâUÆ�Ç5ËQÊ/Ì4ÇiÖcá4Ò;Æ�É{á4ÊèÄnË�Î_?à×�Ð4Ò;Æ�ÃnÎ/ÊZ×QÚ+ËQÊZ×�Ø ËQÃ
Ä4Æ�Ç>ÿàáUÆ�Çîò%ë�Ï5ÐnÆm×?Ä4Æ�ÇbÄWÉ@ÚUÌ4ÃnÄWÉ;Æ�Ç/Ê�É{ÃnÎ )I×�Ò{Ì4Ø8Æ�Ã4ØÙËQÊZÆ�Ç/ÉhË�Ò�Ì4ÃnÄ´Ý�É{ÇZÄoÄ4×�Ç/ÊðÉ{ÃTé9×�Ç/Ø!ç0×�Ã�?fËQÇ/á4É;Ä4Æ�Ã
ÕcÆ�á4Ì4ÃnÄ4Æ�Ã+Þ9ä÷Æ�Ç�Ç5ËQÊZÆ�Ã?áUÆ�Î/Ê/É{ØXØ8Æ�ÃnÄnÆ �DÏ5Ð4Ç/É{Ê/ÊbÉ;Î/ÊbÄWÉ;Æfþ>ánÎ/â9ËQÒ{Ê/Ì4Ã4ÕÙÄ4Æ�ÎbÆ�ÇZÎZÊZÆ�ÃoÓÔË�Î5ÎZÆ�ÇZÎ/ÊZ×QÚ+ËQÊZ×�Ø8ÎiÖ
Ä4Æ�Ç´ÄWÌ4ÇZÏ5Ð Ä4É{ÆìçDÉ{á4Ç5ËQÊZ×�Ç/É;ÎZÏ5ÐnÆkþàÃ4ÇZÆ�ÕAÌ4Ã4ÕrÄ4Æ�Ç´Æ�ÇZÎ/ÊZÆ�Ã �DÏ5ÐDÝ�É{Ã4ÕAÌ4Ã4ÕcÎ/Ã4É{çcÆiËQÌ9ÎTÄ4Æ�Î´ã=Æ�Ê/Ð9ËQÃnÎ´Æ�É{Ã��
ÕcÆ�Ò;Æ�É{ÊZÆ�Ê>Ý�É{ÇZÄ ó H 1:ù 5�ønö �Múiû h üQý Ö ó P LNM Ì4ÃnÄ�� � 3 5�ö 1'ùÑúiû����Qý ÞnämË�Î>ãkÆ.ÊZÐ9ËQÃ /?ã=×�Ò;Æ�ï �4Ò¥áUÆ�Î/É{Ê/Ü�Ê>É{Ã
ÄWÉ;Æ�ÎZÆ�Ø ',É{Ò;Ä�Æ�É{ÃnÆXÆ�ÃnÄWÒ{É;Ï5ÐnÆ8þàÌWåGÆ�Ã?Ê/Ð9ËQÒ{ÊZÎ/ÜiÆ�É{ÊgËQÌWåðÄ4Æ�ÇgÿàáUÆ�Çîò%ë�Ï5ÐnÆAÖ¥Î5×TÄnËQê2ÄWÉ;ÆF)I×�ÇZÎZÊZÆ�Ò{Ò@ÌnÃ4ÕnÖ�ÄWÉ;Æ
ÐnÆ�É{êcÆÙÓÔËQÃnÄ�å'Ì4Ã4ÕAÉ;Æ�Ç/ÊtËQÒ;ÎKÓvëQÇ/Ø8Æ�á9Ë�Ä�Ö¥ÕcÆ�ÇZÆ�Ï5Ð?ÊîåGÆ�Ç/Ê/É{ÕAÊ#É;Î/ÊiÞ¥ã=Æ�Ê/Ð �DÒèïAËQÃ4ÃñÆ�Ã?Ê�Ý6Æ�Ä4Æ�Ç#ÄWÉ{ÇZÆ�ïDÊKç0×�Ã
Ä4Æ�ÇIÐnÆ�É{êcÆ�ÃTÿàáUÆ.Ç/ò%ë�Ï5ÐnÆ>Ä4Æ�ÎZ×�Ç/á4É;Æ�ÇZÆ�ÃM×?Ä4Æ�ÇèÆ�ÎèÆ�Ã?ÊZÎ/ÊZÆ�Ð?Ê,ËQÌnÎèÆ�É@Ã9Æ.Ø ËQÃ4ÕcÆ�ÇZÆ�ÕAÊZÆ�Ã´ã=Æ�Ê/Ð9ËQÃ /?ãk×�Ò;Æ�ï �4Ò�Ö
ÄnË�Î�ÄWÉ;ÆfÿàáUÆ�Çîò%ë�Ï5ÐnÆmçcÆ�Ç/ÒhëQêAÊiÞ4ä�É{Æ2U�ËQÊZÎ5Ë�Ï5ÐnÆAÖ4ÄnËQêXÆ�Î6ÕAÒ;Æ�É;Ï5Ð4ÜiÆ�É{Ê/É{Õ8Ü�ÌoÆ�É{ÃnÆ�Ø )IÆ�Ç/Ò{ÌnÎZÊ6ç0×�Ãoã=Æ�Ê/Ð9ËQÃ
ÄWÌ4ÇZÏ5ÐÔä�É@ÚUÌnÎ/É;×�Ã	Ì4ÃnÄ�ä÷Æ�âU×AÎ/É{Ê/É;×�Ã�çc×�Ã ?à×�Ð4Ò;Æ�ÃnÎ/ÊZ×QÚÑïc×�ØXØgÊiÖ+ÄnËQÇîåOí/Æ�Ä4×?Ï5Ð	Ã4É;Ï5Ð?Êfç0Æ.ÇZÃ9Ë�Ï5Ð4Òhë�ÎZÎ/É{ÕAÊ
Ý6Æ�ÇZÄ4Æ�Ã+Þ%ä�É;ÆfæàÆiËQï?Ê/É;×�ÃnÎ/Ý�ËQÐ4ÇZÎZÏ5ÐnÆ�É{Ã4Ò{É;Ï5Ð4ïcÆ�É{Ê�Ý�É{ÇZÄ2áUÆ�ÉOÆ�É{ÃnÆ�ÇSUOÆ�ØXâUÆ�Ç5ËQÊ/Ì4Ç�ç0×�Ã ú  a"h ? Ü�Ý�É;ÎZÏ5ÐnÆ�Ã
6 ·10−4

ó H 1'ù 5�ønö �Ùúiû h üQý Ì4ÃnÄ
1 ·10−3

ó � LO5�ø � Ì4ÃnÄ
	 L � ø M úiû h ú�ý ËQÃ4ÕcÆ�ÕcÆ�áUÆ�Ã+ÞDþ>á4Ð9ëQÃ4ÕAÉ{Õgç0×�Ã
UOÆ�ØXâUÆ�Ç5ËQÊ/Ì4Ç�Ì4ÃnÄ#äàÇZÌnÏ5ïmÒ{É;Æ�ÕAÊ�Æ�É{ÃnÆèÇZÆ�É{ÃnÆ,ÓÔ×�Ò@å'Ç5ËQØ8×�áUÆ�Çîå�ë�Ï5ÐnÆ6çc×�Çy×?Ä4Æ�Ç�Æ�É@Ã9ÆèØXÉ{Ê�?à×�Ð4Ò;Æ�ÃnÎ/ÊZ×QÚÙç0Æ�Ç �
Ì4Ã4ÇZÆ�É{Ã4É{ÕAÊZÆ>ÿàáUÆ�Çîò%ë�Ï5ÐnÆAÞ�ã=É{Ê�Î/ÊZÆ�É{ÕcÆ�ÃnÄ4Æ�Ø ä�Ç/ÌnÏ5ïfÃ4É{ØXØgÊ�ÄWÉ;Æ �?ÊZ×�êAÇ5ËQÊZÆ6Ì4ÃnÄtÄnËQØXÉ{Ê�Ä4Æ�Ç �9Ì4ònÌ4ê�ç0×�Ã
?à×�Ð4Ò;Æ�ÃnÎ/ÊZ×QÚTËQÌWå%ÄWÉ;ÆèÓÔ×�Ò@å'Ç5ËQØ8×�áUÆ�Çîò%ë�Ï5ÐnÆðÜ�Ì+ÞCã=É{ÊOÜ�Ì4ÃnÆ�Ð4Ø8Æ�ÃnÄ4Æ�Ç�UOÆ�ØXâUÆ�Ç5ËQÊ/Ì4Ç�ï0×�ØXØgÊyÆ�ÎOÜ�Ì4Ç�äàÉ@å �
åEÌnÎ/É;×�ÃgÉ{ÃnÎ�)è×�Ò{Ì4Ø8Æ�Ã4ØÙËQÊZÆ�Ç/ÉhËQÒ4Ì4ÃnÄgÜ�Ì4Ç �?Ì4á4Ò{É{ØÙËQÊ/É;×�ÃXç0×�Ã�?à×�Ð4Ò;Æ�ÃnÎ/ÊZ×QÚ�ÖQÎZ×àÄnËQê÷ÄWÉ;Æ�'6Æ�Ä4Æ�Ï5ïDÌ4Ã4Õ÷Ä4Æ�Ç
ÿàáUÆ�Çîò%ë�Ï5ÐnÆ÷ØXÉ{Ê ?à×�Ð4Ò;Æ�ÃnÎ/ÊZ×QÚ�ËQá4Ã4É{ØXØgÊ ó H 1'ù 5�ønö �Múiû h a Ë ý ÞY<�Ò;Æ�É;Ï5Ð4ÜiÆ�É{Ê/É{ÕtÉ;ÎZÊ¥í/Æ�Ä4×?Ï5ÐTÄWÉ;Æ�æ>ÆiËQïDÊ/É��
×�ÃnÎ/ÝðËQÐ4ÇZÎ5Ï5ÐnÆ�É{Ã4Ò{É;Ï5Ð4ïcÆ�É{Ê�ËQÌWå+ÇZÆ�É{ÃnÆ�ÃÙÓÔ×�Ò@åEÇ5ËQØ8×�áUÆ�Çîò%ë�Ï5ÐnÆ�Ã´ÕAÇX%�êcÆ�ÇðËQÒ;Î6ËQÌWå�ØXÉ{Ê ?à×�Ð4Ò;Æ�ÃnÎ/ÊZ×QÚìçcÆ�Ç/Ì4Ã��
ÇZÆ�É{Ã4É{ÕAÊZÆ�Ã+Ö9ÎZ×tÄnËQê8Æ�Î�áUÆ�É�Ðn×�ÐnÆ�Ã UOÆ�ØXâUÆ�Ç5ËQÊ/Ì4ÇZÆ�ÃìÉ{Ã4ÃnÆ�Ç/Ð9ËQÒ{áìïDÌ4Ç/ÜiÆ�Ç �UÆ�É{Ê�Ü�Ì4Ø )èÆ�ÇZÎ5ËQÕcÆ�Ã2ÄnÆ�Îbã�Ë	�
ÊZÆ�Ç/ÉhËQÒ;Î�ï0×�ØXØgÊiÞ�þàÌnÎ�Ä4Æ�ÇIäàÉhËQØÙËQÃ?Ê5ËQánÎ5Ï5ÐnÆ�É;ÄWÌ4Ã4ÕKÃ9Ë�Ï5Ð8Ä4Æ�Ø!NDYA&EPõxè)@"��Ù�.�%& /�)IÆ�Çîå�ËQÐ4ÇZÆ�ÃXÉ;Î/Ê�áUÆ�ïAËQÃ4Ã?ÊiÖ
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ÄnËQêfÎ/É;Ï5ÐtáUÆ�É{Øi<�Ò �4ÐnÆ�ÃXç0×�ÃtÓÔ×�Ò@å'Ç5ËQØ É{ÃF?à×�Ð4Ò;Æ�ÃnÎ/ÊZ×QÚ+ËQÊ/Ø8×AÎ/â4Ð9ëQÇ5ÆbÄWÌ4ÇZÏ5Ð8ÄWÉ;Æ�?fËQÇ/á4É;ÄWÉ;Î/É;Æ�Ç/Ì4Ã4ÕgÄ4Æ�Î
ãkËQÊ5Æ.ÇZÉ;ËQÒ;ÎyÄWÉ;ÆIØÙËQïDÇZ×AÎ/ï0×�â4É;ÎZÏ5ÐnÆ�ÃF<�ÇX%�êcÆ�ÃgÝ�É;ÆèÈ+Æ�É{Êîå�ëQÐ4É{ÕAï0Æ.É{ÊyÌ4ÃnÄKä�É;Ï5Ð?ÊZÆ ó � � � 3�1 Æ�ÊàËQÒ�Þ úiûAûWú�ý ëQÃ��
Ä4Æ�Ç/Ã+Þnä÷Ë�Îbã�ËQÊZÆ�Ç/ÉhËQÒ�ÝbÉ@Ç5ÄoÎ/â4ÇX%?Ä4ÆmÌ4ÃnÄTç0Æ�Ç5ëQÃnÄ4Æ�Ç/Ê>ÎZÆ�É{ÃnÆmé9×�Ç/Ø2Þ ��Ã?Ê5Î/ÊZÆ�ÐnÆ�Ã2áUÆ�É+Ä4Æ�Ç>äàÉ;Î5ÎZ×�Ü�ÉhËQÊ/É;×�Ã
Ä4Æ�Î ��ÇZÆ�Ï�Ì4ÇZÎZ×�ÇZÎ�Ð9ËCåEÊîå�ëQÐ4É{ÕcÆðæ�Ë�ÄWÉ{ï�ËQÒ;ÆAÖ�Î5×àïAËQÃ4ÃXÆ�ÎIËQÌnÏ5ÐtáUÆ�É4ÕcÆ�Ç/É{Ã4ÕcÆ�Ã&UOÆ�ØXâUÆ�Ç5ËQÊ/Ì4ÇZÆ�Ã8Ü�Ì4Ç�ä÷Æ�âU×AÎ/É��
Ê/É;×�ÃÙç0×�Ã ?à×�Ð4Ò;Æ�ÃnÎ/ÊZ×QÚ�ÎZÏ5Ð4É;Ï5Ð?ÊZÆ�ÃoËQÌWå+Ä4Æ�Ç,Ó�×�Ò@åEÇ5ËQØ8×�áUÆ�Çîò%ë�Ï5ÐnÆàï0×�ØXØ8Æ�Ã+Þ?ß�Æ.Ì9Æ.Ç5Æ>þàÇ/áUÆ�É{ÊZÆ�ÃMÜiÆ.É{ÕcÆ�Ã
Æ�É{ÃnÆtÆ�É{Ã?Ê/ÇZÆ�ÊZÆ�ÃnÄ4Æ&?fËQÇ/á4É;ÄWÉ;Î/É;Æ�Ç/Ì4Ã4Õ2áUÆ�ÇZÆ�É{ÊZÎmáUÆ�É û"h"h ? ó � �45 
�1:ù Ì4ÃnÄ ��1:ù�� � ø61:ø9ö � h"h"hQý Ö�ÎZ×´ÄnËQê
áUÆ�ÉnÄ4Æ�Ç_)èÆ�Ç/Ý6Æ�ÃnÄWÌ4Ã4Õfçc×�ÃXÓ�×�Ò@åEÇ5ËQØ ËQÒ;ÎIéOÉ{ÒhËQØ8Æ�Ã?Ê �¥ÌnÃnÄ8ËQÒ;Î_?fËQâ4É{Ò{ÒhËQÇZÆ�Ã4ØÙË�ÊZÆ�Ç/ÉhË�Ò9ÄWÉ;Æ�UOÆ�ØXâUÆ�Ç5ËQÊ/Ì4Ç
Ø&%�ÕAÒ{É;Ï5ÐnÎ/Ê>ÕcÆ�Ç/É{Ã4Õ8ÕcÆ�Ð9ËQÒ{ÊZÆ�ÃìÝ6Æ�ÇZÄ4Æ�Ã=ÎZ×�Ò{Ò{ÊZÆAÞ
'ðÆ�Ê/ÇZÆ�É{á4ÊÙØÙËQÃ�ÄWÉ;ÆQ,àÌnÆ�Ò{Ò;Æ2ØXÉ{ÊÙã=Æ�Ê/Ð9ËQÃ+ÖèÎZ×�É;Î/ÊÙÄnËQØXÉ{Ê8Ü�ÌÅÇZÆ�Ï5Ð4ÃnÆ�Ã+ÖèÄnËQêÔÎZÉ;Ï5ÐÑï0×�Ð4Ò;Æ�ÃnÎ/ÊZ×QÚ�Ð9ËQÒ��
Ê/É{ÕcÆ �DÏ5ÐnÉ{Ï5ÐDÊZÆ�Ã ËQÌWå>Ä4Æ�ÇKÓÔ×�Ò@å'Ç5ËQØ8×�áUÆ�Çîò%ë�Ï5ÐnÆoËQÌWå'á9ËQÌ9Æ.Ã¥Þ �IÎKÉ;Î/ÊKÜ�ÌÔâ4Ç �WåGÆ�Ã+ÖO×�áñÎ/É;Ï5ÐÔÃ9Ë�Ï5ÐrÆ�É{ÃnÆ�Ç
þ>ÃnÒ;ËQÌ4å'â4Ð9Ë�ÎZÆfÄWÉ;Æfæ>ÆiËQïDÊ/É;×�ÃnÎ/ÝðËQÐ4ÇZÎZÏ5Ð9Æ.É{Ã4Ò{É;Ï5Ð4ï0Æ�É{Ê÷ËQÌWå�Æ�É@Ã9Æ.Ãìïc×�ÃnÎZÊ5ËQÃ?ÊZÆ�Ã2Ó�Æ�Ç/Ê>Æ�É{ÃnÎ/ÊZÆ�Ò{Ò{ÊiÞ

+®E¯9®���® � °o±0²´³oµ4¶�·U¸g±D¹'º 	y±0º ��±c¾q·Oµn½¥º
��ÇZÎ/ÊZÆ � �WâUÆ�Ç/É{Ø8Æ�Ã?ÊZÆ=ØXÉ{ÊMãkÆ�Ê/Ð9ËQÃ�ÜiÆ�É{ÕAÊZÆ�Ã+Ö6ÄnËQêñÎ/É;Ï5Ð�á4É;ÎÙÜ�Ì UOÆ�ØXâUÆ�Ç5ËQÊ/ÌnÇZÆ�Ã ç0×�Ã ú � h"h ? ÄWÉ;Æ
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Â�×�Ã4É;Î�ËQÊZ×�Ç�áUÆ�Ê/Ç/Ì4Õ[h h Æ�)tÞAã�ËQÃ8Æ�Ç/ï0Æ�Ã4Ã?ÊiÖcÄnËQêKÄWÉ;Æ �?É{ÕAÃ9ËQÒ;ÆbáUÆ�É4Ð(%�ÐnÆ�ÇZÆ�Ç�UOÆ�ØXâUÆ�Ç5ËQÊ/Ì4Ç,ÕcÆ�Ç/É{Ã4ÕcÆ�ÇèÎZÉ{ÃnÄ
Ì4ÃnÄ2ÄWÉ;ÆmÂ�Ã?ÊZÆ�ÃnÎ/É{Ê5ëQÊZÆ�ÃìÎ/É;Ï5Ð2ÇZÆ�ÒhËQÊ/É{ç´Ü�ÌnÆ�É{Ã9ËQÃnÄ4Æ�Ç>ç0Æ�Ç5ëQÃnÄ4Æ�Ç/Ã+Þnä�É;Æmþàá4Ã9ËQÐ4Ø8ÆmáUÆ�É+Ðn×�ÐnÆ�Ç-UOÆ�ØXâUÆ�Ç5Ë	�
Ê/Ì4ÇKÉ;Î/ÊqÖ�Ý�É;ÆÙÉ{ÃñÄ4Æ�Ø=)I×�ÇZÆ��WâUÆ�Ç/É{Ø8Æ�Ã?ÊgØXÉ{Ê �àÆ�Ò{É{Ì4Ø ÕcÆ�ÜiÆ�É{ÕAÊiÖOÄnË�Î �IÇ/ÕcÆ�á4Ã4É;Î#Ä4Æ�Ç#Î/É;Ï5ÐrëQÃnÄ4Æ�Ç/ÃnÄ4Æ�Ã
ÓÛÉ{Ã4ï0Æ�Ò{ç0Æ�Ç/ÊZÆ�É{Ò{Ì4Ã4Õ	Ì4ÃnÄ Ä4Æ�Ç&<÷Æ�Î5Ï5Ð?Ý�É{ÃnÄWÉ{ÕAïcÆ�É{Ê8Ä4Æ�ÇFUOÆ�É{Ò;Ï5ÐnÆ�Ã+Þ�ä�É;ÆMÇZÆ�ÒhËQÊ/É{ç0Æ �àÃnÄ4Æ�Ç/Ì4Ã4Õ	Ä4Æ�Ç �?É{Ã��
ÕAÃ9ËQÒ{É{Ã?ÊZÆ�ÃnÎ/É{Ê5ëQÊZÆ�ÃMå��4Çèã�Ë�ÎZÎZÆ ú a ÌnÃnÄ úiü ïAËQÃ4ÃMÄ4Æ�Ç � �DÉ;ÎZÊZÆ�Ã4Ü>çc×�ÃMã=Æ�Ê/Ð �?ÒnÜ�Ì4ÕcÆ�Î5Ï5Ð4Ç/É;Æ�áUÆ�ÃMÝ6Æ�ÇZÄ4Æ�Ã+Þ
ä�É;Æ�ÎZÆ�Î �?É{ÕAÃ9ËQÒnÒhëQêAÊIÎ/É;Ï5ÐXÆ�áUÆ�ÃWå�ËQÒ{Ò;Î �?Ì9ËQÃ?Ê/É@ÍnÜ�É;Æ�ÇZÆ�Ã+ÞcämËQÜ�ÌXÝ�É{ÇZÄtç0×�Ø �?É{ÕAÃ9ËQÒ9Ä4Æ�ÇIãkË�Î5ÎZÆ ú a Ä4Æ�ÇIþàÃ��
ÊZÆ�É{Ò�Ö%Ä4Æ�Ç÷ÄWÌ4ÇZÏ5Ð�ÄWÉ;ÆgÄWÉ;ÎZÎ5×�Ü�ÉhËQÊ/É{ç0ÆgÂ ×�Ã4É;Î5ËQÊ/É;×�Ãkçc×�ÃkãkÆ�Ê/Ð9ËQÃ�Æ�Ã?ÊZÎ/ÊZÆ�Ð?ÊiÖUÎ/Ì4á4Ê/Ç5ËQÐ4É;Æ�Ç/ÊiÞUä�É;Æ�ÎZÆ�Ç÷þ>Ã?ÊZÆ�É{Ò
ÒhëQêAÊIÎZÉ;Ï5ÐÙËQÌnÎIÄ4Æ�Ç�ÕcÆ�ÜiÆ�É{ÕAÊZÆ�ÃMã=Æ�ÎZÎZÌ4Ã4Õ÷áUÆ�Énï�ËQÒ{ÊZÆ�Ç�?mËQânÉ@Ò{ÒhËQÇZÆbÕcÆ�Ý�É{Ã4ÃnÆ�Ã+Þ0ämË�Î�ÇZÆ�Î/Ì4Ò{Ê/É;Æ�ÇZÆ�ÃnÄ4Æ��?É{ÕAÃ9ËQÒ
Ý�É{ÇZÄ#ØXÉ{Ê�Æ�É{ÃnÆ�Ø æ>Æ.åGÆ�ÇZÆ�Ã4ÜiÎ/É{ÕAÃ9ËQÒ4Æ�É{ÃnÆ�Ç_UyÆ.É{Ò;Ï5ÐnÆ�ÃnÎ5×�Ç/ÊZÆðáUÆ�ïAËQÃ4Ã?ÊZÆ�Ç�éyÒ{Ì4êcÄWÉ;Ï5Ð?ÊZÆ�çcÆ�Ç/ÕAÒ{É;Ï5ÐnÆ�Ã+ÞAþàÒ;Î�æ>Æ��
åEÆ�ÇZÆ�Ã4ÜiÎZÉ{ÕAÃ9ËQÒDÝ�Ì4ÇZÄ4Æ,Ý�É;Æ�Ä4Æ�Ç�ÄWÉ;Æ,ÄWÉ{ÇZÆ�ïDÊZÆ �?ÊZ×�êAÉ;×�Ã4É;Î5ËQÊ/É;×�Ãtç0×�Ã#ãkÆ�Ê/Ð9ËQÃ#çcÆ�Ç/Ý6Æ�ÃnÄ4Æ�ÊiÞ�ãkÆ�Ê/Ð9ËQÃ#Ý�Ì4ÇZÄ4Æ
áUÆ�ÉnÆ�É{ÃnÆ�Ø ä�Ì4ÇZÏ5ÐnÎ5ËQÊ/Übçc×�Ã h Ö h h�ÎZÏ�Ï�Ø ÄWÌ4ÇZÏ5Ð8ÄWÉ;ÆðïAËQÒ{ÊZÆ ?fËQâ4É{Ò{ÒhËQÇZÆbÄ4×AÎZÉ;Æ�Ç/Ê�Ì4ÃnÄXÄWÉ;Æ �?É{ÕAÃ9ËQÒ{Ð6%�ÐnÆðå��4Ç
ÄnË�Î � � +

4

�(Â�×�Ã8áUÆ�É�h h Æ�) ��Ò;Æ�ïDÊ/ÇZ×�ÃnÆ�ÃnÆ�ÃnÆ�ÇZÕAÉ;Æ>áUÆ�Î/Ê/É{ØXØgÊqÞ0ã=É@ÊèÄ4Æ�ÇèÕcÆ�Ø8Æ�ÎZÎZÆ�ÃnÆ�ÃÙÓ É{Ã4ï0Æ�Ò@ç0Æ�Ç/ÊZÆ�É{Ò{Ì4Ã4Õ
Æ�Ç/ÕAÉ{á4Ê�Î/É;Ï5Ð=ËQÌnÎàÄ4Æ�Ø©ä�Ì4ÇZÏ5ÐnÎ5ËQÊ/Ü#ÄWÉ;ÆKéyÒ{Ì4êcÄWÉ;Ï5Ð?ÊZÆAÞ%ämË8ÄWÉ;ÆKß�Ë�Ï5Ð?Ý6Æ�É;ÎZÝðËQÐ4ÇZÎZÏ5ÐnÆ�É{Ã4Ò{É;Ï5ÐnïcÆ�É{Ê�ØXÉ{ÊàÄ4Æ�Ç
UOÆ�ØXâUÆ�Ç5ËQÊ/Ì4ÇðËQá4Ã4É{ØXØgÊiÖcØgÌ4êKÄnË�ÎIáUÆ�Énæ�ËQÌ4ØgÊZÆ�ØXâUÆ�Ç5ËQÊ/Ì4ÇðËQÌWå'ÕcÆ�Ãn×�ØXØ8Æ�ÃnÆ �?É{ÕAÃ9ËQÒ9Ý�É;Æ�Ä4Æ�ÇIÌ4Ø Ä4Æ�Ã
é%ËQï?ÊZ×�Ç √

T � �
3
/T � �

4
= 2, 35

ïc×�Ç/Ç/É{ÕAÉ;Æ�Ç/Ê6Ý6Æ�ÇZÄ4Æ�Ã+ÞDþ>Ì4å'ÕAÇ/Ì4ÃnÄMÄ4Æ�Ç�UyËQÊZÎ5Ë�Ï5ÐnÆAÖDÄnËQê#ÄnË�Î,ã�Ë	�WÉ{ØgÌ4Ø
Ä4Æ�ÇXÓ É{Ç/ï?Ì4Ã4ÕcÎ �?ÌnÆ�ÇZÎZÏ5Ð4Ã4É{Ê/ÊZÆTå��4ÇXÄWÉ;ÆoÄWÉ{ÇZÆ�ïDÊZÆ �?ÊZ×�êAÉ;×�Ã4É;Î�ËQÊ/É;×�ÃÅç0×�ÃÑãkÆ�Ê/Ð9ËQÃÑÌnÃnÄÑã=Æ�Ê/Ð �DÒ�ÕAÒ;Æ�É;Ï5Ð
ÕAÇZ×�ê´ÎZÉ@Ã9Ä�Ö9Æ�Ç/Ð%ëQÒ@Ê�ØÙËQÃ�ÄWÉ;ÆgéyÒ{Ì4êcÄWÉ;Ï5Ð?ÊZÆtËQÃkãkÆ�Ê/Ð �?Ò0/?æ�Ë�ÄWÉ{ï�ËQÒ;Æ�Ã�ÄWÉ{ÇZÆ�ïDÊ÷ËQÌnÎ�Ä4Æ�Ø )èÆ�Ç/Ð9ëQÒ{Ê/Ã4É;Î�Ä4Æ�Ç
Â(ÃDÊZÆ�ÃnÎ/É{Ê5ëQÊZÆ�Ã+ÞèþàÒ;Î ��Ç/ÕcÆ�á4Ã4É;Î´Æ�Ç/ÕAÉ{á4Ê´Î/É;Ï5Ð�Æ�É{ÃnÆ=éOÒ{Ì4êcÄWÉ;Ï5Ð?ÊZÆ�ËQÃ�Ä4Æ�ÇÙÕcÆ�ÄnË�Ï5Ð?ÊZÆ�Ã ��ÇZ×�áUÆ�Ã4âU×AÎ/É{Ê/É;×�Ã
çc×�Ã

(3 ± 1) · 1015 Ï�Ø −2 Î −1 ÖIÉ{Ø ÓÛÉ;Ä4Æ�ÇZÎ/â4Ç/ÌnÏ5ÐÛÜ�ÌÛÄ4Æ�Ã ËQÌnÎÙÄ4Æ�Ø ÓñË�ÎZÎZÆ�ÇZÎ/ÊZ×QÚ�Î/É{ÕAÃ9ËQÒbÌ4ÃnÄ�Ä4Æ�Ç
Â$U�ã ��/?ãkÆ�Ê/Ðn×?Ä4ÆmÕcÆ�Ý6×�Ã4ÃnÆ�ÃnÆ�Ã=Ó�Æ�Ç/ÊZÆ�Ã+Ö9ÄWÉ;Æ÷Ü�Ý6Æ�É <÷ÇX%�êcÆ�Ãn×�ÇZÄWÃ?Ì4Ã4ÕcÆ�Ã=ïDÒ{Æ�É{ÃnÆ�ÇàÎ/É{ÃnÄ�Þ
Â(ÃÙþàá4á+Þ  nÞ ú  KÉ;Î/ÊèÄ4Æ�Ç�)IÆ�Ç/ÒhËQÌWå+Ä4Æ�ÇèãkÆ�Ê/Ð �?ÒhËQÌnÎZáUÆ.ÌnÊZÆ�ØXÉ{Ê,Ä4Æ�Ç�?fËQâ4É{Ò{ÒhËQÇZÆ�Ã?ÊZÆ�Ø8âUÆ�Ç5ËQÊZÌ4Ç,ÕcÆ�ÜiÆ�É{ÕAÊiÖcÝ�É;Æ
Æ�ÇfØXÉ{ÊgÄ4Æ�ÇKÂCU�ã ��/?ã=Æ�Ê/Ðn×?Ä4ÆÙÌ4ÃnÄ�Ä4Æ�Ç �?Ê5ËQÃnÄnËQÇZÄN/?ã ��/?ã=Æ�Ê/Ð9×?Ä4ÆMáUÆ�Î/Ê/É{ØXØgÊKÝ�Ì4ÇZÄ4ÆAÞ¥ä�É;Æ �?É{ÕAÃ9Ë	�
Ò;ÆXÎ/É{ÃnÄTíîÆ�Ý6Æ�É{Ò;ÎgËQÌWå�Ä4Æ�Ã	ÓÔÆ�Ç/ÊmáUÆ�É úiü"a"h ?!Ãn×�Ç/ØXÉ;Æ�Ç/ÊiÞ¥ä�É;Æ+)èÆ�Ç/ÒhëQÌWåGÆAÖ�ÄWÉ;ÆXØÙËQÃ�ØXÉ{ÊKÄ4Æ�Ã	áUÆ�É;Ä4Æ�Ã
ã=Æ�Ê/Ð9×0ÄnÆ.ÃrÆ�Ç/Ð9ëQÒ{ÊiÖ¥Ý6Æ�É;Ï5ÐnÆ�ÃrÎ/Ê5ËQÇ/ï�ç0×�ÃnÆ�É{Ã9ËQÃnÄ4Æ�ÇtËQá+Þ¥ß�Ë�Ï5ÐñÄ4Æ�ÇgÂCU�ã ��/?ãkÆ�Ê/Ðn×?Ä4ÆMÎZÆ�Ê/Ü�ÊgÄWÉ;Æ � � �
ÇZ×�Ò �DÎ5Æ8áUÆ�É6Æ�É{ÃnÆ�Ç�UOÆ�ØXâUÆ�Ç5ËQÊ/Ì4Ç#ç0×�Ã ú �"h"h ? Æ�É{ÃñÌ4ÃnÄñÎ/ÊZÆ�É{ÕAÊ#Æ��DâU×�ÃnÆ�ÃDÊ/É;Æ.Ò{ÒbËQÃ+Ö+Ý�É;ÆÙØÙËQÃrÆ�ÎKç0×�Ã
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Æ�É{ÃnÆ�Ø Ê/ÐnÆ�Ç/ØXÉ;ÎZÏ5ÐTËQïDÊ/É{ç?É;Æ�Ç/ÊZÆ�Ã ��ÇZ×�ÜiÆ�êtÆ�Ç/ÝðËQÇ/ÊZÆ�ÃMÝ �4ÇZÄ4ÆAÞ?ä�É;Æ��?Ê5ËQÃnÄnËQÇZÄN/?ã ��/?ã=Æ�Ê/Ð9×?Ä4ÆàÐ4É{Ã4ÕcÆ�ÕcÆ�Ã
ÜiÆ�É{ÕAÊÙáUÆ�ÇZÆ�É{ÊZÎMáUÆ�É-UOÆ�ØXâUÆ�Ç5ËQÊ/Ì4Ç5Æ�Ã çc×�Ã �"h"h ? Æ�É{ÃÛÄ4Æ�Ì4Ê/Ò{É;Ï5ÐnÆ�Î �?É{ÕAÃ9ËQÒ�ÖIÝ�Ë�Î8â4Ð �WÎ/É{ï�ËQÒ{É;Î5Ï5ÐÅÃ4É;Ï5Ð?Ê
Î/É{Ã4Ã?ç0×�Ò{Ò+Æ�ÇZÎZÏ5ÐnÆ�É{Ã?ÊiÞnþ>ÌnÎ�ÄWÉ;Æ�Î5Æ�Ø )IÆ�Ç/ÕAÒ;Æ�É;Ï5Ð2ÒhëQêAÊbÎ/É;Ï5ÐTåG×�Ò{ÕcÆ�Ç/Ã+Ö4ÄnËQê8ÄWÉ;Æ÷ØXÉ{ÊbÄ4Æ�ÇbþàÌnÎ/Ý6Æ�Ç/Ê/Ì4Ã4ÕÙÄ4Æ�Î
ÓñË�ÎZÎZÆ�ÇZÎ/ÊZ×QÚ�â9ËQÇ/Ê/ÉhËQÒ;ÄWÇ/ÌnÏ5ïWÎfÌ4ÃnÄÔÄWÉ;ÆXØXÉ{ÊKÄ4Æ�ÇKÂCU�ã ��/?ã=Æ�Ê/Ðn×?Ä4Æ8ÕcÆ�Ý6×�Ã4ÃnÆ�ÃnÆ�ÃréyÒ �nÎZÎZÆÙËQÒ;Îmï0×�Ç/ÇZÆ�ïDÊ
ËQÃ4ÕcÆ�ÎZÆ�ÐnÆ�ÃÛÝ6Æ�ÇZÄ4Æ�Ã�ï�%�Ã4ÃnÆ�Ã+ÖIÃ4É;Ï5Ð?Êfí/Æ�Ä4×?Ï5ÐÛÄWÉ;Æ2þàÌnÎ/Ý6Æ�Ç/Ê/Ì4Ã4ÕñÄnÆ.Ç �?É{ÕAÃ9ËQÒ;Æ �4áUÆ�ÇMÄWÉ;Æìé4Ç5ËQÕAØ8Æ�Ã��
Ê/É;Æ�Ç/Ì4Ã4ÕcÎ/ØgÌnÎZÊZÆ�ÇgØXÉ{ÊKÄ4Æ�Ç �?Ê5ËQÃnÄnËQÇZÄ �(ã ��/?ãkÆ�Ê/Ðn×?Ä4ÆcÞOä�É;ÆÙþ>Ã4Ã9ËQÐ4Ø8ÆAÖOÄnË�ÎfáUÆ�É,æàËQÌ4ØgÊZÆ�ØXâUÆ�Ç5ËQÊ/Ì4Ç
ÕcÆ�Ø8Æ�ÎZÎZÆ�ÃnÆ�énÇ5ËQÕAØ8Æ�Ã?Ê/É;Æ�Ç/Ì4Ã4ÕcÎZØgÌnÎ/ÊZÆ�ÇìëQÃnÄ4Æ�ÇZÆ�ÎZÉ;Ï5ÐÛÃ4É;Ï5ÐDÊ´ØXÉ{ÊoÄ4Æ�Ç�UOÆ�ØXâUÆ�Ç5ËQÊ/Ì4ÇiÖ�ÎZÏ5ÐnÆ�É{Ã?ÊTÃ4É;Ï5Ð?Ê
ÕcÆ�ÇZÆ�Ï5Ð?ÊîåGÆ�Ç/Ê/É{ÕAÊiÞ ��É{ÃnÆtØ&%�ÕAÒ{É;Ï5ÐnÆFUOÆ�ØXâUÆ�Ç5ËQÊ/Ì4Ç5ËQánÐ9ëQÃ4ÕcÉ{ÕAï0Æ�É{ÊfÄ4Æ�Î8V�-/"cV�Bq�:�DRt$4"A&G&(�.-.�TÝbÌ4ÇZÄ4Æ#áUÆ�ÇZÆ�É{ÊZÎ
ç0×�ÃÔãkÏÙÈ¥ËCÚ�Æ�Ç/Ê � ó{úiûAü��Cý Æ�Ç/ÝðëQÐ4Ã?ÊiÖ¥É{ÃñÎZâ9ëQÊZÆ�ÇZÆ�ÃñþàÇ/áUÆ�É{ÊZÆ�ÃÔå��4ÇKãkÆ�Ê/Ð9ËQÃ2í/Æ�Ä4×?Ï5Ð ËQÌnÎ/ÕcÆ�ÎZÏ5Ð4Ò;×AÎZÎZÆ�Ã
ó � ø9ù4K Æ�ÊàËQÒ�Þ úiûAû � ý Ö ó��gøOM � 5 � LOù+ù ÌnÃnÄ ô � K�3 �ÅúiûAû � ý ÞUÂ�Ø©åE×�Ò{ÕcÆ�ÃnÄ4Æ�Ã�ÎZ×�Ò{ÒyØXÉ{ÊmÆ�É{ÃnÆ�Ç÷ÕcÆ�Ã9ËQÌnÆ��
ÇZÆ�Ãrþ>ÌnÎ/Ý6Æ�Ç/ÊZÌ4Ã4Õ=Ä4Æ�Ç#ã�Ë�ÎZÎZÆ�ÃnÎ/âUÆ�ïDÊ/ÇZÆ�Ã �4áUÆ�Ç/â4Ç �Wå'Ê#Ý6Æ�ÇZÄ4Æ�Ã+ÖO×�áñÆ�É{ÃnÆ UOÆ�ØXâUÆ�Ç5ËQÊ/Ì4Ç5ËQánÐ9ëQÃ4ÕAÉ;ÕAï0Æ�É@Ê
Ä4Æ�ÎKV�-/"cV.Bq�'�?RK$4"A&G&(�.-.�8ç0×�Ç/Ò{É;Æ�ÕAÊiÞ

+®E¯%® ��®�� °2¹'±o»¥¹ �y²CµW¾i¼%²Q¹'ºi¶�·O± �´½¥²Q± ���O½�� 	y±0º ��±c¾q·Oµn½ �
�¨¼��:±	
 � �'º
bàØ ÄWÉ;ÆIUOÆ�ØXâUÆ�Ç5ËQÊ/Ì4Ç5Ë�á4Ð9ëQÃnÕAÉ{ÕAï0Æ�É{Ê´Ä4Æ�ÎìV�-Z"cV.Bq�'�?R2$4"A&G&(�.-.�ÔÜ�ÌÑÌnÃ?ÊZÆ�ÇZÎ/ÌnÏ5ÐnÆ�Ã+ÖIÝ�É{ÇZÄÅÄWÉ;ÆoÃDÌ4Ø8Æ�Ç/É��
ÎZÏ5ÐnÆMãkÆ�Ê/Ðn×?Ä4Æ´Ä4Æ�ÇM~9�:�DR�3?){"�- �4"�)u34�Ùeg�ZV5Y��à$WY����'&E�GY�� c �N)÷ä e ËQÃ4ÕcÆ�Ý6Æ�ÃnÄ4Æ�Ê ó � ö�ø� � Æ�Ê>ËQÒ�Þ úiûAû � ý Þ
ämËQÜ�ÌvÝ6Æ�ÇZÄ4Æ�ÃsÄWÉ;ÆkáUÆ�ÉfÄ4Æ�Ã\ÎZÆ�Ï5ÐnÎoÌ4Ã?ÊZÆ�ÇZÎZÏ5Ð4É;Æ�ÄWÒ{É;Ï5ÐnÆ�Ã UOÆ�ØXâUÆ�Ç5ËQÊ/Ì4ÇZÆ�ÃsÕcÆ�Ø8Æ�ÎZÎZÆ�ÃnÆ�Ã �?É{ÕAÃ9ËQÒ;Æ	É{Ã
Æ�É{ÃnÆoã�ËQÊ/Ç/É�� � Ü�ÌnÎ5ËQØXØ8Æ�Ã4ÕcÆ.åGËQêAÊiÞ �cÆ�Ä4Æ �UÆ�É{Ò;ÆoÄ4Æ�Ç8ã�ËQÊ/Ç/É�� Î/ÊZÆ�Ò{Ò{ÊXÄnËQÃ4ÃÅÄWÉ;ÆZUOÆ�ØXâUÆ�Ç5ËQÊ/Ì4ÇZÎZÆ�Ç/É;Æ
Æ�É{ÃnÆ�Î#ãkË�Î5ÎZÆ�ÃnÎ/É{ÕAÃ9ËQÒ;ÎgÄnËQÇiÖní/Æ�Ä4Æ �?â9ËQÒ{ÊZÆ

mT
Æ�Ã?ÊZÐ9ëQÒ{ÊKå��4ÇgÆ�É{ÃnÆ8åEÆ�Î/Ê5Æ&UOÆ�ØXâUÆ�Ç5ËQÊ/Ì4Ç

T
ÄWÉ;Æ´ËQÌWå'ÕcÆ��

ÜiÆ�É;Ï5Ð4ÃnÆ�ÊZÆ�ÃñÂ(Ã?ÊZÆ�ÃnÎZÉ@Ê�ëQÊZÆ�Ã�Ä4Æ�Çfã�Ë�ÎZÎZÆ�Ã ú � á4É;Î úiü Þ�ãìÉ{Ê��>É{Ò@åGÆtÄ4Æ�Ç �?É{Ã4ÕAÌ4ÒhëQÇZÆ�Ã /0ÓÔÆ�Ç/ÊZÆ / �UÆ�Ç/Ò;Æ�ÕAÌ4Ã4Õ
ÄWÉ;Æ�ÎZÆ�Çgã�ËQÊ/Ç/É��	ÒhëQêAÊgÎZÉ;Ï5Ð�áUÆ�ÎZÊ/É{ØXØ8Æ�Ã+Ö¥Ý�É;Æ�ç?É;Æ�Ò;ÆMÄ4Æ�ÇgÎZÆ�Ï5ÐnÎgã=Æ�Î5Î/Ì4Ã4ÕcÆ�ÃÔçc×�ÃnÆ�É{Ã9ËQÃnÄ4Æ�Ç#Ò{É{ÃnÆiËQÇKÌ4Ã��
ËQá4Ð9ëQÃ4ÕAÉ{ÕoÎ/É{ÃnÄ cEÎ/É;Æ�ÐnÆ#þ>Ã4Ð9ËQÃnÕ�' e ÞUä�É;ÆgþàÃ9ËQÒ �WÎZÆgÆ�Ç/ÕAÉ{á4Ê�Ü�Ý6Æ�ÉyÃ4É;Ï5Ð?Ê÷çcÆ�ÇZÎZÏ5Ð?Ý�É{ÃnÄ4Æ�ÃnÄ4ÆXÎ/É{Ã4ÕAÌ4ÒhëQÇZÆ
ÓÔÆ�Ç/ÊZÆ

wi
ÞDä�É;Æ�ÄWÉ;Æ�Î5Æ�Ã´áUÆ�É;Ä4Æ�ÃoÓÔÆ�Ç/ÊZÆ�Ã´Ü�Ì4ÕcÆ�×�ÇZÄ4ÃnÆ�ÊZÆ�Ã��IÉ{ÕcÆ.ÃDçcÆ�ïDÊZ×�ÇZÆ�Ã

ui
Æ�Ç/ÒhËQÌ4áUÆ�Ã2Æ�ÎiÖDÄnË�Î ��ÇZ× �

á4Ò;Æ�Ø�çc×�Ò{Ò;Î/Ê�ëQÃnÄWÉ{ÕoÜ�Ì	áUÆ�Î5Ï5Ð4ÇZÆ�É{áUÆ�Ã+Þ+þàÒ{Ò;Æ8ËQÃnÄ4Æ�ÇZÆ�Ã�'ðÆ�É{Ê/Ç5ëQÕcÆ8Î/â4É;Æ�ÕcÆ�Ò{Ã�Ã?Ì4ÇfÄnË�Îfæ�ËQÌnÎZÏ5ÐnÆ�Ã	Ý�É;Ä4Æ�Ç
ó��tù 5 �Où Æ�Ê>ËQÒ�Þ úiûAûAüQý Þ4ä÷Æ�Ø Æ�ÇZÎ/ÊZÆ�ÃI'ðÆ�É{Ê/Ç5ËQÕ

u1 = m0

Ý�É{ÇZÄ2ÄnË�ÎKV�-Z"cV.Bq�'�?Rf$4"A&G&(��-��Ùçc×�Ãìã=Æ�Ê/Ð9ËQÃ
É{Ø <�Ç/Ì4ÃnÄWÜ�ÌnÎ/Ê5ËQÃnÄvÜ�Ì4ÕcÆ�Ý�É;Æ�ÎZÆ�Ã+ÖbÄ4Æ�ÇoÜ�Ý6Æ�É{ÊZÆ`)èÆ.ïDÊZ×�Ç

u2
Æ�Ã?Ê/Ð9ËQÒ{ÊZÆ�Æ�É{Ã Ì4Ã?áUÆ�ïAËQÃ4Ã?ÊZÆ�ÎÔV�-/"cV.Bq�'�?R

$4"A&G&(�.-.�
m

∗
Þ �cÆ�Ä4Æ �?â9ËQÒ{ÊZÆ8Ä4Æ�ÇKãkËQÊZÇ/É�� � ÒhëQêAÊKÎ/É;Ï5Ð�ÄnËQÃ4ÃñËQÒ;ÎfÈ+É{ÃnÆiËQÇ/ïc×�Øgá4É{Ã9Ë�Ê/É;×�ÃrÄ4Æ�ÇfáUÆ�É;Ä4Æ�Ã

'ðÆ�É{Ê/Ç5ëQÕcÆmØXÉ{ÊbÉ{Ð4ÇZÆ�Ã`<÷Æ�Ý�É;Ï5Ð?ÊZÆ�Ã
αT

Ì4ÃnÄ
βT

ÎZÏ5Ð4ÇZÆ�É{áUÆ�Ã4V

mT = αT ·m0 + βT ·m∗ .
c  nÞ ú ��e

ã=Ì4Ò{Ê/É{â4Ò{É{Ü�É;Æ�Ç/Ê6ØÙËQÃMáUÆ�É;Ä4Æ �DÆ�É{ÊZÆ�Ã´çc×�Ã�<÷Ò�Þ  nÞ ú � ØXÉ{Ê
m0

Ö?ÎZ×KÆ�Ç/Ð9ëQÒ{Ê,ØÙËQÃMØXÉ{Ê6Ä4Æ�Ç�ÿàÇ/Ê/Ðn×�Õc×�Ã9ËQÒ{É{Ê5ëQÊ
m0 ·m∗ = 0

Æ�É{ÃnÆ�ÃìþàÌnÎZÄWÇ/ÌnÏ5ïMå �4Ç
αT
V

αT = m0 ·mT
Þ

ã=É{ÊtÄ4Æ�ÇXß�×�Ç/ØXÉ;Æ�Ç/Ì4Ã4Õ |mT | = α2
T + β2

T = 1
Æ�Ç/ÕAÉ{á4ÊXÎZÉ;Ï5Ð Æ�É{ÃÑþàÌnÎZÄWÇ/ÌnÏ5ï�å �4ÇXÄ4Æ�ÃÑþ>Ã?ÊZÆ�É{Ò�Ä4Æ�Ç

Ì4Ã?áUÆ�ïAËQÃ4Ã?ÊZÆ�ÃQ?à×�ØXâU×�ÃnÆ�Ã?ÊZÆ
m∗ V

βT =
√

1− (m0 ·mT )2 .
c  nÞ ú  e
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 Daten
 Modell

Schwarz-Selinger et al. Fig. 4

Aktivierungsenergie
170 ± 11 meV

 

 

β T

1/k
B
T (1/eV)

������������	�
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β
<��0#

�/),£T�".0�7£�+��") >U�(+����/)[MI!��"ª��B._+a<@!�� (KD�+�!8%G!��".G49),£�#"�B)E�".A£}!��/F

ä�É;Æ6þ>ÌWåEÊ/Ç5ËQÕAÌ4Ã4ÕmÄWÉ;Æ�ÎZÆ�Î�þ>Ã?ÊZÆ�É{Ò;ÎyÉ{ÃtÆ�É{ÃnÆ�Ø þàÇ/Ç/ÐnÆ�Ã4É{ÌnÎC/ ��Ò;×�Ê�É;Î/ÊyÉ{Ãtþàá4á+Þ	 nÞ ú a ÄnËQÇ/ÕcÆ�Î/ÊZÆ�Ò{Ò{ÊiÞ��IÎyÜiÆ�É{ÕAÊ
Î/É;Ï5Ð+Ö�ÄnËQêfÄWÉ;Æ ��Ì4Ã4ïDÊZÆ�ÄWÌ4ÇZÏ5Ð8Æ�É{ÃnÆ-<÷Æ�Ç5Ë�Ä4ÆbËQÃ4ÕcÆ�â9ËQêAÊIÝ6Æ�ÇZÄ4Æ�ÃXï�%�Ã4ÃnÆ�Ã+ÞAþàÌnÎ�Ä4Æ�Ç �?ÊZÆ�É{ÕAÌ4Ã4ÕKÄ4Æ�Ç�<mÆ��
Ç5Ë�Ä4Æ�ÃTÆ�Ç/Ð9ëQÒ{Ê,ØÙËQÃ´Ì4Ã?ÊZÆ�Ç6Ä4Æ�Çðþ>Ã4Ã9ËQÐ4Ø8Æ�Æ�É{ÃnÆ�Ç '6×�Ò{Ê/Ü�ØÙËQÃ4Ã /��DÊ5ËQÊ/É;ÎZÊ/É{ïMÆ�É{ÃnÆàþàï?Ê/É{çDÉ;Æ�Ç/Ì4Ã4ÕcÎZÆ�ÃnÆ�Ç/ÕAÉ;ÆAÞ
ä�É;Æ2þ>ÌnÎZÝ6Æ�Ç/Ê/Ì4Ã4ÕÔÆ�Ç/ÕAÉ{á4ÊMÆ�É{ÃnÆ�Ã�ÓÔÆ�Ç/Ê8çc×�Ã

(170 ± 11)
Ø8Æ�)tÖIÄ4Æ�ÇÙÎ5Æ.ÐnÇXÕAÌ4ÊÙØXÉ{ÊÙÄ4Æ�Ã�þàïDÊ/É{ç?É;Æ��

Ç/Ì4Ã4ÕcÎZÆ�ÃnÆ�Ç/ÕAÉ;Æ�ÃTå��4ÇðÄnË�Î�Æ�ÇZÎ/ÊZÆàÌ4ÃnÄTÄnË�ÎðÜ�Ý6Æ�É{ÊZÆ÷þàÃ4ÇZÆ�ÕAÌ4Ã4ÕcÎ/Ã4É{ç0ÆiËQÌ c úiü�� Ø8Æ�)sá4Ü�ÝfÞ úiû � Ø8Æ�) e Ä4Æ�Ç
)àÉ{á4Ç�ËQÊ/É;×�ÃnÎZÎZÏ5Ð?Ý�É{Ã4ÕAÌ4Ã4ÕÔÄ4Æ�ÎtãkÆ�Ê/Ð9ËQÃ4Ø8×�Ò;Æ�ï �nÒ{Î��4áUÆ�ÇZÆ�É{ÃnÎZÊ/É{ØXØgÊiÞ�ämË�Î#Ì4Ã?áUÆ�ïAËQÃ4Ã?ÊZÆoénÇ5ËQÕAØ8Æ�Ã?Ê/É;Æ��
Ç/Ì4Ã4ÕcÎ/ØgÌnÎ/ÊZÆ�Ç

m
∗
ïAËQÃ4Ã�ËQÒ;ÎZ×´É{Ã?ÊZÆ�Ç/â4ÇZÆ�Ê/É;Æ�Ç/ÊfÝ6Æ�ÇZÄ4Æ�ÃÔËQÒ;ÎmÄnË�Î8V�-/"0V.Bq�'�?Rt$4"A&G&(��-��oç0×�Ã�ç?É{á4Ç5ËQÊZ×�Ç/É;Î5Ï5Ð

ËQÃ4ÕcÆ�ÇZÆ�ÕAÊZÆ�Ø�ãkÆ�Ê/Ð9ËQÃ+Þiä�É;ÆIÄWÉ;Î5ÎZ×�Ü�ÉhËQÊ/É{çcÆèÂ�×�Ã4É;Î�ËQÊ/É;×�ÃKÄWÉ;Æ�ÎZÆ�ÎOËQÃ4ÕcÆ�ÇZÆ�ÕAÊZÆ�Ã#ãk×�Ò;Æ�ï �4Ò;Î+É;Î/Ê+Ò;Æ.É;Ï5ÐDÊZÆ�Ç¥Ø&%�Õ �
Ò{É;Ï5Ð+ÖyÄnËìÄ4Æ�Ç�'6É{ÃnÄWÌ4Ã4ÕcÎ/á4Ç/ÌnÏ5ÐÑÄ4Æ�Ç ��/ ��/N'6É{ÃnÄWÌ4Ã4Õ�Ê/ÐnÆ�Ç/ØXÉ;ÎZÏ5ÐÑËQïDÊ/É{ç?É;Æ�Ç/Ê#É;Î/ÊiÞOãìÉ{ÊgÜ�Ì4ÃnÆ�Ð4Ø8Æ�ÃnÄ4Æ�Ç
UOÆ�ØXâUÆ�Ç5ËQÊ/Ì4ÇKÃ4É{ØXØgÊfÄ4Æ�ÇfþàÃ?ÊZÆ�É{Ò�Ä4É{Æ�Î5Æ�Î 'ðÆ�É{Ê/Ç5ËQÕcÆ�ÎKËQØ �?É{ÕAÃ9ËQÒIÜ�Ì+Þ�ä�É{ÆtÕcÆ.åEÌ4ÃnÄ4Æ�ÃnÆXþàá?Ý6Æ�É;Ï5Ð?Ì4Ã4Õ
Ä4Æ�Ç��?É{ÕAÃ9ËQÒ;Æ´ÕcÆ�ÕcÆ�Ã �4áUÆ�ÇXÄ4Æ�Ã áUÆ�ÉðæàËQÌ4ØgÊZÆ�ØXâUÆ�Ç5ËQÊ/Ì4ÇXÕcÆ�Ø8Æ�ÎZÎZÆ�ÃnÆ�Ã É;Î/ÊXËQÒ;ÎZ×ìÃnÉ{Ï5ÐDÊtÄ4Æ�Ø ãkÆ�Ê/Ð �?Ò0/
æàË�ÄWÉ{ïAËQÒ9Ü�Ì4Ü�ÌnÎ5Ï5Ð4ÇZÆ�É{áUÆ�Ã+ÖWÎZ×�ÃnÄ4Æ�Ç/ÃMç0×�Ç/ÃnÆ�Ð4ØXÉ{Ò;Ï5ÐTÄ4Æ�Ç �àÃnÄ4Æ�Ç/Ì4Ã4Õ#É{Ø é4Ç5ËQÕAØ8Æ�ÃDÊ/É;Æ.ÇZÌ4Ã4ÕcÎ/ØgÌnÎZÊZÆ�Ç�Ä4Æ�Î
ã=Æ�Ê/Ð%ËQÃnÎiÞ �
ä÷Æ�Ç ��É{ÃWònÌ4ê	Ä4Æ�Ç#Ê/ÐnÆ�Ç/ØXÉ;ÎZÏ5ÐnÆ�ÃÑþ>Ã4ÇZÆ�ÕAÌ4Ã4Õ�ËQÌWå>ÄWÉ;Æ´ÄWÉ;ÎZÎZ×�Ü�ÉhËQÊ/É{ç0ÆMÂ ×�Ã4É;Î5ËQÊ/É;×�Ãrç0×�Ãrã=×�Ò;Æ�ï �4Ò;Æ�ÃrÉ;Î/Ê
Ã4É;Ï5Ð?ÊXÃ?Ì4ÇÙËQÌWå÷ãkÆ�Ê/Ð9ËQÃÑáUÆ�ÎZÏ5Ð4Ç5ëQÃ4ïDÊiÞ�ä�É;Æ�ÎZÆ�Ç���Ú�Æ�ï?ÊXÉ;Î/ÊXÄ4Æ�ÎZÐ9ËQÒ{áÑáUÆ�É>ËQÒ{Ò;Æ�ÃÅþàÃ?Ý6Æ�ÃnÄWÌ4Ã4ÕcÆ�Ã�Ä4Æ�Ç
�0Ì9ËQÃDÊ/É{Ê5ËQÊ/É{çcÆ�Ã ã�Ë�ÎZÎ5Æ.Ã9Î/âUÆ�ï?Ê/ÇZ×�Ø8Æ�Ê/Ç/É;Æ=Ü�Ì áUÆ�Ç �nÏ5ïDÎ/É;Ï5ÐDÊ/É{ÕcÆ.Ã¥Ö,áUÆ�É÷Ä4Æ�ÃnÆ�Ã ã=×�Ò;Æ�ï �4Ò;ÎZÏ5Ð?Ý�É{Ã4ÕAÌ4Ã4ÕcÆ�Ã
ËQÃ4ÕcÆ�ÇZÆ�ÕAÊ>Ý6Æ�ÇZÄ4Æ�Ã2ï�%�Ã4ÃnÆ�Ã+Ö4ÝðË�ÎbÉ{ÃnÎ/áUÆ�ÎZ×�ÃnÄ4Æ�ÇZÆgËQÌWå�ÄWÉ;Æ �IÒ;Ë�ÎZØÙË�ÄWÉhËQÕAÃn×AÎ/Ê/É{ïoÜ�Ì4Ê/Ç/É@ÚUÊqÞ

+®E¯9®���® � � ±0² �O½O²Q±?¹E½O¹ ���O½��9±D½Å¹E¿ � ±D¹ �:¶�·O±?½Oº�¾i²Cµn· �
ßàÆ�áUÆ�ÃìãkÆ�Ê/Ð �?Ò0/?æ�Ë�ÄWÉ{ï�ËQÒ;Æ�Ã2ï0×�Ã4Ã?ÊZÆ�Ã2É{Ø[UOÆ�É{Ò;Ï5ÐnÆ�ÃnÎ/Ê/Ç5ËQÐ4ÒOáUÆ.É¥ÄWÉ;Æ�ÎZÆ�Ç-UOÆ�ØXâUÆ�Ç5ËQÊ/Ì4Ç>ï0Æ�É{ÃnÆ÷Ý6Æ�É{ÊZÆ�ÇZÆ�Ã
ÇZÆiËQï?Ê/É{ç0Æ�Ãi?à×�Ð4Ò;Æ�Ã?Ý�Ë�ÎZÎZÆ�ÇZÎ/ÊZ×QÚ�Æ�Ã9Ë�Ï5Ð4ÕcÆ�Ý�É;Æ�ÎZÆ�Ã Ý6Æ�ÇZÄ4Æ�Ã+ÞKÓ É;ÆÑáUÆ�ÇZÆ�É{ÊZÎñÉ{Ã þàá4á+Þ� nÞ úAú ÕcÆ�ÜiÆ�É{ÕAÊiÖ
Æ�Ã?ÊZÎ/ÊZÆ�ÐnÆ�Ã áUÆ�ÉoÄ4É{Æ�Î5Æ�Ç UOÆ�ØXâUÆ�Ç5ËQÊ/Ì4Ç�ï0Æ�É{ÃnÆ Î/Ê�ËQá4É{Ò{Æ�Ã Ð6%�ÐnÆ�ÇZÆ�Ã ?à×�Ð4Ò;Æ�Ã?ÝðË�ÎZÎZÆ�ÇZÎ/ÊZ×QÚ�ÆAÖXÝðË�ÎÑÄ4Æ�Ã
�DÏ5Ð4Ò{Ì4ê¨Ü�Ì4ÒhëQêAÊiÖgÄnËQê�ËQÌnÏ5Ð ï0Æ�É{ÃnÆÛËQÃnÄ4Æ�ÇZÆ�Ã Ð9ËCåEÊîåGëQÐ4É{ÕcÆ�Ã æàË�Ä4É@ïAËQÒ;ÆÛËQÌ4êcÆ�Çrã=Æ�Ê/Ð �DÒ8É{Ø �?Ê/Ç5ËQÐ4Ò
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Æ�Ã?Ê/Ð9ËQÒ{ÊZÆ�Ã=Î/É{ÃnÄ�Þ
ä�É;Æ�äàÉ;Î5ÎZ×�Ü�ÉhËQÊ/É;×�Ã´ç0×�ÃTã=Æ�Ê/Ð9ËQÃTÃ9Ë�Ï5ÐTÄ4Æ�Çðæ>ÆiËQïDÊ/É;×�Ã � �

4 −→
� �

3 +
� ÒhëQêAÊbËQáUÆ�ÇðÄWÉ;Æ�� �WÉ;Î/ÊZÆ�Ã4Ü

ç0×�Ã ËQÊZ×�ØÙËQÇZÆ�Ø ÓÔË�Î5ÎZÆ�ÇZÎ/ÊZ×QÚ!Æ�Ç/ÝðËQÇ/ÊZÆ�Ã+ÞKãìÉ{Ê�Ä4Æ�Ø Ò{É{ÃnÆ��(×Qå �(Î/É{ÕAÐ?ÊC/O,�ã ��É;ÎZÊ�Æ�Î	Ã4É;Ï5Ð?Ê�Ø&%�ÕAÒ{É;Ï5Ð
åGÆ�Î/Ê/Ü�ÌnÎ/ÊZÆ�Ò{Ò;Æ�Ã+Ö,×�á Ä4Æ�ÇMáUÆ�ÉàÄ4Æ�Ç � �DÇZ×�Ò �DÎ5ÆìÄ4Æ�Î´ã=Æ�Ê/Ð9ËQÃnÎÙå'ÇZÆ�É{Ý6Æ�ÇZÄnÆ.Ã9Ä4Æ=ÓÔË�Î5ÎZÆ�ÇZÎ/ÊZ×QÚ\ÄWÉ;Æ`,àÌnÆ�Ò{Ò;Æ
Ø8×�Ò;Æ�ïDÌ4ÒhËQÇ�×?Ä4Æ�Ç÷ËQÊZ×�ØÙËQÇàç0Æ�Ç/ÒhëQêAÊiÖ%ÄnË8Ä4Æ�ÇàÜ�ÌkÆ�Ç/ÝðËQÇ/ÊZÆ�ÃnÄ4Æ#éyÒ{Ì4êÙáUÆ�ÇZÆ�É{ÊZÎ÷ËQÃkÄ4Æ�Çàß÷Ë�Ï5Ð?Ý6Æ�É;Î/ÕAÇZÆ�Ã4ÜiÆ
Ò{É;Æ�ÕAÊiÞ��èÎ�ÎZâ4ÇZÆ�Ï5ÐnÆ�Ã	ËQÒ{Ò;Æ�ÇZÄWÉ{Ã4ÕcÎmÆ�É{Ã4É{ÕcÆ&<�Ç �4ÃnÄ4Æ#ÄnËCå��4ÇiÖUÄnËQêTÄ4Æ�Ç÷éyÒ{Ì4êoËQÃ�ËQÊ5×�Ø8ËQÇ5Æ.Ø ÓÔË�Î5ÎZÆ�ÇZÎ/ÊZ×QÚ
ïDÒ;Æ�É{ÃnÆ�ÇbÉ;Î/Ê>ËQÒ;ÎbÄ4Æ�Ç>Ä4Æ�Ç>ãkÆ�Ê/Ð �?Ò0/?æ�Ë�ÄWÉ{ï�ËQÒ;Æ"V
��ÃnÎ/Ê5Æ.ÐDÊ�ÓñË�ÎZÎZÆ�ÇZÎ/ÊZ×QÚ áUÆ.É8Ä4Æ�Ç�ä�É;ÎZÎ5×�Ü�ÉhËQÊ/É;×�Ã^ç0×�Ã^ãkÆ�Ê/Ð9ËQÃ^É{Ã Æ�É{ÃnÆ�Ø Ë�Ä4ÎZ×�Ç/á4É;Æ�Ç/ÊZÆ�Ã �%ÌnÎ/Ê5ËQÃnÄ�Ö
ÎZ×	ï�ËQÃ4ÃÛÆ�ÇÙÄWÉ;ÆoÊZÆ�É{Ò{Ý6Æ�É;Î5Æ2ØXÉ{Êj?à×�Ð4Ò;Æ�ÃnÎ/ÊZ×QÚ\áUÆ�Ä4Æ�Ï5ïDÊZÆkÿàáUÆ�Çîò%ë�Ï5ÐnÆìáUÆ�É>Æ�É{ÃnÆ�Ç UOÆ�ØXâUÆ�Ç5ËQÊ/Ì4ÇMç0×�Ã
úiü"a"h ? Ãn×?Ï5Ð2Ã4É;Ï5Ð?Êbç0Æ�Ç/ÒhË�ÎZÎZÆ�Ã�cEÎ/É;Æ�ÐnÆfþàá4á+Þ� nÞ ��e Þ
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Ë e ä�É;Æ��DÉ@ÕAÃ%ËQÒ@É{ÃDÊZÆ�ÃnÎ/É{Ê5ëQÊZÆ�ÃTÌ4ÃnÄMÄ4Æ�ÇZÆ�Ã´é9Æ�Ð4Ò;Æ�Çèå �4Ç,ÄWÉ;ÆS?fËQÒ{É{á4Ç/É;Æ�Ç/Ø8Æ�ÎZÎ/Ì4Ã4ÕcÆ�ÃoÄ4Æ�Çèå �4ÃWå¥Î/Ê5ËQá4É{Ò;Æ�Ã

<fË�ÎZÆgáUÆ�É úAú a"h ? ?fËQâ4É{Ò{ÒhËQÇZÆ�Ã?ÊZÆ�ØXâ�Æ�Ç5ËQÊ/ÌnÇiÞ+ä÷Æ�Çmé9Æ�Ð4Ò;Æ�ÇmÄ4Æ�Ç÷É{ÃnÄWÉ{çDÉ;ÄWÌnÆ�Ò{Ò;Æ�Ã �?É{ÕAÃ9ËQÒ;ÆXÆ�Ç/ÕAÉ{á4Ê
ÎZÉ;Ï5ÐMËQá4Ð9ëQÃ4ÕAÉ{ÕKç0×�ÃÙÄ4Æ�ÇèÂ�Ã?ÊZÆ�ÃnÎ/É{Ê5ëQÊ6ËQÌnÎèÄ4Æ�Ø æ�ËQÌnÎZÏ5Ð4Ã4É{ç0ÆiËQÌ8Ì4ÃnÄÙÄ4Æ�ÇèæàÆ�â4ÇZ×?ÄWÌ4Ü�É;Æ�Ç/á9ËQÇ/ïcÆ�É{ÊiÞ
ä�É;Æ=ÕcÆ�Ø8Æ�ÎZÎ5Æ�ÃnÆ�Ã ÓÔÆ�Ç/ÊZÆkÎZÉ{ÃnÄÛÉ@Ã UyËQá+Þ  nÞ ü Ü�ÌnÎ�ËQØXØ8Æ�Ã4ÕcÆ�Î/ÊZÆ�Ò{Ò{ÊiÞ�ä÷Æ�Ø é9Æ�Ð4Ò;Æ�Ç��n��	Q�Z"�3rÄ4Æ�Ç
ämËQÊZÆ�ÃkÝ�É{ÇZÄ=ØXÉ{Ê�Ä4Æ�Ç�É{Ã?ç0Æ.Ç5ÎZÆ�Ã <mËQØXØÙËf/�)èÆ�Ç/ÊZÆ�É{Ò{Ì4Ã4ÕoÆ�É{Ã`?à×�ÃWÍ9Ä4Æ�Ã4Ü�É{Ã?ÊZÆ�Ç/ç�ËQÒ{Ò�çc×�Ã ± ú a=j
Ü�Ì4ÕcÆ�ÎZÊ5ËQÃnÄ4Æ�Ã+Þ

á e ämË�Î�)è×�Ç/Ý�É;ÎZÎZÆ�Ã��4áUÆ�ÇIÄWÉ;Æ�énÇ5ËQÕAØ8Æ�Ã?Ê/É;Æ�Ç/Ì4Ã4ÕcÎ/ØgÌ9Î/ÊZÆ�ÇiÞ0é �4Ç�ÄWÉ;Æ�Î/Ê5ËQá4É{Ò;Æ�Ã <fË�ÎZÆ6Ý6Æ�ÇZÄ4Æ�ÃÙþ>Ã4Õ0Ë	�



h � �������	��
������
�����
�����������
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áUÆ�ÃÙËQÌnÎ�Ä4Æ�Ç�È�É{ÊZÆ�Ç5ËQÊ/Ì4Ç ó � �Oö�ù � Ì4ÃnÄ 	 L �	� ��5=úiû h ûCý Ö ó0J;5�ønù�
WL K�ønù Æ�Ê>ËQÒ�Þ úiû h	 ý ç0Æ�Ç/Ý6Æ�Ã��
ÄnÆ.ÊqÞQä�É;Æ6þ>á?ÝðÆ.É;Ï5ÐDÌ4Ã4ÕmÄ4Æ�Ç�þàÃ4Õ0ËQáUÆ�ÃXÎ/âUÆ�Ü�É@ÍnÜ�É;Æ�Ç/Ê�ØÙËQÃtØXÉ{Ê �àÉ{ÒuåGÆ,ÄnÆ.Ç�áUÆ�Ê5Ë	�	)IÆ�Ç/ÊZÆ�É{Ò{Ì4Ã4Õ9ÞAé �4Ç
Ä9Ë�Îmã=Æ�Ê/Ð �?Ò0/?æàË�Ä4É@ïAËQÒ�É;Î/ÊmÄnË�ÎménÇ5ËQÕAØ8Æ�Ã?Ê/É;Æ�Ç/Ì4Ã4Õ0Î/ØgÌnÎ/ÊZÆ�ÇKÌ4Ã?áUÆ�ïAËQÃ4Ã?ÊiÞ�ã=É{ÊmÄ4Æ�Ã	áUÆ�ï�ËQÃnÃ?ÊZÆ�Ã
â%ËQÇ/Ê/É;Æ�Ò@Ò;Æ�Ã´ÓÛÉ{Ç/ïDÌ4Ã4ÕcÎ �?ÌnÆ�ÇZÎZÏ5Ð4Ã4É{Ê/ÊZÆ�ÃTËQÌnÎèÄ4Æ�Ç,È�É{ÊZÆ�Ç5ËQÊ/Ì4Ç6Ò;ëQêAÊ,ÎZÉ;Ï5ÐMËQáUÆ�Ç,ÄnË�Î�)èÆ�Ç/Ð9ëQÒ{Ê/Ã4É;Îèç0×�Ã
ã�Ë�ÎZÎ5Æ ú  ñÜ�Ì ã�Ë�ÎZÎZÆ ú a ËQÃ4ÕcÆ�áUÆ�Ã ó���Lyö�ù��\] ���4M Æ�ÊàËQÒGÞ úiûAûAüQý Ö óõôSL�1 � � � 
41 Æ�Ê>ËQÒ�Þ úiû��  ý Þ
þàÌWåEÕAÇ/Ì4ÃnÄ=Ä4Æ�Ç'�àÐ4Ã4Ò{É;Ï5Ð4ï0Æ�É@Ê�Ü�ÌkÄ4Æ�Ø )IÆ�Ç/Ð9ëQÒ{Ê/Ã4É;Î�çc×�Ãkã�Ë�ÎZÎZÆ ú a Ü�Ìkã�Ë�ÎZÆ úiü áUÆ�É�ã=Æ�Ê/Ð9ËQÃ
ïAËQÃ4ÃoØÙËQÃ=ËQÃ4ÃnÆ�Ð4Ø8Æ�Ã+Ö9ÄnËQê8ÄnË�Î�ÕcÆ�Î5ËQØ#ÊZÆménÇ5ËQÕAØ8Æ�Ã?Ê/É;Æ�Ç/Ì4Ã4Õ0Î/ØgÌnÎ/ÊZÆ�Çàçc×�Ã2ãkÆ�Ê/Ð �?Ò+Ä4Æ�Ø Ä4Æ�Î
ãkÆ�Ê/Ð9ËQÃnÎ÷ëQÐ4Ã4Ò{É;Ï5Ð=É;Î/ÊiÞ9ä�É;Æ bàÃnÎ/É;Ï5ÐnÆ�Ç/ÐnÆ�É{ÊàÉ{ÃkÄWÉ;Æ�ÎZÆ�ÇàþàÃ4Ã9ËQÐ4Ø8ÆKïAËQÃ4ÃìØÙËQÃ=Ý�É;Æ�Ä4Æ�ÇàØXÉ{ÊàÄ4Æ�Ç
áUÆ�Ê5Ëf/�)èÆ�Ç/ÊZÆ�É{Ò{Ì4Ã4ÕMÎ/âUÆ�Ü�É@ÍnÜ�É;Æ�ÇZÆ�Ã+Þnä�É;Æ÷çcÆ�Ç/Ý6Æ�ÃnÄ4Æ�ÊZÆ�Ã2ÓÔÆ�Ç/ÊZÆmÎ/É{ÃnÄ´É{ÃIUyËQá+Þ� nÞ�hgÜ�ÌnÎ5ËQØXØ8Æ�Ã4ÕcÆ��
ÎZÊZÆ�Ò{Ò{ÊiÞ

Ï e ä�É;Æ2?mËQÒ{É{á4Ç/É;Æ�Ç/Ø8ÆiÎZÎ/Ì4Ã4ÕcÆ�Ã2Ý6Æ�ÇZÄ4Æ�Ã2ËQÒ;ÎðÎ/âUÆ�Ü�É;Æ�Î/ÇZÆ�É{Ão×�Ð4ÃnÆ )èÆ�Ç/Ì4Ã4ÇZÆ�É{Ã4É{ÕAÌ4Ã4ÕcÆ�ÃìËQÃ4ÕcÆ�Ãn×�ØXØ8Æ�Ã
þàÒ;Î �IÇ/ÕcÆ�á4Ã4É;ÎàÆ�Ç/Ð9ëQÒ{ÊbØÙËQÃ4V
Ë e ä�É;Æ�Æ.Ú�Æ�ïDÊ/É{ç0Æ.Ã�UOÆ�É{Ò;Ï5ÐnÆ�Ã4ÜqËQÐ4Ò;Æ�Ã

x
Ä4Æ�Çðã=×�Ò;Æ�ï �4Ò;Æbå��4Ç6ÄWÉ;Æ ?fËQÒ{É{á4Ç/É;Æ�Ç/Ø8Æ�ÎZÎ/Ì4Ã4ÕcÆ�ÃoÌ4ÃnÄÙå �4Ç6ÄWÉ;Æ

ãkÆ�ÎZÎ/ÌnÃ4Õ8Ä4Æ�ÎS<mË�Î/ÕcÆ�ØXÉ;Î5Ï5ÐnÆ�ÎbáUÆ�É+Ä4Æ�Ç � �DÇZ×�Ò �WÎZÆ÷ç0×�Ã2þàÜi×�Ø8Æ�Ê/Ð9ËQÃ+Þ
á e ämË�Î>é4Ç5ËQÕAØ8Æ�Ã?ÊZÉ{Æ�Ç/ÌnÃ4ÕcÎ/ØgÌnÎZÊZÆ�Ç�ËQÒ{Ò;Æ�ÇbÉ;Ä4Æ�Ã?Ê/É@ÍnÜ�É;Æ�Ç/ÊZÆ�Ã �?âUÆ�Ü�É;Æ�ÎqÞ

þàÌnÎbÄ4Æ�ÃìÆ�Ú�Æ�ïDÊ/É{çcÆ�Ã UOÆ�É{Ò;Ï5ÐnÆ�Ã4ÜqËQÐ4Ò;Æ�Ã
x
áUÆ�ÇZÆ�Ï5Ð4ÃnÆ�Ê�Î/É;Ï5Ð2ÄnËQÃ4ÃìÄ4Æ�Ç-UOÆ�É{Ò;Ï5ÐnÆ�ÃWònÌ4êMÝ�É;Æ÷åE×�Ò{ÕAÊ V

ã=É{êAÊàØÙËQÃkáUÆ�É�Ä4Æ�Ã`?fËQÒ{É{á4Ç/É;Æ�Ç/Ø8Æ�ÎZÎZÌ4Ã4ÕcÆ�Ã	Ü�Ì9Î5ëQÊ/Ü�Ò{É;Ï5ÐkÜ�Ì4Ç��?É{ÕAÃ9ËQÒ{É{Ã?ÊZÆ�ÃnÎZÉ@Ê�ëQÊfËQÌWå,Ä4Æ�Ç��?Ê/Ç5ËQÐ4ÒhË�Ï5ÐnÎZÆ
ÄWÉ;Æ>Ó É{Ã4ïcÆ�Ò{ç0Æ�Ç/ÊZÆ�É{Ò{Ì4Ã4Õ#áUÆ�É%áUÆ�ïAËQÃ4Ã?ÊZÆ�Ø!ä�Ì4ÇZÏ5ÐWònÌ4ênÖDÎZ×fÒhëQêAÊ6ÎZÉ;Ï5ÐMÄnËQÇ5ËQÌnÎðÄWÉ;Æ�ËQánÎZ×�Ò{Ì4ÊZÆàéyÒ{Ì4êcÄWÉ;Ï5Ð?ÊZÆ
j � áUÆ�ÇZÆ�Ï5Ð4ÃnÆ�Ã+ÖnÝ�É;ÆmÉ{Ã ?fËQâ+Þ ú Þ � Þ � áUÆ�ÎZÏ5Ð4Ç/É;Æ�áUÆ�Ã cEÎ/É;Æ�ÐnÆg<�Ò�Þ ú Þ û�e Þnä�É;ÆKËQánÎZ×�Ò{Ì4ÊZÆféyÒ{Ì4êcÄWÉ;Ï5Ð?ÊZÆKÆ�É{ÃnÆ�Ç
UOÆ�É{Ò;Ï5ÐnÆ�ÃnÎZ×�Ç/ÊZÆàáUÆ�É%Ä4Æ�Ç � �?ÇZ×�Ò �WÎZÆbÄnÆ�Î,þàÜi×�Ø8Æ�Ê/Ð9ËQÃnÎ

j �
Æ�Ç/ÕAÉ{á4Ê,ÎZÉ;Ï5ÐÙÄnËQÃ4ÃÙØXÉ{Ê,Ä4Æ�Ø*)èÆ�Ç/Ð9ëQÒ{Ê/Ã4É;Î,Ä4Æ�Ç

Æ.Ú�Æ�ï?Ê/É{ç0Æ�ÃIUOÆ�É{Ò;Ï5ÐnÆ�Ã4ÜqËQÐ4ÒhÆ�Ã
x
ËQÌnÎ V

j � =
x �

x � · j � .
c  nÞ úiü�e

é �4Ç´ÄWÉ;Æ`,àÌ9ËQÃ?Ê/É@ÍnÜ�É;Æ�Ç/Ì4ÃnÕÑÄ4Æ�Î´éOÒ{ÌnÎ5ÎZÆ�Î´ËQÃ ã=Æ�Ê/Ð �DÒ0/?æàË�ÄWÉ{ïAËQÒ;Æ�ÃÛïAËQÃ4ÃÛØÙËQÃÛÝ�É;Æ�Ä4Æ�ÇoËQÌnÎ/ÃDÌ4Ê/ÜiÆ�Ã+Ö
ÄnËQê´ÄnË�Îàã�Ë	�DÉ{ØgÌ4Ø�Ä4Æ�Î>â9ËQÇ/Ê/É;Æ�Ò{Ò;Æ�ÃkÓ É{Ç/ï?Ì4Ã4ÕcÎ �0ÌnÆ�ÇZÎZÏ5ÐnÃ4É{Ê/ÊZÎbå��4ÇàÄWÉ;ÆgÄWÉ{ÇZÆ�ï?ÊZÆ ��Ò;Æ�ïDÊ/ÇZ×�ÃnÆ�ÃnÆ�ÃnÎ/ÊZ×�ê /
Â ×�Ã4É;Î5ËQÊ/É;×�Ã2çc×�Ã2ãkÆ�Ê/Ð9ËQÃ2Ì4ÃnÄ2ã=Æ�Ê/Ð �DÒ�ÕAÒ;Æ�É;Ï5Ð2ÕAÇZ×�êÙÎ/É{ÃnÄ cEÎZÉ;Æ�ÐnÆ UyËQá+Þ  nÞ  e ÞnämËQØXÉ{Êbï�ËQÃ4Ã2ØÙËQÃ2ÄWÉ;Æ
?fËQÒ{É{á4Ç/É;Æ�Ç/Ø8Æ�ÎZÎZÌ4Ã4ÕÙØXÉ{Ê>ãkÆ.ÊZÐ9ËQÃ=ËQÌnÏ5Ðoå �4Ç>ÄWÉ;ÆméyÒ{Ì4ê �?Ì9ËQÃ?Ê/É@ÍnÜ�É;Æ�Ç/Ì4Ã4Õ´Ä4Æ�ÎbãkÆ�Ê/Ð �DÒ;Î�áUÆ�Ã?Ì4Ê/ÜiÆ�Ã+Þ
ä�É;Æ���Ç/ÕcÆ�á4Ã4É;ÎZÎZÆ÷Ä4Æ�Îðþ>Ò{Õc×�Ç/É{Ê/Ð4ØgÌnÎðÌ4ÃnÄ´ÄWÉ;Æ÷ÄnËQÇ5ËQÌnÎ6áUÆ�Î/Ê/É{ØXØgÊZÆ�ÃoþàánÎZ×�Ò{Ì4Êîò�nÎZÎ5ÆàÎZÉ@Ã9ÄÙÉ{Ã�UyËQá+Þ  nÞ �
Ü�ÌnÎ5ËQØXØ8Æ�Ã4ÕcÆ�Î/ÊZÆ�Ò{Ò{ÊqÞ+ãkËQÃ	Æ�Ç/Ð9ëQÒ{ÊfÆ�É{ÃnÆtéyÒ{Ì4êcÄWÉ;Ï5Ð?ÊZÆtç0×�Ã	ã=Æ�Ê/Ð �DÒ0/?æàË�ÄWÉ{ïAËQÒ;Æ�Ã�É{Ã  ü ØXØ�þ>ánÎZÊ5ËQÃnÄ
ç0×�Ø ?mËQânÉ@Ò{ÒhËQÇZÆ�Ã9Ë�ÌnÎ/Ê/Ç/É{Ê/ÊIç0×�Ã

(1, 2±0, 9)·1014 Ï�Ø −2 Î −1 É{Ã � áUÆ�ÇZÆ�É{ÃnÎ/Ê/É{ØXØgÌ4Ã4ÕfØXÉ{Ê�Ä4Æ�Ø ËQÌnÎ�Ä4Æ�Ç
ÂCU�ã ��/?ãkÆ�Ê/Ðn×?Ä4ÆKÕcÆ.åEÌ4ÃnÄ4Æ�ÃnÆ�Ã=ÓÔÆ�Ç/ÊiÞ%ä�Æ�Ç�þ>Ã?ÊZÆ�É{Ò�ËQØ <÷Æ�Î5ËQØgÊîònÌ4êTËQÌWåèÄ4Æ�Ç �?Ê/Ç5ËQÐ4ÒhË�Ï5ÐnÎZÆKáUÆ�Ê/Ç5ëQÕAÊ
ÏiËWÞ a j ÞDãkËQÃ´Æ�Ç/ï0Æ�Ã4Ã?Ê6Ý6Æ�É{ÊZÆ�ÇiÖDÄnËQê#Ä4Æ�ÇðÎ/Ê5ëQÇ/ïWÎ/ÊZÆ-'ðÆ�É{Ê/Ç5ËQÕ#É{Ø éyÒ{Ì4êtÄWÌ4ÇZÏ5Ð �?Ê/É;Ï5ïWÎ/ÊZ×QÚìÌ4ÃnÄ ��Ê/Ð9ËQÃ
ÐnÆ�Ç/ç0×�Ç/ÕcÆ�Ç/ÌWåEÆ�ÃÙÝ�É{ÇZÄ�ÖcÉ{Ã��IÉ{Ã4ï?ÒhËQÃ4ÕKØXÉ{ÊèÄ4Æ�Ç �?Ì4ØXØ8Æ�ÃWåG×�Ç/Ø8Æ�Ònå��4ÇIþàÜi×�Ø8Æ�Ê/Ð9ËQÃ+Þ0ä�É;Æ '6Æ�ÇZÆ�Ï5Ð4Ã?Ì4ÃnÕcÆ.Ã
áUÆ�Ò;Æ�ÕcÆ�ÃìÜ�ÌnÎ5ëQÊ/Ü�Ò{É;Ï5Ð+Ö9ÄnËQêXå �4Ç>ÄWÉ;ÆmÎZâUÆ�Ü�É;Æ.ÍnÜ�É{Æ�Ç/Ê5Æ.ÃkãkÆ�ê�åEÆ�Ð4Ò;Æ�ÇbØÙËQÃ��4áUÆ�ÇàÄWÉ;ÆmãkÆ�Ã4ÕcÆKËQÃ ��Ê/Ð4É{ÃìÉ@Ø
UOÆ�É{Ò;Ï5ÐnÆ�ÃnÎ/Ê/Ç5ËQÐ4ÒOïcÆ�É{ÃnÆfþàÌnÎZÎ5ËQÕcÆ÷Ê/ÇZÆ.Ú�Æ�Ã2ï�ËQÃ4Ã+Þ
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� �#����
 �
2

HJI
4

H
2

I
2

H
2

I
4

H
2

I
6

� HJI
3 � 2 � 2=/> N

0, 14 ± 0, 012 0, 19 ± 0, 01 0, 072 ± 0, 005 0, 0198 ± 0, 005 0, 069 ± 0, 005
=�� N

0, 43 ± 0, 02 1, 27 ± 0, 05 0, 13 ± 0, 005 0, 042 ± 0, 005 0, 26 ± 0, 01
=<

1, 17 ± 0, 1 1, 64 ± 0, 05 0, 039 ± 0, 004 0, 34 ± 0, 005 0, 28 ± 0, 01 2, 33 ± 0, 1
=/M N

19, 96 ± 0, 2 0, 0062 ± 0, 001 0, 0401 ± 0, 003 0, 57 ± 0, 01 7, 86 ± 0, 05
=�L N

24,87± 0,2 0, 0069 ± 0, 0015 0, 001 ± 0, 001 0, 006 ± 0, 001 4, 74 ± 0, 05
>�< N

0, 001 ± 0, 001 1, 26 ± 0, 05 0, 24 ± 0, 01 0, 041 ± 0, 004 0, 027 ± 0, 005
>�M N

0, 001 ± 0, 001 5, 95 ± 0, 10 0, 83 ± 0, 02 0, 26 ± 0, 01 0, 15 ± 0, 01
>#L N

0, 013 ± 0, 003 32,86± 0,20 8, 23 ± 0, 1 2, 12 ± 0, 05 1, 285 ± 0, 05
>�� N

0, 013 ± 0, 003 0, 68 ± 0, 03 7, 98 ± 0, 1 3, 62 ± 0, 07 1, 86 ± 0, 05
>	�

38,46± 0,2 0, 053 ± 0, 005 0, 18 ± 0, 01 14,65± 0,1 12,1± 0,1 21,735± 0,1
>	


0, 40 ± 0, 1 0, 001 ± 0, 001 0, 005 ± 0, 001 0, 31 ± 0, 01 3, 87 ± 0, 06 1, 852 ± 0, 04��N N
0, 001 ± 0, 001 0, 003 ± 0, 001 0, 003 ± 0, 001 2, 5 ± 0, 05 0, 907 ± 0, 01
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� �#����
 �
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HJI
4

H
2

I
2

H
2

I
4

H
2

I
6

HJI
3=/> N

21 ± 10 15 ± 10 15 ± 10
N

65 ± 10
=�� N

65 ± 10 51 ± 10 26 ± 10 11 ± 10 136 ± 14
=<

52 ± 10 136 ± 14
N

50 ± 10 26 ± 10 823 ± 82
=/M N

823 ± 82
N N

37 ± 10 1000± 100
=�L N

1000± 100

N N N N
>�< N N

56 ± 10 29 ± 10
N N

>�M N N
202 ± 20 104 ± 10 34 ± 10

N
>#L N N

1000± 100 584 ± 58 216 ± 22
N

>�� N N N
609 ± 61 320 ± 32

N
>	�

1000± 100

N N
1000± 100 1000± 100

N
>	


7 ± 10
N N N

222 ± 22
N

��N N N N N
268 ± 27

N
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I
2

H
2

I
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H
2

I
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HJI
3

j ��� 27 ± 6 20 ± 5 15 ± 4 12 ± 3 11 ± 3 
x � 40, 2 ± 3, 5 44, 6 ± 4, 6 41, 5 ± 3, 8 31, 0 ± 2, 6 25, 3 ± 2, 42 
x � 17, 7 ± 0, 8 11, 7 ± 1, 3 0, 08 ± 1, 6 1, 0 ± 3, 5 9, 4 ± 2, 1 2, 7 ± 1, 9

j � � 11, 9 ± 2, 7 5, 2 ± 1, 4 0, 028 ± 0, 594 0, 38 ± 1, 36 4, 1 ± 1, 4 1,2± 0,9� ��� � 52, 0 ± 11, 8 22, 9 ± 6, 3 0, 1 ± 2, 6 1, 7 ± 6, 0 17, 9 ± 6, 3 5, 4 ± 4, 1

�L� �W ����� ��� � � © .�£T�/Z/)T!$# <,�".;1¬�,+��")��9)��/M �5#"�¤- !8+��K!YMIª��m<,�B# (=MI£,'/.A!8+��T- 4}# %('() $ �QCWF � F � F�>m!8+ <��B) Z,� �
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��M�4#%5<@!�����+6�")
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 r9�¦� �G� r@�¦� � ¤r9�¦� �G� r9�¦� �G� r9�¦�

L�

3 62± 10 130± 13 807± 64 1000± 64 �

L�

4 9± 3 38± 5 116± 11 882± 38 1000± 38
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�%ÌnÎ5ëQÊ/Ü�Ò{É;Ï5ÐÛÆ�Ç/Ð9ëQÒ{ÊÙØÙËQÃ ËQÌnÎÙÄ4Æ�Ã!'ðÆ�ÇZÆ�Ï5Ð4Ã?Ì4Ã4ÕcÆ�Ã ÄWÉ;Æ2énÇ5ËQÕAØ8Æ�Ã?Ê/É;Æ�Ç/Ì4Ã4Õ0Î/ØgÌnÎ/ÊZÆ�ÇTËQÒ{Ò;Æ�ÇÙØXÉ{ÊÙÄ4Æ�Ø
ã�Ë�ÎZÎZÆ�ÃnÎ/âUÆ�ïDÊ/ÇZ×�Ø8Æ�ÊZÆ�ÇgÉ;Ä4Æ�ÃDÊ/É@ÍnÜ�É{Æ�Ç/Ê5Æ�Ã UOÆ�É{Ò;Ï5ÐnÆ�Ã+Þyä�É;Æ�ÎKÕAÉ{Ò{Ê#Ã4É;Ï5Ð?ÊgÃ?Ì4ÇKå��4ÇgÄWÉ;ÆMÎ/Ê5ËQá4É{Ò;Æ�Ã �?âUÆ�Ü�É;Æ�ÎiÖ
ÎZ×�ÃnÄ4Æ�Ç/Ã É{ÃnÎ/áUÆ�ÎZ×�ÃnÄ4Æ�ÇZÆ2ËQÌnÏ5Ðñå��4ÇtÄnË�Îtã=Æ�Ê/Ð �DÒ0/?æàË�ÄWÉ{ïAËQÒ�ÞyämË�Î#ÕcÆ.å'Ì4Ã9Ä4Æ�ÃnÆTénÇ5ËQÕAØ8Æ�Ã?Ê/É;Æ�Ç/Ì4Ã4ÕcÎ/ØgÌ �
Î/ÊZÆ�Ç8ç0×�Ã�ã=Æ�Ê/Ð �DÒbÉ;Î/Ê8É{Ã!UyËQá+Þ  nÞ û ËQÌWåEÕcÆ.å �4Ð4Ç/ÊiÞèä�É;Æ2Î/Ê5ëQÇ/ïWÎ/ÊZÆ �?É{ÕAÃ9ËQÒ{É{Ã?ÊZÆ�ÃnÎ/É{Ê5ëQÊ´Æ�Ç/ÕAÉ{á4ÊMÎ/É;Ï5ÐÑå��4Ç
ÄnË�Î 
(ãìÌ4Ê/ÊZÆ�Ç����(ãk×�Ò;Æ�ï �4Ò0/?Â ×�Ã+ÖWÝ�É;Æ�ØÙËQÃoÆ�Î�ËQÌ9ÎðÄ4Æ�ÃTâ9ËQÇ/Ê/É;Æ�Ò{Ò;Æ�ÃoÓ É{Ç/ï?Ì4Ã4ÕcÎ �0ÌnÆ�ÇZÎZÏ5Ð4Ã4É{Ê/ÊZÆ�Ã2Æ�Ç/ÝðËQÇ/ÊZÆ�Ê
ó�� LOö�ù��W] ���4M Æ�ÊàËQÒ�Þ úiûAûAüQý Ö óõôSL�1 � � � 
41 Æ�Ê>ËQÒ�Þ úiû��  ý Þ �%ÌnÎ5ëQÊ/Ü�Ò{É;Ï5Ð2É;Î/ÊðÉ{ÃIUyËQá+Þ� nÞ û ÄnË�Îbé4Ç5ËQÕAØ8Æ�Ã��
Ê/É;Æ�Ç/Ì4Ã4ÕcÎ/ØgÌnÎZÊZÆ�Çtç0×�ÃrãkÆ�Ê/Ð9ËQÃÅËQÌWå'ÕcÆ.å��4Ð4Ç/ÊiÞ �IÎ#áUÆ�Î/Ê5ëQÊ/É{ÕAÊXÎ/É;Ï5Ð ÄWÉ;Æ´þàÃ4Ã9ËQÐ4Ø8ÆAÖ�ÄnËQê�ÄWÉ;ÆMÇ5Æ.ÒhËQÊ/É{ç0Æ
ã�Ë�ÎZÎZÆ�Ã?ç0Æ�Ç/ÊZÆ�É{Ò{Ì4Ã4ÕmáUÆ�Üi×�ÕcÆ�ÃMËQÌWå�ÄnË�Î�Î/Ê5ëQÇZïDÎ/ÊZÆ �?É{ÕAÃ9ËQÒ4å �4ÇIÄnË�Î 
(ã=Ì4Ê/ÊZÆ�Ç����(ã=×�Ò;Æ�ï �4Ò0/?Â ×�ÃXå �4ÇIã=Æ�Ê/Ð �DÒ
Ì4ÃnÄ#ã=Æ�Ê/Ð9ËQÃtÎZÆ�Ð4Ç�ëQÐ4Ã4Ò{É;Ï5ÐXÎ/É{ÃnÄ�ÞCä�É;Æ�ÎOç0Æ.Ç5Ä4Æ�Ì4Ê/Ò{É;Ï5Ð?ÊiÖCÝðËQÇ/Ì4Ø Ä4Æ�Çyé9Æ�Ð4Ò;Æ�ÇOå �4ÇyÄWÉ;Æ6éOÒ{Ì4êAáUÆ�ÎZÊ/É{ØXØgÌ4Ã4Õ
Ä4Æ�ÎðãkÆ�Ê/Ð �DÒ;Î6É{Ø )èÆ�Ç/ÕAÒ;Æ�É;Ï5ÐTÜ�ÌoÄ4Æ�Ã2ËQÃnÄ4Æ�ÇZÆ�Ã �?âUÆ�Ü�É;Æ�ÎðÇ5Æ.ÒhËQÊ/É{ç0Æ�ÕAÇZ×�êtÉ;Î/ÊiÞDÂ�ÃnÎ/ÕcÆ�Î5ËQØ#Ê6Ì4Ã?ÊZÆ�ÇZÎ/Ê/ÇZÆ�É;Ï5Ð?Ê
ÄnË�Î���Ç/ÕcÆ�á4Ã4É;Î,í/Æ�Ä4×?Ï5ÐkÄWÉ;ÆgþàÃ?Ý6Æ�ÃnÄWá9ËQÇ/ï0Æ�É{Ê÷Ä4Æ�ÎàÉ{Ã ?fËQâ+Þ � Þ � ç0×�Ç/ÕcÆ�Î/ÊZÆ�Ò{Ò{ÊZÆ�Ã�þàÒ{Õc×�Ç/É{Ê/Ð4ØgÌnÎiÖUÄ4Æ�Ç�Æ�Î
Æ�Ç/Ø&%�ÕAÒ{É;Ï5Ð?ÊiÖnÕAÒ;Æ�É;Ï5Ð4ÜiÆ�É{Ê/É{ÕMþàÌnÎZÎ5ËQÕcÆ�Ã �4áUÆ�ÇbÄWÉ;ÆT?à×�Ã4ÜiÆ�Ã?Ê/Ç5ËQÊ/É;×�ÃìÌ4ÃnÄ2ÄnË�Î�énÇ5ËQÕAØ8Æ�Ã?Ê/É;Æ�Ç/Ì4ÃnÕcÎ/ØgÌnÎ/Ê5Æ.Ç
Ç5Ë�ÄWÉ{ïAËQÒ{É;ÎZÏ5ÐnÆ�Ç �?âUÆ�Ü�É;Æ�Î,áUÆ�ÉUÄ4Æ�Ç �?Ì9ËQÃ?Ê/É{Ê5ËQÊ/É{ç0Æ�ÃTãkË�Î5ÎZÆ�ÃnÎ/âUÆ�ïDÊ/ÇZ×�Ø8Æ�Ê/Ç/É;Æ�ËQÃ4Ü�Ì4ÕcÆ�áUÆ�ÃTÌ4ÃnÄMÄWÌ4ÇZÏ5ÐTÄnË�Î
ï0×�ÃnÎ/É;Î/ÊZÆ�Ã?ÊbáUÆ�Î/Ê/É{ØXØgÊZÆT?à×�Ã4Í9Ä4Æ�Ã4Ü�É{Ã?ÊZÆ�Ç/çAËQÒ{ÒOÄWÉ;Æ�Î5Æ÷Ü�Ì2Ý6Æ�Ç/ÊZÆ�Ã+Þ
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é �4ÇgÄWÉ;Æj'6Æ�ÎZÊ/É{ØXØgÌ4Ã4ÕkÄ4Æ�Î#}K"îH�&'BQYq��ñ1����.�9&(�.�=ç0×�ÃÔãkÆ�Ê/Ð �DÒIÝ�Ì4ÇZÄ4ÆMÄWÉ;Æ ,àÌnÆ�Ò{Ò;ÆÙØXÉ{Êgþ>Üi×�Ø8Æ�Ê/Ð9ËQÃ
ËQÒ;Î ��ÇZÆ�Ï�Ì4ÇZÎ5×�Ç/Ø8×�Ò;Æ�ï �nÒ¥áUÆ�Ê/Ç/É;Æ�áUÆ�Ã+Þ9ä�É;Æ ?fËQâ4É{Ò{ÒhËQÇZÆ�Ã?ÊZÆ�ØXâ�Æ�Ç5ËQÊZÌ4Ç>áUÆ�Ê/Ç/Ì4Õ úAú a"h ?XÖnÎZ×XÄnËQê8ÎZÉ;Ï5Ð2ÄnË�Î
��ÇZÆ�Ï�Ì4ÇZÎZ×�ÇZØ8×�Ò;Æ�ï �4Ò c � �

3
e
2
ß

2
ç0×�Ò{Ò;Î/Ê5ëQÃnÄWÉ{Õ8ÜiÆ�ÇZÎZÆ�Ê/Ü�ÊiÞ9þàÜi×�Ø8Æ�Ê/Ð9ËQÃìÝ�Ì4ÇZÄ4ÆmáUÆ�ÉOÆ.É{ÃnÆ�Ø ï0×�ÃnÎ/Ê5ËQÃ?ÊZÆ�Ã

)è×�ÇZÄWÇ/ÌnÏ5ïtÉ{ÃMÄ4Æ�Ç <mË�Î/Ò;Æ�É{Ê/Ì4Ã4ÕKç0×�Ã ú Ö a Øgá9ËQÇ6ËQÌnÎ,Ä4Æ�Ø��,Ì �,Ò
2
/N?à×�ØXâ4Ò;Æ��MËQÌnÎ/ÕcÆ�Õ0Ë�Î/ÊiÞ0ÓÛÉ;ÆbØXÉ@Ê,Ä4Æ�Ç

ÂCU�ã ��/?ãkÆ�Ê/Ðn×?Ä4ÆàáUÆ�Î/Ê/É{ØXØgÊiÖ?ÇZÆ�Î/Ì4Ò{Ê/É;Æ�Ç/ÊðÄnËQÇ5ËQÌnÎðÆ�É{ÃnÆàéyÒ{Ì4êcÄWÉ;Ï5Ð?ÊZÆmËQÃ � �
3
ËQÌWå¥Ä4Æ�Ø �?Ì4ánÎZÊ/Ç5ËQÊ,ç0×�Ã

(3± 1) · 1014 Ï�Ø −2 Î −1 ÞDä�É;ÆT,àÌnÆ�Ò{Ò;Æ�Ã4ÐnÆ�É{Ü�ÌnÃ4Õ8Ý�Ì4ÇZÄ4Æ÷áUÆ�ÇZÆ�É{ÊZÎ � h �?Ê/Ì4ÃnÄ4Æ�Ã2çc×�Ç�Ä4Æ�Ø � �WâUÆ�Ç/É{Ø8Æ�Ã?Ê
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Æ�É{Ã4ÕcÆ�ÎZÏ5Ð9ËQÒ{ÊZÆ�ÊiÖqÌ4ØsÊ/ÐnÆ�Ç/ØXÉ;ÎZÏ5ÐnÆ,ä�Ç/É@å'ÊZÆ�ÃgÄ4Æ�Î ��Ò{Ò{É{ânÎZ×�Ø8Æ�Ê/Ç/É;Æ / �?É{ÕAÃ%ËQÒ;ÎOÜ�Ìfç0Æ�Ç/Ø8Æ�É;Ä4Æ�Ã+ÖCÄWÉ;ÆIÎ/É;Ï5ÐgÄWÌ4ÇZÏ5Ð
ÄWÉ;ÆgUOÆ�ØXâUÆ�Ç5ËQÊ/Ì4Ç5ËQá4Ð%ëQÃ4ÕAÉ{ÕcïcÆ�É{ÊmÄ4Æ�Ç�×�â4Ê/É;ÎZÏ5ÐnÆ�Ã`?à×�ÃnÎ/Ê5ËQÃ?ÊZÆ�Ã�Æ�Ç/ÕcÆ�áUÆ�ÃkÝ �4ÇZÄ4Æ�Ã+Þ�ÿàÐ4ÃnÆKÜ�ÌnÎ5ëQÊ/Ü�Ò{É;Ï5ÐnÆ
�?Ì4ánÎ/Ê/Ç5ËQÊC/ ��Æ�É{Ü�Ì4Ã4Õ8Î/ÊZÆ�Ò{Ò{ÊðÎZÉ;Ï5Ð´Ã9Ë�Ï5ÐoÆ�É{Ã4É{ÕcÆ.Ã �?Ê/Ì4ÃnÄ4Æ�ÃoÆ�É{ÃnÆ�ï0×�ÃnÎ/Ê5ËQÃ?ÊZÆ��?Ì4ánÎ/Ê/Ç5ËQÊ/ÊZÆ�ØXâUÆ�Ç5ËQÊ/ÌnÇ�ç0×�Ã
�Wú h ? Æ�É{Ã+Þ%ä�É;Æ �?Ê5ËQÇ/Ê�Ý6Æ�Ç/ÊZÆ#çc×�Ç�Ä4Æ�Ø � �WâUÆ�Ç/É{Ø8Æ�Ã?Ê/áUÆ�ÕcÉ{Ã4Ã�ÒhËQÌ4ÊZÆ�Ã

ψ
 úiû Ö a��Aü ◦ Ì4Ã9Ä ∆

 aAû Ö �"a h ◦ Þ
�%ÌnÎ5ËQØXØ8Æ�ÃoØXÉ{Ê�Ä4Æ�Ã´áUÆ�ïAËQÃ4Ã?ÊZÆ�Ã2×�â4Ê/É;ÎZÏ5ÐnÆ�ÃZ?à×�ÃnÎZÊ5ËQÃ?ÊZÆ�ÃTÃ  � Ö � �IÉ h Ö ú a å �4ÇðÄ4É{ÆmËQÌWåyÄ4Æ�Ø �?Ì4á��
Î/Ê/Ç5ËQÊ÷ËQÌWåEÕcÆ�á4Ç5Ë�Ï5Ð?ÊZÆtË	��� V � � �DÏ5Ð4É;Ï5Ð?ÊFcEÎZÉ{Æ�ÐnÆ�UyËQá+Þ  nÞ ��e Ì4ÃnÄ=Æ�É{ÃnÆ�Ø ×�â4Ê/É;ÎZÏ5ÐnÆ�Ã�ãk×?Ä4Æ�Ò@Ò�Æ�Ç/ÕAÉ{á4Ê�ÎZÉ;Ï5Ð
Æ�É{ÃnÆ �DÏ5Ð4É;Ï5Ð?ÊZÄWÉ;Ï5ï0ÆKç0×�Ã � � Ö  MÃ4Ø�ËQÒ;Î��?Ê5ËQÇ/Ê Ý6Æ�Ç/ÊiÞ%ä�É;Æ �?É{ÕAÃ9ËQÒ;Î/Ê5ËQá4É{Ò{É{Ê5ëQÊàå��4Ç>ÄWÉ;ÆKÆ�Ò{Ò{É{ânÎZ×�Ø8Æ�Ê/Ç/É;ÎZÏ5ÐnÆ�Ã
ÓÛÉ{Ã4ï0Æ�Ò

ψ
á4Ü�ÝfÞ

∆
áUÆ�Ê/Ç5ëQÕAÊ

7·10−3 á4Ü�ÝfÞ 2·10−2 ÖCÝðË�ÎyÆ�É{ÃnÆ�Ç�Ãn×�ØXÉ{ÃnÆ�Ò{Ò;Æ�Ã �DÏ5Ð4É;Ï5ÐDÊZÄWÉ;Ï5ïcÆ�Ã9ËQÌWò;%AÎ/Ì4Ã4Õ
çc×�Ã aKj Æ�É{ÃnÆ�Ç�ã=×�Ãn×�ÒhËQÕcÆ÷Æ�É{ÃnÆ�ÎðâU×�Ò �?Ø8Æ�Ç5ËQÇ/Ê/É{ÕcÆ�Ã=Ë	��� V ��/?éyÉ{Ò{Ø8Î�Æ�Ã?ÊZÎ/ânÇ/É;Ï5Ð?ÊiÞWämË�Îðþ�Ä4ÎZ×�Ç/â4Ê/É;×�ÃnÎ5Æ�� �
âUÆ�Ç/É{Ø8Æ�Ã?ÊðÝ�É{ÇZÄ´ÕcÆ�Î/Ê5ËQÇ/ÊZÆ�ÊiÖDÉ{ÃnÄ4Æ�Ø ÄnË�Î�)èÆ�Ã?Ê/É{Ò�Ä4Æ�Ç-<mË�Î/ç0Æ�ÇZÎZ×�Ç/ÕAÌ4Ã4Õ#ÕcÆ %QÚ�ÃnÆ�ÊðÝ�É{ÇZÄ�ÞDß÷Ë�Ï5Ð´Ý6Æ�Ã4É{ÕcÆ�Ã
ãìÉ{ÃDÌ4ÊZÆ�ÃMÎ/ÊZÆ�Ò{Ò{Ê,Î/É;Ï5ÐÙÆ�É{ÃÙï0×�ÃnÎ/Ê5ËQÃ?ÊZÆ�Ç,ä�Ì4ÇZÏ5ÐnÎ5ËQÊ/ÜàÆ�É{Ã+Ö0Æ�Ç/ï0Æ�Ã4Ã?á9ËQÇ6ËQÃMÆ�É{ÃnÆ�Ø ï0×�ÃnÎ/Ê5ËQÃ?ÊZÆ�ÃMä�Ç/ÌnÏ5ïtÉ{Ø
æ>Æ�Ü�É{â4É;Æ�Ã?ÊZÆ�Ãìç0×�Ã

1 · 10−5 Øgá9ËQÇqÞ
Â(Ã#þ>á4á+Þ  nÞ ú � É;Î/ÊOÄWÉ;ÆèÜiÆ�É{Ê/Ò{É;Ï5ÐnÆ ),ËQÇ/ÉhËQÊ/É;×�Ãgç0×�Ã

ψ
ÄnËQÇ/ÕcÆ�Î/ÊZÆ�Ò{Ò{ÊiÞ��%Ì4Ø �UÆ�É{Ê/â4Ì4Ã4ïDÊ h Ý�É{ÇZÄgÄ4Æ�ÇyãkÆ�Ê/Ð �?Ò0/

éyÒ{Ì4ê2Æ�É{Ã4ÕcÆ�ÎZÏ5Ð9ËQÒ{ÊZÆ�ÊiÞ¥ß�Ë�Ï5Ð�Æ�É{ÃnÆ�Ø�ÇZÆ�ÒhËQÊ/É{çkÎZÊ5ËQÇ/ïcÆ�Ã�þàÃnÎ/Ê/É;Æ�ÕoÄ4Æ�Î �?É{ÕAÃ9ËQÒ;Î c '6Æ�ÇZÆ�É;Ï5ÐÔÂ e ï0×�ØXØgÊfÆ�Î
Ü�Ì4Ø þàáWò%Ë�Ï5ÐnÆ�Ã�Ä4Æ�Ç �?ÊZÆ�É{ÕAÌ4Ã4Õ�Ì4ÃnÄÅÎZÏ5Ð4Ò{É;Æ�êAÒ{É;Ï5ÐÅÜ�ÌÅÆ�É{ÃnÆ�Ç8ï0×�ÃnÎ/Ê5ËQÃ?ÊZÆ�Ã �%Ì4Ã9ËQÐ4Ø8Æ�c 'ðÆ�ÇZÆ�É;Ï5Ð�ÂZÂ e Ö
ËQÃ4ÕcÆ�Ä4Æ�Ì4ÊZÆ�ÊìÄWÌ4ÇZÏ5Ð\ÄWÉ;Æ�ÄWÌ4ÇZÏ5Ð4ÕcÆ�Üi×�ÕcÆ�ÃnÆ�È�É{Ã4É;ÆAÞbãìÉ{Ê �àÉ{Ò@åEÆ�Æ�É{ÃnÆ�Îo×�â4Ê/É;Î5Ï5ÐnÆ�Ã\ã=×?Ä4Æ�Ò{Ò;ÎoÒhëQêAÊoÎZÉ;Ï5Ð
ÄWÉ;Æ �>ÃnÄ4Æ�Ç/Ì4Ã4Õ�Ä4Æ�ÇtÆ�Ò{Ò{É{ânÎZ×�Ø8Æ�Ê/Ç/É;Î5Ï5ÐnÆ�Ã <�ÇX%�êcÆ�Ã

ψ
Ì4ÃnÄ

∆
É{ÃÑÆ�É{ÃnÆ ),ËQÇ/ÉhËQÊ/É;×�ÃÑÄ4Æ�Ç �DÏ5Ð4É;Ï5Ð?ÊZÄWÉ;Ï5ï0Æ

Ì4ØXÇZÆ�Ï5Ð4ÃnÆ�Ã+Þ6é �4ÇMÄ4Æ�Ã�ç0×�Ç/Ò{É;Æ�ÕcÆ�ÃnÄ4Æ�Ã é9ËQÒ{Òàïc×�Ã4Ã?ÊZÆ=Ä4Æ�Ç �?É{ÕAÃ9ËQÒ{ç0Æ�Ç/ÒhËQÌWåKÉ@Ã Ä4Æ�Ç
ψ/∆

/ ��áUÆ�ÃnÆ=ØXÉ{Ê
Æ�É{ÃnÆ�Ø�×�â4Ê/É;ÎZÏ5ÐnÆ�Ã �%Ý6Æ�É;ÎZÏ5Ð4É;Ï5Ð?ÊZÎ �WÎ/ÊZÆ�Ø ËQÃ4ÕcÆ�â9ËQêAÊ�Ý6Æ�ÇZÄ4Æ�Ã+Þ �IÎ>áUÆ�Î/ÊZÆ�Ð?Ê÷ËQÌnÎ>Ä4Æ�Ø � � Ö  ÙÃ4Ø�ÄWÉ;Ï5ïcÆ�Ã
Ë	��� V ��/?éyÉ{Ò{Ø�ËQÌWå�Ä4Æ�Ø �?É{Ò{É{Ü�É{Ì4Ø�/��?Ì4ánÎ/Ê/Ç5ËQÊqÖUËQÌWå�Ä4Æ�ÎZÎZÆ�ÃkÿàáUÆ�Çîò%ë�Ï5ÐnÆKÆ�É{ÃnÆfÐn×�Ø8×�ÕcÆ�ÃnÆ �DÏ5Ð4É;Ï5Ð?Ê>ØXÉ{Ê
Æ�É{ÃnÆ�Ø ÕcÆ�Ç/É{Ã4ÕcÆ�ÇZÆ�Ã�'6ÇZÆ�Ï5Ð?Ì4Ã4ÕcÎ/É{ÃnÄ4Æ��	çc×�Ã ú Ö a"a �èÉ h ËQÌWåEÝðë�Ï5ÐnÎ/ÊiÞ�ä�É;Æ�ÎZÆ�ÇT'6ÇZÆ�Ï5Ð?Ì4Ã4ÕcÎ/É{ÃnÄ4Æ���É;Î/Ê÷Ê � �
â4É;ÎZÏ5Ð´å��4Ç6âU×�Ò �DØ8Æ�Ç5ËQÇ/Ê/É{ÕcÆAÖ4ÝðË�ÎZÎZÆ�ÇZÎ/ÊZ×QÚ�ÇZÆ�É;Ï5ÐnÆmË	��� V � /?éyÉ{Ò{Ø8ÆAÖWÝ�É;Æ�ØÙËQÃoÎZÉ;ÆàØXÉ{Ê�ãkÆ�Ê/Ð9ËQÃ / ��ÒhË�Î/Ø8Æ�Ã
×�Ð4ÃnÆMÜ�Ì9Î5ëQÊ/Ü�Ò{É;Ï5ÐnÆ �?Ì4ánÎ/Ê/Ç5ËQÊ/ç0×�ÇZÎ/â9ËQÃ4Ã?Ì4Ã4Õ�ÐnÆ�ÇZÎZÊZÆ�Ò{Ò{Æ�Ã ï�ËQÃ4Ã ó0J�� 
\RSLOö���� JUø63N1:ù�Kyø9ö Æ�ÊàËQÒ�Þ úiûAûAûQý Þ
Â(Ã´ÄWÉ;Æ�ÎZÆ�Ø '6Æ�ÇZÆ�É;Ï5ÐTÄ4Æ�Ç

ψ,∆
/ ��áUÆ�ÃnÆàáUÆ�ÎZÊZÆ�Ð?Ê6Æ�É{ÃMÒ{É{ÃnÆiËQÇZÆ�Ç �%ÌnÎ5ËQØXØ8Æ�Ã4Ð9ËQÃ4ÕtÜ�Ý�É;ÎZÏ5ÐnÆ�ÃTÄ4Æ�Ø!Æ�Ò{Ò{É@â �



h ü �������	��
������
�����
�����������
���� �!�����"���������$#��

ÎZ×�Ø8Æ�Ê/Ç/É;ÎZÏ5Ð9Æ.Ã=ÓÛÉ{Ã4ï0Æ�Ò
ψ
Ì4ÃnÄ2Ä4Æ�Çàä�É;Ï5ïcÆAÖnÎ5×XÄnËQêMÄWÉ;Æ �àÃnÄ4Æ�Ç/Ì4Ã4ÕÙÉ{Ã

ψ
ÄWÉ{ÇZÆ�ïDÊbÉ{ÃìÆ�É{ÃnÆ �>Ã9Ä4Æ�Ç/Ì4Ã4Õ

Ä4Æ�Ç �DÏ5Ð4É;Ï5Ð?Ê5ÄWÉ;Ï5ïcÆ �4áUÆ�Ç/Ê/Ç5ËQÕcÆ�ÃñÝ6Æ�ÇZÄ4Æ�ÃÔï�ËQÃ4Ã+Ö�ÝbÉ{Æ8É{ÃÔÄ4Æ�ÇfÇZÆ�Ï5Ð?ÊZÆ�Ã �?ïAËQÒhËTÉ{ÃÔþàá4á+Þ  nÞ ú � ÕcÆ�ÜiÆ�É{ÕAÊiÞ
ä÷Æ�ØXÃ9Ë�Ï5Ðìï0×�ØXØgÊàÆ�ÎbÉ{ÃìÄ4Æ�Ã=ÎZÆ�Ï5ÐnÎ��?Ê/Ì4ÃnÄ4Æ�ÃkÄ4Æ�Î'� �

3
/?þàÃ4ÕcÆ�áU×�ÊZÎ>Ü�ÌìÆ�É{ÃnÆ�Ç �DÏ5Ð4É;Ï5Ð?ÊZÄWÉ;Ï5ï0Æ�Ã9ëQÃnÄ4Æ��

Ç/Ì4Ã4Õ8ç0×�ÃoÃ?Ì4Ç � Ö a � ÖWÝ6×�áUÆ�ÉOÄWÉ;ÆmÄWÌ4Ç5Ï5ÐìÄWÉ;ÆfÄWÌ4ÇZÏ5Ð4ÕcÆ�Üi×�ÕcÆ�ÃnÆgÈ�É{Ã4É;Æfç0Æ�ÇZÄ4Æ�Ì4Ê/Ò{É;Ï5Ð?ÊZÆ �DÏ5Ð4É;Ï5Ð?ÊZÄWÉ;Ï5ï0Æ�Ã��
ëQÃnÄ4Æ�Ç/Ì4Ã4ÕñÉ{ØA'6Æ�ÇZÆ�É;Ï5ÐÛÂZÂgÆ�É{ÃnÆ�ÇÙï0×�ÃnÎ/Ê5ËQÃ?ÊZÆ�ÃÅÓñË�Ï5ÐnÎ/Ê/Ì4Ø8ÎZÇ5ËQÊZÆoç0×�Ã

7,5 · 10−5
��� Î8Æ�Ã?ÊZÎ/â4Ç/É;Ï5Ð?ÊiÞ��

bàØ�ÄWÉ;Æ�ÎZÆgæ�ËQÊZÆKÉ{ÃkÆ�É{ÃnÆ#þ>Ã4ÜqËQÐ4Ò�Ë�Ä4ÎZ×�Ç/á4É;Æ�Ç/ÊZÆ�Ç ?à×�Ð4Ò;Æ�ÃnÎ/ÊZ×QÚ+ËQÊZ×�Ø8Æ#Ì4ØXÇZÆ�Ï5Ð4ÃnÆ�Ã�Ü�Ìkï�%�Ã4ÃnÆ�Ã+Ö%ØgÌ4ê
ÄWÉ;Æ2UOÆ�É{Ò;Ï5ÐnÆ�ÃnÄWÉ;Ï5Ð?Ê5ÆfÄWÉ;Æ�ÎZÆ�ÇðÓñË�Ï5ÐnÎ/Ê/Ì4Ø8ÎZÎZÏ5Ð4É;Ï5Ð?Ê�áUÆ�ïAËQÃ4Ã?Ê�ÎZÆ�É{Ã+Þ4Ë	��� V � /��DÏ5Ð4É;Ï5Ð?ÊZÆ�Ã2ÜiÆ�É{ÕcÆ�Ã2Æ�É{ÃnÆ÷Æ�Ã��
ÕcÆ ?à×�Ç/ÇZÆ�ÒhËQÊ/É;×�ÃsÜ�Ý�É;ÎZÏ5ÐnÆ�ÃsÄ4Æ�Ç UOÆ�É{Ò{Ï5Ð9Æ.Ã9ÄWÉ;Ï5Ð?ÊZÆ�Ì4ÃnÄ\Ä4Æ�Ø '6ÇZÆ�Ï5Ð?Ì4Ã4ÕcÎ/É{ÃnÄ4Æ���ÖbÎZ×ÑÄnËQêÑØÙËQÃ¨ËQÌnÎ
Ä4Æ�Ø!ÕcÆ.å'Ì4Ã9Ä4Æ�ÃnÆ�ÃZ'6ÇZÆ�Ï5Ð?Ì4Ã4ÕcÎ/É{ÃnÄ4Æ��oÆ.É{ÃnÆ÷ä�É;Ï5Ð?ÊZÆ�ç0×�Ã ú Õ � Ï�Ø 3 á4Ü�ÝfÞWÆ�É{ÃnÆ2?à×�Ð4Ò;Æ�ÃnÎ/ÊZ×QÚ�ÄWÉ;Ï5Ð?ÊZÆ÷ç0×�Ã
4 ·1022 Ï�Ø −3 ËQá4Ò;Æ.É{ÊZÆ�Ã´ï�ËQÃ4Ã ó0J�� 
\RSLOö���� JUø63N1:ù4K�ønö Æ�ÊàËQÒ�Þ úiûAûAûQý Þ0ã=É{ÊèÄWÉ;Æ�Î5Æ.Ç6äàÉ;Ï5Ð?Ê5Æ>Æ�Ç/ÕAÉ{á4Ê6Î/É;Ï5Ð
Æ�É{ÃnÆgÓñË�Ï5ÐnÎ/Ê/Ì4Ø8Î/Ç5ËQÊZÆXËQÃ`?à×�Ð4Ò;Æ�ÃnÎ/ÊZ×QÚ�ËQÊZ×�Ø8Æ�Ã	ç0×�Ã

1 · 1010 Ï�Ø −2 Î −1 Þ �%ÌnÎ5ËQØXØ8Æ�Ã�ØXÉ{Ê÷Ä4Æ�Ø�áUÆ��
ïAËQÃ4Ã?ÊZÆ�Ã=þàÃ4ÕcÆ�áU×�Ê÷ËQÃ=ã=Æ�Ê/Ð �DÒ¥çc×�Ã

3 · 1014 Ï�Ø −2 Î −1 Æ�Ç/ÕAÉ{á4Ê�Î/É;Ï5Ð2å �4ÇàÄ4Æ�Ã�}K"îH.&'B�Yq��ñ1����.�9&(�.�´Æ�É{Ã
ÓÔÆ�Ç/Ê�ç0×�Ã4V

s(
� �

3) = (1± 0, 4) · 10−4
c  nÞ ú h e

ä÷Æ�Ç6ÕcÆ�Ø8Æ�ÎZÎZÆ�ÃnÆm}K"îH�&'BQYq��ñ1����.�9&9å �4Ç � �
3
É;Î/Ê,Ì4Ø!Æ�É{Ã´ánÉ{Î6Ü�Ý6Æ�É4<÷ÇX%�êcÆ�Ãn×�ÇZÄWÃ?Ì4Ã4ÕcÆ�ÃoïDÒ;Æ�É{ÃnÆ�ÇiÖWËQÒ;ÎðÆ�Ç

É{ÃìÄ4Æ�ÇbÈ+É{ÊZÆ�Ç5ËQÊ/Ì4Ç>ç0Æ�Ç/ØgÌ4ÊZÆ�ÊbÝ�É{ÇZÄ�cEÎ/É;Æ�ÐnÆT?fËQâ+Þ ú Þ úfe Þ
ä÷Æ�ÇfÎ/Ê5ëQÇ/ï0Æ�ÇZÆtþàÃnÎ/Ê/É;Æ�Õ2Ä4Æ�Î �?É{ÕAÃ9ËQÒ;ÎfÉ{Ø@'6Æ�ÇZÆ�É;Ï5ÐÔÂ>É;Î/Ê÷Ãn×?Ï5Ð	Ì4Ã?ç0Æ�ÇZÎ/Ê5ËQÃnÄ4Æ�Ã+Þ���Çfï�%�Ã4Ã?ÊZÆXÄnË�ÄWÌ4ÇZÏ5Ð
Æ�Ç/ïDÒhëQÇ/ÊXÝ6Æ�ÇZÄ4Æ�Ã+ÖIÄnËQê�Ä4Æ�Ç �%ÌnÎZÊ5ËQÃnÄÑÄ4Æ�ÇMÿàáUÆ�Çîò%ë�Ï5ÐnÆ2Ü�ÌB'ðÆ�ÕAÉ{Ã4ÃÅÄ4Æ�Î�� �WâUÆ�Ç/É{Ø8Æ�Ã?ÊZÎMËQÃnÄ4Æ�ÇZÎ8É;Î/ÊiÖ
ËQÒ;ÎTÝðëQÐ4ÇZÆ�ÃnÄvÄ4Æ�Î´ÕAÒ;Æ�É;Ï5ÐWå %�Ç/ØXÉ{ÕcÆ�Ã\ÓÔË�Ï5ÐnÎZÊ/Ì4Ø8ÎiÞ ��É{ÃnÆ�ã %�ÕAÒ{É;Ï5Ð4ï0Æ�É{ÊTÉ;Î/ÊoÄWÉ;Æ=åE×�Ò{ÕcÆ�ÃnÄ4Æ"V�ä÷Æ�Ç´Ì4Ç �
Î/â4Ç �4Ã4ÕAÒ{É;Ï5ÐnÆ 
�Ð9ËQÇ/ÊZÆ�=Ë	��� V ��/?éyÉ{Ò{Ø áUÆ�Î/ÊZÆ�Ð?ÊÙÎZ×qÝ6×�Ð4ÒàËQÌnÎ8Î/â 2 �gËQÒ;ÎÙËQÌnÏ5ÐÛËQÌnÎÙÎ/â 3 ��ï0×?×�ÇZÄWÉ{Ã4É;Æ�Ç/ÊZÆ�Ø
?à×�Ð4Ò;Æ�ÃnÎ/ÊZ×QÚ!ØXÉ{ÊÔÆ�É@Ã9Æ.Ø Ê �Dâ4É;ÎZÏ5ÐnÆ�Ã Î/â 2

� ÎZâ 3 /�)èÆ�Ç/Ð9ëQÒ{Ê/Ã4É;Î	É{Ø )è×�Ò{Ì4Ø8Æ�Ã4ØÙËQÊZÆ�Ç/ÉhËQÒÙç0×�Ã h Ö ü � h Ö  
ó��OL � � 9 Ì4ÃnÄ
	�� 3�30ø9ö úiûAû��Qý Þ�Â�Ã Æ�ÇZÎ/ÊZÆ�ÇXß÷ëQÐnÆ�Ç/Ì4Ã4Õ	ÒhëQêAÊXÎZÉ{Ï5ÐÑÄWÉ;Æ�ÎZÆ�Î+)èÆ�Ç/Ð9ëQÒ{Ê/Ã4É;ÎÙËQÌnÏ5ÐÅËQÌWå�ÄWÉ;Æ
ÿàáUÆ�Çîò%ë�Ï5ÐnÆ �4áUÆ�Ç/Ê/Ç�ËQÕcÆ.Ã¥Þ%ä÷Æ�Ç-?÷Ì4Ç/ç0Æ�Ã?ç0Æ�Ç/ÒhËQÌWå�ç0×�Ãìþàá4á+Þ  nÞ ú � ï�ËQÃ4Ã=Æ�Ç/ï?ÒhëQÇ/Ê>Ý6Æ�ÇZÄ4Æ�Ã+Ö9Ý6Æ�Ã4ÃìØÙËQÃ
ËQÃ4Ã4É{ØXØgÊiÖ?ÄnËQêgÄ4Æ�ÇIÓ É{Ç/ïDÌ4Ã4ÕcÎ �0ÌnÆ�ÇZÎ5Ï5Ð4Ã4É{Ê/ÊIå �4ÇèÄWÉ;Æ>þbÄ4ÎZ×�Ç/â4Ê/É;×�ÃÙçc×�Ã � �

3
ËQÌWå+Î/â 2 /0Ð �Dá4Ç/É;ÄWÉ;Î/É;Æ�Ç/ÊZÆ�Ã

'6É{ÃnÄWÌ4Ã4ÕcÎ/â4ÒhëQÊ/ÜiÆ�ÃrÕAÇX%�êcÆ�ÇgÉ;Î/Ê#ËQÒ;Îfå �4ÇgÄWÉ;ÆÙþbÄ4ÎZ×�Ç/â4Ê/É;×�Ã ËQÌWåbÆ�É{ÃnÆ�Ø Î/â 3 ��ï0×?×�ÇZÄWÉ{Ã4É;Æ�Ç/ÊZÆ�Ã ��ÒhËQÊ/ÜcÞ �9Ì
'ðÆ�ÕAÉ{Ã4ÃXÄ4Æ�Î � �WâUÆ�Ç/É{Ø8Æ�Ã?ÊZÎ�ï�ËQÃ4Ã � �

3
ËQÌWåUÎ/â 2 ��ï0×?×�ÇZÄWÉ{Ã4É;Æ�Ç/ÊZÆ�Ã&'6É{ÃnÄWÌ4Ã4ÕcÎ/â4ÒhëQÊ/ÜiÆ�ÃÙË�Ä4Î5×�Ç/á4É;Æ�ÇZÆ�Ã+ÖQÝ6× �

ÄWÌ4ÇZÏ5ÐKÄ4É{Æ�Î5Æ�ç0Æ�Ç/á4Ç5ËQÌnÏ5Ð?Ê¥Ý6Æ�ÇZÄ4Æ�Ã+Þqß�Ë�Ï5ÐKÆ�É{Ã4É{ÕcÆ�Ç �UÆ�É{Ê+É;Î/Ê+ÄWÉ;Æ�ÕcÆ�Î5ËQØgÊZÆ,ÿàáUÆ�Çîò%ë�Ï5Ð9ÆèÎ/â 3 ��ï0×?×�ÇZÄWÉ{Ã4É;Æ�Ç/ÊiÖ
Ì4ÃnÄ	Æ�ÎfÎ/ÊZÆ�Ò{Ò{ÊfÎZÉ;Ï5Ð	Æ�É{ÃnÆXÕcÆ�Ç/É{Ã4ÕcÆ�ÇZÆAÖ�ï0×�ÃnÎ/Ê5ËQÃ?ÊZÆXÓÔË�Ï5ÐnÎ/ÊZÌ4Ø8Î/Ç5ËQÊZÆ8Æ�É{Ã+Ö�ÄWÉ;ÆXÄWÌ4ÇZÏ5ÐÔÄ4Æ�Ã	Ó É{Ç/ïDÌ4Ã4ÕcÎ �
�?ÌnÆ�ÇZÎZÏ5Ð4Ã4É{Ê/Ê,å �4Ç6ÄWÉ;Æ�þ�Ä4ÎZ×�Ç/â4Ê/É;×�ÃoËQÌWåOÆ�É{ÃnÆ�Ç6ÎZâ 3 ��ïc×?×�ÇZÄWÉ{Ã4É;Æ�Ç/ÊZÆ�ÃZ'6É{ÃnÄWÌ4Ã4Õ#ÕcÆ�ÕcÆ�áUÆ�ÃTÉ;Î/ÊiÞ?ä÷Æ�Ç � áUÆ.Ç �
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Õ0ËQÃ4Õ2Ü�Ý�É;Î5Ï5ÐnÆ�ÃñÄ4Æ�ÇgËQÃWåGëQÃ4ÕAÒ{É;Ï5ÐrÎZÏ5Ð4ÃnÆ�Ò{Ò;Æ�ÇZÆ�ÃñþbÄ4ÎZ×�Ç/â4Ê/É;×�ÃÔÌ4ÃnÄ�Ä4Æ�Ø ÕAÒ{Æ�É;Ï5ÐWå %�Ç/ØXÉ{ÕcÆ�ÃñÓñË�Ï5ÐnÎ/Ê/Ì4Ø
ÍnÃnÄ4Æ�Ê6Ã9Ë�Ï5Ð´Æ�Ê�ÝðËKÆ�É{ÃnÆ�Ç6Ð9ËQÒ{áUÆ�ÃTã=×�Ãn×�ÒhËQÕcÆ�Î/Ê5ËQÊ/ÊiÞ?ä�É;Æ�ÎZÆ�Ç,ÓÔÆ�Ç/Ê6Î/Ê/É{ØXØgÊ,ÕAÌ4Ê,ØXÉ{Ê6ÄnÆ.Ø )IÆ�Ç/á4Ç5ËQÌ9Ï5Ð
Ä4Æ�Ç�ÎZâ 2 ��Ð �?á4Ç/É;ÄWÉ;ÎZÉ;Æ.ÇZÊZÆ�ÃI'6É{ÃnÄWÌ4Ã4ÕcÎ/â4ÒhëQÊ/ÜiÆ�Ã��4áUÆ�ÇZÆ�É{Ã+ÖnÄWÉ;Æ÷Æ�É{ÃnÆ�ÇàÿàáUÆ�Çîò%ë�Ï5ÐnÆ�Ã?áUÆiÄ4Æ�Ï5ïDÌ4Ã4Õ8ç0×�Ã ü"h=j
Æ�Ã?ÊZÎ/â4ÇZÆ�Ï5ÐnÆ�Ã+Þ

�I� ����� ����ªr��� � #%!G£A¢�¤IªÔ§©ª � �è�Qª !��=�(« � #è¤���¦¥ ¥¤ ( �
3
#,¤�� �

Â(ÃÔÄ4Æ�ÇKÈ�É{ÊZÆ�Ç5ËQÊ/Ì4ÇgÝ6Æ�ÇZÄ4Æ�Ã�å �4ÇKÄ4Æ�Ãr}f"îH�&'BQYC� ñ1��G�.�%&(�.�ìçc×�Ã � �
3
ËQÌWåbËQØ8×�ÇZâ4ÐnÆ�ÃÔÝðË�ÎZÎZÆ�ÇZÎZÊZ×QÚUÐ9ËQÒ��

Ê/É{ÕcÆ�Ã ?à×�Ð4Ò;Æ�ÃnÎZÊZ×QÚ(/��DÏ5Ð4É;Ï5ÐDÊZÆ�Ã Ó�Æ�Ç/ÊZÆkËQÃ4ÕcÆ�ÕcÆ�áUÆ�Ã+ÖðÄWÉ;Æ=Æ�É{ÃÛá4É;ÎMÜ�Ý6Æ�É <�ÇX%�êcÆ�Ãn×�ÇZÄWÃ?Ì4Ã4ÕcÆ�Ã Ð6%�ÐnÆ�Ç
Î/É{ÃnÄÔËQÒ;ÎKÄ4Æ�ÇKÉ{ÃÔÄWÉ;Æ�ÎZÆ�ÇgþàÇ/áUÆ�É{ÊfáUÆ�Î/Ê/É{ØXØgÊ5Æ8ÓÔÆ�Ç/Êfçc×�Ã

1 · 10−4 cEÎ/É;Æ�ÐnÆj?fËQâ+Þ ú Þ úfe Þ+ä�É;Æ�ÎZÆ8Ðn×�ÐnÆ�Ã
Ó�Æ�Ç/ÊZÆ>Ý6Æ�ÇZÄ4Æ�ÃÙå �4Ç ��ÒhË�Î/ØÙË�Æ��WâUÆ�Ç/É{Ø8Æ�Ã?Ê5Æ÷ËQÃ4ÕcÆ�Ãn×�ØXØ8Æ�Ã+Ö?É{ÃMÄ4Æ�ÃnÆ�ÃMØ8Æ�Ð4ÇZÆ�ÇZÆ �?âUÆ�Ü�É;Æ�Î6ÎZÉ@Ø#Ì4Ò{Ê5ËQÃ´ËQÃ
Ä4Æ�ÇgÿàáUÆ�Çîò%ë�Ï5ÐnÆ8ÇZÆiËQÕAÉ;Æ�ÇZÆ�Ã+Þ¥ä�Ì4ÇZÏ5Ð�ÇZÆiËQï?Ê/É{ç0ÆFUOÆ�É{Ò;Ï5ÐnÆ�ÃÔï�ËQÃ4Ã�Æ�ÎKËQáUÆ�ÇfÜ�Ì�Æ�É{ÃnÆ�ÇKþàï?Ê/É{çDÉ;Æ�Ç/Ì4Ã4Õ2Ä4Æ�Ç
ÿàáUÆ�Çîò%ë�Ï5ÐnÆmï0×�ØXØ8Æ�Ã+Ö4ÄWÉ;Æ÷ÄWÉ;Æ ��ËCåEÊ�ÝðËQÐ4ÇZÎZÏ5ÐnÆ�É{Ã4Ò{É;Ï5Ð4ï0Æ�É{ÊbáUÆ�Æ�É{ÃWònÌ4êAÊiÞnß�Æ�áUÆ�ÃoÂ ×�ÃnÆ�Ã+Ö4ÄWÉ;Æ÷ÄWÌ4ÇZÏ5ÐoÉ{Ð��
ÇZÆ�Ã ��ÃnÆ�Ç/ÕAÉ;Æ�Æ�É{Ã?Ê/Ç�ËQÕ2åEÇZÆ�É{ÆÙÿàáUÆ�Çîò%ë�Ï5ÐnÆ�Ã4ânÒhëQÊ/ÜiÆÙÎ5Ï5Ð9ËCÚ�Æ�Ã	ï�%�Ã4ÃnÆ�Ã ó0J�
41'ö\L 5�LOù41 Æ�Ê>ËQÒ�Þ úiûAû h ý Ö�ï�ËQÃnÃ
ËQÊZ×�ØÙËQÇZÆ�Ç,ÓñË�ÎZÎZÆ�ÇZÎ/ÊZ×QÚ�ÖAÄ4Æ�ÇèÉ{Ã ?à×�Ð4Ò;Æ�Ã?ÝðË�ÎZÎZÆ�ÇZÎZÊZ×QÚUâ4ÒhË�Î/Ø8Æ�ÃTÄWÌ4ÇZÏ5Ð ��Ò;Æ�ïDÊ/ÇZ×�ÃnÆ�ÃnÎ/ÊZ×�ê /?ä�É;ÎZÎ5×�Ü�ÉhËQÊ/É;×�Ã
Ä4Æ�Î ��Ç5Æ�Ï�Ì4Ç5ÎZ×�Ç/Ø8×�Ò;Æ�ï �4Ò;ÎàÆ�Ã?ÊZÎ/ÊZÆ�Ð?ÊiÖ9ÄWÉ;Æ 'ðÆ�Ä4Æ�Ï5ïDÌ4Ã4ÕMËQÃoåEÇZÆ�É;Æ�Ã=ÿàáUÆ�Çîò%ë�Ï5ÐnÆ�ÃDá4É{ÃnÄ4Ì4Ã4ÕcÆ�Ã=áUÆ�Æ�É{ÃWònÌnÎ �
ÎZÆ�Ã+Þ
þ�ÊZ×�ØÙËQÇZÆ�ÇbÓñË�ÎZÎZÆ�ÇZÎZÊZ×QÚkïAËQÃ4Ã2Ä4Ì4ÇZÏ5ÐìÄWÉ;ÆfþàánÎ/Ê/Ç5ËQïDÊ/É;×�Ã2ç0×�ÃoÕcÆ�á4Ì4ÃnÄ4Æ�ÃnÆ�Ø©ÓñË�ÎZÎZÆ�ÇZÎZÊZ×QÚ=åEÇZÆ�É;Æ '6É{Ã��
ÄWÌ4Ã4ÕcÆ�ÃñÎ5Ï5Ð9ËCÚ�Æ�Ã+ÖOËQÃñÄ4Æ�ÃnÆ�ÃñÄnË�ÎKãkÆ�Ê/Ð �DÒ0/?æàË�ÄWÉ{ïAËQÒIáUÆ�ç0×�Ç/Ü�Ì4ÕAÊ#Ë�Ä4Î5×�Ç/á4É;Æ�ÇZÆ�ÃÔïAËQÃ4Ã+Þ <�Ò;Æ�É;Ï5Ð4ÜiÆ�É{Ê/É{Õ
Î5ëQÊ/Ê/É{ÕAÊmËQáUÆ�Ç�ÓñË�ÎZÎZÆ�ÇZÎZÊZ×QÚÔ×QÚ�Æ�ÃnÆ�',É{ÃnÄWÌ4Ã4ÕcÆ�ÃÔËQá+ÞUþ>ÌnÎ�Æ�É{ÃnÆ�Ø )IÆ�Ç/ÕAÒ;Æ�É;Ï5Ð	Ä4Æ�Ç�áUÆ�É;Ä4Æ�Ã�áUÆ�ï�ËQÃ4Ã?ÊZÆ�Ã
ÓÛÉ{Ç/ïDÌ4Ã4ÕcÎ �?ÌnÆ�ÇZÎZÏ5Ð4Ã4É{Ê/ÊZÆ cEÎZÉ;Æ.Ð9ÆF?fËQâ+Þ ú Þ úfe Æ�Ç/ÕAÉ{á4ÊKÎ/É;Ï5Ð+Ö�ÄnËQê2Ä4Ì4ÇZÏ5Ð�ÄnË�ÎfþàÃ4ÕcÆ�áU×�ÊgËQÃÔËQÊZ×�ØÙËQÇZÆ�Ø
ÓÔË�Î5ÎZÆ�ÇZÎ/ÊZ×QÚÔÎ/É;Ï5Ð=É{Ø Î/Ê5ËQÊ/É;×�Ã9ëQÇZÆ�Ã�<�Ò;Æ�É;Ï5Ð4ÕcÆ�Ý�É;Ï5Ð?ÊfËQÃ�Ä4Æ�ÇmÿàáUÆ�Çîò%ë�Ï5ÐnÆtÆ�É{Ã`'ðÆ�Ä4Æ�Ï5ï?Ì4Ã4ÕcÎ/ÕAÇ5Ë�Äkç0×�Ã
ÏiËWÞ aKj ËQÃ´å'ÇZÆ�É;Æ�ÃZ',É{ÃnÄWÌ4Ã4ÕcÆ�Ã2Æ�É{ÃnÎ/ÊZÆ�Ò{Ò{ÊiÞ4ãkËQÃoÆ�Ç/ÝðËQÇ/ÊZÆ�ÊiÖWÄnËQêXÄWÉ;Æ�ÎZÆ÷þ>ïDÊ/É{ç?É;Æ�Ç/Ì4Ã4ÕXÄ4Æ�Ç>ÿàáUÆ�Çîò%ë�Ï5ÐnÆ
Æ�É{ÃnÆ�Ã ��É{ÃWònÌ4êoËQÌWåIÄnË�Î �÷ËCåEÊ/çcÆ�Ç/Ø&%�ÕcÆ�Ã=Ð9ËQÊiÞ �IÎàÎ5×�Ò@ÒyÄ4Æ�Î/Ð9ËQÒ{á=Ð4É;Æ�ÇàÄWÉ;Æ�ÎZÆ�Ç���É{ÃWònÌ4êTÄ4Æ�Î�ËQÊZ×�ØÙËQÇZÆ�Ã
ÓÔË�Î5ÎZÆ�ÇZÎ/ÊZ×QÚ�ÎbËQÌWå�Ä4Æ�Ãk}f"îH�&'BQYC� ñ1����.�9&(���8ç0×�Ã � �

3
/?æ�Ë�ÄWÉ{ï�ËQÒ;Æ�Ã2áUÆ�Î/Ê/É{ØXØgÊ>Ý6Æ�ÇZÄ4Æ�Ã+Þ

ä�É;ÆmÆ��DâUÆ�Ç/É{Ø8Æ�Ã?ÊZÆ�Ò{Ò;Æ bàØ8ÎZÆ�Ê/Ü�Ì4Ã4Õ8É;Î/ÊðÝ�É;Æ÷åE×�Ò{ÕAÊ V4ä�Ì4ÇZÏ5Ð ,àÌnÆ�Ò{Ò;Æ ú Ý�É{ÇZÄoáUÆ�É+Æ�É{ÃnÆ�Ç-?fËQâ4É{Ò{ÒhËQÇZÆ�Ã?ÊZÆ�Ø �
âUÆ�Ç5ËQÊ/Ì4Ç÷ç0×�Ã � ú h"h ? Æ�É{Ã�ï0×�ÃnÎ/Ê5ËQÃ?ÊZÆ�Çmä�Ì4ÇZÏ5ÐnÎ5ËQÊ/Ü8ËQÃkØ8×�Ò;Æ�ïDÌ4ÒhËQÇZÆ�Ø ÓñË�ÎZÎZÆ�Î/ÇZÎ/ÊZ×QÚÔç0×�Ã h Ö ú ÎZÏ�Ï�Ø
Æ�É{Ã4ÕcÆ�Î/ÊZÆ�Ò{Ò{ÊiÞ�ä÷ËQÇ5ËQÌ9ÎyÆ�Ç/ÕAÉ{á4Ê�Î/É;Ï5Ð#Æ�É{ÃnÆ6éyÒ{Ì4êcÄWÉ;Ï5Ð?ÊZÆ�ËQÌWå9Ä4Æ�Ø �?Ì4ánÎ/Ê/Ç5ËQÊyç0×�Ã

4·1015 Ï�Ø −2 Î −1 Þ ,àÌnÆ�Ò{Ò;Æ
� Ý�É{ÇZÄkáUÆ�É�Æ�É{ÃnÆ�Ç ?fËQâ4É{Ò{ÒhËQÇZÆ�Ã?ÊZÆ�ØXâUÆ�Ç�ËQÊ/Ì4Çfç0×�Ã úAú a"h ? ØXÉ@Êfþ>Üi×�Ø8Æ�Ê/Ð9ËQÃ	áUÆ�É�Æ�É{ÃnÆ�Ø ï0×�ÃnÎ/Ê5ËQÃ?ÊZÆ�Ã
)I×�Ç5ÄWÇ/ÌnÏ5ïTÉ{ÃìÄ4Æ�Ç2<mË�Î/Ò;Æ�É{Ê/Ì4Ã4ÕÙç0×�Ã ú Ö a Øgá9ËQÇ>áUÆ�Ê/Ç/É;Æ�áUÆ�Ã+Þ%ämËQÇ5ËQÌnÎbÇZÆ�Î/Ì4Ò{Ê/É;Æ�Ç/Ê�Æ�É{ÃnÆKéOÒ{Ì4êcÄWÉ;Ï5Ð?ÊZÆ#ËQÌWå
ÄnË�Î��?Ì4ánÎZÊ/Ç5ËQÊ#çc×�Ã

3 · 1014 Ï�Ø −2 Î −1 Þ ��áUÆ�ÃnÎZ×=ÝbÉ{ÆMáUÆ�ÉðÄ4Æ�Çtþ�Ä4Î5×�Ç/â4Ê/É;×�Ãrçc×�Ã � �
3
Ý�Ì4ÇZÄ4Æ�Ã ÄWÉ;Æ

,àÌnÆ�Ò{Ò;Æ�Ã � h Ð ç0×�ÇXÄ4Æ�Ø Æ�É{ÕcÆ�Ã?Ê/Ò{É;Ï5ÐnÆ�Ã � �WâUÆ�Ç/É{Ø8Æ�Ã?ÊÙÆ�É{Ã4ÕcÆ�ÎZÏ5Ð9ËQÒ{ÊZÆ�ÊiÖIÌ4Ø�Ê/ÐnÆ�Ç/ØXÉ;ÎZÏ5ÐnÆ2ä�Ç/É@å'ÊZÆ�ÃÑÜ�Ì
çcÆ�Ç/Ø8Æ�É;Ä4Æ�Ã+Þ�ÿàÐ4ÃnÆKÜ�ÌnÎ�ëQÊ/Ü�Ò{É;Ï5ÐnÆ ��Æ�É{Ü�Ì4Ã4Õ´Ä4Æ�Î �?Ì4ánÎ/Ê/Ç5ËQÊZÎ�Î/ÊZÆ�Ò{Ò{Ê�Î/É;Ï5Ð=ÄWÌ4ÇZÏ5Ð�ÄWÉ;ÆfÊ/ÐnÆ�Ç/ØXÉ;Î5Ï5ÐnÆg'ðÆ�ÒhË	�
Î/Ê/Ì4Ã4ÕÙç0×�Ã2áUÆ�É;Ä4Æ�Ã ,àÌnÆ�Ò{Ò;Æ�ÃkÆ�É{ÃnÆgUOÆ�ØXâUÆ�Ç5ËQÊ/Ì4Çàç0×�Ã � � h ? Æ�É{Ã+Þ9ämË�Î>þàÃ4ÕcÆ�áU×�Ê>ç0×�Ã �¨á4Ü�ÝfÞ)� �

3Ý�É{ÇZÄoÃ?Ì4Ç>ÄWÌ4ÇZÏ5ÐìÄnË�Î��>ÚUÃnÆ�ÃìÄ4Æ�Ç )èÆ�Ã?Ê/É{Ò;ÆfÄ4Æ�ÇS<fË�Î/çcÆ�ÇZÎ5×�Ç/ÕAÌ4Ã4Õ8ÕcÆ�ÇZÆ�ÕcÆ�Ò@ÊqÞ
Â(Ã=þàá4á+Þ  nÞ úiû É;Î/ÊàÄWÉ;Æ �àÃnÄ4Æ�Ç/Ì4Ã4Õ´Ä4Æ�Î ��×�ÒhËQÇ/É;Î5ËQÊ/É;×�ÃnÎ/Ü�ÌnÎ/Ê5ËQÃnÄnÆ�Î�É{Ã=Ä4Æ�Ç

ψ,∆
/ ��áUÆ�ÃnÆgÝðëQÐ4ÇZÆ�ÃnÄ=Ä4Æ�Ç

Ó�Æ�Ï5ÐnÎ5Æ�Ò{Ý�É{Ç/ï?Ì4Ã4Õ�ØXÉ{Ê8Ä4Æ�Ã!UOÆ�É{Ò;Ï5ÐnÆ�ÃnÎ/Ê/Ç5ËQÐ4Ò �0Ì9Æ�Ò{Ò;Æ�ÃÛÄnËQÇ/ÕcÆ�Î/ÊZÆ�Ò{Ò{ÊiÞèÂ(ÃÑÄ4É{Æ�Î5Æ�Ød'ðÆ�ÇZÆ�É;Ï5ÐÅÄ4Æ�Çj?÷Ì4Ç/çcÆ



h � �������	��
������
�����
�����������
���� �!�����"���������$#��

18 19 20 21 22 23
52

54

56

58

60

62

64

66

a-C:H-
 Film

Ψ

∆

c

ba C
n
H

m

a-C:H-
 Film

Polymer

Si

Polymer

Si

a-C:H-
 Film

Si

von Keudell et al. Fig. 3

         Daten
optische Modelle:

   a
   b
   c

4
3

2

1

 

  

 

� ����������	�
�� ���� ��� � )d<,�".G49),£:<,�". �"MYMI!�Cd#B'(- �(+�.A! �
#Q�����")*¥§!Y)TD��"M

Ψ
49)d<

∆
<�49.Q�X� <@!��&¥ �G�X�5#"�BM�� !Y.7DE4@),£

%('/)3�T+6'/-¤�9.B�B- ¥��9#7#"�B.7#_+6' �¤49)d<K>U�/+�� �TM¢S9bK�,<@!YD9�/M��")
-;!8+;�"!Y)E�"- � ���aN ��S ��!IMY-mF (&4@#�£��9),£e#6C�49)5DE+&!Y#_+;�"!Y)E�
���9._+��;� ���aN ��S@RE�X�T!�����+��I) \ � V ] �a! g V ] � �,49ªK�"!Y)E�"-R�!YMY! � !�49- �8R�45Z9#_+�.B�,+ � ] � FT1 49._��� <,�")§�T+6'(-��9.B�B) ¥¤�@#��#B�"."#Q+�'&��D�'(-;- +c�B# � 49.�(¦49ª¢� �d<@.7!¢�B._49)T£ 4@)d< © .B'9#�! �
'/) � � � F/J=�"!e£}M��"!��X� � �"!8+�!�£T�"- (=),£T�/Z,'�+�%('();�,+�'(-��/.0�"-
¥��9#7#"�B.7#_+6' � 49)d<m>U�/+�� �TM¢S9bK�,<@!YD9�/M��") +�.A!8+�+=RE�X�T!�����+ �
���,����#Q+A49- �"!Y) � � � F�J=�"!Y- (¦Z@#0�X���/M8+6�B) <��B#K>U�/+�� �,M¢S
R�+�."�9�TM$#�D�'/-;- +��B#y�B.A)E�/4T+ � 49. © .0'/#A!¢'/) � ^ � F913�". ©� �C��B.A!Y- �")E+A%(�".7M$�T49ªEM¢¡ %5+�#�!��X�[<549.Q�X�[<@.0�"!�'0C +�!$#0�X�E�a>U'#�
<��BMIM�� Z,�B#0�X�T.0�"!6Z,�")�F

áUÆ�Ä4Æ�Ì4ÊZÆ�ÊÙÆ�É{ÃnÆ �>ÃnÄ4Æ�Ç/Ì4Ã4Õ�É{Ã
ψ,∆

Ã9Ë�Ï5ÐÑÒ{É{Ã4ïWÎX×�áUÆ�Ã á4Ü�ÝfÞ�ÇZÆ�Ï5Ð?ÊZÎXÌ4Ã?ÊZÆ�ÃÅÆ�É{ÃnÆoþàá4Ã9ËQÐ4Ø8ÆTá4Ü�ÝfÞ
�%Ì4Ã9ËQÐ4Ø8Æ>Ä4Æ�Ç �DÏ5Ð4É;Ï5Ð?ÊZÄWÉ;Ï5ï0ÆAÖcÝ6×�Ð4É{Ã4ÕcÆ�ÕcÆ�Ã´Æ�É{ÃnÆ�Ç �àÃnÄ4Æ�Ç/Ì4Ã4ÕfÉ{Ã

ψ,∆
Ã9Ë�Ï5ÐÙÇZÆ�Ï5Ð?ÊZÎè×�áUÆ�Ã8á4Ü�ÝfÞAÒ{É{Ã4ïWÎ

Ì4Ã?ÊZÆ�Ã�Æ�É{ÃnÆ�ÇÙþàá4Ã9ËQÐ4Ø8Æoá4Ü�ÝfÞ �%Ì4Ã9ËQÐ4Ø8ÆìÄ4Æ�Ç8ä�É;Ï5Ð?ÊZÆ2Æ�Ã?ÊZÎ/â4Ç/É;Ï5Ð?Ê ó0J���
WR-Lyö���� JUø63�1'ù4K�ønöÅúiûAûAüQý Þ
�%Ì 'ðÆ�ÕAÉ{Ã4Ã�Ä4Æ�Î�� �DâUÆ�Ç/É{Ø8Æ�Ã?ÊZÎ&c���Ì4Ã4ïDÊ úfe Ý�É{ÇZÄ=Ã?Ì4Ç�Ä4Æ�Ç��?Ê/Ç5ËQÐ4Ò�ËQÃ�ËQÊZ×�ØÙËQÇZÆ�Ø ÓñË�ÎZÎZÆ�ÇZÎ/ÊZ×QÚÔÆ�É{Ã��
ÕcÆ�ÎZÏ5Ð9ËQÒ{ÊZÆ�ÊiÖOÝ6×?ÄWÌnÇZÏ5Ð Î/É;Ï5ÐrÄWÉ;ÆMÆ�Ò{Ò{É{ânÎZ×�Ø8Æ�Ê/Ç/É;ÎZÏ5ÐnÆ�Ã Ó É{Ã4ïcÆ�Ò,Ü�Ì ��Ì4Ã4ïDÊ � áUÆ�Ý6Æ�ÕcÆ�Ã+ÞyÂ�Ø ��Ì4Ã4ï?Ê �
Ý�É{ÇZÄ´1�30� �A&h1�)u�EV�N÷Ä4Æ�Ç�� �

3
/?éyÒ{Ì4êgÆ�É{Ã4ÕcÆ�ÎZÏ5Ð9ËQÒ{ÊZÆ�ÊiÖDÄnË�Î �?É{ÕAÃ9ËQÒ9ÒhëQÌWåEÊèÜ�Ì4Ø ��Ì4Ã4ïDÊ � ÞcÓvëQÐ4ÇZÆ�ÃnÄÙÄWÉ;Æ�ÎZÆ�Ç

��Ð9Ë�ÎZÆ�Ý�É{ÇZÄXÄ4Æ�Ç � /?éyÒ{Ì4êmÜ�Æ�É{Ê�ÝðÆ�É{Î5ÆbËQÌnÎZÕcÆ�ÎZÏ5Ð9ËQÒ{ÊZÆ�ÊIá4Ü�ÝfÞAÄ4Æ�ÇIéyÒ{Ì4êmçAËQÇ/É{É;Æ�Ç/ÊiÖ�É{ÃnÄ4Æ�Ø Ä4Æ�ÇIä�Ì4ÇZÏ5ÐnÎ5ËQÊ/Ü
ËQÃ �

2
ç0Æ�Ç5ëQÃnÄ4Æ�Ç/Ê÷ÝbÉ@Ç5Ä�Þ�Â(Ø ��Ì4Ãnï?Ê � Ý�É{ÇZÄkÃ?Ì4Ç÷Ä4Æ�Ç � �

3
/?éyÒ{Ì4ê2ËQá4ÕcÆ�ÎZÏ5Ð9ËQÒ{ÊZÆ�ÊiÖ�ÄnË�Î �?É{ÕAÃ9ËQÒ�ÒhëQÌWåEÊ

Ü�Ì4Ç �nÏ5ï�á4É;ÎgÜ�Ì4Ø ��Ì4Ã4ïDÊ  nÞ �D×qÝ6×�Ð4ÒðÄnË�Î#þàánÎZÏ5Ð9ËQÒ{ÊZÆ�Ã Ä4Æ�ÇF,àÌnÆ�Ò{Ò;Æ�ÃÅËQÒ;ÎtËQÌnÏ5ÐrÄWÉ;Æ´éyÒ{Ì4êAç�ËQÇ/ÉhËQÊ/É;×�Ã
å��4Ð4Ç/Ê�É{Ã�þàá4á+Þ  nÞ úiû Ü�Ì�ïcÆ�É{ÃnÆ�ÇmÎ/É;Ï5Ð?Ê/á9ËQÇZÆ�Ã	þàá?Ý6Æ�É;Ï5Ð?Ì4Ã4ÕTç0×�Ã�Ä4Æ�Ç÷È+É@ÃnÉ{ÆtÜ�Ý�É;ÎZÏ5ÐnÆ�Ã ��Ì4Ã4ïDÊ � Ì4ÃnÄ
��Ì4Ã4ïDÊ � Þ �èÎ÷ï0×�ØXØgÊmÉ{Ã	ÄWÉ;Æ�ÎZÆ�Ø@'ðÆ�ÇZÆ�É;Ï5ÐÔËQÒ;Î5×´Ã?Ì4ÇmÜ�Ì	Æ�É{ÃnÆ�Ç �>ÃnÄ4Æ�Ç/Ì4Ã4ÕìÄ4Æ�Ç �DÏ5Ð4É;Ï5Ð?Ê5ÄWÉ;Ï5ïcÆXá4Ü�ÝfÞ
Ä4Æ�ÇÙÓÔË�Ï5ÐnÎZÊ/Ì4Ø8Î/Ç5ËQÊZÆAÖIÃ4É;Ï5Ð?Ê´ËQáUÆ�ÇÙÜ�ÌÛÆ�É{ÃnÆ�Ç �>ÃnÄ4Æ�Ç/Ì4Ã4ÕrÄ4Æ�ÇÙ×�â4Ê/É;ÎZÏ5ÐnÆ�Ã ��É{ÕcÆ�ÃnÎZÏ5Ð9ËCåEÊZÆ�Ã+ÞèÓÛÉ;Æ2É{Ã
þàá4á+Þ  nÞ úiû Ü�ÌnÎ�ëQÊ/Ü�Ò{É;Ï5Ð2ÄnËQÇ/ÕcÆ�Î/ÊZÆ�Ò{Ò{ÊiÖWÒhëQêAÊbÎ/É;Ï5ÐoÄ4Æ�Ç � �DâUÆ�Ç/É{Ø8Æ�Ã?Ê/ç0Æ�Ç/ÒhËQÌWå�ØXÉ{Ê�Æ�É{ÃnÆ�Ø ×�â4Ê/É;ÎZÏ5ÐnÆ�Ã2ãk× �
Ä4Æ�Ò{ÒOËQÃ4â9Ë�ÎZÎZÆ�Ã4V
cGË e äàÉ;ÆmÕcÆ�â4Ì4Ã4ï?ÊZÆ�ÊZÆKÈ�É{Ã4É;ÆfÆ�Ã?ÊZÎZâ4Ç/É;Ï5Ð?Ê>Ä4Æ�Ø ã=×?Ä4Æ�Ò{Ò¥Æ�É{ÃnÆ�Î 
�Ð9ËQÇ/ÊZÆ�Ã �KË	��� V � /?éyÉ{Ò{Ø8ÎbØXÉ{ÊbÄ4Æ�Ãì×�â4Ê/É��
ÎZÏ5ÐnÆ�ÃZ?à×�ÃnÎ/Ê5ËQÃ?ÊZÆ�ÃTÃ  � Ö ú � h Ö ú ËQÌWåOÆ�É{ÃnÆ�Ø �?É{Ò{É{Ü�É{Ì4Ø � �?Ì4á9Î/Ê/Ç5ËQÊiÞ��Ã?Ê/ÒhËQÃ4Õ8Ä4Æ�ÇðÈ�É{Ã4É;ÆmëQÃnÄ4Æ�Ç/ÊbÎ/É;Ï5Ð
Ã?Ì4Ç>ÄWÉ;Æ �DÏ5Ð4É;Ï5Ð?ÊZÄWÉ;Ï5ïcÆAÞ%Â(Ø �IÌ4Ã4ï?Ê ú áUÆ�Ê/Ç5ëQÕAÊ>ÎZÉ{Æ �Wú Ö  � Ã4Ø2Þ
c'á e ��Ì4Ã4ï?Ê � Æ.Ã9Î/â4Ç/É;Ï5Ð?Ê´Æ�É{ÃnÆ�Ø ãk×?Ä4Æ�Ò{Ò�c'ÕcÆ�ÎZÊ/Ç/É;Ï5ÐnÆ�Ò{ÊZÆ=È+É{Ã4É;Æ e Æ�É{ÃnÆ�ÇTË	��� V � /��DÏ5Ð4É;Ï5Ð?Ê´ÕcÆ�Ç/É{Ã4ÕcÆ�ÇZÆ�Ç
ä�É;Ï5ïcÆ c � û Ö û�� Ã4Ø e ØXÉ{Ê#Æ�É{ÃnÆ�ÇXÿàáUÆ�Çîò%ë�Ï5ÐnÆ�ÃnÎZÏ5Ð4É;Ï�Ð?Ê#ç0×�Ã ú Ã4Ø2ÖOÄWÉ;ÆÙÆ�É{ÃnÆ�Ã '6ÇZÆ�Ï5Ð?Ì4Ã4ÕcÎ/É{ÃnÄ4Æ��Ôç0×�Ã
Ã  ú Ö  � �gÉ h ËQÌWåEÝ6Æ�É;Î/ÊiÞ,ä÷Æ�Ç � áUÆ�Ç/Õ0ËQÃ4ÕñÜ�Ý�É;ÎZÏ5ÐnÆ�Ã ã=×?Ä4Æ�Ò{Ò÷Ë�Ì4ÃnÄÅáÛÒhëQêAÊ´Î/É;Ï5Ð�áUÆ�ÎZÏ5Ð4ÇZÆ�É{áUÆ�Ã
ÄWÌ4ÇZÏ5ÐìÆ�É{ÃnÆmÎZÊZÆ�Ê/É{ÕcÆmþàá4Ã9ËQÐ4Ø8ÆfÄ4Æ�Î�æàÆiËQÒ0/Ùá4Ü�ÝfÞ4Ä4Æ�ÎbÂ�ØÙËQÕAÉ{Ã9ëQÇ/ÊZÆ�É{Ò;Î>Ä4Æ�Î '6ÇZÆ�Ï5Ð?Ì4Ã4ÕcÎ/É{ÃnÄ4Æ��oç0×�Ã � Ö ú



�������	��
������
�����
�����������
���� �!�����"� � �����$#�� h û

ËQÌWå ú Ö  � á4Ü�ÝfÞ h Ö ú ËQÌWå h É{Ã�Æ.É{ÃnÆ�Çm×�áUÆ�Çîò%ë�Ï5ÐnÆ�Ã4Ã9Ë�ÐnÆ�Ã �DÏ5Ð4É;Ï5Ð?Ê&c ú Ã4Ø e Ö%áUÆ�É�Æ�É{ÃnÆ�Ç÷ÕAÒ;Æ�É;Ï5Ð4ÜiÆ�É{Ê/É{ÕcÆ�Ã
æ>Æ�ÄWÌ4ïDÊ/É;×�ÃìÄ4Æ�Ç �DÏ5Ð4É;Ï5Ð?ÊZÄWÉ;Ï5ï0ÆfÌ4Ø ú Ö a Ã4Ø2Þ9ä�É;Æ�ÎZÆ�Î )èÆ�Ç/Ð9ËQÒ{ÊZÆ�ÃìÉ;Î/Êbïc×�ÃnÎZÉ;Î/ÊZÆ�Ã?ÊbØXÉ{ÊàÄ4Æ�Ã2Ü�Ì=Æ�Ç/ÝðËQÇ �
ÊZÆ�ÃnÄ4Æ�ÃÅæ>ÆiËQïDÊ/É;×�ÃnÆ�Ã çc×�ÃÅËQÊZ×�ØÙËQÇZÆ�Ø�ÓñË�ÎZÎZÆ�ÇZÎ/ÊZ×QÚÛØXÉ{Ê8Ë	��� V ��/WÿàáUÆ�Çîò%ë�Ï5Ð9Æ�ÃÛËQÌnÎtÄnÆ.ÇXÈ+É{ÊZÆ�Ç5ËQÊ/Ì4Ç
ó P � ��� ønö �ÙúiûAû"aQý ÞQþ�ÊZ×�ØÙËQÇZÆ�Ç�ÓñË�ÎZÎZÆ�ÇZÎZÊZ×QÚÙÐ �DÄWÇ/É;Æ�Ç/Ê�ÎZâ 2 /N'6É@Ã9ÄWÌ4Ã4ÕcÆ�ÃXÉ{Ø^ß�Æ�Ê/Ü�Ý6Æ�Ç/ï#ËQÌWå/ÖCÝ6×?ÄWÌ4ÇZÏ5Ð
Î/â 3 /0ï0×?×�ÇZÄWÉ{Ã4É;Æ�Ç/ÊZÆ�Ç ?à×�Ð4Ò;Æ�ÃnÎ/ÊZ×QÚrÆ�Ã?ÊZÎ/ÊZÆ�Ð?ÊiÞUämËÙÄ4Æ�Ç � �WÊ/É{Ã4ï?Ê/É;×�ÃnÎZïc×?Æ��8Ü�É;Æ�Ã?ÊfÄWÉ;Æ�ÎZÆ�Ç �DÏ5Ð4É;Ï5Ð?ÊZÆ�Ã�áUÆ�É
Ä4Æ�Ç�ç0Æ�Ç/Ý6Æ�ÃnÄ4Æ�ÊZÆ�Ã2ÓÔÆ�Ò{Ò;Æ�Ã4ÒhëQÃ4ÕcÆfÉ{Ø Ý6Æ�ÎZÆ�Ã?Ê/Ò{É;Ï5ÐnÆ�Ã=ÄWÌ4ÇZÏ5Ð2Ä4Æ�ÃìÎ/â 2 /O<÷Æ�Ð9ËQÒ{ÊbáUÆ�Î/Ê/É{ØXØgÊ>É{ÎZÊiÖDï0×�ØXØgÊ
Æ�Î,Ü�ÌTÆ�É@Ã9Æ.Ç�þ>á4Ã9ËQÐ4Ø8Æ÷Ä4Æ�Ç6þàánÎZ×�Ç/â4Ê/É;×�Ã´ç0×�Ã h Ö ú ËQÌWå h Þ?ä�É;Æ

Ψ,∆
/0ÓÔÆ�Ç/ÊZÆàÝðËQÃnÄ4Æ�Ç/ÃoÄ4Æ�Î/Ð9ËQÒ{á´ÝðëQÐ��

ÇZÆ�ÃnÄñÄ4Æ�Ç ��/ � �DâU×AÎ/É{Ê/É;×�ÃrÃ9Ë�Ï5Ðr×�áUÆ�ÃñÇZÆ�Ï5Ð?ÊZÎiÞ�<�Ò;Æ�É;Ï5Ð4ÜiÆ�É{Ê/É{Õkï0×�ØXØgÊ#Æ�ÎgÄWÌ4ÇZÏ5ÐrÄWÉ;ÆMþbÄ4ÄWÉ{Ê/É;×�Ãñç0×�Ã
ÓÔË�Î5ÎZÆ�ÇZÎ/ÊZ×QÚ�Ü�Ì=Æ�É{ÃnÆ�Ç�ßàÆ�Ê/ÊZ× /?þàÌWåEÃ9ËQÐ4Ø8ÆKçc×�ÃìÓÔË�ÎZÎ5Æ�ÇZÎ/ÊZ×QÚ�Ì4ÃnÄìÄnËQØXÉ{ÊàçcÆ�Ç/á4ÌnÃnÄ4Æ�ÃìÜ�Ì=Æ�É{ÃnÆ�Ç�æ>Æ��
ÄWÌ4ïDÊ/É;×�Ã2Ä4Æ�Ç�ä�É;Ï5Ð?ÊZÆ÷ÌnÃnÄTÄ4Æ�Îbæ>ÆiËQÒ{ÊZÆ�É{Ò;ÎbÄ4Æ�Î�'6ÇZÆ�Ï5Ð?Ì4Ã4ÕcÎ/É{ÃnÄ4Æ��oçc×�Ã � Ö ú ËQÌWå ú Ö  � Ö4ÝðË�Î�Æ�áUÆ�ÃnÎZ×XÄWÉ;Æ
Ψ,∆

/0Ó�Æ�Ç/ÊZÆèÃ9Ë�Ï5ÐgÇZÆ�Ï5Ð?ÊZÎy×�áUÆ�ÃgÝðËQÃnÄnÆ.ÇZÃgÒhëQêAÊiÞCä�É;Æ�ÎZÆèáUÆ�É;Ä4Æ�Ã ��Ú�Æ�ï?Ê5ÆèÎ/É{ÃnÄ#ËQáUÆ�Ç�ËQÌWå9ÄWÉ;ÆèæàÆ�É;Ï5Ð?Ý6Æ�É��
ÊZÆfÄnÆ.Ç>ÓñË�ÎZÎZÆ�ÇZÎ/ÊZ×QÚ+ËQÊZ×�Ø8ÆfáUÆ�ÎZÏ5Ð4Ç5ëQÃ4ïDÊiÖ9ÄWÉ;ÆKÏiËWÞ ú Ã4Ø áUÆ�Ê/Ç5ëQÕAÊiÞ��KßàÆ�áUÆ�Ã=ÄWÉ;Æ�ÎZÆ�ÃìáUÆ�É;Ä4Æ�Ã ��Ú�Æ�ïDÊZÆ�Ã
ïc×�ØXØ#Ê6Æ�Î,Ü�Ì4Ç ��ÇZ×AÎ/É;×�ÃTÄ4Æ�Ç �DÏ5Ð4É;Ï5Ð?ÊZÆ�ÃoÄWÌ4ÇZÏ5ÐoËQÊZ×�ØÙËQÇZÆ�ÃTÓñË�ÎZÎZÆ�ÇZÎ/ÊZ×QÚ�ÖcÝ6×?ÄWÌ4ÇZÏ5ÐoÄWÉ;Æ

Ψ,∆
/0ÓÔÆ�Ç/ÊZÆ

É{ÃnÎ/ÕcÆ�Î5ËQØgÊmÃ9Ë�Ï5Ð�×�áUÆ.Ã	Ò{É{Ã4ïWÎ÷ÝðËQÃnÄ4Æ�Ç/Ã+Þ�þàÌnÎ÷Ä4Æ�Çfã=×?Ä4Æ�Ò{Ò{É;Æ�Ç/Ì4Ã4ÕìÆ�Ç/ÕAÉ{á4ÊfÎ/É;Ï5Ð	Æ�É{ÃnÆXþ>á4Ã9ËQÐ4Ø8ÆXÄ4Æ�Ç
�DÏ5Ð4É;Ï5Ð?ÊZÄWÉ;Ï5ï0ÆfÌ4Ø ú Ö a Ã4Ø2Þ
cEÏ e ä÷Æ�Ç ?÷Ì4Ç/ç0Æ�Ã?ç0Æ�Ç/ÒhËQÌWå�Ü�Ý�É;ÎZÏ5ÐnÆ�Ã ��Ì4Ã4ïDÊ � Ì4ÃnÄ���Ì4Ã4ïDÊ � É;ÎZÊiÖ4ËQÌnÎZÕcÆ�ÐnÆ�ÃnÄoç0×�Ãoãk×?Ä4Æ�Ò{Ò+á+Ö4ÄWÌ4ÇZÏ5Ð
Æ�É{ÃnÆ�Ü�ÌnÎ�ëQÊ/Ü�Ò{É;Ï5ÐnÆbÐn×�Ø8×�ÕcÆ�ÃnÆ �DÏ5Ð4É;Ï5Ð?ÊèçAËQÇ/ÉhËQá4Ò;Æ�Ç,äàÉ;Ï5ï0Æ�ØXÉ{ÊèÆ�É{ÃnÆ�Øi'6ÇZÆ�Ï5Ð?Ì4Ã4ÕcÎ/É{ÃnÄ4Æ��8Ã ú Ö a"a �¥É h
áUÆ�ÎZÏ5Ð4ÇZÆ�É{á4á9ËQÇiÞ+ä�É;Æt×QÚ�Æ�ÃnÆ�Ã ?÷ÇZÆ�É;ÎZÆtÄ4Æ�Îmãk×?Ä4Æ�Ò{Ò;ÎmÏ#É{Ã	þàá4á+Þ� nÞ úiû áUÆ�ÎZÏ5Ð4Ç5Æ.É{áUÆ�ÃÔÄnË�Î � �WâUÆ�Ç/É{Ø8Æ�Ã?Ê
ÎZÆ�Ð4ÇoÕAÌ4ÊiÖ�Ä4Æ�Ç���Ì4Ã4ïDÊ5ËQánÎ/Ê5ËQÃnÄ\Æ�ÃDÊZÎ/â4Ç/É;Ï5Ð?ÊìÆ�É{ÃnÆ�Ç �DÏ5Ð4É;Ï5Ð?ÊZÄWÉ;Ï5ï0Æ�Ã9ëQÃnÄ4Æ�Ç/Ì4Ã4Õ�ç0×�Ã ú Ã4Ø2Þ�Â�Ã å��4ÃWå
�?Ê/Ì4ÃnÄ4Æ�Ã2Ý�ÌnÇZÄ4ÆfÆ.É{ÃnÆ �DÏ5Ð4É;Ï5Ð?ÊZÄWÉ;Ï5ï0Æfçc×�Ã �4áUÆ�Ç ú h Ã4Ø Ä4Æ�âU×�Ã4É;Æ�Ç/ÊiÞ9ä÷Æ�Ç�Ã4É;Æ�ÄWÇ/É{ÕcÆT'6ÇZÆ�Ï5Ð?Ì4Ã4ÕcÎZÉ{ÃnÄ4Æ��
Ä4Æ�ÇIËQÌWå'ÕcÆ�ÝðË�Ï5ÐnÎZÆ�ÃnÆ�Ã �DÏ5Ð4É;Ï5Ð?Ê�Æ�Ã?ÊZÎ/â4Ç/É;Ï5Ð?ÊIÄ4Æ�Ø Æ�É{ÃnÆ�Ç�Ê �?â4É;Î5Ï5ÐnÆ�Ã+ÖQâU×�Ò �?Ø8Æ�Ç5ËQÇ/Ê/É{ÕcÆ�ÃMË	��� V ��/��DÏ5Ð4É;Ï5Ð?ÊiÖ
ÄWÉ;Æ´Î/É;Ï5ÐñØXÉ{ÊtÆ�É{ÃnÆ�Ø ßàÉ;Æ�Ä4Æ�Ç/ÊZÆ�ØXâUÆ�Ç5ËQÊ/Ì4ÇC/ ��Ò:Ë�Î/ØÙË�×�Ð4ÃnÆ �?Ì4ánÎ/Ê/Ç5ËQÊ/ç0×�ÇZÎ/â9ËQÃ4Ã?Ì4Ã4Õ�ÐnÆ�ÇZÎ/ÊZÆ�Ò{Ò;Æ�Ã ÒhëQêAÊiÞ
�D×�Ò;Ï5ÐnÆ �DÏ5Ð4É;Ï5Ð?Ê5Æ.ÃsáUÆ�Î/É{Ê/ÜiÆ�Ã\Æ�É{Ã � � ��/�)IÆ�Ç/Ð9ëQÒ{Ê/Ã4É;Î2çc×�Ã h Ö û á4Ü�ÝfÞ�Æ�É{ÃnÆ ?à×�Ð4Ò;Æ�ÃnÎ/ÊZ×QÚ�ÄWÉ;Ï5Ð?ÊZÆ	ç0×�Ã
4 · 1022 Ï�Ø −3

ó0J�� 
\RSLOö���� JUø63�1'ù4K�ønö Æ�ÊàËQÒ�Þ úiûAûAûQý ÞWã=É{Ê�ÄWÉ;Æ�ÎZÆ�Ç ?à×�Ð4Ò;Æ�ÃnÎ/ÊZ×QÚ�ÄWÉ;Ï5Ð?ÊZÆmïAËQÃ4Ã2ËQÌnÎ�Ä4Æ�Ç
ÜiÆ�É{Ê/Ò{É;Ï5ÐnÆ�ÃÅþ>áWåG×�Ò{ÕcÆ´Ä4Æ�ÇXã=Æ�êAâ4Ì4Ã4ïDÊZÆTÄWÉ;Æ´ß�Æ�Ê/ÊZ×qÝðË�Ï5ÐnÎ/Ê/Ì4Ø8Î �fá4Ü�ÝfÞ �IÇZ×AÎ/É;×�ÃnÎ/Ç5ËQÊZÆ´É{ÃÑÆ�É{Ã4ÕcÆ�á9ËQÌ4ÊZÆ
á4Ü�ÝfÞUËQá4ÕcÆ�Ê/Ç5ËQÕcÆ�ÃnÆ � �(þ�ÊZ×�Ø8Ægâ4ÇZ× �UÆ�É{ÊàÝðëQÐ4ÇZÆ�ÃnÄkÄ4Æ�ÇàÓÔÆ�Ï5ÐnÎZÆ�Ò{Ý�É{Ç/ïDÌ4Ã4Õ´ØXÉ{Ê�Ä4Æ�Ã UOÆ�É{Ò;Ï5ÐnÆ�ÃnÎ/Ê/Ç�ËQÐ��
Ò;Æ�Ã2áUÆ�Î/Ê/É{ØXØgÊbÝ6Æ�ÇZÄ4Æ�Ã+Þ
þ>áná4É{Ò{Ä4Ì4Ã4Õ� nÞ � h Ë÷ÜiÆ�É{ÕAÊèÄ4Æ�Ã8ÜiÆ�É{Ê/Ò{É;Ï5ÐnÆ�Ãj)èÆ�Ç/ÒhËQÌWå�ÄWÉ;Æ�Î5Æ�Ç�ÓñË�Ï5ÐnÎ/Ê/Ì4Ø8Î/Ç5ËQÊZÆ�å �4ÇIÄnË�Î � �DâUÆ�Ç/É{Ø8Æ�Ã?ÊðËQÌnÎ
þ>áná+Þ� nÞ úiû Þ �%ÌnÎ5ëQÊ/Ü�Ò{É;Ï5Ð Î/É{ÃnÄÔÉ{Ãrþ>á4á+Þ  nÞ � h árÌ4ÃnÄñÏMÄWÉ;ÆMÄnËQÜ�Ì4ÕcÆ�Ð6%�Ç/É{ÕcÆ�Ã Ãn×�Ç/ØXÉ;Æ�Ç/ÊZÆ�ÃÑéyÒ �nÎZÎZÆMËQÃ
� �

3
Ì4ÃnÄ � Æ�É{Ã4ÕcÆ�Ê/Ç5ËQÕcÆ�Ã+Þ�ä�É;Æ ��Ì4Ã4ïDÊZÆ ú á4É;Î  TÆ�Ã?ÊZÎ/â4ÇZÆ�Ï5ÐnÆ�Ã	ÄnÆ.Ç '6Æ�Î5Ï5Ð4Ç/É@å'Ê/Ì4Ã4Õ2ËQÌnÎ�þàá4á+Þ  nÞ úiû Þ

�%Ì 'ðÆ�ÕAÉ{Ã4Ã�Ä4Æ�Î � �WâUÆ�Ç/É{Ø8Æ�Ã?ÊZÎfïc×�ØXØgÊfÆ�ÎmÄWÌ4ÇZÏ5Ð�ÄWÉ;Æ#ÓÔÆ�Ï5ÐnÎZÆ�Ò{Ý�É{Ç/ï?Ì4Ã4Õ2çc×�Ã�ËQÊZ×�ØÙËQÇZÆ�Ø�ÓñË�ÎZÎZÆ�Ç �
Î/ÊZ×QÚÑØXÉ{Ê#Ä4Æ�Ç 
�Ð9ËQÇ/ÊZÆ�Ã �MË	��� V ��/��WÏ5Ð4É;Ï5Ð?Ê#Ü�ÌnÆ�ÇZÎ/ÊKÜ�ÌrÆ�É{ÃnÆ�Ç#þ>ÌWåEÐ �WÄWÇ/É;Æ�Ç/Ì4Ã4Õ=Ä4Æ�ÇXÿàáUÆ�Çîò%ë�Ï5ÐnÆMÌ4ÃnÄ

��� 
4�2�D��
�� 
���'(%+BC
��7��
K56
��-����& & 
��"��
 ��
��0�3��-��& 
�'(% ��������&$3�� �G���)������&A�#��
& �E������
4���-��� � ���$
����"
&
sp3  ��
���'4%�
��;.

R6��0�D& 
�(��������S�
�� � ��0�& ���-� �D��
?895��-���(��*+������� �G��� S�
�5�3"�"��
���
�& � �#����
���-��� � :9893��Z��
�& � �7��*,3"��S����+3"
4����'4%��"�7���
� N,. N�M � 2 � 3"�"� 
����
� � DR"����'(%"
� �E������
���-����� ����'(%+��
 ����� 4 · 10

22
'�&

−2
�
−1

��S���5D�	����'(% 
����"
	� 
���'4%+BJ
��7��
)�G��� '/�D:

=���&Z.,B ��
	���Z��0��#��&A��
�
DR6
����& 
��+��
�� 56
��-�(1�����S#�� ������������������� 3�� �����! !��" =�
 
�L$# :



�"h �������	��
������
�����
�����������
���� �!�����"���������$#��

0 1 2 3
0

1

2

0            1·10
4
         2·10

4
         3·10

 

(c)

 

Zeit (10
4 
s)

-3

-2

-1

0

1

2

3

4

5

(a)

421
H

 F
lu

ß
 (

n
o

rm
.)

C
H

3  F
lu

ß
 (n

o
rm

.)

 

 

W
a

ch
st

u
m

sr
a

te
 (

x 
1

012
 c

m
-2
s-1

) 3

0

1

2(b)

von Keudell et al. Fig. 4

 

  

� ����������	�
�� ���� � �
�¢� � ���"!8+�MY!����E� � )d<,�".G49),£ <��B.i¥����X�5#Q+A49-¤#�.B�,+�� <��0#
©� C��B.A!Y- �")E+8#K�,4@# ( ZTZTF ^ F ] � F
�6Z � `��/.7!$�T+�!�'() <,�B# >U�(+�� �TM¢S ��M84@#A#B�B#QVL)E'/.A-;!��".G+ �,49ª
3 · 1014

v0�
−2
�
−1
F

��� � `��9.A!¢�,+�!¢'/)i<��0#;�,+�'(-��9.B�") ¥��9#7#"�B.7#_+6' ��S ��M84@#7#"�0#0V
)E'/.A-;!��".G+ �T49ª

4 · 1015
vQ�

−2
�
−1
F

1c!¢� �¦49-;- �".A) � �B!�£T�")dVK� !¢� !I- %('/.A!I£,�B)kJL!YM�<TV=<��B)
���B!�+$C�49)TD�+W�/)dV�Z,�"!�<��"- <@!�����M8«@#7#"���"!Y)	�L49)d<¤�T4@#�£,� �
#Q���E�/M8+6�(+q�q49._<��")�F

ÎZÏ5Ð4Ò{É;Æ�êAÒ{É;Ï5ÐñÜ�Ì4Ø �DÏ5Ð4É;Ï5Ð?Ê5ËQá4Ê/Ç5ËQÕnÖOÝðË�ÎKÎZÉ;Ï5Ð�É{ÃñÆ.É{ÃnÆ�Ø ÒhËQÃ4ÕcÎ5ËQØ8Æ�Ãrþ>ÃnÎZÊ/É;Æ�Õ2ØXÉ{ÊgÄnËQÇ5ËQÌWÚ�×�Ò@ÕcÆ�ÃnÄnÆ.Ç
ï0×�ÃnÎ/Ê5ËQÃ?ÊZÆ�Ã ��ÇZ×AÎ/É;×�ÃnÎ/Ç5ËQÊZÆ�Ý�É;Ä4Æ�ÇZÎ/â4É;Æ�ÕcÆ�Ò{ÊiÞ>þ>ÌnÎ2Ä4Æ�Ç2æ�ËQÊZÆkç0×�Ã

1,5 · 1012 Ï�Ø −2 Î −1 Æ�ÇZ×?ÄWÉ;Æ�Ç/ÊZÆ�Ã
?à×�Ð4Ò;Æ�ÃnÎ/ÊZ×QÚ+ËQÊZ×�Ø8Æ�ÃÔÆ�Ç/ÕAÉ{á4ÊKÎ/É;Ï5Ð�ØXÉ{ÊmÄ4Æ�Ø�þàÃ4ÕcÆ�áU×�Êmçc×�Ã

4 · 1015 Ï�Ø −2 Î −1 ÓñË�ÎZÎZÆ�ÇZÎZÊZ×QÚ�ËQÊZ×�Ø8Æ�Ã
Æ�É{ÃnÆÙþ>Ì9Î/áUÆ�Ì4ÊZÆXç0×�Ã

4 · 10−4 Æ�ÇZ×?ÄWÉ;Æ�Ç/ÊZÆ�Ã ?à×�Ð4Ò;Æ�ÃnÎ/ÊZ×QÚ+ËQÊZ×�Ø8Æ�Ãñâ4ÇZ×ìÆ�É{ÃWåGËQÒ{Ò;Æ�ÃnÄ4Æ�Ø ÓñË�ÎZÎZÆ�ÇZÎZÊZ×QÚ�Ë	�
ÊZ×�Ø2Þ6'ðÆ�É¥Æ�É{ÃnÆ�Ç>Æ�É{ÃWåGË�Ï5ÐnÆ�Ã=þbÄ4ÄWÉ{Ê/É;×�ÃìÄ4Æ�Ç-'ðÆ�É{Ê/Ç5ëQÕcÆfÄ4Æ�Ç ��ÇZ×AÎZÉ;×�Ã2ç0×�ÃI?à×�Ð4Ò;Æ�ÃnÎ/ÊZ×QÚ�ÄWÌ4ÇZÏ5ÐkËQÊZ×�ØÙË	�
ÇZÆ�Ã=ÓñË�ÎZÎZÆ�ÇZÎ/ÊZ×QÚ�Ì4ÃnÄ=Ä4Æ�Ç�ä÷Æ.âU×AÎZÉ{Ê/É;×�Ã=ç0×�ÃQ?à×�Ð4Ò;Æ�ÃnÎZÊZ×QÚñÄWÌ4ÇZÏ5ÐkþbÄ4ÎZ×�Ç/â4Ê/É;×�Ãkçc×�Ã � �
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ØXÉ{Ê�Æ�É{ÃnÆ�Ç

ÓñËQÐ4ÇZÎZÏ5ÐnÆ�É{Ã4Ò{É;Ï5Ð4ï0Æ�É@ÊIçc×�Ã
1·10−4 Ý �4ÇZÄ4ÆðØÙËQÃtáUÆ�É4Ä4Æ�Ø^ç0Æ�Ç/Ý6Æ�ÃnÄ4Æ�ÊZÆ�Ã8éyÒ{Ì4êAç0Æ�Ç/Ð9ëQÒ{Ê/Ã4É;Î�çc×�Ã��gV�� �

3ç0×�Ã ú � V ú Ã?Ì4ÇgÆ�É{ÃnÆÙÕcÆ�Ç/É{Ã4Õ�å��4ÕAÉ{ÕcÆAÖOÃ4É;Ï5Ð?Ê#Ä4Æ�ÊZÆ�ïDÊ/É;Æ�Ç/á9ËQÇZÆ´þàánÎZÏ5Ð?Ýðë�Ï5Ð?Ì4Ã4Õ�Ä4Æ�Ç �IÇZ×AÎ/É;×�ÃrÆ�Ç/ÝðËQÇ/ÊZÆ�Ã+Þ
�DÏ5Ð9ËQÒ{ÊZÆ�Ê�ØÙËQÃ=É{Ã �IÌ4Ã4ï?Ê � íîÆ�Ä4×?Ï5Ð	1�3?� �A&h1�)z�GV.NtÜ�Ì4Ø�éyÒ{Ì4êMçc×�ÃkËQÊZ×�ØÙËQÇZÆ�Ø ÓÔË�ÎZÎ5Æ�ÇZÎ/ÊZ×QÚ�Ä4Æ�ÃkéOÒ{Ì4ê
ËQÃìãkÆ�Ê/Ð �DÒ0/?æàË�ÄWÉ{ïAËQÒ;Æ�ÃìÆ�É{Ã+Ö9ÎZ×8ÎZÏ5Ð4ÒhëQÕAÊàÄWÉ;Æ���ÇZ×AÎZÉ;×�ÃìÉ{ÃìÆ�É{ÃìÄnÆ.ÌnÊ/Ò{É{Ï5Ð9Æ�ÎàÓñË�Ï5ÐnÎ/Ê/Ì4Ø Ì4Ø2ÞnþàÌnÎbÄ4Æ�Ç
ÓñË�Ï5ÐnÎ/Ê/Ì4Ø8Î/Ç5ËQÊZÆKçc×�Ã

3 · 1012 Ï�Ø −2 Î −1 Ì4ÃnÄìÄ4Æ�Ø�éOÒ{Ì4ê´ËQÃ � �
3
Æ�Ç/ÕAÉ{á4ÊàÎZÉ;Ï5ÐìÆ�É{Ã�}K"îH.&'B�Yq� ñ1��G���9&

ç0×�Ã4V

s(
� �

3|
�

) = (1± 0, 35) · 10−2
c  nÞ ú ��e

ä�Ì4ÇZÏ5ÐÅÄnË�ÎtÕAÒ;Æ�É;Ï5Ð4ÜiÆ�É{Ê/É{ÕcÆ ��É{Ã?Ý�É{Ç/ïcÆ�ÃÅç0×�Ã � �
3
Ì4ÃnÄ � É;Î/ÊXÄWÉ;Æ�ÎZÆ�ÇXÓ�Æ�Ç/ÊXÌ4Ø Ü�Ý6Æ�ÉS<�ÇX%�êcÆ�Ãn×�ÇZÄ �

Ã?Ì4Ã4ÕcÆ�ÃTÐ6%�ÐnÆ�Ç�ËQÒ;Î,å��4Ç6ÄWÉ;Æàá4Ò;×�êcÆ�þbÄ4ÎZ×�Ç/â4Ê/É;×�ÃTçc×�ÃTã=Æ�Ê/Ð �DÒ�ÞDß�Ë�Ï5ÐnÄ4Æ�Ø Ä4Æ�Ç6ÓñË�ÎZÎZÆ�ÇZÎ/ÊZ×QÚ�Î/Ê/Ç5ËQÐ4Ò%áUÆ�É
1 · 104 ÎtËQÌnÎ/ÕcÆ�ÎZÏ5Ð9ËQÒ{ÊZÆ�ÊtÝ�É{ÇZÄ�Ö¥å�ëQÒ{Ò{Ê#ÄWÉ;ÆMÓÔË�Ï5Ð9Î/Ê/Ì4Ø8Î/Ç5ËQÊZÆMÌ4Ø Ü�Ý6Æ�É <�ÇX%�êcÆ�Ãn×�ÇZÄWÃ?Ì4ÃnÕcÆ�Ã�ËQá+ÖO×�á��
Ý6×�Ð4Ò¥Ä4Æ�ÇbéyÒ{Ì4êÙËQÃ � �

3
/?æ�Ë�ÄWÉ{ï�ËQÒ;Æ�Ã2Ì4Ã?ç0Æ�Ç5ëQÃnÄ4Æ�Ç/Êbá4Ò;Æ�É{á4ÊiÞnä�É;Æ�Î�É;Î/ÊbÄ4Æ�ÇbÆ�É{ÃnÄ4Æ�Ì4Ê/É{ÕcÆKß÷Ë�Ï5Ð?Ý6Æ�É;Îðå��4Ç

ÄnË�Î�ÓñË�Ï5ÐnÎ/Ê/Ì4Ø ç0×�Ã	Ë	��� V � /��DÏ5Ð4É;Ï5Ð?ÊZÆ�Ã�ÄWÌ4Ç5Ï5Ð	ÄWÉ;Æ#Î �?ÃnÆ�Ç/ÕAÉ;Î/Ê/É;Î5Ï5ÐnÆgÓÔÆ�Ï5ÐnÎZÆ�Ò{Ý�É{Ç/ï?ÌnÃ4ÕTç0×�Ã � Ì4ÃnÄ
� �

3
ÞDß�Ë�Ï5ÐnÄ4Æ�Ø Ä4Æ�Ç�ËQÊZ×�ØÙËQÇZÆ÷ÓÔË�ÎZÎ5Æ�ÇZÎ/ÊZ×QÚUònÌ4êgÝ�É;Æ�Ä4Æ�Ç�Æ�É{Ã4ÕcÆ�ÎZÏ5Ð9ËQÒ{ÊZÆ�Ê�Ý�É{ÇZÄ�ÖWÆ�ÇîåE×�Ò{ÕAÊðÄ9Ë�Î �DÏ5Ð4É;Ï5Ð?Ê �
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ÝðË�Ï5ÐnÎ/Ê/Ì4Ø!Ý�É;Æ�Ä4Æ�Ç6ØXÉ{ÊðÄ4Æ�Ç6ÕAÒ;Æ�É;Ï5ÐnÆ�ÃTÐn×�ÐnÆ�ÃoæàËQÊZÆ>Ý�É;ÆàÜ�Ì4ç0×�ÇiÞDß�Ë�Ï5Ð
2 · 104 Î,Ý�Ì4ÇZÄ4Æ÷Ä4Æ�ÇðéOÒ{Ì4êXËQÃ

ËQÊZ×�ØÙËQÇZÆ�Ø^ÓñË�ÎZÎZÆ�ÇZÎ/ÊZ×QÚ8çAËQÇ/É{É;Æ�Ç/ÊiÖCÉ{ÃnÄ4Æ�Ø Ä4Æ�Ç�äàÌ4ÇZÏ5Ð9Î5ËQÊ/Ü�ËQÃ#Ø8×�Ò;Æ�ï?Ì4ÒhËQÇZÆ�Ø ÓÔË�ÎZÎ5Æ.Ç5Î/ÊZ×QÚ8çcÆ�Ç5ëQÃnÄnÆ.ÇZÊ
Ý�Ì4ÇZÄ4ÆAÞnã�ËQÃ2Æ�Ç/ï0Æ�Ã4Ã?ÊiÖnÄnËQêÙÄWÉ;ÆmÓñË�Ï5ÐnÎ/Ê/Ì4Ø8Î/Ç5ËQÊZÆKÄ4Æ�Ø éOÒ{Ì4êMËQÃ=ËQÊZ×�ØÙËQÇZÆ�Ø ÓñË�ÎZÎZÆ�ÇZÎ/ÊZ×QÚ=åG×�Ò{ÕAÊiÞ
ä÷Æ�Ç�bàÃ?ÊZÆ�ÇZÎZÏ5Ð4É;Æ�Ä´Ü�Ý�É;ÎZÏ5ÐnÆ�ÃTÄ4Æ�Ç�Æ.É{ÃWå�Ë�Ï5ÐnÆ�Ãoþ�Ä4Î5×�Ç/â4Ê/É;×�Ã´ç0×�Ã´ãkÆ�Ê/Ð �?Ò0/?æ�Ë�ÄWÉ{ï�ËQÒ;Æ�Ã2ËQÌWå¥Ä4Æ�Ç�Ë	��� V � /
ÿàáUÆ�Çîò%ë�Ï5ÐnÆÙÌ4ÃnÄ�Ä4Æ�Ø Î �DÃnÆ�Ç/ÕAÉ;Î/Ê/É;ÎZÏ5ÐnÆ�ÃÔÓÔË�Ï5ÐnÎZÊ/Ì4Ø�Ü�Ý�É;ÎZÏ5ÐnÆ�Ã � �

3
Ì4ÃnÄ � ÒhëQêAÊKÎ/É;Ï5ÐÔÄWÌ4ÇZÏ5ÐñÄWÉ;Æ

'6É{Ò;ÄWÌ4Ã4ÕÙ×QÚ�Æ�ÃnÆ�Ç-',É{ÃnÄ4Ì4Ã4ÕcÎ/â4ÒhëQÊ/ÜiÆKÄWÌ4ÇZÏ5Ð=Ä4Æ�ÃoÓñË�ÎZÎZÆ�ÇZÎZÊZ×QÚ�Æ�Ç/ï?ÒhëQÇZÆ�Ã+Þ
ä�É;Æ Ó�Æ�Ï5ÐnÎ5Æ.Ò{Ý�É{Ç/ïDÌ4Ã4Õ ç0×�Ã � �

3
/?æàË�ÄWÉ{ïAËQÒ;Æ�Ã ØXÉ{Ê Æ�É@Ã9Æ.Ø Ë	��� V � /?éyÉ{Ò{Ø å �nÐ4Ç/Ê�Ü�Ì Æ�É{ÃnÆ�Ç

âU×�Ò �?Ø8Æ�Ç5ËQÇ/Ê/É{ÕcÆ�Ã¥Ö
sp3 /0ÇZÆ�É;Ï5ÐnÆ�Ã ÿàáUÆ�Çîò%ë�Ï5ÐnÆ�ÃnÎZÏ5Ð4É;Ï5ÐDÊiÞñþ>ÌWåEÕAÇ/Ì4ÃnÄ�É{Ð4ÇZÆ�Ç â4ÒhËQÃ9ËQÇZÆ�Ã <÷Æ�×�Ø8Æ�Ê/Ç/É;Æ

óõô21 � �yø63 
WL�� � 5 Æ.ÊàËQÒ�Þ úiûAûAüQý áUÆ�Î/É{Ê/ÜiÆ�Ãoã=Æ�Ê/Ð �?Ò0/?æàË�Ä4É@ïAËQÒ;Æ÷Æ�É{Ã´ÕcÆ�Ç/É{Ã4ÕcÆ�Î�ä�É{âU×�Ò{Ø8×�Ø8Æ�Ã?Ê�Ì4ÃnÄ´ï�%�Ã��
ÃnÆ�ÃÅÄ4Æ�Î/Ð9ËQÒ{áÅÃ4É;Ï5Ð?ÊÙËQÃÅÆ�É{ÃnÆ�ÇXç0×�Ò{Ò;Î/Ê5ëQÃnÄWÉ{Õ�ÓÔË�ÎZÎ5Æ�ÇZÎ/ÊZ×QÚUåG/0ÊZÆ�Ç/ØXÉ{Ã4É;Æ�Ç/ÊZÆ�Ã ÿàáUÆ�Çîò%ë�Ï5ÐnÆ=Ë�Ä4ÎZ×�Ç/á4É;Æ�ÇZÆ�Ã
ó���3 � �yù��	� Ì4ÃnÄ�� 3N3 �WL�úiûAû��Qý Ö¥ÎZ×�ÃnÄ4Æ�Ç/ÃñÃ?Ì4Ç#ËQÃñÆ�ÃnÆ�Ç/ÕcÆ�Ê/É;Î5Ï5ÐñáUÆ�Õ��4ÃnÎ/Ê/É{ÕAÊZÆ�Ã ��ÒhëQÊ/ÜiÆ�Ã Ë�Ä4Î5×�Ç/á4É;Æ��
ÇZÆ�Ã ×?Ä4Æ�ÇXÄWÉ{ÇZÆ�ïDÊXËQÃñåEÇZÆ�É;Æ�Ã '6É{ÃnÄWÌ4Ã4ÕcÆ�ÃÅÏ5ÐnÆ�ØXÉ;ÎZ×�Ç/á4É;Æ�ÇZÆ�Ã+ÞIé4ÇZÆ�É;Æ�'6É{ÃnÄWÌ4Ã4ÕcÆ�Ã ï�%�Ã4ÃnÆ�Ã É{Ã ÄWÉ;Æ�ÎZÆ�Ø
� �WâUÆ�Ç/É{Ø8Æ�Ã?ÊmÃ?Ì4ÇmÄWÌ4ÇZÏ5Ð	ÄWÉ;ÆtþàánÎ/Ê/Ç5ËQïDÊ/É;×�Ã�Æ�É{ÃnÆ�Î÷ÕcÆ�á4Ì4ÃnÄ4Æ�ÃnÆ�Ã�ÓÔË�Î5ÎZÆ�ÇZÎ/ÊZ×QÚ�Î�ÄWÌ4ÇZÏ5Ð	Æ�É{Ã	ãkÆ�Ê/Ð �?Ò0/
æàË�ÄWÉ{ïAËQÒ6ÕcÆ�ÎZÏ5Ð9ËCÚ�Æ�Ã Ý6Æ�ÇZÄ4Æ�Ã+Þ�ä÷Æ�ÇtÓÛÉ{Ç/ïDÌ4Ã4ÕcÎ �?ÌnÆ�ÇZÎZÏ5Ð4Ã4É{Ê/Êtå �4ÇXÄWÉ;Æ�ÎZÆ�Ã ��ÇZ×�ÜiÆ�ê	É;Î/ÊX×QÚ�Æ�ÃnÎ/É;Ï5Ð?Ê/Ò{É;Ï5Ð
ÕcÆ�Ç/É{Ã4ÕnÞ �IÉ{ÃìÜ�ÌnÎ5ëQÊ/Ü�Ò{É;Ï5ÐnÆ�Ç�éyÒ{Ì4êMËQÃkËQÊZ×�ØÙËQÇZÆ�Ø©ÓñË�ÎZÎZÆ�ÇZÎ/ÊZ×QÚkå��4Ð4Ç/ÊIíîÆ�Ä4×?Ï5Ð=ÄnËQÜ�Ì+Ö9ÄnËQêMÆ�ÎbÜ�Ì=Æ�É{ÃnÆ�Ç
Æ.Ú�Æ�ïDÊ/É{ç0Æ�ÇZÆ�Ã ��ÇZ×?ÄWÌ4ïDÊ/É;×�Ã�ç0×�Ãkå'ÇZÆ�É;Æ�Ã ',É{ÃnÄWÌ4ÃnÕcÎ/â4ÒhëQÊ/ÜiÆ�Ã�ï0×�ØXØgÊiÞ�þ>ÌnÎmÄ4Æ�Ø )IÆ�Ç/ÕAÒ;Æ�É;Ï5Ð�Ä4Æ�ÇmÓ É{Ç �
ï?Ì4ÃnÕcÎ �0ÌnÆ�ÇZÎ5Ï5Ð4Ã4É{Ê/ÊZÆ#å��4ÇfÄWÉ;ÆXþ>ánÎZÊ/Ç5ËQï?Ê/É;×�Ã�Ì4ÃnÄ	ÄWÉ;ÆXþbÄ4ÄWÉ{Ê/É;×�Ã	áUÆ�ÉèÄ4Æ�Ç���ÇZ×AÎ/É;×�ÃÔÄWÌ4ÇZÏ5ÐñËQÊZ×�ØÙËQÇZÆ�Ã
ÓÔË�Î5ÎZÆ�ÇZÎ/ÊZ×QÚ ó P � ��� ønö �MúiûAû"aCý Æ�Ç/ÕAÉ{á4Ê>ÎZÉ;Ï5ÐoÉ{Ø <�Ò;Æ�É;Ï5Ð4ÕcÆ�Ý�É;Ï5Ð?Ê�Æ�É{ÃnÆT'ðÆ�Ä4Æ�Ï5ï?Ì4Ã4Õ´ËQÃì×QÚ�Æ�ÃnÆ�ÃQ',É{Ã��
ÄWÌ4Ã4ÕcÆ�Ãkç0×�Ã

0, 05
� 2
/1, 3

� 2 ≈ 4
j Þ%ä�Ì4ÇZÏ5Ð�ÄWÉ;Æ�ÎZÆgÜ�ÌnÎ5ëQÊ/Ü�Ò{É;Ï5ÐnÆ�Ã	þbÄ4ÎZ×�Ç/â4Ê/É;×�ÃnÎ/â4ÒhëQÊ/ÜiÆ#ï0×�ØXØgÊ÷Æ�Î

Ü�Ì4Ø Æ��8Ü�É;Æ�Ã?ÊZÆ�Ã ��É{Ã?á9ËQÌìç0×�Ã � �
3
ÝðëQÐ4ÇZÆ�ÃnÄìÄ4Æ�Î��DÏ5Ð4É;Ï5Ð?Ê�ÝðË�Ï5ÐnÎ/Ê/Ì4Ø8ÎqÞ

�I� ��� � �Tª9�C£c� � � #è¤�� �èªn«=§ �(« � #è¤��O��� #èªn«0� � �,¤è��£Q£Aª ���I« � ª4£�� � !�¢$#"�g¢'& (+*��
Â(Ø�åE×�Ò{ÕcÆ�ÃnÄ4Æ�ÃXÝ�É{ÇZÄ#ØXÉ{Ê�Æ�É@Ã9Æ.ÇIæàËQÊZÆ�Ã4ÕAÒ;Æ�É;Ï5Ð?Ì4Ã4Õmå �4Ç�ÄWÉ;Æ 'ðÆ�Ä4Æ�Ï5ï?Ì4ÃnÕfËQÃXþ�Ä4ÎZ×�Ç/ânÊ/É;×�ÃnÎ/â4ÒhëQÊ/ÜiÆ�ÃXÝðëQÐ��
ÇZÆ�ÃnÄñÄ4Æ�Î��DÏ5Ð4É;Ï5Ð?Ê ÝðË�Ï5ÐnÎ/Ê/Ì4Ø8Îtç0Æ.Ç5Î/ÌnÏ5Ð?ÊiÖOÄWÉ;Æ�ÎZÆ�Î � �WâUÆ�Ç/É{Ø8Æ�Ã?ÊtÜ�ÌñáUÆ�ÎZÏ5Ð4ÇZÆ�É{áUÆ�Ã+Þ ��É{Ã4Õ0ËQÃ4ÕcÎ/ÕAÇX%�êcÆ�Ã
Î/É{ÃnÄ2ÄWÉ;Æ÷Ó É{Ç/ïDÌ4Ã4ÕcÎ �0ÌnÆ�ÇZÎ5Ï5Ð4Ã4É{Ê/ÊZÆmÌ4ÃnÄ2ÄWÉ;ÆfæàËQÊZÆ�Ãoå �4Ç�åE×�Ò{ÕcÆ�ÃnÄ4ÆKæ>ÆiËQï?Ê/É;×�ÃnÆ�Ã4V
�Mþ>ánÎ/Ê/Ç�ËQï?Ê/É;×�Ãìç0×�ÃìÕcÆ�á4Ì4ÃnÄ4Æ�ÃnÆ�Ø�ÓñË�ÎZÎZÆ�ÇZÎ/ÊZ×QÚ�ÄWÌ4ÇZÏ5Ð�ËQÊZ×�ØÙËQÇZÆ�ÃkÓÔË�ÎZÎ5Æ�ÇZÎ/ÊZ×QÚ	ØXÉ@Ê�Æ�É{ÃnÆ�Ø©Ó É{Ç �
ï?Ì4Ã4ÕcÎ �?ÌnÆ�ÇZÎZÏ5Ð4Ã4É{Ê/Ê

σ ���
	��
����������������
 h Ö h"a � 2

ó P � ��� ønö �ÙúiûAû"aQý Þ
�Mþ>ánÎ/Ê/Ç�ËQï?Ê/É;×�ÃÙçc×�ÃÙÕcÆ�á4Ì4ÃnÄ4Æ�ÃnÆ�Ø ÓñË�ÎZÎZÆ�ÇZÎZÊZ×QÚoÄWÌ4ÇZÏ5ÐMãkÆ.ÊZÐ �?Ò0/?æ�Ë�ÄWÉ{ï�ËQÒ;ÆbØXÉ{Ê,Æ�É{ÃnÆ�Ø Ó É{Ç/ï?Ì4Ã4ÕcÎ �
�0ÌnÆ�ÇZÎZÏ5Ð4Ã4É{Ê/Ê

σ � �
3
��	������������������� Þ

ä�É;Æ�åEÇZÆ�É;Æ�Ã ',É{ÃnÄWÌ4Ã4ÕcÆ�Ãìï�%�Ã4ÃnÆ�Ã=ËQÌWå�Ì4Ã?ÊZÆ�ÇZÎZÏ5Ð4É;Æ�ÄWÒ{É;Ï5ÐnÆKÓÔÆ�É;ÎZÆ÷ÇZÆiËQÕAÉ;Æ�ÇZÆ�Ã4V
�Mæ>Æ�ÒhË	�nËQÊ/É;×�Ã\ØXÉ{ÊìÆ�É{ÃnÆ�Ø ?à×�Ð4Ò;Æ�ÃnÎ/ÊZ×QÚ+ËQÊZ×�Ø ËQÃsÆ�É{ÃnÆ�Ø áUÆ�Ã9Ë�Ï5Ð?á9ËQÇ/ÊZÆ�Ã ��ÒhËQÊ/ÜÔÌ4Ã?ÊZÆ�Ç=þ>ánÎZâ9ËQÒ��
Ê/Ì4Ã4Õ Æ�É{ÃnÆ�Ç � �

3
/O<�ÇZÌ4â4âUÆAÞ6ä�É;Æ�ÎZÆ�Ç ��ÇZ×�ÜiÆ�êÑÆ�ÇîåG×�Ò{ÕAÊ´ØXÉ{ÊTÆ�É{ÃnÆ�ÇTÊZÆ�ØXâUÆ�Ç5ËQÊ/Ì4Ç5ËQá4Ð9ë�Ã4ÕAÉ{ÕcÆ�Ã\æàË	�

ÊZÆ`c ∝ k � ��������������
e Ì4ÃnÄrÉ;Î/Ê#áUÆ�ïAËQÃ4Ã?Ê8ËQÌnÎtÄ4Æ�ÇtÊ/ÐnÆ�Ç/ØXÉ;ÎZÏ5Ð�ËQï?Ê/É{çDÉ;Æ�Ç/ÊZÆ�ÃÑÏ5ÐnÆ�ØXÉ;ÎZÏ5ÐnÆ�Ã ��ÇZ×AÎZÉ;×�Ã

ó P � ��� ø9ö �ÙúiûAû"aQý Þ



� � �������	��
������
�����
�����������
���� �!�����"���������$#��

-2

0

2

4

(a) Daten
 Modell

 

 

W
a

ch
st

u
m

sr
a

te
 (

x 
1

012
 c

m
-2
s-1

)

Zeit (10
4 
s)

1,5 2,0 2,5 3,0 3,5
0

1

1,5·10
4
    2,0·10

0
,0

1

(b) CH
3

 H

von Keudell et al., Fig. 6
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49)d< �
-;!8+ <,�"- � ���aN ��S ��!YMI- -;!�+ �aM8F ^ F ] � 49)d< �aM6F ^ F � g FZ � `��/.7!¢�,+�!�'() <��B. P �"!������")���«@#7#B� ��¡/�5.B�B)d<U<,�B# ©� C��".7!��
- �B)E+�#GF

�Mþ�ÄnÎZ×�Ç/â4Ê/É;×�Ã Æ�É{ÃnÆ�Î Ý6Æ�É{ÊZÆ�ÇZÆ�Ã ÓñË�ÎZÎZÆ�ÇZÎZÊZ×QÚ�ËQÊZ×�Ø8Î ØXÉ{Ê Æ�É{ÃnÆ�Ø Ó É{Ç/ïDÌ4Ã4ÕcÎ �?ÌnÆ�ÇZÎZÏ5Ð4Ã4É{Ê/Ê
σ ���
	 ��� � �������

 ú Ö � � 2
ó P � � � ønö �ÙúiûAû"aQý Þ

�Mþ�ÄnÎZ×�Ç/â4Ê/É;×�ÃMÆ�É{ÃnÆ�Î�� �
3
/?æàË�Ä4É@ïAËQÒ;ÎèØXÉ{Ê,Æ�É{ÃnÆ�Ø Ó É{Ç/ïDÌ4Ã4ÕcÎ �0ÌnÆ�ÇZÎ5Ï5Ð4Ã4É{Ê/Ê

σ � �
3
�
	 ��� � ������� ÖAÝðË�ÎèÜ�Ì4Ø

�DÏ5Ð4É;Ï5Ð?Ê�ÝðË�Ï5ÐnÎ/Ê/Ì4Ø å��4Ð4Ç/ÊiÞ
ä�É;ÆoÎ/Ê5ËQÊ/É;×�Ã9ëQÇZÆI'ðÆ�Ä4Æ�Ï5ïDÌ4Ã4Õ

θ
×QÚ�Æ�ÃnÆ�Çj'6É{ÃnÄWÌ4Ã4ÕcÆ�ÃÛËQÃÅÄ4Æ�Ç´ÿàáUÆ�Çîò%ë�Ï5ÐnÆìÎZÆ�ÉbÄ4Æ.ÍnÃ4É;Æ�Ç/Ê��4áUÆ�ÇÙÄnË�Î

)èÆ�Ç/Ð9ëQÒ{Ê/Ã4É;ÎOËQÃfÇZÆiËQï?Ê/É{ç0Æ�Ã ',É{ÃnÄ4Ì4Ã4ÕcÎ/â4ÒhëQÊ/ÜiÆ�Ã
Nr

Ü�Ì4Ç <÷Æ�Î5ËQØgÊ/ÜqËQÐ4ÒDËQÃgÿàáUÆ�Çîò%ë�Ï5ÐnÆ�Ãnâ4ÒhëQÊ/ÜiÆ�Ã
N0
Þiä�É;Æ

ÜiÆ�É{Ê/Ò{É;Ï5ÐnÆ �>ÃnÄ4Æ�Ç/Ì4Ã4Õ�Ä4Æ�Ç '6Æ�Ä4Æ�Ï5ïDÌ4Ã4ÕàÉ;Î/Ê¥ÕcÆ�ÕcÆ�áUÆ�Ã#ÄWÌ4ÇZÏ5Ð#ÄWÉ;ÆèéyÒ �nÎZÎ5Æ
j �
ËQÃ#ËQÊZ×�ØÙËQÇZÆ�Ø�ÓñË�ÎZÎZÆ�ÇZÎ/ÊZ×QÚ

Ì4ÃnÄ
j � �

3

ËQÃìã=Æ�Ê/Ð �?Ò0/?æàË�ÄWÉ{ïAËQÒ;Æ�Ã2Ì4ÃnÄ2ÄWÌ4ÇZÏ5ÐìÄWÉ;ÆmÓ É{Ç/ï?Ì4Ã4ÕcÎ �0ÌnÆ�ÇZÎ5Ï5Ð4Ã4É{Ê/ÊZÆfÄ4Æ�Ç>æ>ÆiËQïDÊ/É;×�ÃnÆ�Ã4V
dθ

dt
= + (j � · σ ���
	��
���������������� + j � �

3
· σ � �

3
��	������������������� ) · (1− θ)

− (j � · σ ���
	 ��� � ������� + j � �
3
· σ � �

3
��	 ��� � ������� + k � ��� � �������� ) · θ . c  nÞ úiû�e

ä�É;ÆàÓñË�Ï5ÐnÎ/Ê/Ì4Ø8Î/Ç�ËQÊZÆ
R
ÇZÆ�Î/Ì4Ò{Ê/É;Æ�Ç/ÊbËQÌnÎ�Ä4Æ�Ø <�Ò;Æ�É;Ï5Ð4ÕcÆ�Ý�É;Ï5Ð?ÊbÜ�Ý�É;ÎZÏ5ÐnÆ�ÃoÄ4Æ�Ç�þbÄ4ÎZ×�Ç/â4Ê/É;×�ÃTç0×�Ã � �

3ËQÌWå+Æ�É{ÃnÆ�Ø Ç5Ë�ÄWÉ{ïAËQÒ{É;ÎZÏ5ÐnÆ�Ã ��ÒhËQÊ/ÜàÌ4ÃnÄÙÄ4Æ�Ø ��ÇZ×AÎ/É;×�ÃnÎ5ÎZÏ5Ð4Ç/É{Ê/Ê6Ä4Æ�Î �UÆ�Çîå�ËQÒ{Ò;Î,Æ�É{ÃnÆ�ÇèÇ5Ë�ÄWÉ{ïAËQÒ{É;ÎZÏ5ÐnÆ�Ã ',É{Ã��
ÄWÌ4Ã4Õ8Ì4ÃnÄ2ä÷Æ�ÎZ×�Ç/â4Ê/É;×�Ã=Æ�É{ÃnÆ�Ç'� �

3
/ ��ÃnÄWÕAÇ/Ì4â4âUÆ"V

R = j � �
3
· σ � �

3
��	 ��� � ������� ·N0 · θ − k � ��� � �������� ·N0 · θ .

c  nÞ � h�e
ä�É;ÆàÎ/Ê5ËQÊ/É;×�Ã9ëQÇZÆ 'ðÆ�Ä4Æ�Ï5ï?Ì4Ã4ÕtÆ�Ç/ÕAÉ{á4ÊðÎ/É;Ï5ÐTËQÌnÎ�<�Ò�Þ  nÞ úiû É{Ø <÷Ò;Æ.É;Ï5Ð4ÕcÆ�Ý�É;Ï5ÐDÊ6ØXÉ{Ê dθ

dt = 0
Þ ��É{Ã4ÕcÆ�ÎZÆ�Ê/Ü�Ê

É{Ã`<�Ò�Þ nÞ � h Ö9Æ�Ç/Ð9ëQÒ{ÊàØÙËQÃkÆ�É{ÃnÆ�Ã=þàÌnÎZÄWÇ/ÌnÏ5ï�Ö4ØXÉ{Ê�Ä4Æ�Ø ØÙËQÃ=ÄWÉ;ÆKÕcÆ�Ø8Æ�ÎZÎZÆ�ÃnÆfÓñË�Ï5ÐnÎ/Ê/Ì4Ø8Î/Ç�ËQÊZÆfØ8× �
Ä4Æ�Ò{Ò{É;Æ�ÇZÆ�ÃÔïAËQÃ4Ã+Þ���ËQÇ5ËQØ8Æ�ÊZÆ�Ç#Ä4Æ�Çgþ>Ã4â9Ë�Î5Î/Ì4Ã4ÕìÎ/É{ÃnÄ�ÄWÉ;ÆXÓ É{Ç/ï?Ì4Ã4ÕcÎ �?ÌnÆ�ÇZÎZÏ5Ð4Ã4É{Ê/ÊZÆ

σ � �
3
�
	��� ������� �������
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å �4Ç6ÄWÉ;ÆàþàánÎ/Ê/Ç5ËQï?Ê/É;×�ÃMç0×�Ã � ÄWÌ4ÇZÏ5Ð � �
3
Ì4ÃnÄ

σ � �
3
�
	 ��� � ������� å��4Ç,ÄWÉ;ÆàþbÄ4ÄWÉ{Ê/É;×�ÃMç0×�Ã � �

3
ËQÃ´Æ�É{ÃnÆ�Ç

å'ÇZÆ�É;Æ�ÃI',É{ÃnÄWÌnÃ4ÕnÖ4ÎZ×qÝ�É;Æ÷ÄWÉ;Æ�ÊZÆ�ØXâUÆ�Ç5ËQÊ/Ì4Ç5Ë�á4Ð9ëQÃ4ÕcÉ{ÕcÆ���ÇZ×AÎZÉ;×�ÃnÎ/Ç5ËQÊZÆ
kT,Erosion

ÞWä�É;Æ÷þ>Ã4ÜqËQÐ4Ò
N0

ËQÃ
Ø&%�ÕAÒ{É;Ï5ÐnÆ�Ã '6É{ÃnÄWÌ4Ã4ÕcÎ/â4ÒhëQÊ/ÜiÆ�ÃMï�ËQÃ4Ã8ØÙËQÃMËQÌnÎIÄ4Æ�Ç�å��4ÇIÎZ×�Ò;Ï5ÐnÆbéyÉ{Ò{Ø8Æ�Ê �Dâ4É;ÎZÏ5ÐnÆ�Ãj?à×�Ð4Ò;Æ�ÃnÎ/ÊZ×QÚ�Ä4É{Ï5ÐDÊZÆ
çc×�Ã

4 · 1022 Ï�Ø −3
ó0J�� 
\RSLOö���� JUø63N1:ù4K�ø9ö Æ�ÊàËQÒ�Þ úiûAûAûQý Ü�Ì

1, 2 · 1015 Ï�Ø −2 ËQánÎZÏ5Ð9ëQÊ/ÜiÆ�Ã+Þ�þ>á4á4É{Ò��
ÄWÌ4Ã4Õ  nÞ � ú ËfÜiÆ�É{ÕAÊ6Æ�É{ÃnÆ>þàÃ4â9Ë�ÎZÎ/Ì4Ã4Õ#ËQÃ´ÄWÉ;ÆbÕcÆ�Ø8Æ�ÎZÎ5Æ�ÃnÆ�Ã´ämËQÊZÆ�Ã+Þ0ä�É;Æ>éyÒ{Ì4êAçAËQÇ/ÉhËQÊ/É;×�Ã´ÝðëQÐ4ÇZÆ�ÃnÄMÄ4Æ�Ç
ã=Æ�Î5Î/Ì4Ã4Õ2ÎZÉ{ÃnÄ�É{ÃÔþàá4á+Þ  nÞ � ú áñÄnËQÇ/ÕcÆ�Î/ÊZÆ�Ò{Ò{ÊiÞ¥ä÷Æ�ÇKéyÒ{Ì4ê=ËQÃñËQÊZ×�ØÙËQÇZÆ�Ø ÓÔË�ÎZÎ5Æ�ÇZÎ/ÊZ×QÚrÉ;ÎZÊmÃn×�Ç/ØXÉ;Æ�Ç/Ê
ËQÌWå

4 · 1015 Ï�Ø −2 Î −1 Ö+Ä4Æ�Ç � �
3
/?éyÒ{Ì4êkËQÌWå

3 · 1014 Ï�Ø −2 Î −1 Þ¥ä�Æ�Ç )èÆ�Ç/ÕAÒ;Æ�É;Ï5ÐñÜ�Ý�É;ÎZÏ5ÐnÆ�Ãñãk×?Ä4Æ�Ò{Ò
Ì4ÃnÄ�� �WâUÆ�Ç/É{Ø8Æ�Ã?Ê>Ò{É;Æ.åEÆ�Ç/Ê�åG×�Ò{ÕcÆ�ÃnÄ4ÆmÓÔÆ�Ç/ÊZÆ"V

σ � �
3
��	 ��� � ������� = 3, 8

� 2
, σ � �

3
��	������������������� = 1, 6 · 10−3

� 2

é �4ÇðÄWÉ;Æ÷æ�ËQÊZÆ�Ä4Æ�ÇðÊ/ÐnÆ�Ç/ØXÉ;ÎZÏ5ÐìËQï?Ê/É{çDÉ;Æ�Ç/ÊZÆ�Ã ��ÇZ×AÎ/É;×�Ã2Æ�Ç/ÕAÉ{á4Ê�ÎZÉ;Ï5Ð´áUÆ�É�Ä4Æ�Ç�UOÆ�ØXâUÆ�Ç5ËQÊ/Ì4Ç�ç0×�Ã � � h ?FV
k � �������������� = 0, 04

Î −1 â4ÇZ×XÇ5Ë�ÄWÉ{ï�ËQÒ{É;ÎZÏ5ÐnÆ�Ã ��ÒhËQÊ/ÜcÞ
ä�É;ÆT'ðÆ�Î/Ê/É{ØXØgÌ4Ã4ÕMÄWÉ;Æ�Î5Æ�ÇbÓÔÆ�Ç/ÊZÆKËQÌnÎ>Ä4Æ�Çàþ>Ã4â%Ë�ÎZÎ/Ì4Ã4ÕÙÄ4Æ�Î>ãk×?Ä4Æ�Ò{Ò;ÎàËQÃ=ÄWÉ;ÆfämËQÊZÆ�ÃìÉ;Î/Ê>Æ�É{ÃnÄ4Æ�Ì4Ê/É{ÕnÖ
ÄnËXÄWÉ;Æ <÷ÇX%�êcÆ�Ã2Ì4Ã9ËQá4Ð9ëQÃ4ÕAÉ{ÕÙç0×�ÃnÆ�É{Ã9ËQÃnÄ4Æ�ÇbåGÆ�ÎZÊ/ÕcÆ�Ò;Æ�ÕAÊbÝ6Æ�ÇZÄ4Æ�Ã4V
k � ��������������

É;Î/Ê>åEÆ�ÎZÊ/ÕcÆ�Ò;Æ�ÕAÊ�ÄWÌ4ÇZÏ5Ð�ÄWÉ;Æ ��ÇZ×AÎ/É;×�ÃnÎ/Ç5ËQÊZÆ#Ü�Ì 'ðÆ�ÕAÉ{Ã4ÃkÌ4ÃnÄkËQØ ��ÃnÄ4Æ#Ä4Æ�Î�� �WâUÆ�Ç/É{Ø8Æ�Ã?ÊZÎiÖ
ÄnËXÄ4×�Ç/ÊbÃ?Ì4Ç>ËQÊZ×�ØÙËQÇZÆ�Ç>ÓñË�ÎZÎZÆ�ÇZÎZÊZ×QÚkØXÉ{Ê>Ä4Æ�Ø �?Ì4ánÎ/Ê/Ç5ËQÊbÝ6Æ�Ï5ÐnÎZÆ�Ò{Ý�É{Ç/ïDÊiÞ
σ � �

3
��	 ��� � ������� ÒhëQêAÊ÷Î/É;Ï5ÐkÄWÌ4ÇZÏ5Ð�ÄWÉ;ÆgÓÔË�Ï5ÐnÎZÊ/Ì4Ø8Î/Ç5ËQÊZÆgÝðëQÐ4ÇZÆ�ÃnÄkÄ4Æ�Î÷Î �?ÃnÆ�Ç/ÕAÉ;ÎZÊ/É;ÎZÏ5ÐnÆ�Ã=ÓñË�Ï5ÐnÎ/Ê/Ì4Ø8ÎáUÆ�Î/Ê/É{ØXØ8Æ�Ã+Ö%ÄnËtØÙËQÃkËQÌWåEÕAÇ/Ì4ÃnÄìÄ4Æ�Îàþ>ÃnÎ/Ê/É;Æ�ÕcÎ>Ä4Æ�Î÷}f"îH�& 	Q�.-.� �ZR?�.�4��Ì4Ø Ü�Ý6Æ�É <÷ÇX%�êcÆ�Ãn×�ÇZÄWÃ?Ì4Ã4ÕcÆ�Ã

σ � �
3
��	��
���������������� ÕcÆ�ÕcÆ�Ã �4áUÆ�Ç σ ����	����������� ������� ç0Æ�Ç/Ã9Ë�Ï5Ð4Òhë�ÎZÎ/É{ÕcÆ�Ãìï�ËQÃ4Ã+Þ

σ � �
3
��	��
���������������� Æ�Ç/Ð9ëQÒ{Ê÷ØÙËQÃ	ÄnËQÃ4ÃkáUÆ�ÉyÕcÆ�ÕcÆ�áUÆ�ÃnÆ�Ø σ � �

3
�
	 ��� � ������� ËQÌ9Î�Ä4Æ�Ã 'ðÆ.Ç5Æ.É;Ï5ÐnÆ�Ã+Ö�É{Ã�Ä4Æ�ØÃ?Ì4Ç>Ä4Æ�Ç>ã=Æ�Ê/Ð �DÒ0/?éyÒ{Ì4ê8ØXÉ{Ê>Ä4Æ�Ç ��ÇZ×�áUÆmÝ6Æ�Ï5ÐnÎ5Æ�Ò{Ý�É{Ç/ï?ÊiÞ

ämËàÆ�Î�Î/É;Ï5Ð#Ì4Ø Æ��4×�Ê/ÐnÆ�Ç/Ø8Æ�æ>ÆiËQïDÊ/É;×�ÃnÆ�ÃX×�Ð4ÃnÆðþàïDÊ/É{ç?É;Æ�Ç/Ì4Ã4ÕcÎZÆ�ÃnÆ�Ç/ÕAÉ;Æ�Ã8Ð9ËQÃnÄ4Æ�Ò{ÊiÖ�ï�ËQÃ4ÃtØÙËQÃ8ËQÃnÃnÆ�Ð��
Ø8Æ�Ã+ÖnÄnËQê8ÄWÉ;ÆmÓÛÉ{Ç/ïDÌ4Ã4ÕcÎ �?ÌnÆ�ÇZÎZÏ5Ð4Ã4É{Ê/ÊZÆmÃ4É;Ï5Ð?ÊbÃ?Ì4Ç�å �4ÇbÄWÉ;Æ�ÎZÆfã=Æ�ÎZÎZÌ4Ã4ÕtÕcÆ�Ò{ÊZÆ�Ã+Ö9ÎZ×�ÃnÄ4Æ�Ç/ÃìÎ/É;Ï5ÐìËQÌnÏ5Ð
ËQÌWå�Ð6%�ÐnÆ�ÇZÆ �?Ì4ánÎZÊ/Ç5ËQÊ/ÊZÆ�ØXâUÆ�Ç5ËQÊ/ÌnÇZÆ�Ã �4áUÆ�Ç/Ê/Ç5ËQÕcÆ�ÃÙÒhË�ÎZÎ5Æ�Ã+Þ��÷ËQÇ/Ç/É;Î�Ì4ÃnÄ8ã�ËQÇ/Ê/É{ÃÙÆ�Ç/Ð4É;Æ�Ò{ÊZÆ�ÃMÄWÌ4ÇZÏ5ÐÙÄWÉ;Æ
ã=×?Ä4Æ�Ò{Ò{É;Æ�Ç/Ì4Ã4ÕtÄ4Æ�ÇèÕcÆ�Ø8Æ�ÎZÎZÆ�ÃnÆ�ÃMÓñË�Ï5ÐnÎ/Ê/Ì4Ø8Î/Ç5ËQÊZÆ>áUÆ�É%Ä4Æ�Ç,ä�ÉhËQØÙËQÃ?ÊC/�� �?ÃDÊ/ÐnÆ�ÎZÆ>ØXÉ{Ê �?Ì4ánÎ/Ê/Ç5ËQÊ/ÊZÆ�Ø �
âUÆ�Ç5ËQÊ/Ì4ÇZÆ�ÃgÜ�Ý�É;ÎZÏ5ÐnÆ�Ã ú h"h"h ?ÅÌ4ÃnÄ ú �"h"h ? å��4Ç¥Æ�É{ÃnÆ�Ã8NDYA&Ga/xI){"��Ù�.�%& / � )�ä-/ ��ÇZ×�ÜiÆ�ê�ØXÉ@ÊOÆ�É{ÃnÆ�Ø <mË�Î �
â4Ð9Ë�ÎZÆ�Ã4Ø8×?Ä4Æ�Ò{Ò+å��4Ç�ÄnË�ÎbãkÆ�Ê/Ð �DÒ0/?æàË�ÄWÉ{ïAËQÒ+Æ�É{ÃnÆ �÷ËCåEÊ�ÝðËQÐ4ÇZÎZÏ5ÐnÆ�É{Ã4Ò{É;Ï5Ð4ï0Æ�É{Êbç0×�Ã ú h −3

ó{úiûAû��Cý Þnä�É;Æ�ÎZÆ�Ç
Ó�Æ�Ç/Ê,É{ÎZÊIØXÉ{Ê6Ä4Æ�Ø �÷ËCåEÊ/ïc×?Æ��8Ü�É;Æ�Ã?ÊZÆ�Ã´çc×�ÃMãkÆ�Ê/Ð �?Ò0/?æ�Ë�ÄWÉ{ï�ËQÒ;Æ�ÃTËQÌWå+Æ�É{ÃnÆ�Ç,ÕcÆ�Î5ëQÊ/Ê/É{ÕAÊZÆ�Ã2ÿàáUÆ�Çîò%ë�Ï5ÐnÆ
Ã4É;Ï5Ð?Ê�Æ�Ç/ïDÒhëQÇ/á9ËQÇiÞ�ä�Ì4ÇZÏ5ÐtÄnË�ÎOÕAÒ;Æ�É;Ï5Ð4ÜiÆ�É{Ê/É{ÕcÆ �IÉ@ÃDÝ�É{Ç/ïcÆ�Ãtç0×�Ã � �

3
/?æ�Ë�ÄWÉ{ï�ËQÒ;Æ�Ã#Ì4Ã9Ä ��/?þ�ÊZ×�Ø8Æ�Ã#ØgÌ4ê

Æ�ÎðËQáUÆ�ÇðËQÌnÏ5Ð´áUÆ�ÉUÄ4Æ�Ç6ä�ÉhËQØÙËQÃ?ÊC/�� �DÃ?Ê/ÐnÆ�ÎZÆ�Ü�Ì´Æ�É{ÃnÆ�ÇðÎ �DÃnÆ�Ç/ÕAÉ;Î/Ê/É;ÎZÏ5ÐnÆ�Ã´Ó�Æ�Ï5ÐnÎZÆ�Ò{Ý�É{Ç/ïDÌ4Ã4Õ#ï0×�ØXØ8Æ�Ã+Þ
ä÷Æ�ÇOÕcÆ�Ø8Æ�ÎZÎZÆ�ÃnÆ,ÓÔÆ�Ç/Ê¥å��4ÇyÄ4Æ�Ã �÷ËCåEÊ/ïc×?Æ��8Ü�É;Æ�Ã?ÊZÆ�Ãtçc×�Ã

s(
� �

3|
�

) = 1·10−2 É;Î/ÊOØXÉ{ÊyÄ4Æ�Ø�ÕcÆ.åEÌ4ÃnÄ4Æ��
ÃnÆ�ÃÙÓ�Æ�Ç/Êèçc×�Ã

10−3 å �4ÇèÄWÉ;Æ>ä�ÉhËQØÙËQÃ?ÊZÎ �DÃ?Ê/ÐnÆ�ÎZÆbÉ{Ã ��É{Ã4ï?ÒhËQÃ4ÕnÖ0Ý6Æ�Ã4ÃÙØÙËQÃÙáUÆ�Ç �nÏ5ïWÎ/É;Ï5Ð?Ê/É{ÕAÊiÖ?ÄnËQêfÉ{Ø
é%ËQÒ{Ò,Ä4Æ�Çgþ�Ä4Î5×�Ç/â4Ê/É;×�ÃrËQÌWåbÆ�É{ÃnÆ�ÇgÌ4Ã4ÕcÆ�×�ÇZÄWÃnÆ�ÊZÆ�ÃÑË	��� V � /WÿàáUÆ.Ç/ò%ë�Ï5ÐnÆ´ÄWÉ;ÆÙþàÃ4ÜqËQÐ4Ò6ËQÃñÆ�ÃnÆ�Ç/ÕcÆ�Ê/É;ÎZÏ5Ð
áUÆ�Õ��4ÃnÎ/Ê/É{ÕAÊZÆ�Ã\þbÄ4ÎZ×�Ç/â4Ê/É;×�ÃnÎ/â4ÒhëQÊ/ÜiÆ�ÃvÐ6%�ÐnÆ�ÇTÉ;Î/ÊoËQÒ;ÎoËQÌWågÆ�É{ÃnÆ�ÇTÕcÆ�×�ÇZÄWÃnÆ�ÊZÆ�Ã\ä�ÉhËQØÙËQÃ?ÊZ×�áUÆ�Çîò%ëAÏ5ÐnÆAÞ
ä�É;Æ÷É{ÃnÎ/ÕcÆ�Î5ËQØgÊbç0Æ�Çîå �4ÕAá9ËQÇZÆ ��ËQÐ4ÒOËQÃ=ÿàáUÆ�Çîò%ë�Ï5ÐnÆ�Ã4ânÒhëQÊ/ÜqÆ�ÃìÝ�Ì4ÇZÄ4ÆmØXÉ{Ê>Ä4Æ�Ç��UËQÐnÒ¥ËQÃ ?à×�Ð4Ò;Æ�ÃnÎ/ÊZ×QÚ��
ËQÊZ×�Ø8Æ�Ã=ÕAÒ;Æ�É;Ï5Ð4ÕcÆ�ÎZÆ�Ê/Ü�ÊiÞ�ä�É{ÆKÊ5ËQÊZÎ5ë�Ï5Ð4Ò{É;Ï5ÐnÆ#þàÃ4ÜqËQÐ4ÒyËQÃ	ÿàáUÆ�Çîò%ë�Ï5ÐnÆ�Ã4â4Òhë�Ê/ÜiÆ�Ã�ÒhëQêAÊ�Î/É;Ï5Ð8íîÆ�Ä4×?Ï5Ð=Ã?Ì4Ç
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ÎZÏ5Ð?Ý6Æ�ÇàËQÃ4ÕcÆ�áUÆ�Ã+Þ%þ�Ä4Î5×�Ç/á4É;Æ�ÇZÆ�Ã=ËQÌWå�Ä4Æ�Ç�ÿàáUÆ�Çîò%ë�Ï5ÐnÆgãkÆ�Ê/Ð �?Ò0/?æ�Ë�ÄWÉ{ï�ËQÒ;ÆAÖnÎ5×tï�ËQÃ4ÃìÎ/É;Ï5Ð+Ö9ËQá4Ð9ëQÃ4ÕAÉ{Õ
ÄnËiç0×�Ã+Ö�Ý�É;Æ�ÎZÏ5Ð4ÃnÆ�Ò{ÒnÄWÉ;Æ �IÃnÄWÕAÇ/Ì4â4âUÆ�ØXÉ{ÊIÄ4Æ�ÇèËQÌWåEÝðË�Ï5ÐnÎZÆ�ÃnÄ4Æ�Ã �DÏ5Ð4É;Ï5Ð?ÊIçcÆ�Ç/ÃnÆ�Ê/Ü�ÊIÝ�É{ÇZÄ�ÖAÄWÉ;Æ�þ>Ã4ÜqËQÐ4Ò
Ø&%�ÕAÒ{É;Ï5ÐnÆ�Ç2',É{ÃnÄWÌ4ÃnÕcÎ/â4ÒhëQÊ/ÜiÆgÆ�Ç/Ð6%�Ð9Æ.Ã¥Þ%Â(Ø <÷Æ�ÕcÆ�ÃnÎ5ËQÊ/ÜgÜ�Ì4Ø©ÄWÉ;Ï5Ð?Ê/ÕcÆ�â9Ë�Ï5ïDÊZÆ�Ã`?÷Ç/É;Î/Ê5ËQÒ{Ò{ÕAÉ{Ê/ÊZÆ�Ç�áUÆ�É{Ø
ä�ÉhËQØÙËQÃ?ÊiÖnáUÆ�Î/É{Ê/ÜiÆ�Ã2É{ÃnÎ/áUÆ�ÎZ×�Ã9Ä4Æ�ÇZÆmâU×�Ò �DØ8Æ�Ç5ËQÇ/Ê/É{ÕcÆgË	��� V � /?éyÉ{Ò{Ø8ÆfÆ�É{ÃnÆfæ�ËQÌ4Ð4É{ÕAïcÆ�É{ÊàËQÌWåIËQÊZ×�ØÙËQÇZÆ�Ç
�?ïAËQÒhËWÞ�ä�É;Æ�ÎmØÙË�Ï5Ð?ÊfÜ�ÌnÎ5ëQÊ/Ü�Ò{É;Ï5ÐñÆ�É{ÃnÆtÕcÆ�Ã9ËQÌnÆ �?âUÆ�Ü�É@ÍnÜ�É;Æ�Ç/Ì4Ã4ÕkÄ4Æ�ÇKËQïDÊ/É{çcÆ�ÃñÿàáUÆ�Çîò%ë�Ï5ÐnÆMÎZÏ5Ð?Ý�É;Æ�Ç/É{Õ
Ì4ÃnÄTå��4Ð4Ç/ÊbÄ4Æ�Î/Ð9ËQá2Ü�ÌìÆ�É{ÃnÆ�Ç>é9Æ�Ð4Ò;Æ�É{ÃnÎZÏ5Ð9ëQÊ/Ü�Ì4Ã4Õ´Ä4Æ�Î�Ó É{Ç/ïDÌ4Ã4ÕcÎ �?ÌnÆ�ÇZÎZÏ5Ð4Ã4É{Ê/ÊZÎiÞ
ß÷Ë�Ï5ÐTØ8×�Ò;Æ�ï?Ì4ÒhËQÇ �(Ä��DÃ9ËQØXÉ;ÎZÏ5Ð9Æ�Ãìãk×?Ä4Æ�Ò{Ò{ÇZÆ�Ï5Ð4Ã?Ì4Ã4ÕcÆ�Ã cEã=ä e ÎZ×�Ò{Ò{ÊZÆ6íîÆ�Ä4×?Ï5Ð2ÄWÉ;Æ÷þbÄ4ÎZ×�Ç/â4Ê/É;×�ÃnÎ/ÝðËQÐ4Ç �
ÎZÏ5ÐnÆ�É{Ã4Ò{É;Ï5Ð4ï0Æ�É{Êyçc×�Ã � �

3
É{Ø )èÆ�Ç/ÕAÒ;Æ�É{Ï5Ð#Ü�Ì � ï?Ò;Æ�É{ÃnÆ�ÇyÎ5Æ.É{Ã+ÖCÄnË>ÄWÉ;Æ,æ>ÆiËQïDÊ/É;×�ÃnÎ/ÝðËQÐ4ÇZÎ5Ï5ÐnÆ�É@ÃnÒ@É;Ï5Ð4ï0Æ�É{ÊZÆ�Ã

ËQÌnÎbÎ/ÊZÆ�Ç/É;Î5Ï5ÐnÆ�ÃQ<�Ç �4ÃnÄ4Æ�Ãoå��4ÇbÆ�É{Ã � �
3
�(æ�Ë�ÄWÉ{ï�ËQÒ+Æ�É{Ã4ÕcÆ�ÎZÏ5Ð4Ç5ëQÃ4ïDÊ>Î/É{ÃnÄ ó � L"RTù���L � � 1 Æ�Ê>ËQÒ�Þ úiûAûAüQý Þ

��É{ÃnÆ���Ç/ïDÒhëQÇ/Ì4Ã4ÕXå��4Ç�Ä4Æ�ÃoÕAÇZ×�êcÆ�Ã2Ó É{Ç/ï?ÌnÃ4ÕcÎ �0ÌnÆ�ÇZÎ5Ï5Ð4Ã4É{Ê/Ê�ï�%�Ã4Ã?ÊZÆmÎZÆ�É{Ã+Ö4ÄnËQêÙÄnË�Î�ãkÆ�Ê/Ð �DÒ0/?æàË�ÄWÉ{ïAËQÒ
É{ÃsÆ�É{ÃnÆ�Ø ÎZÏ5Ð?ÝðË�Ï5ÐnÆ�Ã ',É{ÃnÄWÌnÃ4ÕcÎ/Ü�ÌnÎ/Ê5ËQÃnÄ¨Ë�Ä4Î5×�Ç/á4É;Æ�Ç/Ê2ÌnÃnÄ\Î/É;Ï5ÐsËQÌ4åXÄ4Æ�ÇkÿàáUÆ�Çîò%ë�Ï5ÐnÆ�áUÆ�Ý6Æ�ÕcÆ�Ã
ïAËQÃ4Ã+Ö�á4É;Î�Æ�Î�ËQÃ Æ�É{ÃnÆ�Ø åEÇZÆ�É;Æ�Ã '6É{ÃnÄWÌ4Ã4ÕcÎ/â4ÒhËQÊ/Ü�Ï5ÐnÆ�ØXÉ;ÎZ×�Ç/á4É;Æ�Ç/Ê óE] �Où P ø� � ø63�3 Æ�Ê>ËQÒ�Þ úiûAû��Qý Þ
ä�É;Æ�ÎZÆ�ÇXNDYA&�$%-Z�ZV�30��Y�-�/��DÏ5Ð4Ç/É{ÊZÊKÝ�Ì4ÇZÄ4Æ8çc×�Ç/ÕcÆ�Î5Ï5Ð4ÒhËQÕcÆ�Ã	å��4ÇfÄWÉ;Æ8þbÄ4ÎZ×�Ç/â4Ê/É;×�Ã�ç0×�ÃÔËQÊZ×�ØÙËQÇZÆ�Ø ÓñË�Î �
ÎZÆ�ÇZÎ/Ê5×QÚñËQÌWåèãkÆ�Ê5ËQÒ{Ò;×�áUÆ�Çîò%ë�Ï5ÐnÆ�Ã ó P L � � 30ønö Æ�Ê>ËQÒ�Þ úiûAû��Qý Ì4ÃnÄìå �4Ç�Ä4Æ�Ã ��É{Ã?á9ËQÌ�çc×�Ã �?É �

3
áUÆ�É{Ø

ÓñË�Ï5ÐnÎ/Ê/Ì4Ø©ç0×�Ã�Ë	� �?É	V � �(éyÉ{Ò{Ø8Æ�Ã ó 	 LOø � L Æ�ÊàËQÒ�Þ úiûAû"aQý Þ%ã=É{Ê�Ä4Æ�Ã=ç0×�Ç/Ò{É;Æ.ÕcÆ�ÃnÄnÆ.Ã	ãkÆ�ÎZÎ/Ì4Ã4ÕcÆ�Ã=ÒhëQêAÊ
Î/É;Ï5Ð´ÄWÉ;Æ�ÎZÆ>ã %�ÕAÒ{É;Ï5Ð4ï0Æ�É@Ê,å �4Ç6Ä4Æ�Ã �IÉ{Ã?á9ËQÌMç0×�Ã � �

3
í/Æ�Ä4×?Ï5ÐMÝ6Æ�Ä4Æ�Ç,áUÆ�Î/Ê5ëQÊ/É{ÕcÆ�Ã´Ãn×?Ï5ÐTËQÌnÎZÎ5Ï5Ð4Ò{É{Æ�êcÆ�Ã+Ö

Î/É;Æ÷Ý�É{ÇZÄtí/Æ�Ä4×?Ï5Ðoå��4ÇbÄWÉ;Æfþ�Ä4ÎZ×�Ç/â4Ê/É;×�Ãìçc×�Ãìã=Æ�Ê/Ð �DÒ�Ã4É;Ï5Ð?Ê>Æ�Ç/ÝðËQÇ/ÊZÆ�ÊiÞ
ä÷Æ�ØXÕcÆ�ÕcÆ�Ã �4áUÆ�Ç÷ï�ËQÃ4ÃÙíîÆ�Ä4×?Ï5Ð�ËQÌnÏ5ÐkÄWÉ;Ægþ>ÃnÃ9ËQÐ4Ø8ÆKÌ4Ã4ÕcÆ�ÇZÆ�Ï5Ð?ÊîåGÆ�Ç/Ê/É{ÕAÊ÷ÎZÆ�É{Ã+Ö%ÄnË�ÎàãkÆ�Ê/Ð �DÒ0/?æàË�ÄWÉ{ïAËQÒ
Ë�Ä4ÎZ×�Ç/á4É;Æ�ÇZÆ Ã?Ì4Ç ËQÃ�å'ÇZÆ�É;Æ�ÃA'6É{ÃnÄWÌ4Ã4ÕcÎ/â4ÒhëQÊ/ÜiÆ�Ã+ÖñÄWÉ;Æ ÄWÌ4ÇZÏ5Ð ÄWÉ;Æ þ>ánÎZÊ/Ç5ËQï?Ê/É;×�ÃnÎZÇZÆiËQï?Ê/É;×�Ã ç0×�Ã
ËQÊZ×�ØÙËQÇZÆ�Ø ÓñË�ÎZÎZÆ�ÇZÎZÊZ×QÚ Æ�Ã?ÊZÎ/ÊZÆ�ÐnÆ�Ã+ÞKÓÔÆ�Ã4Ã ØÙËQÃ ËQÃ4Ã4É{ØXØgÊiÖgÄnËQê¨Ä4Æ�ÇÔÓ É{Ç/ïDÌ4Ã4ÕcÎ �0ÌnÆ�ÇZÎ5Ï5Ð4Ã4É{Ê/ÊiÖ
Ý�É;Æoçc×�ÃÅãkä-/?æ>Æ�Ï5Ð4Ã?Ì4Ã4ÕcÆ�ÃÅç0×�Ç5ËQÌnÎ/ÕcÆ�Î5ËQÕAÊqÖ�É{ØA'6Æ�ÇZÆ�É;Ï5Ð�çc×�Ã h Ö ú � 2 Æ�Ç/ÝðËQÇ/ÊZÆ�ÊÙÝ�É{ÇZÄ�Ö�ï�ËQÃ4ÃÅÆ�É{Ã
Æ.Ú�Æ�ï?Ê/É{ç0Æ�Î �÷ËCåEÊ/çcÆ�Ç/Ø&%�ÕcÆ�Ã ç0×�Ã ú h −2 Ã?Ì4Ç#ÌnÃ?ÊZÆ�ÇtÄ4Æ�ÇXþàÃ4Ã9ËQÐ4Ø8ÆTÆ�Ç/ï?ÒhëQÇ/ÊtÝ6Æ�ÇZÄ4Æ�Ã+Ö�ÄnËQê	ÄWÉ;Æ ��ËQÐ4Ò
Ä4Æ�ÇàØ&%�ÕAÒ{É;Ï5ÐnÆ�Ã�þbÄ4ÎZ×�Ç/â4Ê/É;×�ÃnÎZâ4ÒhëQÊ/ÜiÆgÉ{Ø 'ðÆ�ÇZÆ�É;Ï5Ðkçc×�Ã a"h j Ò{É;Æ�ÕAÊiÞUäàÉ;Æ�Î5Æ�Ç>Ðn×�ÐnÆ�'6Æ�Ä4Æ�Ï5ïDÌ4Ã4ÕcÎ/ÕAÇ5Ë�Ä
É;Î/ÊmÃ4É;Ï5Ð?ÊKÄWÌ4ÇZÏ5Ð�åEÇZÆ�É;ÆF'6É{ÃnÄWÌ4Ã4ÕcÆ�ÃñËQÒ{Ò;Æ�É{ÃÔÆ�Ç/ïDÒhëQÇ/á9ËQÇiÞ+ã�ËQÃ�ïAËQÃ4Ã�Î/É;Ï5ÐTí/Æ�Ä4×?Ï5Ð	ç0×�ÇZÎ/ÊZÆ�Ò{Ò;Æ�Ã+Ö+ÄnËQê2Æ�Î
ÄWÌ4ÇZÏ5Ð´Æ�É{ÃnÆbåEÇZÆ�É;Æ-'6É{ÃnÄWÌ4Ã4ÕtËQÃ´Ä4Æ�Ç�ÿàáUÆ�Çîò%ë�Ï5ÐnÆàÜ�ÌMÆ�É{ÃnÆ�Çðã=×?ÄWÉ@ÍnÜ�É;Æ�Ç/Ì4Ã4ÕtÄ4Æ�Ç6ÄWÉ{ÇZÆ�ïDÊZÆ�Ã bàØXÕcÆ�á4Ì4Ã4Õ
ÄWÉ;Æ�ÎZÆ�Î-',É{ÃnÄWÌnÃ4ÕcÎ/â4ÒhËQÊ/ÜiÆ�Î>ï0×�ØXØgÊiÖnÄWÌ4ÇZÏ5ÐìÄWÉ;ÆfÄWÉ;ÆK}K"îH�&E*è"QN0-���V.NW���:�n)u�GV.NcB��.�E&yÆ�Ç/Ð6%�Ð?Ê>Ý6Æ�ÇZÄ4Æ�Ã2ïAËQÃ4Ã+Þ
ämË�Î#Î �DÃnÆ�Ç/ÕAÉ;Î/Ê/É;Ï5ÐnÆMÓñË�Ï5ÐnÎ/Ê/Ì4Ø ÝðëQÇZÆKíîÆ�Ä4×?Ï5ÐÑËQÌnÏ5Ð ÄWÌ4Ç5Ï5ÐñåE×�Ò{ÕcÆ�ÃnÄ4Æ�ÎtæàÆiËQï?Ê/É;×�ÃnÎZÎ5Ï5ÐnÆ�ØÙË=Æ�Ç/ï?ÒhëQÇ �
á9ËQÇ V+þ�ÊZ×�ØÙËQÇZÆ�ÇKÓÔË�ÎZÎ5Æ�ÇZÎ/ÊZ×QÚrÊ/Ç5ëQÕAÊgÄWÌ4ÇZÏ5ÐÔÄWÉ;Æ8þàánÎ/Ê/Ç5ËQïDÊ/É;×�Ã�çc×�Ã�ÕcÆ�á4Ì4ÃnÄ4Æ�ÃnÆ�Ø ÓÔË�Î5ÎZÆ�ÇZÎ/ÊZ×QÚrÜ�Ì4Ç
)èÆ�Ç/ÃnÆ�Ê/Ü�Ì4Ã4ÕÅÄ4Æ�ÇìÿàáUÆ�Çîò%ë�Ï5ÐnÆ�áUÆ�É�ÞðénÇZÆ�É;Æ`'6É{ÃnÄWÌ4Ã4ÕcÆ�ÃvÇZÆ�ÒhË	�WÉ;Æ�ÇZÆ�ÃvÌ4ÃnÄ á4É{Ò;Ä4Æ�ÃvÆ�É{Ã ç0Æ�ÇZÎ/â9ËQÃ4Ã?ÊZÆ�Î
ß�Æ�Ê/Ü�Ý6Æ�Ç/ïTËQÃ2Ä4Æ�Ç�ÿàáUÆ�Çîò%ë�Ï5ÐnÆAÖ9ÄnË�ÎðÉ{Ø <mÆ�ÕcÆ�ÃnÎ5ËQÊ/ÜmÜ�Ì4ÇbÝðË�ÎZÎZÆ�ÇZÎ/ÊZ×QÚ�ÇZÆ�É;Ï5ÐnÆ�Ã2Ì4ÃnÄTâU×�Ò �?Ø8Æ�Ç5ËQÇZÊ/É{ÕcÆ.Ã
ÿàáUÆ�Çîò%ë�Ï5ÐnÆMáUÆ�ÉèÄ4Æ�ÇKÇZÆ�É{ÃnÆ�Ã � �

3
/?þ�Ä4Î5×�Ç/â4Ê/É;×�ÃñÄ4Æ�Ã ��É{Ã?á9ËQÌrÆ�É{ÃnÆ�Î � �

3
/?æàË�ÄWÉ{ïAËQÒ;ÎKÆ�Ç/ÒhËQÌ4á4ÊiÞOämË�Î

áUÆ�Ä4Æ�Ì4ÊZÆ�Ê � Æ�Ç/ÜiÆ.ÌnÕAÊ=ÎZ×�ÕcÆ�Ã9ËQÃ4Ã?ÊZÆÑ��&E-/"��:���/� lZY��%���oËQÃsÄ4Æ�ÇkÿàáUÆ�Çîò%ë�Ï5ÐnÆAÖ�ËQÌWå8Ä4Æ�ÇìÄ4Æ�Ç �÷ËCåEÊ/ïc× �
Æ��8Ü�É;Æ�Ã?Ê2ÕAÇX%�êcÆ�ÇoÉ;ÎZÊ2ËQÒ;Î2ËQÌWåtÄ4Æ�ÇoÕcÆ�Î5ëQÊ/Ê/É{ÕAÊZÆ�Ã\âU×�Ò �DØ8Æ�Ç5ËQÇ/Ê/É{ÕcÆ�ÃsþbÄ4ÎZ×�Ç/á9ËQÊZÎ5Ï5Ð4É;Ï5Ð?ÊiÞ�ä�É;Æ	þ>Ã4ÜqËQÐ4Ò
Ø&%�ÕAÒ{É;Ï5ÐnÆ�ÇS'6É{ÃnÄWÌ4Ã4ÕcÎ/â4ÒhëQÊ/ÜiÆfÉ;Î/ÊbÄnËQØXÉ{Ê>Ä4Æ�Ì4Ê/Ò{É;Ï5ÐìÕAÇX%�êcÆ�ÇàËQÒ;ÎbÄWÉ;ÆfÄ4Æ�ÇðåEÇZÆ�É;Æ�ÃI'6É{ÃnÄWÌ4Ã4ÕcÎ/â4ÒhëQÊ/ÜiÆAÖ9ÝðË�Î
Ä4Æ�ÃìÆ��8Ü�É;Æ�Ã?ÊZÆ�Ã ��É{Ã?á9ËQÌìç0×�Ã2ãkÆ�Ê/Ð �DÒ+Æ�Ç/ï?ÒhëQÇZÆ�Ãìï�%�Ã4Ã?ÊZÆAÞ
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þ>Ì4å'Õ0ËQáUÆ=Ü�Ì4ï �4ÃWåEÊ/É{ÕcÆ�Ç � �WâUÆ�Ç/É{Ø8Æ�Ã?ÊZÆ�ØgÌ4ê Æ�Î´Ä4Æ�Î/Ð9ËQÒ{á ÎZÆ�É{Ã+Ö,ØXÉ{Ê´Ü�ÌnÎ5ëQÊ/Ü�Ò{É;Ï5ÐnÆ�ÃvãkÆ�Ê/Ðn×?Ä4Æ�Ã ÄWÉ;Æ
ÿàáUÆ�Çîò%ë�Ï5ÐnÆfÃ9ëQÐnÆ�Ç�Ü�Ì2Ï5Ð9ËQÇ5ËQïDÊZÆ�Ç/É;Î/É;Æ�ÇZÆ�Ã2á4Ü�ÝfÞ4ÕcÆ�Ü�É;Æ�Ò{Ê>Æ�É{ÃnÆKÿàáUÆ�Çîò%ë�Ï5ÐnÆ�Ã4Ø8×DÄWÉ@ÍnïAËQÊ/É;×�Ã=ÄWÌnÇZÏ5ÐoÃ4É;Æ��
Ä4Æ�ÇZÆ�ÃnÆ�Ç/ÕcÆ�Ê/É;ÎZÏ5ÐnÆ�Ã=Â�×�ÃnÆ�Ã?áUÆ�ÎZÏ5Ð?Ì4ê8ÐnÆ�Ç/çc×�Ç/Ü�Ì4Ç/ÌWåGÆ�Ã+ÖWÌ4Ø �4áUÆ�ÇbÄ4Æ�ÇZÆ�Ã���É{ÃWònÌ4êÙËQÌWå�Ä4Æ�Ãì}f"îH�&'BQYC� ñ1��:P
�.�9&(���ÙÄ4Æ�Ã2ØXÉ{ïDÇZ×AÎ/ï0×�â4É;ÎZÏ5ÐnÆ�Ã2ÓñË�Ï5ÐnÎ/Ê/Ì4Ø8Î/Ø8Æ�Ï5Ð9ËQÃ4É;Î/ØgÌnÎ>Ü�Ì2É;Ä4Æ�Ã?Ê/É@ÍnÜ�É;Æ�ÇZÆ�Ã¥Þ
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Â�Ã ÄWÉ;Æ�ÎZÆ�Ç þàÇ/áUÆ�É{ÊrÝ�Ì4ÇZÄ4Æ Æ�É{ÃnÆ ,àÌnÆ�Ò{Ò;ÆvËQÌWå'ÕcÆ�á9ËQÌ4ÊiÖtØXÉ@ÊÑÄ4Æ�Ç Î/É;Ï5Ð Ðn×�ÐnÆ éyÒ �nÎZÎZÆ ËQÃ ÊZÐnÆ�Ç/ØXÉ��
ÎZÏ5ÐnÆ�Ãræ�Ë�ÄWÉ{ï�ËQÒ;Æ�Ã Æ�Ç/ÜiÆ�Ì4ÕcÆ�ÃrÒhË�ÎZÎ5Æ�Ã+ÞOä÷Ë�ÎF<�Ç/Ì4ÃnÄWâ4Ç/É{Ã4Ü�É{â É;ÎZÊgÄWÉ;Æ´äàÉ;ÎZÎ5×�Ü�ÉhËQÊ/É;×�ÃrÆ�É{ÃnÆ�Îtþ>ÌnÎZÕ0ËQÃ4ÕcÎ �
Õ0Ë�ÎZÆ�ÎìÉ{Ã�Æ�É{ÃnÆ�Ç=ÇZÆ�Î/É;Î/Ê/É{çvÕcÆ�ÐnÆ�É{Ü�ÊZÆ�Ã�ÓÔ×�Ò@å'Ç5ËQØ�/N?fËQâ4É{Ò{ÒhËQÇZÆcÞ�ß�Æ�áUÆ�Ã¨ÄnÆ.Çkä�É;ÎZÎZ×�Ü�ÉhËQÊ/É;×�Ã�çc×�ÃsÓñË�Î �
ÎZÆ�ÇZÎ/Ê5×QÚ Ý�Ì4ÇZÄ4Æ�Ã ãkÆ�Ê/Ð �?Ò0/?æ�Ë�ÄWÉ{ï�ËQÒ;Æ�ËQÌnÎ ãkÆ�Ê/Ð9ËQÃ©Ì4ÃnÄ�ËQÌnÎ þ>Üi×�Ø8Æ�Ê/Ð9ËQÃ Æ�Ç/ÜiÆ�Ì4ÕAÊ Ì4ÃnÄ ØXÉ{Ê
Ý�É{Ã4ï0Æ�ÒhËQÌWå'ÕcÆ�Ò %AÎ/ÊZÆ�ÇÑã�Ë�ÎZÎZÆ�ÃnÎ/âUÆ�ïDÊ/ÇZ×�Ø8Æ�Ê/Ç/É;Æ ËQánÎZ×�Ò{Ì4Ê �?Ì9ËQÃ?Ê/É@ÍnÜ�É;Æ�Ç/ÊiÞ��9ÌnÇ ,àÌ9ËQÃ?Ê/É@ÍnÜ�É;Æ�Ç/Ì4ÃnÕ^Ý�Ì4Ç �
Ä4ÆkÎZ×qÝ6×�Ð4Ò÷ÄWÉ;Æ �?Ê5ËQÃnÄ9ËQÇZÄN/?ãkË�ÎZÎ5Æ�ÃnÎ/âUÆ�ï?Ê/ÇZ×�Ø8Æ�Ê/Ç/É;Æ�áUÆ�É�Ðn×�ÐnÆ�Ç ��Ò;Æ�ï?Ê/ÇZ×�Ã9Æ.Ã9Æ.Ã9Æ�Ç/ÕAÉ;Æ�ËQÒ;ÎoËQÌnÏ5Ð ÄWÉ;Æ
Â ×�Ã4É;Î5ËQÊ/É;×�ÃnÎZÎZÏ5Ð?Ý6Æ�Ò{Ò;Æ�Ã /?ã�Ë�ÎZÎZÆ�ÃnÎZâUÆ�ï?Ê/ÇZ×�Ø8Æ�ÊZÇ/É;ÆKçcÆ�Ç/Ý6Æ�ÃnÄ4Æ�ÊiÞ
ä�É;Æ=ÓÛÉ{Ã4ï0Æ�Ò{çcÆ�Ç/ÊZÆ�É{Ò{Ì4Ã4ÕÑÄ4Æ�ÇoËQÌnÎ/ÊZÇZÆ�ÊZÆ�ÃnÄ4Æ�Ã UOÆ�É{Ò;Ï5ÐnÆ�Ã ï0×�Ã4Ã?ÊZÆkÄWÌ4ÇZÏ5Ð Æ�É{Ã Æ�É{ÃWåGË�Ï5ÐnÆ�Îoã=×?Ä4Æ�Ò{Ò÷Ä4Æ�Ç
�?Ê/Ç5ËQÐ4Ò@åG×�Ç/ØgÌ4Ã4ÕfÄWÌ4ÇZÏ5Ð8ÄWÉ;Æðã=×�Ò;Æ�ïDÌ4ÒhËQÇZÎ/Ê/ÇX%�ØgÌ4Ã4ÕfÉ{ÃtÆ�É{ÃnÆ�Ø áUÆ�ÕAÇZÆ�Ã4Ü�ÊZÆ�Ã&UOÆ�É{Ò4Ä4Æ�Ç_?fËQâ4É{Ò{ÒhËQÇZÆbÆ�Ç/ï?ÒhëQÇ/Ê
Ý6Æ�ÇZÄ4Æ�Ã+Þ%ä�É;Æfä�É;ÎZÎZ×�Ü�ÉhËQÊ/É;×�Ã=Ä4Æ�Î�ËQÊZ×�ØÙËQÇZÆ�Ã=ÓÔË�ÎZÎ5Æ�ÇZÎ/ÊZ×QÚ�ÎbÒhëQêAÊ>ÎZÉ;Ï5Ð2ØXÉ{Ê �>É{Ò@åGÆfÄ4Æ�Çàã=×?Ä4Æ�Ò{Ò{ç0×�ÇZÎ/ÊZÆ�Ò��
Ò{Ì4Ã4ÕÙÄ4Æ�Î>Ï5ÐnÆ�ØXÉ;ÎZÏ5ÐnÆ�Ã`<�Ò;Æ�É;Ï5Ð4ÕcÆ�Ý�É;Ï5Ð?ÊZÎ>ØXÉ{Ê>Æ�É{ÃnÆ�Ø©Æ.Ú�Æ�ïDÊ/É{çcÆ�ÃìäàÇZÌnÏ5ï´áUÆ�ÎZÏ5Ð4ÇZÆ�É{áUÆ�Ã+Þ
ã�ËQÃ�Æ�Ç/ÇZÆ�É;Ï5Ð?ÊfØXÉ{ÊKÄ4Æ�Ç�,àÌnÆ�Ò{Ò;ÆXÉ{Ø�é%ËQÒ{ÒIçc×�Ã	ÓñË�ÎZÎZÆ�ÇZÎZÊZ×QÚñáUÆ�ÉèÆ�É{ÃnÆ�Ç ?fËQâ4É{Ò{ÒhËQÇZÆ�Ã?ÊZÆ�ØXâ�Æ�Ç5ËQÊZÌ4ÇKç0×�Ã
�"� a"h ? É{Ã �?Ê/Ç5ËQÐ4Ò{Ç/É;Ï5Ð?Ê/Ì4Ã4Õ\Æ�É{ÃnÆñéyÒ{Ì4êcÄWÉ;Ï5Ð?ÊZÆÑËQÃ ËQÊZ×�ØÙËQÇZÆ�Ø ÓñË�ÎZÎZÆ�ÇZÎZÊZ×QÚ çc×�Ã

(2, 3 ± 0, 8) ·
1017 Ç5Ë�Ä −1 Î −1 Þ�Ó É{ÇZÄ	ãkÆ�Ê/Ð9ËQÃñËQÒ;Îg,àÌnÆ�Ò{Ò{Õ0Ë�Îmå��4ÇfÄWÉ;Æ��IÇZ×?ÄWÌ4ï?Ê/É;×�ÃÔç0×�Ã�ãkÆ�Ê/Ð �?Ò0/?æ�Ë�ÄWÉ{ï�ËQÒ;Æ�Ã�ç0Æ�Ç �
Ý6Æ�ÃnÄ4Æ�ÊiÖ�Æ�Ç/ÕAÉ{á4Ê2Î/É;Ï5Ð áUÆ�ÉmÆ�É{ÃnÆ�ÇZ?fËQâ4É{Ò{ÒhËQÇZÆ�Ã?ÊZÆ�Ø8âUÆ�Ç5Ë�Ê/Ì4Ç2ç0×�Ã úiü"a"h ? Æ�É{ÃvéyÒ{Ì4ê ç0×�Ã

(6 ± 2) ·
1014 Ç5Ë�Ä −1 Î −1 ÖOáUÆ�É�þàÜi×�Ø8Æ�Ê/Ð9ËQÃ�ËQÒ;Î&,àÌnÆ�Ò{Ò{Õ0Ë�ÎXÌ4ÃnÄ Æ�É{ÃnÆ�ÇF?fËQâ4É{Ò{ÒhËQÇZÆ�Ã?ÊZÆ�ØXâ�Æ�Ç5ËQÊZÌ4Ç8çc×�Ã úAú a"h ?
Æ�É{ÃìéyÒ{Ì4êXç0×�Ã

(6± 2) · 1015 Ç5Ë�Ä −1 Î −1 Þ
�%Ì4Ç �,Ð9ËQÇ5ËQïDÊZÆ�Ç/É;Î/É;Æ�Ç/Ì4Ã4Õ8Ä4Æ�ÎðéOÒ{ÌnÎ5ÎZÆ�ÎðËQÃoËQÊZ×�ØÙËQÇZÆ�ÃTÓñË�ÎZÎZÆ�ÇZÎ/ÊZ×QÚ2Ý�ÌnÇZÄ4ÆàÜ�ÌnÎ5ëQÊ/Ü�Ò{É;Ï5ÐoÆ�É{ÃnÆ�Æ�É{ÃWå�Ë�Ï5ÐnÆ
ãkÆ�Ê/Ðn×?Ä4ÆgÆ�ÃDÊ�Ý�É;Ï5ïcÆ�Ò{ÊiÖUÄ4É{Æ#Æ�Î�Æ�Ç/ÒhËQÌ4á4ÊiÖUÄWÉ;ÆKÓ É{Ã4ïcÆ�Ò{ç0Æ�Ç/ÊZÆ�É{Ò{Ì4Ã4Õ´Ì4ÃnÄkÄ4Æ�ÃkþàánÎZ×�Ò{Ì4ÊîònÌ4ê´Ü�Ì=Ø8Æ�ÎZÎ5Æ�Ã+Þ
�?É;Æká9Ë�Î/É;Æ�Ç/ÊoËQÌ4ågÄ4Æ�Ç ��ÇZ×AÎ/É;×�ÃvÆ�É{ÃnÆ�ÇTÕAÇZ×�ê�ò%ë�Ï5Ð4É{ÕcÆ�Ã¨Ë	��� V ��/��DÏ5Ð4É;Ï5Ð?ÊoáUÆ�ÉmÆ�Ç/Ð6%�Ð?ÊZÆ�ÇIUOÆ�ØXâUÆ�Ç5ËQÊ/Ì4Ç
Ì4Ã?ÊZÆ�Ç,þ>ÌnÎZÃ?Ì4Ê/Ü�Ì4Ã4ÕKÄ4Æ�ÇèáUÆ�ï�ËQÃ4Ã?ÊZÆ�Ã ��ÇZ×AÎZÉ;×�ÃnÎ5ËQÌnÎ/áUÆ�Ì4ÊZÆ>Ì4ÃnÄXÒhëQêAÊèÎZÉ{Ï5ÐMËQÌWå�Ä4É{Æ'�,Ð9ËQÇ5ËQï?ÊZÆ�Ç/É;ÎZÉ;Æ�Ç/Ì4Ã4Õ
í/Æ�Ä4Æ�Ç>ËQÃnÄ4Æ�ÇZÆ�Ã`,àÌnÆ�Ò{Ò;Æmå �4Ç>ËQÊZ×�ØÙËQÇZÆ�ÃìÓñË�ÎZÎZÆ�ÇZÎZÊZ×QÚ	ËQÃ?Ý6Æ�ÃnÄ4Æ�Ã+Þ
�IÎrï0×�Ã4Ã?ÊZÆ ËQØ '6Æ�É;ÎZâ4É;Æ.ÒoÄ4Æ�ÎrãkÆ�Ê/Ð9ËQÃnÎrÕcÆ�ÜiÆ�É{ÕAÊ Ý6Æ�ÇZÄ4Æ�Ã+ÖtÄnËQê^ÄnË�ÎrÏ5Ð9ËQÇ5ËQïDÊZÆ�Ç/É;Î/Ê/É;ÎZÏ5Ð9Æ énÇ5ËQÕ �
Ø8Æ�Ã?Ê/É;Æ�Ç/Ì4Ã4ÕcÎ/ØgÌnÎZÊZÆ�ÇrÆ�É{ÃnÆ�ÎÔãk×�Ò;Æ�ï �4Ò;Î�áUÆ�ÉÙÄ4Æ�Ç ��Ò;Æ�ï?ÊZÇZ×�ÃnÆ�ÃnÎ/ÊZ×�ê /?Â�×�ÃnÉ;Î5ËQÊ/É;×�Ã É@Ø Â�×�Ã4É;Î5ËQÊ5×�ÇÔÄ4Æ�Î
ã�Ë�ÎZÎZÆ�ÃnÎ/âUÆ�ïDÊ/ÇZ×�Ø8Æ�ÊZÆ�ÇZÎÑç0×�Ã ÄnÆ.Ç <mË�Î/ÊZÆ�ØXâUÆ�Ç5ËQÊ/Ì4ÇÛËQá4Ð9ëQÃ4ÕAÊqÞMÿàÐ4ÃnÆ 'ðÆ�Ç �nÏ5ïWÎ/É;Ï5Ð?Ê/É{ÕAÌ4Ã4Õ ÄWÉ;Æ�ÎZÆ�Ç
UyËQÊZÎ5Ë�Ï5ÐnÆ=Ý�É{ÇZÄ ÄWÉ;ÆkþàÌnÎ/áUÆ�Ì4ÊZÆkËQÃ � �

3
/?æàË�ÄWÉ{ïAËQÒ;Æ�ÃÛáUÆ�É÷Ä4Æ�Ç � �?ÇZ×�Ò �WÎZÆìç0×�Ã ãkÆ�Ê/Ð9ËQÃ Ì4Ø Ü�Ý6Æ�É

<�ÇX%�êcÆ�Ãn×�ÇZÄWÃ?Ì4ÃnÕcÆ�Ã �4áUÆ�ÇZÎZÏ5Ð9ëQÊ/Ü�ÊiÞ

�Aü
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é �4Ç,ÄnË�ÎðËQÒ{Ò{ÕcÆ�Ø8Æ�É{ÃnÆàÉ{Ã?ç0Æ�ÇZÎZÆ ��Ç5×�á4Ò;Æ.Ø Ä4Æ�Ç6ãkË�ÎZÎ5Æ�ÃnÎ/âUÆ�ï?Ê/ÇZ×�Ø8Æ�Ê/Ç/É;ÆàÝ�Ì4ÇZÄ4ÆàÆ�É{ÃnÆàÈ4%AÎZÌ4Ã4ÕgØXÉ{Ê �àÉ@Ò@åGÆ
Ä4Æ�Ç+'�Ë �0Æ�ÎZÎZÏ5ÐnÆ�ÃrÓñËQÐ4ÇZÎZÏ5ÐnÆ�É{Ã4Ò{É;Ï5Ð4ï0Æ�É{ÊZÎ/Ê/ÐnÆ�×�Ç/É;ÆoÕcÆ.å'Ì4ÃnÄ4Æ�Ã+Ö�ÄWÉ;Æ´Æ�ÎtÆ�ÇZÎ/Ê/ØÙËQÒ;ÎXÆ�Ç/ÒhËQÌ4á4ÊiÖ�ÄWÉ;ÆMå �4ÇtÄWÉ;Æ
�0Ì9ËQÃDÊ/É{Ê5ËQÊ/É{çcÆ�þàÌnÎ/Ý6Æ�Ç/Ê/Ì4Ã4Õ#ç0×�Ã´ã�Ë�ÎZÎZÆ�ÃnÎ/âUÆ�ïDÊ/ÇZÆ�ÃMÃn×�Ê�Ý6Æ�ÃnÄWÉ{ÕcÆ�ÃZ?fËQÒ{É{á4Ç/É;Æ�Ç/Ø8ÆiÎZÎ/Ì4Ã4ÕcÆ�Ãoïc×�ÃnÎ/É;ÎZÊZÆ�Ã?Ê
ØXÉ{ÊðÄ4Æ�ÇðÆ�É{ÕcÆ�Ã?Ê/Ò{É;Ï5ÐnÆ�Ã2ã=Æ�ÎZÎZÌ4Ã4ÕtËQÌnÎ/Ü�Ì?Ý6Æ�Ç/ÊZÆ�Ã+ÞWþàÒ;Î ��Ç/ÕcÆ�á4Ã4É;Î�Ä4Æ�ÇðþàÌnÎ/Ý6Æ�Ç/Ê/Ì4Ã4ÕtÆ�Ç/Ð9ëQÒ{ÊðØÙËQÃ´Ã4É;Ï5Ð?Ê
Ã?Ì4Ç�ÄWÉ;Æg?à×�Ã4ÜiÆ�Ã?Ê/Ç5ËQÊ/É;×AÃnÆ�Ã�Ì4ÃnÄ=ÄWÉ;Æ#é4Ç5ËQÕAØ8Æ�Ã?Ê/É;Æ�Ç/Ì4ÃnÕcÎ/ØgÌnÎZÊZÆ�ÇmÄ4Æ�Ç�ã=×�Ò;Æ�ï �4Ò;ÆAÖ%Î5×�ÃnÄ4Æ�Ç/Ã�ËQÌnÏ5Ð�ÄnË�Î
?à×�ÃWÍ9Ä4Æ�Ã4Ü�É{Ã?ÊZÆ�ÇZç�ËQÒ{Ò¥å �4Ç>ÄWÉ;ÆmÈ�%AÎ/Ì4Ã4ÕnÞ
ãìÉ{ÊkÄWÉ;Æ�Î5Æ�Ã¨áUÆ�É;Ä4Æ�Ã �?Ì9ËQÃ?Ê/É@ÍnÜ�É;Æ�Ç/ÊZÆ�Ã*,àÌnÆ�Ò{Ò;Æ�Ã�Ý�Ì4ÇZÄ4Æ�Ã>)èÆ�ÇZÎ/ÌnÏ5ÐnÆñâ4Ç5ë�ÎZÆ�Ã?Ê/É;Æ�Ç/ÊiÖ�ÄWÉ;ÆrÄWÉ;ÆñÆ�ÇZÎ/ÊZÆ�Ã
ËQánÎZ×�Ò{Ì4Ê �?Ì9ËQÃ?Ê/É@ÍnÜ�É;Æ�Ç/ÊZÆ�Ã�ämËQÊZÆ�Ãvå��4Ç2ÄnË�Îk}f"îH�& 	Q�.-.� �ZR0���Ûçc×�Ãsã=Æ�Ê/Ð �DÒ0/?æàË�ÄWÉ{ïAËQÒ;Æ�Ã¨ËQÌWå8Ë	��� V � /
ÿàáUÆ�Çîò%ë�Ï5ÐnÆ�Ã Ò{É;Æ.åGÆ�Ç/Ã+ÞmÓvëQÐ4ÇZÆ�ÃnÄ Ä4Æ�Ç�ÓÔÆ�Ï5ÐnÎZÆ�Ò{Ý�É{Ç/ï?ÌnÃ4Õ¨Ä4Æ�Ç � �

3
�(ãk×�Ò;Æ�ï �4Ò;ÆÅØXÉ{ÊÔÄ4Æ�ÇñË	��� V � /

ÿàáUÆ�Çîò%ë�Ï5ÐnÆ8Ý�Ì4ÇZÄ4Æ8ØXÉ@ÊfÉ{Ã��(Î/É{Ê/Ì ��Ò{Ò{É{ânÎ5×�Ø8Æ�Ê/Ç/É;Æ8É{Ã �IÏ5Ð?Ê/ÜiÆ�É{ÊgÄnË�Î �DÏ5Ð4É;Ï5Ð?Ê�Ý�Ë�Ï5ÐnÎ/Ê/Ì4Ø ç0Æ�ÇîåG×�Ò{ÕAÊiÞ �IÎ
Æ�Ç/ÕAÉ{á4Ê>ÎZÉ{Ï5ÐìÆ�É{Ãk}f"îH�&'BQYC� ñ1����.�9&�å �4Ç � �

3
ç0×�Ã

(1± 0, 4) · 10−4 Þ
�IÎ´ï0×�Ã4Ã?ÊZÆ=Ü�ÌnÄ4Æ�Ø ÕcÆ�ÜiÆ�É{ÕAÊTÝ6Æ�ÇZÄ4Æ�Ã+ÖðÄnËQê Æ�Î´áUÆ�É÷Ä4Æ�Ø ÕAÒ;Æ�É;Ï5Ð4ÜiÆ�É{Ê/É{ÕcÆ�Ã �IÉ@ÃDÝ�É{Ç/ïcÆ�Ã ç0×�Ã ËQÊZ×�ØÙË	�
ÇZÆ�Ø ÓÔË�ÎZÎ5Æ�ÇZÎ/ÊZ×QÚñÌ4ÃnÄ	ã=Æ�Ê/Ð �DÒ0/?æàË�ÄWÉ{ïAËQÒ;Æ�Ã	Ü�Ì	Æ�É{ÃnÆ�Ç���Ç/Ð6%�ÐDÌ4Ã4ÕìÄ4Æ�ÎK}f"îH�&'BQYC� ñ1��G�.�%&(�.�oÌ4Ø Ü�Ý6Æ�É
<�ÇX%�êcÆ�Ãn×�ÇZÄWÃ?Ì4Ã4ÕcÆ�Ãkïc×�ØXØgÊiÞ9ämËQØXÉ{Ê>ï0×�Ã4Ã?ÊZÆKÄ4Æ�ÇàÎ �DÃnÆ�Ç/ÕAÉ;Î/Ê/É;ÎZÏ5ÐnÆfÓñË�Ï5ÐnÎ/Ê/Ì4Ø8ÎZÎZÏ5Ð4Ç/É{Ê/ÊàÜ�Ý�É;ÎZÏ5ÐnÆ�Ã �

Ì4ÃnÄ � �
3
Æ�ÇZÎ/Ê/ØÙËQÒ;ÎgÆ��WâUÆ.ÇZÉ@Ø8Æ�ÃDÊZÆ�Ò@ÒðÄWÉ{ÇZÆ�ï?ÊKÃ9Ë�Ï5Ð4ÕcÆ�Ý�É;Æ�ÎZÆ�ÃrÝ6Æ�ÇZÄ4Æ�Ã+Þ �IÇ/ï?ÒhëQÇ/ÊgÝ�É{ÇZÄÔÄWÉ;Æ�ÎZÆ�Ç � �?ÃnÆ�Ç �

ÕAÉ;Î/ØgÌnÎÙÄWÌ4ÇZÏ5ÐÛÄnË�Î �DÏ5Ð9ËCÚ�Æ�Ã�ç0×�Ã åEÇZÆ�É;Æ�Ã ÿàáUÆ�Çîò%ë�Ï5ÐnÆ�Ã?ánÉ{ÃnÄWÌnÃ4ÕcÆ�Ã ÄWÌnÇZÏ5Ð�ÄWÉ;Æ2þàánÎ/Ê/Ç5ËQïDÊ/É;×�ÃÅç0×�Ã
ÕcÆ�á4Ì4ÃnÄ4Æ�ÃnÆ�Ø ÓÔË�ÎZÎ5Æ�ÇZÎ/ÊZ×QÚÔËQÃkÄ4Æ�Ç÷ÿàáUÆ�Çîò%ë�Ï5ÐnÆtÄWÌ4ÇZÏ5Ð�ËQÊZ×�ØÙËQÇZÆ�ÃkÓñË�ÎZÎZÆ�ÇZÎZÊZ×QÚ�Þ9þ>ÃkÄWÉ;Æ�ÎZÆ�Ãìå'ÇZÆ�É;Æ�Ã
'6É{ÃnÄWÌ4Ã4ÕcÆ�Ã=ï�%�Ã4ÃnÆ�Ã � �

3
/?æàË�ÄWÉ{ïAËQÒ;ÆKË�Ä4ÎZ×�Ç/á4É;Æ�ÇZÆ�Ã+Ö9ÝðË�ÎbÜ�Ì=Æ�É{ÃnÆ�Ç ��Ç/Ð6%�Ð?Ì4Ã4Õ´Ä4Æ�Î �÷ËCå'Ê/ç0Æ�Ç/Ø&%�ÕcÆ�ÃnÎ

å �4Ð4ÇZÊiÞ�þ>ÌnÎ÷ÄWÉ;Æ�Î5Æ�Ã�ÓÔË�Ï5ÐnÎZÊ/Ì4Ø8ÎZÆ��WâUÆ.ÇZÉ@Ø8Æ�ÃDÊZÆ�Ã�Ý�Ì4ÇZÄ4ÆtÄ4Æ�Ç÷Ó É{Ç/ïDÌ4Ã4ÕcÎ �?ÌnÆ�ÇZÎZÏ5Ð4Ã4É{Ê/Ê÷å �4ÇmÄWÉ;Ætþ�Ä4ÄWÉ��
Ê/É;×�ÃìÆ�É{ÃnÆ�Î>ã=Æ�Ê/Ð �DÒ0/?æàË�ÄWÉ{ïAËQÒ;Î>ËQÃìÆ�É{ÃnÆ�Ç�åEÇZÆ�É;Æ�Ã ',É{ÃnÄWÌ4Ã4ÕÙáUÆ�Î/Ê/É{ØXØgÊ>Ü�Ì4V

σ � �
3
��	 ��� � ������� = 3, 8

� 2
.ä�É;Æ�ÎZÆ#Ó�Æ�Ç/ÊZÆXÎ/ÊZÆ�Ò{Ò;Æ�Ã	ÄWÉ;ÆtÆ�ÇZÎZÊZÆ�Ã�ËQánÎZ×�Ò{Ì4ÊZÆ�Ã ��ËQÐ4Ò;Æ�Ã�å��4ÇmÄWÉ;Æ#Ó�Æ�Ï5ÐnÎ5Æ�Ò{Ý�É{Ç/ï?Ì4Ã4Õoç0×�Ã�Ê/ÐnÆ�Ç/ØXÉ;ÎZÏ5ÐnÆ�Ã

?à×�Ð4Ò;Æ�Ã?ÝðË�ÎZÎZÆ�ÇZÎZÊZ×QÚ(/?æ�Ë�ÄWÉ{ï�ËQÒ;Æ�ÃìØXÉ{ÊàËQØ8×�Ç/â4ÐnÆ�Ãìï0×�Ð4Ò;Æ�ÃnÎ/ÊZ×QÚ�Ð9ËQÒ{Ê/É{ÕcÆ�Ã �DÏ5Ð4É;Ï5Ð?ÊZÆ�Ã=ÄnËQÇiÞ
�?É;ÆmÎ/É{ÃnÄTÝ�É;Ï5Ð?ÊZÉ@ÕcÆ ��É{Ã4Õ0ËQÃ4ÕcÎ/ÕAÇX%�êcÆ�Ã2å��4Ç�ÄWÉ;Æfã=×?Ä4Æ�Ò{Ò{É;Æ�Ç/Ì4Ã4ÕMÄ4Æ�Îbä�ÉhËQØÙËQÃ?Ê�ÝðË�Ï5ÐnÎ/Ê/Ì4ØÙÎiÞ9äàÉ;ÆfÄWÉ{ÇZÆ�ï �
ÊZÆj'ðÆ�×�á9Ë�Ï5Ð?Ê/Ì4Ã4Õ�Ä4Æ�Î � �?ÃnÆ�Ç/ÕAÉ;Î/ØgÌnÎgÜ�Ý�É;ÎZÏ5ÐnÆ�Ã ËQÊZ×�ØÙËQÇZÆ�Ø ÓñË�ÎZÎZÆ�ÇZÎZÊZ×QÚ Ì4ÃnÄñã=Æ�Ê/Ð �DÒ0/?æàË�ÄWÉ{ïAËQÒ;Æ�Ã
Ì4Ã?ÊZÆ�ÇZÎ/Ê �4Ê/Ü�ÊèÄWÉ;Æðã=×?Ä4Æ�Ò{Ò{ç0×�ÇZÎ/ÊZÆ�Ò{Ò{Ì4Ã4ÕcÆ�Ã8Ü�Ì4ÇIæ>×�Ò{Ò;ÆðÄ4Æ�Î�ãkÆ.ÊZÐ �?Ò0/?æ�Ë�ÄWÉ{ï�ËQÒ;ÎIËQÒ;Î�Ý6Æ�ÎZÆ�Ã?Ê/Ò{É;Ï5ÐnÆ�ÇIÓÔË�Ï5ÐnÎ �
Ê/Ì4Ø8Î/â4ÇZÆ�Ï�Ì4ÇZÎZ×�Ç>áUÆ�É¥Ä4Æ�Ç>ä�ÉhËQØÙËQÃ?ÊZÎ �DÃ?Ê/ÐnÆ�ÎZÆAÞ
ämËQÇ �4áUÆ�Ç/Ð4É{Ã9ËQÌnÎ Æ�Ç/Ø&%�ÕAÒ{É;Ï5Ð?Ê ÄWÉ;Æ ?mÆ�Ã4Ã?Ê/Ã4É;Î Ä4Æ�Î }f"/H.&'BQYC� ñ1��G�.�%&(�.�9ÖkÄWÉ;Æ!æ>Æ�Ä4Æ�âU×AÎ/É{Ê/É;×�Ã ç0×�Ã
?à×�Ð4Ò;Æ�Ã?ÝðË�ÎZÎZÆ�ÇZÎZÊZ×QÚ(/��DÏ5Ð4É;Ï5ÐDÊZÆ�Ã É{ÃÛâ4ÒhË�Î/ØÙËAËQá4ÕcÆ�ÝðËQÃ9ÄWÊZÆ�Ã 'ðÆ�ÇZÆ�É;Ï5ÐnÆ�Ã çc×�Ã énÌnÎ/É;×�ÃnÎZÆ��WâUÆ�Ç/É{Ø8Æ�Ã?ÊZÆ�Ã
áUÆ�ÎZÎZÆ�ÇðÜ�ÌTáUÆ�Î5Ï5Ð4ÇZÆ�É{áUÆ�Ã+Þ4ä�É;Æ�ÎðÉ;Î/ÊðÌ4ÃnÆ�Ç/ÒhëQêAÒ{É;Ï5Ðoå��4Ç�ÄWÉ;Æ � �WÊ/Ç5ËQâU×�ÒhËQÊ/É;×�Ã2Ð4É{ÃoÜ�Ì4ÇðÃ9ë�Ï5ÐnÎ/ÊZÆ�ÃQ<mÆ�ÃnÆ�Ç5Ë	�
Ê/É;×�Ã2ç0×�Ã2énÌnÎ/É;×�ÃnÎZÆ��WâUÆ�Ç/É{Ø8Æ�Ã?ÊZÆ�Ã+Þ
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! �5� "��'�Û���%�%�#�g�b� �����%�¨�g���^�T���Z�Z���#���$#y�b�#�Z���

b>Ø�Ä4Æ�Ã ��Ç/ÝðËQÇ/Ê/Ì4Ã4ÕcÎ/Ý6Æ�Ç/Ê=Ä4Æ�ÇZUOÆ�É{Ò;Ï5ÐnÆ�Ã4ÜqËQÐ4Ò;Æ�Ã
xi

Æ�É@Ã9Æ.Ç2ãkÆ�ÎZÎ/Ì4Ã4Õ
k
Ü�Ì áUÆ�ÇZÆ�Ï5Ð4ÃnÆ�Ã+Ö�É;Î/ÊoÄnË�Î

Â(ÃDÊZÆ�ÕAÇ5ËQÒ
< xk >∝

∫

xk · ρ dxk
cEþgÞ úfe

Ü�Ì�Ò %AÎZÆ�Ã+Þ 'ðÆ�ï�ËQÃ4Ã?Ê´ÎZÆ�É;Æ�Ã ÄWÉ;Æ2Õ0ËQÃ4ÜiÆ`<�ÇZÌ4â4âUÆ=ËQÃ ämËQÊZÆ�Ã?çcÆ�ïDÊZ×�ÇZÆ�Ã ° Ì4ÃnÄ�ÄWÉ;Æ=ÄnËQÜ�Ì4ÕcÆ�Ð6%�Ç/É{ÕcÆ�Ã
é9Æ�Ð4Ò;Æ�Ç � Þ0ä�É;ÆàãkËQÇ/ÕAÉ{Ã9ËQÒ{É;Î/É;Æ�Ç/Ì4Ã4ÕcÎZÇZÆ�ÕcÆ�Ò�c	<�Ò�Þ � Þ  e Ò{É;Æ.åGÆ�Ç/ÊèåE×�Ò{ÕcÆ�ÃnÄ4Æ�ÃTþ>ÌnÎ5ÄWÇ/ÌnÏ5ïUÖcÌ4Ø ÄWÉ;ÆSUOÆ�É{Ò;Ï5ÐnÆ�Ã��
ÜqËQÐ4Ò;Æ�Ã

xk
Ä4Æ�Ç �IÉ{Ã4ÜiÆ�Ò{Ø8Æ�ÎZÎ/Ì4Ã4Õ

k
Ü�ÌoáUÆ�Î/ÊZÉ@ØXØ8Æ�Ã4V

ρ = p(xk|
°
,
�
, I) =

∫

p( % | ° , � , I) dxj 6=k .
cEþgÞ � e

ämËQØXÉ{Ê,Ð9ËQÊèØÙËQÃ´Æ�É{ÃnÆ�Ã´þ>ÌnÎ5ÄWÇ/ÌnÏ5ïtÕcÆ.åEÌ4ÃnÄ4Æ�Ã+Ö?Ä4Æ�Ç,ÄWÉ;Æ ��É{Ã4ÜiÆ�Ò{Ø8Æ�ÎZÎ/Ì4Ã4Õ
k
ØXÉ{ÊðËQÒ{Ò;Æ�ÃTËQÃnÄ4Æ�ÇZÆ�Ã´ãkÆ�Î �

Î/Ì4Ã4ÕcÆ�Ã
j 6= k

ç0Æ�Ç/á4É{ÃnÄ4Æ�ÊiÞnä�É;ÆT<mÆ�Î5ËQØgÊ�ÝðËQÐ4ÇZÎZÏ5ÐnÆ�É{Ã4Ò{É;Ï5ÐnïcÆ�É{Ê
p( % | ° , � , I) ÒhëQêAÊbÎ/É;Ï5ÐoØXÉ{ÊbÄ4Æ�Ç ��ÇZ× �ÄWÌ4ïDÊ/ÇZÆ�ÕcÆ�Ò\c	<�Ò�Þ � Þ � e É{ÃgÄWÉ;Æ ��É{Ã4ÜiÆ�Ò{áUÆ�É{Ê/Ç�ëQÕcÆðËQÌWåEÎ/â9ËQÒ{ÊZÆ�Ã+ÞCþ>ÌWåEÕAÇ/Ì4ÃnÄfÄnÆ.Ç¥Ò;×�ÕAÉ;ÎZÏ5ÐnÆ�Ã�b>Ã9ËQá4Ð9ëQÃ4ÕAÉ{ÕAï0Æ�É{Ê

Ä4Æ�Ç ��É{Ã4ÜiÆ�Ò{Ø8Æ�ÎZÎ/Ì4Ã4ÕcÆ�ÃrÌ4Ã?Ê5Æ.Ç5Æ.É{Ã9ËQÃ9Ä4Æ�ÇtÆ�Ç/ÕAÉ{á4ÊgÎ/É;ÆÙÎ/É;Ï5ÐñËQÒ;Î ��ÇZ×?ÄWÌ4ïDÊgÄ4Æ�Ç ��É{Ã4ÜiÆ�Ò{ÝðËQÐ4Ç5ÎZÏ5ÐnÆ�É{ÃnÒ{É;Ï5Ð��
ïcÆ�É{ÊZÆ�Ã4V

p( % | ° , � , I) = p(x1 . . .xJ |d1 . . .dJ , s1 . . . sJ , I) =

= p(x1|d1 . . .dJ , s1 . . . sJ , I) · p(x2 . . .xJ |x1,d1 . . .dJ , s1 . . . sJ , I) =

= ......... =

=
∏

j

p(xj |dj , sj , I) .
cEþgÞ ��e

Â



ÂZÂ � � � ����� �-�+� � 
L� ��
 �W��� �����$#�� � � � ��� � � 
 � 
 � 
�� �"� � �_
��

ã=É{ÊbÄ4Æ�Ø '�Ë �cÆ�Î5ÎZÏ5ÐnÆ�ÃIUðÐnÆ�×�ÇZÆ�Ø cEÎ/É;Æ�ÐnÆg<�Ò�Þ � Þ a�e åE×�Ò{ÕAÊ>ÄnËQÇ5ËQÌnÎ�å �4Ç <�Ò�Þ4þ#Þ � V

ρ ∝
∫

∏

j

p(dj |xj , sj , I) · p(xj |sj , I) dxj 6=k .
cEþ#Þ  e

ä�É;Æfã�ËQÇ/ÕAÉ{Ã9ËQÒ{É;Î/É;Æ�Ç/Ì4Ã4ÕcÎ/áUÆ�ÄWÉ{ÃnÕAÌ4Ã4ÕTÆ�Ç/ÒhËQÌ4á4ÊiÖnÉ{ÃìÄWÉ;Æ�ÎZÆ�Ø©þ>ÌnÎ5ÄWÇ/ÌnÏ5ïTÄnË�Î )I×�Ç/ÝbÉ{Î5ÎZÆ�Ã��4áUÆ�Ç>ÄWÉ;Æ ��Ò;Æ��
Ø8Æ�Ã?ÊZÆoÄ4Æ�ÇXénÇ5ËQÕAØ8Æ�Ã?Ê/É;Æ�Ç/Ì4Ã4ÕcÎ/ØgÌnÎZÊZÆ�Ç

p( � | I) ÌnÃnÄ �4áUÆ�ÇXÄnË�ÎXénÆ�Ð4Ò;Æ�Ç/Ã4É{ç0ÆiËQÌÅÄ4Æ�ÇXämËQÊZÆ�Ã
p(ω| I)ØXÉ{ÊZÆ�É{Ã4Ü�Ì4áUÆ�Ü�É;Æ�ÐnÆ�Ã+Þ �IÎbÕAÉ{Ò{Ê V

p(dj |xj , sj , I) =

∫ ∫

p(dj , � , ω|xj , sj , I)
︸ ︷︷ ︸

A

dω d � ,
cEþgÞ a�e

A = p(dj |xj , � , ω, sj , I) · p( � , ω|xj , sj , I)
︸ ︷︷ ︸

B

,

B = p( � |xj , ω, sj , I) · p(ω|xj , sj , I) .

ÓÔÆ�ÕcÆ�Ã2Ò;×�ÕAÉ{Î5Ï5ÐnÆ�Ç-bàÃ9ËQá4Ð9ëQÃ4ÕAÉ{ÕAï0Æ.É{ÊàçcÆ�ÇZÆ�É{ÃWå�Ë�Ï5ÐnÆ�ÃìÎ/É;Ï5ÐìÄWÉ;Æfþ>ÌnÎZÄ4Ç �nÏ5ïcÆ"V

p( � |xj , ω, sj , I) = p( � | I) , cEþ#Þ ü�e
p(ω|xj , sj , I) = p(ω| I) , cEþ#Þ�h e

p(xj | � , ω, sj , I) = p(xj | I) .
cEþgÞ ��e

��É{Ã4ÕcÆ�ÎZÆ�Ê/Ü�Ê>É{Ã <�Ò�ÞnþgÞ  8Æ�Ç/ÕAÉ{á4ÊàÎ/É;Ï5Ð2ÄnËQÃnÃ4V

ρ ∝
∫ ∫ ∫

∏

j

p(dj |xj , � , ω, sj , I) · p( � | I) · p(ω| I) · p(xj | I) dω d � dxj 6=k .
cEþ#Þ û�e

ã�ËQÃkÐ9ËQÊfÄnËQØXÉ{ÊmÄWÉ;Æ#ÕcÆ�ÎZÌnÏ5Ð?ÊZÆ&<�Ç %�êcÆ
ρ
ËQÌWå,áUÆ�ï�ËQÃ4Ã?ÊZÆtÓñËQÐ4ÇZÎZÏ5ÐnÆ�É{Ã4Ò{É;Ï5Ð4ï0Æ�É@Ê5Æ.Ã¥Ö�Ã9ëQØXÒ{É;Ï5Ð�ÄWÉ;ÆtÈ�É��

ï0Æ�Ò{É{Ðn×?×?Ä�ÄnÆ.Ç´ämËQÊZÆ�Ã�Ì4ÃnÄÛÄWÉ;Æ �6-.�EY�-5�.�Ôå��4ÇÙÄWÉ;Æ �IÒ;Æ�Ø8Æ�Ã?ÊZÆ
cni

Ä4Æ�ÎkV�-/"cV.BC�:�?Rì$4"A&G&(�.-.�9ÖIå �4ÇMÄnË�Î
é9Æ�Ð4Ò;Æ�Ç/Ã4É{ç0Æ�ËQÌ

ω
Ì4ÃnÄoå �nÇ>ÄWÉ;Æ UOÆ�É{Ò;Ï5ÐnÆ�Ã4ÜqËQÐ4Ò;Æ�Ã

xi
Ü�Ì4Ç �nÏ5ï?ÕcÆ.å��4Ð4Ç/ÊiÞ9ÓvëQÐ4Ò{Ê>ØÙËQÃ2å��4Ç>ÄWÉ;Æ UOÆ�É{Ò;Ï5ÐnÆ�Ã��

ÜqËQÐ4Ò;Æ�ÃoÆ�É{ÃnÆ�Ã´ò%Ë�Ï5ÐnÆ�Ã+ÖDÌ4Ã4É{ÃWåE×�Ç/ØÙËQÊ/É{ç0Æ�Ã �6-.�GY�-
p(xj | I)

 \ïc×�ÃnÎZÊiÞ\cEÎ/É;Æ�ÐnÆ <÷Ò�Þ � Þ ��e Ì4ÃnÄ´ÎZÆ�Ê/Ü�Ê6ØÙËQÃ
Ä4Æ�ÃìþàÌnÎZÄWÇ/ÌnÏ5ïMå �4ÇbÄWÉ;ÆfÈ�É{ï0Æ�Ò{É{Ðn×?×?Ä cEÎ/É;Æ�ÐnÆg<�Ò�Þ � Þ � û�e Æ�É{Ã+ÖnÎZ×XÆ�Ç/ÕAÉ{á4Ê>ÎZÉ;Ï5Ð4V

ρ ∝
∫ ∫

p( � | I) · p(ω| I) · ω−Nk exp
(

− 1

2ω2
(dk − � · xk)

T
s
−2

k (dk − � · xk)
)

·
∫

∏

j 6=k

ω−Nj exp
(

− 1

2ω2
(dj − � · xj)

T
s
−2

j (dj − � · xj)
)

dω d � dxj 6=k .
cEþgÞ ú h�e

�%Ì4Ç�þàá4ï �4Ç/Ü�Ì4ÃnÕMÝ6Æ�ÇZÄ4Æ�Ã�ÄWÉ;Ægé9Æ�Ð4Ò;Æ�ÇàÉ{ÃkÄWÉ;Æ´V�-/"cV.BC�:�?R /?ãkËQÊ/Ç/É�� � Ì4ÃnÄ=ÄWÉ;ÆgämËQÊZÆ�Ã
dj

ËQÌWåEÕcÆ.Ã9×�Ø �
Ø8Æ�Ã4V

� j
∗ = sj

−1 · � Ì4ÃnÄ
dj
∗ = sj

−1 · dj .
cEþgÞ úAúfe

ä�É;Æ�åG×�Ò{ÕcÆ�ÃnÄ4Æ��?Ì9Ë�ÄWÇ5ËQÊ/É;ÎZÏ5ÐnÆKé9×�Ç/Ø Ä4Æ�Î � �WâU×�ÃnÆ�Ã?ÊZÆ�Ã

(dj − � · xj)
T
s
−2

j (dj − � · xj) = (xj − x0,j)
T �

j(xj − x0,j) +Rj
cEþgÞ ú � e
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L� ��
 �W���������$# � � � � ����� � 
 � 
 ��
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�� ÂZÂ/Â

Æ�Ç/ÒhËQÌ4á4ÊIÄWÉ;ÆðÂ�Ã?ÊZÆ�ÕAÇ5ËQÊ/É;×�Ã��4áUÆ�ÇIÄWÉ;Æ UOÆ�É{Ò;Ï5ÐnÆ�Ã4ÜqËQÐ4Ò;Æ�Ã
x
ØXÉ{Ê ó � �WLOùWL�1 � 
 Ì4ÃnÄ�� 1G5���K�ønö\L 3 � úiûAûAüCý V

∫

R
N

exp[−x
T �

x

2ω2
] dx =

(2πω2)
N
2

√ Ä4Æ�Ê � .
cEþgÞ ú ��e

ä�Ì4ÇZÏ5Ð ?à×?Æ��8Ü�É;Æ�Ã?ÊZÆ�Ã?ç0Æ�Ç/ÕAÒ;Æ�ÉhÏ5ÐkÆ.ÇZÐ9ëQÒ{ÊbØÙËQÃìÄWÉ;Æfþ>ÌnÎ5ÄWÇ �nÏ5ïcÆ÷å �4Ç
Rj ,x0,j ,

�
j

Þ

Rj = dj
∗T (

¯ −∑

i

ui,j · ui,j
T )dj

∗,

x0,j =
∑

i

1

λi,j
vi,j · (ui,j

T · dj
∗)

Ì4ÃnÄ
�

j =
∑

i

λ 2
i,j · vi,j · vi,j

T bzw. det
�

j =
∏

i

λ 2
i,j .

cEþgÞ ú  e

cEþgÞ ú a�e
cEþgÞ úiü�e

ui
Ì4ÃnÄ

vi
Î/É{ÃnÄ#ÄnËQáUÆ�ÉnÄWÉ;Æ6×�Ç/Ê/Ðn×�Ãn×�Ç/ØÙËQÒ;Æ�Ã��IÉ{ÕcÆ.ÃDçcÆ�ïDÊZ×�ÇZÆ�ÃXÌ4ÃnÄ

λi
ÄWÉ;ÆðÄnËQÜ�Ì4ÕcÆ�Ð6%�Ç/É{ÕcÆ�ÃÙÎ/É{Ã4ÕAÌ4ÒhëQÇZÆ�Ã

Ó�Æ�Ç/ÊZÆèçc×�Ã � j
∗ Þqã=É{ÊOÄWÉ;Æ�ÎZÆ�Ç �IÉ{ÕcÆ�Ã?Ý6Æ�Ç/Ê/ÜiÆ�Ç/Ò;Æ�ÕAÌ4Ã4Õ ó � ö�ø�	� Æ�Ê>ËQÒ�Þ úiûAû � ý ïAËQÃ4ÃKØÙËQÃ � j

∗ ÄnËQÇZÎ/ÊZÆ�Ò{Ò;Æ�Ã
ËQÒ;Î cEÎ/É;Æ�ÐnÆKËQÌnÏ5ÐìþàÃ4Ð9ËQÃ4Õj' e V

� j
∗ =

∑

i

λi,j · ui,j · vi,j
T .

cEþgÞ ú h e

þ>Ò;Î �%Ý�É;ÎZÏ5ÐnÆ�ÃnÆ�Ç/ÕcÆ�á4ÃnÉ;ÎÙÆ�Ç/Ð9ëQÒ{ÊXØÙËQÃÑÄnËQÃnÃrå��4Çj<�Ò�Þ�þ#Þ ú h Ã9Ë�Ï5Ð�ËQÌnÎ/ÕcÆ.å �nÐ4Ç/ÊZÆ�Ç8Â(Ã?ÊZÆ�ÕAÇ5ËQÊ/É;×�Ã �4áUÆ�Ç
xj 6=k

V

ρ ∝
∫ ∫

p( � | I) · p(ω| I) · ω−Nk exp
(

− 1

2ω2
(dk − � · xk)

T s −2
k (dk − � · xk)

)

·

·
∏

j 6=k

1
√ Ä4Æ�Ê �

j

· exp[− Rj

2ω2
] dω d � .

cEþ#Þ ú ��e

b>Ø Ä4Æ�Ã ��Ç/ÝðËQÇ/Ê/Ì4Ã4ÕcÎ/Ý6Æ�ÇZÊàÄ4Æ�Ç-UOÆ�É{Ò;Ï5ÐnÆ�Ã4ÜqËQÐ4Ò;Æ�Ã=Ü�Ì2áUÆ�ÇZÆ�Ï5Ð4ÃnÆ�Ã4V

< xk >=

∫

xk · ρ dxk ,
cEþgÞ úiû�e

É;Î/ÊðåG×�Ò{ÕcÆ�ÃnÄ4Æ�Î>Â(ÃDÊZÆ�ÕAÇ5ËQÒ+Ü�ÌoÒ %AÎ5Æ.Ã�V

α =

∫

xk · exp
(

− 1

2ω2
(dk − � · xk)

T s −2
k (dk − � · xk)

)

dxk .
cEþgÞ � h�e

ãìÉ{Ê �àÉ{Ò@åEÆàÄ4Æ�Ç �?Ì9Ë�ÄWÇ5ËQÊ/É;ÎZÏ5ÐnÆ�ÃTé9×�Ç/Ø!ËQÌnÎ�<�Ò�Þ?þ#Þ ú � Ì4ÃnÄMÄ4Æ�Ç �?Ì4ánÎZÊ/É{Ê/Ì4Ê/É;×�Ã
zk = xk−x0,k

Æ�Ç/Ð9ëQÒ{Ê
ØÙËQÃìÄnËCå �nÇ V

α =

∫

xk · exp
(

− 1

2ω2
[(xk − x0,k)

T �
k (xk − x0,k) +Rk]

)

dxk

∝ ωNk · 1
√ Ä4Æ�Ê �

k

· exp[− Rk

2ω2
] .

cEþgÞ � úfe



Â$) � � � ����� �-�+� � 
L� ��
 �W��� �����$#�� � � � ��� � � 
 � 
 � 
�� �"� � �_
��

�DÆ�Ê/Ü�ÊtØÙËQÃ ÄWÉ;Æ�Î#Ü�ÌnÎ5ËQØXØ8Æ�ÃÑØXÉ{Ê&<�Ò�Þyþ#Þ ú � É{ÃB<÷Ò�ÞOþ#Þ úiû Æ�É{ÃrÌ4ÃnÄrÝðëQÐ4Ò{Êgå��4Ç
p(ω| I) Ä4É{Æ´áUÆ�Ê5Ë	�

)èÆ�Ç/ÊZÆ�É{Ò{Ì4Ã4ÕQc	<÷Ò�Þ � Þ ú  e ÖnÎ5×XÆ�Ç/ÕAÉ{á4Ê>Î/É;Ï5Ðoå �4ÇbÄ4Æ�Ã �IÇ/ÝðËQÇ/Ê/Ì4Ã4ÕcÎ/Ý6Æ�Ç/Ê V

< xk >∝
∫ ∫

p( � | I) · 1

ω2γ+1
· exp(− a

ω2
) · exp[− 1

2ω2

∑

j

Rj ] ·
∏

j

1
√ ÄnÆ.Ê �

j

·x0,k dω d � .

cEþgÞ �"� e
ã=É{Ê�ÄnÆ.Ç �?Ì4ánÎ/Ê/É{Ê/Ì4Ê/É;×�Ã

ω−2 = y
Ò;ëQêAÊmÎ/É;Ï5Ð�Ä4Æ�Çmþ>ÌnÎ5ÄWÇ/ÌnÏ5ï=ËQÒ;Î÷Ä4Æ�Ç÷Â�Ã?ÊZÆ�ÕAÇ5ËQÃnÄ�Ä4Æ�ÇT<fËQØXØÙËCå'Ì4Ã4ï �

Ê/É;×�Ã ÄnËQÇZÎ/ÊZÆ�Ò{Ò;Æ�Ã Ì4ÃnÄ ÄnËQØXÉ{ÊTÄWÉ;ÆkÂ(Ã?ÊZÆ�ÕAÇ5ËQÊ/É;×�Ã �4áUÆ�Ç
ω
ËQÃ9ËQÒ �?Ê/É;Î5Ï5ÐvËQÌnÎîå��4Ð4ÇZÆ�Ã+Þ6ãkËQÃ Æ�Ç/Ð9ëQÒ{ÊoËQÒ;Î

��ÃnÄ4Æ�Ç/ÕcÆ�á4Ã4ÉhÎ V

< xk > ∝
∫

p( � | I) · 1

{a+ 1/2
∑

j Rj}γ ·
∏

j

1
√ Ä4Æ�Ê �

j

· x0,k d � .
cEþgÞ � ��e

��É{ÃQ)èÆ�Ç/ÕAÒ;Æ�É{Ï5ÐkØXÉ{Ê2<�Ò�Þ � Þ � � ÜiÆ�É{ÕAÊiÖ%ÄnËQêMÎ/É;Ï5Ð=ÄWÉ;Æfå �4ÇàÄ4Æ�Ã=ãkÆ�Ê/ÇZ×�âU×�Ò{É;Î�þàÒ@Õc×�ÇZÉ@ÊZÐ4ØgÌnÎàÃn×�Ê�Ý6Æ�ÃnÄWÉ{ÕcÆ
ä�É;Ï5Ð?ÊZÆ.å'ÌnÃ4ï?Ê/É;×�Ã

ρ
ÄnËQØXÉ{ÊàÆ�Ç/ÕAÉ{á4ÊbÜ�Ì4V

ρ = p( � | I) · {a+ 1/2
∑

j

Rj}
−γ
·
∏

j

| Ä4Æ�Ê � j |−1/2 .
cEþgÞ �  e

ä÷Æ�Ç���Ç/ÝðËQÇ/Ê/Ì4Ã4ÕcÎZÝ6Æ�Ç/ÊmÄ4Æ�Ç UOÆ�É{Ò;Ï5ÐnÆ�Ã4ÜqËQÐ4ÒhÆ�Ã	Ä4Æ�Ç�ãkÆ�ÎZÎ/Ì4Ã4Õ
j
áUÆ�ÇZÆ�Ï5Ð4ÃnÆ�Ê÷Î/É;Ï5ÐkÄnËQØXÉ{ÊmËQÒ;ÎZ×´ËQÌnÎ>åG×�Ò��

ÕcÆ�ÃnÄ4Æ�Ç �?Ì4ØXØ8Æ"V

< xj > =
1

N
·

N∑

n=1

{x0,j}n .
cEþgÞ � a�e

! � � � ���#�Z���¨�#�����T���Z�5���g��� #y�b�#�Z���
ä�É;Æ8é9Æ�Ð4Ò;Æ�Ç

σ
Ä4Æ�Ç UOÆ�É{Ò;Ï5ÐnÆ�Ã4ÜqËQÐ4Ò;Æ�Ã

xk
ÒhË�ÎZÎZÆ�ÃÔÎ/É;Ï5ÐñËQÌnÎfÄ4Æ�Ø Æ�ÇZÎ/ÊZÆ�Ã�Ì4ÃnÄ	Ü�Ý6Æ�É{ÊZÆ�Ãñãk×�Ø8Æ�Ã?ÊKÄ4Æ�Ç

)èÆ�Ç/ÊZÆ�É{Ò{Ì4Ã4Õ8áUÆ�ÎZÊ/É{ØXØ8Æ.Ã¥Þ9é �4Ç>ÄWÉ;Æ )èËQÇ/ÉhËQÃ4Ü
σ2 ÕAÉ{Ò{Ê V

σ2(xk) =< xk
2 > −< xk >

2 .
cEþgÞ � ü�e

< xk >
É{ÎZÊ�áUÆ�ÇZÆ�É{ÊZÎbç0×�ÃQ<�Ò�ÞnþgÞ � � áUÆ�ï�ËQÃ4Ã?ÊiÞ9é �4Ç>Ä4Æ�ÃìÆ�ÇZÎ/ÊZÆ�Ã �?Ì4ØXØÙËQÃnÄ4Æ�ÃìÉ{Ã <�Ò�ÞnþgÞ � ü

< xk
2 > =

∫

xk
2 · p(xk|

°
,
�
, I) dxk

cEþgÞ � h e
É;Î/ÊðËQÌnÎ/ÕcÆ�ÐnÆ�ÃnÄMçc×�ÃZ<�Ò�Þ?þgÞ ú � ØXÉ{Ê6Ä4Æ�Ç �0Ì9Ë�Ä4Ç5ËQÊ/É;ÎZÏ5ÐnÆ�ÃTé9×�Ç/Ø çc×�ÃZ<�Ò�Þ0þ#Þ ú � åE×�Ò{ÕcÆ�ÃnÄ4Æ�ÎðÂ(Ã?ÊZÆ�ÕAÇ5ËQÒUÜ�Ì
Ò %AÎZÆ�Ã4V

β =

∫

xk
2 · exp

(

− 1

2ω2
[(xk − x0,k)

T �
k (xk − x0,k)]

)

dxk .
cEþgÞ � ��e
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ãìÉ{Ê>Ä4Æ�Ç��?Ì4ánÎ/Ê/É{Ê/Ì4Ê/É;×�Ã
zk = xk − x0,k

Æ�Ç/ÕAÉ{á4ÊàÄWÉ;Æ�Î V

β =

∫

(zk
2 + 2zkx0,k + x0,k

2) · exp
(

− 1

2ω2
[zk

T �
k zk]

)

dzk .
cEþgÞ � û�e

ä÷Æ�Ç�Ò;Æ�Ê/Ü�ÊZÆ �?Ì4ØXØÙËQÃnÄ2É;Î/Ê�Ì4Ã9ËQá4Ð9ëQÃ4ÕAÉ{ÕMçc×�Ã
zk
Ö4ÄWÉ;ÆfÂ�Ã?ÊZÆ�ÕAÇ5ËQÊ/É;×�ÃìÆ�Ç/ÕAÉ{á4Ê>Ã9Ë�Ï5Ð <�Ò�ÞnþgÞ ú � V

x0,k
2

∫

exp
(

− 1

2ω2
[zk

T �
k zk]

)

dzk = x0,k
2 · (2πω2)

N
2

√

| Ä4Æ�Ê � k|
.

cEþgÞ �"h�e

ä÷Æ�ÇðØXÉ{Ê/Ê/Ò;Æ�ÇZÆ �?Ì4ØXØÙËQÃnÄ2Æ�Ç/ÕAÉ{á4ÊðÜ�ÌnÎ�ËQØXØ8Æ.Ã2ØXÉ{Ê�Ä4Æ�Ç � �WâU×�ÃnÆ�Ã?Ê/ÉhËQÒ@åEÌ4Ã4ï?Ê/É;×�Ã=Æ.É{ÃnÆ÷Ü�Ì4Ø bàÇZÎ/â4Ç/Ì4Ã4Õ
â4Ì4Ã4ïDÊZÎ �?ØXØ8Æ�Ê/Ç/É;Î5Ï5ÐnÆ�énÌ4Ã4ïDÊ/É;×�Ã+ÖDÄ4Æ�ÇZÆ�ÃZ'ðÆ�É{Ê/Ç5ËQÕtÄWÌ4ÇZÏ5ÐoÄWÉ;Æ�Â�Ã?ÊZÆ�ÕAÇ5ËQÊ/É;×�ÃTçcÆ�ÇZÎ5Ï5Ð?Ý�É{ÃnÄ4Æ�ÊiÞWä�Æ�ÇðÆ�ÇZÎ/ÊZÆ
�0Ì9Ë�Ä4Ç5ËQÊ/É;ÎZÏ5ÐnÆ UOÆ�Ç/Ø©É{Ã <�Ò�Þ9þgÞ � û ÒhëQêAÊàÎ/É;Ï5ÐoåG×�ÕcÆ�ÃnÄ4Æ�Ç/ØÙËQêcÆ�ÃkÌ4Ø8ÎZÏ5Ð4ÇZÆ�É{áUÆ�Ã4V;'ðÆ�ÜiÆ�É;Ï5Ð4ÃnÆ�ÊàØÙËQÃ=ÄWÉ;Æ
ä�ÉhËQÕc×�Ã9ËQÒ;Æ�Ò;Æ�Ø8Æ�Ã?ÊZÆKç0×�Ã �

k

ËQÒ;Î
Qk,ii

Ö4Î5×tÒhëQêAÊ>Î/É;Ï5Ð2ÄnË�ÎàËQÌnÏ5ÐìÄnËQÇZÎ/ÊZÆ�Ò{Ò;Æ�Ã=ËQÒ;ÎfV
∫

zk
2 · exp

(

− 1

2ω2
[zk

T �
k zk]

)

dzk =

= −2ω2 · ∂

∂Qk,ii

∫

exp
(

− 1

2ω2
[zk

T �
k zk]

)

dzk =

= −2ω2 · ∂

∂Qk,ii

(
√

2π ω)Nk

√

| Ä4Æ�Ê � k|
=

= −2ω2 · (
√

2π ω)Nk · | Ä4Æ�Ê � k|−
3

2 · ∂

∂Qk,ii
| Ä4Æ�Ê � k| =

= −2ω2 · (
√

2π ω)Nk · | Ä4Æ�Ê � k|−
3

2 · | Ä4Æ�Ê � k| · (
� −1

k )ii .
cEþgÞ �Wúfe

��É{ÃnÎZÆ�Ê/ÜiÆ�Ã ç0×�Ã <÷Ò�Þ�þ#Þ �Wú Ì4ÃnÄ <�Ò�Þ÷þgÞ �"h É{Ã*<�Ò�Þ÷þgÞ � hÛÆ�Ç/ÕAÉ{á4Ê	Ì4Ã?ÊZÆ�Ç 'ðÆ�Ç �nÏ5ïDÎZÉ;Ï5Ð?Ê/É{ÕAÌ4Ã4Õvç0×�Ã
<�Ò�Þ¥þ#Þ ú � å �nÇKÄWÉ;ÆÙØXÉ{Ê/Ê/Ò;Æ�ÇZÆ �?Ì9Ë�ÄWÇ5ËQÊ/É;ÎZÏ5ÐnÆMþàá?Ý6Æ�É;Ï5Ð?Ì4Ã4Õ�Ä4Æ�ÇgUOÆ�É{Ò;Ï5ÐnÆ�Ã4ÜqËQÐ4Ò;Æ�Ã

xi,k
ØXÉ{Ê �àÉ{Ò@åGÆ8Ä4Æ�Ç

áUÆ�Ê5Ë	�	)IÆ�Ç/Ê5Æ.É{Ò{Ì4Ã4ÕÙå��4ÇbÄnË�Îbé9Æ�Ð4Ò;Æ�Ç/Ã4É{ç0ÆiËQÌ c	<�Ò�Þ � Þ ú  e V

< xi,k
2 > ∝

∫ ∫

p( � | I) · 1

ω2γ+1
· exp(− a

ω2
) · ω−Nk ·

∏

j 6=k

exp[− Rj

2ω2 ]
√

| Ä4Æ�Ê � j |
· cEþgÞ � � e

·
[

ω2 ·
√

2π · ωNk · | Ä4Æ�Ê � k|−
1

2 · ( � k
−1)ii + x0,k

2 · (2πω2)
Nk/2

√

| Ä4Æ�Ê � k|

]

dω d � .

ä�É;Æmã�ËQÊ/Ç/É�� �
k

Ì4ÃnÄ2Ä4Æ�ÇZÆ�Ãìä�ÉhËQÕc×�Ã9ËQÒ;Æ�Ò;Æ�Ø8Æ�Ã?Ê5ÆfÒhË�Î5ÎZÆ�Ã2Î/É;Ï5Ð2Ý�É;Æ�åG×�Ò{ÕAÊàËQÌnÎZÄWÇ �nÏ5ïcÆ�Ã4V
� −1

k =
∑

l

1

λl,k
2 · vl,k · vl,k

T cEþgÞ ����e

Ì4ÃnÄ
(
� −1

k )ii =
∑

l

vil,k
2

λl,k
2 .

cEþgÞ �  e

é �4Ç,áUÆ�É;Ä4Æ��?Ì4ØXØÙËQÃnÄ4Æ�ÃoÉ{ÃZ<÷Ò2þ#Þ ��� Æ�Ç/ÕAÉ{á4ÊðÎ/É;Ï5Ð´Ý�É;Æ�Ä4Æ�Ç�Æ�É{ÃTþ>ÌnÎZÄWÇ/Ì9Ï5ïUÖDÄ4Æ�Ã´ØÙËQÃ´ØXÉ{ÊðÄ4Æ�Ç �?Ì4á��
Î/Ê/É{Ê/Ì4Ê/É;×�Ã

ω−2 = y
ËQÒ;Î�Ä4Æ�ÃtÂ(Ã?ÊZÆ�ÕAÇ5ËQÃnÄ4Æ�Ã8Ä4Æ�Ç�<mËQØXØÙËCå'Ì4Ãnï?Ê/É;×�ÃXÄnËQÇZÎ/ÊZÆ�Ò{Ò;Æ�ÃtïAËQÃ4Ã+ÞQä�É;Æ,Â�Ã?ÊZÆ�ÕAÇ5ËQÊ/É;×�Ã
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�4áUÆ�Ç
ω
å��4Ð4Ç/Ê�Ü�Ì4V

< xi,k
2 > ∝

∫

p( � | I) ·
[

1

γ − 1
· {a+ 1/2

∑

j

Rj}
−(γ−1)

·
∑

l

vil,k
2

λl,k
2 +

+ x0,k
2 · {a+ 1/2

∑

j

Rj}
−(γ)

]

·
∏

j

| Ä4Æ�Ê � j |−1/2 d � .
cEþgÞ �"a�e

ä�É;Æ2),ËQÇ/ÉhËQÃ4ÜKÄ4Æ�Ç-UOÆ�É{Ò;Ï5ÐnÆ�Ã4ÜqËQÐ4Ò;Æ�Ã
σ2 ÒhëQêAÊ>Î/É;Ï5Ð2Ä9ËQÐnÆ�ÇàËQÌnÎbþ#Þ � ü áUÆ�ÇZÆ�Ï5Ð4ÃnÆ�Ã=ØXÉ{Ê V

< xi,k
2 > ∝

∫

ρ ·
[

1

γ − 1
· {a+ 1/2

∑

j

Rj} ·
∑

l

vil,k
2

λl,k
2 + x0,k

2

]

d � .
cEþgÞ �Aü�e

ã�ËQÃÑï�ËQÃ4ÃÅÄnËQØXÉ{ÊÙÄWÉ;Æ2é9Æ.ÐnÒ{Æ�ÇÙÄ4Æ�ÇjUOÆ�É{Ò;Ï5ÐnÆ�Ã4ÜqËQÐ4Ò;Æ�Ã�ØXÉ{ÊÙÄ4Æ�ÇXÕAÒ;Æ�É;Ï5ÐnÆ�ÃÛäàÉ;Ï5Ð?Ê5Æ�åEÌ4Ã4ïDÊ/É;×�ÃÅÝ�É;ÆoÄWÉ;Æ
��Ç/ÝðËQÇ/Ê/Ì4Ã4ÕcÎZÝ6Æ�Ç/ÊZÆMáUÆ�ÇZÆ�Ï5Ð4ÃnÆ�Ã+Þ ��É{Ã )IÆ�Ç/ÕAÒ;Æ�É;Ï5ÐñØXÉ{Ê+<÷Ò�Þ � Þ � � Ò{É;Æ.åEÆ�Ç/ÊgÄnÆ.Ã �?Ì4ØXØ8Æ�Ã9ËQÌnÎZÄWÇ/ÌnÏ5ï	å��4Ç
Ä4Æ�ÃìãkÆ�Ê/ÇZ×�âU×�Ò{É;Î>þàÒ@Õc×�ÇZÉ@ÊZÐ4ØgÌnÎ V

< xi,k
2 >=

1

N

N∑

n=1

{ 1

γ − 1
· {a+ 1/2

∑

j

Rj} ·
∑

l

vil,k
2

λl,k
2 + x0,k

2
}

n
.

cEþgÞ � h e

! � � �T���4�����>�b�Z�Z���g�b���î�U�������K���#��� ! �Z�������î�%� � �#�
� ������� 	�
bªn«�è« �"��#è¤�� �èª9�o¦¥ +« �¥ª �+ª�
bª9¤Iª9¤���ª �%!(ªn«0¤,�G¦¥ªn¢$#è�
�%ÌnÎ5ëQÊ/Ü�Ò{É;Ï5ÐXÜ�ÌtÄ4Æ�Ã���Ç/ÝðËQÇ/Ê/Ì4Ã4ÕcÎZÝ6Æ�Ç/ÊZÆ�Ã8Ì4ÃnÄtÄ4Æ�Ãté9Æ�Ð4Ò;Æ�Ç/ÃXÄ4Æ�Ç_UOÆ�É{Ò;Ï5ÐnÆ�Ã4ÜqËQÐ4Ò;Æ�ÃXÌ4ÃnÄtÄ4Æ�Ç�é4Ç5ËQÕAØ8Æ�Ã��
Ê/É;Æ�Ç/Ì4Ã4ÕcÎ/ØgÌnÎZÊZÆ�ÇKÒhëQêAÊgÎ/É;Ï5ÐñËQÌWåbÆ�É{ÃWåGË�Ï5ÐnÆ8ÓÔÆ�É;ÎZÆ8ÄWÉ;Æ&?à×�Ç/ÇZÆ�ïDÊ/ÐnÆ�É{Ê#Ä4Æ�ÇgËQÃ4ÕcÆ�ÕcÆ�áUÆ�ÃnÆ�Ã Æ��DâUÆ�Ç/É{Ø8Æ�Ã��
ÊZÆ�Ò{Ò;Æ�Ãìé9Æ�Ð4Ò;Æ�Ç>Ì4ÃnÄ2Ä4Æ�Îbé9Æ�Ð4Ò;Æ�Ç/Ã4É{ç0Æ�ËQÌ9Î �4áUÆ�Ç/â4Ç �WåGÆ�Ã+Þ9Â�Ø þ>Ò{Õc×�Ç/É{Ê/Ð4ØgÌnÎ>Ý�É{ÇZÄ2Ä4Æ�Ç��%ÌnÎ5ËQØXØ8Æ�Ã4Ð9ËQÃnÕ
σ = ω · s Ü�Ý�É;ÎZÏ5ÐnÆ�ÃÛËQÃ4ÕcÆ�ÕcÆ�áUÆ�ÃnÆ�Ø é9Æ�Ð4Ò;Æ�Ç

sn
Ì4ÃnÄÑÄ4Æ�Ø Ê5ËQÊZÎ5ë�Ï5Ð4Ò{É;Ï5ÐnÆ�ÃÛé9Æ�Ð4Ò;Æ�Ç

σn
ØXÉ{ÊÙÆ�É{ÃnÆ�Ç

Ü�Ý6Æ�É{â9ËQÇ5ËQØ8Æ�Ê/ÇZÉ{ÕcÆ�Ã )IÆ�Ç/ÊZÆ�É{Ò{Ì4Ã4ÕcÎ/å'Ì4Ã4ïDÊ/É;×�Ãñå��4Ç
ω
Î/âUÆ�Ü�É@ÍnÜ�É;Æ�Ç/ÊIc	<�Ò�Þ � Þ � h e ÞyämË�ÎtËQÃ4ÕcÆ�ÕcÆ�áUÆ�ÃnÆoénÆ�Ð��

Ò;Æ�Ç/Ã4É{ç0ÆiËQÌ=Ý�É{ÇZÄkËQÒ;Î>ï0×�Ç/ÇZÆ�ï?Ê�ËQÃ4ÕcÆ�Ãn×�ØXØ8Æ�Ã+ÖUÄ�Þ Ð+Þ
< ω >≡ 1

Þ%äàÉ;Æ�Î5ÆKþ>Ã4Ã%ËQÐ4Ø8ÆKï�ËQÃ4Ã �4áUÆ�Ç/â4Ç �Wå'Ê
Ý6Æ�ÇZÄ4Æ�Ã+ÖnÉ{ÃnÄ4Æ�Ø ØÙËQÃìÄ4Æ�Ã2Ê5ËQÊZÎ5ë�Ï5Ð4Ò{É;Ï5ÐnÆ�Ã ��Ç/ÝðËQÇ/Ê/Ì4Ã4ÕcÎ/Ý6Æ�Ç/ÊàáUÆ�ÇZÆ�Ï5Ð4ÃnÆ�ÊiÞ �IÎ�ÕAÉ{Ò{ÊàËQÌnÎ/Ü�Ì4ÇZÆ�Ï5Ð4Ã9Æ.Ã�V

< ω >=

∫
ω · p(ω| ° , I)dω
∫
p(ω| ° , I)dω

cEþgÞ ����e
ã=É{Ê �àÉ{Ò@åEÆmÄ4Æ�Ç>ã�ËQÇ/ÕAÉ{Ã9ËQÒ{É;Î/É;Æ�Ç/Ì4Ã4ÕcÎ/ÇZÆ�ÕcÆ�ÒOÒhëQêAÊ>Î/É;Ï5ÐìÎZÏ5Ð4ÇZÆ�É{áUÆ�Ã4V

p(ω| ° , I) =

∫ ∫

p(ω, � , % |I)d � d % .
cEþ#Þ �Aû�e

�%Ý6Æ�É{ØÙËQÒ{É{ÕcÆ�Î�ËQÃ?Ý6Æ�ÃnÄ4Æ�Ã=Ä4Æ�Ç ��ÇZ×?ÄWÌnï?Ê/ÇZÆ�ÕcÆ�ÒOÒ{É;Æ.åEÆ�Ç/Ê V

p(
°
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=
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=

2n1 cos θ1
n1 cos θ1 + n2 cos θ2
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  Medium 1
     C:H-Schicht

 Medium 2
   Si-Substrat

  Medium 0

 einfallender
   Strahl E0

reflektierte Strahlen Er

r12 r12

r10

r01 t10

t12

θ0

θ1
 d1

 

θ2
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r o$p.q9r�sut = r01 + t01t10

∞∑

k=0

rk+1
12 rk

10a
k+1 ,
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35/6+

a =
$�01=

(−2iβ v7w"r�q4p ) , JK<>HI$9/
β v7w"r�q4p =

2π

λ
· n̂1d1 cos θ1
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r=1

qr =
1

1− q
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t01t10 + r01r10 = 1
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r o$p.q9r�sut =
r01 + r12

$t0 =
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$�01=

(−2iβ v7w"r�q4p ) .
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