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r�mKJK^ � [�����J\"HoJ XH�!KJJ "vJ�J ���^ �Zw o K�m^ �[Z! o��mZo "�!K� K�[K�mK!"Kn_ U
�K��!Io � "ZoJ�"Jv���o �X��m K[[K! "�!K��  ���u ZJ��o � �HX_ "KJJ_�Y������Z""�� �Z����"Z!�
J�^ W �  wZ^ H� �H� HX �� J�wJ\ ^vo" ^ � ^K�moK" wH�!�KJK�J � K�Ko nZ��Z!�JZ^��o ^vJ��
JZ^ � K � "HJ o��m wH�!� _�  ��J ���!K W

GvJ�J\^vo" ^ K��_ �K�H� Ko �J U � nH�� H�� Z�JZo J�� �[�J\ �!ZwZ� "KJJ_�Y������ "Z^u�
�K� U �ZJZ^KJw��� H� �u K"JwZ�!"\u��� ^ K�	�mK�H�K"Ko ���uv�\ ^ZnK��K!H�HJ XH�K!JK^ K� W
r!K" "�!�JJ J�� �[�J\ "HJ ��^ KwJK�� U J����!�w X �!�� �J "KJJ_� wKon�!Kw U ^ I� [ wZ^ �!Z�
wZ� "KJJ_�Y������ K�KJH� Ko � ^Z�J � K^vJ�JZJJ X�!�� ��JZ" �! K��_" � �!�"�wZn��Z^��o W

vo" ^ �Zw o � �K�XKJJ �Hom��w� H"�_� �� ^ �o�^v^ �n_uZoJZ"�J [�J wZ!J�^ ^K� U H�
uZoJZ�IJZJJ�^ � "Kw�o�H�� u Kw�\nv��n_"KJ W � "Z^uZoKo�K" � J\�w om� �w�n� ���� �K�
� K��H�K�oK" �o��I!��H� _� �u K"JwZ�!"\u��� J�^K��w omZ"�J �! ^Z�J�^ W r�m  �J�� oZ��o
K�JKw� KnJ t�]��� omK�X� uwZ�w�^ U � � ���Zo�� KX �ooKm �"\n �K�IJ�H�HXK� ^ K�[�J wZ!�
J�^ �! Z�� K"Jv^Z" ���!Z��J 	!�"�� u�w�^ HJKwK�J �J�^K� U �v� w U K� K"JIX [_^Hw�H"�KJ U
�v^ �oZ!�J �� U � K�"H�!IJKJJK^ � wKon�!KwK" �KZ^ KJw��� ^ZnK��� K�J W � "�omKwJ �n�JZ"� \�
"��! ^Z�J�^ �! H��JK�JK" J_��o" ^ HwJ J XZ�� � J U �! KwKn^HomK"KJ ���!KXKJKJJK^ � � �u�
u�wYZ� ^�[Z�n u�w����� ��^ HwH�K��_� �! w^ �!\ HwJH"K""K� W � KY��H�J JKJJK^ � Y������Z"
�K��!Io � �"J�X �J � o�" ��Z�JJKXH"Kom�H� � ^HwJH"HwK �� W r�m K�KJ� Ko "�^vJ�JJ�^ U [Z�m �
�!ZwZ� "KJJ_� wKon�!KwJ K�m J XZ���� � U [�w^ �n�" "Z^uZoKo� K�H�!IJ� " � � ^ I� "HJ K�KJ� Ko
^K�Kw_�IJKJJK^ �! ��mKo �w om� U "Zw �� � �K��KnK!H�J W r!K" �! KwKn^ HomK" "Hu K!JH" �!
Zw�! �Z� n�oJ_� Ko �� ��"KwwK� �!KwKu�_ ]�G �nZ��Z!�JZ^ ���u� ��J W

GvJ�J ���^ ^  �Zn�" �!�"��! ��o ��^ KwJ U �HomK� Hw�oJ"K!_ "KJJ_�Y������Z" "wZ^ Z�
�!�Hw�"v� �"J�X �J � J X �!�� �J�^ "�!Ku K� �K�� ZoJ �� �u K"JwZ�!"\u��� ^ HwH�K" K�K^ !H�K
���u�  o W �H�Z^ � [�nwZ�Ho ���^ Kw����� XZo�� o � �K��Hu _ U �! �"J�X �J �J � K�!_ K^ ���!�\�
J��� �KJ "�^vJ�J �� XZ�J U �^ �J � ^ K�	�mK�J H� ^ZnK����u K"Jwv^Z" ���!K[��Zo�IJ �� wHXHo
XH�K!JK^ K� W � !  �J���^ K�K^ !KJJ omZ�Y Y�������\� [HJ ^vJ�JZJJ K^ ���!�\� J��� �KJKJ W � !
K^ ���!�\ ^ HwJH"HoK" � "Kw�o�H�� � !�� �Zw o X��\ X �JZ! � J ^ K�[�J wZ!X� X�!�� �[�J\
XZ�J � "wZ^ Z�!�Hw�"v� ���� W K!!K� ���!K����_Ko �K��!Io�� �"J�X �J �J ^vJ�J\ JKw� �KJK" K�[K�
�mK!"KnH�K � Y������Z"Zo W V �!�� �J�^ �! �"J�X �J � Kw_��H�K H� K�mK� 	!�"�� u�w�^ HJKwK"
"�!�JJ �Koo ��\ "�u Y�Z��J �K[KJ_�H�HJ �� W

�Z��Z!�JZ^��o w�X �nKo X !Z�Z^ � JH^  X�� "�u Y�Z��JZ� �ZoJZ���� ���u �Z���^ �"�J U
� K^vJ�JZ^ �! �n�J�K�nZ��Z! � H� � ^ZnK��K!H�K" �Hu H�K�J U ^ ��n XH�� � ��^ KwJKJK^ �
"�uZJJ KwKn^HomK"KJ H� �! K!K"� _� �KXZoJ "�XKJ"K!JKJH�K"KJ W
����jji���f � "KJJ_�Y������Z" � �KnH�� "KJJ_�Y������Z" U �!ZwZ� "KJJ_�Y������Z" U �Hom��w� K�
^ZnK��K" U w�n� ����K� K��H����w� H" U �u K"Jw ��� XZo��uwZ	 ��^ZnK��K" U �K��!Io � H� "wZ^ Z�
�!�Hw�"v� �"J�X �J �
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� b �k�kik��j �
� W� W KnH�� "KJJ_�Y������Z" W W W W W W W W W W W W W W W W W W W W W W W W W W W W �
� W� W � "KJJ_�Y������Z" �KZ^KJw��� Z�!J �mZ! �� W W W W W W W W W W W W W W W W W �
� W� W � � �
 � JIuv�� Y������Z" W W W W W W W W W W W W W W W W W W W W W W W W W �
� W� W  �!�"�� ^ZnK��K" W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W �
� W� W K��!Io � H� "wZ^Z�!�Hw�"v� �"J�X �J � W W W W W W W W W W W W W W W W W W W W �
� W� W GvJ�J �� YH�Z" W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W ��

� b S k����k ��jkf  !"jikakf ��

# b Oi �$��%f lk �$% ��%i&j�  fd�a��fk ��jk ��
� W� W ZJZ^ KJw��� �n�JZ" W W W W W W W W W W W W W W W W W W W W W W W W W W W W W ��

� W� W� W GZwwK"Y�\� K��  w �Z" W W W W W W W W W W W W W W W W W W W W W W W W W ��
� W� W� W � �K�XHJK�K" wKnv" � �� W W W W W W W W W W W W W W W W W W W W W W W ��
� W� W� W r� J�o"Y�\� "ZwwK"Y�\" U �J�on�wn Jw�o�!�Zw^  Y�\" W W W W W W W W W ��
� W� W� W 'Kw�\nv�^ K�[�J wZ! � U �! t

−
� n���w�^ W W W W W W W W W W W W W ��

� W� W pu K"JwZ�!"\u��� �n�JZ" W W W W W W W W W W W W W W W W W W W W W W W W W W W ��
� W� W� W � �u K"Jwv^Z" �K�nZ��Z! �� W W W W W W W W W W W W W W W W W W W W W ��
� W� W� W � �n� ����K� K��H����w� H" K�_ ��IJ �� W W W W W W W W W W W W W W W W W �(
� W� W� W r�mH� �u K"Jwv^ �K�nZ��Z! �� ^ KJ\nv�Z" W W W W W W W W W W W W W W ��

� b ) di df� d *�a�! ��kakf ! k�+��&a%i&j� , �i k �j- ! de�� �jd����� de�f k �k! ,
i�jk � �
� W� W � u�w�^HJKw�^K�[�J wZ! �Z" �Z�m�^�J� W W W W W W W W W W W W W W W W W W ��

� W� W� W ���!IJKJJ u�w�^ HJKwK" U � uwZ�w�^ �vJJ�J �� W W W W W W W W W W W ��
� W� W� W ���!Z��J u�w�^ HJKwK" ^ K�[�J wZ! �� W W W W W W W W W W W W W W W ��
� W� W� W ]  XZ�� ��"����w Y�\ W W W W W W W W W W W W W W W W W W W W W W W W W ��

� W� W rwKn^HomK" W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W ��
� W� W� W ./ 0KZo�� W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W ��
� W� W� W V q 0 ��w�K W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W ��
� W� W� W �. ]vY�o�K W W W W W W W W W W W W W W W W W W W W W W W W W W W W W ��
� W� W� W 1/ �mnw�K W W W W W W W W W W W W W W W W W W W W W W W W W W W W W ��
� W� W� W V �(� � w�K W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W ��

2 b � a%! %jil�adf�j �f� d� d�&j � dij�& ���� , � ! &j% $ df ! de�� �jd����� de�f
k �k! i�jk �3
� W� W 
 ZnK���u K"Jwv^Z" K�_ ��IJ �� U � ^ K�	�mK�J H� �!�oJKJ�"v� �u K"Jwv^Z"

���!K[��Zo�IJ �� W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W ��
� W� W rwKn^HomK" W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W ��

�



� W� W� W V� �Ku[K� W W W W W W W W W W W W W W W W W W W W W W W W W W W W W ��
� W� W� W tt ��v���K W W W W W W W W W W W W W W W W W W W W W W W W W W W W W ��
� W� W� W V q ' ��Y�v^ W W W W W W W W W W W W W W W W W W W W W W W W W W W W W ��
� W� W� W p� 0�YKwJ�K W W W W W W W W W W W W W W W W W W W W W W W W W W W W ��
� W� W� W �� �onwZ^Kn�K W W W W W W W W W W W W W W W W W W W W W W W W W W ��
� W� W� W 0p � K�u[�o� W W W W W W W W W W W W W W W W W W W W W W W W W W W W W ��
� W� W( W � 'K���� W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W ��
� W� W� W V ��(� �m�o� W W W W W W W W W W W W W W W W W W W W W W W W W W W W ��

� W� W GZwwK� Y�\" � "wZ^Z�!�Hw�"v� �"J�X �J � Kw_��H�K H� K�mK� 	!�"�� u�w�^H�
JKwK" "�!�JJ W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W ��

� jjikl%� �� �&j ��
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� Y������ �!�J K�m�" ��Ko HwnK"K� H� [��!oZ� "vJ�J �� JKw� �KJK � "KJJ_�Y������Z" X�!�� �
��J� W � "Z^uZoKo�K" �w�X�J Y�\��o "�J�JJ wKon�!KwJ ��"ZJX� � "�!�� J�^K�"�!HuuZoJ
"�w� � "Kw�o�KoK" W � w K!K"KJ �! Z�� K"Jv^Z"�J "Zw ���o "�XHJK�K�oK" J�wJZJJ " U �!
vJ\�� � HXJ�!KnK" X�!�� ��J�� ���u�  o "�nKw� �J U [Z�m � ����� ��vo"��o J�� �[�J\ Y������Z"
o��m wH�!K ��mKo "KJJ_� �X��m J��� K�� wKon�!Kw J��� � W

� "KJJ_�Y������Z" [��mZ^ omZ� Z�!J �mZ! �� � "� ��o��!_ nKJK"J � �� ^\n�!KwK"Ko
���uv� W � ! K�m�" �K��ZoJZ���� Y�ZuZwJZJ �� K�m� Ko � X �JZ!\ Y������Z" K�m�" Z�!J �m J�
� �KnH�� "KJJ_�Y������Z" ��"ZJ�  " L � "HJ Y������ "Kw�o�H�� �I"� � "�!K� K��" � � J\�w omvo"�
[Z! ��!�! �! �o"��o Y�\ U X��m�� � � J\�w om H� � "Kw�o�H�� �I" oZw^  ����  �J�� � K! wJ
�!��  �J�� ��o
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"�!�JJ X�o � U K!HwJ � "Z^uZoKo�K" �n_w_� �n_wK "� �Y��o��Ko

K��Kn�" K�m^  �J �K! �K[KJ JK�� K� U wH�!�K�K� X��m �m�w�� �KnH�� W � Y������Z" K�m^ �[Z!
X��!ZomIJZJJ [K�m!KJHoK" �Z�m�^�JZ� X �JZ! �� K�m�JJ �  w � wKon�!Kw ���!�HomK��H�HoK"
uKw�Zn�"v� X �JZ! � X�� U X���^ �oJ � "Z^uZoKo�K" �!Io"HuXZo����o�" � �!�oJHo uKw�Zn��
"v� � �Zuu�Kw�K�JZ�\n � X�� �� "�!K�Kn_ Y������ �u K"Jw �XZo���� � "H"K�� U � J XZ�Zn\
Y������ XZo���� u Kn�� � X�w��K�� J�wJZ^  om �K�H JZ�\no�" � W r!K"KJ �! K� K"Jv�Z"�J ^ K��
�K�K�_ ^��!KwK""K� ^ Hwo� Jvn�v" U � ^ HwH�� �n�JZ"�\� u Kn�� "�omKw[KJ_K" � wKon�!Kw
�HomK��H�HoK" U ��� W �! K�mK� "Z^uZoKo�K" � J\�w om� �K� K��H�HoK" �n_� K�� X �JZ! � J
�!K^ �H�JKJ_ �Hom��w� H" U ��� W w�n� ����K� K��H����w� H" W � �Hom��w� H" ���"�  �\� H� � �K� K��
�H��^u��J�n\"� \� "�!XKJ�Ko� � "��! ^Z�[�J\ � Y������Z" J�^K�K H� �v��w� W

� "HJ Y������ "Kw�o�H�HwK HwXHomK� GKu�Kw s s s W J�wXHomK L
A3

P 2
=

G

4π2
(M1 + M2)
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�[Z�
A = A1 + A2

� u �m " �H�o��mJKo�K�mK�oK" ���!K�K U
P

� "Z^uZoKo�K" "Kw�o�H��
u Kw�\nv�� U

G
� �w�X�J Y�\�  ���on\ U

M1

H�
M2

uKn�� � "Z^uZoKo�K" J�^K�K� W
� w�n� ��� �K� K��H�K" �

Vr

� �! K�mK� �!Io"HuXZo���" ���Zw�J\w�v^ � [v�� ^[Z��!J\�
�
λ0

� XKJJ �Zuu�Kw�K�JZ�\n � o�" �
∆λ

� ^HwJH"HJ_� ����KoK" L
∆λ

λ0
=

Vr

c
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�[Z�
Vr

�! �nZJJ "Z^uZoKo� � J\�w om� �K� K��H�K U
c
� �Hom�K� K��H� W ]ZX �� � X �!�� ���

J��o"[Z! � �K� K��H��^u��J�n\ �
K

� �Z���^  o�" � KXK!KJH�HwK X�o �!�"�H� W � Y������Z"
K�m^  � "�w� �� "Kw�o�H�K �Zw o � w�n� ��� �K� K��H�K" �Z�m�^ �JZ��o X �JZ!o�" � K�m ^K��
�K�K�_ Ko X ���!JZJJ ov���!�oJ[K! "Hu K�J �! Huu Ko J XZ�Zn\ "Z^uZoKo� � J\�w om� �K� K��
�H�K uZ!�JIX �K! �J�� �!Io"HuXZo���� � X�w�� �K�H JZ�\no�" K�� U ^ I� � "�!K�Kn_H oK��JIX
�� XZo���" � �u K"Jwv^ "H" Z�n��� �K�H JZ�\no�" � W r! � ov���!�oJ � J�^K�"�!HuuZoJ
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� J\�w om� �K� K��H�K �� ��^^���K� K��H�� U
Vγ

� U ^ K�moK" HwJH"K �n_� Ko  ���on\ W � w�n� �
��� �K� K��H�K" ����!Z��JHwJH"� Ko XKJJ� ^�� �^  ��� HwJH"K�"KJ �! �o W����������	 
� � ����o
�� U����� U ��� W � U(���� � !��� XK�!�" �K� �K""Zw ^ �on"HJ Y������ZJ uZoJ Z�n��w\� � J�v" � W �
�K� K��H��^u��J�n\ nK	oIY�\� � L

K = V max
r − Vγ

���
� �K� K��H��^u��J�n\ H� � �H�o��mJKo�K�m "�uY�Z��J� L

K =
2π

P ·
√

1 − e2
· A · sin i
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�[Z�
e

� u �m� �� ���������
� U
i
�! �o"��o Y�\ �!��K W � nZ��Z!�J��o �!KwKu�_ Y������Z"

K�KJH� Ko � �!ZwZ� "KJJ_��"w_� �HXHo �!\ � "�wu �m J JHJK�K![KJ�o" �K� �
e = 0

� U �!�! �!
K�_�� � K�mKo�KJ I�m K�m�!Kw���n�" L

K =
2π

P
· A · sin i
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� ! K�mK� "Z^uZoKo�K" �K� K��H��^u��J�n\�o�" �w om w� �K�Iw[�J\ L
K1

K2
=

A1

A2
=

M2

M1
= q
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�[Z�
q

� J�^K��w omW
� �KoJ� K�mKo�KJK"�_�

A
U

i
U
K1

H�
K2

��^ KwKJH� Ko � "Z^uZoKo�K" J�^K�K� ^ K��
[�J wZ![�J\�" W � �J�� oZ� K�KJ� Ko �! �o"��o Y�\ oK^ ��^ KwJ U �^ � �K[KJKJ�KooH JK�!� �
uZoJZ� u�w�^ HJKw�! ^ IJ �J W � �Hom��w� K ^ZnK��K!H�HXK� X ��!ZoJ �! �o"��o Y�\ �!��K
o��m uZoJZ�� ���� "��! ^ Z�[�J\ U I�m ^K�omI��" �! �J �! ���!Z��J 	!�"�� u�w�^ HJKwK"
^K�[�J wZ! �� �K�H W
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� "ZoXK"JIX !\o� �K�"� ��_�� wH�!K K�m XH"ZomU ^ �on���!K oH[ om �! ! "^ X��J�� wH�
JK�� Ko U � �ZJZ�!�Hw ��o �Z�mJ�J\n�" �� Y������ K!Ko wH�!Hw_� Hw"K!�" � �!K^^K� � J[�J\
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� [_^Hw�H"�KJ �� � �u K�KJH� Ko "� W ���� G �J_� �� ��� G ��� � U � XH"Zom  J^ KoKJ� wHJK��
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�KwK" � U nK "����"v� �v" X��\�  ��o K�m^ �J\� ����_Ko J�wJHo�" U � "�!�� Z"Z"w� XK!KJ�
[KJ_ X���!� W � � K�Ko�K�� K�^ H�KJK" �!Kw�oJ � � �u �^ �oK�K� n�o�^\��"HoJ ^�"�n�" L �
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•
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� uwZ� K"J[K! ���� �K�wv w�  ��o Y��J��"Z!J�^ � �! �n�JZ" �K�nZ��Z! � J H� � ^ K� �K�K�_
K�^ H�KJ� "�XKJ"K!JKJH�K" �KXZo � J JH^ �XK!KJ_^^K� "�!��Ko XH�K!J�" U ^ I� � Y������Z"
� ���Zo�� KX �ooKm �"\nn�� J�wJHo_ ^ZnK��K!H�HJ H� � u�w�^ HJKwK" "��! ^Z� � J �o ��\�o
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GvJ�J\^vo" ^ ^ �Zn�" U ���(����� "�!�JJ� �!�"��! ��o � JH^ �XK!KJ_^ U nw W V �o"\
�\!�K� �pq]r ]]sG tuJ�"�� H� GX�oJv^ K�K"JwZo�"�� ]�o�!H" � �w omIJ �� ^ K��KJJ � � \�
��^ KwJ U ^ K�[�J wZ!ZJJ 	!�"�� u�w�^HJKwK""K� wKonK�"K!_ � �
 � Y������Z" �!Io"Hu K�
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^vJ�J �� XZ�J U � [�nwZ�Ho ���^ Kw����� XZo�� o � �K��Hu_ K^ ���!�\� J��� �KJ ^ K�� K�KoH�K
���u�  o W � ^K�	�mK�H�� uwZ�w�^��o �!KwKu�_ Z�� K"Jv^Z" "�!� � XH�� � omZ�Y Hw�oJ"K!_
"KJJ_� ��� �onwZ^Kn�K U tt ��v���K U V� �Ku[K� U V ��(� �m�o� U 0p � K�u[�o� U p�
0�YKwJ�K U � 'K���� U V q ' ��Y�v^ � K�KJH� Ko XH�K!JK^ K� � wH�!�KJK� X �!�� ��JZ"�J W

� w � ^ HwH�� �n�JZ" ���(��_� �! w^ �!o�" U J��� Z"� �� XZ�J U �^ �HwJ Y��" K�m HXJ�!Kn
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"�XKJ"K!_ HXK"� Ko oK^ "Kw� �J �Zw �� �\�� �n�JwKnv"Y�\w� W � uwZ� K"J �� w�H�K�!JH�HoK" �"�
Jv���J � J K�mwH�!J �! �nJ� U [Z�m � �K�J��� uwZ�w�^Y������ � \ ^ �o_�H�� �u K"JwZ �ZJZ^KJ�
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��



� � � �	�	
����� � �������

�[Z�m�o �! K�_!_ �K� K!KJ XH�Ho K^ �IJKJJK^ U � "vJ�J\^vo" ^ ^ �Zn�" �K�H� Ko �K�[��!�
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�K�YZu K U �]] � �!KwK�J "HJ�v��w�� � ��^mJ[��u K"JwZ�w ��� ��Zv� �K � K�^ pu KYJwZ�w�u[ U
��p� "H�!� �JK" W � nKJK"JZw K�m �(��

×
��� u�� K�K� ����Y[�u XZ�J � � �u K"Jwv^Z" K��

^H�KJ� �K��ZoJ �� � [��!o �J [v�� ^[Z��!J�wJZ^  om��o ���������� � � (��� "�w� � XZ�J
^ K��nX� ��! �n�J"�HwJH"K�H�K" �Zw o � �K��ZoJ �J KooH� "���H ���Y�Zom���w� U ���� H�
���� "�!H � KY�� �J�" � W � Y������Z" uKw�\nv� J\� ����_Ko �! K�uZ!IY�\� �n_" � H� � uKwY
"�!�JJ X �JZ!J�" W
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ZJZ^ KJw��� ^ HwH�K" Y��" �! K��_ ^ �oJ ��o �!KwKu�_ U �J n�w�� "KJJ_�Y������ K�KJH� Ko
"H�!� �JK" W � ! �� �� ��"��o wH�!�KJK!KJJ K��  w �Z"�J ^ �onK�m�" Z�� K"Jv^ K�KJH� Ko K�XH�
�K!JK^ W
# b� b� b �%aakf� dgj k �� &a&j%f
� ����"�^Kw �� � K�Hu _ �ZJZoZ" [�J � w� K�K"JwZoZ" X �o�" "� � Y[�u ���uwHJK�H� _� U
� u��K�Ko"HoJ �K��m� �K^ �_ oK��JIX J� �JH�HwJH"KJ u Kn�� "� Jvn�v" Z�X��o� W � ! I�m "��Hu_
K�K"JwZoZ" �! ^ � K�mKoK�Ko �w omZ� � � KK�_ �Hom �v�v� X�� U �^ � �K�^ H�KJ��K�� "�!XKJ�Ko
�HomK��H�^ HwH�J JK�! �K[KJ_XH W � �m�"Zw��J��o �!Zo��o J��� Z�m�o [�J �J �� 	�mK�K^� K
"K�� XKoo�o" U �^ � ^\nZ�IJ �! K�m u��K�wK K�_ K�K"JwZo�! ^Zo U � Y��" K!K" "�"��!��� �H�K
vJ o "K!n[KJ� �" ^ K� �! �n�JZ" "�omKwH�HJ W � [ wZ^ ���uXKJ_ "Zww�� � �� K��  w � �
����� U � ���� H� � � ���"ZwwK"Y�\ � K!K" wH�!�KJK� �KIw �� u� W � ]�G �nZ��Z!�JZ^��o ��
^ K�J�� �[�J\ W
# b� b� b O lk ����k �kf ak$�f& �&j�
� ����"�^Kw�  �J�� "H�!IJKJJ "Hu K" 	
 � � �K� �� �K s^ ��K ]w�o�uZwJ pm�JK^ � "�JKw� K�!�
JH�� � � �Z""HoJ "Kw� �oK"  J � �! ^ IJ\�HuwK � K!J � �Zw^  Jv^ZJ �!�oJK ^ �onKo "Hu �K��
nZ��Z!\ uwZ�w�^ ��^ Kw� W � "HuK" K�m �K� �HYYK� "K!n_noK" U �^ K�m J�wJ��^ �!!� � "Hu K"
wK"Zo�Jwv � � [Z! oH�"� ��![KJKJ�Ko �K��ZoJZ���� ^K�	�mK�H�� H� JKY[o�"�� �o �Zw^  Y�\�
"�J W r!K"KJ � �K�nZ��Z! � �Zw o "� �� Jvn�v" omKwo� �X��m �" w ^ K�X �JZ!J�Jo�� W

� �K�XHJK�K" wKnv" � � J � ��J�Zo�� tuJ�Y�� � �JwZoZ^ �Y�� t��KwX�JZwm ��� �s^ ��K
� KnvYJ�Zo �on �o��m��� �Y���Jm � oKX�  �J�� oZ� Y������ �!�J� "Hu �K�nZ��Z!\ uwZ�w�^ �
Y�Z^ ���  X�� XH�K!JK^ W r! � u�w�oY��ZwZ� XK!Hw�H�� �!Z �JXKw Y�Z^ ��Z"�\� �u�Y"��K� U
�!Zo � K�� � u Kn�� ��"��^ �! �Z"�\� �J��" �  �� � K�m �K�m ^�XK�KJ K�XH�!H�H[K! � ^ K� �K�K�_
J��"ZJ "K�� ^ K��!Kw"K�!JKo�o" U ^ ��n �K�vJJ�Jovo" W

� n�w"�"ZwwK"Y�\J oK^ "K��KJJ ��"��^ �!o� U ^ �XK� � [��!o �J ����"�^Kw� �Z�mH"Zom
o�JwZ�HooK� XZ�J [�JXK � � "Hu"ZwwK"Y�\"�J � ���� ��� oKX� ��"��^ �! ���� [�� JZJJ�^ XH�wK W

� X �JZ!\ Y������Z" X�!�� ��J o � � Y������ �HomHoK" �n_� K�� X �JZ! � w� X��mvo" "I�
X oY���" � K[[K! �o W �n_�Zw �ZJZ^KJw� J "K�� XH�K!o�o" W � �HomX �JZ! �J K�m ^  ��" U
"Zo�J�o� �HomK��H��oK" JK"�oJ[KJ_ Y������ ��! �o W ���!K[��Zo�IJ\ U w�X�nKo �[ � �v�v��
HwJH"K�[K! X��!ZomIJX� Jvn�v" ^Hwo� W � �K�XHJK�K"Ko � X �JZ!\ ^ K��KJJ �!KwKu K�o�K "K��
�K��� �� ��� [��Zo�\ �HomK��H�� �[�o�" �uKw�!K [� K!J � � J\^ K!_ ^ HwKJK H� �! H�JKw��
�KJ �K[KJ_XH JK�!�� U [Z�m K!K" "Zo�J�o� XZ�J w\� �! K�m^ ���� X��\ ���!K[��Zo�IJ � wHXHo
Jvn�vo" ^ K��m_!_no� W
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r�m H� �!�"� �Zw o J��� JI! U X��m �" w J��� �! ! "Hu KJ �� "H�!IJKo�o" "K�� � ^ K� �K�K�_
^ �oJ�XHJK�K!H� HwnK"H� Ko W � w � ^ZnKwo J XY��XK" "�XKJ�" �! H��Z�J �Zw� � J U � XK!KJH�
oK^ J�"H�KJK� U K!HwJ � "Hu K" K�m^ �[Z! "Hu K�J "�Y��J K� �K�!oK" JZ�\nX� W �[[Z! X��!ZoJ U
[Z�m � "H�_�� �K"� Ko � �ZJZ^ KJw�� �vJZ^ �J�"v��o K�XH�K![KJ_ �K�mKo �! ���!K� "HuwK
��!�! oK K�mK�HXK� "K��� Ko XH���^ Hwo�o" ^ �onKo �K�XHJK�J� U �!�"�H�K� U [Z�m � Y������Z"
^ �on�� v�m�o�!Z"Zo � "Hu"ZZwn�o J "Zo �!KwKu K�� KoK" W

� wKnv" � �� �Z�m�^�J "�XKJ"K!_ �Hu H�K JK[ J � �K�XHJK�K" ���!KJZ� �� XZ�J � ��w�
Y������^ K!_ U X��m o��m K�JZ�\n �Z" K�KJHo K! K�H� [Z��!�n��^ �� K��  w � �KJJ XZ�o� W � !
 �J���^ �K�nZ��Z!ZJJ ^ HwH�K" K�KJH� Ko X��!ZoJ Y��" "KXH� Y������ XZ�J � "Hu Ko U H� �!
K�JHwH�K" �K^ XZ�J�" J� � o��mZ" � I�m K�K�Kon_ XZ�J Y�vu o K�m wK�KwKoY��"Hu Ko �HX_
"ZZwn�o J "�J "�IwoZ^ U ^ ��n �! �� � ���� oKX� J��""�� �! ���!K� "Hu KJ K!K"[K! ���!IJX�
K�JZ�oZ^ W

� "HuK" ���!KJZ� �� vJ o "�XKJ"K!KJJ � "Zo"wHJ "�HwJH"K�H� U �! �o W �* ka��a�,l%�%,
! k�ad� W rooK" �Zw o � ^HwKon_ Y������ "�wH K�m �m�w� ���"� �uKwJ�w J ���K�!JKJJK^ �
� � K��_  J^ Hw_o � K�� �� u ��K�K" ���!�v�v� J �!ZoZ�IJZJJ�^ �! Z�� K"Jv^ �HomK��H�HXK� U
� �m�w�o �HX_ u��K�K" �v�v� J u Kn�� � [ JJHw�HomK��H��K� W � ��!KJZ�J "Hu K" K�KJHo �!
K��  w � �vJZ^ �J�! �J�o XZ�J XH�K![KJ_ �Y�vu o � "Hu K" ���J �  J U X���^ �oJ � "�^ HwKon_
Y������Z" "ZZwn�o J �J "K��KJJ ^ K��no� [Z!! � W � �HJwK� �X_ � � �Z"�\� " ��!KnJK^ � "Hu "H�
�!IJH�HoK" �n_uZoJ�  J U X���^ �oJ � X �JZ!\ H� �! ���!K[��Zo�IJ\ Y������Z" �HomK��H�HJ W � !
�n_uZoJZ" ����XHomH� Ko  �w !Z�X� � X �JZ!\ H� � �K� �HomK�K�� �[ "� ��o��H�HJ U ^ K�"�u�
J�^ �! �o W n�� KwKoY� ��� �Hom��w� HJ U �^ � ^  w X���!��nJ� � X�!�� �J Y������ �HomK��H�HoK"
X��\n� �n_� K�� X �JZ! � J W

� �K�XHJK�K" �n_uZoJ� �� � Y������ �!�J��o [��!o ��JZ� �� ��
� ��
��� ���� �!Kw�oJ �KJ�
JK" ^K��nX� W � �� K�_omK U [Z�m K�m �nZJJ n Jv^J\� "K!nXK �Gw WK W �(�� W � �ov w � W�
�Z�m�^�JZ��o �! ^Z��v" �! K�JK�J o�u Z"�J U �^ � ^ K�"�oomIJ� �! �n_� K��  ���u ZJX �JZ! �
�Z" X �!�� ��J J ��_�K� [Z��!� �n_�ZwZ" K�KJHo � W � uZoJZ� �n_u ZoJZ" ^ K�[�J wZ! � [Z! �
���� Ko ^K��nZJJ HwJH"K"wK ^ H� K� "K��KJJ XH�K!o� �! �o W � ������������ � ����� ���J �K! ��
J�� � � �n ��u "�w� �� "Kw�o�H�HJ �� 	�mK�K^� K XKJJK^ � U KwKn^ Hom"HoJ I�m [K��Z YKoJw�"v�
�v�� o�n Jv^Z"�J �� ��� "�uJ�^ W
# b� b# b ��� def� dgj f%aakf� dgf  j��e$�a$ �a�ejil%a! &� dgf
� ^HwH�� KwKn^HomK"KJ "Zww�� �o� "K��KJJ � �H�"�w [�J ���w� U ^ ��n  J"ZoXKwJ �o� K�m
�J�on�wn �ZJZ^KJw��� wKon�!Kw� K ��! K��  w � wH�!�KJK� � ]�G �nZ��Z!�JZ^��o J�� �[��
J\�" � W

� "ZwwK"Y�\� ��� W Jw�o�!�Zw^  Y�\� �Hu H�K"[K! � ^ �oJ ��o �!KwKu�_ Y������Z"[Z! "��
!K�� U �o W 0�onZ�J�^K!_"�o �0�onZ�J ����� �HX_ U �J�on�wn Y������Z"�J [��!o �Jv" �K�
�"Zo"wHJ�o � '� �������� U � '� ������(� U � '� ���(��(� H� � '� ������� ^K!_"KJ� W
� ! K�J�o"Y�\� H� Jw�o�!�Zw^  Y�\� K�m�JJ[�J\" ^K�[�J wZ! � J � ���'0t]  �w !Z�\�
uwZ�w�^��o �HX_ ���K�!JH�� �vo"Y�\" U X���^ �oJ K�m 
 H�! wZ� p!��Z�YY��� "�!��Ko IwJ U �
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# b� b� b �kadg$�j! k�+��&a%i&j  �i �
−� $ d��a�!

� Y������Z" "Kw�o�H�� u Kw�\nv��nK� HoK" X �JZ! � J �! �o W t
−
� �Z�X W \ ^ Iov�! YH�

n���w�^ �K�IJ�H�HXK� X �!�� �J�^ W � ]�G �nZ��Z!�JZ^��o wH�!�KJK�Ko �KIwJ ^\n�!KwK"
�K�IJ�H�HXK� ^ �on �! �J U �! K��_ ^ �oJ ��o �!KwKu�_ "KJJ_�Y������ K�KJH� Ko ��"Kw� �J J���
^�o�^v^ �n_uZoJZJ H� �� U "Zww�� �J u Kw�\nv��n_"KJ ^ K�[�J wZ!oZ^ W � ! �� uKw�\nv��n_"
H� ��"��^ ���o X ���!JZJJ KuZY[ " �K�IJ�H�HXK� � �Hom��w� H"KJ � � "H�_�� � X �!�� ��JZ"
^K�"�oomIJH�K HwnK"H� Ko � � !���� wKonK!JK^ W  !�� ���JJ � Y������ �!�J��o [��!o ��JZ�
"Kw�o�H�� � !��J HwJK^ U �^ � � "Kw�o�H�� u Kw�\nv�K�m�H�� Ko ^HwJ �n_"� ��o��H�KJ � K�KoJ�
�uZoJZ�����o KooK" J�wJwH�!HJ� W r! �J�� � "� ��o��!_ H� �!�" "Zo "H�!� �J ^ HwH�� u ZoJZ"
K�mKJ�Ko U ��J\� �� �� J�wJ\ �oJKwX���v^�� K�JK" W
� �� � �� �������� ��� �	���

# b� b� b O j* kf�a�! %f lk �$% ��%i&j�
� �u K"Jwv^Z" "�HwJH"K�H�K � \X�� [Z��!��� H� �ZomZ�v�J��� �K��n�J U ^ �oJ � �ZJZ^ KJw���
�n�JZ" �K�nZ��Z! �� W � Y������Z" �!Io"Hu H�_� �!Zo��o ��Ko �Z" HwJH"K� �o �Zw^  Y�\J
Jvnvo" "�omKwo� U �^ � Kw_� ^ZJ�X Y�\J om�� J �! ���!KJKJJ ^vo"��Z�m�^�J K�XH�!H�H[K! W
� ! K��_ ^ �oJ ��o �!KwKu�_ Z�� K"Jv^Z" "�!� � �! ./ 0KZ U ^ I� � ^  �Zn�" ^ �oJ� ���!K�
Y������ o�" �!Io"Hu K�K^ !H�HJ Ho XH�K!JK^ ��! K��_ ^ �oJ� J��� � Y������ o�" �u K"Jwv^��J

 H�! wZ� p!�� Z�Y� nZ��Z!J� �K�� W

� wKnv" � �� ^�XK�KJK"KJ K!�JJ�� �� �! s�� oKX� uwZ�w�^ Y�Z^����� [�� JZJJ�^
XH�wK W � w � �ZJZ^KJw��� "Hu K"�_� � \X�� J��� "H�!� �J U ^ �oJ � �u K"JwZ�!"\u����"�\� U
�JJ J����H�K K��  w �J "K��KJJ ��"��^ �!o� U w �n �v� K!K" "�!� � oK^ ^ �onK�m�" XZ�J �vJZ�
^�J�! �[�J\ W � ! K��_ �Hu H�K" ^K�K�mK!oK" �! K�_!_ �K� K!KJ� Ko X !Z�J�""�� L � ^ K��K�
�K�_ "Hu"ZwwK"Y�\"[Z!  J���Z�J � ���� U ��� W ��J�"Hu K"KJ "K�� "H�!IJKo�o" U � � �K�XHJK�K"KJ
K!K""K� "Zww�� ��v" W � wKnv" � � JZX �� � � !������o X��!ZoJ � "Zw �� ��"J\� �HomK�K�Ko
"� ��o��!_ ^ KJ\nv�Z"w� X�o �!�"�H� W
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� omKw� �����K�XHJK�K"wK w oH!XK w��J�o �K�J�o�" K�m �ZoJZ� "� ��o��H� L � �ZJZ^ KJ�
w��� "Hu K""K� K��KoJHJ� Ko � �u K"JwZ�!"\u��� �K�XHJK�K"Ko Y��" K�m XH"Zom Y�I" �� �u K"J�
wZ�!"\u wH�HoK" "Hu K� [ZwnZ! HwJH"K� �o �Zw^  Y�\J W � �K�nZ��Z! � "�XKJ"K!_ uZoJ� �"HoJ
K!K"KJ � [��!oZ� J�wJZ^  omZ"�J X ���!J�v" "� � "Hu K"Ko �K!J �! ��� ��� oKX� J��""��
JK[KJ� �" ^K� � U ^ ��n "�X ��v" �!Z"�J �K! �! �o W ����^K�H�� � KJJ_� "K!nXK u Kn�� Y��"
K!K""K� � "HuwH�!�KJK""K� �Z����"Z!vo" W

� ^HwH�K" �Zw o "H�!� �J �K�XHJK�K" oH�m Y�ZuZwJ�� Z�!J[�J\�" L � � ���� U ��J� H� Z�� K"�
Jv^"HuK" ^K��KJJ �u K"Jw �� ^u��"HuK"KJ �� Y��o �o�" U ^ K�mK" �K�IJ�H�HXK� K�XH�K![KJ_ �
Y������Z" �u K"Jwv^��o�" [v�� ^[Z��!�"����w Y�\� � W � "����w Y�\ �Zw o � "Hu K" u��K�"Z�
Zwn�o J �J "K��  JX �J�ovo" [v�� ^[Z��!�"ZZwn�o J "w� � K[[K! u Kn�� � ^ HwJ �u K"Jw ���
J�wJZ^  om��o �HX_ U ��^ KwJ U "K�"Kom K^ ���!�\� XZo���""�� wKonK�"K!_ �u K"Jw �� ^u "w\�
"H�!� �J �K�XHJK�K"KJ [��!o ��v" �K� �K!K"� _� ^ �onKo Z�� K"Jv^"Hu K�_JJ U ��� W vJ o �� "H�
�!� � K�m�K�m n�w��� W � ! K�m�" "�X ���!JZJJ �u K"Jw �� ^u��"Hu XZo����o�" �!ZoZ�IJ ��
vJ o � K Jvn�v" "����w �o � � J��� �J �� �K!J � ����	�� ��� �� Y�Z^ �� ������	 � U ��� W ������ �
��	 � J��"� ��X�� JK[KJ� �" ^K�� U ^ ��n ���!K "K�� �m�� JKo�o" �! ���!KJ�wJZ!\ Z�� K"Jv^ � H�
� ^u��u K"Jwv^Z"�J ���	 � ����� J��" � W � "����w Y�\ K!vJ o � ��� ��� J��" �K�IJ�H�HXK�
XH�K![KJ_ K� L � � ^u�"HuK" ���u�  o �K� ��IJZJJ u�� K�"ZZwn�o J��[v�� ^[Z��!  JX �J ��
����XHomJ �! Z�� K"Jv^"HuK"wK ��"��^ �!X� ^K�"�u�v" � [v�� ^[Z��!�"����w �J �u K"J�
wv^ Z"�J W � ! ./ 0KZ �u K"Jwv^��o�" "����w Y�\�  o � �v� w� U ��� W � K� w� � ^u "�J U �
^  �Zn�" ^ �oJ� Y��������o � K� w� � ^u "�J [��!o �J�^ W

� �u K"JwZ�!"\u� ��o ^ K��!Z"ZJJ ^ \nZo K� "K��KJJ XH�K!o� �! �o W "ZoJ�ovv^ �oZw^  �
� �J �� U ^ K�mKJ "HJ�Hu Y�_� uZ��oZ^ ����XHom� ���K�!JH��K� Z�nZJJ�^ ^K� � ����	�� ��� ��	
��������� J��" �K�IJ�H�HXK� W
# b� b� b � �$ d& �djjk� kjj��,��a� �f k �-& ����&j�
� ! K��_ ^ �oJ ��o �!KwKu�_ "KJJ_�Y������Z" �n�J�K�nZ��Z! �� �Zw o �! K�m�" �K� �ZoJZ����
�Hu H� XZ�J � "Z^uZoKo�K" � J\�w om� �w�n� ���� �K� K��H�K�oK" � "Kw�o�H�� � !�� �Zw o J�w�
JHo_ X �JZ! � o�" ^ K�[�J wZ! �� W � w�n� ����K� K��H����w� H"KJ � [v�� ^[Z��!�"����w �J U
"ZoJ�ovv^ �oZw^  �J �u K"Jwv^Z"�\�  ��IJZJJ�^ K�_ U �! �o W fkakji�f%aak �&� dgj l���,
��e� ��wZ����ZwwK��J�Zo voYJ�Zo U ��) � �K�IJ�H�HXK� W � ! K��  w � �HomK�K U [Z�m �
X�!�� �J Y������ �!Io"Hu HJ "KwK�!J"ZwwK� �J�J�v" K�m [��Zo�\ �u K"Jw �JIuv�� U ��^ KwJ �H�
�n_� Ko �J�� ��� w�n� ��� �K� K��H�� Y������ �!Io"Hu HXK� � I�m � "KwK�KJJ �K� K��H�HwJH"K"KJ
�! �!ZoZ� XZo���" "�!�JJ� [v�� ^[Z��!K�JZ�\n ��\� �K[KJ ^ K�[�J wZ!o� ��� W � "Z^uZ�
oKo�K" �K� K��H�uwZ	 ��  J K�m�K�m ��v�����w� HXK� ���K�!J� �" �K � � ��w� H" ^�� �^v^[K�mK�
�n�  " ^K� � w�n� ��� �K� K��H�K"KJ W

�(
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Hullámhossz (Angström)

� W  �w� W � ! ./ 0KZ �u K"Jwv^�

� ! K��  w � �Zw o �! s�� 	 � ��� oKX� J��"�  J [��!o �J�^ W � �K� K��H��J�on�wn �
�� �� �(� � K�� U G �ss s�sV �!Io"HuZ�!J �m� Y������ XZ�J �w�n� ��� �K� K��H�K L

vrad � −� U�
± � U� km

s

� W � ! ./ 0KZ �u K"Jwv^�� �! ��������� � J�wJZ^  om��o "H�!� �JK" U nK �
"KwK�!J"ZwwK� Y�\ �Zw o oK^ [��!o �J�^ �K� ^ �onKo XZo���J W 
 �XK� �! XZ�J � YH� U [Z�m
^ �oH� u ZoJZ���� [v�� ^[Z��!X �JZ! �J �K[K��Ko ^K� ���uIJ�o� U � o��mZo �!H�K� XZo���"
"�womH"HJ ��

α
U �� � U X���^ �oJ � � �n �H�"�wH� _� �! w^ �!\ ���� ������

O2 + H2O
� X �

"� "K��KJJ [��mo� � "ZwwK� Y�\�\� W � ^K�^ �w�n\ [��!oZ� J�wJZ^  omZ"�J �� �(����(� � U
��������� � U ������(�� � � ^�on"HJ Y������ �!Io"Hu H�_� "�X �J�^ U H� K!K""K� nZ��Z!J�^
JZX �� W

� ! K�"H�!IJKJJ ���uwZ	 �Z"w� ��v�����w� H"KJ ���K�!JKJJK^ �� �n L � W  �w�� W � "Z�
w ���o X !Z�J ^\n�!Kw ���u�  o "HJ ��w� HJ "K��KJJ XZ�o� [��!o �o� U �!Zo��o �! ./
0KZ K�KJH� Ko ^K�� K�KoJ K�m Kw_� U �o W [�w^ �n�" �Hom �� U �^ K�m K�m u�v�! ��v�����w� K
���K�!JH�HJ JKJJK �!�"�H�K��H �� [�w^ �n�" �Hom  �J�� ��o � wKon�!Kw K�m JZX �� � "Z^ �
uZoKo�HwK U Kw_� �K��!Io� �Z�m�^�JZ"w� U K�KJ�K� X���^ ��mKo !�X�w\ [�J �w� vJ�� � �! ./
0KZ K�KJH� Ko � [�w^ �n�" Y��Y� ^ K�� K�KoH�K X w[�J\ XZ�J U wH�!�KJK�K�� Ko � �n �! rwKn�
^HomK" Y W �K� K!KJ� Ko � W � ^K�[�J wZ!ZJJ w�n� ��� �K� K��H�K"wK ^ H� K� "K��KJJ XH�K!o�
�! �o W ������������ "ZwwK"Y�\J �K!!K� � � �n ^ Z!� � J �� 	�mK�K^� K XKJJK^ � � K!J �!
��������� oKX� J��""�� [�� JZJJ�^ XH�wK W

V H�� � � � ���� Ko ^K��nZJJ �n_uZoJZ" U � "��onv� �� KuZ Y[� H� � "Kw�o�H�� u Kw��
\nv��n_ �K�IJ�H�HXK� "Kw�o�H�� � !��J wKonK�JK^ ^ �onKo ^ HwH�� uZoJ[Z! U � � w�n� ���
�K� K��H�K"KJ � !�� ����XHomH� Ko  �w !Z�J�^ W � �K� K��H��^u��J�n\"�J �!�ov�!��w� H"
���K�!JH�HXK� [�J wZ!J�^ ^K� �^ �XK� � �!ZwZ� "KJJ_�Y������Z" u �m �J "�w ���"�o�" JK�
"�oJ[KJ� �" � W � ! KuZ Y[�� H� u Kw�\nv�HwJH"K"KJ U X���^ �oJ � w�n� ����K� K��H����w� H"KJ H�
� ^ K�[�J wZ!ZJJ �^u��J�n\"�J �!�oJHo � � W� W �K� K!KJ� Ko ��^ KwJKJK^ W

��
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� W  �w� W � � U(���� � !��� ���uwZ	 � �! ���K�!JKJJ ��v�����w� H""K� �./ 0KZ�

# b� b# b ����� j* kf�a�! lk �$% ��%i&jd ! k�g$�j%f
� ^ �Zn�" ^ �oJ� Y�������� K�KJH� Ko � � W� W� W ���K� K!KJ� Ko wH�!�KJK!KJJ �u K"Jwv^ �K�nZ��
�Z! �� �Hu H�K" vJ o oK^ w�n� ����K� K��H����w� H" K�_ ��IJ �� U [�oK^ � ^ K�	�mK�J H� �
� "H�_�� �K"� Ko Z�X��[�J\ ^\nZo K�_ ��IJZJJ � ^ZnK���u K"Jwv^Z" ���!K[��Zo�IJ �� XZ�J
� YH� W r[[K! � ^ HwH�K"�_� �! w^ �!\ �!Io"Hu K"KJ oH[ om JZX �� � K��  w �o�" "K��KJJ
�� XKJo� W r �_�!�w �! K�_!_ �K� K!KJ� Ko ^ w K^ �K�KJKJJ JK��vw�Y XZo���" "��!�wH�HwK XZ�J
�!�"�H� �K!K" "� ��o��Ko � �

α
XZo�� "H" Z�n�� o � K�KoJ"K!JK" � U ^ K�m[K! K�_ "K��KJJ  ��

�IJ�o� � J��!J o �H�"�w� XZo���"�J J�wJ��^ �!\ U �^K�JKw�H�K� � �u K"Jwv^Z"�J W � ^�XK�
�KJ[K! �!�"�H� XZ�J �o W JK��vw�Y �J�on�wn ��!�! �mZw��o �Zw�\ U "H�_� � X��m "Zw�� �
�!Io"HuJIuv��� Y������Z" � � J��� � ^ HwH�� �n�JJ�� K�m o�uZo U �!ZoZ� ^��!KwK�m�JJK��K�
"H�!IJKJJ � �!Io"Hu �K�XHJK�K�wK � K!K"�_� � ^ �oJ o"��o omZ�Y n�w�� ��(�� � �u K"Jw �Z�!�
J �m�� Z�� K"Jv^ �!KwKu K�J W r!Ko �J�on�wn Y������Z" �!Io"Hu H� Ko Y��" �! Kw_� �

α
�XZo�� U

X���^ �oJ � �H�"�w� XZo���" � J�!�o�" W � ^K�JKw�H�K� �u K"Jwv^Z" K�_ ��IJ � [Z! � �J�o�
n�wn �!Io"Hu K" ^K� �K�K�_ �!�"��!��w� � �v�����w� H"KJ �K�mKJ � �

α
Y��Y�uwZ	 ��  w� U K�mKJ

� ��! wom�"w� � H� � "ZoJ�ovv^ �� K��K�� wH�!K"wK� U ��� W � ZomZ�v�J��� K�KJK"� Ko � � �v���
uwZ	 �Z" ^ K��KJJ K�m ^ �Zn �Z"� uZ��oZ^ ZJ �� ���K�!JKJJK^ W � ! ���K�!JKJJ ��w� H" �KXZo ��
vJ o ^ K�"�uJ�^ � "�! w\��� �H�"�w� XZo���"�J J�wJ��^ �!\ �u K"Jwv^Z"�J W � J��!J� JK��
�vw�Y �u K"Jwv^Z""�� �KZ�!JZJJ�^ �! Z�� K"Jv^ �uK"Jwv^Z"�J �� XZo��Kw_��H�K" ^ K� �K�K�_
ZuJ�^ ���! � J � ����� J��""�� XH�K!JK^ � U ^ ��n �� w� K�XH�K!JK^ � "K�KJ"K!_ �!Io"Hu K"
"ZoJ�ovv^ �oZw^  � � J W V H�� � � � �n �K� K��H�HwK X��\ [v�� ^[Z��!�"ZwwK"Y�\J �� XH�wK�
[�� JZJJ�^ U �! ��������� H� ��� ������� J��"Z" �K�IJ�H�HXK� W


 �XK� � ^ HwH�� �n�JZ" J����H�K K�H��H !�� Z� XZ�J U K!HwJ � � ^Z�J ^  w �H�"�w� XZo���"�

��



"�� oK^ JKw[K�J � "KJJ_�Y��������u K"Jwv^Z"Zo � �v�����^ IJ �J �K�m � KHuIJKJJ ov^ Kw�"v�
K��  w � U ^ K�m �� uZoJZo"HoJ XH�K! � �v�����w� HXK� �� �mZ!ZJJ  J���Z� �J� ��"��^ �!J�^
�! s�� �� ��� ��� ��� uwZ�w�^�  X�� W � ��^ IJZJJ �u K"Jwv^Z" ^ w ���!K[��Zo�IJ[��
J\�" XZ�J�" � ^ZnK���u K"Jwv^Z""�� � KooK" � �Z�m�^�Jo�" � wH�!�KJK�J �! � W� W �K� K!KJ� Ko
��^ KwJKJK^ W

��



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

������	 � ��� ���� ����

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

� X�!�� �J Y������Z" ^ZnK��K!H�H[K! � � ���Zo�� KX�ooKm�"\n �K� �w���K�� XKw!�\�  J [��!�
o �J�^ �� ���Zo H� � KX �ooKm ��(� U � ���Zo H� V�o � �^^K ���� � � � uwZ�w�^ [��!o ���
J o�" � K^vJ�J � J ]�G �nZ��Z!�JZ^��o "�!� �JK^ W � 	!�"�� u�w�^ HJKwK" ���"\nn��
J�wJHo_ "�omKwH�HJ ^ �on �! �J Y������w� K�XH�K!JK^ W � ^ZnK��K!H�[K! �!�"�H�K� � K^ Ko_
u�w�^HJKwK"KJ � �Hom��w� H" H� � w�n� ����K� K��H����w� H" X�!�� ��J �\� [�J wZ!J�^ ^K� W
� b� b� b � ��i ��k�� *�a�! ��kakf  � *a%�a�! l�����&j�
� �Hom��w� H" H� w�n� ����K� K��H����w� H" �K�IJ�H�HXK� J��� U �! ���K�!JH� �Zw o 	� HwJH"Ko
J�wJZJJ � K^ Ko_ u�w�^HJKwJ [�J wZ!J�^ ^K� U K! �J�� Y��""KoJXK � �!���n u�w�^ HJK�
wK" �! ^  J �[� K! � �! ^ J� � o��mU �! ���K�!JH�K" � �!ZomJ���oo X �[�Jo�" � � K!Ko"IX� �
�K�[��!o �J�^ � �ZJZ^KJw��� ^ HwH�K"�_� �! w^ �!\ U � !��J�wJZ^  omw� XZo�J"Z!\ �HomK��
�H��n�JZ"�J �� W

� Jw�o�!�Zw^  Y�\" �Zw o � �J�on�wn �HomK��H�K"KJ � � Y������ �!�J��o ^K��!Z"ZJJ
^\nZo � ^��o�J�n\"��o [�J wZ!J�^ ^K� W � ^��o�J�n\ �!Zo��o oK^ �nn�JIX ^ Koom��
�H� U K!HwJ �! HwJH"K"KJ wK��JIX �v�v�� "K��KJJ  J���"IJ�o� U � K!K" �! �n�JZ" �!KwKu K�JK"
XH�� � � ���"\n � K^ KoKJ� � � ��  ��o L

F = 10−0,4·(m−mmax) �(�
U �[Z�

F
� wK��JIX �v�v� U

mmax

uKn�� � ^ ��o�J�n\��o ^HwJ ^ �� �^  ��� �HomK��H�HwJH" W
� �Hom��w� H"�_� JZX �� � �ZoJZ� � K^ Ko_ �n�JZ"�J �K[KJKJJ ^ K�[�J wZ!o� L ^ �� ��

^ ��� �HomK��H� U � ^ �o�^v^ �HomK��H�K" �n_uZoJ� � U ��� W �! K!K" "� ��o��H�H�_� �! ^Z�J
u Kw�\nv��n_ � K!Ko"IX� � � �Hom��w� K ���"�  �\� "�XKJ"K!JKJJK^ � "KJJ_�Y������ JIuv� w� U
X���^ �oJ � �K��!Io � �"J�X �J � �K[KJ�H�K� �Zw^  �w� ��Z�JJKXH"Kom�H� U "�J�wH�K" � �� W

� ! ���K�!JKJJ w�n� ����K� K��H����w� H" wHXHo ^K�[�J wZ!J�^ � J�^K�"�!HuuZoJ �K� K��
�H�HJ ���^^���K� K��H� U

Vγ

� U X���^ �oJ � �K� K��H��^u��J�n\"�J �
K1, K2

� W r!K" �w om�
� Y������Z" J�^K��w om J �

q
� �nJ� ^ K� � ^ I� � u �m " �H�o��mJKo�K�mHwK ��� ���u�  o �!

�� �� � "Hu�KJJK� JKJJK^ ���\ � KY��H�J �K""Zw
sin i = 1

� L

A =
P

2π
(K1 + K2)

���

� �H�o��mJKo�K�m XH��_ HwJH"HJ �! ���K�!JH�K" �K�vJJ�J �� vJ o U �! �o"��o Y�\X�� J�wJHo_
"Zww�� � � wHXHo JvnJ�^ ^K�[�J wZ!o� W

� w�n� ����K� K��H����w� H" H� � �Hom��w� H" K�m�JJK� X �!�� ��J� wHXHo "�XKJ"K!JKJ�
JK^ �ww� U [Z�m � ov��� � !��o � �K! � �Hom��w� K K�m�" ^ �o�^v^uZoJ�  [Z! X�o w��!IJXK �

��



��mKo"Zw � � �nw_� oH!XK �! K�m�" Y������ Huu � ^  ��" K�_JJ X�o � K�_� �HX_ "Z^uZoKo� �
o��mZ�� X��m � "��K�� J�^K�� U ���KJXK � [�nK�K�� X��m � �Zww\�� � K! �!HwJ XZ�J �Zo�
JZ� U ^ KwJ K�!Kw�oJ "K��KJJ �Zw�! ^Z!o� �! Z�� K"Jv^Z"�J � uwZ�w�^��o W p!�oJHo �ZoJZ�
� K^ Ko_ u�w�^HJKw � ov��� � !��o � �KnH�� Ko �HX_ "Z^uZoKo� K�K"JIX �K��!Io � [_^ Hw�H"�
�KJK � �! KwwK XZo�J"Z!\ � KY��H�K"KJ � ^ HwH�K"�_� �! w^ �!\ �

−
V �!Io�onK�K" ���u�  o

JKJJK^ ^K� �� w�m ����� L

log Teff = 3, 988 − 0, 881(B − V ) + 2, 142(B − V )2 − 3, 614(B − V )3

+ 3, 2637(B − V )4 − 1, 4727(B − V )5 + 0, 2600(B − V )6 ���

� �!Kw!_ ^ K�� K�m!H�K �!Kw�oJ � �KoJ� �Zw^v� X�� �! ^ Z�J [_^ Hw�H"�KJ [�� �  w� � KY�� �J
HwJH" ������ G K�KJHo L

∆T1 ≈ 150K
W

� wKonK�"K!H�wK  ��\ � H� V �!�w_� �Hom��w� H" U X���^ �oJ � w��!IJKJJ u�w�^ HJKwK"
��^ KwKJH� Ko � uwZ�w�^^�� K�mU � X��\n�[Z! [��Zo�\ �Hom��w� HJ �KoKw �J�^ W � � K�
^KoKJ� � � ���o � K ��IJZJJ�^ U ^ ��n �Z�m�^�JZ��o X �JZ!J�JJ�^ �! K�mK� HwJH"K"KJ U K�H�
�!Ko �nn�� U ^ I� K�m wK��JIXK � \ "�!K�IJ_ ��w� HJ ��"Kw� �J ^ K��noZ^ � �! KwKn^HomK"KJ �
���'0t] oKX� uwZ�w�^^��  �w !Z�J�^ W

� uwZ�w�^ �Zw o XH�!KJJ �JKw Y�\" �vJZ^�J�! � � J K�m^  ���  �m�!ZJJ �[K����!"w�u�
JK""K� ��� W ��"��!"w�uJK""K� Z�nZJJ�^ ^K� W � �!ZomZ� "�w�"JKwY�Zu ZwJZ�IJ �� � K��K�!KJK��
�H�K"KJ "�[��!o �X� HuIJKJJK^ �K� � �ZwZo "�XKJ"K!_ � K^ KoKJ� � � �J U ^ K�m� Ko �! ���K�!�
JKon_ u�w�^ HJKwK" [K�mHwK �! K�_!_ �vJJ�J � �Zw o "�uZJJ HwJH"K"KJ [K�mKJJK�IJKJJK^ U
I�m 	oZ^ IJX� �Z"Z!�JZ��o �!Z"�J W � �Z�m�^ �J �Zw o J����!�w �� �!�"�H�K� XZ�J K�mK�
u�w�^HJKwHwJH"K"  J ��IJ �� W r�m �nZJJ u ZoJZ�� � K�HwH�K vJ o K!K" � "ZwwK"Y�\" �K�K��K�
�K��H X �J�" U I�m K!vJ o JK�� K�Ko �vJZ^�J�"v� �!K^^\n��o !�� �ZJJ � �Z"Z!�JZ� ���K�!JH� W
� "IX oJ KwKn^ Hom[K! J��� �! ! �vJJ�J � vJ o �vJZJJ�^ K� U ^ �"Zw �! ���!K� u�w�^ HJKw
^  w Y��" [���[�J wZo � K�� � X �JZ!ZJJ W � XH�KwKn^ HomK"KJ �K�[��!o �X� � ���"\nn��
�K�KoKw �J�^ � XH��_ U ^ZnK��K!KJJ �Hom��w� H"KJ U X���^ �oJ "�w�� !Z�J�JJ�^ � Y������Z"
�KZ^KJw��� ^ZnK��� HJ �� W
� b� b� b O� ji% ��� *�a�! ��kakf ! k�+��&a%i&j�
� ! ���K�!JKJJ u�w�^HJKwK" XH��_ HwJH"K�J � � uwZ�w�^  �J�� �! ^ IJZJJ �!\w �Z""�� K�m�JJ
� K�m "�^ KoKJ� � � ���o "�uJ�^ ^K� W � XH�KwKn^ HomoK" �! ^ IJ\ �Hom��w� K^ZnK��K"
K�_ ��IJ �� vJ o K�m ^  ��" "�^ KoKJ� � � �� \� Z�X��J�^ "� � "Z^uZoKo�K" "HJ �ZoJZ� � K��
�K^ !_� HoK" U � J�^K�oK" H� � �v� wo�" � ��u HwJH"K�[K! X��!ZomIJZJJ o��m� � J �� ��u
J�^K�HJ �

· 1030
"��o�" U �v��w J ��� ��� "^ �oK" XKJJK^ � W

� J�^K� H� � �v� w ��^ KwKJH� Ko "��! ^ IJ[�J\ JZX �� � u�w�^ HJKwK" ��v^ �oZ!�J � U
���!Z��J �HomK��H� � ^K�[�J wZ! � o � 	�mK�K^� K "K��KJJ XKoo� �! �o W ������ ��� �
��
�������J W � Y������"�!� JHw� Ko �HX_ uZw K�omK�� � Y������Z" �HomHoK" K�m wH�!HJ � Y��""Ko

��



� �v�v� U �!�! � ^��o�J�n\��o ^HwJ �HomK��H�HwJH"K" o�XK"KnoK" L
Vobs = V0 + AV

����

Bobs = B0 + AB

����

�[Z�
Vobs

H�
Bobs

� ^K�	�mK�H�K"�_� �! w^ �!\ �J�on�wn ^ ��o�J�n\" U
V0

H�
B0

� X�w��
��nH�wK "Zww�� �J ^ ��o�J�n\" U

AV

H�
AB

u Kn�� �! �nZJJ J�wJZ^  omZ"��o ^HwJ JK�� K�
K�omK�_nH� �K�J�o"Y�\ � W � ! K�J�o"Y�\ ^ HwJH"K � w�X�nK�� [v�� ^[Z��!�" �K�H [���nX�
o_ �I�m u� W

AB > AV

� U �!�! � X�w��K�� J�wJZ^  om�\� "KXK�K�� �Hom omK�_n�" K� � JK�
[ J �! Z�� K"Jv^Z" �!IoK "���H X�w��K�� H X ��" ��ooKo �! K�oKXK!H�� W � �! ^ IJ �Z"[Z!
X�w���nH�^ KoJK�

(B − V )0

�!Io�onK� wK XZ�J �!�"�H� U KooK" HwJH"K L
(B − V )0 = (B − V )obs − (AB − AV ) = (B − V )obs − E(B − V )

����

E(B−V )
�J X�w���nH�oK" X W �!IoK�YK��!v�o�" oKXK!!�" W � X�!v ��� J�wJZ^  om��o ^HwJ

JK�� K� K�J�o"Y�\ H� � �!IoK� YK��!v� "�!�JJ �Koo ��\ K^u�w�"v� ���!K����H� L
AV = RV · E(B − V )

����

�[Z�
RV ≈ 3, 0 − 3, 3

K^u�w�"v� "Zo�J�o� W
� X�w���nH� HwJH"HoK" uZoJZ� "��! ^ IJ �� ��Ko oK[H! �K��n�J U ^ �XK� K[[K! uZoJZ��o

��^ Kwo�o" "K��KoK � "�!J�o" H� � ^K�	�mK�J H��JK�J "�!�JJ �HX_ �om�� ^ Koom��H�HJ H�
K�Z�!� � J W � nZ��Z!�J��o �!KwKu�_ Z�� K"Jv^Z" ^ �on �HomK�K�� U "�!K�� Y������Z" U K!HwJ
� �!IoK�YK��!v� oK^ J� � � K�KoJ_� � nK � uZoJZ���� X�!�� ��JZ" HwnK"H� Ko ^ H��K^ [�om��
�Z�J�^ K� W

E(B−V )
HwJH"HwK ���\ H� �K��_ � KY��H�J JKJJK^ � K�_�� � K�KJ� Ko ��o�" XKJJK^ U

^ I� vJ\�� �[Z! � pY[�K�K� H� ^vo"�J w���  �J�� "�nZ��Z!ZJJ X�w���nH�� JHw"Hu KJ U ��� W �!
K[[K! J�wJZ!\ � uwZ�w�^ZJ [��!o �J�^ �pY[�K�K� H� ^J��� ����� W � ! K^ �IJKJJ "vJ�J\"
�o �w�X�w�� ^ HwH�K" �K�IJ�H�HXK� ^ K�� KY�� �JH" � ]K� �JwKon�!Kw� Ko J�� �[�J\ Y������"�!�
uZw ^ Koom��H�HJ U �w om �!Kw�oJ� K�Z�!� ���o W � ! Z�� K"Jv^ ��o" ����"J�"v� "ZZwn�o J �J
^ K��nX� �!  �J��v" IwJ uwZ�w�^o�" U ^ K�"�u�v" �! ���� �! �w om�� K�_ ���!K� ��!K^ �
�H�KJK�Ko � ����� �� �!H�H�� ^ K�	�mK�J� uZw  �J�� Z"Z!ZJJ X�w���nH�J W � �!IoK�YK��!v�
X��\n� HwJH"K ��! Z�� K"Jv^ J XZ�� � o�" ����XHomH� Ko � � "HJ HwJH" "�!�JJ [K�mK!"Kn�"
K� W

�������Zo"HoJ ^ K�[�J wZ!X� � X�w���nH� �K��_ [�J w w� "Zww�� �J
(B − V )0

HwJH"KJ U
��� ���u�  o "��! ^ Z�J�^ �! K��_ "Z^uZoKo� K�K"JIX �K��!Io � [_^ Hw�H"�KJHJ �

T1

� KwwK
�! K�KJwK �� W � ^ZnK��K!H�J �! I�m ^\nZ�IJZJJ [_^Hw�H"�KJ�HwJH"K""K� �� �K�vJJ�JJ�^ � �
u�w�^HJKwK" XH��_ HwJH"K� [ ���[�J wZo � K�� � oK^ X �JZ!J�" �"�XHXK JKw^ H�!KJK�Ko

T2

�J U
nK � �HomK�K� JHomK!_ U � [_^Hw�H"�KJ�"� ��o��H� oK^ X �JZ!ZJJ� W

��



� ^ZnK��K!H��_� �! w^ �!\ �v� w� H� [_^ Hw�H"�KJHwJH"K" ��^ KwKJH� Ko K�_�!�w �! K�mK�
"Z^uZoKo�K" �v^ �oZ!�J � J �X��m�� � JK�� K� �K�� �KJKo �n_K�m�H� ���JJ "��v� w!ZJJ KoKw�
�� J� [�J wZ!J�^ ^K� U �! �� �� � "Hu�KJ ���u�  o L

L = 4π · R2 · σ · T 4 ��� �

�[Z�
σ

� pJK��o��Z�J!^ �oo� ���on\ �HwJH"K L
σ = 5, 67 · 10−8 W 2

m2K4

� W
� �v^ �oZ!�J �HwJH"K" ��^ KwKJH� Ko "��! ^ IJ[�J\ �! �o W ����� ������ ��!�! � JK�� K�

[v�� ^[Z��!J�wJZ^  omw� XZo�J"Z!J�JZJJ� �HomK��H� �
Mbol

� � K! nK	oIY�\ �!Kw�oJ L
Mbol = −2, 5 · log Fbol + Kbol

����

�[Z�
Fbol

� JK�� K� �u K"Jw ��� J�wJZ^  omw� "��oJK�w �J �v�v� U
Kbol

u Kn�� "Zo�J�o� W � �v�
^�oZ!�J �HwJH"K" ��^ KwKJH� Ko � "Z^uZoKo�K" �Z�Z^ KJw�"v� �HomK��H�K �! �� �� � ���!K�
����H� ���u�  o XZ�J �! ^Z�[�J\ L

Mbol = Mbol� − 2, 5 · log
L

L�

����

�[Z�
L� = 3, 84·1026W

� ��u �v^ �oZ!�J �� U �
Mbol� = 4,m72

� � � Z�Z^ KJw�"v� �HomK��H�K W
� Y������ �!�J��o �ZoJZ� u�w�^ HJKwoK" �! ^ IJ �! Z�� K"Jv^Z" �Z[o�Zo V ��!�w_XK�

^ HwJ U �o W ��� ���� 	 ���� �� � �
MV

� U �^ K�mKJ nK	oIY�\ �!Kw�oJ �""Zw nKJK"J �o o" U [�
�! H��JK�J Huu �� u�w�!K" J XZ�� �w� �KooK J_��o" W r!J

Mbol

��^ KwKJH� Ko �! �o W � Z�Z�
^KJw�"v� "ZwwK"Y�\ ��� � wHXHo JvnJ�^ "��! ^ IJ�o� L

MV = Mbol − BC
��(�

� �� HwJH"K ���� � �K��!Io � [_^ Hw�H"�KJJ_� U � �K��!Io � �w�X�J Y�\� �mZw�v� �J\� H�
� Y������ �H^J�wJ��^  J\� K�m�w oJ W � ! �nZJJ [_^ Hw�H"�KJK"[K! J�wJZ!\ �� HwJH"K"KJ
J � � !�J� \� "KwK�JK^ "� ���wwZ�� H� t�J��K ����� W

� XH��_ YH� X���^ K�mU � wKon�!Kw ���!�HomK��H�HwK XZo�J"Z!\ u�w�^HJKw ^ K�[�J wZ�
! �� XZ�J W 
 �XK� � ^ ��o�J�n\ oK^ �nn�JIX ^ Koom��H� U K!HwJ �! �JJ X !Z�J �! ^ IJ �Z"�J
K�m �nZJJ wKon�!Kw K�KJH� Ko "� ��o�"� ��o K�XH�K!JK^ ^ �on"HJ "Z^uZoKo�wK U ^ ��n �
"�uZJJ

MV

HwJH"K"KJ  J�! ^Z�J�^ �v�v�Z"" �^K�mK" ^ w ���!K�n[�J\�" � L
F = 10−0,4·MV

����

� "HJ �v�v� ���!K�H[K! [Z!! "K��KJJ ^ H� �no� � [�w^ �n�" �Hom ^ZnK��K!H��_� KwKn_
HwJH"HJ �� W � "�^ KoKJ� � � ���o �!KwKu�_

l3
^Koom��H� wK��JIX �v�v���o XZ�J ^ K��nX� U

K!J �v�v�� ���"IJZJJ�^ L
F3 =

F1 + F2

1 − l3
· l3

����

��



� !
F1

U
F2

H�
F3

���!K�H� _� K�_ ��\ JK�� K� �v�v�J  J�! ^Z�X� "�uJ�^ ^K� XH�� � �
wKon�!KwJ � K��K^ !_ U �J�on�wn V ��!�w_� ���!Z��J �HomK��H�KJ U ^ K�mKJ "H�_�� J XZ�� ��
^K�[�J wZ! � YH��  �\� �� �K� JvnJ�^ [��!o �o� W

� X�w���nH� ���\ H� �K��_ � KY��H�H�_� KwKn_ �K��!Io � [_^Hw�H"�KJK"� _� K�m�w oJ �! �
^Z�J�^ �v^ �oZ!�J �HwJH"K"KJ U X���^ �oJ K!K"� _� ^ K�[�J wZ!ZJJ � Z�Z^ KJw�"v� H� �J�o�
n�wn V ��!�w_� ���!Z��J �HomK��H�K"KJ W

� ! K�mK� ���!Z��J u�w�^ HJKwK" HwJH"K�[K! � [���JKw� KnH� wHXHo � �!\w �J �� ^ K�[��
J wZ!J�^ W � J�^K�K" H� �v��w�" [�� �o�" "��! ^ IJ � [Z! �!�"�H�K^ XZ�J � w�n� ����
�K� K��H����w� H" ���K�!JH�H� _� �! w^ �!\ �!\w �HwJH"K"wK � K!K"KJ � ���'0t] uwZ�w�^
^K��nJ� �!  �w !Z� � �Zw o W � �K� K��H��^u��J�n\" [�� �o�" �K�[��!o � � X�� U ��� U ���
H� ��� ���!K����H�K" ���u�  o [�J wZ!J�^ ^K� �o"��o Y�\" ��^ KwKJH� Ko uZoJZ�IJZJJ �H��
o��mJKo�K�m �HwJH"K" H� � J�^K�K" �!\w � J W

� Y������Z" �v��w��o�" [����! ^ IJ � J K�m�!Kw��� ^\nZo K� �K[KJKJJ XH�K!o� W �
"�^ Ko_ �n�JZ" "�!�JJ �!KwKu K�oK" � �!ZomZ� U � "Z^uZoKo�K" oKXK!KJK� uZoJ� ��w� XZ�
o�J"Z!J�JZJJ wK��JIX �v� wHwJH"K" �

rpole, rpoint, rside, rback
� W �\ "�!K�IJH��K� HwXHomK� �!

�� �� � ���!K����H� L
R = A · rside ����

�[Zoo�o
∆
� "��! ^Z�J U X���^ �oJ

∆rside
� uwZ�w�^  �J�� ^ K�[�J wZ!ZJJ o��m� � o�"

��^ KwKJH� Ko
∆
� K�m�!Kw�Ko XZ�J �! w^ �!J�J[�J\ W � �v^ �oZ!�J �Z" U X���^ �oJ � �J�on�wn

V ��!�w_� H� �Z�Z^ KJw�"v� ���!Z��J �HomK��H�K" [�� �J �!�oJHo [���JKw� KnH��K� JvnJ�^
^K�[�J wZ!o� W
� b� b# b R&�% �j&�,f��d�a&� dg
� Y������ �!�J� "vJ�J �Z" �Zw o �! K�m�" �K� �ZoJZ���� �K��n�J � X�!�� �J Z�� K"Jv^Z"
J XZ�� � o�" "��! ^ IJ �� � K! �!  �J��vo" X �!�� �J Y������Z" K�KJH� Ko �� �ZoJZ� YH�" �J��
!H�"HoJ �!KwKu K�J W � ! K�_!_ �K� K!KJ� Ko X !Z�J �! ^Z� �Z" ���u�  o ^K�[�J wZ!J�^ �!
K�mK� wKon�!KwK" � � ^ZnK��K!H�K"� _� �! w^ �!\ KwKn^HomK"�_� �! ^ IJZJJ � �J�on�wn
V ��!�w_� ���!Z��J ���!K�HomK��H�HJ W � ! ���!Z��J ^ ��o�J�n\ nK	oIY�\�  � \� �! w^ �!\
���!K����H� ���u�  o �! H��JK�JK" J XZ�� �� ^ K�[�J wZ![�J\ L

mV − MV = −5 + 5 log D
����

�[Z�
mV

H�
MV

� �J�on�wn V ��!�w_ J�wJZ^  om ��o ^ HwJ ^ �� �^  ��� �HomK��H� ��� W �!
K�� _� �! ^ Z�J ���!Z��J �HomK��H� U

D
�! Z�� K"Jv^ u�w�!K"� Ko ^HwJ J XZ�� �� � K! vJ\�� �

o��m� �� ���� ���u�  o L
D = 100,2·(mV −MV +5) ����

� ���  J �n�JZ"� \� "�u ZJJ KwKn^HomK"KJ ^  � U �wZn��^ � ^\n�!KwK" ���u�  o ^ K�[��
J wZ!ZJJ J XZ�� �Z""�� �� ���!KXKJKJJK^ � K! �J�� uZoJZ���� JvnJ�^ JKoo� � XH�KwKn�

��



^HomK"KJ U X���^ �oJ ^ K�X�!�� �[�JJ�^ U ^ Koom�wK wK�KX o��" �!  �J���^ ^K�[�J wZ!ZJJ
	!�"�� u�w�^HJKwK" W

� Y������Z" "�X ���!J �� �Zw o �ZoJZ� �!K^uZoJ XZ�J U [Z�m �K�mKo � � �uu�wYZ� ^�[Z�n
^HwH�K��_� �! w^ �!\ u�w����� ��HwJH"�" W � u�w����� �� �! H��JK�JK"oK" � � �n "Kw�o�H�K
omZ^  o �K��Hu _ U � J�!\���Z� �!��K�^ Z!nv� �� U ^ K�moK" o��m� �� �ZwnIJZJJ�o �w omZ� �!
Z�� K"Jv^ J_��o" ^HwJ J XZ�� � X�� L

π =
1

D

����

�[Z�
π

� u�w����� �� HwJH"K IX^  �Znu KwY� Ko ^K��nX� U
D

� u�w�!K"� Ko �uY� ^HwJ J XZ�� � W
� �!ZwZ� �KnH�� "KJJ_��" �J�on�wn V ��!�w_� ���!Z��J �HomK��H�HoK" "��! ^ IJ � [Z!

�HJK!�" K�mU � "Kw�o�H�� u Kw�\nv��n_J �
P
� ��� W �

(B−V )0

�!Io �onK�KJ J�wJ��^ �!\ �Zw^v��
��vY�o�"� H� �vKw� KY" ���(� U ^ K�mKJ � � �uu�wYZ��^HwH�K" �J�J��!J�"�� X �!�� ��J� wHXHo
[�J wZ!J�" ^K� W r!J �!�oJHo �K�[��!o �J�^ � J XZ�� �Z" "����w � � [Z! L

MV = −4, 44 · log P + 3, 02 · (B − V )0 + 0, 12
��� �

� Y�"" �!Kw!_�oK" �! ^ IJ ��� �!Kw�oJ � � KY�� �J [ ��� �[�
∆B−V ≤ 0, 03

� L
∆MV ≈ 0,m1

W
� ! I�m "�uZJJ ���!Z��J �HomK��H��_� ���� ���u�  o �!�oJHo �! ^Z�[�JJ�^ J XZ�� ��n�JZ�
"�J U ^ K�mK" � �! K�X w �Z"o�" ^K� �K�K�_ Ko � � \ K�mK!H�J ^vJ�JJ�" � X��\n� � �uu�wYZ��
u�w����� ��Z"� \� �! w^ �!\ KwKn^ HomK""K� �	�mK�K^� K XHXK �!Z" � �!ZomJ���o� ���o�"
^HwJH"HJ ��� W

� J XZ�� �Z" [�� �J � ���![�o���o �! K�_!_ �K� K!KJ� Ko �KIwJ�""�� � �!�oJHo [���JKw�
� KnH��K� �! ^Z�J�^ "� W
� �� � � ��	� 
���

� b� b� b �� Pk%edj
� ! ./ 0KZ �

α2000 = 10h01m40, 43s
U
δ2000 = +17◦24′32, 7′′

� K�m o��mZo wH�\J� ��^ KwJ
H� J�ov�^  omZ!ZJJ Hw�oJ"K!_ "KJJ_�Y������ W K��KnK!H�K \J� ��Z�^K��JKw ���� � �! ^ Z�
�ZJZ^KJw��� H� �u K"JwZ�!"\u��� ^ K�	�mK�H� "H�!� �J w\�� W

� � �
 � Y������Z" � ��Z�!J �m [Z! J�wJZ!\ U G �!Io"HuJIuv�� Z�� K"Jv^ J��� �!K^ �
uZoJ�\� �� �K�"K�JKJJK � "vJ�J\" HwnK"�_nH�HJ W 'Kw�\nv��nK� K �

P�
� U�� o�u � �! K�m�"

�K�w�X�nK�� �! Knn�� J�� �J Hw�oJ"K!_ "KJJ_��" "�!�JJ U �^ � � "Z^uZoKo�K" Kw_� "wZ^ Z�
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� W J � � !�J W ���!IJKJJ � K^ KoKJ� u�w�^HJKwK"

� �_"Z^uZoKo� K� K"JIX �K��!Io� [_^Hw�H"�KJK � ^ K�	�mK�H�K"�_� �! w^ �!\
B−V =

0,m64 ± 0,m01
�!Io �onK��HwJH"� _� U ��� ���u�  o L

T1 = 5770 ± 150K
W

��



−400

−300

−200

−100

 0

 100

 200

 300

 0  0.2  0.4  0.6  0.8  1

v 
(k

m
/s

)

Fázis

�� W  �w� W � Vq 0 �� "Z^uZoKo�K�oK" w�n� ����K� K��H����w� H�

� XH��_ KwKn^ HomK" U ���!K[��Zo�IJX� � qZ�� H� ^J��� Y�""H� _� �! w^ �!\ HwJH"K""K� U
� ( W J � � !�J��o � J[�J\�" �n_�J � KJ�XK� � uwZ�w�^  �J�� �! ^Z�J H� 	�Ko J�wJZJJ
u�w�^HJKwK" �!KwKu K�oK" U � J��� � � K�� �H� ^ K�K�mK!�" � "Zw ���o � JZJJ�""��� W

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

[◦] �� �� ± ��� �� �� ± � �� rside

1 � ����� ± � ����� � �� ��� ± � ��� ��� �� ��% ��% rside
2 � ����� ± � ����� � ����� ± � ��� ���	�����	�

−� ����� ± � ����� �� ����� ± � ����� rback
1 � �� ��� ± � �� �� � ����� ± � ��� ��� (  �� (  �"

rback
2 � ����� ± � ��� �� � ����� ± � �����

T1 $% & )!!( )��(
Ls

1

�� � � ��� � ± � ���� � ���� ± � ����
T2 $% & ���� ± �� ���� ± � � Ls

1

�� � � ���� ± � ���� � ���� ± � ����
Ω1 � ���� ± � ���� � ���� ± � ���� Ls

2

�� � �	
�� �	
��
Ω2 � ���� � ���� Ls

2

�� � 	�� 	���

r
pole
1 � ����� ± � ����� � �� ��� ± � ����� l3

�� � � ���� ± � ���� � �� �� ± � ����
r
pole
2 � ����� ± � ����� � ����� ± � ��� �� l3

�� � � ���� ± � ���� � ���� ± � ����
( W J � � !�J W � ���  J ���K�!JH�K"�_� omKwJ U X���^ �oJ � wK�KwKoY��Y�""� Ko �!KwKu�_ 	!�"��u�w�^HJKwK"

� Vq 0 �� JK[ J � � ^ZnK�� �!Kw�oJ � K�m � ��JIuv�� Hw�oJ"K!_ "KJJ_� �^�XK�
T2 > T1

U
�!�! � "��K�� �" "Z^uZoKo� � �Zww\��� � � [_^Hw�H"�KJK" "�� "� ��o��H�K ^ ��JJ �K�JHJK�K!�
[KJ_ U [Z�m � wKon�!Kw "�!K�  �� � JKw^  ��� K�mKo�� �m K�HwH�H[K! W � ! ��JIuv�o�" ^ K� �K�
�K�_ Ko � "�J� �J�JJ�H�� ��"JZw HwJH"K "�Y�� W � ! ���K�!JKJJ �Hom��w� H"Ko � \� � J�!�" � � U����
� !��o � � �! �o"��o Y�\ o��m HwJH"K ^ ��JJ � �K��Hu_ JK�� K� �KnH� ��� W  �w�� W

� qZ� H"  �J�� U X���^ �oJ �!  �J���^ ^K�[�J wZ!ZJJ u�w�^HJKwK" "�!�JJ � \ �! K�mK!H� �
� K�KoJ_�K�� "� ��o��H� �� �KoJ � �u K"JwZ�!"\u��� J�^K��w omo � �Hu �K� W

��
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� "Z^uZoKo�K" J�^K�K H� �v��w� � ���!KXKJXK � wK�KwKoY��Y�""� Ko �!KwKu�_ HwJH�
"K""K� � � � W J � � !�J��o �!KwKu K� W

'�w�^HJKw ���  J qZ�� H� ^J���
M1[M�]

� U��� ± � U��� � U��� ± � U���
M2[M�]

� U���
± � U��� � U�(�

± � U���
R1[R�]

� U�( ± � U�� � U��
± � U��

R2[R�]
� U(�

± � U�� � U��
± � U� �

� W J � � !�J W � "Z^uZoKo�K" J�^K�HwK ��� W �v��w w� "�uZJJ HwJH"K"

� ! ��^ KwJKJKJJ ^\n�!KwK" ���u�  o �! ^Z�J J XZ�� �HwJH"K" U ��� W �!Z" [�� � L
dHip �u Y�

dRD �uY�
ds �uY�

��� U� ±
�� U� ��� U�

± ( U� �(� U� ±
� U�

� W J � � !�J W � Vq 0 �� J XZ�� � w� "�uZJJ HwJH"K"

� J XZ�� ��n�JZ" o��m� �wKon��K� � \ K�mK!H�J ^vJ�Jo�" U ���oZ� KooH� � Y������o �
� � �uu�wYZ�  �J�� ^ HwJ u�w����� ��o�" �H� I�m �! K�� _� ^ K�[�J wZ!ZJJ J XZ�� �o�" � ��Ko
o��m � � �!ZomJ���o� �� W r!J � [�w^ �n�" "Z^uZoKo� � K�Ko�HJK �� Z"Z![�J� � U �" wY��" �
���  J KwKn^HomK"� _� �! w^ �!\ "��K�� J XZ�� �HwJH"K"KJ �� wKon�!Kw I�m v�m�o�� �HomK�
�K��oK" U �!�! "�!K�K�� �oK" � J�!�" � W

� wKon�!Kw �KZ^KJw��� ^ZnK��� K � �� W  �w o � J[�J\ �wKonwK � � � � U�� � � U� � � U(�
� !����o  �w !Z�X�� U ^ K�mKo � U� � !��o � � \� ^ K�	�mK�[KJ_ � JK�� K� �KnH� W

��



�� W  �w� W � Vq 0 �� �KZ^KJw��� ^ZnK��� K

� b� b# b `� R���e�k
� �. ]vY �

α2000 = 23h57m21, 52s
U
δ2000 = −64◦14′35, 6′′

� K�m ( �u K"Jw �JIuv�� "Zo�
J�"J "KJJ_� U �HomX �JZ! � J � � �uu�wYZ� �KnK!JK �K� W pK��^ ����� � � � �uu�wYZ���Hom��w� K
Zvw�Kw��o��I!��K wHXHo ^K�Kw_�IJKJJK �! Z�� K"Jv^ � �
 � Y������Z" "�!H X��\ � K�ZwZ�
� � J U ^ I� ' w��v��� H� �vY�o�"� ������ � wKon�!Kw ^v�J�u ��Y�J � J X�!�� �J " U nK � �!ZomI�
JH"Z"�J � �_�K� � �!Io"Hu� �n�JZ" [� om� ^ ��JJ � oK^ J�� �J�" w W � �u K"JwZ�!"\u���
^ HwH�K"KJ ��� W � 	!�"�� u�w�^ HJKwK" ^ K�[�J wZ! � J K��_"HoJ ^ � XH�K!J�" K� W
�
−� $ d��a�!  � fkade��jd * kadg$�jd$- f%aakf� dg� �
� � �uu�wYZ���n�JZ" ���u�  o ^ K�[�J wZ!ZJJ KuZY[� H� "��onv� �� u Kw�\nv��n_ L

T0 ���� ������� U���� U
P0�

� U�((��� o�u W � ! t
−
� n���w�^ Zo ��� W  �w�� � J[�J\ K�mKoK�

^ KwKnK"�H�K L
a = −8, 5 · 10−7 ± 2, 00 · 10−8 o�u�Y�"�v� W sooKo � "Zww�� �J u Kw�\nv��n_ L

'
�

� U�((��� � ± �
· 10−8
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uZoKo� [_^Hw�H"�KJK

B − V = 0,m50 ± 0,m01
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T1 = 6250 ± 150K
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Vγ [
km
s

]
�� U�

± � U�
K1[

km
s

]
�� U�

± � U�
K2[

km
s

]
��� U�

± � U�
q(m2/m1)

� U��
± � U��

A sin i[R�]
� U��

± � U��
�� W J � � !�J W ���!IJKJJ � K^ KoKJ� u�w�^ HJKwK"

� ^ZnK��K!H�J K�_�!�w �Z�J oH�"� �� XKw!�\��o �vJJ�JJ�^ �K � � wZ��! KwKn^ HomK" ^ ��JJ
�!Zo��o  JJHwJK^ � �Z�JJ�� X��\ ���K�!JH�wK U ^ K�mKJ �! K��_ ��!�! � o��mZ�� J�^K���
"Z^uZoKo�Ko [K�mK!JK^ K� �� �Hom��w� Ho � J[�J\ ^ �o�^  ��� � ����� �� ���� ���� U �!�!
� ^ �� �^v^Z" K�JHw_ ^ ����� �� K!J 	!�"����� �� �� J ^ ��!JZJJ�� W � ! 0� �XK� J�wJHo_
"�!K�IJH�K" �Zw o K�_�!�w � �Z�J uZ!IY�\�  J w��!IJKJJK^ L � �K�� Z�� ���K�!"KnH� �""Zw XZ�J U
^ �"Zw � �Z�JZJ �! K�mKo�IJ_ "�womH"HwK U � Y������ � U���� � !�� �Zw o �K�Ho" oH!_ Z�n�� w�
[K�mK!JK^ K� W � "�XKJ"K!_ �Hu H� � �Z�J^ HwKJ H� � �Z�J wK��JIX ��!�! � "�womK!KJH[K!
X��!ZomIJZJJ� [_^Hw�H"�KJHoK" � K ��IJ �� XZ�J W r! � "HJ ^ Koom��H� K�m^ ���� Kw_�Ko
���!K���� U K!HwJ � "H�_�� � �JKw Y�\� ���K�!JH�K" �Zw o Y��" �! K�m�"KJ �� [_^ Hw�H"�KJKJ�
[��mJ�^ ^K� �!���n u�w�^HJKwoK" �K! �!HwJ �� �!�"�H�K� U ^ KwJ � �Z�J^ HwKJwK X�o K�m
���\ "Zw� J U �^ � �� ^ KoXK � uwZ�w�^ wZ��!v� �! ^Z�� W

� ! ���K�!JH��_� �! w^ �!\ KwKn^HomK" � �� W J � � !�J��o �!KwKu K�oK" W � ^ZnK��K�
!H� �!Kw�oJ � �. ]vY K�m � ��JIuv�� � �
 � � X��m�� � K�Ko K�KJ� Ko � �_"Z^uZoKo�
[_^ Hw�H"�KJK ^ ������� � K!Ko � Y������Zo � K�KoJ_� ^ HwJH"� �Z�J�"J�X �J � �� !�� ��" W

����� ��	� 
���� ����� ��	� 
�����
[◦] � �� ± � �� rside

1 � ����� ± � ����� �� ��% rside
2 � ����� ± � �������������� � ����� ± � ����� rback
1 � ����� ± � ������ � � ! rback
2 � ���"� ± � ��� ��

T1 #$ % & '� Ls
1 () * � �""� ± � ��"�

T2 #$ %  ��� ± �" Ls
1 (+ * � ��� ± � ���

Ω1 � ���� ± � ���� Ls
2 () * ,-.,/

Ω2 � ���� Ls
2 (+ * ,-.0,

r
pole
1 � ��" ± � ����� l3 () * � 1�

r
pole
2 � ��"� � ± � ����� l3 (+ * � 1�2��� ����	���3

[◦] ! 2��� ��� ��4
[◦]  &2��� 5����6��3

[◦] 78' 94� : ������ � ��" ± � �� �
�� W J � � !�J W � ^ZnK��K!H��_� �! w^ �!\ 	!�"�� u�w�^HJKwK"

��
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�� W J � � !�J W � �. ]vY � KY�� �J J XZ�� � o�" � KY�� �J HwJH"K�

� wKon�!Kw �KZ^ KJw��� ^ ZnK��� Ho � U� � !��o � 	�mK�[KJ_ ^ K� � �_"Z^uZoKo� �Z�JJK�
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�� W  �w� W � �. ]vY �KZ^KJw��� ^ZnK��� K

� b� b� b �� ��$a�k
� 1/ �m� �

α2000 = 12h09m20, 82s
U
δ2000 = −27◦58′55, 9′′

� K�m G � �u K"Jw �JIuv�� "KJ�
J_�Y������ � �HomX �JZ! � J � � �uu�wYZ� ^�[Z�n �KnK!JK �K� W � �Hom��w� K ���u�  o J�wJHoJ
"����!�	" Y�\ �!Kw�oJ oK^ "ZoJ�"J U [�oK^ �H��� Hw�oJ"K!_ �X��m

β
0mw�K JIuv��� wKon�

�!Kw �pK��^ ���� � W r�mU � ��u "�womK!KJHJ X �!�� �\ J�ov�^  om ���u�  o � 1/ �m� �
�� u�w�!K"Ko � K�� � � � �K�Kw_�K�� w�oJ�Ko�"J�X �J �J ^vJ�J\ ��� Y������ K�m�"K �
 �"��
wZX ����� W rnn�� ^ �on���!K K�m uZoJZJ ^ HwJK" "� � Y������ w�n� ����K� K��H����w� H� Ho
�� �� U�

± � U� km
s

� U ������ Ko ��Zwn�Jw�^ H� ^J��� ���� � � � "vJ�J\Y�Zu ZwJ K�m �J�J��!J��
"�� X �!�� ��J "KwKJHo � K�� � ^ �oJK�m �����  H� � �!Io"HuJIuv�� J�wu KY������w\� "H�!IJKJJ
^ HwH�K"KJ U I�m oK^ XZ�J �K[KJ_�H��" �! K�mK� Z�� K"Jv^Z" w�n� ��� �K� K��H�K�oK" �n_�
� K�� X �JZ! � J ^ K�	�mK�o� W � 1/ �m� wH�!�KJK� �u K"JwZ�!"\u��� X �!�� ��J J U X���^ �oJ
� 	!�"�� u�w�^HJKwK" ^K�[�J wZ! � J � �!�"�wZn��Z^��o K�_�!�w ^ � X �JJ�" XH�[K! W
�
−� $ d��a�!  � fkade��jd * kadg$�jd$- f%aakf� dg� �
� ! Ku ZY[ J H� � "��onv� �� u Kw�\nv��n_J �!�oJHo � � �uu�wYZ� ^ HwH�K��_� "KwK�JK^ "� L

T0 �
� �� ������� U���� U

P0�
� U������ o�u W � ! t

−
� n���w�^Zo ��� W  �w�� � J[�J\

K�mKoK� ^ KwKnK"�H�K L
a = 1, 5·10−6

o�u�Y�"�v� � � "Zww�� �J u Kw�\nv��n_ L '
�

� U�������
±8 · 10−8

o�u W
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A sin i[R�]
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�� W J � � !�J W ���!IJKJJ � K^ KoKJ� u�w�^ HJKwK"
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B − V = 0,m92 ± 0,m01

�K� �!Io �onK��_� � �_"Z^uZoKo� �K��!Io � [_^ Hw�H"�KJK L
T1 = 5030 ± 150K

W � �Hom��w� K^ �� �^v^Z" � \� H�!wKXK[KJ_ t ��ZooK���K�K"Jv�J ^v�
J�JJ�" � KooK" ^K��K�K�_ Ko � o��mZ�� �" "Z^uZoKo� H�!�"� �H�JK"H� HwK U � ^  ��" Y���������
�!K^� KoH!_ Z�n��w� K�m ��JHJ �Z�JZJ [K�mK!JK^ K� W � ! ���K�!JH��_� �! w^ �!\ KwKn^HomK"
�� W J � � !�J��o �!KwKu K�oK" W
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[◦] � �� ± � � rside

1 � �� ��� ± � ������ � rside
2 � ���"� ± � ��������������� �� ���� ± � ��� �� rback
1 � ���� � ± � ������ � �&&

rback
2 � ����" ± � �����

T1 #$ % '��� Ls
1 () * � ���� ± � ���

T2 #$ % ��"� ± �� Ls
1 (+ * � �"� ± � ����

Ω1 0-��� Ls
2 () * � - ���

Ω2 � ���" ± � ���� Ls
2 (+ * � -,/.

r
pole
1 � ����" ± � ����� l3 () * � ���" ± � ��""

r
pole
2 � ���"� ± � ����� l3 (+ * � ���� ± � ��� �2��� ����	���3

[◦] �� 2��� ��� ��4
[◦] �

&2��� 5����6��3
[◦] �'� 94� : ������ � ��� ± � �� �

�� W J � � !�J W � ^ZnK��K!H�K"� _� �! w^ �!\ 	!�"�� u�w�^HJKwK"

� 1/ �m��w� "�uZJJ ^ZnK�� � � X w�"Z! �Z"o�" ^K��K�K�_ Ko � K�m J�u�"v� �H��� Hw�oJ�
"K!_ wKon�!KwJ ^vJ�J W � ^K�	�mK�H��_� �! w^ �!\ � H� V �Hom��w� K U ��� W � ^ ZnK��K!H�
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J�J � � �uu�wYZ� ^ HwH�� KwKn^HomK�XK� � K�� Ko �K�JHJK�K![KJ_Ko o��m �!KwKu KJ �  J�!�" �!
Z�� K"Jv^ "�!K��H�K W

� wKon�!Kw �KZ^KJw��� ^ZnK��� HJ � �� W  �w� ^vJ�J� � � K � � � U���� � !��o � � \� ^ K�	�
�mK�[KJ_ � �_"Z^uZoKo�Ko �HX_ ��JHJ �Z�J W

�� W  �w� W � 1/ �m� �KZ^ KJw��� ^ ZnK��� K

� b� b2 b c ��� Oa�k
� V �(� � w� �

α2000 = 18h08m22, 67s
U
δ2000 = −56◦46′01, 8′′

� K�m � �!Io"HuJIuv�� U �
� �uu�wYZ� ^ HwH�K� �Zw o �K��KnK!KJJ Hw�oJ"K!_ "KJJ_�Y������ W p!�oJHo pK��^ ����� � Kw_�
�IJKJJK ^ K� �! Z�� K"Jv^ � �
 � Y������Z" "�!H X��\ � K�ZwZ� � J U ^ I� ' w��v��� H� �v�
Y�o�"� ������ KooH� � wKon�!KwoH� �K^ J�� �J�" � �!ZomIJH"ZJ "I�Hw_ Z�� K"Jv^ � K�Ko�HJHwK W
� V �(� � w��w\� "Zw ���o �K^ wH�!�KJK� �ZJZ^KJw��� U �K^ �uK"JwZ�!"\u��� �n�JZ" oK^
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−
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n���w�^ Zo ��� W  �w�� � J[�J\ K�mKoK� ^ KwKnK"�H�K L
a = −5, 8·10−6±3·10−8
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K!HwJ � o��mZ�� �" Y������w� "HJ ��JHJ �Z�JZJ [K�mK!JK^ K� W

� ^K�	�mK�J H� ���K�!JKJJ �Hom��w� H" "�!�JJ KooH� � Y������o � � �K�o��mZ���" �!
K�JHwH�K" W � ! ��Ko "�Y�� J�^K��w om v�m�o�� �! ^ Z� oK[H!�H�KJ Z"Z!ZJJ � ^ ZnK��K!H�
�Zw o U ^ K�mK"KJ XH�� � Y��" "HJ [\o�uZ� uw\� �"Z! � vJ o ��"Kw� �J ^ K�Z�n�o� W � ���
"\n � J�u��!J���JZ" �!Kw�oJ oK[K!Ko "K!K�� � o��mZo K�JHw_ J�^K�� "Z^uZoKo�K"� _�
 ��\ wKon�!KwK"KJ U � �! ^ Z� �Z" �Zw o o��m ov^Kw�"v� �o�J�� ���J � �Hu �K� W � "�uZJJ
���K�!JH�K"�_� �! w^ �!\ KwKn^ HomK" � �( W J � � !�J��o �!KwKu K�oK" W
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[◦] "� �� ± � �� rside

1 � ���� ± � ����"� � ��% rside
2 � �� ��� ± � ����"���������� � ����� ± � ����� rback
1 � ��� ± � ������ � ��� rback
2 � ����� ± � ���� �

T1 #$ % '�&�
Ls

1 () * ����"� ± � ����
T2 #$ % � �� ± �� Ls

1 (+ * �� �� ± � ���
Ω1

����� ± � ��� � Ls
2 () * �-/��

Ω2
����� Ls

2 (+ * �-�.�
r
pole
1 � ���� ± � ����� l3 () * � 1�

r
pole
2 � ���� ± � ����� l3 (+ * � 1�2���

1
����	���3

[◦] !� 2���
1
��� ��4

[◦] 782���
1
5����6��3

[◦] �� 94� : ������ (�* � ��� ± � �� �2���
2
����	���3

[◦] '8 2���
2
��� ��4

[◦]  &2���
2
5����6��3

[◦] � 94� : ������ (�* � ��� ± � �� �
�( W J � � !�J W � ^ZnK��K!H�K"� _� �! w^ �!\ 	!�"�� u�w�^HJKwK"

� ^ZnK��K!H� ���u�  o � V �(� � w� K�m ��Ko "�� J�^K��w om� U � � �
 � Y������Z" �
��JIuv� [Z! J�wJZ!\ Hw�oJ"K!_ "KJJ_� W � "�!K�^� �J�� Y��" "KXH� U � U� ���JJ� J�^K��w om�
"ZoJ�"J "KJJ_�Y������ZJ ��^ KwJK" � � �K��KnK!KJJ �!ZwZ� "KJJ_��" �! ^  o�" vJ\�� � HXK"� Ko
J�u��!J��J v�w ��!Kw� o�XK"KnH�K wHXHo �!Zo��o K�mwK J��� ��mKo wKon�!KwJ J�� �o�" W �
�wK"ZwnKw� �Z" �� �! �� �
 � oKX� Y������ XZ�J U

q = 0, 075
��� J�^K��w om X�� ��vY�o�"�

����� � � � K�Ko�K�� "HJ �Y��Y�J�wJ\� �! p. �wX �
q ≈ 0, 066

U �vY�o�"� H� ^J��� ����� U
X���^ �oJ � V ��( � Kw �

q ≈ 0, 07
U 1 ��o H� ^J��� ����� U nK vJ\�� �w\� Y��" �ZJZ^ KJw���

^ZnK��K!H�K"  ��o�" wKonK�"K!H�wK U �u K"JwZ�!"\u��� ^ HwH�K" oK^ W s�mKo "�� J�^K��w om�
��



wKon�!KwK" �K��KnK!H�K �!HwJ "� ��o��Ko �ZoJZ� U ^ KwJ � � K�Ko�K�� K�^ H�KJ� ^ZnK��K" �!Kw�oJ
�� ���Z �����

q = 0, 09
�oH� "��K�� J�^K��w om� � �
 � wKon�!KwK" ^K�	�mK�H�HwK ��Ko

"�Y�� �! K�H�mU ^ KwJ J� � �mZw��o ������ ����� HX � ���!KZ�X�no�" K�mKJ�Ko �mZw��o �Zw�\
Y������� �� �K��� ��� �! ^ IJ �Z" ���u�  o K! �! ���\ "Zw� J

q = 0, 076
U 0 � H� q[�o�

����� W � V �(� � w� JK[ J Z�m�o �!K^uZoJ� \� �� HwnK"K� Z�� K"Jv^ U [Z�m  �J��� � "ZoJ�"J
"KJJ_��" KXZ��Y�\�  o�" K�m �ZoJZ� �Hu Y�_ �Z" J �� X �!�� �[�J�v" W

� "Z^uZoKo�K" [_^ Hw�H"�KJK "�!�JJ o�oY� o��m "� ��o��H� � � wKon�!Kw "�!K�IJ �
JKw^  ��� K�mKo�� �m K�HwH�H[K! W � �_"Z^uZoKo�Ko � K�KoJ_� ^ HwJH"� �Z�J�"J�X �J � !�� ��" U
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� � � �� � ������ ��� �� �� ���� � ���	� ���� � � � �����
� ���� ������	 � ��� ���� ����

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

� ! K�mK� Y������Z" K^ ���!�\� �
α
�J��� �KJHoK" "�^vJ�J � [Z! � � ^K�	�mK�J H� ^ K� �K�K�

�_ Ko �K�nZ��Z!ZJJ Z�� K"Jv^ �uK"Jwv^Z" ^ K��KJJ � �!�"�H� XZ�J �!�oJKJ�"v� U �nZJJ [_^Hw�
�H"�KJ U 	!�"�� "Zo	�vw Y�\ H� "Kw�o�H�� � !�� ����XHomH� Ko �K^ ZnK��K!KJJ �!Io"Hu K"wK W
� ^ZnK���u K"Jwv^Z" "��! ^ IJ �� �Zw o � "wZ^Z�!�Hw�"v� �"J�X �J � [�J ��� oK^ XZ�J�"
	�mK�K^� K XHXK U I�m � ^HwJ �u K"Jwv^Z""�� X��\ ���!K[��Zo�IJ �v" wHXHo �K[KJ_�H� omI�J
�! K�mK� XZo���"Zo �I�m u� W � �

α
�XZo��o �� �K��Hu_ K^ ���!�\ ^ HwJH"HoK" ^ K�[�J wZ! �

� w� W
� ^ZnK���u K"Jwv^Z" K�_ ��IJ �� "HJ o��mZ�� �Hu H�� Ko J�wJHoJ W r �_�!�w K�m  �J��

� oZ��o K�JKw� KnJ Y�������H�"�w�^ZnK��K!_ "\n U �! �]0� p� �GvwvY! ����� �K�IJ�H�HXK�
�KoKw �J�^ �K � ^K��K�K�_ [_^Hw�H"�KJ[K! H� �K��!Io � �w�X�J Y�\� �mZw�v� �[Z! �K�H�!Ko
uZoJZ��o KooK" �Z��w�J^v� [Z!� J�wJZ!\ ^ZnK���!Io"Hu K"KJ �

log
� HwJH"HJ � U��o�" XKJ�

JK^ � ��^ KwJ ��!JwZ	!�"�� �! ^ IJ �Z" ���u�  o K! � \ "�!K�IJH��K� ^ �onKo �_�ZwZ!�J� Y����
���w� ���! � U � [_^ Hw�H"�KJ� J�wJZ^  om ���� H� (��� G "�!�JJ X �JZ!ZJJ� W r!K" �! �o W
GvwvY!�^ZnK��K" � �K[KJ�H�K� �JZ^ �  J^ KoKJK" �nZJJ u�w�^HJKwJHw� Ko X w[�J\ X��\�
�!Io��H�K�oK" ���!K�!H�HXK� �n�  " ^K� � �u K"Jwv^Z" ^KoKJHJ W r!K"� Ko � ^ZnK��K"� Ko
� �!Io"HuXZo���" uv�!J o �o W JKw^ H�!KJK� XZo���!H�K��H��K� wKonK�"K!oK" � Jvn�v" X��
�!ZoJ U [Z�m oH[ om 	!�"�� K� K"Jv� � J��� K" "�!�JJ � Y������Z" �Zw� �� � "��!H�K�IJ� �
XZo���"�J W � X��\� ^ ZnK���u K"Jwv^ �! �nZJJ GvwvY!�^ZnK�� H� K�m �o W �"��!H�K�K�nH�� ����XHom� ����������� 	 ������� U �� "ZoXZ��Y�\� �"HoJ  �� K�_ � vJ\�� � � �! K�^ H�KJ�
[ JJHw wH�!�KJK�J ^ K��_!XK � ���� ���u�  o �n[�J\ ^ K� ��onKw�Zo H� p[v ��(�� L

B(x, o) =
1

H

∫
I(r, µ)P (r, o)× δ[x + o · (Ω × r)/c]µdA

����
U �[Z� % � ^ K�	�mK�_ �w om� U a K�m "�X ���!JZJJ �K�� �KJK�K^ �w omXK"JZw� � � J\�w om[Z!
"Hu K�J U � � �K�� �KJK�K^ ���!�oJKo!�J �� U � � �K�� �KJK�K^ JKw� �KJK U � � � Z�Z^ KJw�"v�
��� ���Z� �oJKo!�J � U � K�m �o W u KoKJw Y�\� ����XHomU

Ω
� �Zw�\ �K�� �KJ �!���K� K��H��

XK"JZw� U � � �Hom�K� K��H� U YZ�
µ =

e
·

% ��[Z� e � �K�� �KJK�K^ oZw^  ����� W
� ^�oJ ��o �!KwKu�_ Y������Z"[Z! J�wJZ!\ "��!H�K�KnH�� ����XHomK"KJ � �u KY� ����o

Hw�oJ"K!_ "KJJ_��" �o��I!��H[K! IwJ U � �
�� � K�� "\nn�� ��vY�o�"� ��(�� "H�!IJKJJK^
K� W � ��K" "��! ^ IJ � [Z! K�_�!�w ^ K� "K��KJJ  ���uIJ�o� U [Z�m � ^ HwJ �u K"Jwv^Z" �!
�nZJJ Y������ ^ K�m �" "Kw�o�H�� � !�� o�" u����o�J ��o "H�!� �JK" ��JJ ^Z�J "Kw�o�H�� � !��
���JJ �! �o W �u K"JwZ�!"\u��� � !��J "K�� HwJKo� � KooK" ov��u ZoJ� � ^ �on�� �! �o W Jw�o�
!�J[K�m!KJ U �!�! ^ �"Zw � o��mZ�� J�^K�� "Z^uZoKo� X�o �KnH�� Ko � W r[[K! ^ �onK�m�"
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Y������ K�KJH� Ko "� "K��KJJ "KwK�o� � �!�"�wZn��Z^�\� � ^ HwH�� �n_uZoJZ"[Z! �K�"�!K�K��
K�_ �ZJZ^ KJw��� ^ �o�^v^ �n_uZoJZ"�J U X���^ �oJ �! KwwK �! �n_�!�"w� HwXHomK� "Kw�o�H��
u Kw�\nv��n_"KJ ��� W J � � !�J� W

������� ruZY[� �� �� � � K� W 'Kw�\nv��n_ �o�u � � K� WV� �Ku ����(�( U���� � � U�(�� � �Vq ' �Y ����(�� U��(� � � U�� ��� �
�� �on ����(�� U���� � � U�� ��� (tt �� � ����(�� U���� � � U����� �
0p � K� ����(�� U��� � � � U����� �p� 0�Y ������( U�(�� � � U���(� ��
� 'K� ����(�� U���� � � U�(�(� ��V ��(� �m� ������� U���� � � U(���� ��

�� W J � � !�J W � [��!o �J KuZ Y[ " H� u Kw�\nv��n_" W � �	 ���� ��
� � �� � � � � ��� �����
�� � ������ � � �� �� �� ����� 	� 
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� K� WV� �Ku � �� U� � U�� � U�� ���� � U�(� ��� U� � �� U� � U �Vq ' �Y � �� � �� U� � U�� � U�� ���� � �(� U� � �� U� �

�� �on � �� U� � U�� � U�� ���� � U�(� ��� U� ��( U� � U �tt �� � � �� � �� U� � U�� � U�� �(�� � ��� U� ��� U( � U ( U �
0p � K� � �� U� � U�� � U�� ���� � U��( ��� U� ��� U� � U ��p� 0�Y � ��� (� U� � U�� � U(� ���� � U��� ��� U� � �� U� �� U ��
� 'K� � (( U� � U�� � U�� �(�� � U� �� �� � U� ��( U� �� U ��V ��(� �m� � �� U� � U�� � U�� �(�� � ��� U� �� U� �� U ��

�� W J � � !�J W � ^ZnK��K!H�[K! �!�"�H�K� � K^ KoKJ� u�w�^HJKwK" W � �	 ���� ��
� � �� � ��
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 � � ��� ����� �� � ���� � �� � � ��� ����� 	� � ������ � � ��� ���� �� � ���� �
� ��� ���� � � � � �� � � ��� ���� � �� � ������ ����� �� �� ��� ���� � � ���� �� ����� ��
� ���� � �� � � ��� ����� �� 
 �� �� � � ��� ���� ��� �� � �� ����� ����� ��� ��� ��
� � ��� ���� ��� �� ����� � � ��� ���� �	� ���� � � ��� ����� ��� � ���� � �� �
���� � ����� �� �� � � ��� ����� ��� � ���� � � �	 ����� ����

� � �
� ��"\n � K^ KoKJ� � � �� ����o U X���^ �oJ � �!�"�H�K� [v�� ^[Z��!�"ZwwK"Y�\"�
[Z! � "Kw�o�H�� � !��Z" ^ K��KJJ JZX �� � 	!�"�� u�w�^HJKwK"KJ �� ^ K� "K��KJJ �no� � K!K"
� �� W J � � !�J��o � J[�J\�" W � ! Knn�� oK^ [��!o �J � K�� �H�K" "�!� �

f ∗ = 1− f
��[Z� �

� "�J� �J�JJ�H�� ��"JZw� U
A0 = T2−T1

T1

� ��JIuv�� "ZoJ�"J "KJJ_��" K�KJH� Ko � "��K�� U �Zw�
w\�� "Z^uZoKo� wK��JIX [_^ Hw�H"�KJ�J��� �KJK � �_"Z^uZoKo�[K! "Hu K�J U

K = K1 + K2uKn�� � JK�� K� �K� K��H��^u��J�n\ W � �!�"�wZn��Z^��o �!KwKu�_ u�w�^ HJKwHwJH"K" �! K�K�
JK" J����H�H� Ko ^K� �K�K�_ ^ZnK��K"KJ �!Z�� �J�JJ�" � K�m�"HJ K�KJ� Ko X��!ZoJ � �!ZomZ�
	!�"�� � K��K^ !_" ^Koom��H�HJ � "�� ^ HwJH"� Ko � ^\nZ�IJ�oZ^ "K��KJJ �K�m �nZJJ ^Z�
nK��J �""Zw JK"�oJKJJK^ ^K��K�K�_oK" U [� � �

α
� H� � �mKo�H�� �H^XZo���" ^H�m�H�K ��� W

��



�!H�K��H�K K�m�w oJ � \� ���K�!"KnKJJ � ^ K�	�mK�H�K"[K!� W � �!�"�H�K� X �JZ!J�J �Z"�J �!
K�mK� Y������Z""�� "�uY�Z��JZ� KwKn^HomK" wH�!�KJK� � K^vJ�J �� �Zw o "�!��^ W

� JK��vw�Y XZo���"J\� ^ KoJK� U ��v�����^ IJZJJ Z�� K"Jv^ �u K"Jwv^Z" H� � "H�! ^Z�
nK���u K"Jwv^Z" "� ��o��H�HJ � �! s�� ����� J��"�  X�� � "Hu K!XK ^K�"�uJ�^ � "KwK�KJJ
"� ��o��H��u K"Jwv^Z"�J W � "�uZJJ �u K"Jwv^Z"��o � ^Hw[KJ_ "wZ^ Z�!�Hw�"v� �"J�X �J �
K�KJHo � � �

α
�XZo��o � K^ ���!�\� uwZ	 � XZ�J ^ K�	�mK�[KJ_ W � ! K^ ���!�\� J��� �KJ "X�o�

J�J�JIX ^ K�[�J wZ! � w� �! �o W ������ ��� � ��� �� �� � �!Z�� � L

W =

∫
∆λ

Ic − Iλ

Ic

dλ
����

U �[Z�
Ic

�! ��wK oZw^  �J "ZoJ�ovv^ ��oJKo!�J � U
Iλ

uKn�� �! �nZJJ
λ

[v�� ^[Z��!Zo
^Hw[KJ_ U

Ic

�[K! X��!ZomIJZJJ �oJKo!�J ��w om � X��m�� K�m [v�� ^[Z��!� �oJKo!�J � �w��
	"ZoZo � HwJH"K oK^ ^ � U ^ �oJ � "ZoJ�ovv^ �!�oJ H� � XZo��uwZ	 � "�!�JJ� JKw� �KJJK�
K�mK!_ JKw� �KJ� U "ZoJ�ovv^ �!�oJ ���JJ ��� W �K�KJJ �HX_ ����!Zwu Y�\ ��� W K^ ���!�\ K�KJHo �
JH�����u �!H�K��H�K ��n W � �� W  �w J� W � ! K"X�X��Ko� �!H�K��H�K" "ZwwK"J ^ K�[�J wZ! �
� [Z! � X�!�� �J "� ��o��H��u K"Jwv^Z" "ZoJ�ovv^ �!�oJ� HJ ��wK  ��IJZJJ�^ �J��� K�KJ� Ko
XZ�J �!�"�H� "ZwwK"Y�\w� U ^ KwJ � "ZoJ�"J "KJJ_��" "ZoJ�ovv^ �oZw^  � �� ^ K��K[KJ_�Ko
oK[H! �K��n�J� � XH�� � � HwJH"K�J �! � ��� J��" � KHuIJKJJ �vo"Y�\� � wHXHo  ���uIJZJJ�^
^K� W ���� "ZoXKoY�\� � ���u�  o � HwJH"K K^ ���!�\ K�KJHo oK��JIX � ^�XK� �!Zo��o ^vo�
" ^ �Zw o Y��" K^ ���!�\� uwZ	 �Z" K"X�X��Ko� �!H�K��H�HJ �! ^ Z�J�^ U K!HwJ �! HwJH"K"KJ
^ �on�� uZ!�JIXo�" XKJJK^ ��^ � HwJ[KJ_�� Ko �K� K!� "� �! K^ ���!�\ ^ HwJH"HJ� W

�� W  �w� W � ! K"X�X��Ko� �!H�K��H� nK	oIY�\� �
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� "�XKJ"K!_"� Ko ��^ KwJKJK^ �! K�mK� Y������Z" "wZ^Z�!�Hw�"v� �"J�X �J � o�" ^K��
[�J wZ!ZJJ ^ HwJH"HJ U X���^ �oJ �! �"J�X �J � "Kw�o�H�� � !��J\� ��� W K�mK� 	!�"�� u�w�^ HJK�
wK"J_� X��\ ����H�HoK" X�!�� ��J J �� W
� �� � � ��	� 
���

2 b� b� b c� �k*+kd
� V� �Ku �

α2000 = 20h37m21, 55s
U
δ2000 = +75◦36′01, 5′′

� �! K�m �" �K� �HomK�K�� U H� �
� JIuv�oHX�n\ � �
 � H� � "�!K�� �� � �ZZ ^ K��KJJ � � �K��oJKo!IXK�� Ko X�!�� �J Hw�oJ�
"K!_ "KJJ_�Y������ W HomX �JZ! � J pY[��J ������ �KnK!JK �K� W � �Z" ^K�	�mK�H�� �n�Jo�"
"��!�o[KJ_Ko ^ w HXJ�!KnK""K� K!K�_JJ �Hom nKw� �J � Y������ �Hom��w� H�oK" �uw\ U nK n��
o�^ �"v� H� �!�� �mJ���o X �JZ! ���w� W � � K�Ko�H�KJ "� ��o��!_ 	!�"�� Z"Z""�� uw\� �J "
^��m�w !o� � XH�� � � "Z^uZoKo�K"Ko �HX_ U "�womK!KJ�"oH� "���H [�X��K�� � ���JHJ� �
�Z�JZ" ^ZnK��� K HuIJH�HXK� �
v���o ��(� U /�^ ���"� ���� U 0 �ooK�� ���� H� ��� � U � Konwm
H� ^J��� ����� ��"Kw� �J ^ K�J�� �o � � �K�� Z�� ^K�Z�n �J �� �!ZwZ� "KJJ_��" ^ZnK��K!H�H�
oH� ^ �o�u� � ^ w "��onv� �� �K�JHJK�oK" JK"�oJ�" � �Z�JZ" � K�Ko�HJHJ U �[Z�m K!J �! K�_!_
o��m �K� K!KJ� Ko �� � J[�JJv" � W 'v�!J o �ZJZ^ KJw��� �n�JZ" �K�[��!o � � X�� J��� ^ZnK��
�� "H�!� �J U nK K!K" ^K�� I![�J\� �� � �_�K� � �Z�J�"J�X �J � Kw_��H�K H� X �JZ!H"Zom� ��
^ ��JJ � oK^ K�H� � \ W � �u K"JwZ�!"\u��� K�K^ !H�K"KJ �� 	�mK�K^� K XKX_ ^ZnK��K!H�J � ���
������ ��� W "H�_�� G��! � H� ^J��� ������ "H�!IJKJJK" �^vo" ^ �Zw o �! vJ\�� � Y�""�
�_� �! w^ �!\ u�w�^ HJKwHwJH"K"KJ [��!o �J�^ �K�� W � V� �Ku wKon�!KwH� Ko J�� �[�J\
K�m [�w^ �n�" "Z^uZoKo� �� U ^ K�mKJ K�_�!�w � Kw�[Km ���(�� ^vJ�JZJJ "� ��!JwZ^ KJw���
^\n�!KwK""K� � � �K��KnK!H�J oK^ wH� ��"Kw� �J "�!XKJ�Ko � o��mJ XY��XK� U �n�uJIX ZuJ�" �
� ^K�	�mK�H�K""K� �� � �!Zom IJ�o� ��vY�o�"� H� ^J��� ���(� W

� �!ZwZ� "KJJ_�Y������Z" "wZ^Z�!�Hw�"v� �"J�X �J � o�" "K!nKJ� �K�JHw"Hu K!H�HJ �_"HoJ
� V� �Ku�uK� "�uY�Z��JZ� ^ HwH�� �n�JZ" �onIJZJJ " K� ��n W � W� W �K� K!KJ� W � ! Z�� K"�
Jv^ ZJ "H�_�� �! ^Z� U "� ��o��!_ [v�� ^[Z��!J�wJZ^  omZ"��o �w�oJ�KoJ_� � w n�\J�w�
JZ^  om�� � XH�!KJJ H��Z�J�K�^ HwH� "KwKJHo � K�� � �!ZoZ�IJZJJ " uZoJ�Zww �"HoJ � 
 �"�wZX
������ �!Kw�oJ � �� u�w�!K"Ko � K�� � � � �! ! �K�Kw_�K�� w�oJ�Ko�v� w! �J ^vJ�J\ Y������
K�m�"K W r�mKn� Y������"HoJ �� J����!�w X �!�� �J " U �_�K� o��mKoKw�� � � J�wJZ^  omZ"��o
��V � �vY�o�"� ���� � w�oJ�Ko � V ��[v H� � K��K ���� U �[Z� H� �ZJ�o� ���� U �ZonZ�o
���� U �vKoK^ZKwnKw H� ^J��� ���� � �!�^v�J o w n�\�w�oJ�Ko � V ��[v H� ^J��� ���� �
w n�\ � �vY�o�"� H� pK�� ��J ����� W

� V� �Ku �"J�X �J � w\� J��� K�K^ !H� "H�!� �J �
α

XZo��uwZ	 ���o��I!�� wHXHo �� ���w�
nKo ���� U � Kw��J H� � ��[K� ���( U w��Y� H� ^J��� ���� U G��! � H� ^J��� ���� U � Konwm
H� 
 ZY[o�Y"� ����� U I�m KooH� � Y������o � �K[KJ_�H�K^ XZ�J � ���  J KwKn^HomK�^ ^ �
�Z"H�X�� X��\ ���!KXKJH�HwK W
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� V� �Ku �!�oJKJ�"v� �u K"Jwv^ o�" K�"H�!IJH�K "���H K�JHw_ ^\nZo !�� �ZJJ U ^ �oJ �
J��� � Y������o � U v�m�o�� � ^ ZnK��� K � K�K "K��KJJ XKoo� K�mU � ^ K�	�mK�J �u K"Jwv^Z"Zo
� \� � J�!\ [�w^ �n�" �HomJ �K! � ^  w K^ �IJKJJ [�w^ �n�" "Z^uZoKo� [�J ��� W � XH��_
^ZnK���u K"Jwv^ �oJKo!�J �� �! �� �� � ^ \nZo  ��J K�_ L

x · (F1 + F2) + y · F3 = F
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U �[Z� 
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�! Hw�oJ"K!_ "Z^uZoKo�K" wZJ Y�\��o "��!H�K�IJKJJ U GvwvY!�^ZnK��K"�_�
�! ^Z�J �u K"Jwv^��o�" �v�v�HwJH"K U s

3

uKn�� K�m ���� G �K� �uw\��Y������� �u K"Jwv^  �
o�" �v�v�� W � J\�� � ^ ZnK���!Io"Hu ��m  ��J K�_ U [Z�m �! K�^ H�KJ� GvwvY!��u K"Jwv^ZJ �
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�� W  �w� W � V� �Ku ^K�	�mK�J H� ^ ZnK��K!KJJ �!Io"Hu K � U(��K� � !��o � � K�_�� � �!�����JZJJ U vJ\�� � �Z�mJZoZ� XZo�����

� ! K�_!_ �K� K!KJ� Ko �KIwJ ^\nZo �HJwK[Z!J�^ � ^K�	�mK�J H� ^ZnK���u K"Jwv^Z" "��
��o��H�K"HoJ K�_ ��\ �!Io"Hu K"KJ ��n W u H�n�"HoJ � �� W  �w J� U ^ ��n ^K�[�J wZ!J�^
� "� ��o��H��u K"Jwv^Z"Zo � J�!\ �

α
K^ ���!�\� uwZ	 �Z" K"X�X��Ko� �!H�K��H�HJ W � "wZ�

^Z�!�Hw�"v� �"J�X �J �J � K�!_ K^ ���!�\� J��� �KJ � K�mK!H�� Ko �! K�^ H�KJ� ^ZnK��K""K� H�
� "Zw �� � ^ K�	�mK�H�K""K� � �!�oJK JK�� K� ^ HwJH"� Ko � o��mZ�� J�^K�� "Z^uZoKo��
w_� Hw"K!�" �K! "�oomKo ^ K�	�mK�[KJ_ U ^ �XK� � "Kw�o�H�� � !�� ��^ KwKJH� Ko Jvno� �K[KJ U
[Z�m Huu Ko ^K�m�" "Z^uZoKo�[K! J�wJZ!\ �

α
�Y��Y� X�o X�w��� ��� W "H"K�JZ�\n ���o � W

� HwJH"K� � U�� H� � U�� � "�!�JJ X �JZ!J�" U �^ � "�!K�IJ_�K� � \ K�mK!H�J ^vJ�J � ��w�
nKo ������ ��� W w��Y� H� ^J��� ������  �J�� ^ K�[�J wZ!ZJJ ^ Koom��H�K""K� �� U�� � ��� W

��



� U�� � U� � � � G��! � H� ^J��� ������ "���H ���Y�Zom��� HwJH"K"KJ "�uJ�" �� U���� U�� � � W
� ! K�JHwH�K" Z"� � ^ w K^ �IJKJJ "ZoJ�ovv^ �oZw^  � �� oK[H!�H�K"wK XK!KJ[KJ_ X���!� L
vJ\�� � Y�"" �!Kw!_�oK" �! ^ IJ ��� ���u�  o � "ZoJ�ovv^ �!�oJ ^ K� ���uIJ �� �Zw o XHJKJJ
� �! !��H"om� [��� � U� � �om� K�JHwH�[K! XK!KJ[KJ �! K"X �X��Ko� �!H�K��H�K" ^HwH�K"Zw W
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�� W  �w� W � ! K�_!_  �w o � J[�J\ �!Io"Hu K"�_� "Hu!KJJ "� ��o��H��u K"Jwv^

� ^�oJ ��o � V� �Ku�w_�  ��J wKonK�"K!H�wK � �K�J��� ^HwH�� uZoJ U I�m � JK�� K�
J�wJZ^  om��o X�!�� �[�J\ XZ�J � ^ K�[�J wZ!ZJJ K"X�X��Ko� �!H�K��H�K" � !������H�K �� � W
 �w�� W �\� � J[�J\ � � U(���� � !��o � �HX_ Kw_� Y��Y� U �^ � �!J � K�KoJ� U [Z�m � �_"Z^uZoKo�
J XZ�Zn �"Zw �K�Ho" oH!_ Z�n�� o X�oo�" � �K�Kw_�K�� "wZ^Z�!�Hw�"v� �"J�X �J �J ^vJ�J\
JKw� �KJK" W
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� � W  �w� W � V� �Ku K�KJH� Ko ^ HwJ �
α

K^ ���!�\� J��� �KJ �H�HwJH"�!H�K��H�HoK" X �JZ! ��� "Kw�o�H�� � !�� ����XHomH� Ko
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� !  �J���^ "H�!IJKJJ �"J�X �J ��� !�� n���w�^ o��mZo � \ K�mK!H�J ^vJ�J w��Y� H�
^J��� ������ n���w�^�  X�� �� w oK"�" � \X�� "KXK�K�� ^HwH�� uZoJ�v" X�o � U v�m�o�""Zw
"���H K�JHw G ��! � H� ^J��� �!ZoZ� n���w�^�  J\� �� ��w� H" �^u��J�n\� � X ��!ZoJ ^ �on[ �
wZ^ K�KJ� Ko o��m�  �\� �!ZoZ� HwJH"�� W r! X ���!�XK!KJ[KJ_ � "wZ^ Z�!�Hw�"v� �"J�X �J �
n�o�^ �"v� X �JZ! � w� U ��� W �! K�_!_ K"� Ko J w�m��J "ZoJ�ovv^ �oZw^  � �� uwZ� �H^  "w�
�� W
2 b� b� b �� O�� d��k
� ! tt �� � �

α2000 = 19h48m12, 65s U δ2000 = +09◦18′32, 4′′
� K�m �!�oJHo HXJ�!KnK" \J�

J�ov�^  omZ!ZJJ U ��Ko "� ��o�K�K� Hw�oJ"K!_ "KJJ_�Y������ W � "Zw �� � ^ K�	�mK�H�K"� _�
�! w^ �!\ �u K"Jw ��� � K��K^ !_" �o"Zo!��!JKo�K" XZ�J�" � �

−
V �!Io�onK�K"�_� �! ^Z�J

�K��!Io �[_^Hw�H"�KJ�HwJH""K� �r��Ko ���( U �vY�o�"� H� G��v!om ��� �� U �_J U � "� ��o��!_
�u K"Jw ��� wH��\" X�!�� ��J� �� K�JHw_ �u K"Jw �JIuv�Z" � K�K�J ^vJ�J� � U ��J\� K�H�!Ko � ��
�� JKw� Kn_Ko ��^ � K�m �� ��� � �!ZomIJH" �ww� U [Z�m � "ZoJ�"J "KJJ_�Y������Z" K�KJH� Ko
oK[H! � [��mZ^  omZ� U ^ �� omZ� Y������Z" Jv���nZo� ���o ���uv�\ �u K"Jw �"����!�	" �
Y�\� ^ \n�!KwK"KJ ��"��^ �!o�� W ]ZX �� � HwnK"K��H� U [Z�m � w � wKon�!Kw ��JIuv�� �
�
 � U u Kw�\nv��nK� K H� J�^K��w om� �'

=
� U����� o�u U �

≈ � U��� "��K� K!KJJKo o��mW � !
tt �� � � K��K^ !_�J ���!K�K!XK 
 ZY[o�Y"� ���� �� �ww� � "�XKJ"K!JKJH�wK �vJZJJ U [Z�m �
wKon�!Kw Y��" oK^ wH� Hw[KJJK K� �! Hw�oJ"K!_  ���uZJZJ U �!�! � "ZoJ�"J "KJJ_��" K�m
o��mZo �ZoJZ� H� oK[K!Ko ^K�	�mK�[KJ_ KXZ��Y�\� � !�� o�" "HuX ��K�_� HXK� X�o nZ��vo"
��!\J� ^  w J��� ��mKo � �
 � Y������ZJ �� �K��KnK!JK" U K!K" ��Y�ZuZwJ�  J �! tt �� ��w_�
oKXK!JH" K�� W � w�Xo�" ������ �u K"JwZ�ZJZ^KJw��� ^ZnK��� K �� J ^ ��!JZJJ� �! K�^ H�KJKJ W
� "Z^uZoKo�K" [_^Hw�H"�KJHwK � ^ ZnK��K" ���u�  o �� ^ ������� HwJH"K" �n\nJ�" U ^ �oJ
� �ZJZ^KJw��� �!Io �onK�K"�_� U ^ K�Kw_�IJXK �!J � �K�JHJK�K!H�J U [Z�m �! tt �� � �w om ��
^K��Ku_ Ko o��m �K[KJ �! �oJKw�!JK�� w�� X�w���nH� ^ HwJH"K �r��Ko ���( U ' w��v��� H�
^J��� ���(� W �vY�o�"� H� ^J��� ����(� "�^vJ�JJ�" K�m [��X omU [�w^ �n�" "Z^uZoKo�J
�� � "KJJ_� "�w� � U nK K! � ^K�	�mK�H� ^ H� JZX �� � ^ K�Kw_�IJH�K"wK �!Zwv� W

� �J�J��!J�"�� � K��K�� U ��� W  J�Z�\�� J�ov�^  omZ" �w�oJ�Ko � pJKu�Ko H� ^J��� ��� ��
�V � �vY�o�"� ���� � w n�\ � �v�[K� H� 
 Y0K�o ���� U �vY�o�"� ����� vJ o � w�Xo�" H�
^J��� ������ wH�!�KJK�Ko �� X �!�� �J " �! tt �� � "wZ^ Z�!�Hw�"v� �"J�X �J � J v�Jw��� Z�m�
J�wJZ^  om��o U � 
 � ss XZo��uwZ	 ��  o�" �o��I!��K wHXHo W
� ! tt �� � ^ HwJ �u K"Jwv^ �� "���H !�� Z��" XZ�J�" U nK � ��^ IJ �J "�XKJ_Ko � \� ���K�!"KnJK"
�! �wZn��Z^��o �!KwKu�_ u�w�^HJKwK"� _� �! ^Z�J ^ ZnK���!Io"Hu K"[K! W � �

α
�uwZ	 �o �

� \� � J�!ZJJ � � \wH�!J � �_"Z^uZoKo�w_� �! w^ �!\ K^ ���!�\� J��� �KJ W � ^K�[�J wZ!ZJJ
K"X�X��Ko� �!H�K��H�K" � U�(�� U�� � "�!�JJ X �JZ!J�" W

��
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�� W  �w� W � ! tt �� � ^ K�	�mK�J H� ^ZnK��K!KJJ �!Io"Hu K � U����� "Kw�o�H�� � !��o �
� w � "Kw�o�H�� � !��J�wJZ^  om �K�KnKJJ�H�K [� omZ� U � � U(� � !�� "�womH"Ho �!��o�	�

" o��o ^��������" � HwJH"K� U ^ �oJ � � U��� U� � !��Z" "�!�JJ ��� W  �w�� � K! �!J � K�!� U
[Z�m �_"Z^uZoKo� J_��o" X��\ J XZ�Zn ��"Zw �K�Ho" oH!_ Z�n�� o Kw_�K�� � "wZ^ Z�!�H�
w�"v� �"J�X �J � U ^ �oJ � ^  ��" "X�nw�J�w��� !����o W r! � \ K�mK!H�J ^vJ�J � � w�Xo�" H�
^J��� ������  �J�� "�!� �J �"J�X �J �� � !�� n���w�^^�� W
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�� W  �w� W � ! tt �� � K�KJH� Ko ^ HwJ �
α

K^ ���!�\� J��� �KJ �H�HwJH"�!H�K��H�K � "Kw�o�H��
� !�� ����XHomH� Ko

2 b� b# b c N � dj� d�!
� Vq ' �Y �

α2000 = 23h27m48, 39s
U
δ2000 = +04◦51′24, 0′′

� "KJJ_��H�HJ �Z�� H� ^J���
������ ���!Z�J " �ZJZ^KJw��� �n�JZ" U X���^ �oJ � �� ss � H� G XZo��o � �K��Hu_ U �!H�
�K� K^ ���!�\� "Z^uZoKo�K" "�^vJ�J � X�� W � wKon�!Kw � �! tt �� ��[K! [��Zo�\�o �

��



�!Z"�J��ov� o��m J�^K��w om� ��
≈ � U��� U H� X��\�!Io� �K� Y��" oK^ wH� "Kw� �J Hw�oJ�

"K!_  ���uZJ�� �� w K�mK� ^ZnK��K" �!Kw�oJ ^ H� oK^ �� J�wJHoJ ^ K� � "ZoJ�"Jv� U �n W
� w�Xo�" H� ^J��� ����� W � uZoJZ� ^ZnK��K" ^ K���"ZJ � J ^ K�oK[K!IJ� � �K�JHJK�K!KJJ U
o��m^ HwJH"� U �Z�m�^�JZ��o X �JZ!\ �Z�JJKXH"Kom�H� U ^ K�mwK � �Hom��w� H"Ko � J�!\ U Kw_�
t ��ZooK���K�K"Jv� vJ�� �u� W � w�n�JwKKJ ����� W

��X�n [v�� ^[Z��!�"Zo XH�!KJJ H��Z�J�K�^ HwH�K" �w�oJ�Ko � pJKu�Ko H� ^J��� ��� � U
q�Y"�w�� H� ^J��� ���� � r�V � �[w��J��o H� ^J��� ����� �Zw o � J[�J\ u ZoJ�Zww �"HoJ
�!KwKu K�J W � w�Xo�" H� ^J��� ������ J��� U �V � ��� W � J[�J\ J�wJZ^  om��o �HX_ �u K"J�
w �XZo�� �
 � ss U �� ss � H� G U �

α
� K�KJH� Ko K�K^ K!JH" � �K��Hu _ K^ ���!�\� J��� �KJ

^ HwJH"HJ � X�!�� ��J��" ���u�  o �! ���Y�Zom [_^ Hw�H"�KJ� U w�X�n u Kw�\nv�� Vq ' �Y �!
Knn�� �K��KnK!KJJ � �
 � Y������Z" "�!� � �! K�mKJ�Ko U ^ K�moH� � �

α
�K^ ���!�\ o��mZ��

^HwJH"� �! ���!Zwu Y�\o � ��!�! XH�KwKn^Hom"Huu KooH� � XZo��o � ^  w �! KwKnKJ� Z��
� K"Jv^ �uK"Jwv^Z"��o �� K^ ���!�\� uwZ	 �J � Jvo" � W
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�� W  �w� W � Vq ' �Y ^ K�	�mK�J H� ^ ZnK��K!KJJ �u K"Jwv^� � U����� � !��o � � �! Z��!KwX �J�!Io"Hu Ko � \� � J[�J\ � �
α
�XZo�� KwKn_ K^ ���!�\� uwZ	 �� �

� ! K�_�� K^ �IJKJJ Y�""� Ko �!KwKu�_ KwKn^HomK"[K! [��Zo�\�o �!  �J���^ �K�nZ��Z!ZJJ
�u K"Jwv^Z"o � �� ^ K�	�mK�[KJ_ XZ�J � �

α
�XZo�� KwKn_ K^ ���!�\� uwZ	 �� � W p��oZ� Kww_� �

Y������w\� ���!K�Ko Y��" "HJ n�w�� �u K"Jwv^ "H�!� �J U I�m �! K"X�X��Ko� �!H�K��H�K" � !���
����H�HJ HwnK^� Ko oK^ �K[KJKJJ X �!�� �o� �� "HJ ^ K�[�J wZ!ZJJ HwJH"K � U�� H� � U�� �XZ�J U � U����� ��� W � U����� � !��o �� W � �

α
�XZo��Zo ^ Hw[KJ_ �"J�X �J � � !������H�HJ � w�X �

o�" H� ^J��� �K^ X�!�� �J " �Y��" � ^ ��oH!�v^ � H� " �Y�v^XZo���"Zo U nK K�mHwJK�^�
JwKon K!K"oH� �K^ � J�!ZJJ� U I�m K! � "HwnH� JZX �� � X �!�� ��JZ"w� �!Zwv� W

�(



2 b� b� b M� P��ka��k
� ! p� 0�Y �

α2000 = 22h53m41, 66s
U
δ2000 = +37◦56′18, 6′′

� �! K�m�" �K�wH�K�� Ko �K��
�KnK!KJJ U �K��m�"w����o X�!�� �J "ZoJ�"J "KJJ_� wKon�!Kw � �HomX �JZ! �� �^^ w �� HXK
��^ KwJ �0K�X�JJ �� ��� W � Ko�KJK� �ZJZ^KJw��� H� �u K"JwZ�!"\u��� ^ HwH� "H�!� �J w\�� U 	�
!�"�� u�w�^HJKwK� �� K�H� � \� � K[�J wZ�[�J\�" �� �K� �w���K�� ^ZnK��J � �!K�� H� ^J���
"H�!IJKJJH" ������ Ko � W � J��� HXJ�!KnK� �n�J�ZwZ"�J  J�Z�\ t

−
� n���w�^Z" JZX �� �

"HJ U J XZ���� � �K�m �� H� K�m �� HX "Kw�o�H�� �nK� � � "Z^uZoKo� � K�Ko�HJHwK vJ��o�" U ^ K�
�mK"KJ ^  � ^\n�!KwK""K� �� ��"Kw� �J "�^vJ�Jo� �� Konwm H� 
 Z Y[o�Y"� ���� U �vY�o�"� H�
^J��� ���(� W

� ! p� 0�Y "wZ^Z�!�Hw�"v� �"J�X �J �� wH�\J� ��^ KwJ H� X�!�� �J U � w �_"HoJ o��mZ��
�HuJH"� �K�^ HwH�K" ���u�  o �w�oJ�Ko � �wvn�YYK H� �vuwKK ���� U 
 Y� ��K H� ^J��� ���� U
pJKu�Ko H� ^J��� ��� � U . �o� H� ^J��� ���( � �V � �vY�o�"� ���� U tw�o� K ���� � w n�\
� pu�o��Kw H� ^J��� ��(( U �v�[K� H� 
 Y0K�o ���� U �vY�o�"� ���� U �Kon"Kw ����� W
� H�!�KJK�K�� X�!�� ��JZ" Knn�� Y��" �V �J�wJZ^  om��o U K��_�Zw��o � 
 � ss XZo��uwZ	 ��
�o��I!��K wHXHo J�wJHoJK" ��vY�o�"� H� ^J��� ���� U r�JZo ���� U �KZo� H� ^J��� ����� W
� ! p� 0�Y ^ZnK���u K"Jwv^� ��o�" K�"H�!IJH�K �Zw o "HJ 	!�"�� u�w�^HJKwJ "���H 	oZ^ I�
J�oZ^ "K��KJJ �! �wZn��Z^��o J�� �[�J\ HwJH"K"[K! "Hu K�J ��� W J � � !�J� L � �_"Z^uZ�
oKo� [_^Hw�H"�KJHJ �

T1

� ���� G �w_� ���� G �wK U � �K� K��H��^u��J�n\J �G � ��� "^ ���w\�
�(� "^ ���w� ^\nZ�IJZJJ�^ W � �

α
�XZo��Zo � K�KoJ"K!_ K^ ���!�\� J��� �KJ nKJK"J � � X��

X �!v ��� [v�� ^[Z��!J�wJZ^  om��o �� ^ K�Kw_�IJKJJK^ � "KJJ_�Y������ Kw_� "wZ^ Z�!�Hw��
"v� �"J�X �J � o�" �HJHJ W � XZo��uwZ	 �Z" K�K^ !H�K ���u�  o �! K^ ���!�\ o��m wH�!K �
�_"Z^uZoKo�w_� U "�� wH�!K � �Zww\�� ^K��H""Z^uZoKo�w_� Hw"K!�" W � o��m�! ^� ^HwH��
�n�Jo�" "��!�o[KJ_Ko � JK�� K� "Kw�o�H�� u Kw�\nv� �Zw o X�!�� �[�J\ XZ�J � ^ K�[�J wZ!ZJJ
K"X�X��Ko� �!H�K��H�K" X �JZ! �� W �[Z�m�o �! � �� W  �w o �� � J�!�" U � HwJH"K� � � U��
� U� � !���oJKwX���v^��o "�K^ K�"Kn_ Ko ^�����" � �!�! � �K�JK[KJ_�K� � � ^K�	�mK�H�K"
�n_uZoJ�  ��o � �_"Z^uZoKo� "�!K�KnH�K"Zw �K�Ho" � J�!\ Z�n�� o XZ�J�" � �K��"JIX���
JKw� �KJK" W

r�JZo ������ U X���^ �oJ �KZo� H� ^J��� ����� � � 
 � ss XZo�� �oJKo!�J � o�" � !������
�H�HJ X�!�� �X� KJJ_� K�JHw_ KwKn^HomK"wK �vJZJJ�" �K�_�� � � � U���� � !�� "�womH"Ho ^ HwJH
� Y��Y��"J�X �J �J U vJ\�� ��" � � !��o � ^ �o�^v^ZJ U � U(� � !�� "�womH"Ho ^�� �^v^ZJ � K�
�K!JK" � W � ! K�JHwH�K" Z"� K�mwH�!J �! �K[KJ U [Z�m � 
 � ss ��� W �

α
XZo��uwZ	 ���o��I!��HoK"

KwKn^ HomK� oK^ �K�JHJ�Ko� � "Zo!��!JKo�K" K�m^ ���� �KwwK XZo�J"Z!\ U wH�!�KJK� ���!K[��
�Zo�IJ �Z" oK^ ���! o J�� �[�J\�" �! �wZn��Z^��o � � ^ �wH�!J � H� K! �K[KJ � X��\�!Io���
�onZ" � � "wZ^ Z�!�Hw�"v� �"J�X �J �J ^vJ�J\ JKw� �KJK" [K�m!KJK �n_� Ko K�H� �mZw��o X ��
JZ![�J W

��
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Fázis

�� W  �w� W � ! p� 0�Y K�KJH� Ko ^HwJ
Hα

K^ ���!�\� J��� �KJ �H�HwJH"�!H�K��H�HoK" X �JZ�! �� � "Kw�o�H�� � !�� ����XHomH� Ko


 K�� K�m!Kon_ U [Z�m �! p� 0�Y K�KJH� Ko oH[ om �u K"Jwv^Zo �K��v""�oJ K�m "���
^HwJH"� U �Z�mJZoZ��o X �JZ!\ ����!Zwu Y�\� J��� �KJ � � �

α
�XZo�� ^ K��H""Z^uZoKo�J_�

�! w^ �!\ wH�!HoH� W r!K" � �!Io"Hu K" �!ZoZ� o�uZo U K�m^ �J "�XKJ_Ko �^ �oJK�m ��
uKwYK� �oJKwX���v^ ZJ �K�KnXK� "H�!� �JK" W � u�v�! ���!Zwu Y�\ �mZw� U �Z�m�^�JZ� X �JZ�
! �� u� W XZov�\ �K�[_!KJwK vJ��[�J �� w �! H�!�K�H�� o�u�\ ���u�  o nKw� �J XZ�J �! H� � � nK
K�KJ�K� 	!�"�� Z"Z"w� �� X ���!�XK!KJ[KJ_ L ^ �XK� � � U��� U� � !�� "�!�JJ J�wJHoJ � � K�Ko�H� U
K�"Hu!K�[KJ_ U [Z�m � �_"Z^uZoKo� ^ ��� � �Z"Z!�JZ��o K�_�v""�o\ ^K��H""Z^uZoKo� �H�
omK K�m �nK�� K�m ��w��� U [�nK� Y�w"v^ �!JK�� w�� � !wHJK�Ko [���nJ "KwK�!J� � U �^ � K�mwK
XH"ZomZnZJJ H� w�J"v�J W p��oZ� ^  � o�uZ"Zo oK^ "H�!� �J H�!�K�H� K�� Ko � "Kw�o�H��
� !����o U I�m �!  ��IJ � K��Ko_w!H�HwK oK^ XZ�J ^\n W
2 b� b2 b O� Oe$a%! k$�k
� ! �� �on �

α2000 = 23h11m32, 09s
U
δ2000 = +36◦53′35, 1′′

� K�m J��� ^�oJ �� HXK ��^ KwJ
X �JZ!\ Y������ ��vJ[o�Y" H� ' w��Kw ���(� W � "K!nKJ� U Y��" �ZJZ^KJw��� �n�J�ZwZ"Zo ����
uv�\ X�!�� ��JZ"�J "�XKJ_Ko � w�Xo�" ������ "H�!IJKJJK K� � "KJJ_� K��_ U �u K"JwZ�!"\u���
KwKn^ HomK"wK �� J ^ ��!"Zn\ ^ZnK��� HJ W ��w�o H� ^J��� ����� � �� ^K�	�mK�H�� �n�JZ"
H� "Z^u�K� U ���"\nn�� XH�wK[�� JZJJ ^ ZnK��K!H� wHXHo "�!� �JH" � wKon�!Kw uZoJZ�IJZJJ
	!�"�� u�w�^ HJKwK�J �K!K"KJ [��!o �J�^ �K� Ho �� X �!�� ��J��^ �Zw o � W � ! �� �on �K[KJ�
�H�K� U [�w^ �n�" "Z^uZoKo�HoK" �HJK!H�HJ K�_�!�w tZ�JKw[Z� ������ XKJKJJK �K� W � ! HX�
J�!KnK" ���JJ ���!K�m� �J U �ZJZ^KJw��� ^ HwH�K"�_� �! ^ IJZJJ t

−
� n���w�^ �� J ^ ��!J� �

� �K�JHJK�K!H�J U nK "�!XKJ�Ko ^K�	�mK�H��K� ^ H� oK^ ��"Kw� �J ���!Z�o� �!J ��vY�o�"� H�
^J��� ���(� W

� "ZoJ�"J "KJJ_� "wZ^ Z�!�Hw�"v� �"J�X �J � w� Knn�� Y��" "HJ o��mZ�� �K�^ HwH� �w�oJ�
�Ko � pJKu�Ko H� ^J��� ��� �� w n�\ � �vY�o�"� ����� �n�J�� ���u�  o �K[KJKJJ "�XKJ"K!�

��



JKJo� W
� omZ�Y ^ ZnK��K!KJJ Y������ "�!� � �! �� �on X�!�� ��J� �Zw o ^Kw� �J �K� � �K�J��� oK�
[H!�H� W � �u K"Jwv^Z" K�H��H !�� Z��" XZ�J�" �J����H��" ^ H� � ��v�����^ IJ � vJ o ��� U
H� KooH� � "KJJ_�oH� XH�� � oK^ ��"Kw� �J ^ K�J�� �o � � ^ K� �K�K�_ ���K�!JH�J W � ! �wZn��Z^ �
��o �!KwKu�_ 	!�"�� u�w�^ HJKwK" wHXHo ��"ZJZJJ ^ZnK���u K"Jwv^ � \ K�mK!H�J ^vJ�JZJJ
� ^ K�	�mK�H�K""K� � �H^XZo���" J�wJZ^  om ��o �� w �JJ � K�KoJ"K!KJJ �K��o" �� � !�� � �
� �

α
XZo��uwZ	 � �_"Z^uZoKo�J_� �! w^ �!\ wH�!H� Ko ^K�� K�KoJ � X wJ U Kw_� K^ ���!�\�

J��� �KJ U X ��!ZoJ � ^K��H""Z^uZoKo� K�KJH� Ko � ^ K�	�mK�J uwZ	 � ^ H�mK�� XZ�J � ^Z�
nK��oH� W � ! ���uZ� X�!�� ��JZ" ^ K�Kw_�IJKJJH" U [Z�m �! Kw_� ���!Zwu Y�\� J��� �KJ oK^
K�m [�w^ �n�" JK�JJ_� �! w^ �!�" W � ! K� K"Jv� � 	!�"�� u�w�^HJKwK" �� K�KHwJXK � ��^^��
�K� K��H�KJ H� � "Kw�o�H�� � !��Z"�J ��� ^\nZ�IJ � X�� �K^ X �J "�"��!��� �[KJ_XH W � ww� U
[Z�m � ^K��H""Z^uZoKo� �w om �\� Kw_� ���!Zwu Y�\� J��� �KJ 	�mK�[KJ_ ^ K� U "ZwwK"J
	!�"�� ^ ��m�w !�J K�mK�_wK o�oY� �Knn�� K�mKJ�Ko Y�""� Ko �!KwKu K� [��Zo�\ �n�J U �! ��
V�w � K�� "ZoJ�"J "KJJ_�w_� U  ^ �JJ �� ^ ��m�w !�J oH�"� � � ��wnKo ����� U �^ � ^ K�"Hwn_�
� K�K!� U [Z�m X��\� K�K"Jv�w\� X�o �!\ W r �"Hu!K�[KJ_ �! �� U [Z�m � GvwvY!�^ZnK��K" �
^K��nZJJ u�w�^ HJKwJHw� Ko oK^ ^K��K�K�_ Ko �n�  " X���!� � �

α
�XZo�� ^ H�m�H�HJ W

 0.8

 0.82

 0.84

 0.86

 0.88

 0.9

 0.92

 0.94

 0.96

 0.98

 1

 1.02

 6520  6540  6560  6580  6600  6620  6640  6660  6680  6700

R
el

at
ív

 fl
ux

us

Hullámhossz [Å]

�� W  �w� W � ! �� �on ^K�	�mK�J H� ^ZnK��K!KJJ �!Io"Hu K � U����� "Kw�o�H�� � !��o � � �
�

α
�uwZ	 � �_"Z^uZoKo�[K! J�wJZ!\ �"H" Z�n��Zo �HX_ � wH�!HoH� � X wJ K^ ���!�\� J��� �KJ� J�!�" U � ^ K��H""Z^uZoKo� �w om ��o X��!ZoJ �K��Hu �! K^ �IJKJJ U "� ��o�� ���!Zwu Y�\�J��� �KJ

� ! �� �on "wZ^Z�!�Hw�"v� �"J�X �J � J JK[ J ��"Kw� �J � �!ZomIJ�o� �! Knn���K"oH�
uZoJZ���� X �!�� ��JZ" wHXHo U �!Zo��o � ^ZnK��K!H� � �!ZomJ���o� �� ^ ��JJ � "X�oJ�J�JIX
KwKn^ HomK" oK^ JK"�J[KJ_K" JK�� K� ^ HwJH"� Ko ^HwX�n\o�" W

��



2 b� b� b P M `k �*+ de d
� ! 0p � K��J �

α2000 = 20h57m10, 29s
U
δ2000 = +19◦38′59, 2′′

� �Zon ���(�� �ZJZ^ KJw���
�n�JZ"w� H� ���Y�Zom �K�� ZoJ �� �u K"JwZ�!"\u��� ^ HwH�K"wK Hu� �_ K�K^ !H�K �Zw o "����!��
	" �J� ^ �oJ � �
 � JIuv�� Y������ZJ W � w K�m wK��JIXK �HomK� "ZoJ�"J "KJJ_� U "K��_ Ko
wH�!�KJK� 	!�"�� ^ ZnK��� HoK" K�"H�!IJH�K ^ H� X w�J ^ �� w� � Knn�� Y��" K�m J��!J o �Z�
JZ^ KJw��� ^ K�Z�n � �pK!Kw H� ^J��� ����� H� ����KJ�Ko w�n� ����K� K��H����w� K �0v H�
�vY�o�"� �����  �� wKonK�"K!H�wK w\�� W

� H�!�KJK� �"J�X �J �X�!�� ��J ^ H� oK^ "H�!� �J � Y������w\� U pJKu�Ko H� ^J��� ���� ��
X��!ZoJ H�!�K�JK" w�oJ�Ko�v�v�J �! Z�� K"Jv^ w\� W
� ! 0p � K� �u K"Jwv^  o�" K��_ U XZo��uwZ	 ���o��I!��J �K�[��!o �\ X�!�� ��J� �Zw o ��"Kw� �J
^ K�Kw_�IJKoK^ �! Z�� K"Jv^ "wZ^Z�!�Hw�"v� �"J�X �J � o�" �HJHJ W � �u K"Jwv^K�K^ !H�K"
�Zw o �Hom nKw� �J �ww� U [Z�m � �!�"�wZn��Z^��o �!KwKu�_ ^ZnK��� Ko Kw_�Ko �� � KY�� �J �
"Z^uZoKo�K" [_^ Hw�H"�KJ�HwJH"K L �! ���� G �K� �_"Z^uZoKo��[_^ Hw�H"�KJKJ � �!Io"Hu�
^ZnK��K!H�K" ���u�  o ���� G �wK X �JZ!J�JJ�^ �K!J �! KwKn^HomJ ^ K�Kw_�IJ� � ����KJ�Ko
�Zww �� \� �! w^ �!\ �

−
V HwJH"�_� U ��� ���u�  o J�wJHoJ �! ^Z� � ��� W � "Z^uZoKo�K"

"�!�JJ� [_^Hw�H"�KJ"� ��o��H� � KY�� �J HwJH"HJ ��� G � oK^ "K��KJJ X �JZ!J�JoZ^ W � ! ��
u�w�^HJKwJHw� Ko �! ^ Z�J ^ZnK��K" ^  w ^ K� �K�K�_ Ko ���K�!"KnJK" � ^ K�	�mK�H�� �n��
JZ"[Z! U � � �

α
�XZo��Zo � \� � J�!ZJJ � �_"Z^uZoKo�w_ �! w^ �!\ K^ ���!�\� J��� �KJ W � !

�"J�X �J � � U(���� � !��o � " ���H Kw_�K��oK" J�o�" U ^ �oJ � � U����� � !�� K�KJH� Ko U nK �
"� ��o��H� oK^ �!��o�	" o� ��( W  �w�� W
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�( W  �w� W � ! 0p � K� K�KJH� Ko ^HwJ
Hα

K^ ���!�\� J��� �KJ �H�HwJH"�!H�K��H�HoK" X �JZ! ��� "Kw�o�H�� � !�� ����XHomH� Ko

� �



2 b� b� b � �k��jd
� ! � 'K� �

α2000 = 23h57m58, 48s
U
δ2000 = +15◦57′10, 1′′

� K�mU ^  w � . s. W �! !�n XH�K
\J� ��^ KwJ X �JZ!\Y������ ��[�on�Kw ����� � � "H�_�� � ^ K�	�mK�H�K" � �!ZomIJZJJ " U [Z�m
K�m ��JIuv�� Hw�oJ"K!_ "KJJ_� W � �Hom��w� H" ���u�  o �!�oJHo Kw_� �Z�JJKXH"Kom�H� 	�
�mK�[KJ_ ^ K� � "Z^uZoKo�K" �K��!IoHo U �! �"JIX JKw� �KJK" �Z�m�^�JZ� X onZw� �� ^ K��KJJ
�u� W q[�� H� ^J��� ���� U ��vw��KX�Y H� ^J��� ���� �� W � ! K��_ �u K"JwZ�ZJZ^KJw��� ^ZnK��J
q[�� H� ^J��� ������ "H�!IJKJJH" U ^ K�mKJ "H�_�� ' w��v��� H� V�o"Z ������ 	oZ^ IJZJJ W � !
� 'K� t

−
� n���w�^�  o�" �o��I!��K wHXHo �Zw"ZX�J� H� � K�Kn�� ������ K�m [�w^ �n�" U

��� HXK� "Kw�o�H�� u Kw�\nv�� Z�� K"Jv^ZJ ^vJ�JZJJ "� � wKon�!Kw� Ko � �K��KnK!H��"KJ
�vY�o�"� H� ^J��� ����(� "�!XKJ�Ko ^K�	�mK�H��K� "Zo	w^  �J " W

� ! 0p � K��[K! [��Zo�\�o Knn�� �!�oJHo Y��" � pJKu�Ko H� ^J��� ���� ��  �J�� w�oJ�Ko�
J�wJZ^  om��o "H�!IJKJJ ^ HwH�K" � K�K!JH" � Y������ �K[KJ�H�K� "wZ^Z�!�Hw�"v� �"J�X �J � J W
� �

α
�XZo��uwZ	 � K�K^ !H�K �! � 'K� K�KJH� Ko �� ^ K�Kw_�IJKJJK � "�^vJ�J[�J\ �H�"�w�

�"J�X �J � ^ K��HJHJ W � ! K^ ���!�\� J��� �KJ n�oJ_ [ om�n� KooH� � Y������o � �� � �_"Z^ �
uZoKo� �w om �\� Hw"K!�" � �! K"X�X��Ko� �!H�K��H� ^ K�[�J wZ!ZJJ HwJH"K� � U�� H� � U�� �"�!�JJ X �JZ!J�" W 
 �XK� � ^ HwH�� u ZoJZ" ^ �on � � U����� "X�nw�J�w��� !�� "�womH"Ho "H�
�!� �JK" U oK^ JvnJ�^ ���uZ�����o ^K�X �!�� �o� �! �"J�X �J � ^ HwJH"HoK" � !������H�HJ W
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�� W  �w� W � ! � 'K� ^K�	�mK�J H� ^ZnK��K!KJJ �!Io"Hu K �� U���Z� "Kw�o�H�� � !���

2 b� b� b c ���# ���ed
� V ��(� �m� �

α2000 = 21h25m00, 36s
U

δ2000 = +33◦41′14, 9′′
� �!�oJHo � \� ��^ KwJ U ��

JIuv�� "ZoJ�"J "KJJ_�Y������ �"����!�	" Y�\ L pJwZ[^�mKw H� ^J��� ����� W � Y������w\�
o��m ^Koom��H�� ^K�	�mK�H�� �n�J ^ K��KJJ �ZJZ^KJw��� �0Kvo� H� pY[oK�nKw ��(� U pK!Kw
����� H� �u K"JwZ�ZJZ^KJw��� ^ ZnK��K" ��[o H� ^J��� ���� U 
 Zww��Zo H� � ��J���o �����

��



�� J�� �[�J\�" � �!�"�wZn��Z^��o W � wKon�!Kw �Hom��w� H� K H� u Kw�\nv��nK� K �Z�m�^ �JZ�
X �JZ! �Z"�J ^vJ�J �/�o� H� 0 �v ����� U �^ � � ��JIuv�� Hw�oJ"K!_ Y������Z"o � �m�"Zw�
v�m�o U nK �! ��JIuv�� wKon�!KwK"oH� "Zw oJ�K^ W
� V ��(� �m� JK[ J oK^ ���! o JK"�oJ[KJ_ omv�ZnJ wKon�!KwoK" ��Z�mJZoZ��o X �JZ!\
�K��!Io � �"J�X �J � U [ �nwZn�o�^ �"�� �o�J�� ���J �Z" � U ^ H��� K! �! K�mKJ�Ko "KJJ_� �!  �J���^
K�K^ !KJJ ^ �oJ ��o U ^ K�moH� �

α
���o oK^ ^vJ�J"Z!J�" � "wZ^Z�!�Hw�"v� �"J�X �J � � K�K�

�K! X��\�!Io� �K� � "Z^uZoKo�K" wK��JIXK ^ ���� �K��!Io � [_^Hw�H"�KJHoK" U ��� W � [Z��!�
"Kw�o�H�� u Kw�\nv�o�" "��!�o[KJ_ U �n W "�XKJ"K!_ ���K� K!KJ� W rwKn^ HomK�^ ^K�Kw_�IJ�"
pJKu�Ko H� ^J��� ���� �� w�oJ�KoJ�wJZ^  om��o XH�!KJJ H��Z�J�K�^ HwH�Ko ���uv�\ X�!�� �
��J J U ^ K�moK" �Zw o oK^ ��"Kw� �J w�oJ�Ko�v�v�J nKJK"J �o� �! Z�� K"Jv^ w\� W
� �� � ���������� � ��� ����
� �	� ���� ���� �����
�� 
� �����

�� ��� ����� 
���� �����
� !J U [Z�m � "ZoJ�"J "KJJ_�Y������Z" "wZ^ Z�!�Hw�"v� �"J�X �J �� ^ Koom�wK ����[KJ � wKon�
�!KwK" 	!�"�� u�w�^HJKwK�J_� U oK^ �Z""�� �! K��_ ^ K�	�mK�H�� KwKn^HomK" "�!!HJHJK�K
vJ o K�K^ K!o� "K!nJH" W r ��_"HoJ � �K�"�oomK�� Ko U �ZJZ^KJw��� �JZo ^ K�[�J wZ![�J\
� K��K^ !_" U � "Kw�o�H�� u Kw�\nv��n_ H� � �!Io ��

−
V U ��� W KooK" v�Jw��� Z�m� J�wJZ^  omZ"w�

HwXHomK� ^ K��K�K�_�� ����XHomH� Ko X�!�� �J " �! �"J�X �J � Kw_��H�HJ �V��[v H� �vY�o�"�
���� U �vY�o�"� ����� W 
 �on"HJ K�KJ� Ko ��"Kw� �J "�^vJ�Jo� "ZwwK� Y�\J U �^ � oK^ XZ�J
^ K��Ku_ U ^ �XK� K!Ko u�w�^ HJKwK" � K�m�!Kw� ^K�[�J wZ![�J\� �v" ^K��KJJ � "Zw ���o
^ w X�!�� �J U �"JIX Y������Z" ��mZw��o �Zw�\ ^ �� omZ� Y������Z" U ��� W Kw_�Ko �"JIX �KnH��
"KJJ_� wKon�!KwK" U u� W �p �Vo X��m �/ � w� JIuv�� Y������Z" � K�KJH� Ko [��Zo�\ ����
�H�J ^vJ�JJ�" W � �n �v� K! � "HJ u�w�^HJKw �� "ZwwK� � K�m^  ���� ��n W u � W �vY�o�"�
H� �vKw� KY" ���(� L � w�X�n uKw�\nv�� "KJJ_��" �

−
V �� K o��mZ�� U ^ I� � [Z��!��� u K�

w�\nv���"H �!��o�	" o��o Y��""Ko W � ! �V �� Ko � J�!\ XZo���"Zo ^ HwJ "wZ^ Z�!�Hw�"v�
�"J�X �J ��Kw_��H� � ^K�	�mK�H�K" �!Kw�oJ o�XK"X_ uKw�\nv���� Y��""Ko U ^ I� � �!Io K�KJHo
�ZwnIJZJJ ���!K����H�  �� �Koo W � !\J� ^  w wH�!�KJK�K�� K�^ H�KJ� ^ ZnK��K"  ��o�" wKonK��
"K!H��o"wK �! �"J�X �J ��� K�Ko�H�K" [ JJKwHw_� U I�m � "Kw�o�H�� u Kw�\nv�Z" [Z��! J ��� W �
^ K�	�mK�[KJ_ u Kw�\nv�X �JZ! �Z" ^ HwJH"HJ �K� �K[KJ [��!o �o� � n�o�^\�^ZnK��K" H� �
^  �oK�K� Y�"�v�Z" X �!�� ��J [Z! ��n W � W� W �K� K!KJ� W

� !  �J���^ K�K^ !KJJ �n�JZ" �K�[��!o � �� wHXHo K�XH�K!JK^ � ^K� �K�K�_ "ZwwK� Y�\�
X�!�� ��JZ"�J � �! �� W H� �! �� W  �w o � �

α
�uwZ	 �Z"o � ^ HwJ K^ ���!�\� J��� �KJK"  J���Z�

K"X�X��Ko� �!H�K��H�K�oK" �� X��\� J�wJZ^  om��J � [���[�J wZ" � K�!�" � � u Kw�\nv��n_
�Z��w�J^v� J\� ��� W � �

−
V HwJH"J_� X��\ ����H�HJ � J�v" W � ! KwKn^HomK" ^K� �K�K�oK" �

X w�"Z! �Z"o�" L � �K�w�X�nK�� u Kw�\nv�� ��K�o��mZ�� �
−
V HwJH"�� "KJJ_��" ^vJ�J�  "

� �K�Kw_�K�� �"J�X �J �J U ^ I� � [Z��!��� u Kw�\nv���" "KXH�� H J�ooK" �"JIXo�" W
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B−V

�� W  �w� W � !  J���Z� K"X�X��Ko� �!H�K��H�K" ����H�K � �
−
V �!Io�onK�J_�

� ! K�_�� �K��ZwZ�J u�w�^ HJKwK" H� � Y������Z" �"J�X �J � o�" ^HwJH"K "�!�JJ X��\��o
� \� � J�!�" � �!ZomZ� ��� J� "ZwwK� Y�\ U �!Zo��o X�o K�m 	!�"�� ^ Koom��H� U �^ K�m �! Knn���
X �!�� ��JZ" �!Kw�oJ �! K�_!_K"oH� �� K�mHwJK�^��� X��!Zom��o  �� �! �"J�X �J � Kw_��H�HXK� W
� ! �o W ������ 
� K��_�Zw��o  w�^ � �J�o��o ��� W �KZ	!�" ��o [��!o ��JZ� ^ Koom��H� �
��!JwZ	!�"�� nK	oIY�\� � � "�XKJ"K!_ L

R0 =
P

τc

����
U �[Z� ' � "Kw�o�H�� X��m �Zw� �� u Kw�\nv��n_ U

τc

uKn�� �! �o W "ZoXK"JIX ^ K� �Zwnv� �� �n_
��!�! � "ZoXK"JIX YK�� " ^ Z!� � o�"  J����nK� K � "ZoXK"JIX !\o� ��� � H� JKJK� K "�!�JJ� W
� �Z���m��! ^ JKwK^J "�uY�Z��JZJ � ^  �oK�K� �"J�X �J � �Zww ���"HoJ �! ^ Zo J�wJZJJ

��



wZJ Y�\� ��� W "ZoXK"Y�\�  w�^ � �Z" "�!�JJ U I�m K�^ H�KJ��K� � \� ^ K����u Z!ZJJ ^ Koom��H��
"HoJ X�!�� �[�J\ � "wZ^Z�!�Hw�"v� H� �K��!Io � �"J�X �J ��Kw_��H� X �JZ! � o�" �KIw ��"Zw
�wH�!�KJK� ���!K�Z���� � u� W ��ZwX �� ���(� W �ZmK� H� ^J��� ����� � �! ^ IJ ��� ���u�  o
τc

�H� I�m
R0

��� "�!XKJ�Ko "�u Y�Z��J��o  �� � Y������Z" �u K"Jw �JIuv� X�� ���� W �! K!!K�
���!K����_ �!Io�onK� �!K�� L

logτc = 1, 362 − 0, 166x + 0, 025x2 − 5, 323x3 ����

logτc = 1, 362 − 0, 14x
����

U �[Z�
x = 1 − (B − V )

� � �K��_ K�mKo�KJ
x > 0

U �! ���\
x < 0

K�KJwK XZo�J"Z!�" W � !
K�^ H�KJ� H� ^ K�	�mK�H�� �n�JZ" ���!KXKJH�H� _� "�nKw� �J U [Z�m � "wZ^Z�!�Hw�"v� �"J�X �J �
Kw_��H�K oK^ uZoJZ��o � �Z���m��! ^^�� U [�oK^ �! �oXKw! �Z���m��! ^ �Z��w�J^v� �
X�� ��Z� τc

P

�  �� �!ZwZ� "�u Y�Z��J��o ��ZmK� H� ^J��� ���� U �vY�o�"� ����� W
� � � W  �w o � J[�J\ � ^HwJ K"X�X��Ko� �!H�K��H�K" ����H�K �! �oXKw! �Z���m��! ^

�Z��w�J^v� J\� W � "ZwwK� Y�\ � \� � J�!�" U �!Zo��o � X��\�!Io� �K� � ^K�[�J wZ! � o�"
oK[H!�H�K� U X���^ �oJ K�m �"HJ K^ �IJKJJ ^ZnK��K!H�� uwZ� �H^ � ^ ��JJ � �! �n�JZ" oK^
K�H�!Ko �n�  " X���!� � X wJ U ^ZoZJZo o�XK"X_ ����XHomJ W � n���w�^ K�"H�!IJH�H[K!
�!�"�H�K� �wZn��^ � ��� W �! ^Z�J �n�JZ" � �� W J � � !�J��o �!KwKu K�oK" W � ! tt �� � H� �
V ��(� �m� K�KJH� Ko ^\nZ�IJZJJ�^ �! �wZn��Z^��o �!KwKu�_ �

−
V HwJH"K"Ko �KwKnKJ��K�

� U(� ��� W � U�� XZ�J� U ^ �XK� �o"Zo!��!JKo�K" XZ�J�" � ^ZnK��K"� Ko �!KwKu�_ [_^Hw�H"�KJ�
HwJH"K""K� W rooK" Z"� � �[Z�m�o �! tt �� ��w_� �!\�\ ���K� K!KJ� Ko K^ �IJKJJK^ � �! K!Ko
Y������Z" �w om �� �K��Hu _ U wK��JIXK o��m^ HwJH"� �oJKw�!JK�� w�� X�w���nH� �K[KJ W

������� �
−
V � K� W �Z�

τc

�Z� τc

PV� �Ku � U�� � � U�� � U��Vq ' �Y � U�� � � U�� � U��
�� �on � U�� � � U�� � U��tt �� � � U��� � � U�� � U��
0p � K� � U�� � � U�� � U�(p� 0�Y � U(� � � U�� � U(�
� 'K� � U�� ( � U� � � U��V ��(� �m� � U��� � � U�� � U��

�� W J � � !�J W � ! �oXKw! �Z���m��! ^ ^K�[�J wZ! � [Z! �!�"�H�K� �!Io �onK� K" �wZn��^ ���� W � "ZoXK"JIX ^ K��Zwnv� �� �n_ �! ^Z�J HwJH"K� W � �	 ���� ��
� � �� � �� 
 � � ���
����� �� � �������� ���� 	� �� ����� � � � ������ ����� �� � ������ � � ��� ����� �
� �� � � ��� ����� �� �� ����� � � ��� ���� � �� � ���� � �� � ���� � ����
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log τc/P

� � W  �w� W � !  J���Z� K"X �X��Ko� �!H�K��H�K" ����H�K �! �oXKw! �Z���m��! ^J\�

�[Z�m�o �! u� W ��� ���u�  o �� � J�!�" U � �_"Z^uZoKo� K�K"JIX �K��!Io � [_^Hw�H"�KJK
"�uY�Z��J��o X�o � �

−
V �!Io�onK� �!K� U � I�m "�!XKJXK � "Kw�o�H�� u Kw�\nv���� � �!�!

�K�JHJK�K![KJ_ U [Z�m � "wZ^Z�!�Hw�"v� �"J�X �J � Kw_��H�K �� ^vJ�J[�J X���^ ��mKo ����H�J
]

1

�[K! X��!ZomIJX� ��vY�o�"� ����� W rwKn^HomK�^ �K�[��!o � � X�� Ho �� K�XH�K!JK^
K!J � X�!�� ��JZJ ��� W  �w�� � � "ZwwK� Y�\ �! K�_!_K"[K! "Hu K�J "�Y��J �mKo�H�� U nK
"�^vJ�J[�J\ L � ^ ������� [_^Hw�H"�KJK" �K�H �!��o�	" o��o �mKo�� � � �

α
K^ ���!�\�

uwZ	 �Z"  J���Z� K"X�X��Ko� �!H�K��H�K W r ��_ w oH!H�wK ��m J�o�" U [Z�m "� W ���� G �K�
�K��!Io � [_^ Hw�H"�KJ �K�KJJ o�oY�Ko ^ Hw[KJ_ �"J�X �J � � �!Zo��o �!  ��IJ � ���!Z� � [Z!
JZX �� � ^ HwH�� KwKn^ HomK"wK X�o �!�"�H� W
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log T1(K)

�� W  �w� W � !  J���Z� K"X�X��Ko� �!H�K��H�K" "�u Y�Z��J� � �_"Z^uZoKo� K� K"JIX �K��!Io �[_^ Hw�H"�KJHXK�
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� ��Zo�\ �!�oJ� "ZwwK� Y�\J "�uJ�^ U ^ �"Zw � HwJH"K�J � "Z^uZoKo�K" "�!�JJ� [_^Hw�
�H"�KJ�"� ��o��H� ����XHomH� Ko  �w !Z�J�^ ��� W  �w�� � ��mKo � K��K�� X�!�� ��JZJ � �!�"�
�wZn��Z^��o ^H� oK^ XH�!KJJ �Ko"� W � !  �w� ���u�  o � o��m [_^ Hw�H"�KJ�"� ��o��H��
wKon�!KwK"oH�  J���Z��o ^������� �! �"J�X �J � �!�oJ� K W � w omZ�Y Y������ ���u�  o ^ H�
oK^ �K[KJ ^ K��K�K�_ �J�J��!J�"�� �K�^ HwH�K"KJ "H�!IJKo� U K! � �K[KJ�H�K� ���!K����H� Hw�
nK^ K� � JZX �� � X �!�� ��JZ"w� W � !  �w "Zo � JK�J "�w�" � ��JIuv�� U �! �wK� "�w�" �!
��JIuv�� "ZoJ�"J wKon�!KwK"KJ � K�!�" W
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�� W  �w� W � !  J���Z� K"X�X��Ko� �!H�K��H�K" "�uY�Z��J� � "Z^uZoKo�K" "�!�JJ�[_^ Hw�H"�KJ�"� ��o��H��K�

]ZX �� � 	!�"�� u�w�^HJKwK" ����!J�^K� U ���!�v^ �oZ!�J � U �_"Z^uZoKo� J�^K�K ��� W
�v^ �oZ!�J �� U �o"��o Y�\ U " �J� �J�JJ�H�� ��"JZw U J�^K��w om � K�KJH� Ko �� K�XH�K!JK^ �
"ZwwK� Y�\�X�!�� ��JZ"�J U  ^ JZX �� � �!��o�	" o� ���!K����H�K"KJ oK^ J�� �J�^ � wKo�
nK�"K!H�wK  ��\ �n�JZ" ���u�  o W

�(
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vo" ^ K��_ U ^ �oJK�m ^  ��H� HX �� J�wJ\ �!�"��! ��o �J n�w�� U � nH�� H�� Z�JZo J�� ��
[�J\ �!ZwZ� "KJJ_�Y������w\� �./ 0KZ U Vq 0 �� U �. ]vY U 1/ �m� U V �(� � w�� "H�!I�
JKJJ ^ HwH�K"KJ K�K^ K!JK^ U �! Z�� K"Jv^Z" 	!�"�� u�w�^HJKwK�oK" ^K�[�J wZ! �� YH��  �
�\� W � �ZJZ^KJw��� �n�JZ"�\� �� ^ �o�^v^ �n_uZoJZ"�J  ���uIJZJJ�^ ^K� U H� uZoJZ�I�
JZJJ�^ � "KJJ_��" "Kw�o�H�� u Kw�\nv��n_�J W � �!Io"Hu K" �K�nZ��Z! �� �Zw o K�_ ��IJZJJ
w�n� ����K� K��H����w� H"�_� ^ K�[�J wZ!J�^ �! K�mK� wKon�!KwK" "Z^uZoKo�K�oK" �u K"J�
wZ�!"\u��� J�^K��w om J W

� X�!�� �J "KJJ_�Y������Z" ^ZnK��� K�J � � ���Zo�� KX�ooKm�"\n oKX� uwZ�w�^^�� "H�
�!IJKJJK^ K� W � ^ZnK��K!H�K" �Zw o ^K�J�� �J�^ � ^ K�	�mK�H�� u ZoJZ"w� �K�� Z���o
���K�!"Kn_ �Hom��w� H"KJ U ^ K�mK" �K�IJ�H�HXK� ^ K�[�J wZ!J�^ � Y������Z" 	!�"�� u�w�^H�
JKwK�J H� �!Z" [�� �J W � �K��ZoJZ���� HwJH"K" � �� W J � � !�J��o �!KwKu K�oK" ��! ��K�
�onK� ^ �on�� � �_� U � ��K� �onK� � ^K��H""Z^uZoKo�wK XZo�J"Z!�" � W
����� ��	� �� �	� +� � �� �� ��	 
� 9�� + �"� � ����� � ������� ������� ������� ����3 ������	�4 ������������ � � � � � �� #��� % � ���� ����� (�* � ������� (�* � ��""��� �� (�* � ��������� (�* � ����"���� (�*�
[◦] " �� ± � �� �� �� ±

��� � �� ± � �� � �� ± � � � �� ± � ��� � ��% �� ��% �� ��% � � ��%� � ��" ± � ��� � ��� ± � ��� � ��� ± � ��� � � ± � ��" � ���� ± � ����
T1 #$ % ���� ± " �""� ±

��� ��� ±
��� ���� ±

��� ��� ±
���

T2 #$ % ���� ±
��� ���� ±

��  ��� ± �" ��"� ± �� � �� ± ��
M1 #M�

% � �""� ± � ��� � ���� ± � ���� � ��� ± � ���� � �" ± � �� �� ����� ± � �� ��
M2 #M�

% � ���� ± � ��� � ���� ± � ���� � ��� ± � ���� � ���� ± � �� �" � ����± � ����
R1 #R�

% � ��� ± � ��� ���" ± � ��� ���� ± � ��� � ��� ± � ��� ��" ± � �� �
R2 #R�

% � �� ± � ��� � �"� ± � ��� � �" � ± � ��� � �� ± � ��� � � � ± � �� �
L1 #L�

% � ���" ± � ��"� ���� ± � ��� � ���� ± � ���" � ��� ± � ���� � ��� ± � ����
L2 #L�

% � ��� � ± � ��"� � ���� ± � ���� � �� ± � ���� � ���� ± � �� �� � ���" ± � �� ��
(Mbol)1 ,m�� ± �,m�� �

,m�� ± �,m �� �,m�� ± �,m �� �,m�� ± �,m �� �,m�� ± �,m ��
(Mbol)2 ,m� ± �,m�� �,m�� ± �,m �� �,m �" ± �,m �� ,m�� ± �,m �� �,m�� ± �,m ��
(MV )1 ,m�� ± �,m�� �

,m� ± �,m �� �
,m
�� ± �,m �� ,m�� ± �,m �� �,m"� ± �,m ��

(MV )2 ,m�� ± �,m�� �,m�� ± �,m �� �,m�� ± �,m �� ,m� � ± �,m �� �,m� ± �,m ��
�� W J�� ����J W � X ������J �KJJ_�Y������Z� �ZoJZ���� u�w�^HJKwK � �

Mbol

H�
MV

� �Z^uZ�oKo�K� � Z �Z^KJw��v� ��� W �J�on�wn V ����w_� ����Z ��J �HomK��H�HwJH�K U ^ ��o �J�n\��o �

� � K�mK� wKon��KwK��K � ��uY�Z ��JZ� KwKn^ HomK� ����K��H�K L
•
�� Pk%edj � � wH�\J� ��^KwJ �ZoJ��J �KJJ_�Y������w\ � �H��� �J Knn �� � ^HwH�K�KJ
^ �on �ZJZ^ KJw��� U ^ �on �uK�JwZ���\u ��� �n�JZ���� ��K�H��IJKJJ�� W 
 K�Kw_�IJKJJ��
� Y������u�wZ� ��w� � �Kw�o�_ � I�Hw_ Z�� K�Jv^ � K�Ko �HJHJ �^K �m � �Zw��� � U o��m �K ��
�ZoJ��� �uK�Jwv^ Z� ���u� �o K�m �� HX uKw�\nv��nK� � U �/ � w� JIuv�� �KJJ_�Y����
��� � U H� �� w� ^K�[�J�wZ�Jv� � 	����� u�w�^HJKwK� HwJH�K �J W

��



•
cN Pd�a�k � p��oJHo J��� K� wKon��Kw U ^ K �moK� ^v �J�u ��Y�J���J ��� �J KwKn^HomK�
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