
���������
	������������������� ����������� ���!�!�#"����%$&	'"�(������#")�+*,����	)-.��/!01�2	3�5476
8:9.;=< >@?BA'CEDGFIHKJ�LIMENPOQCERTSUJ�MVSUNPDJ�RIMVWXO�Y�RICVFIZIMEY\[7CVJUR]J�^�[7AIN`_%NPaB[7J�RICbY�RdcUHKYeS)Cf[gY\[KCEJURhY\M�FiJ�[7NPR3[KCbY�Mjlknmpo5q\r >5s�ZIFIFiJUDKNt[7AhYu[d[KAIN.DKY\[7NPMEMVCV[7NnCEDdJUHKCVNvRT[7NPw�DxJ,[7AIY\[y[KAINtMECER'NlzxJUCERICVRIc{[7AINt|vNPRT[7NvHyJ�^[7A'Nd[}a~J.DxFIAINvHxNvDP��Y�wICED�[gY�R'|vNn���h�hO.Y��\NvDlY�R,Y�RIcUMVNy��a�Cf[7A+[7AIN�MECVRIN�[7J�[7A'Ny|PNvRT[7NPH]J�^[7AIN�LiJ�w'Wa�AICV|gA5CVD�LiNvCVRIc�JUHxLICV[KNvw�>�� [BCVD�CVO�FiJUHx[7Y�RT[�[KJ�wINP�IRINX[7AINXY\RIcUMEN]��DKZ'|gA+[KAhY\[�[KAINX|vNPRT[7NvHBJ\^O�Y�DxDJ�^2[7AIN�DKY\[7NPMEMECf[7N�w'J�NPD%R'J�[�O�JeS�N�a�A'NvR���CVD�S\Y�HKCVNvw��

d R (to earth’s center)
α

��� jlknmpo�� �r�� �~|PJUD�� � �r1j �`|vJUD��B�`�� �� � � kympo�� � j �~DxCER��� 
� r�� �`|vJUD��� �¡ � �~DxCER��

� r¢j �`|vJUDh�� �¡u£ �� [d|vY�R�LiN�DKNPNvR�[KAhY\[�NPCV[7A'NvH�DKCVR��¤�¦¥{§�¨©|vJ�D��¤�¦¥{HKNPDKZIMf[7D�CER � � q � �¢�ª¥'>�«�AINv|g�3CVRIc,[KAINDKNP|vJUR'w�wINPHKCfS�Yu[7CVS�NvDP��a�N��hRIw¬[7AIY\[�[7A'NtJ�HKCENPRT[gY\[KCEJUR@���¥{|vJUHxHKNvDxF®J�RIwIDX[7J5Y©OtCERICVO�ZIO¯CER°���a�AICVMEN�[7AIN�J�HKCENPRT[gY\[KCEJUR��¬�&±U¥U²~O.Yu³�CVO�CV´vNvD~��>�?BAINvHxNP^µJUHxN��'a~N�|vJ�RI|vMVZIwINl[KAhY\[�cUH7Y¶S)CV[}W�[7NPRIwID�[KJY�Z'[KJUO�Y\[7CV|¶Y�MVMVW©D�[gY�L'CEMECV´vNX[7A'NnD7Yu[7NvMVMECf[7NXa�CV[KA�CV[KD]MEJ�RIc.Y!³'CVD]FiJUCERT[KCERIct[7Jea�Y\HKwID][KAINn|PNvRT[7NPH�J�^�[KAINLiJ�w'W©L®NPCERIc�JUHxLICV[KNvw�>
8:9.;=· >¹¸�NX^µJUMVMEJea¤[7A'NdD�[gY�R'whY�HKw+FIHxJ�|PNvwIZ'HKN�[7J�O.Y\��N�[7A'CED�Y�JURIN:º}wICVO�NPRIDKCVJURhY�M®FIHKJUL'MENvO5�'C�>»N\>V�Y�wIw+[7A'Nd|PNvRT[7HxCV^µZIcUY�M�[7NPHKO¼[KJ�[7AIN�|vNPRT[7H7Y\MG^µJ�HK|vNXJ�H%FiJ�[KNvRT[7CEY�M#>½?BA3ZID

¾i¿ � ¾ � À ¡o{ÁuÂ � j � ¡ À ¡o{ÁuÃ � � �  ?BAINd|vJUHxHKNPDKFiJURIwICVRIc�NPÄ®Nv|P[KCVS�NyJUR'NÅº}w'CEOtNvRIDxCEJURhY\M�FiJ�[7NPR3[KCbY�M®CED
� ¿ � Á  �� j � ¡ À ¡Æ o{Á!Ç �¸�NnAhY¶SUNn[7Y���NPR�� ¿ �#È  B�É¥'��Y�D]ZIDKZhY\M#>�?BAINnDK��NÅ[7|gA°CEMVMEZID�[7H7Yu[7NvD�[7A'N�Ê3ZhY�MECf[gY\[KCVS�Nd^µJUHxOËJ\^�[7AICVD� q\Á Ç F®J\[7NvRT[KCbY�M�>?BAIN�cUCVS�NvRtDKFICVH7Y�M'FhY\[7A�a�Cf[7A�ZIRICf^µJUHKO�FICV[K|gA.Ì~wINP[KNvHKOtCER'NvD½a�AhY\[�[KAIN�^µJUHKOÉJ�^i[7AINB^µJUHx|vNBO�ZID�[LiN�ÍI[7J��hR'w5[KAhY\[�^µJUHKO5��a~N�zxZIDx[%RINPNvw+[7J�[gY��\Nd[KAINy�\RIw{[7CVO�NXw'NvHKCfS\Y\[7CfSUN��

ÎÁ �pÌ ÎÏ �&Ì Ào{Á ¡ Y�R'w ÐÁ � j ��Ì Ào{Á\Â ÎÁ � j �\Ì ¡ À ¡o ¡ ÁuÃ �



0
r

V’

?BA)Z'Dv� o ÐÁ � ¾ ¿ � j �\Ì ¡ À ¡ q\o{Á Ã CED�[7A'N�D7Y�OtN�^µJUHKO Y�DXNvÊ�> � �  �Y�L®JeS�N��2FIHKJeS)CERIc{[KAhY\[dY{DKFICVH7Y�MFhY\[KA Á � Á � � � � q�� �U  Ï MEN¶Y\wID�[7J�[7AIN�cUCfSUNPR+^µJ�HK|vN\>?BAIN�[7J\[gY�M®NvRINPHKc�W{CVD�� ���	� � ��
 � ��� o ÎÁ ¡ q � � � ¿ �hY�RIw©^µJ�HBY�FhY�H�[7CE|PMENlCER+Y�DKF'CEH7Y\M®a�CV[KAZIRICf^µJUHKO¦FICV[K|gA��'a~NyAIYeS�NyDxNvNPR,[7AIY\[
o ÎÁ ¡� � o � � Ì Ào{Á ¡� ¡ �?BA3ZID�a�N�Y\HKN�MVNvw.[KJn[7AIN]|vJURI|PMEZIDxCEJUR©[KAhY\[��É�¢¥�CV^2Ì ¡ �¢� ¡ q ���)a�AINvHxN¶Y�DBCf^2Ì ¡���&� ¡ q ���3a~NXAhY¶SUNY�MVHKN¶Y\w'W¬DKAIJea�R [7AIY\[�Y,DKFICVH7Y�M`J�^BZIR'CV^µJUHxO�FICV[K|gA�CED�������Y,DKJUMVZ'[7CVJUR�>,s�ZIOtO.Y\HKCE´PCERIc{[KAICEDP�½FIMEZ'Da�AhY\[�a~N�|¶Y�R+[7NPMEM�^µHxJUO¼[7A'N�^µJ�HKO¼J\^[KAIN�F®J�[KNvRT[7CEY�MG� ¿ �'a~Ny|PJURI|vMVZIwIN� ^�� �p¥'����§����µ§	���! �"#��$�§	"#�&%(')%+* Y�RIw5FhY\[KA,CVDBDKFICVH7Y�M Á � Á � � � � q � �U  Ï�, >� ^��.- ¥'����§����µ§	���! �"#��$�§	"#�&%(')%`>� ^��./ ¥'����§����µ§	���! 0$�§	"#�&%(')%`>

8:9.;&1 >32�RI|vN�Y\cTY�CER��)[KAINXcUCVS�NvR{FhYu[7A+wINP[KNvHxO�CVRINvD�a�AIY\[B^µJUHKO J�^G[7A'N�^µJUHK|PNXJUH�FiJ�[7NPR3[KCbY�MiO�ZID�[AhY¶SUN\Íh[7J��hRIw+[7AhYu[%^µJ�HKO5��a~NBzxZID�[%RINvNPw5[KJ�wICfÄ�NPHKNPR3[KCbY\[KN��
Á �pÌ Ï ¡ 4 ÎÁ �&��Ì Ï ÎÏ �&��Ì�5 Á Ì Ào{Á ¡ � � À � Ìo Á�6 Â87 ¡ �

9lDxCERIc�[7J\[gY�M�NPRINvHxc�W:���;�	� � ��
 � � � o ÎÁ ¡ q � � À ¡ q � o{Á ¡ � ����a�NdAhY¶SUN
���+� j o ÎÁ ¡� j À ¡� o{Á ¡
< � �>=]Á 6 Â �@?nÁ 6 ¡ �?BAICED%Y�cUHxNvNPD�a�CV[7A{[KAIN�cUCVS�NvR{^µJUHKO¦J�^2[7AIN�FiJ�[7NPR3[KCbY�M®CV^Ga~Ny|gAIJ)JUDxNdJ�ZIHB´vNPHKJ�HKNÅ^µNvHKNPRI|vNdFiJUDKCf[7CEJ�R^µJUH�FiJ�[KNvRT[7CEY�M�NPRINvHxc�W@DKZ'|gA°[KAhY\[A�¦�ª¥��GY�RIw@[7AINPHKNÅ^µJUHKN\�=JURIN�J�^�[7A'N�NÅ³�F®J�RINvRT[7DAB JUH o O�ZID�[LiN jDC Y�RIw{[7AIN�J�[KAINvH�O�Z'Dx[%L®N j ��>



8:9.;���� ����� 	=NP[t[7AIN5FIMbY\RINP[�L®N,Y¬wICED�[gY�RI|PN Á ^µHxJUO [7A'N |vNPRT[7NvH�J�^][KAIN5Dx[gY\Hv> ¸�N Y�F'FIMVW

 Y�ZIDKD��IMbY¶a1[7Jy�hRIw{[7AINXc�H7Y¶S)CV[gYu[7CEJ�RhY�Mh�hNvMVw+Y\[ Á wIZIN�[7J�[KAIN�wIZ'Dx[�|vMVJUZIw�>�?BA3ZIDP�I[7AIN�Yu[K[7HKY�|P[KCVS�NcUHKYeS)Cf[gY\[KCEJURhY\Mi^µJUHx|vN ¾ � jlkdo5m����xq\Á ¡ |vJUR'DKCED�[7D�J�^2[}a�Jt[7NPHKOtDv�

¾ � Á  �� j k�oÁ ¡ � m � Ç Â�� Á Â��  s)CERI|PN�a~NyY�HKN�RIJ�[%cUCfSUNPR5[KAINyHKY�wICVZIDBJ�^�[KAIN�Dx[7Y�H � MENÅ[�� D�|¶Y�MVM=CV[ r��  Å�I[KAICED�Y�F'FIHKJ¶³�CEO�Y\[7CVJUR©a~JUHK�3DLiNvDx[�a�AINPR r���� Á Y�R'w��\JUH�a�AINPR � � m q\r Â� >
��� � 2�ZIH�Dx[gY\RIwhY�Hxw.NÅ³�FIHxNvDxDKCEJ�R.^µJUH�[7AIN%JURIN:º}wICVO�NPRIDKCVJURhY�M'[KHKNvY\[7OtNvRT[`J�^=|PNvRT[7HKY�Mh^µJUHK|PNlFIHxJULIMVNvOtDCED o ÐÁ � ¾i¿ � Á  �� ¾ � Á   � À ¡o{Á\Â �
!hJUH�Y�|PCEHK|PZIMbY\HnJUHxLICV[�Y\[�H7Y\wICEZID Á � r ��ÐÁ �¹¥@Y�RIw DxJ¬a~N{JUL'[7Y�CER�[7AIN©w'NvDKCVHKNPw FiJUMfW�R'JUO�CEY�MNÅ³�FIHxNvDxDKCEJ�R j k�or ¡ � m � Ç Â�� r Â"�   � À ¡o+r Â �p¥ � � �� 
��# � ?BAINnMVNP^ [�º}AhY�R'w,DxCEwINdJ�^�NPÊi> � �� BCVD%[KAINdNPÄ®Nv|P[KCVS�N�JURIN:º}wICVO�NPRIDKCVJURhY�M�^µJ�HK|vN ¾ ¿ � r  �� ¥tJUR,[KAINFIMEY�RINP[%CVR5[KAINn|PCEHK|PZIMbY\HBJUHKLICf[¶>�?BA'Ny|PJUHKHxNvDKFiJURIw'CERIc�NPÄ®Nv|P[KCVS�NnFiJ�[7NPR3[KCbY�M=CVDlHxNvMEY\[7NPw5[KJ�[7A'CEDB^µJUHK|PNLTW ¾ ¿ � r  �� j � � � ¿ q � Á  8�%$'&5�&¥'>�¸�Nd�3RIJeaQ[KAhY\[�[7A'NvHKN�CVDlY�OtCERICVO�ZIO CER,� ¿ Y\[ Á � r �hDxJta~N|¶Y\R,wINÅ�hRINyY�RINPapS�Y\HKCbY\LIMEN)(]� Á�j r Y�RIw5NÅ³�FhY�R'w CER5Y�?YeW)MVJUHBDKNPHKCENPD�CER*(U�

� ¿ � (! �� � ¿ � (��¢¥T  � * ´vNPHKJtMECVRIN¶Y�H~[7NvHxO , �,+¡ ( ¡ � � ¡ � ¿� Á ¡  �%$'& �
_lN:³�[%a~N�a�HxCV[KN�[7AINX[7J\[gY�M=NPRINvHxc�W � � Y�|vJ�RIDx[7Y�RT[: �CER{[7NPHKOtD�J�^

���;�	� � � ¿ � +¡ o Î( ¡ �,+¡ ( ¡ � � ¡ � ¿� Á ¡  �-$'& �_%JeaQwICfÄ�NPHKNvRT[KCbY\[KN�a�CV[7A+HxNvDKFiNv|Å[l[KJ�[7CEOtN��
¥d� o Ð( � ( � � ¡ � ¿� Á ¡  �%$'& �?BA3ZIDXa�N��hRIw�[KAhY\[�DxO.Y�MVMw'NPS)CbY\[KCEJUR'D�Y�HxN�wINvDx|vHKCVL®NPw¬L3W DKCVO�FIMVNnAhY\HKOtJURICE|yO�J\[7CEJ�R CER.(�a�CV[KAY�RIc�ZIMbY�H~^µHKNvÊ3ZINPRI|PW
/ � � 0112 �o � �T¡:� ¿� Á ¡  �%$'& � � C  _lJea wICfÄ�NPHKNPR3[KCbY\[KN ¾ ¿ �uC#> N�>G[7AIN`MENÅ^ [xº AhY�RIwdDKCVwIN~J\^INvÊ�> � �� Å�![7AINPRnZIDxN�NvÊ�> � �� GY\cTY�CERX[KJlNPMECEOtCERIY\[7N[7A'N��IHKDx[�[KNvHKO5�� � ¡ � ¿� Á ¡  �%$'& � j � kympor�Â � ÇÂ � � k�o� C À ¡o+r Ç � Æ � � kdo � À ¡o+r Ç �



?BAINdY�FIFIHxJ¶³'CVO.Yu[7CEJ�R©Y�LiJeSUNX|vJ�O�NPD�^µHKJUO [7AINl^
Y�|P[�[KAhY\[�NPÊi> � �U :�'C#> N�>f� ¾ ¿ �p¥'�'|PJUHKHxNvDKFiJURIw'D�[KJ�Y|vCVHK|PZIMbY�H�JUHKLICf[¶�hY\RIw+DKJt|¶Y�R5L®N�ZIDxNvw,JURIMVW.CER©[KAINy|vY�DKN�J�^DKO�Y�MVM�wINÅS�CEY\[7CVJURID�^µHxJUO Y�|vCVHK|vMVN�>
	=NP[BZIDBw'NvRIJ�[KN][7A'NXJUHKLICf[gY�MiY�R'cUZIMbY\H~^µHKNPÊ3ZINvRI|ÅW{LTW /�� � ÎÏ � À q\o+r ¡ Í)[7AINPR{^µHKJUOªNvÊ�> � C  �a~NAhY¶SUN

/ � � � / ¡� � Æ � � k �!CEHKD�[�|vJUR'DKCEw'NvHX[7AINtY�F'FIHKJ¶³�CEO�Y\[7CVJUR / � � /�� >��}R°[KAIN�|vJUZ'HKDKNtJ�^~JURIN�JUHxLICV[7Y�M½HKNÅSUJUMVZ'[7CVJUR���[KAINH7Y\wICbY�MGwICVDx[7Y�RI|vNyS�Y\HKCENPD�DKCVR3ZIDKJUCVwhY�MVMVW{LiNP[}a~NvNPR r¤� (������nY�RIw rQj (������nY�RIw�[KAINvR@LhY\|g��Y�cTY\CER�>?BAICVD%CVD�[7AIN�DKY�O�N�Y\D�[KAIN�DKCf[7ZhY\[KCEJUR©[KAhY\[�MVNvw5ZIDB[7J�[7AIN�wINPHKCfS�Yu[7CEJ�R{J�^½Y\R5J�HKLICf[
�Á �
	 * � ��� |PJUD � Ï j Ï �   ,

� DKNvNnMENv|Å[7ZIHxNnRIJ\[7NvDlJUH�[7NÅ³)[KL®J)JU�� Å>ls�CVRI|vNd[7AINd[7J�[7Y�MGNvRINPHKc�W5CEDD� /p¥'��[7AICVDl|PJUHKHxNvDKFiJURIw'Dl[7J©Y�RNvMVMECVF'[7CV|]JUHxLICV[v>�]R,Y�MV[KNvHxRhY\[7CfSUN��xÊ3ZhY\MECV[7Y\[7CfSUN���Y�HKcUZ'O�NPR3[�Z'DKNvD�[7A'N�^
Y\|P[B[7AIY\[lY�|PCEHx|vZIMEY�H�JUHxLICV[�CVDNvÊ3ZICfS\Y�MENPR3[`[7JnYyDxZIF®NPHKFiJUDKCf[7CVJUR.J�^®[}a�JnF®NPHKFiNvRIwICV|vZIMEY�H`DKCEOtFIMVN%AIY�HKOtJURICV|%J�DK|vCVMEMEY\[7JUHxD½a�CV[KA.NvÊ3ZhY\M^µHKNPÊ3ZINvRI|ÅW�Y�RIw�Y�O�F'MECV[KZIwIN\>2� ^�[KAIN�H7Y\wICbY�M3JUDx|vCVMEMbYu[7CEJ�RyY\MEDKJlAhY�D�[KAICEDD7Y�OtN�^µHxNvÊ3ZINvR'|PWU�3Cf[�CVD�DKCVO�F'MVWNvÊ3ZICfS\Y�MENPR3[l[7J©|gAIY�RIcUCVRIc.[7A'N�HKNPMbY\[KCVSUNnY�OtFIMECf[7ZIwIN�J�^�[KAINn[}a~J{F®NPHKFiNvRIw'CE|vZ'MbY�HlDKCEOtFIMVNyAhY\HKOtJURICE|JUDx|vCEMVMbY\[KJUHKDP>�?BAIN]DKZIFiNvHxF®JUDxCV[KCEJUR�J�^=[}a�J�FiNvHxF®NPRIwICV|vZIMEY�H�JUDx|vCVMEMbYu[7JUHxD�a�Cf[7A©w'CVÄ®NvHKNPRT[�Y�OtFIMECf[7ZIwIN�CVDa~NvMEM º}�3RIJea�R+[7J�L®NdY�R+NPMEMECVFIDKN\>
��Nv|vY�ZIDxNlJ�^�[KAIN�DKO�Y�MEM)DKCV´vN�J�^�[7AIN � [7NPHKO5� / � CED®zxZID�[�DKMVCEcUAT[7MfWdMbY�HxcUNvH�[KAhY�R /�� >½?BA'NvHKNÅ^µJUHKNB[KAINO�Y!zxJUH � Y�RIw{OtCER'JUHg �Yu³�NvDBJ\^=[7AINlNvMEMVCEFIDxN��)CERID�[7NvY�w©J�^GHxNvO�Y�CERICVRIc��'³�Nvw+CER�DKFhY�|PN��IHxJ�[gYu[7N][KAIHKJUZ'cUAY©DKO�Y�MVMY\RIcUMENy^µJUH]NÅSUNvH�W@JUHxLICV[7Y�MHxNPS�JUMEZ'[KCEJUR�>�s�CER'|vN / � CVDXY.MVCV[K[KMENdMbY�HxcUNvH � 4 DxAIJUHx[KNvHXFiNvHxCEJ)w� Å�[7A'N]H7Y\wICbY�M�OtJ�[7CVJURt|vJUOtFIMENÅ[7NPD�CV[KD~|ÅW)|vMEN�YnMECf[K[7MVNBL®NÅ^µJUHKN Ï AhY\D��hRICVDKAINPw©CV[KD�HKNÅSUJUMVZ'[7CVJUR��3HKNPDKZIMf[7CVRIcCER5Y��xLhY\|g�3a�Y�Hxw��.JUHBJ�FIF®J�DKCV[KNXDKCVcUR+FIHKNP|vNvDxDKCVJUR�>


