
























� �������	��
���
���
���
 ��� 
����
����������� �!�����#"%$'&)(+*,��� -,. /0"1�'�!*,$'&2�435�!67"789�;:<�=&>-?61�'���

@ &A$B�4�C�!*D"FE GIHKJ?LNM�O4P�Q;RS�T.U��VAW,XY*,�4�C"%&>&�VZ8[$\�'��� "7$]�#"%$'&�:^X>$ "%&>&
_?`badc e fhg'i j kmldkon5pqkmr,s+t+t�u
vxwyj{z|c�rxkm}]l~`+n�ko��e fo� i�g+t��>f�uBi�g+t
�,� � � `h�+koldkFadadkmahe g�l�wyj kmr
vxwy����`ba�a~k0����ko� � kmnSw�j �ykmroe �=�ykm}]adrdc��'wyld}I}b`b�y}]� ��`�a~c�rm� � c\j }o��ko��aAz|c�rN�\wyj'kordk �!�`+km� j k�ld}+c+�yk
i v!c��0�b�%`brd}�n�koj�k � � k�� c+a^`�a~kor��|}b`b��p�kol�}]rdw��+kol �9�`�pqk ��� k�ldw�j kor~�
i �Ac+adadnI`+�'��e4��`badkonS`ba~w�ld}�z|c�rdn�ko��l~`+n��yw�� �
i � � rdw�n c �S¡ wy`+��e4¢¤£\ldw�ld}bk�l7a~¥�r�rdko��ldkmrxc � km� � kFa~kor
¦¨§�©#ª¬«^§�­®­y¯F«�°+ªx§^±�±+²�°+³+¯^´�¯Fª¬ª%¯Fªx¯F«,µ�§�¶Y±�­y¯Fª·ª#¸~¹\«�º+»	¼F¯½²+¾�©#©¿¯F«ÁÀ°{¼F¯^´F³�°+«~¯,´1±#¹\«~´F¶ÂÀ°+­y¯F©¿¯oÃ
Ä�Å!Å¤ÆUÇ�È�ÉËÊ#Ì
�=�Í�+`brdn�ko}]r~`bz®adnI`bld}]wy�	c � kmrdkor�kor�n�kojÍko�Îw�j kokm�y� � `+ldl?n�kojÎÏÐn�c��ykm}]£\��koro�qldc�n � ��km� � c�n��y¥ � kmrYko�
l�£\}]�yw�ld} � r�c�ldkmldlY�'� j kor0rdkF��kor�ldw�p �yk�z|c�rd� c+�yj�iN��`+ld}]w�� ko�	kmrYwÑa~kmrdn�wyl�}�}+c���a~`+}�a,n�koj�adcIr�koldkmr��+c�`+rdkmro�
kmaS�b`+rdn5aSrdkmldkmr���c�`+r�n�koj�adkon � kmr~`bad� r�ÒqÓÍc � kma�}�`+��j'aSrdkol�kor7��c�`+rInSkmjÁa~kmn � kord`ba~�'r�ÒqÔ^i�_,k�a~c
a~kmn � kord`ba~�'rdko�'k�ÒqÓ5c � ÒqÔ9}b`b��`+��a~`+lA}+c�� l7a^`+��adk+i
Õ £\}]�y� l�ko�Ö�#`+rY× rdk¨j km�ykorme��d°�Ø ¼^�YÙ¬ÚoÛ#Ü É]Ý�Þ É\ß Ú Å¤Ç à ÚâámÛ à �Z�d¼�Ø ãd� Ç#ä Ù Ç å!Ç ÜæÙ¬Ú ß�É]ß Ú Å!Ç#à ÚâáoÛ à �
�^ãxØ º��AÙ¬ÚoÛ#Ü É]Ý�Þ ß Û ÞçÅ¤ÝæÉ ÚâáoÛ à c � ��º5Ø °�� Ç#ä Ù Ç å!Ç ÜæÙ¬Ú ßèß Û ÞçÅ!ÝæÉ ÚâáoÛ à i
`�� Õ }]w�ldldkmr � r�c�ldkmldldkm�é��°¨Ø ¼?Ø ãYØ º¨�>w!kma�ê�ë?�âj w�` � r~`+nìc � w�kFaYÒYí¤�1j wy` � rd`+n�i ÕB� kol�w�×#l�kor

kF��ko��ad� ko���yk�l�ad¥�rdr�ko�yl�korxl�c�nDkorx}bc�� l7a^`+��a~k�� � j'korAko��ko���ykmr)î#kor�k�`��Ij ko� � rdc+ldkol�ldkm� k+i)ï>�b`¨}b`b�y�ykml
j km� � k�l�£\}]�y� l�ko�Uð

p#��ñZ��¥�rNr�koj k�z|c�rA`baAkFò¿km}]adw��\w�adkmadko��ó�z|c�rxkm��l7£B}]��wyld}S�+`brdn�ko}]r~`bz®adnI`bld}]wy� � km� kor�ko�ôa0kmr � w�a�aN��kmj�e
óYõöfA÷�ø Ô

ø ÓÑù
�%fæ�

j kmr ø Ó¨c � ø Ô>�'ko� � c+�yj l7�Bw�l,p�kma1£\r,n�c+ada~`badaYc � `h� � w�a�a0�b`+r�nSk�z|c�rYnS`+ld}]w�� ko��i�úZkol�adkonûnI`+l%�
}]wy�'ko� l�kmòqko}�adw��\w�adkma��'a�a~r�£\}�a���kmjÁj k�c �'� � w�a�a~kIadkon � kmr~`bad� rdkm� k{Ò¿Ó�c � ÒqÔ^i��·ï>wy��ahe�p�kmadr~`+}�a
l7£B}]��� ldkm� l0z|c�r��y¥ � wqÒ,í¤�âj w�` � r~`+n�nSkFa)c � p'rd� }{r�ko��`bl|��c�� km� ø õ�üAÒ5�·í9�7ý\í9�<i

þ ���=�Iw�j kokm�y� � `bldl)� `+rZw�� j r�k>km� kor � wÑÿÂõ���+Ï��\Ò�i Õ }]r�w���� kmjIj km�Ia~kmrdn�cBj'£\�#`bnSw�ld}+k>wyj'ko��a~wôa~kmadko�
z|c�r�l�ad¥�rdr�ko��ldko�Ëÿ��2c � �\w�l5`ba��\w9z|c+r�km� `+j wy`+p#`badwyl�} � rdc+ldkol�l�w4ko� w�j kokm�y� � `+l�l�n�koj }+c��'l�a^`b�]a
� `br�a~w�}]}+ko�ôa^`+����Ï �#`+rx��w � �'wy� � km��e

Ò,ë����
	9õ�}+c�� l7a^`+��a ù j kmr��{õ�
�� s
 kor>`+j'w�`+p#`�a~}+c+� l�a~`+��a~ko��� �·s��

Ä�Å!Å¤ÆUÇ�È�É���Ì�,w9�#`+r�a~r�kSz|c�r�j ko��wy� � l�z|� � }]l®��c�� kor�z|c�r�a~rdk�a1£ � kmr5l�£\l7a~kon�kor5j kor � `+r�adwy}]�ykm� k��#`+r�z|c+rdld}o��km�y�yw � k¨k � ko�B�
ld}�` � korme �� 	 ���^�4õ f

ó���� ���! �"$#&%(' � f*) �� � ���~�9õ f
ó��+� ���-,."/#&%0' ÷ f�) ��*1 ���^�4õ f

ó��+� ���324"/#&%0' ù �¬g��

f



57638�9:6-8<;=63>@?A6-8CB�;=DE8C6-FHGJI�K�LM638N5E6PO-Q063>@R$SCOT6U?AGT;=63F7SCRVBTWV63F76TXY R�BTFZ;[BT8\B];\^Z_J6-8(;`B�_aS0bcS0;C6->d6-F76eR$F7F76-^EGJWV57638\f ?
BT8(;=R$OcW$6-8�g�f hUh i�jlkNGJImB�;\?
B�80;=R$O�OT6-W/;[BTW$WV6l;f 638n6-FpoA63_�BT8(;qS(;=rJ808C6-W$SC6�X Y R$576-806sBTFZ;[B�SqB�;n?
BT80;CRVO�WV63F76tRu^Z_J6380;�S0bcS(;=6->vO]BTFw_yxz8C6\Ru63;nSC63;0;�B{_RVO�O�6l|.5E6-IJ63F76-806-80;C6}63F7?
BT8(;=R$OcO�6-W/;=RVW$S0;=BTF757638<SCGJ>�oA63;C6-IJFE6-S�~&�]�u�����E�{iJ�[�y�[�E�{�-�{��XBJjH�
GJ80OcWVBT8qO�GJ80;d^Z_cRVWVO�6-F�S0;=rT8C8C63WVS06H5E6���GT8CSCO-Q063WVWVR$IJ6t��GJ80576-W$RVF7IT6-F76\806-?7806-SC63FZ;=6-806-83k<GJIe^�_�BeSCWVBTIJSS(byS(;=63>@638��n?7BT80;CRVO�OT63W$;.bc?*638<576�638<ITbcWV57R$IJ6���GJ83X��MBTI�6-F\63F7OT63W�S0O�RVSCS06�SCGJ>�_cRVSC638n���� k����� GJI�����S0GJ>���D7F7O�S�Q0GJF76-8�B{_\6-FE6-8CITRV6-F`~-k7_T6-5H6-F75763WVR$I�;C6->d?*638=B�;CD78z9�h��EXo
j` yO�80R$_pF7635�63Fa806-W¡B�S�Q0GJFp��GJ8�S(byS(;=63> iHSCGT>¢R<?78CR$F7SCR$?7?A63;�O]BTF£o78CD7O�6-Sd;=RVW�¤BeoA6-S(;=63>@>d6�5763;O-Q06->dRVS0OT6P?*G�;=6-FESCR¡B�WV63;NK � X<�
GJ8CO�W¡B�8<DE;=63F�8C63IJF7RVFEI@^Z_JGT8�K � _cRVWMWVR$IJIJ6���GJ8�576l;C;=6PS0bcS(;=6->d63;�_J635WVB�_@;=63>@?A6-8CB�;=D78Pg�9�¥ �ZjlX¦ j` yO�80R$_`F76-5§806-W¡B�S�Q0GJF763F���GJ8�oA6-S(;=63>@>d6-W$SC6�B{_`5763;�O-Q063>@R$SCOT6�?AGT;C6-F7S0R¡BTW$63;�K � R¨S(byS(;=63>©�yXUªN_�BS0O{Q0638M>@635PS(;=rJ808C63WVSC63F76����� g«~&�3j*��GJ8�;=R$W$��63WVWV63F76¬�n�:�<GJI��t­®i�F�¤BT8¬9¯¥ �J°�ª�_cRVWVO�6-FUIJ806-F7S063_J638C57RIM¤B�8�K � >dGT;�Fu¤BT8�9±¥ �Ek*GJIs^Z_�BsSCWVBTIJS���63F7GJ>d6-F�O]BTF���GT8C6-O�GJ>d>@6PR¨5763F7F76q;.bc?A6-F§S0bcS(;=6->d6-8_T6-5²WVB{_J6UF7GJOd;=6->d?A6-8=B];=D7806-8[°5
j` yO�80R$_³FE6-5£8C6-WVBTS�Q0GTF76-Fm��GJ8qoA6-S(;=6->d>d6-WVS06HB�_w5763;dO-Q06->dRVS0OT6�?AGT;=63F7SCRVBTWV6l;�K � RzS0bcS0;C6-> �EkuGJIo780D7Os5763F7F76U;=R$W�¤B�_yR$SC6PB�;�K � _J635`_cRVW$O¨¤BT8CW$RVI};C6->d?*638=B�;CD78<O]BTFHDE;C;C80bcO�OT6-S3´K � �¶µ�·c9�W$Fd¸ �f � g�¹�j
57638 ¸ � 638º576-FdO]BTF7GJFERVSCO�6<?
BT8(;=RVS�Q0GJF7S(��D7F7O�S�Q0GJFE6-F���GJ8º6-F�?
B�80;=R$O�OT6-W�Xº»NF7576-8¼^Z_cRVW$OT6<oA63;CRVF7IJ63WVS06-8IJR$8���GJ80576-W$RVF7ITS0��D7F7O�S�Q0GJF76-F¯��*� 63FeIJGy5eB�?7?78CGTOcS0RV>@BTS�Q0GTF�;=RVW�½(_cRV80OT63WVRVIT6-¾s?
B�80;=R$O�WV6-80S�GJ?7?y��rJ8CS06-Wg�SCGJ>�638�o*63SCO�8C6l_J63;�_J635£���� GJI§���� j0°

¿�À�À�ÁÃÂZÄAÅ�Æ¬ÇÈ 63;�O]BTF`_cR$SC6-S�B�;N?
BT8(;=RVS�Q0GJF7S(��D7F7O�S�Q0GJFE6-F ¸ ��GJ8�63F`��GT;CGJF7IZB�SCSNR�6l;�_TGJWVD7>ÊÉË_J635�;=63>@?A6-8CB�;=D7806-FH96-8�IJR/;C;z_T6-5H��rJWVIJ63F7576�W$RVIJF7R$F7I7´ WVF ¸ ��Ì]ÍÏÎ¹�Ð Ñ ·c9Ò
ÓºÔ � É¼� g�ÐJjY R$576-806UO�B�FH_cRÏ�-¤B�o78CD7Os��GT8N806-WVBTS�Q0GJFE6-FH>@63WVWVGT>ÕªN6-W$>@^7GTW$;=Ö���80RÏ6-F7638CIJRM×ËGTId?7BT80;CRVS�Q0GTF7S0��D7FEOcS�Q0GJF763F¸ k
5763FH;C6-80>@Gc5EbcF
BT>dRVS0OT6�RV5E6-FZ;=R/;=63;C6-F\��GJ8�×ËGJI�576lØ
F7R$S�Q0GJF763F²B{_HÙ�RVoEo7Sz��8CRÏ63F76-80IJRMÚd´×®�±Ûaµe9�Üw�¶µ�·c9�W$F ¸}Ý Þ ×®�ßµ�Ü Þ 9£µáà Þ Éaâ³K Þ f Ý Ú±�®Ûaµá9�Ü�âmà}É±��KÏfH�qg«ãZjBJj Y RVS�B�;<��GT;CGJF7IZB�SCSC63F7SN6-F7638CIJR¨Û±638�IJR$;0;z_J635¬´
Ûä� Ì�Í Îi!Ð g�·c9�j4ågæÒ
Ó-j � É¼� g�çJj

o
j Y RVS�B�;<��GT;CGJF7IZB�SCSC63F7SN6-FZ;=80GJ?7R�Ü£638�IJR$;0;<_J6-5�´
Üw� �Z� Í Î¹�Ð Ñ ·�9Ò
Ó Ô � ·7É¼� g Ì jè 80D7Ot806-S0D7W$;=B�;=6l;<;=RVW<¤B�BTF7IJR¬63FHBT57R¡B�o
B�;=W$RVIJFERVF7Itg«SCBT>@>d6-FE^76-F7I�>d6-W$WVGJ>é9äGJI@Énjê��GJ8zIJBTSCS06-F¬Xë ��rJW$IJ6�W¡xz806-oAGJO]B`6-8}576-FpO�GJSC>dRVS0OT6@o
BTO�IJ8CDEF7F7SCS(;=8Z¤BTWVR$F7IJ6-F¯g�;=R$WVS(_TB�8C6-FE576@S(;=8Z¤BTWVR$F7IH��8CB`6l;qSCGT80;

�



ì$í-îJí3ï@íNï@í3ðtñóòßôyõ�öT÷nøPùuí3ú\ûCí3ü0ýzþ�ûCÿ}í-úsý��Vð7ì��VîJí3ûCí�í�������í	��
Eú���
Tí-ûCü0í3ý��7ð
ÿ}ýCí-ï��*í3û=ÿ�ý�
7ûCí3útñ��

�ÿTû���÷���������ø��Jî�
Eú���
Tí-ûCü0í3ýCü�
Eý=ü(ý=û0í���ú��VúEî �!���#"$
Tí-û¼ÿ%
Pð7í û&�Jïdì'�VîTíºð��Vïdí-úEü)(&�Jú7í3û*
�ÿTû��+���-,-�ÿ%
}ú/.ÿ0
#1zûCí3ú7ð7í2
Jí3ûCð��$í-û3�<õ!4¼ûºð��$üCüCízý=ÿTìVì$í-ú7í5���JúEü��Vü(ý=í3ú�ýCí�ï@í3ð�ÿTð��¡ÿ06
ÿ�ý7�$ü���í8�cü&�
ÿTú7ü9(&�Jú@ÿ�
nð7í-úýCí-ûCï��Vü&�Tí�þ)�Tý��Jú7îZÿTü0üCí3ú:��
Eú���
Tí-ûCü0í3ý<;

= ù?>��$ú7ú³þ)�Tý��Jú7îZÿTü0üCí3ú7üdýCû&@-�A�CBEDF"G�VúZý%HI67û&
��³í3úJ�
ÿ�û0ý7�VÿTìVðEí-û��K
Jí3û0ý�ÿ%
CL}ùM�JîN
-�Vüdÿ�ýPO �'6�67üqþ�û&�í3ú7í-û0î���Q±þ)�JûzîZÿTü0üCí3ú?6Eì'�VûuúA
7ìVì�õ!RS
�ÿnü&�Ví3ûzûCí3ü�
7ì/ý[ÿ�ýCí3ýzþ)�JûTQU�Jï�ð7ílýV�%(0í3ïP�$ü���í	����ý=í-úEü��¡ÿ�ìVí3ýXWN�í3ú@þ)�Tý��Jú7îZÿTü0ü<;?RS
-�Vì��Tí-ú@í-îJí3ú7ü��]ÿ���
Jí3ðtþ)�Tý7�Tú�ý=ÿTìVì$í3ý/Y í-ûM.ÿTû0ü=ÿ��qý��VìÃÿ�ý/W�ÿ�ú�ý=ÿTû�ð7í-úEú7íZ
Tí-ûCðG�Ví-ú
D9
Jí-ð:���JúEü0ý[ÿ�ú�ýNñ[�Tî]\}ù�;

^`_�aJb!c!d�c3efa�gihkjSlVl5_[a�m&e%n

÷



� �������	��
���
���
���
 ��� 
��������������� �!�����#"%$'&)(+*,��� -,. /0"1�'�!*,$'&2�435�!67"789�;:<�=&>-?61�'���
@ &A$B�4�C�!*D"FE GIHKJ?LNM�O4P�Q;RS�T.U��VAW,XY*,�4�C"%&>&�VZ8[$\�'��� "7$]�#"%$'&�:^X>$ "%&>&_?`badc e f+f�g h ikjdiml5noikp,q+r+r�stvuwhyxzc�pvik{]j|`+l}im~�e fm� g��+r��>f��Bg��+r�,� � � `��+imjdiFadadika�e ��j�uwh ikptvuw����`ba�a|i0����im� � iklSu�h �wikpme �=�wik{]adpdc�~'uwjd{I{b`b�w{]� ��`�a|c�pk� � c\h {m��im~�aAxzc�pN�\uwh'impdi �!�`+ik~ h i�jd{+c+�wig t!c}�0�b�%`bpd{�l}imh�i � ~ i�~ c+a^`�a|imp��z{b`b~�n�imj�{]pdu��+imj �9�`�noi ��� i�jdu�h imp|�g �Ac+adadlI`+~'~�e4��`badimlS`ba|u�jd{}xzc�pdl}im��j|`+l}�wu�~ � � `+�w��iY�'a � u��+im�wj�imj �`+p^�g ¡ � pdu�l¢c �S£ uw`+~�¤¥�0~ � ik�w��c �}£ u�`b~�e4¦¨§\jdu�jd{+i�j�ad©�pdp�im��jdimpAc � ik~ � ikadimpg �ª`b�w�wiY�'a � u«��ik�wjdikj �`+p|�¬¥­�®#¯ °^­�±²±w³F°�´+¯v­^µ�µ+¶�´+·+³^¸�³F¯ ¯%³F¯v³F°,¹�­�ºYµ�±w³F¯ª¯#»|¼\°�½+¾	¿F³À¶+Á�®#®Â³F°ÄÃ´y¿F³^¸F·�´+°|³,¸1µ#¼\°|¸FºÅÃ´+±w³F®Â³mÆÇ�È!È¨ÉUÊ�Ë�ÌÎÍ�=~Su�h imik�w�\a|c�`badc�l}u �Y� `+jdj4�#`+p2xzp�uw� iFa|j � p|`+h'imp={]~�§\a�a|iFa9aduw�\a|p|`b~ jd�w`+jz��c�~Â��pdc+a|`+jz��c�~�c � �\u�n p|`+j²��c�~�g2t!c+a|`+�im~ � `+p�aduw{]{+ik�wik~ imp � u�xzc�pvika>l}c��wik{�§B�Â{b`b~��'a�a|p7§B{]{bimjmeÏNÐwÑÒÐ�ÓÔÏvÐ�Õ�ÖÒ×dØoÙÄÏvÕwÑÒÐoÙÚÏvÛ�ÜÞÝ}ß �%fà�c ��� `+p7a|u�jz��c�~ j7xz� ~ {]jz��c+~ im~	áNâ9xzc�pviFa0l}c���im{�§\��{�`+~�j�{]pdu��+imjkeáNâ=Óãá�ÐwÕwÖÒ×|Ø1á2ÕwÑÒÐÒá�ÛdÜÞÝ�ß �ªq��h ikpYá�Ð�Õ�ÖÒ×|Ø4c � á2ÕwÑÒÐ���imh�� ©+§y~'c�{Ia|ikl � impd`ba|�'pv�#`+pvxzc�pdl}im~Âe

á2Ð�Õ�ÖÒ×dØ¨Ó äåbæ,ç å+æ Óéè ê ëq�ìîí�ï]ð¥ñZò%ó ë ç á=Õ�ÑÒÐ¨Ó ï]ðô ÕwÑÒÐ}õ � ���
c � ô Õ�ÑÒÐ4impAim~�{+c+~ j�a|`+~�a�gZ�4~'imp � uw~ u«� �`bim~ i?xzc�pN�\uwn'p|`+j²��c�~�`���ikaAa|c�`�a|c�l}u � l}c���im{�§\��imp � u«adaN�+imh�eÏvö�ÓÅ÷ ô ÛdÜÞÝ ç ÷�ÓÔr'ß�f�ß<q\ß õ�õ�õ �z�]�h ikp ô ÛdÜÞÝ�impAik~�{bc�~ j�a|`+~�a¥� ô Û�ÜÞÝ�ø�ø ô ÕwÑÒÐ1�Fg`���ùBiFada�c �'�ú� `+p�aduwjz��c+~ j�xz� ~'{\j²��c�~ ik~ûá�ÛdÜÞÝ+�îc � �\uwj�`ba�h ik~ ~ i¥��ikhüik~ý�\u��w{ �`+pd��u � a|iml � imp|`�a|� p,ðKimp� u«adaN�+imh�e á�ÛdÜÞÝYÓ ff>þÎÿ�� ����� � ó �
	 õ �����¦�u�~ ~�ikavaduw�w~�
Npdl}ikav�'a�a|p7§B{]{�xzc�p>á�Û�ÜÞÝ�~ �`+p>ï\ð ø�ø ô ÛdÜÞÝ�g�>uw~�a�e4¦#c�p�� �����ãf � ��ik�wh ikpNxz©�� � ik~ h ibe ���ö���� � ö Ó ffAþ�� õ �����
n#� �¨`+p�aduwjz��c+~ j�xz� ~'{\j²��c�~ ik~	á"!Äxzc�pNik~ � `+jdjA`��$#éuwh ik~]aduwj�{+i,a|c�`ba|c�l}u � i0l}c��wik{�§B��impk�'{�`+~���ikh��'©+§adiml � ikp|`bad� p��Àï\ð�ø�ø ô Û�ÜÞÝà�Njd{]pdu«��ikjme

á%! Ó f#'& á !â Ó f#(& è äå+æ ï]ðô ÕwÑÒÐ ï\ðô ÛdÜÞÝ ñ
! õ �ª���))p�� {Îá"!�a|u�� �`ýnoikj�a|iklSl}iyuw~'h pdiyik~ imp � u+* xzc�p � `+j�jdik~�g-,?c�l}l}im~�a|ikp�pdikjd� �«a^`badika}uN��§\j}`��ik{]�\u � `+p�aduwj²��c�~ j�adimc�p�iml}ikamg

f



.0/ 132547698�:;4=<?>�@�ACBEDF2HG�25B
I;DKJLAC:;B�INMPO
OE2HG$QRMPGTSU<E<?BWVXQXQ�25O%Y;25Z[8R\
254�][M0Y^]FM�B
<?D�OC\
:;G_O
ACS�G�Q�O`\
:;G�25Gba%cedJgfihkjXlm4�G3a%con p�qN/r 2s<E<�:P]�]tZ�25G^<?2HBE69:UZUVUG�MP6TD�OEQ�2uD7Z_25GN<?D=<?2H<E25G^AC:;BvJwp�8_D7GN<0dx8�S�OEQ^MR<"Jgfgyzh^lk{"/|:;I}S_<
<?B
VXQ�Q2HG�<EBE:;]_D725G9{~OE:P6�25G^]�MPB
<ED�MP4�Z�25B
D�Y;2HB
<�M�Y�Jt�|�+D�O�Z�2HBE2H<
<?2HB"M�<�25GN<EBE:;]�D�25G9{~D_2HGt<E:NM�<E:;6TD�I�I;MPOEO6925Z~�"�M�Z�2�BE:�<�MPO`\
:;G�:;I$YXD7�_B?MPO`\
:;G���QRMPG~SU<E<?BWVXQXQ�25O�OE:P6�25G~2HQNYUD=Y�MP472HG�<k<?D74 r MP.�Q�S�B����x2H<EBE:XZ�2s�4�D7I;G�D�G�I;2HG�pCYXD�MPGN<�M�B�MR<�jXlo�����W�
����/�d{�f���j� �4�G ¡"¢� £�¤�¥§¦¨�©-ªx«�¬ © p�jXlk/
­ ¬ ©�
®7¯±°±�W�
����²~³i´¤Fµ n p ´ /¶ B
S�Q$S_<
<?BWVUQ�Q�2H<kAC:PB3{·<?D�4¸�M^¹FG�G�2�2HGzB
254�M�OC\
:;Gº6925474�:;6»lo:;I ¢ AC:;B¸25GzMPZ�D7MP�FM�<ED7O
Q[]�B
:;OE2HOEO5�¼ G½Y�MPB
6T2HQ�B?M�A`<E6[MPO
Q�D7G}:;]K25B
25BE2HB�6T2HZ¾2HG½<E:NM�<?:P6TD�I�D7Z�2H254�4PINMPO
O�6T2HZ��»M�<E:;6T2HB5��O
:;6oI0\
25G�G�:P6T4�¿;]À2HB25GmO
VXQ�47D7O
Qb]�BE:POE25O
O5� r VXQ�47S�O
25G~8FMPB3Á[Z_25472HB5d�Â^Ã ¤ 25B325G�ÄÆÅxÅ�Ç�È�ÉRÊÌË�Í�ÎÌÇÀÏXÐ�ÑÆÄKÍ|ÒHÓ0ÈFÍÀÓ$ÇKÄKÔ�ÕxÊ¢�Ö � ¤ Ã ×�25B�25G9ÈFÐxË�È_Ø|È_Ó�Ë�Ò5Ñ�Ï�Ñ§Ò5ÅxÈFÍxÒ±Ù5ÄKÍ~ACB?M ¢�Ö <?D�4 ¢ © ��×�ÃÚÁ�25B"25G9ÈNÇ§ÑNÙ5ÛKÔ�Ë�Í�ÎºÇÀÏXÐ�ÑÆÄKÍxÒHÓ�ÈFÍÀÓÇKÄKÔ�ÕxÊ ¢ © ��:PI$ÁºÃ Â�2HBk25G~È�Ð|ËCÈ�ØxÈ_Ó�Ë�Ò5ÑÜÑÆÄKÊ�Å|É�ÏXÒ±Ù5ÄKÍ·ACB?M9YP:;47S_6T2s< ¢ © <?D74 ¢�Ö �kÝ�474�2¾Z�2H47]�B
:;OE2HOW�OE2HG�2t¹FG�G�2HB¾OW<?25Z'S�G�Z�2HB¾QNY�MPO
D7O
<?M�<?D�OEQ�29AC:;B
8�:;4�Z��9Þ½M�OEOE2HG�2HB½Y�MPB
6ßG�:;Qm<ED74�MR<¾�"�MPZ�2tBE:P<?MPOC\
:PG�OW��:;IYXD7��BEMPOC\
:PG�O
ACB
D78�2s<?OEIPB?MPZ�2HBe25BeMPQN<?D=Y;2HB
<�p�jXlo�½�-�W�
���R/s�ZF/ r Q�D�OEOE2HB�]�B
:;OE2HOEOE2HGàD%2H<^á ¢ ��Z�D7MPI;B?M�6z� âF:;BEQ�47MPB¾8NYP:;B
AC:;B�6[MPO
Q�D7G�2HG�O�2HãÀ25QN<ED�YXD�<E2H<^äbQRMPGÌSU<
�<EB
VXQ�QP25OHd ä+fiÂehæå�çå�è�é p�Â�êN/Z�2HB å�è 2HB9<ED74=AC¿;B
<�Y�MPB
6T2b:PI å�ç 2HB[M0YXI;D�<
<9OE]�D�474�Y�MPB
6T2�� ¶ 25OW<?2H6 å�è :PI å�ç �uS_<
<?BWVUQN<9Y;2HZ<E2569]À2HB?M�<ES�BE2HG�2}l Ö é l © é l « :;I^lÀë��20/ ìe<E<?BWVXQXQb2sã�2HQN<?D�YXD=<?2H<E25Gzä½YP25ZºY;:;4�S�6T2HG�2 ¢�Ö :;I ¢ © �í ÅxÅ|ÎÆÈNÇKÏ(î�+D%8FMPB¾25GÌQNY�MPGN<?2HINMPO
O^�À2HO
<��M�25G�Z�2$M�Y'� �K:;O
:;G�25B¾Dï2s<�YP:;47S�6 ¢ �xY;2HZð47M0Y~<?2569]K25B?MR<?S�B½l¾�zñvM�BW�<?D�Q�QP254=<�MP4�472s<¸�ò25Be25G �K2HY�MPB
<3OW<?¿;B
BE254�OE2��M;/ âF:;B
Z�254�D7G�I;OWACS�G�Q�OC\
:PG�25GmóôÀõ;ö p���/xAC:;B|�À:;O
:;G�2HB�25BvAC:PBv25GtQNY�MPGN<?2s<?D74�O
<?MPG�Z�6925Z^2HG�]FMPBW<?D7Q�Q�25472HG�25B
I;D�eI;D�<
<�Y;2HZ�d óô�õ;ö p���/"f Âä�÷ùø�ú�û5üHý�þ ¬±ÿ�� h�Â n p�Â;Â�/r Q�D�OEOE2HB�óô�õ;ö p���/�O
:;6 ACS�G�Q�OC\
:;GðM0Y ��YP25Z·4�M0Y'25G�Z�2H47D�Im<?2H6T]K25BEM�<?S�B¾l¾� ¶ 2HOEQ�BED=YÌQ�:;B
<^8NYP:;BW�ZFM�G�]FMPBW<?D�QX4�25G�2^YXD74�AC:;B
Z�254�2tOE25Im]%�Mz2HG�]FMPBW<?D7Q�Q�254�<ED74�O
<�M�G�Z�25G_2tAC:PB½l Ã ê_�b1eYPM QRMP474�25O�Z�2H<
<?2AC2HG�:;6925G�2s<�� �kD7O�MR<�Z�2s<¸Q5\
2569D7OEQ�2+]K:P<?2HG�OED7MP472s<�� õ;ö AC:;Bu2HGb�À:POE:;G�I;MPOEOuAC:PBïl Ã ê¾<?D�47G���B
6T2s<QRMPGºS_<
<?B
VXQ�QP2HOtp�����2HB32HG�25B
I;D72HGbAC:;B¸Z�25Gz4�M0Y;2HO
<E2½2HG�]FMPBW<?D�QXQ�254=<?D74�O
<?MPG�Z�2HGÆ/sd� õ;ö
	 ���%h jXl� n p�Â ¤ /�F/º�x:P<�M�4�<kMPGN<�MP4�4x�K:;O
:;G�25BH�§�'�ÀQRMPG�Y;2HZ~4�M0Y G�:;Qº<?2569]K25B?MR<?S�B3li:PI[O
<E:;B
<+G�:;Qº]FMPBW<?D7Q�Q�254�<?MP474x�:;I^YP:;47S�6 ¢ SU<E<?BWVXQXQ�25OHd� f���� ³ 

�� � õ;ö p��?/����ä0ø ¬±ÿ�� h�Â fL��� ³ ¤�¥ ¢ £ ¤�¦¨�©uªx«�¬ © 
��� � Ö ¬ © ���ä0ø ¬±ÿ�� h�Â n p�Â�×N/
¤



��������������! �  � �" �  �#�%$'&)(+*-,/.10 � �  2�!343 ����5 � �  �4676!� 3� � 3�8� 2� �����#�95��#:������#��;)�4��� " �  0��#��;)�  � �'�#�+<$!&)(+*-,2.>=@?BADCFE ?!GH�I9JDKML I ,1N L I�O *MPRQ7.S �T� 3 6!�  � 3 ��U���V�� 348 �#�W���YX���Z�6  \[^] �_���  6#`��#V�� 8 6'�a5 ]! �#� 8 � �!3 �  Db &)( ] ; [^] �D;)��Zc���  � 3�8� /� ��� 8 �#�����ed;)���#�%,�f1gih ] ��6 3j� �96 ] �  �" � ] � [^] �kZ  � ��lm676'�  n[^] �ko "�� �k���#���c� [^] ��V��#�+0TV
���p�  �4�  ��;)� �!3 5 3 Z 8�8�  �#;'�  q3 �#���ro�fR: S � ] � [^] ��X 3 ���s���  � �tZ  � �elT676!�  Z�;!l 3 ���4;p�)���u�#�r67���  � 8 6  ��V
5v�#� �! Zc��wyxegh ] ��6 34� �_6z� �!3 �  /�! �{�  + ��V
5v�#� �! Z���Z  �m��6 3 �4��;'�#� � � b &)(y0 ] ; 34� ;|���q�#�c6'� 3T8 67� 8�8 � � �s���  6#`��#V�� 8 6'�5 ]' ��� 8 � �'3 �  }8�] V [ Z���6 8 ` ] � � �pw�:}~��  6 � ���TU����q�zl  � ��; [^] �n���#� [ l 8 � 8 6!� � ��;'Z�V
���  2�'8 ` ] ���#��� �m�  � 3��)8 �c�4��;)��� � ���4�  ��;)� �!3 �  <� N =@�
�f , N L I�� ,�R� L������ P =�? O�� PB?��
A? *-�mw}. KML I�O *MPB�).

� .��}� 8��! X ])8�] ��; �'8�8 �#� 8 ���������s�����#��;)�\���)���  �#V�5y��� �! Z������pw���w�xa�#��;)�  � �'�#�+<
��=@?BADC E ?!GH I J KML I ���f , KML I�� ,� � L���� � P =��? C � ?¡AWGp�mwH I ¢ KML Ia£ �mw £ P O � Q7? O *MP � .

~�Z%6 � � [ �� Xc��Z�6 [^] �k�4�  ��;)� �'3 �  <� I =@���f ¤ KML I � ¤�#¥ � P =¦P O � Q7?§� � AQ O *MPB¨).© ] V�V
���  �#�k6 ] �  �����i���������ª�#������;)���#� 8n� � " �#��;'�4; " �  |� ��� � ��� � X 3 ������w�«|C ] ;
o¬:��.�� � ��V
��6 � 5 �'8 �  �  ���%�'�#�i6 ] � 8e 2� �  � ])3 Z�Vp0�­k®>0��#�����1¯����#�  n8�] Vp<­k®°= �_± �± w ¢ ®!² ³ O *MPµ´z.
¶ � 8� �#V·­k® [^] �qX ])8�] ��; �'8�8 �#� 8�] V [ Z���6 8 ` ] � � ��w¸*¹�m� � �  2� � [^] �  /8��! � º�! w»��w�xe.�:r¼T�  � ] 5c5¬�c�#�  ����V ] �clm� � V
� 8 6'�½�4�����  �  �  ��� [^] ����0 ] ;�Z  � ��lm676°­k® 8�] V¾�#�¿5 � �  � �!3 ���������'�#�  ª� ����  � ] 5c�4�#�ÁÀk: ¶ ��Z�6Â�c�#���  � �#����� 8 Z 3� /�! �  �[^] ��­k®  � 3 �� Xv� 8e ��V
V��°À�0 ] ;��T� 8
 � 3k8�3 Z  � t�! S � 3 V "�])3{ /Ã!ÄT[ �����#������;)�_ÅÆ���k;)�  � �)�#��<

ÅÇ= � C � ?¡AWGp�mwH�I ¢ KML I �mw £ P O � Qz? O *MPµÈz.
�R.pÉ  � �elm6m6
6#`��#V�� 8 6Ê5 ]' ��� 8 � �'3 � b§] ;  ��lm676tË 8�] VÌ5 � �  � �'3 �������{�)�#�  � � � S � 3 V "�])3{ /Ã!Ä7[ ���y�����#��;)�ÅÊ: ¶ ��Z�6iZ  � ��lm676'�  �[^] ��Å  � 3 �� Xy������;)���º���  6R`���V
� 8 6!�º5 ]' �#� 8 � �'3 �  }b &)( [^] �|X ]'8�] ��; �'8�8 �#�+0] ;Â6 ] V�V��#�  ���i��� 8 Z 3� 2�¡ �  : ¶ � 8e �#V  �elm6m6!�  Ë [^] �iX ])8�] ��; �'8�8 �#��0 ] ;Â6 ] V�V��#�  ���i6 ] �  � � " �#�c;)�4; " �  ��� � �tw�«2C ] ;�o¬:

Í�Î+ÏÂÐ>Ñ>ÒÁÑÔÓÕÏ+Ö�×ºØnÙ�ÙÚÎ@Ï�Û�ÓRÜ
�



University of OsloFa
ulty of Mathemati
s and Natural S
ien
esExamination in: FYS2160 { Thermodynami
s and statisti
al physi
sDate: 10. De
ember 2009Time of examination: 14.30 - 17.30The set of problems: 3 pagesPermitted aids: Ele
troni
 
al
ulator, approved for high s
hool. Two A4-sheets of paper with your own notes (both sides 
an be used). Rottmann: Matematisk formelsamling (all editions). �grim og Lian / Angell og Lian: Fysiske st�rrelser og enheter. (all editions). Harrap's de po
he Di
tionnaire Anglais-Fran
ais, Fran
ais-Anglais. (all editions). Kunnskapsforlaget As
hehoug og Gyldendal, Fransk lommeordbok. (all editions)Please 
he
k that the set of problems is 
omplete before you start solving them.Problem 1a) Write down a general expression for the 
anoni
al partition fun
tion Z1 for one parti
lehaving a set of a

essible unique quantum states s with energies �(s).The permitted energy values for an ultrarelativisti
 parti
le (kineti
 energy mu
h largerthan rest energy) in a 3-dimensional 
ubi
 box of volume V = L3, 
an be expressed interms of the quantum numbers nx; ny and nz:� = h
qn2x + n2y + n2z2L (1)where nx; ny and nz must be positive integers.Throughout the problem we assume that the system is dilute enough for Boltzmannstatisti
s to be appli
able. Write down the 
orresponding 
anoni
al partition fun
tion Z1for one parti
le.b) By approximating the expression found in a) for the one-parti
le partition fun
tion Z1 bya triple integral, it 
an be shown (derivation not a part of the present problem) that thepartition fun
tion takes the form:Z1 = 8�V  kTh
 !3 (2)What is the 
ondition for using the integral approximation? Write down the general
anoni
al partition fun
tion ZN for a system of N free, non-intera
ting, indistinguishableparti
les, and determine Helmholtz free energy F for this system (with N being a largenumber). 1




) Find an expression for the entropy S in terms of T; V and N (analogous to the Sa
kur-Tetrode equation for an ideal, non-relativisti
 monatomi
 gas). Also �nd expressionsfor the internal energy U and the pressure P , and �nally show that P equals U3V . (Notethat the last equation is a general result for a gas of ultrarelativisti
 or massless parti
les.)Problem 2The distribution fun
tion (average o

upan
y per one-parti
le quantum state) for a system offermions 
an be written as: �nFD(�) = 1e(���)=kT + 1 (3)where � is the energy of the one-parti
le state, � is the 
hemi
al potential and T the tempera-ture. The density of states g(�) for non-intera
ting, non-relativisti
 fermions with mass m andeigenspin 12 in a volume V 
an be expressed:g(�) = �2V �8mh2 �3=2p� (4)The total number N of fermions in the system (all one-parti
le states) is 
onserved.a) Sket
h the distribution fun
tion �nFD(�) for T = 0 and for some �nite T . Explain what ismeant by the Fermi energy �F . Write down an equation that in prin
iple determines the
hemi
al potential � for the Fermi gas for arbitrary T . Then show that the Fermi energyis given by the following expression:�F = h28m �3N�V �2=3 (5)b) Write down a general expression for the internal energy U for the fermion system atarbitrary T , and determine U for the spe
ial 
ase T = 0, expressed in terms of �F and N .At �nite temperature T , we have (derivation not a part of the problem):U = 35N�F + �24 N (kT )2�F : (6)Find an expression for the heat 
apa
ity CV as a fun
tion of T . Dis
uss your result forthe limit T ! 0.
) Explain how the entropy S 
an be determined when CV is known. Cal
ulate the entropyS and show that Helmholtz free energy F 
an be expressed as:F = 35N�F � �24 N (kT )2�F (7)d) Find an expression for the 
hemi
al potential � in terms of �F and T . Che
k your resultin the limit T = 0. 2



Problem 3We will here study bla
kbody radiation in a system 
ontaining a large, bla
k planar surfa
ewith 
onstant temperature Th (
an in this 
ontext be 
onsidered a reservoir). A thin bla
kplanar sheet is pla
ed a small distan
e from this surfa
e and parallel to it. We assume that theentire system is lo
ated in va
uum.In this problem, you may need the expression for Stefan-Boltzmann's 
onstant:� = 2�5k415h3
2 (8)a) Determine the temperature T
 of the sheet at equilibrium. Find the energy 
ux (energyemitted per area and time) out of the 
ombined system.b) We study a similar system, with two thin bla
k sheets pla
ed 
lose to the hot bla
k surfa
eof temperature Th, all parallel. Determine the equilibrium temperatures T
 and Tm forthe outermost and the middle sheet in terms of the reservoir temperature Th. Also �ndthe energy 
ux out of the 
ombined system in this situation.
) For a photon gas in thermal equilibrium inside a bla
k box at temperature T , the energyand entropy densities are, respe
tively :UV = 8�5k4T 415h3
3 ; SV = 32�5k4T 345h3
3 (9)Compare the values for UV and SV . Determine the entropy 
ux (entropy per area and time)out of the systems in a) and b), and 
ompare to the 
orresponding energy 
ux. Commenton the result. That is all. Good lu
k!

3



University of Oslo
Faculty of Mathematics and Natural Sciences

Examination in: FYS2160 – Thermodynamics and statistical physics
Date: 13. December 2010
Time of examination: 14.30 - 18.30
The set of problems: 3 pages
Permitted aids: Electronic calculator, approved for high school
. Two A4 sheets of paper with your own notes (both sides can be used)
. Rottmann: Matematisk formelsamling (all editions)
. Øgrim og Lian / Angell og Lian: Fysiske størrelser og enheter
. (all editions)

Please check that the set of problems is complete before you start solving them.

Problem 1

We have a system of N fermions with eigenspin s = 1
2
. The permitted energies for one fermion

are given as:

ǫ = ǫ0(nx + ny) = ǫ0n (1)

where ǫ0 is a constant, and nx and ny are both non-negative integers.

a) The Fermi-Dirac distribution is given as:

n̄FD(ǫ) =
1

e(ǫ−µ)/kT + 1
(2)

Sketch this distribution for a temperature T = 0, and for some finite (high) T . Explain
what is meant by a degenerate Fermi gas.

b) Show that the number of one-particle states with energy lower than ǫ = ǫ0n is given by:

f(ǫ) =
ǫ2

ǫ2
0

(3)

when we assume n >> 1. Then determine the density of states g(ǫ):

g(ǫ) =
df(ǫ)

dǫ
(4)

c) Explain what is meant by the Fermi energy. Show that the Fermi energy ǫF for this
system is given as:

ǫF = ǫ0

√
N. (5)

Also find the total energy U for the degenerate Fermi gas, in terms of N and ǫF .

1



d) We now assume that the Fermi gas is non-degenerate. Write down a general expression
for the total number N of fermions in the system.
Explain qualitatively how the chemical potential µ for the Fermi gas will evolve with
rising temperature T , from T = 0. Find the temperature T where µ = 0, expressed in
terms of ǫF .
Hint: You may need the integral:

∫

∞

0

xdx

ex + 1
=

π2

12
(6)

e) Now determine the total energy U for the system at the temperature found in d), and
compare with the result from c).
Hint: You may need the integral:

∫

∞

0

x2dx

ex + 1
= a ≈ 1.80 (7)

Problem 2

We consider a heat engine operating cyclically between a hot reservoir of temperature Th, and
a cold reservoir at temperature Tc. The working substance is a monatomic ideal gas with N
atoms. The cycle consists of four steps: i) an isochoric heating at constant volume V1, ii) an
isothermal expansion at T = Th; iii) an isochoric cooling at constant volume V2; and finally,
iv) an isothermal compression at T = Tc. All processes take place at quasistatic conditions.

a) Draw the cycle in a PV diagram. For each of the processes, calculate the work done on
the motor and the heat entering the motor.

b) Write down a general expression for the efficiency e of a heat engine, and explain the
quantities involved. Show that the efficiency of an engine using the present cycle is given
as:

1

e
=

1

1 − Tc

Th

+
3

2 ln(V2/V1)
(8)

c) We introduce an extra reservoir where the same amount of heat is dumped during the
isochoric cooling process and reabsorbed during the isochoric heating process, in a per-
fectly reversible way. Find the efficiency of the engine in this case, and comment on the
result. Discuss the conditions which realize this efficiency.

Problem 3

We consider a solid where atoms can vibrate in three dimensions about their equilibrium posi-
tions in the crystal lattice. For each dimension, the vibrational energy levels have the energies
Evib = nǫ where n is a non-negative integer and ǫ is a constant. Vibrations in different dimen-
sions take place independently, but with the same ǫ. We assume that kT >> ǫ. The electronic
ground state for each atom in the crystal is located at an energy −Eb, where the binding energy
Eb is positive. The solid can sublimate into a monatomic ideal gas, and is in equilibrium with
its vapour phase at temperature T .
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a) Show that the partition function for the entire solid crystal consisting of N atoms can be
written as:

ZN,s =



e
Eb

kT

(

kT

ǫ

)3




N

(9)

The one-particle partition function for a gas atom with no internal degrees of freedom
can be expressed as (derivation not a part of this problem):

Z1,g =
V

vQ

; vQ =

(

h2

2πmkT

)
3

2

(10)

Write down the partition function ZN,g for an amount of gas consisting of N indistin-
guishable atoms.

b) Show that the chemical potential µ for a system can be expressed as:

µ =

(

∂F

∂N

)

T,V

(11)

Find the chemical potential µs for the solid. For the gas, it can be shown (derivation not
a part of this problem) that the chemical potential µg is given as:

µg = −kT ln

(

V

NvQ

)

(12)

Write down the chemical equilibrium condition for the solid-gas system.

c) Show that the vapour pressure Pg for the ideal gas at equilibrium is given as:

Pg =

(

ǫ
√

2πm

h

)3
1

√
kT

e−
Eb

kT (13)

d) Explain how the result from c) can be utilized to find the latent heat L for this sublimation
phase transition (detailed calculations not required).

That is all. Good luck!
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Kontroller at oppgavesettet er komplett før du begynner å besvare spørsm̊alene.

Oppgave 1:

Partisjonsfunksjonen for en ideell diatomig gass med N identiske molekyler er ved romtem-
peratur gitt som (trenger ikke vises):

ZN =
1

N !
ZN

1 ; Z1 = ZtransZrotZvib ; (1)

Ztrans =
V

vQ

= V

(

2πmkT

h2

)3/2

; Zrot =
kT

2ǫrot

; Zvib =
1

1 − e−
ǫ
vib

kT

.

der vQ =
(

h2

2πmkT

)3/2
er kvantevolumet og ǫrot og ǫvib er konstanter. Ved romtemperatur

gjelder at ǫrot << kT << ǫvib.

a) Forklar at vi ved denne temperaturen kan neglisjere vibrasjonsfrihetsgradene. Bestem
indre energi U for gassen, og kommenter resultatet i lys av ekvipartisjonsteoremet.
Best̊ar molekylene i denne gassen av to like eller to ulike atomer?

En ideell diatomig gass med N atomer gjennomløper en syklisk prosess som best̊ar av
følgende delprosesser: i) en isobar ekspansjon fra volum V1 til volum V2 = xV1 der x > 1; ii)
en adiabatisk ekspansjon fra volum V2 til V3; iii) en isoterm kompresjon tilbake til volumet
V1. Alle delprosesser foreg̊ar nær romtemperatur og under kvasistatiske forhold.

b) Skisser syklusen i et PV -diagram. Finn trykk, volum og temperatur i punktene 2 og
3 uttrykt ved x, P1, V1 og T1. (Hint: Adiabatrelasjonen PV γ = konst. der γ = f+2

f

kan antas kjent og brukes uten utledning. Hva er antall kvadratiske frihetsgrader f for
denne gassen? Resultatet for V3 skal bli V1 · x

7

2 . )

c) Finn endring ∆U i indre energi, arbeid W gjort p̊a systemet og varme Q tilført systemet
for hver av delprosessene.

d) Vi antar at en varmekraftmaskin opererer med denne syklusen. Forklar hvor i syk-
lusen input varme Qh tilføres gassen, og hvor spillvarme Qc forlater gassen. Vis at
effektiviteten for syklusen er gitt som:

e = 1 −

ln x

x − 1
. (2)

1



Hvor oppn̊as laveste og høyeste temperatur Tc og Th i syklusen? Sammenlign med
effektiviteten for en Carnot-maskin med samme Tc og Th for spesialtilfellet x = 2
(oppgitt: ln 2 ≈ 0.693).

Oppgave 2:

Fordelingsfunksjonen (midlere partikkeltall pr. enpartikkel-kvantetilstand) for et system av
fermioner, ogs̊a kalt Fermi-Dirac-fordelingen, kan uttrykkes:

n̄FD(ǫ) =
1

e(ǫ−µ)/kT + 1
. (3)

a) Skisser Fermi-Dirac-fordelingen som funksjon av enpartikkelenergien ǫ for T = 0 og for
en endelig temperatur T . Skriv ned generelle uttrykk som ved vilk̊arlig T kan brukes til
å bestemme det kjemiske potensialet µ for Fermigassen n̊ar antall fermioner er bevart
og lik N , i tilfellene der vi kjenner spektret av diskrete enpartikkeltilstander ǫj , eller
alternativt tilstandstettheten g(ǫ). Hva menes med Fermi-energien ǫF ?

Vi har en ultrarelativistisk Fermigass i et volum V . Det kan vises (ikke del av oppgaven) at
tilstandstettheten g(ǫ) kan uttrykkes:

g(ǫ) =
8πV

(hc)3
ǫ2 . (4)

b) Vis at Fermi-energien for den ultrarelativistiske Fermigassen er gitt ved:

ǫF = hc
(

3N

8πV

)1/3

, (5)

og at totalenergien U for gassen ved T = 0 kan uttrykkes:

U =
3

4
NǫF . (6)

Under ekstreme astrofysiske betingelser kan materien eksistere som protoner og elektroner
(normal materie) eller nøytroner (nøytronstjernematerie). Reaksjonsligningen for produk-
sjon og henfall av nøytroner er:

p+ + e− ↔ n . (7)

N̊a betrakter vi protonet som et lite system som kan være “uokkupert” (protonet, i nærvær
av frie elektroner) eller “okkupert” av ett elektron (slik at det dannes et nøytron). Energi-
differansen mellom “okkupert” og “uokkupert” tilstand er lik differansen i hvileenergi mellom
nøytronet og det frie partikkelparet (proton + elektron), ∆E = (mn −mp −me)c

2 = ∆mc2.
For enkelhets skyld setter vi E = Eproton = 0 for den “uokkuperte” tilstanden, E = Enøytron =
∆E for den “okkuperte” tilstanden. Elektronene betraktes som en ultrarelativistisk Fermi-
gass med temperatur T = 0 og med konstant kjemisk potensiale µe lik Fermi-energien ǫF .
Vi neglisjerer elektronenes hvilemasse overalt unntatt i energidifferansen ∆E.

c) Skriv ned Gibbs-summen (den storkanoniske partisjonsfunksjonen) ZG for dette sys-
temet, og benytt de assosierte sannsynlighetene (for at protonet skal være “okkupert”
eller “uokkupert”) til å finne et uttrykk for forholdet Nn

Np
mellom antall nøytroner og

protoner. Vis at dette forholdet blir 1 (like mange nøytroner og protoner) ved en kritisk
elektrontetthet N

V
gitt ved:

(

N

V

)

kritisk
=

8π

3

(

∆mc

h

)3

. (8)
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d) Vi ser n̊a p̊a en ultrarelativistisk Fermigass ved endelig temperatur T . Det kan vises
(utledningen er ikke en del av denne oppgaven) at energien U kan uttrykkes:

U =
3

4
NǫF +

π2

2
N

(kT )2

ǫF
. (9)

Finn et uttrykk for varmekapasiteten CV . Forklar med utgangspunkt i den termody-
namiske identiteten for U hvordan entropien S kan bestemmes for fast V og N n̊ar CV

er kjent. Finn entropien S og vis at Helmholtz fri energi F kan uttrykkes:

F =
3

4
NǫF −

π2

2
N

(kT )2

ǫF
. (10)

e) Skriv ned den termodynamiske identiteten for F . Bestem det kjemiske potensialet µ,
uttrykt ved ǫF og T (hint: start med å uttrykke F eksplisitt som funksjon av alle
relevante variable). Verifiser resultatet i grensen T = 0.

f) Bruk den termodynamiske identiteten for F til å utlede følgende relasjon:

(

∂µ

∂T

)

V,N

= −

(

∂S

∂N

)

T,V

. (11)

Hva kalles denne typen relasjoner? Verifiser relasjonen for den ultrarelativistiske Fer-
migassen.

Det var alt. Lykke til!
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