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�"��D7�"Q�+-�'�B(*.-�5(*)E�"��.-+-�'. ����O@�"�1��.-D7h|yf�$��N�N���D3.Z.5(*� � �'(@[ � &�N	Q'O ����.-�����$(� ����$(*)��'.#yf�1<?>*�ah
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λ ∝ 1/E2
ν

8 N�D$+5(*N�N	.5(*� ��O-.-23�RJK>*�-� & ) N	%&�'���'��.-�'�	VM���$C&�'��(7�"O@�	G*D3. ∼ 1];� ��+-����j:�'+-��.-23O-.-2
λ > R

����������� �!�Y��Na��[!AB���?s �Bb}<,����+H�"�"(7.-N�C5(7���'.!�UJlP-�U+-��� ���'O��"����.-D3N�8
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e3(*�-�1�c%-��N ����O@�"�1��.-D0hiyf�$��N�N1��D3.;(*O-N�+-�'� {|.-.-�����'.\8\�"�-�����$(*)��myFG3D3)�O@�"��D3. +-�����u��O@N1�"�`O-.-+
L�>*�1�$�R�"�"(7.-N�C&D3�1�U+@�'�Yyf)��'6!����D3.-��.$Q�OT����.-���f{|N�D*���-�'�1�T(*)���N1���'�1O-.-2u+-��N?s �BbH23�RJlP-�-�a�:�-(*%4��.
� bz�"O@Jl�u� � [

AB����G3D3.
bI��O@Jl�c{ � Q�O_bI�"O@Jl�m� ��. +@�'�u�u��O@N1�"�`N1� (0��� �-.-+-�'.@+-�'._O-.-+ JlP-�B+-����N��cX���%&�'���
%&�'N�D*.-+-�'�1Nm��.!�"�'�1�'N1N"(*.!�"��.
�U���">*.-+@�'��O@.-23�'.�<:�'��+@�'.k��.�XB%-N1� �-.-�E��� � [ � [ &�.5>7�-�'�u����)�>7O@�"���1��[
AB���Bs ��bZ�'�����1�"�����1�,(7O-� � sf�-D*��D3.-��.98 O-.-+�QR<S(7���5(7O-C@�"N�>*� �-)���� �#��� w,�3.!�"23��.z%4�����'��� �������
�'��.-�'�Y��g4�'6!����G3��.�VM���$C&�'��(7�"O@�'8I+-���	O-.-23�RJK>*�-�?p&(76z��D3� ��),) O@.z���'�:+-�'�:��.-.-������.�VM���$C&�'��(7�"O@�
)����'2*�'[9j?��NuQ'O
�'��.@�'� X�)����'�uG3D3.

3 · 105 e3(*�-����.k%-)��'��%@�~(*%&�'�~+-��� ���'O��"����.-D7h|yU����N1N���D3. +-���
+-D3����.-(*.!�"�~p5D3����+-�'N	yf.-����23����G3����)�O-N1��N � bI�"O@Jl�u�B{ �R[

AB��������.@JK(7� �-N1����O-.-+Z��g4�'6!����GIN1���~p D*��� +-�'N �	�'O@������.-D7hi�uP-�@)��'.@NSN1���')�)E�?+@�'��N�D}2*�'.5(*.@.z���
+-�����'6!��� �io	����( hisf��D3Q��'N1N�����+5(*� 	 sM�R� +B��� 8:%4���B+-��� (*.-2*�'����2*�"� ��O-6z)���D3.-��.�+-O-��� �

β
h`O-.-+

��.!G*�'��N1�'.
β
hiv\�'�aJK(*)�) �"�-��������N1� �-��yU.@�'��2*���~��.#p5D3��� G3D3. ����O@�"�1��.-D*N,(*%-N1���"(*�@)��'.O�

n → p+ e− + ν̄e

� � [ � �
p → n+ e+ + νe .

� � [ " �
AB���'N���sU�1D3Q'��N�N1��N���.@+k<?��23�'.^{|��C-O-)�NahBO-.-+ryf.-����23���'�'�1�5(*)E�"O-.-2 (*)�)��'��+@��.-23N~.zO-�mO-.!�"�'�`%4� h
N1�������`�"��.^j?��+-��.-2*O-.-23��.^�$�32*)���� �\[WX�O-Nc+-���}��(*+-O-.@23N�.-��O@�"��(*)��E� >7�`+-�'N �	�'O@����D3.@�'.-Na�"�'�1.-N
JlD3)�2*��8�+5(*N�N,+-���~yf)��'6!����D3.-��.�O-.@+�sf��D7�"D3.-��.;+@�'.-N1�')�%&�'.;p5�'�1�$� h|{|��C-O-)�N:%4��N��E�"Q'��.��

np = ne ←→ pFp
= pFe

,
� � [ # �

<:D3%4���
np

%-Q�<~[
ne

+@����XB.@Q�(*�-)�+-��� �!���	+@�'�Ysf��D*��D3.-�'.�%-QR<~[�yf)��'6!�"�1D3.-�'.$%4��N�� �-�1�'��%@��[zA�(~+-���
yf)���6z����D3.@�'.98 �	�'O@����D3.-��.�O-.@+�sf��D7�"D3.-��.;��.!� (*�a�"���	N1��.-+ZO-.-+#N���� �;��� � �-���$��N�� �-��.��u)������ ��h
23�R<,��� �!�	%4� �5.-+-��.98

µn = µe + µp ,
� � [ & �
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pFn
≤ pFp

+ pFe
= 2pFp

.
� � [ A �

];���
ni = p3

Fi
/(3π2h̄3)

����23��%@�,N���� �;.zO-.��

nn ≤ 8np ,
� � [ % �

+9[!�9[3+-���U+-���1�'6!�"�	o��1��(0h|sf��D3Q��'N�NY��Na�U.zO-�U�$�32*)���� �\80<:�'.-.$+5(*Nf�U�'�1�5>*)E�".-��NqG3D3.Tsf��D*��D3.-�'.HQ�O
���'O��"��D*.-�'.

1/8
P@%4����N�� �@���'�E�"�R��[@{|.T+-�'.����'��N1���'.�pF>7)�)���.}<,����+T+-����N��'�YLk���1�S(*%4���?2!(7�:.-��� �!�

D�+-���?����N1�SD3%4�����5(7)�%�����.-���?6z���E�"��N1� �-�'.ZA���� �!�"�������1�'��� �!�'8@N�D}+-(*N�NS+@�'�S+-������6z���uo��1��(0h|sf��D3Q��'N�N
.-��� �!�,N1�"(7��� �5.-+-�R��[-X�.Z+-�'N1N��'. bI�"��)�)����"�1���1��+-�'����.-+-�����'6!���uo��1��(0h|sU�1D3Q'��N�N�85%4���9+-�'� <?�������'���
��O-6z)���D3.-��.Z(*.T+-���,bI�����'O@O-.-2c%&�����'��)���2*�UN1��.-+\8I<:�')�� �-��+-���BO-.-����.-2*�'N�� �@�">*.-6!���u{|�$C-O@)�NahMO-.@+
yU.@�'��2*���'�����5(7)��"O@.-2H�'�����323)���� �-��.��

n+ (n, p) → p+ (n, p) + e− + ν̄e

� � [ ( �
p+ (n, p) → n+ (n, p) + e+ + νe .

� � [ + �
A�(�.zO-.cQ�O-N">0�"Q')���� �-�YVW�'��)�� �-�'.m��.�+-�'�qbI�����'O@O-.-2u(*O�J �"���R�"��.98 �'���->*)��W�$(*.m����.-��.`Q�O-N">7��Q')���� �-��.
sU�-(*N���.-�"(*O@��JK(*6!��D3� ∝ (T/kF )2 83+-�'�qQ'OH�'��.-�'�Uo	.z���'�1+-��P-� 6zO-.@2m+-��NU��.-+-������6z���'.}23��23�'.zP-%&�'�
+-�'�d+@������6!�"�'.#o	����( hisf��D3Q��'N1N	O@� p (*6!�"D3�

10−4 %-��N
10−5 JlP-�-�1�'[ ]�(*.ZN1C-����� �z�	+5(7�-�'�,(*O@� �
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+-�'� N�� �-.-��)�)��'._�uP-�-)���.9[9{|� bI� (*.@+5(*��+@N�Q'��.5(*�1��D�<,���1+�+5(�G3D3.
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� ������� � 0���2 3 ' 	�� ����� 2
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%-��N ��),),) 6I�
	7N�(*O@Ji8&%-��N1�-�'��N���.-+ N�D*2!(*�BQR<?���FsfO-)�N"(*�1�`�����B�~��N�� �!<,��.@+-��2367�'�E�"�'. G*D3.�P-%&�'�
�$#B),) 6I�
	7N	%4��60(*.-.!�2	 �B����� ) & � [4A��'NBL
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y! �C-)�D3N1��D3.��'���1�'��� �z�'89��.@+-�'� +-��� ���'O��"����.-D7h L�����6zO-.@23N � O-����N�� �@.-���1�"�}DI+-�'��h|�xO-�$��.-D3N1��� >0�"�'.
6zP-.-Na�")���� �}�'�1�-�3�!�f<?����+-��.9[ ����%4��.}C-�!�IN���60(*)���N1� �-�'.�yFg\��6!�"�'.H67�3.-.!�"��.$+-����b�� �!<,���'����236*�������'.
(*O-� �
+5(*�����uG*�'��%@O-.-+-��.�N�����.98�+5(*N1Nm�$(*._N���� ��(*O@Jl2*��O-.-+_+-���`�	D3�$C@)��  ��E� >7�u+@�'��.IO@�$�����Eh
N�� �@�'.}j?������� �-.zO-.-2�(7O@J-QR<?����+-���$��.-N���D3.5(*)��U];DI+-�')�)��f%&�'N�� �@�">*.-67�'.c�`O-N�N�[*bID3�$�E�xN���.-+~+-���U��.
+-���'N���.Zb����cO-)�(0�"��D*.-�'.}�������������')E�"�'.$�u�'N1� �z<,��.-+-��236*�����"��.TG3D*.�%-��NUQ�O ��),),) 6z� 	0N 	 b@��e!] ),A �
.-DI� � O-.!�"���B�UD3�1%4���5(*)���Q'O�%4�R�"�"(7� �z���'.9[9AB�'NBL
�'�E�"�����'.;<,����+�+-���~JlP-�B����.-��23� ���'O��"��D*.-�'.-Nih
�"����.-�#%&�'D3%5(7� �z�������;X�O-N��1��� �!�"O-.@2kQ�<,��N�� �-��.��u��� 63hiw,��� �!��O-.-2�O-.-+�w	D*�"(7�"��D3.-N�(*� �-N��Z.-��� �!�
�'�1������� �!��[

yU��.-�~(*.-+@�'����yf��6z)�>*��O-.@2H<,O@��+-�~��.Z+-���,AB��C@)�D3�$(*��%&�'�E�:G*D3.#{|����.-($b�(*23�'�a� 	 b�(*2 ),A�� +5(*�ah
23��N1�"��)�)E��89%&�'�f+-���~+-���Hyf��2*�'.-23��N�� �!<,��.@+-��2367�'�E�m+@O-��� �k(*N1�I���$�R�"����N�� �-� �	�'O@������.@D7hiyf����N�N1��D3.
<?>*�-����.-+�+@�'N ���'O��"����.-D7h|�~P@�-)���.-N��'��.-�'N �	�'O@����D3.-��.-N1���'�1.-N������ ��O5(7��6z6*����. �lN����'�-��XB%Ih
N�� �@.-���1� � [ � �:G3�'�1O-��N�(*� �!��<,����+9[-A�(@8@<,���u%4�����'�E�"N����1<?>*�-.!��8 +,+ � G3D3.#+-�'.

3 · 1053 ����2H+-���
Jl������23��N��R�"Q����'.#�u�"(�GI���"(7�"��D3.-N���.-�'�123���,��.�p5D3��� G*D3. ����O@�"�1��.-D*N:<:�'2323�R�"��(*23�'.$<,����+\8���N1�?(*O-� �
�-���'�c.zO-�H�'��.�<,��.-Q���23���}j?�1O-� �!�"�'��)S+-���T�u�'N�(*�`���'.-����23����Q'O-�Hyf�1Q'�'O@23O-.-2_+-�'�}6z��.-������N�� �@�'.
yf.-�'�123���ZG3D*. ∼ 1049 �'�12
����.-��NTsfO-)�N"(*�1N$�����

v ∼ 1000
6z� 	0N$.-D7�|<?��.-+-��2@[:pMP-�H+-����N��'N

];DI+-�')�)fN���.-+k(7)�)�����+-��.-23N��  I�"����� �-D3�-�T]�(*23.@����Jl��)�+-���uG3D3.
1017 � ��� ��O5(*�16z6*�'�1.��'�aJlD3�ah

+-����)���� �98zO-� �'��.@�	G*D3)�)��BsWD3)�(*�1��N1���'�1O-.-2�+-�'�SyU)��'6!�"�1D3.-��.�(*)�N ��O-�')�)��	+-�'�:XBNa���������"�1���	%4�����
����O@�"�1��.-D0hi�uP-�-)��'.�Q'O_�'�1������� �-��.9[�XBO@J?+-�'��(*.-+@�'����.�bI�'�����}�cO-N1Nm+-���}�$�E����)��'�1�mJl�1�'���cL
�'20h
)�>7.-23�	+-�'� ���'O��"����.-D3N?(*O-N��1�'��� �-�'.-+�2*��D3nmN��'��.98I+5(*�����Y+-��� ����O@�"�1��.-D*N?+-��. ����O@�"�1D3.-�'.@N1�"����.
D3�-.@�;<:�'�����'�1��bI�����'O@O-.-2�O-.@23�'�-��.-+-���1��G3�'�1)�(*N1N���.�6*�3.-.@�'.9[?AB����N$��N1�$Q*[:jB[fJlP-�$%&�'N1D3.-+-� h
���mJK(*��%-N1O-C-��(*)������"��.-+-�`sU�-(*N���._+@�'N ��O5(*�16I67�'�1.-Nu+-�'��p&(7)�) [5{|.�+@���'N1�'� ];D�+@�')�)W�'�123��%���N���� �
+-�����'6!�}+@���T���1<?>*�-.!�"��X�O-N��1��� �!�"O@.-2�G3D3. ]�(723.-���1Jl�')�+^O-.-+ �u�'N�� �!<,��.-+-��2*6*�'�E��8MO-.-+^O-.!�"���
+-��.T(*.@23�'N1C-��DI� �-�'.@�'.$�UD*�"(*O-N1N��R�"Q'O@.-23�'.$��Na�U�'NU�$�*23)���� �987Q�O-����.-+-��N1�U����.-��.$VW�'��)�%&���"��(*2u+-���
sfO-)�N�(*�ah|�u��� 6zN�Q'O#�'�16I)�>*����.9[

��������� ��� ' + � %(' 0-��� ,-%(' � ')0/2 #&%

AB���;>7O-n3�'�1�#��P-)�)���+-��NTs ��br�$�E�HAB��� �z���'.
ρ ≤ 1014 2 	7�'� 3 8U(7O-N$+@�'�HN���� ��+-���Z�~�1O-N1���

+-��N ���'O��"��D*.-�'.-Na�"����.-N,%-��)�+-��.T<,���1+98@%&�'Na�"�'�!�	(*.�JK>*.-23)���� ��(*O@NS�'��.-�'�,]#��N�� �zO-.@2HG*D3.ZN�� �!<:�Rh
����.TO-.@+T)������ �!�"��.��u�'�1.-�'. �l<:D3%&�'� G3D3.$)�����Q����'����.$<:�'23��.�+-���:P-%&�'�1+-O-�1� �-N�� �-.@������)���� �T�-D3�@�'.
j?��.-+-O-.-2*N��'.@�'��2*���U%4�RG3D3�1Q'O-27�

α
h|VW�'��)�� �-�'.�(*O�J �"���R�"��.��R8 ����O@�"�1D3.-��.980sU�1D*�"D*.-�'.98 yf)��'6!�"�1D3.-�'.\8

sMD*N�������D3.@�'.�O-.-+�sf�-D*�"D*.-�'.9[IAB���,(*.@JK>*.@23)���� �c�-D3�-�,VW�'��C4���"(7��O-�FG3D*.
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]#� � DI+-���
5 ·1011�d��.�bI�"O�Jl�${1{�{�����)�(7O-%@�m+-����XB.-.-(*�-���*8�+5(*N1Nc(*)�)��H�  �D*���-�'�1�$��.^w	�'(*6!�"��D3.-�'.
+-�'��N�� �!<?(0h

� �-��.98*��)��'6!����D3�$(*23.-�R�"��N�� �-��.cO-.-+}Na� (*�16*�'.cL
�'� �@N��')E<,���16IO@.-2uQ�<,��N�� �-��.�+@���'N1�'.cVW�'��)�� �-��.c%-��N
Q'O@� G3D*)�)�Na� >*.@+-��23��.�X�%-6zP-�-)���.�+-�'N �	�'O@����D3.@�'.-Na�"�'�1.-N � bI��O@Jl�`��{ �	N1� (0���"2*��JlO-.-+@�'.��5(*%&�'.98
O-.-+�+5(*N�NTN���� ��+-����]�(7���'��������� )�D360(*)��'.r�"�-��������N�� �@�'.��u)������ �-23�R<,��� �!��%&� �-.-+-���'[SABO@��� �
C!�I6I.@D3.zO-6z)���(7����w,��(76z����D3.@�'.HJlO-N���D3.-��������.$+-���SG3D3�1�5(*.-+@�'.-��.�)������ �!�"��.T�u�'�1.-�	O-.-+TVW�'��)�� �-��.
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����.-��N�.-�'O@23�'%&D3����.-�'. ����O@�"�1D3.-��.-N1���'��.@N	��.�XB%-�->*.-23��236*�����SG*D3.Z+-�'�	]�(7N�N���.-+-��� �z���
%&�'�zG3����N1� �-����+-�'.-��.$VW�'��C&�'�"(0�"O-�1�'. �

T9 = T/109 � � [*pqP@�q+-���?j?������� �-.zO-.-2u<,O-��+@�
+-(*N~];DI+-�')�)WG*D3.���(7���������'�,O-.-+_bz<?��N1�|� 	 ��A + ��� �$�E��+@�'� ��D3��C-����N�N1��D3.-N1�$DI+-O-N
60(*)E�"���'8IN1�I�$����������N�� �-�����u�'��.@�T(7���'�1���	%4���xb@>7�1�"��23O-.-23N1+-��� �!����G3D*.

K0 = 180
];� �

G*�'�a<?��.-+-��� 	 ����� +,A � [

Q'OHN1�">*��67�'�U23�'%@O-.-+-��.-�'.$yf)��'���'.!���'.}<,����Q7[!jB[!yf��N1�'.9[3AB���?Jl�1�'�E<?����+-��.-+-�	yf.-�'�123���SJlP-�@�1�fQ�O
�'��.@�'��Q�O-N">7��Q')���� �-��.kyf�1<?>*�1�cO-.-2�+-���~�u��O-Na�"� � bI��O@Jl�}{ � � [\X�%-%9[ � ['&TQ'����2*�u+@���}yFG3D*)�O@����D3.
+-�'�`v\O-N"(7�$���'.-N1����Q'O-.-2�+-�'�m>*O-n3������.^��P-)�)��}����.-��Ncs ��b��$�E�`(7%-N���.-6*��.-+-�'�mVM���$C&�'��(7�"O@�'8
%4�����'� �@.-������. 	 �B��� +,AC� �$�E��+-��� ��(7���������'�ah O-.-+�hibI<:�'N1�|�!hi];D�+@�')�) 	 ��A + ��� [

o	.z���'�1�5(*)�%�G*D3.
1010 � N�C-���')E�u+-���}VW�'��C&�'�"(0�"O-�u.zO-�uJlP-�~23������.@23�'�1�HAB��� �!�"��.k(7)�N

10132 	7�'� 3 �'��.@�mw,D3)�)��*8�JlP-�,23���3n*�'����AB��� �!�"�'.;��� j:�'������� ��(*O-n3�����5(*)�%Z+-�'��>*O-n3������. ��P@)�)��uN1��.-+
�"�-��������N�� �@�myFg4�'6!�"��%&�'��������NSG3�'�1.5(*� �-)�>*N�N1��23%-(*�,6I)��'��.9[

j?���S�'��.-�'�}VW�'��C&�'�"(0�"O-�cG*D3.
1,2 · 1010 � �  @��N1�����'�1�'.^JlP-�HAB��� �!�"�'. O-.!�"���

109 2 	7��� 3
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6*����.-�	�u�'�1.-�	�$���-�'[!A����,VM���$C&�'��(7�"O@�f)�����2*�f��.�+@���'N1�'� AB��� �!�"�'%&�'�1�'��� �TP-%&�'�U+-���Y6z�1���"��N�� �-��.
VW�'��C4���"(7��O-�'89N1DZ+5(*N�N�(*)�)��}�u����.-�H��.�����.-��� A�(7�$C@Jl2*�'����N�� ��G*D3. ���'O��"��D*.-�'.98Wsf��D7�"D3.-��.
O-.-+

α
h|VW�'��)�� �-��.}(*O@Jl23��)��3Na�qN1��.-+\[!];�E�F(*.@N1�"����23��.-+-���fAB��� �!���S<,����+`+-�'�MXB.!�"����)@+@�'�fsf��D7�"D3.-��.

O-.-+
α
� Nq23�'�1��.-23���'80+-�'�qXB.!�"����)@+@�'� �	�'O@����D3.-��.})����'2*�q(*O-n3���F%&�'�@+@�'.}23�1�3n*�"��.}AB��� �z���'.HO-.!�"���

+-���dXB.!�"����)x+-���	�~����.-�7[
];����X�%-N���.-6*��.;+@�'�,VM���$C&�'��(7�"O@�,(*O@J

8 · 109 � .-�����`�?+-�'�,XB.!���'��)\+-�'�,sf��D7�"D3.-��.ZO-.-+
α
� NB<:�'�E�"�'�B(*% � bz�"O@Jl�m{ � �R[4XBO-� ��+-��� �	�'O@����D3.-��. <?����+-��.�<?��.-��23���'84%4���

ρ = 1010 2 	7�'� 3)����'2*�?���-�:XB.!�"����)9%&�'�\O-.!�"�'� � � [5�u����.-�uN1��.-+Z.zO-.Z��.�+-���S23��N"(*�`���'.#��P@)�)��BQ'O��5.-+-��.9[5pqP@�
23�1D3n3�SA���� �!�"��.c<?����+-��.�+@���YXBO-Na<,����6zO-.@23�'.H+-��NFXB%-6zP-�@)��'.@NF23�'�1��.-2*�'�qO@.-+c+5(*NFj?��)�+c>*�-.@�')��
+-���Bv\O@N"(*���$��.-N��R�"Q�O-.-2�%4���

1,2 · 1010 �}[
j?�'�Y+-�'�m.-DI� ��60>*)����'����.kVW�'��C4���"(7��O-�~G3D3.

5 · 109 �d��Na�`+@�'�`����.-Q���23��N���� �!�"%5(*�1�$���-�'�ih
����N�� �@��yFg\��6z��+5(7Nc�UD3���5(7.-+-�'.@N��'��.^Jl���'���'� �	�'O@����D3.@�'. (*O-� �rO-.!�"�����5(7)�%r+-�'�HA���� �!�"��+-��N
� �	�'O@����D3.@�'.�h|AB����C,�

ρND

[WAB��� �	�'O@����D3.-��.�hiA�����C
��Na�m+@�'�csfO-.@6z�'8q(7.k+-��� JlP@�
T = 0

+-���
�'�1N1���'.�Jl�������'. ���'O��"��D*.-�'.�����N�� �@�'��.@�'.9[5yfNS<,����+�N1��� ��Q'����23��.98I+5(*N�N�+@���'NYJlP-�

T = 0
����N1�S%4���

ρND ≈ 4 ·1011 2 	7�'� 3 23�'N1� �-�����z�'[@j:�'� .-DI� �$<:�'�����'�1�'� XB%-6zP-�@)��'.T+-�'�:�u��O-Na�"�,<,����+$+-����N����
XB.!���'��)Y�������'�u23������.@23�'��8W%@��N�.5(*� ���'(@[ & ) e3(*�-�1�'.kJl�1�'��� �	�'O@����D3.-��.^.zO-�`.-DI� ��D3%&�'�1�5(*)�%
G3D*.

ρND

�  ���Na�"���'����.9[-L
�'�����'�1�-��.Z<?����+-��. +-���~�|�IC-��N�� �-��.��"�@�'������N1� �-�'.�yf.-�'�123����.;N1DT6z)�����.98
+5(*N1N�b�� �5(*)��'.-�Rg\��6z���`O-.@+;+-���~sq(3(7��6z�"(7J ��G*D3.���.!�"N�� �@�'��+@�'.-+-����j?��+-�'O��"O-.-2H<:�'��+@�'.9[

b�� �-)����'n3)���� �rJl�����'�1�T.5(*� ��O-.@23��JK>*�@� ��),) e3(*�-�1�'.�+-����v\O-N�(*�$���'.@N�����Q'O-.@2^+-�'�T�~�1O-N1���
(*O-N�O-.-+
G3�'��>*.-+-���1�`N���� �
.-��� �!�`�$���-�~�$�E�m+@�'�~JlD3�1��N�� �-�1�'�����'.-+@�'.�X�%-6zP-�-)�O@.-2-[qb���.-6!��+-���
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ρ(a = 2 rTF ) ≈ 3AZ
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AB���#]�(0�"�'�1����N1�'�,(*O-N��u�'�1.-�'. �����H];(*N�N1�'.-Q'(*�-)
A

O-.-+ ��(*+-O-.-2*N�Q�(7�-)
Z

Q'O-N�(*�$���'.@23�Rh
N�����Q��'[4{|Na�

nN
+-���mX�.-Q�(7�-)�+-�'�B�~����.-��C-�1D$�UD3)�O-�$��.-�'��.-�-������8@+5(*.-.;�'��2*��%@�	N���� � +-���~��D*� (7)��

yU.@�'��2*���'+@��� �!�"�~+-��N�bI�INa�"�'��N,Q'O��

εtot(A,Z, nN) = nN(WN +WL) + εe ,
� � [ � �

<?D3%&�'�
WN

+-���}�"D7� (*)���]�(*N�N1�T����.-��Nm��N�D3)����'�a�"��.
�u����.-N�8
WL

+-���$�u���1�"�'�1�'.-����23���}C-��D��u�'��.
O-.-+

εe
+-���~yf.-����23���'+-��� �!�"�~+-�'�	yf)���6!�"��D*.-�'.#��Na��[

� ������� � � % ���-%(' � � %
,/� ��� #&% ,/%('�� ' %
� %
�*� � % �$# ' ���-%
�

];���~+-���`yf.-����23���H�'��.@�'N~�'��.-Q'��)�.-��.�yf)���6z����D3.@N'8x+-����2*�'�$>*nZ+-�'�~����)�(7����GI��Na�"��N�� �-��.
yf.-����23���Rh
{|�$C-O@)�Nah|j?�'Q������IO@.-2�(*O-N,+-�'�	yf)���6!�"��D*.-�'.-�$(*N1N��

me

O-.-+#+-�'� {|��C-O-)�N
k

%4��N1�������`�S<,���1+98

E(k) =
√

k2c2 +m2
ec

4 ,
� � [ � �

?@�
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)�>7N�N1�mN���� �
εe

(*)�NuJl���'���'Nmyf)��'6!����D3.-��.-2!(*N���._XB%@�5>*.-23��236*�����~G3D*��p5�������Eh|{|��C-O-)�N�+-���`yf)���63h
�"�1D3.-��.

ke

%&�'�1�'� �-.-��.��

εe(ke) =
8π

(2πh̄)3

∫ ke

0

E(k)k2dk

=
8π

(2πh̄)3

∫ ke

0

(k2c2 +m2
ec

4)1/2k2dk

=
m4

ec
5

8π2h̄3

[

(2x3 + x)(1 + x2)1/2 − arc sinh(x)
]

,
� � [ " �
� � [ # �

������+-��� w,�')�(0�"��GI�E� >7��N�C5(*��(*�����"���

x = ke/mec
� � [ & �

O-.-+k+-�'��sf)�(*.-� 6zN1� �-�'.^L����16zO-.-23N � O-(*.!�"O-� h̄
[MAB�'�}p5�������Eh|{|��C-O-)�Nu%4��N1�������`�m(*O-� ��+-���

AB��� �z���~+-�'�	yf)���6z����D3.@�'.
ne

�

ne =
k3

e

3π2h̄3 .
� � [ A �

bI�"����.-�uN1��.-+�+@O-��� �#+-�����~��(�G��E� (7����D3.$23�'%@O-.-+-��.#O@.-+Z�cP-N�N1�'.98@O-��Na� (*%@��)\Q�O�N�����.98�O-.-+
.-��� �z�#(7O@Jl23��O@.-+�+-�'��)�(*.-23�1�'��� �!<:�'�E�"��2*�'.98Y����C-O-)�N1��G*�'. �?D3O-)�D3�c%�h|�~��>7J �"�;Q'O��  �C-)�D�+@���'�1�'.98
23)�D3%5(*)��m��(*+@O-.-23N1.-�'O@���"(*)����">7�	�'�1JlP@)�)���.9[5{|. +-���'N1�'��w,�'� �@.IO@.-2�<,���1+ (*O-� ��)�D360(*)��m��(*+@O-.-23Nih
.-��O@�"��(*)��E� >7�,(7.-23�'.@D3�$���'.O�

ne = ZnN ,
� � [ % �

N�DZ+5(7N�N
εe

�����B����)�Jl�m+-�'���u)�2-[ � � [ " � h � � [ % ��)��R�"QR�"�'._yf.-+-��N�(*)�NBp O@.-6!�"��D*. G3D3.
Z

O-.-+
nN(*O-N123�'+@��P-� 6!�	<?����+-��. 60(*.-.��

εe = εe(Z, nN)
[

� ����� � ��� % � %(')�-+ 3 2 2 %

AB����]�(*N�N1�m����.-��N	�~����.-N	�'�1�5>*)E���T(7.;(7O-N��

WN = mnN +mpZ − bA ,
� � [ ( �

<:D3%4���
N = A−Z +-��� ����O@�"�1D3.-�'.@Q�(*�-)�O-.-+

b = B(A,Z)/A
+-���?.zO-6z)��'(*����j:��.-+-O@.-23N���.-�'�ih

23���
B

C@��D �	O-6z)��'D*.�+-�'N?G*D3)�)�N1�">*.-+-��2m��D3.-��N1�����1�"��.T�u����.-N?��N1�'[@A�����j:��.-+-O@.-23N���.-�'�123������Na�?+-���
�'��.-Q'��23�}.-��� �z�m%&�'N1�������c%5(*�1�*89O@.I%&�'60(*.@.z�����u���3n*�}��� jSsYbzhi];DI+-�')�) 8\+@���}JlP-�~+-����j?������� ��h
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A
O-.-+���(*+@O-.-2

Z
+-���m6*D3�ih

����N�C&D3.-+-���'�1�'.-+-�mj?��.-+-O-.-2*N��'.@�'��2*���uC-�1D �	O-6z)��'D*.
b(A,Z)
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� � � � = <�
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�� L���23.-���ahabI�'����QRhiv\�')�)��'.�+@�'N,%4���Rhi�~�E���"����N�[

{|.�+-�'�ZL���2*.-�'�ihab������"Q h ��>*�-�'�1O-.-2^<,���1+^/1��+-�kv\�')�)���(*)�N#bIC-�5>*�1�
�����Zw	(*+-��O-N
R

8,+-�'�
O-.-23�RJK>*�-�}+-���}�5(*)�%&�'.=�u���1�"�'�16*D3.@N1� (7.z���'.

a
�'.!�"N1C-����� �z�'8f+-���������}�~)�2-[ � � [ ��) �m+-O@��� � +-���

AB��� �!�"�~+-���	�~����.-��23��23�'%&�'.#��Na�M�

a =

(

2

nN

)1/3

=

(

8π

3
R3

)1/3

≈ 2R .
� � [ + �

AB����L���23.-���ahib��'�E�"QRhiv\�')�)��u��Na�BC&�'�B��D3.@N1�"�1O-6!�"��D3. �')��'6!�"�1��N1� ��.-�'O@���"(*) [5�U�'��.-(*� �-)�>7N�N���2*���$(*.
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�"����N�� �-��.�p5��)�+

E(r) =
Ze

4πε0

(

1

r2
− r

R3

)
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%&�'����� �-.-��. )�>*N1N1���

WL =
ε0
2

∫

V

E2dV
� � [ �,� �

≈ −9

5

Z2e2

4πε0a
.

{|.��'��.-�'�u+-�R� (*��)�)����'�a�"��.�.zO-���'����N�� �-��.kw,�'� �@.IO@.-2������5(*)E�"��._�?D3)�+@<:�')�)Eh|��D3�1N1JK(*)�)WO@.-+�];(*�"(0h
+-O-+@��. 	 �S�B] A,)(� JlD*)�23��.-+-�'.#N�C&�'Q�����)�)���.��UD3�1JK(76z��D3���

WL = −1,81962
Z2e2

4πε0a
.

� � [ ��� �

];���	�	��)�Jl�B+-�'�	p5�'��.-N1����O-6!�"O@��6*D*.-N1�"(*.!�"�

α =
e2

4πε0

1

h̄c
,

� � [ ��" �

N����x�-������+-���m�u���1�"�'�1�'.-����23����.-DI� �;����.-�$(*)4��.��|.5(0�"P-�1)���� �@�'.,� 
 yf��.-�@�'�����'.;(*.-23��23�'%&�'.O�

WL ' −0,46684Z5/3 αme x .
� � [ �$# �

�U�'�123)������ �!�u�$(*. +-���cQ'O@�~�~�E�����'����.-�'�123���m23�'�@�3����.-+-�Hyf.-�'�123����+-��� �!���
εL = nNWL

�$�E��+-���
yf.-�'�123����+-��� �!����+@�'�	yf)��'6!����D3.-��.

εe
� �u)�2-[ � � [ " � �R85N�D �5.-+@���	�T(7.#�����,�~)�2-[ � � [ % �"�

εL
εe
' −0,46684Z2/3 α

ne

εe
me x

� � [ � & �

∼
{

−0,47Z2/3 αx� 1,
JlP-�

x� 1

−0,62Z2/3 α� 1,
JlP-�

x� 1
.

� � [ ��A �

AB���u�u�������'�1�'.-����23����Na�"�')�)��?(*)�N1D`.zO-�S����.-��6z)��'��.-����D3�1���'6!��O-�SQ'O@�,�~��N"(*�m�"�'.@�'��2*���'+@��� �!�"��+5(*�'[

� ����� � � ' 0 ��� ,-%
2 !�� 2 #&%�+ 2

pqP-�?+-���B<:�'�E�"�����~w,�'� �-.zO-.-2H�cO@N�N,(*O-� �Z+-���,AB��O@� 6�+-�'N	bz��Na�"���$N�%&�'Na�"�����`�:<?����+-��.9[&];���
����)�Jl��+@�'���"�-������D�+���.-(*�$��N�� �-��.#j?�'Q����'�zO-.@2 �

P = n2
b

∂(εtot/nb)

∂nb

∣

∣

∣

∣

Z,A

,
� � [ ��% �

T �*c^_dV\c�_de `���h%W�_de cCf W
��[,�\V npo�_d[ �PV\c�o�_�V W�_dc Z _d[p]�_dc^]�V\_ 2%_ Z _dV �XV j _�c j [,�CcC] �\_ j _�cC]�_�c � f W,�C[,)�b"cCh=W�f"c�W�_dcj �\_dV npog_dV\cCh���cC]�]�VXel_�cCh=V\b"c h��\b�h j _ Z �No � WFq �*c�]�_d[��Yb�npo�_dc�_�[ j VX_���o���h=V ) Z _d[p]�_dc �3V npo�W j _Fh@npo Z V\cC]�V j )"_�V W �CcC]
� � fNcCn )�h�npo�_�h�' V\[,) ��c j h����Cf"c�W,��e j �\_dV npo#_�VXcCh j _�h@_�W@mdW ! h@b ]�f�h@hOf�� �\_��PV\c�o�_�V W�_dc^f�� h � b"W@_dcCmd_dc ]�_d[ �PV\c�o�_�V W]�_�[ �Pc�_d[ j V\_ 
 _	�%� f��Ch j _F]�[
�Cn )�W Z _d[p]�_dc ) 	�c�c�_dc,q
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nb = AnN

� � [ ��( �
�U�'�1<:�'.@+-O-.-2 �5.-+-�R��8 �'�123��%@�SN���� �;(*O-N��u)�2-[ � � [ � �N�

P = Pe +
1

3
WLnN .

� � [ ��+ �
AB�'�MAB��O@� 6m+-��NFbz��Na�"���$NW<,����+m(*)�N�D	.IO@�M+-O@��� �`+@���Yyf)��'6!����D3.-��.cO-.-+m+-�'.m.-�'23(7�"�EG3�'.`AB��O@� 6!h
%4�����"��(*2�+-�'N,�u���1�"����NY23�'.-�������'�1�'8z+-���B�~����.-���'�1Q'�'O@23�'.�67�'��.@�'.�AB�1O-� 6 8-+5(�+-����N��BJl��N1��(7.T+-��.
�~�E���"����C-O@.-6!�"�'.#N��E�"Q��'.9[

AB���uAB�1O-� 6;+@�'�uyf)���6!�"��D*.-�'.
Pe

60(*.-.�P-%4����JlD3)�23�'.@+-�'.����-�'�1�$DI+@�I.5(*����N1� �-�'.�v\O-N"(*�}h
�$��.-�5(*.-2H����.@JK(*� �#%&�'N1�������`�S<:�'�1+-�'.��

Pe = µene − εe ,
� � [ �*) �

O-.-+r��Na�cN�D*�$�E�c.zO-�`G*D3.
ne

(7%-�5>*.-2*��2 �
Pe = Pe(ne)

[F�����'�1%4���?%&�'Q'����� �-.@���
µe

+5(*Nc��)��'63h
�"��DI� �-���$��N�� �-��sWD*�"��.!�"��(7) 8Y(*)�N1D�+-��� yf.-�'�123���78:+@����%&�'.@�*�"��2*�$<,����+98YO-� +-�'� bI�IN1���'� �'��.
yU)��'6!�"�1D3.��-��.-Q'O@Q'O@JlP-2*�'.9[MpqP-���'��.k�'.!�"(*�1�����"��N}p5�'�1�$��2!(*N~�'.!�"N1C-����� �!�

µe

+-�'�`yf.-�'�123����+-�'N
yU)��'6!�"�1D3.-N~��� �-�I� �-N1���'._%4��N�����Q����'.rv\O-Na� (*.@+989+-��N�N���.�{|��C-O-)�NB23�'��(*+-�H+-�'��p5�'�1�$� h|{|��C-O-)�N
��N1���

µe = E(ke) =
√

k2
ec

2 +m2
ec

4 ,
� � [ ��� �

+5(H(*)�)��B�"����Jl�'�1)����'23��.-+-�'.#yf.-����23���'.-�EG3��(7O-N	(*O@Jl23�RJlP-)�)E�SN���.-+9[

� ����� � � %
2 #&��+ + 0-��� ,/%
2 � ' 0-�-,/.10/2 #&3��-,/%
2

XB.5(*)�D32�Q�O �~)�2-[ � � [ ��A �~N1���')�)E�`+@�'�c.-��2!(7����G3��AB��O-� 6z%&�'�E�"�"(72-8q+-���`G3D*.^+-�'�H�u���1�"�����'.@�'��2*���
�-�'�1N1� (7�$�`�'8!.zO-�?����.-�	6z)��'��.-�	��D3�1����6z��O-�?Q�O-���~��N"(*�m�"+-�1O-� 6H+5(*�'[z{|.$�'��Na�"��� �B>7�-�'�1O-.-2c��N1�
+-�'�HAB�1O-� 6k+@�'N�bI�IN1���'��N�(*)�N1D +-O-�1� � +@�'. AB��O@� 6k+-���cJl���'���'.ryf)���6!�"��D*.-�'.^23��23�'%&�'.\[fAB�'�
AB��O-� 6
��.
�'��.@�'��bI�"����.^��N1�`<,���'+-����O-� �'��.-�T��D3.-D7�"D3._<S(*� �@N��'.@+-�;�~�1�3n3���$�E�m+@�'� XB%�h
N1� (7.-+
Q�O-� ��%4��� � >7� �-�*8xN1D#+-(*N�N~+-���HAB��� �!�"�H+-���~yf)��'6!����D3.-��.
%&�'��� �	%4����2!(*.@2�G3D3._�'��.-�'�
b�D3�1���`�u����.-�mQ'O-�	.5>*� �-Na�"��.98

(A,Z) → (A′, Z ′)
8 ��.#�'�1N1���'� ��>*�-����O-.-2T�'%&�'.@JK(*)�)�N,6*D*.z����.zO�h

���'�1)���� ��G*�'��)�(*O@Jl��.��cO-N�N�[@A����'N?�5(7�Y<,���'+@�'��O@��Q�O-�Sp5D3)�23�*8z+5(*N1NS�'N:%4���\+-��. ��%&�'�12!>*.-2*�'.�Q�O
o�.-Na�"������2367�'�E�"�'.#��.Z+-���	jS(*�1�*D3.-��.�h:O-.-+#+-�'��]�(*N1N���.-+-��� �!���

ρ = εtot/c
2 � � [ �,� �

6*D3���`�M�

n′

b − nb ' ne

(

A′

Z ′
− A

Z

)

,
� � [ �*" �

∆ρ

ρ
' ∆nb

nb
' Z/A

Z ′/A′
− 1 .

� � [ � # �
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XBO�Jl23��O-.@+m+-���'N1�'�WAB��� �!���'N�C@��P-.-2*�?�cP-N1N1���*8 O-� +-��.`sf�5(7N��'.zP-%&�'�12!(*.-2�6*D3�1����6z�MQ'Om%4��N�� �-�1�'� h
%&�'.985����.-��]�(� �<:�')�)Eh|��D3.-Na�"�1O-6!�"��D*.ZJlP@�

P (nb)
+-O-�1� �-23�RJlP-�-�1�	<:�'��+@�'.9[

y  @(*6!���'�F<?>*���S+@����j?��N�� �-�1�'��%-O-.-2~+-O-�1� �H�'��.@�,�~��%-%-Nihi��D*.-N1����O-6!�"��D3.980%4���@+-���F+-���SN1�����'.Ih
23�Up5D3�1+-�'�1O-.-2	)�D360(*)��'�9��(*+@O-.-23N1.-�'O@���"(*)����">7��(*O@Jl2*�'�-D3%&�'.~<,���1+ �KN����'�-�fQ7[ jB[3	 �~)�� ),)�� � [0bI� (0���1h
+-��N�N���.T%&�'N1� �-�">*.@6z�Y�$(*.}N���� ��(*O@J&23)�D*%5(*)��?��(*+-O-.-2*N�.-��O@�"��(*)��E� >7�'87+-���SQ'O@� XBO@J �����R�"�'.H����.-���
23���$��N�� �!�"��.�sf�5(*N1�~O-.-+#�'��.@�'� 67D3.!�"��.IO@���'�1)���� �Z(*%-)�(7O@Jl�'.-+@�'.#sf�5(*N���.zP-%4����2!(7.-2T��.

µb

O-.-+
µe

JlP-�-�a��[9A����'NB�5>7�����`����. 23���$��N�� �!�"��N��~�E�����'�	��� ��%&�'�12!(*.-23N1%4��������� ��Q'O@�up5D3)�23�78 +5(*N������
+-�����-���'�~G3D3�123�'Na�"��)�)����'.^j?s:b!ha];DI+-�')�)U.-��� �!�c���'�@�`%&�'N�� �@������%4��.�<?����+-��.^60(*.-.98�<?��N��5(7)�%
+-���S�'��.@JK(*� �-������j?��+-��.@23O-.-2u)�D360(*)����q��(*+-O@.-23N�.@�'O@���"(*)���� >0�q%&�'��%4���5(*)����'.`<,����+9[7XBO@J&���323)���� �-�
23���$��N�� �!�"��sf�5(*N1�'.;<,����+Z��.ZX�%-N�� �-.@����� � [ � [ � .5>*�-���	����.-2*�'2!(*.@23�'.9[

yU��.-���'��.@JK(*� �-��];�R�"�-DI+-�783<?��)�� �-�,+-���	]�(� I<?��)�) hi��D*.-N1����O-6!�"��D3.H%4����.-�-(*)�������87�'�123��%@�UN1��� �98
<:�'.-.�(7.-N1�"(7���	+-���BjS(7�1�3D*.-�'.-+@��� �!�"�

nb

+-�'��AB��O@� 6
P

(7)�N�O-.5(7%-�5>*.-2*��23�u�Y(*�1��(*%-)���%&�'�5(*.Ih
+-��)��`<,����+9[M{|.^+-����N���� p (*)�)U��N1�c+@���TJl�1�'���Tyf.z���5(*)�C-��� � �u��%-%-N1� �-�'NHsWD*�"��.!�"��(7) �

G(T, p,Nb)+5(*N�23���'��2*.-�����#���-�'�1�$DI+@�I.5(*����N1� �-��sWD*�"��.!�"��(7) [f{|� �~)��'��� �-23��<,��� �!�$2*��)��
dG = 0

8
G

��N1�
����.-���T(*) [I];���,+@�'���~��%-%-NihiABO-�@�'�}hiw,�')�(0�"��D*.

G = µbNb

� � [ � & �
JlP-��+5(7N	%-(*�1�*D�� �-���$��N�� �-�msMD7�"�'.!����(*)

µb

8@JlD3)�27��%4���9Jl�'Na�"23���5(*)����'.-���	jS(*�1�*D3.-��.-Q�(*�@)
Nb

�

dµb = 0 ,
� � [ �*A �

µb

<,���1+Z�$��.-���$(*) [IA�(7N	%-(*�1�*D�� �-���$��N�� �-�msMD7�"�'.!����(*)960(*.@.�(*O@N	�~)�2-[ � � [ � �?O-.-+ � � [ ��+ �S�����
����)�Jl��+@�'N�JlD3)�2*�'.-+-��.#���-�'�1�$DI+@�I.5(*����N1� �-�'.;v\O-N�(*���$��.-�5(*.-2*N�%4��N1�"���$�m�S<?����+-��.��

µb =
εtot + P

nb

� � [ �,% �

⇒ µb =
WN + 4

3
WL + Zµe

A
.

� � [ �*( �
o�� %&�'�	23�'23��%4��.-�'.�AB�1O-� 6 +-�'.��u��O-.@+-Q'O-Na� (*.@+�Q�O �5.-+@�'.98?<,����+tQ�O-.5>*� �@N1��P-%&�'�T�'��.@�
��O@)�)�Na�"��)�)���.-N�O@� �-��%&�'�\Jl��N1�"2*�'�5(*)E�"��.-�'�

A
O-.-+

Z
(*O-N	�u)�2-[ � � [ ��+ �

µe

%&�'Na�"�����`�'8�+5(7NS<,���Rh
+-����O-� +-���Y�1�'Na�")���� �-�'.c�~�1�3n3��.m+-��NfbI�INa�"�'��NM<,���

ρ
8
nb

O-.-+c(*O-� �
µb

Jl�'Na�")��'2*�'[7A����'N�<,���1+�JlP@�
(*)�)��BG*�'�1JlP@23%5(*�1�'. �u����.-�~�'��.-�'N	�u�'�1.-��D�+-��)�)�NS+-O-�1� �-23��JlP@�-�1�'8&O@� N�D�+5(*N,%5(*�a�3DI� �-�'����N1� �-�
sMD7�"�'.!����(*)x�-��.-N���� �!�")���� ��+-�'��]�(7N�N���.-Q�(7�-)

A
O@.-+���(*+@O-.-2

Z
Q'O#�$��.-�����������'.\[

pqP-�?/1�'+-��N}];DI+-��)�)f%&�'23��.-.!�`+-����w	��� �-.zO-.-2 %&�'�U�'��.-�'� A���O-� 6�G3D3.
P = 9,744 · 1018+@�I.-� 	7�'� 2 8\<?(*N~�'��.@�'�~AB��� �z���}G3D3.

ρ ' 1,044 · 104 2 	0�'� 3 �'.!�"N1C-����� �z�'[WAB����N��HN�C&�'Q����')�)���.
L
�'�1��� N���.-+t+-����23)��'��� �-�'.=XB.@JK(*.@23N1<:�'�a�"� <,���;��.�w	�RJi[^	 jSsYb %���� [?A��'N�L
�'�����'�1�'.t��N1��%&�'�
+-���'N����}AB��� �z����+-���T��.�X�%-N�� �-.@����� � [ � �@�'��2*�')����������"��j?�'+-��.-23O-.@2�G3D3)�)�Na� >*.-+@��23���`{|D3.-��N"(7����D3.
+-��NByf��N1�'.-N,���1JlP-)�)�� �lN������-�m�~)�2-[ � � [ ��" � �R8-<?(*N,+-�'.�j?�'23��.-.Z+-�'�	>*O@n3�'�1�'.;�~�1O-N1���~�T(*�16z���'�a��[

AB�'�:AB��O@� 6&8�O-.-+$+5(*�����Y(*O-� �$+-���	AB��� �!�"�*8z<,���1+$67D3.!�"��.IO@���'�1)���� �$�����-�3�!�:O-.-+u/1�'+-��N�]�(*)
+-���$Q�O-23�'�@�3����23�#�~�1O-.-+-Q�O-N1�"(*.-+-N16*����.��'�1�$�E�����')��'8q%-��NH+-�'� ����O@�"�1D3.-��.�hiAB�1��C=�'���1�'��� �z����N1��[
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932.02

932.04

932.06

932.08

932.1

932.12

b
(M

eV
)

..

..

4.25

4.3

4.35

4.4

4.45

4.5

4.55

e
(M

eV
)

..

..

5.6 1026 6.0 1026 6.4 1026

P (dyne/cm2)

1.3 109

1.4 109

1.5 109

(g
/c

m
3 )

..

..

5.6 1026 6.0 1026 6.4 1026

P (dyne/cm2)

7.5 1032

8.0 1032

8.5 1032

9.0 1032

9.5 1032

n b
(1

/c
m

3 )

..
..

64Ni

66Ni

86Kr

� � � � =>< 
�� � - � - � AB��G*�'��N1� v\O-N1�"(*.-+-N123���*n3�'. %&�'�1�'� �-.-�R��JlP-��+-(*N��u�'�1.-�$DI+-��)�)
pqw�Au]d��� j:�'������� �H+-��� ��%&�'��23>*.-23�?G*D3. 64 ���-Q�O 66 ���-O@.-+cG3D3. 66 �	�-Q'O 86 �u�'87+-���
+@O-��� �rsfO-.-6!����23�'67�'.-.-Q��'��� �-.-����N1��.-+9[MAB���}AB��O@� 6

P
O-.-+^+5(*N`%5(*�1�*D�� �@�'����N�� �@�

sWD*�"��.!�"��(7)
µb

G*�'�1)�(*O@Jl��.�P-%&�'�c+@��� �	%4����2!>7.-23�T�@��.!<?��2�N1�����"��2 �
µe

�@��.-23��23�'.k.IO@�
%&�'�W23)��'��� �z%-)��'��%4��.-+-�'� yf)��'���'.!�

Z
[
ρ

O-.-+
nb

N���.@+ %4���@/1�'+-��� �	%4����2!(*.@23N�C-O@.-6!�
O@.-N1�����"��2-[

AB����NF23�'N1� �-�����!��83(7%-�5>*.-2*��2�G*D3� G3�'�a<?��.-+-�R�"�'.T];DI+-�')�) 8 %&�'�I�'��.@�'�FA���� �!�"�?G*D3.
ρ ≈ 4,3·10112 	7�'� 3 O-.-+#6*��.-.-Q'����� �-.@����+-(*N	yU.@+-�m+@�'�	>*O-n3������.��u��O@N1�"�7[

A�(7NF�'�1N1�"�:Jl���'��� �	�'O@����D3.c����N1� �-�'��.z�'8*<:�'.-.H+-���fp5�'�����Eh {|�$C@O-)�Nx+-��� ����O@�"�1D3.-��.
kn

�'��.-�'.
.-��� �!��G3����N1� �z<,��.-+-��.-+-�'. Lk���1�#(*.-.@�����`��[f�U�'�1.5(*� �-)�>*N�N1��2*���T(*.�+@����G*D3���5(7.-+-�'.@�*8,(*%&�'�
N�� �!<S(7� �-�`L
�'� �-N1�')�<,����6zO-.-2$+-�'� ����O@�"�1D3.-��.;�����,+-��.��u����.-��.98 O-.-+#%4�R�"�"(7� �z������+-��� �	�'O�h
�"��D*.-�'.;(*)�NSJl�1�'���'N	�~(*N'85N1D�2*�'N�� �@���'�!��+-����N,23�'.5(7O#+-(*.-.98-<:�'.-.;23��)E�M�

µb = mn ,
� � [ �*+ �

+5( ����O@�"�1D3.-�'._.zO-�u+-���}��(*+-O-.-2Zj?(*�1�*D3.-�'.@Q�(*�-)F���"(*2*�'.9[\L
�'.@._+@���}(7�1�"��(*6!�"��G*�`L
�'� �-N1�')Eh
<,����6zO-.@2;+-��N �	�'O@����D3.-��.-2!(*N1�'Nm�$�E�u+-�'.k�u�'��.@�'.kNa� >*�16*���m<?>*���$(*)�N~+-���H���'C@O-)�N1��G3�}L
�'� ��h
N��')E<,���16IO@.-2;+@�'�uJl�������'. ����O@�"�1D3.-��.kO-.!�"��������.5(*.@+-�'��8xN�D;<,P@��+-�H+-��� �	�'O@����D3.-��.�hiA�����C�� (0�1h
N">*� �-)���� ��2*�'����.-2*JlP-2*��2mJl�1P-�-���?�'�1������� �!�S<:�'��+@�'.9[ A�(m+-����NS��.�+@�'.�G3D*��)����'23��.-+-��.�j?�'�1�'� �-.zO-.Ih
23�'.�(*)�)��'��+@��.-23N?.-��� �!��%4����P-� 6zN���� �!�"��27��<:�'�1+-�'.�60(*.-.\8-<,����+;��� p5D3)�23�'.@+-�'.Z+-���Bj?��23���Eg�+-�'N
���'O��"��D*.-�'.�h|AB����C-N,23�'�$>*n$�u)�2-[ � � [ �*+ �:G*�'�a<?��.-+-���'[
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P
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in
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ite

n)

� ��� � = <�
 � � - � ? �
∂µb/∂P
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√
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1

4x4
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(
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1
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)
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(
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[
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(
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+5(*N�Nf+-(*NU�u�'��.@C4D*���'.!�"��(*)@.@��� �!�f���'�-�F6zO-2*�')�Na�I�$����������N1� �}��Na��8*O@.-+H��� p (*)�)��?(� ���(*)����FAB�RJlD3�ah
�T(7����D3.@�'.�����.-���')�)���C-N�D3��+-��p5D3��� (*.-.@�����`��[ AB���cj?������� �-.zO-.-2Z+-�'�Byf��.!�"����)�� �@�'.�hiv\O-N1�">*.-+-�
<,����+Z+5(7�-�'���"��� �-.-��N�� ��%&�'N1D3.-+-����N�(*O@J <?>*.-+-��2-[
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�

];���1�")����1<:�'��)���23��%@�T��NT����.-�Z�����')�Q'(*�-)SG*D3.tO-.!�"����N1� �-����+-)���� �-�'.�b��BpWh|sq(*��(*�$�R�"�1��N����'�1O-.-23��.98
+-����N���� ��O-.!�"����(*.@+-�'�1�'� �-��.-N1��� �!�")���� �#+-�'�	G3���1<:�'.-+-�R�"��.kbI6z�I�1�$� hi�u�"(7J �'8 +-�'� sq(*(*��O-.@23Nah
JlD3���$(*)���N��cO@N'8 bI� �5(*)���.-6*D*������6!�"O-�1�'.}O-.-+`+-�'.m�T(7���-�'�$(7����N�� �@�'.}]#���"�@D�+-��.cO-.!�"����N1� �-�'��+-�'.9[
AB�'N?L
�'�E�"�����'.T�cP-N�N1�'.�JlP-�x/1�'+-��N�];DI+-��)�)&+-���	D*g4�'.-��.Zsq(*��(*�$�R�"���:%&�'Na�"�����`�U<:�'��+@�'.98@<:D7h
JlP-�?��%4��.@JK(*)�)�N:����.-��23��D*n3�BX�O-N1<?(*�-)\(*.TG3����N1� �-����+-�'.-��.;�  �C4���������'.!���')�)��'. ��%-N1�'�aG*(7%-)���.T<,���
Q*[MjB[qj:��.-+-O@.-23N���.-�'�123����.98FA���g4�"(*6!�"��D3.-N1�"(*+-���'.98Y��%&�'� � >*� �-��.-+-��� 67�'. D�+@�'�c��(*+@O-.-23Nih�O-.@+
���'O��"��D*.-�'.-+@��� �!�"��.�Q'O@�,�U���1JlP-2*O-.-2�N1�"���-�'.\[

yf��.@�'�f+-���U(*O@J4��g4�'6!�"�EG3�'.T�u�'��.@6I��>7J �"��.H%5(*N����'�1�'.-+-��.TX�.-N">7��Q'�,��Na�U+-���?N�D�23�'.5(7.-.!�"�l�|���ah
<?�����"���1���Rh|V��@D3�T(7Nahip5�������Ehabz�"��O��"��.@N�6!�!h|{|.!�"��23�"(*) �Rha];�R�"�-DI+-� �KyfV,pfb�{ �R[f{|. +-�������1<:�'�E�"�'�a�"��.
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δ
hip5O-.-6!����D3.���.Zj���bzh|p D*���#[ 5 � 5 ���

N1���')�)��:�'��.@��+-�'�?�'��Na�"��.ZG*D3)�)�N1�">*.-+-��23�'.�]�(*N�N1�'.!� (7%4��)�)���.�+5(*��8�+-���u(*O@J�+@�'��yfV,pfb�{ hi];�����-DI+-�
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A ≥ 36
(*.-23��C5(*N1N1��8 +-���~�$�E���")��'�1��XB%!<:�'��� �zO-.@2�)�����2*��%&�'� ) 8 %*",) ];� �`[4A����~23�'.@�Rh

�����'�a�"�$]�(*N1N��'.!�"(*%4��)�)��$O-�HJK(*N1N1�`(*)�)��H�~����.-�������
36 ≥ A ≥ 300

G*D3.�+-���`sf��D7�"D3.-��.�h�%-��N
Q'O@� �	�'O@����D3.@�'.�h|AB����C-)���.-�*[qyUN}<,O-�1+-�'.=+-��G*�'�1N�� �B(*� �@JlD*)�23�RG3�'�1N���D3.-�'.^G*D3.�b�6�b-� # �'.!�|<,� h
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+-����G3D3.�b�6�b-� # [
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C5(*��(*�����"�1��23��.rsq(3(7��6z�"(7J �H��. p D*��� �'��.@�'�

δ
h|p5O-.-6!�"��D3.^�$�E�c+-�����B(*�a�"�����Rh|p DI� 63hij���b!ha];� h

�"�@D3+-�,G3�'�a<?��.-+-�R��[5A�(7%4��� <,O@��+-�B(*. ��(*(,( G*�'�1N�� �-���'+-��.-�'.�+-�RJlD3���������1���'.�O-.-+�N1C-�5>*�1��N�� �@�'.
�u�'�1.-�'.`(*O-NW+-�'� XBO@+-�Eh L�(*C@N1�"��(0hi�~(7�"(*)�D*2?G3D3. ��+,+ & 	 XWL + & � �$�E���'��.@�'� ��������)������'.�p5�'�@)��'�
G3D*. ) 8 %*",( ]#� ��23� �-�1�"�R��[zAB���	]�(*N�N1�'.!� (7%4��)�)���O@��JK(*N1N1�U+5(7%4���5(*)�)�� +B� ),) ��O-6z)���+-�SQR<,��N1� �-�'.
+-��� �	�'O@����D3.@�'.�h:O-.-+#+-����sf�1D*�"D3.@�'.�h|AB����C-)���.-�������

Z = 8, ..., 120
O-.-+

N ≥ 8
[

AB����%&�'��+-�'. sq(7�"(*����������N1������O-.-2*�'. 2 5 ��- O-.-+ 2 5 � � %5(7N���������.=(7O@JB����.-���H>*�-.-)���� �-��.
b�6!�I�����Rh�O-.-+ksq(3(7��6z�"(7J �~<,����] b�6 % 8W(*)�)��'�1+-��.-2*NB<,���1+
�-���'�u����.-�}G3D*)�)���bI6z�I�1�$� hi�B(7�1�"�1�'� h
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]�(*N1N���.�+-���}23�'N�(*�`�"��. �	O-6z)���+-60(*�1����23O@��Q'Or%&�'N1� �-������%&�'.9[Yj�b�6 � <,O-��+@�;(7. ����" & �u�'�ih
.-��.�(*O-N2	 XWL + & � (7.-23� �@���"�R��84+-�'�Bp ���-)����B)����'27������� ) 8 AB% # ];� � +-��O@�")���� � O-.!���'��+-��� G*D3.
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60(*.!�"��o�.!���'��N1� �-����+-�mJlP@���'��.@Q'�')�.-� ��O-6z)���+-�785(*)�)��'�1+-��.-2*N?%-)����'%Z+5(7N	2*)�D3%5(7)����U�����5(7)��"��.985+-���
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8 ≤ Z ≤ 120
O@.-+

16 ≤ A ≤ 410
G3D*.�+-�'�msf��D*��D3.-��.�hu%-��NmP@%4���`+-��� �	�'O@����D3.-��.�h
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ω̂µν = ∂µω̂ν − ∂νω̂µ , ~̂ρµν = ∂µ~̂ρν − ∂ν ~̂ρµ .
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E2ns = WN (A,Z)−WN(A− 2, Z)− 2mn > 0 .
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µb = mn .
L§~�: SVN
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µb ≈
1

Af

(

WN(Af , Zf) +
4

3
WL + Zfµe

)

.
L§~�:TR�N

�pc/.H�/$; ��W�*�\$;DCE��\$;.B&(��h� 6P;&6P W
(Af + 2, Zf)

�\���/�*& #X$;�f+b�*45�!���/�!.%�'�/�!�J&(�' 6DCE/�*�zD3."P;&(P^Q
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µe = µ′

e .
L§~�: ~	N

al$ �/�!..LH�!.6�
(Af , Zf)
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(Af + 2, Zf)
45.
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µ′

b ≈
1

Af + 2

(

WN (Af + 2, Zf) +
4

3
WL + Zfµe

)

> mn
L§~�: UVN

⇒ WN(Af + 2, Zf) > Afmn −
4

3
WL − Zfµe + 2mn .
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45�!45�*�Lc��W�*.>�/�*. � $^ 6 6�Y�/�! ^LH�!.6�� >�!�'�/� @ �J&(�!."45�!P;.6�/�/�`&(��c7P5)')��H 
W����!)'�!�?:�a>�'�! U];�/�/�*."&> 6��DCE
�W�*�?�!�'�/�!.7a>�'DCEJ&(�lT5P;� ∼ 107 4��^D!# 3 Y����!�A�/�!.j�/�'�H13)��%HL&6.6P5���!� �W�*45���/���!��.6�*)w$^&6�'Tg�� B&(�' 6DCE�8 @+b�*.6�/�*�?:p<-�!�

ρ ' 2 · 107 4��^D*# 3 �!�J&( #W/.6�'DCEJ&K�/�*. �\�*.6#Z�NQMh�#�W @ )' >�/�*.913)'��HJ&(."P5�/�!�045�!.6$;�/�
��E/."�!. � $; " 6�^:�S @ .x+-�!�/�'4Z]d."c/E/�*.�Y����!�

ρ ' 8 · 106 4��^D*# 3 �*�/�/�*&O�/�*.7<b�!."�!�'DCE[�/�*.	] @ K5�*.6�*�L%. @  "&6�!Y5���!.3$ @  U1U�' 6�*�R$ @ ]d45� �\$ @ &3�' "&!: S @ �2 "&(�*)�)N& 62 Ss�G�/�!� !H. @ ���/8 @  B&C$;���Z�/$;.�Y^�! m]dP5)'45�!�
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��� � ��� ����� � ��� ���xa>�'�9#Z�'&>�/�!# <��:eLQ � PG�/�*)�) @ �/�f�/�*�F<b���/� @ �/45 "�!�/�*.645�'�!�f�/�*.
T;�!." 6DCE/�'�!�/�*�/�!���%�*.6�/#ZPg�/�!)')�� ���!."�!DCE/���*&(� �A@  B&C$;���/ 645)'�!�'DCE @ �/4 L �?:?EA:A�/�*.%a>. @ D��
P
$;)' 9� @ ���J&6��P5�X�/�!. � $; 6 "�!�/�/�'DCEJ&(�

ρ
N @ �/���/�'�>J"�`+b�*��)��'45�!� !%. @ �/�/8 @  "&($;�/�/  �;�*.6�/�

���� 98 @ # )��*&68*&6�!� 45�*#X�*���/ 6$;#Z�!�!�H�*.6� $;)')��*. � PG�/�*)�)'��L $ @ K5�*.K<��:eXY, 6���*E/�`ke�+*g& N
$ @  9�/�*��_ @ �/�NQJa $!W� "&(.6$MQva>$^&(�*�xY 84 eG�;:�"^f�R$# P%�,$;.($;#Z�*&6�!." ($^&68&"Uf�R(',  #/E(];."�� 6DCE��
c7�!DCE�� @ �/4%#X�N&%�,$;��."���/4��)� � � 	!��#QPAeG$^&(8*� � � 	xP5E/�/���p$;�'.6����4��+"^f�R;�/�`]6PAe�$M&(8�"Uf�R
�'�S�/�*]dP5."#X�'�!.B&(�!.9cO�*DCE/� @ �/4/:
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��� � ��� ����� ����� ��� a ���N_ ���?:�~/: 	$'\� @ �S]dc/.7�/�!�[<b�!."�!�'DCE[E/P;E/�!.Oa>�'DCEL&6�;:

�/�'� "s�'D��;�!) QMh� "P;&(P #�� 64 "O� @ �/� 66 "s� : "s$;DCE	�/���* 6�!.lh� 6P;&6P #W�*�GQ�eg�!.6�'�H #/."���/4^&j�/���NeG��
 @ �*�/8%8 @
�/�*���%�*.6�/�*� 86 �H. @ �/� 84 eG�)'A�/�'� ���!�'�/�K�/�'�9#X$;45�� "DCE/� "O� @ &6.6P5���!�/8!$;E/)BU�� �W�* 6�'&68!�*�?:x�pc�.
45�*.6����45�ta>��DCEJ&(�*�K�� B&p�����! "�9eg��
 @ �!��8x�/�!. !H. @ �/��8 @  B&C$;�/�� �;�*.6�/�x]dc�.p$;)')�� � Pg�/�*)�)��U�'�/�!�J&(�' 6DCE '
�\$�$;)')��*��� �H�*.6�/�R$ @  H�/�!# 45�!#Z�!�'�/ ($;# T5�*."+-�!�/���*&(�*�z_ @ �/�NQJa $)#/ "&6.($MQ � $M&C$;)'P54X4;�*] @ �/���!�
+ @ ."�/�!� '\ "PX�/$; 6 O$ @ DCE	�/�'� �A@  "&($;�/�/ "45)��*��DCE @ �/45�*�[�'�/�!�J&6�� 6DCES "���/�?:/1U�'�/�H�!�'�/8!�'45�N_ @  6�\$;EgQ
#Z� ����)����*&7�/�'� c7�!DCE�� @ �/4�<��:e ' ���!�=�/�!.�'\+7��� �W�*.6�*�'&( O�!.B+9]^E/�J& 'W$ @ ]m�����%�+*(#��!.6�'#X�*�J&(�!)')��*�
al$^&6�!� T5�*.68*��DCEJ&(�`& @ �/�r$ @  " 6DCE/)'����K;)���DCEn�\$; K&(E��!P5."�*&(�' 6DCE/�0ke.
p$#�]dDCE/�!�gQ � Pg�/�!)')-T;P5� � y5�*.6 
@ �/�zeg+7��$^&(�*D��g�mT;�!.B+b�*�/�/�*& + @ ."�/�;:ike.6P;&68!�/�*# 45���G&H�! %� @ .H�!�'�/�2�!�'�/8!�'45��_#�J+-�!�'DCE @ �/4i�'�
�/�'�! 6�*.-eG��
 @ �!�/8�P 66 "O�g+ @ ."�/� ���!�G<��:eY�/�'DCEJ&3$;)' !H. @ ���/8 @  B&C$;���K45�*] @ �/�/�!�A:!_#���!.=+7���-#I$^�
$;�S�/�*# !%.6$$#/E/�*�[�*. �^�!�/�/�*� �M$;�/� '\E\$^&7�/�'�! 6�G_ �L+-�!�'DCE @ �/4I� @ .745�*.6�'�/45�$'��/��DCEJ&7 6�'DCEJ&��\$;."�
_ @  "+7��. � @ �/45�*�{$ @ ]s�/�'� �A@  "&($;�/�/ "45)��*��DCE @ �/4/: _#�q�!�����!. � $; " 6�*�/�/��DCEJ&6�[T5P;�

1010 4 �^D!# 3�/."���/4;&x�/���Geg��
 @ �!��8Y�'���/�!�[<b�*.6�!�'DCES�/�!.x&6E/�!P5."�*&6�� 6DCE��!� �%�*.6�/#ZPg�/�!)')��sT;P5. @ �/��+7�'.6��� @ �
T5P;���/�!.�J"�*+-�!�')� UT5�!.B+b�*�/�/�`&(�!� � $^ 6 6�*�J&C$����!)')��l$��/E(];�/4;��4/:La>�'� @ �L&6�!." 6DCE/�'�!�/)'��DCE/�*�[eG��
 @ �*�GQ
8!�*�n8*���!E��!� @ �J&(�!." 6DCE/�'�!�/)'��DCE/� �A@  B&C$;���/ 645)'�!�'DCE @ �/45�!�0�\$;DCE� 6�'DCE?:}h���_ ���?:i~/:TSI+ @ .6�/�Z�/�*.
�sPgDCE/�/�'DCEJ&(� ���!."�!�'DCE�T5�!."45.
pXK5�!.B&x�\$;."45�! B&(�*)�)'& 'J 6PK�/$; 6 -�/���^eG� #/$;.6�'�!. @ �/4K�/�*.b�!�'�/8!�*)��/�*� � PMQ
�/�*)�)��7�*. �;�*�/���\$;.x+7�'.6�?:�ke.6P;&68s�/�*. @ �J&6�!.6 "DCE/���*�/)��'DCE/�!�0eG��
 @ �*�/8!�*�	 "���/�I�/���	_#�J+-�!�'DCE @ �/45�!�
�/�*. �A@  "&C$^�/�/ 64;)��!�'DCE @ �/45�*��� @ .Z���r�/�!. !H.
pVK;�!�/P5."�/� @ �/4F+b�*�/��4;�!. �3.6P58*�!�J& @ �/� �/)'�!���W�*�
�\$;#Z�'&x.6�!)�$^&(�NTI4;�!.6�'�/4/:

h��m_ ���?:-~/:TSF "���/�q$ @ DCE��/�'������_#�/ "DCE/�/�N&6& SG: 	;: Uh�!. �L)4];.B&(�!�qa>�'DCEJ&(�!  #/.6c��/45�$'t�/�'� ���!�
�/�*� � �W�*.64��;��45�!� T5P5� �!�'�/�!# !%. @ �/�/8 @  "&($;�/�/  �;�!."� 8 @ # ���;DCE/ B&(�!� $ @ ]_&6.6�*&6�!� 'j4 @ &S�!.vQ
�;�*�/���\$;.*:A1 *G�!# #/)w$^.6�� "DCES 6�!�=E/�'�!.j8 @ .s4;�!�\$ @ �!.6�*�h<b�`&(.6$;DCEJ& @ �/4X�/�!.7)'�*&(8`&(� � ���!."4J$;�/4Z�/�*.
<��:eLQMcO�*DCE/� @ �/4 120 eg. → 118 �H.U$ @  "45�*+��;E/)N&V: " @ #Z�!.6�' 6DCER+ @ .6���7]dP;)�45�*�/�/�!.ma>��DCEJ&(�* #/. @ �/4
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∆ρ

ρ
=

3,924 · 1011

3,786 · 1011
− 1 = 3,65 % .

L§~/: ��N

� �'&7�/�*.	_#�/ "DCE��^&(8 @ �/4I$ @  A!%)'4/:�L�SG:TS*~�Nx�!."E��;)N&j#I$^�QP

∆ρ

ρ
=

Z/A

Z ′/A′
− 1 =

38/120

36/118
− 1 = 3,80 % ,

L§~/: ��N

�/��� " �;E/�!. @ �/4Z)��'�*]d�!.B&7$;)' 6PR4 @ &6�%1U."45� ���/�� " 6�;:

�A.10B. 0 2 5Q= 9BCD369 � 9 GI3 ��E�FA5��V@DCA5��

1U�'�/�	$;�/�/�*.6� � p54;)���DCE �;�!�N&2�/�'� �A@  "&C$^�/�/ 64;)��!�'DCE @ �/4�8 @q@ �J&(�!." @ DCE��!� 't�!."45����&R "��DCEq� @ ."DCE
�/�!�[$;�/��$��\$^&6�� 6DCE��!�Th��/�/�,* ' �/�*.j+7���H]dP5)�4^&x�/� �\�/���*."&O�� B& P

Γ =
nb

P

∂P

∂nb
,

L<~/: 	 ��N

a>�!.2$^�/�w$��/$^&(�' 6DCE/��h��/�/�,* �/�'�!�J&2$;)' Y��P;&�+b�*�/�/�'45�! �eg&($��/�')��'& �^&(  �L.6�'&6�!."� @ # T5P5�!�^P5# #\$$�J&(�*�
eg&(�*.6�/�*�?:�a>���* 6�%#Kc/ " 6�!�[�/���%<-�!�/�'�/4 @ �/4

〈Γ〉 > 4/3 +K
RS

R

L<~/: 	�	�N

]dc/.l�/�*�fc��W�*.l�/�*�zeL&(�!."�f45�!#Z�'&"&(�*)'&(�*�h$;���w$��\$M&(�� "DCE/�!�1h��/�/�+*f�!."]dc�)�)��*� % � E\$VW!~�) '�+bP ���!�
K�!�����j�/��#Z�!�/ "��P5�� 6)�P; 6� �OP5�/ "&($;�J&(�7�/�*.<!%.#pVK5� ∼ 1

'
R
���!�Pcs$;��� @  m���! .eg&(�*.6�/ �' @ �/�
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8 @ 45�*E�p5."��45�*�|eGDCEJ+b$;.68* 6DCE/�')��/.6$;�/� @  K�\$;." "&(�*)�)N&V:=a>�*.�eGDCEJ+b$;.68* 6DCE/�')��/.6$;�/� @  �W�*.6�*DCE/�/�*&K 6��DCE
$ @  2�/�*. !%�* ($;#9&6#I$^ 6 6�

M
�/�* ���	J"� �J&( Z#X�N&��O��)']d�X�/�!. !H.($VTg�'&($^&(�'P5�/  �;P5�/ B&C$;�J&6�!�

G
8 @

RS = 2GM
c2

L � �;E/�!."�! j8 @ .7<b�!��� @ & @ �/4Z�/�! ZeGDCEJ+b$;.68* 6DCE/�')��/.6$;�/� @  j]dP5)�4;&b���R_ �/ 6DCE��/�'&"& W�: 	 N`:
a>�* .a0�!�N&(�!."�!�X�/���*�L&-�/�*.b$;���w$��\$M&(�� "DCE/�	h��/�/�,*�$^)� � $XK ]dc/.U�/���U� �;.B&(� �/8*+%:geg&6�!� �\4 �;�*�'&

�!�����!. �A@  "&C$^�/�/ 64;)��!�'DCE @ �/4/:X�s�'�!.>4;��)'&7�����K$^)�)�4;�!#Z�!�����GcO�*45�!)�PW�/�* "&6P� "&6�!�']d�*.>�/�'� �A@  B&C$;���/ BQ
45)��*��DCE @ �/4�' ���! "&6Pl45.#pVK5�!.=�/�'� � $; 6 "�b�/�* p#X$; 6 "�'Tg "&6�!�Y "&C$��/��)'�!� "s� @ &(.6P;�/�!�/ B&(�*.6�/ @ �/�9�/�* "&6P
45�!."���/45�*.j�/�! " 6�*�i8!�*�J&(.($^)�� 13�/�!."45���*�/��DCEJ&(�^:

h��T_#���?:�~/: R2�� "&x�/�!.7$;���w$��\$M&(�� "DCE/�2h��/���+*[$;)' q� @ ���J&(�'P5���/�!.7as��DCEJ&(�H]dc/.j�*���/�2_ @  "+b$;E/)
�/�!. �H�*.6�/#ZPG���!)�)'�U�\$;.64;�! "&6�!)')'&V:u_s�2�/�!� � �W�*.64J$;��45 # @ ���J&(�!�2+7�'.6�K�/�*.3$;�/��$��\$^&6�� "DCE/�lh��/���+*
� @ )�) 'g�\$K�/�*.7a>. @ D��Ic����!.j�/�*� �UE/$; 6�*�gc��W�*.64J$;��4ZE����J+b�*4 �;P5�/ B&C$;�J& �/)'�!����&V:Ga>���* 6�* q_#�/ "���GQ
�;�!�S�'#}<-�!.6�*��DCES�/�*. �3E\$; 6�*�Lc��W�*.64��^�/45�H]dc/E/.B&j8 @ �*���/�*. v �!."#X�'�/�/�!. @ �/42�/�* � �'&"&(�*)'+-�!."&6�! 
T5P5�

Γ
:ea>�'�&�3E\$; "�!�Lc����!."4��;�/45�I�!.6 B&(�*. �l.6�/� @ �/4[T5�!. @ .6 6$;DCE/�*�  6P5#Z�'& �!�'�/�`_ @ ]_+-�!��DCE @ ��4

�/�!. �A@  "&($;�/�/ "45)��*��DCE @ �/4/:Wa>�'�! >�' "&s�/��DCEJ&>� @ .lDCE\$;.6$$�J&(�!."�� B&(�� "DCEi]dc/.s�/��� E/���*. ���*&6.($;DCEJ&6�*&(�*�
� ���!.64 �;�/45�Y8*+7�� "DCE/�!�fT;�!.6 "DCE/���*�/�!���!� �%�*.6�/ "P5."&6�!� 'A 6P5�/���!.6�f4;��)'&s$;)')�45�*#X�*����]dc/.>J"�!�/�w_s."&
T5P5� �3E\$; 6�*�Lc��W�*.64J$^�/4I�*.6 "&6�!. �l.6�/� @ �/4�:
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 �2a>�*.S$;�/�w$��\$^&(�' 6DCE/�@h��/�/�,*
Γ
���!."�!DCE/���*& @ �J&(�*. v �!.B+b�*�/� @ �/4

�/�! O<��:eLQ � Pg�/�!)')� b]dc/.b�/���l4;)��!�'DCE/�!� �H�!."�/#ZPG�/�*)�)'�O+7�'�H���0_#���?:�~/: 	 @ �/�[~/:TSg:\a>�'�
E/P5."��8!P;�L&($;)��2f=�'�/���>8!�!�'4;&

Γ = 4/3
:

a ���i#X$;�{ "���*EL& 'x45����&��* ��;�!�'�/� ���!#Z�!. � �/$;.6�*� dO�J&(�!." 6DCE/�'�!�/�F8`+7�� 6DCE��!� �/�!� �*���/8*�!)NQ
�/�*� &(E��!P5."�*&(�' 6DCE/�*� � Pg�/�!)')��*� 'j�!�'�/8!�'4q����� � ���!."4��;�/45� ���!�%45.6PXK5�!� a>��DCEJ&6�!� �/�/�/�!� $;�
T5�*.6 "DCE/���*�/�!�/�*�oeg&6�!)')��!�  B&C$^&"&V: �pc/.2E/P5E�� � $; " 6�!���/��DCEJ&(�*� �^P5�JT5�!."45���*."&Z�/�*.R$;�/�w$��\$^&(�' 6DCE/�
h��/�/�,*F45�*45�!���/�!�F."�!)w$M&(�'Tg�' "&(�' 6DCE/�*��f���#Z�! 

Γ = 4/3
'A�*����an�*."& '?�/�!.H]dP5)'45�!���/�!."#I$XK;�!�h�*.BQ

�L) �;.B&l+-�!.6���!� �^$^�/�QP�a>�*.%a>. @ D��h�/�! eVyg B&(�!#Z H+7��."� �W�*�m45.6PXK5�!�Fa>�'DCEJ&(�!��E\$ @ #�&( �;DCE/)��'DCE
� @ ."DCEi�/�*�ias. @ D����/�* >13)'� �J&(."P5�/�!��4J$; 6�* 

Pe =
1

3π2h̄3

∫ ke

0

k2c2

E(k)
k2dk

L§~/: 	�SVN
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ke � mec

'
E(k) ≈ kc

Nb8 @

Pe =
c

12π2h̄3k
4
e ,

L§~/: 	 R�N
@ �/�	#Z�'& !H)�4/:QL SG: WVN �\���/�*&O#X$;��]dP5)�45�*�/�/�*�	�*����] $^DCE/�!� �A@  ($^#X#Z�!�/E/$;�/4�P

Pe ∝ n4/3
e ∝ n

4/3
N ,
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$ @  j���!# ����.6���J&j�/�!.9a0�!.B&jT5P5�
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$;)' 6Pj�\$;8 @ ' �\$; " e$ @ DCE E�y #�P;&(E��*&(�' 6DCE/�U+-�!� K;� � +-�!."45�$' �����3� @ .=$ @  =�/�*. � $^&(�*.6�'�3�/�!. � @ K5�!."�!�
�H. @  B&(� �W�* "&(c��/�/�!� ';�!�'�/� � $�*G��#X$;)�#X$; " 6� ���! ��K5�!� 'Mc����!.,�/�!., 6���t���� "&C$��/��)5+-�!."�/�!�K+7c/."�/�!�A:
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h��X�/�*�X� @ �R]dP5)'45�!�/���!��ds�J&(�*.($��� 6DCE/�/�N&6&6�!�X+-�!."�/�!�I�/���ZeG��
 @ �!�/8*�!�����!. �H�!.6���$'J�/�'� �W�*�\�/�!.
J"�*+-�!��)'��45�*�Ias��DCEJ&(�l���!��!H. @ �/��8 @  B&C$;�/�I�\$;.6 B&(�*)�)��*� ' @ �/���/�'� "O� @ &6.6P5���!�GQ�a>.6� #/)��'�/�! -$ @  "45�`Q
+ �;E�)'&(�*.p&(E��!P5."�*&(�' 6DCE/�*. �H�!.6��#XPg�/�!)')��t8 @ � �;DCE/ "&UE����/ "��DCEJ&()'��DCE ���! B&(��#Z#9&6�!.>!H�! "��DCEJ&(  # @ ���J&6�
@ �J&(�!." @ DCEJ& ' @ # $��/ 6DCE�)���� K5�!�����!�'�/�!��$^)�)�4;�!#Z�!�����!� v �!.64;)��!�'DCE�$;)')��*.UT;�!.B+b�*�/�/�*&6�!� � Pg�/�!)')��
� @ .6DCE�8 @ ]dc/E�.6�!�A:
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_#���?: ~/: ~i B&(�!)')'&Y�/���X13.645� �/�/�' 6 6�I�/�!.�cO�*DCE/� @ �/4h]dc/.Y�\$; � PG�/�*)�):�EcOa � �'���;P;#�#\$)�L&6�!.
� P;.6# �\$;.*: �A@ # �*���/�*�I+7��."���!." 6��DCEJ&6)���DCE 'g+-�!)'DCE/� �H�!.6���l� @ ."DCE��/���U_ @ �/� Q an$$#/ B&(.($ Qval$^&6�!�
45�!45� �W�*�  "���/� @ ��� +-�!)'DCE/�!.[<b�!."�!�'DCE � @ .6DCE �/$; �&(E/�*P5.6�`&(�� "DCE/� �H�!.6��#XPg�/�!)')l$���45�!�/�*D��J&
+7��.6�A: �A@ #k$;�/���!.6�*�i+7��."�[����� eG��
 @ �*�/89���!.D!%. @ �/�/8 @  "&($;�/�/  �;�!."�/�K45.6$ �\ "DCE[T5�*.($;�� 6DCE\$ @ Q
)���DCEJ&!:
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"s� @ &(.6P;�/�!�GQXPg�/�!.��3."P;&(P5���!�/8!$;E/)��*� ���!8*�!�'DCE/�/�*&[#X$;� $;)� �#X$;45�' 6DCE/� � $;E�)��!� '-+-�!�/� �/���
�!�J&(  #/.6�*DCE/�!�/���!� �H�!."�/�245�*45�!�Lc����!.
�H�!."�/�!�F#Z�'& �^E/�/)��'DCE/�!. � $; 6 "�!�GQ @ �/� �U."P;&(P;�/�!�/8!$;E/)
�W�* 6P5�/���!.6 % B&C$;. �i45� � @ �/�/�*�F 6�����?:�1 *(#W�*.6��#Z�!�J&6�!)�) �\�/�/�`&%#I$^�i]dc/. "O� @ &6.6P5�/�*� @ �/���3.6P^Q
&(P5�/�*�r�/����#X$;45�' 6DCE/�*� � $;E/)'�!�MS(' � 'BS��(' S!�('>U�� ' ��S @ �/� 	�S�W�: _ @ K5�!."45�*+.p5E/��)���DCE  B&C$�����)
 6����� �/���X�/P #�#��!)N&(#X$;45�' 6DCE/�*�!�H�!."�/�I+7��� 4 �s�)' 40 � $iPg�/�*. 208 � � ' ���!�-�/�!���!�  6P +-P5E/)-�/���
"s� @ &(.6P;�/�!�GQs$^)� l$ @ DCEF�/��� �3."P;&(P5���!�/8!$;E/)p#X$;45�' 6DCEf "���/�?: � $;45�' 6DCE/� �H�*.6�/� ���! "�'&68!�!�F�*���/�
�W�* 6P5�/���!.6 E/P5E��`eg� #\$;.6$^&(�'P5�/ "�!�/�*.645�'�2�!�����! %�!�'�/8!�*)��/�*��" @ �L)��!P;�/ '��H�!."�/�R#X�N&H�!�'�/�!# 8 @ Q
 �^&68!)��'DCE/�!� " @ �L)'�!P5�hE����/45�*45�!�[�!�'�/� +-�! "�!�J&()'��DCEf45�*.6�'�/45�!."�;:�a>�'�! �;E/�/�*)'&s "&C$^. �S�/�!��eGDCE\$MQ
)��!�/$��/ 6DCE�)�c/ " 6�!�r�/�*.K13�/�*)�4J$; "�����0�/�!.�_x&(P5# #/EAyg 6� � ',�/���I$ @ ]7�/�*.Ka>."�!E/�'#�# @ )� 6�*�J&C$;.B& @ �/4
T5P5� �A@  "& �;�/�/�*��4;)��!�'DCE/�!.{�s$ @ #�& 
 @ $;�J&(�*�/8V$;E�) ���!. @ E/�!�A:U<b�!� �H�!."�/�!�q 6�'�/�q� @ .Z�������!." BQ
&(�!���/.6�*�s#X$;45�' 6DCE/�*� � $;E/)'�!��� @ .6DCE��/���ia>.6�*E/��# # @ )' 6�!�J&($;."& @ �/4n�*. �L) �^.��\$;.�'3]dc/.X4;.
pVK5�*.6�
#I$;4;�� 6DCE�� � $^E/)��*� +-�!."�/�!� �*)��*#X�*�L&($;.6��dO�L&6�!." 6DCE/�'�!�/� 8`+7�� "DCE/�!� �H�*.6�/�*� @ �/� _x&(P5#Z�!�
�/� @ &6)��'DCE?:e1U." "& @ �J&(�*.w�s�'�/8 @ �\$;E/#Z�X���!.�e(#/���gQv<x$;E����OP #�#/) @ �/4 �*p5�/�/�*� $;)')��2#X$;45�� "DCE/�!�
� $;E/)��*�9�*. �L) �;.B&p+-�!."�/�!�?:;a>���9e(#/�'�GQv<x$^E/�GQ �OP #�#/) @ �/4�' �/�'�-�'# _x&(P5#y� @ .p�����b "�!E/.p 6DCEJ+x$^DCE/�
� �*���/ B&(. @ �J& @ .vQM_ @ ]d #\$;)N& @ ��4 ���*+7��. �J& 'g�� "&-��# _x&6P5# �;�!."�� 6PK4;.6PVK�'L�\$^ 6 b "���s�/��� "s�NT5�V$ @ $ @ ]wQ
 #\$;)N& @ ��4Z�*.6E/� �/)��'DCE"���!�*��� � @  6 B&V:

a>�'�ta>.6� #/)��'�/�3�/�! � Pg�/�!)')� �EcOa � ���!45�'�/�J&e���s_#���?:u~/: ~ �W�*�
N = 50

' �/�'�U�!����� ��� �M$;�/�gQ
&(�O#I$;4;�� 6DCE�� "O� @ &6.6P5���!�/8!$;E/)��\$;.6 B&(�*)�)'&!: _>�X�/�!#  "�!���L.6�*DCEJ&(�!� v �*.6)w$ @ ]A���!.xas.6� #�)������j8!�!�'4;&
 6��DCE '��/$; 6 O�/���* 6�
�H�!."�/�Y�'#��EcOa � � PG���!)�)A�!����� ���! "P5�/�/�*.6 sE/P5E/�Y<b����� @ �/45 "�!�/�*.645�'� $ @ ]wQ
+b�*�� 6�*�?:\a>�'�! b+7�'.6��+7�'�!�/�*. @ # $ @ DCE��\$;."������� @ &6)���DCE '��\$; " j�\$;DCE��/�*. "s�'D��;�!) QMh� "P;&(P #��!�� 6�!."���
T5P5� �H.#y #�&(P;� �/�' "s�'D��;�!)j�*���/�[eg�!.6�'��T5P5�r]dc/��] �H�!.6���!�q#X�N& "s� @ &(."P5�/�!��8V$;E/)AU��h� @ .6DCEGQ
)w$ @ ]d�*�{+7��."�?:.a �'� �W�*.6�*�'&( I�!."+��;E/�J& ' �W�`+b�*4;&S 6�'DCE ������eG��
 @ �!�/8FE/�'�!. �W�*�>8 @ ���;DCE/ B&[� @ .



� � �D
������ � � � ���

30 40 50 60 70 80 90 100 110
N

20

24

28

32

36

40

44

48

Z

..............................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................

. FRDM
Audi-Wapstra
Dripline
Sequenz

��� � � ��� � � � � � ����" @ �L)��'���M$;."&6�U]dc�.e�/$; e&6E/�!P;.6�*&6�� "DCE/�lke.
p #G]dDCE/�!�GQ � Pg�/�!)')g� csa � '
�/���^eG��
 @ �!�/8H�/�*. !H. @ ���/8 @  B&C$;���/ �^�!.6��� L¡f����/�'�7#X�N&9e�yG# �WP5)'�!��N @ �/�I�/��� "s� @ &(."P^Q
�/�!�gQva>."� #/)'���/� L§f����/�'�jP5E/�/�UeVyg# ��P5)�� N`: �H."� @ 8*�s B&(�!)')��*�Z����� �H�!.6���s$ @  -���!.t$^&(P;#I$MQ
.6�*� � $^ 6 6�*�J&C$����!)')��"% _iabk��VRX)\�/$;. '�� @ ���J&6�>$;)')��bT;�!.B]dc/4 �\$;."�!�&�%�*.6�/�7�/�*.:�Ecsa � Q
� $; " 6�!�J&($��W�*)�)'�;:

�����/�!."E\$;)��r�/�* �<b�*.6�*��DCE/�* 't�/�!.Z� @ ."DCE{�/���T_ @ �/�NQJa $)#/ "&6.($MQ�al$^&(�*��$��/45�!���!D��J&I+7�'.6�?:j�pc�.
�EcOa � �' "& 78 "O� 'J�\$; -$ @ ] 80 � �Z]dP;)�4;& '5�/�!.t�!." "&6� �H�!."� 'L�/�! " 6�*� � $; 6 "�s����DCEJ&b#Z�!E�.-$ @  -���!�
�+*(#��!."��#Z�!�J&(�*)�)��*�	al$^&(�*�[ B&C$;#Z#9&!:

1U l]dP;)�4;&s�!�'��_#�/ "DCE/�/�'&"& '
���!�,�/�!# �/��� "s� @ &(.6P;�/�!�GQ�a>.6� #/)��'�/�%+b�*�'&(�* "&645�!E/�*�/���/�w$;4;P5�\$;)
@ �/�n)������V$;.%T5�*.6) � @ ]_& ' �/�' 9�/�'�&"O� @ &6.6P5�/�*�/8V$^E/)q��SS�!.6."�!�'DCEL&9+7��.6�A:,<-�!�

(N,Z) = (60, 28)@ �/�
(78, 34)

45����&%�! $;)')��!."�/����45 <J"�*+-�!�')� %�!." "& �!�'�/�!�zeGDCE/."�'&"&Y8 @ �L)'�!�����!.6�*#
Z

' ���*T;P5.%�/���
a>."� #/)'���/�R+7���*�/�!.Y#X�N&9�/�*. "O� @ &6.6P5�/�*�/8V$^E/)j$;�J+��;DCE/ "&!:-��S[�' "& ]dc/.w� csa � � �W�*��] $;)')� �!�����
#X$;45�� "DCE/� � $^E/) �/8`+%:?�!�'��eGDCE\$^)��!�/$��/ 6DCE�) @  " '��!."�/� @ &% 6��4;�\$;)��' 6�'�!."&O� @ .6DCEF�/�!��$ @  645��#/. �;4^&
 6�*���L.6�*DCEL&6�!� v �!.")w$ @ ]x�/�!.9a>.6� #/)��'�/�;:}_ @ DCE �/���ReG��
 @ �*�/8�P5."���!�J&6���!.B&  6��DCE0+7���!���!.9�*�J&()w$^�/4
�/�'�! 6�*.9#X$;45�' 6DCE/�*� � $;E/) '=+-P ���!�- 6P54J$^.9�/�'�I)��`&(8`&(�!�n�/.6�*�*�H�!."�/���/�'.6���L&K$ @ ]7�/�*.2a>."� #/)'���/�
)��'�!45�*�?:\<b�*�

Z = 44
@ �/�[~A� �M$;�/�	#I$;�	$���45�! "DCE/)�P5 " 6�*�/� �3."P;&(P5���!�/ "DCE\$;)��*�i�*. �;�*�/�/�*� 'W�����

T5P;�[�/�*.UeG��
 @ �*�/8K$;)')��*.6�/�'�/45 b����DCEJ&O#X�*E/.j�!.".6�!�'DCEJ&O+-�!."�/�!�A:
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h��O_ ���?:C~/: U2+b�*.6�/�*�F8 @ ���^DCE/ "&H�����Y1U."45� ���/�� " 6�9]dc/.s�/��� �/�'DCEL&6.6�*)w$^&6�'Tg�� B&(�� "DCE/�!� � $; " 6�!�J&($MQ
���!)�)'�!� '������RT5P5� ���!.K<lc9d2e�f}hv<tQ �sP5)')w$���P5.6$^&(�'P5�h "&($;#Z#X�*� ' �W�`&(.($^DCEL&6�*&!:p13 9 "���/�0�/���`eG� Q

 @ �!��8!�!� @ ���Sa>.6� #/)��'�/�! UT5P5�0e(�ge � 	�� 'G�\$; x�/�'�>1-k	�-eVh Q � �`&(E/Pg�/�lT5�*."+-�!�/���*& 'GT5P5� � e �?' '
�!�'�/�!.:�s$;."&6.6�!� Q7�\PgD��JQMcO�*DCE/� @ �/4 #X�N&U< � eLQ �p$;�'.6�'�/4�' @ ���ZT;P5��<qe �g�('J�!�����!.3T5P5)')��*�`e ��yg."#X� Q
�^�p<tQ7c7�!DCE/� @ ��4�' �\$;.64;�! "&6�!)')'&V:V<b�*&6.($;DCEJ&(�`&m#X$;�%�/���ta>."� #/)'���/�* 'V "Ps "���/� � @ .e45�!."���/45�:dO�L&6�!.vQ
 6DCE����!���98*+7�' 6DCE/�*�f�/�!�[�!�'�/8!�*)��/�*� � Pg�/�!)')��*�[�*. �;�*�/���\$;.�'A���� 645�* ($;#9&O�' "&O�/�!. v �!.")w$ @ ]m.6�*)w$MQ
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��� � ��� ����� � ��� � ��" @ �L)���� �^$^."&(�mT;�!." 6DCE/�'�!�/�*�/�!.,�/�*]dP5."#X�'�!.B&(�!.�'V�/�'DCEL&6.6�*)w$^&6�'Tg�� B&(�� "DCEGQ
�*. � Pg�/�!)')��UT5P5�R<lc9d2e�f}hv< @ ���2�/�!."�!� "s� @ &(."P5�/�*�GQva>."� #/)'���/�* !:)�H.6� @ 8!�j "&6�!)')��!�Y�/���
�H�*.6�/�Y$ @  O�/�!.s$^&6P5#I$^.6�!� � $^ 6 6�*�J&C$����!)')�� �\$;."% _iabk��VRX) :�f����/�'�!�	#X�N&ZeVyg# ��P5)��*�
8*�!�'45�!� �/�'��eG��
 @ �!�/8f���!. !H. @ ���/8 @  B&C$;���/ �^�!.6���0�'�{�/�!. � @ K5�*.6�!� �H. @  "&6� @ �J&(�*.
v �*."+-�!�/� @ �/4I���!.jT5�*.6 6DCE����!���!�/�*� � $; 6 "�!�J&C$��W�*)�)��*�?:

&(�'TK)������V$;.*:Ja>��� "O� @ &6.6P5�/�*�/8V$^E/)��VS �*p5�/�J&(�s#I$;�Z$;)' U#I$;4;�� 6DCE�� � $^E/)\�/�!. � Pg�/�!)')��Ze(�ge � 	K�@ �/�Z<qe(�V�H���J&(�*. #/."�*&6���!."�!� '5$;�/ 6P;�/ "&6�!�Z 6����� �^�!�'�/�7$ @  "45� #/. �;4;&6�!� � �!. �g#X$;)'�x�/�!.Uas.6� #�)������! 
T5P5."E\$;�/�/�*�?:x_s�f�/�!�F�����!�J&(�' 6DCE/�*��eG��
 @ �*�/8!�*�0T5P;�F<qe(�V� @ �/� � e �?' @ ���f�/�!. �^E/�/)��'DCE/�!�
eG��
 @ �*�/8IT5P;�|e(�ge � 	��"�W�* "& �M&(��4^&% 6��DCE0�\$; Y<b��)'� '��\$; " Y����� � Pg�/�!)')��2T5P5�n<9c9d^e�f}hv< $;)�)'�
 6�!E�. �^E/�/)��'DCE/� � $; " 6�*�L&($����!)�)'�!�r)��'�*]d�*.6�?:F_>)�)'�!."�/���/4; 9] �;)�)N& ���!�j���!� � PG���!)�)'�!�r<qe �g� @ ���
� e(�I'2$ @ ] '/�\$^ 6 7�\$;DCES�/�*# )��`&(8`&(�!�T_ @ �/�NQJa $)#/ "&6.($MQ �%�*.6� ' 80 � � ' �^�!�'� �H�*.6�S#X�N& "O� @ &6.6P^Q
�/�!�/8!$;E/)�U��> 6P;�/�/�!."� 82 � � ���! 6�`&(8`&3+7��.6�A:;a>�'��"O� @ &6.6P5�/�*�/8V$^E/) U��s 6DCE/�*���J&U���Y�/���* 6�!� ���!�'�/�!�
� PG���!)�)'�!���/�'DCEJ& �W�* 6P5���/�!." O B&C$;. �I45� � @ �/���!�	8 @  6�*��� '�+b$; 7$ @ DCE	� @ .6DCE	�/�!��+b$5$;45."�!DCEJ&(�*�
v �!.6)�$ @ ]e�/�*.7a>.6� #/)��'�/�! -�����/�'�! 6�*# <b�*.6�*��DCE �W�* "& �^&(�'4;&x+7��."�?:�_s�/ 6DCE�)���� K5�!��� �/�/�/�*&7#X$;�S$��
126 c @ ���/�*�J&(�� "DCE/�`eG��
 @ �*�/8!�*� #X�N&

N = 82
'?+bP ���!�.e(�ge � 	K�[#Z�'& 120 eG.Y���!�!"O� @ &6.6P5���!�GQ

a>.6� # ���!."�!�'&6 X�*���\h� 6P;&6P5� L �H�!.6���[#Z�'&24;)��!�'DCE/�!. "O� @ &6.6P5�/�*�/8V$^E/)(NK]d.6c/E��!.X$;)� R�/�'� ���!�'�/�!�
$;�/�/�*.6�!� � Pg�/�!)')��H�*.6.6�*��DCEJ&V:

_ ���?:�~�:TWI8*�!�'4;&l�*���/�w_ @  "+b$;E/)p�/�!.l����DCEJ&(."�!)w$M&(�'Tg�' "&(�' 6DCE/�*� � Pg�/�!)')��%T5P5�FasP �\$;D*8!�*+7  �L�
�*&%$;) :xegf}yV~ @ ����e(� �  6�'�/�hT5P;)�)��we(�Ayg.6#Z�`Q7�U�m<tQMcO�*DCE/� @ �/45�*� 'ie(� ��� E/�'�/45�!4;�!�iT;�!."+-�!�gQ
�/�*&%�/�'�2< � eLQ " �;E��!. @ �/4/:�a>�'� "s� @ &(."P5�/�!�gQva>."� #/)'���/�* >�/�*.H�/.6�*� � Pg�/�!)')��K "���/�f "�!E/. @ �J&(�*.BQ
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.6P;&6�1f�������� N9]d�* "&(8 @  "&6�!)')��!�A::_ @ DCE ���!�O�/�!.�_ @  "&C$ @  6DCE/�*�/�!."45���

WEx
�' "&Z�/�'� �OP5�JT5�!."45�!��8

�/�!.lT;P5)�)'�!��c7�!DCE/� @ ��4[45�*45�!�F�/�'� " �^E/�!. @ �/45�*�0$ @  !H)�4/: L SG: ~	U�N> 6DCE�p5�F8 @ �*. �^�!�/�/�*�?:ih�#
�/��DCEJ&(."�!)�$^&(�NTG�' "&6�� 6DCE��!�K<-�!.6�*��DCE2E\$M&m�/�'�l_ @  "&C$ @  6DCE/�*�/�!."45���j�/$; p45)'�!�'DCE/� v P5."8!�*��DCE/�*�9+7���-�/���
eGD!."�!�!�����/4^Q�13�/�!."45���)'5�� B&t$��W�*. @ �/45�`] �;E/.mTg���*.6#X$;) �L)'�!�����!.!:5<b�!�\�*���/�*.Ua>��DCEJ&(�jT;P5�

ρ ' 4 ·1074��^D!# 3 �\���/�*&S�/�*.��!.B+ �;E��L&6� v P5.68*�!�'DCE/�!�J+-�!DCE/ "�!)  "&C$M&6&V:._>�/ "DCE/)��'��K5�*�/� T5�*.6#Z���/�/�*."&I�/���
_ @  B&C$ @  "DCE/�!���!.64;���n#Z�'&S�*���/�*# �\$;E/�*8 @ �;P5�/ B&C$;�J&6�!� _s�L&6�!�')Y$^� �/�*.�!H�'&"&(�*.6�!���!.64;���hT5P;�
DV$�: S �}�/�'�2a ��. � @ �/4R�/�!.UeGD*.6�!�*�/����4^Qv13�/�*.645�'�;:
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��� � � ��� � � � � � � �2al$; v �!."E��;)N&(�/�' XT5P;� egD!.6�*�!�/�'�/4^Q�1U���!.64;���
WSc

'l_ @  B&C$ @  "DCEGQ
�!�/�*.645�'�

WEx
' " @ )�) # @ ���J&6 6�!���!.64;���

Wzp

@ �/�S$M&(P5#X$;.6�*.t<b���/� @ �/45 "�!�/�*.645�'�
Bel

8 @ .
!%�N&6&6�!.6�*�/�!."45���

WL
' �W�*.6�*DCE/�/�*&>]dc/.>�/�'� � $; 6 "�!�J&C$����!)')��9<qe(�V��: !%��# @ ���J&(�`&(� � @ .vQ

T5�*�[ B&(�!)')��*�	�����H�/�'DCEL&6.6�*)w$^&6�'Tg�� B&(�� "DCE/�!� @ �/�[4;�! "&6.6�'DCE/�!)N&(�H�/�'�H.6�!)�$^&(�NTg�� "&6�� "DCE/�!�0_ �GQ
 6DCE��M&(8 @ �/45�!� ]dc/.

WSc

@ �/�
WEx

L�!%)'4/:<L SG: ~ �XN @ �/�4L�SG: ~	UXN NY$ @  �_#�/ "DCE/�/�'&"& SG:TS
�\$;.*:

<b�*&6.($;DCEJ&(�`&>#X$;�S�/�'��e @ #X#Z�lT5P;�1_ @  "&C$ @  6DCEGQ @ �/�OeGD!."�!�*�/���/4MQv13�/�!."45��� Ld�/��� 13�/�*.645�'�
�/�*. " @ )�) # @ ���J&( �W�`+b�*4 @ �/4��' "&OT5�!."�\$;DCE/) �; 6 "��4 �/$;. �L)��*����Nj�� B&l�*���/� �/PgDCEf45.
pVK;�!.6� 45�*45�!�/ "�!� Q
&(�'45�2_ @ ]dE/� � @ �/4Z�/�!.713."+-�!�N&(�*. @ �/4;�!�S]d�! "&68 @  B&(�*)�)��*� ' $;)' x�/���* j� @ .x]dc/.j�/�'�seGD!."�!�!�����/4^Q @ �/�
$^&6P5#I$^.6�K<-���/� @ �/45 6�*�/�!."45���9�/�!.G� $;)'),�' "&V:Xh��/ 6P^]d�!.6�FE\$M&6&(�*�F<��:eh#X�N&l��E�.6�!. " �;E��!. @ �/4S�!�NQ
�/� !H�!�/$ @ ��4$�;�!�N&I�*.6."�!��DCEJ& 'b�/�'�i 6�'�h$ @  I��E�.6�!.I<b�!4;.6c/�/� @ �/4 E/�*.($ @  I4J$;.Z�/��DCEJ&��*."+b$;."&6�!�
�;P;�/�J&(�!�A:

al$; v �*.6E��;)N&(�/�' OT;P5�h�/�*.H13�/�!."45���Y�/�!. " @ )') # @ � �L&6 ����*+-�!4 @ �/4��/�!. �H�!.6���K8 @ . !%�N&6&(�*.BQ
�!���!.64;���b�*.6."�!��DCEJ&3� @ .p�!�����!�K#X$�*G��#X$;)��*�sa0�!.B&pT;P5�

4·10−3 :*_ @ ] �/�'�x<b�*.6c/D��L "��DCEJ&(�'4 @ �/4%�/�*.
" @ )�) # @ ���J&( "�!�/�*.645�'�m]dc/.=�/���U<b�*.6�*DCE/� @ �/4>���!. � @ K5�*.6�*� �H. @  "&(�UE��M&6&(�3 "P5#Z�'&?T;�!.68*��DCEJ&(�`&,+-�!.vQ
�/�*� �!p5���/�!�?:C_ @ ]3�/�!.s$;�/���!.6�*��eG�*�'&(�H+-�!."�/�!�f "P5#X�N&7�/���s_ @  6 ($^45�!�f$ @  U_ �/ 6DCE��/�'&"& SG: R�: 	
� @ #Z�!.6�' 6DCE �W�* "& �M&(��4^& '��\$; " 9�/�'�{_ @  ")��!� � @ �/45�!� ���!. �%�*.6�/�X$ @  �/�*.�c @ E/�*)w$;45�RT5�*.6�\$^DCEGQ
) �^ 6 6�'4 �\$;.
�L)��*���  "���/� ' @ �/� �\$^ 6 2�\$; !%�N&6&(�*.9�\$^E/�!. Ld��� �����! "�!.��O���/ "��DCEJ&,N $��/ "P5) @ &9 "&($��/��)
�� B&V:
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�o��������� ��������� ���	�

 ������� � �������r��
���� �

a>��� � $; " 6� @ �/� �/�*.wcO$;�/� @   "���/��+7��DCEJ&(�'45���W�*P �\$;DCEJ&��/$;.6�I1U�'45�!�� 6DCE\$^]_&6�!�nT;P5� "O� @ &6.6P^Q
�/�!�/ B&(�*.6�/�*�?:*a c/."�/�b�* p45�*)��'�/45�!� ' �/���* 6� ���!�'�/�!� !%.#pVK5�*�9�!�'�/�! e�!�'�/8!�*)��/�*� "s� @ &(."P5�/�*�/ "&6�!.6�� 
�+*(#W�*.6�'#X�*�L&6�!)')?�+*�$$�J&s8 @ �W�* "&(�'#X#Z�!� '� 6P �!p;�/�J&(�!�[�!�'�/� v �'�!)�8!$;E/)AT;P5� �A@  "&($;�/�/ "45)��*��DCE @ �GQ
45�!��$ @  "45�! "DCE/)�P; 6 6�*� ' @ �/�F 6P;#X�N&l] @ �/�/�'�!.B&(�K�/� @ �Z13. �;�*�/�J&(�/�' 6 "�Xc����!.%�/�'�213��45�*�/ 6DCE/$^]_&(�*�
E/PGDCE��/��DCEJ&(�*. � $^&(�*.6�'�O4;�*+-P5�/�/�*�X+-�!.6���!�?:�h��Z�/���* 6�!.j�O���/ "��DCEJ&t�� B&U�! U���J&(�*.6�* 6 ($^�L& 'L�/����� @  BQ
+7��. � @ ��45�!�X�/�!. � @ K5�*.6�*� �H. @  B&(�s$ @ ]A�/��� � $; " 6� Q7cO$;�/� @  BQv<-�!8!�'�!E @ �/4Y8 @X@ �J&(�!." @ DCE��!�?:�a>���
� @ �	]dP5)'45�!���/�%a>��  � @  6 "��P5�	+7��.6�S "��DCE	#X�N&x�/�'�! 6�*.	kjE/�!#X$^&(� �����! "DCE��^]_&(�'45�!�A:

�`��� � �0�q� � �I�

�pc/.R�/���	<b�*.6�*DCE/� @ �/4 �/�*. � $; 6 "� @ �/���/�! PcO$;�/� @  Z�*���/�* ��^P5# #\$$�J&(�*�oeg&6�!.6�� Z+7�'.6�q�/���
 6PR45�!�/$;�/�J&(�sk,P;)�#X$;�GQ � #�#��!��E/�!�'#X�*.BQ v P;) �;P*r�Q6!%)'�!��DCE @ ��4 ���!��p;&(�'4;&V:�a>���* 6� �W�* 6DCE/."�!����&O�/���
eg&(. @ �J& @ .j�*���/�* 	eg&(�*.6�/ 7$ @  645�*E/�!���ST;P5���/�*. !%. @ �/�/45)'�!�'DCE @ �/4K�/�*.��>)')�45�*#X�*���/�*�Rc7�!)w$M&(�'Tg� Q
& �^&6 "&(E��!P5."���$'��/�!.O13���/ B&(�*���GQ6!%)'�!��DCE @ ��4�P

Gµν = −8πG

c4
Tµν .

L�W�: 	�N

h��{�/�!.��>)')�45�*#X�*���/�*�\cO�*)w$^&6�'Tg�'& �^&( B&(E/�*P5.6�'��]dc/E/."& J"�!��� � $; " 6�)'b�/�'�[�'��P ����45�*. !H)��*��DCE @ �/4
� @ .6DCE ���!�r13�/�!."45��� QMh�# # @ )' BQMke�!�� 6P5.

Tµν
.6��#/. �^ 6�!�J&6���!.B&K+7��."� 'e8 @ �!�'�/�!. �H.6c/#Z# @ �/4[�/�! 

cs$ @ #X�* !:3a>�'�! "���%."c/#Z# @ �/4i+7�'.6� +7���*�/�!. @ # � @ .6DCEq�/�!�q13���� "&(�*���GQ k,�*�/ 6P;.
Gµν

$ @  "45�`Q
�/.6c/D��J&!:/a>�'�2f}p5 @ �/4K�/�'�! 6�*.x$ @ ]=�/�!���*.6 B&(�!�S<-)���D��2."�!DCEJ&j�*����] $;DCE�$ @  6 "�!E/�*�/�/�*��!H)��*��DCE @ �/4
�� "&�J"�!�/PgDCESE/PgDCE/45.($^�/��4K����DCEJ&6&6.6�'Tg��$;) @ �/��]dc/E/.B&j��# $;)')�45�*#X�*���/�*�`� $;)')A$ @ ]=�!���[e�yG B&(�*#}T5P;�
8!�!E��2�/��DCEJ&()'���/�!$;.6�*� ' 45� �^P #�#��!)N&(�!� ')#\$^."&(�'�!)')��!�Ya>�QrA�*.6�!�J&6�w$;)'45)��*��DCE @ �/45�*� ' �\$; ,� @ . @ �J&(�*. ���`Q
 "&(�'#X#Y&(�!�Rcs$;�����W�*�/����4 @ �/45�*�S)�p5 �\$;.x�' "&V: 	 �VR�� ] $;�/�/�*�	 "P +bP5E�)�#�:(c : � #�#W�*�/E/�*��#Z�!. @ ���

� � �



��� � 
 � ��������� � ��� ��� � ��� � ��� � � � �I������
������ �

!2: � : v P5) �;P!r % � v R���)=$;)� x$ @ DCE@c : � :(k,P5)'#I$^� % keP5) R���)������Nf}p5 @ �/42]dc/.j�\$; jEAyg�/."P5 "&($^&(� Q
 6DCE�� !H)��*��DCE/45�`+7��DCEJ&7��# h��/�/�*.6�!�[�!�'�/�! 7�� "P;&(."P #��!� '/  #/E��;."�� "DCE/�!�Oeg&(�*.6�/ P

dP

dr
= −Gε(r)m(r)

c2r2

[

1 +
P (r)

ε(r)

] [

1 +
4πr3P (r)

m(r)c2

] [

1− 2Gm(r)

c2r

]−1

.
L�WG: SVN

�pc/.H�*���/�2���*&C$^��)�)'���*."&(� �s�*.6)'�!�'& @ �/4��/�'�! "�!.% 6PS45�*�\$;�/�J&(�*��keP5)'#I$;�gQ � #�#��!�/E/�*��#Z�!.vQ v P5) �;P!r Q
!H)��!�'DCE @ �/4 L<k � v Q6!%)'4/:TN '  6�*�\$ @ ]Cf��'&6�!.6$^& @ .,8 @ . �>)�)'45�!#Z�!�'�/�!��cO�*)w$^&6�'Tg�'& �^&( B&(E/�*P5.6�'�3T5�!.B+7��� Q
 6�*� ' 8;: <>:Q% a0�!� 'VS 'Cegk	�XR�) :

a>�!.%�!." "&6�P� $$�J&6P5.H��� !H)�4/: L�W�:TSXNl�!�J&6 #/."��DCEJ& �/�!#�a>. @ D��L45)��*��DCE/4;�*+7��DCEJ& 8*+7�' 6DCE/�*� �/�*.
!H.($VTg�'&C$M&(��P;�	�*���/�*. � @ 4;�!)� "DCE\$;)'�Y#Z�'&sa>�'D��;�

dr
' @ �/�h���!# ���/���!.6�*�fa>. @ D��

P (r)
�/�*.>�\$;.vQ

@ �J&(�*.x)��'�!45�*�/�/�^e(#/E��^.6�l#Z�'& � $; " 6�
m(r)

@ �/�0cO$;�/� @  
r
�'��"s�`+j&(P5�/ "DCE/�!. � �!DCE\$;��� � :/a>�'�

13�/�!."45���*�/��DCEJ&6�Z�' "& �\$����!� � 
 @ �'T^$;)��*�J&%8 @ .%.6�*)w$^&6�'Tg�� B&(�' 6DCE/�*� � $; 6 "�!�/�/�'DCEJ&(�
ε(r) = c2ρ(r)

�

G
���!8*�!�'DCE/�/�*&s�/�'�"!%.6$ Tg�N&C$^&6��P5�/  �;P5�� "&C$^�L&6�;:
�>)� >13."+-�!�'&6�!. @ �/45�*��8 @ # "s�*+j&6P5�/ "DCE/�!��� $;)�)=�!�J&6E��;)'& !%)'4/: L�W�:TSXNO�/.6�*� �sP;.6.6���J& @ .B] $$�5Q

&(P;.6�!�r�/�*. �>)')�45�*#X�*���/�*�|c7�!)w$M&(�'Tg�N& �^&6 "&(E��!P5."���;: �s)�)��X�/.6�*�q� $$�J&(P5."�!�  "���/� 45.#pVK5�*.2$;)� 9�!���� 
 6�'�/� @ �/� T5�*.6 B& �;. �;�!�� 6P5#Z�'&9�/���Ra �'. � @ �/4f���!. "s�`+j&(P5�� 6DCE/�*�$!H.($VTg�'&C$M&(��P;�?:pas����!H.
pVK5�
�/�*. �OP5.6."� �J& @ .6�!�	+7��."�[�\$��W�*��� @ .6DCE[�/�!�[�/��#Z�!�� 6��P;�/ 6)'P5 6�*�T��$)�L&6P5.

2Gm/c2r
�W�* "&6��#Z#9&V:

a ��."�F�/���* 6�!.s� $$�J&(P;.�	 '� 6PS]dc/E/.B&Y�����! H8 @ �*���/�*.seG���/4 @ )w$;."�'& �^&l�'��!H)�4�:>L�WG: SVN :�a>�*.Y�'�������`Q
 6�*# � $;)')78 @ . !%�* ($;#9&6#I$^ 6 6�

M
�/�! 0eg&(�*.6�/ �^P5.6."�!  #WP5���/���*.6�!���/��cs$^�/� @  R+7��."� $;)' I�/�*.

��egDCEL+b$;."8! 6DCE���)���.($;�/� @  � �W�*8!�!�'DCE/�/�`& P

RS =
2GM

c2
.

L�WG:TR�N
a>�*.�eGDCEJ+b$;.68* 6DCE/�')��/.6$;�/� @  i�� B&i�*��� � $XKq]dc/.[����� �sP5# #\$$�J&(E��!�'& @ ��� c7�!)w$M&(�'Tg�N& �^&S�*���/�* 
eg&6�!.6�� @ ����&C$ @ DCEJ&X�'�qTg�'�!)��*� �A@  ($;#Z#Z�!�/E��^�/45�!� '3�/���S$ @  X�/�*. �>)�)'45�!#Z�!�'�/�!��c7�!)�$^&(�NTg�NQ
& �M&( "&6E/�!P;.6���I$��/45�*)��*�'&(�`&Y+-�!."�/�!� Ld8;:m<s:p��� !%)'4/:<L 	5: 	K~	N @ �/�4L<~/: 	�	 N N 'm$ @ ]v:pa>�* wan�*�'&6�!.6�*�
+7c/."�/� J"�!�/�* � ��J"���L&t#Z�'& �L)'�!�����!.6�*#�cO$;�/� @  U$;)� 

RS

@ �\$��/E��;�/4;��4HT5P5�Z 6�*���/�*. �A@  ($^#X#Z�!�GQ
 6�`&(8 @ �/4 @ �J&6�!.e 6�!�'�/�!.=�*��45�*�/�!� !%.6$ Tg�N&C$^&6��P5�H "P;]dP5."&e8 @ �!�'�/�!#  "DCEJ+x$;."8!�*�{f=PgDCE
�;P5)')w$��/�'�!."�!�?:
al$; v �*.6E��^)'&(���� 3$ @  :eGDCEJ+x$;."8! "DCE/��)'�/.($;��� @  @ �/��cO$;�/� @  m�!�'�/�! �� ��J"���J&( 

RS/R
�M$;�/�R�\$;E/�*.

�/�'�H45.
pVK;�!.7$;)' j�!���� 7+-�!."�/�!�A:
h� "&

RS/R
4;.6PVK�'W 6P�."�!��DCEJ&H�����2<b�* 6DCE/."�!��� @ �/4S� @ ."DCE�"O�*+j&6P5�/ 6DCE�� !H.($VTg�'&($^&(�'P5�i����DCEJ&

#Z�!E/.b$ @  ' @ �/� �sP5.".6� �J& @ .6�*���/�!.��s)�)'45�!#Z�!�'�/�!��c7�!)w$M&(�'Tg�N& �^&6 "&(E��!P5."���7#Kc/ " 6�!� ���!."c/D��L 6�'DCEGQ
&(�'4;&2+-�!.6���!�?:.�pc/.Z�/��� � $^ 6 6�[�/�!.PeGP;�/�/�i�*.6E��^)'&R#X$;���*���/�*�oeGDCEJ+b$;.68* 6DCE/�')��/.6$;�/� @  ZT;P5�
∼ 2,953

�L#[: � �N&Z�!�����!# cO$;�/� @  2T5P5� ∼ 700.000
�L#u�� B&X�/$; v �!.6E �;)'&6�/�� 

RS/R
T5�*.BQ

 6DCEJ+7�'�/�/�!���X45�*.6�'�/4/:)"s� @ &(.6P;�/�!�/ B&(�*.6�/�7#Z�'&eT5�!."45)��*��DCE��\$;."�!. � $; 6 "� �W�* 6�'&68!�*�Z�*���/�*�{cs$^�/� @  
T5P;� @ �/4;�*] �;E/.
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�L#k#X�N&

RS/R ≈ 0,3
'  6PX�\$; " O]dc/.O�/�'�! 6� �/�'�Y$^)�)�4;�!#Z�!���gQ�.6�*)w$^&6�'Tg�� B&(�N 6DCE/�

<b�* 6DCE/."�!��� @ �/4I� @ .6DCE !%)'4/:�L W�:TSVNb�/P;&�+-�!�/����4R+7��.6�A:
�A@  �^&68!)'��DCES8 @ !%)'4/:�L W�:TSXN-+7��."�[�*���/�H8`+b�*�'&6��eL&(. @ �L& @ .64;)��!�'DCE @ �/4��W�*��p;&(�'4;& 'G+b�*)�DCE/�%�/�'�
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� �����o� � �

� ��� � ��� 
q��� ��� �[�y� ��
�
�� � ��� � � � � � � � �

µ
% � � v )

µe
% � � v )

ρmax
% 4��^D*# 3 ) P

%|��yg�/� �^D!# 2 ) nb
%|D*#

−3 ) 13)��*#X�*�J&
Z N

�XR�� ' W�� �(' ��U
8,09× 106 5,29× 1023 4,88× 1030 56 � � SXW R��

�XR
	 ' R
	 S 'TW��
2,69× 108 6,91× 1025 1,62× 1032 62 "s� S!� R!~

�XR�S(' ��� ~ ' S*~
1,24× 109 5,20× 1026 7,48× 1032 64 "s� S!� RVW

�XRVR ' RVR ' 'TW��
8,15× 109 5,78× 1027 4,90× 1033 84 �g� R!~ U��

�XR!~�' ~	S 	 �('TW
	
2,23× 1010 2,12× 1028 1,34× 1034 82 !%� R�S U��

�XR�U(' ~A� 	 R(' U!�
4,88× 1010 5,70× 1028 2,93× 1034 80 � � R�� U��

�XR�'(' W � 	 �(' ��'
1,63× 1011 2,68× 1029 9,74× 1034 78 "s� S!� U��

�XR�'('T'!� S��(' SVU
1,78× 1011 2,84× 1029 1,07× 1035 76 � � SXW U��

�XR�'(' �VR S��(' U��
1,86× 1011 2,93× 1029 1,12× 1035 124 � P ~	S ��S

�XR � 'TUV' SVS ' �VW
2,67× 1011 4,55× 1029 1,60× 1035 122 � . ~ � ��S

�XR�� 'TS�� SVU ' SVU
3,73× 1011 6,79× 1029 2,23× 1035 120 �g. R � ��S

�XR�� 'TUV' SXW(' 	 �
4,32× 1011 7,87× 1029 2,59× 1035 118 �%. RVW ��S

� ���>����� ��� � ���3a>�'� �G��
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 ���>����� ��
 ���������	
 ����
��

µe
% � � v )

ρmax
% 4��^D*# 3 ) 13)��*#X�*�J&

Z N

� ' ��U
7,96× 106 56 � � SXW UXW

S(' W
	
2,70× 108 62 "s� S!� R!~

~�' 	�'
1,18× 109 64 "s� S!� RVW

W ' �!~
5,88× 109 68 "s� S!� ~ �

� ' 	�S
1,36× 1010 84 �g� R!~ U��

� ' 	 W
1,40× 1010 70 "s� S!� ~	S

	 � ' �VW
1,93× 1010 72 "s� S!� ~ ~

	 � ' �VW
2,43× 1010 78 � � R�� ~A�

	 R 'TS*~
4,52× 1010 80 � � R�� U��

	 R 'TU!�
4,97× 1010 76 "s� S!� ~A�

	 W 'TU 	
9,17× 1010 78 "s� S!� U��

	�� ' �!~
1,23× 1011 80 "s� S!� UVS

	 � ' R �
1,56× 1011 82 "s� S!� U*~

S 	 ' 	�S
2,07× 1011 84 "s� S!� UXW

SVS(' ���
2,70× 1011 86 "s� S!� U!�

S*~�' RVW
3,33× 1011 88 "s� S!� W��

SVU(' 	 �
3,77× 1011 130 � . ~ � ���

SVU(' ��'
4,25× 1011 132 � . ~ � ��S

SXW 'TSXW
4,45× 1011 134 � . ~ � �!~

� ���>��� � � � � � ��a>�'�3T5P5� �>$;�*�/ 6�*) ' � � @ �/� � @ �/�9asP �\$;D*8!�*+7  � % � � a2����)����!."�!DCE/�/�`&(�
�G��
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µe
% � � v )

ρmax
%|4 �^D!# 3 ) 13)��!#Z�!�J&

Z N

� ' ��U
7,96× 106 56 �\� SXW R��

S(' W
	
2,70× 108 62 "O� S!� R!~

~�'TS!�
1,29× 109 64 "O� S!� RVW

~�'TUV'
1,61× 109 66 "O� S!� R �

U(' R�S
2,63× 109 68 "O� S!� ~ �

W 'TS 	
4,34× 109 80 !H� R�S ~A�

� ' W��
1,70× 1010 82 !H� R�S U��

	�S('TSXW
3,59× 1010 80 � � R�� U��

	�� 'TSVS
1,23× 1011 78 "O� S!� U��

	�� 'T'XR
1,41× 1011 76 �\� SXW U��

S�� ' 	�U
1,83× 1011 122 � . ~ � ��S

SVS(' 	 �
2,53× 1011 120 �G. R � ��S

S*~�'TS*~
3,42× 1011 118 �H. RVW ��S

SXW 'TS!�
4,55× 1011 116 �g� R!~ ��S

SXW ' ��S
5,05× 1011 114 !%� R�S ��S
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µe
% � � v )

ρmax
% 4��^D*# 3 ) 13)��*#X�*�J&

Z N

� ' ��U
7,96× 106 56 � � SXW R��

S(' W
	
2,71× 108 62 "s� S!� R!~

~�' R
	
1,30× 109 64 "s� S!� RVW

~�' ~	U
1,48× 109 66 "s� S!� R �

U(' WVW
3,12× 109 86 �H. RVW U��
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