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�: �H�������K�R�S�H�������\�R�X�������H�Q�M�R�\�������W�K�L�V�������E�R�R�N���������,�I�������\�R�X�������K�D�Y�H�������D�Q�\�������I�H�H�G�E�D�F�N���������S�O�H�D�V�H�������F�R�Q�W�D�F�W�������X�V�������D�W��
�K�W�W�S�V�������J�R�R���J�O���I�R�U�P�V���%�4�4�. �L�U�: �J�9�/�����L�' �S�\����������
��
�%�U�R�N�N�������7�R�J�J�H�U�V�R�Q���������3�K���' ������
�' �D�Y�L�G�������1�J�X�\�H�Q��
��
�( �G�L�W�R�U�V��
��
�5�H�I�H�U�H�Q�F�H�V����

���� �2�S�H�Q�6�W�D�[�������&�R�O�O�H�J�H���������&�R�O�O�H�J�H�������3�K�\�V�L�F�V���������2�S�H�Q�6�W�D�[�������&�R�O�O�H�J�H�������������������-�X�Q�H������������������
�K�W�W�S�������F�Q�[���R�U�J���F�R�Q�W�H�Q�W���F�R�O�������������O�D�W�H�V�W������

���� �( ���)���������5�H�G�L�V�K�������H�W�������D�O���������1�(�; �8�6���3�K�\�V�L�F�V���������$�Q�������L�Q�W�H�U�G�L�V�F�L�S�O�L�Q�D�U�\�������U�H�S�X�U�S�R�V�L�Q�J�������R�I�������S�K�\�V�L�F�V�������I�R�U��
�E�L�R�O�R�J�L�V�W�V�����������$�P���������-���������3�K�\�V��������������������������������������������������������

�7�K�H�L�U�������Z�L�N�L�������E�R�R�N�������F�D�Q�������E�H�������I�R�X�Q�G�������D�W��
�K�W�W�S�������X�P�G�E�H�U�J���S�E�Z�R�U�N�V���F�R�P���Z���S�D�J�H���������������������: �R�U�N�L�Q�J�� �����F�R�Q�W�H�Q�W�� �����,�� ����������
����������

���� �2�S�H�Q�6�W�D�[�������&�R�O�O�H�J�H���������&�K�H�P�L�V�W�U�\�������2�S�H�Q�6�W�D�[�������&�R�O�O�H�J�H�������������������0�D�U�F�K������������������
�K�W�W�S�������F�Q�[���R�U�J���F�R�Q�W�H�Q�W���F�R�O�������������O�D�W�H�V�W������

���� �' �H�Q�N�H�U���������-���������8�Q�F�H�U�W�D�L�Q�W�\�������D�V�������$�S�S�O�L�H�G�������W�R�������0�H�D�V�X�U�H�P�H�Q�W�V�������D�Q�G�������&�D�O�F�X�O�D�W�L�R�Q�V���������8�Q�F�H�U�W�D�L�Q�W�\�������D�V��
�$�S�S�O�L�H�G�������W�R�������0�H�D�V�X�U�P�H�Q�W�V�������D�Q�G�������&�D�O�F�X�O�D�W�L�R�Q�V���������������������������$�Y�D�L�O�D�E�O�H�������D�W����
�K�W�W�S�������Z�Z�Z���D�Y���Q���F�R�P���S�K�\�V�L�F�V���X�Q�F�H�U�W�D�L�Q�W�\���K�W�P�������������$�F�F�H�V�V�H�G�������������W�K�������$�X�J�X�V�W�������������������������8�V�H�G�������Z�L�W�K��
�S�H�U�P�L�V�V�L�R�Q���� ��

��



Unit I  -  Mathematical Tools and Foundational Concepts  2

Unit II -  Forces  115

Unit III -  Forces and  258

Unit IV -  Energy  325

Unit V -  Entropy  418



Photo credit: Hirth, Lion. UMass at Amherst, Picture Taken from the W.E.B. Dubois Library, 
October 2006. Own work. 
https://commons.wikimedia.org/wiki/File:UMass_Amherst_Campus_Center_2.jpg. 

Unit I 
Mathematical Tools 
and Foundational 
Concepts 
 
 
 
 
  

Unit I  -  Mathematical Tools and Foundational Concepts 2



1:;E>�H?� HGM>GML
Unit 1 Overview  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 1
1 Introduction: The Nature of Science and Physics  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 3

�G�&GMKH=N<MBHG�MH�-ARLB<L������������������������������������������������������������������������������������������������������������������������������������������������ �
-ARLB<:E�.N:GMBMB>L�:G=�2GBML������������������������������������������������������������������������������������������������������������������������������������������ ��
4 KBMBG@�+NF;>KL��������������������������������������������������������������������������������������������������������������������������������������������������������������� ��
&GMKH=N<MBHG�MH�0M:MBLMB<L��������������������������������������������������������������������������������������������������������������������������������������������������� ��
�<<NK:<R�:G=�-K><BLBHG��������������������������������������������������������������������������������������������������������������������������������������������������� ��

2 Kinematics  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 33
!BLIE:<>F>GM��������������������������������������������������������������������������������������������������������������������������������������������������������������������� ��
3><MHKL	�0<:E:KL	�:G=� HHK=BG:M>�0RLM>FL������������������������������������������������������������������������������������������������������������������������ ��
1BF>	�3>EH<BMR	�:G=�0I>>= ������������������������������������������������������������������������������������������������������������������������������������������������ ��
�<<>E>K:MBHG��������������������������������������������������������������������������������������������������������������������������������������������������������������������� ��
$K:IAB<:E��G:ERLBL�H?�,G>
!BF>GLBHG:E�*HMBHG��������������������������������������������������������������������������������������������������������������� ��
0BFNE:MBHGL������������������������������������������������������������������������������������������������������������������������������������������������������������������������ ��

3 Two-Dimensional Kinematics  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 75
(BG>F:MB<L�BG�1PH�!BF>GLBHGL
�G�BGMKH=N<MBHG��������������������������������������������������������������������������������������������������������������� ��
3><MHK��==BMBHG�:G=�0N;MK:<MBHG��$K:IAB<:E�*>MAH=L������������������������������������������������������������������������������������������������������ ��
3><MHK��==BMBHG�:G=�0N;MK:<MBHG
�G:ERMB<:E�*>MAH=L��������������������������������������������������������������������������������������������������������� ��
�==BMBHG�H?�3>EH<BMB>L��������������������������������������������������������������������������������������������������������������������������������������������������������� ��

Index  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 111

Unit I  -  Mathematical Tools and Foundational Concepts 3



2+&1���,3"/ 3&"4

Things to Consider as Y ou Read:
1ABL�L><MBHG�IKHOB=>L�:G�HO>KOB>P�H?�MA>�?BKLM�NGBM�HG�F:MA>F:MB<:E�MHHEL�:G=�?HNG=:MBHG:E�<HG<>IML�?HK�-ARLB<L������P>
PBEE�;>�NLBG@�<HG<>IML�?KHF�MABL�NGBM�MAKHN@AHNM�MA>�<E:LL�
1A>K>�:K>�:ELH�:�?>P�ABGML�:G=�MBIL�BG�MA>�L><MBHG�HG�AHP�MH�=H�MA>�AHF>PHKD�>??B<B>GMER��&�PHNE=�LN@@>LM�=>O>EHIBG@
@HH=�AHF>PHKD�A:;BML�>:KER�
1ABL�HO>KOB>P�BL�:ELH�:O:BE:;E>�:L�:�OB=>H�A>K>	�HK�HG�6HNMN;>�:Mhttps://www .youtube.com/watch?v=ikLsqv2dhY8
(https://www .youtube.com/watch?v=ikLsqv2dhY8) �

&G�MABL�NGBM	�P>�PBEE�>QIEHK>�LHF>�H?�MA>�?NG=:F>GM:E�F:MA>F:MB<:E�MHHEL�:G=�;:LB<�<HG<>IML�MA:M�P>�PBEE�G>>=�MAKHN@AHNM�MA>�K>LM
H?�MA>�<HNKL>�BG�HNK�LMN=R�H?�IARLB<L	�BG<EN=BG@�

c �G�BGMKH=N<MBHG�MH�PA:M�IARLB<L�BL�:L�:�=BL<BIEBG>�:G=�AHP�MA:M�FB@AM�;>�LBFBE:K�MH�HK�=B??>K>GM�?KHF�LHF>�H?�MA>�HMA>K
L<B>G<>L�RHN�F:R�A:O>�LMN=B>=	

c ��K>OB>P�H?�MA>�;:LB<�B=>:�H?�NGBML
c *R�IHEB<R�HG�LB@GB?B<:GM�?B@NK>L
c &GMKH=N<>�MA>�;:LB<�B=>:L�H?�F>:G�:G=�LM:G=:K=�=>OB:MBHG�?HK�NL>�BG�MA>�E:;HK:MHKR�>Q>K<BL>L�PBMABG�MABL�<HNKL>
c 1A>�=>?BGBMBHG�H?�=BLIE:<>F>GM	�O>EH<BMR	�:G=�:<<>E>K:MBHG��BG�I:KMB<NE:K	�AHP�O>EH<BMR�:G=�:<<>E>K:MBHG�:K>�LBFBE:K�MH�:G=

=B??>K>GM�?KHF�=BLM:G<>�:G=�LI>>=
c %HP�MH�NL>�BM>K:MBO>�F>MAH=L�MH�IK>=B<M�MA>�FHMBHG�H?�H;C><ML�MA:M�FHO>�PBMA�GHG
NGB?HKF�:<<>E>K:MBHG
c ,G�:�INK>ER�F:MA>F:MB<:E�GHM>	�RHN�PBEE�;>�>QIEHKBG@�PA:M�:�O><MHK�BL�:G=�AHP�MA>R�<:G�;>�:==>=�:G=�LN;MK:<M>=�

$>G>K:E�+HM>L��;HNM�%HF>PHKD
1A>�AHF>PHKD�BG�MABL�<HNKL>�BL�BGM>G=>=�MH�IKHOB=>�RHN�PBMA�LHF>�;:LB<�BG?HKF:MBHG��1A>�F:M>KB:E�BG�MA>�IK>I:K:MBHG�PBEE�;>�MA>
LM:KMBG@�IHBGM�?HK�PA:M�P>�=BL<NLL�BG�<E:LL��1ABL�A>EIL�MH�F:D>�LNK>�MA:M�>O>KRHG>�PBMA�MA>BK�O:KRBG@�;:<D@KHNG=L�BG�IARLB<L�BL
LM:KMBG@�:M�MA>�L:F>�IHBGM��4>�PBEE�MA>G�;NBE=�NIHG�MABL�IK>I:K:MBHG�BG�<E:LL	�NLBG@�BG
<E:LL�:<MBOBMB>L�MH�@>M�RHN�K>:=R�?HK�>Q:FL�
1ABL�BL�LHF>PA:M�=B??>K>GM�IKH;:;ER�?KHF�RHNK�HMA>K�<HNKL>L�PA>K>�MA>�INKIHL>�H?�MA>�AHF>PHKD�BL�MH�IKHOB=>�:==BMBHG:E�IK:<MB<>
HG�BG
<E:LL�F:M>KB:E�MH�A>EI�RHN�@>M�K>:=R�?HK�>Q:FL�In this course, the homework gets you ready for class, and class is
what gets you ready for the exams.

How to be Successful
":<A�AHF>PHKD�BL�=BOB=>=�NI�BGMH�L><MBHGL��4BMABG�>:<A�L><MBHG	�MA>�?BKLM�JN>LMBHG�BL�RHNK�K>:=BG@L�MH�=H�?HK�MA:M�I:KMB<NE:K
L><MBHG	�?HEEHP>=�;R�:�L>M�H?�IKH;E>FL��1A>�BG?HKF:MBHG�RHN�G>>=�MH�<HFIE>M>�:�L>M�H?�IKH;E>FL�PBEE�;>�BG�MA>�K>:=BG@L�:M�MA>
;>@BGGBG@�H?�MA:M�L><MBHG��1A>�K>:=BG@L�:K>�IK>L>GM>=�BG�M>KFL�H?�:�<A><DEBLM��1ABL�IKH;E>F�BL�GHM�?HK�:�@K:=>	�BM`L�CNLM�IK>L>GM>=
:L�:�<A><DEBLM�MH�F:D>�LNK>�MA:M�RHN�@>M�>O>KRMABG@�=HG>��0H	�RHN�F:R�A:O>�O:KBHNL�K>:=BG@L�PBMABG�MA>�,I>G0M:Q�M>QM;HHD
2*:LL�>=BMBHG�PAB<A�BL�HG�->KNL:EE	�:G=�RHN�F:R�:ELH�A:O>�LHF>�OB=>HL��1A>�OB=>HL�:K>�>F;>==>=�=BK><MER�PBMABG�MA>�HGEBG>
AHF>PHKD�LRLM>F	�:G=�RHN�LAHNE=�;>�:;E>�MH�IE:R�MA>F�KB@AM�MA>K>	�;NM�B?�RHN�<:GGHM	�RHN�<:G�@H�:G=�<EB<D�MABLlink
(https://www .youtube.com/channel/UCUMejMY1La0t8qi-jwFT yTw) :G=�BM�PBEE�M:D>�RHN�MH�MA>�<HNKL>�6HN1N;>�I:@>	�:G=�RHN
<:G�P:M<A�MA>�OB=>HL�MA>K>��1A>�MK:GL<KBIML�?HK�:EE�H?�MA>�OB=>HL�:K>�:ELH�BG<EN=>=�BG�MA>�M>QM;HHD�MA>FL>EO>L	�LH�B?�RHN�P:GM�MH�@H
:G=�K>:=�MA>�M>QM�;><:NL>�RHN�IK>?>K�MH�K>:=�HK�RHN�P:GM�MH�:==�LHF>�LHKM�H?�->KNL:EE�<HFF>GM�MH�LHF>�H?�MA>�<HGM>GM�H?�MA>
OB=>H	�RHN�<:G�=H�MA:M�PBMABG�MA>�M>QM;HHD�BG�->KNL:EE	�LH�>:<A�OB=>H�A:L�:G�:LLH<B:M>=�L><MBHG�BG�MA>�M>QM;HHD�:G=�BG�->KNL:EE
PBMA�MA>�MK:GL<KBIM�H?�MA:M�OB=>H�?HK�RHN�MH�<HFF>GM�

,G<>�RHN`O>�<HFIE>M>=�MA>�K>:=BG@L	�RHN`K>�GHP�K>:=R�MH�FHO>�HG�MH�MA>�:<MN:E�AHF>PHKD�IKH;E>FL��1A>L>�IKH;E>FL�:K>�MA>K>
MH�A>EI�RHN�<A><D�MA:M�RHN�NG=>KLMHH=�PA:M�P:L�BG�MA>�O:KBHNL�K>:=BG@L�:G=�OB=>HL	�:G=�MH�A>EI�RHN�K>?BG>�RHNK�NG=>KLM:G=BG@�
*HLM�H?�MA>�BG=BOB=N:E�I:KML�H?�>:<A�IKH;E>F�:K>�HG>
LM>I��&?�RHN�?BG=�RHNKL>E?�=HBG@�EHG@�<A:BGL�H?�<:E<NE:MBHGL	�<HF>�@>M�A>EI�BG
MA>�<HGLNEM:MBHG�KHHF��6HN`K>�IKH;:;ER�:IIKH:<ABG@�MA>�IKH;E>F�BG�:�P:R�MA:M`L�GHM�O>KR�>??B<B>GM��4A>G�=HBG@�MA>�AHF>PHKD	
=HG`M�LDBI�MA>�K>:=BG@L�:G=�MA>�OB=>HL��6HNK�<HFF>GML�HG�MA>�:<MN:E�K>:=BG@L�BG�->KNL:EE�:K>�@K:=>=�BG�:<<HK=:G<>�PBMA�MA>
IHEB<R�BG�MA>�LREE:;NL�:G=�?HKF�:�I:KM�H?�RHNK�AHF>PHKD�@K:=>��4>�:<DGHPE>=@>�MA:M�=HBG@�:EE�H?�MA>L>�K>:=BG@L�:G=�:EE�H?�MABL
AHF>PHKD�BL�A:K=�PHKD	�:G=�P>�:K>�A>K>�MH�A>EI��P>`O>�IKHOB=>=�JNBM>�:�?>P�K>LHNK<>L�MH�A>EI�RHN�;>�LN<<>LL?NE�BG�<HFIE>MBG@
MABL�:LLB@GF>GM��*HK>HO>K	�LBG<>�BM�BL�LH�FN<A�PHKD	�MA>�IK>I:K:MBHG�BL�RHNK�>GMBK>�AHF>PHKD�?HK�MABL�<HNKL>��1A>K>�BL�GH�K>JNBK>=
>G=�H?�<A:IM>K�AHF>PHKD�:LLB@GF>GML��RHN�HGER�G>>=�MH�=H�MABL�IK>I:K:MBHG��1ABL�BL�RHNK�;B@�?H<NL�?HK�RHNK�AHF>PHKD�

4A:M�MH�?H<NL�HG�BG�MA>�2GBM���-K>I:K:MBHG�%HF>PHKD
&�P:GM�RHN�MH�?H<NL�HG	�PABE>�=HBG@�MABL�AHF>PHKD	�MA>�=>?BGBMBHGL�H?�MA>�M>KFLposition 	 velocity 	�:G= acceleration 	�MA>�?>P
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P>�PBEE�M>:<A�MABL�<HNKL>�?KHF�MABL�I>KLI><MBO>��,<<:LBHG:EER	�MABL�PBEE�K>LNEM�BG�IARLB<L�AHF>PHKD�O>KR�=B??>K>GM�?KHF�PA:M�RHN
F:R�>QI><M����@HH=�>Q:FIE>�BL�MA>�AHF>PHKD�?HK�MA>�L><HG=�NGBM	�PA>K>�RHN�A:O>�LHF>�:<MN:E�?BEE
BG
MA>
;E:GD�MRI>�H?
JN>LMBHGL��&?�RHN�MKR�MH�E>:KG�IARLB<L�:L�:�L>M�H?�B=>:L�BGLM>:=�H?�:�L>M�H?�>JN:MBHGL�MH�;>�IB><>=�MH@>MA>K	�:G=�LM:KM�RHNK�:G:ERLBL
H?�LBMN:MBHGL�?KHF�?NG=:F>GM:E�IARLB<:E�IKBG<BIE>L	�MA>G�RHNK�IARLB<L�>QI>KB>G<>�PBEE�>GKB<A�:G=�>GA:G<>�RHNK�NG=>KLM:G=BG@�H?
RHNK�HMA>K�<HNKL>L	�:L�HIIHL>=�MH�CNLM�;>BG@�:�<HNKL>�MA:M�RHN�CNLM�aA:O>�MH�M:D>�?HK�RHNK�F:CHKb�
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Figure 1.1 $:E:QB>L�:K>�:L�BFF>GL>�:L�:MHFL�:K>�LF:EE��6>M�MA>�L:F>�E:PL�H?�IARLB<L�=>L<KB;>�;HMA	�:G=�:EE�MA>�K>LM�H?�G:MNK>^:G�BG=B<:MBHG�H?�MA>
NG=>KERBG@�NGBMR�BG�MA>�NGBO>KL>��1A>�E:PL�H?�IARLB<L�:K>�LNKIKBLBG@ER�?>P�BG�GNF;>K	�BFIERBG@�:G�NG=>KERBG@�LBFIEB<BMR�MH�G:MNK>`L�:II:K>GM�<HFIE>QBMR�
�<K>=BM��+�0�	�'-)
 :EM><A	�- ���:KF;R 	�%:KO:K=
0FBMALHGB:G� >GM>K�?HK��LMKHIARLB<L�

 A:IM>K�,NMEBG>
1.1. An Introduction to Physics

1.2. Physical Quantities and Units

1.3. Writing Numbers
c "LMBF:MBG@�MA>�GNF;>K�H?�:IIKHIKB:M>�=B@BML�?HK�:GR�<:E<NE:MBHG�

1.4. Introduction to Statistics
c !>?BGBMBHG�H?�F>:G�:G=�LM:G=:K=�=>OB:MBHG
c 2LBG@�F>:G�:G=�LM:G=:K=�=>OB:MBHG

1.5. Accuracy and Precision
c &GM>KIK>MBG@�=:M:�:G=�K>LNEML

Chapter Overview

4A:M�BL�RHNK�?BKLM�K>:<MBHG�PA>G�RHN�A>:K�MA>�PHK=�aIARLB<Lb��!B=�RHN�BF:@BG>�PHKDBG@�MAKHN@A�=B??B<NEM�>JN:MBHGL�HK�F>FHKBSBG@
?HKFNE:L�MA:M�L>>F�MH�A:O>�GH�K>:E�NL>�BG�EB?>�HNMLB=>�MA>�IARLB<L�<E:LLKHHF��*:GR�I>HIE>�<HF>�MH�MA>�LN;C><M�H?�IARLB<L�PBMA�:
;BM�H?�?>:K���NM�:L�RHN�;>@BG�RHNK�>QIEHK:MBHG�H?�MABL�;KH:=
K:G@BG@�LN;C><M	�RHN�F:R�LHHG�<HF>�MH�K>:EBS>�MA:M�IARLB<L�IE:RL�:
FN<A�E:K@>K�KHE>�BG�RHNK�EB?>�MA:G�RHN�?BKLM�MAHN@AM	�GH�F:MM>K�RHNK�EB?>�@H:EL�HK�<:K>>K�<AHB<>�

#HK�>Q:FIE>	�M:D>�:�EHHD�:M�MA>�BF:@>�:;HO>��1ABL�BF:@>�BL�H?�MA>��G=KHF>=:�$:E:QR	�PAB<A�<HGM:BGL�;BEEBHGL�H?�BG=BOB=N:E�LM:KL	
AN@>�<EHN=L�H?�@:L	�:G=�=NLM��1PH�LF:EE>K�@:E:QB>L�:K>�:ELH�OBLB;E>�:L�;KB@AM�;EN>�LIHML�BG�MA>�;:<D@KHNG=���M�:�LM:@@>KBG@����
FBEEBHG�EB@AM�R>:KL�?KHF�MA>�":KMA	�MABL�@:E:QR�BL�MA>�G>:K>LM�HG>�MH�HNK�HPG�@:E:QR��PAB<A�BL�<:EE>=�MA>�*BEDR�4:R���1A>�LM:KL�:G=
IE:G>ML�MA:M�F:D>�NI��G=KHF>=:�FB@AM�L>>F�MH�;>�MA>�?NKMA>LM�MABG@�?KHF�FHLM�I>HIE>`L�K>@NE:K	�>O>KR=:R�EBO>L���NM��G=KHF>=:
BL�:�@K>:M�LM:KMBG@�IHBGM�MH�MABGD�:;HNM�MA>�?HK<>L�MA:M�AHE=�MH@>MA>K�MA>�NGBO>KL>��1A>�?HK<>L�MA:M�<:NL>��G=KHF>=:�MH�:<M�:L�BM
=H>L�:K>�MA>�L:F>�?HK<>L�P>�<HGM>G=�PBMA�A>K>�HG�":KMA	�PA>MA>K�P>�:K>�IE:GGBG@�MH�L>G=�:�KH<D>M�BGMH�LI:<>�HK�LBFIER�K:BL>
MA>�P:EEL�?HK�:�G>P�AHF>��1A>�L:F>�@K:OBMR�MA:M�<:NL>L�MA>�LM:KL�H?��G=KHF>=:�MH�KHM:M>�:G=�K>OHEO>�:ELH�<:NL>L�P:M>K�MH�?EHP
HO>K�AR=KH>E><MKB<�=:FL�A>K>�HG�":KMA��1HGB@AM	�M:D>�:�FHF>GM�MH�EHHD�NI�:M�MA>�LM:KL��1A>�?HK<>L�HNM�MA>K>�:K>�MA>�L:F>�:L�MA>
HG>L�A>K>�HG�":KMA��1AKHN@A�:�LMN=R�H?�IARLB<L	�RHN�F:R�@:BG�:�@K>:M>K�NG=>KLM:G=BG@�H?�MA>�BGM>K<HGG><M>=G>LL�H?�>O>KRMABG@
P>�<:G�L>>�:G=�DGHP�BG�MABL�NGBO>KL>�

1ABGD�GHP�:;HNM�:EE�H?�MA>�M><AGHEH@B<:E�=>OB<>L�MA:M�RHN�NL>�HG�:�K>@NE:K�;:LBL�� HFINM>KL	�LF:KM�IAHG>L	�$-0�LRLM>FL	�*-�
IE:R>KL	�:G=�L:M>EEBM>�K:=BH�FB@AM�<HF>�MH�FBG=��+>QM	�MABGD�:;HNM�MA>�FHLM�>Q<BMBG@�FH=>KG�M><AGHEH@B>L�MA:M�RHN�A:O>�A>:K=
:;HNM�BG�MA>�G>PL	�LN<A�:L�MK:BGL�MA:M�E>OBM:M>�:;HO>�MK:<DL	�aBGOBLB;BEBMR�<EH:DLb�MA:M�;>G=�EB@AM�:KHNG=�MA>F	�:G=�FB<KHL<HIB<
KH;HML�MA:M�?B@AM�<:G<>K�<>EEL�BG�HNK�;H=B>L���EE�H?�MA>L>�@KHNG=;K>:DBG@�:=O:G<>F>GML	�<HFFHGIE:<>�HK�NG;>EB>O:;E>	�K>ER�HG�MA>
IKBG<BIE>L�H?�IARLB<L���LB=>�?KHF�IE:RBG@�:�LB@GB?B<:GM�KHE>�BG�M><AGHEH@R	�IKH?>LLBHG:EL�LN<A�:L�>G@BG>>KL	�IBEHML	�IARLB<B:GL	
IARLB<:E�MA>K:IBLML	�>E><MKB<B:GL	�:G=�<HFINM>K�IKH@K:FF>KL�:IIER�IARLB<L�<HG<>IML�BG�MA>BK�=:BER�PHKD��#HK�>Q:FIE>	�:�IBEHM�FNLM
NG=>KLM:G=�AHP�PBG=�?HK<>L�:??><M�:�?EB@AM�I:MA�:G=�:�IARLB<:E�MA>K:IBLM�FNLM�NG=>KLM:G=�AHP�MA>�FNL<E>L�BG�MA>�;H=R
>QI>KB>G<>�?HK<>L�:L�MA>R�FHO>�:G=�;>G=���L�RHN�PBEE�E>:KG�BG�MABL�M>QM	�IARLB<L�IKBG<BIE>L�:K>�IKHI>EEBG@�G>P	�>Q<BMBG@
M><AGHEH@B>L	�:G=�MA>L>�IKBG<BIE>L�:K>�:IIEB>=�BG�:�PB=>�K:G@>�H?�<:K>>KL�

&G�MABL�M>QM	�RHN�PBEE�;>@BG�MH�>QIEHK>�MA>�ABLMHKR�H?�MA>�?HKF:E�LMN=R�H?�IARLB<L	�;>@BGGBG@�PBMA�G:MNK:E�IABEHLHIAR�:G=�MA>�:G<B>GM
$K>>DL	�:G=�E>:=BG@�NI�MAKHN@A�:�K>OB>P�H?�0BK�&L::<�+>PMHG�:G=�MA>�E:PL�H?�IARLB<L�MA:M�;>:K�ABL�G:F>��6HN�PBEE�:ELH�;>

 A:IM>K���T�&GMKH=N<MBHG��1A>�+:MNK>�H?�0<B>G<>�:G=�-ARLB<L �
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BGMKH=N<>=�MH�MA>�LM:G=:K=L�L<B>GMBLML�NL>�PA>G�MA>R�LMN=R�IARLB<:E�JN:GMBMB>L�:G=�MA>�BGM>KK>E:M>=�LRLM>F�H?�F>:LNK>F>GML
FHLM�H?�MA>�L<B>GMB?B<�<HFFNGBMR�NL>L�MH�<HFFNGB<:M>�BG�:�LBG@E>�F:MA>F:MB<:E�E:G@N:@>��#BG:EER	�RHN�PBEE�LMN=R�MA>�EBFBML�H?�HNK
:;BEBMR�MH�;>�:<<NK:M>�:G=�IK><BL>	�:G=�MA>�K>:LHGL�L<B>GMBLML�@H�MH�I:BGLM:DBG@�E>G@MAL�MH�;>�:L�<E>:K�:L�IHLLB;E>�K>@:K=BG@�MA>BK
HPG�EBFBM:MBHGL�

1.1 An Introduction to Physics

1ABG@L�MH� HGLB=>K�:L�6HN�/>:=�
c 4A:M is L<B>G<>��4A>K>�=H>L�IARLB<L�?BM�BGMH�MABL�=>?BGBMBHG�
c %HP�=H>L�MA>�L<B>GMB?B<�IKH<>LL�PHKD�
c 4A:M�BL�:�L<B>GMB?B<�MA>HKR��4A:M�F:D>L�:�MA>HKR�<K>=B;E>�
c %HP�PBEE�IARLB<L�A>EI�RHN�:L�:�GHG
IARLB<L�F:CHK�
c %HP�:K>�FH=>EL�NL>=�BG�L<B>G<>�
c 4A:M�:K>�LHF>�H?�MA>�EBFBML�H?�<E:LLB<:E�IARLB<L�

Figure 1.2 1A>�?EB@AM�?HKF:MBHGL�H?�FB@K:MHKR�;BK=L�LN<A�:L� :G:=:�@>>L>�:K>�@HO>KG>=�;R�MA>�E:PL�H?�IARLB<L���<K>=BM��!:OB=�*>KK>MM�

1A>�IARLB<:E�NGBO>KL>�BL�>GHKFHNLER�<HFIE>Q�BG�BML�=>M:BE��"O>KR�=:R	�>:<A�H?�NL�H;L>KO>L�:�@K>:M�O:KB>MR�H?�H;C><ML�:G=
IA>GHF>G:��,O>K�MA>�<>GMNKB>L	�MA>�<NKBHLBMR�H?�MA>�ANF:G�K:<>�A:L�E>=�NL�<HEE><MBO>ER�MH�>QIEHK>�:G=�<:M:EH@�:�MK>F>G=HNL
P>:EMA�H?�BG?HKF:MBHG��#KHF�MA>�?EB@AM�H?�;BK=L�MH�MA>�<HEHKL�H?�?EHP>KL	�?KHF�EB@AMGBG@�MH�@K:OBMR	�?KHF�JN:KDL�MH�<ENLM>KL�H?�@:E:QB>L	
?KHF�MA>�?EHP�H?�MBF>�MH�MA>�FRLM>KR�H?�MA>�<K>:MBHG�H?�MA>�NGBO>KL>	�P>�A:O>�:LD>=�JN>LMBHGL�:G=�:LL>F;E>=�AN@>�:KK:RL�H?
?:<ML��&G�MA>�?:<>�H?�:EE�MA>L>�=>M:BEL	�P>�A:O>�=BL<HO>K>=�MA:M�:�LNKIKBLBG@ER�LF:EE�:G=�NGB?B>=�L>M�H?�IARLB<:E�E:PL�<:G�>QIE:BG
PA:M�P>�H;L>KO>���L�ANF:GL	�P>�F:D>�@>G>K:EBS:MBHGL�:G=�L>>D�HK=>K��4 >�A:O>�?HNG=�MA:M�G:MNK>�BL�K>F:KD:;ER�<HHI>K:MBO>^BM
>QAB;BML�MA>underlying order and simplicity P>�LH�O:EN>�

&M�BL�MA>�NG=>KERBG@�HK=>K�H?�G:MNK>�MA:M�F:D>L�L<B>G<>�BG�@>G>K:E	�:G=�IARLB<L�BG�I:KMB<NE:K	�LH�>GCHR:;E>�MH�LMN=R��#HK�>Q:FIE>	
PA:M�=H�:�;:@�H?�<ABIL�:G=�:�<:K�;:MM>KR�A:O>�BG�<HFFHG���HMA�<HGM:BG�>G>K@R�MA:M�<:G�;>�<HGO>KM>=�MH�HMA>K�?HKFL��1A>�E:P�H?
<HGL>KO:MBHG�H?�>G>K@R��PAB<A�L:RL�MA:M�>G>K@R�<:G�<A:G@>�?HKF�;NM�BL�G>O>K�EHLM��MB>L�MH@>MA>K�LN<A�MHIB<L�:L�?HH=�<:EHKB>L	
;:MM>KB>L	�A>:M	�EB@AM	�:G=�P:M<A�LIKBG@L��2G=>KLM:G=BG@�MABL�E:P�F:D>L�BM�>:LB>K�MH�E>:KG�:;HNM�MA>�O:KBHNL�?HKFL�>G>K@R�M:D>L
:G=�AHP�MA>R�K>E:M>�MH�HG>�:GHMA>K���II:K>GMER�NGK>E:M>=�MHIB<L�:K>�<HGG><M>=�MAKHN@A�;KH:=ER�:IIEB<:;E>�IARLB<:E�E:PL	
I>KFBMMBG@�:G�NG=>KLM:G=BG@�;>RHG=�CNLM�MA>�F>FHKBS:MBHG�H?�EBLML�H?�?:<ML�

1A>�NGB?RBG@�:LI><M�H?�IARLB<:E�E:PL�:G=�MA>�;:LB<�LBFIEB<BMR�H?�G:MNK>�?HKF�MA>�NG=>KERBG@�MA>F>L�H?�MABL�M>QM��&G�E>:KGBG@�MH�:IIER
MA>L>�E:PL	�RHN�PBEE	�H?�<HNKL>	�LMN=R�MA>�FHLM�BFIHKM:GM�MHIB<L�BG�IARLB<L��*HK>�BFIHKM:GMER	�RHN�PBEE�@:BG�:G:ERMB<:E�:;BEBMB>L�MA:M
PBEE�>G:;E>�RHN�MH�:IIER�MA>L>�E:PL�?:K�;>RHG=�MA>�L<HI>�H?�PA:M�<:G�;>�BG<EN=>=�BG�:�LBG@E>�;HHD��1A>L>�:G:ERMB<:E�LDBEEL�PBEE�A>EI
RHN�MH�>Q<>E�:<:=>FB<:EER	�:G=�MA>R�PBEE�:ELH�A>EI�RHN�MH�MABGD�<KBMB<:EER�BG�:GR�IKH?>LLBHG:E�<:K>>K�RHN�<AHHL>�MH�INKLN>��1ABL
FH=NE>�=BL<NLL>L�MA>�K>:EF�H?�IARLB<L��MH�=>?BG>�PA:M�IARLB<L�BL�	�LHF>�:IIEB<:MBHGL�H?�IARLB<L��MH�BEENLMK:M>�BML�K>E>O:G<>�MH
HMA>K�=BL<BIEBG>L�	�:G=�FHK>�IK><BL>ER�PA:M�<HGLMBMNM>L�:�IARLB<:E�E:P��MH�BEENFBG:M>�MA>�BFIHKM:G<>�H?�>QI>KBF>GM:MBHG�MH�MA>HKR��

0<B>G<>�:G=�MA>�/>:EF�H?�-ARLB<L
0<B>G<>�<HGLBLML�H?�MA>�MA>HKB>L�:G=�E:PL�MA:M�:K>�MA>�@>G>K:E�MKNMAL�H?�G:MNK>�:L�P>EE�:L�MA>�;H=R�H?�DGHPE>=@>�MA>R�>G<HFI:LL�
0<B>GMBLML�:K>�<HGMBGN:EER�MKRBG@�MH�>QI:G=�MABL�;H=R�H?�DGHPE>=@>�:G=�MH�I>K?><M�MA>�>QIK>LLBHG�H?�MA>�E:PL�MA:M�=>L<KB;>�BM�
Physics BL�<HG<>KG>=�PBMA�=>L<KB;BG@�MA>�BGM>K:<MBHGL�H?�>G>K@R	�F:MM>K	�LI:<>	�:G=�MBF>	�:G=�BM�BL�>LI><B:EER�BGM>K>LM>=�BG�PA:M
?NG=:F>GM:E�F><A:GBLFL�NG=>KEB>�>O>KR�IA>GHF>GHG��1A>�<HG<>KG�?HK�=>L<KB;BG@�MA>�;:LB<�IA>GHF>G:�BG�G:MNK>�>LL>GMB:EER
=>?BG>L�MA>realm of physics�

-ARLB<L�:BFL�MH�=>L<KB;>�MA>�?NG<MBHG�H?�>O>KRMABG@�:KHNG=�NL	�?KHF�MA>�FHO>F>GM�H?�MBGR�<A:K@>=�I:KMB<E>L�MH�MA>�FHMBHG�H?
I>HIE>	�<:KL	�:G=�LI:<>LABIL��&G�?:<M	�:EFHLM�>O>KRMABG@�:KHNG=�RHN�<:G�;>�=>L<KB;>=�JNBM>�:<<NK:M>ER�;R�MA>�E:PL�H?�IARLB<L�

�  A:IM>K���T�&GMKH=N<MBHG��1A>�+:MNK>�H?�0<B>G<>�:G=�-ARLB<L

1ABL�,I>G0M:Q�;HHD�BL�:O:BE:;E>�?HK�?K>>�:M�AMMIL���E>@:<R�<GQ�HK@�<HGM>GM�<HE���������
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 HGLB=>K�:�LF:KM�IAHG>��Figure 1.3 ���-ARLB<L�=>L<KB;>L�AHP�>E><MKB<BMR�BGM>K:<ML�PBMA�MA>�O:KBHNL�<BK<NBML�BGLB=>�MA>�=>OB<>��1ABL
DGHPE>=@>�A>EIL�>G@BG>>KL�L>E><M�MA>�:IIKHIKB:M>�F:M>KB:EL�:G=�<BK<NBM�E:RHNM�PA>G�;NBE=BG@�MA>�LF:KM�IAHG>��+>QM	�<HGLB=>K�:
$-0�LRLM>F��-ARLB<L�=>L<KB;>L�MA>�K>E:MBHGLABI�;>MP>>G�MA>�LI>>=�H?�:G�H;C><M	�MA>�=BLM:G<>�HO>K�PAB<A�BM�MK:O>EL	�:G=�MA>�MBF>
BM�M:D>L�MH�MK:O>E�MA:M�=BLM:G<>��4A>G�RHN�NL>�:�$-0�=>OB<>�BG�:�O>AB<E>	�BM�NMBEBS>L�MA>L>�IARLB<L�>JN:MBHGL�MH�=>M>KFBG>�MA>
MK:O>E�MBF>�?KHF�HG>�EH<:MBHG�MH�:GHMA>K�

Figure 1.3 1A>��IIE>�aB-AHG>b�BL�:�<HFFHG�LF:KM�IAHG>�PBMA�:�$-0�?NG<MBHG��-ARLB<L�=>L<KB;>L�MA>�P:R�MA:M�>E><MKB<BMR�?EHPL�MAKHN@A�MA>�<BK<NBML�H?
MABL�=>OB<>��"G@BG>>KL�NL>�MA>BK�DGHPE>=@>�H?�IARLB<L�MH�<HGLMKN<M�:G�B-AHG>�PBMA�?>:MNK>L�MA:M�<HGLNF>KL�PBEE�>GCHR��,G>�LI><B?B<�?>:MNK>�H?�:G�B-AHG>
BL�MA>�$-0�?NG<MBHG��$-0�NL>L�IARLB<L�>JN:MBHGL�MH�=>M>KFBG>�MA>�=KBOBG@�MBF>�;>MP>>G�MPH�EH<:MBHGL�HG�:�F:I���<K>=BM���@E>MA:F�$&0	�0H<B:E	�*H;BE>
1><A�&F:@>L�

�IIEB<:MBHGL�H?�-ARLB<L
6HN�G>>=�GHM�;>�:�L<B>GMBLM�MH�NL>�IARLB<L��,G�MA>�<HGMK:KR	�DGHPE>=@>�H?�IARLB<L�BL�NL>?NE�BG�>O>KR=:R�LBMN:MBHGL�:L�P>EE�:L�BG
GHGL<B>GMB?B<�IKH?>LLBHGL��&M�<:G�A>EI�RHN�NG=>KLM:G=�AHP�FB<KHP:O>�HO>GL�PHKD	�PAR�F>M:EL�LAHNE=�GHM�;>�INM�BGMH�MA>F	�:G=
PAR�MA>R�FB@AM�:??><M�I:<>F:D>KL���0>>Figure 1.4 :G= Figure 1.5 ���-ARLB<L�:EEHPL�RHN�MH�NG=>KLM:G=�MA>�A:S:K=L�H?�K:=B:MBHG
:G=�K:MBHG:EER�>O:EN:M>�MA>L>�A:S:K=L�FHK>�>:LBER��-ARLB<L�:ELH�>QIE:BGL�MA>�K>:LHG�PAR�:�;E:<D�<:K�K:=B:MHK�A>EIL�K>FHO>�A>:M
BG�:�<:K�>G@BG>	�:G=�BM�>QIE:BGL�PAR�:�PABM>�KHH?�A>EIL�D>>I�MA>�BGLB=>�H?�:�AHNL>�<HHE��0BFBE:KER	�MA>�HI>K:MBHG�H?�:�<:KL̀�B@GBMBHG
LRLM>F�:L�P>EE�:L�MA>�MK:GLFBLLBHG�H?�>E><MKB<:E�LB@G:EL�MAKHN@A�HNK�;H=R`L�G>KOHNL�LRLM>F�:K>�FN<A�>:LB>K�MH�NG=>KLM:G=�PA>G
RHN�MABGD�:;HNM�MA>F�BG�M>KFL�H?�;:LB<�IARLB<L�

-ARLB<L�BL�MA>�?HNG=:MBHG�H?�F:GR�BFIHKM:GM�=BL<BIEBG>L�:G=�<HGMKB;NM>L�=BK><MER�MH�HMA>KL�� A>FBLMKR	�?HK�>Q:FIE>^LBG<>�BM�=>:EL
PBMA�MA>�BGM>K:<MBHGL�H?�:MHFL�:G=�FHE><NE>L^BL�KHHM>=�BG�:MHFB<�:G=�FHE><NE:K�IARLB<L��*HLM�;K:G<A>L�H?�>G@BG>>KBG@�:K>
:IIEB>=�IARLB<L��&G�:K<ABM><MNK>	�IARLB<L�BL�:M�MA>�A>:KM�H?�LMKN<MNK:E�LM:;BEBMR	�:G=�BL�BGOHEO>=�BG�MA>�:<HNLMB<L	�A>:MBG@	�EB@AMBG@	
:G=�<HHEBG@�H?�;NBE=BG@L��-:KML�H?�@>HEH@R�K>ER�A>:OBER�HG�IARLB<L	�LN<A�:L�K:=BH:<MBO>�=:MBG@�H?�KH<DL	�>:KMAJN:D>�:G:ERLBL	�:G=
A>:M�MK:GL?>K�BG�MA>�":KMA��0HF>�=BL<BIEBG>L	�LN<A�:L�;BHIARLB<L�:G=�@>HIARLB<L	�:K>�AR;KB=L�H?�IARLB<L�:G=�HMA>K�=BL<BIEBG>L�

-ARLB<L�A:L�F:GR�:IIEB<:MBHGL�BG�MA>�;BHEH@B<:E�L<B>G<>L��,G�MA>�FB<KHL<HIB<�E>O>E	�BM�A>EIL�=>L<KB;>�MA>�IKHI>KMB>L�H?�<>EE�P:EEL
:G=�<>EE�F>F;K:G>L��Figure 1.6 :G= Figure 1.7 ���,G�MA>�F:<KHL<HIB<�E>O>E	�BM�<:G�>QIE:BG�MA>�A>:M	�PHKD	�:G=�IHP>K�:LLH<B:M>=
PBMA�MA>�ANF:G�;H=R��-ARLB<L�BL�BGOHEO>=�BG�F>=B<:E�=B:@GHLMB<L	�LN<A�:L�Q
K:RL	�F:@G>MB<�K>LHG:G<>�BF:@BG@��*/&�	�:G=
NEMK:LHGB<�;EHH=�?EHP�F>:LNK>F>GML��*>=B<:E�MA>K:IR�LHF>MBF>L�=BK><MER�BGOHEO>L�IARLB<L��?HK�>Q:FIE>	�<:G<>K�K:=BHMA>K:IR
NL>L�BHGBSBG@�K:=B:MBHG��-ARLB<L�<:G�:ELH�>QIE:BG�L>GLHKR�IA>GHF>G:	�LN<A�:L�AHP�FNLB<:E�BGLMKNF>GML�F:D>�LHNG=	�AHP�MA>
>R>�=>M><ML�<HEHK	�:G=�AHP�E:L>KL�<:G�MK:GLFBM�BG?HKF:MBHG�

&M�BL�GHM�G><>LL:KR�MH�?HKF:EER�LMN=R�:EE�:IIEB<:MBHGL�H?�IARLB<L��4A:M�BL�FHLM�NL>?NE�BL�DGHPE>=@>�H?�MA>�;:LB<�E:PL�H?�IARLB<L�:G=
:�LDBEE�BG�MA>�:G:ERMB<:E�F>MAH=L�?HK�:IIERBG@�MA>F��1A>�LMN=R�H?�IARLB<L�:ELH�<:G�BFIKHO>�RHNK�IKH;E>F
LHEOBG@�LDBEEL�
#NKMA>KFHK>	�IARLB<L�A:L�K>M:BG>=�MA>�FHLM�;:LB<�:LI><ML�H?�L<B>G<>	�LH�BM�BL�NL>=�;R�:EE�H?�MA>�L<B>G<>L	�:G=�MA>�LMN=R�H?
IARLB<L�F:D>L�HMA>K�L<B>G<>L�>:LB>K�MH�NG=>KLM:G=�

4ABE>�BM�FB@AM�?>>E�EBD>�RHN�EE�G>O>K�G>>=�MH�NL>�IARLB<L�E:M>K�HG	�DGHPBG@�MA>�IARLB<L�PBEE�@BO>�RHN�:�=>>I>K�NG=>KLM:G=BG@	
HK�:M�E>:LM�:�=>>I>K�:IIK><B:MBHG	�H?�PA:M�L�A:II>GBG@���L�P>�FHO>�?HKP:K=�BG�MA>�<HNKL>	�MKR�MH�<HGG><M�MA>�F:M>KB:E�BG
IARLB<L�MH�RHNK�HNMLB=>�LMN=B>L��BM�FB@AM�;>�:�EHM�>:LB>K�MA:G�RHN�>QI><M�

 A:IM>K���T�&GMKH=N<MBHG��1A>�+:MNK>�H?�0<B>G<>�:G=�-ARLB<L �
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Figure 1.4 1A>�E:PL�H?�IARLB<L�A>EI�NL�NG=>KLM:G=�AHP�<HFFHG�:IIEB:G<>L�PHKD��#HK�>Q:FIE>	�MA>�E:PL�H?�IARLB<L�<:G�A>EI�>QIE:BG�AHP�FB<KHP:O>
HO>GL�A>:M�NI�?HH=	�:G=�MA>R�:ELH�A>EI�NL�NG=>KLM:G=�PAR�BM�BL�=:G@>KHNL�MH�IE:<>�F>M:E�H;C><ML�BG�:�FB<KHP:O>�HO>G���<K>=BM��*HG>R�EH@+>PS�

Figure 1.5 1A>L>�MPH�:IIEB<:MBHGL�H?�IARLB<L�A:O>�FHK>�BG�<HFFHG�MA:G�F>>ML�MA>�>R>��*B<KHP:O>�HO>GL�NL>�>E><MKHF:@G>MB<�P:O>L�MH�A>:M�?HH=�
*:@G>MB<�K>LHG:G<>�BF:@BG@��*/&��:ELH�NL>L�>E><MKHF:@G>MB<�P:O>L�MH�RB>E=�:G�BF:@>�H?�MA>�;K:BG	�?KHF�PAB<A�MA>�>Q:<M�EH<:MBHG�H?�MNFHKL�<:G�;>
=>M>KFBG>=���<K>=BM��/:LAFB� A:PE:	�!:GB>E�0FBMA	�:G=�-:NE�"��*:KBD�

Figure 1.6 -ARLB<L	�<A>FBLMKR	�:G=�;BHEH@R�A>EI�=>L<KB;>�MA>�IKHI>KMB>L�H?�<>EE�P:EEL�BG�IE:GM�<>EEL	�LN<A�:L�MA>�HGBHG�<>EEL�L>>G�A>K>���<K>=BM��2F;>KMH
0:EO:@GBG�

�  A:IM>K���T�&GMKH=N<MBHG��1A>�+:MNK>�H?�0<B>G<>�:G=�-ARLB<L

1ABL�,I>G0M:Q�;HHD�BL�:O:BE:;E>�?HK�?K>>�:M�AMMIL���E>@:<R�<GQ�HK@�<HGM>GM�<HE���������
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Figure 1.7 �G�:KMBLM`L�K>G=BMBHG�H?�MA>�MA>�LMKN<MNK>�H?�:�<>EE�F>F;K:G>��*>F;K:G>L�?HKF�MA>�;HNG=:KB>L�H?�:GBF:E�<>EEL�:G=�:K>�<HFIE>Q�BG�LMKN<MNK>
:G=�?NG<MBHG��*:GR�H?�MA>�FHLM�?NG=:F>GM:E�IKHI>KMB>L�H?�EB?>	�LN<A�:L�MA>�?BKBG@�H?�G>KO>�<>EEL	�:K>�K>E:M>=�MH�F>F;K:G>L��1A>�=BL<BIEBG>L�H?�;BHEH@R	
<A>FBLMKR	�:G=�IARLB<L�:EE�A>EI�NL�NG=>KLM:G=�MA>�F>F;K:G>L�H?�:GBF:E�<>EEL���<K>=BM��*:KB:G:�/NBS�

*H=>EL	�1A>HKB>L	�:G=�):PL��1A>�/HE>�H?�"QI>KBF>GM:MBHG
1A>�E:PL�H?�G:MNK>�:K>�<HG<BL>�=>L<KBIMBHGL�H?�MA>�NGBO>KL>�:KHNG=�NL��MA>R�:K>�ANF:G�LM:M>F>GML�H?�MA>�NG=>KERBG@�E:PL�HK�KNE>L
MA:M�:EE�G:MNK:E�IKH<>LL>L�?HEEHP��0N<A�E:PL�:K>�BGMKBGLB<�MH�MA>�NGBO>KL>��ANF:GL�=B=�GHM�<K>:M>�MA>F�:G=�LH�<:GGHM�<A:G@>
MA>F��4>�<:G�HGER�=BL<HO>K�:G=�NG=>KLM:G=�MA>F��1A>BK�=BL<HO>KR�BL�:�O>KR�ANF:G�>G=>:OHK	�PBMA�:EE�MA>�>E>F>GML�H?�FRLM>KR	
BF:@BG:MBHG	�LMKN@@E>	�MKBNFIA	�:G=�=BL:IIHBGMF>GM�BGA>K>GM�BG�:GR�<K>:MBO>�>??HKM���0>>Figure 1.8 :G= Figure 1.9 ���1A>
<HKG>KLMHG>�H?�=BL<HO>KBG@�G:MNK:E�E:PL�BL�H;L>KO:MBHG��L<B>G<>�FNLM�=>L<KB;>�MA>�NGBO>KL>�:L�BM�BL	�GHM�:L�P>�F:R�BF:@BG>�BM�MH
;>�

Figure 1.8 Isaac Newton �����]������P:L�O>KR�K>EN<M:GM�MH�IN;EBLA�ABL�K>OHENMBHG:KR�PHKD�:G=�A:=�MH�;>�<HGOBG<>=�MH�=H�LH��&G�ABL�E:M>K�R>:KL	�A>
LM>II>=�=HPG�?KHF�ABL�:<:=>FB<�IHLM�:G=�;><:F>�>Q<A>JN>K�H?�MA>�/HR:E�*BGM��%>�MHHD�MABL�IHLM�L>KBHNLER	�BGO>GMBG@�K>>=BG@��HK�<K>:MBG@�KB=@>L��HG
MA>�>=@>�H?�<HBGL�MH�IK>O>GM�NGL<KNINEHNL�I>HIE>�?KHF�MKBFFBG@�MA>�LBEO>K�H??�H?�MA>F�;>?HK>�NLBG@�MA>F�:L�<NKK>G<R���<K>=BM���KMANK�0ANLM>K�:G=��KMANK
"��0ABIE>R�BritainÕs Heritage of Science��)HG=HG	�������
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Figure 1.9 Marie Curie �����]������L:<KB?B<>=�FHG>M:KR�:LL>ML�MH�A>EI�?BG:G<>�A>K�>:KER�K>L>:K<A�:G=�=:F:@>=�A>K�IARLB<:E�P>EE
;>BG@�PBMA�K:=B:MBHG
>QIHLNK>��0A>�BL�MA>�HGER�I>KLHG�MH�PBG�+H;>E�IKBS>L�BG�;HMA�IARLB<L�:G=�<A>FBLMKR��,G>�H?�A>K�=:N@AM>KL�:ELH�PHG�:�+H;>E�-KBS>���<K>=BM��4BDBF>=B:
 HFFHGL�

4 >�:EE�:K>�<NKBHNL�MH�LHF>�>QM>GM��4>�EHHD�:KHNG=	�F:D>�@>G>K:EBS:MBHGL	�:G=�MKR�MH�NG=>KLM:G=�PA:M�P>�L>>^?HK�>Q:FIE>	�P>
EHHD�NI�:G=�PHG=>K�PA>MA>K�HG>�MRI>�H?�<EHN=�LB@G:EL�:G�HG<HFBG@�LMHKF���L�P>�;><HF>�L>KBHNL�:;HNM�>QIEHKBG@�G:MNK>	�P>
;><HF>�FHK>�HK@:GBS>=�:G=�?HKF:E�BG�<HEE><MBG@�:G=�:G:ERSBG@�=:M:��4>�:MM>FIM�@K>:M>K�IK><BLBHG	�I>K?HKF�<HGMKHEE>=
>QI>KBF>GML��B?�P>�<:G�	�:G=�PKBM>�=HPG�B=>:L�:;HNM�AHP�MA>�=:M:�F:R�;>�HK@:GBS>=�:G=�NGB?B>=��4>�MA>G�?HKFNE:M>�FH=>EL	
MA>HKB>L	�:G=�E:PL�;:L>=�HG�MA>�=:M:�P>�A:O>�<HEE><M>=�:G=�:G:ERS>=�MH�@>G>K:EBS>�:G=�<HFFNGB<:M>�MA>�K>LNEML�H?�MA>L>
>QI>KBF>GML�

� model BL�:�K>IK>L>GM:MBHG�H?�LHF>MABG@�MA:M�BL�H?M>G�MHH�=B??B<NEM��HK�BFIHLLB;E>��MH�=BLIE:R�=BK><MER��4ABE>�:�FH=>E�BL�CNLMB?B>=
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)BD>�L<B>G<>�?B<MBHG	�FH=>KG�IARLB<L�BL�?BEE>=�PBMA�?:L<BG:MBG@�H;C><ML�;>RHG=�HNK�GHKF:E�>QI>KB>G<>L	�;NM�BM�A:L�MA>�:=O:GM:@>
HO>K�L<B>G<>�?B<MBHG�H?�;>BG@�O>KR�K>:E��4AR	�MA>G	�BL�MA>�F:CHKBMR�H?�MABL�M>QM�=>OHM>=�MH�MHIB<L�H?�<E:LLB<:E�IARLB<L��1A>K>�:K>�MPH
F:BG�K>:LHGL�� E:LLB<:E�IARLB<L�@BO>L�:G�>QMK>F>ER�:<<NK:M>�=>L<KBIMBHG�H?�MA>�NGBO>KL>�NG=>K�:�PB=>�K:G@>�H?�>O>KR=:R
<BK<NFLM:G<>L	�:G=�DGHPE>=@>�H?�<E:LLB<:E�IARLB<L�BL�G><>LL:KR�MH�NG=>KLM:G=�FH=>KG�IARLB<L�

Modern physics BML>E?�<HGLBLML�H?�MA>�MPH�K>OHENMBHG:KR�MA>HKB>L	�K>E:MBOBMR�:G=�JN:GMNF�F><A:GB<L��1A>L>�MA>HKB>L�=>:E�PBMA�MA>
O>KR�?:LM�:G=�MA>�O>KR�LF:EE	�K>LI><MBO>ER� Relativity FNLM�;>�NL>=�PA>G>O>K�:G�H;C><M�BL�MK:O>EBG@�:M�@K>:M>K�MA:G�:;HNM����H?
MA>�LI>>=�H?�EB@AM�HK�>QI>KB>G<>L�:�LMKHG@�@K:OBM:MBHG:E�?B>E=�LN<A�:L�MA:M�G>:K�MA>�0NG�Quantum mechanics FNLM�;>�NL>=�?HK
H;C><ML�LF:EE>K�MA:G�<:G�;>�L>>G�PBMA�:�FB<KHL<HI>��1A>�<HF;BG:MBHG�H?�MA>L>�MPH�MA>HKB>L�BLrelativistic quantum mechanics,
:G=�BM�=>L<KB;>L�MA>�;>A:OBHK�H?�LF:EE�H;C><ML�MK:O>EBG@�:M�AB@A�LI>>=L�HK�>QI>KB>G<BG@�:�LMKHG@�@K:OBM:MBHG:E�?B>E=��/>E:MBOBLMB<
JN:GMNF�F><A:GB<L�BL�MA>�;>LM�NGBO>KL:EER�:IIEB<:;E>�MA>HKR�P>�A:O>���><:NL>�H?�BML�F:MA>F:MB<:E�<HFIE>QBMR	�BM�BL�NL>=�HGER
PA>G�G><>LL:KR	�:G=�MA>�HMA>K�MA>HKB>L�:K>�NL>=�PA>G>O>K�MA>R�PBEE�IKH=N<>�LN??B<B>GMER�:<<NK:M>�K>LNEML��4>�PBEE�?BG=	�AHP>O>K	
MA:M�P>�<:G�=H�:�@K>:M�=>:E�H?�FH=>KG�IARLB<L�PBMA�MA>�:E@>;K:�:G=�MKB@HGHF>MKR�NL>=�BG�MABL�M>QM�

Check Your Understanding

��?KB>G=�M>EEL�RHN�A>�A:L�E>:KG>=�:;HNM�:�G>P�E:P�H?�G:MNK>��4A:M�<:G�RHN�DGHP�:;HNM�MA>�BG?HKF:MBHG�>O>G�;>?HK>�RHNK
?KB>G=�=>L<KB;>L�MA>�E:P��%HP�PHNE=�MA>�BG?HKF:MBHG�;>�=B??>K>GM�B?�RHNK�?KB>G=�MHE=�RHN�A>�A:=�E>:KG>=�:;HNM�:�L<B>GMB?B<
MA>HKR�K:MA>K�MA:G�:�E:P�

Solution
4BMAHNM�DGHPBG@�MA>�=>M:BEL�H?�MA>�E:P	�RHN�<:G�LMBEE�BG?>K�MA:M�MA>�BG?HKF:MBHG�RHNK�?KB>G=�A:L�E>:KG>=�<HG?HKFL�MH�MA>
K>JNBK>F>GML�H?�:EE�E:PL�H?�G:MNK>��BM�PBEE�;>�:�<HG<BL>�=>L<KBIMBHG�H?�MA>�NGBO>KL>�:KHNG=�NL��:�LM:M>F>GM�H?�MA>�NG=>KERBG@
KNE>L�MA:M�:EE�G:MNK:E�IKH<>LL>L�?HEEHP��&?�MA>�BG?HKF:MBHG�A:=�;>>G�:�MA>HKR	�RHN�PHNE=�;>�:;E>�MH�BG?>K�MA:M�MA>�BG?HKF:MBHG�PBEE
;>�:�E:K@>
L<:E>	�;KH:=ER�:IIEB<:;E>�@>G>K:EBS:MBHG�

-A"1�"QIEHK:MBHGL��"JN:MBHG�$K:IA>K

)>:KG�:;HNM�@K:IABG@�IHERGHFB:EL��1A>�LA:I>�H?�MA>�<NKO>�<A:G@>L�:L�MA>�<HGLM:GML�:K>�:=CNLM>=��3B>P�MA>�<NKO>L�?HK�MA>
BG=BOB=N:E�M>KFL��>�@��Z�� �C�Y��MH�L>>�AHP�MA>R�:==�MH�@>G>K:M>�MA>�IHERGHFB:E�<NKO>�
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Figure 1.15 Equation Grapher (http://legacy .cnx.org/content/m64001/1.37/equation-grapher_en.jar)

1.2 Physical Quantities and Units

1ABL�L><MBHG�LAHNE=�;>�:�K>?K>LA>K�?HK�FHLM�H?�RHN	�:G=�LH�K>:=BG@�MABL�L><MBHG�BL�HIMBHG:E��%HP>O>K	�B?�MABL�BL�NG?:FBEB:K
M>KKBMHKR�?HK�RHN	�&�PHNE=�LN@@>LM�K>:=BG@�MAKHN@A�MABL�L><MBHG	�:G=�IE>:L>�<HF>�:G=�L>>�F>�B?�RHN�:K>�LMBEE�NG<HF?HKM:;E>
PBMA�MABL�F:M>KB:E�:G=�P>�PBEE�PHKD�LHF>MABG@�HNM�

1ABG@L�MH� HGLB=>K�:L�6HN�/>:=�
c #:FBEB:KBSBG@�RHNKL>E?�PBMA�MA>�IK>?BQ>L	�LN<A�:L�G:GH
	�FBEEB
	�<>GMB
	�PBEE�L:O>�RHN�LHF>�MKHN;E>�=HPG�MA>�KH:=�

Figure 1.16 1A>�=BLM:G<>�?KHF�":KMA�MH�MA>�*HHG�F:R�L>>F�BFF>GL>	�;NM�BM�BL�CNLM�:�MBGR�?K:<MBHG�H?�MA>�=BLM:G<>L�?KHF�":KMA�MH�HMA>K�<>E>LMB:E�;H=B>L�
�<K>=BM��+�0��

1A>�K:G@>�H?�H;C><ML�:G=�IA>GHF>G:�LMN=B>=�BG�IARLB<L�BL�BFF>GL>��#KHF�MA>�BG<K>=B;ER�LAHKM�EB?>MBF>�H?�:�GN<E>NL�MH�MA>�:@>�H?
MA>�":KMA	�?KHF�MA>�MBGR�LBS>L�H?�LN;
GN<E>:K�I:KMB<E>L�MH�MA>�O:LM�=BLM:G<>�MH�MA>�>=@>L�H?�MA>�DGHPG�NGBO>KL>	�?KHF�MA>�?HK<>
>Q>KM>=�;R�:�CNFIBG@�?E>:�MH�MA>�?HK<>�;>MP>>G�":KMA�:G=�MA>�0NG	�MA>K>�:K>�>GHN@A�?:<MHKL�H?��
�MH�<A:EE>G@>�MA>�BF:@BG:MBHG�H?
>O>G�MA>�FHLM�>QI>KB>G<>=�L<B>GMBLM��$BOBG@�GNF>KB<:E�O:EN>L�?HK�IARLB<:E�JN:GMBMB>L�:G=�>JN:MBHGL�?HK�IARLB<:E�IKBG<BIE>L�:EEHPL
NL�MH�NG=>KLM:G=�G:MNK>�FN<A�FHK>�=>>IER�MA:G�=H>L�JN:EBM:MBO>�=>L<KBIMBHG�:EHG>��1H�<HFIK>A>G=�MA>L>�O:LM�K:G@>L	�P>�FNLM
:ELH�A:O>�:<<>IM>=�NGBML�BG�PAB<A�MH�>QIK>LL�MA>F���G=�P>�LA:EE�?BG=�MA:M��>O>G�BG�MA>�IHM>GMB:EER�FNG=:G>�=BL<NLLBHG�H?�F>M>KL	
DBEH@K:FL	�:G=�L><HG=L��:�IKH?HNG=�LBFIEB<BMR�H?�G:MNK>�:II>:KL^:EE�IARLB<:E�JN:GMBMB>L�<:G�;>�>QIK>LL>=�:L�<HF;BG:MBHGL�H?
HGER�?HNK�?NG=:F>GM:E�IARLB<:E�JN:GMBMB>L��E>G@MA	�F:LL	�MBF>	�:G=�>E><MKB<�<NKK>GM�

4 >�=>?BG>�:physical quantity >BMA>K�;Rspecifying how it is measured HK�;Rstating how it is calculated ?KHF�HMA>K
F>:LNK>F>GML��#HK�>Q:FIE>	�P>�=>?BG>�=BLM:G<>�:G=�MBF>�;R�LI><B?RBG@�F>MAH=L�?HK�F>:LNKBG@�MA>F	�PA>K>:L�P>�=>?BG>
average speed ;R�LM:MBG@�MA:M�BM�BL�<:E<NE:M>=�:L�=BLM:G<>�MK:O>E>=�=BOB=>=�;R�MBF>�H?�MK:O>E�

*>:LNK>F>GML�H?�IARLB<:E�JN:GMBMB>L�:K>�>QIK>LL>=�BG�M>KFL�H?units 	�PAB<A�:K>�LM:G=:K=BS>=�O:EN>L��#HK�>Q:FIE>	�MA>�E>G@MA�H?
:�K:<>	�PAB<A�BL�:�IARLB<:E�JN:GMBMR	�<:G�;>�>QIK>LL>=�BG�NGBML�H?�F>M>KL��?HK�LIKBGM>KL��HK�DBEHF>M>KL��?HK�=BLM:G<>�KNGG>KL��
4BMAHNM�LM:G=:K=BS>=�NGBML	�BM�PHNE=�;>�>QMK>F>ER�=B??B<NEM�?HK�L<B>GMBLML�MH�>QIK>LL�:G=�<HFI:K>�F>:LNK>=�O:EN>L�BG�:�F>:GBG@?NE
P:R���0>> Figure 1.17 ��

��  A:IM>K���T�&GMKH=N<MBHG��1A>�+:MNK>�H?�0<B>G<>�:G=�-ARLB<L
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Figure 1.17 !BLM:G<>L�@BO>G�BG�NGDGHPG�NGBML�:K>�F:==>GBG@ER�NL>E>LL�

1A>K>�:K>�MPH�F:CHK�LRLM>FL�H?�NGBML�NL>=�BG�MA>�PHKE=�SI units �:ELH�DGHPG�:L�MA>�F>MKB<�LRLM>F��:G=English units �:ELH
DGHPG�:L�MA>�<NLMHF:KR�HK�BFI>KB:E�LRLM>F��English units P>K>�ABLMHKB<:EER�NL>=�BG�G:MBHGL�HG<>�KNE>=�;R�MA>��KBMBLA�"FIBK>
:G=�:K>�LMBEE�PB=>ER�NL>=�BG�MA>�2GBM>=�0M:M>L��3BKMN:EER�>O>KR�HMA>K�<HNGMKR�BG�MA>�PHKE=�GHP�NL>L�0&�NGBML�:L�MA>�LM:G=:K=��MA>
F>MKB<�LRLM>F�BL�:ELH�MA>�LM:G=:K=�LRLM>F�:@K>>=�NIHG�;R�L<B>GMBLML�:G=�F:MA>F:MB<B:GL��1A>�:<KHGRF�a0&b�BL�=>KBO>=�?KHF�MA>
#K>G<ASyst•me International �

0&�2GBML��#NG=:F>GM:E�:G=�!>KBO>=�2GBML
Table 1.1 @BO>L�MA>�?NG=:F>GM:E�0&�NGBML�MA:M�:K>�NL>=�MAKHN@AHNM�MABL�M>QM;HHD��1ABL�M>QM�NL>L�GHG
0&�NGBML�BG�:�?>P�:IIEB<:MBHGL
PA>K>�MA>R�:K>�BG�O>KR�<HFFHG�NL>	�LN<A�:L�MA>�F>:LNK>F>GM�H?�;EHH=�IK>LLNK>�BG�FBEEBF>M>KL�H?�F>K<NKR��FF�%@���4A>G>O>K
GHG
0&�NGBML�:K>�=BL<NLL>=	�MA>R�PBEE�;>�MB>=�MH�0&�NGBML�MAKHN@A�<HGO>KLBHGL�

1:;E>���� #NG=:F>GM:E�0&�2GBML

Length Mass Time Electric Current

F>M>K��F� DBEH@K:F��D@�L><HG=��L� :FI>K>����

&M�BL�:G�BGMKB@NBG@�?:<M�MA:M�LHF>�IARLB<:E�JN:GMBMB>L�:K>�FHK>�?NG=:F>GM:E�MA:G�HMA>KL�:G=�MA:M�MA>�FHLM�?NG=:F>GM:E�IARLB<:E
JN:GMBMB>L�<:G�;>�=>?BG>=only BG�M>KFL�H?�MA>�IKH<>=NK>�NL>=�MH�F>:LNK>�MA>F��1A>�NGBML�BG�PAB<A�MA>R�:K>�F>:LNK>=�:K>�MANL
<:EE>=fundamental units ��&G�MABL�M>QM;HHD	�MA>�?NG=:F>GM:E�IARLB<:E�JN:GMBMB>L�:K>�M:D>G�MH�;>�E>G@MA	�F:LL	�MBF>	�:G=�>E><MKB<
<NKK>GM���+HM>�MA:M�>E><MKB<�<NKK>GM�PBEE�GHM�;>�BGMKH=N<>=�NGMBE�FN<A�E:M>K�BG�MABL�M>QM����EE�HMA>K�IARLB<:E�JN:GMBMB>L	�LN<A�:L�?HK<>
:G=�>E><MKB<�<A:K@>	�<:G�;>�>QIK>LL>=�:L�:E@>;K:B<�<HF;BG:MBHGL�H?�E>G@MA	�F:LL	�MBF>	�:G=�<NKK>GM��?HK�>Q:FIE>	�LI>>=�BL�E>G@MA
=BOB=>=�;R�MBF>���MA>L>�NGBML�:K>�<:EE>=derived units �

2GBML�H?�1BF>	�)>G@MA	�:G=�*:LL��1A>�0><HG=	�*>M>K	�:G=�(BEH@K:F
The Second

1A>�0&�NGBM�?HK�MBF>	�MA>second �:;;K>OB:M>=�L�	�A:L�:�EHG@�ABLMHKR��#HK�F:GR�R>:KL�BM�P:L�=>?BG>=�:L�����	�

�H?�:�F>:G�LHE:K
=:R��*HK>�K><>GMER	�:�G>P�LM:G=:K=�P:L�:=HIM>=�MH�@:BG�@K>:M>K�:<<NK:<R�:G=�MH�=>?BG>�MA>�L><HG=�BG�M>KFL�H?�:�GHG
O:KRBG@	�HK
<HGLM:GM	�IARLB<:E�IA>GHF>GHG��;><:NL>�MA>�LHE:K�=:R�BL�@>MMBG@�EHG@>K�=N>�MH�O>KR�@K:=N:E�LEHPBG@�H?�MA>�":KMA`L�KHM:MBHG��
 >LBNF�:MHFL�<:G�;>�F:=>�MH�OB;K:M>�BG�:�O>KR�LM>:=R�P:R	�:G=�MA>L>�OB;K:MBHGL�<:G�;>�K>:=BER�H;L>KO>=�:G=�<HNGM>=��&G�����
MA>�L><HG=�P:L�K>=>?BG>=�:L�MA>�MBF>�K>JNBK>=�?HK��	���	���	��
�H?�MA>L>�OB;K:MBHGL���0>>Figure 1.18 ����<<NK:<R�BG�MA>
?NG=:F>GM:E�NGBML�BL�>LL>GMB:E	�;><:NL>�:EE�F>:LNK>F>GML�:K>�NEMBF:M>ER�>QIK>LL>=�BG�M>KFL�H?�?NG=:F>GM:E�NGBML�:G=�<:G�;>�GH
FHK>�:<<NK:M>�MA:G�:K>�MA>�?NG=:F>GM:E�NGBML�MA>FL>EO>L�
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Figure 1.18 �G�:MHFB<�<EH<D�LN<A�:L�MABL�HG>�NL>L�MA>�OB;K:MBHGL�H?�<>LBNF�:MHFL�MH�D>>I�MBF>�MH�:�IK><BLBHG�H?�;>MM>K�MA:G�:�FB<KHL><HG=�I>K�R>:K�
1A>�?NG=:F>GM:E�NGBM�H?�MBF>	�MA>�L><HG=	�BL�;:L>=�HG�LN<A�<EH<DL��1ABL�BF:@>�BL�EHHDBG@�=HPG�?KHF�MA>�MHI�H?�:G�:MHFB<�?HNGM:BG�G>:KER��
�?>>M�M:EE�
�<K>=BM��0M>O>�'NKO>MLHG�#EB<DK�

The Meter

1A>�0&�NGBM�?HK�E>G@MA�BL�MA>meter �:;;K>OB:M>=�F���BML�=>?BGBMBHG�A:L�:ELH�<A:G@>=�HO>K�MBF>�MH�;><HF>�FHK>�:<<NK:M>�:G=
IK><BL>��1A>�F>M>K�P:L�?BKLM�=>?BG>=�BG������:L����
	


	


�H?�MA>�=BLM:G<>�?KHF�MA>�>JN:MHK�MH�MA>�+HKMA�-HE>��1ABL
F>:LNK>F>GM�P:L�BFIKHO>=�BG������;R�K>=>?BGBG@�MA>�F>M>K�MH�;>�MA>�=BLM:G<>�;>MP>>G�MPH�>G@K:O>=�EBG>L�HG�:�IE:MBGNF
BKB=BNF
;:K�GHP�D>IM�G>:K�-:KBL���R����
	�BM�A:=�;><HF>�IHLLB;E>�MH�=>?BG>�MA>�F>M>K�>O>G�FHK>�:<<NK:M>ER�BG�M>KFL�H?�MA>�P:O>E>G@MA
H?�EB@AM	�LH�BM�P:L�:@:BG�K>=>?BG>=�:L��	��
	�������P:O>E>G@MAL�H?�HK:G@>�EB@AM�>FBMM>=�;R�DKRIMHG�:MHFL��&G�����	�MA>�F>M>K�P:L
@BO>G�BML�IK>L>GM�=>?BGBMBHG��I:KMER�?HK�@K>:M>K�:<<NK:<R��:L�MA>�=BLM:G<>�EB@AM�MK:O>EL�BG�:�O:<NNF�BG������	���	����H?�:�L><HG=�
�0>> Figure 1.19 ���1ABL�<A:G@>�=>?BG>L�MA>�LI>>=�H?�EB@AM�MH�;>�>Q:<MER����	���	����F>M>KL�I>K�L><HG=��1A>�E>G@MA�H?�MA>�F>M>K
PBEE�<A:G@>�B?�MA>�LI>>=�H?�EB@AM�BL�LHF>=:R�F>:LNK>=�PBMA�@K>:M>K�:<<NK:<R�

The Kilogram

1A>�0&�NGBM�?HK�F:LL�BL�MA>kilogram �:;;K>OB:M>=�D@���BM�BL�=>?BG>=�MH�;>�MA>�F:LL�H?�:�IE:MBGNF
BKB=BNF�<REBG=>K�D>IM�PBMA�MA>�HE=
F>M>K�LM:G=:K=�:M�MA>�&GM>KG:MBHG:E��NK>:N�H?�4>B@AML�:G=�*>:LNK>L�G>:K�-:KBL��"Q:<M�K>IEB<:L�H?�MA>�LM:G=:K=�DBEH@K:F�:K>�:ELH
D>IM�:M�MA>�2GBM>=�0M:M>L`�+:MBHG:E�&GLMBMNM>�H?�0M:G=:K=L�:G=�1><AGHEH@R	�HK�+&01	�EH<:M>=�BG�$:BMA>KL;NK@	�*:KRE:G=�HNMLB=>�H?
4 :LABG@MHG�!� �	�:G=�:M�HMA>K�EH<:MBHGL�:KHNG=�MA>�PHKE=��1A>�=>M>KFBG:MBHG�H?�:EE�HMA>K�F:LL>L�<:G�;>�NEMBF:M>ER�MK:<>=�MH�:
<HFI:KBLHG�PBMA�MA>�LM:G=:K=�F:LL�

Figure 1.19 1A>�F>M>K�BL�=>?BG>=�MH�;>�MA>�=BLM:G<>�EB@AM�MK:O>EL�BG������	���	����H?�:�L><HG=�BG�:�O:<NNF��!BLM:G<>�MK:O>E>=�BL�LI>>=�FNEMBIEB>=�;R
MBF>�

"E><MKB<�<NKK>GM�:G=�BML�:<<HFI:GRBG@�NGBM	�MA>�:FI>K>	�PBEE�;>�BGMKH=N<>=�BGIntroduction to Electric Current, Resistance, and
Ohm's Law (https://legacy .cnx.org/content/m42339/latest/) PA>G�>E><MKB<BMR�:G=�F:@G>MBLF�:K>�<HO>K>=��1A>�BGBMB:E�FH=NE>L
BG�MABL�M>QM;HHD�:K>�<HG<>KG>=�PBMA�F><A:GB<L	�?ENB=L	�A>:M	�:G=�P:O>L��&G�MA>L>�LN;C><ML�:EE�I>KMBG>GM�IARLB<:E�JN:GMBMB>L�<:G�;>
>QIK>LL>=�BG�M>KFL�H?�MA>�?NG=:F>GM:E�NGBML�H?�E>G@MA	�F:LL	�:G=�MBF>�

*>MKB<�-K>?BQ>L
0&�NGBML�:K>�I:KM�H?�MA>metric system ��1A>�F>MKB<�LRLM>F�BL�<HGO>GB>GM�?HK�L<B>GMB?B<�:G=�>G@BG>>KBG@�<:E<NE:MBHGL�;><:NL>�MA>
NGBML�:K>�<:M>@HKBS>=�;R�?:<MHKL�H?��
�Table 1.2 @BO>L�F>MKB<�IK>?BQ>L�:G=�LRF;HEL�NL>=�MH�=>GHM>�O:KBHNL�?:<MHKL�H?��
�

*>MKB<�LRLM>FL�A:O>�MA>�:=O:GM:@>�MA:M�<HGO>KLBHGL�H?�NGBML�BGOHEO>�HGER�IHP>KL�H?��
��1A>K>�:K>��

�<>GMBF>M>KL�BG�:�F>M>K	
�


�F>M>KL�BG�:�DBEHF>M>K	�:G=�LH�HG��&G�GHGF>MKB<�LRLM>FL	�LN<A�:L�MA>�LRLM>F�H?�2�0��<NLMHF:KR�NGBML	�MA>�K>E:MBHGLABIL�:K>
GHM�:L�LBFIE>^MA>K>�:K>����BG<A>L�BG�:�?HHM	����
�?>>M�BG�:�FBE>	�:G=�LH�HG���GHMA>K�:=O:GM:@>�H?�MA>�F>MKB<�LRLM>F�BL�MA:M�MA>
L:F>�NGBM�<:G�;>�NL>=�HO>K�>QMK>F>ER�E:K@>�K:G@>L�H?�O:EN>L�LBFIER�;R�NLBG@�:G�:IIKHIKB:M>�F>MKB<�IK>?BQ��#HK�>Q:FIE>	
=BLM:G<>L�BG�F>M>KL�:K>�LNBM:;E>�BG�<HGLMKN<MBHG	�PABE>�=BLM:G<>L�BG�DBEHF>M>KL�:K>�:IIKHIKB:M>�?HK�:BK�MK:O>E	�:G=�MA>�MBGR�F>:LNK>
H?�G:GHF>M>KL�:K>�<HGO>GB>GM�BG�HIMB<:E�=>LB@G��4BMA�MA>�F>MKB<�LRLM>F�MA>K>�BL�GH�G>>=�MH�BGO>GM�G>P�NGBML�?HK�I:KMB<NE:K
:IIEB<:MBHGL�

1A>�M>KForder of magnitude K>?>KL�MH�MA>�L<:E>�H?�:�O:EN>�>QIK>LL>=�BG�MA>�F>MKB<�LRLM>F��":<A�IHP>K�H?���� BG�MA>�F>MKB<

LRLM>F�K>IK>L>GML�:�=B??>K>GM�HK=>K�H?�F:@GBMN=>��#HK�>Q:FIE>	���� �� �
���� �� �
���� �� 	�:G=�LH�?HKMA�:K>�:EE�=B??>K>GM�HK=>KL�H?

F:@GBMN=>���EE�JN:GMBMB>L�MA:M�<:G�;>�>QIK>LL>=�:L�:�IKH=N<M�H?�:�LI><B?B<�IHP>K�H?���� :K>�L:B=�MH�;>�H?�MA>same HK=>K�H?

F:@GBMN=>��#HK�>Q:FIE>	�MA>�GNF;>K������ <:G�;>�PKBMM>G�:L���—���� �� 	�:G=�MA>�GNF;>K������ <:G�;>�PKBMM>G�:L�������—���� ���� 1ANL	

��  A:IM>K���T�&GMKH=N<MBHG��1A>�+:MNK>�H?�0<B>G<>�:G=�-ARLB<L

1ABL�,I>G0M:Q�;HHD�BL�:O:BE:;E>�?HK�?K>>�:M�AMMIL���E>@:<R�<GQ�HK@�<HGM>GM�<HE���������
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MA>�GNF;>KL������ :G= ������ :K>�H?�MA>�L:F>�HK=>K�H?�F:@GBMN=>����� ���� ,K=>K�H?�F:@GBMN=>�<:G�;>�MAHN@AM�H?�:L�:�;:EEI:KD

>LMBF:M>�?HK�MA>�L<:E>�H?�:�O:EN>��1A>�=B:F>M>K�H?�:G�:MHF�BL�HG�MA>�HK=>K�H?���� �' �� ���N�
PABE>�MA>�=B:F>M>K�H?�MA>�0NG�BL�HG�MA>

HK=>K�H?���� �� ���N��

1A>�.N>LM�?HK�*B<KHL<HIB<�0M:G=:K=L�?HK��:LB<�2GBML

1A>�?NG=:F>GM:E�NGBML�=>L<KB;>=�BG�MABL�<A:IM>K�:K>�MAHL>�MA:M�IKH=N<>�MA>�@K>:M>LM�:<<NK:<R�:G=�IK><BLBHG�BG
F>:LNK>F>GM��1A>K>�BL�:�L>GL>�:FHG@�IARLB<BLML�MA:M	�;><:NL>�MA>K>�BL�:G�NG=>KERBG@�FB<KHL<HIB<�LN;LMKN<MNK>�MH�F:MM>K	�BM
PHNE=�;>�FHLM�L:MBL?RBG@�MH�;:L>�HNK�LM:G=:K=L�H?�F>:LNK>F>GM�HG�FB<KHL<HIB<�H;C><ML�:G=�?NG=:F>GM:E�IARLB<:E
IA>GHF>G:�LN<A�:L�MA>�LI>>=�H?�EB@AM����FB<KHL<HIB<�LM:G=:K=�A:L�;>>G�:<<HFIEBLA>=�?HK�MA>�LM:G=:K=�H?�MBF>	�PAB<A�BL
;:L>=�HG�MA>�HL<BEE:MBHGL�H?�MA>�<>LBNF�:MHF�

1A>�LM:G=:K=�?HK�E>G@MA�P:L�HG<>�;:L>=�HG�MA>�P:O>E>G@MA�H?�EB@AM��:�LF:EE
L<:E>�E>G@MA��>FBMM>=�;R�:�<>KM:BG�MRI>�H?�:MHF	
;NM�BM�A:L�;>>G�LNIIE:GM>=�;R�MA>�FHK>�IK><BL>�F>:LNK>F>GM�H?�MA>�LI>>=�H?�EB@AM��&?�BM�;><HF>L�IHLLB;E>�MH�F>:LNK>�MA>
F:LL�H?�:MHFL�HK�:�I:KMB<NE:K�:KK:G@>F>GM�H?�:MHFL�LN<A�:L�:�LBEB<HG�LIA>K>�MH�@K>:M>K�IK><BLBHG�MA:G�MA>�DBEH@K:F
LM:G=:K=	�BM�F:R�;><HF>�IHLLB;E>�MH�;:L>�F:LL�F>:LNK>F>GML�HG�MA>�LF:EE�L<:E>��1A>K>�:K>�:ELH�IHLLB;BEBMB>L�MA:M�>E><MKB<:E
IA>GHF>G:�HG�MA>�LF:EE�L<:E>�F:R�LHF>=:R�:EEHP�NL�MH�;:L>�:�NGBM�H?�<A:K@>�HG�MA>�<A:K@>�H?�>E><MKHGL�:G=�IKHMHGL	�;NM
:M�IK>L>GM�<NKK>GM�:G=�<A:K@>�:K>�K>E:M>=�MH�E:K@>
L<:E>�<NKK>GML�:G=�?HK<>L�;>MP>>G�PBK>L�

1:;E>���� *>MKB<�-K>?BQ>L�?HK�-HP>KL�H?��
�:G=�MA>BK�0RF;HEL

Prefix Symbol Value8�9 Example (some are approximate)

>Q: " ���� ���� >Q:F>M>K "F ���� ���� ���N =BLM:G<>�EB@AM�MK:O>EL�BG�:�<>GMNKR

I>M: - ���� ���� I>M:L><HG=-L ���� ���� ���T �
�FBEEBHG�R>:KL

M>K: 1 ���� ���� M>K:P:MM 14 ���� ���� ���8 IHP>K?NE�E:L>K�HNMINM

@B@: $ ���� �� @B@:A>KMS$%S ���� �� ���)�[ :�FB<KHP:O>�?K>JN>G<R

F>@: * ���� �� F>@:<NKB>* B ���� �� ���$�J AB@A�K:=BH:<MBOBMR

DBEH D ���� �� DBEHF>M>KDF ���� �� ���N :;HNM����
�FBE>

A><MH A ���� �� A><MHEBM>KA) ���� �� ���- ���@:EEHGL

=>D: =: ���� �� =>D:@K:F =:@ ���� �� ���H M>:LIHHG�H?�;NMM>K

^ ^ ���� �� ����

=><B = ���� �' �� =><BEBM>K=) ���� �' �� ���- E>LL�MA:G�A:E?�:�LH=:

<>GMB < ���� �' �� <>GMBF>M>K<F ���� �' �� ���N ?BG@>KMBI�MAB<DG>LL

FBEEB F ���� �' �� FBEEBF>M>KFF ���� �' �� ���N ?E>:�:M�BML�LAHNE=>KL

FB<KH W ���� �' �� FB<KHF>M>KWF ���� �' �� ���N =>M:BE�BG�FB<KHL<HI>

G:GH G ���� �' �� G:GH@K:F G@ ���� �' �� ���H LF:EE�LI><D�H?�=NLM

IB<H I ���� �' ���� IB<H?:K:= I# ���� �' ���� ���' LF:EE�<:I:<BMHK�BG�K:=BH

?>FMH ? ���� �' ���� ?>FMHF>M>K?F ���� �' ���� ���N LBS>�H?�:�IKHMHG

:MMH : ���� �' ���� :MMHL><HG=:L ���� �' ���� ���T MBF>�EB@AM�<KHLL>L�:G�:MHF

(GHPG�/:G@>L�H?�)>G@MA	�*:LL	�:G=�1BF>
1A>�O:LMG>LL�H?�MA>�NGBO>KL>�:G=�MA>�;K>:=MA�HO>K�PAB<A�IARLB<L�:IIEB>L�:K>�BEENLMK:M>=�;R�MA>�PB=>�K:G@>�H?�>Q:FIE>L�H?�DGHPG
E>G@MAL	�F:LL>L	�:G=�MBF>L�BGTable 1.3 ��"Q:FBG:MBHG�H?�MABL�M:;E>�PBEE�@BO>�RHN�LHF>�?>>EBG@�?HK�MA>�K:G@>�H?�IHLLB;E>�MHIB<L�:G=
GNF>KB<:E�O:EN>L���0>>Figure 1.20 :G= Figure 1.21 ��

�� 0>> �II>G=BQ����AMMIL���E>@:<R�<GQ�HK@�<HGM>GM�F������E:M>LM��?HK�:�=BL<NLLBHG�H?�IHP>KL�H?��
�
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Figure 1.20 1BGR�IARMHIE:GDMHG�LPBFL�:FHG@�<KRLM:EL�H?�B<>�BG�MA>��GM:K<MB<�0>:��1A>R�K:G@>�?KHF�:�?>P�FB<KHF>M>KL�MH�:L�FN<A�:L���FBEEBF>M>KL�BG
E>G@MA���<K>=BM��-KH?��$HK=HG�1��1:REHK	�0MHGR��KHHD�2GBO>KLBMR��+,��� HKIL� HEE><MBHGL�

Figure 1.21 $:E:QB>L�<HEEB=>�����;BEEBHG�EB@AM�R>:KL�:P:R�?KHF�":KMA��1A>�MK>F>G=HNL�K:G@>�H?�H;L>KO:;E>�IA>GHF>G:�BG�G:MNK>�<A:EE>G@>L�MA>
BF:@BG:MBHG���<K>=BM��+�0�� 5 �23B<�����*:A=:OB�>M�:E��,IMB<:E�E>GLBG@�� #%1�23B<��%��%H>DLMK:�>M�:E��

2GBM� HGO>KLBHG�:G=�!BF>GLBHG:E��G:ERLBL
&M�BL�H?M>G�G><>LL:KR�MH�<HGO>KM�?KHF�HG>�MRI>�H?�NGBM�MH�:GHMA>K��#HK�>Q:FIE>	�B?�RHN�:K>�K>:=BG@�:�"NKHI>:G�<HHD;HHD	�LHF>
JN:GMBMB>L�F:R�;>�>QIK>LL>=�BG�NGBML�H?�EBM>KL�:G=�RHN�G>>=�MH�<HGO>KM�MA>F�MH�<NIL��,K	�I>KA:IL�RHN�:K>�K>:=BG@�P:EDBG@
=BK><MBHGL�?KHF�HG>�EH<:MBHG�MH�:GHMA>K�:G=�RHN�:K>�BGM>K>LM>=�BG�AHP�F:GR�FBE>L�RHN�PBEE�;>�P:EDBG@��&G�MABL�<:L>	�RHN�PBEE�G>>=
MH�<HGO>KM�NGBML�H?�?>>M�MH�FBE>L�

)>M�NL�<HGLB=>K�:�LBFIE>�>Q:FIE>�H?�AHP�MH�<HGO>KM�NGBML��)>M�NL�L:R�MA:M�P>�P:GM�MH�<HGO>KM��
�F>M>KL��F��MH�DBEHF>M>KL��DF��

1A>�?BKLM�MABG@�MH�=H�BL�MH�EBLM�MA>�NGBML�MA:M�RHN�A:O>�:G=�MA>�NGBML�MA:M�RHN�P:GM�MH�<HGO>KM�MH��&G�MABL�<:L>	�P>�A:O>�NGBML�BG
meters :G=�P>�P:GM�MH�<HGO>KM�MHkilometers�

+>QM	�P>�G>>=�MH�=>M>KFBG>�:conversion factor K>E:MBG@�F>M>KL�MH�DBEHF>M>KL����<HGO>KLBHG�?:<MHK�BL�:�K:MBH�>QIK>LLBG@�AHP
F:GR�H?�HG>�NGBM�:K>�>JN:E�MH�:GHMA>K�NGBM��#HK�>Q:FIE>	�MA>K>�:K>����BG<A>L�BG���?HHM	��

�<>GMBF>M>KL�BG���F>M>K	��
�L><HG=L�BG
��FBGNM>	�:G=�LH�HG��&G�MABL�<:L>	�P>�DGHP�MA:M�MA>K>�:K>��	


�F>M>KL�BG���DBEHF>M>K�

+HP�P>�<:G�L>M�NI�HNK�NGBM�<HGO>KLBHG��4>�PBEE�PKBM>�MA>�NGBML�MA:M�P>�A:O>�:G=�MA>G�FNEMBIER�MA>F�;R�MA>�<HGO>KLBHG�?:<MHK�LH
MA:M�MA>�NGBML�<:G<>E�HNM	�:L�LAHPG�

��������� �N�—�����L�N
�������� �N

�� �������������L�N��

+HM>�MA:M�MA>�NGP:GM>=�F�NGBM�<:G<>EL	�E>:OBG@�HGER�MA>�=>LBK>=�DF�NGBM��6HN�<:G�NL>�MABL�F>MAH=�MH�<HGO>KM�;>MP>>G�:GR�MRI>L
H?�NGBM�

 EB<Dm42720 (https://legacy .cnx.org/content/m42720/latest/) ?HK�:�FHK>�<HFIE>M>�EBLM�H?�<HGO>KLBHG�?:<MHKL�

��  A:IM>K���T�&GMKH=N<MBHG��1A>�+:MNK>�H?�0<B>G<>�:G=�-ARLB<L

1ABL�,I>G0M:Q�;HHD�BL�:O:BE:;E>�?HK�?K>>�:M�AMMIL���E>@:<R�<GQ�HK@�<HGM>GM�<HE���������
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1:;E>���� �IIKHQBF:M>�3:EN>L�H?�)>G@MA	�*:LL	�:G=�1BF>

Lengths in meters
Masses in kilograms (more
precise values in parentheses)

Times in seconds (more precise
values in parentheses)

���� �' ���� -K>L>GM�>QI>KBF>GM:E�EBFBM�MH
LF:EE>LM�H;L>KO:;E>�=>M:BE ���� �' ����

*:LL�H?�:G�>E><MKHG
�1
�3���������—���� �' ���� ���L�H�4�6 ���� �' ���� 1BF>�?HK�EB@AM�MH�<KHLL�:

IKHMHG

���� �' ���� !B:F>M>K�H?�:�IKHMHG ���� �' ����
*:LL�H?�:�AR=KH@>G�:MHF
�1
�3���������—���� �' ���� ���L�H�4�6 ���� �' ���� *>:G�EB?>�H?�:G�>QMK>F>ER

NGLM:;E>�GN<E>NL

���� �' ���� !B:F>M>K�H?�:�NK:GBNF�GN<E>NL ���� �' ���� *:LL�H?�:�;:<M>KBNF ���� �' ���� 1BF>�?HK�HG>�HL<BEE:MBHG�H?
OBLB;E>�EB@AM

���� �' ���� !B:F>M>K�H?�:�AR=KH@>G�:MHF ���� �' �� *:LL�H?�:�FHLJNBMH ���� �' ���� 1BF>�?HK�HG>�OB;K:MBHG�H?�:G
:MHF�BG�:�LHEB=

���� �' �� 1AB<DG>LL�H?�F>F;K:G>L�BG�<>EEL�H?
EBOBG@�HK@:GBLFL ���� �' �� *:LL�H?�:�ANFFBG@;BK= ���� �' �� 1BF>�?HK�HG>�HL<BEE:MBHG�H?�:G

#*�K:=BH�P:O>

���� �' �� 4 :O>E>G@MA�H?�OBLB;E>�EB@AM�� *:LL�H?�:�EBM>K�H?�P:M>K��:;HNM
:�JN:KM� ���� �' �� !NK:MBHG�H?�:�G>KO>�BFINEL>

���� �' �� 0BS>�H?�:�@K:BG�H?�L:G= ���� �� *:LL�H?�:�I>KLHG �� 1BF>�?HK�HG>�A>:KM;>:M

�� %>B@AM�H?�:��
R>:K
HE=�<ABE= ���� �� *:LL�H?�:�<:K ���� �� ,G>�=:R �1
�3���������—���� �� �T�4�6

���� �� )>G@MA�H?�:�?HHM;:EE�?B>E= ���� �� *:LL�H?�:�E:K@>�LABI ���� �� ,G>�R>:K��R� �1
�3���������—���� �� �T�4�6

���� �� $K>:M>LM�H<>:G�=>IMA ���� ���� *:LL�H?�:�E:K@>�B<>;>K@ ���� ��
�;HNM�A:E?�MA>�EB?>
>QI><M:G<R�H?�:�ANF:G

���� �� !B:F>M>K�H?�MA>�":KMA ���� ���� *:LL�H?�MA>�GN<E>NL�H?�:�<HF>M���� ���� /><HK=>=�ABLMHKR

���� ���� !BLM:G<>�?KHF�MA>�":KMA�MH�MA>�0NG���� ����
*:LL�H?�MA>�*HHG
�1
�3���������—���� ���� ���L�H�4�6 ���� ���� �@>�H?�MA>�":KMA

���� ����
!BLM:G<>�MK:O>E>=�;R�EB@AM�BG���R>:K
�:�EB@AM�R>:K� ���� ����

*:LL�H?�MA>�":KMA
�1
�3���������—���� ���� ���L�H�4�6 ���� ���� �@>�H?�MA>�NGBO>KL>

���� ���� !B:F>M>K�H?�MA>�*BEDR�4:R�@:E:QR ���� ����
*:LL�H?�MA>�0NG
�1
�3���������—���� ���� ���L�H�4�6

���� ���� !BLM:G<>�?KHF�MA>�":KMA�MH�MA>
G>:K>LM�E:K@>�@:E:QR���G=KHF>=:�����

���� *:LL�H?�MA>�*BEDR�4:R�@:E:QR
�<NKK>GM�NII>K�EBFBM�

���� ����
!BLM:G<>�?KHF�MA>�":KMA�MH�MA>
>=@>L�H?�MA>�DGHPG�NGBO>KL> ���� ����

*:LL�H?�MA>�DGHPG�NGBO>KL>
�<NKK>GM�NII>K�EBFBM�

Example 1.1 Unit Conversions: A Short Drive Home

0NIIHL>�MA:M�RHN�=KBO>�MA>��
�
�DF�?KHF�RHNK�NGBO>KLBMR�MH�AHF>�BG��
�
�FBG�� :E<NE:M>�RHNK�:O>K:@>�LI>>=��:��BG�DBEHF>M>KL
I>K�AHNK��DF�A��:G=��;��BG�F>M>KL�I>K�L><HG=��F�L����+HM>���O>K:@>�LI>>=�BL�=BLM:G<>�MK:O>E>=�=BOB=>=�;R�MBF>�H?�MK:O>E��

Strategy

#BKLM�P>�<:E<NE:M>�MA>�:O>K:@>�LI>>=�NLBG@�MA>�@BO>G�NGBML��1A>G�P>�<:G�@>M�MA>�:O>K:@>�LI>>=�BGMH�MA>�=>LBK>=�NGBML�;R
IB<DBG@�MA>�<HKK><M�<HGO>KLBHG�?:<MHK�:G=�FNEMBIERBG@�;R�BM��1A>�<HKK><M�<HGO>KLBHG�?:<MHK�BL�MA>�HG>�MA:M�<:G<>EL�MA>
NGP:GM>=�NGBM�:G=�E>:O>L�MA>�=>LBK>=�NGBM�BG�BML�IE:<>�

Solution for (a)

���� :E<NE:M>�:O>K:@>�LI>>=���O>K:@>�LI>>=�BL�=BLM:G<>�MK:O>E>=�=BOB=>=�;R�MBF>�H?�MK:O>E���1:D>�MABL�=>?BGBMBHG�:L�:�@BO>G�?HK
GHP^:O>K:@>�LI>>=�:G=�HMA>K�FHMBHG�<HG<>IML�PBEE�;>�<HO>K>=�BG�:�E:M>K�FH=NE>���&G�>JN:MBHG�?HKF	

������B�W�F�S�B�H�F���T�Q�F�F�E�����E�J�T�U�B�O�D�F
�U�J�N�F

��

����0N;LMBMNM>�MA>�@BO>G�O:EN>L�?HK�=BLM:G<>�:G=�MBF>�
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������B�W�F�S�B�H�F���T�Q�F�F�E���������������L�N
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�� ���������� ���L�N
���N�J�O

��

���� HGO>KM�DF�FBG�MH�DF�A��FNEMBIER�;R�MA>�<HGO>KLBHG�?:<MHK�MA:M�PBEE�<:G<>E�FBGNM>L�:G=�E>:O>�AHNKL��1A:M�<HGO>KLBHG
?:<MHK�BL�������N�J�O���I�S��1ANL	

������B�W�F�S�B�H�F���T�Q�F�F�E�������������� ���L�N
���N�J�O

�—�������N�J�O
�����I

�� �����������L�N
���I

��

Discussion for (a)

1H�<A><D�RHNK�:GLP>K	�<HGLB=>K�MA>�?HEEHPBG@�

�����>�LNK>�MA:M�RHN�A:O>�IKHI>KER�<:G<>EE>=�MA>�NGBML�BG�MA>�NGBM�<HGO>KLBHG��&?�RHN�A:O>�PKBMM>G�MA>�NGBM�<HGO>KLBHG�?:<MHK
NILB=>�=HPG	�MA>�NGBML�PBEE�GHM�<:G<>E�IKHI>KER�BG�MA>�>JN:MBHG��&?�RHN�:<<B=>GM:EER�@>M�MA>�K:MBH�NILB=>�=HPG	�MA>G�MA>�NGBML
PBEE�GHM�<:G<>E��K:MA>K	�MA>R�PBEE�@BO>�RHN�MA>�PKHG@�NGBML�:L�?HEEHPL�

��������L�N
�N�J�O

�—�����I�S
�������N�J�O

�� ��
����

���L�N�Ú�I�S
���N�J�O�� �


PAB<A�:K>�H;OBHNLER�GHM�MA>�=>LBK>=�NGBML�H?�DF�A�

���� A><D�MA:M�MA>�NGBML�H?�MA>�?BG:E�:GLP>K�:K>�MA>�=>LBK>=�NGBML��1A>�IKH;E>F�:LD>=�NL�MH�LHEO>�?HK�:O>K:@>�LI>>=�BG�NGBML
H?�DF�A�:G=�P>�A:O>�BG=>>=�H;M:BG>=�MA>L>�NGBML�

���� A><D�MA>�LB@GB?B<:GM�?B@NK>L���><:NL>�>:<A�H?�MA>�O:EN>L�@BO>G�BG�MA>�IKH;E>F�A:L�MAK>>�LB@GB?B<:GM�?B@NK>L	�MA>�:GLP>K
LAHNE=�:ELH�A:O>�MAK>>�LB@GB?B<:GM�?B@NK>L��1A>�:GLP>K��
�
�DF�AK�=H>L�BG=>>=�A:O>�MAK>>�LB@GB?B<:GM�?B@NK>L	�LH�MABL�BL
:IIKHIKB:M>��+HM>�MA:M�MA>�LB@GB?B<:GM�?B@NK>L�BG�MA>�<HGO>KLBHG�?:<MHK�:K>�GHM�K>E>O:GM�;><:NL>�:G�AHNK�BLdefined MH�;>��

FBGNM>L	�LH�MA>�IK><BLBHG�H?�MA>�<HGO>KLBHG�?:<MHK�BL�I>K?><M�

����+>QM	�<A><D�PA>MA>K�MA>�:GLP>K�BL�K>:LHG:;E>��)>M�NL�<HGLB=>K�LHF>�BG?HKF:MBHG�?KHF�MA>�IKH;E>F^B?�RHN�MK:O>E��
�DF
BG�:�MABK=�H?�:G�AHNK���
�FBG�	�RHN�PHNE=�MK:O>E�MAK>>�MBF>L�MA:M�?:K�BG�:G�AHNK��1A>�:GLP>K�=H>L�L>>F�K>:LHG:;E>�

Solution for (b)

1A>K>�:K>�L>O>K:E�P:RL�MH�<HGO>KM�MA>�:O>K:@>�LI>>=�BGMH�F>M>KL�I>K�L><HG=�

����0M:KM�PBMA�MA>�:GLP>K�MH��:��:G=�<HGO>KM�DF�A�MH�F�L��1PH�<HGO>KLBHG�?:<MHKL�:K>�G>>=>=^HG>�MH�<HGO>KM�AHNKL�MH
L><HG=L	�:G=�:GHMA>K�MH�<HGO>KM�DBEHF>M>KL�MH�F>M>KL�

����*NEMBIERBG@�;R�MA>L>�RB>E=L

�����
�"�W�F�S�B�H�F���T�Q�F�F�E�� ���������L�N

�I
�— �� �I

���
���������T
�—���
������ �N

�����L�N
�


������"�W�F�S�B�H�F���T�Q�F�F�E�� ���������N�T��

Discussion for (b)

&?�P>�A:=�LM:KM>=�PBMA�
��

�DF�FBG	�P>�PHNE=�A:O>�G>>=>=�=B??>K>GM�<HGO>KLBHG�?:<MHKL	�;NM�MA>�:GLP>K�PHNE=�A:O>�;>>G
MA>�L:F>�������F�L�

6HN�F:R�A:O>�GHM>=�MA:M�MA>�:GLP>KL�BG�MA>�PHKD>=�>Q:FIE>�CNLM�<HO>K>=�P>K>�@BO>G�MH�MAK>>�=B@BML��4AR��4A>G�=H�RHN
G>>=�MH�;>�<HG<>KG>=�:;HNM�MA>�GNF;>K�H?�=B@BML�BG�LHF>MABG@�RHN�<:E<NE:M>��4AR�GHM�PKBM>�=HPG�:EE�MA>�=B@BML�RHNK
<:E<NE:MHK�IKH=N<>L��1A>�FH=NE>Accuracy , Precision, and Significant Figures (https://legacy .cnx.org/content/
m42120/latest/) PBEE�A>EI�RHN�:GLP>K�MA>L>�JN>LMBHGL�

+HGLM:G=:K=�2GBML

4ABE>�MA>K>�:K>�GNF>KHNL�MRI>L�H?�NGBML�MA:M�P>�:K>�:EE�?:FBEB:K�PBMA	�MA>K>�:K>�HMA>KL�MA:M�:K>�FN<A�FHK>�H;L<NK>��#HK
>Q:FIE>	�: firkin BL�:�NGBM�H?�OHENF>�MA:M�P:L�HG<>�NL>=�MH�F>:LNK>�;>>K��,G>�?BKDBG�>JN:EL�:;HNM����EBM>KL��1H�E>:KG�FHK>
:;HNM�GHGLM:G=:K=�NGBML	�NL>�:�=B<MBHG:KR�HK�>G<R<EHI>=B:�MH�K>L>:K<A�=B??>K>GM�aP>B@AML�:G=�F>:LNK>L�b�1:D>�GHM>�H?�:GR
NGNLN:E�NGBML	�LN<A�:L�:�;:KE>R<HKG	�MA:M�:K>�GHM�EBLM>=�BG�MA>�M>QM��1ABGD�:;HNM�AHP�MA>�NGBM�BL�=>?BG>=�:G=�LM:M>�BML
K>E:MBHGLABI�MH�0&�NGBML�

Check Your Understanding

0HF>�ANFFBG@;BK=L�;>:M�MA>BK�PBG@L�FHK>�MA:G��
�MBF>L�I>K�L><HG=����L<B>GMBLM�BL�F>:LNKBG@�MA>�MBF>�BM�M:D>L�?HK�:
ANFFBG@;BK=�MH�;>:M�BML�PBG@L�HG<>��4AB<A�?NG=:F>GM:E�NGBM�LAHNE=�MA>�L<B>GMBLM�NL>�MH�=>L<KB;>�MA>�F>:LNK>F>GM��4AB<A
?:<MHK�H?��
�BL�MA>�L<B>GMBLM�EBD>ER�MH�NL>�MH�=>L<KB;>�MA>�FHMBHG�IK><BL>ER��&=>GMB?R�MA>�F>MKB<�IK>?BQ�MA:M�<HKK>LIHG=L�MH�MABL
?:<MHK�H?��
�

Solution
1A>�L<B>GMBLM�PBEE�F>:LNK>�MA>�MBF>�;>MP>>G�>:<A�FHO>F>GM�NLBG@�MA>�?NG=:F>GM:E�NGBM�H?�L><HG=L���><:NL>�MA>�PBG@L�;>:M

��  A:IM>K���T�&GMKH=N<MBHG��1A>�+:MNK>�H?�0<B>G<>�:G=�-ARLB<L

1ABL�,I>G0M:Q�;HHD�BL�:O:BE:;E>�?HK�?K>>�:M�AMMIL���E>@:<R�<GQ�HK@�<HGM>GM�<HE���������
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LH�?:LM	�MA>�L<B>GMBLM�PBEE�IKH;:;ER�G>>=�MH�F>:LNK>�BG�FBEEBL><HG=L	�HK���� �' �� L><HG=L����
�;>:ML�I>K�L><HG=�<HKK>LIHG=L�MH

�
�FBEEBL><HG=L�I>K�;>:M��

Check Your Understanding

,G>�<N;B<�<>GMBF>M>K�BL�>JN:E�MH�HG>�FBEEBEBM>K��4A:M�=H>L�MABL�M>EE�RHN�:;HNM�MA>�=B??>K>GM�NGBML�BG�MA>�0&�F>MKB<�LRLM>F�

Solution
1A>�?NG=:F>GM:E�NGBM�H?�E>G@MA��F>M>K��BL�IKH;:;ER�NL>=�MH�<K>:M>�MA>�=>KBO>=�NGBM�H?�OHENF>��EBM>K���1A>�F>:LNK>�H?�:�FBEEBEBM>K
BL�=>I>G=>GM�HG�MA>�F>:LNK>�H?�:�<>GMBF>M>K�

1.3 Writing Numbers

Your Quiz would Cover
c "LMBF:MBG@�MA>�GNF;>K�H?�:IIKHIKB:M>�=B@BML�?HK�:GR�<:E<NE:MBHG��,G>�;B@�MABG@�BL�MA:M�P>�PBEE�NL>�IKHI>KMB>L�H?�=:M:�MH

IK>=B<M�=>M>KFBG>�MA>�GNF;>K�H?�=><BF:E�IHBGML�MA:M�:K>�:IIKHIKB:M>�

Other Things to Consider as Y ou Read:
c 4ABE>�P>�PHG�M�;>�NLBG@�LB@
?B@�KNE>L	�MA>K>�:K>�LHF>�@NB=>EBG>L�HG�MA>�:IIKHIKB:M>�:FHNGM�H?�=B@BML�MH�BG<EN=>�BG�:

K>LNEM�

&G�@>G>K:E	�MAK>>�=B@BML�:?M>K�MA>�=><BF:E�IHBGM�BL�PA:M�P>�PBEE�@H�PBMA�

1A>�?HEEHPBG@�L><MBHG�BL�;:L>=�NIHG	�PBMA�I>KFBLLBHG�
!>GD>K	�'��2G<>KM:BGMR�:L��IIEB>=�MH�*>:LNK>F>GML�:G=� :E<NE:MBHGL��2G<>KM:BGMR�:L��IIEB>=�MH�*>:LNKF>GML�:G=
 :E<NE:MBHGL���
������ O:BE:;E>�:M�http://www .av8n.com/physics/uncertainty .htm (http://www .av8n.com/physics/
uncertainty .htm) ����<<>LL>=����MA��N@NLM��
���

%HP�*:GR�!B@BML�1H�&G<EN=>
%>K>�:K>�LHF>�LBFIE>�KNE>L�MA:M�:IIER�PA>G>O>K�RHN�:K>�PKBMBG@�=HPG�:�GNF;>K�

���2L>�F:GR�>GHN@A�=B@BML�MH�:OHB=�NGBGM>G=>=�EHLL�H?�BG?HKF:MBHG�

���2L>�?>P�>GHN@A�=B@BML�MH�;>�K>:LHG:;ER�<HGO>GB>GM�

Important note: 1A>�IK>OBHNL�MPH�L>GM>G<>L�M>EE�RHN�>O>KRMABG@�RHN�G>>=�MH�DGHP�?HK�FHLM�INKIHL>L	�BG<EN=BG@�K>:E
EB?>
LBMN:MBHGL�:L�P>EE�:L�:<:=>FB<�LBMN:MBHGL�:M�>O>KR�E>O>E�?KHF�IKBF:KR�L<AHHE�NI�MH�:G=�BG<EN=BG@�BGMKH=N<MHKR�<HEE>@>�E>O>E�

���4A>G�NLBG@�:�<:E<NE:MHK	�BM�BL�@HH=�IK:<MB<>�MH�E>:O>�BGM>KF>=B:M>�K>LNEML�BG�MA>�F:<ABG>��1ABL�BL�LBFNEM:G>HNLER�FHK>�:<<NK:M>
:G=�FHK>�<HGO>GB>GM�MA:G�PKBMBG@�MA>F�=HPG�:G=�MA>G�D>RBG@�MA>F�BG�:@:BG�

0>KBHNLER��1A>�IKBF:KR�KNE>�BL�MH�NL>�IE>GMR�H?�=B@BML��6HN�A:K=ER�>O>G�G>>=�MH�MABGD�:;HNM�BM��1HH�F:GR�BL�O:LMER�;>MM>K�MA:G�MHH
?>P��1H�L:R�MA>�L:F>�MABG@�MA>�HMA>K�P:R��&?�RHN�>O>K�A:O>�FHK>�=B@BML�MA:G�RHN�G>>=and MA>R�:K>�<:NLBG@�F:CHK�BG<HGO>GB>G<>	
MA>G�RHN�<:G�MABGD�:;HNM�K>=N<BG@�MA>�GNF;>K�H?�=B@BML�

4A>G�MH�4KBM>�!HPG�2G<>KM:BGMR
&G�F:GR�<:L>L	�PA>G�RHN�PKBM>�=HPG�:�GNF;>K	�RHN�G>>=�GHMand should not :LLH<B:M>�BM�PBMA�:GR�GHMBHG�H?�NG<>KM:BGMR�

c ,G>�P:R�MABL�<:G�A:II>G�BL�B?�RHN�A:O>�:�GNF;>K�PBMA�S>KH�NG<>KM:BGMR��&?�RHN�KHEE�:�I:BK�H?�=B<>�:G=�H;L>KO>�?BO>�LIHML	�MA>
GNF;>K�H?�LIHML�BL����1ABL�BL�:�K:P�=:M:�IHBGM	�PBMA�GH�NG<>KM:BGMR�PA:MLH>O>K��0H�CNLM�PKBM>�=HPG�MA>�GNF;>K��0BFBE:KER	�MA>
GNF;>K�H?�<>GMBF>M>KL�I>K�BG<A�BL�����	�;R�=>?BGBMBHG	�PBMA�GH�NG<>KM:BGMR�PA:MLH>O>K���@:BG��CNLM�PKBM>�=HPG�MA>�GNF;>K�

c �GHMA>K�IHLLB;BEBMR�BL�MA:M�MA>K>�BL�:�<HHD>=�=:M:�;EH;	�PAB<A�BG�IKBG<BIE>�FNLM�A:O>�aLHF>b�NG<>KM:BGMR	�;NM�MA>�NG<>KM:BGMR
BL�MHH�LF:EE�MH�;>�BGM>K>LMBG@��&M�BL�BGLB@GB?B<:GM��&M�BL�NGBFIHKM:GM��&M�BL�BFF:M>KB:E��1A>K>�:K>�IE>GMR�H?�LBMN:MBHGL�:�FH=>K:M>ER
KHN@A�:IIKHQBF:MBHG�BL�LN??B<B>GM��1A>K>�:K>�>O>G�LHF>�LBMN:MBHGL�PA>K>�:Gextremely KHN@A�:IIKHQBF:MBHG�BL�<:EE>=�?HK�

�EHG@�MA>�L:F>�EBG>L	�A>K>�BL�:�E>LL
>QMK>F>�>Q:FIE>�MA:M�:KBL>L�BG�MA>�BGMKH=N<MHKR�<A>FBLMKR�<E:LL��0NIIHL>�MA>�:LLB@GF>GM�BL
MH�;:E:G<>�MA>�>JN:MBHG�?HK�MA>�<HF;NLMBHG�H?�@:LHEBG>	�G:F>ER

a  � %�� � b , � e x  , � � y %� ,

;R�?BG=BG@�GNF>KB<:E�O:EN>L�?HK�MA>�<H>??B<B>GMLa	 b	 x	�:G= y��1A>�<HGO>GMBHG:E�:GLP>K�BL��a	 b	 x	 y������	���	���	������1A>
HNM<HF>�H?�MA>�K>:E�K>:<MBHG�FNLM�A:O>�aLHF>b�NG<>KM:BGMR	�;><:NL>�MA>K>�PBEE�@>G>K:EER�;>�LHF>�GHG
B=>:EBMB>L	�BG<EN=BG@�MA>
IK>L>G<>�H?�HMA>K�FHE><NE>L�LN<A�:L� ,�HK� �
 	�GHM�MH�F>GMBHG�+,� HK�PA:M>O>K��%HP>O>K	�FR�IHBGM�BL�MA:M�P>�=HG`M�G><>LL:KBER

 A:IM>K���T�&GMKH=N<MBHG��1A>�+:MNK>�H?�0<B>G<>�:G=�-ARLB<L ��
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<:K>�:;HNM�MA>L>�GHG
B=>:EBMB>L��4>�<:G�I>K?><MER�P>EE�?BG=�MA>�B=>:EBS>=�LHENMBHG�MH�MA>�B=>:EBS>=�>JN:MBHG�:G=�IHLMIHG>�PHKKRBG@
:;HNM�MA>�GHG
B=>:EBMB>L�:G=�NG<>KM:BGMB>L�NGMBE�FN<A	�FN<A�E:M>K�

�L�:GHMA>K�>Q:FIE>	�LNIIHL>�RHN�NL>�:�=B@BM:E�LMHIP:M<A�MH�F>:LNK>�LHF>�>O>GM	�:G=�MA>�K>:=BG@�BL�������L><HG=L��4>�<:EE
MABL�GNF;>K�MA>indicated MBF>	�:G=�P>�=BLMBG@NBLA�BM�?KHF�MA>true MBF>�H?�MA>�>O>GM��&G�IKBG<BIE>	�MA>K>�BL�GH�<A:G<>�MA:M�MA>
BG=B<:M>=�MBF>�PBEE�;>�>Q:<MER�>JN:E�MH�MA>�MKN>�MBF>��MKN>�MBF>�BL�:continuous variable	�PAB<A�F>:GL�MA:M�BM�<:G�M:D>�HG�:G�BG?BGBM>
:FHNGM�H?�O:EN>L	�LN<A�:L������	�������	������
�	������





�	�:G=�LH�HG	�PA>K>:L�MA>�BG=B<:M>=�MBF>�BL quantized	�PAB<A
F>:GL�MA:M�BM�<:G�HGER�M:D>�HG�<>KM:BG�O:EN>L	�LN<A�:L	�B?�RHN�A:O>�:�LMHIP:M<A�PBMA�HGER�MAK>>�=><BF:E�IE:<>L	�RHN�<:G�A:O>
������:G=������	�;NM�GH�O:EN>L�BG�;>MP>>G	�LN<A�:L���������%HP>O>K 	�BG�F:GR�<:L>L�RHN�F:R�=><B=>�MA:M�BM�BL�<EHL>�>GHN@A	�BG
PAB<A�<:L>�RHN�LAHNE=�CNLM�PKBM>�=HPG�MA>�BG=B<:M>=�K>:=BG@�:G=�GHM�PHKKR�:;HNM�MA>�JN:GMBS:MBHG�>KKHK�

)>M�NL�<HGMBGN>�PBMA�MA>�LMHIP:M<A�>Q:FIE>��0NIIHL>�P>�F:D>�MPH�H;L>KO:MBHGL��1A>�?BKLM�K>:=BG@�BL�������L><HG=L	�:G=�MA>
L><HG=�K>:=BG@�BL�CNLM�MA>�L:F>	�G:F>ER�������L><HG=L��*>:GPABE>	�AHP>O>K	�RHN�F:R�;>EB>O>�MA:M�B?�RHN�K>I>:M>=�MA>
>QI>KBF>GM�F:GR�MBF>L	�MA>�K>LNEMBG@�L>M�H?�K>:=BG@L�PHNE=�A:O>�LHF>�:FHNGM�H?�L<:MM>K	�G:F>ER�q 
�
��L><HG=L��1A>�MPH
H;L>KO:MBHGL�MA:M�P>�:<MN:EER�A:O>�=HG`M�LAHP�:GR�L<:MM>K�:M�:EE	�LH�RHNK�>LMBF:M>�H?�MA>�NG<>KM:BGMR�K>F:BGL�ARIHMA>MB<:E�:G=
MA>HK>MB<:E��1A>HK>MB<:E�BG?HKF:MBHG�BL�LMBEE�BG?HKF:MBHG	�:G=�LAHNE=�;>�PKBMM>G�=HPG�BG�MA>�E:;�;HHD	�IE:BG�:G=�LBFIE>��#HK�>Q:FIE>	
RHN�FB@AM�PKBM>�:�L>GM>G<>�MA:M�L:RL�a&GMNBMBHG�LN@@>LML�MA>�MBFBG@�=:M:�BL�K>IKH=N<B;E>�q 
�
��L><HG=L�b�&M�PHNE=�;>�>O>G�;>MM>K
MH�BG<EN=>�LHF>�>QIE:G:MBHG�H?�PAR�RHN�MABGD�LH��1A>�IKBG<BIE>�BL�LBFIE>��4KBM>�=HPG�PA:M�RHN�DGHP��0:R�PA:M�RHN�F>:G	�:G=
F>:G�PA:M�RHN�L:R��1A>�L:F>�IKBG<BIE>�:IIEB>L�MH�MA>�BG=B<:M>=�O:EN>L��1A>�K><HFF>G=�IK:<MB<>�BL�MH�PKBM>�=HPG�>:<A�BG=B<:M>=
O:EN>	�:L
BL	�IE:BG�:G=�LBFIE>�

6HN�:K>�GHM�MKRBG@�PKBM>�=HPG�MA>�MKN>�O:EN>L��6HN�=HG`M�DGHP�MA>�MKN>�O:EN>L��>Q<>IM�BGLH?:K�:L�MA>�BG=B<:M>=�O:EN>L�K>IK>L>GM
MA>F	�BG=BK><MER���6HN�=HG`M�G>>=�MH�DGHP�MA>�MKN>�O:EN>L	�LH�=HG`M�PHKKR�:;HNM�BM��1A>�KNE>�BL�Write down what you know. 0H�PKBM>
=HPG�MA>�BG=B<:M>=�O:EN>���ELH��6HN�:K>�GHM�H;EB@>=�MH�:MMKB;NM>�:GR�NG<>KM:BGMR�MH�MA>�GNF;>KL�RHN�PKBM>�=HPG��+HKF:E�E:;
;HHD
>GMKB>L�=H�GHM�>QIK>LL�:G�NG<>KM:BGMR�NLBG@A �qB GHM:MBHG�HK�HMA>KPBL>	�:G=�MA>R�=H�GHM�aBFIERb�:G�NG<>KM:BGMR�NLBG@�LB@�?B@L�HK
HMA>KPBL>��4>�:K>�:EP:RL�NG<>KM:BG�:;HNM�MA>�MKN>�O:EN>	�;NM�P>�:K>G`M�PKBMBG@�=HPG�MA>�MKN>�O:EN>	�LH�MA:M`L�GHM�:�<HG<>KG�

0HF>�I>HIE>�L:R�MA>K>�FNLM�;>�LHF>�NG<>KM:BGMR�a:LLH<B:M>=b�PBMA�MA>�GNF;>K�RHN�PKBM>�=HPG	�:G=�H?�<HNKL>�MA>K>�BL	�BG=BK><MER	
BG�MA>�L>GL>�MA:M�MA>�BG=B<:M>=�O:EN>�BL�a:LLH<B:M>=b�PBMA�LHF>�K:G@>�H?�MKN>�O:EN>L��4>�:K>�:EP:RL�NG<>KM:BG�:;HNM�MA>�MKN>
O:EN>	�;NM�MA:M�=H>L�GHM�F>:G�P>�:K>�NG<>KM:BG�:;HNM�MA>�BG=B<:M>=�O:EN>��1A>L>�MABG@L�:K>�a:LLH<B:M>=b�����;NM�MA>R�:K>�GHM�MA>
L:F>�MABG@�

&G�:�P>EE
=>LB@G>=�>QI>KBF>GM	�MABG@L�EBD>�K>:=:;BEBMR�:G=�JN:GMBS:MBHG�>KKHK�NLN:EER�=H�GHM�F:D>�:�E:K@>�<HGMKB;NMBHG�MH�MA>
HO>K:EE�NG<>KM:BGMR�:GRP:R��-E>:L>�=H�GHM�<HG?NL>�LN<A�MABG@L�PBMA�aMA>b�NG<>KM:BGMR�

&M�BL�NLN:EER�:�@HH=�IK:<MB<>�MH�D>>I�:EE�MA>�HKB@BG:E�=:M:��4A>G�K>:=BG@�:G�BGLMKNF>GM	�K>:=�BM�:L�IK><BL>ER�:L�MA>�BGLMKNF>GM
I>KFBML	�:G=�PKBM>�=HPG�MA>�K>:=BG@�a:L�BLb�����PBMAHNM�:GR�<HGO>KLBHGL	�:GR�KHNG=H??	�HK�:GRMABG@�>EL>�
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+H�F:MM>K�PA:M�RHN�:K>�MKRBG@�MH�=H	�LB@GB?B<:GM�?B@NK>L�:K>�MA>�PKHG@�P:R�MH�=H�BM�

4A>G�PKBMBG@	�=H�GHM�NL>�MA>�GNF;>K�H?�=B@BML�MH�BFIER�:GRMABG@�:;HNM�MA>�NG<>KM:BGMR��&?�RHN�P:GM�MH�=>L<KB;>�:�=BLMKB;NMBHG	
=>L<KB;>�BM�>QIEB<BMER	�I>KA:IL�NLBG@�>QIK>LLBHGL�LN<A�:L�������q 
�
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4A>G�K>:=BG@	�=H�GHM�:LLNF>�MA>�GNF;>K�H?�=B@BML�M>EEL�RHN�:GRMABG@�:;HNM�MA>�HO>K:EE�NG<>KM:BGMR	�:<<NK:<R	�IK><BLBHG	
MHE>K:G<>	�HK�:GRMABG@�>EL>	�NGE>LL�RHN�:K>�:;LHENM>ER�LNK>�MA:M`L�PA:M�MA>�PKBM>K�BGM>G=>=�����:G=�>O>G�MA>G	�;>P:K>�MA:M�MA>
F>:GBG@�BL�O>KR�NG<E>:K�

->HIE>�PAH�<:K>�:;HNM�MA>BK�=:M:�=HG`M�NL>�LB@�?B@L�

0B@GB?B<:GM
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�
��	�<HGO>KMBG@�BM�MH�LB@�?B@L�@BO>L
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c  HGO>KMBG@�MH�LB@�?B@L�<:G�<:NL>�>Q<>LLBO>�KHNG=H??�>KKHK�BG�MA>�GHFBG:E�O:EN>	A��1ABL�BL�:�;B@�IKH;E>F�
c 0B@�?B@L�<:NL>�I>HIE>�MH�FBLNG=>KLM:G=�MA>�=BLMBG<MBHG�;>MP>>G�KHNG=H??�>KKHK�:G=�NG<>KM:BGMR�
c 0B@�?B@L�<:NL>�I>HIE>�MH�FBLNG=>KLM:G=�MA>�=BLMBG<MBHG�;>MP>>G�NG<>KM:BGMR�:G=�LB@GB?B<:G<>��0B@�?B@L�<:NL>�I>HIE>�MH

FBLNG=>KLM:G=�MA>�=BLMBG<MBHG�;>MP>>G�MA>indicated value :G=�MA>�<HKK>LIHG=BG@�K:G@>�H?true values�
c 0B@�?B@L�<:NL>�I>HIE>�MH�FBLNG=>KLM:G=�MA>�=BLMBG<MBHG�;>MP>>G�=BLMKB;NMBHGL�:G=�GNF;>KL��!BLMKB;NMBHGL�A:O>�PB=MA	
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#HK�AHF>PHKD�IKH;E>FL�HGEBG>	�AHP>O>K	�:GLP>KL�PBEE�;>�CN=@>=�:L�<HKK><M�B?�MA>R�:K>�PBMABGtwo percent H?�MA>�<HKK><M
O:EN>	�LH�FR�LN@@>LMBHG�BL�MH�CNLM�INM�BG�IE>GMR�H?�=B@BML��6HN�F:R�@>M�:�F>LL:@>�MA:M�L:RL�LHF>MABG@�:;HNM�BG<HKK><M�GNF;>K
H?�LB@GB?B<:GM�?B@NK>L�B?�RHN�=H�MABL���%HP>O>K	�=HG`M�PHKKR�:;HNM�BM	�MA>�IKH;E>F�A:L�;>>G�@K:=>=�<HKK><MER��*:LM>KBG@�IARLB<L
BL�CNLM�M>EEBG@�RHN�MA:M�RHN�=B=�RHNK�LB@GB?B<:GM�?B@NK>L�PKHG@��%HP>O>K	�LBG<>�&�=HG`M�<:K>�:;HNM�LB@GB?B<:GM�?B@NK>L	�BM`L�GHM
K>:EER�:�;B@�=>:E��RHN�PBEE�@>M�?NEE�<K>=BM�>BMA>K�P:R�

&G�K>@:K=L�MH�AHP�MH�IK>L>GM�=:M:�BG�MA>�E:;L	�L><MBHG�����A:L�:EE�MA>�BG?HKF:MBHG�HG�AHP�I>HIE>�IK>L>GM�=:M:	�:G=�LH�RHN
LAHNE=�?HEEHP�MA>L>�@NB=>EBG>L�?HK�MA>�E:;L�:L�P>EE��

1.4 Introduction to Statistics

Your Quiz would Cover
c *>:G�:G=�0M:G=:K=�!>OB:MBHG��(GHP�MA>�=>?BGBMBHG�H?�;HMA�H?�MA>L>�:L�P>EE�:L�AHP�MH�<:E<NE:M>�MA>F�?HK�:�@BO>G�=:M:

L>M�
c 2LBG@�F>:G�:G=�LM:G=:K=�=>OB:MBHG�BG�<:E<NE:MBHGL�

1ABL�L><MBHG�?H<NL>L�HG�LHF>�;:LB<�LM:MBLMB<L�?:<ML�MA:M�P>�PBEE�G>>=�?HK�MABL�<E:LL��1ABL�L><MBHG�BL�:ELH�:O:BE:;E>�:L�:�OB=>H�
Link to the video: https://www .youtube.com/watch?v=sGjq350QY7c (https://www .youtube.com/watch?v=sGjq350QY7c)

%HP�MH�IK>L>GM�=:M:�?HK�E:;HK:MHKR�>Q>K<B>L>
%HP�=H�I>HIE>�:<MN:EER�IK>L>GM�=:M:����<HFFHG�F>MAH=�BL�Z�V�\	�PA>K>�Z�BL�MA>mean	�:G=�\�BL�MA>standard deviation �
�>?HK>�P>�M:ED�:;HNM�F>:G�:G=�LM:G=:K=�=>OB:MBHG	�P>�A:O>�MH�=BL<NLL�:�EBMME>�;BM�:;HNM�F>:LNK>F>GM��*HLM�H;C><ML�A:O>�LHF>
O:KB:MBHG��->HIE>�<HF>�BG�:�O:KB>MR�H?�A>B@AML	�?HK�>Q:FIE>	�:G=�>O>G�F:GN?:<MNK>=�H;C><ML�EBD>	�L:R�I>G<BEL	�PBEE�A:O>�:�O:KB>MR�H?
E>G@MAL��&?�RHN�<:G�F>:LNK>�MA>F�IK><BL>ER�>GHN@A	�MABL�O:KB:MBHG�F:R�;>�O>KR�LF:EE	�?HK�H;C><ML�F:=>�;R�F:<ABG>L�?HK�>Q:FIE>	
;NM�BM�PBEE�LMBEE�;>�MA>K>���GHMA>K�>Q:FIE>�MA:M`L�GHM�CNLM�E>G@MAL�HK�A>B@AML�BL�MA>�GNF;>K�H?�;EHH=�<>EEL�I:LLBG@�MAKHN@A�:�<:IBEE:KR
I>K�L><HG=��1ABL�JN:GMBMR�PBEE	�H?�<HNKL>	�O:KR�?KHF�L><HG=�MH�L><HG=���GHMA>K�>Q:FIE>�FB@AM�;>�MA:M�B?�RHN�A:O>�:�LIKBG@�;:L>=
E:NG<A>K�H?�:�;:EE	�MA>�;:EE�PBEE�MK:O>E�LEB@AMER�=B??>K>GM�=BLM:G<>L�>:<A�MBF>	�B?�?HK�GH�HMA>K�K>:LHG�MA:G�MA>�LIKBG@�<HBEL�LEB@AMER
=B??>K>GM�P:RL�HG�MA>�FHE><NE:K�E>O>E�PBMA�>:<A�E:NG<A��1A>L>�MRI>L�H?�O:KB:MBHG�:K>�BGMKBGLB<	�:G=�K>LNEM�BG�O:KB:MBHG�BG�RHNK
F>:LNK>F>GM��%HP>O>K	�LHF>MBF>L�F>:LNKBG@�LHF>MABG@�=BK><MER�BL�MHN@A	�:G=�RHN�G>>=�MH�NL>�BG=BK><M�F>MAH=L	�EBD>�P>�=H�?HK
HNK�EB;K:KR�E:;��,G>�P:R�MH�@>M�:�?>>E�?HK�MA>�IK><BLBHG�H?�RHNK�F>MAH=�BL�MH�F:D>�MA>�F>:LNK>F>GM�PBMA�:�?>P�=B??>K>GM�F>MAH=L	
PBMA�PA:M�P>�>QI><M�MH�A:O>�LBFBE:K�E>O>EL�H?�IK><BLBHG��1A>�O:KB:MBHG�BG�MA>�K>LNEML�H?�MA>�=B??>K>GM�F>MAH=L�<:G�@BO>�:�L>GL>�H?
MA>�IK><BLBHG�H?�RHNK�F>:LNK>F>GML��MABL�BL�AHP�P>�PBEE�>O:EN:M>�HNK�F>MAH=L�?HK�MA>�EB;K:KR�E:;�

*>:G�:G=�0M:G=:K=�!>OB:MBHG
1H�M:ED�:;HNM�MA>�B=>:L�H?�F>:G�:G=�LM:G=:K=�=>OB:MBHG	�BM`L�A>EI?NE�MH�A:O>�:G�>Q:FIE>��0:R�P>�MHHD�MA>�A>B@AM�H?��
�F>G�?KHF
MA>�2GBM>=�0M:M>L�:G=�IK>L>GM>=�MA>�=:M:�BG�MA>�M:;E>�;>EHP�
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+HM>�MA:M�MA>K>�:K>�GH�NG<>KM:BGMB>L�EBLM>=�BG�MABL�M:;E>��6>L	�MA>�KNE>K�MA:M�P>`K>�NLBG@�A:L�LHF>�EBFBM�H?�IK><BLBHG	�PAB<A�BL
:II:K>GMER����<F�:<<HK=BG@�MH�MABL�M:;E>	�;NM�MA>�O:KB:MBHG�;>MP>>G�F>:LNK>F>GML�BL�FN<A�E:K@>K�MA:G�MABL	�LH�MA>�IK><BLBHG�H?�MA>
KNE>K�PHG`M�;>�MHH�BFIHKM:GM��&G�:�P>EE
=>LB@G>=�>QI>KBF>GM�MA>�IK><BLBHG�H?�RHNK�BGLMKNF>GML�LAHNE=�;>�FN<A�E>LL�MA:G�MA>
BGMKBGLB<�O:KB:MBHG�MA:M�RHN�:K>�MKRBG@�MH�F>:LNK>�

Mean

1A>�FHLM�<HFIE>M>�P:R�MH�K>IHKM�MABL�=:M:�PHNE=�;>�MH�K>IHKM�MA>�>GMBK>�M:;E>�:L�P>`O>�=HG>�A>K>��%HP>O>K	�MABL�;><HF>L
BFIK:<MB<:E�:L�FHK>�:G=�FHK>�=:M:�:K>�<HEE><M>=��*HK>HO>K	�BM�;><HF>L�O>KR�=B??B<NEM�MH�L>>�MK>G=L�PA>G�RHN�CNLM�@HM�;B@�EBLML�H?
GNF;>KL��1A>K>?HK>	�P>�G>>=�P:RL�MH�<A:K:<M>KBS>�HNK�=:M:��&?�RHN`K>�EHHDBG@�?HK�:�P:R�MH�<A:K:<M>KBS>�MA>�=:M:	�MA>�?BKLM�MABG@
MA:M�RHN�FB@AM�MABGD�H?�MH�=H�PHNE=�;>�MH�M:D>�MA>�:O>K:@>��+HP�BG�F:MA>F:MB<L	�MA>�PHK=�:O>K:@>�BL�K>IE:<>=�PBMA�MA>�PHK=
F>:G��MA>R`K>�LRGHGRFL��1A>K>�:K>�F:GR�=B??>K>GM�LRF;HEL�?HK�F>:G�:G=�>:<A�=BL<BIEBG>�L>>FL�MH�A:O>�MA>BK�HPG�HG>	�LH�&`F
@HBG@�MH�IK>L>GM�RHN�PBMA�:EE�H?�MA>F��&�PBLA�P>�<HNE=�:@K>>�HG�PAB<A�LRF;HE�MH�NL>	�;NM�P>�<:G`M	�LH�&`F�CNLM�@HBG@�MH�LAHP�RHN
:EE�H?�PA:M`L�HNM�MA>K>��1A>�$K>>D�E>MM>K�uA>K>�BL�:�O>KR�@>G>K:E�LRF;HE�?HK�F>:G����@>G>K:E�MBI�&�PHNE=�A:O>�BL�MA:M�RHN�E>:KG

RHNK�$K>>D�:EIA:;>M���GHMA>K�P:R�MH�K>IK>L>GM�F>:G�BL	�E>M`L�L:R�P>`K>�NLBG@�MA>�O:KB:;E>�) MH�K>IK>L>GM�MA>�A>B@AM�H?�:�F:G	

MA>G�RHN�FB@AM�L>>�)
�o

HK� �) �¡ MH�K>IK>L>GM�MA>�F>:G��1A>�?HKFNE:�?HK�MA>�F>:G�BL�@BO>G�;R

�
 �� ��
�/ �&�J

�Y�J

*:GR�H?�MA>�>JN:MBHGL�MA:M�RHN�FB@AM�L>>�BG�MABL�L><MBHG�<:G�@>M�IK>MMR�N@ER�EHHDBG@	�;NM�MA>R�:K>�F:G:@>:;E>�B?�RHN�LMHI�:G=
I:KL>�MA>F�=HPG�:G=�K>:=�PA:M�MA>�>JN:MBHG�BL�MKRBG@�MH�M>EE�RHN����@HH=�MBI�?HK�JN>LMBHGL�BL�MH�K>:=�:<MN:EER�KB@AM�MH�E>?M��0H	�E>M`L
@BO>�MA:M�:�LAHM�PBMA�MABL�>JN:MBHG��1A>�E>MM>K�JK>IK>L>GML�:G�BG=>Q�HO>K�MA>�F>:LNK>F>GML��%>K>�P>�A:O>��
�F>:LNK>F>GML	

LH �JBL�:G�BGM>@>K�MA:M�KNGL�?KHF���MH��
��Y�JBL�HG>�LI><B?B<�F>:LNK>F>GM	�LH�Y�� BL�MA>�A>B@AM�H?�MA>�?B?MA�I>KLHG�PAB<A	

:<<HK=BG@�MH�HNK�M:;E>	�BL���
���<F��1H�<:E<NE:M>�MA>�F>:G	�P>�:==�NI�:EE�MA>�F>:LNK>F>GML	�:G=�MA>G�=BOB=>�;R�MA>�GNF;>K�H?
F>:LNK>F>GML��)>M`L�<:E<NE:M>�MA>�F>:G��#HK�MA>L>�=:M:	�PA>G�P>�:==�NI�:EE�H?�MA>�F>:LNK>F>GML	�P>�@>M�:�LNF�H?����
�<F�

4 >�=BOB=>�;R�MA>�GNF;>K�H?�F>:LNK>F>GML��M:D>���������D�N
�����D�N

	�PAB<A�@BO>L�NL�:�K>LNEM�H?�����<F��1ABL�BL�HNK�:O>K:@>�HK�F>:G�

Standard Deviation

1A>�F>:G�IKHOB=>L�:�@K>:M�LM:KMBG@�IHBGM�?HK�<A:K:<M>KBSBG@�=:M:	�;NM�BM`L�BGLN??B<B>GM�;><:NL>�BM`L�FBLLBG@�:�D>R�?>:MNK>��'NLM
K>IK>L>GMBG@�MA>�F>:G�@BO>L�NL�GH�<EN>�HG�AHP�LIK>:=�HNM�MA>L>�=:M:�:K>��-AK:L>=�=B??>K>GMER	�P>�=HG`M�A:O>�:GR�BG?HKF:MBHG�HG
PA:M�BL�MA>�:O>K:@>�=BLM:G<>�?HK�:�K:G=HF�=:M:�IHBGM�MH�MA>�F>:G��0H�B?�P>`K>�EHHDBG@�:M�MABL�JN>LMBHG	�E>M`L�MKR�MH�MK:GLE:M>�MABL

��  A:IM>K���T�&GMKH=N<MBHG��1A>�+:MNK>�H?�0<B>G<>�:G=�-ARLB<L

1ABL�,I>G0M:Q�;HHD�BL�:O:BE:;E>�?HK�?K>>�:M�AMMIL���E>@:<R�<GQ�HK@�<HGM>GM�<HE���������
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JN>LMBHG�BGMH�F:MA>F:MB<L��4>EE	�MA>�=BLM:G<>�?KHF�:�@BO>G�=:M:�IHBGM�Y�JMH�MA>�F>:G�PHNE=�;>� �) �¡�' �Y�J	�:G=�MA>�:O>K:@>

=BLM:G<>�PHNE=�;>	�P>EE	�M:D>�:EE�H?�MA>L>�=B??>K>GM�=BLM:G<>L	�
 �' �Y�J	�:==�MA>F�:EE�NI�:G=�=BOB=>�;R�MA>�GNF;>K�H?

F>:LNK>F>GML�

%HP>O>K	�MABL�B=>:�A:L�:�IKH;E>F��0HF>�=BLM:G<>L�:K>�EHP>K�MA:G�MA>�F>:G��#HK�>Q:FIE>	�I>KLHG���BL�LEB@AMER�LAHKM>K�MA:G�HNK
:O>K:@>��0H	�ABL�=BLM:G<>�MH�MA>�F>:G�PBEE�;>�IHLBMBO>	�PABE>�LHF>�I>HIE>�:K>�M:EE>K�MA:G�MA>�:O>K:@>	�?HK�>Q:FIE>�I>KLHG��	�LH
MA>BK�=BLM:G<>�MH�MA>�F>:G�PBEE�;>�G>@:MBO>��&?�&�:==�NI�IHLBMBO>�GNF;>KL�:G=�G>@:MBO>�GNF;>KL	�&`EE�IKH;:;ER�@>M�:�K>LNEM�MA:M`L
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1.5 Accuracy and Precision
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accuracy :

classical physics :

conversion factor :

derived units :

English units :

fundamental units :

kilogram :

law:

meter :

metric system :

model :

modern physics :

order of magnitude :

percent uncertainty :

physical quantity :

physics :

precision :

quantum mechanics :

relativity :
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Check Your Understanding
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Figure 1.27 Estimation (http://legacy .cnx.org/content/m64071/1.4/estimation_en.jar)

Glossary

MA>�=>@K>>�MH�PAB<A�:�F>:LNK>=�O:EN>�:@K>>L�PBMA�<HKK><M�O:EN>�?HK�MA:M�F>:LNK>F>GM

IARLB<L�MA:M�P:L�=>O>EHI>=�?KHF�MA>�/>G:BLL:G<>�MH�MA>�>G=�H?�MA>���MA�<>GMNKR

:�K:MBH�>QIK>LLBG@�AHP�F:GR�H?�HG>�NGBM�:K>�>JN:E�MH�:GHMA>K�NGBM

NGBML�MA:M�<:G�;>�<:E<NE:M>=�NLBG@�:E@>;K:B<�<HF;BG:MBHGL�H?�MA>�?NG=:F>GM:E�NGBML

LRLM>F�H?�F>:LNK>F>GM�NL>=�BG�MA>�2GBM>=�0M:M>L��BG<EN=>L�NGBML�H?�F>:LNK>F>GM�LN<A�:L�?>>M	�@:EEHGL	�:G=
IHNG=L

NGBML�MA:M�<:G�HGER�;>�>QIK>LL>=�K>E:MBO>�MH�MA>�IKH<>=NK>�NL>=�MH�F>:LNK>�MA>F

MA>�0&�NGBM�?HK�F:LL	�:;;K>OB:M>=��D@�

:�=>L<KBIMBHG	�NLBG@�<HG<BL>�E:G@N:@>�HK�:�F:MA>F:MB<:E�?HKFNE:	�:�@>G>K:EBS>=�I:MM>KG�BG�G:MNK>�MA:M�BL�LNIIHKM>=�;R
L<B>GMB?B<�>OB=>G<>�:G=�K>I>:M>=�>QI>KBF>GML

MA>�0&�NGBM�?HK�E>G@MA	�:;;K>OB:M>=��F�

:�LRLM>F�BG�PAB<A�O:EN>L�<:G�;>�<:E<NE:M>=�BG�?:<MHKL�H?��


K>IK>L>GM:MBHG�H?�LHF>MABG@�MA:M�BL�H?M>G�MHH�=B??B<NEM��HK�BFIHLLB;E>��MH�=BLIE:R�=BK><MER

MA>�LMN=R�H?�K>E:MBOBMR	�JN:GMNF�F><A:GB<L	�HK�;HMA

K>?>KL�MH�MA>�LBS>�H?�:�JN:GMBMR�:L�BM�K>E:M>L�MH�:�IHP>K�H?��


MA>�K:MBH�H?�MA>�NG<>KM:BGMR�H?�:�F>:LNK>F>GM�MH�MA>�F>:LNK>=�O:EN>	�>QIK>LL>=�:L�:�I>K<>GM:@>

:�<A:K:<M>KBLMB<�HK�IKHI>KMR�H?�:G�H;C><M�MA:M�<:G�;>�F>:LNK>=�HK�<:E<NE:M>=�?KHF�HMA>K�F>:LNK>F>GML

MA>�L<B>G<>�<HG<>KG>=�PBMA�=>L<KB;BG@�MA>�BGM>K:<MBHGL�H?�>G>K@R	�F:MM>K	�LI:<>	�:G=�MBF>��BM�BL�>LI><B:EER�BGM>K>LM>=
BG�PA:M�?NG=:F>GM:E�F><A:GBLFL�NG=>KEB>�>O>KR�IA>GHF>GHG

MA>�=>@K>>�MH�PAB<A�K>I>:M>=�F>:LNK>F>GML�:@K>>�PBMA�>:<A�HMA>K

MA>�LMN=R�H?�H;C><ML�LF:EE>K�MA:G�<:G�;>�L>>G�PBMA�:�FB<KHL<HI>

MA>�LMN=R�H?�H;C><ML�FHOBG@�:M�LI>>=L�@K>:M>K�MA:G�:;HNM����H?�MA>�LI>>=�H?�EB@AM	�HK�H?�H;C><ML�;>BG@�:??><M>=�;R�:
LMKHG@�@K:OBM:MBHG:E�?B>E=

��  A:IM>K���T�&GMKH=N<MBHG��1A>�+:MNK>�H?�0<B>G<>�:G=�-ARLB<L

1ABL�,I>G0M:Q�;HHD�BL�:O:BE:;E>�?HK�?K>>�:M�AMMIL���E>@:<R�<GQ�HK@�<HGM>GM�<HE���������
Unit I  -  Mathematical Tools and Foundational Concepts 31



scientific method :

second :

SI units :

theory :

uncertainty :

units :
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Section Summary

1.1 An Introduction to Physics
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1.2 Physical Quantities and Units
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1.3 Writing Numbers
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Conceptual Questions

1.1 An Introduction to Physics
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1.2 Physical Quantities and Units
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1.5 Accuracy and Precision
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Problems & Exercises

1.2 Physical Quantities and Units
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1.5 Accuracy and Precision
Express your answers to problems in this section to the
correct number of significant figures and proper units.
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Figure 2.1 1A>�FHMBHG�H?�:G��F>KB<:G�D>LMK>E�MAKHN@A�MA>�:BK�<:G�;>�=>L<KB;>=�;R�MA>�;BK=`L�=BLIE:<>F>GM	�LI>>=	�O>EH<BMR	�:G=�:<<>E>K:MBHG��4A>G�BM
?EB>L�BG�:�LMK:B@AM�EBG>�PBMAHNM�:GR�<A:G@>�BG�=BK><MBHG	�BML�FHMBHG�BL�L:B=�MH�;>�HG>�=BF>GLBHG:E���<K>=BM��3BG<>�*:B=>GL	�4BDBF>=B:� HFFHGL�

 A:IM>K�,NMEBG>
2.1. Displacement

c %HP�IHLBMBHG�=B??>KL�?KHF�=BLIE:<>F>GM	�:G=�AHP�=BLM:G<>�=B??>KL�?KHF�=BLIE:<>F>GM
c 4A>G�MH�NL>�IHLBMBHG�:G=�PA>G�MH�NL>�=BLIE:<>F>GM
c &=>GMB?R�MA:M�=BLIE:<>F>GM�A:L�:�=BK><MBHG

2.2. Vectors, Scalars, and Coordinate Systems
c !>?BGBMBHGL�H?�O><MHKL�:G=�L<:E:KL	�:G=�MA>�=B??>K>G<>�;>MP>>G�MA>F

2.3. Time, Velocity , and Speed
c !>L<KB;BG@�AHP�O>EH<BMR�BL�=B??>K>GM�?KHF�LI>>=
c &=>GMB?RBG@�MA:M�O>EH<BMR�A:L�:�=BK><MBHG
c &=>GMB?RBG@�MA:M�O>EH<BMR�BL�:EP:RL�I:K:EE>E�MH�MA>�I:MA
c 0HEOBG@�?HK�IHLBMBHG�:L�:�?NG<MBHG�H?�MBF>	�@BO>G�O>EH<BMR�:L�:�?NG<MBHG�H?�MBF>

2.4. Acceleration
c &=>GMB?RBG@�MA:M�:<<>E>K:MBHG�A:L�:�=BK><MBHG
c 2LBG@�MA>�K>E:MBHGLABI�;>MP>>G�:O>K:@>�O>EH<BMR�:G=�IHLBMBHG�MH�LHEO>�IKH;E>FL�:;HNM�MA>�FHMBHG�H?�H;C><ML�
c !>L<KB;BG@�AHP�O>EH<BMR�PBEE�<A:G@>�@BO>G�:<<>E>K:MBHG�

2.5. Graphical Analysis of One-Dimensional Motion
c !>L<KB;BG@�MA>�NGBML�H?�MA>�O:EN>	�LEHI>	�:G=�BGM>@K:E�H?�:GR�@K:IA
c 2LBG@�LEHI>�H?�:�IHLBMBHG�OL��MBF>�@K:IA�MH�LD>M<A�:�O>EH<BMR�OL��MBF>�@K:IA
c 2LBG@�LEHI>�H?�:�O>EH<BMR�OL��MBF>�@K:IA�MH�LD>M<A�:G�:<<>E>K:MBHG�OL��MBF>�@K:IA
c 2LBG@�:K>:�NG=>K�:G�:<<>E>K:MBHG�OL��MBF>�@K:IA�MH�LD>M<A�:�O>EH<BMR�OL��MBF>�@K:IA
c 2LBG@�MA>�:K>:�NG=>K�:�O>EH<BMR�OL��MBF>�@K:IA�MH�LD>M<A�:�IHLBMBHG�OL��MBF>�@K:IA

2.6. Simulations
c $BO>G�:�O>EH<BMR�:L�:�?NG<MBHG�H?�MBF>	�;>�:;E>�MH�LHEO>�?HK�MA>�IHLBMBHG�:L�:�?NG<MBHG�H?�MBF>�BM>K:MBO>ER�
c 2L>�BM>K:MBO>�F>MAH=L�MH�LHEO>�?HK�MA>�FHMBHG�H?�:G�H;C><M�@BO>G�:G�:K;BMK:KR��GHG
<HGLM:GM��:<<>E>K:MBHG�

Introduction to One-Dimensional Kinematics

,;C><ML�:K>�BG�FHMBHG�>O>KRPA>K>�P>�EHHD��"O>KRMABG@�?KHF�:�M>GGBL�@:F>�MH�:�LI:<>
IKH;>�?ER;R�H?�MA>�IE:G>M�+>IMNG>�BGOHEO>L
FHMBHG��4A>G�RHN�:K>�K>LMBG@	�RHNK�A>:KM�FHO>L�;EHH=�MAKHN@A�RHNK�O>BGL���G=�>O>G�BG�BG:GBF:M>�H;C><ML	�MA>K>�BL�<HGMBGNHNL
FHMBHG�BG�MA>�OB;K:MBHGL�H?�:MHFL�:G=�FHE><NE>L��.N>LMBHGL�:;HNM�FHMBHG�:K>�BGM>K>LMBG@�BG�:G=�H?�MA>FL>EO>L�How long will it
take for a space probe to get to Mars? Where will a football land if it is thrown at a certain angle? �NM�:G�NG=>KLM:G=BG@�H?�FHMBHG
BL�:ELH�D>R�MH�NG=>KLM:G=BG@�HMA>K�<HG<>IML�BG�IARLB<L���G�NG=>KLM:G=BG@�H?�:<<>E>K:MBHG	�?HK�>Q:FIE>	�BL�<KN<B:E�MH�MA>�LMN=R�H?
?HK<>�

,NK�?HKF:E�LMN=R�H?�IARLB<L�;>@BGL�PBMAkinematics PAB<A�BL�=>?BG>=�:L�MA>study of motion without considering its causes��1A>
PHK=�aDBG>F:MB<Lb�<HF>L�?KHF�:�$K>>D�M>KF�F>:GBG@�FHMBHG�:G=�BL�K>E:M>=�MH�HMA>K�"G@EBLA�PHK=L�LN<A�:L�a<BG>F:b��FHOB>L�

 A:IM>K���T�(BG>F:MB<L ��
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:G=�aDBG>LBHEH@Rb��MA>�LMN=R�H?�ANF:G�FHMBHG���&G�HG>
=BF>GLBHG:E�DBG>F:MB<L�:G=Two-Dimensional Kinematics
(https://legacy .cnx.org/content/m42126/latest/) P>�PBEE�LMN=R�HGER�MA>motion H?�:�?HHM;:EE	�?HK�>Q:FIE>	�PBMAHNM�PHKKRBG@�:;HNM
PA:M�?HK<>L�<:NL>�HK�<A:G@>�BML�FHMBHG��0N<A�<HGLB=>K:MBHGL�<HF>�BG�HMA>K�<A:IM>KL��&G�MABL�<A:IM>K	�P>�>Q:FBG>�MA>�LBFIE>LM
MRI>�H?�FHMBHG^G:F>ER	�FHMBHG�:EHG@�:�LMK:B@AM�EBG>	�HK�HG>
=BF>GLBHG:E�FHMBHG��&GTwo-Dimensional Kinematics
(https://legacy .cnx.org/content/m42126/latest/) 	�P>�:IIER�<HG<>IML�=>O>EHI>=�A>K>�MH�LMN=R�FHMBHG�:EHG@�<NKO>=�I:MAL��MPH

:G=�MAK>>
=BF>GLBHG:E�FHMBHG���?HK�>Q:FIE>	�MA:M�H?�:�<:K�KHNG=BG@�:�<NKO>�

2.1 Displacement

Your Quiz would Cover
c %HP�IHLBMBHG�=B??>KL�?KHF�=BLIE:<>F>GM	�:G=�AHP�=BLM:G<>�=B??>KL�?KHF�=BLIE:<>F>GM
c 4A>G�MH�NL>�IHLBMBHG�:G=�PA>G�MH�NL>�=BLIE:<>F>GM
c &=>GMB?R�MA:M�=BLIE:<>F>GM�A:L�:�=BK><MBHG

Figure 2.2 1A>L>�<R<EBLML�BG�3B>MG:F�<:G�;>�=>L<KB;>=�;R�MA>BK�IHLBMBHG�K>E:MBO>�MH�;NBE=BG@L�:G=�:�<:G:E��1A>BK�FHMBHG�<:G�;>�=>L<KB;>=�;R�MA>BK�<A:G@>
BG�IHLBMBHG	�HK�=BLIE:<>F>GM	�BG�MA>�?K:F>�H?�K>?>K>G<>���<K>=BM��0NS:G��E:<D	�#HMHI>=B:�

4ABE>position :G= displacement FB@AM�L>>F�EBD>�MA>R�F>:G�MA>�L:F>�MABG@	�MA>K>�BL�:�=B??>K>G<>�BG�PA:M�MA>R�F>:G�MA:M�BL
BFIHKM:GM�MH�NG=>KLM:G=��&M�L�A>EI?NE�MH�D>>I�MABL�BG�FBG=�:L�RHN�K>:=�:;HNM�MA>�MPH	�:G=�I>KA:IL�MKR�MH�INM�PA:M�MA>
=B??>K>G<>�BL�BG�RHNK�HPG�PHK=L�

-HLBMBHG
&G�HK=>K�MH�=>L<KB;>�MA>�FHMBHG�H?�:G�H;C><M	�RHN�FNLM�?BKLM�;>�:;E>�MH�=>L<KB;>�BMLposition ^PA>K>�BM�BL�:M�:GR�I:KMB<NE:K�MBF>�
*HK>�IK><BL>ER	�RHN�G>>=�MH�LI><B?R�BML�IHLBMBHG�K>E:MBO>�MH�:�<HGO>GB>GM�K>?>K>G<>�?K:F>��":KMA�BL�H?M>G�NL>=�:L�:�K>?>K>G<>
?K:F>	�:G=�P>�H?M>G�=>L<KB;>�MA>�IHLBMBHG�H?�:G�H;C><M�:L�BM�K>E:M>L�MH�LM:MBHG:KR�H;C><ML�BG�MA:M�K>?>K>G<>�?K:F>��#HK�>Q:FIE>	�:
KH<D>M�E:NG<A�PHNE=�;>�=>L<KB;>=�BG�M>KFL�H?�MA>�IHLBMBHG�H?�MA>�KH<D>M�PBMA�K>LI><M�MH�MA>�":KMA�:L�:�PAHE>	�PABE>�:�IKH?>LLHKL̀
IHLBMBHG�<HNE=�;>�=>L<KB;>=�BG�M>KFL�H?�PA>K>�LA>�BL�BG�K>E:MBHG�MH�MA>�G>:K;R�PABM>�;H:K=���0>>Figure 2.3 ���&G�HMA>K�<:L>L	�P>
NL>�K>?>K>G<>�?K:F>L�MA:M�:K>�GHM�LM:MBHG:KR�;NM�:K>�BG�FHMBHG�K>E:MBO>�MH�MA>�":KMA��1H�=>L<KB;>�MA>�IHLBMBHG�H?�:�I>KLHG�BG�:G
:BKIE:G>	�?HK�>Q:FIE>	�P>�NL>�MA>�:BKIE:G>	�GHM�MA>�":KMA	�:L�MA>�K>?>K>G<>�?K:F>���0>>Figure 2.4 ��

!BLIE:<>F>GM
&?�:G�H;C><M�FHO>L�K>E:MBO>�MH�:�K>?>K>G<>�?K:F>��?HK�>Q:FIE>	�B?�:�IKH?>LLHK�FHO>L�MH�MA>�KB@AM�K>E:MBO>�MH�:�PABM>�;H:K=�HK�:
I:LL>G@>K�FHO>L�MHP:K=�MA>�K>:K�H?�:G�:BKIE:G>�	�MA>G�MA>�H;C><M`L�IHLBMBHG�<A:G@>L��1ABL�<A:G@>�BG�IHLBMBHG�BL�DGHPG�:L
displacement ��1A>�PHK=�a=BLIE:<>F>GMb�BFIEB>L�MA:M�:G�H;C><M�A:L�FHO>=	�HK�A:L�;>>G�=BLIE:<>=�

��  A:IM>K���T�(BG>F:MB<L

1ABL�,I>G0M:Q�;HHD�BL�:O:BE:;E>�?HK�?K>>�:M�AMMIL���E>@:<R�<GQ�HK@�<HGM>GM�<HE���������
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!BLIE:<>F>GM

!BLIE:<>F>GM�BL�MA>change in position H?�:G�H;C><M�

������T�Y�� �Y�G�' �Y���


PA>K>�T�YBL�=BLIE:<>F>GM	�Y�GBL�MA>�?BG:E�IHLBMBHG	�:G=�Y�� BL�MA>�BGBMB:E�IHLBMBHG�

&G�MABL�M>QM�MA>�NII>K�<:L>�$K>>D�E>MM>K�T �=>EM:��:EP:RL�F>:GL�a<A:G@>�BGb�PA:M>O>K�JN:GMBMR�?HEEHPL�BM��MANL	�T�YF>:GL

change in position���EP:RL�LHEO>�?HK�=BLIE:<>F>GM�;R�LN;MK:<MBG@�BGBMB:E�IHLBMBHG�Y�� ?KHF�?BG:E�IHLBMBHG�Y�G�

4 >�PBEE�;>�NLBG@�Y�JNBM>�:�EHM�BG�MABL�<E:LL��4A>G>O>K�RHN�L>>�Y�BG�MABL�<E:LL	�BM�PBEE�:EP:RL�F>:G�MA>�<A:G@>�BG�PA:M>O>K�MA>
Y�BL�BG�?KHGM�H?	�HK�?BG:E�FBGNL�BGBMB:E�

+HM>�MA:M�MA>�0&�NGBM�?HK�=BLIE:<>F>GM�BL�MA>�F>M>K��F���L>>Physical Quantities and Units (https://legacy .cnx.org/content/
m42091/latest/) �	�;NM�LHF>MBF>L�DBEHF>M>KL	�FBE>L	�?>>M	�:G=�HMA>K�NGBML�H?�E>G@MA�:K>�NL>=��(>>I�BG�FBG=�MA:M�PA>G�NGBML�HMA>K
MA:G�MA>�F>M>K�:K>�NL>=�BG�:�IKH;E>F	�RHN�F:R�G>>=�MH�<HGO>KM�MA>F�BGMH�F>M>KL�MH�<HFIE>M>�MA>�<:E<NE:MBHG�

Figure 2.3 ��IKH?>LLHK�I:<>L�E>?M�:G=�KB@AM�PABE>�E><MNKBG@��%>K�IHLBMBHG�K>E:MBO>�MH�":KMA�BL�@BO>G�;R�Y��1A> �� ������ �N =BLIE:<>F>GM�H?�MA>�IKH?>LLHK

K>E:MBO>�MH�":KMA�BL�K>IK>L>GM>=�;R�:G�:KKHP�IHBGMBG@�MH�MA>�KB@AM�
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Figure 2.4 ��I:LL>G@>K�FHO>L�?KHF�ABL�L>:M�MH�MA>�;:<D�H?�MA>�IE:G>��%BL�EH<:MBHG�K>E:MBO>�MH�MA>�:BKIE:G>�BL�@BO>G�;R�Y��1A> �' ���������N=BLIE:<>F>GM

H?�MA>�I:LL>G@>K�K>E:MBO>�MH�MA>�IE:G>�BL�K>IK>L>GM>=�;R�:G�:KKHP�MHP:K=�MA>�K>:K�H?�MA>�IE:G>��+HMB<>�MA:M�MA>�:KKHP�K>IK>L>GMBG@�ABL�=BLIE:<>F>GM�BL
MPB<>�:L�EHG@�:L�MA>�:KKHP�K>IK>L>GMBG@�MA>�=BLIE:<>F>GM�H?�MA>�IKH?>LLHK��A>�FHO>L�MPB<>�:L�?:K��BGFigure 2.3 �

+HM>�MA:M�=BLIE:<>F>GM�A:L�:�=BK><MBHG�:L�P>EE�:L�:�F:@GBMN=>��1A>�IKH?>LLHKL̀�=BLIE:<>F>GM�BL���
�F�MH�MA>�KB@AM	�:G=�MA>�:BKEBG>
I:LL>G@>K̀L�=BLIE:<>F>GM�BL���
�F�MHP:K=�MA>�K>:K��&G�HG>
=BF>GLBHG:E�FHMBHG	�=BK><MBHG�<:G�;>�LI><B?B>=�PBMA�:�IENL�HK�FBGNL
LB@G��4A>G�RHN�;>@BG�:�IKH;E>F	�RHN�LAHNE=�L>E><M�PAB<A�=BK><MBHG�BL�IHLBMBO>��NLN:EER�MA:M�PBEE�;>�MH�MA>�KB@AM�HK�NI	�;NM�RHN�:K>
?K>>�MH�L>E><M�IHLBMBO>�:L�;>BG@�:GR�=BK><MBHG���1A>�IKH?>LLHKL̀�BGBMB:E�IHLBMBHG�BL�Y�� �� ������ �N :G=�A>K�?BG:E�IHLBMBHG�BL

�Y�G�� ������ �N��1ANL�A>K�=BLIE:<>F>GM�BL

������T�Y�� �Y�G�' �Y�� �� ���������N�' ���������N�� �� ���������N��

&G�MABL�<HHK=BG:M>�LRLM>F	�FHMBHG�MH�MA>�KB@AM�BL�IHLBMBO>	�PA>K>:L�FHMBHG�MH�MA>�E>?M�BL�G>@:MBO>��0BFBE:KER	�MA>�:BKIE:G>
I:LL>G@>K̀L�BGBMB:E�IHLBMBHG�BL�Y�� �� ���������N:G=�ABL�?BG:E�IHLBMBHG�BL�Y�G�� ���������N	�LH�ABL�=BLIE:<>F>GM�BL

������T�Y�� �Y�G�' �Y�� �� ���������N�' ���������N�� �' ���������N��

%BL�=BLIE:<>F>GM�BL�G>@:MBO>�;><:NL>�ABL�FHMBHG�BL�MHP:K=�MA>�K>:K�H?�MA>�IE:G>	�HK�BG�MA>�G>@:MBO>�Y=BK><MBHG�BG�HNK�<HHK=BG:M>

LRLM>F�

!BLM:G<>
�EMAHN@A�=BLIE:<>F>GM�BL�=>L<KB;>=�BG�M>KFL�H?�=BK><MBHG	�=BLM:G<>�BL�GHM�Distance BL�=>?BG>=�MH�;>the magnitude or size of
displacement between two positions��+HM>�MA:M�MA>�=BLM:G<>�;>MP>>G�MPH�IHLBMBHGL�BL�GHM�MA>�L:F>�:L�MA>�=BLM:G<>�MK:O>E>=
;>MP>>G�MA>F�Distance traveled BLthe total length of the path traveled between two positions��!BLM:G<>�A:L�GH�=BK><MBHG�:G=	
MANL	�GH�LB@G��#HK�>Q:FIE>	�MA>�=BLM:G<>�MA>�IKH?>LLHK�P:EDL�BL���
�F��1A>�=BLM:G<>�MA>�:BKIE:G>�I:LL>G@>K�P:EDL�BL���
�F�

'NLM�EBD>�PBMA�IHLBMBHG�:G=�=BLIE:<>F>GM	MA>K>�BL�:�=B??>K>G<>�;>MP>>G�MA>�F>:GBG@�H?distance :G= displacement	>O>G
MAHN@A�MA>R�F:R�L>>F�LBFBE:K	�:G=�BM�L�BFIHKM:GM�MA:M�RHN�NG=>KLM:G=�MABL�=B??>K>G<>��1A>�?HEEHPBG@�GHM>�=BL<NLL>L�MABL�BG
=>M:BE�

*BL<HG<>IMBHG��E>KM��!BLM:G<>�1K:O>E>=�OL��*:@GBMN=>�H?�!BLIE:<>F>GM

&M�BL�BFIHKM:GM�MH�GHM>�MA:M�MA>distance traveled	�AHP>O>K	�<:G�;>�@K>:M>K�MA:G�MA>�F:@GBMN=>�H?�MA>�=BLIE:<>F>GM��;R
F:@GBMN=>	�P>�F>:G�CNLM�MA>�LBS>�H?�MA>�=BLIE:<>F>GM�PBMAHNM�K>@:K=�MH�BML�=BK><MBHG��MA:M�BL	�CNLM�:�GNF;>K�PBMA�:�NGBM���#HK
>Q:FIE>	�MA>�IKH?>LLHK�<HNE=�I:<>�;:<D�:G=�?HKMA�F:GR�MBF>L	�I>KA:IL�P:EDBG@�:�=BLM:G<>�H?���
�F�=NKBG@�:�E><MNK>	�R>M�LMBEE

��  A:IM>K���T�(BG>F:MB<L

1ABL�,I>G0M:Q�;HHD�BL�:O:BE:;E>�?HK�?K>>�:M�AMMIL���E>@:<R�<GQ�HK@�<HGM>GM�<HE���������
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>G=�NI�HGER���
�F�MH�MA>�KB@AM�H?�A>K�LM:KMBG@�IHBGM��&G�MABL�<:L>�A>K�=BLIE:<>F>GM�PHNE=�;>����
�F	�MA>�F:@GBMN=>�H?�A>K
=BLIE:<>F>GM�PHNE=�;>���
�F	�;NM�MA>�=BLM:G<>�LA>�MK:O>E>=�PHNE=�;>���
�F��&G�DBG>F:MB<L�P>�G>:KER�:EP:RL�=>:E�PBMA
=BLIE:<>F>GM�:G=�F:@GBMN=>�H?�=BLIE:<>F>GM	�:G=�:EFHLM�G>O>K�PBMA�=BLM:G<>�MK:O>E>=��,G>�P:R�MH�MABGD�:;HNM�MABL�BL�MH
:LLNF>�RHN�F:KD>=�MA>�LM:KM�H?�MA>�FHMBHG�:G=�MA>�>G=�H?�MA>�FHMBHG��1A>�=BLIE:<>F>GM�BL�LBFIER�MA>�=B??>K>G<>�BG�MA>
IHLBMBHG�H?�MA>�MPH�F:KDL�:G=�BL�BG=>I>G=>GM�H?�MA>�I:MA�M:D>G�BG�MK:O>EBG@�;>MP>>G�MA>�MPH�F:KDL��1A>�=BLM:G<>�MK:O>E>=	
AHP>O>K	�BL�MA>�MHM:E�E>G@MA�H?�MA>�I:MA�M:D>G�;>MP>>G�MA>�MPH�F:KDL�

Check Your Understanding

��<R<EBLM�KB=>L���DF�P>LM�:G=�MA>G�MNKGL�:KHNG=�:G=�KB=>L���DF�>:LM���:��4A:M�BL�A>K�=BLIE:<>F>GM���;��4A:M�=BLM:G<>�=H>L
LA>�KB=>���<��4A:M�BL�MA>�F:@GBMN=>�H?�A>K�=BLIE:<>F>GM�

Solution

Figure 2.5

�:��1A>�KB=>K̀L�=BLIE:<>F>GM�BL�T�Y�� �Y�G�' �Y�� �� �'�����L�N���1A>�=BLIE:<>F>GM�BL�G>@:MBO>�;><:NL>�P>�M:D>�>:LM�MH�;>

IHLBMBO>�:G=�P>LM�MH�;>�G>@:MBO>��

�;��1A>�=BLM:G<>�MK:O>E>=�BL�����L�N�� �����L�N�� �����L�N�

�<��1A>�F:@GBMN=>�H?�MA>�=BLIE:<>F>GM�BL�����L�N�

2.2 Vectors, Scalars, and Coordinate Systems

6HNK�.NBS�PHNE=� HO>K
c !>?BGBMBHGL�H?�O><MHKL�:G=�L<:E:KL	�:G=�MA>�=B??>K>G<>�;>MP>>G�MA>F

,MA>K�1ABG@L�MH� HGLB=>K�:L�6HN�/>:=�
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Figure 2.6 1A>�FHMBHG�H?�MABL�"<EBIL>� HG<>IM�C>M�<:G�;>�=>L<KB;>=�BG�M>KFL�H?�MA>�=BLM:G<>�BM�A:L�MK:O>E>=��:�L<:E:K�JN:GMBMR��HK�BML�=BLIE:<>F>GM�BG�:
LI><B?B<�=BK><MBHG��:�O><MHK�JN:GMBMR���&G�HK=>K�MH�LI><B?R�MA>�=BK><MBHG�H?�FHMBHG	�BML�=BLIE:<>F>GM�FNLM�;>�=>L<KB;>=�;:L>=�HG�:�<HHK=BG:M>�LRLM>F��&G
MABL�<:L>	�BM�F:R�;>�<HGO>GB>GM�MH�<AHHL>�FHMBHG�MHP:K=�MA>�E>?M�:L�IHLBMBO>�FHMBHG��BM�BL�MA>�?HKP:K=�=BK><MBHG�?HK�MA>�IE:G>�	�:EMAHN@A�BG�F:GR�<:L>L	
MA>�Y
<HHK=BG:M>�KNGL�?KHF�E>?M�MH�KB@AM	�PBMA�FHMBHG�MH�MA>�KB@AM�:L�IHLBMBO>�:G=�FHMBHG�MH�MA>�E>?M�:L�G>@:MBO>���<K>=BM���KF<A:BK��OB:MHK	�#EB<DK�

6HN�F:R�;>@BG�MH�GHMB<>�MA:M�MABL�<A:IM>K�A:L�:�EHM�H?�;:LB<�=>?BGBMBHGL��&M�L�BFIHKM:GM�?HK�RHN�MH�NG=>KLM:G=�MA>L>�=>?BGBMBHGL
BG�:�?NG=:F>GM:E�P:R��MA>R�PBEE�IE:R�:G�BFIHKM:GM�KHE>�BG�HNK�=BL<NLLBHG�H?�IARLB<L���ELH	�:�EHM�H?�MA>L>�M>KFL�RHN�F:R�A:O>
:EK>:=R�A>:K=�H?	�LN<A�:L�:<<>E>K:MBHG	�;NM�MA>L>�PHK=L�:ELH�A:O>�:�FHK>�IK><BL>�IARLB<L�=>?BGBMBHG	�LH�F:D>�LNK>�MA:M�RHN
NG=>KLM:G=�MA>L>�=>?BGBMBHGL�BG�K>@:K=L�MH�IARLB<L�

4A:M�BL�MA>�=B??>K>G<>�;>MP>>G�=BLM:G<>�:G=�=BLIE:<>F>GM��4A>K>:L�=BLIE:<>F>GM�BL�=>?BG>=�;R�;HMA�=BK><MBHG�:G=�F:@GBMN=>	
=BLM:G<>�BL�=>?BG>=�HGER�;R�F:@GBMN=>��!BLIE:<>F>GM�BL�:G�>Q:FIE>�H?�:�O><MHK�JN:GMBMR��!BLM:G<>�BL�:G�>Q:FIE>�H?�:�L<:E:K
JN:GMBMR��� vector BL�:GR�JN:GMBMR�PBMA�;HMAmagnitude and direction��,MA>K�>Q:FIE>L�H?�O><MHKL�BG<EN=>�:�O>EH<BMR�H?��
�DF�A�>:LM
:G=�:�?HK<>�H?��

�G>PMHGL�LMK:B@AM�=HPG�

1A>�=BK><MBHG�H?�:�O><MHK�BG�HG>
=BF>GLBHG:E�FHMBHG�BL�@BO>G�LBFIER�;R�:�IENL�	�� �
 HK�FBGNL�	�' �
 LB@G��3><MHKL�:K>

K>IK>L>GM>=�@K:IAB<:EER�;R�:KKHPL���G�:KKHP�NL>=�MH�K>IK>L>GM�:�O><MHK�A:L�:�E>G@MA�IKHIHKMBHG:E�MH�MA>�O><MHKL̀�F:@GBMN=>��>�@�	
MA>�E:K@>K�MA>�F:@GBMN=>	�MA>�EHG@>K�MA>�E>G@MA�H?�MA>�O><MHK��:G=�IHBGML�BG�MA>�L:F>�=BK><MBHG�:L�MA>�O><MHK�

0HF>�IARLB<:E�JN:GMBMB>L	�EBD>�=BLM:G<>	�>BMA>K�A:O>�GH�=BK><MBHG�HK�GHG>�BL�LI><B?B>=���scalar BL�:GR�JN:GMBMR�MA:M�A:L�:
F:@GBMN=>	�;NM�GH�=BK><MBHG��#HK�>Q:FIE>	�:�����z�$M>FI>K:MNK>	�MA>���
�DBEH<:EHKB>L����
� :EHKB>L��H?�>G>K@R�BG�:�<:G=R�;:K	�:

�
�DF�A�LI>>=�EBFBM	�:�I>KLHG`L�����F�A>B@AM	�:G=�:�=BLM:G<>�H?���
�F�:K>�:EE�L<:E:KL^JN:GMBMB>L�PBMA�GH�LI><B?B>=�=BK><MBHG��+HM>	
AHP>O>K	�MA:M�:�L<:E:K�<:G�;>�G>@:MBO>	�LN<A�:L�:�' �����z�$M>FI>K:MNK>��&G�MABL�<:L>	�MA>�FBGNL�LB@G�BG=B<:M>L�:�IHBGM�HG�:�L<:E>

K:MA>K�MA:G�:�=BK><MBHG��0<:E:KL�:K>�G>O>K�K>IK>L>GM>=�;R�:KKHPL�

 HHK=BG:M>�0RLM>FL�?HK�,G>
!BF>GLBHG:E�*HMBHG
&G�HK=>K�MH�=>L<KB;>�MA>�=BK><MBHG�H?�:�O><MHK�JN:GMBMR	�RHN�FNLM�=>LB@G:M>�:�<HHK=BG:M>�LRLM>F�PBMABG�MA>�K>?>K>G<>�?K:F>��#HK
HG>
=BF>GLBHG:E�FHMBHG	�MABL�BL�:�LBFIE>�<HHK=BG:M>�LRLM>F�<HGLBLMBG@�H?�:�HG>
=BF>GLBHG:E�<HHK=BG:M>�EBG>��&G�@>G>K:E	�PA>G
=>L<KB;BG@�AHKBSHGM:E�FHMBHG	�FHMBHG�MH�MA>�KB@AM�BL�NLN:EER�<HGLB=>K>=�IHLBMBO>	�:G=�FHMBHG�MH�MA>�E>?M�BL�<HGLB=>K>=�G>@:MBO>��4BMA
O>KMB<:E�FHMBHG	�FHMBHG�NI�BL�NLN:EER�IHLBMBO>�:G=�FHMBHG�=HPG�BL�G>@:MBO>��&G�LHF>�<:L>L	�AHP>O>K	�:L�PBMA�MA>�C>M�BGFigure 2.6 	
BM�<:G�;>�FHK>�<HGO>GB>GM�MH�LPBM<A�MA>�IHLBMBO>�:G=�G>@:MBO>�=BK><MBHGL��#HK�>Q:FIE>	�B?�RHN�:K>�:G:ERSBG@�MA>�FHMBHG�H?�?:EEBG@
H;C><ML	�BM�<:G�;>�NL>?NE�MH�=>?BG>�=HPGP:K=L�:L�MA>�IHLBMBO>�=BK><MBHG��&?�I>HIE>�BG�:�K:<>�:K>�KNGGBG@�MH�MA>�E>?M	�BM�BL�NL>?NE�MH
=>?BG>�E>?M�:L�MA>�IHLBMBO>�=BK><MBHG��&M�=H>L�GHM�F:MM>K�:L�EHG@�:L�MA>�LRLM>F�BL�<E>:K�:G=�<HGLBLM>GM��,G<>�RHN�:LLB@G�:�IHLBMBO>
=BK><MBHG�:G=�LM:KM�LHEOBG@�:�IKH;E>F	�RHN�<:GGHM�<A:G@>�BM�

(>>I�BG�FBG=�MA:M�E:LM�L>GM>G<>��;>?HK>�RHN�LM:KM�PHKDBG@	�RHN�<:G�<A:G@>�RHNK�<HHK=BG:M>�LRLM>F�:G=�PA:M�RHN�=>?BG>�:L
IHLBMBO>�:G=�G>@:MBO>�=BK><MBHGL�AHP>O>K�RHN�P:GM	�;NM�HG<>�RHN�LM:KM�PHKDBG@�PBMA�MA:M�LRLM>F	�RHNcannot <A:G@>�BM�

��  A:IM>K���T�(BG>F:MB<L

1ABL�,I>G0M:Q�;HHD�BL�:O:BE:;E>�?HK�?K>>�:M�AMMIL���E>@:<R�<GQ�HK@�<HGM>GM�<HE���������
Unit I  -  Mathematical Tools and Foundational Concepts 41



Figure 2.7 &M�BL�NLN:EER�<HGO>GB>GM�MH�<HGLB=>K�FHMBHG�NIP:K=�HK�MH�MA>�KB@AM�:L�IHLBMBO>�	�� �
 :G=�FHMBHG�=HPGP:K=�HK�MH�MA>�E>?M�:L�G>@:MBO>�	�' �
�

Check Your Understanding
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2.3 Time, Velocity , and Speed

Your Quiz would Cover
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1BF>
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Figure 2.15 �<K>=BM��'HG�0NEEBO:G	�-!�-AHMH�HK@�
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Example 2.2 Calculating Displacement: A Subway T rain
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Example 2.3 Comparing Distance T raveled with Displacement: A Subway T rain
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Example 2.4 Calculating Acceleration: A Subway T rain Speeding Up
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Example 2.5 Calculate Acceleration: A Subway T rain Slowing Down
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Figure 2.24 Moving Man (http://legacy .cnx.org/content/m64042/1.5/moving-man_en.jar)

2.5 Graphical Analysis of One-Dimensional Motion
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Example 2.9 Determining Instantaneous V elocity from the Slope at a Point: Jet Car
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Example 2.10 Calculating Acceleration from a Graph of V elocity versus T ime
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2.6 Simulations

Your Quiz would Cover
c $BO>G�:�O>EH<BMR�:L�:�?NG<MBHG�H?�MBF>	�;>�:;E>�MH�LHEO>�?HK�MA>�IHLBMBHG�:L�:�?NG<MBHG�H?�MBF>�BM>K:MBO>ER�
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c 1A>HKR�HG�0HEOBG@�-KH;E>FL�PBMA�0BFNE:MBHG�https://www .youtube.com/watch?v=i1elRzD7HYQ
(https://www .youtube.com/watch?v=i1elRzD7HYQ)

c #BKLM�"Q:FIE>�H?�0HEOBG@�:�-KH;E>F�PBMA�0BFNE:MBHG�https://www .youtube.com/watch?v=j_HBtIT s948
(https://www .youtube.com/watch?v=j_HBtIT s948)
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c ��*HK>� HFIE>Q�"Q:FIE>�H?�0HEOBG@�:�-KH;E>F�PBMA�0BFNE:MBHGhttps://www .youtube.com/watch?v=6FoKBtxuEhg
(https://www .youtube.com/watch?v=6FoKBtxuEhg)
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�T��

�4
�6��������

�� �� �������������N
�T��

��  A:IM>K���T�(BG>F:MB<L
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acceleration :

average acceleration :

average speed :

average velocity :

deceleration :

dependent variable :

displacement :

distance :

distance traveled :

elapsed time :

independent variable :

instantaneous acceleration :

instantaneous speed :

instantaneous velocity :

�G=�HNK�G>P�M:;E>�EHHDL�EBD>�

1:;E>����

Time (t) Position (x) Velocity (v) Acceleration (a)
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 ��
�1
�3��

�N
�T��

�4
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�� �� �����������N
�T��

+HMB<>�MA:M�
�
��BL�NL>=�?HK�MA>�MBF>�BG�MA>�:<<>E>K:MBHG���@:BG	�D>>I�BG�FBG=�MA>�=BLMBG<MBHG�;>MP>>G� �U:G= �UBG�MA>�IKH;E>F�

#BEEBG@�HNM�MA>�M:;E>�@BO>L�NL�

1:;E>����

Time (t) Position (x) Velocity (v) Acceleration (a)
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0H�MA>�:GLP>K�MH�MA>�JN>LMBHG�BL�MA:M�MA>�<:K�BL�FHOBG@�
�




��F�L�:?M>K�
�
��L><HG=L�

�EKB@AM	�LH�GHP�P>`O>�LHEO>=�MABL�IKH;E>F�;R�A:G=�?HK�NI�MH��
��L><HG=L	�@K>:M��1A>�G>QM�JN>LMBHG�BL	�PA>K>�BL�BM�:?M>K�?BO>
L><HG=L��4>EE	�=HBG@�MABL�;R�A:G=�BG�HG>�HG>
ANG=K>=MA�H?�:�L><HG=�BG<K>F>GML�?HK�?BO>�L><HG=L�BL�@HBG@�MH�M:D>�NL�:�K>:EER�EHG@
MBF>��6HN�<HNE=�=H�BM	�;NM�RHN`=�;>�:M�BM�?HK�JNBM>�:�PABE>��1ABL�BL�PA>K>�MA>�;>G>?BM�H?�NLBG@�:�<HFINM>K�MH�LHEO>�MA>�IKH;E>F�PBEE
<HF>�BGMH�IE:R��0BG<>�LBFNE:MBHG�BL�FHLMER�CNLM�:�IKH<>LL	�RHN�<:G�A:O>�:�<HFINM>K�IKH@K:F	�EBD>�"Q<>E�HK�$HH@E>�0IK>:=LA>>ML	
KNG�MAKHN@A�MA>�IKH<>LL�?HK�RHN��4>`EE�;>�@HBG@�HO>K�AHP�MH�=H�MABL�BG�<E:LL�

Glossary

MA>�K:M>�H?�<A:G@>�BG�O>EH<BMR��MA>�<A:G@>�BG�O>EH<BMR�HO>K�MBF>

MA>�<A:G@>�BG�O>EH<BMR�=BOB=>=�;R�MA>�MBF>�HO>K�PAB<A�BM�<A:G@>L

=BLM:G<>�MK:O>E>=�=BOB=>=�;R�MBF>�=NKBG@�PAB<A�FHMBHG�H<<NKL

=BLIE:<>F>GM�=BOB=>=�;R�MBF>�HO>K�PAB<A�=BLIE:<>F>GM�H<<NKL

:<<>E>K:MBHG�BG�MA>�=BK><MBHG�HIIHLBM>�MH�O>EH<BMR��:<<>E>K:MBHG�MA:M�K>LNEML�BG�:�=><K>:L>�BG�O>EH<BMR

MA>�O:KB:;E>�MA:M�BL�;>BG@�F>:LNK>=��NLN:EER�IEHMM>=�:EHG@�MA>�Z
:QBL

MA>�<A:G@>�BG�IHLBMBHG�H?�:G�H;C><M

MA>�F:@GBMN=>�H?�=BLIE:<>F>GM�;>MP>>G�MPH�IHLBMBHGL

MA>�MHM:E�E>G@MA�H?�MA>�I:MA�MK:O>E>=�;>MP>>G�MPH�IHLBMBHGL

MA>�=B??>K>G<>�;>MP>>G�MA>�>G=BG@�MBF>�:G=�;>@BGGBG@�MBF>

MA>�O:KB:;E>�MA:M�MA>�=>I>G=>GM�O:KB:;E>�BL�F>:LNK>=�PBMA�K>LI><M�MH��NLN:EER�IEHMM>=�:EHG@�MA>�Y
:QBL

:<<>E>K:MBHG�:M�:�LI><B?B<�IHBGM�BG�MBF>

F:@GBMN=>�H?�MA>�BGLM:GM:G>HNL�O>EH<BMR

O>EH<BMR�:M�:�LI><B?B<�BGLM:GM	�HK�MA>�:O>K:@>�O>EH<BMR�HO>K�:G�BG?BGBM>LBF:E�MBF>�BGM>KO:E
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kinematics :

model :

position :

scalar :

slope :

time :

vector :

y-intercept :

MA>�LMN=R�H?�FHMBHG�PBMAHNM�<HGLB=>KBG@�BML�<:NL>L

LBFIEB?B>=�=>L<KBIMBHG�MA:M�<HGM:BGL�HGER�MAHL>�>E>F>GML�G><>LL:KR�MH�=>L<KB;>�MA>�IARLB<L�H?�:�IARLB<:E�LBMN:MBHG

MA>�EH<:MBHG�H?�:G�H;C><M�:M�:�I:KMB<NE:K�MBF>

:�JN:GMBMR�MA:M�BL�=>L<KB;>=�;R�F:@GBMN=>	�;NM�GHM�=BK><MBHG

MA>�=B??>K>G<>�BG�Z
O:EN>��MA>�KBL>��=BOB=>=�;R�MA>�=B??>K>G<>�BG�Y
O:EN>��MA>�KNG��H?�MPH�IHBGML�HG�:�LMK:B@AM�EBG>

<A:G@>	�HK�MA>�BGM>KO:E�HO>K�PAB<A�<A:G@>�H<<NKL

:�JN:GMBMR�MA:M�BL�=>L<KB;>=�;R�;HMA�F:@GBMN=>�:G=�=BK><MBHG

MA>�Z��O:EN>�PA>G�Y��
	�HK�PA>G�MA>�@K:IA�<KHLL>L�MA>�Z
:QBL

Section Summary

2.1 Displacement
c (BG>F:MB<L�BL�MA>�LMN=R�H?�FHMBHG�PBMAHNM�<HGLB=>KBG@�BML�<:NL>L��&G�MABL�<A:IM>K	�BM�BL�EBFBM>=�MH�FHMBHG�:EHG@�:�LMK:B@AM�EBG>	

<:EE>=�HG>
=BF>GLBHG:E�FHMBHG�
c !BLIE:<>F>GM�BL�MA>�<A:G@>�BG�IHLBMBHG�H?�:G�H;C><M�
c &G�LRF;HEL	�=BLIE:<>F>GM�T�YBL�=>?BG>=�MH�;>

�T�Y�� �Y�G�' �Y���


PA>K> �Y�� BL�MA>�BGBMB:E�IHLBMBHG�:G=�Y�GBL�MA>�?BG:E�IHLBMBHG��&G�MABL�M>QM	�MA>�$K>>D�E>MM>K�T �=>EM:��:EP:RL�F>:GL�a<A:G@>

BGb�PA:M>O>K�JN:GMBMR�?HEEHPL�BM��1A>�0&�NGBM�?HK�=BLIE:<>F>GM�BL�MA>�F>M>K��F���!BLIE:<>F>GM�A:L�:�=BK><MBHG�:L�P>EE�:L�:
F:@GBMN=>�

c 4A>G�RHN�LM:KM�:�IKH;E>F	�:LLB@G�PAB<A�=BK><MBHG�PBEE�;>�IHLBMBO>�
c !BLM:G<>�BL�MA>�F:@GBMN=>�H?�=BLIE:<>F>GM�;>MP>>G�MPH�IHLBMBHGL�
c !BLM:G<>�MK:O>E>=�BL�MA>�MHM:E�E>G@MA�H?�MA>�I:MA�MK:O>E>=�;>MP>>G�MPH�IHLBMBHGL�

2.2 Vectors, Scalars, and Coordinate Systems
c ��O><MHK�BL�:GR�JN:GMBMR�MA:M�A:L�F:@GBMN=>�:G=�=BK><MBHG�
c ��L<:E:K�BL�:GR�JN:GMBMR�MA:M�A:L�F:@GBMN=>�;NM�GH�=BK><MBHG�
c !BLIE:<>F>GM�:G=�O>EH<BMR�:K>�O><MHKL	�PA>K>:L�=BLM:G<>�:G=�LI>>=�:K>�L<:E:KL�
c &G�HG>
=BF>GLBHG:E�FHMBHG	�=BK><MBHG�BL�LI><B?B>=�;R�:�IENL�HK�FBGNL�LB@G�MH�LB@GB?R�E>?M�HK�KB@AM	�NI�HK�=HPG	�:G=�MA>�EBD>�

2.3 Time, Velocity , and Speed
c 1BF>�BL�F>:LNK>=�BG�M>KFL�H?�<A:G@>	�:G=�BML�0&�NGBM�BL�MA>�L><HG=��L���"E:IL>=�MBF>�?HK�:G�>O>GM�BL

�T�U�� �U�G�' �U���


PA>K>�U�GBL�MA>�?BG:E�MBF>�:G=�U�� BL�MA>�BGBMB:E�MBF>��1A>�BGBMB:E�MBF>�BL�H?M>G�M:D>G�MH�;>�S>KH	�:L�B?�F>:LNK>=�PBMA�:

LMHIP:M<A��MA>�>E:IL>=�MBF>�BL�MA>G�CNLM�U�
c � O>K:@>�O>EH<BMR�W�� BL�=>?BG>=�:L�=BLIE:<>F>GM�=BOB=>=�;R�MA>�MK:O>E�MBF>��&G�LRF;HEL	�:O>K:@>�O>EH<BMR�BL

�W�� �� �T�Y
�T�U

��
�Y�G�' �Y��
�U�G�' �U��

��

c 1A>�0&�NGBM�?HK�O>EH<BMR�BL�F�L�
c 3>EH<BMR�BL�:�O><MHK�:G=�MANL�A:L�:�=BK><MBHG�
c &GLM:GM:G>HNL�O>EH<BMR�WBL�MA>�O>EH<BMR�:M�:�LI><B?B<�BGLM:GM�HK�MA>�:O>K:@>�O>EH<BMR�?HK�:G�BG?BGBM>LBF:E�BGM>KO:E�

c &GLM:GM:G>HNL�LI>>=�BL�MA>�F:@GBMN=>�H?�MA>�BGLM:GM:G>HNL�O>EH<BMR�
c &GLM:GM:G>HNL�LI>>=�BL�:�L<:E:K�JN:GMBMR	�:L�BM�A:L�GH�=BK><MBHG�LI><B?B>=�
c � O>K:@>�LI>>=�BL�MA>�MHM:E�=BLM:G<>�MK:O>E>=�=BOB=>=�;R�MA>�>E:IL>=�MBF>����O>K:@>�LI>>=�BLnot MA>�F:@GBMN=>�H?�MA>

:O>K:@>�O>EH<BMR���0I>>=�BL�:�L<:E:K�JN:GMBMR��BM�A:L�GH�=BK><MBHG�:LLH<B:M>=�PBMA�BM�

2.4 Acceleration
c �<<>E>K:MBHG�BL�MA>�K:M>�:M�PAB<A�O>EH<BMR�<A:G@>L��&G�LRF;HEL	average acceleration �B�� BL

�B�� �� �T�W
�T�U

��
�W�G�' �W��
�U�G�' �U��

��

c 1A>�0&�NGBM�?HK�:<<>E>K:MBHG�BL�N���T�� �

c �<<>E>K:MBHG�BL�:�O><MHK	�:G=�MANL�A:L�:�;HMA�:�F:@GBMN=>�:G=�=BK><MBHG�

��  A:IM>K���T�(BG>F:MB<L
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c �<<>E>K:MBHG�<:G�;>�<:NL>=�;R�>BMA>K�:�<A:G@>�BG�MA>�F:@GBMN=>�HK�MA>�=BK><MBHG�H?�MA>�O>EH<BMR�
c &GLM:GM:G>HNL�:<<>E>K:MBHG�BBL�MA>�:<<>E>K:MBHG�:M�:�LI><B?B<�BGLM:GM�BG�MBF>�

c !><>E>K:MBHG�BL�:G�:<<>E>K:MBHG�PBMA�:�=BK><MBHG�HIIHLBM>�MH�MA:M�H?�MA>�O>EH<BMR�

2.5 Graphical Analysis of One-Dimensional Motion
c $K:IAL�H?�FHMBHG�<:G�;>�NL>=�MH�:G:ERS>�FHMBHG�
c $K:IAB<:E�LHENMBHGL�RB>E=�B=>GMB<:E�LHENMBHGL�MH�F:MA>F:MB<:E�F>MAH=L�?HK�=>KBOBG@�FHMBHG�>JN:MBHGL�
c 1A>�LEHI>�H?�:�@K:IA�H?�=BLIE:<>F>GM�YOL��MBF>�UBL�O>EH<BMR�W.

c 1A>�LEHI>�H?�:�@K:IA�H?�O>EH<BMR�WOL��MBF>�U@K:IA�BL�:<<>E>K:MBHG�B.

c � O>K:@>�O>EH<BMR	�BGLM:GM:G>HNL�O>EH<BMR	�:G=�:<<>E>K:MBHG�<:G�:EE�;>�H;M:BG>=�;R�:G:ERSBG@�@K:IAL�

2.6 Simulations
c 0BFNE:MBHG�BL�:G�BM>K:MBO>�IKH<>LL�MA:M�<:G�;>�NL>=�MH�LHEO>�IKH;E>FL	�>LI><B:EER�BG�MA>�K>:E�PHKE=	�MA:M�<:G�M�;>�LHEO>=

INK>ER�F:MA>F:MB<:EER�

Conceptual Questions

2.1 Displacement
1. $BO>�:G�>Q:FIE>�BG�PAB<A�MA>K>�:K>�<E>:K�=BLMBG<MBHGL�:FHG@�=BLM:G<>�MK:O>E>=	�=BLIE:<>F>GM	�:G=�F:@GBMN=>�H?�=BLIE:<>F>GM�
0I><B?B<:EER�B=>GMB?R�>:<A�JN:GMBMR�BG�RHNK�>Q:FIE>�

2. 2G=>K�PA:M�<BK<NFLM:G<>L�=H>L�=BLM:G<>�MK:O>E>=�>JN:E�F:@GBMN=>�H?�=BLIE:<>F>GM��4A:M�BL�MA>�HGER�<:L>�BG�PAB<A
F:@GBMN=>�H?�=BLIE:<>F>GM�:G=�=BLIE:<>F>GM�:K>�>Q:<MER�MA>�L:F>�

3. �:<M>KB:�FHO>�;:<D�:G=�?HKMA�;R�NLBG@�MA>BK�?E:@>EE:��LMKN<MNK>L�MA:M�EHHD�EBD>�EBMME>�M:BEL���0I>>=L�H?�NI�MH

�������{�N���T�1
�3�����—���� �' �� �N���T�4�6 A:O>�;>>G�H;L>KO>=��1A>�MHM:E�=BLM:G<>�MK:O>E>=�;R�:�;:<M>KBNF�BL�E:K@>�?HK�BML�LBS>	�PABE>�BML

=BLIE:<>F>GM�BL�LF:EE��4AR�BL�MABL�

2.2 Vectors, Scalars, and Coordinate Systems

4. ��LMN=>GM�PKBM>L	�aA bird that is diving for prey has a speed of �' ���� �N���T�b�4A:M�BL�PKHG@�PBMA�MA>�LMN=>GM`L�LM:M>F>GM��4A:M

A:L�MA>�LMN=>GM�:<MN:EER�=>L<KB;>=��"QIE:BG�

5. 4A:M�BL�MA>�LI>>=�H?�MA>�;BK=�BGExercise 2.4 �

6. �<<>E>K:MBHG�BL�MA>�<A:G@>�BG�O>EH<BMR�HO>K�MBF>��$BO>G�MABL�BG?HKF:MBHG	�BL�:<<>E>K:MBHG�:�O><MHK�HK�:�L<:E:K�JN:GMBMR��"QIE:BG�

7. ��P>:MA>K�?HK><:LM�LM:M>L�MA:M�MA>�M>FI>K:MNK>�BL�IK>=B<M>=�MH�;>�' ���z�$MA>�?HEEHPBG@�=:R��&L�MABL�M>FI>K:MNK>�:�O><MHK�HK�:

L<:E:K�JN:GMBMR��"QIE:BG�

2.3 Time, Velocity , and Speed
8. $BO>�:G�>Q:FIE>��;NM�GHM�HG>�?KHF�MA>�M>QM��H?�:�=>OB<>�NL>=�MH�F>:LNK>�MBF>�:G=�B=>GMB?R�PA:M�<A:G@>�BG�MA:M�=>OB<>
BG=B<:M>L�:�<A:G@>�BG�MBF>�

9. 1A>K>�BL�:�=BLMBG<MBHG�;>MP>>G�:O>K:@>�LI>>=�:G=�MA>�F:@GBMN=>�H?�:O>K:@>�O>EH<BMR��$BO>�:G�>Q:FIE>�MA:M�BEENLMK:M>L�MA>
=B??>K>G<>�;>MP>>G�MA>L>�MPH�JN:GMBMB>L�

10. !H>L�:�<:K L̀�H=HF>M>K�F>:LNK>�IHLBMBHG�HK�=BLIE:<>F>GM��!H>L�BML�LI>>=HF>M>K�F>:LNK>�LI>>=�HK�O>EH<BMR�

11. &?�RHN�=BOB=>�MA>�MHM:E�=BLM:G<>�MK:O>E>=�HG�:�<:K�MKBI��:L�=>M>KFBG>=�;R�MA>�H=HF>M>K��;R�MA>�MBF>�?HK�MA>�MKBI	�:K>�RHN
<:E<NE:MBG@�MA>�:O>K:@>�LI>>=�HK�MA>�F:@GBMN=>�H?�MA>�:O>K:@>�O>EH<BMR��2G=>K�PA:M�<BK<NFLM:G<>L�:K>�MA>L>�MPH�JN:GMBMB>L�MA>
L:F>�

12. %HP�:K>�BGLM:GM:G>HNL�O>EH<BMR�:G=�BGLM:GM:G>HNL�LI>>=�K>E:M>=�MH�HG>�:GHMA>K��%HP�=H�MA>R�=B??>K�

2.4 Acceleration
13. &L�BM�IHLLB;E>�?HK�LI>>=�MH�;>�<HGLM:GM�PABE>�:<<>E>K:MBHG�BL�GHM�S>KH��$BO>�:G�>Q:FIE>�H?�LN<A�:�LBMN:MBHG�

14. &L�BM�IHLLB;E>�?HK�O>EH<BMR�MH�;>�<HGLM:GM�PABE>�:<<>E>K:MBHG�BL�GHM�S>KH��"QIE:BG�

15. $BO>�:G�>Q:FIE>�BG�PAB<A�O>EH<BMR�BL�S>KH�R>M�:<<>E>K:MBHG�BL�GHM�

16. &?�:�LN;P:R�MK:BG�BL�FHOBG@�MH�MA>�E>?M��A:L�:�G>@:MBO>�O>EH<BMR��:G=�MA>G�<HF>L�MH�:�LMHI	�PA:M�BL�MA>�=BK><MBHG�H?�BML
:<<>E>K:MBHG��&L�MA>�:<<>E>K:MBHG�IHLBMBO>�HK�G>@:MBO>�

17. -ENL�:G=�FBGNL�LB@GL�:K>�NL>=�BG�HG>
=BF>GLBHG:E�FHMBHG�MH�BG=B<:M>�=BK><MBHG��4A:M�BL�MA>�LB@G�H?�:G�:<<>E>K:MBHG�MA:M
K>=N<>L�MA>�F:@GBMN=>�H?�:�G>@:MBO>�O>EH<BMR��,?�:�IHLBMBO>�O>EH<BMR�
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2.5 Graphical Analysis of One-Dimensional Motion
18. �:��"QIE:BG�AHP�RHN�<:G�NL>�MA>�@K:IA�H?�IHLBMBHG�O>KLNL�MBF>�BGFigure 2.33 MH�=>L<KB;>�MA>�<A:G@>�BG�O>EH<BMR�HO>K�MBF>�
&=>GMB?R��;��MA>�MBF>���U�B	 �U�C	 �U�D	 �U�E	�HK�U�F��:M�PAB<A�MA>�BGLM:GM:G>HNL�O>EH<BMR�BL�@K>:M>LM	��<��MA>�MBF>�:M�PAB<A�BM�BL�S>KH	�:G=

�=��MA>�MBF>�:M�PAB<A�BM�BL�G>@:MBO>�

Figure 2.33

19. �:��0D>M<A�:�@K:IA�H?�O>EH<BMR�O>KLNL�MBF>�<HKK>LIHG=BG@�MH�MA>�@K:IA�H?�=BLIE:<>F>GM�O>KLNL�MBF>�@BO>G�BGFigure 2.34 ���;�
&=>GMB?R�MA>�MBF>�HK�MBF>L���U�B	 �U�C	 �U�D	�>M<���:M�PAB<A�MA>�BGLM:GM:G>HNL�O>EH<BMR�BL�@K>:M>LM���<���M�PAB<A�MBF>L�BL�BM�S>KH���=���M

PAB<A�MBF>L�BL�BM�G>@:MBO>�

Figure 2.34

��  A:IM>K���T�(BG>F:MB<L
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20. �:��"QIE:BG�AHP�RHN�<:G�=>M>KFBG>�MA>�:<<>E>K:MBHG�HO>K�MBF>�?KHF�:�O>EH<BMR�O>KLNL�MBF>�@K:IA�LN<A�:L�MA>�HG>�BGFigure
2.35���;���:L>=�HG�MA>�@K:IA	�AHP�=H>L�:<<>E>K:MBHG�<A:G@>�HO>K�MBF>�

Figure 2.35

21. �:��0D>M<A�:�@K:IA�H?�:<<>E>K:MBHG�O>KLNL�MBF>�<HKK>LIHG=BG@�MH�MA>�@K:IA�H?�O>EH<BMR�O>KLNL�MBF>�@BO>G�BGFigure 2.36 ���;�
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Figure 2.36
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22.  HGLB=>K�MA>�O>EH<BMR�OL��MBF>�@K:IA�H?�:�I>KLHG�BG�:G�>E>O:MHK�LAHPG�BGFigure 2.37 ��0NIIHL>�MA>�>E>O:MHK�BL�BGBMB:EER�:M�K>LM�
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Figure 2.37
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Problems & Exercises

2.1 Displacement

Figure 2.38

1. #BG=�MA>�?HEEHPBG@�?HK�I:MA���BGFigure 2.38 ���:��1A>
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2. #BG=�MA>�?HEEHPBG@�?HK�I:MA���BGFigure 2.38 ���:��1A>
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3. #BG=�MA>�?HEEHPBG@�?HK�I:MA� �BGFigure 2.38 ���:��1A>
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4. #BG=�MA>�?HEEHPBG@�?HK�I:MA�!�BGFigure 2.38 ���:��1A>
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2.3 Time, Velocity , and Speed
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2.4 Acceleration
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2.5 Graphical Analysis of One-Dimensional
Motion
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Figure 2.39

Figure 2.40
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Figure 2.41

22. 2LBG@�:IIKHQBF:M>�O:EN>L	�<:E<NE:M>�MA>�LEHI>�H?�MA>
<NKO>�BGFigure 2.41 MH�O>KB?R�MA:M�MA>�O>EH<BMR�:M�U�� �����������T
BL�
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23. �R�M:DBG@�MA>�LEHI>�H?�MA>�<NKO>�BGFigure 2.42 	�O>KB?R�MA:M
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Figure 2.42
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25. �:��1 :D>�MA>�LEHI>�H?�MA>�<NKO>�BGFigure 2.43 MH�?BG=�MA>
CH@@>KL̀�O>EH<BMR�:M�U�� ���������T���;��/>I>:M�:M�����L��1A>L>

O:EN>L�FNLM�;>�<HGLBLM>GM�PBMA�MA>�@K:IA�BGFigure 2.44 �

Figure 2.43

Figure 2.44

Figure 2.45
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O>EH<BMR�?HK�MA>�?BKLM���L���;��4A:M�BL�ABL�BGLM:GM:G>HNL�O>EH<BMR
:M �U�� �����T���<��4A:M�BL�ABL�:O>K:@>�:<<>E>K:MBHG�;>MP>>G�


:G=���L���=��4A:M�BL�ABL�MBF>�?HK�MA>�K:<>�

Figure 2.46

27. Figure 2.47 LAHPL�MA>�=BLIE:<>F>GM�@K:IA�?HK�:�I:KMB<E>
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Figure 2.47
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Figure 3.1 "O>KR=:R�FHMBHG�MA:M�P>�>QI>KB>G<>�BL	�MA:GD?NEER	�K:K>ER�:L�MHKMNHNL�:L�:�KHEE>K<H:LM>K�KB=>�EBD>�MABL^MA>�!K:@HG�(A:G�BG�0I:BG`L�2GBO>KL:E
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�HK�MAK>>
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=BF>GLBHG:E�FHMBHG���<K>=BM���HKBL���4BDBF>=B:� HFFHGL�

 A:IM>K�,NMEBG>
3.1. Kinematics in T wo Dimensions-An introduction

c ��O><MHK�BL�:�JN:GMBMR�PBMA�:�F:@GBMN=>�:G=�=BK><MBHG
c  HGO>KMBG@�;>MP>>G�F:@GBMN=>�=BK><MBHG�:G=�MA>�<HFIHG>GM�?HKF�?HK�:GR�O><MHK��1ABL�MB>L�BGMH�MA>�-RMA:@HK>:G

1A>HK>F
3.2. Vector Addition and Subtraction: Graphical Methods

c $BO>G�MPH�@K:IAB<:E�K>IK>L>GM:MBHGL�H?�O><MHKL	�;>�:;E>�MH�=K:P�MA>�LNF�HK�=B??>K>G<>�
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c  HGO>KM�;>MP>>G�F:@GBMN=>�=BK><MBHG�:G=�<HFIHG>GM�?HKF�?HK�:GR�O><MHK

3.3. Vector Addition and Subtraction-Analytical Methods
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3.4. Addition of V elocities

Introduction to T wo-Dimensional Kinematics

1A>�:K<�H?�:�;:LD>M;:EE	�MA>�HK;BM�H?�:�L:M>EEBM>	�:�;B<R<E>�KHNG=BG@�:�<NKO>	�:�LPBFF>K�=BOBG@�BGMH�:�IHHE	�;EHH=�@NLABG@�HNM�H?�:
PHNG=	�:G=�:�INIIR�<A:LBG@�BML�M:BE�:K>�;NM�:�?>P�>Q:FIE>L�H?�FHMBHGL�:EHG@�<NKO>=�I:MAL��&G�?:<M	�FHLM�FHMBHGL�BG�G:MNK>�?HEEHP
<NKO>=�I:MAL�K:MA>K�MA:G�LMK:B@AM�EBG>L��*HMBHG�:EHG@�:�<NKO>=�I:MA�HG�:�?E:M�LNK?:<>�HK�:�IE:G>��LN<A�:L�MA:M�H?�:�;:EE�HG�:�IHHE
M:;E>�HK�:�LD:M>K�HG�:G�B<>�KBGD��BL�MPH
=BF>GLBHG:E	�:G=�MANL�=>L<KB;>=�;R�MPH
=BF>GLBHG:E�DBG>F:MB<L��*HMBHG�GHM�<HG?BG>=�MH�:
IE:G>	�LN<A�:L�:�<:K�?HEEHPBG@�:�PBG=BG@�FHNGM:BG�KH:=	�BL�=>L<KB;>=�;R�MAK>>
=BF>GLBHG:E�DBG>F:MB<L���HMA�MPH
�:G=�MAK>>

=BF>GLBHG:E�DBG>F:MB<L�:K>�LBFIE>�>QM>GLBHGL�H?�MA>�HG>
=BF>GLBHG:E�DBG>F:MB<L�=>O>EHI>=�?HK�LMK:B@AM
EBG>�FHMBHG�BG�MA>
IK>OBHNL�<A:IM>K��1ABL�LBFIE>�>QM>GLBHG�PBEE�:EEHP�NL�MH�:IIER�IARLB<L�MH�F:GR�FHK>�LBMN:MBHGL	�:G=�BM�PBEE�:ELH�RB>E=�NG>QI><M>=

 A:IM>K���T�1PH
!BF>GLBHG:E�(BG>F:MB<L ��

Unit I  -  Mathematical Tools and Foundational Concepts 78



BGLB@AML�:;HNM�G:MNK>�

3.1 Kinematics in T wo Dimensions-An introduction
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Figure 3.7 Ladybug Motion 2D (http://legacy .cnx.org/content/m64153/1.3/ladybug-motion-2d_en.jar)

3.2 Vector Addition and Subtraction: Graphical Methods
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Figure 3.8 !BLIE:<>F>GM�<:G�;>�=>M>KFBG>=�@K:IAB<:EER�NLBG@�:�L<:E>�F:I	�LN<A�:L�MABL�HG>�H?�MA>�%:P:BB:G�&LE:G=L����CHNKG>R�?KHF�%:P:B`B�MH
*HEHD:`B�A:L�:�GNF;>K�H?�E>@L	�HK�CHNKG>R�L>@F>GML��1A>L>�L>@F>GML�<:G�;>�:==>=�@K:IAB<:EER�PBMA�:�KNE>K�MH�=>M>KFBG>�MA>�MHM:E�MPH
=BF>GLBHG:E
=BLIE:<>F>GM�H?�MA>�CHNKG>R���<K>=BM��20�$>HEH@B<:E�0NKO>R�

3><MHKL�BG�1PH�!BF>GLBHGL
� vector BL�:�JN:GMBMR�MA:M�A:L�F:@GBMN=>�:G=�=BK><MBHG��!BLIE:<>F>GM	�O>EH<BMR	�:<<>E>K:MBHG	�:G=�?HK<>	�?HK�>Q:FIE>	�:K>�:EE
O><MHKL��&G�HG>
=BF>GLBHG:E	�HK�LMK:B@AM
EBG>	�FHMBHG	�MA>�=BK><MBHG�H?�:�O><MHK�<:G�;>�@BO>G�LBFIER�;R�:�IENL�HK�FBGNL�LB@G��&G�MPH
=BF>GLBHGL���
=�	�AHP>O>K	�P>�LI><B?R�MA>�=BK><MBHG�H?�:�O><MHK�K>E:MBO>�MH�LHF>�K>?>K>G<>�?K:F>��B�>�	�<HHK=BG:M>�LRLM>F�	�NLBG@
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:G�:KKHP�A:OBG@�E>G@MA�IKHIHKMBHG:E�MH�MA>�O><MHKL̀�F:@GBMN=>�:G=�IHBGMBG@�BG�MA>�=BK><MBHG�H?�MA>�O><MHK�

Figure 3.9 LAHPL�LN<A�:graphical representation of a vector	�NLBG@�:L�:G�>Q:FIE>�MA>�MHM:E�=BLIE:<>F>GM�?HK�MA>�I>KLHG�P:EDBG@
BG�:�<BMR�<HGLB=>K>=�BGKinematics in T wo Dimensions: An Introduction (https://legacy .cnx.org/content/m42104/latest/) �
4 >�LA:EE�NL>�MA>�GHM:MBHG�MA:M�:�;HE=?:<>�LRF;HE	�LN<A�:L�%	�LM:G=L�?HK�:�O><MHK��&ML�F:@GBMN=>�BL�K>IK>L>GM>=�;R�MA>�LRF;HE�BG

BM:EB<L	�%	�:G=�BML�=BK><MBHG�;R�� �

1A>K>�L�LHF>�GHM:MBHG�BG�MA>�?HEEHPBG@�GHM>�MA:M�PHNE=�;>�NL>?NE�MH�I:R�:MM>GMBHG�MHH�

3><MHKL�BG�MABL�1>QM

&G�MABL�M>QM	�P>�PBEE�K>IK>L>GM�:�O><MHK�PBMA�:�;HE=?:<>�O:KB:;E>��#HK�>Q:FIE>	�P>�PBEE�K>IK>L>GM�MA>�JN:GMBMR�?HK<>�PBMA�MA>
O><MHK�' 	�PAB<A�A:L�;HMA�F:@GBMN=>�:G=�=BK><MBHG��1A>�F:@GBMN=>�H?�MA>�O><MHK�PBEE�;>�K>IK>L>GM>=�;R�:�O:KB:;E>�BG�BM:EB<L	

LN<A�:L �' 	�:G=�MA>�=BK><MBHG�H?�MA>�O:KB:;E>�PBEE�;>�@BO>G�;R�:G�:G@E>�� �

Figure 3.9 ��I>KLHG�P:EDL���;EH<DL�>:LM�:G=���;EH<DL�GHKMA��1A>�=BLIE:<>F>GM�BL��
���;EH<DL�:M�:G�:G@E>���������zGHKMA�H?�>:LM�

Figure 3.10 1H�=>L<KB;>�MA>�K>LNEM:GM�O><MHK�?HK�MA>�I>KLHG�P:EDBG@�BG�:�<BMR�<HGLB=>K>=�BGFigure 3.9 @K:IAB<:EER	�=K:P�:G�:KKHP�MH�K>IK>L>GM�MA>�MHM:E

=BLIE:<>F>GM�O><MHK�%��2LBG@�:�IKHMK:<MHK	�=K:P�:�EBG>�:M�:G�:G@E>�� K>E:MBO>�MH�MA>�>:LM
P>LM�:QBL��1A>�E>G@MA�%H?�MA>�:KKHP�BL�IKHIHKMBHG:E�MH�MA>

O><MHKL̀�F:@GBMN=>�:G=�BL�F>:LNK>=�:EHG@�MA>�EBG>�PBMA�:�KNE>K��&G�MABL�>Q:FIE>	�MA>�F:@GBMN=>�%H?�MA>�O><MHK�BL��
���NGBML	�:G=�MA>�=BK><MBHG�� BL

���������zGHKMA�H?�>:LM�

�
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!BF>GLBHG:E�(BG>F:MB<L
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1:DBG@�LHF>�MBF>�MH�NG=>KLM:G=�:G=�IK:<MB<>�MA>�A>:=
MH
M:BE�F>MAH=�BL�K><HFF>G=>=	�RHN�EE�GHMB<>�MA:M�MA>K>�L�:�L>KB>L�H?
:E@HKBMAFB<�LM>IL	�LH�RHN�CNLM�G>>=�MH�E>:KG�MA>�IKH<>LL	�:G=�BM�PBEE�PHKD�?HK�:GR�MPH�O><MHKL�

3><MHK��==BMBHG��%>:=
MH
1:BE�*>MAH=
1A> head-to-tail method BL�:�@K:IAB<:E�P:R�MH�:==�O><MHKL	�=>L<KB;>=�BGFigure 3.11 ;>EHP�:G=�BG�MA>�LM>IL�?HEEHPBG@��1A>tail
H?�MA>�O><MHK�BL�MA>�LM:KMBG@�IHBGM�H?�MA>�O><MHK	�:G=�MA>head �HK�MBI��H?�:�O><MHK�BL�MA>�?BG:E	�IHBGM>=�>G=�H?�MA>�:KKHP�

Figure 3.11 Head-to-Tail Method: 1A>�A>:=
MH
M:BE�F>MAH=�H?�@K:IAB<:EER�:==BG@�O><MHKL�BL�BEENLMK:M>=�?HK�MA>�MPH�=BLIE:<>F>GML�H?�MA>�I>KLHG�P:EDBG@
BG�:�<BMR�<HGLB=>K>=�BGFigure 3.9 ���:��!K:P�:�O><MHK�K>IK>L>GMBG@�MA>�=BLIE:<>F>GM�MH�MA>�>:LM���;��!K:P�:�O><MHK�K>IK>L>GMBG@�MA>�=BLIE:<>F>GM�MH�MA>
GHKMA��1A>�M:BE�H?�MABL�O><MHK�LAHNE=�HKB@BG:M>�?KHF�MA>�A>:=�H?�MA>�?BKLM	�>:LM
IHBGMBG@�O><MHK���<��!K:P�:�EBG>�?KHF�MA>�M:BE�H?�MA>�>:LM
IHBGMBG@�O><MHK�MH�MA>

A>:=�H?�MA>�GHKMA
IHBGMBG@�O><MHK�MH�?HKF�MA>�LNF�HKresultant vector �%��1A>�E>G@MA�H?�MA>�:KKHP�%BL�IKHIHKMBHG:E�MH�MA>�O><MHKL̀�F:@GBMN=>�:G=�BL

F>:LNK>=�MH�;>��
���NGBML���&ML�=BK><MBHG	�=>L<KB;>=�:L�MA>�:G@E>�PBMA�K>LI><M�MH�MA>�>:LM��HK�AHKBSHGM:E�:QBL��� BL�F>:LNK>=�PBMA�:�IKHMK:<MHK�MH�;>

���������z�

Step 1. Draw an arrow to represent the first vector (9 blocks to the east) using a ruler and protractor�

Figure 3.12

Step 2. +HP�=K:P�:G�:KKHP�MH�K>IK>L>GM�MA>�L><HG=�O><MHK����;EH<DL�MH�MA>�GHKMA��Place the tail of the second vector at the head
of the first vector�
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Figure 3.13

Step 3. If there are more than two vectors, continue this process for each vector to be added. Note that in our example, we have
only two vectors, so we have finished placing arrows tip to tail�

Step 4. Draw an arrow from the tail of the first vector to the head of the last vector��1ABL�BL�MA>resultant 	�HK�MA>�LNF	�H?�MA>�HMA>K
O><MHKL�

Figure 3.14

Step 5. 1H�@>M�MA>magnitude H?�MA>�K>LNEM:GM	measure its length with a ruler. (Note that in most calculations, we will use the
Pythagorean theorem to determine this length.)

Step 6. 1H�@>M�MA>direction H?�MA>�K>LNEM:GM	measure the angle it makes with the reference frame using a protractor. (Note that
in most calculations, we will use trigonometric relationships to determine this angle.)

1A>�@K:IAB<:E�:==BMBHG�H?�O><MHKL�BL�EBFBM>=�BG�:<<NK:<R�HGER�;R�MA>�IK><BLBHG�PBMA�PAB<A�MA>�=K:PBG@L�<:G�;>�F:=>�:G=�MA>
IK><BLBHG�H?�MA>�F>:LNKBG@�MHHEL��&M�BL�O:EB=�?HK�:GR�GNF;>K�H?�O><MHKL�

Example 3.1 Adding V ectors Graphically Using the Head-to-T ail Method: A W oman Takes a
Walk

2L>�MA>�@K:IAB<:E�M><AGBJN>�?HK�:==BG@�O><MHKL�MH�?BG=�MA>�MHM:E�=BLIE:<>F>GM�H?�:�I>KLHG�PAH�P:EDL�MA>�?HEEHPBG@�MAK>>�I:MAL
�=BLIE:<>F>GML��HG�:�?E:M�?B>E=��#BKLM	�LA>�P:EDL����
�F�BG�:�=BK><MBHG���������zGHKMA�H?�>:LM��1A>G	�LA>�P:EDL����
�F�A>:=BG@

���������zGHKMA�H?�>:LM��#BG:EER	�LA>�MNKGL�:G=�P:EDL����
�F�BG�:�=BK><MBHG����
U�LHNMA�H?�>:LM�

Strategy

/>IK>L>GM�>:<A�=BLIE:<>F>GM�O><MHK�@K:IAB<:EER�PBMA�:G�:KKHP	�E:;>EBG@�MA>�?BKLM�" 	�MA>�L><HG=�#	�:G=�MA>�MABK=�$ 	

F:DBG@�MA>�E>G@MAL�IKHIHKMBHG:E�MH�MA>�=BLM:G<>�:G=�MA>�=BK><MBHGL�:L�LI><B?B>=�K>E:MBO>�MH�:G�>:LM
P>LM�EBG>��1A>�A>:=
MH
M:BE
F>MAH=�HNMEBG>=�:;HO>�PBEE�@BO>�:�P:R�MH�=>M>KFBG>�MA>�F:@GBMN=>�:G=�=BK><MBHG�H?�MA>�K>LNEM:GM�=BLIE:<>F>GM	�=>GHM>=�3 �

Solution

����!K:P�MA>�MAK>>�=BLIE:<>F>GM�O><MHKL�
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!BF>GLBHG:E�(BG>F:MB<L
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Figure 3.15

����-E:<>�MA>�O><MHKL�A>:=�MH�M:BE�K>M:BGBG@�;HMA�MA>BK�BGBMB:E�F:@GBMN=>�:G=�=BK><MBHG�

Figure 3.16

����!K:P�MA>�K>LNEM:GM�O><MHK	 �3 �

Figure 3.17

����2L>�:�KNE>K�MH�F>:LNK>�MA>�F:@GBMN=>�H?�3 	�:G=�:�IKHMK:<MHK�MH�F>:LNK>�MA>�=BK><MBHG�H?�3 ��4ABE>�MA>�=BK><MBHG�H?�MA>
O><MHK�<:G�;>�LI><B?B>=�BG�F:GR�P:RL	�MA>�>:LB>LM�P:R�BL�MH�F>:LNK>�MA>�:G@E>�;>MP>>G�MA>�O><MHK�:G=�MA>�G>:K>LM
AHKBSHGM:E�HK�O>KMB<:E�:QBL��0BG<>�MA>�K>LNEM:GM�O><MHK�BL�LHNMA�H?�MA>�>:LMP:K=�IHBGMBG@�:QBL	�P>�?EBI�MA>�IKHMK:<MHK�NILB=>�=HPG
:G=�F>:LNK>�MA>�:G@E>�;>MP>>G�MA>�>:LMP:K=�:QBL�:G=�MA>�O><MHK�
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Figure 3.18

&G�MABL�<:L>	�MA>�MHM:E�=BLIE:<>F>GM�3 BL�L>>G�MH�A:O>�:�F:@GBMN=>�H?��
�
�F�:G=�MH�EB>�BG�:�=BK><MBHG�������zLHNMA�H?�>:LM���R

NLBG@�BML�F:@GBMN=>�:G=�=BK><MBHG	�MABL�O><MHK�<:G�;>�>QIK>LL>=�:L�3�� �����������N:G= �� �� �������zLHNMA�H?�>:LM�

Discussion

1A>�A>:=
MH
M:BE�@K:IAB<:E�F>MAH=�H?�O><MHK�:==BMBHG�PHKDL�?HK�:GR�GNF;>K�H?�O><MHKL��&M�BL�:ELH�BFIHKM:GM�MH�GHM>�MA:M�MA>
K>LNEM:GM�BL�BG=>I>G=>GM�H?�MA>�HK=>K�BG�PAB<A�MA>�O><MHKL�:K>�:==>=��1A>K>?HK>	�P>�<HNE=�:==�MA>�O><MHKL�BG�:GR�HK=>K�:L
BEENLMK:M>=�BGFigure 3.19 :G=�P>�PBEE�LMBEE�@>M�MA>�L:F>�LHENMBHG�

Figure 3.19

%>K>	�P>�L>>�MA:M�PA>G�MA>�L:F>�O><MHKL�:K>�:==>=�BG�:�=B??>K>GM�HK=>K	�MA>�K>LNEM�BL�MA>�L:F>��1ABL�<A:K:<M>KBLMB<�BL�MKN>�BG
>O>KR�<:L>�:G=�BL�:G�BFIHKM:GM�<A:K:<M>KBLMB<�H?�O><MHKL��3><MHK�:==BMBHG�BLcommutative ��3><MHKL�<:G�;>�:==>=�BG�:GR�HK=>K�

������" �� �# �� �#�� �" ��

�1ABL�BL�MKN>�?HK�MA>�:==BMBHG�H?�HK=BG:KR�GNF;>KL�:L�P>EE^RHN�@>M�MA>�L:F>�K>LNEM�PA>MA>K�RHN�:==�� �� �� HK�� �� �� 	�?HK

>Q:FIE>��

2G=>KLM:G=BG@�O><MHK�LN;MK:<MBHG�BL�G><>LL:KR�MH�NG=>KLM:G=�HMA>K�IARLB<L�B=>:L��#HK�>Q:FIE>	�:<<>E>K:MBHG�BL�YO�YM	�:G=
YO�BL�O?
�OB��3>EH<BMR�BL�:�O><MHK	�LH�RHN�K>�EHHDBG@�:M�:�O><MHK�LN;MK:<MBHG�PA>G>O>K�RHN�K>�PHKDBG@�PBMA�:<<>E>K:MBHG�

3><MHK�0N;MK:<MBHG

3><MHK�LN;MK:<MBHG�BL�:�LMK:B@AM?HKP:K=�>QM>GLBHG�H?�O><MHK�:==BMBHG��1H�=>?BG>�LN;MK:<MBHG��L:R�P>�P:GM�MH�LN;MK:<M�# ?KHF�" 	

PKBMM>G�" �� �# 	�P>�FNLM�?BKLM�=>?BG>�PA:M�P>�F>:G�;R�LN;MK:<MBHG��1A>negative H?�:�O><MHK�# BL�=>?BG>=�MH�;>���#��MA:M�BL	
@K:IAB<:EERthe negative of any vector has the same magnitude but the opposite direction	�:L�LAHPG�BGFigure 3.20 ��&G�HMA>K
PHK=L	�# A:L�MA>�L:F>�E>G@MA�:L���#	�;NM�IHBGML�BG�MA>�HIIHLBM>�=BK><MBHG��"LL>GMB:EER	�P>�CNLM�?EBI�MA>�O><MHK�LH�BM�IHBGML�BG�MA>
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HIIHLBM>�=BK><MBHG�

Figure 3.20 1A>�G>@:MBO>�H?�:�O><MHK�BL�CNLM�:GHMA>K�O><MHK�H?�MA>�L:F>�F:@GBMN=>�;NM�IHBGMBG@�BG�MA>�HIIHLBM>�=BK><MBHG��0H�# BL�MA>�G>@:MBO>�H?���# �

BM�A:L�MA>�L:F>�E>G@MA�;NM�HIIHLBM>�=BK><MBHG�

1A> subtraction H?�O><MHK�# ?KHF�O><MHK�" BL�MA>G�LBFIER�=>?BG>=�MH�;>�MA>�:==BMBHG�H?���# MH�" ��+HM>�MA:M�O><MHK�LN;MK:<MBHG
BL�MA>�:==BMBHG�H?�:�G>@:MBO>�O><MHK��1A>�HK=>K�H?�LN;MK:<MBHG�=H>L�GHM�:??><M�MA>�K>LNEML�

������"�������#�������"�������	���#�
��

1ABL�BL�:G:EH@HNL�MH�MA>�LN;MK:<MBHG�H?�L<:E:KL��PA>K>	�?HK�>Q:FIE>	�������������������������	�����
����@:BG	�MA>�K>LNEM�BL�BG=>I>G=>GM�H?�MA>

HK=>K�BG�PAB<A�MA>�LN;MK:<MBHG�BL�F:=>��4A>G�O><MHKL�:K>�LN;MK:<M>=�@K:IAB<:EER	�MA>�M><AGBJN>L�HNMEBG>=�:;HO>�:K>�NL>=	�:L�MA>
?HEEHPBG@�>Q:FIE>�BEENLMK:M>L�

Example 3.2 Subtracting V ectors Graphically: A W oman Sailing a Boat

��PHF:G�L:BEBG@�:�;H:M�:M�GB@AM�BL�?HEEHPBG@�=BK><MBHGL�MH�:�=H<D��1A>�BGLMKN<MBHGL�K>:=�MH�?BKLM�L:BE������F�BG�:�=BK><MBHG
���������zGHKMA�H?�>:LM�?KHF�A>K�<NKK>GM�EH<:MBHG	�:G=�MA>G�MK:O>E��
�
�F�BG�:�=BK><MBHG�������zGHKMA�H?�>:LM��HK���������zP>LM�H?

GHKMA���&?�MA>�PHF:G�F:D>L�:�FBLM:D>�:G=�MK:O>EL�BG�MA>opposite =BK><MBHG�?HK�MA>�L><HG=�E>@�H?�MA>�MKBI	�PA>K>�PBEE�LA>�>G=
NI�� HFI:K>�MABL�EH<:MBHG�PBMA�MA>�EH<:MBHG�H?�MA>�=H<D�

Figure 3.21

Strategy

4 >�<:G�K>IK>L>GM�MA>�?BKLM�E>@�H?�MA>�MKBI�PBMA�:�O><MHK�" 	�:G=�MA>�L><HG=�E>@�H?�MA>�MKBI�PBMA�:�O><MHK�#��1A>�=H<D�BL

EH<:M>=�:M�:�EH<:MBHG�" �� �#��&?�MA>�PHF:G�FBLM:D>GER�MK:O>EL�BG�MA>opposite =BK><MBHG�?HK�MA>�L><HG=�E>@�H?�MA>�CHNKG>R	�LA>

PBEE�MK:O>E�:�=BLM:G<>�# ��
�
�F��BG�MA>�=BK><MBHG�������z�� �������z�� �����zLHNMA�H?�>:LM��4>�K>IK>L>GM�MABL�:L���#	�:L�LAHPG

;>EHP��1A>�O><MHK���# A:L�MA>�L:F>�F:@GBMN=>�:L�# ;NM�BL�BG�MA>�HIIHLBM>�=BK><MBHG��1ANL	�LA>�PBEE�>G=�NI�:M�:�EH<:MBHG

�" �� �	���#�
	�HK�" �� �#�
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Figure 3.22

4 >�PBEE�I>K?HKF�O><MHK�:==BMBHG�MH�<HFI:K>�MA>�EH<:MBHG�H?�MA>�=H<D	�"�������#	�PBMA�MA>�EH<:MBHG�:M�PAB<A�MA>�PHF:G

FBLM:D>GER�:KKBO>L	�"�������	���#�
�

Solution

����1 H�=>M>KFBG>�MA>�EH<:MBHG�:M�PAB<A�MA>�PHF:G�:KKBO>L�;R�:<<B=>GM	�=K:P�O><MHKL�" :G= ���#�

����-E:<>�MA>�O><MHKL�A>:=�MH�M:BE�

����!K:P�MA>�K>LNEM:GM�O><MHK�3 �

����2L>�:�KNE>K�:G=�IKHMK:<MHK�MH�F>:LNK>�MA>�F:@GBMN=>�:G=�=BK><MBHG�H?�3 �

Figure 3.23

&G�MABL�<:L>	�3�� �����������N:G= �� �� �������zLHNMA�H?�>:LM�

����1 H�=>M>KFBG>�MA>�EH<:MBHG�H?�MA>�=H<D	�P>�K>I>:M�MABL�F>MAH=�MH�:==�O><MHKL�" :G= �#��4 >�H;M:BG�MA>�K>LNEM:GM�O><MHK

�3���

Figure 3.24

&G�MABL�<:L>�3�����������������N:G= �� �� ���������zGHKMAH?>:LM�
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Discussion
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&?�P>�=><B=>=�MH�P:ED�MAK>>�MBF>L�:L�?:K�HG�MA>�?BKLM�E>@�H?�MA>�MKBI�<HGLB=>K>=�BG�MA>�IK><>=BG@�>Q:FIE>	�MA>G�P>�PHNE=�P:ED
�����—�������������N	�HK������F	�BG�:�=BK><MBHG���������zGHKMA�H?�>:LM��1ABL�BL�:G�>Q:FIE>�H?�FNEMBIERBG@�:�O><MHK�;R�:�IHLBMBO>scalar �

+HMB<>�MA:M�MA>�F:@GBMN=>�<A:G@>L	�;NM�MA>�=BK><MBHG�LM:RL�MA>�L:F>�

&?�MA>�L<:E:K�BL�G>@:MBO>	�MA>G�FNEMBIERBG@�:�O><MHK�;R�BM�<A:G@>L�MA>�O><MHKL̀�F:@GBMN=>�:G=�@BO>L�MA>�G>P�O><MHK�MA>opposite
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NL>?NE�MABG@�MH�=H��4>�PBEE�L>>�MABL�LHHG�BGProjectile Motion (https://legacy .cnx.org/content/m42042/latest/) 	�:G=�FN<A�FHK>
PA>G�P>�<HO>Kforces BGDynamics: NewtonÕs Laws of Motion (https://legacy .cnx.org/content/m42129/latest/) ��*HLM�H?
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Figure 3.25 Maze Game (http://legacy .cnx.org/content/m64160/1.2/maze-game_en.jar)

3.3 Vector Addition and Subtraction-Analytical Methods

Your Quiz would Cover
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<HFIHG>GML�H?�MA>�K>LNEM:GM	�3�Y:G= �3�Z��&?�P>�DGHP�3�Y

:G= �3�Z	�P>�<:G�?BG=�3 :G= �� NLBG@�MA>�>JN:MBHGL�" �� �" �Y
�� �� �" �Z

�� :G= �� �� �U�B�O�����	�" �Z���" �Y�
��4A>G�RHN�NL>�MA>�:G:ERMB<:E

F>MAH=�H?�O><MHK�:==BMBHG	�RHN�<:G�=>M>KFBG>�MA>�<HFIHG>GML�HK�MA>�F:@GBMN=>�:G=�=BK><MBHG�H?�:�O><MHK�

Step 1. Identify the x- and y-axes that will be used in the problem. Then, find the components of each vector to be added along
the chosen perpendicular axes. 2L>�MA>�>JN:MBHGL�" �Y�� �" �D�P�T�� :G= �" �Z�� �" �T�J�O�� MH�?BG=�MA>�<HFIHG>GML��&GFigure 3.31 	

MA>L>�<HFIHG>GML�:K>�" �Y	 �" �Z	 �#�Y	�:G= �#�Z��1A>�:G@E>L�MA:M�O><MHKL�" :G= �# F:D>�PBMA�MA>x
:QBL�:K>���" :G= ���# 	

K>LI><MBO>ER�

Figure 3.31 1H�:==�O><MHKL�" :G= �# 	�?BKLM�=>M>KFBG>�MA>�AHKBSHGM:E�:G=�O>KMB<:E�<HFIHG>GML�H?�>:<A�O><MHK��1A>L>�:K>�MA>�=HMM>=�O><MHKL�" �Y	

�" �Z	 �#�Y:G= �#�ZLAHPG�BG�MA>�BF:@>�

Step 2. Find the components of the resultant along each axis by adding the components of the individual vectors along that axis.
1A:M�BL	�:L�LAHPG�BGFigure 3.32 	

�������3�Y�� �" �Y�� �#�Y

:G=

�������3�Z�� �" �Z�� �#�Z��
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Figure 3.32 1A>�F:@GBMN=>�H?�MA>�O><MHKL�" �Y:G= �#�Y:==�MH�@BO>�MA>�F:@GBMN=>�3�YH?�MA>�K>LNEM:GM�O><MHK�BG�MA>�AHKBSHGM:E�=BK><MBHG��0BFBE:KER	

MA>�F:@GBMN=>L�H?�MA>�O><MHKL�" �Z :G= �#�Z :==�MH�@BO>�MA>�F:@GBMN=>�3�ZH?�MA>�K>LNEM:GM�O><MHK�BG�MA>�O>KMB<:E�=BK><MBHG�

 HFIHG>GML�:EHG@�MA>�L:F>�:QBL	�L:R�MA>x
:QBL	�:K>�O><MHKL�:EHG@�MA>�L:F>�EBG>�:G=	�MANL	�<:G�;>�:==>=�MH�HG>�:GHMA>K�EBD>
HK=BG:KR�GNF;>KL��1A>�L:F>�BL�MKN>�?HK�<HFIHG>GML�:EHG@�MA>y
:QBL���#HK�>Q:FIE>	�:��
;EH<D�>:LMP:K=�P:ED�<HNE=�;>�M:D>G�BG
MPH�E>@L	�MA>�?BKLM���;EH<DL�>:LM�:G=�MA>�L><HG=���;EH<DL�>:LM	�?HK�:�MHM:E�H?��	�;><:NL>�MA>R�:K>�:EHG@�MA>�L:F>�=BK><MBHG���0H
K>LHEOBG@�O><MHKL�BGMH�<HFIHG>GML�:EHG@�<HFFHG�:Q>L�F:D>L�BM�>:LB>K�MH�:==�MA>F��+HP�MA:M�MA>�<HFIHG>GML�H?�3 :K>�DGHPG	
BML�F:@GBMN=>�:G=�=BK><MBHG�<:G�;>�?HNG=�

Step 3. To get the magnitude �3 of the resultant, use the Pythagorean theorem:

�������3�� �3�Y
�� �� �3�Z

����

Step 4. To get the direction of the resultant:

�������� �� �U�B�O�' ���	�3�Z���3�Y�
��

1A>�?HEEHPBG@�>Q:FIE>�BEENLMK:M>L�MABL�M><AGBJN>�?HK�:==BG@�O><MHKL�NLBG@�I>KI>G=B<NE:K�<HFIHG>GML�

Example 3.3 Adding V ectors Using Analytical Methods

�==�MA>�O><MHK�" MH�MA>�O><MHK�# LAHPG�BGFigure 3.33 	�NLBG@�I>KI>G=B<NE:K�<HFIHG>GML�:EHG@�MA>x
�:G= y
:Q>L��1A> x


:G= y
:Q>L�:K>�:EHG@�MA>�>:LM]P>LM�:G=�GHKMA]LHNMA�=BK><MBHGL	�K>LI><MBO>ER��3><MHK�" K>IK>L>GML�MA>�?BKLM�E>@�H?�:�P:ED�BG

PAB<A�:�I>KLHG�P:EDL�����������NBG�:�=BK><MBHG���������zGHKMA�H?�>:LM��3><MHK�# K>IK>L>GML�MA>�L><HG=�E>@	�:�=BLIE:<>F>GM�H?

�����������NBG�:�=BK><MBHG���������zGHKMA�H?�>:LM�

Figure 3.33 3><MHK�" A:L�F:@GBMN=>�����������N:G=�=BK><MBHG�������� �z GHKMA�H?�MA>x
:QBL��3><MHK�# A:L�F:@GBMN=>�����������N:G=�=BK><MBHG

���������zGHKMA�H?�MA>x
:QBL��6HN�<:G�NL>�:G:ERMB<:E�F>MAH=L�MH�=>M>KFBG>�MA>�F:@GBMN=>�:G=�=BK><MBHG�H?�3 �

Strategy

1A>�<HFIHG>GML�H?�" :G= �# :EHG@�MA>x
�:G= y
:Q>L�K>IK>L>GM�P:EDBG@�=N>�>:LM�:G=�=N>�GHKMA�MH�@>M�MH�MA>�L:F>�>G=BG@
IHBGM��,G<>�?HNG=	�MA>R�:K>�<HF;BG>=�MH�IKH=N<>�MA>�K>LNEM:GM�

��  A:IM>K���T�1PH
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Solution

#HEEHPBG@�MA>�F>MAH=�HNMEBG>=�:;HO>	�P>�?BKLM�?BG=�MA>�<HFIHG>GML�H?�" :G= �# :EHG@�MA>x
�:G= y
:Q>L��+HM>�MA:M

�" �� �����������N	 ���" �� ���������z	 �#�� �����������N	�:G= ���# �� ���������z��4 >�?BG=�MA>x
<HFIHG>GML�;R�NLBG@�" �Y�� �" �D�P�T�� 	�PAB<A

@BO>L

�������" �Y �� �" �D�P�T���" �� �	�����������N�
�	�D�P�T�����������z�


�� �	�����������N�
�	�����������
 �� �����������N

:G=

�������#�Y �� �#�D�P�T���# �� �	�����������N�
�	�D�P�T�����������z�


�� �	�����������N�
�	�����������
 �� �����������N��

0BFBE:KER	�MA>y
<HFIHG>GML�:K>�?HNG=�NLBG@�" �Z�� �" �T�J�O���" �

�������" �Z �� �" �T�J�O���" �� �	�����������N�
�	�T�J�O�����������z�


�� �	�����������N�
�	�����������
 �� �����������N

:G=

�������#�Z �� �#�T�J�O���# �� �	�����������N�
�	�T�J�O���������� �z�


�� �	�����������N�
�	�����������
 �� �����������N��

1A> x
�:G= y
<HFIHG>GML�H?�MA>�K>LNEM:GM�:K>�MANL

����
��3�Y�� �" �Y�� �#�Y�� �����������N�� �����������N�� �����������N

:G=

�������3�Z�� �" �Z�� �#�Z�� �����������N�� �����������N�� �����������N��

+HP�P>�<:G�?BG=�MA>�F:@GBMN=>�H?�MA>�K>LNEM:GM�;R�NLBG@�MA>�-RMA:@HK>:G�MA>HK>F�

�������3�� �3�Y
�� �� �3�Z

�� �� �	���������
�� �� �	���������
�� �N

LH�MA:M

�������3�� �����������N��

#BG:EER	�P>�?BG=�MA>�=BK><MBHG�H?�MA>�K>LNEM:GM�

�������� �� �U�B�O�' ���	�3�Z���3�Y�
���� �U�B�O�' ���	�������� �����������
��

1ANL	

�������� �� �U�B�O�' ���	�����������
 �� �������� �z��

Figure 3.34 2LBG@�:G:ERMB<:E�F>MAH=L	�P>�L>>�MA:M�MA>�F:@GBMN=>�H?�3 BL�����������N:G=�BML�=BK><MBHG�BL���������zGHKMA�H?�>:LM�

Discussion

1ABL�>Q:FIE>�BEENLMK:M>L�MA>�:==BMBHG�H?�O><MHKL�NLBG@�I>KI>G=B<NE:K�<HFIHG>GML��3><MHK�LN;MK:<MBHG�NLBG@�I>KI>G=B<NE:K
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<HFIHG>GML�BL�O>KR�LBFBE:K^BM�BL�CNLM�MA>�:==BMBHG�H?�:�G>@:MBO>�O><MHK�

0N;MK:<MBHG�H?�O><MHKL�BL�:<<HFIEBLA>=�;R�MA>�:==BMBHG�H?�:�G>@:MBO>�O><MHK��1A:M�BL	�" �' �# �v �" �� �	���#�
��1ANL	the method

for the subtraction of vectors using perpendicular components is identical to that for addition��1A>�<HFIHG>GML�H?���# :K>

MA>�G>@:MBO>L�H?�MA>�<HFIHG>GML�H?�#��1A> x
�:G= y
<HFIHG>GML�H?�MA>�K>LNEM:GM�" �' �#�������3:K>�MANL

�������3�Y�� �" �Y�� �1
�3 �� �#�Y

�4
�6

:G=

�������3�Z�� �" �Z��
�1
�3�� �#�Z

�4
�6

:G=�MA>�K>LM�H?�MA>�F>MAH=�HNMEBG>=�:;HO>�BL�B=>GMB<:E�MH�MA:M�?HK�:==BMBHG���0>>Figure 3.35 ��

�G:ERSBG@�O><MHKL�NLBG@�I>KI>G=B<NE:K�<HFIHG>GML�BL�O>KR�NL>?NE�BG�F:GR�:K>:L�H?�IARLB<L	�;><:NL>�I>KI>G=B<NE:K�JN:GMBMB>L�:K>
H?M>G�BG=>I>G=>GM�H?�HG>�:GHMA>K��1A>�G>QM�FH=NE>	Projectile Motion (https://legacy .cnx.org/content/m42042/latest/) 	�BL�HG>
H?�F:GR�BG�PAB<A�NLBG@�I>KI>G=B<NE:K�<HFIHG>GML�A>EIL�F:D>�MA>�IB<MNK>�<E>:K�:G=�LBFIEB?B>L�MA>�IARLB<L�

Figure 3.35 1A>�LN;MK:<MBHG�H?�MA>�MPH�O><MHKL�LAHPG�BGFigure 3.30 ��1A>�<HFIHG>GML�H?���# :K>�MA>�G>@:MBO>L�H?�MA>�<HFIHG>GML�H?�# ��1A>

F>MAH=�H?�LN;MK:<MBHG�BL�MA>�L:F>�:L�MA:M�?HK�:==BMBHG�

-A"1�"QIEHK:MBHGL��3><MHK��==BMBHG

)>:KG�AHP�MH�:==�O><MHKL��!K:@�O><MHKL�HGMH�:�@K:IA	�<A:G@>�MA>BK�E>G@MA�:G=�:G@E>	�:G=�LNF�MA>F�MH@>MA>K��1A>
F:@GBMN=>	�:G@E>	�:G=�<HFIHG>GML�H?�>:<A�O><MHK�<:G�;>�=BLIE:R>=�BG�L>O>K:E�?HKF:ML�

Figure 3.36 Vector Addition (http://legacy .cnx.org/content/m64164/1.3/vector-addition_en.jar)

3.4 Addition of V elocities

4 >�PBEE�GHM�;>BG@�=BL<NLLBG@�MABL�L><MBHG�BG�=>M:BE��1ABL�L><MBHG�BL�A>K>�IKBF:KBER�?HK�RHNK�K>?>K>G<>�

/>E:MBO>�3>EH<BMR
&?�:�I>KLHG�KHPL�:�;H:M�:<KHLL�:�K:IB=ER�?EHPBG@�KBO>K�:G=�MKB>L�MH�A>:=�=BK><MER�?HK�MA>�HMA>K�LAHK>	�MA>�;H:M�BGLM>:=�FHO>L
diagonally K>E:MBO>�MH�MA>�LAHK>	�:L�BGFigure 3.37 ��1A>�;H:M�=H>L�GHM�FHO>�BG�MA>�=BK><MBHG�BG�PAB<A�BM�BL�IHBGM>=��1A>�K>:LHG	�H?
<HNKL>	�BL�MA:M�MA>�KBO>K�<:KKB>L�MA>�;H:M�=HPGLMK>:F��0BFBE:KER	�B?�:�LF:EE�:BKIE:G>�?EB>L�HO>KA>:=�BG�:�LMKHG@�<KHLLPBG=	�RHN�<:G
LHF>MBF>L�L>>�MA:M�MA>�IE:G>�BL�GHM�FHOBG@�BG�MA>�=BK><MBHG�BG�PAB<A�BM�BL�IHBGM>=	�:L�BEENLMK:M>=�BGFigure 3.38 ��1A>�IE:G>�BL
FHOBG@�LMK:B@AM�:A>:=�K>E:MBO>�MH�MA>�:BK	�;NM�MA>�FHO>F>GM�H?�MA>�:BK�F:LL�K>E:MBO>�MH�MA>�@KHNG=�<:KKB>L�BM�LB=>P:RL�

��  A:IM>K���T�1PH
!BF>GLBHG:E�(BG>F:MB<L
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Figure 3.37 ��;H:M�MKRBG@�MH�A>:=�LMK:B@AM�:<KHLL�:�KBO>K�PBEE�:<MN:EER�FHO>�=B:@HG:EER�K>E:MBO>�MH�MA>�LAHK>�:L�LAHPG��&ML�MHM:E�O>EH<BMR��LHEB=�:KKHP�
K>E:MBO>�MH�MA>�LAHK>�BL�MA>�LNF�H?�BML�O>EH<BMR�K>E:MBO>�MH�MA>�KBO>K�IENL�MA>�O>EH<BMR�H?�MA>�KBO>K�K>E:MBO>�MH�MA>�LAHK>�

Figure 3.38 �G�:BKIE:G>�A>:=BG@�LMK:B@AM�GHKMA�BL�BGLM>:=�<:KKB>=�MH�MA>�P>LM�:G=�LEHP>=�=HPG�;R�PBG=��1A>�IE:G>�=H>L�GHM�FHO>�K>E:MBO>�MH�MA>�@KHNG=
BG�MA>�=BK><MBHG�BM�IHBGML��K:MA>K	�BM�FHO>L�BG�MA>�=BK><MBHG�H?�BML�MHM:E�O>EH<BMR��LHEB=�:KKHP��

&G�>:<A�H?�MA>L>�LBMN:MBHGL	�:G�H;C><M�A:L�:velocity K>E:MBO>�MH�:�F>=BNF��LN<A�:L�:�KBO>K��:G=�MA:M�F>=BNF�A:L�:�O>EH<BMR
K>E:MBO>�MH�:G�H;L>KO>K�HG�LHEB=�@KHNG=��1A>�O>EH<BMR�H?�MA>�H;C><Mrelative to the observer BL�MA>�LNF�H?�MA>L>�O>EH<BMR�O><MHKL	�:L
BG=B<:M>=�BGFigure 3.37 :G= Figure 3.38 ��1A>L>�LBMN:MBHGL�:K>�HGER�MPH�H?�F:GR�BG�PAB<A�BM�BL�NL>?NE�MH�:==�O>EH<BMB>L��&G�MABL
FH=NE>	�P>�?BKLM�K>
>Q:FBG>�AHP�MH�:==�O>EH<BMB>L�:G=�MA>G�<HGLB=>K�<>KM:BG�:LI><ML�H?�PA:M�K>E:MBO>�O>EH<BMR�F>:GL�

%HP�=H�P>�:==�O>EH<BMB>L��3>EH<BMR�BL�:�O><MHK��BM�A:L�;HMA�F:@GBMN=>�:G=�=BK><MBHG���MA>�KNE>L�H?vector addition =BL<NLL>=�BG
Vector Addition and Subtraction: Graphical Methods (https://legacy .cnx.org/content/m42127/latest/) :G= Vector Addition
and Subtraction: Analytical Methods (https://legacy .cnx.org/content/m42128/latest/) :IIER�MH�MA>�:==BMBHG�H?�O>EH<BMB>L	�CNLM
:L�MA>R�=H�?HK�:GR�HMA>K�O><MHKL��&G�HG>
=BF>GLBHG:E�FHMBHG	�MA>�:==BMBHG�H?�O>EH<BMB>L�BL�LBFIE>^MA>R�:==�EBD>�HK=BG:KR�GNF;>KL�
#HK�>Q:FIE>	�B?�:�?B>E=�AH<D>R�IE:R>K�BL�FHOBG@�:M�����N���TLMK:B@AM�MHP:K=�MA>�@H:E�:G=�=KBO>L�MA>�;:EE�BG�MA>�L:F>�=BK><MBHG�PBMA�:

O>EH<BMR�H?�������N���TK>E:MBO>�MH�A>K�;H=R	�MA>G�MA>�O>EH<BMR�H?�MA>�;:EE�BL�������N���TK>E:MBO>�MH�MA>�LM:MBHG:KR	�IKH?NL>ER�LP>:MBG@

@H:ED>>I>K�LM:G=BG@�BG�?KHGM�H?�MA>�@H:E�

&G�MPH
=BF>GLBHG:E�FHMBHG	�>BMA>K�@K:IAB<:E�HK�:G:ERMB<:E�M><AGBJN>L�<:G�;>�NL>=�MH�:==�O>EH<BMB>L��4>�PBEE�<HG<>GMK:M>�HG
:G:ERMB<:E�M><AGBJN>L��1A>�?HEEHPBG@�>JN:MBHGL�@BO>�MA>�K>E:MBHGLABIL�;>MP>>G�MA>�F:@GBMN=>�:G=�=BK><MBHG�H?�O>EH<BMR���W:G= �� �

:G=�BML�<HFIHG>GML���W�Y:G= �W�Z��:EHG@�MA>x
�:G= y
:Q>L�H?�:G�:IIKHIKB:M>ER�<AHL>G�<HHK=BG:M>�LRLM>F�

�������W�Y�� �W�D�P�T��
�������W�Z�� �W�T�J�O��
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����
��W�� �W�Y
�� �� �W�Z

��

�������� �� �U�B�O�' ���	�W�Z���W�Y�
��

Figure 3.39 1A>�O>EH<BMR	 �W	�H?�:G�H;C><M�MK:O>EBG@�:M�:G�:G@E>�� MH�MA>�AHKBSHGM:E�:QBL�BL�MA>�LNF�H?�<HFIHG>GM�O><MHKL�W�Y:G= �W�Z�

1A>L>�>JN:MBHGL�:K>�O:EB=�?HK�:GR�O><MHKL�:G=�:K>�:=:IM>=�LI><B?B<:EER�?HK�O>EH<BMR��1A>�?BKLM�MPH�>JN:MBHGL�:K>�NL>=�MH�?BG=�MA>
<HFIHG>GML�H?�:�O>EH<BMR�PA>G�BML�F:@GBMN=>�:G=�=BK><MBHG�:K>�DGHPG��1A>�E:LM�MPH�:K>�NL>=�MH�?BG=�MA>�F:@GBMN=>�:G=�=BK><MBHG
H?�O>EH<BMR�PA>G�BML�<HFIHG>GML�:K>�DGHPG�

1:D>
%HF>�"QI>KBF>GM��/>E:MBO>�3>EH<BMR�H?�:��H:M

#BEE�:�;:MAMN;�A:E?
?NEE�H?�P:M>K��1:D>�:�MHR�;H:M�HK�LHF>�HMA>K�H;C><M�MA:M�?EH:ML�BG�P:M>K��2GIEN@�MA>�=K:BG�LH�P:M>K�LM:KML�MH
=K:BG��1KR�INLABG@�MA>�;H:M�?KHF�HG>�LB=>�H?�MA>�MN;�MH�MA>�HMA>K�:G=�I>KI>G=B<NE:K�MH�MA>�?EHP�H?�P:M>K��4AB<A�P:R�=H�RHN
G>>=�MH�INLA�MA>�;H:M�LH�MA:M�BM�>G=L�NI�BFF>=B:M>ER�HIIHLBM>�� HFI:K>�MA>�=BK><MBHGL�H?�MA>�?EHP�H?�P:M>K	�A>:=BG@�H?�MA>
;H:M	�:G=�:<MN:E�O>EH<BMR�H?�MA>�;H:M�

Example 3.4 Adding V elocities: A Boat on a River

Figure 3.40 ��;H:M�:MM>FIML�MH�MK:O>E�LMK:B@AM�:<KHLL�:�KBO>K�:M�:�LI>>=�
����F�L��1A>�<NKK>GM�BG�MA>�KBO>K	�AHP>O>K	�?EHPL�:M�:�LI>>=�H?����
�F�L�MH
MA>�KB@AM��4A:M�BL�MA>�MHM:E�=BLIE:<>F>GM�H?�MA>�;H:M�K>E:MBO>�MH�MA>�LAHK>�

/>?>K�MHFigure 3.40 	�PAB<A�LAHPL�:�;H:M�MKRBG@�MH�@H�LMK:B@AM�:<KHLL�MA>�KBO>K��)>M�NL�<:E<NE:M>�MA>�F:@GBMN=>�:G=�=BK><MBHG
H?�MA>�;H:M`L�O>EH<BMR�K>E:MBO>�MH�:G�H;L>KO>K�HG�MA>�LAHK>	�W�U�P�U��1A>�O>EH<BMR�H?�MA>�;H:M	�W�C�P�B�U	�BL�
����F�L�BG�MA>�Z


=BK><MBHG�K>E:MBO>�MH�MA>�KBO>K�:G=�MA>�O>EH<BMR�H?�MA>�KBO>K	 �W�S�J�W�F�S	�BL����
�F�L�MH�MA>�KB@AM�

Strategy

4 >�LM:KM�;R�<AHHLBG@�:�<HHK=BG:M>�LRLM>F�PBMA�BML�Y
:QBL�I:K:EE>E�MH�MA>�O>EH<BMR�H?�MA>�KBO>K	�:L�LAHPG�BGFigure 3.40 �

�><:NL>�MA>�;H:M�BL�=BK><M>=�LMK:B@AM�MHP:K=�MA>�HMA>K�LAHK>	�BML�O>EH<BMR�K>E:MBO>�MH�MA>�P:M>K�BL�I:K:EE>E�MH�MA>�Z
:QBL�:G=
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I>KI>G=B<NE:K�MH�MA>�O>EH<BMR�H?�MA>�KBO>K��1ANL	�P>�<:G�:==�MA>�MPH�O>EH<BMB>L�;R�NLBG@�MA>�>JN:MBHGL�W�U�P�U�� �W�Y
�� �� �W�Z

�� :G=

�� �� �U�B�O�' ���	�W�Z���W�Y�
 =BK><MER�

Solution

1A>�F:@GBMN=>�H?�MA>�MHM:E�O>EH<BMR�BL

�������W�U�P�U�� �W�Y
�� �� �W�Z

���


PA>K>

�������W�Y�� �W�S�J�W�F�S�� �����������N���T

:G=

�������W�Z�� �W�C�P�B�U�� �������������N���T��

1ANL	

�������W�U�P�U�� �	�����������N���T�
�� �� �	�������������N���T�
��

RB>E=BG@

�������W�U�P�U�� �����������N���T��

1A>�=BK><MBHG�H?�MA>�MHM:E�O>EH<BMR�� BL�@BO>G�;R�

�������� �� �U�B�O�' ���	�W�Z���W�Y�
 �� �U�B�O�' ���	���������� �����������
��

1ABL�>JN:MBHG�@BO>L

�������� �� ���������z��

Discussion

�HMA�MA>�F:@GBMN=>�W:G=�MA>�=BK><MBHG�� H?�MA>�MHM:E�O>EH<BMR�:K>�<HGLBLM>GM�PBMAFigure 3.40 ��+HM>�MA:M�;><:NL>�MA>

O>EH<BMR�H?�MA>�KBO>K�BL�E:K@>�<HFI:K>=�PBMA�MA>�O>EH<BMR�H?�MA>�;H:M	�BM�BL�LP>IM�K:IB=ER�=HPGLMK>:F��1ABL�K>LNEM�BL�>OB=>G<>=
;R�MA>�LF:EE�:G@E>��HGER���������z��MA>�MHM:E�O>EH<BMR�A:L�K>E:MBO>�MH�MA>�KBO>K;:GD�

Example 3.5 Calculating V elocity: W ind Velocity Causes an Airplane to Drift

 :E<NE:M>�MA>�PBG=�O>EH<BMR�?HK�MA>�LBMN:MBHG�LAHPG�BGFigure 3.41 ��1A>�IE:G>�BL�DGHPG�MH�;>�FHOBG@�:M����
�F�L�=N>�GHKMA
K>E:MBO>�MH�MA>�:BK�F:LL	�PABE>�BML�O>EH<BMR�K>E:MBO>�MH�MA>�@KHNG=��BML�MHM:E�O>EH<BMR��BL����
�F�L�BG�:�=BK><MBHG���������zP>LM�H?

GHKMA�
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Figure 3.41 �G�:BKIE:G>�BL�DGHPG�MH�;>�A>:=BG@�GHKMA�:M����
�F�L	�MAHN@A�BML�O>EH<BMR�K>E:MBO>�MH�MA>�@KHNG=�BL����
�F�L�:M�:G�:G@E>�P>LM�H?�GHKMA�
4A:M�BL�MA>�LI>>=�:G=�=BK><MBHG�H?�MA>�PBG=�

Strategy

&G�MABL�IKH;E>F	�LHF>PA:M�=B??>K>GM�?KHF�MA>�IK>OBHNL�>Q:FIE>	�P>�DGHP�MA>�MHM:E�O>EH<BMR�W�U�P�U:G=�MA:M�BM�BL�MA>�LNF�H?�MPH

HMA>K�O>EH<BMB>L	�W�X �MA>�PBG=��:G=�W�Q�MA>�IE:G>�K>E:MBO>�MH�MA>�:BK�F:LL���1A>�JN:GMBMR�W�QBL�DGHPG	�:G=�P>�:K>�:LD>=�MH

?BG=�W�X��+HG>�H?�MA>�O>EH<BMB>L�:K>�I>KI>G=B<NE:K	�;NM�BM�BL�IHLLB;E>�MH�?BG=�MA>BK�<HFIHG>GML�:EHG@�:�<HFFHG�L>M�H?

I>KI>G=B<NE:K�:Q>L��&?�P>�<:G�?BG=�MA>�<HFIHG>GML�H?�W�X	�MA>G�P>�<:G�<HF;BG>�MA>F�MH�LHEO>�?HK�BML�F:@GBMN=>�:G=

=BK><MBHG���L�LAHPG�BGFigure 3.41 	�P>�<AHHL>�:�<HHK=BG:M>�LRLM>F�PBMA�BMLx
:QBL�=N>�>:LM�:G=�BMLy
:QBL�=N>�GHKMA��I:K:EE>E
MH�W�Q����6 HN�F:R�PBLA�MH�EHHD�;:<D�:M�MA>�=BL<NLLBHG�H?�MA>�:==BMBHG�H?�O><MHKL�NLBG@�I>KI>G=B<NE:K�<HFIHG>GML�BGVector

Addition and Subtraction: Analytical Methods (https://legacy .cnx.org/content/m42128/latest/) ��

Solution

�><:NL> �W�U�P�UBL�MA>�O><MHK�LNF�H?�MA>�W�X :G= �W�Q	�BMLx
�:G= y
<HFIHG>GML�:K>�MA>�LNFL�H?�MA>x
�:G= y
<HFIHG>GML�H?

MA>�PBG=�:G=�IE:G>�O>EH<BMB>L��+HM>�MA:M�MA>�IE:G>�HGER�A:L�O>KMB<:E�<HFIHG>GM�H?�O>EH<BMR�LH�W�Q�Y�� �� :G= �W�Q�Z�� �W�Q��1A:M

BL	

�������W�U�P�U�Y�� �W�X�Y

:G=

����
��W�U�P�U�Z�� �W�X�Z�� �W�Q��

4 >�<:G�NL>�MA>�?BKLM�H?�MA>L>�MPH�>JN:MBHGL�MH�?BG=�W�X�Y�

�������W�X�Z�� �W�U�P�U�Y�� �W�U�P�U�D�P�T���������z��

�><:NL> �W�U�P�U�� �����������N���T:G= �D�P�T���������z�� �� ���������� P>�A:O>

�������W�X�Z�� �	�����������N���T�
�	�������������
 �� ���������N���T��

1A>�FBGNL�LB@G�BG=B<:M>L�FHMBHG�P>LM�PAB<A�BL�<HGLBLM>GM�PBMA�MA>�=B:@K:F�

+HP	�MH�?BG=�W�X�ZP>�GHM>�MA:M

�������W�U�P�U�Z�� �W�X�Z�� �W�Q

%>K>�W�U�P�U�Z�� �W�U�P�U�T�J�O���������z��MANL	

�������W�X�Z�� �	�����������N���T�
�	�����������
�' �����������N���T�� �' �����������N���T��
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1ABL�FBGNL�LB@G�BG=B<:M>L�FHMBHG�LHNMA�PAB<A�BL�<HGLBLM>GM�PBMA�MA>�=B:@K:F�

+HP�MA:M�MA>�I>KI>G=B<NE:K�<HFIHG>GML�H?�MA>�PBG=�O>EH<BMR�W�X�Y:G= �W�X�Z :K>�DGHPG	�P>�<:G�?BG=�MA>�F:@GBMN=>�:G=

=BK><MBHG�H?�W�X��#BKLM	�MA>�F:@GBMN=>�BL

�������W�X �� �W�X�Y
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��

�� �	�' �����������N���T�
�� �� �	�' �����������N���T�
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LH�MA:M

�������W�X �� �����������N���T��

1A>�=BK><MBHG�BL�

�������� �� �U�B�O�' ���	�W�X�Z���W�X�Y�
 �� �U�B�O�' ���	�' �������� ���' ���������


@BOBG@

�������� �� ���������z��

Discussion

1A>�PBG=`L�LI>>=�:G=�=BK><MBHG�:K>�<HGLBLM>GM�PBMA�MA>�LB@GB?B<:GM�>??><M�MA>�PBG=�A:L�HG�MA>�MHM:E�O>EH<BMR�H?�MA>�IE:G>	�:L
L>>G�BGFigure 3.41 ���><:NL>�MA>�IE:G>�BL�?B@AMBG@�:�LMKHG@�<HF;BG:MBHG�H?�<KHLLPBG=�:G=�A>:=
PBG=	�BM�>G=L�NI�PBMA�:�MHM:E
O>EH<BMR�LB@GB?B<:GMER�E>LL�MA:G�BML�O>EH<BMR�K>E:MBO>�MH�MA>�:BK�F:LL�:L�P>EE�:L�A>:=BG@�BG�:�=B??>K>GM�=BK><MBHG�

+HM>�MA:M�BG�;HMA�H?�MA>�E:LM�MPH�>Q:FIE>L	�P>�P>K>�:;E>�MH�F:D>�MA>�F:MA>F:MB<L�>:LB>K�;R�<AHHLBG@�:�<HHK=BG:M>�LRLM>F�PBMA
HG>�:QBL�I:K:EE>E�MH�HG>�H?�MA>�O>EH<BMB>L��4>�PBEE�K>I>:M>=ER�?BG=�MA:M�<AHHLBG@�:G�:IIKHIKB:M>�<HHK=BG:M>�LRLM>F�F:D>L�IKH;E>F
LHEOBG@�>:LB>K��#HK�>Q:FIE>	�BG�IKHC><MBE>�FHMBHG�P>�:EP:RL�NL>�:�<HHK=BG:M>�LRLM>F�PBMA�HG>�:QBL�I:K:EE>E�MH�@K:OBMR�

/>E:MBO>�3>EH<BMB>L�:G=� E:LLB<:E�/>E:MBOBMR
4A>G�:==BG@�O>EH<BMB>L	�P>�A:O>�;>>G�<:K>?NE�MH�LI><B?R�MA:M�MA>velocity is relative to some reference frame��1A>L>�O>EH<BMB>L
:K>�<:EE>=relative velocities ��#HK�>Q:FIE>	�MA>�O>EH<BMR�H?�:G�:BKIE:G>�K>E:MBO>�MH�:G�:BK�F:LL�BL�=B??>K>GM�?KHF�BML�O>EH<BMR�K>E:MBO>
MH�MA>�@KHNG=���HMA�:K>�JNBM>�=B??>K>GM�?KHF�MA>�O>EH<BMR�H?�:G�:BKIE:G>�K>E:MBO>�MH�BML�I:LL>G@>KL��PAB<A�LAHNE=�;>�<EHL>�MH�S>KH��
/>E:MBO>�O>EH<BMB>L�:K>�HG>�:LI><M�H?relativity 	�PAB<A�BL�=>?BG>=�MH�;>�MA>�LMN=R�H?�AHP�=B??>K>GM�H;L>KO>KL�FHOBG@�K>E:MBO>�MH
>:<A�HMA>K�F>:LNK>�MA>�L:F>�IA>GHF>GHG�

+>:KER�>O>KRHG>�A:L�A>:K=�H?�K>E:MBOBMR�:G=�BFF>=B:M>ER�:LLH<B:M>L�BM�PBMA��E;>KM�"BGLM>BG������]�����	�MA>�@K>:M>LM�IARLB<BLM�H?
MA>��
MA�<>GMNKR��"BGLM>BG�K>OHENMBHGBS>=�HNK�OB>P�H?�G:MNK>�PBMA�ABLmodern MA>HKR�H?�K>E:MBOBMR	�PAB<A�P>�LA:EE�LMN=R�BG�E:M>K
<A:IM>KL��1A>�K>E:MBO>�O>EH<BMB>L�BG�MABL�L><MBHG�:K>�:<MN:EER�:LI><ML�H?�<E:LLB<:E�K>E:MBOBMR	�?BKLM�=BL<NLL>=�<HKK><MER�;R�$:EBE>H�:G=
&L::<�+>PMHG�Classical relativity BL�EBFBM>=�MH�LBMN:MBHGL�PA>K>�LI>>=L�:K>�E>LL�MA:G�:;HNM����H?�MA>�LI>>=�H?�EB@AM^MA:M�BL	
E>LL�MA:G���
���������L�N���T��*HLM�MABG@L�P>�>G<HNGM>K�BG�=:BER�EB?>�FHO>�LEHP>K�MA:G�MABL�LI>>=�

)>M�NL�<HGLB=>K�:G�>Q:FIE>�H?�PA:M�MPH�=B??>K>GM�H;L>KO>KL�L>>�BG�:�LBMN:MBHG�:G:ERS>=�EHG@�:@H�;R�$:EBE>H��0NIIHL>�:�L:BEHK�:M
MA>�MHI�H?�:�F:LM�HG�:�FHOBG@�LABI�=KHIL�ABL�;BGH<NE:KL��4A>K>�PBEE�BM�ABM�MA>�=><D��4BEE�BM�ABM�:M�MA>�;:L>�H?�MA>�F:LM	�HK�PBEE�BM�ABM
;>ABG=�MA>�F:LM�;><:NL>�MA>�LABI�BL�FHOBG@�?HKP:K=��1A>�:GLP>K�BL�MA:M�B?�:BK�K>LBLM:G<>�BL�G>@EB@B;E>	�MA>�;BGH<NE:KL�PBEE�ABM�:M
MA>�;:L>�H?�MA>�F:LM�:M�:�IHBGM�=BK><MER�;>EHP�BML�IHBGM�H?�K>E>:L>��+HP�E>M�NL�<HGLB=>K�PA:M�MPH�=B??>K>GM�H;L>KO>KL�L>>�PA>G�MA>
;BGH<NE:KL�=KHI��,G>�H;L>KO>K�BL�HG�MA>�LABI�:G=�MA>�HMA>K�HG�LAHK>��1A>�;BGH<NE:KL�A:O>�GH�AHKBSHGM:E�O>EH<BMR�K>E:MBO>�MH�MA>
H;L>KO>K�HG�MA>�LABI	�:G=�LH�A>�L>>L�MA>F�?:EE�LMK:B@AM�=HPG�MA>�F:LM���0>>Figure 3.42 ���1H�MA>�H;L>KO>K�HG�LAHK>	�MA>
;BGH<NE:KL�:G=�MA>�LABI�A:O>�MA>same AHKBSHGM:E�O>EH<BMR	�LH�;HMA�FHO>�MA>�L:F>�=BLM:G<>�?HKP:K=�PABE>�MA>�;BGH<NE:KL�:K>
?:EEBG@��1ABL�H;L>KO>K�L>>L�MA>�<NKO>=�I:MA�LAHPG�BGFigure 3.42 ���EMAHN@A�MA>�I:MAL�EHHD�=B??>K>GM�MH�MA>�=B??>K>GM�H;L>KO>KL	
>:<A�L>>L�MA>�L:F>�K>LNEM^MA>�;BGH<NE:KL�ABM�:M�MA>�;:L>�H?�MA>�F:LM�:G=�GHM�;>ABG=�BM��1H�@>M�MA>�<HKK><M�=>L<KBIMBHG	�BM�BL�<KN<B:E
MH�<HKK><MER�LI><B?R�MA>�O>EH<BMB>L�K>E:MBO>�MH�MA>�H;L>KO>K�
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Figure 3.42  E:LLB<:E�K>E:MBOBMR��1A>�L:F>�FHMBHG�:L�OB>P>=�;R�MPH�=B??>K>GM�H;L>KO>KL���G�H;L>KO>K�HG�MA>�FHOBG@�LABI�L>>L�MA>�;BGH<NE:KL�=KHII>=
?KHF�MA>�MHI�H?�BML�F:LM�?:EE�LMK:B@AM�=HPG���G�H;L>KO>K�HG�LAHK>�L>>L�MA>�;BGH<NE:KL�M:D>�MA>�<NKO>=�I:MA	�FHOBG@�?HKP:K=�PBMA�MA>�LABI���HMA�H;L>KO>KL
L>>�MA>�;BGH<NE:KL�LMKBD>�MA>�=><D�:M�MA>�;:L>�H?�MA>�F:LM��1A>�BGBMB:E�AHKBSHGM:E�O>EH<BMR�BL�=B??>K>GM�K>E:MBO>�MH�MA>�MPH�H;L>KO>KL���1A>�LABI�BL�LAHPG
FHOBG@�K:MA>K�?:LM�MH�>FIA:LBS>�MA>�>??><M��

Example 3.6 Calculating Relative V elocity: An Airline Passenger Drops a Coin

�G�:BKEBG>�I:LL>G@>K�=KHIL�:�<HBG�PABE>�MA>�IE:G>�BL�FHOBG@�:M���
�F�L��4A:M�BL�MA>�O>EH<BMR�H?�MA>�<HBG�PA>G�BM�LMKBD>L�MA>
?EHHK����
�F�;>EHP�BML�IHBGM�H?�K>E>:L>���:��*>:LNK>=�K>E:MBO>�MH�MA>�IE:G>���;��*>:LNK>=�K>E:MBO>�MH�MA>�":KMA�

Figure 3.43 1A>�FHMBHG�H?�:�<HBG�=KHII>=�BGLB=>�:G�:BKIE:G>�:L�OB>P>=�;R�MPH�=B??>K>GM�H;L>KO>KL���:���G�H;L>KO>K�BG�MA>�IE:G>�L>>L�MA>�<HBG�?:EE
LMK:B@AM�=HPG���;���G�H;L>KO>K�HG�MA>�@KHNG=�L>>L�MA>�<HBG�FHO>�:EFHLM�AHKBSHGM:EER�

Strategy

�HMA�IKH;E>FL�<:G�;>�LHEO>=�PBMA�MA>�M><AGBJN>L�?HK�?:EEBG@�H;C><ML�:G=�IKHC><MBE>L��&G�I:KM��:�	�MA>�BGBMB:E�O>EH<BMR�H?�MA>�<HBG
BL�S>KH�K>E:MBO>�MH�MA>�IE:G>	�LH�MA>�FHMBHG�BL�MA:M�H?�:�?:EEBG@�H;C><M��HG>
=BF>GLBHG:E���&G�I:KM��;�	�MA>�BGBMB:E�O>EH<BMR�BL���
�F�
L�AHKBSHGM:E�K>E:MBO>�MH�MA>�":KMA�:G=�@K:OBMR�BL�O>KMB<:E	�LH�MABL�FHMBHG�BL�:�IKHC><MBE>�FHMBHG��&G�;HMA�I:KML	�BM�BL�;>LM�MH�NL>�:
<HHK=BG:M>�LRLM>F�PBMA�O>KMB<:E�:G=�AHKBSHGM:E�:Q>L�

Solution for (a)

2LBG@�MA>�@BO>G�BG?HKF:MBHG	�P>�GHM>�MA:M�MA>�BGBMB:E�O>EH<BMR�:G=�IHLBMBHG�:K>�S>KH	�:G=�MA>�?BG:E�IHLBMBHG�BL����
�F��1A>�?BG:E
O>EH<BMR�<:G�;>�?HNG=�NLBG@�MA>�>JN:MBHG�

�
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4 >�DGHP�MA:M�MA>�LJN:K>�KHHM�H?������A:L�MPH�KHHML�������:G=�
������4>�<AHHL>�MA>�G>@:MBO>�KHHM�;><:NL>�P>�DGHP�MA:M�MA>
O>EH<BMR�BL�=BK><M>=�=HPGP:K=L	�:G=�P>�A:O>�=>?BG>=�MA>�IHLBMBO>�=BK><MBHG�MH�;>�NIP:K=L��1A>K>�BL�GH�BGBMB:E�AHKBSHGM:E
O>EH<BMR�K>E:MBO>�MH�MA>�IE:G>�:G=�GH�AHKBSHGM:E�:<<>E>K:MBHG	�:G=�LH�MA>�FHMBHG�BL�LMK:B@AM�=HPG�K>E:MBO>�MH�MA>�IE:G>�

Solution for (b)

�><:NL>�MA>�BGBMB:E�O>KMB<:E�O>EH<BMR�BL�S>KH�K>E:MBO>�MH�MA>�@KHNG=�:G=�O>KMB<:E�FHMBHG�BL�BG=>I>G=>GM�H?�AHKBSHGM:E�FHMBHG	�MA>
?BG:E�O>KMB<:E�O>EH<BMR�?HK�MA>�<HBG�K>E:MBO>�MH�MA>�@KHNG=�BL�W�Z�� �' ���������N���T	�MA>�L:F>�:L�?HNG=�BG�I:KM��:���&G�<HGMK:LM�MH

I:KM��:�	�MA>K>�GHP�BL�:�AHKBSHGM:E�<HFIHG>GM�H?�MA>�O>EH<BMR��%HP>O>K	�LBG<>�MA>K>�BL�GH�AHKBSHGM:E�:<<>E>K:MBHG	�MA>�BGBMB:E
:G=�?BG:E�AHKBSHGM:E�O>EH<BMB>L�:K>�MA>�L:F>�:G=�W�Y�� ���������N���T��1A> x
�:G= y
<HFIHG>GML�H?�O>EH<BMR�<:G�;>�<HF;BG>=�MH

?BG=�MA>�F:@GBMN=>�H?�MA>�?BG:E�O>EH<BMR�

�������W�� �W�Y
�� �� �W�Z

����

1ANL	

�������W�� �	���������N���T�
�� �� �	�' �����������N���T�
��

RB>E=BG@

�������W�� ���������������N���T��

1A>�=BK><MBHG�BL�@BO>G�;R�

�������� �� �U�B�O�' ���	�W�Z���W�Y�
 �� �U�B�O�' ���	�' �������� ���������


LH�MA:M

�������� �� �U�B�O�' ���	�' �������������
 �� �' ���������z��

Discussion

&G�I:KM��:�	�MA>�?BG:E�O>EH<BMR�K>E:MBO>�MH�MA>�IE:G>�BL�MA>�L:F>�:L�BM�PHNE=�;>�B?�MA>�<HBG�P>K>�=KHII>=�?KHF�K>LM�HG�MA>�":KMA
:G=�?>EE����
�F��1ABL�K>LNEM�?BML�HNK�>QI>KB>G<>��H;C><ML�BG�:�IE:G>�?:EE�MA>�L:F>�P:R�PA>G�MA>�IE:G>�BL�?ERBG@�AHKBSHGM:EER�:L
PA>G�BM�BL�:M�K>LM�HG�MA>�@KHNG=��1ABL�K>LNEM�BL�:ELH�MKN>�BG�FHOBG@�<:KL��&G�I:KM��;�	�:G�H;L>KO>K�HG�MA>�@KHNG=�L>>L�:�FN<A
=B??>K>GM�FHMBHG�?HK�MA>�<HBG��1A>�IE:G>�BL�FHOBG@�LH�?:LM�AHKBSHGM:EER�MH�;>@BG�PBMA�MA:M�BML�?BG:E�O>EH<BMR�BL�;:K>ER�@K>:M>K�MA:G
MA>�BGBMB:E�O>EH<BMR��,G<>�:@:BG	�P>�L>>�MA:M�BG�MPH�=BF>GLBHGL	�O><MHKL�=H�GHM�:==�EBD>�HK=BG:KR�GNF;>KL^MA>�?BG:E�O>EH<BMR�O
BG�I:KM��;��BLnot �	���������������������
���N���T��K:MA>K	�BM�BL���������������N���T��1A>�O>EH<BMR`L�F:@GBMN=>�A:=�MH�;>�<:E<NE:M>=�MH�?BO>�=B@BML�MH

L>>�:GR�=B??>K>G<>�?KHF�MA:M�H?�MA>�:BKIE:G>��1A>�FHMBHGL�:L�L>>G�;R�=B??>K>GM�H;L>KO>KL��HG>�BG�MA>�IE:G>�:G=�HG>�HG�MA>
@KHNG=��BG�MABL�>Q:FIE>�:K>�:G:EH@HNL�MH�MAHL>�=BL<NLL>=�?HK�MA>�;BGH<NE:KL�=KHII>=�?KHF�MA>�F:LM�H?�:�FHOBG@�LABI	�>Q<>IM
MA:M�MA>�O>EH<BMR�H?�MA>�IE:G>�BL�FN<A�E:K@>K	�LH�MA:M�MA>�MPH�H;L>KO>KL�L>>very =B??>K>GM�I:MAL���0>>Figure 3.43 ���&G
:==BMBHG	�;HMA�H;L>KO>KL�L>>�MA>�<HBG�?:EE����
�F�O>KMB<:EER	�;NM�MA>�HG>�HG�MA>�@KHNG=�:ELH�L>>L�BM�FHO>�?HKP:K=�����F��MABL
<:E<NE:MBHG�BL�E>?M�?HK�MA>�K>:=>K���1ANL	�HG>�H;L>KO>K�L>>L�:�O>KMB<:E�I:MA	�MA>�HMA>K�:�G>:KER�AHKBSHGM:E�I:MA�

*:DBG@� HGG><MBHGL��/>E:MBOBMR�:G=�"BGLM>BG

�><:NL>�"BGLM>BG�P:L�:;E>�MH�<E>:KER�=>?BG>�AHP�F>:LNK>F>GML�:K>�F:=>��LHF>�BGOHEO>�EB@AM��:G=�;><:NL>�MA>�LI>>=
H?�EB@AM�BL�MA>�L:F>�?HK�:EE�H;L>KO>KL	�MA>�HNM<HF>L�:K>�LI><M:<NE:KER�NG>QI><M>=��1BF>�O:KB>L�PBMA�H;L>KO>K	�>G>K@R�BL
LMHK>=�:L�BG<K>:L>=�F:LL	�:G=�FHK>�LNKIKBL>L�:P:BM�

-A"1�"QIEHK:MBHGL��*HMBHG�BG��!

1KR�MA>�G>P��):=R;N@�*HMBHG��!��LBFNE:MBHG�?HK�MA>�E:M>LM�NI=:M>=�O>KLBHG��)>:KG�:;HNM�IHLBMBHG	�O>EH<BMR	�:G=�:<<>E>K:MBHG
O><MHKL��*HO>�MA>�;:EE�PBMA�MA>�FHNL>�HK�E>M�MA>�LBFNE:MBHG�FHO>�MA>�;:EE�BG�?HNK�MRI>L�H?�FHMBHG����MRI>L�H?�EBG>:K	�LBFIE>
A:KFHGB<	�<BK<E>��

 A:IM>K���T�1PH
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analytical method :

classical relativity :

commutative :

component (of a 2-d vector) :

direction (of a vector) :

head (of a vector) :

head-to-tail method :

magnitude (of a vector) :

relative velocity :

relativity :

resultant :

resultant vector :

scalar :

tail :

vector :

vector addition :

velocity :

Figure 3.44 Motion in 2D (http://legacy .cnx.org/content/m64143/1.3/motion-2d_en.jar)

Glossary

MA>�F>MAH=�H?�=>M>KFBGBG@�MA>�F:@GBMN=>�:G=�=BK><MBHG�H?�:�K>LNEM:GM�O><MHK�NLBG@�MA>�-RMA:@HK>:G
MA>HK>F�:G=�MKB@HGHF>MKB<�B=>GMBMB>L

MA>�LMN=R�H?�K>E:MBO>�O>EH<BMB>L�BG�LBMN:MBHGL�PA>K>�LI>>=L�:K>�E>LL�MA:G�:;HNM����H?�MA>�LI>>=�H?
EB@AM^MA:M�BL	�E>LL�MA:G��


�DF�L

K>?>KL�MH�MA>�BGM>K<A:G@>:;BEBMR�H?�HK=>K�BG�:�?NG<MBHG��O><MHK�:==BMBHG�BL�<HFFNM:MBO>�;><:NL>�MA>�HK=>K�BG�PAB<A
O><MHKL�:K>�:==>=�MH@>MA>K�=H>L�GHM�:??><M�MA>�?BG:E�LNF

:�IB><>�H?�:�O><MHK�MA:M�IHBGML�BG�>BMA>K�MA>�O>KMB<:E�HK�MA>�AHKBSHGM:E�=BK><MBHG��>O>KR��
=�O><MHK
<:G�;>�>QIK>LL>=�:L�:�LNF�H?�MPH�O>KMB<:E�:G=�AHKBSHGM:E�O><MHK�<HFIHG>GML

MA>�HKB>GM:MBHG�H?�:�O><MHK�BG�LI:<>

MA>�>G=�IHBGM�H?�:�O><MHK��MA>�EH<:MBHG�H?�MA>�MBI�H?�MA>�O><MHKL̀�:KKHPA>:=��:ELH�K>?>KK>=�MH�:L�MA>�aMBIb

:�F>MAH=�H?�:==BG@�O><MHKL�BG�PAB<A�MA>�M:BE�H?�>:<A�O><MHK�BL�IE:<>=�:M�MA>�A>:=�H?�MA>�IK>OBHNL�O><MHK

MA>�E>G@MA�HK�LBS>�H?�:�O><MHK��F:@GBMN=>�BL�:�L<:E:K�JN:GMBMR

MA>�O>EH<BMR�H?�:G�H;C><M�:L�H;L>KO>=�?KHF�:�I:KMB<NE:K�K>?>K>G<>�?K:F>

MA>�LMN=R�H?�AHP�=B??>K>GM�H;L>KO>KL�FHOBG@�K>E:MBO>�MH�>:<A�HMA>K�F>:LNK>�MA>�L:F>�IA>GHF>GHG

MA>�LNF�H?�MPH�HK�FHK>�O><MHKL

MA>�O><MHK�LNF�H?�MPH�HK�FHK>�O><MHKL

:�JN:GMBMR�PBMA�F:@GBMN=>�;NM�GH�=BK><MBHG

MA>�LM:KM�IHBGM�H?�:�O><MHK��HIIHLBM>�MH�MA>�A>:=�HK�MBI�H?�MA>�:KKHP

:�JN:GMBMR�MA:M�A:L�;HMA�F:@GBMN=>�:G=�=BK><MBHG��:G�:KKHP�NL>=�MH�K>IK>L>GM�JN:GMBMB>L�PBMA�;HMA�F:@GBMN=>�:G=
=BK><MBHG

MA>�KNE>L�MA:M�:IIER�MH�:==BG@�O><MHKL�MH@>MA>K

LI>>=�BG�:�@BO>G�=BK><MBHG

Section Summary

3.1 Kinematics in T wo Dimensions-An introduction
c 1A>�LAHKM>LM�I:MA�;>MP>>G�:GR�MPH�IHBGML�BL�:�LMK:B@AM�EBG>��&G�MPH�=BF>GLBHGL	�MABL�I:MA�<:G�;>�K>IK>L>GM>=�;R�:�O><MHK

PBMA�AHKBSHGM:E�:G=�O>KMB<:E�<HFIHG>GML�
c 1A>�AHKBSHGM:E�:G=�O>KMB<:E�<HFIHG>GML�H?�:�O><MHK�:K>�BG=>I>G=>GM�H?�HG>�:GHMA>K��*HMBHG�BG�MA>�AHKBSHGM:E�=BK><MBHG�=H>L

GHM�:??><M�FHMBHG�BG�MA>�O>KMB<:E�=BK><MBHG	�:G=�OB<>�O>KL:�

3.2 Vector Addition and Subtraction: Graphical Methods
c 1A> graphical method of adding vectors �" :G= �# BGOHEO>L�=K:PBG@�O><MHKL�HG�:�@K:IA�:G=�:==BG@�MA>F�NLBG@�MA>

A>:=
MH
M:BE�F>MAH=��1A>�K>LNEM:GM�O><MHK�3 BL�=>?BG>=�LN<A�MA:M�" �� �# �� �3 ��1A>�F:@GBMN=>�:G=�=BK><MBHG�H?�3 :K>

MA>G�=>M>KFBG>=�PBMA�:�KNE>K�:G=�IKHMK:<MHK	�K>LI><MBO>ER�
c 1A> graphical method of subtracting vector �# ?KHF�" BGOHEO>L�:==BG@�MA>�HIIHLBM>�H?�O><MHK�#	�PAB<A�BL�=>?BG>=�:L

�' �#��&G�MABL�<:L>	�" �� �# �� �" �� �	���#�
 �� �3 ��1A>G	�MA>�A>:=
MH
M:BE�F>MAH=�H?�:==BMBHG�BL�?HEEHP>=�BG�MA>�NLN:E�P:R�MH

H;M:BG�MA>�K>LNEM:GM�O><MHK�3 �

c �==BMBHG�H?�O><MHKL�BLcommutative LN<A�MA:M�" �� �# �� �#�� �" �

�
�  A:IM>K���T�1PH
!BF>GLBHG:E�(BG>F:MB<L

1ABL�,I>G0M:Q�;HHD�BL�:O:BE:;E>�?HK�?K>>�:M�AMMIL���E>@:<R�<GQ�HK@�<HGM>GM�<HE���������
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c 1A> head-to-tail method H?�:==BG@�O><MHKL�BGOHEO>L�=K:PBG@�MA>�?BKLM�O><MHK�HG�:�@K:IA�:G=�MA>G�IE:<BG@�MA>�M:BE�H?�>:<A
LN;L>JN>GM�O><MHK�:M�MA>�A>:=�H?�MA>�IK>OBHNL�O><MHK��1A>�K>LNEM:GM�O><MHK�BL�MA>G�=K:PG�?KHF�MA>�M:BE�H?�MA>�?BKLM�O><MHK�MH
MA>�A>:=�H?�MA>�?BG:E�O><MHK�

c &?�:�O><MHK�" BL�FNEMBIEB>=�;R�:�L<:E:K�JN:GMBMR�D	�MA>�F:@GBMN=>�H?�MA>�IKH=N<M�BL�@BO>G�;R�D�"��&?�DBL�IHLBMBO>	�MA>

=BK><MBHG�H?�MA>�IKH=N<M�IHBGML�BG�MA>�L:F>�=BK><MBHG�:L�" ��B?�DBL�G>@:MBO>	�MA>�=BK><MBHG�H?�MA>�IKH=N<M�IHBGML�BG�MA>

HIIHLBM>�=BK><MBHG�:L�" �

3.3 Vector Addition and Subtraction-Analytical Methods
c 1A>�:G:ERMB<:E�F>MAH=�H?�O><MHK�:==BMBHG�:G=�LN;MK:<MBHG�BGOHEO>L�NLBG@�MA>�-RMA:@HK>:G�MA>HK>F�:G=�MKB@HGHF>MKB<

B=>GMBMB>L�MH�=>M>KFBG>�MA>�F:@GBMN=>�:G=�=BK><MBHG�H?�:�K>LNEM:GM�O><MHK�
c 1A>�LM>IL�MH�:==�O><MHKL�" :G= �# NLBG@�MA>�:G:ERMB<:E�F>MAH=�:K>�:L�?HEEHPL�

0M>I����!>M>KFBG>�MA>�<HHK=BG:M>�LRLM>F�?HK�MA>�O><MHKL��1A>G	�=>M>KFBG>�MA>�AHKBSHGM:E�:G=�O>KMB<:E�<HFIHG>GML�H?�>:<A
O><MHK�NLBG@�MA>�>JN:MBHGL

�" �Y �� �" �D�P�T��
�#�Y �� �#�D�P�T��

:G=

�" �Z �� �" �T�J�O��

�#�Z �� �#�T�J�O����

0M>I�����==�MA>�AHKBSHGM:E�:G=�O>KMB<:E�<HFIHG>GML�H?�>:<A�O><MHK�MH�=>M>KFBG>�MA>�<HFIHG>GML�3�Y:G= �3�ZH?�MA>

K>LNEM:GM�O><MHK	 �3 �

�3�Y�� �" �Y�� �#�Y

:G=

�3�Z�� �" �Z�� �#�Z��

0M>I����2L>�MA>�-RMA:@HK>:G�MA>HK>F�MH�=>M>KFBG>�MA>�F:@GBMN=>	�3	�H?�MA>�K>LNEM:GM�O><MHK�3 �

�3�� �3�Y
�� �� �3�Z

����

0M>I����2L>�:�MKB@HGHF>MKB<�B=>GMBMR�MH�=>M>KFBG>�MA>�=BK><MBHG	�� 	�H? �3 �

�� �� �U�B�O�' ���	�3�Z���3�Y�
��

3.4 Addition of V elocities
c 3>EH<BMB>L�BG�MPH�=BF>GLBHGL�:K>�:==>=�NLBG@�MA>�L:F>�:G:ERMB<:E�O><MHK�M><AGBJN>L	�PAB<A�:K>�K>PKBMM>G�:L

�W�Y�� �W�D�P�T��

�W�Z�� �W�T�J�O��

�W�� �W�Y
�� �� �W�Z

��

�� �� �U�B�O�' ���	�W�Z���W�Y�
��

c />E:MBO>�O>EH<BMR�BL�MA>�O>EH<BMR�H?�:G�H;C><M�:L�H;L>KO>=�?KHF�:�I:KMB<NE:K�K>?>K>G<>�?K:F>	�:G=�BM�O:KB>L�=K:F:MB<:EER�PBMA
K>?>K>G<>�?K:F>�

c Relativity BL�MA>�LMN=R�H?�AHP�=B??>K>GM�H;L>KO>KL�F>:LNK>�MA>�L:F>�IA>GHF>GHG	�I:KMB<NE:KER�PA>G�MA>�H;L>KO>KL�FHO>
K>E:MBO>�MH�HG>�:GHMA>K� Classical relativity BL�EBFBM>=�MH�LBMN:MBHGL�PA>K>�LI>>=�BL�E>LL�MA:G�:;HNM����H?�MA>�LI>>=�H?�EB@AM
��


 DF�L��

Conceptual Questions

3.2 Vector Addition and Subtraction: Graphical Methods
1. 4AB<A�H?�MA>�?HEEHPBG@�BL�:�O><MHK��:�I>KLHG`L�A>B@AM	�MA>�:EMBMN=>�HG�*M��"O>K>LM	�MA>�:@>�H?�MA>�":KMA	�MA>�;HBEBG@�IHBGM�H?�P:M>K	
MA>�<HLM�H?�MABL�;HHD	�MA>�":KMA`L�IHINE:MBHG	�MA>�:<<>E>K:MBHG�H?�@K:OBMR�

2. $BO>�:�LI><B?B<�>Q:FIE>�H?�:�O><MHK	�LM:MBG@�BML�F:@GBMN=>	�NGBML	�:G=�=BK><MBHG�

3. 4A:M�=H�O><MHKL�:G=�L<:E:KL�A:O>�BG�<HFFHG��%HP�=H�MA>R�=B??>K�

 A:IM>K���T�1PH
!BF>GLBHG:E�(BG>F:MB<L �
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4. 1PH�<:FI>KL�BG�:�G:MBHG:E�I:KD�ABD>�?KHF�MA>BK�<:;BG�MH�MA>�L:F>�LIHM�HG�:�E:D>	�>:<A�M:DBG@�:�=B??>K>GM�I:MA	�:L�BEENLMK:M>=
;>EHP��1A>�MHM:E�=BLM:G<>�MK:O>E>=�:EHG@�-:MA���BL�����DF	�:G=�MA:M�:EHG@�-:MA���BL�����DF��4A:M�BL�MA>�?BG:E�=BLIE:<>F>GM�H?�>:<A
<:FI>K�

Figure 3.45

5. &?�:G�:BKIE:G>�IBEHM�BL�MHE=�MH�?ER�����DF�BG�:�LMK:B@AM�EBG>�MH�@>M�?KHF�0:G�#K:G<BL<H�MH�0:<K:F>GMH	�>QIE:BG�PAR�A>�<HNE=�>G=�NI
:GRPA>K>�HG�MA>�<BK<E>�LAHPG�BGFigure 3.46 ��4A:M�HMA>K�BG?HKF:MBHG�PHNE=�A>�G>>=�MH�@>M�MH�0:<K:F>GMH�

Figure 3.46

6. 0NIIHL>�RHN�M:D>�MPH�LM>IL�" :G= �# �MA:M�BL	�MPH�GHGS>KH�=BLIE:<>F>GML���2G=>K�PA:M�<BK<NFLM:G<>L�<:G�RHN�>G=�NI�:M
RHNK�LM:KMBG@�IHBGM��*HK>�@>G>K:EER	�NG=>K�PA:M�<BK<NFLM:G<>L�<:G�MPH�GHGS>KH�O><MHKL�:==�MH�@BO>�S>KH��&L�MA>�F:QBFNF
=BLM:G<>�RHN�<:G�>G=�NI�?KHF�MA>�LM:KMBG@�IHBGM�" �� �# MA>�LNF�H?�MA>�E>G@MAL�H?�MA>�MPH�LM>IL�

7. "QIE:BG�PAR�BM�BL�GHM�IHLLB;E>�MH�:==�:�L<:E:K�MH�:�O><MHK�

8. &?�RHN�M:D>�MPH�LM>IL�H?�=B??>K>GM�LBS>L	�<:G�RHN�>G=�NI�:M�RHNK�LM:KMBG@�IHBGM��*HK>�@>G>K:EER	�<:G�MPH�O><MHKL�PBMA�=B??>K>GM
F:@GBMN=>L�>O>K�:==�MH�S>KH�� :G�MAK>>�HK�FHK>�

3.3 Vector Addition and Subtraction-Analytical Methods

9. 0NIIHL>�RHN�:==�MPH�O><MHKL�" :G= �#��4A:M�K>E:MBO>�=BK><MBHG�;>MP>>G�MA>F�IKH=N<>L�MA>�K>LNEM:GM�PBMA�MA>�@K>:M>LM
F:@GBMN=>��4A:M�BL�MA>�F:QBFNF�F:@GBMN=>��4A:M�K>E:MBO>�=BK><MBHG�;>MP>>G�MA>F�IKH=N<>L�MA>�K>LNEM:GM�PBMA�MA>�LF:EE>LM
F:@GBMN=>��4A:M�BL�MA>�FBGBFNF�F:@GBMN=>�

10. $BO>�:G�>Q:FIE>�H?�:�GHGS>KH�O><MHK�MA:M�A:L�:�<HFIHG>GM�H?�S>KH�

11. "QIE:BG�PAR�:�O><MHK�<:GGHM�A:O>�:�<HFIHG>GM�@K>:M>K�MA:G�BML�HPG�F:@GBMN=>�

12. &?�MA>�O><MHKL�" :G= �# :K>�I>KI>G=B<NE:K	�PA:M�BL�MA>�<HFIHG>GM�H?�" :EHG@�MA>�=BK><MBHG�H?�#��4A:M�BL�MA>�<HFIHG>GM

H?�# :EHG@�MA>�=BK><MBHG�H?�" �

3.4 Addition of V elocities
13. 4A:M�?K:F>�HK�?K:F>L�H?�K>?>K>G<>�=H�RHN�BGLMBG<MBO>ER�NL>�PA>G�=KBOBG@�:�<:K��4A>G�?ERBG@�BG�:�<HFF>K<B:E�C>M�:BKIE:G>�

�
�  A:IM>K���T�1PH
!BF>GLBHG:E�(BG>F:MB<L

1ABL�,I>G0M:Q�;HHD�BL�:O:BE:;E>�?HK�?K>>�:M�AMMIL���E>@:<R�<GQ�HK@�<HGM>GM�<HE���������
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14. ��;:LD>M;:EE�IE:R>K�=KB;;EBG@�=HPG�MA>�<HNKM�NLN:EER�D>>IL�ABL�>R>L�?BQ>=�HG�MA>�IE:R>KL�:KHNG=�ABF��%>�BL�FHOBG@�?:LM��4AR
=H>LG`M�A>�G>>=�MH�D>>I�ABL�>R>L�HG�MA>�;:EE�

15. &?�LHF>HG>�BL�KB=BG@�BG�MA>�;:<D�H?�:�IB<DNI�MKN<D�:G=�MAKHPL�:�LH?M;:EE�LMK:B@AM�;:<DP:K=	�BL�BM�IHLLB;E>�?HK�MA>�;:EE�MH�?:EE
LMK:B@AM�=HPG�:L�OB>P>=�;R�:�I>KLHG�LM:G=BG@�:M�MA>�LB=>�H?�MA>�KH:=��2G=>K�PA:M�<HG=BMBHG�PHNE=�MABL�H<<NK��%HP�PHNE=�MA>
FHMBHG�H?�MA>�;:EE�:II>:K�MH�MA>�I>KLHG�PAH�MAK>P�BM�

16. 1A>�A:M�H?�:�CH@@>K�KNGGBG@�:M�<HGLM:GM�O>EH<BMR�?:EEL�H??�MA>�;:<D�H?�ABL�A>:=��!K:P�:�LD>M<A�LAHPBG@�MA>�I:MA�H?�MA>�A:M�BG�MA>
CH@@>KL̀�?K:F>�H?�K>?>K>G<>��!K:P�BML�I:MA�:L�OB>P>=�;R�:�LM:MBHG:KR�H;L>KO>K�

17. ��<EH=�H?�=BKM�?:EEL�?KHF�MA>�;>=�H?�:�FHOBG@�MKN<D��&M�LMKBD>L�MA>�@KHNG=�=BK><MER�;>EHP�MA>�>G=�H?�MA>�MKN<D��4A:M�BL�MA>
=BK><MBHG�H?�BML�O>EH<BMR�K>E:MBO>�MH�MA>�MKN<D�CNLM�;>?HK>�BM�ABML��&L�MABL�MA>�L:F>�:L�MA>�=BK><MBHG�H?�BML�O>EH<BMR�K>E:MBO>�MH�@KHNG=�CNLM
;>?HK>�BM�ABML��"QIE:BG�RHNK�:GLP>KL�

 A:IM>K���T�1PH
!BF>GLBHG:E�(BG>F:MB<L �
�
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Problems & Exercises

3.2 Vector Addition and Subtraction: Graphical
Methods
Use graphical methods to solve these problems. Y ou may
assume data taken from graphs is accurate to three
digits.

1. #BG=�MA>�?HEEHPBG@�?HK�I:MA���BGFigure 3.47 ���:��MA>�MHM:E
=BLM:G<>�MK:O>E>=	�:G=��;��MA>�F:@GBMN=>�:G=�=BK><MBHG�H?�MA>
=BLIE:<>F>GM�?KHF�LM:KM�MH�?BGBLA�

Figure 3.47 1A>�O:KBHNL�EBG>L�K>IK>L>GM�I:MAL�M:D>G�;R�=B??>K>GM�I>HIE>
P:EDBG@�BG�:�<BMR���EE�;EH<DL�:K>���
�F�HG�:�LB=>�

2. #BG=�MA>�?HEEHPBG@�?HK�I:MA���BGFigure 3.47 ���:��MA>�MHM:E
=BLM:G<>�MK:O>E>=	�:G=��;��MA>�F:@GBMN=>�:G=�=BK><MBHG�H?�MA>
=BLIE:<>F>GM�?KHF�LM:KM�MH�?BGBLA�

3. #BG=�MA>�GHKMA�:G=�>:LM�<HFIHG>GML�H?�MA>�=BLIE:<>F>GM
?HK�MA>�ABD>KL�LAHPG�BGFigure 3.45 �

4. 0NIIHL>�RHN�P:ED����
�F�LMK:B@AM�P>LM�:G=�MA>G����
�F
LMK:B@AM�GHKMA��%HP�?:K�:K>�RHN�?KHF�RHNK�LM:KMBG@�IHBGM	�:G=
PA:M�BL�MA>�<HFI:LL�=BK><MBHG�H?�:�EBG>�<HGG><MBG@�RHNK
LM:KMBG@�IHBGM�MH�RHNK�?BG:E�IHLBMBHG���&?�RHN�K>IK>L>GM�MA>�MPH
E>@L�H?�MA>�P:ED�:L�O><MHK�=BLIE:<>F>GML�" :G= �#	�:L�BG
Figure 3.48 	�MA>G�MABL�IKH;E>F�:LDL�RHN�MH�?BG=�MA>BK�LNF
�3 �� �" �� �#��

Figure 3.48 1A>�MPH�=BLIE:<>F>GML�" :G= �# :==�MH�@BO>�:�MHM:E

=BLIE:<>F>GM�3 A:OBG@�F:@GBMN=>�3 :G=�=BK><MBHG�� �

5. 0NIIHL>�RHN�?BKLM�P:ED����
�F�BG�:�=BK><MBHG�����zP>LM�H?

GHKMA�:G=�MA>G��
�
�F�BG�:�=BK><MBHG���������zLHNMA�H?�P>LM�

%HP�?:K�:K>�RHN�?KHF�RHNK�LM:KMBG@�IHBGM	�:G=�PA:M�BL�MA>
<HFI:LL�=BK><MBHG�H?�:�EBG>�<HGG><MBG@�RHNK�LM:KMBG@�IHBGM�MH
RHNK�?BG:E�IHLBMBHG���&?�RHN�K>IK>L>GM�MA>�MPH�E>@L�H?�MA>�P:ED
:L�O><MHK�=BLIE:<>F>GML�" :G= �#	�:L�BGFigure 3.49 	�MA>G

MABL�IKH;E>F�?BG=L�MA>BK�LNF�3�������"�������#��

Figure 3.49

6. />I>:M�MA>�IKH;E>F�:;HO>	�;NM�K>O>KL>�MA>�HK=>K�H?�MA>�MPH
E>@L�H?�MA>�P:ED��LAHP�MA:M�RHN�@>M�MA>�L:F>�?BG:E�K>LNEM��1A:M
BL	�RHN�?BKLM�P:ED�E>@�#	�PAB<A�BL��
�
�F�BG�:�=BK><MBHG�>Q:<MER

�����zLHNMA�H?�P>LM	�:G=�MA>G�E>@�" 	�PAB<A�BL����
�F�BG�:

=BK><MBHG�>Q:<MER�����zP>LM�H?�GHKMA���1ABL�IKH;E>F�LAHPL�MA:M

�" �� �# �� �#�� �" ��

7. �:��/>I>:M�MA>�IKH;E>F�MPH�IKH;E>FL�IKBHK	�;NM�?HK�MA>
L><HG=�E>@�RHN�P:ED��
�
�F�BG�:�=BK><MBHG���������zGHKMA�H?�>:LM

�PAB<A�BL�>JNBO:E>GM�MH�LN;MK:<MBG@�# ?KHF�" ^MA:M�BL	�MH

?BG=BG@�3�2�� �" �' �#����;��/>I>:M�MA>�IKH;E>F�MPH�IKH;E>FL

IKBHK	�;NM�GHP�RHN�?BKLM�P:ED��
�
�F�BG�:�=BK><MBHG���������zLHNMA

H?�P>LM�:G=�MA>G����
�F�BG�:�=BK><MBHG���������z>:LM�H?�LHNMA

�PAB<A�BL�>JNBO:E>GM�MH�LN;MK:<MBG@�" ?KHF�# ^MA:M�BL	�MH

?BG=BG@�3�2�2�� �#���" �� ���3�2���0AHP�MA:M�MABL�BL�MA>�<:L>�

8. 0AHP�MA:M�MA>order H?�:==BMBHG�H?�MAK>>�O><MHKL�=H>L�GHM
:??><M�MA>BK�LNF��0AHP�MABL�IKHI>KMR�;R�<AHHLBG@�:GR�MAK>>
O><MHKL�" 	 �#	�:G= �$ 	�:EE�A:OBG@�=B??>K>GM�E>G@MAL�:G=

=BK><MBHGL��#BG=�MA>�LNF�"�������#�������$MA>G�?BG=�MA>BK�LNF

PA>G�:==>=�BG�:�=B??>K>GM�HK=>K�:G=�LAHP�MA>�K>LNEM�BL�MA>
L:F>���1A>K>�:K>�?BO>�HMA>K�HK=>KL�BG�PAB<A�" 	 �#	�:G= �$
<:G�;>�:==>=��<AHHL>�HGER�HG>��

9. 0AHP�MA:M�MA>�LNF�H?�MA>�O><MHKL�=BL<NLL>=�BGExample
3.2 @BO>L�MA>�K>LNEM�LAHPG�BGFigure 3.24 �

�
�  A:IM>K���T�1PH
!BF>GLBHG:E�(BG>F:MB<L
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10. #BG=�MA>�F:@GBMN=>L�H?�O>EH<BMB>L�W�" :G= �W�# BGFigure

3.50

Figure 3.50 1A>�MPH�O>EH<BMB>L�W�" :G= �W�# :==�MH�@BO>�:�MHM:E�W�U�P�U�

11. #BG=�MA>�<HFIHG>GML�H?�W�U�P�U:EHG@�MA>x
�:G= y
:Q>L�BG

Figure 3.50 �

12. #BG=�MA>�<HFIHG>GML�H?�W�U�P�U:EHG@�:�L>M�H?�I>KI>G=B<NE:K

:Q>L�KHM:M>=�����z<HNGM>K<EH<DPBL>�K>E:MBO>�MH�MAHL>�BG

Figure 3.50 �

3.3 Vector Addition and Subtraction-Analytical
Methods
13. #BG=�MA>�?HEEHPBG@�?HK�I:MA� �BGFigure 3.51 ���:��MA>�MHM:E
=BLM:G<>�MK:O>E>=�:G=��;��MA>�F:@GBMN=>�:G=�=BK><MBHG�H?�MA>
=BLIE:<>F>GM�?KHF�LM:KM�MH�?BGBLA��&G�MABL�I:KM�H?�MA>�IKH;E>F	
>QIEB<BMER�LAHP�AHP�RHN�?HEEHP�MA>�LM>IL�H?�MA>�:G:ERMB<:E
F>MAH=�H?�O><MHK�:==BMBHG�

Figure 3.51 1A>�O:KBHNL�EBG>L�K>IK>L>GM�I:MAL�M:D>G�;R�=B??>K>GM�I>HIE>
P:EDBG@�BG�:�<BMR���EE�;EH<DL�:K>���
�F�HG�:�LB=>�

14. #BG=�MA>�?HEEHPBG@�?HK�I:MA�!�BGFigure 3.51 ���:��MA>�MHM:E
=BLM:G<>�MK:O>E>=�:G=��;��MA>�F:@GBMN=>�:G=�=BK><MBHG�H?�MA>
=BLIE:<>F>GM�?KHF�LM:KM�MH�?BGBLA��&G�MABL�I:KM�H?�MA>�IKH;E>F	
>QIEB<BMER�LAHP�AHP�RHN�?HEEHP�MA>�LM>IL�H?�MA>�:G:ERMB<:E
F>MAH=�H?�O><MHK�:==BMBHG�

15. #BG=�MA>�GHKMA�:G=�>:LM�<HFIHG>GML�H?�MA>�=BLIE:<>F>GM
?KHF�0:G�#K:G<BL<H�MH�0:<K:F>GMH�LAHPG�BGFigure 3.52 �

Figure 3.52

16. 0HEO>�MA>�?HEEHPBG@�IKH;E>F�NLBG@�:G:ERMB<:E�M><AGBJN>L�
0NIIHL>�RHN�P:ED����
�F�LMK:B@AM�P>LM�:G=�MA>G����
�F
LMK:B@AM�GHKMA��%HP�?:K�:K>�RHN�?KHF�RHNK�LM:KMBG@�IHBGM	�:G=
PA:M�BL�MA>�<HFI:LL�=BK><MBHG�H?�:�EBG>�<HGG><MBG@�RHNK
LM:KMBG@�IHBGM�MH�RHNK�?BG:E�IHLBMBHG���&?�RHN�K>IK>L>GM�MA>�MPH
E>@L�H?�MA>�P:ED�:L�O><MHK�=BLIE:<>F>GML�" :G= �#	�:L�BG
Figure 3.53 	�MA>G�MABL�IKH;E>F�:LDL�RHN�MH�?BG=�MA>BK�LNF
�3 �� �" �� �#��

Figure 3.53 1A>�MPH�=BLIE:<>F>GML�" :G= �# :==�MH�@BO>�:�MHM:E

=BLIE:<>F>GM�3 A:OBG@�F:@GBMN=>�3 :G=�=BK><MBHG�� �

+HM>�MA:M�RHN�<:G�:ELH�LHEO>�MABL�@K:IAB<:EER��!BL<NLL�PAR�MA>
:G:ERMB<:E�M><AGBJN>�?HK�LHEOBG@�MABL�IKH;E>F�BL�IHM>GMB:EER
FHK>�:<<NK:M>�MA:G�MA>�@K:IAB<:E�M><AGBJN>�

17. />I>:M Exercise 3.16 NLBG@�:G:ERMB<:E�M><AGBJN>L	�;NM
K>O>KL>�MA>�HK=>K�H?�MA>�MPH�E>@L�H?�MA>�P:ED�:G=�LAHP�MA:M
RHN�@>M�MA>�L:F>�?BG:E�K>LNEM���1ABL�IKH;E>F�LAHPL�MA:M
:==BG@�MA>F�BG�K>O>KL>�HK=>K�@BO>L�MA>�L:F>�K>LNEM^MA:M�BL	
�#�������"�������"�������#���!BL<NLL�AHP�M:DBG@�:GHMA>K�I:MA�MH

K>:<A�MA>�L:F>�IHBGM�FB@AM�A>EI�MH�HO>K<HF>�:G�H;LM:<E>
;EH<DBG@�RHN�HMA>K�I:MA�

 A:IM>K���T�1PH
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18. 6HN�=KBO>�����������L�NBG�:�LMK:B@AM�EBG>�BG�:�=BK><MBHG�����z
>:LM�H?�GHKMA���:��#BG=�MA>�=BLM:G<>L�RHN�PHNE=�A:O>�MH�=KBO>
LMK:B@AM�>:LM�:G=�MA>G�LMK:B@AM�GHKMA�MH�:KKBO>�:M�MA>�L:F>
IHBGM���1ABL�=>M>KFBG:MBHG�BL�>JNBO:E>GM�MH�?BG=�MA>
<HFIHG>GML�H?�MA>�=BLIE:<>F>GM�:EHG@�MA>�>:LM�:G=�GHKMA
=BK><MBHGL����;��0AHP�MA:M�RHN�LMBEE�:KKBO>�:M�MA>�L:F>�IHBGM�B?
MA>�>:LM�:G=�GHKMA�E>@L�:K>�K>O>KL>=�BG�HK=>K�

19. !H Exercise 3.16 :@:BG�NLBG@�:G:ERMB<:E�M><AGBJN>L�:G=
<A:G@>�MA>�L><HG=�E>@�H?�MA>�P:ED�MH�����������NLMK:B@AM�LHNMA�

�1ABL�BL�>JNBO:E>GM�MH�LN;MK:<MBG@�# ?KHF�" ^MA:M�BL	�?BG=BG@

�3�2�� �"�������#���;��/>I>:M�:@:BG	�;NM�GHP�RHN�?BKLM�P:ED

�����������NGHKMA�:G=�MA>G�����������N>:LM���1ABL�BL�>JNBO:E>GM�MH

LN;MK:<M�" ?KHF�# ^MA:M�BL	�MH�?BG=�" �� �#�� �$ ��&L�MA:M

<HGLBLM>GM�PBMA�RHNK�K>LNEM��

20. ��G>P�E:G=HPG>K�A:L�:�MKB:G@NE:K�IB><>�H?�?E:M�E:G=�LA>
PBLA>L�MH�?>G<>��0M:KMBG@�:M�MA>�P>LM�<HKG>K	�LA>�F>:LNK>L
MA>�?BKLM�LB=>�MH�;>��
�
�F�EHG@�:G=�MA>�G>QM�MH�;>��
��F�
1A>L>�LB=>L�:K>�K>IK>L>GM>=�:L�=BLIE:<>F>GM�O><MHKL�"
?KHF�# BGFigure 3.54 ��0A>�MA>G�<HKK><MER�<:E<NE:M>L�MA>

E>G@MA�:G=�HKB>GM:MBHG�H?�MA>�MABK=�LB=>�$��4A:M�BL�A>K

K>LNEM�

Figure 3.54

21. 6HN�?ER�����������L�NBG�:�LMK:B@AM�EBG>�BG�LMBEE�:BK�BG�MA>

=BK><MBHG���������zLHNMA�H?�P>LM���:��#BG=�MA>�=BLM:G<>L�RHN

PHNE=�A:O>�MH�?ER�LMK:B@AM�LHNMA�:G=�MA>G�LMK:B@AM�P>LM�MH
:KKBO>�:M�MA>�L:F>�IHBGM���1ABL�=>M>KFBG:MBHG�BL�>JNBO:E>GM�MH
?BG=BG@�MA>�<HFIHG>GML�H?�MA>�=BLIE:<>F>GM�:EHG@�MA>�LHNMA
:G=�P>LM�=BK><MBHGL����;��#BG=�MA>�=BLM:G<>L�RHN�PHNE=�A:O>�MH
?ER�?BKLM�BG�:�=BK><MBHG���������zLHNMA�H?�P>LM�:G=�MA>G�BG�:

=BK><MBHG���������zP>LM�H?�GHKMA��1A>L>�:K>�MA>�<HFIHG>GML�H?

MA>�=BLIE:<>F>GM�:EHG@�:�=B??>K>GM�L>M�H?�:Q>L^HG>�KHM:M>=
�����z�

22. ��?:KF>K�P:GML�MH�?>G<>�H??�ABL�?HNK
LB=>=�IEHM�H?�?E:M�E:G=�
%>�F>:LNK>L�MA>�?BKLM�MAK>>�LB=>L	�LAHPG�:L�" �
 �#�
 :G= �$
BGFigure 3.55 	�:G=�MA>G�<HKK><MER�<:E<NE:M>L�MA>�E>G@MA�:G=
HKB>GM:MBHG�H?�MA>�?HNKMA�LB=>�%��4A:M�BL�ABL�K>LNEM�

Figure 3.55

23. &G�:G�:MM>FIM�MH�>L<:I>�ABL�BLE:G=	�$BEEB@:G�;NBE=L�:�K:?M
:G=�L>ML�MH�L>:��1A>�PBG=�LAB?ML�:�@K>:M�=>:E�=NKBG@�MA>�=:R	
:G=�A>�BL�;EHPG�:EHG@�MA>�?HEEHPBG@�LMK:B@AM�EBG>L������������L�N
���������zGHKMA�H?�P>LM��MA>G�����������L�N���������zLHNMA�H?�>:LM�

MA>G���������L�N ���������zLHNMA�H?�P>LM��MA>G�����������L�NLMK:B@AM

>:LM��MA>G���������L�N ���������z>:LM�H?�GHKMA��MA>G�����������L�N
���������zLHNMA�H?�P>LM��:G=�?BG:EER�����������L�N���������zGHKMA�H?

>:LM��4A:M�BL�ABL�?BG:E�IHLBMBHG�K>E:MBO>�MH�MA>�BLE:G=�

24. 0NIIHL>�:�IBEHM�?EB>L�����������L�NBG�:�=BK><MBHG�����zGHKMA�H?

>:LM�:G=�MA>G�?EB>L�����������L�NBG�:�=BK><MBHG�����zGHKMA�H?�>:LM

:L�LAHPG�BGFigure 3.56 ��#BG=�A>K�MHM:E�=BLM:G<>�3 ?KHF�MA>

LM:KMBG@�IHBGM�:G=�MA>�=BK><MBHG�� H?�MA>�LMK:B@AM
EBG>�I:MA�MH

MA>�?BG:E�IHLBMBHG��!BL<NLL�JN:EBM:MBO>ER�AHP�MABL�?EB@AM�PHNE=�;>
:EM>K>=�;R�:�PBG=�?KHF�MA>�GHKMA�:G=�AHP�MA>�>??><M�H?�MA>
PBG=�PHNE=�=>I>G=�HG�;HMA�PBG=�LI>>=�:G=�MA>�LI>>=�H?�MA>
IE:G>�K>E:MBO>�MH�MA>�:BK�F:LL�

Figure 3.56

3.4 Addition of V elocities
25. �KR:G��EE>G�I>=:E>=�:�ANF:G
IHP>K>=�:BK<K:?M�:<KHLL�MA>
"G@EBLA� A:GG>E�?KHF�MA>�<EB??L�H?�!HO>K�MH� :I�$KBL
+>S�HG
'NG>���	��������:��%>�?E>P�?HK�����FBG�:M�:G�:O>K:@>�O>EH<BMR
H?������F�L�BG�:�=BK><MBHG�����zLHNMA�H?�>:LM��4A:M�P:L�ABL

MHM:E�=BLIE:<>F>GM���;���EE>G�>G<HNGM>K>=�:�A>:=PBG=
:O>K:@BG@���

�F�L�:EFHLM�IK><BL>ER�BG�MA>�HIIHLBM>�=BK><MBHG
H?�ABL�FHMBHG�K>E:MBO>�MH�MA>�":KMA��4A:M�P:L�ABL�:O>K:@>
O>EH<BMR�K>E:MBO>�MH�MA>�:BK���<��4A:M�P:L�ABL�MHM:E
=BLIE:<>F>GM�K>E:MBO>�MH�MA>�:BK�F:LL�

�
�  A:IM>K���T�1PH
!BF>GLBHG:E�(BG>F:MB<L

1ABL�,I>G0M:Q�;HHD�BL�:O:BE:;E>�?HK�?K>>�:M�AMMIL���E>@:<R�<GQ�HK@�<HGM>GM�<HE���������
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 B;JN?L�,ONFCH?
1.1. Phenomenology and Mechanism
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1.2. Development of Force Concept
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1.3. Object Egotism
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1.4. Newton's First Law - Inertia
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1.5. Newton's Second Law - Concept of a System
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1.6. Simulations: Iterative Force Calculations

1.7. Newton's Third Law - Symmetry in Forces

Introduction to Dynamics - Newton's Laws of Motion
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1.1 Phenomenology and Mechanism
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1.2 Development of Force Concept
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1.3 Object Egotism

Your Quiz will Cover
_ !?@CHCHA�NB?�C>?;�I@�I<D?=N�?AINCMG

1B?�@IFFIQCHA�CM�<;M?>�I@@�I@
OG><?LA�
�,<D?=N�?AINCMG���P;CF;<F?�;N�http://umdberg.pbworks.com/w/page/45451187/Object%20egotism.
(http://umdberg.pbworks.com/w/page/45451187/Object%20egotism) ��==?MM?>����NB�'OFS������

1B?�?MM?H=?�I@�I<D?=N�?AINCMG�@IL�@IL=?M�CM�NB;N�NB?�IHFS�@IL=?M�NB;N�;@@?=N�;H�I<D?=N�M�;==?F?L;NCIH�;L?�NB?�@IL=?M�;=NCHA�IH�CN
;N�NB;N�CHMN;HN
�;H>�NB?�I<D?=NM�B;P?�HI��G?GILS��I@�NB?�@IL=?M�;=NCHA�IH�CN��1BCM�C>?;�QCFF�JF;S�;H�CGJILN;HN�LIF?�QB?H
QILECHA�QCNB�@IL=?M
�MI�<?�MOL?�SIO�OH>?LMN;H>�NBCM�=IH=?JN�<?@IL?�GIPCHA�IH�

1B?�@CLMN�NBCHA�Q?�B;P?�NI�>?=C>?�QB?H�Q?�<OCF>�+?QNIH�M�NB?ILS�I@�GINCIH�CM�NBCM�

What object or collection of objects should we consider when we think about a motion?

�@N?L�;FF
�NB?�QILF>�CM�;�=IGJFC=;N?>�JF;=?��"P?LSNBCHA�;@@?=NM�?P?LSNBCHA�?FM?�CH�;�BOA?�N;HAF?>�Q?<�I@�CH@FO?H=?M��1I�JOFF�NBCM�Q?<
;J;LN�@IL�F;QM�I@�GINCIH
�Q?�=;H�MO==??>�<S�AICHA�>IQH�NI�NB?�MCGJF?MN�MCNO;NCIH
�OH>?LMN;H>CHA�BIQ�CN�QILEM
�;H>�NB?H�MFIQFS
<OCF>CHA�OJ�JLCH=CJF?M�NB;N�;FFIQ�OM�NI�JON�NIA?NB?L�GIL?�=IGJF?R�MCNO;NCIHM�

1B?�@;=N�NB;N�NBCM�QILEM�CM�HIN�JL?IL>;CH?>
�;H>�CH>??>
�CN�M�;�<CN�MOLJLCMCHA�NB;N�CN�>I?M��&H�<CIFIAS�NB?�;JJLI;=B�I@�L?>O=CHA�;

 B;JN?L���U�!SH;GC=M��#IL=?�;H>�+?QNIH�M�);QM �

Unit II -  Forces 123



=IGJF?R�MSMN?G�NI�NB?�MCGJF?MN�=;M?�>I?M�HIN�;FQ;SM�A?N�OM�P?LS�@;L�;H>�INB?L�G?NBI>M�B;P?�NI�<?�OM?>��NBIOAB�HIQ�NB;N�Q?
B;P?�NB?�N?=BHIFIAS�NI�N;E?�;J;LN�BIQ�FCPCHA�ILA;HCMGM�@OH=NCIH
�CN�;JJ?;LM�NB;N�CN�GCABN�JLIPC>?�MIG?�ONCFCNS�CH�<CIFIAS�;M�Q?FF�
�ON�CH�JBSMC=M
�NB?�MO==?MM�I@�NBCM�;JJLI;=B�CH�NBCM�=B;HH?F�IH�=;N�N?F?PCMCIH�GCABN�<?�QB;N�B;M�?MN;<FCMB?>�NB?�?HNCL?��AI�@IL�NB?
MCGJF?MN�MCNO;NCIH�@CLMN��@F;PIL�NB;N�MI�=IFILM�NB?�;JJLI;=B?M�GIMN�=IGGIH�NI�JBSMC=M�

1BIOABN�?RJ?LCG?HN�����FI=E�IH�;�N;<F?
)?N�M�=IHMC>?L�NB?�MCGJF?MN�JIMMC<F?�MCNO;NCIH�I@�GINCIH��;�<FI=E�MCNNCHA�IH�;�N;<F?��4B;N�>I�Q?�B;P?�NI�>I�NI�A?N�CN�NI�GIP?��4?FF

Q?�GCABN�JOMB�CN���ON�NI�@IFFIQ�IOL�AOC>CHA�MN;L�I@�MN;LNCHA�QCNB�NB?�MCGJF?MN�JIMMC<F?�=;M?
�F?N�M�E??J�NB;N�JOMB�NI�;�MBILN�NCG?�
)?N�M�MNLCE?�CN�KOC=EFS�QCNB�;�B;GG?L��4B;N�B;JJ?HM��4 ?FF
�NB?�<FI=E�DOGJM�;�<CN�;H>�MNIJM��&N�&�BCN�CN�;A;CH
�CN�DOGJM�;A;CH�;H>
MNIJM��&�GCABN�BSJINB?MCT?�NB;N�;��N;J���QB;N�NB?�B;GG?L�>?FCP?LM�NI�NB?�<FI=E��JLI>O=?M�;�=B;HA?�CH�JIMCNCIH�

�ON�C@�Q?�?RN?H>�IOL�?RJ?LCG?HNM����JON�MIG?�MI;JS�Q;N?L�IH�NB?�N;<F?�IL�MIG?�M;H>J;J?L����Q?�QCFF�@CH>�NB;N�NB?�M;G?�N;J��;H>
SIO�QCFF�B;P?�NI�CG;ACH?�@IL�SIOLM?F@�BIQ�NI�=L?;N?�;�MSMN?G�NB;N�=;H�>?FCP?L�C>?HNC=;F�N;JM��QCFF�JLI>O=?�>C@@?L?HN�=B;HA?M�CH
JIMCNCIH����GO=B�GIL?�I@�;�=B;HA?�C@�NB?L?�CM�MI;JS�Q;N?L�IH�NB?�N;<F?
�GO=B�F?MM�C@�NB?�<FI=E�CM�L?MNCHA�IH�;�JC?=?�I@�N;J?>�>IQH
M;H>J;J?L�

4B;N�NBCM�MBIQM�CM�NB;N��;�<FI=E�MCNNCHA�IH�;�N;<F?�<?CHA�BCN�<S�;�B;GG?L��CM�HIN�NB?�MCGJF?MN�MCNO;NCIH�Q?�=;H�=IH=?CP?�I@��4?
B;P?�NB?�M?HM?�NB;N�NB?�B;GG?L�CM�QB;N�GIP?M�NB?�<FI=E�;H>�NB?�MOL@;=?�I@�NB?�N;<F?�CM�QB;N�MNIJM�CN��0I�NB?L?�M??G�NI�<?�NQI
NBCHAM�AICHA�IH����NB?�B;GG?L�MN;LNCHA�NB?�GINCIH�;H>�NB?�N;<F?�MNIJJCHA�CN��1I�OH>?LMN;H>�QB;N�CM�AICHA�IH�Q?�B;P?�NI�@I=OM�IH
NB?�<FI=E�

1BCHECHA�FCE?�;�<FI=E
1I�NBCHE�;<ION�NB?�<FI=E
�CN�M�<?MN�NI�NLS�NI�JON�SIOLM?F@�CH�NB?�JIMCNCIH�I@�NB?�<FI=E�CNM?F@��1BCM�CM�;�HIH�NLCPC;F�MBC@N�I@�J?LMJ?=NCP?��&@
Q?�;L?�JOMBCHA�;�<IR�;FIHA�;�=IH=L?N?�@FIIL
�Q?�EHIQ�Q?�B;P?�NI�E??J�JOMBCHA�C@�Q?�Q;HN�CN�NI�E??J�GIPCHA��4?�M?HM?
�@LIG�IOL
PC?Q�;M�JOMB?L
�NB;N�;�MCHAF?�@IL=?�CM�;MMI=C;N?>�QCNB�;�=IHMN;HN�P?FI=CNS���ON�C@�SIO�CG;ACH?�SIOLM?F@�NI�<?�NB?�<IR�L;NB?L�NB;H�NB?
J?LMIH�JOMBCHA�NB?�<IR
�SIO�QCFF�L?;FCT?�NB;N�SIO�HIN�IHFS�@??F�NB?�J?LMIH�JOMBCHA�IH�SIOL�MBIOF>?LM
�<ON�NB?�LIOAB��;H>�JIMMC<FS
J;CH@OF��>L;A�I@�NB?�=IH=L?N?�@FIIL�IH�SIOL�<INNIG��6IO�@??F�NQI�CGJILN;HN�CHN?L;=NCIHM
�HIN�DOMN�IH?�

&�=;FF�NBCM�;JJLI;=B�I@��<?=IGCHA�NB?�I<D?=N��;M�JBSMC=M�<S�?GJ;NBS�IL�NBCHECHA�CHMC>?�NB?�<IR�

8&N�CM�P?LS�GO=B�L?F;N?>�NI�NB?�JLCH=CJF?�I@��G?NBI>�;=NCHA��JL;=NC=?>�<S�MO=B�@;GIOM�;=NILM�;M�0?;H�-?HH
�/I<?LN�!?�+CLI
�-;OF
+?QG;H
�!OMNCH�%I@@G;H
�;H>�*;LFIH��L;H>I��1B?�G?NBI>�Q;M�CHP?HN?>�CH�NB?�����M�<S�0N;HCMF;PMEC�CH�/OMMC;��1B?�NLC=E�CM�NI
NLS�NI��<?=IG?��NB?�=B;L;=N?L����NI�OH>?LMN;H>�BCG�IL�B?L�;H>�F?;LH�NI�NBCHE�;H>�<?B;P?�FCE?�NB;N�=B;L;=N?L�9

4B?H�SIO�NBCHE�FCE?�;�<FI=E
�SIO�L?;FCT?�NB;N�SIO�B;P?�HI�=IH=?LH�@IL�QB;N�SIO�GCABN�<?�>ICHA�NI�;HSNBCHA�?FM?
�<ON�IHFS�L?MJIH>
NI�QB;N�SIO�@??F���H>�SIO�B;P?�HI�G?GILS�I@�QB;N�B;JJ?H?>�?;LFC?L��&�MOGG;LCT?�NBCM�;M�;�@OH>;G?HN;F�;MMOGJNCIH�I@�+?QNIH�M
NB?IL?NC=;F�@L;G?QILE�

,<D?=NM�L?MJIH>�IHFS�NI�CH@FO?H=?M�;=NCHA�OJIH�NB?G�;N�NB?�CHMN;HN�NB;N�NBIM?�CH@FO?H=?M�;=N�

&�MIG?NCG?M�MOGG;LCT?�NBCM�;M�I<D?=N�?AINCMG���@IL�I<D?=NM�CN�M��G?
�G?
�G?
�;H>�LCABN�HIQ��

+IQ�CN�M�=F?;L�NB;N�QBCF?�NBCM�G;E?M�M?HM?�@IL�CH?LN�I<D?=NM
�@IL�;H�;=NCP?�ILA;HCMG�NB;N�B;M�QCFF�;H>�CHN?HN
�CN�=;H�>I�NBCHAM�NI�INB?L
I<D?=NM����;H>�CN�G;S�Q?FF�CHN?L;=N�QCNB�NBIM?�INB?L�I<D?=NM�JOLJIM?@OFFS��FCE?�JOMBCHA�@ILQ;L>�IH�;�Q;FF�QB?H�MQCGGCHA�F;JM�NI
G;E?�SIOLM?F@�AI�<;=EQ;L>M��4BCF?�CN�CM�J?L@?=NFS�JIMMC<F?�NI�@ILGOF;N?�NB?�NB?ILS�MI�NB;N�CN�FIIEM�FCE?�NBCM
�CN�QIOF>�<?�N?LLC<F?�@IL
CH?LN�I<D?=NM��6IO�QIOF>�B;P?�NI�M;S�NB;N�NB?�<FI=E�GIP?>�QB?H�BCN�<S�NB?�B;GG?L�<?=;OM?�NB?�<FI=E�JOMB?>�<;=E�IH�NB?
B;GG?L�

+INC=?�NB;N�CH�<OCF>CHA�IOL�NB?ILC?M
�Q?�B;P?�=BIC=?M�QBC=B�Q;S�NI�AI��%?L?
�Q?�B;P?�>?=C>?>�NI�MCGJFC@S�;M�GO=B�;M�JIMMC<F?���
MI�;M�NI�MN;LN�QCNB�J;CLM�I@�I<D?=NM�L;NB?L�NB;H�NBL??����;H>�NI�=IHMC>?L�CH?LN�I<D?=NM�;M�IOL�NSJC=;F�?R;GJF?��4?�FF�M??�NB;N�Q?�FF�<?
;<F?�NI�MO==?MM@OFFS�;H>�=IHMCMN?HNFS�B;H>F?�=IGJF?R�CHN?L;=NCIHM�QCNB�NBL??�;H>�GIL?�I<D?=NM�;H>�?P?H�;=NCP?�ILA;HCMGM�CH�IOL
NB?ILS�<OCFN�CHCNC;FFS�@IL�J;CLM�I@�CH?LN�I<D?=NM����QCNBION�B;PCHA�NI�;>>�;HS�H?Q�JLCH=CJF?M�

1.4 Newton's First Law - Inertia
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1.5 Newton's Second Law - Concept of a System
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Example 1.1 What Acceleration Can a Person Produce when Pushing a Lawn Mower?
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1.6 Simulations: Iterative Force Calculations

Your Quiz will Cover
_ 2MCHA�CN?L;NCP?�G?NBI>M�NI�>?N?LGCH?�NB?�GINCIH�I@�;H�I<D?=N�;=N?>�IH�<S�;�@IL=?

)CHEM
_ Iterative Force Calcluations (https://www .youtube.com/watch?v=QFhYJrsDIP0)
_ Iterative Force Calculations - A more complex example (https://www .youtube.com/watch?v=6v4kVX_8VF8)
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1.7 Newton's Third Law - Symmetry in Forces
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acceleration :

dynamics :

external force :

force :

free-body diagram :

free-fall :

friction :

inertia :

law of inertia :

mass :

net external force :

NewtonÕs first law of motion :

NewtonÕs second law of motion :

NewtonÕs third law of motion :

system :

thrust :

weight :

Figure 1.11 Gravity Force Lab (http://legacy .cnx.org/content/m64297/1.1/gravity-force-lab_en.jar)
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Section Summary

1.2 Development of Force Concept
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1.4 Newton's First Law - Inertia
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1.5 Newton's Second Law - Concept of a System
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1.7 Newton's Third Law - Symmetry in Forces
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Conceptual Questions

1.2 Development of Force Concept
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15. 4B?H�SIO�N;E?�I@@�CH�;�D?N�;CL=L;@N
�NB?L?�CM�;�M?HM;NCIH�I@�<?CHA�JOMB?>�<;=E�CHNI�NB?�M?;N��"RJF;CH�QBS�SIO�GIP?�<;=EQ;L>
CH�NB?�M?;NZCM�NB?L?�L?;FFS�;�@IL=?�<;=EQ;L>�IH�SIO���1B?�M;G?�L?;MIHCHA�?RJF;CHM�QBCJF;MB�CHDOLC?M
�CH�QBC=B�NB?�B?;>�CM
;JJ;L?HNFS�NBLIQH�<;=EQ;L>��

 B;JN?L���U�!SH;GC=M��#IL=?�;H>�+?QNIH�M�);QM ��

Unit II -  Forces 139



16. ��>?PC=?�OM?>�MCH=?�NB?�����M�NI�G?;MOL?�NB?�EC=E�IL�L?=ICF�I@�NB?�<I>S�>O?�NI�B?;LN�<?;NM�CM�NB?�]<;FFCMNI=;L>CIAL;JB�^�4B;N
JBSMC=M�JLCH=CJF?�M��;L?�CHPIFP?>�B?L?�NI�G?;MOL?�NB?�@IL=?�I@�=;L>C;=�=IHNL;=NCIH��%IQ�GCABN�Q?�=IHMNLO=N�MO=B�;�>?PC=?�

17. !?M=LC<?�;�MCNO;NCIH�CH�QBC=B�IH?�MSMN?G�?R?LNM�;�@IL=?�IH�;HINB?L�;H>
�;M�;�=IHM?KO?H=?
�?RJ?LC?H=?M�;�@IL=?�NB;N�CM�?KO;F
CH�G;AHCNO>?�;H>�IJJIMCN?�CH�>CL?=NCIH��4BC=B�I@�+?QNIH\M�F;QM�I@�GINCIH�;JJFS�

18. 4BS�>I?M�;H�IL>CH;LS�LC@F?�L?=ICF��EC=E�<;=EQ;L>��QB?H�@CL?>��1B?�<;LL?F�I@�;�L?=ICFF?MM�LC@F?�CM�IJ?H�;N�<INB�?H>M��!?M=LC<?
BIQ�+?QNIH\M�NBCL>�F;Q�;JJFC?M�QB?H�IH?�CM�@CL?>�� ;H�SIO�M;@?FS�MN;H>�=FIM?�<?BCH>�IH?�QB?H�CN�CM�@CL?>�

19. �H��G?LC=;H�@IIN<;FF�FCH?G;H�L?;MIHM�NB;N�CN�CM�M?HM?F?MM�NI�NLS�NI�ION�JOMB�NB?�IJJIMCHA�JF;S?L
�MCH=?�HI�G;NN?L�BIQ�B;L>�B?
JOMB?M�B?�QCFF�?RJ?LC?H=?�;H�?KO;F�;H>�IJJIMCN?�@IL=?�@LIG�NB?�INB?L�JF;S?L��2M?�+?QNIH\M�F;QM�;H>�>L;Q�;�@L??�<I>S�>C;AL;G
I@�;H�;JJLIJLC;N?�MSMN?G�NI�?RJF;CH�BIQ�B?�=;H�MNCFF�ION�JOMB�NB?�IJJIMCNCIH�C@�B?�CM�MNLIHA�?HIOAB�

20. +?QNIH\M�NBCL>�F;Q�I@�GINCIH�N?FFM�OM�NB;N�@IL=?M�;FQ;SM�I==OL�CH�J;CLM�I@�?KO;F�;H>�IJJIMCN?�G;AHCNO>?��"RJF;CH�BIQ�NB?
=BIC=?�I@�NB?�]MSMN?G�I@�CHN?L?MN^�;@@?=NM�QB?NB?L�IH?�MO=B�J;CL�I@�@IL=?M�=;H=?FM�

��  B;JN?L���U�!SH;GC=M��#IL=?�;H>�+?QNIH�M�);QM

1BCM�,J?H0N;R�<IIE�CM�;P;CF;<F?�@IL�@L??�;N�BNNJM�

F?A;=S�=HR�ILA
=IHN?HN
=IF�����
���
Unit II -  Forces 140



Problems & Exercises

1.5 Newton's Second Law - Concept of a
System
You may assume data taken from illustrations is accurate
to three digits.

1. �������EA�MJLCHN?L�MN;LNM�;�L;=?�QCNB�;H�;==?F?L;NCIH�I@

�����������N���T�� ��4B;N�CM�NB?�H?N�?RN?LH;F�@IL=?�IH�BCG�
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Figure 1.12
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Figure 1.13
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Figure 1.14
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ÒIÕm sure LIGO will tell us something about the universe that we didnÕt know before. The history of science tells us that any time
you go where you havenÕt been before, you usually find something that really shakes the scientific paradigms of the day. Whether
gravitational wave astrophysics will do that, only time will tell.ÓZ!;PC>�/?CNT?
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2.3 Weight and Gravity
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�;P;CF;<F?�B?L?�https://www .youtube.com/watch?v=5RiNj5IiTbg
(https://www .youtube.com/watch?v=5RiNj5IiTbg)
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Figure 2.18 Forces and Motion (http://legacy .cnx.org/content/m64350/1.2/forces-and-motion_en.jar)

2.7 Elasticity: Stress and Strain
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Example 2.3 The Stretch of a Long Cable
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�<ON�I@@?L�;�GO=B�AL?;N?L�L?MNILCHA�@IL=?�@IL�;�AL?;N?L�MNL;CH�Figure 2.23 MBIQM
;�MNL?MM�MNL;CH�L?F;NCIHMBCJ�@IL�;�BOG;H�N?H>IH��0IG?�N?H>IHM�B;P?�;�BCAB�=IFF;A?H�=IHN?HN�MI�NB?L?�CM�L?F;NCP?FS�FCNNF?�MNL;CH
�IL
F?HANB�=B;HA?��INB?LM
�FCE?�MOJJILN�N?H>IHM��;M�CH�NB?�F?A��=;H�=B;HA?�F?HANB�OJ�NI������+IN?�NB;N�NBCM�MNL?MM�MNL;CH�=OLP?�CM
HIHFCH?;L
�MCH=?�NB?�MFIJ?�I@�NB?�FCH?�=B;HA?M�CH�>C@@?L?HN�L?ACIHM��&H�NB?�@CLMN�J;LN�I@�NB?�MNL?N=B�=;FF?>�NB?�NI?�L?ACIH
�NB?�@C<?LM�CH
NB?�N?H>IH�<?ACH�NI�;FCAH�CH�NB?�>CL?=NCIH�I@�NB?�MNL?MMZNBCM�CM�=;FF?>uncrimping��&H�NB?�FCH?;L�L?ACIH
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ILA;H�QCNB�MJ?=C;F�?F;MNC=�JLIJ?LNC?M��1B?�FOHAM�?RJ;H>�QCNB�GOM=OF;L�?@@ILN�QB?H�Q?�<L?;NB?�CH�<ON�L?F;R�@L??FS�;H>�?F;MNC=;FFS
QB?H�Q?�<L?;NB?�ION��,OL�MECHM�;L?�J;LNC=OF;LFS�?F;MNC=
�?MJ?=C;FFS�@IL�NB?�SIOHA����SIOHA�J?LMIH�=;H�AI�@LIG�����EA�NI����EA
QCNB�HI�PCMC<F?�M;A�CH�NB?CL�MECHM��1B?�?F;MNC=CNS�I@�;FF�ILA;HM�L?>O=?M�QCNB�;A?��$L;>O;F�JBSMCIFIAC=;F�;ACHA�NBLIOAB�L?>O=NCIH�CH
?F;MNC=CNS�MN;LNM�CH�NB?�?;LFS���M�

Example 2.4 Calculating Deformation: How Much Does Y our Leg Shorten When Y ou Stand on
It?
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Example 2.5 Calculating Force Required to Deform: That Nail Does Not Bend Much Under a
Load
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Example 2.6 Calculating Change in V olume with Deformation: How Much Is W ater Compressed
at Great Ocean Depths?
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2.8 Drag Forces
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Example 2.7 A Terminal V elocity
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To the mouse and any smaller animal, [gravity] presents practically no dangers. You can drop a mouse down a thousand-yard
mine shaft; and, on arriving at the bottom, it gets a slight shock and walks away, provided that the ground is fairly soft. A rat is
killed, a man is broken, and a horse splashes. For the resistance presented to movement by the air is proportional to the surface
of the moving object. Divide an animalÕs length, breadth, and height each by ten; its weight is reduced to a thousandth, but its
surface only to a hundredth. So the resistance to falling in the case of the small animal is relatively ten times greater than the
driving force.
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carrier particle :

deformation :

drag force :
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Figure 2.31 Masses & Springs (http://legacy .cnx.org/content/m64348/1.2/mass-spring-lab_en.jar)
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force field :

friction :

HookeÕs law :

inertial frame of reference :

kinetic friction :

magnitude of kinetic friction :

magnitude of static friction :

normal force :

shear deformation :

static friction :

StokesÕ law:

strain :

stress :

tensile strength :

tension :
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Section Summary

2.1 The Fundamental Forces
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2.6 Elasticity: Stress and Strain
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2.7 Drag Forces
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2.6 Elasticity: Stress and Strain
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JI=E?N�I@�;CL�;<IP?�NB?�PCH?A;L�QIOF>�JL?P?HN�NB?�<L?;E���1BCM�CM�NB?�@OH=NCIH�I@�NB?�;CL�;<IP?�FCKOC>M�CH�AF;MM�=IHN;CH?LM��

2.7 Drag Forces
16. �NBF?N?M�MO=B�;M�MQCGG?LM�;H>�<C=S=FCMNM�Q?;L�<I>S�MOCNM�CH�=IGJ?NCNCIH��#ILGOF;N?�;�FCMN�I@�JLIM�;H>�=IHM�I@�MO=B�MOCNM�

17. 1QI�?RJL?MMCIHM�Q?L?�OM?>�@IL�NB?�>L;A�@IL=?�?RJ?LC?H=?>�<S�;�GIPCHA�I<D?=N�CH�;�FCKOC>��,H?�>?J?H>?>�OJIH�NB?�MJ??>

QBCF?�NB?�INB?L�Q;M�JLIJILNCIH;F�NI�NB?�MKO;L?�I@�NB?�MJ??>��&H�QBC=B�NSJ?M�I@�GINCIH�QIOF>�?;=B�I@�NB?M?�?RJL?MMCIHM�<?�GIL?
;JJFC=;<F?�NB;H�NB?�INB?L�IH?�

18. �M�=;LM�NL;P?F
�ICF�;H>�A;MIFCH?�F?;EM�IHNI�NB?�LI;>�MOL@;=?��&@�;�FCABN�L;CH�@;FFM
�QB;N�>I?M�NBCM�>I�NI�NB?�=IHNLIF�I@�NB?�=;L�
!I?M�;�B?;PS�L;CH�G;E?�;HS�>C@@?L?H=?�

19. 4BS�=;H�;�MKOCLL?F�DOGJ�@LIG�;�NL??�<L;H=B�NI�NB?�ALIOH>�;H>�LOH�;Q;S�OH>;G;A?>
�QBCF?�;�BOG;H�=IOF>�<L?;E�;�<IH?�CH
MO=B�;�@;FF�
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Problems & Exercises

2.1 The Fundamental Forces
1. �;��4B;N�CM�NB?�MNL?HANB�I@�NB?�Q?;E�HO=F?;L�@IL=?�L?F;NCP?
NI�NB?�MNLIHA�HO=F?;L�@IL=?���<��4B;N�CM�NB?�MNL?HANB�I@�NB?
Q?;E�HO=F?;L�@IL=?�L?F;NCP?�NI�NB?�?F?=NLIG;AH?NC=�@IL=?�
0CH=?�NB?�Q?;E�HO=F?;L�@IL=?�;=NM�;N�IHFS�P?LS�MBILN
>CMN;H=?M
�MO=B�;M�CHMC>?�HO=F?C
�QB?L?�NB?�MNLIHA�;H>
?F?=NLIG;AH?NC=�@IL=?M�;FMI�;=N
�CN�GCABN�M??G�MOLJLCMCHA�NB;N
Q?�B;P?�;HS�EHIQF?>A?�I@�CN�;N�;FF��4?�B;P?�MO=B�EHIQF?>A?
<?=;OM?�NB?�Q?;E�HO=F?;L�@IL=?�CM�L?MJIHMC<F?�@IL�<?N;�>?=;S

;�NSJ?�I@�HO=F?;L�>?=;S�HIN�?RJF;CH?>�<S�INB?L�@IL=?M�

2. �;��4B;N�CM�NB?�L;NCI�I@�NB?�MNL?HANB�I@�NB?�AL;PCN;NCIH;F
@IL=?�NI�NB;N�I@�NB?�MNLIHA�HO=F?;L�@IL=?���<��4B;N�CM�NB?�L;NCI
I@�NB?�MNL?HANB�I@�NB?�AL;PCN;NCIH;F�@IL=?�NI�NB;N�I@�NB?�Q?;E
HO=F?;L�@IL=?���=��4B;N�CM�NB?�L;NCI�I@�NB?�MNL?HANB�I@�NB?
AL;PCN;NCIH;F�@IL=?�NI�NB;N�I@�NB?�?F?=NLIG;AH?NC=�@IL=?��4B;N
>I�SIOL�;HMQ?LM�CGJFS�;<ION�NB?�CH@FO?H=?�I@�NB?�AL;PCN;NCIH;F
@IL=?�IH�;NIGC=�HO=F?C�

3. 4B;N�CM�NB?�L;NCI�I@�NB?�MNL?HANB�I@�NB?�MNLIHA�HO=F?;L�@IL=?
NI�NB;N�I@�NB?�?F?=NLIG;AH?NC=�@IL=?���;M?>�IH�NBCM�L;NCI
�SIO
GCABN�?RJ?=N�NB;N�NB?�MNLIHA�@IL=?�>IGCH;N?M�NB?�HO=F?OM

QBC=B�CM�NLO?�@IL�MG;FF�HO=F?C��);LA?�HO=F?C
�BIQ?P?L
�B;P?
MCT?M�AL?;N?L�NB;H�NB?�L;HA?�I@�NB?�MNLIHA�HO=F?;L�@IL=?���N
NB?M?�MCT?M
�NB?�?F?=NLIG;AH?NC=�@IL=?�<?ACHM�NI�;@@?=N�HO=F?;L
MN;<CFCNS��1B?M?�@;=NM�QCFF�<?�OM?>�NI�?RJF;CH�HO=F?;L�@OMCIH
;H>�@CMMCIH�F;N?L�CH�NBCM�N?RN�

2.5 Friction
4. ��JBSMC=M�G;DIL�CM�=IIECHA�<L?;E@;MN�QB?H�B?�HINC=?M�NB;N
NB?�@LC=NCIH;F�@IL=?�<?NQ??H�BCM�MN??F�MJ;NOF;�;H>�BCM�1?@FIH
@LSCHA�J;H�CM�IHFS�������+��(HIQCHA�NB?�=I?@@C=C?HN�I@�ECH?NC=
@LC=NCIH�<?NQ??H�NB?�NQI�G;N?LC;FM
�B?�KOC=EFS�=;F=OF;N?M�NB?
HILG;F�@IL=?��4B;N�CM�CN�

5. �;��4B?H�L?<OCF>CHA�B?L�=;L\M�?HACH?
�;�JBSMC=M�G;DIL�GOMN
?R?LN�����+�I@�@IL=?�NI�CHM?LN�;�>LS�MN??F�JCMNIH�CHNI�;�MN??F
=SFCH>?L��4B;N�CM�NB?�G;AHCNO>?�I@�NB?�HILG;F�@IL=?�<?NQ??H
NB?�JCMNIH�;H>�=SFCH>?L���<��4B;N�CM�NB?�G;AHCNO>?�I@�NB?
@IL=?�QIOF>�MB?�B;P?�NI�?R?LN�C@�NB?�MN??F�J;LNM�Q?L?�ICF?>�

6. �;��4B;N�CM�NB?�G;RCGOG�@LC=NCIH;F�@IL=?�CH�NB?�EH??�DICHN�I@
;�J?LMIH�QBI�MOJJILNM������EA�I@�B?L�G;MM�IH�NB;N�EH??���<�
!OLCHA�MNL?HOIOM�?R?L=CM?�CN�CM�JIMMC<F?�NI�?R?LN�@IL=?M�NI�NB?
DICHNM�NB;N�;L?�?;MCFS�N?H�NCG?M�AL?;N?L�NB;H�NB?�Q?CABN�<?CHA
MOJJILN?>��4B;N�CM�NB?�G;RCGOG�@IL=?�I@�@LC=NCIH�OH>?L�MO=B
=IH>CNCIHM��1B?�@LC=NCIH;F�@IL=?M�CH�DICHNM�;L?�L?F;NCP?FS�MG;FF�CH
;FF�=CL=OGMN;H=?M�?R=?JN�QB?H�NB?�DICHNM�>?N?LCIL;N?
�MO=B�;M
@LIG�CHDOLS�IL�;LNBLCNCM��&H=L?;M?>�@LC=NCIH;F�@IL=?M�=;H�=;OM?
@OLNB?L�>;G;A?�;H>�J;CH�

7. 0OJJIM?�SIO�B;P?�;�����EA�QII>?H�=L;N?�L?MNCHA�IH�;
QII>�@FIIL���;��4B;N�G;RCGOG�@IL=?�=;H�SIO�?R?LN
BILCTIHN;FFS�IH�NB?�=L;N?�QCNBION�GIPCHA�CN���<��&@�SIO�=IHNCHO?
NI�?R?LN�NBCM�@IL=?�IH=?�NB?�=L;N?�MN;LNM�NI�MFCJ
�QB;N�QCFF�NB?
G;AHCNO>?�I@�CNM�;==?F?L;NCIH�NB?H�<?�

8. �;��&@�B;F@�I@�NB?�Q?CABN�I@�;�MG;FF���������—���� �� �L�HONCFCNS

NLO=E�CM�MOJJILN?>�<S�CNM�NQI�>LCP?�QB??FM
�QB;N�CM�NB?
G;AHCNO>?�I@�NB?�G;RCGOG�;==?F?L;NCIH�CN�=;H�;=BC?P?�IH�>LS
=IH=L?N?���<��4CFF�;�G?N;F�=;<CH?N�FSCHA�IH�NB?�QII>?H�<?>�I@
NB?�NLO=E�MFCJ�C@�CN�;==?F?L;N?M�;N�NBCM�L;N?���=��0IFP?�<INB
JLI<F?GM�;MMOGCHA�NB?�NLO=E�B;M�@IOL�QB??F�>LCP?�

9. ��N?;G�I@�?CABN�>IAM�JOFFM�;�MF?>�QCNB�Q;R?>�QII>�LOHH?LM
IH�Q?N�MHIQ��GOMB����1B?�>IAM�B;P?�;P?L;A?�G;MM?M�I@�����
EA
�;H>�NB?�FI;>?>�MF?>�QCNB�CNM�LC>?L�B;M�;�G;MM�I@�����EA�
�;�� ;F=OF;N?�NB?�G;AHCNO>?�I@�NB?�;==?F?L;NCIH�MN;LNCHA�@LIG
L?MN�C@�?;=B�>IA�?R?LNM�;H�;P?L;A?�@IL=?�I@�����+�<;=EQ;L>
IH�NB?�MHIQ���<��4B;N�CM�NB?�G;AHCNO>?�I@�NB?�;==?F?L;NCIH
IH=?�NB?�MF?>�MN;LNM�NI�GIP?���=��#IL�<INB�MCNO;NCIHM

=;F=OF;N?�NB?�G;AHCNO>?�I@�NB?�@IL=?�CH�NB?�=IOJFCHA�<?NQ??H
NB?�>IAM�;H>�NB?�MF?>�

10.  IHMC>?L�NB?������EA�C=?�ME;N?L�<?CHA�JOMB?>�<S�NQI
INB?LM�MBIQH�CHFigure 2.32 ���;��#CH>�NB?�>CL?=NCIH�;H>
G;AHCNO>?�I@�' �U�P�U
�NB?�NIN;F�@IL=?�?R?LN?>�IH�B?L�<S�NB?

INB?LM
�ACP?H�NB;N�NB?�G;AHCNO>?M�' �� ;H> �' �� ;L?������+

;H>������+
�L?MJ?=NCP?FS���<��4B;N�CM�B?L�CHCNC;F�;==?F?L;NCIH�C@
MB?�CM�CHCNC;FFS�MN;NCIH;LS�;H>�Q?;LCHA�MN??F�<F;>?>�ME;N?M�NB;N
JICHN�CH�NB?�>CL?=NCIH�I@�' �U�P�U���=��4B;N�CM�B?L�;==?F?L;NCIH

;MMOGCHA�MB?�CM�;FL?;>S�GIPCHA�CH�NB?�>CL?=NCIH�I@�' �U�P�U�

�/?G?G<?L�NB;N�@LC=NCIH�;FQ;SM�;=NM�CH�NB?�>CL?=NCIH�IJJIMCN?
NB;N�I@�GINCIH�IL�;NN?GJN?>�GINCIH�<?NQ??H�MOL@;=?M�CH
=IHN;=N��

Figure 2.32

11. 0BIQ�NB;N�NB?�;==?F?L;NCIH�I@�;HS�I<D?=N�>IQH�;
@LC=NCIHF?MM�CH=FCH?�NB;N�G;E?M�;H�;HAF?�� QCNB�NB?�BILCTIHN;F

CM�B�� �H�T�J�O�� ���+IN?�NB;N�NBCM�;==?F?L;NCIH�CM�CH>?J?H>?HN�I@

G;MM��

12. 0BIQ�NB;N�NB?�;==?F?L;NCIH�I@�;HS�I<D?=N�>IQH�;H�CH=FCH?
QB?L?�@LC=NCIH�<?B;P?M�MCGJFS��NB;N�CM
�QB?L?�G�L�� �
 �L�/ ��CM

�B�� �H�	�T�J�O�� �' �
 �L�D�P�T���
��+IN?�NB;N�NB?�;==?F?L;NCIH�CM

CH>?J?H>?HN�I@�G;MM�;H>�L?>O=?M�NI�NB?�?RJL?MMCIH�@IOH>�CH
NB?�JL?PCIOM�JLI<F?G�QB?H�@LC=NCIH�<?=IG?M�H?AFCAC<FS�MG;FF
�	�
 �L�� ���
��

13.  ;F=OF;N?�NB?�>?=?F?L;NCIH�I@�;�MHIQ�<I;L>?L�AICHA�OJ�;
�������z
�MFIJ?�;MMOGCHA�NB?�=I?@@C=C?HN�I@�@LC=NCIH�@IL�Q;R?>

QII>�IH�Q?N�MHIQ��1B?�L?MOFN�I@Exercise 2.12 G;S�<?
OM?@OF
�<ON�<?�=;L?@OF�NI�=IHMC>?L�NB?�@;=N�NB;N�NB?�MHIQ
<I;L>?L�CM�AICHA�OJBCFF��"RJFC=CNFS�MBIQ�BIQ�SIO�@IFFIQ�NB?
MN?JM�CHProblem-Solving Strategies
(https://legacy .cnx.org/content/m42076/latest/) �

14. �;�� ;F=OF;N?�NB?�;==?F?L;NCIH�I@�;�MEC?L�B?;>CHA�>IQH�;
���������zMFIJ?
�;MMOGCHA�NB?�=I?@@C=C?HN�I@�@LC=NCIH�@IL�Q;R?>

QII>�IH�Q?N�MHIQ���<��#CH>�NB?�;HAF?�I@�NB?�MFIJ?�>IQH
QBC=B�NBCM�MEC?L�=IOF>�=I;MN�;N�;�=IHMN;HN�P?FI=CNS��6IO�=;H
H?AF?=N�;CL�L?MCMN;H=?�CH�<INB�J;LNM
�;H>�SIO�QCFF�@CH>�NB?�L?MOFN
I@Exercise 2.12 NI�<?�OM?@OF��"RJFC=CNFS�MBIQ�BIQ�SIO�@IFFIQ
NB?�MN?JM�CH�NB?Problem-Solving Strategies
(https://legacy .cnx.org/content/m42076/latest/) �
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15. &@�;H�I<D?=N�CM�NI�L?MN�IH�;H�CH=FCH?�QCNBION�MFCJJCHA
�NB?H
@LC=NCIH�GOMN�?KO;F�NB?�=IGJIH?HN�I@�NB?�Q?CABN�I@�NB?�I<D?=N
J;L;FF?F�NI�NB?�CH=FCH?��1BCM�L?KOCL?M�AL?;N?L�;H>�AL?;N?L
@LC=NCIH�@IL�MN??J?L�MFIJ?M��0BIQ�NB;N�NB?�G;RCGOG�;HAF?�I@
;H�CH=FCH?�;<IP?�NB?�BILCTIHN;F�@IL�QBC=B�;H�I<D?=N�QCFF�HIN

MFC>?�>IQH�CM�� �� �U�B�O���� �{�T��6IO�G;S�OM?�NB?�L?MOFN�I@�NB?

JL?PCIOM�JLI<F?G���MMOG?�NB;N�B�� �� ;H>�NB;N�MN;NC=�@LC=NCIH

B;M�L?;=B?>�CNM�G;RCGOG�P;FO?�

16.  ;F=OF;N?�NB?�G;RCGOG�>?=?F?L;NCIH�I@�;�=;L�NB;N�CM
B?;>CHA�>IQH�; ���zMFIJ?��IH?�NB;N�G;E?M�;H�;HAF?�I@���z
QCNB�NB?�BILCTIHN;F��OH>?L�NB?�@IFFIQCHA�LI;>�=IH>CNCIHM��6IO
G;S�;MMOG?�NB;N�NB?�Q?CABN�I@�NB?�=;L�CM�?P?HFS�>CMNLC<ON?>�IH
;FF�@IOL�NCL?M�;H>�NB;N�NB?�=I?@@C=C?HN�I@�MN;NC=�@LC=NCIH�CM
CHPIFP?>ZNB;N�CM
�NB?�NCL?M�;L?�HIN�;FFIQ?>�NI�MFCJ�>OLCHA�NB?
>?=?F?L;NCIH���&AHIL?�LIFFCHA��� ;F=OF;N?�@IL�;�=;L���;��,H�>LS
=IH=L?N?���<��,H�Q?N�=IH=L?N?���=��,H�C=?
�;MMOGCHA�NB;N
�
 �T�� ���������� 
�NB?�M;G?�;M�@IL�MBI?M�IH�C=?�

17.  ;F=OF;N?�NB?�G;RCGOG�;==?F?L;NCIH�I@�;�=;L�NB;N�CM
B?;>CHA�OJ�;���zMFIJ?��IH?�NB;N�G;E?M�;H�;HAF?�I@���zQCNB
NB?�BILCTIHN;F��OH>?L�NB?�@IFFIQCHA�LI;>�=IH>CNCIHM���MMOG?
NB;N�IHFS�B;F@�NB?�Q?CABN�I@�NB?�=;L�CM�MOJJILN?>�<S�NB?�NQI
>LCP?�QB??FM�;H>�NB;N�NB?�=I?@@C=C?HN�I@�MN;NC=�@LC=NCIH�CM
CHPIFP?>ZNB;N�CM
�NB?�NCL?M�;L?�HIN�;FFIQ?>�NI�MFCJ�>OLCHA�NB?
;==?F?L;NCIH���&AHIL?�LIFFCHA����;��,H�>LS�=IH=L?N?���<��,H�Q?N
=IH=L?N?���=��,H�C=?
�;MMOGCHA�NB;N�{�T�� ����������
�NB?�M;G?

;M�@IL�MBI?M�IH�C=?�

18. /?J?;N Exercise 2.17 @IL�;�=;L�QCNB�@IOL�QB??F�>LCP?�

19. ��@L?CABN�NL;CH�=IHMCMNM�I@�NQI���������—���� �����L�H?HACH?M�;H>

���=;LM�QCNB�;P?L;A?�G;MM?M�I@���������—���� �� �L�H���;��4B;N

@IL=?�GOMN�?;=B�?HACH?�?R?LN�<;=EQ;L>�IH�NB?�NL;=E�NI

;==?F?L;N?�NB?�NL;CH�;N�;�L;N?�I@���������—���� �' �� �N���T�� C@�NB?

@IL=?�I@�@LC=NCIH�CM���������—���� �� �/ 
�;MMOGCHA�NB?�?HACH?M�?R?LN

C>?HNC=;F�@IL=?M��1BCM�CM�HIN�;�F;LA?�@LC=NCIH;F�@IL=?�@IL�MO=B�;
G;MMCP?�MSMN?G��/IFFCHA�@LC=NCIH�@IL�NL;CHM�CM�MG;FF
�;H>
=IHM?KO?HNFS�NL;CHM�;L?�P?LS�?H?LAS�?@@C=C?HN�NL;HMJILN;NCIH
MSMN?GM���<��4B;N�CM�NB?�G;AHCNO>?�I@�NB?�@IL=?�CH�NB?
=IOJFCHA�<?NQ??H�NB?���NB�;H>���NB�=;LM��NBCM�CM�NB?�@IL=?
?;=B�?R?LNM�IH�NB?�INB?L�
�;MMOGCHA�;FF�=;LM�B;P?�NB?�M;G?
G;MM�;H>�NB;N�@LC=NCIH�CM�?P?HFS�>CMNLC<ON?>�;GIHA�;FF�I@�NB?
=;LM�;H>�?HACH?M�

20.  IHMC>?L�NB?������EA�GIOHN;CH�=FCG<?L�CHFigure 2.33 ���;�
#CH>�NB?�N?HMCIH�CH�NB?�LIJ?�;H>�NB?�@IL=?�NB;N�NB?�GIOHN;CH
=FCG<?L�GOMN�?R?LN�QCNB�B?L�@??N�IH�NB?�P?LNC=;F�LI=E�@;=?�NI
L?G;CH�MN;NCIH;LS���MMOG?�NB;N�NB?�@IL=?�CM�?R?LN?>�J;L;FF?F�NI
B?L�F?AM���FMI
�;MMOG?�H?AFCAC<F?�@IL=?�?R?LN?>�<S�B?L�;LGM�
�<��4B;N�CM�NB?�GCHCGOG�=I?@@C=C?HN�I@�@LC=NCIH�<?NQ??H�B?L
MBI?M�;H>�NB?�=FC@@�

Figure 2.33 -;LN�I@�NB?�=FCG<?L\M�Q?CABN�CM�MOJJILN?>�<S�B?L�LIJ?�;H>
J;LN�<S�@LC=NCIH�<?NQ??H�B?L�@??N�;H>�NB?�LI=E�@;=?�

21. ��=IHN?MN;HN�CH�;�QCHN?L�MJILNCHA�?P?HN�JOMB?M�;������EA
<FI=E�I@�C=?�;=LIMM�;�@LIT?H�F;E?�;M�MBIQH�CHFigure 2.34 �;��
�;�� ;F=OF;N?�NB?�GCHCGOG�@IL=?�' B?�GOMN�?R?LN�NI�A?N�NB?
<FI=E�GIPCHA���<��4B;N�CM�NB?�G;AHCNO>?�I@�CNM�;==?F?L;NCIH
IH=?�CN�MN;LNM�NI�GIP?
�C@�NB;N�@IL=?�CM�G;CHN;CH?>�
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22. /?J?;N Exercise 2.21 QCNB�NB?�=IHN?MN;HN�JOFFCHA�NB?
<FI=E�I@�C=?�QCNB�;�LIJ?�IP?L�BCM�MBIOF>?L�;N�NB?�M;G?�;HAF?
;<IP?�NB?�BILCTIHN;F�;M�MBIQH�CHFigure 2.34 �<��

Figure 2.34 4BC=B�G?NBI>�I@�MFC>CHA�;�<FI=E�I@�C=?�L?KOCL?M�F?MM
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2.7 Drag Forces
39. 1B?�N?LGCH;F�P?FI=CNS�I@�;�J?LMIH�@;FFCHA�CH�;CL�>?J?H>M
OJIH�NB?�Q?CABN�;H>�NB?�;L?;�I@�NB?�J?LMIH�@;=CHA�NB?�@FOC>�
#CH>�NB?�N?LGCH;F�P?FI=CNS��CH�G?N?LM�J?L�M?=IH>�;H>
ECFIG?N?LM�J?L�BIOL��I@�;H������EA�MES>CP?L�@;FFCHA�CH�;�JCE?

�B?;>@CLMN��JIMCNCIH�QCNB�;�MOL@;=?�;L?;�I@���������� �N�� �

40. �����EA�;H>�;����EA�MES>CP?L�DOGJ�@LIG�;H�;CLJF;H?�;N�;H
;FNCNO>?�I@������G
�<INB�@;FFCHA�CH�NB?�JCE?�JIMCNCIH��*;E?
MIG?�;MMOGJNCIH�IH�NB?CL�@LIHN;F�;L?;M�;H>�=;F=OF;N?�NB?CL
N?LGCH;F�P?FI=CNC?M��%IQ�FIHA�QCFF�CN�N;E?�@IL�?;=B�MES>CP?L�NI
L?;=B�NB?�ALIOH>��;MMOGCHA�NB?�NCG?�NI�L?;=B�N?LGCH;F
P?FI=CNS�CM�MG;FF����MMOG?�;FF�P;FO?M�;L?�;==OL;N?�NI�NBL??
MCAHC@C=;HN�>CACNM�

41. ������A�MKOCLL?F�QCNB�;�MOL@;=?�;L?;�I@������ �D�N�� @;FFM

@LIG�;�����G�NL??�NI�NB?�ALIOH>��"MNCG;N?�CNM�N?LGCH;F�P?FI=CNS�
�2M?�;�>L;A�=I?@@C=C?HN�@IL�;�BILCTIHN;F�MES>CP?L���4B;N�QCFF�<?
NB?�P?FI=CNS�I@�;����EA�J?LMIH�BCNNCHA�NB?�ALIOH>
�;MMOGCHA�HI
>L;A�=IHNLC<ONCIH�CH�MO=B�;�MBILN�>CMN;H=?�

42. 1I�G;CHN;CH�;�=IHMN;HN�MJ??>
�NB?�@IL=?�JLIPC>?>�<S�;
=;L\M�?HACH?�GOMN�?KO;F�NB?�>L;A�@IL=?�JFOM�NB?�@IL=?�I@
@LC=NCIH�I@�NB?�LI;>��NB?�LIFFCHA�L?MCMN;H=?����;��4B;N�;L?�NB?
G;AHCNO>?M�I@�>L;A�@IL=?M�;N����EG
B�;H>�����EG
B�@IL�;

1ISIN;� ;GLS���!L;A�;L?;�CM �����������N�� ���<��4B;N�CM�NB?

G;AHCNO>?�I@�>L;A�@IL=?�;N����EG
B�;H>�����EG
B�@IL�;

%OGG?L�%����!L;A�;L?;�CM �����������N�� ���MMOG?�;FF�P;FO?M�;L?

;==OL;N?�NI�NBL??�MCAHC@C=;HN�>CACNM�

43. �S�QB;N�@;=NIL�>I?M�NB?�>L;A�@IL=?�IH�;�=;L�CH=L?;M?�;M�CN
AI?M�@LIG����NI�����EG
B�

44.  ;F=OF;N?�NB?�MJ??>�;�MJB?LC=;F�L;CH�>LIJ�QIOF>�;=BC?P?
@;FFCHA�@LIG������EG��;��CH�NB?�;<M?H=?�I@�;CL�>L;A��<��QCNB�;CL
>L;A��1;E?�NB?�MCT?�;=LIMM�I@�NB?�>LIJ�NI�<?���GG
�NB?�>?HMCNS

NI�<? ���������—���� �� �L�H���N�� 
�;H>�NB?�MOL@;=?�;L?;�NI�<?���S�� �

45. 2MCHA�0NIE?M\�F;Q
�P?LC@S�NB;N�NB?�OHCNM�@IL�PCM=IMCNS�;L?
ECFIAL;GM�J?L�G?N?L�J?L�M?=IH>�

46. #CH>�NB?�N?LGCH;F�P?FI=CNS�I@�;�MJB?LC=;F�<;=N?LCOG
�>C;G?N?L�����������{�N��@;FFCHA�CH�Q;N?L��6IO�QCFF�@CLMN�H??>�NI

HIN?�NB;N�NB?�>L;A�@IL=?�CM�?KO;F�NI�NB?�Q?CABN�;N�N?LGCH;F
P?FI=CNS��1;E?�NB?�>?HMCNS�I@�NB?�<;=N?LCOG�NI�<?

���������—���� �� �L�H���N�� �

47. 0NIE?M\�F;Q�>?M=LC<?M�M?>CG?HN;NCIH�I@�J;LNC=F?M�CH�FCKOC>M
;H>�=;H�<?�OM?>�NI�G?;MOL?�PCM=IMCNS��-;LNC=F?M�CH�FCKOC>M
;=BC?P?�N?LGCH;F�P?FI=CNS�KOC=EFS��,H?�=;H�G?;MOL?�NB?�NCG?�CN
N;E?M�@IL�;�J;LNC=F?�NI�@;FF�;�=?LN;CH�>CMN;H=?�;H>�NB?H�OM?
0NIE?M\�F;Q�NI�=;F=OF;N?�NB?�PCM=IMCNS�I@�NB?�FCKOC>��0OJJIM?�;

MN??F�<;FF�<?;LCHA��>?HMCNS�������—���� �� �L�H���N�� 
�>C;G?N?L

���������N�N��CM�>LIJJ?>�CH�;�=IHN;CH?L�I@�GINIL�ICF��&N�N;E?M����M

NI�@;FF�;�>CMN;H=?�I@������G�� ;F=OF;N?�NB?�PCM=IMCNS�I@�NB?�ICF�

 B;JN?L���U�(CH>M�I@�#IL=?M ��

Unit II -  Forces 183



��  B;JN?L���U�(CH>M�I@�#IL=?M

1BCM�,J?H0N;R�<IIE�CM�;P;CF;<F?�@IL�@L??�;N�BNNJM�

F?A;=S�=HR�ILA
=IHN?HN
=IF�����
���
Unit II -  Forces 184



� "5�*-)"0�,#��--)& � 1&,+0�,#
+"41 ,+�0�)� 40

3.1 Introduction
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3.2 Problem Solving Strategy
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Example 3.1 Drag Force on a Barge
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Example 3.3 What Does the Bathroom Scale Read in an Elevator?
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Example 3.4 What Force Must a Soccer Player Exert to Reach T op Speed?
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3.3 Further Applications of NewtonÕ s Laws of Motion
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Example 3.5 Drag Force on a Barge
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Example 3.6 Different T ensions at Different Angles
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Example 3.7 What Does the Bathroom Scale Read in an Elevator?
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Problem-Solving Strategy
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Example 3.8 What Force Must a Soccer Player Exert to Reach T op Speed?
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Section Summary

3.1 Problem Solving Strategy
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3.2 Further Applications of NewtonÕ s Laws of Motion
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Conceptual Questions

3.1 Problem Solving Strategy
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3.2 Further Applications of NewtonÕ s Laws of Motion
3. 1I�MCGOF;N?�NB?�;JJ;L?HN�Q?CABNF?MMH?MM�I@�MJ;=?�IL<CN
�;MNLIH;ONM�;L?�NL;CH?>�CH�NB?�BIF>�I@�;�=;LAI�;CL=L;@N�NB;N�CM
;==?F?L;NCHA�>IQHQ;L>�;N�H��4BS�QCFF�NB?S�;JJ?;L�NI�<?�Q?CABNF?MM
�;M�G?;MOL?>�<S�MN;H>CHA�IH�;�<;NBLIIG�M=;F?
�CH�NBCM

;==?F?L;N?>�@L;G?�I@�L?@?L?H=?��&M�NB?L?�;HS�>C@@?L?H=?�<?NQ??H�NB?CL�;JJ;L?HN�Q?CABNF?MMH?MM�CH�IL<CN�;H>�CH�NB?�;CL=L;@N�

4. ��=;LNIIH�MBIQM�NB?�NIOJ??�=IGCHA�I@@�NB?�B?;>�I@�;H�?F?P;NIL�J;MM?HA?L�QB?H�NB?�?F?P;NIL�L;JC>FS�MNIJM�>OLCHA�;H�OJQ;L>
LC>?�� ;H�NBCM�L?;FFS�B;JJ?H�QCNBION�NB?�J?LMIH�<?CHA�NC?>�NI�NB?�@FIIL�I@�NB?�?F?P;NIL��"RJF;CH�SIOL�;HMQ?L�

 B;JN?L���U�"R;GJF?M�I@��JJFC=;NCIHM�I@�+?QNIH�M�);QM ��

Unit II -  Forces 199



Problems & Exercises

3.1 Problem Solving Strategy
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3.2 Further Applications of NewtonÕ s Laws of
Motion
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14. 1QI�GOM=F?M�CH�NB?�<;=E�I@�NB?�F?A�JOFF�OJQ;L>�IH�NB?
�=BCFF?M�N?H>IH
�;M�MBIQH�CHFigure 3.9 ���1B?M?�GOM=F?M�;L?
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GOM=F?���#CH>�NB?�G;AHCNO>?�;H>�>CL?=NCIH�I@�NB?�NIN;F�@IL=?
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Figure 3.9 �=BCFF?M�N?H>IH

15. �������EA�J?LMIH�CM�<?CHA�JOFF?>�;Q;S�@LIG�;�<OLHCHA
<OCF>CHA�;M�MBIQH�CHFigure 3.10 �� ;F=OF;N?�NB?�N?HMCIH�CH�NB?
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18. Integrated Concepts ��F;LA?�LI=E?N�B;M�;�G;MM�I@
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EG
B�MNL;CABN�OJ
�;MMOGCHA�=IHMN;HN�G;MM�;H>�NBLOMN���=��&H
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20. Integrated Concepts �������EA�@CL?QILEM�MB?FF�CM�@CL?>
MNL;CABN�OJ�@LIG�;�GILN;L�;H>�L?;=B?M�;�B?CABN�I@�����G���;�
+?AF?=NCHA�;CL�L?MCMN;H=?��;�JIIL�;MMOGJNCIH
�<ON�Q?�QCFF
G;E?�CN�@IL�NBCM�?R;GJF?�
�=;F=OF;N?�NB?�MB?FF\M�P?FI=CNS�QB?H�CN
F?;P?M�NB?�GILN;L���<��1B?�GILN;L�CNM?F@�CM�;�NO<?�������G�FIHA�
 ;F=OF;N?�NB?�;P?L;A?�;==?F?L;NCIH�I@�NB?�MB?FF�CH�NB?�NO<?�;M
CN�AI?M�@LIG�T?LI�NI�NB?�P?FI=CNS�@IOH>�CH��;����=��4B;N�CM�NB?
;P?L;A?�@IL=?�IH�NB?�MB?FF�CH�NB?�GILN;L��"RJL?MM�SIOL
;HMQ?L�CH�H?QNIHM�;H>�;M�;�L;NCI�NI�NB?�Q?CABN�I@�NB?�MB?FF�

21. Integrated Concepts /?J?;N Exercise 3.20 @IL�;�MB?FF
@CL?>�;N�;H�;HAF?���������z@LIG�NB?�P?LNC=;F�
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Figure 4.1 1BCM��OMNL;FC;H�$L;H>�-LCR�#ILGOF;���L;=?�=;L�GIP?M�CH�;�=CL=OF;L�J;NB�;M�CN�G;E?M�NB?�NOLH��&NM�QB??FM�;FMI�MJCH�L;JC>FSZNB?�F;NN?L
=IGJF?NCHA�G;HS�L?PIFONCIHM
�NB?�@ILG?L�IHFS�J;LN�I@�IH?��;�=CL=OF;L�;L=���1B?�M;G?�JBSMC=;F�JLCH=CJF?M�;L?�CHPIFP?>�CH�?;=B���=L?>CN��/C=B;L>�*OH=ENIH�

 B;JN?L�,ONFCH?
4.1. Rotation Angle and Angular V elocity

_ !?@CH?�;L=�F?HANB
�LIN;NCIH�;HAF?
�L;>COM�I@�=OLP;NOL?�;H>�;HAOF;L�P?FI=CNS�
_  ;F=OF;N?�NB?�;HAOF;L�P?FI=CNS�I@�;�=;L�QB??F�MJCH�

4.2. Centripetal Acceleration
_ "MN;<FCMB�NB?�?RJL?MMCIH�@IL�=?HNLCJ?N;F�;==?F?L;NCIH�
_ "RJF;CH�NB?�=?HNLC@OA?�

4.3. Centripetal Force
�S�NB?�?H>�I@�NB?�M?=NCIH
�SIO�QCFF�<?�;<F?�NI�

_ "RJF;CH�NB?�?KO;NCIH�@IL�=?HNLCJ?N;F�;==?F?L;NCIH
_ �JJFS�+?QNIH\M�M?=IH>�F;Q�NI�>?P?FIJ�NB?�?KO;NCIH�@IL�=?HNLCJ?N;F�@IL=?
_ 2M?�=CL=OF;L�GINCIH�=IH=?JNM�CH�MIFPCHA�JLI<F?GM�CHPIFPCHA�+?QNIH\M�F;QM�I@�GINCIH

4.4. Fictitious Forces and Non-inertial Frames: The Coriolis Force
_ !CM=OMM�NB?�CH?LNC;F�@L;G?�I@�L?@?L?H=?�
_ !CM=OMM�NB?�HIH�CH?LNC;F�@L;G?�I@�L?@?L?H=?�
_ !?M=LC<?�NB?�?@@?=NM�I@�NB?� ILCIFCM�@IL=?�

4.5. NewtonÕs Universal Law of Gravitation
_ "RJF;CH�";LNB\M�AL;PCN;NCIH;F�@IL=?�
_ !?M=LC<?�NB?�AL;PCN;NCIH;F�?@@?=N�I@�NB?�*IIH�IH�";LNB�
_ !CM=OMM�Q?CABNF?MMH?MM�CH�MJ;=?�
_ "R;GCH?�NB?� ;P?H>CMB�?RJ?LCG?HN
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4.6. Satellites and Kepler Õs Laws: An Argument for Simplicity
_ 0N;N?�(?JF?L\M�F;QM�I@�JF;H?N;LS�GINCIH�
_ !?LCP?�NB?�NBCL>�(?JF?L\M�F;Q�@IL�=CL=OF;L�IL<CNM�
_ !CM=OMM�NB?�-NIF?G;C=�GI>?F�I@�NB?�OHCP?LM?�

Introduction to Uniform Circular Motion and Gravitation
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�NBCM�=B;JN?L�CM�;�=IHNCHO;NCIH�I@
Dynamics: Newton's Laws of Motion (https://legacy .cnx.org/content/m42129/latest/) ;M�Q?�MNO>S�GIL?�;JJFC=;NCIHM�I@
+?QNIH\M�F;QM�I@�GINCIH�

1BCM�=B;JN?L�>?;FM�QCNB�NB?�MCGJF?MN�@ILG�I@�=OLP?>�GINCIH
uniform circular motion 
�GINCIH�CH�;�=CL=OF;L�J;NB�;N�=IHMN;HN
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�MO=B�;M�;�LIN;NCHA�BI=E?S
JO=E�GIPCHA�;FIHA�C=?�

4.1 Rotation Angle and Angular V elocity
&HKinematics (https://legacy .cnx.org/content/m42122/latest/) 
�Q?�MNO>C?>�GINCIH�;FIHA�;�MNL;CABN�FCH?�;H>�CHNLI>O=?>�MO=B
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;FIHA�NBCM�FCH?�GIP?M�NBLIOAB�NB?�M;G?�;HAF?�CH�NB?�M;G?�;GIOHN�I@�NCG?��1B?�LIN;NCIH�;HAF?�CM�NB?�;GIOHN�I@�LIN;NCIH�;H>�CM
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Figure 4.2 �FF�JICHNM�IH�;� !�NL;P?F�CH�=CL=OF;L�;L=M��1B?�JCNM�;FIHA�;�FCH?�@LIG�NB?�=?HN?L�NI�NB?�?>A?�;FF�GIP?�NBLIOAB�NB?�M;G?�;HAF?�T�� CH�;�NCG?

�T�U�

��  B;JN?L���U�2HC@ILG� CL=OF;L�*INCIH�;H>�$L;PCN;NCIH

1BCM�,J?H0N;R�<IIE�CM�;P;CF;<F?�@IL�@L??�;N�BNNJM�

F?A;=S�=HR�ILA
=IHN?HN
=IF�����
���
Unit II -  Forces 204



Figure 4.3 1B?�L;>COM�I@�;�=CL=F?�CM�LIN;N?>�NBLIOAB�;H�;HAF?�T�� ��1B?�;L=�F?HANB�T�TCM�>?M=LC<?>�IH�NB?�=CL=OG@?L?H=?�

1B? arc length �T�TCM�NB?�>CMN;H=?�NL;P?F?>�;FIHA�;�=CL=OF;L�J;NB�;M�MBIQH�CHFigure 4.3 +IN?�NB;N�SCM�NB?radius of curvature
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Figure 4.7 Ladybug Revolution (http://legacy .cnx.org/content/m42083/1.7/rotation_en.jar)
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Example 4.3 How Big Is the Centripetal Acceleration in an Ultracentrifuge?
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Figure 4.10 Ladybug Motion 2D (http://legacy .cnx.org/content/m42084/1.9/ladybug-motion-2d_en.jar)
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Example 4.4

What Coefficient of Friction Do Cars Need on a Flat Curve?
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Example 4.5

What Is the Ideal Speed to T ake a Steeply Banked T ight Curve?
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Figure 4.14 &H�;�<;HE?>�NOLH
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JF;H?\M�Q?CABN��1B?�<;HECHA�;HAF?�CM�ACP?H�<S�� �� IGJ;L?�NB?�P?=NIL�>C;AL;G�QCNB�NB;N�MBIQH�CHFigure 4.13 �

'ICH�NB?ladybug (https://openstaxcollege.org/l/21ladybug) CH�;H�?RJFIL;NCIH�I@�LIN;NCIH;F�GINCIH��/IN;N?�NB?�G?LLS�AI�
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�QBC=B�CM�>CL?=N?>�NI�NB?�;RCM�I@�LIN;NCIH��1BCM�MCGJFC@C?>
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�<?=;OM?�NB?�I<M?LP?L\M�@L;G?�I@
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Figure 4.16 �;����LC>?L�IH�;�G?LLS�AI�LIOH>�@??FM�;M�C@�B?�CM�<?CHA�NBLIQH�I@@��1BCM�CH?LNC;F�@IL=?�CM�MIG?NCG?M�GCMN;E?HFS�=;FF?>�NB?�=?HNLC@OA;F�@IL=?�CH
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Exercise 4.12

4B?H�;�NICF?N�CM�@FOMB?>�IL�;�MCHE�CM�>L;CH?>
�NB?�Q;N?L��;H>�INB?L�G;N?LC;F��<?ACHM�NI�LIN;N?�;<ION�NB?�>L;CH�IH�NB?�Q;S�>IQH�
�MMOGCHA�HI�CHCNC;F�LIN;NCIH�;H>�;�@FIQ�CHCNC;FFS�>CL?=NFS�MNL;CABN�NIQ;L>�NB?�>L;CH
�?RJF;CH�QB;N�=;OM?M�NB?�LIN;NCIH�;H>�QBC=B
>CL?=NCIH�CN�B;M�CH�NB?�+ILNB?LH�%?GCMJB?L?���+IN?�NB;N�NBCM�CM�;�MG;FF�?@@?=N�;H>�CH�GIMN�NICF?NM�NB?�LIN;NCIH�CM�=;OM?>�<S
>CL?=NCIH;F�Q;N?L�D?NM���4IOF>�NB?�>CL?=NCIH�I@�LIN;NCIH�L?P?LM?�C@�Q;N?L�Q?L?�@IL=?>�OJ�NB?�>L;CH�

Exercise 4.13

��=;L�LIOH>M�;�=OLP?�;H>�?H=IOHN?LM�;�J;N=B�I@�C=?�QCNB�;�P?LS�FIQ�=I?@@C=C?HN�I@�ECH?NC=�@C=NCIH��1B?�=;L�MFC>?M�I@@�NB?�LI;>�
!?M=LC<?�NB?�J;NB�I@�NB?�=;L�;M�CN�F?;P?M�NB?�LI;>�

Solution
0CH=?�NB?�L;>C;F�@LC=NCIH�QCNB�NB?�NCL?M�MOJJFC?M�NB?�=?HNLCJ?N;F�@IL=?
�;H>�@LC=NCIH�CM�H?;LFS���QB?H�NB?�=;L�?H=IOHN?LM�NB?�C=?

NB?�=;L�QCFF�I<?S�+?QNIH\M�@CLMN�F;Q�;H>�AI�I@@�NB?�LI;>�CH�;�MNL;CABN�FCH?�J;NB
�N;HA?HN�NI�NB?�=OLP?����=IGGIH�GCM=IH=?JNCIH
CM�NB;N�NB?�=;L�QCFF�@IFFIQ�;�=OLP?>�J;NB�I@@�NB?�LI;>�

Exercise 4.14

&H�IH?�;GOM?G?HN�J;LE�LC>?
�LC>?LM�?HN?L�;�F;LA?�P?LNC=;F�<;LL?F�;H>�MN;H>�;A;CHMN�NB?�Q;FF�IH�CNM�BILCTIHN;F�@FIIL��1B?�<;LL?F
CM�MJOH�OJ�;H>�NB?�@FIIL�>LIJM�;Q;S��/C>?LM�@??F�;M�C@�NB?S�;L?�JCHH?>�NI�NB?�Q;FF�<S�;�@IL=?�MIG?NBCHA�FCE?�NB?�AL;PCN;NCIH;F
@IL=?��1BCM�CM�;H�CH?LNC;F�@IL=?�M?HM?>�;H>�OM?>�<S�NB?�LC>?LM�NI�?RJF;CH�?P?HNM�CH�NB?�LIN;NCHA�@L;G?�I@�L?@?L?H=?�I@�NB?�<;LL?F�
"RJF;CH�CH�;H�CH?LNC;F�@L;G?�I@�L?@?L?H=?��";LNB�CM�H?;LFS�IH?��QB;N�JCHM�NB?�LC>?LM�NI�NB?�Q;FF
�;H>�C>?HNC@S�;FF�@IL=?M�;=NCHA�IH
NB?G�
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Exercise 4.15

1QI�@LC?H>M�;L?�B;PCHA�;�=IHP?LM;NCIH���HH;�M;SM�;�M;N?FFCN?�CH�IL<CN�CM�CH�@L??�@;FF�<?=;OM?�NB?�M;N?FFCN?�E??JM�@;FFCHA�NIQ;L>

";LNB��1IG�M;SM�;�M;N?FFCN?�CH�IL<CN�CM�HIN�CH�@L??�@;FF�<?=;OM?�NB?�;==?F?L;NCIH�>O?�NI�AL;PCNS�CM�HIN���������N���T�� ��4BI�>I�SIO

;AL??�QCNB�;H>�QBS�

Solution
�HH;�CM�=ILL?=N��1B?�M;N?FFCN?�CM�@L??FS�@;FFCHA�NIQ;L>�";LNB�>O?�NI�AL;PCNS
�?P?H�NBIOAB�AL;PCNS�CM�Q?;E?L�;N�NB?�;FNCNO>?�I@�NB?

M;N?FFCN?
�;H>g CM�HIN���������N���T�� ��#L??�@;FF�>I?M�HIN�>?J?H>�IH�NB?�P;FO?�I@g��NB;N�CM
�SIO�=IOF>�?RJ?LC?H=?�@L??�@;FF�IH�*;LM

C@�SIO�DOGJ?>�I@@�,FSGJOM�*IHM��NB?�N;FF?MN�PIF=;HI�CH�NB?�MIF;L�MSMN?G��

Exercise 4.16

��HIHLIN;NCHA�@L;G?�I@�L?@?L?H=?�JF;=?>�;N�NB?�=?HN?L�I@�NB?�0OH�CM�P?LS�H?;LFS�;H�CH?LNC;F�IH?��4BS�CM�CN�HIN�?R;=NFS�;H�CH?LNC;F
@L;G?�

-LI<F?GM

Exercise 4.17

�;���������EA�=BCF>�CM�LC>CHA�;�JF;SALIOH>�G?LLS�AI�LIOH>�NB;N�CM�LIN;NCHA�;N������L?P
GCH��4B;N�=?HNLCJ?N;F�@IL=?�CM�?R?LN?>�C@
B?�CM������G�@LIG�CNM�=?HN?L���<��4B;N�=?HNLCJ?N;F�@IL=?�CM�?R?LN?>�C@�NB?�G?LLS�AI�LIOH>�LIN;N?M�;N������L?P
GCH�;H>�B?�CM
�����G�@LIG�CNM�=?HN?L���=�� IGJ;L?�?;=B�@IL=?�QCNB�BCM�Q?CABN�

Solution
;������+��<�������+��=������
�������

Exercise 4.18

 ;F=OF;N?�NB?�=?HNLCJ?N;F�@IL=?�IH�NB?�?H>�I@�;�����G��L;>COM��QCH>�NOL<CH?�<F;>?�NB;N�CM�LIN;NCHA�;N�����L?P
M���MMOG?�NB?
G;MM�CM���EA�

Exercise 4.19

4B;N�CM�NB?�C>?;F�<;HECHA�;HAF?�@IL�;�A?HNF?�NOLH�I@������EG�L;>COM�IH�;�BCABQ;S�QCNB�;�����EG
B�MJ??>�FCGCN��;<ION����GC
B�

;MMOGCHA�?P?LSIH?�NL;P?FM�;N�NB?�FCGCN�

Solution
���������p

Exercise 4.20

4B;N�CM�NB?�C>?;F�MJ??>�NI�N;E?�;�������G�L;>COM�=OLP?�<;HE?>�;N�;���������p;HAF?�

Exercise 4.21

�;��4B;N�CM�NB?�L;>COM�I@�;�<I<MF?>�NOLH�<;HE?>�;N���������p;H>�N;E?H�;N������G
M
�;MMOGCHA�CN�CM�C>?;FFS�<;HE?>���<�� ;F=OF;N?

NB?�=?HNLCJ?N;F�;==?F?L;NCIH���=��!I?M�NBCM�;==?F?L;NCIH�M??G�F;LA?�NI�SIO�

Solution

;�������G��<� ���������N���T���� =�������NCG?Mg

Exercise 4.22

-;LN�I@�LC>CHA�;�<C=S=F?�CHPIFP?M�F?;HCHA�;N�NB?�=ILL?=N�;HAF?�QB?H�G;ECHA�;�NOLH
�;M�M??H�<?FIQ��1I�<?�MN;<F?
�NB?�@IL=?
?R?LN?>�<S�NB?�ALIOH>�GOMN�<?�IH�;�FCH?�AICHA�NBLIOAB�NB?�=?HN?L�I@�AL;PCNS��1B?�@IL=?�IH�NB?�<C=S=F?�QB??F�=;H�<?�L?MIFP?>
CHNI�NQI�J?LJ?H>C=OF;L�=IGJIH?HNMZ@LC=NCIH�J;L;FF?F�NI�NB?�LI;>��NBCM�GOMN�MOJJFS�NB?�=?HNLCJ?N;F�@IL=?��;H>�NB?�P?LNC=;F
HILG;F�@IL=?��QBC=B�GOMN�?KO;F�NB?�MSMN?G\M�Q?CABN����;��0BIQ�NB;N�� �;M�>?@CH?>�;M�MBIQH��CM�L?F;N?>�NI�NB?�MJ??>v ;H>

���  B;JN?L���U�2HC@ILG� CL=OF;L�*INCIH�;H>�$L;PCN;NCIH

1BCM�,J?H0N;R�<IIE�CM�;P;CF;<F?�@IL�@L??�;N�BNNJM�

F?A;=S�=HR�ILA
=IHN?HN
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L;>COM�I@�=OLP;NOL?r I@�NB?�NOLH�CH�NB?�M;G?�Q;S�;M�@IL�;H�C>?;FFS�<;HE?>�LI;>Q;SZNB;N�CM
�� �� �U�B�O�'�� �	�W�� ���S�H�
�� �<�

 ;F=OF;N?�� @IL�;������G
M�NOLH�I@�L;>COM������G��;M�CH�;�L;=?��

Exercise 4.23

&@�;�=;L�N;E?M�;�<;HE?>�=OLP?�;N�F?MM�NB;H�NB?�C>?;F�MJ??>
�@LC=NCIH�CM�H??>?>�NI�E??J�CN�@LIG�MFC>CHA�NIQ;L>�NB?�CHMC>?�I@�NB?
=OLP?��;�JLI<F?G�IH�C=S�GIOHN;CH�LI;>M����;�� ;F=OF;N?�NB?�C>?;F�MJ??>�NI�N;E?�;�������G�L;>COM�=OLP?�<;HE?>�;N���������p���<�

4B;N�CM�NB?�GCHCGOG�=I?@@C=C?HN�I@�@LC=NCIH�H??>?>�@IL�;�@LCABN?H?>�>LCP?L�NI�N;E?�NB?�M;G?�=OLP?�;N������EG
B�

Solution
;�������G
M��<�������

Exercise 4.24

*I>?LH�LIFF?L�=I;MN?LM�B;P?�P?LNC=;F�FIIJM�FCE?�NB?�IH?�MBIQH�B?L?��1B?�L;>COM�I@�=OLP;NOL?�CM�MG;FF?L�;N�NB?�NIJ�NB;H�IH�NB?
MC>?M�MI�NB;N�NB?�>IQHQ;L>�=?HNLCJ?N;F�;==?F?L;NCIH�;N�NB?�NIJ�QCFF�<?�AL?;N?L�NB;H�NB?�;==?F?L;NCIH�>O?�NI�AL;PCNS
�E??JCHA
NB?�J;MM?HA?LM�JL?MM?>�@CLGFS�CHNI�NB?CL�M?;NM���;��4B;N�CM�NB?�MJ??>�I@�NB?�LIFF?L�=I;MN?L�;N�NB?�NIJ�I@�NB?�FIIJ�C@�NB?�L;>COM�I@
=OLP;NOL?�NB?L?�CM������G�;H>�NB?�>IQHQ;L>�;==?F?L;NCIH�I@�NB?�=;L�CM�����g���<��%IQ�BCAB�;<IP?�NB?�NIJ�I@�NB?�FIIJ�GOMN
NB?�LIFF?L�=I;MN?L�MN;LN�@LIG�L?MN
�;MMOGCHA�H?AFCAC<F?�@LC=NCIH���=��&@�CN�;=NO;FFS�MN;LNM������G�BCAB?L�NB;H�SIOL�;HMQ?L�NI��<�


BIQ�GO=B�?H?LAS�>C>�CN�FIM?�NI�@LC=NCIH��&NM�G;MM�CM���������—���� �� �L�H�
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Exercise 4.25

��=BCF>�I@�G;MM������EA�CM�CH�;�LIFF?L�=I;MN?L�=;L�NB;N�NL;P?FM�CH�;�FIIJ�I@�L;>COM������G���N�JICHN���NB?�MJ??>�I@�NB?�=;L�CM�����
G
M
�;H>�;N�JICHN��
�NB?�MJ??>�CM������G
M���MMOG?�NB?�=BCF>�CM�HIN�BIF>CHA�IH�;H>�>I?M�HIN�Q?;L�;�M?;N�<?FN���;��4B;N�CM�NB?
@IL=?�I@�NB?�=;L�M?;N�IH�NB?�=BCF>�;N�JICHN�����<��4B;N�CM�NB?�@IL=?�I@�NB?�=;L�M?;N�IH�NB?�=BCF>�;N�JICHN�����=��4B;N�GCHCGOG
MJ??>�CM�L?KOCL?>�NI�E??J�NB?�=BCF>�CH�BCM�M?;N�;N�JICHN���

���  B;JN?L���U�2HC@ILG� CL=OF;L�*INCIH�;H>�$L;PCN;NCIH

1BCM�,J?H0N;R�<IIE�CM�;P;CF;<F?�@IL�@L??�;N�BNNJM�
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Solution
;������+��<������+��=������G
M

Exercise 4.26

&H�NB?�MCGJF?��IBL�GI>?F�I@�NB?�ALIOH>�MN;N?�I@�NB?�BS>LIA?H�;NIG
�NB?�?F?=NLIH�NL;P?FM�CH�;�=CL=OF;L�IL<CN�;LIOH>�;�@CR?>

JLINIH��1B?�L;>COM�I@�NB?�IL<CN�CM���������—���� �'���� �N�
;H>�NB?�MJ??>�I@�NB?�?F?=NLIH�CM���������—���� �� �N���T�� 1B?�G;MM�I@�;H

?F?=NLIH�CM���������—���� �'���� �L�H��4B;N�CM�NB?�@IL=?�IH�NB?�?F?=NLIH�

Exercise 4.27

/;CFLI;>�NL;=EM�@IFFIQ�;�=CL=OF;L�=OLP?�I@�L;>COM�������G�;H>�;L?�<;HE?>�;N�;H�;HAF?�I@�������p��#IL�NL;CHM�I@�QB;N�MJ??>�;L?

NB?M?�NL;=EM�>?MCAH?>�

Solution
�����G
M

Exercise 4.28

1B?� "/+�J;LNC=F?�;==?F?L;NIL�CM�=CL=OF;L�QCNB�;�=CL=OG@?L?H=?�I@�����EG���;��4B;N�CM�NB?�;==?F?L;NCIH�I@�NB?�JLINIHM

�	�N�� ���������—���� �'���� �L�H�
 NB;N�GIP?�;LIOH>�NB?�;==?F?L;NIL�;N���� I@�NB?�MJ??>�I@�FCABN���1B?�MJ??>�I@�FCABN�CM

�W�� ���������—���� �� �N���T�����<��4B;N�CM�NB?�@IL=?�IH�NB?�JLINIHM�

Exercise 4.29

��=;L�LIOH>M�;H�OH<;HE?>�=OLP?�I@�L;>COM����G��&@�NB?�=I?@@C=C?HN�I@�MN;NC=�@LC=NCIH�<?NQ??H�NB?�LI;>�;H>�=;L�CM�����
�QB;N�CM
NB?�G;RCGOG�MJ??>�;N�QBC=B�NB?�=;L�NL;P?LM?�NB?�=OLP?�QCNBION�MFCJJCHA�

Solution
���G
M
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Exercise 4.30

��<;HE?>�BCABQ;S�CM�>?MCAH?>�@IL�NL;@@C=�GIPCHA�;N������EG
B��1B?�L;>COM�I@�NB?�=OLP?�CM�����G��4B;N�CM�NB?�;HAF?�I@�<;HECHA
I@�NB?�BCABQ;S�

4.4 Fictitious Forces and Non-inertial Frames: The Coriolis Force
4B;N�>I�N;ECHA�I@@�CH�;�D?N�;CLJF;H?
�NOLHCHA�;�=ILH?L�CH�;�=;L
�LC>CHA�;�G?LLS�AI�LIOH>
�;H>�NB?�=CL=OF;L�GINCIH�I@�;�NLIJC=;F�=S=FIH?
B;P?�CH�=IGGIH��";=B�?RBC<CNM�@C=NCNCIOM�@IL=?MZOHL?;F�@IL=?M�NB;N�;LCM?�@LIG�GINCIH�;H>�G;Sseem L?;F
�<?=;OM?�NB?
I<M?LP?L\M�@L;G?�I@�L?@?L?H=?�CM�;==?F?L;NCHA�IL�LIN;NCHA�

4B?H�N;ECHA�I@@�CH�;�D?N
�GIMN�J?IJF?�QIOF>�;AL??�CN�@??FM�;M�C@�SIO�;L?�<?CHA�JOMB?>�<;=E�CHNI�NB?�M?;N�;M�NB?�;CLJF;H?
;==?F?L;N?M�>IQH�NB?�LOHQ;S��6?N�;�JBSMC=CMN�QIOF>�M;S�NB;Nyou N?H>�NI�L?G;CH�MN;NCIH;LS�QBCF?�NB?seat JOMB?M�@ILQ;L>�IH�SIO

;H>�NB?L?�CM�HI�L?;F�@IL=?�<;=EQ;L>�IH�SIO���H�?P?H�GIL?�=IGGIH�?RJ?LC?H=?�I==OLM�QB?H�SIO�G;E?�;�NCABN�=OLP?�CH�SIOL
=;LZM;S
�NI�NB?�LCABN��6IO�@??F�;M�C@�SIO�;L?�NBLIQH��NB;N�CM
forced��NIQ;L>�NB?�F?@N�L?F;NCP?�NI�NB?�=;L���A;CH
�;�JBSMC=CMN�QIOF>�M;S
NB;Nyou ;L?�AICHA�CH�;�MNL;CABN�FCH?�<ON�NB?car GIP?M�NI�NB?�LCABN
�;H>�NB?L?�CM�HI�L?;F�@IL=?�IH�SIO�NI�NB?�F?@N��/?=;FF�+?QNIH\M
@CLMN�F;Q�

Figure 4.20 �;��1B?�=;L�>LCP?L�@??FM�B?LM?F@�@IL=?>�NI�NB?�F?@N�L?F;NCP?�NI�NB?�=;L�QB?H�MB?�G;E?M�;�LCABN�NOLH��1BCM�CM�;�@C=NCNCIOM�@IL=?�;LCMCHA�@LIG�NB?
OM?�I@�NB?�=;L�;M�;�@L;G?�I@�L?@?L?H=?���<��&H�NB?�";LNB\M�@L;G?�I@�L?@?L?H=?
�NB?�>LCP?L�GIP?M�CH�;�MNL;CABN�FCH?
�I<?SCHA�+?QNIH\M�@CLMN�F;Q
�;H>�NB?�=;L
GIP?M�NI�NB?�LCABN��1B?L?�CM�HI�L?;F�@IL=?�NI�NB?�F?@N�IH�NB?�>LCP?L�L?F;NCP?�NI�";LNB��1B?L?�CM�;�L?;F�@IL=?�NI�NB?�LCABN�IH�NB?�=;L�NI�G;E?�CN�NOLH�

4 ?�=;H�L?=IH=CF?�NB?M?�JICHNM�I@�PC?Q�<S�?R;GCHCHA�NB?�@L;G?M�I@�L?@?L?H=?�OM?>��)?N�OM�=IH=?HNL;N?�IH�J?IJF?�CH�;�=;L�
-;MM?HA?LM�CHMNCH=NCP?FS�OM?�NB?�=;L�;M�;�@L;G?�I@�L?@?L?H=?
�QBCF?�;�JBSMC=CMN�OM?M�";LNB��1B?�JBSMC=CMN�=BIIM?M�";LNB�<?=;OM?
CN�CM�P?LS�H?;LFS�;H�CH?LNC;F�@L;G?�I@�L?@?L?H=?ZIH?�CH�QBC=B�;FF�@IL=?M�;L?�L?;F��NB;N�CM
�CH�QBC=B�;FF�@IL=?M�B;P?�;H�C>?HNC@C;<F?
JBSMC=;F�ILCACH���&H�MO=B�;�@L;G?�I@�L?@?L?H=?
�+?QNIH\M�F;QM�I@�GINCIH�N;E?�NB?�@ILG�ACP?H�CHDynamics: Newton's Laws of
Motion (https://legacy .cnx.org/content/m42129/latest/) 1B?�=;L�CM�;non-inertial frame of reference <?=;OM?�CN�CM�;==?F?L;N?>
NI�NB?�MC>?��1B?�@IL=?�NI�NB?�F?@N�M?HM?>�<S�=;L�J;MM?HA?LM�CM�;fictitious force B;PCHA�HI�JBSMC=;F�ILCACH��1B?L?�CM�HINBCHA�L?;F
JOMBCHA�NB?G�F?@NZNB?�=;L
�;M�Q?FF�;M�NB?�>LCP?L
�CM�;=NO;FFS�;==?F?L;NCHA�NI�NB?�LCABN�

)?N�OM�HIQ�N;E?�;�G?HN;F�LC>?�IH�;�G?LLS�AI�LIOH>ZMJ?=C@C=;FFS
�;�L;JC>FS�LIN;NCHA�JF;SALIOH>�G?LLS�AI�LIOH>��6IO�N;E?�NB?
G?LLS�AI�LIOH>�NI�<?�SIOL�@L;G?�I@�L?@?L?H=?�<?=;OM?�SIO�LIN;N?�NIA?NB?L��&H�NB;N�HIH�CH?LNC;F�@L;G?
�SIO�@??F�;�@C=NCNCIOM�@IL=?

H;G?> centrifugal force (HIN�NI�<?�=IH@OM?>�QCNB�=?HNLCJ?N;F�@IL=?)
�NLSCHA�NI�NBLIQ�SIO�I@@��6IO�GOMN�B;HA�IH�NCABNFS�NI
=IOHN?L;=N�NB?�=?HNLC@OA;F�@IL=?��&H�";LNB\M�@L;G?�I@�L?@?L?H=?
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4.5 NewtonÕs Universal Law of Gravitation
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Example 4.6 EarthÕs Gravitational Force Is the Centripetal Force Making the Moon Move in a
Curved Path
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Kepler Õs Third Law
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angular velocity :

arc length :

banked curve :

center of mass :

centrifugal force :

centripetal acceleration :

centripetal force :

Coriolis force :

Coriolis force :

fictitious force :

gravitational constant, G:

ideal banking :

inertial force :

microgravity :

NewtonÕs universal law of gravitation :

non-inertial frame of reference :

noninertial frame of reference :

pit :

radians :
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radius of curvature :

rotation angle :

ultracentrifuge :

uniform circular motion :
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Section Summary

4.1 Rotation Angle and Angular V elocity
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4.2 Centripetal Acceleration
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4.4 Fictitious Forces and Non-inertial Frames: The Coriolis Force
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4.5 NewtonÕs Universal Law of Gravitation
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4.6 Satellites and Kepler Õs Laws: An Argument for Simplicity
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Conceptual Questions

4.1 Rotation Angle and Angular V elocity
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4.2 Centripetal Acceleration
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4.5 NewtonÕs Universal Law of Gravitation
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4.6 Satellites and Kepler Õs Laws: An Argument for Simplicity
28. &H�QB;N�@L;G?�M��I@�L?@?L?H=?�;L?�(?JF?L\M�F;QM�P;FC>���L?�(?JF?L\M�F;QM�JOL?FS�>?M=LCJNCP?
�IL�>I�NB?S�=IHN;CH�=;OM;F
CH@ILG;NCIH�

���  B;JN?L���U�2HC@ILG� CL=OF;L�*INCIH�;H>�$L;PCN;NCIH

1BCM�,J?H0N;R�<IIE�CM�;P;CF;<F?�@IL�@L??�;N�BNNJM�

F?A;=S�=HR�ILA
=IHN?HN
=IF�����
���
Unit II -  Forces 252



Problems & Exercises

4.1 Rotation Angle and Angular V elocity
1. 0?GC�NL;CF?L�NLO=EM�B;P?�;H�I>IG?N?L�IH�IH?�BO<�I@�;
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4. �;��4B;N�CM�NB?�J?LCI>�I@�LIN;NCIH�I@�";LNB�CH�M?=IH>M���<�
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�QB;N�CM�NB?�FCH?;L
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M
;H>�NB?�<;FF�CM������G�@LIG�NB?�?F<IQ�DICHN
�QB;N�CM�NB?�P?FI=CNS
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7. ��NLO=E�QCNB�������G�L;>COM�NCL?M�NL;P?FM�;N������G
M��4B;N
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8. Integrated Concepts 4B?H�EC=ECHA�;�@IIN<;FF
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9. Construct Y our Own Problem
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4.2 Centripetal Acceleration
10. ��@;CLALIOH>�LC>?�MJCHM�CNM�I==OJ;HNM�CHMC>?�;�@FSCHA
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;H>�LOHM�;N�=IHMN;HN�MJ??>�NBLIOABION�NB?�L;=?
�QB;N�CM�NB?
G;AHCNO>?�I@�BCM�=?HNLCJ?N;F�;==?F?L;NCIH�;M�B?�LOHM�NB?
=OLP?>�JILNCIH�I@�NB?�NL;=E�

12. 1;ECHA�NB?�;A?�I@�";LNB�NI�<?�;<ION���—���� �� S?;LM�;H>

;MMOGCHA�CNM�IL<CN;F�L;>COM�I@���������—���� ���� G�B;M�HIN�=B;HA?>

;H>�CM�=CL=OF;L
�=;F=OF;N?�NB?�;JJLIRCG;N?�NIN;F�>CMN;H=?�";LNB
B;M�NL;P?F?>�MCH=?�CNM�<CLNB��CH�;�@L;G?�I@�L?@?L?H=?�MN;NCIH;LS
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>C;G?N?L�

�;��4B;N�CM�CNM�;HAOF;L�P?FI=CNS�CH�L;>C;HM�J?L�M?=IH>�C@�CN�MJCHM
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21. Integrated Concepts
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BOHA�@LIG�;�F;LA?�JCPIN�;L?�LIN;N?>�<;=E�;H>�@ILNB�FCE?�;�LCAC>
J?H>OFOG��0IG?NCG?�H?;L�NB?�GC>>F?�I@�NB?�LC>?
�NB?�MBCJ�CM
GIG?HN;LCFS�GINCIHF?MM�;N�NB?�NIJ�I@�CNM�=CL=OF;L�;L=��1B?�MBCJ
NB?H�MQCHAM�>IQH�OH>?L�NB?�CH@FO?H=?�I@�AL;PCNS�

�;���MMOGCHA�H?AFCAC<F?�@LC=NCIH
�@CH>�NB?�MJ??>�I@�NB?�LC>?LM�;N
NB?�<INNIG�I@�CNM�;L=
�ACP?H�NB?�MSMN?G�M�=?HN?L�I@�G;MM
NL;P?FM�CH�;H�;L=�B;PCHA�;�L;>COM�I@������G�;H>�NB?�LC>?LM�;L?
H?;L�NB?�=?HN?L�I@�G;MM�

�<��4B;N�CM�NB?�=?HNLCJ?N;F�;==?F?L;NCIH�;N�NB?�<INNIG�I@�NB?
;L=�

�=��!L;Q�;�@L??�<I>S�>C;AL;G�I@�NB?�@IL=?M�;=NCHA�IH�;�LC>?L�;N
NB?�<INNIG�I@�NB?�;L=�

�>��#CH>�NB?�@IL=?�?R?LN?>�<S�NB?�LC>?�IH�;������EA�LC>?L�;H>
=IGJ;L?�CN�NI�B?L�Q?CABN�

�?��!CM=OMM�QB?NB?L�NB?�;HMQ?L�M??GM�L?;MIH;<F?�

22. Unreasonable Results

��GINB?L�JOMB?M�B?L�=BCF>�IH�;�MQCHA�MI�NB;N�BCM�MJ??>�CM
�����G
M�;N�NB?�FIQ?MN�JICHN�I@�BCM�J;NB��1B?�MQCHA�CM
MOMJ?H>?>������G�;<IP?�NB?�=BCF>\M�=?HN?L�I@�G;MM�

�;��4B;N�CM�NB?�G;AHCNO>?�I@�NB?�=?HNLCJ?N;F�;==?F?L;NCIH�I@
NB?�=BCF>�;N�NB?�FIQ�JICHN�

�<��4B;N�CM�NB?�G;AHCNO>?�I@�NB?�@IL=?�NB?�=BCF>�?R?LNM�IH�NB?
M?;N�C@�BCM�G;MM�CM������EA�

�=��4B;N�CM�OHL?;MIH;<F?�;<ION�NB?M?�L?MOFNM�

�>��4BC=B�JL?GCM?M�;L?�OHL?;MIH;<F?�IL�CH=IHMCMN?HN�

4.5 NewtonÕs Universal Law of Gravitation
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4.6 Satellites and Kepler Õs Laws: An Argument
for Simplicity
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Photo credit: Hirth, Lion. UMass at Amherst, Picture Taken from the W.E.B. Dubois Library, October 
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1.1 Linear Momentum and Force

Your Quiz will Cover
] !:E<NE:M>�MA>�FHF>GMNF�?HK�:GR�H;C><M
] 0><:EE�MA:M�FHF>GMNF�BL�:�O><MHK
] $KHF�MA>�<A:G@>�BG�FHF>GMNF��<HFINM>�MA>�:O>K:@>�?HK<>

*BG>:K�+HF>GMNF
2A>�L<B>GMB?B<�=>?BGBMBHG�H?�EBG>:K�FHF>GMNF�BL�<HGLBLM>GM�PBMA�FHLM�I>HIE>ZL�BGMNBMBO>�NG=>KLM:G=BG@�H?�FHF>GMNF��:�E:K@>��?:LM�
FHOBG@�H;C><M�A:L�@K>:M>K�FHF>GMNF�MA:G�:�LF:EE>K��LEHP>K�H;C><M
Linear momentum BL�=>?BG>=�:L�MA>�IKH=N<M�H?�:�LRLM>FZL
F:LL�FNEMBIEB>=�;R�BML�O>EH<BMR
�'G�LRF;HEL��EBG>:K�FHF>GMNF�BL�>QIK>LL>=�:L

��
���Q�� �N�W��

+HF>GMNF�BL�=BK><MER�IKHIHKMBHG:E�MH�MA>�H;C><MZL�F:LL�:G=�:ELH�BML�O>EH<BMR
�2ANL�MA>�@K>:M>K�:G�H;C><MZL�F:LL�HK�MA>�@K>:M>K�BML
O>EH<BMR��MA>�@K>:M>K�BML�FHF>GMNF
�+HF>GMNF�QBL�:�O><MHK�A:OBG@�MA>�L:F>�=BK><MBHG�:L�MA>�O>EH<BMR�W
�2A>�1'�NGBM�?HK

FHF>GMNF�BL�L�H�w�N���T


*BG>:K�+HF>GMNF

*BG>:K�FHF>GMNF�BL�=>?BG>=�:L�MA>�IKH=N<M�H?�:�LRLM>FZL�F:LL�FNEMBIEB>=�;R�BML�O>EH<BMR�

��
���Q�� �N�W��

2A>�F:BG�?H<NL�?HK�MABL�L><MBHG�BL�MA>�=>?BGBMBHG�H?�FHF>GMNF�:;HO>��:L�P>EE�:L�MA>�<:E<NE:MBHG�H?�FHF>GMNF
�2A>�?HEEHPBG@
BL�:�@HH=�>Q:FIE>�H?�PA:M�P>�>QI><M�RHN�MH�;>�:;E>�MH�=H�PBMA�K>@:K=L�MH�MA>�<:E<NE:MBHG
��ELH��I:R�:MM>GMBHG�MH�MA>
=BL<NLLBHG�BG�MA>�>Q:FIE>�:L�P>EE��:L�BM�M:EDL�:;HNM�AHP�;HMA�F:LL�:G=�O>EH<BMR�<:G�:??><M�FHF>GMNF


Example 1.1 Calculating Momentum: A Football Player and a Football

�:��!:E<NE:M>�MA>�FHF>GMNF�H?�:�����D@�?HHM;:EE�IE:R>K�KNGGBG@�:M��
���F�L
��;��!HFI:K>�MA>�IE:R>KZL�FHF>GMNF�PBMA�MA>
FHF>GMNF�H?�:�A:K=�MAKHPG��
����D@�?HHM;:EE�MA:M�A:L�:�LI>>=�H?���
��F�L


Strategy

,H�BG?HKF:MBHG�BL�@BO>G�K>@:K=BG@�=BK><MBHG��:G=�LH�P>�<:G�<:E<NE:M>�HGER�MA>�F:@GBMN=>�H?�MA>�FHF>GMNF��Q
���L�NLN:E��:

LRF;HE�MA:M�BL�BG�BM:EB<L�BL�:�F:@GBMN=>��PA>K>:L�HG>�MA:M�BL�BM:EB<BS>=��;HE=?:<>=��:G=�A:L�:G�:KKHP�BL�:�O><MHK
��'G�;HMA�I:KML
H?�MABL�>Q:FIE>��MA>�F:@GBMN=>�H?�FHF>GMNF�<:G�;>�<:E<NE:M>=�=BK><MER�?KHF�MA>�=>?BGBMBHG�H?�FHF>GMNF�@BO>G�BG�MA>
>JN:MBHG��PAB<A�;><HF>L

��
���Q�� �N�W

PA>G�HGER�F:@GBMN=>L�:K>�<HGLB=>K>=


Solution for (a)

2H�=>M>KFBG>�MA>�FHF>GMNF�H?�MA>�IE:R>K��LN;LMBMNM>�MA>�DGHPG�O:EN>L�?HK�MA>�IE:R>KZL�F:LL�:G=�LI>>=�BGMH�MA>�>JN:MBHG


��
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Example 1.4 UMDBerg / Example: The impulse-momentum theorem
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